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We discuss a four-stage optical parametric chirped-pulse amplifier that delivers carrier-envelope phasetsigie
pulses with energies up to 12.5 mJ before recompression. The system (previously reported in Of4, R488 (2009)) is
based on a fusion of femtosecond diode-pumped solid-state Yb technology and a picosecond 100-mJ Nd:YAG pump amplifier.
Pulses with 62 nm bandwidth are recompressed to a 74.4 fs duration, which is close to the transform limit. Here, to show the
way towards a TW-peak-power single-cycle IR source, we perform detailed investigations of single-filament IR supercontin-
uum generation via femtosecond filamentation in noble gases. Depending on the experimental conditions, two filamentation
regimes can be achieved: (i) in the filamentation regime without plasma-induced pulse self-compression, we generate 4-mJ
600-nm-wide IR supercontinua of high spatial quality supporting 8-fs pulse durations, which corresponds to less than two op-
tical cycles at 1.5:.m; (ii) in the self-compression regime, we demonstrate self-compression of 2.2 mJ pulses down to 19.8 fs
duration in a single filament in argon with a 1.5 mJ output energy and 66% energy throughput. By adapting the experimental
conditions, further energy upscaling of the self-compressed pulses seems feasible.
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1. Introduction deromotive energy/, « Al at moderate intensity
_ . _ o level, i.e., IR CEP-stable few-cycle high-power laser
Optical parametric chirped-pulse amplification [1] systems. The present immense interest of the ultrafast

(OPCPA) has attracted a lot of attention as a promiS'Community in h|ghUp sources [3_11] has three major
ing route towards intensity scaling of few-cycle laser reasons:

pulses. Intense carrier-envelope phase (CEP)-stable
few-cycle laser pulses have numerous intriguing ap-
plications in attosecond and high-field science includ-
ing the production of attosecond XUV/ soft-X-ray
pulses by high-harmonic generation (HHG), tomo-
graphic imaging of molecular orbitals, and laser-
induced electron diffraction (for a recent review, see
[2D). A major challenge for using HHG in studies
of time-resolved tomography of molecular dissocia-
tive states is the low ionization potentig) of excited
molecular states. The resulting competition between
state depletion and HHG prevents generation of broad
HHG spectra necessary for tomographic reconstruc- 2. Because of the\?-dependence of the HHG cut-
tion. One solution are laser sources with high pon- off [17+19], HHG driven by intense few-cycle IR

1. These sources open the door to previously inacces-
sible regimes of light—-matter interactions [12] and
in particular they allow experimental investiga-
tions of theA-scaling laws of strong-field physics
[13-16] (Keldysh parametex A~ !, electron ener-
giesex A%, HHG cutoffoc A2, minimum attosecond
pulse durationx A'/2). In addition, e.g., laser-
induced electron diffraction experiments [2] would
benefit from IR driving because of the shorter
de Broglie electron wavelength and consequently
higher spatial resolution.
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sources holds great promise for the realization of 720-nm driver pulses obtained in this way, coherent
bright coherent sources in the soft- and potentially X-rays in the keV photon energy range were demon-
even hard-X-ray region [20]. The achievable HHG strated by HHG in He[[29]. At present, the energy
photon fluence depends both on the microscopicthroughput of gas-phase broadening schemes, such as
single-atom response of the gas and on macrothe hollow-core fibre compressor [30, 31] and filamen-
scopic effects in the gas target like phase match-tation 32,/ 33], is limited to 4-5 mJ at 0.8m due

ing and absorption. At present, both microscopic to ionization losses| [34, 35]. With multi-mJ pulses
(A~ 5-%)_scaling of the single-atom HHG conver- from an IR OPCPA we expect to ultimately surpass the
sion efficiency [[13] 14, 21-23]) and macroscopic present energy limitation for gas broadening schemes,
parts are subject of a heated scientific debate. Resince the critical power of self-focusing scales és
cent work on phase matching of higher harmonics [36].

driven by high-energy IR pulses|[8,[9,]20, 24-26] Here, we present a hybrid Type-ll IR OPCPA/
indicate the feasibility to compensate the sharpfilamentation approach to pursue a TW-peak-power
drop of the microscopic HHG efficiency macro- single-cycle IR sourcé [10, 11] that will find many ap-
scopically by an increased optimal gas pressure forplications in attosecond and high-field science.

phase matching and the strongly decreasing reab-

Z‘r’]reﬁg?e"s"f the generated X-rays at higher photon,, - ~ep 116 multimilliioule infrared OPCPA

paramount importance for attosecond photoelec-'S depicted in Fig. 1. The front-end of the OPCPA
tron spectroscopy of solid surfacés[27] and sur-i1S based on a femtosecond Yb:KGW diode-pumped
face-adsorbate systenis [28] because IR sources af0lid-state (DPSS) master-oscillator power amplifier
low pronounced ponderomotive streaking effects (MOPA) (Pharos, Light Conversion, Ltd.) and two
already at lower laser intensity, thus avoiding back- St29€s of CEP-stable parametric preamplification [10].
ground problems originating from above-threshold Adding two OPCPA booster stag@sand 4 allows us
ionization or sample damage. tq reach pulse energies above 10 mJ. Following the
pioneering work of Kraemer et al. [87, [38], we em-
For many applications in attosecond science, inploy Type Il phase-matchinge{ + o; — op, 0 =
particular for the generation of isolated attosecond45.5 = 0°) in KTIOPO, (KTP) crystals (1.03:m/
XUV/ soft-X-ray pulses, extremely short pulses com- 1.064,m pump,~1.5 um signal,~3.3-3.7um idler)
prising only one or two light oscillations underneath for OPA stages 2—4 because these crystals (unlike bo-
the field envelope are required. Ultrabroadband nearrate crystals) are transparent for the mid-IR idler wave-
degenerate Type | parametric amplification of CEP-|ength and exhibit a relatively broad bandwidth around
stable two-cycle IR seed pulses obtained from differ- 1.5 um. Moreover, Type-ll OPA minimizes parasitic
ence-frequency generation (DFG) to the energy levelself-diffraction [39].
close to 1 mJ has been demonstrated [3—7]. However, |nour IR OPCPA scheme (see Fig. 1), both Yb:KGW
the inherently low DFG seed energy causes a sizableand Nd:YAG regenerative amplifiers (RAs) are simul-
superfluorescence background [3, 4, 7] that preventsaneously seeded from a single Yb:KGW master oscil-
further energy upscaling. By narrowing the bandwidth |ator that has a modest FWHM bandwidth of 30 nm
of an optical parametric amplifier (OPA), one can opti- centred at 1.04:m (not shown). To seed the Nd:YAG
mize the spectral brightness of the seed at the expensRA, we pick up unused 1064-nm light behind a trans-
of the seed energy, achieve a more uniform saturatiommission grating in the pulse stretcher of the Yb:KGW
across the pulse spectrum, and minimize energy backMOPA. The repetition rate of this MOPA, tunable in
conversion into the pump. In saturation, however, thethe range of 1-100 kHz, was set at 10 kHz as the 500th
parametrically amplified spectra exhibit steep slopesharmonic of the flash-lamp-pumped Nd:YAG amplifier
that lead to poor fidelity of the compressed pulses in(Ekspla Ltd.) operating at 20 Hz. In the Nd:YAG RA,
the time domain. an intracavity etalon is used to narrow the pulse band-
The well-established standard technology for thewidth and make the pulse duration (60 ps) safe for post-
generation of few-cycle driver pulses is spectral broad-amplification.
ening of mJ-level femtosecond pulses from Ti:sapphire In order to optimize the energy extraction from
amplifier systems in noble gases. Using 5-fs 1-mJthe 60 ps long Nd:YAG pump pulses, the passively
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Fig. 1. Chart of the four-stage IR OPCPA and filamentation set-up: the CEP-stable seeder is the front-end describes, irefle@}jon
grating; CM, curved mirror;PM, plane mirror;TM/ BM, top/ bottom mirror;AOPDF, acousto-optic programmable dispersive filleA,

regenerative amplifiePA, double-pass post-amplifietf3, f4, f5, lens focal lengthsT 1, T2, telescopesA, aperture W1/ W2, input/ output
windows; OSA optical spectrum analyzefROG frequency-resolved optical gating set-&®, beam profiler.

filamentation cell

CEP-stable 1.5:m pulses from the front-end [10] are idler wavelength (um)
temporally stretched te-40 ps using a grating-based 36 35 34 33 32 31 30

stretcher [40] employing 500 grooveam 96% effi- . 1.0 Hm

cient gold reflection gratings. In addition, an IR high- 3 ;OPAS seed 5
resolution acousto-optic programmable dispersive fil- & — OPA3 signal 2
ter (DAZZLER) [41] is used for higher-order disper- 2 057 —OPAd signal 0.5 £
sion control. To guarantee a homogeneous pump pro- g &
file free of hot spots, we relay-image the 10 mm diame- £ -

ter crystal rod in the Nd:YAG power amplifier onto the 0.0
10 mm thick KTP crystals in stag&and4. The mea-

sured surface damage threshold of KTP for our pump
pulses (21 GWcm?) determines a pump spot diame- Fig. 2. Spectral properties of the booster-amplification OPCPA

. stages: spectrum of the third-stage seed (black curve), amplified
ter of 2 and 3.1 mm for stageland4, respectively. signal spectra after stag8gblue online) and! (red online). The

Relay-imaging is achieved with three lenses with focal amount of superfluorescence is immeasurable in absence of the WL
lengths off = 75 cm,f3 = 10 cm, andf4 = 35 cm seed in OPA stagk The dashed curve indicates the idler transmis-

(see Fig. 1). Because of the larger pump intensities in sion through 10 mm of KTP.

the fourth OPA stage, the focus needs to be placed in-

side a vacuum cell to avoid a breakthrough in air. Thethe 1/e? level) by means of a Galilean beam expander
1.5-um (seed) pulses [10] are focused onto the third-T2.

stage KTP crystal with a 750-mm lens and imaged The spectra of the seed and amplified signal pulses
onto the fourth-stage KTP crystal with telescope of the power-amplification stages are shown in Fig. 2.
The (external) walk-off compensation angle betweenIn principle, saturating the OPCPA stages permits am-
the pump and seed beams is%2.2Vith this pumping  plification of pulses with nearly 80 nm bandwidth cor-
geometry and-+90 mJ pump pulses, we have achieved responding to a Fourier limit of~65 fs. As idler

up to 12.5 mJ signal pulses centred at .57 with a  absorption increases above 3#n in KTP, we can
pump-signal conversion efficiency 822% in the final  achieve higher output powers when tuning the signal
OPCPA stage. To avoid damage to the gold gratings incentre wavelength above 1.58n.

the OPCPA compressor, we expand the beam diameter The SHG-frequency-resolved optical gating (FROG)
of the fourth-stage output by a factor of 5 to 9.5 mm (at data of 3.5-mJ 1.574m pulses with 62-nm bandwidth

T T T 0.0
1550 1600 1650
signal wavelength (nm)
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Fig. 3. SHG-FROG characterization of the 20-Hz output from the four-stage IR OPCPA: (a) measured and (b) retrieved FROG traces.

(c) Measured spectrum (black curve), retrieved spectral intensity (blue online) and phase (red online). (d) Retrieved temporal intensity (blue

online) and phase (red online) profiles exhibiting a 74.4-fs FWHM pulse duration. The TL intensity profile (dashed) corresponds to a 72.6-fs
duration.

from the 20-Hz four-stage IR OPCPA (see Fig. 3) indi- 3.1. Multimillijoule IR filamentation without

cate a 74.4-fs FWHM pulse duration, close to the trans- plasma-induced pulse self-compression

form limit (TL) of 72.6 fs. Ultimately, with further

optimization sub-70-fs pulse durations seem in reach In the filamentation experiments (see Fig. 1), the

by recompressing pulses with bandwidths approachingl.57m OPCPA pulses were focused using a 50-cm

80 nm. lens placed 4 cm in front of the anti-reflection-coated
input windowW1of a 138 cm long gas cell filled with
argon (, = 15.76 eV) or krypton [, = 13.99 eV)

3. Spectral broadening and pulse self-compression  at the absolute pressure of 4-5 bar. In the filamentation

via filamentation in noble gases regime without plasma-induced pulse self-compression

(Fig. 4), we generated3-mJ 600 nm wide IR super-

In the following, we demonstrate single-filament continua of high spatial quality supporting 8-fs pulse
IR supercontinuum generation via femtosecond fila-durations, which corresponds to less than two optical
mentation in noble gases. Depending on the ex-cycles at 1.5um.
perimental conditions, two filamentation regimes can SHG-FROG data of such spectrally broadened pulses
be achieved: (i) the filamentation regime without are displayed in Fig. 5. We emphasize that the FROG
plasma-induced pulse self-compression, as discussecharacterization (Figs. 5 and 6) and corresponding out-
in Sec. 3.1, and (ii) the self-compression regime, as disput pulse energy measurements were performed with-
cussed in Sec. 3.2. Ultimately, since the critical powerout aperturing the filamentation output beam. In the
of self-focusing scales as? [@] we expect to sur- experiment shown in Fig. 5, the input pulse energy
pass the current energy limitation (4-5 mJ at 800 nmwas 3.0 mJ, output energy 2.1 mJ, corresponding to
[34, [35]) with the multi-mJ femtosecond pulses ob- an energy throughput of 68% including the 8% reflec-
tained from our IR OPCPA. In addition, a promising tion losses on the uncoated 1 mm thick BK7 output
route for further pulse energy upscaling is the use ofwindow W2 (see Fig. 1). The SHG-FROG data re-
circularly/ elliptically polarized input pulses [42,43].  veal a rather complex spectro-temporal structure. The
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Fig. 4. (a) Filamentation of 1.54m pulses in noble gases: individually normalized input (black curve) and output spectra for filamentation

of 0.8-mJ pulses in krypton (blue online) and 2.5-mJ pulses in argon (red online) at a 5 bar pressure. The inset shows the TL intensity
profile computed from the argon output spectrum. (b)—(e) Far-field spatial beam profiles measured with a pyroelectric 2D array: (b) before
the OPCPA grating compressor; (c) total (frequency-unresolved) beam profile behind the Ar cell; (d) beam profile at 1500 nm; (e) beam
profile at 1400 nm. (d) and (e) are taken at the same camera position as (c) by inserting narrow-band filters into the beam. Image size i
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Fig. 5. SHG-FROG characterization of 2.1-mJ filamentation output pulses for argon at 4 bar: (a)—(d) as in Fig. 3. The TL intensity profile
(dashed) corresponds to a 14.6-fs duration.

observed strong nonlinear phase leads to a temporas.2. Self-compression of millijoule IR pulses

break-up into two peaks of 20 fs and 15 fs FWHM du-
ration, separated by 60 fs. Since a clean single-filament The filamentation regime involving plasma-induced
spatial profile was observed simultaneously, we con-pulse self-compression is particularly attractive for the
clude that the temporal splitting apparently helps to pursuit of a TW-peak-power single-cycle IR source.
keep the pulse intensity below the break-up thresholdRecently, Hauri et al| [33] demonstrated that filamen-
tation of rather long~55-fs OPA pulses at 2m in

of a single filament.
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Fig. 6. Self-compression of 1.5-mJ pulses in argon at 5 bar: (a)—(d) as in Fig. 3. The retrieved FWHM pulse duration is 19.8 fs, 15.9 fs Fourier
limit. (e)—(g) Far-field spatial beam profiles measured with the pyroelectric 2D array: (e) after OPCPA grating compressor; (f) apertured
filamentation input behind the iris apertukg(g) total beam profile behind the filamentation cell. Image size isxX 2244 mn¥.

a xenon cell allows the generation of self-compresseddurations, as compared to self-compressed 2—-3 cycle
17-fs 0.27-mJ pulses. The limited input pulse energydurations at visible wavelengths. Self-compression of
available in that experiment implied the use of xenon as2-um pulses results in supercontinua exhibiting a much
a noble gas with the highest nonlinearity. Detailed nu- flatter spectral phase over the full bandwidth as com-
merical investigation of self-compression ofi laser ~ pared to 800-nm pulses. Bergeé [36] also made the im-
filaments [36] predicted a number of highly attractive portant observation that for self-compression qir@-
features of femtosecond filamentation at longer carrierpulses, due to nonlinear pulse propagation the short-
wavelength): (i) the bandwidth of the generated su- est achievable pulse duration survives only over shorter
percontinuum increases withy (ii) for comparable ra-  distances{15-20 cm) in the gas medium as compared
tios of input power over critical power?,, / Peyit, fil- to the 800-nm case~(60 cm), i.e., the proper choice
aments at IR wavelengths have higher pulse energyf the output window position with respect to the fil-
than near-VIS filaments; (iii) the filament channel ex- ament channel is crucial for observing optimum self-
tends over longer distances and its waist scales; compression.

(iv) self-steepening becomes more pronounced within- By lowering the input pulse energy using the iris
creasing); (v) for gases with moderate ionization po- apertureA and tuning the gas pressure in the cell, we
tentials ¢, < 20 eV, e.g., argon or xenon), the nu- achieved the regime of pulse self-compression. In the
merical calculations reveal that mid-IR filamentation experiment shown in Fig. 6, CEP-stable 2.2-mJ 74.4-
easily permits self-compression to single-cycle pulsefs 1.57um input pulses are compressed in a single
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Fig. 7. Photo of the spectrally resolved filamentation output in the self-compression regime.

filament in argon down to a 19.8-fs duration. This rep-
resents a temporal compression of the input pulses by
a factor of~4. The output energy was 1.5 mJ, cor-

responding to an energy throughput of 66%, again in- 1800 F

cluding the 8% reflection losses on wind&2 The 1700 '_(a) -
IR supercontinuum with a 130-nm FWHM bandwidth ’é‘ -

originates from a 12-15 cm long filament. The low- 51600

intensity spectral wings of the supercontinuum extend < 1500

throughout the VIS and are easily visible with the 2

naked eye (see Fig. 7). As argued above, careful opti- £ 1400 F

mization of the propagation distance in the pressurized %

Ar cell behind the filament might lead to the observa- = 1300

tion of even shorter pulse durations [36]. In addition,
the spectral phase is remarkably reproducible on a daily
basis which holds potential for further recompression
using fixed-dispersion chirped mirrors.

Concerning the CEP stability of the filamentation
output, several femtosecond filamentation experiments
performed at various centre wavelengths [32, 33] have

clearly demonstrated that the filamentation process pre- 1800
serves the CEP stability of the input pulses. There- _ 1700
fore, we are convinced that the filamentation process g 1600

does not degrade the CEP stability of the OPCPA in-

put pulses in our experiment. Nevertheless, in order %)1500
to quantify the quality of CEP stability, we are plan- 5

ning (i) to perform inlinef-to-2 f interferometry to the Ko 1400
OPCPA output of stagedand4, (ii) quantify possible § 1300

differential CEP drifts caused in the individual ampli-
fication stages8 and4 using a TADPOLE-type tech-
nique [44], (iii) and finally performy-to-3 f interferom-
etry (since a sizable third harmonic is generated inside
the filament) to the filamentation output.

L
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Fig. 8. Wigner distribution functions: (a) filamentation without

self-compression extracted from the SHG-FROG data in Fig. 5,

(b) self-compression result obtained from Fig. 6. The grey curves

indicate the retrieved group delay (GD). The panels above and on

the right indicate the temporal intensity profile and pulse spectrum,
respectively.

3.3. Time—frequency analysis employing Wigner
distribution functions

For the time—frequency analysis, it is very instruc-
tive to look at the Wigner distributions [45]

W(t,w) = /dT E* <t - T) E(t + ;) exp(iwT)

9 directly computed from the FROG data. When inte-
1)

grating these 2D data over wavelength, one obtains the
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temporal intensity profile, while integration over time broader supercontinua with a flatter spectral phase, and

yields the pulse spectrum: the feasibility to reach single-cycle pulse durations in
- comparison with 2—3-cycle durations at visible wave-
I(t) = /dw W(t,w) and I(w)= /dt W(t,w).  lengths. Moreover, a time—frequency analysis of our

(2) filamentation data employing Wigner distribution func-
The Wigner distribution functions extracted from the tions suggests that, by adapting the experimental condi-
filamentation FROG data corresponding to the two dis-tions (e. g., input pulse energy and input iris aperiire
tinct filamentation regimes are displayed in Fig. 8. Al- focusing conditions), the self-compression regime can
though the SHG-FROG traces in Figs. 5 and 6 look also be reached at higher multi-mJ pulse energies. For
qualitatively rather different, the Wigner distributions these reasons, with 1/m pulses we ultimately ex-
now look more similar. The main difference is that in pect to surpass the present energy limitation (4-5 mJ
the self-compression regime (Fig. 8(b)), the group de-at 800 nm) for gas broadening schemes.
lay is much flatter and exhibits much smaller oscilla-
tions than the data obtained in the filamentation regime
without self-compression (Fig. 8(a)). The fact that both Acknowledgements
cases do not differ qualitatively gives us hope that, by ) _ ,
adapting the experimental conditions, it should be pos- This work has been supported by the Austrian Sci-
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FAZISKAI MODULIUOTY MILIDZAULIN  ES ENERGIJOS IMPULSY PARAMETRINIS
STIPRINTUVAS 1,5 pm SRITYJE SU IMPULSY SAVISP UDA INERTIN ESE DUJOSE

S. Alisauskas, V. Smilgevtius?®, A.P. Piskarskas, O.D. Miicke”, A.J. VerhoeP, A. Pugzlys’, A. Baltuska,
J. Pociug°, L. Giniunas, R. Danieliug, N. Forget!
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Santrauka spausti iki 74,4 fs, t. y. beveik iki spektriSkai riboto impulso. Norint

Pademonstruotas stabilizuotos dazeturiy pakopy Il fazinio ~ atskleisti galimybe generuoti keliy cikly trukem TW eibs smaili-
sinchronizmo tipo faziskai moduliuoty impulsy parametrinis stip- Nes galios impulsus IR srityje, buvo sugeneruotas 4 mJ 600 nm
rintuvas 1,5:m srityje. Jo impulso energija pries kompresija sie- spektro p_Ia”mo filamentas, .kurls atitikty 8 fs spektriskai rlbotaulm-_
kia 12,5 mJ. Parametrinio stiprintuvo sistema sudaryta is femto-PulS@. Taip patargono dujose pademonstruota 2,2 mJ energijos im-
sekundinio diodais kaupinamo Yb:KGV ir pikosekundinio lempo- Pulso filamentacija su savisp uda iki 19,8 fs pasjemijoje, 66%
mis kaupinamo 100 mJ Nd:IAG lazeriy. Parametriskai sustiprinti €Nergijos pralaidumu ir siekianti 1,5 mJ energija iSvade.
impulsai, kuriy spektro plotis pusaukstyje siekia 62 nm, buvo su-



