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Abstract

An novel adjustable adiabatic soliton compression scheme is presented, enabling a
coherent pulse source with pedestal-free few-cycle pulses in the infrared or mid-infrared
regime. This scheme relies on interaction of a dispersive wave and a soliton copropagat-
ing at nearly identical group velocities in a fiber with enhanced infrared transmission. The
compression is achieved directly in one stage, without necessity of an external compen-
sation scheme. Numerical simulations are employed to demonstrate this scheme for silica
and fluoride fibers, indicating ultimate limitations as well as the possibility of compression
down to the single-cycle regime. Such output pulses appear ideally suited as seed sources
for parametric amplification schemes in the mid-infrared.

The generation of pulses in the single-cycle regime has advanced in a variety of wavelength
regimes. Methods include pulse compression of Ti:sapphire oscillator and ampilifier pulses [1,
2, 3], coherent synthesis of compressed pulses [4, 5], optical rectification [6], attosecond pulse
generation via high-harmonic generation [7] as well as optical parametric amplification [8]. De-
spite the impressive spread of wavelengths, ranging from the vacuum ultraviolet into the tera-
hertz regime, there still are apparent gaps, e.g., in the mid-infrared from 2—10 um. While there
exist nonlinear optical crystals that offer favorable phase matching properties and efficiency in
this region [9], it is often the unavailability of convenient broadband coherent seed sources that
limits parametric amplification schemes in the mid infrared.

In this paper we demonstrate a tunable compression scheme for pedestal-free few-cycle pulses
applicable in a wide spectral range. Our scheme is based on enhanced cross-phase modulation
(XPM) [10, 11] mediated by an optical event horizon [12, 13]. This principle has already been
demonstrated for an efficient all-optical control of pulses [14, 15] and for broadband supercon-
tinuum generation with superior coherence [16]. However, the dispersion properties of the fiber
dictate limitations for optimization of the pulse manipulation. Here we show how one can over-
come these limitations and further exploit the mechanism for direct soliton self-compression.
The compression is inherently provided by a collision process and is achieved directly in one
stage, without necessity of an external compensation scheme. In particular, we demonstrate the
possibility of compression down to single-cycle duration in fused silica fibers. This mechanism
even appears improved in fluoride fibers with larger compression factor and high efficacy in the
mid-infrared. This scheme represents an alternative route to facilitate the generation of short
coherent pulses in the infrared and mid-infrared in combination with direct tunability of the pulse
width, as demonstrated exempilarily for fused silica and ZBLAN fluoride fibers.

For our investigations we performed numerical simulations of the nonlinear pulse propagation
directly for the electric field using the unidirectional propagation equation for the analytical signal
E(z,t) =23 o Bue ™ [17]
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where fx and fr = 1 — fx describe relative contributions of the Kerr and Raman effect,
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Figure 1: (a) Refractive index of a microstructured fiber (ESM fused silica) and a ZBLAN fluorid
fiber. (b) Corresponding relative group delay 3; with adequate resonant frequency combinations
(see text). The ZBLAN fiber allows center frequencies for fundamental solitons at far separation
from the zero dispersion wavelength.

respectively, and h denotes convolution with the Raman response function
. o0
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0

where
7‘12 + 722
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h(t') = e '™ sin(t /7).
We adopt values 7, = 9fs, 75 = 134fs, and fr = 0.1929 for fluoride fiber, and 7, = 12.5 fs,
T9 = 32fs, and fr = 0.18 for fused silica [18].

The main precondition of our scheme is the establishment of an optical event horizon by an
effective refractive index barrier between two pulses copropagating at nearly identical group
velocities [12, 13]. The refractive index barrier is created by a soliton via cross-phase modulation
and acts on a dispersive wave. This condition can always be fulfilled for fibers with at least one
zero dispersion wavelength (ZDW), allowing adequate frequency combinations for a dispersive
wave and a fundamental soliton in the normal and anomalous dispersion regime, respectively.
Figure 1(a) displays the refractive index of a microstructured endlessly single mode (ESM) fiber
[19] and that of a ZBLAN fiber [20]. The ESM fiber, which consists of fused silica, becomes
highly absorbing above 2.5um, limiting the range of fundamental soliton propagation on the
long wavelength side. Fluoride glasses as ZBLAN, in contrast, exhibit high transmission well
into the mid infrared, which enables multi-octave separated frequency combinations traveling at
equal group velocity [Fig. 1(b)].



2nv (THz)

2nv (THz)

Delay (ps) Delay (ps)

Figure 2: XFROG spectrogram at (a) 0.2 cm,(b) 10 cm, (c) 20 cm, and (d) 30 cm for the collision
of a DW at the refractive index barrier created at the leading edge of a FS. The optical event
horizon appears as a vertical line moving with the center frequency shift of the soliton.

For efficient manipulation in any of the discussed schemes [16, 21, 22], it is necessary to launch
the soliton into a spectral range with a strong 3. Small soliton frequency shifts then already
lead to strong adiabatic pulse reshaping due to the steep slope of 35 (w). If the soliton is shifted
into a region with decreased dispersion, this slope will lead to adiabatic soliton compression.
The mechanism is widely similar to soliton compression in dispersion decreasing fibers (DDF),
where a decrease of 35(z) stems from a prefabricated fiber diameter variation along z [23].
Other than in the DDF system, we adjust the effective dispersion for the soliton by the frequency
shift, such that the center frequencies of initial and compressed soliton differ from each other.
For dispersion profiles as shown in Fig. 1, soliton compression is accomplished by a collision
process between a dispersive wave (DW) and the soliton. This collision induces a blue shift of
the soliton center frequency. Such collision processes are depicted in Fig. 2 as XFROG spec-
trograms with evolving propagation along z. For proof-of-principle considerations, let us first
neglect the Raman effect. We choose Ay = 0.0226 and ¢ty = 44.36 fs for the fundamental soli-
ton (FS) and Ay = 0.017 and ¢ty = 100 fs for the DW. The initial center frequencies correspond
to the frequency combination wy = 2.6177 and 0.4709 rad/fs (4000nm) for the DW and the FS,
respectively. The FS is injected with a time delay of 450 fs into the fiber relative to the DW. The
spectrograms are shown in the moving frame of an undisturbed soliton, with zero delay located
halfway between the two pulses.

Already after 0.2 cm of copropagation, the establishment of an optical event horizon can be ob-
served. After 10 cm [Fig. 2(b)], the DW appears dispersively broadened in time, resulting in an
increased interaction with the soliton. A small part of the DW is able to pass the soliton-induced
barrier, but the main part is delayed. In the moving frame of the soliton, this process appears as
an effective reflection at the group-velocity horizon [12] and shows up as newly generated spec-
tral content at longer wavelength. Simultaneously, the soliton peak intensity strongly increases,
and the pulse width decreases. The soliton also starts to radiate energy into the anomalous dis-
persion regime. This transfer relies on the fact that the selected compression example does not



correspond to an ideal adiabatic change of the soliton. As the center frequency is slightly shifted
to shorter wavelengths, the refractive index barrier is also shifted accordingly. With further prop-
agation this mechanism appears enhanced, with spectral broadening of the soliton [Fig. 2(c)]
accompanied by strong compression. At the end of the fiber [Fig. 2(d)], nearly the entire energy
of the DW has been transferred to negative delays beyond the horizon. This effective reflection
in the frame of the soliton has also been termed the “optical push broom effect”, which was first
observed in a fiber Bragg grating [24].
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Figure 3: (a) The induced evolution of the relative peak power of the soliton for different peak
powers of the DW in the ESM fiber. The ratio between the peak powers of the DW and the
soliton are Ppy/Ps = 0.3, 0.5, 1. (b) Corresponding evolution of the relative soliton pulse
width. (c) Relative soliton peak power evolution in the ZBLAN fiber for Ppy,/Ps = 0.4, 0.7, 1.
(d) Corresponding relative soliton pulse width evolution. Calculations with the impact of the
Raman effect are performed for Ps = Ppy, (thin black lines).

In our compression scheme, the frequency shift of the soliton is induced by the dispersive wave,
which enables control of this process by varying pulse parameters or by shaping the DW. In this
way, the soliton output pulse width can be adjusted at fixed FS input parameters. For example,
the peak intensity of the dispersive wave can be used as an efficient and easy-to-adjust control
parameter. Other possible control parameters are the pulse width and the initial delay between
FS and DW.

Figure 3(a,b) depicts the evolution of the relative peak power and relative pulse width of the soli-
ton along z for different DW intensities in the ESM fiber. In this example, the best compression
performance is achieved for a peak intensity ratio Ppy,/Ps = 0.5 (thick black line). Similar re-
sults are achieved with inclusion of the Raman effect (thin black line), yet require a more careful
adaption of the frequency combination. Stronger intensities of the DW may lead to an increased
penetration of the barrier. In turn, this leakage process eventually leads to degraded compres-
sion behavior (grey line). This deterioration can easily be avoided by adjusting the initial time



delay between the two pulses. However, there is another limiting factor. We observe that despite
of stronger shifts of the soliton center frequency, the pulses cannot further be compressed. This
shortcoming appears due to a growing overlap of the soliton spectrum with the normal disper-
sion regime. Depending on the amount of this detrimental overlap, the compressed few-cycle
soliton may even be destroyed when energy is transferred from the soliton into the continuum. In
this case, the soliton falls back into a solution with a broader pulse duration. This effect becomes
more important for initial frequency combinations with frequencies closer to the ZDW. Overlap
with the normal dispersion regime therefore appears as the main limitation for efficient com-
pression in fused silica fibers. Better performance is only possible for media with extremely wide
transparency region, allowing fundamental soliton propagation at wavelengths widely separated
from the ZDW, as demonstrated here exemplarily for a ZBLAN fluoride fiber [Fig. 3(c),(d)]. We
expect that the same mechanism can also be applied for selenide or telluride fibers with low-loss
transmission reaching into the far-infrared.
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Figure 4: Adiabatic pulse compression of a soliton close to the single-cycle regime. (a) Electric
field of the initial soliton, (b) calculated output electric field, (c) time domain evolution of the in-
tensities in the co-moving frame of the soliton for the scenario shown in Fig. 3(a, thick black line).
(d) Initial electric field and (e) output field for the optimal compression factor in the transmission
region of the ZBLAN fiber 800 — 4500nm for the scenario in Fig. 3(c, thick black line).

Figure 4(c) demonstrates the compression of the FS along the propagation distance z for op-
timum conditions in the ESM fiber [Fig. 3(a,b) thick black line]. The evolution is shown in the



moving frame of the soliton. The input soliton exhibits a duration of five cycles and is com-
pressed to nearly single-cycle duration when shifted to an output wavelength A\, = 3760nm.
The corresponding compression factor 7. = to/tout is about five, but for a for a short z-interval
at about z = 13 cm, it exceeds the factor of six, i.e., we observe a duration in the sub-cycle
regime. The electric field for the initial soliton and the output solitons are shown in Figs. 4(a)
and (b), respectively. The output pulses correspond to fundamental solitons and are therefore
free of any pedestal. The substructures belong to the dispersive waves, with wavelengths in
the short-wavelength regime that can easily be filtered out. Qualitatively the same behavior is
observed for the ZBLAN fiber. To provide a direct comparison, we used the same cycle number
for the input pulse as for the ESM fiber. For the optimum scenario in Fig. 3(c, thick black line),
the electric fields of the input and the output soliton are depicted in Fig. 4(d) and (e), respec-
tively. As the limitation for the soliton compression appears reduced for the ZBLAN fiber, higher
compression factors are possible.

In order to investigate the viability of our approach as a source of few-cycle and single-cycle
pulses in the mid-infrared, we performed numerous simulations in the transmission region of
the ZBLAN fiber. In the entire wavelength region 2.5-5 um, we observe essentially identical
compression behavior, with output solitons in the sub-2-cycle regime. In contrast, the compres-
sion possibility in the ESM is less efficient, although the possibility for generating ultrashort
pulses into the few-cycle regimes range and below is given, see Figs. 3(a,b).

Our simulations impressively show how the concept of two pulses interacting in the group-
velocity horizon can be suitably tailored to adiabatically compress solitons in the infrared or
mid-infrared in a ESM or ZBLAN fiber, respectively. Starting with a fixed many-cycle pulse, our
scheme allows a controlled compression close to the single-cycle limit. Resulting output pulses
may serve as an ideal seed for broadband parametric schemes in the mid-infrared. The com-
pression is realized directly in one stage and can be controlled in manifold ways by a dispersive
wave. This method opens a completely new perspective for a relatively straightforward and un-
critical pulse synthesis scheme, which is applicable for different media and wavelengths. Such
sources could close an important gap in the single-cycle regime, enabling unprecedented tem-
poral resolution in the molecular finger-printing regime.
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