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Abstract: We review recent advances in Yb fiber lasers anplifiers for high power short pulse
systems. We go on to describe associated receptogenents in fiber components for use in
such systems. Examples include microstructuredcalpfibers for pulse compression and
supercontinuum generation, and advanced fiberngra&chnology for chirped-pulse amplifier
systems.

1. Introduction

There is an increasing demand for high-power uietspulse laser systems for industrial and sdienti
applications. Fiber laser technology is emergm@mattractive option for pulsed systems — nait ldae to the fact
that during the past few years, the favourable-tisaipation geometry of fibers has enabled trerneadncreases
in the average continuous wave output powers thatbe reached. Powers of up to 1.4kW in a singlesverse
mode have now been achieved [1], and multi-mod&esys are now approaching the 10kW regime. Furthexmo
the broad gain bandwidths of Er and Yb doped fitmens support ultrashort ~100 fs pulses. Howevee t
nonlinear effects, the creation of practical higbwpr pulsed fiber systems still requires new arngalffon
techniques and the development of new fiber compisne

Nonlinear effects in the fiber core, the most intaot being self-phase modulation, stimulated Rairaah
Brillouin scattering, quickly become significanttiultrashort pulses due to the high peak powénsorder to
overcome the nonlinear limits, and hence increlasgulse energies and powers that can be achigvedecessary
to employ more complex amplification schemes, whédable reducing the nonlinearity of the gain mexliand
controlled temporal stretching of the pulses duramgplification. The technique of chirped pulse #figation
(CPA) [2] is commonly used, in which ultrashort ged from an oscillator are stretched to severadtath
picoseconds duration before amplification, and mgmeessed at the output of the amplifier by a matghi
compressor. This reduces the peak powers in thdifenfelow the threshold for nonlinear pulse dision,
allowing for amplification to much higher pulse egies. However CPA systems incorporate many sapara
components in order to stretch and recompress tifseq) and due to the large temporal stretchinigstathe
compressor gratings have ~1 m separation, and Ider &br a truly compact system. As a consequetice,
application of such systems has so far been limited recently demonstrated fiber technology shde#d to
practical future systems.

This paper is structured as follows. To highligig improvements in large mode area fibers, we dwasider a
high average power parabolic pulse system that emodstrated recently [3]. We also show our compgaat-
switched laser diode source. We then report theldement of a CFBG pulse stretcher with bothahd 3 order
dispersion to match the bulk grating compressorahastnated in an Yb fiber CPA system. Finally, tirdque
dispersion and nonlinear properties of microstmeztwoptical fibers (MOF) are reviewed, and illustmas given of
new applications, such as supercontinuum generatiod how MOF can replace bulk gratings in modé&doc
oscillators and CPA compressors. We conclude asgbbmmary, and consider the future challenges.

2. High power pulsed sysemsbased on large corefibers

Since the main performance limitation of rare-ealped fibers is nonlinearity in the fiber core, dpplying fibers
with large-core-area and short absorption lendtigher pulse energies can be achieved. Anothercaspthat the
energy storage capability of a doped fiber scakeavall with the core area. The first system congides a



femtosecond source delivering high average powée fiber used for the final amplifier had a 40 moiccore, with
low NA to enable higher power and pulse energy thad previously been achieved from such a system.
Furthermore, by careful launching of the seed,lsinwbde output was obtained from this multi-modefier.

When moderate energy pulses are required, a paraaplifier scheme can be used, which omits thetcter
typically found in a CPA system, and thereby englaleanuch more compact compressor to be used.s Ibéan
shown that high power pulses in a fiber amplifisgthwnormal dispersion evolve towards parabolic esilaith a
linear chirp, which enables recompression to sHorations despite significant self-phase modulatiothe fiber
[4]. Parabolic pulses from Yb fiber amplifiers hgweeviously been demonstrated with average powerts A7 W
(pulse energy 230 nJ) using a bulk glass seed [a§eand up to 13 W (pulse energy 260 nJ) usiriper based
seed laser [6]. Here we review our demonstratimwing high average power of >25 W, and high pelsergies
of 410 nJ from an all Yb fiber system. A conven#ibbulk-grating compressor was used to removéirtear chirp,
resulting in 100 fs pulses [3]. The setup is shawfig. 1.
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Fig.1. Schematic of parabolic amplification system.

Our femtosecond mode-locked Yb fiber oscillatorv@eped in-house) [7] produces ~30pJ pulses with a
50 MHz repetition rate. The pulses are centeredlG85 nm with a spectral FWHM of 18.6nm with an
autocorrelation FWHM of ~110fs.

The output of the amplifier system is shown in Figlt can be seen that the spectrum of the pbisesiens at
higher energies. The spectral bandwidth of the l@gérgy pulses was ~20 nm. The measured autoatiored
correspond to pulse durations of ~160 fs at lowgyand ~110 fs at 410 nJ. The autocorrelationsohstrate that
the pulses did not have large pedestals and teagiulse quality was good\VAT ~0.6) for pulses with energies up
to 410 nJ. The system also produced pulses athayeeage powers of up to 40 W without the onsesfigniificant
Raman scattering, but for these higher energy puise nonlinear spectral broadening exceeded thifean
bandwidth, and the quality of the recompressedesulgas reduced.
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Fig. 2. (a) spectra and (b) autocorrelations of low (5am) high (410 nJ) energy pulses from paraboliclifiepsystem.

The second system considered again uses a large angalifier, operating at 1550nm using Er/Yb co-etbfiber.
The system incorporates a novel pulse source lasedlow power pulsed semiconductor laser, and lwhlimws
the compatibility of high power fiber technologytivicompact, low cost sources. Using this setupdevaonstrated
a 60 W average power, 4.5 ps pulses, at a repetiéite of 10 GHz [8]. The 1.m region is attractive for such
applications as free space, space-based commuomisatir LIDAR because it is relatively eye-safempatible with
existing telecommunications hardware, and suitédrleetecting aerosols, clouds and pollution.

The short pulse amplification scheme is shown . B(a). A 1555 nm DFB laser in a high-speed fiber
pigtailed package is gain-switched by driving wath 0 GHz sinusoid at 30 dBm RF power and a DCdhia®nt of
54 mA. The linear chirp of the pulses was comptasén 120 m of dispersion compensating fiber (D@F)
produce 4.5 ps duration pulses with an average pow8 dBm. The pulses are launched into a prediempl
consisting of a commercial Erbium doped fiber afrgrlito amplify the average power up to 33 dBm.isTdignal is
then launched into the power amplifier. The poamplifier is pumped by a diode stack at 975 nmithékee space
coupled into the double-clad gain fiber pumped @oanter-propagating configuration [9]. The gabef has a 30-



um diameter Er/Yb co-doped phosphosilicate core withumerical aperture (NA) of 0.20. The D-shapatki
cladding has a 400/36@m diameter for the longer/shorter axis and is abatéh a low-refractive-index polymer
outer cladding which provides a nominal inner-ciadd\NA of 0.48. The fiber length is ~3 m which lead ~10 dB
pump absorption. The signal is launched into thm diber using a tapered splice that providesciffit mode
matching between the single mode fiber (SMF-28) thedcore of the gain fiber. The power amplifificéency is

shown in Fig. 3(b). The output power increasesdity with launched pump power and the overall slefficiency
is 22%.
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Fig. 3. (a) Experimental setup. (b) Power ampliéficiency.
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Fig. 4. (a) Optical spectrum after the high poamplifier at an average power of 60 W and a puggpetition rate of 10 GHz.
(b) Autocorrelation traces of the 10 GHz pulseote{dashed line) and after high power amplificafgolid line).

The optical spectrum at the output of the MOPAHheven in Fig. 4(a). At 60 W average output power th
signal peak is 25 dB above the peak of the backgtoNSE. There was no spectral broadening observed
confirming that the nonlinear effects are minimizedhe large core amplifier fiber of the MOPA. épulse quality
after amplification was verified using autocorreatmeasurements shown in fig. 4(b). The inpus@uwuration of
4.5 ps, determined from the input autocorrelatiatd, is maintained after amplification to 60 WheTlow level
pedestal observed on the output autocorrelatiare tim from a small coupling of the first-order madt® higher-
order modes within the amplifier fiber. We havsoalised the modulator to reduce the repetitionaftlee pulses
from 10 GHz down to 10 MHz to investigate the ppakver scaling effects in this amplifier system.alPpowers
of 1.3 MW have been obtained, however further wisrkequired to optimize the preamplifiers to impzothe
OSNR for lower repetition rates.

3. CFBG with both 2" and 3" order dispersion compensation



In a typical femto-second CPA system, pulse stiegcts done with bulk gratings, but in the intesesf moving as
close as possible to an all-fiber system, we ug@raed fiber Bragg grating (CFBG). Due to the himlise energies
bulk gratings must still be used for the compres3tie bulk grating compressor inevitably has adaf order
phase term in addition to th&"drder dispersion. In order to achieve femtoseqmuide durations both these terms
must be matched in the pulse stretcher.

Here, we present for the first time, to our knowledan Yb fiber CPA system using a CFBG with bdthad
3 order dispersion. The CFBGs presented here heseptance bandwidths of up to 18nm and were praduce
using a scanning technique previously developgat@duce precision gratings for telecommunicatiopliaptions
[10, 11]. A CFBG with ' and % order dispersion matched to a bulk grating hasipusly been demonstrated in a
CPA system at 1550nm [12], but the maximum enengy minimum pulse duration will be limited using Er
compared to Yb amplifiers. A CFBG that matched diffraction grating compressor dispersion was @mé=d
recently operating at a wavelength of 1165[13]. However, in that study no amplification wiagplemented and
the recompressed pulses had poor contrast.
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Fig 5. Schematic of CPA system. (AOM,EOM=Accousto/Elediptic modulator, LD=laser diode, LMA=large modea
fiber.)

Fig. 5 shows the schematic of our CPA system. Buisen our femtosecond mode-locked Yb fiber osttillg[7]
were stretched with the CFBG and then passed thriwg single-mode (m core) core-pumped Yb doped fiber
amplifiers. Electro-optic and acousto-optic modulgtwere used to reduce the repetition rate areat ASE
between amplifier stages. Power amplification tptaice in a 9m length, cladding pumped Large ModeaAfiber
with a core diameter 16:8, doped with 7000 ppm Ybions, and a cladding diameter of 28@ The fiber, which
was effectively single mode in operation, was pudnip@m opposite ends with 915nm and 975nm pumpediod
Fig. 6a) shows the power output of the final stagplifier as a function of pump power - the sloffeency was
~70%. The maximum average power achieved beforgmasion was 17 W. Fiberised and free-space patam
controllers were distributed through the systemexessary.

The group delay response of the gratings repontedhis paper was measured by an RF phase-delay
measurement technique. Fig. 6b) shows the raflegpectrum and delay as a function of wavelergtta fICFBG
centered at 1053nm with an acceptance bandwidtBmh. The solid curve through the delay data ista 2™ and

3 order dispersion, giving values of D x length =6840.4 ps/nm (3, = (az(p/aa)z): -26.4 psirad) and dD/@ x

length = 1.480.2 ps/inm (S, :(63¢7/6a)3): 0.545 psiradf) closely matching the values for our 1500 lines/mm
reflection grating compressor.
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Fig 6. a) Power performance of CPA system LMA amplifdrReflection spectrum and measured delay as aidunaf
wavelength for an 18nm CFBG. The solid curve thiodglay data is a fit to"2and 3" order terms.

The bandwidth of the amplifiers was considerabg lthan the spectral bandwidth of the seed lasdrirathe
CPA system we stretched the pulses with a relgtivatrow band grating (7 nm) in order to avoidalibns due to
gain narrowing effects. Thé%and 3" order dispersion of the 7 nm CFBG were approxitydtee same as for the
18 nm CFBG described above.Fig. 7a) shows the arrgation of the recompressed output pulses.

1.0 r — 7 nm grating 07 b)
a) ‘ 30 nm grating

?D 08 | (no 3rd order 10
‘@ dispersion) o
2 0.6 =
kA —_—
E 04 2 207
3
=S}

0.2 ou

0.0 . T T T

-20 -10 0 10 20 1030 1040 1050 1060 1070
delay (ps) wavelength (nm)

Fig 7. a) Autocorrelation after recompression (demonestrahportance of higher order dispersion compenrsgtand b) the
spectrum of the pulses from CPA system.

The output pulse width is estimated at ~500 fs. F&) also includes an autocorrelation of a puiseugh the
same system which was stretched with a 30 nm baitidwgrating which had only"2order dispersion. It can be
seen that uncompensated Grder dispersion has resulted in a substantiathadber autocorrelation (~3 ps) with a
broad pedestal. Fig. 7b) shows the spectral outpilte final amplifier with the 7nm grating. Therinvidth of the
output pulse is ~5SnmAVAT ~0.7). Pulse energies from the system were limite&10 pJ because the fiber
amplifiers were not optimized for maximum gain améhimum nonlinearities, but clearly with a more iopl
choice of fiber this system has the potential schesimilar pulse energies to those previouslyeagt using fiber
amplifiers and bulk stretchers. The minimum duratd our pulses was limited by the bandwidth of amplifier.

4. Microstructured optical fibers

Microstructured optical fibers (MOF) are of greaagtical interest because the incorporation ohales to define
the cladding region allows for an increased ranfgber parameters compared to conventional fidet].[ These
fibers are now being researched to replace bulkpoments in high power pulsed fiber laser systeiist MOF
with a solid core, guidance is due to the averagex contrast between the core and microstructswecbund.
Photonic bandgap (PBG) fibers [15, 16] use diffractrather than total internal reflection for ltgguidance, and
thus enable fibers in which the light field is coefl to an air, or even a vacuum, core.

For average index guiding fibers, the large indéfetnce between air and glass leads to a rangaigtie
dispersion and nonlinear properties. As an exantipdedispersion has been shown to be particutangitive to the
hole arrangement, and a wide range of dispersimpeapties have been demonstrated, including anomalou
dispersion down to visible wavelengths, broadbaattiehed dispersion [17] or large normal dispergiB]. The
effective mode area in a MOF can also be tailorgdb to three orders of magnitude by altering tbeles of the
transverse refractive index profile [17] opening ppssibilities for fibers with either high or lowptical
nonlinearities as required for a wide variety o Egations.

Average index guiding MOF fabricated to have anausidispersion at wavelengths below 1.3 pm muse lzav
small core (typically <2.5 pm diameter) and a hajh fill fraction in the cladding. This results & strong
(anomalous) waveguide contribution to the dispersiocompensate for the (normal) material dispersiosilica at
these wavelengths. For fiber based femtosecondcetiomtted lasers, the pulse formation is determibgdhe
balance of dispersion and nonlinearity [19]. Thatigg pairs typically used to provide anomalousyin-fiber
mode-locked lasers require precise alignment, andlafiber laser in which anomalous GVD was prodidey a
solid core MOF has recently been demonstrated22p,



The small core naturally leads to the fiber havamgexceptionally high effective nonlinearity, whigtduces
the power threshold for soliton generation. Thalinearity can be further increased by use of higidnlinear
glass. Small core, high nonlinearity MOF has tfeese been demonstrated to provide an ideal mediom f
supercontinuum generation which, due to the “fregyecomb” incorporated within the spectrum, is pdng for
great advances in metrology [22].

Using such high nonlinearity MOF, we have demomsttasoliton propagation and visible supercontinuum

generation from an all fiber source. The smallechtOF used for our experiments was has a smallpri.6
diameter core with an effective mode areag{A-3um? at A=1.06um, approximately 20 times smaller than for
conventional fibers at this wavelength [23]. Theerimental setup of the ultrashort pulse source agshown in
Fig. 1, except that we used a lower power final liffilep To demonstrate linear dispersion and solitformation,
we used low energy (<30 pJ) pulses directly fromdhcillator [7]. For soliton propagation over f fiber, we
used higher energy pulses from the first amplifi@thout compensating the chirp using the gratiogipressor.
The spectrum shown in Fig. 8.a) clearly demondraiagle colour Raman solitons, which were tunatii
increasing launched pulse energy out to a maximaselength of ~1.12 pm. This complements our worlS8FS
in an active Yb-doped small core MOF where we aadea much broader continuous tuning range froré 4.0
1.33 um [24]. The inset to Fig. 8.a) shows theGShitocorrelation of the 400 fs transmitted sobtoand of the
6 ps launched pulses and we calculated the 60nthiéagorrespond to transmission over 475 soliteriogls. For
supercontinuum generation we increased the peakmpafthe launched pulses to ~20kW (350fs FWHMn3)Sy
using the second, cladding pumped Yb-doped fibgglifier, a modulator to reduce the pulse repetitiate, and a
diffraction grating compressor to remove the chiffhe output of the fiber became a spectacular/lvhige colour
and the ultra-broad supercontinuum spectrum in&lg). shows the enormous broadening into the @sibdion.

1.0 | Seed  Transmitted
FWHM=6ps/ |\ FWHM = 400 fs
23 /A
/ \
§'6 / \\
@] / \
34 VN
/ A\
0.2 / J\ \, o
0 g N
a) %\?‘\ 00 b — b) ﬂ\
= \“ SIS A0 s 0 5 10 15 -
o // \\ / Delay (ps) g N’\ \
g | \ , SN Vl¥ R
g b ﬂ \\“ /” / /\’\/‘ g \L/”J/ v
PE’ // \W Transmnted% E
= N\ pulse {h ‘ Seed pulse
(r Seed 1} M\W 0 | (~350fs, 7.500)
40 Wm 6ps. 100pI [l Lk |
1050 1100 1150 400 800 1200 1600
Wavelength (nm) Wavelength (nm)

Fig.8. a) Spectra of input pulses (FWHM 6ps, 10@md wavelength shifted (SSFS) pulses after imassson through
60m of small core holey fiber. Inset: Autocorradatof 70 pJ pulses; at the input (positively ceidp FWHM 6ps), and
after transmission through 60m of fiber (FWHM ~4€)0b) Broadband continuum obtained by launching/2@eak
power pulses (FWHM~350fs, 7.5nJ) into holey fiber.

The low pulse energies (20pJ, 200 W typical peawgr) and ~1m lengths of this fiber required tonfor
solitons [25-27], are at least an order of magmitladver than those previously required for siméaperiments in
conventional fiber at 1550nm[28], making these mwar effects readily accessible for practical mapibns. We
have also demonstrated different coloured supdraamn spectra enabled by variation in dispersidmween cores
in a multi-core MOF, which highlights the possityiliof designing a fiber with an array of cores dffetent
dimensions for tailored spectral generation frosingle fiber structure [29].

Low nonlinearity average index MOF can be fabridatsing reduced air fill fraction in the claddingdaa large
diameter solid core. The low nonlinearity allows power scaling of amplifiers and for high enepyyse delivery.
Furthermore, double clad structures can be faledcir amplifiers, and these fibers can be usesbinalled “Air-

clad” form, where a high index contrast creategxseptionally large NA for the high-power, low brtgess diode
pumps, and which enables the cladding diametee tetuced to create good pump overlap with thedlopee for



efficient pump absorption. A second design of pstructure then creates a large mode for the 1@nté-eloped
core structure. Recently such a single-mode Yitienkloped MOF was demonstrated with an exceptigrial
nonlinearity due to a mode-field area of nearly@ @@t (MFD = 35 um) [30].

It has also been demonstrated that nonlinear fiberpression was possible at unprecedented averager p
levels by use of a large-mode-area MOF and a palgsivode-locked thin disk Yb:YAG laser operatind 880 nm.
The optical spectrum of the 810-fs pump pulses v@mdened by nonlinear propagation in the fiber tred
resultant chirp was removed with a dispersive prisin to achieve 18 W of average power in 33-fsgsiwith a
peak power of 12 MW and a repetition rate of 34 MHR&e output beam was nearly diffraction limited amas
linearly polarized[31].

PBG fibers have the potential to overcome the &tiihs of material nonlinearity because the majarftthe power
is contained within a hollow-core and is deliveiieda single mode. In air core PBGF, optical nogdirities are
reduced by more than a factor of 1000 compared sifita-core fibers, and delivery of micro joulerfiosecond
pulses is possible without the temporal broadeiirag would occur in conventional silica fibers. hias been
reported that large values of the dispersion (nbmamahe shorter-wavelength band edge and anomalbuise
longer-wavelength band edge) is inherent from thaniérs-Kronig relations to any optical structuratthas
relatively sharp transmission features, which letds zero-dispersion point in the bandgap, andefoee the
existence of a range in the transmission gap wtheralispersion is large and anomalous appears & deneric
feature of these types of PBGFs [32]. PBG fibeescarrently under intensive investigation for higbwer pulsed
amplification applications. The transmission of fesecond solitons with very high (5.5 MW) peak poeas also
been demonstrated [32]. The anomalous dispersiobined with low nonlinearity has created a fibégraative to
the bulk grating-compressor component for CPA systg33, 34]. The use of photonic bandgap fibepriovide

anomalous GVD in a femtosecond fiber laser hasraiso been reported, and due to the low birefringesmad low
nonlinearity of PBGF compared to anomalously disiersilica core MOF, stable, good-quality pulséthvenergy
as large as 2 nJ were achieved [35]. For high gneago-second pulse delivery in micro-machiningliapfions,

the energies and high beam quality that have bekveded through the PBG fibers are significanilghler than has
been reported with conventional step-index singteenfibers, because the PBGF mode has peak inténdie

gas core, which increased the facet damage thoeEB).

5. Summary and future outlook

In summary, we have reviewed the tremendous retmrglopments achieved towards creating practicat-ghulse
fiber laser systems. The principal challenge cos to be management of nonlinear effects dueethigh pulse
peak powers while retaining the inherent fiber aigges of being compact and robust. New comporeatbeing
developed for all aspects of these fiber systemsthis paper we have highlighted the applicatiohtarge mode
fiber for producing increased powers. In particulee presented a high average power (25 W) pdcabdheme,
and a gain-switched laser diode source with 60grfamplifier operating at 1550 nm. We also coergid the
development of a CFBG stretcher with botl and ¥ order dispersion to match the bulk compressor.is Th
technology was presented in the first demonstratiban Yb-fiber CPA incorporating such a CFBG, asdn
important step towards practical fiberised systefmally, we reviewed the unique optical propeartie recently
developed microstructured fibers. We showed thdiegtion of these fibers for supercontinuum getienaas
components for fiber based CPA systems. Thesemgshighlight the potential of fiber technology fibre
development of practical high-power ultrashort-puiber-based lasers for industrial and scientifies.

For the future, we might envisage further scalipgai the average powers from pulsed fiber systehes,
introduction of new components into practical systeand the application of nonlinear compressiogeoerate
pulse bandwidths beyond the available Er and Yh bandwidths, and hence to produce extremely ghubses for
demanding new applications.
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