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Zusammenfassung

Fiir eine funktionelle Schichtanalyse der Retina ist eine markerfreie molekiilspezifi-
sche Diagnostik mit einer axialen Auflésung von wenigen pm notig. Die kleine nu-
merische Apertur fiir die Abbildung der Autofluoreszenz des Augenhintergrundes und
die geringe zuléssige Strahlungsbelastung der Retina begrenzen den Einsatz konven-
tioneller Fluoreszenzmikroskopietechniken.

Gegenstand dieser Arbeit ist eine alternative Methode. Mit ihr soll aus dem Laufzeit-
unterschied des Lichtes aus verschiedenen Schichten deren Position ermittelt werden.
Diese Methode ist bereits aus der Atmosphérenforschung bekannt (LIDAR, ligth de-
tection and ranging). Die Schichtposition ist dabei im zeitaufgelosten Signal nach
einer Laserpulsanregung kodiert.

Bei einer geforderten Ortsauflosung von 10 pum (Dicke der Retinaschichten: 20 - 50
pm) bendtigt man eine Zeitauflssung von 10712 s bei der Anregung und der Detek-
tion. Diese Auflosung ldsst sich durch Abtasten des Lichtsignals mit einem schnellen
Transmissionsschalter nach Femtosekunden (fs)-Laserpulsanregung realisieren.

Der im Rahmen der vorliegenden Arbeit ermittelte optimale Schaltprozess ist op-
tisches Kerrschalten (OKG). Es wurde der Zusammenhang zwischen den linear und
nichtlinear optischen Eigenschaften des Schaltmaterials und der Effizienz bzw. der
Zeitauflosung beim Schalten spektral breiter Signale analysiert. Ein aus dem Vergleich
der optischen Eigenschaften und der Schaltleistung (Effizienz und Zeitauflésung) ver-
schiedener Materialien abgeleitetes optimiertes Bewertungskriterium fiir OKG beriick-
sichtigt die dispersionsbedingte Begrenzung der Schalteffizienz und die schaltpulsin-
duzierte Signalabschwichung. Fiir moderate Schaltpulsintensititen, die mit kom-
merziellen fs-Laseroszillatoren realisierbar sind (500 GW /ecm? < I < 700 GW /cm?)
zeigt Si09-AlyO3-LasO3(SAL)-Glas die besten Schalteigenschaften mit Effizienzen n >
50 % und Schaltzeiten im Bereich von 150 fs iiber einen breiten Spektralbereich.

Das entwickelte Abbildungssystem basiert auf Parabolspiegeln und garantiert eine
dispersionsoptimierte Abbildung der Lumineszenz aus dem Schichtsystem in das OKG.
Das abgeleitete Kriterium zur Bestimmung der Ortsauflosung beriicksichtigt das Signal-
zu-Rauschverhéltnis (SNR). Hierbei sind Analogien zur Mikroskopie niitzlich.

Verschiedene Schichtstrukture (diinne isolierte Schichten mit unterschiedlichem zeit-
lichen Emissionsverhalten sowie dicke Schichten) dienten zur Erprobung der Mess-
methode und des Auswertungssystems. Die Genauigkeit der Positionsbestimmung der
Schichten betrigt AAz = 2 ym. Zudem wurde ein signifikanter Zusammenhang zwi-
schen der Ortsauflésung und dem SNR gefunden. Die erreichte Ortsauflosung liegt
zwischen Az = 22 pym und Az = 40 pm. Simulationen weisen darauf hin, dass
bei grokem SNR die Ortsauflésung unabhéngig vom zeitlichen Emissionsverhalten der
Schichtlumineszenz ist. Bekannte Methoden aus der Bildverarbeitung dienten zur
Rekonstruktion der dicken Emitterstrukturen aus dem zeitaufgelosten Messsignal. Die
gemessene Auflésung ist bereits ausreichend, um Fluorophorverteilungen in der Retina
tiefenaufgelost zu vermessen. Durch eine weitere Optimierung des Systems ldsst sich
die Auflésung jedoch noch steigern.

Bei einem Testsystem, Cadmiumsulfid(CdS)-Nanostrukturen, zeigte sich erstmals
der zeitliche Aufbau von stimulierter Ermission zwischen 0.1 ps und 5 ps als Funk-
tion der Anregungsfluenz. Das komplexe spektral-zeitliche Emissionsverhalten dieser
Strukturen ist eine Folge von gekoppelten Relaxationsprozessen nach fs-Laseranreg-
ung.
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Chapter 1

Introduction

The continuously increasing human life expectancy and growing prosperity correlate
with an increase of certain diseases. Diabetes mellitus typ II or age-related mac-
ular degeneration (AMD) are only two examples of what is afflicting the modern
industrial society more and more [1, 2|. Consequently novel highly sophisticated
diagnostic techniques are required for early treatment of these diseases in order to
improve life quality.

Even at an early stage, these diseases are related to metabolic changes, which
are particularly pronounced in the human retina |3, 4]. Hence, a promising di-
agnostic approach is to map molecules that play a crucial role in cell metabolism
such as hydrogenated nicotinamide adenine dinucleotide (NADH) [5]. Due to its
characteristic auto-fluorescence signal, mapping of NADH in the human retina via
fluorescence lifetime imaging (FLIM) has evolved to a powerful tool for the diag-
nosis of metabolic disorders. In addition, this technique is successfully applied to
detect other metabolically important fluorophores such as flavin adenine dinucleotide
(FAD) or flavin mononucleotide (FMN) [6-12] and to examine the human skin [13].
The major drawback of FLIM is its limitation to image two dimensions, i.e. lateral
fluorophore distributions. In order to improve diagnostics, it is desired to resolve
the axial fluorophore distribution.
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Fig. 1.1: Excitation of the NADH auto-fluorescence in the fundus of the human eye and the
NADH emission spectrum (Spectrum from [14], scheme from [15])

Fluorescence excitation of constituents of the human retina is limited to weak
pulse fluences in order to prevent photo-damage. Additionally, the light has to be
detected at a low numerical aperture of NA < 0.2, due to the geometry of the eye
ball (fig. 1.1). Furthermore the signal may be affected by scattering of the vitreous
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body. This limits the application of well-established techniques, such as multiphoton
fluorescence microscopy or confocal microscopy.

An alternative approach is to deduce the axial fluorophore distribution by mea-
suring the difference in the propagation time (time-of-flight, ToF) of light emitted
by the different layers. The spatial information of the system is then decoded in
the temporal signal of the luminescence upon short pulse excitation. In this way
the demand for large numerical apertures and/or high light intensities is evaded.
Although the ToF method has been exploited comprehensively in order to investi-
gate axial structures using scattered light (diffuse reflection or Raman scattering, cf.
subsect. 2.2), its application to measure the axial fluorophore distribution is new.
A first approach was recently presented by Grife et al. [16].

As a potential diagnostic tool using the auto-fluorescence of the human retina,
a spatial resolution down to a few microns is necessary (fig. 1.1). This correlates
to a temporal resolution in the 100 fs range. Concomitantly, the diagnostic system
should be capable of detecting single photons, since the auto-fluorescence signal
is very weak. Single photon detection is a well-established method and already
applied in fundus imaging techniques. The temporal resolution of the detection is,
however, limited to several tens of picoseconds |8, 17]. Therefore the combination of
single photon detection and an ultrafast light gate is an obvious approach in order
to provide sensitivity and time resolution. Light controlled switches were shown
to be capable of providing the required time resolution [18]. The design of a gate
which comprises a large efficiency and the desired temporal resolution is, however,
challenging.

As a second challenge it is a priori unclear how a complex temporal response func-
tion of the fluorophores will limit the spatial resolution. This might be particularly
critical at the 100 fs time range in which vibrational relaxation of excited molecules
upon laser irradiation tends to delay the fluorescence onset.

The present work addresses the critical issues mentioned above by investigating
the optical gating technique such that the ToF method may become applicable to
functional investigations of the retina. In this context, the work structures in two
major parts:

Design, optimization and evaluation of the optical gate. Although optical
gating is well established, its potential application as a diagnostic tool for investigat-
ing thin fluorescing layers (as in the human retina) poses tremendous requirements
on the light gate:

e Fast: The time resolution has to be in the 100 fs range.

e Efficiency: The temporally integrated auto-fluorescence signal (life time 7 >
300 ps) is already weak. Filtering the emission onset by a fast gating (gating
time Tgae &~ 100 fs) reduces the detectable signal to some few photons per ex-
citation pulse. Thus gating of single photons has to be possible. Additionally,
the signal out of the gate needs to be sufficiently suppressed (low background).

In addition, highly efficient gating will evade tight focusing of the gate and
the signal pulses and thus may enable switching of a wide field signal.

e Broad-band: Fluorescence of e.g. NADH ranges from \.,, = 400 nm to
Aem = 600 nm [14]. Consequently, the gate should support broad-band switch-
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ing. The same applies to the imaging system for routing the signal light from
the sample to the gate.

e High repetition rate: Optical gating at high repetition rates (MHz) is neces-
sary in order to enable short measurement times and significant noise suppres-
sion. As a consequence efficient gating should be possible at pulse intensities
which are available by commercial fs-oscillators (high repetition rate).

Therefore all optical gating is revisited. Optical Kerr gating (OKG) is identified
to be the most suited gating technique. The OKG performance substantially de-
pends on the gating material. Hence a comprehensive experimental material study
is performed. In this context the optical parameters of the materials are charac-
terized and evaluated with respect to common literature. The impact of selected
optical material properties on the OKG performance is analyzed and a novel figure
of merit is established. Additionally, a well suited optical system for imaging the
sample emission into the OKG is designed and characterized.

Investigation of the influence of the emitter response onto the axial reso-
lution As a second critical issue, the influence of the temporal emission character-
istics onto the spatial resolution is investigated using selected testing samples. The
spatial and temporal coupling are disentangled by detecting the temporal signal of:

e thin distinctly stacked layers (thickness d < 1 pum), showing a very fast time
response (thin scattering layers),

e thin distinctly stacked layers (d < 1 pm), showing a more complex time re-
sponse (cadmium sulfide nanowire emission),

e thick stacked layers (d > 80 pm), showing a slow complex time response (flu-
orescence signal of Coumarin 153 solution).

The effect of the temporal material response on the axial resolution is deduced. In
this context analogies to microscopy are discussed.

The discrimination between thin and thick layer measurements is adequate, since
NADH is known to show distinct local concentration peaks in the retina |19, 20|.
Hence applying the results from the thin layer measurements should be suited for
functional analysis of the retina. Investigating the effect of thick (continuous) distri-
butions on the time signal ensures a more general application of the detection system.

One testing sample consists of cadmium sulfide (CdS) nanowires. These are
promising candidates for highly efficient integrated laser sources. The results of the
present work reveal novel expertise regarding the ultrafast processes in this material
system at room temperature. This finding demonstrates the broad applicability of
the selected, designed and tested ultrafast optical switch in combination with the
low dispersion imaging system.



Chapter 2

State of the art for axially resolved
emitter determination

2.1 Time-of-flight measurements compared to other
methods

In this section the Time-of-Flight (ToF) method is compared to other techniques
that can be used in order to realize depth resolved fluorescence detection.

Using the ToF method, the spatial distance between two objects (such as two
emitter layers or a reference point and a layer) is determined by measuring the
propagation time of a short light pulse. Hence the axial emitter distribution is
encoded in the temporal characteristics of a detected signal (below called "time
trace"). The method is equivalent to the "Light detection and ranging" method
(LIDAR), which is commonly used in automotive industry, velocity measurements,
astronomic distance measurements and more [21, 22|. The spatial resolution of this
technique is limited by the temporal resolution of the ToF system, i.e. by the used
pulse duration (cf. chap. 7). A temporal resolution of At = 50 fs for instance
correlates to an axial resolution of Az = 7.5 um (in air, eq.(7.1)).

Competitive techniques are, however, existing and the most important methods
are elucidated briefly below.

Confocal microscopy Confocal microscopy (CFM) is a widely used technique in
order to achieve high axial and lateral resolutions [23, 24]. It is generally applied
to enhance the quality of microscopic images. In CFM the emitted fluorescence is
collimated by an objective and focused through a pinhole. Only light originating
from the focal plane of the objective is properly focused through the pinhole, blocking
light from deeper or shallower layers. The resolution of this system is limited by
diffraction. Thus, depth resolutions below 1 pum are possible. However, the axial
resolution Az strongly depends on the numerical aperture (N A) of the objective as
well as the wavelength A and the refractive index ng [25]:

0.88\
no — \/ng — NA?

A high resolution (small Az) requires large numerical apertures. At small N A values
the resolution diminishes dramatically. For example a N A as low as 0.1 (typical for
human eye), Az amounts to 90 ym (A = 500 nm, n = 1). Hence, the axial resolution
of ToF can be much better than that of CFM for low NA applications. Even for

Az(FWHM) = (2.1)
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a numerical aperture of NA = 0.2 (ultimate maximum for human eye), the depth
resolution amounts to Az ~ 20 pm.

Optical coherence tomography Another commonly used technology for depth
resolved imaging is optical coherence tomography (OCT) [26]. OCT enables fast
axial structure analysis via an interferometric technique. The light, which is scat-
tered back from different layers produces different interferograms, when used in one
reflecting arm of a Michelson like interferometer. Using OCT, an axial resolution
Az < 1 um can be achieved, if a white light source is used. The big disadvantage
of this technique, compared to the ToF method, is its insensitivity to fluorescence,
as only scattered light produces a proper interferogram. Hence only structural, but
no functional information can be achieved.

Self-interference of fluorescence microscopy (SIFM) Probably the most
competitive technique to ToF is self-interference microscopy [27]. Here, a phase
mask is inserted between the objective and the tube lens of a microscope. Due
to self interference of the emission, the depth information is enciphered within an
interference pattern at the image plane. This technology enables the fast three
dimensional functional information acquisition of a test sample, featuring a depth
resolution of just a few micrometers.

This method, however, shows large disadvantages compared to the ToF method.
First of all, the periodicity of the interference pattern limits the maximum depth
ranges to a few hundred microns 27|, while the maximum depth range of the ToF
method is theoretically infinity. Additionally the signal-to-noise ratio (SNR) declines
when a low numerical aperture is used or only a few photons are available (weak
fluorescence signal). The SNR correlates strongly with the depth resolution of STFM.
De Groot et al. |27| for example have mentioned that the depth resolution of their
setup decreases to 13 um, if a numerical aperture of 0.09 would be used.

Finally, due to the interferometric approach, SIFM strongly depends on the phase
of the fluorescence signal. If light travels through inhomogeneous and scattering
material (such as the vitreous body for in vivo retina measurements), the phase will
be changed statistically, even for low scattering. This should lower the SNR and
consequently the depth resolution. In contrast, measuring the propagation time via
ToF should not be affected by scattering, if it is not too strong.

2.2 State-of-the-art of gating techniques

For a ToF based system showing axial resolutions of only some few um, a detection
system with high temporal resolution down to At = 100 fs is necessary. This can
only be achieved by all optical gating, since the fastest electronic detectors show
temporal resolutions of At > 20 ps [28]. Even the temporal resolution of modern
streak cameras is limited to At > 200 fs [29]. Those, furthermore, are not capable
of detecting single photons. Using optical gating techniques allows the temporal
resolution to be determined by the pump pulse duration, hence being in the range
of At ~ 50 fs and below. In this section selected gating techniques will be elucidated
with respect to their gating performance.
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Cascaded transient absorption and reflection At a cascaded switch, based
on transient absorption or reflection, the signal light is switched by two processes.
The first one opens the gate, the second one closes it. The unique feature of this
technique is its adjustable gate width, since the optical path between the "open" and
"close" process can be varied easily. The opening component could for instance be
realized by a pumped gain material [30], a strong transient reflection change of a thin
film [31, 32| or a semiconductor saturable absorber mirror [33]. On the other hand,
transient absorption realized by seeded free carrier absorption in semiconductors
[33, 34] or organic materials [35] may be used to close the gate. Since free carrier
effects are not very wavelength selective, the gate could be operated at a broad
spectral range [33, 36, 37|.

The maximum change in transient absorption or reflection were reported to amount
to approximately 95 % [35, 38|. Therefore, the background signal would be in the
range of several per cent by applying this technique. Furthermore the constant
excitation of electrons into the conduction band of the gating material may result
in the generation of defect centers leading to photo darkening [39], decreasing the
transparency of the gate.

Nonlinear lens An induced spatial modulation, such as a deflection [40] or (de)-
focusing [41, 42| of a signal beam by a strong pulse as a result of a nonlinear refractive
index modification (sect. 3.1.2) can also be used for gating.

A sufficiently large index modification requires, however, a large gate pulse inten-
sity and hence a tight focusing of the gate and the signal beams. This is correlated
to a large divergence of the beams. Thus, the shift (deflection [40]) or the change
((de)focus [43]) of the signal spot is much smaller than its spot size in the far field
behind the gate. This results in a very small efficiency.

Optical parametric processes Gating techniques based on parametric processes
(sum frequency generation, SFG [44-46] and optical parametric amplification, OPA
[16, 47, 48]) were used in order to investigate the temporal behavior of a fluorescence
signal in the past decades. Thereby the fluorescence signal is superposed with a
gate pulse in a nonlinear crystal, such as lithium iodate (LilO3) [49]. From the time
trace of the fluorescence only the part overlaying with the gate pulse is frequency
shifted (SFG) or amplified (OPA). The parametric processes are very fast such that
temporal resolutions down to At = 33 fs have been reported [46]. SFG is basically
background free due to the availability of very good spectral filters. Its efficiency,
however, is below 1 %, making its application difficult for very weak fluorescence
signals, particularly in case of single photons [50, 51].

In contrast the OPA process is very efficient due to the amplification. Gain factors
of the fluorescence in the range of 10° were reported [16]. This method has already
been used in order to investigate axially distributed fluorophores. Pulse energies
above 100 pJ were, however, necessary, prohibiting the use of fs-oscillators for high
repetition rate measurements. Additionally this method was reported to suffer from
a large background due to self phase modulation [16, 48]. Furthermore it is not
clear, if the OPA process can be applied to gating of single photons.

Both the SFG and the OPA processes require phase matching [50]. This basically
limits the broad band suitability for these techniques. Broad band SFG requires
either angular scanning [46] or a very complex optical setup [45].
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Kerr gating A linearly polarized intense light pulse (gate pulse) can induce tran-
sient birefringence in a material (gating material) due to the nonlinear refractive
index. This affects the polarization of a signal field when propagating through the
gate material. If the signal is polarized linearly, its polarization may be rotated,
which can be observed by a cross polarizer setup. For a very fast nonlinear material
response the polarization rotation will only be observed when the signal trace and
the gate pulse overlap. Consequently, observing the transmission through the cross
polarizer setup as a function of the delay time between the gate pulse and the signal
allows to deduce the temporal signal structure. This technique is known as optical
Kerr gating (OKQG) [52, 53].

During the past decades OKG evolved to a well established technique. It was ap-
plied to ultrafast fluorescence analysis [18, 54-61], even in combination with imaging
[62, 63] or to pulse characterization [64]. It was used also for temporal imaging of
turbid media [65, 66] or ballistic photons through scattering media [67]. Three di-
mensional imaging based on observing scattering light via the time-of-flight method
using OKG has been reported [68-70]. Furthermore, OKG was successfully em-
ployed as a temporal filter in order to suppress self-emission in plasma imaging [71]
or fluorescence in resonance Raman measurements [72-75|. Even for three dimen-
sional Raman imaging of biological tissue the OKG technique is exploited [76-78].
The spatial resolution in these works was, however, limited to several hundred pm
due to the use of a slow gate material. Three dimensional fluorescence imaging using
the OKG technique, however, has not been reported, yet.

The OKG process is inherently phase matched. Hence no wavelength specific
gating is expected in the first place. Furthermore its temporal resolution should
generally be governed by the gate pulse duration, if a suitable gating material is
used (sects. 6.1 and 3.2.3). A temporal resolution down to At = 100 fs was observed
over a broad spectral range [18].

The background in OKG arises from non-gated light leaking through the cross
polarizer setup (sect. 3.2.3) only. Hence efficient background suppression is possible
for sufficiently large extinction ratios of the polarizers.

The maximum gated amplitude of the signal amounts to 100 % when using com-
mon gating materials (sects. 3.2.3 and 6.1). Even though, gating efficiencies up to
4000 % were reported in amplifying media [79]. Since the transient birefringence
depends on the gate pulse intensity only, the gating of very weak signals down to
the single photon level should be possible without loss of generality.

Preliminary conclusion Evaluating the advantages and disadvantages of the
described gating techniques, optical Kerr gating is the most suitable candidate to
satisfy the above described tremendous requirements for the gating process. On the
one hand it is very fast. Even though the reported gating times are shorter for para-
metric processes. But this is attributed to the respective experimental conditions.
For suitable media (sect. 6.1) no material related limitation of the OKG time (down
to the 10 fs range) is obvious. The OKG process seems not to require a minimum
signal amplitude and its gating efficiency is much larger compared to the other pre-
sented gating mechanisms, except of optical parametric amplification. In addition
OKG requires no phase matching, which would limit the spectral bandwidth of the
gate and does not suffer from a large background due to self phase modulation. The
background of OKG is only determined by the polarizers.



Chapter 3

Physical basics of ultrafast gating

In the following chapter the major physical effects are elucidated that form the
foundation for the experiments and the discussion of this thesis. In the first section
general effects regarding light matter interaction are presented. Subsequently sub-
stantial aspects of ultrashort pulse propagation are explained. Particular focus is
on the polarization rotation by the optical Kerr effect.

3.1 Light matter interaction

3.1.1 General mechanism

The electric field E (w) of a light wave of frequency w induces a polarization Pina
material. This leads to a modified field within the material (electric displacement
field D), which can be expressed by the electric susceptibility x [80]:

— — — — — — — — 2 —
D = eoE+P = egE+eoxE = (14X)eE = (1 W £ O F 4@ ’E) + ) «F,
(3.1)

where € is the vacuum permittivity.

In general the electric susceptibility x(w) = x,(w)+iy;(w) is a complex value and
a function of the frequency w (or the wavelength \) of the electric field.

For weak fields the influence of the higher y terms is negligible and the relation
(3.1) is approximately linear in E. In the presence of strong electric fields (high
light intensities) the terms ¥, x® etc. in (3.1) cannot be neglected. Physical
effects related to x® or y©® are known as second- or third-order effects. The focus
of the present work lies on xy®) or y®). Effects arising from x® require special
experimental conditions that are not part of this thesis (phase matching or special
material symmetry). Larger orders of y (Y and higher) are negligible at the used
intensities.

The electric susceptibility y is a tensor with its rank depending on the order of
the nonlinearity. Particularly y® is a fourth-rank tensor. In isotropic materials,
which are in the focus of the present work, x® possesses 21 nonzero elements, of
which only three are independent [81].

3.1.2 The refractive index

The light induced polarization of the material affects the propagation of light. This is
characterized by a material property, which is known as "refractive index" n = n+ik.
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In the linear case 7 is related to y™ by n?(w) = 1 4+ xM(w) [80]. The correlation
between n and A (and consequently w) can be modeled empirically by the Sellmeier
equation. Different mathematical structures are common for this equation [82-84].
Two of them will be used in the present work:

AN?
- A2 — B,

n*(\) = Cy + (3.2)

A
7ﬂ@):Cb+§:A2_B' (3.3)

Co, A; and B; are the empirical Sellmeier coefficients.

The refractive index n is a scale for the speed at which light of a given wavelength
A travels through a material. In the case of a wave packet (pulse, cf. sect. 3.2) the
group velocity differs from the velocity of each particular spectral component (phase
velocity). The refractive index "experienced" by the wave packet (light pulse) is the
group refractive index [85]:

dn
ng=mn— )\a (3.4)
From the series expansion of eq. (3.1) follows the dependence of the refractive
index from the electric field. Particularly, the third order term causes an intensity
dependence of n [86]:

n(I) = ng +nol =ng +njy (E?), (3.5)

with ny being the linear part of the refractive index arising from y and n, be-
ing the nonlinear part arising from x®). I is the intensity of the incident light.
The dispersion of y® is not considered in the present work. The two different ex-
pressions for the nonlinear extension of the refractive index ny and nl refer to the
nonlinear refractive index with respect to the intensity and the average electrical
field, respectively. The former is typically given in SI units and mostly used in this
thesis. The latter is very common in literature and generally given in cgs units. The
relationships between both indices is given by:

1078 L

nofem? /W) = ny [esul, (3.6)

9€0CT?,0

with ¢ being the vacuum speed of light.

For linearly polarized light, ns is only related to the Xﬁ)m component of the sus-
ceptibility tensor [86]. It is important to note that the electronic polarization is
only one possible mechanism modifying the refractive index as a function of the
intensity. n can also be affected by molecular orientation (in liquids), Raman in-
duced processes or free carrier absorption [86]. Since the present work focuses on
the index modification in amorphous solids at fairly small intensities (sect. 6.5.2),
these effects are insignificant. Other possible index modifications such as thermal
refractive index modification or electrostriction do only occur at longer time scales
than those investigated in this work.
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Whereas some of these mechanisms (e.g. the free carrier modification) may lead
to a scalar index modification, the electronically induced one is considered to be a
vectorial effect [87-89]. Thus it can cause nonlinear birefringence.

3.1.3 Relation between the refractive index and microscopic
properties

Investigating the microscopic scale the global polarization P arises from the sum-
mation of the individual molecular (atomic) polarizations. In analogy to the series
expansion of the macroscopic polarization, the molecular polarization can as well be
decomposed into a linear and higher order parts. The linear part is characterized by
the molar polarizability a,,, (in cgs unit system). It is related to the linear refractive
index by the Lorentz-Lorenz relation [90] (cgs units):

3V, m2—1  3M, n2—1
Oy = = )
4TrNsgnd+2  4dwpNand + 2

(3.7)

with N4 being the Avogadro constant, V;,, the molar volume, p the material density
and M,, the molar mass. The frequency dependence and complex characteristic
of n results from resonant coupling between the electric field (light wave) and the
electrons at a given frequency wy.

The nonlinear part that causes the third order term in eq. (3.1) is characterized
by the hyperpolarizability . It is related to ng by [91]:

20 f4? 20 f4?

= Nm = = Nmz ) 3.8
na cn% 8 cn% Z a7 ( )
where N is the number density of molecules and f is the local-field correction factor
and given as f = (nf + 2)/3. If the material is a mixture, its ny value can be
estimated by the weighted average of the hyperpolarizabilities of its constituents
(last term in eq.(3.8).

3.1.4 Absorption and band structure of solids

The imaginary part of n refers to the absorption of the light. It is particularly strong
at the resonance frequency wy (sect. 3.1.3). In this case the photon energy Epy, of
the light fits the energetic difference between two energy levels of the material with
at least the lower one being occupied by electrons. This process is known as photo
excitation. The correlation between the frequency or the wavelength and Ep;, of the
light is given by:

h
Ep, = hw = TC (3.9)

with A = 27h being the Planck constant.

In a solid, the many different energy levels form quasi continuous energy bands.
The energetically highest band that is still occupied at zero temperature is called
valence band (VB). Bands of higher energies are called conduction bands (CBs).
In dielectrics or semiconductors the VB and the CB are separated by a band gap
energy Fgqp and the CB is empty at zero temperature. Only a few electronic levels
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(Urbach levels [92] or energy levels caused by impurities) are present within the
band gap.

Consequently absorption in dielectrics and semiconductors becomes dominant,
if the photon energy exceeds the band gap energy Eg.p. For Ep, < Egqp the
absorption is generally very weak. The imaginary part of the nonlinear refractive
index can, however, cause multiphoton absorption. In this case two or more photons
are absorbed simultaneously. Like the nonlinear refractive index modification (eq.
(3.5)) this process is only significant for high intensities. Yet, if a weak light field
(signal field Ig) overlaps with a strong field (gate field I) single photon absorption
from I assisted by I is possible, even if the photon energies of both fields each are
smaller than Egqp,. In this work, this effect will be referred to as "combined multi
photon absorption" (CMPA). The different absorption mechanisms are summarized
in fig. 3.1a (left). In the presence of CMPA and linear absorption the intensity
attenuation of the signal field along the light propagation axis z is [86]:

s

= —(alg™ +app)ls, (3.10)

where k is the order of the CMPA. «; and app are the absorption coefficients
characterizing the CMPA and the linear absorption, respectively. The intensity of
the signal behind a sample of thickness d is given by:

Ig = Ioe—(aPDd-l-Oék(IG(l—RF))kfldcff)_ (3.11)

where Rp is the material’s Fresnel reflection for wavelength of the gate pulse (sub-
sect. 3.1.5). d.ss is the interaction distance of the two fields inside the material
(sect. 6.3).

The gate and the signal fields are typically functions of space and time. Their
temporal overlap can be characterized by a delay time tp. The spatial overlap is
considered to be constant. Hence the energy transmission (which is measured by a
detector) of the signal field behind the sample is:

o T Is(t, tp, r)drdt
T(ty) = = o , (3.12)

where & is the transmitted energy in the absence of any absorption.

3.1.5 Fresnel reflection and transmission of a slab

When a light wave in medium 1 enters a medium 2 the refractive index changes from
ny to ny (g # ny) and Fresnel reflection occurs. The reflection coefficient R depends
on ny, ng, the polarization of the light wave and the angle of incidence. At normal
incidence and only weak absorption the reflection coefficient can be calculated by:

Rp = (nl - ”2>2. (3.13)

N1+ na
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Fig. 3.1: a) Carrier dynamics in a solid upon irradiation: left: electron-hole pair generation in
the conduction band (CB) and the valence band (VB), respectively: 1) single photon absorption,
1) two photon absorption, 1ll) combined two photon absorption; right: relaxation process:
thermal disequilibrium (DE), thermalization (TH), electron-phonon interaction (E-Ph), hole-
phonon interaction (H-Ph) and exciton (EXC) generation b) Excitation of molecules: (right,
|0 >: electronic ground state, |1 >: excited electronic state, |1. >: excited vibrational state of
|1 > ). 7 and T are the different relaxation time constants (cf. text)

The reflection and transmission of a coplanar slab are given by:

Ry = Rir + R~ (1 = Rp)? -4 £ R - (1 — Rp)? - o™ 1 .

Toiap = (1= Rp)? - e 44+ (1= Rp)? R% - e+ (1— Rp)® - RL e 4 |
(3.14)

with « being the linear absorption coefficient of the slab and d its thickness.

3.1.6 Luminescence of photo excited material

Linear or nonlinear light absorption in semiconductors leads to excited electrons in
the CB and excited holes in the VB. These are at first in thermal disequilibrium, due
to the selection rules of the optical transition. A fast energy redistribution amongst
themselves leads to a thermal equilibrium of both, the hot electrons and holes. This
process is known as thermalization. It occurs on the 100 fs time scale [33, 93] and
is not related to an energy transfer between the carriers and the lattice. Interaction
with phonons, which happens on the 100 fs - 1000 fs time scale leads to a cooling of
the electron and the hole ensembles in the CB and the VB, respectively (fig. 3.1a).

The thermalized electrons in the CB can bind to holes in the VB. Such carrier
pairs are called excitons. Depending on their binding energy excitons are classified
in "Frenkel" (strong binding) and "Wannier-Mott" (loose binding) excitons [94].
The excitonic energy levels are typically located inside the band gap. At large
carrier densities, additional effects, such as band filling or band gap renormalization
may occur [94, 95|. The recombination of thermalized electrons and holes (excitons
or free carriers) can cause emission of light which is known as luminescence. It
is characterized by a time constant 7. Of course, the highly excited electrons in
the CB can directly recombine with holes in the VB. Since the thermalization and
exciton formation is, however, much faster than the electron hole recombination the
direct recombination of highly excited carriers is unlikely.
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Photo excitation of molecules (such as dissolved fluorophores) by visible light gen-
erally causes the population of upper vibrational states |1, > of an excited electronic
energy state |1 >. Due to interactions with other molecules or the solvent matrix
the excited molecules relax towards the energetic level |1 > forming a Boltzmann
distribution over the vibrational rotational levels of the electronically excited state.
This is known as vibrational relaxation [96]. The relaxation of the molecules from an
excited electronic state |1 > to the ground state |0 > (or vibrational states belong-
ing to |0 >) can cause luminescence (time constant 7). The electronic relaxation is
generally much slower than the vibrational relaxation amounting to at least several
picoseconds in condensed matter (fig. 3.1b).

The luminescence is either fluorescence or phosphorescence, depending on whether
the multiplicity of the electronic spin is conserved or not during the radiative relax-
ation. For the present work, only fluorescence is relevant.

In the present work, both processes, the electron (hole) relaxation in the CB (VB)
in solids (thermalization, phonon interaction and exciton formation) and the vibra-
tional relaxation of molecules are modeled by a single decay, characterized by a time
constant 7, (fig. 3.1a, b). Due to this simplified assumption both systems (solids
and molecules) can be analyzed equivalently. The dynamics of carrier concentration
or excited molecules can be described by solving the set of rate equations (exemplary
for molecules):

dNi. 1
— N,
dt T !
dN- 1 1
— 1= =N, - —N, (3.15)
dt T TR

where an initial excited molecule concentration of N7, in the state |1, > due to
the laser pulse excitation is assumed. It is pointed out that besides the radiative
relaxation characterized by 7r, also non-radiative processes may occur (e.g. internal
conversion, intersystem crossing). They are not considered in this work, since only
emission is detected. Those transitions reduce both, the quantum yield nr and the
measured emission lifetime 7. For efficient fluorophores (such as Coumarin 153)
they are basically negligible [97]. When detecting the auto-fluorescence of NADH,
however, those transitions are responsible for the short emission life time (77 &~ 500
ps [8, 98]) and the small quantum yield (nF = 0.019 [99]).

The emission power of the fluorescence signal Sp(t) is proportional to Ny(t). Solv-
ing (3.15) leads to the time dependent concentration in |1 >:

0
Si(t) oc Ny(t) = —0el T [o=(/m)e-t0) _ g=-to)/] (3.16)
E ! /7. —1/7p c ¢ ’ '

with ¢y being the time at which the molecules are excited into the state |1, >.

In addition to the simple fluorescence, amplified spontaneous emission (ASE) may
occur. In this case a population inversion between the |1 > and the |0 > level is
necessary. ASE causes a higher peak power of the fluorescence Sg(t) but a shorter
emission time 75 [85].
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3.2 Ultrashort laser pulses

The large intensities that are necessary in order to observe nonlinear effects are
achieved by the use of ultrashort laser pulses. These are created by the coherent
superposition of different spectral components. Assuming a slowly varying envelope
approximation, the electric field of a pulse is given by [51]:

—

E(F 1) = —A(F, t)e!ot=kw0)2) 4 ¢ e (3.17)
with A(7,t) being the envelope function of the pulse and k(wy) = nko the wave
vector in the material at the central frequency wy of the pulse.

3.2.1 Spatial and temporal profile

In this work, the temporal profile of envelope A in eq.(3.17) is considered to be
Gaussian in space and time. Consequently, the intensity of the pulses is Gaussian as
well. Due to the spectral coupling, the pulse duration A7p is related to a minimum
bandwidth of the pulses Aw. The correlation between Aw and its A7p (full width
half maximum, FWHM) for the bandwidth limited case is [51]:

Aw cANATP
—7Tp=——— =0.441 3.18
27 w A2 ( )
The spatial profile of laser beams is also modeled by Gaussians [80]. This follows
from the Maxwell equations and is true for short laser pulses, since all spectral
components may be considered separately in a first approximation.

In this context the spatio-temporal intensity profile is given by

2 2
I(t,r) = ]Oe(ﬁr/w) o~ (2vIm2t/Atp) 7 (3.19)

with w being the 1/e? beam radius and I is the pulse peak intensity.

The correlation between peak pulse intensity [y, the peak pulse power Fp, the
peak pulse fluence Fj and the pulse energy &£ is given by:

2 P /41n [16In2 &
E— ) 3.20
Tw? ATP w3 w2ATp ( )

In the Gaussian beam model the beam radius at a distance z from the focal plane
is given by:

ZR

w(z) = woy |1+ (1)2, (3.21)

with wy being the beam radius in the focal plane. zp is the Rayleigh length. It
marks the distance at which the area of the spot has doubled and is calculated by:
TTWo
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Although the Rayleigh length and hence the focal spot size of a short pulse varies
for the different spectral components, this effect is negligible in the present work.

When focusing a Gaussian beam by a lens with focal length f, which is placed in
the plane of wy, the spot size wy,. in the focus of the lens is given by [80]:

PR

7TUJQ‘

(3.23)

Wfoc =

3.2.2 Impact of the material parameters

If a short pulse travels through a dispersive material with a nonlinear refractive
index ny, pulse and beam distortions can take place due to its high intensity and
the broad spectrum. The dispersion leads to different phase velocities of the pulse’s
spectral components. The mutual shift of those causes a broadening of the pulse
duration, known as chirp. Assuming a bandwidth limited pulse, the pulse duration
will have extended by the factor of v/2 within the dispersion length, which is defined
as:

AT s Ay dPn
42k 7 272 dN

Lp (3.24)

with A7p being the bandwidth limited pulse duration and Ay being the central
wavelength of the Gaussian pulse [51].

Additionally, the intensity dependent nonlinear refractive index will cause a mod-
ification of the phase factor in eq.(3.17). On the one hand this affects the transverse
coordinate of the pulse, causing self (de)focusing. This effect can be characterized
by a critical power P.,., where self focusing exceeds diffraction [81] and catastrophic
self-focusing becomes possible. P.. is given by:

_ 7w(0.61)%A3

Pe = (3.25)

8%0712

with ng and ny being the linear and the nonlinear refractive indices, respectively.
In case of a high laser pulse peak power Py >> P, , the distance for critical beam
collapsing ("self-focusing" distance) is given by:

onowd 1
dyy = 00 (3.26)

)\U \/PO/Pcr’

where wy is the 1/e? radius of the laser beam (material at the focal region of the
laser beam).

Besides the spatial modulation, the nonlinear refractive index will as well cause a
temporal modulation of the pulse. This will, however, lead to spectral broadening.
The spectral broadening becomes critical above the nonlinear interaction length Ly,
[51]:

1
anQIO ’

LNL =

(3.27)

On the other hand it causes self-steepening, since the center of the pulse travels with
a different velocity than the front and the rear parts. The characteristic length for
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self steepening is much larger than Ly and the effect is insignificant for the present
work [81].

3.2.3 Optical Kerr gating (OKG)

General analysis

In optical Kerr gating (OKG), a strong linearly polarized pulse (gate pulse) causes
a transient birefringence of a material with nonlinear refractive index ns. This
will modify the polarization of a signal wave as it propagates through the material
simultaneously with the gate pulse. The polarization modification can be detected
by an analyzer. For most effective gating, the initial polarization of the signal should
be linear and rotated about 45° with respect to the gate pulse polarization.

Due to the complex interplay between the material parameters (dispersion and
nonlinearities) as well as diffraction effects, the propagation analysis of a short pulse
is a problem that requires advanced numerical analysis. For the present work most
effects are, however, negligible. The thicknesses of the investigated OKG samples
are for instance much smaller than the Rayleigh length zz or the dispersion length
Lp. The effect of self focusing only plays a minor role (sect. 6.5.2). Therefore a
simplified model assuming plane waves is used to model the Kerr gating effect.

In this framework, the energy transmission of the optical gate is given by:

—+00 400

E(tp)=m / / Is(r,t)r } — oS Py (1, t — tDZ drdt, (3.28)

> 0 G

with Ig(r,t) being the intensity of the signal field. ¢,, is the nonlinear phase shift
that is imprinted onto the signal by the gate pulse. The temporal frame of reference is
the coordinate system of the signal. Thus the delay time tp is the temporal distance
between the gate pulse and the signal as the signal enters the OKG medium. In
eq. (3.28), G is defined to be the gating function for OKG. Additionally cylindrical
symmetry was assumed for both, the signal and the gate fields. In this work the
maximum energy transmission of a gated signal is defined as the gating efficiency 7.
The detailed derivation of eq.(3.28) is given in appendix A.

If ¢, is small (weak gate pulse intensity approximation) and ¢, (7, t) = ¢n (1) P (t)
(which is valid for a Gaussian gate pulse) eq.(3.28) transfers to a second order cross
correlation:

+o0 oo
2 2t —t
Etn) = 7l / Js,r(r)r#dr / Js,twdt, (3.29)
0 —00

with I, Is, and Ig,; being the amplitude, the spatial and temporal intensity profiles
(both normalized with respect to the amplitude) of the signal field. Hence the
temporal structure of the phase ¢,,; that is imprinted onto the signal determines the
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gating time. In the absence of temporal walk-off (sect. 6.3.2) and very fast response
times, it is given by:
z=d
Gn(r,t —tp) = / koAn (I(t,r))dz = konaolg(r,t — tp)d, (3.30)
z=0
with d being the sample thickness and I being the gate pulse intensity (eq.(3.19)).

It is particularly emphasized that for Gaussian shaped gate and signal functions
(FWHM: 7¢ and 75) the gated signal is again Gaussian with a FWHM value of:

ATOKG = \/ATgv + O5AT% == ATCC. (331)

It is noted that for efficient OKG, an imprinted phase of ¢,; > 7 is necessary. In-
serting the nonlinear interaction length (3.27) into (3.30) the OKG sample thickness
for efficient gating should be:

A
d>"50;, (3.32)
A

with Ag and Ag being the wavelengths of the signal and the gate pulses (central
wavelength for the latter). Generally the required thickness exceeds Lyr. In par-
ticular when the signal wavelength is shorter than the gate pulse wavelength, the
spectral distortion of the gate should, however, not be critical [51].

Spatial relations between gate and signal pulse

The relation between the spot widths of the gate pulse and the signal also affects the
gating efficiency of OKG. In order to acquire a satisfying gating efficiency, a proper
overlap between the gate and the signal is necessary.

The transmitted energy in case of a weak gate pulse intensity is given by (cf.
appendix A):

2
Wg

E(ws,wg) =A (333)

w2
1+2-%
el

where A is a factor containing the temporal behavior and wg and wg being the 1/¢?
radii of the gate and the signal beams. The maximum theoretical energy transmis-
sion & (ws, wg) = 1, as a function of the spot size relation wg/wg is depicted in fig.
3.2. If the gate pulse spot is twice as large as the signal pulse spot in diameter (or
radius), the gating efficiency reduces by 30 %.

Fast gating of slow signals

An energy detector temporally integrates an incident signal for several ns [100].
Hence, the finite extinction ratio r. of the polarizers causes a background in optical
Kerr gating, particularly, if the gate is used to analyze signals with time constants
much longer than the gating time.
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Fig. 3.2: Efficiency n,, of the OKG as a function of the spot width ratio ws/w¢g (weak gating
intensity)

The "transmission-to-background" ratio (TBR) of the OKG is defined by (cf.
appendix B):
T 1essATc

TBR = —

3.34
B TeTE ( )

where 7 is the gating efficiency and A7g and 75 are the gate pulse duration and the
signal time constant, respectively. Obviously, the TBR scales with the ratio of the
time constants Atg/7r, which in case of gating a molecular fluorescence will be in
the range of 1: 10000 (order of magnitude).

Likewise it is possible to estimate the number of gated photons np to be:

. 1'577]effFezwg)\SATG
n hery ’

np (3.35)

Here F,, is the excitation fluence of the signal, 7.y is the effective efficiency of the
system (a product of the gating efficiency, the transmission of the imaging system
and the quantum efficiency of the fluorescence), A\g the signal wavelength, wy the
spot radius of the excitation, h is the Planck constant, ¢ the vacuum speed of light
and 7¢ g the gate and the signal time constant, respectively.

Equation (3.35) is an estimate for the theoretical limit of the OKG. For a given
setup (i.e. given fluorophore, given maximum excitation fluence and given lateral
resolution) it defines the minimum possible gating duration A7, which is necessary
to at least detect one fluorescence photon. Note that eq. (3.35) is an estimate,
assuming a rectangular gate function and an exponential decay. Using the more
realistic Gaussian gate function and an emission characteristic which includes a
build-up as presented in eq. (3.16) leads to a more complex correlation (eq. (B.8)
in appendix B).

The propagation of the signal light through scattering material (such as the vit-
reous body in the human eye) will cause a blurring of the gated signal, due to the
longer propagation time of scattered photons [67], hence causing a loss of temporal
resolution. Nevertheless, gating of both, ballistic and scattered light should work
equally well. Thus, in contrast to interference based methods for examining the
axial distribution the detection efficiency should not be affected by scattering, if it
is not too large (i.e. no light passes the scattering material anymore).



Chapter 4

Experimental setups

4.1 The laser system

In this chapter the applied experimental setups will be described. For all experi-
ments, except for those considering the linear material characterization, an amplified
femtosecond (fs) laser system was used (Mantis Oscillator and Legend Elite ampli-
fier, both from Coherent Inc.), emitting pulses at f,.., = 1 kHz repetition rate and
a central wavelength of A\ = 800 nm. For the two-color OKG experiments, the
white light OKG experiments and the experiments regarding the axially distributed
fluorescence, the amplified fs laser pulses were coupled into an optical parametric
amplifier (OPA, Coherent Opera Solo) in order to generate the pulses at central
wavelengths of A\, = 440 nm and Ag = 530 nm. All setup parameters are summa-
rized in chapter 5.

4.2 Signal detection

Laser pulse energies The energy of the laser pulses were measured using a photo
diode (PD 10, read out with a Pulsar 2 system, both from Ophir Inc.).

Laser spectra, white light continuum measurements and two-color OKG
The spectra of the laser pulses were measured using a Ocean optics USB4000 spec-
trometer. For the two-color OKG experiment the transmitted signal, scattered from
a scattering disc was also observed by this spectrometer.

Spot size measurements A beam profile camera (Ophir Spiricon SP620U) was
used for the spot size and beam shape measurements.

Detection system for the axially resolved measurements:

e Axially distributed scattering: The gated light was focused (lens with f
= 50 mm focal length) onto a photomultiplier (PMT, Hamamtsu H6780-20),
which was read out by an oscilloscope (Lecroy Waverunner X64).

e CdS nanostructure emission and characterization of the gating sys-
tem: The gated light was coupled into a spectrograph (Andor SR303i-B, fiber
coupled), including a cooled CCD camera (T= -18 °C) in combination with
a microchannel plate (MCP, Andor i-Star, maximum gain: 255) using a lens
with a focal length of f = 50 mm. For the CdS double layer measurements

19
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a band pass filter (Brightline 550/88 nm) was used in order to suppress the
excitation light. For the measurements regarding the characterization of the
gating system (sect. 4.6.3, paragraph "Characterization of the gating system")
the CCD signal was spectrally integrated.

e Coumarinl53 fluorescence: A software based lock-in technique was applied
in order to suppress large background due to leakage of the polarizers (subsect.
3.2.3). Therefore, the gate beam was modulated by a light chopper (foop =
13 Hz). The gated signal was measured using a photo multiplier tube (PMT,
Hamamtsu H6780-20). Additionally a part of the gating pulse was observed
by a home built silicon photo diode (reference). Trains of 5000 subsequent
pulses per delay were recorded by reading out the detectors with an oscillo-
scope (Lecroy Waverunner X64). The data sets were sent to a computer and
numerically integrated for each pulse. Subsequently, the reference data set was
digitized to 0 and 1 (gate pulse switched "on" and "off") and multiplied with
the (integrated) pulse train of the gated signal. The result was Fourier trans-
formed and the first element of the transformed array was used as measure
for the signal. This procedure was repeated five times per delay. The delay
scan was repeated 5 times. The data processing was done using LabView2011
from National instruments. A stack of dichroic filters (Brightline 550/88 nm
fluorescence filter, 3rd millenium 630SP and Thorlabs FES0750-1) was used
in order to block gate and fluorescence excitation light.

4.3 Imaging System

4.3.1 Design of the imaging system

Due to the desired high temporal resolution in combination with the broadband
application, an imaging system with minimal group velocity dispersion is necessary.
It should also feature a small numerical aperture (large working distance) for signal
collimation and a tight signal focusing into the plane of the Kerr gate. The designed
imaging optics consists of two silver coated off-axis parabolic mirrors (OAPM) with
parental focal lengths of fp; = 76.2 mm (OAPM;, Edmund optics #84-565) for
signal collimation and a fpy = 50.8 mm (OAPM,, Edmund optics #47-087) for
focusing into the Kerr gate. The off-axis angle was 30°. The arrangement of the
mirrors is sketched out in figs. 4.3 and 4.4.

OAPMs are known to show large aberrations (particularly astigmatism and coma,
[101]) for light fields, which are not centered at the focus (axially and laterally).
Zemax OpticStudio was used to estimate the influence of a finite emitter distribution,
excited by a pulse of finite spot size. The imaging properties of the system for three
fields emitted by an object (position of the fluorophore, numerical aperture NA =
0.2) into the plane of the OKG were simulated: one centered at the optical axis (F1:
r =0 pm, y = 0 um), the others placed off axis (F2: z = -80 ym, y = 0 pm), (F3:
x =0 pum, y =-80 um) and (F4: = = -80 um, y = -80 pm). Details are given in
appendix C. Additionally the maximum optical path difference along the opening
angle of the F1 (sagital plane) was calculated. All parameters (the positions of the
fields, the variation of the object plane and the numerical aperture) were chosen to
be larger than in the experiments in order to get an upper limit.
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4.3.2 Alignment of the off-axis parabola telescope

One critical aspect of the setup is the accurate alignment of the OAPMs, since even
small deviations in their positions or tilts can cause large aberrations, such as coma
or astigmatism. Therefore the alignment procedure will be described briefly in this
subsection.

First the collimating mirror (OAPM; in fig. 4.4) was aligned with the aid of an
alighment laser (helium-neon-laser, OAPM, was removed for this procedure). The
tilt of OAPM; was aligned to ensure an angle between the incident and reflected
beams of 30 + 0.5 °. Subsequently, the beam of the alignment laser was expanded
by a telescope towards a beam diameter of approximately 10 mm. The beam profile
camera was set to the position of the fluorescence sample and moved axially until
the minimum spot diameter of the alignment laser was detected. Afterwards, the
lens, used for focusing the excitation pulse was placed into the beam line. Its axial
position was optimized by searching the minimum spot size of the excitation pulse
on the beam profile camera. Then, OAPM, was installed, the beam profile camera
was placed at the position of the Kerr gate and a scattering disc was placed at the
focal position of the excitation beam ("sample" in fig. 4.4). The tilt of OAPM, was
optimized by minimizing the spot size of the scattered light in the focus of OAPM,.
In order to find this focus, the beam profile camera was readjusted axially after each
optimization step.

4.3.3 Extinction ratio of the polarizers

The extinction ratio r. (tab. 5.2) of the polarizers is a crucial parameter in terms of
efficient background suppression (sect. 3.2.3). The r, values of three polarizers were
investigated: Zeiss polymer thin film polarizer, single layer Edmund optics thin film
polarizer (#86-178), and double layer Edmund optics thin film polarizers (#86-178).
Therefore, the output of the OPA was set to 532 nm as test wavelength, since this
is in the range of the Coumarinl53 and the CdS nanostructure fluorescence. The
polarization of the laser beam was additionally filtered by a polarizing beam splitter
cube. The beam was imaged onto the beam profile camera. For each polarizer, the
integrated signal as measurement of the transmitted pulse energy was recorded for
parallel and orthogonal orientation of the polarizer with respect to the laser beam
polarization. Additionally the background signal (laser blocked) was measured. If
necessary, the beam was attenuated by combinations of absorptive neutral density
filters (Thorlabs, NE05A, NE10A, NE20A) in order to prevent saturation of the
CCD chip.

4.4 Sample preparation and chemical
characterization of the investigated Kerr media

An overview over the investigated OKG samples is given in sect. 6.1. Fused silica
(F300), N-SF56 glass and ZnS were purchased from Heraeus GmbH, Schott AG
and Vitron Spezialwerkstoffe GmbH, respectively. SAL- and Te-glasses were pro-
duced using the crucible melting technology according to [102-104] at IPHT. The
high purity raw materials (oxides, hydroxides, carbonates) were thoroughly mixed,
homogenized and subsequently melted in a covered platinum (SAL-glasses) or gold
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crucible (Te-glasses). The temperature range varied for SAL-glasses between 1400
°C and 1650 °C and for Te-glasses between 800 °C and 900 °C in ambient air at-
mosphere. After several hours of melting, the liquid glass batch (batch size: 20g
Te-, 500g SAL-glasses) was cast into preheated moulds and slowly cooled to room
temperature (100 K/h).

The homogeneity of SAL-glasses was improved by multistage melting (refining and
stirring process). Therefore, the powder pre-melt (first step) was quenched after 8
hours in ultra-pure water to obtain fritted glass particles. The re-melt (second step)
of the dried particles at 1650 °C for refining and homogenizing was partly stirred
(platinum stirrer) to avoid striae and bubbles.

The chemical glass composition was determined by quantitative electron probe
microanalysis (EPMA) using energy dispersive X-ray (EDX) spectrometry on an
electron microprobe (JEOL Ltd., JXA-8800L). Glass transition temperatures (T,)
and thermal expansion coefficients (ay, at 600 °C) were ascertained by a vertical
dilatometer (LINSELS Messgeraete GmbH, L75V) using a 5 K/min heating rate.
The glass densities p were determined by the Archimedes’ principle in ethanol. The
molar volumes V,, were calculated from the p values. Finally, the samples were
polished to a thickness of 1 mm (SAL-glasses) or 0.7 mm (Te glasses) and cleaned
by methanol.

4.5 Setups for measuring the linear and nonlinear
optical properties

4.5.1 Linear absorption and transmission measurements

Transmission as well as reflection spectra were acquired by a commercial spectrom-
eter (PerkinElmer, Lambda 900) between 210 nm and 850 nm. For the reflection
measurements the samples were placed inside the integrating sphere of the spec-
trometer. The wavelength dependent absorption and reflection coefficients «(\) and
r(\) were retrieved numerically from the obtained spectra (applying "nD Nonlinear
System Solver", National Instruments from LabView2011 onto eqs. (3.14)) The lin-
ear optical properties of F300, N-SF56 and ZnS were taken from the respective data
sheets [84, 105, 106].

4.5.2 Characterization of the nonlinear refractive index

The nonlinear refractive index ny of the glasses was determined by the Z-scan tech-
nique as proposed in [107]. After the laser pulses, as described in sect. 4.1, had
passed a home-built variable attenuator (half wave plate B.Halle, 800 nm, zero or-
der in combination with a thin film polarizer, Layertec article number 107457) the
beam was focused by a BK7 lens (f = 500 mm ) to a 1/e* spot radius wg ~ 40 pm.
In the far field behind the focus the laser beam passed an aperture of 20 % pulse
energy transmission (if sample placed far off the focal plane) onto a photo detector.
As a reference, the back reflection from a 0.2 mm thick BK7 cover slip was recorded
by a photo diode of the same type. The setup is depicted in fig. 4.1. The sample
was moved within the focal region along the laser propagation direction and the
transmitted pulse energy recorded for each position. Z-scan signals at different laser
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Fig. 4.1: Setup of the Z-scan measurement

pulse energies were recorded. Additionally the Z-scan signal of a reference sample
was measured, in order to enable the data analysis as described in [108] using a 0.7
mm thick slab of fused silica with 1200 ppm OH.

In addition to each closed aperture Z-scan measurement, an open aperture mea-
surement was performed. If a significant decrease of the transmitted signal was
detected in the open aperture scan, the closed aperture scan was corrected by nor-
malizing to the open one [109]. This was done in order to avoid misleading effects
due to nonlinear absorption of the material and was particularly critical, when mea-
suring the Te-glass and ZnS at high intensities.

4.6 Optical Kerr gating setups

4.6.1 Two-color optical Kerr gating setup

For the two-color OKG measurement the OPA output wavelength was set to A\g =
530 nm (signal pulse, 1 nJ). A second output of the OPA provided A\¢ = 800 nm
pulses (gate pulses). These were coupled into the variable attenuator (sect. 4.5.2,
pulse energy: £; = 200 nJ to 2 pJ) and temporally delayed with respect to the signal
pulse (tp = -300 fs to +600 fs). In case of positive tp, the signal preceded the gate
pulse. After rotating the signal beam polarization by 45 degrees (achromatic half
wave plate, B. Halle, 460-680nm) the signal and gate pulses were focused into the
sample using lenses (BK7) with focal lengths of f; = 250 mm (gate pulse) and f; =
100 mm (signal pulse). The experimental setup is shown in fig. 4.2 The spot width
of the gate and the signal pulses were measured at the focal plane (Kerr sample
removed).

The signal energy transmission of the OKG medium as a function of ¢{p and Eg
was evaluated by integrating the spectrum from 450 nm to 600 nm (polarization
integrated signal, PIS). E was measured by the photo detector. A virgin spot on
the OKG sample was used for every gate pulse energy in order to avoid probing in
damaged or photo darkened sample areas. [5 was computed from the pulse duration
and the 1/e? radius assuming Gaussian pulses in space and time (chapter 5).

Additionally, the change in signal polarization (polarization selective signal, PSS)
was observed by placing an analyzer in front of the spectrometer. Therefore, the lin-
ear loss (Fresnel reflection) of the analyzer was evaluated prior to the experiments.
This was done by measuring the transmission of the Kerr gate with the analyzer ro-
tated parallel with respect to the laser polarization and without the analyzer. In this
case the 530 nm pulses were detected by the photo detector. For this measurement,
the output power of the OPA was increased in order to ensure a good signal-to-noise
ratio at the detector. The transmission of the OKG sample for parallel orientation
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between analyzer and laser polarization and without analyzer amounted to 106 nJ,
and 140 nJ, respectively. Thus the linear loss of the polarizer was 25 %. This value
was taken into account, when normalizing the PIS with respect to the PSS (sect.
6.5).
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Fig. 4.2: Setup of the two-color OKG measurement: red: beam line of the gate pulse, green:
beam line of the signal pulse

4.6.2 White light optical Kerr gating setup

The broad band OKG performance of each individual material was investigated by
gating a white light pulse. After rotating its polarization by 45 degrees the pulse at
As = 530 nm was focused (f = 100 mm) into a 2 mm quartz crystal (z-cut) generating
a white light continuum (WLC, signal pulse). The divergent WLC emission was
collimated and focused into the OKG material using the fluorescence imaging optics
(sect. 4.3.1). Before entering the sample, the polarization of the WLC was filtered
by a thin film polarizer (double layer of thin film polarizers, Edmund optics #86-
178, separated by 1 mm). The WLC pulse, collimated by an achromatic lens (f = 50
mm) behind the Kerr medium, past an analyzer (polarization rotated by 90° with
respect to first polarizer) and was then coupled into the spectrometer (USB4000,
Ocean optics) by a microscope objective (Zeiss 20X NA0.4 LP Achroplan). The
setup is depicted in fig. 4.3.

Prior to investigating the samples, the spectrally resolved spot size of the WLC
at the designated position of the Kerr gate was characterized by the knife edge
technique. Therefore an aluminum sheet (thickness 25 pm) was attached onto a
microscope object carrier, which was moved horizontally as well as vertically through
the beam at different axial positions near the focal region. The transmitted signal
was than detected by the spectrometer (analyzer removed).
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Fig. 4.3: Setup for WLC gating (only the part which is different from the two-color OKG
setup), fp1 and fpo: parental focal lengths of the parabolic mirrors.

4.6.3 Setup for Kerr gating of axially distributed emission

Principle Kerr gating setup The final setup for analyzing the signals arising
from axially distributed emitters upon fs laser excitation is comparable to the gating
setup of the white light continuum and depicted in fig. 4.4. The OPA output
wavelength was set to A, = 440 nm. The pulse energy was varied by changing
internal settings of the OPA (such as frequency doubling or mixing efficiency).

The excitation pulses were focused onto the axially structured sample by a 100 mm
fused silica lens. In order to adjust the spot radius and consequently the Rayleigh
length of the excitation field, an iris (Iris;) in front of the lens was used to reduce
the incident beam diameter (sect. 3.2.1, eq. (3.23)). The spot of the excitation
beam in the focal region was characterized by a beam profile camera.

The structured sample (CdS nanostructure layers or double compartment cuvette
filled with Coumarin153 solution, cf. paragraph "Sample design" below) was placed
onto a linear translation stage in the focal region of the excitation pulse. Epifluores-
cent light was imaged into the OKG medium using the system as described in sect.
4.3. Additionally an iris (Irisy) was introduced between OAPM; and OAPM, in or-
der to define the numerical aperture of the collimation system. For the fluorescence
analysis, the diameter of the iris was set to 10 mm, leading to a NA of 0.07 of the
detection system. The OKG material was SAL-glass, (SAL4, 25 mol% LayOg, cf.
sect. 6.6). The SAL-glass could be laterally and axially shifted with respect to the
beam propagation direction. In between the focusing OAPM, and the SAL-glass,
the signal light passed a polarizer (double layer of thin film polarizers, Edmund
optics #86-178, separated by 1 mm, cf. sect. 5.3) and entered the detection system
(sect. 4.2). The beam line for the gate pulse was the same as for the two-color or the
white light setup (using a lens of focal length f= 500 mm). The transmitted pulse
was blocked by a small beam trap behind the SAL-glass in order to avoid damage
inside the microscope objective, the analyzer, the filters or the detection system.

Characterization of the gating system Varying the axial position of the flu-
orescent object leads to a shift of the fluorescence focal plane at the Kerr gate
(appendix C). The influence on this image plane shift was evaluated by placing a
scattering disc at varying sample positions (fig. 4.4). At the position of the OKG
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Fig. 4.4: Setup for gating the axially distributed broad band emission

medium the spot size of the scattered light was observed as a function of the scat-
tering disc position. Additionally, the spot size of the pump beam was measured.
Afterwards a time resolved OKG experiment was performed, using SAL-glass (25
mol % LayO3) as Kerr medium for different axial positions of the scattering disc.
For every position, the transmission of the Kerr gate was recorded as a function of
the delay time tp between the pump and the scattered light. The recorded time

traces were fitted by a Gaussian.

Sample design Different configurations of axially distributed emitters were in-

vestigated:

e Axially distributed scattering: A layered system of a microscope object
carrier, double-sided transparent adhesive tape, a 0.7 mm thick slab of fused
silica and one layer of double-sided transparent adhesive tape was used as
layered scattering sample (fig. 4.5a). The purpose of the cover slide in this
case was to simulate the influence of any cuvette wall. The scattered light,
transmitting through the Kerr gate was detected as a function of the delay

between the pump pulse and the excitation pulse.

e Single layer CdS nanostructure ensemble: An ensemble of CdS nano-
structures on a silicon substrate provided by the "Institut fiir Festkorper-

physik" of the "Friedrich-Schiller-University" of Jena.

e Double layer CdS nanostructure imprints: An imprint of the CdS nano-
structures on an ultra thin glass plate (Schott D263® T eco Diinnglas, d =

100 £+ 10 pm) was produced.

e Coumarinl53 filled double compartment cuvette: A special cuvette
with two distinct compartments filled with a Coumarin153 solution was built.

The basic design of the cuvette is depicted in fig. 4.5 (transversal section).
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Fig. 4.5: a) Structure to determine axially distributed scattering and propagation direction of
the pulse, b) Double compartment cuvette

A 1 mm thick microscope object carrier was cleaned with ethanol. Subse-
quently, a ring shaped double-sided adhesive tape (dipe = 80 £ 10 pm)
was attached on the object carrier. The inner part of the ring was filled
with Coumarin153 solution (Lambdachrome laser dye LC5400, concentration
¢ =1 x 1073 mole/1 in ethanol). Afterwards, the compartment was closed by
an ultra thin glass slab (Schott D263® T eco Diinnglas, dpags = 120 & 10 pum)
and a second compartment was attached on the other side of the ultra thin
glass slab.



Chapter 5

Important setup parameters

In this chapter the experimental parameters of the presented setups are character-
ized.

5.1 Laser pulse duration and emission spectra

Two-color optical gating The spectrum of the gate pulse is centered around
A¢ = 795 nm exhibiting a bandwidth of A\g = 27.5 £ 0.5 nm (full-width-half-
maximum). The signal pulse for the two-color OKG experiments is centered around
As = 530 nm showing a bandwidth of AAg =12.1+£0.1 nm (fig. 5.1a). Figure 5.1b
depicts the delay time dependent energy transmission of the signal pulse through a
0.7 mm thick slab of fused silica used as OKG material (maximum gate transmission
~ 5 %). Assuming Gaussian pulses, the bandwidth limited pulse duration of both,
the signal and the gate pulses amount to A7g(min) ~ Atg(min) ~ 35 fs. Therefore,
the expected duration of the gated signal is Aore = v/1.5x35 fs = 43 fs (eq.(3.31)).
Nevertheless, the duration of the gated signal is larger, amounting to Arpxg = 90
fs. Taking into account the temporal walk-off due to the group refractive index
mismatch between the signal and gate pulse wavelengths (sect. 6.3.2) and the small
angle of 2° between the gate and the signal beams (appendix D), the pulse durations
(FWHM) computed from the gated signal are A7g = 70 £5 fs and A7g = 70 £
10 fs. An initial chirp on both pulses is considered to be responsible for their
protracted duration. This seems reasonable, since the beam had to pass multiple
optical components inside the commercial OPA (lenses, mixing crystals, sapphire
slab for creating a white light continuum etc.), before generating the 530 nm signal
pulse. Pre-chirping of the IR pulse seeding the OPA was not possible, because the
OPA was designed to feature its optimum output (pulse energy and stability) for
pulses without pre-chirp.

Excitation pulses for stacked layers The spectrum of the excitation pulse
around A = 440 nm is shown in fig. 5.2a. It is distorted, but the pulse duration
is still short. This was verified by replacing the sample by an aluminum sheet and
gating the scattered signal of the excitation pulse using a 1 mm thick slab of SAL4-
glass (the same sample was used to gate the fluorescence signal, sect. 6.6). The
duration of the gated signal amounts to A7pxe = 150 fs. The temporal walk-off
between the gate pulse and the signal is considered to be the limiting factor of the
gating duration in this case (sect. 6.4).

The excitation of the fluorophores, on the other hand, is a linear optical process,
thus independent on the pulse duration. Furthermore, for both investigated ma-
terials (CdS and Coumarin153) the absorption causes an electronic excitation into

28
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Fig. 5.1: a) Spectra of the signal pulse (red) and the gate pulse (black) for two-color optical
Kerr gating b) The delay time dependent trace (amplitude normalized to 1) of the gated signal
(A\s = 530 nm) using a 0.7 mm thick slab of fused silica as OKG material (Green dashed line:
Gaussian fit).
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Fig. 5.2: a) Spectrum and b) gated signal of scattered light of the fluorescence excitation
pulse (Aez = 440 nm and A\ = 800 nm)

broad bands (dense vibrational states in Coumarinl53 or quasi - continuous states
in the conduction band of the CdS). The very fast thermalization of the initial distri-
butions after the excitation makes the actual spectral shape of the excitation pulse
play only a minor role.

White light continuum The spectrum of the WLC is depicted in fig. 5.3a.
It exhibits a maximum around 530 nm. The WLC intensity is decreasing rapidly
towards shorter wavelengths. Towards longer wavelengths up to 750 nm it reaches
a more or less constant intensity of around 5 % of its maximum for A > 600 nm.
Wavelengths above 750 nm were not examined due to the spectral overlay with the
pump field.
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Fig. 5.3: a) Spectrum of the white light continuum, b) 1/€* spot radii of the gate pulse and of
selected WLC emission wavelengths around the position of the OKG (determined by knife-edge
method, cf. text)

Tab. 5.1: Central wavelength \, spot radii (horizontal wy and vertical wy ), Rayleigh length
zr (calculated) as well as FWHM pulse duration A1 of the signal and the gate pulses for
two-color OKG and the excitation pulse of the fluorescence

Pulse A [nm| | wy(1/e?) [pm] | wy(1/e*) [um] | zg [mm]| | A7 (FWHM) [fs]
Gate 795 44.2 £0.8 46.6 £0.8 8.1 70£5
Signal 530 22.2+0.6 26.4+£0.6 3.5 70 £ 10
Excitation | 440 46.4 £0.2 47.6 £0.7 15.8 -

5.2 Spot widths

Two-color optical Kerr gating and fluorescence excitation pulse The laser
spots for the two-color OKG and the excitation spot of the fluorescence were mea-
sured by a beam profile camera. The images of the spots are shown in fig. E.1 in
appendix E. Along the horizontal and the vertical axes (with respect to the optical
table) the beam profiles were fitted by Gaussians (fig. 5.4a and b). The 1/¢? radii
are summarized in tab. 5.1. Additionally the Rayleigh lengths zr (eq.(3.22)) were
calculated from the geometrical average of the spot radii, assuming M?=1 (tab. 5.1).

The approximation of collinear beams should be adequate for the used setup. The
angle between the gate and the signal beams amounted to 2° and was reduced to
a value between 0.8° and 1.5° after entering the sample (Snell’s law). Hence the
spatial walk-off between both beams was less then 15 pum within the sample and
thus smaller than the used spot widths.

White light continuum In order to ensure proper focusing of all spectral com-
ponents of the WLC, its spot around the focal plane was investigated using the knife
edge method [110] in combination with spectrally resolved detection (sect. 4.6.2).
Figure 5.3b depicts the retrieved 1/e? radii as a result of measurements, where the
knife edge was moved horizontally with respect to the optical table. A vertical move-
ment of the knife edge led to comparable results. Evidently the spot radii of the
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Fig. 5.4: Horizontal and vertical (with respect to the optical table) beam profiles of a) gate
pulse (A\¢ = 800 nm) and signal pulse (A\s = 530 nm) for the two-color Kerr gating experiments,
b) excitation spot of fluorescence (A = 440 nm).

different spectral components of the WLC are much smaller than that of the gate
pulse over a range before and behind the focal plane being larger than the OKG
sample thickness (sect. 6.1). It is pointed out that the gate pulse radii for gating
the WLC and for the two-color OKG experiments are different, because lenses of
different focal lengths were used (chapter 4).

5.3 Extinction ratio of the polarizers

The extinction ratio r. (sect. 4.3.3) of the used polarizers was calculated by:

re = Toara with T = (sig — bckgrd) x 1097, (5.1)
perp
with Tara and Therp being the polarizer transmission for parallel or perpendicular
orientation with respect to the polarization direction of the laser. The transmissions
were computed by subtracting the spatially integrated signals of the CCD chip with
("sig" in eq. (5.1)) and without ("bckgrd") the laser beam and multiplying it with
the attenuation of the used neutral density filters (optical density OD).
For the three polarizers the r. values are summarized in table 5.2.

Tab. 5.2: Extinction ratio r. of the used polarizers (sect. 4.3.3)

Polarizer Te
Edmund optics (#86-178, single) | 260
Edmund optics (#86-178, double) | 2500
Zeiss ~ 20000

The double layer polymer polarizer from Edmund optics and the Zeiss polymer
polarizer were used as polarizer and analyzer for the OKG setups (chap. 4), respec-

tively.
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Fig. 5.5: Scattered light in the plane of gate material (different axial positions of the scattering
sample), yellow circle: spot size of the gate pulse.

5.4 Characterization of the imaging system

Imaging performance The shift of the image plane when imaging objects from
different axial object positions can cause a change in the signal spot size on the
surface of the OKG material. This leads to a change in the spatial overlap between
the gate pulse and the signal thus varying the gating efficiency (sect. 3.2.3). This
will result in an object position dependent amplitude of the gated signal. Hence, this
effect used in confocal microscopy, is (initially) counterproductive for depth resolved
emitter detection via OKG.

The spot size of the image for different object positions is depicted in fig. 5.5.
For comparison, the spot size of the gate pulse is denoted by the yellow circle in
fig. 5.5. Shifting the position of the scattering sample for about £0.4 mm around
the focal position will approximately double the radius of the imaged spot from
wg ~ 0.5 X wg to wg ~ wg. According to fig. 3.2 this leads to a reduction of
the maximum gating efficiency by a factor of 2 from 7,4, = 70% (wg/we = 0.5) to
Nimaz = 35% (wg/wg = 1.0). These results agree with the results from the simulation
(appendix C).

Additionally, the influence of the sample position onto the gating efficiency was
evaluated by comparing the maximum amplitude (gating efficiency 7) of the gated
scattering signal for the different sample positions (fig. 5.6a). Evidently, n only
reduces by a factor of around 1.4 (to n = 70 % of the maximum) within a range
of Az = £0.5 mm which is less than expected (fig. 3.2). This is attributed to the
thickness of the OKG material. In spite of the shift, the imaging plane remains
inside the gate material for small shifts of the object plane (sect. 3.2.3).

The thicknesses of the investigated structures in the present work do not exceed
ez = 260 pm (sect. 4.6.3 and chapter 7 ). The reduction of the gating efficiency in
this position range is less than 5 % and therefore neglected. No effect of the object
position onto the gating time was observed. This agrees with the results from the
simulation. According to the simulation the variation of the object position leads
to an optical path difference corresponding to a transit time, which is less than 50
fs, which is much shorter than the gating time (appendix C).

Gating the scattered light pulse (A, = 440 nm), imaged by the parabolic mirrors,
confirms the absence of imaging optic related temporal distortions of the signal (fig.
5.2b). The broad-band suitability of the designed imaging optic is confirmed by
observing the axial beam profile of the WLC at different wavelengths (fig. 5.3b).

Linearity and calibration of the position measurement The linear correla-
tion between the sample position and the delay time ¢p was verified by plotting the
delay between the maximum of the scattered light signal (cf. previous paragraph)
and the maximum of the gate pulse (fpma) as a function of the scattering sample
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Fig. 5.6: a) Amplitude of gated signal as function of scattering sample position, b) Correlation
between delay time tp (gate and scattered pulse) and position of scattering sample

position (fig. 5.6b). The slope of the linear correlation amounts to m = 6.62 4+ 0.05
ps/mm. This confirms the correlation between the propagation time of the light
and the position (tpme: = 22/c = 6.67z, sect. 7.1, assuming a refractive index of n

1)



Chapter 6

Material evaluation for optical Kerr
gating

The quest of analyzing very weak fluorescence signals using rather small gate pulse
energies, which are achievable by modern fs oscillators, demands special require-
ments onto the optical gate material. The designed Kerr setup needs to comprise
a

e short gating time,
e large gating efficiency, and
e huge spectral transmission bandwidth.

Commonly used efficient materials show a slow material response [111], thus long
gate times. In contrast, fast gating media suffer from inefficient switching [18].
Consequently, a material providing a reasonable compromise of efficiency and speed
is required. Therefore in the following section the evaluation of selected promising
OKG materials is presented.

At first a brief overview is given regarding selected state of the art OKG material
systems. After selecting promising materials for designing an OKG, that fits the
challenging requirements, the measured linear and nonlinear optical properties are
evaluated with respect to common literature. The impact of dispersion and absorp-
tion onto OKG is analyzed. From the results a "Figure of merit" (FOM) is deduced
to identify the most suited OKG material. The proceeding of this chapter is mapped
in fig. 6.1.

linear | Dispersion affecting
refraction broad band OKG

Band gap
linear energy Absorption affecting .
absorption Urbach gate efficiency FOM Material
nonlinear energy
refraction

Fig. 6.1: Structure of the present chapter (aim: determine most suited OKG material)

34
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6.1 State-of-the-art of gating materials and their
selection

At first sight the gate efficiency 7 appears to be parallel with the nonlinear refractive
index ny of the material (sect. 3.2.3). On this account a lot of effort was put into the
research of finding materials with very large no values. The traditionally preferred
OKG material is carbon disulfide (CSy) [52-54]. The nonlinear refractive index of
CS, ranges from ny = 30 x 1077 cm?/GW up to ny = 400x 1077 cm? /GW depending
on the pulse duration [40, 112-114]. The large ny value of CS, is, however, achieved
for pulse durations of at least several tens of picoseconds. This is explained by
the large contribution of the molecular orientation to the nonlinear refractive index.
The reorientation time of the molecules typically amounts to several picoseconds
[111, 115]. Different organic liquids such as toluene or nitrobenzene show comparable
results [111]. As a consequence the minimum achievable gating time is limited to
several picoseconds, which is a drawback. By proposing a double gating technique
[116], the gating time was reduced to be twice the gate pulse duration. Thereby the
OKG material was irradiated by two gate pulses of perpendicular polarization.

Certain organic molecules such as fullerenes (Cgo) modified by electron donor
groups such as -NHy;CN were reported to show a nonlinear refractive index more
than 10 times larger than that of CS; in the femtosecond range accompanied by
response times below 100 fs [35, 114, 117|. Unfortunately, these molecules also
show a significant absorption for wavelengths below 600 nm causing signal beam
attenuation by both linear and nonlinear absorption.

Deviating from most organic liquids, the contribution of the atomic nuclei in solids
(crystalline and amorphous) originates from Raman scattering of the material [118]
and not from molecular orientation. Therefore the nuclear response function is much
faster and its contribution weaker than that in liquids. In case of fused silica, for
example, the nuclear part of the response function is below 20 % of the electronic
contribution and it decays exponentially with a time constant of 32 fs [118]. The
impact of this decay on the gating time is negligible, compared to the gate pulse
duration and effects arising from dispersion (subsect. 6.3.2).

Particularly material systems consisting of light molecular matrices such as al-
kaline earth silicate glasses or fluoride crystals show a transmission down to the
ultraviolet spectral range. Unfortunately these systems only exhibit a very small
nonlinear refractive index. In case of fluorides it amounts to ny ~ 1 x 10~7 cm?/GW
[119-121|. For alkaline earth silicate glasses the values are slightly larger (in the
range of ng = 2—3x 107" cm?/GW [122]). In particular the nonlinear refractive in-
dex of SiO5 has been the subject of extensive investigations during the past decades.
Its value was measured to lie between ny = 2.3 x 1077 cm?/GW and ny = 3.25x 1077
cm?/GW with an average value of ny = 2.7 x 1077 em?/GW [113, 119-128]. The
values for crystalline and amorphous SiO, are comparable. Certainly, the ny value
of an individual SiO, sample relies on the manufacturing process as well as on the
material purity.

In contrast bulk solids composed of heavier atomic constituents show a larger
nonlinear refractive index thus being more promising for highly efficient OKG. Most
of these materials show a ny value exceeding the one for CS, (in the limit of short
pulse duration). In particular, for germanium or arsenic based chalcogenide glasses
(one component systems, binary or ternary) no values as large as ny = 1.4 x 10™*
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cm?/GW were reported [129-136]. For CdTe the literature value even amounts to
ny = 5.2 x 107* ¢cm? /GW. These materials have already been used as gate material,
although the gating time amounted to several ps [137]. The major drawback of the
chalcogenides is their relatively small band gap, leading to transmission breakdowns
for wavelengths in the long wavelength visible spectrum (VIS) or even the infrared
spectrum. Thus, these materials are inept as gate material for fluorescence analysis.

For the optical gating in the VIS spectral region different material systems show-
ing a larger band gap were suggested. These include heavy flint glasses (ny = 26 —
68x 107" em?/GW, [126, 138]), strontium titanate (SrTiO3, ny = 21 x1077 cm?/GW
[139, 140]), beta-barium borate (3-BaBoOy, ny = 5—20x 1077 cm?/GW, [141]), bis-
muth based glasses (ny &~ 30 x 1077 ¢cm?/GW [142-145]), lead-phthalocyanine doped
glass (ny comparable to CS, [146]), niobium(V)oxide glasses (ny = 20 — 100 x 1077
cm?/GW) and zinc sulfide (ZnS, ny = 110 x 1077 ¢cm?/GW, [147-149]). A particu-
larly auspicious class of materials is represented by tellurite glasses, which recently
have been proposed to be suitable for OKG [60, 150]. Their reported nonlinear
refractive indices vary in the range of ny = 5 — 45 x 1077 em?/GW [68, 151-157].

The gating times of the presented heavy materials lie between Atpxe = 100 fs
and Atoge = 1000 fs, depending on the actual material structure and the spectral
relation between the gate pulse and the signal. Due to their fairly short gating
time, their nonlinear refractive index is generally assigned to the electronic material
response.

Besides bulk material, optical films were investigated in terms of their capabil-
ity for OKG as well. Giant n, values were reported in these material systems.
For instance ferroelectric films consisting of complex compounds including TiO,
or TasOg were presented that showed nonlinear refractive indices in the range of
ng=19x 1072 - 6.1 x 107° ¢cm?/GW in the femtosecond region [158-160] or even
ny = 3.55 cm?/GW for picosecond gate pulse durations. Greatly enhanced ny val-
ues were also reported for instance in CuO (ny = —4 x 107* ecm?/GW, [161]) or
SrTiO3 films (ny ~ —1 x 1073 ¢cm?/GW, [162]) as well as in doped (e.g, Ag:BiO3,
ng &~ 2 x 107* em?/GW [163]) or undoped (e.g. Ag-BaO, ny &~ 2 x 107* ecm?/GW
[164] or Au-SiOg ny ~ 1 x 1072 ¢cm?/GW [165]) composite films. In particular nano
structuring of the thin films appears to enhance the absolute value of the nonlinear
refractive index, even though it may cause a negative sign. Random (e.g. nano
crystalline material [166, 167], nanotubes [168] or embedded nanoparticles [169—
171]) and well-arranged nano structures (e.g. metallic grating structure [38, 172]
or nanoporous structures [173, 174]) were reported. Confinement effects [166, 174],
surface plasmons [163, 172|, resonant absorption effects of inter band gap states
[162| or Bragg resonances 38| were proposed to be responsible for the extremely
enhanced nonlinear refractive index. Also unwanted impurities were explicitly not
excluded as an origin of the large ny values [174].

At first glance thin film systems seem to be the most promising material system for
highly efficient OKG. However, the films show large absorption and scattering losses
in particular if they are nanostructured or if interband resonances are responsible for
the large ny values. Resonant effects furthermore result in long material response
times. For that reason bulk materials were chosen to be evaluated in terms of
their gating performance. They combine a large nonlinear refractive index value
accompanied by a fast response time, a broad transmission bandwidth and the
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absence of significant absorption or scattering losses. Five types of bulk materials
were investigated in the present work:

e Amorphous SiO, (fused silica, Heraeus F300)

Si09-Aly03-LayO3 glass (SAL-glass, IPHT fabrication)

Heavy flint glass (Schott N-SF56)

Tellurite glass (0.75Te02-0.1996Zn0-0.05K50-0.0004Er,03, Te-glass, IPHT
fabrication)

e Poly-crystalline zinc sulfide (Vitron Spezialwerkstoffe GmbH, ZnS)

Since fused silica has already been investigated exhaustively, it serves as a reference
material. Besides the heavy flint glass, the Te-glass and ZnS were reported in the
literature to be promising candidates for OKG. The novel SAL glass system was also
investigated in terms of its gating capabilities. This system consists of a light glass
matrix (SiO and AlyO3) where a fraction of the glass maker SiO was replaced by the
heavy glass modifier La;O3. Although the structural properties of this system have
been studied comprehensively during the past [175-182| only little is known about
its nonlinear properties [103, 183|. The combination of heavy atoms and a light
glass matrix are, however, auspicious in terms of finding a compromise to efficient
and fast gating. The composition of the investigated SAL glasses is summarized in
tab. 6.1

Tab. 6.1: Composition of the investigated SAL glasses

Name | SiOy [mol %] | Al,O3 [mol %| | LayO3 [mol %
SAL1 67.4 22.1 10.5
SAL2 65.6 20.1 14.3
SAL3 60.1 21.2 18.7
SAL4 55.7 20.2 24.1

6.2 Linear and nonlinear properties of selected
gating materials

The linear and nonlinear material properties are crucial in terms of efficient optical
gating (sect. 3.2.3). For that reason the following section aims for examining the
linear absorption and refraction as well as the nonlinear refraction of the suggested
OKG material. From the linear characteristics the band gap energy and selected
material dispersion parameters are derived. Those become particularly important
in understanding the complex gating behavior of the materials (sects. 6.4 and 6.5).
The results are discussed in the framework of common macroscopic and microscopic
theories.
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Fig. 6.2: a) Refractive indices ng of the investigated materials as function of the wavelength A
and photon energy Epy, = hv, green lines: fitted Sellmeier curves, brackets: Abbe numbers. b)
linear refractive indices ny (SAL-glasses) as a function of LayO3 concentration, black squares:
present work, blue triangles: Iftekhar et al. [180], red circles: Dejneka et al. [184]

6.2.1 Wavelength dependent linear absorption and refraction

For F300, N-SF56 and ZnS the refractive indices were taken from the literature
[84, 105, 106] and the absorption coefficients « (except for F300) were computed from
the sample transmission (eq. (3.14)). The required Fresnel reflection coefficients Rp
were estimated from ng (sect. 3.1.5). In case of the Te-glass and the SAL-glass
Rp and the absorption coefficient a were retrieved by numerically solving the set of
equations (3.14). The error of the numerical retrieval was estimated to be less than 1
% by comparing the retrieved results when including or excluding the last terms on
the right hand side of (3.14). The refractive index ng(\) was calculated from Rp(\)
assuming normally incident light (sect. 3.1.5). The ng values as a function of the
wavelength A and the photon energy Epj, are given in fig. 6.2a. The green dashed
lines in fig. 6.2a show the fitted Sellmeier curves (eq. (3.2)). The corresponding
Sellmeier coeflicients are given in tab. 6.4. All investigated materials show normal
dispersion. Their Abbe numbers as a scale for the material dispersion are given in
brackets in fig. 6.2a and in tab. 6.4. They decrease with increasing refractive index
confirming the expected large dispersion for large refractive indices.

The refractive indices of the SAL glasses lie between those of fused silica and
of heavy flint glass. The LayO3 dependent increase of the linear refractive index
no (Ang/Ac(Lay03) = 9.4 x1073 mol% ') and the glass density (Ap/Ac(LayO3)
= 7.9 x1072 gem ™3 mol% !, tab. 6.4) in this work are found to be stronger than
those recently reported [180]. The relatively steep gradients and the small deviations
from the linear dependences in fig. 6.2b are possibly a result of the two-step sample
preparation in the present work including a re-melt of a relatively large glass sample.
This assumption is supported by the ng values obtained at 777 nm from re-melted
SAL glasses in ref. [184], which fit the linear regression of the present n, values very
well in spite of their broad range of Al,O3 content from 6 to 20 mol% (fig. 6.2b).

The refractive index and the dispersion of the Te-glass ranges from ng = 2.0 to
ng = 2.3, thus being much larger than the values of N-SF56. Yet, it is smaller
than the refractive index of ZnS. Its fairly large ny value and the corresponding
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Abbe number of v; ~ 23 (tab. 6.4) compare well with known literature values of
comparable glass systems with large TeO, content [155, 185-188|.

In contrast to the refractive indices, the absorption values of the investigated
materials group differently (fig. 6.3a). The heavy index materials (N-SF56, Te-
glass and ZnS) show a comparable absorption behavior that rapidly increases (from
a =5cm?! to a = 50 cm™!) between photon energies of Ep, = 3.3 ¢V and
Epn, = 3.6 eV, but the SAL-glasses’ absorption rises modestly between Ep, = 4
eV and Ep, = 6 €V. The absorption increases with the LasO3 concentration. The
absorption spectrum of fused silica was not measured, since it had been subject to
intense investigation during the past [189]. The absorption of the F300 should be
negligible in the investigated spectral range. From the steepness and the energetic
position of the absorption band edges it is possible to estimate the Urbach and the
band gap energies. For highly efficient broad band OKG these values are important,
particularly in terms of absorption as counter process to the gating (sect. 6.3.1).
Thus they will be estimated and discussed in the following section.

6.2.2 Estimate of the Urbach and the band gap energies

The Urbach energy Ey In the low absorption region the absorption coefficient
« as a function of the photon energy Ep;, was fitted exponentially by [190, 191]:

Epn

a(Epp) = ap-eFu (6.1)

in order to determine the Urbach energy F; of the respective material. «g is the
band gap tailing parameter [192]. For the SAL-glasses the Ey values range from
0.53 eV to 0.76 eV. For the high index materials they lie below 100 meV (fig. 6.3a).

The Urbach energy is a characteristic parameter evaluating a materials’ structural
disorder at a given temperature. [92, 193]. The disorder can be a consequence of
defect centers in the materials, impurities, annealing processes or variations in the
growth conditions (|190, 193-195]). It is noticeable, that the Urbach energy value
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of the present Te-glass is smaller (below 100 meV) than those, mentioned in the
literature, which lie in the range of 200 meV to 400 meV ([193, 196-198]). This
indicates a low disorder of the Te-glass system that is almost comparable to crystals.
Only a few Te-glasses presented in the literature show comparable Urbach energies
[152, 186]. A reason for the small disorder might be the Er,O3 content which was
reported to reduce the Urbach energy in Te-glass |186].

In contrast the Urbach energies of the SAL glasses range from 530 meV to 760
meV and seem to decrease with increasing LasO3 content. Hence the glass modifier
LayOg3 is increasing the structural order of the alumino silicate glass. Yet, the
Urbach energy is much larger than that of pure fused silica, which is below 0.1
eV [199]. The reason for that might be an increased concentration of non-bridging
oxygen ions in the material. Literature values for Urbach energies of SAL-glass
structures are not available. However, the presented values are comparable to similar
systems, particularly LipO-Al,O3-SiO4 glasses [200]. For all investigated materials
the obtained Urbach energies are in the range of amorphous semiconductors ([201]).
Of all investigated samples, ZnS shows the smallest value of Eyy = 66 meV, which is
a typical value for a crystalline material [202].

The band gap energy Eg,, The Urbach energy is a measure for the density of
states (DOS) within the band gap close to the conduction band. This is generally
much smaller than the DOS within the conduction band. Hence in order to evaluate
(nonlinear) absorption as one counter process for OKG, the energetic position (Egap)
is of much greater interest. Generally, the band gap energy Ega, can be determined
by linearly fitting (aEpy)'/? vs. Epp, (direct transitions) [203-205] for values of
the absorption coefficient ranging from o = 10% cm™! to @ = 10* cm™! [199, 206]
(Tauc-plot). The intersection of the fitted curve on the abscissa represents Egap.
The measured absorption coefficients amounted to 60 cm™ at most (only shown
up to a = 35 em ™! in fig. 6.3a), thus being much smaller than the required values
for successfully performing a Tauc-plot. Still, fitting the absorptions according to
Tauc et al. [204] may at least give a rough estimate of the actual band gap energy
[198, 207, 208|. In order to clearly present the fits for ZnS and N-SF56 are not shown
in fig. 6.3b. The values of the band gap energies are depicted in tab. 6.4. Although
the values of Eg,, are estimates, their error margins were evaluated, by including
different data points into the fit. The margins are represented by the zero points of
the two lines per absorption curve in fig. 6.3b.

For ZnS, the estimated band gap amounts to 3.43 eV, hence being slightly smaller
than the expected value of 3.6 eV [209, 210]. For the Te-glass the value of Egap
is 3.3 eV, which is in the range of the given literature values [205, 206]. Yet, the
value of Egq,, strongly depends on the exact glass composition. As a first approx-
imation Eg,, of the presented Te-glass can be estimated by using the weighted
average of its constituents’ Eg,p values [128, 211]. Consequently, Eg,p,(Te-glass) ~
0.75X Egap(TeO2)+0.2X Egap (Zn0)+0.05 X Egap(K20) = 0.75 x 3.79+0.2 x 3.440.05
x 2.2 = 3.6 eV. Besides differences due to obtaining too low absorption coefficients,
the deviation between the measured and estimated value may as well arise from
nonlinear influences of the different constituents [212]|. Furthermore, the given Egap
values are valid for the crystalline materials, yet the Te-glass is an amorphous struc-
ture and thus the Eq,, values may be slightly different.
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Regarding the experimentally estimated Eg,, values of the SAL glasses, they
range from 5.33 eV to over 6 €V. So far no information about the band gap energies
of SAL glasses can be found in the literature. Less information is available on
other alumino silicate glasses [195, 200, 213|. The band gaps were determined to
approximately 3.46 eV in case of the undoped system, which is quite different from
the SAL glass values. Estimating the band gap energy of the SAL-glasses from the
weighted average of the constituents’ Eg,, values (SiOq: 9 eV [214], AlLOs: 7 to
10 eV [215] and LapOs: 5.2 eV to 6.2 eV [216-218|) leads to Egap ~ 7.68 €V for
SAL4 and Eg,p ~ 8.16 eV for SAL1. These values are larger than those computed
from the absorption (tab. 6.4). One reason might be the small absorption coefficient
range, that was used for fitting or structural changes in the material due to the glass
mixture.

Besides from absorption, Eqap, can be estimated from the refractive index of the
material. Generally the refractive index scales inversely to the band gap Fga,p.
In order to evaluate the correlation quantitatively, various (semi-empirical) models
where proposed during the past decades [82, 219-222|. They are based on atomic
approaches [223] or the oscillator strength [220]. The model of Hervé and Van-
damme [222], which takes into account covalent as well as fractional ionic bondings
is considered to be accurate for most compound materials. Within the framework
of this model, the refractive index ny is related to Eqg,p by:

13.6eV 2
=4/1 - 2
"o \/ * (EGap—i—?).lleV) ’ (6.2)

where ng is the refractive index at negligible dispersion.

A different model linking ny and Ega,, was proposed by Reddy [224]. It is based
on Moss’ atomic approach [223]. Within the framework of this model, the energy
gap is linked to the refractive index by

Equ,e™ = 36.3eV 6.3
p

The Eg,p values of the investigated materials computed according to Hervé and
Vandamme (eq. (6.2)) and Reddy (eq. (6.3)) are compared in tab. 6.2. To ensure a
small dispersion only, the ny value at A = 1 um was extrapolated from the Sellmeier
equation for the calculation. The accuracy of ng was estimated to be £0.1 in order
to evaluate the accuracy of the computed Eg,, values.

It is conspicuous that both computed Eg,, values are larger than the estimated
ones except in the case of ZnS. Besides the inaccuracy due to the (semi-)empirical
nature of the models, the rough estimate of Eg,, from the low absorption coefficients
may be the reason. Particularly for the amorphous materials the absorption may
still arise from excitation of Urbach states. Nevertheless, the Eq,, values of the
SAL-glasses seem to lie far above 5 eV, excluding efficient two- and three-photon

absorption of the gate pulse for this material system as a counteracting process to
OKG.

6.2.3 Nonlinear refraction of the materials

The most important parameter for OKG is the nonlinear refractive index ny of the
materials, since it ultimately determines the imprinted phase shift ( e.g. eq. (3.29)).
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Tab. 6.2: Comparison of the estimated band gap values from the absorption (this work) and
from the refractive index ng according to [222] and [224]

Material | ng (A = 1 pm) | Estimated from Hervé Reddy
Absorption | Vandamme

Si04 1.45 > 7 10+2.0 | 85+0.9
SAL1 1.587 > 6 8+13|74+08
SAL2 1.623 5.71 £ 0.06 7T+12 (72408
SAL3 1.668 5.46 £ 0.05 6.8+1.1|6.8£0.7
SAL4 1.71 5.33 £0.05 6.4+09 | 6.6£0.7
SE56 1.73 3.45 1+ 0.02 6.2+09 | 64+£0.7
Te-glass 2.00 3.34 £ 0.04 45+05149+05
ZnS 2.292 3.43+0.04 32+04|37+04

Determination of n, In the present work ny of the materials (except for N-
SF56) was measured by the Z-scan technique (sect. 4.5.2). Although the ny value
can be extracted from a single Z-scan measurement [107] a pulse energy dependent
set of Z-scans was recorded for each material (proportional to the pulse intensities)
in order to guarantee the absence of higher order nonlinear effects and to improve
the accuracy of the measurement.

Exemplary, the Z-scans of SAL1 glass at three different pulse energies are shown
in fig. 6.4a. According to Sheik-Bahae et al. [109], the curves were corrected by
subtracting a background trace measured at a very low pulse energy in order to
eliminate transmission fluctuations due to surface effects (e.g. small scratches).

In the absence of higher order nonlinearities the "Peak-to-Valley" transmission
ATpy (fig. 6.4a) scales linearly with the imprinted phase shift in the focal plane
and consequently with the pulse energy [107, 109, 225|. This is confirmed in fig.
6.4b. Consequently, the ratio ATpy/FE is a scale for ny. The ratios were determined
by linearly fitting the ATpy values as functions of the pulse energy (fig. 6.4b). The
nonlinear refractive indices of the materials were determined from these ratios by a
reference measurement as proposed by Bridges et al. [108] using:

(ATPV)S Er Lr (1 - Rr)

(n2)s = (n2), - R,)’

E,  (ATpy), L (1 - (6.4)

with (ny), being the nonlinear refractive index of a reference, L, and L, the effective
thicknesses, R, and R, the reflectivities, (ATpy), and (ATpy),s the Peak-to-Valley
values, and E, and E; the pulse energies applied to the reference material (r) and
the samples (s). In the absence of linear absorption the effective thickness is equal
to the actual geometrical thickness d of each sample. The thicknesses of the samples
were chosen to be much smaller than the Rayleigh length of the beam in order to
avoid distortions [226]. A 0.7 mm thick slab of fused silica with 1200 ppm OH and
(ng), = (2.7 £ 0.3)x1077 em?/GW (sect. 6.1) served as reference sample.

The ny value may as well be derived from the ATpy value directly (without refer-
encing). The accurate determination in this case is, however, tough, since it relies on
the exact knowledge of the electric field of the pulse. Although, aberrations of the
pulse (e.g. astigmatism) can be corrected by sophisticated measurement techniques
[227-229], fluctuations in the pulse duration may cause large errors, particularly for
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Fig. 6.4: a) Z-Scan traces of the SAL1 10 mol% of Lay O3 sample at pulse energies E, arrows:
Peak-To-Valley ratio ATpy; b) ATpy values of investigated materials as a function of pulse
energy, brackets: slope ATpy/E in 1073 nJ=!

pulse durations below 100 fs. Thus the reference method provides a more accurate
determination of the nonlinearity.

The measured nonlinear refractive indices The nonlinear refractive indices
of the materials are summarized in tab. 6.4. The n, values detected for F300, the
Te-glass and ZnS amount to ny = (3.0+0.1) x 107" cm?/GW, ny = (50+5) x 1077
cm?/GW and ny = (130 4 20) x 1077 ¢cm?/GW, respectively. They agree well with
the values from literature (sect. 6.1 and [148, 149, 152, 155, 230]). The ny value of
N-SF56 was taken from the literature [138]. It is conspicuous that the value for F300
is significantly (10 %) larger than that of the fused silica reference. Compared to the
reference, F300 possesses only a tiny content of OH (< 1 ppm), which was achieved
by adding chlorine to the glass mixture during manufacturing. It is assumed that
the increased ny value may be due to residual chlorine.

In contrast to the large index material and fused silica only a few studies deal
with the nonlinear refractive index of the novel SAL-glass system [103, 183]. The
systematic study of this work unravels a linear correlation between the nonlinear
refractive index (related to the electric field) nf and the LayO3 concentration (fig.
6.5). The correlation between the ny value (related to the intensity) and the LayO3
concentration can be linearly approximated as well, since the relative linear refractive
index variation is small (ngap1/nsars ~ 0.9, eq. (3.6) in sect. 3.1.2), with the
increment amounting to Angy/Ac(Lay03) = (0.264+0.007) x 1077 cm? /GW mol% .

Based on the assumption of one major polarizable constituent in combination with
the Lorentz-Lorenz oscillator approach, Boling et al. [231] formulated a well accepted
[141, 232] semi-empirical relationship (BGO theory) linking the nonlinear refractive
index ny to the dispersion (v4) and the linear refractive index ng = no(587.6 nm):

68(ng — 1)(n3 + 2)?

n (10 Besu) = (6.5)

(na+1)(n2+2)2 1Y%

6ng

V4 152+

As depicted in fig. 6.5 the measured values of the linear and nonlinear refractive
indices agree well with the BGO theory according to eq. (6.5). Additionally, fig. 6.5
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Fig. 6.5: Nonlinear refractive index (nf': cgs units, ny: Sl units) as a function of LayOs
concentration and refractive index (no(800 nm)): black squares: measured values, blue trian-
gles: calculated from BGO theory (eq. (6.5)) using measured ny and v, values, red circles:
calculated according to eq. (3.8) using only the oxygen hyperpolarizabilities of SiO, Al Os
and Lay O3 given by Adair et al. [91]

shows the expected nonlinear refractive index, calculated by following the theory
given by Adair et al. [91], where only the anion O?~ is assumed to contribute to the
nonlinear refractive index. This problem will be elucidated in more detail within
the next section.

6.2.4 Discussion of the microscopic material properties

In order to provide a base for future optimization of the OKG material, a brief
discussion dealing with the linear and nonlinear refractive indices will be given.
On the microscopic level, the physical origin of both refractive indices lies in the
deformation of the electron cloud of the glass atoms by the incident light wave, i.e.
no and ns are directly related to the polarizability «,, and the hyperpolarizability
v (sect. 3.1.3). These electronic glass properties are most important in the fs time
regime [125], irrespective of counteracting slow processes contributing to ny such as
the response of the ions or thermal and electrostrictive effects [86].

With the knowledge of the linear or the nonlinear refractive index, the ma-
terial density and the material composition, values for «,, and 7 can be esti-
mated. Generally, the overall polarizability is consisting of contributions from
the cation and the anion. The polarizabilities and hyperpolarizabilities of ZnS
[91, 233] and various Te-glasses had been studied thoroughly within the past decades
[128, 154, 155, 186, 187, 212, 234-236]. Hence a detailed discussion of the (hy-
per)polarizability is not necessary at this point.

It is, however, remarkable that the no value of the Te-glass is much larger than
the value expected from BGO theory (nl'(meas) = (2442) x 10713 esu, nl(BGO) =
14 x 10713 esu. This extraordinary large hyperpolarizability may have several rea-
sons. On the one hand, it has been pointed out, that the empty outer d-orbital of
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the TeO5 molecule, that is contributing to the conduction band in combination with
a rather small bond length in the range of 2A is a reason of the large y-value. On
the other hand, the BGO theory relies on the assumption of just one constituent
contributing to the nonlinear refractive index. This assumption, however, can be
violated, since the Te-glass investigated in the present work additionally possesses a
small amount of EryO3, which shows a very large hyperpolarizability |91]. Further-
more, the small content of EroO3 breaks up O-Te-O bonds [205]|. Hence there may be
an increased concentration of non-bridging oxygen (NBO), which itself contributes
to the hyperpolarizability. A too large EroO3 content, however, may also cause an
opposite effect, since the O-Te-O bonding was shown to be majorly responsible for
the hyperpolarizability [237].

Finally, even if the small Er,O3 content (0.04 mol%) would be neglected, the re-
maining ternary glass structure itself may unravel the reason for its large nonlinearity
compared to e.g. binary Te-glass systems (|238]) or single crystalline TeOq [236].
On the one hand, the additional component may increase the structural disorder
and consequently the concentration of NBO, for instance by breaking the O-Te-O
bridge. This effect was shown to be particularly critical in terms of enhancing «,,
and even more 7y in case of alkali cations, such as KT [212]. Although ~ was proven
to be more or less independent of the ZnO concentration ([152]), it may change the
oxygen packing density still [198|, which will effect both, « as well as 7.

Analyzing the origin the linear and nonlinear refractive indices of N-SF56 is much
harder than for the other materials, since its composition is not well known. Fur-
thermore it consists of multiple components, which may have comparably large (hy-
per)polarizabilities, e.g. NboO5 and TiO, [86, 239]. Therefore the basic assumption
of only one polarizable constituent, given by Adair et al. and Boling et al. [91, 231]
is not valid any further. The large nonlinear refractive index of N-SF56 thus arises
from a complex interplay of its components [91].

Compared to the discussed large index glasses only a few studies deal with the
(hyper)polarizability of the SAL system [90, 240|. Applying the Clausius-Mosotti
equation (3.7) to the measured ng values reveals the average polarizability of the
SAL-system (ayneqs in tab. 6.3) representing the weighted average of the molecular
polarizabilities of all ions in the glass system. It is considered to be mostly affected
by the anions (O%7) [125, 241] due to their large volume whereas the polarizability
of the cations appears to stay less important. The oxygen polarization follows the
relation [192, 241]

aon-(10) = | (3525 ) (8= D/ +2) — Y] /e, (6:6)

with Vi, being the molar volume, Y a; = 2xapes+ + yagar + 2(1 — 2 — y)ayps+ the
molar cation polarizability, and Np2- = 32+ 2y + 3(1 —x —y) the number of anions.
The cation polarizabilities are taken from Duffy et al. [90]. The anion polarizabilities
calculated in the present work are very close to those reported from similar systems
by Duffy [90].

The average cation polarizability ac,; as shown in tab. 6.3 increases with the
LayO3 content by more than a factor of two whereas the O?~ polarizability aps- in-
creases due to the O~ volume change by less than 6.5 %. The anion polarizability
is, however, generally higher at least by a factor of three. Nevertheless, the sum
of both, acation + Qanion, 18 still smaller than the average une,s value (Table 6.3).
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Replacing SiO, in the SAL system by Al,Og increases the average polarizability by
reducing the density of covalent bonds and the generation of a high concentration
of non-bridging oxygen (NBO) [180, 182|. As a measure of the NBO concentration
an r-value is assigned to the SAL system according to Iftekhar et al. [180].

T_Q—i-x—l—(l—x—y)_ 3—y
1zt (l-2—-y) 2-20—y

(6.7)

with x and y being the molar concentrations of LasO3 and SiO,, respectively. The
r-values in tab. 6.3 show an increase of about 23 % indicating a significant NBO
increase with the LayO3 enrichment, which is in agreement with the literature [181].
The exact NBO number is, however, hard to estimate without knowing the fraction
of 3-coordinated anions, which is a further necessary parameter to identify the NBO
number. Another indicator of a NBO enrichment is the measured increase in the
Urbach energy Ey (tab. 6.4), representing the systems’ order [195]. In a less ordered
system, less oxygen can bind to the cations, leading to more NBO species.

In a simplified consideration of one single polarizable constituent only (LayOs
in this case), the hyperpolarizability can be related to the molecular polarizability
by v = Qa?, [125] with Q being an empirically determined constant. The average
hyperpolarizability () is revealed by the nonlinear refractive index n} by applying
the formula

F
_ 2npng

(7) = TN, (6.8)

where f is the Lorentz local field correction factor defined as f = (n2+2)/3 and N,
is the number density of the glass calculated from the glass density and stoichiometry
[91]. Thus the correlation constant 3 between the a? and v for the present SAL
systems is calculated to Q = (7.8 + 0.6)x10'"%esu/cm® (Fig. 6.6a ).

As discussed previously, the linear polarizability « is not only affected by the
oxygen (due to its large volume and NBO concentration), but also by the increasing
content of La?" ions. Thus the La3" content of the glasses should as well affect the
hyperpolarizability . This appears self-evident, when comparing the measured n}
values with those calculated on the basis of the oxygen hyperpolarizabilities given
by Adair et al. [91] (Fig. 6.5). Assuming an additive nature of the constituents’
hyperpolarizabilities n§ [231] can be normalized by the function

2nt'n,
2 10
"2 Norm = NLay/307VLay,50 = e Nsiy 1,080, 50 — Nai, 5074150, (6.9)

revealing an upper limit for the Lay/30 hyperpolarizability. Here N and ~ are the
number densities and hyperpolarizabilities of the SAL components. ~g;, ,0 and
YAl ;0 Were taken from [91]. The molar fractions normalized to the oxygen were
chosen for a direct comparison to the values of yr4,,0 given by Adair et al. [91].
Due to the impact of NBO onto v an exact calculation is not possible, yet. The
upper limit can be calculated by fitting ny yorm and the number density of Lay /30
linearly. It amounts to (2.2 & 0.2)x1073% esu (fig. 6.6b).
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Fig. 6.6: a) Correlation v = Qa? between hyperpolarizability v and polarizability c.,,, Q =
m? = (7.8 £ 0.6) x 100 esu/cm® (investigated SAL system), b) Normalized ny values (eq.
(6.9)) as a function of Lay /30 number density, upper limit of yLa,0,: (2.240.2) x 10750 esu.

Finally it should be pointed out, that the linear fits in Figs. 6.6a and 6.6b yield
nonzero abscissa scales. This effect is attributed to the approximation of only one
polarizable constituent of the glasses given by BGO theory. With decreasing LayO3
content, however, this approximation loses its validity: the nonlinear refractive index
and hence the hyperpolarizability will increasingly be affected by structural changes
such as a decreasing NBO concentration as well as the neglected contributions of
the other glass components.

Tab. 6.3: Optical parameters ny [10716 cm? /W], n&" 10713 esu], ape- [A%], acar [AP], atmeas
[A3], (Ymeas) [10736 esu], and the r value for the SAL glasses and F300

Material | no | nf Qo2 | Qeat | Cmeas (Vmeas) r
F300 | 3.0 | 1.06 | 1.403 [105] — 12971 1 1.24+0.01 —
SAL1 5.8 | 2.2 1.621 | 0.309 | 4.030 2.1+£0.1] 2.09
SAL2 | 6.7| 2.6 1.6274 | 0.439 | 4.247 23+0.2 | 2.24
SAL3 | 8.1 3.23 1.695 | 0.569 | 4.627 | 2.64 £0.08 | 2.40
SAL4 | 9.30 | 3.81 1.726 | 0.700 | 4.919 | 2.90 £0.02 | 2.58

6.3 Material properties and OKG

After analyzing the optical properties of the suggested OKG materials their impact
on the gating process shall be elaborated in this section. Similar to the material
analysis, these preliminary considerations are crucial for understanding the complex
gating behavior discussed in the subsequent sections.

6.3.1 Absorption

Absorption can limit both, the gate pulse and the signal as they propagate through
the material. Even in large band gap media, where linear absorption may be ne-
glected, two-photon absorption may significantly attenuate the gate pulse, as it is of
the same nonlinear order as the phase modification, responsible for OKG (subsect.
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3.2.3). For high gate pulse intensities even higher order absorption processes may
become important as well. Although nonlinear absorption of the signal shall be
negligible, it can indirectly be affected by either pump pulse assisted single photon
or free carrier absorption [242].

In order to evaluate a material’s suitability for OKG in the presence of absorption,
Stegeman et al. [135, 243, 244| have developed a well accepted measure (Figure of
merit, FOM ). For most efficient OKG, the phase imprinted onto the signal pulse by
the gate pulse should amount to ¢,; = 7. In the absence of any counteracting effects,
limiting the gating behavior, this criterion always can be achieved, if the material
thickness is large enough (eq. (3.30)). However, if linear or nonlinear absorption of
the kind

L

= —o I (6.10)

occurs, where k is the order of the absorption (e.g. k = 1 for linear absorption), a
finite absorption distance, amounting to d.,, = 1/aklg_1 can be defined. Inserting
daps into (3.30) and setting it equal to 7 defines the FOM:

2712

FOM = ———.
A 152

(6.11)

If the FOM is larger than 1, the material is considered to be a suitable candidate for
OKG. Note, that in the presence of two-photon absorption, the FOM is independent
of the gate pulse intensity I5. This FOM is only taking the (linear and nonlinear)
absorption of the gate pulse into account.

6.3.2 Refraction

Aside from the correlation between the linear and the nonlinear refractive indices or
an increased Fresnel reflection at large ng-values, refraction itself should not affect
the gating process. Its dispersion, however, can cause a walk-off between the gate
pulse and the signal on the one hand or gate pulse broadening, hence an intensity
reduction on the other hand.

Refractive index mismatch In general, the signal and the gate pulses are trav-
eling through the OKG material at different velocities due to the refractive index
mismatch (subsect. 3.1.2). This may be a group- (if the signal is a laser pulse) or a
phase index (if the signal is fluorescence light for instance). The mismatch leads to a
walk-off between both signals. The delay time ¢p introduced in subsection 3.2.3 be-
tween the signal and the gate pulse becomes a function of the propagation distance
z inside the material [245-247|. In the following ¢p is the delay between signal and
gate at the entrance surface of the OKG material (z = 0). It is particularly pointed
out that the signal can be an arbitrary field and does not necessarily need to be a
pulse.
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In the reference frame of the signal, its phase ¢,,; imprinted by the gate pulse under
consideration of a refractive index mismatch (RIM) An is given by (eq. (3.30)):

z=d
¢nl(r,t —tp, z) = kOnQIG(T) / e—4ln2<t_tD+A?z)2/ATc2;dz

z=0

- z=d
VT ATGC V41In2 ( An )
= konolg(r)———— |erf t—tp+—=z
omzlal )2\/4ln2An Atg b c 0
6

where I (7) is the lateral function of the gate pulse and A7y is its pulse duration
(FWHM). An = n(signal) — ny(gate) is the refractive index mismatch, c is the
vacuum speed of light, kg is the wave vector of the signal and d is the sample
thickness. tp is the initial delay between the gate pulse and the signal.

In the presence of a RIM the delay between the gate pulse (blue) and the signal
changes during the propagation (fig. 6.7). This results in an asymmetrically ex-
tended time trace of the imprinted phase and consequently in a larger gating time.
Additionally the amplitude of the gated signal is limited and can not be increased by
a longer propagation distance (i.e. using a thicker OKG sample). The latter is only
possible if Angy = 0, where the phase imprinted on the signal accumulates at ¢t = tp
as it propagates through the sample (red lines in fig. 6.7). The maximum amplitude
of the gated signal on the other hand would amount to only 15 % compared to that
observed in the absence of RIM. According to Ziolek et al. [245] the impact of the
RIM onto the duration of the gate window is characterized by the parameter 7oy p
defined as:

d
TGVD — EATLg (613)

If the signal is a short pulse (duration Arg), the temporal broadening due to the
RIM causes a broadening of the delay time-dependent trace (DTT). The DTT is
the (energy) transmission of the signal through the OKG as a function of the delay
time tp. In this context, the RIM causes e.g. the gate pulse to overtake the signal
inside the sample (for An, > 0) leading to a OKG transmission, although the
pulses were not overlapping at the sample entrance (i.e. at t = tp). Consequently
the RIM leads to a limited interaction distance d.;y between the signal and the
gate pulses inside the material. Assuming a second order cross-correlation width
ATee = \/ATE 4+ 0.5A72 (eq. (3.31) in subsect. 3.2.3) an expression for d.;; can be
derived from (6.13):

TecC

An

deps = : (6.14)
From a different point of view, d.¢; represents the thickness of the OKG sample at
which the optimum gating can be achieved. Smaller thicknesses cause a reduction
in efficiency (eq. (3.30)). Larger thicknesses will not improve the gated efficiency
anymore but only distort the gated signal due to the larger gating time.

To illustrate the influence of the RIM, the gating time using a pulse with a full-
width-half-maximum duration of A7 = 50 fs will be Arpxe = 145 fs (FWHM) for
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air OKG material

Fig. 6.7: Refractive index mismatch (RIM) affecting the delay between the gate pulse and the
signal as function of z, left) phase A¢ imprinted on signal by gate pulse, right) time frame of
the signal (Ang > 0 (blue) and the Any =0 (red))

Ang = 0.05 at a OKG thickness of d = 1 mm. It is in fact a scale for the broadening
(but not necessarily the FWHM duration) of the gate window.

Pulse dispersion As the gate pulse travels through the OKG material, it will
be broadened by group velocity dispersion. Its influence onto the gating time is
negligible compared to the RIM. However, it causes a decrease in the intensity of
the gate pulse, influencing the gating efficiency. Even though the thickness of the
OKG material was chosen to be smaller than the dispersion lengths Lp (eq. (3.24),
except the thick ZnS sample), the gate pulse duration can significantly extend during
propagation, affecting I5. Dispersion related pulse broadening should therefore be
taken into account, when evaluating the material’s gating efficiency.

In the presence of dispersive pulse broadening the nonlinear phase modification is
given as:

Su(r,t —ta, 2) = kola(r) /;od \/ﬁe
= i+ (&

The integration (6.15) cannot be performed analytically. However, for sample thick-
nesses in the range of Lp, it is adequate to approximate the first term of the integrand
by:

A7G dz. (6.15)

1 (= )?
yDisp<Z) =~ (1 — yo)e (ATFz‘t) + Yo = yFit<Z) (616)

2
4
1+ (E)
The dispersion related intensity decrease and its Gaussian fit is shown in fig. 6.8a
as a function of the propagation distance z normalized to the dispersion length

(3.24) Lp inside the material. The optimum fitting parameter set is a function of
the material thickness. Figure 6.8b shows the optimum parameters yo and A7p; as
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Fig. 6.8: a) black solid line: Gate pulse intensity 1c(z)/1c(0) as a function of the propagation
distance z decreasing due to group velocity dispersion, green dashed line: Gaussian approxi-
mation b) parameters Atpy and yo of Gaussian fit (eq. (6.16)) as function of the sample
thickness d/Lp normalized to Lp, black vertical lines: d/Lp value of investigated samples

function of the sample thickness d (normalized to its dispersion length Lp). The
deviation between the original data and the fit was:

5 _ s i (2) = yra(2)]| d=
fod(z)dz

for thicknesses d < 2L p.
Employing the approximation (6.16) adds a correction term to the phase shift ¢,
(6.12) that arises from the pulse broadening:

z=d 41n2 Anz 2
ATQ (t ¢ c )

< 0.01,

& -

G (r,t —tg,2) = kofc(r)/

2=0

) ) (6.17)
(1 oy 2 ) () }dz.

6.4 Broad-band OKG performance

One of the major requirements on the optical gate is a satisfactory gating perfor-
mance over a broad spectral range in the visible region. In this context the suggested
OKG materials were tested by gating a spectrally broad white light continuum (sect.
4.6.2 and sect. 5.1).

The spectrally and temporally resolved energy transmission (STRET) of the OKG
is displayed in fig. 6.9 for the applied materials (a-e) as well as for two selected
thicknesses of ZnS (e,f). For each material and every delay time the corresponding
spectrum was divided by the temporally integrated spectrum. Subsequently, the
amplitude of the whole STRET signal was normalized.

In case of fused silica the spectral components of the STRET were Gaussian fitted.
The corresponding center and the full width half maximum (A7, dashed lines) as
function of the wavelength are depicted as cyan lines in fig. 6.9. The A7 value stays
between 50 fs and 70 fs down to 550 nm and increases up to 120 fs for A < 550 nm
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(inset in fig. 6.9a). The center of the Gaussian on the other hand shifts from ¢p =0
fs at A = 750 nm to tp = 500 fs at A = 500 nm.

Comparing the STRET signals of the other materials to that of fused silica a
temporal broadening of the signal towards larger delay times is observed, while the
onset stays constant. For every material the broadening monotonously increases
at shorter wavelengths. Additionally it is stronger for materials of larger refractive
indices (fig. 6.9a-d) and larger sample thicknesses (fig. 6.9¢,f). As a reference, the
center and the full width half maximum width of the fuesed silica values are shown
by the cyan lines in fig. 6.9b-f. For 1.17 mm thick ZnS, for instance, the gating time
grows from A7 = 200 fs at A = 700 nm to A7 = 1400 fs for A = 500 nm. (inset in
fig. 6.9f).

Simultaneously, the amplitude of every spectral STRET component decreases at
shorter signal wavelengths. The decline seems to correlate with the broadening of
the signal. Whereas the amplitude of the gated signal using fused silica stays more or
less constant over the whole spectral range, it falls by approximately 80 % between
A =700 nm and A = 500 nm in case of 1.17 mm ZnS.
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Fig. 6.9: Spectrally and temporally resolved energy transmission (STRET) of the gated WLC
pulse, a-e): investigated material e,f) thin and thick ZnS, Cyan lines: center (solid) and FWHM
(dashed) of Gaussian fitted fused silica (depicted in all subfigures as guide to the eye).

The temporal walk-off due to the refractive index mismatch (RIM, cf. sect. 6.3.2)
between the gating pulse and the WLC signal (sect. 6.3) is suspected to be responsi-
ble for the different spectro-temporal behavior of the materials. For all materials the
ng value of the gate pulse is smaller than that for the signal (i.e. normal dispersion,
tab. 6.4). This causes broadening towards positive delay times (signal precedes
the gate pulse), where the infrared gate pulse can overtake the signal (visible spec-
tral range). Additionally, the monotonous increase of the refractive index towards
shorter wavelengths explains the likewise temporal signal broadening. Finally, since
the material dispersion parallels the refractive index [248] the broadening is more
pronounced for the high refractive index materials. The larger RIM at shorter
wavelengths, particularly in high refractive index materials, results in a reduced in-
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teraction distance of the gate and the signal inside the material (desf in eq. (6.14))
leading to smaller amplitudes of short wavelengths signals compared to the long
wavelength spectral components.

A slow material response as reason for the broadening is excluded, since it would
result in broadening towards negative delay times (where the gate pulse precedes
the WLC) and should not be a function of the sample thickness.

Due to the very small refractive index mismatch (An, = 0.018 for A\¢ = 800
nm and A\g = 530 nm) of fused silica, the influence of the RIM onto the STRET
is negligible compared to the pulse duration (rgyp = 36 fs < Arg = 70 fs). The
temporal shift of the gated signal from ¢tp = 0 fs at A = 750 nm towards tp = 400
fs at A = 500 nm (fig. 6.9a) is attributed to the initial chirp of the WLC.
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Fig. 6.10: a) Symbols: gated WLC at different wavelengths using Te-glass as OKG medium,
dashed lines: fitted by (6.18), b) symbols: fitted values An,,, green dashed lines: values for An,
derived from Sellmeier equations, c) the fit parameter a(\) from (6.18) (scale for maximum
transmission normalized to its maximum in long wavelength region)

The RIM being the reason for the temporal signal broadening is quantitatively
supported by fitting the expected gate function to the measured signal. For the
selected wavelengths the fitted signal using Te-glass as OKG material is depicted in
fig. 6.10a as an example. According to the weak gate pulse intensity approximation
(subsect. 3.2.3) the fit function was selected to be the convolution:

y(tD) = afs(tD — to) ® ¢2(tp), (618)

where ¢(t) is the expression for the phase taking into account the temporal walk-off
and a decline of the gate pulse intensity due to dispersion broadening (eq. (6.17)).
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Fig. 6.11: Ratios ny/Any for the investigated materials (A = 530 nm)

The necessary dispersion parameters yo and A7g; in eq. (6.17) were taken from
fig. 6.8b at the related sample thickness normalized to its dispersion length (tab.
6.4). The signal pulse intensity was assumed to be Gaussian shaped. The FWHM
duration of the Gaussian was Atg = A7g = 70 fs for both the signal pulse Is(tp)
and the phase ¢,,;(tp).

The parameter a as a scale for the maximum transmission, the refractive index
mismatch Ang and the temporal position of the white light signal were used as fitting
parameters. The latter was necessary, since the temporal position of the WLC at
different wavelengths shifts with respect to the delay time ¢p due to the WLC chirp
(fig. 6.9a).

The fitted RIM Ang values are depicted in fig. 6.10b for the applied materials. The
green dashed lines represent the An, values computed from the Sellmeier equations
(sect. 3.1.2). Evidently, the An, values resulting from the Sellmeier equations and
the fits agree very well, in particular for short wavelengths, proofing that the RIM
is responsible for the temporal broadening. For longer wavelengths and materials
exhibiting small refractive indices (e.g. SAL glass at A > 625 nm), the An, from
the fit differs from that calculated by the Sellmeier equation. This is because at
this point the characteristic time related to the RIM 74y p (eq. (6.13)) is too small
compared to the pulse durations A7 and A7s. For this spectral regions a Gaussian
fit should rather be used to model the OKG transmission and the influence of An,
is negligible.

Finally, the fit parameter a is depicted in fig. 6.10c (exemplary for Te-glass
and ZnS). It is an indicator for the spectrally dependent transmission of the OKG.
Evidently the OKG efficiency 1 (defined as maximum transmission, cf. next section)
is tremendously decreasing towards shorter wavelengths for high refractive index
materials. This is a result of a reduced effective interaction length d.;; between
signal and gate pulse in the OKG material at large An, values. Particularly, when
gating spectrally very broad signals (such as fluorescence) the spectrally dependent
OKG transmission may cause spectral distortions in the detected signal amplitude
and so has to be taken into account.

Furthermore the question is, if the larger nonlinear refractive index of these ma-
terials is able to compensate the reduction of the interaction distance inside the
sample. Inserting d.ss into the equation for the imprinted phase (3.30) leads to:

N2

Pt X A (6.19)

g

These ratios are shown in fig. 6.11 for a signal wavelength of Ag = 530 nm. This
comparison proofs that Te-glass and ZnS still exhibit superior gating capabilities
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even though they suffer from the strongest refractive index mismatch. Although
possessing a much smaller nonlinear refractive index, the gating capability of Te-
glass is comparable to that of ZnS. It is particularly interesting, that SAL glass with
a small content of LasO3 shows worse gating capabilities than fused silica, whereas
SAL glass with large LayO3 content is better suited for OKG than fused silica.

6.5 Efficiency analysis using two-color OKG

Although the large ny values of the high refractive index materials compensate their
reduction of d.ss the only possibility to increase the gating efficiency is to increase
the gate pulse intensity /o due to the basic limitation of d.ss. For gating the WLC
pulse (cf. previous section) I was kept low, to ensure the validity of the weak
gate pulse approximation in the data analysis. It is a priori not clear, if the high
refractive index materials remain superior in their gating performance for increasing
gate pulse intensities (in a range that is easily accessible by modern high repetition
rate fs laser systems). The systematic study described in the following section aims
for comparing the maximum achievable gating efficiency n of the different materials
in a gate pulse intensity range of 0 GW/cm? < I < 700 GW /cm?. Therefore a
weak signal pulse (Ag = 530 nm) was gated using a strong gate pulse (Ag = 800 nm)
of variable peak intensity (sect. 5.1). Plane waves were assumed for both pulses
while propagating through the samples. This is adequate, since the Rayleigh lengths
of the signal and the gate beams are much larger than the sample thicknesses (tabs.
5.1 and 6.4).
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Fig. 6.12: a) Signals of the SAL4-glass (normalized to PIS, I = 0.50 TW/cm?): black:
polarization selective time trace (PSS), red: polarization integrated time trace (PIS), maximum
of PSS emission = gating efficiency n, b) OKG measurements using Te-glass at different gating
intensities I; (values in GW/cm?): solid lines: normalized PSS trace, dashed lines: normalized
PIS trace

6.5.1 Qualitative comparison of the materials

For each material at every gate pulse intensity a polarization integrated signal (PIS)
and a polarization selective signal (PSS) was recorded as function of the delay time
tp between gate pulse and signal pulse (sect. 4.6.1). Both signals were normalized
to the averaged PIS value at very low gate pulse peak intensity I; and large delay
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times tp (where the signal preceded the gate pulse). The transmission maximum
of the normalized PSS was defined as gating efficiency 7. The different time traces
and the definition of n are exemplified for SATL-glass (SAL4) at I = 500 GW /cm?
in fig. 6.12a. Figures 6.13a and b show the measured efficiency values n as function
of I for all investigated materials (in case of ZnS: thick sample).
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Fig. 6.13: OKG efficiency n as a function of gate pulse intensity I: a) the SAL-glasses and
fused silica, b) materials of large nonlinear refractive index (ZnS: thick sample)

The different material classes (small ny materials and large n, materials) show
qualitatively as well as quantitatively different dependences of n on I5. All glasses
in fig. 6.13a exhibit a monotonous increase in their efficiencies with increasing I
up to a maximum 7)., that lies between 50 % and 70 % for the SAL-glasses at the
highest applied gate pulse intensity of 650 GW /cm?, while 7., of F300 stays below
30 %.

In fig. 6.13b 7 of the high index materials grows much faster with increasing I
for low gate intensities than for high ones. However, after reaching a maximum
efficiency nmax at a characteristic Ig max value, n decreases again. Among the high
index materials, N-SF56 shows the largest maximum efficiency of Nya &~ 50 %, as
opposed to the maximum efficiency of ZnS only amounting to Nmax ~ 12 %. The
maximum achievable efficiencies 7),,,, seem to decrease with increasing nonlinear
refractive index ny. Despite their large no values, the high refractive index materials
show an inferior gate efficiency compared to the SAl-glasses for large gate pulse
intensities I > 450 GW /cm?.

In order to achieve more insight into the complex OKG behavior of the high
ny, materials, delay time traces of the PIS and the PSS at different I, values are
depicted in fig. 6.12b for the Te-glass as a representative for its class. The PIS
shows permanent absorption (PA) which increases with increasing I values and is
readily detectable in the PIS signals recorded at large delay times (e.g. tp > 500 fs
for Te-glass). In addition a transient absorption (TA) around tp = 0 fs is observed.
It parallels the PSS and becomes asymmetric for large I; values. Both kinds of
absorption are solely observed in the high refractive index materials (PA in N-SF56
and Te-glass, TA in all high index materials). They limit the amplitude of the PSS
and consequently the maximum gating efficiency of these materials.

The permanent absorption is attributed to photo-darkening of the material. Due
to an increase in intensity, even small multiphoton absorption of the gate pulse may
cause an accumulation of defect centers within the glass, leading to single photon
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absorption of the signal pulse. [39, 249]. The origin of the photo-darkening in the
glasses is still unknown and requires more research.

The transient absorption, on the other hand, is assigned to combined multiphoton
absorption (CMPA) of the signal and the gate pulses (sect. 3.1.4). If both pulses
overlap, the strong gate field supports single photon absorption of the signal field.
Absorption due to free carriers seeded by the gate pulse (FCA), as alternate origin
for the transient absorption is considered to play a minor role. FCA typically shows
lifetimes of several hundreds of femtoseconds to several hundreds of picoseconds
[242]. Hence a significant absorption at negative delay times tp < 0 fs (where the
gate pulse precedes the signal pulse) would be observed in the presence of FCA. The
transient signal at these delay times is, however, zero for tp < 100 fs.

Besides the RIM caused broadening, the PSS shows, however, an asymmetry that
is more pronounced at larger I values (fig. 6.12b). This asymmetry leads to a shift
in the maximum of the gating amplitude towards tp = 0 fs. An increasing CMPA
at increasing positive delay times as a consequence of the interplay between self-
focusing and the temporal walk-off is suspected to be the origin of the asymmetry
[250, 251]. More precisely, self-focusing of the gate beam leads to an increase of I
deeper in the sample due to a decrease in the spot radius wg. The self-focusing
distances dgp as a function of the incident I; value are depicted in fig. 6.14a
(computed according to eq. (3.26) using the material constants given in tab. 6.4).
Thus self-focusing will particularly be critical for the high refractive index materials
(ZnS, Te-glass, and N-SF56), where dgp is very close to (Te-glass, N-SF56) or even
below the material thickness (thick ZnS, above 100 GW /cm?). The increase of I at
the rear side of the sample leads to an increase of CMPA. The temporal walk-off, on
the other hand, leads to an interaction of the signal pulse and the gate pulse deep
inside the sample for large delay times (sect. 6.3.2). Consequently, the transient
absorption at large delay times tp is larger than that at tp ~ 0.

6.5.2 Quantitative analysis of the transient absorption

The permanent and transient transmission values (refering to PA and TA) for the
different high refractive index materials are compared in fig. 6.14b as a function
of Ig. For thick ZnS, Te-glass and N-SF56 the transient transmission decreases
about 60 %, 75 % and 40 % within 100 GW /cm?, 530 GW /cm? and 670 GW /cm?,
respectively. The permanent transmission in N-SF56 and Te-glass decreases about
15 % and 40 % respectively. In contrast, no PA was observed in ZnS.

The transient absorption (at tp = 0 fs) was fitted numerically by calculating
the sample transmission in the presence of CMPA and absorption due to photo-
darkening (eqs. (3.12) and (3.11)) with the nonlinear absorption coefficient o
being the fit parameter. For all materials the fit was performed for k = 2 (two-
photon CMPA: absorption of one gate photon and one signal photon, solid lines
in fig. 6.14b) and k = 3 (three-photon CMPA: absorption of two gate photons
and one signal photon, dashed lines in fig. 6.14b). For N-SF56 and Te-glass the
influence of the intensity dependent permanent absorption (photo-darkening) was
empirically approximated by a parabolic function prior to fitting (dash-dotted lines
in fig. 6.14b). Details regarding the fitting procedure are explained in appendix F.

Although neither transient nor permanent absorption was observed in SAL-glass
and fused silica, an upper limit for a3 (pure three-photon CMPA, no photo-darkening)
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was estimated by assuming a transmission decline of 5 %, corresponding to the noise
of the PSS (fig. 6.12a) at the maximum gate pulse intensity (I = 750 GW /cm?).
The absorption coefficients resulting from the fits are summarized in table 6.5.
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Fig. 6.14: a) Self focusing distances dgp(Ig) of investigated Kerr materials according to
(3.26) as a function of the gate pulse intensity, horizontal dashed lines:sample thicknesses;
b) symbols: transient (filled) and permanent (empty) transmission of ZnS (pink), Te-glass
(purple), and N-SF56 (orange), lines: fitted curves (cf. text) for two-photon CMPA (solid),
three-photon CMPA (dashed) and photo-darkening (empirical, dash-dotted)

Evidently, two-photon CMPA seems to be the mechanism, causing the absorption
in ZnS, since the fitted data agree much better than in the case of three-photon
CMPA. This was expected, because the band gap energy of ZnS (Egq, ~ 3.4 €V,
tab. 6.4) is smaller than the sum of the photon energies of the signal and the
probe beams (E,, s + E,nc = 3.89 €V). For Te-glass and N-SF56 both absorption
mechanisms seem possible within the error margins. However, three-photon CMPA
appears to fit the data better than two-photon CMPA. Particularly for Te-glass,
the fitted two-photon CMPA seems only eligible for gate pulse intensities Ig <
400 GW/cm?.  Although the estimated energy gaps Egap, of both materials are
comparable to that of ZnS (tab. 6.4), the slope of the absorption edge of Te-
glass and N-SF56 is conspicuously smaller than that of ZnS (fig. 6.3a). A larger
concentration of Urbach states (sect. 6.2.2) in the amorphous glasses compared to
that of crystalline ZnS may be an explanation for that difference. As discussed in
sect. 6.2.2 the Eg,p, value is a rough estimate only, since the maximum measured
absorption coefficient amounted to o = 60 cm™!. Hence the Egap value of the glasses
could be larger, even exceeding the sum of the photon energies of the gate and the
signal beams (3.89 eV). Therefore the multiphoton absorption might consist of two
parts: A two-photon CMPA into the Urbach states and a three-photon CMPA into
the conduction band of the material. The reliable identification of the CMPA origin
requires more experimental data.

The Egap values of the SAL-glasses and fused silica exceed the necessary energy
for three-photon CMPA (E,ps + 2 X Eppe = 5.44 eV, fig. 6.3a and tab. 6.4).
Additionally the Urbach state absorption below 5.44 eV is very low (o < 30 em™1),
preventing efficient two- or three-photon CMPA. Consequently, absorption is not
limiting the OKG efficiency in the given intensity range. This is consistent with a
maximum efficiency 7,4, = 70 %, which is the maximum possible value at the given
ratio of the beam radii amounting to wg/wg = 0.5 (sects. 3.2.3 and 5.1).
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Tab. 6.5: Estimated CMPA coefficients for two- (a) and three- () photon absorption

Material o7 Qs
[1073 ¢cm/GW] | [107° cm3/GW?|

ZnS 160 =+ 20 (400)
Te-glass 20+ 2 9.5+0.9
N-SF56 7+1 21+£0.2
SAL-glass — < 0.1

6.6 The optimum gating material

Comparing the switching performance of the investigated materials, SAL glass with
a large content of LasOg3 is the most suitable candidate for highly efficient OKG at
gate pulse intensities 500 GW/cm? < I < 1000 GW /cm?. In this intensity range
SAL-glasses show efficiencies as large as fmax = 70 % limited by the spatial overlay
of the pulses, only. A large LayO3 content causes a large nonlinear refractive index
ny enabling more efficient gating compared to other low index materials, such as
fused silica.

On the other hand, its glass matrix mostly consisting of light molecules (SiOa,
Al,O3) causes a relatively large band gap Egqp, > 5.5 €V compared to high refrac-
tive index materials such as Te-glasses, N-SF56 or ZnS. This prevents nonlinear
absorption as a counteracting process for OKG, particularly in the region of short
wavelengths of the visible spectrum (Ag < 550 nm). This spectral range is, however,
of great importance for investigating fluorescence signals arising from molecules
of biological or medical interest, such as NADH. For small gate pulse intensities
I¢ < 500 GW /cm?, however, large refractive index materials, (N-SF56, Te-glass or
ZnS) should be preferred for OKG. In all cases a maximum sample thickness de-
pending on the (group) refractive indices of the gate pulse and the signal should not
be exceeded in order to avoid signal broadening by temporal walk-off.

In order to quantify the evaluation a "figure of merit" is defined, following the dis-
cussion of Stegeman et al. [135, 243, 244] (eq. (6.11)). A problem of the commonly
used FOM is that only absorption effects on the gate pulse are taken into account.
Gate pulse induced single photon absorption of the signal beam in contrast to gate
pulse attenuation was, however, found to be the major effect diminishing the OKG
efficiency. The temporal walk-off between the gate pulse and the signal is as well
limiting 7.

Hence, a more adequate FOM resulting from the OKG transmission (eq. (3.28))
is desired. It can be given by:

FOMer, = (1 — cos(konoladesys)) x e~ ®Ue)ess, (6.20)

where d.ss is the effective interaction length inside the OKG material (sect. 6.3.2).
a(l¢) is an absorption coefficient that describes the linear and nonlinear attenuation
of the signal (eq. (3.10)). For the nonlinear losses only gate pulse assisted multi-
photon absorption (CMPA) is considered, since the signal intensity is assumed to
be weak.
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The first term on the right hand side in eq. (6.20) describes the transmission
through the Kerr gate (eq. (3.28)), the second describes the signal attenuation by
the induced absorption (subsect. 3.1.4). It is pointed out that the new FOM is not
taking into account gate pulse attenuation.

The new FOM,., will not only be a function of the material, but also of se-
lected experimental parameters, particularly the pulse duration and the wavelength
difference between the gate pulse and the signal (implicitly in d.ss, eq. (6.14)).

For the investigated high refractive index materials and the SATL4-glass the new
figures of merit are depicted in fig. 6.15. In order to estimate the absorption of the
materials, only CMPA using the coefficients given in 6.5 was taken into account.
Photo-darkening was neglected.

In qualitative agreement with the experimental results (fig. 6.13) the new FOM ¢,
predicts the superior gating behavior of the large refractive index material at low
intensities and of SAL4 at high I values. Furthermore, the novel FOM,,.,, indicates
a larger achievable OKG transmission (efficiency 1) of the SAL-glass compared to
that of the high index materials. The comparably small FOM,., of ZnS is due to
its strong nonlinear absorption (two-photon CMPA). The decrease of the FOM,,c,
for Te-glass, N-SF56, and SAL4-glass at large intensities is, however, related to
the sinusoidal behavior of the OKG transmission (eq. (3.29)) and not so much to
the counteracting CMPA. The much smaller ratio of the maximum FOM,,,, of the
SAL4- and Te-glass, and the SAL4- and N-SF56-glasses, compared to the maximum
efficiency ratios Nmaz(SAL4) : Nmas(Te-glass) and 7,0, (SAL4) © My (N-SF56) (fig.
6.13) are a result of additional photo-darkening in the high index material. This
absorption was not taken into account in the FOM,,.,,.

Additionally, the spot radius ratio wg/wg of the signal and the gate pulses are
not taken into account in the definition of FOM,,.,,. Hence the maximum predicted

gate efficiency amounts to 7. ~ 100 % instead of Ny ~ 70 % (exemplary for
SAL-glass).
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Fig. 6.15: FOM,,., as a function of the gate pulse peak intensity Io taking the temporal

walk-off into account, dotted lines: transmission limit due to CMPA (the absorption length is
the interaction length deys, eq. (6.20).

The finite ratio between the spot radii and the durations of the gate and the signal
pulses might be the reason for the difference in the predicted and detected gate pulse
intensity for most efficient gating (figs. 6.13 and 6.15). The I value in eq. (6.20)
refers to the peak gate pulse intensity (on axis and at the temporal center of the



6.6 The optimum gating material 62

gate pulse). At an finitely extended signal pulse, however, peripheral components
will be gated at different efficiencies. The optimum gating of those components will
occur at higher I values. The measured gate pulse intensity for maximum gating
efficiency of the whole signal pulse is an average of the I5 values referring to central
and peripheral gating.

Eventually, the result of the presented modified FOM,,.,, agrees with the exper-
imental findings and the quantitative analysis above, evaluating the SAL4 glass to
be the most suitable candidate for OKG experiments at moderate gate pulse inten-
sities I. Therefore this SAL glass was used as OKG medium for all experiments
presented in the second part of this work. The sample thickness of the SAL is se-
lected to be d = 1 mm. This is larger than d ;s of the SAL4 glass (tab. 6.4). Hence
temporal broadening of the gate signal is observed (fig. 6.9b), which however is not
critical for the following experiments.



Chapter 7

Detection of axially distributed
emitters

Having discussed the optimization of the optical gating setup comprehensively, this
chapter focuses on its application in order to detect the axial distribution of a fluo-
rophore. One major problem of using the time-of-flight (ToF) method for resolving
the axial distribution of a given emitter is the ambiguity of the measured delay
dependent time trace (DTT). On the one hand, the axial distribution of the fluo-
rophores is encoded in the time trace. On the other hand, it depicts the temporal
behavior of the emission upon laser irradiation. The problem is basically discussed
by Griife et al. [16]. They retrieved the axial distribution by fitting superposed sin?
shaped fluorophore distributions, which leads to satisfying results. It is, however,
related to computational effort, which may be susceptible to noise and of course
limits the spatial resolution to the width of the base function (sin?).

In the following chapter the problem of spatio-temporal coupling is disentan-
gled by investigating the spatio-temporal properties on the DTT separately. This
is achieved by analyzing the temporal response of spatially distributed materials,
showing different temporal emission characteristics. After elucidating the correla-
tion between the emitter spatial distribution and the detected DTT, the temporal
response of axially distributed scattering (fast instantaneous response) is discussed.
Subsequently, the impact of a complex temporal response onto the spatial resolu-
tion is investigated by analyzing the temporally resolved emission of cadmium sulfide
(CdS) nanostructures arranged as a thin single layer and as a thin, distinct double
layer. Finally the time trace of two 80 pum thick layers of Coumarin153 dissolved in
ethanol and separated by a 120 pum thick glass plate is investigated.

7.1 Spatial and temporal relations in the
time-of-flight method

In the ToF method the geometric axial position z§ of an object is determined by
measuring the time elapsed between the emission of an excitation light pulse at a
reference position z¢ < 0 and the detection of the object’s optical response upon

this light pulse. This time is given by:
t'(z0) = —25 + —25 = =, (7.1)
c

with n; and ns being the refractive indices at the wavelengths A\; and Ay of the
exciting light pulse and the the object’s optical response, respectively. c¢ is the
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Fig. 7.1: ToF method: upper graph: distribution of objects (dashed line: thin object, solid
field: extended object distribution on optical path length z), path of the excitation light (blue)
and the object’s optical response R (red), R is highlighted in the inset, lower graphs: resulting
signal as function of t and measured delay dependent time trace (DTT) as function of tp

vacuum speed of light. For convenience the optical path z = n x 2z will be referred
to from here on, rather than the geometrical 2¢.

The generally extended temporal emission behavior of the object leads to superpo-
sition of the temporal signals from different layers in time. Let R(t) be the temporal
response of a layer when excited at time ¢ = 0 (thus at the position zp = 0). Hence
the signal arising from distributed distinct layers is given by:

S(t) = Z a; R(t —t)), (7.2)

with a; being the amplitude of the response from layer . For a continuous distribu-
tion a(t') the sum changes into an integral, hence the signal S(¢) is the convolution
of the distribution a(#'(z)) and the temporal response R(t):

S(t) = /a(t’)R(t —t")dt' = (a ® R)(t). (7.3)

The emission is excited by an excitation pulse E(t) and gated. Thus the convolved
signal £ ® S(t) is analyzed by the OKG with gate function G(t — tp) (signal field
Is(r,t) in eq. (3.28) in subsect. 3.2.3). Consequently, the signal sig(tp) detected
by the OKG is

| r(tp)
sig(tp) = | EQ GRR®a | (tp), (7.4)

sys(tp)

This is consistent with the findings of Grife et al. [16]. When using the OKG in
order to analyze a temporal structure the time ¢, which is the time coordinate of the
signal field transfers to the delay time ¢p between the signal field and the gate pulse.
Generally the zero delay time tp = 0 is a parameter that can be freely chosen, due
to the arbitrary selection of the reference point z,. In this context, the ToF method
is mostly suited to measure optical distances between two layers. As a consequence
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the zero delay can always be chosen in a way, that tp = ¢. The correlation between
axial position z and the detected signal sig(tp) is illustrated in fig. 7.1.

The system function sys(tp) = (F ® G)(tp) in eq. (7.4) is the resulting DTT, if
the (Gaussian shaped) excitation pulse was gated directly. Thus sys(tp) is assumed
to be Gaussian shaped with a duration (FWHM) Ar.;.

The convolution (7.4) shows that the measured axial profile of the emitters is
distorted by the system response function r(tp) (eq. (7.4)). In this context r(tp)
seems to be analogous to the point-spread function in microscopy (one dimensional
case). Thus, comparable methods to those used for image retrieval might be used to
determine a(zp) from a DTT. The influence of the long temporal response function is
unclear. The following sections aim for investigating its impact on the measurement.

7.2 Axially distributed scattering

As a preliminary step the DTT of axially distributed scattering was investigated. In
this case the temporal emission behavior R(t) of the object is very fast (R(t) = §(t)).
The DTT representing the response of a scattering stack (design: fig. 4.5a) yields
four distinct peaks (fig. 7.2) which were fitted by Gaussian functions. The peaks
are attributed to the four interfaces of the scattering test sample (BK7 - adhesive
tape (AT), AT - SiO,, SiOy - AT, AT - air, fig. 4.5a). The separations between
the peaks and the FHWM values of the Gaussians are shown in fig. 7.2 (optical
path z and delay time tp). The inaccuracies given arise from the fitting procedure.
The distances between the peaks represent the optical layer thicknesses. Thus the
material thickness can be calculated by simply dividing the distances by the group
refractive index ng of each material at the respective wavelengths. Particularly its
value for fused silica is very well known [105]. For the adhesive tape only the phase
refractive index is known (n = 1.48) [252]. The calculated geometrical thicknesses
dc are compared to the dy; values determined by a gauge in tab. 7.1. Particularly
the derived thickness values for the fused silica slab and the second adhesive tape
layer agree very well with the independently determined sample properties (within
1.5 % error limit). This error is attributed to the accuracy of the gauge, which
amounts to £10 pum. In case of the adhesive tape, the vague knowledge of the
refractive index contains a second cause of error. This was taken into account in
tab. 7.1 by tremendously varying the refractive index value by +0.1. The result
for the first layer thickness, however, greatly diverges from the expected measured
value. The origin for that is not clear, yet. It is noticeable, that this layer is in
between the two glass slabs, which might cause compression effects of the adhesive
tape or the glue. Also refractive index and thickness variations or structural changes
resulting in a permanent refractive index modification may have occurred, since the
tape (polypropylene spacer as well as the glue) might be photo sensitive to light
around 440 nm. Nonlinearities in the measurement system, as observed e.g. in self-
interference experiments |27| are, however, excluded, since the linearity was shown
already at the characterization of the setup (fig. 5.6b).

Additionally, the measured FWHM values of the peaks range from 6t = 150fs up
to 0t = 270fs. The lower limit of dt agrees well with the temporal resolution of the
Kerr gate under consideration of the temporal walk-off in the OKG material (SAL4-
glass, sect. 6.4). The longer §t values can be a consequence of a finite distribution
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of the scattering samples (thickness variation of the glue) or non-ballistic scattering
inside the system.
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Fig. 7.2: a) Scattered signal of stacked system (adhesive tape and fused silica, fig. 4.5a),
green dashed lines: Gaussian fits, b) distance at which two peaks can still be resolved (units of
the peak width 6t) as a function of the SNR (derived from Sparrow criterion [253])

Tab. 7.1: The delays and distances of the peaks in fig. 7.2 At and Az, the group velocity
refractive index ng, the calculated thickness dc and the thickness measured by a gauge dy; of
the respective layer

At [fs] | Az [um] | ng (440 nm) | do [pm] | dps [pm]
460 £+ 15 70+ 2 1.48 £0.1 47T£3 80 | tape
6900 £ 15 | 1036 £ 2 1.500 | 691 £1 700 | SiOq
860 =15 | 130+£2 1.48 £0.1 875 80 | tape

The smaller amplitudes of the center peaks compared to the outer ones indicate
less efficient scattering at the AT-SiOs interface than at the AT-BK7 and the AT-air
interfaces.

The noise amplitude (which is equal to the inverse signal-to-noise ratio, since the
maximum peak height was normalized to 1) in gating the scattered light amounts
to approximately N = 5 % of the maximum signal (fig. 7.2, 800 fs < At < 7000 fs).
This enables to define the axial resolution At,;,, = ¢/2Azp, of two distinct layers
using the present system. It seems appropriate to claim that two separate peaks can
still be identified, if the local minimum between them is larger than twice the noise of
the signal. This is a modification of the "Sparrow" criterion known from microscopy.
In the absence of noise, the minimum distance amounts to At,,;, = dt/(v2In2) for
Gaussian pulses. For a given signal-to-noise ratio (SNR) the At,,;, is depicted in
fig. 7.2b. Thus the temporal resolution of the present system for identifying two
separate layers amounts to At,,;, ~ 0t = 150 fs = 22 um.

Note that the resolution given above is a scale for the minimum distance at which
two peaks still can be identified. The accuracy of measuring the distance between
two well distinct peaks is, however, much higher, amounting to AAz = +2 um.
This is because more data points can be used per peak when finding the position of
one distinct peak, compared to trying to detect two very close peaks.
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Fig. 7.3: Spectral temporal response of the CdS ensemble upon femtolaser pulse excitation
(Mex = 440 nm central wavelength) as a function of excitation fluence F

7.3 Identifying the axial distribution of thin layers
showing a finite temporal response

When investigating the axial distribution of emitters that show a complex temporal
behavior (such as fluorophores) their temporal response function may affect the axial
resolution of the detection system, which is explained in the following sections. In
order to avoid convolution effects due to the axial extent of the emitters (eq. (7.3))
very thin distinct layers were investigated in a first step. An ensemble of cadmium
sulfide (CdS) nanostructures was used as test samples, since they possess a strong
emission and can be deposited as very thin layers (only a few hundred nm). TIts
emission lies around M., = 510 nm [254], which is in the range of the fluorescence
from important biological molecules such as NADH ([14, 99]).

7.3.1 Emission of a single CdS nanostructure layer

Appendix G depicts an electron microscopic image of the CdS nanostructures grown
on a silicon substrate provided by "Institut fiir Festkorperphysik" of the University
of Jena [255].

The spectrally and temporally resolved response of the CdS nanostructure en-
semble upon fs laser pulse irradiation at 440 nm central wavelength is depicted in
fig. 7.3. The excitation pulse fluences ranged from F' = 0.33 mJ/cm? to F = 3.5
mJ/cm?. For each fluence, the amplitude of the signal was normalized to 1. The
white line at tp = 180 fs represents the duration A7, s¢ of the system function sys(t),
which was determined by detecting the 440 nm light scattered by the silicon sub-
strate. This is an upper limit of A7y, since the gating time for the nanostructure
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emission signal should be shorter due to a reduced temporal walk-off (A, ~ 440 nm
< Aem =~ 530 nm, subsect. 6.3.2).

At large fluences above F' > 1.6 mJ/cm? the emission signal of the CdS ensemble
starts within 500 fs after the excitation pulse. In contrast, at smaller fluences the
emission is delayed up to tp = 2.5 ps with respect to the excitation at the lowest
investigated fluence value of F' = 0.33 mJ/cm?. The delayed onset is highlighted in
fig. 7.4a, where the temporal behavior of the spectrally integrated emission signal
is compared for different excitation fluences. Besides the onset time, the rise- and
the lifetimes of the CdS emission increase with decreasing excitation pulse fluence.

Besides a fast emission, a broadening of the emission spectrum is observed for large
excitation fluences. In this case the temporal characteristics of the emission strongly
depends on the emission wavelength A, (fig. 7.4b). At the lower wavelength limit
around A.,, = 500 nm the emission increases very fast and reaches its maximum
within the first 500 fs after the laser pulse. The rise of the signal at large wavelengths
is slower. In case of an excitation fluence of ' = 3.5 mJ/cm?, for instance, the
emission at M., = 525 nm reaches its maximum approximately 1.5 ps after the
excitation. The signal lifetime also depends on the emission wavelength. At A, =
500 nm and A.,, = 511 nm it shows a biexponential decay with time constants of
Tr1 = 240 £ 10 and 772 = 10000 £ 2000 fs (500 nm) and 77; = 700 £ 20 and
Tro = 4900 £+ 400 fs (511 nm). The decay at A., = 525 nm is single exponential,
showing a lifetime of 7 = 1450 &£ 20 fs.

The difference in the time constants (emission build-up and lifetime) for different
spectral components of the emission leads to a shift in the centroid of the spectrum
Ac (fig. 7.4c¢). The emission spectrum is blue shifted for short time delays (tp < 1000
fs) and red shifted for long time delays (tp > 1000 fs). For very large time delays
tp > 16000 fs \. strives toward the value of small excitation fluences.
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Fig. 7.4: a) Spectrally integrated delay time (tp) dependent CdS emission signal for different
excitation fluences, b) delay time dependent CdS emission for different emission wavelengths
(F = 3.5 mJ/cm?), dashed lines: apparatus function (gated scattering signal), c) spectral
centroid of the CdS emission as a function of the delay time tp (different excitation fluences),
dashed line: centroid of very weak excitation fluences (large tp values)
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7.3.2 Interpretation of the CdS ensemble emission

Cadmium sulfide (CdS) is a well investigated direct 1I-VI semiconductor [95, 256
260]. At room temperature the band gap energy of the CdS nanostructures was
reported to be Egq = 2.4 €V [261-264]. Its emission upon photo excitation is
attributed to the recombination of free excitons (Wannier-Mott type [265]) [258,
259, 266, 267|. At large excitation fluence the large number density of excitons can
result in an electron-hole-plasma [268-270|. The spontaneous fluorescence of CdS
nanostructures is exhibiting a lifetime of at least several hundred ps [263, 270]. At
excitation fluences in the range of several tens of uJ/cm? amplified spontaneous
emission (ASE, subsect. 3.1.6) was observed. ASE dramatically reduces the emis-
sion lifetime to at least several tens of ps [254, 270]. For excitation fluences above
F > 100 pJ/cm? nanostructure lasing was reported [146, 255, 266, 267]. Due to
the large excitation fluences applied at the sample and the short emission lifetime
of 77 < 10 ps, the signal observed in this work is attributed to a stimulated emis-
sion. This attribution is supported by the observed delayed onset of the emission
[269, 271]: In order to enable a population inversion in the excitonic states, the
initial highly excited electron and hole distributions in the conduction band (CB)
and the valence band (VB) after photo excitation have to thermalize. This is re-
lated to a time constant 7, (subsect. 3.1.6). In agreement with the presented results
the time required for sufficiently populating the excitonic states decreases with in-
creasing excitation fluence. In contrast, fluorescence (spontaneous emission) would
be observable simultaneously besides the excitation pulse. It is pointed out that
spontaneous fluorescence is not excluded as an emission process. Its peak power is,
however, much lower compared to that of the stimulated emission and hence below
the noise level of the measurement. The origin of the stimulated emission (ASE,
lasing) is not clear, although due to the strong fluence lasing is the most likely pro-
cess. Single nanostructure lasing is generally identified by sharp lines in the emission
spectrum due to the Fabry-Perot properties of the nanostructure, which serves as
lasing cavity [255]. In case of an ensemble, however, this effect should vanish due
to a broad distribution of the nanostructure lengths and hence the Fabry-Perot-
resonances. Collective or random lasing, which possesses a broad emission spectrum
is, however, also possible [272, 273|. Finally, the observed signal may be a com-
bination of (fast) lasing and (slower) ASE, which would explain the biexponential
decay.

Besides the delayed and short emission, the observed dynamic spectral shift at
large fluences is impressive (fig. 7.4). The blue shift at short delay times is attributed
to the dynamic Burstein-Moss effect (BME, also known as band-filling effect [262,
274-279]). At high electron and hole concentrations (due to large fluences), the CB
and the VB fill up (the CB with electrons, the VB with holes), enabling carrier
recombination (stimulated or spontaneously) at energies larger than Egq,,.

In addition, high electron and hole concentrations in the CB and the VB, re-
spectively, lead to a reduction of the band gap (band gap renormalization, BGR)
[94, 160, 262, 269]. Above a critical concentration the band edges are at lower en-
ergies than the excitonic states and cause a red shift in the emission. For BGR
the electrons (holes) have to relax to the bottom (top) of the conduction (valence)
band. Hence this process is slower than BME. Regarding the emission wavelength
BGR counteracts BME. This explains the blue shift at short delay times and the
red shift at large delay times. At very large delay times, the carrier concentration
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Fig. 7.5: Processes leading to complex spectral temporal response of the CdS nanostructures
(large excitation fluences): a) Distribution of electron (holes) in the conduction (valence) band
(CB, VB) upon photo excitation, b) electron-hole-plasma (EHP) and excitonic states (EXC)
after thermalization causing Burstein-Moss effect (BME), c) huge exciton density causes band
gap renormalization (BGR), d) almost relaxed system (no BM and no BGR effects)

in the CB (VB) has reduced, so that the band edge of the CB (VB) is at higher
(lower) energies than the excitonic states and the emission spectrum equals that of
small fluence excitation. For an overview, the processes are summarized in fig. 7.5.

7.3.3 Emission from a stacked CdS nanostructure system

Optical path z [um]
54> 75 150 225 300 375 450 525 600

F =0.61 = 0.03 mJ/cm?

0.9

0.3

F=22+0.1 mJlcm?
0.2

thu‘al UL

500 1000 1500 2000 2500 3000 3500 4000
Delay t, [fs]

o

08 &

' 07 &

£ 540 7 :
PR  |F = 1.50 + 0.07 mJicm? 06 <
559 9
£510) T 05
RN 04 &
S 540, 2
- >
S

(]

c

Ll

0.1

0.0

Fig. 7.6: Spectrally and temporally resolved emission of an imprinted CdS double layer (front
and back surface of a 100 um thick glass slide) upon fs laser irradiation (\e;, = 440 nm, variable
fluence), signal around tp = 0 fs and tp = 1000 fs suppressed (cf. text)

In order to examine the performance of the OKG setup for depth resolution of a
thin layer system showing a complex temporal response, a double layer structure of
a CdS nanostructure imprint on the front and the back surfaces of a 100 um thick
glass slab was produced (paragraph 4.6.3). The spectrally and temporally resolved



7.3 Identifying the axial distribution of thin layers showing a finite temporal
response

71

signal is shown in fig. 7.6. At delay times around tp = 0 fs and tp = 1000 fs,
a strong signal was observed, which is attributed to residual light from the long
wavelength edge of the excitation pulse (scattering from the glass slide or the CdS
nanostructures, suppressed in fig. 7.6, dark bars). In the single layer ensemble
measurement such residual signals were not detected, because the CdS emission of
the ensemble was much stronger than that of the imprints.

For all investigated fluences, the signal seems to show a comparable spectro -
temporal behavior (spectral broadening, delayed onset of the emission as a function
of the fluence) as the single layer ensemble emission. The emission onset varies
between 300 fs at 2.2 mJ/cm? and 1000 fs at 0.61 mJ/cm?. At delay times between
tp = 1500 fs and tp = 2500 fs the signal evidently increases again, showing a
comparable spectral broadening compared to short delay times. The second signal
increase is attributed to emission originating from the rear CdS layer.
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Fig. 7.7: a) Spectrally integrated signal of red: single layer, black: double layer measurement
(F = 2.2 mJ/cm?), b) simulated temporal behavior of fluorescence for different thermalization
times 7, (AT.pr = 100 fs, Tp = 5 ps), green dashed lines: fits according to eq. (7.5), inset:
correlation between T¢;; and T,

Comparing the spectrally integrated signals, however, reveals differences between
the single and the double layer systems, as shown in fig. 7.7a for F' = 2.2 mJ/cm?
(normalized DTT). Compared to the single layer emission the double layer signal
increases very fast (within 100 fs). Its onset, on the other hand, is delayed longer
than that of the single layer (approximately 200 fs). Furthermore, the signal lifetime,
particularly of the emission from the first layer seems to be much shorter. A different
CdS nanostructure density might explain the different temporal characteristics of
the single and the double layer emission: Due to the large density in the ensemble,
photons may additionally stimulate emission in the neighboring wires, supporting
the emission build-up. Although stimulated emission from neighboring wires should
be present in the imprints as well, the effect should be less pronounced due to their
lower density. Additionally, random lasing as one possible origin for the emission
(subsect. 7.3.2) will be stronger for higher nanostructure densities. Additional
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experiments are necessary in order to identify the origin of the different emission
characteristics.

In order to investigate the performance of the OKG for depth resolution it is,
however, sufficient to have a closer look to the double layer signal only. The peaks
caused by the scattered light of the excitation pulse at delay times tp = 0 fs and
tp ~ 1000 fs are attributed to the front and rear surfaces of the glass slide. Their
centers are separated by 6t = 1050 & 5 fs, which correlates to §z¢ = 105 4 0.5 um
using eq. (7.1) and assuming a refractive index of the glass of n = 1.5. Thus the §2¢
- value agrees very well with the thickness of the glass slide, which was measured
to be d = 100 £ 10um. The onset of the emission signal is, however, separated by
ot = 1150 £ 50 fs (measured at 50 % of the respective slope). This will be discussed
in more detail in sect. 7.3.5.

7.3.4 Data analysis

In this section the data analysis for quantitative evaluation of the CdS nanostructure
emission (double layers) is presented.

Model of the CdS emission build-up kinetics and data fitting The tempo-
ral emission characteristics of a CdS single layer (R(t) in eq.(7.4)) of nanostructures
is empirically modeled by a simple three level dynamics as presented in eq. (3.16)
with thermalization time 7,. and fluorescence lifetime 77. The observed delayed on-
set time of the CdS emission with respect to the excitation pulse (sect. 7.3.1) is
modeled by the parameter t; in eq. (3.16). For successful fitting the number of fit
parameters should stay at a minimum. Therefore, the convolution with the system
function sys(t) is not incorporated in the fit. Additionally the emission lifetime 75
in eq.(3.16) is considered to be infinity. This leads to a fit function for the emission
build-up of a single layer:

y=a (1 _ e_(t_t(),fit)/'rfit) ’ (7.5)

where 74, a and g f;; are the fit parameters. The eligibility approximations become
obvious when fitting simulated data (fig. 7.7b). In the simulation, a signal with
a finite emission lifetime 7 = 5000 fs convolved with a (Gaussian shaped system
function sys(t) (FWHM: A7.;; = 100 fs) was calculated for different thermalization
constants 7. Due to the linear correlation between 7, and the fit parameter 7;; the
latter can be used as a scale for the build-up time (inset in fig. 7.7b).

The parameter ¢y iy approximates the detected onset of the emission upon the
laser excitation pulse. If the emission arises from a thin layer at a position zp it
combines the respective time t'(zp) (sect. 7.1) and the delayed emission onset ¢,
(sect. 7.3.1):

tO,fz't o t/(2’0> + . (76)

It is a priori not clear, how the fit parameter ¢ ;i is affected by the parameters
(7, and 7p), the system function (A7.ss) and the fitted data range. This has been
investigated by measuring ¢y ¢+ as a function of the thermalization time for different
configurations of the respective parameters. An object position zp = 0 pym and a
emission delay ¢y = 0 fs was assumed. Hence the deviation from ty ¢y = 0 fs is a
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scale for the fitting accuracy. The results are depicted in fig. 7.8. Fig 7.8a shows
the fit results of ¢y s for a variation of the data range (signal rise from 10 % to
90 % (black), 20 % to 80 % (red) and 30 % to 70 % (blue)). Obviously using a
smaller range leads to smaller deviations. In the presence of noisy data however,
fitting within a smaller range causes larger statistical error. The fitting error is also
increasing with smaller emission lifetimes 75 (fig. 7.8b), particularly for small values
of 7. The variation %¢ s;; due to the system function’s duration A7, is larger than
that caused by 7r or the data range (fig. 7.8c). It however stays well below the
AT.ss, hence below the achievable resolution (cf. next paragraph) even for small 7,
values.

a) b) C)
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0] = ] ‘ ] L
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Fig. 7.8: Influence of a) the range of the fitted data (the number represents the rise between the
minimum and the maximum of the fluorescence signal as shown in fig. 7.7b), b) the fluorescence
lifetime At.f¢ and c) the time constant of the Gaussian shaped apparatus function At.¢s onto
the fit parameter ty as a function of the thermalization constant .

Parallels to microscopy For an instantaneous response of the emitters upon fs
laser irradiation the measured DTT can be analyzed in analogy to methods known
from lateral microscopy (sect. 7.2). In this context the Sparrow resolution criterion
can be used in order to define the axial resolution.

A slow and asymmetric response function R(t) (eq.(7.4)) marks, however, an
essential difference between microscopy and the ToF method, because the latter
depends on the investigated system. The emission lifetime 77 is generally much
larger than the light propagation time At, which is supposed to be measured. The
build-up time 7., on the other hand, might be in that range or even shorter.

Investigating the limiting case of very fast build-up and very slow response (7, — 0
fs and 7/ — o0) shows that R(t) causes an integration of the signal (inserting a step
function for R(t) into eq. (7.4)). Therefore a derivation of the DTT seems plausible.
For an exponential build-up behavior, which is typical for a fluorescence signal (eq.
(7.5)) the derivative results in a single exponential decay, additionally convolved
with the (Gaussian) system function sys(tp). A simulated DTT (time in units of the
system time constant A7.ss) of a double layer structure and its derivative is shown
in fig. 7.9a. Based on the Sparrow criterion (sect. 7.2) a comparable resolution
criterion can be defined taking the slow response into account: Two layers can be
identified as separate ones, if the derivative of their DTT shows a local minimum
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deeper than twice its noise ratio 2N = 2/SNR. This is illustrated in fig. 7.9a. The
limiting effect of the SNR onto the resolution is also known in microscopy [280]. The
correlation between 7,, 1/SN R and At,,;, is illustrated in fig. 7.9b. It is noteworthy
that for very small noise levels (1/SNR < 0.05) the minimum resolution is not much
affected by 7.

It is pointed out that another important difference between the system response
function r(tp) = (sys ® R)(tp) in eq. (7.4) and the response function known from
lateral microscopy (known as "point spread function") is the absence of a limitation
in the Fourier transform of the former one.
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Fig. 7.9: a) Simulated DTT of a fluorescing double layer structure (1./Atess = 10). b)
correlation between noise (1/SNR) of the derivative, T, and the resolution t

Data smoothing and its impact on the derivative When calculating the
derivative of a measured data set even a small amount of noise will cause tremendous
fluctuations. Hence proper data smoothing is necessary. Besides the computation of
the derivative adequate smoothing will also facilitate the data fitting by minimizing
mutual dependences in the fitting parameters.

In frequency space, the system function is Gaussian shaped with a FWHM fre-
quency of Awpwpy = 8In2/A1.;p =3.0x 1072 fs7! (A7.p; = 180 fs) and centered
at wy = 0. Consequently it acts as a low pass filter with a cut-off frequency wy sys.
The signal noise, on the other hand, can be considered to be additive white noise.
Effective data smoothing should therefore be possible by appropriate low pass filter-
ing the signal. The cut-off frequency w, of the low pass filter has to be larger than
Awrpwmnm, as too small w, values cause signal distortion. It is noted that a slow
material response R(t) acts as additional low pass filter. It is, however, sufficient to
define the cut-off frequency w, for the filter with respect to Awppw . For a smaller
cut-off frequency arising from R(t) w, is an upper limit not causing any signal dis-
tortions. For large values, on the other hand (fast response), Awpy gy limits the
maximum detectable frequency.

The data smoothing is exemplified on the DTT of the spectrally integrated double
layer system at an excitation fluence F' = 2.2 mJ/cm?. Fig. 7.10a shows the original
DTT of the signal and that smoothed by different low pass filters (cut-off frequencies
wy, color coded). The respective derivatives are depicted in fig. 7.10b. The difference
in the maximum and the minimum of the derivative within the delay time range of
3000 fs < At < 4500 fs was used as noise level of the derivative. The SNR as a
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Fig. 7.10: Effect of low pass filtering onto signal derivative, a) spectrally integrated CdS
emission signal (double layer, F = 2.2 mJ/cm?), smoothed by different low pass filters (cut-off
frequencies wgy). b) related derivatives, c) signal-to-noise ratio SNR of derivative as a function
of wy, red line: hyperbolic fit, blue dashed line: SNR of the raw data, blue solid lines: limits of
the SNR due to the resolution criterion (SNR > 2) and due to the apparatus function, black
lines: SNR for the different w, values)

function of the smoothing cut-off frequency w, is depicted in fig. 7.10c. The dashed
blue line represents the SNR of derivative computed from the raw data. Evidently,
the SNR as a function of w, follows a hyperbolic shape. This is empirically expected,
since very small cut-off frequencies will lead to zero noise (everything is smoothed)
causing the SNR to limit at infinity. If w, converges towards infinity, on the other
hand, the signal will not be smoothed at all and the SNR is that of the raw data.

A minimum SNR = 2 was defined to be necessary to successfully resolve two
maxima (sect. 7.2) defining the maximum value for w,. In the present case this
amounts to a maximum cut-off-frequency of w, = 6.5 x 1072 fs~'. Its minimum
value, on the other hand, is defined by w, = 1.5 wrw ga,sys = 5.5 X 1072 fs~* which
correlates to a SNR = 2.4 (fig. 7.10c). Smaller cut-off frequencies lead to signal
distortions.

This is additionally emphasized by comparing the data set and its derivative
upon smoothing at different w, values in figs. 7.10a and b, respectively. Whereas
the smoothed data fit the raw data well for cut-off frequencies w,; and wy s, the
value w, 3 causes significant signal distortions. In contrast, no clear maximum in the
derivative can be assigned to the signal at the large cut-off frequency w, 3. Only the
w2 smoothed signal satisfies both criteria and therefore should be used for optimum
data smoothing.
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7.3.5 Identifying the layers of the stacked CdS system

When axially resolving two layers, two important parameters are considered. First,
the accuracy AAz at which the distance between two distinct layers can be measured
and second the minimum resolution, i.e. the minimum distance Az,,;, at which
two layers can still be detected as separate ones. In the following subsection, the
former will be investigated by applying the fitting function given in eq. (7.5) to the
smoothed data sets. The latter will be rated by applying the Sparrow criterion onto
the derivative of the data set.

a) b)
O — g4 4
=4 | I l
s N \ 2 A N\
E‘T 2 \
=R J | 1\ ] / / m
Qo =gV A A ”/\‘012'\" a0
0.08 .
= 007 - 0.10 - lA\ \‘ .'"r“ﬁ
S ot S r
— 0.04 2 A f W 0.06 [ | /
0.04 -
T 003 / | J\_ oosd |\ A 7\ =
5 802 \ v 4 7 v 002 4\ e
S 0071 At .
o 000 ¥ & T e 000 4 N
0 500 1000 1500 2000 0 500 1000 1500 2000
Delay t [fs
¢) y t; [fs] Delay t, [fs]
é’;— 0.8 / \ -
T 2 04 TN / \
g5 00 — N /L L) N
Q .06 i
0.05 ] AtOscat =
S 004 M* W/}W
— 0.03 A
5 2% MW 7 N\ A
S 0.02
2/9; 0.01 - N S anERE “JAt - beor
000 1 NN oft————— /™
0 250 500 750 1000 1250 1500 1750 2000

Delay t; [fs]

Fig. 7.11: Delay time dependent traces at a) 500 nm b) 511 nm and c¢) 520 nm of the double
layer CdS emission (F = 2.2 mJ/cm?), red lines: smoothed signal, upper graphs: derivatives of
smoothed signal, green dashed lines: fitted build-up, s: background of at fit from other layer,
Ato scat, Ato,pir and Ato copr: delay time distance (cf. text)

Measuring the distance between two distinct layers Measuring the distance
between two distinct layers with the current system was evaluated by comparing the
signals at three different emission wavelengths (A1 = 500 nm, A2 = 511 nm
and Aep3 = 520 nm, fig. 7.11) amongst each other and with respect to scattering
signals from the interfaces. The delay time range for applying the fit (7.5) was
identified by computing the derivative of the DTT. Tt was chosen to be between
the maximum and the subsequent zero point of the derivative (dashed blue lines in
7.11). In addition, the signals arising from scattered excitation light were Gaussian
fitted (distinct peaks in fig. 7.11). The fitted parameters are summarized in tab.
7.2. The distance between the centers of the two Gaussians amounts to At = 1060
fs for each wavelength. This correlates to an optical path of Az = 160 ym or a
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geometrical path of Azg = 106 pum, which represents the thickness of the glass slab
between the two layers (sect. 4.6.3, paragraph "Sample design").

Retrieving the position zo of each layer requires the analysis of the parameter ¢ f;
which encodes #'(zp) (sect. 7.3.4). Evidently, the difference between the fitted Atg ;s
is a function of the emission wavelength (tab.7.2). Both parameters contributing to
to it (object position t'(zp) and emission onset ty) should however be independent
of Ae;n. The wavelength dependence is attributed to a longer emission lifetime 75 at
larger wavelengths )., causing an offset s for the onset of the second signal rise (at
delay time tg fit 0, fig. 7.11c). For s > 0 the distance between the fitted t, values of
the two layers is larger compared to s = 0 (tab. 7.2).

Tab. 7.2: Fitting parameters Ty, to ri and a (T and a of second signal only) of the DTT
according to the fit function (7.5). The indices indicate the layer. s is the offset of the second
signal (cf. text) and At scqt the distance of the scatter peaks. and layer distances of the
spectrally resolved double layer emission.

Anm] | 500 511 520
togua [f5] | 200£10 [ 350 £ 10 370 £ 10
toguz [fs] | 1470£5 [ 1470£5 1400 +£ 10
as [a.u] - 0.189 £ 0.002 [ 0.0618 £ 0.0005
R CIEEE 140 +5 260 + 10
s [au] 0 0.04£0.01 [ 0.024 £0.003
Ato it = togie — togiea [f5] | 1180 £ 15 [ 1120 + 15 1030 £ 15
Aot [f8] | 1060 £5 [ 1055 £5 1060 £ 5
| Atgeorr [f8] [ 1160£15 | 1170£10 [ 1180+15 |

Interestingly, no decay of the signal arising from the first layer is observed at
Aem = D511 nm and ., = 520 nm. Instead for 520 nm emission the signal increases
slowly between the scattering peak assigned to the second surface and the appendant
CdS emission (at delay times 1000 fs < tp < 1400 fs). The origin of this growth
is not clear and requires further investigations. Presumably, it may be attributed
to stimulated emission processes in the second surface caused by emitted light from
the first layer.

Taking the offset into account allows to compute a corrected distance between the
fitted signal onsets:

Aty corr = to,fit2 — to,fit,1 — Trit,2 In (1 - 2) (7.7)

The offset s was determined by using the signal value assigned to the minimum
value in the derivative before the signal grows due to the second layer emission. The
relation between At seqr, Ato, it and Atg corp i shown in fig. 7.11 ¢ (A, = 520 nm).
Using the correction term leads to comparable results of the computed difference
for all investigated wavelengths. The values differ less then 1% amongst each other
(tab. 7.2). This deviation is within the error margins arising from the fit. It is
noteworthy that even a large uncertainty in the offset parameter (up to 25 % in the
present case) causes only small inaccuracies of the computed layer distance. The
major part of the position uncertainty still arises from the fitting accuracy of the
parameter ty r;. Consequently the accuracy for measuring the distance between
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two layers amounts to AAz = +2 pum. It is comparable with the results for the
scattered signals and is not significantly affected by the temporal response behavior
of the emitters.
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Fig. 7.12: Inverse onset times of emission as a function of the excitation fluence F' for black:
single layer ensemble, green: first, red: second layer from double layer imprints, red-green:
corrected inverse onset times of second layer, inset: ratio of onset times as function of F'.

Comparing the temporal distance of the scattered layers (Atgseqr) and that of
the thin layers (Atg copr) it is remarkable that At .o = 1170 £ 15 fs is significantly
larger than At s.qt = 1060£5 fs. This is attributed to the fluence dependence of the
emission onset ¢y as one component in to ¢. o converges towards 0 for large fluences
and towards infinity for very small fluences (sect. 7.3.1). Before exciting the second
layer, the excitation pulse is however attenuated by absorption and scattering of the
first layer or Fresnel reflection at the interfaces. Consequently, the emission onset
of the second layer and hence %t 2 is expected to shift towards larger delay times
tp. When applying the ToF method to investigate axially distributed emitters, this
would lead to wrong conclusions regarding the emitter positions.

In order to analyze the effect quantitatively the correlation between F' and tg is
empirically modeled by a hyperbolic. The inverted onset time 1/t, r;; of the single
layer (ensemble) and the double layer (imprints) are plotted as a function of the
fluence in fig. 7.12 for the spectrally integrated emission signals (black: single layer
ensemble, green: signal assigned to the first layer imprint, red: signal assigned to the
second layer imprint). From values regarding the second layer (%o fio) the distance
between the scattering signals (106015 fs) was subtracted in order to correct the
propagation time through the glass slab. The linear correlation between F' and
1/to, fix validates the hyperbolic model. The difference in the slopes assigned to the
signals of the single layer (ensemble) and the first of the double layer (imprint) is
attributed to the larger nanostructure density of the ensemble and resulting effects
(sect. 7.3.3). Comparing the signals assigned to first and the second of the double
layer imprint their averaged ratio of the inverse onset times and consequently the
excitation fluences amounts to & = to,fit.2/to,fit,1 = 67 % (inset and red-green symbols
in fig. 7.12). Thus, the attenuation of the excitation fluence amounts to AF/F = 33
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%. Estimating the attenuation due to Fresnel reflection by assuming a refractive
index of CdS of n = 2.8 (at A = 510 nm) [281] and a stacked system of bulk CdS
- glass (n = 1.5) - homogeneous CdS leads to a beam attenuation of AF/F = 31
% (normal incidence). This agrees well with the value estimated from the delayed
onset.

Resolution in case of thin distinct layers The minimum distance At,,;, at
which two thin layers can still be identified as separate ones is investigated by ana-
lyzing the derivatives of the DTT. For two excitation fluences (F = 2.2 mJ/cm? and
F = 1.6 mJ/cm?) the smoothed signals (black dashed lines) and the corresponding
derivatives (red solid lines) are shown in fig. 7.13.
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Fig. 7.13: Black dashed lines: smoothed signal (wy, = 0.06fs 1), red solid lines: derivative of
double layer structure: a) F = 2.2 mJ/cm? , b) F = 1.6 mJ/cm?. a; and s: signal amplitudes
at different delay times (first maximum was normalized to a; = 1)

The expected exponential decay of the derivatives (sect. 7.3.4) is, however, not
observed. Instead, the derivative decreases quickly showing distinct peaks. This is
attributed to the short emission lifetime 7z in the picosecond time range and a very
short emission build-up time 7, that is in the range of the pulse duration.

Yet, the impact of 7. onto the resolution is observable quantitatively. The FWHM
durations of the peaks of the derivatives assigned to the respective layers range from
5t = 130420 fs (first layer at F' = 2.2 mJ/cm?) up to 6t = 200 £ 30 fs (second layer
F = 1.6 mJ/cm?). The larger §t are attributed to larger 7, values of the emission.
Due to the peak-like behavior of the derivatives, the criterion as presented in sect.
7.2 can be applied to estimate the spatial resolution. The average peak duration
0t = 0.5(8t, + dty) of both layers and the correlation between the noise level N
and the ratio At,,;, /0t as shown in fig. 7.2) are used in order to estimate the axial
resolution at the given excitation pulse energy. An overview over the important
parameters and the resolution is given in tab.7.3. It is remarkable that the 6t values
are larger for signals attributed to the second layers. The attenuated excitation pulse
fluence at the second layer (AF/F ~ 67 %, cf. previous paragraph) is assumed to
be the reason, since the time for the CdS emission to increase is a function of the
excitation fluence (sect. 7.3.1). This assumption is supported by the comparable §t
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Tab. 7.3: Estimation of the axial resolution At,,;, and Az, respectively for detecting
the CdS double layer structure excited at different pulse fluences I. (average peak duration
ot = 0.5(dty + 0t2), noise level N')

F [mJ/em?] | ot [fs] | N [%] | Atwin [£5] | Azinin [pm0]
1.6 185 | 25 260 40
2.2 150 | 12 170 26

values for the second and the first layer at F' = 2.2 mJ/cm? and F = 1.6 mJ/cm?,
respectively.

7.3.6 Nanostructure density of the layers

The amplitudes of the spectrally integrated signal as shown in fig. 7.13a are a scale
for the nanostructure concentration of the individual imprint. Assuming a compa-
rable emission yield of the nanostructures in both layers and a linear correlation
between the maximum emission signal and the excitation fluence the concentration
ratio of both layers can be estimated by computing the ratio, weighted with the
fluence attenuation of 33 %:

1] (1-o.
_ caasll]  (1=033)ar 40 (7.8)

R,
ccas|2] as — 8

where ccgs[i] is the nanostructure concentration of the layer ¢, a; is the amplitude
of the signal assigned to the respective layer and s is the offset of the second layers’
signal due to the emission lifetime of the first one (fig. 7.13a). Thus, the nanostruc-
ture density at the second layer is roughly double the concentration of the first one.
This however is only an estimate, since the linear correlation between F' and the
amplitude is a first approximation and the offset s as well as the fluence attenuation
are estimates. A more detailed study, particularly regarding the correlation between
excitation fluence, nanostructure density and emission amplitude is necessary in or-
der to acquire more accurate results. Using a double layer system with a well defined
concentration (sect. 7.4) is thus a better test structure to evaluate the capability of
the presented measurement system for investigating the fluorophore concentration.

7.4 The temporal response of thick distributed
emitter layers

In case of thin distinct layers, the detected signal can be analyzed separately for every
layer. As a consequence the identification of the layer position is independent on
the emission build-up time. Hence assuming a thin distinct distribution facilitates
the data analysis a lot. This assumption might be adequate when applying the
measurement method to investigate the NADH distribution in the retina, since it
is known to be distinctly distributed [19, 20|. However, this generally limits the
applicability of the system. In addition locally agglomerated NADH in the human
retina is not precluding a continuous distribution (of lower density).
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Retrieving a continuous distribution of a given DTT is however more challeng-
ing compared to identifying distinct layers, because the sum (7.2) changes to the
convolution (7.3) linking the distribution a(#(z)) and the response R(t). In a first
approach Grife et al. [16] retrieved the distribution by iteratively reconstructing
the distribution on the base of sin? functions. They found the thermalization time
7 to be a crucial parameter for the distribution retrieval.

In this section, the DTT signal arising from two thick layers of Coumarinl53
(C153) dissolved in ethanol (sect. 4.6.3) will be investigated. The C153 emission
wavelength of about 530 nm [282] is comparable to that of the CdS nanostructures
(sect. 7.3) and NADH ([14, 99]).

The thermalization constant upon fs excitation at A., = 440 nm, the relative
fluorophore concentration of each layer and the minimum distance Az,,;, for suc-
cessfully resolving the layers will be estimated. Finally two alternative approaches
to that given by Grife et al. are analyzed with respect to their stability against
uncertainties of the emission build-up time (thermalization time 7,.).

7.4.1 Delay time dependent signal of the fluorophore

The normalized emission signal of the C153 solution from the double compartment
cuvette is shown in fig. 7.14 (black symbols). From a delay time tp = 0 fs it steadily
increases up to 55 % of its final value within approximately 1000 fs. Subsequently,
the signal stays constant for 900 fs and rises up to 100 % within another 1000 fs (cf.
black dashed lines). Each build-up is attributed to light originating from one com-
partment. The intermediate plateau is assigned to the excitation light propagation
through the glass spacer.

The blue lines in fig. 7.14 indicate the known fluorophore distribution with the
respective refractive indices n. For the fluorophore solution n was approximated by
the value for ethanol (n = 1.36, [283]). The refractive index of the glass was n = 1.5.
Evidently, the signal keeps rising at delay times ¢p which exceed the propagation
time for the cuvette thickness (#(d = 80 pum, n = 1.36) = 725 fs) of the fluorophore
by approximately 300 fs.

7.4.2 Evaluation of the thermalization time constant 7., the
fluorophore concentration and the temporal resolution

The protracted signal build-up is attributed to the thermalization of the vibrations
of the electronically excited molecules upon fs laser irradiation in C153, which is
characterized by 7, (sect. 3.1.6). This is confirmed by simulating the DTT for
different values of 7, (red lines in fig. 7.14). Smaller or larger 7, values cause a faster
or slower emission increase, respectively. tp = 0 fs was defined as the delay after
which a significant increase of the measured signal was observed. The position of the
compartments (first compartment at tp = —250 fs) was determined by determining
the optimum fit between the simulated and the measured data. Details, regarding
the simulation are explained in appendix H. The best fit between the simulated
and the measured data is achieved for 7, = 600 fs. In contrast to the expectations
based on the literature [16| tremendously varying the thermalization constant by
about 25 % will, however, not result in a critical deviation of the simulated from the
measured data. The value for the thermalization constant agrees well with those
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Fig. 7.14: black symbols and line: time resolved signal and derivative (after data smoothing)
of Coumarin 153 (dissolved in ethanol) in double compartment cuvette (Ao, = 440 nm), red
lines: simulated DTT (7, = 600 + 150 fs, dashed lines indicate error margins), blue lines:
fluorophore distribution and refractive indices (glass spacer and fluorophore distribution)

reported in the literature for C153 dissolved in ethanol or methanol (7, ~ 500 fs
[284, 285]). Generalizing 7, is, however, very hard, since it does not only depend on
the fluorophore, but also strongly on the solvent.

Determining the absolute value of the fluorophore concentration from the mea-
sured DTT is challenging, since it depends on many parameters. The concentration
ratio between the two compartments, denoted by:

1
_ cciss[l] _n (appendix H) i

R,
corss[2] aq

can on the other hand be determined easily by investigating the plateau between
the two build-ups. Varying R, leads to R. = 1 £ 0.2, which is expected, since both
compartments contained the same fluorophore solution. The large error of 20 % is
a consequence of the large noise on the measured data. Excitation pulse absorption
in the compartments is the reason for the plateau being at 55 % instead at 50 % of
the entire signal (appendix H).

The minimum distance At,,;, at which two thick layers can still be identified
is determined analogously to the case for thin layers showing a complex temporal
response by investigating the derivative of the signal (subsect. 7.3.4 paragraph
"Parallels to microscopy"). It was calculated after smoothing the data set and is
depicted in the top most graph of fig. 7.14 (amplitude normalized to 1). The noise
level of the derivative amounts to 1/SNR = N = 0.3. Applying the resolution
criterion in the presence of noise (fig. 7.9b), the resolution is At &~ 5AT. ¢ = 900
fs. This correlates to an optical path difference between the two layers of Az, ~
130 pm (Az% =90 fs, if n = 1.5). The major reason for the poor resolution in this
case is the large noise level of 30 %. Reducing N could improve the resolution by
a factor of 5 (At = AT.sr = 180 fs). An even better resolution requires shorter
gating times.
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7.4.3 Retrieval of the emitter distribution

Certainly, the fluorophore distribution is generally unknown and supposed to be
determined. Identifying an arbitrary distribution a(#'(z)) requires the deconvolution
of the DTT (eq. (7.3).

The deconvolution is a mathematically challenging process, since even small sig-
nal noise will cause tremendous noise in the deconvolved signal. Typically either
direct methods based on matrix regularization or iterative methods are applied to
successfully deconvolve noisy data. Two methods of retrieving the fluorophore distri-
bution are compared. In the first approach the convolution integral (7.3) was solved
by applying the "Wiener" deconvolution method [286], where an approximated dis-
tribution function a(t) was computed by introducing a regularization parameter e
related to the noise of the signal. As for the second method an iterative algorithm
was applied. An initial guessed distribution was randomly varied in order to fit
its convolution with the response function to the data points. Both techniques are
elucidated in more detail in appendix I.

An approach similar to the second method was already applied by Gréfe et al.
[16]. There the fluorophore distribution was fitted by superposing sin?-functions.
The spatial resolution in that work amounted to about a hundred microns. This al-
gorithm did, however, depend strongly on the exact knowledge of the thermalization
time constant 7,. Another drawback appears to be an insufficient reconstruction of
the fluorophore amplitude at layer distances as thin as 150 pm (fig. 5 in [16]).

The iterative algorithm presented in this work was tested by reconstructing a
modeled fluorophore distribution from a simulated DTT (75" = 500 fs). The al-

s
gorithm was shown to satisfyingly reconstruct the distribution even in case of a

strong deviation A7, between the assumed thermalization constant and 75 up to
AT, = £300 fs. It also shows good results in the presence of noise (appendix I).
A disadvantage of the presented algorithm is the fairly large noise of the retrieved
signal due to the random variation. This however can be smoothed by applying
a low pass filter (subsect. 7.3.4). The results of the fluorophore distribution re-
trieved from the measured data set using the "Wiener" deconvolution method and
the iterative fit are depicted in figs. 7.15a and b. The retrieved distributions are
represented by the black solid lines in the upper graph (7, = 600 fs), whereas the
red dashed lines represent the original distribution. The black dashed lines in the
upper graph of fig. 7.15 show the retrieved signals by varying the thermalization
constant about £300 fs (50 %). Comparing the retrieved distributions for the dif-
ferent thermalization constants shows that its accurate knowledge is not as crucial
as pointed out by Gréfe et al.. This agrees with the test results of the evolutionary
algorithm (appendix I).

Regardless of the applied method the retrieved fluorophore distributions are blurred
compared to the original one. This is attributed to the low pass filtering due to the
convolution of distribution a(z(tp)) with the Gaussian shaped system function and
the fluorescence response function. The green dashed line in fig. 7.15b (at 7. = 600
fs) indicates the effect of the low pass filter onto the fluorophore distribution. Evi-
dently, the result of the iterative algorithm agrees fairly well with the filtered original
distribution. The deviation of the distribution computed by the "Wiener" deconvo-
lution is attributed to the regularization parameter, hence the SNR. This parameter

reduces the data noise but may lead to distortions in the retrieved result [287].
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Fig. 7.15: upper graph: retrieved fluorophore distributions (black solid lines) by a) Wiener
deconvolution method, b) iterative algorithm (7, = 600 = 300 fs, dashed black lines indicate
fluctuation), red dashed lines: original distribution, green dashed lines: distribution low pass
filtered by apparatus function (r(t) in eq. (7.4)), lower graph: black squares: original data, red
lines: retrieved time trace (dashed lines indicate fluctuation).

The lower graphs in fig. 7.15a and b show the measured DTT (black squares)
and the signals arising from the convolution of the retrieved distribution (a: Wiener
deconvolution, b: iterative algorithm) with the response function (red, solid: 7, =
600 fs, dashed: 7, = 600£300 fs). Within the deviation of the data points, the DTT
assigned to the recovered distributions fit well for both reconstruction algorithms.
In order to acquire a more accurate fit, a better SNR of the original data would be
necessary.

The retrieved distribution is a scale for the fluorophore concentration in each
layer. The difference in the concentration peak amplitude assigned to the first (a;)
and the second (as) compartment is attributed to the absorption of the excitation
pulse, which was not taken into account in the deconvolution algorithm. The average
pulse attenuation per compartment amounts to approximately 12 % (appendix H).
Hence the ratio of the amplitudes was estimated to amount to R, = a;/ay = 1.14.
For reconstructing the distribution using the "Wiener" deconvolution it is, however,
R, =~ 2. For the iterative algorithm, on the other hand, it amounts to R. =1.25 %.

Due to the better retrieval of the signal amplitudes, the iterative method is con-
sidered to be the superior deconvolution method. Deducing the axial resolution (i.e.
At,in) that can be achieved by the presented reconstruction algorithms requires fur-
ther experiments, because it is not clear how very close vicinal extended fluorophore
distributions will affect the reconstruction. As a first estimate, the distance between
the signals at which the amplitude falls below the noise level can be taken. This
amounts to Az, =~ 70 um. This is smaller than the resolution given in subsect.
7.4.2, because the derivative was not necessary to calculate. The derivative greatly
reduces the SNR and thus the resolution. A better signal-to-noise ratio should also
improve the data reconstruction due to a smaller regularization parameters.



Chapter 8

Summary

Measuring the propagation time difference of the light emitted from different deep
layers in a system ("time-of-flight" method, ToF) in order to investigate the axial
distribution of fluorophores on the 10 pum scale requires an ultrafast gating technique
with about 100 fs time resolution. Particularly its anticipated application as a di-
agnostic tool for three dimensional functional retina examination poses tremendous
demands on the optical gating technique (chapt. 1).

For such an application all optical Kerr gating (OKG) has been identified as most
suitable. It combines a high temporal resolution, the possibility of single photon
gating over a broad spectral range and stability with respect to signal perturbations
by scattering. Particularly the latter can be critical for competing interferometric
techniques.

In order to identify the most suited OKG material, different material classes
were investigated in terms of their optical properties and OKG performance. As
representatives for low nonlinear refractive index materials, fused silica and novel
Si09-AlyO3-glasses (SAL-glass) were examined. Tellurite glass, heavy flint glass
and poly crystalline ZnS were analyzed as materials of large nonlinear refractive
index. The materials’ gating performances for broad-band OKG were investigated
by switching a super continuum pulse and a signal pulse at Ag = 530 nm using a
gate pulse at Ag = 800 nm.

The band gap energies of the investigated OKG materials were estimated from
absorption coefficients using a Tauc plot. They were found to generally be smaller
than the values expected from common theoretical models [222, 224|. This was
attributed to the low absorption region used for fitting.

The correlation between the linear and nonlinear refractive indices of SAL glass
was found to fit well in the theoretical framework given by Boling et al. (BGO
theory). The large values of n and ny were ascribed to an increasing content of La3*
ions, increasing oxygen (hyper)polarizability and increasing amount of non-bridging
oxygen at increasing LasOs content. An upper limit for the hyperpolarizability of
the Lag 30 molecule was found to be Y0, = 2.2 £ 0.2 x 107 esu.

Due to the dispersion related temporal walk-off between the gate pulse and the
signal an optimum OKG sample thickness d.;; was found for broad-band gating.
Using thicker samples causes an increase in the gating duration, but does not enhance
the efficiency. For a sample thickness d.¢; dispersion related broadening of the gate
pulse did not have a significant influence onto the gating time. It however affected
the gate efficiency due to the reduction of the peak intensity as the gate pulse is
broadened. Additionally, the gating efficiency was found to be potentially reduced
by gate pulse induced single photon absorption of the signal (CMPA).
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SAL-glass showed the largest OKG efficiency 1,4, > 65 % at an intensity I mar ~
650 GW /cm?. In comparison the high index materials exhibited a superior gating
performance at low gate intensities. However, their maximum efficiency was found
to be significantly smaller than that of SAL-glass and decreasing with increasing no
value.

The superior gating performance of SAL-glass at moderately high intensities was
attributed to its large band gap energy (Egqp > 5.3 €V) in combination with its
relatively large nonlinear refractive index (ny = 9.1 x 1077 GW /cm?). The large
Egap prevented CMPA in the SAL glass, which in contrast was found to be critical
for large ny materials (small Egqp).

A novel "Figure of Merit" (FOM) was deduced from the findings, taking into
account both, the OKG sample thickness limitation due to the temporal walk-off
and the signal attenuation by gate pulse induced absorption (CMPA). The new
FOM quantitatively confirmed the superiority of SAL-glass for moderately high
gate pulse intensities and of high nonlinear refractive index materials for low gate
pulse intensities, respectively.

Besides performing a comprehensive OKG material study, a well suited imaging
optics system for the emission was designed, consisting of two off-axis parabolic
mirrors. It was shown to image a white light continuum without temporal distortions
caused by dispersion.

The optimized OKG setup enabled the investigation of stacked emitter systems.
The axial distribution of the emitters (in units of propagation time) and their tem-
poral response were found to be linked by a convolution. This allowed to analyze
the ToF time trace in analogy to methods known from microscopy. A resolution
criterion in order to identify distinct layers was deduced from the Sparrow criterion
[253] taking into account the signal-to-noise ratio (SNR) of the measurement. A
substantial difference to microscopy was, however, the dependence of the system
response function on parameters of the investigated sample (emission build-up time
7, and emission lifetime 7).

In order to examine the influence of these parameters, three layered systems were
measured using the optimized set-up:

e Thin layers with fast response: Using the defined criterion, the resolution
for detecting distinct scattering layers was identified to be Az,,;, = 22 um. It
was limited mainly by the gating time and the duration of the scattered pulse.
A reduction of the resolution due to noise was found to become significant
for noise levels N > 5 % of the maximum signal amplitude. The accuracy of
detecting the distance between two well distinct layers amounted to AAz = £2
pm. This was rationalized by the larger number of data points, hence larger
accuracy, when fitting two distinct signals, compared to the case of two very
close peaks.

e Thin layers with complex temporal response: Thin distinct layers of
cadmium sulfide (CdS) nanostructures acted as a test system. Their strong and
and fast emission signal enabled the spectrally resolved detection of the gated
signal. Their complex spectral temporal response allowed to comprehensively
study the influence of the emission build-up time and the emission lifetime
onto the spatial resolution.



Chapter 8 Summary 87

The accuracy of measuring the distance between two layers was determined by
fitting the signal build-up. It amounted to AAz = £2 um. This was compara-
ble to the results from the distinct scattering layers. In the presence of a long
emission lifetime, the signal from deeper layers was superposed by background
signals from more shallow layers. This had to be taken into account when
fitting the build-up. The accuracy of the distance measurement was found to
be insensitive to uncertainties of the background.

In order to estimate the depth resolution in the presence of a complex temporal
behavior it was shown that the developed resolution criterion can be applied
onto the derivative of the detected time trace. The resolution ranged from
AzZpin = 26 um to Azp, = 40 um and depended on the emission build-
up time. It was found to be strongly affected by the low SNR of the signal
derivative. However, a simulation showed that the temporal resolution should
become independent of the emission build-up characteristics for large SNR
values of the measured time traces’ derivative. This of course is limited by the
dynamics of the detection system.

e Thick layers with complex temporal response: A spatially extended
fluorophore distribution (Coumarinl53 in ethanol) exhibiting a long emission
lifetime of 7 = 5 ns was investigated. Based on the knowledge of the fluo-
rophore distribution the emission build-up time could be estimated to amount
to 7, = 600 £ 150 fs. By exploiting the previously developed resolution cri-
terion, the axial resolution for the thick layer measurements was found to
amount to Az, = 130 um and to be strongly affected by the poor SNR of
the signal derivative.

With the knowledge of 7, the retrieval of the broad fluorophore distribution
based on methods known from optical microscopy was fathomed. A direct
regularized deconvolution method ("Wiener" deconvolution) and an iterative
algorithm, based on a random optimization approach were compared. Both
methods were found to work comparably well in reconstructing the spatial dis-
tribution of the fluorophore system even at large variations (up to 50 %) of the
emission build-up time. Regarding the reconstruction of the local fluorophore
concentration, the iterative algorithm showed superior results.

Although not being combined with single photon detection yet, no evidence in-
dicating a limitation to a minimum signal power was found. Substantially, the
technique is limited to a signal power that ensures the emission of photons within
the gating time.

Using the CdS nanostructures as test sample for the OKG setup did not only proof
the capability to discriminate thin distinct layers, but also revealed novel insight in
the physical mechanisms of this nanostructure system upon fs laser excitation at
fluences between F' = 0.33 mJ/cm? and F = 3.5 mJ/cm? Due to the delayed
onset and the short emission lifetime, the observed luminescence is attributed to
stimulated emission. It is, however, not clear if it is amplified spontaneous emission
or collective lasing. The spectral emission of the CdS nanostructures showed a blue
shift on the 0 ps —1 ps time scale and a red shift on the 1 ps —10 ps time scale.
The spectral shifts were found to be more pronounced at large excitation fluences.
They are attributed to a complex interplay between band gap renormalization (red
shift) and band filling processes (blue shift) in the CdS nanostructures.



Chapter 9

Conclusion and outlook

The successful broad-band detection of an axial fluorophore distribution by mea-
suring the light propagation time using an optical Kerr gate (OKG) was shown for
the first time in this work. Employing this method, a spatial resolution of Az = 26
pm was achieved, which is sufficient to resolve individual retinal layers. Hence the
present work paves the way to further develop the ToF method in combination with
OKG towards three dimensional functional in vivo diagnostics of the human retina.

For the design of the OKG care has to be taken in the selection and the design
of the Kerr sample in order to satisfy the tremendous demands on the gate (chapt.
1). The novel SiO2-Al;O3-LayO3-glass (SAL-glass) offers the opportunity to tailor
the gating material by optimizing the ratio between SiOs and LayO3 contents. This
allows to maximize the nonlinear phase modulation at a given intensity on the one
hand and to minimize nonlinear counter processes (e.g. nonlinear absorption) on
the other hand.

The large gating efficiency of SAL-glass as OKG material at moderate gate pulse
intensities enables the application of commercially available femtosecond laser oscil-
lators for gating at repetition rates f,., = 5 MHz [288]. As an example, scanning a
three dimensional image of 100 x 100 x 50 pixels (1000 averages per pixel) would
only take 100 s. This is still an adequate detection time even for in vivo diagnostics.
Utilizing high refractive index materials even allows the use of oscillators that work
at frep = 80 MHz [289] at the expense of gating efficiency.

Highly efficient gating using fs laser oscillators requires, however, strong focusing
of the gate and signal beams down to spot radii of wy ~ 30 pm. This prohibits
efficient gating of wide field images.

The axial resolution of the analyzed method is higher than that of confocal mi-
croscopy at a small numerical aperture of NA < 0.1. Compared to self-interference
of fluorescence microscopy (SIFM), on the other hand, the resolution of the current
ToF system is presently smaller. Improving the SNR should, however, lead to a spa-
tial resolution which exceeds the one of SIFM. This can be achieved by optimizing
several aspects of the measurement system:

e Repetition rate of the laser system: Further optimization of the gat-
ing material allows the use of femtosecond laser oscillators (repetition rate
frep >> 1 MHz) rather than amplified systems (f,., = 1 kHz). Consequently,
averaging over several thousand pulses without significant prolongation of the
experimental time becomes possible.

e Detection method: In addition to its high efficiency at high pulse repetition
rates, the lock-in technique can further be improved by modulating both, the
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gate and the fluorescence excitation pulse trains. A SNR up to 10° was shown
by applying this method [290].

Additionally, the background due to fluorescence light leaking through the
polarizers can be reduced by applying very fast electronic detectors that reach

a temporal resolution down to 20 ps and still enable single photon counting
[17, 28].

e Improved sampling: Due to the parallelism of the presented ToF method to
optical microscopy the common sampling rules defined e.g. for laser scanning
microscopy [291, 292] may be transferred to optimize the ToF signal recording
in order to reduce the noise and the detection time.

e Imaging system: Although the designed imaging system presented in this
work is very well suited for imaging of the broad-band fluorescence light with-
out significant temporal or spatial distortions, it can be improved by rotating
one mirror about 90°. This would reduce the still existing astigmatism, hence
enabling tighter focusing and thus a larger gate efficiency [101].

Besides the SNR, the gate and the fluorescence excitation pulse durations are
the limiting factors for improving the axial resolution. Consequently, using shorter
pulses will significantly improve the resolution. Since the temporal walk-off ulti-
mately limits the maximum OKG sample thickness at a given time resolution shorter
pulses (at a fixed intensity) will automatically lead to a reduction in the gating ef-
ficiency (eq. (6.14)). Although the possibility of acquiring sub 10 fs time resolution
using pulses as long as 1 ps by ptychographic technologies was shown [293] these
methods cannot be applied for ultrafast fluorescence detection, since coherent light
is necessary.

Using gate pulses at longer wavelengths seems to be a promising idea. Thereby
the gate pulse assisted single photon absorption (CMPA), which was identified to
be the limiting factor in applying high refractive index materials as OKG material,
could be reduced.

Finally, further work is necessary, in order to optimize the method for retrieving
the fluorophore distribution from the measured time trace. Due to its analogy,
known and well developed methods should be adapted from microscopy. Since the
emission build-up time is mostly completely unknown it seems promising to employ
methods, which are based on blind reconstruction approaches [294].
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List of abbreviations and symbols

Abbreviations

AMD
ASE
BGR
BGO
BME
CB
CdS
CFM
CMPA
DTT
EHP
FAD
FCA
FLIM
FMN
FOM
LIDAR
NA
NADH
OAPM
OoCT
OKG
OPA
PA

PD

PIS
PSS
RIM
SAL-Glass
SFG
SIFM
SNR
STRET
TA
TBR
Te-glass
ToF
VB
VIS
WLC

Age related macular degeneration
Amplified spontaneous emission

Bandgap renormalization

Theory from N. Boling, A. Glass, and A. Owyoung
Burnstein-Moss effect

Conduction band

Cadmium sulfide

Confocal microscopy

Combined multi-photon absorption

Delay time dependent time trace
Electron-hole plasma

Flavin adenine dinucleotide

Free carrier absorption

Fluorescence lifetime imaging

Flavin mononucleotide

Figure of merit

Light detection and ranging

Numerical aperture

Hydogenated nicotinamide adenine dinucleotide
Off-axis parabolic mirror

Optical coherence tomography

Optical Kerr gating

Optical parametric amplification / amplifier
Permanent absorption

Photo darkening

Polarization integrated DTT

Polarization selective DTT

Refractive index mismatch
Si05-Al,03-LasO3 glass

Sum frequency generation

Self interference of fluorescence microscopy
Signal-to-noise ratio

Spectrally and temporally resolved energy transmission
Transient absorption
Transmission-to-background ratio

Tellurite glass

Time-of-flight (method)

Valence band

Visible spectral range

White light continuum
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Greek symbols

73
aﬂl
app
arp,

An
ATPV
AT
ATeff
ATpi
ATG
ATOKG
ATP
ATS
Aw, AN
Az, At

Absorption coefficient

Nonlinear absorption coefficient (order k)

Molar polarizability

Absorption coefficient related to photo-darkening

Thermal expansion coefficient

Hyperpolarizability

Refractive index mismatch

Peak-to-Valley ratio for the z-scan measurements

Cross correlation width (FWHM)

Width of the system function sys(tp) (FWHM)

Broadening parameter of the dispersion model function
Gate pulse width (FWHM)

OKG width (FWHM)

Pulse width (FWHM)

Signal pulse width (FWHM)

Spectral bandwidth (in units of frequency or wavelength)
Distance between two peaks (in units of space, or time) for
layer resolution (G indicates geometrical path, min indicates
minimum)

Deviation between fitted and computed curve for modeling of
dispersion broadening

Peak width/duration (in units of space or time) for layer res-
olution

OKG efficiency (maximum OKG transmission)

Effective system efficiency

Fluorescence quantum yield

Spot width related efficiency

Molar decadic extinction coefficient

Wavelength

Centroid wavelength

Emission wavelength

Excitation wavelength

Abbe number

Emission life time

Emission build-up time (thermalization time)

Characteristic walk-off time between signal and gate pulse
Fitted emission build-up time

Phase of the signal imprinted by the gate pulse

Electric susceptibility (order i)

Cut-off frequency for low pass filter
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Latin symbols

A, A;, By, C; Sellmeier coefficients

a; Signal amplitude referring to layer ¢ (o< Emitter concentration
of layer 1)

a(t'(2)) Emitter distribution function

d Material thickness

desy Interaction distance between signal and gate pulses in the
material

dss Self-focusing distance

&o Pulse energy

E(t) Emitter excitation pulse function

EGap Band gap energy

Epy, Photon energy

Ey Urbach energy

F Pulse energy fluence

f Local-field correction factor (= (n2 + 2)/3)

G(t) Gate function

Iq Gate pulse (peak) intensity

Is Signal intensity

K" Group velocity dispersion

Lp Dispersion length

Lyt Nonlinear interaction length

M,, Molar mass

ng, N Linear refractive index

No Nonlinear refractive index referring to the intensity in ST units
(cm?/GW)

nk Nonlinear refractive index referring to the electric field in cgs
units (esu)

Ng Linear group refractive index

N Noise level

Ny, Number density of molecules

P.,. Critical power for self-focusing

R(t) Temporal response function of the emitters

R, Emitter density ratio of two layers

Ry Reflection coeflicient

r(tp) Response function for emission (= (F ® G ® R)(tp))

Te Extinction ratio of the polarizers

to Onset time of the emission

Lo, it Fitted emission onset time

tp Delay time between signal and gate pulse

T Transmission

T, Glass transition temperature

S Background arising from signals of other layers

Sr(t) Power of the emission

sys(tp) System function for emission excitation (= (£ ® G)(tp))

Vin Molar volume

w 1/€? spot radius

2 Rayleigh length
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Fields

E Electric field
P Polarization field
D Electric displacement field

Fundamental physical constant
€0 Vacuum permittivity (= 8.854 x 107!2 As/Vm)
c Speed of light (= 0.299792458 pm /fs)
ki Planck constant (& 6.582 x 10716 eVs)
N4 Avogadro constant (& 6.022 x 10?3 mol™1)



Appendix A

In this appendix a detailed analysis of the OKG process is described.
The electric field of the linearly polarized signal is given by:

e_i¢x

Euteont) = 25 7o) () + ce (A1)

where f(z,y) is the spatial (lateral) component and ¢(t) the temporal component.
Their maximum amplitudes are normalized to 1. The last factor describes the phase
of the signal for the lateral components.

The signal intensity is given by:

2
Is(x,y,t) = Isols, (x,y)ls.(t) = ceo <‘Es‘ > = 2c6oEj f2(x,y)g*(t), (A.2)
t

with ¢ being the vacuum speed of light and ¢, the vacuum permittivity. Note that
[S,T(x7 y) = f2($7 y) and IS,t = gz(t)

In the presence of a strong (linearly polarized) gate field the phase term in eq.
(A.1) will be modulated by a nonlinear component:

e~ cos cre~tkonoz p—idni (2,yt)

(emsy) = ( sin re—ikono ) ; (A.3)
where « is the angle between the gate and the signal field polarization. kg = 27 /g
is the wave vector of the signal field (in vacuum) and ng is the linear refractive index.
¢ 18 the imprinted phase modulation by the gate field as both fields travel through
the OKG material.

Behind the OKG material the signal field passes an analyzer that blocks the non-
modulated field, since it is rotated about 90° with respect to the polarization of the
incident signal.

In case of the nonlinear modulation of the signal phase the electric field behind
the analyzer is given by:

E_:out(ma Y, t) = jE_:S’
EO + CcoS aeik()d“rd)nl(xvyvt) — Sln aeik0d+¢nl(x»y7t)
= Ef(%y)g(t) ( — cos aetkodtén(@ut) 4 giny etkod+éni(z.y:t) +cc., (A4)

with .J being the Jones matrix, which describes the analyzer:
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Assuming an angle between the polarization of the signal and the gate fields of
a = 45°) the signal field intensity behind the analyzer is:

Lot = ceo < 2>t (A.6)

= ccoBR () (1)1 — cos(u,,1))) = (1~ cos(dn(z, 1)

_
E out

Evidently, the above derivation is in the signal’s temporal frame of reference.
If the gate field can variably be delayed with respect to the signal, it is worth
to introduce the variable delay as separate coordinate tp. A detector behind the
analyzer measures the energy. This can be calculated by integrating the intensity
(assuming spatially cylindrical symmetry):

—+00 400

Eltp) = / / Lo(r, ) (1 — cos du(r. £ — tp)) drdt, (A7)

Assuming ¢ (r,t —tp) = G (r)dnit(t — tp) (which is adequate particularly for
Gaussian pulses) and developing the cos function results in:

“+o00 400

— ) - . j—1¢i§<rvt_tD) .
E(tp) = é 0/15( 1) (;( 1) ECT )d dt
:ﬂz%fﬂ) / Is (), (r)dr / Is ()62, (1)t (A.8)

Assuming a Gaussian spot shape for the gate and the signal pulses, ¢, ,(r) and
Is,(r) are given by:

¢nl,r(r) = qbnl,(]e_2(r/wc)2
—[ST'(T> = 672(71/1”5)27
with we and wg being the 1/e? radii of the gate pulse and the signal (intensity),

respectively. It is pointed out that no prefactor is necessary for Ig,(r), since it is
already normalized. Consequently, the transmitted energy is given by:
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Hence for the weak gate pulse approximation (i.e. the j = 1 term of the sum
only), the transmitted energy as a function of the spot widths is given by:

w§

E(ws, we) = A—"—.
14255
G

(A.10)

with A containing the constants and the temporal characteristics of the transmitted
signal energy £. It is pointed out that the presented derivation requires that the
spatial and the temporal components of ¢,,; and Is can be separated. This is true for
Gaussian shaped collimated beams (Signal and Gate). In case of a large divergence
within the sample this is, however, not eligible anymore.



Appendix B

In this appendix the computation of the "Transmission-to-Background" ratio TBR
of the OKG is elucidated. For simplicity a rectangularly shaped gate function with
an efficiency n and a time duration A7g as well an exponential signal function,
possessing a decay constant 74 and a maximum amplitude Pyg is assumed (fig.
B.1).

The energy of the fluorescence signal is given by:

EF = / Pslg(t)dt = POSTF (Bl)
0

At a given polarizer extinction r., the background of the detected signal can be
estimated by:

B = ’I“EP()sTF. (BQ)

Gating the signal at time ¢y leads to a transmission that can be estimated by:

to+Atg _tgtArg i AT
T(to) = 77/ Psig(t)dt = n7rPos (6 Foo—e TF) ~ nPsATg = 77EFT—FG-
to

(B.3)

The last two terms in (B.3) are a good approximation, if the signal is gated around
its onset time.

Finally the TBR can be defined as:
T  nAtg

B T TR

(B.4)

Besides the TBR of the gated signal, the transmitted energy may be of great interest
as well. The expected value generally will be very small. Therefore it is expressed
as number of transmitted photons n:

1.5777€ffFexw§)\5ATG
n =

B.5
hCTF ’ ( )

where [, is the excitation fluence of the signal, n.¢s the effective efficiency of the
system (the product of the gating efficiency, the transmission of the imaging system
and the quantum efficiency of the fluorescence), Ag the signal wavelength, wq the spot
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Fig. B.1: Scheme for estimating the signal background of a Kerr gate

diameter of the signal excitation, A the Planck constant, ¢ the vacuum speed of light,
AT the gate pulse duration and 75 the signal decay time constant, respectively.

It is pointed out that for a more realistic approach it is adequate to take the
emission build-up time into account as presented in eq. (3.16). The maximum
signal is achieved at

tma:(; = U I (TF/TT) y (BG)

T — Tp

with 7. being the emission build-up time, respectively. The maximum gated signal
can be estimated by:

Trax = Po,sn/ (eft/TF _ e—t/n) 6—2(2\/E(t—t7w)/mc)2dt (B.7)
0

This leads to a maximum of gated photons given by:

arg (1747thaz 8zn2/4\.rg)

321n 27%

1.577]effFexw3)\5 \/7_TATG e
hetp 4v/21n2

AT 16 ln QM _|_ 1 AT2 1—47‘7~t7na;)¢8ln2/AT2
% 67’f G( ATZ ) +1| —e G( 321n 272 G> (BS)
4210 27

A76(161n 27bmge 4 1)
X er & +1
d 4v/21n 27,

nmax -




Appendix C

In this appendix the simulation results for the imaging system using "Zemax Op-
ticStudio" are shown in fig. C.1. The imaging properties of three fields emitted by
an object (position of the fluorophore) into planes close to the focal plane (position
of the Kerr gate) were simulated: one centered at the optical axis (F1: z = 0 um, y
= 0 pm), the other placed off-axis (F2: x = -80 um, y = 0 pym), (F3: © =0 pum, y
= -80 pm) and (F4: z = -80 pm, y = -80 pum). The positive direction of the plane
means the image or the object is moved away from the respective mirror. The focal
shift is observed. Hence care has to be taken in the proper selection of the OKG
material thickness.

Objeqt: 0.2 mm Object: 0.2 mm Object: 0.2 mm
m| Image: 0.0 mm |40 im| ! 0.1 mm 40 pm| Image: 0.2 mm |40 /m y
|‘ L X
’ el
Objedt: 0.1 mm Objedt: 0.1 mm Object: 0.1 mm

Object: 0.0 mm Object: 0.0 mm Object: 0.0 mm
Image: 0.2 mm 40 ym| Image: 0.1 mm 40 ym| Image: 0.0 mmn
. Bite,

Objegt: -0.1|mn Object: -0.1|mm Object: -0.1|mm Object: -0.1|mn
Image: 0.2 mm 40 him 40 pm| Image: 0.0 mm 40 pm| | : 10.1mm 40 pm| Image: 10.2mm 40 pm
A
' 4 N @
h -
Objedt: -0.2/mm Object: -0.2|mm Object: -0.2|mm Objedt: -b.z mm
Image: 0.1 mm 40 ym| Image: 0.0 mm |40 pum Image: 10.1mm |40 iym : pm
"IN}

Fig. C.1: simulated imaging properties for the fields F1 (blue), F2 (red), F3 (green) and F4
(vellow): rows: object plane fixed, image plane moving, columns: object plane moving, image
plane fixed, positive direction: image or object moved away from the respective mirror
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Fig. C.2: maximum optical path difference OPD (F1, in the sagital plane, NA = 0.2) as a
function of the object and the image distances.

Additionally the maximum optical path difference (OPD) between the center of
each field and the outer part (numerical aperture NA = 0.2) was calculated. As
a representative the correlation for F1 (sagital plane) is shown in fig. C.2. The
correlations for the other fields and the tangential planes are comparable. The OPD
is not exceeding 50 fs.



Appendix D

The influence of the angle between the signal and the gate beams onto the temporal
resolution of a Kerr gating experiment is analyzed by using a simple geometrical
approach. Assuming a Gaussian shaped gate pulse, with a 1/e? spot radius wg and
a FW HM pulse duration A7g, the effective pulse duration of this gate pulse with
respect to a signal pulse with a propagation direction tilted about an angle a with
respect to the propagation direction of the gate pulse is given by (fig. D.1):

ATl = At cosa + Msmaz ATG+QM, (D.1)
Co Co
where cq is the speed of light. If « is sufficiently small, the effective pulse duration
At} can be considered to be composed of the original pulse duration A7 and an
additional part from the radial component. In case of a gate pulse with a spot radius
of wg = 44 pm and an angle o = 2°, A7 amounts to approximately A7g + 6 fs.

Gat
e
pf’Opagatl_on

Signal propagation lqA_r’*G \

Fig. D.1: Schematic elucidation of the composition of AT,
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Fig. E.1: CCD images of the spots in the focal plane of the two-color OKG experiment: a:
Gate beam (A\g = 800 nm), b: a: Signal beam (As = 530 nm), cf. fig. 5.4 for spot sizes
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Appendix F

The fitting procedure that was applied in order to acquire the combined multiphoton
absorption coefficients in subsect. 6.5.2 is explained.

Linear absorption of the signal beam (e.g. due to photo-darkening) and combined
multiphotonabsorption (CMPA, assuming a very weak signal pulse that only experi-
ences single photon absorption) depend on the gate pulse intensity. The transmitted
signal intensity is given by (eq. (3.11)):

Ig = [Oe_(aPDdJFO"CIgldeff)(l_RP), (F.1)

where app is a generally unknown function of the gate pulse intensity I5. It
describes the absorption coefficient, related to the photo-darkening. o« is the ab-
sorption coefficient related to CMPA. k represents the order of the CMPA (k = 2:
one gate and one signal photon absorption, £ = 3: two gate and one signal photon
absorption).

The signal beam transmission is given by (eq.(3.12)):

I oo Is(t tp, r)drdt
& ’

T(tp) = (F.2)
with & being the signal pulse energy.

For the numerical data analysis two Gaussian pulses (gate and signal) were as-
sumed, propagating collinearly with the pulse parameters given in tab. 5.1. In case
of Te-glass and N-SF56, where significant photo-darkening was observed, the signal
transmission for the permanent absorption (empty symbols in fig. 6.14b) was fitted
using the empirical function

app = al +blg +c (F.3)

and computing the transmitted pulse energy by numerical integration (in space
and time). The CMPA was set to be zero in this case (a = 0). a, b and ¢ were the
fitting parameters.

Subsequently, the CMPA coefficient was determined by fitting the transient ab-
sorption (filled symbols in fig. 6.14b), using the previously determined app(I¢)
values. The effective interaction lengths as defined by eq. (6.14) in subsect. 6.3.2
was used to determine the interaction distance for the CMPA (eq. (F.1)).

The integral T'(tp) was again solved numerically. o was the fitting parameter.
The error of «y resulted from varying the used parameters in (3.11) within their
error margins (spot widths, pulse durations, fitting parameters from (F.3))
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Fig. G.1: Scanning electron microscopic images of the CdS ensemble grown on a silicon
substrate recorded at different magnifications (1, 2, 3) and at different positions on the sample

(a, b)

Figure G.1 shows scanning electron microscopic images of the CdS nanowire en-
semble on the silicon substrate for different magnifications (1,2,3) and at different
areas of the sample (a, b). The density of the CdS nanostructures in fig. G.la
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is much larger than in G.1b. The ensemble measurements in the present work
were performed at a position of high particle density. The CdS particle density
of the imprints is considered to be comparable to that in fig G.1b. The electron
microscopic images were provided by R. Roder ("Institut fiir Festkorperphysik",
Friedrich-Schiller-Universitéit, Jena).



Appendix H

In this appendix the simulation of the delay time dependent trace DTT for the
double cuvette filled with Coumarin 153 dissolved in ethanol is described. The
geometrical relations are shown in fig. H.1. d“ is the geometrical thickness of the
compartments and z is the optical path. The dye compartments are located between
z1 = 0 pm and 2o = 109 um as well as between 23 = 290 ym and z4 = 398 ym. These
refer to propagation times t| to t} (sect. 7.1, eq. (7.1)). For the compartments a
constant fluorophore concentration is assumed. In the glass spacer the fluorescence
concentration is a(z) = 0 (fig. H.1). Hence the distribution function describing the
fluorophore concentration (sect. 7.1) in units of time is:

(

0 <t
a; th <t <t
a=<0 th<t <t (H.1)
ay th <t <t
0o <t

\

with a; and as representing the fluorophore concentrations in the respective com-
partments. The temporal response of the fluorophore located at a position zp=t'
(fig. 7.1) is modeled by (eq. (3.16), assuming an infinitely long fluorescence lifetime

TF)Z
R(t) = [1—6_“_'5/)/7" ot — 1), (H.2)

where O(t — t') is the Heaviside step function.

When propagating through a compartment the excitation pulse is attenuated by
absorption, which is characterized by an absorption coefficient af = In 10ecoqs3.
e is the molar decadic extinction coefficient. In units of time ¢’ the absorption is
a; = ecc1s3In 1055, cois3 is the molar concentration. The parameters affecting the
excitation beam absorption amount to:

e ¢ =1.5x 107" I-mole~tcm™! [295]
e ccis3 = 1 x 1073 mole/1.

Fresnel reflections at the fluorophore-glass interfaces are negligible due to the small
difference in the refractive index.
On the base of the response function R(t), the fluorophore distribution (a(t)) and
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Optical path

2,=0 z, =109 z; =290 z,=398 , [um]
A=440 nm
ﬁ d®= 80 um d®=120 pm | dS=80pum

n=1.36 n=15 n=1.36
EJ\
\
—
T
t',=0 v, =725 ¥,=1925  t',=2650 vlfsl

Fig. H.1: Design of the double compartment cuvette. The spatial coordinate z: optical path.
dG - geometrical thickness of the compartments, n: refractive indices, E is the energy of the
excitation pulse as a function of z (ort')

the absorption characterized by a4, the expected fluorescence signal as a function of
time from the double compartment cuvette can be modeled:

t/2 ! /
Sp(t) = ag / et (1 — e (-t >/T> ot —t')dt’
t

y (H.3)
4 !/ / ! !
+ ao/ e (V' ~tytt5) (1 — e (-t )/T> ot —tdt'.
ta
Consequently, the signal detected by the OKG system will be
sigtp = (sys ® Sg) (tp). (H.4)

sys is the Gaussian shaped system function (sect. 7.1) with a FWHM duration of
ATeff = 150 fs.



Appendix I

In this appendix the different methods for retrieving the continuous distribution of
emitters out of a given signal are elucidated. As explained in the text the measured
signal is a convolution of the distribution and the response function of the emitter.

Sp(t) = / (a()R(t —t)dt' = (a® R)(t) (1)

Particularly in the presence of noise the deconvolution, hence the retrieval of a
is not straightforward. One option that was investigated in the present work is the
application of the "Wiener" deconvolution.

In this case the distribution a can be estimated by:

} . (1.2)

The calligraphic letters indicate the fourier transform of the respective variable.
F~! indicates the inverse Fourier transform. e is a regularization parameter. It
can be estimated by the inverse signal-to-noise ratio ¢ = 1/SNR. Although e is
generally a function of the frequency w it is considered to be constant in the present
case. Thus white noise is assumed. The python code, used to compute the Wiener
deconvolution is displayed below.

o S | R
at) ~ F {R(w) []R(w)|2+€(w)

def wiener_decon(data,resp, epsilon):
DAT = np.fft.fft(data);
RES = np.fft.fft(resp);
dist = np.fft.ifft (DAT/RES*(np.absolute(RES)**2/
(np.absolute (RES) *x2+epsilon)))
return(np.real(dist))

A different approach that was used in this work was to fit the distribution directly
by an iterative algorithm. An initial distribution was guessed. It was chosen to be
an equipartition. Its magnitude amounted to the average of the measured data
points. Subsequently a random point out of the distribution was varied randomly
(maximum variation about 0.5 %). The squared distances between the measured
data and the signals arising from the old and the varied distribution were compared.
If the squared distance of the varied distribution was smaller than the one of the
old distribution the variation was retained. Otherwise it was discarded. The python
source code of the algorithm is depicted below.

def evo_algorithm(t, data, resp, max_gen):
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#initial distribution
dist = data*O+np.sum(data)/np.size(data);
generation = np.arange(0,max_gen,1)

#calculate the signal of the distribution
old_data = create_result(dist, resp)

#squared distance between estimated and original data
abweichung_old = np.sum((old_data-data)**2);

for i in generation:
# random value for mutation
mut = np.random.rand(np.size(data))-0.5

# grab arbitrary point in the distribution
index = np.random.randint(0,np.size(dist));

#mutate point
mut = mut*0.005+dist[index]+dist;

#the new distribution must not contain negative values
mut = mut*(mut>0) ;

#compute new signal
new_data = create_result(mut, resp)

#compute squared distance between new signal and original data
abweichung_new = np.sum((new_data-data)**2);

#keep mutated point if the new signal is a better estimate
if abweichung_new < abweichung_old:
dist = mut;
abweichung_old = abweichung_new;
old_data = new_data;
return dist

Although the retrieved distribution of this algorithm delivers fairly noisy signals
it is quite stable with respect to inaccuracies of the thermalization constant 7, and
noise (fig. I.1). As a test a thermalization constant of 7, = 500 fs was chosen. The
response function was a convolution of a Gaussian (FHWM: A7, = 150 fs) and
the fluorescence build-up function (eq. (7.5), 7 = 500 fs). The signal was created
by convolving the original distribution and the response function and normalizing
it to one. In case of the noisy signal, normally distributed random values with a
variance of 0.1 were added to the normalized signal.

For the retrieval test, 7, of the assumed response function was varied between
200 fs and 800 fs. The retrieved distributions were smoothed by a low pass filter
(f, =25 %1072 fs71).
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Fig. I.1: Original (black) and retrieved distributions of a test function using the evolutionary
algorithm. The thermalization constant of the response function for the algorithm was varied.
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Thesen

1. Laufzeitunterschiede von Licht (ToF = Time of Flight) in Schichtsystemen
kann zur tiefenaufgelosten Systemcharakterisierung genutzt werden. Beispiels-
weise liefert LIDAR (Light Detection and Ranging) dreidimensionale Profile
ausgewahlter Atmospharenbestandteile.

2. Zur funktionellen molekiilspezifischen Systemanalyse lasst sich die Technik auf
lumineszierende Schichtsysteme anwenden.

3. Sehr diinne Schichtsysteme wie der Augenhintergrund mit Schichtdicken im
Bereich von 10 um erfordern eine Zeitauflosung von 107! s bei der Anre-
gung und der Detektion. Dies ldsst sich durch Abtasten des Lichtsignals mit
einem optischen Kerrschalter (OKG) nach Femtosekunden (fs)-Laseranregung
realisieren.

4. Bei der Messung von Lumineszenz auf der ultrakurzen Zeitskala konnen viele
sonst vernachlassigbare Effekte die Zeitauflosung und die Sensitivitit des Sys-
tems beeinflussen. Beispiele dafiir sind Dispersion, Multiphotonenabsorp-
tion, Relaxation im OKG-Material oder das zeitliche Emissionsverhalten der
Schichtsysteme.

5. Mit dem entwickelten Detektionssystem bestehend aus einem optimierten OKG-
Material und einem dispersionsfreien Abbildungssystems wurden Ortsauflo-
sungen bis zu Az = 2 um mdglich und an ausgewahlten Testsystemen nachge-
wiesen.

6. SiO9-Aly03-LayO3 (SAL) Glas zeigt einen Wirkungsgrad von 1 > 50 % beim
Schalten mit moderaten Schaltpulsintensititen im Bereich I = 500 GW /cm?,
die mit kommerziellen fs-Laseroszillatoren bei Repetitionsraten im MHz Be-
reich realisierbar sind.

7. Die axiale Auflésung der Messung wird hauptsachlich durch die Schaltzeiten
(Anregung und Detektion) und das Signal-zu-Rauschverhiltnis (SNR) be-
stimmt. Bei hohem SNR ist die Auflésung des Systems nahezu unabhingig
von dem zeitlichen Emissionsverhalten der vermessenen Strukturen.

8. Zum Ermitteln der Auflésung und zur Rekonstruktion der ortlichen Emitter-
verteilung aus dem zeitaufgelosten Signal kdnnen aus der Mikroskopie bekan-
nte Verfahren verwendet werden.

9. Die zeitliche Entwicklung der stimulierten Emission von Cadmiumsulfid-(CdS)
Nanostrukturen, einem verwendeten Testsystem, liegt im Bereich von 0.1 ps
und 5 ps. Diese Entwicklung ist abhéingig von der Anregungsfluenz.

10. Das komplexe spektral-zeitliche Emissionsverhalten der CdS-Nanostrukturen
ist eine Folge gekoppelter Relaxationsprozesse nach der fs-Laseranregung.



Theses

1.

10.

Measuring the propagation time differences of light (ToF = Time of Flight)
enables the depth resolved analysis of layered systems. This is for instance
used to image three-dimensional profiles of selected atmospheric constituents
(LIDAR, light detection and ranging).

For a functional molecule specific analysis, this technique can be applied to
luminescent layered structures.

For analyzing very thin structured layers such as the human retina, showing
layer thicknesses in the range of 10 um, a temporal resolution in the range of
10713 s is required for both, excitation and detection. This can be achieved by
temporally scanning the emission upon femtosecond (fs)-laser excitation using
an optical Kerr gate.

. Many effects, which are generally negligible, can crucially affect the temporal

resolution and the sensitivity of the detection system, when measuring the
luminescence on the ultrashort time scale. Examples are dispersion, nonlinear
absorption, relaxation processes in the OKG material or the temporal emission
behavior of the layered system.

The developed detection system consists of an optimized OKG material and a
dispersion optimized imaging system. Spatial resolutions down to Az = 2 um
were achieved, when investigating different test systems.

Si09-Aly03-LasO3 (SAL) glass is the most suitable OKG material for the
present application showing an efficiency n > 50 % for moderate gate pulse
intensities I &~ 500 GW /cm?. These can be achieved by commercial fs-laser
oscillators with pulse repetition rates of several MHz.

The axial resolution of the measurement is mostly determined by the gating
time, the pulse duration for the luminescence excitation and the signal-to-noise
ratio (SNR). At large SNR values, the resolution is almost independent of the
temporal emission behavior of the layers.

In order to determine the system resolution and to reconstruct the spatial emit-
ter distribution from a measured time signal, methods known from microscopy
can be employed.

Stimulated emission of cadmium sulfide (CdS) nanostructures shows a complex
build-up characteristic between 0.1 ps and 5 ps. It depends on the excitation
fluence.

The intricate spectro-temporal emission characteristics of CdS nanostructures
is a consequence of complex relaxation processes upon fs-laser excitation.
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