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Wedemonstrate a simple approach for broadening and compression of intense pulses atmegahertz repetition rates by
self-phase modulation in nonlinear photonic crystal fibers. In order to avoid damage by self-focusing, we positively
chirp the input pulses, which allows coupling of significantlymore energy into the fiber, whilemaintaining the same
spectral bandwidth and compression as compared to the Fourier-limited case at lower energy. Using a commercial
long-cavityTi:sapphire oscillatorwith 55 fs, 400nJpulses at 5MHz, we generate 16 fs, 350nJpulses,which is a factor of
4 more energy than possible with unchirped input pulses. Self-phase-modulated spectra supporting 11 fs duration
are also shown with 350nJ pulse energy. Excellent stability is recorded over at least 1 h. © 2011 Optical Society of
America
OCIS codes: 140.7090, 190.4370, 320.1590, 320.5520.

At megahertz repetition rates, the generation of sub-15-fs
laser pulses with hundreds of nanojoules of single-pulse
energy represents a challenging task, but a variety of ap-
plications, such as ultrafast spectroscopy, diffraction
with single electrons [1], high-harmonic generation [2],
resonant plasmonic field enhancement [3], and material
processing [4,5], would profit from the increased signal-
to-noise ratio, total flux, or reduced measurement and
processing time. One approach for generating short and
intense pulses at megahertz repetition rates is the use of
noncollinear optical parametric amplifiers (NOPAs);
the typical achievements at 800 nm are 400 nJ, 15 fs at
1–2MHz [6–8]. Noncollinear optical parametric ampli-
fiers offer some advantages, such as spectral tunability,
but also suffer from a certain complexity as a result of the
several nonlinear conversions to be combined. Alterna-
tively, intense pulses at megahertz repetition rates can
also be produced by long-cavity oscillators [9], fiber am-
plifiers [10,11], or Innoslab amplifiers [12], but the pulse
duration is so far only ∼40 fs to 1 ps in these systems.
Directly reaching shorter durations seems currently

not feasible, and an external pulse compression stage
is therefore required. An efficient way is to couple the
laser beam into a solid single-mode fiber for spectral
broadening by self-phase modulation [13] and subse-
quent chirp compensation [14–18]. However, a central
limitation is the damage caused by self-focusing in the
front part of the fiber. This limits the maximum amount
of single-pulse energy that can be coupled into the fiber.
Self-focusing is mainly caused by peak power but not

by intensity. This should allow prevention of damage by
using the well-known concept of chirping [19]. Making
use of the longer duration of chirped pulses, the peak
power decreases, and we can couple more energy into
the fiber before self-focusing starts (see Fig. 1). Our ap-
proach is based on fibers with normal dispersion, in or-
der to avoid solitonic and Raman processes that can
make the output incompressible. This regime requires
positive chirp, because negative chirp will result in spec-
tral narrowing [20], or broadening only after an inter-
mediate temporal focus somewhere in the middle of
the fiber [21]. The question that remains is whether we

can achieve the same extent of spectral broadening and
compression as compared to conventional, unchirped in-
put pulses. In the following we demonstrate that this is
indeed the case and show that compressed output pulses
of significantly higher energy can be generated as with-
out chirping.

Our femtosecond laser source at 5MHz repetition rate
is a commercial chirped pulse Ti:Sa oscillator (Scientific
XL, Femtolasers GmbH) with an output of 500 nJ and
55 fs at 800 nm central wavelength. The high intracavity
energy requires operation of the oscillator in the positive
dispersion regime [9]; hence, the pulses are positively
chirped at the output coupler. An extracavity prism com-
pressor is therefore included in the commercial laser sys-
tem. Translation of the prisms enables us to positively or
negatively chirp the system’s output pulses.

For the studies reported here, we used a tunable at-
tenuation stage, consisting of an achromatic half-wave
plate and a polarizer. A Faraday isolator is used to pro-
tect the laser’s mode locking from backreflections from
the fiber surface. By rotating the half-wave plate, an ad-
justable energy range of 0–400 nJ is thus provided with-
out changing the chirp. For spectral broadening we
selected a commercial large-mode-area photonic crystal
fiber from NKTPhotonics (LMA-25, Thorlabs) with a
mode field diameter of 20 μm and a zero-dispersion wave-
length of ∼1300 nm. The LMA-25 fiber lies freely in a
self-made V-groove holder that is placed onto a three-
axis translation stage. A fiber length of 30mm was used
[14,15]. For our beam diameter of about 3mm, we
selected antireflection-coated aspherical lenses with f ≈

50mm for focusing (L1) and with f ≈ 20mm for col-
limation (L2). Compression is achieved by using dou-
ble-angle chirped mirrors [22], which were designed

Fig. 1. (Color online) Concept of chirped pulse compression.
A megahertz laser’s output pulses are stretched before entering
a nonlinear fiber (PCF). This avoids self-focusing and provides
significantly improved output energies.
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for a bandwidth from 680 nm to 890 nm and for −100 fs2

per reflection, without compensation of higher-order dis-
persion. We used 24 reflections in combination with sev-
eral millimeters of quartz blocks and wedges for fine
tuning, resulting in a total transmission of >90%. Note
that the output energy values given below are measured
after the collimating lens and are to be reduced by 10%
for the compressed pulses. The compressed pulses are
characterized by interferometric autocorrelation (Femt-
ometer, Femtolasers GmbH). The total setup of spectral
broadening and compression covers a space of only
35 cm × 65 cm.
First, we investigated the broadening of Fourier-

limited pulses (55 fs). The upper row of Fig. 2 shows
the results. We adjusted the input pulse energy close to
the damage threshold, resulting in an energy of ∼90 nJ.
Figure 2(a) shows the input spectrum (dotted) and the
broadened spectrum (solid); note the linear scale. The
transmission efficiency was 87% (∼78 nJ after the colli-
mating lens). The spectrum’s Fourier limit was 12:0 fs,
and the autocorrelation [Fig. 2(b)] indicated a pulse dura-
tion of 14:5 fs.
The lower rowof Fig. 2 shows the results for a stretched

input pulse. With the laser system’s prism sequence, we
positively chirped the pulses to a duration of ∼215 fs
(FWHM of the intensity). This made it possible to couple
in and broaden the full available pulse energy of ∼402 nJ
without damage. Output pulses with ∼352 nJ (average
power 1:76W) were achieved, which corresponds to a
transmission of 88%, similar to the unchirped case. This
represents a factor of 4 more energy as when using Four-
ier-limited input pulses. The spectrum [Fig. 2(c)] had a
Fourier limit of 14:5 fs, and the measured pulse duration
was 16 fs [Fig. 2(d)].
In both cases, chirped and Fourier-limited, the domi-

nant process for spectral broadening is self-phase mod-
ulation influenced by group velocity dispersion [14],
which is evident from the typical spectral shapes. The
two autocorrelations show side maxima that are an inevi-
table result of the spectral shape. The positions and
shapes of all side maxima in the range of �150 fs are
in very good agreement with calculated Fourier-limited
autocorrelations of the respective spectra. We attribute

the residual small deviations to the missing third-
order-dispersion correction of the fiber material. How-
ever, not much more higher-order chirp seems to be
induced by the chirped case as compared to the Fourier-
limited case. The similarity of the two spectra and auto-
correlations shows that chirped input pulses provide a
comparable broadening and compression, but at higher
energies. If, at a given chirp, the input pulse energy is
successively increased, the full spectral width of the
unchirped case can be recovered before the fiber gets
damaged.

Figure 3(a) shows the achieved output energy (trian-
gles) using different input pulse durations when the spec-
tral width of the Fourier-limited case is maintained. For
unchirped pulses, the input peak power was set to
around 75% of the self-focusing threshold, which resulted
in a spectrum extending from about 730 to 860 nm (Four-
ier limit ∼14 fs). For each input chirp value, we increased
the input power until a similar spectral broadening was
reached. At constant broadening (Fourier limit of ∼14 fs),
the achievable output energy (triangles) increased di-
rectly with the input pulse duration. In Fig. 3(b), we
plotted the resulting input peak power (solid diamonds),
which stayed always in the same, safe range below the
self-focusing threshold, computed for fused silica at
800 nm (dotted line) [23]. These two observations

Fig. 2. (Color online) Comparison of (a), (b) unchirped and
(c), (d) chirped broadening and compression.

Fig. 4. Long-term stability of the spectral shape in our chirped
pulse compression approach.

Fig. 3. Relation of input peak power to output energy at con-
stant spectral broadening (see text). The open diamond shows
the parameters for the 11 fs spectrum of Fig. 5.
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indicate that even higher output energies, in the micro-
joule regime, should be feasible with more input energy
in combination with a stronger input chirp.
We demonstrate an excellent stability of our approach

by recording the Fourier limit of a broadened spectrum
(input ∼286 nJ, transmission 88%) every 30 s (see Fig. 4).
The spectral shape and Fourier limit, as well as the out-
put energy, do not fluctuate or drift, although the fiber
was lying freely in the holder. No kind of cover or fiber
stabilization was necessary. The pulse-to-pulse energy
fluctuations of the output were ∼1% (RMS). In none of
our experiments was ablation or other type of direct da-
mage to the input surface observed. We could use the
same piece of fiber over many weeks. Also, the azimuthal
orientation of the fiber’s photonic structure was investi-
gated and found to be insignificant for the output.
In an additional measurement, we adjusted the chirp

quite close to the self-focusing threshold [see open dia-
mond in Fig. 3(b)], in order to see what spectral broad-
ening can be achieved with the full available power of our
laser system. With an input of ∼400 nJ, a chirped duration
of ∼155 fs, and an LMA-25 fiber of 29mm length, the broa-
dened output spectrum supported pulses of 11 fs dura-
tion (see Fig. 5). The output energy was ∼354 nJ, the
transmission 88.5%, and the average power ∼1:77W.
The peak power is ∼30MW. This spectrum was, like be-
fore, stable for at least 1 h. We expect that the sub-10-fs
regime can be reached at our oscillator’s full energy by
using a fiber with a somewhat smaller mode field dia-
meter. The higher intensity should lead to an increased
broadening at constant peak power.
The concept of chirped pulse compression is general

and should also be applicable to other broadening
schemes based on self-phase modulation. For example,
we expect direct advantages when compressing high-
energy pulses from kilohertz lasers in gas-filled hollow-
core fibers. At megahertz repetition rates, chirped pulse
compression is an attractive alternative to megahertz
NOPAs for generating extremely short pulses in the mi-
crojoule, 10 fs regime. Because of its simplicity, the com-

bination of a commercial chirped pulse oscillator with
our simple chirped pulse compression scheme will be
a convenient source of shortest pulses for applications.
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Fig. 5. (Color online) Approaching the 10 fs regime at full
energy (5MHz, input 400 nJ, output 354 nJ).
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