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𝑋

𝑋0

 Ω  Ω⃗⃗  ⃗

λ λ λ

𝑑Φ = (𝐿𝜆 (𝑀,  Ω
⃗⃗  ⃗)  Ω⃗⃗  ⃗) . (𝑑𝑆 �⃗� ) 𝑑𝛺 𝑑𝜆

𝑑Φ =  𝐿𝜆 (𝑀,  Ω
⃗⃗  ⃗) cos(𝜃)𝑑𝑆  𝑑𝛺 𝑑𝜆 

θ  Ω⃗⃗  ⃗ �⃗�  

𝐿𝜆 (𝑀,  Ω
⃗⃗  ⃗)

Ω⃗⃗ 



Φ = ∬  ∬  ∫ 𝐿𝜆 (𝑀,  Ω
⃗⃗  ⃗) cos(𝜃) 𝑑2𝛺 𝑑𝜆 𝑑2𝑆

𝑏𝑎𝑛𝑑𝑒
𝑠𝑝𝑒𝑐𝑡𝑟𝑎𝑙𝑒

𝑎𝑛𝑔𝑙𝑒
𝑠𝑜𝑙𝑖𝑑𝑒

𝑠𝑢𝑟𝑓𝑎𝑐𝑒
𝑆𝑓

𝐿𝜆 (𝑀,  Ω
⃗⃗  ⃗)

𝐿𝜆 (𝑁 ∈  𝑆𝑒 ,  Ω
⃗⃗  ⃗)

𝐿𝜆(𝑥 + 𝑑𝑥) − 𝐿𝜆(𝑥) = −𝑘𝜆(𝑥)𝐿𝜆(𝑥)𝑑𝑥 + 휀𝜆(𝑥)𝐿𝜆
0(𝑥)𝑑𝑥



𝑘𝜆(𝑥) = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡𝑒

𝑘𝜆 = 0

𝑘𝜆 = 휀𝜆

𝐿𝜆 (𝑁 ∈  𝑆𝑒 ,  Ω
⃗⃗  ⃗) = 𝐿𝜆 (𝑀 ∈  𝑆𝑓 ,  Ω

⃗⃗  ⃗)

𝐿𝜆 (𝑁 ∈  𝑆𝑒 ,  Ω
⃗⃗  ⃗) 𝐿𝜆

0(𝑇)

λ

Φ = ∬∬ ∫ 𝐿𝜆
0(𝑇) cos(𝜃) 𝑑2𝛺 𝑑𝜆 𝑑2𝑆

𝜆2

𝜆1
 Ω

𝑆 𝑓

Φ =∬𝑑2𝑆

𝑆𝑓

∬cos(𝜃)𝑑2𝛺

 Ω

∫ 𝐿𝜆
0(𝑇) 𝑑𝜆 

𝜆2

𝜆1

𝑑𝛺 = sin(𝜃) 𝑑𝜃 𝑑𝜑 α

Φ =      𝑆𝑓     ∫ ∫ cos(𝜃) sin(𝜃) 𝑑𝜃 𝑑𝜑

2𝜋

𝜑=0

𝛼

𝜃=0

 ∫ 𝐿𝜆
0(𝑇) 𝑑𝜆 

𝜆2

𝜆1

Φ =     𝑆𝑓     𝜋 𝑠𝑖𝑛
2(𝛼)     ∫ 𝐿𝜆

0(𝑇) 𝑑𝜆 

𝜆2

𝜆1

λ

𝐿𝜆
0(𝑇) =

2ℎ𝑐²

𝜆5
 

1

𝑒
ℎ𝑐
𝜆𝑘𝑇⁄ − 1



𝐼𝜙

Φ

𝐼𝜙 = 
Φ

𝑆𝑓
= 𝜋 𝑠𝑖𝑛2(𝛼) ∫ 𝐿𝜆

0(𝑇) 𝑑𝜆 

𝜆2

𝜆1

α

 

𝑀𝜆

𝑀𝜆(𝑀) = ∫ 𝐿𝜆 (𝑀,  Ω
⃗⃗  ⃗) cos(𝜃) 𝑑𝛺

ℎé𝑚𝑖𝑠𝑝ℎè𝑟𝑒

𝑀𝜆(𝑀) = ∫ ∫ 𝐿𝜆 (𝑀,  Ω
⃗⃗  ⃗) cos(𝜃) sin(𝜃) 𝑑𝜃 𝑑𝜑

2𝜋

𝜑=0

𝜋
2⁄

𝜃=0

Mλ
0(λ, T) = π Lλ

0(λ, T)



𝑀(𝑀) = ∫ 𝑀𝜆(𝑀)𝑑𝜆

+∞

0

𝑀(𝑀) = ∫ ∫ ∫ 𝐿𝜆 (𝑀,  Ω
⃗⃗  ⃗) cos(𝜃) sin(𝜃) 𝑑𝜃 𝑑𝜑

2𝜋

𝜑=0

𝜋
2⁄

𝜃=0

𝑑𝜆

+∞

𝜆=0

𝑀0(T) = 𝜎𝑇4

𝜎

𝐹

𝐹 (
𝜆1
𝜆𝑚𝑎𝑥

) =
∫ 𝑀𝜆

0(𝜆, 𝑇)𝑑𝜆
𝜆1
0

∫ 𝑀𝜆
0(𝜆, 𝑇)𝑑𝜆

+∞

0

𝜆1

𝜆𝑚𝑎𝑥
𝜆𝑚𝑎𝑥

𝜆𝑚𝑎𝑥

𝜆𝑚𝑎𝑥𝑇 = 𝑏

𝑏

(II-3)  ⇒ ∫ 𝐿𝜆
0(𝑇) 𝑑𝜆

𝜆2

   𝜆1

=
1

𝜋
 ∫ 𝑀𝜆

0(𝑇) 𝑑𝜆

𝜆2

𝜆1

         =
1

𝜋
 (∫ 𝑀𝜆

0(𝑇) 𝑑𝜆

𝜆2

0

−∫ 𝑀𝜆
0(𝑇) 𝑑𝜆

𝜆1

0

)



         =
1

𝜋
 (
∫ 𝑀𝜆

0(𝑇) 𝑑𝜆
𝜆2
0

− ∫ 𝑀𝜆
0(𝑇) 𝑑𝜆

𝜆1
0

∫ 𝑀𝜆
0(𝜆, 𝑇)𝑑𝜆

+∞

0

)∫ 𝑀𝜆
0(𝜆, 𝑇)𝑑𝜆

+∞

0

         =
1

𝜋
 (
∫ 𝑀𝜆

0(𝜆, 𝑇)𝑑𝜆
𝜆2
0

∫ 𝑀𝜆
0(𝜆, 𝑇)𝑑𝜆

+∞

0

−
∫ 𝑀𝜆

0(𝜆, 𝑇)𝑑𝜆
𝜆1
0

∫ 𝑀𝜆
0(𝜆, 𝑇)𝑑𝜆

+∞

0

)∫ 𝑀𝜆
0(𝜆, 𝑇)𝑑𝜆

+∞

0

∫ 𝐿𝜆
0(𝑇) 𝑑𝜆

𝜆2

𝜆1

=
1

𝜋
 (     𝐹 (

𝜆2
𝜆𝑚𝑎𝑥

)       −        𝐹 (
𝜆1
𝜆𝑚𝑎𝑥

)       )  𝜎𝑇4

𝐼𝜙 = 𝑠𝑖𝑛
2(𝛼)(𝐹 (

𝜆2
𝜆𝑚𝑎𝑥

) − 𝐹 (
𝜆1
𝜆𝑚𝑎𝑥

))  𝜎𝑇4

α

𝐸 = 𝐼𝜙 =  𝜋 sin
2 𝛼∫ 𝐿°

2

1

𝑑 = 𝜋 sin2 𝛼∫ 𝐿°𝜎

𝜎2

𝜎1

𝑑𝜎

 σ

  σ σ

λ λ σ σ λ λ σ



 𝐸 = 𝜋 𝑠𝑖𝑛2 𝛼 𝐿°(𝜆1, 𝜆2)

𝐸 =

𝜋 sin2 𝛼 𝐿°(𝜆1, 𝜆2)
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𝑅𝑖
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1

𝑅𝑙𝑜𝑎𝑑
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𝑉𝐼𝐶𝑂𝑇𝑂𝑀 = 𝑓(𝑇𝐼𝐶𝑂𝑇𝑂𝑀) 

𝑇𝐶𝑁 = 500°𝐶

 

 



 

𝑉𝐼𝐶𝑂𝑇𝑂𝑀 = 𝑓(𝑇𝐶𝑁) 

𝑇𝐼𝐶𝑂𝑇𝑂𝑀 = 15, 20, 30 45°𝐶

 

 

 

 

𝑉𝑋𝑋−𝐵1(𝑇)

𝑉𝑋𝑋−𝐵1(𝑇𝑟𝑒𝑓)
=

𝑉05−𝐵1(𝑇)

𝑉05−𝐵1(𝑇𝑟𝑒𝑓)

𝑉𝑋𝑋−𝐵2(𝑇)

𝑉𝑋𝑋−𝐵2(𝑇𝑟𝑒𝑓)
=

𝑉06−𝐵2(𝑇)

𝑉06−𝐵2(𝑇𝑟𝑒𝑓)

 

𝑇

𝑉𝑋𝑋−𝐵1(𝑇𝑟𝑒𝑓 = 20°𝐶) 𝑇𝐶𝑁
𝑉05−𝐵1(𝑇)

𝑉05−𝐵1(𝑇𝑟𝑒𝑓=20°𝐶)

𝑉𝑋𝑋−𝐵1(𝑇)



𝑉𝑐𝑜𝑟𝑟𝑖𝑔é𝑒 = 𝑉𝑐𝑎𝑙𝑐𝑢𝑙é𝑒 . [1 + 𝐾(20 − 𝑇𝐼𝐶𝑂𝑇𝑂𝑀). (500 − 𝑇𝐶𝑁)]

-1600

-1400

-1200

-1000

-800

-600

-400

-200

0

0 100 200 300 400 500 600 700 800 900 1000

Te
n

si
o

n
 s

o
rt

ie
 a

m
p

lif
ic

at
eu

r,
 g

ai
n

 1
0

0
 (

m
V

)

Température Corps noir (°C)

Modèle LVF / 07QMB2

15°C mes 15°C cal

20°C mes 20°C cal

30°C mes 30°C cal

45°C mes 45°C cal



-2500

-2000

-1500

-1000

-500

0

0 100 200 300 400 500 600 700 800 900 1000

Te
n

si
o

n
 s

o
rt

ie
 a

m
p

lif
ic

at
eu

r,
 g

ai
n

 1
0

0
 (

m
V

)

Température Corps noir (°C)

Modèle LVF / 04QMB1

15°C mes 15°C cal

20°C mes 20°C cal

30°C mes 30°C cal

45°C mes 45°C cal

-2500

-2000

-1500

-1000

-500

0

0 100 200 300 400 500 600 700 800 900 1000

Te
n

si
o

n
 s

o
rt

ie
 a

m
p

lif
ic

at
eu

r,
 g

ai
n

 1
0

0
 (

m
V

)

Température Corps noir (°C)

Modèle LVF corrigé / 04QMB1

15°C mes 15°C cal

20°C mes 20°C cal

30°C mes 30°C cal

45°C mes 45°C cal



 

 



 

 







 



 

 

𝑇𝐼𝐶𝑂𝑇𝑂𝑀 = 20°𝐶
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𝑆 = ∫ 𝑘𝜈

+∞

−∞

𝑑𝜈

σ σ

𝑆(𝑇) = 𝑆(𝑇𝑟𝑒𝑓)
𝑄(𝑇𝑟𝑒𝑓)

𝑄(𝑇)
 
𝑒
−
ℎ𝑐𝜎𝑙
𝑘𝐵𝑇

𝑒
−
ℎ𝑐𝜎𝑙
𝑘𝐵𝑇𝑟𝑒𝑓

 
1 − 𝑒

−
ℎ𝑐𝜎𝑢𝑙
𝑘𝐵𝑇

1 − 𝑒
−
ℎ𝑐𝜎𝑢𝑙
𝑘𝐵𝑇𝑟𝑒𝑓
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𝑑𝑛1
𝑑𝑡

= −𝑛1. 𝐵13. 𝑢226𝑛𝑚 + 𝑛3. [𝐵31. 𝑢226𝑛𝑚 + 𝐴31 + 𝑄31] 

𝑑𝑛2
𝑑𝑡

= −𝑛2. 𝐵24. 𝑢224𝑛𝑚 + 𝑛3. [𝐴32 + 𝑄32] + 𝑛4. [𝐵42. 𝑢224𝑛𝑚 + 𝐴42 + 𝑄42] 

𝑑𝑛3
𝑑𝑡

= −𝑛3. [𝐵31. 𝑢226𝑛𝑚 +∑𝐴3𝑣′′ +∑𝑄3𝑣′′] + 𝑛1. 𝐵13. 𝑢226𝑛𝑚 

𝑑𝑛4
𝑑𝑡

= −𝑛4. [𝐵42. 𝑢224𝑛𝑚 +∑𝐴4𝑣′′ +∑𝑄4𝑣′′] + 𝑛2. 𝐵24. 𝑢224𝑛𝑚

𝑛1 = 𝑛(𝑋, 𝑣
′′ = 0, 𝐽′′) 

𝑛2 = 𝑛(𝑋, 𝑣
′′ = 1, 𝐽′′) 

𝑛3 = 𝑛(𝐴, 𝑣
′ = 0, 𝐽′) 

𝑛4 = 𝑛(𝐴, 𝑣
′ = 1, 𝐽′)

𝑢224𝑛𝑚 , 𝑢226𝑛𝑚

𝐴𝑖𝑗  , 𝐵𝑖𝑗  , 𝐵𝑗𝑖  , 𝑄𝑖𝑗

 

 

 





 

𝑅𝑁𝑂 =
[NO(X,v=1)(t)]

[NO(X,v=1)(t=0)]



 



 





 





 

 

 

λ

λ 

 λ  λ

 

 

 



 



 









 

 

 

 



 

 

Δ𝐸(𝑣,𝐽)→(𝑣′,𝐽′) = [𝐸𝑣𝑖𝑏(𝑣
′, 𝐽′) + 𝐸𝑟𝑜𝑡(𝑣

′, 𝐽′)] − [𝐸𝑣𝑖𝑏(𝑣, 𝐽) + 𝐸𝑟𝑜𝑡(𝑣, 𝐽)]



𝐸𝑣𝑖𝑏(𝑣, 𝐽) = ℎ𝑐 [𝜔𝑒 (𝑣 +
1

2
) − 𝜔𝑒𝑥𝑒 (𝑣 +

1

2
)
2

] 

𝐸𝑟𝑜𝑡(𝑣, 𝐽) = ℎ𝑐 [𝐵𝑣
(1)𝐽(𝐽 + 1) − 𝐵𝑣

(2)(𝐽(𝐽 + 1))
2
] 

𝐵𝑣
(1)
= 𝐵𝑒

(1)
+ 𝛼𝑒

(1)
(𝑣 +

1

2
) + 𝛾𝑒

(1)
(𝑣 +

1

2
)
2

 

𝐵𝑣
(2)
= 𝐵𝑒

(2)
+ 𝛼𝑒

(2)
(𝑣 +

1

2
) + 𝛾𝑒

(2)
(𝑣 +

1

2
)
2

Δ𝑣 = 0,±1 Δ𝐽 = 0,±2 Δ𝑣 = +1

Δ𝐽 = −2, 0 +2

Δ𝐸(Δ𝑣=+1,𝑄) = Δ𝐸 𝑣𝑖𝑏
(Δ𝑣=+1,𝑄)

+ Δ𝐸 𝑟𝑜𝑡
(Δ𝑣=+1,𝑄)

Δ𝐸𝑣𝑖𝑏               
(Δ𝑣=+1,𝑄)

= ℎ𝑐[𝜔𝑒 − 2𝜔𝑒𝑥𝑒(𝑣 + 1)] 

Δ𝐸𝑟𝑜𝑡               
(Δ𝑣=+1,𝑄)

= ℎ𝑐 [𝐵𝑣+1
(1)
− 𝐵𝑣

(1)
]  𝐽(𝐽 + 1) 

[𝐵𝑣+1
(1)
− 𝐵𝑣

(1)
] = −𝛼𝑒

(1)
+ 2𝛾𝑒

(1)(𝑣 + 1)

Δ𝐸(Δ𝑣=+1,𝑄) = ℎ𝑐 [𝜔𝑒 − 2𝜔𝑒𝑥𝑒(𝑣 + 1) − (𝛼𝑒 − 2𝛾𝑒 (𝑣 + 1)) 𝐽(𝐽 + 1)]

Δ𝐸(Δ𝑣=+1,𝑄) = ℎ𝑐 Δ𝜎(Δ𝑣=+1,𝑄)

Δ𝜎

Δ𝜎(Δ𝑣=+1,𝑄) =  𝜔𝑒 − 2𝜔𝑒𝑥𝑒(𝑣 + 1)

− (𝛼𝑒 − 2𝛾𝑒 (𝑣 + 1))  𝐽(𝐽 + 1)



(v, J) → (v′, J′) θ

𝐼(𝑣,𝐽)→(𝑣′,𝐽′)
𝑟𝑒ç𝑢𝑒              

dΩ dΩ = Λ 𝑉 𝐼𝑙𝑎𝑠𝑒𝑟 𝑁(𝑣,𝐽) (
𝜕𝜎

𝜕Ω
)
(𝑣,𝐽)→(𝑣′,𝐽′)

𝜃

 dΩ

Ilaser

N(v,J)

(v, J) (
𝜕𝜎

𝜕Ω
)
(𝑣,𝐽)→(𝑣′,𝐽′)

(v, J) → (v′, J′)

(v, J)

(v′, J′)

�⃗� = ⟨𝑣, 𝐽|𝑝 |𝑣′, 𝐽′⟩

𝑝 = 휀0�̅��⃗� 

�⃗� = 휀0⟨𝑣, 𝐽|�̅�|𝑣
′, 𝐽′⟩�⃗� 

𝐼(𝑣,𝐽)→(𝑣′,𝐽′)
é𝑚𝑖𝑠𝑒               
𝑝𝑎𝑟𝑡𝑖𝑐𝑢𝑙𝑒      

Ω (𝜃) =  
𝜋2𝑐

2휀0
 𝜈4 �⃗� 2 sin2 𝜃 

𝐼(𝑣,𝐽)→(𝑣′,𝐽′)
é𝑚𝑖𝑠𝑒               
𝑝𝑎𝑟𝑡𝑖𝑐𝑢𝑙𝑒      

Ω (𝜃) =  
𝜋2𝑐휀0
2

 𝜈𝑅𝑎𝑚𝑎𝑛
4  ⟨𝑣, 𝐽|�̅�|𝑣′, 𝐽′⟩2 �⃗� 2 sin2 𝜃 

𝐼𝑙𝑎𝑠𝑒𝑟 =
1

2
휀0𝑐�⃗� 

2   ⇒  𝐼(𝑣,𝐽)→(𝑣′,𝐽′)
é𝑚𝑖𝑠𝑒               
𝑝𝑎𝑟𝑡𝑖𝑐𝑢𝑙𝑒      

Ω (𝜃) =  𝐼𝑙𝑎𝑠𝑒𝑟 𝜋
2 𝜈𝑅𝑎𝑚𝑎𝑛

4  ⟨𝑣, 𝐽|�̅�|𝑣′, 𝐽′⟩2  sin2 𝜃

θ
𝜋

2

𝑜𝑢𝑣𝑒𝑟𝑡𝑢𝑟𝑒 ≤ tan−1 (
𝐷𝑙𝑒𝑛𝑡𝑖𝑙𝑙𝑒

2 𝐿𝑓𝑜𝑐𝑎𝑙𝑒
) ≈ (

𝐷𝑙𝑒𝑛𝑡𝑖𝑙𝑙𝑒

2 𝐿𝑓𝑜𝑐𝑎𝑙𝑒
) = 0.05 𝑟𝑎𝑑

𝐼 (𝑣,𝐽)→(𝑣′,𝐽′)
é𝑚𝑖𝑠𝑒               
𝑣𝑜𝑙𝑢𝑚𝑒 𝑚𝑒𝑠𝑢𝑟𝑒

Ω = 𝑁(𝑣,𝐽)𝑉𝐼𝑙𝑎𝑠𝑒𝑟 𝜋
2 𝜈𝑅𝑎𝑚𝑎𝑛

4  ⟨𝑣, 𝐽|�̅�|𝑣′, 𝐽′⟩2

𝐼(𝑣,𝐽)→(𝑣′,𝐽′)        
𝑟𝑒ç𝑢𝑒                      
𝑣𝑜𝑙𝑢𝑚𝑒 𝑚𝑒𝑠𝑢𝑟𝑒

= 𝛬 𝑔 (𝜈 − 𝜈(𝑣,𝐽)→(𝑣′,𝐽′)) 𝐼(𝑣,𝐽)→(𝑣′,𝐽′)       
é𝑚𝑖𝑠𝑒                     
𝑣𝑜𝑙𝑢𝑚𝑒 𝑚𝑒𝑠𝑢𝑟𝑒

Ω



ν

(
𝜕𝜎

𝜕Ω
)
(𝑣,𝐽)→(𝑣′,𝐽′)

𝜃

= 𝜋2 𝜈𝑅𝑎𝑚𝑎𝑛
4  ⟨𝑣, 𝐽|�̅�|𝑣′, 𝐽′⟩2

𝜈𝑅𝑎𝑚𝑎𝑛  =  𝜈𝐿𝑎𝑠𝑒𝑟 −
1

ℎ
Δ𝐸(𝑣,𝐽)→(𝑣′,𝐽′)

 



EXP

T.L.

Résiduel
T.L.

EXP

Lorentz

Gauss

T.L.



 



 

 

𝐴𝐶𝑂

𝐴𝑋 = ∑ 𝐴𝑋(𝑝𝑖𝑥𝑒𝑙)

𝑝𝑖𝑥𝑒𝑙𝑠



[𝜆𝑖; 𝜆𝑖+1]

𝐴𝑋 = 𝐺 𝑛 ∑  ∫ ∫ ∫ 𝐼𝑟𝑒ç𝑢𝑒
𝑑Ω (𝑝𝑖𝑥𝑒𝑙, 𝑡) 𝑑Ω 𝑑𝜆 𝑑𝑡

Ω

𝜆𝑖+1

λ𝑖Δ𝑡𝑖𝑚𝑝𝑢𝑙𝑠𝑖𝑜𝑛

1023

𝑖=0

𝐺 𝑛

𝐴𝑋 =    𝐺 𝑛 ∫ ∫  ∫ ∑ 𝐼
(𝑣,𝐽)→(𝑣′,𝐽′)
𝑟𝑒ç𝑢𝑒              

X, dΩ
(𝑡)

(𝑣,𝐽)→(𝑣′,𝐽′)

 𝑑Ω 𝑑𝜆
Ω

 

𝜆1024

λ0

𝑑𝑡

Δ𝑡𝑖𝑚𝑝𝑢𝑙𝑠𝑖𝑜𝑛

 

=    𝐺 𝑛 ∫ ∫    ∫ ∑ [Λ 𝑉𝑔(𝜆 − 𝜆Δ𝑣,Δ𝐽)

(𝑣,𝐽)→(𝑣′,𝐽′)Ω

𝜆1024

λ0Δ𝑡𝑖𝑚𝑝𝑢𝑙𝑠𝑖𝑜𝑛

∗ 𝐼𝑙𝑎𝑠𝑒𝑟(𝑡) 𝑁(𝑣,𝐽)
𝑋 (

𝜕𝜎

𝜕Ω
)
(𝑣,𝐽)→(𝑣′,𝐽′)

𝑋, 𝜃

]  𝑑Ω𝑑𝜆 𝑑𝑡  

=   Λ 𝑉 Ω 𝐺 𝑛 ∫  𝐼𝑙𝑎𝑠𝑒𝑟(𝑡)𝑑𝑡

Δ𝑡𝑖𝑚𝑝𝑢𝑙𝑠𝑖𝑜𝑛

∗ ∑  [𝑁(𝑣,𝐽)
𝑋 ∫ 𝑔(𝜆 − 𝜆Δ𝑣,Δ𝐽) (

𝜕𝜎

𝜕Ω
)
(𝑣,𝐽)→(𝑣′,𝐽′)

𝑋, 𝜃=
𝜋
2

 𝑑𝜆 

𝜆1024

λ0

]

(𝑣,𝐽)→(𝑣′,𝐽′)

 

𝐴𝑋 =   Λ 𝑉 Ω 𝐺 𝑛 ∫  𝐼𝑙𝑎𝑠𝑒𝑟(𝑡)𝑑𝑡

Δ𝑡𝑖𝑚𝑝𝑢𝑙𝑠𝑖𝑜𝑛

∗ ∑  [𝑁(𝑣,𝐽)
𝑋 (

𝜕𝜎

𝜕Ω
)
(𝑣,𝐽)→(𝑣′,𝐽′)

𝑋, 𝜃=
𝜋
2

∫ 𝑔(𝜆 − 𝜆Δ𝑣,Δ𝐽)  𝑑𝜆 

𝜆1024

λ0

]

(𝑣,𝐽)→(𝑣′,𝐽′)

𝑓

𝑁𝑓𝑜𝑛𝑑
𝑋 = ∑ 𝑓𝑋(𝑣, 𝐽)𝑁(𝑣,𝐽)

𝑋

(𝑣,𝐽)

𝑁𝑓𝑜𝑛𝑑
𝑋

𝜑𝑙𝑎𝑠𝑒𝑟 = ∫  𝐼𝑙𝑎𝑠𝑒𝑟(𝑡)𝑑𝑡

Δ𝑡𝑖𝑚𝑝𝑢𝑙𝑠𝑖𝑜𝑛

∫ 𝑔(𝜆 − 𝜆Δ𝑣,Δ𝐽)  𝑑𝜆
𝜆1024
λ0

= 1

𝐴𝑋 =   Λ 𝑉 Ω 𝐺 𝑛 𝜑𝑙𝑎𝑠𝑒𝑟 𝑁𝑓𝑜𝑛𝑑
𝑋 ∑ 𝑓𝑋(𝑣, 𝐽) (

𝜕𝜎

𝜕Ω
)
(𝑣,𝐽)→(𝑣′,𝐽′)

𝑋, 𝜃=
𝜋
2

(𝑣,𝐽)→(𝑣′,𝐽′)



𝑅𝑁2 =
𝐴𝑁2
𝑒𝑥𝑝é𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙𝑒

 𝐺 𝑛 𝜑𝑙𝑎𝑠𝑒𝑟 𝑁𝑓𝑜𝑛𝑑
𝑁2 ∑  𝑓𝑁2(𝑣, 𝐽) (

𝜕𝜎
𝜕Ω
)
(𝑣,𝐽)→(𝑣′,𝐽′)

𝑁2, 𝜃=
𝜋
2

(𝑣,𝐽)→(𝑣′,𝐽′)

=  Λ 𝑉 Ω

Λ 𝑉 Ω

 𝐴𝑁2
𝑒𝑥𝑝é𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙𝑒

𝐴𝑁2
𝑠𝑖𝑚𝑢𝑙é𝑒 

 

 

𝜑𝑙𝑎𝑠𝑒𝑟

 𝑁𝑓𝑜𝑛𝑑
𝑁2

𝑋𝑁2
𝑃

𝑘𝐵𝑇

 

 

𝑁𝑓𝑜𝑛𝑑
𝐶𝑂 =

𝐴𝐶𝑂

Λ 𝑉 Ω 𝐺 𝑛 𝜑𝑙𝑎𝑠𝑒𝑟  ∑ 𝑓𝐶𝑂(𝑣, 𝐽) (
𝜕𝜎
𝜕Ω
)
(𝑣,𝐽)→(𝑣′,𝐽′)

𝐶𝑂, 𝜃=
𝜋
2

(𝑣,𝐽)→(𝑣′,𝐽′)

𝑁𝑓𝑜𝑛𝑑
𝐶𝑂 =

𝐴𝐶𝑂

    𝑅𝑁2     𝐺 𝑛 𝜑𝑙𝑎𝑠𝑒𝑟  ∑ 𝑓𝐶𝑂(𝑣, 𝐽) (
𝜕𝜎
𝜕Ω
)
(𝑣,𝐽)→(𝑣′,𝐽′)

𝐶𝑂, 𝜃=
𝜋
2

(𝑣,𝐽)→(𝑣′,𝐽′)



𝑇𝑣1

𝑇𝑣2

𝑛𝑣 = 𝑛0 𝑒
−
𝐸𝑣
𝑘𝐵𝑇 𝑒−𝑣𝛾 γ



 

 

 

 



→

→

→

→

→

⟷

→

→

→

→



ε(λ) et exprimée en m-1.(mol.m-3)-1

𝑘𝜆

⫘

𝑘𝜆
𝑋(𝑥) = ⫘𝑋 (𝜆, 𝑥) [𝑋](𝑥)



dt

𝑑𝐸é𝑚𝑖𝑠𝑒 =
Ω

4𝜋
 𝑉 ( 𝑛2 𝐴21) ℎ𝜈21 𝑑𝑡

𝑑𝑛2
𝑑𝑡

=  𝑛1(𝐵12𝜌(𝜈) + 𝑄12) − 𝑛2(𝐵21𝜌(𝜈) + 𝐴21 + 𝑄21)

𝑛1𝑄12
𝑑𝑛2

𝑑𝑡
= 0

𝑛2 = 𝑛1
𝐵12𝜌(𝜈)

𝐵21𝜌(𝜈) + 𝐴21 + 𝑄21

𝐵21𝜌(𝜈) =
𝑔1
𝑔2
𝐵12𝜌(𝜈)  ≪ 𝐴21 + 𝑄21

𝑛2 ≪ 𝑛1

𝑛2 = 𝑛1
𝐵12𝜌(𝜈)

𝐴21 + 𝑄21

𝑑𝐸𝑒 =
Ω

4𝜋
 𝑉 𝑛1𝐵12𝜌(𝜈)

𝐴21
𝐴21 +𝑄21

  ℎ𝜈21𝑑𝑡

Λ

n1 ρ(ν) ρ(ν)



𝑆𝑐𝑜𝑙𝑙 = Λ ∫ (
Ω

4𝜋
 𝑉 𝑛1𝐵12𝜌(𝜈) 

𝐴21
𝐴21 + 𝑄21

 ℎ𝜈21)
Δ𝑡𝑎𝑐𝑞

𝑑𝑡 

𝑆𝑐𝑜𝑙𝑙 = Λ 
Ω

4𝜋
 𝑉 𝑛1𝐵12

𝐴21
𝐴21 + 𝑄21

 ℎ𝜈21∫ 𝜌(𝜈)
Δ𝑡𝑎𝑐𝑞

𝑑𝑡

ρ(ν) 

 



𝑑𝑛2

𝑑𝑡

 (
𝑑𝑛2
𝑑𝑡
)

(2)

= 𝑛1 𝐺
(2) 𝜎(2) (𝜙𝑝ℎ𝑜𝑡𝑜𝑛𝑠)

2

𝐺(2)

𝐺(2) = 2 [66] 𝜎(2) 𝜙𝑝ℎ𝑜𝑡𝑜𝑛𝑠

𝜙𝑝ℎ𝑜𝑡𝑜𝑛𝑠(𝑡) =
𝐼𝑙𝑎𝑠𝑒𝑟(𝑡)

ℎ𝜈12
=
𝜑0
ℎ𝜈12

𝐹(𝑡)

∫ 𝐹(𝑡)𝑑𝑡
𝑖𝑚𝑝𝑢𝑙𝑠𝑖𝑜𝑛

= 1

𝜑0 =
𝐸𝑙𝑎𝑠𝑒𝑟
𝑆𝑙𝑎𝑠𝑒𝑟

=
1

𝑆𝑙𝑎𝑠𝑒𝑟
∬ 𝜑(𝑟)𝑑𝑆

𝑆𝑙𝑎𝑠𝑒𝑟

𝐺(2) 𝜎(2)

𝑛2 = 𝐺
(2)𝑛1

𝜎(2) (𝜙𝑝ℎ𝑜𝑡𝑜𝑛𝑠)
2

𝐴21 + 𝑄21

𝑑𝐸é𝑚𝑖𝑠𝑒 =
Ω

4𝜋
 𝑉 ( 𝑛2 𝐴21) ℎ𝜈21 𝑑𝑡 

𝑑𝐸𝑒 =
Ω

4𝜋
 𝑉 𝐺(2) [ 𝑛1

𝐴21
𝐴21 + 𝑄21

 𝜎(2)  (
𝜑0𝐹(𝑡)

ℎ𝜈12
)
2

] ℎ𝜈21𝑑𝑡

𝑆𝑐𝑜𝑙𝑙 = Λ 𝑁𝑎𝑐𝑐𝑢 ∫ [
Ω

4𝜋
 𝑉 𝐺(2)

𝐴21
𝐴21 + 𝑄21

1

ℎ𝜈12
 𝑛1 𝜎

(2)  (
𝐸𝑙𝑎𝑠𝑒𝑟
𝑆𝑙𝑎𝑠𝑒𝑟

)
2

𝐹2(𝑡)] 𝑑𝑡

Δ𝑡𝑖𝑚𝑝𝑢𝑙𝑠𝑖𝑜𝑛

 

𝑆𝑐𝑜𝑙𝑙 = Λ 
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1
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𝐸𝑙𝑎𝑠𝑒𝑟
2

𝑆𝑙𝑎𝑠𝑒𝑟
2  𝑁𝑎𝑐𝑐𝑢 ∫ 𝐹2(𝑡) 𝑑𝑡

Δ𝑡𝑖𝑚𝑝𝑢𝑙𝑠𝑖𝑜𝑛

  𝜎(2) 𝑛1



Ω, 𝑉, Λ, ∫ 𝐹2(𝑡) 𝑑𝑡
Δ𝑡𝑖𝑚𝑝𝑢𝑙𝑠𝑖𝑜𝑛
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=
(𝐸𝑙𝑎𝑠𝑒𝑟

𝑋 )
2
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𝑋  

ℎ𝜈12
(𝐸𝑙𝑎𝑠𝑒𝑟)

2
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𝑋

𝐴21
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𝑋  
𝐴21 +𝑄21
𝐴21

 
 𝜎(2),𝑋

 𝜎(2)   
 
𝑛1
𝑋

𝑛1

𝛥𝜆

𝜆0
=
𝛥𝑓

𝑓0
=
𝛥𝜎

𝜎0
= √

8 ln(2) 𝑘𝐵𝑇

𝑚𝑐2

𝜎0 = 88 400 à 88 600 𝑐𝑚−1



𝑔(𝜎 − 𝜎0)

𝛥𝜎𝑙𝑎𝑠𝑒𝑟 ≪ 𝛥𝜎𝐷𝑜𝑝𝑝𝑙𝑒𝑟

𝑔(Δ𝜎) Δ𝜎 = 𝜎𝑙𝑎𝑠𝑒𝑟 − 𝜎0

𝑆 = 𝑆𝑐𝑜𝑙𝑙 𝑔(Δ𝜎)

𝑛0
𝑂 =

𝑆𝑂

𝑆𝑋𝑒
 
(𝐸𝑙𝑎𝑠𝑒𝑟

𝑋𝑒 )
2
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𝐴21
𝑂  
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𝜎(2),𝑂
   
𝑔𝑋𝑒(Δ𝜎𝑋𝑒)

𝑔𝑂(Δ𝜎𝑂)
  𝑛0

𝑋𝑒

 

σ



 





Niveau bas de 
transition TALIF 

Longueur 
d’onde 

approximative 
(nm) 

Energie 
moyenne 

(mJ) 

2p3P0 226,234 3,8 

2p3P1 226,058 2,2 

2p3P2 225,655 0,9 





 

5p
2 𝑥 224,31  
→       6p’

5p
2 𝑥 225,51  
→       7p

→

𝜏
𝐴21
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𝐴21
𝑋𝑒+𝑄21

𝑋𝑒 = 𝐴21
𝑋𝑒 𝜏
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Aire 
(Signal Raman) 

Efficacité 
relative emICCD 

Signal corrigé Proportion 
Proportion 
théorique 

N2 2,55E+09 0,825971 3,09E+09 75,9% 78% 

O2 8,99E+08 0,918056 9,79E+08 24,1% 21% 
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Pression 
(Pa) 

6000          

Position 

H 
(MJ/kg) 

SNR Trot 
(K) 

Tvib 
(K) 

ΔT 
(K) 

nCO 

(m-3) 
Δn 
= 

n/SNR 
(m-3) 

X : 
Fraction 
molaire 

ΔX (%) 

Amont 
-1,5 cm 

4 2,67 2000 3000 546 1,8E+22 6,8E+21 0,08 0,03 38% 

5 1,50 2000 3300 1000 1,5E+22 1,0E+22 0,07 0,05 67% 

7 1,53 2000 4800 989 1,1E+22 7,2E+21 0,05 0,03 65% 

9 1,50 2000 6000 1000 9,2E+21 6,1E+21 0,04 0,03 67% 

Centre 
0 cm 

4 8,57 2900 3000 90 1,0E+23 1,2E+22 0,68 0,08 12% 

5 7,14 2800 3300 120 8,4E+22 1,2E+22 0,56 0,08 14% 

7 5,71 2700 4000 171 6,4E+22 1,1E+22 0,39 0,07 18% 

9 4,29 3000 4500 269 5,0E+22 1,2E+22 0,33 0,08 23% 

Aval 
+2 cm 

4 5,71 2600 3100 171 9,8E+22 1,7E+22 0,36 0,06 18% 

5 5,00 2900 3400 211 5,8E+22 1,2E+22 0,39 0,08 20% 

7 4,00 3000 3900 300 5,2E+22 1,3E+22 0,35 0,09 25% 

9 3,43 2800 4500 380 4,0E+22 1,2E+22 0,25 0,07 29% 

Radial 
+2 cm 

4                   

5 4,38 2000 3000 261 4,8E+22 1,1E+22 0,22 0,05 23% 

7 4,38 2000 3300 261 4,6E+22 1,1E+22 0,21 0,05 23% 

9 3,75 2000 3800 331 3,7E+22 9,9E+21 0,17 0,05 27% 



Pression 
(Pa)  

9000           

Position 

H 
(MJ/kg) 

SNR Trot 
(K) 

Tvib 
(K) 

ΔT 
(K) 

(%) nCO 

(m-3) 
Δn 
= 

n/SNR 
(m-3) 

X : 
Fraction 
molaire 

ΔX (%) 

Amont 
-1,5 cm 

4                     

5                     

7                     

9                     

Centre 
0 cm 

4 5,00 2800 3100 211 7% 7,7E+22 1,5E+22 0,33 0,07 20% 

5 4,75 2800 4200 229 7% 6,5E+22 1,4E+22 0,28 0,06 21% 

7 3,60 2800 4800 353 9% 5,8E+22 1,6E+22 0,25 0,07 28% 

9 3,00 2300 6000 462 11% 5,0E+22 1,7E+22 0,17 0,06 33% 

Aval 
+2 cm 

4 9,00 2500 2800 83 3% 1,6E+23 1,8E+22 0,62 0,07 11% 

5 8,33 2400 3500 94 3% 1,0E+22 1,2E+21 0,38 0,05 12% 

7 5,33 2500 4200 191 6% 7,4E+22 1,4E+22 0,28 0,05 19% 

9 3,50 2300 5500 368 9% 2,3E+22 6,6E+21 0,19 0,05 29% 

Radial 
+2 cm 

4 5,78 2000 2900 168 0,1 1,0E+23 1,7E+22 0,314 0,05 17% 

5 5,75 2000 3500 169 6% 8,4E+22 1,5E+22 0,26 0,05 17% 

7 5,71 2000 3500 171 6% 7,8E+22 1,4E+22 0,024 0,00 18% 

9 5,50 2000 4000 182 6% 7,2E+22 1,3E+22 0,22 0,04 18% 
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P 
(kPa) 

H (MJ/kg) 3p0 3p1 3p2 Total 
 

6 

4         
(extinction 

plasma) 

5 6,878 E+21 2,004 E+22 1,020 E+23 1,289 E+23  

7 6,866 E+21 1,899 E+22 1,014 E+23 1,273 E+23  

9 6,456 E+21 1,839 E+22 1,035 E+23 1,284 E+23  

9 

4 6,594 E+21 1,954 E+22 1,181 E+23 1,443 E+23  

5 6,565E+21 1,932 E+22 1,171 E+23 1,430 E+23  

7 6,530 E+21 1,916 E+22 1,164 E+23 1,421 E+23  

9 6,527 E+21 1,913 E+22 8,965 E+22 1,153 E+23  

τ

1,0E+21

1,0E+22

1,0E+23

1,0E+24

0 8 16 24 32 40 48 56 64

D
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té
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u

 n
iv
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u

 (
m

-3
)

Zone du capteur

3P0 3P1 3P2 Total



τ 𝜏 =
1

𝐴+𝑄

Q =  kO−O [O] + kO−CO [CO] + kO−CO2  [CO2].

kO−O = 8,2. 10
−11 𝑐𝑚3𝑠−1 

kO−CO = 4,9. 10
−10 𝑐𝑚3𝑠−1 

kO−CO2 = 6,6. 10
−10 𝑐𝑚3𝑠−1

[O] = [CO]

[CO] = 6,4. 1022 𝑚−3

[CO2] =  
Q − kO−O [O] − kO−CO [CO]

kO−CO2
 

[CO2] =  5,23. 1022 𝑚−3

[O] + [CO] + [CO2] = 1,80. 10
23 𝑚−3



Q =  kO−O [O] + kO−CO [CO] + kO−CO2  [CO2] 
𝑝

𝑘𝐵𝑇
= [O] + [CO] + [CO2] + [O2] 

[CO] = [O] + 2[O2]
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P (kPa) T (K) p/kt (m-3) [CO] (Raman) [O] [CO2] [O2] [CO]+[CO2] 

6 

2700 1,718E+23 1,00E+23 4,08E+22 1,35E+21 2,96E+22 1,01E+23 

2958 1,470E+23 8,40E+22 1,78E+22 1,21E+22 3,31E+22 9,61E+22 

2674 1,626E+23 6,40E+22 4,19E+22 4,57E+22 1,11E+22 1,10E+23 

2823 1,540E+23 5,00E+22 3,66E+22 6,07E+22 6,69E+21 1,11E+23 

9 

2626 2,483E+23 7,70E+22 -4,36E+23 3,51E+23 2,56E+23 4,28E+23 

2720 2,397E+23 6,50E+22 -4,42E+23 3,63E+23 2,53E+23 4,28E+23 

2900 2,249E+23 5,80E+22 -4,56E+23 3,66E+23 2,57E+23 4,24E+23 

2893 2,254E+23 5,00E+22 -4,53E+23 3,77E+23 2,52E+23 4,27E+23 

P (kPa) T (K) p/kt (m-3) [CO] (Raman) [O] [CO2] [O2] [CO]+[CO2] 

9 

2626 2,483E+23 7,70E+22 7,70E+22 9,43E+22 0,00E+00 1,71E+23 

2720 2,397E+23 6,50E+22 6,50E+22 1,10E+23 0,00E+00 1,75E+23 

2900 2,249E+23 5,80E+22 5,80E+22 1,09E+23 0,00E+00 1,67E+23 

2893 2,254E+23 5,00E+22 5,00E+22 1,25E+23 0,00E+00 1,75E+23 
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hν12 =

E2 − E1

A21N2



ν

ν

B12ρ(ν12)N1

ν

ν B21ρ(ν12)N2

{ 

𝑑N1
𝑑𝑡

=  [A21 + B21ρ(ν12)]N2 − B12ρ(ν12)N1

𝑑N2
𝑑𝑡

= −
𝑑N1
𝑑𝑡

𝑑N2

𝑑𝑡
< 0

𝑑N1

𝑑𝑡
> 0 ⟷

B21ρ(ν12)N2 > B12ρ(ν12)N1



𝑔2B21 = 𝑔1B12

N2 >
𝑔2
𝑔1
N1

𝐵21

𝐴21



Caractéristique Auteur [ref] Date λ (nm) 
Valeur 
source 

Unité source 

Maser (NH3) Townes [78] 1954 0,01256 23870 
Mc/s (mega-

cycles per 
second) = MHz 

Rubis Maiman [79] 1960 694,3 6943 Å 

He-Ne Javan [80] 1961 1135 11350 Å 

Diode GaAs Hall [81] 1962 842 8420 Å 

Diode Ga(As1-xPx) Holonyak [82] 1962 710 7100 Å 

Laser Raman Eckhardt [83] 1962 767 7670 Å 

Fibre 
Koester, Snitzer 
[84] 

1963 1060 1,06 µm 

Nd:YAG Geusic [85] 1964 1064,8 1,0648 µm 

CO2 Patel [86] [87] 1964 
10408 960,8 cm-1 

9400 1063,8 cm-1 

Chimique HCl Kasper [88] 1965 
3734 2678 cm-1 

3771 2652 cm-1 

Colorant Sorokin [36] 1966 755 0,755 µm 

Colorants 
Polyméthines 
(ajustable) 

Spaeth [37] 1966 
750-790 750-790 nm 

745-750 745-750 nm 

Excimer (Xe2) Basov [89] 1970 176 1760 Å 

Laser à Atomes 
(Na) 

Ketterle 1996    

Laser Vivant 
Unicellulaire 

Gather, Yun 
[90] 

2011 510-550 510-550 nm 





 












































