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Abstract

Long-term stability of a laser system is crucially important for applications such as ultrafast laser spectroscopy.
Unfortunately, this topic received little attention in novel pulse compression schemes. Through the ultra-stable beam
pointing of the 50 kHz laser system, the long-term stability of nonlinear pulse compression (NPC) was measured for
up to 17 hours at different peak powers in a fiber core. The required spectral broadening was achieved in large-
mode-area photonic-crystal-fibers with linearly and circularly polarized light. The optimal parameters of a NPC
system operating close to the fundamental limit of the critical self-focusing peak power were found. A further
compression to sub-10 fs pulses in a second fiber stage is also discussed.

Keywords: Nonlinear pulse compression; Regenerative amplifier;
Photonic crystal fiber; Self-phase modulation; Kerr-effect

Introduction
Nonlinear pulse compression (NPC) is a well-known technique. In a

first step, the optical and width is increased, typically with a nonlinear
interaction such as self-phase modulation (SPM). Thereafter, the pulse
duration is strongly reduced by a linear dispersive compressor. By NPC
the shortest light pulses were generated approaching the fundamental
limit of a single wave cycle using different spectral broadening
platforms (bulk, solid-core and gas-filled waveguides) depending on
laser input parameters [1-5], which enabled new experiments and a
new field of physics, the attosecond science [6]. Ytterbium lasers in
combination with NPC provide ultrashort pulses at increasingly higher
repetition rates and pulse energies [5,7-14]. However, the main open
question is the long-term stability of NPC, especially when operating
close to the fundamental limit of the critical self-focusing peak power.

We have performed the long-term stability measurements of NPC
with the spectral broadening in solid-core large mode area (LMA)
photonic-crystal-fibers (PCF), because such a setup is simple and can
be easily implemented into a more complex laser system required for
different ultra-short applications. One example is an electron pulse
characterization by a streaking of electron pulses in infrared or
terahertz fields [15]. For terahertz pulse generation, picosecond pulses
emitted by Yb: YAG amplifiers are optimal [16,17], however
significantly shorter electron pulses and thus shorter pulses of a laser
field are preferred in the experiment. Another example is high-power
Yb-frontend optical parametric chirped pulse amplifiers (OPCPA). The
pulse duration of 1 ps is optimal to pump an ultra-short OPCPA [18].
A broadband seed, however, should be generated from a narrowband
Ytterbium amplifier output. It is well known, that shorter pulses have
clear advantages for generating powerful and stable white-light super
continuum [19-24].

Materials and Methods
The theory behind SPM is well known. spectral broadening can be

calculated according to equation 1 [25]:

S (ω) = |Ũ (L,ω)|2,

= | F {U (, )eiϕNL(L,T) }|2

where S (ω) is the output spectrum, U(0; T) is the input field
amplitude, L is the fiber length, T is the time with respect to a frame of
reference travelling at the group velocity of the pulse, and (L; T) is the
nonlinear phase as induced by self-phase modulation [25]:���(�,�) = �(0, �) 2��0�,

Where γ is the nonlinear parameter and P0 is the peak power. The
fundamental limit of the technique is given by the critical self-focusing
peak power of fused-silica: 4 MW for linear and 6 MW for circular
polarization [11,26,27]. In this paper we investigated in detail the
dependence of the long-term stability on the peak power when
operating close to the critical self-focusing peak power in the fiber
core. After the spectral broadening, the pulse duration is strongly
reduced by a linear dispersive compressor. We calculated the group
delay dispersion (GDD) of a linear dispersion compressor by summing
up the GDD of the fiber material and the GDD due to SPM similar to
[28]:

������ = � ⋅ �0216 ⋅ ��(2) ⋅ � ⋅ � ⋅ �2 ⋅ �0,
Where λ is the central wavelength of the laser; τ0 - the pulse

duration (FWHM); L - the fiber length; n2 - the nonlinear refractive
index of a silica-core fiber (no dopants inside the core) 2:36 × 1016
cm2/W [29]; I0 - the peak intensity of a laser pulse for the mode area at
1/e2 level. An assumption was made that only the temporal phase
changes during the propagation, whereas the temporal intensity stays
the same. This is valid because of long input pulses. The experiment
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was driven by an Yb:YAG regenerative amplifier [30]. The
experimental setup is shown in Figure 1a. A repetition rate of the laser
was adjustable from 50 kHz to 300 kHz with the measured 1.1 ps and
0.8 ps pulse duration, respectively. An introduced chirp before the
amplifier was compensated by a grating compressor optimized at 300
kHz repetition rate. The dependence of the pulse duration on the
repetition rate was not investigated in details. Presumably, it can be
explained by thermal changes of air-cooled transmission gratings of
the compressor operating at high average power. For the NPC
experiments, 50 kHz was chosen, because of forthcoming electron
diffraction experiments. Such a compromised repetition rate reduces
thermal effects of thin films under study while allowing to collect
enough data during an hour-scale period.

Figure 1: (a) NPC setup. Lasers: Yb:YAG thin-disk regenerative
amplifier (20 W at 50 kHz, pulse duration 1 ps, beam diameter 38
mm at 1/e2 level), coupling-lens (focal length 75 mm), fiber. NKT
Photonics LMA-35 fiber, collimating lens (focal length 18 mm),
chirped mirror compressor (22 reflection, average value of GDD
-540 fs2/reflection in the spectral range from 980 nm to 1060 nm),
(b) Fiber cross-section, (c) Coupled mode in near-field, (d) coupled
mode in far-field.

A small part of the amplifier output (maximally 2%, 400 mW, due to
the critical self-focusing limit of a fiber) was focused into a LMA PCF
(LMA-35, NKT Photonics, and Denmark). The rest of the power was
used for experiments described in [30]. To match the mode of the fiber
the required focal length and the numerical aperture of the coupling
lens were calculated using the ABCD matrix. The complex q parameter
of the laser beam was evaluated by measuring the beam diameter (at
1/e2 level) with a beam profiling camera within a certain distance
(Figure 1b). The laser beam (38 mm in diameter at 1/e2 level) was
coupled into the fiber by a 75 mm Plano-convex lens. The end-facet of
the fiber was imaged by another lens (achromatic, focal length ≈ 18.4
mm) on the beam profiling camera to optimize the coupling. In order
to avoid birefringence in the fiber due to stress induced by mounting,
the fiber was freely lying in a V-groove mount fixed on a xyz
translation stage (NanoMax, Thorlabs, USA). Commercially available
solid core LMA fibers are limited to a mode field diameter (MFD) of

26 μm (LMA-35 fibers [31]), defining thus our choice of the fiber and
the range of pulse energies. The near-field image of the coupled light in
the fiber core is shown in Figure 1c. The coupling monitored by the
near-field imaging was stable within days because of an implemented
integrated active beam stabilization system (Aligna, TEM Messtechnik,
Germany). Also, thermal drifts can be excluded in our experiments,
because the input average power of the laser was low. The coupling
efficiency into the fiber core was 77%. We calculated this number as the
ratio of the power, when the cladding modes where blocked by a
pinhole placed at the near-field image of the fiber end-facet, and the
total output power. The result agreed well with the additional
measurement in the far-field without a pinhole, when the cladding-
modes were blocked by the optical mounts. A quarter-wave plate
placed before the coupling lens was used as an optional element in the
setup for transforming the polarization from linear to circular. The
polarization was transformed back by another quarter-wave plate after
the collimating lens. Pulses were compressed with a chirped mirror
compressor with -540 fs2 GDD per reflection in the spectral range
from 980 nm to 1060 nm.

The aim of the experiment was to generate as short as possible
pulses of highest pulse energy, with its stable operation for several
hours. We started with a short 35 mm piece of the fiber, because in
general, the shorter the fiber, the higher pulse energy can be coupled in
order to realize the same transform-limited pulse duration
corresponding to the output spectrum. Below in the text, we used the
value of a transform-limited pulse duration to characterize broadened
spectra resulted from SPM. For the long-term stability
characterization, the input power reference, the output power and the
spectra were simultaneously measured. We conducted long-term
stability measurements with increasingly longer fiber pieces and thus
lower pulse energies necessary for producing the same spectral
bandwidth, in order to find the optimal conditions. Some minor
fluctuations within 2 minute period were visible as the result of a laser
cooling system [30]. A home-made second harmonic generation
frequency resolved optical gating (SHG FROG) device was used to
characterize compressed pulses.

Results and Discussion
Experimentally we reached the critical self-focusing peak power

both with linear and circular polarization with a 35 mm fiber piece. To
the best of our knowledge, the critical self-focusing peak power was
reached only in fibers of a significantly larger MFD: 60 m [11,32] and
75 m [33]. Numerical simulations show that the peak power close to
the critical self-focusing limit can be achieved only in LMA fibers with
MFD more than 40 m [27], whereas in fibers of smaller diameter
damage occurs due to other fundamental mechanisms occurring at
lower values. We have not observed any abrupt fiber damage at critical
self-focusing limit but rather output power degradation (Figure 2). The
output pulse energy decayed with a significant rate of 8 nJ per minute
at slightly lower level (3.4 MW) than the critical self-focusing peak
power for linear polarization. As a result, after 75 minutes the output
dropped by 15%. Output decay was recorded also with an 80 mm long
fiber. The output pulse energy decreased by 3% in the first 60 minutes
and stayed almost steady thereafter. However it decreased additionally
by 5% in the following 16 hours. With a 100 mm long fiber, no decay
was observed both with linear and circular polarizations. The output
pulse energy with a 100 mm fiber and circular polarization was as high
as with an 80 mm fiber and linear polarization. We have measured the
output power daily with a 100 mm fiber and circular polarization and
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noticed an almost negligible reversible drop in the output, which is
expectable for a common free-space coupling into the fiber.

The pulse-to-pulse stability was additionally measured with a photo-
diode and an oscilloscope. The pulse-to-pulse stability within a short
time span (10 ms) was 1.1% rms for input pulses and 1.2% for the
output with a 100 mm long fiber both with linear and circular
polarizations.

Figure 2: Output pulse energy within 2.5 hours for the same spectral
broadening (transform-limited pulse duration: 66 fs), but different
fiber lengths: 35 mm, linear polarization (LP); 80 mm, Lp; 100 mm,
LP and circular polarization (CP).

The polarization extinction ratio (PER) of the input beam was 31
dB, whereas the output beam continuously degraded with energy,
down to 14 dB. The PER of the spectral broadened output is lower than
of the input, because SPM also results into a nonlinear polarization
rotation [25,34]. The PER was lightly improved by 3 dB with a quarter-
wave plate, by rotating the plate 10 degrees. A half-wave plate
additionally added a slight improvement of 0.6 dB. For these
measurements, we used zero order retardation plates. This observation
let us conclude, that not only the nonlinear polarization rotation, but
also a depolarization happened in the fiber. No difference in the PER
value was measured achieving the same spectral bandwidth with linear
and circular polarization in the fiber, because the degradation of the
PER depends on the effective electromagnetic field. The PER value of
the output (14 dB) was still good enough to use the beam without
significant losses.

The validity of the equation 3 was checked firstly for linear laser
polarization and 1.5 J pulse energy in the fiber core. The dispersion
introduced by SPM was found to be 6066 fs2. Chromatic dispersion has
two parts: 1900 fs2 in a 100 mm fiber piece and 1620 fs2 in two non-
polarizing beam splitter cubes (N-BK7 glass) mounted in the SHG
FROG device, with the sum of the lengths equal to 50 mm. The total
calculated dispersion value reached 9586 fs2. The shortest pulses were
measured with 22 bounces. The experimentally found value of the
introduced GDD for realizing the shortest pulses was 11880 fs2, which
deviated by 20% from the calculated value. The discrepancy between
the measured and the calculated dispersion can be attributed to the
accuracy in the GDD value of the chirped mirrors. During the
propagation in the fiber, as the spectral bandwidth increases, the input
pulse intensity decreases due to the chromatic dispersion. This was not
taken into account in the calculations. However, for long (1 ps) input
pulses, the GDD due to SPM contributed more than 50% to the total

linear compression dispersion. This simple estimation can be used for
evaluating the required GDD, making the first compressor design steps
significantly easier. As the next step, we have found experimentally that
the amount of the necessary GDD for linear and circular polarizations
were the same for similar spectral broadening. The reconstructed pulse
had duration of 70 fs (FWHM), whereas the transform-limited pulse
duration calculated from the measured spectrum was equal to 66 fs.
The main peak contained about 57% of the pulse energy. The total
compressor efficiency reached 67%, since the reflection per bounce was
98.2%. The total pulse energy was 1.4 J after the compressor and some
optics (5 silver mirrors, 2 AR-coated lenses of a telescope, and a thin--
polarizer) in a linear s-polarization.

“Red-light” output was observed, when a certain spectral bandwidth
was reached (supporting 53 fs). Spectral measurements indicated that
not only light in visible, but also additional spectral components in
infrared were generated (Figure 3a). Following [35], degenerate four-
wave-mixing (DFWM) in the fiber was the reason, because LMA-35
can provide phase matching for signal and idler wavelengths with
more than two octaves of separation in the spectrum, since chromatic
dispersion of the fiber with such a large core almost equals dispersion
of bulk [25]. Additionally, a short fiber length and long input pulses are
advantageous for a good overlap of the modes of the interacting waves.
A clear indication for DFWM are the peaks at 854 nm and 1251 nm
(Figure 3a, blue line), which can be explained by 1015 nm + 1015 nm
→ 854 nm + 1251 nm. With a 35 mm piece of fiber “red-light” was
observed at 4.1 MW peak power for linear and at 5.8 MW peak power
for circular polarization, whereas with a 100 mm fiber at 1.9 MW for
linear polarization. After about 30 minutes after its appearance, the
“red-light” disappeared. The long-term stability measurements
indicated the total output degradation (Figure 3b). We also tried a 100
mm fiber with end-caps. For the fiber with the end-caps, “red-light”
generation was observed at the same threshold indicating that the
process happens in the fiber but not on its facets. Also, the long-term
stability was not improved by using the end-caps. The output power
degradation observed was similar to the Type I damage of a dielectric
material associated with a permanent change of refractive index due to
generated electron hole plasma produced by multiphoton band-to-
band transitions [36].

The optimal peak power in the fiber core at 50 kHz repetition rate
was 1.8 MW using circular polarization. A systematic study of the
long-term stability at MHz repetition rate was not reported. Two
di_erent regimes of material modification have been identified in
writing optical waveguides in glass - the low repetition rate regime
(<200 kHz) and the high repetition rate regime (>1 MHz) [37]. In the
latter thermal diffusion and cumulative effects is of major importance.
We believe that similar regimes can be identified regarding the long-
term stability.

In order to reach a spectrum supporting few-cycle pulses, a second
fiber stage was considered. However, due to the critical self-focusing
peak power only a fraction (30%) of the total output could be used. We
considered chirped pulse NPC in the second stage. However, the
approach was unsuccessful, because the generated modulated spectral
shape leads to a complicated temporal profile of chirped pulses. The
same spectral components are generated due to SPM at different time,
since the change in refractive index depends on temporal pulse
intensity (I) in the following way: dn(I)=dt = n2.dI=dt. This results in a
complicated spectral phase of a SPM spectrum, which is hard to
compensate. Even if the input pulses were transforming limited, they
would get chirped significantly when propagating in the fiber. An
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alternative promising approach for achieving an octave-spanning
spectrum and sub-10 fs pulses with 1 ps input pulses is white-light-
generation in crystals with compressed sub-100 fs pulses out of the
fiber NPC stage.

Figure 3: Spectra of SPM and FWM at 2.0 J output and 2.3 J output
pulse energy (a) long-term stability at 2.0 j output (b) with a 100
mm fiber.

Conclusion
In conclusion, we demonstrated a long-term stable 70-fs 1.4 J pulses

realized with one-stage nonlinear pulse compression of the output of
an 1-ps Yb:YAG regenerative amplifier. The optimal peak power in the
fiber core was 1.8 MW using circular polarization at 50 kHz repetition
rate.
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