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1. Introductlon.

The creatlon of sillea tilbers wlith  low optieal  lLossews
Inltlated the development of several new directlons of selenee
and technology, 1.e. fiber communlcatlion and riber senvors.
Reconlly, silice fibers attracted an attentlon as an obJect of
nonilnear processes  investlgatlon. Tocalization of  radiction
rleld in small (some micrometers) cross-sectlion of fibers cor:
resultlng in bigh density of radiation power and large length of
radiation Interaction wilth medium significantly increase the
efficiency of nonllnear optical processes [11. The flber as an
optical nonlinear medium has important pecullarities. The fiber
Iimits the diffraction divergence of laser beam and forms 1t own
gode fields which usually de not change thelr conflguration at
the whole length of waves interaction. It Is pessible to vary the
rumbers of medes 1In the necessary way altering some fliber
parameters and to pass from mode statlstlics of multlimode fiber to
dlserete number of medes of lowmode flber and at lasl tu
singlemode fiber preserving high spatlal laser coherence.

There arc some remarkable propertles of fused quartz: goud
transparency in visible and near Infra-red spectral range [rom
0,4 to 1,8 um, the presence of positive and negatlve group
veloclty dispersions (GVD) in thls wavelength region, blg number
of overlapped broadband phonon rescnances.

The nonlinzar fiber optles glves new possiblllitics for
control of spectral, spatial and temporal laser paramelers. ¥For
example, we can tune  frequency of laser radlation by sing
four-photon mixing and stimulated Raman scattering (SR3), we ian
regtore a laser buam using phase-wave conjugatlon at sthrulated
Brillouln scattering. An important applicatlon of the nonllnear
SPM and SRS and Influence of GVD on procesges 1n flbers occurs In
the fileld of optlewl pulse compresslon and sclectlon. Today pulse
compressors on the base of fiber and grablng palr are uueld in
commercelal laser systems. Scliton-pulsce self compression Cpeng
another possibllity for control of pulse dwratlon and creatlon of
fiber-Raman and sollitun lasers.

In Lhese lectures we shell dlscuss several monl lnear effosty
in fibers and methods of ereation of ulbra short puloes (LSP).
There are several methods on generation of ultra shorl pulscs in

L pricos utad Telmboterond rasges, whilo conteol D plofacltieg ar
radd latlon suck as the aepl Lbude and phase wnvelope, Doogioney and
spuectral compositlon.,
V.o stlmulated Raman Scatterlng, Group VeloeTly DBlopersion
and tunable pleosecond pulues,

The creation of tunable USP sources in wide spuectral mesion
1s an Important problem for ultra fast phenomenu phiyslan. BRS In
ribers opens new opportunities for constructlon of  bLioable
converiers cof pleo- and femtosecond radlation.

One of the most widely used materials which Lo o Areatoer o
lesser extent Is subject to laser radlation Is the glanu. Sl
of SRS 1n glasses are particularly Important, espeeially [roan Lhe
paint of view of the influence of SRS on luslng procesas,
particularly on generation of pleosecond pulses In aellvibed
glass lasers. Intenslve studles of SRS 1n glasues have stigcted
slnce the appearance of silica fibers with low optical fucoes
wilch not only have made 1t possible to reduce the thivshold
power of process, but also to avold self-focusing which oplits o
laser beam into fillaments of higher power density and whijch makou
1t difficult to Interpret the experlmental results. At plecseeond
excltation GVD begins to play an important role 1o nenlincar
processes because of 1ts influence on the interaction length of
different waves frequencles in long medla,

Singlemode fiber 18 unique object for the Siudy of GVD
Influence on SRS. Unique properties of slngiemode Ciber wire based
on preservation of high spatial cohercnce along greal Tengrth,
smali threshold power of SHS. Due Lo Lhis we can use our bunable
pleosecond pumpling in IR reglon where GVD charges 1ts slgn Irom
positive to  negative (ho; 1,3 um). Wide  spectrum of
Inhomogeneously broadened overlapping vibrationol rosormcos of
the fused sllles gives excellent possibllity for Investizalions
[&].

Tuning the wavelength of 20 ps Rump  pulses  propaealin,
through 250 m fiber from 1,17 to 1,36 um from posiiive L
negative GVD range we have discovered thal the Stobkes ohirs ol
Muman  componenit 18 changed from 0 to 500 om . (Floty Thila
effect can be vxplained by variation of the efrectlve Inberet ton
length  of punp and Stokes waves (Lypp)  ue o disper v



divercence  or wa k off of different  frequency  pulovs and
corregpondIngly by transformatlon of the SRS gain inercment.

In common cas.e the effectlve length of Interaction betwesr
the pump and Stokes waves 1o guverned by the "divergence™ length
of the envelopes of thelr pulses

)1V (ALY | {1

Ly (A D 5

s Ag) = 1 /| 1/VIA

b ) p I (

Here, V(A,) and V(A,} are the group velocitles of the pump and

Stokes waves. The effective length of iInteraction
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It follows from (1 and (?) that Lerr is governed by the spectral
dependence of the GVD and by the wavelengihs A and A . Our [lber
had zero GVD at A, = 1,295 um, positive GVD In the range A <,
and negative GVD an A > ko (In prineiple 1t 1s possible to shift
the value of A changing paramcters of fibers).

Caleulated spectral dependencles of the SRE galns oblatned
from different A (ldentificd by arrows) as a  result of
miltiplication of g (Av) and L., curves show thelr differcnec
(Flg. 2). Maxima of these dependencles determine frequency shi’t
Av of Raman components and correspond well with the experlmental
gpectry,

We used the spectra In Flg.2 to determine for each pump
wavelength A the value  Av at which the function EL,pp Pedched
ity maxlmum and thts enabled us to plot the dependence of the
shift of thy Stokes Ay relative to the pump line as a function
of the A, (Flg. 3). The experimental polnts fitied well the
culoulutu& curve, thus conflirming the model of the SRS dlscussed
here and based on proup delay effects,

Jeodelfphase modulation and pulse seleclion,

3.1 SPM and spectral flltering.

Nenlinear  process  of  SPE luads Lo Stokeo ant! Sloke s
vpectrum o broudenirg o1 frequency  Cehirp®. This  process
connected with nonlinear dependence of refrachive Didex o U
radiabton Tntenstly (D). Slenifieant spectral bevadendnge o b ¥
medln Looreached ab condition of gelf Foetin biye when Laged beran 0

medda broades down Some Pllawents of ool foeustne As ooreand b we
have nonmonothonfe "chirp™ lfor Lhe whole erans seetbos of oo

beam znd the compressileon of these pulses 1o nol offeelIve Ui T
shigie-mode  flber as nonllnear medlum and eabisioe ineare
"ehlrp" for the whole profile of laser beam [L 15 possiblo Lo gl
more than 100-fuld one-stage compresslon of [looscoond pulises,

For 1nvestlgatlons of SPM we developed  Lthe moelhedd of
spectral  fllitering. Thls method allows  to shbwdy  Lempornd
characteristics of different radlation frequencies components and
to form single pulses with swmaller duration than the Input one
16,7,81.

3.2. Self-phase modulatlon, Stimulated Raman
Scattering and pulse gelection.

The comblned effect of SRS and SPM during the propagation of
powerful light pulses In fiber can lead to generallon a spucbral
contimwm and to possiblllity of highcontrast pulse sclectlon
(6,71,

At SRS ceniral part of a pumping pulse [ converled In
Stokes pulse . The central part of a pulse had a 1lnear frequency
sweep before the beglnning of SR5. The SRS thus provenls wan
cffective pulse compression 1n dispersive delay linc. As o ool
of SRS we have two pulses or "Iragments"™ which have n peak powoer
¥ Pupe {P,. corresponds to the case In whleh the power level of
the Stokes component at the flber output 1s equal to Lhe power
level of the pump). An estimaie of Pop for singiemode 10m flber
yleids ™ 1,5-2 kW. We can noie that the "fragmenls™ of Lhe pump
lhave a negatlve “"chirp™ (the frequency decreases toward the end
of the pulse), and they undergo a self -compression 1n Lhe TegElon
of the positive GVD  (A<1,33 um). The [lber would have Lo be
21 ki long for substantlal compresslon of these "Truments®.

As the peak power (P ump) inothe flber Io Anereasod Looa
level slightly below that Pap 0L BR3,  Lhe pulue specliug 1o
broadened to ™ 10 cm 1 by the SPM. Ag the pump power 1o oradoed
further to Prpum‘- P@,. the Stokes eomporent. of Lhe SRS clserved,
shifted Av ™ 440 cm from the pump rreguency. The oimcl o L
SRS 1o secompanied by the stmullancous appenrance of Lhe Tt
speciral  continuim. Thlu continuum spreads ool Stokes HHA
Stokes rangens of handeeds on (The spoetral detsity ofF Lhe ekl
At Av - 100 em ! 1o 10 2 of the eorrespondbng viloe abt A 1,



pelll } .

To flnd out the nature ol the continaun we have meistred
the tomporal characloeristies of different spectirsl compononts by
gpectral  filtering. Curve 1 In Pig. 4 shows autocorrclatlon
functlon corresponding to  the pump 1llght. The dashed  cuwrve
corresponds Lo the input &0 ps pulse. Curve 1 corresponds to the
cape of an efflclent SRS. An auwlocorrelaiion functlion with three
peaks corresponds to a pump pulse after 1ts central part hag been
"eaten  away™ by the SRS, The time Interval  between  two
"fragments” depends on the extent which P ump BXceeds Pcr' Thie
width of the central peak 1s 30 ps and corresponds 1o 4
"fragoent” duration ¥ 20 ps.

Curves 2-5 (Fig.4) show Tfunction corresponding to the
ant{-Stokes  componenis  shifted 9,36,72 and 104 cm’1,
respeclively, with respect to A unp  With  Increasing Av, tho
width of the central peak decreases, while the Intensity of the
slde peaks falls off. The hlgh contrast of the aulocorrelatinon
runctlon (eurve 5) indleates that the filtering of the Ilght
emerglng from Lh: flber makes 11 possible to obtaln a single
pulse with 1 = 2-3 ps.

As a result of Investigatlons we find out that spuctral
continuun generation 1s explalned by formation of stecp fronis
1n the SRS and pump pulses as the pump pulse 1s eaten away by the
SR3. These sharp fronts are formed at energy conversion from pump
10 Slokes. Filg.5H shows "Numerlcal osclllogramms®™ of SKS dynamles
and of the nonlirear dynamics of frequency scanning in the pump
bulse, compuled for experimental situation including the Influcnee
of theGVD. The nonllnear dynamics of pump and Stokes pulses is
determined by the exponentlal nature of Raman ampllfication:
I {2,0)™ exp lgul (2,1)). For Intensitics [ ™ 1,» narrow splkes
of Intenslty appear In the central pulse part and correspond Lo
Stekes fluetnatioas splkes due to spontancous Raman nolses. Tinwe
duration of these splkes s determined by Inverse broad width
(™100 cm'[) of sponianecus Raman spectrum of fused siliea. Thesc
very short splkes determlne very sharp pulse fronts. The abpupt
phase  Jump takes place on thls sharp fronl and prodoces  laeeo
froquency shift and jeads to Lhe appearwce of o broad spuctral
continuum. Tt tollows from numerleal caleulstlons Lhat speelr
filtesing with thls kKind of nonlinear frequency voarlallfon within

n

Lo gasig puloc Inothe ant b Stokes mepdon polad ve Lo the g co
bo uwsed Lo seluct a slogle puloes Toelooalal Tlies oot Jowes
part of Lhe Fig.5 show the spectral reglons of variallong of Lhe
pump pulse frequency in which singic puloes san Le seleebod Ly
spectral riltering.

We nole that the dynamics of the generallon of ullra ot
SHS pulses taking Into account SPM and GVD 1o deseribod by ool
of nonlinear Schrodinger-type equations. Theso cgiablong wen
explolted the "multiplication™ of the 1nlllal froquoncy seiddiln:
range due to the SPM from punp 1o Stokes durling the SRS
generatlon.

4. Self-Induced SRS and Self-Compression of Pulics.

When the wavelength of the pump puise falls In Lhe fegstlve
GVD reglon of the fiber, both pump pulse and SRS erealed Siokes
pulse can experience the sollton effects ocourring ao a resull of
commori  influence of nonlinear and dispersive effeely.  The
theoretical sreatments (121 show an Interosting pussibllfty or
Lighly efficlent nonlinear converslon of multlsolltun pulse Into
singlesoliton Raman pulse from a monuchromatlic probe wave. The
inTluence of self-lnduced SRS on propagatlon of singlosoel{ion wis
theoretically investlgated [133, and 1t wau shown that cont!nuous
Stokes shift of pulse frequency w, took place. However, Lhe
author [13} did not conslder the effucts  comioctod  wilh
dependence of the real part of the nonlinear cubie susceptIbilily
(X(B)(m)) on light frequency.

We discuss another approach (141, The  lopul  pulse
propegating as high-order sollton, narrows 1ts width and brosdens
Its spectrum. The spectrum of Ruman ampllficatlon In glasy 1y
spread out practleally from zero freqguency shift. An o rosull,
the blue cumponents of the pulse pump the red componcnis Lirough
self-Induced SRS [183. 4 pulse specirum afier SPM has a humber of
discrete Stukes antl Stokes frequency components. We can constdes
Lhe situatlon, when molecular yvibratlons of glagy are cxelted by
cach palr of spectral components, when the dLffercnce of L
frequeneles 1o equal to phonon frequency (“b“)'

W' w- mph (4.1
This process was cxpertmentally investlguted for fiber in (151,

The  amplftude of molecular vibrallong eiellimge Ly the

difference w' w



Qo) ™ dwt B et OB (Wt ) (4.
The nx,l:ai Ton of moluvulﬂr vibrdLionu Will be efficient, IT
thie process fs coderent and phaces of all spectiral components
colnelde. Bo, we nust have the pulse withoul phase modulatlos.
And on the contrary, moleeular vibrations will be nonintenaly e,
If the pulse has olgnificani phase modulation.

It 1g possible 10 deseribe self-Induced SRS In the followl-g

manner for the elcetrleal pulse fleld ™ eE(t) expl- L{w b ke) 1.

The contribullon In nonlinear polarization, which s governed oy
vibrational resonances, 1s given by [16]

i ity = eR() fde h(0)|R(t-8)] 2 (4.3)
where h(8) Js a functlon of time and characteristles of toe
material. The transformatlon pulse spectrum due to self-Induced
SRS Io ealewlated carrylng out Fourler-transform of Fq (4.3}

1(dE" (wy/cz) ~ - [ amphxm(uphm'(w-wph) [dwg Byt * (wg") .
B (m'+mph), (4.4)
where gpectral pulse pompnnent -

B (w) - fdt E(t) ei“’t, (4.5)
and W= T a8 nee) el (4.6)

Imx(a) is proporticnal to Raman galn and determines the spectrum
Of Raman ampliflcation. We can add Eg (4.4) to nonllnear
Schrodinger  cquatlon and ecalculate the dynamics of pulae
propagatlion at self induced SRS, Imx(a)(w) and Rux(3)(m) subm L
to Kramers Kronig relations [16] and the dependence of Rux(3)(u~
can be caleulated using the spectrum of Taman amplifleatlon
Zlo}™ Imx(“) (W,

Nate,  Lhat, Rex( )(m) ig responsible of phase shift due to
the  5R3, and  spectral  dependence  of an(s)uu) esoental
Infloenses the pulse propagatlion dynamlcs.

The caleulatlons [14) have shown that mateh and miomateh of
phases of pulse spectral components depend on the sim of  Lhe
Gvie In the reglon of the negative GVD (k' 0) the SPM
dfoperslon fead Lo creation of phase-modulaled brosd ned puio,
Aswresnbt, self Induced SRS 1o soppercoed ovel gt brond preids
dpeetrum,

3

Fle.6 ohows the ealeulatal dymamles of  the envelope and
dpectrum of the pualse propagallng single mode fiber, as 2 orleor
sollton for the mnegative CGVD al  enhancement  of  nodvmd el
propagition dislance. At the enhancement of fiber lenglh Lhe
extended 3tokes wing appears 1In palsc gpectrum and the exbension
of thls wing 1s broader, than frequency shifb between the g
and Stokes components of SRS at zsern GVD (Av “440 om ’}. An
Inlense short pulse on the background of o broad pedistal o
formed and 1t 1s preserved at [iber lengbha aizgnifleantly lomesr
than sel feompression length of mulituollton puloe,

At spectral filtering of the Stokes wing Lhe  alnb
puedestalless pulse 1 formed on Lhe contrary of pulse al simpl
muiti sollton compression.

These numerical results allow to Interpretl the rosults of
experimental Investlgatlons, for example 17 (9], The review of
works on gollton effects 1n SRS Includes the book [11,

For the rirst time the phencmencn of self induccd SES wius
demonstrated 1n ref [181, where authurs oecarried  onl the
Investigations of 30 ps pulse propagatlon Into 250 oingde modi
fiber in the negatlve GVD range (1,5 1,65 um). Tt was shown thal
the spectrum of radiatlion 1s symmetrically broadencd doe Lo Lhe
SPM at the fiber output, when the [nputl pulse power [ Ineroased
consequently from 50 up to 70 W (Fig.7). Beeause of the cummon
effeclts of the SPM and the GVD at A_=1,54 um, the putse boglng bo
be compressed, formlng an iIntense narrow spike on wide podistal,
according to  the theoretical predictlons (41, This  aplke
determines overall spectrum broadening. The part of  broad
spectram falls 1into Raman amplificatlon band «of Tused gieels
leading to the formation of regular probe wave. Thiz momont 1.
accompanlcd by the appearance of Stokes wing n bhe spectrun (1 -
100 Wi. This wing contalng about 50 % of all Llght cnergy at P
900 W.

The GVD plays Important role In cffective onergy converson.
In thls process the Stokes pulse 1s delayed relallvely to fiting
pulse and "euls out™ the trafling purt of the pedestal of She
pump puloe. As I ratsed, the SRS appears carlicer, ol
therefore Lhe L)hjﬁsu pulse can acqulre more chely,

A5 a result of self-Tnduced SRS the hilgh conbeat peatestal
free Raman puloes with duratlon ™ D00 fooand peak power 7 L0 kW

] b
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are Tolmed I Sookes speebiad rnoge o colibivob Lo puloe on plilig
rrevquency . T owas posslbic b lune these pulses by meanioc of the
pump putoes tuning In the range of the nogatlve GVD Tran 100 Lo
1,65 um. This, the nondlnesr process of sell Induced SHS gives
Lhe posulbility to create hlgh contrast tulable femtoseeond 1isht
pulses using Inftial pleesceond pulses propagating singlo mide
fiber In Lhe negallve GVD reglon.

- 1

Lint of Floen
Pl te DG speeliu of o alngle mode TIber D00 w0 Tene b ot o
vartatlon of the wavelengih Ap (ldenttfled by orowe s of pon
radlatlon pulses (1p = 30 pu). Spectral resolullon .05 .
Fig.r. Cualculated spectral  dependencloes of  the  SHS wndn
lnerement obtatned for different pump wavelenglh Ap (Lbatirlhed
by &arrows).
Flg.3. Dependence  of  the  froquency  shifts of Lin Dhois.
components of SRS relative 1o the pump Tine calenisbed an oo
function of the Ap uslng the data of Flg.2. The cxperluenlil
polris are superimposed on the graph (Ref. [51).
Fig. 4. Autocorrelation functions of radiallon at fiber cutpub in
the anil Stokes reglon relatlve to the pump: 1 - Av - wa - o
0,2 -9em’,3-36cm ', 4 T2em', 5 104 am . The daohid
curve corresponds to Input pump pulse (Ref, [61),
Fig. &. "Numerical osclllogramms™ of SRS dynamicy (lp,lu) and uf
the nonllnear dynamies of frequency scanning In the pump pulse
plz, 1} In the fiber. Ty = 60 ps, the ampliflcation SIE length
g = 2/GEp2, Z/7ig = 8 (ay, 10 (), 27 (¢) (Ref. (71).
flg. 6. Dynamics of pulse envelope and spectrum Sw In Clbor at A
= 1.55 AT, IO— 3,510 W/cmz, To= 1 ps, the dilspersion length Zd -
to“/K" = 22 m 4/%q = 0,05 (a), 0,0767 (b), 0,085 (c).
d - after spectral filtering for (o) (Ref. (141).
Fig. 7. Pulse spectra of 30-ps Input pulses at 1,54 um propgatod
In the negative GVD of a 250 - m long fiber fur fowr values of
the 1nput peak powers In the range 50 900W. Autocorrelation
irace of the Stokes tail in the spectrum (500 W) (Ref. 121,
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