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1 Introduction

The present availability of excitation wavelengths imposes limitations on fluorescence
imaging. While this biomedical research technique [1] can utilize intrinsic autofluores-
cence from a sample, its major use is to image the fluorescence from various exogenous
fluorophore labels that are attached to specific constituents of the sample. As the
different types of fluorophores exhibit different characteristic absorption spectra, a

critical component for any fluorescence imaging system is the excitation source.

Traditionally, light sources that are used for wide-field fluorescence microscopy (i.e.,
camera-based systems) include, most commonly, mercury and xenon arc lamps as well
as incandescent halogen lamps [2]. Spectral tuning is usually achieved with interference
and absorption filters. Because of the poor spatial coherence of these sources, they are
not suitable for confocal imaging [3,4]. Thus, point-scanning confocal microscopy is
restricted in the wavelength of the source to the lines from available lasers. In partic-

ular, there are a limited number of (tunable) lasers covering the visible spectrum.

Conventionally, fluorescence microscopes only have access to a few excitation wave-
lengths (e.g., from the Argon ion, Krypton ion, HeNe and HeCd laser). In general,
this places an arbitrary constraint on the design and selection of fluorescence probes
for biological experiments, which must be excitable by the standard laser excitation

lines, and thus, limits the science that can be undertaken in many laboratories.

Dye lasers can provide tunable visible radiation for fluorescence imaging, but this
is usually limited to tuning ranges of ~ 100nm and their experimental complexity
precludes them from real-world applications [4]. Mode-locked solid-state lasers (e.g.,
Ti:sapphire laser) produce tunable (~ 0.7 — 1um) ultrashort pulses with hundreds of
milliwatts of average power and can be employed in multiphoton microscopy [5, 6].
This type of imaging can alleviate the problem to some extend, however, the avail-
able spectral range of the Ti:sapphire laser fails to efficiently excite fluorophores above
~ 500nm via two-photon absorption. In addition, multiphoton imaging is not al-
ways desirable. For single photon excitation, second-harmonic generation and optical
parametric amplification allows to obtain tunable radiation in the visible. However, a
hands-off system covering the ultraviolet, visible and infrared spectral range is com-

plicated to realise and prohibitively expensive.

This diploma thesis concerns the application of novel fibre-based tunable continuum
sources to multidimensional fluorescence microscopy. These sources can provide broad

spectral coverage (~ 0.4 — 1.5um) and are spatially coherent so they are suitable for



confocal microscopy. They are inherently pulsed on ultra-fast timescales and so are
also suitable for fluorescence lifetime imaging (FLIM) and related time-resolved imag-
ing modalities. A fully automated spatially coherent source, electronically tunable
across the visible spectrum, would be invaluable for fluorescence imaging and provides
new opportunities, e.g. automated excitation fingerprinting. Compared to frequency-
doubling and optical parametric amplification using the tunable Ti:sapphire laser, this

approach is less complex, less expensive, and more compact.

The underlying physical principle of the novel tunable continuum source is the gener-
ation of a supercontinuum [7-9] followed by spectral selection. The visible continuum
is produced by injecting (infrared) femtosecond pulses into a microstructured fibre.
Recently, Prof. Paul M. W. French’s Photonics group at Imperial College London
has demonstrated such a versatile tunable continuum source for fluorescence imaging

applications [10].

This diploma thesis is organised as follows. Section 2 provides a brief introduction
to supercontinuum generation. Section 3 summarises the basics of fluorescence, the
approaches to map the fluorescence lifetimes and the involved imaging modalities. Sec-
tion 4 builds on the previous section to provide characteristics of a tunable continuum
source suitable for fluorescence imaging. Section 5 presents the optical properties of
the microstructured fibre, which is used in the FLIM experiments. Section 6 deals
with the application of the tunable continuum source to FLIM. The experiments took
place in Prof. Paul French’s Photonics group at Imperial College London. Finally,
section 7 concludes with a summary and an outlook to future developments of fibre-
based sources for biomedical optics and presents other potential applications within
this field.



2 Basics of Continuum Generation

Supercontinuum generation is a nonlinear phenomenon, which exhibits dramatic spec-
tral broadening of (pulsed) laser light passing through a nonlinear material. Thereby,
the interplay between dispersion and nonlinearity is essential for efficient frequency
conversion. In particular, the possible generation and the spectral bandwidth of the

supercontinuum are affected sensitively by dispersive properties.

2.1 Dispersion

Temporal pulses comprise a spectrum of sinusoidal waves spread over a finite band in
frequency-domain. Thereby, the time T and the angular frequency w are conjugated
variables. The product of the root-mean-square widths of the temporal pulse profile
and its corresponding spectrum obeys an uncertainty-principle [11]: ATrysAwrms >
%. In the experiments, short pulses (~ 100 fs) are used to generate the supercontinuum.
According to the uncertainty-principle they have broad spectral profiles, which make

them sensitive to spectrally selective processes such as dispersion.

One observable consequence of dispersion is that different frequency components of
an optical pulse will propagate at different ’group’ velocities vg through a dispersive
medium of physical length L resulting in different propagation times t(w) = L/vg =
LB (w), whereby B (w) is the first derivative of the propagation constant 3(w) =
ne (w)w/c. The effective index ner describes the physical property of the optical
medium. For a pulse of bandwidth Aw, the spread in propagation times for the
different frequency components is given by (dt/dw) Aw. Dispersion is often defined as
pulse broadening per bandwidth:

dt I d 1

o=

= LD (w). (1)

dw vg

The dispersion parameter D()) and the 2nd derivative of the propagation constant
B (w) represent dispersion as a function of vacuum wavelength A and frequency,

respectively,

1 dt¢ d 1 2mc d 1 2mc
A = — = —— ¥ = — —— (2) 2
M=o~ D Ve 22 dw v v W), (2)

where c is the speed of light in vacuum.

Dispersion also gives rise to a frequency chirp dw(T") of a pulse, which can be interpreted

as a shift of the instantaneous frequency w(7") from the nominal oscillation at a carrier



frequency wy [12]. A positive frequency chirp (up-chirp) can be observed as an increase
in frequency with time and a negative frequency chirp (down-chirp) corresponds to a
decrease in frequency with time. This can be expressed via the temporal derivative of

the phase ¢,

¢
a7 (3)

dw(T) =
In the anomalous dispersion region (D(\) > 0), lower frequencies propagate more
slowly than higher frequencies producing a negative frequency chirp. A positive chirp
occurs in the normalous dispersion region (D(\) < 0) where the lower frequencies are

faster.

When dealing with pulse propagation in fibres, material dispersion as well as waveg-
uide disperion need to be considered [12]. The frequency dependent behaviour of the
refractive index n(w) causes material dispersion. It is directly connected to absorption
via the Kramers-Kronig relations [13-15]. In a lossless, uniform (with respect to z)
wave-guiding structure - given by a refractive index cross-section n(z,y,w) - an eigen-
value equation for the transverse electric field in the mth mode, Etm(x, y,w) - with the
square of the mode-propagation constant 32 (w) as an eigenvalue - can be derived from
Maxwell equations [16,17]. Numerical simulations (e.g., finite element method, plane-
wave method [18], multipol method [19,20]) are required (particularly, for multi-mode
fibres) in order to obtain dispersion, and thus, to characterise dispersive pulse propa-
gation. Several configurations have been used to measure dispersion in optical fibres,
for instance, Fourier transform spectroscopy [21-23], pulse-delay techniques [24, 25],

and a method using spectral modulation [26-29].

2.2 Nonlinearity

A feature widely observed at almost all pulses of energy is that they disperse as they
propagate. In contrast, optical solitons are self-localised pulses of light with the effect
of temporal dispersion balanced by the nonlinearity of the medium in which they prop-
agate. Hasegawa suggested soliton appearance in optical fibres [30], and Mollenauer

went to report the first experimental observation [31].

Solitons exist because of the nonlinear effect called self-phase modulation. Generally,
the phase of an optical signal can be modulated when the refractive index of a medium
is modified. The change may be obtained via the intensity-dependency of the refrac-
tive index, 7 (T)) = n + nyol, which describes the optical Kerr-effect. Where ny is the

nonlinear refractive index (fused silica: ny ~ 3 x 107*m?W ") and I is the intensity.



To acquire a change in the temporal phase profile, the timescale of the refractive in-
dex modification must be comparable to or faster than the timescale of the optical
signal [32]. Self-action happens, if the refractive index is modified by the optical signal
which experiences the phase modulation. This phenomenon is called self-phase modu-
lation (SPM). If the refractive index is modified by a signal different to the one which
is modulated, the effect is called cross-phase modulation (XPM).

While a consequence of dispersion is to produce a linear frequency chirp by redistribut-
ing in time-domain the frequency components of the optical signal, SPM produces a
nonlinear frequency chirp by shifting some frequency components to new frequencies.
In the anomalous dispersion region, the SPM-induced chirp can exactly balance the
negative dispersion-induced frequency chirp. Therefore, the interplay results in main-
taining a chirp-free pulse shape upon propagation. This picture is, however, vastly
oversimplified and conceals a wealth of structure that can be seen in the mathematical

solutions of the nonlinear Schrodinger equation [12,33] (see also section 2.3.3).

The amount of fibre-nonlinearity is represented by the nonlinear parameter, which is

given by
W Mo

Y= EAeff' (4)

Although v can be increased to some degree via a decrease of the effective cross-
sectional area of the guided mode A.g, however, it turns out that the shape and size
of the core determines strongly dispersion, too. Thus, control of the dispersion profile

D()) is the key to engineering soliton dynamics [34].

2.3 Supercontinuum Generation via Microstructured Fibre

Widely broadened continua - extending from the violet to the infrared - can be conve-

niently generated with a (ultrafast) laser and a microstructured optical fibre (MF) [35].

2.3.1 Microstructured Fibre

A microstructured fibre is a strand of glass with an array of microscopic air-channels
running along its length. A core can be created by filling one channel with glass; and
the structured cladding provides wavelength-dependent index-guiding [36]. Because
of their low loss and small mode-field areas A.g, microstructured fibres are a means
of gaining nonlinearity. In addition, the design of the microstructured fibre cross-
section allows dispersion profiles to be tailored [34]. For instance, the zero-dispersion
wavelengths (ZDWs) of these fibres can be shifted into the visible optical range [35],



whereas dispersion of conventional step-index fibers dispersion is usually governed by
the dispersion of fused silica (ZDW at about 1.3um). In particular, this allows presence
of anomalous dispersion, and thus, soliton dynamics in the visible spectral region.
The dispersion profile can be also flattened [37]. Moreover, endlessly single-mode
operation is obtainable [38-41]. Particularly, this is important for applications where
a well-defined beam profile is required, e.g. microscopy. A more detailed discussion
of microstructured fibres would be desirable but is beyond the scope of this report
(Ref. [42] and references cited therein).

2.3.2 Higher-order Soliton Fission Mechanism

Through appropriate choice of dispersion, nonlinearities can be efficiently utilized to
generate light at new wavelengths [43,44]. Nonlinearity includes the Kerr effect (which
gives rise to self-phase modulation and self-steepening), and stimulated Raman scat-
tering (e.g., see Ref. [12-14]).

Spectral broadening typical for self-phase modulation (SPM) can be found, when the

pump frequencies of the short and intense pulses are located in the normalous disper-
. . e e . . 2 2

sion region. For an initially unchirped Gaussian pulse |U (T')|” = exp (—41n Q(AT;W)

of full-width at half maximum (FWHM) pulse-duration ATgwmwm, spectral broadening
due to pure SPM is found to be given by

2 ~P,L
Awspy = 2\[7—02\/111 2. (5)

Where P, is the peak-power of the pulse and L is the length of the fibre. Usually, the
obtainable spectral broadening due to self-phase modulation is an order of magnitude
smaller than that observed with pumping in the anomalous dispersion region (however,

there are exceptions, namely, when the soliton number is very small).

Supercontinuum generation using pulses with durations from femtoseconds to pi-
coseconds is spectral broadening owing to evolution and fission of higher-order soli-
tons [7,43,45,46]. This is illustrated in Fig. 1. Initially, the interplay of SPM and
anomalous disperion results in formation of a Nth order soliton, in addition, this stage
is characterised by compression of the input pulse as well as expansion of the spectrum
into the normal dispersion region of the fibre [47]. The spectral overlap of the pulse and
a phase-matched dispersive wave results in the generation of the non-solitonic radia-
tion [48]. The combined effect of higher-order dispersion, self-steepening and Raman

scattering on a higher-order soliton is to split it into its constituents (with different
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Figure 1: Schematic illustrating supercontinuum generation. (a): pump spectrum located in

the anomalous dispersion region, formation of a higher-order soliton, (b): fission of the higher-

order soliton by creation of fundamental solitons and emission of phase-matched dispersive

waves, (¢): Raman-induced soliton-self frequency shift to lower frequencies, and thus, lower

group-velocities. Catching up of the dispersive waves in time-domain. Consequently, XPM-

induced blue-shifts of the dispersive waves in the visible. (d): supercontinuum spectrum as

a result of overlapping of multiple solitons and corresponding dispersive waves.



amplitudes and temporal widths) which propagate at different velocities [49,50]. The
onset of soliton fission can be identify by the appearence of multiple spikes in the tem-
poral pulse profile and the appearence of non-solitonic radiation at higher frequencies.
The separated short spikes are phase locked and satisfy the relation for a fundamental
soliton [7]. In order to monitor the pulse evolution (in terms of both intensity and

phase) experimentally, frequency-resolved optical gating is a technique [59,134].

The phases of a soliton at angular frequency ws and that of the nonsolitonic radiation at
w are given by o5 (ws) = B (ws) L — wsL/vg s + vP and ¢nsr (w) = B (w) L —wlL/vg s,
correspondingly [43]. Thus, the phase-matching condition can be written as A¢ =
®s — ONSR = 0. Neglecting the nonlinear contribution vP and Taylor-expanding [
until the nth polynomial order in the deviation (w — wp) from an arbitrary frequency

wp, the phase-matching condition is found to be given by

Ap = Zﬁ(r)(wo) (% [(ws — WO)r — (w— Wo)r] — ﬁ (ws — w) (ws — wo)(r1)> =
- (6)

It must be stressed that only the fibre-dispersion profile must be known in order to
calculate phase-matching (and thus, wy is the frequency where the dispersion is ex-

panded from).

The spectral overlapping of several solitons at different frequencies as well as the
different phase-matched spectral components in the visible results in an observable

continuum.

As the solitons are shifted to longer wavelenghts owing to Raman-induced soliton self-
frequency shift (dwy/dz ~ (AT,)™*) [51-53], the phase-matched non-solitonic radiation
usually occurs at shorter wavelengths, too. The soliton self-frequency shift may be lim-

ited by a second zero-dispersion point [53,54] or OH absorption peaks.

An additional point to note is that the spectral distribution of the components in the
visible can not be fully predicted by the phase-matched dispersive-wave generation. Of-
ten, the spectrum extends further into the blue than expected from the phase-matching
condition. The Raman-induced soliton-self frequency shift, cross-phase modulation
and dispersion are found to be the dominant effects which produce new blue-shifted
spectral components on the short-wavelength side [55]. Cross-phase modulation also
offers the opportunity of generating widely broadened blue spectral components by

co-propagating a pump and signal pulse into a microstructured fibre [56].

A central point for the applicability of a fibre source to fluorescence microscopy is the



generation of blue spectral components. In a first approximation the location of the
blue is given by the spectral position of the phase-matched dispersive wave, which in
turn is described by Eq. (6). Keeping dispersion coefficients up to (r = 4) in this
equation and chosing the soliton frequency as the expansion centre (i.e., wy = w;), the

phase-matched components are given by [57]

mazwfwﬁm(%mﬂ%ﬂ@¢¢w®f—mwww). (7)

Where the signs of the dispersion coefficients are usually given as sgn(f®) < 0,

sgn(3®) > 0 and sgn(B™®) < 0, and the order of magnitudes are about 10~2ps® /m,
10=°ps® /m and 10~8ps™ /m, respectively. When the initial wavelength is in the
anomalous region, but in the range of dominating third-order and a small fourth-order
dispersion coefficient, a strong peak on the blue side is expected. The observation of
intense blue components, e.g., shown in Ref. [58] and [47], must be seen in considera-

tion of this result.

For pulses with longer pulse durations (several ps, and ~ ns), for which the effects of
SPM and self-steepening are negligible, stimulated Raman scattering and four-wave

mixing play an important role [44,135].

2.3.3 Modelling

The equation used to model the experiment is the so-called generalised nonlinear
Schrodinger equation. Particularly, it provides a tool in order to grasp the complex
soliton dynamics. The generalised nonlinear Schrodinger equation reliably describes
the evolution of the slowly varying envelope of a pulse U(Z,7) in a nonlinear optical
waveguide. A split-step Fourier method can be employed to solve this fundamental
equation [12]. The generalised nonlinear Schrodinger equation can be derived using

coupled mode theory [16,60]. The resultant equation is found to be given by

0 1" Lp iy 9" _
(Za—Z+;ﬁLDTSgH(ﬁ )877“ Uz,7)=

i 0 > ! / "2
MOATOE)U(ZJ)/O dr' R(F)|U(Z,7— )P

In this equation ATy is usually set to the FWHM pulse duration, wy is the pump

(8)

—Ng(l T

frequency, B = 9"(1/vg)/Ow" (evaluated at w = wy) is the rth dispersion coefficient,
Lp, = AT} /|3™] is the rth dispersion length, and

R = (1= f)it) + "L et )



is the (nonlinear) response function, which includes instantaneous electronic and de-
layed Raman contributions, the causality condition being taken into account through
the Heaviside function ©(¢) (unity for ¢ > 0 and zero for ¢ < 0). The fractional contri-
bution of the delayed Raman response is fgr. The parameters of the response function
are taken from Ref. [12]: fr = 0.18, 7, = 12.2fs and 7 = 32fs. In Eq. (8) the time
is in a reference frame co-moving at the group-velocity (evaluated at w = wy). The
propagation distance along the fibre is measured in units of the second-order dispersion
length Lpo (i.e., Z = z2/Lp3) and the amplitude of the electric field is measured in
units of v/Py. The square of the soliton number N? is the ratio between the peak-power
of the pump (P) and the peak power (vLp,) ' necessary to create a single soliton
in the ideal Schrodinger equation (that is, Eq. (8), neglecting the delayed Raman

contribution and dispersion terms of order r > 2).

The left hand side of Eq. (8) describes dispersion, and the right hand side attributes
to nonlinearity. One important parameter of the evolution is the soliton number N.
The width of the continuum is increasing with soliton number N due to the fission
mechanism during supercontinuum generation. In particular, higher-order solitons are
only formed if N > 1.5. A favourable large value is associated with a high peak-power
of the pump P, a high fibre-nonlinearity (vy), low second-order dispersion ‘6(2)‘, and
long initial pulse-durations ATy. The latter is in direct contrast to the behaviour of

SPM-induced broadening where a shorter pulse yields a larger spectral bandwidth (Eq.

(5)).
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3 Fluorescence Lifetime Imaging

Fluorescence lifetime imaging (FLIM) is a technique in which the temporal profile of
the fluorescence decay is measured at each spatially resolvable element of an imaging
system. Here the optical resolution is limited, at best, to that of the image-forming
devices. FLIM is a part of the broad field of biomedical optical diagnostics. In general,
biomedical optical diagnostics may be considered as a synthesis of two main subjects,
namely, spectroscopy and imaging [61]. The task of the spectroscopy is to detect
and quantify variations in (biological) tissue properties, and can be chemically spe-
cific. The use of an imaging detector allows local heterogeneity to be monitored. In
other words, it concerns the physical structure. The combination of imaging and spec-
troscopy allows a functional image to be obtained. Processes such as fluorescence link
both subjects together, as it is electromagnetic radiation at optical frequencies, and
its characteristics (intensity, lifetime, polarisation, absorption and emission spectrum,

etc.) that allow spectroscopy to be undertaken.

Consequently, this chapter is made up as follows. Section 3.1 presents a brief intro-
duction to the underlying principle of fluorescence so as to provide the basics for the
spectroscopic part. Following this, section 3.2 discusses the different imaging modali-

ties. Section 3.3 builds on the previous section to provide the techniques for FLIM.

FLIM may be important for fundamental biology research as it offers the opportunity
to monitor experiments with cells. Lifetime measurements, in particular, can help to
turn the spatial location of biochemical content with high degree of sensitivity and
signal specificity into visible contrast [62-66]. In addition to the whereabouts of the
fluorophore, the advantage of measuring the fluorescence lifetimes is that information
about the molecular environment of labelled macromolecules and biochemical reac-
tions in cells can be obtained [63]. This is due to the independence of the excited-state
lifetime on local fluorophore concentration, excitation intensity (including uneven illu-
mination or intervening absorption and scattering), photobleaching, light path length,
fluorescence intensity, and nonuniform fluorescence collection efficiency but dependence

upon excited-state reactions such as quenching and Forster resonance energy transfer.

FLIM is also a practical tool for drug discovery, and fluorescence techniques are being
used as an aid in medicine, for instance, in photodynamic therapy of tumours [67].
FLIM could also be used for in vivo diagnostics to differentiate between normal and
cancerous tissue, since malignant tissue can have a different fluorescence lifetime sig-

nature compared to that of benign biopsies [66].
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3.1 Fluorescence
3.1.1 Phenomenon of Fluorescence

Because of radiative transitions from excited states, there is luminescence. This emis-
sion of light may be categorized into fluorescence and phosphorescence, depending
whether the excited state is a singlet or triplet state, respectively. For excited singlet
states the return to the ground state is spin allowed and occurs rapidly by emission of a
photon. Typically, fluorescence lifetimes are on the order of nanoseconds. For excited
triplet states transitions to the ground state are forbidden. Thus, the phosphorescence
lifetimes of these metastable states are typically milliseconds to a few seconds. Phos-
phorescence is usually not seen in fluid solutions at room temperature. This is because
there are competing deactivation processes, such as nonradiative decay and quenching
processes [68]. When dealing with fluorescence it is common to illustrate the processes
involved between absorption and emission of light via a Jablonski diagram [68]. Fig.

2 shows such a schematic.

excited
singlet states

thermalisation

3
2 — . .
sz 1 T 10 10"s
0 internal excited
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10%s r 10" 107s k crossing
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s relaxation 10°%... 102
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‘o

ground state
I' = radiative decay rate k = non-radiative decay rate
vibrational energy states

(inculding rotational levels)

Figure 2: Jablonski energy level diagram. The singlet ground, first, second electronic states
and first triplet state are represented by Sy, S1, S92 and 17, respectively. Numerous vibrational

levels, denoted by 0,1,2, etc., exist at each of these electronic energy levels.

One observable property of fluorescence is that emission is shifted to longer wavelengths
(Stokes’ shift). Another quite general property of fluorescence is that the same fluores-
cence emission spectrum is generally observed irrespective of the excitation wavelength

in a certain range (Kasha’s rule).
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3.1.2 Fluorescence Lifetime

Beside spectral properties of fluorescence, lifetime and quantum yield are perhaps the
most important characteristics of a fluorophore [68]. For (single) exponential decays,
the lifetime of the excited state may be defined as the average time the molecule spends
in the excited state prior to return to the ground state. In other words, the lifetime
determines the time available for the fluorophore to interact with or diffuse in its
surronding, and hence, information about the fluorophore surrounding (pH, viscosity,

etc.) is obtainable. The lifetime of a fluorophore is given as

1

Where I' and £ are the radiative and non-radiative decay rate, respectively.

It must be emphasised that the photon emission of fluorescence is a stochastic process.
This forms the basis for a FLIM technique called time-correlated single photon counting
(TCSPC). In this method a temporal histogram, characterising the fluorescence decay

profile, is obtained.

3.2 Imaging
3.2.1 Overview

There are different fluorescence imaging instruments for different applications. The
types of microscopes may be categorised into wide-field and scanning instruments [2].
The wide-field class includes conventional fluorescence and total internal reflection
fluorescence microscopy. A camera is used to detect the fluorescence. The scanning
category includes confocal, multiphoton microscopes and near-field scanning optical
microscopes. Confocal and multiphoton microscopes work by scanning a single spot
of light over the specimen. A unitary detector (photomultiplier tube or avalanche
photodiode) may be used for detecting the fluorescence signal emanating from the
sample. There are also parallel microscopes which involve the use of many confocal or
multiphoton optical paths simultaneously and in parallel. At high speed an apparently
continuous image is obtainable. That is why they are also referred to as wide-field

optically-sectioned techniques.
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Figure 3: Three types of imaging instruments: convential wide-field microscope, confocal

laser scanning microscope, parallel microscope based on the Nipkow disk (after Ref. [2]).

3.2.2 Conventional Wide-Field Fluorescence Microscopy

A set-up for intensity imaging using a conventional wide-field fluorescence microscope
in the epi-illumination mode is shown in Fig. 3(a). Kohler illumination is drawn for the
illuminating light path, and the image-forming light path illustrates how fluorescence
emitting from the sample is captured by the optics [69]. Due to the Stokes’ shift
of fluorescence, a chromatic beamsplitter can separate fluorescence emission from the
excitation light. When dealing with broad-band sources, an excitation filter ensures
that the sample is excited by a narrow spectral band. In addition, a neutral density
filter may be used to attenuate the intensity. In order to further discriminate the
fluorescence emission, a long pass emission filter is introduced into the detection path.
Generally, the capability to differentiate between fluorescence and background light
provides a high signal to noise ratio making fluorescence microscopy a highly sensitive
method.
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3.2.3 Confocal Microscopy

In a conventional wide-field microscope light emanating from features outside the focal
plane is also detected. As a consequence, details in the image are blurred, and it is
not possible to discriminate only the focal plane. In particular, this is a problem when

imaging thick biological samples with depth of a few pum.

Fig. 4 illustrates the principle underlying confocal microscopy [4]. A complete image

can be built up by scanning the specimen relative to a spot of light.

pinhole 1 specimen pinhole 2

light source detector

condensor lens objective lens

Figure 4: Principle of confocal microscopy. In this configuration, the specimen is stage-

scanned.

In a confocal microscope the condenser of the conventional microscope is replaced by
a lens identical to the objective lens. The field of illumination is limited by a pinhole,
positioned on the optical axis. The condenser forms an image of the first pinhole onto
a confocal spot (s) in the specimen. The exit pinhole, placed confocally to the illumi-
nated spot in the specimen and to the first pinhole, prevents out-of-focus light reaching
the detector. Consequently, out-of-focus points in the specimen are illuminated less
by the first pinhole, and light emanating from this regions would not exit through the

second pinhole.

Instead of trans-illuminating the specimen with a condenser and objective lens, sepa-
rately, the confocal microscope is usually used in the epi-illuminating mode, making
a single objective lens serve as both the condenser and the objective lens. Fig. 3(b)
shows such a configuration. Instead of stage-scanning (x,y), a single spot of light is
scanned over the specimen as speed matters in practice. Usually, a confocal microscope
is implemented by attaching a commercially available confocal laser scanning unit to
a standard microscope frame. In addition, when using a diffraction limited spatially
coherent light source (e.g., laser, supercontinuum generation based on microstructured
fibre) the first pinhole can be omitted. To build up an image, the detector response

during scanning is used. By using a confocal laser scanning unit, it takes approxi-
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mately a few seconds to produce a complete image at acceptably high resolution.

Beside reduced blurring of the image and increased resolution, there are several ad-
ditional advantages of such a system: improved signal-to-noise ratio, the possibility
to examine thick light-scattering objects, and the inclusion of z-scan allows three-
dimensional quantitative studies of optical properties of the specimen. Furthermore,
an infinite number of aperture planes are potentially available for modulating the
aperture with phase plates, etc. Moreover, fluorescence lifetime measurements can
be simply applied to this imaging method via time-correlated single-photon count-
ing. The main drawbacks are the scanning process, which makes confocal microscopy
slower compared with conventional wide-field microscopy. In addition, a spatially co-
herent light source is needed due to the confocal pinhole. Tunable spatially coherent
sources are currently in their infancy. It is clear that a low cost all-fibre supercontin-
uum source would relax this limitation. Section 3.3.4 will deal with the applicaton of
supercontinuum (pumped with an Ti:sapphire laser) to biological confocal fluorecence

microscopy [70].

A continuum source can also offer new options in confocal imaging, e.g. the broad
spectrum can be used to focus different spectral components at different depths via

chromatic aberration allowing depth scanning [71].

3.2.4 Wide-Field Optically-Sectioned Imaging using a Nipkow Disk

Sectioning is usually implemented in confocal laser scanning microscopy [4] or mul-
tiphoton microscopy [5]; fluorescence lifetime measurements can be added to these
methods via time-correlated single-photon counting (section 3.3.4). However, pixel
by pixel scanning places limitations on the speed. The Nipkow disk scanning system
can overcome the speed limitations associated with single spot scanning while having
optical sectioning. Fast time-gated fluorescence lifetime measurements (section 3.3.1)

can be directly applied to Nipkow disk microscopy.

Fig. 5 shows a comparison between unsectioned wide-field intensity images and Nip-
kow disk images of a stained pollen grain. It can be seen that details of the specimen

are revealed and out-of-focus light is suppressed by employing the Nipkow disk.

Although the confocality is somewhat diminished compared to confocal microscopy,
the speed of image acquisition provides on-the-fly observation. This is of importance
as numerous biological processes occur at a sub-second timescale. Wide-field real-

time (up to 29Hz frame rate) fluorescence lifetime imaging has been demonstrated
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(c) (d)

Figure 5: (a) and (c) show convential images of the same pollen grain at two depths, and
(b) and (d) show images recorded with the Nipkow disk unit. The axial separation between
(a) and (c), and also (b) and (d) is 6 um [72].

1900 ps

1900 ps

Figure 6: (a) and (c) show convential merged fluorescence lifetime maps of pollen grains
at two depths, and (b) and (d) show merged fluorescence lifetime maps recorded with the
Nipkow disk unit. The axial separation between (a) and (c), and also (b) and (d) is 10
um [72].
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in conventional microscope, endoscope and plate reader configurations [73,74], and
frame-rates of up to 100 frames per second from a single-shot FLIM system were ap-
plied to image calcium signals in cells [75]. Tt is, however, desirable to acquire optically
sectioned images so as to remove out-of-focus light and also to improve the accuracy of
the calculated lifetimes. Fig. 6 shows a comparison between conventional and Nipkow
disk wide-field FLIM. In these images the standard fluorescence intensity images are
merged with the map of fluorescence lifetimes in order to form a weighted functional
image. Not only has the sectioning increased the spatial information in the FLIM
maps; it has also enhanced the fluorescence lifetime contrast between the different

pollen grains.
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Figure 7: Schematic of a simple one Figure 8: The basic idea how to enhance the
frame per round Nipkow disk scanner light throughput by using a lenslet array

In Nipkow disk microscopes the arrangement of multiple apertures, which perforate a
opaque disk, and spinning of the disk (Nipkow disk) generates a scanning in a raster
pattern [76]. Fig. 7 illustrates how a simple one frame per round scanner works. In
general, the design of the pinhole pattern allows the excitation light beams to uniformly
scan a whole plane of the specimen by arranging the pinholes so that the pinhole pitch
is the same in the radial and the angular directions [77]. The disk is placed in the
intermediate image plane of the microscope and a large number of spots of light are
focussed on the specimen plane. A schematic of the arrangement is shown in Fig. 3(c).
The light emanating from each spot passes through the particular aperture from which
it came. Thus, the opaque areas of the disk block out-of-focus light in the illumination
and emission light path. When the disk is spun at high speed and its surface is viewed

by means of an eyepiece or camera [78], an apparently continuous image is obtained.

Early forms of the Nipkow disk instrument were seldom used for low-light level fluores-
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cence imaging, because only a few percent of the light generated by an arc lamp could
pass through the disk. By incorporating a second disk, equipped with a microlens
array focussing collimated laser light on corresponding pinholes in the lower disk, the
light transmission can be significantly improved. A schematic of such a configuration
is shown in Fig. 8. However, a major problem of Nipkow disk microscopes is still
their poor light efficiency for fluorescence imaging. For this reason, powerful spatially
coherent light sources need to be applied. On the other hand, the low instantaneous
photon-flux per pixel of Nipkow disk scanning results in reduced photobleaching and

photodamage compared to confocal microscopy.

Another drawback is the fixed pinhole size; patterned exication microscopy concerns
this issue by using spatial light modulators [79]. In addition, performance is also lim-
ited by a lack of synchronisation between the spinning disk and the CCD camera,
particularly, for short CCD exposure times. Swept-field microscopy - combining sta-
tionary multiple apertures with scanning mirrors - adresses many drawbacks inherent

in scanning-disk technology and allows higher frame rates [80].

Wide-field optically sectioned FLIM can also be achieved by combining structured il-
lumination with time-gated FLIM [81-83]. Unfortunately, this technique exhibits a
reduced signal to noise ratio in the sectioned images compared to directly acquired

images, and does not work if the sample (e.g., living cells) moves during acquisation.

3.2.5 Imaging using a Slit Aperture

An alternative to Nipkow disk scanning in terms of optically-sectioned imaging at
high speed is to use a slit as the aperture. It seems reasonable to assume that a slit-
scanning system is again not quite as good as a confocal system at obtaining optical
sections of thick specimen. However, the slit-scanning is fast and it provides substantial
improvement over a conventional wide-field system. The confocal effect is given only
on one axis. Because it is a wide-field technique, fluorescence lifetime imaging using a

time-gated image intensifier can be directly applied.

To set up a slit scanner properly, an illumination line should be focussed in the aperture
plane of the objective. This line is imaged onto the specimen plane as a line rotated
90° to the first owing to the Fourier transform taking place. In the experimental
apparatus stage-scanning took place. When imaging biological samples, scanning an
illuminating line over a resting specimen may be favourable (such systems are given

in Ref. [4]). To record the image, a CCD camera is attached to the microscope.
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One major advantage of slit-scanning imaging systems is that, unlike Nipkow disk
scanning systems, they can efficiently utilize spatially coherent incident light. With
the combination of a cylindrical and a standard imaging lens the incident beam can be
fanned out and focused to a line. Thereby, there is little or no blocking. The uniaxial
diverging lens has to be placed in the conjugate plane to the back aperture of the
objective. High brightness, spatial coherence, ability to obtain diffraction-limited lines
of illumination without the need of slit apertures make the tunable continuum source

directly applicable for this method.

3.3 Fluorescence Lifetime Measurements

Fluorescence measurements can be broadly classified into two types of measurements,
steady state and time-resolved [68]. The steady-state type is performed with a contin-
uous beam of light illumination, and observation of emission intensity. Time-resolved
measurements concern the acquisition of temporal intensity profiles. In general, there
are two approaches, the time-domain and frequency-domain methods [64,68]. In this
report, the time-domain method (or pulse fluorometry) is of interest. The sample is
excited with a pulse of light which exhibits a duration much shorter than the decay
time 7 to be measured (~ ns). Upon excitation, the temporal intensity profile is mea-
sured. Then, the fluorescence lifetime can be calculated from the slope of the curve. It
is regarded to be a distinctive feature of the chemical compound and can be used for
its identification. In particular, it provides an effective means to differentiate between

fluorophores because spectrally overlapped signals may have distinct time behaviours.

Two different time-domain methods will be discussed in the following, namely, a time-

gated image intensifier technique and time-correlated single photon counting.

3.3.1 Time-Gated Fluorescence Lifetime Measurements

Time-gated fluorescence detection is the most direct method for measuring the life-
time. Fig. 9 illustrated the principle of the method. The sample is excited by a train
of pulses at a repetition rate which allows the fluorescence to decay completely. Fluo-
rescence emanating from the sample is detected in intervals during its temporal decay.
In order to scan the temporal fluorescence profile, the delay of the time interval (gate)
is varied with respect to the excitation pulse. At each delayed time gate, images of the
sample are taken. This allows simultaneous acquisition of the temporal profiles of all

resolvable elements. For the gating a certain width of the interval is chosen. Numerous
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Figure 9: Time-gated fluorescence lifetime measurement

excitation-decay-cycles at the same delay are averaged so as to reduce the noise of the
sensitive imaging system. The magnitude of signal can be raised by increasing the
integration time of the detector camera. The set of acquired images corresponding to
different delay times is then used for fitting an exponential decay-model at each image

pixel, and as a consequence, the FLIM map builds up.

Gated detection can be accomplished by turning on or gating the gain of the detector
for a short period during the intensity decay. This can be undertaken on a timescale
adequate for resolving the lifetimes. The detector of choice is a gated optical intensifier
connected to a CCD camera via relay optics. Gating is achieved by driving the pho-
tocathode of the intensifier (multichannel plate) with short voltage pulses, while the

gain is kept constant (Fig. 10). A schematic of the FLIM unit applied to a convential
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wide-field fluorescence microscope is shown in Fig. 38 (section 6.4).

The main advantage of time-gated FLIM is that it is a fast wide-field technique. How-
ever, the main drawback of gated detection is the noise introduced on the signal by
the light intensifier, and it is not so easy to directly estimate the uncertainties with

the stroboscopic measurement for each data point.
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ANNNF | [
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Figure 10: Schematic of the gated optical intensifier. The photodetector is based on the

external photoeffect.

3.3.2 FLIM Data Analysis

Data of time-resolved fluorescence measurements are moderately complex and, gener-
ally, require numerical methods, such as nonlinear least-squares analysis. The main
goal is to obtain the parameters for the assumed fluorescence decay Igecay from the

experimental data (set of images).

The physical processes involved in FLIM can be differentiated into the generation of
fluorescence via excitation pulses, and detection of the generated fluorescence via an

instrument with a response function.

In general, FLIM requires short pulses. If the excitation pulses have durations which
are not negligible compared to the time-scale of the fluorescence decay (/gecay), the
generated fluorescence is a convolution of the pulses with the fluorescence decay pro-
file. However, for short pulses with durations which are very small compared to the
time-scale of the decay, it is usually a good approximation to assume the excitation
pulse to be a ¢-function. In this case, the generated fluorescence is actually equivalent
to the shape of the fluorescence decay profile. The second step concerns the detection

of the generated fluorescence. Here, the time-dependent instrument response function
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Figure 11: Detection of the generated fluorescence with the approximation of §-function

excitation (response-function of the instrument is normalised in the convolution).

Ryetector Of the detector plays a role. The resulting observable fluorescence is a con-
volution of the generated fluorescence with the instrument response function. It goes
without writing that the convolution theorem could be applied. However, with the

approximation of d-pulses, the observable fluorescence is given by

Iobs. ﬁ(t) ~ / ds Rdetector(t - S)Idecay(s)- (11)

oo

The analysis is relatively simple, if the decays are single exponential:

fin () = Aexp (). (12
In the case of a rectangular gate, the instrument response function (IRF) is 1 between
the kth delay-time (¢;) and the end of the gate of width w (#; + w), and it is zero
otherwise. In this case, the measured values at each image pixel (Dy, k=1,2.3,....N,
whereby N is the number of images) are represented by the integrated fluorescence
intensity decay while the gate is open. According to (11) they are given by

Lne (k) = Dy = /tﬁw dt 1- Aexp <—3> o). (13)

tr T

where the Heaviside-function © (¢) attributes to the fact that no fluorescence is emitted
before the excitation while the gate could be opened before the emission of fluorecence
(i.e., tx < 0 possible). A continuous description for this relationship is shown in Fig.
11, whereby the delay times #; take on all real values. A discrete set of profile points is
expected as the result of the experiment because only a few delay times ¢, are chosen.
A nonlinear least-square method (e.g., Levenberg-Marquardt) can be applied to find
accord - with respect to A and 7 - between the experimental values and the simulated
Dy-values. The deviation of the experimental values from the assumed profile is a

quantifier for the quality of the fit.
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If the fluorescence decay is only measured after the excitation pulse, i.e. the rising
edge of the observable fluorescence can be neglected, then, the lifetime can easily be
determined from the slope of In(I(¢)) versus t by using linear regression methods. To
consider a real instrument response function (i.e., drop the rectangular shape), the
integral of Eq. (11) needs to be calculated for a set of time points (at which the IRF
was measured). The idea of this data analysis is the same but the integrals need to be
calculated numerically in general. However, it may be convenient to approximate the
instrument response function via a super-shape composed of rectangular shapes with
centres spaced at the distance of the experimental values (of the IRF measurement)
in order to use an analytical integration, to speed up computation, and to proceed in

a similar way as above.

In addition to single exponential decays, multiple exponential decays, continuous
lifetime distributions, and stretched exponential functions are important in prac-
tice [68,84,85]. Particularly, when imaging biological samples there are many situations
in which one does not expect a limited number of discrete lifetimes. For instance, a
fluorophore in a mixture of solvents, such that there exists a range of fluorophore en-
vironments [64]. Then, one can also assume a continuous lifetime distribution. To
model the fluorescence emission of biological samples, an equivalent expression is the

stretched exponential function [86] given by

1

liceny (1) = Aexp ( (;) ). h>1. (14)

Where 7 is a characteristic time constant and h is the heterogeneity parameter. Again,

the nonlinear least-squares method can be used to analyse the data.

3.3.3 Rapid Lifetime Determination

Acquisition of only a few images for the FLIM map allows increasing the speed of
FLIM- measurements. Rapid lifetime determination concerns this matter. In partic-
ular, this is important for time-gated FLIM using image intensifiers. It is common
to consider just single exponential decays for image processing even if a wide range
of fluorophores and subenvironments are present in a sample, and hence, a stretched
exponential function would be more appropriate [84]. In particular, the speed of data
analysis favours the single exponential model, which still provides useful contrast. Par-
ticularly, in biological tissue imaging one is interested in reproducible lifetime contrast
acquired, processed and displayed in the shortest possible time. In addition, Forster

resonance energy transfer (FRET) - being important in modern biological research -
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can be detected by their means.

For rapid FLIM the acquisition of only two images [87] would be the fastest option
possible. However, instabilities originating from the laser and the light intensifier are
likely to affect the measured lifetimes significantly (terms for the uncertainties of 7
and A are given in Ref. [87]). It can be shown that there exists an optimal temporal
region for the estimate of the lifetime. The two-gate rapide lifetime determination ap-
proach is effective for samples exhibiting only a narrow range of fluorescence lifetimes;
it becomes problematic for samples exhibiting a range of lifetimes. Thus, it is better

to acquire more than two images [64].

In the experiment three time-gates were used. And, instead of applying nonlinear fit-
ting methods, a rapide lifetime determination method is employed [87,88]. Although
the precision can be worse, it is much faster than iterative nonlinear schemes. As a
consequence, this method should be useful in a variety of real-time applications, such
as endoscopic FLIM and multi-well readers [74]. A graphical description of the quan-

tities involved is shown in Fig. 12.
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Figure 12: Rapide lifetime determination method.

In the three-gate case, a decay with non-zero baseline of the form

It) = A exp (- (t;t‘)» +B (15)

is assumed. Where 7 is the lifetime, A is the preexponential factor and B is the

baseline. The baseline accounts for a situations where a weak signal is on a slowly

varying decaying background (e.g., a fluorescence on a phosphorescence signal) [88].
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In the experiment the decay is sampled by three consecutive gates. The areas of the

integrated decay are

Dy = / a1, (16)

t
where k£ = 1,2,3. Explicit integration using the decay model, Eq. (15), results in

expressions for the parameters of the model:

At
T=—"

In (p22)

D, —D 1
A= LT (17)

T (e (=2)) (1 —exp (=5)) exp (—551)

_l B Dy — Ds
B_w <D2 1—exp(—%)>'

The uncertainty in 7 can be derived by using the Gaussian error propagation method

[88]. A comparison of methods for rapid evaluation of exponential decays (rapide
lifetime determination, maximum likelihood estimator method, phase plane method)
is given in Ref. [89]. The different techniques are compared with respect to precision,

accuracy, sensitivity to binning range, and the effect of baseline interference.

3.3.4 Time-Correlated Single Photon Counting

An alternative to time-gated FLIM is time-correlated single photon counting (TC-
SPC) using a confocal microscope [90-93]. It is a widespread time-domain technique
for counting photons which are time-correlated in relation to the excitation pulse. The
apparatus for TCSPC consists basically of a pulsed laser with a high repetition-rate
and a time-to-amplitude converter [68]. The role of the time-to-amplitude converter
is to measure the time between the excitation pulse and the first arriving emitted
fluorescence photon. This is accomplished by charging a capacitor. The voltage ramp
is stopped when the first fluorescence photon emanating from the sample is detected
by a photomultiplier tube. For triggering the voltage ramp of the time-to-amplitude
converter, a high-speed photodiode monitors the excitation pulses of the laser-output.
An electrical pulse is provided at the output of the time-to-amplitude converter. Then,
the multichannel analyser converts the received voltage into a time channel using an
analog to digital converter. Finally, the multichannel analyser builds up a probability

histogram of counts versus time representing the fluorescence decay.

In general, the time-to-amplitude converter is a rate-limiting component. It takes sev-

eral microseconds to discharge the capacitor and reset the time-to-amplitude converter.
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To solve this problem reverse mode operation is used, thereby, the detected photon
serves as a start pulse and the next excitation pulse is the stop signal. Once a photon
is detected, the dead time of the electronics prevents detection of another photon. For
older TCSPC systems this used to result in a time consuming measurement when scan-
ning a whole image pixel by pixel. However, advanced TCSPC devices ( e.g., 'Becker&
Hickl’) achieve useful count rates of the order of several ~ 10° photons/s and effective
recording times of less than 1 ms per decay curve [94]. The overall dead time is about
125 ns per detected photon. The acquisition time for TCSPC lifetime measurements
can vary between a few seconds up to half a hour depending on the photostability of
the sample, the number of spatial pixels, and the accuracy (number of counts) needed
for answering the particular question of the experiment. The maximum count rate is
limited rather by the photostability of biological samples than by the counting capa-
bility [94]. A main advantage of TCSPC is its high accuracy, i.e., the apparatus is in

principle shot-noise limited.

The data obtained via TCSPC can be analysed analogous to the time-gated technique.
Whereas the time-channels of the TCSPC method for each pixel are equivalent to the
set of images of time-gated FLIM.
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4 Requirements of Fluorescence Imaging to Source

Properties

4.1 Spectrum

Ideally, a flat high-power spectrum covering the ultraviolet, visible and infrared part
of the electromagnetic spectrum is needed for fluorescence microscopy. This is because

the numerous available fluorophores have each a different absorption spectrum.

The ultraviolet and visible part of the spectrum are important for single photon exci-
tation. In particular, in fundamental molecular biology research fluorescently labelled
marker molecules - which usually absorb in the visible spectral range - are in use.
These extrinsic fluorophores are added to the sample to provide fluorescence when
none exists or to change the spectral properties of the sample. To investigate biolog-
ical tissue via autofluorescence in vivo and in situ ultraviolet excitation is necessary.
This is important for the direct observation of living cells using FLIM, e.g., applica-
tion in medical surgery (using endoscopy). The infrared spectral range is important

for multiphoton microscopy.

In general, the spectrum needs to be flat on a linear (not logarithmic) intensity scale
since some techniques (e.g., spectral imaging) require a number of excitation wave-
lengths in the same experiment. Thereby, the fluorescent tissue may be excited with

multiple wavelength at a constant intensity level simultaneously or sequentially.

4.2 Diffraction-Limited Beam Quality, High Brightness

Microscopy applications of fibre-based light sources require single-mode operation (~
Gaussian [16]) since this mode produces the smallest beam divergence, the highest
power density, and, hence, the highest brightness [95]. Focusing a single-mode beam
by an optical system will produce a diffraction-limited spot of maximum power per
unit area. Furthermore, the radial profile of the fundamental mode is smooth, whereas
multimode operation leads to the random occurance of local maxima in intensity.
Precise imaging systems (e.g., pointspread-function-engineered superresolution instru-
ments) rely on excellent beam quality. For certain fibre cross-sections [39], endlessly

single-mode operation can be easily obtained.

In many applications, particularly for confocal imaging, it is a high brightness (power/

area/ solid-angle divergence of the beam) rather than large total emitted power that is
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desired from the source. The use of fibre amplifiers is of great interest in the design of
high-energy, high brightness fibre-sources. In an amplifier the combined action of self-
phase modulation, normal dispersion and gain may result in linearly chirped parabolic
pulses at high power levels [96-100]. In particular, the linear chirp of these optical
wave breaking-free pulses allows efficient pulse compression via a dispersion-induced
negative chirp [101]. For a given fibre dispersion 3 and nonlinearity parameter +,
Ref. [96] gives design criteria for efficient parabolic amplification in terms of initial
pulse duration and energy, and propagation length. In combination with a master
fibre-oscillator to generate the seed and a microstructured fibre to produce the contin-
uum, this approach allows the design of a versatile high average power all-fibre source

being applicable in linear and nonlinear spectroscopy.

4.3 Power

The estimation of Ref. [4] results in an incident spectral power of 1 —2mW the source
must furnish to be usable for fluorescence detection in confocal microscopy. At first
sight this seems quite low, however, this implies 1—2mW per nm within the continuum,
if a highly discriminated spectrum (~ 1nm) is required. The low damage threshold of
the microstructured fibres because of the small core diameters, in particular for fibres
with short zero-dispersion wavelengths, may be a limitation for a high spectral power.
Fortunately, the spectral features of the absorption spectra of most fluorophores are
hardly less than ~ 5nm, consequently, this alleviates the spectral power demand.
On the other hand, spectral imaging using muliple labels and overlapping emission
spectra may restrict spectral excitation bandwidths to less than 10nm, thus, increasing
the required spectral power. When sufficient power is provided by the light source,
photochemical processes and the type of sample crucially determine the power level

which can be used [4].

For a continuum source suitable for multiphoton microscopy, the flat spectrum should
exhibit a spectral power of at least 3 — 5mW/nm while covering an optical range of

0.6 — 1um at about picosecond pulse-duration and a repetition rate of 40MHz.

4.4 Pulse Duration, Repetition Rate

Pulsed lasers are useful in microscopy for two reasons: time-resolved measurements
such as FLIM require pulsed sources, and they can be used to create the very high

levels of peak power necessary to excite nonlinear phenomena (multi-photon excita-
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tion) at a moderate level of average power [68]. In addition, if the source does not
provide wavelengths in the ultraviolet, longer wavelengths can be converted to shorter
ones by second-harmonic generation (SHG). This may be important for the excitation
of intrinsic fluorophores (autofluorescence) to provide label-free molecular fluorescence
lifetime contrast. It is clear that a continuum source inherently covering the excitation

wavelengths for autofluorescence imaging would be the best option.

For most time-resolved measurements (time-domain) the pulses should be regarded as
delta-functions (i.e., pulse durations ~< ps) with respect to the fluorescence lifetime
(usually ~ ns). In particular, this simplifies data analyis and avoids errors associated

with de-convolution.

An additional point to note is that the width of the pulse provides also a basis for
a promising superresolution technique called stimulated emission depletion (STED)
[160]. Since superresolution techniques are increasingly being important for answering

fundamental questions in biology, aspects like this should be kept in mind.

For fluorescence lifetime imaging, the right repetition rate is vitally important. For
example, at a repetition rate of 100MHz, the pulses occur every 10ns. One typically
measures the intensity decay to about four times the mean decay time, so that fluores-
cence lifetimes times longer than 2.5ns are too long to be measurable at a repetition
rate of 100MHz [68]. In practice a source at a repetition rate of about 40MHz would
be appropriate.

4.5 Polarisation

The polarisation state of the output of the light source may be important for fluo-
rescence polarisation anisotropy measurements which are commonly employed in bio-
chemistry [68]. In order to obtain a well-defined polarisation state of the continuum
output, polarisation-maintaining fibres must be used. Beside the significance of po-
larisation with regard to spectroscopy, it is also a means of increasing efficiency of
polarisation-sensitive optical elements, e.g., compressor, stretcher, spatial light modu-

lator, monochromator, etc.
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5 Optical Properties of the used Microstructured
Fibre

This section discusses the optical properties of the microstructured fibre ’crystal fibre
NL-2.0-740’, which was used in the subsequent fluorescence experiments. In particular,
for the applicability of supercontinuum in fluorescence microscopy, the properties of
the spectrum, namely, spectral range, flatness, bandwidth and power, are important
criteria. Furthermore, the profile of the beam, i.e. single-mode operation, is of sig-
nificance. In addition, pulse-to-pulse-noise of the continuum output may be relevant.
In order to describe the location of the blue via the phase-matching conditon, the
dispersion of the fibre must be known. Consequently, this fibre characteristic has been

measured.

5.1 Dispersion, Phasematching
5.1.1 Measurement of the Fibre Dispersion

A spectral white-light method — using the Mach-Zehnder interferometer — is employed
so as to measure dispersion of a microstructured fibre. A schematic of the interferom-

eter is shown in Fig. 13(a).
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Figure 13: (a): Experimental apparatus for the dispersion measurement, OSA: optical
spectrum analysator, (b): measured dispersion (blue), polynomial fit to the experimental

data (orange) and theoretical estimation (grey)
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The method is based on the fact that the intensity at the output is spectrally modu-
lated by the interference term 2+/I; I, cos (§). Where I; and I, are the intensities of the
reference and the probe arm of the interferometer, respectively. The phase difference
is 0(w) = Bobject (W) Lovject — % Lair + 0, Where Bopjee is the propagation constant of the
probe object (e.g., fibre), Lopject is its length, Ly, is the portion of the air path in the
reference arm which compensates for the change in optical path owing to the insert of
the object in the probe arm. The extra term 6 accounts for any phase difference due
to mismatch of both arms. From the equation for the phase difference ¢ follows that
the second derivative of this equation in terms of frequency w results in a quanitity
describing pulse broadening per bandwith. The disperion parameter D(\) can be cal-

culated by means of Eq. (2).

A special feature of the experimental set-up is the use of a spatially coherent supercon-
tinuum source for the dispersion measurement. In particular, this allows to measure
dispersion over a wide spectral range (~ 800nm in the present case) while having a

reasonable amount of brightness for a convienent data acquisation.

5.1.2 Calculation of the Fibre Dispersion and Phase-Matching

The dispersion profile of the fibre used in the experiments was calculated via symbolic
trial-and-error expressions for the output of the finite-element method which are given
in Ref. [102], and the result is shown in Fig. 14(a).

Phase-matching was calculated by using Eq. (6) and the resultant curve is shown
in Fig. 14(b). Owing to the existence of two ZDWs, there are two dispersive waves
for solitons at longer wavelengths. On the one hand, this allows generation of phase-
matched dispersive waves in the infrared, and thus, an enhanced bandwidth of the
supercontinuum on the long-wavelength side [53,54]. On the other hand, this places a

constraint on the energy transfer to the blue.

The choice of microstructured fibre (MF) and pump source naturally depends on the
spectral range in which the light is to be generated. For the visible spectral range, the
zero-dispersion wavelength of the fibre should not be far-off from the spectral region of
interest. On the other hand, it should be close to the centre wavelength of the pump

source so as to allow a ’continuous’ spectrum on a linear intensity scale.
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Figure 14: (a) Dispersion parameter D vs. wavelength (black line) and group-delay 1/vg
with respect to the group-delay at A = 550nm (red line) vs. wavelength for the air-silica
microstructured fibre ’crystal fibre NL-2.0-740°. The inset shows the corresponding geometry
of the cross-section for this fibre. (b) phase-matching between soliton and the nonsolitonic

radiation, where the red line corresponds to the relevant anomalous dispersion region

5.2 Single-Mode Operation

Another important fibre characteristic is single mode operation. The MF ’crystal fibre
NL-2.0-740" has a hole-diameter to pitch ratio d/A = 0.67, consequently it is not end-
lessly single mode which requires d/A < 0.45 [40]. Fig. 15 illustrates the single-mode

behaviour vs. wavelength which was calculated via a scalar approximation [103,104].

The single-mode cut-off is found to be at a wavelength of 700nm, which agrees with the
data given by the manufacturer [105,106]. Whether single-mode cut-off is important
or not is determined by the beam-profile of the pump source. In general, pumping
with a single-mode source yields a single-mode continuum output, even in the range
where the nonlinear fiber is multi-mode. If the fiber is also multimode at the pump-
ing wavelength, it requires careful coupling to achieve single-mode operation. If strict
single-mode operation is to be guaranteed or if the pump source is not single-mode,
the fiber chosen should be single-mode at the pumping wavelength and ideally over

the entire region in which one wishes to generate light [107].

As the present fibre is multimode in the visible, interferometric dispersion measure-
ments are not so easy in this spectral range, i.e. requirement of long pieces of fibre for

mode seperation, temporal scanning, and a spatially coherent broadband single-mode
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Figure 15: Relative overlap of the 2nd order mode (LPi1) with the effective core region
(radius = A/+/3). The single-mode cut-off is determined by the value of 0.52 which parallels
to the convential criterion V' < 2.405. In addition, the mode-field diameters (MFDs) for the

1st and 2nd mode are shown.

light source across the visible and near infra-red region.

5.3 Experimental Setup

The following is concerned with the generation of blue and green components. For this
purpose 0.75m length of air-silica MF ’crystal fibre NL-2.0-740" (mode-field diameter:
1.59um, ZDW at 740nm) in combination with the Ti:sapphire laser ’spectra physics
Mai Tai’ (pulse width: ATgpwaym = 100fs, repetition rate: 80MHz, tuning range:
710 —990nm) is used. In general, the required length of microstructured fibre depends
on the pulse width of the pump source. Due to the nonlinear fibre-length ((v£) '), less
than one metre of nonlinear fibre is generally sufficient for pump pulses on a timescale
of a few hundreds of femtoseconds (< 1ps) whereas pump pulses on a nanosecond

timescale need a fibre-length of a few metres.

A schematic of the experimental set-up for the tunable continuum source is shown in
Fig. 16. The output of the pump Ti:sapphire laser is directed through an isolator
and focussed by a 4.5mm focal length aspheric lens into the MF. A interference filter
wheel was placed into the beampath so as to discriminate a part of the continuum for

calibration and spectral intensity noise measurements.
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Figure 16: Experimental set-up for the tunable continuum source (TCS). M1-4, mirrors;
L1-2, lenses; A\/2, half-wave plate; A\/4, quarter-wave plate; MF, microstructured fibre; IF
wheel, interference filter wheel. The half-wave plate before the isolator serves as a variable

attenuator. The quarter-wave plate compensates for ellipticity of the laser output.

5.4 Spectrum
5.4.1 Spectrum vs. Pump-Wavelength

The main limitation of continuum extension towards the blue is usually due to the
relative location of the zero-dispersion point with respect to the pump-wavelength.
The further the pump wavelength is tuned from the ZDW the deeper in the blue
the short wavelength components are generated [54]. However, this occurs at the
expense of increasing the width of the gap between the pump and the blue components,
in addition, the amplitude of the blue components will reduce. For this reason the
pump wavelength should not be tuned too far away from Azpw so as to obtain a
reasonable amount of blue. In particular, the tunability of the Ti:sapphire laser allows

optimization of the supercontinuum with regard to fluorescence microscopy.

The short-wavelength sides of the supercontinuum spectra were recorded at different
pump wavelengths (from 710nm to 890nm in 30nm steps). The obtained experimental
data is shown in Fig. 17. It can be seen that the spectrum shifts towards the blue as
the pump wavelength is increased. In general, this behaviour can be explained with

the phase-matching curve for this fibre, Fig. 14(b).

A point to note is that the spectral power is shown on a linear scale. This is of
particular importance as flatness of the spectrum can be only evaluated on this type
of scale, whereas a logarithmic scale tends to emphasise values which are too small
to be of use in practise. To label the ordinate with real units (e.g., mW/nm), a
calibration is necessary. Provided the optical spectrometer detects the whole spectral
range of the generated supercontinuum, the integration value of the spectrum is a
quantity equivalent to the experimentally measured total output power. Thus, the

raw spectrum can simply be calibrated via normalization and multiplication with the
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Figure 17: Short wavelength sections of the supercontinuum spectra of the MF ’crystal
fibre NL-2.0-740 (length ca. 0.7m) for different pump wavelengths (710nm, 740nm, 770nm,
800nm, 830nm, 860nm, 890nm). The input power was about 500mW and the (high) power
transmission 0.20 at 710nm, 0.12 at 740nm, 0.14 at 770nm, 0.14 at 800nm, 0.15 at 830nm,
0.14 at 860nm, and 0.12 at 890nm.

total power. Generally, interference filters (with a known transmission function) can be
applied. In the present case this method is inevitable as the optical spectrum analyser
(ocean optics’) only covers a limited spectral section of the generated supercontinuum,
in addition, it is not reliable for wavelengths longer than 700nm. For the calibration
of the spectra in Fig. 17 an interference filter ("comar 500 IU 25 T-DAB’) at a centre
wavelength of 500nm is used (compare Fig. 44). A reasonable overlap of the filter

transmission function with all measured spectra is required for calibration.

For the fluorescence lifetime imaging experiments (section 6), the spectrum at a pump
wavelength of 830nm was choosen from all the calibrated spectra. In particular, it

exhibits a reasonable degree of flatness in the spectral range 425 — 525nm.

5.4.2 Determination of the Short-Wavelength Side of the Spectrum

Nonsolitonic radiation is generated at a wavelength determined by the phase-matching
condition (Fig. 14(b)). For a pump wavelength of 830nm, the phase-matched nonsoli-
tonic radiation is located at ~ 550nm. The generated dispersive waves in the visible
propagate slower than the solitons in the infrared (Fig. 14(a)), which causes the both
to separate in the subsequent evolution. Fig. 18 illustrates this stage of the supercon-

tinuum generation process.
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Figure 18: Simulated spectrogram of the initial stage of the process of supercontinuum
generation (z ~ 10c¢m) using the MF ’crystal fibre NL-2.0-740’. The pump wavelength is at
830nm and the pulse energy is about 1n.J. The simulation uses T. Schreiber’s implementation

of the split-step Fourier method so as to solve Eq. (8).

With propagation the solitons experience the Raman-induced soliton self frequency
shift. Consequently, the soliton group-velocity decreases. Fig. 14(a) shows the rela-
tive group-delay vs. wavelength (~ 40ps/m at A = 1500nm). For the present fibre,
the frequency shift due to the Raman effect is limited by the second zero-dispersion
point in the infrared. Thus, the soliton is pinned to a certain wavelength (~ 1500nm)
and to a relative lower group-velocity with respect to the dispersive wave. Thus, in an
terminal stage of supercontinuum generation this results in a progressive catching up
of the soliton by the dispersive wave. When the soliton walks through the dispersive
wave, the trailing edge of the soliton interacts with the leading edge of the dispersive
wave and produces a positive chirp via cross-phase modulation. The interplay of XPM
and normalous dispersion ('red faster than blue’) causes blue-shifted components to be
further transferred into the blue where the group-velocity is even lower than that of the
Raman-shifted soliton. This allows the components to fall behind the soliton, i.e., they

can escape even if the soliton completely walks through the dispersive wave [55, 56].

Fig. 19 shows the XPM-induced blue shift in the process of supercontinuum genera-

tion using the MF ’crystal fibre NL-2.0-740’. The underlying model is a pump-probe

37



soliton

R —

= 5
5, 5,
2 2 XPM-induced
2 , 2 blue
) input pulse XPM-induced ko)
£ AJ splitting £
2 -1 0 1 2 =750  -500  -250 0 250 500 750
time T [ps] frequency (v - 2 t C/550nm ) [rad/ps]

(a) (b)

Figure 19: (a): Pulse vs. time (in a reference frame co-moving at the group-velocity of the
dispersive wave). The cyan and magneta coloured peaks are the soliton before and after the

interaction with the dispersive wave, respectively. (b): corresponding spectra of the probe

configuration [108] described by
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Where A; is the probe (dispersive wave) and A, is the pump (soliton), Theny is the
initial delay, and v e is the relative group-delay. The parameters for the simulation
were extracted from the calculation shown in Fig. 18. My Matlab code is based
on the split-step Fourier method in order to numerically solve Eq. (18). Such an
approximated implementation is particularly useful as it allows to reveal the physics,
and moreover, to localise the blue-shifted radiation on a second timescale whereas a
complete simulation from the initial stage shown in Fig. 18 would take a few days
while numerical instabilities are likely. The frequency shift shown in Fig. 19 is in

accord with the experimental observation of wavelengths at ~ 420nm.

5.5 Relative Intensity Noise

To measure the intensity noise of the continuum, a silicium photodiode ("Thorlabs Inc.
201/579-7227’) in combination with a fast oscilloscope was used. Fig. 20 illustrates
qualitatively how an estimate for the noise can be extracted from the data. In particu-
lar, measurements have been undertaken for the input before the MF, the total output
of the continuum after the MF, and the filtered output of the continuum after the MF.
Integration over each pulse of a recorded pulse train (Fig. 20(a),(c),(e)) yields a dis-
tribution of the pulse areas. This can be visualised by histograms (Fig. 20(b),(d),(f)).
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The ratio of standard deviation and mean value of the pulse areas results in a quanti-
fier for the relative intensity noise. In the examples of Fig. 20, the MF ’crystal fibre
NL-2.0-740" was pumped with pulsed light at Apump = 830nm. The average power
before the fibre is 500mW. The corresponding supercontinuum spectrum is given in
Fig. 17.

The broadening due to the response of the oscilloscope should not concern. In addi-
tion, the electronic noise is thought to be negligible compared to the impact of the

fibre on the pulses.

The relative pulse-to-pulse noise was measured - according to the different spectra of
Fig. 17 - at different pump wavelengths (from 710nm to 830nm in 30nm steps). The
noise of the input is about ~1% and almost constant for the different wavelengths.
This is in accord with the data provided from the laser manufacturer. Deviations from
the given noise value may be attributed to non-polarisation-maintainance of the fibre
which scrambles the intitial linear polarisation state [109]. The pulse-to-pulse noise at
the output including all spectral components (i.e., total output) is between 2% and
4% and increasing with pump wavelength. This tendency is shown in Fig. 21(a). In
addition, the noise of the supercontinuum was measured behind bandpass filters. The

result for a filter with a centre wavelength at 550nm is shown in Fig. 21(b).

In view of Fig. 17 and 21, it becomes apparent that the short wavelength side of the
continuum can be extended to some degree by pumping further in the infrared but
at the expense of rising noise levels. The increase in noise can be explained with the
width of the frequency intervall between the pump and the blue components in the
inital stage of the process of supercontinuum generation via soliton dynamics. In par-
ticular, the dispersive waves in the blue occur every time the soliton spectrum overlaps
the resonant dispersive wave region [47]. Thus, a small variation in input pulse energy
affects the extension as well as overlap in the blue. In addition, it translates to a

considerable relative fluctuation in number of blue photons.

The scattering of the values shown in Fig. 21 may be due to insufficient warm up of the
pump laser and stabilisation of the continuum (i.e., thermal settling down). In addi-
tion, the coupling had to be re-adjusted for each pump wavelength (at constant power
level), and thus, conditions changed slightly. The noise level characterisation was also
undertaken for another microstructured fibre ("crystal fibre NL-1.5-590") whereby at-
tention was paid on avoidance of these errors, consequently, the results became more

linear. The replacement of a dodgy coaxial cable - transferring the electric signal from
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Figure 20: (a),(c), and (e) show sections from ca. 160 pulses recorded with a photodiode and
an oscilloscope before the MF-input, behind the MF-output, and behind the filtered output
(A = 500nm, passband width ~ 50nm), respectively. (b),(d), and (f) show histograms for

the pulse areas on the left. The ratio of standard deviation and mean of the pulse areas
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the photodiode to the oscilloscope - improved the results significantly.

Although the ’crystal fibre NL-1.5-590’ (ZDW at 590nm) was not used in the following
fluorescence microscopy, the spectrum allowed wavelength dependent noise measure-
ments due to the possibility of scanning the supercontinuum with the the given set
of interference filters (Fig. 22(b)). For this purpose the Ti:sapphire laser was set to
A = 710nm, which is the shortest wavelength available. Intensity noise vs. spectral
range is shown in Fig. 22(a). In particular, this result states that the different spectral

components contribute to noise differently. Research showed that a similar result can
be found in Ref. [110].

Unfortunately, a similar spectral noise characterisation could not be undertaken for the
continuum output of the MF ’crystal fibre NL-2.0-740" as the shape of the spectrum

was not that suitable for scanning with the available set of interference filters.

While pulse-to-pulse fluctuations may be a problem for some applications, it is not
an issue for steady state fluorescence intensity measurements or fluorescence lifetime
imaging, due to the small number of fluorescence emission photons that are typically
detected per pixel per excitation pulse. For instance, a standard confocal system (e.g.,
"Leica TCS PS2’ in combination with the inverted microscope frame ’Leica DMIRE
2’) can scan at about 400 lines per second whereby a line consists of 256 pixels. This
parallels to ~ 10us per point (which is equivalent to the pixel dwell time neglecting
the dead time because of moving from one pixel to the next), in turn, this time interval
corresponds to a number of 800 incident pulses at a laser repetition rate of 80M H z.
If one assumes about 20% fluctuation in pulse energy, 25 photons need to be detected
per pulse per pixel in order to have an intensity noise contribution in excess of the
shot noise (i.e., 20% x photons > y/photons = photons > 25 ). Consequently, 20%
standard deviation in the source pulse energy would only be detectable above the shot
noise for photon counts of greater than 2 x 10 photons per pixel [10]. In contrast, for
fluorescence lifetime imaging using the combination of TCSPC and a confocal micro-
scope the number of photons detected per pulse must be < 1 so as to avoid the pile-up
effect. In addition to shot noise considerations, the intensity noise should not matter

because of averaging during aquisation.
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Figure 21: (a) noise of the total output vs. pump-wavelength (and linear least-squares-fit),
(b) noise of the output behind an IF at 550nm vs. pump-wavelength (and linear least-

squares-fit)
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Figure 22: (a) wavelength dependency of the noise for the continuum output of 0.2m length
of MF ’crystal fibre NL-1.5-590” (and linear least-squares-fit), (b) corresponding spectral
sections and total spectrum for a pump wavelength of 710nm and input power of 500mW

((high) power transmission 0.17).
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6 FLIM using the Tunable Continuum Source

This section provides a description of the application of the TCS to FLIM as well as
spectral imaging. It is organised as follows. Section 6.1 deals with the experiment and
the results of the application of the TCS to a wide-field optically-sectioned FLIM sys-
tem based on Nipkow disk scanning. As Nipkow disk microscopy is a rapid wide-field
technique, a fast time-gated intensifier can be used to carry out FLIM. Section 6.2 dis-
cusses the application of the TCS to confocal microscopy, and Although pixel by pixel
scanning places limitations on the speed, it is a widespread tool which allows a high
degree of optical sectioning while being comfortable to operate. FLIM is performed
via time-correlated single-photon counting. In the latter experiments, the TCS rather
acts as a means to transfer the infrared pump wavelengths to the blue spectral region.
Although this is vitally important, the broad spectrum also provides multiple wave-
lengths for excitation of multiple labels and for complex fluorescence experiments —
section 6.3 concerns spectrally and temporally resolved imaging. Section 6.4 concerns
the application of an all-fibre source to wide-field FLIM. A low-cost table-top fully

fibre-based system will be particularly suitable for real-world applications.

6.1 Wide-field Optically-Sectioned FLIM using a Nipkow disk

For some live cell imaging applications, fast single photon microscopy is more attrac-
tive than multiphoton microscopy providing that one can retain the advantages of
optical sectioning and the ability to do FLIM that comes naturally with the ultrashort
pulse excitation associated with multiphoton microscopy. This is because, it results
in a lower instantaneous photon-flux per pixel, thereby reducing photobleaching and

photodamage at the area of illumination compared to confocal microscopy.

This section is concerned with an optically sectioned live cell FLIM system based on
the Nipkow disk microscope that incorporates a microlens array for higher throughput.
This microscope requires spatially coherent laser excitation sources and this has previ-
ously constrained it to cw excitation at a limited number of fixed wavelengths (lines of
the Argon and Krypton ion laser). The new tunable continuum source permits this ap-
proach to multidimensional microscopy to be implemented with excitation across the
visible spectrum and to realise FLIM. As a rapid (wide-field) live cell imaging tool, it
should be useful for cell-based screening for drug discovery. It will also be possible to
simultaneously provide multiple wavelengths for excitation of multiple labels and for

complex fluorescence experiments.
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6.1.1 Experimental Setup

A schematic of the experimental set-up is shown in Fig. 23. It comprises a tun-
able continuum source (TCS), a Nipkow disk unit (’Perkin Elmer UltraView’ formerly
"Yokogawa Electrical Corporation’) attached to an inverted microscope frame (’Olym-
pus IX71’), and the time-gated fluorescence lifetime measurement module ("Kentech
Ltd.”).

light source Nipkow disk unit microscope
disk with chromatic disk with
' microlenses beamsplitter pinholes

w : D specimen
ros )= t
3 light delivery | : I
excitation I
filter —— emission !
- filter
trigger signal
- . R time-gated
e Gl < " intensifier
relay
optics
T e CCD
FLIM unit

Figure 23: Schematic of the wide-field optically-sectioned FLIM using Nipkow disk scanning.

6.1.2 Spectrum of the Tunable Continuum Source

The set-up for the TCS is analogous to the one shown in Fig. 16: the output
(A = 830nm) of a Ti:sapphire laser is directed through an isolator and focussed by a
4.5mm focal length aspheric lens into a 0.7m length of MF (crystal fibre NL-2.0-740’).
The pump wavelength was chosen by means of Fig. 17. Thereby, the criteria were spec-
tral flatness, laser properties (e.g., spectral mode-locking behaviour of the Ti:sapphire

laser), and suitability for fluorescence microscopy (i.e., blue spectral region). A point
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to note is that in the experiment the Ti:sapphire laser ’spectra physics Tsunami’ was
used instead of the ’spectra physics Mai-Tai’. According to the specification sheets
of the two lasers, the laser output characteristics should be comparable. This can
be qualitatively verified by comparing Fig. 24 with Fig. 17 — the both spectra (at
A = 830nm) exhibit identical features. Because of the change of laser type, a slight
change in pulse duration is probably, however, this should not affect the spectrum that
significant. In particular, detuning of the pump wavelength has a stronger impact on
the continuum compared to the input pulse-width. This is due to a substantial varia-
tion of the dispersion profile [54]. The power at the fibre input is about P = 550mW.
The continuum output was collimated using a x40 microscope objective. This spec-
trum was then modified by placing an interference filter in the beam so as to remove
the transmitted infrared light before being launched into a single mode fibre for deliv-

ery to the Nipkow unit.
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Figure 24: The short-wavelength side of the spectrum generated by means of pumping with

the ’spectra physics tsunami’ at a wavelength of 830nm.

The excitation wavelength could be widely tuned depending on the particular fluo-
rophore of interest, but was in practise limited by the chromatic beam-splitter and
filters mounted inside the Nipkow disk unit. Yokogawa units are often equipped
with multi-bandpass beam-splitters that have three passbands at 488nm, 560nm, and
610nm, matched to the lines of Argon and Krypton ion lasers. In practice these
wavelengths were convenient to use with the continuum source, and so samples could
be excited at any of these wavelengths. However, since there are multiple transmis-
sion bands, the fluorescence is only reflected by the beam-splitter within 40nm of the

excitation passband before reaching the next excitation passband. In principle, the
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multi-bandpass chromatic beamsplitter could be replaced with a single cut-off mirror.

A typical spectrum prior to filtering, and the selected spectral bands with correspond-
ing power values are shown in Fig. 24. It must be stressed that the shown profile
is only the non-solitonic radiation of the overall spectrum (i.e., in the infrared there
is the powerful solitonic part expected). Another point to note is that there exists
no ’continous’ spectrum but a gap between the visible and infrared part of the total
spectrum (on a linear intensity scale). This is in accord with theory. To fill the gap, I
suggest to pump closer to the zero-dispersion wavelength with longer pulses, however,

this in turn has a negative impact on the magnitude of the blue components.

In the experiments, the passband at a centre wavelength of 450nm was used. More gen-
erally, a spectral extension down to 350nm would be desirable for fluorescence imaging
so as to cover the majority of absorption spectra on the short wavelength side. How-
ever, with the given microstructured fibre and pump laser available, it was not fearsible
to produce components below 420nm (on a linear intensity scale). Different types of
fibres have been tried (‘crystal fibre NL-1.5-590” with the tunable Ti:sapphire laser,
"blazephotonics SC-5.0-1040" with a Yb fibre-laser) but spectral components below this

‘cut-off wavelength’ could not be generated.

The power of about 11mW for the 450nm-passband must be seen as an initially
optimized value because degradation during the experiments could be observed. In
particular, the detuning of the coupling stage is likely to be the reason for this. In
principle, the present coupling stage could be replaced by one with built-in feedback
control (e.g., available from 'Thorlabs’). As a consequence, a more stable continuum
should be achievable. This is of paramount importance since the time-scale of complex
fluorescence experiments can not afford instabilities of the light source. Due to the
damage threshold of the microstructured fibre tip at P;, ~ 600mW (AT}, = 100fs
and Vjgser = 80M H z), the power value of 11mW can not be simply increased by rising
the magnitude of pump power. A larger area of the fibre core would be appropriate
so as to reduce the damage threshold, and as a consequence, intensity could be in-
creased. However, a modified core size will have a direct influence on dispersion via
the waveguide contribution. Thus, a trade-off between dispersion and core-area needs

to be found in order to increase the fraction of energy in the blue.
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6.1.3 Specifications of the Nipkow Disk Unit

In the experiment, the Nipkow multi-spot scanner is the 'confocal scanning unit CSU
10" from "Yokogawa’. Fig. 25 shows the schematic of the design. In this system a
microlens disk (~ 20 thousand microlenses) is incorporated in addition to the regular
Nipkow disk [77]. Owing to the light concentration via this array of microlenses,

transmission through the two disks is improved up to about 40% [77,111].

eye

disk1 disk2

>:|4 microscope

light source

Figure 25: Light path in the CSU10 (after Ref. [111]).

Light from the tunable continuum source is introduced into the CSU10 through a single
mode optical fibre (SM uscope fibre) with a core-diameter of about 4um, collimated
by a collimator lens (L1), pass a neutral density (ND) filter, an excitation filter (ExF)
and then illuminate a microlens array (diskl). Whereby the single beam of light
is expanded to fill a part of the area of the disk, and passes through the apertures
of the microlenses, producing multiple beams. About 1000 laser beams focussed by
the microlenses pass through a chromatic beam-splitter (D) (area: 7mm x 10mm)
onto the corresponding pinholes (50 pym diameter). The passing light is focussed onto
the specimen plane by the microscope objective in order to excite fluorophores. The

fluorescent light emanating from each spot of the specimen returns along the same path
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from where it came through the objective lens, sharpened again by passing through
the pinholes, reflected by the chromatic beam-splitter, and passes barrier filters (BaF)
to reduce the noise of excitation laser beam, finally focused (1.3, L4) on to the image
plane of eyepiece lens or camera by relay lens (L5) as a sectioned wide-field image [111].
Rotation speed of the scanner motor is about 30rps. The pinhole pattern produces 12
frames per rotation, giving up to 360 frames per second of wide-field optically sectioned
images. Various chromatic beamsplitters can be inserted between the microlens and
pinhole disks depending on the excitation wavelengths and the unit also incorporated
additional excitation and emission filters. The output light field could be detected
either with a CCD camera, or using a gated optical intensifier (GOI) for performing

fluorescence lifetime imaging (FLIM).

6.1.4 Time-Gated FLIM Unit

A schematic of the FLIM unit applied to the Nipkow disk unit is shown in Fig. 23.
Fluorescence light emanating from the sample is imaged onto a wide-field time-gated
optical intensifier ('GOI’/’"HRI’” manufactured by 'Kentech Instruments Ltd.”) [112],
which is made up of an photocathode, which generates photoelectrons, and a phosphor
screen sandwiching a double microchannel plate. To compensate for the reduction in
spatial resolution, a double, rather than single, microchannel plate is used. All other

light sources should be excluded from the photocathode by using a black tube.

The microchannel plate of the time-gated optical intensifier comprises an array of
coated glass capillaries of a few micrometers diameter. It provides short gate times of
< 500 ps FWHM over an 18mm diameter cathode aperture. The wafer type design
gives a large number of pixels across the full 18mm diameter cathodes. The resolution
is typically 10 Ippmm™' (Ippmm = line pairs per millimetre, in other words, this
unit tells how many elements there are per mm on the detector plane) dropping at
the shortest gate durations. The capillaries are set at an angle (typically 15°) to the
incident photoelectrons. A secondary electron cascade is produced upon collision of the
electrons and the capillary. The divergence of the initiated electrons decreases as the
electron energy increases. The signal gain can be varied by applying a voltage to the
microchannel plate in the range 500 — 1600V. The time-gated optical intensifier has a
modulation bandwidth of 1GHz and can provide impulse gating with sub nanosecond
gate widths at repetition rates in excess of 100MHz. The intensifier gating and gain
modulation is provided by switching the photocathode potential with respect to the

microchannel plate input, which is at ground potential. The intensified image on
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the phosphor screen is relayed to a CCD camera by two camera lenses front-to-front;
an inexpensive and light efficient alternative to a field lens [84]. A CCD camera
("Hamamatsu ORCA-ER’) is set up to view the output of the gated optical intensifier.
The ’Kentech trigger delay unit’ is used for trigger delay control. One may simply delay

the low level input trigger signal feeding the front panel trigger input by connecting
it via a 'Kentech precision programmable delay line’ [113]. The delay line provides
20ns of adjustment in 25ps steps and may be used at trigger rates > 100MHz. As a
consequence, the time-gate can be delayed with relation to the laser pulses at a certain

repetition rate.

6.1.5 Acquired Lifetime Maps

Below FLIM maps of samples of stained mouse embryo sections (prepared from lymph
nodes of different mouse lines) are shown. The integrated fluorescence intensity is
shown on the left hand side. It can be interpreted as a photon number distribution.
On the right, the lifetime maps are merged with the intensity images so as to form a
weighted functional FLIM map. The sectioned images display improved image quality

and contrast compared to their conventional counterparts.

In conclusion, this approach has the potential to acquire optically-sectioned FLIM im-
ages at higher frame rates than scanning confocal microscopy. The TCS addresses one
of the key drawbacks of the Nipkow disk microscope, namely, the limited availability
of spatially coherent pulsed excitation sources in the visible spectral range so as to
carry out FLIM. It must be stressed that a FLIM experiment using the Nipkow disk
and the novel TCS has been undertaken for the first time. Consequently, emphasis
was placed on demonstration of such a system, finding of possible pitfalls and potential
improvements. For instance, further development of the TCS in terms of stability and
spectral coverage is definitely necessary. However, this requires additional equipment

(e.g., different types of fibres and a new fibre coupling approach).
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Figure 26: (a): Tissue stained with troma- (magnification (M) x40). (b),(c): Tissue stained
with ttf- (M x10) and (M x40). (d): Lung-tissue (30pum) (M x40). Excitation wavelength
at 450nm.
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6.2 Time-Correlated Single Photon Counting

As time-correlated single photon counting (TCSPC) requires a confocal microscope,
the application of the spatially coherent supercontinuum source is convenient as it

provides a point-like source able to tune across the visible.

6.2.1 Experimental Setup

In the experiment the TCS consists of the set-up of the previous sections (Fig. 16).
The pump laser wavelength is chosen to be 830nm (at a pulse duration of ~ 100fs and
an average power of ~ 0.5W). The low power transmission of the MF is ~ 40%. The

resultant supercontinuum section is identical to the one shown in Fig. 24.

An interference filter with a passband of 50nm centered at 450nm ('comar 450 IU 25
T-EMB’) serves as a wavelength pre-selection. Its average transmission is about 65%.
Instead of using an interference filter a prism-monochromator could have been used
(appendix A). For sake of simplicity and because of the polarisation sensitivity of
the (uncoated) prism monochromator, the use of the interference filter was favoured.
Particularly, when not employing a PM microstructured fibre for supercontinuum gen-
eration and having an uncoated prism, an interference filter wheel may be the better

option.

The power behind the filter is about 10mW. The pulsed beam passes a shutter (which
serves as an overload protection for the photomultiplier tube [114]) and a neutral
density filter wheel so as to attenuate the power in order to avoid photobleaching of
the living cells. Finally, the beam was launched into the confocal microscope ('Leica
TCS PS2’ in combination with the inverted microscope frame 'Leica DMIRE 27). The
fluorescence emanating from the sample was detected with the photomultiplier tube
"Becker & Hickl PMH 100-1°. The photomultiplier tube is connected with the TCSPC
computer-card ("Becker & Hickl’) and another output feeds the overload protection

system.

6.2.2 Specifications of the Counting Card

The method of TCSPC was described in the section 3.3.4. A schematic of the 'Becker
& Hickl’ counting card is shown in Fig. 27. At this point it is appropriate to describe

the design in more detail.

An important feature of TCSPC is the use of the rising edge of the photoelectron

pulse for timing the time-to-amplitude converter [68]. This allows phototubes with
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Figure 27: Dual wavelength channel TCSPC (reverse mode operation) after Ref. [94]. TAC:
time-to-amplitude converter, PMT: photomultiplier tube, ADC: analog to digital converter,

CFD: constant fraction discriminators

nanosecond pulse widths to provide subnanosecond resolution. Thus, among the most
important parts of the TCSPC electronics are the constant fraction discriminators,
which provide improved time resolution by removing the variability due to the ampli-

tude of each voltage pulse [68].

In TCSPC the most critical component for timing is the photon detector [68]. The de-
tector of choice is a multi-channel plate (MCP) in conjunction with a photomultiplier
tube. It provides short electrical pulse widths and exhibits lower intensity after-pulses.
The time resolution of the TCSPC technique is given by the transit time spread in
the detector, which is 150 ps for fast conventional photomultiplier tubes ("Hamamatsu
H5773P’) and 25 to 30 ps for the combination of multi-channel plates and photomul-
tiplier tubes ("Hamamatsu R3809U-50"). In conjunction with a minimal time channel
width of the TCSPC modules much shorter lifetimes (a few ps) can be determined by

deconvolution of the recorded decay data [94].

A source of error in TCSPC is the detection of several photons per laser period. This
results in decay curve distortion or pile-up effect [68]. Therefore, the count rate should
be much smaller than the laser pulse repetition rate so that the detection of several
photons per laser period can be neglected. Although the pile-up effect is predictable,
a recorded photon count rate of 5% of the laser repetition rate should not be ex-
ceeded [94].

In one part of the experiment two wavelength channels were used. This is simply

realised by using a chromatic beamsplitter behind the output of the microscope and
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two photomultiplier tubes. The schematic of Fig. 27 shows the following configuration
of the "Becker& Hickl’ counting system. The routing technique makes use of the fact
that the detection of several photons in different detector channels in the same laser
period is unlikely. Therefore, the single-photon pulses from all detector channels can
be combined into the common photon pulse line and sent through the normal time
measurement procedure of the TCSPC module [114]. As a consequence, fluorescence
photon distribution vs. time, spatial coordinates, and wavelength builds up. In par-
ticular, a two channel configuration may be useful for determining Férster resonance

energy transfer.

6.2.3 Application

In the first part of the TCSPC experiment only one photomultiplier tube was used.
The chromatic beamsplitter inside the confocal microscope is a longpass 480. Directly

before the detector there is another HQ longpass 500 (emission filter).

One example of a FLIM image for COS cells (monkey kidney cells) expressing cyan
fluorescent protein (CFP) is shown in Fig. 28. CFP has its main absorption peak
at about 440nm and its principal emission peak at about 475nm. Thus, the spec-
trum of the TCS (Fig. 24) is convienent to use with the given chromophore. FLIM
data processing was performed using SPCImage software ("Becker&Hickl GmbH?’). In
particular, single exponential decay profiles were fitted onto the acquired data. The
resulting false-colour lifetime map is merged with the integrated fluorescence intensity

image to aid visualization.

counts
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Figure 28: COS cell stained with CFP. (a): intensity-merged FLIM map (b): corresponding

lifetime histogramm.
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The genetically expressed fluorescent probe CFP is a mutant spectral variant of the so-
called green fluorescent protein (GFP) - extracted from the jellyfish Aequorea victoria -
which altered cell biology research dramatically by opening the door to non-invasive flu-
orescence multi-colour investigations of subcellular protein localisation, intermolecular
interactions, and trafficking using living cell cultures [115]. Used in combination with
GFP, this fluorescent protein is useful in Forster resonance energy transfer (FRET) ex-
periments and other investigations that rely on multicolor fluorescence imaging. Other
fluorescent proteins such as YFP, EFP, DsRed and HcRed are promising candidates
for investigations with longer wavelengths of the visible spectrum, moreover, they
are convenient to use with the novel TCS. Particularly for these increasingly popular

multi-labelling applications using fluorescent proteins, the TCS is especially suited.

For the dual channel FLIM experiment, a longpass (560nm) provides two wavelength
channels serving the two photomultiplier tubes. This configuration is attached at the
fluorescence output of the confocal microscope. Directly before the photomultiplier
tubes there are additional filters (bandpass 500 — 530nm and a longpass 570nm) for
further spectral discrimination. Inside the confocal microscope, a longpass 480nm is

used again as the chromatic excitation-emission-beamsplitter.

With this set-up HEK (human embryonic kidney) cells are studied. The HEK cells
are stained with the membrane-sensitive dye di-4-ANEPPDHQ ("Molecular Probes’),
which differentiates liquid-ordered phases from -disordered phases. The properties of
the dye were studied in model membranes [116]. It could be shown that the fluores-
cence emission maximum of the dye is at a wavelength of 570nm in liquid-ordered
phase compared with 630nm in the disordered phases. This is shown in Fig. 29. Con-
sequently, with the filter combination above there is an imbalance in terms of number
of photons in the two channels. It is important to note that this filter combination

served for a different biological experiment.

Although right dual channel TCSPC FLIM would have been better, the reasonable
amount of photons in one channel allows FLIM to be undertaken, in addition, it is a
good way to illustrate what information is obtainable from standard TCSPC FLIM
compared with spectral imaging. Fig. 30 shows that the fluorescence lifetime map
exhibits a stark contrast. Here, only the second channel is shown since the lack of

photons did not allow fitting for the first one.

In particular, the ability of the dye to detect both phases may be important in bio-

physical research studies concerned with lipid domains in cell membranes. Notably, the
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Figure 29: Emission spectra with 475nm excitation light of di-4-ANEPPDHQ in ordered

and disordered phase in model membranes taken from Ref. [116].

concept of lipid domains, or rafts, as organising centres for localized signalling path-
ways in membranes has achieved significance in fundamental cell biology research.
Membrane studies of coexisting lipid phases help provide a biophysical basis for these

phenomena.

In addition, information from pure spectral intensity imaging was obtained by forming
the ratio of the total emission of the two fluorescence channels (i.e., temporally inte-
grated). The resultant image can be seen in Fig. 31(c). Here, the membrane of the cell
is a region where the liquid-ordered phase-state is primarily favoured compared with
the other state ([1(i,7) > Is(i,7)). It is insightful to compare the information from
spectral intensity imaging (Fig.31(c)) with the single channel FLIM map (Fig. 28(a)).
It can be clearly seen that the information of the different approaches correlates to
each other. It must be stressed that spectral intensity imaging is faster than fluores-
cence lifetime imaging for most imaging modalities. In addition it is less expensive.
Although spectral intensity imaging does not provide the same amount of information
(e.g., about the fluorophore environment) compared to FLIM, it may be a practical
alternative for some application (like the one presented here). Combined with the
TCS, this approach permits the recording of a excitation-emission matrix, which in
turn, offers the possibility to localise fluorophores within multiple stained biological

tissue. It may also be a convenient and fast approach for the determination of FRET.

It is clear that for real dual channel spectral FLIM the right chromatic beamsplitter

with a seperation wavelength in between the two emission maxima would have been
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better (compare Fig. 29). However, in this case, crosstalk ("bleed through’) between
the channels is still a problem since the emission spectra of the two phases are not
distinct. For spectral imaging, this can be overcome via a linear unmixing algorithm.
Using this method it would be possible to ascertain the specific emission of the dif-
ferent (states of) fluorophores to the total signal and to restore a clear signal for each

colour channel, unaffected by emission from the other fluorophore [117].
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Figure 30: HEK (human embryonic kidney) cells stained with di-4-ANEPPDHQ (2nd chan-
nel) (a): intensity-merged FLIM map, (b): corresponding lifetime histogram.
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Figure 31: (a) and (b): (normalised) intensity images Ii(m,n) and Is(m,n) of
channel 1 and 2, respectively. ~ Where (m,n) are the pixel-indices. (c): ratio
(maz — Iz(m,n)) / (max — I;(m,n)), where maz is the peak-intensity of both I1(m,n) and

Iy(m,n).
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6.3 Spectrally and Temporally Resolved Imaging

Fluorescence lifetime imaging can be combined with spectroscopy to allow spectrally
and temporally resolved imaging. As a consequence, more information can be gath-
ered from fluorescence emission. Experimental ambiguity can also be removed since
changes of fluorescence are often observable by spectral imaging as well as fluores-
cence lifetime imaging. In particular, multiple fluorophores may be identified using

this method. This may be important when capturing the biochemical content of cells.

In the experiment, line-illumination and stage-scanning of the sample is employed.
Each line is spectrally resolved using a spectrograph, in addition, it is also temporally

resolved using a time-gated intensifier.

Pure spectral imaging combines conventional imaging with spectroscopy. Tradition-
ally, spectral images were aquired using a CCD detector through a series of dielectric
filters. To avoid drawbacks associated with the use of these elements, a spectrograph
(equivalent to a dispersing element and CCD camera) is used in the experiment; it
collects the entire emission spectrum in one run and single pass. The spectrograph is
calibrated by replacing the specimen with a mirror, and then, reflecting a number of

known excitation wavelengths into the spectrograph.

Supercontinuum generation in microstructured fibre is especially suited to meet spec-
tral imaging. It provides a broad spectral coverage of wavelengths for sequential or
simultaneous excitation of fluorophores. Particularly, the excitation wavelength can
be tuned so that only one of the multiple fluorophores absorbs. Thus, detailed locali-
sation of biochemical components within biological tissue is feasible. Furthermore, the
spatially coherent broadband fibre-source effectively utilizes the slit aperture (section
3.2.5).

6.3.1 Experimental Setup

The broad continuum is generated by launching of femtosecond pulses (80fs) from
the Ti:sapphire laser ’spectra physics Hurricane’ (at A = 800nm and a repetition rate
of 80MHz) into 0.3m length of highly nonlinear microstructured fibre ’crystal fibre
NL-2.0-740".

The collimated output of the supercontinuum is introduced into the excitation prism-
monochromator (appendix A) in order to select portions of the continuum. One feature

of this ’spectral discriminator’ is that it allows to select spectrally distict parts of the
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Figure 32: Schematic of the experimental setup for spectrally and temporally resolved

imaging.

continuum simultaneously. Potentially, it can be convienently controlled using spa-
tial light modulator technology. However, in the experiment the wavelengths 480nm,
545nm, and 570nm were chosen via mechanical control (appendix A). The passband

has a spectral width of ~ 10nm.

The recording of speckle is avoided by placing a spinning diffuser wheel into the beam-
path. The deviated light is gathered by a collector lens and focussed to a line onto the
specimen plane by the combination of a cylindrical lens, standard imaging lenses, and
the objective ("Olympus x40, NA 0.75 dry’).

The emitted fluorescence returns along the direction from where it came, and is re-
flected by the chromatic beam-splitter. Firstly, the fluorescent line is spectrally re-
solved by an imaging spectrograph, which has a spectral range of 373nm to 1133nm.
Sampling takes place every 3nm, and the wavelength resolution is 9nm. Secondly,
the fluorescence emission is temporally resolved by means of a time-gated intensifier.
The acquisation is based on the 3-gate rapid lifetime dertermination method of section
3.3.3.
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6.3.2 Application

The test sample is a 15um transverse section of the rhizome of a Lily of the Valley
(convallaria) that had the conjuctive tissue and phloem stained with Fast Green and
the xylem stained with both Safranine O and Fast Green. These dyes are commonly
used to stain biological specimens, in particular, for photomicrography. Their absorp-
tion spectra are shown in Fig. 33. The sample was provided by Johannes Lieder,

Ludwigsburg, Germany.
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Figure 33: Visible absorption spectrum of the dyes Safranine O and Fast Green (taken from
Ref. [118]).

The acquired images cover an area of 105um x 60um with a resolution of ~ 1um.
The sectioning strength is about 7.5um. The acquisation time for each spectrally and
temporally resolved line is 9 to 27s. This is mainly due to the integration time so as
to obtain a reasonable amount of photons. The images shown cover 60 lines; thus, it
takes 9 to 27mun in order to capture a single image. Because of the acquisation on a
minute-timescale, the stability of the fibre-coupling into a 2-micron core is a limiting

factor. Particularly, it could be seen that it is vibration-sensitive.

The temporally resolved images (FLIM maps) of different emission windows for the
three excitation wavelengths are shown in Table 1. It is clear that the absorption
characteristics of the two dyes have a direct impact on the observable emission at
different excitation wavelengths. Particularly, the limited spectral absorption range
of Safranine O plays a role here. For the excitation wavelength of 488nm, it should

be solely excited. The first row of Table 1 indicates the prescence of Safranine O.
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Figure 34: (a) intensity image (i.e., integrated fluorescence emission) (b) functional image
(FLIM map of the sample convallaria) which allows localisation of the mono- and bi-stained

region. The selections within these regions (shown via circles) are used for data analysis.

The localisation within a restricted area can be traced back to the fact that only the
xylem is stained with Safranine O whereas Fast Green should be found all-over. The
column on the right hand side shows the reciprocal of the heterogeneity (1/h) versus
excitation wavelength (for the definition of h see section 3.3.2). The field of view is
turned by 90 degrees. As just one of both dyes is preferentially excited, the reciprocal
of the heterogeneity is closer to 1 on the whole sample. The heterogeneity parameter
allows quantitative localisation of regions were both dyes are present (blue labeled).
The vanishing heterogeneity with increasing excitation wavelength may also be con-
sidered as a proof for the limited excitability of Safranine O. In view of the sample
heterogeneity, the fluorescence information of the first element of Table 1 (i.e., 480nm

excitation, 490-620nm emission window) may be exclusively due to Safranine O.

To analyse the data, particularly, in terms of spectral properties, a mono- and bi-
stained region was selected. Thereby, the information provided by Table 1 was used.

The sections are shown in Fig. 34(b).

For the bi-stained region of convallaria, Fig. 35(b) illustrates the change in lifetime and
peak-emission when varying the excitation wavelength. Again, this tendency can be
explained with the absorption spectra of the two stains. For the excitation wavelength
of 480nm the dye Safranine O (major absorption from 470 to 550nm) is expected
to govern both lifetime and peak-emission wavelength, whereas for an excitation of

570nm the stain Fast Green (major absorption for wavelengths > 560nm) is supposed
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to dominate these characteristics. The values at an excitation wavelength of 545nm
are rather due to an intermediate state, where both dyes contribute to fluorescence
emission (compare also heterogeneity column of Table 1). Tt is worth mentioning that

both lifetime and peak-wavelength exhibit a significant shift.

In view of these results, it must be stressed that the tunability of the supercontinuum
source across the visible is an important tool for spectral discrimination of dyes within
multiple stained tissue. In particular, the choice of fluorophores for spectral imaging
does not rely on the source. However, a precondition of spectral imaging is the spec-
tral distinctness of absorption ranges of the fluorophores. Usually, it is quite easy to
fulfil this requirement as there are plenty of fluorophores with well-known absorption

spectra available.

Fig. 35(a) shows the averaged emission spectrum of the bi-stained region at an exci-
tation wavelength of 488nm. Keeping the absorption of the dyes in mind, the spectral
emission range may be divided into three windows (490 to 550nm, 550 to 620nm, and
620 to 835nm). It can be seen that the different spectral components possess differ-
ent lifetimes. Without varying the excitation wavelength, spectrally and temporally
resolved fluorescence emission may reveal the presence of different dyes. This is be-
cause, the different fluorescent components emitt in different spectral regions, and in

addition, the corresponding lifetimes should exhibit differences, too.

For the dye Fast Green, Fig. 36 illustrates the shift in emission spectrum and lifetimes
owing to the situation in either the xylem (stained with Fast Green and Safranine O)
or in the conjunctive tissue (only stained with Fast Green). The fluorescence emission
of Fast Green in the conjuctive tissue (blue) shows the same lifetime irrespective of
excitation wavelength (~ 560ps). This is due to the fact that this region has been
stained with Fast Green solely. When studying the (extracted) emission of Fast Green
from the xylem ( in the spectral emission window from 620 to 835nm), the decay shows
a shift in lifetime and spectrum with respect to the emission from the conjuctive tissue,
even though it is the same dye. This may be attributed to the impact of the xylem

environment (Safranine O) on the emission of Fast Green.
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Figure 35: (a) averaged fluorescence emission spectrum of the bi-stained region at an ex-
citation wavelength of 480nm. The emission is divided into spectral windows, and for each
section, lifetime values are obtained. (b) lifetime (o) and peak-emission wavelength (A)
versus excitation wavelength corresponding to the different excitation wavelengths in the

bistained region
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Figure 36: (a) Lifetime vs. excitation for Fast Green alone (blue) and in prescence of
Safranine O (gree), (b) emission intensity vs. wavelength for Fast Green on its own (blue)
and in presence of Safranine O (green), in both cases is the excitation wavelength 570nm

and the spectral window 620-835nm.
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6.4 Wide-field FLIM

This section concerns the combination of fibre-laser pumped supercontinuum gener-
ation in microstructured fibre and a wide-field FLIM system. In the other sections
dealing with the application of supercontinuum to FLIM, a tunable Ti:sapphire laser
is used for pumping the microstructured fibre. At present, the Ti:sapphire laser has
superior output characteristics compared with other commercially available types of
lasers, however, supercontinuum generation via microstructured fibre does not require
a tunable source for pumping. The wavelength of the pump-source only has to match
the dispersion profile of the fibre. Thus, a less complex laser - exhibiting good char-
acteristics - should be the starting point. Following this, the right MF — which meets

the pump laser — needs to be chosen (or especially designed).

Consequently, the motivation for using a fibre laser and microstrutured fibre was to
demonstrate a potential table-top tunable light-source for fluorescence lifetime imag-
ing. The cost of this technology is likely to drop significantly once fully fibre-based
systems have been developed. Such systems will be particularly suitable for real-world

applications.

6.4.1 Experimental Setup

The TCS is made up of a commercially available all-fibre platform comprising an ampli-
fied seed oscillator ("TPG YLP-8-1060-PS’) and a MF (’blazephotonics SC-5.0-1040’).
The seed fibre-laser employs an all-isotropic fibre-integrated loop, passive-modelocking
configuration with a central wavelength at ~ 1060nm. The pulse repetition rate is
40MHz, the maximum average output power is about 9W, and the pulse duration is
ca. 3.5ps. The laser-output spectrum is not well defined, and is dependent on power,
e.g., AX = 10nm at 2W, 35nm at 5W, and 70nm at 9W.

The output is directed through an isolator and focussed by a 4.5mm focal length as-
pheric lens into a ~ 20m length of the MF with a ZDW at 1040nm. A half-wave plate
was placed immediately before the focussing optic to rotate the input polarization so
as to match the (low) birefringence of the fibre. The resulting continuum output from
the fibre was collimated using a x40 microscope objective. A set-up of the TCS is

analogous to one shown in Fig. 16.

The spectrum of the continuum extends down to 530nm on the short wavelength side
and is shown in Fig. 37. It is spectrally selected by placing an interference filter with a

central transmission wavelength at 550nm and a passband of ~ 50nm (’comar 550 U
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Figure 37: Short wavelength side of the continuum obtained with MF ’blazephotonics SC-
5.0-1040’ and the Yb fibre-laser. The incident average power was about 4W at 40M H z, the

low power transmission could be as high as 45%.
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Figure 38: Schematic of the set-up for time-gated fluorescence lifetime measurements using

a conventional wide-field fluorescence microscope.
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25 T-EJC’) into the beam. The spectral power of this region was about 0.5mW/nm.

The collimated light is steered by dielectric mirrors and a periscope into the micro-
scope. Additionally, a rotating diffuser wheel is placed before the microscope input
that causes the laser speckle at the sample to be time-averaged so as to give a spatially
uniform illumination. The light deviated by the diffuser is gathered by a collector lens.
A focussing lens in the microscope assures good illumination onto the specimen plane.
Fig. 38 shows a schematic of the wide-field FLIM set-up.

6.4.2 Application

Images taken with the (conventional) wide-field FLIM system are shown below. It is
worth mentioning that the fluorescence lifetime maps exhibit a strong contrast. For
instance, the first two rows of Fig. 39 show FLIM images of a test sample containing
pollengrains. Here, the same fluorophore (Cy 3) exhibits different lifetimes in different
environments. For the unmerged lifetime maps, the whitish areas interspersed by spots
of apparent lifetimes can be explained with a lack of photons for these image pixels, and
as a consequence, fitting becomes a problem or questionable. However, the intensity
image is a photon number distribution, which can be used so as to form a weighted
functional FLIM map. An additional point to note is that the pulse repetition rate
of 40MHz allows the fluorescence to decay almost completely between the excitation

pulses.

Although FLIM works well with the all-fibre continuum source and the power levels
are significant higher compared to the spectra obtained by pumping the ’crystal fibre
NL-2.0-740" with the Ti:sapphire laser, the spectral extension to short wavelengths is
not satisfying. Particularly with regard to a flexible source for fluorescence imaging
it is not very useful because the absorption spectra of the fluorophores need to be
matched. Problems are also arising from the fibre-laser output characteristics: because
the underlying principle of the mode-locking scheme is nonlinear-polarisation-rotation,
the laser is sensitive to vibration, which translates to a rotation of the polarisation state
of the output - this in turn causes significant power fluctuations due to polarisation

optics (e.g., isolators).

67



1000 ps

Figure 39: (a), (b): Pollengrains (stained with Cy 3), magnification x40, (the rows cor-
respond to different fields of view) , (c), (d): Tissue stained with ttf- (different fields of

view)
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6.5 Compression

As stated in the section on wide-field FLIM (6.4), the combination of fibrelaser ('IPG
YLP-8-1060-PS’) and the MF (*blazephotonics SC-5.0-1040") produced a continuum
which extends down to 530nm. This can be explained by the initial spectral location

of the nonsolitonic radiation due to phase-matching (at about 900nm for this fibre)
and the following XPM-induced blue shift.

However, for fluorescence microscopy blue spectral components are vitally important.
A closer examination of the laser output characteristics (Fig. 40: AX = 10 nm (=
Awrys = 14 rad/ps at A = 1.06pm) and ATpway = 3.1 ps ) reveals that compres-
sion is feasible, and thus, shorter pulses at higher peak-powers can be achieved (see

uncertainty principle of section 2.1).

Supercontinuum generation with initial pulses on a picosecond time-scale is an in-
termediate regime located between the soliton fission mechanism and broadening of
longer pulses due to stimulated Raman scattering and four-wave mixing [44]. Thus,
pulse-compression could result in more impressive spectra because of pure soliton-
fission as the underlying principle [135]. Within this regime, a favourable higher-order
soliton number cannot be obtained via compression (because N? ~ EATy, where the
pulse-energy FE is about the same during dispersion-induced compression), however,
the shorter initial pulse-width translates to shorter pulse durations for the emerging
fundamental solitons [49], and consequently, they are further Raman-shifted [52] for a

given fibre length. This may have a direct impact on the XPM-induced blue shift.

In order to compress the picosecond pulses, the negative dispersion of a 4-prism
sequence and retro-reflection was used (Fig. 41(a)). This configuration needs only
about 25% prism-seperation distance (L) [119] compared with a conventional pairs
of prisms and retro-reflection [120-122]. The resultant compression vs. length of the
negative dispersive medium (i.e., seperation distance L,) can be seen in Fig. 41(c).
The experiment was simulated using a Fast-Fourier-transform method, thereby, an
initial Gaussian pulse with SPM-induced Gaussian-shaped phase (¢max = 11.37) was
assumed (the corresponding spectrum is shown in Fig. 40(a)). To match the experi-
ment with theory, the last free parameter, namely, the 2nd-order dispersive length Lp

had to be set to 140m (i.e., scaling of the theoretical curve along the x-coordinate).

With the knowledge of L the dispersion of the prism-compressor at A = 1.06um can
be estimated as || = T¢/Lp = (3.1ps/1.6651)?/140m = 0.02476ps? /m.
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Figure 40: (a): Spectrum of the output of the IPG laser at a power of 2W behind an isolator
(black line), and simulation of SPM-induced broadening of an initially unchirped Gaussian
pulse by adjusting the maximal nonlinear phase-shift parameter, ¢max = 11.37 [12] (grey
area). (b): corresponding autocorrelation trace of the laser pulse, assuming a Gaussian
pulse, a FWHM pulse duration of 3.1 ps is found (which is related to the RMS width as
ATrwnm = 2v1n 2v/2 ATgrwms). The peak-to-background ratio of the trace is 8:1, which is

in accord with theory
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Figure 41: (a): Schematic of the 4-prism compressor (after Ref. [119]). (b): Simulation
showing the temporal amplitude profile as a function of prism-separation (c¢): FWHM width
of the autocorrelation trace vs. prism-separation, where the blue points are the experimental
values obtained by autocorrelation, and the magenta coloured line is the behaviour expected
by assuming an Gaussian-shaped pulse with initial (SPM-induced) Gaussian-shaped phase

and propagation in a 2nd-order dispersive medium.
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Figure 42: (a): compression-induced change on the short-wavelengths side of the SC spec-
trum. The red and blue curve correspond to the compressed and uncompressed pulse-trains,
respectively. For both cases, the input-power was about 1.2 W and the output-power about
200 mW. (b): Dispersion parameter D vs. wavelength (black line) and group-delay 1/vg
with respect to the group-delay at A = 900nm (red line) vs. wavelength for the microstruc-
tured fibre ’blazephotonics SC-5.0-1040’

The ripples of the theoretical curve (Fig. 41(c)) can be explained with the evolution
of the temporal amplitude profile (Fig.41(b)). An additional point to note is that the
numerical method was checked by analytical expression for the evolution of a linearly

chirped Gaussian pulse in presence of 2nd-order dispersion.

Unfortunately, the spectrum of the supercontinuum (Fig. 42(a)) did not broaden sig-
nificantly for the shortest pulse duration (i.e., highest peak-power). The power behind
the isolator is again 2W. In both cases the power launched into the MF is P = 1.2W
taking into account the efficiency of the compressor, which is about 0.6 due to the reflec-
tivities of three silver-coated mirrors (used to fold the beam between the prisms) and
the pick-out mirror. The low-power coupling efficiency into the microstructured fibre
was about 30% for the un-compressed pulses and only about 10% for the compressed
pulses. It is clear that a reduced nonlinearity infers from a decreaced input-power,
and as a consequence, this cancels the effect I wanted to demonstrate. Abberations
introduced by the prisms are likely the reasons for this. By means of a spatial light
modulator, astigmatism and defocussing could be identified. On the other hand, even
if the perfect compressor was available, the group-delay curve for this MF indicates
that XPM-induced blue-shifts are limited by the low group-delay dispersion at the
region of the nonsolitonic radiation (Fig. 42(b)). However, the generation of blue

components requires XPM-induced blue-shifts of a few hundreds of nanometers.
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7 Conclusion

7.1 Summary

A convenient, continuously tunable ultrafast source for fluorescence imaging applica-

tions has been demonstrated.

Since the used source is derived from a visible supercontinuum generated by launch-
ing femtosecond pulses into a microstructured fibre, this diploma thesis contains also
studies concerning nonlinear fibre optics. The output of the continuum source has
been characterised and the underlying mechanism has been studied. The latter is vi-
tally important as it allows to anwser fundamental questions arising in practise, for
instance, the extension of the continuum to the blue. In particular, XPM-induced
blue-shifts could be identified to play an imporant role with regard to the extension
of the supercontinuum to the short-wavelength side. As dispersion is of paramount
significance for a detailed characterisation, the dispersion of microstructured fibre has
been measured. For this purpose, a spectral interferometric method employing a su-
percontinuum source has been realised. Building on the known dispersion, simulations

have been carried out.

The convenient, continuously (electronically) tunable ultrafast source has been applied
to confocal, Nipkow disk and wide-field fluorescence intensity and lifetime microscopy.
In addition, it has been demonstrated in hyperspectral (i.e., temporally and spectrally

resolved) imaging using line-scanning.

First results towards a wide-field optically sectioned FLIM system using a Nipkow
disk were presented. Frequency-doubled Ti:sapphire could be used, but the enhanced
tuning range and straightforward control of the excitation wavelength are advantages
of the novel tunable continuum source. In addition, if based on a low cost and compact
high average power fibre laser so as to pump the microstructured fibre this approach
will be one of the most practical ones for fast fluorescence microscopy. Such systems
will be particularly suitable for real-world applications. Consequently, another section
deals with a future possibility of a low cost TCS based on compact, fibre amplifier
technology. Because of the infancy of such systems (particularly, in terms of spectral
coverage) there are still a few problem to be solved. However, it is an initial step

towards a low-cost table-top fibre-laser system in biomedical optics.

The properties of the TCS can be also perfectly utilized by widespread confocal imag-

ing. Generally speaking, the spatially coherence and the tunability across a broad
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spectral region make the TCS the ideal source for fluorescence imaging systems in-
volving apertures. FLIM can be applied to this imaging technique via time-correlated
single photon counting. The application was particularly exciting. A membrane-
staining dye — capable to differentiate liquid-ordered phases from -disordered phases
coexisting in membranes — was studied in terms of fluorescence lifetime as well as
spectral properties. In particular, this dye may be of broad significance in biophysical

studies of lipid domains in model membranes and cells.

Another experiment dealt with spectrally and temporally resolved imaging based on
the novel TCS. The broad spectral coverage of the continuum is particularly suitable
for excitation dependent fluorescence emission studies allowing the acquisation of full
fluorescence excitation-emission matrix data. This method allowed a detailed char-
acterisation of multiple labelled tissue. It could be seen that spectrally as well as
temporally resolved imaging reveals shift of fluorescence emission because of changes
in fluorophore environment. Particularly, this type of spectroscopic imaging provides
a method to remove ambiguity in fluorescence processes such as Forster resonance en-
ergy transfer (FRET). However, there are a few fundamental questions to answer when
dealing with temporally and spectrally resolving imaging. For instance, how is lifetime
correlated with spectral information and vice versa? Is there additional information

provided for determination of FRET?

7.2 Outlook

Neither the examples chosen nor the experimental investigation smade to date can be
said to represent an exhaustive coverage of the possibilities for the application of con-
tinuum generation to the spectroscopic as well as imaging part of biomedical optics.
In particular, this has two major reasons, namely, the wide scope of biomedical optics
and the infancy of the TCS.

While the generation of radiation in the green and red spectral range by means of
the continuum source is feasible, blue components (at a reasonable amount of spectral
power on a linear intensity scale in a spatial single mode) are not so easy to realise.

However, short wavelengths are important for the excitation of basic fluorophores

Is it possible to transcend this frontier? Nonsolitonic radiation experiences cross-phase
modulation due to solitons which have been fallen behind in the supercontinnum gen-
eration process. This induces blue-shifts on the dispersive waves. Thus, an outset

for consideration may be the location of the phase-matched dispersive waves. The
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approximated solution for the location of the phase-matched components, Eq. (7),

suggests that there exist two options.

Firstly, the fibre dispersion profile could be designed so as to provide huge shifts into
the visible via high third-order dispersion. However, one has to admit that with the
available types of optical glasses, the dispersion coefficients cannot be varied over sev-

eral orders of magnitude compared to the ones from present microstructured fibres.

Secondly, the pump (i.e., soliton) frequency could be spectrally located as close as
possible to the region of interest (i.e., spectral translation of the soliton centre, zero-
dispersion point, and phase-matched nonsolitonic radiation). However, this requires
anomalous fibre dispersion towards the blue, too. To my knowledge, there are no mi-
crostructured fibres with ZDWs < 550nm commercially available. If pumping of the
MF in the visible is to be pursued, a pulsed source has to be chosen, too. A pump
source could be a frequency-doubled mode-locked Erbium laser [123]. Such a high-peak
power fibre source could supersede bulk solid-state lasers (Ti:sapphire) in a variety of

applications, while benefiting from the all-fibre format and low cost [124,125].

For instance, an all PM-fibre passively mode-locked oscillator using a semiconductor
saturable absorber mirror could be the starting point for optimisation of supercon-
tinuum generation. The right microstructured fibre which meets the frequency-fixed
output of such sophisticated (frequency-doubled) oscillators may provide improved
supercontinuum spectra. Because the whole system can potentially be fully fiber in-
tegrated, compact low-cost practical supercontinuum sources for use outside of the
laboratory are feasible. Directly connected to a microscope frame, this system could

provide an stable alignment-free FLIM light source.

A YD fiber laser could also be frequency-doubled [126], but there are no MFs with a
ZDW at the frequency-doubled output commercially available. Pump radiation in the
range from 560 to 770nm could be also provided by a frequency-doubled Raman laser

pumped with a Yb laser [127]. Another option is sum frequency generation using Er
and YD fibre amplifiers [128].

To produce blue components, another approach could be the generation of high spec-
tral power nonsolitonic radiation using a mode-locked Yb fibre-laser, followed by com-
pression and frequency-doubling [129]. To realise an high average power fibre-source
for this purpose, a parabolic amplifier as well as a CPA system based on reciprocal

fibre-grating dispersive-delay line could be added to the fibre oscillator [125].

In addition, according to the calculated phasematching curves blue could be also gen-
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erated by pumping far away from the zero-dispersion point in the visible (and there
should not exist a second zero-dispersion point in the infrared). However, this ap-
proach requires high energy pulses so as to achieve huge spectral broadening, and
thus, the generation of the phase-matched components in the initial stage of the con-
tinuum process. This is associated with the use of high energy pulses. In turn, this
may be limited by the damage threshold of the fibre tip. In other words, a trade-off

needs to be found concerning this issue.

In view of the limitation for a direct generation of blue spectral components using
microstructured fibres, a focus of development could be also a high-power spectrally-
limited continuum in the red/ infrared spectral region. Such a spectrum is very suitable
for optically-sectioned multiphoton microscopy [5,130]. In particular, fibre-technology
can provide wavelengths above 1um, this is just beyond the range a Ti:sapphire laser
can conveniently reach. This region is especially important for imaging of redder dyes
and fluorescent proteins. A potential real world application is medical surgery, for this
purpose, multiphoton endoscopes are being devised. There are multiphoton analogues
to Nipkow disk scanning in which arrays of ultrashort pulse laser beams are focussed
onton the sample and rapidely scanned to give a multiphoton excited fluorescence im-
age that may be recorded using a wide-field detector [131]. This multifoci, multiphoton
microscopy has also been applied to wide-field FLIM [132,133].

How to obtain a suitable spectum/ pulse for multi-photon microscopy? One approach
could be a supercontinuum with a reasonable number of temporally-localised funda-
mental solitons covering the spectral regions of interest in the infrared. Frequency-
resolved optical gating measurements may be useful for more detailed investigations
[44,135]. Instead of using supercontinuum generation, the interplay of SPM and nor-
mal dispersion could be used so as to produce a flat plateau on a linear intensity scale
(bandwidth ~ 200nm) [12,136]. Particularly, high-quality pulses can be expected by

implementing positive dispersion fibres with gain.

A different approach regarding the generation of a limited high-power continuum
is ultra-broad bandwidth parametric amplification around degeneracy [137]. This
method also allows the production of few-cycle optical pulses, which in turn, can
be used for high harmonic generation. This source for spatially coherent ultraviolet
radiation could potentially have output powers in the mW range [138]. Consequently,

high resolution spectroscopy and microscopy is possible [139].

The broad spectrum of the continuum source can be utilized in almost all spectroscopic
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and imaging architectures based on fluorescence.

One of the most interesting property of the TCS is the capability to simultaneously (or
sequentially) excite multiple fluorescent probes in living cells, which is an increasingly
popular technique for monitoring the assembly of macromolecular complexes, protein-

protein interactions, and the targeting of proteins to specific sites in the cell.

For example, Forster resonance energy transfer (FRET) could be ‘simply‘ determined
by choosing a set of excitation wavelengths which meet the spectral characteristics of
the fluorophores. Forster distances are typically in the range of 15 — 60 A, which is
below the optical resolution of the light microscope [65,140-147].

Another potential application is multi-colour fluorescence-in-situ-hybridisation (FISH)
in combination with spectral precision distance microscopy (SPDM), which allows im-

age analysis in the range of a "resolution equivalent” of a few (<10) nanometers.

The TCS may be particular interesting for other spectral imaging modalities such as
dual-excitation ratiometric imaging, which is a major approach to study life cell phys-

iology.

A high-power supercontinuum source can be also used for techniques applied to analyze
protein movement, e.g. fluorescence recovery after photobleaching (FRAP), photoac-

tivation and photoconversion methods [148-150].

The TCS may be also useful for pump-probe fluorescence experiments [151-155]. The

light source could be realised by an environmentally coupled dual-fibre laser [125].

Fluorescence cross-correlation spectroscopy using two or multiple exictation wave-

lengths may be another interesting application.

In addition to spectroscopic techniques, the TCS can be used in several other imaging
methods, for instance, total internal reflection fluorescence (TIRF) microscopy [159],
which produces fluorescence images with an extremely high signal-to-noise ratio, or a
technique based on stimulated-emission depletion (STED), which allows to ‘break‘ the
diffraction barrier [160-162].

An all-fibre source could be also the step towards an all-fibre confocal microscope,
which in turn could be used for endoscopic confocal imaging [156]. Hollow-core pho-
tonic crystal fibres exhibiting extremely low nonlinearity are also suitable for remote
high energy ultrashort pulses delivery in two-photon microscopy, Ref. [157]. In addi-
tion, microstructured fibres are also more efficient fluorescence light collectors com-

pared to conventional fibres in use [158].
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A Selection of Wavelengths from the Continuum

Source

Fluorescence emission is usually recorded by choosing an appropriate excitation wave-
length which is entirely situated in the absorption spectrum of the fluorophore, i.e.,
spectral overlap with the emission spectrum (which may not be spectrally distinct)
should be avoided.

Monochromators are used to disperse polychromatic light into the various wavelengths.
For instance, the spectral resolution of a prism-monochromator is given by (A/d\) =
b|dn/dA|, where b is the effective prism-basis length. Upon fanning-out, selection of a
limited spectral region takes place. The performance specifications of a monochroma-
tor include the dispersion, the efficiency, the polarisation dependency, and the stray-
light levels. Resolution is usually of secondary importance since typical features of

fluorescence absorption spectrums are rarely less than 5nm.

A.1 Prism-Monochromator

The collimated output light from the MF using an achromatic objective lens may be
directed into a spectral discriminator. Fig. 43 shows a schematic of the experimental
set-up used in the experiment. Following angular fanning-out at an equilateral prism
(SF18) having three equal 60° angles, the achromatic lens (f = 180mm, "Melles Griot
01LAO139’), situated one focal length from the apex of the prism, focusses the various
spectral components onto a mirror. A triangular-shaped aperture, which is located
directly in front of the mirror and mounted on a (motorized) translation stage, pro-
vides the spectral selection. Horizontal translation of this aperture adjusts the central
wavelength, and vertical translation adjusts the spectral width. Upon retro-reflection
through the lens-prism arrangement, the light is collimated and picked off by a knife-
edge mirror. For this purpose, the lens is lowered with respect to the optical axis.

The combination of aperture, mirror and translation stage could be replaced by a
spatial light modulator. In particular, this allows simultaneous fluorescence excitation

with spectrally distinct sections of a continuum.

For a prism with an apex angle «, the angle of minimum deviation d,,;, is of par-
ticular interest for practical reasons [163]. In this case, the ray traverses the prism
symmetrically, a maximum clear aperture is achieved and reflective loss in the TM

(p) polarisation is reduced, owing to the close proximity to Brewster’s angle of the
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Figure 43: Monochromator

incident light. Using the Fresnel equations and the Sellmeier equation for the prism-
glass [164,165], it can be shown that for an uncoated prism the transmission efficiency
for the TE (s) and TM (p) polarisation states is about 40% and > 95% (at visible
radiation), respectively. Thus, an anti-reflective coating (e.g., 1/4-wave layer of M gF5)
will enhance transmission significantly. In general, the use of a PM microstructured
fibre for continuum generation could avoid problems which are attributed to polarisa-
tion dependency of monochromators.

An alternative to prism-monochromators could be acousto optical tunable filters [166].

A.2 Interference Filters

Interference filters are a simple means of spectral selection, too. They can conveniently
be arranged in a wheel. Fig. 44 shows the spectral characteristics of the filters which
were used in the experiments. These filters were also employed for calibration of the

supercontinua and in the spectral noise measurements.
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Figure 44: Transmission vs. wavelength for the set of bandpass interference filters (’Comar’).
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