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A highly sensitive distributed measurement technique
is employed to map supercontinuum generation along
a tapered silica optical fiber. This technique, which uti-
lizes a confocal Raman micro-spectrometer, relies on
analyzing far-field frequency-resolved Rayleigh scatter-
ing along the waveguide with micrometer-scale spatial
resolution and high spectral resolution. Non-destructive
and non-invasive, the mapping system enables observa-
tion of every stage of supercontinuum generation along
the fiber cone, including cascade Raman scattering, four-
wave mixing, and dispersive wave generation. Conse-
quently, it unveils unique nonlinear spatial dynamics
that are beyond the reach of standard spectral analyzers.
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1. INTRODUCTION5

Since its discovery in the early years of nonlinear optics, super-6

continuum (SC) generation has continuously attracted great in-7

terest with a significant impact on both basic science and technol-8

ogy [1, 2]. SC light represents a unique and versatile single-point9

source of ultra-broadband radiation with high brightness and10

large coherence, finding numerous applications in diverse fields11

of modern optical sciences. Important applications of broad-12

band SC sources include optical coherence tomography (OCT),13

fluorescence imaging, optical sensing, absorption spectroscopy,14

and optical frequency comb metrology [3]. Technological ad-15

vances in the development of novel ultrafast laser sources, in16

the design and fabrication of optical fibers and on-chip inte-17

grated waveguides, foster new investigations on SC generation18

in various nonlinear media, and yet unexplored regions of the19

electromagnetic spectrum [3].20

While SC light has been carefully analyzed in both the time21

and frequency domains, enabling close comparison to numerical22

simulations based on the generalized nonlinear Schrödinger23

equation (GNLSE) [2], its longitudinal dynamics along the24

waveguide remains challenging to access experimentally. There25

is thus a particular need for high-sensitive distributed mea-26

surement to see SC build up inside the nonlinear waveg-27

uide. This, in turn, would allow refinement and optimiza-28

tion of simulation parameters, including dispersion coefficients,29

wavelength-dependent loss, and nonlinear Kerr and Raman co-30

efficients. Accurately mapping the longitudinal SC generation31

along the waveguide, especially in regions that are non-uniform32

or have defects, represents a valuable tool for improving multi-33

parameter nonlinear models, in conjunction with neural network34

algorithms [4].35

Several distributed measurement techniques dedicated to SC36

analysis have already been proposed and demonstrated [5, 6].37

One method is based on using a modified optical time domain re-38

flectometer (OTDR) to map SC with meter spatial resolution [5].39

Another method, potentially invasive, involves using a scanning40

near-field optical microscope (SNOM) for short millimeter-long41

waveguides with nanometer-scale resolution [6]. These tech-42

niques have enabled careful mapping of SC generation in short43

or long waveguides. For completeness, we can also mention the44

destructive cutback technique [7]. However, there is currently45

no distributed technique suitable for centimeter-long nonlinear46

waveguides, such as fiber tapers or long-spiral integrated waveg-47

uides. We recently proposed a new method based on a confocal48

micro-spectrometer, allowing point-to-point frequency-resolved49

Rayleigh scattering (RS) measurements with both micrometer50

spatial resolution and sub-nanometer spectral resolution [8].51

We demonstrated that this method enables the measurement of52

Rayleigh scattering along a waveguide operating in the linear53

regime, and exhibits nearly the same performance as the state-54

of-the-art optical backscatter reflectometer (OBR) at telecom55

wavelength [9], or imaging system-based on EM-CCD cameras56

for 2D measurements [10]. The primary advantage of this tech-57

nique lies in its ability to provide simultaneous hyperspectral58

imaging alongside high spatial resolution, enabling longitudinal59

measurements of the light spectrum inside the photonic waveg-60

uide.61

In this paper, we applied this mapping technique to carefully62

characterize SC generation along a highly tapered silica optical63

fiber with longitudinally-varying dispersion and nonlinearity64

[11–14]. We observed, in particular, the gradual generation of a65

multi-order Raman cascade in the first taper section enhanced66

by four-wave mixing (FWM), and followed by the generation67
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Fig. 1. Experimental setup. GP, Glan prism; BS, non-polarizing
beam splitter; λ/2, half-wave plate; PWM, power meter; FPC,
fiber patch cord; ONF, optical nanofiber; OSA, optical spec-
trum analyzer; MO1 and MO2, microscope objectives; Spi,
spectrum number i; RS, Rayleigh scattering signal measured
by the spectrometer.

of dispersive waves (DW) in the taper. All experimental ob-68

servations were compared to numerical simulations with very69

good agreement. Moreover, with access to experimental longi-70

tudinal spectral measurements, we demonstrate that accurately71

matching experimental spectra recorded at various propagation72

distances with numerical simulations demands a deeper com-73

prehension of the nonlinear dynamics and better adjustment of74

physical parameters.75

2. EXPERIMENTAL SETUP76

The experimental setup is illustrated in Figure 1. It closely resem-77

bles the setup previously described in Ref. [8]. The key element78

is a confocal Raman micro-spectrometer (Monovista CRS+, S&I79

GmbH) used to detect the RS in the direction perpendicular to80

the waveguide under study. The confocal microscope part of the81

device is equipped with a high-precision motorized stage for the82

3D displacement of the waveguide with step size and precision83

below 100 nm. This system provides an accurate 3D spatial tra-84

jectory all along the waveguide. The right-angle scattered light85

from the guided light in the optical fiber is collected using a ×1086

microscope objective and recorded by the spectrometer. The87

latter includes a 300 lines/mm diffraction grating and a back-88

illuminated cooled CCD detector (-85°C), enabling an ultra-low89

detection threshold and a high signal-to-noise ratio (SNR). The90

whole distributed system achieves a spatial resolution of up to91

5 µm and a spectral resolution of 0.2 nm. No normalization92

was applied to the different scans along the fiber, except for ac-93

counting for the spectral dependency of the micro-spectrometer,94

which includes Rayleigh scattering and CCD detector wave-95

length dependency. Each measurement with our system takes96

about 3 minutes at the nanofiber level (Sp3 to Sp5) and 10 min-97

utes at the standard fiber level (Sp2). This difference is due to98

the large scattering of the nanofiber by its surface [8, 9].99

The optical nanofiber (ONF) was manufactured by heating100

and tapering down a standard visible single-mode fiber (Thor-101

labs SM450) using the heat-brush technique [13–15]. The taper102

diameter was accurately measured at 690 nm using a scanning103

electron microscope (SEM) with a uniform section over 2 cm,104

linked to the standard fibers by two 48 cm-long adiabatic ta-105

pered transitions [8]. The optical losses have been measured106

as low as 0.2 dB at 532 nm. Just after manufacturing, the taper107

was placed inside a closed transparent plexiglass box to pro-108

Fig. 2. (a-b) Experimental spectra and (c-d) results of numer-
ical simulations at the input (Sp1, orange curve) and at the
output (Sp6, black curve) of the fiber system, at the input of
the transition 1 (Sp2, blue curve), 1 cm before the input of the
ONF (Sp3, green curve), at the input of the nanofiber (Sp4,
red curve), and at the end of the nanofiber (Sp5, cyan curve).
Spectra in (b) and (d) are vertically shifted for clarity. DW, dis-
persive wave.

tect it from external air vibrations and to avoid contamination109

by dust or water. A 0.5 m-long fiber patch cord (SM450) was110

spliced 80 cm from the taper’s input (See Fig. 1). The whole111

fiber system was pumped with a frequency-doubled picosecond112

Nd:YAG laser at 532 nm, delivering a short pulse of 36 ps width113

at a repetition rate of 200 MHz. The pump power stability was114

continuously monitored using a power meter (PWM1), and the115

pump frequency was filtered out from the spectrometer using116

three Notch filters. The laser was first injected into a 1 m-long117

SM450 patch cord to monitor the input power (PWM2) and the118

input optical spectrum (Sp1 in Fig. 1). The RS measurements119

were carried out at four different locations along the fiber taper,120

denoted Sp2 to Sp5 on Fig. 1, and they were compared to stan-121

dard optical spectrum analyzers (OSA, Yokogawa AQ6373) at122

both the fiber system input and output (Sp1 and Sp6 on Fig. 1).123

During our experiments, we realized that the stability of the SC124

was limited over time, certainly due to thermal effects at the125

nanofiber level. In order to achieve SC stability, controlled with126

the OSA at the fiber outlet, we limited the total duration of the127

experiments to less than one hour. This consequently limits the128

number of measurements.129

3. EXPERIMENTAL AND NUMERICAL RESULTS130

Figures 2(a) and (b) show the experimental spectra measured131

with the OSA (Sp1-exp and Sp6-exp) and with the confocal Ra-132

man microscope (Sp2-exp to Sp5-exp), respectively. We observe133

the gradual generation of cascaded Raman scattering on both134

Stokes and anti-Stokes sides of the pump, towards SC genera-135

tion at the fiber output along with the generation of a DW near136

400 nm (See black spectrum Sp6-exp). Note that the DW was137

detected only at the ONF output (Sp5-exp, top cyan spectrum in138

Fig 2(b)), meaning that it is generated in the ONF. This clearly139

shows the advantage of our spectral mapping method.140



Letter 3

Fig. 3. (a) Group velocity dispersion β2 versus wavelength for
a fiber taper diameter of 690 nm. (b) Zero dispersion wave-
lengths (ZDWs) λ01 (black) and λ02 (red) as a function of fiber
diameter. The vertical dashed blue line shows the fiber diam-
eter D = 790 nm. (c) Phase-matching condition (Eq. 2) for
dispersive wave generation versus wavelength.

To get a further understanding of the nonlinear dynamics,141

we numerically modeled the nonlinear pulse propagation in the142

fiber taper using the generalized nonlinear Schrödinger equation143

(GNLSE). Neglecting the self-steepening effect for picosecond144

pulses, this equation can be written as [2]145

∂A
∂z

+
α

2
A − i

∞

∑
n≥2

in+1 βn

n!
∂n A
∂Tn = iγ(1 − fR)|A|2 A

+iγ fR A
∫ +∞

0
hR(T′)

∣∣A(T − T′)
∣∣2 dT′,

(1)

Where A(z, T) is the complex amplitude of the electric field146

propagating in the z direction and in the pump velocity time147

frame T. βn is the nth derivative of the propagation constant β,148

hR(T) the delayed temporal Raman response, α the losses, and149

fR the fractional contribution of the Kerr effect ( fR = 0.18 for150

standard silica fibers) [16]. The nonlinear coefficient γ was calcu-151

lated as γ = 2πn2/(λAe f f ) with n2 the nonlinear index of fused152

silica at 532 nm and Ae f f the effective area of the fundamental153

modes[16]. The dispersion coefficients βn were derived from154

the effective indices ne f f of the fundamental mode using a finite155

element method (FEM) software. All these parameters were156

computed for each wavelength and each fiber taper diameter,157

taking into account the adiabatic transitions and the standard158

fibers [8].159

Figure 3(a) shows the computed group-velocity dispersion co-160

efficients β2 for a taper waist of 690 nm. It features two zero dis-161

persion wavelengths (ZDWs), λ01 = 488 nm and λ02 = 842 nm,162

and the dispersion is anomalous at the pump wavelength163

(532 nm). As the dispersion significantly varies along the fiber164

system, from strong normal dispersion in the standard SM450165

fiber up to anomalous dispersion in the ONF, the two ZDWs sig-166

nificantly change longitudinally. This is illustrated in Fig 3(b) for167

a fiber diameter varying from 690 nm up to 5 µm. The first ZDW168

λ01 increases from 488 nm to 1000 nm and the second ZDW169

λ02 disappears from a diameter close to 790 nm. Because of the170

anomalous dispersion pumping regime in the ONF at 532 nm171

and the proximity of the pump wavelength to the first ZDW λ01,172

the initial ps pump pulse is consequently subject to modulation173

instability, soliton formation and fission dynamics, along with174

the generation of dispersive wave (DW) due to higher-order dis-175

persion [3]. DW frequency satisfies a phase-matching condition176

with the solitons, which is given by [16]177

β(ωDW)− β(ωS)− (ωDW − ωS)/vg,S − γPs/2 = 0, (2)

with β(ωDW) and β(ωS) the propagation constants of the DW178

and the solitons, ωDW and ωS the DW and soliton angular fre-179

quencies, vg,S is the soliton group velocity, Ps the soliton peak180

power, respectively. ωS was set to the pump frequency ωP, as no181

significant soliton self-frequency shift was experimentally and182

numerically observed. Figure 3(c) shows the phase-matching183

curve satisfying a DW wavelength at 403.9 nm for a mean soliton184

peak power Ps = 3400 W, estimated from numerical simulations.185

This is in quite good agreement with the experimental observa-186

tions of Figs 2(a) and (b), which show a DW at around 405 nm.187

We used the split-step method to solve Eq.(1) assuming all188

varying dispersion and nonlinear coefficients, including both189

linear and local losses. Figures 2(c) and (d) show the results190

of numerical simulations at the same locations (Spi) as in the191

experiment for a direct comparison. As can be seen, we get192

nearly the same spectral dynamics as the experiment, with the193

increasing cascaded Raman scattering and the DW generation194

at around 400 nm.195

4. ANALYSIS AND DISCUSSION196

We will now describe in more detail the observed and simulated197

spectra of Figs 2(a-d). First, the orange spectrum Sp1-exp in198

Fig. 2(a) shows that a first Raman Stokes order is generated199

in the 1 m-long SM450 patch cord, as the Sp1-num numerical200

spectrum of Fig. 2(c) simulated with the same peak power Pin =201

340 W. Then, the blue spectrum Sp2-exp in Fig. 2(b) shows that202

a weakly-developed Raman cascade is already present at the203

taper’s input, with two Raman Stokes orders and one anti-Stokes204

order. The latter is generated by four-wave mixing (FWM) and205

its maximum intensity depends on the phase mismatch due206

to dispersion. This explains the large difference in intensity207

between the Raman Stokes and anti-Stokes orders (≈ 15 dB).208

The numerical spectrum Sp2-num in Fig. 2(d) shows a similar209

behavior.210

One centimeter before the end of transition 1, Sp3-exp in211

Fig. 2(b) shows the weak development of the Raman cascade on212

the Stokes side. At this location, the fiber diameter is 1.53 µm and213

the ZDW λ01 is about 665 nm (See Fig. 3(c)). This decrease of λ01214

and the dispersion explains the difference of intensity between215

Stokes and anti-Stokes orders coupled by FWM, compared to216

Sp2-num. To get good agreement with the numerical spectrum217

(Sp3-num), we added an attenuation factor around 2.2 dB at the218

transition 1 input. This additional loss can be explained by the219

losses of about 2.5 dB experimentally measured in the nonlinear220

regime, related to the observation of light rings scattered outside221

the fiber at the level of the transition 1, certainly due to higher-222

order leaky modes. This point is important because it shows that223

the distributed experimental measurements allow for optimizing224

and refining all the numerical parameters along the waveguide225

used for simulations, which is not possible when using OSA226

measurements only.227

At the end of transition 1, the spectrum Sp4-exp in Fig. 2(b)228

clearly shows a development of the Raman cascade on the Stokes229

side compared to Sp3-exp, and also more surprisingly a large230

development on the anti-Stokes side. This is due to the sweep of231

the ZDW λ01 from 665 nm to 488 nm, i.e. (See Fig. 3(c)), in the232

spectral range where the pump at 532 nm and spectral compo-233

nents of the Raman cascade are present. The phase mismatch234
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Fig. 4. Experimental spectra. Top spectrum: OSA measure-
ment at the end of the fiber system. Bottom spectra: RS mea-
surements along the ONF every 2 mm from z = 0 mm to
z = 20 mm. 3ASRO = third anti-Stokes Raman order. Spectra
are vertically shifted for clarity.

due to dispersion between Stokes and anti-Stokes peaks corre-235

spondingly decreases, which further enhances FWM efficiency236

towards the anti-Stokes components. The Stokes/anti-Stokes237

intensity difference has therefore decreased. This specific be-238

havior is also numerically predicted in Fig. 2(d) (See Sp4-num239

spectrum). Each Raman Stokes and anti-Stokes order pair has240

slightly different intensities. Consequently, the anti-Stokes Ra-241

man cascade is highly developed as the Stokes one, which is242

quite remarkable in nonlinear fiber optics.243

After propagation in the uniform taper, the spectrum Sp5-exp244

in Fig. 2(b) shows a broad DW centered at around 405 nm, in245

good agreement with the analytical prediction shown in Fig. 3(c).246

The anti-Stokes Raman cascade is also well developed and a SC247

begins to be generated. Numerically, the DW is centered at248

around 400 nm (See Sp5-num in (Fig. 2(d) at the output of the249

ONF, and Sp6-num in Fig. 2(c) at the output of the fiber system).250

Lastly, no drastic change is observable between the output251

of the ONF and the output of the fiber system (Sp5-num and252

Sp6-num, respectively). This means that transition 2 does not253

significantly impact the nonlinear spectral dynamics. This is254

because the nonlinear coefficient strongly decreases and the255

dispersion increases as well.256

To get further experimental details, we measured with an257

improved signal-to-noise ratio the anti-Stokes side of the SC258

spectrum from 374 nm to 506 nm, only along the 20-mm long259

uniform waist, where the RS signal is the highest [8, 9]. Figure 4260

shows 10 RS successive spectra along the taper from z = 0 mm261

to z = 20 mm with a step size of 2 mm (≈ 3.5 minutes per262

spectrum), while the top red spectrum was measured at the same263

time using the OSA. In Figure 4, at the beginning of the ONF264

(z = 0 mm position), the anti-Stokes Raman cascade is clearly265

visible up to the tenth order, and the DW is not yet observable266

by our system. The DW is observable from 2 mm of propagation,267

and its level increases along the ONF. Moreover, the anti-Stokes268

Raman cascade is smoothed by SC generation. We can also see in269

Figure 4 that the DW central frequency shifts along the ONF. This270

unexpected behavior is actually due to the weak SC instability271

over time, also seen in the OSA measurements. Another point272

is that weak narrow peaks appear in the spectra of Fig. 4, in273

the range 460 − 480 nm from about 14 mm in the ONF, while274

these peaks are not observable on the OSA measurements. These275

peaks could be generated by interference due to dispersion, as276

they are close to the first ZDW (λ01 =488 nm).277

It should be noted that, although this distributed measure-278

ment offers a micrometric spatial resolution [8], here we have279

only shown SC measurements with a spatial step of 2 mm, which280

is enough to see spectral changes seen in Fig. 4. Actually, due to281

localized thermal effects leading to temperature variations along282

the ONF and the transitions [17] because operating at 532 nm283

in the picosecond regime, the SC exhibits a certain instability284

over time. Consequently, in order to ensure SC stability during285

measurements, we limit the total duration at about half an hour286

and therefore the number of measurement points. Nevertheless,287

it is obvious that the micrometric spatial step can be used along288

an optical waveguide that presents longitudinal spectra stable289

over time, allowing therefore a complete mapping of the SC290

generation.291

The problem of SC instability over time could be solved by292

using a pulse duration in the femtosecond range. Indeed, the293

energy per pulse would be lower than in the picosecond regime294

and should reduce thermal effects. Now, to maintain a sufficient295

number of photons per second to be able to detect scattered296

signals with our method, the repetition rate of the laser source297

frequency should be increased.298

5. CONCLUSION299

In summary, we have developed a reliable method for frequency-300

resolved distributed optical measurement of supercontinuum301

generation along an optical waveguide. The method is based302

on hyperspectral Rayleigh scattering analysis using a confocal303

Raman microscope. This non-invasive and non-destructive tech-304

nique allowed us to accurately analyze nonlinear effects and305

supercontinuum generation along a silica-glass tapered opti-306

cal fiber with micrometer spatial resolution and sub-nanometer307

spectral resolution.308

We observed specific spectral features inside the fiber taper309

that were not discernible with standard spectral analysis. Fur-310

thermore, we found good agreement with numerical simula-311

tions, providing explanations for these features. From a broader312

perspective, this technique opens new avenues for observing313

localized nonlinear phenomena inside photonic waveguides. It314

could also be used to map nonlinear effects in other photonic315

platforms such as photonic integrated circuits (PICs) or photonic316

crystal fibers.317
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