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𝜔 𝐸𝐵𝐺
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2𝜔
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∗𝜔

ℏΓ2
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3
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2𝒦1(Γ1) 𝒦2(Γ2)
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Γ1 =
1

√1+𝛾2
Γ2 =

𝛾

√1+𝛾2
 𝛾

𝑚𝑒
∗ 𝑒 𝐸

𝑛𝑝ℎ 𝐸𝐵𝐺
∗ =

2𝐸𝐵𝐺

𝜋 Γ2
𝒦2(Γ1)

< > 𝒦1 𝒦2
Φ

𝛾

𝛾 ≪ 1

𝛾 ≫ 1

𝛾 ≅ 1 

𝛾 =
𝜔√𝑚𝑒

∗𝐸𝐵𝐺
𝑒𝐸

1030 515 343 nm

800 nm

1012 5 × 1012 1013 W/cm2

1030 515 343 nm 𝐼𝑁 1012

1013 1014 W/cm2

500 fs 5 × 1012 W/cm2 1030 515 343 nm

1015 1018 1020 cm−3 · ps−1

1014 W/cm2
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𝑘

kmax

k=0

𝜌̇0 = 𝑤̇𝑃𝐼 + 2 𝛼̃ 𝜌0 − 𝜎1𝜌0 

𝜌̇1 =  𝜎1𝜌0  − 𝜎1𝜌1 

=               ⋮ 

𝜌̇𝑘−1 =  𝜎1𝜌𝑘−2  −  𝜎1𝜌𝑘−1 

𝜌̇𝑘 = − 𝛼̃ 𝜌𝑘 + 𝜎1𝜌𝑘−1

kmax
ρk

Ek =  kℏω 𝑘
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E0 = 0 Ekmax = kmaxℏω

ẇPI α̃

σ1
𝐸

σ1
𝜆2 𝜆3

1053 526 500 nm

100 fs ~1014 W/cm²

𝑡𝑀𝑅𝐸

𝐼 𝑡𝑀𝑅𝐸 ≈
1013

𝐼
 ps W /cm2)

𝑡𝑀𝑅𝐸 ≈ 100 fs I = 1014 W/cm²)

9 eV 500 nm
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𝑡𝑀𝑅𝐸
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0,5 ps

 

𝜈𝑐𝑒 = 𝜈𝑒−𝑝ℎ + 𝜈𝑒−𝑖 + 𝜈𝑒−𝑒 + 𝜈𝑒−𝑛

1014 1015 s−1

0 30 eV
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150 fs

𝑊𝑟𝑒𝑐(𝑡) = −
𝑁𝑒(𝑡)

𝜏𝑆𝑇𝐸

𝜏𝑆𝑇𝐸 𝑁𝑒(𝑡)

50 % 100 fs ln(2)τSTE
10 % 750 𝑓𝑠 5τSTE)

𝝉𝑺𝑻𝑬

 

𝑑𝑛𝑒  

𝑑𝑡
= 𝑊𝐼𝑃𝑀 +𝑊𝑖𝑖 +𝑊𝑆𝑇𝐸 = 𝜎𝑛𝐼

𝑁 +  𝛼 𝑛𝑒  𝐼 − 
𝑛𝑒
𝜏𝑆𝑇𝐸
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1010 Hz 1013 Hz

1014 1016 Hz

1014 1015 Hz

1

𝑐

𝑃⃗ 

𝑃𝐿⃗⃗⃗⃗ 𝑃𝑁𝐿⃗⃗ ⃗⃗ ⃗⃗  

𝑃⃗ = 𝑃𝐿⃗⃗⃗⃗ + 𝑃𝑁𝐿⃗⃗ ⃗⃗ ⃗⃗   
 

𝑃⃗ = 𝜀0 ( 𝜒(1)𝐸⃗ ⏟  
𝑃𝑎𝑟𝑡𝑖𝑒 𝑙𝑖𝑛é𝑎𝑖𝑟𝑒

+ 𝜒(2)𝐸2⃗⃗ ⃗⃗  + 𝜒(3)𝐸3⃗⃗ ⃗⃗  + ⋯⏟              
𝑃𝑎𝑟𝑡𝑖𝑒 𝑛𝑜𝑛 𝑙𝑖𝑛é𝑎𝑖𝑟𝑒

) 

 

Où 𝜀0 𝜒(𝑛)

𝑖

𝜒(1)

𝑛(𝜔𝑜) = √1 + ℛ𝑒(𝜒(1)(𝜔𝑜))

𝜔𝑜

𝑣𝜑

𝜔0
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𝛽(𝜔) =
2𝜋

𝜆
𝑛(𝜔)

𝛽(𝜔) = 𝛽0 + 𝛽1(𝜔 −𝜔0) +
1

2
𝛽2(𝜔 − 𝜔0)

2 +
1

6
𝛽3(𝜔 −𝜔0)

3 +⋯

𝛽1

𝛽2

𝛽1 =
1

𝑣𝑔
=
1

𝑐

(

 𝑛 + 𝜔
𝑑𝑛

𝑑𝜔

⏞      

𝑛𝑔𝑟𝑜𝑢𝑝𝑒

)

 

𝛽2 =
1

𝑐
(2
𝑑𝑛

𝑑𝜔
+ 𝜔

𝑑2𝑛

𝑑𝜔2
)

𝑣𝑔 𝑐 𝜔 𝑛
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𝝌(𝟐)

𝜒(2)

𝜒2

𝝌(𝟑)

𝜒(3)

𝑛2

𝑛(𝜔) = 𝑛𝐿(𝜔) + 𝑛2(𝜔)𝐼(𝑡)

𝑛2(𝜔) =
3 𝜒(3)(𝜔)

4𝜀0 𝑐 𝑛𝐿(𝜔)2

𝑛𝐿 𝑛2

𝑛2
𝑙𝑖𝑛 𝑛2

𝑐𝑖𝑟 = 1,5

5 × 10−19  5 × 10−20 m²/W

1 µm 𝑛2 = 3,2 × 10
−20 m²/W 𝑛2 = 2,9 × 10

−20 m²/W

𝑛2 = 4,5 × 10
−23 m²/W

𝜑0(𝑟, 𝑡) = [𝑛𝐿(𝜔0) + 𝑛2(𝜔0) ∙ 𝐼(𝑡, 𝑟) ]𝑘0 𝐿 − 𝜔0𝑡

𝐿 𝑘0 𝜔𝑜 𝐼 𝑛2
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∆Φ0(𝑟, 𝑡) =
2𝜋

𝜆0
 𝐿 𝑛2(𝜔0) ∙ 𝐼(𝑡, 𝑟) = 𝑘0 𝐿 𝑛2(𝜔0) ∙ 𝐼(𝑡, 𝑟)

𝑃𝑐𝑟

𝑃𝑐𝑟 =
𝜋(0.61)2𝜆2

8𝑛0𝑛2

𝜆 𝑛0 𝑛2
𝑃𝑐𝑟 ≈ 3,4 MW 𝑛0 = 1,45 𝜆 = 1030 nm

𝑛2 = 3,2 × 10
−20 m²/W 1,8 µJ

500 fs 𝑃𝑐
𝑙𝑖𝑛 𝑃𝑐

𝑐𝑖𝑟 = 1,5

𝜔(𝑡) = −
𝑑𝜑(𝑡)

𝑑𝑡
= 𝜔0 −

2𝜋𝑛2𝐿

𝜆0
∙
𝑑𝐼(𝑡)

𝑑𝑡

𝑑𝐼(𝑡)

𝑑𝑡
> 0

𝑑𝐼(𝑡)

𝑑𝑡
< 0

𝜔𝑜
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𝜀

𝐷⃗⃗ = 𝜀0𝐸⃗ + ∑ 𝑃⃗ 

𝑃𝑣⃗⃗  ⃗ = 𝜀0 𝜒𝑣𝐸⃗ 

𝑃𝑐⃗⃗  ⃗ = 𝜀0 𝜒𝑐𝐸⃗  𝜒𝑣 𝜒𝑐

𝜀

𝜀 = 1 + 𝜒𝑣⏟    
𝜀𝑣

+ 𝜒𝑐

𝜀𝑣
𝑛𝑜
2)

𝜀𝑣 =  1 + (𝑛𝑜
2 − 1)(

𝑛𝑣 − 𝑛𝑒
𝑛𝑣

)

𝑛𝑣 𝑛𝑒
𝜒𝑐
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𝐹 é𝑙𝑒𝑐𝑡𝑟𝑖𝑞𝑢𝑒 = −𝑒𝐸⃗ 𝐸⃗ 𝑒

𝐹 𝑓𝑟𝑜𝑡𝑡𝑒𝑚𝑒𝑛𝑡 = −
𝑚𝑒

𝜏𝑐
𝑣 𝑚𝑒 𝜏𝑐

𝑣 𝜏𝑐
0,1 10 fs

𝑚𝑒 .
𝑑2𝑟𝑒⃗⃗  

𝑑𝑡2
= 𝑒𝐸⃗ −

𝑚𝑒

𝜏𝑐
.  
𝑑𝑟𝑒⃗⃗  

𝑑𝑡

𝐸⃗ = 𝐸0⃗⃗⃗⃗ 𝑒
−𝑖𝜔𝑡

𝑟𝑒⃗⃗  =
𝑒 𝜏𝑐
𝑚𝑒 𝜔1

∙
−𝑖

(1 + 𝑖𝜔𝜏𝑐)
𝐸⃗ 

𝜔 𝑃𝑐⃗⃗  ⃗ = −𝑛𝑒𝑒 𝑟𝑒⃗⃗⃗⃗ = 𝜀0 𝜒𝑐𝐸⃗ 

𝜒𝑐

𝜒𝑐 =
𝑛𝑒  𝑒

2 

𝑚𝑒  𝜀0 
∙

𝑖 𝜏𝑐
𝜔(1 + 𝑖𝜔𝜏𝑟)

𝜀 = 1 + (𝑛𝑜
2 − 1)(

nv − ne
nv

) + 𝑖
𝜔𝑝
2

𝜔 (
1
𝜏𝑐
− 𝑖𝜔)  

𝜔𝑝 = √
ne𝑒

2

𝑚𝑒𝜀𝑜

𝑛𝑐 =
𝜔2 𝑚𝑒𝜀𝑜
𝑒2

𝜔𝑝

𝜔 𝜆2

1030 nm 𝑛𝑐 ≈ 1,05 × 10
21 𝑐𝑚−3
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𝜀1 𝜀2
𝑁 𝑛 𝑘

𝜀

𝑁2 = 𝜀 = 𝜀1 + 𝑖𝜀2 

4

𝑛 = √
√(𝜀1

2 + 𝜀2
2) + 𝜀1

2

𝑘 = √
√(𝜀12 + 𝜀22) − 𝜀1

2
 

 

𝑇 𝑅 

𝑅 = (
𝑛 − 𝑘

𝑛 + 𝑘
)
2

𝑇 =
4𝑛

(𝑛 + 𝑘)2

1 fs

• 𝝎𝒑 ≪ 𝝎 

0 𝑘

𝜔

• 𝝎𝒑 ≈ 𝝎 

• 𝝎𝒑 ≫ 𝝎 

𝜔

𝜏𝑐
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• 𝝉𝒄 𝝎 ≪ 𝟏 

• 𝝉𝒄 𝝎 ≈ 𝟏 

• 𝝉𝒄 𝝎 ≫ 𝟏 

 

(𝑎) 𝑑𝑖𝑣 𝐷⃗⃗ = 𝜌

(𝑏) 𝑑𝑖𝑣 𝐵⃗ = 0

(𝑐)  𝑟𝑜𝑡⃗⃗⃗⃗⃗⃗ 𝐵⃗ = 𝜇0
𝜕𝐷⃗⃗ 

𝜕𝑡
+ 𝐽 

(𝑑)  𝑟𝑜𝑡⃗⃗⃗⃗⃗⃗ 𝐸⃗ = −
𝜕𝐵⃗ 

𝜕𝑡

𝐷⃗⃗ 𝐵⃗ 𝐸⃗ 

𝜇 = 𝜇0 𝐽 

𝜌 = 0 𝐽 = 0⃗ 
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𝐷⃗⃗ = 𝜀0( 𝜒𝑐 + 𝜀𝑣)𝐸⃗ = 𝜀𝐸⃗ 

𝜀

∇2𝐸⃗ − 𝜇0𝜀
𝜕2𝐸⃗ 

𝜕𝑡2
= 0⃗ 

𝐸⃗ = 𝐸0⃗⃗⃗⃗ 𝑒
𝑖
𝜔√𝜀
𝑐 = 𝐸0 ⃗⃗⃗⃗  ⃗𝑒

−𝜉2𝑧 𝑒𝑖(𝜔𝑡−𝜉1𝑧)

𝑐 =
1

√𝜀0𝜇0
𝜉1 = 𝑛

𝜔

𝑐
𝜉2 = 𝑘

𝜔

𝑐

𝑛 𝑘

𝜉2

𝛿 =
1

𝜉2
=

𝑐

𝜔 𝑘 

𝐼 = 𝐼0𝑒
−
2𝑧
𝛿
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MPa TPa

 

(𝑇𝑒) (𝑇𝑖) 𝑇𝑒 ≫ 𝑇𝑖

𝑇𝑒 = 𝑇𝑖
𝑡𝑒−𝑝ℎ

eV

2 × 106 m/s 5 fs
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 𝐶𝑣𝑒
𝜕𝑇𝑒
𝜕𝑡

= 𝛻(𝜆𝑒𝛻𝑇𝑒) −  𝛾(𝑇𝑒 − 𝑇𝑖)  +  𝑆 

 𝐶𝑣𝑖
𝜕𝑇𝑙
𝜕𝑡
=  𝛻(𝜆𝑙𝛻𝑇𝑙) +  𝛾(𝑇𝑒 − 𝑇𝑖)

𝑆 𝛾

𝜆𝑒 𝜆𝑙
𝐶𝑣𝑒 𝐶𝑣𝑖

~10 𝑝𝑠)

𝑇𝑒 = 𝑇𝑙 = 𝑇 𝐸𝑎𝑏𝑠

𝑇𝑙 =
𝐸𝑎𝑏𝑠

𝐶𝑣𝑒 + 𝐶𝑣𝑖
 

𝐶𝑣𝑖 ≫ 𝐶𝑣𝑒

𝐶𝑣 ≈ 𝐶𝑝

𝑡𝑒−𝑝ℎ
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𝑙𝑑𝑖𝑓 = √
𝜆𝑙
𝐶𝑣𝑖  𝜌

. 𝜏

𝜆𝑙 𝜌 𝐶𝑣𝑖
𝜏 𝜆𝑙 = 1,4 W ∙ m−1 ∙

K−1  𝐶𝑣𝑖 = 800 J ∙ Kg
−1 ∙ K−1 𝜌 = 2,27 g ∙ cm−3 𝜏 = 10 µs

3 µm

 

1000 5000 K

100 500 K

𝐹 = 𝑘(𝑑 − 𝑑0) 𝑘 (𝑑 − 𝑑0)

𝑑0

(𝑑 − 𝑑0)

 

1,8 2,2 × 1010 N.m−2

𝑑𝑚𝑎𝑥
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𝑑𝑒

𝑑0

𝜎 𝑑0

𝑑𝑒

𝑑𝑒

𝑑𝑚𝑎𝑥

𝐸𝑦𝑔

𝐸𝑦𝑔 ≅ 2 × 10
11 Pa 

𝐸𝑦𝑔 ≅ 2 × 10
6 Pa 𝐸𝑦𝑔 ≅  6 × 10

10 Pa
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𝐸𝑦𝑔

𝜌𝑢⃗ ̈ = 𝑑𝑖𝑣⃗⃗⃗⃗⃗⃗  𝜎̿

𝜌  𝑢⃗ 𝜎̿

5 km/s 3 km/s

𝑉 𝑝

𝛿𝑤𝑒𝑥𝑡 = −
𝑝𝛿𝑉

𝑉

𝜎𝑖𝑘
𝛿𝑤𝑒𝑥𝑡 = 𝜎𝑖𝑘𝛿𝜀𝑖𝑘
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ℱ

𝜎𝑖𝑘 = (
𝛿 ℱ

𝛿𝜀𝑖𝑘
)
𝑇

𝑇

ℱ = ℱ0(𝑇) − 𝐾𝛼(𝑇 − 𝑇0)𝜀𝑢 𝐾 𝛼 𝜀𝑢

𝜖𝑖𝑘 =
1

2
(
𝜕𝑢𝑖
𝜕𝑥𝑘

+
𝜕𝑢𝑘
𝜕𝑥𝑖

)

𝛿𝜎𝑖𝑘

𝛿𝑥𝑖𝑘
= 0⃗ 

u⃗ 

3(1 − 𝜈)

1 + 𝜐
𝑔𝑟𝑎𝑑⃗⃗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  (𝑑𝑖𝑣(𝑢⃗ )) −

3(1 − 2𝜈)

2(1 + 𝜈)
𝑟𝑜𝑡⃗⃗⃗⃗⃗⃗ (𝑟𝑜𝑡⃗⃗⃗⃗⃗⃗ (𝑢⃗ )) = 𝛼𝑔𝑟𝑎𝑑⃗⃗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  (𝑇)

𝛼 𝜈

𝜈
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𝐿𝑐 𝐿𝑡

𝐿𝑐 𝐿𝑡

𝜎̿ 𝜎𝑥𝑥 𝜎𝑦𝑦 𝜏𝑥𝑦

𝜎xx′ 𝜎𝑦𝑦′

𝜃𝑝

𝑡𝑎𝑛(2𝜃𝑝) =
2𝜏𝑥𝑦 

𝜎𝑥 − 𝜎𝑦

(𝑜, 𝑥, 𝑦)

(𝑜, 𝑥′, 𝑦′)

𝜎̿(𝑜,𝑥,𝑦) = (
𝜎𝑥𝑥 𝜎𝑥𝑦
𝜎𝑦𝑥 𝜎𝑦𝑦

) ⇒ 𝜎̿(𝑜,𝑥′,𝑦′) = (
𝜎𝐼 0
0 𝜎𝐼𝐼

)
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𝜎̿(𝑜,𝑥,𝑦) = (
𝜎𝑥𝑥 − 𝜆 𝜎𝑥𝑦
𝜎𝑦𝑥 𝜎𝑦𝑦 − 𝜆

) = 0 ⇔ 𝑑𝑒𝑡(𝜎̿ − 𝜆𝐼) = 0 

⇔ 𝜆2 − 𝜆(𝜎𝑥𝑥𝜎𝑦𝑦) + 𝜎𝑥𝑥𝜎𝑦𝑦 − 𝜎𝑥𝑦𝜎𝑦𝑥 = 0 

⇔ 𝑎𝜆2 + 𝑏𝜆 + 𝑐 = 0

𝐼 = (
1 0
0 1

) 𝑎 = 1 𝑏 = −(𝜎𝑥𝑥𝜎𝑦𝑦) 𝑐 =  𝜎𝑥𝑥𝜎𝑦𝑦 − 𝜎𝑥𝑦𝜎𝑦𝑥

𝜆1,2 =
𝜎𝑥𝑥 + 𝜎𝑦𝑦

2
± √

𝜎𝑥𝑥2 + 2𝜎𝑥𝑥𝜎𝑦𝑦 + 𝜎𝑦𝑦2 − 4𝜎𝑥𝑥𝜎𝑦𝑦 + 4𝜎𝑥𝑦

2
      , 𝑐𝑎𝑟 𝜎𝑥𝑦 = 𝜎𝑦𝑥 

𝜆1,2 =
𝜎𝑥𝑥 + 𝜎𝑦𝑦

2
± √(

𝜎𝑥𝑥 − 𝜎𝑦𝑦

2
)
2

+ 𝜎𝑥𝑦2

𝜎𝑚𝑎𝑥 = 𝜎𝐼 𝜎𝑚𝑖𝑛 = 𝜎𝐼𝐼

𝜎𝐼 > 𝜎𝐼𝐼 𝜎𝑚𝑎𝑥 = 𝜎𝐼 𝜎𝑚𝑖𝑛 = 𝜎𝐼𝐼

𝜎𝑚𝑎𝑥 = 𝜎𝐼 = 𝜎𝑚 + 𝑅
𝜎𝑚𝑖𝑛 = 𝜎𝐼𝐼 = 𝜎𝑚 − 𝑅

𝜎𝑚 =
𝜎𝑥𝑥 + 𝜎𝑦𝑦

2

 𝑅 =  √(
𝜎𝑥𝑥 − 𝜎𝑦𝑦

2
)
2

+ 𝜎𝑥𝑦2
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𝜃𝑐𝑖𝑠 = 𝜃𝑝 ± 45°

𝜏𝑚𝑎𝑥 =
𝜎𝐼 − 𝜎𝐼𝐼

2
= 𝑅

𝐿𝑡

|𝜎𝐼|

𝐿𝑡
≥ 1

|𝜎𝐼𝐼|

𝐿𝑐
≥ 1

𝜎𝐼 𝜎𝐼𝐼

|𝜎𝐼 − 𝜎𝐼𝐼|

𝐿𝑡
≥ 1 

|𝜎𝐼 − 𝜎𝐼𝐼|

𝐿𝑐
≥ 1 

 

𝐿𝑡

2
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• 

• 
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10 20 ps

1053 nm 825 nm

526 nm

10 20 ps

τ 10 20 ps

τ
1

2

10−11 10−12
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𝑛 + 1

0 300 fs 800 nm 450 fs 1025 nm

15 J/cm2

800 nm 7 30 100 300 fs

1025 nm 450 fs

𝐷2 =  2𝑊𝑜
2𝑙𝑛 (

𝐸

𝐸𝑡ℎ
)

𝐸𝑡ℎ 𝐸 𝑊𝑜 𝐷

4 𝐸𝑡ℎ



47 

800 nm 120 fs

795 nm 160 fs

𝑑 =
1

𝛼
𝑙𝑛 (

𝐹

𝐹𝑡ℎ
)

𝛼 𝐹 𝐹𝑡ℎ 𝛼
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780 nm 40 800 fs 6,7 J/cm²

240 fs

𝐹/𝐹𝑡ℎ
2𝐹/𝐹𝑡ℎ

400 800 1100 1200 nm 200 fs

1021 𝑐𝑚−3

35 µm
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620 nm

300 fs
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4f

 

90 fs

 800 nm

0,2 1 ps

100 fs 800 nm

100 500 fs

100 fs

500 fs
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100 fs

500 fs

405 nm 60 fs

6,0 ± 0,5 J/cm²

50 nm

0 600 fs

90 fs 800 nm

200 fs

200 300 fs
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40 fs 800 nm

100 fs 800 nm 

7 J/cm2

1030 nm

167 fs

−1 1 ps

400 800 nm

50 fs 50 fs

5 J/cm²

400 nm 800 nm

800 nm +  400 nm 800 nm +

 800 nm

400 nm 800 nm

5 J/cm²

400 +  800 nm
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5 J/cm²

400  +  800 nm 800 +  400 nm 800 +  800 nm

132 fs 400 nm 90 fs 800 nm 4 µm

400 nm 0,4 µJ 800 nm 0,4 µj

−1 100 ps 300 fs

400 nm 0,4 µJ 800 nm 0,4 µJ
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355 nm 1030 nm 10 ps

100 ps

µm²

2,5

1/10

180 fs 800 nm 20 µm 15 ns 532 nm 300 µm

−100 100 ns

30 ns

30 ns

100%

70 J/cm² 30 J/cm²
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70 fs 266 nm 9,2 µm 60 fs 800 nm 25,4 µm

−600 +600 fs

50 fs 400 nm 50 fs 800 nm 10 ps 800 nm

5 ps 50 fs 400 nm 10 ps

800 nm 50 fs 400 nm

5 ps

50 fs 400 nm 50 fs 800 nm

50 fs 800 nm

50 fs 400 nm 1 µm 5 µm

100 fs

400 fs
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60 

800 nm 100 fs.

~500 fs 1030 nm.

50 50

0 100 100 0

70 30



61 

4

 

 

1030 nm

100 kHz 2 MHz

500 Hz

480 fs

3 nm 𝜏𝑐𝑒 1,2 ps

𝜏𝑐𝑒 =
𝜆0
2

Δ𝜆. 𝑐

𝜆0 𝑐 Δ𝜆

10 W

7,5 ±  0,3 µm 1/e²

3,3 µm

< 20 µm

× 5

40 mm

200 mm
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0,17

5 %

50 50

0 100 100 100

70 30

0,5 22 J/cm²

± 0,3 µm)

± 5 %

1 mm
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±130 fs

0 5 ps

0 0,133 0,267 0,5 1,0 5,0 ps 5,0 ps

0,5

22 J/cm²
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± 130 fs

± 130 fs
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1

2

3 1 2

2 1

10 mm/s 500 Hz

500 Hz

10 mm/s 20 µm

7,5 µm

50 ×/0,90

10 % 332 nm
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67 

𝜌̇0 = (
𝑛𝑣−𝑛𝑒
𝑛𝑣

) (𝑤̇𝑃𝐼 +2 𝛼̃ 𝜌𝑘) − 𝜎1𝜌0 − 
𝜌0
𝜏𝑆𝑇𝐸

 

𝜌̇1 =  𝜎1𝜌0  − 𝜎1𝜌1 − 
𝜌1
𝜏𝑆𝑇𝐸

  

=               ⋮ 

𝜌̇𝑘−1 =  𝜎1𝜌𝑘−2  − 𝜎1𝜌𝑘−1 − 
𝜌𝑘−1
𝜏𝑆𝑇𝐸

 

𝜌̇𝑘 = −2 𝛼̃ 𝜌𝑘 (
𝑛𝑣 − 𝑛𝑒
𝑛𝑣

) + 𝜎1𝜌𝑘−1 − 
𝜌𝑘
𝜏𝑆𝑇𝐸

 

kmax ρk
Ek =  kℏω

E0 = 0

Ekmax = kmaxℏω ẇPI

α̃

σ1
nv
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(
nv−ne

nv
) 

𝜌𝑘

𝜏𝑆𝑇𝐸

Ek 𝜏𝑆𝑇𝐸
Ek

ṅe = ∑ ρ̇
k

kmax
k=0

150 fs

Qtotal

𝑄𝑡𝑜𝑡𝑎𝑙 = 2 ∙ ∫
𝐼(𝑡)

𝛿(𝑡)
. 𝑑𝑡

+∞

−∞

δ 2

𝐼 ∝ |𝐸|2 𝐼(𝑡)

F  τ𝐹𝑊𝐻𝑀

𝐼(𝑡) =
4 𝐹

τ𝐹𝑊𝐻𝑀
∙
 √ln(2)

√𝜋
∙ 𝑒
−4∙𝑙𝑛(2)(

𝑡
𝜏𝐹𝑊𝐻𝑀

)
2
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𝜀 = 1 + (𝑛𝑜
2 − 1)(

nv − ne
nv

) + 𝑖
𝜔𝑝
2

𝜔 (
1
𝜏𝑐
− 𝑖𝜔)  

[−2τ, 2τ]

2950 °C

4 KJ ∙ cm−3

3,0 J/cm²

2,2 J/cm²

2,8 × 10−6 m4/V4s 1030 nm. 1030 nm

500 nm λ3

𝐸0
𝐸0

𝑒
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𝛕𝑺𝑻𝑬

𝛂̃

𝛔𝟏

 𝐧𝐯
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0 5 ps

0,9 J/cm²

94 %

93,4 %

94 %

± 0,3 µm)

± 5 %
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133 fs

500 fs

20 30 %

(> 10 J/cm²
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0 5 ps

20 J/cm²

R² 0,96

0,98

 

0 5 ps

4,7 22,2 J/cm²

± 0,3 µm)

± 5 % ± 10 %
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133 fs 500 fs

267 fs

500 fs

1 ps

 

0 5 ps

1 ps R² 0,95

0,90

0 5 ps

± 0,3 µm)

± 5 % ± 10 %
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(~1021 𝑐𝑚−3

1 ps

1 ps

20 J/cm²

4 × 1013 W/cm2 20 J/cm²

500 fs
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50 50 0 5 ps

1 ps 2 ps

2 ps

2 ps 6,5 J/cm2  

 

1030 nm

480 fs

50 50

4 kJ/cm3
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1 2 ps

1 2 ps

1 ps

0,267 1 ps

1 ps 5 ps

 

1030 nm

480 fs 50 50
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6

 σ6
lin/σ6

cir ≈ 3,7 

6

σ6
lin

σ6
cir

 

1 ps

10 % 40 %

1 ps

9,8 J/cm²

2 22 J/cm²
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50 ×/0,90

1 ps 9,8 J/cm².

 

133 fs 500 fs

 133 fs 40

0 2
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1030 nm

500 fs

133 fs 1 ps

267 fs

1 5 ps

1,2
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2 3

1 ps 5 ps

 

 

± 0,3 µm) ± 5 %

± 10 %
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0 5 ps

0 500 fs

70 30
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515 nm

1030 nm
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1. Dispositif expérimental et protocole ............................................................................................. 86 

2. Modèle de dynamique électronique ............................................................................................. 92 

3. Résultats en double irradiation à 470 fs (515 nm) - 1 ps (1030 nm) et 470 fs (515 nm) - 10 ps 

(1030 nm) .......................................................................................................................................... 96 

 

 

 

4. Discussion .................................................................................................................................... 112 

 

 

5. Synthèse ...................................................................................................................................... 124 

470 fs 515 nm

1 ps 1030 nm 470 fs 515 nm 10 ps 1030 nm

1030 nm

515 nm
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2

 

3
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1030 nm

515 nm

470 fs

1 10 ps

200 kHz 2 MHz

210 Hz

1030 nm 515 nm 2,7 ±

0,1 nm 1,4 ± 0,1 nm

1,3 ps 630 fs

1,67 µm

20 µm

20,7 ±  0,9 µm 1/e²

515 nm 22,6 ±  1 µm 1/e² 1030 nm

0,06 0,03 1030 nm 515 nm

5 %
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−10

+10 ps −10 −1 −0,5 −0,267 0

0,267 0,5 1 10 ps

±130 fs

−20 +20 ps −20 −10 

−1 −0,5 0 0,5 1 10 20 ps

± 260 fs

X Y Z

130 fs 260 fs

10 ps

1 ps

0 100 %

0,8 à 21 J/cm² 1,6 à 42 J/cm²

(± 0,6 µm)

± 5 %

1 mm
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210 Hz

10 mm/s ~50 µm

21 µm

50 ×/0,90
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10 %

9 9

3

9
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1030 nm 515 nm



93 

1030 nm

515 nm

𝑛̇𝑒 =∑ 𝜌̇
𝑘

kmax

k=0

𝜌̇0 =  (
𝑛𝑣 − 𝑛𝑒
𝑛𝑣

) (𝑛̇𝑝𝑖 + 2 𝛼̃ 𝜌𝑘) − (𝜎1030 + 𝜎515)𝜌0 − 
𝜌0
𝜏𝑆𝑇𝐸

 

𝜌̇1 =   𝜎1030𝜌0  −  (𝜎1030 + 𝜎515)𝜌1 − 
𝜌1
𝜏𝑆𝑇𝐸

  

𝜌̇2 =   𝜎515𝜌0 + 𝜎1030𝜌1  −  (𝜎1030 + 𝜎515)𝜌2 − 
𝜌2
𝜏𝑆𝑇𝐸

 

=                                            ⋮    

𝜌̇𝑘−1 =  𝜎515𝜌𝑘−3 + 𝜎1030𝜌𝑘−2   −  (𝜎1030 + 𝜎515)𝜌𝑘−1 − 
𝜌𝑘−1
𝜏𝑆𝑇𝐸

 

𝜌̇𝑘 =  − 𝛼̃ 𝜌𝑘 (
𝑛𝑣 − 𝑛𝑒
𝑛𝑣

) + (𝜎1030 + 𝜎515)𝜌𝑘−1 + 𝜎515𝜌𝑘−2 − 
𝜌𝑘
𝜏𝑆𝑇𝐸

𝑘𝑚𝑎𝑥 𝜌𝑘
Ek =  kℏω1030 𝑘

E0 = 0

Ekmax = kmaxℏω1030

1030 nm 𝑛̇𝑝𝑖 = 𝑤̇ 515 𝑛𝑚 + 𝑤̇ 1030 𝑛𝑚 515 nm

1030 nm

α̃

σ1030 σ515
1030 nm 515 nm

𝜆3

nv
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ne = ∑ ρ
k

kmax
k=0

(
nv−ne

nv
) 

𝜌𝑘

𝜏𝑆𝑇𝐸

Ekmax Ekmax−1
Ekmax+1 Ekmax

𝑄𝑡𝑜𝑡𝑎𝑙 = 2 ∙ ∫ (
𝐼1030(𝑡)

𝛿1030(𝑡)
+
𝐼515(𝑡)

𝛿515(𝑡)
) . 𝑑𝑡

+∞

−∞

δ1030 δ515
1030 515 nm 1030 515 nm

𝐼1030(𝑡) 𝐼515 (𝑡)

515 nm 1030 nm

Qtotal
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515 nm 470 fs 1030 nm 1 ps

2,1 J/cm² 4,9 J/cm²

1,5 J/cm² 4,5 J/cm²

𝛕𝑺𝑻𝑬

𝛂̃

𝛔𝟏𝟎𝟑𝟎

𝛔𝟓𝟏𝟓

 𝐧𝐯
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𝐸0
𝐸0

𝑒

 

1030 nm

50 50

50 50
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50 50

 

515 1030 nm

1030 nm

50 50

515 nm

50 50

1030 nm

1030 nm

50 50

−10 +10 ps −20 +20 ps

𝟏𝟎𝟑𝟎 𝐧𝐦

1 ps 1030 nm

94 %

7,5 J/cm² 80 % 15 J/cm² 20 J/cm²

5% 10 ps 1030 nm

90 % 10 J/cm².
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1030 nm

50 50

± 0,6 µm) ± 5 %

20 30 % (>

10 J/cm²

1030 nm

10 J/cm²
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10 ps

−4 ps

10 J/cm²

50 50

−10 +10 ps −20 +20 ps

1030 nm

50 %

30 40 %

94 %

10 J/cm²

515 nm

50 50

± 0,6 µm)

±5 %



100 

7,5 − 10 J/cm²

2

50 50

−1 ps 0 ps

+1 ps

5 %

+1 ps 1030 nm

+1 ps
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1030 nm
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−1 ps 0 ps +1 ps

± 0,6 µm)

± 5 %

 

1,5 J/cm² 4,5 J/cm²

1 ps 5,2 J/cm² 10 ps

± 0,6 µm) ± 5 %

± 10 %
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0,96

𝑎𝐹𝑐 + 𝑏 𝑐 = 1 𝑐 0,99

0,82

50 50 −10 +10 ps

−20 +20 ps
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50 50

± 0,6 µm)

± 5 % ± 10 %

515 nm 1030 nm

−10 ps +10 ps

1030 nm 0,5

1 ps 1 4 ps

−1 ps 0 ps +1 ps

−25 %

515 nm

50 50

0 100 100 0

1 ps +10 ps
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−1 ps 0 ps +1 ps

± 0,6 µm) ±5 %

± 10 %

−4 ps 0 ps

+4 ps

515 nm 50 50

0 100

100 0

515 nm
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−4 ps 0 ps +4 ps

± 0,6 µm) ± 5 %

± 10 %

7,8 J/cm² 0,1 2,6

7,8 J/cm²
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7,8 J/cm²

50 50

1 ps

4 ps

20 ps

10 ps

10 %

 

50 50

50 50
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10 J/cm²

12 J/cm² 16 J/cm²

12 J/cm²

16 J/cm²

−10 ps

10 ps

−0,5 +0,5 ps 15 J/cm²

~ 0,1 µm 

< 7,5 J/cm²

0 +0,5 ps

50 50 +0,5 ps

50 50

25 J/cm²

 

50 50
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515 nm

1030 nm

15 J/cm²

15 J/cm²

15 J/cm²

 ps 10 ps 20 ps

50 50

70 30 70 %

10,4 J/cm²

1030 nm 1 ps 10 ps 515 nm 470 fs

515 nm 470 fs

1030 nm 1 ps 515 nm 470 fs

15 25 %

10 J/cm² 1030 nm 1 ps

1030 nm 1 ps 10 ps

10,3 J/cm² 515 nm 470 fs 10,4 J/cm²
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10,4 J/cm² 15 J/cm² 20 J/cm²

515 nm 470 fs

515 nm 470 fs

 

1,05 × 1021 4,2 × 1021 cm−3

1030 nm 515 nm

1030 nm 1 ps

10 ps

515 nm 470 fs 1030 nm 1 ps 10 ps

515 nm 1030 nm

2 515 nm

470 fs 1030 nm 1 ps 10 1030 nm 1 ps 10 ps
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10 12 J/cm²

(~10 %

515 nm

8,6 × 107 W 𝜆 = 515 nm 𝑛2 = 4,5 × 10
−23 m²/W

12 J/cm²

𝜆 = 515 nm 470 fs

12 J/cm²

12 J/cm² 1030 nm

<

15 J/cm² 1030 nm

80 % 1 ps 90 % 10 ps

20 30 % 480 fs

2

20 1 ps 10 ps

0,17 0,03

0,4 0,14 0,08

20 % 20 30 % 40 50 % ~500 fs 1030 nm
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515 nm

1030 nm

1030 nm 515 nm

0 1 ps

(+10 ps

1030 nm

50

100 % 20 40 J/cm²

515 nm

F/2

50 50

1 ps 
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267 fs < 2,5 J/cm²

1 ps 7,5 J/cm²

−10 ps +10 ps

1 ps 5 J/cm²

515 nm

4,2 × 1021 cm−3 1030 nm

1,05 × 1021 cm−3

15,4 J/cm²

FWHM = 1 ps 15,7 J/cm² FWHM = 470 fs

3,0 J/cm²

3,0 J/cm²
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3,0 J/cm² 470 fs 2 6 J/cm²

−3 ps +3 ps

 (−3 ps +3 ps

3 ps

(−10 ps

+10 ps

10 ps
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10 ps

(−10 ps +10 ps

10 ps

 

0,267

1 ps

 

4 J/cm² 470 fs 800 fs

6 J/cm²

1 ps

1 ps
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50 50

1030 nm 515 nm

1030 nm

7,8 J/cm²

Δ𝑉𝑎𝑏𝑙
(1)

Δ𝑉𝑎𝑏𝑙
(1)
=
𝑉𝑎𝑏𝑙
(515-1030 nm)

− 𝑉𝑎𝑏𝑙
(515 nm)

− 𝑉𝑎𝑏𝑙
(1030 nm)

𝑉𝑎𝑏𝑙
(515-1030 nm)

× 100

𝑉𝑎𝑏𝑙
(515-1030 nm)

 𝑉𝑎𝑏𝑙
(515 nm)

515 nm 𝑉𝑎𝑏𝑙
(1030 nm)

1030 nm

7,8 J/cm²

Δ𝑉𝑎𝑏𝑙
(1)

10 %
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0 1 ps 1 ps 20

30 % Δ𝑉𝑎𝑏𝑙
(1)

10 20 %

−10 ps +10 ps

40 %

1030 nm 800 nm

470 fs 515 nm

7,8 J/cm² 515 nm 470 fs

7,8 J/cm²
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Δ𝑉𝑎𝑏𝑙
(2)

10,56𝐹0,82 − 15,29

515 nm 470 fs 10 %

Δ𝑉𝑎𝑏𝑙
(2)

Δ𝑉𝑎𝑏𝑙
(2)
=
𝑉𝑎𝑏𝑙
(515-1030 nm)

− 𝑉𝑎𝑏𝑙
(fit 515 nm)

𝑉𝑎𝑏𝑙
(fit 515 nm)

× 100

𝑉𝑎𝑏𝑙
(515-1030 nm)

𝑉𝑎𝑏𝑙
(fit 515 nm)

 𝑉𝑎𝑏𝑙
(fit 515 nm)

10,56𝐹0,82 − 15,29

0,99

470 fs 515 nm

3,0 J/cm²

470 fs 515 nm

3,0 J/cm²

𝛥𝐸𝑎𝑏𝑠

𝛥𝐸𝑎𝑏𝑠 =
𝐸𝑎𝑏𝑠
(515−1030 𝑛𝑚)

− 𝐸𝑎𝑏𝑠
(515 𝑛𝑚)

𝐸𝑎𝑏𝑠
(515 𝑛𝑚)

× 100

𝐸𝑎𝑏𝑠
(515−1030 𝑛𝑚)

𝐸𝑎𝑏𝑠
(515 𝑛𝑚)

470 fs 515 nm

𝜆2

𝜆3

250 800 fs

𝜎1030
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𝜆2

𝜎1030 𝜆3

𝜎1030 𝜆2

470 fs

515 nm 3,0 J/cm² 1 ps 1030 nm

2 6 J/cm²

𝜆3 𝜆2

515 nm 470 fs 5

9 J/cm²

0 +120 %

470 fs 515 nm

𝜎1030 𝜆3 6,6 J/cm²

6,6 J/cm²
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 470 fs 515 nm 0 −50 %

470 fs 515 nm

𝜎1030 𝜆2

0 −60 %

470 fs 515 nm 𝜆2

𝜆3

𝜆2 𝜆3

500 fs 1,5

2 ps

150 fs

 

10 ps

1 ps

+4 ps

 +10 ps
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1030 nm 515 nm

10

20 % 50 75 %

−4 ps

470 fs

515 nm

F/2

50 50

+4 ps

−20 ps

10 ps

+4 ps −20 ps
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1030 nm

515 nm 1030 nm

1 ps

+4 +10 ps

515 nm 1030 nm

515 nm

515 nm 1030 nm

515 nm

515 nm

1 ps

20 30 %

40 %

1030 nm 515 nm
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515 nm

030 nm

470 fs 515 nm

𝜆3

𝜆2)

(~500 fs

1030 nm

10 ps

1 ps
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1. Dispositif expérimental et protocole ........................................................................................... 128 
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500 fs 1030 nm
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4

 

3

1030 nm

500 fs

200 kHz 2 MHz

50 kHz
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62,5 mm

75 µm

2,2 µm

17,5 ±  1 µm 1/e²

5 %

85 % 85 W 200 kHz

XYZ
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0 2π 256

1280 ×  1080

12,5 µm 15,8 ×  12,8 mm²

100 ms

𝜙(𝑥′, 𝑦′) (𝑥′, 𝑦′)

(𝑥, 𝑦, 𝑧)

𝜙(𝑥′, 𝑦′) =
𝜋𝑧

𝜆𝑓2
(𝑥′2 + 𝑦′2) +

2𝜋

𝜆𝑓
(𝑥′𝑥 + 𝑦′𝑦)

 𝑓 𝜆
𝜋𝑧

𝜆𝑓2
(𝑥′2 + 𝑦′2) 𝑧

𝑧

𝜙𝑐𝑔ℎ(𝑥
′, 𝑦′)

(𝑥𝑛, 𝑦𝑛, 𝑧𝑛)

𝜙𝑐𝑔ℎ(𝑥
′, 𝑦′) = arg∑

1

𝑁
𝑒−𝑖(𝜙𝑛(𝑥

′,𝑦′)+𝜃𝑛)

𝑁

𝑛=1

𝜃𝑛 0 2π 𝜙𝑛

5 × 5

1

𝑁

𝜔𝑛
𝑘

𝜔𝑛
𝑘 = 𝜔𝑛

𝑘−1
〈𝐼𝑛
𝑘〉

𝐼𝑛
𝑘
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𝑘 𝜔𝑛
𝑘−1 〈𝐼𝑛

𝑘〉

𝐼𝑛
𝑘

𝜙𝑐𝑔ℎ
𝑘 (𝑥′, 𝑦′) = arg∑𝜔𝑛

𝑘𝑒−𝑖(𝜙𝑛+𝜃𝑛)
𝑁

𝑛=1

 

𝑘 = 0 𝜔𝑛
0 = 

1

𝑁

𝐼𝑛
𝑘 = |∫ 𝑒−𝑖(𝜙𝑐𝑔ℎ

𝑘 −𝜙𝑛)𝑑𝑥′𝑑𝑦′
𝑆𝐿𝑀

|

𝜙𝑐𝑔ℎ
𝑘 𝜙𝑛

𝑘 10 20

5 × 5

20 97 %

𝑢 = 1 −
𝐼𝑚𝑎𝑥 − 𝐼𝑚𝑖𝑛
𝐼𝑚𝑎𝑥 + 𝐼𝑚𝑖𝑛

𝐼𝑚𝑎𝑥 𝐼𝑚𝑖𝑛

5 × 5

5 × 5
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97 %

2 × 8 4 × 4 5 × 5 6 × 6

12 × 12

2 144 95 %
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900 µm 1

10 15 %

N

15 20 30 40 50 60 70 µm

17,5 µm 1/e²

15 70 µm

30 µm 70 µm 10 µm

30 µm
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0

10 10000

1

5 V

5

5
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1000

𝟐
×
𝟏 𝟓𝟎 𝐤𝐇𝐳

𝟐𝟎𝟎 𝐤𝐇𝐳

10
𝟓𝟎
𝟏𝟎𝟎
𝟏𝟎𝟎𝟎
10000

7,6 J ∙ cm−2

𝟏𝟐, 𝟔 𝐉 ∙ 𝐜𝐦−𝟐

30 J ∙ cm−2

𝟓𝟕, 𝟔 𝐉 ∙ 𝐜𝐦−𝟐

15 µm
𝟐𝟎 µ𝐦
𝟑𝟎 µ𝐦
𝟒𝟎 µ𝐦
𝟓𝟎 µ𝐦
𝟔𝟎 µ𝐦
𝟕𝟎 µ𝐦

𝟑
×
𝟏 50 kHz

𝟐𝟎𝟎 𝐤𝐇𝐳

10
50
100
𝟏𝟎𝟎𝟎
10000

2,7 J ∙ cm−2

𝟔, 𝟏 𝐉 ∙ 𝐜𝐦−𝟐

9,4 J ∙ cm−2

35,4 J ∙ cm−2

𝟑𝟎 µ𝐦
𝟒𝟎 µ𝐦
𝟓𝟎 µ𝐦
𝟔𝟎 µ𝐦
𝟕𝟎 µ𝐦

𝟒
×
𝟒 50 kHz

𝟐𝟎𝟎 𝐤𝐇𝐳

10
50
𝟏𝟎𝟎
1000
10000

2,7 J ∙ cm−2

6,1 J ∙ cm−2

𝟗, 𝟐 𝐉 ∙ 𝐜𝐦−𝟐

30 µm
𝟒𝟎 µ𝐦
𝟓𝟎 µ𝐦
60 µm
70 µm

𝟓
×
𝟓 50 kHz

𝟐𝟎𝟎 𝐤𝐇𝐳

10
50
100
𝟏𝟎𝟎𝟎
10000

𝟐, 𝟕 𝐉 ∙ 𝐜𝐦−𝟐

𝟔 𝐉 ∙ 𝐜𝐦−𝟐

30 µm
𝟒𝟎 µ𝐦
𝟓𝟎 µ𝐦
𝟔𝟎 µ𝐦
70 µm

𝟖
×
𝟐 50 kHz

200 kHz

10
50
100
1000
10000

2,7 J ∙ cm−2

6,1 J ∙ cm−2

9,4 J ∙ cm−2

30 µm
40 µm
50 µm
60 µm
70 µm

𝟒
×
𝟒 50 kHz

200 kHz

10
50
100
1000
10000

2,7 J ∙ cm−2

6,1 J ∙ cm−2

9,2 J ∙ cm−2

30 − 60 µm
40 − 70 µm
50 − 80 µm
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N 2

4 × 4
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30 70 µm

50 kHz 57,6 J/cm² 1000

60 µm

60 µm

20 µm

57,6 J/cm²

20 70 µm

50 kHz 57,6 J/cm² 1000

30 70 µm

200 kHz 57,6 J/cm² 50
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50 200 kHz

20 70 µm

200 kHz 57,6 J/cm² 50

60 µm

20 70 µm

200 kHz

57,6 J/cm² 50
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50 µm

57,6 J/cm²

50 200 kHz

7,6 12,6 30 J/cm²

15 70 µm 10 10000

35,5 J/cm²

2 × 8 4 × 4 5 × 5 6 × 6 57,6 J/cm²

57,6 J/cm²

4 × 4 50 40 µm

4 × 4 50

40 µm 200 kHz

9,2 J/cm² 100
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200 kHz 9,2 J/cm²

100

40 µm

40 µm

5 × 5 D 60 50 40 µm

200 kHz 2,7 J/cm² 1000

40 µm

50 µm

60 µm

5 × 5

50 40

30 µm 200 kHz

2,7 J/cm² 1000

50 200 kHz
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30 70 µm

200 kHz 12,6 J/cm² 100

20 µm

20 70 µm

200 kHz 12,6 J/cm² 100

10000 100

50 70 µm

200 kHz 12,6 J/cm²

100

50 µm
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60 µm

0

70 µm 200 kHz

12,6 J/cm² 10000

50 70 µm

200 kHz 6,1 J/cm²

1000

6,1 J/cm² 12,6 J/cm²

50 70 µm
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200 kHz 6,1 J/cm² 1000

5 × 5 60 µm

200 kHz 6,1 J/cm² 1000

5 × 5

60 µm 200 kHz

6,1 J/cm² 1000
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500 fs

100 %

𝑇𝑒 = 𝑇𝑙 = 𝑇

𝐶𝑖 ≫ 𝐶𝑒 𝑇𝑖
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𝑇𝑖 ≈
𝑄

𝜌𝐶𝑖
  𝑎𝑣𝑒𝑐 (𝐶𝑖 ≫ 𝐶𝑒)

𝜌 𝐶𝑖

𝜌. 𝐶𝑖
𝜕𝑇

𝜕𝑡
= 𝜆𝑡ℎ∆( 𝑇) + 𝑄 

Où 𝜆𝑡ℎ

5 km/s 3 km/s

1 MHz

3 km/s 3 mm

1 µ𝑠
𝛿𝜎𝑖𝑘

𝛿𝑥𝑖𝑘
= 0⃗ 

u⃗ 

3(1 − 𝜈)

1 + 𝜐
𝑔𝑟𝑎𝑑⃗⃗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  (𝑑𝑖𝑣(𝑢⃗ )) −

3(1 − 2𝜈)

2(1 + 𝜈)
𝑟𝑜𝑡⃗⃗⃗⃗⃗⃗ (𝑟𝑜𝑡⃗⃗⃗⃗⃗⃗ (𝑢⃗ )) = 𝛼𝑔𝑟𝑎𝑑⃗⃗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  (𝑇)

𝛼 𝜈

𝑢⃗ 𝑇
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𝑢⃗ 𝑀 = 𝑏⃗ 

𝑢⃗ 𝑏⃗ 

𝑏⃗ 

𝑢⃗ 

𝜖̿ = (
𝜖𝑥𝑥 𝜖𝑥𝑦
𝜖𝑦𝑥 𝜖𝑦𝑦

)

𝜖𝑖𝑘 =
1

2
(
𝜕𝑢𝑖
𝜕𝑥𝑘

+
𝜕𝑢𝑘
𝜕𝑥𝑖

)

𝜖̿ 𝜎̿
𝛿𝜎𝑖𝑘

𝛿𝑥𝑖𝑘
= 0⃗ 

𝜎̿ = (
𝜎𝑥𝑥 𝜎𝑥𝑦
𝜎𝑦𝑥 𝜎𝑦𝑦

)

𝜎𝑥𝑥 =
𝐸𝑦𝑔

(1 + 𝜐)(1 − 2𝜐)
[(1 − 𝜐)𝜖𝑥𝑥 + 𝜐𝜖𝑦𝑦] 

𝜎𝑦𝑦 =
𝐸𝑦𝑔

(1 + 𝜐)(1 − 2𝜐)
[(1 − 𝜐)𝜖𝑦𝑦 + 𝜐𝜖𝑥𝑥] 

𝜎𝑥𝑦 =
𝐸𝑦𝑔

(1 + 𝜐)
𝜖𝑥𝑦

𝐸𝑦𝑔 𝜐

𝜎𝐼 𝜎𝐼𝐼
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𝜏𝑥𝑦 𝜎𝐼 𝜎𝐼𝐼

𝜎𝐼𝐼 < 0 𝜏𝑥𝑦

𝐶𝑖 𝟖𝟎𝟎  𝐉 ∙ 𝐊𝐠 ∙ 𝐊−𝟏

𝜌  𝟐, 𝟐𝟕 ∙ 𝟏𝟎𝟑 𝐊𝐠 ∙ 𝐦−𝟑

𝑇0 𝟑𝟎𝟎 𝐊

𝑘𝑙 𝟏, 𝟒 𝐖 ∙ 𝐦−𝟏 ∙ 𝐊−𝟏

𝐸𝑦𝑔 𝟕𝟑 ∙ 𝟏𝟎𝟗 𝐏𝐚

𝜈 𝟎, 𝟏𝟕

𝛼 𝟎, 𝟓 ∙ 𝟏𝟎−𝟔 𝐊−𝟏

𝐿𝑐 𝟏𝟎 ∙ 𝟏𝟎𝟗 𝐏𝐚

𝐿𝑡 𝟖 ∙ 𝟏𝟎𝟗 𝐏𝐚

𝟒 ∙ 𝟏𝟎𝟗 𝐏𝐚
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4 × 4

 

0 µm 14 28 42 µm

10 20 µm 1/e² 1,8 kJ ∙ cm−3

~4 kJ ∙ cm−3

100 kHz 10 µm

 

0 µm 14 28 42 µm

100 kHz

1/e² 10 20 µm 1,8 kJ ∙ cm−3

 

14 28 42 µm
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20 µm

10 µm

20 µm

3 µm 100 kHz 10 µs

50 10 µm 1/e²

1,8 kJ ∙ cm−3

100 kHz

500 kHz 5 µ𝑠 5 µ𝑠

1000 kHz

1 µ𝑠

 

50 10 µm

1/e² 1,8 kJ ∙ cm−3

100 200 500 1000 kHz
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4 10 µm 1/e2 1,8 kJ ∙

cm−3 20 µm

100 kHz 14 µm

14 28 42 µm

14 µm

4 14 µm 14 µm

4 14 µm

 

5 2 × 2

20 µm

100 kHz 1/e²

10 µm 1,8 kJ ∙ cm−3
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1 MHz

4 × 4

1 MHz

t =  0 s

𝜏𝑥𝑦

𝜎𝐼

𝜎𝐼𝐼 < 0

𝜏𝑥𝑦

Contraintes avec 1 faisceau 

𝜎𝐼𝐼 < 0 20 µm

1/e² t = 0s 3,3 kJ ∙ cm−3

𝜎𝐼  𝜎𝐼𝐼  𝜏𝑥𝑦

(𝜎𝐼𝐼 >

0
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𝜎𝐼𝐼 < 0

(𝜏𝑥𝑦 > 0

𝜎𝐼𝐼 < 0 (𝜏𝑥𝑦)

 

t = 0 s

3,3 kJ ∙ cm−3 20 µm 1/e²

Évolution des contraintes dans le temps 
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1 µs

1 MHz

20 µm 1/e²  kJ ∙ cm−3 40

 

40 1 MHz

20 µm

1/e²  kJ ∙ cm−3
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1 MHz

40

Contraintes induites par l'irradiation simultanée de 2 sous-faisceaux avec des distances variables  

t = 0 s

0 33 80 µm

20 µm

1/e² 100 kJ ∙ cm−3
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t = 0 s

0 µm

20 µm 1/e² 100 kJ ∙ cm−3

33 µm

t = 0s

33 µm

20 µm 1/e² 100 kJ ∙ cm−3

80 µm

33 µm
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t = 0 s

80 µm

20 µm 1/e² 100 KJ ∙ cm−3

0 80 µm

t = 0 s

20 µm 1/e² 100 kJ ∙ cm−3

0 µm 23 µm

0 20 µm

20 40 µm

60 µm
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0 80 µ.

t = 0 s

20 µm 1/e²

100 kJ ∙ cm−3

1 1 MHz t =

0 µ𝑠 15 t = 15 µs 4 × 4

25 µm

10 µm 1/e²

30 kJ ∙ cm−3
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1 15

1 MHz 4 × 4 25 µm

10 µm 1/e² 30 kJ ∙ cm−3

 

200 kHz
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50 kHz 20

0 80 µm

50

200 kHz

60 µm

200 kHz 50

60 µm

200 kHz 50

30 µm 100 kJ ∙ cm−3
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30 µm 100 kJ ∙ cm−3

30 µm

1000
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57,6 J/cm²

(> 1000
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20 µm

60 µm

1000

< 100 µm
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0 5 ps 50 50

0 2π

500 fs

70 30

50 50

70 30
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470 fs 515 nm 1 ps 1030 nm 470 fs

515 nm 10 ps 1030 nm 1030 nm

515 nm 1030 nm

1 ps 4 10 ps

470 fs 515 nm 1 ps 1030 nm 470 fs 515 nm

10 ps 1030 nm

515 nm

470 fs 515 nm

(~500 fs

1030 nm

515 nm

1030 nm 1 ps 10 ps
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500 fs 1030 nm

3

1000
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515 nm 470 fs

343 nm 500 fs

515 nm 500 fs

500 fs

343 nm

515 nm

300 W

515 nm 500 fs
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5,1
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𝑚𝑒 .
𝑑2𝑟𝑒⃗⃗  

𝑑𝑡2
= 𝑒𝐸⃗ −

𝑚𝑒

𝜏𝑐
.  
𝑑𝑟𝑒⃗⃗  

𝑑𝑡
 

𝐹 é𝑙𝑒𝑐𝑡𝑟𝑖𝑞𝑢𝑒 = −𝑒𝐸⃗ 𝐸⃗ 

𝐹 𝑓𝑟𝑜𝑡𝑡𝑒𝑚𝑒𝑛𝑡 = −
𝑚𝑒

𝜏𝑐
𝑣 𝑚𝑒 𝜏𝑐

 𝑣 

𝑇 𝑇 =
2𝜋

𝜔

𝑊 =
1

𝑇
∙ ∫ 𝐹 ∙ 𝑣  𝑑𝑡

𝑇

0

𝐸⃗ =  𝐸0 cos(𝜔𝑡) 𝑒𝑥⃗⃗  ⃗ 𝐸0
𝜔

𝑥(𝑡) =
𝑒 𝜏𝑐
𝑚𝑒  𝜔1

∙
𝐸0 cos(𝜔𝑡) 

(1 + 𝜔2𝜏𝑐2)

𝑥̇(𝑡)

𝑒𝑥⃗⃗  ⃗

𝑊 =
1

𝑇
∙ ∫ −𝑒𝐸0 cos(𝜔𝑡) ∙ 𝑥̇(𝑡) 𝑑𝑡

𝑇

0

𝑊 =
𝑒2𝐸0

2𝜏𝑐
2 𝑚𝑒(1 + 𝜔2𝜏𝑐2)

𝐸⃗ =  
𝐸0

√2
cos(𝜔𝑡) 𝑒𝑥⃗⃗  ⃗ +

𝐸0

√2
cos(𝜔𝑡) 𝑒𝑦⃗⃗⃗⃗ 𝑟𝑒⃗⃗  = (𝑡) ∙ 𝑒𝑥⃗⃗  ⃗ + 𝑦(𝑡) ∙ 𝑒𝑦⃗⃗⃗⃗ 
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𝑥(𝑡) =
𝑒 𝜏𝑐

√2 𝑚𝑒  𝜔1
∙
𝐸0 cos(𝜔𝑡) 

(1 + 𝜔2𝜏𝑐
2)

𝑦(𝑡) =
𝑒 𝜏𝑐

√2 𝑚𝑒 𝜔1
∙
𝐸0 sin(𝜔𝑡) 

(1 + 𝜔2𝜏𝑐2)

𝑊 =
1

𝑇
∙ ∫ −

𝑒𝐸0

√2
(cos(𝜔𝑡) ∙ 𝑥̇(𝑡) + sin(𝜔𝑡) ∙ 𝑦̇(𝑡) )𝑑𝑡

𝑇

0

𝑊 =
𝑒2𝐸0

2𝜏𝑐
2 𝑚𝑒(1 + 𝜔

2𝜏𝑐
2)

𝑥̇(𝑡) 𝑦̇(𝑡) 𝑒𝑥⃗⃗  ⃗ 𝑒𝑦⃗⃗⃗⃗ 
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 133 fs 40

Δφ 0 2

Δφ ∈

[0, 2π] Δφ

I1(t) I2(t) 

Pétat(t) 

 

Pétat(t)= 0 Pétat(t)= 1

𝑃state(𝑡) =  
𝐼1(𝑡)

𝐼2(𝑡)

𝐼1(𝑡)

𝐼2(𝑡)
< 1

𝑃state(𝑡) =
𝐼2(𝑡)

𝐼1(𝑡)

𝐼2(𝑡)

𝐼1(𝑡)
< 1

𝑃state(𝑡) = 1 𝐼1(𝑡) =  𝐼2(𝑡)

 

I1(t) = I2(t)

I1(t) << I2(t) I2(t) << I1(t)

0 267 500 1000 fs
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Pétat(t) = 0 Pétat(t) = 1

Pétat(t) 

∑(𝑃𝑠𝑡𝑎𝑡𝑒(𝑡) × 𝐼𝑡𝑜𝑡(𝑡))

∑ 𝐼𝑡𝑜𝑡(𝑡)

Avec Itot(t)
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Δφ = 0 [2π] Δφ = π [2π] Δφ = 2π [2π]

Δφ =
π

2
 [2π] Δφ =

−
π

2
 [2π] Δφ ∈

 ]0,
π

2
[  ∪ ]

π

2
, π[ ∪ ]

π

2
,
3π

2
[ ∪  ]

3π

2
, 2π[

Δφ = 0 [2π] , Δφ = π [2π] ou Δφ = 2π [2π]

Δφ ∈  ]0, π[  ∪ ]π, 2π[

φ Pétat(t) 

 

 

 

 

 

 

 

 

 

 

A(t)

A(t) =  (
E1(t)

E1
)

2

− 2(
E1(t)

E1
)(
E2(t)

E2
) cos (φ) + (

E2(t)

E2
)

2

 

E1(t) et E2(t)

E1 E2  φ φ = Δφ +

φ𝑑é𝑙𝑎𝑖 Δφ

φ𝑑é𝑙𝑎𝑖

Pétat(t) 

 [0, 2π]

𝑃𝑠𝑡𝑎𝑡𝑒(𝑡) =  𝐴(𝑡) ×
𝐼1(𝑡)

𝐼2(𝑡)

𝐼1(𝑡)

𝐼2(𝑡)
< 1

𝑃𝑠𝑡𝑎𝑡𝑒(𝑡) = 𝐴(𝑡) ×
𝐼2(𝑡)

𝐼1(𝑡)

𝐼2(𝑡)

𝐼1(𝑡)
< 1

𝑃𝑠𝑡𝑎𝑡𝑒(𝑡) = 𝐴(𝑡) 𝐼1(𝑡) =  𝐼2(𝑡)
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1/e² 𝑥 𝑦

1/e²

πr2

1/e².

0,01 µm
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𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 250
𝑊𝑥 10,20 µ𝑚
𝑊𝑦 10,45 µ𝑚

𝐵𝑟𝑢𝑖𝑡 𝑚𝑜𝑦𝑒𝑛 8,83
𝑊𝑚𝑜𝑦𝑒𝑛(𝑑𝑒𝑢𝑥𝑖è𝑚𝑒 𝑡𝑒𝑐ℎ𝑛𝑖𝑞𝑢𝑒) 10,35 µ𝑚

1/e²
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1030 nm 515 nm

• 

• 

• 

• 

• 

• 

• 
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• 

• 

• 

• 

• 

• 

• X Y Z

• 

• 

• 
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 1030 nm

515 nm

 515 nm 1030 nm
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𝜕𝑇(𝑥, 𝑦, 𝑡)

𝜕𝑡
=
𝜆𝑡ℎ
𝜌. 𝑐

. (
𝜕2𝑇(𝑥, 𝑦, 𝑡)

𝜕𝑥2
+
𝜕2𝑇(𝑥, 𝑦, 𝑡)

𝜕𝑦2
) + 𝑄(𝑥, 𝑦, 𝑡) 

𝜆𝑡ℎ
𝑄(𝑥, 𝑦, 𝑡)

𝑇𝑥𝑖,𝑦𝑗
,𝑡+Δ𝑡 − 𝑇𝑥𝑖,𝑦𝑗

𝑡

Δ𝑡
=
𝜆𝑡ℎ
𝜌. 𝑐

. (
𝑇𝑥𝑖+1,𝑦𝑗
𝑡 − 2𝑇𝑥𝑖,𝑦𝑗

𝑡 + 𝑇𝑥𝑖−1,𝑦𝑗
𝑡

Δ𝑥2
+
𝑇𝑥𝑖,𝑦𝑗+1
𝑡 − 2𝑇𝑥𝑖,𝑦𝑗

𝑡 + 𝑇𝑥𝑖,𝑦𝑗+1
𝑡

Δ𝑦2
) + 𝑄

Δ𝑥 =
𝑥𝑖+1−𝑥𝑖−1

2
Δ𝑦 =

𝑦𝑗+1−𝑦𝑗−1

2

𝑇𝑚𝑎𝑥
𝑇𝑎𝑚𝑏𝑖𝑎𝑛𝑡𝑒

𝑇𝑚𝑎𝑥 + (𝑇𝑚𝑎𝑥 + 𝑇𝑎𝑚𝑏𝑖𝑎𝑛𝑡𝑒) ∙ 𝑒𝑟𝑓 (
𝑥

2√𝑘𝑡
) ∙ 𝑒𝑟𝑓 (

𝑦

2√𝑘𝑡
)

(400 × 400) 𝑇𝑚𝑎𝑥 = 1300 𝐾

𝑇𝑎𝑚𝑏𝑖𝑎𝑛𝑡𝑒 = 300 𝐾

1 µs 10 µs

10−1 % 10−3 %

10−1 %

10−3 %
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𝑢⃗  𝜀 ̿

𝜎̿ 𝑓 

3(1 − 𝜈)

1 + 𝜐
𝑔𝑟𝑎𝑑⃗⃗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  (𝑑𝑖𝑣(𝑢⃗ )) −

3(1 − 2𝜈)

2(1 + 𝜈)
𝑟𝑜𝑡⃗⃗⃗⃗⃗⃗ (𝑟𝑜𝑡⃗⃗⃗⃗⃗⃗ (𝑢⃗ )) = 𝛼𝑔𝑟𝑎𝑑⃗⃗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  (𝑇)

𝛼 𝜈

𝑥, 𝑦 𝑢𝑧𝑧 = 𝑢𝑥𝑧 = 𝑢𝑦𝑧 =

𝑢𝑧𝑥 = 𝑢𝑧𝑦 = 0 𝑥 𝑦

𝐶1
|

|

𝜕

𝜕𝑥
(
𝜕𝑢𝑥
𝜕𝑥

+
𝜕𝑢𝑦

𝜕𝑦
)

𝜕

𝜕𝑦
(
𝜕𝑢𝑥
𝜕𝑥

+
𝜕𝑢𝑦
𝜕𝑦
)

0

|

|
− 𝐶2

|

|

𝜕2𝑢𝑦

𝜕𝑥𝜕𝑦
−
𝜕2𝑢𝑥
𝜕𝑦2

𝜕2𝑢𝑥
𝜕𝑦𝜕𝑥

−
𝜕2𝑢𝑦

𝜕𝑥2

0

|

|
= 𝛼

|
|

𝜕𝑇

𝜕𝑥
𝜕𝑇

𝜕𝑦
0

|
|

𝐶1 = 
3(1−𝜈)

1+𝜐
𝐶2 = 

3(1−2𝜈)

2(1+𝜈)

(𝐶1𝜕𝑥
2 + 𝐶2𝜕𝑦

2)𝑢𝑥 + (𝐶1 − 𝐶2)𝜕𝑥𝑦
2 𝑢𝑦 =  𝛼

𝜕𝑇

𝜕𝑥

(𝐶1𝜕𝑦
2 + 𝐶2𝜕𝑥

2)𝑢𝑦 + (𝐶1 − 𝐶2)𝜕𝑥𝑦
2 𝑢𝑥 =  𝛼

𝜕𝑇

𝜕𝑦
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𝑁𝑥 𝑥 𝑁𝑦

𝑁𝑥 = 𝑁𝑦 = 𝑁. Δ𝑥, Δ𝑦

𝑥 𝑦 𝑚

𝑚 (𝑈𝑥)

𝑦 (𝑈𝑦) 𝑈𝑖,𝑗
(𝑚)
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𝜕𝑥
2𝑢𝑥 =

𝑢𝑥𝑖+1,𝑗 − 2𝑢𝑥𝑖,𝑗 + 𝑢𝑥𝑖−1,𝑗
Δ𝑥2

 

𝜕𝑦
2𝑢𝑥 =

𝑢𝑥𝑖,𝑗+1 − 2𝑢𝑥𝑖,𝑗 + 𝑢𝑥𝑖,𝑗−1
Δ𝑦2

 

𝜕𝑥𝑦
2 𝑢𝑥 =

𝑢𝑥𝑖+1,𝑗+1 − 𝑢𝑥𝑖+1,𝑗−1 − 𝑢𝑥𝑖−1,𝑗+1 − 𝑢𝑥𝑖−1,𝑗−1
4Δ𝑥Δ𝑦

 

𝜕𝑦
2𝑢𝑦 =

𝑢𝑦𝑖,𝑗+1 − 2𝑢𝑦𝑖,𝑗 + 𝑢𝑦𝑖,𝑗−1
Δ𝑦2

 

𝜕𝑥
2𝑢𝑦 =

𝑢𝑦𝑖+1,𝑗 − 2𝑢𝑦𝑖,𝑗 + 𝑢𝑦𝑖−1,𝑗
Δ𝑥2

 

𝜕𝑥𝑦
2 𝑢𝑦 =

𝑢𝑦𝑖+1,𝑗+1 − 𝑢𝑦𝑖+1,𝑗−1 − 𝑢𝑦𝑖−1,𝑗+1 − 𝑢𝑦𝑖−1,𝑗−1
4Δ𝑥Δ𝑦

Δ𝑥 =
𝑥𝑖+1 − 𝑥𝑖−1

2
 

Δ𝑦 =
𝑦𝑗+1 − 𝑦𝑗−1

2

𝑥

𝑢𝑥𝑖,𝑗 = 𝐾1 = −2
𝐶1
Δ𝑥2

− 2
𝐶2
Δ𝑦2

 

𝑢𝑥𝑖+1,𝑗 = 𝐾2 =
𝐶1
Δ𝑥2

 

𝑢𝑥𝑖−1,𝑗 = 𝐾2 =
𝐶1
Δ𝑥2

 

𝑢𝑥𝑖,𝑗+1 = 𝐾3 =
𝐶2
Δ𝑦2

 

𝑢𝑥𝑖,𝑗−1 = 𝐾3 =
𝐶2
Δ𝑦2

 

𝑢𝑦𝑖+1,𝑗+1 = 𝐾4 =
𝐶1−𝐶2
4Δ𝑥Δ𝑦

 

𝑢𝑦𝑖−1,𝑗+1 = −𝐾4 = −
𝐶1−𝐶2
4Δ𝑥Δ𝑦

 

𝑢𝑦𝑖+1,𝑗−1 = −𝐾4 = −
𝐶1−𝐶2
4Δ𝑥Δ𝑦

 

𝑢𝑦𝑖−1,𝑗−1 = 𝐾4 =
𝐶1−𝐶2
4Δ𝑥Δ𝑦

𝐾𝑖
𝑥

𝑇𝑥 = 𝛼
𝑇𝑖+1,𝑗 − 𝑇𝑖−1,𝑗

2Δ𝑥
𝑇𝑥 = 𝐿1(𝑇𝑖+1,𝑗 − 𝑇𝑖−1,𝑗)

𝑎𝑣𝑒𝑐 𝐿1 = 
𝛼

2Δ𝑥
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𝑦

𝑢𝑦𝑖,𝑗 = 𝐾5 = −2
𝐶2
Δ𝑥2

− 2
𝐶1
Δ𝑦2

 

𝑢𝑦𝑖+1,𝑗 = 𝐾6 =
𝐶2
Δ𝑥2

 

𝑢𝑦𝑖−1,𝑗 = 𝐾6 =
𝐶2
Δ𝑥2

 

𝑢𝑦𝑖,𝑗+1 = 𝐾7 =
𝐶1
Δ𝑦2

 

𝑢𝑦𝑖,𝑗−1 = 𝐾7 =
𝐶1
Δ𝑦2

 

𝑢𝑥𝑖+1,𝑗+1 = 𝐾4 =
𝐶1−𝐶2
4Δ𝑥Δ𝑦

 

𝑢𝑥𝑖−1,𝑗+1 = −𝐾4 = −
𝐶1−𝐶2
4Δ𝑥Δ𝑦

 

𝑢𝑥𝑖+1,𝑗−1 = −𝐾4 = −
𝐶1−𝐶2
4Δ𝑥Δ𝑦

 

𝑢𝑥𝑖−1,𝑗−1 = 𝐾4 =
𝐶1−𝐶2
4Δ𝑥Δ𝑦

 

 

(82) 𝑦

𝑇𝑦 = 𝛼
𝑇𝑖,𝑗+1 − 𝑇𝑖,𝑗−1

2Δy

𝑇𝑦 = 𝐿1(𝑇𝑖,𝑗+1 − 𝑇𝑖,𝑗−1)

𝑎𝑣𝑒𝑐 𝐿1 = 
𝛼

2Δ𝑦

K1

 

M

𝑁𝑥𝑁𝑦 × 2 (2𝑁
2𝑠𝑖 𝑁𝑥 = 𝑁𝑦 = 𝑁) 2𝑁𝑥 + 3

2𝑁𝑥𝑁𝑦 + 2(𝑁𝑥 − 2)
2 × 4 

M

𝑁𝑥 = 𝑁𝑦 = 𝑁 = 5
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𝑟𝑜𝑡⃗⃗⃗⃗⃗⃗ (𝑢⃗ ) = 0⃗ 

𝑑𝑖𝑣 (𝑟𝑜𝑡⃗⃗⃗⃗⃗⃗ (𝑢⃗ )) = 0⃗ 

3(1 − 𝜈)

1 + 𝜐
𝑔𝑟𝑎𝑑⃗⃗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  (𝑑𝑖𝑣(𝑢⃗ )) = 𝛼𝑔𝑟𝑎𝑑⃗⃗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  (𝑇)

𝑥 𝑦 𝐶1 = 𝐶2

(𝐶1𝜕𝑥
2 + 𝐶2𝜕𝑦

2)𝑢𝑥 =  𝛼
𝜕𝑇

𝜕𝑥

(𝐶1𝜕𝑦
2 + 𝐶2𝜕𝑥

2)𝑢𝑦 =  𝛼
𝜕𝑇

𝜕𝑦
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𝑁𝑥 𝑥 𝑁𝑦

𝑦 𝑁𝑥 = 𝑁𝑦 = 𝑁. Δ𝑥, Δ𝑦

𝑥 𝑦 𝑚

𝑚 (𝑈𝑥)

(𝑈𝑦)

𝑈𝑖,𝑗 (𝑚)

 

𝜕𝑥
2𝑢𝑥 =

𝑢𝑥𝑖+1,𝑗 − 2𝑢𝑥𝑖,𝑗 + 𝑢𝑥𝑖−1,𝑗
Δ𝑥2

 

𝜕𝑦
2𝑢𝑥 =

𝑢𝑥𝑖,𝑗+1 − 2𝑢𝑥𝑖,𝑗 + 𝑢𝑥𝑖,𝑗−1
Δ𝑦2

 

𝜕𝑦
2𝑢𝑦 =

𝑢𝑦𝑖,𝑗+1 − 2𝑢𝑦𝑖,𝑗 + 𝑢𝑦𝑖,𝑗−1
Δ𝑦2

 

𝜕𝑥
2𝑢𝑦 =

𝑢𝑦𝑖+1,𝑗 − 2𝑢𝑦𝑖,𝑗 + 𝑢𝑦𝑖−1,𝑗
Δ𝑥2

Δ𝑥 =
𝑥𝑖+1 − 𝑥𝑖−1

2
 

Δ𝑦 =
𝑦𝑗+1 − 𝑦𝑗−1

2
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𝑥

𝐶1 = 𝐶2 = 
3(1−𝜈)

1+𝜐

𝑢𝑥𝑖,𝑗 = 𝐾1 = −2
𝐶1
Δ𝑥2

− 2
𝐶2
Δ𝑦2

 

𝑢𝑥𝑖+1,𝑗 = 𝐾2 =
𝐶1
Δ𝑥2

 

𝑢𝑥𝑖−1,𝑗 = 𝐾2 =
𝐶1
Δ𝑥2

 

𝑢𝑥𝑖,𝑗+1 = 𝐾3 =
𝐶2
Δ𝑦2

 

𝑢𝑥𝑖,𝑗−1 = 𝐾3 =
𝐶2
Δ𝑦2

𝐾𝑖
𝑥

𝑦

𝑢𝑦𝑖,𝑗 = 𝐾5 = −2
𝐶2
Δ𝑥2

− 2
𝐶1
Δ𝑦2

 

𝑢𝑦𝑖+1,𝑗 = 𝐾6 =
𝐶2
Δ𝑥2

 

𝑢𝑦𝑖−1,𝑗 = 𝐾6 =
𝐶2
Δ𝑥2

 

𝑢𝑦𝑖,𝑗+1 = 𝐾7 =
𝐶1
Δ𝑦2

 

𝑢𝑦𝑖,𝑗−1 = 𝐾7 =
𝐶1
Δ𝑦2

𝑦

K1

 

M

𝑁𝑥𝑁𝑦 × 2 𝑁𝑥 = 𝑁𝑦 = 𝑁,𝑁

M 𝑁2 × 𝑁2 = 2𝑁2 2𝑁 + 1

2𝑁2 + 2(𝑁 − 2)2 × 4 × 2

M 𝑁𝑥 = 𝑁𝑦 = 𝑁 = 5
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𝑟𝑜𝑡⃗⃗⃗⃗⃗⃗ (𝑢⃗ ) = 0.⃗⃗  

 Résolution du système

𝑢⃗ 𝑀 = 𝑏⃗ 𝑢⃗ M 𝑏⃗ 

M

𝜖𝑖𝑘 =
1

2
(
𝜕𝑢𝑖
𝜕𝑥𝑘

+
𝜕𝑢𝑘
𝜕𝑥𝑖

)

𝑢⃗ 𝜖̿

𝜖 ̿ = (
𝜖𝑥𝑥 𝜖𝑥𝑦
𝜖𝑦𝑥 𝜖𝑦𝑦

)

𝜖𝑥𝑥 =
𝜕𝑈𝑥
𝜕𝑥

𝜖𝑦𝑦 =
𝜕𝑈𝑦

𝜕𝑦

𝜖𝑥𝑦 =
1

2
(
𝜕𝑈𝑥
𝜕𝑦

+
𝜕𝑈𝑦

𝜕𝑥
)

𝜖𝑥𝑥 𝑥 𝜖𝑦𝑦 𝑦 𝜖𝑥𝑦 = 𝜖𝑦𝑥

𝑥𝑦
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𝜖𝑥𝑥, 𝜖𝑦𝑦 𝑒𝑡 𝜖𝑥𝑦 = 𝜖𝑦𝑥

𝜖𝑥𝑥 =
𝑢𝑥𝑖+1,𝑗 − 𝑢𝑥𝑖−1,𝑗

2∆𝑥

𝜖𝑦𝑦 =
𝑢𝑦𝑖,𝑗+1 − 𝑢𝑦𝑖,𝑗−1

2∆𝑦

𝜖𝑥𝑦 =
1

2
(
𝑢𝑥𝑖,𝑗+1 − 𝑢𝑥𝑖,𝑗−1

2∆𝑦
+
𝑢𝑥𝑖+1,𝑗 − 𝑢𝑥𝑖−1,𝑗

2∆𝑥
)

𝜖̿ 𝜎̿
𝛿𝜎𝑖𝑘

𝛿𝑥𝑖𝑘
= 0

𝜎̿ = (
𝜎𝑥𝑥 𝜎𝑥𝑦
𝜎𝑦𝑥 𝜎𝑦𝑦

)

𝜎𝑥𝑥 =
𝐸𝑦𝑔

(1 + 𝜐)(1 − 2𝜐)
[(1 − 𝜐)𝜖𝑥𝑥 + 𝜐𝜖𝑦𝑦] 

𝜎𝑦𝑦 =
𝐸𝑦𝑔

(1 + 𝜐)(1 − 2𝜐)
[(1 − 𝜐)𝜖𝑦𝑦 + 𝜐𝜖𝑥𝑥] 

𝜎𝑥𝑦 =
𝐸𝑦𝑔

(1 + 𝜐)
𝜖𝑥𝑦

𝐸𝑦𝑔 𝜈

 

(0, 𝑟, 𝜙) 𝑇 = 𝑇0𝑒
−
𝑟2

𝑤0

3(1 − 𝜈)

1 + 𝜐
𝑔𝑟𝑎𝑑⃗⃗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  (𝑑𝑖𝑣(𝑢⃗ )) = 𝛼𝑔𝑟𝑎𝑑⃗⃗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  (𝑇)

𝛼 𝜐 𝑢⃗ 

(0, 𝑟, 𝜙)

1

𝑟

𝑑(𝑟𝑢)

𝑑𝑟
=
𝛼(1 + 𝜐)

3(1 − 𝜐)
𝑇(𝑟) + 𝐶1 

𝑑(𝑟𝑢)

𝑑𝑟
=
𝛼(1 + 𝜐)

3(1 − 𝜐)
𝑇(𝑟)𝑟 + 𝐶1𝑟 

𝑟𝑢 =
𝛼(1 + 𝜐)

3(1 − 𝜐)
∫ 𝑇(𝑟)𝑟𝑑𝑟
𝑟

0

+ 𝐶1∫ 𝑟𝑑𝑟
𝑟

0

 

𝑢 =
𝛼(1 + 𝜐)

3(1 − 𝜐)

1

𝑟
∫ 𝑇(𝑟)𝑟𝑑𝑟
𝑟

0

+
𝐶1
𝑟
∫ 𝑟𝑑𝑟
𝑟

0
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𝜖𝑟𝑟 =
𝑑𝑢

𝑑𝑟
=
𝛼(1 + 𝜐)

3(1 − 𝜐)
(
−1

𝑟2
∫ 𝑇(𝑟)𝑟𝑑𝑟
𝑟

0

+ 𝑇(𝑟)) +
−𝐶1
𝑟2

∫ 𝑟𝑑𝑟 + 𝐶1

𝑟

0

 

𝜖𝜙𝜙 =
𝑢

𝑟
=
𝛼(1 + 𝜐)

3(1 − 𝜐)

1

𝑟2
∫ 𝑇(𝑟)𝑟𝑑𝑟
𝑟

0

+
𝐶1
𝑟2
∫ 𝑟𝑑𝑟
𝑟

0

𝛿𝜎𝑖𝑘

𝛿𝑥𝑖𝑘
= 0

𝜎𝑟𝑟 =
𝐸𝑦𝑔

(1 + 𝜐)(1 − 2𝜐)
[(1 − 𝜐)𝜖𝑟𝑟 + 𝜐𝜖𝜙𝜙] 

𝜎𝜙𝜙 =
𝐸𝑦𝑔

(1 + 𝜐)(1 − 2𝜐)
[(1 − 𝜐)𝜖𝜙𝜙 + 𝜐𝜖𝑟𝑟]

𝐶1 𝑅

𝜎𝑟𝑟(𝑟 = 𝑅) ≈ 0 𝑒𝑡 𝑇(𝑅) ≈ 0 𝑅 → ∞

𝐶1 

𝜎𝑟𝑟(𝑅) = 0 = (1 − 𝜐)
𝛼(1 + 𝜐)

3(1 − 𝜐)
(
−1

𝑅2
∫ 𝑇(𝑟)𝑟𝑑𝑟
𝑅

0

+ 𝑇(𝑅)) + (1 − 𝜐)
−𝐶1
𝑅2

∫ 𝑟𝑑𝑟
𝑅

0

+ (1 − 𝜐)𝐶1 + 𝜐
𝛼(1 + 𝜐)

3(1 − 𝜐)

1

𝑅2
∫ 𝑇(𝑟)𝑟𝑑𝑟
𝑅

0

+ 𝜐
𝐶1
𝑅2
∫ 𝑟𝑑𝑟
𝑅

0

⇔
1

𝑅2
∫ 𝑇(𝑟)𝑟𝑑𝑟
𝑅

0

[
𝛼(1 + 𝜐)

3(1 − 𝜐)
(1 − 𝜐 − 𝜐)] = (1 − 𝜐)

𝐶1
2
+ 𝜐

𝐶1
2

 

⇔
1

𝑅2
∫ 𝑇(𝑟)𝑟𝑑𝑟
𝑅

0

[
𝛼(1 + 𝜐)

3(1 − 𝜐)
(1 − 2𝜐)] =

𝐶1
2

 

⇔ 𝐶1 =
𝛼(1 + 𝜐)

3(1 − 𝜐)

2(1 − 2𝜐)

𝑅2
∫ 𝑇(𝑟)𝑟𝑑𝑟
𝑅

0

𝐶1

𝑢 =
𝛼(1 + 𝜐)

3(1 − 𝜐)

1

𝑟
∫ 𝑇(𝑟)𝑟𝑑𝑟
𝑟

0

+
𝛼(1 + 𝜐)

3(1 − 𝜐)

2(1 − 2𝜐)

𝑅2
∫ 𝑇(𝑟)𝑟𝑑𝑟
𝑅

0

1

𝑟
∫ 𝑟𝑑𝑟
𝑟

0

 

𝑢 =
𝛼(1 + 𝜐)

3(1 − 𝜐)
[
1

𝑟
∫ 𝑇(𝑟)𝑟𝑑𝑟
𝑟

0

+
2(1 − 2𝜐)

𝑅2
∫ 𝑇(𝑟)𝑟𝑑𝑟
𝑅

0

1

𝑟
∫ 𝑟𝑑𝑟
𝑟

0

] 

𝑢 =
𝛼(1 + 𝜐)

3(1 − 𝜐)
[
1

𝑟
∫ 𝑇(𝑟)𝑟𝑑𝑟
𝑟

0

+
2(1 − 2𝜐)

𝑅2
𝑟2

2𝑟
∫ 𝑇(𝑟)𝑟𝑑𝑟
𝑅

0

] 

𝑢 =
𝛼(1 + 𝜐)

3(1 − 𝜐)
[
1

𝑟
∫ 𝑇(𝑟)𝑟𝑑𝑟
𝑟

0

+ (1 − 2𝜐)
𝑟

2𝑅2
∫ 𝑇(𝑟)𝑟𝑑𝑟
𝑅

0

]

𝑇(𝑟) = 𝑇0𝑒
−
𝑟2

𝜔0 , ∫ 𝑇(𝑟)𝑟𝑑𝑟
𝑟

0

= [−
𝜔0
2
𝑇0𝑒

−
𝑟2

𝜔0]
0

𝑟

= −
𝜔0
2
(𝑇(𝑟) − 𝑇0) 

𝑇(𝑟 → ∞) =
𝜔0
2
𝑇0   𝑐𝑎𝑟 𝑇(𝑅 → ∞) ≈ 0                                               
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𝜖𝑟𝑟 =
𝑑𝑢

𝑑𝑟
=
𝛼(1 + 𝜐)

3(1 − 𝜐)
(
1

𝑟2
𝜔0
2
(𝑇(𝑟) − 𝑇0) + 𝑇(𝑟) −

1 − 2𝜐

𝑅2
𝜔0
2
𝑇0) 

𝜖𝜙𝜙 =
𝑢

𝑟
=
𝛼(1 + 𝜐)

3(1 − 𝜐)
(
1

𝑟2
−𝜔0
2
(𝑇(𝑟) − 𝑇0) −

1 − 2𝜐

𝑅2
𝜔0
2
𝑇0)

𝜎𝑟𝑟 et 𝜎𝜙𝜙

𝜎̿(𝑜,𝑟,𝜙) = (
𝜎𝑟𝑟 0
0 𝜎𝜙𝜙

) ⇔ 𝜎̿(𝑜,𝑥′,𝑦′) = (
𝜎𝐼 0
0 𝜎𝐼𝐼

)

𝑃

𝜗

𝑃 = (
𝑐𝑜𝑠(𝜗) −𝑠𝑖𝑛(𝜗)

𝑠𝑖𝑛(𝜗) 𝑐𝑜𝑠(𝜗)
)  𝑒𝑡 𝑃−1 = (

𝑐𝑜𝑠(𝜗) 𝑠𝑖𝑛(𝜗)

−𝑠𝑖𝑛(𝜗) 𝑐𝑜𝑠(𝜗)
)  

𝜎̿(𝑜,𝑥,𝑦) = (
𝜎𝑥𝑥 𝜎𝑥𝑦
𝜎𝑦𝑥 𝜎𝑦𝑦

) = (
𝑐𝑜𝑠(𝜗) 𝑠𝑖𝑛(𝜗)

−𝑠𝑖𝑛(𝜗) 𝑐𝑜𝑠(𝜗)
) (
𝜎𝑟𝑟 𝜎𝑟𝜙
𝜎𝜙𝑟 𝜎𝜙𝜙

) (
𝑐𝑜𝑠(𝜗) 𝑠𝑖𝑛(𝜗)

−𝑠𝑖𝑛(𝜗) 𝑐𝑜𝑠(𝜗)
)

𝑎𝑣𝑒𝑐 𝜎𝑟𝜙 = 𝜎𝜙𝑟
𝜎𝑥𝑥 = 𝜎𝑟𝑟 𝑐𝑜𝑠

2(𝜗) + 𝜎𝜙𝜙 𝑠𝑖𝑛
2(𝜗) + 2 𝑠𝑖𝑛(𝜗)𝑐𝑜𝑠(𝜗)𝜎𝑟𝜙 

𝜎𝑦𝑦 = 𝜎𝜙𝜙 𝑐𝑜𝑠
2(𝜗) + 𝜎𝑟𝑟 𝑠𝑖𝑛

2(𝜗) − 2 𝑠𝑖𝑛(𝜗)𝑐𝑜𝑠(𝜗)𝜎𝑟𝜙 

𝜎𝑥𝑦 = ( 𝑐𝑜𝑠
2(𝜗) −  𝑠𝑖𝑛2(𝜗))𝜎𝑟𝜙 − 𝑠𝑖𝑛(𝜗)𝑐𝑜𝑠(𝜗)𝜎𝑟𝑟 + 𝑠𝑖𝑛(𝜗)𝑐𝑜𝑠(𝜗)𝜎𝜙𝜙

𝜎𝑟𝜙 = 0

𝜎̿(𝑜,𝑥,𝑦)

𝜎𝑥𝑥 = 𝜎𝑟𝑟 𝑐𝑜𝑠
2(𝜗) + 𝜎𝜙𝜙 𝑠𝑖𝑛

2(𝜗) 

𝜎𝑦𝑦 = 𝜎𝜙𝜙 𝑐𝑜𝑠
2(𝜗) + 𝜎𝑟𝑟 𝑠𝑖𝑛

2(𝜗) 

𝜎𝑥𝑦 = 𝑠𝑖𝑛(𝜗)𝑐𝑜𝑠(𝜗)(𝜎𝜙𝜙 − 𝜎𝑟𝑟)
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𝜎𝑥𝑥 , 𝜎𝑦𝑦 

𝜎𝑥𝑦 (𝑥, 𝑦)
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𝑥, 𝑦

250 nm
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250 nm

 0,9% 𝜎𝑥𝑥 𝜎𝑦𝑦 𝜎𝑥𝑦

125 nm
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𝑥, 𝑦

250 nm
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250 nm 1% 0,9% 𝜎𝑥𝑥 0,9%

𝜎𝑦𝑦 0,8 % 𝜎𝑥𝑦

125 nm
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𝑥, 𝑦

250 nm



210 

250 nm 1% 𝜎𝑥𝑥 𝜎𝑦𝑦 0,6 %

𝜎𝑥𝑦

125 nm 𝜎𝑥𝑥 𝜎𝑦𝑦 𝜎𝑥𝑦



211 

1.  "Laboratoire CELIA," https://www.celia.u-bordeaux.fr/presentation/. 

2.  "ALPhANOV," https://www.alphanov.com/. 

3.   L. A. Hof and J. A. Ziki, "Micro-hole drilling on glass substrates-A review," Micromachines 8, 
1–23 (2017). 

4.   D. Homoelle, S. Wielandy, A. L. Gaeta, N. F. Borrelli, and C. Smith, "Infrared photosensitivity in 
silica glasses exposed to femtosecond laser pulses," Opt. Lett. 24, 1311 (1999). 

5.   S. Juodkazis, S. Matsuo, H. Misawa, V. Mizeikis, A. Marcinkevicius, H.-B. Sun, Y. Tokuda, M. 
Takahashi, T. Yoko, and J. Nishii, "Application of femtosecond laser pulses for microfabrication 
of transparent media," Appl. Surf. Sci. 197–198, 705–709 (2002). 

6.   M. H. Hong, B. Luk’yanchuk, S. M. Huang, T. S. Ong, L. H. Van, and T. C. Chong, "Femtosecond 
laser application for high capacity optical data storage," Appl. Phys. A Mater. Sci. Process. 79, 
791–794 (2004). 

7.   E. N. Glezer, M. Milosavljevic, L. Huang, R. J. Finlay, T.-H. Her, J. P. Callan, and E. Mazur, 
"Three-dimensional optical storage inside transparent materials: errata," Opt. Lett. 22, 422 
(1997). 

8.   A. Marcinkevičius, S. Juodkazis, M. Watanabe, M. Miwa, S. Matsuo, H. Misawa, and J. Nishii, 
"Femtosecond laser-assisted three-dimensional microfabrication in silica," Opt. Lett. 26, 277 
(2001). 

9.   K. Minoshima, A. M. Kowalevicz, I. Hartl, E. P. Ippen, and J. G. Fujimoto, "Photonic device 
fabrication in glass by use of nonlinear materials processing with a femtosecond laser 
oscillator," Opt. Lett. 26, 1516 (2001). 

10.   C. B. Schaffer, A. Brodeur, J. F. García, and E. Mazur, "Micromachining bulk glass by use of 
femtosecond laser pulses with nanojoule energy," Opt. Lett. 26, 93 (2001). 

11.   K. M. Davis, K. Miura, N. Sugimoto, and K. Hirao, "Writing waveguides in glass with a 
femtosecond laser," Opt. Lett. 21, 1729 (1996). 

12.   K. Minoshima, A. Kowalevicz, E. Ippen, and J. Fujimoto, "Fabrication of coupled mode 
photonic devices in glass by nonlinear femtosecond laser materials processing," Opt. Express 
10, 645 (2002). 

13.   H. Desrus, C. Poulin, V. Germes, B. Chassagne, S. Hocquet, Q. Maouhoub, A. Morisset, R. 
Kling, and F. Deloison, "Fabrication of Fresnel zone plate and phase mask by index change in 
the bulk of polymers with femtosecond laser pulses," Int. Congr. Appl. Lasers Electro-Optics 
125, 125–133 (2014). 

14.   W. Watanabe, D. Kuroda, K. Itoh, and J. Nishii, "Fabrication of Fresnel zone plate embedded 
in silica glass by femtosecond laser pulses," Opt. Express 10, 978 (2002). 

15.   K. Mishchik, K. Gaudfrin, and J. Lopez, "Drilling of through holes in sapphire using femto-
second laser pulses," J. Laser Micro Nanoeng. 12, 321–324 (2017). 

16.   K. Mishchik, R. Beuton, O. Dematteo Caulier, S. Skupin, B. Chimier, G. Duchateau, B. 



212 

Chassagne, R. Kling, C. Hönninger, E. Mottay, and J. Lopez, "Improved laser glass cutting by 
spatio-temporal control of energy deposition using bursts of femtosecond pulses," Opt. 
Express 25, 33271 (2017). 

17.   L. . Keldysh, "Ionization in the Field of a Strong Electromagnetic Wave," J. Exp. Theor. Phys. 
47, 1965 (1965). 

18.   B. Rethfeld, "Unified Model for the Free-Electron Avalanche in Laser-Irradiated Dielectrics," 
Phys. Rev. Lett. 92, 187401 (2004). 

19.   E. G. Gamaly, "The physics of ultra-short laser interaction with solids at non-relativistic 
intensities," Phys. Rep. 508, 91–243 (2011). 

20.   E. Mazur and R. Gattass, "A round-up of recent papers in the field of photonics published by 
the physical sciences division of the Nature Publishing Group.," Nat. Photonics 2, 251–251 
(2008). 

21.   P. K. Velpula, M. K. Bhuyan, C. Mauclair, J.-P. Colombier, and R. Stoian, "Role of free carriers 
excited by ultrafast Bessel beams for submicron structuring applications," Opt. Eng. 53, 
076108 (2014). 

22.   K. Mishchik, B. Chassagne, C. Javaux-Léger, C. Hönninger, E. Mottay, R. Kling, and J. Lopez, 
"Dash line glass- and sapphire-cutting with high power USP laser," in Frontiers in Ultrafast 
Optics: Biomedical, Scientific, and Industrial Applications XVI, A. Heisterkamp, P. R. Herman, 
M. Meunier, and S. Nolte, eds. (2016), Vol. 9740, p. 97400W. 

23.   F. Courvoisier, J. Zhang, M. K. Bhuyan, M. Jacquot, and J. M. Dudley, "Applications of 
femtosecond Bessel beams to laser ablation," Appl. Phys. A 112, 29–34 (2013). 

24.   M. K. Bhuyan, F. Courvoisier, P. A. Lacourt, M. Jacquot, R. Salut, L. Furfaro, and J. M. Dudley, 
"High aspect ratio nanochannel machining using single shot femtosecond Bessel beams," 
Appl. Phys. Lett. 97, 081102 (2010). 

25.   R. Stoian, M. Boyle, A. Thoss, A. Rosenfeld, G. Korn, I. V. Hertel, and E. E. B. Campbell, "Laser 
ablation of dielectrics with temporally shaped femtosecond pulses," Appl. Phys. Lett. 80, 353–
355 (2002). 

26.   J. Hernandez-Rueda, J. Siegel, M. Galvan-Sosa, A. Ruiz de la Cruz, and J. Solis, "Surface 
structuring of fused silica with asymmetric femtosecond laser pulse bursts," J. Opt. Soc. Am. B 
30, 1352 (2013). 

27.   Y. P. Deng, X. H. Xie, H. Xiong, Y. X. Leng, C. F. Cheng, H. H. Lu, R. X. Li, and Z. Z. Xu, "Optical 
breakdown for silica and silicon with double femtosecond laser pulses," Opt. Express 13, 3096 
(2005). 

28.   M. Lebugle, N. Sanner, N. Varkentina, M. Sentis, and O. Utéza, "Dynamics of femtosecond 
laser absorption of fused silica in the ablation regime," J. Appl. Phys. 116, 063105 (2014). 

29.   M. Li, S. Menon, J. P. Nibarger, and G. N. Gibson, "Ultrafast electron dynamics in femtosecond 
optical breakdown of dielectrics," Phys. Rev. Lett. 82, 2394–2397 (1999). 

30.   I. H. Chowdhury, A. Q. Wu, X. Xu, and A. M. Weiner, "Ultra-fast laser absorption and ablation 
dynamics in wide-band-gap dielectrics," Appl. Phys. A Mater. Sci. Process. 81, 1627–1632 
(2005). 

31.   M. Gedvilas, J. Mikšys, J. Berzinš, V. Stankevič, and G. Račiukaitis, "Multi-photon absorption 
enhancement by dual-wavelength double-pulse laser irradiation for efficient dicing of 
sapphire wafers," Sci. Rep. 7, 5218 (2017). 



213 

32.   S. Reyné, G. Duchateau, L. Hallo, J. Y. Natoli, and L. Lamaignère, "Multi-wavelength study of 
nanosecond laser-induced bulk damage morphology in KDP crystals," Appl. Phys. A 119, 1317–
1326 (2015). 

33.   D. J. Little, M. Ams, P. Dekker, G. D. Marshall, J. M. Dawes, and M. J. Withford, "Femtosecond 
laser modification of fused silica: the effect of writing polarization on Si-O ring structure.," 
Opt. Express 16, 20029–37 (2008). 

34.   L. Ye, W. Perrie, O. J. Allegre, Y. Jin, Z. Kuang, P. J. Scully, E. Fearon, D. Eckford, S. P. 
Edwardson, and G. Dearden, "NUV femtosecond laser inscription of volume Bragg gratings in 
poly(methyl)methacrylate with linear and circular polarizations," Laser Phys. 23, 126004 
(2013). 

35.   J.-M. Guay, A. Villafranca, F. Baset, K. Popov, L. Ramunno, and V. R. Bhardwaj, "Polarization-
dependent femtosecond laser ablation of poly-methyl methacrylate," New J. Phys. 14, 085010 
(2012). 

36.   V. V. Temnov, K. Sokolowski-Tinten, P. Zhou, A. El-Khamhawy, and D. von der Linde, 
"Multiphoton ionization in dielectrics: Competition of circular and linear polarization," 2007 
Conf. Lasers Electro-Optics 237403, (2007). 

37.   K. Sugioka, M. Iida, H. Takai, and K. Micorikawa, "Efficient microwelding of glass substrates by 
ultrafast laser irradiation using a double-pulse train," Opt. Lett. 36, 2734 (2011). 

38.   K. Sugioka, S. Wu, and K. Midorikawa, "Double-pulse irradiation of ultrafast laser for high-
efficiency glass microwelding," Laser Appl. Microelectron. Optoelectron. Manuf. XVIII 8607, 
86070G (2013). 

39.   N. W. Ashcroft, N. D. Mermin, and R. Smoluchowski, "Solid State Physics," Phys. Today 30, 
61–65 (1977). 

40.   M. Lenzner, J. Krüger, S. Sartania, Z. Cheng, C. Spielmann, G. Mourou, and F. Kautek, 
"Femtosecond optical breakdown in dielectrics," Phys. Rev. Lett. 80, 4076–4079 (1998). 

41.   A. Brodeur and S. L. Chin, "Band-Gap Dependence of the Ultrafast White-Light Continuum," 
Phys. Rev. Lett. 80, 4406–4409 (1998). 

42.   J. Shan, F. Wang, E. Knoesel, M. Bonn, and T. F. Heinz, "Measurement of the Frequency-
Dependent Conductivity in Sapphire," Phys. Rev. Lett. 90, 247401 (2003). 

43.   J. Olivier and R. Poirier, "Electronic structure of Al2O3 from electron energy loss 
spectroscopy," Surf. Sci. 105, 347–356 (1981). 

44.   R. Lindner, M. Reichling, R. T. Williams, and E. Matthias, "Femtosecond laser pulse excitation 
of electrons and excitons in CaF2 and SrF2," J. Phys. Condens. Matter 13, 2339–2346 (2001). 

45.   J. Zarzycki, Les Verres et l’état Vitreux, Masson (1982). 

46.   J.-J. Videau and G. Le Flem, "Les verres phosphates," ICMCB (2010). 

47.   V. Dupuis, "Etats de la matiere : Verres et transition vitreuse," cours (2009). 

48.   B. Rethfeld, "Free-electron generation in laser-irradiated dielectrics," Phys. Rev. B 73, 035101 
(2006). 

49.   S. C. Jones, P. Braunlich, R. T. Casper, X.-A. Shen, and P. Kelly, "Recent Progress On Laser-
Induced Modifications And Intrinsic Bulk Damage Of Wide-Gap Optical Materials," Opt. Eng. 
28, 281039 (1989). 



214 

50.   A. V. Mitrofanov, A. J. Verhoef, E. E. Serebryannikov, J. Lumeau, L. Glebov, A. M. Zheltikov, 
and A. Baltuška, "Optical Detection of Attosecond Ionization Induced by a Few-Cycle Laser 
Field in a Transparent Dielectric Material," Phys. Rev. Lett. 106, 147401 (2011). 

51.   E. E. Serebryannikov and A. M. Zheltikov, "Quantum and Semiclassical Physics behind 
Ultrafast Optical Nonlinearity in the Midinfrared: The Role of Ionization Dynamics within the 
Field Half Cycle," Phys. Rev. Lett. 113, 043901 (2014). 

52.   M. Gertsvolf, M. Spanner, D. M. Rayner, and P. B. Corkum, "Demonstration of attosecond 
ionization dynamics inside transparent solids," J. Phys. B At. Mol. Opt. Phys. 43, 131002 
(2010). 

53.   M. Abramowitz and S. Irene, "Handbook of Functions," Phys. Today 17, 92–92 (1964). 

54.   N. S. Shcheblanov, M. E. Povarnitsyn, P. N. Terekhin, S. Guizard, and A. Couairon, "Nonlinear 
photoionization of transparent solids: A nonperturbative theory obeying selection rules," 
Phys. Rev. A 96, 063410 (2017). 

55.   H. X. Deng, X. Xiang, W. G. Zheng, X. D. Yuan, S. Y. Wu, X. D. Jiang, F. Gao, X. T. Zu, and K. Sun, 
"Theory of absorption rate of carriers in fused silica under intense laser irradiation," J. Appl. 
Phys. 108, 103116 (2010). 

56.   M. D. Perry, B. C. Stuart, P. S. Banks, M. D. Feit, V. Yanovsky, and A. M. Rubenchik, 
"Ultrashort-pulse laser machining of dielectric materials," J. Appl. Phys. 85, 6803–6810 (1999). 

57.   D. Arnold and E. Cartier, "Theory of laser-induced free-electron heating and impact ionization 
in wide-band-gap solids," Phys. Rev. B 46, 15102–15115 (1992). 

58.   B. Stuart, M. Feit, S. Herman, A. Rubenchik, B. Shore, and M. Perry, "Nanosecond-to-
femtosecond laser-induced breakdown in dielectrics," Phys. Rev. B - Condens. Matter Mater. 
Phys. 53, 1749–1761 (1996). 

59.   B. C. Stuart, M. D. Feit, A. M. Rubenchik, B. W. Shore, and M. D. Perry, "Laser-Induced 
Damage in Dielectrics with Nanosecond to Subpicosecond Pulses," Phys. Rev. Lett. 74, 2248–
2251 (1995). 

60.   T. Q. Jia, H. X. Chen, M. Huang, F. L. Zhao, X. X. Li, S. Z. Xu, H. Y. Sun, D. H. Feng, C. B. Li, X. F. 
Wang, R. X. Li, Z. Z. Xu, X. K. He, and H. Kuroda, "Ultraviolet-infrared femtosecond laser-
induced damage in fused silica and CaF2 crystals," Phys. Rev. B 73, 054105 (2006). 

61.   A. Kaiser and B. Rethfeld, "Microscopic processes in dielectrics under irradiation by 
subpicosecond laser pulses," Phys. Rev. B - Condens. Matter Mater. Phys. 61, 11437–11450 
(2000). 

62.   M. Lebugle, N. Sanner, N. Varkentina, M. Sentis, and O. Utéza, "Dynamics of femtosecond 
laser absorption of fused silica in the ablation regime," J. Appl. Phys. 116, 063105 (2014). 

63.   E. G. Gamaly, "The physics of ultra-short laser interaction with solids at non-relativistic 
intensities," Phys. Rep. 508, 91–243 (2011). 

64.   D. Arnold, E. Cartier, and D. J. DiMaria, "Theory of high-field electron transport and impact 
ionization in silicon dioxide," Phys. Rev. B 49, 10278–10297 (1994). 

65.   P. Balling and J. Schou, "Femtosecond-laser ablation dynamics of dielectrics: basics and 
applications for thin films," Reports Prog. Phys. 76, 036502 (2013). 

66.   P. Martin, S. Guizard, P. Daguzan, G. Petite, P. D’Oliveira, P. Meynadier, and M. Perdrix, 
"Subpicosecond study of carrier trapping dynamics in wide-band-gap crystals," Phys. Rev. B - 



215 

Condens. Matter Mater. Phys. 55, 5799–5810 (1997). 

67.   P. Audebert, P. Daguzan, A. Dos Santos, J. C. Gauthier, J. P. Geindre, S. Guizard, G. 
Hamoniaux, K. Krastev, P. Martin, G. Petite, and A. Antonetti, "Space-time observation of an 
electron gas in siO2," Phys. Rev. Lett. 73, 1990–1993 (1994). 

68.   S. Guizard, P. Martin, P. Daguzan, G. Petite, P. Audebert, J. P. Geindre, A. Dos Santos, and A. 
Antonnetti, "Contrasted Behaviour of an Electron Gas in MgO, Al2O3 and SiO2," Europhys. 
Lett. 29, 401–406 (1995). 

69.   P. N. Saeta and B. I. Greene, "Primary relaxation processes at the band edge of SiO2," Phys. 
Rev. Lett. 70, 3588–3591 (1993). 

70.   D. Grojo, M. Gertsvolf, S. Lei, T. Barillot, D. M. Rayner, and P. B. Corkum, "Exciton-seeded 
multiphoton ionization in bulk SiO2," Phys. Rev. B 81, 212301 (2010). 

71.   F. Quéré, S. Guizard, P. Martin, G. Petite, O. Gobert, P. Meynadier, and M. Perdrix, "Ultrafast 
carrier dynamics in laser-excited materials: Subpicosecond optical studies," Appl. Phys. B 
Lasers Opt. 68, 459–463 (1999). 

72.   R. W. Boyd, Nonlinear Optics, Academic P (1981). 

73.   A. Kudlinski, Techniques de l’ingénieur, La Révolution Du Laser Blanc Sources Supercontinuum 
à Fibre Optique La Révolution Du Laser Blanc (2013). 

74.   C. M. Clayton, Applications of Nonlinear Optics (1993). 

75.   R. W. Boyd, Nonlinear Optics, Academic P (Academic Press, 1981). 

76.   S. Couris, M. Renard, O. Faucher, B. Lavorel, R. Chaux, E. Koudoumas, and X. Michaut, "An 
experimental investigation of the nonlinear refractive index (n 2 ) of carbon disulfide and 
toluene by spectral shearing interferometry and z-scan techniques," Chem. Phys. Lett. 369, 
318–324 (2003). 

77.   A. Major, F. Yoshino, I. Nikolakakos, J. S. Aitchison, and P. W. E. Smith, "Dispersion of the 
nonlinear refractive index in sapphire," Opt. Lett. 29, 602 (2004). 

78.   B. Momgaudis, S. Guizard, A. Bilde, and A. Melninkaitis, "Nonlinear refractive index 
measurements using time-resolved digital holography," Opt. Lett. 43, 304 (2018). 

79.   W. Gawelda, D. Puerto, J. Siegel, A. Ferrer, A. Ruiz de la Cruz, H. Fernández, and J. Solis, 
"Ultrafast imaging of transient electronic plasmas produced in conditions of femtosecond 
waveguide writing in dielectrics," Appl. Phys. Lett. 93, 121109 (2008). 

80.   S. Tzortzakis, L. Sudrie, M. Franco, B. Prade, A. Mysyrowicz, A. Couairon, and L. Bergé, "Self-
Guided Propagation of Ultrashort IR Laser Pulses in Fused Silica," Phys. Rev. Lett. 87, 213902 
(2001). 

81.   L. D. Landau and E. M. Lifshitz, Electrodynamics of Continuous Media, Pergamon P (1984). 

82.   D. Arnold, E. Cartier, and D. J. DiMaria, "Acoustic-phonon runaway and impact ionization by 
hot electrons in silicon dioxide," Phys. Rev. B 45, 1477–1480 (1992). 

83.   X. Mao, S. S. Mao, and R. E. Russo, "Imaging femtosecond laser-induced electronic excitation 
in glass," Appl. Phys. Lett. 82, 697–699 (2003). 

84.   L. Sudrie, A. Couairon, M. Franco, B. Lamouroux, B. Prade, S. Tzortzakis, and A. Mysyrowicz, 
"Femtosecond Laser-Induced Damage and Filamentary Propagation in Fused Silica," Phys. Rev. 
Lett. 89, 186601 (2002). 



216 

85.   A. Q. Wu, I. H. Chowdhury, and X. Xu, "Femtosecond laser absorption in fused silica: 
Numerical and experimental investigation," Phys. Rev. B 72, 085128 (2005). 

86.   B. Max and E. Wolf, "Principles of Optics (Born & Wolf, TMM Reference).pdf," P40-41 (1970). 

87.   B. H. Christensen and P. Balling, "Modeling ultrashort-pulse laser ablation of dielectric 
materials," Phys. Rev. B 79, 155424 (2009). 

88.   R. Beuton, B. Chimier, J. Breil, D. Hébert, P.-H. Maire, and G. Duchateau, "Thermo-elasto-
plastic simulations of femtosecond laser-induced structural modifications: Application to 
cavity formation in fused silica," J. Appl. Phys. 122, 203104 (2017). 

89.   J. Zarzycki, "Propriétés mécaniques des verres," Rev. Phys. Appliquée 12, 789–796 (1977). 

90.   L. V. T. M.I. Kaganov, I.M. Lifshitz, "Relaxation between Electrons and the Crystalline Lattice," 
Jetp 4, 173 (1955). 

91.   L. Gallais, "Endommagement laser des matatériaux et composants optiques," CNRS (2017). 

92.   L. D. Landau, E. M. Lifshitz, J. B. Sykes, W. H. Reid, and E. H. Dill, "Theory of Elasticity: Vol. 7 of 
Course of Theoretical Physics," Phys. Today 13, 44–46 (1960). 

93.   J. Charmet, Mécanique Du Solide et Des Matériaux, Cours ESPC (1997). 

94.   J. Zarzycki, "Propriétés mécaniques des verres," Rev. Phys. Appliquée 12, 789–796 (1977). 

95.   J. F. Ganghoffer, Continuum Mechanics, Springer (2018). 

96.   R. Beuton, "Modélisation de la structuration d’un matériau diélectrique irradié par une 
impulsion laser femtoseconde," Bordeaux University (2018). 

97.   J. Fanchon, Guide de Mécanique, Nathan (2001). 

98.   R. Gourhant, Guide Du Calcul En Mécanique, Hachette (2003). 

99.   L. V Keldysh, "Kinetic Theory of Impact Ionization in Semiconductors," J. Exptl. Theor. Phys. 
37, 713–727 (1960). 

100.   E. G. Gamaly, A. V. Rode, B. Luther-Davies, and V. T. Tikhonchuk, "Ablation of solids by 
femtosecond lasers: Ablation mechanism and ablation thresholds for metals and dielectrics," 
Phys. Plasmas 9, 949 (2002). 

101.   S. S. Mao, F. Quéré, S. Guizard, X. Mao, R. E. Russo, G. Petite, and P. Martin, "Dynamics of 
femtosecond laser interactions with dielectrics," Appl. Phys. A Mater. Sci. Process. 79, 1695–
1709 (2004). 

102.   R. Stoian, D. Ashkenasi, A. Rosenfeld, and E. E. B. Campbell, "Coulomb explosion in ultrashort 
pulsed laser ablation of Al2O3," Phys. Rev. B 62, 13167–13173 (2000). 

103.   R. Stoian, A. Rosenfeld, D. Ashkenasi, I. V. Hertel, N. M. Bulgakova, and E. E. B. Campbell, 
"Surface Charging and Impulsive Ion Ejection during Ultrashort Pulsed Laser Ablation," Phys. 
Rev. Lett. 88, 097603 (2002). 

104.   W. Rudolph, L. A. Emmert, D. Nguyen, C. Karras, Z. Sun, and R. Weber, "Subpicosecond laser 
breakdown in optical thin films," in Pacific Rim Laser Damage 2011: Optical Materials for High 
Power Lasers, J. Shao, ed. (2011), Vol. 8206, p. 82060D. 

105.   L. Jiang and H. L. Tsai, "Energy transport and material removal in wide bandgap materials by a 
femtosecond laser pulse," Int. J. Heat Mass Transf. 48, 487–499 (2005). 



217 

106.   M. D. Feit, A. M. Komashko, and A. M. Rubenchik, "Ultra-short pulse laser interaction with 
transparent dielectrics," Appl. Phys. A 79, 1657–1661 (2004). 

107.   S. Guizard, A. Semerok, J. Gaudin, M. Hashida, P. Martin, and F. Quéré, "Femtosecond laser 
ablation of transparent dielectrics: measurement and modelisation of crater profiles," Appl. 
Surf. Sci. 186, 364–368 (2002). 

108.   J. R. Peñano, P. Sprangle, B. Hafizi, W. Manheimer, and A. Zigler, "Transmission of intense 
femtosecond laser pulses into dielectrics," Phys. Rev. E 72, 036412 (2005). 

109.   B. Chimier, O. Utéza, N. Sanner, M. Sentis, T. Itina, P. Lassonde, F. Légaré, F. Vidal, and J. C. 
Kieffer, "Damage and ablation thresholds of fused-silica in femtosecond regime," Phys. Rev. B 
84, 094104 (2011). 

110.   E. G. Gamaly, A. V. Rode, V. T. Tikhonchuk, and B. Luther-Davies, "Electrostatic mechanism of 
ablation by femtosecond lasers," Appl. Surf. Sci. 197–198, 699–704 (2002). 

111.   B. C. Stuart, M. D. Feit, S. Herman, A. M. Rubenchik, B. W. Shore, and M. D. Perry, "Optical 
ablation by high-power short-pulse lasers," J. Opt. Soc. Am. B 13, 459 (1996). 

112.   A. C. Tien, S. Backus, H. Kapteyn, M. Murnane, and G. Mourou, "Short-pulse laser damage in 
transparent materials as a function of pulse duration," Phys. Rev. Lett. 82, 3883–3886 (1999). 

113.   M. LENZNER, "Femtosecond laser-induced damage of dielectrics," Int. J. Mod. Phys. B 13, 
1559–1578 (1999). 

114.   O. Utéza, N. Sanner, B. Chimier, A. Brocas, N. Varkentina, M. Sentis, P. Lassonde, F. Légaré, 
and J. C. Kieffer, "Control of material removal of fused silica with single pulses of few optical 
cycles to sub-picosecond duration," Appl. Phys. A 105, 131–141 (2011). 

115.   O. Utéza, N. Sanner, B. Chimier, M. Sentis, P. Lassonde, F. Légaré, and J. C. Kieffer, "Surface 
ablation of dielectrics with sub-10 fs to 300 fs laser pulses: Crater depth and diameter, and 
efficiency as a function of laser intensity," J. Laser Micro Nanoeng. 5, 238–241 (2010). 

116.   C. Pasquier, M. Sentis, O. Utéza, and N. Sanner, "Predictable surface ablation of dielectrics 
with few-cycle laser pulse even beyond air ionization," Appl. Phys. Lett. 109, 051102 (2016). 

117.   L. Haahr-Lillevang, K. Wædegaard, D. B. Sandkamm, A. Mouskeftaras, S. Guizard, and P. 
Balling, "Short-pulse laser excitation of quartz: experiments and modelling of transient optical 
properties and ablation," Appl. Phys. A Mater. Sci. Process. 120, 1221–1227 (2015). 

118.   K. Wædegaard, M. Frislev, and P. Balling, "Femtosecond laser excitation of dielectric 
materials: experiments and modeling of optical properties and ablation depths," Appl. Phys. A 
110, 601–605 (2013). 

119.   X. Jia and X. Zhao, "Numerical investigation of ultrashort laser interaction with dielectric 
materials based on a plasma-temperature combined model," J. Manuf. Process. 28, 508–514 
(2017). 

120.   L. Jiang and H. L. Tsai, "Prediction of crater shape in femtosecond laser ablation of 
dielectrics," J. Phys. D. Appl. Phys. 37, 1492–1496 (2004). 

121.   J. Krüger and W. Kautek, "The Femtosecond Pulse Laser: a New Tool for Micromachining," 
Laser Phys. 9, 30–40 (1999). 

122.   J. Hernandez-Rueda, J. Clarijs, D. van Oosten, and D. M. Krol, "The influence of femtosecond 
laser wavelength on waveguide fabrication inside fused silica," Appl. Phys. Lett. 110, 161109 
(2017). 



218 

123.   J. Krüger and W. Kautek, "Femtosecond-pulse visible laser processing of transparent 
materials," Appl. Surf. Sci. 96–98, 430–438 (1996). 

124.   W. Kautek, J. Krüger, M. Lenzner, S. Sartania, C. Spielmann, and F. Krausz, "Laser ablation of 
dielectrics with pulse durations between 20 fs and 3 ps," Appl. Phys. Lett. 69, 3146–3148 
(1996). 

125.   E. G. Gamaly, A. V. Rode, O. Uteza, V. Kolev, B. Luther-Davies, T. Bauer, J. Koch, F. Korte, and 
B. N. Chichkov, "Control over a phase state of the laser plume ablated by femtosecond laser: 
Spatial pulse shaping," J. Appl. Phys. 95, 2250–2257 (2004). 

126.   I. Ouadghiri-Idrissi, J. M. Dudley, and F. Courvoisier, "Controlling nonlinear instabilities in 
Bessel beams through longitudinal intensity shaping," Opt. Lett. 42, 3785 (2017). 

127.   R. M. Herman and T. A. Wiggins, "Production and uses of diffractionless beams," J. Opt. Soc. 
Am. A 8, 932 (1991). 

128.   F. Courvoisier, R. Stoian, and A. Couairon, "[INVITED] Ultrafast laser micro- and nano-
processing with nondiffracting and curved beams," Opt. Laser Technol. 80, 125–137 (2016). 

129.   K. Mishchik, J. Lopez, O. D. Caulier, G. Duchateau, B. Chassagne, R. Kling, C. Hoenninger, and 
E. Mottay, "Laser glass cutting by spatio-temporal control of energy deposition using bursts of 
femtosecond pulses," in Conference on Lasers and Electro-Optics (OSA, 2017), Vol. 2017-
Janua, p. ATu4C.3. 

130.   A. Monmayrant, S. Weber, and B. Chatel, "A newcomer’s guide to ultrashort pulse shaping 
and characterization," J. Phys. B At. Mol. Opt. Phys. 43, 103001 (2010). 

131.   A. J. Nathan and A. Scobell, Laser Precision Microfabrication, Springer Series in Materials 
Science (Springer Berlin Heidelberg, 2010), Vol. 135. 

132.   R. Stoian, J. P. Colombier, C. Mauclair, G. Cheng, M. K. Bhuyan, P. K. Velpula, and P. 
Srisungsitthisunti, "Spatial and temporal laser pulse design for material processing on ultrafast 
scales," Appl. Phys. A Mater. Sci. Process. 114, 119–127 (2014). 

133.   I. M. Burakov, N. M. Bulgakova, R. Stoian, A. Rosenfeld, and I. V. Hertel, "Theoretical 
investigations of material modification using temporally shaped femtosecond laser pulses," 
Appl. Phys. A Mater. Sci. Process. 81, 1639–1645 (2005). 

134.   R. Stoian, M. Boyle, A. Thoss, A. Rosenfeld, G. Korn, and I. V. Hertel, "Dynamic temporal pulse 
shaping in advanced ultrafast laser material processing," Appl. Phys. A Mater. Sci. Process. 77, 
265–269 (2003). 

135.   J. Hernandez-Rueda, J. Siegel, D. Puerto, M. Galvan-Sosa, W. Gawelda, and J. Solis, "Ad-hoc 
design of temporally shaped fs laser pulses based on plasma dynamics for deep ablation in 
fused silica," Appl. Phys. A 112, 185–189 (2013). 

136.   J. R. Gulley and T. E. Lanier, "Model for ultrashort laser pulse-induced ionization dynamics in 
transparent solids," Phys. Rev. B 90, 155119 (2014). 

137.   I. H. Chowdhury, X. Xu, and A. M. Weiner, "Ultrafast double-pulse ablation of fused silica," 
Appl. Phys. Lett. 86, 151110 (2005). 

138.   X. Zhao and Y. C. Shin, "Ablation enhancement of silicon by ultrashort double-pulse laser 
ablation," Appl. Phys. Lett. 105, 111907 (2014). 

139.   B. Zhou, A. Rahaman, X. Du, A. Kar, M. J. Soileau, and X. Yu, "Laser processing of dielectrics 
using spatiotemporally tuned ultrashort pulses," J. Laser Appl. 32, 022041 (2020). 



219 

140.   X. Yu, Q. Bian, B. Zhao, Z. Chang, P. B. Corkum, and S. Lei, "Near-infrared femtosecond laser 
machining initiated by ultraviolet multiphoton ionization," Appl. Phys. Lett. 102, 101111 
(2013). 

141.   Y. Yuan, L. Jiang, X. Li, C. Wang, and Y. Lu, "Adjustment of ablation shapes and subwavelength 
ripples based on electron dynamics control by designing femtosecond laser pulse trains," J. 
Appl. Phys. 112, 103103 (2012). 

142.   A. Mouskeftaras, S. Guizard, N. Fedorov, and S. Klimentov, "Mechanisms of femtosecond 
laser ablation of dielectrics revealed by double pump-probe experiment," Appl. Phys. A 
Mater. Sci. Process. 110, 709–715 (2013). 

143.   F. Théberge and S. L. Chin, "Enhanced ablation of silica by the superposition of femtosecond 
and nanosecond laser pulses," Appl. Phys. A Mater. Sci. Process. 80, 1505–1510 (2005). 

144.   I. H. Chowdhury, X. Xu, and A. M. Weiner, "Ultrafast two-color ablation of fused silica," Appl. 
Phys. A 83, 49–52 (2006). 

145.   S. Guizard, S. Klimentov, A. Mouskeftaras, N. Fedorov, G. Geoffroy, and G. Vilmart, "Ultrafast 
Breakdown of dielectrics: Energy absorption mechanisms investigated by double pulse 
experiments," Appl. Surf. Sci. 336, 206–211 (2015). 

146.   L. Jiang, A. D. Wang, B. Li, T. H. Cui, and Y. F. Lu, "Electrons dynamics control by shaping 
femtosecond laser pulses in micro/nanofabrication: Modeling, method, measurement and 
application," Light Sci. Appl. 7, 17134–17134 (2018). 

147.   S. Höhm, M. Herzlieb, A. Rosenfeld, J. Krüger, and J. Bonse, "Formation of laser-induced 
periodic surface structures on fused silica upon two-color double-pulse irradiation," Appl. 
Phys. Lett. 103, 254101 (2013). 

148.   S. Guizard, N. Fedorov, A. Mouskeftaras, S. Klimentov, and C. Phipps, "Femtosecond Laser 
Ablation of Dielectrics: Experimental Studies of Fundamental Processes," AIP Conf. Proc. 1278, 
336–346 (2010). 

149.   F. V. Potemkin, B. G. Bravy, Y. I. Bezsudnova, E. I. Mareev, V. M. Starostin, V. T. Platonenko, 
and V. M. Gordienko, "Overcritical plasma ignition and diagnostics from oncoming interaction 
of two color low energy tightly focused femtosecond laser pulses inside fused silica," Laser 
Phys. Lett. 13, 045402 (2016). 

150.   F. V. Potemkin, E. I. Mareev, Y. I. Bezsudnova, V. T. Platonenko, B. G. Bravy, and V. M. 
Gordienko, "Enhancing nonlinear energy deposition into transparent solids with an elliptically 
polarized and mid-IR heating laser pulse under two-color femtosecond impact," Laser Phys. 
Lett. 14, 065403 (2017). 

151.   A. Tamura, T. Nishio, H. Suhara, and N. Nagayama, "Double pulse explosion drilling of 
transparent materials," Laser-based Micro- Nanoprocessing XII 105200M (2018). 

152.   B. Zhou, A. Kar, M. J. Soileau, and X. Yu, "Reducing feature size in femtosecond laser ablation 
of fused silica by exciton-seeded photoionization," Opt. Lett. 45, 1994 (2020). 

153.   L. Jiang, P. Liu, X. Yan, N. Leng, C. Xu, H. Xiao, and Y. Lu, "High-throughput rear-surface drilling 
of microchannels in glass based on electron dynamics control using femtosecond pulse 
trains," Opt. Lett. 37, 2781 (2012). 

154.   C. D. Hodgman and S. C. Lind, "Handbook of Chemistry and Physics.," J. Phys. Colloid Chem. 
53, 1139–1139 (1949). 

155.   K. Gaudfrin, J. Lopez, G. Duchateau, R. Kling, and K. Mishchik, "Fused silica ablation by double 



220 

femtosecond laser pulses with variable delays," Laser Appl. Microelectron. Optoelectron. 
Manuf. XXIV 109050H (2019). 

156.   E. G. Gamaly, A. V. Rode, B. Luther-Davies, and V. T. Tikhonchuk, "Ablation of solids by 
femtosecond lasers: Ablation mechanism and ablation thresholds for metals and dielectrics," 
Phys. Plasmas 9, 949–957 (2002). 

157.   J. Neauport, P. Cormont, L. Lamaignère, C. Ambard, F. Pilon, and H. Bercegol, "Concerning the 
impact of polishing induced contamination of fused silica optics on the laser-induced damage 
density at 351 nm," Opt. Commun. 281, 3802–3805 (2008). 

158.   J. Neauport, L. Lamaignere, H. Bercegol, F. Pilon, and J.-C. Birolleau, "Polishing-induced 
contamination of fused silica optics and laser induced damage density at 351 nm," Opt. 
Express 13, 10163 (2006). 

159.   P. E. Miller, J. D. Bude, T. I. Suratwala, N. Shen, T. A. Laurence, W. A. Steele, J. Menapace, M. 
D. Feit, and L. L. Wong, "Fracture-induced subbandgap absorption as a precursor to optical 
damage on fused silica surfaces," Opt. Lett. 35, 2702 (2010). 

160.   P. E. Miller, T. I. Suratwala, J. D. Bude, T. A. Laurence, N. Shen, W. A. Steele, M. D. Feit, J. A. 
Menapace, and L. L. Wong, "Laser damage precursors in fused silica," Laser-Induced Damage 
Opt. Mater. 2009 7504, 75040X (2009). 

161.   I. H. Malitson, "Interspecimen Comparison of the Refractive Index of Fused Silica*,†," J. Opt. 
Soc. Am. 55, 1205 (1965). 

162.   J. Kasparian, R. Sauerbrey, and S. L. Chin, "The critical laser intensity of self-guided light 
filaments in air," Appl. Phys. B Lasers Opt. 71, 877–879 (2000). 

163.   C. Pasquier, M. Sentis, O. Utéza, and N. Sanner, "Predictable surface ablation of dielectrics 
with few-cycle laser pulse even beyond air ionization," Appl. Phys. Lett. 109, 051102 (2016). 

164.   H. R. Reiss, "Polarization effects in high-order multiphoton ionization," Phys. Rev. Lett. 29, 
1129–1131 (1972). 

165.   E. Smetanina, P. González de Alaiza Martínez, I. Thiele, B. Chimier, A. Bourgeade, and G. 
Duchateau, "Optical Bloch modeling of femtosecond-laser-induced electron dynamics in 
dielectrics," Phys. Rev. E 101, 063206 (2020). 

166.   G. Duchateau, "Simple models for laser-induced damage and conditioning of potassium 
dihydrogen phosphate crystals by nanosecond pulses," Opt. Express 17, 10434 (2009). 

167.   J. J. Adams, J. A. Jarboe, M. D. Feit, and R. P. Hackel, "Comparison between S/1 and R/1 tests 
and damage density vs. fluence (ρ(Φ)) results for unconditioned and sub-nanosecond laser-
conditioned KD 2 PO 4 crystals," Laser-Induced Damage Opt. Mater. 2007 6720, 672014 
(2007). 

168.   T. Nagata, M. Kamata, and M. Obara, "Optical waveguide fabrication with double pulse 
femtosecond lasers," Appl. Phys. Lett. 86, 251103 (2005). 

169.   P. Pozzi, "compressive-sensing-Gerchberg-Saxton," https://github.com/csi-dcsc/compressive-
sensing-Gerchberg-Saxton. 

170.   P. Pozzi, L. Maddalena, N. Ceffa, O. Soloviev, G. Vdovin, E. Carroll, and M. Verhaegen, "Fast 
Calculation of Computer Generated Holograms for 3D Photostimulation through Compressive-
Sensing Gerchberg–Saxton Algorithm," Methods Protoc. 2, 2 (2018). 

171.   P. Pozzi, L. Maddalena, N. Ceffa, O. Soloviev, G. Vdovin, E. Carroll, and M. Verhaegen, Fast 



221 

Calculation of Computer Generated Holograms for 3D Photostimulation through Compressive-
Sensing Gerchberg–Saxton Algorithm (Elsevier, 2018), Vol. 2. 

172.   R. Di Leonardo, F. Ianni, and G. Ruocco, "Computer generation of optimal holograms for 
optical trap arrays," Opt. Express 15, 1913 (2007). 

173.   K. Mishchik, J. Lopez, O. D. Caulier, G. Duchateau, B. Chassagne, R. Kling, C. Hoenninger, and 
E. Mottay, "Laser glass cutting by spatio-temporal control of energy deposition using bursts of 
femtosecond pulses," in Conference on Lasers and Electro-Optics (OSA, 2017), Vol. 2017-
Janua, p. ATu4C.3. 

174.  "GoodFellow, SiO2 Glass Properties," http://www.goodfellow.com/E/Fused-Silica.html. 

175.  "Accuratus, SiO2 Glass Properties," https://www.accuratus.com/fused.html. 

176.   A. Pedone, M. C. Menziani, and A. N. Cormack, "Dynamics of Fracture in Silica and Soda-
Silicate Glasses: From Bulk Materials to Nanowires," J. Phys. Chem. C 119, 25499–25507 
(2015). 

177.   N. Varkentina, N. Sanner, M. Lebugle, M. Sentis, and O. Utéza, "Absorption of a single 500 fs 
laser pulse at the surface of fused silica: Energy balance and ablation efficiency," J. Appl. Phys. 
114, 173105 (2013). 

178.  "WinCamD User Manual," 143 (2018). 





223 

https://lia.scitation.org/author/Gaudfrin%2C+Kevin
https://lia.scitation.org/author/Diaz%2C+Romain
https://lia.scitation.org/author/Beaugrand%2C+Guillaume
https://lia.scitation.org/author/Bucourt%2C+Samuel
https://lia.scitation.org/author/Kling%2C+Rainer


224 



225 

 



 

 


	Remerciements
	Table des matières
	Liste des abréviations
	Liste des symboles
	Avant-propos
	Introduction générale
	Chapitre 1. État de l’art
	1. Matériau diélectrique et mécanismes d’interaction sous flux laser sub-picoseconde
	1.1. Le matériau diélectrique
	1.2. Dynamique électronique
	1.2.1. La photoionisation
	1.2.2. Chauffage, ionisation par impact et avalanche électronique
	1.2.3. Relaxation électronique
	1.2.4. Évolution de la densité électronique en bande de conduction

	1.3. Polarisabilité du matériau et fonction diélectrique
	1.3.1. Polarisabilité du matériau.
	1.3.2. Fonction diélectrique, modèle de Drude et propriétés optiques

	1.4. Calcul du dépôt d’énergie

	2. Réponse macroscopique de la matière après irradiation laser
	2.1. Diffusion de la chaleur
	2.2. Réponse thermomécanique du matériau
	2.3. Critère de rupture

	3. Ablation laser et paramètres d’influences
	3.1. Mécanisme d’ablation
	3.2. Influence des paramètres laser sur l’ablation
	3.3. Mise en forme temporelle

	4. Synthèse

	Chapitre 2. Ablation de la silice fondue par double impulsion laser femtosecondes mono-chromatique
	1. Dispositif expérimental et protocole
	1.1. Dispositif expérimental : laser, ligne à retard, métrologie et focalisation
	1.2. Protocole d’analyse

	2. Développement du modèle de dynamique électronique pour le calcul du dépôt d’énergie
	3. Résultats
	3.1. Transmissions et modifications optiques au seuil en fluence
	3.2. Volume ablaté
	3.3. Profondeur d’ablation

	4. Discussion
	4.1. Influence du délai d’impulsion à impulsion
	4.2. Influence de l’état de polarisation
	4.3. Effet de la coopération entre le délai d’impulsion à impulsion et l’état de polarisation

	5.  Synthèse

	Chapitre 3. Ablation de la silice fondue par double impulsion laser picoseconde bi-chromatique
	1. Dispositif expérimental et protocole
	2. Modèle de dynamique électronique
	3. Résultats en double irradiation à 470 fs (515 nm) - 1 ps (1030 nm) et 470 fs (515 nm) - 10 ps (1030 nm)
	3.1. Transmission optique à 1030 nm et à 515 nm
	3.2. Volume ablaté
	3.3. Profondeur et profile d’ablation

	4. Discussion
	4.1. Double irradiation à 470 fs (515 nm) - 1 ps (1030 nm)
	4.2. Double irradiation à 470 fs (515 nm) et 10 ps (1030 nm)

	5. Synthèse

	Chapitre 4. Mise en forme spatiale, accumulation thermique et contraintes
	1. Dispositif expérimental et protocole
	2. Analyse des échantillons en microscopie normale et en polarisation croisée
	2.1. Fissuration et contraintes résiduelles
	2.2. Endommagement inter-faisceaux sous-surfacique en segment

	3. Modélisation de la formation des contraintes par une approche thermo-élastique
	3.1. Description du modèle thermo-élastique
	3.2. Résultats de simulation
	3.2.1. Résultats thermiques
	3.2.2. Résultats thermo-élastiques.


	4. Discussion
	5. Synthèse

	Conclusion générale et perspectives
	Annexe A. Mesure de l’intensité spatiale du faisceau sur cible pour des faisceaux monochromatiques
	Annexe B. Calcul de l'absorption linéaire induite par des électrons libres
	Annexe C. Calculs de la polarisation résultante dans les configurations PCCR et PLC
	Annexe D. Mesure de l’intensité spatiale du faisceau sur cible pour des faisceaux bi-chromatiques
	Annexe E. Automatisation des expériences et de l’analyse des données
	1. Instrumentation et automatisation des expériences
	2. Automatisation de l’analyse des données

	Annexe F. Schéma numérique et validation du modèle thermique
	Annexe G. Microscope à polarisation croisée
	Annexe H. Schéma numérique et validation du modèle thermo-élastique
	1. Résolution de l’équation de Navier
	1.1. Les équations
	1.2. Construction du schéma numérique et discrétisation de l'Eq. (82)
	1.3. Propriété de la matrice

	2. Équation sans force extérieure
	2.1. Les équations
	2.2. Construction du schéma numérique et discrétisation de l’Eq. (89)
	2.3. Propriété de la matrice

	3. Résolution du système
	4. Résolution analytique des contraintes sans force extérieure dans un repère polaire.
	5. Vérification

	Références bibliographiques
	Liste des communications
	Abstract
	Résumé

