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64. MODE-LOCKING BASED UM NONHESONANT
NONLINEARITY
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Figure 6.7 Experimental setup to observe the saturable absorption. two photon absorption and self-
lensing in a sample of 100 quantum wells on a GaAs substrate located in front of a CCD camera
(from Kubecek er al. [64]).

Figure 6.8 Spatial beam structure versus longitudinal position of the sample along the axis of the
beam, after the lens. The distances from focus are indicated {in mm). The upper part of the figure
corresponds to the positions left of the focus: the lower part right of the focus. (Adapted from Kubecek
et al. [64].)
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Figure 6.12 Compact ring cavity of a Cr:forsterite laser used in conjunction with HNLF fibers to
generate an octave spanning continuum in the near IR. (Adapted from Thomann er al. [98].) The
mirrors of 5 cm radius of curvature as well as the first folding mirror (HR) have chirped multilayer
coatings. The second folding mirror is a Gires—Tournois Interferometer (GTI). the third one a standard
high reflector, and the output coupler has a transmisston of 1.5%.

Table 6.5

Room temperature physical properties of YAG. The
second-order dispersion is calculated from the derivative of
the Sellmeier equation: n? = 1 +2.2779A2/(A% — 0.01142)
with A¢ in pm. The data are compiled
from [70,72,104,108-110]

Property YAG Units
Index of refraction 1.064 Lm 1.8169

Index of refraction 1.030 tm 1.8173

Dispersion (k") at 1.064 Lm 733 fs>/cm
Dispersion (k') at 1.030 pLm 760 fs2/cm
Nonlinear index 124 10710 cm?/W
Thermal expansion

Ref. [100] 8.2 1076 K~!
Ref. [110] 7.7 1076 K~!
Ref. [111] 7.8 1076 K~
Thermal conductivity 0.129 wem™! KT

dn/dT 8.9 1076 K1
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Table 6.7
Properties of Nd:YVOy4 and Nd:YLF (data from [72,117]).*

Property Nd:YVOy Nd:YLF Units
Lasing wavelength 1064.3 1053 (o) nm
1047 (1) nm

Index of refraction 1.4481 (n,)

1.4704 (1,
Absorption (1% doping)
o 9 em™!
at 809 806 nm
7 3 15 em™!
at 809 797 nm
Absorption bandwidth 15.7 nm
Emission cross section
o 21 12 10=¢m?
g 76 18 10~ X0¢m?
Gain bandwidth 0.96 1.3 nm
Fluorescence lifetime 7f 90 480 T8
Thermal conductivity 0.03 0.06 wem ! KT
Thermal expansion in o 8.3 =2 1076 K™!
Thermal expansion in 3 —4.3 1070 K}

*Parameters are listed for the radiation polarized parallel (-) and orthog-
onal (o) to the optical axis of the crystal

6.8. SEMICONDUCTOR AND DYE LASERS

One of the main advantages of semiconductor and dye lasers is that they
can be engineered to cover various regions of the spectrum. As opposed to the
solid-state lasers of the previous sections. the semiconductor and dye lasers are
characterized by a high gain cross section. which implies also a short upper
state lifetime, typically shorter than the cavity round-trip time. Consequently,
mode-locking through gain modulation can be effective.

6.8.1. Dye Lasers

Over the past 15 years fs dye lasers have been replaced by solid-state and fiber
lasers. It was, however, the dye laser that started the revolution of sub 100-fs
laser science and technology. In 1981 Fork er al. {121] introduced the colliding
pulse mode-locked (CPM) dye laser that produced sub 100-fs pulses.
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as self-standing units or as compact seed sources for high-power fs amplifier
systems.

6.9.2. Raman Soliton Fiber Lasers

SRS is associated with intense pulse propagation in optical fibers. A review of
this topic can be found in Rudolph and Wilhelmi [140] for example. The broad
Raman gain profile for the Stokes pulse extends up to the frequency of the pump
pulse. An overlap region exists because of the broad pump pulse spectrum. The
lower frequency components of the pulse can experience gain at the expense of
attenuation of the higher frequency components. In addition. the amplification of
spontaneously scattered light is possible. Either process leads to the formation
of a Stokes pulse which separates from the pump pulse after the walk-off distance
because of GVD. These processes can be utilized for femtosecond Raman soliton
generation in fibers and fiber lasers [141-143}. An implementation of this idea
is shown in Figure 6.15. The pulses from a cw mode-locked Nd:YAG laser

Figure 6.15 Experimental configuration of a synchronously pumped fiber ring Raman laser.
(Adapted from Gouveia-Neto {143].)



380 {trechort Sourres U Everples

(100 MCHr, (X pe, §.32 pm) arc compied drough & beam splitier BS inoc 5
g leser cootmiing an opdeal Pber. The Otar wes wmileed @ bwve 3 negethe
dapwrsion farA¢ > 1,08 um. Wil oawaliog darcegh the flbar the puow pulses
B L31Y ot produce Satkens pulaes & 2, = 141 pan, This O Stokes pulse b
R0 can & L pusitD Sauer for the prserelion of o sacoed Yokeg pulse (A =
179§ LM, witich & in the deperyion regioa T exhled seilen formation. OF
cotrve. for officiee symctwowom, pemping, the length of e rio§ bt bat m
B THMISTRNG. 1) ther iirpueditinn iy oF ther peamp. Siecond SaoTed Pulees 4 BB 44
2t e wn tbio el

i93. Doped Flber Lasecs

Flbess can be doped with uny oF dee rime sach Wes pwd For gless Insers,
Whether pumnped through ther B end, or wastversaly. thass momplifytng medis
can huve 38 saceptionally by Optical thickdets (o, = gy dy P 1L Ar kildad
demonaniion oF thin davice wis tade by Deligs (1441451 Pastively wnde
dckad rime pah iy Uber Tavers heiey since evnlverd juto CMpact, CONTEHRtAl,
Acd aetiabi Souutowd oof ppubee shuree tom 100 Eu The Enin oaadin pocnonlly susd
we NE* coreing at (D5 o ard EC at 1550 o The arbdum 0oped flbar
B st ws. odoped with yttecbism, becwus= of the bited abtowption and of
b 10fter emseynd ot P 390 nm a0d extzniding well beyoom 1D00 noe Feoog higia
ot 1.06 o cap be whoorbed by yoerbione, which den oocfto e sinocbed
eergr ® dx B; fam, Figh gain 420 slgel pomess can tus by tbtnined by
oaung, For caample. diede S pwampad minfeare N YAG [oeers,

Baowes of i high paln b w nypieal Gbcor bese. K owy include Btk opic
COUTPOOSILE, &g, IRATOC Covillas, (Etpantion oonmpauatiog colamme. oF sabbir
abarrhera. Okevjousily, ther gty coufigmration i dar of a0 all-Yber becr, vslay
& seviey of pdpreliod pytical compowrits wed Biadd opescl couplors For cogpl
aad purping.

Al COMMMENG v tnovamional sobed Sate 16serd, et Pows IO shraasage of
2 large surfincs ™ roleoin wtio feece efficnott ooaling 14 posihie), The speciic
advadtages of dher SMEI0 dinde Shor prooptry weer Batk (08040000 (1o warth)
romdd. {he rondes [a-icey aos

» Effcimd cooverglotl of W€ napp @ My g’ swirtropl;. Echatrt, Foc
eammple, ic o theee-derel sycienm and tee Hytt thode coofusrwest of ther
poup in A by dllows Br eco depapealation of the xroused sobe ad
ey bigh eficoxs,

» Nomudiiive boo—{oa ouwaslcan 00 deplcx WC oppor ser beitd ae
minhmizad, Such wrcacdoms ave aypecialy sgregices {a dlfew becyuse
of i bigh photow wsetpy, aod becuinr g LH9alat depyonx do =W sk



Fiher Lawers k' 3|

will im0 e Maivalent Gk imetnia, tendikg Jstead w0 fooe stroogly
IAeracTing chastint & the high comcentrations nacectay 1 pracdes] bulk
Etaot Laeert [ 146]. The ttash meomest of hoth e bt wed pivitit raoies 21 %
e SN Aoyt b b divtribetend Alooy mveabiir Loyt 0f Bt o Lot DON-
oETiting. obVistimg the ol for high comoenimtion od e allmiosting
0 idvwtn'tiond tiked previousdy.

» Dinde lawty puerpimg 5 peucticalic (dug i (wge PO o the iUl ovn
pintc). Sghe wode ety diodes bt beva devciopetd ot 30 = gl
1490 mu for cobitin e xniplifian I scleccommumlicaiions spplications.
The Tot=leve] wWrucam of necdymium a1k Ror pamging massa by imulti.
wod leens gucht e b gh-poner 1ssar ooy witxvo, by mog Sbery designad
0 o e peany By e 6 cladding [147].

» Tight roods confiaeasent sad long NOOPERAHIR maxiniac the 5’4
by tha weak: coaliness indey of Glice {5y = 3 1D % cardIW),

« The dbparniss k° of By Goclabog e g cam ba odbewd (6 tw
appiicaiom,

Due drwback of the Wber bty 15 thes e conlinement |ludts the poles esecyet
ded cam De prodisc?, M holk-00%d e W, The probloa of rrusepied dessage
can bs gvarcome by boem axpantice,

A prober of mchulguss Teve hete devoloped 0 modcdeck At R,
Tha mow weeosadiol ethesds cre

I. moalnesr polabarion rosstiss (148,
2 moaliosar booh oo [ 149)
3 roade-Jooking with semsicondhTtar s rabiy sbeorberr | 130)

Reatritsivormd pobo: ctited with dortions &l |08 & wad balowr s batt! bewrTed
ity & yyoexy of pam mediy-NL YH, Bx ExYh, B, sed T Fox & aetalled
overview om ok bgeers me ey the ronder 10§ evew P by Feondon
Haot [11]),

694 Mode-Locking through Polarization Botation

Bockun tl 10 wtrtrel jsqpetisndy m hogyy s B b sz we will sasdribs cox
of he mode-Jockimg erhalgecs—nowt st prbe totion rotatioe—{40 sot il
At caphmingd ip Section 542 nowlver priwinhion totstor i combioMion wit
polucisiry cam 5 x g el saceble bwngber, of, Bg (5.81). 10 & Rhac LAt
sy noaliney poleriniion rovstion, the differenical serusmhied phase §lalde
am imtesgity-dependent Fe o polwriation acwss tho puba it potanzadon



» Uitrmahar? Sowrces N Exomples

statr i sy cogverted ol 1 Intansity-depeadonl traosaslission by witing =
poduteey 3 (he owtput of (e binfringsss slemcal. welentod, for cxvmpin, o
wowrtall e Righ iocricy carmml portion of (s pulse and rejoct the wings, They
wpproach v (e Gl acpeivdant ol e Koo e sooxie-locked T ovuppleire by,
Tobcl w 30 w0 35 A have Dute comied ST 10 YH Obie leer dnd ad
noslitesr poletization fotatite [152], 40 skt jdl vl exIEILS,

A coundand w\gh seckit filiy crves m stel e slemeal. Sisd) 1 Bbey Wa
poamily 3 wmik bimfrimgracy, The deper of bisefrayotot o defieed by e
Dty

e-f’;'a-—tf-'-h,—q.l. 55

whars n, 2l r, to the Afactior ndrctive isdicse 18 the rwo onbogoaal poler-
inmion it Foy a grean watos of 2, dhe power batieaa 08 rwa onde {fiebt
Coigoments Alosg § 2 §) in cxiaryga) porthtically, with & peoad ¢4 ciled \be
“aimt D™ given by | 153

ta="2, SIR

The mbs with the erpor mode inder s colbd e sox axte. n o hypiond womgl
e fbes (he T leageth e scemd 2 00 6] 10 @ |35 uim [134) As wodm
by Wiy [199], monliesar poladaion affec csa be obacryed B comosvbly
W powey B waslly Birfringsar Shars (1 opposed &0 polerimuring ceTIcving

o & nypical #ber Ying caviry o Sou polatizasiod ¢omralter prodecsy wn otiph-
L polardrason, whoke ma)tr soris ronkes u ekl Linght & wich 08 sooy o of
e povicn of Bey et followy, As 204 in Seobep 542 e i pbes
GilSexrmot Ietistun covo axthogenal politn setion corigimrm Gaptedd oh the potgr-
agaticm dBctmcr & apd (he pulse interatior, B cxn e arljustesd stach thee aiftar &
dttwren dy (he pulsri ption bxvoess Hinear, A polarizy T00 b wdad 10 N ered
fas bout itn e lowts ietaaliies a0 Compaitd 10 Wi Righur mlariiBes, = seached
m Pty KK

T vy devivad bn Seclion 34,2 e wasminl ogwstion nyfeting o wio it
poliiistios padod. P domvile 2 Gbie Ber wr xed o otk (e rrekolca
of oo poltxisetioa amprewarn. This coa converdently be rofs ssing a adllesd
roeE for (he clsowic vld © a cermia palae In the oeviry

&)



Fiber Lasers 383

Figure 6.16 Sketch of the nonlinear polarization rotation in a fiber. The elliptically polarized input
can be converted into linearly polarized light at the peak of the pulse for example.

and 2 x 2 matrices (M) for the resonator elements [156,157]. The effect of the
nonlinear birefringent fiber of length L is the combination of a linear propagation
problem and nonlinear phase modulation. The resulting matrix is thus a product
of two matrices, and the field vector is given by:

g.r(L) B e PN 0 . e~kL @ . 5‘-(0)
EALy) 0 e o 0 ekt E(0)

e %0 £.(0)
= . . .." . 6 12
( 0 e '™ ) ( 5')‘(0) ) ( )

where

2rmLl [ 2 2rne L
q)x‘)‘ = }\t- |:l£x.)'[2 + 315\‘[2} - ——A:—\-

We have used here the same approximations for the nonlinear phase as in
Section 5.4.2. The linear propagation constants k., = wny/c. Matrices of
common polarizing elements like wave plates and polarizers known from Jones
calculus can easily be incorporated into this analysis.

Other components of the round-trip model like gain. saturable absorption,
mirrors, etc., usually do not distinguish between the two polarization components.
The transfer functions 7 are those introduced in Chapter 5. For implementing
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