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Abstract:  We report on pulse compression using a hollow-core photonic
band-gap fiber filled with Xe. Output pulses with megawatt peak powers
and durations of 50 fs have been generated from 120-fs input pulses.
The large third-order dispersion inherent in these fibers degrades the
optimal compression ratio and prevents generation of even shorter pulses.
Nevertheless, for picosecond input pulses, compression to less than 100 fs
is predicted.
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1. Introduction

Photonic band-gap fibers (PBGFs) have attracted significant interest since their first realization
[1] and have started to find their way into applications once low-loss versions were devel oped
[2, 3]. A photonic band gap is formed by the the two-dimensional structured cladding, which
enablesguiding in alow refractiveindex region (air, vacuum). Thiscan lead to areductionin the
total fiber nonlinearity by more than 1000 times as compared with conventional silica-core step-
index fiber [4, 5]. Waveguide dispersion dominates the total dispersion and is anomal ous over
most of the transmission window [4], which in combination with the low nonlinearity allowsfor
the generation of megawatt optical solitons [4, 6]. As aresult of the much smaller nonlinearity
and larger damage threshold as compared with conventional fibers, PBGFs emerge as a viable
alternative for high-energy pulse delivery [7]. By filling the fiber core with gases other than
air, PBGFs could find applications in nonlinear and quantum optics of molecular and atomic
gases since extremely long interaction lengths can be achieved. Non-self-frequency shifted op-
tical solitons were observed in xenon [4], vibrational [8] and rotational [9] stimulated Raman
scattering with low threshold was reported in hydrogen, highly efficient four-wave-mixing in
air was demonstrated [10], and electromagnetically-induced transparency was observed with
acetylene [11]. Self-channeling of subgigawatt femtosecond pulses hollow-core PBGFs was
reported [12].

Generation of short pulses has always been of great scientific and technological interest. A
well-known technique for compression of ultrashort pulses is based on the propagation dy-
namics of higher-order solitonsin optical fibers[13]. When a pulse with sufficiently high peak
power propagates in a medium with anomalous group velocity dispersion, dispersive effects
can balance the effects of self-phase modulation and a fundamental soliton is formed. At suffi-
ciently high input powers, higher-order solitons are formed resulting in oscillatory evolution of
the temporal shape and spectrum of the pulse [13]. At the beginning of each period, the pulse
undergoes significant compression [14] which depends on the soliton order. With appropriate
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choice of fiber length, the output pulse can be significantly shorter than that at the input [14].
Since the wings of the pulse are not as well compressed as the central part, the compressed
output pulse lies on a broad pedestal, which is a small fraction of the total energy [13]. The
effects of higher-order dispersion [e.g. third-order dispersion (TOD)] and other nonlinearites
(e.g. Raman scattering) become important when using femtosecond pulses, and athough the
periodic pulse evolution no longer occurs, temporal narrowing still takes place. Intrapulse Ra-
man scattering shifts the soliton portion of the pulse envelope towards longer wavelengths and
temporally separatesit from the dispersive wave which resultsin pedestal-free short pulses[15].
TOD leads to oscillatory structure at the back end of the pulse and significantly degrades the
optimal compression ratio [16]. It was shown [19] that the combination of negative TOD and
intrapulse Raman scattering results in an increase in both the optimal compression ratio and in
the peak power of the compressed pulses.

Another approach used for generating of short pulses involves a waveguide with normal
dispersion followed by a dispersive delay line [20]. The nonlinear process of SPM in the
waveguide broadens the pulse spectrum and, the dispersive delay line provides anomalous dis-
persion and compresses the pulse. Hollow-core waveguides filled with noble gases [21] are
used for compression of femtosecond pulses with energies in the range of 50 uJ to 500 uJ,
and compression of 400 nJ femtosecond pulses has been demonstrated with large-mode-area
microstructured fibers [22].

Soliton compression in single-mode silicafibersis limited by the material damage threshold
to pulse energies of afew nJ. The large diameter of the hollow capillaries used for pulse com-
pression restricts the application of this technique to greater than 50 microjoule pulse energies.
Here, we propose to use a hollow-core PBGF for soliton compression of pulses with energies
in the region (10 nJto 500 nJ) which bridges the gap between the other two techniques. In com-
parison with the hollow capillary scheme, PBGF provides the necessary anomal ous dispersion
for self-compression and there is no need to use a grating (prism) dispersive delay line.
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Fig. 1. The experimental setup.

In this paper, we report on soliton compression by more than a factor of two of megawatt
pulsesin Xe-filled PBGF. High fidelity pulses with widths of 50 fs and energies of 225 nJwere
measured. The inherent large third-order dispersion of PBGFs degrades the optimal compres-
sion ratio. Our numerical simulations indicate that with these fibers, picosecond input pulses
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can be compressed to less than 100 fs and thus allows for the possibility for soliton compression
of pulsesin 10nJ - 500 nJ regime.

2. Experiment

The experimental set-up is shown on Fig. 1. A regenerative amplification system (Hurricane,
Spectra Physics) seeded by a Ti-sapphire oscillator pumps an optical parametric amplifier
(OPA) that produces 100-fs pulses which are tunable in the range from 1100 to 1600 nm. We
place a 24-cm-long piece of a Corning PBGF [2] inside a cell, which is evacuated for a few
hours and then filled with Xe to a pressure of 4.5 atm. The input beam was coupled into the
fiber with 10X aspheric objective (NewFocus), and the coupling efficiency is about 50%. The
input pulses centered at 1470 nm are nearly transform limited (time-bandwidth product of 0.47,
assuming a gaussian shape).
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Fig. 2. (a) Measured autocorrelation traces as functions of pulse energy for a gas pressure
of 4.5 atm, and (b) the autocorrelation width as a function of pulse energy.

The output pulse duration and spectrum are measured as functions of pulse energy. In Fig.
2 we plot a sequence of intensity autocorrelation traces for different pulse energies where the
first trace is the autocorrelation trace of the input pulse. The narrowing of the autocorrelation
trace indicates that the pulse undergoes temporal compression. For an energy of 225 nJ, the
pulse width is half that of the input pulse (see Fig. 3a). The corresponding output spectrum
is shown in Fig. 3b. We repeated the same measurements at a pressure of 9 atm and measured
slightly greater compression (Fig. 3c and Fig. 3d). The observation of short-wavelength features
dightly outside the transmission gap of the fiber is due to the fact that we are using arelatively
short length of the fiber in our experiment, and thus frequency components outside the gap
are not completely attenuated. As the pulse energy is increased, additional sidelobes in the
autocorrelation trace are observed, which indicate the occurrence of pulse splitting associated
with higher-order soliton formation.

3. Theory

We model pulse propagation inside the fiber using the one-dimensional nonlinear envelope
equation with the inclusion of higher order dispersion and nonlinear terms. For the normalized
amplitude u(zt) = A(zt)/Ao, where A(zt) is the electric-field envelope and Ay is the peak
amplitude of the input pulse, the propagation equation can be written as[23]

du & 1 Lgs 0"u . i a
-5 = ;—(')” ! dfn>n+|(1+) P, @
0§ £ niLi ot wWoTp 0T
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Fig. 3. Input (blue line) and output (red line) autocorrelation traces (a) and (c), and spectra
(b) and (d) for apulse energy of 225 nJ at gas pressure of 4.5 atm and for a pulse energy of
315 nJat 9 atm, respectively.

where T = (t —z/vy)/Tp is the retarded frame time normalized to the input pulse width (tp),
y is the central frequency, ij';) = Tp/Bn isthe n"-order dispersion length, Lgs is the disper-
sion length, and & = z/L s isthe normalized distance. In our simulations we include dispersion
constants (3,) up to the fourth order. The values, B, = —182 fs?/cm, B3 = 5000 fs®/cm, B4 =
12000 fs*/cm are taken from our previous experimental data[4]. In general, the nonlinear po-
larization p" includes both instantaneous and non-instantaneous (i. e. Raman) contributions.
Recent studies of the nonlinear properties of this fiber [5] show that the effective fiber nonlin-
earity is primarily due to the Xe gas (n, = 8.1 x 10719 cm? /W [24]), resulting in the absence
of a Raman contribution to the nonlinear refractive index. Calculated spectra and autocorrela
tion for pulses with energies of 225 nJ and at a pressure of 4.5 atm are shown in Fig. 4. We see
good agreement between the measured and cal culated autocorrelations. Note that the cal culated
spectrum does not match well the measured one. We believe this is due to the fact that in our
simulations we did not model the existence of the band gap and the calculated spectrum has
features that are well outside the transmission window.

To underline the detrimental effect of third-order dispersion on the compression ratio, we
compare in Fig. 5 the calculated output pulse intensity for the real case and when the third-
order dispersion is neglected. Third-order dispersion leads to oscillatory structure at the pulse
tail and splits the main peak in two. From these simulations, we believe that in our experiments,
the broader central peak of the autocorrelation is aresult of this oscillatory structure.

Nevertheless, we expect that by using pulses in the picosecond regime, far higher com-
pression ratios should be possible. The severe effect of third-order dispersion is reduced, as

seen from the ratio of the dispersion lengths in the nonlinear envelope equation, Lgs/ Lf;) =
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Fig. 4. Calculated (blue line) and measured (red line) autocorrelation (a) and spectrum (b)
for apulse with an energy of 225 nJ and for agas pressure of 4.5 atm in the fiber. The black
linein (b) is spectral attenuation of the fiber. The rise of the experimental spectrum at 1700
nm is a feature of the background level of the spectrometer.

B3/ (B2Tp), which depends inversely on the pulse duration. Our simulations show that a pulse
with an initial temporal duration of 1 ps and 20-nJ pulse energy can be compressed to 160 fs
over 6 meters of this fiber at 4.5 atm gas pressure. If the input pulse energy is 210 nJ, 10th-
order-soliton can be generated and compression down to 65 fsis expected (Fig. 6).

4, Conclustion

In conclusion, we demonstrate soliton pulse compression of megawatt pulses in the 1500-nm
regimein Xe-filled PBGF with high fidelity and with energies as high as 225 nJ. The large TOD
of these fibers degrades the optimal compression ration to a factor of 2.4 and further increases
in the pulse energy leads to pulse splitting. In order to achieve higher compression ratios for
femtosecond pulses, efforts need to be made to reduce the TOD in these fibers. However for
picosecond input pulses, compression ratios greater than a factor of 10 can be achieved, and
thus this scheme should enable compression of such pulsesin 20-300 nJ regime.
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Fig. 6. Calculated autocorrelation for an input pulse (blue) with temporal duration of 1
ps and pulse energy of 210 nJ and the calculated output pulse autocorrelation (red) after
propagation over 6 meters of thisfiber.
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