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Abstract

We have investigated low-noise supercontinuum generation by utilizing all-normal disper-
sion fibers, pumped by a femtosecond source. Spectrally resolved narrow-band relative
intensity noise measurements were performed to study and demonstrate the low pulse-to-
pulse fluctuation in the generated supercontinuum. In addition to ultra-broad bandwidth,
spatial coherence, and high average power, supercontinuum sources can now be low-
noise. We then used the generated supercontinuum to demonstrate that the low-noise
property enable their application.

We have demonstrated that low-noise supercontinuum sources can fill the existing
lack of a broadband and coherent light sources in the near-infrared regime that is suit-
able for nanoscale Fourier transform infrared spectroscopy, in demodulation based aper-
tureless scattering type scanning near-field optical microscopy. We performed ultra-high
resolution scanning near-field optical microscopy based broadband nano-spectroscopy
to study surface plasmon polaritons at 40 nm spatial resolution on high quality monocrys-
talline goal-flakes. We were able to identify both the edge-launched and tip-launched
surface plasmon polaritons in the entire bandwidth of the low-noise supercontinuum. We
then used the low-noise supercontinuum to study shot-noise limited ultra-high resolution
spectral-domain optical coherence tomography. We have made an one-to-one compar-
ison of the noise properties of a ultra-high resolution spectral-domain optical coherence
tomography system around 1.37 µm using an all-normal dispersion fiber based low-noise
source to the noise properties of the system when two commercially available supercon-
tinuum sources displaying high pulse-to-pulse fluctuation. Using the low-noise source, we
have demonstrated that ultra-high resolution spectral-domain optical coherence tomogra-
phy now can be operated in the shot-noise limited detection regime. With the shot-noise
limited detection, the available sensitivity is no longer determined by the light source, but
by fundamental physics. In general, the ultra-high resolution spectral-domain optical co-
herence tomography system using all-normal dispersion fiber based low-noise supercon-
tinuum shows darker background, higher contrast, and improved penetration compared
to one using the traditional supercontinuum sources. This improvement in ultra-high reso-
lution spectral-domain optical coherence tomography can help in detection of skin cancer
at an early stage.

In the final part of the thesis, femtosecond pumped, directional supercontinuum gen-
eration in fibers with two-zero dispersion wavelengths is studied. We have investigated
the presence of addition dispersive waves from non-degenerate four-wave mixing. In ad-
dition, we have studied interesting effects on soliton, including a novel effect that we have
named soliton boomerang effect.
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Dansk resumé (Danish summary)

Vi har undersøgt generering af lavstøjssuperkontinuum ved at bruge optiske fibre med
kun normal dispersion, pumpet med en femtosekundskilde. Spektralt opløste smal-
båndsmålinger af relativ intensitetsstøj blev udført for at studere og demonstrere den lave
puls-til-puls variation i det genererede superkontinuum. Foruden ultrabred båndbredde,
rumlig kohærens og høj gennemsnitseffekt, kan superkontinuumskilder nu udvise lav støj.
Vi brugte derefter det genererede superkontinuum til at demonstrere, at egenskaben med
lav støj muliggør deres anvendelse.

Vi har vist, at superkontinuumkilder med lav støj kan udfylde den eksisterende man-
gel på bredbåndede, kohærente lyskilder i det nær-infrarøde regime, der er egnet til
nanoskala Fourier transform infrarød spektroskopi, i demodulationsbaseret, aperturløs
spredning, scannende nær-felt optisk mikroskopi. Vi udførte bredbåndet nano-spektroskopi
med ultrahøj opløsning baseret på scanning nær-felt optisk mikroskopi for at studere over-
fladeplasmonpolaritoner med 40 nm opløsning på monokrystalinske guldflager. Vi var i
stand til at identificere både de kant-startede og tip-startede overfladeplasmonpolaritoner
i hele båndbredden af superkontinuumetj. Vi brugte derefter lavstøjssuperkontinuumet
til at studere spektraldomæne optisk kohærens tomografi ved skudstøjsgrænsen med
ultrahøj opløsning. Vi har foretaget en en-til-en-sammenligning af støjegenskaberne i
et ultrahøj opløsning spektraldomæne optisk kohærens tomografisystem omkring 1,37
µm med en lav-støj superkontinuumkilde på den ene side og to kommercielt tilgæn-
gelige superkontinuum-kilder, der viser høj puls-til-puls-udsving, på den anden. Ved
hjælp af kilden med lav støj har vi demonstreret, at optisk kohærens-tomografi med
ultrahøj opløsning nu kan opereres i detekteringsregimet begrænset af skudstøj. Med
skudstøjsbegrænset detektion, bestemmes den tilgængelige følsomhed ikke længere af
lyskilden, men af grundlæggende fysik. Generelt viser spektraldomæne optisk kohærens
tomografisystemet, der bruger normal dispersionsfiberbaseret lavt støj-superkontinuum,
mørkere baggrund, højere kontrast og forbedret penetration sammenlignet med et der
bruger de traditionelle superkontinuum-kilder. Denne forbedring af optisk koherentomo-
grafi med ultrahøj opløsning kan hjælpe med at påvise hudkræft på et tidligt tidspunkt.

I den afsluttende del af afhandlingen undersøges femtosekund pumpet retningsbestemt
superkontinuumgenerering i fibre med to-nul dispersionsbølgelængder. Vi har under-
søgt tilstedeværelsen af additive dispersive bølger fra ikke-degenereret firebølgeblanding.
Derudover har vi undersøgt interessante effekter på solitoner, inklusive en ny effekt, som
vi har kaldt solitonboomerangeffekten.
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Preface

This thesis is the result of work carried out within the project SUPUVIR. SUPUVIR is the
acronym for SUPercontinuum broadband light sources covering UV to IR applications.
This project was fully funded by the European Union’s (EU’s) Horizon 2020 research and
innovation program under Marie Skłodowska-Curie actions-initial training network (ITN),
project no. 722380. The project combined the efforts of 6 academic and 4 non-academic
beneficiaries consists of 15 early-stage researchers (ESRs) working within supercontin-
uum broadband light sources. This thesis is presented as a partial fulfillment for the Ph. D.
degree from the Technical University of Denmark. The title of the thesis is “Low-noise su-
percontinuum sources utilizing normally dispersive fibers”. It documents the research
carried out at the section for Nonlinear Optics and Biophotonics, Department of Photon-
ics Engineering (DTU Fotonik), during the Ph. D. studies in the period from February
2017 to April 2020. This work was supervised by Ole Bang and co-supervised by Morten
Bache, Binbin Zhou, and Peter M. Moselund.

The thesis comprises of the main research results from the Ph. D. study and is divided
into seven chapters. In the first chapter, the advantages of the all-normal dispersion
fiber based low-noise supercontinuum, over the traditional supercontinuum is discussed.
Later, the generalized nonlinear Schrödinger equation in the interaction picture and the
quantum noise used in the simulations carried out in this work is presented. Then, the two
experimental procedures, visible-near infrared dispersion measurement and spectrally
resolved, pulse-to-pulse relative intensity noise measurement, extensively used in the
work, is discussed.

In the second chapter, the generation of low-noise supercontinuum in novel pure sil-
ica microstructured fiber and germania doped silica based all-normal dispersion fiber is
presented. The experimental results are corroborated with numerical simulations. The
importance of technical pump noise, in accurately simulating the noise in short pulse
pumped all-normal dispersion fiber based supercontinuum is discussed.

In the third chapter, ultra-high resolution scanning near-field optical microscopy based
broadband nano-spectroscopy to study surface plasmon polaritons using all-normal dis-
persion fiber based low-noise supercontinuum is presented. The noise properties of the
traditional supercontinuum source is compared to that of the all-normal dispersion fiber
based low-noise supercontinuum, in relation to near-filed imaging and we show how the
low-noise source enables scanning near-field optical microscopy, in the near-infrared.

In the fourth chapter, short noise limited, supercontinuum based, ultra-high resolution
spectral-domain optical coherence tomography is presented. An one-to-one comparison
of the noise properties of an ultra-high resolution spectral-domain optical coherence to-
mography system centered around 1.37 µm, using an all-normal dispersion fiber based
low-noise supercontinuum source to the noise properties of the system when two com-
mercially available supercontinuum sources displaying high pulse-to-pulse fluctuation is
discussed. The images obtained using the three sources are then compared with respect
to their background, contract and imaging depth.

In the fifth chapter, we characterized the shot-to-shot fluctuation in tellurite based po-
larization maintaining all-normal dispersion fiber and its low-birefringent version, using
DFT technique. Here, the importance of short pulse length, low-peak power and suitable
fiber dispersion needed to avoid polarization mode instability in low-birefringent all-normal
dispersion fiber is highlighted. This work was a collaboration between the Technical Uni-
versity of Denmark (Denmark), Institute of Electronic Materials Technology (Poland), and
Centre National de la Recherche Scientifique-FEMTO-ST (France), within the project
SUPUVIR. The tellurite based polarization maintaining all-normal dispersion fiber and
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its low-birefringent version were designed and fabricated in Institute of Electronic Mate-
rials Technology (Poland). The dispersive Fourier transform based noise studies were
carried out in Centre National de la Recherche Scientifique-FEMTO-ST (France), during
an external stay.

In the sixth chapter, normal dispersion femtosecond pumped supercontinuum gen-
eration in fibers with two zero dispersion wavelengths were numerically investigated. In
addition, we have studied interesting effects acting on soliton, including a novel effect that
we have named soliton boomerang effect.

In the seventh chapter, the results obtained in this work is summarized.

Shreesha Rao D. S.
April 2020
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Chapter

1
Supercontinuum generation in fibers
Supercontinuum generation (SCG) is an extreme nonlinear process which leads to a
spectrally broad output in a media, when pumped by narrow-band input pulse. Traditional
supercontinuum (SC) sources are fiber based and are usually pumped in the anoma-
lous dispersion region (ADR), just above the zero dispersion wavelength (ZDW). Spec-
tral broadening when pumped by a picosecond (ps) or a nanosecond (ns) pulse can be
dominated by modulation instability (MI) [1, 2]. Spectral broadening when pumped by
a femtosecond (fs) pulse can be dominated by soliton fission [3, 4]. In both of these
cases the final spectrum consists of solitons [5–8] in the ADR and the dispersive waves
(DWs) [9, 10] in the normal dispersion region (NDR). Typical visible-near infrared (vis-
NIR) commercial SC sources can cover a broad spectral band, for example, from 0.4 to
2.4 µm. For the vis-NIR sources the fiber is generally made of silica. Commercially avail-
able middle-IR (MIR) SC sources can cover 1.5-4.8 µm. Here, the fiber used is generally
made of ZBLAN (ZrF4BaF2LaF3AlF3NaF) [11].

SCG has also been extensively studied when pumped in the NDR. Here too, like
in the case of ADR pump, has two distinct parameter space. The spectral broadening
can be dominated by stimulated Raman scattering (SRS) [12–15] and four wave-mixing
(FWM) [16, 17] when pumped by a ps or a longer pulse. The individual peaks from
SRS/FWM can merge together to form a broad spectrum at the output of the fiber. When
a fiber with weak-normal dispersion is pumped by a short fs pulse, the spectral broaden-
ing can be dominated by self-phase modulation (SPM) [18, 19] and optical wave breaking
(OWB) [20, 21]. This can lead to a broad and flat spectrum, consisting of a single pulse
in time and in spectrum.

Study of SCG has been driven by the quest to understand the many new and inter-
esting underlying nonlinear processes. The broad spectra generated has seen it being
applied in many fields including spectroscopy, and imaging, such as in optical frequency
metrology [22], confocal fluorescence microscopy [23, 24], optical coherence tomography
(OCT) [25–27], multimodal nonlinear microscopy [28], hyper-spectral imaging [29], ultra-
fast transient spectroscopy [30], single-beam coherent anti-Stokes Raman spectroscopy
(CARS) [31], light detection and ranging (LIDAR) systems [32], pulse compression [33],
telecommunications [34], etc.

1.1 Pumping in the anomalous dispersion region

Spectral broadening was initially reported in bulk materials, namely in borosilicate [35],
calcite, quartz, sodium chloride, and other glasses [36] using a ps pumps and in fibers
using ns pumps [37]. In these cases, the pump was in the NDR. Spectral broadening in
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Chapter 1. Supercontinuum generation in fibers 2

fibers [36, 37] was mainly from SPM and SRS {the generated SC (0.7-2.1 µm) possibly
crossed into the ADR in [37]}. Relatively broad spectra containing of solitons and DWs,
covering 1.15-1.55 µm, was obtained by pumping the fiber in its ADR using sub-kW peak
power, sub-ps pulse at 1.34 µm [4] and a spectrum made of solitons covering 1.4-1.7 µm
was obtained using a ps pump at 1.395 µm [38]. The spectra generated in these fibers,
however, could not reach well into the visible wavelengths. With the advent of micro-
structured fibers (MSFs) [39–41], it was possible to shift the ZDW of silica fiber towards
the shorter wavelengths, from its material-zero dispersion of around 1.3 µm. With the
availability of exiting 0.8 µm fs lasers, SCG in silica MSFs, pumped in the ADR with less
than a nJ of energy was studied. The resulting SC spectra covered vis-NIR from 0.39 to
1.6µm [42].

The dispersion profile of the fibers can be varied by changing the air-hole diameter
’d’ and the pitch, ’Λ’. Schematic of a cross-sectional image of a hexagonal lattice MSF
is shown in Fig. 1.1. The dispersion control provided by the MSFs paved the way for the
use of 1.064 µm pump sources used to generate SC. SC evolution when a fs pump is
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Fig. 1.1: Cross-sectional schematic of a hexagonal lattice MSF. The fiber is made of a
core region surrounded by air-holes with diameter, ’d’ arranged in a hexagonal lattice.
The spacing between the air-holes, as shown in the figure, is called the pitch, labeled ’Λ’.

launched and the soliton order, N is small, consists of soliton compression stage, where
the pulse in spectral domain broadens and the pulse in time is compressed [43, 44]
almost to its Fourier limit. When only the second order group velocity dispersion, β2 is
considered, the higher order soliton ’breaths’- compressing and expanding periodically in
its spectral and temporal domain. In reality, especially when dealing with sub-ps pulse
durations, because of the perturbation from higher order dispersion [9, 45], intra-pulse
Raman scattering [46–48], and self steepening [49, 50], the higher order soliton at its
first compression stage splits into N fundamental solitons [3]. This stage is called soliton
fission. SC with a few solitons, thus, have spectral features consisting of solitons in the
ADR and their DWs in the NDR.

SC generated by a ps pump can have much higher pulse energy compared to the
fs pump case because of the longer pulse used. In a ps pumped SC based on MI,
the evolution of the pulse typically consists of two MI gain peaks on either side of the
pump [51], seeded by noise [52]. This then results into large number of temporally short
pulses [53, 54]. These short pulses later evolve into to a large number of solitons [55–
59]. The solitons later generate DWs in the NDR. Solitons then redshift from intra-pulse
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Raman scattering. The solitons also trap [60–66] the DWs and as the solitons redshift
the trapped DWs blueshift. The long wavelength edge of the SC is then determined by
the loss edge of the fiber. This way, multi-octave spanning SC can be generated.

1.2 Pumping in the normal dispersion region

SCG with the pump in the NDR has gained a lot of interest over the last decade. When a
ps or longer pulses are used the dominant nonlinear effect comes from the Raman gain
of the media. Strokes and anti-Strokes line can initially be seen on either side of the
pump. When there is enough power in these lines they and lead to a cascade of lines.
There can be additional broadening from FWM. The spectra is mostly made of SRS and
FWM peaks merged together. However, with respect to SCG, this regime is not the most
interesting regime, as the broadening obtained is quite limited. The recent research on
SCG has been considerably focused on the noise properties of the generated SC. Normal
dispersion pumped low-noise SC was initially used in time domain OCT [26, 67, 68] and
telecommunications [69]. One of the most promising way of generating ultra-low-noise
SC is SCG with a fs pump utilizing weak-all normal dispersion (ANDi) fibers. One of the
important requirements on the fiber characteristics, is to have a flat and close-to-zero
normal dispersion. As the dispersion is very weak, even a low-peak power fs pump can
result in a considerable SC bandwidth. When a fs pulse is launched into these fibers,
the pulse initial broadens from SPM. OWB further broadens the spectrum [70] and the
final spectrum can be octave spanning [30]. As both of the broadening mechanisms are
coherent, the resulting SC can be very low-noise, inaddition the SC can be flat within a
dB (± 1 dB), for the whole bandwidth of the SC [71, 72].

1.3 Advantages of ANDi SC

The initial studies on SCG were driven by an aim to obtain broad bandwidth and the
preferred method was to pump in the ADR, just above the ZDW. It was however found
that for ADR pumped SC, in both the fs and the ps pulselength regime, the pulse-to-
pulse fluctuation can be extremely high [73–79]. ANDi fiber based, fs pumped SC can
lead to flat SC with extremely low pulse-to-pulse fluctuation. Advantages of these SC in
comparison to traditional ADR pumped SC is discussed below.

1.3.1 Noise characteristics

A typical SC generated by a fs pump using a silica MSF having ZDW at 0.78 µm and
the pump at 0.85 µm with pulses as short as 150 fs can exhibit large pulse-to-pulse
fluctuation [76]. While, when pumped by 50 fs pulse the SC could exhibit extremely
low noise. In these simulations large number of individual simulation were carried out
with different quantum noise to study the pulse-to-pulse fluctuation. This transition of
noise property can be more generally explained in terms of soliton number, N. SCG by
pumping in the ADR with fs pulses with N < 10 leads to reduced noise [80]. This is
the regime where the spectral evolution transitions to ultrafast-MI [80]. This limitation
on soliton number to achieve low-noise however, restricts the achievable bandwidth and
flatness of the spectrum, as the spectral shape is dominated by individual solitons and
the DWs.

Commercial SC sources, that are typically pumped in the ADR, just above the ZDW,
with ns or ps pumps, have a high pulse-to-pulse fluctuation owing to the nonlinear ampli-
fication of quantum noise mentioned above. Even though the spectra measured using an
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optical spectrum analyzer (OSA) looks quite flat, the actual spectra form pulse-to-pulse
can be very different. The spectrum in the OSA looks flat because the spectrum seen is
an average of thousands of individual spectra and the large fluctuations gets averaged
out. As these spectra contain a sea of soliton, the individual solitons redshift with different
velocities, which inevitably leads to temporal collisions [81–83] (and some collisions may
result in extremely large amplitude solitons [84–88]). The outcome of these collisions
depends on the amplitude and phase of the initial solitons [81–83, 89]. The initial ampli-
tude and phase of the soliton can vary form pulse-to-pulse as the they are the result of
amplification of quantum noise. Thus, these sources are inherently noisy. An example of
single-shot spectrogram for a ps pumped SC source, where the spectrum is dominated
by solitons and DWs which temporally overlap, is shown in Fig. 1.2(a).

(a) (b)

Fig. 1.2: Single-shot spectrograms after 10 m of the fibers: (a) Commercial SC (b) ANDi
fiber based SC. The colour bar is the same for both the figures.

Large pulse-to-pulse fluctuations, that is associated with low degree of temporal co-
herence, make these sources unsuitable for application that require pulse-to-pulse stabil-
ity, for example, in OCT, frequency metrology, among others. Therefore, there has been
a recent push toward understanding and lowering the noise of SC sources due these in-
creasing number of applications. One of the most promising ways to generate low-noise
SC is to use an ANDi fiber pumped by a fs source. As explained previously, the broad-
ening mechanism in this case are from SPM and OWB and are inherently coherent [72].
In contrast to the spectrogram of a SC generated by pumping in the ADR, the single-shot
spectrogram for ANDi fiber based SC has smooth temporal and spectral profile as shown
in Fig. 1.2(b). ANDi fiber based SC can retain full coherence when quantum noise is
added in the initial pulse. The excellent noise properties of ANDi fiber based SC was
also experimentally measured using dispersive Fourier technique in Ref. [90]. SC gen-
erated by 1.55 µm fs pumped ANDi fiber based sources have been used to coherently
seed 2 µm ultra-low-noise fs fiber lasers [91, 92].

1.3.2 Spectral flatness

SC generated by a ps pump in the ADR, show large variation in the their spectra from
pulse-to-pulse and therefore the average spectra observed in an OSA cannot be charac-
terized as flat based on the spectra measured using an OSA. When low-noise SC spectra
are to be compared the comparison can be done between ADR pumped SC with a very
low soliton number and ANDi fiber based low-noise SC. As there are only few solitons,
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the ADR pumped SC spectra would contain distinct spectral peaks for the solitons and
the DWs. In some cases, there can be large and wide spectral dips where the solitons are
separated or in the region between the residual pump and the DWs. During the evolution
of spectrum in a low-noise ANDi fiber based SC, the peaks from the SPM flattens out.
The bandwidth after SPM broadening is generated by OWB alone and does not generate
distinct peaks. Specifically, when the input pump spectra is a clean Gaussian or secant
hyperbolic the spectral flatness of the final SC can be within a dB [71, 72]. The spectral
flatness is very useful in application, especially when the dynamic range of the detection
system cannot be very large.

1.3.3 Single temporal pulse

Another important difference between the soliton based SC and low-noise ANDi fiber
based SC is their temporal pulse structure. Temporal pulse structure of an ADR pump
SC when the soliton number is very low is dominated by short individual pulses of the
constituent solitons, in addition to pulse features from the DWs. In a MI based ADR
pumped SC, the temporal pulse can be chaotic with many closely placed short pulses,
some of which may overlap and all of which vary from pulse-to-pulse. In contrast to the
case of ADR pumped SC, low-noise ANDi fiber based SC can have single clean pulse.
Initially, when OWB starts after SPM, the temporal overlap leads to ‘ringing’ on the edges
of the pulse. Further propagation flattens out the fast oscillations and a clean single pulse
evolves. Single SC pulse containing the whole of the SC, that can be obtained in ANDi
fiber based low-noise SC can be very useful especially in time-resolved measurements.
In addition, this pulse is suitable for linear pulse compression as the pulse out of the low-
noise ANDi fiber based SC can have linear chirp. High quality sub-two-cycle pulses at
0.81 µm were generated from an ANDi fiber based SC [33].

In this work, noise properties of ANDi fiber based SC, pumped with 1.55 µm, fs lasers
are studied. Low-noise ANDi spectra are then used in ultra-high resolution, hyper-spectral
near-filed imaging of surface plasmon polaritons and in ultra-high resolution, shot-noise
limited spectral domain OCT. In the following sections, the numerical basis for the simula-
tions and quantum noise used in the simulations are briefly explained. They are followed
by the discussion for the basis of dispersion measurement and noise measurement used
in the work.

1.4 Numerical simulations

In the project the single polarization-generalized nonlinear Schrödinger equation (GNLSE)
was solved in the interaction picture using Matlab. The time domain GNLSE [93] with
electric field envelope A(z, T ) and Ã(z, ω), contains the effective area, Aeff as a sin-
gle value at the pump. While considering SCG, particularly when the SC evolution is
slow, wavelength dependence of Aeff becomes important. So the time domain GNLSE
was transformed to frequency domain interaction equation with an electric filed enve-
lope C̃(z, ω) related to Ã(z, ω) and the wavelength dependence Aeff was included as the
fourth power of Aeff (ω) as explained in Ref. [94]. The frequency domain equation was
then simplified to interaction picture as described in Ref. [95]. Important detail of this
transformation is provided below, where some of the part are from Ref. [96].

In the simulations done in this work, full β (propagation constant) was included and
the the wavelength dependent Aeff (ω) was used whenever it was available (it was used
in all but one set of simulations).
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The time domain single polarization- GNLSE can be written in terms ofA(z, T ) as [93],

∂

∂z
A+

α(ω)

2
A− i

∞∑
n =1

inβn
n!

∂n

∂tn
A = i

(
γ(ω0) + iγ1

δ

δt

)(
A(z, t)

∫ ∞
0

R(t′)|A(z, t− t′)|2dt′
)
,

(1.1)

where z is the propagation distance, ω is the angular frequency, ω0 denotes the angular
frequency at the pump, α is the attenuation in intensity, βn is the nth derivative of the
propagation constant β, nonlinear coefficient is

γ =
n2ω0

cAeff (ω0)
. (1.2)

c is the speed of light in vacuum, n2 is the nonlinear refractive index, related to the third
order susceptibility of the material, χ(3) as

n2 =
3

4

Re(χ
(3)
xxxx)

n2
0cε0

. (1.3)

ε0 is the permittivity of the vacuum, n0 = neff (ω0). neff , is the refractive index of the
mode at the pump and can be obtained from the propagation constant. The next term,
γ1 is simplified and can be made to include only the optical shock effect (when the pulse
A(z,t) has almost infinite slope like in self steepening) and neglect other wavelength de-
pendence’s [93].

γ1(ω0)

γ(ω0)
=

1

ω0
(1.4)

=
1

τshock
(1.5)

The integral in Eq. (1.1) deals with energy transfer resulting from intra-pulse Raman scat-
tering. R(T ) is the material response function. In this work, the Raman response is
implemented with a single Lorentzian lineshape model,

R(T ) = (1− fR)δ(T ) + fR(τ−2
1 + τ−2

2 )τ1 exp(−T/τ2) sin(T/τ1). (1.6)

Where, fR is the fractional contribution of the delayed Raman response, τ1 is the Raman
oscillation period, and τ2 is the Raman decay time. The values used were fR = 0.18,
τ1 = 12.2 fs, and τ1 = 32 fs [93, 97].

The time t in Eq. (1.1) is then transformed to a retarded frame of reference to time,
T, such that the time frame moves with the group velocity of the pump, vg, where vg =
1/β1(ω0). Thus, with T=t-z/vg and the Eq. (1.1) can be rewritten as,

∂

∂z
A+

α(ω)

2
A−i

∞∑
n ≥2

inβn
n!

∂n

∂Tn
A= iγ

(
1+

i

ω0

δ

δT

)(
A(z, T )

∫ ∞
0

R(T ′)|A(z, T−T ′)|2dT ′
)
.

(1.7)

The time domain single polarization-GNLSE in the retarded time frame of the pump as in
Eq. (1.7) is transformed to its frequency domain version while including the wavelength
dependence of Aeff . The electric field envelope in the frequency domain equation is
denoted by C̃(z, ω) (with C(z, T ) as its inverse Fourier transform). The relation to Ã(z, ω)
is [94, 98],

C̃(z, ω) =

[
Aeff (ω)

Aeff (ω0)

]− 1
4

Ã(z, ω) (1.8)
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The frequency domain GNLSE in can then be written as,

∂

∂z
C̃ − i{β(ω)− [β(ω0) + β1(ω0)(ω − ω0)]}C̃ +

α(ω)

2
C̃

= iγ̄(ω)
[
1 +

ω − ω0

ω0

]
F
{
C

∫ ∞
−∞

R(T ′) | C(T − T ′) |2 dT ′
}

(1.9)

F denotes the Fourier transform operator, γ̄(ω) is the modified nonlinear coefficient, now
as a function of frequency,

γ̄(ω) =
n2n0ω0

cneff (ω)
√
Aeff (ω)Aeff (ω0)

. (1.10)

Aeff (ω) is now a function of ω, given by

Aeff (ω) =

( ∫ ∫ +∞
−∞ |F (x, y, ω)|2dxdy

)2

∫ ∫ +∞
−∞ |F (x, y, ω)|4dxdy

(1.11)

It can be seen that, if the wavelength dependence of effective index and effective area is
ignored, Eq. (1.8) becomes C̃ = Ã and γ̄ = γ.

To transform Eq. (1.9) into the interaction picture, we first separate it into to a linear
part and a nonlinear part.

∂

∂z
C̃ =

[
˜̂
L(ω) +

˜̂
N(ω)

]
C̃, (1.12)

where the linear operator ˜̂
L(ω) is defined as

˜̂
L(ω) ≡ i

{
β(ω)−

[
β(ω0) + β1(ω0)(ω − ω0)

]}
− α(ω)

2
(1.13)

and the nonlinear operator, is defined as ˜̂
N(ω),

˜̂
N(ω) ≡ iγ̄(ω)

[
1 +

ω − ω0

ω0

]
F
{
C

∫ ∞
−∞

R(T ′) | C(T − T ′) |2 dT ′
}
. (1.14)

Now we make a transformation for C̃, as

C̃I = e−z
˜̂
LC̃. (1.15)

By differentiating C̃ with respect to z, we get,

∂

∂z
C̃ =

∂

∂z

(
ez

˜̂
LC̃I

)
(1.16)

= ez
˜̂
L ∂

∂z
C̃I +

˜̂
Lez

˜̂
LC̃I . (1.17)

Substituting Eq. (1.15) and Eq. (1.16) in Eq. (1.12), we get,

ez
˜̂
L ∂

∂z
C̃I +

˜̂
Lez

˜̂
LC̃I =

˜̂
Lez

˜̂
LC̃I +

˜̂
Nez

˜̂
LC̃I (1.18)

Simplifying Eq. (1.18), we get,

ez
˜̂
L ∂

∂z
C̃I =

˜̂
Nez

˜̂
LC̃I (1.19)
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=⇒ ∂

∂z
C̃I = e−z

˜̂
L ˜̂
NC̃ (1.20)

Substituting for ˜̂
N from Eq. (1.14) and simplifying we get the GNLSE in the interaction

picture as [95]

∂

∂z
C̃I = iγ̄(ω)e−z

˜̂
L
[
1 +

ω − ω0

ω0

]
F
{
CF−1

{
R̃F{| C(T ) |2}

}}
. (1.21)

The above 1st order partial differentiation equation [Eq. (1.21)] can be solved in Matlab
using ode23() or ode45() solver, which can also use a adaptive step size method.

1.5 Quantum noise in the simulations

To account for pulse-to-pulse fluctuation in SCG, an ensemble of simulation is generally
performed and is used to reproduce the experimental results. In these ensemble of sim-
ulations, along with the input pulse, a small variation in the input pulse is added from one
simulation to other, to account for quantum noise in the input pulse [76]. This noise has
been generally added only in the initial condition of a pulse. In Ref. [99] it was analytically
shown that - the net effect of amplified spontaneous emission along the full interaction
length is equivalent to the injection of a single photon per mode - at the start of the fiber.
Possibly, owing to this, one photon per mode (OPPM) noise has been added, where in
each of the frequency bin a photon is added with uniformly distributed random phase [80].
This however, does not model quantum noise alone but in effect this model adds a small
fluctuation in the initial conditions. This small fluctuation generally works well as, in sim-
ulations with long pulses, especially when MI is modeled, any small perturbation in the
initial condition results in quite a different output spectra. In order to add only quantum
noise in the initial conditions we took the approach of adding quantum noise via time
domain Wigner representation.

1.5.1 Quantum noise in time domain Wigner representation

Consider a time domain pulse A(z,t). From the Wigner formalism [100], the quantum
noise that is added in time domain is a white Gaussian noise with zero mean. In the
Wigner representation, the noise is added in the initial conditions. This amounts to having
a random amplitude in time domain [101], δA(t) such that the total initial amplitude is

Aout(0, t) = Ain(0, t) + δA(t). (1.22)

The autocorrelation of δA(t) is

GδA(τ) ≡ 〈δA∗(t)δA(t+ τ)〉, (1.23)

where 〈· · ·〉 indicates the expectation value. Since the noise is uncorrelated, only when τ
is zero the autocorrelation is nonzero i.e. a delta function.

⇒ GδA(τ) = 〈δA∗(t)δA(t)〉δ(τ) (1.24)

and since the mean is zero, 〈δA∗(t)δA(t)〉 is the variance,

GδA(τ) = σ2
δAδ(τ). (1.25)

From the time domain Wigner representation of vacuum state, the variance of the noise
is h̄ω0/2. where ω0 is the central angular frequency of the pump. Thus,

GδA(τ) =
h̄ω0

2
δ(τ). (1.26)
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This can be physically understood as follows: The noise comes from the quantum fluc-
tuation in the vacuum state. This fluctuation has zero mean and a variance of h̄ω0/2,
which is the ground state energy of the harmonic oscillator (the zero point/vacuum sate
energy is the ground state energy of harmonic oscillator). The vacuum state is the cause
of spontaneous emission processes, therefore including the vacuum state automatically
includes noise from spontaneous processes.

Eq. (1.26) is in an analytical form. When we have discrete amplitude it is necessary
to average the noise amplitude over time ∆t, where ∆t is the temporal resolution. Then
the variance is

σ2
δA|∆t= 〈δA∗(t)δA(t)〉. (1.27)

Since we are averaging over a time bin, ∆t ,

δA(t) =
1

∆t

∫ ∆t

0
δA(t)dt, (1.28)

⇒ σ2
δA|∆t =

1

∆t2

〈∫ ∆t

0
δA∗(t)dt

∫ ∆t

0
δA(t′)dt′

〉
(1.29)

=
1

∆t2

∫ ∆t

0

∫ ∆t

0
〈δA∗(t)δA(t′)〉dt′ dt (1.30)

=
1

∆t2

∫ ∆t

0

∫ ∆t−t

−t
〈δA∗(t)δA(t+ τ)〉dτ dt, (1.31)

where t ′ = t + τ and the expectation value is for the term that has the random variable.
The expectation value can be taken inside the integral as the noise is uncorrelated.

⇒ σ2
δA|∆t=

1

∆t2

∫ ∆t

0

∫ ∆t−t

−t

h̄ω0

2
δ(τ)dτ dt, (1.32)

which is obtained by substituting from Eq. (1.26).

⇒ σ2
δA|∆t =

h̄ω0

2∆t2

∫ ∆t

0

(∫ ∆t−t

−t
δ(τ)dτ

)
dt (1.33)

=
h̄ω0

2∆t2

∫ ∆t

0
1 dt, (1.34)

∵
∫ ∆t

0 δ(t)dt = 1.

⇒ σ2
δA|∆t =

h̄ω0

2∆t2
[∆t− 0] (1.35)

=
h̄ω0

2∆t
. (1.36)

So for a discrete amplitude A(z,t) we add Gaussian white noise with zero mean and
variance of h̄ω0/2∆t, which corresponds to the quantum vacuum state of the Wigner
representation [101]. When we add noise as a real and imaginary part, δA(t) becomes:

δA(t) =

√
h̄ω0

4∆t
randn+ i

√
h̄ω0

4∆t
randn, (1.37)

since the variance of their sum is equal to the sum of their variance when the noise
is uncorrelated. If, Nt is the number of points in time domain, then the noise in the
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time domain pulse can be implemented by using randn function in Matlab that generates
random numbers whose elements are normally distributed with mean 0 and variance 1.
Then, multiplying the 0.5

√
h̄ω0/∆t would generate normally distributed random number

with a mean 0 and variance 0.5
√
h̄ω0/∆t .

Aout(0, t) = Ain(0, t) + 0.5

√
h̄ω0

∆t
[randn(1, Nt) + i× randn(1, Nt)]. (1.38)

The method detailed above can be called as time domain Wigner representation of quan-
tum noise. Quantum mechanical basis for this representation an be found in Ref. [100]
and includes all spontaneous emission process in fiber including linear loss, etc. It is
important to note that even though the component of Raman noise which is temperature
dependent is not included as quantum fluctuation, the spontaneous component of Ra-
man noise that is present at zero temperature is included [100]. It was shown in Ref. [77]
that the input quantum noise is the dominant noise seed and that Raman scattering plays
only a relatively minor role. Details on usage of time domain Wigner representation of
quantum noise in related optical fields like that of quantum correlations in parametric
down-conversion can be found in Ref. [102]. A short discussion on comparison of time
domain Wigner representation of quantum noise and one photon per frequency mode
noise, sometimes used to model quantum noise in SCG can be found in [103].

1.6 Dispersion measurement

The noise characteristics of the SC depends on the pump parameters and the disper-
sion profile of the fiber. One of the aims of the project was to develop low-noise SC
sources. The approach taken was to use fibers with flat and weak ANDi profile pumped
by fs pump at 1.55 µm. Since the fibers were designed for close-to-zero dispersion, it was
necessary to experimentally measure the dispersion of the fiber, as small variation during
the fabrication of the fiber could have lead to a dispersion profile that was not desired. A
Mach-Zehnder interferometer based NIR dispersion measurement set up was built during
the initial stages of the project. The white light interferometric set up utilizes the spacing
between the individual interference fringes and the length of the fiber to obtain the dis-
persion. A brief note on the theory behind this technique is provided here. The refractive
index, n of a material can be approximated by Sellmeier equation

n2(λ) = A+
Bλ2

λ2 − λ2
UV

+
Cλ2

λ2 − λ2
IR

, (1.39)

where λ2
UV and λ2

IR are the ultra-violet (UV) and the infrared (IR) poles (resonance’s). B
and C are the strengths of resonance’s. We now try to expand the wavelength dependent
part in the Eq. 1.39 separately, for a large λ, and when λ is close to zero.
Towards large λ:

Dλ2

λ2 − λ2
0

= D
1

1− λ2
0
λ2

. (1.40)

For λ �0 i.e. λ very large, (λ0/λ) ≈ 0, then we have the Taylor series expansion (called
Maclaurin series) as

1

1− x
= 1 + x+ x2 + x3 + · · · . (1.41)



11 1.6. Dispersion measurement

In our case, x= (λ0/λ)2,

=⇒ Dλ2

λ2 − λ2
0

= D
∞∑
j=0

(
λ2

0

λ2

)j
, where j is an integer, (1.42)

= D

(
1 +

λ2
0

λ2
+
λ4

0

λ4
+ · · ·

)
. (1.43)

Towards zero λ:
While towards zero wavelength, it can be expanded as

Dλ2

λ2 − λ2
0

= D

(
λ2 − λ2

0 + λ2
0

λ2 − λ2
0

)
(1.44)

= D

(
1 +

λ2

λ2 − λ2
0

)
(1.45)

= D

(
1− λ2

λ2
0 − λ2

)
(1.46)

= D

(
1− 1

1− λ2

λ2
0

)
. (1.47)

Since λ is very close to zero, we again use the Maclaurin series of Eq. (1.41), where now,
x= (λ/λ0)2

∴
Dλ2

λ2 − λ2
0

= D

[
1−

(
1 +

λ2

λ2
0

+
λ4

λ4
0

+ · · ·
)]
. (1.48)

=⇒ Dλ2

λ2 − λ2
0

= −D
∞∑
j=1

(
λ2

λ2
0

)j
, where j is an integer, (1.49)

= −D
(
λ2

λ2
0

+
λ4

λ4
0

+ · · ·
)
. (1.50)

To expand Eq. (1.39) in the NIR, we use the long wavelength expansion of the UV term
and the zero wavelength expansion of the IR term. We then obtain the Cauchy expansion
in the NIR as

n2(λ) = Aa +Bb

(
1 +

λ2
UV

λ2
+
λ4
UV

λ4

)
− Cc

(
λ2

λ2
IR

+
λ4

λ4
IR

)
. (1.51)

The refractive index, n, can be written as

n(λ) =

[
Aa +Bb

(
1 +

λ2
UV

λ2
+
λ4
UV

λ4

)
− Cc

(
λ2

λ2
IR

+
λ4

λ4
IR

)] 1
2

. (1.52)

Applying the binomial approximation, we get

n(λ) = A2
a

[
1 +

Bb
2A2

a

(
1 +

λ2
UV

λ2
+
λ4
UV

λ4

)
− Cc

2A2
a

(
λ2

λ2
IR

+
λ4

λ4
IR

)]
(1.53)

=

(
A2
a +

Bb
2A2

a

)
+
Bbλ

2
UV

2A2
a

1

λ2
+
Bbλ

4
UV

2A2
a

1

λ4
+
−Cc

2A2
aλ

2
IR

λ2 +
−Cc

2A2
aλ

4
IR

λ4. (1.54)



Chapter 1. Supercontinuum generation in fibers 12

This can be written as the modified Cauchy equation

n(λ) = A1λ
−4 +A2λ

−2 +A3 +A4λ
2 +A5λ

4, (1.55)

whereA1 = Bbλ
4
UV /(2A

2
a), A2 = Bbλ

2
UV /(2A

2
a), A3 = A2

a+(Bb/2A
2
a), A4 = −Cc/(2A2

aλ
2
IR),

and A5 = −Cc/(2A2
aλ

4
IR).

Now, the group effective index, N(λ) is,

N(λ) = n(λ)− λ d

dλ
n(λ). (1.56)

Substituting n(λ) from Eq. (1.55), we get

(1.57)N(λ) = A1λ
−4 +A2λ

−2 +A3 +A4λ
2 +A5λ

4

− λ[A1(−4λ−5) +A2(−2λ−3) +A4(2λ) +A5(4λ3)].

=⇒ N(λ) = A1(5λ−4) +A2(3λ−2) +A3 +A4(−λ2) +A5(−3λ4). (1.58)

Dispersion, D, is

D =
1

c

d

dλ
N(λ) (1.59)

= −1

c
(20A1λ

−5 + 6A2λ
−3 + 2A4λ+ 12A5λ

3). (1.60)

A schematic of the dispersion set up is shown in Fig. 1.3. The technique employed is
similar to the one reported in Ref. [104]. The input to the setup is a broadband SC source

SC
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6

CF

Fig. 1.3: Schematic of the dispersion measurement setup.

(NKT Photonics: SuperK compact). The collimated SC beam is passed through a long
pass filter at 0.8 µm (LPF, Thorlabs: FEL0800) such that the light passing through the
polarizer (P, Thorlabs: LPNIR050) and the half wave plate (HWP, Altenchna: 2-APW-L2-
012D) is in the wavelength range for which they are specified for. The beam splitter (BS,
Thorlabs: BSW511) splits the light into two arms. In one of the arms of the interferometer,
the test fiber is placed. An aspheric lens (L1) was used to couple light into the fiber. The



13 1.7. Noise measurement techniques

other arm serves as the reference. Lenses L2, and L3 which is the same as the one used
to couple light into the test fiber, is placed in the reference arm. This ensures that the
two arms have the same dispersion without the test fiber. A variable path length (marked
by the bidirectional arrow in Fig. 1.3) can be obtained in the reference arm, by moving
mirrors M5 and M6, mounted on an one-dimensional translation stage. The light out of
the interferometer was coupled into an optical spectrum analyzer (Yokogawa: AQ6375B
or AQ6317B), using a polarization maintaining single-mode fiber (NKT Photonics: LMA-
PM-10) labeled as collection fiber (CF) in Fig. 1.3. The path length in the reference arm
can be varied such that the phase equalization points are within the measured wave-
length region. The intensity in the reference arm, measured through the collection fiber,
is denoted as IRef . The intensity in the fiber arm, measured through the collection fiber,
is denoted as IFib. The total interference signal denoted by ITotal. We then calculate the
interference pattern, IInterf , as

IInterf =
ITotal − IRef − IFib

2
√
IRefIFib

. (1.61)

The path length in the reference arm is denoted by L and the path length in the fiber arm
is denoted by l. The ith interference maxima can be obtained as

L− l − n(λ)z

λ
−m = i, (1.62)

where, m is the order of the interference fringe, and z is the length of the test fiber. By
substituting the modified Cauchy equation from Eq. (1.55), we obtain

(L− l)λ−1 −A1zλ
−5 −A2zλ

−3 −A3zλ
−1 −A4zλ

1 −A5zλ
3 −m = i. (1.63)

So the fringe order, i:

i = a1λ
−5 + a2λ

−3 + a3λ
−1 + a4λ

1 + a5λ
3 −m, (1.64)

where, a1 = −A1z, a2 = −A2z, a3 = L − l − A3z, a4 = −A4z, and a5 = −A5z. The
maxima’s from the obtained fringe pattern is fitted using Eq. (1.64). From the fit, we
obtain the ‘a’ coefficients, which is then converted to A’s. These ‘A’ coefficients are then
substituted in Eq. (1.59) to obtain the dispersion.

1.7 Noise measurement techniques

As the project mainly deals with low-noise SC sources, a key component of the project
was to measure the noise of the SC. There are four important noise measurement tech-
niques, that can been used, depending on the component that are available in the wave-
length region were the noise has to be measured. Since the measurements had to made
on many different sources, ease of setting up of the measurement system was also a
consideration. These measurement technique are designed to characterize the pulse-to-
pulse fluctuation in the generated SC. In general, both the phase and the amplitude of a
pulse has to be characterized, in order to completely quantify the fluctuation of the SC.
However, due to the complexity involved in the such a measurement and with an under-
standing that fluctuation in phase would later also result in fluctuation in amplitude (except
in some cases, for example, from timing jitter), many of the measurements are designed
to only quantify the amplitude fluctuation in the SC. The four measurement techniques
are:
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1. Single shot, cross-correlation frequency-resolved optical gating (X-FROG).

2. Dispersive Fourier transform (DFT) technique.

3. Relative intensity noise (RIN) measurement using a fast oscilloscope.

4. Noise measurement using an electronic spectrum analyzer (ESA).

Single shot, X-FROG has been used to measure the complete bandwidth of the SC for a
single pulse [105–107]. This can provide shot-to-shot characterization of the SC in time
and in spectrum, as a result the phase information is also obtained for each of the pulses.
This is quite a complete characterization. This set up however is not as simple to build as
the others. The various components needed to build the set up could limit the wavelength
region in which the measurement can be made.

The next three noise measurement techniques, in fact, only measure pulse-to-pulse
fluctuation in amplitude. DFT technique is based on time stretching the temporal pulse
of the SC. The stretched time pulse has an intensity profile that is very similar to the fre-
quency spectrum. From the large linear stretching of the temporal pulse, the individual
wavelength components are separated and the resulting intensity profile is thus similar
to that of the frequency spectrum. The DFT technique needs a fast photodetector with
good sensitivity and a fast oscilloscope which can resolve the individual pulses without
any overlap. The important part of the set up is the stretching element which could
be a fiber, prism or a grating [108]. Fiber as a stretching element has been success-
fully used to record a large number of individual pulses and their noise characteristics
around 0.8 µm [109] and 1.55 µm [90, 110, 111] have been studied. During this project,
DFT technique was used to study pulse-to-pulse noise characteristics of tellurite based
low-birefringent ANDi fiber and its polarization maintaining (PM) version. More details
regarding the DFT measurement is provided in Chapter 5.

RIN measurement using a fast photodetector can be used to directly measure spec-
trally resolved pulse-to-pulse noise from a SC. The SC is first bandpass filtered. The
filtered pulse is then measured using a fast photodetector and oscilloscope. A large num-
ber of pulses are recorded and the pulse-to-pulse fluctuation is then quantified. This
method has been extensively used in this project.

Noise measurement using ESA is a similar technique as RIN measurement with os-
cilloscope, where a photodetector is used to measure the pulse from a SC and then the
output from the photodetector is fed to an ESA. Intensity noise can then be recorded as
an ESA spectrum. The ESA noise spectrum is generally in the radio frequency range. An
integrated noise value can be used to characterize the noise in this case. This measure-
ment has been routinely used in to characterize narrow bandwidth lasers.

Compared to the single shot-XFROG measurement, in spectrally resolved RIN mea-
surement using an oscilloscope, no additional nonlinear process is involved, therefore, it
provides a direct measurement of the noise in the SC and has less additional uncertainty
added to it. Although, with the single shot-XFROG measurements, the amplitude and
phase fluctuation can be quantified. In a DFT measurement, stretching of the SC pulse
has been typically done in a fiber, this can lead to uncertainties from nonlinear effects,
that can take place in the stretching fiber, which can be avoided in the RIN measurement
using an oscilloscope. In a DFT measurement, the repetition rate of the pump laser (used
for the SC) has to considered. The pulses could overlap during stretching as, with a high
repetition pump, the pulses could be to close to begin with. Both the single shot-XFROG
measurement and the DFT technique can be used to measure the noise in whole of the
bandwidth from a SC in a single set of measurement, whereas in the case of RIN mea-
surement using an oscilloscope, the measurement has to be repeated for each of the
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wavelength band. The usefulness of measuring the full bandwidth in a single measure-
ment is that, wavelength correlation of fluctuations within the pulse can be determined.
Other than constraints form possible nonlinear effect in the measurements, another con-
sideration in using these noise measurement techniques is that, while measuring a large
bandwidth like in single shot-XFROG measurement and the DFT technique, since a pho-
todetector is used, the dynamic range of the amplitude that can be measure is typically
less than 15 dB. If a SC contains a peak at the pump then the bandwidth in which the
noise characteristic can be studied is reduced. Whereas in the RIN measurement, since
the spectra is bandpass filtered, the noise property of whole bandwidth can be studied.

Noise measurement using ESA is very similar to the RIN measurement using oscil-
loscope. In both the cases, spectrally resolved noise measurement can be performed to
study the pulse-to pulse fluctuation in a small bandwidth of the SC. In noise measure-
ment using the ESA, the frequency of fluctuation in the SC can also be determined. The
amplitude of this fluctuation can then be compared as integrated RIN. In RIN measure-
ment using oscilloscope, however, the measured RIN value is the fluctuation in energy
from its mean and includes fluctuations of all the detected frequencies. During the RIN
measurements using ESA or oscilloscope, it is important have enough (explained in sec-
tion 1.7.1) separation from pulse-to-pulse, so that the noise floor can be determined. In
practice, this will be immediately apparent when the pulse train is measured using an
oscilloscope. However, when the photodetector is connected to the ESA, this might not
obvious, hence care has to take to make sure that the bandwidth of the detection system
is large enough to resolve the pulses. Since RIN measurement using oscilloscope was
extensively used in this project, the details of the technique, that was used, is provided
here.

1.7.1 RIN measurement using oscilloscope

RIN measurement with oscilloscope can be used to measure pulse-to-pulse fluctuation
from bandpass filtered SC. This measurement technique has been used to study the
rogue wave characteristics of a ps pumped SC [112, 113]. This measurement technique
directly measures the energy fluctuation from pulse-to-pulse.

SC out
of a fiber

CL FL

12 nm FWHM 
bandpass filter

Ø50 µm
fiber

5 GHz bandwidth
photodetector 

50 Ω impedance
BNC cable

4 GHz, 40 GS/s
oscilloscope

Fig. 1.4: Schematic of the RIN measurement set up used in the project (CL-collimating
lens, FL-focusing lens).

The schematic of the experimental setup used in this project is shown in Fig. 1.4. The
SC out of the nonlinear fiber is collimated and passed through a bandpass filter with a
typical full-width at half maximum (FWHM) bandwidth of 12 nm. This filtered spectrum is
focused into a 50 µm core fiber and coupled into a 5 GHz bandwidth, InGaAs photodiode
(Thorlabs: DET08CFC) which has an active area of 80 µm. The pulse train was recorded
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with a real time, fast oscilloscope (Teledyne: LeCroy-HDO9404, 4 GHz bandwidth, 40
GS/s). The peaks of the measured trace, which are proportional to the pulse energy,
were extracted and used to find the,

RIN =
σ

µ
, (1.65)

where, σ is the standard deviation, and µ is the mean of the peaks. For the given fre-
quency bandwidth, ∆ω for which the RIN is measured, Eq. (1.65) can written in-terms of
the field envelop amplitude in frequency, Ã(ω) as

RIN(ω) =

〈(
|Ãi(ω)|2−µ(ω)

)2〉 1
2〈

|Ãi(ω)|2
〉 , (1.66)

where 〈· · ·〉 represents an average over i number of pulses. For all of the RIN mea-
surement in the project, a 5 GHz bandwidth, InGaAs photodiode was used and the SC
sources had a repetition rate of 90 MHz for the ANDi fiber based SC and the SuperK
extreme’s had a repetition rate of 320, 80 or 20 MHz. The InGaAs detector has a rise
and fall time of around 110 ps and the pulse that is incident on the detector is much
shorter, say 100 fs. Let, PD(t) be the response function of the photodetector and A(t)
be the amplitude of the field that has to be measured. The voltage response out, V(t) of
the photodetector is the convolution of the intensity incident on the photodetector and the
response function of the photodetector.

V (t) ∝
∫ Trep/2

−Trep/2
PD(t− τ)|A(t)|2dτ, (1.67)

where Trep is inverse of the repetition rate. Since the input is much shorter than the
response time of the detector, the whole of the pulse goes through the detector before
the detector can respond, which is depicted in Fig. 1.5. The input seen by the detector

A
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p
lit

u
d

e

Time [ps]

100 fs 110 ps

Fig. 1.5: Response of a photodetector when the pulse incident on it is very short.

can therefore, be approximated to a delta function. As the entirety of the pulse goes
through the detector before the detector can respond, the detector sees the integrated
energy of the pulses as the amplitude of the delta function.

|A(t)|2∝ E0δ(t), (1.68)
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where, E0 =
∫
|A(t)|2dt, is the pulse energy. Therefore, the voltage out of the photode-

tector from Eq. (1.67) can now be written as

V (t) ∝
∫ Trep/2

−Trep/2
PD(t− τ)E0δ(t)dτ (1.69)

∝ E0

∫ Trep/2

−Trep/2
PD(t− τ)δ(t)dτ (1.70)

∝ E0 · [Impulse response]. (1.71)

So, the pulse shape of the voltage out of the detector, recorded in the oscilloscope, is
similar to the impulse response of the detector and the peak of the response is propor-
tional to integrated energy of the input pulse. Let, TFWHM be the FWHM of the input
pulse and TPD be the FWHM of the response function of the photodetector. Assuming
that the photodetector is the one that limits the bandwidth of the detection system. Then,
for the condition for RIN measurement as described above is

TFWHM � TPD � Trep. (1.72)

As discussed above, peaks of the pulse train is proportional to the integrated energy
of the input pulse when, TFWHM � TPD. TPD must be much smaller than Trep as,
the individual pulses must be sufficiently separated such that there is a clear noise floor
between the pulses. If the pulses are too close, the noise floor between the two pulses
might not be visible and the pulses might overlap. For the case of the pump used for
SCG, the TFWHM was 125 fs and the repetition rate of the laser was 90 MHz. So we
had,

TFWHM (125fs)� TPD (110ps)� Trep (11ns), (1.73)

which well satisfied the condition.
The maximum frequency of the fluctuation that can be determined in this measure-

ment, is the one that would periodically vary from one pulse to the next. This would then
have a frequency that is half the repetition rate of the laser. For the laser with 90 MHz rep-
etition rate, the maximum frequency of the fluctuation that can be measured is 45 MHz.
The fluctuation with minimum frequency that can be measured is given by the total time
duration that the pulse train is recorded for. In this work, the pulse train was recorded for
a maximum of 3 ms. This corresponds to the frequency of 333 Hz.

Linearity of the detector

As the fluctuations from peak-to-peak value of the pulses have to be measured, the de-
tector has to be operated in its linear regime, including for the fluctuations. That is, when
the detector measures a pulse energy higher than the mean, it should not go into the sat-
uration region and when the detector measures a pulse with energy lower than the mean,
it should be below the noise level of the detector. To make sure of this, the linear region
of the detector was found using the fs pump laser centered at 1.55 µm with a TFWHM of
125 fs, and a repetition rate of 90 MHz. The linearity was checked with and without a 50
Ω terminator in parallel with the impedance of the oscilloscope. When a 50 Ω terminator
was used, the input impedance in the oscilloscope was DC 1 MΩ (in parallel). When the
50 Ω was not used the input impedance of the oscilloscope was DC 50 Ω.

A linearity measurement done using 1.55 µm fs laser with a 50 Ω terminator is shown
in Fig. 1.6. The laser output was bandpass filtered using a 12 nm filter at 1.55 µm. The
average power into the photodetector was increased gradually to 2 mW and the voltage
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Fig. 1.6: Linearity plot for the detector done at 1.55 µm. The plot shows the voltage
recorded in the oscilloscope by varying the input power into the photodetector.

recorded by the oscilloscope was noted. The circles show the measured voltage value.
From these values the filled circles were used for the fit, shown as the blue line. This plot
shows that the detector was in the linear regime up until the voltage value is around 1 V.

From this linearity measurement, it was decided that the mean voltage value should
be kept around 300 mV, so that when the pulse has half the pulse energy the voltage
value would be 150 mV and when the pulse has a pulse energy of twice the mean then
the voltage would be 600 mV. These values will then be well within the linear regime
of the detector. In order to cross check this measurement, the RIN of the pump laser
was measured with the average power gradually increased up to 1 mW. The RIN verses
average power plot is shown in Fig. 1.7. The red circles are the measured values and the
black dashed line is mean of the RIN value for the values until 0.9 mW. The mean of the
RIN values was 0.35% and the standard deviation was 0.0183%.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Average power [mW]

0

0.1

0.2

0.3

0.4

0.5

0.6

R
IN

 [
%

]

Fig. 1.7: RIN of the 1.55 µm, fs pump measured at different average powers into the
photodetector.

In order to check the linearity of the detector at another wavelength the measurement
was repeated using a 1.035 µm center wavelength laser with a TFWHM of 250 fs and a
repetition rate of 20 MHz. To account for different conditions, in this case the detector
was connected to the oscilloscope with DC 50 Ω input impedance. The average power
from the laser was varied and the voltage measured in the oscilloscope was recorded.
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The average power versus voltage plot is shown in Fig. 1.8. The circles are the measured
values and the blue line is the fit. Only the filled circles were used for the fit. Around the
region of the filled circles, the detector shows a linear response. In order to make sure
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Fig. 1.8: Linearity plot of the detector, done at 1.035 µm. The plot shows the voltage
recorded in the oscilloscope by varying the input power into the photodetector.

that the measurement is done in the liner region of the oscilloscope, as can be seen from
the linearity measurements from with 1 and 1.55 µm source, it would be convenient to
use the voltage as a reference than the average power. In general, the a mean voltage
of 300 mV is a good range to be in, to make sure that pulse with energies with lower and
higher energies than the mean are in the linear regime. To verify the linear regime of
the detector with the 1 µm source the RIN measurements were done for different mean
voltage values and is shown in Fig. 1.9. The red circles are the measured values and
the black line is the mean value of the RIN. The measured RIN above the voltage of 1.2
V was not used to calculate the mean of the RIN. The mean of the RIN is 1.1% and the
standard deviation is 0.041%. For this configuration of the measurement set up, the linear
regime of the detector extends up to 1.2 V reading in the oscilloscope.
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Fig. 1.9: RIN of the 1.035 µm fs pump measured at different average power into the
photodetector, plotted as a function of mean voltage.

As the peak of the voltage reading linearly increases by increasing the average power
in the linearity measurements, it confirms that the pulse-to-pulse fluctuation of a pulse
train can be measured by this measurement technique. As discussed above, the mea-
sured RIN value gives the pulse-to-pulse fluctuation in energy of the pulse train. This
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measurement technique was extensively used to characterize various SC sources dur-
ing this project. In all the RIN measurements, the SC was bandpass filtered with 10 nm
FWHM filters for a central wavelength until 1.25 µm and 12 nm FHWM filters for a central
wavelength above 1.25 µm. The measured RIN value provides the pulse-to-pulse fluc-
tuation in energy of the SC in this bandwidth. A series of measurements were done at
various wavelengths to determine the spectrally resolved, pulse-to-pulse stability of the
SC. Further details on RIN measurements can be found in sections A.1, A.2, and A.3 of
Appendix A.



Chapter

2
Low-noise SCG in silica based fibers
with 1.55 µm fs pump
(This chapter is based on the journal publication [1], Ref. [114] and conference publica-
tions [I-III], Ref. [115–117]).

In this project, low-noise SCG was studied with an aim to use them in applications
such as in ultra-high resolution, hyper-spectral near-filed imaging of surface plasmon po-
laritons and ultra-high resolution, shot-noise limited spectral domain OCT. In this chapter,
we detail our study on SCG using silica based normal-dispersion fibers pumped with a fs
pulse.

Normal dispersion fibers were initially used to flatten the spectra obtained from fs
pumped SC. The spectral broadening was primarily obtained by generating SC in a fiber
pumped in the ADR. This SC was then concatenated to a normal dispersion fiber to obtain
a flatter SC [118]. A broad spectral broadening can be obtained by directly pumping an
ANDi fiber when the fiber has a flat and close-to zero dispersion. The spectra from ANDi
fibers can be flat for whole of the bandwidth. A key requirement for an exceptionally flat
SC is the spectral shape of the pump. A temporally short soliton at 1.68 µm, was used
to pump an ANDi fiber and a flat and low-noise spectra was obtained in Ref. [71]. The
mechanism of spectral broadening in such ANDi fiber, when a fs pumped is used was
explained in detail in Ref. [70]. Since then, there has been focused study on ANDi fibers
pumped by a fs laser with regards to understanding and lowering the noise.

2.1 SCG in pure-silica MSF

Recent studies on ANDi fiber based SC, have shown that generating low-noise SC is
non-trivial, especially when fibers with low-birefringence are used. Most of these studies
have used ANDi fibers with minimum dispersion wavelength (MDW) around 1 µm. Octave
spanning SC have been reported in these fibers [30]. As we needed the low-noise SC
at longer wavelengths compared to the ones presently available, for e.g. the spectral
domain OCT setup can detect until 1.478 µm, we decided to use a 1.55 µm pump to
generate a low-noise SC. Designing a flat and close-to zero dispersion fiber at 1.55 µm
is an active filed. Many a designs have been proposed to obtain a close-to-zero ANDi
profile [119–129]. The fibers that have been drawn and shown to support SC pumped
at 1.55 µm, have either used germanium doped silica MSF [130] or are made of soft
glass [131, 132]. We have designed and drawn a pure silica based MSF with normal
dispersion around 1.55 µm. To get to this design we have used a hole structure similar

21
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to the one proposed in [125]. However, in order to improve confinement and reduce the
loss, unlike in [125] we use a non-uniform hole diameter design with 11 rings where rings
4 to 11 have an increased diameter.

2.1.1 Key factors for optimal fs pumped SCG in an ANDi fiber

The main fiber characteristics that can lead to optimal low-noise SCG are:
1) Spectral broadening: When a short pulse is used, the spectral broadening in an ANDi
fiber initially broadens from SPM. Further propagation leads to additional bandwidth from
OWB. This is the typical scenario when a fs pulse is used and the broadening is from
both of these mechanisms are coherent. The final bandwidth of the SC which results
from OWB, called as ∆ωcoh is independent of the pulse length of the laser and is given
by [133],

∆ωcoh ∝
(
γP0

β2

)1/2

(2.1)

where, P0 is the peak power. So, a broader SC can be obtained with lower β2, when γ
and P0 are constant. In addition, a preferential broadening towards the wavelength region
with low values of dispersion can be observed, when the dispersion profile of the fiber is
asymmetric with respect to the pump [30].
2) Parametric Raman (PR) amplified noise: In an ANDi fiber with high-birefringence, the
limiting factor of coherence of the SC is PR amplified noise. The PR amplified noise
becomes important when the PR gain length, L?R is smaller than the characteristic length
of broadening from OWB, LWB [133, 134]. For a Gaussian pulse with pulse length T0 (the
intensity 1/e width of a Gaussian), LWB is

LWB ∝ T0[γP0β2]−1/2. (2.2)

The PR gain length, L?R is

L?R =
1

g?sP0
. (2.3)

The PR gain, g?s is given by,

g?s = 2γRe
[√

K(2q −K)
]
, (2.4)

where
K = − ∆β

2γP0
, (2.5)

q = (1− fR) + fRχ̃
(3)
R (−Ω), (2.6)

and

∆β = β2Ω2 +
β4Ω4

12
+ · · · , (2.7)

where χ̃
(3)
R (−Ω) is the complex Raman susceptibility, and Ω is the frequency shift with

respect to the pump. From Eq. (2.4), it can be seen that, weak and flat dispersion (β2,4

small) has the advantage that the PR gain is small. This makes the PM fiber suitable to
generate coherent SC even when pumped with a pulse durations of several hundreds of
fs.
3) Spectral flatness: As has been discussed, it is important to design a fiber with low β2,4

as it leads to a broad spectrum and suppress PR amplified noise. At the same time a β2

too close to zero leads to depletion of the pump during OWB and results in close to 10
dB dips in the spectrum [72]. So, to obtain a flat and low-noise SC, the fiber has to be
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designed with an optimal β2. Another factor that influences the flatness of the spectrum
is the spectral smoothness of the pump [71]. A SC without any prominent peak can be
obtained when the input spectra has a smooth profile, for example, a Gaussian or a se-
cant hyperbolic. If the pump spectra is not smooth (if it contains additional peaks), then
the ANDi-SC output can have some structure to it.
4) Polarization mode instability (PMI): PMI can severely restrict the low-noise property
of the SC generated in a low-birefringence ANDi fiber [135–137]. If a single-polarization
propagation was to be assumed, in a typical case, a SC with good coherence can be
achieved with pulses up to a ps. It was shown in [138] that in an ANDi fiber with low-
birefringence, PMI can lead to de-coherence and severely limits the fiber length and T0

below which good coherence is achieved, e.g., from 1 ps to 120 fs. Since the PMI gain
depends on P0, a reasonably low power is also required for good coherence [138]. The
threshold like behavior of PMI gain, which depends on P0, in a low-birefringence ANDi
fiber has also been discussed in Refs. [138–140]. Fiber designs with a low value of β2

can generate a broad spectrum with low P0. This would avoid the PMI gain and thus limit
the noise associated with it.
5) Fiber loss: When designing a MSF with ANDi profile to be pumped at 1.55 µm, confine-
ment loss of the fiber at longer wavelength has to considered. When only silica material is
used, the size of the holes cannot be arbitrary chosen. In order to obtain an ANDi profile
suitable to be pumped at 1.55 µm, the hole size has to be small. However, with too small
hole size, the confinement of the fundamental mode in the fiber can be poor.

2.1.2 Pure silica based normal dispersion fiber at 1.55 µm

Fig. 2.1: Scanning electron micrograph of the optimized fiber.

The final fiber structure was optimized for close-to-zero dispersion at 1.55 µm and
the loss. The scanning electron micrograph (SEM) of the fiber is shown in Fig. 2.1. The
optimized pure silica MSF has 11 complete rings with a hexagonal hole structure with a
pitch (Λ) of 2.3 µm. The hole diameter of the inner 3 rings, d1 ∼550 nm as is can be seen
in Fig. 2.1, which results in flat and normal dispersion. The outer 8 rings have a larger hole
diameter, d2 ∼680 nm, in order to reduce the confinement loss in the fiber. The total loss
of the optimized MSF (solid line) and for a MSF with an uniform hole diameter of 550 nm
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Fig. 2.2: Fiber loss in a MSF with Λ = 2.3 µm and d= 550 nm (dashed line) and with the
optimized design (solid line).

(dashed line) is plotted in Fig. 2.2. The fiber loss is found as the numerically calculated
confinement loss plus the fiber material loss estimated in Ref. [141]. The imperfection
loss for the fiber was not considered. For the design with uniform hole diameter the 3
dB/m loss edge is at 1.56 µm. The optimized design with a d2 of 680 nm significantly
reduces the confinement loss and pushes the 3 dB/m loss edge to 1.83 µm.

A full-vectorial finite-element method was used to numerically find the modes in the
optimized fiber. The fiber was found to have an effective area of 29.9 µm2 and a γ of 3.5
(W·km)−1 at 1.55 µm. The numerically calculated dispersion for the fundamental mode
is plotted in Fig. 2.3 (red line). Dispersion of the fiber was experimentally measured by
white light interferometry technique as explained in section 1.6 and is plotted in Fig. 2.3
(blue dots). The measured dispersion agrees well with the calculated dispersion. The
dispersion was indeed found to be flat with a β2 of 4 ps2/km at the 1.55 µm pump and
less than 7 ps2/km in the entire wavelength region 1.32−1.80 µm.
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Fig. 2.3: Experimentally measured dispersion (dots) of the fiber along with the numeri-
cally calculated (solid line) dispersion (β2) profile.

2.1.3 Low-noise SCG in silica MSF

SCG in the fiber was investigated by launching a pulse with TFWHM of 125 fs and a
repetition rate of 90 MHz from a fiber laser (Toptica: Femto fiber). Polarized light from the
laser was passed through a half wave plate and launched into the fiber using an aspheric
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lens. The fiber length used in the experiment was 3 m. The coupling efficiency into the

1.3 1.4 1.5 1.6 1.7 1.8 1.9
Wavelength,  [ m]

-80

-60

-40

-20

0

N
o

rm
al

iz
ed

 P
S

D
 [

d
B

]

pump

2.1 kW

5.7 kW

9 kW

Fig. 2.4: (a) Numerical simulations (dashed) and experimentally measured spectra (solid)
for different P0 coupled into the fiber. A 15 dB offset per curve is provided for clarity.

fiber, calculated as the ratio of output to input power, taking into account the wavelength
dependent loss in the fiber was 53%, giving a launched P0 of 9 kW and an energy of
1.27 nJ. The spectrum was measured using an OSA (Yokogawa: AQ6375B). The spectra
were measured at different power levels into the fiber. The measured spectra are shown
in Fig. 2.4 (solid lines). At the maximum input power into the fiber the −30 dB bandwidth
of the spectrum spans from 1.34 to 1.82 µm.
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Fig. 2.5: Numerical simulations with TFWHM = 125 fs, P0 = 9 kW, and z= 3 m. (a) PSD
evolution along the length of the fiber. (b) Numerically calculated spectrogram. The solid
line with the spectrogram is the accumulated delay with respect to the pump. The dashed
line in the spectral and temporal plots are the respective input pulses. The dotted line in
(a) and (b) represents the ZDW.

The spectral evolution inside the fiber was investigated numerically by solving the
single polarization-GNLSE for the envelope function A(z,t) in the interaction picture as
discussed in section 1.4; using the loss, numerically found dispersion, and effect of wave-
length dependent effective area. To have an accurate input pulse for the modelling we
measured the pump power spectral density (PSD) (see Fig. 2.4) and scaled it appropri-
ately to get the launched spectral intensity, which was then inverse Fourier transformed
to obtain the input pulse A(0,t) in the time domain, assuming that the Fourier transform
of A(0,t) is real. This gives an input pulse, which is approximately sech shaped with a
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TFWHM of 125 fs. An independent autocorrelation measurement fitted to a sech con-
firmed that TFWHM = 125 fs. The numerically found spectra are overlaid with the experi-
mental spectra in Fig. 2.4. In general, a good correspondence is observed, which means
that we can trust the modeling and use it to go to even higher powers.

For the maximum power of the laser with P0 = 9 kW and TFWHM = 125 fs we
observe that the spectral broadening primarily takes place within the first 0.5 m, and
further propagation up to 3 m just flattens the spectrum, as seen in Fig. 2.8(a, top).
At this low pump power all power is seen to remain in the NDR below the ZDW, and
the spectral evolution resembles to that of standard ANDi fiber-based SCG, as seen in
Fig. 2.5(a). In order to simutaniously understand the temporal and the spectral features
of the SC, spectrogram [142] at the output of the fiber is plotted in Fig. 2.5(b). It can
be observed that the output pulse chirp is approximately linear and, therefore, suitable
for external compression. The solid line in the spectrogram plotted in Fig. 2.5(b) is the
accumulated delay at each wavelength, with respect to the pump. It is calculated as:

Accumulated delay(λ) =
z

vg(λ)
− z

vg(λpump)
, (2.8)

where vg is the group velocity.

Noise characterization of the SC

The noise in the SC was experimentally found by spectrally resolved, pulse-to-pulse RIN
measurements. The spectrum for the maximum power of P0 = 9 kW was filtered using
12 nm bandpass filters and then measured using a large bandwidth InGaAs detector
(Thorlabs: DET08CFC; 5 GHz) and an oscilloscope (Teledyne LeCroy: HDO9404; 4
GHz bandwidth, 40 GS/s). The peaks of the measured trace, which are proportional to
the pulse energy, were extracted and used to find the RIN= σ/µ, where σ is the standard
deviation, and µ is the mean, as explained in section 1.7. In all the RIN measurements,
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Fig. 2.6: (a) Numerically calculated and experimentally measured RIN. (b) Measured
histogram for the SC: 12 nm of SC at 1.50 µm with the fit to Gaussian distribution. (c)
Example for RIN measurement at 1.55 µm: pump (dotted) and SC (solid).

the oscilloscope trace was recorded for 0.5 ms corresponding to 45,135 pulses. We
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did not measure the RIN below 1.45 µm because of too low power (<50 µW in the 12 nm
bandwidth after the filtering optics at 1.4 µm) and above 1.65 µm, because the photodiode
response tapers off here. The low noise measured supports the fact that the spectrum
broadens deterministically by SPM and OWB. The measured RIN values are shown in
Fig. 2.6(a). Examples of the approximately Gaussian distribution of the pulse energy at
1.50 and 1.55 µm are shown in Figs. 2.6(b) and 2.6(c).

For the modelling, we also measured the RIN of the pump to be 1%. Interestingly, the
measured RIN of the SC at 1.55 µm is 0.61%, which is smaller than the RIN of the pump,
as also seen from the difference in standard deviation in Fig. 2.6(c).

For comparison with experiments, we calculated the RIN by adding quantum noise
δA(t), containing independent normally distributed real and imaginary parts, in each time
bin with width ∆t of the input envelope function in the Wigner representation. The quan-
tum noise has a variance of h̄ω0/2∆t, where ω0 is the pump frequency, as detailed in
section 1.5. All RIN calculations were done using an ensemble of 20 independent simu-
lation with different noise seeds. Extremely low value of the numerically calculated RIN,
including only the quantum noise which is plotted in Fig. 2.6(a) (green curve), cannot
explain the measured noise. The low noise is to be expected from theory, since the PR
amplified noise is suppressed by the small value of β2, the short TFWHM of 125 fs, the
moderate fiber length, and the low P0 of 9 kW [133], which also assures that PMI is
avoided [138].

The coherent nature of ANDi fiber-based SCG, reflected in the measured low RIN
values below 2.2%, means that the noise of the pump laser suddenly becomes very
important, as also briefly mentioned in Ref. [138], and seen by the fact that we measure
an SC noise at 1.55 µm below that of the pump. Therefore, we re-calculated the RIN
of the SC numerically by, in addition the quantum noise, adding 1% fluctuation in P0

and keeping P0T0 a constant to reflect that in the laser the pulse length decreases when
the P0 increases. This gives the red curve in Fig. 2.6(a), which clearly better reflects
the measured noise. This clearly shows that the in an ANDi fiber based low-noise SC,
technical pump laser noise strongly dominates quantum noise and becomes essential
in determining the SC noise. The experimental observation SC RIN of 0.61% at 1.55
µm being lower than the measured 1% RIN of the 1.55 µm pump laser can be verified
analytically [143].

Consider the exact solution for the envelope A(z,t) to the well-known model of SPM,
and Fourier transforming (denoted by tilde) it to obtain the spectral intensity

| Ã(ω) |2=
π2

4
P0T

2
0 sech

2

(
πT0

ω − ω0 + ∆ω

2

)
(2.9)

valid close to the outer SPM slope for the case when the frequency shift ∆ω = −0.77γP0z/T0

is large, γ being the fiber nonlinearity and ω0 the pump frequency [143]. At the peak, for
example, we therefore see that the amplitude and anti-correlated pulse duration will act
oppositely and tend to cancel each other. The fact that the SC 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.

2.1.4 Noise characteristics of the SC in normal dispersion fibers with a
long zero-dispersion wavelength

To get a broad bandwidth of weak normal dispersion around 1.55 µm with the chosen
fiber design, we had to accept the presence of a ZDW at 1.8 µm. This means that at
a certain power level (above the maximum of our laser), power will cross into the ADR
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and potentially generate noisy solitons and DWs [60], as also investigated for ps-pumped
SCG in Ref. [144] and fs pulses in Ref. [145]. To find this power threshold, we performed
numerical simulations with both quantum noise and 1% laser noise, as detailed above,
taking the P0 level to 50 kW.
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PSD evolution along the length of the fiber. (b) Numerically calculated spectrogram. The
dashed line in the spectral and temporal plots are the respective input pulses. The dotted
line in (a) and (b) represents the ZDW.

As an example of SCG at high input P0, the spectral evolution for P0 = 50 kW is shown
in Fig. 2.7(a). For this case, the spectrum initially evolves from SPM, and a part of the
pulse crosses over to the ADR at around 0.5 m and develops into solitons. These solitons
are initially pushed towards longer wavelengths by spectral recoil from what resembles a
DW in the NDR. Later, the solitons separate with each of their trapped DWs [marked DW
in Fig. 2.7(a)] in the NDR, as seen from the spectrogram in Fig. 2.7(b). Interestingly, the
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Fig. 2.8: Numerical simulations with TFWHM = 125 fs. (a) Top: PSD after 0.5 m
(dashed), and 3 m (solid); and RIN after 3m (dotted) for P0 = 9 kW. Below: RIN evo-
lution along the length of the fiber for P0 = 9 kW. (b) Top: PSD (dashed) and RIN (dotted)
after 3 m for P0 = 50 kW. Below: PSD and RIN evolution along the length of the fiber for
P0 = 50 kW.

regions around solitons and the trapped DWs are seen as high-noise localized spectral
features in the evolution of the RIN seen in Fig. 2.8(b, below). The solitons later lose
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power and, therefore, stop redshifting because of high loss at around 2.1 µm. The output
PSD profile (blue) for P0 = 50 kW along with the RIN (green) after 3 m of the fiber is
shown in Fig. 2.8(b, top). RIN evolution when the P0 = 9 kW is shown in Fig. 2.8(a,
below) where the RIN in the normal dispersion region is low which contrasts the RIN
evolution at P0 = 50 kW. The output PSD profile (blue) for P0 = 9 kW along with the RIN
(green) after 3 m of the fiber is shown in Fig. 2.8(a, top).

In Fig. 2.9, we show the output RIN profile versus pump P0, focusing on the normal
dispersion part. We see that the noisy DWs come in and deteriorate the RIN of the SC at
around 26 kW, at which the −30 dB short wavelength edge has reached 1.24 µm.
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Fig. 2.9: Output RIN at z= 3 m versus P0. The two solid lines are the −30 dB spectral
edges.

Our results using the novel MSF for low-noise normal dispersion SCG at 1.55 µm,
demonstrate that a long wavelength ZDW can be tolerated, as long as the peak power is
sufficiently low to avoid power crossing into the ADR. If the power crosses the ZDW then,
even a single soliton in the ADR can lead to very high noise in the NDR, from the noise
associated with the trapped DW of the soliton.

In conclusion to this part of the project, we have presented the design and fabrication
of a pure silica MSF with weak normal dispersion in the region 1.32−1.8 µm, which is
suitable for low-noise ANDi-based SCG pumped at 1.55 µm. A two hole size structure
was used to keep the loss low below the ZDW of 1.8 µm and, experimentally, an ultra-low
noise 1.34−1.8 µm SC with a RIN below 2.2% was demonstrated using a 1.55 µm, 125
fs, 90 MHz fiber laser at the maximum average power of 216 mW (P0 of 9 kW at 53%
in-coupling). The numerical modeling was shown to reproduce the experimental SC and
used to show that the power could be increased by about a factor 3 without degrading
the noise to extend the low-noise spectrum to 1.24−1.8 µm. A detailed RIN investigation
revealed how high-noise localized DWs moved through the NDR trapped by solitons in
the ADR when the pump power was too high.

2.2 SCG in ANDi fiber made of germania doped silica

Low-noise SCG was studied in a close-to-zero ANDi fiber from OFS (Denmark). This
fiber was used to generate low-noise SC when pumped by fs pulse and later utilized in
ultra-high resolution, hyper-spectral near-filed imaging of surface plasmon polaritons and
ultra-high resolution, shot-noise limited spectral domain OCT. In this section, we detail
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the fiber characteristics, SCG with fs pump, and noise characteristics of the SC.

2.2.1 ANDi fiber made of germania doped silica

The fiber has a step index like profile where the core is made of germania doped silica.
The region around the core is made of fluorine doped silica which reduces the refractive
index surrounding the core and helps in achieving close-to-zero dispersion. The outer

Fig. 2.10: SEM of the ANDi fiber made of germania doped silica.

cladding is made of silica. The SEM of the cross-section of the fiber is shown Fig. 2.10.
The dispersion of the fiber was experimentally measured by white light interferometry

technique as explained in section 1.6 and is plotted in Fig. 2.11. During the dispersion
measurements, the interference fringes from 0.84 to 1.6 µm was measured using OSA
- ANDO: AQ6317B and the interference fringes from 1.2 to 2.38 µm was measured us-
ing OSA - Yokogawa:AQ6375B. The measurements from the two OSA’s were merged
together and used to obtain the dispersion of the fiber from 0.84-2.38 µm. The fiber has
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Fig. 2.11: Experimentally measured dispersion (β2) profile of the ANDi fiber made of
germania doped silica.

a minimum dispersion (β2) of 4.8 ps2/km at 1.64 µm and below 11 ps2/km from 1.3−1.92
µm. The theoretical wavelength dependent refractive index and other parameters were
not available from the manufacturer, apart from the data available in the spool. The fiber
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has an Aeff of 11.25 µm2 at 1.55 µm and a γ of 11.8 (W·km)−1. The mode filed diame-
ter of the fundamental mode at 1.55 µm is 3.5 µm. In order to estimate the wavelength
depend refractive index of the fiber, the measured dispersion was integrated twice. The
estimated group velocity and the refractive index at 1.55 µm was used in the calculations.
SCG in this fiber was studied at two different fiber lengths. In the first case, a 3 m length of
the fiber was used to obtain the SC. In the second case, SCG was studied in 10 m length
of the fiber. In the first case, a lower P0 and a shorter fiber length was used, than the
second case because the SC generated from this was intended to be used in low-noise
SC based ultra-high resolution, hyper-spectral near-filed imaging of surface plasmon po-
laritons. Our near-field imaging set up needed a polarized input light and a short fiber
was used in order to have a low-noise and flat SC that maintains the polarization at all
wavelengths. In the second case, a longer fiber length and a higher P0 was used be-
cause SC from this was intended to be used in ultra-high resolution, shot-noise limited
spectral domain OCT. A longer length and a higher P0 was needed to obtain a flat spec-
trum that covered a considerable part the OCT-spectrometer with enough power. More
of the related details will be covered in chapter 3 and chapter 4. Most of the experimen-
tal conditions for the following experiments were similar to the ones for the silica-based
normal-dispersion MSF. All of the relevant details pertaining to the experiments and the
simulations are mentioned again for completeness.

2.2.2 Low-noise SCG in 3 m of ANDi fiber

Polarized light from the 1.55 µm center wavelength laser with TFWHM of 125 fs was
passed through a half wave plate. The light was launched into the fiber using an as-
pheric lens (Thorlabs: A375TM-C, focal length=7.5 mm). The fiber length used in the
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Fig. 2.12: Numerical simulation (dashed) and experimentally measured spectra (solid)
for the P0 =5.5 coupled into 3 m length of the fiber.

experiment was 3 m. An estimated P0 of 5.5 kW was launched into the fiber, giving an
energy of 0.78 nJ. The spectrum was measured using an OSA (Yokogawa: AQ6375B).
The measured spectrum is shown in Fig. 2.12 (solid line). The −30 dB bandwidth of the
spectrum spans from 1.33 to 1.88 µm.

The spectral evolution inside the fiber was investigated numerically by solving the
single polarization GNLSE for the envelope function A(z,t) in the interaction picture as
discussed in section 1.4. For the case of germania doped silica based ANDi fiber, experi-
mentally found dispersion, and Aeff at the pump provided by the manufacturer were used
in the simulations. As the autocorrelation measurement of the pump pulse fitted well with
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Fig. 2.13: Numerical simulations with TFWHM = 125 fs, P0 = 5.5 kW, and z= 3 m. (a)
PSD evolution along the length of the fiber. (b) Evolution of the pulse in time, along the
length of the fiber, plotted in linear scale.

a secant hyperbolic pulse with TFWHM of 125 fs, this was used as the input pulse in the
simulations. The numerically found spectrum for 3 m length of the fiber is overlaid with the
experimental spectrum in Fig. 2.12 (dashed line). A good correspondence is observed,
which means that we can trust the modeling and use it to simulate noise properties of the
SC.

In the numerical simulation with P0 = 5.5 kW and TFWHM = 125 fs, we observe that
the spectral broadening primarily takes place within the first 0.3 m, and further propa-
gation up to 3 m just flattens the spectrum. The spectral evolution can be seen to be
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Fig. 2.14: Numerical simulation of the spectrogram with TFWHM = 125 fs, P0 = 5.5 kW,
and z= 3 m. The solid line on the spectrogram is the accumulated delay, with respect
to the pump. The dashed line in the spectral and temporal plots are the respective input
pulse. The dotted line represents the ZDW.
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similar to that of an ANDi fiber-based SCG in Fig. 2.13(a). The numerical simulation of
the temporal evolution of the pulse along the length of the fiber is shown in Fig. 2.13 (b),
plotted in linear scale. As is typical for the temporal evolution in an ANDi fiber, the output
is made of a single-smooth pulse. The spectrogram at the output of the fiber is plotted
in Fig. 2.14. A gating pulse with TFWHM = 100 fs was used in the calculation of the
spectrogram. The solid line in the spectrogram plotted in Fig. 2.14 is the accumulated
delay at each wavelength, with respect to the pump. It can be observed that the output
pulse chirp is approximately linear and, therefore, suitable for external compression.

Noise characterization of the SC in 3 m ANDi fiber

The noise in the SC from 3 m length of germania doped silica ANDi fiber was experi-
mentally found by spectrally resolved, pulse-to-pulse RIN measurements. The spectrum
was filtered using 12 nm bandpass filters and then measured using a large bandwidth
InGaAs detector (Thorlabs: DET08CFC; 5 GHz) and an oscilloscope (Teledyne LeCroy:
HDO9404; 4 GHz bandwidth, 40 GS/s). The peaks of the measured trace, which are
proportional to the pulse energy, were extracted and used to find the RIN= σ/µ, where σ
is the standard deviation, and µ is the mean, as explained in section 1.7. In all the RIN
measurements, the oscilloscope trace was recorded for 0.5 ms corresponding to 45,135
pulses. We did not measure the RIN below 1.40 µm because of too low power and above
1.65 µm, because the photodiode response tapers off here. The low noise measured
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Fig. 2.15: Numerically calculated and experimentally measured RIN.

supports the fact that the spectrum broadens deterministically by SPM and OWB. The
measured RIN values are shown in Fig. 2.15.

For the modelling, we also measured the RIN of the pump to be 0.36%. (For the
experiments with normal-dispersion, silica based MSF, the RIN was measured to be 1%.
After those experiments, the laser was optimized for lower pump RIN. This was done by
change the mode locking in the laser. In the process, the spectral profile of the pump
changed slightly as can be seen the plot for SCG in 10 m of germania doped silica fiber,
later in the chapter. With optimized mode locking the RIN of the pump pulses was reduced
to 0.36%.) For comparison with experiments, we calculated the RIN by adding quantum
noise δA(t), containing independent normally distributed real and imaginary parts, in
each time bin with width ∆t of the input envelope function in the Wigner representation.
The quantum noise has a variance of h̄ω0/2∆t, where ω0 is the pump frequency, as de-
tailed in section 1.5. All RIN calculations were done using an ensemble of 20 independent
simulation with different noise seeds. Extremely low value of the numerically calculated
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RIN, including only the quantum noise which is plotted in Fig. 2.15 (green curve), cannot
explain the measured noise. The low noise is to be expected from theory, since the PR
amplified noise is suppressed by the small value of β2, the short TFWHM of 125 fs, the
moderate fiber length, and the low P0 of 5.5 kW [133], which also assures that PMI is
avoided [138].

The coherent nature of ANDi fiber-based SCG, reflected in the measured low RIN
values below 0.7%, means that the noise of the pump laser suddenly becomes very
important, as also briefly mentioned in Ref. [138]. Therefore, we re-calculated the RIN
of the SC numerically by, in addition the quantum noise, adding 0.36% fluctuation in
P0 and keeping P0T0 a constant to reflect that in the laser the pulse length decreases
when the P0 increases. This gives the red curve in Fig. 2.15, which clearly better reflects
the measured noise. This clearly shows that the in an ANDi fiber based low-noise SC,
technical pump laser noise strongly dominates quantum noise and becomes essential in
determining the SC noise.

2.2.3 Low-noise SCG in 10 m of ANDi fiber

SCG in 10 m of germania doped silica based ANDi fiber was studied by launching polar-
ized light from the 1.55 µm center wavelength laser with TFWHM of 125 fs after passing
through a half wave plate. The light was coupled into the fiber using an aspheric lens
(Thorlabs: A375TM-C, focal length=7.5 mm).

An estimated P0 of 9 kW was launched into the fiber, giving an energy of 1.27 nJ.
The spectrum was measured using an OSA (Yokogawa: AQ6375B). The spectra were
measured at different power levels into the fiber. The measured spectra are shown in
Fig. 2.16 (solid lines). At the maximum input power into the fiber, the −30 dB bandwidth
of the spectrum spans from 1.28 to 1.91 µm. The spectral evolution inside the fiber was
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Fig. 2.16: Numerical simulation (dashed) and experimentally measured spectra (solid)
for different P0 coupled into the fiber. A 10 dB offset per curve is provided for clarity.

investigated numerically by solving the single polarization GNLSE, in the same manner
as was done for SCG in 3 m of germania doped silica based ANDi fiber. The experi-
mentally measured spectra at different pump power coupled into the fiber are shown in
Fig. 2.16. The numerically found spectrum for 10 m length of the fiber is overlaid with the
experimental spectrum in Fig. 2.12. A good correspondence is observed, which means
that we can trust the modeling and use it to simulate noise properties of the SC.
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For the maximum power of the laser with P0 = 9 kW and TFWHM = 125 fs we ob-
serve that the spectral broadening primarily takes place within the first 0.3 m, and further
propagation up to 10 m just flattens the spectrum, as seen in Fig. 2.17(a). Propagation in
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Fig. 2.17: Numerical simulations with TFWHM = 125 fs, P0 = 9 kW, and z= 10 m. (a)
PSD evolution along the length of the fiber. (b) Evolution of the pulse in time, along the
length of the fiber, plotted in logarithmic scale.

10 m of the fiber was necessary in this case as a flat spectrum with considerable power
at the side of the SC was desired. The spectrometer in the Fourier-domain OCT set up
covers from 1.074 to 1.478 µm and it is desirable to have a flat spectrum in order to obtain
good images. The longer propagation provided two main advantages of lowering the dips
in the spectrum arising from non-smooth profile of the spectrum of the pump and longer
propagation let more power in the wavelength region of 1.28 to 1.478 µm.
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Fig. 2.18: Numerical simulation of the spectrogram with TFWHM = 125 fs, P0 = 9 kW,
and z= 10 m. The solid line on the spectrogram is the accumulated delay, with respect
to the pump. The dashed line in the spectral and temporal plots are the respective input
pulse. The dotted line represents the ZDW.
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The spectral evolution can be seen to be similar to that of an ANDi fiber-based SCG
in Fig. 2.17(a). The numerical simulation of the temporal evolution of the pulse along
the length of the fiber is shown in Fig. 2.17 (b), plotted in logarithmic scale. As is typical
for the temporal evolution in an ANDi fiber, the output is made of a single-smooth pulse.
The spectrogram at the output of the fiber is plotted in Fig. 2.18. A gating pulse with
TFWHM = 100 fs was used in the calculation of the spectrogram. The solid line in
the spectrogram plotted in Fig. 2.18 is the accumulated delay at each wavelength, with
respect to the pump. It can be observed that the output pulse chirp is approximately linear
and, therefore, suitable for external compression.

Noise characterization of the SC in 10 m ANDi fiber

The noise in the SC from 10 m length of germania doped silica ANDi fiber was experi-
mentally found by spectrally resolved, pulse-to-pulse RIN measurements, using the same
equipments as in the previous noise measurements. In all the RIN measurements, the
oscilloscope trace was recorded for 0.5 ms corresponding to 45,135 pulses. The was RIN
measured over a wavelength range of 1.30-1.65 µm, at an interval of every 50 nm. We did
not measure the RIN above 1.65 µm because the photodiode response tapers off here.
The low noise measured supports the fact that the spectrum broadens deterministically

1.3 1.4 1.5 1.6 1.7 1.8 1.9
Wavelength,  [ m]

0

1

2

3

R
IN

 [
%

]

Measured
Pump RIN included
Only quantum noise
Zero RIN

Fig. 2.19: Numerically calculated and experimentally measured RIN.

by SPM and OWB. The measured RIN values are shown in Fig. 2.19.
For the modelling, we also measured the RIN of the pump to be 0.36%. For compari-

son with experiments, we calculated the RIN by adding quantum noise δA(t), containing
independent normally distributed real and imaginary parts, in each time bin with a vari-
ance of half a photon, as was done was for the 3 m germania doped silica based ANDi
fiber. All RIN calculations were done using an ensemble of 20 independent simulation
with different noise seeds. Extremely low value of the numerically calculated RIN, includ-
ing only the quantum noise which is plotted in Fig. 2.19 (green curve), cannot explain the
measured noise.

Low RIN values below 1.1%, means that the noise of the pump laser suddenly be-
comes very important. Therefore, we re-calculated the RIN of the SC numerically by, in
addition the quantum noise, adding 0.36% fluctuation in P0 and keeping P0T0 a constant
to reflect that in the laser the pulse length decreases when the P0 increases. This gives
the red curve in Fig. 2.19, which clearly better reflects the measured noise. This clearly
shows that the in an ANDi fiber based low-noise SC, technical pump laser noise strongly
dominates quantum noise and becomes essential in determining the SC noise.
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As 10 m of low-birefringence fiber was used, the long fiber length used could result in
higher noise than that measured in SC from 3 m of the fiber. As reducing the dips in the
spectrum and having as much power at the sides of the SC as possible was important
for the application it was to be used in, longer fiber length was necessary. Even then,
reasonably low-noise was measured, since the PR amplified noise is suppressed by the
small value of β2, the short TFWHM of 125 fs, and the low P0 of 9 kW helps to suppress
PMI.





Chapter

3
Near-field spectroscopy using an ANDi
fiber based low-noise SC
Traditional optical microscopes employ far field detectors, have a spatial resolution limit
arising from diffraction. The resolution limit depends on wavelength of the light illuminat-
ing the sample. For visible light, the limit of resolution would be greater than 175 nm.
Where the diffraction limit of resolution is approximately half the wavelength used to im-
age the sample. Near field imaging can provide spatial resolution beyond the diffraction
limit. (Optical) Information below the diffraction limit can be obtained by measuring the
near-field in the vicinity of an object. One prominent technique of near-field imaging is
based on focusing light onto a sample with an aperture much smaller than the wavelength
of the light. As the aperture is very close to the sample (nanometers away), a small re-
gion of the sample, which is dependent on the dimension of the aperture, interacts with
the light. The (near-)field generated by the sample, upon the interaction with the light is
then detected in the far-field. Thus, the spatial resolution in near-field imaging is only de-
pendent on the dimensions of the aperture and is independent of wavelength of the light.
Image of the sample is then obtained by raster scanning over the sample typically by
using a piezoelectric stage. This imaging technique is called near-field scanning optical
microscopy (NSOM) [146–148].

The initial NSOM systems utilized tapered fibers or hollow waveguide tips as an aper-
ture. Even though aperture probe can provide spatial resolution well below the diffraction
limit, the typical practical resolution obtained can only be ∼100 nm and has several con-
straints [149]. Some of the constraints resulting from aperture probe are wavelength re-
gion that the fiber can guide, aperture-limited fiber throughput, and dimensions to which
the fiber can be tapered. This has led to the evolution of scattering-type scanning near
field optical microscopy (s-SNOM) that can provide an even smaller spatial resolution,
where the light is focused by a sharp tip instead of coming through an aperture to the
sample. This mechanism is called lightening rod effect due to a strong field enhancement
at the apex of the tip. If the tip is close to a sample surface, the strongly localized and en-
hanced field interacts only with a small area underneath the tip apex, whose diameter is
approximately in the order of the tip radius. Thus, it is possible to reach spatial resolution
below 20 nm.

In this work, we have used the low-noise SC source based on an ANDi fiber pumped
by a fs source (detailed in chapter 2) to demonstrate high resolution, spectrally resolved
near-field measurements in the NIR. We show that standard commercially available SC
sources are too noisy for apertureless s-SNOM because of the inherently high pulse-
to-pulse fluctuation of the SC. We demonstrate the capability of our SC light source by

39
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mapping the propagation of surface plasmon polaritons (SPP) waves on monocrystalline
gold platelets in the wavelength region of 1.34 - 1.75 µm in a single measurement, thereby
characterizing the experimental dispersion curve of the SPP in the NIR. We perform a de-
tailed benchmark analysis of the SC source in terms of relative intensity noise, approach
curves and spectral detectivity.

3.1 Background suppression in s-SNOM by demodulation of
higher harmonics

In this section, the working principle of s-SNOM used in the experiment is briefly de-
scribed. The explanation provided here is predominately based on Ref. [150]. Typical
aperture based NSOM utilizing fiber aperture limits the achievable resolution in near field
imaging, as was mentioned previously. Apertureless s-SNOM with a small radius of cur-
vature at its apex, can provide ultra-high resolution. Typically, an elongated metallized tip
with small apex, similar to the ones in an atomic force microscope (AFM) is used as the
probe. Coated, metallized tips used in s-SNOM can efficiently scatter at all wavelengths
from vis-NIR to the IR.

The interaction between the tip and the sample can be described with dipole-mirror
dipole model. The model assumes the tip-apex to be a polarizable sphere with radius ‘a’,
is much smaller than the wavelength of the light illuminating it [151]. Typical tip radius can
be 20-40 nm. Let α be the polarizibility of the tip and ‘r’ represent the distance between
the tip and the sample. The dipole formed in the tip induces a mirror dipole in the sample.
The effective field from the probe-sample system is a superposition of the probe and im-
age fields. When the incident light has a linear polarization perpendicular to sample sur-
face, the effective polarizability has r−3 dependence. The achievable resolution-FWHM,
calculated when the probe is in contact with the sample, is 1.17a [152]. The scattering
cross-section of the tip depends on the local dielectric constant immediately under the
tip. This sensitivity to the local environment comes from the concentration of the incident
field at the apex of the tip. As the local field under the tip depends nonlinearly on the
distance between the tip and the surface this can be used to check the near-field signal
measured during an experiment. In the experiments, the tip can be positioned very close
to the sample (few nanometers away) and then the tip is moved away, while measuring
the signal from the tip. When measured signal is from the near-field, the signal as a rule
of thumb, for visible light, falls below 1/e (' 37%) at a tip-sample distance of 20 nm. This
characterization of the near-field in the measurement set up is referred to as approach
curve measurement.

In case of a perfect mirror-dipole in the sample, for the parallel polarization with re-
spect to the sample, the probe and the image-dipole are anti-parallel because of which
they cancel each other.

As a sharp tip is used as the probe, illuminating the scattering probe tip can lead to a
large background signal by scattering from various other parts like, tip-shaft, probe-shaft,
and the sample. This background signal can be reduced by modulation of probe-sample
distance [153]. In order to detect the near-field contribution to the total scattered field, the
probe-sample distance is modulated at a frequency-Ω, and the near-field contribution to
the scattered light intensity is recovered by demodulation at some harmonic of the tapping
frequency. When the probe-sample distance is modulated, the signal from the tip-apex
is heavily modulated because of field enhancement at small distances and the signal
from tip-shaft which is further away from the tip-apex will have no near-field contribution.
This helps to improve the resolution of the system. Along with this, probe-shaft contains
many scattering centers which contribute to the modulated signal. To suppress this back-
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ground signal (which is not from the near-field), higher harmonic demodulation is needed.
When the probe-sample is modulated at a frequency Ω with high enough modulation am-
plitude, the higher harmonics get strongly enhanced. This is because, as the effective
polarizibility depends as r−3 the distance behavior steepens with increasing demodula-
tion amplitude (see Ref. [150] for more details). So, the signal can be demodulated at 3Ω
or a higher harmonic with lock-in detection, to suppress modulated background arising
from scattering from the probe-shaft.

In summary, modulation of the probe-sample distance results in improvement in res-
olution by suppressing contribution to the scattered light intensity from the tip-shaft. De-
modulation at a higher harmonic of the modulation frequency, say at 3Ω or higher, reduces
contribution to the signal form probe-shaft due to their rapid fading at larger distances
from the sample [154]. So, in apertureless s-SNOM, the total scattered field largely con-
tains the background signal and the signal contribution of the 3rd and 4th demodulation
order of the s-SNOM signal is extremely low. This places an increased emphasis on the
noise of the source illuminating the tip. If the source has high pulse-to-pulse fluctuation
(noise), it might not be possible to obtain any near-field signal. This noise contribution
from the source might not be as important in the case of the NSOM with aperture, where
the photodetector is not overwhelmed by the background signal. This is because that
method works without the demodulation techniques since only the near-field is coupled
into the fiber aperture.

In addition to be able to suppresses the background, the detection of the higher har-
monic is facilitated by homodyne amplification. Due to interference between the tip-apex
signal, the probe-shaft background, and the sample background scattering, the total de-
tected intensity shown here only until the second harmonic is [150]

ITot ∝ const. +
[
E1E2 + 2E0E1

]
cos(Ωt)[

0.5E2
1 + 2E0E2

]
cos(2Ωt) + higher harmonics,

(3.1)

where the fields, Ei contains both the near filed and the background, the subscript i
denotes the order of the harmonics. E0 contains the contribution from the unmodulated
background. We see in Eq. (3.1) that the modulated signal is amplified from a gain factor
because of homodyne amplification.

3.2 Interferometric detection using asymmetric Michelson in-
terferometer

The light from the source is split into two arms using a beam splitter. The sample arm
is placed in one arm and the other arm consists of a movable reference mirror. The
scattered light from the tip-sample along with scattered background light from the sample
arm and the reference light from the movable reference arm are reflected back into the
beam splitter and detected. An interferogram is obtained when the demodulated signal is
recorded as a function of reference mirror position, denoted In(x). In(x) contains the refer-
ence signal and the background signal multiplied with the near-filed component. Fourier
transforming In(x) with respect to x provides the spectral component of the signal denoted
by, Ĩn(ω). As the background signal does not dependent on the translation position of the
mirror, this term only contributes to the DC term after the Fourier transform.

It is because of this amplification from harmonic demodulation in apertureless s-
SNOM and Interferometric gain in nano-FTIR, and the suppression of background signal
from both harmonic demodulation and asymmetric interferometer, the signal contribution
of the 3rd and 4th demodulation order of the s-SNOM signal can be as much as 1%.
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3.3 Surface plasmon polaritons on gold flakes

SPPs are collective oscillations of free electrons on the surface of a metal at the metal-air
(or metal-dielectric) interface [155–157]. These surface plasmons can be excited by cou-
pling from electromagnetic waves, using prims or gratings. The SPPs are characterized
by their oscillation frequency and can display dispersion relation when the wave-vector is
increases. In the presence of surface roughness, SPPs can directly be coupled by elec-
tromagnetic radiation. Renewed interest in surface plasmons has originated from ongoing
advances in the investigation of the electromagnetic properties of nanostructured mate-
rials [158, 159], one of the most attractive aspects of these collective excitations being
their use to concentrate light in subwavelength structures and to enhance transmission
via periodic arrays [160–162].

In this work, interference fringes of SPPs on high-quality monocrystalline gold platelets
were directly measured using s-SNOM in a single measurement from 1.34-1.75 µm. It
was recently shown that the measurement of SPPs on a gold film with s-SNOM leads to
complex distributions of the scattering signal due to the contributions of several excitation
and detection channels [163, 164]. In this work, two main excitation contributions were
studied. Excitation of SPPs on gold flakes is briefly described here based on explana-
tions provided in Ref. [164]. SPPs once excited, get reflected back from a surface and
the outgoing and incoming SPPs can interfere, leading to an interference pattern that can
be measured by s-SNOM. The intensity of the signal at a tip position ~x is the sum of the
individual scattered E-fields multiplied with their complex conjugate,

Itot(~x) = [E1(~x) + E2(~x) + E3(~x) + · · ·] · (E∗1(~x) + E∗2(~x) + E∗3(~x) · · ·] (3.2)

=
∑
i,j

Ei(~x)E∗j (~x) (3.3)

Substituting for the electric fields with an amplitude and phase term Ei = |Ei|eiφi in
Eq.( 3.2), we can get,

Itot(~x) =
∑
i,j

|Ei(~x)||E∗j (~x)|cos[∆φi,j(~x)], (3.4)

where, φi,j(~x) is the phase difference between the electric field components Ei and Ej . In
our case, the directly back scattered signal is much stronger than the signal from the in-
terfering SPPs. As was explained previously, this constant background Ebs, contributes to
homodyne amplification of the SPP related signal. The measured total intensity ordered
with respect to their individual signal strength can be written as,

Itot(~x) = |Ebs|2+2
∑
k

|Ebs(~x)||Ek(~x)|cos[∆φbs,k(~x)] +
∑
l,m

|El(~x)||Em(~x)|cos[∆φl,m(~x)].

(3.5)
Where, Ek, El, and Em are SPP related contribution. The strongest signal is from the con-
stant background scattering, Ebs. The next strongest is the superposition of homodyne
amplification of Ek, followed by interference between the different SPP pathways, El and
Em. These individual contributions are modulated by the phase differences cos[∆φbs,k(~x)]
and cos[∆φl,m(~x)] between the respective two fields which are dependent on the location
of the excitation and scattering of SPPs. When the total intensity is Fourier transformed,
the modulated signal from homodyne amplification is seen as the most prominent peak.
Therefore, in the analysis of SPPs on gold flakes, we focus on the total intensity given by

Itot(~x) = |Ebs|2+2
∑
k

|Ebs(~x)||Ek(~x)|cos[∆φbs,k(~x)]. (3.6)



43 3.3. Surface plasmon polaritons on gold flakes

Tip launched and edge launched SPPs

In this work, high-quality mono-crystalline gold platelets with ultra-smooth surfaces [165],
with reduced losses were used to spectroscopically study SPPs by a metallic tip and
a broadband source. There are many different channels through which SPPs could be
excited. In this work, it was seen that two possible excitation and detection channels were
of prime relevance.

Fig. 3.1: Excitation and detection paths of SPPs on monocrystalline gold platelets with
s-SNOM: a) tip-launched SPPs, b) edge-launched SPPs

The first SPP related pathway shown in Fig. 3.1(a), is due to tip-launched (tl) SPPs,
i.e. the incident beam excites SPPs at the tip which radially propagate away from the tip.
If the propagation direction of the SPPs is perpendicular to the edge, they will be partly
reflected back towards the tip. The outgoing and incoming SPPs interfere at the tip and
scatter into free space, when scanning the tip along a line which is perpendicular to the
edge (orange, dashed line). The scattered signal forms a field pattern which is similar to
a standing wave with a fringe spacing,

Λtl =
λSpp

2
, (3.7)

where, λSpp is the SPP wavelength. As the tip acts like a point source, the tip-launched
SPPs are cylindrical waves. These waves are damped as they propagate, because of the
loss. The amplitude of the tip-launched SPPs can be written as [166]

|Etl(x′)|=
A√
2x′

e−
Γtl
2
x′ , (3.8)

where Γtl is inverse of propagation length, L. The total intensity measured, described in
Eq. (3.6), when only tip launched SPP is present then becomes

Itl(~x) = |Ebs|2+2|Ebs|(~x′)
A√
2x′

e−
Γtl
2
x′cos[∆φbs,tl(~x′)]. (3.9)

The second SPP related excitation and detection channel, called edge-launched (el)
SPP is illustrated in Fig. 3.1(b). Due to the shallow incident angle of θ = 60°, the spot
size is approximately 5 µm perpendicular to and 21 µm in the direction of the projection of
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the incident beam on the sample surface (in our experiments). If a part of the beam hits
the edge, SPPs can be excited which eventually propagate towards the tip. These waves
can, in good approximation, be described by plane waves, in contrast to the circular
waves launched by the tip. When they reach the tip, they can be scattered and fringes
are formed due to the interference between the edge-launched SPPs and the in-plane
component of the incident laser beam. Typical fringe spacing is obtained when the tip is
scanned along a line perpendicular to the edge, which is given by [163]

Λel(ϑ, ϕ) =
λ0

− sin (ϑ) · sin (ϕ) +
√

sin2 (ϑ) · sin2 (ϕ)− sin2 (ϑ) + n2
eff

, (3.10)

where, λ0 is the wavelength of the incident light, ϑ is the polar angle of incident angle,
φ is the azimuth angle of the beam with respect to the edge, and neff is the effective
refractive index at the gold interface. The edge-launched SPPs can be approximated as
damped plane waves. The amplitude of the edge-launched SPPs can be written as

|Eel(x′)|= Be−
Γel
2
x′ , (3.11)

where, Γel is inverse of propagation length. The total intensity measured described in
Eq. (3.6)] , when only edge-launched SPP is present then becomes

IT l(~x) = |Ebs|2+2|Ebs|(~x′)Be−
Γel
2
x′cos[∆φbs,el(~x′)]. (3.12)

As long as a part of the beam illuminates the edge both channels will contribute to
the measured signal simultaneously, edge-launched SPPs, however, are more dominant
than tip-launched SPPs. The resulting field pattern is thus a superposition of fringes due
to the edge-launched SPPs described by a plane wave and tip-launched SPPs described
by a cylindrical wave.

3.4 Near-infrared spectroscopy with s-SNOM

Near-field spectroscopic imaging has been pursued intensively in the past couple of
decades, using incoherent, synchrotron and laser-based light as illumination sources. As
an example of the use of an incoherent light source, a monochromatized Xenon lamp was
coupled into an optical fiber for delivery, and detected the scattered signal from an AFM
tip with apex diameter of approximately 100 nm. In this manner, wavelength-dependent
(400-600 nm) scattering spectra from gold islands, recorded at the tapping frequency of
the AFM tip, were reported and compared to far-field results [167]. mid-IR radiation (2-14
µm) from a synchrotron for <40 nm spatial resolution of semiconductor, biomineral and
protein nanostructures [168]. Phonon resonances in silica based materials were studied
by s-SNOM in the MIR [169]. The MIR spectra was generated by difference frequency
generation by combining a fs pump at 1.55 µm and a soliton around 1.8 µm, which was
generated using a 1.55 µm fs pump. MIR spectra generated by a similar source was used
to study resonating hyperbolic polaritons in linear boron nitride antennas with lateral spa-
tial resolution better than 20 nm [170]. The combination of s-SNOM with broadband
light sources featuring is thereby a powerful tool to explore the fundamental properties of
light-matter interactions in the near-field on the nm scale.

Even though, there has been a large number of spectroscopic investigations using
s-SNOM with sources in MIR to THz, there is a gap in wavelength for s-SNOM measure-
ments in the NIR. This is because there are no coherent broadband sources compatible



45 3.4. Near-infrared spectroscopy with s-SNOM

with s-SNOM system, in this wavelength range. Here we demonstrate that an ANDi-
based SC source shows performance comparable to that of a low-noise passively mode-
locked femtosecond laser but with the very high spectral bandwidth offered by the SC.
In contrast, a standard commercial SC source turns out to be incompatible for s-SNOM
measurements due to its high, intrinsic noise. Specifically, we measure the dispersion
curve in the 1.34-1.75 µm range of SPPs propagating on the surface of extremely flat
monocrystalline gold platelets. The spectrally resolved amplitude and phase of the scat-
tered field can be resolved by Fourier transform spectroscopy, with the tip located in
one of the arms of the Michelson interferometer. The Fourier transform infrared spec-
troscopy (FTIR) set up is integrated to our s-SNOM system and is referred to as nano-
FTIR (nanoscale Fourier transform infrared spectroscopy).

3.4.1 Hyper-spectral nano-imaging of SPPs on monocrystalline gold platelets

A sketch of the experimental setup built for the study of SPPs on monocrystalline gold
platelets is illustrated in Fig. 3.2. The first source is a commercial SC source (NKT Pho-
tonics: SuperK extreme), which covers the wavelength range from 0.39-2.4 µm. The
output spectrum of this source is, however, dominated by a strong peak at the wave-
length of the pump laser at 1.064 µm, which is why we cut the spectrum below 1.3 µm
with a longpass filter. We compare the performance of the commercial SC source with
our ANDi fiber based source covering the wavelength range from 1.34-1.75 µm and a fs
laser which we employ to pump 3 m length of ANDi fiber made of germania doped silica
(labeled ANDi F in Fig. 3.2) to generate low-noise SC pulses. The details of the ANDi
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Fig. 3.2: Sketch of the experimental setup [M - mirror, FM - flip mirror, LPF - longpass
filter, NDF - neutral density filter, F - optical fiber, (BB) HWP - (broadband) half wave plate,
L - lens, (P)BS - (polarizing) beam splitter, PM - parabolic mirror, PD - photodetector, OSA
- optical signal analyzer, Osc - oscilloscope].

fiber based low-noise SC was explained in section 2.2. As a linearly polarized light was
need for this experiment, the ANDi fiber based low-noise SC described in section 2.2
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was passed through a broadband polarizer. By using flip mirrors (FM), either the ANDi
fiber based low-noise SC beam (via FM1) or the beam of the fs laser (vai FM2 and 3)
can be coupled into the optical setup. The correct (vertical) polarisation and optimal
spectrum are ensured by the combination of a broadband half wave plate and polarising
beam splitter. After passing through a beam expander, the light beams can either be sent
into the s-SNOM system or be coupled into a multimode-fiber (labeled Fib in Fig. 3.2)
via FM4 which is right before the entrance of the s-SNOM system. Thus, allowing to
characterize the properties of the input beam. The fiber can be connected to an OSA
to measure the input spectrum or a fast photodetector and oscilloscope to determine the
RIN, which is a measure of the intensity fluctuations of a series of pulses. The spectrally
resolved, pulse-to-pulse RIN measurements were made using the technique explained in
section 1.7. With the s-SNOM system we recorded the approach curves using a large
mono-crystalline gold platelet sample [164, 165] to determine the noise level of the dif-
ferent demodulation orders (n) and the contribution of the near-field in the demodulated
signal channels (Sn). In a second step we recorded the spectrum with the nano-FTIR
unit.

The s-SNOM part of the set up, integrated along with the nano-FTIR, is a commercially
available s-SNOM system (Neaspec, Germany). The functional principle of s-SNOM is
based on the demodulation of the scattered signal with respect to the tapping frequency
of the AFM tip. The tapping frequency employed in the system was ' 285 kHz. This
technique allows to separate the near-field contributions from the background in the scat-
tered signal. However, it is important to emphasize that the signal strength of the higher
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Fig. 3.3: (a) Spectrum from a commercially available broadband SC source (red) and
the bandpass filtered spectrum at 1.5 µm with 12 nm FWHM (green) (left axis) measured
using an OSA. Measured RIN values (right axis). (b) Snapshot of first twenty-two pulses
measured for the RIN calculation for the bandpass filtered spectrum centered at 1.5 µm
with 12 nm FWHM.

demodulation orders are only a fraction of the total signal strength recorded by the pho-
todetector. The detection of the higher orders, thus, requires sufficient stability of the
source used. Interferometric techniques, e. g. nano-FTIR, allow for a further reduction of
the background and a simultaneous measurement of the actual electric field and phase
over, potentially, the entire bandwidth of the used source. As shown in Fig. 3.3(a, left
axis), the spectrum of the commercial SC source recorded with the OSA starts at the on-
set of the longpass filter at 1.30 µm and extends to the end of the detectable wavelength
range of the photodetector at around 1.75 µm. The FWHM-bandwidth of the filtered spec-
tra in the RIN measurements were 12 nm. The voltage versus time trace for this case
were recorded for 2 ms, which corresponded to 40,003 pulses. The RIN values shown
in Fig. 3.3(a, right axis) indicates already the drawback of this source because of the
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relatively wide spread of the pulse energies due to intensity fluctuations, as illustrated in
Fig. 3.3(b) which shows a snapshot of twenty-two consecutive pulses recorded with the
fast photodetector when the SC was bandpass filtered at 1.5 µm. RIN was measured at
50 nm interval from 1.35 µm to 1.65 µm. The RIN ranges from 16% at 1.35 µm to more
than 27% at 1.65 µm indicated by the blue dots in Fig. 3.3(a, right axis).
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Fig. 3.4: Measurements using the s-SNOM system: (a) Approach curve for the com-
mercially available SC source for the wavelength band from 1.3-1.75 µm. The different
coloured lines are for the various demodulation orders. (b) Corresponding nano-FTIR
spectra.

Considering that the signal contribution of the 3rd and 4th demodulation order of the
s-SNOM signal is typically below 1%, it is not surprising that the approach curves in
Fig. 3.4(a) possess a strong noise level which increases with the demodulation order
n. The approach curve gives an estimate if a certain order is mainly carrying near-field
information. As a rule of thumb, this is given when the signal falls below 1/e (' 37%) at a
tip-sample distance of 20 nm. As one can see, the 1st order does not carry any near-field
information and the 2nd order is decreasing with increasing distance, but not fast enough,
indicating the contribution of a considerable amount of background signal. The 3rd order
most closely satisfies the criterion that it primarily comprises near-field information, while
the signal of the 4th order is covered in noise. The spectra taken with the nano-FTIR unit
confirm these findings. Note that the photo detector covers the wavelength range from
0.90-1.75 µm. The 2nd demodulation order shows signal from 1.30-1.70 µm, however,
the input spectrum has stronger contributions at smaller wavelengths than the nano-FTIR
spectrum which may be due to the alignment-the noise makes it difficult to properly align
the beam on the tip. The noise level of the 3rd order is considerably higher, but the signal
can still be identified within the expected wavelength range, while the 4th order shows
no spectral information. As the spectral broadening in a typical SC generated with a
ps pump in the ADR is dominated by amplified quantum noise this high pulse-to-pulse
fluctuation is inherent to the SC. As, a relatively broad wavelength region from 1.30-1.75
µm was measured, the approach curve data might not be from all the wavelengths within
this band. This is because the pulse-to-pulse energy fluctuation for a this large bandwidth
would be smaller and does not correspond to the actual pulse-to-pulse fluctuation at each
wavelength. To further study this finding, we repeated the approach curve and nano-FTIR
measurements with the bandpass filtered spectrum at 1.50 µm. The spectrum measured
with the OSA is shown in Fig. 3.3(a, left axis, green curve). Fig. 3.3(b) shows a set of
twenty-two consecutive pulses measurement for the 12 nm FWHM spectrum centered at
1.50 µm. These pulses show large fluctuation in pulse energy. The RIN at this wavelength
band is 19% Fig. 3.3(a, right axis, blue circle). As the spectra from each of the pulses
are different, reliable approach curve and nano-FTIR measurements can only be done
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Fig. 3.5: Measurements using the s-SNOM system: (a) Approach curve for the bandpass
filtered spectrum at the center wavelength 1.5 µm with 12 nm FWHM from the commer-
cially available SC source. The different coloured lines are for the various demodulation
orders. (b) Corresponding nano-FTIR spectra.

by extensive averaging. Even then, the approach curves, shown in Fig. 3.5(a), are noisy.
Correspondingly, the nano-FTIR spectrum [see Fig. 3.5(b)] shows neither a signal at the
3rd nor at the 4th demodulation order. The 2nd demodulation order features a peak at
1.50 µm but also a much higher noise level. However, similar to that in the last case, even
in this measurement, the 2nd demodulation order cannot be attributed to pure near-field
signal. These findings signify that, because of high pulse-to-pulse fluctuation, SC from
these sources are unsuitable for demodulation based apertureless s-SNOM.
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Fig. 3.6: (a) Pump spectrum (red) of the 125 fs FWHM source centered at 1.55 µm (left
axis) measured using an OSA. Measured RIN values (right axis). (b) Snapshot of first
twenty-three pulses measured for the RIN calculation for the bandpass filtered spectrum
centered at 1.55 µm with 12 nm FWHM.

In order to achieve a low-noise SC suitable for s-SNOM, we followed the approach
of using ANDi fibers pumped by ultra short fs laser pulses. In this way, the SC genera-
tion mechanism via solitons is avoided, reducing the inherent pulse-to-pulse fluctuation
seeded by quantum noise, to the minimum. The noise level of the SC generated by an
ANDi fiber is primarily dependent only on the noise level of the pump laser. For this rea-
son, we characterized not only our ANDi fiber based low-noise SC source but also the
pump laser (Toptica: Femto pro IR). The Fig. 3.6(a, left axis) shows the spectrum of the
pump laser. The spectrum measured with the OSA extends from 1.50 µm to 1.63 µm at
the −30 dB level and peaks close to 1.55 µm. For the RIN characterization we used a
bandpass filter centered at 1.55 µm, recorded for 0.5 ms corresponding to 45,135 pulses.
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The pump has a RIN of 0.36% as shown in Fig. 3.6(a, right axis). A snap shot of first
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Fig. 3.7: Measurements using the s-SNOM system: (a) Approach curve for the bandpass
filtered spectrum at 1.55 µm with 12 nm FWHM from the fs pump laser alone. The
different coloured lines are for the various demodulation orders. (b) Corresponding nano-
FTIR spectra.

twenty-three pulses, from the pulse train that was used to calculate the RIN is shown,
in Fig. 3.6(b), has constant peak intensities with almost no fluctuations. The stability of
this source is much better than the stability of the commercial SC source, which is also
reflected in the quality of the approach curves Fig. 3.7(a). The noise level is orders of
magnitude lower for all higher harmonics of the demodulated signal and the 3rd and 4th
demodulation orders are clearly satisfying the criterion of containing sufficient near-field
contributions of the scattered signal. The spectra measured with the nano-FTIR unit of
the s-SNOM reproduces the input spectrum well at all displayed demodulation orders
(n=2,3,4) with noise levels below −36 dB.
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Fig. 3.8: (a) Linearly polarized spectrum (red, left axis) from low-noise SC using 3 m of
ANDi fiber made of germania doped silica, measured using an OSA. Measured RIN val-
ues (right axis). (b) Snapshot of first twenty-three pulses measured for the RIN calculation
for the bandpass filtered spectrum centered at 1.5 µm with 12 nm FWHM.

Finally, we characterized the ANDi fiber based low-noise SC source by pumping the
ANDi fiber with the fs laser. The input spectrum to the s-SNOM system measured with
the OSA is shown in Fig. 3.8(a, left axis). The spectrum provides a significant spectral
broadening and it extends from 1.34-1.82 µm at −30 dB level. To characterize the quality
of the spectrum, we measured the spectrally resolved pulse-to-pulse RIN at six wave-
lengths (1.40-1.65 µm) using bandpass filters. These measurements reveal that the RIN
at the different wavelengths is in the same order of the RIN of the pump laser. The values
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Fig. 3.9: Measurements using the s-SNOM system: (a) Approach curve for the low-noise
ANDi based SC for the wavelength band from 1.34-1.75 µm. The different coloured lines
are for the various demodulation orders. (b) Corresponding nano-FTIR spectra.

are between 0.3% and 0.7% and they are plotted in Fig. 3.8(a, right axis) as blue circles.
The Fig. 3.8(b) shows the snapshot of the first twenty-three pulses measured with the
fast photodetector at the center wavelength of 1.50 µm with 12 nm FWHM. This shows
the superior stability of the ANDi fiber based low-noise SC source compared to the com-
mercial source. We obtain smooth approach curves at all demodulation orders and, also
here, the 3rd and 4th harmonic of the demodulated signal satisfy the criteria of picking
up the near-field, as can be seen from Fig. 3.9(a). The nano-FTIR spectra are presented
in Fig. 3.9(b). They overlap at all orders (n=2,3,4) and possess a similar noise floor.
Compared to the commercial SC source this is a major improvement indicating that this
source is suitable for s-SNOM applications, which we will demonstrate in the following.

Fig. 3.10: Results of the experimental line scan from the edge to the center of the platelet:
(a) density plot of the SPP fringes (scattering amplitude |S3(λ0, x)|) for different illumina-
tion wavelength λ0, the black dots mark the calculated fringe spacing of edge-launched
SPPs at different illumination wavelengths. (b) Spatial frequency map by applying a FFT
to the scattering amplitude |S3(λ0, x)|, in Fig. (a) at each illumination wavelength, the
black and gray, dashed curves correspond to the theoretical predictions of the spatial fre-
quencies of edge-launched and tip-launched SPPs, respectively. The blue-dashed line
marks the data at 1.62 µm referred later.

In order to test if our ANDi fiber based low-noise SC source can be employed for
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s-SNOM, we used it to measure interference fringes of SPPs on high-quality monocrys-
talline gold platelets. The two possible excitation and detection channels that are relevant
for this experiment were discussed in section 3.3. The first SPP related pathway is due
to edge-launched SPPs and the second excitation and detection channel is tip-launched
SPPs. We performed seven consecutive line scan measurements from the edge towards
the center of the gold platelet, for 15 µm, as was indicated by the orange, dashed line in
Fig. 3.1. The spectra was recorded with the integrated nano-FTIR unit at 375 pixels along
the line. This gives us a resolution of 40 nm. The azimuth angle was set to ϕ = 67°. Then,
we took the average of the seven measurements for each pixel. The map of resulting ab-
solute value of scattering amplitude, |S3(λ0, x)| for all incident wavelengths, λ0 within the
bandwidth of the ANDi fiber based low-noise SC pulses are shown in Fig. 3.10(a). For
better clarity, we have normalized the profiles at each wavelength. The subscript 3 in
|S3(λ0, x)| is used to denote that the third demodulation order is used in the calculations.
For each wavelength we obtain a periodic pattern where the spacing of the fringe max-
ima become larger with increasing illumination wavelength. The black dots are separated

Fig. 3.11: (a) SPP fringes measured at 1.62 µm from data taken from Fig. 3.10(a, blue
line). The x-range used for the FFT of this data is marked in by the two red-vertical lines.
(b) Amplitude spectrum as function of the spatial frequency K, blue dots correspond to the
Fourier-transformed data from Fig. (a). The blue curve is the result of the fit using Ŝtot,3.
The black and gray vertical lines mark the theoretical values of the spatial frequency
peaks of edge-launched and tip-launched SPPs, respectively. The purple and red lines
show the two peak positions of the fit using Ŝtot,3.

along the x-axis by the theoretical value of the fringe spacing for edge-launched SPPs
from Eq. (3.10), for the respective illumination wavelength, which is qualitatively in good
agreement with the measurement. The signal profile at 1.62 µm (blue-dashed line in
Fig. 3.10) is shown as an example in Fig. 3.11(a).

In a next step, we perform a [fast] Fourier transformation (FFT) over the entire x-
range of Fig. 3.10(a), which is also marked in Fig. 3.11(a) by the two red-vertical lines,
to obtain the fringe spacing’s from the resulting spatial frequency spectra Ŝ3(λ0, x) =
F{S3(λ0, x)}. The result of the FFT is shown in Fig. 3.10(b). We find maxima whose K-
values decrease with increasing illumination wavelength and the theoretical values Kel =
1/Λel of edge-launched SPPs (black line) overlaps in good agreement. Furthermore,
we find an increase of the signal on the right shoulder of the main peak, where the
theoretical spatial-frequency value Ktl = 1/Λtl of tip-launched SPPs is located (gray line).
The values Λel and Λtl are calculated from Eq. (3.10) and Eq. (3.7) respectively. This
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becomes more apparent in Fig. 3.11(b) which shows the corresponding spatial frequency
spectrum at λ0 =1.62 µm. The theoretical prediction of the K-values for edge-launched
and tip-launched SPPs are marked by the black and gray-vertical lines, respectively.

When there are contributions from the edge-launched and tip launched SPPs, by
substituting Eq. (3.12) and Eq. (3.9) in Eq. (3.6), the measured interference signal of the
SPP can be written as

Stot,3(~x′) = |Ebs|2+2|Ebs|(~x′)
A√
2x′

e−
Γtl
2
x′cos[∆φbs,tl(~x′)]+2|Ebs|(~x′)Be−

Γel
2
x′cos[∆φbs,el(~x′)].

(3.13)
To identify the position of the two peaks in the data, of Fig. 3.11(b), we perform a fit using
Ŝtot,3 (= F{Stot,3}). The full expression used for the fit can be found in section A.5 of
appendix A. The resulting fit is shown in Fig. 3.11(b), as a blue curve. The purple and
red - vertical lines mark the fitted peak positions which are in good agreement with the
theoretical values. We apply the fit using Ŝtot,3 to all illumination wavelengths and plot in,
Fig. 3.12, the fitted peak positions (purple and red dots) in terms of fringe spacing (Λ =
1/K) as function of the illumination wavelengths. The fitted fringe spacing’s which are
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Fig. 3.12: Fringe spacing’s, Λ = 1/Kel,tl, of the for all illumination wavelengths. The
dashed gray-vertical lines mark the wavelength range in which the signal is reliable
enough to perform the fit with confidence. The dashed blue vertical line marks λ0 =
1.62 µm.

related to the first peak in the spatial frequency spectra (purple dots) are closely located
to the theoretical prediction of the fringe spacing of edge-launched SPPs indicated by
the black curve. The fringe spacing’s which are related to the second peak in the spatial
frequency spectra are distributed around the predicted values for tip-launched SPPs (gray
curve). The dashed gray-vertical lines mark the wavelength range in which the signal is
reliable enough to perform the fit with confidence. As a last step, we make a linear
fit through the purple and red dots, respectively, which are plotted as purple and red,
lines. Both linear fits are in very good agreement with the theoretical predictions for
edge-launched and tip-launched SPPs, respectively. Therefore, the results prove that our
ANDi fiber based low-noise SC source operating in the NIR wavelength region can be
used for s-SNOM based nanospectroscopy.

In conclusion, we have demonstrated that low-noise SC sources based on ANDi fibers
pumped by fs pulses, can fill the existing lack of a broadband and coherent light source in
the NIR regime that is suitable for nano-FTIR spectroscopy in demodulation based aper-
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tureless s-SNOM. Using approach curve and nano-FTIR measurements it was shown
that the traditional, commercial SC sources are not suitable for demodulation based aper-
tureless s-SNOM. We identified the RIN of a source as an important figure of merit to de-
termine the appropriateness of a pulsed laser source in these s-SNOM applications. In
a next step, we performed s-SNOM based broadband nanospectroscopy to study SPPs
at 40 nm spatial resolution on high quality monocrystalline goal-flakes. We were able
to identify both the edge-launched and tip-launched SPPs in the entire bandwidth of the
ANDi fiber based low-noise SC.

Note: We also we performed s-SNOM based broadband nanospectroscopy to study
SPPs on high quality monocrystalline goal-flakes using low-noise SC from silica based
MSF discussed in section 2.1.3. As the bandwidth of the SC from germania doped sil-
ica based ANDi fiber was broader than that obtained from silica based MSF, we have
discussed here the results using the former. The normalized data of SPPs obtained by
using low-noise SC from silica based MSF is shown in Fig. A.6 of appendix A.
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4
Shot-noise limited, SC based ultra-
high resolution spectral domain OCT
OCT relies on white light interferometry to non-invasively image translucent samples [171].
Since it’s invention nearly three decades ago, OCT has undergone an exceptional tech-
nological development which has seen imaging speeds go up by more than a factor of a
million [172], sensitivities improve by 15 dB [173], and the resolution enhanced to single
cell levels [174]. These improvements in speed and sensitivity are largely down to the shift
from the original time-domain (TD-) OCT to Fourier domain (FD-) OCT [175]. In TD-OCT,
a single photodiode detects the interferometric signal while a mirror is scanned in the
reference arm of the interferometer. In FD-OCT, however, the spectral components of the
white light source are detected independently, either with a spectrometer [termed spec-
tral domain (SD-) OCT] or with a wavelength-swept laser and a fast photodiode [termed
swept source (SS-) OCT]. A Fourier transform builds an image from the spectral compo-
nents. The advantage of both Fourier domain methods over TD-OCT is two-fold: Firstly,
eliminating the need for a scanning mirror greatly increases detection speed. Secondly,
the independent detection of the spectral components improves the sensitivity [176]. This
technological advancement has facilitated the widespread clinical use of high-resolution
OCT in ophthalmology [177] as well as the extensive and very active research in other
medical fields such as dermatology [178], oncology [179] and gastro-enterology [180].

4.1 Principle of SD-OCT

In this section, the working principle of SD-OCT used in the experiment, is briefly de-
scribed. Fiber based SD-OCT system uses a fiber-coupler to form the four arms of the
Michelson interferometer. A broadband light source is coupled into one of the arms of
the interferometer. The light is then split into a reference arm and a sample arm. In the
reference arm the light is reflected back from a mirror and acts as a reference signal. In
the sample arm, the sample that has to be imaged is placed, close to the zero-optical
path difference (OPD). The light interacting with the sample accumulates phase. Light
reflected from the sample then interferes with reference arm. This interference signal is
typically measured using a line scan spectrometer. Typically, the light reflected from the
sample is weak. As the power in the reference arm is much stronger than the signal from
the sample arm, the results of interference with the reference arm can be understood
like that of homodyne amplification system on a weak sample signal. The depth infor-
mation form the signal is obtained by inverse Fourier transforming the signal recorded in
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the spectrometer. The detected signal in the k-space of the spectrometer is called as the
spectral interferogram.

To get an idea on how the axial information is obtained in a OCT measurement, con-
sider a free space Michelson interferometer with a 50:50 beam splitter that divides the
beam into a reference arm and a sample arm. The light in the reference arm is reflected
back by a stationary mirror and the light in the sample arm is reflected back by a sample.
Let the zR be the z-component of ~rR, the optical path length of the reference arm and
zS be the z-component of ~rS , the variable optical path length in the sample arm. Let ~ER
denote the electric field of the reference signal and ~ES , the electric field of the sample.
The intensity measured by the spectrometer is given by,

ĨD(k) ∝ | ~ER + ~ES |2, (4.1)

where,

~ER =
~E0

2
ei
~k·~rR , and (4.2)

~ES =
~E0

2
ei
~k·~rS . (4.3)

~E0 is the electric filed of the source. Then, the detected intensity is

ĨD(k) ∝ | ~ER|2+| ~ES |2+ ~ER · ~E∗S + ~E∗R · ~ES . (4.4)

Now, consider the cross-correlations terms. Considering only the z-components (axial
direction),

ERE
∗
S + E∗RES =

E0E
∗
0

4
e2ikz(zR−zS) +

E∗0E0

4
e−2ikz(zR−zS),

⇒ ERE
∗
S + E∗RES =

2|E0|2

4
cos[2kz(zR − zS)].

(4.5)

The path length is multiplied by 2, in order to account for the round-trip in each of the
arms. zR − zS is the OPD between the two arms.

The cross-correlation term is written as a cosine function in Eq. (4.5), by substituting
cos(x)=(eix+e−ix)/2, contains depth information of the sample. The intensity detected
by the spectrometer, which is in k-space, is made of various frequencies. As can be
seen from the argument of the cosine term, the information from the deeper part of the
sample is present as higher frequency oscillation (assuming zero-OPD is at the top of
the sample). The detected intensity is then inverse Fourier transformed from k-space to
z-space to obtain the image. As the inverse Fourier transform involves the cosine term
the an identical set of image will be present around the zero-OPD.

For the detailed mathematical model, the sample is assumed to be made of NR re-
flectors. The attenuation along the sample is assumed to be weak. For a continuous
wave light source, intensity of the light measured by the spectrometer in k-space is given
by [181],

ĨD(k) =
ρ

4

{
S̃(k)

[
RR +

N∑
n=1

RS,n

]}

+
ρ

4

{
S̃(k)

N∑
n6=m=1

√
RS,nRS,m cos[2k(zS,n − zS,m)]

}

+
ρ

2

{
S̃(k)

N∑
n=1

√
RRRS,n cos[2k(zR − zS,n)]

}
.

(4.6)



57 4.1. Principle of SD-OCT

By inverse Fourier transforming, the spectral interferogram to the z-space and using the
convolution theorem, Eq. (4.6) can be written as,

ID(z) =
ρ

8

{
γ(z)⊗

[
RRδ(0) +

N∑
n=1

RS,nδ(0)
]}

+
ρ

8

{
γ(z)⊗

N∑
n6=m=1

√
RS,nRS,m δ[z ± 2(zS,n − zS,m)]

}

+
ρ

4

{
γ(z)⊗

N∑
n=1

√
RRRS,n δ[z ± 2(zR − zS,n)]

}
.

(4.7)

γ(z), called the coherence function is the inverse Fourier transform of power spectral
density S̃(k). ρ is the responsivity of the detector. Rn(m) are the various reflectors at the
zn(m)-positions.

Some of the salient characteristics of SD-OCT are:

1. DC term: The DC term is the first term in the right hand side (RHS) of Eqs. (4.6)
and (4.7). It contributes the most to the measured intensity. As can be seen from
the equations, they are path difference-independent. Therefore, it is not useful in
obtaining the structural information about the sample.

2. Auto-correlation term: The second term in the RHS of the Eqs. (4.6) and (4.7)
is the auto-correlation term. It is the result of interference between two or more
reflectors within the sample. This can overlap with the actual image of the sample.
Typically, their signal strength is low.

3. Cross-correlation term: The third term in the RHS of the Eqs. (4.6) and (4.7)
forms the cross-correlation term. This is the result of interference between the
reflectors in the sample and the reference. The cross-correlation term provides the
information about the sample and this term is dependent on the wave number and
path difference between the sample reflectors and the reference arm.

4. Axial resolution: Coherence function, γ(z) in Eq. (4.7) in each of the RHS terms
broadens the corresponding delta functions. Therefore, the coherence length, lc
(which is the FWHM of the coherence function) defines the minimum depth-width
that can be resolved, provides the axial resolution. The axial-resolution can be
understood by the relation between the z-space and k-space (k=2π/λ). Let δz(= lc)
be the FWHM of the coherence function. As z and k are Fourier transform pairs, δz
is inversely related to δk (corresponding FWHM in the k-space). For δz to be low,
δk must be large and δk is dependent on the bandwidth of the source, ∆λ. So, in
order to obtain a finer resolution in z-space, the spectral bandwidth of the source
must be broader. For a Gaussian spectrum, the axial resolution in air, given by the
coherence length is [181],

lc =
2ln(2)

π

λ2
0

∆λ
. (4.8)

From Eq. (4.8), we see that the axial resolution is a function of central wavelength,
λ0 and the bandwidth of the spectrum. Finer resolution can be obtained by using
the same bandwidth and at a shorter wavelength. However, using a wavelength
band at a shorter wavelength might decrease the penetration depth in the sample
because of absorption and scattering. The actual axial resolution of the system is
the convolution between the coherence function and the reflector delta function as
seen from Eq. (4.7) and is called the point spread function (PSF).
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5. Lateral resolution: The achievable lateral resolution is determined by the diffrac-
tion limited focal spot size (1/e2 diameter) on the sample. Lateral resolution can
therefore, be calculated as,

δx =
4fλ0

πd
, (4.9)

where, d is the input (1/e2) diameter of the beam onto the focusing lens and f is the
focal length of the lens. We see that, unlike in confocal microscopy, the axial and
lateral resolutions are decoupled.

6. Two sides of zero-OPD: As can be seen in Eq. (4.7), same information from the
auto-correlation and the cross-correlation terms appear on either side of the OPD.
These two sides of the OPD are termed as positive and negative side. Data from
one of the sides of the OPD can be used to obtain the information about the sample.

7. Sensitivity roll-off: In an OCT system the sensitivity refers to the minimum de-
tectable power that can be measured. The amount of light scattered from the
deeper regions of the sample decreases due to lower amount of light that passes
through, into the successive layers. In a SD-OCT system, there is an additional
degradation of sensitivity as a function of depth. As mentioned in the explanation
of Eq. (4.5), the axial information from deeper part of the sample is present as
progressively high frequency spectral oscillations in the intensity recorded by the
spectrometer. These higher frequencies will not be well resolved, when the period
of oscillation are close to the the resolution of the spectrometer. The resolution of
spectrometer and the pixel response function, determines the sensitivity roll-off.

8. Noise sources: In SD-OCT there are three main sources of noise. They are read
out+dark noise, shot noise and the noise from the source. In relation to S̃(k) in
Eq. (4.6), noise from the source is briefly discussed here. If the spectrum from the
broadband source, S̃(k) contains some Gaussian distributed white noise then, the
noise will be present in γ(z). When the noise from the broadband source is higher
than the read out+dark noise and the shot noise, the noise floor in OCT will be
from the noise of the source. When a large spectral bandwidth is necessary, SD-
OCT setup can use a SC as the source. In these sources, the RIN (noise from the
source) is very high and thus even after background subtraction and normalization
of the reference, the noise is still present. This is because there are large pulse-
to-pulse fluctuations in these SC sources, which affects both the reference and the
sample signals.

One of the ways to reduce RIN affecting OCT is by averaging. As the line-scan
spectrometers used are much slower than the repetition rate of the SC sources the
spectrum recorded by the spectrometer is an average of many pulses. Increasing
the integration time in the spectrometer can reduce the effect of RIN in OCT. How-
ever, the trade off between the increased integration time and reduction in noise is
marginal. The large integration time needed to reduce the effect of intensity noise
to an acceptable level while using conventional SC sources, makes the OCT sys-
tem unsuitable to image moving bodies, e.g., in ophthalmology. In addition, the
increased integration time leads to increased scan time in obtaining images. Thus,
having a shot-noise limited SC based SD-OCT would greatly increase the capabili-
ties of the present OCT systems [182, 183].

As was discussed for axial resolution [from Eq. (4.8)], the axial resolution scales pro-
portionally with the square of the center wavelength of the light source, λ0, and inversely
proportional with the bandwidth, ∆λ. Reducing the center wavelength to improve the
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resolution affects both the absorption and scattering of the light in the sample and may
introduce unwanted effects such as heating or reduced penetration. A more controllable
approach to improve the resolution is therefore to chose a light source with a wide band-
width. In this work, we have studied the noise properties of SC based SD-OCT with an
aim to improve the contrast and imaging depth.

Emerging commercially over the last 15 years, SC sources have had an instant impact
in the life sciences. An SC based confocal microscope was voted as the top 10 innova-
tion in 2008 [184]. SC sources have also been an increasingly popular choice in OCT
when axial resolution is the key metric. This is due to their multi-octave spanning spec-
tra, small footprints, robustness, and long-term stability. However, the main disadvantage
of SC sources in OCT is the severe intensity noise, which limit the OCT sensitivity of
SC based OCT systems to far from the ideal shot noise limit [185]. Current state-of the
art SD-OCT systems use high repetition rate (repetition rate quadrupled 320 MHz) SC
sources to average out some of the intensity noise. The intensity noise is common be-
tween all conventional SC sources, and the reason is found in the underlying physics: In
most commercial SC sources, the broadband light is generated by launching a long ps
or ns light pulse through a nonlinear optical fiber. Complex interplay between linear and
nonlinear effects create solitons and DWs that constitute an ultra-wide spectrum covering
several octaves. In the regime of long pulses, the initial broadening of the SC is gener-
ated by non-linear amplification of quantum noise [80], and the resulting spectra are thus
particularly noisy and uncorrelated from pulse-to-pulse, even when launching identical
pump pulses. The short pulse fs regime has long promised low-noise SCG due to coher-
ent spectral broadening [72], but both polarization [138] and nonlinear effects [30] place
severe restrictions on the combination of pulse peak power, pulse width and fiber length
that guarantees low-noise behavior, making short pulsed SC sources more expensive,
less broadband, and with lower power than their long pulsed counterparts. As a result,
fs-based SC sources are only just emerging in the commercial market. Even research
systems have hardly been used in OCT, with the exception of Nishizawa et al. [71, 186]
who demonstrated SD-OCT with a short pulsed SC source. However, this work did not
quantify the noise performance of the laser or analyze the performance in OCT imaging.

We have developed a shot-noise limited SD-OCT system operating around 1370 nm
using an ANDi fiber based low-noise SC source that was specifically designed for this ap-
plication. (The details regarding this SC was provided in section 2.2. It is briefly discussed
here for completeness.) To design a low-noise SC source we employed a fiber with weak
ANDi pumped by a fs pulse, in which case the spectral broadening is dominated by the
coherent processes of SPM and OWB [70, 71]. We ensured that the normal dispersion
is weak and the pulse length was short in order to avoid PR amplified noise [30] and
PMI [138]. An example of spectrogram of a ps pumped SC source, where the spectrum
is dominated by solitons and DWs which temporally and spectrally overlap, was shown in
Fig. 1.2(a). In contrast, the spectrogram of ANDi fiber based low-noise SC has smooth
temporal and spectral profile as was shown in Fig. 1.2(b). Further details on the differ-
ence between and advantages of an ANDi fiber based low-noise SC and a soliton based
SC, were provided in section 1.3.

We first compare, one-to-one, the noise characteristics of the OCT system using two
commercially available SC source, SuperK extremes, operating at 80 MHz and 320 MHz
as well as our ANDi fiber based low-noise SC operating at 90 MHz repetition rate and
demonstrate shot-noise limited performance of the OCT system using our source. We
use all three sources to image a tape-layer phantom, healthy skin, an ex-vivo mouse
retina, and an ex-vivo fat tissue, compare the images, and demonstrate the superiority of
our shot-noise limited SD-OCT utilizing ANDi fiber based low-noise SC.
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4.2 Comparison of ANDi fiber based low-noise SC with con-
ventional SC in SD-OCT

In this section, the experimental setup used in the work is presented. Three different
sources were used to compare and study their noise properties. The noise performance
of the three sources were compared using the spectrally resolved, pulse-to-pulse RIN
measurements.

4.2.1 Experimental setup

The SD-OCT setup, shown in Fig. 4.1, is a Michelson interferometer with an ultra-broadband
50/50 coupler (Thorlabs: TW1300R5A2) splitting the light into a reference arm (arm la-
beled ‘3’) and a sample arm (arm labeled ‘4’). The sample arm contains a two-axis galvo-
scanner (Thorlabs: GVS002) and the light is later focuses using a lens. The spectrometer
in arm labeled ‘2’ has a detection range from 1074-1478 nm with a resolution of 200 pm
(Wasatch Photonics: C-1070-1470-GL2KL). The spectrometer has 2048 pixels for these
wavelengths and a 12 bit quantization for the amplitude. In arm ‘1’ three different sources
were used. For the low-noise source, a fs pump at 1.55 µm (Toptica: Femto fiber) was
coupled into 10 m of GeO2 doped silica based fiber (OFS Denamrk) using an aspheric
lens. The fiber has an ANDi profile. The dispersion of the fiber was measured from 0.86
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Fig. 4.1: Schematic of the SD-OCT set up (L - lens, M - mirror, DM - dichroic mirror,and
PC - polarization controller).

to 2.38 µm using white light interferometry and is plotted in Fig. 4.2(red). The SC gener-
ated in the ANDi fiber spans from 1.28-1.91 µm at -30 dB level. The light out of the ANDi
fiber was collimated using an aspheric lens and a dichroic mirror (Thorlabs: DMSP1500),
labelled ‘DM’, was used cut-off light above 1.5 µm. The light was then free space coupled
into arm ‘1’ of the interferometer using an aspheric lens. The other two sources used
were a SuperK extreme operating at a repetition rate of 80 MHz (NKT Photonics: SuperK
EXTREME EXW-12) and another SuperK extreme operating at a repetition rate of 320
MHz (NKT Photonics: SuperK EXTREME EXR-9 OCT) developed for OCT. The calcu-
lated dispersion of the nonlinear fiber for these sources is plotted in Fig. 4.2 (blue). The
SC was spectrally filtered using a longpass filter at 1.0 µm (Thorlabs: FELH1000) and a
shortpass filter at 1.5 µm (Thorlabs: DMSP1500) and then fiber coupled to arm ‘1’ of the
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Fig. 4.2: Calculated dispersion profile for the nonlinear fiber used in SuperK extreme
(blue) and the measured dispersion of the GeO2 doped silica based ANDi fiber (red).

interferometer. For direct comparison of the images obtained using the three sources, in
each of OCT measurements, it was ensured that the average power in the sample arm
was around 3.5 mW.

4.2.2 Spectra and RIN measurements

The spectra used for the OCT measurements are shown in Fig. 4.3 (red, left axis). When
a fs pulse is used to pump a fiber with weak ANDi profile the spectral broadening is domi-
nated by SPM and OWB. Since these broadening processes are coherent, the fluctuation
of the SC is dominated by the fluctuation only by the pump, which is low. For the SC from
the SuperK extremes the nonlinear fiber has a ZDW around 0.98 µm as shown in Fig. 4.2
(blue), with the ps pump used, the spectral broadening is dominated by MI, which gener-
ates a sea of solitons in the ADR. In this case, the noise property of the generated spectra
is dominated by the amplification of quantum noise which makes the spectra incoherent.
Even though the spectra measured by the OSA shows a flat spectra in Fig. 4.3(a and b,
left axis) there is, in fact, considerable spectral fluctuation from pulse-to-pulse. In order
to quantify these fluctuations we performed spectrally resolved, pulse-to-pulse RIN mea-
surements [112, 114]. The spectrally resolved RIN measurements were performed by
using several 10 nm bandpass filters incremented in their central wavelengths by 50 nm,
then detected by a 5 GHz bandwidth, InGaAs photodiode (Thorlabs: DET08CFC). The
pulse train was recorded with a real time, fast oscilloscope (Teledyne: LeCroy-HDO9404,
4 GHz bandwidth, 40 GS/s). The linear region of the detector was initially determined by
using the band pass filtered spectrum from the pump. During the measurement for the
RIN of the SC, it was made sure that the detector was being operated in this linear regime
by controlling the power incident on the detector (see section 1.7 for further details). The
bandpass filtered SC was coupled into a fiber with a core diameter of 50 µm. This was
then fiber coupled into the InGaAs detector which has an active area diameter of 80 µm.
The peaks of the measured trace, which are proportional to the pulse energy, were ex-
tracted and used to find the RIN= σ/µ, where σ is the standard deviation, and µ is the
mean. The measured RIN values are plotted in the Fig. 4.3 (blue circles, right axis). For
the ANDi fiber based source 45,135 pulses were used for the RIN measurement. RIN
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Fig. 4.3: Spectrum measured using an OSA plotted with reference to the left axis and the
measured RIN plotted with reference to the right axis for the 320 MHz SuperK extreme(a),
80 MHz SuperK extreme (b), and the ANDi fiber based low-noise SC (c).

measured over a wavelength range of 1.30-1.5 µm for the ANDi fiber based SC is shown
in Fig. 4.3(c). The excellent noise property of the ANDi fiber based SC was confirmed
by the low RIN values, which is below 1.1% in the entire wavelength range. For the 80
MHz SuperK extreme, 249,078 pulses were used for the RIN measurement. Fig. 4.3(b)
shows the measured RIN values form 1.25-1.50 µm. The RIN is 18.9% at 1.25 µm and in-
creases to 29.2% at 1.5 µm. Similarly, for the 320 MHz SuperK extreme, 997,288 pulses
were used for the RIN measurement. Fig. 4.3(a) shows the measured RIN values form
1.25-1.50 µm. The RIN is 29.9% at 1.25 µm and increases to 66% at 1.5 µm. These RIN
measurements show that the ANDi fiber based SC has minimal pulse-to-pulse fluctua-
tion. The 320 MHz SuperK extreme has higher RIN than the one operating at 80 MHz.
However, in the OCT system the spectrometer would record lower noise for the 320 MHz
SuperK extreme. This is because the spectrometer averages over time and the 320 MHz
source has four times higher number of pulses than the 80 MHz source, in the same time
interval, and thus has a lower noise level in the OCT set up.

4.3 Characterization of the OCT setup

The three different sources were used to compare and study the effect of their noise
characteristics on the noise properties of the SD-OCT system. The set up was then
characterized for it resolution and sensitivity. As the axial and lateral resolutions are both
around 5 µm, therefore the set up can be described as ultra-high resolution (UHR) SD-
OCT set up.
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4.3.1 Noise characteristics of the OCT set up

Noise characterization of the OCT set up was done in the wavelength range from 1280-
1478 nm with each of the three sources, with the same settings in the spectrometer. The
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Fig. 4.4: The variance in counts versus the mean counts at 1432 nm for the 80 MHz
SuperK extreme (a), 320 MHz SuperK extreme (b), and 90 MHz ANDi fiber based low-
noise SC (c). Comparison of noise plot for the 80 MHz SuperK extreme, 320 MHz SuperK
extreme, and 90 MHz ANDi fiber based low-noise SC, at 1326 nm (d), and 1394 nm (e).
The variance difference between the ANDi fiber based low-noise source and the 80 MHz
SuperK extreme with is typically 12 dB and that with 320 MHz SuperK extreme is typically
10 dB.

sample arm was blocked and the counts measured in the spectrometer were recorded at
various power levels from the power reflected form the reference arm. Figs. 4.4(a-c) are
the representative example for the variance of the three sources as a function of mean
counts at 1432 nm. The circles are the measured values and the solid line is the fit for the
total variance, σ2

tot = σ2
r+d + σ2

shot + σ2
ex. σ2

r+d is the read out and dark (r+d) noise from
the spectrometer which is independent of the power incident on the spectrometer. σ2

shot

is the shot noise, obeying Poisson statistics, and the variance from this term thus scales
linearly with the power incident on the spectrometer. Shot noise can be expressed as,

σ2
shot =

Nc

∆e
. (4.10)

∆e is the dimensionless gain factor of the spectrometer obtained by converting photo-
electrons into counts at the spectrometer output. Nc, the number of counts within an
integration time and is given by,

Nc = Pref (i) +
Psam(i)ητi
h̄ω(i)∆e

, (4.11)
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Pref/sam(i) is the power returned from the reference and sample arm, respectively, which
were incident on pixel i. τi is the integration time. ω(i) is the angular frequency of the light
incident on pixel i. h̄ is Plank’s constant divided by 2π. σ2

ex is the excess photon noise,
in this case, due to the pulse-to-pulse fluctuation from the SC source. The excess noise
scales with the square of the incident power [185].

σ2
ex = RIN(i)2Nc. (4.12)

RIN(i) is the power fluctuation of the (SC) source calculated as

RIN(i) =
σP (i)

µP (i)
(4.13)

=
σP (i)

Pref (i) + Psam(i)
(4.14)

σP (i) is the root mean square error of the power incident and µP (i) is the mean power on
pixel i.

The different dependencies on the power allows for separation of the three terms.
The fitted value for the individual noise terms are plotted as dashed lines Figs. 4.4(a-c).
These measurements in Figs. 4.4(a-b) show that, for the case of 80 MHz and 320 MHz
SuperK extremes the variance of the noise is dominated by excess noise for readings that
exceed 200 counts, corresponding to just 5 % of the 12 bit dynamic range. The excess
noise of the ANDi fiber based low-noise SC, shown in Fig. 4.4(c), never dominates in
the dynamic range of the spectrometer, and for readings over 1000 counts the recorded
variance is shot- noise limited. Figs. 4.4(d-e) show two more representative examples
which compare the variance of each source at wavelengths 1326 and 1394 nm. Here, it
can be seen that the ANDi fiber based low-noise SC improves the noise characteristics
of the OCT system by 12 dB when compared with the 80 MHz SuperK extreme and by
10 dB when compared with the one operating at 320 MHz, for a fixed number of counts.

4.3.2 Sensitivity of the OCT set up

The OCT sensitivity is at it’s maximum when the r+d noise level equals the excess noise
level [187, 188]. In order to compare the OCT performance of the three sources at their
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low-noise SC (blue).
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best noise performance, the counts in the reference arm for the two SuperK extremes
were fixed at around 250 counts, and the ANDi based low-noise source was set at 1000
counts, in all of the following measurements. We did not exceed 1000 counts on average
due to large, but stable, peaks in the ANDi fiber based low-noise SC. To compare the
influence of the laser noise on the A-scans, Fig. 4.5 shows the variance of noise in the
z-domain from the reference arm alone for the three sources, all processed with dark
noise subtraction, normalization to the averaged reference, and apodization. It can be
seen that compared to the 80 MHz SuperK extreme, the ANDi fiber based low-noise SC
provides around 13 dB improvement and compared with the 320 MHz SuperK extreme it
provides around 9 dB improvement, in variance along the axis. The lower noise level for
the ANDi fiber based low-noise SC results in a better background compared to the other
two sources. Figs. 4.6(a-c) show the sensitivity curves for the 320 MHz SuperK extreme,
the 80 MHz SuperK extreme, and the ANDi fiber based low-noise SC respectively, plotted
with reference to the right axis. The maximum sensitivity occurs close to, but not at, 0
OPD, as expected with SC sources [185], due to the sharp increase in the noise floor
close to 0 OPD. The ANDi fiber based low-noise SC provides a 12 dB increase in sensi-
tivity compared to the 80 MHz SuperK extreme, which is the direct comparison in terms
of repetition rate, and 7 dB with respect to the 320 MHz SuperK extreme.
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Fig. 4.6: Sensitivity of a SC-based SD-OCT system. Mean A-scan of a sample mirror at
20 different axial positions with reference to the left axis, and the sensitivity with reference
to the right axis, for the 320 MHz SuperK extreme (a), 80 MHz SuperK extreme (b), and
the ANDi fiber based low-noise SC (c).

The axial resolution of the OCT system is determined to be 5.9 µm, averaged over
all OPDs. No significant broadening was observed at larger OPD. The lateral resolution,
determined by the focal length of the lens in the sample arm and the beam size of the
light onto it, was 6 µm. In OCT, the sensitivity is defined as the minimum sample re-
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flectivity, which gives a signal-to-noise ratio (SNR) of 1. The sensitivity is calculated as
SNRmax = S2

max/σ
2
tot [189]. Smax is the maximum of the detected PSF of the reflector.

For the sensitivity measurements, the reference power was adjusted such that the counts
from the reference only was at the optimum point, 250 for the SuperK extremes [and 1000
for the ANDi fiber based low-noise SC (could not be higher because of the peaks in the
spectrum)], while a mirror was placed in the sample arm. The reflection of the full power
would saturate the spectrometer, so the sample mirror was slightly misaligned to atten-
uate the power collected by the OCT system below the saturation limit. This attenuation
was later added to the signal/noise fraction to obtain the sensitivity. The sensitivity roll-off
of the OCT system when using the 320 MHz SuperK extreme was measured to be 9.5
dB/mm, 8.0 dB/mm when using the 80 MHz SuperK extreme, and 8.8 dB/mm when the
ANDi fiber based low-noise source were used. The sensitivity roll-off characterizes the
signal degradation with the OPD due to both finite pixel size and spectral resolution in the
spectrometer. Integration time of the spectrometer for all of the measurements was 9.1
µs and the spectral line scan rate was 76 kHz.

From the noise and sensitivity characteristics of the OCT system using the three
sources, we see that using ANDi fiber based low-noise SC results in a minimal noise,
highest sensitivity, and more importantly, it is shot noise limited. With this advancement
in ANDi fiber based low-noise sources, large spectral bandwidth based OCT systems can
record images with exceptional resolution, essentially without any excess noise. This is
in contrast to SS-OCT, where it is possible obtain shot-noise limited detection but within
a relatively small spectral bandwidth, which results in poorer axial resolution.

4.4 Images

An image of the experimental set up with the three different sources is shown in Fig. 4.7.
The OCT set up was first characterized for axial resolution using the three sources. The
wavelength region from 1280-1478 nm was used in the OCT measurements and was
found to have an axial resolution of 5.9 µm without significant degradation with increasing
OPD (when the ANDi fiber based low-noise SC was used for e.g., the axial resolution was
5.77 µm at 0.5 mm, which increased to 5.96 µm at 1.8 mm). The lateral resolution was 6
µm. Image were positioned in the negative OPD such that the deeper layers were closer
to OPD = 0 mm. This was to have the sensitivity roll-off work against the scattering of the
sample, such that the deeper layers with weak signal were in the low OPD region with high
sensitivity. All images are shadow corrected using the approach of Girard et al. [190], and
they are plotted on a logarithmic scale. Hamming window was used in the range (1280-
1478 nm), and zeros from 1070-1280 nm. Each of the samples were imaged using the
three sources with the same settings in the OCT system. For the images obtained from
the three sources, each set of images for a sample have the same grey scale limits so
that the images can be directly compared. The value provided for the axial depth, for
each of the image, is the corresponding OPD. In addition to shadow correction, only for
the image with tape layers, the data before the main peak was smoothened by averaging.
It it important to note that images obtained using the ANDi fiber based low-noise SC
should be compared with the ones obtained with the 80 MHz SuperK extreme as they
have similar repetition rates. The images were also taken with the 320 MHz SuperK
extreme to show that even with high noise, averaging a higher number of pulses certainly
improves the images. However, even this (higher averaging by using 320 MHz SuperK
extreme), the OCT system performs poorly when compared with the one using ANDi fiber
based low-noise SC.

For an easy reference to the (A- and B-) scan axes referred in this chapter (which are
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SuperK (80 MHz) SuperK (320 MHz)

ANDi SC

Fig. 4.7: Image of the experimental set up in the laboratory showing the three sources
used in the UHR-SD-OCT set up.

the standard definitions), a schematic for the three scan axes used in OCT is provided
in Fig. 4.8. As the line scan spectrometer used in our experiments had 2048 pixels, the
inverse Fourier transform to the z-domain has 2048 data points. In this inverse Fourier
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transform, from a single line scan measurement, we obtain the information along the
depth (z-axis) of the sample, from a given position on top (or on any other side) of the
sample. This axial scan is referred to as A-scan. A two-axes galvo-scanner is used to
scan in the lateral directions. The galvo-scanner consists of two movable mirrors. A rater
scan is performed by moving one of the mirrors and multiple A-scans are recorded along
an axis (called fast axis of B, as shown in Fig. 4.8). Then the position is incremented (by
moving the other mirror) and the next B-scan (consisting of a set of A-scans) is performed
along the axis. The second axis, called the slow axis of B, as shown in Fig. 4.8. The
naming of the B-scan axes can be understood as follows: The second axis is called slow-
axis of B because A-scan data at a given position in the second lateral axis are obtained
from a set of multiple B-scans done on the first lateral axis and is used in obtaining a
B-scan along the second axis. Data at a desired depth, from multiple B-scans along fast
and slow axes, can be processed and used to get a C-scan as shown in Fig. 4.8.

4.4.1 Tape layers
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Fig. 4.9: 2 × 3 mm single B-scans of tape layers, obtained using 320 MHz SuperK
extreme (a), 80 MHz SuperK extreme (b), and the ANDi fiber based low-noise SC (c).
Averaged A-scan of the tape layer for the three sources (d).

In order to easily compare the image quality from each source, we imaged a stack
of 17 layers of tape. The tape layer image has a dimension of 2 (axial) × 3 (lateral)
mm. The single B-scan images are shown in Figs. 4.9(a-c) for the 320 MHz SuperK
extreme, 80 MHz SuperK extreme, and the ANDi fiber based low-noise SC, respectively.
The ANDi fiber based low-noise SC gives the largest contrast from tape (weak signal) to
adhesive (no signal) as expected. Both the ANDi fiber based low-noise SC and the 320
MHz SuperK extreme are able to see through all layers and to the paper substrate, while
the 80 MHz has trouble recording the bottom layers.

Fig. 4.9(d) shows A-scans at 2.31 mm into the image (lateral axis) and averaged over
146 µm, corresponding to the the dotted box in Fig. 4.9(c). The amplitude of the A-scans
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are offset by 5 dB for clarity and axially shift to overlap at the tape phantom surface. We
see that for the OCT using the ANDi fiber based low-noise SC, the dips are clear until
end of the sample. The ANDi fiber based low-noise SC gives a 5.4 dB contrast in the
second adhesive layer, as illustrated in Fig. 4.9(d). The SuperKs give 2.9 and 3.6 dB for
the 80 MHz and 320 MHz, respectively, suggesting a significant increase with the ANDi
fiber based low-noise SC. As mentioned previously, it is important to note that in order to
assess pulse-to-pulse noise influence in images, the ANDi fiber based low-noise source
should be compared with the 80 MHz SuperK extreme, as they have similar repetition
rates.

4.4.2 Nail fold

To study the difference in images when non-homogeneous samples are imaged using the
OCT system, we first imaged the skin of a healthy volunteer. An index finger nail fold was
imaged and the single B-scan images are shown in Figs. 4.10(a-c). The imaged area of
nail fold has a dimension of 2 × 4.5 mm.

Fig. 4.10: 2 × 4.5 mm single B-scans from a healthy volunteer’s finger where the nail
begins, obtained using 320 MHz SuperK extreme (a), 80 MHz SuperK extreme (b), and
the ANDi fiber based low-noise SC (c) [N - nail, SS- skin surface, ED -epidermis, and D -
dermis].

Comparing the images obtained using the ANDi fiber based low-noise SC and the 80
MHz SuperK extreme, it can be seen that the region around and below the nail, as it goes
into the finger (arrows), is not visible in the image obtained by using the 80 MHz SuperK
extreme. The region is slightly visible with the 320 MHz SuperK extreme, but not to the
same extent as when the ANDi fiber based low-noise SC is used. In addition, skin in the
right side of the image (rectangle), has higher contrast for the ANDi fiber based low-noise
SC and larger imaging depth.

4.4.3 Rough skin of palm

To quantify the increased penetration, we imaged the palm, which has a more regular
surface than the nail fold. The single B-scan images are shown Figs. 4.11(a-c). The
imaged area has a dimension of 2 × 3 mm.

As with the nail fold, the ANDi fiber based low-noise SC shows darker background,
higher contrast, and improved penetration. Fig. 4.11(d) shows A-scans for each source,
averaged across the entire B-scan. The surface was detected, and flattened prior to
averaging. The curves are shifted axially and vertically such that they overlap at the skin
surface, allowing relative comparison of the signals from within the skin. We see that
the epidermis and dermis signals are of similar strength with all three sources, but that
the dark part in the stratum corneum is darker when the ANDi fiber based low-noise SC
is used. Also, the 80 MHz SuperK extreme curve converges on the noise background
at 0.78 mm below the surface, and 0.96 mm when the 320 MHz SuperK extreme is
used, whereas the ANDi fiber based low-noise SC reaches the noise at 1.45 mm below
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Fig. 4.11: 2 × 3 mm single B-scans from a healthy volunteer’s rough skin of palm, ob-
tained using 320 MHz SuperK extreme (a), 80 MHz SuperK extreme (b), and the ANDi
fiber based low-noise SC (c) [SS- skin surface, SC - stratum corneum, ED -epidermis,
and D - dermis]. A-scans of the rough skin of palm, averaged across the entire B-scan
for the three sources (d).

the surface. The OPD at which the signal reaches the noise floor are marked by the
corresponding arrows, for each of the sources, in Fig. 4.11(d).

4.4.4 Mice retina

Fig. 4.12: 1.95 × 2.62 mm single B-scans from a mice retina, obtained using 320 MHz
SuperK extreme (a), 80 MHz SuperK extreme (b), and the ANDi fiber based low-noise
SC (c).

To represent the image quality improvement within ophthalmology, we imaged a mice
retina sealed in epon resine. The thin layers of different cell types and the optic nerve
head of the mice retina tissue can be seen in the single B-scans shown in Figs. 4.12(a-c).
The imaged area shown has a dimension of 1.95 × 2.62 mm. Since the retina is thin and
transparent, all the three sources were able to penetrate to the bottom. Even though all
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the three images do show similar features, it can be seen that the image obtained using
the ANDi fiber based low-noise SC displays higher contrast.

4.4.5 Cutaneous fat tissue

Fig. 4.13: 1.9 × 3 mm human skin biopsy (sample I) averaged over nine single B-scans,
obtained using 320 MHz SuperK extreme (a), 80 MHz SuperK extreme (b), and the ANDi
fiber based low-noise SC (c). Histology of fat tissue (g). Triangles and stars mark tissue
types of cutaneous fat tissue and connective tissue of reticular dermis, respectively.

To further demonstrate the sensitivity enhancement by the ANDi fiber based low-noise
SC, we image a second type of tissue being that of cutaneous fat tissue found in the der-
mis of the skin. A biopsy was extracted according to the procedure of Moh’s surgery. After

Fig. 4.14: 1.95× 3 mm single B-scans from a biopsy (sample II), obtained using 320 MHz
SuperK extreme (a), 80 MHz SuperK extreme (b), and the ANDi fiber based low-noise
SC (c).

defrosting the otherwise contained biopsy, it was imaged with the three different sources.
The result (averaged over nine individual B-scans) are seen in Figs. 4.13(a-c). The in-
creased information content when utilizing an ANDi fiber based low-noise SC, is espe-
cially observed in the depth of the tissue, where the scattering points from the hexagonal-
like structure of the fat tissue, seen in the histology image [Fig. 4.13(g)], is more clearly
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recognized. The improvement is highlighted in zoom-ins given in Figs. 4.13(d-f).
The samples were obtained from Bisbebjerg Hospital, Denmark. Figs. 4.14(a-c) show

the B-scans of another biopsy using the three sources. As this biopsy does not contain
any remarkable features all the three images do look similar. Even then, it can be ob-
served that the image obtained using the ANDi fiber based low-noise SC [Fig. 4.14(c)]
displays higher contrast.

In dermatology, OCT has proved to increase the diagnostic performance of skin can-
cer with an accuracy for basal cell carcinoma of 60% and in melanoma of 40% [191].
Finding the transition between malignant and benign tissue and dismissing cancer tissue
emitators in OCT images is however still very challenging. By imaging nail fold, hand
palm, ex-vivo mice retina tissue, and ex-vivo subcutaneous fat tissue, we documented
a substantial improvement in cell structure transitions, as well as, increased penetration
depth, the latter being ever important in the pursue of recognizing and removing the full
extension of malignant tissue.

With the availability of broadband SC sources, high resolution SD-OCT has become
an excellent diagnostic tool for non-invasive imaging. SC-based SD-OCT in general could
be more useful if the imaging depth could be improved. Presently, pulse-to-pulse fluctu-
ations from the SC source leads to high noise levels and the weaker signal from deeper
part of the sample would be below the noise level, and therefore are not detected. In
this work, we have shown that SC generated using an ANDi fiber with a fs pulse can
be low-noise, enabling UHR, excess noise-free SD-OCT. Current OCT systems that use
a broadband SC source cannot be operated in the shot-noise limited detection regime
because of the severe, inherent pulse-to-pulse fluctuations of the SC. To overcome this
disadvantage in using an SC source, we have developed a low-noise SC based on an
ANDi fiber, pumped by a fs source. The noise performance of two traditional SC sources,
one operating at 80 MHz repetition rate and another at 320 MHz, is compared to that
of our ANDi fiber based low-noise SC source operating at 90 MHz. UHR-SD-OCT was
performed in the wavelength region of 1280-1478 nm, using these three sources and the
advantages of using an ANDi fiber based low-noise SC for SD-OCT is demonstrated.

We have made an one-to-one comparison of the noise properties of an UHR-SD-OCT
system around 1370 nm using an ANDi based low-noise source to the noise properties of
the system when two commercially available SC sources displaying high pulse-to-pulse
fluctuation. Using the ANDi fiber based low-noise, we have demonstrated that UHR-SD-
OCT can now be operated in the shot-noise limited detection regime. With the shot-noise
limited detection, the available sensitivity is no longer determined by the light source, but
by fundamental physics. Around 12 dB improvement in the noise properties of the UHR-
SD-OCT system was achieved by using an ANDi fiber based low-noise SC. From the im-
ages obtained, we have shown that shot-noise limited OCT detection system translates
to better images in terms of both imaging depth and contrast. In general, the UHR-SD-
OCT system using the ANDi fiber based low-noise SC shows darker background, higher
contrast, and improved penetration compared to one using the traditional SC sources.
Noise properties and the images obtained by using 80 MHz and 320 MHz SuperK ex-
tremes show that having a high repetition rate improves the details in the image, when
the sources have high-pulse-to-pulse fluctuation. The ANDi fiber based low-noise, on the
other hand, does not rely on pulse averaging to keep the noise low and is therefore a
prime candidate to take advantage of the ever-increasing spectrometer speeds without
sacrificing image quality.
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5
Comparison of noise properties of
the SC generated in PM and non-PM
ANDi tellurite fibers using DFT tech-
nique
(Results from this chapter is accepted for presentation in the conference publication [IV],
Ref. [192]).

In the fs pump regime, the onset of PMI in a low-birefringence (henceforth referred
to as non-PM) ANDi fibers, depends on pulse duration, fiber length, and peak power
used [138]. Therefore, ensuring that the SC generated in an ANDi fiber to be low-noise
is non-trivial [140]. In the experimental works on the noise studies of SC generated
in ANDi fibers, both polarization maintaining (PM) and non-PM fibers have been used to
demonstrate low-noise SCG. Low-noise SC can be obtained by avoiding PMI by pumping
in one of the principle axes of a PM-ANDi fiber, as can be inferred from the experimental
work involving noise study reported in Ref. [193]. If a non-PM ANDi fiber is used, then,
suitable pump parameters and fiber length has to be carefully chosen in order to avoid
PMI, as can be seen from the experimental results in Ref. [90, 111, 114]. In the case of
non-PM fiber, limitation on fiber length and peak power could limit the spectral broadening
that can be achieved. Although, a previous experiment has shown the importance of
birefringence in ANDi fibers in order to obtain a low-noise SC [138], the varied pump
parameters and different fibers that have been used in other experiments [90, 114] make
it difficult to compare the low-noise property of PM fiber with that of non-PM fiber, as
in these two experiments non-PM fiber was used to generate low-noise SC. This was
because in Ref. [114] a short pulse was used to generate low-noise SC and in Ref. [90]
very low peak power was used. These pump parameters can in effect, avoid the onset
of PMI. In this work, we experimentally demonstrate the superior noise properties of a
PM-ANDi fiber while comparing the noise properties with the non-PM version, pumped
with similar pump parameters, using DFT technique.

5.1 Noise measurement using DFT technique

DFT technique can be used to measure pulse-to-pulse fluctuation in amplitude of a spec-
trum. In our experiments, we used a dispersion shifted fiber (DSF) to time stretch the

73
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temporal pulse from the SC. The stretched time pulse has an intensity profile that is very
similar to the frequency spectrum, as was briefly explained in section 1.7. This can be un-
derstood by solving the nonlinear Schrödinger equation when only dispersion is present.
A short description with a few steps, showing that the temporal intensity after stretching
is related to the spectral information [194], is provided here. The time domain single
polarization-GNLSE [Eq. (1.7)], without the loss and the nonlinear terms, and including
only the second order dispersion in the retarded time frame of the pump can be simplified
to:

i
∂

∂z
A(z, T )− β2

2

∂2

∂T 2
A(z, T ) = 0. (5.1)

Eq. (5.1) can be transformed to the frequency domain as
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where,
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The solution for Eq. (5.3) can be explicitly written as
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ω2z. (5.4)

Ã(0, ω) is the Fourier transform of the initial pulse A(0, T ). It can be shown that for a large
z, using the steepest decent method or the stationary phase method, a pulse propagating
in a linear dispersive medium can be written as,
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Therefore, from Eq. (5.5) we see that for a large linear stretching of the temporal pulse,
the resulting intensity profile is thus similar to that of its frequency spectrum. The temporal
pulse can be transformed to its spectral profile by a simple mapping of the time coordinate
of the stretched pulse to frequency ν, where 2πν =T /(β2L). The frequency ν has the
units Hertz (Hz) and L is the length of the stretching fiber. This way the SC generated
from a nonlinear fiber can be coupled into a stretching fiber and the stretched temporal
pulse can be detected using a large bandwidth photodetector and an oscilloscope. The
temporal pulse is then mapped into the frequency spectrum. A large number of pulses
can be recorded and characterized for pulse-to-pulse amplitude fluctuation [109, 110].
For a length of dispersive fiber with given β2, if a specified resolution from the mapped
spectral pulse is expected, then care has to be taken so that the consecutive pulses do
not overlap after stretching. This might impose a constraint on the repetition rate of the
pump laser that can be used during the DFT measurement. The resolution of the mapped
spectral pulse, in our case was limited by the detection system. The resolution in terms of
wavelength λ, from the detection system is dependent on bandwidth of the photodetector
and the oscilloscope (whichever is smaller), the dispersion of the stretching fiber, and the
length of the stretching fiber [108].

δλ = (B|D|L)−1, (5.6)

where B is the bandwidth of the detection system and D is group velocity dispersion
[obtained by first differentiation of β1(= inverse of group velocity) in terms of λ].
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5.2 Real-time noise study of the SC from PM and non-PM ANDi
tellurite fibers

Tellurite based ANDi fibers were designed and fabricated in ITME, Poland as part of
collaboration within the Initial Training Network (ITN)-SUPUVIR. At first, non-PM tellurite
ANDi fibers were fabricated and SCG in these fibers were studied. The fabrication details
and the spectral broadening that can be obtained can be found in Ref. [132]. The fiber
labeled NL47A4 was used for the study in this work. The SEM of a cross-section of
the fiber is shown in Fig. 5.1(a) and its measured (blue dots) and the calculated (red)
dispersion are plotted in Fig. 5.1(b).
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Fig. 5.1: (a) SEM of the non-PM fiber (NL47A4). (b) Experimentally measured dispersion
(dots) of the fiber along with the numerically calculated (solid line) dispersion (β2) profile.

To compare the noise property of the fiber with its PM version, fibers with high bire-
fringence were later fabricated. SEM of such a fiber labeled NL51A3.2 is shown in
Fig. 5.2(a). Measured (dots, left axis) and the calculated (solid, left axis) dispersion of
the two fundamental modes of the PM-ANDi fiber is plotted in Fig. 5.2(b). The measured
group birefringence (green solid line) between the fundamental modes of the PM fiber is
plotted in Fig. 5.2(b, right axis).
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Fig. 5.2: (a) SEM of the PM fiber (NL51A3.2). (b) Experimentally measured dispersion
for mode I (blue dots) and mode II (red dots) of the fiber along with the numerically
calculated dispersion (β2) profile for mode I (blue solid line) and mode II (red solid line)
are plotted with reference to the left axis. The measured group birefringence between the
fundamental modes is plotted in green with reference to the right axis.
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Pulses with FWHM of 225 fs from an optical parametric oscillator (Coherent: Chameleon
compact) at 1.55 µm center wavelength and a repetition rate of 80.15 MHz was used to
generate SC in these ANDi fibers. A halfwave plate was used after the laser, so that the
input polarization angle into the fiber could be varied. A 40x microscope objective was
used to couple light into the fibers. The SC output from the fiber was then coupled into a
170 m of dispersion shifted-stretching fiber. The stretching fiber had a β2 = 107 ps2/km
and β3 = 0.082 ps3/km at 1.55 µm. The pulse out of the stretching fiber was coupled to a
fast photodetector (u2t: XPDV2120R), which has a bandwidth of 50 GHz. The pulse train
from the photodetector was recorded using an oscilloscope (Agilent: DSA91204A), which
has a bandwidth of 12 GHz (40 GS/s). The pulse train was recorded for 5 µs which corre-
sponds to 400 pulses. The power into the stretching fiber was attenuated to ensure linear
propagation. The FWHM-pulse length of the stretched pulse where ∼3.3 ns (non-PM)
and ∼1.8 ns (PM), when a maximum power was coupled into the ANDi fibers. The tem-
poral pulse was mapped to its spectral coordinates as was explained in section 5.1. The
equivalent spectral resolution of the transformed pulse was 5.8 nm, which was limited by
the bandwidth of the oscilloscope. The average of the transformed pulse, called as the
DFT average is plotted in Fig. 5.3 (black) along with the spectra measured using an OSA
(Agilent: 86142B) (red). A set of measurements were carried out at two different power
levels for non-PM fiber [see Figs. 5.3(a) and (c)] and for the PM fiber [see Figs. 5.3(b)
and (d)]. The InGaAs photodetector used in the experiment limits the measured longer
wavelength edge to 1.67 µm. The DFT spectra fits reasonably well with the measured
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Fig. 5.3: Spectra measured using the OSA (red), DFT averaged spectra (black),and the
ones obtained from the simulations (blue): (a) For the non-PM fiber with E= 0.51 nJ, (b)
PM with E= 0.17 nJ, (c) For the non-PM fiber with E= 0.27 nJ, and (d) PM with E= 0.07
nJ,

OSA spectra for wavelengths longer than 1.35 µm which is the case for Figs. 5.3(b), (c),
and (d). The mapping for wavelengths shorter than 1.35 µm does not match very well
with the spectrum measured with the OSA, as the slope of β3 in the stretching fiber is
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considerable in this wavelength region. Therefore, for the wavelengths shorter than 1.35
µm the DFT spectra and the OSA spectra do not fit very well in Fig. 5.3(a). As the β4

value of the stretching fiber at 1.55 µm was not known, the mapping could not be im-
proved for wavelengths shorter than 1.35 µm, in the DFT measurements. However, this
mismatch at the shorter wavelengths does not affect the conclusions that can be derived.

The length of the PM fiber used in the experiment was 12.6 cm and that of non-PM
fiber was 12.9 cm. The spectral evolution inside the fiber was investigated numerically by
solving the single-polarization GNLSE for the envelope function A(z,t) in the interaction
picture as discussed in section 1.4; using the numerically found dispersion, and including
the effect of wavelength dependent effective area. The Raman response was imple-
mented with a single Lorentzian lineshape model described in Eq. (1.6). The fractional
contribution of the delayed Raman response fR = 0.2, the Raman oscillation period τ1 =
5.5 fs, and the Raman decay time τ2 = 32 fs were used [132]. A Gaussian pulse with
TFWHM = 225 fs was used as the input pulse in the simulations. Numerical simulation
for the fibers with two set of power as in the experiments were carried out. The output
spectra obtained from the simulations by launching pulses with energy, E = 0.51 nJ, into
the non-PM fiber is overlaid with the experimental spectra in Fig. 5.3(a) and the spectra
obtained with the E = 0.27 nJ is overlaid in Fig. 5.3(c) (blue, solid lines). In the two set of
experiments with the PM fiber, the power coupled into the PM fiber was lower than that
into the non-PM fiber. This was probably from the presence of the large hole introduced
to induce birefringence because of which there was higher mode mismatch between the
focused beam and the fundamental modes of this fiber. The output spectrum obtained
from the simulations by launching pulses with energy, E = 0.17 nJ, into the PM fiber is
overlaid with the experimental spectra in Fig. 5.3(b) and the spectra obtained with the
E = 0.07 nJ is overlaid in Fig. 5.3(d) (blue line). A good correspondence between the
experimental and numerical spectra are observed, which means that we can trust the
modeling and use it simulate noise properties of the SC.

To measure the fluctuations from the pump, the pump pulses were attenuated and
coupled directly into the stretching fiber. DFT spectra was recorded with 400 consecutive
pulse and characterized in terms of RIN for pulse-to-pulse fluctuation. The calculated
RIN values were averaged over the FWHM of the pumps bandwidth. The pump pulses
were found to have a RIN was 0.6%. Power was then coupled into one of the principle
axes (slow-axis) of the PM fiber. The DFT average (red) of the spectrum is plotted in
Fig. 5.4(b). The gray lines are the 400 individual spectra. RIN was calculated as the ratio
of standard deviation to mean of the 400 spectra, by bandpass filtering the spectra into
bandwidths of 10 nm and is plotted in Fig. 5.4(a) (blue line).

For the modeling, we calculated the RIN by adding quantum noise δA(t), containing
independent normally distributed real and imaginary parts, in each time bin with width ∆t
of the input envelope function in the Wigner representation. The quantum noise has a
variance of h̄ω0/2∆t, where ω0 is the pump frequency, as detailed in section 1.5. All RIN
calculations were done using an ensemble of 20 independent simulation with different
noise seeds. As the broadening is dominated by SPM and OWB, especially in these PM-
ANDi fibers, the noise in the SC is determined by the technical noise from the pump (as
was discussed in chapter 2). Therefore, in addition to the quantum noise, we added 0.6%
fluctuation in P0 and kept P0T0 a constant, to reflect that in the laser the pulse length
decreases when the P0 increases. This gives the green curve in Fig. 5.4(a), which well
reflects the measured noise.

The input polarization into the PM ANDi fiber was rotated by 90◦ in order to couple
into the orthogonal fundamental-mode (fast axis) of the fiber. Fig. 5.4(d) shows the DFT
average of the spectrum (red) and the 400 individual pulses (gray). RIN of the SC when
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Fig. 5.4: For the PM fiber, E = 0.07 nJ: Measured RIN of the SC when light was coupled
into the ANDi fiber its principle axes (a) and (c) (blue solid line), calculated RIN (a) (green
solid line). The corresponding 400 individual DFT spectra (gray) and the DFT average
(red) are plotted in (b), and (d).

coupled into the fast axes of the fiber is shown in Fig. 5.4(b) (blue-solid line). Similar to
the RIN of the SC when pumped in the slow axis, the RIN of the SC when pumped in the
fast-axis is very low.

Fig. 5.5: For the PM fiber, E= 0.17 nJ: Measured RIN of the SC when light was coupled
into the ANDi fiber its principle axes (a) and (c) (blue solid line), calculated RIN (a) (green
solid line). The corresponding 400 individual DFT spectra (gray) and the DFT average
(red) are plotted in (b), and (d).

Power into the PM fiber was increased by removing the neutral density filter, in order
to study the change in noise properties of the SC with higher in-coupled power. Fig. 5.5
(b) and (d) show the fluctuation in the spectral amplitude when light was coupled into each
of the principle axes of the fiber. Fig. 5.5 (a) and (b) (blue lines) show the corresponding
RIN values. It can be seen that for most of the SC bandwidth from the PM ANDi fiber RIN
is low. Simulations were carried out to numerically calculate the RIN by adding quantum
noise and the technical pump noise. The input pulse energy used in the simulation was
0.17 nJ. The RIN curve obtained from the simulation is plotted in Fig. 5.5(a) (green curve),
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which reflects the measured noise closely for wavelength shorter than 1.6 µm. As the
wavelength longer than 1.6 µm are at edge of the sensitivity curve of the detector, the
noise measurements for wavelengths longer than 1.6 µm might not be reliable.

Fig. 5.6: For the non-PM fiber, E= 0.27 nJ: Measured RIN of the SC when light was cou-
pled into the ANDi fiber its principle axes (a) and (c) (blue solid line). The corresponding
400 individual DFT spectra (gray) and the DFT average (red) are plotted in (b), and (d).

We then studied the noise characteristics of the SC in the non-PM version of the ANDi
fiber. Light was coupled to one of the principle axes of the fiber. SC out of the fiber was
measured using the OSA and is plotted in Fig. 5.3(c)(red) along with the DFT average
(black). Numerical simulation was carried out using the single-polarization GNLSE with
an input pulse energy of 0.27 nJ and is plotted in Fig. 5.3(c) (blue). Pulse-to-pulse noise
measurement was carried out using the DFT technique when the light was launched into
the two principle axes of the fiber. The 400 individual pulses that were measured are plot-
ted in Figs. 5.6(b) and (d) (gray) along with the DFT averages (red). The corresponding
RIN values obtained from the recorded 400 pulses are plotted in Figs. 5.6(a) and (c) (blue
lines). Simulations carried out to numerically calculate the RIN by adding quantum noise
and the technical pump noise included did not show large RIN as was observed in the
experiments. The measured DFT spectra show large fluctuation for wavelength starting
around the pump to longer wavelengths. The large fluctuation could be from PMI [138]
and therefore single-polarization simulation cannot be used to reproduced the measured
RIN.

To further experimentally study the noise properties of the SC from the non-PM fiber,
power into the non-PM fiber was increased by removing the neutral density filter. SC out
of the fiber was measured using the OSA is plotted in Fig. 5.3(a) (red) along with the
DFT average (black). Numerical simulation was carried out using the single-polarization
GNLSE with an input pulse energy of 0.51 nJ and is plotted in Fig. 5.3(c) (blue). Two sets
of pulse-to-pulse noise measurement were carried out using the DFT technique when the
light was launched into the two principle axes of the fiber. The 400 individual pulses (gray)
are plotted in Figs. 5.7(b) and (d) along with the DFT averages (red). The corresponding
RIN values obtained from the recorded 400 pulses are plotted in Figs. 5.7(a) and (c) (blue
lines). In this case, the measured noise is greater than 5% in whole of the bandwidth and
for wavelengths longer than 1.4 µm the experimental RIN values are very high, crossing
50% in at some wavelengths. Noise properties of the SC generated in a non-PM ANDi
fibers is dependent on the peak power, fiber length and more importantly on the pulse
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Fig. 5.7: For the non-PM fiber, E= 0.51 nJ: Measured RIN of the SC when light was cou-
pled into the ANDi fiber its principle axes (a) and (c) (blue solid line). The corresponding
400 individual DFT spectra (gray) and the DFT average (red) are plotted in (b), and (d).

length used. For the parameter sweep done in Ref. [138], it was shown that for pulse
lengths longer than 125 fs, the SC can be very noisy because of PMI. As the pulse length
used in this experiment was 225 fs, the long pulse length used, possibly, leads to high
pulse-to-pulse fluctuation from PMI. Therefore, when long pulses are used to generate
SC in an ANDi fiber, in order to obtain low-noise SC, fibers with high birefringence should
be used.

In conclusion, we characterized the shot-to-shot fluctuation in PM ANDi fiber and its
low-birefringent version, using DFT technique. 225 fs pulse at 1.55 µm from an optical
parametric oscillator was used to generate SC in these fibers. We compared the intensity
fluctuations of the PM version of the ANDi fibers with that of the non-PM version using
similar pump parameters to experimentally show that PMI can play a detrimental role
while attempting to maintain low-noise in non-PM ANDi fibers.



Chapter

6
Directional SCG in fibers: The role
of the soliton
(This chapter is based on the journal publication [2], Ref. [195]).

In the last two decades, research in SCG has gained a massive amount of interest;
especially the use of highly confining waveguides has revolutionized the field. The two
major platforms in play are MSFs and waveguides in nonlinear materials. Here we focus
on SCG using fs pump pulses because it can provide very low noise [80, 138]. Two
key regions are important when considering group-velocity dispersion (β2) of the fiber:
the ADR, β2 <0 and the NDR, β2 >0. SCG with fs pulses in the NDR is caused by
SPM in the early stage and OWB in the later stage, a process caused by an interplay of
chromatic dispersion and FWM between the newly generated spectral components and
the undepleted pump. This results in a simple spectral and temporal shape [70, 72]. SCG
with fs pulses in the ADR is governed by solitons, whose interactions can lead to a large
bandwidth SC, but often a complex spectral and temporal shape. DWs are one of the
key effects when generating SC in the ADR [10, 196–198]. The DWs are generated by
degenerate FWM of the soliton photons, and are generally phase matched outside the
ADR. This significantly extends the SC bandwidth. The DW part of a SC has been used in
many applications, such as confocal microscopy [199], frequency combs [200], lidar [32]
and spectroscopy [201].

A general quest is to broaden the SC, perhaps even towards non-traditional wave-
length regimes. There has been significant effort in using the interaction between two
pump pulses or solitons [202, 203], and between a soliton and a DW [63, 204–206]. Two
pulse collision by means of a soliton and a DW was theoretically shown to produce a
coherent SC, which enables the temporal compression of the pulse. This was achieved
by using cross-phase modulation (XPM) [207–209] between waves as the broadening
mechanism, therefore avoiding soliton fission and modulation instability [210]. The effect
of XPM on Raman solitons was investigated in Ref. [145], and the shift was shown to
depend on the dispersion slope of the fiber. Two-color pulse collisions were also studied
as event horizon analogies [211–213] and for making an all-optical transistor [214]. A key
weakness of the two-color schemes is the need for two input pulses, which complicates
them. Here we show that using a single-pump pulse in the NDR leads to a soliton in
the ADR. The interaction of the NDR pulse and the ADR soliton share great similarity
with the two-color studies. A similar idea based on an input pulse of dark solitons was
investigated in Ref. [215]. An interesting prospect would be to use DWs to enhance the
SC bandwidth and extend it into new regions when pumping in the NDR. While it was
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shown to be possible to generate DWs even without solitons [216–219], the generated
DWs are extremely weak. However, an interesting recent experiment used a silicon ni-
tride waveguide with two ZDW [220]: Here the ADR is sandwiched between two NDRs.
When pumped in the IR NDR, the authors found a cascade process eventually generated
DWs in the visible NDR. It was also shown that the generated spectrum is coherent. The
cascade process was explained by considering DWs generated by both the initial pulse
and a compressed DW in the ADR. Here, we investigate this scheme further and show
that wave interaction in the ADR plays an important role. The starting point was silica
MSF with two ZDWs. In such a fiber, we first study SCG pumping in the IR NDR in which
case a directional extension of the SC into the second NDR, in the visible is observed.
This coins the phrase directional SCG, and in this work we use numerical simulations to
investigate the nonlinear processes behind directional SCG. We find that the edge of the
SPM broadened pump pulse in the NDR will leak into the ADR, in which solitons can form.
The soliton will then be repelled from the ZDW and move across the ADR, which hap-
pens due to XPM from the pulse in the NDR. It is the degenerate FWM from the soliton
and non-degenerate FWM between the soliton and the continuum in the pump-NDR that
will lead to the formation of DWs with significant spectral densities in the second NDR.
By choosing to pump in the NDR located either at shorter or longer wavelength than the
ADR, one can “direct” the SCG process towards the other NDR.

We show that by tailoring the dispersion profile of the MSF, 1.1 octave SC spanning
from 0.765 µm to 1.85 µm can be generated by using a 1.56 µm femtosecond pump
laser. Importantly, MSF with a similar dispersion profile generates a SC from 0.72 µm to
1.47 µm when pumped at 0.837 µm, i.e. when the SCG process is directed towards the
longer wavelengths. The similar bandwidth with very different input wavelengths clearly
demonstrates the directional broadening of the scheme. It is shown that the chosen dis-
persion profile allows for the generation of two pulse interactions by generating a soliton
in the ADR, even when pumped in the NDR. As the spectrum mainly broadens through
the ADR, the direction of the spectral broadening can be controlled by either changing
the pump wavelength or the dispersion profile of the MSF. The tunability of the spectrum
allows the generation of broadband spectrum in the spectral area needed for a specific
application.

6.1 Directional SCG: DWs

MSFs have facilitated the study of SCG owing to the flexibility in obtaining a desired
dispersion profile and ease in handling the fibers. SCG with fiber as a nonlinear medium
has an additional advantage that it can be used to build an all-fiber compact set up with
ease of alignment and portability. Due to their wide spread use in telecommunications,
various silica fiber fabrication techniques are well understood. Silica fibers can have a
low loss transmission window from 0.4 µm to 2.0 µm [221, 222]. Thus, silica MSF would
be a natural choice for study of directional SC using a tabletop fs fiber laser at 1.56 µm.
Here we analyze directional SC in a silica MSF with two ZDWs.

The pure silica MSF (referred to as fiber I), we consider has a Λ = 2.0 µm, and d
= 0.680 µm. The modes in the fiber were found by using a full-vectorial finite-element
method. The numerically calculated dispersion of the fiber is plotted in Fig. 6.1. The
dispersion profile of the MSF was optimized to ensure that the 1.56 µm pump laser is in
the NDR, but close to the ADR. The fiber has ZDWs at 1.063 µm and 1.488 µm as can
be seen from Fig. 6.1. For convenience, the wavelength region below 1.02 µm is called
NDR I, the wavelength region between 1.063 µm and 1.488 µm is called ADR I, and the
wavelength region above 1.488 µm is called NDR II, as labeled in Fig. 6.1. The fiber has
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Fig. 6.1: fiber I: Group velocity dispersion (β2) of the MSF as a function of wavelength.
The dashed horizontal line is the zero-dispersion and the dotted vertical line marks the
pump wavelength at 1.56 µm. The inset shows the fundamental mode obtained.

a γ = 7.65 W−1km−1 and an Aeff = 13.8 µm2 at the pump wavelength of 1.56 µm.
The directional SCG process was studied by numerically solving the GNLSE. The

time domain GNLSE was transformed to frequency domain interaction picture (IP) as dis-
cussed in section 1.4. The complete β(ω) profile and the effect of wavelength dependent
Aeff was included. R(T), the material Raman response function with a single Lorentzian
lineshape model [Eq. (1.6)], with the parameters fR = 0.18, τ1 = 12.2 fs, and τ2 = 32 fs,
was used [97] in the simulations. The simulation included the confinement loss found in
the simulation in addition to the estimated material loss. The material loss accounts for
the loss arising from pure silica as described in Ref. [141] (neglecting the imperfection
loss).

The input pulse considered for the study has a sech profile, centered at 1.56 µm with
TFWHM of 125 fs and the peak input power is 9 kW, corresponding to a pulse energy of
1.28 nJ. The repetition rate used is 90 MHz, which is used to calculate the power spectral
density (PSD). The spectrum obtained after 1 m of the fiber is plotted in Fig. 6.2(a), while
(b) shows the spectral evolution along the length of the fiber.

Initially, the spectrum broadens from SPM in NDR II, and the shorter wavelength part
of the spectrum leaks into the ADR I. The leaked pulse in the ADR I develop into a
soliton, which is subsequently repelled from the NDR II continuum. The repulsion can be
explained by the XPM between the two pulses [213], resulting in the frequency change
from

∂ω(T ) ∝ −γ1L

π

∂

∂T
|A2(L, T )|2, (6.1)

where L is the interaction length for the two pulses, ∂ω(T ) denotes change in instanta-
neous frequency of the first pulse, γ1 is the nonlinear coefficient at the wavelength of
the first pulse. |A2|2 is the power of the second pulse. As seen by the derivative in
Eq. (6.1), the change in the frequency caused by the interaction with the second pulse
depends on the whether the interaction happens at the leading or the trailing edge of the
second pulse. By properly locating (delaying or advancing) the ADR pulse with respect
to the NDR pulse, efficient blueshift or redshift of the ADR pulse is achieved. As seen
in Fig. 6.2(d), the soliton overlaps in time domain with trailing edge of the NDR II pulse,
therefore the soliton blueshifts because of XPM.
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Fig. 6.2: Directional SCG in an MSF pumped at 1.56 µm with 9 kW peak power. (a) The
PSD at the beginning (dashed) and end of the fiber (solid curve). (b) Spectral evolution
along the length of the fiber. The empty circle at 0.876 µm and 1.999 µm are the calcu-
lated wavelength at which the DWs are generated from phase-matching condition for the
soliton at 1.20 µm alone after 0.5 m of propagation in the fiber. The downward pointing
triangle at 0.819 µm is the calculated wavelength with J= −1 condition in Eq. (6.2), at
which DW are generated from the non-degenerate FWM of the part of the pump at 1.649
µm in NDR II and the soliton after 0.5 m of the fiber. The triangles pointing upwards at
1.649 µm and 1.765 µm are the calculated wavelength with J=1 condition in Eq. (6.2),
at which DW are generated after 0.5 m of the fiber. (c) Dispersion relation of the fiber in
the soliton’s group-velocity frame after 0.5 m of propagation in the fiber (solid curve). The
dashed lines are the wavenumbers for J= −1, 0, 1 cases as labeled. The intersection
points between the full line and the dashed lines are calculated phase-matching wave-
lengths for the generation of DWs. The dotted vertical lines in figures (a),(b), and (c) are
the ZDWs. Temporal evolution along the length of the fiber (d).

As the soliton reaches the edge of the ADR I it sees a barrier [223], and the soliton
stops blueshifting. By this time, the initial pump pulse in the NDR II has temporally spread,
greatly reducing the peak power. Therefore, the XPM felt by the soliton is reduced. At
around z = 0.5 m we see the formation of several DWs [see Fig. 6.2(b)]. Generation
of DWs by a soliton is controlled by phase-matching conditions. A consequence of the
specific phase-matching condition is that the DWs are generated outside the ADR. The
soliton only phase matches one DW on each side of the ADR. Therefore, it is observed
that DWs from the soliton alone do not explain all the DWs present in the spectrum. Here
we explain the origin of the new DWs as non-degenerate FWM of the soliton and the
pulse in the NDR II. The phase-matching conditions of both the degenerate and non-
degenerate case is given by [224]

βlin(ωd) = J [βlin(ωp)− βsol(ωp)] + βsol(ωd);

for J = −1, 0, 1,
(6.2)



85 6.1. Directional SCG: DWs

where,
βsol(ω) = βlin(ωs) + β1(ωs)[ω − ωs] + qsol. (6.3)

Here βlin is the dispersion relation of the medium, ωp denotes the center of the broadened
pump spectrum that overlaps with the soliton in time, ωs denotes the center frequency of
the soliton, ωd denotes the frequency of the DW and qsol is the soliton wavenumber. qsol
has negligible contribution towards the calculated phase-matching wavelengths and is
not included in the calculations.

The distinct features of the spectral evolution shown in Fig. 6.2(b) can be explained
as follows. The pump is in the NDR II, and the spectrum initially broadens from SPM.
A part of the spectrum spreads into the ADR I and develops into a soliton. Initially, the
soliton blueshifts from XPM induced from a part of the pump in NDR II that overlaps in
time. The soliton shifts towards the shorter ZDW. The center wavelength of the soliton
is 1.20 µm at 0.5 m of the fiber. The phase-matching points for the case at z = 0.5 m
is graphically represented in Fig. 6.2(c). The points intersecting the dispersion relation
of the fiber in the soliton’s group-velocity frame (βlin(ω) − β1(ωs)[ω − ωs] with the J=0
line are the wavelengths at which the DWs directly from the soliton are generated. The
empty circles plotted in Fig. 6.2(b) marks the calculated phase-matching points where
the DWs are expected to be generated. It can be seen that calculated points agree very
well with the DWs that are generated. The DWs from the soliton alone does not explain
all the DWs observed in the spectral evolution at 0.5 m of propagation in the fiber, as
can be seen in Fig. 6.2(b). The new DWs are well explained by considering them as
DWs generated from the non-degenerate FWM of the part of the pump at 1.649 µm in
NDR II that overlaps in time with the soliton at 1.20 µm. This is shown in Fig. 6.2(c) and
explained using Eq. 6.2. The phase-matching wavelength obtained from J= −1 condition
is marked as triangles pointing down in Fig. 6.2(b). It is important to note the presence of
another DW at a shorter wavelength in NDR I, next to the one generated by the soliton.
This DW is the result of non-degenerate FWM of the soliton at 1.20 µm and the part of
the pump that overlaps in time at 1.649 µm which leads to a phase-matching at 0.819
µm. It can be seen that J= −1 condition explains very well the origin of the DW next to
the soliton’s DW. It is interesting to note that the band of wavelength generated at around
1.75 µm can be explained as the DWs generated from the non-degenerate FWM of the
soliton at 1.20 µm and the part of the pump that overlaps in time at 1.649 µm. This is
the result of phase matching from the J=1 condition. The DWs predicted from the J=1
condition are plotted as the upward pointing triangles in Fig. 6.2(b).

Further propagation spreads out the power in the NDR II, and the soliton does not
experience XPM from the pulse in the NDR II region anymore. The soliton, which is at
the edge of the ADR I, begins to redshift from Raman-induced self-frequency shift. The
spectrum obtained after 1 m is plotted in Fig. 6.2(a). The spectrum at the end of the
fiber spans from 0.765 to 1.85 µm at -45 dB level from the peak with 272 nm broaden-
ing towards the longer wavelengths, and 795 nm towards the shorter wavelengths from
the 1.56 µm pump. An enhanced spectral broadening towards the shorter wavelengths
is observed. The directionality of the broadening is caused by the blueshifting of the
wavelengths in the ADR and the emission of DWs towards the visible wavelengths.

In Fig. 6.3 we show a calculated spectrogram at 0.5 m propagation distance. At this
stage the continuum in NDR II is well developed, and the blue trailing front has leaked into
the ADR, generating the soliton. The soliton has experienced repulsion away from the
long-wavelength ZDW. At this stage, it has generated several DWs in NDR I. In the plot we
also show the accumulated dispersion delay calculated as TAD(λ, z) = [β1(λ)− β1(λ0)]z
where β1(λ) is the wavelength-dependent inverse group-velocity. This line indicates
where the colors will be if they were all injected at z = 0. Observing this line, it is clear
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Fig. 6.3: Spectrogram at 0.5 m calculated with a 18 fs gating pulse. The full black line
shows the accumulated dispersion delay.

that this allows the soliton to eventually interact with the entire continuum as it propagates
along the fiber: As the leaking front enters the ADR, the pulse will namely experience an
acceleration and thereby be pulled through the continuum from the trailing to the leading
edge. It is during this process that XPM between the continuum and the soliton will keep
transferring energy to the DWs in NDR I.

In the initial reporting on directional SCG [220], the process was interpreted as a
cascade DW phenomenon. Below it will be argued that exciting a soliton in the ADR I is
important for understanding the outcome of the phase-matching conditions. To confirm
this, the launching of two pulses were implemented in our simulations. As a test case
we modeled the collision of a strong pump in the NDR II with an N = 1 soliton in the
ADR I. Specifically, we simulated a 1.1 nJ, 176 fs Gaussian pulse (5.88 kW peak power)
centered at 1.6 µm in NDR II colliding with a 0.6 pJ, 36 fs soliton pulse (1.46 kW peak
power) centered at 1.26 µm in the ADR I. The low power is chosen for clarity of the
interactions. The pulses are initially offset by 99 fs.

Figure 6.4(b) shows the spectral evolution of the two pulses as they interact in the
fiber. First we see that the pulse in NDR II broadens to a continuum because of SPM,
at the same time the soliton in the ADR I is blueshifted towards shorter wavelengths.
This happens as the soliton is overlapping with the trailing edge of the pulse in NDR II.
Therefore, the XPM-induced spectral chirp is towards the short wavelengths. At around z
= 10 cm, the soliton completely overlaps with the pump, and we observe the generation
of a strong DW below 0.8 µm in NDR I. This is the non-degenerate FWM case with
J = −1 between the soliton and the SPM-broadened pulse in the NDR II regime. The
process quickly saturates when the latter depletes and all the photons are converted
into the continuum [70]. At z = 21 cm the soliton emits another dispersive wave caused
by degenerate FWM. At around z= 25 cm the continuum in NDR II broadens until 1.72
µm, which is the typical shoulder found after the onset of wave-breaking of the red pulse
front of the NDR I non-solitonic continuum. This process occurs due to FWM between
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Fig. 6.4: Two-pulse model where the fiber is pumped at 1.6 µm with 176 fs, 5.88 kW
peak power and a soliton state is injected at 1.26 µm with 36 fs, 1.46 W peak power. (a)
Spectrum at the output of the fiber (solid curve) and the input (dashed). (b) Simulation
of spectral evolution of a fundamental soliton colliding with a pulse in the NDR II. The
vertical dotted lines mark the ZDWs in both the figures.

the SPM-broadened continuum and the undepleted pump that is temporally broadened
due to dispersion. The overall evolution is similar to the evolution in the single-pulse
simulation seen in Fig. 6.2(b). Figure 6.4(a) shows the spectrum (solid curve) after 1 m of
propagation in the fiber, and qualitatively the generated spectrum is similar to the single-
pump spectrum, both in terms of bandwidth and spectral shape with DWs in the 0.75-0.90
µm region and a bandwidth from 0.75 µm to 1.85 µm. This confirms our interpretation
that the spectral broadening observed in the single-pulse simulation is well understood by
considering the two-color interactions between a soliton in the ADR I and a non-solitonic
continuum in NDR II.

We have observed that the 1.56 µm pulse propagating through the fiber with two-
zero dispersion broadens towards the visible. To investigate the cause of directionality
of the SCG, the wavelength of the single-pulse simulation, we use a MSF with similar
dispersion profile as in Fig. 6.1. The fiber (referred to as fiber II) used for the simulation
with a 0.837 µm pump has a Λ = 1.44 µm and d = 0.634 µm. The numerically calculated
dispersion of the fiber is plotted in Fig. 6.5. The fiber has ZDWs at 0.928 µm and 1.18
µm as shown in Fig. 6.5. The fiber has a γ = 56 W−1km−1 and an Aeff = 3.5 µm2 at the
pump wavelength of 0.837 µm.

The simulation was carried out with sech pulse with TFWHM = 60 fs centered at 0.837
µm and 7.2 kW peak power. The spectral evolution and final spectrum can be seen in
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Fig. 6.6. Similar to the 1.56 µm pump case, the spectrum initially broadens from SPM and
OWB, in NDR I. As the spectrum broadens, it spreads into the ADR I. At z = 14 cm, a DW
at 1.45 µm is created by FWM between the ADR I peak and the NDR I continuum. The
pulse in the ADR I develops in a soliton and experiences Raman-induced self-frequency
shift. At around z = 25 cm, the soliton reaches the long wavelength zero dispersion.
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Fig. 6.6: Directional SCG in the fiber pumped at 0.837 µm with 7.2 kW peak power. (a)
Spectrum at the end of the fiber (solid curve) and the pump (dashed). (b) The spectrum
evolution in the fiber as a function of propagation distance. The vertical dashed lines
marks the ZDWs in both the figures.
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The soliton then generates a DW across the ZDW and in NDR II, as seen in Fig 6.6(b).
The final spectrum has a bandwidth from 0.72 µm to 1.47 µm. This gives a broadening
of 117 nm towards the shorter wavelengths and 633 nm broadening towards the longer
wavelength. A similar spectral evolution as in the 1.56 µm pump case is observed, but
this time it is directed towards the IR. From this it is concluded that the spectrum mainly
broadens towards the direction of the ADR.

6.2 Soliton repelled into NDR

To further study the effect of XPM induced by the part of pump pulse in the NDR II over-
lapping in time with the soliton, we go back to fiber I. Now, the peak power is increased
to 20 kW (from 9 kW) with all the other parameters remaining the same (sech pulse with
TFWHM = 125 fs centered at 1.56 µm). The spectrum obtained after propagating 1 m
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Fig. 6.7: Directional SCG in an MSF pumped at 1.56 µm with 20 kW peak power. (a) The
PSD at the beginning (dashed) and end of the MSF (solid curve). (b) Spectral evolution
along 1 m of the fiber. The vertical dotted lines in both the figures are the ZDWs.

of fiber is plotted in Fig. 6.7(a), and the spectral evolution is shown Fig. 6.7(b). It can be
observed that similar to the 9 kW case, the spectrum initially broadens from SPM in NDR
II and a part of the spectrum spreads in to the ADR I. There it forms a soliton, which is
repelled by XPM from the NDR II continuum, resulting in a soliton blueshift just like in the
previous cases. The spectrogram at z = 0.122 m in the fiber is shown in Fig. 6.8(a). It
can be seen from the Fig. 6.8(a) that the co-propagating broad pulse in NDR II overlaps
in time with the soliton in ADR I and that it emits DWs on the short wavelength side. The
spectrogram calculated at z = 0.122 m is bandpass filtered from 1.1 to 1.5 µm to see the
pulse in ADR I. The temporal profile and the spectrogram in Fig. 6.8(c) shows that the
pulse at 1.16 µm is indeed a soliton. Interestingly, as the soliton encounters the ZDW bar-
rier, it does not recoil as seen in the previous cases, but continues through. This can be
qualitatively explained as follows. Compared to the 9 kW case, the repulsion velocity in
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this case is much higher, as a higher peak power (20 kW) is launched into the fiber. This
makes the pulse in NDR II much stronger than in the 9 kW case. Thus, the XPM experi-
enced by the soliton is much greater, resulting in a higher repulsion velocity towards the
shorter wavelengths. The spectrogram in Fig. 6.8(b) shows the soliton being “pushed”
into the NDR I. Once in NDR I, the pulse continues to blueshift until the power in the
NDR II spreads out and there is no more XPM experienced by the pulse. As more of the
spectrum from the NDR II spreads into the ADR I it develops into solitons and gradually
redshift from Raman-induced self-frequency shift.
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Fig. 6.8: Spectrograms for an input peak power of 20 kW calculated with a gating function
of 20 fs: (a) at z = 0.122 m, showing the soliton in the ADR I and the co-propagating
pulse in NDR II; (b) at z = 0.167 m, shows the soliton being pushed into the NDR I. (c)
Spectrogram numerically bandpass filtered form 1.1 to 1.5 µm to show the spectral and
temporal profile in the ADR I at z = 0.122 m.

A future challenge is to understand why the soliton passes the ZDW barrier and how
come it does not recoil; we did confirm that it is a soliton in the ADR that we see in the
spectrum as shown in Fig. 6.8(c), but as soon as it encounters the ZDW it passes through
and starts developing a chirp due to the normal-dispersion. A possible explanation is that
due to the higher repulsion velocity, the soliton encounters the ZDW at a more rapid pace
than the previous cases, and while it starts to shed energy into the DW just above 0.8 µm
in NDR I, the accompanying spectral recoil is not enough to stop the soliton from passing
the ZDW.

6.3 Soliton boomerang effect

In the study of XPM induced blueshift on the soliton using fiber I, the soliton reaches the
short wavelength zero dispersion in the 9 kW peak power case, and crosses the short
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wavelength zero dispersion in the 20 kW peak power case. In the 9 kW case, the soliton
after experiencing the blueshift later redshifts. In the 20 kW case, the XPM induced shift
is able to ‘push’ the soliton in the NDR. We wanted to (experimentally) study the effect of
XPM induced blueshift without any influence from the short wavelength zero dispersion,
when pumped in NDR II. So, we have chosen a silica based MSF with two ZDWs, which
has a far enough separation of the ZDWs (another requirement was that the fiber was
available from a manufacturer).

The fiber (referred to as fiber III) used for the simulation (and procured from NKT
Photonics) with 1.975 µm pump has a Λ = 1.46 µm and d = 1.1 µm. The numerically
calculated dispersion of the fiber is plotted in Fig. 6.9(b). The fiber has ZDWs at 0.744
µm and 1.842 µm. The fiber has a core diameter of 1.8 µm, γ = 24 W−1km−1, and an
Aeff = 3.48 µm2 at the pump wavelength of 1.975 µm. The SEM corss-section of the
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Fig. 6.9: (a) SEM of the fiber cross-section. (b) Group velocity dispersion (β2) of the
MSF as a function of wavelength. The dashed horizontal line is the zero-dispersion.
The dotted curve is the numerically calculated dispersion and the solid curves are the
measured dispersion.

MSF is shown in Fig. 6.9(a). Dispersion of the fiber was experimentally measured by
white light interferometry technique as explained in section 1.6. The solid green curve
is the experimentally measured dispersion in the wavelength region from 0.85-1.63 µm.
The solid blue curve is the experimentally measured dispersion in the wavelength region
from 1.2-2.2 µm. As can be seen from Fig. 6.9(b), the measured dispersion agrees well
with the calculated dispersion and therefore, can be used to accurately model the SC
evolution in the fiber.

Our aim is to study the initial XPM induced blueshift on the soliton from the part
of the pump in the NDR II and later the Raman-induced self-frequency redshift, on a
single soliton. A large set of simulations, where the parameter space consisting of center
wavelength, pulse length, peak power, and fiber length was swept to obtain an optimized
input parameter values to observe the desired effect. It was found that for fiber III, the
effects mentioned above can be clearly observed for a pulse with TFWHM = 150 fs with
24 kW peak power centered at 1975 nm.

The simulation carried out using a 150 fs TFWHM = pulse with 24 kW peak power
centered at 1975 nm is shown in Fig. 6.10. It can be seen from Fig. 6.10(a) that initially
the pulse broadens from SPM and a part of the pulse crosses into the ADR I and develops
into a soliton. The soliton experiences XPM induced blueshift from the part of the initial
pulse in the NDR II, which has higher peak power and overlaps in time with the soliton.
The XPM induced blueshift is given by Eq. (6.1). From the 1.842 µm long-zero disper-
sion wavelength the soliton is blue shifted until 1.412 µm when the propagation length is
16 cm. By this time, the initial pump pulse in the NDR II has temporally spread, greatly
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Fig. 6.10: Soliton boomerang effect with a 150 fs TFWHM = pulse with 24 kW peak
power centered at 1975 nm. (a) PSD evolution showing a single soliton in ADR I, which
initially blueshifts and later redshifts along the 1 m length of the fiber. (b) Corresponding
Temporal evolution in linear scale.

reducing the peak power. Therefore, the XPM felt by the soliton is reduced. At this stage,
the soliton starts to redshift from Raman-induced self-frequency shift. By the propagation
length of 0.72 m, the soliton redshifts all the way back to the long wavelength zero disper-
sion. As the soliton initially starts at the long wavelength zero dispersion (1.842 µm) and
after reaching 1.412 µm, comes all the way back to the long wavelength zero dispersion,
we call this the ‘soliton boomerang effect’.

The numerical simulation were carried out at 1 kHz repetition rate because of which
the PSD profile plotted in dBm/nm [see Fig. 6.10(a)] has very low values. The corre-
sponding temporal evolution along the length of the fiber is shown in Fig. 6.10(b). [Note:
The experimental study of soliton boomerang effect was set up using an optical paramet-
ric amplifier (OPA). The OPA had a repetition rate of 1 kHz. The OPA had a 50 fs pump
(chirped pulse amplifier) centered at 800 nm. The barium borate (BBO) crystal in the
OPA was changed to a longer length BBO crystal, in order to obtain a TFWHM around
150 fs, in place of the standard 50 fs pulse, at the desired 1975 nm, out of the OPA’s
idler pulse. To ensure that the TFWHM was around 150 fs the pulse out of the OPA was
passed through a bandpass filter with 41 nm FWHM centered at 1975 nm (Spectragon:
NB-1970-048 nm). The spectra were measured using OSA in trigger mode. The experi-
mental set up was built to study soliton boomerang effect, however, because of the time
constraints during the end of the work, the experiment was not completed.]

In conclusion, we have investigated a directional SCG scheme where the fiber has an
ADR surrounded by two NDRs. When pumping in one of the NDRs, the SC broadening is
directed mainly through the ADR and towards the other NDR. This directional broadening
is shown to be caused by a 3-step process. First, since the pump is in the NDR, it
broadens due to SPM into a typical normal-dispersion continuum, where each pulse front
broadens both spectrally and temporally. The second step is when one of the pulse
fronts reaches the ZDW. It leaks into the ADR, and a soliton forms in the ADR as the
anomalous-dispersion compensates for the accumulated nonlinear phase. The soliton is
repelled spectrally from the continuum in the NDR due to XPM between them. The third
step is formation of DWs in the other NDR, which occurs either as direct FWM with the
soliton or as non-degenerate FWM between the soliton and the continuum in the other
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NDR (i.e. an XPM-initiated process). In this process the soliton repulsion is stopped, and
it recoils at the second ZDW.

The directional SCG process was investigated through numerical simulations in silica
based MSF. We found that when pumping at 1.56 µm with a fs laser, the SC was directed
towards shorter wavelengths, while when using a 0.84 µm fs pump, the SC was directed
towards longer wavelengths. We also investigated using a higher pump power and found
that the soliton gained a stronger repulsion velocity and higher peak power; and instead
of recoiling at the other ZDW, it simply crosses the ZDW into the NDR. It remains to be
discovered exactly why this happens, it is believed to be caused by the high repulsion
velocity preventing the soliton to emit enough dispersive waves for the spectral recoil to
overcome the XPM repulsion.

Finally, an interesting effect named soliton boomerang effect is numerically investi-
gated. To study this effect, we used a MSF with two ZDWs, where the short wavelength
zero-dispersion is far away from the long wavelength zero-dispersion. Using optimized
pump parameter we have shown that a soliton can be made to initially blueshift away from
a wavelength and then redshift back to the same wavelength.





Chapter

7
Conclusion and Outlook
One of the aims of the project was to achieve low pulse-to-pulse fluctuation in the gener-
ated SC. We therefore, stuided fs pumped SCG utilizing normally dispersion fibers. The
short pulse (fs pumped) regime has long promised low-noise SCG using ANDi fibers, due
to coherent spectral broadening [72]. In addition, SC from an ANDi fiber based source
can be spectrally flat and is made of single pulse in time. This is advantageous in many of
the application where the dynamic range of the photodetector is restricted (spectral flat-
ness helps here) and also in temporally resolved measurements (single temporal pulse
helps here). However, achieving low-noise in fs pumped SCG utilizing ANDi fibers is not
trivial, especially when the birefringence of the fiber is low. Both polarization [138] and
nonlinear effects [133] place severe restrictions on the combination of pulse peak power,
pulse length and fiber length that guarantees low-noise behavior, especially when fiber
with low-birefringence is used.

In order to generate low-noise SC, we designed and fabricated a pure silica based
normal dispersion fiber optimized to be pumped at 1.55 µm. To improve confinement and
reduce the loss, we used a non-uniform hole diameter design with 11 rings where rings 4
to 11 have an increased diameter. To get a broad bandwidth of weak normal dispersion
around 1.55 µm with the chosen fiber design, we had to accept the presence of a ZDW
at 1.8 µm. One might imagine that broadening of the SC into the ADR might still result in
low-noise SC if the number of soliton are very low. It however, turns out not to be true. As
the soliton group velocity matches to the SC in the NDR, even a single soliton in the ADR
results in high-noise localized spectral features in the NDR. Therefore, our results using
the novel MSF for low-noise normal dispersion SCG at 1.55 µm, demonstrate that a long
wavelength zero dispersion can be tolerated, as long as the peak power is sufficiently
low to avoid power crossing into the ADR. Later, in order to obtain a broader SC with
low-noise, we used germania doped silica based ANDi fiber.

As the weak normal dispersion profile of the fiber is crucial to generate low-noise SC,
a white light interferometric set was built during the project, to experimentally verify the
dispersion in the vis-NIR. A 125 fs TFWHM fiber laser with a center wavelength at 1.56
µm was used in the SCG experiments. Spectrally resolved narrow-band RIN measure-
ments were performed to study and demonstrate the low pulse-to-pulse fluctuation in the
generated SC. The technical pump laser noise was included in the simulation and was
shown that for low-noise ANDi SC, it strongly dominates quantum noise and becomes
essential in determining the SC noise. Three SC spectra with different configuration of
ANDi fiber and fiber length were studied and shown to be low-noise. (1) The SCG from
the 3 m length of pure silica MSF with weak normal dispersion generated SC spanning
1.34-1.8 µm. (2) The SCG from the 3 m length of germania doped silica based ANDi fiber
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generated SC spanning 1.33-1.88 µm. (3) The SCG from the 10 m length of germania
doped silica based ANDi fiber generated SC spanning 1.28-1.91 µm.

We used the SC from 3 m fiber to demonstrated that low-noise SC sources based on
ANDi fibers pumped by fs pulses, can fill the existing lack of a broadband and coherent
light source in the NIR regime that is suitable for nano-FTIR spectroscopy in demodula-
tion based apertureless s-SNOM. Using approach curves and nano-FTIR measurements
it was shown that the traditional, commercial SC sources are not suitable for demodu-
lation based apertureless s-SNOM. It is because of the reason that the amplification in
apertureless s-SNOM, the signal contribution of the 3rd and 4th demodulation order of the
s-SNOM signal can be as much as 1%. With strong noise level which increases with the
demodulation order, s-SNOM cannot be performed with the commercial SC sources, as
they display high pulse-to-pulse fluctuation. With the low-noise ANDi fiber based SC, we
performed s-SNOM based broadband nanospectroscopy to study SPPs at 40 nm spacial
resolution on high quality monocrystalline goal-flakes. We were able to identify both the
edge-launched and tip-launched SPPs in the entire bandwidth of the low-noise SC.

Current OCT systems that use a broadband SC sources cannot be operated in the
shot-noise limited detection regime because of the severe, inherent pulse-to-pulse fluctu-
ations of the SC. To overcome this disadvantage in using a traditional SC source, we used
the low-noise SC from the 10 m ANDi fiber. The noise performance of two traditional SC
sources, one operating at 80 MHz repetition rate and another at 320 MHz, was compared
to that of our low-noise SC source operating at 90 MHz. We have made an one-to-one
comparison of the noise properties of an UHR-SD-OCT system around 1.37 µm using
our low-noise source to the noise properties of the system when two commercially avail-
able SC sources were used. Using the low-noise source, we have demonstrated that
UHR-SD-OCT can now be operated in the shot-noise limited detection regime. With the
shot-noise limited detection, the available sensitivity is no longer determined by the light
source, but by fundamental physics. Around 12 dB improvement in the noise properties
of the UHR-SD-OCT system was achieved by using a low-noise SC source. From the im-
ages obtained, we have shown that shot-noise limited OCT detection system translates to
better images in terms of both imaging depth and contrast. In general, the UHR-SD-OCT
system using ANDi fiber based low-noise SC shows darker background, higher contrast,
and improved penetration compared to one using the traditional SC sources. Noise prop-
erties and the images obtained by using 80 MHz and 320 MHz SuperK extreme show
that having a high repetition rate improves the details in the image, when the sources
has high-pulse-to-pulse fluctuation. The ANDi fiber based low-noise source, on the other
hand, does not rely on pulse averaging to keep the noise low and is therefore a prime can-
didate to take advantage of the ever-increasing spectrometer speeds without sacrificing
image quality.

We also characterized the shot-to-shot fluctuation in tellurite based PM ANDi fiber and
its low-birefringent version, using DFT technique. Unlike the previous cases where a 125
fs pulse was used, a longer pump pulse was used in these experiments. We compared
the intensity fluctuations of the PM version of the ANDi fibers with that of the non-PM
version to experimentally show that PMI can play a detrimental role while attempting to
maintain low-noise in non-PM ANDi fibers. Therefore, in order to generate low-noise SC
in a low-birefringent ANDi fiber, pump parameters have to be carefully chosen along with
a suitable fiber. In the final part of the thesis, fs pumped, directional SCG in fibers with
two ZDWs was studied. We have investigated the presence of addition DWs from non-
degenerate FWM. In addition, we have studied interesting effects on soliton, including a
novel effect that we have named soliton boomerang effect.
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A
Additional data

A.1 RIN measurements: Detector response

In the spectrally resolved, pulse-to-pulse RIN measurements, the pulses were detected
by a large bandwidth photodetector and oscilloscope as discussed in section 1.7. Similar
to the oscilloscope settings in measurements shown in Fig. 1.6 (and Fig. 1.7), the pho-
todetector was connected to the oscilloscope with a 50 Ω terminator in parallel with the
DC 1M Ω input impedance of the oscilloscope. The sampling rate in the oscilloscope was
40 GS/s.

The first two pulses from the pulse train recorded for the bandpass filtered SC, gen-
erated in 10 m of germania doped silica based ANDi fiber pumped by a 125 fs FWHM
pulse, is shown in Fig. A.1(a). A 12 nm FWHM bandpass filter centered at 1.5 µm was
used in the measurement. The first pulse is shown again in Fig. A.1(b), this time includ-
ing the measured points (blue circles). The curve represents the typical response of the
photodetector when used in this configuration of the photodetector and oscilloscope.
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Fig. A.1: (a) First two pulses from the pulse train recorded to calculate the RIN of the SC
from 10 m of germania doped silica based ANDi fiber, bandpass filtered at 1.5 µm. (b)
The first pulse with the measured points (blue circles) displayed.

The pulse shown in Fig. A.1(b) has a peak value of 430.7 mV at 5.8 ns. The 10-90%
raise time of the pulse is from 5.25 to 5.7 ns, i.e, 450 ps. The 90-10% fall time of the
pulse is from 5.9 to 6.15 ns, i.e, 250 ps. The total time taken by the pulse during the rise
(10% of peak value above 0 V) to fall (10% peak value above 0 V) is from 5.25 to 6.15
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ns, i.e, 900 ps. As the sampling rate was 40 GS/s, the time interval of sampling was 25
ps. Therefore, there were 37 points [plotted in Fig. A.1(b)] in the 900 ps of the pulse.

A.2 RIN measurements: Bandpass filtered spectra of SuperK
extremes

Here we show the bandpass filtered SC for the three SuperK extremes used in the work.
The collimated SC out of the sources were passed through a set of band pass filter with a
typical FWHM bandwidth of 12 nm for filters with center wavelength longer than 1.25 µm
and 10 nm for filters with center wavelength shorter than 1.3 µm. The filtered spectrum
was focused into a 50 µm core fiber and fiber coupled into the OSA.
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Fig. A.2: SuperK extreme with 20 MHz repetition rate: Bandpass filtered spectra over a
wavelength range of 1.30-1.65 µm.

For the SuperK extreme with 20 MHz repetition rate, used in the study of near-filed
imaging, the spectrum out of the SuperK extreme was first longpass filtered at 1.3 µm
and is shown in Fig. A.2 (red). The spectrum was then bandpass filtered with 12 nm
FWHM filters, over a wavelength range of 1.30-1.65 µm, at an interval of every 50 nm as
is shown in Fig. A.2.
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Fig. A.3: SuperK extreme with 80 MHz repetition rate: Bandpass filtered spectra over a
wavelength range of 1.05-1.55 µm.
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SuperK extreme with 80 and 320 MHz repetition rate were used in the study UHR-
SD-OCT. The spectra bandpass filtered with 10/12 nm FWHM filters, over a wavelength
range of 1.05-1.55 µm, at an interval of every 50 nm as is shown in Fig. A.3 for 80 MHz
source and in Fig. A.4 for 320 MHz source.
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Fig. A.4: SuperK extreme with 320 MHz repetition rate: Bandpass filtered spectra over a
wavelength range of 1.05-1.55 µm.

A.3 RIN measurements: Energy distribution plots

Here we show the example energy distribution plots for the various sources. For the
RIN measurements, a large number of pulses were measured in a single trace of the
oscilloscope. The peaks of the measured trace, which are proportional to the pulse en-
ergy, were extracted and used to find the RIN = σ/µ, where σ is the standard deviation,
and µ is the mean. In order to compare the measured distribution of energy to the well
known probability distribution functions, the data were then fitted with the Gaussian and
the gamma probability distribution functions.

The Gaussian (normal) distribution function is given by

NormD(X) =
1

σ
√

2π
e−

(X−µ)2

2σ2 , (A.1)

where, X is the number of counts at each energy interval (bin). The measured energy
distribution was also compared to the gamma distribution given by Eq. A.2,

GamD(X) =
1

ba Γ(a)
Xa−1e−

X
b , (A.2)

where, Γ(a)=(a-1)! is the gamma function for a.
The energy distribution plot for 1350 nm center wavelength, 12 nm FWHM bandpass

filtered SC, generated in 10 m of germania doped silica based ANDi fiber is shown in
Fig. A.5(a). The 125 fs pump laser centered at 1550 nm, used to generate SC in the
ANDi fiber, has a repetition rate of 90 MHz. The oscilloscope trace was recorded for 0.5
ms, which corresponds to 45,135 pulses. The mean value of the measured pulses was
429 mV. The RIN was found to be 0.78%. The energy distribution plots shown here are
centered at the mean value of 1, to aid direct comparison of their widths. For this source,
the measured pulse energies are narrowly distributed around the mean. Also, note that
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the x-axis limits are different for each of the plots. The red curve is the maximum likelihood
fit with the normal distribution function and the green curve is the maximum likelihood fit
with the gamma distribution function. For the spectrally resolved, pulse-to-pulse RIN
measurement of the SC generated in germania doped silica based ANDi fiber, the two
curves closely resemble each other. The RIN values mentioned in all of the thesis are
the values directly calculated as σ/µ from the measured data, the fits with the respective
distribution functions, are provided for comparison.
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Fig. A.5: Measured energy distribution plots for the RIN measurements of SCs using
12 nm FWHM band pass filter at 1350 nm, for various sources [note that the x-axis has
different limits in each of the plots]. (a) Germania doped silica ANDi fiber based low-
noise SC, (b) SuperK extreme with 20 MHz repetition rate, (c) SuperK extreme with 80
MHz repetition rate, (d) SuperK extreme with 320 MHz repetition rate.

The energy distribution plot for 1350 nm center wavelength, 12 nm FWHM band-
pass filtered SC from SuperK extreme operating at 20 MHz repetition rate is shown in
Fig. A.5(b). The oscilloscope trace was recorded for 2 ms, which corresponds to 40,003
pulses. The mean value of the measured pulses was 371 mV. The RIN was found to be
16.05%. The measured pulse energy distribution starts at half the energy with respect
to the mean. The pulses with pulse energies greater than the mean extents up to 1.9
times the mean pulse energy. Unlike the case for the ANDi fiber based low-noise SC, the
normal distribution fit and the gamma distribution fit deviate form each other, as can be
visually seen from the plot. The energy distribution plot for 1350 nm center wavelength,
12 nm FWHM bandpass filtered SC from SuperK extreme operating at 80 MHz repeti-
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tion rate is shown in Fig. A.5(c). The oscilloscope trace was recorded for 3 ms, which
corresponds to 249,078 pulses. The mean value of the measured pulses was 332 mV.
The RIN was found to be 22.25%. The measured pulse energy distribution starts at 0.35
times the energy with respect to the mean. The pulses with pulse energies greater than
the mean extents up to 2.24 times the mean pulse energy. Similar to the case of the RIN
measurement at 1350 nm for the SC from SuperK extreme operating at 20 repetition rate,
the normal distribution fit and the gamma distribution fit deviate form each other as can
be visually seen from the plot, in this case as well.

The energy distribution plot for 1350 nm center wavelength, 12 nm FWHM band-
pass filtered SC from SuperK extreme operating at 320 MHz repetition rate is shown in
Fig. A.5(d). The oscilloscope trace was recorded for 3 ms, which corresponds to 997,300
pulses. The mean value of the measured pulses was 265 mV. The RIN was found to
be 44.1%. The measured pulse energy distribution starts at 0.08 times the energy with
respect to the mean. The pulses with pulse energies greater than the mean extents up
to 3.8 times the mean. The voltage value recorded when the pulses with 3.8 times the
mean value is measured corresponds to 1 V and therefore the measurement of such high
energy pulses are at the edge of the linear regime of the detector. Similar to the cases
of the RIN measurements at 1350 nm for the SC from SuperK extremes operating at 20
MHz and 80 MHz repetition rates, the normal distribution fit and the gamma distribution fit
deviate form each other and the gamma distribution better fits the measured data, as can
be visually seen from the plot. However, the deviation in this case is quite significant. The
pulse energy distribution is asymmetrical around the mean. There are a few pulses with
quite large pulse energies, for example, three times the mean. This could be because of
the soliton collisions leading to a single soliton with high energy in a few of the pulses.

A.4 s-SNOM based study of SPPs using low-noise SC from
silica-MSF

Fig. A.6: Experimental line scan from the edge to the center of the monocrystalline goal-
flake showing the density plot of the SPP fringes with broadband illumination wavelength
λ0.
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Ultra-high resolution broadband nanospectroscopy using demodulation based aper-
tureless s-SNOM performed to study SPPs on high quality monocrystalline goal-flakes
using low-noise SC from fs pumped, silica based MSF is shown in Fig. A.6. The data in
the figure (Fig. A.6) is not normalized with respect to each of the wavelengths. Detailed
analysis of the SPP’s obtained, using low-noise SC from germania doped silica fiber can
be found in section. 3.4.

A.5 Analytical expression for the fit function involving tip-launched
and edge-launched SPP’s

The analytical expression used to fit the experimental data [an example of the fit (at 1620
nm, blue curve) was shown in Fig. 3.11(b)] is obtained by Fourier transforming

Stot,3(λ0, x
′) =

Atl√
2x′

Θ(x′)e−
Γtl
2
x′cos

(
Ktlx

′)+BelΘ(x′)e−
Γel
2
x′cos

(
Kelx

′) , (A.3)

where, Θ(x′) is the Heaviside step function. The fit function then is Ŝtot,3(λ0,K) =
F{Stot,3(λ0, x

′)} is given by
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The fit using Ŝtot,3(K,x′) was applied to all illumination wavelengths (shown in Fig. 3.10(b))
and the corresponding peaks are plotted in Fig. 3.12.

A.6 Laser beam characteristics

A 125 fs TFWHM pulse centered at 1.56 µm from a fiber laser (Toptica: Femto fiber)
was used in the experiments. The beam size of the laser is an important parameter in
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choosing the in-coupling lens. Therefore, the laser beam before the in-coupling lens was
measured using a beam profiler (Thorlabs:BP209-IR2) and is shown in Fig. A.7(a). The
beam profiler is made of a rotating drum and a pair of slits are mounted on the perimeter
of the rotating drum, orthogonal to each other. The beam profile of the SC out of the 10
m germania doped silica based ANDi fiber measured after a collimating lens is shown in
Fig. A.7(b).

(a) (b)

Fig. A.7: Measured beam profiles: (a) Beam profile of the 1.56 µm fs laser measured
before the in-coupling lens. (b) Beam profile of the SC out of the 10 m germania doped
silica based ANDi fiber after a collimating lens.
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Cover illustration: (Top right) Experimental setup for (low-
noise) supercontinuum generation. Pulses out of a femtosec-
ond laser is free space-coupled into a germania doped sil-
ica based all-normal dispersion fiber of length 10 m, using a
three axis translation stage. The supercontinua generated in
this experimental study is detailed in sub-section 2.2.3. (Top
left) Numerical simulation of soliton repulsed into NDR: The
dotted-horizontal lines are the zero dispersion wavelength and
the solid line is the accumulated dispersion delay. Further de-
tails in Fig. 6.8(b). (Middle left) Surface plasmon polariton ob-
tained in the study of ultra-high resolution scanning near-field
optical microscopy based broadband nano-spectroscopy on a
monocrystalline goal-flake. Further details in Fig. A.6. (Middle
right) Three-dimensional plot of soliton boomerang effect shown
in Fig. 6.10(a). The dashed line is the zero dispersion wave-
length. (Bottom left) Single B-scan of a stack layers of tape,
obtained using shot-noise limited, supercontinuum based ultra-
high resolution spectral domain optical coherence tomography
setup. Further details in Fig. 4.9(c). (Bottom right) Numerical
simulation of relative intensity noise evolution in 3 m length of
silica based normal dispersion microstructured fiber along with
relative intensity noise profile and the spectrum at the end of the
fiber. Further details in Fig. 2.8(a).
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