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Abstract: We propose, by means of numerical simulations, a simple
method to design a non-uniform standard single mode fiber to generate
spectral broadening in the form of “ad-hoc” chosen peaks from dispersive
waves. The controlled multi-peak generation is possible by an on/off switch
of Cherenkov radiation, achieved by tailoring the fiber dispersion when
decreasing the cladding diameter by segments. The interplay between the
fiber dispersion and the soliton self-frequency shift results in discrete peaks
of efficiently emitted Cherenkov radiation from low order solitons, despite
the small amount of energy contained in a pulse. These spectra are useful
for applications that demand low power bell-shaped pulses at specific
carrier wavelengths.
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1. Introduction

To fully exploit the nonlinear dynamics associated to Supercontinuum (SC) generation in opti-
cal fibers (see Refs. [1,2] for reviews on the topic) it is customary to use photonic crystal fibers
(PCFs), since they provide a versatile platform to accurately tune the linear and nonlinear dis-
persions governing the propagation of optical pulses [3–5]. However, other simpler and cheaper
fiber designs can also yield wide spectra and provide certain control on the pulse propagation
dynamics [6, 7], which may suffice for many applications. Nowadays, one of the aspects in
SC generation receiving substantial interest is the management of the spectral output to obtain
blue and infrared (IR) extended spectra [8–11], both effects associated to the red-shifting Ra-
man solitons with trapped dispersive waves (DWs) [12]. Another important attribute to control
in less broad spectra is the localization of spectral power in bands centered at specific target
wavelengths, consisting on either dispersive waves [13, 14] or Raman solitons in the IR [15].
In the former case, the Cherenkov or dispersive radiation, emitted by solitons under the right
phase matching conditions [16], is used as a suitable spectral peak generator. Although multi-
peak Cherenkov spectra are automatically generated in both normal and anomalous group ve-
locity dispersion (GVD) regions in the context of SC generation with bright [1,2] and dark [17]
solitons, these methods lack in general of control on the individual carrier wavelengths of the
Cherenkov DWs.

In this work, we propose a method to design a non-uniform fiber to obtain discrete spectral
peaks from the DWs emitted by solitonic pulses by an on/off switch of Cherenkov radiation.
This cheap method consists in splicing few pieces of standard telecom single mode fiber (SMF)
with different cladding diameters, which can be achieved easily via post processing techniques
that provide control on the GVD [18, 19]. For the pump, we consider the short pulses provided
by a standard IR micro-chip laser. Switching on and off the Cherenkov radiation is achieved
by adjusting the spectral distance between the zero GVD wavelength, λzGVD, and the Raman
shifting soliton carrier, λs, which dramatically controls the radiation efficiency [20]. Several
Cherenkov peaks emitted from a single soliton are possible because of the interplay between
Raman and recoil induced red-shift, and the λzGVD management. Such management has proven
very useful for manipulating the soliton propagation dynamics for, e.g, pulse compression [21],
trapping of the Cherenkov radiation in the absence of Raman effect [22], controlling DW gener-
ation in the SC dynamics [23], and generation of a powerful continuum of Cherenkov radiation
shed by a single soliton pulse [24]. Practical and low cost methods to tailor the λzGVD in fibers
consist in immersing them in different liquids [25] or reducing their cladding diameter by using
chemical etching methods that achieve submicron-diameters [26]. We have used the latter idea,
for illustrative purposes, and have computed the linear dispersions and nonlinear coefficients
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Fig. 1. (a) Nonlinear coefficient, (b) GVD, and (c) third order dispersion (TOD) for the
different cladding diameters: d = 5.4 (blue), 6.1 (black), 7.1 (red) and 8.3 μm (magenta).
The corresponding values of λzGVD are: 1035, 1070, 1105, and 1140 nm (see b). (d) De-
pendence of the cladding diameter, d, on λzGVD. Inset shows a schematic side view of
the non-uniform fiber, in which light propagation occurs from left to right [see Fig. 3(a)].
Diameters, d, and lengths, L, of the different regions are chosen as: d1 = 5.4, d2 = 6.1,
d3 = 7.1, d4 = 8.3 μm; L1 = 35, L2 = 40, L3 = 55, L4 = 90 cm.

of several SMFs with different cladding diameters [see Fig. 1]. We envisage that this spectral
peak generator will be useful for applications in areas such as optical coherence tomography
(OCT) [27, 28], spectroscopy [29], multi-spectral imaging [30–32], and the applications where
spectral peaks are required to carry few hundreds of Watts and to present Gaussian-like bell
shapes.

2. Pulse-propagation in the non-uniform fiber

We simulate the propagation of fs-pulses with complex amplitude A(z,T ) by integrating nu-
merically the generalized nonlinear Schrödinger equation (GNLSE) [33],

∂A
∂ z

= i ∑
q≥2

βq

q!
[i∂T ]

q A+ iγA
∫ +∞

−∞
R(T ′)|A(z,T −T ′)|2dT ′, (1)

where z is the coordinate along propagation and T ≡ t −β1z the co-moving time. This equa-
tion accounts for the linear dispersion through the coefficients βq ≡ dqβ (ω)/dωq|ω=ω0 (up to
q = 10) evaluated at the pump frequency ω0 = 2πc/λ0 (λ0 = 1060 nm) of the laser. Nonlin-
earity is included through the parameter γ and the response function R(T ) ≡ [1− fR]δ (T )+
fRhR(T )Π(T ), where fR = 0.18, hR is the commonly used Raman response of silica [33], and
δ (T ), Π(T ) are the Dirac, Heaviside functions, respectively. The definition of the nonlinear
parameter used here constitutes a good approximation for our large core fibers [see Fig. 1],
and therefore we do not need to use the recently experimentally [34] and numerically [35]
tested coefficients for sub-wavelength waveguides. The input pulses in our modeling are taken
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as A(z = 0,T ) ≡ √
P0 sech(T/τ0) with P0 ≡ P(z = 0) = 10 kW and intensity full width at

half maximum (FWHM) τFWHM = 65 fs (τ0 ≡ τ(z = 0) ≡ τFWHM/2ln[1+
√

2] ≈ 36.85 fs).
With these parameters, the soliton order, N ≡ τ[γP/|β̃2|]1/2, is kept below fission threshold,
1 ≤ N < 2, for the input conditions (β̃q ≡ ∂ω β (ω)|ω=ωs are the instantaneous coefficients).

Figure 1 shows the nonlinear parameter, γ(λ ), and the lower order dispersion coefficients,
β2,3(λ ), for the different pieces of our SMF, with different cladding diameters, computed using
Optiwave [36]. The key role played by the position of the λzGVD along propagation in the
radiation switch requires to have a fine control of it. From our numerical data of dispersion in
Fig. 1(b), it is possible to find a convenient fit to link it with the SMF cladding diameter, d [see
Fig. 1(d)]:

d(μm)∼= 8.6434×10−5λ 2
zGVD(nm)−1.5958×10−1λzGVD(nm)+77.9036,

(2a)

λzGVD(z)≈ λs

[
1+

λs

12πcδ3τ

]−1

, (2b)

where δ3 ≡ β̃3/6τ|β̃2| is the z-dependent (through λs(z), τ(z)) normalized TOD coefficient
(recall that β̃q ≡ ∂ω β (ω)|ω=ωs).

3. Generation of discrete Cherenkov spectra

Cherenkov radiation is emitted at a frequency ωCh = 2πc/λCh for which the propagation con-
stant of the linear waves, βCh, matches that of the soliton, βs, so both propagate with the same
phase velocity [37]. The matching condition βCh(λ ) ≡ βs(λ ) can be expressed approximately
for small δ3 by [38]

λCh(δ3)≈
[

1+4δ 2
3 (2N −1)2

4πδ3τc
+

1
λs

]−1

, (3)

and may be visualized by plotting the soliton and radiation dispersion relations, ks = γP/2
and kCh = ∑q≥2 β̃q(ω −ωs)

q/q!, versus wavelength [2], as shown in Fig. 2(a) for several stages
of the propagation in the non-uniform fiber [see Fig. 3].

Figure 3 shows spectral and temporal evolution of an N(z = 0) ≈ 1.7 pulse along the non-
uniform SMF consisting of four pieces [see Fig. 1(d)]. At the entrance of each of the four pieces
the solitons emit blue shifted dispersive radiation during a very short propagation distance,
before the recoil effect sharply red-shifts the solitons and frustrates the radiation emission [2].
After this first fast process, the only role played by the fiber segment with uniform cross section
is that of decreasing the soliton frequency through the Raman induced soliton self-frequency
shift (SSFS) [39]. This is however, together with the recoil effect, the mechanism we benefit
from to tune the soliton wavelength. By tracking λs(z) and τ(z) along propagation in a given
segment of the SMF, we can efficiently generate a new Cherenkov spectral peak at a desired
wavelength, λzGVD [red-shifted from the previous one, see Fig. 2], by splicing a new SMF
segment with d given by combining the inverted version of Eq. (3),

δ3 ≈
πcτ

[
1

λCh
− 1

λs

]
+

√
π2c2τ2

[
1

λCh
− 1

λs

]2 − [2N −1]2

2 [2N −1]2
, (4)

together with Eqs. (2a)–(2b). In obtaining Eq. (4) we restricted ourselves to the case δ3 > 0
(i.e., around the first zero GVD wavelength). Note that in our problem, the analytical method of

#202318 - $15.00 USD Received 2 Dec 2013; accepted 15 Jan 2014; published 28 Jan 2014
(C) 2014 OSA 10 February 2014 | Vol. 22,  No. 3 | DOI:10.1364/OE.22.002451 | OPTICS EXPRESS  2455



λ C
h (

nm
)

950 1000 1050 1100 1150 1200

−5

0

5

10

λ (nm)

k 
(1

/m
)

d=5.4 μm
d=6.1 μm
d=7.1 μm
d=8.3 μm

a
1060 1080 1100 1120 1140

960

1000

1040

1080

b

λ  (nm) s
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d1 = 5.4 (blue), d2 = 6.1 (black), d3 = 7.1 (red), and d4 = 8.3 μm (magenta). Dots indicate
the corresponding Cherenkov radiation wavelength, λCh, and dashed lines mark the soliton
central wavelength, λs. The four cases considered here correspond to the distances at which
the soliton enters a new SMF segment [see Fig. 3(a)].

Ref. [39] can not be used to predict accurately the carrier frequency of the soliton after certain
propagation distance because the radiation emission induces spectral recoil and (although less
important) a drift in the soliton order, N [see Fig. 3(c)].

Despite the low initial value for the soliton order, 1 ≤ N(z = 0) < 2, and the fact that it
releases energy in the form of Cherenkov waves, the frequency conversion keeps being highly
efficient due to the decrease in |β2(λs)| at the entrance of each of the new fiber segment, which
keeps N > 1 [see Fig. 3(c)]. This defines the limiting factor of the device: N is kept > 1 because
|β2(λs)| is decreased by moving the λzGVD closer and closer to λs, however this is valid as long
as λzGVD does not fall within the soliton spectral width (e.g., within its spectral FWHM). At the
beginning of the fourth segment, the drastic change of the λzGVD caused an increase of N ∼ 2.3
and the subsequent fission into two fundamental solitons [see Fig 3(a)].

Because the short pulses we consider here (τ0 < 50 fs), the Raman gain induces an additional
perturbation to solitons and they release strong radiation in the form Airy waves [40], which
carrier frequency is in the anomalous GVD and slightly above than that of the soliton. In our
non-uniform fiber the solitons can trap these waves [41], which may be used as additional spec-
tral peaks since being trapped they maintain a localized shape in time domain. To show that the
peaks generated here are localized in both time and spectrum, we plot in Fig. 4(a) the XFROG
corresponding to the final stage of the propagation in Fig. 3 (z = 2.1m). Spectrogram is com-
puted as ∑(ω,T ) = |∫ ∞

−∞ A(T ′)g(T ′ − T )e−iωT ′
dT ′|, the gate function is g(ζ ) = sech(ζ/τg)

with τg = 30 fs. If the tunneling of Airy waves through the soliton is not desired, it is possi-
ble to avoid it by elongating the third section of the fiber, thus keeping them separated in time
domain from the Cherenkov radiation by the soliton. this is shown in the XFROG Fig. 4(b).
Simultaneous temporal and spectral representation of light states can be experimentally meas-
ured with great resolution and quality [42], providing evidence of the right performance of the
non-uniform fiber spectral peak generator.

The growing interest in building light sources for OCT has led to investigation of several
methods to achieve multi-peak spectra [43–45]. In some of these approaches a specific laser
source is required for each of the spectral peaks [43–45], and in others specific filters are applied
to white light LED sources [45]. Therefore these methods have an independent control on the
frequency of the bands which can be in principle largely detuned to each other, but they are,
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on the other hand, dependent on many sources and relatively complex setups. The advantage
presented by the method we propose in this paper is that only one light (Laser) source is needed
to produce several localized spectral peaks with distributed power at the same time that they
correspond to optical pulses with bell shaped profiles produced with cheap components.

4. Conclusions

We have presented a versatile method to obtain a multi-peak spectra exhibiting predefined dis-
crete peaks arising from IR Cherenkov radiation emitted from bright solitons. This mechanism
is based on an on/off switch made by splicing several pieces of uniform SMF and pumping with
a micro-chip laser at 1060 nm. This is motivated by the wide interest that the second near IR
window (950-1350 nm) presents for medical imaging. This device can be efficiently controlled
by the adequate design of the GVD profiles of each fiber segment, being the zero dispersion
wavelength, λzGVD, the key parameter to control. Our numerical results show the generation
of three or four well defined peaks [see Figs. 3–4] when we launch a 65 fs/10 kW solitonic
pulse in the non-uniform fiber consisting on four uniform sections, each of them with different
cladding diameters [see Fig. 1]. These diameters can be selected in order to obtain highly ef-
ficient energy transfer between the soliton and the DWs at selected wavelengths. Additionally,
strong remnants of Airy waves also grow in the spectrum which may constitute an interest-
ing extra degree of freedom to control the spectral profile. Our analysis demonstrates that a
single soliton (N < 2) is enough to efficiently generate several spectral peaks from dispersive
waves. This method is versatile for applications requiring the simultaneous illumination with
light containing multiple and specific wavelengths and can be implemented using off-the-shelf
optic components such as a standard SMFs and common laser sources.
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