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Post-compression of ultra-short laser pulses via self-
phase modulation is routinely employed for the genera-
tion of laser pulses with optical bandwidths reaching far
beyond the laser gain limitations. While high compres-
sion factors can be routinely achieved, the compressed
pulses typically suffer from temporal quality degrada-
tion. We numerically and experimentally analyze the
deterioration of different measures of temporal qual-
ity 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 fac-
tors puts novel femtosecond laser architectures based on
post-compressed pico- or even nanosecond laser systems
in sight. © 2022 Optical Society of America

http://dx.doi.org/10.1364/a0. XX. XXXXXX

1. INTRODUCTION

Femtosecond laser pulses are nowadays used for a wide range
of applications [1, 2]. Their production typically relies on the
generation inside a mode-locked oscillator, followed by amplifi-
cation and optionally frequency conversion or post-compression.
The latter enables the temporal compression of amplified laser
pulses, surpassing the bandwidth limits of amplifier gain media.
The wide spectra required to support ultra-short pulses can be
generated by taking advantage of the optical Kerr effect, causing
an intensity-dependent refractive index. This nonlinear effect
in turn results in the modulation of the pulse’s temporal phase
depending on its amplitude shape and thus to spectral broaden-
ing, 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 com-
pression factors. In particular, the invention of the hollow-core
capillary/fiber, followed by very recent developments employ-
ing multi-pass cells and multi-plate compression have opened

the possibility to post-compress multi-100fs or even picosecond
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
femtosecond sources, making it possible to extend their high rep-
etition rate, power-scalability and reliability to ultrafast strong
field physics [4-6]. Compressing the input pulse to less than a
tenth of its original duration in a single compression stage has
been demonstrated multiple times [5-16], with a recent record
approaching a compression factor of 40 in a single compression
stage [5].

A common drawback of post-compression is the degrada-
tion of the pulse’s temporal quality induced by modulations of
the spectral amplitude and higher-order phase contributions,
which typically remain after compression. These effects cause
pre- and post-pulses, which can easily reach more than 10%
of the peak power of the main pulse [17]. A few techniques
have been developed to address the problem of temporal quality
degradation in post-compression including input pulse shap-
ing [18] 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 before as ef-
fective pulse cleaning tools. In fact, NER can be used in the same
spectral broadening setup, to simultaneously broaden the spec-
trum while improving the temporal contrast [19, 20]. However,
NER mostly affects the contrast of the initial pulse, and not the
strong pre- and post-pulses which appear after removing the
SPM-induced chirp. Other pulse cleaning methods rely on the
usage of frequency doubling [21], saturable absorbers [22] or
simply on spectral filtering [23]. Most of these methods come
with a considerable reduction of pulse energy. Since an increase
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 temporal quality
degradation and high compression factors. We use a gener-
alized model for post-compression to numerically show how
different measures of temporal quality inevitably degrade with
increasing SPM-induced spectral broadening factor, reaching sat-
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uration if suitable dispersion management is applied. We then
verify our key observations experimentally using gas-based post-
compression of mJ-class pulses. Finally, we outline a scheme
enabling to maintain good temporal quality at high compression
factors utilizing cascaded spectral broadening stages.

2. SPM BROADENING AND TEMPORAL QUALITY
A. SPM broadening

For common post-compression scenarios with negligible 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 compression
step where the chirp induced by SPM is removed /optimized.
The first step changes the spectral intensity while keeping the
temporal shape almost 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[En(t) exp(iB|Ewn(1)[*)]

, @

X exp (i%(w — wo)z)

where F denotes the Fourier transform from time f to angu-
lar frequency w and F~! is the inverse. E(t) represents the
complex-valued temporal pulse envelope, written as the electric
field’s analytic signal representation [24]. SPM is expressed in
the first exponential term, where B denotes the strength of the
Kerr nonlinearity experienced by the pulse. We can normal-
ize the value of the pulse intensity |E(t)|?, such that B equals
the phase change at the peak of the pulse in radians, typically
referred to as the B-integral [3]. All calculations presented in
this work were performed using Eq. 1 with a peak-normalized
electric field. Linear compression, where mostly linear chirp is
adjusted, 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 y. The variable w refer to the
angular frequency, with wq being the central angular frequency.

To maintain the general applicability of the model, and the
corresponding findings, we keep the model as simple as possi-
ble while pointing out that major limitations of the model have
to be considered when reaching large bandwidths in particu-
lar. Depending on the post-compression technique used and
the parameter range considered, effects such as self-steepening,
plasma generation, Raman response, as well as spatio-temporal
effects, need to be taken into consideration [25, 26], but SPM
and chirp compensation typically still play a central role. We
assume that the dispersion during the SPM-induced broadening
process is minimal, which is typically the case for gas-based
methods and limited spectral output bandwidths as well as for
techniques involving a fiber much shorter than its dispersion
length. Even solid-based techniques where the medium is very
thin, or where the linear dispersion is compensated e.g. via dis-
persive multi-pass cell mirrors [4, 27] can be modeled to a good
approximation by this equation. This simplification, however,
does not cover schemes which make use of dispersion during
the spectral broadening process such as enhanced frequency
chirping [28]. Transmission losses are also neglected, as there is
no general way to model this value.
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Fig. 1. (a) Required B-integral needed to post-compress a
Gaussian pulse using SPM, based on Eq. (1). (b) Different tem-
poral pulse shapes of the output pulse located in the points
marked by I, II, and Il in (a), all three having the same FTL
orweM = 100fs. (c) Corresponding spectra of the three pulses.

In Eqg. (1), the time and frequency variables can be re-scaled
according to the full with at half maximum (FWHM) of the
input pulse intensity, o1y p and can then be generalized for
any wavelength and pulse width, similar to the dimensionless
characteristic length scales used in soliton physics [29]. This
normalization approach is used throughout the paper (unless
stated differently as for the experimental data), defining time
as t/ o8 frequency as (f — fo)oihny, and group-delay dis-
persion as v/ o2

For a Gaussian-shaped input pulse, defined by E,(t) =
exp (—41In212/01p%), the temporal compression factor C =
(Tli:nww/ ot scales almost linearly with B-integral. Using
Eq. (1), we numerically find a suitable relation reading as

C~059B+1. )

This linear approximation of the compression factor as a function
of the B-integral is displayed in Fig. 1(a). It provides an approxi-
mate value valid for Fourier transtorm-limited (FTL) pulses as
well as for pulses compressed via GDD removal only. This is
because for these two cases, the functions are not exactly linear,
and the two differ from the approximation in Eq. (2) almost
equally except at very high compression factors, with an error
below 5% for both up to a B-integral of 40 radians. Up to 100
radians, the error is below 2% for the FTL case and just above
10 % with only GDD removal. Note that this relationship is
different from the well-known relation between spectral broad-
ening factor and B-integral, AA—(Z)O ~ 0.88B [3]. This means the
compression factor increases slower than the broadening factor
as the B-integral increases, an effect which can be attributed to
the typical non-Gaussian amplitude shape of SPM-broadened
spectra.

Figures 1(b-c) display three post-compression scenarios yield-
ing identical FWHM durations of the FTL pulses. With increas-
ing compression factor, the spectral and temporal amplitude
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modulation period decreases and the temporal contrast deterio-
rates, i.e. more energy is transferred into pre- and post-pulses.
While our simulations take into account Gaussian input pulses,
it can be shown that other bell-shaped pulses behave similarly
[30, 31].

B. Quantifying temporal quality
There are different ways to quantify the temporal quality of an
ultrashort laser pulse, depending on the property of interest.

An important measure is the intensity ratio of the secondary
secondary , ;primary

Ipeak / Ipeak

as temporal intensity contrast. The intensity ratio matters in

particular, if the pulse is used to excite matter where confinement
of the interaction to one point in time can be important. As
an example, laser plasma acceleration depend on laser-matter
interactions at very high intensities, and pre-pulses can have
a significant detrimental effect [32]. An intensity ratio of 0%
signifies that the pulse does not have any secondary peaks nor
any pedestal.

Another measure describing temporal pulse quality is the
energy ratio, defined by the fraction of energy that is contained
within the main peak of the pulse. This entails integrating the
power over the primary peak, and dividing it by the total en-
ergy including all pre-, post-pulses and temporal pedestal. The
energy ratio can be written as

peaks over the main peak, , also referred to

ftO‘HTFWHM P dt
t,

0— UFWHM (3)

J2% P(t)at

where P(t) is the instantaneous power of the pulse and ty is the
position of the primary peak. In this equation, the boundaries
of the primary peak are defined as twice the temporal FNHM
width. This integration boundary is experimentally easily ac-
cessible and can be used to estimate the peak power of well-
behaved SPM-broadened post-compressed pulses, as shown
below. For more complicated temporal pulse structures often
observed in the few-cycle regime, this boundary is less useful.
The root-mean-square (rms) duration has also been considered
for defining the primary peak’s boundaries, but this value be-
comes very large in the presence of a strong pedestal and will
unavoidably include unwanted secondary peaks. An energy
ratio of 100% means that all the energy is contained within the
primary peak. A perfect Gaussian pulse has an energy ratio of
~98%.

In the framework of pulse compression, another important
property is the peak power boost, which is the ratio of the peak
powers after and before the compression, ngatk/ peak [33]. Note
that the peak power boost can be approximated by the product
of the compression factor and the energy ratio of the compressed
pulse [33]. Another important factor, the energy transmission,
is withheld in this discussion, as this varies greatly from case to
case.

Figure 2 shows an example pulse that is spectrally broadened
by SPM and then post-compressed according to Eq. (1). The
spectral features create secondary temporal peaks both before
and after the primary peak of the pulse (see Fig. 2(a)). The
horizontal gray line segments mark the primary and secondary
peaks, highlighting the quantities used to calculate the intensity
ratio. This ratio is not affected by the weak pedestal, but the
energy ratio takes this into account. The shaded area has a
width of twice the pulse’s FWHM, serving as the integration
bounds for calculating the energy ratio. The phase displayed in
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Fig. 2. (a) A pulse calculated from Eq. (1), with the integration
limits (+o2u ) marked by the shaded area and the primary
and secondary peak powers marked by horizontal line seg-
ments. (b) Corresponding spectral intensity and phase (ob-
tained after removing the SPM-induced GDD) of the pulse.

Fig. 2(b) corresponds to the higher-order phase that cannot be
removed by simple GDD optimization, representing a common
experimental scenario where chirped mirrors or grating-based
compressors are used mainly for GDD removal.

Experimentally, pulse characterization is essential for mea-
suring the temporal quality of the pulse. A spectrogram-based
pulse shape measurement technique such as frequency-resolved
optical gating (FROG) can provide the exact shape of the pri-
mary and secondary peaks [24]. 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 [34, 35].

3. TEMPORAL QUALITY DEGRADATION AT HIGH COM-
PRESSION FACTORS

A. Asymptotic degradation

Using the generalized treatment of pulses independent of the
initial width and wavelength introduced in the previous section,
we simulate post-compression of a Gaussian input pulse at dif-
ferent compression factors. The different measures of temporal
quality 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 spec-
tral broadening, and second, the case where only the GDD is
optimized. Optimal GDD removal is determined by maximiz-
ing the peak power of the compressed pulse. The continuous
degradation of the temporal quality with increasing compres-
sion factor can be clearly observed for the second case. However,
for the FTL case, the degradation 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 com-
pression 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 increases in a linear fashion even at
high compression factors. This is a clear indication that higher-
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Fig. 3. (a) Energy ratio, intensity ratio and (b) peak power
boost, plotted as functions of the compression factor at FTL.
All measures are shown for two compression scenarios con-
sidering FTL (solid lines) and GDD-optimized (dashed-dotted
lines) pulses.

order chirp becomes less tolerable at high compression factors
and the need for better phase compensation techniques becomes
more important.

B. 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 compression 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 energy ratio is higher
when the pulse is not optimally compressed. When the GDD
is not sufficiently removed, 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 subtracted, multiple
sub-pulses of similar height appear, resulting in a large pulse du-
ration 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 result again in a lower energy
ratio, which can be seen at the top right corner of Fig. 4(a).

A similar behavior is observed for the intensity ratio, where
a better value is obtained when the pulse is not optimally com-
pressed (not shown). Even though the energy ratio is lower
when the pulse is optimally compressed, it stays above 60%
even at very high compression factors, as shown in Fig. 3(a).

As mentioned in Sec. 2, the peak power can be estimated by
the product of the energy ratio and the actual compression factor,
as shown in Fig. 5. The figure also visualizes that even though
the energy ratio gets worse at large compression factors, there is
still a clear improvement of the peak power boost at an optimal
GDD compensation.

C. Effect of input chirp

Another important parameter in post-compression is the in-
put chirp, as it can significantly alter the properties of the out-
put pulse. One reason why chirped pulses are used in post-
compression is to avoid damage due to self-focusing [36, 37].
Because of the chirp, the pulse energy is distributed in a longer
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Fig. 4. (a) Energy ratio and (b) actual compression factor of the

compressed pulses (GDD removal only). The while line in (a)
marks the peak-power-optimized compression.
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Fig. 5. (a) Product of the energy and actual compression fac-
tors and (b) the peak power boost. This shows the similarity
of the two, showing how the product can be used as a good
approximation of the peak power.

time span, thus lowering the peak intensity. For a Gaussian
pulse, this stretching of the duration ¢ can be written as [38]:

2

7 |1+ (7(4122)7> : @)
Stretching the input pulse has a clear negative effect on the
temporal contrast of the compressed pulse, as can be seen in
Fig. 6. Both energy and intensity ratios degrade much faster
with increasing compression factor. Note that the compression
factor in this case is calculated using the FTL pulse as input

pulse duration and not the duration of the stretched pulse.
Aside from the degrading temporal quality, a larger amount
of nonlinearity is also needed to spectrally broaden a chirped
pulse. For v/ (T%WHM = £5, the pulse will be almost 14 times
longer according to Eq. (4). This means the peak power of the
pulse will be severely diminished. For the case of negative in-
put chirp, the spectrum initially becomes narrower at lower
B-integrals as shown in [39], but eventually also results in spec-
tral broadening. Note that the white part on the left hand side
of the two plots do not contain data, as the compression factor
is always greater than 1 when the pulse is compressing. An
exemption is when the spectrum becomes narrower as men-
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Fig. 6. Energy ratio (a) and the intensity ratio (b) of the com-
pressed FTL pulse from a chirped Gaussian pulse input, plot-
ted as functions of input pulse chirp and compression factor.

tioned, which results in a longer FTL output pulse. This is why
the lower parts of the plots in Fig. 6, corresponding to negative
input chirps, extend to compression factors below one.

The reduced temporal contrast for nonzero input chirp can
be understood by looking at the spectral evolution of the pulse,
displayed in Fig. 7. For both positively and negatively chirped
pulses, the broadened spectrum is more finely structured, which
is detrimental to the temporal quality. In addition, chirped input
pulses typically cause higher-order chirp under SPM broadening,
which makes linear compression more difficult. These effects
cause a reduced temporal quality. It is therefore not advisable
to use a chirped input pulse for post-compression. Additional
issues beyond temporal quality degradation caused by chirping
the input pulse are discussed in Ref. [40].

Spectral Evolution
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Fig. 7. Spectral evolution at different input dispersion values,
(@ v/orwenm = 1, (b) v/0rwnMm = 0, and (c) v/ 0rwamMm =
—1. In the first and last case, the initial pulse is stretched by
dispersion to almost thrice its original duration.

D. Experimental demonstration of temporal contrast degrada-
tion
For a direct demonstration of pulse quality degradation with
increasing compression factor, we used 18 roundtrips through
a 2-m Argon-filled multi-pass cell (MPC) to compress m]-class
pulses from a Yb:YAG Innoslab burst amplifier, with an initial
pulse width of 730 fs centered at 1030 nm. Third-harmonic
generation FROG (THG FROQG) is used to measure the pulses.
Two sets of measurements were performed, one using an input
pulse energy of 2 mJ and another with 3 m], while keeping the
key parameters including the number of roundtrips, the gas
medium, and the gas pressure constant, in order to reach an
increased spectral broadening and thus a larger compression
factor for the 3 mJ case. The input pulse energy was controlled
by a combination of a half-wave plate and a polarizer, thus no
significant differences in pulse spectrum or temporal shape are
expected. The retrieved pulses have a residual GDD, which was
not fully compensated in the experiment. The remaining GDD
is then numerically optimized to reach optimal compression.
The resulting reconstructed temporal pulse shapes are shown
in Fig. 8, with pulse durations (FWHM) of 66 and 43 fs for (a)
and (b), respectively. The 2m] input pulse yields an energy
ratio of 92%, which is higher than the 83% measured for the
3 m] input pulse. This is expected due to the degradation of the
temporal contrast at higher compression factors. Note that the
dynamic range of the retrieved pulse is limited by the dynamic
range of the measurement [41], causing most likely a slightly
overestimated energy ratio for both measurements. In addition
to a reduced energy ratio, a reduced intensity ratio can be ob-
served for the 3 mJ case, causing stronger pre- and post-pulses.
Despite this, the peak power boost is higher in the 3-m] case, as
predicted by our simulations. The peak power boost (neglecting
transmission losses), is about 10 for the 2-m]J case and 14 for the
3-m] case.
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Fig. 8. Retrieved output pulses using an input energy of 2

m] for (a) and an input of 3 m] for (b). The corresponding re-
trieved spectral intensity and phase are plotted in the insets,
with the separately recorded fundamental spectrum as shaded
area.

4. CASCADED BROADENING

A. Optimal cascading ratio

Following our discussion about the degrading temporal pulse
quality with increasing compression factor, we now discuss a
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route to mitigate this issue. One way to reduce the compression
factor per post-compression stage is to cascade the broadening
process into two stages, each with compression factors of C;
and Gy, resulting in an effective compression factor Cegs = C1Co.
Here, the GDD is optimized twice, first in-between the two
spectral broadening stages and second, after the second stage.

A compressor in the middle of the spectral broadening pro-
cess has the effect of halting the continuous increase of the rela-
tive peak powers of the pre- and post-pulses. Because of their
reduced peak power compared to the main pulse, the pre- and
post-pulses will not significantly change anymore in the next
spectral broadening stage, as shown in Fig. 9. A very similar
structure can also be clearly seen in the dual-stage compression
reported in [33]. Note that up to three cascaded broadening
stages have already been demonstrated [42].

=]
_E- - - -Stage 1
8, of Stage 2
> 10
i /\/\
o
2
C 102
=10
-0.5 0.5

Time (t/o no)

TFWHM
Fig. 9. Temporal pulse shapes resulting from a two-stage cas-
caded broadening process where the GDD is optimized for
maximum peak power after each stage.

In order to minimize the compression factor per stage for a
given total compression factor Ce, the optimal cascading ratio,
C1/Cy, should be equal to 1. This means having a compression
factor for each stage of C; = C;f/fN , where N is the number of
stages. To demonstrate this, we run a simulation of dual-stage
compression at different cascading ratios, all resulting in the
same Cegs of 50. The results are summarized in Fig. 10. Optimal
splitting of the compression factor (C; = C, = 1/50) resulted in
better outcomes compared to the single-stage case: an energy
ratio of 65% instead of 48%, intensity ratio of 7% instead of 10%,
and a peak power boost of 34 instead of 23. It can be seen that the
optimal case for both the energy ratio and the peak power boost
is the middle part of the plots, where C; = C,. For the intensity
ratio, the optimal part is not in the middle, but rather shifted
towards the right side (C; > Cy). This minimum corresponds
to the scenario where the pre- and post-pulses appearing in the
second compression stage reach the same height as the ones
generated in the first stage (see Fig. 9). Because the main pulses
are very different in the two stages, the growth rate of these
secondary peaks is also different, explaining this asymmetry.

In general, Fig. 10 illustrates improved temporal quality for
dual-stage post-compression compared to the single-stage case
(considering compression via GDD optimization) even when the
optimal cascading ratio is not met. Unless this cascading ratio is
beyond 10, single-stage compression with the same compression
factor Ceg (indicated by the dashed lines) is always worse than
using a dual-stage compression.

Fig. 11(a) compares the peak power boost for single and dual-
stage post-compression. The peak power boost for the optimal
dual-stage compression reaches 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.

[« -]
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Fig. 10. Energy ratio (a), intensity ratio (b), and peak power
boost (¢) resulting from a two-stage broadening process,
where C; is the compression factor of the first stage and C;
for the second. In all cases, the effective compression factor
Ceff = C1Cy is equal to 50. The dashed lines represent the case
for single-stage (N = 1) broadening, where only the GDD is
optimized.

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 dis-
cussion about cascaded broadening is arising due to losses in
particular in the compressor and possible coupling losses if fibers
are employed. Naturally, the overall losses will increase with N.
For MPCs, the transmission can reach above 90% [33], limited
only by the spatial quality of the beam and the reflectance of the
mirrors used. Compressor losses can also reach values below
5%, using efficient gratings or chirped mirrors with high reflec-
tivity. 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 transmission per stage can be achieved, this
limit will be moved further down to lower compression factors.

B. Multi-stage cascading

As shown in Fig. 9, the pre- and post-pulses generated in the first
stage are carried over into the subsequent 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 carried
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 spectral intensity is less, and
also the higher-order chirp is confined to a narrower region in
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GDD is optimized for both.
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Fig. 12. Temporal shapes and spectra of the output pulses at
(a) N=10 and (b) N = 1, with the same input and output pulse
duration for both scenarios.

the spectrum, overall resulting in a smoother temporal profile.
Using N = 10 stages resulted in energy and intensity ratios of
73% and 1%, which are both significantly better than 66% and
11% for the N =1 case.

Multi-stage cascading will of course result in increased over-
all losses. In addition, the conventional way of cascading is
non-economical and impractical, due to the additional space
and number of components needed. One possible way to mini-
mize the losses and to improve its practicality is to use a single
MPC, where the mirrors serve as linear compressors by employ-
ing 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 de-
spite 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 discrete step are uncoupled and
can be optimized individually. Note that nonlinearity and dis-
persion 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 [43].

5. SUMMARY AND CONCLUSION

We showed how temporal quality degradation is connected with
the compression factor of post-compressed pulses, both by using
numerical simulations and with experimental data. If only the
GDD of the SPM-broadened pulse is optimized, the temporal
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 motiva-
tion towards reaching 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 broadening specif-
ically to limit the temporal quality degradation, especially at
high compression factors. We have shown how an optimal cas-
cading 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 factor 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 minimizing temporal quality
degradation by either employing higher-order dispersion man-
agement or dividing the compression into multiple stages. Our
results motivate 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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