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Abstract
The process of cutting tissue samples into ultrathin slices to study the cross-sectional
area is known as microtomy, and is widely used in medical and biological research.
Traditional mechanical cutting introduces challenges for tissues like bone, as the hard
outer layer and soft marrow core require freezing or fixation that damage cellular
structures. These challenges can be overcome by utilizing ultrafast lasers in the
femtosecond regime, which leverage precise optical breakdown and negligible thermal
transfer to cut micrometer-thin slices of fresh bone with intact marrow cells. The
purpose of this thesis is to characterize the underlying physics of this process and
suggest methods to improve the overall ablation efficiency. This was achieved by
investigating the spatial, spectral, and temporal dynamics of optical breakdown
induced by a 775 nm, 1 kHz femtosecond laser across three distinct target media:
ambient air, liquid water, and porcine bone. The interactions were characterized
using high-speed spatial imaging, VIS–NIR spectrometry, and ultrafast temporal
photodetection coupled with an in-house developed statistical deconvolution model.

The empirical results demonstrated that ambient air acts as the optimal bulk prop-
agation medium for the laser, exhibiting high pulse-to-pulse stability and rapid
nanosecond-scale plasma decay. Conversely, bulk liquid water was dominated by
severe nonlinear optical distortions, including filamentation, severe spectral broad-
ening, and macroscopic bubble structures that reflected laser light, rendering it
inadequate for precise material ablation. During the ablation of porcine bone, the
continuously ejecting plasma plume exhibited distinct calcium transition lines and
decayed over hundreds of nanoseconds to microseconds; orders of magnitude slower
than the air plasma. This slow dissipation provides direct experimental evidence that
restricted geometries cause significantly slower plasma decay than free geometries,
and that high-repetition-rate (MHz) laser systems may encounter plasma shielding
effects. To maximize cutting efficiency and mitigate damage to the tissue, this thesis
proposes utilizing ambient air as the primary propagation medium and employing
a gentle ablation strategy with low pulse energy and high repetition rate. Finally,
a number of topics for future research are proposed, including an effort to produce
a comprehensive review paper of the field; using humidified air streams to reduce
tissue dehydration and alleviate debris removal; dynamically tuning pulse energy to
account for material heterogeneity and trench geometry; and developing a predictive
model for optimal parameter windows for a given laser system.

Keywords: Ultrafast Laser, Laser-Induced Optical Breakdown, Bone Microtomy.
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1. Introduction

1.1 Background
Major advances have been made in ultrafast laser technologies over the last 50 years,
and today laser pulses as short as on the order of femtoseconds can be produced
even in commercially available laser systems in many different applications [1–3].
These ultrashort laser pulses differ from traditional continuous wave (CW) laser
beams in a few crucial ways. Rather than passing a pump beam through a gain
medium and optical resonator to produce a continuous output, ultrafast pulsed
lasers work by mode-locking, where the relative phase of resonant optical modes
inside an optical cavity are manipulated such that they interfere to produce a single
ultrashort pulse [4]. This allows the intensity of these pulses to be several orders
of magnitude greater than traditional laser beams, enough to immediately ionize
almost any material into a plasma through tunnel- and multiphoton ionization when
focused [5, 6]. Simultaneously, the pulses are so temporally short that very little heat
transfer to the material has time to occur, making it possible in principle to drill or
cut in materials with great precision without damaging the surrounding structures [1,
7, 8]. This unique property has opened the door for groundbreaking new possibilities
within many research fields, not least among them medicine [6, 9–11]: one such
breakthrough came in the early 1990’s with Laser-Assisted in Situ Keratomileusis
(LASIK), where femtosecond lasers started being used for corneal surgeries [12–14].

Lately, a new and potentially groundbreaking medical application has emerged:
ultrafast laser bone microtomy [15–18]. Microtomy is the process of cutting a
sample into multiple thin slices to allow for study of the tissue cross section. This is
usually achieved mechanically with sharp blades [19]. However, mechanical cutting
is challenging for certain types of tissue such as bone, which has a soft marrow
core inside a hard outer layer (cortex). Cutting this type of tissue mechanically
typically requires some kind of fixation, embedding or freezing before cutting to
prevent crushing the marrow, and this can greatly alter the structure of the tissue
[15, 17, 18, 20]. Furthermore, the risks for potential shear stresses and tearing
of samples also increase drastically during mechanical cutting [21]. Medical CW
lasers, on the other hand, work primarily through linear heat absorption that melts
or burns the target area, which naturally also is undesirable in this context [21].
These problems can be circumvented by using utlrafast lasers instead, due to their
high precision and low heat transfer compared to traditional CW lasers. Using
femtosecond lasers, micrometer-thin slices of bone tissue with intact marrow and cell
structure at the cross section can be achieved, paving the way for new research in
bone marrow-mediated diseases like leukemia [22].
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1. Introduction

A significant challenge for newcomers to ultrafast laser ablation in medical appli-
cations, however, is the absence of a comprehensive, up-to-date review compiling
fundamental physics, different implementation strategies, and the current research
landscape. While Vogel et al. (2005) [6] provides a robust theoretical foundation, it
naturally predates any advancements made in the field in the last 20 years. Other
reviews [7, 9, 23, 24] offer lots of valuable insights into the theory and different
implementation strategies, but are either narrower in scope or focus on topics that are
only tangential to biological tissue ablation. Consequently, establishing a solid under-
standing of the field currently requires studying numerous independent sources, which
is time-consuming and introduces the risk of misinterpreting the many theoretical
models and results, or overlooking critical, hard-to-find literature.

1.2 Purpose and Scope
While providing a fully comprehensive review of the current research landscape is
outside the scope of this thesis, the overarching purpose of this work is to explore ways
to improve ultrafast laser microtomy. To effectively reach this goal, it is crucial to first
provide a comprehensive theoretical backbone regarding the ultrafast (femtosecond)
laser, optical breakdown of materials, and the subsequent dynamics of the induced
plasma. Following this theoretical foundation, we perform a series of experiments to
make a baseline diagnosis of the optical breakdown in three different target media:
ambient air, distilled water, and porcine bone. The scope of our experimental work is
limited to three non-invasive measurement methods: pulse-to-pulse spatial imaging
using a high-speed camera, VIS-NIR emission spectrometry, and ultrafast temporal
imaging using an ultrafast photodiode.

These specific methods and target media were chosen due to constraints in lab
equipment and time. Measurements that would have otherwise been of interest,
such as frame-by-frame analysis of the plasma formation, the effect of different
laser repetition rates, temperature evolution, or the effects of different atmospheric
conditions (different pressures, noble gas medium, etc.), were impossible to capture
with the equipment at hand. Furthermore, due to limited access to fresh tissue, all
bone-cutting experiments were performed by drilling into dry porcine rib bone rather
than cutting thin slices of living tissue. While this does not simulate the hydrated
medium required to keep cells alive, the dry bone still provides an excellent medium
for the fundamental diagnostic purposes of this thesis. Ultimately, the results from
these diagnostic experiments will be interpreted based on the provided theoretical
foundation. This will allow us to establish physically motivated rules-of-thumb for
optimal operating parameters, aiming to maximize ablation precision and speed while
minimizing damage to the surrounding tissue. Finally, we will use these findings to
propose avenues for future research.

2



2. Theory

2.1 Properties of the Femtosecond Laser Pulse
The laser system used in this work is a CPA2001 femtosecond laser system. As
briefly mentioned in the introduction (section 1.1), it operates using mode-locking
techniques, where resonant optical modes inside an optical cavity are phase-matched
to produced single, ultrashort laser pulses [4]. These pulses are then amplified using
chirped pulse amplification (CPA), where the pulse is stretched, passed through
a gain medium, and subsequently contracted again to produce pulses with field
intensities above the optical damage regime of the gain medium [25].

The exact properties of the produced laser pulses are not known exactly. This is
primarily due to the sensitive nature of the system. It is virtually impossible to get
a perfectly stable output even over short periods, let alone accounting for various
drift effects over longer time spans. That said, it is within reason to use heuristic
estimates to give a picture of the nature of the laser pulses in question. For this
purpose, we will use Gaussian optics to describe the properties of the laser pulse,
the theory for which we refer to the seminal book by A. E. Siegman [26].

The only parameter we know a priori is the laser wavelength, at 775 nm (NIR).
Beyond that, we can assume that the laser pulses are near-Gaussian, with a beam
quality of M2 ≈ 1.2 and an output 1/e2 beam width of approximately 2.5 mm. This
is expanded to 7 mm and subsequently focused using a f = 70 mm lens. The smallest
beam width a Gaussian beam can achieve at the focus due to wave diffraction is
called the beam waist w0, described by

w0 = λfM2

πwL

, (2.1)

where wL is the expanded beam width at the input of the lens. In our case, the
beam width is approximately 3 µm. The length of the focus is commonly described
by the Rayleigh length, which is the distance along the propagation where the beam
cross sectional area becomes twice that of the focus, i.e. where the beam width is√

2w0, and can be calculated using

zR = πw2
0

λM2 . (2.2)

In our case, it is approximately 30 µm. By doubling the Rayleigh length we get the
confocal parameter b = 2zR, which is more relevant when for example characterizing
the length of a generated laser or plasma filament. The beam waist, Rayleigh length,
and confocal parameter are illustrated in figure 2.1.
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2. Theory

Figure 2.1: Illustration of the 1/e2 beam width of Gaussian beam around
the focus, including the beam waist w0, Rayleigh length zR, and confocal
parameter b.

With the spatial dimensions of the beam sorted, we can construct a model of the
overall pulse shape, assuming the pulse full width at half maximum (FWHM) is
150 fs. Adding a propagating temporal envelope to the standard Gaussian beam
envelope [27], we get a propagating intensity profile of the form

I(r, z, t) = I0
z2

R

z2 + z2
R

exp
(

−2 r2

w2
0

z2
R

z2 + z2
R

)
exp

(
−4 ln(2)(t − z/c)2

τ 2
l

)
, (2.3)

where z is the distance along the propagation and r the cylindrical radial distance
from the pulse center. The pulse length at FWHM is given by τl and the peak
intensity at the focus (r = t = z = 0) by I0. From this, we can also get the
cycle-averaged electric field amplitude using

E(r, z, t) =
√

2
ϵ0c

I(r, z, t),

where ϵ0 is the free-space permittivity. In order to compute I0 and the corresponding
E0, we have to know the total pulse energy. The pulse energy at the output can reach
>800 µJ, although this will be attenuated using various optical components such
as crystal polarizers. By denoting the pulse energy Epulse, we can relate it to peak
intensity by integrating a transverse plane, which describes instantaneous power,
over time like

Epulse =
∫ ∞

−∞

∫ ∞

0
I(r, z, t)2πr dr dt.

The integral is independent of z and yields the relation

Epulse = I0πw2
0τl

4

√
π

ln(2) . (2.4)

The relation between pulse energy and peak intensity is linear, and a pulse energy of
500 µJ would for example equal a peak intensity of I0 ≈ 2 × 1020 W/m2.

4



2.2. Nonlinear Optics

2.2 Nonlinear Optics
Microscopically, the likelihood of interactions between particles and photons, such
as non-ionizing photoabsorption or elastic scattering, are governed by properties
like particle charge, polarizability, and quantized energy levels. In linear optics, the
macroscopic average of these effects is described by the complex refractive index

ñ(ω) = n(ω) + iκ(ω).

The real part, n, dictates the overall phase velocity of light in the medium, while the
imaginary part, κ, also called the extinction coefficient, dictates the rate at which
the electromagnetic field is attenuated by the medium. This is related to the linear
absorption coefficient αabs through

αabs(ω) = 2ωκ(ω)
c

. (2.5)

In a standard linear regime, an electromagnetic field propagating along z will
attenuate by a factor of e−αabsz. This absorbed energy is primarily taken up as
excitations in vibrational and electronic states, which subsequently thermalizes
into bulk heat. However, if the optical electromagnetic field is intense enough, it
modifies the optical properties of the material it interacts with. In this regime
the standard, linear optical parameters are replaced with their nonlinear, intensity-
dependent counterparts. The most common approach to modeling these is by means
of Taylor expansion in I or E [5]. For example, the absorption coefficient expands to
αNL = ∑

m=0 αmIm, where α0 is the linear αabs from before. The higher-order terms
account for the effective energy lost to nonlinear processes, which begin to dominate
over linear bulk heating as intensity increases.

Alongside nonlinear absorption, the intense field also modifies the real part of the
refractive index, leading to spatial propagation effects that drastically alter the pulse
profile. The most critical of these is the balance between Kerr self-focusing and
plasma self-defocusing.

2.2.1 The Kerr Effect and Self-Focusing
The optical Kerr effect is the direct change in the refractive index as a result of
the intense optical field. It is defined by the first-order expansion of the non-linear
refractive index like

n = n0 + n2I + O(I2), (2.6)

where n0 is the linear and n2 the nonlinear refractive index component [5]. Since
our laser pulse has a Gaussian spatial profile, the intensity is highest at the center
of the beam. This creates a positive gradient in the refractive index that acts as a
converging lens, causing the beam to self-focus, further driving up the peak intensity.

In atmospheric air, n2 has been estimated to be roughly (1 − 6) × 10−23 m2/W [28],
whereas for water it has recently been measured at (8 ± 1.4) × 10−20 m2/W [29] for
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2. Theory

λ = 800 nm. For laser pulses with peak intensities around 1020 W/m2, such as in
our case with 500 µJ pulse energy, higher-order terms (such as n4) can be neglected
[29]. At these intensities, strong self-focusing effects take place in dense media like
water, while remaining less pronounced in atmospheric air.

2.2.2 Plasma Self-Defocusing and Laser Filamentation
If the instantaneous intensity is strong enough, optical breakdown may occur, ionizing
the neutral material into a plasma through photo-ionization. This releases free
electrons that can interact directly with the electromagnetic field, which reduces the
local refractive index and scales linearly with the plasma density [30]. The plasma
density is highest at the center of the beam where the intensity is greatest, creating
a negative refractive index gradient that acts as a diverging lens. This plasma
self-defocusing directly counteracts Kerr self-focusing, and the balance between these
two effects can lead to intensity clamping or the formation of long propagation
channels known as laser filaments [31].

2.2.3 Spectral Broadening and Supercontinuum Generation
As the intense laser pulse propagates and undergoes the focusing effects described
above, its temporal and spectral profiles are also altered. In a nonlinear medium, the
time-dependent intensity of the femtosecond pulse, I(t), leads to a corresponding
time-varying refractive index from the optical Kerr effect (see equation 2.6). This
temporal variation induces a time-dependent phase shift across the pulse, generating
new frequency components in a process known as self-phase modulation (SPM). Since
the leading edge of the pulse experiences an increasing refractive index while the
trailing edge experiences a decreasing one, SPM typically broadens the spectrum
symmetrically around the central laser wavelength [30]. However, when the intensity
is sufficient to induce optical breakdown, the generation of a free-electron plasma
introduces a second, asymmetric spectral broadening. The surge in plasma density
as the pulse propagates causes a drop in the local refractive index during the trailing
edge of the pulse. This asymmetry in refractive index leads to spectral broadening
with stronger shift towards shorter wavelengths, an effect known as plasma blueshift
[30].

In the extreme case, the combined effects of SPM and plasma blueshift can result
in such pronounced spectral broadening that the narrow bandwidth of the incident
laser turns into a broad white-light spectrum. This phenomenon is known as
supercontinuum generation (SCG) and was discovered by Alfano and Shapiro in
1970 [32–34]. The extent of both the Kerr effect and plasma generation scales with
the density and band-gap of the material [35], so the degree of spectral broadening
varies significantly between different targets. In the context of this project, it can be
expected that dense, condensed media like water and bone tissue will exhibit stronger
spectral broadening, perhaps even enough to create a supercontinuum, whereas the
effects in air will likely be minimal.

6



2.3. Optical Breakdown and Photoionization

If the laser light exhibits significant spectral broadening, any scattered or reflected
laser light onto spectroscopic equipment will obscure other light sources such as
plasma emissions. It is therefore important to be aware of this effect so that it can
be identified and accounted for in the recorded spectroscopic data.

2.3 Optical Breakdown and Photoionization
As alluded to previously, nonlinear changes in the optical properties of a medium
are not limited to direct changes in its response to the field, but can be manifested
due to optical damage or other fundamental changes in the material. A term used
colloquially in nonlinear optics is optical breakdown, referring to the process where
the electromagnetic field is able to ionize the molecules, releasing free electrons and
changing the fundamental optical properties of the medium. If the electromagnetic
field is strong enough to directly rip the electrons from their parent nuclei, the process
is called direct ionization or barrier-suppression ionization (BSI) [5]. The necessary
field strength to achieve this is

Ethresh > Eat = e

4πϵ0a2
0

≈ 5 × 1011 V/m,

corresponding to a field intensity of

Ithresh >
1
2ϵ0cE2

at ≈ 4 × 1020 W/m2.

However, this is not the intensity threshold for the onset of photo-ionization in
general. Through quantum mechanical effects, the electrons can tunnel through a
slightly suppressed atomic potential by tunnel ionization, or acquire enough energy
to directly escape the potential barrier by means of near-instantaneous consecutive
photoabsorption, also called multiphoton ionization. From these effects, a material
can even reach full ionization at field intensities far below BSI. The peak field intensity
of the laser pulses employed in this project, as calculated in chapter 2.1, are all less
than the BSI limit, reaching at most half in the case of 500 µJ pulse energy, and
tunnel and multiphoton ionization will thus be the dominant ionization processes in
our experiments.

2.3.1 Tunnel Ionization
Consider the spherically symmetric atomic potential of an atom or molecule as the
Coulomb potential created by a positive nucleus at the origin. Now consider an
incident optical electric field that interacts linearly with the nuclear Coulomb field,
such that an equivalent energy state to that of a ground-state electron is created
outside the potential well at some distance R from the origin. If the incident field is
strong enough, there is a chance that the electron can overcome the net potential
barrier by way of quantum tunneling, as shown in figure 2.2 below.
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Figure 2.2: Qualitative diagram of tunnel ionization. The field strength at
the ground state of the electron is given by −E0.

The probability of tunneling is not only dependent on the field strength, but also
the field frequency. Slower fields will result in a larger time window during which
the electron can tunnel. Hence, tunnel ionization favors electric (or optical) fields
with lower frequency [36].

2.3.2 Multiphoton Ionization
Photo-ionization occurs when the bound electron in an atom absorbs a photon
with energy higher than the atom’s ionization potential IP . The surplus energy is
converted into kinetic energy for the ion and electron such that total momentum
and energy is conserved. The probability of this interaction is described by the
photo-ionization cross section σ, and stronger fields (higher photon flux) therefore
have a faster total ionization rate. However, if the photon energy is lower than the
ionization potential, the electron cannot escape the atomic potential barrier, and
the absorbed photon energy may only be enough to briefly change the electric or
vibrational state of the electron. The electron will then relax to its ground state,
releasing the absorbed energy in the form of a photon.

In very strong fields, however, there is a non-negligible chance of more than one photon
being absorbed by the electron before it has time to relax: so-called multiphoton
absorption. If enough photons are absorbed to overcome the atomic potential barrier,
the electron has been ionized by way of multiphoton ionization, as demonstrated in
figure 2.3.

8



2.3. Optical Breakdown and Photoionization

Figure 2.3: Qualitative diagram of multiphoton ionization. The ground state
energy is given by −V0 and the surplus electron energy by ∆E.

Photon energy is proportional to its frequency, so multiphoton ionization naturally
favors optical fields with higher frequency, down to the discrete nature of the ionization
process. Consider, for example, n identical photons whose sum of energies is higher
than the ionization potential:

nEγ(ω) ≥ IP > (n − 1)Eγ(ω).

For simplicity, we will assume the photo-absorption cross section σ stays constant
with ω. In this simplified case, the frequency of the photons by δ will not actually
increase the ionization cross section until the sum of energies of n − 1 photons
overcomes the quantized ionization potential, i.e.

(n − 1)Eγ(ω + δ1) ≥IP > (n − 1)Eγ(ω + δ2) =⇒
=⇒ σ(ω + δ1) > σ(ω + δ2) = σ(ω).

The cross-section of multiphoton ionization intuitively decreases very rapidly as the
number of required photons increases, and the corresponding n-photon cross-sections
are related to the non-linear expansion terms in the non-linear optical susceptibility
of the material. The mathematics that describe the cross-section for n-photon
ionization are very involved and require solving the time-dependent Schrödinger
equation (TDSE) of the system, for which we will refer to the derivations in R. W.
Boyd’s seminal book on nonlinear optics [5].

Taking air as an example, simplifying it to two separate gas populations of molecular
oxygen (O2, IP ≈ 12.1 eV) and molecular nitrogen (N2, IP ≈ 15.6 eV), we can
calculate the number of photons required for multiphoton ionization. Assuming
photon wavelengths of 775 nm, corresponding to 1.6 eV photon energy, we see that

9



2. Theory

oxygen requires 8, and nitrogen 10, photons. These calculations do not, however,
take into account the interplay of barrier suppression and tunnel ionization of the
potential, which will affect the actual number of photons required to ionize the
material at any point in time.

2.3.3 The Keldysh Parameter and Ionization Models
The total ionization rate for an intense laser will be some combination of these two
effects, and the relative importance is described by the Keldysh parameter, which
was formulated by Keldysh in his 1965 paper on ionization by strong electromagnetic
waves [36]. It is defined as

γ ≡ ω
√

2meIP

Ee
,

where ω is the angular frequency of the field, and me and e are the electron mass
and charge, respectively. When γ ≫ 1 multiphoton ionization dominates, whereas
when γ ≪ 1 tunnel ionization dominates. For the laser system described in section
2.1, the Keldysh parameter for a number of common molecules, for different pulse
energies and intensities, can be found below in table 2.1. The ionization potentials
used were the standard 12.1 eV and 15.6 eV for O2 and N2, respectively, and the
optical Charge Transfer ionization potential of 6.5 eV for liquid water [37]. For the
purposes of our project, pulse energies no lower than 50 µJ will be used, for which
the peak intensities correspond to Keldysh parameter values of at most 0.25. It
is therefore assumed that tunnel ionization is the primary ionization mechanism,
although multiphoton ionization can become important on the tails of the pulses
near that lower bound of 50 µJ.

Table 2.1: Peak intensity and Keldysh parameter value for a selection of
different pulse energies and molecules. The peak intensity is calculated from
the pulse energy using equation 2.4 and beam parameters listed in section 2.1.

Epulse (µJ) I0 (1018 W/m2) γ (O2) γ (N2) γ (H2O)
500 220 0.070 0.079 0.051
50 22 0.22 0.25 0.16
5 2.2 0.70 0.79 0.51

0.5 0.22 2.2 2.5 1.6

There are several methods for calculating the ionization rates for a specific medium.
The most accurate, albeit very computationally demanding, is solving the corre-
sponding TDSE directly [38, 39]. There also exist simpler, more computationally
efficient models, such as the Ammosov-Delone-Krainov (ADK) model for tunnel
ionization (most useful in the γ ≪ 1 regime) [40], or the more commonly employed
Perelomov-Popov-Terent’ev (PPT) model, which is accurate in both the tunneling
and multiphoton regime [41–44]. For diatomic molecules, useful for modeling ion-
ization rates in air, extensions to ADK and PPT, called MO-ADK and MO-PPT,
respectively, have been developed [45–47]. Open-source numerical tools for nonlinear
optics like Luna employ these methods, and can be used to simulate the ionization
process in different media [48].
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2.4 Plasma Dynamics
The process of ionization is very fast, on the order of as–fs, so a plasma is created
almost instantaneously with respect to the pulse length (≈ 150 fs) [5]. The free
electrons will interact directly with the laser pulse as long as it exists, absorbing
energy primarily via inverse bremsstrahlung (IB) [6]. As a rule of thumb, it is usually
assumed that the electron temperature induced by ultrafast laser pulses is on the
order of 1 eV. The heavy atoms and ions do not interact meaningfully with the field
directly, and any energy they gain is primarily from non-radiative decay of excited
electron states or from kinetic energy transfer. The exact initial electron and ion
temperatures, as well as the ionization degree, depend on the specific medium and
characteristics of the laser pulse and can vary massively.

2.4.1 Electron Avalanche and Impact Ionization
As the electron freed by tunnel and multiphoton ionization gain additional energy
from the electromagnetic field, they will start colliding with ions and neutral atoms.
If the electrons gain enough energy, these collisions may result in so-called impact
ionization, where the transferred kinetic energy from an electron is enough to ionize
a neutral particle (and, more rarely, even ions), described by

A + e− −→ A+ + 2e−. (2.7)

The corresponding impact ionization cross section typically increases with higher
electron energies. Since this process increases the number of free electrons, it can
cascade in a chain reaction called an electron avalanche, leading to exponential
ionization of the medium [49, 50]. This process is limited only by the energy
distribution of the total electron population.

2.4.2 Shockwave Generation
The combination of inverse bremsstrahlung and avalanche ionization leads to a
surge in both electron population and temperature, while neutrals and ions remain
relatively cold. This leaves the plasma in a thermodynamic non-equilibrium, and the
resulting pressure exerted on the surroundings is described by the plasma pressure,
defined as

P = nikBTi + nekBTe. (2.8)

This pressure scales linearly with both ionization degree and the individual population
temperatures. In atmospheric air, if the electron temperature is 1 eV and ionization
rate is 1%, the pressure contribution from the electrons is already 40 kPa. The
pressure contribution from neutral atoms and ions, assuming the ions are room-
temperature, will equal atmospheric pressure at ≈ 100 kPa, meaning the electrons
create a massive overpressure, enough to create a shockwave followed by a rapid
expansion of the plasma. Much research has been conducted on the formation,
expansion and matter-interaction of these generated shockwaves [51–55], so this
project will not focus on investigating these further.
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With respect to bone microtomy applications, it is crucial to note that in bone tissue,
with particle densities typically ≈ 1000 times greater than air, a 1% ionization degree
would yield an overpressure of 40 MPa, increasing to the GPa regime for a fully
ionized plasma with ≥ 1 eV electron temperatures. This is on the same order, or
even greater than, the compressive strength of the different types of human bone
tissue [56], which poses a serious risk of shockwave-induced damage. This constitutes
a soft bottleneck to the precision and ablation efficiency of bone tissue, and is a topic
that will require attention in future research.

2.4.3 Plasma Expansion and Decay
Depending on the geometry of the system and the spatial distribution of the plasma,
the expansion dynamics will vary. A spherically symmetric plasma in a free geometry,
such as a homogeneous gaseous surrounding, will expand isotropically. A plasma
created at a gas-solid interface will not be able to expand in all directions, instead
colliding with the solid interface and subsequently directing its expansion as a jet
plume outwards into the less obstructive gaseous medium. This ejection of ionized
material in a plasma plume is the primary mechanism behind ablation of matter
in condensed target materials, and whatever energy is contained within the ejected
plasma is therefore transported away from the surface, instead diffusing into the
surrounding gas.

Regardless of geometry, the expanding plasma, being in non-equilibrium with itself
and the surroundings, will undergo thermalization by means of kinetic collisions
between the hot electrons and the colder ions and neutral particles. These collisions
can both be elastic and inelastic, over time transferring kinetic energy from the
electrons to the neutrals and ions and equilibrating their temperatures. Collisions with
surrounding neutrals at the propagation front of the expanding plasma, specifically,
leads to a rapid cooling of the plasma. This can be understood from a thermodynamic
perspective: rapid adiabatic expansion of a particle ensemble requires work, which
comes at the cost of internal kinetic energy in the plasma, leading to a loss in
temperature. Collisions with neutrals can also lead to impact ionization or excitations
in atomic states, and collisions between electrons and ions can result in recombination,
where an electron is captured and the surplus energy is carried away either by radiative
emission of a photon (two-body recombination) or another electron (three-body
recombination) [57] described by

Two-body: A+ + e− −→ A∗ + γ

Three-body: A+ + 2e− −→ A∗ + e−.
(2.9)

The corresponding recombination cross sections are dependent on the kinetic energy
of the electrons relative to the ions, with higher energy typically corresponding to
a smaller cross section, and three-body recombination dominating over two-body
recombination in denser plasmas.
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At thermal equilibrium there will be a corresponding equilibrium in plasma density
where impact ionization (equation 2.7) and electron recombination (equation 2.9)
rates are equal. Since the laser-induced plasma is surrounded by a medium (typically
air) at ambient conditions, kinetic and radiative thermal diffusion will eventually
relax the plasma into a neutral, room-temperature gas. The rate at which this
happens will depend on the particle and energy distribution of the plasma, as well
as particle-specific properties like how optically thick it is with respect to its own
and external radiation. As a rule of thumb, one can assume that non-equilibrium
plasmas too cold to sustain themselves in thermal equilibrium will decay very rapidly
due to rapid recombination events, whereas thermal plasmas survive much longer,
decaying instead at the rate of thermal diffusion to their surroundings.

2.4.4 Plasma Shielding and Ejection Plumes
In high-repetition rate laser systems there is a possibility that the time between
pulses is faster than the decay of the plasma. The free electrons from the previous
pulse will then linger and again interact with the electromagnetic field of the next
pulse, absorbing energy and further prolonging the decay process. The second
plasma population created around the focus will then rapidly expand and mix with
the original population, compounding the total plasma density. This process is
then repeated until an equilibrium plasma life cycle is achieved. If this equilibrium
population is dense enough, it may absorb a significant amount of the laser pulse
energy before it even reaches the focus, thereby effectively shielding the target
material from the laser and reducing ablation efficiency. Several independent research
papers [7, 58–60] hypothesize that plasma shielding causes a decrease in cutting
efficiency for repetition rates starting at around ≳ 100 kHz. Independent research,
specifically on visualizing the evolution of the plasma plume from femtosecond laser
ablation on gas-solid interfaces, suggests life times on the order of microseconds,
which supports this hypothesis [61, 62].

However, observations of plasma shielding do seem to be limited to condensed matter
interfacing with a gas, as research on ultrafast laser-induced plasma decay in pure air
and water all suggest much faster decays than the repetition rates of even the fastest
laser systems. Research on air plasmas, [63–66], conclude decay rates on the order of
single or at most tens of nanoseconds, and a study on distilled water, [67], found
that it decays even faster than air, on the order of tens of picoseconds. Plasmas in
water decaying faster than in air is likely attributable to electron solvation due to
the unique and highly polar characteristics of water molecules [68].

The reason these ejected plasma plumes survive longer than free-geometry plasmas is
attributed to continuous evaporation and ejection of the target surface as a result of
the geometric restriction on plasma expansion. As explained in the previous section,
when the initial plasma is formed it will try to expand isotropically. Outwards, it is
free to expand into the ambient air surroundings, driving a propagating shockwave in
the front, whereas inwards it is met with a solid surface preventing expansion. This
causes the plasma to be partially trapped, unable to expand freely, and therefore
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remains hot for longer. This allows for thermal diffusion of energy into the solid
surface, evaporating and ejecting it over time scales much longer than the decay of
free-geometry plasmas, and can be described using hydrodynamic models [62]. The
overall structure of the ablation zone and plasma plume has been characterized in
prior research, and includes named regions such as the Knudsen layer immediately
above the thermal core [69]. In figure 2.4 the overall structure can be observed.

Figure 2.4: The full structure of the ablation zone and plasma plume created
at a gas-solid interface by an incoming laser, including named layers.

2.5 Plasma Emission Spectrum
Following the onset of optical breakdown and the subsequent expansion of the
plasma, the system begins to decay as discussed in Section 2.4. During this life
cycle, the plasma primarily dissipates its internal energy radiatively through the
emission of photons. The specific mechanisms driving these emissions, such as
the radiative recombination and inelastic collisions introduced previously, vary
temporally and spatially, governed by the evolving electron density and temperature
[70]. Consequently, capturing the emission spectrum provides useful qualitative and
quantitative insights into the plasma, including the elemental composition of the
target medium. The plasma is highly transient and spatially inhomogeneous, so an
integrated emission spectrum captures a time- and space-averaged combination of
several distinct radiation mechanisms rather than what the plasma might look like at
any given instant in time. Generally, these mechanisms can be categorized into two
main spectral components: broad continuum emissions and discrete bound-bound
transitions.
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2.5.1 Continuum Emission
In the immediate aftermath of ionization, the plasma is characterized by a high density
of energetic free electrons and cold ions. During this early stage, continuum emissions
dominate the spectral profile, arising primarily from two different mechanisms. The
first is two-body recombination radiation, or free-bound emission, as previously
described in section 2.4.3:

e− + A+ −→ A∗ + γ. (2.10)

The energy of the resulting photon γ equals the sum of the electron’s initial kinetic
energy and the binding energy of the final state. Because the electron energy
distribution within the plasma is continuous, so is the resulting emission spectrum.
Notice that this recombination inherently leaves the newly formed atom in an excited
state (A∗), which can result in additional radiative emissions when it decays to the
ground state.

The second mechanism is bremsstrahlung, or free-free emission [71, 72]. As free
electrons accelerate or decelerate in the local electric fields of the heavier ions,
they emit photons across a continuous range of wavelengths. Using the theory and
equations in primary literature [73], one can estimate the bremsstrahlung emission
spectrum for non-relativistic plasmas. For electron temperatures on the order of
1 eV, the emission spectrum manifests as a mostly flat white background in the
visible wavelength range, as demonstrated in figure 2.5. As the electron temperature
falls below 1 eV, the emission intensity drops very rapidly, meaning bremsstrahlung
effects will be limited mostly to the early stages of the plasma life cycle.

Figure 2.5: Bremsstrahlung emission spectrum in the 300–1000 nm wave-
length regime from a fully ionized air plasma with arbitrary volume for different
electron temperatures. Notice the sharp drop in intensity as the plasma cools
down below 1 eV.
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2.5.2 Discrete Transitions
As the plasma continues to expand and cool, the kinetic energy of the free electrons
decreases, and the overall recombination rate begins to outpace the impact ionization
rate [70]. In this cooler regime, inelastic collisions between electrons and ions and
neutral atoms result in ionic or atomic excitations. These excitations have quantized
energy levels, resulting in a set of discrete emission wavelengths during radiative
decay. In the earlier stages of the plasma life cycle, the ion population will be at its
highest, producing bound-bound transition emissions as

e− + A+ −→ e− + A+∗ then A+∗ −→ A+ + γ.

Similarly, as the recombination process described in Equation 2.10 accelerates, the
resulting excited atoms will eventually decay [57]. As the plasma cools further, the
ion population falls while the neutral atom population surges. Similarly to ionic
emissions, the neutral atoms will undergo excitation followed by bound-bound decay
like

e− + A −→ e− + A∗ then A∗ −→ A + γ.

As mentioned, due to the quantized nature of these excitations, the wavelength λγ of
the emitted photon is strictly determined by the discrete energy difference between
the higher and lower bound energy states (∆E) via the relation [74]

λγ = hc

∆E
,

where h is the Planck constant and c is the speed of light. Since these quantized
energy gaps are unique to the electron shell structure of each specific element and
ionization state, the resulting spectral lines are distinct for each atomic species [74].
Identifying these peaks in the emission spectrum, using standard databases like the
National Institute of Standards and Technology (NIST) allows for identification of
the radiating particles [75].

Finally, it should be noted that the precise shape of the captured spectrum can be
influenced by secondary effects such as Stark broadening of the characteristic peaks,
molecular band emissions, or spectral broadening effects. While these effects may
alter the general shape of the spectrum, they fall outside the primary scope of the
elemental analysis performed here, though they remain an underlying factor in the
physical measurements.

2.6 Thermal Effects
The thermodynamic outcome of the light-matter interaction depends primarily on
the relation between linear thermal absorption and nonlinear ionization rates. As
discussed in the previous sections, linear absorption αabs (equation 2.5) relates to
the absorption of the electromagnetic field as internal energy, which subsequently
converts to thermal energy, whereas higher-order terms describe nonlinear effects
such as photo-ionization. If thermal absorption dominates, the laser pulse energy
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is primarily converted into bulk heat. This thermal energy diffuses outward into
the surrounding material, causing widespread melting and thermal damage, which
is highly detrimental in bone tissue microtomy applications, where precision and
survival of cells on the cross-sectional surface are both crucial.

Since femtosecond laser pulses deliver a significant amount of energy much faster
than the thermal relaxation time for most materials (which is typically on the order
of picoseconds to nanoseconds), nonlinear ionization rates dominate the interaction.
Before the absorbed energy has time to diffuse into the surrounding solid bulk as
heat, the exposed material is near-instantaneously converted into a dense plasma.
This plasma, as explained in sections 2.4.3 and 2.4.4, will expand very rapidly due
to the localized overpressure (equation 2.8). In solid-gas interfaces, the geometry
prevents isotropic expansion, trapping parts of the plasma in a hot, pressurized core.
Over time, this core ejects material outwards in a plasma plume jet, and in the
ideal scenario almost all of the absorbed energy is ejected from the ablation zone in
this way. However, the plasma plume has been observed to survive on timescales
up to microseconds due to continuous evaporation of the target surface, so thermal
diffusion clearly still occurs. Therefore, achieving clean ablation requires balancing
the laser pulse energy and repetition rate to optimize the ratio of ionization degree
and material ejection to residual thermal diffusion. For any given pulse shape, there
likely exists an optimal pulse energy window that maximizes this efficiency. Below
this window, the field fails to drive strong nonlinear ionization. Linear absorption
dictates the interaction, and the energy merely heats the target without generating
enough localized pressure for effective ejection. Above this optimum, the resulting
plasma becomes excessively dense and hot, creating a larger thermal core that diffuses
more thermal energy to the surroundings and thus takes longer to relax.
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3.1 Laser System, Beam Path and Mounting of
Target Material

In principle, focusing a laser pulse onto a given point in space and collecting data
using different spectroscopic equipment is straightforward. In practice, femtosecond
laser systems used in scientific research require precise knowledge and control over
many parameters to ensure stable output and repeatable results. Below are outlined
the most important equipment used along with the optical beam path.

The light source in the system is a CPA2001 femtosecond laser system that has a
nominal output wavelength of 775 nm, pulse length of ≈ 150 fs, and beam quality
M2 ≈ 1.2. The system is powered by a pump laser system driven by a 1 W power
supply, and is mode-locked using a Clark-MXR DT-505 Pockels cell driver. Mode-
locking the system requires manual adjustment of the delay settings on the DT-505,
and temperature fluctuations and other alignment drifts occasionally necessitate
manual tuning. The output repetition rate of the CPA2001 is dictated by the RF
divider on the DT-505, which is set to its maximum of 1001.7 Hz.

The output of the CPA2001 system is then manipulated using an optical beam path
whose main features include a crystal polarizer for manual attenuation of the laser
pulse energy, a beam expander with magnification factor 3, a set of scanning mirrors,
and a 70 mm F-Theta lens to focus the beam down to w0 ≈ 3 µm. The scanning
mirrors were used only in the initial calibration of the beam path, and were not
utilized during any of the experiments. A schematic of the beam path is presented
below in figure 3.1. Before each measurement, the laser pulse energy was measured
using a power meter and adjusted manually using the crystal polarizer. Therefore,
all reported pulse energies in this thesis are only estimates based on time-averaged
measurements from the power meter, and do not account for losses by for example
the beam expander, scanning mirrors, or the focusing lens.
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Figure 3.1: The optical beam path used to manipulate the raw output of the
CPA2001 femtosecond laser. The focusing lens has a focal length of 70 mm.
M1–M5 denote rigid alignment mirrors.

For ambient air (lab conditions: 1 atm, 25±5 ◦C, ≈ 50% humidity), no sample
preparation is required, and the laser pulse is simply focused on a spot in free space.
When investigating liquid water as target material, a high-purity quartz cuvette,
with inner dimensions of 20 x 20 x 37 mm and >1 cm beam path, was filled with
distilled water and placed on top of a platform such that the focus was approximately
centered on its inside as shown in figure 3.2. For bone tissue, a porcine rib bone from
a wild boar (Sus scrofa) was attached to a motorized mount that could be controlled
along all three spatial axes, also shown in figure 3.2.

Figure 3.2: The different methods of mounting the target material around
the laser focus.
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3.2 Spectroscopic Equipment and Data
Acquisition

The characterization of the laser-induced plasma was achieved using three types of
spectroscopic equipment: a high-speed CMOS camera, a diffraction-grated spectrom-
eter, and an ultrafast photodiode. These were all mounted and used separately such
that the field-of-view to the recorded event was identical. With the spectrometer,
reference measurements of the laser pulse spectrum and impulse response of the
photodiode were taken.

3.2.1 High-Speed Camera
For spatial imaging of the beam focus, a Phantom Miro LAB310 high-speed CMOS
camera with a telescope objective was used. The camera was mounted on a multi-axis
rail mount, allowing for adjustment along all three spatial axes. To synchronize
the internal clock of the camera to the output of the CPA2001 laser system, the
non-delayed Audio output of the DT505 driver was re-routed to the trigger input of
a pulse generator, with one output channel routed back to the delay input of the
DT505, and the other to the I/O-1 external source input of the camera. The relative
delay between the two output channels of the pulse generator could then be adjusted
to synchronize the camera shutter to the laser pulse arriving at the focus. Camera
settings and data acquisition were both done using the Phantom PCC software,
where the frame sample rate was locked to equal the repetition rate of the laser,
and the resolution, ISO and exposure time were adjusted as appropriate. The data
handling is described in the respective sections for the different target materials.

Figure 3.3: The High-Speed Camera mounted on a 3-axis adjustable mount.

3.2.2 Spectrometer
To capture the spectral profile of the laser-induced plasma, a diffraction-grated Ocean
Optics Red Tide 650USB Fiber Optic Spectrometer with a 400–2100 nm VIS-NIR
Low OH content fiber optic cable was used. The spectrometer has a resolution of
1 nm, wavelength range of 200–1100 nm, and is factory-calibrated for wavelength
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and amplitude correction. This calibration was corroborated using an EKSPLA
NT342 laser system with adjustable wavelength, which found only a -1 nm error in
the wavelength correction. To detect a signal from the plasma, the plasma emission
was focused using a 35 mm plano-convex lens and aligned onto the fiber optic cable
using a mirror on a 3-axis mount, as presented below in figure 3.4. To limit light
pollution, this setup was enclosed in a cardboard shielding. Data acquisition was
done using the SpectraSuite software application.

Figure 3.4: Experimental setup for capturing the plasma emission spectrum
with minimal light pollution.

3.2.3 Photodiode
While the high-speed camera has a minimum exposure time of 1 µs, it is in principle
possible to use either stroboscopy or exposure delays to record and stitch together the
temporal evolution of events that happen much faster than this. However, equipment
limitations precluded the use of stroboscopy, and exposure delay was insufficient
either because the recorded event was much faster than the impulse response of
the shutter, or due to poor pulse-to-pulse reproducibility. Instead, to capture the
temporal evolution of the plasma signals, a Thorlabs DET10A/M Si based, free-space
ultrafast photodiode with a nominal rise time of 1 ns and wavelength bandwidth of
200–1100 nm was used.

For measuring the plasma signals, the same setup as for the spectrometer was used, as
described in the previous subsection (section 3.2.2), and is presented below in figure
3.5. The photodiode signal was captured using a Tektronix TDS 3054 Oscilloscope
with a bit depth of 8 and sample rate of 5 GHz, and subsequently exported using
the Tektronix Openchoice software application.

22



3.3. Reference Measurements

Figure 3.5: Experimental setup used to capture the temporal evolution of
the plasma signal with minimal light pollution.

3.3 Reference Measurements
Before analyzing the laser-induced plasmas, reference measurements of the system
were necessary. The first was capturing the fundamental laser emission spectrum to
ensure any scattered incident light could be accurately identified and isolated from the
plasma spectra. The second was measuring the impulse response of the photodiode.
Since plasma decay rates can approach or exceed sub-nanosecond timescales, knowing
the inherent resolution of the photodiode is necessary to extract the plasma emission
signals from the raw data.

3.3.1 Laser Wavelength Spectrum
To capture the pure laser spectrum, the standard beam path was temporarily
reconfigured. As illustrated in figure 3.6, the spectrometer and a second crystal
polarizer were mounted into the beamline. The polarizer provided the necessary
additional attenuation to prevent saturating the spectrometer, while still allowing
the fundamental CPA2001 pulse to be aimed directly into the optical fiber. The
captured laser spectrum is presented in figure 3.7 and shows that rather than a
single peak at the nominal wavelength of 775 nm, we observe three distinct peaks
with a combined center-of-mass of exactly 775 nm. The reason it has more than one
wavelength peak is likely due to imperfections in the internal mode-locking cavity
that give rise to three fundamental resonant wavelengths rather than just one. While
the spectral density is lower than for a single peak of the same spectral power, there
are no known resonance effects in any of the target materials that will be significantly
affected by this. Altogether, the nominal wavelength was corroborated and the exact
shape will not significantly affect performance.
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Figure 3.6: Experimental setup for capturing the femtosecond laser spectrum.

Figure 3.7: Captured laser reference spectrum, including identified peaks
and the overall center-of-mass wavelength.

3.3.2 Photodiode Impulse Response
To verify the nominal 1 ns rise time and establish an impulse response function, the
photodiode was placed directly in the beam path. The laser pulse is only around
150 fs long, acting as a single delta impulse compared to both the nominal photodiode
rise time and the temporal resolution of the oscilloscope. Down to nonlinear or
saturation effects within the photodiode itself, the measured signal should therefore
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be equal to its impulse response. To this end, as shown in figure 3.8, a second
crystal polarizer combined with a 700 nm shortpass filter was utilized to heavily
attenuate the beam. To maximize the signal-to-noise ratio, the resulting impulse
signal was averaged over 512 laser pulses on the oscilloscope before being exported.
The background-removed impulse response is presented in figure 3.9. The FWHM
of the impulse response was computed to 1.41 ns, in line with the nominal 1 ns
FWHM reported by Thorlabs. Signal reflections inside the BNC cables used to
connect the photodiode to the oscilloscope were unavoidable, so the same cables
used for capturing the impulse response were used in all subsequent photodiode
measurements to ensure consistency and reproducibility.

Figure 3.8: Experimental setup for capturing the impulse response of the
photodiode.

Figure 3.9: Captured impulse response for the photodiode, including the
internal signal reflection and the computed FWHM of 1.41 ns.
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Ambient, room-temperature air (lab conditions: 1 atm, 25±5 ◦C, ≈50% humidity)
was selected as the first target material for two primary reasons. First, air serves
as an ideal reference medium for initial baseline measurements against which other
media can be compared, as it does not require any sample preparation and naturally
replenishes to an identical initial state between measurements. Both nonlinear
optics and plasma physics in air have been extensively researched, so a robust
theoretical foundation exists for benchmarking and interpreting the experimental
results, and informing the data analysis methodologies used for other materials.
Second, air represents the default environment for most practical applications of
ultrafast laser ablation. Ablation of organic tissue is typically performed under
standard atmospheric conditions, rather than in specialized immersion fluids (e.g.
water or noble gases). It is assumed that air humidity will not have a significant
impact on our results, as even fully humid air at room temperature contains only
a couple percent water vapor by number density. The laser-air interactions will
therefore be assumed to be dominated by molecular oxygen and nitrogen regardless
of humidity, unless our baseline spectroscopic results would suggest otherwise.

Figure 4.1: The laser beam focused into ambient air inducing a plasma. The
emission spectrum is measured by a spectrometer, the temporal evolution by
a photodiode, and the spatial imaging by a high-speed camera.
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4. Ambient Air

For these measurements, the general experimental setup described in the previous
chapter was used with no other reconfigurations than when installing the respective
spectroscopic instruments. Figure 4.1 illustrates the overall configuration and ex-
pected physical mechanisms of the laser-air interaction. The overall characterization
of the induced air plasma starts with spatial imaging, establishing information about
the shape and size of the plasma as well as indicators toward the decay rate and
spectral profile before these were examined in detail.

4.1 Spatial Imaging
In the PCC software, the exposure time was set to 1 µs to minimize ambient light
pollution, and the exposure index to ISO 8000 to get a good balance between signal
strength and signal-to-noise ratio. The signal delay from the pulse generator could
then be adjusted manually such that the full plasma signal was captured by each
frame. When this was achieved, the camera could be positioned such that the plasma
was in focus at maximum optical magnification. For each laser pulse energy, as well
as the background, 10 000 consecutive frames were recorded. The raw frames were
then averaged and converted to grayscale in the image processing program ImageJ,
and converted to a dark-field image by subtracting the averaged background. In
order to determine the spatial scale of the processed images, a reference object with
known width of 260 µm was captured in focus using the same optical settings on
the camera. The processed images with brightness normalized to the respective
peak pixel value can be observed for different pulse energies in figure 4.2. All
images are positioned identically in physical space to demonstrate how the plasma
profile backward-propagates against the propagation direction as the pulse energy is
increased. This is because the leading edge absorbs much of the laser pulse before it
reaches the focus, leading to plasma self-defocusing and overall less energy to ionize
the air behind the focus. This is consistent with the findings in reference literature
[70]. The camera is unable to resolve the plasma for pulse energies below ≈79 µJ,
above which the observed size consistently grows with no sign of saturation.

While the profiles for lower pulse energies appear more cigar-shaped, the higher-
energy profiles, particularly for 500 µJ, instead exhibit noticeable distortion. In order
to better visualize this, the image was imported into a Python script, where the center
of mass of the plasma profile was first computed using scipy.ndimage and defined
as R = Z = 0, where Z is the propagation direction and R is the radial distance.
Using a Gaussian smoothing filter with σ = 1 on the image to smooth out any noise
that may affect the peak observed pixel value, a contour plot could then be produced
and presented in figure 4.3. The distortion is attributed primarily to the beam
quality (see section 2.1), compounded with the nonlinear behavior of self-focusing
and ionization. Due to this asymmetry, estimates for the spatial dimensions of the
plasma were produced by doing a 1-D projection along the horizontal and vertical
axes. These projections are robust against local distortion since they integrate the
total pixel value along each respective axis. The FWHM length and width could then
be computed using linear interpolation along the projected axes. The projection,
including FWHM dimensions, are visualized in figure 4.4.
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4.1. Spatial Imaging

Figure 4.2: Laser-induced plasma captured by the high-speed camera for
different pulse energies evenly spaced in log10-space. Images are in grayscale
and normalized to their respective peak pixel value.

This process was repeated for the different pulse energies, and the resulting pulse-
energy-dependent FWHM dimensions are compiled in figure 4.5. Due to the poor
signal-to-noise ratio, signals below 126 µJ could not be resolved using this method
and are as such excluded. Overall, the size grows consistently with pulse energy,
starting at around 66 µm in length and 9 µm in width for 126 µJ. This is very
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close to the confocal length b ≈ 60 µm and beam waist diameter 2w0 ≈ 6 µm, and
goes even lower with decreasing pulse energy (observe e.g. 79 µJ in figure 4.2).
Since the actual evolution of the plasma was not possible to capture, this does not
necessarily mean that the plasma does not expand significantly, only that this was
the most radiative region during the integration time. The extent to which the
plasma expands could be much larger than observed here, but would not be resolved
because it would correspond with lower electron density and temperature, hence
fewer photon emissions.

Figure 4.3: Contour plot of the relative pixel values of the plasma profile
image for 500 µJ pulse energy.

Figure 4.4: Projected intensity profile for 500 µJ pulse energy along the
Z and R axes, respectively, including the corresponding computed average
FWHM dimensions.
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Figure 4.5: FWHM dimension estimates along Z and R for different pulse
energies. Error bounds are due to initial error estimate of pixel dimensions.

4.2 Spectrometry
To characterize the plasma emission spectrum for different pulse energies, 11 mea-
surements were taken for the same pulse energies as before, spanning 50–500 µJ
with even steps in log10-space. The signal for each pulse energy was integrated for 3
seconds and averaged over 5 consecutive measurements, spanning a total integration
time of 15 seconds. The emission spectrum for all measured energies, as well as
all identified characteristic atom and ion emission lines and the region dominated
by continuum emission, are shown in figure 4.6. The characteristic shape of the
spectrum is remarkably consistent across the full range of pulse energies, and all
identified peaks correspond to either atomic oxygen or nitrogen and their respective
+1 and +2 ions. This is entirely expected from air, which consists to 99% of just
oxygen and nitrogen gas. The reference data for the characteristic peaks were taken
from the NIST database [75].
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Figure 4.6: The normalized and noise subtracted measured emission spectra
for all pulse energies, with characteristic spectral lines and continuum emission
region marked.

The limited wavelength resolution of 1 nm is evident in the spectrum. For example,
there should exist a triplet of characteristic lines with similar amplitudes for O I
between 777.2–777.5 nm [75], however in our results they are combined into the
single peak at 777 nm. Another limitation is the transmission bandwidth of the fiber
optic cable used, exemplified by the drop off in the continuum spectrum at around
500 nm. While the fiber optic cable is rated for 400 nm, it is possible this is just
a threshold value and that the actual transmission rate starts dropping off much
earlier. Because the spectrometer itself is compatible with multiple different fiber
optic cables, this is likely unaccounted for in the factory amplitude correction.

Beyond characteristic transition lines, the spectrum is dominated by continuum
emissions, particularly in the 400–700 nm region. This is likely a combination of both
radiative two-body recombination and Bremsstrahlung (see section 2.5), although
the shape is hard to characterize. Since the electron energy distribution over time
and the corresponding recombination cross sections are unknown, combined with the
unknown transmission spectrum of the fiber optic cable, it is impossible to determine
to what extent the observed continuum spectrum corresponds to which physical
mechanism.
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Figure 4.7: The normalized laser spectrum overlaid on the measured emission
spectrum for 500 µJ.

Comparing the captured plasma spectrum to the laser reference spectrum, as shown
in figure 4.7 for 500 µJ pulse energy, we can see that it contains little to no scattered
laser light. Similar results were observed for the full range of pulse energies. This is
an important observation, as it means no unnecessary amount of energy is scattered
or reflected beyond what is absorbed in the ionization and plasma formation process.

4.3 Temporal Evolution
The results from the spectrometry (see figure 4.6) showed both continuum emissions,
primarily in the 400–700 nm wavelength domain, as well as atomic emissions, primarily
in the 700-1000 nm domain, so it was of interest to investigate whether these
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exhibited different temporal evolutions. A photodiode signal contains no spectral
information, so to separate these domains a shortpass and longpass filter were used.
The shortpass filter was a Thorlabs FESH0700 filter with 400–690 nm bandwidth,
and the longpass filter a Thorlabs FGL715 filter with cut-on wavelength of 715 nm.
Identical measurements were taken with the two respective filters, as well as a
reference measurement without filter. The results for 500 µJ pulse energy, compared
to the measured impulse response of the photodiode, are presented in figure 4.8.

The measured amplitudes were of the same order of magnitude in all three measure-
ments. Clearly, there are differences between the longpass-filtered and shortpass-
filtered signals that are also consistent with the fact that the unfiltered signal lies
somewhere in-between. Secondly, these are all also clearly different from the impulse
response, although the signal widths are of the same order of magnitude. To extract
the corresponding decay rates of each signal, therefore, numerical and statistical
methods are required.

To this end, a Markov chain Monte Carlo (MCMC) based Bayesian algorithm named
Iterative Bayesian Deconvolution (IBD) was developed whose mathematical frame-
work, intermediate results, and statistical benchmarking are detailed in appendix
A.1. The model is designed to operate bottom-up on four a priori datasets: the three
measured plasma signals and the instrument impulse response. The core physical
assumption, informed by the spectral analysis in section 4.2, is that the measured
signals are a linear combination of two distinct physical processes. First, continuum
emissions that completely dominate the 400–700 nm (shortpass) domain, and second,
atomic emissions that are almost exclusively detected in the 700–1000 nm (longpass)
domain. The underlying mechanisms behind these distinct types were described in
section 2.5. The three datasets can therefore be modeled as different linear combina-
tions of these two types of processes, with the unfiltered data being the direct sum
of the shortpass and longpass data.
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Figure 4.8: Measured emission signal data from the air plasma induced
by 500 µJ pulse energy, including using a long-pass and short-pass filter,
respectively, compared to the measured impulse response.

To parameterize the system, IBD utilizes a simple power-law equation that captures
the general, time-averaged behavior of a non-linear, monotonically decaying system
with time-dependent decay rates:

f(θ, t) =


A

(1+ t
τ )b , t ≥ 0

0 , t < 0
, θ = {A, τ, b} (4.1)

where A, τ , and b are the governing inference parameters. This power-law simplifi-
cation of decay processes is commonly employed in chemistry, and is appropriate
here because there is no closed-form expression that accurately captures the time
evolution of radiative emission decay in this type of non-equilibrium plasma. The
deconvolution is subsequently executed in three iterative steps. First, the power-law
parameters for the continuum emission are inferred using the 400–700 nm dataset.
Second, these results are utilized as informed priors to analyze the 700–1000 nm
dataset, which is modeled as a sum of two separate power-law equations. Finally, the
combined parameters from the first two steps are evaluated against the unfiltered
dataset to verify that the parameter convergence is stable and consistent across the
entire system. The resulting inferred parameters for the case 500 µJ pulse energy
are presented in table 4.1 and the resulting model fit and inferred source signal in
figure 4.9.
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Table 4.1: IBD parameter posteriors (median ± standard deviation) in the
case of 500 µJ pulse energy for the different datasets.

Parameter Shortpass Longpass No filter

τcont (ns) 0.96 ± 0.04 0.95 ± 0.04 0.87 ± 0.07
bcont 1.41 ± 0.02 1.41 ± 0.02 1.41 ± 0.01
Acont 15.3 ± 0.2 7.7 ± 2.0 23.0 ± 1.1
τdisc (ns) N/A 2.61 ± 0.31 2.12 ± 0.14
bdisc N/A 1.36 ± 0.03 1.34 ± 0.02
Adisc N/A 11.3 ± 1.6 10.9 ± 1.2

What is immediately striking about these results is the consistency between all 6
parameters across three different datasets, suggesting the underlying physics has been
captured in accordance with the prior assumptions. While the priors are informed,
the model will converge to statistically superior values if such exist. This is evident in
the broadening of the posterior for the continuum decay rate τcont for the unfiltered
data, whose mean lies far outside the error bound of the previous steps that informed
its prior, as well similarly for the bound-state decay rate τdisc. It was also separately
proven during the statistical benchmarking described in appendix A.1. The scale
parameters are consistent with the initial assumption that the emission signals can
be combined linearly, since the scale parameter Acont for the unfiltered data is within
the error bound for the sum of the two prior Acont values, and similarly for Adisc.

The only parameter whose error bounds across datasets do not overlap is the bound-
state decay rate τdisc, although the corresponding p-value of 0.15 is not statistically
significant. Additionally, the corresponding forward-convolved fit to the unfiltered
data has an R2 value of 0.999, which suggests a very strong statistical fit. Altogether,
the results are very promising from both a physical and statistical perspective, and
it is concluded that the continuum and atomic emissions have been successfully
separated and modeled, respectively, from the raw data.

Having established confidence in these results, their meaning can be interpreted.
The most compelling result is the characteristic decay rate τ , which is ≈ 1 ns for
continuum emissions and ≳ 2 ns for discrete atomic emissions. Continuum emissions
decaying faster is consistent with prior expectations, as they are dominant for high-
energy electrons and thus primarily occur in the early stages of the plasma life cycle.
Atomic transitions, on the other hand, rely on electrons cooling down enough to only
induce atomic excitations rather than re-ionizing them. This reliance on the plasma
cooling down over time for the emission profile is inherently slower, explaining why
the overall characteristic decay time is longer.
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Figure 4.9: The forward-convolved IBD model fit compared to measured
unfiltered signal data for 500 µJ pulse energy, including impulse response and
the non-convolved model for reference.

While the decay rates are distinctly different, the power parameters b are relatively
much closer, at bcont ≈ 1.41 and bdisc ≈ 1.35, although there is no overlap between the
respective error bounds. The power parameter b determines the shape of the decay
curve and is a result from weighting all the different underlying physical mechanisms
behind the respective emissions. Because the source of continuum emissions (radiative
n-body recombination, Bremsstrahlung, two-photon emissions) are very different
from atomic emissions (atomic excitations), it is entirely expected that the resulting
power parameters would be different. However, the fact they are relatively close,
considering there is no imposed upper bound on their priors, suggests they could
still be coupled to the overall macroscopic evolution of the plasma.

The 500 µJ dataset provided a robust signal-to-noise ratio (SNR) sufficient to
resolve all seven (6 physical and 1 nuisance) model parameters, but extending this
high-dimensional inference across the full range of lower pulse energies introduced
statistical limitations. As pulse energy decreases, the emission intensity naturally
weakens, leading to a diminished SNR. The available data becomes insufficient to
constrain all parameters, resulting in parameter spaces with multiple local likelihood
maxima or inadequate statistical convergence. Therefore, it was not possible to
construct a full mapping of the inferred parameters for all datasets. However, for the
subset of measurements where the model converged reliably, the results consistently
supported the benchmark findings: the continuum decay time τcont remained within
the 0.5–1.5 ns range, while the atomic transition decay time τdisc was consistently
slower at around 1.5–2.5 ns. This confirms that the two processes have consistent
relative behavior, and that the overall decay time is on the order of nanoseconds and
does not significantly deviate into the picosecond or tens-of-nanosecond regimes.
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Having characterized the plasma generated in air, the next target material of interest
is pure water. In many applications of femtosecond laser ablation, the target material
either contains or is submerged in water. This is also true in the case of bone
tissue ablation, where the surface of the bone is often coated in a liquid solution
(containing mostly water) to prevent the sample drying out, as well as the tissue
itself containing some amount of water. How focused ultrafast lasers interact in
a pure water environment is the first step towards understanding more complex
systems. Water is approximately 1000 times denser than air and typically follow
incompressible hydrodynamic behavior, so one cannot just extrapolate the results
from the previous chapter. Additionally, it is simple enough to construct a controlled
environment of pure, distilled water, and perform the same methodological and
analytical steps as with air.

Using a high-purity quartz cuvette with inner dimensions of 20 x 20 x 37 mm and
>1 cm beam path, distilled, room temperature water could be placed around the
focal region. Using the same spectroscopic equipment as with air, see figure 5.1,
spatial, spectral and temporal data could be captured.

Figure 5.1: The laser beam focused into a cuvette of distilled water at
room temperature inducing a plasma and bubble formation. The emission
spectrum is measured by a spectrometer, the temporal evolution by an ultrafast
photodiode, and the spatial imaging by a high-speed camera.
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5.1 Spatial Imaging
Unlike in air, successive laser pulses at 1 kHz do not yield identical results; rather,
they give rise to cumulative bubble formation over hundreds of milliseconds. This
transience prevents the use of simple frame averaging to produce high-resolution
dark-field images of the focal region, but it opens the door for a spatio-temporal
analysis. To investigate these dynamics, the focal region was captured using two
distinct methods: first without external lighting to isolate the emission profile, and
then with LED backlighting to observe bubble formation via shadowgraphy. To
be able to capture enough of the LED backlight, the exposure time was increased
to 90 µs in both cases while keeping the ISO at 8000 to be consistent with the
measurements on air. Although several pulse energies were tested, the temporal
evolution was best resolved using 158 µJ, as presented in figure 5.3. This specific
choice of pulse energy was because larger pulse energies created bubble structures
that extended beyond the spatial range of the LED backlight region.

The evolution of the plasma and bubble formation can be divided into three primary
phases. During the initial optical breakdown phase (t = 0 to 1 ms), the first pulse
creates a shockwave jet near the focus without generating light strong enough for the
camera to resolve. Its characteristic wedge shape, extending more than 10 Rayleigh
lengths, strongly suggests filamentation of the laser pulse. The subsequent pulse
(t = 1 ms) creates a similar shockwave alongside visible light emissions. This light
originates from the interfaces of the gas bubbles generated by the preceding pulse,
primarily attributed to scattered laser reflections, though contributions from plasma
emissions cannot be strictly ruled out.

Following the initial breakdown is an expansion phase (t = 10 to 500 ms) where each
successive pulse contributes to a rapidly expanding region of bubbles. Interestingly,
this formation is not limited to expansion from the initial focal point, as bubbles
begin to form independently further back along the propagation axis. By t = 100 ms,
a buoyant mass of gas bubbles begins to rise, and by t = 500 ms, the spatial extent
of the observed light and the bubble filament reaches its maximum.

Finally, the system enters a quasi-stable equilibrium state, at approximately t = 1 s,
as the tail end of the profile recedes and stabilizes. In this state, the macroscopic
bubble structure can be divided into three distinct spatial domains as shown in figure
5.2:

1. The Focal Region: The furthest extent of bubble generation along the
propagation axis, maintaining a consistent bubble distribution.

2. The Central Plume: Immediately preceding the focus, exhibiting the highest
total rate of bubble formation and the most pronounced laser light reflections.

3. The Plume Tail: Further back along the axis, occupying the largest volume
but containing the lowest bubble density and size.
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Figure 5.2: The macroscopic bubble structure divided into three distinct
spatial regions.

These spatio-temporal dynamics were qualitatively similar across all tested pulse
energies, though higher energies corresponded to larger plumes and longer stabiliza-
tion times (up to ∼ 2 seconds for 500 µJ). These results are consistent with those
reported by [51], who utilized the same laser system as this work.
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Figure 5.3: Time-resolved visualization of laser reflection and bubble forma-
tion at 158 µJ pulse energy over 1000 ms. Comparison between unlit (left)
and LED-backlit (right) environments.
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5.2 Spectrometry
The spectral profile of the steady-state bubble filament was then examined. While
the local characteristics of the filament are highly transient by virtue of continuous
bubble formation, collapse, and buoyancy, it is possible to macroscopically divide the
filament into three major spatial domains. First is the focal region, which represents
the furthest extent of bubble generation along the propagation axis and displays
a relatively consistent bubble distribution. Immediately preceding this along the
propagation direction is the high-density central plume, which exhibits the highest
rate of bubble formation and the strongest laser light reflection. Finally, preceding
the central plume is the low-density plume tail; while this region occupies the largest
volume, it contains the lowest bubble density and size.

The spectral characteristics of each region were captured using the spectrometer.
The different regions were captured by moving the tip of the fiber cable, as shown in
figure 5.4, to the corresponding focal spots. Additionally, due to its lower density, the
tail plume required a longer integration time to achieve photon counts comparable
to the other two regions. A graphical visualization of these distinct regions and their
corresponding normalized spectra at three different pulse energies is presented in
figure 5.5.

Figure 5.4: Experimental setup for capturing the emission spectrum of water
with minimal light pollution.

The immediate observation is the lack of any identifiable atomic spectral lines in
any of the recorded spectra. Instead, the captured light is overwhelmingly scattered
and reflected, spectrally broadened laser light, whose shape is very similar to results
in previous research [35]. Since the spectral broadening extends across the entire
recorded spectrum, it obscures any potentially identifiable plasma emissions.
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Additionally, the shape of the recorded spectra changes with pulse energy, exhibiting
larger spectral broadening of the fundamental laser wavelength at higher energies,
consistent with expectations from theory in nonlinear optics (see section 2.2). For
pulse energies in the region of 500 µJ, the spectral broadening was so stark that the
light appeared white, typical of supercontinuum generation.

Interestingly, this inconsistency in spectral shape is also present when comparing
different spatial regions at a constant pulse energy. There is no obvious relationship
or predictable trend between the relative spectra of the focal region, the central
plume, and the tail plume, even though one would expect more pronounced spectral
broadening with longer propagation distances within the nonlinear medium. These
results suggest the laser pulse undergoes filamentation, as this would explain why
spectral broadening can be observed in spatial regions separated by more than 100
Rayleigh lengths.
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Figure 5.5: Graphic visualization of the three macroscopic filament regions
for different pulse energies. White boxes from left to right: focal region,
central plume region, tail plume region. The largest peak in the reference
laser spectrum (781 nm) is included for reference.
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5.3 Temporal Evolution
To further verify wether the observed spectrum is indeed purely from spectrally
broadened laser reflections, or if some plasma emissions can still be resolved, the
photodiode was again employed. All three spatial regions of the bubble filament were
captured, with and without filters, and for different pulse energies in an extended
range of 19–500 µJ.

In all cases, the captured signal was indistinguishable from the impulse response.
Examples of captured signals compared to the impulse response are presented in
figure 5.6 for reference. At 19 µJ with no filter, the signal strength is identical to
that of the previously measured impulse response. At 500 µJ, a shortpass filter was
used to reduce the signal strength below the saturation regime of the diode.

While the presence of nonlinear spectral broadening of the laser light is highly
suggestive of field intensities approaching, or even exceeding, the ionization regime of
water, there is no observed plasma decay process in the photodiode data. Although
water plasmas in unbounded geometries were expected to decay much faster than air,
whose decay rate was already on the order of the impulse response, due to electron
solvation (see section 2.4.4), it could still have been possible to decay a weak plasma
signal if the plasma was hot enough to thermally sustain itself for an extended period.
Altogether, the results from the photodiode further reinforce the interpretations
made from the other spectroscopic data.

Figure 5.6: Measured emission signal at origin for 19 µJ (unfiltered) and
500 µJ (shortpass filtered) pulse energies, compared to the measured impulse
response.
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The final and perhaps most important target material evaluated in this project was
porcine rib bone from a wild boar (Sus scrofa). Unlike air and pure water, bone
tissue is a complex solid containing a large variety of compound molecules in highly
heterogeneous structures. Fluids like air and water, with their simpler chemical
compositions, will eventually relax to restore the initial macroscopic state of the
system. This allows for a macroscopic steady-state interaction between the laser
pulse and the material. Steady-state interaction is particularly useful as it allows for
a higher degree of reproducibility and makes data acquisition much more conventient.

As a solid, bone tissue will not revert to its initial state. Instead, ablated material is
ejected, leaving a permanent ablation zone (crater) in its place. Consequently, to
ensure similar conditions for each successive laser pulse, the bone surface must be
moved at a constant rate and fixed distance relative to the laser focus, thereby con-
tinuously replenishing the target surface. This technique was employed to the extent
possible with the available equipment while studying the spectral characteristics and
temporal evolution using the spectrometer and photodiode, respectively.

In the context of bone microtomy, steady-state phenomena are of less interest, as
the specific purpose is to permanently ablate the material. During this process, the
surface of the target sample moves through the laser focus, causing the physical
geometry of the system to change from one pulse to the next. To investigate this
phenomenon, the bone sample was moved axially toward and through the focus,
effectively drilling the bone at a single location. The high-speed camera was used to
visualize this process, capturing transient interactions that are impossible to resolve
with the spectrometer or photodiode.

To simplify the system and isolate the ablation behavior of the bone tissue itself, the
surface was not coated with a liquid solution. While such coatings are sometimes
applied in conventional laser microtomy to prevent the bone from drying out, they
were omitted here to avoid introducing additional variables.
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Figure 6.1: The laser beam focused onto the surface of a porcine rib bone
sample attached to a motorized mount. The emission spectrum of the cutting is
measured by a spectrometer, the temporal evolution by an ultrafast photodiode,
and the full event imaged by a high-speed camera.

6.1 Spatial Imaging
The high-speed camera was synchronized with the laser pulses, as described earlier
in section 3.2.1, establishing the laser-induced air plasma in the focal plane as a
reference. The exposure time was set to 90 µs and ISO to 8000 to be consistent
with the spatio-temporal imaging in pure water. The bone sample, oriented with
its surface normal to the axis of laser propagation, was then moved axially toward
the laser focus at a constant velocity of 2 mm/s using the motorized mount. This
procedure was repeated on fresh surface locations for pulse energies ranging from
50 µJ to 500 µJ. The temporally resolved visualization for the 500 µJ pulse energy
is presented in figure 6.2, while the resulting ablation craters for a selection of pulse
energies are shown in figure 6.3.
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Figure 6.2: Time-resolved visualization of the ablation process of porcine
bone tissue, where the bone was moved towards the laser focus against the
propagation direction at a constant velocity of 2 mm/s. Here, the pulse energy
was set to 500 µJ.
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Figure 6.3: Ablation craters on the porcine rib bone surface resulting from
moving the bone towards the laser focus against the propagation direction at
a constant velocity of 2 mm/s, for different pulse energies.
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Some interesting observations can be made from the temporally resolved imaging in
figure 6.2. First, there is much visible scattering of the laser on the bone surface,
and the yellow hue suggests spectral broadening. Second, even long before the focus
reaches the surface, material ablation occurs and a plume begins to form. By the
time the focus reaches the surface, an ablation crater has already developed, and
the plume noticeably intensifies in both size and emission intensity. When the focus
is entirely inside the crater, the plume reaches its maximum spatial extent and
intensity. During this stage, the plume takes on a whiter hue, suggesting higher
electron temperatures. Once the bone completely engulfs the focus, indicating that
the ablation rate is slower than the 2 mm/s translation velocity, the laser is unable
to ionize the material. Instead, the energy is absorbed and scattered, causing the
ablation process to quickly cease. In this regime, since the absorbed energy is not able
to escape from the material, thermal damage could be observed in some cases when
the laser was engulfed for prolonged periods. These dynamics were qualitatively
similar across the tested pulse energies, with the primary differences being the
overall intensity of the ablation plume (decreasing with lower pulse energies) and
the distance from the focus at which the initial plume formed (shortening with lower
pulse energies).

Comparing the resulting ablation craters across the 50 µJ to 500 µJ range highlights
the importance of pulse energy for efficient and precise ablation. While higher
energies clearly ablate a larger volume of material in the same timeframe, this comes
at the cost of precision. High-energy craters are amorphous and reach diameters on
the order of 100 µm. This is substantially wider than both the measured FWHM of
the air plasma (≈20 µm at 500 µJ, see figure 4.4) and the computed theoretical beam
width of 6 µm (see Section 2.1). Conversely, ablation craters generated by lower
pulse energies, specifically from 79 µJ and below, are far more circularly symmetric
and approximately an order of magnitude smaller in width. No burn marks were
observed around any of the ablation craters.

Using the non-exponential part of the Gaussian pulse propagation formula in equation
2.3 and rough distance estimations based on the images from the high-speed camera,
as well as the spatial profiling of the air plasma (see section 4.1), we can get a rough
estimate of the lowest peak intensity required to ablate a visible amount of bone tissue.
Taking the first frame where an ejection plume is visible, and assuming the laser focus
is at the center-of-mass of the air plasma, the distance to the bone surface is estimated
to be roughly 1.2 ± 0.2 mm. Using equation 2.3, we get Imin ≈ 5 × 1017 W/m2, with
an upper bound of 7 × 1017 W/m2 and a lower bound of 4 × 1017 W/m2. The pulse
energy used was 500 µJ, and the Rayleigh length 60 µm as computed in section 2.1.
For this pulse energy, we can compute the effective ablation zone, i.e. the radius
inside which I > Imin, for different z, r at t0(z) = z/c. The results are presented
below in figure 6.4. As can be observed, while the ablation zone near the focus is
relatively small (≈ 5 µm in all cases), the sizes expand away from the focus, an effect
that becomes more pronounced as pulse energy is increased.
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Figure 6.4: Estimated effective ablation zone based on the computed thresh-
old ionization intensity of Imin = 5 × 1017 W/m2 for different pulse energies.

To achieve this threshold intensity only at the focus, the pulse energy should be set
to ≈ 1 µJ, with a lower bound of 0.8 µJ and an upper bound of 1.6 µJ, calculated
using equation 2.4 and w0 = 3 µm. While the associated effective ablation zone,
and therefore also the amount of removed material, is much smaller for each pulse,
this could be circumvented by increasing the repetition rate proportionally. This
more gentle ablation strategy would in principle produce highly localized ablation
and likely with less excess energy absorption that diffuses as bulk heat (see e.g. the
theory on plasma trapping and plume formation in section 2.4.4). If precision is
less important than overall ablation rate, however, increasing the pulse energy is
recommended.

6.2 Spectrometry
The spectral properties of the bone ablation process were then investigated. Similar
to the case of water, the characteristics of bone tissue ablation exhibited much pulse-
to-pulse variance. Because of this, the captured spectra represent time-averaged
emissions over the duration of the entire cutting event. To perform the measurements,
the bone surface was first fixed as close to the focus as possible without engulfing
it entirely, then translated perpendicular to the laser propagation direction at a
constant rate of 2 mm/s. During this translation, the spectrometer collected data.

Given the highly transient and variable nature of the process, combined with very poor
signal-to-noise ratios for lower pulse energies, data of spectral measurements will only
be presented here for 500 µJ pulse energy. Results were, however, qualitatively similar
across all tested pulse energies. In total, 8 composite spectra were captured, with
each data point consisting of an average of two measurements utilizing a 1-second
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integration time each. While the uneven target geometry introduced significant
variance between individual measurements (see appendix figure A.5), several defining
characteristic emission peaks remained consistent across all trials. Figure 6.5 presents
the normalized, noise-subtracted average of these 8 measurements, highlighting both
the identifiable atomic transition lines and the spectral region dominated by the
scattered incident laser light.

Figure 6.5: The processed emission spectrum for bone tissue ablation at 500
µJ pulse energy, with characteristic spectral lines and scattered, spectrally
broadened laser light marked.

The spectrum is dominated by a broad peak corresponding to the spectrally broad-
ened, reflected laser pulse, and the degree of spectral broadening varied between
individual measurements, similar to the differences between spatial regions in water
(see e.g. figure 5.5). Although this broadened peak obscures characteristic emission
lines around 750–800 nm, an array of new characteristic emission lines that were
absent in the preceding air (figure 4.6) and water (figure 5.5) spectra could be
successfully isolated in the 400–700 nm regime. Most notably, the spectrum exhibits
pronounced bound-bound transitions for atomic and ionic calcium (both the +1
and +2 ionic states), ionic phosphorus, and atomic hydrogen. Additionally, discrete
oxygen and nitrogen transition lines that could not be resolved in either air or water,
such as O+ at 410 nm and 519 nm, N at 467 nm, and N+ at 589 nm, were identified.
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It should be noted that several of these transition lines overlap, making it difficult to
identify them with confidence. Nevertheless, since bone tissue is primarily composed
of calcium- and phosphorus-rich hydroxyapatite, as well as organic collagen (hydrogen,
nitrogen, and oxygen), the detection of these specific elements acts as a strong
indicator that the atomic emissions of the ejected bone plasma plume were successfully
captured. All spectral line identifications were cross-referenced with the NIST Atomic
Spectra Database [75].

6.3 Temporal Evolution
As indicated by the spatial imaging and spectrometry results, a significant portion
of the optical emission surrounding the ablation zone consists of scattered laser
light. To mitigate its influence on the photodiode measurements, the 400–690 nm
shortpass filter utilized in previous sections was mounted directly in front of the
photodiode. Consistent with the spectrometry procedure, the bone sample was
translated perpendicular to the laser propagation direction at a fixed distance,
though this was again subject to variations arising from bone surface roughness and
curvature. This process permitted a sufficient time window to acquire a running-
average signal on the oscilloscope during the ablation process. However, due to
pulse-to-pulse variations, the dynamics of each ablation event were unique, and
differences in signal amplitude at specific temporal points could span several orders of
magnitude. Consequently, a series of individual raw measurements were also recorded
to serve as a baseline reference. Because random noise dominates the systematic
background for individual snapshot measurements, a Savitzky-Golay filter was applied
to smooth the high-frequency variations. For the running-average measurements,
averaging over 64 samples proved most effective. For consistency, the Savitzky-Golay
filter was used on this data as well. The raw signal amplitudes (normalized to
the global maximum across all datasets) were presented to better showcase the
differences between individual measurements, since individual normalization would
be sensitive to the amount of captured laser reflections and distort the relative signal
amplitudes and decay rates. Representative examples of the individual snapshots and
the running-average measurements are presented in figures 6.6 and 6.7, respectively.

An immediate observation from the data is the presence of a signal component that
decays on a significantly longer timescale than either the laser reflections or the
previously characterized air plasma. On short timescales, the laser reflection and
air plasma signals are resolved as narrow peaks centered around t = 0, exhibiting
largely consistent profiles between data sets. On longer timescales, the dynamics of
the ablation plume can be observed, with substantial variance between data series in
terms of amplitude, signal morphology, and decay rate. For instance, differing decay
rates cause two of the individual signals in figure 6.6 to intersect at approximately
t ≈ 120 ns. Regarding signal morphology, most individual measurements display a
distinct rise-decay-rise-decay profile, with the secondary local maximum occurring
anywhere between t ≳ 0 to t ≳ 300 ns. Due to this variation between individual
events, the 64-sample running averages generally smoothed these features into a
more monotonically decaying curve, though the dual-peak structure occasionally
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persisted even here. For these averaged signals, one can observe a significant decrease
in the signal decay rate, likely due to the plasma plume transitioning from the initial
shock front of ionized material to the slower thermal evaporation of the surface. The
signal-to-noise ratio was also good enough for internal signal reflections in the BNC
cables to be pronounced.

These variations are attributed to the fact that the photodiode is aligned to the
air plasma volume around the focus, whereas the actual ablation zone fluctuates
relative to this point from pulse to pulse. Consequently, the expanding plume must
propagate from the ablation site into the photodiode’s line-of-sight before detection
occurs, causing the characteristic secondary rise and decay signal. Fluctuations in
the initial plume morphology (as observed in figure 6.2) compound these variations.
The variability and non-reproducible nature of these signals, even for running-average
measurements, discourages deterministic modeling of the data. In the case of air, the
signals were highly stable and reproducible, which justified a statistical modeling
approach to characterize it for future reference. For bone tissue, this is not the case.
While empirical models such as a modified IBD (see section 4.3) could technically be
fitted to individual traces, they carry minimal predictive value if the underlying event
cannot be reproduced reliably. Even if more sophisticated equipment and methods
were employed to guarantee identical geometric conditions for each consecutive
pulse, the corresponding results would mean little in practice where variations are
unavoidable. Therefore, our analysis for bone tissue must remain fundamentally
qualitative.

In this regard, it is still clear that plasma shielding may pose a problem for high-
repetition rate laser systems, because the ejection plumes decay orders of magnitude
slower than the air plasmas. In our observations, the photon emission rate of the
ejection plume decays by less than two orders of magnitude in 1 µs, and depending
on the time-averaged relation between photon emissions and plasma density during
this time span, this could mean as little as one order of magnitude decrease in plasma
density (e.g. in the case Ssource ∝ ṅ ∝ n2). For 1 MHz repetition-rate systems or
faster, our observations support the hypothesis that the ejection plume can compound
over many pulse cycles, which may saturate in a regime where the ablation rate is
measurably weaker than in ambient air (see section 2.4.4).
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Figure 6.6: Snapshot examples of photodiode signals during the ablation
process of porcine bone tissue. Left: short time scale, with impulse response
for reference, highlighting the short rise and decay of laser reflections and the
air plasma. Center: longer time scale, highlighting the rise, peak and decay of
the plasma plume signal. Included as well is the intersection of two signals,
indicating different decay rates. Right: full time scale, highlighting that all
signals last into the microsecond regime.

Figure 6.7: Examples of photodiode signals of the running average of 64
individual measurements during the ablation process of porcine bone tissue.
Left: short time scale, with impulse response for reference, highlighting the
short rise and decay of laser reflections and the air plasma, and the transition
to a plasma plume signals. Center: longer time scale, highlighting the initial
evolution of the plasma plume signal. Averaging many individual measure-
ments improves signal-to-noise ratio and the internal reflections inside the
BNC cables become more pronounced. Right: longer time scale, highlighting
the significant reduction in decay rate and that the signals consequently last
into the microsecond regime.
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7.1 Summary of the Results

7.1.1 Ambient Air
The results in air exhibited exceptional pulse-to-pulse stability across all pulse
energies tested and for all spectroscopic equipment used, and were all qualitatively
and/or quantitatively similar to established prior research. The high stability allowed
for higher resolution imaging via frame averaging, and overall air was the only
target material where the exact spatial profile of the plasma could be visualized and
computed. This yielded useful information about distortions in the laser pulse shape
and how that compounds with the nonlinear nature of photoionization.

It was also the only target material with no observed scattering or reflections of
the laser light, which allowed for both spectral characterization and measurements
of the temporal evolution near the laser wavelength regime. For the spectrometry,
the entire 400–1000 nm wavelength regime could be mapped, showing exceptional
consistency across the full range of pulse energies, and clear separation between
continuum emissions that dominate in the shorter wavelength regime (400–700 nm),
while bound-bound transitions were pronounced in the longer wavelength region
(700–1000 nm), particularly around the 750–800 nm region which would otherwise
have been obscured had the laser light been significantly spectrally broadened and
reflected.

For the temporal evolution measurements, limitations in the photodiode rise time
meant the observed temporal evolution could not be taken as the raw data, but instead
had to be separated using signal deconvolution methods. To this end, an iterative
MCMC-based Bayesian inference model dubbed Iterative Bayesian Deconvolution
(IBD) was developed, which was able to infer the parameter values of a simplified
decay model to separately characterize the continuum and bound-bound transition
processes. As expected, the inferred model for the continuum emissions decayed
faster (τ ≈ 1 ns) than the bound-bound transitions (τ ≈ 2 ns), and overall the
plasma decayed much faster than the repetition rate of most ultrafast laser systems.

7.1.2 Liquid Water
In many ways, the results in water were the complete opposite from air: the pulse-
to-pulse stability is replaced by a highly transient bubble plume structure whose
bubble interfaces reflected a significant amount of laser light. Even when looking at
just a single pulse, no plasma emissions could be resolved and it was necessary to
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employ shadowgraphy to visualize the laser filamentation and shockwave creation.
The spatio-temporal evolution of the bubble structure was visualized with both
dark-field imaging and shadowgraphy, and subsequently characterized into three
distinct temporal regimes and three distinct spatial regimes.

Using the three distinct spatial regimes as a landmark, the spectral properties of the
entire bubble structure was captured, showing overwhelmingly spectrally broadened,
reflected laser light, with no visible identifiable water plasma transition lines. The
overall shape of the captured laser light varied both spatially and for different pulse
energies.

Finally, the temporal measurements were partially inconclusive, as the captured
signals were all indistinguishable from the impulse response of the photodiode. While
the overwhelming majority of the signal was attributed to laser reflections, it was
not possible to entirely exclude water plasma emissions based on prior research that
suggested decay times on sub-nanosecond time scales due to electron solvation.

While all these results altogether were insufficient for deeper analysis, they were
qualitatively consistent with prior research, and yielded useful insights into the
complexities of nonlinear optics and ultrafast physics in the context of practical
applications of the technology.

7.1.3 Porcine Bone
Measurements on porcine bone tissue introduced a new set of challenges compared
to the fluid targets. Bone is mostly solid, with a rough surface that does not
replenish between pulses, so achieving pulse-to-pulse stability would require precise
repositioning for every consecutive laser pulse. Due to equipment limitations, this
was not feasible, and consequently, the measurement methodology was adapted
for each type of measurement. While it was impossible to perfectly recreate the
conditions of prior research, our results were qualitatively similar.

For spatial imaging, the bone was translated axially toward the laser focus to
observe the spatio-temporal evolution of the ablation process, the ejected plasma
plume, and the resulting crater formation. Ablation in bone was found to initiate
earlier than in air, limiting the use of the air plasma volume as a reliable spatial
reference. Using the captured image series, an approximate intensity threshold for
bone ablation was derived and spatially mapped. This visualization revealed that the
radial extent of the ablation threshold can grow significantly wider than the beam
waist, identifying a potential bottleneck for ablation precision. Notably, while the
resulting craters showed no visible signs of thermal damage, higher pulse energies
consistently produced larger and less circular craters, whereas the lowest energies
yielded highly circular craters an order of magnitude smaller in diameter.
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For spectrometry, the bone was instead translated transversely to maintain a relatively
constant distance to the focus. Despite variances in incident angle and focal distance
due to surface roughness, averaging multiple discrete measurements yielded an
informative average spectrum. The spectrometer captured emissions around the focal
volume, so the resulting signal was a composite of air plasma emissions, spectrally
broadened laser reflections from the bone surface, and the ejected target plasma
plume. Using the air and water spectra as baselines, all three optical components
could be isolated. Most notably, the bone plasma plume exhibited a dense array of
clearly identifiable bound-bound transition lines characteristic of calcium.

The temporal measurements utilized a similar transverse translation technique.
Across all data series, three distinct components were again identifiable: laser reflec-
tions, air plasma decay, and the emission of the ejected plasma plume. The plasma
plume was particularly notable, exhibiting position-dependent signal amplitudes and
distinct, extended decay rates. The signal peak of the expanding plume took up
to 300 ns to reach the line-of-sight of the photodiode, and subsequently decayed
over hundreds of nanoseconds. Plasma plume emissions vere resolvable into the
microsecond regime, providing direct experimental evidence that plasma shielding
may constitute a challenge for MHz-repetition rate laser systems.

7.2 Significance of Results

7.2.1 Ideal Propagation Medium
In the context of ultrafast laser ablation of biological tissue, the choice of the
surrounding propagation medium is a critical parameter that dictates both cutting
efficiency and precision. The two most accessible and commonly utilized media
in this context are ambient air and liquid water, each presenting distinct physical
advantages and limitations.

Based on the experimental observations, ambient air emerges as the optimal bulk
propagation medium. Air requires no sample preparation and is inherently transpar-
ent to the NIR wavelengths typically emitted by femtosecond laser systems. More
importantly, air exhibits exceptional pulse-to-pulse stability and highly predictable
behavior, allowing its interaction with the laser to be accounted for with high
accuracy.

Suspending the target material in a low-pressure vacuum can therefore confidently
be ruled out, as it would provide little to no practical advantages compared to air,
while making operations more cumbersome and expensive. The nonlinear effects and
distortion of the laser pulse when interacting in air are not pronounced enough to
significantly impact precision, and based on the calculations in section 2.4.2, the
plasma pressure created by the laser already dwarfs atmospheric pressure, so a vacuum
would not alleviate the plasma plume ejection process meaningfully. Additionally,
low pressure risks structural damage, rapid water evaporation, and cell death in most
biological tissue.
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Water also proved to be a poor propagation medium for a different set of reasons.
The interaction between the laser pulses and water is dominated by extreme nonlinear
optical effects, leading to optical filamentation, severe and unpredictable spectral
broadening, and the continuous generation of a macroscopic bubble plume that
subsequently reflects much of the laser light. Collectively, these phenomena result in
severe distortion and dispersion of the laser pulses, which is highly inadequate in the
context of precise material ablation.

While bulk submersion is actively detrimental to beam propagation, water remains
useful to prevent tissue dehydration. A practical compromise would be the application
of a thin liquid film on the bone surface, as this approach would preserve the tissue
while allowing the laser pulse to propagate primarily through the stable ambient air,
interacting with the fluid only at the immediate ablation zone.

An alternative to liquid-film coating would be to use specialized gas humidifiers
that eject fully moisturized air with no microscopic vapor particles, such as the MH
Humidifier series by Salaera or the MHG series by ProUmid. This would significantly
reduce the tissue dehydration compared to typical lab conditions (≈ 50% humidity),
while also acting to transport the ejected debris away from the ablation zone and
laser propagation path. Even if the stream is too weak to transport away all of the
debris between individual pulses, any amount of net flow will reduce the effects of
plasma plume accumulation and corresponding plasma shielding effects.

7.2.2 Ideal Pulse Characteristics for Bone Tissue Ablation
As discussed in section 2.6, optimizing ablation efficiency while preventing collateral
tissue damage is a complex task governed by the interplay of many nonlinear effects.
While a universal, deterministic parameter set is beyond the scope of this work,
the theory and empirical results can be used to suggest a systematic optimization
strategy superior to blind empirical parameter sweeps. First, we propose general
rules-of-thumb for the fundamental pulse characteristics in the ideal case, although
equipment limitations will naturally constrain the tunability of these:

• Pulse length: Should be as short as possible (< 1 ps) to prevent linear thermal
diffusion. However, too short pulses (e.g. ≪ 100 fs) may prevent sufficient
electron heating, resulting in a plasma that is too cold to drive material ejection.

• Pulse shape: The focal volume should be minimized to maximize ablation
precision. This is achieved by maximizing the expanded beam width before
the lens and decreasing the focal length (see equation 2.1).

• Repetition rate: Should be maximized (≫ 1 kHz) since ablation speed is
proportional to the number of pulses per unit time, barring shielding effects or
limitations of the power supply that limit pulse energy.
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• Pulse energy: Dynamically tunable, especially with an Acousto-Optic Modu-
lator (AOM). Higher energies increase the effective ablation volume (see figure
6.4), yielding higher material removal rates at the expense of precision.

There are also physical bottlenecks when the end goal is a clean ablation zone with
minimal damage to the surroundings:

• Thermal damage: If the ablation zone geometry physically restricts material
ejection (for example a deep, narrow trench or hole), trapped energy diffuses
as heat. It was observed during setup calibration that burying the laser focus
within the bone prevents ejection, leading to burning the tissue. The specific
cutting geometry therefore imposes a strict upper limit on pulse energy.

• Shockwave damage: As discussed in Section 2.4.2, plasma-induced over-
pressure can exceed the compressive strength of bone tissue. This can cause
permanent damage to the surrounding tissue and imposes an upper limit on
the pulse energy.

• Plasma shielding: High-repetition-rate pulses targeted at a small localized
area will interact with the plasma plume from previous pulses, absorbing the
incoming energy and reducing ablation efficiency. These shielding effects can be
mitigated by ensuring the focus moves to a fresh surface for every consecutive
pulse, or by introducing a net air flow from e.g. an air jet.

• Tissue dehydration: If the ablation process is slow, tissue dehydration
can become a problem. By either coating the tissue in a thin liquid film,
or by blowing humidified air (which can also remove ejected material), the
dehydration process can be slowed down.

To establish quantitative estimates for these limits without relying solely on empirical
testing, a two-step theoretical modeling approach can be employed. First, numerical
tools such as Luna can simulate the non-linear pulse propagation and corresponding
photoionization [48], yielding precise estimates for the initial spatial distribution and
density of the free electrons. Second, by coupling these initial plasma parameters with
established hydrodynamic models for laser-induced shockwaves in condensed media,
which are frequently approximated using aqueous baselines in biological applications
[50, 52], the localized plasma overpressure can be estimated. By constraining this
theoretical peak pressure to remain below the established compressive yield strength
of bone tissue [56], an upper limit for the pulse energy can be determined prior to
application.

Finally, because the evolving cut geometry is the primary physical constraint on
material ejection, dynamic tuning of the laser pulse energy during the microtome
process is proposed. When the sample is fresh, the flat solid-gas interface provides
maximal geometric freedom for the expanding plasma plume, allowing for higher
incident pulse energies. As the cut progresses and a narrow trench forms, this outward
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expansion becomes increasingly restricted. To prevent trapped energy from diffusing
as bulk heat, the pulse energy should be dynamically lowered as the trench deepens.
The heterogeneous structure of bone tissue, especially considering the softer and
more delicate marrow compared to the surrounding harder cortex, compounds this
issue. Implementing an appropriate dynamic energy tuning, for example with the
use of an AOM, would maximize overall cutting efficiency compared to employing a
static pulse energy bounded by the upper limits for the deepest trench geometries
and most delicate parts of the tissue.

7.3 Limitations
The scope, methodology, and results of this project were constrained by available
equipment and time. The main hardware limitations are detailed below, followed by
an explanation of how time constraints defined the final scope of the project:

• Laser system: The CPA2001 laser system utilized produces ≈ 150 fs pulses
at a repetition rate of 1 kHz. While adequate for the majority of experiments
conducted in this work, these specifications are below contemporary research
levels, where sub-100 fs pulses and repetition rates extending into the MHz
regime are possible. This specifically prevented the empirical observation of
plasma shielding, as even the slowest plasma plume decay rates in our targets
were orders of magnitude faster than the 1 kHz repetition rate of the system.

• Spatial imaging: While the camera allowed for imaging down to the sub-
microsecond regime using synchronized delay generators, the temporal reso-
lution was restricted by the ≈ 100 ns rise time of the sensor. This prevented
imaging the evolution of the air plasma. A pump-probe imaging system was
unavailable, which would have otherwise enabled this via ultrafast stroboscopy.

• Spectrometry: The VIS–NIR spectral range of the available spectrometer
provided critical insights, but the vast majority of atomic recombination lines
(particularly for the primary constituents of air and water) occur in the deep
UV regime (e.g., Ip(O2) = 12.07 eV ↔ λ = 103 nm). Furthermore, the 1 nm
spectral resolution prevented deep analysis of individual bound-bound peak
profiles, which would have enabled advanced diagnostics such as Boltzmann
thermometry to estimate effective plasma temperatures.

• Temporal evolution: The impulse response FWHM of the photodiode setup
was ≈ 1.4 ns. This obscured the emission signal of the air plasma, and required
the development of statistical and numerical deconvolution methods. However,
this hardware limit made resolving any water plasma definitively impossible,
as these are expected to decay orders of magnitude faster. Additionally, the
oscilloscope used to capture the averaged photodiode signal was limited to a
bit depth of 8, and its legacy data transfer architecture prevented exporting
consecutive signals individually, which would have otherwise allowed for higher
effective bit rates in post-processing.
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Since the interaction dynamics of these materials are complex, the overall thesis
for this project was inherently open-ended and exploratory. Much time was spent
on continuously formulating and testing different hypotheses, over time converging
towards the overarching narrative presented in this report. Due to time constraints
this iterative process inevitably left a number of loose ends on the experimental
side, where additional follow-up experiments would have been useful to provide
deeper insights into phenomena discovered during the data analysis. A full list of
follow-up experiments will not be provided here; rather, a list of avenues we consider
particularly interesting for future research will be discussed in the following section.

7.4 Proposals for Future Investigations
The physical system explored in this project comprises many interacting, nonlinear
phenomena that individually have received attention in fundamental physics research,
such as the different nonlinear optical effects, laser-induced shockwave generation,
and plasma expansion and decay dynamic. The challenge in this project was to bring
these individual branches of research together to form a more cohesive picture in
the context of bone tissue microtomy. Based on the theory and empirical results
presented in this report, we propose avenues for future investigation that address
the main concerns raised previously in this work.

7.4.1 Review Paper or Compendium of the Research Field
As mentioned in the introduction, there already exist a number of very insightful
papers, especially by Vogel et al. [6], that are highly recommended as a first reading
when entering the field. Complementing this paper are most of the other cited
works in this thesis. It is not the case that there isn’t much useful information on
the subject, but rather that all this useful information is spread thin across many
papers and other literature spanning more than 20 years. Even just covering all the
bases necessary to confidently interpret the baseline investigations done in this work
required reading dozens of papers published over the last 30 years.

Therefore, although it would undeniably be an enormous undertaking, we strongly
recommend an effort to compile as much as possible of all of the theory, imple-
mentation strategies, results, and what the current state of the research field is
into a single seminal review paper or compendium. This would be invaluable for
anyone entering the field, but not less so for those already part of it. It would
anchor all of the necessary theory to prevent misconceptions from being perpetrated
(which is unavoidable in the current state of the field due to the vast breadth of
physical processes involved; we make no illusions about this work being free from
such misconceptions), be a great source to read up on all of the different research
areas currently being investigated, and could identify topics that seem particularly
promising or require more attention.
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7.4.2 Humidified Air Streams
Our results concluded that ambient air was the optimal bulk propagation medium
because of the severe nonlinear effects and bubble formation observed in water. This
raises the question of how best to mitigate biological tissue dehydration. Thin-film
liquid coating is the current standard and avoid most of the identified problems
of bulk water, but another promising possibility is active humidified air streams.
Research should investigate whether fully saturated, droplet-free air streams can
simultaneously fulfill two functions: preserving the hydration of the tissue surface,
and removing ejected material. Studies should focus on quantifying the dehydration
rates in ambient air, with liquid coating, and with humidified air, respectively, as
well as the required gas flow rates necessary to effectively remove material depending
on parameters like pulse energy and repetition rate.

7.4.3 Trench Geometry and Dynamic Pulse Energy Tuning
As established by both theoretical arguments and experimental results in this work,
the geometry of the ablation zone acts as the primary physical constraint on the
expansion of the plasma, leading to a plume formation in the case of a solid-gas
interface. Within this context, while a flat interface offers maximum geometric
freedom, continuous ablation of a material inherently carves an increasingly deep
trench. This further restricts plume expansion and increases the risk of trapping
ablated material that subsequently diffuses its energy thermally to the surroundings.
Future investigations should systematically quantify how evolving trench dimensions
affect material ejection rates and the corresponding safe upper limit for incident
pulse energy (given a specific pulse shape). Ultimately, this research should aim to
develop a framework for the dynamic, real-time attenuation of laser pulse energy
during a microtomy session in order to maximize overall ablation efficiency while
avoiding tissue damage.

7.4.4 Predictive Parameter Optimization Model
The strategy proposed in this report for determining ideal pulse characteristics is
only a preliminary framework. Currently, establishing the optimal balance between
pulse duration, shape, energy, and repetition rate still requires empirical calibration.
Ideally, a generalized, quantitative predictive model that can predict an optimal
parameter window based on laser and material properties should be developed.
By combining nonlinear pulse propagation solvers (such as Luna) with established
hydrodynamic models for shockwave formation and propagation as well as inverse
bremsstrahlung heating rates, it should in principle be possible to construct such a
model. This would allow researchers and engineers to input their specific laser system
parameters alongside target material properties (density, composition, ionization
potentials, compressive strength, etc.) to output an optimal operating parameters
window, eliminating the need for blind empirical parameter sweeping and reducing
the risk of damaging the material.
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In this thesis, the spatial, spectral, and temporal characterization of femtosecond laser-
induced plasmas in air, water, and bone tissue has been achieved through high-speed
spatial imaging, VIS–NIR spectrometry, and ultrafast photodiode detection. Together
with the relevant theory, a physical framework for the fundamental interaction
between ultrafast lasers and different materials has been formulated, aiming to
inform future research in the context of ultrafast laser bone microtomy and similar
applications.

The empirical results demonstrated that ambient air is a superior bulk propagation
medium to water because of its exceptional pulse-to-pulse stability, minimal nonlinear
optical effects, lack of laser scattering, and plasma decay rates on the order of
nanoseconds. Conversely, bulk water exhibited laser filamentation, severe spectral
broadening, and transient bubble formation that reflected much of the laser light,
making it a poor choice as a bulk propagation medium for precise material ablation.
Additionally, low-pressure vacuum systems were discarded as an alternative to air
because the theoretical advantages, such as fewer nonlinear optical effects and
faster material ejection, were heavily outweighed by practical disadvantages, such as
cumbersome and expensive implementation, and significant risk of tissue damage
and dehydration.

During the ablation of porcine bone, optical breakdown and material ablation were
detected at far lower intensities than in air. Using estimates based on the spatial
imaging, the effective ablation zone volume along the laser propagation axis was
estimated, showing that it grows significantly past the focus. The effective ablation
zone naturally grows in size as pulse energy is increased, corroborated by the observed
growth in ablation crater size. For the temporal evolution measurements, it was
observed that the plasma plume ejects and decays over much longer time spans than
the air plasma, lingering all the way into the microsecond regime. This provided
direct evidence that plasma shielding effects can become a problem for MHz repetition
rate laser systems if no mitigation strategies are employed.

Finally, the theory and empirical observations in this work were used to formulate
suggestions for future research in ultrafast laser bone microtomy. These included
an effort to produce a comprehensive review paper for the research field; using
humidified air streams to simultaneously slow down tissue dehydration and remove
ejected material; studying the impact of trench geometries on material ejection rates
and whether a dynamic pulse energy tuning strategy could be produced to maximize
ablation efficiency; and finally, exploring if a generalized optimal parameter prediction
model could be developed to eliminate the need for blind parameter sweeps.
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A. Appendix

A.1 Iterative Bayesian Deconvolution
Herein is described the motivations behind, and mathematical structure of, the
Iterative Bayesian Deconvolution (IBD) algorithm developed for this project. Results
on the data for 500 µJ pulse energy, as well as statistical benchmarking, is also
included.

A.1.1 Physical Motivation From A Priori Data
When a photodiode absorbs a photon, a characteristic electric current is generated
in the active layer, called the impulse response. When many different photons are
absorbed at different times, the many individual impulse responses will add linearly
together to form the total output signal, with reservation for saturation effects
in the case of very intense light. Mathematically, this means that any observed
non-saturated signal is the integral of the time-distribution of photons (source signal)
multiplied by the corresponding impulse response function, given by

Sout(t) =
∫ ∞

−∞
fsource(τ)Simpulse(t − τ) dτ. (A.1)

For source signals on characteristic time scales much longer than the time scale of
the impulse response, the impulse response acts approximately as a delta function,
and the output signal will be approximately equal to the source signal. For source
signals much shorter than the impulse response, the opposite is true. This is the case
when the impulse response was empirically determined using the femtosecond laser
as source signal. Plotting the output signal from the plasma using different filters
next to the measured impulse response, we can compare the relative time scales.
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Figure A.1: Measured signal data from the plasma, including using a long-
pass and short-pass filter, respectively, compared to the measured impulse
response. Pulse energy was 500 µJ.

While the signals plotted in figure A.1 above are normalized to better compare the
temporal characteristics, the short-pass signal and long-pass signal are of the same
order of magnitude for all pulse energies tested. Two hypotheses can be formulated
from the figure:

1) The source signal and impulse response function act on comparable time scales.

2) The photon emission processes dominant in the short-pass domain (400–700 nm)
decay faster than those dominant in the long-pass domain (715–1100 nm), with
the unfiltered signal being somewhere in-between.

Point 1) means that in order to model the source signal one must account for the
convolution with the impulse response. Point 2) implies that different physical
processes are behind the emissions measured in the two wavelength domains. Based
on the findings from the spectrometry analysis (section 4.2), we can assume that
the short-pass domain will be entirely dominated by continuum emissions, whereas
the long-pass domain will be a combination of continuum and atomic transition
processes. Because the photodiode is more sensitive to longer wavelengths, the
relative contributions from these will be disproportionally large compared to the raw
emission spectrum.

In order to do a statistically robust inference of the source signal, an iterative
three-step Bayesian inference (BI) strategy was formulated:
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1) Model the short-pass domain to infer the decay profile of the continuum emission
processes.

2) Using the parameter posteriors from the previous step to inform the continuum
emission profile in the long-pass domain, one can infer the decay profile of the
bound-state transition decay profile.

3) Finally, using the posteriors from both previous steps, infer the total decay profile
for the unfiltered signal.

This three-step model is motivated by statistical funnel analysis: the short-pass
domain, being the simplest system with a single dominant physical process, will
require fewer statistical parameters and prior information to model. Using the results
from this step, one can constrain the priors for the following steps, effectively reducing
the number of free parameters. The final step involving the unfiltered data acts as a
validation step, since it is assumed this signal should approximately be equal to the
sum of the filtered signals. This step has no explicit parameter hierarchy since all of
their priors are informed. If the model converges in a stable manner and produces
results that correspond to the previous steps, we can assume the model is working
as intended and is able to extract the different emission processes.

A.1.2 Model Selection
In order to execute a BI scheme, one first needs a model. Unfortunately, we are
faced with trying to model a signal that depends nonlinearly upon very complex
phenomena. The plasma emits photons when its electrons and ions interact, for
example when they recombine. The intuitive assumption would therefore be that the
emission of photons must have some dependence on the rate of decay of the plasma
density. Assuming the optical properties of the plasma does not change significantly
during the decay process, we can simplify the dependence simply as

Ssource(t) ∝ ṅa(t), (A.2)
where a is some unknown power. Furthermore, the rate of decay ṅ will itself depend
on which continuum emission processes are dominant. In a stable thermal plasma,
the emission processes within it would not change in significance over time. However,
in our case we are dealing with a highly unstable non-equilibrium plasma that very
rapidly expands, cools down, and recombines into a neutral gas.

To take the specific example of radiative electron recombination, which is just one
of the processes behind the continuum emissions: it can not be assumed that the
rate at which a certain n-body recombination process is taking place is constant over
time. The ODE that dictates the recombination process can thus be generalized as

ṅ(t) = −
∞∑

k=1
rk(t)nk(t), (A.3)

where k = n − 1 relates to a specific n-body recombination process, and rk(t) is its
corresponding time-dependent reaction rate. This ODE, even if rk(t) were known,
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very likely does not have a closed-form solution, and is therefore unsuitable to use
as a model for a BI scheme. However, knowing that the solution to this ODE, and
therefore also to ṅ(t), must be monotonically decreasing in time since there is no
external energy input into the plasma, we can follow the standard practice in reaction
chemistry and simplify the system into a single effective decay process

ṅ(t) ≈ ṅeff (t) = A

(1 + t
τ
)b

. (A.4)

This expression uses only three parameters: A scales it linearly, τ is the characteristic
decay rate, and b weighs the (time-averaged) relative importance of different n-body
recombination processes. Taking this to the p:th power to get fsource does not change
its form, allowing us to define our effective source signal model as

f(θ, t) =


A

(1+ t
τ )b , t ≥ 0

0 , t < 0
, θ = {A, τ, b} (A.5)

While this form loses much of its diagnostic power in terms of identifying and
characterizing specific recombination mechanisms, it is physically well-motivated and
not very sensitive to changes within its parameter space. It can also be used to model
the combined effects of recombination, Bremsstrahlung and any other continuum
(or atomic) emissions as long as they can be considered monotonically decaying
processes. This makes it a suitable candidate for a model that allows for stable,
statistically robust convergence within a BI scheme.

A.1.3 The Three-Step Algorithm
Using the emcee package in Python, a Markov Chain Monte Carlo (MCMC) routine
was created in order to implement the 3-step BI scheme. Starting with the short-
pass domain, equation A.5 was used as source signal model. This model was then
convolved with the impulse response data using scipy.signal.fftconvolve, after
which an additional nuisance parameter tshift was necessary to shift the convolution
output in time to synchronize it with the measured signal. The model was then
fitted to the data using positive uniform log-priors and the log-likelihood function

L(θ|D) = −1
2

SSE(θ, D)
σnoise(D) , (A.6)

where SSE is the sum of squared errors between the data and model (using θ as
parameters), and σnoise the standard deviation of the signal floor noise. This choice
of log-likelihood function is used for all steps of the three-step inference process,
and is motivated under the assumption that the noise in the data was additive and
Gaussian. The resulting median values and standard deviations for the parameters
were stored and used to inform the priors in the next step.

For the longpass domain, as stated before, it is assumed that the same continuum
decay processes as in the shortpass domain will be present, as well as atomic
transitions. Therefore, equation A.5 is modified to include an additional signal term:

f2-process(θ, t) = f(θcont, t) + f(θdisc, t) . (A.7)
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The priors for τcont and bcont in the first term are Gaussian and informed using the
median and standard deviations from the previous step. Its amplitude Acont is a free
parameter since it is independent from the previous step. Overall, this first term will
have less freedom in parameter space, allowing the new, second term to converge
properly. In total, this model has 7 parameters including the additional time shift
hyperparameter, of which two are informed and the rest uninformed using uniform
log-priors. The fitted median values and standard deviations for the parameters were
stored for the next and final step.

The final step is inferring the decay profile of the full, unfiltered signal using the
same model as in step 2 (equation A.7). The priors were Gaussian and based on the
posteriors from previous steps. The prior for Acont was the sum of the two previous
posterior means and variances, while the priors for τcont and bcont were taken as the
average of the two previous posteriors. Finally, the priors for Adisc, τdisc, and bdisc

were taken directly from the posterior in the previous step.

A.1.4 Results
The posteriors for all three steps for the case of 500 µJ pulse energy are presented
below in table A.1 and a plot comparing the inferred model to the output signal and
the impulse response in figure A.2.

Table A.1: Parameter posteriors (median ± standard deviation) in the case
of 500 µJ pulse energy for the unfiltered data, using equation A.7 as model
and informed priors from the filtered data.

Parameter Short-pass Long-pass No filter

τcont (ns) 0.96 ± 0.04 0.95 ± 0.04 0.87 ± 0.07
bcont 1.41 ± 0.02 1.41 ± 0.02 1.41 ± 0.01
Acont 15.3 ± 0.2 7.7 ± 2.0 23.0 ± 1.1
τdisc (ns) N/A 2.61 ± 0.31 2.12 ± 0.14
bdisc N/A 1.36 ± 0.03 1.34 ± 0.02
Adisc N/A 11.3 ± 1.6 10.9 ± 1.2
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Figure A.2: The model fit compared to measured unfiltered signal data for
500 µJ pulse energy. Included as well is the impulse response and inferred
source signal f(θ, t) for reference.

While the priors were informed, the posteriors could still significantly deviate from
these if there was a mathematically superior solution. With this in mind, the results
above show remarkable consistency between datasets considering the number of data
points and free parameters. The 1-σ error bounds of every single parameter overlap,
except for τdisc that just barely does not. The p-value for this deviation is only 0.15,
which is not statistically significant. That said, the characteristic decay constant
τcont is consistent across all three datasets and always smaller than τdisc despite no
such constraint being enforced in the prior for the latter. This is consistent with the
observations in figure 4.8 that the processes in the short-pass domain indeed decay
faster on average than in the long-pass domain.

The bounds for bcont and bdisc, while not overlapping, are still close enough to imply
that they are governed by similar physical processes. The amplitudes Acont and Adisc,
despite having the largest uncertainties, overlap very well and clearly show additive
linear behavior as expected (Aunfiltered

i = Ashortpass
i + Alongpass

i ). Additionally, in the
long-pass domain, their relative amplitudes are close to 1 despite no such constraint
being enforced. This implies that there indeed are two different dominant physical
processes as hypothesized, as otherwise one of them would have been suppressed by
the inference model.

Although the physical motivation for this model is strong, it is still good practice
to evaluate the statistical rigidity of it. 7 parameters (6 physical + 1 nuisance) is
considered many for a 1-D signal regression of this type, and therefore it is entirely
possible we are overfitting the data. To simplify the model, we keep the 3-step funnel
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analysis structure, but we use only equation A.5 in all three steps. This reduces
the total number of parameters down to 4 while still being physically motivated by
virtue of being a master equation for monotonically decaying physical processes. The
final posteriors are presented below in table A.2.

Table A.2: Parameter posteriors (median ± standard deviation) in the case
of 500 µJ pulse energy for the unfiltered data, using equation A.5 as model.

Parameter Shortpass Longpass No filter

τ (ns) 0.96 ± 0.04 1.45 ± 0.03 1.12 ± 0.02
b 1.41 ± 0.02 1.222 ± 0.007 1.293 ± 0.006
A1 15.3 ± 0.2 19.3 ± 0.1 32.9 ± 0.2

Since step 1 is identical, the priors in step 2 are just as constrained as before, being
informed by the step 1 posteriors. Despite this, the model converges to posteriors
far outside the error bounds of the initial informed priors for every single parameter.
From a physical perspective, this clearly implies that there are indeed different
physical processes behind each wavelength domain and that the inference model is
able to explore the parameter space and converge properly.

A.1.5 Benchmarking
In order to evaluate the models from a statistical perspective, a number of common
goodness-of-fit tests were used to compare them. The coefficient of determination
(R2) test evaluates a general baseline quality of the fit, while the reduced Chi-squared
(χ2

ν) evaluates how well the model estimates the error variance. The Kolmogorov-
Smirnov (KS) test, specifically its p-value, is used to evaluate whether or not the
noise is Gaussian (as assumed in the likelihood function, see equation A.6), and can
be used together with χ2

ν to explain possible discrepancies compared to the R2 value.
Finally, the Bayesian Information Criterion (BIC) and Akaike Information Criterion
(AIC) are used to compare the statistical validity of using 7 versus 4 parameters.
The complete set of test scores is compiled below in table A.3.

Table A.3: Goodness-of-fit scores for the original 7-parameter model (2-
process model) compared to the simpler 4-parameter model (1-process model).
The best score for each test, whenever applicable, is in bold.

Test 7 parameters 4 parameters

R2 0.99864 0.99864
χ2

ν 2.04 2.03
KS p-value 5.3 × 10−18 1.0 × 10−18

BIC -377 -396
AIC -406 -413
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Again, the results are very interesting. The R2 is identical down to 5 significant
digits, implying we are pushing the boundaries of how well the data can be modeled,
and the reduced Chi-squared is also almost identical down to 3 significant digits.
Because the 4-parameter model overall slightly outperforms the 7-parameter model
in these categories, the BIC and AIC scores are unsurprisingly in its favor, albeit
still relatively close because of how strong the overall fit was (R2 ≈ 0.999). From a
statistical perspective, the 4-parameter, 1-process model is superior. It also shows
that using a single master equation of the form in equation A.5 to model the combined
effects from several nonlinear decay processes is mathematically robust.

From a physical perspective, and especially considering the consistency between
datasets, the 7-parameter is still considered the better choice for this system. Statisti-
cal goodness-of-fit scores should not rule over physical intuition when the 7-parameter
model categorically produces consistent parameter bounds whereas the 4-parameter
categorically does not.

Another interesting observation is the discrepancy between the computed R2 and
χ2

ν values for both models. An R2 of >0.99 would imply a very good statistical fit,
while χ2

ν ≈ 2 in isolation would be considered no more than acceptable. Because of
the former, it is highly likely that the lower χ2

ν score is due to non-Gaussian noise,
rather than the model being wrong. A KS p-value of less than 10−17 in both cases
(where p < 0.05 would be the typical threshold for statistical significance) confirms
this is the case, and looking at the residuals over time for the 7-parameter model
in figure A.3, it is immediately obvious why. Ignoring the residuals from the actual
signal fit starting from around t = 0, it is clear that the noise floor in the beginning
is not Gaussian, but seem to come in discrete steps of 0.2 mV. Additionally, they do
not appear to be randomly distributed, but rather predictably oscillatory in nature.

This is in all likelihood dure to hardware artifacts from the oscilloscope (Tektronix
TDS 3054). It is an 8-bit digital oscilloscope, meaning it resolves the signal into
256 steps for any given magnification. In the case of the plasma emission signal,
this means steps of 0.2 mV. The oscillatory nature is likely due to analog noise
drifting over and under the rounding limit, centered at 0. With this in mind, it is
still reasonable to use the Gaussian noise approximation for the likelihood function:
for one, there is no simple model that would reliably predict these noise artifacts
without extensive further testing, and secondly, the gaussian approximation still
produces generally very good fits as confirmed by the high R2 score.
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Figure A.3: Residuals for the inferred 7-parameter model for the unfiltered
data at 500 µJ pulse energy.

As a final benchmark test for the results, one can try numerically computing the
source signal and compare to the physically motivated 2-process (7 parameter) model.
Currently, the model is not fitted directly to the data, but is passed through a
forward-convolution filter (see equation A.1) and fitted to the measured signal data.
Although the convolution process is linear and in principle reversible, it requires
additional degrees of freedom even if the output and one of the sources are known.
It is in theory possible, therefore, that the source signal has a noticeable different
profile from the proposed theoretical model. Specifically, it is of interest to see if a
numerically produced source signal also decays monotonically like the theoretical
model, which if true would imply we have identified the correct family of equations.

In order to most efficiently reverse the signal convolution for the output data using
the impulse response data, a Wiener filter is used. It introduces one degree of
freedom, a ’frequency contribution floor’, named simply SNR for Signal-to-Noise
Ratio, in order to prevent frequencies with negligible contributions to the signal from
blowing up the calculations. The signals, including the model, are normalized and
time shifted with respect to peak amplitude, and evaluated for (Normalized) Root
Mean Squared Error (NRMSE) for different SNR values. The results are presented
below in figure A.4,
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Figure A.4: Left: Deconvolution of the unfiltered signal for different SNR
values, including the global minimum, compared to the inferred 2-process
model. Right: The NRMSE of the inferred model and the deconvolved signal
for a range of SNR values, including the global minimum.

The best SNR value produces an NRMSE of 0.0657, meaning the average variation
of the two models is 6.67% of the peak signal amplitude. Considering this is a
1-parameter fit of a signal passed through a filter that notoriously amplifies noise,
this is a promising result. Assuming local variations are due to noise amplification,
no signs of non-monotonicity is found, further reinforcing the physical motivation of
the 2-process model.

A.1.6 Conclusion
The IBD model successfully extracts the two emission process (continuum and
discrete) from the captured photodiode data, and performs well during statistical and
physical benchmarking. While the inferred parameters on their own do not contain
much useful information, they can be used to compare different decay processes
to get ballpark estimates for their temporal evolution. However, the model is very
sensitive to noise and will not work on very weak signals due to its complex parameter
space. Ultimately, we would recommend employing more advanced spectroscopic
equipment and techniques to characterize the physical mechanisms directly rather
than relying on a statistical model like IBD, but its ability to extract meaningful
information from heavily compressed data (i.e. the 1-D photodiode signal) with next
to no prior information other than physical intuition, makes it a good exercise in
creative problem solving and a demonstration of the power of Bayesian inference.
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A.2 Porcine Bone Spectrometry Measurements
A collection of 8 individual spectra captured during the cutting process of porcine
bone, divided into 4 groups of similar overall shape, are shown in figure A.5. All
individual spectra are averaged over 2 consecutive measurements of 1 second integra-
tion time each. The spectrally broadened laser signal was much stronger than any
plasma emissions, so in order to get a well resolved plasma signal the integration
time was by necessity much longer than the saturation limit for the laser signal.

Variations in relative size of spectral lines, as well as the observed plateaus, are
attributed to differences in surface geometry and distance to the focus, which affects
both the intensity of the plasma plume and the amount of reflected laser light.
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Figure A.5: Measurements taken at different times of the emission spectra
generated by ablating porcine bone at at 500 µJ pulse energy.
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