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Abstract

Post-compression of ultra-short laser pulses via self-phase modulation is routinely employed for the

generation of laser pulses with optical bandwidths reaching far beyond the laser gain limitations. While

high compression factors can be routinely achieved, the compressed pulses typically suffer from temporal

quality degradation. We numerically and experimentally analyze the deterioration of different measures

of temporal quality with increasing compression factor and show how appropriate dispersion management

and cascading of the post-compression process can be employed to limit the impact of this effect. The

demonstrated saturation of pulse quality degradation at large compression factors puts novel femtosecond

laser architectures based on post-compressed pico- or even nanosecond laser systems in sight.

1 Introduction

Femtosecond laser pulses are nowadays used for a
wide range of applications [1, 2]. Their produc-
tion typically relies on the generation inside a mode-
locked oscillator, followed by amplification and op-
tionally frequency conversion or post-compression.
The latter enables the temporal compression of am-
plified laser pulses, surpassing the bandwidth lim-
its of amplifier gain media. The wide spectra re-
quired to support ultra-short pulses can be gener-
ated by taking advantage of the optical Kerr ef-
fect, causing an intensity-dependent refractive in-
dex. This nonlinear effect in turn results in the
modulation of the pulse’s temporal phase depending
on its amplitude shape and thus to spectral broad-

ening, a phenomenon called self-phase modulation
(SPM). While post-compression methods are widely
employed for decades, the quest for ultra-short pulses
at high peak and average power has pushed post-
compression technology to increasing compression
factors. In particular, the invention of the hollow-
core capillary/fiber, followed by very recent devel-
opments employing multi-pass cells have opened the
possibility to post-compress multi-100 fs or even pi-
coseond pulses at millijoule pulse energy to durations
reaching the few-femtosecond regime [3]. Industry-
grade, high-power picosecond ytterbium (Yb)-based
lasers can thus be directly converted into femtosec-
ond sources, making it possible to extend their high
repetition rate, power-scalability and reliability to ul-
trafast strong field physics [4, 5, 6]. Compressing the
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input pulse to less than a tenth of its original duration
in a single compression stage has been demonstrated
multiple times [5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15],
with a recent record approaching a compression fac-
tor of 40 in a single compression stage [5].

A common drawback of post-compression is the
degradation of the pulse’s temporal quality induced
by modulations of the spectral amplitude and higher-
order phase contributions, which typically remain af-
ter compression. These effects cause pre- and post-
pulses, which can easily reach more than 10% of the
peak power of the main pulse [16]. A few tech-
niques have been developed to address the problem
of temporal quality degradation in post-compression
including input pulse shaping [17] and pulse cleaning
methods. In particular, third-order nonlinear effects
that preserve the fundamental wavelengths, such as
nonlinear elliptical rotation (NER) or cross-polarized
wave generation (XPW), have been demonstrated be-
fore as effective pulse cleaning tools. In fact, NER can
be used in the same spectral broadening setup, to si-
multaneously broaden the spectrum while improving
the temporal contrast [18, 19]. However, NER mostly
affects the contrast of the initial pulse, and not the
strong pre- and post-pulses which appear after re-
moving the SPM-induced chirp. Other pulse clean-
ing methods rely on the usage of frequency doubling
[20], saturable absorbers [21] or simply on spectral
filtering [22]. Most of these methods come with a
considerable reduction of pulse energy. Since an in-
crease in peak power is one of the main purposes for
post-compression, such techniques are not ideal, as
one limits the potential increase of peak power.

In this work, we explore the link between tempo-
ral quality degradation and high compression factors.
We use a generalized model for post-compression to
numerically show how different measures of tempo-
ral quality inevitably degrade with increasing SPM-
induced spectral broadening factor, reaching satura-
tion if suitable dispersion management is applied. We
then verify our key observations experimentally using
gas-based post-compression of mJ-class pulses. Fi-
nally, we outline a scheme enabling to maintain good
temporal quality at high compression factors utilizing
cascaded spectral broadening stages.

2 SPM broadening and tempo-

ral quality

2.1 SPM broadening

For common post-compression scenarios with negli-
gible impact of linear dispersion during the spectral
broadening process, the post-compression process can
be split into two steps. First, an initial nonlinear
step where SPM-induced spectral broadening is the
main physical effect, and second, a linear compres-
sion step where the chirp induced by SPM is re-
moved/optimized. The first step changes the spec-
tral intensity while keeping the temporal shape al-
most the same, while the second step changes the
temporal shape while keeping the spectral intensity
constant. These two steps can be combined into one
equation:

Eout(t) = F−1

[

F
[

Ein(t) exp(iB|Ein(t)|
2)
]

× exp
(

i
γ

2
(ω − ω0)

2

)

]

, (1)

where F denotes the Fourier transform from time t to
angular frequency ω and F−1 is the inverse. E(t) rep-
resents the complex-valued temporal pulse envelope,
written as the electric field’s analytic signal represen-
tation [23]. SPM is expressed in the first exponential
term, where B denotes the strength of the Kerr non-
linearity experienced by the pulse. We can normalize
the value of the pulse intensity |E(t)|2, such that B

equals the phase change at the peak of the pulse in
radians, typically referred to as the B-integral [3].
Linear compression, where mostly linear chirp is ad-
justed, is commonly done using negatively chirped
mirrors or grating compressors. The linear chirp, also
referred to as group-delay dispersion (GDD) can be
written as a quadratic phase in the Fourier domain,
denoted as γ. The variable ω refer to the angular fre-
quency, with ω0 being the central angular frequency.
To maintain the general applicability of the model,

and the corresponding findings, we keep the model
as simple as possible. Depending on the post-
compression technique and parameter regime used,
spatio-temporal effects and other nonlinearities have
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gating (FROG) can provide the exact shape of
the primary and secondary peaks [23]. However,
spectrogram-based techniques typically provide only
a limited temporal dynamic range, which can lead to
an overestimated peak power if a weak but possibly
long pedestal cannot be resolved. For this purpose,
other techniques such as third-order autocorrelation
can provide an improved dynamic range [30, 31].

3 Temporal quality degrada-

tion at high compression fac-

tors

3.1 Asymptotic degradation

Using the generalized treatment of pulses indepen-
dent of the initial width and wavelength introduced
in the previous section, we simulate post-compression
of a Gaussian input pulse at different compression
factors. The different measures of temporal qual-
ity are then extracted, and summarized in Fig. 3.
For each measure, two cases are shown: first, the
Fourier-limited case, where the SPM-induced phase
has been set to zero after spectral broadening, and
second, the case where only the GDD is optimized.
Optimal GDD removal is determined by maximizing
the peak power of the compressed pulse. The continu-
ous degradation of the temporal quality with increas-
ing compression factor can be clearly observed for the
second case. However, for the FTL case, the degrada-
tion slows down and approaches an asymptotic value
of 10% for the intensity ratio (gray dashed line in
Fig. 3(a)). The energy ratio reaches about 70% at
a compression factor of 100, showing a further slow
decrease to about 65% at a factor 1000 (not shown).

Because of the saturation effects observed for the
temporal quality degradation for pulses compressed
to the FTL, the peak power boost continuously in-
creases in a linear fashion even at high compression
factors. This is a clear indication that higher-order
chirp becomes less tolerable at high compression fac-
tors and the need for better phase compensation tech-
niques becomes more important.
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Figure 3: (a) Energy ratio, intensity ratio and (b)
peak power boost, plotted as functions of the com-
pression factor at FTL. All measures are shown for
two compression scenarios considering FTL (solid
lines) and GDD-optimized (dashed-dotted lines)
pulses.

3.2 Dispersion compensation

We now extend the simulation results shown in Fig. 3
to cases where the GDD is not optimally removed.
The effect on the energy ratio and the actual com-
pression factor of the compressed pulse are displayed
in Fig. 4. Note that the actual compression factor
refers to the ratio computed from the FWHM of the
GDD-optimized pulse and not from the FWHM of
the FTL pulse.

The point of optimal compression is marked by a
dashed white line in Fig. 4(a). Interestingly, the en-
ergy ratio is higher when the pulse is not optimally
compressed. When the GDD is not sufficiently re-
moved, the temporal pulse shape remains closer to
the initial shape, which is a perfect Gaussian pulse.
And on the other hand, when too much GDD is sub-
tracted, multiple sub-pulses of similar height appear,
resulting in a large pulse duration and consequently
large integration bounds for computing the energy
ratio, covering most of the pulse’s energy. For very
large compression ratios, the wider spectrum makes
the pulse more sensitive to dispersion, and the pulse
again disintegrates into multiple subpulses. These re-
sult again in a lower energy ratio, which can be seen
at the top right corner of Fig. 4(a).
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Figure 10: Energy ratio (a), intensity ratio (b),
and peak power boost (c) resulting from a two-stage
broadening process, where C1 is the compression fac-
tor of the first stage and C2 for the second. In all
cases, the effective compression factor Ceff = C1C2

is equal to 50. The dashed lines represent the case
for single-stage (N = 1) broadening, where only the
GDD is optimized.

almost the same level as the FTL case for single-
stage compression. This shows that even without
using advanced pulse shaping techniques to remove
the higher-order chirp if large compression factors are
used, dual-stage cascading enables reaching a high
peak power boost. And if higher-order chirp can also
be removed for the cascaded compression, an even
higher peak power boost will be achieved.

An important factor which was so far neglected in
our discussion about cascaded broadening is arising
due to losses in particular in the compressor and pos-
sible coupling losses if fibers are employed. Naturally,
the overall losses will increase with N . For MPCs,
the transmission can reach above 90% [29], limited
only by the spatial quality of the beam and the re-
flectance of the mirrors used. Compressor losses can

also reach values below 5%, using efficient gratings
or chirped mirrors with high reflectivity. Assuming
a more modest transmission of 80% per stage, dual-
stage cascaded broadening will only result in a higher
peak power boost if the improvement is greater than
1/0.8 = 1.25. This is the case for compression factors
above 30, as shown in Fig. 11(b). If higher trans-
mission per stage can be achieved, this limit will be
moved further down to lower compression factors.
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Figure 11: (a) Peak power boost improvement of
dual-stage cascading (N = 2) compared to single-
stage (N = 1). (b) The ratio of the peak power boost
for N = 2 and N = 1, where only the GDD is opti-
mized for both.

4.2 Multi-stage cascading

As shown in Fig. 9, the pre- and post-pulses gener-
ated in the first stage are carried over into the subse-
quent stage. An interesting phenomenon occurs when
the cascading is implemented before the compression
factor is high enough such that these secondary pulses
appear. In this case, no secondary pulse will be car-
ried over, and the post-compressed pulse will have
a very smooth profile. However, in this case, the
compression factor per stage will be limited to small
values, as the secondary pulses appear roughly when
C > 2 (see Fig. 3). One way to still reach higher
compression factors is to employ multiple cascaded
stages. The result of using cascaded broadening with
10 stages is shown in Fig. 12. The oscillations in the
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Figure 12: Temporal shapes and spectra of the out-
put pulses at (a) N = 10 and (b) N = 1, with the same
input and output pulse duration for both scenarios.

spectral intensity is less, and also the higher-order
chirp is confined to a narrower region in the spectrum,
overall resulting in a smoother temporal profile.

Multi-stage cascading will of course result in in-
creased overall losses. One possible way to minimize
the losses is to use an MPC, where the mirrors serve
as linear compressors by employing chirped coatings,
and the nonlinear medium is adjusted for each pass
through the cell, e.g. by using multiple glass plates
with variable thickness and/or position, such that
roughly the same low compression factor is achieved
for each roundtrip despite the increasing peak power.
Reducing the B-integral per stage further and adding
more stages would result in soliton-like compression
with an important difference to other soliton self-
comprssion scenarios: Employing an MPC results in
discrete brodening and compression steps, and more
importantly, the nonlinearity and dispersion per dis-
crete step are uncoupled and can be optimized indi-
vidually. Note that nonlinearity and dispersion can
be adjusted in gas-filled hollow core fibers too, e.g.
by using a pressure gradient, but in this case, the
two properties are coupled to each other. Thus, only
one is usually optimized at a time, e.g. for limiting
the nonlinearity to avoid filamentation at high pulse
energies [39].

5 Summary and conclusion

We showed how temporal quality degradation is
connected with the compression factor of post-
compressed pulses, both by using numerical simula-
tions and with experimental data. If only the GDD
of the SPM-broadened pulse is optimized, the tempo-
ral quality continuously degrades, but if higher-order
chirp can also be addressed, we have shown that this
degradation slows down, approaching an asymptotic
limit. This conclusion is a motivation towards reach-
ing even higher compression factors, while stressing
the need for advanced phase compensation techniques
to address higher-order chirp. We also showed that
the temporal quality degradation in relation to higher
compression factors is present regardless of the input
linear chirp, but happens much faster with chirped
input pulses.

We proposed the idea of using cascaded broaden-
ing specifically to limit the temporal quality degra-
dation, especially at high compression factors. We
have shown how an optimal cascading ratio can be
achieved when the compression factor for each stage
is minimized. Via cascading, the temporal quality of
the post-compressed pulse can be improved, while at
the same time reaching a higher peak power. This
property highlights the importance of the discussed
method as other approaches for temporal contrast
improvement typically result in a lower peak power.
We also showed that keeping the compression fac-
tor very low for each stage is a way towards reaching
high compression factors without generating pre- and
post-pulses.

In conclusion, we presented how very high post-
compression factors can be achieved while minimiz-
ing temporal quality degradation by either employing
higher-order dispersion management or dividing the
compression into multiple stages. Our results mo-
tivate post-compression at even higher compression
factors, making the technique viable for pulses in the
10-100 ps or even the nanosecond range.
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