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𝐸𝑝 = ℏ𝜔 ℏ 𝜔

1030 nm 1,2 eV

9 eV

1012 1013 W/cm²

8 1030 nm

9 eV

𝑁

𝐼𝑁 𝐼

𝑊𝐼𝑀𝑃(𝐼) =  𝜎𝑛𝐼
𝑁
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𝐸

𝜔 𝐸𝐵𝐺

𝑊𝑃𝐼(𝐼) =
2𝜔

9𝜋
(
𝑚𝑒
∗𝜔

ℏΓ2
)

3
2
∙  𝒬 (𝛾,

𝐸𝐵𝐺
∗

ℏ𝜔
) . exp (−𝜋 〈

𝐸𝐵𝐺
∗

ℏ𝜔
+ 1〉

𝒦1(Γ2) − 𝒦2(Γ2)

𝒦2(Γ1)
)

Où 

𝒬 (𝛾,
𝐸𝐵𝐺
∗

ℏ𝜔
) = √

𝜋

2𝒦1(Γ1)
 ∑ 𝑒𝑥𝑝(−𝜋 (𝑛𝑝ℎ −

𝐸𝐵𝐺
∗

ℏ𝜔
+ 1)

𝒦1(Γ2) − 𝒦2(Γ2)

𝒦2(Γ1)
)

∞

𝑛𝑝ℎ=0

Φ

(

 
 √𝜋2

𝑛𝑝ℎ −
𝐸𝐵𝐺
∗

ℏ𝜔
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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9 eV me

1012 1013 W/cm² 1030 nm

1012 1013 W/cm²
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1030 nm 1012 W/cm²

1013 W/cm² me

 

𝑊𝑖𝑖 = 𝛼 𝑛𝑒(𝑡) 𝐼(𝑡) 
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𝑛𝑒(𝑡) 𝐼(𝑡) 𝛼

 

𝑛̇𝑒 =∑ 𝜌̇
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

9 eV 2,48 eV

1025 nm 500 fs

4

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 



33 

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
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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

 



65 

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 %



72 

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



102 

−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



109 

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



116 

 

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



120 

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



125 

515 nm

030 nm

470 fs 515 nm

𝜆3

𝜆2)

(~500 fs

1030 nm

10 ps

1 ps





127 

1. Dispositif expérimental et protocole ........................................................................................... 128 

2. Analyse des échantillons en microscopie normale et en polarisation croisée ........................... 136 

 

 

3. Modélisation de la formation des contraintes par une approche thermo-élastique ................. 144 
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5. Synthèse ...................................................................................................................................... 161 

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



151 

 

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



181 

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



202 

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                                               



203 

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
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250 nm 1% 𝜎𝑥𝑥 𝜎𝑦𝑦 0,6 %

𝜎𝑥𝑦

125 nm 𝜎𝑥𝑥 𝜎𝑦𝑦 𝜎𝑥𝑦
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