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Abstract: We use an asymmetric 2 m draw-tower photonic crystal fiber
taper to demonstrate that the taper profile needs careful optimisation if you
want to develop a supercontinuum light source with as much power as
possible in the blue edge of the spectrum. In particular we show, that for a
given taper length, the downtapering should be as long as possible. We argue
how this may be explained by the concept of group-acceleration mismatch
(GAM) and we confirm the results using conventional symmetrical short
tapers made on a taper station, which have varying downtapering lengths.
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1.

Introduction

Supercontinuum (SC) generation is a striking phenomenon of extreme spectral broadening involving a wealth of beautiful nonlinear physics [1]. Although being first observed in bulk glass
and later studied in telecom optical fibers, the study of SC generation and the development of
today’s commercial SC sources first really took off with the invention of the photonic crystal
fiber (PCF) [2], in which light can be manipulated by air-hole structuring [3]. The study of SC
generation is inherently linked to the fundamental field of soliton physics and due to the striking
efficiency of SC generation in PCFs, researchers have been able to reveal numerous new and
important fundamental effects and surprising links with other physical systems. The advent of
the PCF therefore spawned a re-birth of not only SC generation, but nonlinear fiber optics in
general [1], due to the tremendous degree of design freedom that has enabled engineers to push
the properties of PCFs to limits that could never have been achieved with standard optical fibers
or in bulk materials [3]. For example, one can move their zero-dispersion wavelength (ZDW)
down in the visible [4], make them endlessly single-moded [5], and even make them guide light
in air [6]. The PCF further enabled the discovery of several fundamental nonlinear phenomena,
such as soliton fission [7], Raman redshift cancellation by the presence of a second ZDW [8],
soliton trapping of dispersive waves (DWs) in gravitational wells [9, 10], generation of largeamplitude optical rogue waves [11–13] and the control of rogue waves by minute seeds [14,15].
Rogue waves are in fact a fundamental nonlinear phenomenon generated by soliton collision
in nonlinear physical models [16]. Thus they appear in such diverse systems as ocean waves,
where they appear out of nowhere and cause serious damage on ships [17], and in biology,
where they are known as ”highly localized modes” that break the bonds in DNA and initiate
DNA denaturation [16].
SC generation involves the full scale of soliton physics and thus all the above mentioned
effects; even rogue waves appear in the form of mega solitons that are subject to large Raman
redshifts and thus define the long-wavelength ”red” spectral edge of the SC. This in turn defines the short-wavelength ”blue” edge through a complex trapping mechanism that manifests
itself as a lock between the two edges; when the solitons at the red edge are redshifted by the
Raman effect, they push the DWs at the blue edge to shorter wavelengths in a way that satisfies
group-velocity (GV) matching [18,19]. The blueshift of a DW package has been explained as a
cascade of cross-phase modulation (XPM) collision events that continuously blueshifts the DW
package in discrete steps [20]. Alternatively, the trapping can be elegantly explained as an effect
imposed by the accelerating soliton that sets up a gravitational well around the DW package
and prevents it from dispersing [9,10]. The trapping effect is of fundamental importance for the
SC generation dynamics, and GV matching is hence of equal importance to ensure a continued
interaction between the spectral components in the normal and anomalous dispersion regime,
and thereby allowing generation of SC spectra with a blue edge reaching into the ultraviolet
below 400 nm.
A topic that has so far remained largely uninvestigated is the consequences of the fact that
the trapping is not complete: the DWs continuously loose energy. The solitons undergo a continuous Raman redshift, which leads to a continuous change in GV with propagation length,
i.e. a group-acceleration, but the DWs do not in their own right move spectrally and are thus
not subject to the same acceleration. This means that there is continuously a small difference
in GV, and thus a constant small leakage of DW energy, as illustrated in Fig. 1(a). The Raman effect thus leads to a group-acceleration mismatch (GAM), an asymmetric change in the
group-acceleration of the solitons and DWs [21]. The effect is not significant in uniform fibers,
because the weak redshift leads only to a minor GAM. However, in a fiber taper the groupacceleration can be orders of magnitude larger than the inherent Raman induced change and it
is generally highly asymmetric, in the sense that the taper-induced shift in GV at the DW wave-
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Fig. 1. Radiation trapping and leakage. (a) In a uniform fiber a soliton can trap and blueshift
a GV matched DW, while it is slowly redshifting and thus decelerating. The trapping is
incomplete, i.e. part of the DW continuously leaks out of the trap, as illustrated. (b) In a
taper, there is an asymmetric change in GV of the soliton and trapped DW. That is, there is
a mismatch in the group-acceleration, the rate with which the GV changes, which increases
the amount of light that leaks out of the trap (not illustrated). In the figure it is assumed
that the dispersion increases for the soliton both when it is redshifted and when the fiber is
tapered.

length is much smaller than at the longer soliton wavelength, as illustrated in Fig. 1(b) and for
the real fiber tapers used in this work. In [22] it was demonstrated that the group-acceleration
in a taper can in fact supply the needed soliton deceleration to trap a DW even in the absence
of the Raman effect. In physical terms, the GAM lowers the XPM interaction length, whereas
in the trapping picture GAM lowers the depth of the gravitational well, causing light to escape.
It has been demonstrated in [23] that light can escape or pass unaffected through the XPM interaction region in the extreme case when the interaction length is very short, i.e., when the GV
difference is very large.
In this work, we investigate the influence of the enforced asymmetry in the groupacceleration of the solitons and trapped DWs in tapered PCFs. The influence of the taper shape
on the spectrum was investigated in [24], where short femtosecond pulses were launched directly into ultra-short tapers to push the pulse break-up into the tapered part of the fiber. Although interesting, the results in [24] describe a dynamical regime different from that typical of long-pulsed commercial SC systems investigated this work, where long tapers are used
and where MI breaks up the long pulse into a large number of fundamental solitons and not
higher-order solitons. First we illustrate the fundamental physics behind GAM with numerical
simulations of the propagation of a single soliton and GV matched DW in a taper. We then
present experimental results of high-power SC generation in tapered PCFs of varying lengths
and shapes. In particular, we experimentally demonstrate for the first time that the length of the
downtapering section has a major impact on the available power in the blue edge of the spectrum, which provide the first clear evidence of the importance of GAM. The results provide the
first step towards determining the optimum shape of a fiber taper for deep-blue supercontinuum
sources, which has so-far remained largely unknown [25].
2.

Numerical results

In [19, 25] it was shown how the position of the blue edge can be accurately predicted from
the dispersion characteristics of any given fiber. The red edge is ultimately limited by the silica
loss edge starting at 2200-2400 nm, and the position of the blue edge is then determined by GV
matching with the red edge. Although useful for tailoring the spectral width, this does not give
any information on the available spectral density in the blue edge of the SC.
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At a first glance, the SC dynamics may seem overwhelmingly complicated. However, due to
the solitonic nature of SC generation, one can gain a lot of insight into the basic dynamics on
the basis of single soliton simulations. It is particularly illustrative to neglect the central part of
the SC and treat only the edges. To get a basic understanding of the SC generation in a tapered
fiber, it will hence suffice to analyse the propagation of a soliton and appropriately delayed and
GV matched DW package. Here we do this by numerical modelling of the generalised nonlinear
Schrödinger equation, which is often utilised to aid the understanding of the dynamics, and has
successfully been demonstrated to accurately reproduce experimental results in both silica [26]
and soft-glass fibers [27].
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Fig. 2. (a) Spectral evolution of a 20 fs fundamental soliton and trapped wave through a
fiber taper with an initial 1 m uniform fiber. (b)-(c) Spectrograms at the entrance (1 m) of
the taper and at the taper waist (2 m). The wave is fully trapped at the taper entrance, but
the taper increases the soliton redshift and deceleration, which causes light to leak from the
soliton induced trapping region.

The propagation of a 20 fs fundamental soliton and GV matched DW in Fig. 2(a) illustrates
the basic dynamics in a tapered fiber: the soliton redshifts throughout the length of the fiber,
and while doing so, it causes a blueshift of the trapped wave. In the first meter of uniform fiber,
the two co-propagate without the DW shedding much energy. As the downtapering starts at
1 m, both the redshift rate of the soliton and the blueshift rate of the trapped wave increase due
to the increase in nonlinearity and change in GV. However, due to the taper induced GAM, a
significant fraction of the trapped DW escapes the trap. The spectrograms in Fig. 2(b)-2(c) show
the pulses in the spectral and time-domain simultaneously; at the taper entrance (Fig. 2(b)), the
two waves are temporally overlapping and the decelerating soliton has fully trapped the DW.
At the taper end (Fig. 2(c)) only a fraction of the originally trapped DW is still trapped and
has a temporal overlap with the soliton. The remaining light has escaped the trap and not been
decelerated and blueshifted by the soliton. This clearly illustrates the need for matching not
only the GVs but also the rate with which they change, i.e. the need for minimising the GAM
as predicted numerically in [21].
3.

Experimental results

To investigate the full scale importance of GAM on SC generation comprised by hundreds of
solitons and DWs, we fabricated an asymmetric draw-tower taper. The asymmetry enforces a
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difference in the GAM depending on whether the fiber is pumped from the long or short downtapering side, while ensuring that the light passes through the same length of fiber. Tapering
has previously been demonstrated as an effective way of manipulating the pulse propagation by
changing the dispersion and increasing the effective nonlinearity, and thereby move the shortwavelength edge of an SC further into the blue [24, 25, 28–37]. Spectra extending down to
330 nm from a 1065 nm pump have been reported [25], and an impressive 280 nm was reached
in [38] by pumping an ultrashort taper with a femtosecond pump at 800 nm. In the latter case
the light was generated directly in the UV region by a completely different mechanism.
Unlike the draw-tower tapers presented in, e.g. [25,32–35,37], our taper is tapered back to its
original diameter, which makes splicing and interfacing easier and allows for an investigation of
the impact of the asymmetry. It has generally been the belief [39] that such tapers shorter than
10 m are difficult to fabricate on a draw-tower. On the contrary, we find that tapering directly
on the draw-tower offers high accuracy of the fiber parameters by pressure control, and allows
fabrication of accurate fiber tapers with lengths from a few meters and up. This further makes it
possible to use the draw-tower’s coating system as an integrated part of the taper fabrication. A
very short draw-tower taper of only 10 cm was recently fabricated in [37] showing the flexibility
of draw-tower tapering.
As an additional investigation of the influence of the taper shape on the spectrum, we fabricated three ultra-short tapers using a well-known post-processing technique on a tapering
station (Vytran LDS-1250). This technique limits the length of the tapered section to around 15
cm.
The draw-tower taper was based on the commercial fiber SC-5.0-1040 from NKT Photonics
A/S with a hole-to-pitch ratio of d/Λ = 0.52. In the tapered section its pitch was reduced from
3.3 to 2.5 μ m. The ultra-short Vytran tapers were based on a standard fiber with a hole-topitch ratio of d/Λ = 0.79 and a pitch of Λ = 3.7 μ m that was reduced by 50% in the tapered
section. The dispersion and GV profiles are shown in Fig. 3 along with an illustration of how
the optimum degree of tapering was determined: We define the red edge λred as the loss edge
λloss (here set to 2300 nm), or a wavelength λ2 close to the second ZDW, whichever is the
lowest. Solitons always halt their redshift about 50-100 nm away from the 2nd ZDW [8, 40] so
λ2 is chosen to λZDW,2 − 50 nm, which means that

λred = min{λloss , λZDW,2 − 50 nm}.

(1)

The red edge in turn defines the blue edge through GV matching, and the optimum degree of
tapering is determined by finding the pitch at which GV matching is achieved to the shortest
possible wavelength. In Fig. 3(c) and 3(f) we show the so defined red and blue edges together
with both ZDWs. The optimum blue edge, i.e. shortest wavelength, is found at the turning point,
which is for a pitch of 2.6 and 1.8 μ m for the draw-tower and Vytran tapers, respectively, giving
a blue edge of 476 and 378 nm, respectively. The realized pitch at the taper waist is very close
to the optimum. In Fig. 4 we have plotted the optimum pitch and blue edge versus the relative
hole size. We see that the optimum pitch approaches ∼ 1.8 μ m for increasing relative hole sizes,
which corresponds to the point where the second ZDW crosses the loss edge, as can be seen
from Fig. 3(f). For smaller relative hole sizes, where the optimum pitch is larger than 2 μ m, the
optimum is obtained before the second ZDW has crossed the loss edge. We emphasize that the
fibers used in this work are not the optimum in terms of generating light at the shortest possible
wavelength. The focus in this work is on how to maximise the amount of light in the blue edge,
and we therefore chose a fiber with d/Λ = 0.52 because it is single-moded at the pump [41].
The blue edge versus pitch between 1.4-2.4 and relative hole sizes larger than 0.6 was mapped
out by Travers in [25], who defined the blue edge as the shortest GV matched wavelength,
without relating it to the inherent material loss edge. Travers found that the optimum pitch was
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Fig. 3. (a) Dispersion and (b) GV for the draw-tower taper for the uniform fiber (solid line)
and at the taper waist (dashed line). The shaded areas mark the loss region above 2300 nm
where the soliton redshift halts, and the horizontal lines in (b) show the GV matching of the
expected red edge to the blue edge for the uniform fiber and taper. (c) Blue edge (blue line),
red edge (red line) and ZDWs (dashed lines) as a function of wavelength and pitch defined
as described in the text. The horizontal lines are as in (b) and confirm that the shortest
possible wavelength is reached in the taper. (d)-(f) show the same for the ultra-short tapers.
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2 μ m almost independently of the relative hole size and provided a qualitative explanation [25].
Introducing the loss edge has here allowed us to give a quantitative measure of the blue edge
and an explanation of why the optimum pitch saturates close to 1.8 μ m for large relative hole
sizes.

Fig. 4. Optimum pitch and corresponding minimum wavelength of the blue edge as a function of the fiber’s hole-to-pitch ratio, calculated as described in the text by GV matching to
the loss edge at 2300 nm or 50 nm below the second ZDW. For higher hole-to-pitch ratios
the minimum wavelength is generally found for a pitch around 1.8 μ m.
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The fibers were pumped with a 1064 nm Yb fiber-laser typical for commercial SC sources.
The laser emits 10 ps pulses with an average output power of 14 W at a repetition rate of 80
MHz. For the draw-tower taper, the fiber was spliced directly to the laser for maximum coupling
efficiency and stability. For the ultra-short Vytran tapers the laser output was free-space coupled
with an efficiency of approximately 70 %. In both cases the output was collimated and recorded
with an optical spectrum analyser (OSA) through an integrating sphere. The output power was
measured with a power meter and the spectra normalised accordingly. For the draw-tower taper
the infrared edge was measured with an additional OSA and the two spectra were stitched
together.
3.1.

Draw-tower taper

First we analyse the draw-tower taper. The taper profile was monitored during the fabrication
by measuring the coating diameter. Figure 5(a) shows a final cutback measurement of the crosssection, which was carried out after the experiments had been performed. The images captured
with an optical microscope confirm that the fiber’s hole structure was maintained and a holecollapse avoided. The measured coating diameter and pitch calculated from cross-sectional
images are shown in Fig. 5(b). They are nicely correlated and show how the pitch is reduced
from 3.3 to 2.5 μ m in an asymmetric way that roughly can be described as a 1.5 m downtapering
section and a 0.5 m uptapering section. The coating diameter can thus be used to get a good
estimate of the taper profile. The hole-to-pitch ratio of 0.52 was preserved throughout the taper.
In the experiment there was 5 m of uniform fiber before and after the tapered section to allow
for an initial spectral broadening.
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Fig. 5. Measured profile of the asymmetric draw-tower taper. (a) Schematic with crosssection images captured with an optical microscope at 100x magnification. The structure
was maintained throughout the length of the taper. (b) Coating diameter and fiber pitch
(hole spacing) calculated from cross-section images through the tapered section. The holeto-pitch ratio of 0.52 was constant though the taper.

Figure 6(a) shows the spectra recorded when pumping from the long (blue) and short (red)
downtapering sides. A reference spectrum from a 10 m uniform fiber (black) is included to
show the maximum bandwidth achievable in a uniform fiber. Figures 6(b)-6(c) show a close
up of the blue edge and the integrated power. It is clearly evident that pumping from the long
downtapering side yields a higher power in the blue edge than pumping from the short. Both
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spectra from the tapered fiber extend below the bandwidth achievable in the uniform fiber, as expected. These results confirm the importance of GAM: when the taper is too steep, the solitons
at the red edge are decelerated too fast relative to the DWs at the blue edge. A fraction of the
energy in the DWs hence escapes the trapping potentials from the solitons and is consequently
not blueshifted. In the present taper, pumping from even the optimum long downtapering side
gives only a small addition to the energy below 500 nm compared to the uniform fiber. However, the energy below the spectral edge of the uniform fiber is increased threefold from 12.8 to
37.7 mW when the taper is pumped from the long downtapering side.
10

(b)

5
0
−5
−10
450
150

500
550
Wavelength [nm]

(c)

100
50
0
450

500
550
Wavelength [nm]

Fig. 6. Experimental output spectra of the asymmetric draw-tower taper. (a) Output spectra
when pumping the taper from the long (blue) and short (red) downtapering sides. The
spectrum of a 10 m uniform fiber (black dash) is shown for comparison. The insets show the
pump directions. (b) Close up of the blue edge marked in (a), the vertical dotted lines mark
the spectral edges calculated in Fig. 3(b). (c) Integrated power in the blue edge. Pumping
from the long downtapering side clearly gives a higher power in the blue edge.

The prediction of the blue edge from Fig. 3(b)-3(c) is marked by vertical lines in Fig. 6(b).
The agreement is best for the uniform fiber, which may be due to small changes in the hole-topitch ratio in the taper. Furthermore, determining the exact red edge is ambiguous in terms of
the specific wavelength of the loss edge.
3.2.

Ultra-short tapers

For the ultra-short Vytran taperes the total fiber length was fixed to 50 cm with a 6 cm symmetrically tapered section in the middle. The tapers differed from each other in the length of
the up and downtapering sections that was set to 30, 20 and 5 mm, respectively. This corresponds to waists of 0, 20 and 50 mm, respectively. The results shown in Fig. 7 again clearly
confirm the importance of GAM: increasing the length of the downtapering section with just a
few millimetres gives a dramatic increase in the power in the blue edge.
In Fig. 3(e)-3(f) we found that the blue edge should be at 453 and 378 nm for the uniform
and tapered fiber, respectively. This, however, was found by assuming a red edge at 2300 nm,
which can only be achieved by increasing the fiber length to allow the solitons to redshift all
the way to the loss edge. The results for the ultra-short tapers nonetheless demonstrate that the
blue edge can be easily shifted to much shorter wavelengths than what was demonstrated for
the draw-tower taper by increasing the fiber’s relative hole-size to alter the dispersion and GV
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Fig. 7. Experimental spectra from ultra-short symmetrical tapers with increasing transition
lengths: The blue, green and red lines show the spectra from tapers with increasing lengths
of the downtapering section. The black dashed line shows the spectrum at the entrance of
the tapers. A longer downtapering section again clearly increases the power in the blue
edge.

profile as shown in Fig. 4 and predicted in [25]. Here our goal was to maximize the energy
in the blue-edge and verify the importance of GAM. The conclusions can be straightforwardly
applied to fibers with higher relative hole-sizes and thus make an important step in optimising
the taper profile for SC sources with high power in the deep-blue.
4.

Discussion

So far, we have ascribed the energy leakage of the DWs to GAM alone. However, we would
like to point out that a taper can be viewed as a continuous perturbation of the solitons that
causes them to oscillate and shed energy in order to remain fundamental solitons. This oscillatory behaviour and energy shedding is also seen in Fig. 2 although the effect is minor here.
A decrease in the peak-power of a soliton will decrease the potential well around the DW and
could therefore also explain why the soliton can not blueshift all the energy of a DW package
thought a taper. The importance of this effect will strongly depend on the size of the perturbation, e.g., a very short taper will cause a large perturbation of the soliton and make it harder to
remain a fundamental soltion.
For the fibers investigated here, the soliton period for the most redshifted solitons at the
entrance of the taper is in the order of a few millimetres assuming a realistic soliton width
of 10 fs. This length is very small compared to the length of the draw-tower taper, and the
solitons should therefore propagate adiabatically without oscillating and shedding more energy
than they would in a uniform fiber due to the Raman effect alone. However, for the ultra-short
Vytran tapers the soliton period is comparable to the length of the taper, which will lead to a
non-adiabatic propagation of the solitons. We thus expect that the dynamics observed in the
draw-tower tapers is dominated by GAM, whereas the dynamics in the ultra-short tapers will
be affected both by GAM and the non-adiabatic propagation of the solitons. We emphasize that
both explanations give the same results, i.e., for a fixed taper length, the available power in the
blue edge will increase with the length of the downtapering section.

#161502 - $15.00 USD

(C) 2012 OSA

Received 13 Jan 2012; revised 26 Mar 2012; accepted 18 Apr 2012; published 24 Apr 2012

7 May 2012 / Vol. 20, No. 10 / OPTICS EXPRESS 10644

5.

Conclusion

In conclusion, we fabricated an asymmetric short draw-tower taper and verified experimentally
the importance of the novel concept of group-acceleration mismatch, or GAM, on solitonic
dynamics and the efficiency of SC generation. In particular, it was demonstrated that, for a
fixed taper length, a longer downtapering section yields a higher power in the blue edge of the
spectrum due to a correspondingly lower GAM. In the present case, the energy in the blue edge
was tripled when the length of the downtapering section was increased from 0.5 to 1.5 m. The
same tendencies were observed in three ultra-short symmetric tapers fabricated on a tapering
station, but for these very short tapers other effects may also play a role. These results are
highly important in the design of deep-blue SC sources with high power in the blue edge based
on tapered fibers.
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