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WD 2007/ 039893 PCT11L2006/ 001090 FI BER LASERS FIl ELD

OF THE | NVENTI ON The present invention relates to

“fiber |aser devices, systens and. 5 nethods, nore
WOG&W"?W arly, to fi ber | aser devi ces, syst @I TEHA6/00109

nmet hods for producing Band | and Band IV

wavel engt hs. BACKGROUND C]: THE | NVENTI ON Lasers for

use in the Band | l engt hs are suitable
for many io0 appli cj‘qgg %@%gas renot e sensing,
| aser radar, directed infrared counterneasures, and

ot hers. Typi cal | l.asers which are capabl e of
working in theFiﬁlFBq F THEJAVENTION k. | asers nade

from C?ﬁé%éﬁﬂ ventiod Ol D80 AV MR ERFcds0 %@f@?n%%'?gi

| lase capabl Ity using fiber lasers 1nstéa
methodss rmporeaparicidariy, @sﬁb@ laser dexoes, taystemseand enethods for

prod B 88| o BBHE L L BBBlRy vl T Gt i noaout put
beag; hrbﬁfver, sugh_fi?errlasers haveebsgnlgggugPt
the roquir cPAGBGRAYRR R T FRVERTRN .
I CBASAE Moy L@é infide mﬁdm:ﬁg@of Wﬁvel&ﬁgtﬁ?%ﬁ& Slitabie fbfr mdHy

host material. Furthernore, |asers use in th
appliggians vskehges ofrelete| SeRRING. da&er zadarsefdmecmr w&aged
I C
couffPhasliid ShelSnUR, Tyl SR ftiel! 4 Xerable oforipe
in thi rBand dnedngeasra rtgx!krdasersagadasfrem crysftsisxm ﬂtgwould be

acvafisigon toflvE A Fiafor Srrabiigt usnd TBRL ks asnd oy bulk
laserss e fibes daduts @ir@ knbwh!is R bhsiet Wuf@?ﬁb ﬁm efficieit,
or -o er .

mord st Pt st 2 B8, % S R el GRTEY kbl gram.

Howﬁ%ls SRS I xd&wme béélb%ouéfﬁefos bW highfy sﬁﬁmﬁr& |
derate r@; ul se” energi es such as,
impﬁséfbi%i%iﬁﬁeeat theusnuired wavelapgths duse e jovegasam@ahsvrptton

bytﬁ@é{&{y@ﬁ&ﬂb}a%%ggﬂgp 0?{1‘}%5&0& &%ﬂ?\/ot practical for

engl neeri'ng i s generated by
C onwrirerinage, alasamafdr alsleelnvﬁheelecgi\h ramge obxevpleagthenare

usefifpt Gy HPRC s s Fel il ariile SSTom Ry Sheasures
(DIRQIMDVSIFet s?ét@m@tthﬂtlbcﬁm@aeﬁﬂéﬁldﬂnbi famfBirg FR&ns AAInst an

with an efficiency of about 10%
incomarHesie: oRBHPEMPIE o5 TARCM sysems oy geseivgd insgreater

detail in WO 2004/108323, 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 pufse energy. However,
fiber lasers with high powers (KW CW) and moderate (mJ) pulse energies
(such as, for example, double clad fiber asers) 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
osciflator (OPQ) based on periodically poled lithium niobate (PPLN) can
convert the output wavelength of a Yb fiber laser from 1 pm to 4 pm with an
efficiency of about 10%. In order fo 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



must be used. However, the characteristics of the

fiber (such as a 20/400 Yb 2 fiber) dictate a fiber

| ength of approximately 8 m which can result in

nonl i near effects such as stinmulated Brillouin

scattering (SBS), stinulated Raman scattering (SRS),

and sel f-phase nodul ation @SPM if high energy (mJ

| evel ) pulses are Tgenerat ed. Furthernore, the OPO
fibe)|dictatst a kﬁibealﬂn@th of RRPEIXENalghh® M Woish sRNa@sHIt iny npRiinear

orBE. 6t b YR AR, SRRBLI, e, pES

scatishirg EEF%S} yand £EIEPHABS eSS (SAMY en Rigal daryergy (mJ level)
requires pol arized | aser sources, which are

pulsiest acubenairiedost Hhemneres dhwl @PGS Wil nRinke ke tg handle
geﬁ%@%ﬂ#f& %WC@[' ot a‘hﬁ’o r]%r}', rQWnQHEé e AN Ghsdids  this

ordin Sst” aspect of the present
walvelepigth, oresutiimgr én itdgtpriberrdald eﬁecﬂsaami |f19tab|dlty)d uAddigionally,

infrared Band |V wavel engt hs, r|s % hich
fregupRta CPRWRISION geneially Teryies lﬁ*ﬁ [ pgurces, which are

diftCLAg! &éﬁé‘!illyI {1098EstmbR st mﬂ@ﬁétﬁﬁ&é’rﬂabofaﬁ’éhﬁor@nﬁalln[hmmg

a second orthogonal state, erein said depol ari zed
cotmpeeenesci | | ator is a |laser diode and |ight output
fromsaid | aser diode being depol arized by a
depol ari zer, and wherein said depol ari zer conprises a
first polarization beam splitter having an input
fiber and two output fibers and a second pol ari zati on

beam splitter rﬁUMI\QARMJOFn'BﬂE INVESTdOBhd an out put

8oL B SR o AR B b € oo

Ias&ﬂ'f@r bR LRGP Ifrafré & Bandd v sweiveldhigtiss, mh;a’ismgtt 4 @epolarized
beam splitter so as to forma first _ pat

lasge ostitlateafor, PraRbFsioriepalafizest gt dn o Irﬁhﬂ@@&%@?\ﬁ@ﬁ and in
o Bl Pl S R b I 088 ot st o e

dicalepldrid eight Odsutp[}‘plﬁrcﬁryn mgldsaaslelde:b@diarbelag Idleghla;ﬂzad by a
pol ari zer for separatin sai d a lifi e(% dgg(gl ar i b
depplgizet ang Wheeis Sask HABRIBRES" SAMPESeRA Tk BfieAton beam
sp@fér%h{l gﬁ{eﬂb Ahd %ofdﬁﬂb&efﬁé/rscé?ﬁi\’ys%cgﬁdd&){éﬁz%tlon

sal anplified depolarized |ight
beami dplittershaving ihegainplit Sibatseandran autped diper, wh@qftlérﬁﬁrd two

mpalg %g;}? g!afg%qjg %‘é‘&%ﬁd Tq%ﬁargz%rgl\éﬁgttéeégﬂ ap@li'téjrh%%p Alpeg qgg%theé with
said two output fibers of said first polarization beam splitter so as to form a first
path and a second path, wherein a difference in length between said first and
second paths is longer than a coherence length of said laser diode; at least
one amplifier for amplifying said depolarized light; a polarizer for separating
said amplified depolarized light into a first orthogonal stéte and a second
orthogonal state; a first frequency conversion device for converting said
amplified depolarized light in said first orthogonal state; and a second
frequency conversion device for converting said amplified depolarized light in

said second orthogonal state.



According to a second aspect of the present

invention, there is provided a fiber |aser for

wavel engt h conversion, conprising: a depolarized

| aser oscillator for producing depolarized light in a
first orthogonal state and in a second orthogona
state, wherein said depolarized |aser oscillator is
not a |aser diode, but is an inherently CW

depgg gﬁed f ?’2\%8'88@@ %s?PSecilt&attﬁ(% &'%gepwr‘?\ye?ltﬁp there is

pul er na ator

providesd aoﬂﬁerambr Forewavélehgthimpbhversion, sahtpridepp|adepekirized
light; a polarizer for separating said anplified

lasgs gsclaatozé@r mroglh!plﬁgrﬂ@%amz%ltgfﬁm ﬁd’@%ﬁﬁlﬁh%%ﬁé stateyagd in
a S5600% ﬁfb ?%‘E‘é’cesmte?em asaltﬁ 'd%gblar&gﬂ q§§l§ry?scﬂ lator is not a
conver 2o devicce of Or convertin
' laseeibde,| bedis lahghiheresntWaCWfdermﬂanxajhﬂgemMsestcmoﬂl;ator and
and a second fre_guen% conver sion device
i

whegil ditiseryaeapenigned i Ay exleral JnPWatar; ah[eqswgslacﬁnphﬂef
for3ifiBging ¢ HpTeR! fuht 1 (ORIARA 16 Yebiatify daff ampliied
depdnlanzaﬂrﬁghkalam ag‘waisonthngmﬁ[ ptaiedadsa sechrisyodinegatal state; a
nary skil in art to whi.ch this inventi,on .
Ao ey A S AN eI d0n oVt s Pl 8Bplarized
lig IﬂQH'ééﬁ’dl BRdt dr&dd@ﬁ%ﬁs%@éoéﬁd)ﬁ%é&@hﬁ'ffécﬁ@hc?%oﬁﬁ@@drﬂdewce
t e practice or testing of the present invention,
formnwatiin@ seid bowified dlepelasized lightnesaid secomd arthpaoral state.

| ncﬁggqsrsgétaég\{ﬁ%ila't(fegingt %] ??aéh%&éaﬂ X g%é%:&ﬁ‘% J%H‘Ps used herein

ha&@@hér%bﬁfe leaning biostinmant endeptesl By onel d)ﬂJ@fUlilfﬁry\sklll in
and not intended to be limtin %\l WO 2007/ 039893

theP@Tt/ ta avireh obiso ynverdoprpelpngsScAlthaygin neptheds and materials
%'@6\}%’8& f&vﬁwﬁ%b gﬁg%@@@r&n ecg% ?%gd éﬁxpé\?fa(ﬁfce or

tesﬁhgvmfrtﬁé préfdrit Eﬁ‘{&’ﬁﬁl(fnl suitalflerrmetheds @mudt mateh&als are described
drawi ngs in detail, it is stress d. that

bel,@mt i GesP OfsHRMHCta e PtaSReCTS aggaﬂmcfydm degpitions, will
IPqA ea%oﬂiodd fthé’%étéhél‘éerﬁétﬁ&d@ %rfaneﬁmmes & ﬂﬁ@,frraﬁ@e only

ment s the present invention only, and are

an@meSbmemmaithehnnmuse of providing what is believed
to be the nost useful and readily understood
description of the principles and conceptual aspects
of the invention. In this regard, no attenpt is nade
to show structural details of the invention in nore
1o detail than is necessary for a fundanent al
under st andi ng of the invention, the
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description taken with the draw ngs nmaki ng apparent

to those, skilled in the art how the several forns

of the invention may be enbodied in practice. In the
WORPeRIBRYgS: FIG | is a schematic illustrati AETEL2046/001090

fiber laser for use in the Band I 15 range in

accordance with one enbodj nment of the present

Iber | ao BRERDESCPTION OF LB RRBWiNgY Ve: core ¢ he
i maamv@ﬂﬁor\ nyOhy@m Id@s&ﬁﬁéw%ggm hafoBxnpIedBnly hith
| aser in Band - B are schematic

referenagstorthei aﬂwmﬁhw@gcﬂrawmesr SWith rﬁ_pe;zvﬁc aelemnserna i the
dra\ﬁlr?iggs h geta ﬁ’fls t%ﬁ%s?é@ $HH ) Pﬁlgﬁ:hﬁfé \ﬁ\?ﬁ ars by Wby Br

|c il Fratrons o sources,
example aawar than q::arm%ls axﬁoilhstramdoodismtonofoft e ppmmd

ent FILG = a e f. u
Hi5h i G piRseht inveRBof ohli2 bhd e Bredenibe infg cBGke'Br
prowﬂhgstggéﬁ ll@{begéval;il %@wmé &ﬁoﬁl Tléefal %mbeifeat!;igs &Jhtdﬁl‘i;t@did
was este is an ratjon of a
desgiption of thg Rringiles ﬂﬁgrcoﬂﬁ?%ail\ﬁg"ﬁ?‘s?éﬁ‘e ingpriiong lr%g‘és
reg&HaHB'a‘ﬁ%thié H}%HI 'é?i?mpétr@cﬁuz%ﬁ Hb@l!@%ﬂhéhﬁ‘véﬁtmﬂ in more

show n cl ency ber I aser

deteil tl;angs necessanafi a:mndamaml rtmdem’ﬁamﬁlnm@ém iaventian, the

cespity gt it 1B FHGER g ABSAEHEOPEIES Syt o an
how thesever formsadf the irvehtion maybecembedied ropractice.he

effl of the fiber-laser of FIG 7; FIG 11 is .
ﬁq@r@% on of efficiency curves for high

Wa‘FNBeﬂlQé ky écﬁrﬁérﬁ&lc MR S5 $B8r Bedf FdrAREIN0REISEN |

5 FIG 12 is an illustration of neasured and
rangs i AGReEdRNGEMVth oppyampbodimendiof the @'ﬁﬁemtd%\’?&ﬁ'oﬂomer s

for|@g, \zﬂ%eéﬁng;é@ ARHh R a Q'{?t\F&Q)@ e\f‘m‘ﬁ}:?ﬂa@.er sten Bfhich is

il lustration [aser sta e oper t
desigingt tp wrprcopwvitee; limitgions Earolvietkin produging grrugihemy fiber

i ons show ng | aser efficiencies at 2095nm
lasr%;g# B%éﬁ??’dl fferent concentrations as a function of

fi BEBES| 3yt dndinBB mare aichematic  iliustrations  of depolanzers in

accordance with embodiments of the present mventlon

FIGS. 4A and 4B are schematic illustrations of depolarized sources, in
accordance with another embodiment of the present invention,

FIG. 5 is an illustration of a first setup of a fiber laser wh'ich was tested;

FIG. 8 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
efiiciency of the fiber laser of FIG. 5;

FIG. 8 is a graphical illustration of measured and simulated
wavelengths at various pdwers, 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 h!gh anelength lasing;
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reflectivity;, FIG 15 is a graphical. illustration of
| aser powers of a fiber with specific predefined

paraneters; 10 FIG 16 is a schematic illustration of
WOR054B3%898 zat i on anal yzer, FIGS. 17A and 17B P4TAL2006/001090
graphical illustrations of tenporal traces and

spectra, respectlvely of a | aser diode before and

f |
| FiR. T8 it kel ot me?sv'@&uﬁ@@ Sfyibiedciprtpovenat
dlﬁéremﬂéuhtﬂﬁﬁéw@r%qdmumeﬁﬂ?ﬂ\ d0putldf HOGnnE9A s a

schermt|C|IIustrat|ono fl1 ber |aser for use in
- t hEIBahdis an fypllionoldeesy Hfabitly whilerpreratad avith Righipump

powepbodi ment of the present invention; FIGS. 19B and
T9C are schematic illustrations show ng t he pat hs of
t hEIGBuHACHE! gre graphidab illustrations shawing lasspeffidiendiss at

20535 B U A Pl o o

refldctivity;ecoupl i ng of h| gh power light in accordance

W epbodi nents qf, t re i nvention, and, FlI
o1 FIa I o ki AeliSton 6 Bees pOUSE, ot & BosTrwi ppecifi
precfémgutp@parﬁy@tr@m of FIG 20, in accordance wth
embodi nents of the present invention. 25 DESCRI PTI ON
ention is
OFFhﬁﬁé @R@W@@N@@gﬁmaﬂ%fﬁﬂﬂ%ﬁﬂﬂw t

FfG €7 h GRS ?Eﬁoc{re\ét@égﬁ’iﬁél ﬂﬂﬁj{étﬁﬁg'dméppgral traces and

pecifically, nvention i
spe@tcmtremenﬁgelwavfea iasepdlbde@efarbandlmedepmlbrizationan be

b o, 450 Sl B RHION of TrreiBighuesue FR A 48R arirec
ﬁbelitlﬁserr%mﬁu?l\‘\/gtrwmdhv used t :)ngener at end38 (ra?git af)inog]c in -

T B8 ks 2 SRRt Hasirsion o 5 s dcer fghmh e Bad |
randaﬁn %bbﬁfan@@%ﬂhsérpéﬂhlﬂbddl‘ ehﬂfo‘airﬁ@:%f% b#& VeRibh;

and acconpanyi ng descriptions. WO 20 39893

Pcﬁﬁﬁztﬁ:%ao@iaﬁcare 6G'B@nawélﬂelﬁbamnsu ahrgwmg thegthpekthe

b
pumﬁ"%@i’gﬁ@g tﬁia%@?ﬁ ﬁ‘%iﬁ{/gg | on ’s ngljt:drFEl"?n&et‘g@-l ﬁ]eol tg
embagpphérdathioomn in&iGh#dAet ai | s of constructi on and the

ar #@%‘E@i SC?'I n%aqg i80S n% 3 s?rett 2 trtl.?c:oil,iphng 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 épplicaﬁons.
Specifically, the present invention is of a continuous wave or pulsed fiber laser
which can be used to generate radiation in the 2.08-2.3um band, and of a high
power and/or pulsed depolarized fiber laser which can be used to generate
radiation in the Band [V range.

The pnnciples and operation of fi ber lasers according o the present
invention may be better understood with reference to the drawings and
accompanying descriptions.
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followi ng description or illustrated in the draw ngs.
The invention is capable of 5 other enbodi nents or of
bei ng practiced or carried out in various ways. Al so,
WO 007039893 be understood that the phraseol ogyP@i2006/001050
term nol ogy enployed herein is for the purpose of
descri pti on and should nog be regarded as limti ng

| i.nuous. wave ber | aser i 08-2..3um b |

T qf%{s.%w'%%?# ora%s'é\?&g'f%ﬂ“mﬁ’ed'ax?w" e, s

to beQitRiEtbEd tHal thalinvention isaidtdigiiiediih ite &ﬁplm:bﬂ rto tneldetails
fiber absorption, and fi ber I ngth. T

of gonsbuclion and; g')eg,ag@ﬁgewega ofqf egﬁomponent set #orth in the
foilo\}ﬁéglgg%&ﬁm%'ﬂﬂiﬁk Bie ﬁ)\th@(dﬂ\ﬂmbg) Hhé ﬁw&bntﬂan(lg ’cQEable of

Ist ain inthe fiber
othethembedimeats groai heiing pzacaﬁqd ofgagledreptin yaripug wayseAlso,

o] t.
t i 5 B8 UhBlse{ Bt B oy oq Bof B RAUGEL Brifovcherein s
for thevmnpdsesofrigstrptiein, arhshdlile nahble segardedbas limitigi ssion
and absorption cross-sections at the | asing
wavel engths. It should be noted that a terns
Contifidud whve fiBek l&é@rﬁﬁ@h@!ﬁ)ﬁ-mghﬂbaﬁaal of the
asl ng node and the core o ,
J@ﬁohﬁmgoww@eag*a #gp%r@lscpn @eoéomag @nca@ﬁr%ﬂﬁn, .@mr
s t I (t ypl cally
feﬂ%%ﬁ:%??&;‘ﬁﬁﬂaﬂﬁ@e?ﬁgé%?‘é? R TP ean b
Thecgain ér a bet laseris givpabndaas % or m by using Eqs 2 and- 3
to, renmove the integral. N o, =NI+N2 Eq.2 nwe = 1 L
Z maki ng this
Eior g lﬁ lt) ﬂﬁf()%a (;QI (g%a@ﬁiﬁ{ otal gainis aEq"l

functl on - of the _average inversion and the . fiber
where Qg 5 dua itaﬂaSgaMOnZ%?ﬁlﬁBQ@%AP(ST thel g@ioodl/ pasiie0z and

waniBgafe s e dhe g SR Shet.” b e Gprlalion o the upber

lasiR§ Ve, W A8 RRE §8BLIaHBR Bf tieiower lasing level, and o° and o2 are

the emission and absorption cross-sections at the lasing wavelengths. It

should be noted that o terms implicitly inciude fhe overlap integral of the
lasing mode and the core of the fiber, I ie., -

o= Fo’(ion) |

where ¢ is se or o, of Eq. 1, offon) is the cross-section of the lasing material

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

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

- theintegral, . _
N, =N, +N, ' Eq. 2
L .
ave = _1_ INZ (Z) dz Eq. 3
L 0 Nmt

25

After making this subsfitution, Eq. 4 shows the total gain is a function of the
average inversion and the fiber cross-sections.
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absorption cross-section in the last termof Eq. 4.
The inversion only gives rise to the conponent
scal ed by nave, which may be typically less than a -

- WOF2807/039883 cent . The gain spectrum can be charRfHHL2(96/801090
by increasing the dopant ' 5 concentration or
i ncreasi ng the fiber | engt h. The | asing wavel ength
can no det er mi ned usi A Egq. 4 for the gain of

V\EE:( 6o H aSeld -\MTJ'M) perate when the roqudaltri p

ain.is e allytothe s as ,shown in Eq. ((
It el hﬁémeﬁﬁ? |83?ﬂdtba§816} erpgpin 45 hagvily dﬁwnﬁemtémqq the
f
abséfﬁne%r@é@sétﬁi@nr!ﬁ ﬂ'l@%éterhget?l’eEgttﬁ g'h%gﬁ{ééer\ﬁﬁtoﬁ} %rgg rgf\rr—zs

and a Is i 0 backgroun
risettpdhe @OFWneM‘ saaled by Jtaiet wthichymay beitypicaliyiless iban Eq‘ew

per(%ntweﬂ%r g?tlﬁ eslp@gtrgrqtrrﬁ?ré bélqé&aat% ed gtlﬁss be{g ]zncg'gasgr{}% ?he gopant

concmtmtmmn inaneasgieg teestberdsngihf uncti on of wavel engt h,

a5 VEGb At & o RRASHAarA e 1% o B gei

of tlh@ fibbe Whyehsnaiil dperadl wheh 3 rotnd mp éih&@@quﬁn t%olﬁe
th|s is th flrst wavel ength to reach threshold

'osse@?p‘-ﬁ "\‘P'E 0-8: the |asing wavel ength is determ ned by
how atons ( ot her lasing el enent such as

RR gu zgchE_Qhoton sees. Each atomw (#_Q:ause_
absarp |on and cayise the spectrumto shift. Fo
exanpl e, in 20 Yb:silica fibers for wavel engths

Here,o&eanct iRenare0 tren mefladiiwities opfethef cavrbj U OTS sndrmcﬂa the

t he e af ,the | e, _conti
backBlRA ISP LeeRgaT Tose i cayfl; Sfcraterfiindteahand s
lntomsgwtammdwg{f@ht@e | aser is punped in CW operation.
Inversion is relatively constant. However, the |oss

termcan be altered dramatically to shift the | asing
wavel englth io Iopger vvavel engihs If 25 the doping

- w + R3serfNoil the cavity |ifmgigre is
g}gmeé’se"'d’b ?rea& n =

g mrror reflectivities, or
This %‘auéﬂ;t{ IRk Ctﬁe Q%relg%s?n\)e%bﬂ Ghe@aetlisel & a function of
wavelength, mirror reflectivities, background fiber loss, and dopant
concentration. The wavelength that lases is the wavelength in which n.y is
minimiZed, since this is the first wavelength to reach threshold.

To explain Eq. 6, the lasing waveieﬁgth 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
Yh: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. tnversion is relatively constant. However, the loss ferm can
be altered dramatically fo shiit the lasing wavelength to longer wavelengths. ¥
the doping conceniration is increased, or the cavity fifetime 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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spectrumw Il shift to | onger wavel engths. In this

i nvention, a double clad fiber WO 2007/ 039893

PCT/ 1 L2006/ 001090 8 allows for a high enough doping
wWOCaIT®898p3 ati on to obtain | ong wavel engt hs. [PCT/AR}0P§/001090

al so be appreciated by those in the art, that the

fiber may al so have . nul t%pl e cl addi ngs, -such as _

triple clad fiber, or other varlat ons, such

allows, fefea) highrRROUIBAGPING Camgesralia 12 o} @"b‘%d“éa" § off
will %Eo”gecéeﬂdrie&sted%i hiSse P thRloh:, the: WRV&GNSRY Alsngeve

ength can be increased. The |ength cannot

muliipde ichaddingse guoh as biple clagh fibermeyrother varialinns, sypbastraisad

ooy i S . LI 21

seThuen.to Thigker ¢rebawaveiengthi bnges othebdibeeViedgtho canube

. the aser si | to pul se, and X | asi i .

incrigiedt " nihe gfBn el bedneRated Wik, oPeb spgent

opeﬂatlowh*tl’fé‘ ehfiredfisehait be ihvénsd satthantief lagingf sigedl is not
| aser 10 in accordance with one enbodi ment of. t he

reahsogechtby #Re mqrinverted; foer sgetian. 101 higsraARPRIPEARR; 1§, also
beh%\%?ﬁ”@éﬁs% the ué@é%h%ﬁaﬁ% anﬁﬁn@“@V\glésm‘?omerﬁevbﬁ be

a coupling ni sm 1 "Laser cavity I ncl udes
achianed,ctlve optical fiber 13 and two fiber Br agg

71 Berdhoh iy Ru TR €l 30T 4 shimaRy bt ion of a
fi beﬁ Iﬂsléut'l oc wabwdammwﬁbtoneeémboahmﬂt asfehel prgﬂ;&nt dmesriies.
om the output point 20, whi e an

F'b%'l lag5% 40 Bam dbresr Mas Py S: eﬂq eIy ﬂgya'&e@fﬁfw
sout‘?:‘et‘h@énd?ﬁd:oﬁﬁiuﬁlﬁ;ﬁie%ﬁénlﬁnbfﬁ' 13 or at any point al ong

optical fiber whi ch i ncl udes the act ive fiber
t hbasemeavityol? iicludes amactvscepticapfiberg13and swo fiber Bragg

gm@%&i #h%t?szf éﬂ&?fmorg,%he?aluwncm%@%bb% qaéq salvef ad e

entry points

: cavmehghtreﬂectbr aaih @utpilt lceupienorespeaimalybyThehlasef th |e|m3jges |

vor e i, AR B35 BB i e
powéh @hﬁy Ii)lo*ug&‘m?g beiaf Bietgémﬁcput optivdl ﬁi;!erlo ‘trsli q@r atsTyt paimt @long
opiEAIGEE TdoMINRLINGyIdeRdne HVEYe Sbeia the o, AntRbFDdRe FEDS

22 ZRdi 54 Peﬁ'éd %Hlﬁloﬂél fb&p%bb@anypubn%oﬂ&m mra;aafber 13.
second reflector I's positidned at reflecting

Multigle pumg ppweéreréar orireli mewt 2lse b cwledteher |f1§h¢l§d abe

und&fBtocd by GRodd BRfled 3t art that in a double clad faser, 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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commonly known in the art. Mre specifically, optical

fiber 13 may be a double clad Tm silica fiber. In

alternative enbodi nents, optical fiber 13 is any _
WOrGomse8Iscl ad fi ber such as, for exanple, THREVLRHEH1050

Ho:silica; Yb, Ho:silica; Er, Yb, Tm silica; Er ‘
- Tmsiflica; Yb, Tm silica, TmHo silica; FEr

2% v oSSR W%ﬁg@%@yg@gmaﬁwm B

Ho: R@Huhb@o?ﬁ/ %198&mo% @!—W; Ui ﬂuBﬁhdeZ%N‘m :fidouride; Yb,

Tm fl uourid

Tmfflhmymdedam w ﬂngnqle, lﬁa'h?/bdélo ﬂuounnse, TTIlTnC"ﬁlQ?Q@deeHO

chaﬁbggﬁ@bdyd“@élb%em E S&F%ﬂ% 'Tﬁ? H%r(} ﬂ%genl e; Yb,

Tm: I—lochal«;d@mdmgeﬂ‘ mye;Hasd chalcagemgenl ofe; Yigr :Ho: chalcogemde;

Pr-ARcbBHER: B cnaRoophe HEMIARERAR apf i,

chah cogesfered ermbodil@ht; ogstidall dibePyt3c kakcdgstsie dstad fiber.

Doubk, S BRTS hafR beal SHALC RSUEs BRIErabs pawers: s are
commRemy ﬁnsdmﬁdn s, Slri‘é\-\’ﬁltérﬁﬁﬂvé!@ﬁ:%dﬁﬁérﬁrcStEﬁéSPfﬂ@r% isa

aver a powers and are conmonl Yy known 1n the art
singlg dla ﬁbﬁfat |lnesmmhednﬂen@ptcpmnahpn%roflsmlg clad and

aouBBL8 s P RS, ST e SRR S

can e care pumhped \alth; Enybesilchdiber tasars (suewhfast eﬁ?um EnYbesilica
fib c%(fe unped with Er:Yb:silica fiber |asers (such
e um Er: Yb:silica fiber lasers). In accordance

W i agcordehes Weth £ phefireddmbbditiaat BF @5 predany Givenon,
first reflector 22 is a double clad Fiber Bragg

ﬁrst@g@q:tgbzg iss@)doupley clad FikarSragg Gratingd-BE).o Fer example a
FBG @F‘?ﬁlé&ﬂ@éﬂ:\é@&bh%tﬁgﬁér%r g Héf%fﬁegngo %0‘3@%5’11\1118
. C a

reflectivity can be u Secon tor 24 1s

can depusfisl. e Seicand mﬂegtm@%s @lswda Bpaplefcladon singleraad: tBGsof

Yo
2.1 Jithoifetrs chaviid o rblethiny & ShgplerSthal 5o " B HSfepeR
embafdirabnis| séﬁsrﬁﬁféﬂetﬂm Qnmaseaiaeﬂbmm of abeutol0-38%6h infone
first d d flect 2 bl e 15
omtgdinER0e i KA 1<t A FEo0% S AL aS 28 e hible
clad EBGe@vmcﬁ BidcHirpedl ¥ 49/ onablé @Eﬁnm i) witiiiR G relftively
one enhodi nent, optical fiber 13 has a core di aneter

- wide,pegtrl hando \!]’r?ﬂea%b@#‘mfﬁu oRticahiiker ps arcoppdianeter

of aFHUnda’ﬂ&j uiPg Efé@fsf?{yeal & rarid® 8f 66466 &gﬁ a%gh%éﬂa Priferabh

nmor e preferab n a range of 1
in a range of 80-250 pm, and yet more preferably in a range of 100-150 pm.

in a preferred embodiment, optical fiber 13 has a clad size of about 125 ym.

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

Table 1

fiber Value
Output coupler 5-40%
Reflectivity -
High reflector 90-100%
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In a preferred enbodi nent, optical fiber 13 has a

clad size of about 125 pm 20 Cavity characteristics

in preferred enbodi ments are listed in Table 1 bel ow
WOPaN39893 f i ber Val ue Qutput colipl er 5-409% PCTAL2006/001050

Reflectivity Hi gh reflector 90-100% WO 2007/ 039893

PCT/ 11. 2006/ 001090 10 Lepgth (m 0.5-' mln a

preferred ey is a nultinode
hi gh - nuner.i cal tlﬁ e (9.220x-¢q) fiper

coupl ed- punp di ode source, {which pun'pS out 790 nm CW
i ght. Suchldiede-—seurees—are—eermronty—known in the 5

art and may include, for exanple, the F2 Series

di geles plefere@difibédinent,Nenergy Sedilrée 4aina GRIHIMEIY) hlgh

In alternatlve embodi ment s, ener gy source 14 can

numgricel %qe\ﬁtglr% @rﬁ}%ﬁ) difeie SOUPICHFUMIL iPdR) SAWRR W fch
pu SGUSr oﬁi{rﬁ@wl fspa{ dhﬁg%u?&sdér@%ﬁ*lmgﬁWﬂﬁ&NWﬂ the

ree space coup e active fiber
art ahdhenays nciuals) &Drs@(amrde, the E3rReriasbdigdes from Cﬂb&ﬁnbl lsc.

(o Bin Gl BRI A G ot c g BRI R 18
be %er@nglé draitteh elidddse rfi Heascmuglddﬂd{mde aa?!(ﬂlmygt of ﬁbedr
oupl in n s a direc u obt ai ne
couBlpOPAgy SRR st RS aOUHBE to EHBCLVE Fiagh and S
othé#‘ Qt‘ﬁ%blé %oﬁn‘?:@ fIrP@bmbaérﬁbolebrﬁ@%hﬁbleeéﬁ@@ nétirees are
coupling nmechanism15 16 is a tapered fi ber bundl e
use(if or exanple, fromSifamFibre Optics, UK). In yet

0! Rt SR bRl 16 S FEERARESRBn TRY colph o

ree spac cou
energebmace gy 16 IR fibaclaker. alnpmnesembndmeglt,mwlmga mephanism

18 InB sitec gy e Eing DY ARG g SRbe 140 seapple

lasetdibe o0k fiber Msefuda ahothaembyditrenttdouplitg wiechanism

| { _
16 i@ tpetes ok ROTGlaior el aNE STEBIT Bim OB Lo e ye

oth&? rr%l‘ngbdnleh?ngse cHo'u}?hﬁd RiechBfisht RBmA Melute 4 BosReBior, a free
space coupler, GT wave technology (SP! Inc.), a prism or a groove in the
fiber, or any 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 exampie, ion concentrations,
length.

concentrations are in a range of 300 parts per million (ppm) — 35000 ppm, and

mirror reflectiviies and fiber in some embodiments, ion
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 fo supbor’t
the lasing wavelength in a length of fiber that can be inveried 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
systerﬁs such as, for example, the TLR series (IPG Photonics, Oxford, MA,
USA). Effective amounts of ion doping in such sysiems may be, for example,
concentrations of 200 ppm, which has been shown to yield about 1dB/m
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| absemﬂﬁagw {88 nm it R ribg

concentrations are in a range of 300 parts per

mllion (ppn) - 35000 ppm and may be in a range of

8000 ppm - 27000 ppm and or may be in a range of 25 |
wWORRUEaIsSppm - 22000. Dopi ng concentrati on shAQTALIHE6/001090

hi gh enough to support the lasing wavelength in a

| ength of fiber that can be inverted by the punp.

The effective anpunt of c(gl ng is at |east an order

Be Eurtbemre, disumpegtant da
I
incrES6% e bayi§PHERAT Bf oVpifdish, A Subh WSlipyRififor RISHRAY

&

- shouidf be qyreater than i%A) anEfmeta prafeabhu graatesf tHaon3ebpi ﬂ'ge

ougft SHFr B SRR bordh o ik MRyt 1SR G e

feedlﬁc?.@ﬁ»?ni 8xe8% sBiesL 2o embodiisls oﬂheqheserﬂtmmtnoﬁ the

fbef Rociighred B abshb el 80iis E 4P Pvat iy s possivie

randOiriudinp abe6btiofy dTud0-0004 @hd' 80-be% o ithey puRit BbWer.
greater than 5% and nore preferably greater than

Fibesdepattie copfigysad te &@pﬁf@ﬂeir dhaseihecinersion Ispay o tlue CW
opeffidh R sohid §h188&mlné?ﬁé rfiibn RARYEREMNT5S o RGN

romextern sour ces odi nents of the presernt
or fmmMmm lengtte and urbecvmesrrdmﬂimgufséwm 8-%aimso riemgﬁm 90%

o B RaBCBE! ryler hiRARSBER Rl sy 00y e bo

conﬂgurr—;d piowbe. sefti back |tangigh ki mti-#e gllueeofot @ lsecelhwrpass.

e ok P B 447 S b B e

Iase‘r”ld &R Gddordthcer with @ifolhe? SbodilRAE DY 1AE Pregert GRvention.
nbodi nents from 2-5 min length. Efficiency can be

Flbsrdaaqfe'ho inslpdes edaper qavily Jdma RIHBPRIRY Seuisepid’ and & coupling
me@%ﬁfshg%egs %ﬂo@tﬁ \ﬁﬂ?ke%&%{‘ 16 RbOUGRef 16 lﬁ(FtiGVq f%&ﬁéver

secon rence s now nade
fibed aer M'lfurthersmaiudeh anuimp réfidciont 5Gai ameond \Admcfh ib@pposite

an o ead ani RS IRET SR URpBihPE Y sEiRE, SHBSANIER, plipeing
soutcas®f' is mdde;zl altZOUtpaat enthmbngo dhatrmeng €nefgydcamn beuglidcted
thropgh APl 14 and s dproven fiber T0LEERA sRyonl e, Brfors X e o
output RAAP1 9. ef PR FefRBtA5RMagBE, Woi StanhSle CRMSSY FrifroraBuch

out put end 19 of the fiber. Furthernore, in sone
as teprpoashewndn Fiant?-ng source 14' is placed at out put

a8 iogf phiBrioyeER SRARDH 180 10 pRAERtingOr7, which
in thiz casalista Adobk fradtimede combirer, 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 ouiput end 19. For opﬁmal 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
hérein in their entireties. Such side coupiers 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



10

15

20

25 -

30

out put end 19. Punp reflector 50 may be, for exanpl e,

a loop mrror, such as the one showmn in FIG 19. For

a loop mrror such as shown in FIG 19, a punp
WOCHTE9$eF 17, which in this case is a 2 to RCT/IL2006/0010%9

mul ti node conbi ner, is positioned after the cavity

hi gh 25 reflective FBG ' and is used to connect

| li k hi on ,back Thi s
a regendng: TBeR PG éﬁ%aéuﬁ:agrévo'm&%ﬂm AtGrhmaRt sectian
atta&ﬂb‘ﬂ ﬁtpéB?ﬁé bbddiREMs PUnf @ovﬁbiﬁer Hirpiddbuptihg Hechafism

For optlrml retention of transm ssion in this .
wptm;h sidedcouplenso M ypisahisanssmigsing of ife (oopdnigionés expected

o U o A B354l 0 e

couplenbes nabo6ullé 33aB sinse the mmgosxgaale(f any st eisie afier the

gt iRt Bk oBPhi 1o B o FRloRel ik BhE e roer.

mulirhede iber withfthi atanee dimersibrarofaht dirstraad of dus touble clad
wherein the attachnment section has a straight core
fibes@ayibesed a tapered core section, and WO
20 %Cg}@{ﬁg I
a?ﬁég%angﬁlﬁgmtﬁad to %?@ﬁ ?%% \g?%%gﬁtggn%%%ﬁgnls
tranpmittast Yia Phiothing souisael 45 mideh maythe, feiiexprerigopyap dicdes.
Purdf Sn&iEldsSs LG K6 1¢ foto(tir 18U Bl RALALESE, and
back ¢hiloaigh ritbetr et0'.t HEhe Bato bfothet Ilaeepaigpal lmsmmnn FIG. 19C,
e fibers of oupl er,,are, n
whefgin e Tse igna] de conEitedithin nser SRRy (T2, Fflepted by
reflctors ' ahd ear.t he high reflector FBG 22, does not _
need to redirected back into the fiber. 83
] bbpnwmbme@bwm@ﬁaﬂmyaﬂﬁb’? Han F'i"‘P%f 'aals It
is phﬁﬁggos}mll\el(ﬂl@%f fgobﬁ;'h I m‘er Ting W%\@el% R&f 2697hm,

is shown in he pu energy i s
whighoistthe maturet lagingi mawﬁ!engtmg HoAR. Paramglers arewehioses as

ol R B RO Ao Ry SERUY B aubl v

back through fiber 10'. The path of the |aser signal
is shown in FIG 19C, "wherein the |aser si gnal is
contained within |laser cavity 12", and refl ected by

Degdiatiféd fibér &er 306hitth puldd ehBr B Bahadvrre nt, a

commercralTy avallable " Tmsilica er 1.s used
i s Fpoipe pupeses of o pressot r%ﬁ‘Pl“F%jlW: the dolioydng ge'ms are

defilGY 85 FSIRWE: | S 2097nm |
"Polarization” is defined as the direction of the elecirical field within a beam of
light. | |

"Polarized light" is defined as light in which the state of polarization changes

slowly enough to rheasure 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 fo have two directions of polarizaiion 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 invoived

in producing a high energy fiber laser in the band IV range. System 100



which is the natural |asing wavel ength of Ho: YAG
Paraneters are chosen-as described above to produce
a laser with at |east 1-2Wof output power. 20
WODRAYHBM3 zed fiber | aser for high pul se enerREIFLIHOGSHNHH0
|V For the purposes of the present application, the
foIIovvl ng terms are defined as follows:
Iar|zat|0n i s defined®as the direction of

t he
'“C‘%‘I’%‘-btaf Aegplafized da%rt pscilalon,ddth &t leas! oneg fqmpllﬁer 120, a
polaer%F QBD Za?ﬁ'rs't frgaﬁenéyscd?ﬁgmdéﬁc% "lﬂbtanenoé‘%ﬁﬁ fiddGiency

po arl zation anges
conmmtiewmwﬂ r Bepplarized lases osciljaior wao e:anﬁeea typical fiber

lasclt Wi, &' il sBRREATRL  debaldiSf, ) cdrBiogtion, of piwo

polaa’lzatieiaeér poumes,z ar la)rlasénadigds whith dwasf beén tdepblarized s in

acofnps Ul mefhet iintch e descrinel ndts BCi gk,

natuﬁﬂlly Hép@hﬁzﬁﬁd fbedbsér, 49 BAn@hidth thhde é)él%ﬁ'ielf)ﬁéﬁﬁm and
whi ch is desi ned to overcone the limtations

extqrﬂ%mpse'aﬂpﬂ %H%m é?rn[@bea gRngrRtien eplgpulses dhat iss avsefuh for
0
oo A S fal g A8 A8, gpions
exisb &vi ¢haaiging nuiss datatlloeﬂld repetiorprate iof thel Beer aystem. The
outelf} 57, WeRLIat Y, dhclieleh 116 J8 SRRYERY bR o Hofs Gvtical
amglipr _aZtP.Z e@phc\iﬁ eampplifierd I1taﬂom|a§kllﬁb Gﬁllﬂ'tlf?le m?llyfw;ﬁadvhereln
aser |1 C | nat ur | cCan
each g e AUersaEs s Th SaTHP GYPS G AMase petsof ampifiers.
TheS@elidi@&Sedobutpul BERT opfief %rM)Sllﬁ%F(sE asobig %uﬁﬁ&ea abhd ¥ent

in accordance with nethods which are described nore

thropgh | Bpiavizes; 1Al div.some gmbasdiments) potasg@r 3B0zisda fthipefilm

ppldé%ég for @%{‘%’fﬁ%ﬁ bﬁf%@rm—[ he gen% on oration,

irviney D&eéJSA:)atln nﬁwalmﬁhddlments polatjipemt3p lscarptﬂanzmg] cutien(far

exair B en fy ek o8B EER, AR ChBierall, Piproriiatty

halftthe picmw wlumbear inl bach polapizttion stitpothar Patdte and the S-

statgn o FLaRle ASR e drorsRiopRbriEsdniough palprier 155t first
freqﬂéhhéy @érﬁfemm HEVi@éSMOV\Mﬂé ithe Seatae Béiaﬁiéﬂ R grbpRyates
may be the sane type or different ty

throggh pofariges 130 to second frequency conversmn devxce 150. First and
second frequency conversion device 140 and 150 are, for example, a ZGP
OPO fo be used with a Tm: silica fiber laser, or a PPLN OPO to be used with
a Ybsilica fiber laser, or anyj other suitable .OPO depolarized soufce
conﬁguratioh. Some other examples include OP-GaAS OPO or OPO/OPG, a
PPMgO:LN OPOQ; 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, aliowing 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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The depol ari zed output fromoptical anmplifier(s) 120
is collimted, and sent through polarizer 130. In
some enbodi nents, polarizer 130 is a thin film
wOoReh3P8e8r (for exanpl e, catal og nunber 11 BEHAR2G6/001090
from Newport Corporation, Irvine, CA USA). In other
enbodi nent s, polarlzer 1 is a polarizing cube (for
ort

seoi Paciendr st e 556 R Tihe TFBWRIPY; of the two

frequi2RB@ Eorversias eliebe MaAadptionai Bé feconilsindlt Mitabre Boam.
he S- state. The P-st'ate polarized ll&gt t hen

pr Gisvgeal eptiens exighfos & réﬁnoiwzeﬁwqﬂafqn ne OP?%@éh lager

d'oclfé)g rﬁépro%ag'%;ees Jrﬁ gg{E pola F’?a;%&l@%p con lon

canf be jpasiy pelesteder ﬁmveuﬁevlaser ﬂwesFanesgewally polaimed, as

dict:%{ggiqn%f ﬂ'?ey gg%%@}jgt ﬁ%& %Sé%:%\hﬁﬁ%d%ggeraﬁl& o%%ﬂllator is

nd?gbm?rbxame?vaghblea tli@di&d@?ﬂlsttbehﬂapm;iew t EI aCPO
silica fi ser,,. or _an i table
deHsPgianzaton; {ﬁhégasctrdﬁﬁp@cemé!ﬁ%eﬂ SBlRNS her

A PEERERY Ses EatleR dopleped BY SEinG ihs Power Baudlly oe o
halgs ra@eontbenedecanbiped R aWerrth@gtmﬁl amlaraatlons ater

r lpralpern t

oxppehF Ao B8 A% LEL L Hrldh tHIRE| ERRches in, 1
of tieP&heee, thahisi gurati on or any conbination. Thus,

t hermal . and ot her hi ghe&g effects are reduced,
all owi ng nore pulse 5 \Agto be provided to each

f ver ' :
The EFHRIERGY IR R SbBRaReLp reudted T bpeLRaL hurthlia of
the botiee T, h;lel rfveﬁhoaménWé aemws@mawecmmmxﬁ?ﬁm Are,

n onversi.o evil 140 and 150
is rejllﬂfé’%gﬁgrbeu? %%%r Eﬁ%{wé Efprpéﬂ’ﬂg\?&j §r on devices
may optionally be reconbinedq into one beam  Sever al
options exist for a deé@La ed oscillator. One
~option is a laser diode, since the pulse duration,
Distaapets éqien to speed meaitiplipdbyrtimegnd pul se duration 5
can be easily selected. However, |aser diodes are
general |y pol arized, adx=fi’%at ed by t he device

whetgS e B, SHAET o JI70 b Hhb  BRIecRR Y, Bpeatsl e Bah be
me&Rped afer@ﬁamﬁépOJvmldlﬁtomicabfsp‘e&mmaaﬁa{yza‘ in terms of
acconpl i shed as foll ows: pol ari zed source can_be

wa\@&;wﬂarﬂéeanwhgm wwﬁedtmeﬁ%wve@{awﬁwg the fallgying

retation.

c= w’t:n’kv-—zM
A

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

* coherence length. The above three equations can be combined fo yield

e
L =

(+ HM

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

Eq. 7

included to account for the convention that all wavelengths are measured in
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i o halves are then reconbined as two orthogonal

pol ari zations after experiencing a relative del ay,

AL = L2-L>, longer than the coherence length, Lc of
WORE/S¥Wdi ce, that is eL>L, The coherence | dgIh20060010%0

approximately related to the spectral bandw dth of

15 the source. The relatign can be derived as

foll ows. The coherence ti} ., Are, is related to_the
freesgpace Bt disange inmeasymdoiREidg Itbe fker. oIha path differency

o . ) Lt . =
S e So SRR s\ gEP 8RN chhPlenEd o) e schfte:

maReférahce Eheow peads i Flﬂgc&ﬂh whieh Isea sehematiceiiustration of

a P8RS ot ln HeQiardl e ShE! EBBAINER" of ofle ESENt

invedwionu zﬂspglariﬁer Qgﬂ) Iimnsg'u::iegl ffar'n dwo pRErithtiors ?gm’n rsplitters
t I onverte O.a C rence |

(PBE 210, A BBk Byalai i fratalt rfva Ky et e HS-

UG—WBbﬁ_Q? OFALM €8BS thallidekt ﬂonipulafizﬁﬁbn ﬁrzairﬁéiﬁidde(ﬂll) fies
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(PBS) 210. A PBS is available, for example, from AFR
lossc farapaeh wintber spifiters der foey-depplanzeELapigte INnElGides &
0.6716'3088! 3fd B44/8B8ER NNINPRGfibEM 26 irB8ives signals from a

signal diode 240. In a preferred embodiment, a polarization controller 250 is
placed between signal diode 240 and depolarizer 200 fo ensure an equal

" power split info both arms. A polarizaﬁbﬁéontroiler is available, for example,

from General Photonics, CA, USA (catalog number PCD-M02). _
* Reference is now made fo FiG. 3B, which is a schematic illustration of
a depolarizer 201, in accordance with another embodiment of the present
invention. In this embodiﬁdent, a signal diode 241 coupled io 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 controlier'
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 availabie, for example, from Sifam, catalog number FFP-
8K3264A10.
Another option for a depolarized osciliator 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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out put power between the polarization states. As
~shown in FIG 4A, a punp 5 diode 320 punps the fiber
- laser 315, which is nade w th non-pol arization
WORPAB9%I ng conponents, nanely two. FBGs 342046001050
active fiber 310. An external nodul ator 330 pl aced-
after the fiber |aser causes fiber laser 315 to
obtai n pul ses and thus a s_a depol ari zed pul sed
oscillator 110" for ubE&A “ﬁpaﬁsber | aser system 100
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10 range. erence I's now mad whi ch

the abowe Qemmons; :Ilusitraﬁ ﬂ@tmmﬂt@n ina rmaltmlﬂm ia,sch"dn
0" .

360 are prOV|ded

Pl g2 £ el FP B i PR o)

-wm-m@cgyécmehﬁdﬂszlstbd iASEibie 3%hs wied. 360 are conbi ned

lasét50 and a second pol ari zed | aser
I rst and
J S A

using a polarizing cube 370, resulting in a
depol ari zed source. Additional objects, advantages

and novel
become appar
upon 20 exa
are not inte
of the vario
i nvention as
the clains s
in the follo
PCT/ 1L2006/ 0
to the foll o
above descri
non-Iiniting
wavel ength o
the follow n
silica fiber

features of tyyplamesent

i nvention wll

nt to one ordinarily skilled in the art
m nat igparof tHe fol\,[amg ng exarrpl es, which
ded taq he ikt ilonal |y, each

pCt I ow

€S.

dre. B

A T

of the present
as clained in

flnds perl "ental support
L WO 2%8?/ 039 93

%

PLES fererdce i s now nmade
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ntion in a
nent: Long

s laser In
ed doubl e cl ad
isted in Table

2 was used. TabTﬁea@msfmé"r val ue
Fiberlength | 5
Clad shape | octagon

The laser performances of a g'iven cavity with ‘speciﬁed surface
reflections were simulated at specific signal and pump wavelengths. The
simulation tool which was used has the ahbility to predict both laser wavelength
and efﬁcienéy 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 refleciors 22 and 24 were

butted fo flat dichroic mirrors, having characteristics as listed in Table 3.
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Core size (m) 20 Core NA 0.11 Cd ad size (m 200
Clad NA 0.46 Dopant conc. 0.5 1026 atons/ nB Fi ber
length 5 O ad shape octagon 10 The |aser
WOpa0g”hnces of a given cavity with speci f PEATE0G/411Q00
reflections were sinulated at specific signal and
punp wavel engths. The sigulation tool which was used
has the ability to pre Euothlaser wavel engt h 15
and efficiency curve, f 5t h spectrally fl at
mrrors and , ) ting{(BG——mrrors. Setup 1.
Ref erence isf now gpde to HICPa{a,mMBfg:h s an
illustration of a first sqtup of a filer |aser which
was tested. [Emergy sSource [14 was _a di oge punp 20
‘wor ki ng at \Aavgﬂééﬂqofm dppr oxd¥at el y (790 nm
Coupl i ng nechanism 16 _was. la free spacetbeam conbi ner.
First and seco s 22 24 Jere Dbutted to
flat dichroifc ﬁi@ﬁ; Q{% mgca@acterlstics as
listed in Tapte—3—W-266%+6398S: L2006/ 001090 .
18 Table 3 f bm@ﬂﬂnﬁt ers RMOOnm 35% R2@000nm
80% R2@OOn}' m 80% Dopantf conc. 0.5 1026 atonsl nB
Mrrors were tted to 1 Qer enB wi th{no physi cal
contact so tha oRABHCORG I | asePbower [coul d be

| aunched t hrpugh ttr;emlvvl t hout danmagi ng |t he
atoms/m’* :

Mirrors were butted.to fiber ends with no physical contact so that high
pump/laser power couid be launched through them without damaging the
surface. '

As no coating on the freé space beam combiner fit both 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 spectrbmeter 34. Power meter 30 was an
Ophir power meter ( FL250A-SH-V1), photodiode 32 was a fast
photoconductor —PD-10.8 (Vilgo) — 2-12 um 800 MHz defector, and
spectromeiér 34 Was a B&Wiek spectrometer(BTC 500). Spectrum
measurement was further accomp'lished usihg a CVI CM110 monochromator,
integrated with a detector, alignment mechanism, and LabView computer

control.

Setup Il.

Reference is now made to FIG. 8, which is an iilustration of a second
setup of a fiber laser wﬁich 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 inciudes both
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5 surface. As no coating on the free space beam
conbiner fit both punp and |aser wavel engths, AR
coated | enses suited for punp light were used.

WORSENSPN3 wer e neasured by anal yzi ng | aser r RfiTLIW6001090
using a power neter 30, a photodiode 32 or a _
spectroneter 34. Power neter 30 was an 1o Ophir
power meter ( FL250A-SH V), photodi ode 32 was a fast
he gelincivibhel theograting-ard. #he(oaupljag efficency aofrthe dight eek into

C
*he??deeit TBe. 128 spRRECH] TR, 3, 6, DER Grfift ke desloned to
seleiatmeih geficot dlghbfromhmﬂwzwﬁgnm l@/rotﬁimgm ammm:bihs amai &Bulk

ntegrated w tor mechani s and
arafilisvand, SomrR drits1 28 Bite) PechERY 15dkar dh cAlcutR,
secORNArVRRERItY @xistda a@noﬁd’dl BhTallean (Rl | aift R2Y ibetwedn &\e two
cond setup of er | aser which was tested.
Zef%a%w&% Pg 9%'38 &t ode pump 20 working at 790
nm wavel engt hs. Couplin rrechanl sm 16 was a free "
space beam conbi ner. Fi ledef| ector 22 was a bul k
grating, having characteristics as. 'ligsted in Table 4
(BG R and tjhe seg¢ppf ref llecpgfaméterss |t he zero

degree cleave of the fibgr. The refleqtivity for the
BG |isted ig{ot hetabte-imgtudes both~VW) 2007/ 039893
|

PCTI | L2006/ 001Bd@2008ndwme [ref | eB¥% vity |of the grating
and the coupling effjci en yv_of the light back into

the fiber. Th Rlzg in Fkéa 6, tthe bul k
grati ng was [des ec?to del ectlvely rgflect |ight

from 1900- 21866—rmbyrotating—t—=around its axis.
Bul k gratingBGaR@200mnmed ends3®4 forred the tunable
| aser. In addition, a 5 sdcondary cavitly existed
denoted in Table 4 (Rl and R2) between the two zero

degr ee cl eaved ends ,of the fibe Tabl.e..4 fiber
RSt WETe ez B P ANSNEIBR 5T SYIRtRR: YR Soppwer

metdP%D, a photodiode 32 or a spectrometer 34. Power meter 30 was an
Ophir power mefer { FL250A-SH-V1), pholodiode 32 was a Fast
photoconductor —PD-10.6 (Vilgo} — 2-12 um 800 MHz detecior, and
spectrometer 34 was a B&Wiek speCtrometer(BTC 500). Spectrum

Ia)

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

Setup .

Reference is now made to FIG. 7, which is an illusiration of a third setup
of a fiber laser which was tested. Enérgy source 14 was a diode pump
working at 790 nm wéveiengths. Coupling mechanism 16 was a free space
beam combiner. The first refleciors 22 was bulk grating, but in this case,
second reflector 24 was a butied dielectric mirror having a high reflectivity of
about 30% as listed in Table 5. The difference between this seiup (Setup i)
and the previous setup (Setup 1) is the 30% output coupler on the laser cavity.
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Results were neasured by anal yzing | aser radiation

using a power 1o neter 30, a photodi ode 32 or a

spectroneter 34. Power neter 30 was an Ophir power
WORBRTHB9893 FL250A- SH- V1), phot odi ode 32 was a FGEKE.2006/001090

phot oconductor -PD-10.6 (Vilgo) - 2-12 um 800 M

"~ detector, and spectroneter 34 was a B&W ek

spectrorret er (BTC 500). Sp@ltrum neasurement was
Equgfiem s Predistepthas refficieni Feglrss @V lomyar wapelengthsoshauld  be

al i gnrrent mechani sm
poé&blerl_ﬁf @P‘?v%ggl mu?néﬁopt?gﬁﬁ\ﬁlﬁes Setup Ill. Reference
is now nade to FIG 7, ?lsanlllustrationofa
third setup 20 of a flber aser which was tested
Ener gy sour cg—i4—wa I orkfng at 790 nm
wavel engt hs. [Coupl fhgr mschnlBam terss a4 free space
beam conbi ner|,_The fir st reflectors 22 was bul k
grating, but ase, | secq refl¢ctor 24 was a
but t ed di el eqt rB&@@P@BF‘ hjm ng gq{'ﬁl gh feflectivity
of about 30%&5—#%&-@%—&%—&& di fference
bet ween this jseRpgAodohiP §!1) 25%and the previous
setup (Setupill) 1's the 30% out put coupker on the -
| aser cavity.[ WO Z0077 039893 PCT/ 1120067 001090 20
Equation 6 pr|eBGR@2008nmeq fi ci @8% | asi hg at | onger
‘wavel engths dhould be  possible by increasing the
mrror refleqgtivif] Table 5 fpher Paraneters
R1@000nm 35% R2 nm 5% BG R@000nin 30% si gnal
0.1 attenuatji oatt(ed&im)n 5|Results were|nmeasured by
anal yzing | ade @c?élat' on fising a power| neter 30, a
phot odi ode 33 ctropeter 34. Power neter 30

was an qOhir pewer—heter FL250A-SN- ), phot odi ode
32 was a Fast p__hot odi ode

Results were measured by analyzing laser radiation using a power

meter 30, a photodiode 32 or a spectrometer 34. Power mefer 30 was an
Ophir power meter { FL250A-SH-V1), photodiode 32 was a Fast photodiode
~PD-1 0.6 (Vilgo) — 212 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 comﬁuter conirol.

Results:
Setup L. _
Reference is now made to FIG. 8, which is a graphical illusiration 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 efﬁciendy 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 IL
Reference is now made to FIG. 9, which is a graphical illustration of
measured and simulated wavelengths at various powers, using the Tmsilica



10

15

20

25

30

PD-10.6 (Vilgo) - 2-12 um 800 Mz detector, and
spectroneter 34 was a B&WN ek spectroneter(BTC 500).
Spectrum neasur enent was further 10 acconpli shed

WO 87439883 CVI CML10 nonochromat or, i nt egr at edPGAVHLEDOE{001090
detector, alignnent nechanism and LabVi ew conputer

control. Results: Setup 1. 15 Reference is now rrade
to FIG 8, which is a hi cal |IIustrat|ono
fbeefaseéid@%%eqb%wﬁb fe§mqﬁ§$tHe Ikt  Agishpwyp iBiFIg. 9, Fighest

powaﬂs We'ré 6Bta‘méapror Wéfen?ﬂ\sdﬁéﬁﬁéi hedo nmtﬂé ﬁf@s&t dsSible

shown 1 n , slope efficienc
|aSl%¢)WﬁieﬂﬂthW§58049 nm-th a threshold of about 3 W The
SetJflﬁ §fr had a central wavelength of 1970 nm both in
e sinul ated and actual results. 20 Setup 11.
Re Raxfereges iis nowwmade do thGFHG, whichnisi a lgraphical gmstrhimabf

| | d | at ed |
medsiire? ah3 it st WIRRRATR, A VoriE RS 0% Saus
fibePEEer l&@eﬁlﬁéwmoresgéctftbtsétubaﬂerAgl%h@Whhﬁdrm t1b lasmg

h FI G
wavé‘é%%?@ G U 51180 REbWEE ORERRSCLIER PuiTPsd Mt aestr W

I st S | 2
of pLifly KRS WHESRIGoR pole?! ighef YiiBiepobfiityp SRR Wit
highies cwtgufapnuplar refleaimty.atheoﬁuofe mayagor beyoaddthat number
us powers, using the
Eﬁ:@éﬁ%{)% ca berg'ﬁé g?%@?’hﬁed with respect to
SeReteréhbe lsﬂsowhname foFIB.G1, MucH Bsamgjustmmalcﬁﬁamdia':c
u 215 e o tal ed wt ou
cungs 4 high RRIE R AR NGy SO RGP Lo sestS angwadn FIG. 11

one Gh&y eRfedtablReti W W2og:md{rprasw ¥a*éjiét9mhérﬁf'250 ﬁﬁwwzm

coupler reflectivity, the curve may go beyond that
nm, pERPUMPES i 13 1 W ok 798 npp imfiais gonfigiration. tHigher powers

sholiB*b lﬁ@rﬁi@rtyﬁgcr'e??ﬁg:’\%%elogg Eérﬁ’e%yé ﬁi@i}‘f&é Buik

an il lustrati curves
gratwawﬂeagﬁBG asing. According to the results shovvn in

" Setuge BPEBARIBIAG, 1396l i ORch BT
and 1_§rrWaié_d @fpuaimpowet hit sdiffereint JanadH poweld diver wavelesgth
ouiput of 2;1 00 nm. As shown in FIG. 12, the efficiency of the bulk grating
back coupling mechanism described in Setup il is approximaiely 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 il was CW mode, without any significant fluctuations.

Results described herein were remarkabie in that no other double ciad
Tmsilica fiber laser has been shown to produce such long wavelength
operation. Results indicate that output is as desired. That is, the parameters
defined herein resulf in continuous wave oscillation having long wavelengths
with relatively high efficiency (10-20%). '

«Application of resulis fo 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
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shoul d be obtai nabl e by decreasing cavity | oss,
nanmely replacing the bulk grating wth an FBG
Reference is now made to FIG 12, which is an
WOi2pe79398at i on of measured and sinul ated outBSIVILHEHRL090
at different |aunch powers for a wavelength 20
out put of 2100 nm As shown in FIG 12, the
efficiency of the bul k gra??j ng back couplin
COffg @ﬁiﬁ?ﬁ}/ Weth anaier hulk Sembiper. both of wbmhosaﬂmgcmﬂy reduce
' 13, which is an
th?%@ﬁgtﬁ{e@ﬁgg{. Hl%gés%wyr@g%bﬁ%r%s%hi | e operated with
hi ghssueh, psiauble tladdiag fibeo Bragdhatating éFBG) shoold be bsed,

f A A . fas 1. A e,. W thout any . .
as JesSfibed 36bvE, AcTolirh eliod TR P8 fallowma s artertis
wasdoend tentee & globd dpticalibier na fort iser indies preset Miention:

Tmsilica fiber |aser has been shown to produce such

| ong wavel engt oper at iTaible Resul t s i ndi cate that

output is as —ed hat-s—t-he—parapet ers

~defined herei e oscillation
havi ng | ong wex ! y hi gh
efficiency (10cHH&Eizeddim results to
design of aniefficient fiber laser is described. The
bul k design of thgpleagk" Plesenpgegy above limts its
applicability_as a fiber aser for _nmn

appl i cations.; pbitp ' fnclu the neged to inject

punp | i ght thﬂ%%%&tael@ﬂﬁk conb?‘%gr and| t he need to

coupl e refl ectedélggj@Al ight in % he WD 2007/ 039893

PCT/ 1 L2006/ 00109 corejof tN&™fiberjw th another

bul k conbi ner, oth of whi ¢h si gtﬂ)fl cantly reduce

the overal | ¢ff &P™%nd| st abilPty of|the fiber

| aser. As sug¢h oubl e cladding fiber]Bragg grating

(FBG) shoul d bgoﬁég'a',“s"ﬁs Hescri bed abole. A new

Tmsiiica fiber_wih the TplTowng charpcteristics 5

was found to beF'\geﬁ&‘Eﬂﬂtgpt cal f4Ber 13[for use in

the present ifnveptjon:” Tabje 6 1iber paraneters Core
5 Clagl shag

ariifeTeraaY

size (um 11 €0. 13 @HAg_Nze (un) 125 d ad
NA O. 49'. ‘

EXAMPLE 2.  Design_Example: ~ Influence of parémeters on _lasing

wavelength and efficiency

As an example of seledﬁng 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 vaiues are listed in Table 7 below.
Table 7
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Dopant conc. 0.9 10 26 Atonsl m Fi ber length 3-5
Cl ad shape octagon EXAMPLE 2. Design Exanpl e:
I nfl uence of paraneters on lasing to wavel ength and
WOPeH03P88Bcy As an exanpl e of sel ecting par arRIRAL2006/80109%0
10/ 125 Tm fi ber was selected. The | asing wavel ength
was fixed at 2095nm which is simlar to Ho: YAG
Several different dopi copcentrations—were tested.
For each ¢ CLnJPrﬁfa Montlr at HBHK —t ha/alieh ol | engt h and
the reflecqivith @m the oﬁi%ﬂﬁfﬂbodﬁf@bb i s was
vari ed. Panapeneandradint) vial ues arg listed in Table 7
bel ow. Tabl eCora\dizpeRdr 03989 PCT)/ i LOO6Y 001090 23
Par amet er UniClad/diaeresteN [(( Tmuét omy|- sA¥S viari abl e
concentrationp €ladi anet eiB/mam [ariabl diameter m
125  Punp ¢l agbd warilabl e absorption; Signal core
| oss dB/m ( Sgg:na]gdr@ﬁfssl engjg)n M|Vagpablle Rl
(refiectivi TV IapariengiP E 74 (TIeT\}Eﬁ‘.ﬁb[e ity) % 80

Punp power Ry Tt traints are as
fol | ows: 5;21“123:3" Y .|;ci' . a&' iés 80-90% punp
absor pti on 5 obdery. °"t‘,! i t the gain
media to ensUrdNPPOWERN oo ) _THe rleflectivity
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The constraints are as follows: 7
1} The maximum fiber length is 80-90% pump absorption in order to
completély invert the gain media to ensure true CW lasing.
2) The reflectivity of the mirror and length can then be selected for
efficient operation for a given dopant concentration.

Reference is now made fo FIGS. 14A-14D, which are graphical
illustrations showing laser efficiencies (in percent) at 2095nm for four different
concentrations as a function of fiber 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  %wt zdg g;?;r; ie(?g; h . Ie(r;g];)t h
1e25 1313 0.15 0.23 30.6 437
1.5e25 1926 0.22 0.36 21 30
2e25 2626 0.44 046 15 22
3.56e25 44686 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 2085nm. 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




efficient operation for a given dopant concentration.
Ref erence is now nade to FIGS. 14A-14D, which are
graphical 1o illustrations show ng | aser

WOeP§7/03988hci es (in percent) at 2095nm for foRCT/IL2006/01090
different concentrations as a function of fiber
length and mrror reflectivity. The conbinations of
parameters used are depi cted below in Table 8. Tabl e,
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the aééét 3 GLASRSabsoRld R snﬁﬁﬁwﬁuﬁa Gohg fitbéri 1§Ire@m6cbtmha\ze
for an-8mlong fiber wt 2

0% ,
goo@nmb}mgmsgrmpnt hEhg lﬂweabﬂla@'b'édlr'%tuqtﬁ*p&m%og&gﬁpﬁ ié',"efsl‘@

|h[Jg e lonBidiioni ency occurs for N = 3.5e25 atomns/n8,
rueo E)“i?ﬁ\/\n? télG 14D. A 6m fi ber absorbs 66% of the

15 %5%81@8 is %ﬂ@wha@? fa Ea& oI ra'%‘rbhatﬁé f'Frﬁ | ﬁi&yﬁ&ﬁr
punp - power ucih
Thepmwr is Puayed with| 103V sifoWQﬂmﬂithe %bgdam |W%Nedﬁn9ﬂhés

chosen as EBQJII?n‘S’:ew ch lsgt'he natural lasing wavelength of Ho:YAG. In

practice, the fiber design parameters (doping concentration, core diameter,
clad diameter) are determined by the manufacturer. The combinations of
20 parameters used are deplcted below in Table 0. '

Tab!e 9
Parameter Unit Value
N (Tm Atoms/m® | 9e25
concentration)
Core diameter um 10
Clad diameter um 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 1 Ri1

Reference is now made to FIG. 15, Which is a graphical illustration
showing laser powers of a fiber with the parameters shown in Table 8.
25  Efficiency may be increased by raising the high reflecior mirror coupler (R2) to
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i o wavel ength is dependent upon t he dopi ng
concentration, fiber length, and mrror
reflectivities. The shortest fiber possible is

WOLARTQ38%93t 0 |inmit the loss of the |aser as RGIALR(0pB91090

absorbs the signal but a long fiber is required to
have good punp absorption. The |ongest fiber is

ipmted by the 80-90% i nversion rule for CW
>9%‘*3” Fvepwith dh 'Armrﬁev?aés?awﬂ'e ans8%heiputf ceupler and 2.25m
I F § 650
e onch STy 162286 WRE 6r ot By Yo KR iyb
PUMp powrsi Qﬁgmmnmoaﬂmnchlgnal povesrrisibbiaiied. asi ng
wavel ength of Ho: YAG In -practice, the fiber des_l gn

par aneters (dopi ng concentration, core dianeter,

E_XeﬂMLEBaBeDeiahzaucm ofdasurdigded by t he manuf acturert ;
picte

d
o Al Prlef i %G bMizsd | SoBa Hishetione flmics LU0V By
10840025/ SINOE 2440 gcwa@%baat In0BideP0 Cothif % i2rol). ;??ct@nfi‘qn |

meter. m12 nal core loss dB/ mO

pufgi d 8P APsyatiany dne 55 Waa moves | feemi ahauj 1. 8mvicorh atbe aliod®® to
ab&dtﬁffdcﬁﬂrbﬁ'l #he) did80 | %HH?B Wfégl% mﬁﬁ’@ﬁBp@oi&? was placed

Ref erence i s now made to
belwegﬁ he £BG and the dicde io emtwwthgt dhgaarrenbomhéife@iba@k from

Cwéleﬁn é{br{ngetoqﬂé I%%,r gyﬂq g{&ggﬁ g*lxllﬁﬁ@l me@ﬁurements
weleepemmmd af B(D@m/é)\omftmj ' g(}ﬁ’%)ét t All\ﬁﬂtlah@a?%égé’lﬂﬁﬁ%nts were
>09% Even w
perEeALONS AUk AOGRHEsANSA 76k Peak gyt HReS LOR8RMO).

f
e e e

the%s !gﬁpgﬁ%lnpwmce%amm@were recorded.

Depolarization was done using a depolarizer setup as described above

with reference fo FiG. 3. A polarization controller was used in the experiment.
A polarization analyzer was used for measuring the polarization state purity.
Reference is now made to FIG. 16, which is a schematic iustration of a
polarization analyzer. Polarization state purity was measured by coliimating
and passing the source light through two A/4 waveplates, one A/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 resolufion 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
sufﬁcie_nt 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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5 EXAMPLE 3. Depol arization of |aser diode An

externally stabilized signal |aser diode (Lumcs

LUL064ML50- 1001002, SIN 51440) was used. In order to
WOgBA74R9% narrow spectrumin pul sed oper at i tf/ILg{{&/001090

FBG was noved from about 1.8mfromthe diode to

about 60cm fromthe di ode In addition, a

pol ari zation controller aced 10 betvveen the E
and hehpolarigation dv%gugra,ed P meffaﬂ% 1P POWSHe tanSmited

throfugﬁ 2 BlaEEvaPﬁ {%ﬁ: rﬁ@t&r o rG{C]I%i alignthE6t. Fine alignment

arl atl on o measurenents were

waqoqaai'brmedl mlngoanphmbp@dp aadrm’cmgmtlpe puavapiates.  The

corf BiF SRS AE P At o Koeedh RO Sipimandsshitin

botie\GIW ahe GuilsedCoperstiopu hxed thperd8% oof, thai powanieaving the

W t hout ol ar er oral traces and
' ,P"-"%rt?(%’?ﬂ?@%i’%%?"é@gp Wﬂ?ggt i on was done using

a depol ari zer setup as descrl bed above wth

reference to FIG 3. Eolarlzatlon nt%oller was [
- us&efeigncads éwuémaﬁ;ento ol Giiang 168, Whigh gfe; gigRlica
usfSftng F 1ERESHI tfibel U St TELOLINOR! B S ldatr dlods
befsrehand &iter dbpulanzaimmn Top farrmr@bﬂrm w&hitbﬁ dapalayizer is
Iarlzat state purity was neasured by collinmating
roug ‘the source |ight through two 714

Wa\fmhp?ttrﬁﬁstabn@y W muaﬂimed usinylan qmﬂiag iSzopRy iy
(Newport | OFCL6PB. 7) C%ect or d‘gq; t he gnrmugtre
pulggs w@r%me»ad. %‘WH“H“S%‘HW QPSP d%lﬂlaftﬂf'aﬂ i

esul ts: The coherence |ength inside the fiber using
the full width half maxi nrum (FWHM ninus the
r eskugt itomas fourcethata d@@é‘iﬁﬁf Swh@ﬁ@%oﬁ%mﬁ)‘h? pisent

mv%r@g:& c%b eﬁe{:ﬁ%{l}fl ng‘ﬁz g?dﬂgéggb%%ber in v;b.“'tsﬁh"é’%glé Z t The

'deﬂdhmh ifa aagsumd@mcandodmmt lalter thetaepemslmdzr gdse

T e T N S

wele/ BEer] GRBs & fluéRiatibh® Wasre indd | sigriificemtt hdhei dhﬁ‘eredcengtpath

h
lenmquggneeds : og%ﬁ@ﬁ%%g%%ggﬁg%@{gﬁ%g}ﬁw Oglg rpawggn the
co po?né@ﬁhwwgﬁéaﬁ,emawrarﬁzbﬂmm tted through the

ari ze a power neter for rough alignnent.
" Fine alignnent

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 fllustration
of laboratory results for a depolarized fiber laser. Pump power is shown on
the x-axis, and Band IV power is deplcted on the Y-axis. Results show that,
for example, a 10 W pump was able fo 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 waveléngth.
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was performed using a photodi ode and rotating the

vvaveﬁl ates. The <controller was adjusted such. that

no change in pul se shape was seen. In 5 both CWand
WOAWE®%per ation, nore than 98% of the poweRCHEAPH/AY090

the polarizing cube was found to be linearly

pol ari zed. Reference is now nmade to FIGS. 17A and

17B, which are graphical 2% |lustrations of tenporal

tra'-lrgb Rawersiiiber isolatagspect i vel y, of the |aser diode
+ 0 SHSeP RS 'ysARPR AL o ord Skt Bl Bk optic

arizer 1s as expeéc
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| se.
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t he 5 | abor at or%. Ref erence is now nade to FIG ‘;_Ié%
leadingcto hgafaagﬂ dpauitng in | huisingof )¢ ceANgciy P, HRRSFeptable

. heétﬁ@\l\ﬁ St O{%‘ﬁngﬁpm ﬁ%‘a’ﬁlﬁ‘g %érpeésp'e@%ﬁﬁ bEUAPp B difice

axi s power i s depicted .
mecharitsl éfhgnment ﬁ%agube dosthdeadingitto catasirephigniailure qon the

el P55 G M L2, e BRSO

 f eagéferdrideyis dfowd m‘aa@ to Riep anaWhmds 2W0stresmaticdliustration of
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| mqﬁsr%'ihrd%%"éeﬁrs{:r@&f 105 RAAHG B FPEMAER lon@rg REIMEDR, & frsteftber Bxit

B i o 9 L o PRI
firsP 94 348" - pddltioned just outside of first fiber end cap 107, and is
configured to obllimate the light exiting from first fiber exit port 106. System
100 further includes a second fiber 108 having a second fiber eniry 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 sfripper 114
positioned between second fiber entry port 110 and second fiber exit port 112.
The double clad allows for }i'ght which has not been launched into the core of
second fiber 108 to be propagated through the outer clad 124 and fo
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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order to couple the Iight into these conponents, it
first nmust be renoved fromb5 the fiber, passed
through the elenent as a collinmated |ight beam and

WO 208703989 sert ed back into the fiber. Sol uti dMS/H06/001090
coupling light to these bulk elements are comonly
avai | abl e for 300mVN of optical power. Certain

specialty conponents cart®handl e up to 10 Watt |
comgmment 1Bt pasitioned, between st fioeg ﬁxwor&w g ﬁ%%&ef ber

‘entfy ok 0 o ke B8Rl AEGFohs Boendtg cDlitnf ens

118f ag@lfodds:]ny@hs tt20. f&?ﬂmﬁhg lcbmmnantﬁ 16 may heh dorsexample.
i ber. The portion,of the

an sl a Mot BRios (v 41 Sipsiyiekid R liafts 8F s degustopatio
moEm%&Ir) Wén@%tr@mlb%ﬁé woengrereet, shelading| thachhsgnoe) of a

and resulting in burning of the connector or.
corgpeitidpt abl e  heating of the el ement. Heating can

es Hﬁcécﬁ“p% éétn?fqog\ggﬁ@b loitar S & 2850 esIona| iRl 108! i rm.ard

rmyb to catastrogglcfallure or

clad) evhicit woayd lesablet Becfemis fibet 198 Tobraheld BuRlaEe Wi i a
erature ch

col b SR 303 e LBRC e B 5 i e
gla&QL Iif efeofiresichal 6f Uiis Pibeeisethadedimipure fusesksilical then the

: 00 | ud f fi 0%
secor hil §iptar e GPpbRsecs ot uaria Pavsq Sliet Y 49

ant? ‘i.’:rlﬂile ]c,?ﬁi)f iGEYE curfentiy texfdt e the ichrkatp Tiiple p;!mil ﬁbam enhyabe

er exit port 106. A first lens 1

usmwnar@mm;amacbm aihaed glassi ang the perond a%é&)aﬂ?}vmf
Th?,pg}}{ | rs I)é%'tﬁp% @ eﬁééﬂti'aﬂgtaegib&?dbhiﬁl@tclaﬂ(ﬁlﬁéﬂ@mams

I ber exit port tem 100 further

It i beusigsediated dyritiosé sisfled 0BtHect ﬂ@tw%m@w@e@a d and

t t 110 t

ol bbb i e o A T o) s e g g

ma‘?@ﬁ%ly Tﬂht%t aﬂdtﬁ?r énb@duaﬂnlfng 1hemse1cﬂ‘(ﬁuadnm clad dibers with a
us outside o secon |

glassrimeuUneet ers bt Same %WfOGF & raddBpel s GfheiiSed of a

m@ﬁr@B&Q fﬁé:bﬁ‘év;ﬂ&ﬁwe S0 BRd adsltelf8d 1942 doubl e cI ad

aving an inner clad 122 and out er
124 Typicdity, mumesical apetigesNARffores P %b%? aﬁﬁ?e véEn o. 06

t Al
to BB, RR P BBRIsFbagKiots BEY GRA SRRl haye samar N
Tn‘eaéfofe glie mhacmammﬂuorba’ad sitioa diber with: 0.22NA shauwd be.
second flb t t hr ough t he
suﬁ'meé}t toragh i’?ﬁipqgi'g Vﬁ'g%bg@%uen g%e § em)ged by
m;d@n éﬁéﬂhﬁpémgb]@ﬁ’%@:ﬂl frst &19d eécd:nldiﬁbdrhéoﬁ @ndslgm areidguble -
t hrough second. fi ber exit port '
cladBharte TRIDWAK B SHEPRESRNRIS 6 PBERH B R figsto

imit 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 émbodiment dépicted in FIG. 21, second fiber 108 is spliced, resulfing
ina proximal portion 130 and a distal portion 132. Outer clad 124 differs in
each of proximal and distal portions 130 and 132. Inone embodiment, outer
clad 124 of proximal portion 130 is comprised of glass, fo provide rigidity as
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28 conponent 116 positioned between first fiber exit
port 104 and second fiber entry port 110, and nore
specifically, positioned between the collimting | ens

WOLI2087/438%93f ocusi ng | ens 120. Bul k optic conpdff&iiL2a06801090
may be, for exanple, an isolator, a nodulator (such
as an el ectrooptic nodul ator or ‘an acoustooptic 5

e e o 2 o B e TRE e M teprised of a
PoRTRON ARRIBI. PHisShorfbdidd Lrabie3SE BN B 0d J2£ gn
a 1ggian Ofrfﬂpﬂgéﬁlpnﬁt hi4) ta becswipped awayNhueMlqutg fof rémoval

of Wgticf nifeishipoiP 118" BBt PoiBll S8k sialamonriom are

Jomen! dogetber irs il c@mectlhge rregim 1 3¢Cﬂrh§r§i’h’rlrdj p@lyﬂiér "%éhﬁg is
uch

d. of fl ed I :
anBfIRERS ik eind s " Pl pnosiaents i polysiek costing of
cor'l"mecﬁing rebiodl 1BUhS e SEve BBIymMEToR tH@ ghs usB8 i Subr Gh@924

? rd glass and the sécond clad is a polyner.
qu*ﬁ? BB?EWE 2ean be stri ped so essentially a gl ass
o PRSUEF Sk T el ot ARG
thec pigdibgn interfadep| Thigl sivuidebe rappooximatetyl 584 #t noviahti-réfection
d de f d t |. Thus
(NEF eSS Lo R e litgte, | DBiGIVG i paRteste! iscengied o
prefviebt backvdflection g'lta?dse icors bittibis RdHtudteifi e absorbed

nts,.end cap 113 is conprised of a nultinode
int§ Be pefl g VAl eakeoudaiie o e Pher.d E‘%F”Qﬂeaﬁﬂ&w 1% used
As Bypbemhply, lfalﬂ'@ﬁV'Ié‘cﬂétoﬁ%edééife% €H\é?92 fc%ft htﬁ
ar.e bet ween 0. 06 ocuse

fiodtiplg™BR® of Padl Connestsy Wih smcR cgaimg o RK\S%, the number
u‘[{ée,re@ Qgﬁ“ a standard fluorinated silica fiber

b E%gto o\ﬁlfd be sufficient to catch all of the
| i glhtls whpreciated dhat dantic deaturdsnofithat hﬁrEanﬁafﬁQQﬁhlﬁﬁrdre for

claity, HesBfied I ME Coplext of Kemarde, PopBHMaTE ARy BBo bs

propidaﬁ dul ogmbtﬂaaom ir{Ja Tsﬁgl@émﬂotﬂ Il;ndtmtmGorﬁftﬁﬁhélf %YSU@%tures
ackward pr at | at is not renoved or

of BB HVRprE B B Wrabratm cbopibarb heieontoxtiotn sgle

embbdifient,S rAap CARFALHL PH\M?éd akh ntafé,fly B{scﬂ{‘draé' 2% itable

108, .in accordance w th enbodi
SUbCRUWINGtiBR. 30 In the embodi ment depicted in FIG 21,

Seqitdubh B invBhtidr ha eSR%edcRBYY i Bdnjunction 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 infended
to embrace all such alternatives, modifi catxons and variations that fall within
the spmt and broad scope of the appended clalms 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



in a proximal portion 130 and a distal portion 132.
Quter clad 124 differs in each of proxinml and
di stal portions 130 and 132. In one enbodi nent, outer
WOC208398934 of proxi mal portion 130 is conpri skE/E£006/001090
glass, to provide rigidity as WO 2007/ 039893 .
PCT/ 1L2006/ 001090 29 descri bed above, while outer
clad 124 of distal portiom9132 is conprised of a
copsiryent as @nnadrission. thahsuchcmféregoe in awilabieass pEorart to the
I outer clad 124 (in a region of node
”@@%ﬁﬂﬁ@?ﬁ§%4) to be stripped away, thus allow ng for
renoval of light by node stripper 1,14. Proxi nal
portion 130 and distal portion 132 are s joined
together in a connecting region 134, wherein a -
pol ynmer -coating is applied to outer clad 124. In
some enbodi ments, the polyner coating of connecting
region 134 is the sane polyner as the one used for
outer clad 124 of distal portion 132. Another source
of potential unwanted heat is the back-reflection
from io the air-fiber interface. This should be
approximately 5% if no anti-reflection (AR) coating
Is used for silica fibers. Typically, the connector
is angled to prevent back-reflection into the core,
but this |ight nmust either be absorbed into the clad

or will leak outside of the fiber, if no node
stripper 114 is used. As an exanple, if a 50W
isolator is desired, then 2.5Ww Il be |ost on the

air 15 fiber interface of each connector. Wth an AR
coating of R<0.5% the nunber w Il be reduced to
250mW It is appreciated that certain features of the
i nvention, which are, for <clarity, described in the
context of separate enbodi nents, may al so be

provi ded in conbination in a single enbodi nent.
Conversely, various features 20 of the invention,
which are, for brevity, described in the context of a
single enbodinent, may al so be provided separately
or in any suitable subconbination. Although the

i nvention has been described in conjunction with
specific enbodinents thereof, - it is evident that
many al ternatives, nodifications and 25 variations
will be apparent to those skilled in the art.
Accordingly, it is intended to enbrace all such
alternatives, nodifications and variations that fal

wi t hin : ' :
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the spirit and broad scope of the appended cl ai ns.
Al'l publications, patents and patent applications
mentioned in this specifigation are herein
incorporated in their entirety by reference into the
ecification, to the sane extent as if 30 each

i vidual publication;, patent or patent application
was specifically and individually i ndicated to be
i ncorporated herein - reference. I n addition,
oA GBS erpdvfd@htnfrﬁre@aﬁar@dVdﬂravswgwéf AMBRNNG N t hi s
application shall not be WO 2007/ 039893
PCT/ 1 L2006/ 001090 30 construed as. an adm ssi gn t hat
such r & dgnrofecized dasg gpeiigipefogProfuctkhs dapclariged Hght in a first

Pr eseniorthBysHal istite ahk M‘sﬁ@andl oﬂhb%ﬁﬁf stf6, wherein said

produci ng rnfrared Band |V wavel engths, nprising: a
depol acepelarizesslaseraseilipicaison lassy dm%mm@. 'i@@t output from said

depol andsgp Gidded Béln? nde'bofdri&é& byoht Jié?ﬂﬁé?ﬁler sird ﬁrh@Fb.ﬁh Isa.d

a second orthogonal state, wherein said depolarized
| aser 8§E?'P'I‘Z§F §PMpEseP & 5@% poarizatien pegm $ijﬁ?r fdﬂ)’!f}ﬂﬂn input

from sgpg arllcﬁ%ﬁdi oﬁt;ﬂn@'%@n%' B %e@éaoﬁa | fRdizBYorRbeam splitter
depol ari zer, and wherein said depolarizer conprises.

a firshaypg 4we Aapyt JipeFeans 5 Putpdt ity Whareim saidgwe input
fiber apghstopsaRy st bch&'ifatlaﬁ‘%eﬁmsﬁﬂiﬁ@ﬁ aRPLAced AbbdiHer

beam splitter havi ng two input fibers and an out put

fi ber, Wih &aisi tvosutrut filRers; Cﬁpﬁ?td firg} prigrizatien begra spliftasse as

pol ar i ¢RfdnA ASABAHMHA 4 SEcH SR s Sint LARERAE iMehbih
said two output fibers of said first polarization

beam speiwees saidirstandisecppd prisfs lpagerihema gatergnce length

-.second pakhiacs¥hghgi-n a difference in length between

said first and second paths is |onger than a
coherence length of said laser diode; at Ieast one

anpl i fhﬂéastft%e "héa%pgmggyﬂg%SB(He?BFagggﬂei@ arl z ed

pol ari zer for separating s anmpl |
light into a first orthogonal state and a second:

ort hog t v, |

oy "CSRIRrBAEN S sl pld GOLANEN GRS IR, Y
sai d fprﬂfsqgooaltsi@gmdla sacane ortheapngl sfateond frequency
conversion device for converting said anplified-

a first frequency conversion device for converting said amplified
depolarized light in said first orthogonal state; and

a second frequency conversion device for converting said amplified
depolan’zed light in said second orthogonal state.

The fiber laser of claim 1, wherein said first polarization beam splitter is a

- 50/50 polarization-maintaining splitter.

The fiber laser of claim 1, wherein said depolan’zed laser is an inherently CW
depolarized fiber laser oscillator and pulses are achieved by an external
modufator.

The fiber laser of claim 1, wherein said at least one amplifier includes multiple

ambliﬁers.



depol ari zed light in said second orthogonal state. 2.
The fiber |aser of claiml1l, wherein said first

pol ari zation beamsplitteg,is a 50/50 ' ,
pol ari zati on-mai ntaining splitter. 3. The fiber |aser
of claim1l, wherein said depolarized |laser is an

i nherently CW depol arized fiber |aser oscillator and

5. pmfr%%earageﬁ&mmmeﬁ viherain said REtd seH@@HJl’rééLEany 4onvERion

fiber |aser laim 1, wherein said at_| east one
L {ABVIoS 3re Pelstian GOThife STNE CORREIY e s ZCR PG Oirans

f idem; breP-GAASCOPOIDRG; WhpPENNOBOI a ﬁwmg@ LW@)FQ?C&Hdan
freguency conversion devices are selected fromt

gr Pty Xehsi sting of: a ZGP OPQ, OP-GaAS OPQ, an
(P GaAS OoPQ OPG a PPLN OPG a PPI\/gO LN OPG and an
6. The fiber laser of claiml1l, wherein said

6. déﬁc‘i’@lf@ﬁ Ree qfé’éf"é'i“ Bmel@'%tsé'fd qepolagractipaer oscilgter ielected

gr’f@ﬁptﬁeo@%bﬁtdoﬂgls ? onYbss.hctacaqo ld%casvbl ,; sYBa YR Tm:
silica; i i ca:

s.Sf"peaTmﬂﬁ? SEBEAKIb Ng: Slm%m ZBLA zEEAKBbw Ho ZERLAN; Er:

YraL RN YEBHANZBIYRN; VB! THBIZBINANT T, iHR: zéEWYbYHo k'BLAN
ZBLAN Tm fluoride; Yb: fluoride; Ho- fluoride:

f Mifsr ugadeEYb: flueriga: ddo: fuprideg Nd: fiugdds; dier: fHa@rlda'n¥b Ho:

f'ﬂUQf’idédeYanTmJ'bﬂucfridéorTﬂe Hb’b ﬂddﬁdef'wf'r-%e ﬂJdﬁde Trm:
chal cogeni d Yb: chal cogeni de; Ho:. chal cogenid Nd:

c lkpieegnnitiey eY b: gphalcqgﬁqugoggqq, qﬂ@lcoggndq,bNd cha}cogemde Er:
chaheaapRicdeyy YtHo T%alﬁ@@érﬁé@e%dq’m T'Hwal'ﬁ@gen&de Tm, Ho:

chal cogeni de; 'Pr:chal cogeni de; Dy: chal cogeni
Tﬁh@ﬁ%uew@emr@éalcaw% Dy: pbalcw'd,eogémha@ogamderwd Yb,
Haea? @ehicef claim1, wherein said at |east one
amplifier 1s selected from the group .consi sting of:
Yb: silica; Ho: silica; Yb, Ho: silica; Yb, Tm

7. S 'Thé ‘Flﬂer I-arégr of 'El%lmif Aklér%gem g%&eﬁ"?eas? b{v)é E'ﬁ_'%)hﬁ_épls iﬂ@t’:‘t@%‘fmm

T?he g{glgp\qs@nsmg 1a6: Ytsz:AN qutslhcpbe zg;_ Allica; T, Tm: silica; Tm, -
= ”—IHF’%? iae; YbYl”Ho fégié%ﬁﬁ ﬁEf['%N f\I’HJ‘Z"ELES!f sz‘LAHPrErdEBLAN
Er: X

UOT

| TP, He: Zﬁ‘-ﬁb‘r |Yd>a,TfoZBI|-I6«N foﬂboHPdéBUFM Y@hé‘l%d@éﬁf\dé_fm-
'Yﬁuond‘éh%cgﬂﬁlﬁgdﬁo h’QondéhNoC‘?JQSFH\?d‘Er }_@%ﬁde' Yb, Ha: fluoride;

I cogeni ['cogeni de;

cKBI Togduerite; Twm, Henfluarissr Yogdia: (ﬁgondanTnHoehalcogemde Yb:
C B SRRRRIE A80: laicdyRhRIRB! Sfsicogenide; Er: chalcogenide; Yb, Ho:

chalcogenide; Yb, Tm: chalcogenide; Tm, Ho: chalcogenide; Pr:chalcogenide;
Dy:chalcogenide; Tb:chalcogenide; and Yb, Ho: chalcogenide.

8. A fiber laser for wavelength conversion, comprising:
a depolarized laser oscillator for producing depolarized light in a first
orthogonal state ‘and in a second orthogonal state, wherein said
depolarized laser oscillator is not a laser diode, but is an inherently
CW depolarized fiber laser oscillator and wherein pulses are achieved

by an external modulator;

at least one ampilifier for amplifying said depolarized light;
a polarizer for separating said amplified depolarized light into a first
orthogonal state and a second orthogonal state;



Dy: chal cogeni-de; Tb: chal cogeni de; and Yb, Ho:

chal cogenide. 8. A fiber laser for wavel ength
conversi on, conpri sing: qﬁgepolarized | aser
oscillator for producing depolarized light in a first
orthogonal state and in a second orthogonal state,
wherein said depolarized |aser oscillator is not a

| aser ¢ g8, fr@dﬂenh? @avéremr ABlikY foP\oAPRANRIdaf Gmplified

fiber laser oscillator and wherein pul ses are

achi ev@@POBVZ%“%M@%TFSH%@%"GWWQ ankast one
anplifier for anplifying said depolarized light; a
pol arizer for separating said anplified depolarized
| i ght ianseroadtireqyencio cenvsaem deyicatier senvedingesaith ampiified
or t NogeRBbiafitat fint fraidsddohlorfbgaifatate conver si on
devi ce for converting said anplified depolarized
light in said first orthogonal state; and a second
frequency conversion device for converting said
anplified depolarized light in said second

ort hogonal state.



