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Generation of intense 8-fs pulses at 400 nm
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Frequency-doubled pulses from a sub-40-fs, 1-kHz Ti:sapphire amplifier system are spectrally broadened in an

argon-filled hollow waveguide.

mirrors and a prism pair, yielding 8-fs, 15-ud pulses in the violet spectral range.
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Optical pulse compression has been established as
a powerful technique for generating intense sub-
10-fs pulses in the red and near-infrared spectral
range. Self-phase modulation (SPM) in a single-mode
fiber followed by propagation through a dispersive
delay line consisting of prisms and diffraction grat-
ings was successfully exploited more than a decade
ago for production of 6-fs, 1-nJ, 8-kHz pulses at
620 nm."! Recently, further pulse shortening was
achieved at higher repetion rates and (or) higher pulse
energies. Pulses near 800 nm at a 1-MHz repetition
rate with durations as short as 4.5 fs and energies
up to 6 nd were obtained by use of a cavity-dumped
Ti:sapphire oscillator and an improved dispersive
delay line incorporating chirped mirrors and a prism
pair.®2 Replacement of the single-mode fiber with a
gas-filled hollow waveguide allowed scaling to much
higher pulse energies.® SPM in a gas-filled hollow
fiber followed by dispersive compression in ultra-
broadband chirped dielectric mirrors yielded 4.5—5-fs
submillijoule pulses with peak powers up to 0.1 TW at
a 1-kHz repetition rate.*®

The generation of intense sub-10-fs pulses was
recently extended into the 500—700-nm wavelength
range by use of a continuum-seeded noncollinear
optical parametric amplifier pumped by the second
harmonic of a Ti:sapphire laser.®*” To our knowl-
edge, these are the shortest wavelengths at which
powerful sub-10-fs light pulses had been produced.
In the violet—ultraviolet range microjoule-energy
pulses of ~20 fs in duration were demonstrated re-
cently.®~1° In this Letter we report the generation of
15-ud, 8-fs pulses at a wavelength of approximately
400 nm.

This experiment draws on our previous work, which
resulted in the production of powerful 20-fs pulses tun-
able from 360 to 440 nm by use of a hollow-waveguide
quartz-prism compressor seeded with the frequency-
doubled output of a 1-kHz femtosecond Ti:sapphire am-
plifier system.!® Pulse shortening was found to be
limited by a residual third-order spectral phase left
uncompensated in the compressor stage. This system
has been improved in several respects. First, shorter
frequency-doubled seed pulses with a duration of 29 fs
are used. Second, SPM is carefully optimized in the
hollow waveguide. Last but not least, the quartz-
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Compression of the self-phase-modulated pulses is implemented with chirped
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prism compressor is supplemented with specially de-
signed chirped mirrors that allow reduction of undesir-
able third-order dispersion (TOD) in the compression
system.

Powerful ultrashort pulses at 800 nm are generated
with a home-built Ti:sapphire laser system that uti-
lizes chirped-pulse amplification."! The seed pulses,
as generated by a 15-fs chirped-mirror-compensated
Ti:sapphire oscillator,'> are stretched by a factor of
10,000 in an all-reflective pulse stretcher!® capable
of controlling higher-order dispersion. A lamp-
pumped @-switched intracavity-frequency-doubled
Nd:YLF laser delivering an average output power of
23 W at 532 nm pumps a 10-round-trip regenerative
Ti:sapphire amplifier and a two-pass Ti:sapphire
power amplifier at a repetition rate of 1 kHz. The
2.4-mJ amplified pulses, with a spectrum peaking at
800 nm, are recompressed with a 50%-transmitting
reflective grating pair to a pulse duration of 38 fs.

Efficient frequency doubling of downcollimated 1-mdJ
38-fs fundamental pulses is achieved in 100-um-thick
B-barium borate (BBO), resulting in violet pulses with
energies up to 400 ud and a spectral width of 8 nm
[see Fig. 1(a)]l. Changing the distance of the compres-
sor gratings in the amplifier system slightly intro-
duces a small negative chirp in the fundamental that
precompensates for dispersion in the doubling crys-
tal and allows us to achieve high conversion effi-
ciencies, up to 40%. Self-diffraction (SD) third-order
autocorrelation measurements of the violet pulses in a
100-um-thick potassium dihydrogen phosphate (KDP)
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Fig. 1. (a) Spectrum and (b) SD autocorrelation trace of
the output of the BBO crystal. A correlation width of 39 fs
corresponds to a pulse width of 29 fs.
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crystal [Fig. 1(b)] reveal a significantly shorter pulse
duration [29 fs (FWHM)] for the second harmonic than
for the fundamental.

For spectral broadening, violet pulses of 300-ud
energy are focused with a concave mirror with ra-
dius R = 1 m into a hollow waveguide with a bore
diameter of 220 um and filled with argon at pressure
p = 0.4-0.6 bars (1 bar = 10,000 Pa). The choice of
argon as the nonlinear medium is a good compromise
between a moderate ionization threshold and moder-
ate nonlinearity, whereas in the case of helium or
neon the ionization properties are better but the non-
linearity is much smaller. Even at these moderate gas
pressures the intense light induces strong spectral
broadening, as shown in Figs. 2 and 3. We estimate
the calculated optimum fiber length L, for generating
a spectrally broadened pulse with a nearly quadratic
spectral phase (i.e., linear chirp in the time domain) to
be 40 cm for Ao = 400 nm, using Loyt = (6LyLp)°5,"
where L,y =1/y Po=1.3cmand Lp = Ty2/Bs = 1.9 m.
Here Py = 26 GW is the peak power of the seed pulses,
and Ty = 48 fs is defined by P(Ty) = Py/e. Further,
v = nawo/cAey = 3.01 X 10711 W-lem™! is the non-
linear coefficient, ny = 3.10 X 10712 cm2? W! is the
nonlinear refractive index at p = 0.6 bars,'® Ay is the
effective cross-sectional area of the hollow waveguide,
and By = 12.41 fs2 em™! is the group-velocity disper-
sion, including contributions from the waveguide and
the argon gas.'® To introduce some discrimination
against higher-order transverse propagation modes,
which may also be excited to some extent owing to in-
complete matching of the free-propagating input beam
to the fundamental EH;; mode of the waveguide, we
use a 70-cm-long waveguide. The output pulse energy
delivered in the fundamental mode amounts to approxi-
mately 80 ud, implying a throughput of 26%. The
low throughput is assigned to a low coupling effi-
ciency owing to the elliptic beam profile of the second-
harmonic pulse, preventing good mode matching to
the EH;; mode simultaneously in both transverse
directions.

The fiber output is collimated with a concave alu-
minum mirror with R = 2 m and reflected six times off
chirped multilayer mirrors consisting of 42 alternating
layers of SiOg and TagOs. The mirrors exhibit high re-
flectivity from 330 to 460 nm and are expected to intro-
duce a nearly constant group-delay dispersion (GDD) of
approximately —20 fs? from 350 to 430 nm. We show
a theoretical estimate of the GDD and the TOD in
Fig. 2. Employing these chirped mirrors with negli-
gible TOD and minimizing the optical path length in
the prisms allows us to reduce the prism apex distance
of 45 cm, compared with 130 cm in our previous experi-
ment.’® Although the dispersion characteristics of the
mirrors have still to be measured, we deduce from the
shorter prism distance that the mirrors introduce
the amount of GDD per bounce that was predicted.
The exclusive use of chirped mirrors for pulse com-
pression is currently prevented by the low dispersion
and the high loss (10%) that they introduce per bounce.
The origin of this anomalously high reflection loss un-
der exposure to high peak intensities remains to be
found.
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Figure 3 summarizes the results of a SD frequency-
resolved optical gating (FROG) measurement!” of com-
pressed pulses generated at an argon pressure of p =
0.4 bars. Figures 3(a) and 3(b) depict the spectrum
and the measured SD correlation (filled circles) of the
compressed pulses, respectively. The measured SD
FROG trace is shown in Fig. 3(c). Figure 3(d) plots
the retrieved intensity (solid curve) and phase (dashed
curve) of the pulse, yielding a pulse duration (FWHM)
of 13 fs and a small amount of residual phase at the
pulse center.

The shortest pulse was generated by an increase
in pressure of 0.6 bars, which led to further spec-
tral broadening, as revealed by Fig. 4(a). A slight
readjustment of the amount of glass introduced by
the first prism proved necessary for optimum pulse
compression. The SD trace of the compressed pulses
[Fig. 4(b)] results in a third-order autocorrelation
width of less than 11 fs. We recorded this trace with
the stringent requirement of acquisition by use of
only those pulses for which the energy and bandwidth
fluctuations were less than 5% of the average value.
This excludes any erroneous broadening of the signals
owing to intensity fluctuations of the seed pulse.
Unfortunately, however, we have not yet implemented
these stringent requirements in the acquisition of
FROG traces. To determine the deconvolution factor
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Fig. 2. Theoretical estimate of the GDD (solid curve) and
the TOD (dashed curve) properties of the chirped mirrors.
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Fig. 3. (a) Spectrum, (b) SD autocorrelation, (¢) SD

FROG, and (d) retrieved pulse intensity and phase of
compressed blue pulses obtained with 0.4-bar Ar in the
hollow fiber. A calculated SD trace [solid curve in (b)]
compares well with the experimental values (filled circles).



36 OPTICS LETTERS / Vol. 24, No. 1/ January 1, 1999

a b c

(@ 10 Riore| © 8fs

2

0n

sl |

2 (d) (e)

7.7fs 6.5fs

360 400 440 40 0 40 40 0 20
Wavelength [nm) Delay [fs] Time [fs]

Fig. 4. SD autocorrelation [filled circles in (b)] of com-
pressed blue pulses obtained with 0.6-bar Ar in the hol-
low fiber with the spectrum given in (a). The solid curves
in (b) and (c) are the calculated SD signal- and pulse-
intensity profiles, respectively, as described in the text.
The Fourier-transform-limited SD signal and the tempo-
ral intensity profile are shown in (d) and (e), respectively.

and the residual higher-order phase, we can analyze
the compressed pulses only by a fit of the spectral
phase,

do 1 d?o
P(w) = Dy do |, (w — wo) 2 dw? |,
X(w_w)2+ld3_q) (0 — wo)® +
0 6 dw3 |, 0 B

where the second- and third-order Taylor expansion
coefficients are to be chosen to provide the best fit
to the measured SD autocorrelation trace in Fig. 4(b).
This fit is obtained with

d3

d2o P
dw? |u,

dw? |,,

=0 fs?, = —70 fs®.

The corresponding pulse intensity envelope and the
third-order autocorrelation trace are shown by the solid
curves in Figs. 4(c) and 4(b), respectively. The small
deviations between the experimental and the calcu-
lated traces may be due to higher-order phase terms.
It is, however, clear that the remaining spectral cu-
bic phase dominates the pulse characteristics. This
analysis results in a pulse duration of 8 fs and a decon-
volution factor of 1.35. These values are smaller than
those obtained with second-harmonic autocorrelation
because of the higher-order nonlinearity [x®] that is
responsible for self-diffraction. The pulse energy af-
ter compression is 15 ud, giving rise to a peak power
of approximately 2 GW. Owing to the diffraction-
limited nature of the waveguide output, these pulses
are expected to be focusable to intensities greater than
10'® W/ecm? with /3 optics.

The intensity envelope and the corresponding SD
autocorrelation trace of a transform-limited signal
with the spectrum shown in Fig. 4(a) are depicted
in Figs. 4(e) and 4(d), respectively. The presence of
small satellites relates to the modulated structure
of the spectrum. Comparison of Figs. 4(c) and 4(e)

implies that the compressed 8-fs violet pulses are 1.25
times Fourier limited.

We have demonstrated the generation of sub-10-fs
gigawatt peak-power pulses in the violet spectral range
for what we believe to be the first time. The perfor-
mance of the system is currently limited by the loss
and dispersion characteristics of the available chirped
mirrors, which have been used in this wavelength
range for what is to our knowledge the first time.
The hollow-waveguide technique employed for SPM is
not restricted to the pulse energies and spectral band-
widths demonstrated in this Letter. In fact, we re-
cently achieved spectral broadening to bandwidths in
excess of 70 nm near 400 nm with this same setup.
Hence progress in short-wavelength chirped-mirror
technology holds promise for the generation of intense
5-fs-scale light pulses in the violet—blue spectral range.

The authors are grateful to K. Ferencz of the Re-
search Institute for Solid State Physics in Budapest for
manufacturing the chirped mirrors and A. Nazarkin of
the Max-Born-Institut in Berlin for helpful discussions.
This research was partly supported by Austrian Sci-
ence Fund grant Y44-PHY.

References

1. R. L. Fork, C. H. Brito Cruz, P. C. Becker, and C. V.
Shank, Opt. Lett. 12, 483 (1987).

2. A. Baltuska, Z. Wei, M. S. Pshenichnikov, and D. A.
Wiersma, Opt. Lett. 22, 102 (1997).

3. M. Nisoli, S. De Silvestri, and O. Svelto, Appl. Phys.
Lett. 68, 2793 (1996).

4. M. Nisoli, S. De Silvestri, O. Svelto, R. Szipocs, K.
Ferencz, C. Spielmann, S. Sartania, and F. Krausz,
Opt. Lett. 22, 522 (1997).

5. S. Sartania, Z. Cheng, M. Lenzner, G. Tempea, Ch.
Spielmann, F. Krausz, and K. Ferencz, Opt. Lett. 22,
1562 (1997).

6. G. Cerullo, M. Nisoli, and S. De Silvestri, Appl. Phys.
Lett. 71, 3616 (1997).

7. A. Shirakawa, I. Sakawe, and T. Kobayashi, in Confer-
ence on Lasers and Electro-Optics, Vol. 6 of 1998 OSA
Technical Digest Series (Optical Society of America,
Washington, D.C., 1998), postdeadline paper CPD11.

8. S. Backus, J. Peatross, M. M. Murnane, and H. C.
Kapteyn, Opt. Lett. 21, 665 (1996).

9. C. G. Durfee III, S. Backus, M. M. Murnane, and H. C.
Kapteyn, Opt. Lett. 22, 1565 (1997).

10. E. T. J. Nibbering, O. Diihr, and G. Korn, Opt. Lett. 22,
1335 (1997).

11. D. Strickland and G. Mourou, Opt. Commun. 56, 219
(1985).

12. A. Stingl, M. Lenzner, Ch. Spielmann, F. Krausz, and
R. Szipocs, Opt. Lett. 20, 602 (1995).

13. B. E. Lemoff and C. P. J. Barty, Opt. Lett. 18, 1651
(1993).

14. W. J. Tomlinson, R. H. Stolen, and C. V. Shank, J. Opt.
Soc. Am. B 1, 139 (1984).

15. H. J. Lehmeier, W. Leupacher, and A. Penzkofer, Opt.
Commun. 56, 67 (1985).

16. A. Dalgarno and A. E. Kingston, Proc. R. Soc. London
Ser. A 259, 424 (1966).

17. R. Trebino, K. W. DeLong, D. N. Fittinghoff, J. N.
Sweetser, M. A. Krumbiigel, B. A. Richman, and D. J.
Kane, Rev. Sci. Instrum. 68, 3277 (1997).



