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A B S T R A C T

A synchronously pumped optical parametric oscillator based on periodically poled potassium titanyl phosphate
(PPKTP) crystal delivering femtosecond nanojoule energy pulses in the 1.45 μm–1.8 μm spectral range is used as
pump source for continuum generation in conventional non-zero dispersion shifted optical fiber. Detailed nu-
merical simulations and experiments employing cross-correlation frequency-resolved optical gating (XFROG)
reveal soliton and dispersive wave generation dynamics and can help to estimate limits of how far the pump
wavelength can be shifted from zero-dispersion wavelength (ZDW) to still obtain sufficient spectrum broadening.
We also demonstrate the applicability of recently introduced fiber dispersion measurement technique based on
XFROG trace analysis to conventional optical fibers. Combination of this efficient parametric device with
standard non-zero dispersion shifted low cost and low loss optical fiber results in efficient continuum generation
with output/input average power ratio greater than 50%.

Introduction

Extremely broadband spectrum generation, known as continuum (or
supercontinuum) generation (CG), is a complex nonlinear optical phe-
nomenon occurring during propagation of intense short laser pulses in
various transparent media. Since its first observation in the borosilicate
glass in 1970 [1] continuum generation quickly became a field of in-
tense research [2]. At the same year the first continuum in bulk medium
was demonstrated, researchers at Corning demonstrated a dramatic re-
duction of losses in optical fibers [3]. This immediately attracted in-
terest for use of optical fibers not only for communications applications
but also as nonlinear medium due to compactness, simplicity and ro-
bustness of such systems. First continuum generation in an optical fiber
was observed in 1976 [4] by C. Lin and R. Stolen when they used 10 ns
dye laser pulses pumping in the normal GVD (group velocity dispersion)
range of conventional silica fiber to generate broadband continuum.
During subsequent research by many groups it was realized that group
velocity dispersion was the key factor determining CG in optical fibers,
however, very few laser sources at that time were available to provide
ultrashort pulses (down to a few picoseconds) with wavelengths close to
zero dispersion wavelength (ZDW) of the optical fiber (i.e. ∼ 1300 nm

for conventional fused silica fibers) which would ensure most effective
spectrum broadening [5,6]. At the same time (1990s) the need of de-
veloping wavelength division multiplexing systems [7–12] led to ex-
periments where pumping around 1550 nm was utilized. Er-doped fiber
lasers and amplifiers were among the first ultrashort laser systems with
wavelengths around 1550 nm used for CG in conventional fused silica
fibers [13–17].

The invention of photonic crystal fibers (PCFs) [18,19] was a major
development in fiber optics. PCFs can have unique dispersive properties
achieved by engineering geometry of their microstructured region [20]
which was immediately used to shift ZDW of PCFs to the visible spec-
trum range where more efficient solid-state lasers were available as
pump sources for CG [21–24]. Moreover, in PCFs light can be confined
in a significantly smaller core resulting in enhanced nonlinearity which
was applied to demonstrate continuum generation with very low (na-
nojoule) energy pump pulses [25,26]. Combined with fiber tapering
technique, which enabled the reduction of conventional optical fiber
core diameter [27,28], these technological innovations led to the fact
that currently most CG experiments in optical fibers use tapered con-
ventional fused silica fibers or PCFs (including tapered PCFs) [29–42].

In recent years, much attention is concentrated to CG in the near IR
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and mid-IR spectral range due to its applicability in gas analysis, high
resolution spectroscopy (numerous molecular absorption lines in mid-
IR), optical coherence tomography (deeper tissue penetration in
2 μm–2.5 μm spectral range) and frequency metrology [43]. In case of
femtosecond regime, setups of CG consisting of a Ti:sapphire laser as a
pump source and PCF with ZDW close to 800 nm are considered as a
standard for multi-octave continuum generation in the visible and near-
IR spectral range[29]. Several femtosecond CG experiments in near and
mid-infrared region were performed using other lasers (such as Cr:ZnS
laser) and PCFs with two ZDWs [44], fibers made from fluoride or
chalcogenide glass [45–48]. However, losses in such fibers are con-
siderably greater than in standard fused silica fibers and the femtose-
cond pump lasers used in these experiments have limited wavelength
tunability. There are also investigated special cases of varying disper-
sion influence for CG in diameter changing fibers using one pump
wavelength [41,49,42]. Theoretical modeling of dynamical differences
in CG due to pump wavelength tuning across ZDW is presented in [29].
Several experimental studies have investigated these dependencies ex-
perimentally [50,51], however the details allowing direct comparison
between theory and experiment are still lacking. Recent advances in IR
femtosecond synchronously pumped optical parametric oscillators
(SPOPOs) have transformed them into efficient, compact and high
beam quality devices delivering ultrashort pulses at high repetition
rates tunable in a wide spectral range [52–54] present them as potential
pump sources for IR continuum generation.

In this paper, we present a detailed experimental investigation of
continuum generation in conventional non-zero dispersion shifted
(NZDS) fiber pumped by femtosecond nanojoule energy pulses in the
1.45 μm–1.8 μm spectral range delivered by a synchronously pumped
optical parametric oscillator (SPOPO) based on periodically poled po-
tassium titanyl phosphate (PPKTP) crystal. Combination of this efficient
parametric device [55,56] with standard low cost and low loss optical
fiber result in efficient continuum generation with output/input
average power ratio greater than 50%. Firstly, we used the SPOPO to
continuously tune the wavelength of output pulses and investigated the
CG at different pump wavelengths with a fixed peak power. By shifting
pump wavelength from normal (D < 0, D – fiber dispersion parameter
related to GVD as: = −D GVD·πc

λ
2

2 ) to anomalous ( >D 0) dispersion
region of our optical fiber we analyzed soliton and dispersive wave
generation dynamics using XFROG technique. This revealed limits and
peculiarities of how far the pump wavelength can be shifted from ZDW
to still obtain sufficient spectrum broadening. Experimental results of
continuum expansion obtained at different wavelengths and single peak
power are accompanied with numerical simulation, which additionally
revealed the alteration of the dispersion sign in normal dispersion re-
gion by intense soliton pulse from the anomalous dispersion region.
Finally, we demonstrate the applicability of recently introduced fiber
dispersion measurement technique [57] based on XFROG trace analysis
to conventional optical fibers. This method was hirhertoo applied only
for PCFs where extremely rapid spectrum expansion ensured high ac-
curacy of dispersion estimation. We show that in conventional non-zero
dispersion shifted fiber even with nanojoule pump pulses the condition
of rapid spectrum expansion is valid and the method can be used for
reliable estimation of fiber dispersion.

Materials and methods

Experimental setup

The experimental setup for PPKTP SPOPO and continuum genera-
tion in non-zero dispersion shifted fiber is shown in Fig. 1. The pump
source for SPOPO was an Yb:KGW femtosecond laser oscillator gen-
erating 59 nJ energy 90 fs pulses with 76MHz repetition rate at
1033 nm wavelength. The initial beam coming from the laser was split
into two beams by a 1:1 energy ratio beamsplitter. One energy beam

was used as pump for SPOPO, whereas the second energy beam was
later used as a reference pulse for XFROG measurement. In contrast to
the previously published SPOPO system [56], here we used a slightly
different SPOPO configuration with 150mm focal length lens and 27%
output coupler transmittance.

The nonlinear medium for parametric generation was a 1mm length
periodically poled potassium titanyl phosphate crystal. The SPOPO
cavity mirrors were highly reflecting for signal wave and enabled wa-
velength tuning from 1.45 μm to 1.8 μm. The tuning of output wave-
length was achieved by changing SPOPO cavity length and using six
different period crystal gratings: 33 μm, 34 μm, 35 μm, 36 μm, 37 μm
and 38 μm. PPKTP SPOPO signal pulses characteristic at maximum
pump intensity ( ∼I 40pmax =GW/cm , P 22502

ave mW) are depicted in
Fig. 2.

For continuum generation we used a 4m long non-zero dispersion-
shifted optical fiber (DCF4, Thorlabs). The input coupling end of the
fiber was mounted on the three axis translation stage (XYZ stage in the
Fig. 1) and a 8mm focal length aspheric lens was used to focus SPOPO
radiation into the fiber. The dependence of continuum spectrum on the
pump power was recorded by varing the fiber input power by at-
tenuator and recording the spectra at the fiber output using NIR spec-
trometer (Avantes AveSpec-NIR256-25).

For investigation of CG, we used XFROG measurement technique,
which apparatus is also included in Fig. 1. The generated continuum
radiation and the reference beam were focused by a 101.6 mm focal
distance aluminum parabolic mirror to a 600 μm thick beta barium
borate (BBO) crystal cut at = °θ 23 and = °ϕ 90 type II phase matching.
Using a fine tuning delay line we changed the time delay of the re-
ference pulse with respect to the continuum pulse and recorded spectra
of the corresponding sum-frequency signal produced by the interaction
between continuum and reference pulses in the BBO crystal. Time re-
solution of the spectrogram was determined by the duration of re-
ference pulse (≈ 90 fs), whereas the spectral resolution was determined
by the spectrometer (1.3 nm).

Numerical simulation

The pulse in the fiber can be conveniently described by considering
the electric field as the pulse envelope E with a carrier wave of fre-
quency ω0, i.e. = +−E t z t z e c c( , ) ( , ) .iω t ik z1

2
0 0E .. In our model, the re-

ference frequency ω0 corresponds to the zero dispersion wavelength λ0.
Using the reference pulse frame = = −ζ z τ t z v, / g, where vg is the pulse
group velocity at ω0 and =k k ω( )0 0 is the wave number of the funda-
mental fiber mode the electric field can be expressed as

= ++ −E e c c.iω τ ζ v ik ζ1
2

( / )g0 0E .. It is also convenient to use dimensionless
pulse envelope amplitude A defined as = A τ ζ( , )pE E , where pE is the
initial maximum amplitude of the pump pulse. Numerical simulations
were performed using approximated nonlinear envelope equation,
which can be written in the frequency domain as follows

̂ ̂ ̂∂
∂

= − +A
ζ

k κ
iκ

A
iκ

ω
c

P
ε2

1
2

.N
2 2 2

2
0 (1)

Here ̂= +ω ω A ζΩ, (Ω, )0 is the spectral amplitude of the pulse,
=k ωn ω c( )/ is the wave number of the fundamental mode of the fiber,
= +κ k vΩ/ g0 , and ̂P ε/N 0 is the Fourier transform of =P ε n n I A/ 2N p N0 0 2

with nonlinear refractive index n2, intensity =I ε cn | |p p p
1
2 0

2E (np- re-
fractive index for the pump), and the amplitude of nonlinear response

∫= − + − ′ ′ ′
−∞( )A A τ ζ α A τ ζ α R τ τ A τ ζ dτ( , ) (1 )| ( , )| ( )| ( , )| .N

τ2 2
(2)

The first term of fraction − α1 represents an instantaneous Kerr
response of the medium due to the electronic contribution to the po-
larization, while the second term describes a delayed component of
fraction =α 0.18, due to stimulated Raman scattering. The function
R t( ) mimics the delayed response with a characteristic time =1/Γ 32 fs
and frequency =ω 1/(12.2 fs)R [58]:
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(3)

In order to model different pumping frequencies ωp, Eq. (1) was
solved numerically using Gaussian pulses A

= − + −τ τ τ i ω ω τ( , 0) exp[ ( / ) ( ) ]p p
2

0 with =τ 70p fs.
The model Eq. (1) not only allows us to find the amplitude or

spectra of the pulse propagating in the fiber, but also provides an es-
timate for the local effective dispersive parameter DE. In order to ex-
plain how we calculate DE it is convenient to rewrite the Eq. (1) in the
form

̂ ̂ ̂∂
∂

= − −A
ζ

ik A ik F ,L N
(4)

where = −k k κ κ( )/(2 )L
2 2 is the wave number of the wave (with fre-

quency = +ω ω Ω0 ) linearly propagating in the fiber, written in pulse
frame of ZDW, =k n n I ω c κ·( / ) /N p0 2

2 , and ̂ ̂=F F A{ }N represents Fourier
transformation of AN . Introducing real spectral amplitude and phase for
pulse ̂ ̂ ̂=A aeiϕ and for the nonlinear response ̂ ̂ ̂=F f eiψ one can deduce

̂ ̂
̂−

∂
∂

= + ≡
ϕ
ζ

k k b
a

k ,L N E
(5)

here we denote ̂ ̂ ̂ ̂= −b f ψ ϕcos( ). The coefficient kE readily can be
interpreted as the effective wave number and we can use it to find ef-
fective dispersive parameter DE:

= − ∂
∂

= +D πc
λ

k D D2
Ω

,E
E

L N2

2

2 (6)

where = − ∂ ∂D πc λ k2 / · / ΩL L
2 2 2 represents ordinary dispersive parameter

of the fiber, and DN corresponds to induced dispersion due to

nonlinearity of the medium. By differentiating the term ̂ ̂b a/ with re-
spect of Ω one obtain:

̂ ̂ ̂ ̂ ̂ ̂ ̂ ̂ ̂
̂= −

″ − ′ ′ + ″ + ′
D πc

λ
k a b a a b b a b a

a
2 (2 ) 2 ( ) ,N N2

2 2

3 (7)

where ′̂a and ′̂b stand for derivatives of ̂a and ̂b with a respect of Ω.
Although a numerator and a denominator of DN can be calculated nu-
merically from the known solution of Eq. (1), yet roundoff errors lead to
very noisy results of DN for spectral components where the numerator
and the denominator approaches zero values. To overcome this issue we
introduce numerically evaluable version of nonlinear dispersive coef-
ficient, i.e. ̃ ̂ ̂=D a a D( / )N max N

3 , where ̂amax is the maximum spectral
amplitude. With this choice we see that ̃ ≈D DN N where ̂ ≈a amax and

̃ →D 0N when ̂ →a 0, i.e. where linear dispersion dominates. Therefore
we define

̃ ̂
̂⎜ ⎟= + ⎛

⎝
⎞
⎠

D D a
a

DE L
max

N

3

(8)

lThe numerically evaluable effective dispersive coefficient ̃DE has the
same sign as the physical effective dispersive coefficient DE for ̂ ̂≃a amax
and yet ̃DE approaches DL for small spectral amplitudes ̂a . Thus the
effective dispersive coefficient ̃DE can be used to explain some optical
effects.

Results

Continuum broadening dependence on pump wavelength

The characteristics of the continuum generated at different pumping
wavelengths and at maximum pump power are summarized in Fig. 3(a).
Note that the real maximum peak power (Pp) used for continuum pump
is ∼47 % less than SPOPO output (PSPOPO) due to the coupling losses.
The maximum spectral broadening was obtained using pumping in the
wavelength range of 1.49–1.62 μm. This corresponds to the normal
dispersion and zero dispersion regions of the used fiber. The greatest
obtained extension of spectrum (∼34.5 THz) was at 1510 nm and
1513 nm continuum pump wavelengths, which corresponds to highest
available peak power of SPOPO in normal dispersion area (Fig. 2). The
widest spectrum (∼400 nm) was obtained at 1510 nm and covers
1360–1760 nm spectral range (Fig. 3 b). It can be noticed that spectral
broadening already starts at ∼7 kW peak power which means that only
0.9 nJ pulse energy is needed for the spectral modulation to start.

Summarized experimental and theoretical simulation results of the
spectral broadening at different pump wavelengths are presented in
Fig. 4(a). At first glance, two humps can be noticed in Fig. 4 and their
peaks, which denote biggest extension of continuum in each case, are
separated by ∼100 nm in the case of =P 10p kW. Moreover the position

Fig. 1. Experimental setup of continuum generation in non-zero dispersion-shifted fiber and XGROG measurement apparatus: BS – beamsplitter, AT – attenuator
consisting of λ/2 phase plate and Brewster type polarizer; L1, L2 – Galilean beam expander; L3 – focusing lens (f= 150mm) for SPOPO pump radiation; CM – curved
mirror; BD – beam dump; BM – broadband mirror; OC – output coupler; M – metal-coated mirror; PM – power meter; AL1 – coupling f= 8mm aspheric lens; AL1 –
collimating f= 11mm aspheric lens; NZDSF– non-zero dispersion shifted optical fiber; NIR SM – infrared spectrometer, PaM – parabolic mirror, BBO – β- barium
borate crystal, A – aperture, SM – spectrometer, PRM – prism mirror, R – retroreflector.

Fig. 2. SPOPO output characteristics: black line with filled circles – maximum
peak power of SPOPO pulses, red dashed line with hollow circles – duration of
SPOPO signal pulses.

I. Pipinytė, et al. Results in Physics 17 (2020) 103064

3



of the first peak, which is father from ZDW (marked in graphs as B),
slightly changes depending on the pump peak power: at lower Pp it
moves to a longer wavelength. Comparing the experimental results, the
point B at Pp =10 kW from 1483 nm moves to 1493 nm (B′) when

=P 4p kW. This trend in theoretical curves shown as dashed red line: Bt
at =P 13p kW is at 1470 nm and at =P 5p kW it corresponds to 1510 nm.

For better comparison we extracted experimental and theoretical
spectral widths of continuum in the case of Pp =10 kW pump power
and presented in Fig. 5. Here we distinguished six characteristic points
(they are marked in Fig. 5 by capital letters). It should be noted that
positions of experimental (De) and theoretical (Dt) points slightly differ,
but for the simplicity we will continue to use only D without any index.
The experimental spectra of corresponding continua are presented in
the first column of Fig. 6. The second and third columns of Fig. 6 also
show the experimental dependencies of CG on the input power and the
XFROG traces of the continua. It should be mentioned that XFROG
traces were measured at different peak powers. The 13 kW peak power
was used in the case of 1586 nm wavelength, because it corresponded
to the maximum achievable peak power at this wavelength. Un-
fortunately, in the case of other pump wavelengths at this peak power
SPOPO stability was lower (due to working near the threshold of the
parametric generation or some slight misalignment of the resonator).
For this reason, we chose 16 kW as the peak power at which most of
discussed points could be measured in the stable mode. XFROG traces of
corresponding continuua from the numerical modeling, are shown in
Fig. 7. A, C and E points mark areas of reduced spectrum broadening
efficiency and from 1724 nm to the point F the narrowing of spectral
width is observed. We have to mentioned that some disagreement can
be noticed comparing experimental and numerical XFROG traces in the
anomalous dispersion area. However, we believe that the model used in
our calculations is quite adequate to reality [59] and certainly can re-
produce the solitonic waves as can be clearly seen in Fig. 7 (D-F). The
observed discrepancy most likely is related to a refractive index of the
fundamental mode, which was used in numerical modeling. Un-
fortunately we do not know a n ω( )core and a n ω( )cladding of the fiber and

therefore cannot simulate the accurate n ω( )mode , which is the crucial
parameter in such calculations. In order to get reasonable values of the
n ω( )mode we used refractive index formula of silica glass for the n ω( )core
and adjusted the difference −n ncore cladding to reproduce experimentally
measured dispersive coefficient D as much as it was possible. The dis-
persive coefficient D most accurately can be determined near ZDW.
Hence, we think that is the main reason for the decreased agreement
between calculated and experimental XFROG traces farther away from
ZDW.

It is easy to see that numerically calculated spectral widths of output
radiation qualitatively match the experimentally registered ones in
terms of central wavelengths of the pump pulses. Our calculations re-
veal that positions of the peak B depend essentially on the magnitude of
nonlinearity n Ip2 . It is worth to note that the commonly accepted value
of nonlinear index for silica fibers, i.e. = −n 2.6·102

8 μm2/W. In com-
bination with this value, the effective mode diameter (Aeff ), provided

Fig. 3. (a) Continuum width (▵νc) and width differences of continuum and signal (▵νc- ▵νs) measured at −20 dB power level at maximum peak power (Pp). The green
line and area indicates the estimated ZDW and its uncertainty level. (b) The spectra of continuum generated at 1510 nm wavelength presented as a function of pump
power.

Fig. 4. (a) Continuum width (▵νc) measured at −20 dB power level at Pp =10 kW and Pp =4kW (a), width differences of continuum and signal (▵νc- ▵νs) at
Pp =10 kW. (b) theoretically estimated continuum width at various Pp values. The green line and area indicate the estimated ZDW and its uncertainty level.

Fig. 5. Experimental and theoretically estimated continuum width (▵νc) at
Pp =10 kW. The green line and area indicate the estimated ZDW and its un-
certainty level.
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by fiber suppliers, and experimental value of peak power, we were
forced to increase the value of n Ip2 by a factor of 3 to obtain agreement
between calculations and experimental results. The most plausible ex-
planation for such discrepancy is the possibility that the effective

diameter of the fundamental mode propagating inside the fiber is re-
duced by factor 3 due to nonlinear self-modulation and effective mode
area could be significantly smaller than specified by fiber supplier. It is
also interesting that other pump pulse parameters such as pulse width

Fig. 6. Discrete spectra (a, d, g, j, m) at maximum Pp(green line), Pp =10 kW (black line) and SPOPO signal spectra (dashed blue line) used for the continuum pump.
Corresponding colormaps of continuum spectra (b, e, h, k, n) and XFROG traces at Pp =16 kW (c, f, i, o) and at Pp =13 kW (l). Note, that in case of λs =1586 nm, the
peak power of Pp =13 kW was the highest achievable pump peak power.
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or chirp have surprisingly weak impact on these peak positions. We
think that observed phenomena depends on how far pump wavelength
is from ZDW and how quickly the spreading of spectrum takes place,
which of course depends on pump power and nonlinear index of re-
fraction. Such behaviour will be discussed in more details in the
”Discussion” section.

Estimation of fiber dispersion

For the estimation of our fiber’s dispersion, we employed the
method suggested for photonic crystal fibers in Ref.[57], which is based
on the interplay between linear and nonlinear effects during CG. In
order to make reliable estimations, the condition of the rapid spectrum
broadening, when almost all continuum spectral components are cre-
ated at the same time, has to be fulfilled. This rapid expansion of our
case is demonstrated by simulated continuum evolution in Fig. 8. In
Ref.[57], it was shown that since XFROG traces contain information
about relative delay (τ) between continuum spectral components and
the reference component (in our case =λ 1.03 μm), the dispersion of
fiber can be estimated from:

=D
L

dτ
dλ

1 , (9)

here L - continuum propagation distance (fiber length). And the un-
certainty of dispersion:

= + ′δD DδL L δ τ L2 ( / ) ( ( )/ ) .λ
2 2 (10)

Following these expressions, we determined the dispersion of our
fiber from seven XFROG measurements. Two results of these mea-
surements (one in case of non-solitonic continuum extention mode (a,
c) and other in solitonic mode (b, d)) are shown in Fig. 9. Despite the
fact that dispersion estimation results are in good agreement in both
cases, non - solitonic mode produces the data that requires less point
elimination before fitting the disperssion to a polynomial. This is re-
lated to the fact that the delay function in the anomalous dispersion

region is more complex, because several delays corresponds not to one
but many wavelengths. At such cases, we have chosen the wavelength,
which is most correlated with the closest delay which does not have this
ambiguity, assuming that dispersion does not have steep leaps. Our
calculated average ZDW was equal to ±1603 6 nm. The supplier of the
fiber provides not ZDW point, but = −D 4 ps nm km/ · at 1550 nm wa-
velength. We obtained = − ±D 8 4ps nm km/ · , which is in a good
agreement (within the margin of errors) with the data provided by
suppliers and shows the reliability of this method for dispersion mea-
surement of conventional fibers.

Discussion of continuum evolution dynamics in terms of pump wavelength

In this section, our objective is to discuss the obtained dependency

Fig. 7. Numerical simulated XFROG traces at =P 10p kW at corresponding pump wavelengths (dashed horizontal line): A (1450 nm), B(1485 nm), C(1540 nm), D
(1605 nm), E(1665 nm), F(1800 nm).

Fig. 8. Numerically simulated evolution of the continuum in NZDS fiber. Pump
wavelength is λs =1516 nm, peak power =P 10p kW.
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of continuum characteristics on pump wavelength and the underlying
causes. Experimental and numerical simulation results (Fig. 4(b)) ex-
hibit the same tendency of continuum behavior: both curves have two
humps, i.e. the positions where widest extension of spectrum is ob-
tained and the spectral intervals between them are similar. Moreover,
both results show decreasing of spectral broadening at pump wave-
lengths corresponding to the anomalous dispersion area. In order to
understand such behavior, we presented XFROG traces (Fig. 7) at
characteristic points marked on the curve in Fig. 5. The point A cor-
responds to the case, where the entire pump spectrum is in the normal
dispersion ( <D 0) range and the main mechanism causing the broad-
ening is self phase modulation (SPM). This result is similar to the results
of numerical simulations of CG in photonic crystal fibers in [29]. Here,
the SPM leads to almost negligible energy transfer to the anomalous
dispersion range. At point B (which is a little bit closer to ZDW) the SPM
is still dominant cause of spectral broadening, but differs from the case
of A, in that more energy gets transferred to the anomalous ( >D 0)
zone. The redistribution of energy during this process reduces the peak

power and soliton still has no chance of being formed. At this point, we
obtain the widest continuum spectrum, and since this is still non-soli-
tonic spreading, the obtained spectrum retains continuous phase re-
lationships between different frequencies that allow effective pulse
compression [60]. As we mentioned earlier, the position of point B
depends on pump peak power (Fig. 4). This is related to the fact, that at
higher peak powers energy from shorter wavelengths can be transferred
to the anomalous dispersion range. At point C (even closer to ZDW),
even more energy is relocated to the anomalous dispersion range, and
mixed normal dispersion and soliton mode is observed [29]. At certain
time instances, we observe radiation at both branches of the dispersion
curve. The interaction between them can occur via cross phase mod-
ulation (XPM) [29,61] and four - wave mixing (FWM) [31,61,41]. Due
to the fact that all these processes (together with soliton formation and
SPM) are dependent on peak power, they are weakened during pro-
pagation and this limits the formation of new spectral components [49].
The point D likely matches the condition where pulse trapping occurs:
the soliton in anomalous dispersion and trapped pulse in normal

Fig. 9. (a, b) Measured XFROG traces with fitted polynomial curves. Dashed white line indicates ZDW. (c, d) Calculated dispersion of NZDS fiber (solid blue line). Red
dashed lines indicate uncertainty interval at confidence level of 95 %. Results obtained at: (a,c) =λ 1516s nm, Pp =36 kW and (b,d) λs =1567 nm, =P 18.5p kW.

Fig. 10. (A) Numerically simulated evolution of dispersive parameter ( ̃DE) using pulse propagation in NZDS fiber; (B) Numerical simulated dispersive parameter at
certain fiber lengths. Pump wavelength: λs =1605 nm.
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dispersion regimes overlap in time scale and copropagate along the
fiber [62,42]. Numerical simulation results show the effective disper-
sion parameter modulations, which occur during propagation of intense
pulse in the fiber (Fig. 10). It can be noticed that at ∼1425 nm wave-
length (see Fig. 10 B (b) and (c) cases) these modulations cross the zero
value of the dispersion parameter. Here soliton (an intense pulse in
anomalous dispersion area) alters the local dispersion sign in normal
dispersion region causing the formation of trapped waves. Thus, the
resulting trapped wave can be described as a dispersive wave propa-
gating in the spectral range of normal dispersion ( <D 0L ) with local
effective dispersion ( >D 0E ) induced by a soliton. Further increase of
pump wavelength (point E and F) corresponds to soliton-dominant
continuum. Here the energy exchange between opposite dispersion
regions is diminished and the spectral width is mainly determined by
the formation of soliton spectra. In contrast to earlier work [29], we did
not observe the tendency of pump wavelengths in anomalous dispersion
range to produce wider spectra. This most probably is related to the fact
that the previous work investigated a photonic crystal fiber, hence the
spectrum broadening was caused by higher nonlinearity than conven-
tional fiber investigated here.

Conclusion

We have presented experimental investigation and numerical si-
mulations of continuum generated in non-zero dispersion-shifted fiber
by the femtosecond pulses produced by synchronously pumped optical
parametric oscillator (in the 1.45–1.8 μm spectral range). The results
show that the most effective continuum generation can be obtained at
two pump wavelengths, these points are separated by each other by
∼100 nm at Pp =10 kW and produce different types of continuum: non-
solitonic and solitonic. Moreover, the experimental and theoretical re-
sults show that the position of the point, which corresponds to non-
solitonic continuum, depends on pump intensity and fiber nonlinearity.
To sum it up, the most effective continuum of the non-solitonic mode,
which has advantages in applications of pulse compression or disper-
sion measurements, in a particular fiber with a given nonlinear re-
fractive index can be obtained at smaller pump wavelength using
higher pump power. Moreover, numerical estimation of local dispersion
parameter shows that an intense soliton formed in the spectral range
with anomalous dispersion can modulate the local dispersion in the
spectral range with normal dispersion, resulting in the formation of
trapped waves. Finally, we demonstrate that in a conventional non-zero
dispersion-shifted fiber pumped at nanojoule pump pulses, the rapid
continuum expansion condition is valid and fiber dispersion can be
reliably measured using XFROG based method of Ref. [57].
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