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Summary

The airborne particles or atmospheric aerosols are fundamental component of
the air we breath. Their concentration, physical, and chemical properties, aller-
genicity, and simply their presence affect our health and economy. Moreover, the
aerosols play a role in the regulation of climate processes. For these reasons, their
influence on many aspects of human life and activity represents a huge field of sci-
entific studies. Until now, however, one of the limiting factors in aerosol science is
the lack of real-time detectors with a high discrimination power. At the same time,
a similar need is shared by meteorological and health institutions, who need such
devices to be able to prevent or anticipate the aerosol related diseases like allergies.

In the first part of this PhD work, I investigated some new methods and devel-
oped new devices for the real-time and highly specific aerosol particle detection.
All these methods are based on the light-matter interactions induced by coherent
(lasers) and non-coherent (UV lamps) light sources. The main goal of this work is
to demonstrate accurate and reliable single airborne particle identification by light
scattering and fluorescence. I will show that the correlation of these two physi-
cal processes allows distinguishing nearly identical aerosols like different pollen
species. A detailed description of a new robust transportable detector of single
airborne particles that I realized will be presented. It will be followed by the cali-
bration tests on individual artificial microparticles and then the first discrimination
tests on single pollen grains with linear and non-linear spectrally resolved fluores-
cence.

The second part of this document will illustrate new developments in the ultra-
short laser pulse manipulation. In particularly, it will focus on a new light shaping
device and its characterization for the phase and amplitude modulation of laser
pulse spectral components. This apparatus is based on the microelectromechanical
systems (MEMS), has been developed in collaboration with the Prof. de Rooij’s
group at EPFL. The experiments in a very broad spectrum of wavelengths will
demonstrate the devices capabilities. Based on this technology, new advanced
methods of discrimination can be developed in the future and being integrated in
real-time aerosol detectors.

This PhD work covers quite different research fields, as a consequence, few
words are required to understand my personal contribution to these activities. I
personally performed the part dedicated to the aerosol detection including concep-
tion, design, simulation, and tests. Concerning MEMS shaper, I performed the
development and realized its electronics, participated with other colleagues in the
IR and UV experiments, and directly performed the amplitude shaping of high har-
monics in the XUV region in collaboration with the Prof. Woerner’s group at ETH
Zurich.
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Résumé

Les microparticules en suspension gazeuse ou les aérosols font partie intégrante
de l’air que nous respirons. Leur concentration, propriétés physiques et chimiques,
allergénicité ou, simplement leur présence affectent beaucoup la santé publique et
l’économie. Un nombre important de groupes de recherche travaille intensivement
afin d’évaluer le rôle que jouent les aérosols dans de différents aspects de notre vie.
Un des obstacles majeurs pour ces études a été et reste toujours la détection rapide
et fiable des espèces similaires de particules présentes dans l’atmosphère.

Au cours de ce travail, je vais mener une étude approfondie des méthodes de
détection optique d’aérosols. En me basant sur l’expérience d’autres groupes de
recherche, un nouveau type de détecteur a été élaboré. Celui-ci utilisera la lumière
diffusée par des microparticules uniques et la fluorescence résolue spectralement
et excitée par une lampe à gaz Xénon. Mes expériences auront pour but d’identifier
et de discriminer les particules de différents types d’aérosols.

L’appareil qui sera présenté a pour particularité d’être robuste et transportable, ce
qui permettra dans le futur de l’utiliser directement sur les sites où la concentration
des aérosols doit être mesurée. Ce travail de thèse présentera aussi en détails les
aspects techniques du développement mené.

Une étude supplémentaire sera effectuée sur l’interaction de microparticules
uniques avec un laser femtoseconde très intense (jusqu’à 1012 W/cm2). Elle aura
pour objectif d’évaluer la réponse en fluorescence multi-photons des aérosols pour
l’appliquer à la discrimination entre divers échantillons. Cette interaction non-
linéaire ouvrira l’accès à d’autres algorithmes dont le développement des aspects
techniques sera donné dans la deuxième partie de ce document.

Ces méthodes avancées exploitent la dynamique ultra-rapide des molécules, avec
l’échelle du temps de centaines fs jusqu’à quelques ps, et nécessitent des instru-
ments optiques capables de modifier la phase et l’amplitude des composantes spec-
trales d’impulsions laser dans le domaine de lumière infrarouge (IR), visible (VIS)
et proche ultraviolette (UV). Un de ces appareils a été développé au sein de notre
groupe en collaboration avec le groupe de Prof. de Rooij de l’EPFL. Il emploie
les matrices unidimensionnelles de micro-miroirs basé sur la technologie MEMS
(Microelectromechanical systems).

Utilisées dans la géométrie d’un façonneur temporel d’impulsions, ces matrices
permettent de modifier la phase et l’amplitude de composantes spectrales. Cette
technique est de grande utilité pour les expériences de discrimination de molécules
similaires en exploitant des différences subtiles de leur dynamique vibrationnelle.
En effet, ces méthodes avancées, impliquant des lasers femtosecondes pourraient
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un jour devenir une base solide d’identification des espèces d’aérosols en temps
réel.

Malgré les efforts fournis, les expériences utilisant à la fois le détecteur d’aérosols
et le façonneur d’impulsions n’ont pas pu être mené, suite à des problèmes tech-
niques de synchronisation des tirs laser avec la détection de microparticules. Par
conséquent, le champ d’application des matrices de micro-miroirs a été élargi en
façonnant l’amplitude des impulsions ultra-brèves dans le domaine de l’ultraviolet
extrême (longueurs d’onde jusqu’à 40 nm). Ce travail a été effectué en collabo-
ration avec le groupe de Prof. H.J. Woerner à l’EPFZ. Cette application a ouvert
pour la première fois la possibilité d’agir sur l’amplitude de composantes spectrales
d’impulsions attosecondes.

J’ai entiérement effectué le travail sur le détecteur d’aérosols et les expériences
avec la lampe Xe et le laser femtoseconde. J’ai aussi mené le développement de
l’électronique de pilotage pour les matrices MEMS et j’ai participé avec mes col-
lègues aux premiers essais dans l’IR, VIS et proche UV. J’ai personnellement ef-
fectué les expériences de façonnage dans le XUV.
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Introduction

Outdoor and indoor air contains a large variety of particles with different sizes,
chemical, and physical properties. These airborne particles (or aerosols) play an
important role for health [1], economy [2] and environment [3]. They are also in-
volved in many climate processes on our Planet, which are still not well understood
[4, 5].

Pollens and spores have one of the largest impact on human health because some
of them are responsible for allergies [6]. According to statistical analysis, 20% of
population in Europe is affected by pollen allergies, e.g. over 2.5% of the popula-
tion in all European countries is sensitive to the ragweed (Ambrosia) pollen [7]. In
addition, 23.7% of ragweed-sensitive patients across Europe also present asthma
symptoms.

Bioterrorism has also became an important safety issue our days [8]. The artifi-
cial pathogenic aerosols is now officially included in the weapon arsenals of many
countries [9]. Real-time aerosol detection and identification is a rapidly growing
research field. In order to efficiently protect populations, aerosol detection devices
have to be very fast and very selective to discriminate harmful from harmless par-
ticles and minimize false alarm rates.

Detection techniques like polymerase chain reaction (PCR) [10, 11], antibiotic
resistance determination [12] or matrices of biochemical microsensors [13] have a
very high selectivity but are rather slow or need to treat samples in a liquid solution
that limits their applications [10]. On the other hand, optical techniques provide
information in real-time but they still lack in specificity. Some elastic scattering
based [14, 15] techniques as well as elastic scattering and fluorescence detection
approaches [16, 17, 18, 19] have demonstrated the most promising results in the
field. The most advanced experiments address individual aerosol particles, whose
fluorescence is spectrally analysed.

Optical techniques are also attractive as they can provide information remotely.
Light detection and ranging (Lidar) allows mapping aerosols in 3D over several
kilometres [20, 21, 22]. So far, Lidar detection of aerosols with biological origins
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(or bioaerosols) has been demonstrated either using elastic scattering [23, 24] or
UV-LIF (laser induced fluorescence) [25, 26]. However, the distinction between
bio- and nonbio-aerosols was either impossible (elastic scattering only) or unsatis-
factory for LIF-Lidars (interference with pollens and organic particles like traffic-
related soot or PAHs).

The first part of this PhD work will present concepts, design, and first experi-
ments of a newly developed real-time single particle detector. This part was en-
tirely performed by the author of this PhD work. The device uses the classical
methods of the elastic scattering and spectrally resolved fluorescence detection to
identify the aerosols. Despite the fact that this measurement technique was already
studied [27], a large technological effort was undertaken to increase the selectivity
and reduce the physical size and the cost of the device. It will be illustrated that the
developed system enables the detection and discrimination among some biological
particles. Still, the selectivity of the method is not sufficient to identify a large
variety of nearly identical biological and non-biological particles.

To overcome these limitations, new methods using the fluorescence excited by
ultrashort laser pulses have appeared and an increase in optical selectivity has been
demonstrated by addressing specific molecular dynamical features. Recent exper-
iments using coherent control [28] and multiphoton ultrafast spectroscopy have
shown the ability to discriminate between molecular species that have similar one-
photon absorption and emission spectra [29, 30].

Multi-Photon Excited Fluorescence (MPEF) [31, 32] and pulse shaping tech-
niques will probably allow achieving even higher selectivity in the future by the
selective enhancement of the fluorescence of one molecule versus another. One of
such MPEF experiments on the single aerosol particles, performed by the author,
will be demonstrated. Some more advanced techniques like Optimal Dynamic Dis-
crimination (ODD) [33, 34, 35] of similar molecular agents provide the basis for
generating optimal signals for detection in the future.

In the aerosol detection context, these techniques can permit one day to elaborate
an open-loop method for rapid particle identification. However, there is still a
long way to go, and some additional developments are necessary to manipulate
spectral amplitude and phase of ultrafast laser pulses, in particular in the deep UV
range, the most interesting when dealing with biomolecules. The temporal pulse
shaping techniques [36] employ dedicated optical devices, called pulse shapers. A
development and the first experiments of such a device based on micro-mechanical
electronic systems (MEMS) will be presented in the second part of this PhD work
[37, 38, 39]. The author contributed to these experiments and elaborated some
technical aspects, including the electronics.
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Because of the difficult synchronization with amplified femtosecond laser sys-
tem (described in Sect. 3.3), the coupling between the MEMS pulse shaper and the
aerosol detection device could not be achieved within my PhD term, but it remains
one of the highest priority of the Biophotonics group.

On the other hand, the MEMS device could be adapted in a different research
context of high scientific challenge. In the last section of the manuscript, in fact,
I will describe an experiment I personally performed at ETH Zurich showing ex-
treme ultra violet (XUV) pulse shaping for the first time. This study opens new
ways of preparing and manipulating the ultimate attosecond (10−17 s) laser pulses
with wavelengths as short as 40 nm. Based on this study, many experiments like
XUV shaping for probing electron dynamics will become soon accessible.





Part I

Aerosol detection
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Chapter 1

Aerosol detector:
Concept and design

Until now there is no universal method for real-time monitoring and identifica-
tion of aerosols. Existing approaches are either fast and with low discrimination
power (for example optical counters) or specific but time-consuming (biochemical
analysis). This research work participates to the effort of developing new methods
featuring the positive characteristics of both approaches. The idea was developing
a device ready for in-field experiments and at the same time ready for coupling
with other techniques or detection methods. Moreover, along this work, we also
considered prototype oriented criteria, like the technical complexity required for
its realization and the final cost.

Nozzle

CW diode laser 1 CW diode laser 2

Excitation 
source

Fluorescence
detection

Scattering 
detection 2

Scattering 
detection 1

Figure 1.1: Principle of the experiment.

After the detailed study of existing optical detectors and identification methods
of aerosols [40, 41, 42, 43, 44, 45, 46, 47], the approach of the group of prof.
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1. AEROSOL DETECTOR:

CONCEPT AND DESIGN

Richard K. Chang at Yale University was chosen as starting point of the develop-
ment. The basic scheme is shown in Figure 1.1. The main idea is to generate a thin
flow of air containing aerosols with concentration low enough to have statistically
only one particle at a time in the measurement volume. To do this, it is important
to design and construct an appropriate injection nozzle. The presence of an aerosol
at the outlet of the nozzle is detected by simultaneous light scattering of two in-
tersected continuous wavelength (CW) lasers of different wavelength. The same
scattered light is also used to evaluate particle size. When a coincidence of scat-
tering signals is detected, an excitation light source (laser or flash lamp) fires on
the particle. The fluorescence spectrum emitted upon excitation by the particle is a
characteristic signature of the aerosol molecular composition. Once the spectrum
is acquired and the size is measured, one can use these informations and compare
them to libraries [27] to identify the group at which this aerosol belongs.

The main stages of the experiment are the following:

• aerosol flow generation (injection nozzle);

• light scattering (CW lasers and scattering detection);

• fluorescence (excitation source and fluorescence detection).

However, linear fluorescence is generally not specific enough as it results from
a superposition of many spectra from different molecules [48]. Most of these
molecules are present in all living organisms and often in similar proportions. As a
consequence, size and fluorescence might not be sufficient to fully identify the par-
ticle, but they provide already more information in real-time than a simple optical
counter or sizer. Another advantage of our approach, is that all measurements are
done on the fly and within a single shot of the excitation source. This permits to
integrate the detector to some other experiments, like LIBS [49, 50], or to elaborate
more advanced techniques on the same basis.

The proposed method suffers, however, from two main drawbacks. The first,
technological, related to the need of a UV laser to excite the fluorescence (higher
cost as compared to optical counters and sizers). The second, more fundamental,
related to its yet insufficient discrimination power.

Concerning the first point, some alternative approaches were proposed [51, 43]
employing light emitting devices (LED) as a UV source. Nowadays these studies
have not demonstrated that LEDs can completely replace UV lasers. Moreover,
LEDs are still not available at wavelengths below 355 nm with sufficient pulse
energy. Some promising results were also obtained with dual-laser wavelength ex-
citation [31, 46, 44]. Although improving specificity, these methods remain rather
complicated and expensive.



1.1. INJECTION NOZZLE 29

To address these open issues, two different ways were explored during this PhD
work. The first was to find an alternative to the expensive UV excitation laser. This
would lead to a cost-effective detector prototype that would be interesting for the
aerosol detection industry. The second way was to explore the possibility of using
a femtosecond laser with very high peak intensity to induce multi-photon excited
(or non-linear) fluorescence (MPEF). This approach will benefit of simultaneous
addressing of two- and three-photon absorption bands, in order to increase the
specificity of the detection. Further gain in discrimination can be obtained via non-
linear and coherent spectroscopy. Our technical developments towards this goal
will be described in Section 4.3.

In the following, we provide an in-depth description of the different components
of our device.

1.1 Injection nozzle

1.1.1 Types of nozzles

The injection nozzle is one of the principal parts of the aerosol detector. It is
intended to create a thin laminar flow of air containing particles. Depending on the
final application and the requested flow thickness, different nozzle concepts could
be used. There are four mainly used geometries in aerosol science, inspired by
aerospace engine technology (Fig. 1.2):

a) cone geometry, single inlet;

b) bell geometry, single inlet;

c) spike geometry, single inlet;

d) sheath nozzle, two inlets.

The conical nozzle is the easiest to fabricate but it has poor outlet flow quality.
In the bell nozzle, the internal surface has an approximately parabolic shape. It is
more difficult to produce but has higher outlet flow quality. The spike geometry has
the thinnest outlet flow but the manufacturing process is usually very complicated
and this type of nozzle is very expensive. The sheath nozzle is a combination of
two bell geometries. It produces a thin and long laminar flow, it has better quality
than simple bell nozzle, and it is still less expensive than spike geometry [52].

1.1.2 Selected geometry: sheath nozzle

In our development, the design of nozzle was inspired by the geometry proposed
by Prof.R.K. Chang and his colleagues [53]. This design is a sheath nozzle man-
ufactured in two parts by electro-erosion. To avoid manufacturing difficulties, the
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AI

AI

MI

a) b)

c) d)

MI

MI MI

Figure 1.2: Basic nozzle geometries : a) conical; b) bell-shape; c)
spike; d) sheath flow. MI - main inlet; AI - auxiliary
inlet.

design was split in several mechanical components, each of them manufactured
in the mechanical workshop of University of Geneva by standard mechanical pro-
cesses. Different materials and surface treatments were tested:

a) polished aluminium;

b) polished brass;

c) brass coated with thin nickel layer.

The tests, which will be described in Section 2.1, revealed that the best combina-
tion was a nickeled brass nozzle because it is easy to machine like aluminium, but
less fragile, and has a very high surface quality (peak-to-valley surface roughness
Rz less than 0.1 µm). Individual parts were machined with a specially designed
tool (reproducing internal shape) and assembled with help of liquid nitrogen cool-
ing. The final assembly has the same geometry of Prof. Chang’s version but is
much less expensive in production (Fig. 1.3).
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Figure 1.3: Nozzle 3D CAD model.

1.2 Geometry of the measurement chamber

1.2.1 Definition

The measurement chamber is a hermetic volume in which all measurements on
a single aerosol particle are done. It has ports for air flow and nozzle connections,
and also several optical windows for scattering and fluorescence excitation and
detection. During this work, the geometry has evolved from in-plane to 3D element
disposition, in particular to avoid parasitic scattering on the detectors. The optimal
optical disposition retrieved during the testing phase is described below.

1.2.2 Main elements

The measurement chamber (Fig. 1.4) comprises of the following elements:

• nozzle port with alignment mechanism;

• outlet port for connecting a pump;

• four optical windows (two pairs of opposed windows) for two crossed CW
lasers;

• one optical window for fluorescence detection;

• two optical windows (one pair of opposed windows) for the excitation laser;

• one optional optical window to inspect the inside volume.

1.2.3 Nozzle port

To have the possibility to align the nozzle and manipulate the aerosol flux po-
sition, it was necessary to develop a custom hermetic mechanism built around a
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Nozzle port

Measurement 
point

Laser 1 port 1

Laser 1 port 2

Laser 2 port 1

Laser 2 port 2

Excitation laser 
port 1

Excitation laser 
port 2 Pump port

Fluorescence 
detection portObservation port

Figure 1.4: Principal scheme of the measurement chamber.

flexible vacuum bellow. After having tested different types, a bellow 170SFA050-
060 from Trinos Vacuum was chosen. Two custom made flanges were welded on
both ends of the hose. The hermetic junction were made with rubber O-rings.

The whole mechanism is driven by three adjustment screws. Each screw rotates
the moving block around the line passing through the two other screws. This mech-
anism, shown on Figure 1.5, is certainly not the most intuitive to use, but it has the
advantage to be simple, efficient and rugged.

Adjustment 
screws

Nozzle

Metal hose

Moving
part

Fixed
part

a) b)

Figure 1.5: Nozzle alignment mechanism: a) principal scheme;
b) 3D CAD model.

https://us.trinos.com/vacuum_s/index.html
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1.2.4 CW lasers

Two CW lasers of different wavelengths are used to induce optical scattering by
individual aerosol particles. Both lasers are intersected on the aerosol flow close to
the nozzle outlet. To reduce the detection volume and, at the same time, cover the
aerosol flow in the horizontal plane, the spot of each laser has an elliptical shape.

The CW lasers’ wavelengths were chosen as spectrally separated as possible in
order to provide an additional size information from the Mie scattering pattern 6.
The wavelengths should also be in the sensitivity region of the light detectors (in
this case photomultipliers) and not overlap with the spectral region of interest (flu-
orescence response of aerosols). According to these criteria, two commercial diode
laser modules were chosen at 658 nm and 780 nm (Laser Comp.). The character-
istics of these lasers are given in Table 1.1.

Table 1.1: CW lasers’ characteristics

Model Wavelength Output
power

Output beam

FP-66/20AAF-SD5 658 nm 20 mW circular collimated
FP-78/20AAF-SD5 780 nm 20 mW circular collimated

To better localize an aerosol particle with intersected lasers, the angle between
these lasers should be close or equal to 90◦ as it reduces geometrically the detection
zone.

1.2.5 Optical chamber configuration

The measurement chamber was organized to provide easy access and adjustment
mechanisms for all components, and to allow integrating new components for fur-
ther experiments. The scheme of the measurement chamber is shown on Figure
1.6.

The elements are positioned as following:

• two CW lasers are placed in the horizontal plane 1− 2 mm lower than the
nozzle outlet;

• the angle between the two lasers is about 100◦;

• both laser beams are blocked by beam dumps inside the chamber;

• each detector (detector 1, 2) is placed in front of the corresponding laser
and tilted in the vertical plane by around 20◦. Its field of view is therefore

http://www.lasercomponents.com
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Laser 1

Laser 2

Detector 2

Detector 1
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or laser

Detector 3
Top view

Side view Nozzle

Detector 1,2

Detector 3 
and 
objective not 
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Figure 1.6: Measurement chamber.

directed on the intersection of the CW lasers but tilted out from the laser
axis;

• the light source for fluorescence excitation is focused on the CW laser inter-
section and injected in the horizontal plane;

• fluorescence collection is done through the dedicated window.

1.3 Scattering detection

Light scattered from an individual particle is used to detect the presence of the
particle and to determine its size. It is based on the well known Mie theory that
gives a general solution for the whole range of aerosol sizes (see Annexe 6). In this
work, particular interest was focused on large spherical particles (typical diameter
5− 50 µm). The two CW lasers are employed to illuminate the aerosols. The
scattered light is captured by two independent detectors, each one having a narrow
band filter centred at the wavelength of the corresponding laser.

Each CW laser is focused by a couple of spherical-cylindrical lens on the stream
of aerosols. The geometry of the measurement is shown in Figure 1.7. The detector
is placed at 19◦ from the beam axis. This angle was selected for achieving the
best signal to noise ratio, i.e. the ratio between the light intensity scattered from
an aerosol and the background light scattered from the chamber. The noise mostly
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comes from the optical window of the measurement chamber, so being closer to the
beam axis means that a larger undesirable amount of light will reach the detector.
At the same time, the scattering efficiency decreases as the angle between detector
axis and the laser beam increases.

CW laser beam

Flow axis

Beam stop

Scattering 
detector

19 °

Figure 1.7: Detection geometry for one scattering wavelength.

The detector that was chosen for light collection was a photomultiplier H6780-
20 from Hamamatsu Photonics. The characteristics of this module are given in
Table 1.2.

Table 1.2: H6780-20 characteristics

Parameter Value

Spectral response 300− 900 nm
Gain 102 − 2 · 106

Output type current (max. 100 µA)
Cathode radiant sensitivity 80 mA/W
Detector effective area �8 mm
Response time 0.78 ns, load 50 Ω

This detector provides high sensitivity, large dynamic range, and fast response
that makes it ideal for scattering light measurements with suitable electronics. It
is able to capture the scattering light from aerosols with transition time through
the beam as short as 1 µs. Different gain settings make possible to detect particles
from 0.5 µm to 50 µm.

1.4 Excitation sources

In the following we described the two approaches followed during this work,
the former based on flash lamp excitation, the latter on a femtosecond laser. The
common experimental scheme is presented in Figure 1.8.

http://sales.hamamatsu.com/en/home.php
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Figure 1.8: Experiment sequence. * - Xe flash lamp or femtosecond
laser.

1.4.1 Flash lamp

The following section describes all the aspects connected to the ultraviolet lamp
for exciting aerosol fluorescence. This application requires a few microjoules in
the UV range (200− 300 nm) and does not need to be continuous emission [45].
Our estimate is based on the previous works from Chang’s group who studied the
fluorescence of a large variety of microscopic aerosols with a UV Nd:YAG laser.
Such a laser provides 10− 50 µJ at 266 nm and has narrow bandwidth that makes
it ideal for the spectroscopic studies of single aerosol particles. However, the cost
of YAG lasers remains high with respect to Xenon flash lamps. Clearly, cost-
effectiveness is not the limiting issue for lab-based experiments, but it becomes
such for development of a competitive commercial product. Other advantage of
flash lamps over UV lasers is their large emission band (180− 2000 nm). This
allows to address a larger absorption band, and to intensify and to diversify fluores-
cence response because higher number of types of fluorescent species will interact
with incoming photons.

Flash lamps are intense sources of incoherent light produced by electrical dis-
charge in a noble gas. Most often they are simply made of a hermetic tube with
gas and an electrode at both ends. A high voltage pulse between the electrodes
generates an electric arc. As current density inside the arc is extremely high (thou-
sands of A/cm2), the ionized electrons acquire a high amount of kinetic energy.
The recombination of these electrons produces a high amount of spectral line char-
acteristic for the chosen noble gas. The continuous background spectrum is due
to Blackbody radiation. This PhD work will be mainly dedicated to spectroscopic
study of biological particles, in particularly, pollens, which have an efficient ab-
sorption in the 200− 300 nm wavelength range [54].
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Another parameter to take into account is the peak power of the flash P = E
τ

defined by ratio of the energy in one flash E and the flash duration τ . The value of
peak power will becomes important for an experiment where the sample cannot be
irradiated for a long period. In the case of aerosol detection, a particle irradiated
on the fly crosses the spot of the lamp, absorbs UV photons and emits fluorescence
during its passage through the spot. To be able to collect the fluorescence coming
from the particle, this emission should be concentrated in a defined microscopic
region (defined by the objective field of view), and not spread by the particle tra-
jectory. Thus, an intense and short flash pulse should be preferred.

The last parameter to consider is the arc size. It becomes especially important
because the sample size is small and most of the flash lamp radiation should be
focused on it. Indeed, if the flash arc is long, it becomes difficult to collect its
light and focus it onto the sample. Most often a short focal lens is used to obtain
a small spot of the lamp. The degradation of the lamp spot due to the arc size
can be of course compensated by a higher flash power, so even if the sample has a
small size (microscopic particle for example), the light intensity will be sufficient to
excite a detectable fluorescence response. Unfortunately, for the on the fly aerosol
spectroscopy it means that the probability of irradiating more than one particle
increases with the lamp spot size. As a consequence, a compromise should be
found between the peak power and the spot size.

Two flash lamps were selected for this work : PAX-1002-2 and FX-4401 from
PerkinElmer Optoelectronics. The parameters are given in Tables 1.3 and 1.4 re-
spectively.

Table 1.3: Xe flash lamp: PAX-1002-2 characteristics

Parameter Value

Max. average input power 10 W
Pulse duration at max. power 1.5 µs at FWHM
Repetition rate at max. trigger voltage 133 Hz
Arc length 1.5 mm
Spectral range 190− 2000 + nm

Initially, a lamp PAX-10 series was chosen for the experiments. It has some
advantages compared to other commercially available Xenon lamps : the flash
arc is precisely aligned (±0.1 mm) respective to the fixing screw positions. As a
consequence, it can be even coupled into a optical fibre. It also has a small spot size
when focused thank to the short arc length. Together with its high power (10 watt)
and compact size, it makes this model a very attractive choice.

http://www.gmp.ch/htmlarea/pdf/perkinelmer/GMP_DTS_PAX10.pdf
http://www.datasheetcatalog.org/datasheet/perkinelmer/FX-4401.pdf
http://www.perkinelmer.com/
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Table 1.4: Xe flash lamp: FX-4401 characteristics

Parameter Value

Max. average input power 60 W
Pulse duration at max. power 1 µs at FWHM
Repetition rate at max. trigger voltage 240 Hz
Arc length 1.5 mm
Spectral range 190− 2000 + nm

When one works with a flash lamp, he faces two main problems: lamp light col-
lection and spectral filtering. A proper collection is needed to bring as much light as
possible on the sample. Spectral filtering is even more important for spectroscopy
experiments because the excitation spectrum should not overlap the fluorescence
spectrum to maintain a reasonable signal-to-noise ratio.

In the case of PAX-10 lamp, three filtering methods were evaluated using either:

• spectral filters;

• a transmission diffraction grating and conjugated slit;

• a combination of both methods together.

Numerical simulation and ray tracing were made to examine the collection effi-
ciency of each approach. Only standard commercial optical components were used
in these simulations. The result is shown in Figure 1.9. The ray tracing is done at
266 nm wavelength.

Each of the schemes presented can be split in three stages: light collection, fil-
ter based on a diffraction grating and spectral filter set. In general, parabolic or
elliptical reflectors have the largest collection efficiency (Eff = Θcol

Θtot ). Very often
a parabolic reflector is built into the lamp design by the manufacturers to collect
back light. The main problem of parabolic reflectors is that the arc length is finite,
so the output beam is not perfectly collimated. This will decrease the efficiency of
the filtering stages, especially of those based on diffraction grating. So the solution
in this case is to use an elliptical reflector together with a short second focus length.
To adapt the beam to the design, a defocusing lens was conjugated with the second
focus of the reflector. Built on standard optical components, this scheme gives 50%
of collection efficiency. Among other collection methods, aspherical lens and off-
axis mirror have the highest result (25%), while short focal length spherical lens
has 20 % of collection efficiency only.
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Figure 1.9: Different techniques of the flash lamp collection and
filtering with a diffraction grating: a) elliptical reflec-
tor scheme; b) aspherical lens scheme; c) spherical lens
scheme; d) off-axis parabolic mirrors scheme. Compo-
nents: FS - flash spot; EL - elliptical reflector; DL - di-
verging lens; SL1, SL2, SL3 - spherical lenses; DG -
diffraction grating; ST - slit; FL - filter set; AL - as-
pherical lens; OM1, OM2 - off-axis mirrors. Ray tracing
performed with Code V software

As described before, the Xe flash lamp FX-4401 has about six times higher input
electric power than PAX-10. It has also much higher pulse energy with the same
arc size. The disadvantages of this lamp in comparison to the PAX-10 are a more
complicated mechanical design, need of high power supply (more than 100 W),
and need of passive heat dissipation of the flash head.

By changing the flash source, the output power increased significantly, and the
diffraction grating filtering stage was no longer usable as the damage threshold of
the transmission grating was exceeded. The use of spectral filters directly on the
lamp output was neither possible for the same raison. To reduce the flash pulse
energy without loss in the spectral band of interest, we employed coated dielec-
tric mirrors initially designed for 266 nm (Nd:YAG laser). An optimal solution
appeared to be the mirror model Y4-1025-45 from CVI Melles Griot. This mirror
features a high reflection for 240− 290 nm unpolarized light at 45◦ incidence.

http://www.cvimellesgriot.com/Products/High-PowerNdYAG-Laser-Mirrors.aspx
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Figure 1.10: FX-4401 lamp filter schemes: a) separated excitation
and detection; b) conjugated excitation and detection;
L1 - focusing lens; F2.1, F2.2, F2.4, F2.6 - narrow band
mirrors Y4-1025-45; F2.3, F2.5 - filters FF01-300/SP-
25; L2 - focusing lens or objective; F2.6/F1.1 - dichroic
mirror FF310-Di01-25x36, F1.2 - detection filter set,
AP - aerosol particle

Figure 1.10 shows two different schemes of fluorescence excitation on an aerosol
particle. The scheme in a) represents a separated detection and excitation light
paths, which potentially will have the signal-to-noise ratio required for spectro-
scopic studies. The scheme in b) benefits of the fact that the same focusing lens or
objective (L2) can be used to send UV light on samples and collect fluorescent re-
sponse. It permits to have one more available window of the measurement chamber
compared to a), which might be useful for further couplings with other detection
techniques like LIBS [49, 50].

1.4.2 Femtosecond laser for multi-photon experiments

The experiment with a femtosecond laser (Annexe 8) aims at evaluating the dis-
crimination power of multi-photon excited fluorescence (MPEF) for single aerosol
detection. Given the non-linear dependence of the process under study with re-
spect to excitation intensity, this approach can only work with short (fs) lasers.
For a comparison, the relatively low excitation cross sections of endogenous fluo-
rophores for two- or three-photon absorption can be found in Refs. [55, 56]. They
range from σ2 ∼ 10−50 cm4s and σ3 ∼ 10−80 cm6s2, and are at least 35 orders of
magnitudes less probable than the corresponding one-photon transitions.

Among different types of femtosecond lasers (oscillators, cavity-dumped sys-
tems, amplified systems), one that corresponds well to the defined purpose is the
amplified laser chain. The shortcoming of a relatively low repetition rate (1 kHz)
is largely compensated by its high peak power (GW).



1.4. EXCITATION SOURCES 41

It is also important that sample absorption bands match the 2nd and 3rd har-
monic wavelengths of the laser fundamental frequency to obtain efficient MPEF
response. In general, femtosecond laser central wavelength depends on the active
medium material and on the cavity adjustment. The most common is a Titanium-
doped sapphire crystal (Ti:Sa). Its fluorescence emission is centred at 800 nm.
Three-photon excitation with such laser corresponds to a 266 nm one-photon (lin-
ear) fluorescence excitation. This wavelength is commonly used for aerosol spec-
troscopy [45, 57] and justifies well with choice of Ti:Sa based system.

Two-photon excitation corresponds to a 400 nm fluorescence excitation. This
wavelength is also interesting, as it falls into the absorption band of flavins [58]
contained in living cells. Their contribution to the fluorescence response of bioaerosol
particles might vary if excited with only 266 nm or 266 nm and 400 nm together.
It was indeed already demonstrated recently that a new degree of discrimination is
added when a same aerosol is excited once with 266 nm and once with 354 nm
[44].

To be able to use such amplified system delivering pulses on-demand, few major
obstacles must be overtaken. First, the pump laser of the regen cavity of the ampli-
fier is a high power frequency doubled Nd:YAG or Nd:YLF laser, which generally
can not run in on-demand trigger mode because of intra-cavity thermal stability. In
our work, it was an Evolution-30 from Coherent Corp. This laser delivers 30 W
of average power and can run at 50− 10000 Hz repetition rate. When using the
external triggering option, the user must provide a stable clock signal in this range
of frequencies to avoid activating the internal protection.

A problem related to the not uniform synchronization needed for our experiment,
is the thermal stability of the Ti:Sapphire amplifier cavity. Indeed, chirped pulse
amplifiers involve important amounts of power, and to avoid any heat related issue,
they are optimized for certain frequency ranges. In the on-demand trigger mode,
the amplifier cavity does not work efficiently because pumping is asynchronous.
As a consequence, the temperature stability of in-cavity components might be
compromised. Generally, laser manufacturers propose only on-demand activation
of the second Pockels cell (PC2) because it ensures constant cavity pumping, but
the laser cannot fire pulses arbitrarily, and no synchronization on external random
events is achievable.

A pragmatic solution for a proof-of-principal test was found in collaboration
with Coherent Corp. It consists in maintaining a fix mean repetition rate, but each
time that a particle is detected the repetition rate is reset, so the laser fires exactly
on the aerosol particle. However, caution should be taken that a minimum delay is
respected between the last pulse and the reset event. In the case of Evolution-30,
this time was fixed to 500 µs. Figure 1.11a illustrates how the system works in

http://www.coherent.com/downloads/Evolution_DS_0811RevC_1.pdf#page=2
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Figure 1.11: a) Timing diagram. Optical signals: S1, S2 - scatter-
ing light, S5 - pump laser, S8 - femtosecond laser (in
green); detector signals: S3 - trigger signal/coincidence
detected, S4 - gate for the Pockels 2 (in red); laser sys-
tem signals: S6, S7 - Pockels 1,2 triggers. b) Structure
scheme

triggered mode. Figure 1.11b shows the structure and additional components to
achieve on-demand shooting.

When the coincidence (AND gate) of two scattering signals (S1, S2) is detected,
the frequency generator enters into the reset condition. The generator then synchro-
nizes the pump laser and both Pockels cells. An additional AND gate connected to
the Pockels cell 2 blocks all laser shots that are not related to a detection event.

1.5 Spectrometer design

1.5.1 Introduction

The spectrometer block is the device stage defined for detecting spectrally re-
solved fluorescence of single aerosol particles. From previous works, two main
possibilities arise to achieve this goal [45, 59]: one is to use an intensified CCD
camera and the second is to use a photomultiplier module array. The first method
has the advantage of very high spectral resolution (less than 1 nm/pixel), but the
acquisition rate is relatively slow (in general less than 50 Hz). Moreover, inten-
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sified CCD cameras are expensive, which is also contradictory to the initial aims
of the project. The second method employs a 32-channel photomultiplier leading
to lower resolution but the data acquisition can be done in parallel from all pix-
els, and the frame rate is only limited by the ratio acquisition accuracy / sampling
rate. Given all these factors, it was decided to develop a customary designed spec-
trometer based on a multichannel (32) photomultiplier. More than this, existing
reading electronics for such photomultipliers do not respond to all criteria of the
project (being compact, easy coupling with the rest of control electronics). So the
acquisition module needed to be entirely developed as well.

1.5.2 Light collection

The starting point of the spectrometer design was the selection of a light collec-
tion element. Previous experiments [45, 60, 61] used reflective objectives, parabolic
and elliptical mirrors, and spherical and aspherical lenses for the fluorescence col-
lection. Among all these optical components, reflectors and mirrors have the largest
solid angle of collection. At the same time, using reflectors and mirrors can be re-
stricted by the available space around the measurement volume. In the case of this
work, the lay-out of components (CW lasers, scattering detectors) was such that
it was impossible to place a reflector or a mirror in the chamber. Lenses suffer in
general of chromatic aberrations, which can be in principle corrected in achromats
(doublets of lenses) but then the commercially available focal lengths are limited.
Moreover, it was already mentioned that the excitation light can be also injected
through the collecting element, so the spectral transmission of the collector must
cover both excitation and fluorescence spectrum. Same difficulty concerns conven-
tional objectives, without taking into account that UV objectives are much expen-
sive than other options listed here. From this point of view choosing a reflective
objective was well justified.

1.5.3 Basic scheme

Designing a spectrometer means in general selecting an appropriate spectrally
dispersive element and additional optics to achieve the needed resolution and fill
well the detector surface.

Figure 1.12 shows a basic scheme of our collection and spectrum measurement
system. As it can be seen from the design, a plane diffraction grating was chosen.
The number of grooves is selected to match best the bandwidth of interest. Previous
works [62] demonstrated that if exciting at 266 nm or close, the best detection
range is between 300 nm and 600 nm. All detected spectra would fit into this
range of wavelengths.

The focal length (75 mm) of the imaging lens (FL) was chosen to keep the whole
block compact. The selection of grating is imposed by active size of the multichan-
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Figure 1.12: Basic scheme. Fluorescence collection and spectrom-
eter : SF - source of fluorescence; CE - collecting el-
ement; FS - filter set; DE - diffracting element; FL -
focusing lens; MD - multichannel detector.

nel detector (MD). The detector chosen for the experiment was the H7260-03 from
Hamamatsu Corp, its main characteristics are shown in Table 1.5.

Table 1.5: H7260-03 characteristics

Parameter Value

Spectral response 185− 650 nm
Gain 102 − 2 · 106

Output type current (max. 100 µA)
Cathode radiant sensitivity 72 mA/W
Number of pixels 32
Pixel size L0.8 mm x H7 mm
Pixel pitch 1 mm
Response time 0.6 ns, load 50 Ω

The whole effective length of the detector is around 32 mm and it should be
filled out by the spectral range of interest (300− 600 nm). From a simple geomet-
rical calculation, it follows that the size of the image in the focal plane of the FL
is:

H = F · (tan(−βmin + βcen) + tan(βmax − βcen)) (1.1)

where H - image size, [mm];
F - focal distance, [mm];
βmin - output angle for the lowest wavelength, [◦];
βcen - output angle for the central wavelength, [◦];
βmax - output angle for the largest wavelength, [◦].

http://sales.hamamatsu.com/en/products/electron-tube-division/detectors/photomultiplier-modules/part-h7260-03.php
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If one evaluates this expression for typical groove densities (diffraction order
n = 1, incidence angle α = 15◦) with the grating formula sin(α)+sin(β) = nGλ
where G is the groove density, one obtains the results listed in Table 1.6.

Table 1.6: Image size in focal plane for different grating groove den-
sities

G αmin αcen αmax H

600 lines/mm -0.3◦ -5.5◦ -10.7◦ 13.6 mm
1200 lines/mm -10.7◦ -21.5◦ -33.1◦ 29.7 mm
1800 lines/mm -21.5◦ -39.5◦ -65◦ 60.2 mm

For the given focal length of 75 mm and spectral range 300− 600 nm, a diffrac-
tion grating with 1200 lines/mm accommodates best the image of 29.7 mm in the
focal plane.

1.6 Control electronics

1.6.1 Analogue front-end for scattering detection

The simulation of the radiant flux, described in Section 2.4, permitted to estimate
the output signal of the selected detector (Model H6780-20). The detector has a
current output proportional to the radiant flux received by the cathode [63]:

i = FSc(λ)G (1.2)

where F - radiant flux, W;
Sc(λ) - cathode radiant efficiency for a given wavelength, A/W;
G - detector gain, n.a.

Figure 1.13 illustrates how the output current of detector varies with particle size
and detector gain. The radiant flux will be estimated in sect. 2.4.

The final step in the scattering detection is now to measure the output current.
Generally, it is simpler to measure electric voltage than current. So a current-
to-voltage conversion was added to the circuit [64, 65]. Dump resistors, tran-
simpedance amplifiers and current integration or charge amplifiers are the most
common methods (Fig. 1.14).

The first method is the simplest one, it does not need active electrical parts, and
the signal transfer function is expressed by:

U(ω) =
I(ω)R

1 + jωCR
(1.3)
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Figure 1.14: a) dump resistor; b) transimpedance amplifier; c) cur-
rent integration (charge amplifier) : C - feedback ca-
pacitor; R - feedback/dump resistor; U - operational
amplifier.

where U(ω) - output voltage, [V];
I(ω) - input current, [A];
R - resistance value, [Ω];
C - total capacity seen by the signal, [A];
ω - real frequency, [Hz].

The total capacity is a sum of the detector’s output capacity, cable capacity and
measurement instrument capacity. It normally ranges in 10− 100 pF and signif-
icantly limits the bandwidth. For high R values (more than 1 MΩ), the response
time becomes much larger than the transition time for a single particle through the
laser beam. As consequence, the dump resistor conversion was unacceptable the
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light scattering measurement.

The second method uses an operational amplifier with non-inverted input fixed
on a virtual or true ground, and inverted input connected to the detectors output. A
negative feedback circuit contains one resistor for gain setting and one capacitor for
amplifier stabilization. The transfer function for DC current is simply : u = −i ·R
and the cut-off frequency is [66, 67]:

f−3dB =

√
GBW

2πCTRF
(1.4)

where GBW - gain-bandwidth product of the selected amplifier, Hz;
CT - total capacitance on the inverting input; includes output detector
capacitance, cable capacitance, amplifier input capacitance, F;
RF - feedback resistance, Ω.

One can notice that the cut-off frequency is proportional to the square route of
the total input capacitance, which differentiates it from the case of a simple dump
resistor. This technique of current-to-voltage conversion is commonly used for
high speed detectors and/or for very high gain applications. As its name indicates,
this circuit serves to convert a high impedance source to a low impedance source, or
in other words a weak current source to a strong one. This method is ideally suited
for the light scattering measurements thanks to this combination of high gain high
cut-off frequency.

The last method is a current integration amplifier or also called charge amplifier
[68]. It employs a feedback capacitor C to stock incoming electrical charge, which
is converted into voltage. In the time domain, this dependence can be expressed as:

u(t) =
1

C

∫ Tint

0
i(t)dt (1.5)

where Tint is the integration time, s.

In the frequency domain, its transfer function is:

U(ω) =
I(ω)

jωC
(cos(2πTintω) + 1) (1.6)

As it can be seen from this equation that the bandwidth is limited by the input
resistance and integration time. The first is generally not an issue thank to many
high speed operational amplifiers on the market. The second parameter Tint is
more important and determining the performance. Any integration amplifier con-
tains an additional circuit to reset the charging capacitor built on two switches: one
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connects and disconnects the input; the second one connects the capacitor to the
ground. The fast switching process is very noisy, and decreases the whole integra-
tor signal-to-noise value.

Finally, a simple example can be taken to see the differences in transfer functions
for the three described methods. Figure 1.15 shows their performances for 60 dB
gain with standard high speed operational amplifiers (OPA847 and IVC102).
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Figure 1.15: Example to obtain the same gain G = 60 dB
: a) R = 1 MΩ, Cin = 10 pF ; b) R = 1 MΩ,
Cin = 10 pF, C = 2 pF, GBW = 3.9 GHz with
OPA847; c) Cin = 10 pF, C = 10 pF, Tint = 10 µs
with IVC102.

After this detailed analysis of the current-to-voltage conversion techniques, it
was decided to use the transimpedance circuit. It connects the photomultiplier
detector to an analogue to digital converter (ADC) as shown in Figure 1.16. The
gain of the detector and conversion circuit must match the voltage range admitted
by the selected ADC. Table 1.7 summarises all electrical components discussed
before.

1.6.2 Analogue front-end for spectrum detection

It was already described in details how one can convert and acquire the signal
of a current output photomultiplier in the scattering detection section. The particu-
larity of fluorescence detection is that the duration of fluorescence signal is rather
short (few ns for the case of this work). So from the detection point of view, the sig-
nal is fast, and any limitation of bandwidth will decrease its amplitude. It follows
that methods with dump resistor and tranimpedance amplifier will not be fast and
sensitive enough. The integration amplifier has the huge advantage of collecting

http://www.ti.com/product/opa847
http://www.ti.com/product/ivc102
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Figure 1.16: a) Basic scheme of the electronic front-end: PMT -
photomultiplier; I-U - current to voltage conversion; BF
- buffer amplifier; ADC - analogue to digital converter;
R1,R2,R3 - gain setting resistors; U1, U2 - operational
amplifiers

Table 1.7: Electrical components of the scattering detection electron-
ics

Stage Main component Description

Transimpedance
amplifier

LMP7715 Low noise CMOS operational ampli-
fier; stage gain 105 V/A

Buffer amplifier ADA4899 Low noise high speed operational am-
plifier; stage gain 10 V/V

Analogue to digital
converter

AD7985 16-Bit, 2.5 MSPS PulSAR ADC; input
range 0− 4.096 V; resolution 125 µV

all incoming electric charge from the detector even if generated during a few ns.
Figure 1.17 shows the basic scheme that was employed for each of the 32 pixels of
the detector. The acquisition is done in parallel.

Integrating 
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24-bit 
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analogue 
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signal

Slow
analogue 
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Figure 1.17: Analogue front-end scheme for each pixel of the
H7260-03 detector.
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1.6.3 Control electronics: hardware

The system (Fig. 1.18) is built around three field programmable gate arrays
(FPGA) [69]: two Spartan-3AN with 256k logic gates (PL1) and one Spartan-3AN
with 780k logic gates (PL2) from Xilinx Corp. The whole electronics is physically
split in four separate cards. The fist one contains chip PL2 and communication
devices to a host computer (CHC) by USB and Ethernet interfaces. The second
one acquires the signal from detectors PM1 (TIA+AD1), generates a trigger signal
by use of a fast voltage comparator (VOC), adjusts the gain of PM1, and commu-
nicates with PL2. The third card contains the analogue front-end for PM2 with
integrating amplifiers (ITA) and precise analogue-to-digital converters (AD2). The
last card has a high voltage supply (HIV) controlling the gain of PM2.

PL1

14

3

2b

2a

PM1
658 nm

PM1
780 nm TIA

TIA

AD1

AD1

VOC

VOC
PL1

PM2
32ch

ITA
32ch

AD2
32ch

HIV

USB

NET
CHC

ELS

PL2

Figure 1.18: Control electronics structure: PM1 - H6780 detec-
tor; PM2 - H7260 detector; TIA - transimpedance
amplifier; ITA - integrating amplifier (32 channels);
AD1 - 16-bit single channel 2.5 MSPS analogue-to-
digital converter; AD2 - 24-bit 32 channel 128 kSPS
analogue-to-digital converter; PL1 - programmable
logic Spartan-3AN 256k; PL2 - programmable logic
Spartan-3AN 780k; HIV - high voltage source; EST -
excitation light source; CHC - control host computer.

1.6.4 Control electronics: software

The software level is represented by the internal structures of PL1 (Fig. 1.19)
and PL2 (Fig. 1.20). These structures were written and programmed on very high
density logic (VHDL) language [70] with ISE Design Suite from Xilinx Corp. It
can be represented as blocks with inputs/outputs built on basic logical elements to
execute a well defined function.

http://www.xilinx.com/support/documentation/spartan-3an_data_sheets.htm
http://www.xilinx.com/support/documentation/spartan-3an_data_sheets.htm
http://www.xilinx.com/support/download/index.htm
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The chip PL1 is programmed to detect and acquire short spikes above noise level
from PM1 detectors. Only signals that have a duration ≥ 1 µs are validated and
digitized. This condition was established from the fact that a single aerosol particle
would need at least this time to cross the CW lasers’ spots at FHWM. All shorter
pulses are eliminated. The trigger signal and acquired data vector are then sent to
the chip PL2.

From VOC

To VOC

To PM1

From AD1

To/from PL2

Trigger
validation

PM1 gain
control

AD1 
interface

VOC 
threshold Internal 

32-bit bus
Parallel 
8-bit bus

Figure 1.19: PL1 internal structure.

The programmable logic PL2 receives triggers and data from PL1a,b and verifies
coincidence condition. Once again, coincidences must last for more than 1 µs
to be accepted. After that, the time machine block is enabled. It synchronizes
gate signals of integrating amplifiers, excitation light source (Xenon flash lamp or
femtosecond laser), and sends the collected data to a host computer.

Coincidence
validation

PM2 gain
control

AD2 
interface

Time
machine Internal 

32-bit bus

Trigger 
generator

From PL1_2a

To HIV

From AD2

To ELS

From PL1_2b

To/from CHCUSB 
interface

To/from CHCEthernet 
interface

Figure 1.20: PL2 internal structure.

The designed system is capable of treating 1000 events per second but this num-
ber is reduced to 10 events per second due to the bandwidth of the used USB or
Ethernet interfaces. The transferred data include two traces of scattering light (64
points of 16-bit resolution) and on trace of spectrum (32 point of 24-bit resolution).
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1.7 Final design

a) b)

Nozzle

Chamber

Scattering detection PMT

Reflective objective

Detector Power supply

Figure 1.21: Final design: a) CAD drawing of the main parts,
b) Photograph of the aerosol detector.

Figure 1.21 shows a CAD drawing of the main components (a) and a photograph
of the realized detector (b). The device is compact, transportable and robust, it can
be controlled remotely via network and it works stand-alone.
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1.8 Aerosol generation

1.8.1 Introduction

The experiments described in the next chapters were done with single aerosol
particles on the fly. Thus, a stable generation system was needed to realize them
properly. To be able to test different sample particles (biological and non-biological)
and also different sizes (from 1 µm to 50 µm), it is necessary to have one or few
generation systems to cover all this variety. Many commercial systems are actually
available on the market, but unfortunately it is still difficult to find a generator for
large particles (more than 20 µm), practical and cost-effective. For these reasons,
it was decided to develop a simple generator for the large size range.

1.8.2 Sample microparticles

There were few types of particles used in the experiments described later in this
thesis:

• polyethylene microspheres doped with dyes;

• soda lime solid glass microspheres;

• silica microparticles doped with dyes;

• pollens.

The complete list of the commercial non-fluorescent microspheres is given in
table 1.8, fluorescent particles - 1.9 and pollens - 1.10.

Table 1.8: Non-fluorescent microspheres

Name Description Supplier Sup. ref.
number

Soda lime
solid glass
micro-
spheres

Mean size 4− 6 µm, re-
fraction index 1.51

Cospheric P2011SL

Soda lime
solid glass
micro-
spheres

Mean size 10− 12 µm,
refraction index 1.51

Cospheric P2015SL
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Table 1.9: Fluorescent microspheres

Name Description Supplier Sup. ref.
number

Polyethylene
fluorescent
micro-
spheres

Mean size 20− 27 µm,
fluorescence : 530 nm
(ext. 355 nm)

Cospheric UVPMS-
BG-1.025

Polyethylene
fluorescent
micro-
spheres

Mean size 27− 32 µm,
fluorescence : 530 nm
(ext. 355 nm)

Cospheric UVPMS-
BG-1.025

Polyethylene
fluorescent
micro-
spheres

Mean size 38− 45 µm,
fluorescence : 530 nm
(ext. 355 nm)

Cospheric UVPMS-
BG-1.025

Polyethylene
fluorescent
micro-
spheres

Mean size 53− 63 µm,
fluorescence : 530 nm
(ext. 355 nm)

Cospheric UVPMS-
BG-1.025

Fluoresbrite
carboxylate
micro-
spheres

Mean size 1.75 µm, flu-
orescence : 400 nm(ext.
355 nm)

Polysciences Cat. :
17686 - 5

Fluoresbrite
carboxylate
micro-
spheres

Mean size 6 µm, fluo-
rescence : 400 nm(ext.
355 nm)

Polysciences Cat. :
19102 - 2

Table 1.10: Pollens

Name Description Supplier Sup. ref.
number

Paper Mul-
berry pollen

Mean size 10− 12 µm Polysciences Cat. : 07670

Ragweed
pollen

Mean size 19− 20 µm Polysciences Cat. : 07673

Pecan pollen Mean size 45− 52 µm Polysciences Cat. : 07671
Corn pollen Mean size 85− 90 µm Polysciences Cat. : 07664
Sporopollenin Mean size 100 µm Polysciences Cat. : 16867
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As it can be seen, the size and the nature of the particles are rather different.
Moreover, some microspheres can only be conserved in liquid solution. As conse-
quence, it was impossible to use only one generation system:

• for small microspheres (diameter d ≤ 2 µm), we opted for an atomizer based
generation followed by a drying tube;

• for larger diameters (diameter d ≥ 2 µm), the generation was done from dry
powder by using a magnetic steering rod set-up.

1.8.3 Generation of small size aerosols (d ≤ 2 µm)

To generate small size aerosols, a commercial available system was used, the
Aerosol Generator 3076 from TSI Corp. Its main characteristics are shown in table
1.11.

Table 1.11: Characteristics of generator 3076

Parameter Value

Cut-off size 2 µm
Flow rate 3 L/min
Maximum particle concentration 107 particles/cm3

The generation system contains three main parts shown in Figure 1.22:

• air drying tube and filters (TSI Filtered Air Supply 3074);

• atomizer TSI Aerosol Generator 3076;

• drying tube for outlet (custom made).

The drying tube for outlet uses silica drying crystals (BASF cat.num. : 54097617)

1.8.4 Generation of large-size aerosols (d ≥ 2 µm)

This range of sizes includes some non-biological microspheres listed in Tables
1.8 and 1.9, and pollens (Table 1.10). Pollens could not be dissolved in water or in
other solution without significantly changing their size and some other important
properties (i.e. fluorescence).

http://www.tsi.com/Aerosol-Generator-3076/
http://www.tsi.com/ProductView.aspx?id=23073
http://www.tsi.com/Aerosol-Generator-3076/
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Air drying tube 
and filters

Drying crystals
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Drying tube

Figure 1.22: Small-size aerosol generator.
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Figure 1.23: Principal scheme of steering rode based generator.

The generator is based on a commercially available reservoir (Alphacool mod. :
15718) originally dedicated to stock cooling liquid in the water cooled systems for
microprocessors. It has three ports with standard G1/4" threads on one side and one
port on the other side. For the aerosol generation only two ports were used. Figure
1.23 shows a basic scheme of the designed generator and Figure 1.24 presents its
actual picture. It is comprised of:

• inlet tube;

• outlet tube;

• steering rode;

• magneto stage.

Sample particles in dry solution are placed on the bottom of the reservoir. Pure
air is injected by the inlet tube and outputs by the outlet tube. When steering bar

http://www.alphacool.com/index.php/cat/c22_Reservoirs.html
http://www.alphacool.com/index.php/cat/c22_Reservoirs.html
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rotates, it raises deposed particles that acquire initial velocity in the gas flow. De-
pending on the inlet tube length, rod rotation speed and particle size, the generation
process can be more or less efficient.

Reservoir

Magneto stage

Inlet tube

Outlet tube

Figure 1.24: Generation system for large-size aerosols.

Figure 1.25 shows the air flow inside the generator and the particle path tracing
simulated with Comsol Multiphysics. The particles (water droplets) have an initial
velocity of 1 m/s in the horizontal plane to simulate a steering bar. It demonstrates
that for this given geometry, the generation process is rather efficient for the particle
sizes up to 40 µm. In practice, the generator was able to produce aerosols with the
nominal sizes up to 50 µm.
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Figure 1.25: Simulation of the internal air flow and path tracing for
the water droplets.



Chapter 2

Simulation and component
characterizations

2.1 Injection nozzle simulations

To verify that the designed nozzle (see Sect. 1.1) has suitable specifications,
the inner air flow was simulated with Comsol Multiphysics, which is a complete
finite element solver software dedicated to various fields of physics including flow
dynamics. The simulation was done with the initial parameters given in Table 2.1.
Figure 2.1 shows the simulation geometry and the applied mesh.

Table 2.1: Initial parameters for the flow simulation : nozzle

Parameter Value Remarks

Simulation model Incompressible
Navier-Stocks model

Valid for low speed
gas flows and liquids

Type of simulation Stationary flow
Main inlet flow 0.5 l/min
Auxiliary inlet flow 0.5 l/min
Outlet relative pressure 0 Pa The outlet is under

normal atmospheric
pressure

Air density 1 kg/m3 Normal conditions
Air dynamic viscosity 1.8 · 10−5 Pa · s Normal conditions
Boundary conditions walls (zero velocity)
Used solver Direct UMFPack
Relative solver tolerance 1 · 10−6

Maximum number of iterations 25
Mesh elements 5652

59
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10 mm

Figure 2.1: Geometry and meshing.

Figure 2.2 represents the resulting air flow of the nozzle. It is given in form of
arrows, their length and directions are calculated as:

Ri = 2

√
V 2
xi + V 2

yi; θi = atan

(
Vyi
Vxi

)
; (2.1)

where Ri - arrow length, m/s;
θi - arrow direction angle, ◦;
Vxi, Vyi - X and Y components, m/s.

External part

Internal part

Region of interest 10 mm

Figure 2.2: Flow simulation of the nozzle outlet.

Another way to present the results is to calculate the amplitude of the velocity
field (Fig. 2.3) at each point (node of the mesh).

Ai = 2

√
V 2
xi + V 2

yi; (2.2)

where Ai - amplitude at given node i, m/s;
Vxi, Vyi - X and Y components, m/s.
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Figure 2.3: Nozzle velocity field.

Given the velocity field, it is possible to calculate single particle path-lines that
will illustrate the behaviour of randomly injected particles in the air stream. There
are two basic models for this:

• massless particles;

• particles with mass.

The first approach (Fig. 2.4) can be used for the small particles (less than
10 µm). The particles in this case have negligible inertia, thus they follow the
stream lines of the flux. To obtain path tracing, Comsol Multiphysics relies on
solution of the following equation:

d−→x
dt

=
−→
V ; (2.3)

where x - coordinate vector, m;
V - velocity vector, m/s.

The second approach takes into account the mass of individual particles. It is
general and can be used for all sizes and masses of particles. Sect. 1.2.4 explains
the physical basis of this method. The path-lines are calculated by solving the fol-
lowing differential equation based on the Richardson-Kahn force expression [71]:

d−→x
dt

mp =
π

4
d2ρ

∣∣∣−→Vi −−→Vip∣∣∣2 · (1.84R−0.31
ep + 0.293R0.06

ep

)3.45
; (2.4)

where d - particle diameter, m;
Vi - flow velocity, m/s;
Vip - particle velocity, m/s;
Rep - particle Reynolds number, unitless.
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Figure 2.4: Particle path tracing, massless model.

The particle Reynolds number is calculated as following:

Rep =

(∣∣∣−→Vi −−→Vip∣∣∣2 dρ) /η (2.5)

where η is their dynamic viscosity.

Comsol Multiphysics can calculate the path-lines using two input parameters:
particle mass mp and particle radius rp. Simulations (Fig. 2.5) were performed for
four typical sizes : 10 µm, 20 µm, 30 µm, 40 µm using for the mass that of a water
droplet of equivalent size. The calculations demonstrated that, for the size range
used, the particle path line transversal distribution is very low (less than 0.5 mm) at
the outlet of the nozzle. According to simulations, the designed nozzle is therefore
well suited for the aerosol experiments.

2.2 Injection nozzle test

To confirm the simulations and validate the design, a test was made on water
droplets. A standard home vapour generator was used to produce droplets within
a size range 1− 100 µm. For this measurement, a CCD camera 0.8 MP PL-B953
from Pixelink with a 10x, long working distance lens were employed to monitor
the flow at the output of the nozzle. To visualize the stream of water droplets, a CW
diode laser focused in the vertical plane was employed. The laser beam formed a
thin light sheet crossed by the flow. The light scattering intensity is proportional to
the density of droplets in the beam. As a consequence, only the part of the beam
crossed by a high number of particles is visible for the camera.

The calibration of the measurement was done with a 0.5 mm metal wire placed
into the laser beam through the nozzle. By counting the number of pixels of its

http://www.pixelink.com/products/PL-B953-details.aspx
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Figure 2.5: Particle path tracing, particle with mass model.

image, the ratio between object and image size was calculated. The precision of
the method which is limited by the resolution of the camera and quality of the
imaging optics, was estimated to be better than 100 µm. The size of the vapour
stream was determined by Gaussian fitting the image slices at different heights.
Figure 2.6a reports photographs of the stream, and Figure 2.6b shows the retrieved
stream size. This test ensured us of the very good performance of the designed
nozzle for generating a thin laminar flow right after the outlet.

2.3 CW lasers

The beam profile of each laser (Fig. 2.7) was measured with an optical arrange-
ment made of a couple of spherical and cylindrical lenses. The results are shown in
Figure 2.8. For these measurements a beam profiler LBP-3-USB-A from Newport
was employed. The detector was placed at the position corresponding to the flow
of particles. The experimental beam profile is optimal for the aerosol experiments
as it is thin in vertical plane (important for coincidence detection) and enlarged in
horizontal plane (not sensitive to different trajectories of the particles).

2.4 Scattering simulations

With the detection geometry, we estimated the radiant flux in the solid angle of
the detector, scattered from different size particles. To do this, a numerical sim-
ulation based on the Mie scattering theory was done in Matlab. Annexe 6 details

http://search.newport.com/?q=*&x2=sku&q2=LBP-3-USB-A
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Figure 2.6: Nozzle test on water droplets. a) Photograph of the dif-
ferent slices of the droplet stream. The background is
subtracted. b) Spot size dependence on distance from
the outlet.
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Figure 2.7: CW laser focusing : La - CW laser; Ls - spherical lens;
Lc - cylindrical lens; Wi - optical window. Laser beam
tracing made in Code V, vertical dimensions / horizontal
dimensions 10 : 1.

the physical basis of the theory. The functions library developed by Dr. Chris-
tian Mätzler from Bern University, freely available on the Web, was used for this

http://arrc.ou.edu/~rockee/NRA_2007_website/Mie-scattering-Matlab.pdf
http://arrc.ou.edu/~rockee/NRA_2007_website/Mie-scattering-Matlab.pdf
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a) c)

b) d)1 mm

Figure 2.8: CW laser spots : a) 658 nm laser spot with the spherical
lens only; b) 658 nm laser spot with the spherical and
cylindrical lenses; c) 780 nm laser spot with the spheri-
cal lens only; b) 780 nm nm laser spot with the spherical
and cylindrical lenses.

simulation.

The starting point is the definition of the radiant flux received by the detector:

dF = Isca(dΩ)R2dΩ (2.6)

where Isca(dΩ) - scattering intensity, W/m2;
dΩ - element of the solid angle seen by the detector, sr;
R - distance between the source (aerosol in the laser beam) and the detector, m.
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Figure 2.9: Detector field of view.

The solid angle of the detector’s field of view (Fig. 2.9) is defined as follows:

Ω =

∫ φu

φl

∫ Θu

Θl

sin(Θ) dΘ dφ (2.7)

where Θl and Θu - integration limits defined from Θc ± atan
(
D
2R

)
=

19± 2.9◦ with D = 8 mm detector diameter and R = 80 mm
detector-particle distance , ◦;
Θc - central angle, ◦;
φl and φu - integration limits, ±atan

(
D
2R

)
= ±2.9◦.
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The integration of the eq. 2.7 gives :

Ω = 0.1π · (cos(Θl)− cos(Θu)) (2.8)

At the same time, the scattering intensity Isca can be written in terms of incident
intensity Iinc :

Isca(Θi) = Iinc
(|S1(Θi)|2 + |S2(Θi)|2)

2R2 · k2
(2.9)

where S1(Θi) and S2(Θi) - scattering amplitudes, n.a.;
k - wave number equal 2π

λ , 1/m.

We integrated this expression numerically for Θ ∈ [Θl; Θu]. The initial param-
eters for the simulation are given in Table 2.2.

Table 2.2: Scattering simulations: initial parameters

Parameter Value

Laser wavelengths λ 658 nm, 780 nm
Distance to the detector R 0.1 m
Detector effective area �8 · 10−3 m
Incident laser power, P 1 mW
Laser beam size at the focus, L x W 3 · 10−5 m x 1 · 10−3 m
Refraction index of the particles, m 1.5 + i · 0
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Figure 2.10: Simulation of the scattering power into the solid angle
of view of the detector for 658 nm laser (red line) and
for 780 nm laser (blue line).
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Using these values, one can calculate the scattering amplitudes S1, S2, and esti-
mate the radiant flux corresponding to both wavelengths. The results of the simu-
lation are shown in Figure 2.10. It illustrates that for the large particles (more than
5 µm) the dependence on the particle size is almost quadratic. To cover a large
range of particle sizes, one needs a detection system that has a dynamical range
proportional to the second power of the particle size. However, this problem can
successfully solved by adjusting the gain settings of the employed detectors, PMTs
for the case of this PhD work.

2.5 Flash lamp characterisation

2.5.1 PAX-10

The filter based on a diffraction grating was built on a transmission grating with
groove density 300 lines/mm (see Sect. 1.4.1). The collimated lamp beam passes
through the grating and gets diffracted according to:

sin(α) + sin(β) = nGλ (2.10)

where α - incident angle, [◦];
β - output angle, [◦];
n - order of diffraction, [N/A];
G - groove density, [lines/m];
λ - wavelength, [m].

Figure 2.11a shows in details the filtering mechanism based on diffraction grat-
ing. The incoming collimated light from the lamp crosses the grating and diffracts.
The zeroth (black tracing), first and second orders are illustrated. After the diffrac-
tion grating, the beam is collected by a spherical lens of 50 mm of focal length. A
1 mm wide slit is installed in the focal plane of the lens in a way that only wave-
lengths comprised between 250− 300 nm pass through. The zeroth and second
orders of diffraction are stopped by the slit. Figure 2.11b represents the whole
light path. It demonstrate an efficient spectral filtering and does not affect sensibly
the beam collimation.

The last stage consists of one or more high performance hard coated multilayer
short-pass filters. They are useful to remove residual spectral noise. To build this
stage, two filters FF01-300/SP-25 from Semrock Inc. were employed. The results
of the spectral filtering with and without diffraction grating are given in Figure
2.12. Using of the diffraction grating permits to have sharp cut-off on the longer
wavelength side. The attenuation in this case is also better than using the filter
set only. The measurements were done with a fibre spectrometer (USB4000 from
Ocean Optics).

http://www.semrock.com/FilterDetails.aspx?id=FF01-300/SP-25
http://www.oceanoptics.com/Products/usb4000.asp
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Figure 2.11: Filtering with a diffraction grating: DG - diffraction
grating; SL - spherical lens; ST - blocking slit.
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Figure 2.12: Result of application of different filtering techniques:
reference spectrum (green line); double filter FF01-
300/SP-25 (blue line); double filter FF01-300/SP-25
plus diffraction grating filtering (blue line).

At the end, the design with a spherical lens collection and filtering with diffrac-
tion grating were chosen. It also included two FF01 filters. The transmission of
different stages in terms of energy loss was then measured and results are given in
Table 2.3. It reports measured values of optical energy at the different stages of
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the filtering. These measurements were done at 40 Hz repetition rate with portable
power meter 407A-2 from Newport Corp. and pyroelectric joulemeter (J3S-10
from Coherent Corp).

Table 2.3: Power throughput for the filter assembly with PAX-10
lamp

Pulse energy Measurement conditions

3 mJ PAX-10 output
9 µJ with two FF01 filters

100 nJ with two FF01 filters and diffraction grating

This output energy is not sufficient to excite a detectable fluorescence from a
single particle [59], so another filtering design and UV light source had to be con-
sidered.

2.5.2 FX-4401

The filtering of this Xe lamp was done by combining a narrow bandwidth 266 nm
YAG mirrors with FF01 filters. This approach was chosen because this lamp ver-
sion delivers such a high output power that damage threshold of the transmission
diffraction grating was achieved. The resulting spectra for the FX-4401 flash lamp
are shown in Figure 2.13. A sharp cut-off could be obtained with YAG mirrors and
filters, as in the case of diffraction grating filtering with PAX-10 lamp.
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Figure 2.13: Measurement chamber.

http://search.newport.com/?q=*&x2=sku&q2=407A-2
http://www.coherent.com/Downloads/J4-05Datsheet.pdf
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The output power measurement for the spectral band 250− 300 nm, which is
presented in Table 2.4, confirmed the efficiency of the filtering schemes based
on the narrow band laser mirrors. The measurements were done at 40 Hz repe-
tition rate with portable power meter 407A-2 from Newport Corp. and pyroelectric
joulemeter J3S-10 from Coherent Corp.

Table 2.4: Power throughput for the filter assembly with FX-4401
lamp

Pulse energy Measurement conditions

50 mJ FX-4401 output
15 µJ with four Y4-1025-45 mirrors and two FF01-300SP-

25 filters

2.6 Femtosecond laser output stability

An external, on-demand, triggered mode is necessary for using standard CPA
designs (see Annexe 8). As a consequence, a test measurement was necessary
to determine output power stability and to estimate the maximum excitation yield
that can be expected in the experiment. The measurement was done with a stan-
dard unbiased photodiode placed into the attenuated output beam. The attenuation
is selected to have high signal-to-noise ratio and avoid diode saturation. Figure
2.14 shows the results for a 1 kHz average pulse repetition rate. In the external
triggered mode, the output fluctuations are very significant. Only one pulse out
of five would have 80% or more of maximum output energy, which is even more
dramatic because multiphoton fluorescence will depend on the second or the third
power of the laser intensity. The pump laser needs at least 500 µs after each shot
to be ready to shoot again (see Annexe 1.4.2). On the other side, to maintain a
mean repetition rate of 1 kHz, the pump will in all cases shoot again after 1 ms.
Taking into account the reduced duty cycle, one can expect 1/10 yield or less for
multi-photon fluorescence excitation.

To increase the duty cycle and the yield, a test was made at 500 Hz mean rep-
etition rate. But, as Figure 2.15 shows, the output intensity decreases and most
of the outgoing pulses have weak peak power. The real reason of such behaviour
has not been discovered even after discussions with experts at Coherent Inc. So
keeping repetition rate close to the nominal value of the laser was preferred for the
experiments.

http://search.newport.com/?q=*&x2=sku&q2=407A-2
http://www.coherent.com/Downloads/J4-05Datsheet.pdf
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Figure 2.14: Stability measurements on the femtosecond laser out-
put, mean frequency 1 kHz: a) 100 shots in continu-
ous mode; b) Intensity distribution in continuous mode;
c) 100 shots in external triggered mode; d) Intensity dis-
tribution in external triggered mode.

2.7 Spectrometer simulations

2.7.1 Influence of the focusing lens on spectral resolution

The characteristics of the focusing lens can easily degrade the spectrometer res-
olution, as demonstrated in Figure 2.16a. Indeed, if one employs a plano-convex
lens in such design, the aberrations due to the focal plane curvature are strongly
expressed on the edges of the image. It is a common problem for short focus
spherical lenses. Moreover, chromatic aberration will also contribute to the image
quality degradation. Figure 2.16b shows how the simulated wavelengths fill the
detector pixels.

One way to minimize these aberrations without using any custom-made com-
ponents like aspherical lenses, is to replace the plano-convex lens by a bi-convex
lens with the same focal length. The result is presented in Figure 2.17a. The im-
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Figure 2.15: Stability measurements on the femtosecond laser out-
put, mean frequency 500 Hz: a) 100 shots in continu-
ous mode; b) Intensity distribution in continuous mode;
c) 100 shots in external triggered mode; d) Intensity dis-
tribution in external triggered mode.

age quality is significantly improved on the edges but still the extreme wavelengths
cover at least two pixels, decreasing the spectral resolution.

2.7.2 Spectral filtering

An additional design was needed to eliminate the residual spectral noise in the
300− 600 nm detection band and also to eliminate excitation wavelengths shorter
than 300 nm as they can generate fluorescence in the optical components. More-
over, scattering of the exciting UV light can saturate the detector or degrade the
signal-to-noise ratio. So a set of filters should by added directly at the output of
the objective. It was also mentioned in previous sections that the flash lamp light
can enter the measurement chamber from the side or by the fluorescence collecting
element. As consequence, a dichroic mirror should be installed in the light path to
separate UV light and fluorescence. After tests on different commercially available
filters and mirrors, a dichroic FF310-Di01 and filter FF01-300LP from Semrock

http://www.semrock.com/FilterDetails.aspx?id=FF310-Di01-25x36
http://www.semrock.com/FilterDetails.aspx?id=FF01-300/LP-25
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Figure 2.16: Spectrometer design with a plano-convex lens : a) ray
tracing for different wavelengths; b) spectrum disper-
sion in the detector’s plane. Simulated with Code V
software.
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17.86 mm 9.58 mm

Figure 2.17: Spectrometer design with a bi-convex lens : a) ray trac-
ing for different wavelengths; b) spectrum dispersion in
the detector’s plane. Simulated with Code V software.

Corp. were chosen. The respective transmission curves and radiant sensitivity of
the detector H7260-03 are shown in Figure 2.18.

The combination of the mentioned components permits to achieve a very high
attenuation in the 200− 300 nm range (> 60 dB or OD6). The low sensitivity of
the detector for wavelengths larger than 650 nm and the spatial separation of the
wavelengths by diffraction eliminate any need to filter light coming from the two
CW lasers (at 658 nm and at 780 nm).
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Figure 2.18: a) Transmission curves for dichroic mirror FF310-Di01
(blue), filter FF01-300LP (green). Radiant sensitivity
of H7260-03 (red). b) Product of filter transmission and
radiant sensitivity.



Chapter 3

Results and discussion

3.1 Scattering detection of non-fluorescent particles

3.1.1 Introduction

Optical counters and optical sizers are very common types of aerosol detectors
[72, 73]. The approach is based on Mie theory and employs the property of light
scattering by objects with size comparable to the wavelength of incident light. Scat-
tering pattern analysis allows measuring size, shape and complex refractive index
of aerosol particles [74, 75, 15, 76]. Since many decades, this technique was often
coupled with other measurements on aerosols. The most related to this work is a
simultaneous fluorescence and elastic scattering detection [77, 57, 17].

The experiment presented in this section was dedicated to evaluate the capability
of the system described in Chapter 1 of detecting single particles and estimating
their size. Moreover, an additional measurement of the time of flight through the
CW laser beams was performed thank to a rapid acquisition sampling of the scat-
tering signals. The signal duration obtained from it can provide a direct access to
the particle velocity in the flow. On the other hand, even if the exact value of the
velocity can not be obtained, this measurement can be used as an additional degree
of discrimination of aerosol particles.

The experiment was done on the solid lime microspheres P2011SL (mean size
6 µm), P2015SL, (mean size 10 µm), and polystyrene UVPMS-BG-1.025 (mean
size 23 µm and 30 µm) described in Section 1.8. Only scattering light measure-
ments were performed in this experiment as not all microspheres were doped with
a fluorescent dye. This preliminary test has also played an important role because
it permitted qualifying the dynamic range and sensitivity of the scattering detection
unit.

75
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3.1.2 Experimental procedure and event statistics

During this experiment four types of aerosol were generated by the large particle
size generator (see Sect. 1.8). To exclude pollution from other particles in the
chamber, the system was purged with clean air for at least 10 min at every sample
change.

Only detection events with simultaneous scattering detection of both lasers were
retained for data analysis. The yield of these validated events was calculated as:

Esc =
Ncnd

N658 +N780
100%; (3.1)

where N658, N780 - total number of detection events on the 658 nm and
780 nm channels;
Ncnd - number of coincidences.

The yield varied from 10 to 50 %, depending on the size of the particles. It was
observed that for larger size particles, the yield was higher.

In these measurements, the gains of both scattering detection PMTs were ad-
justed so that any particle from a given sample crossing the CW laser spot does
not saturate the corresponding PMT. The signals from both PMTs are sampled at
2.5 MSPS (Megasample per second) rate and a detection event is validated if the
PMT output signal exceeds a threshold level for more than 0.5 µs. This level is
adjusted in real-time by the electronics we developed and calculated from 65000
test points measured each second. These points provide a very accurate value of
the background. The threshold for an event detection was established at 105-110 %
of the mean background voltage level. In practice, if the mean voltage over 65000
acquired points is 100 mV, then the threshold is set at 105− 110 mV.

The raw data for 658 nm are reported in Figure 3.1. The raw data from the
780 nm detection channel were essentially the same. The event statistics of this
measurement is given in Table 3.1.

Table 3.1: Scattering detection of polystyrene microspheres

Parameter 6 µm 10 µm 23 µm 30 µm

Total number of events 243 257 56 108
Number of retained
events

185 207 46 70
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Figure 3.1: Raw data, scattering signals from 658 nm CW laser:
a) 6 µm polystyrene spheres; b) 10 µm polystyrene
spheres; c) 23 µm polystyrene spheres; d) 30 µm
polystyrene spheres.

3.1.3 Data analysis

As one can see from Figure 3.1, the scattering signal varies significantly even
within a single sample type. This variability, due to the horizontal flow distribution
and inhomogeneous light intensity in the laser spot, strongly complicates the size
estimation based on the scattering intensity. To overcome this limitation we first
calculated the mean value of peak scattering for both wavelengths over the ensem-
ble of particles from the same type. Then we also evaluated the centres of mass
as the distributions of intensity appeared to be non-symmetrical with respect to the
mean value of the peak intensity distribution. Figures 3.2 shows the mean scatter-
ing signal curves (a) and (b), and the centres of mass for 658 nm (c) and 780 nm
(d), respectively. The distribution overlap between the different types of samples
is clearly observed, but the centres of mass and the mean values are not identical.

The data can also be represented as histograms, which show the number of
events falling into the integration interval of the radiant flux ∆F = Fmax−Fmin

50 .
The interval size was chosen to provide the best data representation. Figure 3.3
gives histogram of scattering signals at 658 nm (a) and at 780 nm (b).
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Figure 3.2: a) Mean scattering signals from 658 nm CW laser;
c) centres of mass for 658 nm; b) mean scattering signals
from 780 nm CW laser; d) centres of mass for 780 nm.
Error bars reports interval with 50% of events within it.
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Figure 3.3: Histograms of the radiant flux: a) scattering signal at
658 nm channel; b) scattering signal at 780 nm channel.

The time of flight through the laser beam was also evaluated. The plots (Fig.
3.2a,b) were normalized by their respective maxima. The result, presented in Fig-
ure 3.4, demonstrates that no significant difference exists in the signal duration
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Figure 3.4: Normalized radiant flux: a) scattering signals from
658 nm CW laser; b) scattering signals from 780 nm
CW laser.

among the different sample types. Moreover, the signal duration appeared to be
very short (rise time 0.6− 1.2 µs and falling time 2− 2.5 µs) as compared to the
expected value (around 30− 40 µs) with a know beam sizes (measured 28 µm
and 41 µm at 658 nm and 780 nm, respectively) and the predicted particle veloc-
ity (around 1 m/s, see Sect. 2.1). The signal shape was also highly asymmetrical.
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Figure 3.5: Simulation of the particle passage through the laser
beam. Particle diameter 10 µm, beam diameter 10 µm,
particle velocity 1 m/s: a) double refraction angle as
function of time, b) Mie scattering profile, c) particle
passage through the beam.

To explain this effect, a closer look is needed at the scattering process [78]. All
sample particles were much larger than the wavelengths of the CW lasers. In this
case, the scattering is mostly governed by the geometrical refraction and reflection
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(see Annexe 6). Figure 3.5c illustrates an example of particle passage (diameter
10 µm) through a laser beam (diameter 10 µm) at 1 m/s. When a particle enters
the beam, a fraction of the laser light is refracted by the air-particle interface and
after by the particle-air interface. Mie theory predicts that light scattering intensity
will have an angular distribution (Fig. 3.5b) around the incidence axis defined by
the double refraction angle (Fig. 3.5a).

This effect results in that the scattering detector captures only a very short pulse
corresponding to the moment when the double refraction angle is equal to the an-
gle between the detector’s axis and the laser axis. The non-linearity of the double
refraction angle as a function of time explains the asymmetry of the detected sig-
nals. Moreover, the scattering cone will narrow down with particle size increas-
ing according to Mie theory. This will lead to shorter rising and falling edges of
the scattering signal and this can be observed especially for the 780 nm detection
channel (Fig. 3.4b).

According to this explanation, to evaluate the particle velocity one should not
use the longitudinal beam size but a much smaller value corresponding to a part of
the beam where the refraction axis points to the detector’s field of view. Figure 3.4
indicates also that the size of this active scattering zone is not the same for both CW
laser beam as the pulse duration differs strongly among all particles. At this stage,
the particle velocity can only be estimated from Figure 3.5a and by expanding this
simulation to the measured beam sizes.

Figure 3.5a indicates that the time of flight seen by the detector should be around
1.3 µs for a 10 µm laser beam and at 1 m/s particle velocity. This implies that
the 658 nm detection channel should capture 3.7 µs pulse duration if the particle
velocity is around 1 m/s. The 780 nm detection channel has a larger beam and the
expected time of flight would be 5.3 µs. Comparing with the experimental results
(Fig. 3.4) indicates that, if this approximate explanation holds, the particle velocity
should be around 1 m/s, which fits well the simulated values (see Sect. 2.1).

3.1.4 Discussion

The experiment described in this section demonstrated the capability of the de-
vice to detect aerosols by coincidence between two scattering signals. A detailed
analysis of these signals shows that for each particle type with its given characteris-
tic size, a distribution of signal amplitudes is obtained. Unfortunately, large signal
fluctuations are observed within the ensemble of particle of the same type. There
is a dual origin of these fluctuations:

• the distribution of particle sizes;

• the distribution of laser spot intensity or, which is equivalent, particle posi-
tion in the spot.
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Both of these aspects contribute to the observed fluctuations in the signals. From
this point of view, the proposed measurement method is not well suited for extract-
ing information from a single particle event. Each aerosol particle crosses the CW
laser intersection in an arbitrary point and scatters an amount of light power pro-
portional to the local incident power. So, even if all particles had exactly the same
size, the detected signals would have large distributions. However, one can par-
tially overcome this limitation by calculating the mean value or the centre of mass,
which were almost identical for each type of particles.

On the other hand, the intensity in the laser beam profiles is not homogeneous
as they are spatially shaped by the doublet of the spherical and cylindrical lenses
and an iris. Section 1.3 presented the experimental beam profiles and the reasons
for spatial shaping.

Despite all these factors, the evaluation of the mean scattering signal and the
centres of mass for the same particle type provides access to the particle size on
a statistical point of view. These values are proportional to the second power of
particle size as expected from Mie theory and calculated in Section 1.3.

One might think at two possible solutions to enable single aerosol particle size
measurement:

• enlarge CW laser beams to obtain close-to-constant intensity profiles;

• partially increase the measurement accuracy by calibrating it with a large
variety of monodispersed microparticles.

From the technical point of view, the first solution appears to be the simplest,
but enlarging the laser beams will strongly increase the number of detected false
events (for the spectroscopy measurement that follows) because the coincidence
rate originated from several particles will increase. On the other hand, the number
of flashes per second (see Sect. 1.4.1) and the field of view of the fluorescence col-
lecting objective (see Sect. 1.5) are limited. Having higher number of coincidence
events even from single particles that are outside of the spectrometer’s field of view
will decrease the total detection yield and the system performance.

The second solution with monodisperse microspheres will only partially solve
the problem and the particle flow distribution will still be an issue. So calibration
does not seem a viable solution as well.

Finally, the results in Figure 3.4 demonstrated that the time of flight could pro-
vide some new information on the scattering process in our experiment. The ex-
planation (Fig. 3.5) of a very short signal duration at both scattering detection
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channels was found by evaluating the scattering in details. It appeared that as our
detectors had a relatively small field of view, they were sensitive to the scatter-
ing pattern rotation during the passage through the beam. This effect is generally
ignored in optical counters and sizers because they mainly use large solid angle
parabolic reflectors.

Governed by the double refraction, the direction of scattering emission changes
during the particle passage and the detectors capture only a short peak when this
direction coincides with the detectors. The non-linear behaviour of the double
refraction angle (Fig. 3.5a) create the asymmetric responses on the detectors (Fig.
3.4). The detected signal durations indicate that the active scattering zone seen by
the detectors is much smaller than the CW laser beams. Moreover, the particle
velocity could be estimated from these results and based on the double refraction
simulation (Fig. 3.5a). The retrieved value around 1 m/s, agrees well the simulated
velocity (see Sect. 2.1).

Further developments based on this hypothesis implies that the detected signal
duration is affected by the particle size and shape. This is direct consequence of
Mie scattering theory on non spherical particles [79]. The angular distribution of
scattering intensity is modified by the size and the shape, thus, it changes the signal
duration. It was indeed observed in this experiment on the perfectly spherical par-
ticles that the signal duration varies with the particle size (Fig. 3.4). Given a higher
temporal resolution, one can imagine obtaining even more precise estimation on
the particle size and shape, and extracting a new degree of discrimination from it.

3.2 Spectrally resolved detection of single pollens with a
Xenon flash lamp

3.2.1 Introduction

The experiment described in this section was designed to demonstrate that the
excitation with a flash lamp and the detection of spectrally resolved fluorescence
coupled with scattering signals allow discriminating between different species of
pollens (Morus, Ambrosia, Carya pecan). These three pollens were chosen because
they had been already studied by a few research groups [80, 81, 61] and their
fluorescence spectra were measured, yielding a reference to validate our data. Our
approach with the flash lamp is of high interest especially for potential practical
applications of the device. It also illustrates the potential and sensitivity of the
method based on a cost-effective flash lamp excitation, used here for the spectrally
resolved fluorescence of single aerosols.

We demonstrate that this approach allows higher discrimination of the pollen
samples than spectrally non-resolved methods [19, 42, 81]. It also permits to have
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a compact and transportable aerosol detector perfectly suited for in-field spectro-
scopic experiments, which can be an important issue for atmospheric and allergy
studies. In this respect, it is important to point out that the pollen samples are
mostly commercially available in a dried and cleaned form that can affect their
morphology and their allergicity compared to their natural wet form. The devel-
oped detector will let investigate the spectroscopic properties of the natural sample.

3.2.2 Spectroscopy of fluorophores

Pollen grains are complex biological particles containing a large variety of fluo-
rophores [82], including:

• flavins;

• nicotinamide adenine dinucleotide (NADH);

• aromatic amino-acids (Tyrosine, Tryptophan).
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Figure 3.6: Example of the fluorophore emission and absorption
spectra in bioaerosols: riboflavin, NADH, tryptophan.
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Figure 3.6 shows the typical absorption and emission spectra of these three fluo-
rophore groups. Their absorption spectra overlap in the UV region 200− 300 nm,
but differ for longer wavelengths. The emission spectra are well separated. In the
case of Xe flash lamp- or UV laser-excitation at 266 nm, all of them will con-
tribute to the total emitted fluorescence signal. For the femtosecond IR laser ex-
citation, their contribution will vary as a function of the multi-photon absorption
cross-sections (2 photon, and 3 photon mainly) and the laser intensity.

3.2.3 Experimental procedure

The purchased pollens were in dry form (see Sect. 1.8). They were put in sus-
pension by the large particle generator (see Sect. 1.8). Between each sample type,
the whole system was purged with clean dry air to avoid any contamination. For
each detection event, which is initiated by coincidence of both scattering detection
channels, the device triggers the Xenon lamp and sends the following data to the
host computer:

• 64 intensity data points of scattering trace at 658 nm;

• 64 intensity data points of scattering trace at 780 nm;

• 32 intensity data points of fluorescence spectrum in the 295− 570 nm range;

• PMTs gain values and system time (with ms resolution).

An example of received data is given in Figure 3.7, which shows the output
acquired for several sequential events.
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Figure 3.7: Example of raw data arrival a) 658 nm scattering chan-
nel; b) fluorescence spectra; c) 780 nm scattering chan-
nel.

Table 3.2 represents the event statistics of these measurements. A detection event
is validated if it has both scattering traces non-saturated and fluorescence spectrum
which is significantly above noise level. Valid spectra were selected by searching
local maxima in a given spectral range. This range was defined from measurements
with high signal levels and applied to the rest of the datasets.
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Table 3.2: Pollen detection statistics

Parameter Mocus Ambrosia Carya pecan

Total number of events 383 216 71
Number of retained events 237 294 30

3.2.4 Data analysis of scattered light measurements
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Figure 3.8: a) Mean scattering signals from 658 nm CW laser;
c) centres of mass for 658 nm; b) mean scattering signals
from 780 nm CW laser; d) centres of mass for 780 nm.
Error bars reports interval with 50% of events within it.

Like for the experiment with non-fluorescent particles, the amplitudes of scat-
tering signals vary significantly and no direct size estimation can be performed
without an additional statistical analysis. At the same time, the fluorescence re-
sponse appears to be slightly different in the peak position and significantly higher
in amplitude for Morus pollen. The data analysis starts with the evaluation of mean
peak intensities and centres of mass of scattering signals. Figure 3.8a,b show the
mean scattering signals for the three tested pollen grains at two laser wavelengths.
Figure 3.8c, and (d) report the distribution centres of mass; the errorbars show the
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intervals with 50% of evens within it.
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Figure 3.9: Normalized radiant flux: a) scattering signals from
658 nm CW laser; b) scattering signals from 780 nm
CW laser

.

The signal duration was also evaluated to verify if any additional degree of dis-
crimination can be extracted. Each scattering signal was normalized by its maxima
and three curves of mean values were obtained (Fig. 3.9). The curves in panel
(a) plots the show normalized scattering signal at 658 nm and those in panel (b) at
780 nm.

A similar behaviour as in the miscrospheres experiment (see Sect. 3.1) was
observed. The signal duration was shorter than that one would expect from the
CW laser beam longitudinal dimension. The scattering signals appeared to be very
similar among the sample pollens. A small difference in the duration and shape
was however observed, especially for the Carya pecan.

3.2.5 Comparison of scattering signals with non-fluorescent particles

We treated the scattering data obtained for pollens with the same statistical anal-
ysis applied to the non-fluorescent particles (see Sect. 3.1). First at all, we evalu-
ated the signal distribution to verify if it presents the same tendency of increasing
with particle size (Fig. 3.10a,b). These graphs indicate that, in general, the scatter-
ing distribution follows the mean sample size, however, for the 658 nm scattering
channel, the signal for non-fluorescent microspheres appears to be weaker in gen-
eral.

Another parameter to compare is signal duration. A remarkable difference was
observed between the pollen samples and the microspheres: the pulse duration was
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Figure 3.10: a) centres of masses as function of different samples
at 658 nm; b) centres of masses as function of differ-
ent samples at 780 nm. Error bars reports interval with
50% of events within it.
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shorter in the case of all microsphere samples as compared to the pollens. Accord-
ing to the explanation from Section 3.1, the signal duration is mostly defined by
the variation of the double refraction angle while particles cross the laser beam.
However, the particle surface quality and its shape affect the angular distribution
of the scattering intensity, leading to a longer pulse duration and more symmetrical
shape [83, 84, 76].

We did not perform any flow dynamics simulations on non-spherical particles,
but from Section 2.1 it comes out that all spherical particle of comparable (to pol-
lens) sizes have almost the same velocity at the nozzle outlet. If we now suppose
that it is also the case for the pollen samples, the difference in pulse duration is
entirely due to the different scattering patterns.
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3.2.6 Data analysis for fluorescence detection

The first step in analysing spectral data is to experimentally determine the back-
ground noise level and subtract it from the acquired spectra. Unlike scattering, the
background noise is mainly due to the insufficient filtering of the excitation lamp.
It was determined before measuring each sample and computed as the mean signal
over ten background spectra. The background-corrected version of fluorescence
spectra of the three pollens are given in Figure 3.12.
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Figure 3.12: Corrected fluorescence spectra for three pollen species:
a) Morus; b) Ambrosia; c) Carya pecan

To determine the peak wavelength of the three ensembles of spectra associated to
the different pollens, it is necessary to normalize their mean value. Figure 3.13 rep-
resents the best fits for the three species with the following analytical expression:

S(λ) = aλe−
(λ+b)2

2c2 where a, b, c are free parameters. Such analytical expression
was chosen empirically because it accounts for the asymmetric tail of the curves
at longer wavelengths yielding smaller standard quadratic deviation σ than simple
Gaussian.

It can be seen that the peak wavelength (solid vertical lines) varies from pollen
type to pollen type, and this opens, in principle, the way of discriminating among
these samples by comparing their fluorescence responses. The spectral shift of
about 6− 7 nm between Carya Pecan and Ambrosia is not significant since it is
less than spectral resolution. The Morus sample yielded a fluorescence maximum
40− 45 nm away from the two other samples. Thus, a simple comparison between
fluorescence spectra permits a reliable discrimination of one of the samples with
respect to the others. Further statistical analysis is needed to distinguish between
Carya Pecan and Ambrosia pollen grains.
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Figure 3.13: Fluorescence spectra for three pollen species:
a) Morus; b) Ambrosia; c) Carya pecan. The fitting

expression is S(λ) = aλe−
(λ+b)2

2c2 .

3.2.7 Principal component analysis

Principal component analysis (PCA) is a powerful mathematical tool gener-
ally employed to reduce the number of degrees of freedom in datasets [85]. This
method treats each initial degree of freedom (in the case of this experiment each
pixel of the 32-channel PMT) as an independent variable and defines a rectangu-
lar matrix containing these variables as colons and their different values as rows.
Each dataset is normalized, so any proportional change from one dataset to another
is disregarded. The input matrix is then used to calculate cross-correlation coeffi-
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cients among all its elements resulting in a cross-correlation (or covariance) matrix.
This matrix projects the whole dataset into a new space formed by its eigenvectors
(also called principal components). The eigenvalues corresponding to these vectors
reflect the relative importance of each dimension on the data covariance.

Figure 3.14 represents raw data projections on the first and second principal
components obtained from the fluorescence spectra of the three pollens. It demon-
strates that all data points are subdivided in groups and a clear difference can be
made between Morus and the other two pollens. It is also interesting to notice
that the second principal component does not bring any additional information
(discrimination degree) as compared to the first principal component. As a con-
sequence, only the first component is considered for the further analysis.
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Figure 3.14: Spectral data representation in 2D space of the first two
principal components.

If now one combines the first principal component and the scattering signal
peak intensities, higher discrimination between different types of pollens can be
achieved. This result is reported in Figure 3.15. A good separation between Morus
and the other pollens is again observed.

More than that, an additional independent variable can be included into PCA.
This new degree of freedom is the ratio between the scattering intensity maxima
and the total photon counts in the mean fluorescence spectrum of a given sample.
The result of this analysis is given in Figure 3.16. It is remarkable now that the
distributions for all three samples are well separated. Only a few events overlap
the distribution of other samples.
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Figure 3.15: Data representation in 2D space of the first princi-
pal component versus scattering intensity: a) 658 nm;
a) 780 nm.
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Figure 3.16: Data plus fluorescence on scattering ratio representa-
tion in 2D space of the first principal component versus
scattering intensity: a) 658 nm; a) 780 nm.

Based on these statistics and supposing that the distributions over both axis are
Gaussian, one can calculate the respective probabilities of detection for each pollen
sample. It permits now to predict the pollen species for any detected particle with
a known probability. The contour plot in Figure 3.17 indicates the regions corre-
sponding to 66%, 95% and 99% of probability that a detected event lies within a
given ensemble. If a particle is detected outside the three distributions, it will not
belong to any of them with >99% probability.

3.2.8 Discussion

A detailed analysis of the scattering traces showed that their amplitudes had
a large dynamical distribution and that it was impossible to estimate the particle
size from a single detection event, as it was also the case in the experiment on
non-fluorescent aerosols. However, it was also shown that with many accumu-
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Figure 3.17: 2D probability distribution for three pollen species:
blue - Morus; red - Ambrosia; green - Carya pecan.
The circles contour zones with 66%, 95% and 99% of
probability (1σ, 2σ, 3σ).

lated measurements, one is able to calculate a mean value of peak scattered radiant
power, and these values were significantly different for each pollen species. In-
deed, the scattering signals follow well the nominal particle size. In addition to
this, direct comparison with results for the non-fluorescent particles demonstrated
that the general tendency was respected and that bigger aerosols have higher scat-
tering signal.

This especially can be seen from Figure 3.10 reporting the mean peak intensities
and centres of masses for pollens and microspheres. Arranged by increasing size
order, scattering signals augment also but in a non-linear way. This fact is in per-
fect agreement with Mie theory, which predicts a quadratic dependence for large
microscopic particles. It is also confirmed by the scattering simulations in Section
2.4.

Another important aspect observed in the scattering measurements was related
to the signal duration, which appeared to be slightly different among the different
pollen species (Fig. 3.9) indicating that, according to Section 3.1, the particle size
and shape contributes to the observed signal duration. It was also interesting to
notice that, when compared to microspheres (Fig. 3.11), the pollen samples had a
longer signal duration regardless the particle size.

This fact was explained by the difference in shape and surface quality between
microspheres and pollens samples. Next chapter will present multi-photon mi-
croscopy images of the pollen samples in which the shape and surface roughness
can be directly observed (Fig. 3.18). The time resolved acquisition of the scat-
tering signals appears to be a potential addition degree of particle identification.
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However, we only demonstrated here a qualitative difference and did not use this
parameter for further particle discrimination.

The analysis of spectral data revealed that all pollen samples had a significant
fluorescence response when exposed to UV light. The resolved fluorescence spec-
tra of single pollens excited by the Xe flash lamp were detected on the fly and
in real-time. This represents an important technical advancement in view of an
eventual device commercialization.

The first look on the fluorescence spectra raw data (Fig.3.12) reveals that Morus
has different peak wavelength emission than the other two species. Morus pollen
has also the smallest size among the tested species but it showed the highest emis-
sion intensity. This property can be investigated in the future on single trapped
pollens or by means of fluorescence microscopy, but even without knowing the
exact source of this difference in fluorescence emission, it can be used as an addi-
tional degree of discrimination.

The statistical analysis of the detected spectra showed that for each ensemble of
samples, they all are centred on slightly different wavelengths. In particular, this
shift is clearly seen in Figure 3.13, which also shows the best fitting curves. Once
again, Morus pollen showed higher difference in the central wavelength than Am-
brosia and Carya pecan. This can be a direct consequence of different fluorophore
molecules concentrations because each of them contributes with its particular fluo-
rescence signature to the whole signal. It should be underlined here that measuring
the fluorescence signal resolved over 32 channels permitted to see this small differ-
ences in central wavelength, which will not be the case for commercially available
devices or research set-ups [42, 18, 86] that employ one or two channels to detect
the fluorescence.

To increase the discrimination power of the detector, PCA was applied. Figure
3.14 showed the data for the three pollen species projected into the 2D space of
the first and second principal components. It is evident that once again Morus data
formed a well identifiable group separated from the other samples, which are over-
lapped completely. The PCA method allows to reduce the number of degrees of
freedom, in this case number of pixel in the spectrometer, without loosing precious
information on fluorescence spectra. It also permits the definition of a new space
based on eigenvector of the covariance matrix, and every new detected event can
then be projected into this space and give the probability of belonging to a specific
pollen species. In this sense, PCA appears to be a powerful statistical tool for the
future experiments on a larger number of species where the overlaps will probably
be more significant among all the samples.
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Coupling the PCA analysis with the scattering maxima (Fig. 3.15) decreases
the overlap between the Ambrosia and Carya pecan data distribution. However,
on the graphs corresponding to the two scattering wavelengths, there are still some
outliers. Adding to the PCA analysis an additional degree of freedom by taking
into account the emitted fluorescence divided by the scattering maxima, allows
to further increase the separation among the distributions. This procedure was
reported in Figure 3.16. It is important to notice that zones of 66% probability
(Fig. 3.17) are not overlapped so relatively high accuracy was achieved in this
experiment.

This experiment confirms that given the scattering intensities and spectrally re-
solved fluorescence, treated by the PCA analysis, allows satisfactory discrimina-
tion among the three selected pollen species [87]. The exposed method demon-
strated that a cost-effective and reliable excitation source like a Xe flash can be
employed instead of a UV pulsed laser. As a consequence, the developed system
shows the advantages of the other spectrally resolved detectors [61, 45] and it is
transportable and ready for in-field measurements like the other lamp based detec-
tors [18, 19].

3.3 Individual aerosol discrimination by multi-photon ex-
cited fluorescence

3.3.1 Introduction

The previous experiment on pollens has shown that species can be discriminated
one from another by simultaneous detection of scattered light and linear fluores-
cence signals. Despite the fact that the results were rather successful, it is evident
that some new techniques with higher discrimination power are needed. The exper-
iment described [32] in this section is intended to investigate whether non-linear
multi-photon excited fluorescence (MPEF) can bring new means for identification.
Moreover, recent developments in ultra-short laser science employing non-linear
interactions [34, 88] with molecular dynamics permit the discrimination between
structurally and spectroscopically quasi-identical biomolecules. On the other hand,
simple pump-probe approach appears to be very efficient in identification biologi-
cal and non-biological aerosols [89]. Some other methods like coherent anti-Stokes
Raman scattering (CARS) have also demonstrated to be very powerful and make
use of non-linear interaction with light [90]. These successful demonstrations sup-
ported the idea to coupling the developed aerosol detector with an amplified fem-
tosecond laser system. The synchronization and stability aspect were already de-
scribed (see Sect. 2.6) and showed that the yield of such experiment for the moment
is limited due to major laser intensity fluctuations.
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3.3.2 Microscopy study of samples

The pollen grains were first imaged by two-photon microscopy (Nikon A1R-
MP) using a femtosecond laser as excitation at 700 nm. The laser peak intensity in
the focus is of the order of 1012 W/cm2. The excited multi-photon fluorescence
was detected in backward direction and resolved in four spectral bands.

In Figure 3.18, each image is composed of four colors (blue, green, orange,
red) representing four detection channels: UV (390 nm , FWHM 12 nm); Blue
(485 nm, FWHM 20 nm); Green (531 nm, FWHM 40 nm), and Red (600 nm,
FWHM 70 nm). Three-dimensional images are re-constructed from z-stack im-
ages taken with 1 µm step. They clearly demonstrate the presence of a two-photon
fluorescence response from all the samples. However, these pictures can not pro-
vide any information on a potential contribution of the three-photon excitation, be-
cause the detection channels are all centred on wavelengths longer than the second
harmonic of the excitation laser. Thus, all detected fluorescence can be attributed
exclusively to two-photon excitation.

20 um

b)a) c)

Figure 3.18: Multi-photon microscopy images: a) Morus, b) Am-
brosia, c) Carya pecan The color intensities were ad-
justed quantitative comparison.

To verify if three-photon absorption from amino-acids contributes also to the
fluorescence signal, some additional changes were made on the detection channels.
The laser wavelength was set at 800 nm. The UV detection filter was replaced by
one centred at 360 nm, FWHM 12 nm. All detection channels were adjusted to
have the same gain and sensitivity. Finally, a sample of reference microspheres
FB345 was imaged as they fluoresce at 345 nm. The results of this experiment are
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reported in Figure 3.19. The insets show the superposition of all detection channels
while the main images present the UV channel only. It can be clearly seen that
the FB345 microspheres have important emission in the UV region and that they
are excited by three-photon. At the same time, only the Ambrosia pollen exhibits
very weak but detectable emission in this region. It can thus be concluded at this
stage that this pollen will probably have a fluorescence spectrum shifted towards
shorter wavelengths as compared to the other pollens if excited with similar laser
intensities. The contribution of three-photon absorption will certainly increase with
the laser peak power as this process is proportional to the third power of laser
intensity.

According to the short overview of the fluorephore molecules contained in the
pollens (see Sect. 3.2), the results of these measurements indicate that the Ambrosia
pollen has a slightly higher contribution of the amino-acids to the fluorescence
signal than the other sample pollens. This can be direct a consequence of the
different relative concentration of these molecules as compared to the NADH and
flavins.

a) b)

c) d)

50 um

Figure 3.19: Microscopy images, UV channel versus all superposed
channels: a) FB345 microspheres, b) Morus, c) Am-
brosia, d) Carya pecan.

3.3.3 Experimental

The experiment consisted in sampling air containing the aerosol samples, scat-
tering detection and excitation and collection of the non-linear fluorescence. Four
types of particles were used: three pollens (Morus, Ambrosia and Carya Pecan)
and the reference particles FluoresceBright FB345 from Polysciences Inc. They
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were used in aggregated form as the size of a single microsphere (1 µm) was out
of our detection range. To generate the aggregates, the microspheres were solved
in ethanol and then dried on metal surface. The aerosols were afterwards generated
by the large particle generator (see Sect. 1.8). For the reasons of low yield due to
the femtosecond laser stability in the external triggering mode (see Sect. 2.6), the
scattering detection PMTs were set on very high gain to have as maximum coinci-
dence events as possible. A direct consequence of this is that most of the scattering
traces were saturated and could not be used for the data analysis. So the experiment
was particularly focused on fluorescence detection and its behaviour when excited
by two- or three- infra-red photons. In this work, the chirped pulse amplified sys-
tem delivered single pulses of 60− 100 fs duration and 1 mJ energy (see Annexe
8). In the focal spot, the laser beam peak intensity reached 1013 W/cm2.

3.3.4 Results

Figure 3.20 shows the multi-photon excited fluorescence spectra of different pol-
lens and FB345 (red) together with the fluorescence background level (blue). The
dashed lines indicate the 95% confidence interval (±2σ).
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Figure 3.20: Single-shot MPEF spectra of individual aerosol par-
ticles. a) Simulants of bacteria aggregates (FB345);
b) Ambrosia pollen; c) Carya Pecan Pollen; and
d) Morus pollen. The dashed lines represent the 96%
confidence interval (±2σ) calculated from a series of
individual detection events.
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Table 3.3 reports on the total number of detected events among which only less
than 10% gave significant spectral signals and were retained for analysis. The
wavelength corresponding to the emission peak is also reported, determined from
the position pixel that detected maximum intensity. Thus, this estimation is accu-
rate within ±8 nm. The photon count was obtained from the mean value at peak
emission wavelength, and its standard deviation resulted from the same statistics.

Table 3.3: Detection statistics

Sample Scattering
events

Emission
peak, nm

Photon count
for peak
wavelength

Standard
deviation

FB345 1248 350 543 75
Morus 1285 490 1052 110
Ambrosia 712 445 503 35
Carya Pecan 400 490 572 61

The vertical axis of Figure 3.20 is given in photon counts, which is estimated
from the measured electric charges on each channel of the 32 PMT array. These
values are not corrected by the optical response of filters, grating, optical windows
and objective, and also differences in optical response from pixel to pixel.

3.3.5 Discussion

The measured data clearly demonstrated the detection capability of MPEF for
pollen samples and FB345 particles. Comparing with the previously presented Mi-
croscopy images illustrates similar tendency in the spectra behaviour. While FB345
exhibits only 3PEF as its fluorescence spectra is almost completely in shorter wave-
lengths than 400 nm, the pollens demonstrate a superposition of 2PEF and 3PEF
because the spectra slightly cross 400 nm. It becomes evident that photons in the
range of 350− 400 nm mostly resulted from 3PEF. These photons were observed
for all three samples, however, like in case of Microscopy images, the Ambrosia
spectrum is more shifted in the UV region. The two other pollens exhibit a broad
maximum around 480 nm, similar to the characteristic emission of NADH [91].

Direct comparison with recent works on dual-wavelength excitation [31, 44] are
in agreement with the obtained results. It was indeed observed in that experiments
that when excited at 354 nm pollen spectra are red-shifted (especially Ambrosia)
with respect to 266 nm excitation. It appears thus that our spectra are a composite
of the spectra observed with dual excitation schemes, i.e. a combination of 2PEF
and 3PEF in pollens.
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A significant improvement of our set-up in terms of sensitivity would be the
excitation of the particles through the same objective as for the fluorescence col-
lection, like in epi-microscopy. MPEF from individual aerosol particles is indeed
strongly enhanced in the backward direction [92, 93] (up to a factor 10 for 3PEF).
The important anti-Stokes shift between the 790 nm excitation and MPEF would
allow efficient rejection at the dichroic beamsplitter.

The presented work provided unique occasion to make 1PEF and MPEF exper-
iments on the same device and with the same detection conditions. Figure 3.21
represents the superposition of the linear and non-linear fluorescence spectra for
each pollen sample. It was observed that each sample exhibits a red-shift in its
MPEF spectrum when excited at 800 nm.

It can be understood from the excitation mechanism and the absorption curves
of bio-fluorophores presented in Section 3.2. Flavins have an important absorp-
tion around 400 nm while NADH and amino-acids have their absorption bands at
shorter wavelengths. At the same time, 2PEF absorption cross sections are much
higher than 3PEF [91]. So, the flavins contribute significantly to the fluorescence
signal for low laser intensities, and as the intensity increases, NADH and amino-
acids will shift the fluorescence spectra to shorter wavelengths as 3PEF implies a
third-power dependent on the intensity.

Another interesting fact is that, according to the best fitting curves, the shift
between 1PEF and MPEF spectra was not equal from one species to another. It was
observed that this shift increases with decreasing of the particle size. Of course,
given only three pollen species, it is difficult to draw conclusions. However, a
supposition can be made that the red-shift between MPEF and 1PEF increases
because of the light absorption inside the pollen grains. But it is also possible that
there is an important difference in the fluorophore distribution inside the pollens
that makes the red-shift changing.

Finally, Ambrosia and Carya Pecan pollens had almost identical 1PEF spectra
and only applying of PCA post-treatment allowed discrimination between them. In
the case of MPEF, these species are clearly separated in spectra as their emissions
are not centred on the same wavelengths. If one performs sequentially 1PEF and
MPEF measurement on the same pollen grain on the fly, it can be expected that a
complete discrimination by fluorescence can be achieved.

Linear and non-linear spectroscopy on single aerosol particles presented in this
part of the manuscript, demonstrated some limitations in the discrimination power.
MPEF and 1PEF cannot be reliable criteria of particle identification without being
complemented by the scattering measurement, which could not provide (in our
case) an accurate estimation of the individual particle size. More sophisticated
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Figure 3.21: Superpostion of 1PEF and MPEF spectra: a) Morus;
b) Ambrosia; c) Carya Pecan.

and complex methods, like pump-probe [89] and Optimal Dynamic Discrimination
(ODD) [33, 34, 35], should be involved to increase the discrimination power of
the UV spectroscopy, but this needs optical devices capable of manipulating the
spectral phase and amplitude of ultrashort UV pulses. That is why we performed a
development of such a device described in the next part of the manuscript.
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4.1 Introduction

During the last decade, numerous applications of coherent control on molecules
have been reported, either based on close-loop [94] or open-loop [28] schemes.
One of the long-term ambitions is to efficiently control the dynamics of biologically
relevant molecules via phase-sensitive schemes. Some first promising results have
already appeared [28, 95, 96, 33, 97].

The core optical technology to apply coherent control scheme is temporal shap-
ing of femtosecond pulses [98, 99]. So far, one of the principal limitation of this
approach has been the fact that most of the absorption bands of biomolecules lie in
the UV, a spectral region hardly accessible by transmissive devices, like liquid crys-
tals shapers. Some alternative techniques have arisen: as indirect shaping [100],
or based on the recent technological advances in transmissive spatial modulators
[101, 102, 103, 104]. Shaping devices can be classified in following subgroups
[99]:

• fixed phase and amplitude masks;

• liquid crystal light modulators [104];

• movable and deformable mirrors [103, 38, 105, 106];

• holographic masks [107];

• acousto-optic and electro-optic devices [98, 108].

The following chapter describes a new technology based micro-mechanical elec-
tric systems (MEMS) developed in collaboration with École Polytechnique Fédérale
de Lausanne (EPFL) dedicated to the temporal pulse shaping. This reflective ap-
proach permits to overcome limitations of bandwidth, generally associated to the
transmissive devices. The first essays of MEMS devices for the pulse shaping in
the IR, VIS, UV and XUV region will be reported.

4.2 Micro-mirror electrical systems

4.2.1 1D micro-mirror array for light shaping

A 1D micro-mirror array dedicated to pulse shaping was especially developed
in collaboration EPFL/STI/IMT-NE/SAMLAB [38]. This device is an electrostatic
device (Fig. 4.22) composed of an array of independent mirrors. This PhD work
will describe experiments that were performed with two different geometries:

• 160 µm wide x 1 mm long, 3 µm gaps tilt-piston mirrors, 1D array of 100
mirrors;
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• 120 µm wide x 1 mm long, 3 µm gaps piston-only mirrors, 1D array of 100
mirrors.

Each mirror in the array (Fig. 4.22) is composed by the:

a) X-shape springs (only for tilt-piston mirrors);

b) triangular height adapter;

c) tilt actuator (only for tilt-piston mirrors);

d) piston actuator;

e) micro-mirror;

f) main bar.

The extreme points of X-shaped springs are fixed to the chip substrate. When a
voltage is applied to the tilt or/and piston actuators, an electrostatic force appears
and moves or/and tilts the mirror. This force is balanced by the torque force of
the springs, so the mirror maintains a stable position while voltage is applied. The
response time is defined by the spring elasticity and actuator efficiency. For the
proposed design, it was calculated from numerical simulations to be less than 1 ms.

z
y

x

a
bcd

e
f

a
b c d

1 mm

piston / phase rotation /
amplitude

Figure 4.22: Geometry of a single mirror element: X-shaped springs
(a), triangular height adapter (b), tilt (c) and piston (d)
actuators, and high aspect-ratio mirror (e), main bar (f).

Figure 4.23a shows a scanning electron microscope (SEM) picture of of tilt-only
mirror array with wirebond connections. These connections provide high voltages
to the actuators on each single mirror. Figure 4.23b is a white light interferometry
picture showing a parabolic mask applied on the whole array. The maximum stroke
in this example is about 1 µm that corresponds to a phase shift of 10π at 400 nm
wavelength. It can also be seen from the example that some mirrors are missing
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or stuck on the bottom. This is due to short circuits or incomplete release of these
mirrors during the lithography manufacturing process.

200 µm
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Figure 4.23: a) Scanning electron microscope (SEM) image of the
mirror array; b) White-light interferometry image of a
set of actuated mirrors in a parabolic configuration.

Figure 4.24 shows an example of independent actuation of single tilt-piston mir-
rors. It can be seen that mirror 99 is on the bottom level, mirrors 97, 95, 94 have a
stroke displacement, mirrors 98, 96 are titled, and mirror 100 is tilted and shifted
simultaneously.
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Figure 4.24: Selective actuation of a tilt-piston device.

The developed devices (tilt-piston and piston-only) were coated with a thin Al
layer. They have very high surface quality, less than 20 nm peak-to-valley distance
that corresponds to λ/20 at 400 nm wavelength. The maximum tested stroke was
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about 3 µm. The flatness of the whole array (deviation in Z-direction between sin-
gle mirrors) is about 1 µm and can be compensated by individual mirror actuation.

4.2.2 Electrical driver for micro-mirror array

A dedicated driving electronics (Fig. 4.25) was designed to supply high voltages
on the actuators of each individual mirror. The system is controlled by a FPGA
chip Spartan-6 LX16 from Xilinx Corp., which receives user commands via USB
2.0 port based on FT2232H chip from FTDI Corp. The commands are interpreted
and the necessary signal sequences are generated and sent to 8 digital-to-analogue
converters (DAC) AD5535 from Analog Devices. These integrated circuits (IC)
convert input data into voltage with 14-bit resolution and 200 V of maximum out-
put. Each DAC has 32 high voltage outputs, so 8 ICs can address 256 channels.
The MEMS tilt-piston mirrors need two independent high voltages per mirror that
leads to a total of 200 channels.

USB interface
FT2232H

FPGA Spartan 6
LX16

8 x DAC 
AD5535

Socket with 
MEMS device

Figure 4.25: Schematics of the driving electronics architecture.

Two different versions were designed: the first one (Fig. 4.26) dedicated to
standard applications at atmospheric pressure; the second one (Fig. 4.27) suited
for working in vacuum (down to 10−6 mBar) environment.

The experiments in IR and VIS regions described in the following text were done
with the first version of the driver. For the XUV experiments described in chap.8,
the same driver but with wire-to-wire vacuum feed-through connections was used.
The vacuum compatible version will be realized in the future.

4.3 Temporal pulse shaping in UV-VIS and IR

4.3.1 Background concepts

The ultrashort laser temporal pulse shaping is the process of generation of arbi-
trary time and/or frequency shapes from laser pulses. It can be described within
Linear Response theory using a Fourier formalism. If we consider the electric field
of the input pulse in the frequency space, Ein(ω), the result of its passage through
the pulse shaper, Eout(ω), is given by:

Eout(ω) = Ein(ω)H(ω) (4.2)
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Figure 4.26: Driving electronics installed in the opto-mechanical
support: basic version.

a) b)

MEMS socket

Stainless steel 
body

Driving 
electronics

Figure 4.27: Driving electronics, vacuum version: a) view from out-
side; b) view from inside.

H(ω) = R(ω)eiΨ(ω) is the transfer function of the pulse shaping
device, n.a.

This expression shows that laser pulse amplitude and phase can be modified
independently in Fourier space by the R(ω) and Ψ(ω) response functions, respec-
tively. Depending on application, the pulse shaper will need to modify only the
phase, the amplitude or both.
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4.3.2 Reflective shaper geometry

As sketched in Figure 4.28a, the different spectral components within the input
pulse bandwidth, are first angularly dispersed by a diffraction grating. A cylin-
drical lens at the focal distance f from the grating is then used for collimating
the diffracted beam and focusing each spectral component onto the Fourier plane,
which corresponds to the position of the reflective MEMS surface. When the mir-
rors are not actuated, the set-up acts as a zero-dispersion 4-f compressor: the back
reflected spectral components recombined after the second passage on the grating,
interfere to produce an output pulse spectrally and temporally identical to the in-
put one. When the shaper mirrors are offset from the Fourier plane (Fig. 4.28b),
an arbitrary phase-pattern (Ψ) is imposed on the output beam through the relation
∆Ψ = 4π

λ ∆Z, while the initial spectral amplitude is preserved. For instance, a
parabolic phase function induces a temporal chirp on the outgoing beam. If some
mirrors are tilted by a fixed angle around an axis perpendicular to the dispersion
plane (Fig. 4.28c), two separate parallel beams emerge from the set-up: one made
up by the spectral components associated to the deflected (D) mirrors, and one by
the complementary ones, reflected by the undeflected (U ) mirror elements. Phase
modulations can be independently added to these two beams by simultaneously
translating and tilting the mirrors (Fig. 4.28d).

The relationship between the geometrical pattern on the mirror array mask and
the phase function Ψ(ω) is given by:

dΨ(ω)

dω
=

4π

λ
· dZ(ω)

dω
(4.3)

where Ψ(ω) is the spectral component phase, rad;
Z is the pixel coordinate relative to the initial position (flat mask),
m.

The phase function is usually expressed in terms of its Taylor series:

Ψ(ω) =
4π

λ
· (a0 + a1ω + a2ω

2 + ...) (4.4)

The output electric field is calculated by inverse Fourier transform:

E(t) =
1

2π

∫ +∞

−∞
Ein(ω)eiΨ(ω)e−iωtdω (4.5)

Evaluating this expression [109] indicates that a linear phase displacement in-
duces a time delay, a parabolic phase function leads to the temporal chirp. The
effect of the chirp can be calculated as:

τ2 = τ2
0 +

[
d2φ(ω)

dω2

]2

ω2 (4.6)
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Figure 4.28: 2F geometry shaper with movable mirror array: a) flat
phase mask, no amplitude modification; b) arbitrary
phase mask, no amplitude modification; c) flat phase
mask, with amplitude modification; d) arbitrary phase
mask, with amplitude modification.

where τ2 is the square of pulse duration for chirped pulse, s;
τ2

0 is the square of pulse duration for unchirped pulse, s;
d2φ(ω)
dω2 = 8πa2

λ is the chirp coefficient resulted from Taylor expan-
sion of the phase of the output electric field φ(ω) around central
laser wavelength ωl, s2.

4.3.3 Experimental

To demonstrate the capabilities of the MEMS based 1D mirror arrays developed
during this PhD work, a dedicated experimental set-up was prepared (Fig. 4.29). A
femtosecond laser oscillator FemtoSource Synergy-20 from Femtolasers Co. was
employed for the experiments with pulses at 800 nm and 400 nm. This laser de-
livers 18 fs pulses at 80 MHz repetition rate with 58 nm bandwidth (FWHM). The
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output beam was split 50/50 just after the laser.

Delay

Ti:Sa MEMS
Pulse ShaperSHG

Two color XFROG

One color XFROG

BS

Figure 4.29: Experimental.

For the experiment at 800 nm, the first beam passed through the shaper. The
dispersion element, in this case diffraction grating (groove density 600 lines/mm),
was chosen so that the dimension of the spectrum in the Fourier plane fits well the
MEMS device when used with a cylindrical lens (f = 150 mm). The dispersion,
focusing and MEMS orientation was aligned in the horizontal plane. However, an
additional cylindrical focusing lens can also be installed if the laser beam size is
higher than transversal dimension of the MEMS mirrors. For this experiment, a
f = 60 mm lens was employed. One could also use one spherical focusing lens
instead of two cylindrical, but this makes the alignment harder. For the experiment
at 400 nm, the first beam is doubled in frequency with a 500 µm thick BBO crystal
before been injected into the shaper. A 1200 lines/mm diffraction grating is then
used to disperse the spectral components.

The shaped and delayed beams are then recombined and the result is analysed.
The spatial characterization of the shaped beam is realized by a Newport LBP-1
profiler. The spectra at 400 nm are acquired by an in-line CCD array (Thorlabs
LC1-USB) placed at the imaging output port of a spectrometer (Princeton Instru-
ments, Acton, SP2300i). Cross FROG (XFROG) traces [110, 111] are realized
by frequency mixing the shaped 400 nm pulses with a portion of the fundamental
800 nm laser output in a 100-µm-thick BBO. The sum frequency signal at 266 nm
is detected by a photomultiplier placed at the slit output of the spectrometer as a
function of the relative time-delay between the 400 and 800 nm pulses, realized by
varying the 800 nm optical path by means of a high-resolution linear translation
stage (Physik Instrumente, M-505).

4.3.4 Results

4.3.5 Tilt-only chip tests

MEMS 1D mirror array is a pixelized (discrete) reflective device. Depending
on the fill factor, the wavefront quality can be drastically affected by diffraction
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due to mirror gaps. So it was logical to measure wafefront degradation after one
pass through the MEMS shaper before evaluating its phase and amplitude shaping
capacities. Figure 4.30 demonstrate laser spot measured with the beam profiler
after the shaper set-up. Three different pictures (log scale) show the beam profile:
a) after the shaper set-up with an Al mirror instead of MEMS device; b) with the
MEMS device and the flat phase mask (all pixel had the same stroke); c) with the
MEMS device and an arbitrary phase mask. These results demonstrated that no
significant beam quality degradation was observed.

a) b) c)
Figure 4.30: Laser beam profiles after one pass through the shaper

set-up: a) with a Al mirror instead of MEMS device;
b) with MEMS device and flat phase mask; c) with
MEMS device and arbitrary phase mask.

Figure 4.31a shows the result of imposing a linear phase function (a1 6= 0 in Eq.
4.4) on the MEMS array resulting in a temporal delay. It is also remarkable from
Figure 4.31b that there is no significant phase-amplitude coupling as the output
spectrum remains unchanged while the phase is modified. The shaping was done at
800 nm wavelength, the time profiles and spectra were retrieved one-color XFROG
measurements.

Figure 4.32 illustrates the effect of a quadratic phase mask a2 6= 0 at 400 nm
central wavelength. Such a mask results in instant frequency variation of elec-
tric field in the time domain, a pulse chirp. Positive (or up-chirped) pulses (Fig.
4.32c), having instant frequency increasing through the temporal pulse profile, and
negative (down-chirped) pulses (Fig.4.32a) were successfully obtained from ini-
tial Fourier transform limited reference (Fig.4.32b). Integrating the XFROG data
over wavelengths provides the temporal profile (Fig.4.32d), and over time gives the
pulse spectrum (Fig.4.32e) that remains unchanged as expected.

4.3.6 Piston-tilt chip tests

The same experimental set-up was employed for the tests of the second gener-
ation of MEMS devices. The chip is able to execute independently tilt and piston
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Figure 4.31: Inducing positive or negative time delay to all spectral
components: a) time shift of ±75 fs; b) doubled fre-
quency pulse spectrum with positive, negative or with-
out delay.

movement of each single mirror. Due to a limited fabrication yield, only a fraction
of 22 consecutive working mirrors was obtained and used for the optical experi-
ments. The tests were performed at 400 nm central wavelength and the two-color
XFROG was used for time-wavelength trace extraction.

The first experiment was led to demonstrate binary amplitude shaping capabili-
ties. As it was mentioned before, each single mirror is able to rotate around its axis
and tilt the output direction of the corresponding spectral component. The result
is that a part of the beam can be deflected and spatially distinguished at the shaper
output. Placing a fibre spectrometer at the deflected and undeflected optical paths
after the shaper allows direct observation of amplitude shaping in Figure 4.33 (red
arrows indicate positions of non-working mirrors and their effect on output spec-
tra).

Tilting every second mirror generates a periodic amplitude mask that results in
pulse splitting and appearance of replica. The experimental measured XFROG
traces for deflected spectral components are given in Figure 4.34c for the two dif-
ferent amplitude masks (Fig. 4.34a,b).

The next experiment demonstrates an unique capability of tilt-piston device of
modifying simultaneously phase and amplitude of the laser pulses. Figure 4.35a
demonstrates the interference between two spectral components with phase shift
∆Φ = 0 (solid line) and ∆Φ = π (dashed line). The spectral separation between
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Figure 4.32: Demonstration of pulse chip generation capabilities:
a) negative chirp; b) unchirped reference pulse; c) pos-
itive chirp; d) cross-correlation time profiles; e) spectra
of chirped and unchirped pulses.

these components was about 3.3 nm. All other spectral components were tilted.
Figure 4.35b represents the reverse situation where the phase shaping were done
on deflected light path.

4.3.7 Discussions

The experiments presented here had as main goal to demonstrate the capabilities
of our micro-mirror devices to shape phase and amplitude of femtosecond laser
pulses throughout a broad spectral rage. The fact of being reflective brings enor-
mous advantage over other non-reflective temporal shaping devices (liquid crystal
array, acousto-optic shapers) because no transmission cut-off and no dispersion is
induced by the device. Moreover, the reflectance of Al mirrors is quite high from
deep UV to deep IR, and damage threshold of MEMS device is comparable to stan-
dard Al macro-mirror [38]. No beam profile degradation due to pixelization was
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Figure 4.34: Amplitude mask test, one mirror over two is tilted:
a) even mirrors tilted; b) odd mirrors tilted; c) result-
ing XFROG trace for both masks.

observed after MEMS shaper. The total energy throughput of the shaper is mainly
limited by the diffraction grating efficiency.

The MEMS device based pulse shaper could induce some very basic modifica-
tion of spectral components phase like time delay and frequency chirp. The tilt-
piston chip could also produce binary amplitude shaping independent from phase
shaping. It demonstrates that such MEMS shaper is able to integrate scientific
laboratory set-up for different applications like pulse compression, linear and non-
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Figure 4.35: Phase-amplitude shaping example, interference be-
tween two spectral components: a) on undeflected mir-
rors, phase shift ∆Φ = 0 (solid line) and ∆Φ =
π (dashed line); b) on deflected mirrors, phase shift
∆Φ = 0 (solid line) and ∆Φ = π (dashed line).

linear dispersion compensation or preparing of pulse trains or particular temporal
shapes for coherent control experiments.

4.4 Pulse shaping in XUV region

4.4.1 Introduction

The previous chapters of the manuscript presented our latest advances in aerosol
detection based on the light scattering and 1PEF or MPEF detection. On the
other hand, we also demonstrated encouraging results in the pulse shaping with
our newly developed MEMS shaper in the broad spectrum of wavelengths (from
IR to deep UV). So, applying shaping based discrimination techniques, like ODD
[33, 34, 35], which is also a research subject in our group, on the single aerosol
particle would be a logical continuation of this PhD work. However, due to the
femtosecond laser instability in the external trigger mode (see sect. 2.6) and to the
low detection yield (see sect. 3.3) these experiments could not be performed up to
now. As a consequence, we decided to extend the application field of the MEMS
shaper to the extreme UV (XUV) region, downto 40 nm wavelength. These tests
were done in collaboration with the group of Prof. H.J. Woerner (ETH Zurich).

The high harmonic generation (HHG) and attosecond pulses [112] and their ap-
plications is a rapidly growing research field in the XUV region. It opens new
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perspectives in the coherent manipulation of atomic and molecular electrons [113].
However, modifying directly the amplitude and the phase of spectral components
of such short pulses constitutes a complex technological challenge. Until now,
pulse shaping in the XUV region (10−7 − 10−10 nm) was performed by indirect
methods [114, 115, 116]. Despite these advances, direct shaping would still pro-
vide a higher flexibility and control on the XUV attosecond pulses.

This chapter describes the very first steps towards direct XUV temporal shaping
with the MEMS technology. In particular, it presents the results of the ampli-
tude shaping of high harmonics (HH) in the XUV. The two main possibilities were
explored: a binary amplitude shaping and a linear amplitude shaping. The first
method allows complete attenuation of a selected HH while keeping others unaf-
fected, which will directly modify the temporal profile of the XUV pulses. The
second approach permits to reduce smoothly the amplitude of a selected HH while
keeping other HH unchanged.

These proof-of-principle experiments aim at the evaluation of the potential use
of MEMS devices in the far UV for the shaping applications. The demonstration of
the direct amplitude shaping capabilities of attosecond pulses will be an important
step towards the complete (phase and amplitude) modulation of attosecond pulse
waveforms.

4.4.2 Experimental

The classical approach employing a molecular jet (in our case Argon and ethy-
lene C2H4) exposed to an intense IR femtosecond pulses in vacuum was used in
this experiment (see Sect. 9). Figure 4.36 shows the main components. The ex-
periment, performed in ETHZ, comprises a femtosecond CPA laser (∆τ = 30 fs,
Ep = 0.7 mJ, f = 1 kHz) LS, a focusing lens L1, a molecular jet of gas GJ, an
input slit S1 which defines the size of the input beam, a diffraction grating G1,
a second slit S2 which eliminates unshaped harmonics, the MEMS device or flat
Al mirror M1, a blocking mask H1, a micro-channel plate (MCP) screen D1 anda
CCD camera C1.

The alignment and Al reflectivity test (Fig. 4.37a) were done with a flat Al mirror
(coated with a UV enhanced Al layer). These tests were necessary to determine
the shortest reflected HH seen by the detector. As MEMS micro-mirror arrays
described in Section 4.2.1 were coated with Al too, this test permitted to estimate
the reflectivity of the MEMS 1D mirror array (Fig. 4.37b).

The input IR laser beam had central wavelength at 800 nm, 0.7 mJ energy fo-
cused with a f = 100 mm spherical lens of the gas jet. The generated HH beam
had diameter about 1 mm sized by the input slit S1. The diffraction grating is
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Figure 4.36: Scheme of experiment: LS - femtosecond CPA laser,
L1 - focusing lens, GJ - molecular jet of argon gas, S1
- slit, G1 - concave diffraction grating, S2 - slit, M1 -
MEMS device or flat Al mirror, H1 - blocking mask,
D1 - MCP screen, C1 - CCD camera.
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Figure 4.37: Photographs of experiment: a) set-up with a flat Al mir-
ror; b) set-up with the MEMS device.

concave, with 1200 grooves/mm density, 87.5◦ incident angle and 237 mm focal
length. The generated harmonics had calculated wavelength and diffraction angles
presented in Table 4.4.

1st order diffraction angles are needed to determine the HH order from the image
captured on the CCD camera. 2nd order of diffraction will also appear and it is
important to take it into account for the image correction.

The MEMS device with tilt/piston architecture was used in this experiment (see
Sect. 4.2.1). The maximum achievable tilt angle for each mirror is about 1◦. As it
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Table 4.4: HH wavelength and diffraction angles

Harmonic Wavelength, 1st order 2nd order
nm diffraction angle, ◦ diffraction angle, ◦

1 800 2 -
3 266.7 42 21
5 166 53 37
7 114.3 59 46
9 88.9 63 52
11 72.7 65.7 55.5
13 61.5 67.6 58.3
15 53.3 69.2 60.5
17 47.1 70.4 62.3
19 42.1 71.5 63.8
21 38.1 72.3 65.1
23 34.8 73.5 66.2

was mentioned before, due to technical difficulties, not all mirrors were working.
So a region of 24 mirrors with only few dysfunctional pixels was employed for
amplitude shaping. The rest of the chip was used as a flat mirror, and the corre-
sponding pixels were not connected. A metallic mask with small periodic openings
was placed in front of the MCP screen. It serves to block some HH while others
pass through. After reflection from the MEMS device, HH high energy photons
strike the MCP screen. The back plate of MCP screen is imaged by a high resolu-
tion CCD camera.

4.4.3 Results

The first test was led to investigate the reflectivity of the MEMS 1D array in
comparison with an Al mirror. It also permitted to determine the highest harmonic
order that can be reflected. Figure 4.38 shows the result of this test. The highest
detectable harmonic for both MEMS and Al mirror was n = 19 corresponding to
42.1 nm wavelength. The HH spot quality had no visible degradation due to the
pixelization. The order of HH was determined by the geometrical position on the
MCP screen with given incidence angle of the diffraction grating. The positions of
HH on the MCP screen were stable as in the case of the Al mirror reflection.

The binary amplitude shaping was tested on 9th (Fig. 4.39) and 11th (Fig. 4.40)
harmonics. Due to the presence of non-working pixels, it was not possible to block
completely H9 harmonic. In the case of H11, the attenuation was complete.

The HH spots were spread over few pixels on the MEMS array, which gave the
possibility to attenuate a selected harmonic by tilting mirrors one by one. Figure
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Figure 4.38: Reflectivity comparison test: Al mirror and MEMS de-
vice.

a) b)

0 50 100 150 200 250 300 350 400
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Pixels

R
el

at
iv

e 
in

te
ns

ity
, n

.a
.

0 50 100 150 200 250 300 350 400
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Pixels

R
el

at
iv

e 
in

te
ns

ity
, n

.a
.

H11 H13 H15H9

d)c)

H11 H13 H15H9

2nd order
H19

Figure 4.39: Binary amplitude shaping of the 9th harmonic: a),c) no
deflection introduced, H9 is blocked by the mask,
b),d) around 1◦ deflection set, H9 reaches the MCP
screen.

4.41 illustrates the resulting intensities of H11 when the corresponding pixels are
tilted consequently. Once again, non-working mirrors did not permit to obtain a
smooth attenuation curve (Fig. 4.41h in blue). With all working mirrors and higher
grating dispersion resulting selected harmonic to be reflected by large number of
pixels, the attenuation characteristic will tend to a cumulative distribution function
if the HH spot has a Gaussian intensity distribution. It is also possible to attenu-
ate the amplitudes of several HH in the same time with a continuous 1D array of
working mirrors.
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Figure 4.40: Binary amplitude shaping of the 11th harmonic:
a),c) no deflection introduced, H11 is blocked by the
mask, b),d) around 1◦ deflection set, H11 reaches the
MCP screen.

4.4.4 Prospectives

The presented experiment on HH proved that MEMS devices can be used in the
XUV and manipulate HH. The next step will be to perform the amplitude shaping
in the strict sense of the term, meaning recombine the modulated spectral compo-
nents together to obtain an attosecond laser pulse train.

To obtain this, we will need to rearrange the set-up in to a folded 4F zero dis-
persion compressor geometry as it is shown in Figure 4.42. In the XUV obviously,
only reflective-only components can be used. One possible solution would to em-
ploy a flat grating and a off-axis parabolic reflector. Particular care will have to
be brought to the deflecting mirror coating, as HH incidence angle is close to 45◦.
Recent multilayer coatings, developed by Munich-Centre for Advanced Photonics
(MAP), appear to provide good reflecting even with those large incident angles.

The input and output beams can be separated by a small tilting (few degr.) in
the vertical plane. The amplitude shaping can be performed by tilting and blocking
of selected HH in the beam stop BS. If we suppose that such an arrangement has
zero phase dispersion, the effect of the amplitude shaping will be like it is shown
in Figure 4.43. (a) represents unmodified attosecond pulse train, (b), (c) and (d)
illustrate an example of blocking of one, two or three harmonics, respectively. The
left column reports the electric field in time domain and its corresponding spectrum
in the frequency domain.

As expected, attenuating more and more harmonics in the pulse spectrum tends
to produce a continuous plane wave instead of the train of pulses for the given
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Figure 4.41: Amplitude shaping of 11th harmonic: a) no mirrors
tilted, b) 2 mirrors tilted, c) 3-5 mirrors tilted, d) 6-8
mirrors tilted, e) 9 mirrors tilted, f) 10-11 mirrors tilted,
g) 12 mirrors tilted, h) resulting H11 relative intensity.

time window. In reality, one can expect that keeping only one HH and blocking all
the others in the initial spectrum will produce a laser pulse with Gaussian profile
which duration will be limited by the Fourier transform of the spectral bandwidth
(FWHM) of this selected harmonic. This property of binary amplitude shaping can
be used to generate XUV laser pulses with tuned central wavelength.

The same experimental set-up can also be used for phase pulse shaping. In this
case, a stroke MEMS device should be used. The best achievable mirror flatness
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Deflected HH

M1

G1

S2S1GJ
Vacuum 
chamber

Undeflected HH

R1
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Figure 4.42: Future set-up for the amplitude XUV shaping: GJ -
molecular jet of argon gas, S1 - slit, G1 - plane diffrac-
tion grating, S2 - slit, R1 - off-axis parabolic reflector,
M1 - MEMS device, BS - beam stop.

a)

b)

c)

d)

Time domain Frequency domain

Figure 4.43: Example of of the amplitude shaping on an attosecond
pulse train: a) no harmonics blocked, b) one harmonic
blocked, c) two harmonics blocked, d) three harmonics
blocked.

that we could measure until now was about 10 nm peak-to-valley for a single pixel
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(see Sect. 4.2.1). Comparing with the lowest reflected wavelength (40 nm) leads
to a λ/4 single mirror flatness, which is, of course, only suitable for a large phase
modulations. However, with the rapidly developing MEMS technology, we expect
that phase and amplitude XUV pulse shaping will be performed soon.

4.4.5 Discussion

The experiment on HH amplitude control demonstrated possibility of amplitude
shaping. A rearrangement of the optical path into a classical folded 4F reflec-
tive shaper configuration would permit true amplitude shaping of HH attosecond
pulses. Indeed, if one uses a flat diffraction grating, a focusing parabolic mirror
and the MEMS device in the Fourier plane, one can recombine HH in an attosec-
ond pulse train.

The technique of HH generation used in this experiment can produce short trains
of attosecond pulses separated by the period of oscillation of the pump laser field.
In the Fourier plane it corresponds to narrow lines representing harmonics. Am-
plitude shaping of HH gives an opportunity to modify temporal profile of the re-
combined pulse train. This approach presents a radically new way of manipulating
XUV pulses dynamically.

As it was mentioned and show in Section 4.3, the MEMS 1D mirror array is also
able to make stroke movement, which opens the possibility to act on the spectral
components phases. The next step experiments in the XUV shaping will be the
phase modulation. This experiment will need a folded 4F zero dispersion com-
pressor arrangement and an additional tool to measure the pulse phase. Coupled
with the amplitude shaping, this gives access to a completely new field of research
of attosecond scale effects like electron motions in atoms.
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Aerosols

5.1 Definitions

The aerosols can be defined as an ensemble of microparticles consisting of finely
divided material and suspended in air or other gases [72]. They vary in size, com-
position, and in the way of interacting with surrounding medium. Considering the
large variety of aerosol particles, it is useful to define the equivalent diameter. It
refers to the diameter of a spherical particle with same specified physical propriety:

• Volume equivalent diameter;

• Aerodynamic equivalent diameter, refers to the same terminal velocity as a
sphere of density 1000 kg/m3;

• Mobility equivalent diameter, refers to a spherical particle with the same
inertia and Brownian motion behaviour;

• Mass equivalent diameter;

• Envelope equivalent diameter, refers to the same surface;

• Sauter equivalent diameter refers to the same surface-to-volume ratio.

Two other parameters that characterize aerosol particles and are often used are
the particle mass and number concentrations. The particle number concentration
is calculated as the ratio between number of particles and the volume occupied,
1/m3. Similarly, the particle mass concentration is defined as the ratio between
the particle mass and the volume occupied, kg/m3. If the aerosol particles are
monodisperse, which means they have almost the same volume equivalent diam-
eter, one quantity is easily converted to the other. If aerosol particles are polydis-
perse that leads to a distribution of number concentration as function of particle
size.

All airborne particles can be classified into the two distinct groups: biological
and non-biological. The first group comprises large families of pollens, bacteria,
spores, and viruses. The second group includes heavy dust particles (like cement
particles or powder), ash, smoke, nanoparticles, smog, and soot. The particle size
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ranges from few nanometers to hundreds of micrometers. Figure 5.44 reports dis-
tribution of the different kinds of particles presented in the atmosphere.
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Figure 5.44: Size classification of aerosols

5.2 Pollen grains

This PhD work was mostly focused on airborne pollen detection. The pollen
grains are defined as small grains produced by the plants and containing cells ca-
pable of producing male gametes. They are complex multicellular structures with
a hard coat (sporoderm) protecting the fragile content. There are about 250’000
pollen species but only one out of ten is dispersed by the wind. Most of the pollen
grains have close-to-spherical shapes, but they vary a lot in their surface structure.
The pollen concentration changes depending on seasons and locations as it relies
directly to the plant distribution and their reproduction periods. The pollen grains
are well known allergens and affect more than 10 % of the European population.
About 100 species are reported to be an important source of pollen allergies (polli-
nosis).

5.3 Particle motion in gases

This section introduces some basic aspects of aerosol dynamics in gases. The
aerodynamic proprieties of airborne particle will serve as a starting point for the
flow simulations that will be presented in Section 2.1.

5.3.1 Brownian motion

The Brownian motion is defined as a random motion of particles in a gas induced
by collisions with the gas molecules [73] p.23. According to Einstein diffusion
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equation, it can be described as following:

dρ

dt
= D

d2ρ

dx2
(5.7)

where ρ is density of particles at point x at moment t, kg/m3;
D is mass diffusivity m2/s.

A general solution of this equation can be written as:

ρ =
1

(4πDt)
1
2

e
x2

4Dt (5.8)

The mean statistical displacement of a Brownian particle is derived from the
solution of this equation and expressed as:

x2 = 2Dt (5.9)

5.3.2 Gravitation

As every mass containing object, the aerosol particles experience the gravita-
tional field force that tends to settle them. At the same time the faster they fall
down, the larger is the dynamic friction force. For a given particle, the settling
velocity is calculated as:

v =
ρgCd2

18η
(5.10)

where ρ is particle density, kg/m3;
g is gravitational acceleration, m/s−2;
η is air viscosity, kg/m s−1;
d is particle diameter, m;
C is Cunningham slip correction.

5.3.3 Thermal gradients

Another force that contributes to the particle motion in a gas is given by the
thermal gradient of the medium:

vT =
0.55η

ρg
∇T (5.11)

where vT is particle velocity due to thermal gradient, m/s;
η gas viscosity, Pa · s;
ρg gas density, kg/m3;
∇T thermal gradient, K.
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It can be seen from this expression that the particle velocity is independent on
the particle size and should be taken into account for all aerosols.

5.3.4 Laminar and turbulent diffusion

If a particle is contained in a gas flow, it will experience a diffusion force due to
the asymmetry of momentum transfer from the surrounding molecules. In laminar
flow, it is admitted that the small particles (typical diameter less than 10 µm) have
almost the same velocity as the flow of gas and follow well the streamlines. At the
same time, due to higher inertia and in a presence of curved streamline, the larger
particles will not be able to stay in the flow. For the case of curved pipes, these
particles will impact and get stuck onto pipe walls:

v =
ρd2V 2

18ηR
(5.12)

where v is particle velocity in laminar flow, m/s;
ρ particle density, kg/m3;
d particle diameter, m;
V gas velocity, m/s;
η gas viscosity, Pa · s;
R pipe curvature, m.

For turbulent flow conditions, occurring when Reynolds number Re = ρV D
η >

3 · 103 (D pipe diameter), it is difficult to derive a general analytical solution for
the particle velocity [71]. It can, however, be evaluated empirically by the means
of the Khan-Richardson force, expressed as:

F =
π

4
d2ρ (V − v)2 ·

(
1.84R−0.31

ep + 0.293R0.06
ep

)3.45
; (5.13)

where mp - particle mass, kg;
d - particle diameter, m;
V - gas velocity, m/s;
v - particle velocity, m/s;
Rep =

ρgvd
2η - particle Reynolds number, unitless.

The expression below shows that this force tends to minimize the difference in
velocity between the flow and particles in it. In particular, it demonstrates that
particle velocity will be equal to the flow velocity in a straight and infinitely large
pipe. In such a case, it is sufficient to calculate local flow velocity, which will give
a good estimation of the particle velocity in the same point.

As a consequence, this expression is very useful to calculate particle trajectories
in a gas flow once the flow velocity is known at every point. This method is used
by Comsol software for the case of particles with given mass.



Chapter 6

Light scattering

The light scattering is one the main physical effects that will be employed in this
PhD work to discriminate different airborne particles. Some concepts introduced
here will be used in the simulations in Section 2.4.

The light scattering is a complex interaction between incident electromagnetic
(EM) waves and objects comparable in size with wavelength [79]. More precisely,
this interaction happens on the electronic clouds that start to oscillate in the external
EM field and emit radiation in directions different from the indecent waves (Fig.
6.1). In the case of the spherical particles, there are three different approaches to
study the scattering effect depending of the particle size:

• particle diameter D � λinc - geometrical reflection/refraction;

• particle diameter D ' λinc - Mie theory;

• particle diameter D � λinc - Rayleigh theory.

Incident 
electromagnetic 
wave

Microparticle
refraction index m1

Air
refraction index m0

Θ1

B

E

Sinc

Figure 6.1: Schematic representation of the light scattering
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6.1 Geometrical reflection/refraction (D � λinc)

This is a case where the incident light is partially reflected and refracted from
medium interfaces (m1/m0 with m = n − ik where n - real part of refractive
index; k - imaginary part of refractive index) in many directions. Some part of the
energy is also absorbed and dispersed in a non-radiative way inside the particle.
Due to symmetry (in the case of the spherical shape), the scattering and absorption
from the particles is uniform for the same Θ, which is not more the case for non-
spherical particles. The scattering pattern (angular dependence of scattered light
intensity) becomes much more complicated, but at the same time it can provide an
additional information on the particle shape. In general, finding the corresponding
scattering pattern for each geometrical shape is a complex ray tracing problem. For
this reason, the common approach is to measure the pattern for some particles with
well defined shapes and to investigate the similarities and differences among the
collected data[84, 76].

6.2 Mie theory (D ' λinc)

For particles with sizes comparable or smaller than the wavelength, the total
cross section (called also extinction cross section) describes the efficiency that
gives amount of incident energy lost on scattering and absorption:

Fext = Iinc
dσext
dΩ

dΩ (6.1)

where dΩ = sin(Θ)dΘdφ is the solid angle, sr;
Fext is the extinction of the radiant flux through the solid angle dΩ, W;
Iinc is incident intensity, W/m2;
σext is the total extinction cross section, m2.

The total extinction cross section is expressed by:

σext = σabs + σscat (6.2)

where σabs is the total absorption cross section, m2;
σscat is the total scattering cross section, m2.

In Mie theory, the differential scattering cross sections for the vertical and hori-
zontal polarisations are defined by the following expressions (case of the spherical
particles):

dσV
dΘ

=
λ2

4π2
S1(Θ) (6.3)

dσH
dΘ

=
λ2

4π2
S2(Θ) (6.4)

where S1(Θ), S2(Θ) are the angular scattering amplitudes, n.a.
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The functions S1(Θ), S2(Θ) are derived as following:

S1(Θ) = |
∞∑
n=1

2n+ 1

n(n+ 1)
(anπn(cos(Θ)) + bnτn(cos(Θ))|2 (6.5)

S2(Θ) = |
∞∑
n=1

2n+ 1

n(n+ 1)
(anτn(cos(Θ)) + bnπn(cos(Θ))|2 (6.6)

where an, bn are the parameters defined with Ricatti-Bessel functions,
n.a;
πn, τn are the functions expressed in terms of Legendre polyno-
mials, n.a.

The total extinction and scattering cross sections can be then derived as follows
[79]:

σscat =
λ2

2π

∞∑
n=1

(2n+ 1)(|an|2 + |bn|2) (6.7)

σext =
λ2

2π

∞∑
n=1

(2n+ 1)Re{an + bn} (6.8)

6.3 Rayleigh theory (D � λinc)

Rayleigh approximation permits to define the differential scattering cross sec-
tions for the vertical and horizontal polarizations in a shorter way:

dσV
dΘ

=
λ2α6

4π2

∣∣∣∣∣m2 − 1

m2 + 1

∣∣∣∣∣
2

(6.9)

dσH
dΘ

= cos2(Θ)
dσV
dΘ

(6.10)

where λ is the wavelength, m;
α is the size parameter α = 2πD

λ withD - diameter of the particle
and λ wavelength.

For the total absorption cross section, the expression is following :

σabs = −λ
2α3

π
Im

{
m2 − 1

m2 + 1

}
(6.11)

Finally, for unpolarized light the extinction cross section can be written as :

σscat =
2λ2α6

3π

∣∣∣∣∣m2 − 1

m2 + 1

∣∣∣∣∣
2

(6.12)





Chapter 7

Single and multi-photon excited
fluorescence

Fluorescence is one of the possible pathways of depopulation of electronic ex-
cited states[117]. In general, it occurs upon absorption of a photon with frequency
within the absorption band of the molecule. According to Born − Oppenheimer
approximation, an electronic transition between excited states or ground and ex-
cited states can be seen as an instantaneous process compared with nuclear and
molecular motions.

Light induced fluorescence refers to the radiative de-excitation scheme presented
in Figure 7.1. The horizontal lines inside each electronic potential indicate molec-
ular vibrational levels. After instantaneous electronic transition (vertical arrow),
the molecule is out of equilibrium on the electronic excited state curve, and a
non-radiative relaxation will follow (IVR). Fluorescence transition can then occur,
bringing the molecule to the ground state.

The energy absorbed by the molecule is always larger than that transformed into
the fluorescence photon. The absorption-emission energy difference is called a
Stokes shift and plays an important role in the spectroscopy. In fact, it allows to
easily distinguish the fluorescence signal from the excitation light by an appropriate
filtering.

The fluorescence efficiency is generally quantified by the following formula:

NF = NA ·ΦF (7.1)

where NF is number of emitted fluorescence photons, n.a.;
NA is number of absorbed photons, n.a.;
ΦF is quantum yield of fluorescence, %.
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148 7. SINGLE AND MULTI-PHOTON EXCITED FLUORESCENCE
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Figure 7.1: a) Linear, one-photon fluorescence; b) non-linear, two-
photon fluorescence

It expresses the efficiency of radiative (fluorescence) relaxation of ensemble of
fluorophore molecules in comparison with non-radiative paths. The quantum yield
depends on the fluorophore nature.



Chapter 8

Chirped pulse amplifier

A chirped pulse amplifier (Fig. 8.1) is a laser system based on the amplification
of temporally stretched pulses with large spectrum and contains always three main
stages: stretcher, regen cavity, compressor. A femtosecond pulse from an oscilla-
tor (80 MHz) enters the grating stretcher block where its spectral components are
temporally dispersed. As result, after recombination of the components, the whole
pulse becomes about 104 times longer than its initial duration.

LO

PL

SC

AM CS

FM1

CM1 WP PC1

FM2

CM2PC2

CR

PB

a) b)

PL

Figure 8.1: a) Chirped pulse amplifier scheme; b) Amplifier cavity:
PL - pump laser beam (green); FM1, FM2 - folding mir-
rors; CM1, CM2 - cavity mirrors; PC1, PC2 - Pockels
cells; WP - λ/4 wave plate; PB - polarizing beam split-
ter; CR - crystal rod

The injection of a single stretched pulse into the cavity is done by combination of
polarization sensitive components: total reflection on crystal rod (CR), double pass
in λ/4 wave plate (WP) and polarizing beam splitter (PB). The retention is con-
trolled by activation of the first Pockels cell (PC1) that rotate polarization to -45◦.
When the cell is switched off, an incoming pulse obtains in total 90◦polarization,
makes single trip in the cavity and leaves it. If the Pockels cell (PC1) is synchro-
nized with the seeding oscillator and it is activated right before arrival of a next
stretched pulse, then the pulse receives total polarization of 0◦ (PC1 contracts the
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150 8. CHIRPED PULSE AMPLIFIER

effect of WP). On each pass, the pulse intensity increases by factor 3-4. After
around 20 passes the gain becomes saturated and the pulse needs to be extracted.
This is done by combination of a polarization beam splitter (PB) and the second
Pockels cell (PC2). The switching on of this cell induces in total 90◦polarization
rotation. So the amplified pulse is completely reflected by the beam splitter. Dur-
ing the amplification process, the pulses from the oscillator cannot enter the regen
cavity. In general (depending on the pump laser repetition rate) the output of an
amplifier is in the 1− 300 kHz.

The last stage of amplifier creates the opposite optical path for spectral compo-
nents than the stretcher block. The resulting pulse is compressed to femtosecond
duration, limited by the Fourier transform of its spectral bandwidth. The output
peak power can reach 103 times the initial value.



Chapter 9

High harmonics generation

The high harmonic generation (HHG) is a result of non-linear light-mater inter-
action in which an external pulsed electric field is strong enough to make highly
oscillate atomic electrons [109]. In particular, the external field (Fig.9.1) should be
comparable or higher than the electric field of nucleus seen by electrons. In this
case, the resulting Coulomb potential is modified and an electron can cross the bar-
rier by the quantum tunnelling or directly. If the external EM field oscillates fast
enough, 1014 − 1015 Hz (corresponds to IR and VIS light), the freed electron can
then be brought back to its ion and recombine. The excessive amount of energy is
emitted afterwards with a short-wavelength photon:

hν = U0 +
e2〈E2〉
4mω2

l

(9.1)

where U0 - ionization potential energy, J;
e - electron charge, C;
E - laser electric field, V/m;
m - electron mass, kg;
wl - oscillation frequency of the laser electric field, rad/s.

To obtain an efficient HHG, one needs a pulsed and intense laser source capable
of delivering more than 1015 W/cm2 of light intensity [118, 112]. This can be
achieved by the focusing ultra-short femtosecond laser pulses with a pulse duration
less than 50 fs and energies more than few µJ per pulse. A classical HHG scheme
[119, 120] is presented in Figure 9.2. An IR femtosecond laser is focused on a
molecular jet of noble gas inside a vacuum chamber resulting in a collinear with
the pump laser XUV beam.
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Figure 9.1: Three regimes of light-atom interaction: a) weak exter-
nal electric field E << 1011 V/m; b) moderate external
electric field E ' 1011 V/m; c) strong external electric
field E >> 1011 V/m.
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Figure 9.2: HHG scheme.
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