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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 different fields like high
power pulsed lasers, laser ablation itself, because it is still a problem to relate
the well known mechanisms to impulse generation, and finally 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 first 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 different 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
diffused 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 differences 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 of ntN's. The different 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 (fluence), 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
affect 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. Specific ablation mechanisms
are also discussed, showing that a localized absorption of laser radiation is
more energetically efficient 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 affects 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 specific impulse measurements are presented, and difficul-
ties related to this measurement in metals briefly discussed. Finally laser
ablation in a confined 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
fields 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[T], 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 affecting this mar-
ket. This movement is also receiving a great impulse because of the increas-
ing number of space-related applications[l], 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[I0]
and Virgin Galactic[L1].
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1.1 Space Debris

After all these years of activity in space, and in particular after its recent in-
tensification, 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.
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.

Count evolution by object type

bject

2000 Reference Epoch

Figure 1.1: a) Distribution of space debris around earth in time. b) Count
of the objects on orbit in time adapted from[I3], 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 find 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 different 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



1.2. NANOSATELLITE PROPULSION 7

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 specifically designed spacecraft that mechanically grabs the debris
by using mechanical arms, nets or similar technologies and then bring it in
the defined new orbit[I4} [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 effect of drag, if the starting orbit is sufficiently
low[I6], 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 diffusion
of microelectronics.

First spacecrafts were developed by large institution, exploiting technolo-
gies developed for the single specific application: this of course implied long
development times and high costs. The advent of microelectronics and in
particular its diffusion 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. 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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the specific mission, therefore development times and costs are reduced[4].

name mass [kg]
Large satellite >1000
Small satellite | 500 to 1000
Mini-satellite 100 to 500
Micro-satellite 10 to 100
Nano-satellite 1to 10
Pico-satellite 0.1to1
Femto-satellite <0.1

Table 1.1: Categorization of satellites with respect to their mass.

More recently another important step in this direction was made by intro-
ducing standard shapes and masses for nanosatellites, by using the so called
CubeSats. As their names says, CubeSats allow to build satellites of different
sizes and masses by adding single cubic units (1U) with 10 cm side and 1
kg mass, as presented in Figure. CubeSats now are becoming very pop-
ular in many different missions[17, 18], helped by the fact that a standard
shape allows to use also standard deployment systems again reducing costs.
Similarly to what happened with the use of standard electronics, CubeSats
pushed even further the private contribution to space market, with many
companies now offering services based on these kind of spacecrafts. It can be

Figure 1.2: a) A 1U Cubesat [19]; b)The 6U Cubesat ArgoMoon, deployed
in the mission Artemis 1 directed to the Moon[20]

easily imagined at this point that the kind of satellites employed is radically
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changed in the last twenty years and, most of all, their number in orbit is
enormously increased. Figure shows the number of deployed satellites
per year in the last years: it is clearly visible that their number is increas-
ing, in particular in the case of nanosatellites, and an even larger number is
expected in the following years.

This intense exploitation of space is now presenting some new problems,
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Figure 1.3: Total number of nanosatellites in orbit.

that have to be faced along with the space debris issue. First of all, while
the developement of nanosatellites is generally cheaper than the case of large
satellites, launchers are still optimized to much heavier objects, so that they
are usually deployed as secondary payloads to reduce costs, although other
options can be to use present launchers to deploy many small satellites at
the same time. Other fascinating solutions are now tested to create systems
that allow many launches per day with a light payload, like SpinLaunch
that exploits a rotating arm in vacuum to throw a rocket in the upper part
of atmosphere drastically reducing fuel consumption and allowing multiple
launches per day[21].

Another serious problem is then related to both space debris and the ex-
ploitation of small satellites for particular missions. By reducing the size of
the satellite, and in particular by standardizing its mass and shape, strong
limitations are imposed to power storage and propulsion system, so that at
the present time many nanosatellites don’t have any kind of thruster. With-
out the possibility to correct orbit and attitude of a satellite, missions can be
very limited: many nanosatellites work in low earth orbit(LEO) at around
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500 km of altitude where atmospheric drag still plays a role, so that it reen-
ters on earth after a short time. Moreover one of the great advantages of
using small satellites is the possibility to create large constellations that of-
fer good coverage of all Earth. However, to achieve that, orbit correction is
needed to maintain relative positions between the satellites.

Finally the propulsion problem is also related to the space debris one, since
now to avoid a further increase of objects in orbit a new rule has been in-
troduced that requires that each satellite must re-enter on Earth after 25
years from the end of the mission[I13]. Also small satellites then must have a
system to allow their reenter after this period of time.

To solve the problem of propulsion systems for small satellites new thrusters
are being developed, in order to reduce size and power and fuel consumption:
this is another field in which laser ablation propulsion offers a very attractive
solution.

Intense research activity has been done in the last few years in order to
develop new propulsion systems for nanosatellites, or to miniaturize existing
ones. A great step forward in this direction came with the introduction of so
called Micro Electro Mechanical Systems (MEMS)[22]: new fabrication tech-
niques that allow an extreme size reduction of common propulsion systems.
The main idea is therefore to miniaturize some of the existing propulsion
systems, based on the combustion of a propellant and on the acceleration
of products through a nozzle. The most main micropropropulsion systems
under: development are the following

e Resistojet: A resistance is used to heat a liquid or solid propellant
that becomes gaseous an consequently is accelerated through a noz-
zle. The main propellant considered for this kind of thruster is water,
due to its safety and good performances[23], with the main drawback
represented by its high heat of vaporization. This kind of devices re-
quires optimized design and fabrication to ensure efficient heating fuel,
moreover propellant storage represents another challenge.

e Cold-gas microthrusters: In this case thrust is generated by accel-
erating a pressurized gas through a nozzle. Propellant can be stored
in gaseous, liquid or solid phase, in the last two cases of course gas
has to be generated before ejection. Due to its simplicity this kind of
thrusters is at an advanced state of development, however some prob-
lems are still present related to leakage in fuel storage, that has to be
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reduced to a minimum because waiting times for nanosatellites can be
very long being secondary payload.

e Solid propellant microthrusters: A small amount of solid propel-
lant is contained in a chamber, along with an igniter that initiate com-
bustion, thrust is then generated by accelerating products through a
nozzle. The main advantage of this kind of thrusters is that they are
very compact, so that many of them can be put in a nanosatellite, how-
ever some problems are still present in obtaining complete combustion
of propellant in the chamber. The main drawback of this system is that
they cannot be controlled after ignition and, in order to use them more
than once, several stages have to be used, increasing the complexity of
the system.

e Liquid propellant microthrusters: In this case a liquid propellant
reacts with a catalyst producing hot gas that is accelerated by a nozzle.
This device then consists of a propellant inlet that delivers it in a
catalyst chamber through some valves, and by a nozzle. The main
problem with such a system is that it still requires toxic an flammable
fuels like hydrazine, even if other propellants are being tested[24].

e Electrospray thrusters: An ionic liquid in a capillary is accelerated
with an electric potential. Above a threshold potential the liquid at the
tip of the capillary forms a cone, emitting either droplets or single ions.
Thousands of emitters per thruster can be used, making it a promising
propulsion system that allows finely controlled thrust.

There are then other already tested propulsion systems that showed in-
teresting performances and that now are tried to be miniaturized. In these
cases it is not possible to use MEMS so that, also because of other physical
limitations, they are still difficult to apply to nanosatellites.

e Pulsed Plasma Thruster (PPT): A capacitor generates a discharge
that ablates the solid propellant,usually PTFE (Teflon), which is also
partially ionized. lons are accelerated by self induced Lorentz forces,
while neutrals are heated and accelerated by the pressure gradient gen-
erated by the ablation process[25]. This kind of thrusters generate
impulse bits rather than a continuous force on the spacecraft, so the
main limit in this case is represented by the time needed to charge the
capacitor.
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e Ton thrusters: A gas propellant is ionized in a chamber by using hol-
low cathode electron emission, microwave heating or radio frequency;
the produced plasma is then accelerated by a grid and neutralized at
the exit of the thruster by using a separate electron source. Such sys-
tems proved to be efficient and reliable[26], however miniaturization is
limited by the mean free path of electron in the ionization chamber
that may prevent plasma formation.

e Hall thrusters: Electrons generated by a hollow cathode are acceler-
ated in a chamber where a radial magnetic field is present, so that Hall
currents are generated. By injecting an inert gas like Xenon in this
chamber a plasma is generated because of this currents and is then ac-
celerated like in a ion thruster. This working principle allows an easier
miniaturization of the thruster, promising attractive development for
the future.

e Solar Sails: The last propulsion system that must be considered here is
the one based on solar sails[27]. This technology exploits the radiation
pressure generated by the reflection of photons to generate thrust. In
this case of course miniaturization directly affects thrust generation
so it is not possible. However this technique presents the attracting
advantage of not needing any fuel or power storage. Its main problems
on the other hand are related to the difficulty of deploying the sail in
space and to the impossibility to start or stop thrust at any desired
time.

Even if solar sails cannot be strictly defined as micropropulsion systems,
this system must be considered in this overview since they share many
points in common with LAP.

1.3 Laser Ablation Propulsion

When a material is irradiated by intense laser pulse undergoes to extreme
physical or chemical conditions that lead to modifications in its structure and
to mass ejection from the irradiated region, mainly because of the high tem-
perature attained at the surface. This phenomenon is exploited in many ap-
plications like etching[28], micromachining[29], and materials production[30,
31] and is defined as laser ablation.

Despite the quantity of ejected mass (m.) is in general small, it leaves the
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irradiated region with extremely high velocities (v¢). As shown in Figure([1.4))
momentum conservation can be applied to such a system so that a measur-
able net thrust is generated on the ablated material.

J = mev. (1.1)

Figure 1.4: Scheme of impulse generation during laser ablation.

Laser ablation propulsion [32] then exploits the material on the spacecraft
as a fuel, and it doesn’t need any other equipment on board. This means
that in principle thrust can be generated on any object even if it is situated
at very large distances from the laser, since there’s no need of a power source
for propulsion in the spacecraft. This is an extremely attractive advantage
when looking for possible solutions for space debris removal or propulsion for
nanosatellites.

Starting from 1970’s, when the first ideas of laser powered rockets were
proposed, some research has been conducted on this, with several theoretical
models and experimental activities[33, [34]. Interest in laser propulsion how-
ever rapidly grew in the last twenty years due to the advent of the New Space
Economy. In particular the large scale employment of smaller and smaller
satellites and the urgence of the space debris problem, together with the de-
velopment of increasingly powerful lasers, is now offering a large number of
possible applications for Laser Ablation Propulsion.
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When comparing LAP with the previously described strategies for active
debris removal it appears clearly that its main advantage is the possibility
to act on the debris from large distances, so that all the problems related
to bring a satellite close to an object with no clear motion can be avoided.
At the present time LAP is the only technique that allows to do this and
different works tried to simulate the deorbiting of a given debris|35] B36], by
using the generated thrust to slow down the object and help its re entering on
Earth, as shown in Figure. Considering space debris of course it is not

recoil momentum

L NSNS

Figure 1.5: Deorbiting of a space debris using LAP.

possible to optimize the target material to increase the generated impulse,
since the one composing the object must be used. Research in this field is
therefore moving towards the characterization of impulse generated by the
most common materials present on orbit, for instance aluminum or silicon.
In particular it is important to understand in these cases how generated im-
pulse changes with multiple laser pulses in the same region also considering
different repetition rates that result in different thermal loads on the material.

While in the case of debris the main advantage of LAP with respect to
other solution is logistic, the comparison with other propulsion systems lies
on more deeper grounds. All space propulsion systems used nowadays, being
they chemical or electrical, generate thrust by accelerating some mass in the
direction opposite to motion, that is, they exploit momentum conservation.
In other words the total force F' acting on the system spacecraft+ejecta is
always zero. Considering the force acting on the spacecraft as it accelerates
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it is possible to write

dv
F =M= 1.2

since momentum is conserved and the total force on the spacecraft is zero it
must also be that an opposite force is applied on the ejected mass

dM
F=—v,— 1.3
Ve (1.3)
Therefore equating eq.(|1.2)) and eq.(1.3)) gives
dv dM
2 14
dt Vet (14)

integration of eq(|1.4)) leads to the so called Tsiolkovsky rocket equation that
describes the fraction of ejected mass over the total initial mass of the space-
craft to increase its velocity by Awv, given the velocity of the ejected material
Ve.

%0 —1— exp (—Z—Z) (1.5)

In order to reduce the fuel mass that has to be carried on board its ejection
velocity must then be increased. Increasing the ejection velocity becomes
particularly relevant in the case of small spacecrafts due to the strict mass
and size limitations.

As an example Figure shows the value of M, /M, for some commonly
used thrusters, not only for small spacecrafts. Common chemical propulsion
systems commonly used as launchers from earth generate very high thrust,
however the ejection velocity of the combustion products is much lower than
the desired Av ~ 10kms™! to reach orbit, therefore almost all of the mass
of the spacecraft is composed by fuel.

A much different situation is observed in the case of electrical propulsion
systems where, being thrust generated by accelerating ions, ejection velocity
is much higher. It must be noted however that thrust generated by electrical
propulsion systems is much lower than that needed to lift an object on heart,
so that they are not used as launchers but as thrusters to control satellites.
As a consequence there’s no need to reach such high Av, but much smaller
values of order 100ms~! are sufficient to complete a mission in low Earth
orbit or around Moon. (LEO)[37]. Awv of several kms™ however may be
also necessary for satellites to accomplish interplanetary missions[25]. In any
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Figure 1.6: Ratio of fuel mass over total spacecraft mass to reach Av =~
10kms™!, needed to reach Earth orbit. Full circle represents the result for a
typical launcher, the Space Shuttle, for which this requirement is true. Open
circles show the results obtained for electrical propulsion systems used to
control satellites, that usually require much lower Aw

case Tsiolkovsky equation and Figure offer a clear picture of the drastic
improvement in fuel consumption that can be achieved by increasing exhaust
velocity.

A typical parameter used to characterize thrusters from this point of view is
the so called specific impulse, that express v,:

generated impulse  m,v,
sp — -

(1.6)

expelled weight — m.g

From its definition it is clear that I, represents the efficiency in impulse
generation on terms of mass consumption. A thruster with a high I, value
therefore allows to reduce the mass of the on board fuel to accomplish a
specific mission. Figure shows typical I, intervals for some common
types of space thrusters. LAP showed very attractive results from this point
of view, especially in the case of metals that showed I, values up to several
thousands, comparable to electric propulsion systems.
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If on one hand electric propulsion systems allow to reduce mass consump-
tion with high I, values, the main drawback is that this requires high power;
this is a problem for nanosatellites where on board power is limited to a few
W, in the case of CubeSats power is usually limited to 3 W per unit[22].
All this discussion directly comes as a consequence of momentum conserva-
tion, the principle at the base of all propulsion techniques. A possible way to
deal with limitations imposed by physics consists on separating power stor-
age or generation from the nanosatellites it happens in the case of LAP or
solar sails.

These two techniques are then reasonably the most appropriate to be used as
propulsion systems in case of nanosatellites, but a further more quantitative
comparison is possible considering the thrust they can generate and in partic-
ular the energy efficiency of this process. This last parameter is an important
figure of merit in LAP, and is called laser-impulse coupling coefficient, C,,,

defined as
_ generated impulse

C

=
laser pulse energy

(1.7)

Even if C,, is commonly defined for laser-powered systems, it allows an in-
teresting comparison between LAP and solar sails[3§].
In the case of solar sails thrust is generated by radiation pressure, caused
by the reflection of photons on the sail. Considering an ideal case in which
photons are impinging normally to the sail and are perfectly reflected by it,
the variation in momentum of the reflected photon will be Ap = 2p with
p = E/c and E the energy of the photon. Coupling coefficient can then be
computed as

2p 2 1
In the case of LAP on the other hand C), depends on the irradiated material
and on other parameters, as it will be discussed in the following chapter, but
can reach more than 1000 pN W~1[32]: much larger values compared to solar
sails. Laser ablation is then much more effective in generating a mechanical
impulse than the simple reflection of photons; moreover it also allows to tune
the magnitude of the generated impulse by changing laser energy density, as
also discussed in the following of the thesis.
Finally impulse generated by LAP can be compared with other proposed
micropropulsion techniques,whose performances are presented in Figure([1.7)).
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Figure 1.7: Specific impulse and thrust generated by some common micro-
propulsion systems[22], [39], 25|, 40], 4T, 42]

As an order of magnitude estimation it is possible to say that generally
systems like resistojets and cold gas thruster generate thrusts in the order of
hundreds of pN up to several mN with I, values usually lower than 100s.
Much higher thrust in the order of N can be obtained in the case of solid and
liquid propellant thrusters, again with I, of hundreds of s. Strictly electrical
propulsion systems on the other hand generate lower thrust, but since ions
are accelerated I, higher than 1000s can be obtained.

A direct comparison of thrust generated by LAP is tricky, because in this
last case a very short impulse is applied rather than a continuous force; it is
possible however to make an estimate of the force applied on the irradiated
material by assuming a reasonable impulse duration.

Depending on the target material and laser parameters mass ejection during
laser ablation can last up to some tens of ps, as discussed more in detail in
the next chapter. Since generally mechanical impulses in the range of 10nN s
up to more than 100 uN s are generated in LAP, this means that a thrust in
the mN to N regime are obtained for very short times. Average thrust can
also be computed as the product of generated impulse and laser pulse rep-
etition frequency. Considering that nowadays repetition rates much higher
than kHz are possible, average thrust of the order of mN is easily achievable;
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and this is possible in principle without affecting I,,.

Specific impulse on the other hand can be compared directly, since depending
on the material it can be in the order of 100s in the case of polymers up to
several thousands s for metals[43].

This comparison allows to highlight the main advantages of LAP with re-
spect to the other techniques here considered. As previously discussed LAP
is particularly attractive because it does not need power source and other
components on board. From a more quantitative point of view it is possible
to say that, while the force applied to the spacecraft is similar to the other
propulsion systems, it is applied for extremely short time periods and with
easily variable intensities, so that it can generate both very small or high
variation in the velocity of the spacecraft. Moreover this can be done with
very high specific impulse, so that fuel mass on board is reduced or, alterna-
tively, longer missions are possible.

To sum up this chapter, LAP represents a really promising solution to
some of the problems that are now arising with the much more intense space
activity brought up by the New Space Economy, like active debris removal
and nanostellite propulsion. In order to exploit LAP for these applications is
therefore of fundamental importance to understand how impulse generation
can be related to the possible ablation mechanism and laser and material
properties.

Different works investigated many materials in order to find the best propul-
sion performances, often with the strategy to perform a direct comparison
between them. Even if this approach allows to make some general conclu-
sions, a simple comparison between materials is usually very difficult from
the point of view of laser ablation and impulse generation because of the
many optical and thermodynamical properties involved.

The goal of this work is to investigate how a material can be designed to be
used as a fuel for LAP, so obtained results concern the application of this
technique for nanosatellite propulsion. Many considerations however can be
made also on space debris removal. In order to do this it becomes of funda-
mental importance to isolate material properties that mainly affect impulse
generation. A large part of this thesis is therefore devoted to the study of
laser ablation of poly(vinyl chloride) (PVC), considered a promising LAP
material, in which single properties are selectively changed in order to allow
a coherent observation of their role in impulse generation.
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Chapter 2

Laser Ablation

When a short and sufficiently intense laser pulse impinges on a material mass
removal is observed from the irradiated region, generally with the formation
of a plume. After laser irradiation either a crater or surface modifications are
observed on the irradiated region, offering some hints in the investigation of
the interaction of the laser with the material and the involved mechanisms.
The principal parameter in laser ablation is the energy density deposited in
the irradiated region, called fluence. This is defined as

E

F = 2.1
irradiated area (2.1)

with E the laser energy deposited on the target. Commonly used fluences
range from few mJ/cm? up to tens of J/cm? but also much higher values are
possible. To obtain such fluence values high power pulsed lasers are employed
with wavelengths both in the IR spectrum, obtained with solid state lasers
like Nd:YAG, or in the UV spectrum by using excimer lasers or harmonics of
IR lasers, that also allow some visible wavelengths. Similarly, also different
pulse durations are possible, that range from ps down to fs.

To obtain an explanation of laser ablation it is important to understand how
laser-material interaction leads to the observed mass removal and to the other
possible modifications. This chapter then will discuss how ablation proceeds
depending on material and laser parameters like energy density, wavelength
and pulse duration. All these parameters play an extremely important role
in determining mechanisms and thermodynamic conditions involved, that in
turn affect the condition of the ablated material and the morphology of the
crater left.
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All this discussion is finally related to the generation of a mechanical impulse
during mass ejection. In fact, depending on the quantity of mass ejected,
its velocity and its physical state, that can be gaseous liquid or solid, the
obtained propulsion performances change noticeably so that it becomes fun-
damental for the development of LAP materials.

2.1 Metals

Metals are the most studied category of materials in laser ablation and their
mass removal mechanisms are already well defined. [I].

A description of laser ablation of metals can be roughly divided in two steps,
that depending on laser pulse duration may occur almost simultaneously. The
first step is the interaction of the laser pulse with the material, that leads to
an extremely fast heating; the second step consists in phase transitions that
occur because of the high temperature reached, that result in different mass
ejection mechanisms. These steps are described in the following sections.

2.1.1 Laser-material interaction and heating

Laser interaction with a metal always brings to a fast temperature increase,
however, depending on laser intensity and pulse duration very different out-
comes are possible. When the laser pulse hits the surface of a metal, a part
of photons is reflected, the rest is absorbed by free electrons [2] in a depth
of the order of tens of nm[3]. Absorbed laser energy heats up these electrons
that consequently thermalize with the lattice increasing its temperature with
a typical time 7, ~ 0.1 — 1 ps [4].

The electron-lattice relaxation time sets a timescale with which the laser
pulse duration must be compared. In the case of pulse duration much longer
than 7, temperature profile T'(z, ) in the material can be modeled by con-
sidering a heat diffusion equation[3], [ 6]

cp% = % {K(m,t)%i’t)] + S(x,t) (2.2)

with ¢, the specific heat of the material, K the thermal conductivity, p
the mass density and S(z,t) the heat source term that in the case of laser
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ablation is the laser pulse and is usually described according to Lambert-Beer
theory|7, 6]
S(z,t) = al(t)aexp(—ax) (2.3)

where [(t) is laser intensity and « the absorption coefficient of the metal.
Two points must be noted in this approach. As first, equation is here
presented in only one dimension while heat diffusion should be described in
principle in three dimensions. However, if the size of the irradiated region
is much larger than the typical heat diffusion length, border effects can be
neglected and the solution in one dimension is a good approximation[3]. As
discussed in the following chapters, the experimental work presented in this
thesis exploits large laser spot sizes of the order of few mm while typical heat
diffusion lengths in metals are of the order of 0.1 - 1 um for the timescales
of interest (~ 100ns). The 1D picture here presented is therefore a good
description for the experimental conditions used for this work.

The second point to consider is the temperature dependence of the physical
parameters involved in equations and . Because of the extreme
energy intensities reached by pulsed lasers, that can be also much higher
than GW em ™2, heating rates of the order of 1012 — 10'* Ks~! are reached so
that temperature dependence can’t be neglected[§]. This of course represents
an obstacle to overcome to perform calculations, in particular because often
temperature dependence in not known for the involved parameters.

The heating process just described is the one that will be considered in the
following of this work, since a laser with a pulse duration of 20 ns is used, as
described more in detail in the next chapter.

If laser pulse duration is in the fs range, electron-lattice relaxation occurs
after the end of irradiation, so that all of the energy of the photons is absorbed
by free electrons and is then deposited on the lattice after the end of the
laser pulse. This means that in the time interval between the end of the laser
pulse and 7, electrons and lattice have two different temperatures and are
therefore in a non-equilibrium state. To describe this situation a so called
two temperature model is considered[9)]

Ol (z,t) 0 T, (x,t)
Cp,eT = 9 [Ke(x’t)f)—x
oTy(x,t) 0 [

} — G(T)(T. - T}) + S(, 1)
(2.4)

CpJT = O —:| + G(Te)(Te - 7})
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In equation it is possible to note that two heat diffusion equations are
considered, one for electrons and one for the lattice. The heat source term is
applied to the heat equation for electrons, since they are responsible for heat
absorption, moreover a heat transfer coeflicient G(7,)(7. —1;) is also inserted
in this equation as a loss term, representing thermalization of electrons with
the lattice. This heat transfer term couples the equations for electrons and
lattice, being inserted in the second one as a source term.

2.1.2 Mass ejection mechanisms

The laser induced heating just described allows to reach temperatures that
can be also much higher than the boiling temperature of the metal target.
This of course means that the irradiated region under such extreme thermo-
dynamic conditions undergoes different phase transitions. As a consequence
some mass can be ejected in the form of single atoms, either neutral or ion-
ized, or as liquid nanodroplets, depending on laser fluence.

Vaporization

A vapour phase always exists in the vicinity of the metal surface at any
value of temperature and ambient pressure, however this is usually negligible
in normal ambient conditions. As described, during laser irradiation temper-
ature rapidly increases to very high values, so that vaporization of the metal
surface becomes much faster and vapour partial pressure increases according
to Clausius-Clapeyron equation|[10]:

dp(Ty) 1
dT,  T.AV

(2.5)

where [ is the latent heat of vaporization and AV the change in specific vol-
ume between the liquid and the vapour phase.

This generated vapour then leaves the irradiated surface and expands into
vacuum with a process that can be modeled in two main steps, namely the
formation of a so called Knudsen layer followed by an unsteady adiabatic
expansion[I1]. Immediately after leaving the surface the velocity of vapour
atoms in the direction normal to the surface points only outward, while com-
ponents parallel to surface can be present at all angles. Since this mass ejec-
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tion is thermally activated, velocities can be described in principle through
a Maxwellian distribution[I1]

2E; +m(vl + v, + v7)
2%5Ts (2.6)
vy > 0; —00 < vy, v, <00

fiFocexp |—

This region, defined as Knudsen layer develops close to surface in the space
needed for atoms to make 2-3 collisions with each other, that is usually
in the order of few nm[IT, 12]. Beyond this region, due to the multiple
collisions, the motion of vapour atoms changes from singular ballistic motion
to a collective flow, therefore also a velocity component directed normally
towards the surface appear and a flow velocity ux can be defined, that at
the boundary of the Knudsen layer equals sound velocity in the medium[I1].
The velocity distribution of this gas is then described as

2B + m((vy — uk)? + v} +v2)
knTs (2.7)

—00 < Vg, Uy, U, < 00

f& ocexp |—

Overcoming this region the motion of the gas is described as an unsteady adi-
abatic expansion, and is therefore governed by a set of conservation equations
for mass, momentum and energy known as Euler equations for a compressible
medium[11], 12} [§]

dp _ _ 0(pz)
S _ % 2
G =5+ p?) (2.8)

'U2 U2
%(E—i-?) :—%pv(E+§+5>

During this expansion then the gas increase its flow velocity to values larger
than sound velocity, while its density drops moving far from the surface. At
a given distance from surface eventually density decreases below a critical
value, and atoms don’t collide with each other anymore therefore the fluid
dynamics description provided by Euler equation is no more valid[11].

Phase Explosion

Even if vaporization occurs at all temperatures, during laser ablation melting
and boiling point and critical temperature can be easily reached by irradiat-
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ing a metal with a fluence of few J/cm?. It is then worth to discuss boiling
and the extreme phenomena occurring when metal becomes a superheated
liquid above boiling temperature, namely phase explosion.
Normal boiling, called heterogeneus boiling starts when vapour pressure over-
comes ambient pressure, and proceeds with the nucleation of vapour bubbles
from defects. In the case of ablation however bubble formation and growth
and its motion toward the surface takes too long times to be considered as a
predominant ablation mechanism[I3].
There is however another way to reach boiling that has been proved to be the
main responsible for mass removal in laser ablation of metals. When laser
fluence overcomes a given threshold, heating rate becomes so high that the
liquid phase has not enough time to boil following heterogeneous nucleation
and becomes then a superheated liquid[I3]. This is well represented by the
P-T phase diagram in Figure, where phase change under equilibrium
conditions is represented by the so called binodal line.

When heating rates become sufficiently high the liquid phase can over-
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Figure 2.1: p-T diagram showing equilibrium heating with phase change at
binodal line and non equilibrium heating with occurrence of phase explosion
approaching critical temperature.

come binodal line without undergoing any phase transition and therefore
its temperature continues to increase. The temperature of this supreheated
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liquid can increase only up to values close to the critical temperature T..
This value, represented in the phase diagram by the spinodal line, represents
the limit above which a liquid phase can not exist, so that a violent phase
change occurs here. In this region of the phase diagram the liquid metal is
in a non equilibrium state, so that strong fluctuations in density are present,
and become nucleation sites for vapour bubbles as the liquid approaches
the critical temperature. Compared to the heterogeneous nucleation previ-
ously described, this mechanism doesn’t need defects as nucleation sites, but
bubbles can form in any part of the superheated liquid, so that it is called
homogeneous nucleation. Another difference is the rate at which the pro-
cess occur: during homogeneous nucleation vapour bubbles can in principle
generate in any point, so that when this phase change starts it proceed with
extreme rapidity, with the density of vapour bubbles that grows of more than
twenty orders of magnitude in an extremely short time[14].

During this intense nucleation bubbles grow until they touch each other[14],
this results in an explosive ejection of both vapour and also of the interstitial
liquid volumes present between bubbles, that take the form of nano sized
droplets after the emission. This explosive mass ejection caused by the ex-
tremely rapid phase change is the reason why this phenomenon is usually
referred to phase explosion or explosive boiling.

Phase explosion is proved experimentally to be the most efficient mass re-
moval mechanism for metals[I5] by measuring the ablation rate in terms of
crater depth per pulse. Ablation rate is obtained by measuring total crater
depth or total ablated mass after a given number of pulses, that can range
from few hundreds to several thousands, and then considering the average
value per pulse. In this kind of measurements phase explosion appears clearly
as a step in ablation rate when laser fluence overcomes a material dependent
threshold.

As a concluding observation, since through phase explosion liquid nan-
odrplets are ejected, this ablation regime represents a physical method for
the synthesis of nanoparticles or nanostructured materials and surfaces.
The production of nanoparticles is usally made exploiting laser ablation in
liquid. The target material is immersed in a liquid medium, like water or
other organic solvents, then laser irradiation causes phase explosion and nan-
odroplets ejection as described, which then cool down in the liquid medium
and are kept as a colloidal suspension so that can be easily collected. Com-
pared to other chemical paths, this technique allows the production of clean
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nanoparticles, that is, without the presence of residual molecules on their
surface[I6]. Moreover, thanks to the extreme heating and cooling rates and
to the extreme thermodynamic conditions that can be reached in laser abla-
tion in liquid, also nanodiamonds can be produced by irradiating carbon[I7].
If, instead of a liquid, ablation is carried out in vacuum or in a given atmo-
sphere, generated nanoparticles can be collected on a substrate positioned in
front of the irradiated region producing a nanostructured film[I8]. This tech-
nique is known as pulsed laser deposition (PLD). Depending on the presence
or not of an atmosphere both metal, oxide, or core shell nanoparticles can
be synthetized, so that this technique finds application in the fabrication of
semiconductors that are used for instance in catalysis[19] and other fields of
application.

Photomechanical spallation

Another mechanism that is worth considering is the so called photomechan-
ical ablation, or spallation. As suggested by the name, in this case mass
removal occurs because of a mechanical breaking of the irradiated surface,
that results then in the ejection of solid material[20], 21].

Because of the rapid heating of the irradiated region, the volume of inter-
action undergoes thermal expansion, so that mechanical stress arise and a
shock wave is generated that travels in the material in the direction perpen-
dicular to the irradiated surface. If this wave reaches the opposite surface to
the irradiated one a solid layer is removed when it is reflected back; instead,
if its amplitude is sufficiently high, a solid layer can be removed directly from
the irradiated surface[21].

An interesting point is that this ablation mechanism does not involve any
phase transition, so that latent heats don’t play a role and energetic effi-
ciency is greatly increased[21]. For this reason, and because of the extremely
limited thermal damage, this mechanism is now considered for application in
the removal of biological tissue[21].

In order to achieve photomechanical ablation a sufficient amplitude of the
shock wave must be obtained: this requires thermal and stress confinement.
Thermal confinement is achieved if heat generated after laser absorption is
confined in the interaction volume, this requires heat diffusion to be suffi-
ciently low so that pulse duration is much shorter than the thermal relax-
ation time ty, = d*/4D, with d the smallest dimension of the irradiated spot
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(usually optical penetration depth) and D the thermal diffusivity[21]. This
confined thermal increase leads to a volume expansion that must also be con-
fined in order to increase the generated stress. Such a condition is defined
stress or inertial confinement and requires the pulse duration to be much
shorter than the acoustic relaxation time of the material ¢,. = d/cs; where ¢
is sound velocity in the medium.

Because of these two conditions photomechanical ablation is possible in met-
als only with ps pulses or shorter, while in the case of polymers thermal
confinement is often achieved also for ns pulses because of the low thermal
diffusivity, but stress confinement is usually not reached[2I]. Since pulse du-
ration used for this work is 20 ns, this ablation mechanism will not take part
in the discussion presented in the following chapters; however the diffusion
of fs lasers is providing interesting results also in terms of impulse generation
so this mechanism must be considered when looking at the state of the art
of LAP.

2.2 Polymers

Polymers are an extremely wide category of materials with a large variety of
properties. It is possible however to find some fundamental differences with
metals that are responsible for the different ablation mechanism observed in
this case.

From a very general point of view, polymers can be described as formed
by entangled macromolecules, that are represented by chains of repeat units,
called monomers. The molecular weight of such macromolecules usually
ranges from 10° to more than 10 gmol ™' and plays a major role in defining
properties of a polymer. This means for example that increasing molecular
weight (that is increasing chain length) the same polymer can change its
physical state from liquid to solid, for instance[22]. This constitutes a con-
siderable structural difference from metals, that are composed by a lattice
of single atoms. It is then reasonable to expect that larger molecules are
released during ablation instead of single atoms, as discussed more in detail
in the following.

Unlike metals, polymers are generally dielectrics, therefore no free electrons
are present as in metals. This strongly affects interaction of laser with poly-
mers, since in this case photon energy must be sufficiently high to excite
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electrons, otherwise the material is transparent[23]. As a consequence many
polymers present strong light absorption only for UV wavelengths, so that in
the past research on laser ablation of this category of materials was mainly
conducted by using excimer lasers, that emit in this part of the spectrum.
Another difference between polymers and metals concerns phase transitions:
while in metals it is possible to define melting and boiling, this is hardly
possible in the case of polymers. Due to their chain structure polymers are
often amorphous, so that melting is usually not observed, with a few ex-
ception for those polymers that are partially crystalline. A glass transition
is often observed instead, when with increasing temperature polymer chains
are allowed to move with respect to each other[22]. Moreover, the transition
to a gaseous phase can not be described as a vaporization, but rather as a
decomposition of the polymer chains into volatile products.

2.2.1 Ablation mechanisms

Laser ablation of polymers is described in terms of a decomposition initiated
by the absorption of laser photons, whose products cause a volume increase
in the interaction region that leads to material ejection[24], 25]. Obviously
polymers present huge differences from one another, both from the physical
and chemical point of view; as a consequence decomposition follows different
paths and results in different products depending on the specific polymer. A
general categorization can be adopted to describe the behaviour of polymers
during laser ablation, as presented in Figure(2.2)), that is based on how the
decomposition proceeds, either chemically or thermally.

The starting point is always the absorption of laser photons, described
in general with Lambert-Beer equation[24], that leads to excitation of elec-
trons, then decomposition can proceed in two different ways usually called
photothermal and photochemical. In photothermal ablation the excited elec-
trons relax increasing the temperature in the interaction volume, so that
the system is described as in metals by the heat diffusion equation (£2.2)).
Once temperature overcomes a material-dependent value, thermal decompo-
sition of polymer chains starts, generating usually gaseous products, that are
ejected, and residual solid products that remain in the ablation crater[26]. To
model this kind of ablation a threshold on the density of the decomposition
products is considered, once it is exceeded mass ejection starts. The decom-
position reaction is then modeled as a rate equation following an Arrhenius
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Figure 2.2: Scheme of the two generally observed ablation paths for polymers.

behaviour with temperature[24], that in turn is usually estimated from the
energy absorbed following again Lambert-Beer law|[24].

Photochemical ablation on the other hand does not involve any temperature
increase, since excited electrons lead to direct bond breaking but also in this
case a threshold in the density of products must be exceeded to obtain the
ejection of material.

Independently on the ablation mechanism, laser ablation of polymers always
include some kind of chemical reaction. This first of all leads to a large va-
riety of possible ejected products, that can be single atoms, much heavier
molecules like chain fragments, or even solid fragments. Moreover also en-
ergy release is possible when exothermic decomposition is present[23] that
may contribute to increase the energy efficiency of the overall ablation pro-
cess. The chemical modification of the irradiated region finally brings some
consequences when considering multiple pulses in the same area. After the
first pulse, independently if material removal was achieved or not, follow-
ing pulses find a different material so that ablation process may change. In
particular if a fluence below ablation threshold is used, mass removal may
be observed in any case after a given number of pulses: this effect is called
incubation|23] 27] and is caused by the fact that multiple irradiation progres-
sively increase the number of decomposition products until mass removal is
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achieved.

2.2.2 Experimental observations

An observation shared by laser ablation of all polymers is that ablation oc-
curs only above a threshold fluence, beyond which mass removal or crater
depth per pulse always grows with increasing fluence. Three fluence regions
are generally observed, as shown in Figure: just above threshold a slow
increase in ablation rate is observed[23], then at higher fluences ablation rate
grows rapidly due to a more efficient polymer decomposition, then another
slowly increasing rate is observed at high fluences where incoming laser pulse
is screened by ejection products and the generated plasma plume.

Ablation rate in this three fluence ranges is usually fitted by defining a spe-
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Figure 2.3: General observed behaviour for ablation rate of polymers.
Adapted from|[23].

cific fluence threshold Fy, and an effective absorption coefficient c. sy which
is in general much higher than the measured one because of the conditions of
the polymer during intense irradiation or because it includes also the shield-
ing effect of the plasma plume. Considering a Lambert-Beer behaviour a
logarithmic relation for the ablated depth is then obtained

d(F) = O:ff In (%) (2.9)
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Since its first observation[28] laser ablation of polymers attracted interest
mainly as a technique for high spatial resolution etching for micromachining
applications|29]. The vast majority of studies therefore concentrated on un-
derstanding the ablation process for specific polymers in the UV range, and
relating it to the composition, cleanliness and resolution of the etched region.
The goal for this kind of applications is to obtain efficient material removal,
with spatial resolution under 1 pm|[29)]: this requires high laser absorption, a
limited heat affected zone, and no ablation products redeposit on the irradi-
ated region.

Differently from metals, polymers are often transparent for visible wave-
lengths, therefore research mainly directed on the development of specific
photosensitive polymers with high absorption coefficients at tunable wave-
length [30].

For this purpose, in order to unlock laser ablation of transparent polymers, a
commonly adopted approach consists in adding a chromophore to the poly-
mer. In the majority of the cases this was obtained by introducing absorbing
molecules, in order to obtain a uniformly distributed absorption throughout
all the sample[29, B1l [32]; in a few cases instead absorption was increased
by introducing absorbent nanoparticles embedded in the polymer, so that
absorption was localized[33]. Even if some interesting results were obtained,
this last approach received less interest as a possible solution to obtain clean,
well defined etching profiles, since ablation starts from hotspots so that it
may result in explosive material ejection[34].

2.3 Laser Ablation Propulsion

After the general discussion in the previous sections, it is now worth con-
sidering how features of laser ablation affects the generation of a mechanical
impulse relating it to the ablation mechanisms presented and on literature
works.

With respect to the majority of applications of laser ablation, in LAP inter-
est is paid mainly on the features of the ejected products, rather than on the
quality of the ablated surface, since mechanical impulse is generated through
momentum conservation as described by equation (1.1]).

By considering the ablation mechanisms previously described it is possible
to draw some main observations concerning laser generated impulse both for
polymers and metals, as presented in Figure(2.4).
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Figure 2.4: Main features of ablation of metals and polymers and their con-
sequences in propulsion performances

which is partially ionized producing a plasma plume, while at higher fluences
also liquid nanodroplets are ejected. In particular in the low fluence regime
it is therefore reasonable to expect that single atoms are ejected as a gas
with high temperature, so that its flow velocity will be high. In terms of
propulsion performances, this means that thrust is generated accelerating
light objects like single atoms or ions to extremely high exhaust velocity, so
that high specific impulse (equation of order of 10%s can be obtained,
comparable with present electric propulsion systems. This observation also
finds experimental confirmation in several works investigating impulse gen-
erated by laser ablation of several metals[35] 36, 37]. Moving then to higher
fluences, phase explosion leads to a consistent increase in ablated mass[15],
since also liquid phase is ejected along with vapour. However the role of this
sudden increase in ejected mass in impulse generation is still not clear, since
the behaviour of generated impulse with fluence seems not to be affected by
this evident change in ablation mechanism[38]

Laser ablation of polymers on the other hand can produce a wide variety
of different products, that can be, depending on the specific material, sin-
gle atoms and heavy molecules in the gas phase up to solid fragments[23],
Moreover much lower absorption coefficients are usually present in this case
so that the interaction volume with the laser is increased. Also involved tem-
peratures are different between metals and polymers, since polymer decom-
position occurs in general at temperatures roughly one order of magnitude
lower than boiling or critical temperature of metals. Ablation threshold for



2.3. LASER ABLATION PROPULSION 39

polymers is then lower than that required for metals.
As a consequence, laser ablation of polymers results in the ejection of a large
quantity of mass at low fluences, but with lower exhaust velocity, because
of the lower temperatures involved. This means that the energetic efficiency
of the impulse generation process is enhanced, with respect of metals, and
therefore a high laser-impulse coupling coefficient, C,, is obtained (equation
(1.7)), as confirmed by experimental works[39} [40].
Despite the different values, a common behaviour of C,, with fluence is ob-
served both for metals and polymers, as presented in Figure(2.5)), while I,
dependence on fluence is still not so clear.

As visible (), grows rapidly up to a maximum value and then decrease for
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Figure 2.5: General C,, behaviour observed both for metals and polymers.

higher fluences. Considering that C,, represents the energetic efficiency in
the impulse generation process, the increasing part of the curve is qualita-
tively explained by the fact that just above threshold fluence mass ejection
becomes more and more effective[23]. This region can be roughly superim-
posed to the first two sections of Figure. Beyond the maximum on the
other hand ablation is already well developed, but because of the interaction
of a part of the laser pulse with the ejected products or with the plasma
plume the laser energy that effectively reaches the target is reduced and so
also the energetic efficiency[41]. This is clearly only a very general expla-
nation of this experimental observation, and a deeper analysis can be made
only considering specific cases since, as previously discussed, very different
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processes are involved. In particular, while an increasing C,, trend will al-
ways be present, in some cases after the maximum the curve may decrease
extremely slowly or become constant because mass ejection starts after the
laser pulse.

It is then worth mentioning also the phenomenon of the confined laser

ablation, that offers an interesting way to increase the mechanical impulse
generated. When the surface that absorbs the laser pulse is covered by an-
other medium the ejection of the ablated products and their expansion is
somewhat hindered. In other words, the medium covering the ablated region
becomes a confinement agent. Such a confinement can be obtained using a
gas, a liquid or a solid and greatly enhance the mechanical impulse gener-
ated on the irradiated surface, since the pressure generated on this area is
increased, as well as the time needed for the plasma plume to cool down[42].
Moreover also the confinement agent can be considered as ejected mass which
can be much higher than the ablated products, but moves at much lower ve-
locity.
Since the confinement medium is ideally transparent in this configuration,
fluence threshold is not affected but generated impulse significantly grows.
This means that higher ), can be reached. For this reason recently several
work considered confined ablation as a possibility to expand the applicability
of LAP[43, 44 [45).

The general picture of laser ablation and its application in impulse genera-
tion that appears from this chapter is that the choice of target material must
depend on the specific application. Considering the ablation mechanisms
here discussed is in fact possible to define a rough guideline on propulsion
properties of metals and polymers, as shown in Figure.

To go further from this first categorization of LAP materials it is now
important to understand which properties are mainly relevant in impulse
generation and to describe their role in this process. The final goal of this
investigation will allow define pathways for the future development of specific
LAP materials, as presented in the rest of this thesis.
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Chapter 3

Experimental setup for impulse
measurement

In the previous chapter the problem of space propulsion for nanosatellites
was discussed, and laser ablation was introduced as an attractive solution,
allowing thrust generation on far objects ideally without any need of power
storage and propulsion systems on board. This chapter will now face the
problem of the experimental measurement of propulsion performances ob-
tained by laser ablation.

3.1 Considerations on orders of magnitude
and experimental techniques

As a starting point for this experimental investigation it is worth summing
up what are the parameters to measure and their order of magnitude, that
are fundamental for a correct design for an apparatus. The main parameter
to consider in LAP is the laser-impulse coupling coefficient, C,,, defined in
equation . To obtain ), the mechanical impulse generated by laser ab-
lation must be measured, along with the energy of the laser pulse. Moreover
from literature values[l, 2] it is also possible to obtain an order of magni-
tude estimation of the expected mechanical impulse generated. Commonly
obtained C,, values are of order 10 + 10> pN W~! while, as discussed in the
following, laser pulse energy of the laser employed for these experiments of
the order of 10 + 10? mJ. This means that mechanical impulses of ~10 N s
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can be expected. It must also be noted here that these C,, values generally
refer to the maximum of the curve, so also much lower impulses may be
found, in particular at low fluences.

It is also interesting to make a comparison with apparatuses commonly em-
ployed for other micropropulsion systems: the main difference is that in these
cases a continuous thrust is generated, rather than a short mechanical im-
pulse, so that a continuous force for time duration of tens of seconds[3] is
usually measured. The momentum variation obtained for example by apply-
ing a mN thrust for so long time is extremely larger than impulse generated
by laser ablation, so these apparatuses can not be used for LAP purposes.
Another important parameter to consider is specific impulse I;,, defined in
equation , that can be reasonably expected to be ~10% s[I},[2]. I, is some-
times obtained by measuring the exhaust velocity of the ablated products[4],
however it is desirable to obtain it by measuring generated impulse and
ejected mass since this is more coherent with its definition of mass efficiency in
thrust generation. Considering expected impulse values previously discussed
it is possible to estimate that the ejected mass during impulse generation can
be of ng/pulse, but again much smaller values are possible in case of smaller
impulses.

3.1.1 Experimental techniques for impulse measure-
ments

Given the particular magnitude of the laser generated impulse and of its
timescale, specific apparatuses must be designed in order to obtain reli-
able measurements. Three main categories of systems are used: ballistic
pendulums[5], 6], 7, 8, 9], torsion pendulums[10}, T1] and load cells[12], 4] 13, [14].

In the case of a ballistic pendulum the target material is suspended using
thin wires[5) [6, 8] or a blade edge[I5] [7], with the aim of reducing friction
as much as possible. The classical way to perform an impulse measurement
with a ballistic pendulum consists in shining the laser on the target mate-
rial while it is completely still, so that the generated impulse will make it
oscillate under the restoring force given by gravity. The magnitude of the
generated impulse can then be obtained by measuring the angle of maximum
deflection, similarly to what is done in the measurement of the velocity of a
bullet, even if on much different scales. Impulse can be obtained also if the
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laser pulse irradiates the pendulum while it is oscillating[5], 9], in this case
the variation in motion of the pendulum must be analyzed, rather than the
amplitude of its oscillations. A detailed analysis of both these situation will
be presented further in this chapter.

Despite its simplicity some details in a measurement based on a ballistic
pendulum require particular care. First of all damping of pendulum motion
must be reduced to a minimum or well known in order to be included in
the analysis, since it affects either the amplitude of oscillations or how the
impulse change its motion. As a consequence of this fact, it is not always
possible to assure that the rotation of the pendulum after impulse proceeds
around a single well defined axis, this of course also affect the measurement
and requires the pendulum to be a rigid object. This brings to another prob-
lem: a pendulum composed by a rigid object often can not be treated as an
ideal simple pendulum, but rather as a physical pendulum for which mass
and moment of inertia matter. Lastly, since impulse to be measured are
small, the pendulum bust be light or with a low moment of inertia, making
it difficult to obtain a stable structure.

Torsion pendulums rely on the restoring momentum given by the torsion
of a thin wire on which they are hung, the principle at the basis of impulse
measurement, is therefore the same as that of a ballistic pendulum. The main
advantage of such a system is that by correctly choosing the wire on which
the pendulum is suspended it is possible to obtain a restoring momentum
that can be much smaller than that given by gravity, making the pendu-
lum more sensitive to small impulses. On the other hand, also because of
the small restoring momentum, measurements with this kind of system can
be unpractical because of its slow oscillations, and other vibrations possible
around all other axes. Moreover a counterweight is needed to keep the arms
of the pendulum in the horizontal position, so that each time a new target
is fixed on it a new balancing must be made. A last important drawback
for torsion pendulums is eventually the fact that the restoring momentum
given by the wire is not known, so that a calibration is needed to perform the
measurement, constituting an additional source of uncertainty. It must also
be noted that calibration of the restoring momentum of the wire is usually
made by applying a constant force to one arm of the pendulum and mea-
suring the deflection[I1]. This condition is far from the impulse generated
by laser ablation which, given the same final deflection of the pendulum, is
represented by a much more intense force applied for a much shorter time,
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possibly leading also to vibrations.

The last technique to measure thrust generated by laser ablation is sub-

stantially different from ballistic or torsion pendulums and is based on piezo-
electric sensors or load cells. In this case the sample is fixed on the sensor
and the generated thrust is converted into an electric signal: therefore also
in this case a calibration is needed.
With piezoelectric sensors also the force generated by a single impulse can
be measured, but due to the short time duration it is applied also response
time of the instrument must be taken into account, making analysis more
complex and possibly increasing its uncertainty[4], [13]. Similarly, load cells
can measure only the average force generated by continuously irradiating the
target material with multiple pulses at a given frequency[14] 12]. Clearly,
even if the impulse generated by a single pulse can be estimated knowing the
laser repetition rate, the target material under these conditions is modified
because of high temperatures and progressive change in surface roughness.
This of course affects the impulse generated by a single laser pulse, in the
sense that impulse generated by the first pulse will be different than that gen-
erated by later ones. This is particularly true for polymers, where chemical
modification of surface occurs after laser irradiation.

Given all these consideration the ballistic pendulum was chosen as the
most suitable apparatus for the research carried out in this thesis. The main
reasons are the following:

e Measurements without any calibration are possible, provided that all
parameters involved are known. This means that if oscillation period,
center of mass position and moment of inertia are known the measure-
ment can be carried out without testing the pendulum with a known
impulse. Measurement of such parameters can be tricky on a complex
object like a physical pendulum, and can be partially avoided by shin-
ing the laser on its center of mass[5]. This strategy however is extremely
limiting so, as described in the following, a procedure to measure them
was developed[16].

e The focus of this research is on material properties that affect impulse
generation, so average thrust obtained by irradiating multiple times
the same region can not give reliable information, so that load cells are
excluded.



3.2. APPARATUS FOR IMPULSE MEASUREMENT ol

e Changing the target in such a system is much easier with respect to tor-
sion pendulum, since no counterweight is needed and since target with
non well defined shape can be used, because center of mass position
and moment of inertia are measured.

3.2 Apparatus for impulse measurement

The ballistic pendulum is the most suitable apparatus for a systematic study
aimed to impulse generated by laser ablation of a material and its properties.
In the design of such a system several aspect must be considered carefully,
in order to reduce uncertainties and obtain reliable and reproducible results.
In particular, since the measurement is based on the motion of a physical
object, this must be known with the best possible accuracy: this strongly
affects both the design and the physical analysis of the system, presented in
the following.

3.2.1 Technical design of the apparatus

Overall scheme of the apparatus

control
electronics

lens
20ns
A =248 nm

beaé(
homogenizer window/ H

vacuum pump

Figure 3.1: Overall scheme of the experimental apparatus for impulse mea-
surements.

Figure(3.1]) gives an overall scheme of the experimental apparatus. The
laser pulse is generated by a KrF excimer laser, emitting at a wavelength of
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248 nm with a pulse duration of 20ns. The intensity distribution of the laser
pulse is shaped by means of a beam homogenizer, as descibed in detail in
next chapter, and is then focused by means of a spherical lens. Radiation
then enters in the vacuum chamber through an anti reflection window and
irradiates the pendulum, positioned in the chamber with all its supports and
displacement systems.

Oscillations of the pendulum are usually of the order of a fraction of degree,
therefore for an accurate detection they need to be amplified. This is done
by means of a probe laser, which is a He-Ne emitting at 632 nm positioned
on the ceiling, at about 4m from the pendulum. The probe laser enters
the vacuum chamber through an anti reflection window and is reflected by
a mirror placed on the top of the pendulum, so that its oscillation appear
amplified thanks to the motion of the reflected spot on a graduated scale,
put at the same altitude of the probe laser.

The motion of the pendulum is eventually acquired by means of a camera
that acquires a video at 1000 fps. The acquisition time is roughly 4 s, during
which the motion of the pendulum before and after the impulse is collected.
To ensure a steady pulse energy output from the laser, a some tenths of pulses
are needed: a shutter synchronized with the camera is therefore used. The
shutter is made by a pendulum that is kept fixed at a given amplitude by an
electromagnet so that the first laser pulses hits it and can not reach optics and
the pendulum. The electromagnet is used to release the shutter pendulum
roughly 2s after the camera starts recording. This system allows to avoid
fluctuations in output energy of the laser and also to set the recording of
the impulse at about half of the video, so that motion of the pendulum can
be well acquired both before and after impulse. This system clearly do not
allow to set precisely impulse instant in the acquired video, so that it must
be identified during the analysis as described in the following.

Damping

The best way to use a ballistic pendulum for impulse measurements is to
make it work in ideal conditions, so that its motion can be easily considered
also from the theoretical point of view.

An ideal motion of the pendulum requires damping to be negligible, at least
in the timescales required for the measure; this means that all the possible
friction sources must be eliminated, or limited as much as possible. In the
case of an oscillating pendulum the main sources of damping are essentially
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three: viscous drag due to the atmosphere, friction on the fulcrum and also
vibrations, that may act as an external force on the object.

Viscous drag clearly can be removed by operating the pendulum in vac-
uum. This is also suitable because, as discussed in the previous chapter, the
presence of an atmosphere plays a role in laser ablation, acting as a confine-
ment agent that in principle is not present in space.

The pendulum, along with all its supports and electronics, is therefore po-

Figure 3.2: Picture showing all the parts of the apparatus.

sitioned in a vacuum chamber, presented in Figure, which is evacuated
by means of a magnetic levitation turbomolecular pump backed by a rotary
pump. In such a configuration the measurements can take place at pressure
lower than 10~*mbar.

The main drawback of using vacuum pumps is the presence of vibrations,
that come also from the laser system because of electronics and cooling fans.
In order to reduce vibrations as much as possible a support for the vacuum
chamber was specifically designed so that vibrations coming from external
environment can be suppressed by fixing it on the ground through some thick
rubber foils and by stabilizing it with approximately 250 kg of sand. Addi-
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tionally vibrations coming from the turbomolecular pump, that is in direct
contact with the chamber, are extremely reduced thanks to its magnetic lev-
itation and by separating its cooling fan from all the system.
The last damping factor to consider is the friction on the fulcrum of the
pendulum. Many ballistic pendulums exploit thin wires to reduce friction,
however in this configuration the pendulum is not a rigid object so that im-
pulse generation may induce vibrations other than pendulum oscillations,
affecting the measurement. In this case two sharp tips with a 10 pm top
diameter are used as fulcrum, as shown in Figure.

A first attempt used two iron tips, but due to their sharpness the weight of

Figure 3.3: Fulcrum tips of the pendulum. a) Iron tip; b) Diamond cover
tip.

the pendulum (roughly 8 g) was enough to deform them affecting drastically
the oscillations, as visible in Figure(3.3la). Much harder diamond covered
tips have been used instead, avoiding deformations as clear from ﬁgureb).
This solution guarantees good results, as discussed in the following, but as a
drawback these tips progressively scratch the quartz substrate on which the
pendulum oscillates. Nevertheless this is only a matter of maintenance of the
apparatus and is easily solvable.

Pendulum, supports and displacement system

In order to allow a systematic investigation, the shape of the pendulum must
be designed carefully to avoid its unbalancing and unwanted movements of
the target fixed on it. Similarly, systems for displacement of the pendulum
are needed so that different regions of the target can be irradiated. Moreover
also a system for a careful release of the pendulum must be used, so that
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fulerum tips and quartz substrate are not damaged and the position of the
pendulum is well reproducible.
Thanks to its rapidity of design and easiness of fabrication, 3D printing was
extensively used to build the pendulum and other parts of the apparatus. In
the design of the pendulum particular care was taken to the position of its
center of mass an of its moment of inertia, that are the main parameters that
affect its motion and its sensitivity to the imparted mechanical impulse. For
this reason two pendulums were made, one having a much smaller moment
of inertia with respect to the other.

Figure,a) shows the heavier of the two pendulums, where important

mirror for

a ) probe laser b
\ screw to mirror for

correct c.o.m. probe laser

position
fulcrum
screws

target

stabilization|
screws

fulcrum
screws

screw to correct

c.o.m.position

stabilization
parts

Figure 3.4: The two pendulums designed for the apparatus. The larger
pendulum in a) has a moment of inertia about ten times higher than the
pendulum in b).

features are easily visible. The heavier pendulum is essentially constituted
by a PLA frame in which a 26 x 26 mm? target can be fixed. A series of
screws is visible: the two fulcrum tips, four stabilization screws that are used
to lift and release carefully the pendulum on the substrate and a screw to
correct center of mass position, that may change for different targets. The
mirror for the reflection of the probe laser is also shown. Similar features can
be identified also for the other pendulum, in this case the moment of inertia
is reduced to a minimum and is roughly one tenth with respect to the heavier
pendulum. In order to do this the mass distribution was studied to reduce
mass far from the rotation axis of the pendulum.
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Figure 3.5: Displacement systems for the pendulum inside the chamber.

An overview of all the displacement systems is presented in Figure.
Almost all the components are 3D printed, while the other parts and the
control electronics are obtained by modifying a second 3D printer. The pen-
dulum can be moved in the vertical direction and horizontally, as indicated
in Figure. These movements are obtained using stepper motors, gears
and threaded rods, that allow displacements as small as 0.1 mm. All the dis-
placement system is then fixed on the upper flange of the vacuum chamber,
so that the pendulum can also be tilted with respect to the incoming laser
beam direction.

The last systems to consider is the support for the release of the pendulum,
presented in Figure. The support is visible in red in Figure and
can move up to stop the oscillation of the pendulum and lift it from the sub-
strate or down to release it for free oscillation. This movement is obtained
by a plastic deformation of this red frame, obtained by the rotation of an
eccentric pin given by a stepper motor. In order to keep the pendulum in a
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% PO -
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Figure 3.6: a)System for release and lift of the pendulum. The slits where the
stabilization screws and the eccentric pin to move the supports are visible.
The pendulum is fixed (b)) when supports move upwards, while it is released
(c)) when supports move downward

well defined position four slits are present in the upper part of the support,
where the four stabilization screws of the pendulum fit.

Ideally such a system should also allow to release the pendulum so that it is
perfectly still. However, as also discussed in the following, the pendulum is
never still after release and small oscillations are always detected.

These displacements systems can be easily programmed to perform au-
tomated motion, since they are built from a 3D printer. This offers an
interesting capability to be exploited for ablated mass measurements, that
require thousands of consecutive laser pulses. Automatic motion of the tar-
get allows to avoid irradiating many times the same region, so that a clean
surface is always ablated. A target holder for ablated mass measurements
was therefore specifically designed and printed, as shown in Figure. The
target holder fits in the slits of the releasing support by means of four screws
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stabilization
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Figure 3.7: Target holder

identical to the stabilization screws of the pendulum, but it can not oscillate
since as visible no fulcrum tips are present. A larger target is considered in
this case, in order to have a wider area that can be irradiated and, due to its
mass, reduce temperature increase due to the high number of laser pulses.
Moreover, to limit as much as possible the contact of the hot target with the
target holder, made of PLA, six screws are used.

3.2.2 Physical analysis of pendulum motion

It appears clear from Figure that the ballistic pendulum used for this
investigations can not be considered as an ideal pendulum, represented by
a point mass tied to a massless wire. This means that, differently from the
ideal case, the mass of the pendulum and in particular its spatial distribution
play a role in determining its motion. Indeed, the equation of motion for a
physical pendulum reads

de(t
Iﬁ = —mgdsin§(t) (3.1)
dt
with I the moment of inertia of the pendulum with respect to the rotation
axis, m its mass, g gravity acceleration and d the distance of the center of

mass of the pendulum from the rotation axis. Under the approximation for
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small oscillations, that holds in this case, equation clearly represents an
harmonic motion with pulsation Q% = mgd/I whose oscillation in time are
described as

0(t) = Oy sin (Ut + @) (3.2)

Effect of a mechanical impulse on pendulum motion

During laser ablation a force is applied to the irradiated surface for a time
that is much shorter than the sampling rate with which the pendulum motion
is observed. What is measured is therefore the impulse J caused by this force
F

= / " Flyar (3.3)

where 7 is the time duration for which the force is applied. It must be noted
here that F' and consequently J are always normal to the irradiated region,
due to the almost cylindrical symmetry of mass ejection. In addition there
is only one axis around which the pendulum can rotate, the one defined by
the fulcrum tips, moment of inertia therefore is a scalar.

The effect of the mechanical impulse imparted on the pendulum is to change
its angular momentum AL. Given the considerations just made the direction
of this vector is the same as that defined by the rotation of the pendulum
therefore it can be simply written as

AL =rJ=I1Aw (3.4)

where r is the arm of the force imparted on the pendulum, that is the distance
of the irradiated spot from the rotation axis and Aw is the instantaneous
variation in angular velocity of the pendulum caused by the impulse.

From equation it is clear that, to obtain J, a measure of Aw must be
made with the ballistic pendulum, while I and r are obtained with another
measure discussed in the following. The simplest and most common way to
obtain Aw is to perform the measurement irradiating the pendulum while it
is still. In this situation the variation in angular velocity of the pendulum
is equal to its angular velocity immediately after the impulse, w(#;;,,). This
angular velocity can be obtained by measuring the amplitude of oscillation
of the pendulum after the impulse, 6,4, that is related to w(t;,,,) by energy

conservation .
§Iw(timp)2 = mgd(1 — cos Oppaz) (3.5)
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At this point, since Aw = w(t;y,y) and knowing I and r, J can be obtained

from equation (3.4)) and ({3.5))

2Imgd >

J = (1 — cosbpmaz) (3.6)

r2

In the case in which all the motion of the pendulum can be acquired,
a direct measurement of Aw is possible, so that J can be obtained directly
from equation . Moreover, this allows to measure J even if the pendulum
oscillates both before and after impulse generation, so that Aw is different
from angular velocity just after impulse. This is a great advantage when
damping of the pendulum is reduced to a minimum, like in the case considered
here, so that it would take really long times from a measure to the following
one, and in any case assuming the pendulum to be still at the instant of
impulse generation is not possible.

3.3 Data analysis

Oscillations of this pendulum are usually of fractions of degree, for this reason
its motion is acquired by reflecting a probe laser with a long optical path, so
that oscillations as well as variations in motion are amplified. The motion of
the pendulum in time is therefore reconstructed starting from the acquired
video and considering then the geometry of the apparatus. Once pendulum
motion is known, time instant in which impulse occurred can be found, so
that also Aw is obtained. Figure shows the flowchart of data analysis to
compute the generated impulse, that is described in detail in the following.

3.3.1 Video tracking

The output of the measurement is a video recording 4s of motion of the
reflected probe laser on a graduated scale. In order to extract this motion,
distances on the scale must be calibrated using known references on it, and
the position of the reflected spot on the scale must be measured for each
frame.

A picture of the scale and the reflected spot is presented in Figure.
The lines on the scale give known distances to calibrate the measure and are
so positioned in order to have the majority of the scale of the same color, so
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Figure 3.8: Flowchart of the analysis.

that the reflected spot moves on an uniform background and can be easily
tracked. A complication is however introduced by the fact that the probe
laser passes through a hole in the scale, so that diffraction rings appear in
the reflected spot, as visible in Figure,b). These rings clearly increase
the diameter of the reflected spot, affecting the tracking operation, therefore
four lights are added around the scale so that only the more intense central
spot is visible. As a consequence the intensity of the white background is not
constant throughout all the scale, making it impossible to locate the black
lines on it by simply using a threshold on the intensity of the pixels.

In order to extract the scale from the frames of the video a different procedure
was therefore developed. Its main steps are summarized in Table.
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Figure 3.9: a) Graduated scale in which the reflected probe laser spot moves;
b)Reflected probe laser without external illumination, diffraction rings are
visible; ¢) adding an external illumination diffraction rings are no more vis-

ible.

Description

Result

Initial intensity distribution of a single
frame, obtained when averaging inten-
sities of red, green and blue. The non
uniform intensity of the white back-
ground is clearly visible, as well as the
probe laser peaks.

uuuuu

A running intensity threshold moves
from the maximum to the minimum
intensity of the white background. For
each threshold a boolean picture is ob-
tained like the one on the right, for an
intermediate threshold. Note that a
single large white region is present.
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The negation of the previous image
gives returns the lines of the scale that
are visible as separated regions, and
also large white region on the borders
is obtained. Using only a single in-
tensity threshold would give a similar
result in scale extraction.

63

The large white region on the borders
is removed.

Boolean images like the previous one,
obtained for each intensity threshold,
are summed so that an histogram in
which each peak represents a black line
is obtained. Here a threshold can be
easily applied on the counts.

A boolean image of the scale is fi-
nally obtained. Distances on the scale
are then calibrated by counting the
number of pixels between two lines at
known distance.

Table 3.1: Procedure for scale extraction from a frame of

the recorded video.
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As clear from Table a single threshold allows to extract only a part of
the scale lines, excluding in particular those farther from each other that allow
to reduce uncertainty on the calibration. Moreover using a single threshold
value makes calibration sensitive to variation in illumination of the graduated
scale that depends also on other light in the laboratory and nearby windows,
other than the four light positioned there on purpose. Light coming from
the windows in particular is variable, so that white intensity on the scale
may change during the day and depending on the external weather, so that
the effect of a single intensity threshold would change, from a measure to
another. The procedure presented here instead exploits a moving threshold,
whose maximum and minimum value depend on the overall white intensity
distribution of the frame, so that variations are taken into account.

Once the distances on the scale are calibrated, the motion of the reflected
probe laser spot can be easily tracked by using an intensity threshold, since
intensity of both incoming and reflected beams is much higher than the white
background. Figure(3.10]) shows an example of the tracked motion of the re-
flected spot. The displacement of the reflected spot is always measured with
respect to the central incoming beam, by considering the center of mass of
the regions identified by the threshold. As visible no damping is observed for
the recorded time of free pendulum oscillation both before and after impulse,
that lasts roughly 2, and also the impulse instant is clearly visible.

Before concluding this discussion on tracking the uncertainty in the ob-
tained displacement of the reflected spot has to be considered. Sources of
error in this case comes from the measure of the distance in meters between
the lines of the scale, the fluctuation in their distance in pixel measured
during the calibration process and the fluctuation in the size in pixel of the
incoming and reflected probe beams as measured during tracking. The over-
all effect of all these uncertainty sources leads to an error of ~1 mm on the
measured displacement of the reflected spot.

3.3.2 From displacement to pendulum motion

Pendulum motion is related to the displacement of the reflected probe laser
through the geometry of the experiment. The probe laser hits the pendu-
lum coming from the vertical direction, being aligned by means of a plumb
line, then it is reflected back on the scale in a position that depends on the
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Figure 3.10: Tracked motion of the reflected probe laser spot in time. Dif-
ferent motion before and after impulse are clearly visible, while the region

around zero displacement is due to the superposition of the incoming and
reflected probe beams.

position of the mirror. As can be observed in Figure the mirror is po-
sitioned above the fulcrum tips by a distance [, so that the rotation axis of
the pendulum doesn’t pass through it. Moreover the probe laser not always
hit the mirror vertically above the fulcrum, but a displacement Az may be
present.

The description of the optical path of the probe laser is therefore more com-
plex, as presented in Figurea) considering also a deflection of the in-
coming probe laser by an angle ¢ from the vertical. Following the optical
path of Figure,a) the displacement of the reflected spot is related to the
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Figure 3.11: a)realistic geometry of the experiment; b)approximated geom-
etry of the experiment.

oscillation angle € of the pendulum by the following relation

S =htan (20 +0) — L [sin (g —5) tan (20 4 0) + cos (g —5)] + htand

() s (2

However the realistic situation of Figure(3.11}a) can be approximated con-
sidering [, Ax,0 = 0 obtaining the situation in Figure,b), because of
the small oscillations of the pendulum, usually smaller than 1°. In this case
displacement of the reflected spot is related to 6 by

(3.7)
5+ sin &
cos :
tan (% —0— (5)
(3.8)

S = htan (20) (3.9)

The validity of this approximation can be verified by assuming some upper
limits for [, Az, § and comparing S(6) obtained with equation and (3.9).
Using [ = 10mm, Az = 1mm, § = 0.1° a difference in reflected probe dis-
placement of ~107! mm is obtained considering the same oscillation angle:
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a value smaller than the uncertainty on displacement previously estimated.

Equation (3.9)) can therefore be used to compute the oscillation angle of
the pendulum from the displacement of the reflected probe laser, presenting
also the additional advantage of being analytically invertible, while equation

(3.8)) is not.

3.3.3 Analysis of pendulum motion

After using equation (3.9)) pendulum oscillations in time are known, as visible
from Figure(3.12). The next step consists then in analysing this motion in

0.8

pre-impulse
0.6 + post-impulse |
—fit

g
iUUUUVVVV

-0.6

o(t) [°]

0 05 1 15 2 25 3 35 4
time [s]
Figure 3.12: Oscillations of pendulum in time, as computed from displace-

ment in Figure(3.10). As visible these oscillations are very well fitted by
equation (3.10)).

order to obtain the exact instant of impulse generation, ¢;,,,,, angular velocity
of the pendulum before and after impulse, and its period. This motion is
described by

(3.10)

Gi (t) = 00’1' sin (ta + ¢z) + offseti fort < timp
Or(t) = 0Oopsin (st + ¢g) + offsety  fort > iy
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Angular velocity and period can be easily obtained by fitting the oscilla-
tions, however the variation in angular velocity caused by the impulse requires
the knowledge of ¢;,,,: the first step of the analysis is then to estimate it. By
the synchronization of the camera with the shutter ¢;,,, is known to be in a
wide time interval of about 0.5s around the central part of the video; a fit
of the pendulum motion before and after it can be made anyway excluding
this interval. A new narrower time interval in which impulse occurred is then
estimated by looking at the difference of the sampled motion with the two
fits before and after t;,,. In this way the new extremes %,,;, and t,,,, of
the interval are defined when the difference between fit and sampled motion
overcomes a threshold. A fine measurement of ¢;,, can then be made by
solving the following equation

9f(t> — 92(15) =0 tnn <t <tiw (311)

The uncertainty on t;,,, obtained with this procedure can be estimated by er-
rors on fit parameters and is usually ~1 ms, comparable with time separation
of two consecutive frames of the recorded video. It is worth noting however
that, thanks to the optimal reduction of damping of the pendulum and of all
other external vibrations, its motion is almost ideal so it is extremely well
fitted by equation ((3.10) with very small uncertainties. For this reason error
on t;m, is often of a few hundreds of ps, or even less.

Once t;,, and all the other fitting parameters are known, angular velocity
of the pendulum before (w,,.(t)) and after (w,os(t)), can be easily obtained by
deriving equation Then the variation in angular velocity caused by the
impulse is given by Aw = |Wpost (timp) — Wpre(timp)|, With the absolute value
considered because the pendulum can be hit either in phase or counter phase.

To obtain impulse now moment of inertia and distance of irradiated spot
from rotation axis have to be measured, as required by equation (3.4)). The
measurement of these parameters is described in the next section.



3.4. MEASUREMENT OF MASS PARAMETERS OF THE PENDULUMG69

3.4 Measurement of mass parameters of the
pendulum

As discussed at the beginning of this chapter, a physical pendulum oscillates
with a period given by (eq. [3.1))

2w I
T="_=29 R 3.12
Q W\/ mgd ( )

In order to measure moment of inertia I, as required to obtain the gener-
ated mechanical impulse, equation can be exploited once oscillation
period T, the distance of center of mass from rotation axis d and mass m
of the pendulum are known. Given the complex geometry of the pendulum,
the different materials that compose it and the different mass of the target
material used for every measurement, a calculation of the center of mass of
the pendulum would be difficult. An additional obstacle on this approach
comes from the fact that the exact mass distribution of the 3D printed PLA
frame is not known, because some unwanted voids may appear on the inside
during the printing process.

The best approach is then to measure the position of the center of mass. This
can be done by exploiting the fact that when an object is suspended on a
point and is free to oscillate, in its equilibrium position its center of mass lies
on the vertical direction passing through the suspension point. Considering
then two different suspension points, the intersection of the two vertical lines
passing through these points when the object is in each of these equilibrium
positions gives the location of its center of mass. This procedure was em-
ployed for the pendulum as presented in Figure. A blade edge is used as
suspension point and two random parts of the plastic frame of the pendulum
are chosen to suspend it. Image analysis is then used to track the vertical di-
rections in the two different equilibrium position and to intersect them: this
requires to acquire a picture of the suspended pendulum in each equilibrium
position, an example is visible in Figure. In order to reduce parallax
effects the picture is acquired from a distance of more than 2 m, and is made
so that details of pendulum, the suspension point and the vertical direction
given by a plumb line are well visible. These two pictures are analysed sep-
arately to track the vertical direction passing through the suspension point,
distances are also calibrated using a known length of the pendulum. The
two images are then ”superimposed” in order to find the intersection of the
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a)

gravity blade

Figure 3.13: Procedure for the measurement of the position of the center of
mass (CoM) of the pendulum.

two vertical directions, that is the center of mass position, and its distance
fro the rotation axis is measured. It is important to note here that in doing
this operation it is crucial to consider that different calibration of distances
may be present in the two pictures, since the pendulum is moved to change
suspension point.

Depending on the pendulum and on the target fixed on it, the distance of
center of mass from the rotation axis d is in the range 6 =+ 10 mm. An uncer-
tainty on this value can be estimated by simply repeating the measurement
for the same pendulum, in this way an error in the order of 10 pm is obtained:
a value surprisingly small for such a simple measurement.

As visible from Figure laser spots are clearly visible on the picture ac-
quired for the measurement of center of mass position. It is therefore easy
to measure from these pictures also the distance of irradiated spot from the
rotation axis r, needed for calculation of generated impulse.

The moment of inertia of the pendulum can be estimated at this point
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Figure 3.14: Picture used for image analysis to measure the position of center
of mass of the pendulum.

by exploiting equation (3.12]), where the total mass m is measured with a
scale with 107*g resolution. Commonly obtained values obviously depend
on the pendulum and are ~3kgmm? for the heavy one and ~0.4 kgmm? for

the light one, in both cases uncertainty is of the order of 10~2 kgmm?.

3.5 Test of the performances of the apparatus

To conclude the description of this apparatus for laser generated impulse
measurement, a test on its performances is presented and compared with
literature data.

3.5.1 Damping

Before moving to impulse measurement, damping of the pendulum must be
checked. This is done by generating on the pendulum the highest possible im-
pulse, in order to obtain the maximum amplitude of oscillation. The motion
of the pendulum is then recorded until oscillations become sufficiently small,
and amplitude in time is considered as presented in Figure. Damping
of oscillations is explained by two different friction mechanisms. For wide
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Figure 3.15: Damping of oscillations in time. Red and blue lines represent
respectively the exponential and linear fit.

oscillations higher angular velocities are present, so that viscous damping is
present; when amplitude becomes sufficiently small dry damping[17] due to
the mechanical friction of the fulcrum tips appears instead. As visible, while
viscous damping gives an exponential decay of amplitude, linear decreasing
is caused by dry damping. The damping curve is therefore fitted according
to equation

Sma:r t) = Sexp 1 Smax 5
(1) (l)‘ exp (—1) > 5cm (3.13)
Smaz(t) = Sg™ —ct Simae < Dcm
Exponential fit Linear fit
Se?=0.26m | Si"=0.1m 0.1m
T =504s c=6x10""ms!

Table 3.2: Fitting parameters of oscillation damping.

Fitting parameters, presented in Table(3.2]), show that typical damping
times are much longer than the expected duration of free oscillation of the
pendulum in a measurement, which is of about 2s. This allows to treat the
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pendulum as non damped during data analysis, as presented previously.

3.5.2 Impulse measurement

To test the performances in impulse measurement Aluminum was chosen as
a standard material, to have a better comparison with literature. Moreover
coupling coefficient C,, is considered instead of impulse, since it is the most
commonly measured parameter and is independent of other experimental pa-
rameters, like laser spot area for instance.

To test the uncertainty on impulse (and consequently C,,) measurement a
series of repeated measurements was made by keeping constant the laser
output energy at a value of 490 £ 10mJ. The obtained results are visible
in Figure(3.16). The average value of C,, is 20.6 & 0.3 pN W1, with the

T T

iCm=*o, (Cm)
21.5F ---Cm mean value ||
+o_, (Cm)

std

211 -

20 -

1 1 1 1 1 1 1 1
1 2 3 4 5 6 7 8
Measurements

Figure 3.16: C,, values obtained from a repeated measurement on aluminum.
Error bars as computed by propagating errors are presented in red, while
standard deviation is presented as light blue region.

uncertainty obtained from the standard deviation of the measurements, a
value that is also comparable to that obtained by error propagation. The
reproducibility of this measurement shows that even if the exact instant of
the impulse generation can not be chosen, so that the pendulum can be hit
both in phase or counter phase and with any angular velocity, this is all taken
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into account by the analysis.

A precise comparison of this result with similar measurements in literature
is difficult, because even if the same material is considered different laser
wavelengths, pulse duration and pressure are employed. Nevertheless, it is
possible to say that C, obtained here is in good agreement with other works
in literature[14], 10} [6].

A comparison with the uncertainties presented for other apparatus in liter-
ature allows to asses the performance of this apparatus in terms of repro-
ducibility of the results. In general, uncertainty in C), for other apparatus
is reported to be around 10% [11] while in this case an uncertainty of 1% is
obtained. This result can be mainly attributed to the specifically designed
pendulum, to the reduction of damping and to the system and analysis for
the detection of pendulum motion.

3.5.3 Ablated mass measurement

The final test is on the measurement of the ablated mass. As previously de-
scribed this measurement can be made exploiting the automated motion of a
large target in the chamber, while the laser irradiates it at a given frequency.
In this measurement the same laser parameters of (), measurement are used,
and the target is irradiated with a repetition rate of 3 Hz, that allow to irradi-
ate a region different than that ablated with the previous pulse. The mass of
the target is measured before irradiation and after a sufficiently large number
of pulses, with a scale with 107° g resolution, so that the ablated mass per
pulse can be obtained.

In this case the target was irradiated with 12616 pulses, causing a total mass
loss of 9.60 £+ 0.02 mg, that correspond to 0.761 4 0.002pg/pulse. Since laser
fluence is the same than that used for impulse measurements also a specific
impulse I, = 930 £ 8 s can be computed, and can be compared with other
literature results on the same material. Due to the difficulty in obtain a mea-
sure of ablated mass, usually I, is through the velocity of ejected products;
this approach however generally results in too large values[18]. With respect
to other works[4], 18] I, obtained here is roughly a factor of 2 smaller, but
again there are many differences in the experimental conditions. Uncertainty
obtained here on the other hand is about one order of magnitude smaller than
that reported in these works, mainly due to the reduced error in impulse mea-
surement and to the possibility to use a large number of pulses while moving
the target.
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To conclude this discussion a final remark on the estimation of laser flu-

ence is needed. In order to test performances of this apparatus the main
interest was only to keep it as constant as possible in order to be able to
repeat the measurements: this only requires to keep laser output energy con-
stant and not to change optics.
An accurate measurement of laser fluence however requires much more care,
in particular the spatial distribution of laser intensity can have drastic effects
in ablation and lead to errors in fluence estimation. This will be described
in detail the next chapter.
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Chapter 4

Role of beam homogeneity and
laser fluence estimation

The discussion on laser ablation given in Chapter 2 highlighted how laser flu-
ence plays a major role in determining the thermodynamic conditions reached
in the irradiated region and the involved ablation mechanisms. This in turn
affects the quantity of ejected mass and crater depth and, ultimately, impulse
generation.

Fluence is therefore the parameter that is changed in order to study any prop-
erty related to laser ablation, also in applications like propulsion and material
synthesis. When comparing experiments with models, however, it must be
considered that laser energy may not be deposited uniformly throughout the
irradiated region, so that fluence estimation may not be straightforward.

4.1 Problems related to laser fluence

Laser fluence represents the surface energy density irradiated on the target
material, as defined by relation . Experimentally it is then measured by
dividing the energy of the laser pulse by the irradiated area. This procedure,
despite being extremely simple, hides some issues that must be addressed
to avoid critical behaviours in the results of the measurements, like those
described in the following of the chapter.

Assuming that the energy of the laser pulse is well known, as it is easily the
case by using a power or energy meter, the main problems are related to the

79
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spatial distribution of this energy inside the irradiated area, and also to how
this area is measured. The spatial distribution of intensity at the output of a
laser is rarely uniform, but it can be described in the majority of the cases as
a gaussian[l] or, in the case of older excimer lasers, with not-so-well defined
shapes[2], B, 4, 5]. This fact is strictly related to the strategy employed to
measure the area of the irradiated region, which is often done by measuring
the area of the region modified by the laser pulse.
Considering now that laser-induced surface modification is a threshold pro-
cess, it is easy to understand that if the laser pulse is not uniform but presents
some tails, the modified region will become dependent both by the employed
material, and by the pulse energy. As an example, if for a given material
and pulse energy an area Ag is obtained, increasing pulse energy or lowering
surface modification threshold (by changing material), will result in A; > Ay.
In other words measuring the irradiated area by looking at the traces left by
the laser pulse on a given material corresponds to taking a slice of the laser
pulse spatial distribution at a given energy, defined by the material itself.
The irradiated area is therefore not uniquely defined.
The positive side of these facts is that, if spatial distribution of laser pulse
energy is well known, surface modification threshold can be measured with
a single pulse by measuring the irradiated area[l].Moreover strategies have
been explored to somehow alleviate this problem, consisting in irradiating
many times the same region or by measuring the modified region for increas-
ing pulse energy until it saturates to an almost constant value[6].
Even after the definition of an irradiate region some other difficulties ap-
pear: energy distribution inside this area may in fact not be uniform, so that
different ablation mechanisms can be present simultaneously. The fluence
measured in this way can be described then as average of the local fluence
®(z,y) inside the irradiated area A, that can be written as

F = % = % A<I>($,y)d:vdy (4.1)
where E is the measured laser pulse energy. In some parts of the irradiated
region the measured value F' can be much different than the actual value
®(x,y), so that it is not representative of the physical situation. This means
that even if a value of I’ below the expected threshold is measured, in some
part of the irradiated region, reasonably the central one, this threshold may
be overcome so that ablation occurs.
Moving further in this direction, the difference between the measured fluence
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F and ®(z,y) leads also to discrepancies when the same F' is obtained using
different combinations of pulse energy and irradiated area. In fact, while the
measured F' is the same, local fluence ®(z,y) may be very different from
one case to another so that different mechanisms are observed. Since, when
looking at some observed behaviour as function of fluence the average value
F' is considered, discrepancies appear in the measure.

Impulse measurements are particularly sensitive to this problem, as will
be described in detail in this chapter. In an ideal situation, where the same
fluence is present in all the irradiated region and F' = ®(z,y) for all z,y,
the same ablation mechanisms and exhaust velocities can be expected at any
point. If in this condition an impulse Jy is measured by irradiating an area
Ay, changing the irradiated area to A; by keeping the same fluence will result
in an impulse J; such that j—(l) = ﬁ—é. In other words, the generated impulse
per unit area remains the same.

If this ideal condition is not met a change in irradiated area without chang-
ing the measured fluence F' will result in discrepancies in the measurement
of impulse per unit area and, consequently also on C,,.

It appears clearly now that a spatial energy distribution as uniform as pos-
sible is a fundamental requirement for the study of propulsion performances
of materials, both to have coherent measurement and to have an accurate
knowledge of the physical conditions of the material during irradiation.

4.2 Non-uniform beam energy distribution

In the case of excimer lasers non-uniform distributions are present with a
wide area of few cm?.

To measure the energy distribution in the output beam the knife-edge method
was employed: a slit at the output of the laser was gradually open in both
in the horizontal and vertical direction with steps of 1 mm, and for each step
pulse energy was measured. To measure pulse energy a power meter was
used, with the laser operating with a pulse repetition rate of 10 Hz. Given
the initial instability of laser output energy, the measure started once a stable
readout was observed, and consisted average power over 20s. The obtained
result is presented in Figure(4.1]). The energy distribution in the laser beam
presents some evident tails and can be considered constant only in a very
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Figure 4.1: Beam intensity profile at laser output.

narrow region at the maximum of the distribution.

4.2.1 Measurement of energy deposited on target

The optical path of the laser initially considered included a set of slits po-
sitioned at the output in order to cut the tails in the external part of the
beam, and to restrict it to an area of roughly 3 x 1 em?. The beam is then
turned by 90° by a mirror and directed toward the chamber, passing through
a plano-convex lens and a window, both made by fused silica.

All these elements reduce the laser energy that is deposited on the target
material, so that it can be considerably different from that measured at the
output. Losses due to the optical path of the laser are then obtained by mea-
suring pulse energy both at the laser output and after all optical elements.
Again pulse energy is obtained from the average power measured with the
laser operating with a repetition rate of 10 Hz. Energy losses are constant
in the range of possible output energies of the laser, between 200 and 600
mJ. These values constitute then a calibration for laser energy reaching the
target, that in this way can be measured from energy at output, an opera-
tion that do not require to move lenses and windows and is therefore more
reliable. Moreover the energy that effectively reaches the target, Fss is the
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one that is used in equation ((1.7)) to compute C,,.

4.2.2 Measurement of the irradiated area

While measurement of energy losses is straightforward, this is not the case
for the estimation of the irradiated area. As previously mentioned, this mea-
surement is made by looking at the modifications left on a clean surface, but
the area of this region may depend both on the material and on pulse energy.
Here aluminum is used as a material both for impulse measurement and to
estimate the irradiated area, being a common material in space applications.
To estimate the irradiated area a different number of consecutive pulses was
irradiated at a fixed energy and the generated craters were successively ex-
amined with SEM. The same procedure was repeated for different energies.
Figure shows an example of the obtained craters with an energy on tar-

n° of pulses: 10

n® of pulses: 100

n® of pulses: 1000

Figure 4.2: Laser spots obtained with an increasing number of consecu-
tive pulses at a repetition rate of 10 Hz, and a deposited energy of about
250 mJ /pulse.

get E.rr ~ 300mJ, with the target tilted by 45° with respect to the laser
direction and positioned at a distance of 230 mm from a lens with 250 mm
focal length. Some features are clearly evident: first of all it is not possible
to identify a sharp border that separates the modified and the clean region,
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this may be a consequence of both the presence of tails in the laser pulse or of
heat diffusion, and doesn’t allow to define a clear maximum value for the irra-
diated area. Moreover, it is possible to find three differently modified regions
inside the crater, whose separation becomes better defined by increasing the
number of laser pulses. Starting from the already mentioned external part,
this can be attributed to the effects of high temperature reached in that re-
gion, that is however not sufficient to reach melting. All the inner part of the
crater on the other hand shows signs of melting, but it is possible in any case
to identify in it other two regions: one in which signs of melt displacements
are visible, and the central one in which a real crater is present, due to phase
explosion.

The presence of different concentric laser-modified regions clearly indicates
the presence of tails in the laser beam intensity and do not allow the unique
definition of an irradiated area. One possible choice consists in considering
the region that most probably contains the majority of the pulse energy, in
other words, exclude the effect of tails. This is obviously a non rigorous pro-
cedure, but at least gives a rule to coherently measure spot area for different
distances of the target from the focus of the lens.

4.2.3 Impulse measurement

Impulse generation must depend on the rate of mass ejection during laser ab-
lation. Since laser ablation is a fluence dependent phenomenon, when laser
pulse energy is not uniformly distributed, a different fluence is present in
different parts of the irradiated area. This of course leads to different abla-
tion mechanisms and different ablation rates occurring simultaneously, all of
them contributing to impulse generation.

A first experiment to investigate this behaviour was conducted considering
different irradiated areas, obtained by changing the distance of the target
from the lens from 250 mm (focus) to 210 mm, and changing the pulse en-
ergy at the output of the laser from 200 to 600 mJ. The target is always kept
tilted by 45° with respect to beam direction. Fluence is therefore changed
here both by changing laser energy and spot area.

Figure(4.3) shows mechanical impulse generated for the different considered
spot areas as a function of the effective energy on target. As expected, for a
fixed area, impulse grows for increasing E,¢; since fluence is increased. For
a fixed E.s¢ fluence is increased also by reducing the irradiated area, as in-
dicated, but in this case the fact that generated impulse grows by reducing
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Figure 4.3: Impulse generated as a function of laser energy on target for
different spot areas.

spot area requires more discussion. In this case in fact there are two opposite
effects related to the reduction of the spot area: on one side fluence is in-
creased, so that impulse should increase as previously discussed, on the other
side the area from which mass is ejected is smaller, resulting in a reduced
impulse generation. The measured mechanical impulse is therefore a trade
off between these two opposite trends. As clear from Figure the effect
of increased fluence appears to be predominant with respect to the reduced
emission area, since for a fixed E. ;s impulse grows by reducing spot area.

The effect of the non uniformity of the beam becomes evident when con-
sidering more in detail the effect of irradiated area on impulse generation.
Figure shows generated impulse per unit area as a function of fluence,
where discrepancies are visible between curves corresponding to different spot
areas. A step-like behaviour appears, showing that for the same laser flu-
ence a higher impulse per unit area is measured when the irradiated area is
smaller. This suggests that, due to the non-uniformity of beam, its central
part becomes much more intense than the external one with focusing, so that
ablation becomes more efficient in it. Since the measured fluence represents
the average energy density deposited on the irradiated area, this value can be
much more different than both the intense central part and the external tails,
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Figure 4.4: Generated impulse normalized by the irradiated area as a function
of measured laser fluence.

becoming non representative of the real physical situation. As an additional
effect, laser fluence in the central part of the spot may become sufficiently
high to overcome phase explosion threshold, so that mass ejection increase
and consequently also generated impulse. This possibility is confirmed by
observing the low fluence part of Figure where three different areas can
be compared for the same estimated fluences: a general agreement is ob-
served in the case of the two larger areas, where also in the central part of
the beam fluence is reasonably not sufficient to reach phase explosion; on
the other hand by focusing more the laser beam measured impulse becomes
higher, due to the onset of phase explosion in the central part of the beam.
From this observation it may appear that the onset of phase explosion results
in a step in impulse generation. However, it is worth noting that this step
in the generated impulse per unit area must be related also to the fraction
of the area in which this occurs, since it is visible for all the smaller areas
in which reasonably phase explosion covers a larger fraction. A similar be-
haviour is obviously obtained by computing the coupling coefficient C),, from
the previous measurement, as visible in Figure. Here the fact that, for
a fixed fluence, focusing laser beam into a smaller area results in an higher
C,n, suggests that energy efficiency in impulse generation increase by reduc-
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Figure 4.5: C), as a function of measured lase fluence.

ing the irradiated area. This observation can be explained recalling again
that laser ablation, and in particular phase explosion, is a threshold process.
Defocusing the laser beam in a larger area an increasing part of pulse energy
is distributed in the tails of beam, where fluence is lower than the ablation
threshold, so that this part of energy is somewhat wasted in a temperature
increase that does not lead to ablation.

It is clear at this point that if laser pulse energy is not uniformly dis-
tributed in the irradiated area C,, is not uniquely defined by fluence, but
it also has some dependence on the way the beam is focused. To proceed
further in this discussion it is now worth considering what happens when
fluence is changed by keeping a fixed focusing distance, but changing the
irradiated area by tilting the target with respect to the direction defined by
the incoming laser beam. In this way the energy distribution in the laser
pulse is never changed, but is projected on the target at different angles.

Figure shows impulse measurements made at fixed pulse energies and
distance of the target from the lens, as a function of the tilting angle with
respect to the laser beam direction. Here # = 0 ° means that laser beam
irradiates normally to target surface. Calling Ay the irradiated area at 6 = 0
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Figure 4.6: Impulse generated as a function of tilting angle of the target, for
different laser pulse energies on target.

°, the area of the projected beam will increase with tilting angle as

A9) = Cfso ; (4.2)

therefore for constant pulse energy fluence will be reduced and consequently
also generated impulse, as visible. It can be also noted however that gen-
erated impulse does not reach a maximum when 6 = 0 ° and fluence is
maximum, but it decreases for 6§ < 20 °. This is a consequence of a well
known effect called plasma shielding, that consists in the partial absorption
of the incoming laser beam by the generated plasma plume, that becomes
more evident for incidence angles close to normal because of the longer opti-
cal path of the laser in the plume.

Also in this case measured impulse can be observed as a function of laser flu-
ence, where irradiated area is estimated according to equation . Again,
since spot area changes for each point, impulse must be normalized for it, as
shown in Figure

Impulse per unit area, as expected, shows the same discrepancies observed
in Figure since in this case the n-th point of each curve corresponding to
a different energy (different colour), has the same irradiated area. Another
feature to note in this case is that, due to plasma shielding effect, the high



4.3. UNIFORM ENERGY DISTRIBUTION 89

2.5
i*s
Qe :
€ =
g 27 s
w
Z o
‘w15 A
9 k3
© = ﬂ =
g 1 . X ¥ =
5 s i1 s Pulse energy on target
o % o t 220md
% 05t ¢ 290mJ
g_ R 360 mJ
£ %  ; t 420mJ
0 L L L L L L
2 4 6 8 10 12 14 16
FlJem?]

Figure 4.7: Impulse per unit area as a function of laser fluence, when area is
changed by tilting the target with respect to the laser beam.

fluence part of each curve shows a decrease in generated impulse.

A non-uniform spatial distribution of energy deposited in the irradiated
area then does not allow to assign a unique generated impulse value to a given
fluence. This mostly depends, as mentioned, by the fact that the measured
fluence is an average value of the energy density inside the irradiated area,
but in case of non uniform distributions may be much different from the
actual local fluence value. Moreover also the area over which this average is
computed is often not well defined, so measured fluence may be in a sense
dependent on how ablation craters are interpreted. It is therefore advisable to
consider an intensity distribution that is as close as possible to being uniform,
in order to confirm that the discrepancies here observed are effectively due
to a non uniform irradiation.

4.3 Uniform energy distribution

An interesting possibility to shape intensity distribution of a laser beam is
given by the use of a diffractive optical element (DOE), also called beam
homogenizer[7]. These optical devices take advantage of computer optimiza-
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tion and microfabrications techniques available nowadays to obtain a desired
intensity profile. In general, once the final intensity distribution is chosen,
the pattern that has to be fabricated on the DOE is computed through some
optimization algorithms[8| 9] so that in principle it is possible to obtain al-
most any intensity distribution.
The most common applications of these optical elements consists in generat-
ing a flat-top intensity profile. The same is done in this work, starting from
the intensity profile presented in Figure and obtaining a circular spot
with an almost constant intensity profile, as presented in Figure.
Differently from the non uniform intensity distribution previously consid-

Figure 4.8: Laser spot obtained after 10 consecutive pulses at 10 Hz.

ered, the introduction of the beam homogenizer requires that the target is
always positioned in the focus of the used lens, because the uniform intensity
profile is obtained only in this position. The area of the circular spot depends
on the focal length of the optical system, so that a longer focal length gives
a larger irradiated area and vice versa. In order to investigate the role of
the irradiated area in impulse generation two different lenses are therefore
used, with 200 mm and 300 mm focal length, that produce respectively spots
of area 5.8 mm? and 14.2mm?. Figure(d.9) shows impulse per unit area gen-
erated in this configuration and the corresponding coupling coefficient.

The step-like behaviour visible in Figure and Figure is now elim-
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Figure 4.9: a)lmpulse per unit area as a function of fluence; b)C,, as a
function of fluence.

inated, proving that this problem is related to the non-uniformity of the
beam intensity profile. The same behaviour is obviously reflected in C,,,
presented in Figureb), that reaches a plateau at about 5J/cm?. It is
interesting to note here that, despite the effect of the uniformity of the spot
has been proven with these measurements, the C), values obtained with a
non-uniform intensity distribution are higher and in better agreement with
literature[10), 1T], 12]. This again suggests that non-uniform intensities dis-
tributions are used in this kind of measurements and is also confirmed by
observing in Figure that C), obtained with lager areas, that have more
uniform intensity distribution, is similar to that obtained in this case.

4.4 Optimal configuration for systematic mea-
surements on materials

Once uniformity of beam energy distribution has been proven to be funda-
mental in order to investigate material properties related to impulse gener-
ation, it is important to point out what is the best strategy to change laser
fluence during the measurement.

Even if fluence can be changed by exploiting different combinations of pulse
energy and irradiated areas, in order to reduce the number of parameters
the best practice is to keep constant one of them. As said, when using a
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beam homogenizer a different lens is needed each time spot area has to be
changed, becoming quite limiting. Pulse energy on the other hand can be
easily changed in fine steps. Moreover in general an accurate measurement of
pulse energy is easier than the measurements of the spot area, due to the pre-
viously discussed issues. For these reasons for the measurements presented
in the following chapters spot area is kept constant and only pulse energy is
changed.
Pulse energy at the output can be changed in the range 200 + 600 mJ, but
this interval can be easily extended towards lower energies by using some fil-
ters. As often done for excimer lasers a set of metallic meshes was employed
to reduce the energy deposited on the target, as presented in ﬁgure.
These metallic meshes are positioned at the output of the laser and act as

(a)

Figure 4.10: a)Picture of a metallic mesh filter; b)Picture showing the set of
four metallic mesh filters and the beam homogenizer.

mask for the beam. Meshes with two different fractions of covered areas are
used, roughly 50% and 30% of free area. It is important to note that in all
cases both apertures of the meshes or their wires have typical dimensions of
hundreds of pm, so that no interference is observed. A total of four filters
is used, so that energy on the target can be changed from about 10mJ up
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to about 350mJ (without filters, only losses due to optics). To know the
exact energy on target a calibration is needed, and is done for each different
combination of filters by measuring energy at the output of the laser and
after all the optical path, as previously described.
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Chapter 5

Impulse generation by PVC:
comparison between carbon
nanoparticles and polymers as
absorbers.

Laser ablation of polymers is characterized by a wide variety of possible
ejected products, due to the very different structures and decomposition
paths possible for these materials. Compared to metals, polymers that
have high absorption in specific wavelength ranges show much lower abla-
tion thresholds, moreover since ablation proceeds by decomposition heavier
products are ejected.

From the point of view of propulsion, these features make polymers good
candidates to obtain high energetic efficiency (C,,) in the impulse generation
process. Another feature that make polymers a category of materials attract-
ing for LAP is their low thermal conductivity, that allows to reach conditions
for impulse generation even with very long pulses up to ms[I], that can be
obtained by very small diode lasers[2, [3] [4].

Polymers tested for impulse generation are generally chosen either because
they are easy to purchase, like for example PVC, PVN, PVA[5, 4], or because
they show an intense exothermic decomposition like GAP. Other experiments
have been performed also on specifically designed photopolymers[5]. Among
commercial polymers PVC proved promising performances in terms of higher
Cy, and I,,[5, 2], becoming a sort of benchmark material for these kind
of measurements. PVC shows very low optical absorption for wavelengths

95
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longer than 200nm, so commonly carbon nanoparticles (CNPs) are intro-
duced to increase its interaction with the laser. While in the case of PVC
optical absorption is increased by using CNPs, a most common strategy to
enhance laser ablation of polymers exploits the use of dye molecules or an-
other polymer that act as cromophore[6], [7, 8, [0, T0]. Using a dye, the same
absorption is present in all the sample; on the other side, using nanoparti-
cles localized absorption centers are created, while the surrounding polymer
matrix remains transparent.

It is therefore of interest to investigate the differences of these two different
absorption mechanisms in impulse generation. In particular, since polymers
are attractive in LAP for the high C,,, the energetic efficiency in the impulse
generation process obtained with these two absorption mechanisms must be
discussed.

This gives useful information about relevant material properties for LAP,
pointing at strategies for the developement of new, specifically designed ma-
terials.

In the following of this Chapter, PVC containing CNPs (PVC+CNPs),
which is a common LAP material, will be compared with PVC mixed with
poly(styrene sulfonate) (PVC:PSS) in order to clarify the role of localized or
uniform absorption in the impulse generation process. The comparison will
be made from the energetic point view, considering the thermodynamical
parameters that play a role in laser ablation and the impulse generated by
these materials.

5.1 Sample preparation

5.1.1 Materials

For this experiment commercial PVC precursor(Sigma-Aldrich, powder, av-
erage M, ~ 43000, average M,, ~ 22,000) and CNPs (carbon black, Sigma-
Aldrich, nanopowder, particle size < 500 nm, purity > 99.95%) are used, as
well as cyclohexanone, a good solvent for PVC. On the other hand PSS was
prepared in order to make it soluble in cyclohexanone too. PSS monomer
has negative charge, so a counter ion is needed in the material to have neu-
trality, the preparation then started with commercial NaPSS (poly(sodium
4-styrene-sulfonate), M, ~ 7000, Sigma-Aldrich) that is non-soluble in cy-
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clohexanone because of the Na™ ion. This ion is therefore substituted with
tetrabutylammonium (TBA™) to obtain solubility. To do this HPSS is ini-
tially obtained by precipitation of NaPSS in strongly acidic conditions by
adding HCI dropwise untill complete precipitation was observed, then HPSS
is collected on a filter and thoroughly washed with water. This polymer is
then suspended in water and TBAOH is added until neutral pH is obtained
and TBAPSS is dissolved. Finally TBAPSS is obtained after complete dry-
ing. For simplicity TBAPSS will be called PSS in the following.

5.1.2 Preparation procedure

Samples for impulse measurements on polymers are films, that must be thick
enough to resist the ablation process without breaking and with a uniform
surface structure, so that reproducible measurements are possible. The easi-
est way to obtain a polymer film containing CNPs is to start from a polymer
solution and deposit it on a substrate. Although this method, called solution
casting, easily allows to produce thick films, its main drawback is that non
uniform surfaces are obtained. Moreover, due to the very long evaporation
times, if also nanoparticles are present in the solution they may precipitate
so that also a non uniform dispersion is present.

To solve this problems the spin coating technique was used instead. This
technique consists in dropping the solution on a rotating substrate, so that
it is uniformly dispersed in a layer whose thickness depends on spinning ve-
locity and viscosity of solution. This method is usually employed for the
production of thin films, but it has the main advantages to generate uniform
surfaces and require short evaporation times. A multilayer procedure was
therefore developed to obtain thick films by spin coating having uniform sur-
face and good CNPs dispersion, as described in the following.

To prepare the solutions of PVC+CNP, PVC is dissolved in cyclohex-
anone. The solution is prepared by adding the polymer to the solvent, then
stirring for a few hours and successively leaving it in a ultrasonic bath for
another few hours. The concentration of PVC in cyclohexanone determines
the viscosity of the solution, which is a fundamental parameter for the film
fabrication by spin coating. Since the goal is to produce thick films, a vis-
cous solution containing 20 wt% PVC in cyclohexanone is used. The desired
quantity of CNPs is added to the PVC solution once the polymer is com-
pletely dissolved and it appears as a transparent fluid.
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The solution of PVC:PSS is obtained in a slightly different way, due to the
difficulty of disperse PSS in the viscous PVC solution. In this case a given
amount of PSS is initially dissolved in cyclohexanone by a few minutes ul-

trasonic bath, then PVC is added in order to obtain 20 wt% concentration
and is dissolved as described above. Table(5.1)) lists the prepared solutions.

absorber [g] | concentration [wt%] | sample name
0 0 PVC
0.04 1 PVC+1wt%CNPs
0.20 5 PVC+5wt%CNPs
2.06 34 PVC:PSS(66:34)
1.25 23 PVC:PSS(77:23)
0.69 15 PVC:PSS(85:15)

Table 5.1: Quantity of absorbers contained in 4g of PVC, corresponding
concentration and name of the samples.

In order to obtain thick films by spin coating a multilayer procedure was
developed, as presented in Figure. This procedure allows to obtain thick
films with uniform surface and with short evaporation times, so that no pre-
cipitation of CNPs occurs, and is based on the successive deposition of spin
coated layers. Each layer is deposited through a two steps process. In the
first step the solution is deposited either on the substrate or on the previ-
ously deposited layer, and then rotation starts at 300 RPM for 480s. During
this time, which is longer than usual duration for a spin coating procedure,
the polymer solution is uniformly dispersed in a thick layer because both
of its high viscosity and low spin velocity. At the end of the first step the
central part of the film is partially dried, but some solution gathers on the
borders and in particular on the corners of the substrate, so that a non uni-
form, wet region is present around the center. To solve this problem a second
spin coating step starting immediately after the first is employed, lasting 60 s
with spinning velocity of 1000 RPM, that removes the still wet solution on
the borders of the film, reducing the non uniform region.

In order to be able to deposit the following layer, the deposited polymer film
must be sufficiently dry so that the successive rotations doesn’t remove it,
therefore after each deposition the film is partially dried for 30 min at 40°C.
One fundamental feature of this procedure is that it allows to obtain thick
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Multilayer spin coating procedure
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Figure 5.1: Scheme of the employed multilayer spin coating procedure.

films by superimposing successive layers that are mixed through the disso-
lution of the interface so that single bulky layer is obtained. This happens
because when new solution is dropped on a previously deposited polymer
layer it is partially dissolved so that at the end of the two spinning steps
a single thicker layer is obtained, as depicted in Figure(5.1). Of course an
important requirement for this procedure is that the previous layer must be
sufficiently thick, in order to avoid its total dissolution. Another feature of
this procedure is that the thickness of the film does not grow linearly with the
number of layers, probably because flowing of the new solution over an al-
ready deposited layer is more difficult, since a very viscous solution is present
at the interface where the previous layer is dissolving.

Once the desired number of layers has been deposited, the film is dried for 3h
at 80°C. As discussed more in detail later, this drying procedure still leaves
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some solvent traces in the samples, but these don’t affect impulse generation.
A different number of layers is used depending on the measurement: a film
with a single layer, with a thickness of about 10 pm is used for optical ab-
sorption measurements, while a more robust film made with three layers and
a thickness of about 50 pm is used for impulse measurement.

5.2 Characterization

5.2.1 Sample structure

The structure of the prepared polymer films is studied by means of Scanning
Electron Microscopy (SEM), observing in particular their cross section. This
allows to check the presence and dispersion of CNPs in the polymer matrix
and also the absence of interfaces between the spin coated layers. To obtain
a clear cross section of the films, they are cut inside liquid nitrogen, in order
to obtain a fragile fracture without deformations.

Figure(p.2)) presents images of cross sections obtained on different samples,
and with different numbers of layers. Figure,a) shows the cross section
of a neat PVC film, composed by five superimposed layers, where it clearly
appears that no interfaces are visible and also uniform surfaces are present, at
least on this scale. The same observations hold also in case of Figureb,d)
where three layers are deposited and CNPs and PSS are respectively included
in the sample. A sample containing CNPs is presented in Figure,b,c),
here CNPs of typical size ~ 500nm are clearly visible as embedded in the
PVC matrix and uniformly dispersed throughout all the thickness. Moreover
no cluster are observed, confirming the goodness of the procedure of solution
preparation and film deposition. Finally Figure,d) shows a sample of
PVC:PSS, where no different regions corresponding either to PVC or PSS
are observed, suggesting that the two polymers are homogeneously mixed.

5.2.2 Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) is a commonly used characteriza-
tion technique for polymers, in particular to define the temperature of glass
transition (7)), melting (when present) and thermal decomposition. The
idea at the base of this technique is to measure the difference in power to
give to a reference furnace and to a furnace containing the sample needed
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Figure 5.2: SEM images of cross section of the prepared polymer films. a)
neat PVC film made successive deposition of five layers; b),c)three layer
PVC+5wt%CNPs film; ¢)Three layer PVC:PSS film.

to make the same temperature ramp on both. For this reason, paying par-
ticular care at the measurement procedure, DSC is also a good technique to
measure specific heat C,. In fact C), can be written as a function of the DSC
output signal, which is an heat flow (HF), measured in W, the heating rate
(HR) measured in Ks™' and the mass of the sample m. This is expressed by
equation ((5.1])

Cy=

HF [ W ] 6.1)

mHR |gKs™!
Here DSC is exploited in particular to measure the C, of the studied mate-
rials. Even if in principle C), can be obtained from equation , particular
care is needed to evaluate all the factors that may affect the measured heat
flow. In particular it is found that the power difference measured to keep
both reference and sample at the same constant temperature, changes with
temperature because of the different importance of thermal losses.
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A particular procedure called two curve method must then be used to keep
this into account[I1]. Each curve is acquired by keeping reference and sample
at a constant initial temperature for a few minutes, then their temperature
is increased at a given heating rate an finally they are kept at the final tem-
perature for few minutes. The first of the two curves is a baseline, which is
acquired by measuring the reference and the empty sample pan, the second
curve is acquired with the reference and the sample.
When measurements are made on polymers, another good practice is to re-
peat the temperature ramp twice, separated by a controlled cooling step.
This allows to release stresses created in the thermal treatment of sample
preparation during the first run so that a clean measure is obtained in the
second one.

Figure shows the C), as a function of temperature for the prepared sam-
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Figure 5.3: DSC measurement of specific heat of all the polymer samples.
ples, computed from equation (5.1)) and using an heating rate of 5 K min™!.
PVC and all the samples of PVC+CNPs have the same C), since the mass
fraction of CNPs in PVC is very small. In these curves it is also possible
to see a step in C), corresponding to the glass transition of the polymer, at
a temperature 7, ~ 315K. This value is considerably lower than the ex-
pected one for PVC, which is about 355 K[12], due to the presence of solvent
residues that act as plasticizer so that polymer chain can move more easily
with respect to each other. Except for the position of the glass transition, the
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obtained C,, is in good agreement with literature data[I2]. In order to confirm
that T, reduction is due to sample preparation procedure, a DSC measure
on the as received PVC powder is made, as presented in Figure, where
the glass transition at the expected temperature is visible.

Higher C,, is instead observed in the case of PVC:PSS samples. Here it is pos-

1.9 T T T T T T T T T

1.8+ -
—PVC powder

1.7

1.6

15

1.4

C, /Kl

13

1 1 1 1 1 1 1 1 1 1
300 310 320 330 340 350 360 370 380 390 400

Temperature [K]

Figure 5.4: DSC measurement on the as received PVC powder, showing glass
transition at the expected temperature.

sible to note that C), grows with increasing PSS concentration and that again
a step-like behaviour is observed at the same temperature of measured PVC
glass transition. Another important observation about the measurements
on PVC:PSS is that C), starts to decrease at about 375K. This suggests
the initiation of an exothermic thermal decomposition of these materials,
as confirmed also by thermal desorption spectroscopy measurements in the
following. Since thermal decomposition of these polymers occurs during the
measurements, the first DSC run is showed for PVC:PSS samples.

An additional DSC measurement is also made in order to confirm the
presence of solvent residues in the samples and its effect as plasticizer, as
presented on Figure. Another series of PVC+1wt%CNPs samples is
prepared and dried at different temperatures ranging from 40°C to 160°C
for 3h. In this case heat flow is measured instead of C),, since the interest
is on the position of the glass transition. As clear from Figure increas-
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Figure 5.5: DSC measurement on PVC+1wt% dried at different tempera-
tures.

ing drying temperature moves the position of the glass transition up to the
expected value for PVC, since solvent residues are progressively released.
No variations in glass transition temperature are instead observed when the
sample is dried at the same temperature (80°C) for times as long as one
week, suggesting that solvent release is not a matter of diffusion in the sam-
ple but is a thermally activated process. An additional confirmation of these
points comes also from thermal desorption measurements, giving also other
information on the solvent release process.

5.2.3 Thermal Desorption Spectroscopy (TDS)

In thermal desorption spectroscopy (TDS) the sample undergoes a controlled
increasing temperature ramp, while mass spectroscopy of the desorbed prod-
ucts is made. This kind of measurement allow then to observe the temper-
ature at which a given molecule leaves the sample. In this case then it can
be used to observe the possible solvent release and thermal decomposition
of the polymer samples. In the case of PVC, the first step of its thermal
decomposition is expected to occur at about 500 K[13]. Measurements here
presented are performed using an heating rate of 0.4 K min~! going from room
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temperature up to temperatures slightly above the beginning of thermal de-
composition, where the massive ejection of HCI saturates the spectrometer
and might also damage the instrument.

Figure shows TDS spectra for cyclohexanone and HCI. It is possible
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Figure 5.6: TDS measurements on all the samples. Dots indicate measure-
ment on cyclohexanone desorption, red lines the corresponding computed
desorption curve and yellow line the measurement on HCI release.

to see that a peak related to solvent released is observed for all the samples,
roughly at the same temperature of 370 K and at slightly higher tempera-
tures in the case of PVC:PSS(66:34). This of course confirms the presence
of solvent residues inside the samples, even if it is not possible to make an
estimation of the quantity. HCI release occurs at ~ 450 K for the neat PVC
sample and for all the samples containing CNPs, showing again that this
kind of absorbers doesn’t affect thermal properties of the material. A dif-
ferent behaviour is instead observed in the case of PVC:PSS samples, where
decomposition temperature is in general lower than that observed for neat
PVC and also decreases with increasing concentration. This is particularly
evident in the case of the most concentrated sample PVC:PSS(66:34), where
HCl release starts before solvent release. This fact is in good agreement with
the exothermic reaction observed in DSC measurements, and is due to the
fact that TBA acts as a catalyst for PVC dehydrochlorination[I4]. This fact
will help in the comparison of the investigated materials from the point of
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view of energy needed for thermal decomposition, as discussed further in this
chapter.

From a more quantitative point of view, it is possible to fit the peak
observed for cyclohexanone release, in order to give a description of the des-
orption process. Thermal desorption of cyclohexanone is in principle con-
trolled by three processes: the release from the polymer sites where they
are trapped, their migration to the film surface, and finally their desorption.
Solvent release during the measurement can be therefore described as a dif-
fusion problem, where its concentration ¢(z,t) changes in time and along the
thickness of the material according to[15, [16]

Oc(x,t) 0%c(z,t)
00(x,t) (s, 1)
ot ’

Where N is the density of solvent sites in the polymer, z € [0,h] is the
direction of solvent diffusion, with = 0 and x = h the two opposite surfaces
of the film and 6(z,t) € [0, 1] is the fractional occupancy, so that 0(x,t) =0
means that all the sites are empty while §(z,¢) = 1 means that all the sites
are full. D(T) is the diffusion coefficient for cyclohexanone in PVC and p(T')
is the probability for a solvent molecule to be released from its site and n
is the desorption order. Temperature dependence of D and p follows an

Arrhenius type behaviour so that it can be written as D(T') = Dgexp (%)

and p(T) = yyexp <I£—’“T> A solvent molecule must overcome an energy
barrier Ej in order to leave its site in the molecule, this energy comes from
thermal fluctuations so that the pre-exponential term 14 can be seen as the
frequency at which this energy barrier is confronted by the molecule and can
be written as vy = kgT/h ~ 10'2 — 10'® s7! where & is the Plank constant.
The diffusion problem can therefore be solved and the solvent desorption flux

measured by the spectrometer can be eventually computed as

j(t)=-D <acg;, t>>x:0 -D <acg[; t>>x:h (5.3)

By following this approach, starting from literature parameters[17] it is possi-
ble to reproduce the temperature corresponding to the maximum of solvent
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desorption, however computed peaks are much larger than measured one.
This suggests that solvent diffusion is a rate limiting process, so that sol-
vent desorption was assumed to be controlled only by the release of solvent
molecules from their sites and the desorption flux is therefore proportional
to

50) o =220 _ g (5.4
In this way solvent desorption curves fitting the measured peaks are obtained,
as shown in Figure. This is a further confirmation that cyclohexanone
release from PVC is a thermally activated process, so that it is not possible
to eliminate it by drying the sample for longer times at lower temperature,
as also observed experimentally.

5.2.4 UV-visible spectroscopy

To characterize the investigated materials from the optical point of view films
with thickness of about 10 pm are used, deposited on a quartz substrate as a
single layer of the spin coating procedure previously described. Quartz was
used as substrate instead of glass because of its low absorption in the UV
part of the spectrum, where samples need to be characterized because laser
used for impulse generation emits at 248 nm wavelength.

The aim of optical characterization in this case is to quantify how much of
laser radiation is absorbed by the sample, and therefore can contribute to
ablation. This is done by measuring optical absorbance, defined as

AN = —log,g (%) — ¢(\)ch (5.5)

where I and [ are respectively the transmitted and incoming intensities.
From this measurement is then useful to compute the penetration depth of
laser radiation in the sample, which is in principle related to the Lambert-
Beer law

Ir = Iyexp —a(N)d (5.6)

In order to use equation, however, a fundamental requirement is that ab-
sorbance must grow linearly with concentration, as expressed in equation
with €(\) called the molar extinction coefficient, ¢ the concentration of the
absorber and h the path of the radiation in the sample, that in case of a film
is its thickness.
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Even if the same spin coating procedure and the same concentration of PVC
in cyclohexanone are used to prepare films for this measurement, slightly
different thicknesses can be obtained for different samples, due to the high
viscosity of the solutions and to the presence of CNPs or PSS. Film thick-
ness is therefore measured for each material by using a mechanical stylus
profilometer (Dectak ITA), by simply cutting half of the film and measuring
the height of the step when stylus moves from the substrate up to the film.
Film thickness typically show 10% variations for the different samples, so the
linearity of absorbance with concentration of absorber is verified by dividing
it for film thickness, as presented in Figure where linearity with concen-
tration is clearly confirmed.

It is now possible to define an absorption coefficient «(A) according to
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Figure 5.7: Measured absorbance normalized for film thickness as a function
of absorber concentration. Note the much fast increase in absorbance given
by the addition of CNPs with respect to PSS. Typical uncertainty in this
measurement is 1%, mainly coming from uncertainty in thickness measure-
ment.

equation. Figure shows « as a function of wavelength in the range
between 200 nm and 300nm, and a line corresponding to laser wavelength,
248 nm. Neat PVC shows very low optical absorption at laser wavelength,
while the introduction of absorbers clearly increases it. In particular it is
possible to note that the addition of CNPs leads to a much faster increase in
absorption compared to PSS as clear from Figure. Moreover optical ab-
sorption at 248 nm for PVC+1 wt% CNPs is almost equal to that obtained in
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Figure 5.8: Absorption coefficient in the UV spectrum for all the considered
samples. Dotted vertical line indicates laser wavelength.

the case of PVC:PSS(66:34), allowing to compare the ablation properties of
two materials that have very similar interaction volumes with laser radiation.

It must be considered eventually that absorbance is in principle due to
both absorption and scattering. This clearly requires particular attention in
the case of samples containing CNPs, since they have ~500nm size, which
is comparable to laser wavelength. Scattering and absorption for this kind
of nanoparticles is well described by Mie theory[18] even if their shape is not
spherical. Nevertheless, the validity of Mie theory for this kind of CNPs is
confirmed in literature[19, 20]. Computing scattering and absorption cross
sections[21] comparable values are obtained, meaning that both the phenom-
ena occur.

It is also possible to observe the angular distribution of the scattered radi-
ation, as presented by Figure, where it can be noted that it is strongly
peaked in the forward direction. Since absorbance measurements are per-
formed by measuring the transmitted intensity in the same direction of in-
coming light, it is then reasonable to assume that also the scattered radiation
is collected by the detector as transmitted. Multiple scattering events, more-
over, are not present due to the linearity of absorbance with concentration,
and in any case would result in even more forward peaked distributions[22].



110 CHAPTER 5. IMPULSE GENERATION BY PVC

90
120 60

150 30
plane wave

incoming light

— 180 < > 0

5 500

S,

210 o 330

£ 1000

C

]

S

240 1500 300
270

Scattering Angle [deg]

Figure 5.9: Angular distribution of the radiation scattered by a CNP with
300 nm size as computed using Mie theory. Strong peacking of scattered light
in the forward direction is visible.

Measured absorbance can be considered therefore as mainly due to absorp-
tion. This assumption will be confirmed experimentally in the next chapter,
where effects of scattering and absorption are measured separately.

5.2.5 Impulse measurements

Mechanical impulse generated by laser ablation of the investigated materials
is measured using the experimental apparatus presented in Chapter 3 and
using the uniform beam intensity distribution presented in Chapter 4.

Figure,a,b) show results obtained on PVC, PVC+CNPs and PVC:PSS
for flueces up to 3J/cm?. First of all an experimental observation is possi-
ble: to complete a curve for a given material several different samples are
needed, and reproducible results falling on the same curve are obtained. To
have a sufficient number of targets the preparation procedure was repeated
a few times; moreover each different target fixed on the pendulum changes
its center of mass and moment of inertia. The fact that a single curve for
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Figure 5.10: Impulse measured on the prepared polymer samples.

each material is obtained confirms both the reproducibility of the prepara-
tion procedure and the coherence of the measurement of geometric and mass
properties of the pendulum presented in Chapter 3, as well as the validity of
all impulse measurement procedure.

From Figure(5.10la) it clearly appears that no impulse is observed in the
case of neat PVC, while the introduction of absorbers enables impulse gen-
eration, as observed for all the other samples. In all cases impulse grows
linearly with laser fluence, above a threshold value. The curves obtained
for the different materials under investigation can therefore be compared by
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looking at the impulse generation threshold (Fj,) and the rate of impulse
increase with fluence.

Starting from this second parameter, obtained results show that impulse
grows at the same rate with fluence for all the considered samples, except
for the PVC+5wt%CNPs case that show a slight difference. As visible from
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Figure 5.11: Comparison between impulse generated by PVC samples and
aluminum. Different rate of impulse increasing with fluence is visible for the
different materials

Figure, if impulse curves obtained for these samples are compared with
impulse generated by a different material, like aluminum, different slopes are
clearly visible, suggesting that this feature is material-dependent. This means
that, in the case of polymer samples here considered, impulse generation is
due to ablation of the same material, that is, PVC. In other words, this obser-
vation suggests that PSS or CNPs ejection during ablation plays a minor role
in impulse generation. Differences observed in the case of PVC+5wt%CNPs
can be explained instead by the fact that the higher CNPs concentration
leads to fractures in the material during ablation, resulting probably in the
ejection of slow, heavy solid fragments.

Moving to impulse generation threshold, this parameter can be estimated
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smaple Fy,
PVC+1wt%CNPs | 0.5
PVC+5wt%CNPs | 0.2
PVC:PSS(85:15) | 1.0
PVC:PSS(77:23) | L.1
PVC:PSS(66:34) | 1.0

Table 5.2: Impulse generation threshold Fj,. Error on the estimated Fj
value is 0.1 J/cm?

by fitting the linear part of impulse curve and computing fluence corre-
sponding to J = 0. In this case differences exist between PVC+CNPs and
PVC:PSS, as better visible in Figure. In the case of PVC+CNPs a
value Fyp 5wy = 0.2 J/ cm? is observed for the sample containing 5 wt%
CNPs while Fp, 169 = 0.5 J/cm? is obtained in the case of 1 wt% CNPs. In
the case of 1 wt% CNPs concentration a quite long tail is present, so that
non zero impulses are detectable also at fluences lower than Fyj, 1,49 and
close to Fij, sui%. However, by looking at optical microscope images of abla-

Figure 5.12: Optical images of ablation craters on PVC+1wt%CNPs ob-
tained at 0.49 J/cm?(a)) and 0.62 J/cm?(b))

tion craters on the PVC+1wt%CNPs sample it is possible to observe a clear
variation in surface morphology when fluence overcomes Fyj, 1,1%, so that this
threshold definition sound reasonable. Such change in surface morphology is
visible also by stylus profilometry and SEM, and will be discussed in detail
in the Chapter 6, along with its relation to the mass ejection mechanism.

Considerably higher Fy, values are observed for PVC:PSS samples, as visi-
ble in Figure(5.10b). In this case the same threshold is observed for all the
samples, even if they have different optical absorption. On the other hand,
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comparing PVC+1wt%CNPs and PVC:PSS(66:34) samples, much different
values of F}, are obtained, even if they have very similar optical absorption.
This leads to interesting considerations when discussing optical coupling of
these materials with laser radiation from the energetic point of view, as pre-
sented in the next section.

In order to discuss energetic efficiency in the impulse generation process
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Figure 5.13:  Obtained (), curves for PVC+CNPs samples and
PVC:PSS(66:34). Other PVC:PSS curves are not shown because are equal
to the showed one.

and to compare obtained results with literature coupling coefficient C,, is
computed, as presented in Figure. Only one curve is presented for the
PVC:PSS samples since they show very similar behaviour. Consequences
of lowering F}, are clearly visible by comparing curves corresponding to
PVC+1wt%CNPs and PVC:PSS(66:34). Being C,, inversely proportional
to the laser pulse energy, clearly a lower F};, brings to an increase in the en-
ergetic efficiency of the process, moreover the maximum of C,, curve seems
to occur at lower fluences in the case of PVC+1wt%CNPs. A similar effect
is visible for PVC+5wt%CNPs: here the fact that impulse increasing rate
is lower than the other samples results in a maximum (), lower than that
observed for PVC+1wt%CNPs.

Results obtained on PVC+CNP are also surprisingly similar to other mea-
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surements on the same material under very different experimental conditions,
using IR wavelength and much longer pulse duration ranging from 100 ps [2]
to hundreds of ms][I].

Some final considerations on impulse measurements concern the role of
solvent traces in the sample. As previously observed, solvent traces can be
removed by increasing the drying temperature as clear from DSC curves in
Figure. Impulse measurements are therefore made on PVC+1wt%CNPs
samples dryed at 40°C, 80°C, 120°C, 160°C, as presented in Figure.

No differences are visible in the obtained impulse curves, confirming that
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Figure 5.14: Impulse measured on PVC+1wt%CNPs dried at different tem-
peratures. All the curves agree with each other, confirming that solvent does
not affect impulse generation.

solvent traces do not affect impulse generation. Moreover, the presence of
different amounts of solvent in these samples also change their mechanical
properties, since it act as plasticizer. The fact that no differences are observed
in impulse generation suggests also that mechanical properties play a minor
role in this process.
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5.3 Discussion

Thermal decomposition of the investigated materials observed by TDS shows
that the addition of PSS leads to a consistent reduction of decomposition
temperature Ty, with respect to neat PVC or PVC+CNPs. These measure-
ments also confirmed that thermal decomposition of all the samples proceed
in the same way, with the ejection of HCl. Moreover DSC measurements gave
other important thermodynamic information about the specific heat C,(7T")
of the samples, showing that it is not affected by CNPs, but it increases with
the addition of PSS.

It is possible then to compare PVC+CNPs and PVC:PSS by estimating the
energy needed to achieve thermal decomposition of the materials, given by

Tgec
FEaec :/ pCP<T)dT (57)
To

where T, is room temperature and p = 1.4 g/cm?® is PVC mass density
assumed to the same for all samples. From equation it results that
Eiee.pve:pss < Eaeepve, because, even if PVC:PSS has a higher C,, ther-
mal decomposition occurs at much lower temperature. As an example it
is possible to compare Egec pve:psses:3a) (the sample with higher C),) with
neat Fge. pvc, which is identical to PVC+CNPs samples. By using in equa-
tion(5.7) To = 298 K, Tyee,pve = 500 K and Ty pye = 350 K it is obtained
Edec,PVC = 587 J/cm3 and Edec,PVC:PSS =125 J/cm3.

Moving to laser ablation, this also proceeds by thermal decomposition of
the samples with HCI ejection, as commonly accepted in literature[l] and
proved experimentally in the next Chapter. In this case an opposite be-
haviour is observed with respect to TDS measurements: a lower value of Fj,
is observed for PVC4+CNPs. This means that, when thermal decomposition
is reached by means of laser irradiation, a lower amount of energy is required
when using CNPs as absorbers with respect to PSS.

When thermal decomposition is reached by simply heating the material,
like in TDS or DSC, the same temperature is present at any point of the
sample at any time. On the other hand during laser irradiation temperature
increase of the samples occurs differently in PVC+CNPs than PVC:PSS, be-
cause of the different distribution of optical absorption sites in the material
as presented in F igure. As clear from SEM images, CNPs act as iso-



5.3. DISCUSSION 117

PVC + PSS

Uniform laser
a) % :> absorption

PVC

N ® pVC+CNPo
0 %0 o ;
b) (] ° [ ) :> Localized laser

o absorption
.. ... ® p

Figure 5.15: Scheme of the different distribution of absorbers in the synthe-
sized materials.

lated localized absorbers for laser radiation, while PSS is homogeneously dis-
tributed throughout all the sample. The fact that a lower F}, is observed for
for PVC+CNPs, even if less energy is needed to bring PVC:PSS to thermal
decomposition, shows that localized absorption obtained with nanoparticles
is a more energetically efficient way to absorb and exploit laser radiation.
Considering the case in which laser-material interaction volume is similar, as
happens for example comparing PVC+1wt%CNPs and PVC:PSS(66:34), the
observed difference in Fj;, shows that laser radiation is exploited differently.
As discussed more in detail in the following chapter, in PVC4+CNPs laser
radiation is absorbed by CNPs so that their temperature increases. Succes-
sively heat diffuses towards PVC matrix causing the thermal decomposition
of a shell surrounding the CNP. In other words hot-spots at high tempera-
ture are generated in the material during laser irradiation, while interstitial
regions remain cold and are heated on longer times because of heat diffusion.
A very different situation is present in the case of PVC:PSS, where a uni-
form temperature increase occurs. If the same energy is absorbed in the same
volume of these two materials, of course temperatures sufficiently high for
PVC decomposition will be reached at lower laser energies when absorption
is localized in hot-spots.

These results investigations allow then to point at localized optical ab-
sorption of laser radiation as a more efficient coupling strategy to enable
laser ablation an impulse generation of PVC. This in turn represents an in-
dication for the development of specifically designed materials to be used for
LAP applications.
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Chapter 6

Role of carbon nanoparticles
size and number concentration
as absorbers in PVC for
impulse generation

In Chapter 5 localized laser absorption obtained by embedding CNPs in PVC
proved to be more energetically efficient in impulse generation, compared to
uniform absorption. To move further in this direction, in order establish
relevant material properties for LAP, an interesting possibility is now to in-
vestigate the role of CNPs size, morphology and concentration in this process.
As previously discussed, PVC+CNPs is considered a sort of benchmark ma-
terial for LAP experiments, and impulse measurements can be found in dif-
ferent works|1, 2, 3, 4]. Particular features of employed CNPs however are
not clarified, as well as their connection with ablation of PVC and impulse
generation. Ablation of PVC+CNPs is expected to proceed with laser ab-
sorption by CNPs, followed by their temperature increase and heat diffusion
towards PVC matrix, that eventually decompose causing mass ejection. It
is then reasonable to expect that differences in CNPs size, morphology and
concentration may in some way affect propulsion performances, since they
play a role in optical absorption of laser radiation and in heat distribution
in the PVC matrix.

An experimental investigation on the role of CNPs in laser ablation of
PVC is presented in this Chapter. Both commercial and synthesised carbon
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nanoparticles with different sizes and morphology are embedded in PVC,
samples are then characterized in order to understand the role of differences
in structure, in optical interaction with laser and impulse generation. An ad-
ditional structural and compositional analysis is then conducted on ablation
craters, confirming experimentally the mechanism of ablation. Moreover,
impulse measurements on graphite are also performed in order to check the
possibility to have ablation of embedded CNPs.

Differences in CNPs are observed to affect mainly optical absorption of the
sample, which in turn affects the fluence threshold for impulse generation
Fip. The most important parameter related to CNPs size and concentration
is their number density, that when increased results in a reduction of Fj,.
A lower limit for Fj;, is found, that can be explained by considering again
CNPs as isolated absorbers.

6.1 Sample preparation

6.1.1 Materials

As made in Chapter 5, PVC (Sigma-Aldrich, powder, average M,, ~ 43000
gmol ™!, average M, ~ 22000gmol ') is used by dissolving it in cyclohex-
anone (Sigma-Aldrich).

Two different commercial (Sigma-Aldrich) carbon nanoparticles with nom-
inal size < 100 nm and < 500 nm are used. Additionally other carbon
nanoparticles with size ~ 1pm and ~ 250nm are synthesised by hydrother-
mal carbonization (HTC)[5].

6.1.2 Preparation procedure

The same procedure for polymer dissolution and spin coating described in
Chapter 5 is used here to prepare polymer films. However following this
procedure the presence of large clusters (~ 10 pm) is observed when using
commercial CNPs with nominal size < 100 nm and HTC particles with size
~ 250 nm, so a slightly different procedure is used to remove them. Instead
of adding CNPs after the complete dissolution of PVC, they are first put in
cyclohexanone and left in ultrasonic bath for ~ 3 h. As confirmed by SEM
analysis, this allows to remove clusters in the case of < 100 nm CNPs but not
in the case of ~ 250 nm ones: in this second case it was not possible to remove
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clusters. Successively PVC is added to cyclohexanone containing CNPs, by
adding 25% of the final PVC mass every 24 h: this allows to dissolve the
polymer in a less viscous solution, so that CNPs are more easily dispersed.
For the purpose of this investigation on the role of CNPs size in impulse
generation, clusters can also be considered as very large particles, so samples
containing them can also be included in the experiment. All the considered
samples are listed in table.

Sample name CNPs size | CNPs [wt%)] | Clusters

PVC+1wt%CNPs(1 pm) Ipm 1 no
PVC+0.5wt%CNPs(500 nm) 500 nm 0.5 no
PVC+1wt%CNPs(500 nm) 500 nm 1 no
PVC+2wt%CNPs(500 nm) 500 nm 2 no
PVC+1wt%CNPs(100 nm) 100 nm 1 no
PVC+1wt%CNPs*(100 nm) 100 nm 1 yes
PVC+1wt%CNPs*(250 nm) 250 nm 1 yes

Table 6.1: Fabricated samples. The symbol * indicates samples containing
clusters.

6.2 SEM analysis of samples

SEM gives useful information both on the structure and actual size of CNPs
and on the structure of the prepared polymer films.

Information on CNPs is obtained by scanning transmission electron mi-
croscopy (STEM). For this kind of analysis a very diluted colloidal suspension
of CNPs in cyclohexanone is prepared and left in ultrasonic bath. Then a
single droplet is deposited on a TEM grid and let evaporate leaving CNPs
on it. Figure presents CNPs and clusters considered for sample prepa-
ration. HTC particles with typical size ~ 1pm in Figure(6.1}a) show a well
defined spherical shape and also similar sizes. On the other hand commercial
CNPs(500 nm) are composed by grains with size of some tens of nm that are
fused together so that very different shapes are observed. In any case typical
sizes are ~ 500 nm and no clusters are observed.

A different situation is instead observed when CNPs(100 nm) are considered.
If only a few minutes in ultrasonic bath are used to prepare the colloidal
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— 1 pm - —_— 1 pum

Figure 6.1: STEM images of used CNPs. a)CNPs synthesised by HTC;
b)commercial CNPs with nominal size < 500 nm; c)cluster formed by com-
mercial CNPs with nominal size < 100 nm after few minutes in ultrasonic
bath; d)commercial CNPs with nominal size < 100 nm obtained after few
hours ultrasonic bath.

suspension, large clusters are observed, as visible in Figurec). If on the
other hand the suspension is left in the ultrasonic bath for ~ 3 h clusters
are removed, as presented in Figured). In this case also a few larger
particles with size ~ 1 pm are visible, however to a closer inspection they
appear flat and composed by many smaller particles, suggesting that some
agglomeration occurs on the TEM grid while the droplet is drying, but no
clusters are present in the colloidal dispersion.

Very large clusters are instead obtained in the case of HTC CNPs(~ 250
nm), as clearly visible in Figurea). In this case SEM images are presented
instead of STEM. Also in this case single CNPs are spherical, with typical
size ~ 250 nm, but they look as stuck together as clear from Figureb).
Even with very long times in ultrasonic bath it was not possible to break
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Figure 6.2: a)large clusters formed by HTC synthesised CNPs with typical
size ~ 250 nm; b)higher magnification image on a cluster showing the single
CNPs.

these clusters, suggesting that they arise directly from HTC preparation.

The presence of clusters is confirmed also by looking at the surfaces of poly-
mer films. Figure(6.3) compares the surface of PVC+1wt%CNPs(500 nm)
with that of PVC+1wt%CNPs*(100 nm), that contains clusters like the one
shown in Figure(6.1c). Clusters in PVC+1wt%CNPs*(100nm) case appear
as large defects on the surface, that are not visible in PVC+1wt%CNPs
(500 nm).

Figure presents two examples of cross sections of the prepared polymer

films, for CNPs(1pm) and CNPs(100 nm) samples. The presence of CNPs is
clearly visible in Figurea), thanks to their spherical shape that allows to
easily find them or the holes they leave during cutting. The irregular shape
of commercial CNPs makes instead their identification much more difficult,
as clear from Figure(6.4b).
Figure,a) allows to confirm the uniform dispersion of CNPs in the film,
that can be assumed to hold also for all the other cases, since the same film
deposition procedure is used. It is also worth noting here that the spherical
shape of CNPs prepared by HTC represents an extremely useful situation
for the study of these materials. In fact they are, as said, easily found in the
samples and may also allow to define a size distribution, useful for possible
quantitative analysis.
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clusters b) no clusters

Figure 6.3: SEM images of surfaces of prepared polymer films.
a)PVC+1wt%CNPs*(100 nm); b)PVC+1wt%CNPs(500 nm);

6.3 Optical characterization

Optical characterization of the prepared samples is performed in order to
look at possible effects of CNPs properties in the interaction with laser radi-
ation. The final goal, to discuss laser ablation, is to measure the quantity of
incoming radiation that is absorbed by the material.

In this kind of measurement, scattering may play a significant role, since all
the samples contain isolated particles that in most of the cases have size com-
parable with wavelengths used for optical characterization. To keep scattered
radiation into account, an integrating sphere is used, allowing to measure all
the radiation transmitted or reflected at all angles. The measurement then
takes place by acquiring the fraction of incoming energy reflected at all an-
gles, %R, and the transmitted fraction at all angles, %T, that are obtained
from two independent measurements. The fraction of incoming radiation
absorbed in the material is therefore given by

%A =100 —%T — %R (6.1)
An example of the obtained spectra in the case of the PVC+1wt%CNPs
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Figure 6.4: SEM images of fils cross sections. a)PVC+1wt%CNPs(1um);
b)PVC+1wt%CNPs(500 nm);
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Figure 6.5: a)Measured curves of %R and %7 and computed %A through
equation b)Oscillations observed in specular reflection.

(500 nm) sample is shown in Figure(6.5[a), where it can be seen that %R is
very low, as observed also for all other samples, so that the main contribution
to %A comes from %T.

Obtained %A values can not be compared directly, since polymer films may
have different thicknesses, due to slight variation in solution viscosity. Film
thickness therefore must be measured in order to compare light absorption
by these materials. This can be done by exploiting the fact that interference
occurs due to multiple reflections between the two surfaces of the film, so
that specular reflection (that accounts for almost all of the reflected light)
shows an oscillating behaviour, presented in Figure,b). The wavelength
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of the maxima \,, their separation A\ and the refraction index can be then
related to the thickness of the film through the relation[]

Ap + AN
PonAN

The thickness of polymer films is therefore estimated through equation
by considering the maxima in the wavelength range between 500 and 800 nm,
where the refractive index of PVC n = 1.54 can be considered constant[7].
Obtained values of h are listed in table.

Optical absorption of these films can be compared by considering the absorp-
tion coefficient « defined by Lambert-Beer law

I 100 — %A
Iy 100

h=A (6.2)

= exp (—ah) (6.3)

To use equation a fundamental requirement is that o must grow lin-
early with concentration of absorber, meaning that no multiple scattering
occurs when the number of scatterers increase[§]. Absorption coefficient « is
therefore computed for samples containing CNPs(500nm) at different con-
centrations, as presented in Figure,a), where its linear increase with con-
centration is clearly confirmed.

Equation is then used for all the samples, obtaining « as shown in

—PVC

2500 [ T T T o 3500 b [ [ " | —— PVC+1Wt%CNPs(1 zm)
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Figure 6.6: a)linear increase in absorption coefficient with concentration of
CNPs(500 nm); b)absorption spectra obtained for all the samples, the curves
indicated in the legend by * contain clusters.

Figure(6.6]b) for all the prepared samples, and values of (248 nm) are listed
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in table(6.2)).

From Figure,b) it is possible to see that PVC is almost transparent for

Sample name h [pm] | afem™!]
PVC 93+04 190
PVC+1wt%CNPs(1 pm) 9.4+0.7 796
PVC+0.5wt%CNPs(500nm) | 9.2 4+ 0.4 833
PVC 1 Iwt%CNPs(500nm) | 10.1£0.9 | 1355
PVC+2wt%CNPs(500nm) | 9.4 £0.8 2475
PVC+1wt%CNPs(100 nm) 9.4+£0.5 2214
PVC1wt%CNPs*(100nm) | 9.7 £08 | 992
PVCH+1wt%CNPs*(250nm) | 9.7+ 0.5 843

Table 6.2: Thickness h and absorption coefficient o obtained from optical
characterization of the samples.

wavelengths longer than 200 nm, and that in all cases the addition of CNPs
causes a consistent increase in optical absorption, as already observed in
Chapter 5. Considerable differences in absorption among samples containing
the same concentration of CNPs (1 wt%) are observed. In particular it can
be noted that the presence of clusters reduces absorption, as visible com-
paring « obtained on samples containing CNPs(100nm). This observation,
together with the fact that « increases with concentration of CNPs, leads to
the conclusion that the parameter that tunes optical absorption in the mate-
rial is the number density of localized absorbers. From the point of view of
size of CNPs it is possible to conclude that, for a given total mass of CNPs
in the sample (fixed wt% concentration), a higher absorption coefficient will
be obtained if CNPs are smaller.

6.4 Impulse measurement

Figure,a) shows two of the impulse curves obtained for the prepared sam-
ples, corresponding to samples with low and high «. The curves obtained
for the other materials are not shown for clarity, being all very similar to the
presented ones.

As already discussed in Chapter 5, these curves can be compared by look-
ing at the fluence threshold for impulse generation (Fj;,) and to the rate of
impulse increase with fluence. As visible, the slope of impulse curves is the
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Figure 6.7: a)lmpulse measured for high and low absorption samples;
b)corresponding C,, curve.

same for all the considered PVC+CNPs samples, suggesting that ablation
and impulse generation proceeds in the same way for all the samples, as
confirmed also in the following by SEM analysis of ablation craters. The
value of Fy, on the other hand changes for the different samples, as visible

in Figure(6.7,a) and listed in Table(6.3)).
Figure,b) shows (), corresponding to the curves presented in Fig-

Sample Fy, J/cm?
PVC+Iwt%CNPs(1pm) | 0.57 % 0.07
PVC+0.5wt%CNPs(500 nm) | 0.83 =+ 0.06
PVCH+1wt%CNPs(500 um) | 0.48 % 0.07
PVC+2wt%CNPs(500nm) | 0.50 £+ 0.03
PVC+1wt%CNPs(100nm) | 0.51 +0.03
PVC+1wt%CNPs*(100nm) | 0.87 4+ 0.08
PVC+1wt%CNPs*(250 nm) | 1.02 £ 0.06

Table 6.3: Measured values of F};, for all the samples.

ure,a). Of course a reduction in F}, results in an increase of C,,, ex-
pressing a higher energetic efficiency in the impulse generation process. With
respect to Chapter 5, here impulse measurements are performed in a wider
range of fluences, but surprisingly still no decreasing behaviour of C,, is ob-
served. The decreasing part of C),, curve should be associated to the screening
of laser pulse by the plume: this suggests that no screen by plume is present
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in this case.
Some additional information can be acquired by comparing impulse gener-
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Figure 6.8: a)Impulse measured for graphite compared with the most ab-
sorbing PVC+CNPs sample; b)corresponding C,, curve.

ated by PVC+CNPs with that obtained ablating a graphite target, where
only carbon is present. This is presented in Figure,a). In this case two
different materials are compared, so that slope of impulse curve is differ-
ent between the two materials, showing that it grows faster in the case of
PVC+CNPs with respect of graphite. This fact is then reflected in C),, as
clear from Figure(6.8}b).

It is then of interest to compare Fyy, for the case of PVC+CNPs and graphite.
In the case of graphite Fy, = 0.4+0.1 J/cm? is obtained, a value compatible
with those observed in the case of the most absorbing PVC+CNPs samples.
This suggests a second possible mechanism for ablation, that may be initi-
ated also by direct ablation of CNPs, other than PVC thermal decomposition,
which is confirmed in the following.

6.5 Analysis of ablation craters

Figure shows surface morphology of ablation craters on PVC+1wt%CNPs
(500 nm) for three different fluences, crossing Fy, = 0.48 J/cm?. Some surface
modifications are visible also at fluences lower than F},, showing the appear-
ance of bubble-like structures that become larger increasing laser fluence.
Overcoming Fj;, a clear change in surface morphology appears, suggesting
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F = 0.35 J]/cm? F = 0.45 J/cm? F = 0.6 J/cm?

Figure 6.9: SEM images of surface morphology of ablation craters on
PVC+1wt%CNPs(500 nm) for increasing fluences

that the formed bubbles break-up, ejecting decomposition products. Similar
observations are made also for other samples, indicating that thermal de-
composition of PVC occurs, as expected[3], in a shell surrounding each CNP
sufficiently close to surface to reach polymer decomposition temperature.

Thermal decomposition of PVC is usually observed to proceed in two

steps at different temperatures[d]: in the first step, at around 300°C, HCI
is released leaving carbon rich polyene chains. In the second step, occurring
at around 450 °C, also these polyene chains decompose completing the total
decomposition of PVC.
In order to confirm the expected ablation mechanism for PVC+CNPs, En-
ergy Dispersion X-ray Spectrocopy (EDXS) is used to perform a composi-
tional analysis on a representative ablation crater obtained above Fj;, for a
PVC+1wt%CNPs (500 nm) sample.

Figure shows concentration of Chlorine and Carbon inside the crater.
As visible, ablation results in a reduction of Chlorine concentration, that
corresponds to an increase of Carbon concentration with respect to the un-
treated region. Only a slight reduction in Chlorine concentration is observed;
moreover, craters are not dug into the polymer but are just surface modi-
fications. This shows that PVC thermal decomposition stops at an initial
stage, so that not all Chlorine is ejected and only a carbon rich region fills
the ablation crater.

A further step in the discussion can be made considering the dispersion
of CNPs in the polymer matrix. From sample preparation and SEM observa-
tions on film cross sections in Figure(|6.4)), it is possible to assume that CNPs
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Figure 6.10: EDXS maps of an ablation crater obtained at fluence just above
Fi;, on PVC+1wt%CNPs(500 nm). a)Chlorine concentration; b)Carbon con-
centration.

are uniformly dispersed in PVC. This allows to say that, for a fixed total mass
of CNPs in the sample, if their size is reduced their number density increase,
so that they become closer with each other and to the surface. Under the
assumption of uniform dispersion of CNPs, it is also possible to say that, on
average, the distance between two close CNPs will be equal to the distance
between the surface and the first CNPs, as presented in Figure(6.11]). Since
from Figure it appears that ablation proceeds by breaking bubbles con-
taining PVC decomposition products and ejecting them, if a larger number
of CNPs is closer to the surface then ablation occurs more efficiently.

6.6 Correlation between CNPs size and gen-
erated mechanical impulse

When CNPs size is reduced, an increase in absorption coefficient is observed,
if the same total mass of CNPs is included in the sample. It is important
to note that this results takes into account also possible scattering effects,
since absorbed radiation is measured considering transmitted and reflected
intensities at all angles.

Also in the case of generated impulse, differences are observed by changing
CNPs size and concentration. In particular different F};, values are observed,
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Figure 6.11: Scheme of CNPs (black dots) embedded in PVC (light blue
background).

as listed in Table(6.3]), while impulse grows at the same rate with fluence for
all the observed samples.

SEM and EDXS analysis of ablation craters confirmed that mass ejec-
tion proceeds in all cases with thermal decomposition of PVC, suggesting
that this process is not affected by the different properties of the included
CNPs. This is confirmed also by looking at thermal desorption spectroscopy
measurements[I0] presented in Chapter 5, where thermal decomposition of
PVC is compared to PVC containing 1 wt% CNPs(500nm) and 5 wt%
CNPs(500nm), and no differences are observed.

The variations observed in impulse generation must be therefore related
to the interaction of these materials with the laser and to heat diffusion in
PVC, but not to differences in the thermal decomposition path.

Figure presents measured values of Fj, as a function of absorption
coefficient o for all the considered materials. Fj;, decreases for low values
of a, until it reaches a limiting value and remains constant for higher a.
This effect can be expected considering that CNPs are isolated absorbers
that heat up by absorbing laser radiation: there must be therefore a limiting
fluence below which a sufficient temperature for PVC thermal decomposition
is not reached. Impulse measurements on graphite then also show a value
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Figure 6.12: Impulse generation threshold Fy, as a function of absorption
coefficient a.

of F}, compatible with the values observed for the most absorbing polymer
samples, suggesting that also ablation of CNPs may start, initiating mass
ejection of PVC.
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Chapter 7

Open problems and future
works

When moving toward experimental conditions closer to those encountered in
real applications of LAP, some open problems arise. Some difficulties already
appear when measuring I, a fundamental parameter to characterize a space
propulsion system. In the case of LAP, problems are present in particular in
metals, because of the extremely small mass ejected during ablation, so that
a very high number of pulses is needed to obtain a measurable mass loss.
Furthermore, considering debris removal or nanosatellite propulsion, it is rea-
sonable to assume that multiple pulses will irradiate the same region of the
target material. This means that impulse generated by multiple irradiations
must be measured, and observed variations from the first pulse discussed.
This is one of the main open problems under investigation for LAP[I] and
considerable differences are observed between metals and polymers, as dis-
cussed in the following.

Another interesting possibility that is recently attracting attention is confined
laser ablation[2]. As briefly discussed in Chapter 2, when the expansion of
ablation products is confined by a medium, a considerable increase in gen-
erated impulse is observed[3 4, [5]. It may be of interest then to develop
materials that can exploit this phenomenon to increase the efficiency of the
impulse generation process.

This chapter presents some experiments related to I;, measurement, to

impulse generated by multiple pulses on the same region and to confined
laser ablation. All these results concern topics in which further work is still
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needed, but they are promising future developments for the research activity
related to LAP.

7.1 Impulse generated by multiple laser pulses

Real applications of LAP will probably include multiple irradiation of the
same region of the target material. It is then of interest to consider how
generated impulse is related to the number of successive laser pulses, since
surface modifications and changes in chemical composition may occur. This
problem is in turn related to specific impulse measurements, as discussed in
the following.

A reduction in generated impulse appears during the first laser pulses in
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Figure 7.1: Impulse measured for increasing number of pulses in the same
region. a)Aluminum; b)Copper. The indicated phase explosion thresholds
are estimated from ablated mass measurements in Figure (|7.4])

the case of metals, as presented in Figure. A possible explanation is
related to the presence of an oxide layer at the surface of the target, that is
progressively removed by the first pulses generating a higher impulse than
the following ones. This layer easily forms by simply keeping the target in
air, but targets are always polished before measurements and put in vacuum
conditions. Additionally, once in vacuum, the target is irradiated before
the measurements with pulses at low fluences, in order to further clean the
surface. This hypothesis may explain impulse behaviour observed at low flu-
ences, where oxide layer may be only partially removed by the first pulses.
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However it does not explain the observations above phase explosion thresh-
old, since the oxide layer is certainly removed after the first pulse, so that a
constant impulse is expected from the second pulse on. As it appears from
this discussion, further experiments and investigations are needed to clarify
these observations on metals. These results, however, are important for the
estimation of Iy, in the case of metals,where the extremely low ablated mass
requires a large number of pulses thet lead to the multiple irradiation of the
same region.

A completely opposite situation is instead observed in the case of polymers.
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Figure 7.2: Impulse measured for increasing number of pulses in the same
region. a)PVC+1wt%CNPs(500 nm); b)PMMA. Note that presented mea-
surements are made on different fluence ranges.

Figure presents impulse generated by successive pulses on PVC+1wt%
CNP(500nm) and on poly(methyl methacrylate) (PMMA). As visible im-
pulse grows for increasing number of pulses, until a constant value is reached.
In the case PVC+CNPs, variations are observed only at low fluences, shown
in Figure,a). Moreover, as observed for PMMA in Figure,b), at low
fluences impulse starts to be generated after some pulses. This is reason-
ably due to an incubation process, as also described in literature for similar
experimental conditions[6]. The same explanation holds also at higher flu-
ences, but is also interesting to note that a maximum in impulse generation
is observed during the first pulses. This is not expected when considering
incubation from the point of view of ablated mass or crater depth, since they
only show an increasing behaviour with the number of pulses in the same
region.

This observed increase in impulse generation is a interesting result when con-
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sidering polymers as candidates for LAP fuel materials, since multiple pulses
allow to increase C,,. This holds in particular if they are compared to the
opposite behaviour observed for metals. On the other hand, material prop-
erties are well known only at the first pulse, so that it is easier in this case
to relate them to impulse generation.

7.2 Measurements of specific impulse

Specific impulse defines the mass consumption efficiency in the impulse gen-
eration process and is a common parameter to asses the performances of a
space propulsion system. Recalling the definition given in Chapter 1 (equa-

tion (1.6)) it is defined by

generated impulse  m,v,
sp —

= 7.1
expelled weight meg (7.1)

Once mechanical impulse is measured, the most straightforward way to ob-
tain I, requires then to measure the mass ejected during impulse generation
(me). It is worth mentioning, that from equation (7.1 it can be written as
I, = v./g, so that a measurement of v, is sometimes performed to obtain
I,[7). I, values obtained by measuring m,. or v, are in general different,
and this second strategy is also the most problematic one, since measure-
ment is made far from the ablated region and v, changes during expansion
in vacuum|§]. A measurement of m, is then preferable.

The main problem related to ablated mass measurement is that, being m,
extremely small, a large number of pulses is required to obtain a measurable
mass loss. As presented in Chapter 3, the experimental apparatus allows to
move the target while laser irradiates it at a given frequency, so that similar
surface conditions are almost guaranteed.

Two different problems arise when considering m, measurements on met-
als and polymers. In the case of metals, for fluences below phase explosion
threshold, m, ~10~! ng, so that about 10° pulses are in principle needed to
detect a mass variation with a balance having 107 g resolution. This means
that, even if the target is continuously moving during irradiation, the same
region will be ablated some tens of times during the measurement. Con-
sequently, as previously discussed, also variations in impulse generated by
multiple irradiations of the same region must be considered. In the case of
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polymers, on the other hand, ablation proceeds with the chemical modifica-
tion of the irradiated region: the material then changes at every pulse and
multiple irradiation in the same place is not possible. Despite this problem,
there is the advantage with respect of metals that much higher m,. ~ pg are
commonly observed, so that reliable measurements are possible with about
one hundred pulses.

Ablated mass per pulse and I, for a PVC+1wt%CNPs(500 nm) is presented
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Figure 7.3: Specific  impulse measured for a sample of
PVC+1wt%CNPs(500 nm)

in Figure. Mass ejected during laser ablation of polymers is consider-
ably higher than that removed from metals, therefore even if also a higher
impulse is observed for polymers, the net effect is that a lower I, is obtained.
Ablated mass shows a roughly constant part at low fluences and successively
starts to grow linearly. The change in behaviour of ablated mass is probably
related to the onset of fractures and possible ejection of some solid products
during ablation, but this is still not clear.

Figure presents ablated mass and respective computed I, as a func-
tion of laser fluence for Aluminum and Copper. Looking at ablated mass it
appears that it grows increasingly faster with fluence, due to onset of phase
explosion. However at low fluences m. can be hardly measured, even with
more than 10° pulses. As said, increasing the number of pulses causes the
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Figure 7.4: Specific impulse measured for metals. a)Aluminum, at low flu-
ences the lower limit of the error bar is not shown because it is below 0 s;
b)Copper.

multiple irradiation of the same region of the target, therefore the fact that
generated impulse changes with successive irradiation must be taken into
account. Considering in particular the low fluence measurements, the same
region is ablated for about 50 times, while impulse reaches a constant value
after roughly 3 pulses, as shown in Figure. It is then reasonable to com-
pute I, using as impulse the constant value reached after some pulses and the
estimated value of m.. As clear from Figure this approach gives results
of the same order of magnitude of those presented in literature [9] 7], 10, [11]
but very large uncertainties appear at low fluences, because measured im-
pulse is compatible with zero.

I, in a low fluence regime, is the most attractive parameter to assess propul-
sion performances of metals. This is because extremely small values of m,
may result in a very high I, that can be promising for applications in long
missions.

Surprisingly, the problems in I, measurements here presented are mainly re-
lated to impulse measurement rather than to the estimation of m,. Possible
future works then might be useful to further reduce errorbars and under-
stand if this impulse generated after some pulses at low fluences is really
zero or not, so that more reliable I, values can be obtained. Another open
question is instead more closely related to ablated mass: while generated
impulse changes for successive pulses, it is still not clear if this happens also
for ablated mass. This is also problematic from an experimental point of
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view, since it would require to measure m. avoiding multiple irradiation of
the same region, but this would also drastically reduce the possible number
of pulses on the same target and total removed mass would not be sufficient
to be detected.

7.3 Confined ablation

Confining the expansion of the ablation products results in a considerable
increase in the generated impulse. This strategy recently attracted some
interest, and experiments were conducted mainly using water as confining
medium[4]. Moreover, since generated impulse is related to momentum con-
servation, the ejection of the heavy confinement agent also contribute to this
phenomenon.

An experiment is therefore conducted to test this possibility on polymer tar-
gets. PVC+1wt%CNPs(500 nm) is again chosen as reference material, since
its impulse curve is well known. To add a confinement agent and to ensure a
good contact between it and the surface of the material, the multilayer spin
coating procedure developed in Chapter 5 is exploited by adding a layer of
blank PVC on top of the PVC+CNPs film. Due to the dissolution of the
interface between the two successive layers, there is not a net separation be-
tween the material to ablate and the confining medium, but rather a sharp
gradient in absorption coefficient. This is confirmed by SEM analysis on the

Figure 7.5: SEM images on the ablation craters obtained in the confined
geometry. a) surface; b) cross section.

ablation craters, shown in Figure(|7.5)), where the removal of the PVC layer is
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clearly visible in the irradiated region. Looking at the cross section of craters
presented in Figure(7.5]b) allows also to estimate a thickness ¢ ~ 20 pum of
the removed confining layer.
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Figure 7.6: Measured impulse in confined geometry, compared with the non
confined case. a)Generated impulse; b)C,,.

Asvisiblein F igure,a) a sharp fluence threshold for impulse generation
is observed, beyond which impulse grows much faster than that measured for
the same material without the confining layer. This enhancement of gener-
ated impulse clearly reflects in C),, as visible in Figure,b). Differently to
what observed without the confining layer, (), curve obtained in this case
shows a maximum and a decreasing part.

PVC PVC+CNPs
a=190 a=1355cm™

F = 0.67 J/cm?
F = 0.46 J/cm?

Figure 7.7: Scheme of the employed confined geometry
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It is also possible to relate the measured value of impulse generation
threshold for this material with and without the confinement layer. As
measured in Chapter 6, this threshold without confinement layer is Fj, =
0.48 +0.07 J/cm?, while adding the confinement layer Fincony = 0.67£0.01
J/cm? is obtained. When the confinement layer is present, a small fraction
of laser energy is absorbed by the PVC layer as represented in Figure.
Fluence reaching PVC+CNPs then can be estimated by Lambert-Beer law

F(t) = Fyexp (—apyct) (7.2)

Where apye = 190cm™! is the absorption coefficient of the PVC layer and
Fy and F(t) are respectively the incoming laser fluence and fluence trans-
mitted by the confinement layer. Through equation a fluence threshold
F}, = 0.46 J/cm? is obtained, that is compatible with F};, measured without
confinement layer. This suggests that ablation occurs on the PVC+CNPs
material, so that ejected products are confined by the PVC layer.
Of Course in this configuration the ablated mass considerably increases, since
it is composed by the mass of the confining PVC layer and the ablated
PVC+CNPs, where this second contribution can be reasonably neglected.
Ablated mass measurements in this conditions haven’t been done yet, but
it is possible to make a rough estimation of the mass of the ejected confin-
ing layer by multiplying its volume by PVC density. In this way a value of
me ~ 1.6 x 10~* g is obtained, roughly ten times higher than measured values
in the non confined configuration. This will cause a reduction in I,p, since
confinement increases generated impulse by about four times.

Bibliography

[1] C. R. Phipps, E. Y. Loktionov, C. Bonnal, S. A. E. Boyer,
E. Sharaborova, and G. Tahan. Is laser space propulsion practical?:
review. Appl. Opt., 60(31):H1-H11, Nov 2021. doi: 10.1364/A0.434245.

2] R. Fabbro, J. Fournier, P. Ballard, D. Devaux, and J. Virmont. Physical
study of laser-produced plasma in confined geometry. Journal of Applied
Physics, 68(2):775-784, 1990. doi: 10.1063/1.346783.

[3] Zheng Zhi-Yuan, Zhang Jie, Hao Zuo-Qiang, Yuan Xiao-Hui, Zhang
Zhe, Lu Xin, Wang Zhao-Hua, and Wei Zhi-Yi. The characteristics of



146

[10]

[11]

CHAPTER 7. OPEN PROBLEMS AND FUTURE WORKS

confined ablation in laser propulsion. Chinese Physics, 15(3):580, mar
2006. doi: 10.1088/1009-1963/15/3/023.

Matej Senegacnik, Matija Jezersek, and Peter Gregor¢i¢c. Propulsion
effects after laser ablation in water, confined by different geometries.
Applied Physics A, 126(2):1-12, 2020.

Soojin Choi, Tae-hee Han, Ardian B Gojani, and Jack J Yoh. Thrust
enhancement via gel-type liquid confinement of laser ablation of solid
metal propellant. Applied Physics A, 98(1):147-151, 2010.

R. Srinivasan, Bodil Braren, and Kelly G. Casey. Nature of “incuba-
tion pulses” in the ultraviolet laser ablation of polymethyl methacry-
late. Journal of Applied Physics, 68(4):1842-1847, 1990. doi: 10.1063/
1.346620.

Andrew V. Pakhomov, M. Shane Thompson, and Don A. Gregory.
Ablative laser propulsion: A study of specific impulse, thrust and
efficiency. AIP Conference Proceedings, 664(1):194-205, 2003. doi:
10.1063/1.1582108.

Jacopo Terragni, Pietro Battocchio, Nicola Bazzanella, Michele Orlandi,
William J. Burger, Roberto Battiston, and Antonio Miotello. Evaluation
of the role of beam homogeneity on the mechanical coupling of laser-
ablation-generated impulse. Appl. Opt., 60(31):H37-H44, Nov 2021.
doi: 10.1364/A0.432991.

Andrew V. Pakhomov and Don A. Gregory. Ablative laser propulsion:
An old concept revisited. AIAA Journal, 38(4):725-727, 2000. doi:
10.2514/2.1021.

Claude R Phipps, James R Luke, and Wesley D Helgeson. 3ks specific
impulse with a ns-pulse laser microthruster. Technical report, PHO-
TONIC ASSOCIATES SANTA FE NM, 2005.

Claude R. Phipps, James R. Luke, and Wesley Helgeson. Laser-powered
multi-newton thrust space engine with variable specific impulse. In
Claude R. Phipps, editor, High-Power Laser Ablation VII, volume 7005,
page 70051X. International Society for Optics and Photonics, SPIE,
2008. doi: 10.1117/12.786459.



Conclusion

This thesis presented Laser Ablation Propulsion (LAP) as a new attractive
space propulsion technique, that offers a solution both for space debris re-
moval and control of nanosatellites. The goal of this work was to study the
main phenomena involved in laser ablation and their role in the generation
of a mechanical impulse, by developing the experimental apparatus and pro-
cedures needed to measure it. This then constitutes a test facility to study
specifically designed materials for LAP applications, allowing to understand
how their properties are related to propulsion performances and how they
can be improved.

The technological and economical environment in which LAP must be in-
cluded is described in Chapter 1. Here the recent changes in space economy
are reviewed, showing that the advent of private companies in this market
led to an extremely fast increase in the number of satellites in orbit. Design
and fabrication of satellites moreover is accelerated by reducing and stan-
dardizing their shape down to few kg mass and few cm size. This drastic
reduction in size then requires the miniaturization of propulsion systems that
are still lacking for these nanosatellites, so that LAP becomes an attracting
solution and the development of fuel materials is required. On the other side,
this vast exploitation of space produced a large number of orbiting debris, so
that solutions to remove them are needed: also in this case LAP represents
a promising technique to clean earth orbit.

The fundamental mechanisms at the base of laser ablation are described
in Chapter 2, discussing the different processes that occur in the case of met-
als and polymers. In the case of metals, interaction with the laser pulse leads
to a fast temperature increase that cause vaporization and, if laser fluence
is sufficiently high, also phase explosion with ejection of liquid metal nan-
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odroplets. In the case of polymers, ablation proceeds by the decomposition
of the material into volatile products, that may occur because of a tempera-
ture increase or a chemical reaction activated by laser photons.

These different ablation mechanisms lead to different impulse generation per-
formances. In the case of metals the ejection of light, high temperature
products results in the observation of high I, values, comparable to those
observed in ion thrusters. Polymers on the other hand may eject heavier
products, like large molecules up to solid fragments, and they usually have
lower threshold fluences for impulse generation, so that high C,,, are obtained.

Chapter 3 deals with the experimental measurement of laser generated
mechanical impulse. The measurement is based on the detection of the vari-
ation in angular momentum of a ballistic pendulum that operates in vacuum,
whose motion and geometric and mass properties are measured through im-
age analysis techniques. The accurate design of the appartus and in partic-
ular of the pendulum allowed to reduce damping of oscillation, so that an
harmonic motion can be correctly assumed. Additionally, the good estima-
tion of the moment of inertia of the pendulum, that depends on the target
fixed on it, allowed to obtain reproducible impulse measurements, that can
be used to asses propulsion performances of the tested material.

The main parameter to study impulse generated during ablation is laser
fluence, therefore it must be correctly estimated. Chapter 4 deals with fluence
estimation, comparing the effects on impulse generation of a non-uniform and
uniform spatial distribution of laser intensity. It is observed that difficulties
appear in fluence estimation in the case of a non-uniform intensity distribu-
tion, that result in discrepancies observed in impulse curves. This problem
is then solved by introducing a beam homogenizer, that produces a uniform
intensity distribution, allowing to properly estimate fluence.

A first investigation of polymers for LAP applications in nanosatellites is
discussed in Chapter 5. Poly(vinyl chloride) (PVC) is considered as starting
polymer, that represents a sort of benchmark for LAP experiments. To in-
crease its absorption of laser radiation, that in this case is at a wavelength
of 248 nm, carbon nanoparticles (CNPs) are usually included in PVC. Here
CNPs inclusion in the polymer is compared with the mixing of PVC with
poly(styrene sulfonate) (PSS), an absorbing polymer at laser wavelength.
The polymers are characterized from the structural, optical and thermo-
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dynamical point of view, and impulse generated by their laser ablation is
measured.

Laser ablation of both these polymers proceeds with their thermal decompo-
sition, and it is observed that lower thermal energy is needed to decompose
PVC:PSS. On the contrary impulse measurements showed that lower fluence
is required to ablate PVC+CNPs. This allows to demonstrate that the lo-
calized absorption obtained with the inclusion of CNPs is a more efficient
strategy to enable ablation of PVC and gives a guideline for the development
of polymers for LAP applications.

Experiments on PVC+CNPs are conducted also in Chapter 6, with the

goal of understanding how CNPs properties like size, morphology and con-
centration affect ablation and impulse generation. Different CNPs, both
commercial and synthesised, are therefore included in PVC and samples are
characterized looking at their structure, optical properties, and comparing
impulse generation. Moreover the ablation mechanism through thermal de-
composition is confirmed by analyzing composition and structure of ablation
craters.
Variations in optical absorption are observed, and the main parameter gov-
erning it is found to be the number density of CNPs in the polymer, that
in turn depends on CNPs size and concentration. Moreover the measured
threshold fluence for impulse generation (Fy,) is also affected by CNPs num-
ber density, since it decreases down to a constant value with increasing optical
absorption. By analyzing ablation craters, Fj, behaviour can be explained
by the fact that PVC decomposition occurs around each CNP and that an
increased number density of CNPs results in a more efficient heat distribu-
tion. The constant lower limit value observed for F};, is also explained by
considering that below that fluence PVC decomposition around each single
CNP is not initiated. This results then reveal other important features to
consider in the development of LAP materials.

At last, Chapter 7 briefly discuss some preliminary experiments still un-
der discussion, that show some of the open questions and future works in
this research. A situation a bit closer to real applications is considered by
looking at how generated impulse changes by irradiating multiple times the
same region. Here a considerably different behaviour is observed between
metals and polymers, with this first category showing a decrease in gener-
ated impulse, while in the second case it increases. While impulse increase
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observed for polymers can be expected due to incubation phenomenon, the
reason for the results on metals are still not clear.

Some results and problems related to the measurement of I, are then pre-
sented, showing that the main problem in metals is related to the fact that
a very small mass is ejected during ablation.

Then an attracting possibility to increase impulse generation is briefly tested
by confining ablation of PVC+CNPs with a transparent PVC layer. Promis-
ing results are obtained here, however some work is still needed to clarify the
ablation process and to overcome application problems.

To conclude, this thesis shows that Laser Ablation Propulsion can be
considered as an attractive future propulsion technique for nanosatellites and
a solution for space debris removal, two of the main emerging problems in the
New Space Economy. Promising results are obtained both in the development
of the experimental apparatus and in the study of materials to be employed
in LAP, highlighting some important features for the development of future
propellants. Obtained results also show that still work has to be done to move
towards a real application of LAP, but it is also clear that many possibilities
still haven’t been explored, making LAP a promising candidate for the future
of space activities.
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