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1. Introduction

Efficient use of lasers for precise material processing is impossible without a thorough knowledge

of the fundamental laws governing the interaction of laser radiation with matter.

Laser ablation or photoablation is the process of removing material from a solid surface by

irradiating it with a laser beam.

Fig.1. Laser ablation processes

http://https://www.industrial-lasers.com/surface-reatment/articlehttps://sites.google.com/site/thefinalutsi/what-is-laser-ablation https://www.theverge.com



2. Theoretical background

The law of heat conduction, also known as Fourier's law, states that the rate of heat transfer

through a material is proportional to the negative gradient in the temperature and to the area, at

right angles to that gradient, through which the heat flows (Fig.2.).

The differential form of Fourier's law of thermal conduction shows that the local heat flux density,

Q, is equal to the product of thermal conductivity, k, and the negative local temperature gradient,

– ∇ T . The heat flux density is the amount of energy that flows through a unit area per unit time:

𝑄 = −𝑘𝛻𝑇 (1)

http://physicsopenlab.org/2020/04/14/temperature-logging-heat-conduction/

Fourier's law

Fig.2. Fourier’s law demonstration



2.1. Absorption mechanism of laser energy

When laser beam acts on the material, laser energy is first absorbed by free electrons.

The absorbed energy then propagates through the electron subsystem, then transferred to the

lattice.

http://www.aml.engineering.columbia.edu/ntm/level1/ch03/html/l1c03s03.html

Fig.3. Absorption mechanism



2.2. One-dimensional, two-temperature 

diffusion model

The energy transport into the metal is described by the following one-dimensional, two-

temperature diffusion model:

𝐶𝑒
𝜕𝑇𝑒
𝜕𝑡

= −
𝜕𝑄 𝑧

𝜕𝑧
− 𝛾 𝑇𝑒 − 𝑇𝑖 + 𝑆

𝐶𝑖
𝜕𝑇𝑖
𝜕𝑡

= 𝛾 𝑇𝑒 − 𝑇𝑖

𝑄 𝑧 = −𝑘𝑒
𝜕𝑇𝑒
𝜕𝑧

𝑆 = 𝐼 𝑡 𝐴𝛼𝑒−𝛼𝑧
Where:

(2)

(3)

(5)(4)

[B. N. Chichkov et al., Femtosecond, picosecond and nanosecond laser ablation of solids, Appl. Phys. A, 63, pp. 109–115 (1996).]



2.3. Temperature of the electron and lattice 

subsystems at nanosecond pulses

Fig.4. Changes in the temperature of the lattice and electrons over time

The amount of energy received by

the lattice from the electron gas per

unit volume per unit time is:

The electron-ion relaxation frequency: 

𝑒𝑖 = 10−11𝑠

⇒ The electron-ion relaxation time:

The temperature equalization time : Thus, with a laser pulse duration of ~10-9s,

we can assume with a good approximation that

𝑇𝑒 = 𝑇𝑖

ሻ𝑢 = 𝛽(𝑇𝑒 − 𝑇𝑖 (6)

𝜈𝑒𝑖 =
𝛽

𝑐𝑖
(7)

𝑡 ≥ 100𝜏𝑒𝑖
𝑡 ≈ 10−9𝑠

https://books.ifmo.ru/file/pdf/1904.pdf



2.4. Equation at nanosecond pulses

𝑇𝑒 = 𝑇𝑖 = 𝑇

𝐶𝑒 = 𝐶𝑖 = 𝐶𝑉

⇒ 𝐶𝑉
𝜕𝑇

𝜕𝑡
= −𝑘𝑒

𝜕𝑇

𝜕2𝑧
+ 𝐼 𝑡 𝐴𝛼𝑒−𝛼𝑧

In the case of nanosecond laser ablation:

(9)

(8)

(10)

𝑪𝑽 – caloric capacity per unite volume

𝒌𝒆 – electron thermal conductivity

𝑰 𝒕 – laser intensity

A=1-R – absorptivity

𝜶 is the material absorption coefficient



2.5. Initial and boundary conditions

https://en.wikipedia.org/wiki/Heat_equation#/media/File:Temp_Rod_homobc.svg

Initial condition:

𝑇(𝑧, 0ሻ = 𝑇0 (11)

Dirichlet boundary condition:

𝑇 0, 𝑡 = 𝑇𝑠(𝑡ሻ (12)

Neumann boundary condition:

ቚ𝑘
𝜕𝑇

𝜕𝑧 𝑧=0
− 𝐿𝑢(𝑡ሻ = 0 (13)

Fig.5. Idealized physical setting for heat conduction 

in a rod with homogeneous boundary conditions 

[N. M. Bulgakova, A. V. Bulgakov, Pulsed laser ablation of solids: transition from normal vaporization to phase explosion, Appl. Phys. 

A, 73, pp. 199–208 (2001). ]



3. Calculation of thermal and optical parameters 

of Aluminum and source parameters



3.1. Calculation of the absorptivity coefficient

• 𝑅 + 𝑇 + 𝐴 = 1 (14)

• 𝑇 = 0 (15)

• ⇒ 𝐴 = 1 − 𝑅 (16)

• 𝑅 =
𝑛−1

𝑛+1

2
(17)

• 𝑛𝑐 = 𝑛 + 𝑖𝑘 (18)

https://refractiveindex.info/?shelf=main&book=Al&page=Rakic

• ⇒ 𝑅 =
(𝑛−1ሻ2+𝑘2

(𝑛+1ሻ2+𝑘2
(19)



• 𝛹 = 𝛹0𝑒𝑥𝑝 𝑖 𝑘𝑥 − 𝜔𝑡 (20)

• 𝑘 = 𝑛𝑐𝑘0 = 𝑛𝑘0 + 𝑖𝑘0𝑘𝑖 (21)

• 𝑛𝑐 = 𝑛 + 𝑖𝑘𝑖 (22)

• 𝛹0exp[𝑖 𝑛𝑘0 + 𝑖𝑘0𝑘𝑖 𝑥 − 𝜔𝑡ሻ] (23)

• ⇒ 𝛹0 exp[𝑖 𝑛𝑘0𝑥 − 𝜔𝑡 ]exp[𝑖𝑘0𝑘𝑖𝑥] (24)

• 𝐼~ 𝛹 2 = 𝛹0
2exp[−2𝑘0𝑘𝑖𝑥] (25)

• 𝐼 = 𝐼0exp[−𝛼𝑥] (26)

• 𝑘0 =
2𝜋

𝜆
(27)

• ⇒ 𝛼 = 2𝑘0𝑘𝑖 = 2
2𝜋

𝜆
𝑘𝑖 (28)

• ⇒ 𝑙𝛼 =
1

𝛼
(29)

3.2. Calculation of the material absorption 

coefficient



Tab.1. Optical properties of Aluminium









3.3. Calculation of the volumetric heat capacity

𝐶𝑚𝑜𝑙 = 24,20
𝐽

𝑚𝑜𝑙∗𝐾

𝑀𝐴𝑙 = 27 ∗ 10−3
𝑘𝑔

𝑚𝑜𝑙

𝐶𝑚 =
𝐶𝑚𝑜𝑙

𝑀𝐴𝑙
= 896

𝐽

𝑘𝑔∗𝐾

𝜌𝐴𝑙 = 2698,72
𝑘𝑔

𝑚3

(30)

(31)

– mass heat capacity

– molar heat capacity

– molar mass 

– density 

– volumetric heat capacity ⇒ 𝐶𝑉= 𝐶𝑚 ∗ 𝜌𝐴𝑙 = 2,4 ∗ 106
𝐽

𝐾 ∗ 𝑚3



3.4. Nd-YAG Q-Switched laser “Quantel-

Brilliant” parameters

- 5 ns pulse duration

- 300 mJ/pulse- variable, pulse frequency: from single pulse to 10 

Hz repetition rate; 

- 1064 nm fundamental wavelength and harmonics 2 (150 

mJ/pulse at 532 nm wavelength) and 3 (70 mJ at 354 nm 

wavelength);

- 6 mm beam diameter, maximum focused intensity: 10 TW/cm2 .

For aluminum, the threshold values of fluence are ~ 20*103 J/m2 at a wavelength of 532 nm, 

and ~ 40*103 J/m2 at a wavelength of 1064 nm.

𝐼 = 1012
𝑊

𝑐𝑚2 = 1016
𝑊

𝑚2

Fig.6. Nd-YAG Q-Switched laser

http://www.physics.pub.ro/Cat_Fizica_1/Prezentare_Centre/LILS_BN124.pdf



3.5. Calculation of the heat penetration depth

𝑙𝑡ℎ = 2(𝐷𝜏𝐿ሻ
1/2

𝜏𝐿 = 5 ∗ 10−9 𝑠 – laser pulse duration

𝐷 =
𝑘

𝜌𝐶𝑚
=

237

2698,72∗896
=

𝑊

𝑚∗𝐾
𝑘𝑔

𝑚3∗
𝐽

𝑘𝑔∗𝐾

= 9,8 ∗ 10−5
𝑚2

𝑠
– thermal diffusivity

𝑘 = 237
𝑊

𝑚∗𝐾
– thermal conductivity

 𝑙𝑡ℎ = 2 ∗ 9,8 ∗ 10−5 ∗ 5 ∗ 10−9 =
𝑚2∗𝑠

𝑠
= 1,4 ∗ 10−6𝑚 = 1,4 𝜇𝑚

(32)

(33)

(34)



λ, [𝑛𝑚] n k R A α, [𝑛𝑚−1] 𝒍𝜶, [𝑛𝑚] 𝒍𝒕𝒉, [𝑛𝑚]

1064 1,3763 10,245 0,950227 0,049773 0,120937 8 1400

Thermal and Optical properties of Aluminum

Material ρ, [
𝑘𝑔

𝑚3] 𝑪𝒎, [
𝐽

𝑘𝑔∗𝐾
] k, [

𝑊

𝑚∗𝐾
] D, [

𝑚2

𝑠
]

𝑻𝒎, [𝐾] 𝑻𝒃, [𝐾]

Al 2698,72 896 237 9,8*10-5 933,5 2743

Tab.2. a) Thermal and b) optical properties of Aluminum

(a)

(b)



3.6. Gaussian intensity profile in time

𝐼 = 𝐼0𝑒
−
𝑎 𝑡−𝑡0

2

𝑏2

𝑎 = 1

𝑡0 = 8 𝑛𝑠

𝑡1 ⇒
𝐼0
2
= 𝐼0𝑒

−
(𝑡1−𝑡0ሻ

2

𝑏2

−𝑙𝑛2 = −
(𝑡1−𝑡0ሻ

2

𝑏2

(35) (36)

Fig.7. Gaussian intensity profile in time

since: 𝑡1 − 𝑡0 =
𝜏𝐿

2

⇒ 𝑏 =
𝜏𝐿

2 𝑙𝑛2(37)

(38)

(39)



4. Results











5. Applications



5.1. LA at nanosecond pulses

In this regime the absorbed laser energy first heats

the target surface to the melting point and then to

the vaporization temperature.

Fig.9. Photgraph of a hole drilled in a 100 lm thick 

steel foil with  3.3 ns, 1 mJ, F=4.2 J/cm2 laser 

pulses at 780 nm

In case of ablation with long laser pulses there is

enough time for the thermal wave to propagate into

the target and to create a relatively large layer of

melted material. In this case the evaporation occurs

from the liquid metal, which makes precise material

processing of metal targets in vacuum with

nanosecond pulses very complicated.

Fig.8. Schematic of nanosecond-pulse laser ablation

https://link.springer.com/article/10.1007/BF01567637



5.2. LA at picosecond pulses

Laser ablation in this case is accompanied by the electron

heat conduction and formation of a melted zone inside the

target.

In spite that at the surface we can again consider

evaporation as a direct solid-vapor (or solid-plasma)

transition, the presence of the liquid phase inside the target

reduces the precision of laser processing of metals in this

regime.
Fig.10. Photograph of a hole drilled in a 100 lm 

thick steel foil with 80 ps, 900 μJ, F=3.7 J/cm2

https://link.springer.com/article/10.1007/BF01567637



5.3. LA at femtosecond pulses

Due to the very short time scales involved in the

ablation with femtosecond laser pulses the ablation

process can be considered as a direct solid-vapor (or

solidplasma) transition

These advantages of femtosecond laser pulses 

allow very precise and pure laser-processing of 

metals (and othersolids)

Fig.11. Schematic of femtosecond-pulse laser ablation 

Fig.12. Photograph of a hole drilled in a 100 μm thick steel 

foil with 200 fs, 900 120J, F=0.5 J/cm2 laser pulses at 780 nm

https://link.springer.com/article/10.1007/BF01567637



Thank you for your 

attention!


