/ Ablation

The term ablation is generally used for material removal
processes by photothermal (vibrational heating) or photochemical

interactions (bond breaking). :
In photothermal process, the absorbed laser energy gets converted

into thermal energy in the material. The subsequent temperature rise at
the surface may facilitate the material removal due to generation of
thermal stresses. This is more pronounced in the 1nhomogeneous
such as coated materials where the thermal stresses cause the ex osive
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ablation of thin films.

When the incident lasel
temperature at the surface exceeds
vaporization. These processes e mate



. In photoablation, the energy of the incident photon causes the
direct bond breaking of the molecular chains in the organic materials

resulting in material removal by molecular fragmentation without
significant thermal damage.

This suggests that for the ablation process, the photon energy
must be greater than the bond energy.

The ultraviolet radiation
nm corresponds to the photon er
range of photon energies exceeds
molecular bonds (C-N, C-O,
with UV radiation.



It has F)een observed that ablation also takes place when the
photon energy is less than dissociation energy of molecular bond.

This is the case for far ultraviolet radiation with longer
wavelengths (and hence correspondingly smaller photon energies).

Such an observation is due to multiphoton mechanism for laser
absorption. -

In multiphoton mechanism, even t hough th
with each photon is less than the dissoc
breaking is achieved by simultane
[
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- The laser material interaction during ablation is complex and
Involves interplay between the photothermal (vibrational heating) and
photochemical (bond breaking) processes. One of the important
considerations during the laser tissue interaction studies is the thermal
relaxation time (1).

Thermal relaxation time is related with the dissipation of heat
during laser pulse irradiation and is expressed as;

by thermal processes. 1
To facilitate the photoablation of material with minimuir
damage, the pulse time must be shorter than that of thermal rele



For such short pulses (pulse times in the range of microseconds),
the laser energy is confined to a very thin depth with minimum thermal

dissipation.

Thus, efficient ablation of the material during laser material
interactions requires the laser operating at shorter wavelengths with

microsecond pulses.

The ablation process is generally explained on the basis of “blow-

off” model which assumes that ablation process takes place when the
laser energy exceeds the character istic thre <hold laser energev

Ablation threshold represents
remove the material by ablation. ]
Figure 14 presents the it
: the material irradiated with incidentlase
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Above the ablation threshold energy (,£,), the material removal I
is facilitated by bond breaking; whereas below ablation threshold energy, |
the thermal effects such as heating takes place. Absorption properties of
tissue and incident laser parameters determine the location at which the
absorbed energy reaches the ablation threshold thus determining the "
depth of ablation. The depth of ablation according to this model is given

by:
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Above ablation threshold?_' the depth of ablation |
on “blow-off” model increases continuously with the lase
14b). However, actual ablation depths depends
effects such as plasma shielding and rac

material absorption coefficient which ter
depth from that predicted by simple “bl




The ablation rates are primarily determined by the;

‘laser fluence, the pulse duration, the number of pulses, and the pulse
repetition rates (PRRs).

Figure 15 presents the influence of some of these parameters on
the laser ablation of polymethylmethacrylate (PMMA) using krypton
fluoride laser KrF (wavelength: 248 nm) and pulse duration of 30 ns.

As indicated in the Figure, there exists a threshold fluence below
which no ablation is observed. Once the laser energy e:xceeds
ablation threshold, the ablation rates increase with laser fluence
addition, for the constant laser uzu , the ablation rate incre
increasing number of pulses before eventual saturation

Higher pulse repetition rat oS gel
rates. The ablation of material results
craters on the surface |




Figure 15: Morphology of the craters in PMMA ablated by 100 laset
pulses with a fluence of 0.7 J/cm* and pu lse repetition rate of (2]
and (b) 10 Hz.




Pulsed laser ablation is extensively used in materials processing
and medical applications. |

In materials processing, it can be used for micromachining,
marking, grooving, cutting, drilling, and patterning of wide range of
materials.
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While, in medical applications
ablation of tissues such as human corne
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Figure 16: Laser power density regimes
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Laser Tissue Interactions

The laser tissue interactions are significantly influenced by the

composition of the tissue. Biological tissues are primarily composed of
water (~70%) and organic material (~25%).

Water shows the strong absorption in the deep ultraviolet (UV)
region corresponding to a wavelength around 170 nm. However, over the
range of wavelength in UV region, the absorption coefficient of water at
the ambient temperature is negligible. Hence water is not general
considered as a significant chromophor for UV 1
1S an atom or group whose presence 1S responsible fi
compound). The absorption characteristics of water to U
be enhanced at higher temperatures.

After water, the most significant cot
organic matter, which greatly deter
characteristics of the tissue. The organic er of the tissue such as
proteins, lipids, etc., is the dominant tissue chromopho
strongly absorb the UV radiation. |
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The absorption of laser radiation by tissue results in laser induced \

| photothermal effects such as tissue heating and vaporization (thermal \

ablation). |

In addition to the thermal effects, the interaction of laser with

tissue may be associated with various photochemical and photodisruptive
(laser induced breakdown) processes.

These laser tissue interactions depend on;
“* Properties of the tissue;
> Optical properties; coefficients of; reflection,
scattering, together, they determine t
at a certain wavelength. ’

> Thermal tissue properties — such as heat conductior

% laser parameters; wavelength, a ITe
spot size, energy density, and power densit

Among these, the exposure time i a very crucial parameter whe

selecting a certain type of interaction. " ea—



Although the number of possible combinations for the
experimental parameters is unlimited, mainly five categories of
interaction types are classified today.
These are;

v Photochemical interactions.

v Thermal interactions.

v" Photoablation.
v Plasma induced ablation.

v" Photodisruption. e

Figure 18 presents the famous laser fis
showing the regimes of laser power densities and expc
each mechanism. The areas are plotted on tl
lines corresponding to 1 J/cm? —1,000 J/cms
constant energy fluences at 1 J/cm?and 1000 J/em?

This range of laser energy density is
application of lasers.
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Figure 18: Laser—tissue interaction map shos

interactions in medical app

e, S




- According to this chart. the t: L
= s C
P into five sections: time scale can be roughly divided
> continuous wave or e .

: : Xposure times > 1s for photochemical
Interactions, |

» 1min down to lus for thermal interactions, |
» lus down to 1ns for photoablation, and
» < Ins for plasma-induced ablation and photodisruption.

The difference between the latter two is attributed to dif
energy densities.
The temperature rise it
depends primarily on the pre
morphology, absorption COg
(wavelength, fluence, pulse tin
Figure 19 presents the
taking place during laser tissue _ .. t of
effects 1S influenced by the temper ture ¢ aq l,x. tribution 1n the tissue
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M Photochemical Interaction

The group of photochemical interactions stems from empirical

observations that light can induce chemical effects and reactions within
macromolecules or tissues.

One of the most popular examples is; the energy release due to
Photosyfnthesis. In the field of medical laser physics, photochemical
Interaction mechanisms play a significant role during photodynamic
therapy (PDT). F requently, biostimulation is also attributed to
photochemical interactions.

Photochemical interactio D very low power densities |
(typically 1W/cm?) and long exposure times r s o
continuous wave. Careful selection of
distribution inside the tissue th
cases, wavelengths in the visible ra

nm) are used because of th
penetration depths. The latte
structures are to be reached.




Summary of Photochemical Interaction

**Main idea: using a photosensitizer acting as catalyst

(only in photodynamic therapy) e
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**Typical lasers:  red.dye lasers. diod
**Typical pulse durations: bl

*%* Typical power densities:
**Special applications:

s



Thermal Interaction

The term thermal Interaction stands for a large group of

ll:lter'actmn types, where the increase in local temperature is the
significant parameter change,

JO Thermal effects can be induced by either CW or pulsed laser
radiation. While photochemical processes are often governed by a

specific reaction pathway, thermal effects generally tend to be
nonspecific. i

Depellding on the duration and peak value of the
temperature achieved, different effects
carbonization, and melting may be ¢




4 Summary of Therma] Interaction

“* Main idea: hi
achieving a certain temperature which lead to

; the desired thermal effect.
0 : . . . .
« Observations: either; coagulation, vaporization, carbonization

or melting.
** Typical lasers: CO,, Nd:YAG, Er:YAG, Ho:YAG, argon ion
and diode lasers Jiamis o
% Typical pulse durations: 1 ps . .. lmin
»» Typical power densities: 10 . . . 06 W/cm?2.
** Special applications: coaglir 0N, vapori

thermotherapy.
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Photoablation

Typical threshold values of this type of interaction are 107—108
W/em? at laser pulse durations in the nanosecond range.

The ablation depth, i.e. the depth of tissue removal per pulse, is

determined by the pulse energy up to a certain saturation lir

The geometry of the ablation pattern itself i
spatial parameters of the laser beam.
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Summary of Photoablation

*** Main 1dea:
X2 Observations:

*%* Typical lasers:

* Typical pulse durations:
* Typical power densities:

&
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+* Special applications:

direct breaking of molecular bonds by high
encrgy UV photons.

very clean ablation, associated with audlble
report and VlSlble ﬂuorescence ;
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Summary of Plasma-Induced Ablation
** Main idea:

ablation by ionizing plasma formation.
“* Observations:

very clean ablation, associated with audible
report and bluish plasma sparking.
% Typical lasers: Nd:YAG, Nd YLF T1:Sapphire.
* Typical pulse durations: 100 fs ... 500 ps. i

<* Typical power densities: 10!, ., |

*» Special applications: refractiy




