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Introduction

Among the many possible applications of laser ablation one of the more
recent taken is related to nanosatellites propulsion. The study of Laser Ab-
lation Propulsion (LAP) requires research activity on di erent elds like high
power pulsed lasers, laser ablation itself, because it is still a problem to relate
the well known mechanisms to impulse generation, and nally materials that
represent the fuel in LAP.

This thesis presents a research activity on LAP from its very beginning, with
the development of an experimental apparatus to measure laser generated
impulse and the rst results on metals and polymers that paves the way to
the development of future LAP materials.

Chapter 1 presents an overview of the actual situation of space economy
and its recent fast evolution that led in the last years to the exploitation
of space for many di erent applications, also by private companies. The so
called New Space Economy is the background on which LAP develops, as
an attractive propulsion technique for nano satellites, nowadays extremely
diused in all kind of space missions, and as a possible solution for the
space debris problem. In this Chapter typical results obtained in LAP are
also reviewed and compared with other solutions both for space debris and
propulsion, in order to obtain a better image of its applicability range.

Chapter 2 deals with laser ablation. Initially the parameters that play a
role in laser ablation are discussed, in particular those related to the laser
source like wavelength, pulse duration and repetition rate, to give an overview
of the experimental conditions involved. Then general phenomenological ob-
servations on laser ablation are presented and related to the physical mech-
anisms involved, both in the case of metals and polymers, highlighting the
main di erences between these two classes of materials.



2 INTRODUCTION

The experimental part of this thesis starts in Chapter 3, with the descrip-
tion of the experimental apparatus developed to measure the laser generated
mechanical impulses in the order giiN s. The di erent strategies to perform
this kind of measurements are reviewed and compared to the one adopted in
this work, based on a ballistic pendulum, and main advantages and problems
are discussed. A technical description of the apparatus is given, focusing in
particular on all the precautions that have been taken in order to let the
pendulum operate in as ideal as possible conditions. The measurement pro-
cedure developed during this work is then described in detail, by discussing
data analysis and showing some examples.

Chapter 4 also deals with the development of the apparatus, in particular
for what concerns the estimation of the laser energy density that reaches the
target material (uence), a fundamental parameter for LAP measurements.
Some measurements on metals are also presented here in order to discuss
some features related to the measurements of some common LAP parame-
ters.

Chapter 5 and 6 deal with LAP using polymers, and in particular with
experiments devoted to the understanding of material properties that mainly
a ect LAP performances. The starting material chosen for these experiments
is poly(vinyl chloride)(PVC), a benchmark in LAP experiments.

Chapter 5 compares localized or uniform laser absorption by PVC, that can
be obtained respectively by including carbon nanoparticles in the polymer
matrix or by mixing PVC with an absorbing polymer (poly(styrene sul-
fonate)). The comparison is carried out from the optical an thermodynamical
point of view, along with impulse generation. Speci c ablation mechanisms
are also discussed, showing that a localized absorption of laser radiation is
more energetically e cient for impulse generation.

Chapter 6 then continues the work on PVC containing nanoparticles,
investigating the role of their size, morphology and concentration in laser
ablation and in impulse generation. Both commercial and green produced
carbon nanoparticles are used for these experiments showing that, at least
in the considered size range, the only parameter that a ects laser ablation
Is the number density of absorption centers in the polymer matrix, and not
size or morphology. This points the direction to follow in the development



of a polymeric material for LAP applications.

Some open problems and future works are presented in Chapter 7. Ef-
fects on impulse generated by irradiating multiple times the same region are
discussed, showing opposite behaviours between metals and polymers, for
which still there is not a clear explanation. Then experimental issues and
some results on speci c impulse measurements are presented, and di cul-
ties related to this measurement in metals brie y discussed. Finally laser
ablation in a con ned geometry is considered as an attracting technique to
enhance impulse generation. And some results on PVC are shown.

As a conclusion, main results obtained in this thesis are highlighted, and
possible future research activities, developments and perspectives are dis-
cussed.
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Chapter 1

Overview: New Space Economy
and Laser Ablation Propulsion

Starting from early tests in 1950s and 1960s space has been increasingly
exploited in many ways, producing a huge technological comeback in other
elds on earth. Even if the development of new space applications always
increased in time, in the last twenty years space market has grown at an
increasing rate and changing radically from the past.

In the initial stages of its history exploitation of space was a matter only
of an extremely limited number of countries and was conducted only by
large public organizations. Recently however the situation changed, with the
advent of many smaller private companies that allowed an almost worldwide
spread of the space-related market, drastically increased[1, 2, 3, 4]. This new
way to exploit space is nowadays called "New Space Economy".

Thanks to the availability of reliable data and knowledge acquired by the
early space missions, these new private companies introduced new solutions
and faster development strategies that are now deeply a ecting this mar-
ket. This movement is also receiving a great impulse because of the increas-
ing number of space-related applications[1], in particular earth observation,
with very important outcomes related to disaster monitoring a and climate
change[5]; and in telecommunications, with the deployment of megaconstel-
lations of nanosatellites[6, 7]. Other activities include space exploration and
research[8, 9] and even space tourism with companies like Blue Origin[10]
and Virgin Galactic[11].



6 CHAPTER 1. NEW SPACE ECONOMY

1.1 Space Debris

After all these years of activity in space, and in particular after its recent in-
tensi cation, Earth orbit is now dangerously crowded. The problem of space
debris is now becoming of primary importance: a very large numbers of dis-
missed spacecrafts, rocket stages and fragments still orbiting uncontrolled
represents a serious threat for active missions, as presented in Figure(1.1).
Moreover this problem may become even worst and uncontrollable in the
future, as predicted by Kessler in 1978[12]: once density of debris increase
enough it will give rise to a collisional cascade that will produce an even
larger number of objects with smaller and smaller size, therefore impossible
to track. It is then of primary importance not only to reduce the production

of space debris, but also to actively remove them from orbit.

@) (b)

Figure 1.1: a) Distribution of space debris around earth in time. b) Count
of the objects on orbit in time adapted from[13], the number of space debris
Is clearly increasing as visible in particular by two events: in 2007 a Chinese
antisatellite test destroyed the Fenygun-1C, while in 2009 there was an acci-
dental collision between Kosmos2251 and Iridium 33[13].

While this problem is largely caused by the increased activity in space,
the necessity to nd a solution is pushing the development of many new sys-
tems to remove debris and to allow the re-entry of new satellites at the end
of the mission[13].

Many di erent methods for the deorbiting of space debris have been pro-
posed in these last years, however none of them has been tested up to now.
The general strategy to achieve active debris removal is based on the idea
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of moving them from their orbit, either slowing them down so that their al-
titude is reduced and they re-enter in the atmosphere and degrade because
of drag, or by placing them in a so-called graveyard orbit where they don't
represent a risk anymore. Many proposed ways to remove space debris then
include a speci cally designed spacecraft that mechanically grabs the debris
by using mechanical arms, nets or similar technologies and then bring it in
the de ned new orbit[14, 15]. Of course the main problem in this kind of
mission comes from the fact that the debris are usually rotating around a not
known axis, in particular if they are produced by collisions, moreover also
their mass and moment of inertia is not known so that the physical contact
with the rescuing spacecraft becomes a serious problem.

Other proposed solutions avoid the mechanical contact of the rescuing space-
craft with the debris, and employ foams that stick around the object to re-
move in order to increase the e ect of drag, if the starting orbit is su ciently
low[16], or also the use of solar sails to slow down the object helping its
re-entry on Heart[15]. Even if no mechanical contact is needed in this case,
these solution still require the use of a spacecraft that comes close to the
debris and,in the case of solar sails, it also requires some control electronics
to move the sail in order to act only as break and not accelerate the debris.
Laser ablation propulsion gives an attracting solution to this problem, as
discussed in the following of this chapter.

1.2 Nanosatellite propulsion

One of the driving forces for the rise of New Space Economy, that lead to the
contribution in space activities of many private companies, is the di usion
of microelectronics.

First spacecrafts were developed by large institution, exploiting technolo-
gies developed for the single speci ¢ application: this of course implied long
development times and high costs. The advent of microelectronics and in
particular its di usion on the large scale radically changed the development
of new satellites. Size of satellites is now becoming smaller and smaller, so
that is now preferable to have many of them with a few kg mass instead of
a single satellite that may weight several tons. A categorization of satellites
with respect to their mass was also made, as listed in table(1.2). Moreover
the development of new electronic devices is now extremely fast, so that the
majority of the instrumentation on board is commercial and not designed for
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