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Chapter

Ablation of Materials Using
Femtosecond Lasers and Electron
Beams

Mehra S. Sidhu and Nitish Dhingra

Abstract

The advancements in producing interactions of concentrated energy fluxes, such
as femtosecond lasers and high-energy electron beams with the absorbing substances,
have facilitated new discoveries and excitement in various scientific and technological
areas. Since their invention, significant improvements in temporal, spatial, energetic,
and spectroscopic characteristics have been realized. Due to the ultrashort pulse width
and higher intensity (10" W/cm?), it is possible to ablate the materials with negligible
damage outside the focal volume, thereby allowing the treatment of biological sam-
ples, such as live cells, membranes, and removal of thin films, as well as bulk materials
for many applications in diverse fields, including micro-optics, electronics, and even
biology under extremely high precision. Since most biological systems are transparent
toward the NIR spectral range, it follows the nonlinear multi-photon absorption
interaction mechanism. In contrast, the electron beam follows linear absorption
mechanism for material modifications even at lower energies. For realizing the fs-laser
nano-processing in material applications, such as silicon microchips, or in biology like
retinal cells, it is crucial to find a way to deliver these pulses precisely at the site of
action and enhance the selectivity. The utilization of electron beams in material
modification has also been exercised widely to attain nanoscale precision. In the next
section, biological materials, such as cornea, retina, and silk, are discussed.

Keywords: ablation, biosensors, electron beams, femtosecond lasers,, nano-processing

1. Introduction

Ablation could be defined as the removal of material from the surface of an object
by concentrated energy fluxes, such as femtosecond lasers and high-energy electron
beams, by vaporization, or other erosive processes. It is a complex phenomenon that
occurs upon reaching a specific energy threshold that causes measurable damage and
material removal from a surface.

Surface modification of materials and devices is important for many applications,
such as enhancing biocompatibility [1], promoting adhesion [2], improving wear
resistance [3], preventing corrosion [4], providing hydrophilicity, hydrophobicity
and electrical insulation or conducting properties, and generating antimicrobial and
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antibacterial surfaces [5, 6]. Considerable advancements have been made in develop-
ing new surface modification techniques. This chapter is focused on the laser ablation
(LA) and electron beam ablation (EBA) techniques, which are quite popular for
material ablation. The first part of this chapter discusses the details of the LA tech-
nique, whereas the latter part is focused on the EBA technique.

The ablation threshold, Fy, (J/cm?), indicates the minimum radiant exposure
required to achieve effective ablative material removal. Meanwhile, the threshold
fluence determines the possible precision of laser effects used for ablation and the
etching of materials [7]. A low ablation threshold is generally favorable for irradiating
a material with an ultrafast laser pulse to minimize the possible photo-induced dam-
age close to the ablation area [8]. Irradiation by an intense ultrafast laser beam results
in multi-photon excitation of a target material. Perhaps, the absorbed energy is
transported to the electrons without thermal diffusion to the surrounding material
because of the shorter pulse width of the incident pulse in comparison to the vibra-
tional relaxation time constant of several picoseconds. As a result, thermal damage to
the adjacent tissues could be minimized, and the biological tissue remains unaffected
by the subsequent photo-induced mechanical shock process. This makes fs laser-
assisted surgical processes non-thermal. In the vicinity of focus, the formation of a
high density of free electrons could result in a local plasma formation in the targeted
materials. This hot plasma formation results in permanent removal of material, even
inside a cell within a sub-micron size [9].

Before discussing the details of laser ablation, it is imperative to discuss pulsed-
laser interactions with biomaterials. The biomaterials discussed here, are the materials
having low thermal/electrical conductivity and no free electrons. Common materials,
such as fused silica, sapphire, bone, retina, silk, cornea, heart-tissue, and fall under
this category [10]. In the next section, biological materials, such as cornea, retina, and
silk, are discussed.

2. Laser interactions with biomaterials

The interaction of light with matter can occur through several different nonlinear
processes, such as two-photon or multi-photon absorption, second harmonic genera-
tion, or Raman scattering. It is useful in deep-tissue two-photon imaging. Moreover, if
irradiance is high enough, any material can be machined to very high precision by
using ultrashort laser pulses. This interaction is independent of linear absorption
properties of the materials and which would otherwise be transparent to the laser
wavelength. Ablations to micron scale precision with minimal collateral damage to the
rest of the material are achieved by faster removal of material than the rate of heat
conduction to the bulk.

In present clinical practices, pulses longer than a few tens of picoseconds have
been utilized. It can cause damage to the dielectrics involving heating of seed electrons
and transfer of this energy to the lattice. This damage occurs via conventional thermal
deposition resulting in the melting and boiling of dielectric material (Figure 1(a) and
(b)). Because the energy is transferred through thermal conduction, this model pre-
dicts a square root (t*'?) dependence of the threshold fluence (Fy,; energy/area) upon
pulse duration (t) (Figure 2) [13].

With these conventional lasers, the material is removed by thermal ablation,
wherein the material is locally heated to near the boiling point. Since the boiling point
of dielectrics is very high ~typically 1000°C, this ablation is coupled with a strong
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Figure 1.
(a) Ablations of vetinal-tissue with 2.94 pm millisecond pulses (2 J/cm?, 400 ms), (b) vetinal ablations with
1.064 um nanosecond pulses (0.8 J/cm?, 5—7 ns), and (c) vetinal blood vessel ablation with 0.8 um femtosecond

pulses (150 fs) [11, 12].

thermal shock transferred to the adjacent material. This thermal shock often results in
cracking of the adjacent material in an uncontrolled manner. These effects can be
observed in Figure 1(a) and (b), where the ablations of porcine retina using a con-
ventional Er: YAG (A = 2.94 pm) and ND: YAG laser (A = 1.064 pm) are shown [11, 12].
Meanwhile, fs-pulses (800 nm) having sufficient intensity for multi-photon ioniza-
tion throughout its beam waist ablate the retinal vessel walls in an extremely con-
trolled manner (Figure 1(c)). The heat transfer into the surrounding material was
minimal and also no thermal shock-induced cracking was observed. It could be
inferred that the laser damage threshold for dielectrics with lasers having pulse dura-
tions less than a few picoseconds to femtosecond does not follow the proportionality
rule of square dependence [14-16]. In the next section, various ionization mechanisms
operating in biological materials are briefly discussed.

3. Mechanism of ionizations

The changes in surface morphology and deviation from the t/* dependence of the
damage threshold on pulse duration are predicted by a rapid ionization mechanism.
As shown in Figure 4, field-induced multi-photon ionization produces free electrons
that are then rapidly accelerated by the laser pulse. This could be further described as
avalanche ionization and tunnel ionization. As shown in Figure 3, by absorbing the
incident photons, the kinetic energy of a free electron becomes sufficiently high and a
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Figure 2.

Threshold dependence on incident energy density on laser pulse duration. A square root dependence is postulated
for pulse durations between picoseconds and microseconds. The parameter is tissue-dependent and is expressed in
J/em?® [13].
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Interplay of photo-ionization, inverse bremsstrahlung absorption, and impact ionigation in the process of plasma
formation. Recurring sequences of inverse bremsstrahlung absorption events and impact ionization lead to an
avalanche growth in the number of free electrons [19].
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part of the energy may be transferred to the bound electrons by collisions to overcome
the ionization potential, and hence, produce two free electrons. This is referred to as
“collisional impact ionizgation” [16, 19-22]. Subsequently, the free electrons absorb
photons and produce more free electrons from the bound electrons. Such a series of
the impact ionization process is called “avalanche ionization” [16, 17]. The avalanche
ionization strongly depends on free electron density and is assumed to vary linearly
with the laser intensity [23]. Its efficiency is determined by competition between
energy gain through inverse bremsstrahlung absorption and loss in energy through the
phonon emission. Avalanche ionization is responsible for the ablation of wide
bandgap materials at the laser intensities below 10" W/cm”.

When mode-locked fs-laser pulses with intensity higher than 10" W/cm? interacts
with dielectrics, initiation of multi-photon ionization (MI) takes place. As shown in
Figure 4, several (n) photons with the energy v having wavelength (A) coherently
strike the bound electron, acting like a single photon of #nkv (energy) at the wave-
length of A/n. It results in significantly higher photon flux (>10°" cm > s™") that allows
a valance band electron to be freed. Meanwhile, absorbing several photons until the
total energy would exceed the values of ionization potential [24, 25]. This absorption
process is achieved through the meta-stable quantum state(s).

In Q-switched nanosecond laser pulses associated with low intensities, the initial
process for the generation of free electrons is supposed to be thermionic emission, that
is, the release of electrons due to thermal ionization. Rather, energies and temperature
are usually higher in the case of Q-switched laser pulses because of the associated
increment in threshold energy of ablations. Thus, laser-induced distortions with
ns-pulses are often accompanied by nonionizing side effects [18].

At intensities above 10'> W/cm?, multi-photon absorption becomes considerably
strong and even the seed electrons are not required to initialize the ionization process
[10, 26]. However, tunnel ionization should be considered when the intensities are
higher than 10 W/cm®. The tunneling ionization is the process in which the strong
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Figure 4.
Schematic representation of multi-photon ionigation [17, 18].
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incident field suppresses the coulomb potential to allow the tunneling of a bound
electron to a free state. The coulomb potential that describes the interaction between
two-point charges acting along the line connecting the two charges can be expressed
by the following expression; Vi ouiomp = 9192/45¢,,» Where r is the distance between two
ions, q; and q, represent electric charge in coulombs carried by 1 and 2, respectively,
and g, is the electrical permittivity of the space. In solids, for example, the bound
electron in the valence band is excited through either multi-photon or tunneling to the
conduction band and becomes quasi-free.

Keldysh developed the theory that describes the ionization of electrons in
condensed matter by intense laser fields [27]. Keldysh parameter used to
predict the mechanism that plays a significant role in the ionization process is
defined as:

2
Mw;Cno€oEgyy
el

. (1)

where o, denotes the incident laser light frequency, m is the reduced mass of
the electron, and Eg,, is the band gap of the material. y can be qualitatively viewed
as the ratio of the incident laser frequency and field strength (I) [28]. For relatively
weak fields with high frequencies (large y), multi-photon ionization is more
important since electrons have less time to tunnel through the only moderately
suppressed coulomb potential than in the small y case (strong field with low
frequency).

3.1 Laser-induced breakdown and plasma formation

When obtaining power densities of the incident laser field (>10"* W/cm?) is
equivalent to or more than the coulomb field that binds the electron to its ionic core,
the atomic coulomb force of similar magnitude was exerted on to the valance band
electron and can be excited to a free state. The recurring sequence of inverse brems-
strahlung events and impact ionization leads to an avalanche growth in the number of
free electrons. Meanwhile, the irradiance should be high enough to compensate for the
losses of free electrons through diffusion out from the focus and through recombina-
tion [15, 16, 19, 20]. The energy gain at the vicinity of focus was more rapid than the
energy loss by collisions with surrounding particles in media occurring without
simultaneous absorption of a photon. These “cascade ionizations” in dielectrics
followed by plasma formation leads to a phenomenon called laser-induced optical
breakdown (LIOB), which can result in permanent material modification. Net free
electron density is assumed to saturate at the critical density, at which modification/
ablation of material takes place. For femtosecond lasers, critical density is selected as
the free electron density at which plasma oscillation frequency equals to the laser
frequency, and can be expressed as:

2
TMeC
Moy = — 5~ (2)
cr 6212
where m, is the electron mass, ¢ is the speed of light, e is the electron charge, and A
is the laser wavelength. 7, is about 10*! cm > for 800 nm wavelength. At critical
electron density, transparent dielectric materials become opaque.



Ablation of Materials Using Femtosecond Lasers and Electron Beams
DOI: http://dx.doi.org/10.5772/intechopen.106198

4. Estimation of multi-photon absorption coefficients for biomaterials

Theoretically, the multi-photon absorption is determined by the following
equation,

dl
y ol + aol? + asl® + auI* + asl® (3)

where [ is the intensity of incident light beam propagating along the z-axis. The
coefficients oy, o, 03, 014, 05 are one-, two-, three-, four- and five-photon absorption
coefficients for a given medium, respectively. For a biomaterial, such as spider silk
fiber of diameter Dy, we define the term absorption, A = (dI/I) (1/Dy), which, using
Eq. (3) becomes a polynomial of fourth-order, A = a; + aoI + asl? + asP + asI*.
This mixed fit was used to fit the experimental data. A comparison of mixed fit with
cases of pure 2-, 3-, 4-, and 5-photon absorption processes are also shown for com-
parison. Our fit analysis suggests that as the intensity of the pulses increases, the
absorption is dominated by progressively higher-order multi-photon processes. The
existence of mixed multi-photon processes for some intensity is also likely [20].

Another technique, “Z-Scan” can also be used to determine multi-photon absorp-
tion. The single silk fiber was illuminated with sub-10 fs laser beam at 85 MHz rep
rate. The Rayleigh range was approximately, Zg = 25 pm and the silk sample was
typically Dg = 1-4 pm in diameter. Thus, we satisfy the thin-sample (Zg> > D)
condition for the Z-scan measurements. The total transmission was measured by
collecting the maximum light and focusing it on a photodiode, while the sample was
scanned at low power and high power. The sample was translated along the beam path
using a computer-controlled stage that allowed us to collect the data at about 2 pm
spacing. The normalized data for high power was obtained by subtracting the low
power data to minimize any variation due to diffraction effects from silk fibers as
shown in Figure 5. We fitted our data with the nonlinear transmission function
described in Ref. [20], and reference therein. The fit function for 2-photon was,
2(x) = Log(1+ Cy/(1+x?))/(1 + x?), with a fitting parameter C,. The fit function for

the 3-photon absorption was, T3(x) = Sinh ™' [ G ] /[1+ x?]. The fit function for 4-

1+x2

3
photon absorption was, T4[x] = H2F1 [1 /3,1/3,4/3, — Gig;‘) , with C, was a fit

parameter. The hypergeometric function H2F1 was computed in Mathematica. Our
data fitted better with 4-photon absorption fits. This was consistent with our other
measurements of nonlinear transmission [20].

5. Laser interaction mechanisms

On the implication of laser light into the transparent media, such as biological
tissues, as well as viscoelastic like spider silk, various interaction mechanisms were
facilitated. Specifically, the tissue characteristics along with the laser parameters are
contributing to this diversity. Most important amongst them are optical properties of
tissues that include the coefficient of reflection, absorption, and scattering. Alto-
gether, these parameters determine the total transmission of the tissues and visco-
elastic at a certain wavelength.
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Figure 5.
Z-scan data from a single fiber (~150 GW/cm?) along with equations with 2, 3, 4-photon. The mismatch near
edges was attributed to diffraction losses from the edges of the silk filament. Data taken from Sidhu et al. [20].

In contrast, the following parameters that affect the laser ablation, are given by the
laser radiations themselves: applied energy, wavelength, exposure time, focal spot
size, and energy density. Amongst them, exposure time is a very crucial parameter
when selecting a certain type of interaction.

Laser-tissue interactions can be subdivided into five different regimes depending
on the laser power and the exposure time. Figure 6 gives us a rough delineation of the
interaction regimes. Two lines represented diagonally show the fluences (energy per
unit area) at 1J/cm? and 1 kJ/cm”, respectively.

According to this plot, the time scale can be roughly divided into five parts:
continuous wave or exposure times >1 s indicates photochemical interactions, 1 min
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Figure 6.

A double logarithmic map of five basic laser-tissue interactions. The circle gives only a rough estimate of the
associated laser pavameters [18].
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down to 1ps indicates thermal interactions, 1 ps down to 1 ns indicates photo-ablation,
and < 1 ns indicates plasma-induced ablation, as well as photodisruption. The differ-
ence between the latter two is ascribed to different energy densities [18]. Precise laser
surgery can be achieved when the desired target tissue, such as retina or ocular-tissue,
is exposed to the optimal laser conditions following the subsequent interaction path-
way.

5.1 Optical absorption and light propagation

Optical absorption takes place when the frequency of incident laser irradiation
matches with an electronic excitation frequency of a molecule [18]. The typical
absorption coefficient estimated by inverse Monte Carlo analysis for bovine cornea
and retina at 800 nm was ~0.001 cm™ " and 2.5 cm ™', respectively [29].

The coefficients for 2, 3, 4, and 5 photon absorptions for s6pider silk were
o =1x 102 cm/GW, o3 = 2 x 10> cm®>/GW?, a, = 4 x 10 ° cms/GW?, and
a5 =5 x 1077 cm’/GW?, respectively (Figure 7) [20, 30]. Previously, a 3-photon
absorption process was observed in the silk-fibroin solution [31], and enhanced 3- and
4-photon absorption was reported for amyloid fibril solution [30].

In the case of biological tissues, such as retina and cornea-tissue, neither water nor
macromolecules are present, it absorbs the light strongly in the near-infrared range
(roughly between 600 to 1200 nm), this spectral range is considered a “therapeutic
window.” Laser radiation in this window can penetrate deeper into biological tissues
with lower loss during treatment.

Light propagation inside the retina or corneal tissues can be attributed to their
absorption and scattering properties. The effective attenuation coefficient (A.g)
quantifies how deep the laser light can penetrate, and is expressed as:

1
A = (4)
T Vet 1-g)
0.6
- - - 2- photon

—_ —-~--3- photon
= - = = 4- photon
8 0.4} —— mixed fit
c mixed fit = 0.0 + 0.5 x 10°x + 1 x 10° x*+
o 0.2 x 10°x°+ 2.6 x 10™°x*
i
.
o 0.2
)
o]
<

0.0

0 40 80 120 , 160 200
| (GW/cm?)

Figure 7.
Nonlinear absorption coefficient of silk fiber versus input peak intensity. Theoretical fits for pure 2-, 3-,4- photon
absorption are compared with a mixed fit up to 4th order polynomial [20].
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where @, and «; are absorption and scattering constants. g is the coefficient of
anisotropy which is a tissue-dependent parameter. With g = 1 denotes perfectly forward
scattering, such as cornea, the effective penetration depth (Lg) of incident light is.

Leg = — (5)

Figure 8 Illustrates the approximate penetration depth in tissues of different
wavelengths, while both,a, and a; are taken into account.

The selection of appropriate wavelength and pulse energy followed by linear or
nonlinear propagation of laser irradiations into the matched tissue target allows
unprecedented precision to achieve surgical effects.

5.2 Photochemical interactions of fs-lasers

It is a well-known fact that light can induce chemical effects or reactions within
biological tissues. In ophthalmology, photochemical interactions can play a vital role
in dye-assisted photodynamic therapies (PDT). During PDT, photosensitizers were
injected into the target tissues. Laser irradiations of specific wavelength trigger the
photochemical reaction at low power densities (~1 W/cm?) and long exposure time in
order of seconds to continuous wave (CW) [18, 32]. It results in toxic reaction
products that cause irreversible destruction of target cell structures. The reaction
could be the generation of reactive oxygen species from the interaction of light,
oxygen, and photosensitizers, such as verteporfin, and indocyanine green (ICG).
These were commonly used to treat choroidal or corneal neovascularization, that is,
abnormal blood vessels underlying retina cell layers or sprouting in the corneal
stroma, respectively. However, severe adverse reactions are associated with these
photosensitizers, including visual disturbance, stromal haze, and lipid degeneration
injection site reactions even after months of treatment [33]. Several joules of energy
(~150 J/cm?) continuously deployed into corneal stroma allows long-term reduction
of neovascular structure, but can also cause corneal scarring or thermal injuries
[34, 35].
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We suppose that without the use of chemical agents, the intensity of femtosecond
laser pulses could be used to manipulate abnormal blood vessels lower than these
conventional photodynamic treatment procedures. We will discuss the selective
removal of corneal and retinal blood vessels in the next section of this chapter. The
precise cutting and manipulation of ultrafine fibers are also discussed.

5.3 Thermal interactions

Thermal effects can be induced by both CW and pulsed-laser irradiations. The rise
in local temperature could be attributed to the absorption of photon energy by pro-
tein, pigment, or bound water molecules. On the basis of pulse duration and peak
values, different thermal effects can be achieved in tissues, including coagulation,
vaporization, carbonization, and melting. Moreover, with the rise in temperature to
50°C, the enzyme activity in tissue cells is reduced, energy transfer slows down, and
cell repair mechanisms are disabled. At about 60°C, protein denaturation occurs,
leading to more immediate cell necrosis and tissue coagulation. Therefore, photoco-
agulation is the general procedure to treat retinal disease, such as proliferative diabetic
retinopathy. Meanwhile, traditional lasers employed for photocoagulation (spot size:
0.1-3 mm, pulse duration: millisecond) creates a heat wave that spreads beyond the
focal volume causing inevitable collateral damage to underlying cell layers [36]. This
leads to scarring in the retinal segments. Thermal scarring enlarges progressively up to
300% and can cause significant vision loss if the fovea region is involved [37]. Thus, it
is important to minimize the thermal effect during laser irradiations.

If pulse laser irradiations do not undergo photochemical or phase-transition pro-
cesses, the linearly absorbed energy by the target tissue is entirely converted to the
temperature rise. Since the focus of the current work is on femtosecond laser interac-
tion within retinal or corneal tissues, we consider a situation where excessive laser
energy, sufficiently higher than the threshold, is applied and absorbed in a small focal
volume under single pulse configurations. A single shot of a fs-laser could be the entire
source of heat. The temperature rise could be determined by calculating the volumet-
ric energy density gained by the plasma during the laser pulse irradiations [38]. Under
adiabatic conditions, the local temperature rise (AT(r)) at an arbitrary location (x), is
directly related to the local volumetric energy density € (x), as.

AT(x) = £ ) (6)

where p is the tissue density and C, is the specific heat capacity per unit volume
[19]. In case of the absence of photochemical or phase-transition, the absorbed laser
energy is subjected to undergo spatial redistribution by thermal diffusion leads to
collateral damage in adjacent focal volume [39]. The heated volume is a layer of tissue,
where penetration length is inversely proportional to an absorption coefficient (1/u,)
and the thermal diffusion time, (t,), is expressed as:

= — %

)
K

where k is the thermal diffusivity. In order to achieve thermal confinement, the
ratio of pulse duration (z,) to thermal diffusion time (¢;) should be less than or
equivalent to 1 (¢,/t; < 1). Figure 9 shows the normalized temperature profiles in
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Figure 9.
Normalized temperature profiles in water immediately after the laser ivradiation with constant irradiance and
optical penetration depth (1 ym) at vavious pulse durations [19, 32].

water followed by laser irradiations with fixed radiant exposure and optical penetra-
tion depth (1 pm) for various pulse durations. At typical ¢, < 3 ps, the temperature
profile is confined to the diffraction-limited volume. However, for ¢, > 10 ps, the
thermal diffusion has spatially redistributed the energy over the larger volume. The
peak temperature also reduced significantly within the sample over time [19, 32].
Thus, pulse durations play a vital role in thermal confinement to achieve localized
ablations in the target tissue.

Meanwhile, collagen fibrils and water in corneal stroma often the main chromo-
phores contribute to the absorption of IR and UV irradiations. Collagen fibrils in
corneal stroma possess microscopic tissue structures in range of 30 nm in diameter,
with corresponding thermal confinement times of 6.3 ns [40]. For micro-scale ther-
mal confinement laser pulses of picoseconds or femtosecond, duration should be
employed.

5.4 Plasma-induced ablation and photodisruption

Laser-induced optical breakdown occurs in biological tissues when the applied
laser intensity exceeds 10" W/cm?. In case, an intense laser pulse can excite a large
number of electrons and generate plasma, which causes vaporization of the mate-
rials [10-14, 18]. When a highly intense ultrashort laser pulse (<10 ps) was focused
into the tissue, the associated energy density is high enough to induce nonlinear
absorption of laser energy through multi-photon, tunneling, and avalanche ionization
[10, 16, 19, 20]. Thus, producing micrometer-sized highly excited plasma in the
vicinity of the focal volume. Moreover, within the stipulated pulse duration time, the
temperature of the laser-induced plasma can reach several thousand Kelvin.

During the process of optical breakdown, plasma generation allows energy depo-
sition in pigmented, as well as weakly absorbing tissues, such as cornea, lens, or retina.
Laser-induced plasma will serve as an absorber of photon energy which leads to an
increment in absorption coefficient [18, 32]. Thus, by means of plasma-induced abla-
tions, clean removal of tissue without evidence of thermal or mechanical damage can
be achieved even in transparent tissues.
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Schematic of the physical effects associated with optical breakdown [32].

Alongside plasma generation, the movement of energetic free-electrons in plasma
outward from the focal volume results in secondary effects, such as shockwave gen-
eration [18, 19, 32]. The shockwave leaves the plasma boundary at supersonic velocity
and then slows down to the speed of sound, refers to as acoustic wave generation. The
processes associated with an optical breakdown on the interaction of fs-laser pulse
with materials were shown in Figure 10. Lastly, if energy density still lasts at the focal
volume, it forms a cavitation bubble, which performs several oscillations of expan-
sions and collapses within a period of few hundred microseconds under external
pressure [41]. Figure 11 illustrates the scheme of physical processes associated with
optical breakdown. Plasma formation followed by mechanical effects could be
referred as “photodisruption.” It could be distinguished from plasma-induced ablations
on the basis of employed laser energy density.

In plasma-induced ablations, the plasma formation vaporizes tissue at focal vol-
ume with lower threshold energies, providing a localized surgical effect. While, at
higher energy densities, photo-disruption results in shock wave expansion, the
expansion of the cavitation bubble, as well as heat diffusion after thermal equilibra-
tion, Thus causing all unwanted collateral damage to the surrounding tissue and
limiting the surgical precision [10, 18, 19, 42, 43]. Thus, applied energy density, which
is defined as energy per unit area, plays a crucial role to limit the collateral damage.
The fluence (J/cm?”) employed in the sample must be minimized while still
maintaining a sufficiently higher intensity to produce photodisruption through
plasma formation.

Recent studies on plasma formation in water revealed some vital trends for pulse
durations dependence while inducing optical breakdown. First, on reduction of
pulse duration from 100 ns to 100 fs, the irradiance threshold for breakdown
increases by ~1000 folds, but the radiant exposure threshold decreases from ~10° to
~1 J/cm? [42, 43]. For nanosecond pulses, seed electrons for plasma formation
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Figure 11.
Plasma-induced ablation and photodisruption distinction on the basis of energy density in cornea tissue [32].

were generated through thermionic emission which requires higher peak intensity.
Rather, higher intensity of laser field generated by picosecond and femtosecond
laser pulses can cause multi-photon ionization, which supplies the seed-free
electron needed to start plasma generation at much lower peak intensities. Thus, the
difference in radiant exposure threshold comes from the mode of free-electron
generation or the initiation of plasma generation. As a result, nanosecond pulse
lasers need higher threshold energy for plasma generation as compared to femtosec-
ond and picosecond lasers. Second, the plasma transmission is small for ns-pulses,
increases considerably for picoseconds pulses with maxima around 3 ps, and
decreases again for fs-pulses [43, 44]. Lastly, the plasma energy density is more than
one-fold smaller with fs-pulses than with ns-pulses [42-44]. Considering the facts,
fs lasers could be employed as a microsurgical tool for precise ablations of biological
tissues.

6. Ablation of biomatertials
6.1 Retinal blood vessels

In this section of the chapter, the ablation thresholds for retinal blood vessels of
porcine have been studied as a function of vessel wall thickness. Vessel wall thickness,
as well as the lumen diameter of porcine retinal blood vessels, is gradually decreasing
while moving from the optic disc to the peripheral region of the retina (Table 1) and it
was classified as primary, secondary, tertiary, and quaternary vessels as shown in
Figure 12(a)-(e).

6.1.1 Experimental technique

The experimental setup for fs-laser ablation of a porcine retina and as well as its
blood vessels has been discussed in Ref. [45]. The laser system consists of a
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Figure 12.

H and E stained cryosections of retina blood vessels from the central vegion (optic nerve) toward the peripheral
region in the porcine eye. (a) Primary (b) secondary (c) tertiary, and (d) quaternary. Scale bar is 100 pm. (e)
Fundus image of porcine vetina, indicating organization of vetinal blood vessels from the optic disc “center” to the

peripheral vegion [32].

regenerative amplified Ti: Sapphire (A = 810 nm) laser, having a pulse width of 150-fs
pulse at a repetition rate of 1 kHz (Quantronix, USA). The variable neutral density
filter (Sigma, Kochi, Japan) is used for controlling the laser power. An objective lens
(20X, Nikkon, Japan), was employed to focus the laser beam on the substrate surface,
having a numerical aperture (N.A.) of 0.4. The diffraction-limited spot size at focus is

given by.

42

D min — a7 A
aNA )

where A is the wavelength (810 nm). The current optics used in this work result in
a laser spot size of 2.6 pm in diameter. In general, the actual spot size is larger than the
calculated value due to discrepancies in alignment.

To estimate the vessel ablation threshold, a series of laser fluence from 0.4 to 28 J/
cm” for quaternary, from 0.7 to 43 J/cm” for tertiary, from 0.7 to 71 J/cm” for second-
ary, and from 1.4 to 99 J/cm?” for primary retinal blood vessel was employed. For 60
different porcine eyeballs, 20-25 laser treatments were conducted at periodic intervals
of 100 pm on each type of blood vessel. All the experiments were conducted under a
single-shot configuration. Post-treatment of blood vessels, the histological analysis
was carried out for determining the probability (%) of damage and probability (%) of
vessels perforation for overlaid Inner Limiting Membrane [ILM] and the retinal blood
vessels, respectively. The ILM could be defined as a thin layer membrane about ~6
um thick over the retinal vessels. Prior to the ablation of the blood vessel lumen, ILM
must be ablated [32, 46].

6.1.2 Laser ablations of retinal blood vessels

Femtosecond laser irradiations were employed on all four categorized blood ves-
sels, where the threshold for ILM ablation and the vessel perforation was determined
from the H & E images taken off the mapped laser lesions. Later on, the wall thickness
and determining thresholds were correlated to elucidate the relationship.
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Organization level Vessel thickness (pum) Vessel diameter (pum)

Primary 10.01 £ 0.28 146.12 £+ 10.55

Secondary 7.84 + 0.11 118.79 £ 7.62

Tertiary 6.64 + 0.71 93.11 + 4.93

Quaternary 5.76 + 0.86 51.42 +£7.32
Table 1.

Vessel wall thickness and lumen diameter of porcine retinal blood vessels [32].

By changing the laser fluence from 1.4 to 99 J/cm?, we produce a series of lesions
on the primary blood vessel walls with a single fs-laser pulse. Considering the gradual
decrease in total wall thickness of secondary, tertiary, and quaternary blood vessels,
the lowest fluence at which no ablations on ILM was found to be 0.4 J/cm?. However,
the fluence at which the 100% probability of vessel perforation achieved was declined
with the decrease in organization hierarchy from primary (99 J/cm?), secondary (71]/
cm?), tertiary (43 ]/ cm?) to quaternary (28 ]/ cm?) level. In all levels of blood vessels,
with the progressive increase in laser fluence, the probability of ablation of the ILM
and the vessel perforation show a monotonic increase. Figure 13 exhibits the histo-
logical images of the sectioned slices of vessels after successive laser irradiations (a)
primary, (b) secondary (c) tertiary, and (d) quaternary. As the size of the quaternary
vessels is quite small, it is difficult to locate the laser lesions on the surface of blood
vessels, therefore, 40 x objective is used to map the laser lesions.

On analysis of histological sections, no apparent ablation of the ILM and no blood
outflow were observed for the laser fluence less than 1.4 J/cm? in the case of secondary
and tertiary blood vessels, whereas this value was further decreased to 0.5 J/ cm? for
quaternary blood vessels.

As per the analysis of cryosections, the lateral damage of the retinal blood vessels
on fs-laser exposure is limited to 20 pm range at lower laser fluences. First apparent
optoperforation of secondary and tertiary blood vessels was observed at the laser
fluence of 3.6 J/cm? (Figure 13(b)-C and (c)-C), and on quaternary blood vessels it
was noticed at 0.7 J/cm?. Even though the blood vessel size is tens of micrometers, due
to the precise focusing of fs-laser irradiations any damage to adjacent and underlying
retinal-tissue is avoided. Meanwhile, on increasing the laser fluence to 14 J/cm?
for secondary, 7.1]/ cm? for tertiary, and 3.6 J/ cm?” for quaternary blood vessels,
single-pulse laser irradiation induces complete optoperforation of the blood
vessel wall.

The cryosections of the blood vessels irradiated with a single-shot ultrafast laser
were grouped into three types of lesions, including no change, ablation only at the
ILM, and optoperforation of blood vessel walls. On this basis, correlation statistics of
these different types of lesions are shown in Figure 14 as a function of laser fluence.
The perforation probability of blood vessels increased in the fluence range of 0.4-99 ]/
cm”. The ablation threshold of all the blood vessels has been illustrated in Table 2. We
determined the laser fluence to ablate the ILM layer over the blood vessels. It was
found to be in the range of 1.4-3.6 ]/ cm? for primary, 0.7-1.4 ]/ cm? for secondary and
tertiary, and 0.4-0.5 J/cm? for quaternary blood vessels. However, fs-laser-assisted
perforation of blood vessels was achieved at higher laser fluence. Vessel perforation of
secondary, tertiary, and quaternary vessels could be achieved with a fluence between
2.5-3.6 J/cm?, 1.4-2.5 J/cm?, and 0.5-1.4 J/cm?, respectively.
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Figure 13.

Sequential H & E stained cryosections of retinal blood vessels after single fs- laser irradiations. (t = 20 um). (a)
Primary (b) secondary (c) tertiary, and (d) quaternary retinal blood vessels. Overall incident laser fluence is
raised from 0.4 to 99 J/cm® or until 100% vessel perforations were achieved at each organization level. Scale bar is

100 um [32, 46].
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Figure 14.

(a) Linear plot of percent probability of damage for inner limiting membrane (ILM) and (b) vessel perforation as
a function of the laser fluence for primary, secondary, tertiary, and quaternary blood vessels. With a progressive
increase in the laser fluence, the percent probability of the blood vessel perforation shows a monotonic increase. The
lines vepresent the extrapolation of the probability of damage to determine the ILM ablation threshold and vessel
perforation threshold [32].

Organization level ILM ablation threshold (J/cm?) Vessel perforation (J/cm?)
Quaternary 020 £ 0.1 0.56 + 0.2
Tertiary 0.62+0.1 147+ 0.4
Secondary 113 £ 0.5 279 £ 0.4
Primary 2.04+05 471+19

Table 2.

ILM ablation and vessel perforation threshold for retinal blood vessels (porcine).

It is the nonlinear nature of ultrafast laser-tissue interaction that leads to the three-
dimensional submicron confinement of the laser absorption below the surface. The
high peak intensities of ultra-short laser pulses provide a high flux of photons that
could be nonlinearly absorbed by the electrons. The ultrafast duration of the absorp-
tion process leads to a rapid and efficient plasma generation where the beam is
focused. Therefore, pulse energies as minimum as a few nano-joules (nJ) are sufficient
for ablation of sub-cellular structures when the beam is tightly focused to submicron
size [19, 47-49].

Comparative analysis of blood vessel optoperforation thresholds and ILM ablation
thresholds for various blood vessels shows an increment with the increase in the wall
thickness and lumen diameter. This provides an idea to selectively operate the blood
vessels while discriminating on the basis of size as well as wall thickness without any
apparent collateral damage to the underlying cell layers.

6.1.3 Corneal vessel ablation

Near-Infrared (NIR) femtosecond (fs) laser pulses focused into a transparent
cornea allow surgery on neovascular structures with minimal collateral damage fol-
lowing the phenomenon of nonlinear multi-photon absorption. The fundamental
output from a regenerative amplified Ti-sapphirelaser with A = 810 nm, having a pulse
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width of 150 fs and a repetition rate of 1 kHz (Libra, Coherent Inc., USA) was focused
into the rat corneal stroma by an ophthalmoscope lens (focal length = 36 mm, Carl
Zeiss Inc., Germany). The numerical aperture (N.A) was 0.16. The laser spot was
circular with a spot diameter of about 7.6 pm (measured at 1/6% in intensity) [50].

The system was indigenously made that includes a software-controlled laser
aiming equipment with an xy-galvano scanner to track pre-assigned targets visualized
in optical images of the rat cornea. A schematic diagram of the experimental setup is
illustrated in Figure 15, where under anesthetic conditions, the rat body was placed on
a motorized XYZ translation stage, used to manipulate the target to expose a fresh
area of tissue at each laser scan.

The minimal visible laser (MVL) lesion threshold was estimated for corneal
neovascularizations (abnormal blood vessels grown under adverse conditions in the
avascular cornea) by varying the laser fluence from 2.2 to 8.6 J/cm”. The area of a scan
was 150 x 150 pm, and the number of incident laser pulses (about 400) was kept
constant [50].

The MVL lesion ablation threshold over the abnormal corneal blood vessels
referred to as “neovascular structures” was estimated from high-resolution CCD
images captured before and after the fs-laser exposure (Figure 16) Any noticeable or

: mmfg. Lager
w Guiding beam
|llumination beam

Shutters =» |

ALY

ND Filter =»

Polarizer =-e==p==

Electronic
Controller

Ophthalmoscope lens -2
0.1 NA, 36mm fi %

Neovascular
structures

Figure 15.

(a) Schematic diagram of fs laser-assisted corneal neovascularization treatment system. (b) Schematic
representation of scanning pattern of laser pulses into the corneal stroma. (c, d) Optical and transformed image of
rat cornea captured before exposure of fs laser irradiation. Scale bar is 400 pm [50].
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4.3 J/em? 8.6 J/lcm?

Figure 16.

Sequential CCD images of Norway brown rat cornea before and after the exposuve of fs-laser irradiation where the
laser fluence is 2.2 J/cm® (a), 4.3 J/em? (b), 6.5 J/em® (c), and 8.6 J/cm? (d). The scan avea indicated by red-
colored squares is 150 x 150 um. Scale bar is 150 pm.

identifiable changes observed on neovascular structures under the high-resolution
microscope in comparison to the neighboring intrastromal region immediately after
the laser exposure were classified as an indication of damage.

At the fluence of 4.3 J/cm?, the first visible, detectable lesion was found
(Figure 18b) and is referred to as the minimal visible laser (MVL) lesion threshold.
There was no clear damage found on either the intrastromal region or the neovascular
structures at fluences <2.2 J/cm?® When the set laser fluence was increased to 6.5 J/
cm? or more, the size of the lesions also increased such that it covered the entire laser
scanning area. For currently used femtosecond exposures, the laser pulse duration is
shorter than the electron cooling and recombination times [19, 51, 52]. Thus, the
minimal energy is nonlinearly absorbed during the pulse into the focused portion of
tissues. However, the time scale of absorption is much shorter than both the thermal
diffusion and shockwave propagation times. This might lead to localized
photodisruption effects and subsequent reduction of stromal damage within the
vicinity of laser focus [19, 51, 52]. fs ultrashort pulsedlasers for enclosure of corneal
neovascularization in the presence of ICG at 3.8 J/cm” was employed by Sawa et al. in
2004 [53]. The MVL threshold values determined in the current study are in good
agreement with previous reports [45, 53, 54], despite that no dye or photodynamic
chemical agents were applied during the procedures.

6.2 Laser ablation of viscoelastic ultrathin spider silk fibers

We estimated a single-shot response of spider silk fiber of about 2-3 pm in diameter
(Figure 17) [20, 55]. It is positioned at the focus using 100 x objective (NA: 0.9) with
an estimated beam spot size around 1 micron. SEM micrographs illustrate the single-
pulse ablation of silk fiber at 0.1 pJ and 0.3 pJ pulse energies. The estimated ablation
threshold (Fy,) for spider silk is about 0.05 pJ (1 J/cm?). A slightly lower ablation
threshold (0.6 J/cm?) for silkworm silk is reported for different laser parameters with
230 fs pulses at the central wavelength of 515 nm wavelength [56]. This could be due to
differences in the laser parameters, as well as the material properties [19, 20, 57]. Fy, is
found to be significantly higher than the ablation threshold for the crystalline Si, it
could be attributed to the nonabsorbing nature of silk sample for incident laser wave-
length, that is, 800 nm [19, 41]. By compensating for the dispersion of the fs-pulse, it
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Figure 17.

(a) Native spider silk. (b) Illustrating ablation of silk fiber at different pulse energies 0.3 and 0.1 pf, and
(¢c) magnified SEM micrograph illustrating nanoscale ablation of spider silk microfiber at 0.3 uJ [55].

should be possible to further reduce the precision of ablation and may open a route to
create nano-patterns on silk for various potential applications.

7. Electron beam ablations

Electron beams are used frequently for sterilization, as well as melting and welding
metals. A novel e-beam-based material processing technology [58] called electron
beam ablation has evolved to perform various surface functionalities. The EBA
technique involves an e-beam deflected rapidly over a substrate surface to displace
the material in a precisely controlled manner. This results in a textured surface
containing an array of protrusions above the original surface and a corresponding
array of cavities in the substrate. This process makes it possible to create custom-
made, complex surface structures in various materials. The EBA is a complex
process that comprises heating, phase change, and removal of a fine fraction from
the target surface.

The precursor to this novel material processing technology is e-beam texturing
[59]. In this process, the high-energy e-beam flux initially melts and then vaporizes
the substrate material. The resulting vapor pressure then leads to the expulsion of
molten material to the periphery of the hole. The electromagnetic coils focus the e-
beam and then deflect it over the substrate material, leading to a rapid and controlled
process. The typical processing speeds are 500-5000 holes per second, and the sub-
strate surface may exhibit re-entrant features. Nowadays, another novel sculpting
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technology [59] has come into the picture to replace this texturing process. In this
latest advancement, once a molten pool of material has been created, the beam is
translated sideways. Under the combined effect of surface tension and vapor pressure,
the material from the hole piles up behind the beam, as shown in Figure 18. This
process is repeated several times at the same or overlapping sites to grow protrusions
up to several millimeters accompanied by corresponding intrusions or holes. This
technology makes it possible to grow a series of protrusions simultaneously across

a substrate.

Careful control of the e-beam process parameters, such as beam accelerating
potential, beam current and focus, the pattern design, and precision deflection move-
ments allow for creating a range of different surfaces. These include spikes with a high
aspect ratio, burr-free holes, channels, blades, swirls, and networks. It is possible to
vary the size, shape, angle of incidence, and distribution of the features to produce
customized surfaces within any pattern. Protrusions with dimensions ranging from
tens of microns to several millimeters have been created successfully. Moreover, this
technology has the flexibility to create a variety of structures, many of which may be
impossible to produce using any other processing route. It is performed under a
vacuum, thereby avoiding surface contamination. The technology has many potential
applications, such as coating of thin films, fabrication of cardiovascular stents, and
composite prosthetics. The pulsed-electron beam ablation technique for coating of
thin films is described here.

Pulsed-electron beam ablation (PEBA) is an alternative approach that offers
numerous advantages over other techniques. For example, for the preparation of thin
films, the PEBA approach involves low capital cost, reduced operation/
maintenance costs, a small footprint, and relative safety—no toxic gases as in PLA or
potential noxious by-products as in solvo thermal routes. PEBA can be a potential
candidate for epitaxial growth of high-quality thin films due to significant cost per-
formance advantages, congruent multicomponent film stoichiometry under optimum
conditions, process stability, and the scale-up ability for industrial applications.

A typical PEBA system consists of a pulsed-electron beam generator (pulsed-
electron beam source), a stainless-steel deposition chamber, target and substrate
holders, target and substrate rotating motors, substrate heater, and vacuum system.
Figure 19 shows a simplified schematic of the main pulsed-electron beam chamber
components. To operate in pulsed mode, the electron source for high currents is
appropriately modified. The channel spark is considered as the most efficient tran-
sient hollow cathode (THC) configuration for the generation of electron beams. THC

Figure 18.
Simplified schematic of a PEBA system.
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Figure 19.
Simplified schematic of a PEBA system.

acts as a low-pressure gas discharge electron source that can produce a focused
electron beam with currents up to several kilo-amperes and a pulse duration of

~100 ns. Due to the high intensity of the generated beam passing through the depo-
sition chamber, a self-pinch force is developed due to the ionization of background gas
by the e-beam. This leads to the formation of a conducting plasma. This self-pinching
feature enables the beam propagation, and thus target ablation, inside the deposition
chamber without the application of external guiding fields [60, 61].

The triggering of the ablation process is caused by the pulsed-electron beam hitting
the target surface. It is the pulsed nature of this technique that enables the confine-
ment of energy within 1-2 pm thin subsurface of the target. Such confinement of
energy leads to the instantaneous conversion of absorbed energy (energy of electrons)
into the heat. The absorption of energy in such a minuscule volume of target material
results in a jet evaporation at the target surface. This vapor cloud at the target surface
continuously absorbs the majority of the pulsed-electron beam energy, gets ionized,
and eventually forms a plasma. A pressure gradient in a direction perpendicular to the
surface derives the expansion of the dense plasma which is seen as a plasma-jet
(plume). The plasma-plume (high energy species), generated as a result of the inter-
action of pulsed-electron beam with the target surface, expands in the direction of the
maximum pressure gradient at a velocity of about 10* m/s [62].

It is possible to manipulate ablation spot size, propagation of plume, and its
characteristics by variations in the pulsed-electron energy, pressure and chemistry of
background gas, and distance between channel spark tube tip and target surface.
Plume characteristics and ablation spot size affect other deposition conditions signif-
icantly [63]. The production of thin films by PEBA is strongly influenced by the
physical parameters in the plume, such as mass distribution, ion and atom velocity,
and the angular distribution, of the plume species. Specifically, the homogeneity in
film deposition on a substrate and the thickness distribution are determined by the
plume shape that evolved during the expansion from the target surface to the sub-
strate. These characteristics are also dependent on the target-substrate distance and
the substrate size.
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Subsequent to the formation of the plasma plume, the ejected high-energy species
impinge on the substrate surface. These energetic species result in the sputtering of
some of the surface atoms. A collision region is created between the incident flow and
the sputtered atoms. Consequently, a thermalized region is formed that acts as a
source for condensation of particles and hence causes the film to grow. Finally, a state
of thermal equilibrium is reached, when the condensation rate is higher than the rate
of removal of particles by sputtering (Figure 19).

8. Conclusions

Direct surface modification techniques using lasers or electron beams are pretty
popular due to their reasonable cost and easy adaptation for small and large surfaces
with complex geometry. The new generation of low-power femtosecond lasers with
unique properties has enhanced the possibility of their use in many new exciting
applications. Notably, for the surface modification of polymers, excimer lasers offer
great potential. In addition, the medical industry is another sector where laser ablation
and electron beam ablation play a key role. The medical industry has an ever-growing
demand for the surfaces of implants and stents to enhance their performance. The
technological advancements in e-beam ablation have resulted in the development of a
novel surface processing technique capable of addressing these needs by rapidly
producing bespoke surface features in a clean environment. It is being investigated for
a range of medical applications.
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