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GENERAL INTRODUCTION AND
OUTLINE

Nonlinear optical effects are remarkable physical phenomena that can occur when a
high-intensity light beam propagates through an optical medium [1]. A supercontinuum
(SC) appears when a collection of nonlinear optical effects acts together upon a pump
laser beam and induces a tremendous broadening of the initial spectrum. The first
observations of SC generation have been reported in the visible region in bulk material,
by Alfano and Shapiro in 1970 [2, 3]. Due to the complexity of the SC system, the
applications of this technology were extremely limited. In the nineties, Russell et al.
developed the concept of photonic crystal fibers thus the SC generation field evolved
drastically due to their higher light confinement capabilities [4]. Since, a number of
different fields such as spectroscopy, optical coherence tomography, use SC sources
due to the octave-spanning bandwidth properties of this spatially coherent white "laser".
Furthermore, Hall and Hansch obtained a Nobel prize in 2005 in frequency metrology
where they used a fiber SC system [5]. So far, there is a competition to obtain the
broadest SC bandwidth, in the infrared region, using different materials for the photonic
crystal fibers such as chalcogenide, ZBLAN, or even hollow-core fiber filled with different
gases or nonlinear liquids. The main issue with typical SC generation, i.e. pumping a
fiber in the anomalous dispersion regime, appears when one investigates its temporal
coherence and noise properties. Indeed, the anomalous dispersion SC spectrum can
be extremely incoherent due to the stimulation of the noise through the nonlinear effect
of modulation instability and Raman scattering [1]. In 2010, Heidt et al. investigated the
SC generation when pumping a photonic crystal fiber exhibiting normal dispersion at
every wavelength present in the SC bandwidth [6]. In this case, it has been proven by
authors of Ref. [7] that only the nonlinear effects of self-phase modulation and optical
wave-breaking are responsible for the spectral broadening of the initial pulse, which are
both known to be highly coherent [8]. However, later investigations have shown that
the stimulated Raman scattering nonlinear effect can ruin the coherence of ANDi SC
generation at high peak power or long pulse duration, thus limiting the SC bandwidth
extension [9]. Furthermore, in Ref. [10] the authors have demonstrated pumping an
ANDi photonic crystal fiber (PCF) that does not maintain the polarization state of the
beam during the propagation, leads to the detrimental effect of polarization modulation
instability (PMI). This nonlinear effect corresponds to the vector aspect of modulation



instability, which is known to amplify noisy components in ANDi SC.

The main objective of this Ph.D is to overcome these two main limitations and to develop
a fully compact polarization-stable and low-noise ANDi supercontinuum system, which
potentially could be used for several applications such as optical coherent tomography
and metrology. Using a 190 fs laser at 1040 nm and a polarization-maintaining ANDi
PCF, we demonstrate in this work the generation of an octave-spanning, smooth,
ultra-flat (bandwidth of 720 nm at -3 dB), linearly polarized (polarization extinction
ratio up to 17 dB) and extremely stable (average relative intensity noise of 0.54 %/nm)
supercontinuum. Comparing this system to ones already reported [?, 10, 11], we find
that ours has, to the best of our knowledge, the lowest average SC ANDi RIN value
ever reported. A detailed numerical study is also presented about the impact of pump
laser amplitude noise on the coherence of the SC generated in ANDi PCFs. We further
report the observation of cross-phase modulation instability in PM ANDi PCF based SC
generation.

This thesis manuscript summarizes the main research results obtained during this Ph.D
and it is divided into the following chapters:

The first chapter of this manuscript focuses on the modeling of pulse propagation in
photonic crystal fibers. We begin by defining the optical and geometrical properties of
photonic crystal fibers with and without a maintaining of the polarization state. Then
we will describe the equations governing the propagation of intense-enough pulses to
reach the nonlinear regime in photonic crystal fibers along one optical axis or taking into
account the input polarization. Finally, we will introduce the concept of SC generation,
especially in the case of femtosecond pulses pumping a polarization-maintaining all-
normal dispersion photonic crystal fiber.

The second chapter deals with the different numerical and experimental methods used
to characterize the noise properties of coherent SC light. We will describe different kinds
of noise and their impacts on the relative intensity noise or the degree of coherence of
the SC generation. We demonstrate, in particular, that taking into account the amplitude
noise and the pulse duration fluctuations of the laser, both separately and combined,
the SC coherence degree decreases when either the pulse duration or fiber length is
increased. Thus, the available parameter space to achieve a low-noise SC generation
is extremely narrow. We show that for a typical mode-locked laser, in which the noise
of peak power and pulse duration are anticorrelated, their combined impact on the SC
noise is generally smaller than in isolation. This means that the SC noise is smaller



than the noise of the mode-locked pump laser itself, a fact that was recently observed in
experiments but not explained until now.

The third chapter presents a SC system allowing us to investigate the cross-phase
modulation instability in polarization-maintaining fiber seeded by SC generation. Then,
we studied the impact of input polarization on this nonlinear effect and also the effect
on an output polarizer on the SC generation while pumping at 45° of the fiber’s axis.
Furthermore, we use two noise measurement methods, dispersive Fourier transform and
pulse train analysis with an oscilloscope, to investigate the noise of the SC as a function
on the input polarization and then deduce the cross-phase modulation instability has no
real impact on the relative intensity noise of the SC.

In chapter four, we describe three experimental setups to achieve an ultra-low-noise SC
system using three different pump lasers. We investigate experimentally the impact of
pulse duration and peak power on the SC bandwidth and relative intensity noise. We
demonstrate we could achieve a system with an average relative intensity noise ten
times lower than a commercial one using a commercially available seed, which has been
nonlinearly compressed, even though the emitting pulses are not transformed limited or
using directly another system to pump our dedicated fiber.

Finally, we conclude this manuscript reviewing the salient results of our work. We will
highlight the different points of our system that can be improved to achieve an even better
low noise level SC. Besides, we mention briefly different applications needing a low-noise
SC system which could be fulfilled by our systems and we give some outlooks to further
overcome the issues and improve the performances of all-normal dispersion SC genera-
tion.
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INTRODUCTION TO LIGHT
PROPAGATION IN PHOTONIC CRYSTAL
FIBERS



This introduction chapter is written to provide a review of the characteristics of an optical
fiber. Then, we will introduce several nonlinear effects, which can occur in a single-
mode fiber, and are responsible for the spectral broadening of a laser. The first section
describes the physical properties of optical fibers such as optical losses, spatial modes,
waveguide and material dispersion, and birefringence. Furthermore, specific attention
will be given to the dispersion profiles due to their impact on the nonlinear effects. The
second section focuses on nonlinear effects resulting from the interaction of a powerful
electromagnetic field with a dielectric medium. From this interaction two main nonlinear
effects will be introduced: the optical Kerr effect and the stimulated Raman scattering
(SRS). Finally, we will introduce the different dynamics leading to the supercontinuum
generation and the equation governing the nonlinear propagation of optical pulse: the
generalized nonlinear Schrédinger equation.

1.1/ PHOTONIC CRYSTAL FIBERS

1.1.1/ GUIDING MECHANISMS IN STANDARD OPTICAL FIBERS

According to the refraction law, a beam light going from one medium with a high refrac-
tive index to a medium with a lower refractive index, launched with a sufficiently small
incidence angle will be totally reflected during the propagation, as shown in Fig. 1.1.
From this principle, it is possible to guide light in an optical fiber over long distances and
minimal losses.

Figure 1.1: Geometry and ray-guiding schematic of an optical fiber showing refraction
at the air-glass interface, and total internal reflection at the core-cladding interface. The
step-index contrast between the core and cladding refractive indices is indicated to the
right as a function of the radial coordinate p. Extracted from [12].

A conventional single-mode fiber or step-index fiber (SIF) is composed by its core (high
refractive index, n...) and by a surrounding medium (low refractive index, n.,), called
the cladding. In order to be guided in the fiber, the maximum input angle, 6,4, is defined
as [13,14]:



Sin(Opax) = Vngore - nglaf (1 1)

Another important parameter which characterizes an optical fiber is its normalized fre-
quency, V, defined as [13]:

_27‘(

V= 7“ \/ngore - ”31[“1’ (1 2)

where a is the core diameter of the fiber and A the wavelength of the light coupled in the
fiber. When V is lower than 2.405 [13], the optical fiber can support only one spatial mode
(the fundamental one) and is also called single-mode fiber. To fulfill this condition the core
diameter and the core-cladding index difference have to be very small, ~ um and ~ 1072,
respectively. As a consequence of the normalized frequency equation, one can define
the lowest wavelength at which a given optical fiber is single-mode, A, called the cut-off
wavelength, defined as [15]:

2na )

2
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Ve

/lc = clad’

(1.3)

with V, = 2.405 the cut-off V number.

1.1.2/ FABRICATION AND PARAMETERS OF PCF

The emergence of photonic crystal fibers (PCF), also known as holey fiber or mi-
crostructured optical fiber, in the nineties, revolutionized the field of nonlinear optics
and supercontinuum generation [16]. Usually, the typical design of a PCF is based on
a periodic hexagonal lattice of capillaries forming a cladding area with a defect in the
center of this region forming the core (the defect is made by "removing" one or more
capillaries), as depicted in Fig. 1.2.

PCF are usually fabricated with a single material and used a pattern of rods with different
material in the cladding to lower the average index of the cladding and confine the light
to the core of the fiber [17]. The typical fabrication process of PCF is depicted in Fig.
1.3. where we can see the stack-and-draw technique. Usually, the cladding structure of
the PCF is hexagonally shaped as shown in Fig. 1.2. This type of structure is normally
characterized by its pitch, A, which corresponds to the hole-to-hole average distance,
the hole diameter, d and the relative hole size, d/A, which is the diameter of the holes
divided by the pitch.



Refractive index

Coating

Cladding

Core

Figure 1.2: Cross-section of a solid-core photonic crystal fiber with hexagonal lattice of air
holes in a silica glass background. The pitch A and the hole diameter d are represented so
as the evolution of the refractive index as a function of the position on the fiber. Extracted
from [18].

As explained above, the cladding of the PCF is composed of air holes and silica glass
so the refractive index is not the same across the facet. The light guiding mechanisms
in this solid-core PCF is similar to all solid standard optical fibers and uses total internal
reflexion (TIR). However, Eq. 1.2 for SIF can not be used anymore. Thus, it is useful to
define the effective refractive index of the PCF ngg ) representing the air fraction impact
on the refractive index of the cladding, this is shown in Fig. 1.4 (a). Furthermore, the
parameter V, s, for a PCF is defined as [19, 20]:

2n 5 5
Verr = —esy (ne £~ Mrs)» (1.4)

with a.yy is the radius of the effective core in um and n.ss the refractive index of the core.
For a PCF with a big relative hole size (d/A), this one can support the propagation of
higher-order modes if the ratio A/A is inferior to 1.

The number of modes support by a PCF depends on the two ratios d/1 and A/A.
When the air fraction is very small (d/A < 0.45) the PCF is single-mode whatever the

. Preform
Stacking
) =
4 i Heating area
Stretching
u,.h_/lglh__’_b
7 Coiling

q CRYSTAL FIERE -I 'i
. W o |55
= @ )
=

Figure 1.3: Schematic of the PCF fabrication via the stacking and drawing method
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Figure 1.4: (a) Representation of the effective refractive index of a PCF as a function of
A/A for value of d/a going from 0.2 to 0.9 [21]. Representation of the three functioning
regimes as a function of d/4 and A/A. The curve and dots correspond to V, ¢ = 0.245 and
to the measure of Ref. [22], respectively.

wavelengths launched into the PCF (see Fig. 1.4 (b)). Thus, it is possible to obtain
single-mode propagation with huge effective areas at telecom wavelengths [23], which
is the principle of large mode area (LMA) fiber. In this thesis, LMA fiber has been used
as the first stage of nonlinear pulse compression (followed by chirp mirrors), see Sec. 4.2.

Figure 1.5: Schematic of a hollow core fiber cross section.

There are different kinds of PCFs like hollow-core photonic bandgap fibers when the
fiber is composed of a hollow core, which is surrounded by air holes in a hexagonal
shape as represented in Fig. 1.5 [17]. In this kind of fiber, the refraction law can
not be applied due to the low-index of the core compared to the cladding. Thus, the
mechanism governing the propagation of the light in hollow-core fiber (HCF) is the
photonic band-gap (PBG) effect. These fibers are usually used to transport high optical
power because the light is essentially guided in air, which involves a small nonlinear
coefficient (ny4; ~ 10726 m?/W) [23]. In this thesis, hollow-core fiber has been used for
linear pulse compression, see Sec. 4.1.
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1.1.3/ ATTENUATION

The optical power transmitted through an optical fiber (PCF in our case) is limited by
the losses during the propagation. The fiber losses are characterized by the attenuation
coefficient a given by [13]

10 P, _
a4p = _f loglo( };(I:t) = P()ut = Poe CVL’ (1 5)

where Py is the input power, P, the transmitted power, L the fiber length in m, @3 and
a the attenuation coefficient in dB/km and 1/km, respectively. Furthermore, we have to
take into account the wavelength dependence of the loss in the fiber, which comes from
several phenomena split into three categories: scattering, confinement, and absorption.

The scattering losses include the contribution of the Rayleigh and imperfection-induced
scatterings (surface roughness, microdeformation, hole size and pitch longitudinal varia-
tions). The Rayleigh scattering loss arises due to the density fluctuations in the refractive
index of the fiber, which are much smaller than the optical wavelength. The equation gov-
erning the Rayleigh scattering has an inverse dependence with the optical wavelength to
the power 4 as:

ARay

QRay =

where Ag,y = 1.3 dB/km/um?.

The imperfection scattering losses are inherently present in the fiber fabrication process
but don’t have any wavelength dependence [24]. The contribution of the imperfection
scattering loss has been estimated to 1 dB/km at 1 um for silica fiber.

The confinement loss depends heavily on the fiber structure and results from a leakage
of the core mode to the cladding [25]. The structure dependence is the following: the con-
finement loss increases when the core size decreases and decreases when the number
of rings holes increases or the relative hole size increases as well. The confinement loss
can be obtained from the imaginary part of the effective refractive index of the fiber:

20 2«
Aleak = MTIm(neﬂ"), (1.7)

The ultraviolet (UV) and infrared (IR) absorption losses depend on the glass material used
for the fiber (fused-silica in our case) and are related to the electronic and vibrational

12



resonances in the UV and mid-infrared regions, respectively. The contribution of both
absorption phenomena scale exponentially with the photon energy and can be expressed
as [26,27]:

duv _Ar
ayy =AUVe - QR =A]R€ 1 (18)

where, Ayy = 0.001 dB/km, Ayy = 4.67 um, Ajg = 6 x 10'! dB/km and A;z = 47.8 um. The
impurities transfer in the fiber fabrication process also leads to some absorption peaks.
Thus, a purification step is added in the fabrication process to reduce this contribution.
The main absorption impurities come from the presence of water particles in the fiber,
which has a main peak at 1345 nm. The impurity loss due to the absorption of water can
be expressed as [26,27]:

aou(d) = _ Aow (1.9)

2
1-1385
1+ (—16 )

where Aoy is the peak value of the OH absorption. Finally, when we take into account all
these loss contributions, we obtain the following equation [26]

() = ARay(A) + Aimp + ayy(D) + ar(D) + aou(A) + Aear(A). (1.10)

which can be represented on the following graph:

- Combined loss
3 — Scattering
10°F — UV absorption
— IR absorption
= — OH absorpti
§ 102- absorption
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—
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500 1000 1500 2000
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Figure 1.6: Combined loss profile including scattering loss, UV, IR and OH absorption.
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1.1.4/ CHROMATIC DISPERSION

In the linear regime, when a light beam interacts with a dielectric material, the optical
properties of the material depend on the optical frequency of the beam. This dependency
of the linear refraction index n(w) is called the chromatic dispersion and involves the
spectral components of the light travel at different speeds in the material. Thus, when
a pulse with a finite spectral bandwidth propagates in a dispersive medium, the chromatic
dispersion induces a temporal broadening of the initial pulse. The chromatic dispersion
is given by the contribution of the material dispersion and the waveguide dispersion [28].
The material dispersion can be approximated by the Sellmeier equation, which for silica
glass is [13,29]:

2
ijj

2
R =1+ Y — (1.11)
;w?—wz

Using the experimental data given by [30], the solutions of the equation 1.11 with visible
to near-IR light and m = 3 is:

B; =0.6961663, B, =0.4079426, B; =0.8974794
A1 = 0.06840403 um, A =0.1162414 ym, A3 = 9.896161 um.

(1.12)

Mathematically, the effect of chromatic dispersion can be modeled in the frequency do-
main by expanding the propagation constant g in a Taylor series around the pump fre-
quency wy:

1 1
B(@) = (@)= = By + Bi(w = w0) + 352 = 00)” + .+~ (= o) (1.13)

where

_ 4B

T dw™ |a):w0

Bm (m=0,1,2,3..), (1.14)

and with gy = ”(“’+)‘”° the propagation constant and n(wg) the refraction index at the fre-
quency wyp. In equation 1.13 the most important parameters are 8; which is the inverse
of the group velocity and 3., which is the group velocity dispersion (GVD). The group
velocity characterizes the velocity of the pulse envelope in the medium while the GVD
represents the dispersion or temporal broadening of the group velocity. The higher-order
dispersion terms have to be taken into account especially when the GVD is very close to
the zero-dispersion wavelength (ZDW).
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For the pulse propagation in optical fiber, another parameter is often used: the dispersion
parameter D(1) in picosecond per kilometer of fiber and per nanometer:

Ad*n  =2nc
D) = ——— =
@) cda? A2

10%8,. (ps.nm ™' km ™). (1.15)

When D is negative, this is the normal dispersion regime (8, > 0), the longer wavelengths
travel faster than shorter wavelengths whereas when D is positive, anomalous dispersion
regime (B, < 0), longer wavelengths travel slower than shorter wavelengths. Furthermore,
in the linear regime, an unchirped pulse propagating along an optical fiber undergoes
temporal broadening regardless of the sign of the D (8,) parameter.
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Figure 1.7: Typical dispersion profile for a PCF exhibiting all-normal dispersion values
over the entire wavelength range (solid blue) and for one presenting a ZDW at 1 um (solid
red).

In the context of PCFs, it is easy to tailor the GVD profile using the additional degrees
of freedom provided by d and d/A. From this fine control, several GVD profiles can be
obtained or tailored: moving the ZDW of the fiber over a wide range of wavelengths (from
500 nm to 1.5 um), having a normal dispersion profile over a large bandwidth or several
ZDWs. In Fig. 1.7, the dispersion profile of a typical PCF with a ZDW located at 1000 nm
is shown as well as the dispersion profile of an all-normal dispersion PCF.

Finally, the parameter L, can be introduced to estimate when the dispersion starts to be
important for a given fiber length. This parameter is defined as the fiber length at which
the initial Gaussian pulse width broadens by a factor of V2 and has the following equation:

2
TO

'} 1.16
B2l (1.16)

Lp

15



where T is the initial pulse width measured at 1/e of the maximum pulse intensity.

1.1.5/ MODAL BIREFRINGENCE

In addition to the attenuation and dispersion, the birefringence is another important prop-
erty of optical fibers. It is extremely difficult to fabricate perfectly circular optical fiber due
to the small deviations in the fabrication process. These deviations induce the creation of
two degenerate optical modes, which introduce the birefringence. This is the reason for
which, the fundamental optical mode of a single-mode fiber corresponds to two degener-
ated modes and are orthogonally polarized. There are two kinds of birefringence: phase
one and group one. In this paragraph, we talk only about the phase birefringence (B,,).
This birefringence is defined by the refractive index difference between the two polariza-
tion axes or can be given by the difference between the propagation constants of each
orthogonal polarization axes (x, y):

An(w)w
By =An=|n, - nyl’ Aﬁ = Bx _By = c P (1 17)

where An = n, —n, is the refractive index difference between two orthogonal polarizations
of the same mode, i.e, the birefringence. Thus, a linearly polarized beam aligned on the
axis with the lowest value (fast axis) will propagate faster than the axis with the highest
value (slow axis). These two particular axes are called the principal fiber axes. Typically,
the birefringence induced only by the imperfection of the fiber process is weak An ~ 1076 —
10=>. Furthermore, these fibers are usually called weakly birefringent fibers. In order to
keep the polarization state of a beam during the propagation, mechanical stresses are
usually used around the core of the fiber during the fabrication process (using rods).
These polarization-maintaining (PM) fiber have high birefringence value, An > 107, and
are called "Panda" or "Bow-tie" and are represented in Fig. 1.8.

Core Core
/ 2

oo §

Stress\:applyirfi’g part
PANDA Bow tie

Figure 1.8: Schematic of polarization-maintaining PCFs. The stress-induced by the big air
holes (panda or bow-tie structure) are used to create the phase birefringence. Extracted
from [31].
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When launching the input beam at 45° degrees of the principal axes in a PM fiber, two
orthogonal modes periodically exchange their power while propagating inside a fiber with
beat length L which is given by:

2w A

Lg="=2.
5= AB T An

(1.18)
During the propagation, the polarization state of the beam will change from linear to el-
liptic to circular and to linear again. After a beating length period, the beam will retrieve
its original polarization state. For a weakly birefringent fiber (An = 1076) at 1um, the beat
length is Lg = 1 m but has arbitrary meaning since the birefringence is caused by fiber im-
perfections and is thus changing throughout the fibre, while for a highly birefringent PCF
with An = 5x 1074, like the one used in this thesis, the beat length is Lz = 2 mm. Neverthe-
less, the beat length can only be defined in the linear regime because the interaction be-
tween polarizations is affected by nonlinearities at high power. This intensity-dependent
polarization effect is called the nonlinear birefringence [13].

1.2/ NONLINEAR PULSE PROPAGATION IN PHOTONIC CRYSTAL
FIBERS

1.2.1/ SCALAR GENERALIZED NONLINEAR SCHRODINGER EQUATION

The first model used in this thesis to simulate the nonlinear propagation of pulses in PCF
is the well-known Generalized Nonlinear Schrédinger Equation (GNLSE) solved with a
split-step Fourier method using Matlab. With this model, we assume the electrical field is
polarized along only one axis of the fiber without any interaction with the other one (scalar
case). This assumption can be used only while pumping on one axis of a PM-fiber with
a linearly polarized laser having a high polarization extinction degree. The scalar GNLSE
equation is usually derived from the wave equation including the third-order nonlinear
polarization and it is finally given by [1,32-36]:

0A _ _a(w) AR 0 +oo )
= A — Bt 1 —|lA R(THIAG, T — THdT’ 1.1
7z 5 AT ; T ﬁkaTk +iy|1+itoo im (T")A(z, Wdar’|, (1.19)

where A is the complex amplitude field as E = Ae=""*%9 | the two first terms of the right-
hand side of the equation model the linear losses and the dispersion of the fiber using a
series of Taylor coefficients (up to 10" order) while the last term models the nonlinear ef-
fects including both optical Kerr effect and Raman scattering. y is the nonlinear coefficient
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expressed as:
_ 2y

')’ - 9

(1.20)

where n; is the nonlinear index of the fiber, and A.ss the spatial mode effective area

evaluated at the input wavelength. The nonlinear index is assumed to be frequency in-

dependent and equal to 2.6 x 10720 m?>W~! for silica fiber [13]. The effective mode area is

defined as:

(I 1F Gx,y, w)Pdxdy)’
IS 1F Gy, w)ltdxdy

Acpr(w) = (1.21)
where F(x,y,w) is the transverse modal distribution. This equation can be simplify for a
Gaussian mode and is given by:

Actr = TR e (1.22)
where R, is the core radius of the fiber. The temporal derivation of the field envelope
in Eq. 1.19 corresponds to the self-steepening phenomenon with its characteristic time
scale Ty = 1/wy (wp being the input pulse angular frequency). Another consequence of
the Kerr effect on a short optical pulse is the intensity dependence of the group velocity
that leads to the phenomena of self-steepening and optical shock wave formation [13].
The intensity dependence of group velocity causes the peak of the pulse to slow down
more than the edges of the pulse, leading to the steepening of the trailing edge of the
pulse. When the edge becomes infinitely steep, the intensity changes instantaneously,
and eventually, it leads to form an optical shock wave and a strong asymmetric spectrum.
Finally, R(r) corresponds to the nonlinear Raman response function and can be written
as:

R(1) = fro(0) + (1 = fr) hr(D), (1.23)

which includes the instantaneous electronic response 6(¢r) and the delayed Raman hg(z)
corresponding to molecular vibrations. The nonlinear Raman response is normalized as
f0°° hg(t)dt = 1, and fractional contribution fz of the delayed Raman response is typically
equal to 0.18 for fused silica [1].

1.2.2/ SELF-PHASE MODULATION

In order to introduce some of the basic nonlinear effects in PCF, we can further simplify
the GNLSE by removing the higher dispersion terms, self-steepening, loss and delayed
Raman response. After this simplification, we obtain the simplest form of the nonlinear
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Schrédinger equation (NLSE):

0AG.T) _ B PAG.T)

% 5 o TG TPA(zZ, T). (1.24)

The first nonlinear effect in the context of femtosecond supercontinuum (SC) generation
is the self-phase modulation (SPM). This phenomenon leads to a spectral broadening
of short optical pulses as a result of the intensity dependence of the refractive index
n = ny + np1(t), with ng and n, the linear and nonlinear refractive index, respectively [3,37].
The SPM can be studied in depth by neglecting the dispersion term (8, = 0) in the NLSE
which leads to the following general solution:

Az, T) = A0, T)expligni(z. TV,  éw = YIA(O, T)Pz = yP(T)z, (1.25)

where P(r) is the pulse power distribution. From equation 1.25, we can understand that
a nonlinear phase shift ¢x.(¢) is induced on a pulse when it is propagating along with
the fiber. The maximum nonlinear phase shift ¢,,,. occurs at the center of the pulse
(maximum peak power) and is given by ¢,... = yPoL, with Py the pulse’s peak power. Due
to this nonlinear phase shift, the spectral bandwidth of the pulse will broaden during the
propagation while the temporal profile of the pulse will stay invariant. The parameter Ly,,
nonlinear characteristic length, can be introduced to estimate when the nonlinear process
becomes important. This one is defined as:

1

1 1.26
YPo ( )

Ly =
Due to the SPM effect, the temporal profile of the pulse doesn’t change but is affected
by a time-dependent nonlinear phase shift, called ¢y, (z, ), which induces a time-varying
instantaneous frequency, i.e a frequency chirp, defined as:

_0¢nL(z, 1)

ow(t) = o

(1.27)

Thus, the instantaneous optical frequency varies across the temporal profile of the pulse
as:

A, 1)
asn o

w(z,1) = wo + ow(z, 1) = wy — 7y o

(1.28)

From this equation, one can understand the frequency chirp induced by SPM is nonlinear
in time because it is proportional to the time derivative of the initial temporal power
profile [13]. Thus, SPM creates new spectral components whose separation from wy
increases with peak power, propagation distance, nonlinearity and steepness of the
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pulse, this is shown in Fig. 1.9 (a) and 1.9 (b) for a secant hyperbolic pulse with different
input pulse duration or peak power. At the trailing pulse edge, where the slope of the
intensity profile is negative the spectrum is broadened towards blue-shifted shorter
wavelength, while at the leading edge of the pulse, where the slope of the rising intensity
profile is positive, the spectrum is broadened towards red-shifted longer wavelength.

a) —2ps —0.5ps b) —500 W —1500 W

1+ 1k
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Figure 1.9: Broadening induced by self-phase modulation as a function of (a) pulse dura-
tion with Py = 1 KW and (b) peak power with 7, = 100 fs. For this simulation, an unchirped
secant hyperbolic is used as input profile with 8, = 0 and L = 20 cm.

Another way to study SPM-induced spectral broadening is to plot the pulse spectrogram
in order to represent the time-frequency correlations within the pulse, which represents
the induced frequency chirp. Fig 3.13 shows the spectrogram of a 400 fs secant hyper-
bolic pulse with an input peak power of 8 kW after 15 cm of propagation. We can clearly

Spectral intensity [dB]
25 50 75

0.8

Wavelength [um]
(=Y

Peak power [kW]

-1 0
Time [ps]

Figure 1.10: Spectrogram of a SPM spectrum with Ty = 400 fs, Py = 8 kW, L = 15 cm, and
y = 0.0268 (W.m)~\.
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notice the temporal pulse shape remains unaffected while the spectral pulse shape
undergoes an oscillatory structure. These oscillatory features are explained because
identical spectral components are present at the same time and thus will interfere with
each other.

1.2.3/ FOUR-WAVE MIXING

From a quantum point of view, four wave mixing (FWM) consists of the annihilation of
two photons of frequency w;, w, and the creation of two other frequency-detuned pho-
tons at w3 and w4, shown in Fig. 1.11 (a) satisfying two fundamental laws: the energy
conservation and the momentum conservation as follows [13, 38]:

ha)4 + hw3 = ha)z + ha)1

AB = B(wy) + f(w3) — Blw?) — B(wr) = 0,

(1.29)

where # is the reduced Planck’s constant and g is the propagation constant of each pho-
ton. The momentum conservation implies a phase matching condition for FWM to appear.
An interesting aspect of the FWM appears when strong pump waves have the same fre-
quency (w; = wy = wp) and create photon pair at frequencies wg and w;, which represent
respectively a Stokes/signal and an anti-Stokes/idler wave (see Fig.1.11 (b)). In such
a case, we talk about degenerate FWM. This photon pair is frequency symmetric com-
pared to the pump frequency with a frequency shift defined as Qs = w, - w; = W; — W),
where the Stokes wave is the wave created with a lower frequency than the pump and
the anti-Stokes wave is the one which has a higher frequency [39]. In this case, we get
the following phase-matching condition:

AB = Blwp = Qs) + Blwp + Qs) + 2B(wp) = Blws) + B(w;) — 2B(wp) = 0. (1.30)
a) Pump A1 Pump A> b) Pump A1
Stokes wave A4 Anti-Stokes wave A3 Stokes wave A3 Anti-Stokes wave A>»
Frequency Frequency

Figure 1.11: Schematic of four waves mixing for (a) 2 pump waves and (b) 1 pump wave
(degenerated case)
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A deeper analysis of FWM will be introduced in chapter 3 when we will explain the
phenomenon of cross-phase modulation instability. FWM is an ubiquitous process in y?
media involved in modulation instability, parametric amplification, optical wave breaking,
dispersive waves, photon pair generation,...

1.2.4/ MODULATION INSTABILITY

The modulation instability (MI) nonlinear effect generates sidebands around the pump
in the frequency domain (through the interaction between nonlinear and dispersive
effects) [13]. In the time domain, MI leads to the amplification of a weak perturbation
(quantum noise, background noise or weak seed signal) and thus induces a break up of
the main pulse into shorter ones, for quasi-continuous wave (CW) pulse or a temporal
modulation for CW pulse. This phenomenon can be understood as a FWM but, in the
case of MI, the anti-Stokes and Stokes frequencies are generated through the quantum
noise, as shown in Fig. 1.12.

20F 3120
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Figure 1.12: Numerical simulation of modulation instability sidebands (blue) for an initial
secant pulse with Ty = 5ps and Py = 2 kW using NLSE equation. The theoretical MI gain
(red) is also calculated. The fiber parameters in the simulation are: y = 0.027 (W.m)~!,
B2 = —0.1 ps?/m, and L = 20 cm.

Theoretically, Ml is studied by adding a small perturbation to the steady-state solution of
the NLSE (Eq. 1.24) as:

Az, 1) = \JPo + a(z, He"P?, (1.31)

where a(z, 1) = a; exp!E= 4 g expl=iKz=1 and K and Q are the wave number and the
frequency of the perturbation, respectively. Inserting the perturbed equation (Eq. 1.31)
into the NLSE equation (Eq. 1.24), a dispersion relation for K can be obtained:
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1
K = i§|,82§2| \/92 + sign(B)Q2, (1.32)

where Q. = 4yPy/|32|. Scalar Ml can not occur while pumping in the normal dispersion
regime and thus the field envelope is stable against any perturbation because sign(B,) = 1,
which means K is always a real number for every Q. However, while pumping in the
anomalous dispersion regime ( sign(B;) = —1) K is imaginary for |Q| < |Q.| and thus the
condition for Ml generation is satisfied. In this case, the maximum scalar Ml gain g, =
2yPy [13] is located at two symmetric frequencies around the pump with the following
frequency shift:

2y Py
B2l

QMIZi

(1.33)

This is shown in Fig. 1.12 where we can see the generation of symmetric M| sideband
compared to the pump obtained by solving the NLSE equation with the following input
parameters: y = 0.027 (W.m)~!, 8, = -0.1 ps?>/m, and L = 20 cm.

1.2.5/ TEMPORAL OPTICAL SOLITONS

A temporal optical soliton is an optical pulse that preserves its shape and duration when
propagating in a nonlinear optical fiber. A soliton is generated when the linear chirp
from GVD is compensated by the nonlinear chirp induced by SPM. This compensation
appears only in the anomalous dispersion regime, i.e. when g, is negative, because their
respective contribution has an opposite sign [13]. In the normal dispersion regime, i.e. 8
positive, their respective contribution has the same sign thus it is impossible to generate
bright soliton (only dark soliton) [40].

Solitons are solutions of NLSE and their temporal electric field envelopes satisfy the fol-
lowing equation [13]

A(z,t) = Nsech (i) exp (—i@z) , (1.34)
fo 2ty

where 1 is the pulse width measured at 1/e of the pulse intensity and N is the soliton

number defined as [1, 13]
LD 'yPOTg
N= .2 = . 1.35
Ny, — N 182l (1.35)
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When N = 1, the soliton is called fundamental soliton, this case appears when the dis-
persion and the nonlinearity compensate each other (Lp = Ly;). Thus, a fundamen-
tal soliton has its temporal and spectral profiles unaffected during the propagation. On
the other hand, when N > 1 we talked about higher-order solitons. These higher-order
solitons evolve periodically with propagation, i.e. they recover their initial temporal (and
spectral) shape after the soliton period length defined as z,,; = nLp/2 [1]. The issue
with higher-order solitons compared to the fundamental soliton is their stability. Indeed,
in the presence of small perturbation such as self-steepening or higher-order dispersion
terms higher-order solitons are highly unstable and will break up into N fundamental soli-
tons that shed some energy in the form of dispersive waves. This phenomenon is called
soliton fission and is defined by the soliton fission length Ly, ~ Lp/N.

1.2.6/ DISPERSIVE WAVES

A specific aspect of the FWM, in the context of supercontinuum generation, is the
phenomenon of dispersive wave generation. Under the Raman self-frequency shift and
higher-order dispersion, a soliton becomes unstable and can shed some radiations in
the form of weak waves, called dispersive waves (DW) [1]. This transfer depends on the
matching of the phase velocity of the two waves and the spectral covering between them.
Therefore, this transfer is proportional to the spectral overlap between the soliton and the
generated wave [41]. Thus, the more the soliton is separated from the zero-dispersion
wavelength the more the wavelength satisfying the phase matching would be in a strong
normal dispersion regime and the more the covering would be limited, decreasing the
created wave amplitude. The phenomenon of DW generation contributes to spreading
the spectrum towards the normal dispersion regime, i.e. generation of shorter wave-
lengths compared to the input one, in fiber.

The resonance frequency can be calculated from a phase-matching argument involving
the soliton linear and nonlinear phase, and the linear phase of a quasi-CW component
at a different frequency [41—43]. According to [1], for a soliton with a peak power Ps,
frequency wy, and group velocity v, ;, a DW can be generated at the frequency wpw if :

Blws) = =2+ (1= fo)yPs = Blwpw) - -2¥ (1.36)
Vg,§ Vg,s

The frequency shift Q = ws — wpw between soliton and DW can be approximated, if
fourth-order dispersion and f are neglected, by [13]

36>  yPsps
A=+ >
B3 3B

(1.37)
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where 3, and B3 are the second and third-order dispersion coefficients of the fiber at the
soliton frequency.

1.2.7/ STIMULATED RAMAN SCATTERING

The stimulated Raman scattering (SRS) phenomenon is a scattering process corre-
sponding to a resonant excitation, by an intense electromagnetic field, of molecular
vibrational states. Through this nonlinear effect, the optical field transmits a little part
of its energy to the dielectric medium inducing the creation of optical phonons. Thus,
SRS is an inelastic scattering and thus transfers this energy to other optical frequencies
shifted by the frequency of the phonon, as shown in Fig. 1.13. This shift is given by the
phase-matching corresponding to the amplification of the spontaneous scattering Raman
noise.
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Energy

E ' ' y
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Figure 1.13: Virtual energy level diagram for generation of (a) Stokes (ws) and (b) anti-
Stokes (was) frequencies. The phonon frequency is Q.

As explained above, SRS is a phenomenon related to the vibrational modes of the
molecules. Thus, this nonlinear effect is not instantaneous and its response time, in silica
fiber, is around 75 fs [44].

The stimulated Raman gain spectrum in silica spreads on more than 40 THz bandwidth
with maximum efficiency at vgunan = 13.2 THz [45]. When an intense optical field with a
frequency vy propagates in an optical fiber, a Stokes wave arises around the frequency
vo — Q and growths exponentially as a function of the fiber length (more details are given
in Sec. 2.2). The power of this Stokes wave is similar to the pump one from a threshold
given by [13]:
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: (1.38)
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where g is the Raman gain and equal, for silica fiber, to 1. 10°8 m.W-!, and Leyy is the
effective length and equal to 1 — e™%.

Another phenomenon resulting from the Raman scattering can appear when soliton gen-
eration conditions are respected: the Soliton Self-Frequency Shift (SSFS) [46]. This phe-
nomenon induces a shift to a higher wavelength of emitted solitons. The effect comes
from the soliton spectrum covering the Raman gain band thus it only appears when the
soliton has an enough larger spectrum so of short temporal length, in general in femtosec-
ond regime. This soliton frequency shift is given by: dvg/dz o |[32|/T5‘ [46]. The factors of
proportionality depend on the pulse length of the soliton if this one is shorter than 76 fs
one can use the formula described in [47] or in [13] for pulse longer than 76 fs (the thresh-
old of 76 fs corresponds to the oscillation period of silica [47]). A deeper explanation of
SRS will be introduced in Sec. 2.2.

1.2.8/ VECTOR GENERALIZED NONLINEAR SCHRODINGER EQUATION

All previous equations and nonlinear effects were based on the scalar GNLSE, which has
for the main assumption that all the waves are polarized along the same axis and never
move away from it during the propagation. Thus, no polarization (vector) effects could
be investigated with this model. Therefore, another model used during this thesis is the
vector GNLSE, also called coupled GNLSEs. This model allows an investigation of polar-
ization effects when a single-mode birefringent fiber is used. Furthermore, cross-phase
modulation instability is presented as an appropriate example of nonlinear polarization ef-
fects. This phenomenon is investigated deeply in Chapter 3. Finally, the vector GNLSEs
are given, in the time domain, by [13]

O0A,, 0A fag! A 0
oz @ X,y Z ﬁ aTk z'y(l + lT;hmkaT)

5 T2 TPy -
2 4 !’ 14 .
{(1 — ) (|Ax,y|2 + §|A,\-,x|2) + frAry (2.1) f h(T — T\ Ay (2 T — T)PdT (1.39)

l’)/ 1ALz
3Ax)Afx exp®# }
where x and y correspond to each linear polarization field envelopes, A, and A,, respec-
tively, and AB = Bo. — Boy = 2/Lp. In these equations, we neglect the orthogonal Raman
gain. Furthermore, Eq. 1.19 is similar to the scalar GNLSE (Eq. 1.17) but we take into
account the effect of cross-phase modulation (red part of the equation) and FWM be-
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tween both polarizations (blue part). The FWM term can be neglected if the birefringence
is high enough (> 107#), which is the case for PM fiber, because its sign will change often
during the propagation and its average contribution tends toward zero [13]. Unlike, in
non-PM fiber, the FWM term has to be taken into account because it is responsible for
the polarization modulation instability (PMI) effect.

1.2.9/ CROSS-PHASE MODULATION

In the CGNLSE equations, we introduced the concept of cross-phase modulation (XPM).
This effect appears when an optical pulse experiences a nonlinear phase shift induced
by the interaction with another co-propagating optical pulse with a different frequency or
polarization state. Thus, the nonlinear phase shift depends on its intensity through the
SPM effect and by the intensity of the co-propagating pulse. Finally, the total nonlinear
phase shift acquired by an optical field co-propagating with another one is given by:

o) (2,0 = v (140,00 + 21450, 0P)z, (1.40)

where j = 1,2 corresponds to each optical field. Furthermore, one can notice that the
nonlinear phase shift induces by XPM is twice as strong as the SPM one for co-polarized
different frequency waves. The XPM factor is 2/3 for cross-polarized waves as in
birefringent optical fibers.

The XPM phenomenon can be efficient only if the two optical pulses overlap, in time, with
each other. Thus, the nonlinear phase shift induced by XPM stops when each optical
pulse will walk-off from each other. In order to determine when the walk-off appears, we
can define the effective length at which the nonlinear interaction between the two waves
ceases, this length is defined as:

|AB1I”

where Ag; is the group-velocity mismatch of the two waves. Some care is required while
using this equation because we need to put Ag; in context, in order to avoid mistakes.
Thus, the group velocity mismatch is different for the following cases:

- In multimode fiber, it characterizes the group velocity speed difference between two or
more modes.

- In single-mode fiber with optical pulses traveling with different wavelength

- In our case, optical pulses traveling with orthogonal polarizations but having the same
wavelength. Thus, the group velocity mismatch depends on the fiber birefringence as

Ly (1.41)
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written in Eq. 1.18. The XPM phenomenon is responsible for the cross-phase modulation
instability, which will be further investigated in Chap. 3.

1.2.10/ SUPERCONTINUUM GENERATION

Now that we introduced different nonlinear effects that can occur in PCF, we can go
through the concept of supercontinuum (SC) generation. An SC appears when a collec-
tion of nonlinear processes act together upon a pump beam in order to cause a dramatic
broadening of the initial pump spectrum [1]. As explained before, there are two impor-
tant parameters to take into account in order to predict which nonlinear effects will take
place for the spectral broadening: the dispersion and the input pulse duration. If the fiber
used has an anomalous dispersion area and one pump close to the ZDW of this fiber, the
nonlinear effects responsible for the spectral broadening will be:

* In the femtosecond regime: SPM, soliton and dispersive wave generation, and
SSFS

* In the pico-nanosecond regime: Ml and SRS

If the fiber has an all-normal dispersion (ANDi) profile across the whole SC bandwidth
and is single-mode, SC is generated by:

+ In the femtosecond regime: SPM and optical wave-breaking (OWB)

* In the pico-nanosecond regime: cascaded SRS and FWM

Figure 1.14 shows a typical spectral evolution of femtosecond SC generation while
pumping a fiber close to the zero-dispersion wavelength (ZDW) with an input pulse
duration of 50 fs, 10 kW peak power and 8, = —11 ps?/km (a), and with an input pulse du-
ration of 50 fs, 50 kW peak power, a fiber having an ANDi profile with 8, = 5.33 ps?/km (b).

As we can see, the anomalous pumping leads to the presence of several dips in the
spectrum while with an ANDi pumping the spectrum remains smooth and flat. The
advantage to use anomalous pumping is to get a very large multi-octave wavelength
span. For instance, it can go up to 8 um in the mid-infrared [48]) with a relatively small
input peak power ( < 20 kW). The trade-off with this technique is the temporal (and thus
the frequency) spectrum is not stable especially when the soliton number N > 16 [1],
leading to a noisy and low coherent SC source. On the contrary, ANDi SC generation
has the advantage to be theoretically coherent and stable when SRS is not present [6]
but needs a very high peak power in order to obtain a broad spectrum in areas where the
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dispersion is not very close to zero (1.8 um with 400 kW peak power [6]). This issue can
be fixed with better engineering of the dispersion profile (easier at 1.5 um than at 1 um).
In this thesis, we will focus only on femtosecond ANDi SC generation at 1 um.
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Figure 1.14: Numerical simulations of (a) anomalous and (b) ANDi SC evolution as a
function of fiber length. The input parameters are: 50 fs input pulse duration with 10 kW
input peak power and 8, = —11 ps?/km for (a) and 50 fs input pulse duration with 50 kW
input peak power B, = 5.27 ps?/km for (b).

We will now explain deeply the mechanisms governing fs ANDi SC generation. For that,
the temporal and spectral SC spectra at different fiber lengths are shown in Fig. 1.15.
The initial parameters used in this simulation are 150 fs full width half maximum (FWHM)
secant pump pulse centered at 1054 nm with 100 kW peak power using a parabolic ANDi
profile with a minimum of dispersion of 8, = 5.935 x 107%"s?/m, and a constant nonlinear
parameter y = 25.5 W 'km~!. Before going into detail with the SCG in ANDi fibers, there
are some general features to consider:

» The group velocity increases with wavelength, i.e. longer wavelengths travel faster
than shorter wavelengths

» Eventually, the dispersion increases at longer wavelengths, crossing the ZDW,
which can induce the generation of soliton and thus ruined the coherent SC gener-
ation [11].

» Spectral broadening at shorter or longer wavelengths than the pump wavelength
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corresponds to the leading or trailing edge of the pulse in the time domain, respec-
tively.

 The chirp induced by SPM and GVD have the same sign and therefore the pulse
broadens continuously in the time domain, which results in peak power reduc-
tion that limits the spectral broadening. Thus, the maximum spectral broadening
is achieved when pumping at the point of minimum absolute dispersion. Further-
more, ANDiI fibers have been engineered and fabricated to have as low dispersion
as possible for maximizing the spectral broadening [49].

* In parabolic-like ANDi fibers, the sign of 8, and B, is positive and therefore scalar
MI cannot occur. Care must be taken when using flat-dispersion ANDi fibers as

B4 can be negative depending on the wavelength.

Using femtosecond pulses the spectral broadening at the beginning of the fiber is gov-
erned by the SPM nonlinear effect (see Fig. 1.15 (a) and (b)). To help the understanding
of this example, it is useful to estimate the linear and nonlinear characteristic lengths
using our input parameters. The dispersion length is L, = 1.3 m and is much longer
than the nonlinear length Ly, = 0.38 cm. Thus the initial dynamics are governed by the
nonlinear effect, SPM in this case. As previously explained, the initial spectral broadening
due to SPM can be enhanced or reduced with the input peak power or nonlinearity.

In the normal dispersion regime, the longer wavelengths travel faster than the shorter
ones. Thereby, after some propagation distance, overlap in time appears between the
trailing/leading edge of the pulse and the main blue/red peaks of the SPM spectrum.
As a result, new wavelengths are generated on both sides of the spectrum. This
phenomenon is called optical wave breaking (OWB) [6, 8]. The first signatures of OWB
appear at 3 cm in the short wavelength side of the spectrum as shown in Fig. 1.15
(c) and on the right side of the temporal spectrum (Fig. 1.15 (d)), in the form of tem-
poral oscillations. In the long-wavelength side, OWB generates new wavelengths after
5 cm as shown in Fig. 1.15 (e) and on the left side of the temporal spectrum (Fig. 1.15 (f)).

The new frequencies generated by OWB are obtained via a degenerate FWM:
WowB = 2Wpump — Wspm, Where wpn,, is the pump frequency and wspy the frequency of
the SPM redder/bluer peaks of the spectrum. Some energy is transferred to the OWB
frequency while the frequency components overlap in time until the energy of the tails of
the pump is completely depleted. Another feature of OWB is displayed in Fig. 1.15 (d)
and (f) in which the pulse undergoes interference in the leading (d) and trailing (f) edge
of the pulse in the time domain. This corresponds to the OWB development at short/long
wavelengths, as a result of the overlap of different frequencies in time. The interference
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in the time domain ceases with further propagation, when OWB is over (Fig. 1.15 (h)).
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Figure 1.15: Typical temporal and spectral evolution of fs SC generation in ANDi fibers
for (a,b) 2 cm, (c,d) 3 cm, (e,f) 5 cm, and (g,h) 10 cm.

The reason for OWB to occur earlier at shorter than at longer wavelengths is related to the
shape of the dispersion curve. In the short wavelength region, the dispersion is steeper



than at long wavelengths, in this example. This means that the group velocity difference
between the pump (1054 nm) and the outermost red/blue-shifted SPM peak (1163 nm /
886 nm in this case) is larger in the short-wavelength region than in the long-wavelength
region. As a result, the overlap in time between those frequencies and the consequent
OWB frequency generation takes place earlier in the short wavelength region. Besides,
self-steepening enhances the OWB generation at short wavelengths [50] by inducing
an intensity dependence on the group velocity. In fact, when self-steepening, Raman
and higher-order dispersion terms are removed, the spectral broadening is generated
symmetrically in frequency [8]. A characteristic length can be defined for Gaussian pulses
to predict the onset of OWB [8]:

1
YPoB2

L ~ 1.1%: 11T, (1.42)
For our parameters, the OWB length is Ly = 2 mm, which gives an estimation of the
OWB onset. This analytical OWB length is given in Eq. 1.42 was derived for a constant
B>. Therefore, the asymmetries in OWB generation due to the group velocity difference,
self-steepening and Raman are not taken into account.

After the onset of OWB on both sides of the spectrum, all the frequencies are located
in one unique temporal position. Further propagation, therefore, leads to stretching of
the pulse in time and no more spectral broadening as shown in Fig. 1.15 (f) at 10 cm.
For this example, the SCG is fully developed after less than 12 cm, and thus longer fiber
length is not needed. However, under other conditions, such as longer pump pulses,
the OWB distance increases, and therefore more fiber length is required to obtain the
broadest spectrum possible. Also note that not only in our example but also in general,
a single pulse in the time domain is maintained at the output of the fiber with linear
phase [6], which can be compressed to ultra-short (single cycle) pulses [?,51].

In conclusion, spectrally flat and pulse-preserving SC can be obtained by using ANDi
fibers. The phenomena governing SCG using ANDi fibers are SPM and OWB, which
generate new frequencies coherently [6, 8], and therefore allow for potentially coherent
and low noise SC [6,51]. Ideally, short pump pulses and high peak powers are preferably
used in order to generate the broadest ANDi SC with the shortest possible fiber length.

In the next chapter, we will investigate in detail all source of noise and their impact on
ANDi SC supercontinuum.
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2

NOISE SOURCES AND THEIR IMPACT
ON ALL-NORMAL DISPERSION
SUPERCONTINUUM GENERATION
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In this chapter, we will discuss and investigate all noise sources and their impact on
the supercontinuum noise and its coherence. Several theoretical studies about SC
coherence have been reported in anomalous dispersion fiber, covering pulse durations
from fs up to continuous wave, and including several kinds of noise, such as quantum
noise added as a photon with random phase noise in the frequency domain (one photon
per mode), Wigner-representation based quantum noise was also added in the time
domain as amplitude and phase noise, Raman noise, and polarization noise [1, 52—-62].
This is not the case for theoretical studies of ANDi SC generation, which have mostly
considered only the quantum noise [6, 9], except for a recent work of Gonzalo et al. [10],
in which relative intensity noise was experimentally and numerically compared for ANDi
SC generation with 170 fs pump pulses. In this study, it was found that quantum
noise was too weak to describe the experimentally observed noise, whereas adding
1 % amplitude fluctuations of the laser gave better agreement with the experimental
results. This important result underlines that while pump laser noise traditionally has
contributed little to the noise levels in incoherently broadened anomalous dispersion fiber
SC generation, it is extremely important in coherently broadened ANDi SC generation.

Unfortunately, Gonzalo et al. just briefly mentioned the effect of pure amplitude noise of
the pump laser for one specific pulse duration and fiber length and no specific simulation
including the amplitude noise was shown and no general study was conducted [10].

2.1/ NOISE CHARACTERIZATION OF SUPERCONTINUUM GENERA-
TION

There are two main metrics used to analyze the noise properties of a laser or a SC:
the first-order spectral coherence function and the relative intensity noise (RIN). In this
chapter, we will describe how both functions are defined, how they are numerically imple-
mented and how they are measured experimentally.

The first-order spectral coherence function is defined as [1,9,10,63]

(A (w)A, (a))>
g12(w)l = , (2.1)

J{a@r) ()

where [Ai(w),Aj(a))] represent independent pairs of the complex spectral amplitude of a
SC spectrum, and angle brackets indicate an ensemble average over independent SC
pairs generated from the N simulations with different noise seeds. The first-order spectral
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coherence function returns a value between 0 (low coherence) and 1 (high coherence) for
each frequency. Furthermore, the spectrally averaged coherence can also be calculated
as[1,9,10,63]:

N ) <|A,~(a))|2> dw
T [

which gives 0 < (|g12]) < 1 for an ensemble of SC and indicates the average stability of
the whole SC spectrum. The first-order spectral coherence function evaluates a mix of
phase and amplitude fluctuations. Numerically, the first-order spectral coherence can be
measured using the ratio between the standard deviation and the average of an ensemble
of SC as demonstrated in App. 1 [63]:

Ig12l) = (2.2)

- 2

|<A(w)>|

lg12(w)| = T o (2.3)
<|A(w)| >

From this alternative formulation, we can interpret |g12(w)| as the modulus of the mean

field squared normalized to the mean spectrum.

Unlike the first-order spectral coherence function, the RIN formula gives only the intensity
fluctuations of the SC without taking into account effects of phase fluctuations. The RIN
formula is described as the ratio between the standard deviation of the SC ensemble
divided by its mean [10]:

cw) (AP - AP

RIN = . = 2.4
@ ) WP &4
The spectrally averaged RIN can be calculated as [1,9,10,63] :
I RIN(w) <|A,-(w)|2> dw
(RINY = ——— (2.5)
fo <|A,~(w)| >d(u

which indicates the average pulse-to-pulse fluctuations over the whole SC bandwidth.
Experimentally, there are several methods used to measure pulse-to-pulse fluctuations
of a laser or an SC. In general, in order to fully characterize these fluctuations, the noise
measurement method should quantify both the phase and the amplitude of the laser/SC
pulse. However, it is very difficult to have access to the phase fluctuations of a pulse.
Thus, the majority of the noise measurement techniques are designed to quantify only
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the intensity fluctuations of the pulse. Hopefully, for many applications, it is not useful to
resolve the phase. There are four techniqgues commonly used to measure the RIN of an
SC:

* RIN measurement using a fast photodiode and an oscilloscope [11]

* Noise spectral density measurement using an electrical spectrum analyzer (ESA)

[?]
« Dispersive Fourier Transform (DFT) technique [64]

» Cross-correlation frequency-resolved optical grating (X-FROG) [65]

Single-shot, X-FROG, unlike the other technique, is used for measuring the spectral
amplitude and phase of ultrashort laser pulses [65-67]. Thus, this method can provide a
shot-to-shot characterization of the pulse in both time and frequency. X-FROG system
has been used to measure the complete bandwidth of the SC for a single pulse. The
issue with X-FROG setup is its complexity compared to other noise measurement
methods and could be very limited, in terms of wavelength range, regarding the various
component needed to characterize a whole SC bandwidth. In this thesis, we used the
three first techniques to measure our pulse-to-pulse fluctuations in amplitude.

These methods are based on the same approach: via a photodiode, the laser/SC light
is converted into electrical current. Then, using a fast oscilloscope, we can analyze the
electrical pulse train emitted by the photodiode and thus determine the average and
standard deviation of this pulse train, as described in Fig. 2.1.

Oscilloscope
Laser / SC output
AN
U=+
Fast photodiode O 0 ©
.
Pick-up fiber u BNC cable

Figure 2.1: Schematic of noise measurement techniques based on fast photodiode and
oscilloscope.

The concept of the DFT technique is rather similar but uses an intermediate dispersive
fiber to stretch the pulses and analyze their spectra in real-time [64]. It can be described
as follows: when a pulse propagates in a linear dispersive medium with a high quadratic
spectral phase the pulse will stretch linearly and will look like its Fourier transform, as
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shown in Fig. 2.2. Indeed, according to the Fourier theory where, in the spatial do-
main, the diffraction pattern of an arbitrary spatial mask in the far-field will give the spatial
Fourier transform of the initial mask [68].

Initial spectrum Stretched time trace Recorded time trace
on oscilloscope

Temporal stretchlng Fast photodiode

—»—

+ Fourier transform

v

Wavelength Time Time

Figure 2.2: Schematic of dispersive Fourier transform principle. Fluctuations of the initial
spectrum are real-time resolved using an ultrafast detection optoelectronic system (pho-
todiode + oscilloscope).

If we consider an initial temporal field A(r) and its Fourier transform A(w), propagating
over a distance z in a dispersive fiber having a quadratic dispersion B, after a sufficient
propagation in the approximation of stationary phase (as defined in [69]), we obtain a
time stretch output pulse A,(¢) defined as [69]:

N —it?

4.0 ~ Ajpe exp 2 ). 2.6
B2s2

Thus, we obtain an output time-stretched pulse with an intensity profile similar to the initial

spectrum:

A ~ |A(t/Bas2) (2.7)

This principle is described schematically in Fig. 2.2 where we can find the different steps
of the dispersive Fourier transform technique. Finally, the equivalent spectral resolution
(ESR) represents the spectral bandwidth for which the RIN is integrated during the DFT
measurement and is given by [69]:

1

- 2.8
B|D|z (28)

where B is the photodiode or scope bandwidth, D the dispersion in ps/nm/km of the
stretching fiber and z the fiber stretching length. We have to notice that the ESR is
frequency-dependent thus the RIN value given by DFT measurements could be different
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from one edge of the spectrum to the other one especially the RIN value should be
higher close to the ZDW of the stretching fiber because the integrated bandwidth will be
shorter.

In practice, to perform a DFT measurement, one needs a fast photodiode with high
sensitivity and a fast oscilloscope which can resolve every pulse without any overlapping.
One can use different stretching elements in order to temporally spread the pulse:
prism, chirped-mirrors, grating, fiber [70]. We notice that experimentally, to have a linear
propagation (avoiding nonlinear effect), we could have to reduce the power of the input
field.

For this thesis, the DFT technique has been used to investigate pulse-to-pulse noise
fluctuations in PM-ANDi SC generation and especially the impact of the input polarization
on the SC RIN. More details regarding this experiment are provided in Chapter 3.

Another way to measure the RIN of a laser (or an SC) is to use directly a fast photodiode
and a fast oscilloscope to record the pulse train, this one will measure the pulse-to-pulse
intensity fluctuations [10,71]. In order to obtain a spectrally resolved RIN (for the SC
case), one can use a tunable bandpass filter before the photodiode, as shown in Fig.
2.3. The impact of the bandwidth on RIN measurements will be discussed later. This
measurement technique has been used to study the statistic behavior of rogue wave
characteristics with a ps pumped SC [64, 72].

\ \ Oscilloscope

Pick-up fiber

V\
—=
=
—r
——
[
EEEn

SC fiber's output R

Band-pass
filter

X
[ 42 ¥~BNC cable

Photodiode

Figure 2.3: Schematic of the spectrally resolved RIN measurement setup using collimat-
ing lens (CL), focussing lens (FL) and band-pass filters.

To correctly use this measurement method, we have to fulfill the following condition [73]:

Trep = Tpp = Ty, (2.9)
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where T, is the inverse of the repetition rate (12.5 ns for a laser emitting pulses at 80
MHz repetition rate), Tpp is the FWHM of the photodiode response function and T, the
FWHM of the input pulse. To obtain this condition, one need to know that the voltage
response of the photodiode, V(¢) is proportional to the convolution of the photodiode re-
sponse function with the incident intensity:

Trep/z
V(t) o f PD(t — 1)|A(t)dr, (2.10)
_Trep/2

where A(z) is the amplitude of the measured field, and PD(¢) is the photodiode response
function. We have to notice the response time of the photodetector is much longer than
the input pulse duration. Therefore the input pulse can be approximated to a Dirac func-
tion. Thus, the entire pulse goes through the photodector before this one responds. Thus,
the detector only sees integrated energy of the pulse as the amplitude of the delta func-
tion:

IA(DP o EoS(7), (2.11)

where E, is the pulse energy. Finally, inserting Eq. 2.11 in Eq. 2.10, we obtain the
following relationship:

Trep/2

V(o)  Eq f " PD(t - 1)5(f)d o« EoPD(f) (2.12)
_Trep/2

Thus, the peak signal recorded on the oscilloscope is directly related to the optical

energy of the pulse and the shape of the signal is given by the impulse response of the

photodiode.

The ESA method also uses a fast photodiode but is used in order to measure the signal-
to-noise-ratio (SNR) over a wide range of frequency in the electrical Fourier domain.
The noise values given by an ESA are in V/ VHz. Thus, to compare them to the direct
measurement with an oscilloscope, we have to transform the noise spectral density (NSD)
to RIN. The first step, to normalized the NSD, is to divide it by the DC voltage given by a
voltmeter. The unit of the NSD is now: 1/ vVHz. Now, we have to take the square of the
NSD to convert it in 1/Hz. Finally, we have to integrate the NSD of the frequency range
going from the "minimum frequency" given by the ESA to the first harmonic of the laser.
The transformations are written with the following equation:

RIN =

f (NSD

2
Ve ) df, (2.13)

39



where f; and f, represent the minimum frequency and the first harmonic frequency of
the laser, respectively.

A quicker way to determine the RIN value from the NSD, given by [73], is to find the
noise level of the flat part, RINy,, of the normalized NSD spectrum, in unit of VHz, and
multiplied it with the repetition rate of the laser, f., :

RINrms =~ w’frepRINflat (214)

This approximation can only be used with high repetition rate laser because the flat part
can be difficult to determine as the first harmonic can stretch all the way down to zero
while using low repetition rate laser.

Like the method using an oscilloscope, to determine the spectrally resolved RIN of an
SC spectrum with an ESA, one needs to use band-pass filters. During this thesis, ESA
measurements were performed to determine the noise level of the laser itself, which
means no band-pass filters were needed.

Each method described previously has its pros and cons. The X-FROG method is the
only one that gives information on the temporal and frequency spectrum of the source.
Thus, with this method, we can determine if the system is transform-limited, its RIN value,
and its spectrogram but this method can be very complex to set-up. The DFT method has
the advantage to give directly the spectrally resolved RIN (limited by the dispersion and
length of the stretching fiber, and bandwidth of the photodiode, Eq. 2.8). Furthermore, it
is very easy to obtain the statistical behavior of each wavelength bin (L-shape for optical
rogue waves ...). The main issue with this technique is to use the appropriate stretching
element. Indeed, considering the stretching device is an optical fiber, one needs to be
very careful about the specification of the fiber. This one must have the same sign across
the whole SC bandwidth (to avoid overlapping of the frequencies), the stretched pulse
has to be shorter than the inverse of the repetition rate of the laser, the photodiode should
have a high sensitivity to obtain a good signal-to-noise ratio and the cut-off wavelength of
the fiber should be below the blue edge of the spectrum. The oscilloscope method needs
band-pass filters to measure the spectrally resolved SC RIN and several photodiodes to
cover the entire spectral bandwidth, i.e the silicon detects from 400 nm to 1100 nm, and
the InGaAs from 800 nm to 1700 nm. This method is very quick and easy to set-up but the
RIN results depend heavily on the band-pass filter bandwidth. An advantage to measure
the RIN based on an oscilloscope detection is to confirm that the pulses look as expected,
i.e. expected shape without ringing in the signal due to bandwidth limitations. A clear
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benefit of frequency-domain measurements is the ability to locate the frequency of the
high noise regions. This can lead to the identification of the noise source, i.e. mechanical
vibrations or power supplies, which in turn can lead to the elimination of these noise
sources. Furthermore, a spectrum analyzer directly measuring in the frequency domain
can operate with a narrow band filter, leading to excellent dynamic range and sensitivity.
Also, analysis in the frequency domain can provide detailed information on the timing
jitter. Finally, Tab. 2.1 summarizes the pros and cons of each technique.

Average Spectrally Frequency Difficulty | Pulse

RIN resolved RIN | RIN spectrum | to set-up | shape
X-Frog v v X v v
DFT v v X v v
Oscilloscope v With filters X X v
ESA With integration | With filters v X X

Table 2.1: Summary of the pros and cons for each noise measurement techniques.

2.2/ KNOWN LIMITS OF COHERENT SUPERCONTINUUM GENERA-
TION

Previous studies on ANDi SC generation have already been reported [6,9-11, 49, 74]
presenting this particular case of SC generation with different configurations. In two
of them, it has been reported that ANDi SC generation could not be as perfect as
predicted [9, 10]. Indeed, theoretically, fs ANDi SC generation is predicted to be a fully
coherent process to generate new wavelengths via SPM and OWB but this assumption
is true only in a certain measure. In this section, we will give a short review of different
phenomena that have to be taken into account to obtain a low-noise ANDi SC spectrum.

In Heidt et al [9], the authors established the first limit of ANDi SC generation, which is
inherent to this method. This limit is the input pulse duration of the laser pumping an
ANDiI fiber. Figure 2.4 shows the logarithmic spectra and the corresponding coherence
plot as a function of the input pulse duration ( Trwmy going from 50 fs to 5 ps) for an
input peak power of 5 kW.

We observe for subpicosecond input pulse duration, the spectral dynamic is governed by
coherent nonlinear effects: SPM and OWB (the coherence value is 1 across the whole
spectral bandwidth). If the input pulse duration increases but the fiber length remains the
same, the spectral bandwidth will be reduced because the new wavelengths by OWB can
not be generated (Lwgs > 1 m using Eq. 1.42). Furthermore, we can notice decoherence
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on the red wavelength side of the SC spectrum, which can be attributed to the SRS.
For longer input pulse duration (Trwry = 5 ps), the spectral broadening dynamics is
governed by SPM and cascaded SRS. In this case, only the SPM area of the spectrum
remains coherent but the decoherence is not only due to the SRS but also to Raman
assisted parametric FWM [9, 74—-76].
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Figure 2.4: (left) SC mean spectral intensity (bottom) and corresponding spectral co-
herence (top) generated by a 5 kW peak power pump pulse after 1 m propagation as a
function of input pulse duration Trwpy,. (right) Detail from (a) marked in positions |, 1l, and
[l corresponding to 200 fs, 1500 fs, and 5000 fs pulse duration, respectively. The mean
spectrum is displayed in red, while the intensity fluctuations are visualized by displaying
an ensemble of 20 independent simulations with different noise seeds in gray. Extracted
from [9].

After this investigation of the main effects involved in the decoherence of ANDi SC gener-
ation, the authors investigate the impact of higher input peak power (~ 100 kW), i.e octave
generation, on the spectral coherence, for Trwuy < 1 ps (N < 400). The nonlinear effects
responsible for spectral broadening are still the SPM and the OWB. It is evident the OWB
characteristic length determines when the coherent ANDi SC generation is concluded
and doesn’t evolve anymore. In this regime, the maximum spectral bandwidth Aw,,, is
independent of the input pulse duration and depends only on [77]:
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Aweop, o< )/_Po. (2.15)
V B2

From this equation, one can understand with a given fiber, the spectral bandwidth is only
power-dependent but only for a sufficient large fiber length. Indeed, as discussed above,
for a longer input pulse duration one needs to use a longer fiber length to obtain the
wavelength generated by OWB. Furthermore, one can define a coherence length, L.,
for which the average SC coherence is higher than 0.9 ((g12) > 0.9). This parameter is
very large for short input pulse duration, as shown in Fig. 2.5.
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Figure 2.5: Average spectral coherence of SC pulses generated with an input peak power
of 100 kW as a function of pump pulse duration and propagation distance. The wave
breaking distance (dashed black line) and the coherence length (dashed red line) are
also represented.

For N ~ 250, Lwg < Leon, and a long fiber length, i.e. L > 4Ly, the noise-seeded SRS
phenomenon starts to appear. For even longer propagation length, like in the low-power
case, Raman assisted FWM quickly spreads the noise also to the short wavelength
side. The presence of SRS and FWM components and their overlap with the main pulse
now cause noisy interference structures and large pulse-to-pulse fluctuations in both the
spectral and temporal domain. the process responsible for the decoherence of the SC is
the SRS as explained previously.

For N ~ 650, Lwg > L., the decoherence process appears before the full spectral
bandwidth of the ANDi SC is obtained. In this case, a nonlinear mixing between the SPM
components, SRS, and Raman assisted FWM can be obtained due to the overlap in time
of these three components. This overlap will generate new wavelengths through what
can be called incoherent OWB. Therefore, coherence is never established across the SC
bandwidth.
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Thus, according to [9], in order to obtain a low-noise/highly coherent SC spectrum, one
needs to pump an ANDi fiber with an input pulse duration shorter than 1 ps for peak
power of 100 kW.

In Bravo et at [74], the authors explain that it is very important to use the measured
Raman gain spectrum to estimate the coherence of numerical ANDi SC generation.

The nonlinear response of silica, R(¢), can be expressed as:

R(1) = (1 = fR6() + frhr(2) = (1 = fR)6() + fr [Ra(?) + Rp(1)], (2.16)

where fr represents the fractional Raman contribution [44]. The first term of this equa-
tion characterizes the instantaneous electronic response while the second one is the
delayed nuclear response of the material. Furthermore, hg represents the isotropic R,
and anisotropic R contribution [13,45,78]. There are different Raman functions that can
be used to simulate this nonlinear effect. Here is a short review of the 3 main ones which
are also shown in Fig. 2.6:

* Measured Raman Gain

This model is based on the experimental Raman Gain of silica measured at /lf,f =
526 nm. Several similar Raman gains have also been measured at other pump
wavelengths [45,79]. In this case, the fractional contribution fx is equal to 0.18.

 Standard model
This model is the simplest one and has been used largely in the literature and can
be written as [80]

2 2 ¢ p

Tl + T2 .
hg(t) = 5= exp (——) sm(—) (2.17)

TIT, L) T

with 71 = 12.2 fs and 7, = 32 fs. The issue with this simple model is the underes-
timate Raman gain for frequency shift below 10 THz and overestimate it above 15
THz.

+ Q-Lin model
This model developed by [45] corrects the underestimation of the Raman gain for
frequency below 10 THz but still overestimate it above 15 THz. This model is ex-
pressed as:
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Figure 2.6: Raman gain measured at /lj’f = 526 nm (solid blue), Classic model (solid
black), and Q. Lin model (dashed red).

hr(?) = faha() + (fcha(®) + fohs (1)) , (2.18)

with,

72+ 72 27) —
ha(t) = - Zzexp(—i)sin(i), and h;,(t):( iLh T)exp(—l), (2.19)
T L) T1 T Th

2 b

where 1, =96 fs, f, = 0.75, f;, = 0.21, f. = 0.04, and fz = 0.245.

As discussed before and in [66], FWM and SRS can interact with each other to generate
incoherent OWB. The efficiency of this interaction is given by the mix-parametric Raman
(MPR) gain and is expressed as [66, 76,81, 82]

g"(Q) = 2yPoRe | VK (2q - k)|, (2.20)
where K = —AB/(2yPy) is the linear phase mismatch normalized to the nonlinear

contribution to the mismatch, A8 = £,Q% + f4Q*/12 + ... and g = 1 — fz + frhr(-Q).

Thus, to suppress the influence of MPR on the spectral coherence of ANDi fs SC
generation, one needs to use a short input pulse duration (< 400 fs) or a flat dispersion
profile close to the ZDW, or a high input peak power [9, 74]. Furthermore, we highlight in
all our simulations we use the measured Raman gain.

Another phenomenon that can lead to a degradation of the coherence of ANDi SC
spectrum is the polarization modulation instability (PMI). This nonlinear effect is the
vectorial aspect of the well-known scalar MI, which has been described in 1.2.4. Bravo
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et al [10] investigate this phenomenon and its impact on ANDi SC generation and its
coherence. This section will give a short review of their investigations.

The vectorial aspect of the PMI phenomenon induces that the scalar GNLSE can not be
used anymore because this model assumes all the light is polarized along with one fiber’'s
axis and doesn’t exchange its energy with the other one. Thus, in order to investigate
the impact of PMI on ANDi SC generation, one needs to use a vectorial model of the
GNLSE as the one described in 1.2.8. Experimental studies of PMI effects in ANDi SC
generation have already been reported in weakly birefringent ANDi PCF [83, 84] but
no one before [10] investigates this phenomenon in depth. Thus, in order to study this
phenomenon, one needs to use a code solving the CGNLSE and align the input pulse off
axes to generate PMI and especially at 45° of both fiber’s axes to maximize its gain [85].

To investigate only the impact of PMI on ANDi SC generation, the authors limit the range
of their simulation from 50 fs to 500 fs to suppress the impact on SRS as discussed
before. Figure 2.7. demonstrates the coherent and noise properties of ANDi SC
generation obtained up to 500 fs with a fiber length of 1 m with an input peak power of
44 kW. We find that for a pulse duration longer than 120 fs the decoherence process
starts to appears due to the PMI effect when this one is taken into account via a vectorial
model. About the RIN of the SC, this one scales drastically with the input pulse duration.
Thus, one needs to use a pulse duration shorter than 120 fs to keep a low-noise SC
generation. Also, to limit the impact of PMI using a long pulse duration of ~ 300 fs, one
can use a shorter fiber length (~ 5cm) at the cost of the spectral bandwidth.
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Figure 2.7: (a) Spectrally averaged coherence and (b) RIN for an ensemble of 20 simula-
tions with an input peak power of 44 kW with input polarization along the slow-axis as a
function of pulse length and fiber length using CGNLSEs solver. Extracted from [10].
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Thereby, in order to limit/suppress the PMI influence, one needs to use either a femtosec-
ond laser pumping a PM-AND:I fiber to avoid any transfer of energy from one polarization
to the other one.

Finally, knowing the limitations and how to avoid them, we decided to use during this
thesis a PM-ANDi PCF and different femtosecond lasers going from 90 fs to 400 fs.

2.3/ ALL-NORMAL DISPERSION POLARIZATION-MAINTAINING
SILICA FIBER

In this section, we will present the PM-ANDi PCF used during this thesis. This fiber is the
so-called NL-1050-NEG-PM-2 from NKT Photonics. This fiber is the PM version of the
commercially available NL-1050-NEG-1 ANDi PCF. The non-PM version is well known
and has been largely used in the literature [6,51,86,87]. The non-PM version has been
used, for the moment, for two papers [88, 89], and this will be discussed in this chapter
and the next ones.

Figure 2.8: Scanning electron microscope image of the PM-ANDi PCF. a) Full image of
the fiber. b) Values of the core diameter. c¢) Values of the pitch and hole diameter d) Zoom
on the fiber facet.

Figure 2.8. presents the scanning electron microscope image of the NL-1050-NEG-PM-
1, used during all this Ph.D. Furthermore, in the rest of this manuscript, this fiber will be
called PM-ANDi PCF. We can notice on this image two rods in borosilicate, which induce
stress to create the polarization-maintaining effect.
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Figure 2.9: Measured dispersion profile of the NL-1050-NEG-1 PM ANDi PCF for the
slow axis (red dots) and fast axis (blue dots), and their fitted dispersion profiles

From these images, we measure an average hole size of 550 nm, and an average pitch
of 1.44 um. Furthermore, we can calculate the air fraction of our fiber d/A ~ 0.38, with
a 10 rings hexagonal structure. Thus, from Eq. 1.4, we can determine that our fiber is
endlessly single-mode (d/A = 0.38 < 0.45).

The dispersion profile of our fiber was measured using white light interferometry, as
described in [90] and shown in Fig. 2.9 (red and blue dots). We can see the average
dispersion profile is slightly smaller on the slow axis than on the fast axis but the
uncertainties on their values are also high so we can - within experimental error - assume
the same dispersion profile for both polarizations (dashed blue curve in Fig. 2.10).
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Figure 2.10: Average measured (dashed blue) and modelled (solid black) dispersion pro-
file, and measured fiber loss profile (solid red) of the NL-1050-NEG-1 PM ANDi PCF. The
inset shows the MFD measurement.
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The calculated dispersion profile was obtained using COMSOL Multiphysics (black curve
in Fig. 2.10). As expected, the small holes of the PCF give a confinement loss edge
(red curve in Fig. 2.10) significantly below the material loss edge, here found to be at
1450 nm this will significantly influence the long-wavelength part of the intensity and noise
profiles. The stressed-induced rods used to obtain the PM version of this fiber give rise
to an asymmetry of the mode field diameter (MFD) along each optical axis, as shown
in inset in Fig. 2.10 . Due to this asymmetry, the nonlinear coefficient on each axis is
different (0.0272 m~'W~! for the slow axis and 0.0255 m~'W~! for the fast axis) thus the
SC bandwidth should be broader on the slow axis than on the fast axis.

2.4/ EFFECT OF TECHNICAL NOISE ON RELATIVE INTENSITY NOISE
AND TEMPORAL COHERENCE

This subsection will focus on a numerical study where we use a single-polarization scalar
model in the form of the standard GNLSE to model the propagation of the envelope
function. We choose to ignore the effect induced by polarization instability like PMI to
investigate, in isolation, the effects of technical noise on the RIN/coherence of fs ANDi
SC generation.

The first noise considered in this study is the well-known quantum noise dgy arising from
vacuum fluctuations. This quantum noise is modeled semiclassically as the standard
one-photon per mode (OPM) white noise and commonly used in numerical simulations
of SCG [1,62] (this model is always used in all simulations performed in this thesis). This
model has been introduced by R. G. Smith [62] where he demonstrated that including
this noise model on the input fields accounted for the observed Raman amplification of
spontaneous emission in the optical fiber. The principle of this model is to add to the
initial condition in the Fourier domain a photon with random phase and intensity in each
spectral bin.

The envelope of the one-photon-per-mode field in the frequency domain is written as [62]:

SoN = Vhwy, /AQe ™, (2.21)

where # is the reduced Planck’s constant, @,, is a random number, Gaussian distributed
in the interval [0,1] in each angular frequency bin w,, and having a bin size AQ. The noise
is transformed back to the time domain and added to the input envelope field as:
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E() =Ap+ 9"] (6QN) , (222)

with Ag = V/Posech (t/T), and .Z~! the inverse Fourier transform.
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Figure 2.11: Representation of the timing jitter effect showing the delay between pulses
in the time domain. The maximum timing jitter value is 1 ps.

Another source of noise presents in mode-locked laser is the timing jitter which can be
modeled by doing a convolution with a Dirac function in the time domain of the input field
or multiplying it with a frequency-phase in the Fourier domain which could be written as:

Et+7)=E)®5(t—1)= F! (E(v)e”f ) (2.23)

where t represents the timing jitter value of the laser and .#~! the inverse Fourier
transform. A more physical way to understand the timing jitter effect is to picture it as a
variation of the repetition rate of the laser which means the duration between two emitted
pulses will be different from pulse to pulse as described in Fig. 2.11. As an example, if
you consider a mode-locked laser with a repetition rate of 10 MHz and with a timing jitter
value of 1 ns, it will mean the duration between two pulses will vary from 99 ns to 101 ns.

Fortunately, timing jitter in femtosecond mode-locked lasers can be very small which
is especially true for the lasers used in this study (hundreds of attosecond, see Fig.
2.12). The Origami LP femtosecond laser datasheet can be found in [91]. Thus, we can
neglect this effect when we will investigate the technical noise effect on the SC RIN and
coherence.

In addition to timing jitter, amplitude noise/intensity noise, arising from fluctuations in the
laser pump’s diode of a laser can be a problem to obtain a low-noise SC system as
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Figure 2.12: Measured timing jitter (TJ) spectral density for an Origami 15 LP from NKT
Photonics and its integrated timing jitter for the frequency range f= 1 Hz-1 MHz.

nonlinear effects are strongly dependent on the pulse intensity. The equation describing
the amplitude noise of the laser is given by:

Ean(®) = E(®) X (1 4+ dan), (2.24)

the laser amplitude fluctuations described by 5an = ¥, where ¥ is a single random value
for each input pulse, extracted from a Gaussian distribution with a zero mean and a
standard deviation equal to the root mean square (RMS) amplitude noise of the modeled
laser, given by the manufacturer of the laser. This amplitude noise effect is represented
in Fig. 2.13 using an amplitude noise value of 5%. Also, typical commercially available
mode-locked lasers report an intensity noise value of 1% thus we need to find a formula
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Figure 2.13: Representation of the amplitude noise effect showing the peak power differ-
ence in the time domain. The maximum output intensity noise value is 10 %.
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linking intensity noise and amplitude noise in order to compare both:

Iy = E3y = 1) # (1 + 6an)*  San << 1
~ I(f) = (1 + 264n)
~ I(t) * (1 +6))

(2.25)

= 51 X 25AN-

Thus, there is a factor 2 between RIN and amplitude noise. Finally, in this study, we will
consider a range of RMS amplitude noise going from 0.1% to 2%.

To correctly consider the effects of laser amplitude fluctuations on the SC, it is important
to take into account any correlated fluctuations of the pulse duration, which occur in a
mode-locked laser. This is important to model, as pulse duration fluctuations will subtly
affect the efficiency of SPM, and thus the output spectral shape and width. To estimate
the correlation of the fluctuations, we use the deterministic correlation between average
power and spectral bandwidth experimentally measured in an Origami 10 fs mode-locked
laser, shown in Fig. 2.14. Assuming a fixed repetition rate and a state of anomalous
dispersion soliton mode-locking, producing approximately transform-limited sech-shaped
pulses, we then find the linearized relation between peak power and pulse length (more
detailed in App. 2). Assuming then that this relation holds during the fluctuations, we
obtain the following relationship:

6T0 =-0.8 % 6AN’ (226)

where &1, is a Gaussian distribution centered in 0 having a standard deviation equal
to 0.8 times 6an. The peak power and pulse duration of a mode-locked laser are thus
anti-correlated, which is extremely important for the SC noise, as we shall see in the
following. We note that the value of 0.8 is specific to the laser considered, but can be
generalized for other kinds of lasers.

Thus, when both noise terms are included our initial condition becomes:
A0,1) = \/Py(1 + dan)sech (¢/(To(1 — 0.8 X 6aN))) + <g._l{é‘QN}. (227)

Here and in the following the Fourier transform of a function is denoted by a tilde and
defined as A(z, w) = f_fo A(z, 1) exp(ilw — wolt)dt, where wy is the pump angular frequency.
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Figure 2.14: Average power (blue curve) and bandwidth (red curve) of the Origami LP as
a function of the external modulated voltage.

In previous papers talking about coherence and/or RIN in ANDi SC generation [6, 10], it
appears the authors choose an ensemble size of 20 pulses to calculate the coherence
or the RIN of their SC without explaining why they choose this number. Thus, we
decided to investigate the impact of the ensemble size on the RIN and coherence
values. For this, we performed 10 sets of independent SC simulations for different
ensemble sizes (2, 5, 10, 20 and 40) to calculate the mean and standard deviation of
the average RIN and coherence value. We used for these simulations the following input
parameters: pulse duration Ty = 400 fs, peak power Py = 100 kW, fiber length L = 40
cm, amplitude noise d4n = 0.5 % and the dispersion profile of our PM-ANDi fiber. We
choose a pulse duration where the SRS starts to appear in order to highlight the ensem-
ble size’s impact on the RIN/coherence value. Thus, Fig. 2.15 shows the evolution of
the mean and standard deviation (std) of the RIN and g, parameter of our SC generation.

We demonstrate in Fig. 2.15 that the mean of the coherence/RIN decreases/increases
when the ensemble size increases (from 0.74 to 0.47 for the coherence and from 4.41 %
to 5.1 % for the RIN). In statistics, if the ensemble size is high enough, the mean should
not change whatever the size of the ensemble [92]. In our case, the ensemble size
doesn’t satisfy this condition thus the mean of this ensemble can vary. Furthermore, it is
normal that the mean’s evolution of the coherence and RIN are anti-correlated because
when the RIN is high the coherence of an SC drops. Also, we observe that, as expected,
the standard deviation of our ensemble reduces when this one increases (from 0.2 to
0.01 for the coherence and from 2.08 to 0.056 for the RIN). In theory, the decrease in
the standard deviation should follow a curve in VN, where N is the ensemble size [92)].
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Figure 2.15: a) Evolution of the g;» mean (blue dots) and standard deviation (red dots)
value as a function of the ensemble size. b) Evolution of the RIN mean (blue dots) and
standard deviation (red dots) value as a function of the ensemble size. The input simu-
lation parameters are: T, = 400 fs, Py = 100 kW, L = 40 cm, 54y = 0.5 % and dispersion
profile of our PM-ANDi fiber.

We can notice there is a small difference between the RIN and g;; mean and std values
between an ensemble of 20 or 40. Of course, in order to obtain a better accuracy of the
RIN/coherence value, one should use a bigger ensemble size but the trade-off appears
in the computation time needed for these simulations (the better the longer). Thus, we
decided, for all our simulations, to use an ensemble size of 20 SC, which allows us to
compare our results to the ones already published [6,10]. After this brief explanation of
the impact of the ensemble size, we will investigate the impact of technical noise on the
RIN/coherence of an SC.

In Fig. 2.16, we show the numerically found SC spectrum out of 1m of ANDi fiber
generated by a pump laser with an average peak power and pulse duration of Py = 100
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Figure 2.16: Numerical SC spectra generated in 1 m of ANDi fiber with a 1054 nm pump
with an average peak power and pulse duration of Po=100kW and T(,=50 fs, respectively.
An amplitude noise of 0.5% was used, corresponding to a pulse duration noise of 0.4%.
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kW and T, = 50 fs, respectively, and an amplitude and corresponding anti-correlated
pulse duration noise of 0.5 % and 0.4 %, respectively. We used an ensemble of 20
simulated pulses to calculate the mean and standard deviation for each wavelength
and show in Fig. 1(b) the mean and the mean +/- the standard deviation. The results
show that with only a small pump laser amplitude noise of 0.5%, fluctuations in the SC
spectrum are already noticeable. The calculations were repeated with 40 and 80 pulses
in the ensemble and no noticeable change was found, which means that the statistics
can be trusted (as shown in Fig. 2.15).

In ANDi SC generation, it has been shown that the pulse duration, fiber length, and
peak power have a critical influence on the noise properties [6, 10], e.g., the anticipated
coherent spectra are only obtained for sufficiently short pulse durations and fiber lengths.
To see the effect of pump laser amplitude noise on the coherence and the requirements
on the fiber length and pulse parameters, we simulate a wide parameter space and
calculate for each case the spectrally averaged coherence given by [1,9] and discussed
previously.

In Fig. 2.17, we plot the color-coded spectrally averaged coherence (|g12|) versus the
pulse duration and fiber length, for a fixed weak amplitude noise of 0.3% (giving an
anti-correlated pulse duration noise of 0.24%). As is typical of ANDi-SC sources, the
coherence decreases when either the pulse duration or fiber length is increased [9, 10].
However, unlike earlier single-polarization studies without amplitude noise, we observe
in Fig. 2.17 a considerably limited range of parameters where the noise is low, defined
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Figure 2.17: Average spectral coherence (|g12|) of SC pulses generated with Py=100
kW peak power pump pulses as a function of pump pulse duration T, and propagation

distance for an amplitude noise value of 0.3 % (pulse duration noise 0.24 %). The dotted
line indicates the limit (|g»])=0.9.
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as when the spectrally averaged coherence (|g12|) is higher than 0.9 (dashed line in Fig.
2.17). In particular, good coherence is seen to require pulse durations below 100 fs,
which is an order of magnitude shorter than the corresponding limit found without this
even weak laser amplitude noise of 0.3% [9, 10].

In Fig. 2.18, we show the low noise limit {|g12|) = 0.9 for amplitude noise levels between
0.1-1 % (pulse duration noise from 0.08 to 0.8%). From Fig. 2.18 we see that for
amplitude noise levels higher than 1% an average coherence of 0.9 cannot be obtained
for any reasonable fiber length. From this, we can see clearly the dramatically limiting
effect that the addition of standard laser noise levels has on the coherence parameter
space. Significantly, Fig. 2.18 does not show a contour line for the case when only OPM
noise is present because there is no loss of coherence observable until pulse durations
as long as 1 ps, as also shown by Heidt et al. [9].

1 T T T
0.8 .
— —O6AN = 0.1 %
£ —gAN =0.2 %
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Figure 2.18: Limit (|g12)=0.9 for a range of amplitude noise values from 0.1-1 % (pulse
duration noise 0.08-0.8%).

It is interesting to look into the specific spectral structure of the ANDi noise. To do so we
consider the experimentally more relevant RIN, which is typically used to characterize the
noise of an SC source and defined in 2.4. Figure 2.19 shows the mean of the intensity
spectrum and the RIN(w) of an SC generated with 100 kW, 50 fs pulses at 1054 nm for a
reasonably long fiber length of 1 m for pump laser amplitude noise levels of 0.1, 0.5, and
1.0%.

We see that in all cases the RIN is low for the majority of the bandwidth, but increases
strongly at the edges as expected. Two things are interesting to note: First, for the
weaker amplitude noise levels of 0.1 and 0.5%, the RIN at the red edge is significantly
lower than the RIN at the corresponding blue edge (e.g., the 0.6 intensity level for 0.5%
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Figure 2.19: RIN profiles for different amplitude noise values and mean spectral profile
out of 1 m of ANDi fiber pumped with 100 kW peak power, 50 fs long pulses at 1054 nm.

noise). This is because the loss at the red edge is much higher than at the blue edge
due to the strongly increasing confinement loss at 1450 nm. Indeed, if we omit fiber
losses from our model, we find similar RIN values at the two spectral edges. We note
that the impact of the long-wavelength loss edge was studied previously in conventional
anomalous dispersion SC generation, in which it was also found to reduce the noise,
here, by suppressing rogue wave generation [93].

Secondly, we see in Fig. 2.19 a signature of peaks in the spectrum being correlated with
peaks in the RIN profile. This correlation becomes even more pronounced at shorter
fiber lengths where SPM is dominating, and generates a periodic spectrum and RIN

Fiber length [m]
[%] NIY

N\
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Figure 2.20: Evolution of the RIN along the fiber length for an amplitude noise value of
0.5% (pulse duration noise 0.4%). NB: The color map has a dynamic range limited to a
RIN equal to 0.5%, meaning RIN data is only visible for wavelengths 800-1430 nm.

57



profile, as is visible in the initial 20 cm of the propagation shown in Fig. 2.20, which is
a colormap of the spectral RIN evolution as a function of the fiber length. We note that
while the average RIN increases during the propagation, the spectrally resolved RIN in
the central region of the spectrum decreases with the propagation, with the higher RIN
quotients being pushed to the edges of the spectrum.

In Fig. 2.21 we show the mean spectrum and the RIN profile after 10 cm of propagation
and draw vertical lines from the peaks in the RIN profile to the corresponding point in the
mean spectrum (OPM noise was removed for better clarity). The correlation is very clear
here as a closely matched periodicity and it appears that when SPM is dominating the
influence of amplitude and pulse duration noise is to generate strong RIN peaks close
to the fringes with a maximum slope in the spectrum. We again used 20 pulses in the
ensemble and the calculations were repeated with 40 and 80 pulses in the ensemble,
which revealed no noticeable change. This means that the RIN statistics is converged
and can be trusted.
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Figure 2.21: RIN profile (blue line) and mean spectrum (red line) of an ensemble of 20

pulses after 10 cm of fiber with 100 kW peak power, 50 fs pulse duration at 1054 nm for
an amplitude noise value of 0.5 % (pulse duration noise of 0.4%).

A very interesting and counter-intuitive fact seen in Figs. 2.19 and 2.21 is that across
the bandwidth, away from the edges, the noise level of the generated ANDi SC is lower
than the laser amplitude noise imposed on the initial condition. This has, in fact, also
been observed experimentally in a recent work on ANDi SC generation with a 1550 nm
mode-locked laser [11], but never explained. To explain it we need to look deeper into
the SPM-based SC generation and the effects of the anti-correlated amplitude and pulse
duration noise separately and together.
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Let us consider the exact solution for SPM, which with our initial condition is given by
A(z,1) = \Pgsech(t/To) exp(iyPosech?(t/To)z). Expanding the sech? function in the expo-
nent around its maximum derivative, which corresponds to the maximum frequency shift,
one finds ¢(x) = sech’(x) ~ ¢o + ¢1(x — x0) + P2 (x — x0), where xo = 0.66, ¢; = —0.77, and
¢, = 0. This gives the Fourier transform

2

—+00
A(w)P = PoT? f sech(x) (e worAwTox . prilwmworhnllor) gyl (2.28)
0

where the frequency shift is given by Aw = —0.77yPyz/Ty. This expression can be used
to study the RIN due to amplitude and pulse duration noise, which is basically how much
|A(w)|* changes under a change in Py and/or Ty.

First of all, we see that the frequency shift increases with increasing peak power and/or
decreasing pulse duration, as is well-known. Thus an increasing (decreasing) peak
power and correlated decreasing (increasing) pulse duration will act together on the
frequency shift and lead to a strongly increasing (decreasing) frequency shift. This will in
itself lead to a periodic change in the spectral intensity |A(w)*> and thus a periodic RIN.

Let us now look at two simple special cases: (1) At the input z = 0 the frequency shift
is zero and the solution becomes |[A(w)* = 7*PyT;sech.(xTolw — wpl/2). Since Ty will
decrease when Py increases (and vice versa) according to Eq. (2), we see that at the
center frequency the amplitude and anti-correlated pulse duration noise act against
each other, i.e., they will tend to eliminate each other. (2) If we consider sufficiently
large propagation distances, so that the frequency shift Aw is large, then we can neglect
the first (second) exponential in Eq. (6) when w ~ wy + Aw (w ~ wy — Aw), because
the exponential will be rapidly oscillating. In other words, the two outer slopes in the
SPM spectrum can be treated in isolation. In this case, the approximate solution for the
long-wavelength SPM slope is |A(w)|* = (12 /4)PoTZsech®(nTo[w — wo + Aw]/2). At the peak,
we, therefore, see that again the amplitude and anti-correlated pulse duration will act
oppositely and tend to cancel each other. The fact that the RIN is lower than the pump
laser amplitude noise is thus to be expected from theory and due to the anti-correlated
pulse duration noise.

Finally, Fig. 2.22 compares the impact of the different noise sources including OPM,
pulse duration, and amplitude noise, on the RIN spectrum. We clearly see when all the
noise sources are included (blue curve) the RIN level is lower than in isolation (red and
pink curves), except for OPM noise (black curve).
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Figure 2.22: RIN spectra as a function of the input noise : OPM only (black line), am-
plitude noise plus OPM noise (red line), pulse duration noise plus OPM (pink line) and
amplitude noise plus pulse duration noise and OPM (blue line).

With this final statement, we need to understand how noise suppression and coherence
collapse fit together. For this, Fig. 2.23 depicts the input vs output RIN/intensity in the
spectral domain a) and time domain b). We observe a clear noise suppression between
the input and output of the fiber in both domains. Thus, the only explanation for the
coherence degradation is an increase of the phase noise, which counterbalances the
RIN suppression. Also, if we take a look at Eq. 2.28, we understand that fluctuations in
Py and/or T, introduce(s) linear phase fluctuation i.e timing jitter. Furthermore, the timing
jitter is linearly proportional to the RIN of the pump laser (and to input pulse duration
fluctuations). Also, we note that the impact of timing jitter-induced by RIN and/or pulse
duration fluctuations on the compression factor in ANDi SC generation has been recently
investigated by Sierro et al [94].
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Figure 2.23: Comparison between input and output RIN/intensity in a) spectral domain
and b) temporal domain with the following input parameters: pulse duration Ty = 190 fs,
peak power Py= 35 kW, fiber length L = 80 cm and amplitude noise a4y = 1 %.

In conclusion, we have presented a detailed numerical study of the impact of pump laser
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amplitude noise on the coherence of the SC generated in ANDi PCFs with femtosecond
high peak power mode-locked pump lasers. In particular, we have shown that considering
nominal values of amplitude noise drastically affects the SC coherence on the spectral
edges. Indeed, when only one-photon-per-mode quantum noise is taken into account,
the coherence first starts to degrade for pulse durations above 1.2 ps, while if a weak
pump laser amplitude noise of 0.5 % is taken into account, the degradation starts already
at a pulse duration of ~ 50 fs.

We have looked into the specific spectral profile of the RIN of a typical low-noise ANDi
SC (50 fs pulse duration, 100 kW peak power) and found that it strongly increases
towards the spectral edges of the SC, as expected, but much less so on the red edge
than the blue edge. We found that this is due to the noise suppression effect of the
long-wavelength confinement loss edge of the ANDi PCF, occurring already at 1450 nm
due to the small holes of the typical ANDi PCF we considered.

In the central part of the low-noise ANDi SC, we demonstrated that the peaks in the SC
spectrum are correlated with the peaks in the RIN spectrum and that this correlation
is especially apparent at shorter fiber length where SPM is dominating and the RIN
profile is periodic. In particular, we demonstrated numerically that the SC noise in the
central part is lower than the considered pump laser amplitude noise and that this is
due to a competition between the amplitude and anti-correlated pulse duration noise,
which in combination gives a lower noise than in isolation. We confirmed analytically
that this should be so and that it is due to the anti-correlation of the amplitude and pulse
duration of the pump laser. Furthermore, we determined that the timing jitter is the main
responsible of coherence degradation when we take into account amplitude noise and/or
pulse duration fluctuations.

This study of the absolute values and finer details of SC noise in ANDi fibers is of
substantial value to potential applications, such as optical coherence tomography (OCT)
and metrology, which require ultra-low-noise SC light sources. Indeed, this study
constitutes the first in-depth look into the effect of technical noise sources on the ANDi
SC process and provides grounds for further research to achieve a better understanding
of these physically complex processes.

61






3

CROSS-PHASE MODULATION
INSTABILITY SEEDED BY
SUPERCONTINUUM GENERATION

63



In this chapter, we investigate SC generation in a PM-ANDi silica photonic crystal fiber
with a Ti:Sa femtosecond pulsed mode-locked laser (Coherent Chameleon) with the
intention to suppress PMI. However, in doing this, we discovered the generation of a
sideband outside the SC bandwidth which was not observed in previous PM-ANDi SC
generation [95, 96]. We identify this sideband as the result of cross-phase modulation
instability (XPMI) process that builds up from coherent SC generation and OWB [97].
As described in [98,99], XPMI is usually observed when a beam is launched at a 45°
from the principal axis of highly birefringent fiber. This beam is then split into two linearly
polarized modes on each axis that will nonlinearly interact with each other to generate
two frequency-detuned and cross-polarized four-wave mixing sidebands [98]. However,
this XPMI process has never been observed before through the stimulation of fs-SC
generation but only via spontaneous generation of the interaction of picosecond or
nanosecond pulses.

3.1/ EXPERIMENTAL INVESTIGATIONS OF XPMI IN FEMTOSECOND
ANDI SC GENERATION

The experimental setup used to observe and analyze SC and XPMI generation in the
PM-ANDi PCF is shown in Fig 3.1. As a pump laser, we used a Ti:Sa femtosecond
pulsed laser (Coherent Chameleon) tunable from 680 nm - 1080 nm, delivering 200 fs
pulse duration at an 80 MHz rate with a maximum average power of 450 mW at 1040 nm.
The output power is controlled using a variable neutral density filter (ND). A half-wave
plate is used to turn the input polarization state at the fiber input while the polarizer at
the output of the fiber is used to observe the spectral content of the light of each axis.
A 40x microscope objective is used to couple the light into the 40 cm of PM-ANDi PCF.
A set of 2 aspheric lenses is used to collimate the output beam and then focus it on the
multimode pick-up fiber.

Laser Ti:Sa ND HWPOM S PM-ANDiI

200 fs, 80 MHz
450 mW, A=1040 nm

Figure 3.1: Schematic of the setup, including a wavelength tunable Ti:Sa femtosecond
laser, a variable neutral density filter (ND), a half wave plate (HWP), a 40x microscope
objective (OM), aspheric lenses (L), 3D translation stages (S), 40 cm of all normal disper-
sion PCF (PM-AND:i), a polarizer (P), 2 m of multimode pick-up fiber (MM), and an optical
spectrum analyzer (OSA).
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Figure 3.2: Comsol (solid blue) and modeled (dash brown) dispersion profiles, and fiber
losses (solid green) of the NL-1050-NE-PM ANDi PCF. The inset shows the dispersion of
the group birefringence: the linear fitting (solid black) and measured data (circles red).

The fiber’s dispersion profile, shown in Fig. 3.2 (blue curve), is again the one from the
PM-ANDi fiber. The polarization-maintaining effect of this fiber is stress-rod induced,
with a slight degree of core-ellipticity that causes a linearly increasing birefringence [100]
which goes from 2.5.10~* at 850 nm to 6.8.10~* at 1300 nm, as shown in the inset in Fig.
3.2 (red circles).

We pumped the fiber at 1040 nm, at the maximum dispersion wavelength (MDW), thus
we should expect the broadest SC spectrum for a given power and input angle. Figure
3.3 shows the spectral evolution while pumping on the slow axis (blue curve), fast
axis (yellow curve) and at 45° to both axes (brown curve). The broadest SC spectrum
(bandwidth at -20 dB is 460 nm) is obtained by pumping on the slow axis while the
narrowest is obtained by pumping at 45° to both axes. The spectrum generated when
pumping on the fast axis is narrower than when pumping on the slow axis, which could
be due to core ellipticity inducing a difference in the mode field diameter and thus in
the nonlinear coefficient. The SC spectrum obtained when pumping at 45° to both
axes is the narrowest. This result is expected because only half the power is available
for spectral broadening in each axis and due to the temporal walk-off, which tends
to eliminate the influence of cross-phase modulation [101]. Interestingly a sideband
appears at 1360 nm, which is strongest when pumping at 45° and which we identify as
XPMI. When pumping on the slow axis, the sideband intensity is reduced by 12 dB but is
still clearly observable. Finally, when pumping on the fast axis the sideband appears to
be completely suppressed with an extinction of at least 25 dB.

To understand the appearance of this sideband and the efficiencies regarding the input
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Figure 3.3: Experimental SC spectra in the PM-AND:i fiber for different input polarizations
with 220 mW output power.

polarization angle, let us recall that the phase-matching conditions for XPMI should give
rise to a Stokes sideband on the slow axis and an anti-Stokes sideband on the fast axis
because of positive (normal) GVD [99, 102]. This means to stimulate the generation of
an idler-pumped sideband on the Stokes side of the spectrum we need energy in the
pump (on both axes) and energy on the anti-Stokes sideband (aligned to the fast axis).
Furthermore, it is not theoretically possible to obtain an XPMI process if the beam is po-
larized linearly along with one of the axes of the fiber as the process requires interaction
between light on both axes. Experimentally, we used a laser with a polarization extinction
ratio (PER) of 40 dB and injected the light into an end-collapse highly birefringent fiber.
This seed laser is not isolated, thus in order to protect it from back reflections, we decided
to collapse the holes of the PM-ANDi PCF to limit the amount of power going back in the
laser cavity. To collapse them, we used an FFS-2000 Fusion Splicing Workstation from
Vytran (see App. 3). Using this filament splicer, the fiber’s facet is heated (we can control
the collapsed length by increasing the duration/power of the electrical arc) and the fiber
holes collapse.

At the output, we measure a maximum achievable PER of 17 dB, which has a relatively
even distribution over the whole SC bandwidth and depicted in Fig. 3.4. This shows
that, at some point in the propagation, light has deviated from the input axis to become
distributed moreover both axes, probably due to the collapse of the fiber holes. Thus,
it is possible to observe a Stokes sideband at 1360 nm when the input beam is almost
aligned on the slow axis, though the efficiency of this sideband will be much lower than
when the beam is aligned at 45° of the axis, as shown in Fig. 3.3.
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Figure 3.4: Experimental SC spectra with an half-wave plate aligned on the fast axis. The
red curve shows the spectrum recorded when the polarizer is aligned on the fast axis
while the blue curve shows the one recorded when it is aligned on the slow axis. The
difference between both curves provides the PER.

Figure 3.5 shows the evolution of the SC spectrum as a function of the pump power
for an input polarization at 45° to both axes obtained via the half-wave plate (HWP).
As expected in ANDi SC generation, the broadening is limited by the dispersion of the
fiber and the peak power available. The SC bandwidth is 430 nm at -20 dB (845 nm -
1275 nm) for an average output power of 220 mW. The XPMI sideband grows and slightly
broadens to longer wavelengths when increasing the coupled power. It starts to appear
only when SC extends past 1200 nm and when the OWB also starts to appear (See
green spectrum in Fig. 3.5). In addition, there is no observable anti-Stokes sideband
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Figure 3.5: SC evolution for different pump power while pumping at 45° from the two axes
(power offset for clarity).
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outside the SC, even when observing the spectrum over a wide bandwidth (600 nm -
2000 nm). We can further notice a little red-shift of the XPMI peak when the coupled
power increases that can be explained by the corresponding spectral broadening of the
SC and its evolution of spectral power density [103].

Adding a polarizer at the output of the fiber to analyze the sideband polarization angle,
in Fig. 3.6, we show the SC spectrum measured after the polarizer as a function of the
polarizer angle at a maximum of output power (220 mW average power). We can see
the 3 spectra obtained by aligning the polarizer on the slow axis (blue curve), fast axis
(red curve) and at 45° of the axes (pink curve) have a similar bandwidth and shape. We
observe the most powerful sideband when the polarizer is aligned on the slow axis and
a 10 dB suppression when aligning the polarizer at 45° of the axes. Finally, aligning the
polarizer on the fast axis totally suppresses the sideband, confirming that the sideband
is polarized along the slow axis.

— Polarizer aligned on slow axis
— Polarizer aligned 45° off axes

— Polarizer aligned on fast axis

Spectral intensity [dBm]
4
o
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Figure 3.6: SC evolution for different polarizer orientations while pumping at 45° from the
two axes.

We also investigate the impact of the input wavelength on the XPMI generation. For this,
we tune the pump laser wavelength down to 910 nm to get more input power. Indeed, the
output power of the laser is around 2 W at 910 nm, which is four times more than pumping
at 1040 nm. This also enables us to investigate different phase-matching conditions for
XPMI by measuring the SC dynamics as a function of the input wavelength, power and
polarization. However, we must highlight that our HWP is not properly working at this
wavelength. Indeed, we obtain an average PER of only 12 dB (before the fiber) compared
to the 40 dB PER measured at 1040 nm. Therefore, we suspect that the input polarization
is slightly elliptical at the fiber input which could explain the results below.
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Figure 3.7: Experimental SC spectra for a pump wavelength at 910 nm for different input
polarizations with 400 mW output power.

Figure 3.7 shows the SC spectrum for different input polarization while pumping at
910 nm. The broadest SC spectrum (bandwidth at -20 dB is 453 nm, going from 858
nm to 1311 nm) is again obtained by pumping on the slow axis while the narrowest is
obtained by pumping at 45° (417 nm at -20 dB), going from 858 nm to 1275 nm). The
fast axis bandwidth is between the two others, 437 nm at - 20 dB going from 858 to
1295 nm. We find the spectral broadening evolution is highly asymmetric because we
are pumping far away from the minimum dispersion wavelength (on the blue side of the
parabolic dispersion curve). Furthermore, The XPMI sideband still doesn’t appear when
pumping on the fast axis. The sideband is more powerful when pumping on the slow
than on off-axis, which could be due to the input elliptical polarization from the HWP.

Spectral intensity [dBm]

|
800 1000
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Figure 3.8: Experimental SC spectra while pumping at 910 nm on the slow axis for differ-
ent output power going from 16 mW (green curve) to 392 mW (blue curve).
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To investigate the behavior of the XPMI sideband. We plot the evolution of the SC spec-
trum for different input power when polarizing the optical field on the slow axis, as shown
in Fig. 3.8. In this figure, we can clearly see the asymmetric evolution of the spectral
bandwidth, which is due to pumping far away from the MDW on the blue side of the
parabolic dispersion curve. We observe, the XPMI sideband appears only when the SC
spans up to 1080 nm, for an output average power of 90 mW (purple curve) at 1300 nm.
We observe a wide tunability of the XPMI sideband from 1300 nm up to 1380 nm when
we increase the injected power (up to 392 mW average output power).

3.2/ THEORETICAL INVESTIGATION OF XPMI| GENERATION

To get further into details, we investigate theoretically the XPMI generation. The XPMI
theory is derived from the vector NLSE (Eq. 1.39 without the Raman term), which leads
to the following coupled equations (assuming the same dispersion affects all waves) [13]:

0A, 0A1 B 0A 2, 2 L 24 i

=Bl - iyl |A2| A1+ 3iyARA Y o1

Ay __, 0Ay_ pr oAy 2 20 ) s L e i '
=B, 22 A A7 | Az + SiyATAS e,

T - Pug T e T |A2|” + | 17| Az + iyAy

where By, 1, represent the inverse of the group velocity of each wave having different po-
larization state (x, y), 5> is the group velocity dispersion, and Ag is given by AB = B1,—f1,. If
AB is big (huge birefringent), the exponential term oscillates strongly and its effect is neg-
ligible for propagation distance higher than the beat length (see Sec. 1.1.5). Therefore,
we can neglect this term and the coupled NLSEs become:
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e e S T (Y |A2|2 Ay

0z ot 2 or (3.2)
0As 0Ay B2 0A, 2, 2,0 '
— =Py — 1= A A Aj.

7 7 1262+7(| 2" + | 117) Az

Now, using the instability method described in Ref. [104]. Because the considered fiber
is highly birefringent (>10~*), the powers, P, = |A;|* and P, = |A,|?, do not evolve with z
during the propagation . Thereby, the stationary solution of Egs. 3.2 is given by:

2
Ay = NPy exp(iy (P1 T ng)a

2
A; = \/P—zexp(iy (P2 + gPl)z).
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Introducing a perturbation in the stationary solution, we obtain:

= (\/P_l + u(z, t)) exp(iy (P1 + %Pz) 2)

Ay = (\/P_z +(z, f)) exp(iy (Pz + §P1)Z),

where u, v represent the perturbation of each field components. Inserting, Eq. 3.4 in 3.2,

we obtain the equation of propagation of our perturbations u, v:

@:_ﬁu(’)u ﬁz Ou + iy P1(u+u)+—\/P1P2(V+V)
0z ot 262

5 P (3.5)
V_ g 2 _ P2 ZJP Py
(9_1_ Blyat 26‘2+1)/(P2(v+v)+ P1P2(u+u))
The modulation approach can be written as:
u(z, 1) = ug(z) exp(iQr) + u;(z) exp(—iQr)
P P (3.6)

v(z, 1) = vy(z) exp(i€dt) + vi(z) exp(—i€dt),

where Q = w; — wy < 0 is the frequency of the perturbation. In the frequency domain,
this modulation of the amplitude induces the generation of symmetric sidebands around
the pump (of frequency wy. u;(us) represents the amplitude of the anti-Stokes (Stokes)
polarized along the fast axis (x) and v;(vy) represents the amplitude of the Stokes (anti-
Stokes) polarized along the slow axis (y). Introducing Egs. 3.6 in Egs. 3.5 and ignoring
the non phase-matched waves, we obtain the following differential system [104]:

0
. iM[VS (3.7)
dz |u* Vi,
4 1
where M is the vectorial stability matrix of the system given by
420 Ak
_|73 2
w22 o
2 2

where Py is the total input power, given by Py = 2P, = 2P, for a pump polarized at 45° of
the fiber's axes. Furthermore, the phase-matching is given by:
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Ak = —‘%”Q + Q% + yPy. (3.9)

From this equation, one can understand in the case of a highly birefringent fiber, in normal
dispersion regime, the phase-matching is possible when the birefringent term compen-
sates both the dispersion and the nonlinearity. In these conditions, the phase-matched
waves will be the Stokes one polarized along the slow axis and the anti-Stokes one po-
larized along the fast axis. The perturbation v, and u;, from Eqs. 3.7, are exponentially
amplified during the propagation if the matrix of stability M has eigenvalues with an imag-
inary part different to zero. Using det(M — AI) to obtain the eigenvalues, the XPMI gain in
a highly birefringent fiber is given by:

G(Q) = 2/1] = 2g, (3.10)

where g is the amplitude gain by unit of length of the XPMI given by:

2
_ V_Po)z _ (A
g= ( . ( > (3.11)
According to this equation, we can obtain the maximum gain of the XPMI process, when
Ak = 0, gmax = YPo/3. Furthermore, using Eq. 3.9, the angular frequency shift of the
XPMI, compared to the pump, is given by:

_M _ 4By | _ on [ _4cporyP
=52 (1_ i v J_ 35, [1_ V1- ] (3.12)

3.3/ NUMERICAL INVESTIGATION OF XPMI| GENERATION

To simulate the SC generation in the PM-ANDi fiber, we use a Matlab code solving
the two coupled generalized nonlinear Schrodinger equations (CGNLSE) for highly
birefringent fibers as described in Egs. 1.39. We used as input parameters a pump
wavelength of 1040 nm, a pulse duration of 200 fs, 12 kW peak power, a longer
fiber length of 60 cm for better visibility, the loss profile as described in Fig. 3.2
(green curve) and the birefringence values are taken from the inset. Fig. 3.9 shows the
simulated SC spectrum generated on each axis (blue and pink) and the sum of both (red).

We observe a very good agreement between the spectral bandwidth of our simulation
and our experiment (430 nm vs 420 nm at -20 dB). Furthermore, with these parameters,
we can’'t see any XPMI sideband generation around 1360 nm. To investigate this, we
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Figure 3.9: Simulated SC generation with the following input parameters: 200 fs input
pulse duration, 12 kW peak power centered at 1040 nm and a fiber length of 60cm. The
slow axis is shown in pink, the fast one in blue and the sum of both in red.

use Eqg. 3.12 to plot the theoretical XPMI sidebands as a function of pump wavelength
(Fig. 3.10) for the dispersion profile depicted in Fig. 3.2 in solid blue for different input
peak power going from 0 kW to 7.5 kW. In this figure, we find, when the nonlinear term in
Eq. 3.12 is set to zero, a signal can be generated at 1360 nm with a degenerated pump
located at 1110 nm and an idler at 990 nm (both in the SPM area). Furthermore, we can
observe the wavelength combination of the pump and idler are red-shifted when the peak
power increases (as expected from Eq. 3.12 to obtain a signal at 1360 nm. Thus, we can
assume the XPMI sideband is not generated spontaneously and the SPM broadening
plays a major role in this phenomenon.

15001 |—P = 0 kW

—P = 2 kW
P =4 kW 1360 nm

1300

1100

900

Signal/idler wavelength [nm]

| |
1000 1200 1400
Pump Wavelength [nm]

|
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Figure 3.10: Phase-matching map as a function of total peak power, from low (0 kW)
to high (735 kW) power. The horizontal dashed black line indicates the expected XPMI
sideband at 1360 nm.
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Therefore, the numerical modeling using the experimental dispersion data did not repro-
duce the experimental results; this is probably due to the uncertainties on this dispersion
curve that increases when the dispersion is close to zero. Thus, we considered the
dispersion given by the brown curve in Fig. 3.2, which is shifted upwards in the center as
the dispersion approaches zero. This is still within the measurement uncertainties and is
able to reproduce the experiments as we will demonstrate.

Using this new modified dispersion curves, we obtained a better agreement between
simulation and experimental results. This is shown in Figs. 3.11 (a-d) that depicts both
the spectral and temporal intensity dynamics on each axis when pumping at 45° the
PM-ANDi fiber. First, the numerical SC bandwidth at -20 dB level is estimated as large
as 450 nm which is very close to the experimental one (430 nm). Second, we can clearly
see the generation of a small signal at 1360 nm polarized on the slow axis, as described
previously (See Fig. 3.11 (b). We can also notice the sideband appears after 20 cm of
propagation exactly where the OWB starts to rise [97]. Interestingly, the temporal trace
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Figure 3.11: Simulated spectral (top) and temporal (bottom) SC evolution on each fiber
axis as a function of fiber length. The dots represent the theoretical XPMI wavelength
(black) using the redder SPM wavelength (white) as a pump.
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plotted in Fig. 3.11 (d) reveals that the signal at 1360 nm behaves like a small dispersive
wave (DW) shed by the pump pulse on the slow axis, in a way akin to the DW emission
by OWB in the anomalous dispersion regime [105, 106].

Likewise, the slow axis XPMI generation is seen to be closely linked to the long-
wavelength SPM lobe in the slow axis, marked with white dots in Fig. 3.11(b). According
to this conjecture, the XPMI gain is only efficient when the red-shift of the SPM lobe,
acting as the pump, slows down, and for lengths not much longer than the walk-off length
of 22 cm. This is exactly what is observed in Fig. 3.11(b): the XPMI peak is first growing
after about 20 cm when the red-shift of the SPM lobe is stopped by OWB, and after about
30 cm the power in the XPMI peak does not grow anymore. Looking in more detail we
find that the peak power decreases from 12 kW at z=0 to 1.5 kW at z=60 cm.

Now that we obtained good agreement between the simulated and the experimental
spectra, we replot Fig. 3.10 showing the XPMI wavelengths, using the modified disper-
sion curve and , for an increasing peak power from 0 kW to 12 kW. From those new
phase-matching curves shown in Fig. 3.12, we see that the XPMI phase-matched to the
center wavelength of the SPM lobe initially at 2787 nm (Py=12 kW, A5 py=1040 nm), then
it rapidly decreases because of the red-shift of the SPM lobe. The observed final SPM
lobe wavelength of 1152 nm is seen to generate an XPMI Stokes sideband at 1360 nm.
In such process, the idler sideband wavelength is at 910 nm within the SC bandwidth.
We can observe we obtain this combination in the valley of the linear phase-matching
curve, which nicely corresponds to the numerically and experimentally observed XPMI
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Figure 3.12: Phase-matching map as a function of total peak power, from 0 kW (black)
to 12 kW (red). The orange dots on the straight line for the pump wavelength show the
numerically observed red SPM wavelength [white dots in Fig. 6(b)], and the other colored
dots mark the corresponding XPMI wavelength.
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wavelength (Fig. 3.12 pink dots). The observed SCG induced XPMI generation thus
requires a delicate balance between strong SPM stopped sufficiently before say twice
the walk-off length by OWB.

In addition, we plot in Fig. 3.13 the spectrogram of our SC simulation after two meters
of propagation while pumping at 45° to both axes. As expected, we can observe the two
polarized waves walk-off from each other due to the birefringent of the fiber. Furthermore,
as explained before the XPMI sideband is polarized along the slow axis and walk-off as
well from the main pulse and acts as a dispersive wave.
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Figure 3.13: Spectrogram of the XPMI spectrum with Ty = 200 fs, Pp = 12 kW, and L = 2
m. The red curve represents the temporal trace and the spectrum generated on the fast
axis while the blue curve represents the fast axis ones.

In conclusion, we have reported the observation of cross-phase modulation instability
while pumping a PM-ANDi PCF with a femtosecond mode-locked laser tuned at 1040 nm.
A strong sideband was generated through an XPMI process at 1360 nm during coherent
supercontinuum generation spanning from 870 nm to 1300 nm. We demonstrated this
sideband cannot be generated while pumping on the fast axis and is itself polarized along
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the fiber's slow axis. Further, clarifying that we were observing XPMI, theoretical calcula-
tion and simulation performed solving the GNLSE confirmed the degenerated four-wave
mixing between a pump corresponding to the red edge of the SPM on the fiber’s slow axis,
an anti-Stokes idler pump in the central SPM area on the fiber fast’s axis and a signal at
1360 nm polarized on the fiber’s slow axis. XPMI generation could be used to extend the
bandwidth of the SC spectrum at the cost of the polarization control. Indeed, injecting the
beam at 45° to both axes means the PER at the output fiber is strongly degraded.

3.4/ REAL-TIME NOISE SC MEASUREMENTS

After explaining the phenomenon of XPMI generation, we want to investigate the impact
of the input polarization on the ANDI SC RIN and coherence. Thus, we will simulate
20 SC generations using the parameters described in the previous section without any
addition of technical noise sources to investigate the impact of the XPMI only on the SC
coherence.

Figure 3.14 shows the average simulated SC spectrum (blue curve) using the parameters
described previously (200 fs input pulse duration, 12 kW input peak power, and input
beam polarized at 45° to both axes) with the modified dispersion profile (Figure 3.2 brown
curve) and the spectrally resolved coherence function g;, (red curve), given by Eq. 2.3.
The results show an extremely high degree of coherence, equal to 1 across the whole
SC bandwidth including the XPMI sideband, when including only the quantum noise.
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Figure 3.14: Simulated average SC spectrum (blue curve) using an ensemble of 20 inde-
pendent SC spectrum and coherence function g, (red curve) using the same parameters
described in our experiment: 200 fs input pulse duration, 12 kW input peak power, and
input beam polarized at 45° to both axes.
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Thus, we observed a stimulated XPMI process which is seeded by SC, both including
the pump and the idler.

To explore the decoherence process of the ANDi SC spectrum, in the context of XPMI
generation, we repeat the same set of simulations but including an amplitude noise of
1 % as described in Sec. 2.4. Thereby, Fig. 3.15 shows the average simulated SC
spectrum (blue curve) using 200 fs input pulse duration, 12 kW input peak power, and
input beam polarized at 45° to both axes) with the modified dispersion profile (Figure 3.2
brown curve) and the spectrally resolved coherence function g;, (red curve), given by Eq.
2.3. Adding the amplitude noise in our modeling, we find the average coherence ((|gi2))
is equal to 0.68, highlighting the impact of technical noise on the ANDi SC coherence.
Furthermore, we observe the coherence spectrum follows the SC one. Indeed, we see
the modulations on the SC spectrum on the SPM area are present, as well, on the
coherence spectrum, same for the deep and small peak around 1260 nm. Also, the
most surprising point of this figure is the discovery of a high coherence area on the
XPMI bandwidth. Indeed, the average coherence on the XPMI bandwidth is up to 0.85,
which means the XPMI generation is barely affected by the technical noise. Thus, we
can conclude the amplitude noise only affects the moment when the XPMI sideband is
generated but barely the coherence of this nonlinear effect.

In order to investigate experimentally the stability of our SC generation as a function of
the input polarization, we build a dispersive Fourier transform (DFT) setup depicted in
Fig. 3.16, as described in Sec. 2.1. This setup is composed of the tunable femtosecond
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Figure 3.15: Simulated average SC spectrum (blue curve) using an ensemble of 20 inde-
pendent SC spectrum and coherence function g, (red curve) using the same parameters
described in our experiment: 200 fs input pulse duration, 12 kW input peak power, input
beam polarized at 45° to both axes and input amplitude noise value of 1 %.
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laser, the SC generation stage then by 150 m of dispersion-shifted fiber (DSF) to stretch
the pulses while ensuring there is no overlap between each pulse (duration between two
pulses is 12.5 ns), a flip-mirror to inject the light either in the OSA or in a fast photodiode
connected to a real-time oscilloscope. Before the photodiode, we use a neutral density
to avoid damaging it and especially to ensure a linear propagation inside the stretching
DSF (the maximum average power handled by the photodiode is 8 mW). The DSF has
a D parameter equal to 80 ps/nm/km at 1040 nm, which provides a total dispersion of
12 ps/nm. The detector, from Newfocus (model 1414), has a bandwidth of 25 GHz and
a detection range from 630 nm to 1620 nm. Thus, the equivalent spectral resolution
of our DFT setup is equal to 7 nm at 1040 nm (see Sec. 2.1). The oscilloscope is the
DSA91204A from Agilent, which has a maximum sample rate of 40 GSa/s and a real-time
full bandwidth of 12 GHz.

Laser Ti:Sa

200 fs, 80 MHz
450 mW, A=1040 nm

IS
L L L S DSF S L ND PD
FM

Figure 3.16: Schematic of the DFT setup, including the Ti:Sa femtosecond laser, the
SCG setup, aspheric lenses (L), 3D translation stages (S), 150 m of DSF fiber (DSF), a
flip mirror (FM), a fast photodiode (PD), an oscilloscope (OSClI), 2 m of multimode pick-up
fiber (MM), an integrating sphere (IS), and an optical spectrum analyzer (OSA).

Using the oscilloscope and the OSA, we recorded the SC spectrum and the temporal
profile at the output of our stretching fiber and superpose them to check the linear
behavior of our stretching fiber. To superimpose both OSA and oscilloscope spectrum,
we used a Matlab code, and the total dispersion (3, x z) allowing a match between the
different spectral data (as explained in Sec. 2.1). Thus, Fig. 3.17, shows the different
steps of our Matlab code for the different input polarization (slow axis, fast axis, and at
45° to both axes).

The first step, is to stack the 300 oscilloscope spectra and ensure there is no presence
of aliasing or tilt, which is confirmed by Figs. 3.17 (a,b,c). Thus, we can analyze the
statistics of the pulse-pulse sequences of our stacking in order to conclude if there is
an impact of the input polarization on the SC stability. The second step is to compare
the average temporal trace obtained via the recorded pulse train on the oscilloscope.
Thereby, Fig. 3.17 (d,e,f) shows the superposition between the average oscilloscope
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Figure 3.17: Representation of the different steps to analyze the DFT data recorded
on the oscilloscope as a function of the input polarization (a,d,g, beam polarized along
the fast axis, b,e,h beam polarized at 45° to both axes, c,f,i beam polarized along the
slow axis). The first row represents the stacking of the 300 spectra recorded on the
oscilloscope. The second row shows the comparison between the OSA spectrum (black
curve) and the average oscilloscope trace (blue curve). The last row displays the average
(red curve) and individual (grey curve) traces recorded on the oscilloscope.

(blue curve) and the OSA spectrum (black curve). We can observe a quite good match
between both spectra for wavelengths going from 950 nm to 1250 nm. We advance
the lack of matching below 950 nm is due to a lower responsivity of the photodetector.
Furthermore, we find the maximum dynamic range of our DFT setup is up to 18 dB.
Also, as expected, there is no XPMI sideband generated when pumping along the fast
axis (Fig. 3.17 (d)) but there is one when pumping on the slow and off-axis (Fig. 3.17
(e,f)). This XPMI sideband is detected on the OSA but is below the noise floor of the
photodetector. The last step is to analyze the statistic of the pulse-to-pulse sequence.
Figure 3.17 (g,h,i) shows the superposition of each independent DFT SC spectrum
(300 in total) in gray and the average DFT SC spectrum in red. On these spectra,
we find out a higher standard deviation of our ensemble for wavelengths shorter than
950 nm, i.e. where the DFT spectrum deviated from the OSA spectrum. Furthermore,
as expected from ANDi SC generation, we don’t observe any discontinuities in the grey
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trace characteristic of rogue wave generation, as shown in [107].

Furthermore, we can measure the spectrally resolved RIN of our DFT traces for our
different input polarization, as depicted in Fig. 3.18. Again, the data below 950 nm are
hard to analyze due to the drift between the OSA and the DFT spectrum but we can
still analyze them between 950 nm to 1250 nm. From these spectra, we can extract the
following information. The three spectra have the same behavior: the RIN increases
linearly on the blue side on the spectrum and exponentially on the red side, as demon-
strated in Sec. 2.4. Furthermore, the RIN spectrum is modulated on the SPM area (going
from 1050 nm to 1125 nm) and rather flat on the OWB area on the red side. The noise
floor is the same so we are limited by our electronic components (responsivity/maximum
detected power) Finally, all three spectra have an average RIN equal to 6.5 % and the
minimum RIN is as low as 3.9 %. Thus, it looks like, pumping at 45 ° and therefore
generating XPMI sideband has no real impact on the SC RIN as we predicted earlier.
To confirm this assumption, we would require the use of a photodiode with a higher re-
sponsivity or the ability to handle a higher input power to analyze the whole SC bandwidth.

— Slow axis
— 45 degree off axes
— Fast axis

RIN [%]

Wavelength [nm]

Figure 3.18: Measured spectrally resolved RIN using DFT method when pumping on fast
axis (red curve), slow axis (blue curve) and at 45° to both axes (pink curve).

In order to measure experimentally the RIN of our SC spectrum, we use the setup de-
picted in Fig. 2.3. To obtain a spectrally resolved RIN spectrum, we replaced the band-
pass filters by a monochromator (from Princeton Instrument). A monochromator is an
optical device based on gratings to diffract and select a specific spectral bandwidth cen-
tered at a given wavelength. Furthermore, for this experiment, we use a 190 fs laser
centered at 1049 nm with an output peak power of 122 kW (more details in Sec. 4.3).
Fig. 3.19 depicts a zoom of the spectrally resolved RIN while pumping at 45° to both
axes using 10000 individual recorded pulses and a spectral filter bandwidth of 1 nm. In
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this figure, and as demonstrated numerically in Sec. 2.4, we observe the RIN increases
drastically on the spectrum edges due to the reduction of the SC power and/or bigger
fluctuations at these wavelengths. Finally, we remark the RIN value is, as well, quite low
on the XPMI area (equal to 10.1 %), which we guess could be lower due to the small
power detected at these wavelengths by the detector (low signal-to-noise ratio induces a
higher noise floor limit). Thus, as demonstrated numerically, and experimentally via the
DFT method, we confirm with the oscilloscope method a low RIN on the XPMI area.
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Figure 3.19: Zoom on measured spectrally resolved RIN using monochromator and oscil-
loscope method with an InGaAs photodiode and corresponding average normalized SC
spectrum (solid red), pumping at 45° to both axes.

To conclude this chapter, we investigated experimentally the SC generation when pump-
ing the PM-AND: fiber with a Ti:Sa femtosecond laser. We obtained a spectral bandwidth
of 460 nm, measured at -20 dB, centered at 1040 nm, linearly polarized with a PER up to
17 dB. Then, we look over the impact of the input polarization on the ANDi SC spectrum.
We discovered the bandwidth of the output spectrum is slightly smaller when pumping
along the fast axis due to a lower nonlinear coefficient. Furthermore, while pumping at
45° to both axes, we observed the generation of a sideband identify as XPMI. After a the-
oretical, numerical and experimental investigation of the XPMI phenomenon, we demon-
strated (based on the phase-matching equation) the XPMI is generated via the interaction
of a pump located in the red-lobe of the SPM (polarized along both axes), at 1152 nm,
and an idler located in the fringes area of the SPM (polarized along the fast axis) at 990
nm. Also, the phenomenon of XPMI could be used to increase the SC bandwidth with
a good engineering of the fiber’s dispersion and birefringent profile at the cost of a PER
degradation (equal to 0 when pumping at 45° to both axes). Finally, using numerical
simulation and experimental noise measurement methods (DFT and oscilloscope), we
demonstrated that the input polarization has no real impact on the RIN and coherence of
the fs ANDi SC spectrum. A deeper investigation of the experimental noise properties is
given in the next chapter.

82



4

DEVELOPMENT OF A LOW-NOISE
SUPERCONTINUUM SYSTEM
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One of the main objectives of this Ph.D is to develop a "low-cost", low-noise, coherent
supercontinuum source using an all-normal dispersion optical fiber for several applica-
tions such as optical coherent tomography (OCT), spectroscopy, metrology [5,108-112].
The targets for the developed system are: broadest spectrum as possible, ideally octave-
spanning, output power higher than 5 mW, average pulse-to-pulse fluctuations below 5 %.
Thus, in this chapter, we will discuss about three different SC systems | have developed
using different pump lasers and experimental arrangements. We remind the PCF used
for all our experimental setups is the PM-PCF from NKT photonics and is called, in the
whole manuscript, by PM-ANDi PCF. Furthermore, we will show and discuss about the
different RIN levels of the lasers/SCs obtained. Finally, we will present the "best" SC sys-
tem that could be used for several applications and compare it to the existing ANDi SC
systems. Indeed, in the literature, few ANDi SC compact systems have already been pub-
lished [?, 10, 11] using different input pulse duration, peak powers, central wavelengths.
We will demonstrate that our final developed system will be the broader, the flatter, the
most stable and with the higher polarization extinction ratio.

4.1/ FIRST SYSTEM: LOW-AVERAGE POWER LASER

The first seed laser used during this Ph.D is the Origami 10 LP (for low power) from NKT
photonics. This laser is an ytterbium solid-state mode-locked by semiconductor saturable
absorber mirror [91], a picture of this laser can be found in App. 4. According to the
datasheet, produces femtosecond hyperbolic secant pulses with a duration around 100 fs
at a repetition rate of 80 MHz with an average power of 11 mW centered at 1054 nm
and a bandwidth of 11.5 nm. In order to be sure of the manufacturer’s specifications,
we decided to double-check them using different devices including an optical spectrum
analyzer (OSA), a powermeter, and an autocorrelator. Figure 4.1 (a) shows the output
spectrum of the Origami 10 LP recorded via an integrating sphere and an OSA. We
observe it is well centered at 1054 nm with a small Kelly sideband at 1005 nm and a
bandwidth of 12 nm at -3 dB. Furthermore, Fig. 4.1 (b) shows the autocorrelation trace
of the Origami 10 LP using a PulseCheck autocorrelator from APE, which can measure
pulse duration between 10 fs to 12 ps, a wavelength range going from 700 nm to 1100 nm
and a sensitivity of 10™* W?2. This autocorrelator is sensitive to the input polarization of
the beam thus a half-wave plate was added before the input of the autocorrelator to
maximize the intensity of the detected signal. The autocorrelation (AC) trace factor for a
secant hyperbolic profile is 0.65 and therefore the measured AC trace (intensity profile)
provides a pulse duration of around 103 fs at FWHM. Using this measurement, we can
determine the time-bandwidth product (TBP) of this system using the following formula:
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AtA>
AtAy = 0.315 = ——, 4.1
Y cAd (4.1)

where At is the pulse duration at FWHM of the laser, A the central wavelength and A the
spectral bandwidth at FWHM (12 nm). Thus, we obtain a TBP of 0.338 which means this
laser system is almost transform-limited and can not be further linearly compressed.
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Figure 4.1: a) Output spectrum of the Origami 10 LP b) Autocorrelation trace (solid blue)
and corresponding sech? fit (red dots) of the Origami 10 LP laser. The AC trace measured
at FWHM is 158.29 fs.

This laser is a turn-key system thus in order to control the output power we used a
variable neutral density. Using a powermeter, we measure a maximum average power of
10 mW which gives an output peak power for this laser of 1.07 kW and a pulse energy of
0.13 nd. An extra advantage of this system is that it is the cheapest of the Origami laser
product line (~ 15 k€). Thus, this system could be attractive for different applications
such as OCT where SC systems are in direct competition with the swept-sources.

The first experiment made with this seed laser was to couple directly the output beam
of the Origami LP into the PM-ANDi fiber to observe and analyze the SC generation.
The whole setup is shown in Fig. 4.2. A half-wave plate was used to turn the input
polarization state at the fiber input while the polarizer at the output of the fiber was used
to observe the spectral content of the light of each polarization axis. A set of aspheric
lenses is used to couple the light into 170 cm of PM-ANDi PCF and to collimate the
output beam of the fiber. This seed laser is not isolated, thus in order to protect it from
back reflections, we had to collapse the air holes of the PM-ANDi PCF to limit the amount
of power going back in the laser cavity. We have chosen on purpose a long PCF length
(170 cm) to ensure the ripples induced by SPM are smoothed by the OWB.

Figure 4.3 shows the evolution of the SC generation as a function of the input polarization
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Figure 4.2: Schematic of the setup, including an Origami LP femtosecond laser, a vari-
able neutral density filter (ND), a half-wave plate (HWP), two aspheric lenses, two 3D
translation stages (S), 170 cm of all-normal dispersion PCF (PM-AND:i), a polarizer (P),
1 m of multimode pick-up fiber (MM), an integrating sphere (IS), and an optical spectrum
analyzer (OSA).

for a maximum coupled power of 6 mW (the coupling efficiency is around 60 %).
Therefore, the coupled peak power inside the PM-ANDi PCF is up to 0.64 kW. We find,
at maximum coupled power, the output spectrum is broader when the input beam is
aligned on the slow axis of the fiber (pink curve) with a bandwidth of 45 nm at -3 dB.
This result is expected because the nonlinear coefficient is higher on the slow axis than
on the fast axis (blue curve), as discussed in Section 2.3, which has a bandwidth at
-3 dB of 42 nm. Furthermore, the spectrum is narrower when the beam is aligned at
45 ° of the optical axes (red curve), as explained in Sec. 1.2.9 and Sec. 3.1 with a
bandwidth of 37 nm at -3 dB. The SC spectrum is quite symmetric whatever the input
angle due to the parabolic shape of the fiber dispersion (Fig. 2.9). Also, we remark the
Kelly sideband of the seed laser is still present during the SC generation at 1005 nm.
Then, we highlight the output power of this laser being rather small, the output bandwidth
of our SC (slight broadening) is extremely weak compared to octave-spanning SC gener-
ation. The broadening is limited but can still be useful for some applications such as OCT.
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Figure 4.3: Comparison between the input seed laser spectrum and SC spectra for dif-
ferent input polarizations: slow axis (pink curve), fast axis (blue curve) and at 45° of the
optical axes (red curve), with 10 mW average input power.
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To understand the dynamic of this weak broadening, we performed some simulations
using a Matlab code resolving the CGNLSEs, as described in Egs. 1.39, and using the
same input parameter than in our experiment: 103 fs input pulse duration, 0.64 kW input
coupled peak power, 170 cm of PM-ANDi PCF and input polarization aligned along the
slow axis. Therefore, Fig. 4.4 (a) compares the output experimental spectrum (blue
curve) with the simulated one (red curve). We observe the bandwidth of both spectra is
rather similar at -3 dB (45 nm for the experimental and 50 nm for the simulation), which
means the parameters used are accurate for this simulation. Furthermore, we can clearly
notice the broadening induced by the SPM and the OWB on the simulated spectrum
(harder on the experimental one). Fig. 4.4 (b) displays the output temporal profile. We
observe a typical ANDi SC temporal trace after the rising of the OWB as shown in Fig.
1.15. Therefore, with a fiber length of 170 cm, the maximal broadening is achieved for an
input pulse duration of 103 fs.
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Figure 4.4: a) Simulated (red curve) and experimental (blue curve) spectrum at the output
of 170 cm of PM-ANDi PCF with an input pulse duration of 103 fs and input peak power
of 0.64 kW. b) Simulated temporal profile at the output of the 170 cm of PM-ANDi PCF.

Aligning the input beam polarization on one of the principal axes and using the output
polarizer, we can measure the PER of our SC. Figure 4.5 shows the recorded SC
spectrum for different orientations of the polarizer when the input beam is aligned on
the slow axis. As expected, we can clearly see the spectrum is broader and more
powerful when the polarizer is aligned on the slow axis as well (blue curve). When it
is aligned at 45° degrees to both axes (red curve), we observe the spectrum is highly
modulated due to the interference of the two polarizations. The beating period over the
spectrum provides an estimation of the group birefringence as én = ¢/L/dv where dv is
the free spectral range of the interference pattern. Using this formula, we obtain a group
birefringent of 3.7x10~* at 1054 nm. Furthermore, the power of this spectrum is 3 dB
below the higher intensity level because only half of the power present on the slow axis
is detected. Finally, when the polarizer is aligned on the fast axis, the spectrum is the
narrower and the weaker (purple curve). Subtracting the purple to the blue spectrum
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yields an estimate of the PER of 17 dB. The measured PER of the laser is up to 26 dB
so we observe a small deviation of the input polarization during the coupling. Thus, with
this configuration, we are able to generate a linearly polarized SC with a bandwidth up to
45 nm at -3 dB.
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Figure 4.5: SC evolution for different polarizer orientations while pumping on the slow
axis. Polarizer aligned on slow axis (blue curve), fast axis (purple curve) and at 45° to
both axes (red curve)

In order to increase the SC bandwidth, we added to the input pump laser an all-fiber
amplification stage followed by a compression stage. The amplification stage is schemat-
ically depicted in Fig. 4.6. It is composed of: two isolators (to prevent back-reflections
in the laser cavity), two wavelength-division multiplexers for pump diodes (one at the
input and one at the output), two 1 W butterfly InGaAs pump diodes and 1 meter of
PLMA-YSF-10/125 doped-fiber from Nufern. All these components were spliced together
using a 90 S Fujikura splicer. We built this amplifier using both backward and forward
pumping configuration (one pump diode at each side of the amplifier, separated by the
ytterbium gain fiber), to limit the maximum power handled by the first wavelength division
multiplexers (WDM).

Origami 10 LP ISO WDM WDM ISO
100 fs, 80 MHz 4 gz
100 mW, =1054 nm = | MM Sk
1iba ALY -
iau S AL P IS
PD PD

Figure 4.6: Scheme of the pulse amplification stage, including an Origami 10 LP fem-
tosecond laser, two aspheric lenses (AL), two 3D translation stages (S), two isolators
(1ISO), two wavelength-division multiplexers (WDM), two pump diodes (PD), one meter of
ytterbium gain fiber (GF), a polarizer (P), 1 m of multimode pick-up fiber (MM), an inte-
grating sphere (IS), and an optical spectrum analyzer (OSA).
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Our amplifier follows the parabolic pulse amplification architecture since it operates
in the normal dispersion regime. In a fiber amplifier, chirped parabolic pulses can
be generated when the pulse is affected by optical gain, normal dispersion and Kerr
nonlinearity [113, 114]. Using this parabolic pulse amplification, it can be easy to obtain
nearly transform-limited pulses after pulse compression, due to the linear chirp acquired
during the propagation inside the gain fiber.

The average power at the output of the amplifier stage, when both pump diodes are
turned on, is up to 920 mW (460 mW when only one pump diode is turned on). The
output spectrum after the second isolator is shown in Fig. 4.7 (a) when the pump diodes
are turned on (blue curve) and off (red curve). When the pump diodes are turned off,
the output average power after the amplification stage is 0.8 mW while when both pump
diodes are turned on the output this one goes up to 920 mW. Thus, the gain of this
amplifier stage is up to 21 dB. We can remark a blue shift when the pump diodes are
turned on up to 30 nm and an amplification of the diode pump residue at 980 nm. After
measuring the output spectrum of the amplifier stage, we measure the output pulse
duration of our amplified pulse using the same autocorrelator. Figure 4.7 (b) shows the
measured AC trace (intensity profile) corresponding to a pulse duration of around 5.1 ps
at FWHM, which is well longer than the input pulse (103 fs).
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Figure 4.7: a) Experimental spectra at the output of the amplifier stage when pump diodes
are turn off (solid red) and turn on (solid blue). (b) Autocorrelation trace (solid blue) and
corresponding sech? fit (red dots) of the Origami 10 LP laser after amplification. The AC
trace measured at FWHM is 7.9 ps.

After the amplification stage, we need to compress the output pulse to maximize the peak
power available for the SC generation. The experimental set-up is sketched in Fig. 4.8.
We used linear compression based on a hollow core fiber (HCF). The set-up includes a
set of two aspheric lenses to collimate and focus the laser beam inside our HCF. This
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Figure 4.8: Schematic of the compression stage optical set-up, including an Origami LP
femtosecond laser, four aspheric lenses, four 3D translation stages (S), one amplification
stage (AMP), 195 cm of HCF, an integrating sphere (IS), 1 m of multimode pick-up fiber
(MM) and an optical spectrum analyzer (OSA).

HCF is the HC 1060-2 from NKT Photonics which has an anomalous dispersion over
the full pulse bandwidth after our amplifier stage as shown in Fig. 4.9. Furthermore, the
average power after our compression stage is 586 mW (coupling efficiency of 63 %).
The TBP of our system after the amplification is equal to 43 for a bandwidth of 31 nm
centered at 1040 nm. Thus, we can theoretically decrease the pulse duration down to 37
fs.
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Figure 4.9: Measured dispersion curve of the HCF 1060-2 from NKT Photonics.

To estimate the optimal fiber length of the HCF, we measure the output pulse duration
for different fiber lengths with a cut-back method. Figure 4.10 (a) shows the measured
AC traces of the output pulse of the HCF for a total amplification stage length of 260 cm
while Fig. 4.10 (b) shows the deconvolved pulse duration as a function of the HCF length
for a total amplification length of 260 cm (red dots) and 135 cm (blue dots). The 135 cm
amplification stage is obtained by removing 125 cm of passive fiber (PM-980 form
Nufern). We can notice the output pulse duration decreases for fiber length going from
100 cm to 110 cm (165 cm to 195 cm) and increases for fiber length longer than 120 cm
(195 cm) for a total amplification stage length of 135 cm (260 cm). The shortest pulse
duration obtained via this cut-back measurement is 90 fs using a total amplification stage
length of 135 cm, which highlights the need to remove as much as possible of passive
fiber. Thus, the peak power available after our steps of amplification/compression is now
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73 KW (gain of a factor 11 with the amplification/compression stages).
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Figure 4.10: a) AC traces at the output of the compression stage, for a total amplification
stage length of 135 cm, for different HCF lengths: 285 cm (red), 235 cm (dark green), 210
cm (yellow), 195 cm (light green), 180 cm (purple) and 165 cm (blue). (b) deconvolved
output pulse duration as a function of HCF length and amplification stage length (135 cm
blue dots and 260 cm red dots) and their respective fitting.

From this higher available peak power, we can expect a broader bandwidth for the SC
generation. Figure 4.11 depicted the experimental set-up. Again, we use a set of two
aspheric lenses to couple the light inside the PM-ANDi fiber and to collimate the output
beam, and 170 cm of PM-ANDi PCF. The output power of the PM-ANDi PCF is 310
mW (coupling efficiency of 57 %). The coupling efficiency is rather similar than the one
without the amplification/compression stages (60 %), which means we keep a good
beam quality during the propagation.

Origami 10 LP

100 fs, 80 MHz

{ OSA
100 mW, =1054 nm

MM

L .. . L . S S AL IS
Figure 4.11: Schematic of the SC generation optical set-up, including an Origami 10 LP
femtosecond laser, six aspheric lenses, six 3D translation stages (S), one amplification
stage (AMP), one compression stage (COM), 160 cm of PM-ANDi fiber (PCF), an inte-

grating sphere (IS), 1 m of multimode pick-up fiber (MM) and an optical spectrum analyzer
(OSA).

Figure 4.12 shows the SC spectrum at the output of the PM-ANDi fiber with the maximum
of power injected. We can observe the SC bandwidth spans is going from 980 nm to
1130 nm at -30 dB which is barely broader than our first attempt. Furthermore, we can
observe the SC spectrum is highly modulated, which is due to the interaction of the
two linear polarizations inside the OSA. The assumption emitted to explain the weak
improvement of the SC bandwidth are: a lack of polarization control between each stage
and a chirped induced by the compression stage which limits the available peak power
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for the SC generation.
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Figure 4.12: Experimental SC spectrum at the output of the PM-ANDi PCF with an output
power of 460 mW.

Figure 4.13, compares the experimental spectrum with the expected one assuming
a ideal amplified, transform-limited pulse (pulse duration of 90 fs, coupled input peak
power of 38 kW and 170 cm of PM-ANDi PCF), linearly polarized along the slow axis.
We observe the drastic bandwidth difference between the two spectra. We propose, to
explain this drastic change in the spectral bandwidth, that the pulse might be still very
chirped even after the compression stage and/or a lack of the polarization control through
the amplification/compression stages.
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Figure 4.13: Comparison between experimental and simulated SC spectra at the output
of the PM-ANDi PCF with an input pulse duration of 90 fs, coupled input peak power of
38 kW and 170 cm of PM-ANDi PCF.

To conclude, this first SC system could be used as a compact/cheap SC source mainly
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for OCT application. The tentative to improve this system, using parabolic pulse amplifi-
cation and linear compression, was not really successful when we take a look at the SC
bandwidth obtained with the amplified and compressed pulse. Thus, this amplified setup
should be improved before a new attempt for SC generation.

4.2/ SECOND SYSTEM: HIGH-POWER, LONG PULSE DURATION
AND NONLINEAR COMPRESSION

The second system used during this Ph.D is the Origami 10 XP (for extra power) from
NKT photonics. This laser, according to the datasheet, produces femtosecond pulses
with a duration around 400 fs at a repetition rate of 100 kHz with an average power of
4 W centered at 1030 nm and a bandwidth of 3 nm (maximum peak power of 88 MW
and pulse energy of 40 wJ). Again, we performed different measurements to check
the laser specifications. to be sure of the laser datasheet. Figure 4.14 (a) shows the
output spectrum of this laser recorded via an integrating sphere and an OSA, we find
this spectrum has a bandwidth of 3 nm at -3 dB centered at 1030 nm. Figure 4.14 (b)
represents the AC trace of the laser. After deconvolution of this AC trace, we calculated
a pulse duration of 398 fs. Thus, the TBP of this laser is 0.338, which means this laser
can not be linearly compressed anymore (close to being transform-limited).
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Figure 4.14: a) Output spectrum of the Origami 10 XP b) Autocorrelation trace (solid
blue) and corresponding sech? fit (red dots) of the Origami 10 XP laser. The AC trace
measured at FWHM is 612 fs.

As in the first system, we coupled directly the laser beam inside 2 m of PM-ANDi PCF
to investigate our SC generation using an aspheric lens. Our setup is similar to the one
depicted in Fig. 4.2 with the new high power laser.
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Figure 4.15 shows the evolution of the SC spectrum for an increasing input coupled
power from 3 mW to 12 mW (peak power going from 45 kW to 183 kW). We reduced
drastically the output power of the laser, by use of the neutral density, to avoid burning
the fiber facet. Furthermore, for average power higher than 15 mW the spectrum doesn’t
evolve anymore. Also, the laser beam state of polarization is aligned on the slow axis of
the fiber to maximize the spectral bandwidth. We remind the XPMI has no real impact
on the noise properties of the SC, as demonstrated in Sec. 3.4. As expected, when we
increase the input coupled power, the spectrum broader symmetrically and is quite flat.
Thus, the SC bandwidth spans from 359 nm for an input coupled peak power of 45 kW
to 710 nm for an input coupled peak power of 183 kW (690 nm to 1400 nm at -3 dB),
with this power the SC spectrum covers more than one octave. We can observe, on all
these spectra, some ripples on the anti-Stokes side around 950 nm corresponding to
the signature of SRS components, as described earlier and in [9, 74]. This phenomenon
was expected because the output pulse duration of this laser is around 400 fs, which
is long enough to observe it. Furthermore, we can see on the blue curve (input power
of 9 mW) the XPMI sideband composed of two small peaks at 1366 nm and 1377 nm,
respectively. Finally, this sideband is swallowed when the coupled power is increased
due to the broadening toward longer wavelengths. Thus, XPMI generation could be used
to increase the SC bandwidth of a SC spectrum.
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Figure 4.15: Experimental SC spectra at the output of the PM-ANDi PCF for input average
power of: 3 mW (black curve), 6 mW (pink curve), 9 mW (blue curve) and 12 mW (red
cruve) with an input pulse duration of 400 fs.

By use of a polarizer and a powermeter, we can measure the average PER of our SC
spectra. This PER decreases drastically when the coupled power increases, this one
is equal to 16.3 dB when P;,, = 3 mW and equal to 2.5 dB when P;,, = 12 mW. This
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degradation confirms the emergence of SRS components during our SC generation.
Thus, we can expect this SC spectrum to be very noisy and its applications could be
limited due to the presence of SRS components, as described in Ref. [9, 74].

In order to reduce the pulse duration of the laser, we built a stage of nonlinear com-
pression. This stage is composed by 4 cm of LMA fiber (for the nonlinear spectral
broadening), the LMA-PM-15 from NKT photonics, and 2 chirped mirrors (for the com-
pression) from Edmund Optics. This technique of nonlinear compression leads to the
anti-correlation between the pulse duration and the spectral bandwidth, which is given by
the TBP equation. When the spectral bandwidth of a laser increases, we can compress
down its initial pulse duration. The optical set-up for this nonlinear compression stage is
depicted in Fig. 4.16.

Origami 10 XP ND HWP PM-LMA

400 fs, 80 MHz
4 W, A=1030 nm

AL CM IS

Figure 4.16: Schematic of the experimental setup for nonlinear pulse compression, in-
cluding an Origami XP femtosecond laser, a variable neutral density filter (ND), a half-
wave plate (HWP), two aspheric lenses, two 3D translation stages (S), 4 cm of PM-LMA,
2 chirped mirrors (CM), 1 m of multimode pick-up fiber (MM), an integrating sphere (1S),
and an optical spectrum analyzer (OSA).

The output spectrum of the PM-LMA is shown in Fig. 4.17 (a). We can notice the
features of the SPM spectrum including three peaks and two dips. This SPM has a
bandwidth of 28 nm at -3 dB and is centered at 1030 nm. Thus, the theoretical minimum
pulse duration which can be obtained after compression is 40 fs. Using our two chirped
mirrors, we reduce the output pulse duration down to 90 fs with a total of four bounces
(total GDD = -4000 fs?). The AC trace of this SPM spectrum is shown in Fig. 4.17 (b)
and we measure a pulse duration of 90 fs (pulse not transform-limited) using a secant
hyperbolic approximation. Thus, the peak power available is 4 times higher than the
previous system therefore we use another neutral density to reduce the average power
before the PM-AND:I fiber.

After compressing our laser, we inject its beam inside our PM-ANDi fiber using another
3D stage and aspheric lenses. Figure. 4.18 shows the SC evolution for different input
average power going from 300 uW to 1.4 mW (peak power going from 46 kW to 183
kW). These values are the same ones than our previous experiment. First of all, we
notice the dynamic range is smaller than the previous experiment but was expected
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Figure 4.17: a) Experimental SPM spectrum at the output of the PM-LMA fiber with an
output power of 13.5 mW. (b) Autocorrelation trace of compressed pulse. The AC trace
measured at FWHM is 138 fs.

because the power detected by the OSA is 10 times smaller. Then, for an input coupled
average power at the fiber entrance of 300 W, the spectral bandwidth goes from 800
nm to 1240 nm at -3 dB (440 nm). When we increase the injected power the spectral
bandwidth goes up to 730 nm (from 680 nm to 1410 nm) for an input power of 1.4
mW. As demonstrated in Ref. [77], in ANDi SC generation, the spectral bandwidth is
independent of the input pulse duration if the fiber length is long enough (longer than
the OWB length). We can confirm this statement because the spectral bandwidth
obtained using a 90 fs and a 400 fs input pulse duration is rather similar (710 nm
VS 730 nm). Furthermore, we can remark there are no ripples on the blue side of
the spectrum anymore. Thus, we can confirm there are due to SRS. Furthermore,
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Figure 4.18: Experimental SC spectra at the output of the PM-ANDi PCF for input coupled
average power going from 300 ¢W to 1.3 mW with an input pulse duration of 90 fs. Power
offset between the spectra for better clarity.
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the fine structures in the SPM area can be attributed to the chirp of our compressed
pulse. Also, we observe some ripples in the SPM area, which could be produced by
the fine structures present in the input spectrum. Finally, we observe on the pink spec-
trum the presence of XPMI sideband, which has not been swallowed by the SC spectrum.

After investigating the different SC spectra generated, we decided to look over the RIN
in the context of low-noise ANDi SC generation. To do so, we used different noise mea-
surement setups composed either by band-pass spectral filters (as described in section
2.1) or using a monochromator. The monochromator has the advantage to allow control
over the spectral width of the filters but we have to be careful because when we re-
duce this one the resolution is higher but the signal-to-noise ratio decreases as well [115].

In order to measure the RIN of the seed laser, we collimated the output beam laser onto
an InGaAs photodiode (5 GHz DETO8CFC from Thorlabs) after reducing its power using
some neutral densities. Then, we connected this fast photodiode to an oscilloscope
(4 GHz HDO9404 from Teledyne LeCroy) to record the output pulse train. Fig. 4.19
(a) shows a single pulse of the Origami 10 XP laser recorded via our oscilloscope. As
expected, each individual pulse has the shape of the waveform distorted and duration
( 70 ps) limited by the rise and fall times of the photodiode. To measure the RIN of
this laser, we took the maximum of each intensity peak and plot the histogram of the
maximum of our 5000 pulses, as shown in Fig. 4.19 (b), with its Gaussian fit (in red).
Using this representation, we obtain the average (1.2449) and the standard deviation
(0.0119) of our Gaussian distribution. Thus, the RIN of the seed laser is equal to 0.96 %,
which is similar to other femtosecond lasers proposed by Coherent.
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Figure 4.19: a) Single pulse of the Origami 10 XP laser recorded on the oscilloscope.
b) Histogram of the variation of the maximum intensity of 5000 pulses. The red curve
represents a Gaussian fit of the distribution.

After measuring the RIN of our seed laser, we investigated its impact on the RIN of
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the SPM spectrum. Using the same method, we measured an average RIN of the
SPM spectrum of 0.99 %, which is very close to the seed laser RIN. Then, we used
the monochromator to obtain a spectrally resolved RIN. We adjusted the spectral filter
to have a bandwidth of 5 nm and we took RIN every 2.5 nm. Figure 4.20 shows the
SPM spectrum (red curve) and its corresponding spectrally resolved RIN spectrum (blue
curve). The RIN values go from 0.92 % near the center to 3.88 % at the edges. We
can find, as in Fig. 2.20, a correlation between the RIN and the SPM spectra. Indeed,
we determine the minimum RIN values are located at the maxima and minima of the
SPM spectrum while the maximum RIN values are located on the inflection points of
the spectrum. Furthermore, the RIN spectrum grows exponentially on the edges of the
spectrum as demonstrated in Sec. 2.4.

5r 1
4L 410.8 .
=)
3
'? D
X 3 10.6 3
= =
= <
o 2r 10.4 3
=
1L 10.2
| | | |
1000 1015 1030 1045 1060O

Wavelength [nm]

Figure 4.20: Spectrally resolved RIN spectrum (solid blue) and its corresponding intensity
spectrum at the output of the LMA-PM 15 PCF for an input average power of 14 mW (solid
red).

Now, we will investigate the SC RIN for two different cases (input pulse duration of 90 fs
and 400 fs). For this, we use a set of spectral band-pass filters with a bandwidth of 10 nm
going from 700 nm to 1300 nm, and we measure the RIN value every 50 nm. Figure
4.21 shows the spectrally resolved RIN for both cases for a similar input coupled peak
power (~ 183 kW). It is difficult to notice a correlation between the RIN and the intensity
spectrum due to the bandwidth of these filters and the gap between two wavelengths
across the whole SC span. Otherwise, we can clearly observe the RIN is more than
20 times higher, on the blue side of the spectrum, for an input pulse duration of 400 fs
compared to a 90 fs pumping, which confirms the presence of SRS components. Indeed,
the RIN values, for the long pulse duration case, varies from 1.5 % to 32 % with a mean
value of 11.6 % while, for the 90 fs case, the RIN values vary from 1.5 % to 9.4 % with a
mean value of 4.5 %.
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Figure 4.21: Spectrally resolved SC RIN spectrum for an input peak power of 183 kW for
a input pulse duration of 90 fs (solid blue) and 400 fs (solid red), and SC spectrum for a
coupled input peak power of 183 kW and input pulse duration of 400 fs (solid grey).

To conclude, as demonstrated numerically in Refs. [9,74,88], a 400 fs input pulse duration
is too long to obtain a low-noise ANDi SC generation. Indeed, the SC spectrum is affected
by the SRS for a case of high input peak power, which is required to obtain a large
bandwidth (we generated an octave-spanning SC). After using a nonlinear compression
stage, we have been able to reduce the pulse duration of our seed laser down to 90 fs.
The bandwidth of our SC generation remains the same for a similar input peak power
but the average RIN level is reduced by a factor of almost 3, highlighting the necessity of
a short input pulse duration to obtain a low-noise SC system. Finally, this compressed
system could be used for different applications such as OCT and metrology.

4.3/ THIRD SYSTEM: HIGH POWER, SHORT PULSE DURATION

The third seed laser used during this Ph.D is the Origami 10 HP (for high power) from
NKT photonics. This laser, according to the datasheet, produces pulses with a duration
of around 120 fs at a repetition rate of 80 MHz with an average power of 4 W centered at
1054 nm and a bandwidth of 10 nm (maximum input peak power of 367 kW and max-
imum energy of 50 nd). Once more, we checked all these laser specifications using our
experimental setups to be sure of the laser datasheet. Figure 4.22 (a) shows the output
spectrum of this laser. We can notice this spectrum has a bandwidth of 9 nm center at
1049 nm. Figure 4.22 (b) represents the AC trace of this laser. After deconvolution of this
AC trace, we calculate a pulse duration of 180 fs, which is quite longer than the value
provided in the laser datasheet. Thus, the TBP of this laser is 0.4417, which means this
laser is slightly chirped and could be compressed to shorter pulse duration. However, its
output peak power (244 kW) is high enough to obtain a broadband SC spectrum. Thus,
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to keep a compact system, we decided to not compress it further down.
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Figure 4.22: a) Output spectrum of the Origami 10 HP laser b) Autocorrelation trace (solid
blue) and corresponding sech? fit (red dots). The AC trace measured at FWHM is 277 fs.

Again, using a similar setup to the one depicted in Fig. 4.2 with the new high power
laser, we inject the seed laser beam via an aspheric lens inside 2 m of PM-ANDi PCF to
generate our SC light. Figure 4.23 shows the evolution of the SC spectrum as a function
of the input polarization angle for an average coupled input power of 640 mW (peak
power of 37 kW). This seed laser was a demo system and we had a lot of troubles to
couple the output beam inside our PFC with a maximum coupling efficiency of 30 %.
Furthermore, we use a higher average power compared to the previous system due
to the higher repetition rate of the laser. Furthermore, the output beam of this laser
was not ideal and we obtained a maximum coupling efficiency of 30 %. We obtain
a broader bandwidth while pumping along the slow axis (red curve), with a spectrum
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Figure 4.23: Experimental SC spectra at the output of the PM-ANDi PCF for input coupled
average power of 640 mW with an input pulse duration of 180 fs while pumping along slow
axis (red curve), fast axis (blue curve) and at 45° to both axes (pink curve). Power offset
for better understanding.
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going from 685 nm to 1395 nm at -3 dB, which is consistent with our previous results.
We can find the spectrum is quite modulated in the SPM area (from 1000 nm to 1100
nm). Furthermore, the XPMI sideband is still present at 1400 nm. The spectrum is the
narrower when pumping at 45 ° to both axes (pink curve) with a spectrum going from
700 nm to 1370 nm at -3 dB. We see the spectrum is highly modulated from 870 nm to
1120 nm, which is probably due to the XPM effect. The XPMI sideband is again present
and slightly stronger than the one obtained on the red curve, as expected from the theory
(see Chapter 3). Then, we obtain an extremely flat spectrum when pumping on the fast
axis (blue curve) with a spectrum spanning from 670 nm to 1390 nm at -3 dB without any
trace of a sideband at 1400 nm.

Figure 4.24 shows the evolution of the SC generation for an input coupled average
power increasing from 1 mW to 640 W (peak power going from 6 W to 37 kW). We can
clearly notice two SPM fringes on the pink curve (for an input average power of 6 W).
Then, by increasing further up the power, we can remark the rising of the OWB for an
output average power higher than 110 mW (purple spectrum). Furthermore, the SC
bandwidth goes from 9 nm (in the linear regime) to 720 nm (going from 670 nm to 1390
nm) at -3 dB which is more than one octave. Next, as expected from coherent ANDi SC
generation, the spectrum broadens symmetrically and is extremely flat (the maximum
amplitude of the ripples in the SPM area is 1.65 dB). Finally, we can not observe any
modulations in the final spectra (brown, red and black spectra), indicating the presence
of SRS components. Thus, we can expect this SC generation to be low-noise.
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Figure 4.24: Experimental SC spectrat at the output of the PM-ANDi PCF for input cou-
pled average power of 1 mW to 640 mW with an input pulse duration of 180 fs and an
input beam polarized along the fast axis.
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Also, using a polarizer at the output of the fiber, we measured the polarization extinction
ratio (PER) of our SC spectrum. Thus, Fig. 4.25 depicts the SC spectra while the input
beam is polarized along the fast axis and the output polarizer is aligned on the fast axis
(red curve) and the slow axis (blue curve). Thus, we can measure an average PER
for our SC spectrum of 16.9 dB, which means we are able to generate a SC spectrum
linearly polarized. Again, we noticed a degradation of the PER at the output of the PCF
(input one up to 31 dB), but this result is consistent with the previous SC PER values,
which means the degradation is only induced by either the collapse of the air holes, the
coupling of the laser beam or the fiber itself.

65 ]
€
[oa)
= 70 =
= — Fast axis
§ — Slow axis
£ 75 -
o
°©
3
o 80 WM’W\ i
| 1 1 L
600 800 1000 1200 1400

Wavelength [nm]

Figure 4.25: Experimental SC spectra with a half-wave plate aligned on the fast axis. The
red curve shows the spectrum recorded when the polarizer is aligned on the fast axis
while the blue curve shows the one recorded when it is aligned on the slow axis. The
difference between both curves provides the PER.

Then, we measured the noise level of the seed laser and the SC spectrum. For the
seed noise measurement, we used an ESA thus we were able to compare the noise
value given by this instrument to the one given by the oscilloscope method. After using
the methods described in Sec. 2.1, we calculated a RIN value from the ESA spectrum,
shown in Fig. 4.26 (a), of 0.28 % (integrated from 1 Hz to 80 MHz). Furthermore, using
the approximate Eq. 2.14, we obtain the exact same result, which confirms its validity.
Also, after recording 2500 pulses on an oscilloscope, we obtain the histogram depicted
in Fig. 4.26 (b). Using a Gaussian fit of this distribution, we extract a mean value of
2.5 and a standard deviation of 0.011. Thus, calculating the ratio of both values, we
obtain a RIN value of 0.46 % using this method, which is slightly higher than our previous
measurement using the ESA.

After measuring the pump laser noise, we further investigated the RIN over the whole
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Figure 4.26: a) Electrical spectrum of the Origami 10 HP laser. b) Histogram of the
variation of the maximum intensity of 2500 pulses measured with the oscilloscope. The
red curve represents a Gaussian fit of our distribution.

SC bandwidth. To this end, we used a monochromator (from Princeton instrument)
as a tunable spectral filter and the spectrally-sliced SC was sent to the photodetector
and oscilloscope. We specifically used two photodetectors to cover the SC bandwidth:
a silicon photodetector from 650 to 1100 nm and an InGaAs photodetector for longer
wavelengths. The SC RIN was still measured using the Gaussian fit method by saving
10000 pulses onto an oscilloscope (PicoScope) every 10 nm, with a 3 nm bandwidth for
the silicon photodetector and a 1 nm bandwidth for the InGaAs one. Fig. 4.27 depicts
the two spectrally-resolved RIN measurements as red dots (silicon) and as green dots
(InGaAs), while the blue curve shows the related SC spectrum while pumping the fiber
at 45° off the axes. Unfortunately, we were not able to measure the RIN of the SC
spectrum while pumping on the fast/slow axis due to some problems with this seed
laser (demo system). Nevertheless, We find an average RIN from 700 nm to 1100 nm
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Figure 4.27: Measured spectrally resolved RIN using monochromator and oscilloscope
method with silicon (blue curve) and InGaAs (pink curve) photodiode and corresponding
average normalized SC spectrum (solid red), pumping at 45° to both axes.
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down to 0.54 %, when we omit the high edge RIN values. The results also show that
the RIN increases drastically on the SC edges due to both the reduction of the SC
power and the strong effect of laser peak power fluctuations on the supercontinuum
bandwidth [88]. Furthermore, the pink curve in Fig. 4.27 depicts the estimated minimum
RIN values measured by our system as a function of wavelength. Indeed, our scope
has an estimated dark noise standard deviation of 1 mV. Thus, if we divide this number
by the mean of our Gaussian distribution, for each spectrally resolved bin, we obtain a
minimum estimated spectrally resolved RIN value of 0.14 %. Finally, we observe that our
measured spectrally RIN values are all slighty above the estimated minimum.

These experimental measurements have been further compared to numerical simula-
tions of the two-coupled generalized nonlinear Schrédinger equations (CGNLSEs), as
those described in Ref. [48] for highly-birefringent PM fibers. We performed SC and RIN
simulations solving the CGNLSEs using the split-step method and the initial conditions
as described in [88] with an input pulse duration of 180 fs (full width half maximum), an
input peak power of 48 kW, an input amplitude noise value of 0.22 % (amplitude noise
~ RIN/2) and associated anti-correlated pulse duration fluctuations to keep the energy of
the mode-locked laser constant. To plot the simulated RIN, we use an ensemble size of
50 independent pulses, which is sufficient to minimise modelling error.

Table 1 compares the noise performances of our SC source to those of the litera-
ture [?,10,11]. The second column indicates the SC bandwidth at -3 dB. The third
one explained the method used to measure the RIN of the SC system, either based
on an oscilloscope in the time domain or on an Electric spectrum analyser (ESA)
in the frequency domain. The fourth and fifth ones stipulate the measurement and
filter bandwidth to obtain the average RIN specified in the last column. Few methods
have indeed been implemented to measure the coherence or the RIN of ANDi SC
generation [?,10, 11]. For the coherence, in [?], the authors used a dispersive Fourier
transform technique to highlight the stability of ANDi SC generation. Then, using a
fiber-based unequal-path Michelson interferometer, they demonstrate a high fringe
visibility meaning a high degree of coherence for the ANDi SC generation. Also, in
Refs. [10] and [11], the authors used a setup composed of bandpass filters (10/12 nm),
a fast photodiode and an oscilloscope to measure the spectrally-resolved RIN of the SC
spectrum. In [10], the authors reported an average RIN of 33 %. This value can be
considered high but, in this study, the coherence of ANDi SC generation was degraded by
the PMI effect. In [11], the authors reported a very low average RIN of 1.2 %, due to the
low input peak power used to obtain their ANDI SC and the large bandwidth of their filters.
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System /10,,',[ Adsc Method AARIN ARINf,'lmr RIN
Ref. [10] | 1054 nm | 620 nm, -10dB | Osci. | 600 nm 10 nm 33 %
Ref. [11] | 1550 nm | 480 nm,-30dB | Osci. | 200 nm 12 nm 1.2 %
Ref. [?] 1550 nm | 300 nm, -3dB ESA 300 nm 0.07 %
Ti:Sa sys. | 1040 nm | 453 nm, -3 dB DFT | 325 nm 7 nm 6.5 %
XPsys. | 1029 nm | 710 nm, -3 dB Osci. | 500 nm 10 nm 15 %
XPc sys. | 1029 nm | 730 nm, -3 dB Osci. | 500 nm 10 nm 4.5 %
HP sys. | 1049 nm | 720 nm, -3 dB Osci. | 400 nm 3 nm 0.54 %

Table 4.1: Average RIN values in ANDi SC generation from the current literature and our
system.

From Table 1, we see that we obtain the lowest average RIN value using the oscilloscope
measurement method. About the value reported by [?], it is not possible to compare
directly our RIN value to the 0.07 % announced because they don’t use any passband
filters and limit their ESA measurement bandwidth from 10 Hz to 20 MHz while the
repetition rate of their laser is up to 80 MHz. Thus, it reduces the overall RIN value.
Finally, we underline the setup composed by the Origami 10 HP laser and the PM-ANDi
silica PCF is the system with the lowest average RIN to our knowledge and the highest
PER (measured PER of 10 dB in [?]), and thus it can be also considered as one of the
state-of-the-art systems.

In conclusion, we developed several coherent SC sources using different seed lasers
(different input pulse duration and peak powers). We observed the input pulse dura-
tion has a crucial impact on the SC coherence and RIN due to the SRS. Furthermore,
using a compact ytterbium mode-locked laser producing 180 fs pulses and a highly-
nonlinear polarization-maintaining ANDi PCF, we were able to generate an ultra-flat
octave-spanning SC spectrum with a bandwidth up to 720 nm (from 670 nm to 1390
nm) and associated PSD higher than 0.4 mW/nm. We have shown that the SC is lin-
early polarized with a PER of 17 dB across the whole spectrum bandwidth and with a
spectrally-resolved RIN below 0.54 % from 700 nm to 1100 nm, which is, to the best
of our knowledge, the lowest average SC ANDi RIN value ever reported with this mea-
surement method. This system could find many applications in OCT, metrology, or as
a wavelength-tunable fs laser source based on its octave-spanning bandwidth, flatness,
low-noise, high coherence, polarization and near-linear chirp properties.
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5

(GENERAL CONCLUSION

The goal of this thesis was to develop a state-of-the-art low-noise supercontinuum
system using femtosecond laser and all-normal dispersion silica photonic crystal fiber for
several applications including spectroscopy, OCT, and metrology. Indeed, the coherent
nonlinear effects responsible for the spectral broadening in the context of all-normal
dispersion pumping allow, in theory, to generate a highly coherent and stable super-
continuum. In this work, the numerical and experimental limits of all-normal dispersion
supercontinuum generation have been studied in depth using different Matlab codes
solving the generalized nonlinear Shrodinger equations and several femtosecond lasers.

In theory, all-normal supercontinuum generation is stable for pump pulse duration shorter
than 500 fs when considering only the quantum fluctuations of the system. based on
several simulations considering the real-world technical noise sources of the system
(timing jitter, amplitude noise and pulse duration fluctuations), we demonstrated that it
is possible to get a highly coherent supercontinuum spectrum for pulse duration shorter
than 120 fs (with an input amplitude noise of 0.3 %). Furthermore, we found the relative
intensity noise of the supercontinuum remains low in the middle part of the spectrum
and increases drastically on the edges. Finally, we have shown a correlation between
the features of the intensity spectrum and its corresponding spectrally resolved relative
intensity noise. From this numerical study, we decided to restrain our choice of seed
lasers and use only the one with an output pulse duration lower than 400 fs.

In the FEMTO-ST institute, | was able to use their titanium-sapphire femtosecond laser.
This laser delivers 200 fs pulses at an 80 MHz repetition rate and is tunable from 680
nm to 1080 nm. Pumping at the minimum dispersion of our polarization-maintaining
all-normal dispersion fiber allows us to obtain a broad and flat linearly-polarized super-
continuum with a bandwidth up to 460 nm and a polarization extinction ratio of more than
17 dB. After an investigation of the impact of the input polarization on the supercontinuum
generation, we discovered the emergence of a sideband at 1360 nm, polarized along
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the slow axis, corresponding to a cross-phase modulation instability process. We further
discovered this XPMI sideband can be suppressed while pumping along the fast axis of
the fiber. We found out it is very tricky to obtain the cross-phase modulation instability
sideband via the supercontinuum generation, only a very limited parameter space
is possible to observe it. Through the phase-matching equation of the cross-phase
modulation instability process, we notice this nonlinear effect involves a degenerate
pump at 1152 nm polarized along both axes and an idler located at 910 nm. Further-
more, we demonstrated this cross-phase modulation instability sideband evolves like a
dispersive wave and walk-off from the main pulse. Then, we determined numerically
and experimentally the cross-phase modulation instability sideband is low-noise/highly
coherent, which highlights the stimulated generation of this process. Also, using the
dispersive Fourier transform method, we demonstrated the input polarization has no
real impact on the noise level of our femtosecond all-normal dispersion supercontinuum
generation.

After these promising results, we pursued our goal to develop an ultra low-noise su-
percontinuum system. For this, we investigated the bandwidth and noise level of our
all-normal dispersion supercontinuum generation using several seed lasers, all centered
around 1040 nm. The first one was a low-cost low peak power laser, which delivers
103 fs pulses at an 80 MHz repetition rate. With this system, we obtained a linearly
polarized supercontinuum spectrum with a polarization extinction ration up to 17 dB and
a spectral bandwidth going up to 112 nm, for an input peak power of 30 kW. Although,
the spectral bandwidth of this supercontinuum was quite small, it can still be useful for
applications in optical coherent tomography. The second system was composed of a
seed laser producing 400 fs pulses at an 1 MHz repetition rate. With this laser, we
obtained an octave-spanning spectrum with a spectral bandwidth going up to 730 nm for
an input peak power of 183 kW). Then, we observed experimentally the impact of the
pulse length (i.e. of stimulated Raman scattering) on the supercontinuum and relative
intensity noise spectrum. Indeed, the supercontinuum lost its flathess and the average
relative intensity noise goes up to 12 % (recent measurements obtained via a spectrally
resolved spectrum using a 3 nm spectral filter bandwidth indicates the relative intensity
noise is close to 25 %). Using a nonlinear compression stage, we reduced the pulse
duration of our seed laser down to 90 fs. With this shorter pulse duration, we obtained an
average relative intensity noise of 4.5 %, highlighting the impact of pulse length on the
supercontinuum noise level, for the same spectral bandwidth and input peak power. Our
last seed laser produces 190 fs pulses at a repetition rate of 80 MHz. With this seed laser,
we obtained an octave-spanning, smooth and extremely flat spectrum going from 685 nm
to 1395 nm, and linearly polarized with a polarization extinction ratio of 17 dB. Further-
more, we obtained an ultra low-noise supercontinuum with an average relative intensity
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noise of 1.47 % for a spectral filter bandwidth of 1 nm, which is to the best of our knowl-
edge the most stable all-normal dispersion supercontinuum spectrum ever demonstrated.

Unfortunately, by lack of time, we did not get the opportunity to test our SC systems for
several applications as OCT and metrology. Nevertheless, it is forecast to investigate
the performance of our third system for eye and skin imaging with the Research Center
for Non-Destructive Testing in Austria through the collaboration given by the SUPUVIR
European project. Furthermore, the Centre Suisse d’Electronique et de Microtechnique
(CSEM) is very interested to use it to produce ultra-stable frequency combs. Indeed, a
smooth, ultra-flat, low-noise and polarized supercontinuum could be extremely useful for
both applications.
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1. DERIVATION OF THE COHERENCE FORMULA

In this section, we derive the coherence formula to obtain a simpler form. It is straightfor-
ward to show that, in general, the imaginary part of |gi2(w)| is negligible compared to its
real part (except in the incoherent case but then both parts are essentially equal to zero).
We can thus rewrite the spectral coherence function as []:

(@A), . (@),
(lA@’) (lA@’)

For a given set of N realizations and writing specifically the summation over all possible

lgi2(w)l = R [g12] = (1)

pairs in the numerator we have:

128 A @A) + Alw)Asw)]

lg12(w)| = (2)
Npairs <|A(w)|2>
Using the binomial formula one obtains:
1EY, A - 2¥, A
gra(w)l = - ——— — 3)
pairs <|A(w)| >
And it follows that:
- 2 ~ 2
N{A))[ - N(|JAw)|
Ig12(w)l = ! | | < > (4)

Npairs <| A(w)|2>

As the number of pairs corresponding to an ensemble of N realizations is N> — N, we
finally obtain for the measured spectral coherence function:

2

| M(Aw)| N<|A(w)|2>

g12(w)l = )
NZ2-N <|A(w)|2>
For N sufficiently high enough, we finally obtain:
e
lgi2(w)l = T o\ (6)
fior]
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2. CORRELATION BETWEEN AMPLITUDE NOISE AND PULSE DURA-
TION NOISE

Through the time-bandwidth product equation, there is a direct correlation between wave-
length and time. According to the laser datasheet, there is a correlation between average
power and bandwidth thus between average power and pulse duration if we assume the
pulse remains transform-limited. Now, if we consider this relations holds during the fluc-
tuations, we have:

0.317 0.317

0ty = — -0
%A/ll iA/lz

(7)

where 61y represents the pulse duration fluctuations and A4, the bandwidth of the laser
for a given power given by:

Ady = AA(P1), P1=Po(1+d6an) (8)
Ady = AA(Py), P, = Py. (9)

Using the value given by the datasheet and depicted in Fig. 2.14, we obtain:

M _ _0.8% (10)

Io
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3. COLLAPSE OF THE FIBER

This section of the appendix shows a picture of the PM-ANDi fiber before and after col-
lapsing the holes of the PCF. We use a FFS-2000 Fusion Splicing Workstation with the
following parameters: duration of 2.5 s and power of 19 W.

Figure 1: Image taken from the Vytran showing the PM-ANDi PCF left) before collapse
and right) after collapse

4. ORIGAMI 10 LP LASER

Technical drawing of the Origami 10 LP femtosecond laser, more information can be found
in [91]:

Machined Cage

Output
SESAM
(with Piezo)
Glued Mirror: Hieat Bad
Pump Cavity Mirror

Cavity Mirror Gain Medium

Figure 2: Technical drawing of the Origami 10 LP femtosecond laser

127



5. EVOLUTION OF THE SPECTRAL FILTER BANDWIDTH

The monochromator used in Sec. 3.4, 4.2 and 4.3. has two gratings, one for each detec-
tor (Silicon and InGaAs). As discussed in Sec. 3.4, the spectral filter bandwidth evolves
as a function of wavelength and grating. The following picture shows this evolution:
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Figure 3: Evolution of the filter spectral bandwidth of the monochromator as a function of
central wavelength.
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Supercontinuum (SC) generation via femtosecond (fs) pumping in all-normal-dispersion (ANDi) fiber is pre-
dicted to offer completely coherent broadening mechanisms, potentially allowing for substantially reduced noise
levels in comparison to those obtained when operating in the anomalous dispersion regime. However, previous
studies of SC noise typically treat only the quantum noise, typically in the form of one-photon-per-mode noise,
and do not consider other technical noise contributions, such as the stability of the pump laser, which become
important when the broadening mechanism itself is coherent. In this work, we discuss the influence of the am-
plitude and pulse length noise of the pump laser, both added separately and combined. We show that for a typical
mode-locked laser, in which the peak power and pulse duration are anticorrelated, their combined impact on the
SC noise is generally smaller than in isolation. This means that the supercontinuum noise is smaller than the noise
of the mode-locked pump laser itself, a fact that was recently observed in experiments but not explained. Our
detailed numerical analysis shows that the coherence of ANDi SC generation is considerably reduced on the
spectral edges when realistic pump laser noise levels are taken into account. ~ © 2019 Optical Society of America

https://doi.org/10.1364/JOSAB.36.00A161

1. INTRODUCTION
Highly nonlinear photonic crystal fibers (PCFs) having all-

AND:I SC generation these mechanisms are considerably more
efficient than the incoherent nonlinear effects of noise-seeded
modulation instability and stimulated Raman scattering [1],
allowing for octave-spanning SC generation in which these
incoherent effects are suppressed for sufficiently short fiber
lengths and input pulse durations [12,14].

Several theoretical studies about SC coherence have been
reported in anomalous dispersion fiber, covering pulse dura-
tions from fs up to continuous wave, and including several
kinds of noise, such as one-photon-per-mode (OPM) quantum
noise added as pure phase noise in the frequency domain,
Wigner-representation based quantum noise is added in the
time domain as amplitude and phase noise, Raman noise,
and polarization noise [15-26]. This is not the case for theo-
retical studies of ANDi SC generation, which have mostly con-
sidered only the OPM noise [1,12,20], except for a recent work
of Gonzalo ez al. [14], in which relative intensity noise (RIN)
was experimentally and numerically compared for ANDi SC
generation with 170 fs pump pulses. In this study, it was found

normal dispersion (ANDI) have only recently emerged as
attractive fibers to generate low-noise, octave-spanning super-
continua (SCs) [1—4]. This is due to the facts that these PCFs
are difficult to fabricate (e.g., requiring submicrometer holes)
and that broadband low-noise ANDi SC generation requires
high peak power femtosecond (fs) lasers. It has been shown that
low-noise ANDi SC generation cannot be achieved using long
pulses because the Raman effect is just as noisy as modulation
instability [5]. Despite these obstacles, fs-pumped ANDi SC
generation has received significant attention because of its abil-
ity to generate temporally coherent SC pulses, a feature that is
unachievable in the anomalous dispersion regime. This gives
such systems potential in a range of fields including optical co-
herence tomography (OCT), optical metrology, photoacoustic
imaging, and spectroscopy [6—11].

The reason for this high coherence comes from the coherent

spectral broadening mechanisms of self-phase modulation
(SPM) and optical wave-breaking [12,13]. In fs-pumped

0740-3224/19/02A161-07 Journal © 2019 Optical Society of America

that OPM noise was too weak to describe the experimentally
observed noise, whereas adding 1% amplitude fluctuations of
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the laser gave better agreement with the experimental results.
This important result underlines that while pump laser noise
traditionally has contributed little to the noise levels in inco-
herently broadened anomalous dispersion fiber SC generation
[20,27], it is extremely important in coherently broadened
ANDi SC generation.

Unfortunately Gonzalo er 4l just briefly mentioned the
effect of pure amplitude noise of the pump laser for one specific
pulse duration and fiber length, and no specific simulation in-
cluding the amplitude noise was shown and no general study
conducted [14]. In this work, we therefore present a compre-
hensive study of the influence of the noise of a mode-locked
pump laser on the coherence and RIN of the SC spectrum gen-
erated in an ANDI fiber. We focus on single polarization SC
generation because it allows us to more clearly demonstrate the
impact of technical laser noise. In particular we consider fluc-
tuations in both the amplitude and pulse length, which typi-
cally are anticorrelated in a mode-locked laser. We show both
numerically and analytically that their combined impact on the
SC noise is generally smaller than in isolation, which explains
that the SC noise generally is smaller than the noise of the
pump laser itself, as was observed recently [28].

These results show that the limits for high coherence, in
terms of pulse duration and fiber length, suggested in previous
publications change substantially when technical pump laser
noise is included. Indeed, we find that while a high coherence
can be maintained for a pulse duration below 1.2 ps in a system
without technical pump laser noise and only with one polari-
zation [12], a pulse duration of ~50 fs will begin to lose
coherence even when a relatively low noise pump laser is prop-

erly described.

2. NUMERICAL MODEL AND NOISE SOURCES

In the numerical study we use a single-polarization scalar
model in the form of the standard generalized nonlinear
Schrédinger equation to model the propagation of the envelope
function A = A(z, T), with initial condition A(0,?) =
/Py sech(¢/T), in a highly nonlinear single mode optical
fiber. This includes dispersion (described by a Taylor expansion
up to f1y), spectrally dependent linear loss a(w), and the non-
linear response of the material as well as the dispersion of the
nonlinearity and the Raman response, R(7") [20]:

04  a(w) # o 9k 4
=" B
0z 2 +kz>; RLFYE
. . a T ! "2 !
+iy 1+z¢0ﬁ A R(THA(z, T - T"2dT" ),

U]

where y is the nonlinear coefficient and 7y = 1/, represents
the characteristic time scale of self-steepening [20]. The Raman
response is modeled using the real experimentally measured
Raman gain profile as described in [29].

In this study we consider two sources of noise. The first is
the well-known quantum noise Sy, modeled semiclassically as
the standard OPM noise, which is added to the initial condi-
tion in the Fourier domain as one photon of energy Aw,, and
random phase @, in each spectral bin with angular frequency

®,, and bin size AQ [26]. The OPM noise in the frequency
domain is given by dqn = \/hw,,/AQ exp(i27®,,), where
h is Planck’s constant and ®,, is a random number
Gaussian distributed in the interval [0,1]. In our simulations
we used 2'° points, and thus m € [1,2"].

The second noise source is the laser amplitude fluctuations
described by sy = W, where ¥ is a single random value
for each input pulse, extracted from a Gaussian distribution
with a unit mean and a standard deviation equal to the rms
amplitude noise of the modeled laser, given by the manufac-
turer of the laser. In this paper, we will consider a range of
rms amplitude noises from 0.1% to 2% (0.2% representing
a Onefive Origami 10 fs laser and 1% a Fianium fs laser, both
from NKT Photonics).

To correctly consider the effects of laser amplitude fluctua-
tions on the SC, it is important to take into account any
correlated fluctuations of the pulse duration which occur in
a mode-locked laser. This is important to model, as pulse
duration fluctuations will subtly affect the efficiency of SPM,
and thus the output spectral shape and width. To estimate the
correlation of the fluctuations, we use the deterministic corre-
lation between average power and spectral bandwidth experi-
mentally measured in an Origami 10 fs mode-locked laser.
Assuming a fixed repetition rate and a state of anomalous
dispersion soliton mode-locking, producing approximately
transform-limited sech-shaped pulses, we then find the linear-
ized relation between peak power and pulse length. Assuming
then that this relation holds during the fluctuations, we obtain
the following relationship:

6T0 = -0.8 % (5AN - 1), (2)

where &7, is a Gaussian distribution centered in 0 having a
standard deviation equal to 0.8 times §ay. The peak power
and pulse duration of a mode-locked laser are thus anticorre-
lated, which is extremely important for the SC noise, as we shall
see in the following. We note that the value of 0.8 is specific to
the laser considered but can be generalized for other kinds
of lasers. With both noise terms included, our initial condition
becomes

A(0,2) = \/PySansech(2/(To(1-0.8(8an-1))) +F {Sqn s
()

where F~! represents the inverse Fourier transform. Here
and in the following the Fourier transform of a function
is denoted by a tilde and defined as A(z, ) =
] A(z, t) exp(ilw - w])dt, where @, is the pump angular
frequency.

3. RESULTS

As explained previously, we want to focus on just the effect of
laser technical noise compared to the conventional OPM noise
and therefore use a single-polarization scalar code. This is still
highly accurate for polarization maintaining (PM) fibers, which
is why we choose the specific PM ANDi PCF NL-1050-NE-
PM from NKT Photonics. This PCF has a relative hole size of
d/L = 0.45, a small hole-to-hole pitch of 1.44 pm, and a
stress-induced  birefringence of 4 x 1074, Its classical ANDi
dispersion profile, shown in Fig. 1(a), was calculated with
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Fig. 1. (a) Measured (dashed blue) and modeled (solid black) dispersion profile, and fiber losses (solid red) of the NL-1050-NE-PM ANDi PCF.
(b) Numerical SC spectra generated in 1 m of ANDI fiber with a 1054 nm pump with an average peak power and pulse duration of Py = 100 kW
and 7'y = 50 fs, respectively. An amplitude noise of 0.5% was used, corresponding to a pulse duration noise of 0.4%.
COMSOL and confirmed experimentally in the region 900—
1300 o white lioht interf (A5 (@) 4)(@))
nm using white light interferometry. The measurements g, (@) = ,
of dispersion were done without controlling polarization, \/ (| A(@)})(] Aj(a))| )
which is typically sufficient for stress-induced birefringence that
does not significantly alter the mode profile. As expected, the (gp,]) = J& g (@) [{(|A(@)]?)dw @
small holes of the PCF give a confinement loss edge signifi- &2l = Jed Aj(w)?)dw ’
cantly below the material loss edge, here found to be at
1450 nm using COMSOL [see Fig. 1(a)]. This will signifi- where A;(w) = A;(z, ®), (A;(®)) denotes an ensemble average

cantly influence the long wavelength part of the intensity and
noise profiles, as we will see in the following. The dispersion has
a maximum of -13 ps/nm/km at 1040 nm and is rather sym-
metrical within the low-loss window. However, we pump just
above the maximum dispersion at 1054 nm, because we want
to consider realistic noise values of a specific laser—the
Origami 10.

In Fig. 1(b) we show the numerically found SC spectrum
out of 1 m of ANDI fiber generated by a pump laser with an
average peak power and pulse duration of Py = 100 kW and
Ty = 50 fs, respectively, and an amplitude and corresponding
anticorrelated pulse duration noise of 0.5% and 0.4%, respec-
tively. We used an ensemble of 20 simulated pulses to calculate
the mean and standard deviation for each wavelength and show
in Fig. 1(b) the mean and the mean +/- the standard deviation.
The results show that with only a small pump laser amplitude
noise of 0.5%, fluctuations in the SC spectrum are already
noticeable. The calculations were repeated with 40 and 80
pulses in the ensemble, and no noticeable change was found,
which means that the statistics can be trusted.

In ANDi SC generation, it has been shown that the pulse
duration, fiber length, and peak power have a critical influence
on the noise properties [12,14], for example, the anticipated
coherent spectra are only obtained for sufficiently short pulse
durations and fiber lengths. To see the effect of pump laser
amplitude noise on the coherence and the requirements on
the fiber length and pulse parameters, we simulate a wide
parameter space and calculate for each case the spectrally aver-
aged coherence given by [12,20]

and subscripts (7,7) € [1,20] run over the ensemble. This gives
a single number characterizing the coherence for each set of
parameters. In Fig. 2(a) we plot the color coded spectrally
averaged coherence (|g,,|) versus the pulse duration and fiber
length for a fixed weak amplitude noise of 0.3% (giving an anti-
correlated pulse duration noise of 0.24%). As is typical of
ANDI-SC sources, the coherence decreases when either the
pulse duration or fiber length is increased [12,14]. However,
unlike earlier single-polarization studies without amplitude
noise, we observe in Fig. 2(a) a considerably limited range of
parameters where the noise is low, defined as when the spec-
trally averaged coherence (|g;,|) is higher than 0.9 [dashed line
in Fig. 2(a)]. In particular, good coherence is seen to require
pulse durations below 100 fs, which is an order of magnitude
shorter than the corresponding limit found without even this
weak laser amplitude noise of 0.3% [12,14].

In Fig. 2(b) we show the low noise limit (|g;,|) = 0.9 for
amplitude noise levels between 0.1% and 1% (pulse duration
noise from 0.08% to 0.8%). From Fig. 2(b) we see that for
amplitude noise levels higher than 1% an average coherence
of 0.9 cannot be obtained for any reasonable fiber length.
From this, we can see clearly the dramatically limiting effect
that the addition of standard laser noise levels has on the co-
herence parameter space. Significantly, Fig. 2(b) does not show
a contour line for the case when only OPM noise is present
because there is no loss of coherence observable until pulse du-
rations as long as 1.2 ps, as also shown by Heidt ez al. [12].

It is interesting to look into the specific spectral structure of
the ANDI noise. To do so we consider the experimentally more
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Fig. 2. (a) Average spectral coherence (|g;,|) of SC pulses generated with Py = 100 kW peak power pump pulses as a function of pump pulse

duration T’y and propagation distance for an amplitude noise value of 0.3% (pulse duration noise 0.24%). The dotted line indicates the limit
(lg121) = 0.9. (b) Limit (|g,,]) = 0.9 for a range of amplitude noise values from 0.1% to 1% (pulse duration noise 0.08%-0.8%).

relevant RIN, which is typically used to characterize the noise
of an SC source. The frequency-dependent profile, RIN(®), is
defined as [14]

RIN(w) = \/((|1‘1(60)|2 - ([A@ PN/ ([A@)).  (5)
Figure 3(a) shows the mean of the intensity spectrum and the
RIN(w) of an SC generated with 100 kW, 50 fs pulses at
1054 nm for a reasonably long fiber length of 1 m for pump
laser amplitude noise levels of 0.1%, 0.5%, and 1.0%. We
again used 20 pulses in the ensemble.

We see that in all cases the RIN is low for the majority of the
bandwidth but increases strongly at the edges as expected. Two
things are interesting to note: First, for the weaker amplitude
noise levels of 0.1% and 0.5%, the RIN at the red edge is sig-
nificantly lower than the RIN at the corresponding blue edge
(e.g., the 0.6 intensity level for 0.5% noise). This is because
the loss at the red edge is much higher than at the blue edge

due to the strongly increasing confinement loss at 1450 nm.
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Indeed, if we omit fiber losses from our model, we find similar
RIN values at the two spectral edges. We note that the impact
of the long-wavelength loss edge was studied previously in con-
ventional anomalous dispersion SC generation, in which it was
also found to reduce the noise, here by suppressing rogue wave
generation [30].

Second, we see in Fig. 3(a) a signature of peaks in the spec-
trum being correlated with peaks in the RIN profile. This cor-
relation becomes even more pronounced at shorter fiber lengths
where SPM is dominating and generates a periodic spectrum
and RIN profile, as is visible in the initial 20 cm of the propa-
gation shown in Fig. 3(b), which is a color map of the spectral
RIN evolution as a function of the fiber length. We note that
while the average RIN increases during the propagation, the
spectrally resolved RIN in the central region of the spectrum
decreases with the propagation, with the higher RIN quotients
being pushed to the edges of the spectrum.

In Fig. 4(a) we show the mean spectrum and the RIN profile
after 10 cm of propagation and draw vertical lines from the
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(a) RIN profiles for different amplitude noise values and mean spectral profile out of 1 m of AND fiber pumped with 100 kW peak power,

50 fs long pulses at 1054 nm. (b) Evolution of the RIN along the fiber length for an amplitude noise value of 0.5% (pulse duration noise 0.4%).
Note: The color map has a dynamic range limited to a RIN equal to 0.5%, meaning RIN data is only visible for wavelengths 800-1430 nm.
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(a) RIN profile (blue line) and mean spectrum (red line) of an ensemble of 20 pulses after 10 cm of fiber with 100 kW peak power, 50 fs

pulse duration at 1054 nm for an amplitude noise value of 0.5% (pulse duration noise of 0.4%). (b) RIN spectrum as a function of the input noise:

OPM only (black line), amplitude noise plus OPM noise (red line), pulse duration noise plus OPM (pink line), and amplitude noise plus pulse

duration noise and OPM (blue line).

peaks in the RIN profile to the corresponding point in the
mean spectrum (OPM noise was removed for better clarity).
The correlation is very clear here as a closely matched periodic-
ity, and it appears that when SPM is dominating, the influence
of amplitude and pulse duration noise is to generate strong RIN
peaks close to the fringes with maximum slope in the spectrum.
We again used 20 pulses in the ensemble, and the calculations
were repeated with 40 and 80 pulses in the ensemble, which
revealed no noticeable change. This means that the RIN
statistics converged and can be trusted.

A very interesting and counterintuitive fact seen in Figs. 3(a)
and 4(a) is that across the bandwidth, away from the edges, the
noise level of the generated ANDi SC is lower than the laser
amplitude noise imposed on the initial condition. This has in
fact also been observed experimentally in a recent work on ANDi
SC generation with a 1550 nm mode-locked laser [28] but
never explained. To explain it we need to look deeper into the
SPM-based SC generation and the effects of the anticorrelated
amplitude and pulse duration noise separately and together.

Let us consider the exact solution for SPM, which with
our initial condition is given by A(z,#) = /Py sech(z/T)
exp(iy Py sech?(¢/ Ty)z). Expanding the sech? function in the
exponent around its maximum derivative, which corresponds
to the maximum frequency shift, one finds ¢(x) = sech? (x) ~
Do+ Py (x-x) + ¢y (x-x,)?, where x, = 0.66, ¢, = -0.77,

and ¢, = 0. This gives the Fourier transform
[A(w)?

=POT%

+o00 2
/ Sech () (¢ HADTox | gritw-on-8)Toe) g
0

(6)

where the frequency shift is given by Aw = -0.77yPyz/ T .
This expression can be used to study the RIN due to amplitude
and pulse duration noise, which is basically how much |[A(w)|?
changes under a change in P and/or 7',

First of all we see that the frequency shift increases with in-
creasing peak power and/or decreasing pulse duration, as is well
known. Thus an increasing (decreasing) peak power and corre-
lated decreasing (increasing) pulse duration will act together on
the frequency shift and lead to a strongly increasing (decreasing)
frequency shift. This will in itself lead to a periodic change in the
spectral intensity |A(®)|? and thus a periodic RIN.

Let us now look at two simple special cases: (1) At the
input z =0 the frequency shift is zero and the solution
becomes |A(w)|* = 72 Py T? sech?(z Tyl - wy]/2). Since Ty
will decrease when Py increases (and vice versa) according to
Eq. (2), we see that at the center frequency the amplitude
and anticorrelated pulse duration noise act against each other,
that is, they will tend to eliminate each other. (2) If we consider
sufficiently large propagation distances, so that the frequency
shift Aw is large, then we can neglect the first (second) expo-
nential in Eq. (6) when o ®wy+ Aw (0= 0, - Aw),
because the exponential will be rapidly oscillating. In other
words, the two outer lopes in the SPM spectrum can be treated
in isolation. In this case the approximate solution for the
long wavelength SPM slope is |A(w)|*> = (72 /4) Py T %sech?
(#Tolw - wy + Aw]/2). At the peak we therefore see that
again the amplitude and anticorrelated pulse duration will
act oppositely and tend to cancel each other. The fact that
the RIN is lower than the pump laser amplitude noise is thus
to be expected from theory and is due to the anticorrelated
pulse duration noise.

Finally, Fig. 4(b) compares the impact of the different noise
sources including OPM, pulse duration, and amplitude noise
on the RIN spectrum. We clearly see when all the noise sources
are included (blue curve) the RIN level is lower than in isola-
tion (red and pink curves), except for OPM noise (black curve).

4. CONCLUSION

We have presented a detailed numerical study of the impact
of pump laser amplitude noise on the coherence of the SC
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generated in ANDi PCFs with fs high peak power mode-locked
pump lasers. In particular, we have shown that considering
nominal values of amplitude noise drastically affects the SC co-
herence on the spectral edges. Indeed, when only one-photon-
per-mode quantum noise is taken into account, the coherence
first starts to degrade for pulse durations above 1.2 ps, while if a
weak pump laser amplitude noise of 0.5% is taken into account,
the degradation starts already at a pulse duration of ~50 fs.

We have looked into the specific spectral profile of the RIN of
a typical low-noise ANDi SC (50 fs pulse duration, 100 kW
peak power) and found that it is strongly increasing toward
the spectral edges of the SC, as expected, but much less so
on the red edge than the blue edge. We found that this is due
to the noise suppression effect of the long wavelength confine-
ment loss edge of the ANDi PCF, occurring already at 1450 nm
due to the small holes of the typical ANDi PCF we considered.

In the central part of the low-noise ANDi SC we demon-
strated that the peaks in the SC spectrum are correlated with
the peaks in the RIN spectrum and that this correlation is
especially apparent at shorter fiber length where SPM is domi-
nating and the RIN profile is periodic. In particular, we
demonstrated numerically that the SC noise in the central part
is lower than the considered pump laser amplitude noise and
that this is due a competition between the amplitude and anti-
correlated pulse duration noise, which in combination gives a
lower noise than in isolation. We confirmed analytically that
this should be so and that it is due to the anticorrelation of
the amplitude and pulse duration of the pump laser.

Our study of the absolute values and finer details of SC
noise in ANDI fibers is of substantial value to potential appli-
cations, such as OCT and metrology, which require ultralow-
noise SC light sources. Indeed, this study constitutes the first
in-depth look into the effect of technical noise sources on the
AND:I SC process and provides grounds for further research to
achieve a better understanding of these physically complex
processes.
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We demonstrate broadband supercontinuum generation
in an all-normal dispersion polarization-maintaining pho-
tonic crystal fiber and report the observation of a cross-phase
modulation instability sideband generated outside of the
supercontinuum bandwidth. We demonstrate that this
sideband is polarized on the slow axis and can be suppressed
by pumping on the fiber’s fast axis. We theoretically confirm
and model this nonlinear process using phase-matching
conditions and numerical simulations, obtaining good
agreement with the measured data. ~© 2020 Optical Society of
America

https://doi.org/10.1364/0L.397106

All-normal dispersion (ANDI) optical fibers have recently
emerged as attractive platforms to improve the noise and coher-
ence of supercontinuum generation (SC/SCG) beyond the
limits of anomalous SC generation [1-4]. ANDi SCG is based
on two fully coherent nonlinear effects: self-phase modula-
tion (SPM) and optical wave breaking (OWB) [2,5] while
anomalous SCG is typically susceptible to or even generated by
incoherent nonlinear effects [6]. Despite this, ANDi SCG has
its own limitations, being both very sensitive to Raman noise
[2—4,7] and requiring low and flat fiber dispersion engineering
that is technically challenging to achieve [1]. When pumping
with femtosecond pulses, it has been shown that other factors
should be considered including polarization modulation insta-
bility (PMI) or the amplitude noise of the laser, both of which
can drastically degrade the relative intensity noise (RIN) and
coherence [3,4,8]. These factors limit the available parameter
space for coherent SCG; however, fs-pumped ANDi SC gen-
eration still has significant potential to generate temporally
coherent SC with realistic laser parameters, a feature hard to
come by in the anomalous dispersion regime. This gives such
systems potential in a range of fields including optical coherence
tomography (OCT), optical metrology, photoacoustic imaging,
and spectroscopy [9-11].

In this work, we investigate SCG in a polarization-
maintaining (PM)-ANDi silica photonic crystal fiber (PCF)
with a femtosecond stable optical parametric oscillator (OPO)

0146-9592/20/133545-04 Journal © 2020 Optical Society of America

with intention to suppress PMI. However, in doing this, we dis-
covered the generation of a sideband outside the SC bandwidth
that was not observed in previous PM-ANDIi SCG [12,13]. We
identify this sideband as the result of a cross-phase modulation
instability (XPMI) process that builds up from coherent SCG
and OWB. As described in [14,15], XPMI is usually observed
when abeam is launched ata 45° angle from the principal axis of
a highly birefringent fiber. This beam is then split into two lin-
early polarized modes on each axis that will nonlinearly interact
with each other to generate two frequency-detuned and cross-
polarized four-wave mixing (FWM) sidebands [14]. However,
this XPMI process has never been observed before through
the stimulation of fs-SC generation but only via spontaneous
generation of the interaction of picosecond or nanosecond
pulses.

Our results show that we can generate a stimulated XPMI
sideband in a PM-ANDI PCF using femtosecond pulses. As
expected, this sideband is most powerful while pumping the
fiber at 45° off the axes. We also demonstrate this sideband can
be completely suppressed when pumping the fiber on the fast
axis.

The experimental setup used to observe and analyze SC and
XPMI generation in the PM-ANDI PCF is shown in Fig. 1. Asa
pump laser, we used a Ti:Sa femtosecond pulsed laser (Coherent
Chameleon) tunable from 680-1080 nm, delivering 200 fs
pulse duration at an 80 MHz repetition rate with a maximum
average power of 450 mW at 1040 nm. The output power is
controlled using a variable neutral density filter (ND). A half-
wave plate is used to turn the input polarization state , while
the polarizer at the fiber’s output is used to observe the spectral
content on the light of each axis. A 40x microscope objective
is used to couple the light into the 40 cm of PM ANDi PCF—
the NL-1050-NE-PM from NKT Photonics. This fiber has a
relative hole size of d/L = 0.45, a small hole-to-hole pitch of
1.44 pum, and a nonlinear coefficient of y =26.8 W~! km !
at 1040 nm. A set of two aspheric lenses is used to collimate the
output beam and then focus it to the multimode pick-up fiber.

The dispersion was measured using white-light interferom-
etry and calculated for an idealized structure with a uniform hole

structure with fixed pitch and hole diameter using COMSOL.
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Fig. 1.  Schematic of the setup, including a wavelength tunable Ti:Sa femtosecond laser, variable neutral density filter (ND), half-wave plate
(HWP), 40x microscope objective (OM), aspheric lenses (L), 3D translation stages (S), 40 cm of all-normal dispersion PCF (PM-ANDI), a polarizer
(P), 2 m of multimode pick-up fiber (MM), and an optical spectrum analyzer (OSA).

The calculation fits the measurements well and is shown as
the blue curve in Fig. 2. The numerical modeling using the
experimental dispersion data did not reproduce the exper-
imental results; this is probably due to the uncertainties on
this dispersion curve that increase when the dispersion is close
to zero. We therefore considered the dispersion given by the
brown curve, which is shifted upwards in the center as the dis-
persion approaches zero. This is still within the measurement
uncertainties and is able to reproduce the experiments as we
will demonstrate. As expected, the small holes of the PCF give
a confinement loss edge wavelength significantly below the
material loss edge wavelength, calculated to be at 1450 nm using
COMSOL (see Fig. 2, green curve). The dispersion profile
has a minimum of —13 ps/nm/km at 1040 nm and is rather
symmetrical within the low-loss window. The PM effect of this
fiber is stress-rod induced, with a slight degree of core-ellipticity
that causes a linearly increasing birefringence [16], which goes
from2.5-10"%at850 nm t0 6.8 - 10™% at 1300 nm, as shown in
Fig. 2 (red circles).

We pumped the fiber at 1040 nm, at the minimum disper-
sion wavelength (MDW); thus we should expect the broadest
SC. Figure 3 shows the spectral evolution while pumping on
the slow axis, fast axis, and at 45°. The broadest SC spectrum
(bandwidth at —20 dB is 460 nm) is obtained by pumping on
the slow axis, while the narrowest is obtained by pumping at 45°
because only half the power is available for spectral broadening
in each axis and due to the temporal walk-off, which tends to
eliminate the influence of cross-phase modulation [17]. Also,
the SC spectrum is quite symmetric whatever the input angle
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Fig.2. Numerical (solid blue), experimental (black dots) and mod-
eled (dashed brown) dispersion profiles, and fiber losses (solid green) of
the NL-1050-NE-PM ANDi PCE The inset shows the group birefrin-
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Fig. 3.  Experimental SC spectra for different input polarizations

with 220 mW output power.

due to the parabolic shape of the fiber dispersion. Interestingly a
sideband appears at 1360 nm, which is strongest when pumping
at 45° and which we identify as XPMI. When pumping on
the slow axis, the sideband intensity is reduced by 12 dB but
is still clearly observable. Finally, when pumping on the fast
axis, the sideband appears to be completely suppressed with an
extinction of at least 25 dB. To understand the appearance of
this sideband and the efficiencies regarding the input polari-
zation angle, let us recall that the phase-matching condition
for XPMI should give rise to a Stokes sideband on the slow axis
and an anti-Stokes sideband on the fast axis because of positive
(normal) group-velocity dispersion (GVD) [6,18]. This means
to stimulate the generation of an idler-pumped sideband in the
Stokes side of the spectrum, we need energy in the pump (on
both axes) and energy in the anti-Stokes sideband (aligned to the
fast axis). Experimentally, we use a pump laser with a polariza-
tion extinction ratio (PER) of 40 dB and inject the light into the
PM-AND:I fiber, whose input face was end-collapsed to remove
back reflections into the Ti:Sa laser. At the output, we measure a
maximum achievable PER of 17 dB, which has a relatively even
distribution over the whole SC bandwidth. This shows that at
some point in the propagation, light has deviated from the input
axis to become distributed more over both axes, probably due to
the collapse of the fiber holes. This can explain why it is possible
to observe a Stokes sideband at 1360 nm even when the input
beam is almostaligned on the slow axis, as shown in Fig. 3.
Figure 4 shows the evolution of the SC spectrum as a function
of the pump power for an input polarization at 45° off axes. The
SC bandwidth is 430 nm at —20 dB (845-1275 nm) for an
average output power of 220 mW. The XPMI sideband grows
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Fig. 5.  SC evolution for different polarizer orientations while
pumping at45° from the two axes.

and slightly broadens to longer wavelengths when increasing
the coupled power. It starts to appear only when SC extends
past 1200 nm and when the OWB also starts to appear (see the
green spectrum in Fig. 4). In addition, there is no observable
anti-Stokes sideband outside the SC, even when observing the
spectrum over a wide bandwidth (600-2000 nm).

Adding a polarizer at the output of the fiber to analyze the
sideband polarization angle, we show in Fig. 5 the SC spectrum
measured after the polarizer as a function of the polarizer angle
at maximum output power (220 mW average power). We notice
that the three spectra obtained by aligning the polarizer on the
slow axis (blue curve), fast axis (red curve), and at 45° of the axes
(pink curve) have a similar bandwidth and shape. We observe
the most powerful sideband when the polarizer is aligned on the
slow axis and a 10 dB suppression when aligning the polarizer
at 45° of the axes. Finally, aligning the polarizer on the fast axis
totally suppresses the sideband, confirming that the sideband is
polarized along the slow axis.

To simulate the SCG in the PM-ANDI fiber, we use a
MATLAB code solving the two coupled generalized nonlin-
ear Schrodinger equations (CGNLSEs) for highly birefringent
fibers as described in [19]. We used as input parameters a pump
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wavelength of 1040 nm, a sech-shaped pump pulse with dura-
tion of 200 fs (full width half maximum intensity), 12 kW peak
power, alonger fiber length of 60 cm for better visibility, the loss
profile as described in Fig. 2 (green curve), and the birefringence
values taken from the inset. One-photon-per-mode noise and
intensity noise of 1% was added to our input condition, and
the results were sampled average over 20 simulations. Using
these parameters, we obtain a quite good agreement between
simulation and experimental results. This is shown in Figs. 6(a)—
6(d), which depict both the spectral and temporal intensity
dynamics on each axis when pumping the PM-ANDI fiber at
45°. First, the numerical SC bandwidth at —20 dB level is esti-
mated to be 450 nm, which is very close to the experimental one
(430 nm). Second, we can clearly see the generation of a small
signal at 1360 nm polarized on the slow axis, which fits with the
experimentally observed XPMI sideband [see Fig. 6(b)]. We
also notice that the sideband appears after 20 cm of propagation
exactly where the OWB sets in and stops the red-shift of the
SPM lobes. Interestingly, the temporal trace plotted in Fig. 6(d)
reveals that the signal at 1360 nm behaves as a small dispersive
wave (DW) shed by the pump pulse on the slow axis, in a way
akin to the DW emission by OWB in the anomalous dispersion
region [20,21].

To go further into detail, in Fig. 7, we plot the theoretical
XPMI sidebands as a function of pump wavelength using the
well-known formula for the XPMI frequency shift [22]
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Fig. 6. Simulated spectral (top) and temporal (bottom) SC evolu-
tion on each fiber axis as a function of fiber length. The dots represent
the theoretical XPMI wavelength (black) using the redder SPM wave-
length (white) asa pump.
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Fig. 7.  Phase-matching map as a function of total peak power,

12 kW (red), 6.5 kW (green), 4 kW (blue), 2 kW (pink), and 0 kW
(black). The orange dots on the straight line for the pump wavelength
show the numerically observed red SPM wavelength [white dots in
Fig. 6(b)], and the other colored dots mark the corresponding XPMI
wavelength.

where 7 is the group birefringence, Py the total peak power,
and B, the wavelength-dependent GVD. The XPMI wave-
lengths are plotted in Fig. 7 for different peak powers. From the
modeling, the slow axis XPMI generation is seen to be closely
linked to the long wavelength SPM lobe in the slow axis, marked
with white dots. According to this conjecture, the XPMI gain is
efficient only when the red shift of the SPM lobe, acting as the
pump, slows down, and for lengths not much longer than the
walk-off length of 22 cm. This is exactly what is observed: the
XPMI peak is first growing after about 20 cm when the red-shift
of the SPM lobe is stopped by OWB, and after about 30 cm, the
power in the XPMI peak does not grow anymore. Looking into
more detail, we find that the peak power decreases from 12 kW
at 2=0 to 1.5 kW at 2=60cm. From the corresponding
phase-matching curves in Fig. 7, we see that the XPMI phase-
matches to the center wavelength of the SPM lobe initially at
2787 nm (Py=12kW, ispm = 1040 nm), then it rapidly
decreases because of the red-shift of the SPM lobe. The observed
final SPM lobe wavelength of 1152 nm is seen to generate XPMI
at 1360 nm in the valley of the linear phase-matching curve,
which corresponds nicely to the numerically and experimentally
observed XPMI wavelength, for the adjusted dispersion profile.
The observed SCG-induced XPMI generation thus requires
a delicate balance between strong SPM stopped sufficiently
before, say, twice the walk-offlength by OWB.

In conclusion, we have reported the observation of XPMI
while pumping a PM-ANDI PCF with a femtosecond laser. A
sideband was generated through a XPMI process at 1360 nm
during coherent SCG from SPM and OWB. We demonstrated
this sideband cannot be generated while pumping on the fast
axis and is itself polarized along the fiber’s slow axis. Further
clarifying that we were observing XPMI, theoretical calculation
and simulation performed solving the CGNLSE confirmed
the degenerate FWM between a pump corresponding to the

Letter

red edge of the SPM on the fiber’s slow axis, an anti-Stokes
idler pump in the central SPM area on the fiber fast’s axis, and a
signal at 1360 nm polarized on the fiber’s slow axis. Our study
is of substantial value to potential applications, such as OCT
and metrology, which require ultra-low-noise SC light sources.
To achieve low noise in these future SC sources, a high degree
of suppression of XPMI will be required and for this a solid
understanding of the underpinning physics. Indeed, this study
shows that controlling the input polarization is very impor-
tant to avoid noise the amplification effect and thus keep the
noise-free/stability given by fs PM-ANDi SCG.
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We report an octave-spanning coherent supercontin-
uum (SC) fiber laser with excellent noise and polar-
ization properties. This was achieved by pumping a
highly birefringent all-normal dispersion (ANDi) pho-
tonic crystal fiber with a compact high-power ytterbium
femtosecond laser at 1049 nm. This system generates
an ultra-flat SC spectrum from 670 nm to 1390 nm with
a power spectral density higher than 0.4 mW/nm and a
polarization extinction ratio of 17 dB across the entire
bandwidth. An average pulse-to-pulse relative inten-
sity noise (RIN) down to 0.54% from 700 nm to 1100 nm
has been measured and found to be in good agreement
with numerical simulations. This highly-stable broad-
band source could find strong potential applications in
biomedical imaging and spectroscopy where improved
signal to noise ratio is essential.

© 2021 Optical Society of America

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

Supercontinuum (SC) generation in all-normal dispersion
(AND:i) photonic crystal fibers (PCF) has recently been inves-
tigated due to its ability to generate a low-noise broadband
coherent spectrum [1-6], with a noise level much lower than
typical SC sources using anomalous dispersion. The main issues
with typical soliton-based SC generation is the poor flatness and
the coherence degradation for a soliton number higher than 16,
associated with large pulse-to-pulse fluctuations due to noise
amplification by modulation instability (MI), soliton fission and
rogue wave generation [7]. On the contrary, ANDi SC gener-
ation, which is essentially based on nonlinear coherent effects
such as self-phase modulation (SPM) and subsequently optical
wave breaking (OWB), has a high degree of coherence and pulse
to pulse stability [8, 9]. ANDi SC generation is thus a topic being
extensively investigated for several applications such as optical
coherent tomography [10], coherent amplification [11], nonlin-
ear microscopy [12], hyperspectral stimulated Raman scattering

microscopy [13] , and coherent anti-Stokes Raman scattering
(CARS) spectroscopy [14]. Several recent studies have how-
ever shown some limitations on the input pulse duration due to
stimulated Raman scattering (SRS) and polarization modulation
instability (PMI) [5, 6, 9, 15, 16]. Specifically, it has been shown
that for input pulse duration longer than ~ 500 fs, SRS-induced
noise amplification impacts on the SC pulse coherence and spec-
tral flatness [9]. Furthermore, for input pulse duration longer
than ~ 120 fs, PMI can take place between the two orthogonal
eigenmodes of the fiber, thus degrading the relative intensity
noise (RIN) and the output polarization for non-polarization
maintaining (PM) fibers [5].

In this work, we overcome these limitations by using a silica-
based PM ANDi PCF pumped with a low-noise, short pulse du-
ration (180 fs) compact ytterbium mode-locked laser at 1049 nm.
Using this system, symmetrically flat and ripple-free SC gen-
eration has been generated from 670 nm to 1390 nm with a
maximum output power of 720 mW. It is shown in particular
that pumping on the fast axis of the fiber provides the flattest
and most stable SC while removing the cross-phase modulation
instability (XPMI) that has recently been evidenced in PM ANDi
fibers [17]. A polarization extinction ratio (PER) of 17 dB and
an average RIN of 0.54 % from 700 nm to 1100 nm were further
measured. We finally compare the spectrally-resolved RIN of
our ANDi-fiber-based SC source with those recently published
in the literature and we show excellent noise and polarization
characteristics.

The experimental setup used to observe and analyze coher-
ent SC generation in the PM-ANDi PCF is shown in Fig. 1.
As a pump laser, we used a femtosecond ytterbium solid-state
mode-locked laser (Origami 10 HP, NKT Photonics) centered at
1049 nm, delivering a 180 fs pulse train at an 80 MHz repetition
rate with a maximum average power of 4 W, a low RIN of 0.5%,
and a PER of 31 dB. The laser output power was controlled using
a variable neutral density (ND) filter. A half-wave plate was
used to rotate the field polarization state at the fiber input. An
aspheric lens with a focal length of 6 mm was used to couple the
light into the fiber core. The fiber is a PM ANDi PCF from NKT
Photonics (Model NL-1050-NEG-PM). This fiber has a core di-
ameter of 2.4 ym, a relative hole diameter of d/A = 0.45, a small
hole-to-hole pitch of A =1.44 ym, and a nonlinear coefficient of
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Fig. 1. Schematic of the setup, including ytterbium femtosecond mode-locked laser (ORIGAMI 10 HP), variable neutral density fil-
ter (ND), half wave plate (HWP), aspheric lenses (AL), 3D translation stages (S), 2 m of PM-ANDI PCF, flip-mirror (FM), integrating
sphere (IS), 2 m of multimode pick-up fiber (MM), optical spectrum analyzer (OSA), monochromator (MONO), photodiode (PD),

and oscilloscope (OSCI).

1=26.8 W~ lkm~! at 1040 nm. The fiber’s dispersion and loss
profiles are shown as an inset in Fig. 1 [17]. The dispersion has
an all-normal parabolic profile with a peak at -13 ps/nm/km
at 1040 nm. The PM property of the PCF is mainly stress-rod
induced and it has a slightly elliptic core, which together gives
it a high birefringence of 4.7 10~* at the pump wavelength. The
output spectrum is recorded using an optical spectrum anal-
yser (OSA) and analysed as a function of input polarization and
pump power, while the RIN was measured in another path using
a monochromator as filter passband, two different fast photode-
tectors to cover the whole SC bandwidth and an oscilloscope.
Figure 2 shows the spectral intensity profile for 3 selected
polarizations and an average output power from the fiber of
720 mW (estimated input peak power of 48 kW, including losses
and Fresnel reflections). We obtain the broadest bandwidth
while pumping along the slow axis (red curve), with a spectrum
going from 685 nm to 1395 nm at -3 dB if we disregard the oscil-
lations in the central part of the spectrum. We find the spectrum
becomes more noticeably modulated as we move closer to the
center of the spectrum. Furthermore, the modulations appear
together with the observation of an XPMI peak [17] when pump-
ing along the slow axis. This clarifies the importance of avoiding
XPMI, since the modulation can be detrimental to interference
based imaging. The spectrum is the narrowest when pumping at
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Fig. 2. Experimental SC spectra at the output of the PM-ANDi
PCF for output average power of 720 mW with an input pulse
duration of 180 fs while pumping along the slow axis (red
curve), fast axis (blue curve) and at 45 ° from the axes (pink
curve). The blue and red curves are offset by 15 dB and 30 dB
from the pink curve, respectively.

45° from the principal axes (pink curve) spanning from 700 nm
to 1370 nm at -3 dB, which is expected because only half of the
power is available on each axis. We observe that the spectrum
for 45° is highly modulated from 870 nm to 1120 nm. The XPMI
sideband is again present and slightly stronger than the one
obtained on the red curve, as expected from the theory [17-19].
Then, we obtain an extremely flat spectrum when pumping on
the fast axis (blue curve) with a spectrum spanning from 670 nm
to 1390 nm at -3 dB without any trace of an XPMI sideband
around 1400 nm.

We now investigate the case with pumping along the fast axis,
for which we observed the best spectrum with the least ripples.
Thus, Fig. 3 shows the evolution of the SC generation for a fiber
output average power increasing from 1 mW to 720 mW (peak
power going from 8 W to 48 kW). We observe two SPM fringes
on the pink curve (for a power of 6 mW). Then, by increasing
further the power up to 30 mW (brown spectrum), we can clearly
see the appearance of OWB on the edges. Furthermore, the SC
bandwidth goes from 9 nm (in the linear regime) to 720 nm
(going from 670 nm to 1390 nm) at -3 dB, which is more than
one octave with a power spectral density (PSD) higher than
0.4 mW/nm (-4 dBm/nm). Next, as expected from coherent
ANDI SC generation, the spectrum broadens symmetrically and
is extremely flat (the maximum amplitude of the ripples in the
SPM area is 1.65 dB). Finally, we do not observe any SRS compo-
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Fig. 3. Experimental SC spectra at the output of the PM-ANDi
PCF for output average power of 1 mW to 720 mW with an
input pulse duration of 180 fs and an input beam polarized
along the fast axis.
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Fig. 4. Experimental SC spectra when pumping on the fiber’s
fast axis and using a polarizer aligned either on the fast axis
(red) or on the slow axis (blue). The difference between the flat
parts of the spectra gives a PER of about 17 dB.

nents in the final spectra at high power (red and black spectra)
across the whole bandwidth [5, 9]. Thus, we can expect this SC
generation to be extremely low-noise and highly stable.

Using a polarizer at the output of the ANDi-PCFE, we mea-
sured the PER of the generated SC using the OSA. Fig. 4 depicts
the SC spectra when the input beam is polarized along the fast
axis and the output polarizer is aligned either on the fast axis
(red curve) or on the slow axis (blue curve). Specifically, the
polarizer is rotated to measure the minimum power including
the whole spectrum and then the spectrum is measured at this
angle and at a 90 degree rotation. This way, we can measure an
average PER of 17 dB over the full SC bandwidth, which means
that the SC output is nearly linearly polarized. We noticed how-
ever a PER degradation of 14 dB compared to the input pump
laser (PER of 31 dB). This degradation of 14 dB is also measured
at low power (no spectral broadening) and may be explained by
the collapse of the air holes at the entrance of the fiber required
to remove back-reflection in the laser cavity.

Let us now turn our attention to the noise properties of the
pump and the generated supercontinuum. For the pump noise
measurement, we coupled the output beam onto a silicon pho-
todiode connected to a fast oscilloscope (DSA91204A from Agi-
lent). After recording 10000 pulses, we obtained the histogram
depicted in Fig. 5. Using a Gaussian fit of this distribution, we
extract a mean value of 2.5 and a standard deviation of 0.011.

Counts [ ]

2.35 2.5 2.65
Pulse energy [a.u]

Fig. 5. Histogram of the variation of the energy of 10000
pulses measured with the oscilloscope. The red curve rep-
resents a Gaussian fit of the distribution.

Wavelength [nm]

Fig. 6. Measured spectrally-resolved RIN using the oscillo-
scope method with silicon (red dots) and InGaAs (green dots)
photodetector and corresponding average normalized SC spec-
trum (solid blue), pumping at 45° from the principal axes plus
simulated SC (black dots) and RIN spectra (dashed brown).
The pink curve shows the estimated minimum RIN values
from our measurement system.

Thus, calculating the ratio of the standard deviation to the mean,
we obtain a RIN value of 0.44 % using this method, in rather
good agreement with the laser manufacturer data (0.5 %).

After measuring the pump laser noise, we further investi-
gated the RIN over the whole SC bandwidth. To this end, we
used a monochromator (from Princeton instrument) as a tun-
able spectral filter and the spectrally-sliced SC was sent to the
photodetector and oscilloscope. We specifically used two pho-
todetectors to cover the SC bandwidth: a silicon photodetector
from 650 to 1100 nm and an InGaAs photodetector for longer
wavelengths. The SC RIN was still measured using the Gaus-
sian fit method by saving 10000 pulses onto an oscilloscope
(PicoScope) every 10 nm, with a 3 nm bandwidth for the silicon
photodetector and a 1 nm bandwidth for the InGaAs one. Fig. 6
depicts the two spectrally-resolved RIN measurements as red
dots (silicon) and as green dots (InGaAs), while the blue curve
shows the related SC spectrum while pumping the fiber at 45°
off the axes. We find an average RIN from 700 nm to 1100 nm
down to 0.54 %, when we omit the high edge RIN values. The
results also show that the RIN increases drastically on the SC
edges due to both the reduction of the SC power and the strong
effect of laser peak power fluctuations on the supercontinuum
bandwidth [6]. Furthermore, the pink curve in Fig. 6 depicts
the estimated minimum RIN values measured by our system as
a function of wavelength. Indeed, our scope has an estimated
dark noise standard deviation of 1 mV. Thus, if we divide this
number by the mean of our Gaussian distribution, for each spec-
trally resolved bin, we obtain a minimum estimated spectrally
resolved RIN value of 0.14 %. Finally, we observe that our mea-
sured spectrally RIN values are all slighty above the estimated
minimum.

These experimental measurements have been further com-
pared to numerical simulations of the two-coupled generalized
nonlinear Schrodinger equations (CGNLSEs), as those described
in Ref. [20] for highly-birefringent PM fibers. We performed SC
and RIN simulations solving the CGNLSEs using the split-step
method and the initial conditions as described in [6] with an in-
put pulse duration of 180 fs (full width half maximum), an input
peak power of 48 kW, an input amplitude noise value of 0.22 %
(amplitude noise ~ RIN/2) and associated anti-correlated pulse
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duration fluctuations to keep the energy of the mode-locked
laser constant. To plot the simulated RIN, we used the following
equation with an ensemble size of 50 independent pulses, which
is sufficient to minimise modelling error:

RIN(A) = W(\A(A)yz - <|A(A)\2>)2>/ (JAWP). @

The simulation results are shown in Fig. 6 (black dots for the
spectrum and dashed brown for the RIN). As can be seen, the
agreement is excellent with the experimental spectrum, both
for the shape and bandwidth, with a highly modulated spec-
trum and the generation of an XPMI sideband near 1400 nm.
This agreement is also rather good between the measured and
simulated RIN.

Ref AAXge Method
[5] 620 nm, -10 dB Osci.
[21] | 480 nm, -30 dB Osci.
[11] | 300 nm, -3 dB, ESA
Ours | 720 nm, -3 dB Osci.

AARIN | DAiter RIN
600 nm | 10nm 33 %
200nm | 12nm 1.2 %
300 nm 0.07 %
0.54 %

400 nm 3 nm

Table 1. Average RIN values in ANDi SC generation from the
current literature and our system.

Table 1 compares the noise performances of our SC source to
those of the literature [5, 21]. The second column indicates the
SC bandwidth. The third one explained the method used to mea-
sure the RIN of the SC system, either based on an oscilloscope
in the time domain or on an Electric spectrum analyser (ESA) in
the frequency domain. The fourth and fifth ones stipulate the
measurement and filter bandwidth to obtain the average RIN
specified in the last column. Few methods have indeed been
implemented to measure the coherence or the RIN of ANDi SC
generation [5, 21, 22]. For the coherence, in [22], the authors used
a dispersive Fourier transform technique to highlight the stabil-
ity of ANDi SC generation. Then, using a fiber-based unequal-
path Michelson interferometer, they demonstrate a high fringe
visibility meaning a high degree of coherence for the ANDi SC
generation. Also, in Refs. [5] and [21], the authors used a setup
composed of bandpass filters (10/12 nm), a fast photodiode and
an oscilloscope to measure the spectrally-resolved RIN of the
SC spectrum. In [5], the authors reported an average RIN of
33 %. This value can be considered high but, in this study, the
coherence of ANDi SC generation was degraded by the PMI
effect. In [21], the authors reported a very low average RIN of
1.2 %, due to the low input peak power used to obtain their
ANDI SC and the large bandwidth of their filters.

From Table 1, we see that we obtain the lowest average RIN
value using the oscilloscope measurement method. About the
value reported by [11], it is not possible to compare directly
our RIN value to the 0.07 % announced because they don’t
use any passband filters and thus measure a single RIN value
for the whole SC spectrum. Furthermore, they limit their
ESA measurement bandwidth from 10 Hz to 20 MHz while
the repetition rate of their laser is up to 80 MHz. Therefore,
it reduces the overall RIN value. Finally, we underline the
setup composed by the Origami 10 HP laser and the PM-ANDi
silica PCF is the system with the lowest average RIN to our
knowledge and the highest PER (measured PER of 10 dB in [11]),
and thus it can be also considered as one of the state-of-the-art

systems.

In conclusion, using a compact ytterbium mode-locked laser
producing 180 fs pulses and a highly-nonlinear polarization-
maintaining ANDi PCF, we were able to generate an ultra-flat
octave-spanning SC spectrum with a bandwidth up to 720 nm
(from 670 nm to 1390 nm) and associated PSD higher than
0.4 mW /nm. We have shown that the SC is linearly polarized
with a PER of 17 dB across the whole spectrum bandwidth and
with a spectrally-resolved RIN below 0.54 % from 700 nm to
1100 nm, which is, to the best of our knowledge, the lowest aver-
age SC ANDi RIN value ever reported with this measurement
method. This system could find many applications in OCT,
metrology, or as a wavelength-tunable fs laser source thanks
to its octave-spanning bandwidth, flatness, low-noise, high
coherence, polarization and near-linear chirp properties.
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Abstract:

This Ph.D thesis focuses on the development
of a low-noise visible near-infrared fiber-based
supercontinuum source. First, we provide a
complete theoretical, numerical and experimental
description of coherent supercontinuum generation
in a polarization-maintaining all-normal dispersion
photonic crystal fibers. Then, exploiting several
numerical simulations, we investigate the short
available parameter space to obtain an ultra-low-
noise supercontinuum source. This parameter space
is extremely limited by the technical laser noise
such as amplitude noise, phase noise, and pulse
duration fluctuations. The limiting factor is mainly the
input pulse duration of the laser which can induce
the generation of stimulated Raman scattering
components for long pulse duration. Through a
detailed experimental and numeral analysis of the

impact of input polarization on supercontinuum
generation, we present, for the first time to our
knowledge, the possibility to generate cross-phase
modulation instability in an all-normal dispersion
polarization-maintaining fiber. Finally, we develop
different all-normal dispersion supercontinuum
generation systems using commercially available
femtosecond seed lasers. Using different noise
measurement setups, we demonstrate an ultra-low-
noise (RIN<0.54 %) and linearly polarized (PER>17
dB) all-normal dispersion supercontinuum source.
Our works represent a fundamental study of low-
noise supercontinuum generation in all-normal
dispersion fiber and lead to the development of
industrial systems for biomedical and metrology
applications.
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Résumeé :

Cette thése de doctorat porte sur le développement
d’une source supercontinuum fibrée, visible proche-
infrarouge et faiblement bruitée. Nous apportons
une description complete théorique, numérique,
expérimentale de la génération de supercontinuum
cohérent dans les fibres a cristaux photoniques a
maintien de polarisation et a dispersion normale.
En exploitant des simulations numériques, nous
démontrons que les conditions pour obtenir
une source supercontinuum a faible bruit sont
extrémement restrictives.  Cette restriction varie
en fonction du bruit technique du laser : bruit
d’amplitude, de phase et de durée d’'impulsion. De
plus, la durée d’impulsion du laser est un parametre
important qui supprime ou accentue la présence
de la diffusion Raman stimulée. Grace a une
étude exhaustive de limpact de la polarisation

d’entrée sur la génération de supercontinuum,
nous avons démontré, pour la premiére fois a
notre connaissance, la possibilité de générer de
l'instabilité modulationnelle vectorielle. De plus,
nous présentons divers systémes de génération
de supercontinuum cohérent utilisant des lasers
femtosecondes disponibles dans le commerce.
Finalement, nous démontrons que certains de
nos sytemes cohérents possedent un bruit relatif
d’intensité extrémement faible. Ce manuscrit
présente donc une étude approfondie de la
génération de source supercontinuum faiblement
bruitte en régime de dispersion normale et a
conduit au développement de plusieurs prototypes
utilisables pour de nombreuses applications comme
l'imagerie biomédical, la spectroscopie, et la
métrologie.
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