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Abstract
The Materials Group of the General Energy Department at the Paul Scherrer Institut is since
many years involved in the field of laser ablation of polymers. In this work different
commercially available and designed polymers have been studied to investigate the ablation
mechanism and the influence of the material and laser properties. With this knowledge,
polymers can be selected or designed to fit the specific demands of different applications. In
the second part, designed and commercially available polymers have been selected and tested
as fuel for a laser propulsion system for small satellites.

Part I
Influence of the polymer structure on the ablation properties of designed
polymers
The ablation behavior of new designed polymers based on triazene units for laser ablation has
been studied to obtain the structure-ablation properties relationship. The triazene groups have
been incorperated into the polymer backbone (Bistriazene Polyurethanes) and side chains
(Triazene polyacrylates).
For all investigated polymers, no debris were detected in or around the ablation crater. For the
triazene polyacrylates, thermal effects were visible in the form of molten edges and less
defined crater walls.
The resolution is, as expected, in the micrometer or even submicrometer domain. The
bistriazene polyurethanes reveal an enhanced quality of the ablation characteristics compared
to the triazene polyacrylates. This confirms that polymers with photolabile groups in the
main-chain show a better quality than those with the same groups in the side chains.

Influence of the laser pulse length on the ablation threshold fluence of designed
doped polymers
The influence of the pulse duration on the laser-induced damage in undoped or infraredabsorbing-dye doped thin triazenepolymer films on glass substrates has been investigated for
single, near-infrared (800 nm) Ti:sapphire laser pulses with durations ranging from 130 fs up
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to 540 fs and complementarily for infrared (1064 nm) Nd:YAG ns-laser single-pulse
irradiation. The triazenepolymer material has been developed for high resolution ablation with
an irradiation wavelength of 308 nm. Post-irradiation optical microscopy observations have
been used to determine quantitatively the threshold fluence for permanent laser damage. A
significant dependence of the damage threshold on the pulse duration is found in the subpicosecond regime with values ranging from ~500 mJ cm-2 (130 fs) up to ~1500 mJ cm-2 (540
fs). Higher threshold values have been observed for the thinner films, indicating that the
thermal conductivity of the substrate plays an important role.
The results for fs- and ns-laser pulse irradiation are compared and analyzed in terms of
existing ablation models.

Influence of the pulse length on the ablation behaviour of doped PMMA
The influence of different laser pulse lengths on the removal of a polymer layer from metal
substrates was investigated. As model systems, doped Poly(methylmetacrylate) (PMMA) on
titanium and tungsten substrates were selected.
The ablation threshold and irradiation spot morphology of titanium and tungsten were
compared for femto- and nanosecond laser irradiation and different pulse numbers.
Nanosecond laser treatment resulted in a non-homogeneous surface morphology for both
titanium and tungsten substrates. Femtosecond irradiation of tungsten revealed a
homogeneous ablation spot with little changes in the surface morphology. For titanium, the
formation of columnar structures within the irradiation spot was observed.
Two different dopant concentrations were used for PMMA to achieve an equal linear
absorption coefficient for the femto- and nanosecond laser wavelengths of 790 nm and 1064
nm. The best results were achieved for the removal of doped PMMA by femtosecond laser
irradiation, where only a slight modification of the metal surface was detected. In the case of
nanosecond laser exposure, a pronounced change of the structure was observed, suggesting
that damage-free cleaning of the selected metal may only be possible using femtosecond laser
pulses. Different experimental parameters, such as laser fluence, pulse repetition rate, and
sample speed were also investigated to optimize the cleaning quality of doped PMMA from
tungsten substrates with femtosecond laser pulses.
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Part II
The micro laser plasma thruster (µ-LPT) is a micro propulsion device, designed for the
steering and propelling of small satellites (1 to 10 kg). A laser is focused on to a polymer
layer on a substrate to form a plasma. The thrust produced by this plasma is used to control
the satellite motion.
To understand the influence of the specific properties of the polymers, three different “high”and “low”-energetic polymers were tested: poly(vinyl chloride) (PVC) as a low-energetic
reference polymer that showed the best properties among commercial polymers, a glycidyl
azide polymer (GAP), and poly(vinyl nitrate) (PVN) as high-energetic polymers. It was
necessary to dope the polymers with carbon nanoparticles (+C) or an IR-dye (+IR) to achieve
absorption at the irradiation wavelength in the near IR.
GAP and PVN are energetic polymers with a high decomposition enthalpy of -3829 J/g
(PVN+C) and -2053 J/g (GAP+C). PVC+C was used as a less energetic (the decomposition
enthalpy of -418 J/g is much lower than for the other two polymers) commercially available
reference.
The best overall performance was observed for GAP. In the ms thrust measurements a
efficiency of 370% was obtained for GAP+C, which means that the chemically stored energy
was transferred into thrust. In the fs measurements, higher thrust values were obtained for
GAP+IR than for GAP+C. This is also in good correlation with the fs plasma emission
measurements, where the propagation velocity of selected species was also higher for
GAP+IR. In experiments performed at lower fluences, i.e. shadowgraphy measurements, the
IR-dye leads to a higher fragmentation. Other co-dopants, such as metal- and metal-oxidenanoparticles had do not increase the expansion velocity of the plasma and the shockwave of
GAP+IR. In the ns mass spectrometry measurements, GAP revealed the highest
fragmentation and the fastest C+ ions.
The highest energetic polymer PVN, showed the worst performance in all experiments at high
fluences, and only an efficiency of 21% was obtained in the thrust measurements. In the mass
spectrometry measurements, strong signals could be assigned to the solvent, which was used
to produce the PVN film. Also strong thermal effects, like the formation of fibers and melting
were observed, which make it difficult to determine the amount of ablated material. In the
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shadowgraphy measurements, which were performed in air and at low fluences, the fastest
shockwave was observed for PVN+IR. Additional doping with CuO slowed down the
shockwave, but also reduced the thermal features.
For PVC an efficiency of 50% was determined in the thrust measurements. At high laser
fluences, PVC performed worse than GAP, but better than PVN. PVC is also a thermoplast,
but the thermal effects were less pronounced than for PVN. The highest expansion velocity of
the plasma plume for ns irradiation was measured for PVC+C.

V

Zusammenfassung
Die Materialien Gruppe der Abteilung für allgemeine Energieforschung am Paul Scherrer
Institut beschäftigt sich seit einigen Jahren mit der Laserbearbeitung von Polymeren.
Verschiedene kommerziell erhältliche und speziell für die Laserbearbeitung entwickelte
Polymere wurden im Rahmen dieser Arbeit bezüglich des Einflusses von Material- und
Laserparametern sowie der zugrundeliegenden Abtragsmechanismen untersucht. Im zweiten
Teil wurden diese Polymere auf ihre Eignung als Brennstoff für einen neuartigen Antrieb für
kleine Satelliten untersucht.

Teil I
Einfluss der Polymerstruktur auf das Abtragsverhalten von speziell entwickelten
Polymeren
Das Abtragsverhalten von neu entwickelten Triazenpolymeren wurde mit der Absicht
untersucht, mehr über den Einfluss der chemischen Struktur auf das Abtragsverhalten zu
erfahren. Die Triazengruppen wurden entweder direkt in das Polymerrückgrat (Bis-triazen
Polyurethane) oder in die Seitenketten (Triazenakrylate) eingebaut.
Bei keinem der untersuchten Polymere wurde nach der Laserbearbeitung eine Kontamination
der Polymeroberfläche oder der erzeugten Struktur festgestellt. Starke thermische Einflüsse,
in Form von geschmolzenen Kanten und schlecht definierten Kraterwänden manifestierten
sich im Fall der Triazenpolyacrylate.
Erwartungsgemäss konnte eine Auflösung im Mikro- oder sogar Sub-Mikrometer- Bereich
erreicht werden. Die fabrizierten Strukturen in Bis-triazen Polyurethane zeichneten sich im
Allgemeinen durch eine im Vergleich zu den Polyacrylaten höhere Qualität aus. Diese
Resultate bestätigen, dass Polymere mit der photoinstabilen Gruppe im Polymer-rückgrat
besser zur Strukturierung geeignet sind.

Einfluss

der

Laserpulslänge

auf

den

Abtragsschwellenwert

der

Laserenergiedichte
Der Einfluss der Pulslänge auf die Abstragsschwelle von undotierten und mit IR-Farbstoff
dotierten dünnen Triazenpolymerfilmen wurde für Einzelpulsexperimente untersucht. Ein
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Ti:Saphir Laser mit Pulslängen zwischen 130 und 540 fs und einer Wellenlänge von 800 nm
sowie ein Nd:YAG Laser mit 6 ns Pulsläge bei einer Wellenlänge von 1064 nm fanden
Anwendung, obwohl das untersuchte Triazenpolymer ursprünglich für die Bearbeitung mit
Licht der Wellenlänge von 308 nm entwickelt wurde. Nach der Bestrahlung wurden die
Polymerfilme mittels optischer Mikroskopie untersucht, um die Zerstörungsschwelle
quantitativ zu erfassen.
Im

Sub-Picosekunden-Bereich

konnte

eine

bedeutsame

Abhängigkeit

der

Zerstörungsschwelle von der Pulslänge beobachtet werden, die von ~500 mJ cm-2 bei 130 fs
bis zu ~1500 mJ cm-2 bei 540 fs reichte. Eine höhere Zerstörungsschwelle wurde für die
dünneren Filme festgestellt, was zeigt, dass der thermischen Leitfähigkeit des Probenträgers
eine wichtige Rolle zugeschrieben werden kann.
Die Zerstörungsschwellen für fs und ns Pulslängen wurden verglichen und anhand
existierender Modelle analysiert.

Einfluss der Pulslänge auf das Abtragsverhalten von dotiertem PMMA
Der

Einfluss

verschiedener

Laserpulslängen

in

Bezug

auf

das

Entfernen

von

Polymerschichten auf Metallen wurde untersucht. Als Modellsysteme dienten dotiertes
Poly(Methylmethacrylat) (PMMA) auf Titan bzw. Wolfram.
Die Abtragsschwelle und das Erscheinungsbild der bestrahlten Fläche von Titan und Wolfram
wurden für unterschiedliche Anzahl von Femto- und Nanosekunden Laserpulse studiert. Mit
Nanosekunden Laserpulsen konnten in beiden Metallen nur ungleichmässige Abtragskrater
produziert werden. Unter Verwendung von fs Laserpulsen resultierten hingegen für Wolfram
gleichmässige Abtragskrater und nur geringe Oberflächenmodifikationen. In Titan wurden
säulenartige Strukturen innerhalb der bestrahlten Flache beobachtet.
Zwei unterschiedliche IR-Farbstoffkonzentrationen für PMMA waren notwendig, um bei
beiden Wellenlängen (790 nm bei fs und 1064 nm bei ns) die gleiche lineare Absorption zu
erhalten. Die besten Resultate hinsichtlich der Entfernung von Polymerfilmen von
Metalloberflächen wurden für dotiertes PMMA mit Femtosekunden Bestrahlung erreicht.
Hier liess sich nur eine geringfügige Veränderung der Metalloberfläche feststellen.
Eine zerstörungsfreie Entfernung des PMMA von Metallen mit Nanosekunden Laserpulsen ist
anscheinend nicht möglich ist, da eine starke Veränderung der Metalloberfläche nach der
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Bestrahlung beobachtet wird.
Zur

Optimierung

des

Prozesses

der

Entfernung

von

dotiertem

PMMA

von

Wolframoberflächen wurden schliesslich verschiedene experimentelle Parameter wie die
Laserenergiedichte, die Pulsrepetitionsrate und die Vorschubgeschwindigkeit der Probe
systematisch variiert.

Teil II
Die Mikro Laser Plasma Schubdüse (Laser Plasma Thruster (µ-LPT)) ist ein Antriebssystem
welches zur Steuerung und Bewegung kleiner Satelliten (1 bis 10 kg) entwickelt wurde. Ein
Laser wird dabei auf ein Polymer fokussiert, welches auf einem Substrat aufgebracht,
zugeführt wird. Der Rückstoss des dabei entstehenden Plasmas wird genutzt, um die
Bewegungen des Satelliten zu kontrollieren.
Um den Einfluss der Materialeigenschaften unterschiedlicher Polymer auf ihre Eignung
hinsichtlich eines Einsatzes in der Mikro Laser Plasma Schubdüse zu untersuchen, wurden
drei hoch- bzw. niederenergetische Polymere untersucht. Poly(vinylchlorid) (PVC) wurde als
nieder-energetische Referenz ausgewählt, da damit im Vergleich zu anderen kommerziell
erhältlichen Polymeren die besten Resultate erzielt werden konnten. Die hoch-energetischen
Polymere bestanden aus einem Glyzidyl Azid Polymer (GAP) sowie Poly(vinylnitrat) (PVN).
Da diese drei Polymere im nahen Infrarotbereich nicht absorbieren, war es notwendig den
Polymeren einen Absorber (Kohlenstoff-nanopartikel (+C) oder einen IR-Farbstoff(+IR))
beizumischen.

GAP

und

PVN

sind

energetische

Polymere

mit

einer

hohen

Zersetzungsenthalpie von -3829 J/g (PVN+C) bzw. -2053 J/g (GAP+C). PVC+C als
kommerziell erhältliches Vergleichspolymer weist eine Zersetzungsenthalpie von -418 J/g
auf.
GAP zeigte zusammenfassend für eine mögliche Verwendung in LSP’s die besten
experimentellen Eigenschaften. Eine Effizienz von 370 % konnte aus ms Schubmessungen für
GAP+C ermittelt werden; gleichbedeutend einer Umwandlung chemischer Energie in Schub.
In

Versuchen

mit

fs

Laserpulsen

plasmaemissionsspektroskopischen

wurden

in

Experimenten,

guter

Übereinstimmung

mit

die

für

höchste

GAP+IR

fs

Ausdehnungsgeschwindigkeiten zeigten, für GAP+IR höhere Schubwerte als für GAP+C
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gemessen. Der IR-Farbstoff bedingte eine höhere Fragmentierung in Schlierenfotografie
Experimenten, die bei niedrigen Laserenergiedichten durchgeführt wurden. Eine zusätzliche
Dotierung mit Metall- oder Metalloxid-Nanopartikeln führt jedoch nicht zu einer
Beschleunigung der Druckwelle oder der Plasmaausbreitung. In massenspektrometrischen
Experimenten

konnte für

GAP

die höchste Fragmentierung

sowie die höchste

Geschwindigkeit der
C+ Ionen gemessen werden.
PVN, das Polymer mit der höchsten Zersetzungsenthalpie, schnitt hingegen in allen
Experimenten bei hohen Laserenergiedichten am schlechtesten ab. Aus den Schubmessungen
wurde eine Effizienz von nur 21 % Prozent ermittelt. In den massenspektrometrischen
Messungen beobachtete man starke, dem Lösungsmittel, das benutzt wurde um die PVN
Filme herzustellen, zuzuschreibende Signale. Zusätzlich liessen sich signifikante thermische
Einflüsse, wie die Bildung von Fäden oder das Aufschmelzen des Abtragskraters beobachten.
Die schnellsten Druckwellen in den Schlierenfotografie Experimenten wurde jedoch für
PVN+IR gemessen. Ein zusätzliches Dotieren mit Kupferoxid-nanopartikeln bremste die
Druckwelle, reduzierte aber auch die thermischen Einflüsse.
PVC+C ergab in den Schubmessungen eine Effizienz von 50%. Die bei höheren
Laserenergiedichten mit PVC erzielten Resultate sind unter dem Blickwinkel dieser
Untersuchung durchweg schlechter als im Fall von GAP, jedoch besser als für PVN zu
bewerten. PVC verhält sich wie PVN thermoplastisch, jedoch mit weniger ausgeprägten
thermischen Effekten. In plasmaemissionsspektroskopischen Messungen mit ns Laserpulsen
wurde für PVC+C die höchste Ausbreitungsgeschwindigkeit gemessen.
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1.1 Introduction

1 Part I: Photoablation of polymers1
1.1 Introduction
Laser ablation of polymers was first reported by Srinivasan et al. [2] and Kawamura et al. [3]
in 1982. Since then, numerous reviews on laser ablation of a large variety of polymers and the
different proposed ablation mechanisms have been published [4-12]. There is still an ongoing
discussion about the ablation mechanisms, e.g. whether it is dominated by photothermal or
photochemical processes.
Since its discovery, laser polymer processing has become an important field of applied and
fundamental research. The research can be separated into two fields, the investigation of the
ablation mechanism and its modeling and the application of laser ablation to produce novel
materials. Laser ablation is used as an analytical tool in Matrix-Assisted Laser
Desorption/Ionization (MALDI) [13, 14] and Laser-Induced Breakdown Spectroscopy (LIBS)
[15] or as preparative tool for Pulsed Laser Deposition (PLD) of synthetic polymers [16, 17]
and of inorganic films [18, 19].
The industrial applications for polymers in laser ablation can be divided into two main
groups. In applications where a structure is produced in the polymer and into a second group,
where the ablation products are of specific interest.
Structuring of polymers today is industrially used for the production of nozzles for inkjet
printers [20] and to prepare via-holes in multichip modules through polyimide by IBM [21],
and for many other applications, e.g. fabrication of micro-optical devices [22] and
microfluidic channels [23-26].
Examples for the second group are polymers as fuel in the micro laser plasma thruster (µLPT), PLD of polymers, matrix assisted pulsed laser evaporation (MAPLE), which is a
deposition technique that can be used to deposit highly uniform thin films [27] or laser
1
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1.
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induced forward transfer (LIFT) [28-30], which can be used to produce microstructures by a
transferring an irradiated area of a target film to a acceptor substrate. The polymer can be the
transferred material, or just functions as driving force in the transfer.

1.1.1

Fundamental issues of laser ablation

For an understanding of polymer ablation the main ablation parameters have to be explained
and their definition have to be discussed in detail. Also the most frequently proposed ablation
mechanisms and models will be discussed.

1.1.1.1

Ablation Parameters

The main parameters that describe polymer ablation are the ablation rate, d(F), and the
ablation threshold fluence Fth, which is defined as the minimum fluence where the onset of
ablation can be observed. A third important parameter is the effective absorption coefficient,

αeff, which yields information on the mechanisms that take place in the ablation process when
compared to the linear absorption coefficient, αlin, that is measured on thin un-irradiated
polymer films.
The ablation process is often described by the following equation [31, 32]:
d(F ) =

1 #F &
ln% (
" eff $ Fth '

(1)

Also the method how the ablation parameters are acquired can have a pronounced influence
!

on the results. The ablation rate can be defined either as the depth of the ablation crater after
one pulse at a given fluence, or as the slope of a linear fit of a plot of the ablation depth versus
the pulse number for a given fluence. Very different ablation rates can result from the two
different measurement methods. This is especially the case for materials where ablation does
not start with the first pulse, but after multiple pulses, or if the ablation crater depth after one
pulse is too small to be measured. The process that occurs if ablation that does not start with
the first laser pulse, is called incubation. It is related to physical or chemical modifications of
the material by the first few laser pulses, which results often in an increase of the absorption
at the irradiation wavelength [33, 34], e.g. the formation of double bonds in
poly(methylmethacrylate) (PMMA). Incubation is normally only observed for polymers with
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low absorption coefficients at the irradiation wavelength.
The method applied to measure the depth of the ablated area or the removed mass can also
have an influence on the ablation parameters. If profilometric measurements (optical
interferometry, mechanical stylus [35] or atomic force microscopy [36]) are used to calculate
the ablation rate, a sharp ablation threshold can be defined. This is also supported by
reflectivity [37] and acoustic measurements [38]. In mass loss measurements, such as mass
spectrometry or with a quartz crystal microbalance (QCM), a so called Arrhenius tail [39] has
been observed for certain conditions. The Arrhenius tail describes a region in the very low
fluence range, where a linear increase of detected ablation products is observed, which is
followed by a much faster increase, that coincides with removal rates of the profilometric
measurements [40].
Even if these different approaches are taken into account, it is often the case, that the ablation
rate cannot be defined with a single set of parameters. Therefore, one set of parameters has to
be defined for each fluence range in which different processes dominate the ablation process
and thereby influence the ablation rate. In Fig. 1 the dependence of the ablation rate on the
irradiation fluence is illustrated as a generic scheme, which is typical for most polymers. The
intersection of the gray extensions of the schematic ablation rates (black lines) with the x-axis
of the ablation rate vs. irradiation fluence plot is the threshold fluence and varies for each
fluence range. Also a different effective absorption coefficient can be defined for each region.
Three fluence ranges are visible, which can be characterized as follows:
Low fluence range:
•

From this fluence range, the ablation threshold fluence is normally defined.

•

Incubation can be observed at these low fluences.

Intermediate fluence range:
•

Increase of the slope of the ablation rate, which is caused by a more efficient
decomposition of the polymer. Energy that has been gained from an exothermic
decomposition of the polymer can also increase the ablation rate.

High fluence range:
•

The incident laser light is screened by solid, liquid and gaseous ablation products and
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the laser produced plasma. This leads to similar ablation rates for many polymers [6]
at high fluences.

Fig. 1.

Schematic plot of the three fluence ranges which are typically observed for
polymers. The three ranges are indicated with different shades of grey.

It is therefore of great importance to not only consider the values for the different ablation
parameters, but also information about the technique of analysis and for which fluence range
they are valid. An interpolation to values beyond the measurement range is also not advisable,
as not all three ranges have to be present for all polymers and irradiation condition.

1.1.2

Ablation mechanisms

Even after 25 years of research in the field of laser polymer ablation, there is still an ongoing
discussion about the ablation mechanisms, e.g. whether in addition to photothermal processes,
photochemical reactions or even photophysical and mechanical processes are important.
It is generally accepted that for ns laser pulses, the energy of the laser photons is used for
electronic excitation in a first step. The following steps are still under discussion and the
different models can be summarized as followed:
Photothermal:

The electronic excitation is thermalized on a ps timescale, which then
results in thermal bond breaking [41-45].

Photochemical:

Electronic excitation results in direct bond breaking [6, 31, 46-48].
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Both thermal and nonthermal processes play a role. Two independent
channels of bond breaking [49, 50] or different bond breaking energies for
ground state and electronically excited states chromophores are applied
[51, 52] in this model. It is most adequate for short laser pulses in the ps
and fs range [53].

Another way to distinguish the different models is by separating them into surface and volume
models. In the volume models, the different processes that eventually result in ablation take
place within the bulk of the material. In the surface models, the processes that are responsible
for the material removal take place within a few monolayers below the surface. The different
models can be described as followed:
Photochemical surface models: valid for long pulses and/or higher irradiation fluences [54]
Thermal surface models:

These models are mainly developed for metal ablation and
do not consider the sharp ablation threshold, but can
describe the occurrence of an Arrhenius tail. [44, 45, 50,
55]

Photochemical volume models:

These models describe a sharp ablation threshold and a
logarithmic increase of the ablation crater depth with the
number of laser pulses, but the Arrhenius tail is not
accounted for [4, 6, 31, 46, 47]. A linear dependence can be
described with models that consider the motion of the
ablation front, but ignore the screen effects caused by the
plasma plume.

Thermal volume models:

These models are often oversimplified by neglecting the
movement of the solid-gas interface and result therefore in
too high temperatures [39, 43]

Volume photothermal model:

In this model by Arnold and Bityurin [56], a thermal surface
model and a photochemical volume model have been
combined. In this model it is assumed, that photothermal
bond breaking takes place within the bulk polymer. When a
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density of broken bonds reaches a critical value, ablation
begins. This model can account for sharp ablation
thresholds and Arrhenius tails.
A new coarse-grained chemical reaction model (CGCRM) has been proposed by Garrison et
al. [57, 58]. In this model a kinetic Monte Carlos approaches that includes a probabilistic
element is used to predict when reactions occur. It is thereby possible to avoid the use of a
chemically correct interaction potential. The CGCRM uses known chemical reactions along
with their probabilities and exothermicities for a specific material to estimate the effect of
chemical reactions on the ablation process.
A new coarse grained molecular dynamics model was developed to study the role of thermal,
mechanical and chemical reactions in the onset of the ablation process of PMMA [59]. In this
model, the laser energy is absorbed in different ways, i.e. pure heating and Norrish type I and
II reactions. Mechanical stresses and pressure are dominant for very short pulses in the stress
confinement regime and can initiate ablation by a mechanical breakdown of the polymer in
the case of pure heating. For longer pulse lengths, the ejection process is mainly thermally
activated. This can be well described with thermal models based on thermally activated bond
braking processes. The presence of small molecules and gaseous products can not be
accounted for by a purely thermal mechanism. A modeling of the photoablation channels
requires a two step ablation model which incorporates the effect of photolysis of the polymer
and the creation of new species, that is then followed by a thermally activated removal step.
The breathing sphere model was enhanced by Garrison et al. [60-63] to allow the photons to
break a bond in the molecule and to describe subsequent abstraction and recombination
reactions. The model was initially applied to chlorebenzene, where good correlation with
experimental data was found.
The new concept that arises from these calculations is the difference in the temporal and
spatial deposition of the available energy in photochemical and photothermal mechanisms.
This concept provides the foundation to make specific comparisons with experiment and to
explain experimental results as summarized below:
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•

It was found that photochemical reactions release additional energy into the irradiated
sample and decrease the average cohesive energy and thereby decrease the value of
the ablation threshold. The yield of emitted fragments becomes significant only above
the ablation threshold.

•

The presence of a shockwave with a high initial velocity, large clusters in the plume,
and high velocities of particles in the plume are explained by the fast rise of energy
deposition in time from 20-150 ps.

•

The chemical reactions that take place above the surface after the laser pulse on longer
timescales explain the higher background density in the plume with photochemical
ablation than observed for photothermal ablation.

•

The presence of a combination of a thermal mechanism below the ablation threshold
and a volume ejection mechanism above the threshold explains why non-volatile
products like HCl and the matrix are only observed below threshold and all products
are observed above threshold.

•

The absence of heat deposited below ~ 1.5 times the penetration depth may help to
explain the cold etching process in far UV photoablation as is used commercially in
the corrective eye surgery, LASIK.

The different models includes many material parameters and several of these parameters are
obtained from fitting of experimental data, and have to be adjusted to fit each polymer [10,
64]. It is worth mentioning in this context that polyimide (PI) is probably the most studied
polymer in laser ablation and is also the material for which most ablation models are applied,
but great care has to be taken for which type of polyimide the data has been obtained.
Polyimide describes a whole group of polymer, which can range from soluble polymers, to
unsoluble films and even photosensitive polymers with very different properties [11]. Even
products with the same name, such as Kapton™ are not one polymer, but there are also many
different types of Kapton™, which are defined with additional letters, e.g. HN.
In general it can be said, that polymers that show a photochemical ablation behavior at the
irradiation wavelength would be preferable for structuring, as the damage of the surrounding
material due to a thermal processes is minimized and less carbonization is observed. A
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conversion of the polymer into gaseous products is also of advantage, as no or only minor
amounts of ablation products are redeposited on the structured surface and additional cleaning
procedures may not be necessary.

1.1.3

Classification of polymers used for laser ablation

Polymers can be classified in many different ways, such as their ablation behavior, the
mechanisms that take place during ablation and their suitability for selected applications.
Classification by decomposition behavior:
The decomposition mechanism is a reasonable way to classify polymers. They can either
depolymerize upon irradiation, e.g. poly(methylmethacrylate) or decompose into fragments
like polyimides or polycarbonates. This method of classification is closely related to the
synthesis of the polymers. Polymers that are produced by radical polymerization from
monomers, which contain double bonds, are likely to depolymerize into monomers, while
polymers that have been formed by reactions like polycondensation will not depolymerize
into monomers upon irradiation, but will be decomposed into different fragments.
The second group cannot be used to produce films with the same structure or molecular
weight as the original material with methods such as PLD.
Classification by the absorber:
Polymers can have intrinsic absorption at the irradiation wavelength or a dopant can be used
to induce the necessary absorption. The dopant can either be implemented into the polymer
matrix on a molecular level or as absorber particles in the nanometer to micrometer range.
The absorbing species can also be included into the polymer backbone or side chains to
increase the absorption, and thereby forms a co-polymer with intrinsic absorption.
By their availability
Many

commercially

available

polymers

such

as

poly(methylmethacrylate),

poly(vinylchloride), poly(ethylenterephthalate) (PET), etc., have been extensively studied in
recent years [65], but they have several characteristics which make them unsuitable for high
quality structuring. The most prominent are low sensitivity, carbonization upon irradiation
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and redeposition of ablation products on the polymer surface [66]. To improve the ablation
properties for specific applications, polymers or polymer-absorber systems were designed to
fit special requirements. The most important criteria for these doped and designed polymers
for structuring are:
• High absorption coefficients (≥ 20000 cm-1) at the irradiation wavelength.
• Exothermic decomposition at well-defined positions of the polymer backbone.
• Decomposition of the polymer into gaseous products, which do not contaminate the
polymer surface [67, 68].

1.1.4

Laser Sources

The most frequently used lasers for polymer ablation are excimer (excited dimer) lasers [69,
70]. Their main advantages are the emission in the UV range, where most polymers reveal a
high absorption, a relatively homogeneous beam profile and the possibility to use a mask to
image a small section of the laser beam on the sample. Common excimer laser wavelengths
are 157 nm (F2), 193 nm (ArF), 222 nm (KrCl), 248 nm (KrF), 308 nm (XeCl) and XeF
(351nm) [71]. A disadvantage of excimer lasers is the limited lifetime of the gas used as laser
medium, which has to be exchanged quite often and thereby contributes to the high cost of the
excimer laser photons. The gas has to be exchanged more often for the shorter wavelengths.
An alternative to the excimer lasers are frequency multiplied solid state laser. The main
disadvantage of these lasers is their strong coherence, which makes it difficult to use a mask
to cut a part of the laser beam without having diffraction patterns on the irradiated surface.

1.1.5
1.1.5.1

Commercially available Polymers
Poly(methylmethacrylate)

A widely studied commercially available polymer is poly(methylmethacrylate) (Fig. 2). It is a
polymer that can be completely depolymerized by heating above the ceiling temperature (TC).
It is only possible to achieve 100% monomer as product by laser irradiation with a CO2 laser
(λ≈9.6 or 10.6 µm) [72]. About 1% monomer can be detected in the ablation products after
irradiation with 248 nm laser light, and about 18% monomer can be produced with 193 nm
[72, 73].
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Fig. 2.

Chemical Structure of poly(methylmethacrylate) and its monomer (right).

Fig. 3.

Proposed decomposition pathway of PMMA after irradiation with 308 nm.
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For irradiation with 308 nm PMMA is not suitable, as it has a very low absorption coefficient
at this wavelength. Structures produced with 308 nm are of poor quality [74] while for
irradiation with shorter wavelengths, high quality structures can be obtained. Ablation with
193 nm is most suitable, as no incubation is observed [75-78].

1.1.5.2

Polyimide (KAPTON™)

Polyimide or its most common type Kapton HN (chemical structure shown in Fig. 4) is the
most studied polymer, as it can be ablated with all common excimer laser wavelengths and
pulse lengths (τ). Most ablation models are based on Kapton, as its material properties are
well characterized.

Fig. 4.

Chemical structure of polyimide (Kapton HN).

In nanosecond shadowgraphy measurements, a shockwave was visible for all excimer
wavelengths, but the composition of the ablation plume varies with the irradiation
wavelengths [80]. At 248 nm almost no solid ablation products were observed and the
material removal was confined in time duration to the laser pulse. With increasing
wavelengths, the amount of solid material increases. The temporal limitation of the ablation
process to the laser pulse was confirmed with interferometry measurements [81]. For
irradiation with 351 nm, pronounced surface swelling was observed. The swelling was then
followed by the ejection of solid ablation products and a prolonged material removal. The
change of the composition of the ablation plume and the duration of the ablation process has
been assigned to a shift in the ablation mechanism, i.e. photochemical at 248 nm to
photothermal at 351 nm. No Arrhenius tail was observed with QCM measurements for
193 nm laser irradiation, which also implies a photochemical ablation process at low
irradiation wavelengths. This is also in good correlation with the linear absorption coefficient
of the polymer, which shows a strong decrease from 300000 cm-1 at 193 nm to about 10000 at
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351 nm (see Fig. 5).
Different methods, such as gas-phase FTIR [82], gas chromatography-mass spectrometry [83]
and Quadrupole MS [84] and emission spectroscopy [73, 85], have been used to analyze the
ablation products. With mass spectroscopy, fragments with masses which correspond to the
following species have been detected: C2H2, HCN, CO, CO2, C4H2, C6H2, C6H2-CN, C6H5CNO and a species at mass 153 nm that can be assigned to a cyano-naphthalene structure.
With emission spectroscopy mainly low mass species such as C2 and CN are detected.
In industry polyimides are widely used as dielectric in microelectronics for multichip modules
[86, 87] and printed circuit boards [88], as substrate for inkjet printer nozzles [20] and as
precursor for graphite materials [89]. One important feature of the polyimides is their
characteristic carbonization upon laser irradiation. The carbonized material can be used to
produce conduction areas on the non-conduction polymer [90, 91].

Fig. 5.

Linear absorption coefficient of a thin polyimide (similar to Kapton),
measured from thin films.
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Other polymers
Poly(ethylene terephtalate)

Poly(ethylene terephtalate) (PET) (chemical structure shown in Fig. 6) has been studied for
most UV wavelengths (308 nm [92], 266 nm [93], 248 nm, 193 nm [94, 95] and 157 nm
[96]). At 157 nm a low ablation threshold and mainly gaseous ablation products are observed,
that suggests an ablation process that is dominated by photochemical reactions.

Fig. 6.

Chemical structure of poly(ethylene terephtahtlate).

With different irradiation wavelengths the photothermal part of the mechanism is changed and
the surface crystallinity can be lowered (irradiation at 248 and 308 nm [97]) or increased with
shorter wavelengths 193 nm [98].

1.1.5.3.2

Fluoropolymers

The different fluoropolymers, poly(tetrafluoroethylene) (PTFE, Teflon), Ethylen-tetrafluoroethylene copolymers and poly(vinylidene fluoride) (PVdF), are commercially very
important polymers. One of the most important features of PTFE is its chemical inertness,
thermal stability and hydrophobicity. It is better suited to be ablated with fs laser irradiation
[99], as it absorbs only weakly at wavelengths longer than 193 nm.

Fig. 7.

Chemical structure of poly(tertrafluoroethylene).

The ablation rate of PTFE at a constant fluence increases for irradiation between 193 nm and
308 nm and reaches a maximum value of 60 µm/pulse, before it starts decreasing with longer
wavelengths [100]. The ablation process could also be explained by applying “simple”
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photothermal or photochemical models.
With laser treatment in reactive atmosphere (e.g. hydrazine [101, 102]) or under various
liquids (e.g. B(CH3)3 [103, 104]), the F-C bonds on the surface can be broken, CH3 radicals or
amino groups can be incorporated, allowing to apply a coating after laser treatment. This
surface modification takes place without detectable ablation. By irradiating a PTFE foil with a
F2 laser (157 nm) in N2 atmosphere, the surface roughness can be lowered and the
transparency can be improved, without changing the film stability [105].

1.1.5.4

Polymer ablation with ultra short pulses

Picosecond (ps) laser pulses in the UV range do not result in better ablation behaviour than ns
laser pulses. This is different for doped polymers. Experiments with doped PMMA (an IRabsorber, i.e. IR-165 for ablation with near IR laser and diazomeldrum’s acis (DMA) for
ablation with UV lasers) with ns and ps laser irradiation in the UV (266 nm) and near IR
(1064 nm) range have shown, that in the IR, neat features could be produced with ps laser
irradiation, while ns irradiation only result in rough surface features [106]. This corresponds
well with the different behavior of the two absorbers. With IR-165 the polymer is matrix is
heated by a fast vibrational relaxation and multi-phonon up-pumping [107]. This leads to a
higher temperature jump for the ps irradiation, which causes ablation, while for ns pulses only
lower temperatures are reached.
In the UV, DMA ablation is attributed to cyclic multiphoton absorption [108] and only
swelling was observed for the ps pulses, whereas the polymer could be ablated with ns pulses.
Several studies to determine the ablation mechanisms for ps laser ablation were focused on
spectroscopy (coherent anti-Stokes Raman Scatering (CARS), absorption and ultrafast
imaging) [109-114]. It has been shown, that pulses in the ps range produce fast temperature
jumps and solid state shockwaves that are not observed for longer pulses. This results in
pressure jumps, when the film is heated faster than the hydrodynamic volume relaxation time.
This pressure is then released by a rarefaction wave. The pressure produced in thin films can
reach ~0.5 GPa and is generated with more or less equal amounts from shock- and
thermochemical decomposition. In the ps range, a “shock assisted photothermal ablation” is
taking place.
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Laser ablation with laser pulses in the femtosecond (fs) range yields unique advantages, i.e.
negligible heat affected zone, lower ablation threshold fluence, plasma shielding is not an
issue and the possibility to structure materials that are transparent at the irradiation
wavelength.
High quality structures can be produced in PMMA with 160 fs laser pulses at 308 nm [115],
where the polymer could only be “damaged” with ns pulses at the same wavelength. An
ablation threshold for PMMA at 248 nm that was 5 times lower for 300 fs than for ns pulses
[116] and the structures were of better quality. Ablation of PTFE with fs pulses leads to high
quality structures [99]. In the IR range, multi-photon absorption is assumed to be dominant
for the ablation of PMMA and PTFE.
Near-IR solid state lasers (e.g. Ti:sapphire) with chirped pulse amplification produce laser
light with high brightness and very short pulses around 800 nm [117]. 150 fs laser pulse
experiments on PI, Polycarbonates (PC), PET and PMMA have shown an increase of the
single pulse ablation threshold from 1 J cm-1 for PI to 2.6 J cm-1 for PMMA. This corresponds
well with the optical band gaps of these polymers and indicates a multi-photon process.
Incubation effects were observed for all polymers, but are more pronounced for PMMA, PC
and PET than for PI and PTFE, which are more stable [118-121]. Clear signs of molt
redeposition of material can be observed for all polymers, except PI, which is not surprising,
as it decomposes and does not melt.

1.1.6
1.1.6.1

Doped Polymers
Motivation

One approach to improve the ablation behavior of commercially available polymers is to
increase the absorption at the irradiation wavelength by adding an additional absorber. The
ablation of doped polymers has been reviewed in 1997 by Lippert et al. [122] and the
polymers and the ablation mechanism were classified according to the absorption properties
of the absorber-polymer system. The properties changed from systems, where only the dopant
is absorbing, to systems, where absorption occurs only in the polymer. It was suggested, that
ablation results from a mixture of processes, that originate from the polymer and the dopant.
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The properties of the dopant result in processes that can dominate the ablation mechanisms.
An important factor is whether the dopant is decomposing or not. A photolabile dopant, that
decomposes into gaseous products leads to pronounced surface swelling at low irradiation
fluences, while this behavior is much less pronounced for “photostable” dopants.
Thermoelastic stress can also be induced in the polymer below the ablation threshold fluence
by localized heating and thermal expansion of the polymer. This stress is then released in
acoustic waves and thermal conduction into the surrounding material. The resulting transient
and quasi-static thermoelastic stresses can lead to material damage and even material ejection.
At high fluences, very high ablation rates [123] can be achieved, but with the drawback of
pronounced surface melting. In the case of photostable, less surface swelling, lower ablation
rates, and structures with higher quality are observed.
For all doped systems, it has to be considered that the amount of dopant is limited (typically ≤
10 wt-%) and that polymer properties such as Tg may change (to lower values).

1.1.6.2

Doped PMMA to investigatigate the ablation mechanism

A higher ablation threshold fluence was found for PMMA doped with photosensitive organic
compounds (iodonaphthalene and iodophenanthrene) with a higher molecular weight for
irradiation with 248 nm laser light. This can be explained by the larger number of bonds that
have to be broken and by the higher pressure produced by gaseous ablation products that is
necessary to remove the longer fragments [124]. Also higher surface temperatures were
determined for PMMA with higher molecular weight for irradiation with 248 nm and 193 nm.
These results can be described by a bulk photothermal model, in which a critical
concentration of monomer and oligomer has to be reached, before ablation occurs. This
critical concentration is reached at higher temperatures for PMMA with higher molecular
weight [125]. The viscosity of the polymer with different Mw in the irradiated area differs
less, than expected form literature values. A strong dependence of the polymer viscosity on
the molecular weight has been suggested, but the measured data reveal similar values all
molecular weights. This can be explained by the higher temperatures that were observed for
the higher molecular weights.
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Doped PMMA for Structuring

Different dopants were added to PMMA to investigate the ablation mechanism during UV
irradiation. The dopants that were used ranged from polyaromatic compounds to compounds
that contained photochemical active groups [122].

Fig. 8.

Irradiated PMMA with different dopant concentration after irradiation with
308 nm. In the top image, PMMA with 0.25 wt.% triazene was used for
ablation with one laser pulse per position. The irradiation fluence increases
from left to right. Pronounced swelling and bubble formation is visible. In
the bottom image PMMA with 2 wt.% is shown after 2 laser pulses.

One group of dopants that were tested contain the triazene group (-N=N-N), as they are
photochemically well studied [126-128] and also release a large amount of nitrogen when
they are photochemically decomposed. Pronounced swelling has been observed by SEM
analysis of the ablation craters at low irradiation fluence (see Fig. 8(top)), which is caused by
gaseous products produced by the decomposition of the photolabile dopants. It has been
suggested that the released nitrogen and other gaseous ablation products act as carriers for
larger ablation fragments.
With increasing fluence and dopant concentration, high ablation rates of up to 80 µm can be
achieved, but pronounced signs of surface melting are always visible [123] (see Fig.
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8(bottom)), which is an indication for the presence of a photothermal mechanism. A possible
reason for these pronounced thermal effects could be that the maximum amount of dopant that
can be added to the polymers is ≈10 %, which limits achievable temperature (energy/volume).

1.1.7

Doped Polymers as Fuel for Laser Plasma Thrusters

Another quite different application utilizes dopants to induce absorption for near-IR
irradiation from diode lasers. The plasma created by laser ablation of the doped polymer can
be utilized as a micro thruster for small satellites. The operating principle and setup are
described in detail in section 2.1.4.8.

1.1.8
1.1.8.1

Designed Polymers
Triazene Polymers

New polymers have been developed to further improve the quality of the ablation process.
One approach was to incorporate the triazene unit into the polymer backbone. A unique
feature of these triazene polymers (TP, chemical structure shown in Fig. 9) is the possibility
to adjust the absorption maximum by varying the “X”-component in Fig. 9 [129]. The
absorption maximum of such triazene polymers can be tuned from 290 to 360 nm and
maximum linear absorption coefficients of up to 200000 cm-1 at 308 nm can be reached.

Fig. 9.

Chemical structure of the triazene polymers.

In the absorption spectra for TP1 (X=O, R1= (CH2)6, R2= CH3) is shown in Fig. 10, two
distinct absorption maxima can be distinguished. The R1 and R2 substitutes change the
properties such as Tg, film forming and chromophore density. One around 200 nm, which can
be assigned to the aromatic system, and one around 330 nm that corresponds to the triazene
unit [130]. This two well separated absorption regions allow an excitation of different
chromophores with different irradiation wavelengths such as 193, 248 and 308 nm, and
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thereby to study their influence on the ablation behavior.

Fig. 10.

Linear absorption coefficient of TP1.

Higher ablation rates were measured for irradiation wavelengths that excite the triazene
system (266, 308 and 351 nm) compared to the ablation rates for shorter wavelengths (248
and 193 nm) [7]. Also a clear and well defined ablation threshold fluence of 25 mJ cm-2 (± 5
mJ cm-2) is observed for TP1 at an irradiation wavelength of 308 nm, while for irradiation
with 248 nm a much broader range 16 – 28 mJ cm-2 has been measured. For irradiation at 248
nm, carbonization of the polymer was detected upon irradiation, whereas the surface of the
polymer remained unchanged after several laser pulses for irradiation with 308 nm [131]. This
is also an indication for the different ablation mechanisms in the two absorption regions.
The triazene polymers are also well suited as probes for the ablation mechanism. Mass
spectrometry was used to study the ablation products and to determine the different ablation
mechanisms at the different irradiation wavelengths [68, 132, 133]. All decomposition
products were identified with time resolved mass spectrometry for 248 nm and 308 nm
irradiation. The proposed decomposition pathway for 308 nm irradiation is shown in Fig. 11,
but similar products were observed also for a thermal decomposition [127]. A clearer
indication for the presence of a photochemical mechanism for 308 nm irradiation was given
by TOF-MS. Three different species of nitrogen were detected in the ablation plume. A very
fast ground state neutral with up to 6 eV of kinetic energy, a slower ground state species with
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a broad energy distribution, which is most probable a thermal product, and a metastable
(excited) neutral N2 species, that can only be created by an electronic excitation [134].
The triazene polymers were also tested with mass spectrometry after 157 nm. These
experiments showed a higher fragmentation of the polymer than for 308 or 248 nm, and even
a complete fragmentation of the aromatic groups was observed [135].

Fig. 11.

Decomposition pathway for TP1 measured by TOF-MS after irradiation
with 308 nm.

The photochemical activity of the triazene group was also confirmed by irradiation at low
fluences with excimer lamps, where one photon photochemistry is expected [132]. A
decomposition of the triazene chromophore was observed below the ablation threshold
fluence for irradiation at 308 nm and 222 nm. At 222 nm an additional decomposition of the
aromatic chromophores has been detected [136]. This suggests that the decomposition of the
aromatic part is related to the carbonization. This selective decomposition of the triazene
group by the less energetic wavelength (308 nm) clearly indicates that the triazene is the most
sensitive unit in the triazene polymer and that a photochemical process is most probably also
present during ablation.
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Another method, which can be used to determine the ablation mechanism, is nsinterferometry. The ablation process could takes place on a longer time scale (depending on
the temperature) for a photothermal processes than for a photochemical reaction. First
swelling is observed that is followed by etching [137, 138], e.g. discussed for a polyimide at
351 nm irradiation. This etching takes place on a µs time scale, which is much longer than the
30 ns excimer laser pulse. For the triazene polymer on the other hand the etching starts and
stops with the ablation laser pulse [136, 139] (see Fig. 12), which is again a clear indication
for a photochemical process.

Fig. 12.

Interference measurement for TP1 during irradiation with 308 nm. The black
curve represents the laser pulse, while the grey line corresponds to the phase
shift, which is related to the ablation depth.

Irradiation experiments in the near-IR range at 800 nm with pulses in the pico- and femtosecond range were also performed. For femto-second pulses, a lower ablation threshold
fluence was found than for pico-second pulses, which indicates the presence of a thermal
mechanism [140]. Also no complete removal of a thin triazene polymer film from a glass
substrate was possible with 100 fs pulses. These short pulses in the near-IR do not yield much
better results and are therefore no alternative to UV ablation [141].
The influence of the location of the predetermined “decomposition” site of in the polymer has
been tested by incorporating the triazene unit into the side chains. The obtained ablation
structures were less defined, and stronger thermal effects were observed [142]. Investigation
of the polymer “between” the individual triazene units suggest that a higher triazene density
results in better ablation results [8] (see Section 1.2.1).
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Other polymers designed for laser ablation
designed

polymers,

such

as

Diazosulfidepolymer,

Pentazadienopolymer,

Diazophosphonatepolymer and Diazocopolyester, have also been designed for ablation at 308
nm. All of these polymers contain a photolabile chromophore based on diazo groups (-N=NX) in the polymer main chain [143].
With all polymers, high quality structures could be obtained, but not all polymers were stable
enough to be analyzed by methods such as scanning electron microscopy. The
Diazosulfidepolymer could only be examined by optical microscopy, and also the
Pentazadienopolymer partially decomposed during sputtering prior SEM analysis. The best
results were obtained for Diazocopolyester, where no incubation was observed for irradiation
with 308 nm. By decreasing the triazene content below 35 %, it became impossible to
produce well defined structures. The polymer started to form bubbles below the surface, that
were caused by a thermal decomposition of the ester into CO/CO2 at a triazene contents above
90 %.

1.1.8.3

Comparison of designed and commercially available polymers

Compared to commercially available polymers such as polyimides or other designed
polymers, e.g. polyesters, the triazene polymers showed the highest ablation rates and the
lowest ablation threshold fluence for selected wavelengths.

Fig. 13.

SEM of Siemens Stars in TP (top) and Kapton™ (bottom), both produced
with five laser pulses at 308 nm.
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The structure produced in TP (Fig. 13 (top)) with 308 nm irradiation are much sharper than
those in Kapton™ (Fig. 13 (bottom)) and also no polymer debris is redeposited in and around
the ablated structure in the case of the triazene polymer [136]. Kapton™ was chosen as
commercially available reference because it has a similar αlin at 308 nm. The absence of
redeposited material for TP corresponds well with ns-shadowgraphy measurements, where it
was shown that no solid products are produced for 308 nm irradiation of TP [139].
All data obtained for TP strongly suggest that photochemical reactions play an important role
during UV laser ablation, but also that photothermal processes are important. This is
confirmed by the presence of the thermal N2 products in the TOF curves. Photothermal
processes will also always be present if the polymer decomposes exothermically during a
photochemical decomposition and if the quantum yields of the photochemical reaction is not
equal to one (which is most of time the case). The ablation of polymers will therefore always
be a photophysical process (a mixture of photochemical and photothermal processes), where
the ratio between the two mechanisms is a function of the irradiation wavelength and the
polymer. In addition photomechanical process, such as pressure produced by trapped gaseous
ablation products or shock- and acoustic waves in the polymer, take place and can lead to a
damage of the polymer and are most important for picosecond pulses.
A more pronounced photochemical part is preferable for material structuring, as it leads to a
more uniform decomposition of the polymer and results in less debris. Additionally large
quantities of gaseous products are produced and less material is redeposited in and around the
ablated area. The designed polymers such as the TP show a clear advantage over
commercially available polymers.
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1.2.1

Testing of novel designed polymers

Novel designed polymers were tested for ablation with 308 nm irradiation. All polymers were
based on the triazene unit as photochemical sensitive part. The influence of the polymer
structure, i.e. if the photosensitive triazene group was incorperated in the polymer backbone
or the side chain.

1.2.1.1

Photosensitive Triazene Polyacrylates2

Two new triazene copolymers based on phenyl triazene (M1 (R = H)) or para-nitrophenyl
triazene units (M2 (R = NO2)) and MMA were synthesized as described in [142] and
characterized (structures shown in Fig. 14).

Fig. 14.

Chemical Structure of T-Pac1 and T-Pac2.

The copolymers have a polymer compositions of 1:3.18 M1/MMA and 1:2.45 M2/MMA,
2

The results in this section have been published in:
142.

E.C. Buruiana, T. Buruiana, H. Lenuta, T. Lippert, L. Urech, and A. Wokaun, J.
Polym. Sci. Pol. Chem., 44 (2006) 5271-5282.
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respectively. The laser ablation rates at 308 nm versus the irradiation fluence are shown in
Fig. 15 for both triazene polyacrylates (T-PAc1 and T-PAc2), for which two distinct regions
are notable.

Fig. 15.

Ablation rate versus the fluence for T-PAc1 and T-PAc2 with irradiationat
308 nm.

From the lower region, the ablation threshold fluences can be determined, which are
60 mJ cm-2 for T-PAc1 and 70 mJ cm-2 for TPAc2. The lower ablation threshold fluence for
T-PAc1 clearly indicates that the phenyl triazene is more sensitive to 308 nm irradiation than
the nitrophenyl triazene group.

Fig. 16.

Linear absorption coefficient of T-Pac1, T-Pac2, PUH-T1 and PUH-T2
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This is consistent with studies performed on dialkyl phenyl triazenes, for which the
nitrosubstituted compounds are also less sensitive compared to the phenyl triazenes [32]. In
addition, higher αeff values were achieved for T-PAc1 (low fluence at 35200 cm-1 and high
fluence at 10200 cm-1) compared to those of T-PAc2 (low fluence at 11200 cm-1 and high
fluence at 5200 cm-1), which directly correspond the ablation rates The linear absorption
coefficient at the irradiation wavelength is higher for T-PAc1 (52300 cm-1) than for T-PAc2
(31700 cm-1), suggesting a lower penetration depth of the laser photons (see Fig. 16) for TPAc1, but also a lower ablation threshold fluence.

Fig. 17.

SEM images for T-PAc2 after 308-nm irradiation for five pulses at
3500 mJ cm-2. The whole ablation spot is shown in the left image; a close-up
of the flowing edges is shown in the right image.

The sharp structures (lower left side of Fig. 17(right)) in the polymer films are most likely
caused by the presence of crystallites or small impurities in the polymer.
In comparison with T-PAc2, only partial melting on the edge is observed for T-PAc1 (see Fig.
18).

Fig. 18.

SEM images of T-PAc1 after 308-nm irradiation for five pulses at
550 mJ cm-2. The whole ablation spot is shown in the left image; a close-up
of the thermal features is shown in the right image.
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After irradiation, the T-PAc1 film shows a clear ablation structure, in which the thermal
features of the ablation mechanism are visible only with 2500x magnification (the right image
in Fig. 18).
However, the profile measurements clearly demonstrate that the phenyl triazene group is
more suitable for laser structuring than the nitrophenyl triazene group, for which more
pronounced thermal effects are observed, i.e. flowing of the edges even for very small
difference of the softening temperature.

1.2.1.2

Novel Bistriazene Polyurethanes3

Two hard type polyurethanes (PUH-T1 and PUH-T2) were synthesized as described in [144].
The chemical structure is shown in Fig. 19. In these polymers, the triazene group was
incorporated into the polymer backbone.

Fig. 19.

Chemical Structure of PUH-T1 and PUH-T2.

For the hard triazene polyurethane PUH-T1 a threshold fluence of 83 mJ cm-2 and an effective
absorption coefficient for ablation of 14900 cm-1 is obtained, whereas PUH-T2 presents a
threshold fluence of 59 mJ cm-2, with a αeff of 18750 cm-1. The plot of the etch rate versus
fluence, shown in Fig. 20, gives a linear dependence which indicates that no incubation is
observed, as expected for highly absorbing polymers. For lithographic applications, the low
fluence range (between 10 and 400 mJ cm-2) offers the opportunity to study the influence of
structural parameters on the ablation rates.
The measured linear absorption coefficients (see Fig. 16) of the polyurethanes are higher than
the values of αeff. This difference is due to the decomposition of the triazene unit during the

3

The results in this section have been published in:
144.

E.C. Buruiana, V. Melinte, T. Buruiana, B. Simonescu, T. Lippert, and L. Urech, J.

Photochem. Photobiol., (in Press).
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lased pulse [130]. The quality of the structures and possible resolution for 308 nm laser
irradiation was studied by scanning electron microscopy.

Fig. 20.

Plot of the etch rate versus fluence of hard bistriazene polyurethanes

In Fig. 21, the ablation crater (left) and magnification the corner of the ablation structure
(right) are shown for PUH-T1 after applying 2 pulses with 1700 mJ cm-2 and in Fig. 22 for
PUH-T2 after 4 pulses with 4400 mJ cm-2.

Fig. 21.

SEM micrographs of the ablation hole (left) after 308 nm irradiation in
PUH-T1 after 2 pulses at 1700 mJ cm-2 and a closeup of the corner of the
same ablation crater (right).

No debris originating from expelled fragments are detected, and the edges are straight, sharp
and without damage. These well defined structuring is due to the decomposition of the
triazene moieties. The resolution is, as expected, in the micrometer or even submicrometer
domain. The bistriazene polymers prove an enhanced quality of the ablation characteristics
compared to other triazene polyurethanes, which have been studied in [145], mostly due to the
different architecture of the present polyurethanes. This confirms the literature data [146] that
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suggested that polymers with photoliable groups in the main-chain show higher quality than
those with the same groups in side chains, whereas the other characteristic data are quite
similar. The disadvantage of the polyurethans is the rather “bad” film forming properties (see
Fig. 21 and Fig. 22).

Fig. 22.

SEM micrographs of the ablation hole (left) after 308 nm irradiation in
PUH-T2 after 4 pulses at 4400 mJ cm-2 and a closeup of the corner of the
same ablation crater (right).

1.2.1.3

Summary

In Fig. 23 the ablation threshold fluence is ploted versus the polymer weight per triazene unit
for TP1, PUH-T1, PUH-T2, T-PAc1, T-PAc2, two different triazene polymers with malonyl
esther groups in the sidechains (TM1 and TM2) [8] and a polyurethan polymer with the
triazene unit in the side chain (PU-NO) [145].

Fig. 23.

The ablation threshold fluence versus polymer weight per triazene unit is
shown for various triazene polymers.

The two lines in the plot are shown as guidelines. A clear jump of the ablation threshold
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fluence can be observed at about 285 amu/(triazene group) from ~25 to ~70 mJ cm-2. Polymer
that are above this jump have a higher ablation threshold fluence, as more bonds have to be
broken to remove the larger remaining polymer fragments. Below or above thist step, the
ablation threshold fluence remains more or less constant, independent of the polymer weight
per triazene unit. Why this sharp step is observed is not yet clear.
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1.2.2

Ablation threshold of doped TP1 as a function of the pulse
length4

1.2.2.1

Introduction

The laser processing of polymers is an area of great research interest mainly due to its large
number of potential applications in the material and biomedical sciences [4, 7]. Most of those
applications use UV lasers for structuring, as many polymers of interest are highly absorbing
[5] in the UV range. Solid state lasers are more efficient, but the fundamental wavelength is in
the near IR, where most polymers do not absorb. TP1 was chosen to investigate the influence
of the pulse duration (fs and ns) and the irradiation wavelength (near IR and UV) on the
ablation properties of a polymer designed for UV ablation and a to compare it to
commercially available polymers.
Much less work has been performed applying infrared laser pulses to polymers. Due to the
given transparency of most polymers in the IR, it is difficult to obtain satisfying ablation
results in that wavelength range. One concept to overcome this problem is the application of
high intensity ultrashort laser pulses and their highly nonlinear interaction mechanisms with
dielectrics. Consequently, femtosecond laser pulses are suitable to structure successfully
commercial polymers such as polymethylmethacrylate (PMMA) [119, 148]. It has been
demonstrated by Krüger et al. [148] that thick PMMA layers doped with an IR-dye can be
structured in the near IR range with femto- and nanosecond laser pulses, while pure PMMA
could be processed only with fs laser irradiation in the near IR range. For doped PMMA, the
ablation threshold fluence for ns-laser irradiation is about two times higher than for fs-laser
treatment. For pure PMMA, the ns-laser fluence had to be at least 10 times higher, and still no
clean ablation could be achieved.
One other polymer group of particular interest are the triazenepolymers [149] which are
photochemically very active upon UV irradiation and which feature superior ablation
4

The results in this section have been published in:
147.

J. Bonse, J. Solis, L. Urech, T. Lippert, and A. Wokaun, Appl. Surf. Sci., (in press).
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properties for irradiation at a wavelength of 308 nm [150]. These polymers have recently
attracted numerous applications, e.g., as a photoresist material in laser lithography and also
for laser plasma thrusters in micro-/nanosatellites [8].
The behavior of triazene polymer films upon irradiation with near-infrared femtosecond and
picosecond laser pulses has been studied in detail [140, 141]. The first work [140] utilized
real-time reflectivity (RTR) measurements to determine the physical mechanisms acting
during the exposure to different pulse durations in the range 130 fs to 2.6 ps and at fluences
below and slightly above the ablation threshold fluence. A model based on optical
interference effects was proposed to explain the observed transient reflectivity changes, the
basis of which is the decomposition of the polymer within the film material. This model was
then further supported by the second study [150] employing both in-situ (RTR) and ex-situ
(scanning force microscopy, modulated lateral force microscopy) techniques for fluences in
the ablative regime. In a third study [8], the research was extended towards the irradiation
with multiple fs-laser pulses per spot. RTR measurements revealed a significant incubation
behavior which manifests in a decreasing damage threshold fluence with increasing number
of pulses per spot.
The behavior of triazenepolymer films (with a slightly varied chemical structure) upon single
near-infrared (NIR) fs- and single infrared (IR) ns-laser pulse irradiation as function of the
influence of different film thicknesses and the doping concentration with an IR-dye is
described in detail below.

1.2.2.2

Experimental

The polymer films, with a chemical structure as shown in Fig. 24a, have been synthesized
according to a procedure described elsewhere [129]. The samples for the experiments have
been prepared on glass substrates by spincoating a 5 wt-% solution (for films having a
thickness of ~1.1 µm) and a 1.5 wt-% solution (for films having a thickness of ~50 nm) of the
polymer in a 1:1 mixture of cyclohexanone/chlorobenzene with one additional drop of a
surfactant (Pluronic L-62). An IR dye (5 wt-% IR-165 (from Epolin Inc.)) was used as
absorber to enhance the optical absorption coefficient in the near IR and was added to the
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polymer solution prior to spincoating.
After spincoating, the polymer films were dried for 24 hours, followed by a solvent removal
step (40 °C for 24 hours under nitrogen atmosphere).
The linear absorption coefficient was measured with a UV-Vis-NIR Spectrophotometer (Cary
500, Varian) for thin films spincoated on quartz substrates. The film thickness was
determined with a stylus profilometer (Dektak 800, Veeco).
The fs experiments were performed by J. Bonse at the CSIC in Madrid. A commercial chirped
pulse amplification (CPA) Ti:sapphire laser system (Spectra Physics, Spitfire), providing
linearly polarized pulses at a wavelength of λ = 800 nm, was used for irradiation. By
exploiting the CPA technique, the pulse duration has been continuously varied between 130
and 540 fs by changing the separation length of the diffraction grating and retro-reflector in
the compressing section of the amplifier system. The duration of the laser pulses has been
measured using a single-shot autocorrelator (Spectra Physics, SSA) by fitting the pulses to a
temporal Lorentzian profile. The laser pulse energy was measured with a pyroelectric detector
(Ophir, PE-9).
In the fs-irradiation set-up, the sample was placed at normal incidence in the focal plane of a
10× microscope objective (Mitutoyo, M-Plan NIR, Numerical Aperture NA = 0.26), resulting
in an almost circular laser spot on the surface which corresponds approximately to a spatial
Gaussian distribution with a (1/e2) diameter of the order of 2w0 ~ 20 µm.
The irradiations with ns-laser pulses have been performed with the fundamental wavelength
(λ = 1064 nm) of a Nd:YAG laser (Brilliant BW from Quantel) with a pulse duration of 6 ns
and a supergaussian beamprofile with some hotspots. This laser beam was then focused by
lens with a focal length of 100 mm to a diameter of approximately 200 µm on the sample
surface.
An xyz-translation stage was used for precise positioning of the sample after each single pulse
irradiation event in air for all wavelengths.
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1.2.2.3
1.2.2.3.1

Results and Discussion
Optical characterization of the triazenepolymer films

Fig. 24b and c shows the optical absorption spectra of TP1. In Fig. 24b, the absorption
coefficient is given in UV-Vis spectral range between 200 nm and 600 nm for the undoped
TP1 film. The pure TP1 polymer starts to absorb strongly for wavelengths shorter than ~400
nm, having absorption coefficients α > 104 cm-1. In other words, for those wavelengths, the
optical penetration depth (1/α) is smaller than 1 µm, i.e., the film thickness of the thicker TP1
film samples. The maximum dominant absorption peak can be observed around 340 nm,
reaching a maximum absorption coefficient of 1.1×105 cm-1.

Fig. 24.

Chemical structure of the triazenepolymer (TP), (b) optical absorption
spectrum of the undoped TP1 film in the UV-VIS spectral range, and (c)
optical absorption spectra of the undoped (solid line) and a doped (dashed
line) TP1 in the near IR spectral range. The vertical lines indicate the
wavelengths of the two different laser systems used for irradiation.

Fig. 24c displays the absorption coefficient of the doped and the undoped TP1 in the near IR
range for wavelengths between 700 nm and 1200 nm. In this range, the undoped TP1 is
essentially transparent (α < 80 cm-1). Due to doping with the IR-dye, the absorption of the TP
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film material can be enhanced significantly, reaching values for α up to ~3300 cm-1 at the
fundamental Nd:YAG laser wavelength (1064 nm). This value corresponds to an optical
penetration depth of 1/α ~ 3 µm.
Both the doped and undoped TP1 films have been irradiated with single laser pulses at two
pulse durations (130 fs and 6 ns) in the near IR spectral range. In the case of ns-laser pulse
irradiation at 1064 nm, the coupling of optical energy should be mediated via the absorbing
IR-dye, whereas in the case of fs-laser pulse irradiation at λ = 800 nm, it could be achieved
also via nonlinear absorption processes.

1.2.2.3.2

fs-laser pulse irradiation

The fs-laser damage threshold fluence has been determined using the method of J.M. Liu
[151] by evaluating the squared diameters D2 of the permanently damaged surface area as a
function of the laser peak fluence F and by subsequent back-extrapolation D2→0. An
example is given in Fig. 25 which shows the results for the 1.1 µm thick undoped TP film
upon irradiation with five different pulse durations in the sub-picosecond range. The damage
thresholds obtained by the back-extrapolation clearly shows a dependence on the laser pulse
duration.

Fig. 25.

Squared diameters of the permanently damaged regions in an undoped
1.1µm thick TP1 film as a function of the incident laser peak fluence for five
different pulse durations in the sub-picosecond range (λ = 800 nm).
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Fig. 26 shows the damage threshold values as a function of the laser pulse duration in the subpicosecond range for all four different (doped and undoped 50 nm and 1.1 µm thick) TP1
films in a double-logarithmic plot. A significant dependence of the threshold values on the
pulse duration can be observed with values ranging from ~500 mJ cm-2 (130 fs) up to ~1500 J
cm-2 (540 fs). Apart from the 1.1 µm thick doped film, all samples show the same threshold
values within the experimental error, irrespective their thickness or doping level. The
threshold fluence values of the 1.1 µm thick doped films are systematically higher by
approximately 20%.

Fig. 26.

Damage threshold fluence as a function of the pump pulse duration for all
different TP1 samples (λ = 800 nm wavelength). The solid line represents a
least-squares-fits to the model of Stuart et al. [14] for the simultaneous
absorption of two photons as the dominant energy deposition process.

The threshold values of all films increases strongly for increasing pulse durations from ~350
to 540 fs. For even smaller values down to 130 fs, the decrease of the threshold follows a
characteristic square-root-scaling behavior with the pulse duration τ. This scaling is indicated
by the solid straight line, which represents a least-squares-fit of our experimental data points
to the model of Stuart et al. [152], Fth ∼ τ

(m−1)/m

for m = 2. This is an indication that the

deposition of the optical energy into the TP1 is dominated by optical two-photon absorption
processes. This result is consistent with the linear absorption spectra shown in Fig. 24b, which
show that the TP1 starts to linearly absorb radiation having a wavelength shorter than ~400
nm (photon energies > 3.1 eV). Hence, in the case of fs-laser pulses providing (at the damage
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threshold) peak intensities of the order of 1012 - 1013 W/cm2, the photon energy necessary to
excite the material can be provided by the simultaneous absorption of two photons each
having an energy of 1.55 eV. The bond strength of the triazene unit is also in the range of 1.5
to 3 eV and can therefore be directly broken.
Hence, the behavior of both the undoped and the doped TP1 films is somewhat different from
that studied in [140], where it was found that linear absorption processes dominate the
damage process of the undoped polymer films having ~1 µm thickness. This could be related
to the somewhat different chemical structure of the two different polymers, i.e. X = O or SO2
in Fig. 9.
It is interesting to note that no significant difference of the damage threshold fluence has been
observed here for very different film thicknesses of 50 nm and 1.1 µm, as it could be expected
on first sight within the frame of the interference based damage model presented in [140]. In
that work, it was concluded from time-resolved reflectivity measurements that interference
effects due to the formation of a standing optical wave along the fs-laser beam axis within the
TP films are present in a very narrow fluence range (τ = 130 fs: 395-410 mJ cm-2) well below
the threshold of permanent damage (τ = 130 fs: 495 mJ cm-2). This standing wave then
periodically modifies the optical properties of the polymer material due to the local
(microscopic) release of nitrogen gas as a consequence of the decomposition of the TP at its
weakest bonds. From the fact that, in the present study, the damage threshold fluence is not
affected by the TP film thickness, along with the fact that the permanent damage is
accompanied by the formation of a macroscopic bubble within the polymer films [141], we
conclude that the permanent film damage is not initiated at the maxima of the standing optical
wave but rather at the polymer/glass interface, where defects tend to pile up during the
preparation of the films. Note that our actual findings are fully consistent with a previous
study [140], where also a disappearance of the interference effects was observed in the
fluence range (τ = 130 fs: 410-495 mJ cm-2) when approaching the damage threshold fluence.
Moreover, additional influences of the different focusing conditions in Ref. [140] and the
present work cannot be excluded completely.
Finally, it is shown in Fig. 26 that the damage threshold fluence of our TP1 films does not
depend significantly on their doping concentration. Hence, it can be concluded, that the
coupling of the optical energy into the polymer material during the fs-laser pulse irradiation
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does not occur at the chromophore of the dopand (IR-165 dye) but in the polymeric host
material itself. This behavior is similar to the case of polycarbonate (PC) where very similar
threshold values have been found for the fs laser pulse irradiation of undoped and doped bulk
samples [119, 153].

1.2.2.3.3

ns-laser pulse irradiation

The ns-laser damage threshold has been determined according to the fs-laser pulse irradiation
experiments. No damage was observed for the undoped TP1 films of both film thicknesses
upon single ns-laser pulse irradiation. At a fluence level of 9000 mJ cm-2 the glass substrate
was damaged and it was not possible to work at higher fluence values.
Fig. 27 shows the squared diameters D2 of the damaged surface area as a function of the laser
peak fluence for the two doped TP1 films of different thickness. A clear dependence of the
damage threshold fluence on the film thickness is visible. A threshold of 345 mJ cm-2 was
determined for the 1.1 µm thick film, whereas the 50 nm thick film had a somewhat higher
damage threshold of 435 mJ cm-2.

Fig. 27.

Squared diameters of the permanently damaged regions in the doped 50 nm
and 1.1 µm thick TP1 films as a function of the incident laser peak fluence
ns-laser pulse irradiation (τ = 6 ns, λ = 1064 nm).

An explanation for the higher ablation threshold of the thinner polymer film could be the
higher thermal conductivity of the glass substrate compared the polymeric material: since the
glass substrate is essentially transparent at the laser wavelength of 1064 nm, the absorption of
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the ns-laser pulse energy mainly occurs in the doped TP1 film. On the other hand, the thermal
conductivity of the polymer material is significantly lower than that of the glass, which,
therefore, can act already during the ns-laser pulse as an efficient heat sink for the deposited
optical energy if the film thickness is smaller than the thermal diffusion length within the film
material. The penetration depth of the photons, calculated from the effective absorption
coefficient is for both films larger than the film thickness.
Fig. 28 shows a comparison of the single fs- and ns-laser pulse irradiation results as obtained
for the 1.1 µm thick films by optical microscopy in reflection. In Fig. 28a and b, surface areas
of the undoped and the doped TP1 films are shown after irradiation with a 130 fs laser pulse
having a peak fluence level around 11000 mJ cm-2. Even if the damage threshold fluence of
the TP films does not significantly depend on the doping level (supported here also by the
nearly identical damage diameters in both images resulting from the irradiation at similar
fluences), their ablation morphologies show distinct differences: in the case of the undoped
TP1 film (Fig. 28), a ~5 µm broad annular feature can be observed within the laser damaged
region, which might arise from the laser-induced formation and the subsequent collapse of a
bubble within the film material. In contrast, the doped film (Fig. 28b) shows only a narrow
fine dark line bordering the laser-damaged region.

Fig. 28.

Optical micrographs (reflection) undoped (a) and doped (b and c) 1.1 µm
thick TP1 films after irradiation with single fs- and ns- laser pulses: (a) and
(b) F = 11000 mJ cm-2, τ = 130 fs, λ = 800 nm; (c) F = 2500 mJ cm-2, τ = 6
ns, λ = 1064 nm. Note that the micrographs shown in (a) and (b) have been
obtained by a monochromatic illumination at 632 nm, whereas the
micrograph in (c) has been obtained by white-light illumination.

It is evident that the fs-ablation of doped TP1 provides a superior ablation quality. For
purpose of comparison, an optical micrograph of a surface region in the doped TP1 film
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subjected to a ns-laser pulse with a peak fluence of 2500 mJ cm-2 is shown in Fig. 28c.
Thermal effects such as splashing and filaments (fibers) can be observed in and around the
damaged surface region, which can limit the precision of the laser processing. The formation
of such fibers upon ns-laser irradiation has previously been observed in PMMA by Weisbuch
et al. [154].

1.2.2.4

Conclusions

The irradiation of doped and undoped triazene polymer thin films (50 nm and 1.1µm
thickness) on glass substrates by single ultrashort Ti:sapphire laser pulses (130 fs - 540 fs)
and by 6-ns-Nd:YAG laser pulses has been studied in detail. In the case of sub-picosecond
pulse durations in the NIR, no significant dependence of the damage threshold fluence on the
film thickness or the doping level has been found. The missing sensitivity of the damage
threshold on the doping concentration indicates that the absorption of the fs-laser pulses does
not occur at the chromophore of the dopand (IR-dye) but in the TP1 polymer itself. In
contrast, for ns-laser pulses in the IR, the damage threshold of the doped TP1 clearly depends
on the film thickness. Higher threshold values have been observed for the thinner films,
indicating that the thermal conductivity of the substrate plays an important role. Interestingly,
the undoped TP1 films can not be directly ablated with ns-IR laser pulses since they have a
higher damage threshold than the underlying glass substrates
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1.2.3

Removal of polymer films from metal substrates with fs and
ns near-IR laser pulse5

1.2.3.1

Introduction

It has been shown previously that it is possible to structure commercially available polymers
and designed polymers with the fundamental of solid state lasers with ns and fs lasers.
Therefore a next step in studying the removal from a substrate has been analyzed.
The removal of a polymer layer from any substrate plays an important role in areas such as
laser cleaning [156] and laser micromachining [65, 157]. The scope of this work was to
investigate the influence of the pulse length on the removal of a polymer layer from metal
substrates. As a model polymer, Poly(methylmetacrylate) (PMMA) was selected, due to its
well known properties [7]. It was demonstrated that PMMA doped with an IR-dye can be
structured in the near IR range with femto- and nanosecond laser pulses, while pure PMMA
could only be processed with fs laser irradiation in the near IR range [148]. For doped
PMMA, the ablation threshold fluence for ns laser irradiation is about two times higher than
for fs laser treatment. For pure PMMA, the ns laser fluence had to be at least 10 times higher,
and still no clean ablation could be achieved.
Titanium was selected as substrate because of its reactive surface and detailed data [158-161]
for femto- and nanosecond laser ablation and laser surface modification, due to its utilization
in biomedical applications [162]. Tungsten was chosen as reference material with a less
reactive surface, but similar properties, e.g. hardness, temperature resistance, but with a
higher melting point than titanium and the formation of a stable oxide layer. First of all,
ablation experiments on the pure metal substrates were performed. Their ablation thresholds
and possible surface modifications for nano- and femtosecond laser irradiation were tested in
order to apply them as models for the comparison of the different pulse lengths. One
boundary condition was that the ablation threshold fluence should be higher than for doped

5

The results in this section have been published in:
155.

L. Urech, T. Lippert, A. Wokaun, S. Martin, H. Madebach, and J. Kruger, Appl. Surf.

Sci., 252 (2006) 4754-4758.
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PMMA [148].

1.2.3.2

Experimental

A nanosecond Nd:YAG laser (Brilliant BW from Quantel) and a femtosecond Ti:sapphire
laser (Femtopower Compact Pro from Femtolasers) were used for all ablation experiments
under ambient conditions.
The ns-laser emits a 6 ns pulse at 1064 nm with a repetition rate of 10 Hz. It has a SuperGaussian beam profile with some hotspots in the beam intensity profile. The pulse energy was
measured with a pyroelectric detector
The fs experiments were performed by J. Krüger at BAM in Berlin. The fs laser provides 790
nm central-wavelength pulses with a bandwidth-limited duration of 30 fs at a repetition rate of
1 kHz and a Gaussian beam profile. The pulse duration was determined by means of a
dispersion-minimized autocorrelator (Femtolasers). The laser pulse energies were varied
using a rotatable half-wave plate in front of the compressor unit of the Ti: sapphire laser. The
Brewster prisms of the compressor acted as analyzer. The pulse energy was measured
employing a pyroelectric detector J25LP series with a display unit 3Sigma (Molectron).
In both cases, the sample was mounted on a x-y-z translation stage with the surface
perpendicular to the incident laser beam. The laser beams were focused to a diameter of
approximately 200 µm on the sample surface. Different pulse numbers from 1 to 1000 were
applied to the sample.
The laser-ablated area was analyzed with an optical microscope (SZH10, Olympus) and a
surface profilometer (Dektak 8000, Sloan) for the ns laser experiments. To determine the
ablation threshold fluence, it was defined, that ablation only takes place, when a clear removal
of material was observed with both methods.
For the femtosecond experiments, the measurements of the diameter D of the laser-damaged
area were performed with an optical microscope (Eclipse L200, Nikon). The ablation
threshold fluence was identified by a plot of D2 versus the maximum laser fluence for a fixed
pulse duration τ and number of pulses per site N [151].
A scanning electron microscope (Cambridge Stereoscan 180, acceleration voltage 10-20 kV)
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was used for a detailed characterization of morphological changes of the laser irradiated areas.
The titanium samples (99.5 %, from Alfa Aesar, USA) with a thickness of 0.25 mm and
tungsten foil with a thickness of 0.15 mm (99.95 %, from Goodfellows, UK) have been used
as delivered. The Poly(methylmetacrylate) (PMMA) (Aldrich) was dissolved in a solvent
mixture (50 wt-% Methyl Ethyl Ketone, 15 wt-% n-Butylacetate, 15 wt-% Cyclohexanone
and 20 wt-% 4-methyl-2-pentanone) by stirring for 12 h to obtain a 10 wt-% polymer
solution. An IR-dye (IR165) was dispersed in the same solvent and added to the polymer
solution by stirring for 30 min. The metal-polymer composite samples were produced by
spincoating the polymer-dye solution onto the metal substrates at 1000 rpm for 30 s on a
spincoater™ (Model P6700 Series, from SCS). The films were heated to 40 °C to remove
remaining solvent after drying for 24 h under ambient conditions.
The linear absorption coefficients were measured with an UV-VIS spectrometer (Carry 500,
Varian) from polymer films spincoated on quartz substrates.
The IR-dye concentration was chosen to obtain a linear absorption coefficient of 750 cm-1 for
the doped polymer at the irradiation wavelengths of 1064 nm (1% IR-dye) and 790 nm
(5% IR-dye).

1.2.3.3

Results and Discussion

The ablation threshold fluences for tungsten decrease from 0.6 J cm-2 for a single pulse with
30 fs duration to 0.16 J cm-2 after irradiation with 1000 pulses (see Fig. 29).
For fluences of about 0.03 J cm-2, a modification was visible as a “white” circular area of 90
µm diameter in the center of the ablation spot (Fig. 30). The confinement of the surface
modification to the center of the ablation spot is caused by the Gaussian beam profile, where
the laser energy is decreasing with increasing radius. The modification does not significantly
change the surface topography, and is probably caused by damaging or removing the native
oxide layer by the fs laser pulses.
The removal of doped PMMA from a tungsten surface should be possible, as the ablation
threshold fluence for tungsten is higher than for doped PMMA (from [148]). The “white”
modification will always be present, as it occurs at fluences below the ablation threshold
fluence for PMMA and is already formed with the first laser pulse (Fig. 29).
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Fig. 29.

Ablation threshold fluence for tungsten and doped PMMA [148] versus
pulse number for fs laser irradiation. Also the onset fluence of the surface
modification for tungsten is shown.

Initially, the fs irradiation of uncoated titanium resulted in the formation of a “white” area
(shown in Fig. 31a) and at higher fluences in a columnar surface modification (Fig. 31b). The
“white” modification is probably caused by damaging or removing the oxide layer on the
titanium by the fs laser pulse. The columnar structure is still observed after 1000 pulses at an
even lower fluence of 0.6 J cm-2.

Fig. 30.

Scanning electron microscope (SEM) picture of tungsten after fs laser
treatment with 100 pulses and 1.6 J cm-2 at 1 kHz as overview (a) and
detailed view of the “white” surface modification (b).
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SEM picture of titanium after fs laser irradiation with 100 pulses and
1.7 J cm-2 at 1 kHz as overview (a) and detailed view of the columnar
surface modification (b).

Material removal of titanium was observed after multiple pulses on the same ablation spot
(see Fig. 32). Titanium reveals a strong incubation behavior as already reported by Mannion
et al. [163]. The ablation threshold fluence is higher for titanium than for IR-dye doped
PMMA (Fig. 32) [148], which should allow also a removal of the doped PMMA from a
titanium substrate.

Fig. 32.

Ablation threshold fluence for titanium and doped PMMA [148] versus
pulse number for fs laser exposure. The onset fluence of the surface
modification and the ring formation for titanium are also shown.

Due to columnar structure formation on titanium, a clean removal of a PMMA layer from a
titanium substrate without physical modification is not possible. Therefore, tungsten was
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selected as the more promising substrate to investigate the influence of the laser pulse
duration on the removal of doped PMMA.
The ns laser irradiation at 1064 nm wavelength of tungsten and titanium results for both
materials in surface modifications. The irradiation of titanium with a fluence of 1.01 J cm-2
(1000 pulses) yielded a modification of the surrounding material by thermal effects. These are
visible as a dark zone around the ablation spot (Fig. 33a). A crown-like structure as described
by György et al. [158, 159] was not observed probably due to the inhomogeneous beam
profile of the Nd:YAG laser.
In the case of tungsten, the formation of a rough modification in the center of the ablation spot
was found (Fig. 33b). These structures were previously described by Kawakami and Ozawa
[164, 165] as “microcones” formed upon irradiation of tungsten with nanosecond laser pulses.

Fig. 33.

Scanning electron microscope (SEM) picture of titanium after ns laser
irradiation with 1000 pulses and 1 J cm-2 at 10 Hz (a). SEM picture of the
ablation spot of tungsten after ns laser irradiation with 100 pulses and
1.3 J cm-2 at 10 Hz (b).

For both metals, pronounced incubation was observed (Fig. 34) [166]. As the ablation
threshold fluence for doped PMMA (Fig. 34) [148] is lower than for titanium and tungsten at
all pulse numbers, the removal of a doped PMMA layer from both, titanium and tungsten,
should be possible. For the further experiments, i.e. the removal of a doped polymer layer
from a metal substrate, tungsten was used, as it showed the better results in the fs laser
ablation experiments.
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Ablation threshold fluence for tungsten, titanium and doped PMMA [148]
versus pulse number for ns laser treatment.

A SEM image of the ablation spot of a doped PMMA film on a tungsten substrate is depicted
in Fig. 35a for femtosecond laser irradiation, and in Fig. 36a for ns laser exposure.

Fig. 35.

SEM picture of the ablation spot of doped PMMA on tungsten after fs laser
irradiation with 2 pulses. 1.87 J cm-2 (a), 0.45 J cm-2 (b).

A clean removal of the doped PMMA is possible at a fluence of 1.87 J cm-2 employing the fs
laser. No physical damage to the tungsten is observed. The “white” modification which was
also found on uncoated tungsten is also visible, but the surface morphology seems to be
unchanged. In the outer regions of the laser beam, the laser fluence is not high enough (due to
the Gaussian beam profile) to ablate the polymer. The same phenomenon can be observed in
Fig. 35b, where the fluence of 0.45 J cm-2 was not sufficient to completely remove the
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polymer from the substrate, and some molten and solidified “fibers” remain in the ablation
spot.
A SEM image of a ns ablation spot is shown in Fig. 36a. A clear damage to the tungsten
surface is visible as white rippels in the upper half of the ablation spot. Thermal effects are
also detected in the lower left corner of the image. The doped PMMA seems to be not
completely removed from the surface, but merely flipped out of the ablation spot. In and
outside the ablation crater, “nanofibers” as reported by Weisbuch et al. [154, 167] are also
observed. A clean removal of a doped PMMA film from tungsten is therefore not possible
with a ns laser at 1064 nm wavelength.

Fig. 36.

SEM picture of the ablation spot of doped PMMA on tungsten after ns laser
irradiation with 100 pulses and 1.95 J cm-2 (a). In (b) the influence of the
pulse repetition rate and the irradiation fluence for fs laser irradiation of
doped PMMA on tungsten is shown.

The influence of the pulse repetition rate and the irradiation fluence on the results of fs laser
processing of doped PMMA on tungsten is shown in Fig. 36b. The three lines in the SEM
image were fabricated with a (sample) scanning speed of 200 µm/s. The irradiation fluence
generating the top and the bottom line was 0.16 J cm-2, and 0.2 J cm-2 for the middle line. The
bottom and middle lines were produced with a pulse repetition rate of 100 Hz, the top line
with 1 kHz. Only for the upper lines, a comparatively clean removal of the doped PMMA can
be achieved.

1.2.3.4

Conclusions

The influence of different laser pulse lengths on the removal of a polymer layer from metal

Part I: Photoablation of polymers

48

49

1.2 Results

substrates was investigated. A Nd:YAG (1064 nm, 6 ns) and a Ti:sapphire laser (790 nm, 30
fs) were employed as irradiation sources. Two different dopant concentrations were used for
PMMA to achieve an equal linear absorption coefficient for the femto- and nanosecond laser
wavelengths (790 nm and 1064 nm). The fs laser irradiation of uncoated titanium revealed
that a clean removal of PMMA would be impossible due to a columnar surface modification
of the titanium. The best results were achieved for the removal of doped PMMA from a
tungsten substrate by femtosecond laser treatment, where only a small modification of the
metal surface was detected. In the case of nanosecond laser irradiation, a pronounced change
of the substrate structure was observed, suggesting that damage-free cleaning of the selected
metal is impossible.
Complete removal of a polymer film from a substrate is also difficult with UV laser
irradiation, due to different effects, e.g. carbonization [168] or the formation of fibers [154,
167].
Therefore it seems that removal of thin polymer by lasers is challenging for UV and IR laser
using fs to ns pulses. One possible approach would be irradiation through the substrate, which
would of course only be possible if the substrate is transparent and not too thick. This
approach is used in LIFT and is the basis for the µ-LPT (described in section 2.1.4.8), where
the irradiation of the polymer through the substrate is the foundation of the application.
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2 Part II: Polymers as fuel for laser plasma
thrusters
Before discussing the Laser Plasma Thruster in detail, a general introduction to Laser Space
Propulsion is given for a better understanding of this special field of research.

2.1 Introduction to Laser Space Propulsion
Laser space propulsion (LSP) is a form of propulsion, in which laser radiation is used to
propel a vehicle in space. This includes pure photon propulsion, laser ablation propulsion, as
well as propulsion systems, where the laser is used to detonate gas, expel a liquid, heat and
expel a gas or even to deliver energy to a remote conventional electric thruster.

2.1.1

Reasons for LSP

Compared to currently used chemical propulsion systems like the space shuttle, LSP offers
advantages in versatility and performance.

2.1.1.1

Reduce the dead mass

In LSP systems, turbines, pumps, tanks, exhaust nozzles, etc. can be omitted by using a high
power laser that remains on ground. This reduction in the dead mass can be used to raise more
payload into low planetary orbits (LPO).

2.1.1.2

Lowering the costs with laser launching

Chemical rockets, which are well established and currently used to send material into space
are very expensive. Nowadays, the minimum cost to bring on kilogram of mass into low earth
orbit (LEO) with chemical rockets is ~10000 $/kg (see Table 1).
It has been shown by Phipps and Michalelis [169] that there is an optimum set of parameters
for laser launching, with which the costs for launching large payloads into LEO could be
reduced by a factor of 100.
The launch frequency is a second important factor, therefore rapid launching is important to
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reduce costs. The costs to bring one kg into low earth orbital with the shuttle could lowered
from 50000 $ (0.01 launches/day (typical launch frequency for the Shuttle)) to 400 $ (5
launches/day). Even with extensive development, chemical rockets are not flexible and
mobile enough to permit high launch frequencies, which can be reached by adapting laser
launching systems.

Table 1

Present-day launch costs of chemical rockets to LEO [170].

Launch System

Minimum Cost [k$/kg]

Country

Rockot

10

Russia

Space Shuttle

12

USA

Athena 2

12

USA

Taurus

20

USA

ISS, commercial

22

Pegasus Xl

24

USA

Long March CZ-2C

30

People's Republic of China

Athena

41

USA

2.1.1.3

Defined and changeable exhaust velocity

A great advantage of LSP systems is the possibility to adjust the exhaust velocity to the
optimum value for each mission. The maximum exhaust velocity can also be much higher
than for chemical rockets, as the temperatures in the laser-produced plasma are much higher.
For conventional chemical rockets, a maximum specific impulse (Isp, defined in section 2.1.2)
of 500 s can be achieved whereas the Isp measured for a laser produced aluminium plasma
reached a value of 7600 s.
The Isp and momentum coupling coefficient (Cm) of LSP systems can be adjusted by using
optimized material, laser intensity, and pulsewidth.

2.1.1.4

Overcome barriers to enable “impossible” missions

A fourth advantage of LSP is a combination of the three previously mentioned advantages.
With a suitable design, mission targets that are impossible to reach can be achieved with LSP.
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In a recently published “Broad Area Announcement” [171] a set of criteria was presented
which can not be reached with current propulsion systems, but might be necessary for future
space missions. A spacecraft with 100 kg of payload and total weight of 180 kg has 1 kW of
prime power. The remaining 80 kg must be sufficient for altitude control and station-keeping
propulsion. The following four missions have to be possible:
•

“Rephase orbit of spacecraft by 180 degrees in 12 hours. Wait for spacecraft
operations. Return to the original orbit phasing in 12 hours.”

•

“Raise spacecraft by 1000 km to a 1500 km circular orbit in 48 hours. Wait for
spacecraft operations. Return to original 500 km circular orbit in 30 days.”

•

“Change spacecraft orbital plane by 15 degrees in 90 days. Wait for spacecraft
operations.”

•

“Drop the spacecraft to 300 km circular orbit in 48 hours. Then maintain a circular
300 km orbit against atmospheric drag for 300 days of spacecraft operations. Altitude
can vary by plus or minus 1 km. Then return the spacecraft to the original circular
500 km orbit in 30 days. Note: only 50 watts is available for negating atmospheric
drag because the spacecraft needs full power during these 300 days of operations.
Also, the 300 days at 300 km is assumed to be during a period of average solar/upper
atmospheric conditions.”

It has been proposed by Phipps et al. that this goal could be reached by using a laser ablation
engine with a total optical power of 350 W [172].

2.1.2

Parameters

The main parameters that are used in “rocket science” to describe propulsion in general will
be briefly discussed. The two main variables are the momentum coupling coefficient Cm and
the specific impulse Isp.
The momentum coupling coefficient is defined as the impulse ΔJ created by incident laser
pulse energy W, or thrust F produced by the incident power P for a continuous laser signal:
Cm =

"J m"# F
=
=
W
W
P

[µN/W]
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where mΔv is the target momentum produced during the ejection of laser ablated material.
Combined with the specific ablation energy Q* which is defined as:
Q* =

W
"m

[J]

(3)

Q* and Cm can be easily measured and can be used to determine the exhaust velocity vE with
the following relation:
!

vE = CmQ*

[m/s]

(4)

The second important parameter for thrusters is the specific impulse Isp, which is defined as:
!

I sp =

vE
g

[s]

(5)

where g is the acceleration due to gravity. The specific impulse can also be defined as the
impulse created by unit weight of fuel:
!
"J
I sp =
g"m

[s]

(6)

The ablation efficiency ηAB is a dimensionless parameter and is defined as the efficiency with
which the laser pulse energy is converted into exhaust kinetic energy:
!
W
#mv E2
" AB = E =
W
2W

(7)

And can be brought in relation with the Isp and Cm with the following equation:
(8)
2" AB = CmvE = Cm I sp g
!
As equation 8 demonstrates, Isp and Cm are not independent, but form a constant product that
is controlled by the ablation efficiency. If, for example, a significant amount of incident
!
energy is absorbed as heat in the target rather then producing material ejection, Q* will be
higher and Cm well be proportionally lower. This results in the same exhaust velocity and Isp
for both cases.
When the momentum coupling coefficient and the specific impulse are considered as
variables which can be adjusted to fit the mission targets, it has to be considered that the
ablator lifetime τAB decreases very rapidly with increasing Cm or decreasing Isp:

" AB =

g 2 MI sp2
2# AB M
=
(PCm2 ) (2P# AB )

[s]
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where M is the original ablator mass, which will be used up faster with a higher Cm.

2.1.3

LSP Concepts

Different LSP concepts have been developed over the last 50 years and are now on the merge
to become real alternatives to conventional propulsion systems. In this section these concepts
will be briefly discussed.

2.1.3.1

Pure photon propulsion

Eugen Sänger has first published the idea of space propulsion using photons in 1953 [173],
even before the demonstration of the laser. He had shown that a circumnavigation of the
universe in 20 years is possible with pure photon propulsion. Also in later publications by
Marx [174] and Möckel [175], only propulsion by transmission, reflection or absorption was
considered, rather than ablative propulsion.
With this concept, even when total reflection is assumed, a momentum coupling coefficient of
only 6.7 10-9 N/W can be achieved, while the specific impulse reaches 3.1·107 s. To accelerate
a 1 ton spacecraft at 1 earth gravity, one would need 1.5 TW of optical power.
Nowadays, pure photon propulsion is only considered as a solution in the form of photon
sails, where the photons emitted by the sun could be used [176].

2.1.3.2

Ablative laser propulsion

A more practical approach than pure photon propulsion is ablative laser propulsion (ALP).
The principle of heating a solid propellant to generate a plasma or vapour jet which provides
the thrust was first introduced by Kantrowitz in 1971 [177]. ALP is more practical as it uses
much lower exhaust velocities (vE<<c), and therefore also lower Isp. The momentum coupling
coefficient is larger by orders of magnitude.
A main advantage over pure photon propulsion is the application of practical lasers with
optical power in the range of watts to kW to produce much higher momentum coupling
coefficients. The laser may be ground based or can be carried on board the spacecraft. Several
concepts have been suggested and tested, which are described in the following subsections.
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Propulsion by gas detonation

An air-breathing laser propelled flyer, which would not use any fuel but air was proposed by
Myrabo [178]. The “Lightcraft” is shown in Fig. 37. It is a small flyer with a diameter of
about 10 cm and a mass of 20 to 50 g

Fig. 37.

The “Lightcraft” is a small flyer which is propulsed by a ground based laser.
(image from [179])

Laser light is aimed from the ground onto the flyer. The laser light is reflected and focused by
the biparabolic surface. In the focus an air breakdown and detonation is produced, which
delivers thrust to the flyer. Outside the atmosphere, the flyer would use solid propellants as
fuel. In 1998, the first test flights were performed. In 2000, an altitude of 71 m was reached
with a pulsed 10 kW CO2 laser [179, 180]. A momentum coupling coefficient of 250 µN/W
could be reached in air with a specific impulse of less than 1000 s.
Higher Cm values were obtained by Bohn et al. [181, 182]. In laboratory conditions, an
altitude of 6 m was reached with a monoparabolic flyer. With simulations it was shown, that a
1MW laser could deliver 10 kg to LEO by using about one 1 kg of fuel if a Cm of 1 mN/W
can be reached.

2.1.3.2.2

Propulsion by laser expulsion of liquids

A laser powered microairplane was proposed by Yabe et al. [183, 184]. An absorber was
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placed at the back of a liquid container. The shock generated when a laser is aimed at the
absorber ejects liquid. Extremely high values for Cm ranging from 0.24 to 5 mN/W could be
reached. Simulation predicted even values of 70 mN/W, but the specific impulse was limited
to 10 s. This values lead to extremely low fuel lifetimes, which limit this concept to
applications with short mission times such as collecting climate data.

2.1.3.2.3

Laser heat exchangers

The HX thrusters, which is essentially a laser heated boiler, was proposed by Kare [185, 186].
The laser is used to heat a solid heat exchanger, which then transfers the heat to a inert liquid.
A specific impulse of 600 s has been calculated in simulations with an exhaust temperature of
1000 °C. The concept requires two lasers, one for launch and one for mid-range acceleration.
At low altitudes, water injection is used to increase the thrust. Above the atmosphere
hydrogen exhaust is as fuel. It has been calculated, that with a lift-off mass of 5400 kg, a
payload of 180 kg could be transported into LEO.
A similar concept has been proposed by Rather [187]. A shuttle hydrogen tank with a mass of
30000 kg could be propelled to a geostationary orbit (GEO) in 45 day by using a 10 MW
laser to heat 4000 kg of hydrogen sufficiently to achieve an Isp of 1500 s. These tanks could
be used to build manned GEO stations or a LEO-GEO shuttle.

2.1.3.2.4

Hybrid laser-electric thrusters

Horisawa et al. [188, 189] have built and tested a hybrid laser electric (LEH) thruster. In this
concept, the laser produced plasma is additionally accelerated by an electric field. A specific
impulse of 2500 s with a Cm of 7 µN/W could be reached.

2.1.4

Microthrusters for space propulsion

In the early phases of space travel, the main focus was on producing larger engines with
larger thrust. Since small satellites in the micro- (≥ 10 kg), nano- (1 – 10 kg) and even pico(< 1 kg) range are becoming more popular, this trend is reversing. For pointing or positioning
such a small satellite, a thrust of only 100 µN is necessary. Other requirements are very small
minimum impulse bits, low thrust noise and low weight. With conventional chemical rockets
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such demands are difficult to reach.
In the last decade, the field of microthrusters has evolved to satisfy these demands, with
electric propulsion as an especially interesting subset. The advantage of electric propulsion is
the programmable thrust (minimum impulse bit (MIB)) which can be as small as nN·s, and the
possibility to eliminate the problem of storing reactive or explosive chemicals on board of the
spacecraft. Many electronic propulsion systems have also specific impulses which are much
higher than those of chemical propulsion. The most prominent electrical propulsion systems
for microthruster and some alternatives will be discussed in the following subsections.

2.1.4.1

Ion engines

In an ion engine, a plasma discharge is used to ionize a propellant (typically xenon). The ions
are then extracted from the plasma by electrostatic forces and accelerated across an electric
potential difference of about 1 kV. The xenon ions are thereby accelerated to a velocity of
~30000 m/s, which corresponds to a specific impulse of ~3000 s. This high Isp is a big
advantage of the ion engines, as it can be utilized to reduce the fuel and overall mass of the
spacecraft. The power consumption is the drawback of ion engines. To supply sufficient
power, the low fuel mass required by the high Isp will be compensated with the higher weight
of the power supply unit [190, 191].
The current ion engines are still to heavy to meet the requirements for a application as
microthruster (see Table 2 on page 64).

2.1.4.2

Hall thrusters

Hall thrusters are electrostatic propulsion systems that use xenon as propellant. Electrons that
are emitted from an external cathode are accelerated towards a positive anode into a annular
discharge chamber and thereby cross a radial magnetic field. The electrons are forced onto a
circular pathway around the magnetic field lines due to the Lorentz force. They collide with
the propellant gas and ionize it. The ions are then accelerated by the same electric field that
attracts the electrons, but into the opposite direction. The ion beam is finally neutralized by
additional electrons from the cathode.
This design leads to a much smaller device than for the ion engine, but they are still too heavy
to be used in microthrusters. Isp values of 1500 to 2000 s can be reached [190, 191].
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Field emission thrusters

The field emission thrusters or field emission electric propulsion (FEEP) devices have been
designed to provide ultra fine control to large satellites. Due to their small size and low
available thrust levels, they could also be used as primary thruster for small spacecrafts.
Thrust is generated through electrostatic forces. A liquid metal propellant (e.g. Cs) is
transported by capillary forces through a small, positive charged channel. The channel ends
opposite to a negative electrode, forming sharp edges that are separated by a small gap of ~1
mm from the electrode. The liquid metal propellant is deformed by the electric field that is
built up between the two electrodes and forms sharp cones. Due to the electric field these
cones become sharper, what results in a local enhancement of the electric field strength.
Electrons are ripped of the Cs atoms when the local field strength reaches a value of about 107
V/cm and are collected by the liquid metal or the positive charged channel walls. The positive
charged metal ions are accelerated away from the liquid through a gap in the negative
electrode by the same field that created them. An acceleration voltage of 10000 V can
produce specific impulse values of 8000 s.
The advantages of the FEEP are the easy storage of the propellant, the high Isp and the
compact size. The main disadvantage is a possible contamination of the device by the Cs and
the high power and voltage requirements. Another problem could be a possible solidification
of the propellant [190, 191].

2.1.4.4

Colloid thrusters

The thrust in colloid thrusters is produced by an electrostatic acceleration of fine droplets
from a capillary. A strong electric field, which is applied between the exit of the capillary and
an external electrode leads to a charge separation in the liquid propellant. A combination of
hydrodynamic instabilities that cause the jet to break up into small droplets and the applied
electrical field that works on them, lead to a high ejection velocity. The charge of the droplet
depends on the liquid used as propellant and often additives are added to increase its
conductivity. Most applications studied in the past used glycerol doped with sodium iodine to
produce positive charged droplets and glycerol doped with 2 - 10 % sulfuric acid to produce
negative droplets.
The specific charge (Coulomb per droplet) has to be high in order to achieve high Isp at
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reasonable applied voltages. The demands on the propellant liquid are high solvation
capability to take up dopant, low vapour pressure to avoid crystallization on the capillary
walls, low freezing point and low corrosivity to not damage the thruster [190, 191].

2.1.4.5

Pulsed plasma thrusters

In the pulsed plasma thrusters (PPT) electrical power is used to ablate, ionize and
electromagnetically accelerate atoms and molecules from a bar of solid Teflon between two
electrodes. A capacitor is discharged through a spark plug close to the Teflon bar and removes
and ionizes a part of it. During the next pulse, the spark plug will discharge through the
ionized Teflon gas. A current flows between the two electrodes through the ionized gas and
thereby produces a strong magnetic field. The resulting Lorentz forces push the Teflon plasma
out of the thruster.
The pulse duration is in the millisecond range, with a repetition rate of 1 to 6 Hz. The PPT
can produce very small MIB, which allow a very fine control of the produced thrust. Current
thrusters produce Isp of 800 – 1500 s [190, 191].

2.1.4.6

Fig. 38.

Cold gas thruster

Image showing the ST5 microsatellite with a diameter of 53 cm and a height
of 48 cm [192].
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The cold gas thrusters are very simple units with low weight. Small amounts of gas are
released through a nozzle. Only low Isp values can be achieved, except by using light gases
such as H2 or He. But these gases require high mass storage systems, which leads to a high
dead mass of the propulsion system. Also microscopic contaminations of the gas are a
problem as they can lead to leaking of the nozzle. Isp values of 65 s have been achieved for N2
[190, 191]. Three ST5 microsatellites (25 kg) which rely on the cold gas thrusters have been
launched in 2006 [192].

2.1.4.7

Warm gas thruster

Warm gas thrusters are a conceptual adaptation of the cold gas thrusters. A propellant (e.g.
hydrazine) is decomposed over a catalyst in a separate compartment. The produced gas is the
feed to a tank and released by a cold gas thruster. The additional weight resulting from the
catalyst and its heating would be compensated by lighter fuel storage [190, 191].

2.1.4.8

Laser plasma thruster

The micro-laser plasma thruster is the approach we have taken on in collaboration with C.
Phipps from Photonic Associates.

Fig. 39.

The final design of the millisecond µ-LPT with six jet apertures, which work
in pairs to maintain a fixed center of thrust.
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The µ-LPT will be the first macroscopic application of laser ablation to space propulsion (see
Fig. 39). It takes advantage of the predictable physics in laser–material interaction, where a
pulsed laser interacts with a polymer, and thereby forms a plasma. Due to the confining forces
involved in the plasma formation, no nozzle is required to direct the jet.
The main difference to the electrical thrusters is the much larger thrust, the thrust to power
ratio and the very small MIB. Also the momentum coupling coefficient and the specific
impulse can be changed over a relative large range by using different propellants.
The µ-LPT is driven by high power, single-facet diode lasers which emit in the near IR (920
nm) with an available power of around 1 to 5 W and a pulse length from 100 µs to the
millisecond range [81]. Advantages of these lasers are a high brightness, durability and low
cost.

Fig. 40.

Scheme of the µ-LPT.

This pulse duration and wavelength require the utilization of materials for the fuel layer with
low thermal conductivity, i.e. polymers [66, 81]. The functional principle of a µ-LPT is shown
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in Fig. 40 [193].
The laser beam is focused on a polymer tape consisting of a transparent supporting layer,
through which the light passes without perforating it, and an absorbing fuel layer, where the
micro-jet is produced by the laser-material interaction. The power density on the target is
optically variable, allowing to adjust the operating parameters instantly to match the mission
requirements. The easy fuel supply through the tape design and the effective usage of the fuel,
which is achieved by focusing the laser through a slit are the big advantages of this setup.
Another benefit of this setup is the protection of the optics by the support layer from
contamination. It builds a physical barrier between the plasma and the lenses. Requirements
for the support layer are transparency for near IR light, flexibility and resistivity to solvent
and moisture, toughness, low outgassing and high optical damage resistance. Materials that
have been tested for the support layer are cellulose acetate, poly(ethylene terephthalate),
fluorinated ethylene-propylene and Kapton™. As the required properties tend to be mutually
exclusive, different substrates were used, depending on the fuel polymer. For general use,
cellulose acetate showed the best overall performance, but was not resistant to solvents used
in the preparation of the fuel films. Kapton™, which is eventually used as support polymer
has excellent toughness and outgassing properties, but a lower optical damage resistance
compared to cellulose acetate [193, 194].
Different fuel polymers have been tested for the thrust which they produce. The same
polymers were also tested with other methods, i.e. mass- and plasma emission spectroscopy,
plasma imaging and shadowgraphy, to understand the processes that are responsible for the
thrust formation.
The most important parameters of the previously described propulsion concepts are collected
in Table 2. The main advantages of the µ-LPT are the low weight, the low MIB, and the high
momentum coupling coefficient.
Different commercially available polymers (i.e. PMMA, PVC, a poly(vinylalcohol)
copolymer (PVA), Nitrocellulose) have been tested as fuel for the LPT [193], but the mission
targets could not be reached. TP1 was also tested and revealed a higher coupling coefficient
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than PVA and a quite well-defined threshold for a strong increase of the momentum coupling
coefficient. The well-defined threshold of the triazene-polymer is an important feature for the
design of a plasma thruster with tape-like polymer fuel, because the optimum incident laser
fluence and tape speed are clearly defined.

Table 2

Comparison of the different microthruster concepts [170].

Concept

MIB

Cm

Isp

Thrust

Engine mass

[µN·s]

[µN/W]

[s]

[µN]

[kg]

ms- µ-LPT

0.5

550

200

10000

0.4

ns- µ-LPT

4·10-5

40

3000

100

0.8

µPPT

2

20

1000

30

1

FEH

38

4.3

4000

--

--

PPT

4

180

1000

20

0.5

Colloid

4

180

1000

20

0.5

FEEP

1

15

9000

1400

8.7

Hall

--

60

1300

30000

1.1

Ion

--

40

3100

20000

8

The well-defined threshold and higher values are probably due to the decomposition
properties of the triazene polymer. The thermal decomposition, which is initiated by the
absorption of the laser energy by the carbon, probably follows the same pathway as the UV
laser-induced decomposition [193].
Even though TP1 revealed good properties for this application it was not used as fuel for the
µ-LPT, as the photochemical properties are only of minor importance, since exothermic
decomposition, gas formation, and a well defined decomposition temperature are more
important. As exothermic decomposition seems to be a key element in generation of thrust,
new higher energetic polymers were developed and characterized. Absorption of the polymer
at the irradiation wavelength is less important, as the dopants are the primary absorbers.
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2.2 Materials tested as fuel for the Laser Plasma Thruster
The investigated polymers were Poly(vinyl chloride) (PVC), a Glycidyl acide Polymer (GAP)
and Poly(vinyl nitrate) (PVN) (see Fig. 41). As most polymers do not absorb in the IR range,
different dopants, e.g. carbon nanoparticles or IR-dyes, had to be incorporated in the polymer
films. The polymers will be referred to in this report with the abbreviation of the polymer and
by indicating the dopant by “+ C” for carbon and “+ IR” for IR-dye.

Fig. 41.

Structure of the investigated polymers.

For GAP a polyole with 2.7 OH groups per chain was used (most probable structure is a
mixture of 30 % GAP and 70 % GAP POLYOL). This leads to a more cross-linked polymer
compared to a linear polymer like GAP diol.
GAP and PVN are both energetic polymers, which release significant amounts of energy
during decomposition. PVC was used as a less energetic and commercially available
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reference, to compare the influence of the chemically stored energy (properties in Table 3).

Table 3

Decomposition properties of PVC, GAP and PVN.

Polymer

Decomposition

Decomposition

Volume of Detonation

Temperature

Enthalpy*

Gases

[ °C]

[J/g]

[l/kg] [195]

PVC

241,288,383

-418

GAP

249

-2053

1052

PVN

204

-3829

1009

*

2.2.1

measured by DSC, using carbon doped samples of the polymer.

Poly(vinyl chloride)

PVC was purchased from Aldrich. A 10 wt-% solution in cyclohexanone was obtained by
stirring over night. A 1 wt-% carbon-cyclohexanone solution was added to reach a final
carbon concentration in the polymer of 1 wt-%. The polymer-carbon solution was solvent cast
on a microscopy slide and dried at 40 °C over night.
Basic, acidic, electrical conductive and carbon nanopearls were investigated as dopants. The
aim was to obtain a stable dispersion in the same solvent as the polymer. Only Black Pearls
2000 showed no signs of sedimentation in 24 hours and were therefore used as dopant for
PVC.
The carbon suspension was produced by mixing it with a high-speed stirrer (Ultra-Turrax®
T25 basic from IKA®) at 30000 rpm for 40 seconds.

2.2.2

Glycidyl acide polymer

Glycidyl acide polymer was originally developed as binder in solid state rocket boosters. But
the exothermic decomposition, the compatibility with the absorbers and the easy handling
made it also a promising candidate to be tested as propellant for the LPT.
A 40 % solution of GAP in ethyl acetate was obtained from Nitrochemie Wimmis AG. The
GAP solution was mixed with a 1 wt-% dopant-ethyl acetate solution to reach a concentration
of 1% carbon or 1.4 % of IR dye. The different concentrations for the two dopants were
chosen to achieve an equal linear absorption coefficient at 1064 nm for carbon and IR-dye
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doped GAP samples.
The solvent was evaporated at 50 °C and 10 mbar, to reduce the solvent content to 30 wt-%,
in order reach a viscosity suitable for tape casting.
One drop of the catalyst Dibutyltin Dilaurate and 13 wt-% of Hexamethylen-1,6-diisocyanate
were mixed for 5 min with the polymer. The polymer solution was then solvent casted on
microscopy glass slides (for ablation, emission and shadowgraphy experiments) or solvent
casted with a draw blade on a Kapton film (for thrust and mass spectrometry measurements).
The films were left to polymerize for one day. Then they were stored in a vacuum oven at
50 mbar for 5 hours at room temperature (RT) to remove remaining solvent from the polymer
film. The films were then heated to 50 °C at 50 mbar to finish the cross-linking reaction.
Carbon nanoparticles (Black Pearls 2000, Cabot) and Epolite 2057 were used as dopants for
GAP. Epolite 2057 was selected because it is stable in ethyl acetate, shows a homogeneous
distribution within the polymer film and was stable over time.

2.2.2.1

Problems

The GAP films reveal a rubber like consistency after drying and tend to be sticky, what would
be a problem for the tape applied as fuel for LPT. Probably not all of the solvent could be
removed, even after drying the films at a pressure of 2 · 10-5 mbar for 24 hours (Fig. 42).

Fig. 42.

Amount of solvent left in GAP films after drying, cross-linking and storage
at 100 mbar and 2 · 10-5 mbar.
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The weight of the polymer films was measured after casting, after drying under air and in
vacuum, and after cross- linking at 50 °C. After 96 hours of drying in vacuum, 2.8 % (GAP
with 16.6 % cross-linker), 3.1 % (GAP with 14.9 % cross-linker), 3.7 % (GAP with 10.9 %
cross-linker) of the solvent remain in the polymer film.
Different cross-linker concentrations (from 8 % to 25 %) were also tested, but the consistency
did not change.
A easy solution to this problem was to apply a layer of chalk powder on the film surface. This
efficiently prevented the tapes from sticking to the support-layer of the next layer when they
were spooled up.

2.2.3
2.2.3.1

Poly(vinlynitrate)
Synthesis

PVN was synthesized according to a procedure described by Stecker et al [196] and Diepold
[197]. Poly(vinylacohol) (obtained from Sigma-Aldrich) with a molecular weight of 8900098000 was esterificated to poly(vinyl nitrate) in nitric acid and acetic anhydride. The PVN
was then purified by repetitive precipitation from an acetone solution into cooled water.

2.2.3.2

Film preparation

A 25 wt-% solution of PVN in acetone was mixed with a 1 wt-% basic carbon-acetone
solution. The polymer was cast on a glass slide and dried under a saturated acetone
atmosphere (Fig. 43). Drying in air results in the formation of a solid PVN membrane on top
of the polymer solution, which leads to the formation of bubbles by trapping the evaporating
acetone. Allowing the solvent to evaporate in a saturated solvent atmosphere inhibits the
formation of this membrane.
The PVN films were very soft, but not as sticky as the GAP films. Longer drying under
elevated temperature (40 °C) did not harden the polymers. This may also be a problem for the
LPT application.
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Fig. 43.

Setup for the slow drying of PVN, to avoid bubble formation.

2.2.4

Additional doping with metal- and metal oxide-nano-particles

Metal (Al (for GAP)) and metal-oxide (CuO (for GAP and PVN)) nano-particles have been
added to the IR-dye doped energetic polymers to further improve and control the energy
release.
The metal particles can react with nitrogen, C, CO or O2 produced by the decomposition of
the polymer (e.g. AlN) [198]. Additional energy would be gained by the formation of such
stable compounds. It has been reported that the addition of metal particles increases the
decomposition energy of GAP [199] and that the addition of metal-oxides to PVC influences
the onset of the thermal decomposition [200, 201].

2.2.5

Particle size distribution in the carbon doped polymers

The exact particle distribution of the carbon dopant within the polymer films could not be
determined, as the applied carbon is amorphous and could not be analyzed by X-ray
diffractometry. For the X-ray diffraction experiment a cubic sample exhibiting a volume of
about 0.3 mm3 was cut from the bulk material. The cube was glued (highly diluted Araldite®)
to a glass fiber and mounted on a goniometer for sample alignment in the beam. The
experiments were performed with a rotating anode X-ray source (Molybdenum Kα1, 0.70926
Å) and a beam size of about 0.3 mm. The data was collected for 5 minutes using an Mar345
image plate detector at a sample to detector distance of 150 mm.
In Fig. 44 the X-ray diffraction pattern of GAP+C is shown. The dark ring corresponds to the
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glass capillary which was used as support. No signal from the polymer or the carbon
nanoparticles is visible.

Fig. 44.

X-ray diffraction measurement of GAP+C to determine the particle size
distribution. Only background is detected.

A measurement at the Material Science X-Ray tomographic microscopy (XTM) Beamline at
the Swiss light source (SLS) [202] was performed on GAP+C to determine the agglomeration
rate and particle size distribution of the carbon nanoparticles in the polymer. The motivation
for this experiments was the possibility to use the difference in the phase contrast for GAP
and the carbon nanoparticles [203]. A few cross-sections of a GAP+C film on a Kapton™
film are shown in Fig. 45. The two letters give the orientation of the slice.
In all images, two phases can be distinguished. The thick phase corresponds to GAP+C, the
thinner layer is the Kapton substrate. Within the GAP+C-layer no carbon clusters can be
distinguished from the polymer. The resolution of the XTM Beamline is around 1 µm, and
should therefore be sufficient to observe carbon clusters in the expected size range of 15 µm.
The most reasonable explanation for the lack of a second phase in the GAP+C film is the
similar phase contrast of the amorphous carbon sooth used as absorber and the polymer,
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which also consists to big part of carbon (36 wt-%).

Fig. 45.

Cross-sections of a GAP+C film on Kapton recorded at the XTM Beamline
at the SLS. The thinner Kapton film can clearly be distinguished from the
GAP+C.

In the ablation craters of the carbon doped polymers, carbon particles with diameters of up to
100 µm have been observed (see Fig. 46)

Fig. 46.

Microscopy image of ablated PVN+C. The carbon agglomeration is visible
as dark area with a diameter of ~100 µm.
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The dopant particle distribution should have a significant influence on the ablation behavior.
A more homogeneous distribution of smaller particles would most probably result in a better
performance of the carbon doped polymers.
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Experiments

2.2.6
2.2.6.1

ms Measurements in Vacuum
Thrust measurements

The thrust measurements were performed by C. Phipps with ms laser pulses in vacuum. A
torsion balance was used to determine the coupling momentum coefficient, the specific
impulse and the ablation efficiency. To analyze the polymers for their performance in a µLPT, the target momentum was measured with a torsion balance as described in [204].

2.2.6.1.1

Maximum thrust values

The thrust values given in this section correspond to the maximum values obtained for each
polymer, but not the same fluence has been used for Cm and Isp.

Fig. 47.

The maximum Cm and Isp for GAP+C, PVN+C, PVC+C and GAP+IR
obtained in the impulse test stand.

GAP shows a higher Cm than both PVC and PVN (Fig. 47). The highest coupling momentum
is observed for GAP+IR. The specific impulse for PVN+C is much higher then for GAP and
PVC.
GAP+IR shows an extreme high value for Cm of 2000 µN/W. GAP and PVN doped with
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carbon have a similar Cm, whereas PVC+C shows a much lower value.

Table 4

Thrust data acquired by Claude Phipps with the torsion balance.

Momentum

coupling

GAP+C

PVN+C

PVC+C

GAP+IR

1170 µN/W

878 µN/W

120 µN/W

2000 µN/W

540 s

2320 s

650 s

200 s

coefficient
Specific Impulse

2.2.6.1.2

Thrust values at optimized fluence6

The results presented in this section are from thrust measurements at an optimized fluence for
the thruster application.
The thrust measurements reveal the best performance for GAP+C as fuel polymer with a
ablation efficiency of up to 368%. GAP+IR reveals also a ηAB value, which exceeds 100%
(see Table 5). This means that more energy is released in the form of thrust than deposited in
the polymer by the incident laser pulse, suggesting that the µ-LPT with GAP as fuel can be
described as a hybrid thruster utilizing chemical-stored and laser energy. For PVC+C and
PVN+C ηAB values are observed that are significant lower. This was expected for PVC+C, as
only a small amount of energy is stored in the polymer.
PVN has the highest decomposition enthalpy of -3829 J/g, but shows the worst performance
of all polymers in the thrust measurements. One possible explanation for this surprising
behavior could be related to the material properties of PVN, as it is a thermoplast with a
softening temperature of 30 to 45 °C. When this temperature is reached during the
decomposition process, the polymer starts to flow and later to melt. For the evaluation of the
thrust measurements, the ablated mass has to be determined. The thermal effects such as
melting or the observation of fibers on the surface Fig. 68 may result in an overestimation of
the ablated mass, which will yield a specific impulse and efficiency (Equation (6) and (8)).

6

The results presented in this section have been published in:
205.

L. Urech, T. Lippert, C. Phipps, and A. Wokaun, Appl. Surf. Sci., (in press).
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The mass spectra presented in Fig. 91 also reveal the presence of solvent in the polymers film.
The remaining solvent acts as inert mass during the ablation process, which will not
contribute to the thrust.
To improve existing polymer-dopant systems or designing new polymers it is important to
understand the influence of the material properties on the resulting thrust. PVN has the
highest decomposition enthalpy of all polymers, but shows the worst results in the thrust
measurements. It is therefore important to investigate the decomposition properties of the
different polymers to find the material parameters that are responsible for high thrust values.

Table 5

Thrust data for all for polymer-absorber systems at optimized experimental conditions (i.e.

same fluence as would be used in the application), i.e. maximum ηAB value.

Polymer

Isp [s]

Cm [µN/W]

ν E [m/s]

η AB [%]

GAP+C

867

865

8502

368

GAP+IR

256

1574

2510

198

PVN+C

137

310

1343

21

PVC+C

159

635

1559

49

2.2.7

ns Experiments in Air

The experiments under ambient conditions were performed as they can be carried out much
faster than in vacuum, where long sample transfer times have be accepted. A quantitative
correlation with results obtained under different conditions (i.e. vacuum and higher fluence)
might not be possible, but the shadowgraphy, emission spectroscopy and ablation experiments
also contribute to the understanding of the ablation process.

2.2.7.1

Ablation Experiments7

All ablation experiments were performed with the fundamental (λ = 1064 nm) wavelength of

7

The results in this section have been published in:
206.

L. Urech, M. Hauer, T. Lippert, C.R. Phipps, E. Schmid, A. Wokaun, and I. Wysong,
Proc. SPIE, 5448 (2004) 52-64.
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a Nd:YAG laser (Brilliant BW Nd:YAG, Quantel, τ = 6 ns) with a Gaussian beam profile that
contains some hotspots (from burn-marks on our laser rod), which complicate the analysis.
The ablation rates for PVC, GAP and PVN were studied as a function of the laser fluence.
The depth of the ablation craters were measured with a surface profilometer
(Sloan Dektak 8000). The ablation parameters, αeff and Fth were calculated according to
equation 1.

2.2.7.1.1

Ablation rates

The ablation rate of PVN+C could not be obtained with a surface profilometer, as the polymer
is too soft. The threshold fluence (Fth PVN+C =860 mJ cm-2) was therefore determined by using
an optical microscope (all values in Table 6).

Fig. 48.

Ablation rates of PVC+C, GAP+C, GAP+IR and PVN+C at 1064 nm.

The threshold fluence was similar for GAP with both dopants (Fth GAP+C = 3100 mJ cm-2 and
Fth GAP+IR = 2385 mJ cm-2). PVC+C reveals a significantly lower ablation rate and threshold
fluence (Fth PVN+C =900 mJ cm-2) than the GAP films.
Table 6

Ablation parameters for ns irradiation of GAP+C, GAP+IR, PVC+C and PVN+C.

Polymer

Fplasma [mJ cm-2]

Fth [mJ cm-2]

α eff [cm-1]

GAP+C

7800

3100

200

GAP+IR

7800

2385

235

PVC+C

5270

900

1700

PVN+C

3700

860

--
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Only small differences in the ablation rate between the two dopants were found for GAP. At
very high fluences (above 40 J cm-2) a constant ablation rate is observed for GAP (not shown
in Fig. 48). This is most probably due to plasma shielding [207] and the breakdown of air, that
is also observed at this fluence.

2.2.7.1.2

Ablation spot morphology

All four polymers were irradiated with one pulse at a fluence of 33 J cm-2 to analyze the
ablation spot morphology. The ablation spots were analyzed with a Scanning Electron
Microscope (SEM) (Fig. 49) and an optical microscope.
GAP+IR (Fig. 49b) reveals an ablation crater with a sharp edge and smooth walls. This is
most probably due to the molecular distribution of the IR-dye in the polymer, which leads to a
homogeneous absorption of the light in the polymer layer that. This uniform absorption
results in a more uniform temperature distribution and following polymer decomposition.

Fig. 49.

SEM images, showing the different ablation spot morphologies of
(a) GAP+C, (b) GAP+IR, (c) PVN+C and (d) PVC+C after irradiation for
one pulse with 33 J cm-2 at 1064 nm with a 125 times magnification.

The morphologies of the ablation craters of all carbon doped polymers are much rougher
compared to GAP+IR.
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The carbon nanopearls used in GAP and PVC with a nominal size of 15 nm tend to
agglomerate into larger clusters with sizes in the range of 10 to 20 µm [208]. This
agglomeration can result in the formation of local hotspots, which decompose the material in
their vicinity. This local decomposition results in formation of gaseous products and the
ejection of the carbon nanoparticles and polymer fragments between the hotspots [111]. The
difference between the carbon doped materials may be explained by the application of
different carbons. In the case of PVN basic carbon sooth was used instead of carbon
nanopearls, because no stable suspension of carbon nanopearls could be produced in acetone.
The basic carbon sooth shows a different agglomeration behavior and also the particle size
distribution might differ from carbon nanopearls.
In the case of the energetic polymers, additional energy is produced by the decomposition of
the material. This energy may cause a further decomposition of the surrounding material and
an additional production of gaseous products. This could be the reason that ejected material is
not as pronounced redeposited on the surface as observed for PVC+C (Fig. 49d).
The bottom of the ablation crater of GAP+C (Fig. 50a) reveals a very rough texture with holes
in the range of 10 to 20 µm, which is in the same order of magnitude as the “expected”
agglomerated carbon nanoparticles. The ablation of GAP+IR (Fig. 50b) reveals a much
smoother surface at the bottom of the ablation crater, with structures that resemble filaments.

Fig. 50.

SEM image of the bottom of the ablation crater of (a) GAP+C and (b)
GAP+IR after irradiation for one pulse with 33 J cm-2 at 1064 nm with a
magnification of 1000 times.

2.2.7.2

Shadowgraphy

Shadowgraphy is a fast measurement that can be performed under ambient conditions. From
the recorded images, it is possible to determine the shockwave and particle velocity. Also the
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shape of the shockwave and the particle plume can be used to study the ablation behavior of
the different polymers. The shadowgraphy measurements are performed at a fluence below
the plasma formation threshold fluence, and the observed properties may therefore be difficult
to compare to other experiments, that are performed at much higher fluences.
A pump probe setup was used for the shadowgraphy measurements. A 400 µm ablation spot
was produced with the pump laser (λ = 1064 nm). As probe source, a XeCl excimer laser
(λ = 308 nm, Compex 205 from Lambda Physics, τ = 30 ns) was used to excite a laser dye
(Rhodamine 950, from Exiton). The experimental setup is shown in Fig. 51.
All shadowgraphy experiments were performed under ambient conditions using the
fundamental wavelength (λ = 1064 nm) of a Nd:YAG laser (Brilliant BW Nd:YAG, Quantel,
τ = 6 ns) with a Gaussian beam profile that contains some hotspots.
The recorded images were digital enhanced to improve the visibility of the relevant details,
e.g. the shockwave and particles ejected from the polymer.

Fig. 51.

2.2.7.2.1

Scheme of the pump probe setup used to record the shadowgraphy images.

Results

GAP+IR
In the shadowgraphy images of GAP+IR no ejected particles are visible (Fig. 52). This
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indicates a high conversion rate of ablated material into to the gaseous state.

Fig. 52.

Shadowgraphy images of GAP+IR. The times indicate the delay of the
picture to the pump laser beam. The polymer was irradiated with a fluence
of 2.9J cm-2 at 1064 nm.

At later times, e.g. 1500 ns, the shockwave can be divided into two different domains. The
front domain looks very smooth, whereas the following domain displays a disturbed
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appearance (Fig. 53). The rear of the shockwave is traveling much slower, which leads to an
increase in size of this disturbed area. The shockwave in air is visible as a layer of compressed
air. This compression changes the density and thereby the index of refraction. In the second
domain, the compressed air relaxes and expands not uniformly and slower than the
shockwave front. This leads to an increase in size of the second domain with time. After the
second domain, the ablation products are visible as a second sharp front that expands
hemispherical behind the shockwave.

Fig. 53.

Shadowgraphy image of the shockwave of GAP+IR after irradiation with a
fluence of 2.9J cm-2 at 1064 nm. The shockwave can be separated into two
parts, a smooth domain (1. domain) and a disturbed domain (2. domain).

The shockwave velocity of GAP+IR decreases with decreasing fluence (Fig. 54). At higher
fluences more material is decomposed, and more energy is set free in addition to the higher
laser energy. The shockwave speed decreases exponentially over time, what can be explained
by the “drag” of air, in which the shockwave propagates. The shockwave propagation
perpendicular to the surface is two times faster than the propagation parallel to the surface,
due to the drag (in this case also from the polymer surface).

Fig. 54.

Analysis of the shockwave front propagation of GAP+IR after irradiation at
1064 nm with a fluence of 5.2 J cm-2 and 2.9J cm-2.
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PVN+C8

Fig. 55.

Shadowgraphy images of PVN+C. The times indicate the delay of the
picture to the pump laser beam. The polymer was irradiated with a fluence
of 2.8 J cm-2 at 1064 nm.

8

The results presented in this section have been published in:
206.

L. Urech, M. Hauer, T. Lippert, C.R. Phipps, E. Schmid, A. Wokaun, and I. Wysong,
Proc. SPIE, 5448 (2004) 52-64.
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A shockwave is visible for PVN+C after 90 ns, followed by the ejection of particles (Fig. 55).
After 500 ns the particle cloud can be separated in two parts. A fast traveling part that
overtakes the shockwave after 600 ns and a slower bigger part that is expanding mainly
perpendicular to the surface and is catching up with the shockwave front after 2300 ns. The
fast traveling particles have to break through the dense shockwave front and deform it (Fig.
56).

Fig. 56.

The particles ejected by PVN+C overtake the shockwave front and thereby
bulk it out.

Fig. 57.

Analysis of the shockwave and particle front propagation of PVN+C after
irradiation at 1064 nm with a fluence of 5.1 J cm-2 and 2.8 J cm-2.
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The shockwave velocity perpendicular and parallel to the surface decay both exponentially
(Fig. 57). This is caused by the “drag” of the air in which the shockwaves travel. The
shockwave propagation perpendicular to the surface is traveling two times faster than parallel
to the surface.
The particle front is slowed down from 2580 m/s to 1700 m/s in the process of breaking
through the shockwave front. This is most probably due to the higher density of the air at the
front of the shockwave. The change of velocity of the particles is clearly visible in the change
of the slope of linear fits in Fig. 57 (solid line) after the particles pass through the shockwave.
A comparison with shockwave velocities of GAP+IR with the velocities of GAP+C [209]
reveal that the influence of the IR dye in GAP is visible, but not very pronounced (Fig. 58).
PVN+C is traveling much faster, and the decay of the propagation velocity is slower
compared to GAP and PVC, while PVC+C reveals the slowest propagation velocity.
During the decomposition of the more energetic polymers GAP and PVN more energy is
released compared to PVC (Table 3). This additional energy leads to a faster propagation of
the shockwave. This effect can also be observed for GAP+C and GAP+IR. In the
shadowgraphy images for GAP+IR no particles are visible, suggesting that more of the
removed polymer has been transformed into the gaseous state than in the case of GAP+C,
where a large amount of solid particles is observed in the products. The shockwave of
PVN+C, which shows the most exothermic decomposition properties, reveals the fastest
propagation, even for the not complete decomposition into gaseous products.

Fig. 58.

Shockwave propagation of GAP+IR, GAP+C, PVN +C and PVC+C.
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GAP doped with IR-dye and Al- or CuO-Nanoparticles
GAP doped with the IR-dye will be used as a reference to study the influence of Al- and CuOnanoparticles as additional dopant, as it has been reported that the addition of metal particles
increases the decomposition energy of GAP [199] and may have also an influence on the
shockwave velocity and the ablation plume appearance.

Fig. 59.

Shadowgraphy images of GAP+IR+CuO after irradiation with 1064 nm
laser light at a fluence of 5.1 J cm-2.
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A hemispherical shockwave with no solid fragments has been observed for GAP+IR. This
lack of solid fragments indicates a high conversion rate of the polymer into gaseous products.
In the case of the energetic polymers, this means, that decomposing the polymer more
completely produces more energy.
The metal and metal-oxide nanoparticles were added prior to evaporating the solvent. In both
cases 1% of metal or metal-oxide was added to the polymer.
A hemispherical shockwave is observed for GAP+IR+CuO (see Fig. 59). During the first 2 µs
no fragments are visible in the ablation plume. This indicates a high conversion rate of the
polymer into gaseous products. The copper oxide particles have a nominal size of 10 nm and
are not visible in the shadowgraphy images as long as they do not agglomerate.After about 1
µs (see arrow in Fig. 59), gaseous products that are formed by the decomposition of the
polymer are visible as a second, very disturbed front, which expands slower than the
shockwave. Close to the sample surface, a dark area is visible for all delay times, and can be
attributed to particles that are ejected from the polymer, but that propagate much slower than
the shockwave or the gaseous products.
The CuO seems to have only a minor influence on the ablation properties. The main
differences between GAP+IR with copper oxide and GAP+IR, is the expansion of gaseous
products, which formed a sharper front in the case of GAP+IR.
For GAP+IR+Al a hemispherical shockwave can be observed (shown in Fig. 60). Solid
products with a size of 20 to 50 µm are ejected from the polymer 500 ns after the laser pulse
and travel behind the shockwave. A distinct front from expanding gaseous products cannot be
distinguished (as seen in the case of GAP+IR+CuO).
The main difference of Al-doped GAP+IR to GAP+IR with and without copper oxide is the
presence of big particles in the ablation plume. This has previously only been observed for
carbon doped polymers [206, 210] and resulted in a lower momentum coupling coefficient.
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Fig. 60.
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Shadowgraphy images of GAP+IR+Al after irradiation with 1064 nm laser
light at a fluence of 5.1 J cm-2.

A similar shockwave velocity has been determined for GAP+IR with Al- or CuOnanoparticles (Fig. 61). In both cases the shockwave speed is lower than for GAP+IR and
reveals also a faster decay over time. A reason for the lower shockwave velocities might be
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that the CuO and Al particles absorb energy without reacting with the polymer or polymer
fragments and act therefore just as inert material or even additional “energy sink”. This
influence might only be observed at the low fluences used for the shadowgraphy
measurements where for the thrust measurements much higher fluences are used.

Fig. 61.

The shockwave velocity for GAP+IR and GAP+IR doped with Al- or CuOnanoparticles.

The ablation craters for GAP+IR and GAP+IR+CuO have a similar appearance (shown Fig.
62). Sharp edges are visible in both cases. The uneven structure on the crater bottoms is an
image of the inhomogeneous beam profile of our Nd:YAG laser. Also no re-deposited
material and no large agglomerates are detected on the films in the vicinity of the crater. This
indicates that the CuO nanoparticles do not influence the absorption process in IR-dye doped
GAP and only slow down the shockwave as they use energy that could otherwise be used to
decompose the polymer.
For GAP+IR+Al a very uneven ablation crater can be observed. Material is re-deposited on
the polymer surface. Around the ablation crater clusters of Al-nanoparticles and polymer in
the range of 20 to 40 µm are visible. This is similar to the size of the particles observed in the
ablation plume with the shadowgraphy measurements. This indicates, that the Alagglomerates are not broken up and are merely inert material that is ejected. The
agglomeration of aluminum has already been observed during the sample preparation. The
stability of the Al-dispersion must be improved to produce films with a more homogeneous
distribution of Al-nanoparticles. In Fig. 62(right) the agglomerates of the Al nanoparticles are
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clearly visible as dark spots around the ablation crater with diameters of up to 30 µm.

Fig. 62.

Microscopy images of the ablation spots of GAP+IR (left), GAP+IR+CuO
(middle) and GAP+IR+Al (right) after irradiation with one pulse at
5.1 J cm-2

PVN doped with IR-dye and CuO-Nanoparticles
PVN doped with carbon had shown good results in the shadowgraphy measurements. A large
amount of fast traveling solid fragments is observed. Is has been shown that the utilization of
a IR-dye as absorber improved the ablation properties of GAP (a sharper ablation crater and
no solid fragments in the ablation plume). Therefore the same IR-dye has been used for PVN,
and the influence of 1% CuO-nanoparticles was also tested. PVN+IR films doped with Alnanoparticles were also produced, but the agglomeration was even more pronounced than in
the case of GAP+IR+Al.
The polymer films were produced as described earlier. The metal-oxide nanoparticles were
added prior to solvent casting the polymer solution.
An “egg-shaped” shockwave is observed for PVN+IR up to 500 ns after the laser pulse
(shown in Fig. 63), followed by gaseous products that are generated from the decomposition
of the polymer.
The expansion of the shockwave is more directional for PVN+IR than for any other
investigated polymer. Another reason might be that product gas is present from the beginning
and can not be distinguished from the shockwave in the shadowgraphy measurements, but
deforms the shockwave.
After 1 µs an expanding gas front breaks through the shockwave and forms a bump. Solid
fragments can only be observed close to the polymer surface in the form of “strings” or
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“fibers” [154, 167] that are visible until 2 µs after the laser pulse. 3 µs after the laser pulse the
“fibers” disappear and small particles are visible that form a dense cloud in front of the
polymer (shown in Fig. 64) for several microseconds.

Fig. 63.

Shadowgraphy images of the shockwave expansion of PVN+IR after
irradiation with 1064 nm laser light at a fluence of 5.1 J cm-2 during the first
2 µs.
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In the case of PVN+C, more and larger particles were observed. These particles showed a
similar behavior like the gaseous products in PVN+IR+CuO.

Fig. 64.

Shadowgraphy images of the particle ejection of PVN+IR after irradiation
with 1064 nm laser light at a fluence of 5.1 J cm-2.

Fig. 65.

Shadowgraphy images of PVN+IR+CuO after irradiation with 1064 nm
laser light at a fluence of 5.1 J cm-2.
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They were also very directional and overtook the shockwave within the first microsecond.
The fast shockwave and reduction of solid ejection product are promising signs for PVN+IR,
but this assumption has to be tested by thrust measurements.
For PVN+IR with 1% CuO an almost hemispherical shockwave is observed (shown in Fig.
65). During the first microsecond a second front that can be attributed to the expanding
gaseous products is visible behind the shockwave. Solid particles are visible from 200 ns after
the laser pulse. The asymmetric expansion of the particle plume is due to the inhomogeneous
laser beam profile. The ejected particles travel slower, but more directional, perpendicular to
the surface than the shockwave. The compact particle plume starts to break up after 4 µs and
larger particles, with a diameter of up to 30 µm are visible. For GAP+IR+CuO no fragments
were detected in the ablation plume. This is an indication that the copper suspension is stable
enough to inhibit the formation of agglomerates. The particles observed in the ablation plume
of PVN+IR are therefore polymer fragments and not CuO particles.

Fig. 66.

Shadowgraphy images of PVN+IR+CuO after irradiation with 1064 nm
laser light at a fluence of 5.1 J cm-2.

The shadowgraphy images show a close resemblance to GAP+C. The main difference is the
directionality and the size of the fragments and the disappearance of the gaseous front.
The shockwave velocities of PVN+IR is about 1.8 times higher than for PVN+IR with
1% CuO (see Fig. 67). In both cases an exponential decay of the propagation velocity was
observed.
The effect of CuO on the shockwave velocity is more pronounced for PVN than for GAP. The
energy that is removed from the ablation site by the ejected CuO could be used to decompose
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more polymer. As PVN is a more energetic material than GAP and therefore more energy is
“lost”, if the same amount of copper is ejected.

Fig. 67.

The shockwave velocity for PVN+IR and PVN+IR doped CuOnanoparticles.

The ablation craters for PVN+IR and PVN+IR+CuO have a similar appearance. In both cases
sharp edges are visible. Around the ablation crater “fibers” are visible that reach a length of
300 µm for PVN+IR and 100 µm for PVN+IR+CuO. Structures like these have been reported
for PMMA and have been attributed to molten polymer that are ejected during the laser pulse
[154, 167]. The bottom of the ablation crater for both dopants has a molten and re-solidified
appearance. The CuO particles “carry” away some energy from the ablation crater and
thereby reduce the thermal features in the ablation plume and in the remaining polymer.

Fig. 68.

Microscopy image of the ablation spot of PVN+IR (left) and PVN+IR+CuO
(right) after irradiation with one pulse at 5.1 J cm-2. The ablation crater has
the same diameter in both cases, but the images were taken at different
magnification.

Strong thermal effects were observed for PVN doped with IR-dye. The ablation crater
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appeared molten and re-solidified “fibers” remained on the surface around the ablation crater.
Particles were also observed in the ablation plume, contrary to GAP+IR, where no fragments
could be detected. PVN is a thermoplast with a softening temperature of 30 to 45 °C [195]
and is therefore very sensitive to temperature increases. GAP on the other hand is a crosslinked polymer that shows no signs of melting or softening.
An additional doping of PVN+IR with CuO nanoparticles result in the reduction of these
thermal effects, but yields also a lower shockwave velocity and the ejection of more and
larger fragments. Thrust measurements on both polymer/dopant systems have to be performed
to quantify the energy release and to investigate the influence of Al and CuO at fluences that
are high enough to initiate a reaction with the polymer.

2.2.7.2.2

Shadowgraphy summary9

Shadowgraphy was applied as fast, non-vacuum method to test the different polymers, where
the shockwave velocity is used as indicator for the thrust performance of the polymer.
The expansion velocity of the shockwave has been calculated 1 µs after the laser pulse
(vertical line in Fig. 69).

Fig. 69.

The shockwave velocity obtained from shadowgraphy measurements. The
vertical line indicates the 1 µs time delay, for which the velocities are listed
in Table 7.

9

The results presented in this section have been published in:
205.

L. Urech, T. Lippert, C. Phipps, and A. Wokaun, Appl. Surf. Sci., (in press).
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The highest expansion velocity has been observed for PVN+IR, followed by PVN+C,
GAP+IR, GAP+C and PVC+C (see Table 7). This correlates also well with the maximum
thrust measurements, where the highest Isp was measured for PVN and the decomposition
enthalpy. GAP with both dopants is slower than PVN+C, but still faster than PVC+C. The
coupling momentum coefficient correlates well with the plume appearance in the
shadowgraphy experiments, where no solid fragments are observed. The coupling momentum
is an indicator for the amount of energy that has been transferred. The highest Cm was
measured for GAP+IR, where no large fragments were observed in the ablation plume. This
correlation is in principle surprising, as the thrust experiments are performed at fluences
above Fplasma, with a different pulse length and in vacuum.
This result corresponds well to the decomposition enthalpies of the polymers. PVN, the
polymer with the highest decomposition enthalpy, has the fastest shockwave, while for PVC
the lowest shockwave velocity and decomposition enthalpy was measured. The metal- and
metal-oxide-nanoparticles have a negative influence on the propagation velocities of the
shockwave of both energetic polymers in this low fluence range. It is noteworthy to
emphasize that the shadowgraphy measurements are performed in air and at much lower
fluences than the spectroscopic and thrust measurements.

Table 7

Expansion velocities for the shockwave.

Polymer

Shadowgraphy [m/s]

Fluence [J cm-2]

GAP+C

710

2.6

GAP+IR

850

2.9

GAP+IR+Al

695

5.1

GAP+IR+CuO

600

5.1

PVN+C

1080

2.8

PVN+IR

1835

5.1

PVN+IR+CuO

940

5.1

PVC+C

630

2.6
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Plasma Emission spectroscopy in air

The next step after the shadowgraphy measurements and a possible link to the thrust
measurements are plasma emission spectroscopy measurements in air. They are also
performed under ambient conditions (as the shadowgraphy measurements), but at much
higher fluences (in the same region as the thrust experiments).
All emission spectroscopy experiments in air were performed under ambient conditions with
the fundamental (λ = 1064 nm) of a Nd:YAG laser (Brilliant BW Nd:YAG, Quantel, τ = 6 ns)
with a Gaussian beam profile that contains some hotspots.
The plasma emission spectroscopy experiments were performed above the fluence where
plasma can be observed for all polymers. The plasma emission was collected and focused on
the end of an optical fiber by a two lens setup. The light was then dispersed in a spectrometer
(Spectra Pro 500 from Acton) and recorded by a gated ICCD (ICCD-1024-MLDG-E/1 with a
PG-200 Pulse generator, both from Princeton Instruments).

2.2.7.3.1

Determination of the plasma temperature

The LIFBASE [211] program was used to estimate the “temperatures” in the plasma.
LIFBASE calculates the spectra of diatomic molecules by summing the intensity of all
rotational and vibrational levels and convoluting the result with the instrumental line shape of
the optical system. The intensities are obtained using equation 10:

Iv''v' JJ''' = KAv''v' JJ''' N v' J '

(10)

K is an experimental constant taking the sensitivity of the optical system into account, while
N! 'J ' is the population in the excited state. A Boltzmann distribution can be used to determine
!
N " ' J' , if a thermal distribution of the states of the molecules is assumed.

The Einstein coefficient A!! '''JJ ''' was calculated according to equation 11:
!

Avv'''JJ ''' =

g e' 64" S JJ''' v ' J ' v ' J ' 3
pv '' J '' (!v '' J '' )
g e'' 3h 2 J '+1

(11)

were ge is the electric degeneracy which takes the state spin multiplicity into account. S is the
line strength or Hönl-London factor, which was used following the analytical expression by
Kovacs [212] and Earls [213]. The transition probability p was calculated previously and
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included in the database of the program, while υ is the transition frequency.
The “plasma” temperatures were estimated by calculating the ro-vibrational spectra of the
CN-violet system (B2Σ→X2Σ+) for different temperatures.
The measured spectra were then compared to the calculated spectra, and the temperature of
the calculated spectra with the best agreement was assumed to be the temperature of the CN
species in the plasma. The same temperature for the vibrational and rotational distribution was
assumed such that an automatic comparison of the calculated and measured spectra could be
performed; this assumption might not be adequate in some cases.

2.2.7.3.2

Determination of the electron density in the plasma

The electron density in the plasma was calculated from the Stark broadening of the Balmer Hα
peak at 656 nm. The analysis of Stark-broadened spectral-line profiles is one of the most
widely applied methods of plasma diagnosis. The physics behind this method is the
broadening of the atomic emissions by the electric fields produced by nearby ions and
electrons [214, 215]. The full width at half maximum (FWHM) of the Balmer Hα was
measured and compared to the data published by Gigosos and Cardeneso [215], who listed the
electron densities as a function of the temperature, the ion-emitter reduced mass, and the
FWHM.

2.2.7.3.3

Results

GAP+C, GAP+IR, PVN+C and PVC+C10
All spectra have been recorded at fluences above Fplasma and below the fluence, where the
breakdown of air (40 J cm-2) is observed.
The overview spectra for all four polymers are shown for fluences between 22 and 27 J cm-2
and a delay time of one µs after the laser pulse in Fig. 70.
10

The Results presented in this section have been published in:
206.

L. Urech, M. Hauer, T. Lippert, C.R. Phipps, E. Schmid, A. Wokaun, and I. Wysong,
Proc. SPIE, 5448 (2004) 52-64.
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In all spectra of Fig. 70, peaks of diatomic (CN Violet, C2 and CH) [216] and atomic (H, Ca
and Na) species are visible. Ca is only observed in the spectra of the carbon doped polymers
and seems to be a common impurity in carbon, whereas the hydrogen is created during the
fragmentation of the polymers.
The peaks of the emission spectra recorded for IR-dye doped GAP are generally less intense
compared to the peaks detected for carbon doped GAP. Only the CN Violet and the C2 Swan
systems are clearly visible, while from the atomic peaks only the Balmer Hα at 656 nm is
observed. The Balmer Hβ peak at 486 nm can only be barely distinguished from the
background.

Fig. 70.

Plasma emission overview spectra for GAP+C, GAP+IR, PVN+C and
PVC+C at similar fluences.

The intensity of the atomic peaks (Fig. 71(right)) decreases much faster than the peaks of the
diatomic species (Fig. 71(left)). The Balmer Hα peak has almost disappeared after 2 µs,
whereas the CN violet system can be distinguished from the background for up to 10 µs after
the laser pulse.
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Plasma emission spectra of PVN+C at a fluence of 24.1 J cm-2 with different
delay times after irradiation. The CN Violet system at 389 nm is shown on
the left, while Balmer Hα at 656 nm is shown on the right.

The decrease of the plasma temperature with time is shown for GAP+IR and PVN+C in Fig.
72. GAP reveals a higher initial temperature than PVN, but also a faster decrease. For both
polymers, an increase of the plasma temperature can be observed in the first µs.

Fig. 72.

Plasma temperatures vs. delay

Fig. 73.

Plasma

temperatures

vs.

time for GAP+IR and PVN+C at

delay time of PVN+C for

similar fluences.

different fluences.

The influence of the fluences was the same for both polymers. With decreasing laser fluence,
the maximum temperature increases followed by a faster decrease (Fig. 73). A faster
expanding plasma (analog to the shockwave velocity) and also a higher maximum
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temperature (more energy is released into the plasma) was in principle expected for higher
fluences, but the obtained results show the opposite. A possible origin for this results the
influence of the air, which will be tested by performing the experiments in vacuum.
The electron density in the plasma is similar for all polymers at short times (Fig. 74). GAP
with both dopants reveals a faster decrease of the electron density than PVN+C and PVC+C.

Fig. 74.

Electron density delay time for GAP+C, GAP+IR, PVN+C and PVC+C

The maximum electron density is not influenced by the irradiation fluence, whereas for lower
fluences a faster decay is observed (shown in the case of PVN+C in Fig. 75). The decrease of
the electron density could be accelerated by the atmosphere (air) in which the experiments are
performed.

Fig. 75.

Electron density delay time for PVN+C at different fluences

The decay of the electron density is observed in the same time range than the observed
increase in the plasma temperature (Fig. 76). This increase could therefore be caused by a
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combination of CN radicals ejected from the polymer with electrons in the plasma, which
could result in to highly excited molecules.

Fig. 76.

The change of plasma temperature and electron density over time for
PVN+C at a fluence of 33.2 J cm-2.

GAP doped with IR-dye and Al- or CuO-Nanoparticles

Fig. 77.

Plasma emission spectra for GAP+IR (Top) with Al- (middle) and CuO(bottom) nanoparticles recorded 1 µs after irradiation with 1064 nm at
24 J cm-2.
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All spectra were recorded at a fluence of 24 J cm-2 under ambient conditions. In Fig. 77 the
emission spectra 1 µs after the laser pulse of GAP+IR without and with Al- or CuOnanoparticles are shown.
The most prominent feature are the CN Violet peak systems around 389 nm (0. Order) and
around 778 nm (1. Order), but also other atomic (Na, Ca, O, Cl and H) and diatomic (C2 and
CH) species are visible. Peaks that can be assigned to Al and Cu dopant were also detected.
C2 and CH are products from the fragmentation of the polymer backbone, whereas Na, Ca and
Cl are impurities in the polymer film (or on the polymer surface).

Fig. 78.

Electron density for GAP+IR with Al- and CuO-nanoparticles 1 µs after
irradiation with 1064 nm at 24 J cm-2.

The electron density calculated from the Stark broadening of the Balmer Hα line at 656 nm is
similar for all polymer-dopant systems. The lowest initial values and the fastest decay were
measured for CuO doped GAP+IR.
The change of the plasma temperature with time is shown in Fig. 79. An increase of the
plasma temperature can be observed during the first 500 nanoseconds. After a fast decrease,
the plasma temperature seems to stay constant until the CN Violet peaks are too weak to be
fitted.
No pronounced influence of the metal- and metal oxide-nanoparticles could be observed with
the time resolved plasma emission measurement in air. The measurements have to be
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performed in vacuum the remove the influence of the air and to have a more intense and
larger plasma plume.

Fig. 79.

Plasma temperature for GAP+IR with Al- and CuO-nanoparticles 1 µs after
irradiation with 1064 nm at 24 J cm-2 calculated from the CN Violet peaks
around 389 nm.
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ns Experiments in Vacuum
Plasma Emission Spectroscopy in Vacuum
Experimental Setup

The plasma emission spectroscopy measurements in air give first indicators about the species
which are present in the plasma plume, but the influence of the air, which has been
demonstrated by measuring the CN Violet emission for PVC could have a much stronger
influence than expected. The plasma plume in air is also too much confined to perform spatial
resolved measurements. From the plasma emission spectroscopy measurements in vacuum,
information about the spatial evolution of selected species can be gained, in addition to the
temporal evolution that has already been investigated under ambient conditions.
Therefore a new plasma emission setup that allows time and space resolve plasma emission
spectroscopy in vacuum had to be designed and set up.

Fig. 80.

Experimental setup used for the plasma emission experiments. By moving
the slit system and the mirror with linear feedthrough, the whole plasma can
be mapped.

The spatial resolution of the new plasma emission spectroscopy was achieved by moving a
double slit system parallel to the symmetry axis of the expanding plasma. Two slits arranged
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at 90 ° with a width of 1 mm were used in a distance of 15 cm to the plasma. The light passes
through the slit system, is reflected by a mirror and focused on a fiber optic. The slit-system
and mirror can be moved parallel to the expanding plasma with a linear feedtrough with a
precision of 50 µm.

Fig. 81.

Time resolved plasma emission spectra of GAP+IR showing the Balmer Hα
line in a distance of ~3 mm from the sample surface. Each spectrum
represents a different delay time to the main trigger signal.

The fiber optic is coupled to the spectrometer (Acton 500) and a gated ICCD camera
(Princeton Instruments). The time resolution was achieved by delaying the trigger signal
between the external trigger of the laser and the trigger signal to the ICCD-camera (example
given in Fig. 81).
For the plasma emission spectroscopy experiments the fundamental wavelength (λ = 1064
nm, τ = 6 ns) of a Nd:YAG laser (Brillant B from Quantel) with a supergaussian beamprofile
with some hotspots was utilized. The plasma emission spectroscopy was performed in a UHV
(ultra high vacuum) chamber at a pressure of 1 · 10-7 mbar. The sample was mounted on a
xyz–manipulator (see Fig. 83 on page 109), with the sample surface perpendicular to the
emission spectrometry setup. The manipulator was used to create a matrix of measurements
spots in the polymer with 2 laser pulses per position on the sample.
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Results11

2.2.8.1.2

Time and space resolved plasma emission spectra of Balmer Hα line at 656.6 nm, the Balmer
Hβ line at 486.3 nm, the C+ line at 426.7 nm, and the Cl+ line at 386.8 nm have been recorded
for an irradiation fluence of 25 J cm-2. The corresponding transitions are shown in Table 8.

Table 8

Transitions of the investigated emission lines [217].

Balmer Hα

Balmer Hβ

C+

Cl+

3d

4d

2s24f

3S23p3(4S
°)4d

Transitions

2p

2p

2s 3d
2

3S 3p3(4S
2

°)4p
The temporal position of the maximum intensity for each distance from the sample surface
was used to calculate the propagation velocity of the excited species along the central axis of
the plasma plume (see for Balmer Hα in Fig. 82).

Fig. 82.

The distance versus time delay for the detection of the maximum intensity of
the Balmer Hα peak at 656.6 nm. The irradiation was performed with a
fluence of 25 J cm-2 at 1064 nm.

11

The results presented in this section have been published in:
205.

L. Urech, T. Lippert, C. Phipps, and A. Wokaun, Appl. Surf. Sci., (in press).
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The fastest expansion Balmer Hα was observed for GAP+C and PVC+C, followed by
GAP+IR and PVN+C (see Table 9). The Balmer Hα is propagating much faster than the
Balmer Hβ for all polymers. One reason for this difference could be different laser parameters
as both lines have been measured during different experiments. Between the two sets of
experiments, a major service has been performed on the Nd:YAG laser to improve the very
inhomogeneous beam profile, which was caused by damaged optical components inside the
laser. The measurements of the Balmer Hα lines were performed with the “old” beam profile,
where stronger hotspots were present, whereas all other species were measured after the
service. One measurement with the “new” laser parameters resulted in identical expansion
velocities for both hydrogen lines for GAP+C. The limited number of ablation spots per
sample lead also to a relatively bad signal to noise ratio of the measured peaks, and no
additional information could be gained from the peak shape. The higher expansion velocities
for the Balmer Hα can therefore only be compared between the different polymers, but not to
other emission lines.

Table 9

Expansion velocities of selected emission lines. The unit for all values is [m/s]. Balmer Hα

has been measured in a different experiment, with different laser parameters than the other
species. In a reference measurement, the same velocities were measured for both hydrogen line.

Polymer

Balmer Hα

Balmer Hβ

C+

Cl+

GAP+C

46000

19300

25050

--

GAP+IR

36700

17800

16500

--

PVN+C

31100

14100

12650

--

PVC+C

48300

11800

35300

9700

The highest expansion velocity for ionic species was observed for C+ in the ablation plume of
PVC+C, followed by GAP+C, GAP+IR and PVN+C. The expansion velocity of Cl+ for
PVC+C is slower than C+ by a factor of 3.6 and even the neutral hydrogen is propagation
faster. For GAP+IR and PVN+C similar velocities were observed for all species, but slower
than for GAP+C. This also indicates that the formation of local hotspots around the carbon
particles of the carbon doped polymers results in faster excited ejected species. In the case of
GAP+IR, the ablation products are ejected slower, but with a more uniform velocity.
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The slowest C+ was observed for PVN+C. This is in good agreement with the thrust
measurements, which were also performed at high fluences in vacuum.
No diatomic species (CN or C2) could be detected until now. A possible reason for the
absence of these species could be a low expansion velocity. At longer delay times to the laser
pulse, where they could be observed away from the sample surface, the signal to noise ratio
decreases fast and a clear identification became impossible with our space resolved setup.

2.2.8.2
2.2.8.2.1

ns Mass Spectrometry in Vacuum
Experimental Setup

All mass spectrometric measurements have been performed in a UHV chamber with a
Electrostatic Quadrupole Plasma (EPQ) Analyzer (Series 1000) from Hiden Analytical. A
specialty of this QMS is the possibility to measure masses and kinetic energies in the plasma,
which is very dense compared to vacuum. The measurement chamber is equipped with a
double load-lock, which ensures a high vacuum and short pumping times after the sample
transfer, but as a drawback, also a relatively long transfer time of 1 hour. A high sample usage
is therefore important to minimize the time losses from the sample transfer.
The sample was mounted on a x-y-z translation stage and placed in the chamber with its
surface normal aligned perpendicular to the mass spectrometer (MS). The distance between
the sample and the nozzle of the MS can be varied by moving the MS. The pulsed laser beam
is aimed at the surface with an angle 45 °. The resulting plasma expands perpendicular to the
sample surface towards the MS. Due to the limited space on a single polymer sample and the
relatively high fluences used to produce a plasma only a limited number of ablation spots per
sample are available. A special experimental setup (Fig. 83) had to be used, to optimize the
usage of the sample and to optimize the measurement signal.
A pulse generator sends a trigger signal () to the MS, but is blocked when the laser-shutter
is closed to inhibit a triggering of the MS while the sample is moving. After a set delay to the
MS trigger, a second signal () is sent to the flashlamps of the Nd:YAG laser. A photodiode
is then used to record the timing of the laser pulse () with an oscilloscope. The time span
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between the trigger signal for the MS and the laser pulse is referred to as “pulse delay”, the
length of the MS trigger signal is the “pulse width”. The pulse delay is necessary to ensure
that all species have been recorded. Normally a 10 µs pulse delay has been used with a 10 ms
gate width.

Fig. 83.

Scheme of the Mass spectrometry setup.

For all polymers, the produced uncharged fragments, the positively charged ions (+ions) and
the kinetic energy of the +ions for selected masses have been recorded.
All mass spectrometry measurements have been performed at room temperature and a
pressure of 1 · 10-7 mbar.

2.2.8.2.2

Results

In the mass spectrometry measurements the polymer/dopant composites can be investigated at
the same conditions as in the thrust measurements, i.e. under vacuum and at fluences above
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the plasma threshold fluence. A quantification of various features such as type, distribution
and kinetic energy of fragments and conversion rates of the polymer into gaseous products are
possible.
PVC doped with carbon nanoparticles
In Fig. 84, the mass spectrum of neutral fragments of PVC+C after irradiation at 1064 nm
with a fluence of 10 J cm-2 is shown. This fluence is well above the plasma threshold fluence
of ~6 J cm-2. The main decomposition fragments can be assigned to Cl and HCl and to
fragments from the polymer backbone that have also been observed for thermal degradation
of PVC [218-220].

Fig. 84.

Mass spectrum of the neutral fragments from PVC+C after irradiation with
10 J cm-2 at 1064 nm.

All major peaks above 50 amu can be assigned to cyclohexanone [221], that was used as
solvent for PVC.
The most intense +ion signal at mass 12 can be assigned to C+ from the dopant (carbon), the
solvent, and the polymer backbone. The main decomposition products of the polymer, i.e. Cl
and HCl and small fragments from the polymer backbone are also present.
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Mass spectrum of the positive charged ion fragments from PVC+C after
irradiation with 22.6 J cm-2 at 1064 nm

The energy distribution of HCl+ for different fluences is shown in Fig. 86. At a fluence of
6.5 J cm-2 most ions have a kinetic energy in the range from 10 to 20 eV. With increasing
energy the total amount of HCl+ increases and ions with higher kinetic energies (30 to 80 eV)
are detected.

Fig. 86.

Kinetic energy distribution for HCl + (top) and C+ of PVC+C for different
irradiation fluences with 1064 nm.

The same measurements were also performed for C+, but no change in the distribution of the
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kinetic energy could be observed. Only the signal intensity increased with increasing fluences.
GAP doped with carbon nanoparticles and IR-dye in the near-IR range
The neutral mass spectra for GAP+C and GAP+IR are shown in Fig. 87.

Fig. 87.

Mass spectrum of the neutral fragments from GAP+C (top) and GAP+IR
(bottom) after irradiation with 10 J cm-2 at 1064 nm.

For both dopants the same fragments were detected, but with different intensities. The
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strongest peak in the spectra of carbon doped GAP can be assigned to HCN, whereas N2 is the
main fragment for the IR-dye doped GAP. A weak C2 signal can only be detected for GAP+C,
which indicates that it originates from the dopant. No fragments with a mass above 60 amu
are detected.

Fig. 88.

Mass spectrum of the positive charged ion fragments from GAP+C (top) and
GAP+IR (bottom) after irradiation with 13.7 J cm-2 at 1064 nm

Also no traces from ethylacetate [221], which was used as solvent for GAP, was detected.
This is different to PVN and PVC where strong signals were assigned to the solvent. One
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possible reason is the production process of the films, i.e. GAP is cross-linked from a 70 wt% polymer solution, whereas PVN and PVC are solvent cast from 10 to 20 wt-% solutions.
This results in less trapped solvent in the polymer after the production process in the case of
GAP films.
The same signals for GAP with both dopants have been detected in the positive ion spectra.
The strongest signal in the case of the carbon doped GAP could be assigned to Na+. Also Cl
has been detected which indicates a contamination of either the polymer or the dopant by
NaCl. A much stronger signal for Na+ has been detected for all carbon doped polymers
compared to the IR-doped GAP. For the carbon doped polymers a surface contamination by
careless handling can be excluded, as such a strong signal for Na+ would not be caused by a
small deposition on the surface, suggesting that the Na is a contamination in the carbon sooth.
The strongest peak for GAP+IR can be assigned to C+. This indicates a higher fragmentation
of the polymer backbone for the IR-dye doped GAP, which is consistent with the
shadowgraphy measurements. In the ablation plume of the IR-dye doped GAP no fragments
were visible, whereas for GAP+C a large amount of heavy fragments were detected.
Other fragments from the polymer are again N2+ and HCN+ and fragments from the polymer
backbone. As observed in the neutral spectra, the intensities between N2+ and HCN+ are
switched for the two dopants, suggesting differences in the secondary decomposition step of
GAP.
A possible decomposition pathway for GAP with both dopants is shown in Fig. 89. In a first
step N2 is released from the azide group. In a second step either NH2 or HCN are removed,
before the decomposition of the polymer backbone starts [222-224].

Fig. 89.

Proposed decomposition pathway for GAP+C and GAP+IR for irradiation
with 1064 nm.
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The kinetic energies of C+ for GAP+C and GAP+IR for different irradiation fluences are
shown in Fig. 90.
For GAP+C (top) two distributions can be distinguished. A first maxima is observed around
10 eV, the second much stronger and broader distribution is located at ~55 eV. With
increasing fluence, more ions are detected, but the ratio between the two peaks and the
distribution is not changed as observed for PVC+C. Also the maximal intensity is of the
second peak is similar for both polymers.
In the case of GAP+IR (bottom) a strong signal at ~10 eV is observed at the lowest fluence of
6.5 J cm-2. The intensity of this peak remains constant for all fluences. A second peak around
55 eV shows a strong dependence on the irradiation fluence. At 6.5 J cm-2, the maximum is
lower than for the first peak, at 13.7 J cm-2 the same intensity for both peaks is observed and
at 22.6 J cm-2, the second peak is stronger than the first peak. The maximum intensity of the
peak at 55 eV is similar for GAP with both dopants at the highest fluence.

Fig. 90.

Kinetic energy distribution for C+ from GAP+C (top) and GAP+IR (bottom)
for different irradiation fluences with 1064 nm.

For GAP with both dopants the same fragments were observed, but with different intensities.
The backbone of the IR-doped GAP decomposes into smaller fragments. The kinetic energy is
also influenced more by the irradiation fluence. This might be caused by the different
distribution of the two dopants in the polymer. The IR-dye is distributed on a molecular level
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and the energy is therefore absorbed more uniformly than in the case of the carbon doped
GAP, where carbon agglomerates of up to 100 µm may be present [208]. These agglomerates
absorb the laser light and form local hotspots. Polymer in the close surrounding of these
hotspots then is exposed too much higher temperatures than the IR doped GAP at the same
fluence. In the case of the carbon doped polymer, less polymer is therefore decomposed, but
the ionic fragments have a already higher energy at lower fluences than in the case of IR-dye
doped GAP. Only at the highest irradiation fluence, the same intensity could be observed for
ions from both GAP/dopant-systems. This is consistent with the shadowgraphy measurements
and the “crater appearance”, where a more uniform decomposition was observed for GAP+IR.
In plasma emission spectroscopy measurements in air also lower expansion velocities were
observed for GAP+IR.
PVN doped with carbon nanoparticles
The most intense peak in the neutral mass spectra for PVN+C is 28, which can be assigned to
CO, as the formation of N2 in the plasma plume is not very likely. No fragments at higher
masses, such as 89 amu (monomer mass) or O2 were detected.

Fig. 91.

Mass spectrum of the neutral fragments from PVN+C after irradiation with
10 J cm-2 at 1064 nm.

The strong signals at mass 58 and 43 can be assigned to acetone [221], which is the solvent
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used to cast the films from a 10 to 20 wt-% polymer solution. The solvent evaporates fast and
forms a dense surface layer. Solvent below this layer may then be trapped in the polymer film
and cannot be removed in the normal vacuum drying procedure.
The strongest peaks in the positive ion spectra (shown in Fig. 92) can be assigned to CO+, C+
and NO+. Again no peaks were detected for O2+ and NO2+, which could be possible fragments
in the decomposition of PVN, similarly to the decomposition of inorganic nitrates [225]. A
strong signal can be assigned to Na+, which was already detected for GAP+C and PVC+C.

Fig. 92.

Mass spectrum of the positive charged ion fragments from PVN+C after
irradiation with 22.6 J cm-2 at 1064 nm

The kinetic energy distribution for C+ (top) and N+ (bottom) from PVN+C is shown in Fig.
93. For both species the same behavior can be observed as in the case of GAP+C. A weak
peak is detected around 10 eV, and a stronger much broader peak is situated at ~40 to 50 eV.
The irradiation fluence increases the amount of ions, but the kinetic energy distribution
remains more or less constant.
Also the maximum of the strong peaks at 50 eV is in the same range as for GAP+C and
PVC+C.
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Kinetic energy distribution for C+ (top) and N+ (bottom) from PVN+C for
different irradiation fluences with 1064 nm.

Summary of the Mass spectrometry measurements12
A higher degree of fragmentation has been detected for the energetic polymers GAP and PVN
compared to PVC. For all polymers the expected signals had been detected. For the energetic
polymers mainly nitrogen containing groups, i.e. HCN and N2 for GAP and NO for PVN, and
fragments from the polymer backbone were detected. The main decomposition products for
PVC were also fragments from the polymer backbone and HCl.
A strong signal from the solvent used in the polymer film production was detected for PVN
and PVC. Both polymers were solvent cast from dilute (10 to 20 %) polymer solution. In the
mass spectra of GAP with both dopants no signal could be assigned to the solvent. Another
important difference to PVN and PVC is that GAP is cross-linked from a 70 % polymer
solution, and that less solvent is present throughout the whole film preparation process.
In the carbon doped polymers a strong signal from Na was detected. The signal is too strong
to be caused by a contamination of the polymer surface. The carbon is the most probable
source of the NaCl, as much less sodium is detected for GAP+IR.

12

The results in this section have been published in:
205.

L. Urech, T. Lippert, C. Phipps, and A. Wokaun, Appl. Surf. Sci., (in press).
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A higher fragmentation was also detected for GAP+IR compared to GAP+C. This is
consistent with the shadowgraphy measurements, where no fragments were detected in the
ablation plume of GAP+IR.
The kinetic energies of selected positively charged ions show a similar behavior for all carbon
doped polymers. Two peaks can be observed, where the intensity increases with increasing
irradiation fluence. For IR-dye doped GAP the irradiation fluence changes also the intensity
ratio between the two peaks. More ions with higher energy are detected at higher fluences.
The kinetic energies are shown in Fig. 94 for an irradiation fluence of 23 J cm-2. The
expansion velocity of the selected species was determined from the energy with the highest
intensity (vertical lines in Fig. 94).

Fig. 94.

Kinetic energy versus the normalized intensity of the C+-ion ns at a
irradiation fluence of 22.6 J cm-2. The velocities shown in are calculated
from the kinetic energies with the highest intensity.

The highest velocity was observed for GAP+IR, followed by GAP+C. For PVN+C and
PVC+C a similar lower velocity for the C+ was observed (see Table 10). In comparison to the
velocities of the Balmer Hα line from the emission measurements (see Table 9), velocities that
are consistently lower by a factor of 1.2 to 1.8 are obtained. One possible explanation for this
is the experimental design, i.e. emission spectroscopy is a non-invasive measurement method,
whereas the mass spectrometer and the nozzle can have an influence on the plasma and its
expansion, as they are in direct contact with the expanding plasma. Another possible reason
Part II: Polymers as fuel for laser plasma thrusters

2.2.9 ns and ms Conclusions

120

could be the fact that in the energy measurements with the mass spectrometer, ions are
measured, while the Balmer Hα line corresponds to neutral hydrogen.
For GAP+C similar expansion velocities with both methods are measured for C+. In the case
of GAP+IR and PVN+C, the velocities measured with plasma emission spectroscopy were
lower by a factor of 2. It has to be mentioned again, that a major service has been performed
on the laser between the two experiments, and the laser parameters might have changed, and
the mass spectrometry results can only be directly compared to the emission spectroscopy
measurements of Balmer Hα.

Table 10

2.2.9

Expansion velocities for the C+-ions.

Polymer

Mass Spectrometry [m/s]

GAP+C

28600

GAP+IR

29300

PVN+C

25100

PVC+C

25900

ns and ms Conclusions

Three different polymers (GAP, PVN and PVC) and two different dopants (carbon
nanoparticles and IR-dye) have been investigated as fuel in laser plasma thrusters.
The different dopants for GAP seem to have only a small influence on the ablation properties,
such as ablation and plasma threshold fluence. The most pronounced differences are observed
in the ablation products, which are detected, in the shadowgraphy measurements and the
crater appearance. Large fragments of solid and liquid ablation products are observed for
GAP+C, while almost no solid fragments are ejected for GAP+IR. It seems, that the ablated
material is transferred completely into gaseous products. The SEM images confirm these
results, by showing that an ablation crater with steep and smooth walls is obtained for
GAP+IR, whereas the crater of GAP+C is quite rough, with deep holes and a very uneven
bottom. This difference can be explained by the different distribution of the dopant in the
polymer. The IR-dye should be distributed on a molecular level, whereas carbon tends to
agglomerate to particles of 10 to 20 µm in size.
Part II: Polymers as fuel for laser plasma thrusters

121

2.2 Materials tested as fuel for the Laser Plasma Thruster

The results obtained from shadowgraphy experiments correlate well with maximum thrust
measurements on the same polymers performed by Claude Phipps, even though the
measurement conditions are quiet different. The thrust experiments were performed with a ms
laser pulse in vacuum and with higher fluences. The momentum coupling coefficient
correlates with the presence or absence of particles in the ablation plume, whereas the specific
impulse could be correlated with the shockwave velocity and the decomposition enthalpy of
the investigated polymers.
PVN+C delivered the best results in the shadowgraphy experiments. A faster shockwave was
observed than for GAP+C, GAP+IR and PVC+C.
The plasma emission spectroscopy in air showed similar values for all investigated polymers.
The energetic polymers show generally a higher maximum temperature, but also a faster
decay over time. This indicates, that more energy is released in a shorter time period for the
energetic polymers.
The emission spectroscopy measurements in vacuum revealed the fastest expansion for
PVC+C, followed by GAP+C, GAP+IR and PVN+C. The highest expansion velocity was
observed for ionized carbon in the ablation plume of PVC+C, followed by neutral hydrogen.
A correlation between the shadowgraphy and thrust measurements could be established, even
though the experimental conditions differed in the laser pulse length, atmosphere and energy
range. The emission spectroscopy measurements also indicated the advantages of the
energetic polymers.
A slower shockwave was observed for GAP+IR doped with Al- or CuO-nanoparticles. The
ablation plume of GAP+IR+CuO showed no large fragments ejected from the polymer and
also the ablation crater did not differ to GAP+IR. For GAP+IR+Al, particles with a size of 30
to 50 µm were visible in the polymer film and the ablation plume. The ablation craters were
less defined and polymer fragments were redeposited on the polymer surface. No difference
could be observed in the plasma emission measurements for GAP+IR doped with CuO- or Alnanoparticles. A more pronounced influence might be observed in vacuum, i.e. e. with mass
spectrometry, plasma emission spectroscopy and thrust measurements. An influence on the
energy release has to be determined with thrust measurements. In general, it appears that AlPart II: Polymers as fuel for laser plasma thrusters
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and CuO-nanoparticles do not improve the decomposition properties in the shadowgraphy
measurements, but this may change for the high fluences applied under plasma conditions.
PVN was also doped with an IR-dye to reduce the amount of particles in the ablation plume
of PVN doped with carbon nanoparticles. Fewer particles were visible in the ablation plume
for PVN+IR than for PVN+C. But strong thermal effects, i.e. “fibers” around the ablation
crater, a molten crater bottom, and a “strange” shockwave shape were observed. This may be
due to the material properties of the polymer. PVN is a thermoplast with a softening
temperature of 30 to 40 °C. GAP on the other hand is a cross-linked polymer, which shows no
signs of softening at these temperatures.
Doping of PVN+IR with 1% CuO-nanoparticles reduced these thermal effects, but more
particles were ejected and the shockwave velocity decreased. Higher laser energies might be
necessary to achieve the desired effects of an increase of the decomposition energy.
Thrust data for all polymer/dopant/metal systems have not yet been acquired.
The mass spectrometric measurements showed a higher fragmentation of the energetic
polymer GAP and PVN compared to PVC. For all polymers the main decomposition products
could be determined. For PVN and PVC strong signals that originated form the solvent used
in the preparation step of the polymer films were detected. Both polymers were solvent cast
from dilute solution (10-20 wt-%) and larger amounts of solvent were trapped than in the case
of GAP, which is cross-linked from a higher concentrated polymer (70 wt-%) solution.
GAP with both dopants decomposes into the same fragments, but with different intensity
ratios for selected species. Also a higher fragmentation is detected for GAP+IR. The main
difference was detected in the fluence dependence of the kinetic energy distribution for
selected positively charged ions. In the case of carbon doped polymers, more ions were
detected at lower fluences, but the distribution did not change. For GAP+IR more energetic
ions were detected at higher fluences. This indicates a higher fluence sensitivity for the IRdye doped polymers and may be explained by the different distribution of the dopant in the
polymer.
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2.2.9.1

Velocities

Only a qualitative correlation can be established between the different methods (see Table 5
and Table 11). GAP+C shows a good performance in all experiments, while GAP+IR reveals
good results in the thrust (high momentum coupling coefficient) and mass spectrometry
measurements, but the velocity of the hydrogen and ionized carbon measured by plasma
emission spectroscopy in vacuum is lower compared to GAP+C. For GAP+C a good
correlation of the mass- and emission spectroscopy measurements can be established for the
expansion velocities of C+, but the neutral hydrogen (Balmer Hβ) is propagation much faster.
It is possible, that thrust, which is the sum of different effects, can only be explained by a
combination of different measurements.
The longer pulse lengths (ms vs. ns),

and shorter irradiation wavelength (920 nm vs.

1064 nm) in the thrust measurements may also have a significant influence on the ablation
process. The longer pulse length could increase the influence of the thermal side effects, such
as melt ejection, and may therefore result in the worse performances of the thermoplasts
(PVN and PVC), but especially of the high energetic PVN.
For a quantitative correlation the thrust measurements have to be performed with the same
experimental conditions, i.e. pulse length and irradiation wavelength.

Table 11

Expansion velocities for the shockwave at low laser fluence in air, C+-ions and hydrogen

from the Balmer Hα line for high laser fluence in vacuum. All velocities are given in [m/s].

Polymer

Shadowgraphy

Mass Spectrometry

Plasma emission

(from shockwave)

(from the kinetic energy

(from the Balmer

(from the C +

of C+)

Hα line)

line)

GAP+C

710

28600

46000

25050

GAP+IR

850

29300

36700

16500

PVN+C

1080

25100

31100

12650

PVC+C

630

25900

48300

35300

The best overall performance in the thrust measurements from the studied polymers is
observed for GAP+C, but only a qualitative correlation can be established between the
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different spectroscopy methods and the measured thrust. GAP+C clearly indicates the
importance and possibility of the utilization of the chemical energy stored in the polymer, as
3.7 times more energy was released under optimal conditions as thrust than deposited by the
laser pulse. Energy could also be gained from decomposing GAP+IR, while PVN, the
polymer with the highest decomposition enthalpy, exhibits the worst performance in all
experiments at high irradiation fluences. This is probably caused by the thermal properties of
the polymer, i.e. the ejection of molten polymer, which is lost for the decomposition process
and a pronounced amount of remaining solvent in the polymer film.
An ablation efficiency of ~50% was achieved for PVC+C, which is not surprising, as only a
small amount of energy is gained from the decomposition of the polymer.
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2.2.10 fs Experiments in Vacuum
2.2.10.1

Motivation

From [226]: “Need for fs data in laser ablation propulsion
Knowledge of two parameters is critical for designing successful laser space propulsion
applications [204, 227]. The first of these is the so-called laser momentum coupling
coefficient Cm (N s/J) = J/W which is the ratio of momentum J transferred to an object by
laser ablation and the incident laser energy W. The second is the optimum coupling fluence

Φopt (J m-2) for which Cm is maximized, and this is a critical parameter because the fluence
range for optimum coupling is fairly narrow. In particular, the leading-edge slope of an
experimental plot of Cm versus Φ is very steep, corresponding to the onset of intense vapor
generation. Cm then rises to a maximum at the vapor–plasma transition and decreases
somewhat less rapidly at higher laser pulse fluence due to plasma shielding. Fig. 95 shows
data [228] which illustrates this point.

Fig. 95.

Data illustrating the concept of optimum coupling fluence. In this case, the
optimum intensity is 2.5 TW/m2 and Φopt = 55 kJ m-2.

For applications such as the ORION laser-space-debris clearing concept [227], for which
laser systems with tens of kilowatt average power have been proposed, an incorrect value of

Φopt can affect system design and cost unfavorably, or make the whole concept unworkable
because correcting the error runs into other limitations such as reaching the threshold for
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stimulated Raman scattering (SRS) in the atmosphere. Isolated measurements of Cm or
ablation rate alone are not sufficient; rather, a clear experimental demonstration that the Cm
versus Φ maximum has been achieved is required, and this has not often been done in the
literature. In the range 100 ps < t < 1 ms, we have shown [204] that Φopt varies
approximately as predicted by 1-D thermal transfer theory [229]:
"opt ( J /cm 2 ) = B# m

(5)

with m = 0.5 and B = 480 MJ m-2. However, the precise result is material-, wavelength- and
pulse width-dependent and, previous to this work, information on Φopt and the associated Cm
!
did not exist for pulses shorter than 100 ps, and no proven model existed for predicting the
parameters. Yet, interesting applications for femtosecond-pulse momentum transfer exist.
Aside from these practical concerns, a second motivation for this work was to discover where
the short-pulse breakdown would occur in our theoretical model [228, 230] for Cm, exhaust
velocity vE, electron density ne and temperature Te in the range 100 ps < τ < 1 ms. In
particular, the authors of ref. [231] have shown that this breakdown point is probably τ = 10
ps. Specific impulse is defined by the relationship Isp = vE/go, where go is the standard
acceleration of gravity at sea level.”

Fig. 96.

Optimum coupling fluence plot shows purely thermal behavior down to
100 ps, and a flat behavior for shorter pulses. The letters next to data points
in the figure are references to the literature explained in [204]. Figure
adapted from [226].
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In Fig. 96 the optimum coupling fluence for some metals and GAP+IR is plotted versus the
laser pulse duration. It is visible that the optimum coupling fluence at 130 ns is essentially the
same as for 100 ps. To compare these results with data acquired for ns laser pulses, plasma
studies for fs laser pulse irradiation were performed. This data allowed a comparison of thrust
and plasma emission with the same pulse length, which was until now not possible, as the
thrust data was acquired with ms pulses, and the spectroscopic data was obtained with ns
irradiation.
The plasma expansion as a function of the target material-absorber system and the irradiation
laser fluence has been investigated by plasma imaging. Selected emission lines have also been
recorded and were used to calculate plasma properties, such as electron density and plasma
temperature. Also the expansion of selected material specific decomposition products for each
material-absorber system have been investigated.

2.2.10.2

fs thrust measurements

The fs thrust measurements in Table 12 were performed by Claude Phipps and are presented
here for comparison. GAP+C and GAP+IR with two different IR-dyes were investigated for
the optimal fluence (Fopt) for the thruster application. For GAP+C the lowest Fopt and the
highest Cm was measured. A small difference was observed for GAP+IR with the two
different dyes.

Table 12

Cm and the optimal laser fluence obtained for fs laser irradiation and Cm for ns laser

irradiation as reference value(from [226]).

Polymer

fs
-2

ms
-2

Fopt (kJ m )

Cm opt (µN/W)

Fopt (kJ m )

Cm opt (µN/W)

GAP+C

10.4

80

150

865

GAP+IR/915nm

13.0

32

GAP+IR/935nm

13.0

40

116

1574

The momentum coupling coefficient is much lower for fs irradiation, but it was achieved at a
10 times lower fluence.
Part II: Polymers as fuel for laser plasma thrusters

2.2.10 fs Experiments in Vacuum

2.2.10.3

128

Experimental Setup

The fs laser pulse were performed at the LP3 Laboratory in Marseille13. The ultra short laser
pulses of 100 fs duration were delivered by a Ti:sapphire laser system (Spectraphysics, model
Hurricane) at wavelength of 800 nm and 100 Hz repetition rate. The energies of the
femtosecond laser pulses were varied using calibrated attenuating plates. In the plasma
imaging experiments, the center part of the laser beam was selected using a square mask of
2 mm x 2 mm, to get an almost uniform laser energy distribution. A spot of about 30 µm x
30 µm area was obtained by projecting the mask image onto the sample surface with the aid
of a plano-convex lens of 50 mm focal length. In order to reach higher irradiation fluences
than 4.4 J cm-2, the mask was omitted and the whole laser beam was focused to an ablation
spot size of 50 µm diameters. A mechanical shutter controlled the number of applied laser
pulses. Target holder and focusing objective were placed on motorized translation axes.

Fig. 97.

Experimental setup for the plasma imaging and plasma emission
spectroscopy measurements with fs laser pulses.

The focusing distance and the target position were controlled by a micro-computer and

13

SATW supported study within a project of PSI – Materials Group, LP3 and FH Nordwestschweiz.
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visualized by a CCD camera that captured the image of the targets surface through the
focusing objective (experimental setup is shown in Fig. 97). All fs experiments were
performed at a pressure of ~5 · 10-5 mbar at room temperature.

2.2.10.3.1

Plasma imaging

A fast intensified charge coupled device (ICCD) (iStar from Andor) with a 5 ns gate width
and an objective (Tamron 70–210 mm; 1:3,8-4) were used for imaging. The spatial resolution
of the system was of about 20 µm. The time delay to the laser pulse was varied with a delay
generator to observe the plasma expansion.

2.2.10.3.2

Plasma emission spectroscopy

The plasma was imaged on the entrance slit of the spectrometer (Spectra Pro 300i from Acton
research). The spectral and spatial resolved images were then recorded with a fast intensified
charge coupled device (ICCD) (iStar from Andor) with a 5 ns gate width. For all polymers
neutral, ionic and diatomic species were observed at varying time delays to the ablation laser
pulse.

2.2.10.4
2.2.10.4.1

Fig. 98.

Results
Ablation rates

Ablation rates of GAP+C, GAP+IR, PVC+C and PVN+C for irradiation
with 100 fs pulses at 800 nm.
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The ablation rates were determined from multi pulse experiments. The crater depth was
determined with an optical microscope. The ablation threshold fluence and the effective
absorption coefficients are shown in Table 13 and Fig. 98.

Table 13

Ablation parameters for fs and ns irradiation of GAP+C, GAP+IR, PVC+C and PVN+C.

Polymer

fs

ns

Fth [mJ cm-2]

α eff [cm-1]

Fth [mJ cm-2]

α eff [cm-1]

GAP+C

650

7600

3100

200

GAP+IR

810

7380

2385

235

PVC+C

1300

4150

900

1700

PVN+C

1370

5830

860

--

2.2.10.4.2

Plasma Imaging

For all polymer-absorber systems, plasma images at varying time delays have been recorded
at irradiation fluences of 4.4 and 7.6 J cm-2. At a time delay of 100 ns after the laser pulse, a
series of plasma images with different irradiation fluences from 0.44 to 4.4 J cm-2 have been
recorded for all polymers. All plasma images are digitally enhanced to optimize the visibility
of the features to be explained.
The maximum intensity of a line profile through the center of the ablation plume was used to
calculate the expansion velocity.
GAP+C
An egg-shaped plasma plume is visible for GAP+C at an irradiation fluence of 4.4 J cm-2
20 ns after the laser pulse in Fig. 99.
This first domain of the plasma plume expands and simultaneously moves away from the
sample surface, which is located on the left side of the images. After 50 ns a second domain
with a lower intensity becomes visible as a connection between the first domain and the
sample surface. This second domain also expands and moves away from the sample surface,
but at a lower velocity. 100 ns after the laser pulse a third domain appears on the sample
surface. The propagation of this third domain is slower, but its expansion is much faster. It is
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also well separated from the second domain. The expansion perpendicular to the sample
surface is slower than parallel to the surface, which leads to a broader expansion angle of the
plasma plume at later times. After 400 ns the first domain has traveled out of the field of
vision and is completely separated from the second domain. During the whole observation
time, the highest intensity is observed in a small region directly on the sample surface.

Fig. 99.

Plasma image of GAP+C for an irradiation fluence of 4.4 J cm-2.

In Fig. 100, the distance of the maximum of each domain to the sample surface is plotted
versus the time delay to the laser pulse.

Fig. 100.

The expansion of the different domains of the plasma plume of GAP+C
versus the delay to the laser pulse.
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For the two investigated fluences of 4.4 and 7.6 J cm-2, no significant differences can be
observed. The first domain travels with a velocity of 26200 m/s at an irradiation fluence of
4.4 J cm-2, and 29300 m/s with F = 7.6 J cm-2. The propagation velocity of the second domain
is similar for both irradiation fluences with ~10000 m/s. The third domain appears 200 ns
after the laser pulse for the lower fluence but is much less intense and can only be observed
for until ~400 ns after the laser pulse, whereas for the higher laser fluence, the third domain is
visible for 1 µs. The propagation velocity of domain III is ~1750 m/s for both fluences

Fig. 101.

Plasma image of GAP+C for different irradiation fluences 100 ns after the
laser pulse.

The dependence of the plasma plume appearance on the irradiation fluence is shown in Fig.
101. Images were recorded at fluences ranging from 0.44 to 4.4 J cm-2 at a time delay of 100
ns after the laser pulse. In all images the highest intensity is observed on the sample surface in
a very confined round region, which could be assigned to the pump laser and a leaking shutter
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[232]. At 0.44 J cm-2 only a very small circular plasma plume is visible ~1 mm from the
sample surface. With increasing laser fluence, the intensity and the expansion of this domain
increases. At 1.32 J cm-2, a second domain appears farther away from the surface. The
intensity of this second domain increases faster with increasing fluence than the intensity of
the first domain. At F > 1.76 J cm-2 this second domain is more intense than the first domain.
With increasing fluence the second domain increases in size and the position of the maximum
intensity moves further from the sample surface.

Fig. 102.

The propagation of the maximum intensity 100 ns after the laser pulse of the
different domains of the plasma plume of GAP+C versus the delay to the
irradiation laser fluence.

The velocity of the maximum intensity versus the irradiation fluence is plotted in Fig. 102.
The maximum of domain I remains within 1.4 mm distance to the surface for all irradiation
fluences. Domain II appears at fluences above 1.76 J cm-2 and shows a much stronger
dependence on the irradiation fluence than domain I.
GAP+IR
The plasma plume for GAP+IR is egg-shaped, and only one domain is visible 20 ns after the
laser pulse for an irradiation fluence of 4.4 J cm-2 (see Fig. 103). With increasing time this
domain moves away from the surface and expands in all directions. A second domain appears
after 50 ns but overlaps strongly with the first domain. After 200 ns the two domains are
separated. The shape and size of the two domains for GAP+IR is very similar to domains I
and II observed for GAP+C, but no third domain is visible for GAP+IR at both laser fluences.
The main difference between GAP+C and GAP+IR is the size and distribution of the absorber
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in the polymer. The IR-dye used as absorber in GAP+-IR is distributed on a molecular level,
whereas the carbon nanoparticles form clusters of nanometer to micrometer size. This
nanometer sized carbon nanoparticles can produce a continuum black-body like emission
[233], which has also been observed for other materials such as Mo, Nb and Hf after ns-pulse
laser irradiation [234] and TiO after fs-pulse laser irradiation [235, 236].

Fig. 103.

Plasma image of GAP+IR for an irradiation fluence of 4.4 J cm-2.

The same behavior for the first domain is observed for GAP+IR at both fluences (see Fig.
104).

Fig. 104.

The expansion of the different domains of the plasma plume of GAP+IR
versus the delay to the laser pulse.
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The expansion velocities of GAP+IR of 27900 m/s at F = 4.4 J m-2 and 32200 m/s at
F = 7.6 J cm-2 are 5 %, respectively 10% higher than for GAP+C. A second domain is visible
at both irradiation fluences, but the expansion velocity could only be determined at the higher
fluence, as for 4.4 J cm-2, no clear separation of the two domains at early times was
detectable. The expansion velocity of 12100 m/s at F = 7.6 J cm-2 is about 10 % higher than
the velocity of the second domain observed for GAP+C at the same irradiation fluence.
PVC+C
The intensity of the plasma plume of PVC+C is higher than for GAP with both absorbers. It
was therefore possible to observe the plumes for a time delay of 1 µs for both irradiation
fluences. At delay times of up to 20 ns, only one egg-shaped domain is visible (see Fig. 105).

Fig. 105.

Plasma image of PVC+C for an irradiation fluence of 4.4 J cm-2.

This domain expands more directional, perpendicular to the surface and is confined to a
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narrower expansion angle than for GAP with both absorbers. After 30 ns the maximum of the
first domain has moved away from the surface, so that a second domain becomes
distinguishable. This second domain also moves away from the surface and expands more
uniform than the first domain in all directions. After 100 ns a third domain is formed on the
sample surface. This domain has the highest intensity, is well separated from the other two
domains and can be explained by continuum black-body like emission of e.g. carbon
nanoparticles, which function as absorber in PVC+C. Similar to GAP+C, the expansion of the
third domain is faster parallel to the surface, than in the propagation direction. This leads to an
almost disc-shaped third domain, with a more intense front region and a broader expansion
angle of the plasma plume.
No difference can be observed in the expansion velocity of the different domains for PVC+C
for the two fluences (see Fig. 106). The first domain has an expansion velocity of 23000 m/s,
which is slower than the same domain for GAP with both absorbers (10 % slower than
GAP+C and almost 30 % slower than GAP+IR). The second domain (10500 m/s) has a
similar velocity like GAP+C but is slower than for GAP+IR. The third domain with a velocity
of 3500 m/s is twice as fast as the third domain of GAP+C.

Fig. 106.

The expansion of the different domains of the plasma plume of PVC+C
versus the delay to the laser pulse.

Even though the experiments were performed at a pressure of 5 · 10-5 mbar, where the mean
free path for atoms and ions is much larger than the field of view of the ICCD, the velocity is
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decreasing with increasing distance from the surface. A possible explanation for this is
collisions of particles in the plasma. Such collisions of particles with similar velocities and
direction would lead to a broadening and slowing of the plasma plume, as more particles are
scattered and lose a part of their directionality. This effect would be more pronounced in a
denser, more directional plasma, as it is observed for PVC+C, compared with GAP+C, where
this effect is less pronounced.
PVN+C
For PVN+C the plasma plume with the lowest intensity was observed. Even at a fluence of
7.6 J cm-2, only one domain could be assigned. In Fig. 107 the plasma images after irradiation
with 4.4 J cm-2 are shown. The plasma plume of PVN+C is smaller and remains closer to the
surface than the first domain of the plasma plumes of the other polymers and has a “flat“
backside. A second domain becomes visible after 200 ns, but cannot be separated from the
first domain.

Fig. 107.

Plasma image of PVN+C for an irradiation fluence of 4.4 J cm-2.

The expansion velocity of the plasma of PVN+C of 20000 m/s at F = 4.4 J cm-2 is the lowest
value of all polymers. At a fluence of 7.6 J cm-2, the propagation velocity reaches 24600 m/s
and is in the range of PVC+C. During the first 200 ns after the laser pulse, the plasma plume

Part II: Polymers as fuel for laser plasma thrusters

2.2.10 fs Experiments in Vacuum

138

is not slowed down, and at later times it was not possible to determine the position of the
maximum intensity (see Fig. 108).

Fig. 108.

The expansion of the first domain of the plasma plume of PVN+C versus the
delay to the laser pulse.

Summary of the fs-plasma imaging experiments
For GAP+C and PVC+C three different domains are visible at both irradiation fluences and
can be observed for up to 1 µs after the laser pulse. The plasma plume of PVN+C is to weak
to separate the individual domains and can only be observed for 200 ns before the signal to
noise ratio becomes to small.
For GAP+IR only two domains are present. The third domain observed for GAP+C and
PVC+C could be due to a continuum black-body like emission of the carbon nanoparticles,
which were added to the polymers as absorbers. In Fig. 109, the propagation of the maximum
intensities of all domains for the different polymers at both irradiation fluences are displayed
versus the time delay to the laser pulse. Additionally the front of domain I of GAP+C is
displayed in the graph to indicate the maximal expansion of the plasma plume. The front was
defined as the position of the domain, where the intensity has reached 10 % of the maximal
domain intensity. For the more intense plasmas of GAP+C and PVC+C a decrease of the
propagation velocity with increasing time can be observed. This decrease could be caused by
collisions of plasma particles and scattering of these particles.
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The expansion of the different domains of the plasma all polymers versus
the delay to the laser pulse. The marker symbols represent the three
domains, and the dashed line indicates the higher fluence.

The first and second domain of GAP+IR have the largest propagation velocity, followed by
GAP+C, PVC+C and PVN+C. This order changes for third domains, which propagate faster
for PVC+C than for GAP+C.
The shape of the first domain is very similar for GAP with both absorbers and has an egg-like
shape. Domain I of PVC+C expands at a smaller angle than for GAP.
The second domain is very similar for all polymers and is visible as a round zone that partly
overlaps with the first domain.
The third domain, observed for GAP+C and PVC+C, expands faster parallel to the sample
surface than perpendicular to it. It is therefore more disc-shaped, with the maximum intensity
closer to the front edge.
The light recorded for the plasma images is the sum of the emission lines of all species in the
plasma plume. A spectral resolution of the observed light will help to assign the observed
domains to different species in the plasma.

2.2.10.4.3

Spectroscopic fs-Plasma Emission Spectroscopy

All plasma emission experiments were performed at an irradiation fluence of 7.6 J cm-2 at
room temperature and a pressure of 5 · 10-5 mbar. On each recorded image the horizontal axis
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represents the spectral axis. The vertical axis is the spatial axis, where the sample surface is
close to the lower edge and is indicated as dashed white line. Each image has been digitally
enhanced to optimize the visibility of the interesting features. The scale is represented on the
right side of each image and ranges from white (highest intensity) to black (background). The
solid and dotted horizontal lines represent the position of selected profiles that are shown on
the right side of the spectroscopy image to emphasize the discussed features. Below each
image the time delay to the ablation laser pulse is indicated. The overview spectra were
recorded with a 150 pitch/mm grating. Selected regions, in which the main decomposition
products are present, were investigated with a high-resolution grating (1800 pitch/mm).
GAP+C
In the overview spectra of GAP+C presented on the right side of Fig. 110, ionic atoms,
neutral atoms and neutral diatomic species are visible.

Fig. 110.

Overview plasma emission spectra for GAP+C, 10 ns after the laser pulse.
The spectra on the right side represent selected profiles, that are recorded at
different positions from the sample surface, that are indicated as horizontal
lines in the spectral image. Neutral atomic (H), ionized atomic (C II) and
neutral diatomic (CN and C2) species are visible.

In the top profile, that represents the spectrum in a distance of ~ 0.5 mm seven lines can be
clearly distinguished. The most prominent line can be assigned to the neutral Balmer Hβ line
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at 486.2 nm, which corresponds to the 2p – 4d transition. The second strongest line is due to
ionic carbon at 392 nm and corresponds to a 2s23p – 2s24s transition. The other lines could
not yet be assigned, as the spectral resolution of the used grating is not sufficient to separate
lines that are too close. The bottom profile was recorded close to the sample surface and the
visible peaks can be assigned to diatomic species such as C2 Swan [237] and CN Violet.
For all polymer-absorber systems three spectral regions were investigated in detail. The first
region ranges from 382 nm to 393 nm and is shown for GAP+C, 20 ns after the laser pulse in
Fig. 111. The top profile represents the spectra in a distance of 1.4 mm from the sample
surface. Multiple peaks are visible, but until now only C II at 392 nm could be assigned.
The bottom spectrum has been recorded in a distance of 0.25 mm. The line system
corresponds to the emission of CN and was used to calculate the rotational-vibrational
temperature as described in section 0. The position of the maximum intensity of the strongest
peak of the CN Violet system at different time delays was also used to calculate the
propagation velocity of the CN system.

Fig. 111.

Plasma emission of CN Violet and C II for GAP+C 20 ns after the laser
pulse. The spectra on the right side represent selected profiles, that are
recorded at different positions from the sample surface, that are indicated as
horizontal lines in the spectral image.

The highest rotational-vibrational temperature of the CN Violet system of 9000 K was
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calculated from a spectrum recorded 10 ns after the laser pulse on the sample surface. At a
delay of 20 ns the plasma temperature has dropped to 6800 K on the sample surface and to
5500 K in a distance of 0.3 mm from the surface. 50 ns after the laser pulse, a maximum of
6500 K is measured in a broad region ranging from 0.9 mm to 1.4 mm. Closer to the sample
surface, the temperature decreases to 5200 K at 0.6 mm.
In Fig. 112 the expansion of C II and CN Violet is shown. The diatomic CN moves slower
than the ionic carbon, which leaves the field of vision after 50 ns. The emission lines of the
CN molecule are visible as a series of lines with increasing intensity at higher wavelengths,
that propagate all at the same velocity, but which are clearly slower than the C II line. Other
lines, that could not be assigned yet, propagate at a velocity between the diatomic CN and the
ionic carbon. They are most probable neutral atomic species, as they show a behavior similar
to hydrogen.

Fig. 112.

Plasma emission of CN Violet and C II for GAP+C for different delay times
after the laser pulse.

The H Blamer β line at 486 nm is the strongest line observed for GAP+C. In the profile
shown in Fig. 113, no other peaks are visible. The Balmer Hβ line was used to calculate the
electron density (ρel) in the plasma as described earlier in this report.
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Plasma emission of Balmer Hβ for GAP+C 30 ns after the laser pulse. The
spectrum on the right side represents a line profile, that is recorded at a
distance of 1.3 mm from the sample surface, that is indicated as horizontal
line in the spectral image.

Fig. 114.

The electron density as a function of distance from the sample surface and
time delay to the laser pulse for GAP+C, calculated form the Stark
broadening of the Blamer Hβ line at 486 nm.
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In Fig. 114 the electron density versus the distance from the sample surface is shown for
different time delays. The dotted lines represent the intensity of the Balmer Hβ line as function
of the distance to the sample surface. 10 ns after the laser pulse the highest electron density of
1.25 · 1022 m-3 was measured at a distance of 0.11 mm from the sample surface. ρel decreases
in direction of the sample surface to 4.85 · 1021 m-3. Further away the electron density
decreases to a constant value of 1.75 · 1021 m-3. At a time delay of 20 ns after the laser pulse,
the maximum electron density of 2.8 · 1021 m-3 is again observed at the backside of the plasma
plume, closest to the surface. At increasing distances ρel decreases to 1.5 · 1021 m-3. 30 ns after
the laser pulse, only a small increase of ρel can be observed at the backside of the plasma
plume, before it decreases to a value of 1.4 · 1021 m-3. At later time delays, ρel remains
constant in the whole plasma plume at 1.35 · 1021 m-3.
The emission lines of C2 are shown in Fig. 115. The strongest peak of the C2 Swan emission
at 517 nm has been used to calculate the expansion of this neutral diatomic system. The other
emission lines, that move faster than the C2 Swan lines, could not yet be assigned.

Fig. 115.

Plasma emission of C2 Swan for GAP+C 20 ns after the laser pulse. The
spectrum on the right side represents a line profile, that is recorded at a
distance of 0.5 mm from the sample surface, that is indicated as horizontal
line in the spectral image.
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The expansion velocities for different species in the plasma plume of GAP+C are shown in
Fig. 116. The highest velocity of 78200 m/s is observed for positive charged carbon, which
moves at a constant velocity over the whole measurement period. For the neutral hydrogen a
small decay of the expansion velocity is observed at later times. During the first 50 ns a
propagation velocity of 39000 m/s is obtained. The diatomic species C2 and CN move much
slower and reach velocities of 9400 m/s and 17000 m/s.

Fig. 116.

The plasma expansion of positive charged ions (C II), neutral atoms (H) and
diatomic species (CN and C2) for GAP+C.

GAP+IR
The same peaks as for GAP+C are visible in the overview spectra of GAP+IR. Again the
Balmer Hβ is the most intense peak at a distance of 0.6 mm from the sample surface (top
profile in Fig. 117). A second peak could be assigned to C II. The other peaks in the top
profile have not yet been assigned. The resolution of the overview spectra is not high enough
to assign these peaks, and high resolution spectra have only been recorded for selected
regions. Possible candidates for these lines are oxygen, carbon and lines from impurities (Ca
or Na as observed in the ns measurements).
In the bottom profile, close to the sample, the emission of the same diatomic species as for
GAP+C can be observed (C2 Swan and CN Violet).
The CN Violet system was used to calculate the rotation-vibration temperature, which is
assumed to be the plasma temperature (Tplasma). The highest temperature of 8500 K was
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measured 10 ns after the laser pulse on the sample surface. At 20 ns Tplasma on the sample
surface has dropped to 6600 K. The maximum temperature is measured 0.16 mm from the
sample surface and reaches a value of 7000 K. After 50 ns the maximum temperature is still
7000 K and is measured in a distance of 1.2 to 1.5 mm from the sample surface. Closer to the
surface the temperature has dropped to 5500 K. Compared to GAP+C, a slightly lower initial
temperature has been measured, but the temperature decay with increasing time delays is
slower.

Fig. 117.

Overview plasma emission spectra for GAP+IR, 10 ns after the laser pulse.
The spectra on the right side represent selected profiles, that are recorded at
different positions from the sample surface, that are indicated as horizontal
lines in the spectral image. Neutral atomic (H), ionized atomic (C II) and
neutral diatomic (CN and C2) species are visible.

The electron density (ρel) in the plasma was calculated from the Stark broadening of the
Balmer Hβ line at 486.2 nm and is shown in Fig. 118 as a function of distance to the sample
surface and delay time to the laser pulse. The dotted lines represent the intensities of the
Balmer Hβ lines.
The maximum ρel of 6.75 · 1021 m-3 for GAP+IR was measured 10 ns after the laser pulse in a
distance of 0.12 mm from the sample surface. With increasing distance it decreases to a 1.66 ·
1021 m-3. At a delay of 20 ns, ρel reaches a maximum of 2.45 · 1021 m-3 in a distance of 0.46
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mm from the sample surface and decreases to a constant value of 1.4 · 1021 m-3 at larger
distances. After 30 ns only a small increase of ρel at the backside of the Balmer Hβ line is
observed, before it remains constant at 1.35 · 1021 m-3 over the whole Balmer Hβ line for later
times.
The maximum electron density for GAP+IR is only half of the value reached for GAP+C.
With increasing distance and time delays, ρel reaches similar values for both polymers. The
increase of the electron density at the rear of the Balmer Hβ line close to the sample surface is
present for a longer time in the case of GAP+IR than for GAP+C.

Fig. 118.

The electron density as a function of distance from the sample surface and
time delay to the laser pulse for GAP+IR, calculated form the Stark
broadening of the H Blamer β line at 486 nm.

In Fig. 119 the propagation of the maximum intensity is displayed versus the time delay to the
laser pulse. The highest propagation velocity is observed for ionic carbon with 83700 m/s.
The propagation velocity is constant over the complete field of view. The propagation of the
neutral hydrogen is slower and is slowed down with increasing time delays. During the first
50 ns the velocity remains almost constant at a value of 39500 m/s. For CN a propagation
velocity of 17200 m/s has been measured during the first 50 ns after the laser pulse. At later
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times the CN Violet signal was too weak to be measured.
The expansion velocity for neutral hydrogen and CN of GAP+IR are identical to the values
measured for GAP+C, but the ionic carbon is expanding slightly faster for GAP+IR.

Fig. 119.

The plasma expansion of positive charged ions (C II), neutral atoms (H) and
diatomic species (CN) for GAP+IR.

PVC+C
The most intense plasma was observed for PVC+C (see Fig. 120). In the top profile 0.6 mm
from the sample surface, the Balmer Hβ line is the most prominent feature, as already
observed for GAP with both absorbers. The second most intensive peak can be assigned to
three lines from Cl II, that are not resolved with the 150 grating. Close to the surface (see
bottom profile), strong signals can be assigned to C2. Compared to the emission spectra of
GAP with both absorbers, no CN emissions are visible as expected from the structure and by
performing the experiments in vacuum. This is different to the ns experiments in air, where
CN was clearly detectable for PVC+C. The plasma temperature could therefore not yet be
determined. A possible solution could be to calculate the temperature of the C2 Swan system,
but the method has not yet been implemented in our analytical software, which has been used
to process to the current results.
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Overview plasma emission spectra for PVC+C, 10 ns after the laser pulse.
The spectra on the right side represent selected profiles, that are recorded at
different positions from the sample surface, that are indicated as horizontal
lines in the spectral image. Neutral atomic (H), ionized atomic (C II and Cl
II) and neutral diatomic (C2) species are visible.

Fig. 121.

Plasma emission of Cl ll and C II for PVC+C, 20 ns after the laser pulse.
The spectrum on the right side represents a line profile, that is recorded at a
distance of 1.5 mm from the sample surface, that is indicated as horizontal
line in the spectral image.
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In Fig. 121, a high-resolution image of the spectral region between 381 nm and 394 nm is
shown. The strongest peak at 392 nm can be assigned to C II. The three peaks at 384.56 nm,
385.09 nm and 386.08 nm correspond to the emission of Cl II (3s23p3(4S °)4p-3s23p3(4S
°)4d). The strongest of these three Cl II lines was used to calculate the propagation velocity of
Cl II.
The strongest emission line at 486.13 nm in Fig. 122 is the Balmer Hβ line. Two weak Cl II
lines (3s23p3(4S °)4s-3s23p3(4S °)4p) are visible at 481 nm and at 481.94 nm after strong
digital enhancement of the spectral image. The emission line at 481 nm was used to
investigate the propagation of this transition of Cl II.

Fig. 122.

Plasma emission of Balmer Hβ and C II for PVC+C, 20 ns after the laser
pulse. The spectrum on the right side represents a line profile, that is
recorded at a distance of 1.5 mm from the sample surface, that is indicated
as horizontal line in the spectral image.

The Balmer Hβ line was used to calculate the electron density as a function of distance to the
sample surface and the time delay to the laser pulse (Fig. 123). The dashed line represents the
intensity of the Balmer Hβ line.
The highest ρel of 2.42 · 1022 m-3 is measured in a distance of 0.15 mm, 10 ns after the laser
pulse. With increasing distance to the sample surface, it drops to 1.84 · 1021 m-3. At time delay
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of 20 ns the maximum has ρel dropped to 3.45 · 1021 m-3 at a distance of 0.27 mm. The
electron density in the plasma is reduced to 1.49 · 1021 m-3 with increasing distance. 30 ns
after the laser pulse, the ρel has a maximum of 2.46 · 1021 m-3, 0.5 mm from the sample
surface, before it drops to 1.41 · 1021 m-3 at larger distances. For larger time delays, ρel
remains constant at 1.32 · 1021 m-3 within the whole plume.
The maximum ρel is higher for PVC+C than for GAP with both absorbers. The increase of the
electron density at the backside of the Balmer Hβ line, close to the sample surface, can be
observed up to 30 ns after the laser pulse, as it is also the case for GAP+IR, but not for
GAP+C.

Fig. 123.

The electron density as a function of distance from the sample surface and
time delay to the laser pulse for PVC+C, calculated form the Stark
broadening of the H Blamer β line at 486 nm.

The highest velocity for PVC+C of 74200 m/s is observed for Cl II (3s23p3(4S °)4s-3s23p3(4S
°)4p). For the other investigated Cl II line (3s23p3(4S °)4p-3s23p3(4S °)4d) and C II a slightly
lower velocity of 69500 m/s has been measured. The velocity of all ionic species remains
constant in the whole investigation period. The neutral hydrogen propagates at a velocity of
36500 m/s during the first 50 ns, before it is continuously slowed down. The expansion
velocity of C2 is constant at 7600 m/s as long as the system is visible.
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The plasma expansion of positive charged ions (C II and Cl ll), neutral
atoms (H) and diatomic species (C2) for PVC+C.

Compared to GAP, the expansion velocities are lower for PVC+C for all investigated species.
The difference is more pronounced for the ionic carbon with ~20% than for the neutral
hydrogen and C2.
PVN+C

Fig. 125.

Overview plasma emission spectra for PVN+C, 10 ns after the laser pulse.
The spectra on the right side represent selected profiles, that are recorded at
different positions from the sample surface, that are indicated as horizontal
lines in the spectral image. Neutral atomic (H), ionized atomic (C II) are
clearly visible, neutral diatomic (CN and C2) species cannot be distinguished
from the background.
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The plasma emission of PVN+C was very weak and only few peaks are visible in Fig. 125.
In the top profile, only Balmer Hβ and C II can be assigned. In the bottom profile that has
been recorded close to the sample surface no clear diatomic species can be assigned, due to a
signal that was too weak.
In the high-resolution spectra of PVN+C (Fig. 126) CN Violet at 386 nm, C II at 382 nm and
Balmer Hβ are visible, but no other peaks could be detected. From the CN Violet system a
plasma temperature of 7500 K on the sample surface, 10 ns after the laser pulse and 7000 K in
a distance of 0.2 mm from the sample surface and a time delay of 20 ns were determined. The
initial temperature is well below the plasma temperatures measured for GAP with both
absorbers, but the cooling is slower and after 20 ns similar temperatures are reached for all
polymer-dopant systems.

Fig. 126.

In the high-resolution plasma emission spectra for PVN+C CN Violet, C II
(left) and hydrogen (middle) are visible, but no signal from C2 (right) could
be distinguished from the background.

The electron density in the plasma (ρel) for PVN+C as a function of the distance to the sample
surface and the time delay is shown in Fig. 127. The dashed line represents the intensity of the
Balmer Hβ peak.
The highest ρel of 4.57 · 1021 m-3 for PVN+C is observed after 10 ns in a distance of 0.25 mm
from the sample surface. With increasing distance, it decreases to a value of 1.49 · 1021 m-3.
20 ns after the laser pulse, the highest ρel is located in 0.31 mm from the sample surface and
has a value of 2.56 · 1021 m-3, that decreases to 1.40 · 1021 m-3 further away from the surface.
At later times, the electron density remains constant at 1.32 · 1021 m-3 for all distances.
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The electron densities observed for PVN+C show the lowest values of all polymers and also
the fastest decrease.

Fig. 127.

The electron density as a function of distance from the sample surface and
time delay to the laser pulse for PVN+C, calculated form the Stark
broadening of the Balmer Hβ line at 486 nm.

Fig. 128.

The plasma expansion of positive charged ions (C II), neutral atoms (H) and
diatomic species (CN) for PVN+C.

The propagation velocities of different species from PVN+C are shown in Fig. 128. For the
ionic carbon the lowest velocity of all energetic polymer-absorber systems of 66200 m/s was
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observed. Also the values for Balmer Hβ of 34100 m/s and for CN of 10500 m/s are below the
velocities measured for GAP, but similar to PVC+C. The values given for C II and CN are
determined from two points and might therefore include a significant error. With increasing
time delay to the laser pulse, a decrease in the propagation velocity of the Balmer Hβ line is
observed.
Summary of the fs-plasma emission spectroscopy experiments
Neutral, atomic and diatomic species have been investigated for all polymer-absorber
systems. The expansion velocities of these species are displayed in Fig. 129. Three different
regions can clearly be distinguished. The fastest region contains all ionic atomic species (Cl+
and C+), the intermediate region the neutral atomic species (H) and the third region the neutral
diatomic species (C2 and CN).

Fig. 129.

The plasma expansion of positive charged ions, neutral atoms and diatomic
species for GAP+C, GAP+IR, PVN+C and PVC+C.

For all ionic species a constant propagation velocity was measured. The fastest ions are
observed for GAP+IR (83700 m/s), followed by GAP+C (78200 m/s), PVN+C (74200 m/s for
Cl II and 69500 m/s for C II) and PVC+C (66200 m/s). These fast ions are accelerated by the
Coulomb explosion that is occurring on the substrate following the to multi-photon
absorption/avalanche ionization induced by the high peak power delivered by the
femtosecond pulse [238, 239].
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The highest velocity of the Balmer Hβ line was observed for GAP (~ 39000 m/s) with both
absorbers, followed by PVC+C (36500 m/s) and PVN+C (34100 m/s). Also the diatomic
species from GAP (~ 17000 m/s for CN and 9400 m/s for C2) were faster than for PVC+C
(7600 m/s for C2) and PVN+C (10500 m/s for CN).
From the Balmer Hβ line at 486.1 nm, the electron densities were calculated as described
earlier. The highest electron density was observed for PVC+C (2.42 · 1022 m-3), followed by
GAP+C (1.25 · 1022 m-3), GAP+IR (6.75 · 1021 m-3) and PVN+C (4.57 · 1021 m-3). The high
electron densities are confined to a small area close to the sample surface and to short time
delays after the laser pulse. With increasing distance and time delays, the electron density for
all polymer-absorber systems approaches a constant value of 1.32 · 1021 m-3.
From the CN Violet peak system, the rotational-vibrational temperature of the CN molecules
in the plasma was calculated with the LIFBASE program [211]. The highest initial plasma
temperature has been observed for GAP+C (9000 K), followed by GAP+IR (8500 K) and
PVN+C (7500 K), but after 20 ns similar temperatures (~7000 K) were calculated for all
energetic polymers. This is the same order and behavior as observed for the electron density.
In the PVC+C emission spectrum, no CN emissions are present, and the plasma temperature
could not yet be determined.

2.2.10.5

fs-Conclusions

The properties of a plasma produced by the irradiation of GAP+C, GAP+IR, PVC+C and
PVN+C with 100 fs laser pulses has been investigated by time resolved plasma imaging and
time and space resolved plasma emission spectroscopy. The expansion velocities of different
domains of the plasma plume and of selected emission lines of neutral and ionized elements,
and diatomic species have been measured and are displayed in Fig. 130 and Table 14.
The white areas in Fig. 130 mark the three domains observed in the plasma by plasma
imaging. The gray areas represent the three regions that have been defined with the plasma
emission spectroscopy measurements. The first region can be assigned to ionized elements
that have been accelerated by a fs laser pulse induced coulomb explosion on the sample
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surface. The second region contains the neutral atoms, the third region is populated by
diatomic species.

Fig. 130.

The plasma expansion of positive charged ions, neutral atoms and diatomic
species (gray) and of the different domains observed in plasma imaging
(white).

Table 14

The expansion velocities of selected species for GAP+C, GAP+IR, PVC+C and PVN+C
for fs irradiation at 800 nm. The unit of all velocities is m/s. The letters in the brackets
indicate from which species the velocity was calculated.

Plasma Emission Spectroscopy
Domain I

Plasma Imaging

Domain II

Domain III

Polymer

Positive ions

Neutral atoms

Diatomic species

Nanoparticles

GAP+C

78200 ±3% (C II)

39000 ±3% (H)

17000 ±3% (CN)

1750 ±3%

9400 ±3% (C2)
GAP+IR

83700 ±3% (C II)

39500 ±3% (H)

17200 ±3% (CN)

PVC+C

74200 ±3% (Cl II)

36500 ±3% (H)

7600 ±3% (C2)

34100 ±3% (H)

10500 ±3% (CN)

3500 ±3%

69500 ±3% (C II)
PVN+C

66200 ±3% (C II)

The three domains obtained from plasma imaging show a good correlation with the three
regions defined by the plasma emission measurements:
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Domain I contains the neutral and ionized elements. The difference in the expansion
velocity is not large enough to separate the plasma plume in the plasma imaging
measurements into two domains. In both experiments, this domain is the most intense.

•

Domain II is formed by uncharged diatomic species. These diatomic species have a
lower intensity than the atomic and neutral elements.

•

Domain III is only visible for GAP+C and PVC+C and might be produced by a
continuum black-body like emission by the carbon nanoparticles The emission of
PVN+C is too weak to observe anything at longer timed delays, at which this domain
appears. The emission of the carbon nanoparticles can be confirmed with plasma
emission spectroscopy experiments at longer time delays (in the µs range).

The highest expansion velocities for the first and second domain have been measured for
GAP+IR, followed by GAP+C, PVC+C and PVN+C with both methods. The third domain is
faster for PVC+C than for GAP+C.
The electron density in the plasma has been calculated from Stark broadening of the Balmer
Hβ line and is presented in Table 15. The highest value has been calculated for PVC+C,
followed by GAP+C, GAP+IR and PVN+C. The maximum was located close to the sample
surface at the backside of the Balmer Hβ line and decreased to similar values for all polymers
with increasing distance to the sample surface and/or delay times to the laser pulse.
The rotational-vibrational temperature of the CN molecule has been calculated from the CN
Violet emission at 386 nm and was assumed to be the general temperature in the plasma. The
highest initial temperature was measured for GAP+C, followed by GAP+IR and PVN+C (see
Table 15). This is the same order as observed for the maximum electron density. The plasma
temperature of PVC+C could not be calculated yet, as no CN emission lines are present in the
emission plume.
The same order for the maximum plasma temperature is observed for fs and ns irradiation, but
the plasma temperatures calculated for fs irradiation are higher (see Table 15). The electron
density in the plasma was higher for the ns experiments, where similar values were measured
for all polymers. The ns measurements were performed in air and are not spatially resolved.
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The influence of the air on the electron density seems to be dominant, as the same values were
measured for all polymers with ns irradiation.
Table 15

The maximum plasma temperature and electron density for GAP+C, GAP+IR, PVN+C,

PVC+C for fs (in vacuum) and ns (in air) irradiation.

Polymer

fs

ns

Tplasma (K)

ρ el (m-3)

Tplasma (K)

ρ el (m-3)

GAP+C

9000 ±300

1.25 · 1022 ±3%

8500 [209]

~1 · 1024

GAP+IR

8500 ±300

6.75 · 1021 ±3%

8000

~1 · 1024

PVC+C

--

2.42 · 1022 ±3%

7500 [209]

~1 · 1024

PVN+C

7500 ±300

4.57 · 1021 ±3%

7000

~1 · 1024

The propagation velocities of selected species (C+ and hydrogen) of the different polymers are
compared in Fig. 117 for fs and ns irradiation. Higher velocities for both species are obtained
with fs irradiation. This is in good agreement with the calculated plasma temperatures that
were higher in the fs produced plasma. In the fs measurements, the influence of the polymer
on the expansion velocity is much smaller than for ns irradiation. Very similar velocities are
observed for the neutral hydrogen, and also the velocities of the ionic carbon change only by
~20 %. The expansion velocities measured for ns irradiation show a strong influence of the
material. C+ measured for PVC+C is about 3 times faster than the same species in the plasma
of PVN+C.
Table 16

Expansion velocities of selected emission lines for fs and ns irradiation. The unit for all

values is [m/s].

Polymer

C+

Balmer Hβ
fs

ns

fs

ns

GAP+C

39000

19300

78200

25050

GAP+IR

39500

17800

83700

16500

PVN+C

34100

14100

66200

12650

PVC+C

36500

11800

74200

35300

The high values for the expansion velocities for the fs laser produced plasma indicate also a
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high specific impulse. The momentum coupling coefficients measured for fs laser pulses are
much lower than those measured for ns irradiation (see Table 17), but the optimum laser
fluence was also much lower. In combination with high specific impulse, shorter laser pulses
could become a interesting alternative to the ms laser pulses.
Table 17

Cm and the optimal laser fluence obtained for fs laser irradiation and Cm for ns laser

irradiation as reference value(from [226]).

Polymer

fs

ms

Fopt (kJ m-2)

Cm opt (µN/W)

Fopt (kJ m-2)

Cm opt (µN/W)

GAP+C

10.4

80

150

865

GAP+IR/915nm

13.0

32

GAP+IR/935nm

13.0

40

116

1574
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The laser plasma thruster is a device for the steering of small satellites. Due to specific
demands on the fuel material, polymers must be applied. With commercially available
polymers the mission targets (thrust, ablation efficiency, fuel life time and, …) could not be
reached.
Therefore three different polymers (GAP, PVN and PVC) with two different absorbers
(carbon nanoparticles and an IR-dye (Epolite 2057)) have been investigated as fuel for the
micro laser plasma thruster. Additionally, CuO- and Al-nanoparticles have been added to the
IR-dye doped polymers to achieve a better control over the energy release during the ablation
process. GAP and PVN are energetic polymers with a high decomposition enthalpy of -3829
J/g (PVN) and -2053 J/g (GAP). PVC was used as a less energetic (the decomposition
enthalpy of -418 J/g is much lower than for the other two polymers) commercially available
reference material, which has yielded the best result for commercial polymers.
Experiments at low fluences (shadowgraphy (in air)) and at high fluences (thrust
measurements (in vacuum), plasma emission spectroscopy (in air and vacuum) and mass
spectrometry (in vacuum)) have been performed. Also different laser pulse lengths (ranging
from fs to µs) were applied.
The shadowgraphy measurements were performed with ns laser pulses at fluences below the
plasma formation threshold fluence. The main advantage of this method is the relative simple
setup, as the experiments are performed in air. The main features that can be observed are the
propagation of the shockwave and the composition and propagation of the particle plume.
The shadowgraphy measurements were in good correlation with the energetic properties of
the polymers. The fastest shockwave was observed for PVN+C, followed by GAP with both
absorbers and PVC+C. For all carbon doped polymers, a large amount of solid or liquid
polymer fragments were visible in the ablation plume. In the ablation plume of GAP+IR no
large fragments were visible. This indicates a higher degree of fragmentation for GAP+IR,
and therefore a high release of chemically stored energy.
For PVN+IR strong thermal features were observed (formation of fibers and melting). This
features could be reduced by an additional doping with CuO-nanoparticles, but no
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improvements on the shockwave and particle propagation compared to PVN+C could be
achieved. Also for GAP an additional doping with CuO- or Al-nanoparticles did not improve
the performance in the shadowgraphy measurements.
Plasma emission spectroscopy in air was used to investigate the influence of the atmosphere.
The experiments can be compared to the shadowgraphy measurements, that were also
performed in air, but at much lower irradiation fluences and with the plasma emission
measurements in vacuum. Plasma properties such as electron density and plasma temperature
were calculated from specific emission lines (Balmer Hα and CN Violet).
In the emission spectroscopy measurements in air with ns laser pulses, the same peaks were
observed for all polymers. Also similar maximum values or the electron density (~1024 m-3 )
and a fast decay during the first microsecond were measured for all polymers. The plasma
temperature reached maximum values of 7500 K after one microsecond. This increase is in
the same time range in which the electron density decreased, and may be related to a
recombination of CN radicals with electrons in the plasma.
The same experimental conditions were used for the ns plasma emission spectrometry in
vacuum and the mass spectrometry setup. Both experiments were performed in UHV and at
high laser fluences (~25 J cm-2).
The plasma emission spectroscopy experiments with ns laser pulses were used to calculate the
propagation velocity of the Balmer Hα and a C+. The highest velocities were observed for C+
from PVC+C and GAP+C, followed by GAP+IR and PVN+C. This is a different order as
observed in the shadowgraphy measurements. This may caused by the two different fluences
or the influence of the atmosphere.
A higher degree of fragmentation was observed for the energetic polymers with the mass
spectrometer after ns pulse irradiation. In mass spectra of PVC+C and PVN+C, strong signals
could be assigned to the solvent that was used to solvent cast the polymers. This trapped
solvent acts as inert material during the ablation process and can therefore have a negative
influence on the thrust properties of the two polymers.
The mass spectrometry measurements were also used to calculate the velocity of selected
species from the kinetic energy and to measure the fragmentation of the different polymers.
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The expansion velocity was determined from the kinetic energy of C+. The highest velocity
was measured for GAP, followed by PVC and PVN. This correlates well with the thrust
measurements and qualitatively also with the femtosecond emission spectrometry results, but
at a much lower velocity
The influence of the pulse length was investigated with plasma emission spectroscopy
measurements. They were performed with fs and ns laser pulses in vacuum. In fs experiments
three domains with different velocities could be observed. The domain with the highest
propagation velocity is formed by ionized species. They are accelerated by a coulomb
explosion on the sample surface. A second domain could be assigned to neutral atoms. The
third domain is formed by diatomic species. A forth domain which was observed with plasma
imaging, consists most probably of nanoparticles. These nanoparticles were only observed for
the polymers with carbon nanoparticles as absorbers. This correlates well with the
shadowgraphy measurements, where also no particles were observed in the ablation plume for
GAP+IR.
Lower electron densities are measured for the fs experiments than in the ns experiments, but
the maximum plasma temperatures are higher. The highest electron density after fs irradiation
has been observed for PVC+C, which also had the most intense plasma. The maximum
plasma temperature of 9000 K was obtained with GAP+C. The plasma temperature of
PVC+C has not yet been determined, as no CN Violet emission was observed for this polymer
in vacuum. The electron densities for ns irradiation were determined from measurements in
air, which has a strong influence on the result, as all polymers reached the same maximum
value. The signal to noise ratio of the ns plasma emission spectroscopy measurements in
vacuum was to low to determine the electron densities in the plasma.
The highest expansion velocity for ns irradiation was observed for GAP+IR, followed by
GAP+C, PVC+C and PVN+C. This is in good correlation with the fs pulse thrust
measurements, where also GAP+IR showed the better result than GAP+C.
The investigated species generally moved faster for fs irradiation than for ns irradiation. This
is in good agreement with the plasma temperature calculations, where also the higher plasma
temperatures were observed for fs irradiation. The influence of the polymer on the expansion
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velocity is less pronounced for fs irradiation, where similar expansion velocities were
determined for all polymers. The greatest difference between the four polymer-absorber
systems can be observed for the expansion velocity of the ionic carbon. The C+ of PVC+C is
2.8 times faster than C+ of PVN+C. Smaller differences are observed in the expansion
velocity of the neutral hydrogen for both pulse lengths.
The highest ms thrust values were obtained for GAP+C, followed by GAP+IR. For both
polymer-absorber systems maximum efficiencies of over 100 % (370 % for GAP+C and
200 % for GAP+IR) were measured. For PVC+C an efficiency of 50 % was obtained. The
lowest values were measured for PVN+C with only 21 %. This low value for the most
energetic polymer is probably caused by trapped solvent in the film and by thermal effects
observed for this polymer (melting, splashing).
Thrust origins most probably from a combination of volume explosion from the polymer
decomposition, Coulomb repulsion and impulse from larger, fast traveling fragments, and can
not yet be quantitatively correlated with any other applied method which probes “single”
species. A qualitative correlation is possible with a whole variety of measurements.
The thrust measurements have shown that the LPT is a hybrid thruster, where chemical stored
energy from the fuel polymer and laser energy together produce high thrust values. An
important factor seems to be an exothermic decomposition, but also other material properties
have a strong influence on the resulting thrust. PVN decomposes very energetic, but showed
the worst performance in the thrust measurements. The strong thermal effects and trapped
solvent in the PVN films are responsible for this bad performance.
The different measurements showed that the cross-linked GAP with only half the
decomposition enthalpy of PVN is much more suited as fuel for the LPT.
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