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Introduction
• Optical Fibers were developed during the 1960s with medical appli-

cations in mind (endoscopes).

• During 1980–2000 optical fibers were exploited for telecommunica-

tions and now form the backbone for the Internet.

• Biomedical applications of fibers increased after 2000 with the ad-

vent of photonic crystal and other microstructured fibers.

• Supercontinuum (ultrabroad coherent spectrum) is critical for many

biomedical applications.

• Nonlinear effects inside fibers play an important role in generating

a supercontinuum.

• This talk focuses on Supercontinuum generation with emphasis on

their biomedical applications.
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Supercontinuum History
• Discovered in 1969 using borosilicate glass as a nonlinear medium

[Alfano and Shapiro, PRL 24, 584 (1970)].

• In this experiment, 300-nm-wide supercontinuum covered the entire

visible region.

• A 20-m-long fiber was employed in 1975 to produce 180-nm wide

supercontinuum using Q-switched pulses from a dye laser [Lin and

Stolen, APL 28, 216 (1976)].

• 25-ps pulses were used in 1987 but the bandwidth was only 50 nm

[Beaud et al., JQE 23, 1938 (1987)].

• 200-nm-wide supercontinuum obtained in 1989 by launching 830-fs

pulses into 1-km-long single-mode fiber [Islam et al., JOSA B 6,

1149 (1989)].
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Supercontinuum History
• Supercontinuum work with optical fibers continued during 1990s

with telecom applications in mind.

• By 1995, a 200-nm-wide supercontinuum was used to produce a

200-channel WDM source [Morioka et al., Electron. Lett. 31, 1064

(1995)].

• A dramatic change occurred in 2000 when new kinds of fibers were

used to produce a supercontinuum extending >1000 nm.

• Such fibers are known as the photonic-crystal or microstructured

fibers.

• These were developed after 1996 in an attempt to control the dis-

persive and nonlinear properties of silica fibers.
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Microstructured Fibers

(Eggleton et al, Opt. Exp. 9, 698, 2001)

• A narrow core is surrounded by a silica cladding with air holes.

• Photonic crystal fibers have multiple rings of holes.

• Number of air holes varies from structure to structure.

• Hole size varies from 0.5 to 5 µm depending on the design.

• Nonlinear effects are enhanced considerably (highly nonlinear fibers).

• Useful for supercontinuum generation among other things.
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Photonic Crystal Fibers

(P. St. J. Russell, Science 299, 358, 2003)
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Supercontinuum Generation

(Ranka et al., Opt. Lett. 25, 25, 2000)

• Output spectrum generated in a 75-cm section of microstructured

fiber using 100-fs pules with 0.8 pJ energy.

• Supercontinuum extends from 400 to 1600 nm.

• It is also relatively flat over the entire bandwidth.

• Useful in biomedical imaging as a broadband source.
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Role of Soliton Fission

• 100-fs input pulses proapgate as high-order solitons (N > 10).

• Third-order dispersion (TOD) leads to their fission into multiple

narrower fundamental solitons: Tk = T0/(2N +1−2k).

• Each of these solitons is affected by TOD and intrapulse Raman

scattering.

• Spectrum of each soliton shifts toward longer and longer wave-

lengths with propagation inside the fiber.

• At the same time, each soliton emits dispersive waves at different

wavelengths on the blue side.

• XPM and FWM generate additional bandwidth and produce a broad

supercontinuum.
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Numerical Modeling of Supercontinuum
• Soliton fission studied by solving the generalized NLS equation:
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• It is important to include the dispersive effects and intrapulse Raman

scattering as accurately as possible.

• Terms up to M = 8 are often included in numerical simulations.

• Raman response included through the measured gain spectrum.

• Most features observed experimentally can be understood, at least

qualitatively, by such a theory.
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Numerical Simulations

• Temporal and spectral evolution of a N = 6 soliton over 2LD.

• Corresponding spectrogram at z= 2LD. Dashed curve shows changes

in dβ/dω with frequency.

• Spectrogram shows multiple solitons and their dispersive waves.

• Temporal overlap between the two leads to new effects through

XPM and FWM.
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High-Quality Supercontinuum

• Good coherence and noise properties of supercontinuum are critical

for biomedical applications

• Fission of femtosecond solitons does not typically produce a high-

quality supercontinuum.

• Considerable research effort has led to novel techniques for produc-

ing a high-quality supercontinuum.

• It requires launching of pedestal-free soliton-like pulses in the normal-

dispersion region of a highly nonlinear fiber.

• Dispersion slope should be relatively small to ensure a nearly con-

stant dispersion over a broad bandwidth.
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PCFs with Normal Dispersion

(Heidt et al., Opt. Exp. 19, 3775, 2011)

• 50-fs pulses were launched into a 50-cm-long PCF.

• Relatively coherent supercontinua for pulse energies 1-8 nJ.

• Broad bandwidth suitable for various biomedical applications.
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Dispersion-Flattened Fibers

(N. Nishizawa., Opt. Fiber. Technol. 18, 394, 2012)

5-m-long fiber with:

γ = 23 W−1/km

β2 ≈ 5 ps2/km

β3 ≈ 0.005 ps3/km
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Tapered Photonic Crystal Fibers

(Stark et al., Opt. Lett. 37, 770, 2012)

• Experimental (a) and simulated (b) SC spectra when 110-fs pulses

launched into a tapered PCF.

• (c) SC spectra at input pulse energies of 2 and 5 nJ.

• Core diameter tapered form 4.5 µm to 0.6 µm over 1 cm.

• Tapering helps to extend the supercontinuum into the UV region.
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Supercontinuum-Based Biomedical Imaging

• Several companies sell fiber-based supercontinuum sources (NKT

Photonics, Fianium, Koheras, Leukos, etc.].

• This has led to their use in biomedical imaging.

• Imaging techniques are known by a variety of names.

• I focus on 3 techniques: CARS microscopy; STED microscopy;

optical coherence tomography (OCT).
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CARS Nonlinear Process

• Coherent anti-Stokes Raman scattering (CARS) is a well-known

nonlinear process (Maker and Terhune, Phys. Rev., 1965).

• Pump and Stokes beam at ωp and ωs drive coherently a vibrational

resonance at the frequency ωvib = ωp−ωs (optical phonons).

• CARS signal generated at ωCARS = 2ωp−ωs.

• CARS is a kind of Raman-enhanced four-wave mixing process.
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CARS Microscopy

(Murugkar et al., Opt. Exp. 15, 14028, 2007)

Laser pulses (65-fs) split to produce pump and Stokes beams.

Bandpass filter after the PCF selects the Stokes bandwidth.

Different Stokes frequencies excite different molecules in sample.
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CARS Microscopy

(Murugkar et al., Opt. Exp. 15, 14028, 2007)

• Stokes pulses, broadened spectrally using a PCF, are sent to the

sample together with pump pulses.

• Anti-Stokes signal generated inside the sample is used for microscopy.

• (a) Live rat dorsal root axon; (b) lipid droplets in a cell culture;

(c) sebaceous gland in a mouse ear.

• Resolution is typically limited to 2-3 µm.
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STED Microscopy

• Stimulated-emission depletion (STED) microscopy was first pro-

posed in 1994 (Hell and Wichmann, Opt. Lett. 19, 780, 1994).

• Fluorescence is suppressed in the off-center region using a second

beam that removes excited molecules through stimulated emission.

• Nanoscale resolution (λ /50) realized by 2005 using a doughnut-

shape STED pulsed beam.

• A fiber-based supercontinuum source was used by 2008.
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STED Setup

(Wildanger et al., Opt. Exp. 16, 9614, 2008)
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STED Results

(Wildanger et al., Opt. Exp. 16, 9614, 2008)

Immunolabeled tubulin fibers imaged at 570 nm and 630 nm.
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Optical Coherence Tomography (OCT)

(Drexler et al., Opt. Lett. 24, 1221, 1999)

• A linear imaging technique based on Michelson interferometry.

• Image resolution (∆z = cτc) depends on the coherence time τc.

• Supercontinuum sources provide a resolution of < 1 µm.
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Dual-Band OCT

custom photonic crystal design and fabrication should enable ultrahigh resolution OCT with 
several commercially available femtosecond oscillators.   

3.  Experimental measurements of the continuum 

The experimental setup used to measure the continuum spectrum is shown in Fig. 4.  A diode 
pumped femtosecond Nd:Glass laser (High Q Laser Production) generates a 52 MHz train of 
85 fs pulses with 165 mW average power at 1064 nm center wavelength.  The compact, 
prismless oscillator (53 cm x 20 cm) is pumped by two 1 W laser diodes and is soliton 
modelocked using a semiconductor saturable absorber mirror (SESAM) and intracavity 
dispersion compensating chirped mirrors.  The ends of a 1 m length of PCF are flat-cleaved 
using a standard cleaver and mounted on high-precision 3-axis stages for coupling into and 
out of the fiber.  The laser output is coupled directly into a 1 m length of photonic crystal fiber 
using a 3.3 mm focal length aspheric lens and is recollimated at the output using a 3.1 mm 
aspheric lens.  An isolator was tested and found to be unnecessary because the oscillator was 
relatively insensitive to feedback from the fiber end facet reflection.  The fiber is non-
polarization maintaining, and adjustment of the input via a half-wave plate also did not 
appreciably alter the continuum spectrum.   

To enable OCT imaging at both 800 nm and 1300 nm, the spectrum had to be filtered with 
high purity to prevent interference from the unused wavelength region.  The 800 nm 
continuum was filtered using 5 bounces on dielectric mirrors with broadband antireflection 
coatings centered at 800 nm.  These mirrors have typical reflectances of > 99% across the 
wavelength range around 800 nm while transmitting with low loss the wavelengths at 1300 
nm, thereby providing 60-70 dB of spectral separation of the two continuum main lobes.  
Rejection of residual 800 nm light from the 1300 nm continuum was achieved with a polished 
silicon absorber.  After spectral filtering, the 800 nm and 1300 nm light was separately 
coupled into standard single mode fibers designed for those wavelengths using 5 mm focal 
length aspheric lenses.   

 

Fig. 4.  Experimental setup for the continuum generation light source at 800 nm and 1300 nm 
for ultrahigh resolution OCT imaging.  Spectral filtering is performed using broadband 
dielectric mirrors and a silicon absorber to ensure removal of the opposite wavelength for OCT 
imaging.  TM, turning mirror; DM, dielectric mirror.   

 
 The measured continuum spectrum is presented in Fig. 5.  The pump spectrum is also 
shown in Fig. 5(a).  The continuum spectrum shown is a concatenation of spectra measured 
separately with 0.5 nm resolution after filtering the 800 nm and 1300 nm spectra.  Separate 
measurement of the spectral regions enabled more precise representation of spectral shape and 
relative amplitude, since the power in both wavelength regions could be individually 
measured and fiber coupling to the optical spectrum analyzer could be optimized to minimize 
chromatic focusing aberrations.  The effect of filtering on the combined spectrum was 
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(Fujimoto et al., Opt. Exp. 14, 1145, 2006)

• OCT is performed simultaneously using two spectral bands located

near 800 and 1300 nm.

• Image resolution < 3 µm at 800 and < 5 µm at 1300 nm.

• Combined in vivo images of good quality possible.
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Dual-Band OCTflow velocities found with phase-resolved Doppler analysis [31]. The pixel intensity 
represents the logarithmic reflectance of the corresponding sample compared to an ideal 
mirror. 

 

Fig. 5. Simultaneous in vivo scans of murine saphenous artery (A), vein (V) and perivascular 
fat tissue (FT) at 800 nm (a) and 1250 nm (b) during the diastole, obtained by averaging the 
corresponding B-scans of 7 consecutive heart cycles. The scan at 1250 nm shows an increased 
imaging depth especially in the blood vessels while the scan at 800 nm shows a higher 
resolution in the superficial regions of the cross-section. (c) Frequency compounded image of 
(a) and (b). (d) Color-encoded differential image of (a) and (b): blue and orange represent 
enhanced scattering at 800 nm and 1250 nm, respectively. 

As a result of the different scanning depth ranges that are imaged on the corresponding 
line scan sensors, the two OCT images have to be scaled in depth in order to be congruent to 
each other. The corresponding factor that scales the physical depth information of 800 nm to 
that at 1250 nm was measured to be 0.589 in air which coincides with the theoretical value of 
0.614 calculated from the given system parameters (section 2.1). This scaling factor may 
differ among probes with different refractive index. Its value has been empirically determined 
for the tissue shown in Fig. 5 by evaluating the congruency of the structural information in the 
in vivo images at 800 nm and 1250 nm, and resulted to be 0.582. A smaller scaling factor in 
tissue compared to air can be explained by considering the wavelength-dependency of the 
refractive index. In spectral domain OCT, the axial resolution and the scanning depth are 
inverse proportional to the refractive index (n) of the sample which results in a reduced 
imaged depth range in tissue (n = 1.33) compared to air (n = 1). In tissue – like in water – the 
refractive index gets smaller for increasing wavelengths. As a consequence, the depth range 
reduction at 800 nm is higher compared to 1250 nm, resulting in a smaller scaling factor in 
tissue. 

Another issue that has to be considered for objective image comparison, is the depth-
dependent signal decay due to the finite spectrometer resolution (spectrometer roll-off) which 
is different in the two wavelength bands. In order to correct the signal intensities in depth, a 
depth-resolved gain curve was calculated using the parabolic functions which were fitted to 
the measured signal decay data shown in Fig. 3(c). As a side effect, the noise especially in the 
profound regions of the cross-section is also increased. 

Comparing the images of the two wavelength bands to each other, the scan at 1250 nm 
shows an enhanced imaging depth especially in and underneath the blood vessels. This is 
consistent with the reduced tissue scattering and absorption of hemoglobin in that spectral 
range. On the other hand, the scan at 800 nm shows a higher resolution caused by the higher 
spectral range in k-space. Especially, the signal-poor smooth muscle layer of the tunica media 
(dark ring structure in the arterial wall) [27] can be better distinguished from the surrounding 
tissue. 

In order to reduce the speckle noise, the frequency compounded image shown in Fig. 5(c) 
was calculated by pixelwise averaging of the intensity values recorded at 800 nm and 1250 
nm. In this situation, scattering structures e.g. the skin covering the blood vessels, appear with 
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(Cimalla et al., Opt. Exp. 17, 19486, 2009)

• Simultaneous in vivo scans of murine saphenous artery (A),

vein (V) and perivascular fat tissue (FT) during the diastole.

• (a) Image at 800 nm; (b) same image at 1250 nm.

• (c) Compounded image of (a) and (b).

• (d) Color-encoded differential image.
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High-Resolution OCT

(N. Nishizawa., Opt. Fiber. Technol. 18, 394, 2012)

• OCT in vivo image of human retina around fovea.

• Observed axial resolution was 2.1 µm in tissue.

• A Gaussian-shape 150-nm-wide supercontinuum was employed for

this image.

• OCT is an established medical imaging technique. It is often used

to image anterior segment of the eye or the retina.
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Concluding Remarks
• Optical fibers were developed during the 1950s and used for biomed-

ical applications during the 1960s.

• They became relevant for telecommunications after 1970 with the

development of low-loss fibers.

• By 2000, more than 60 million kilometers of fiber was installed

worldwide (on land and in the oceans).

• Biomedical applications of optical fibers are attracting attention in

recent years.

• Nonlinear effects in optical fibers make it possible to create a

supercontinnum whose bandwidth exceeds 100 THz.

• Such sources are useful for tissue tomography and nonlinear

microscopy (biomedical imaging).


