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𝑑𝑡ℎ = 0,14 𝑚𝑚²/𝑠 𝑑𝑡ℎ = 1,6 𝑚𝑚²/𝑠

∆𝑡 𝜏𝑡ℎ

√4𝑑𝑡ℎ∆𝑡 

𝜏𝑎 = 𝑙/𝑣𝑎 𝑣𝑎

𝑣𝑎 ≈ 1500 𝑚. 𝑠
−1 ∆𝑡 < 𝜏𝑎

𝜏𝑎 ≪ 𝜏𝑡ℎ

𝑣𝑎

𝑝0(𝑟) = 𝛤𝐴𝑒(𝑟)

𝛤

𝛤 =

0,27 𝛤 = 0,3 𝛤 = 0,04



0,6 𝑑𝐵/(𝑐𝑚.𝑀𝐻𝑧) 

 

 

 

 

 

∆𝑉

𝑉
=
1

𝑉
(
𝜕𝑉

𝜕𝑇
)
𝑃
∆𝑇 +

1

𝑉
(
𝜕𝑉

𝜕𝑃
)
𝑇
∆𝑃 = 𝛽∆𝑇 − 𝜅∆𝑃

𝛽 =
1

𝑉
(
𝜕𝑉

𝜕𝑇
)
𝑃

𝐾−1 𝜅 = −
1

𝑉
(
𝜕𝑉

𝜕𝑃
)
𝑇

𝑃𝑎−1



∆𝑃 = 𝑝 =
𝛽

𝜅
∆𝑇

𝛽 = 4.10−4 𝐾−1

𝜅 = 5.10−10 𝑃𝑎−1

𝐶

𝐽. 𝑘𝑔−1𝐾−1 𝐶𝑝 = 𝐶

𝐶𝑉 = 𝐶

 𝐴𝑒 = 𝜇𝑎𝛷 ∆𝑇 = 𝜇𝑎𝛷/𝜌𝐶

𝜌 ≈ 1000 𝑘𝑔.𝑚−3 𝐶 ≈ 3600 𝐽/(𝑘𝑔. 𝐾)

𝑝 =
𝛽

𝜅
∆𝑇 =

𝛽

𝜅

𝜇𝑎𝛷

𝜌𝐶
= 𝛤𝜇𝑎𝛷 𝛤 =

𝛽

𝜅𝜌𝐶
=
𝛽𝑣𝑎

2

𝐶
𝛷

𝜅𝜌 = 1/𝑣𝑎
2 𝑣𝑎

 

https://www.itis.ethz.ch/virtual-population/tissue-properties/database
https://www.itis.ethz.ch/virtual-population/tissue-properties/database


3,5 𝑚𝑚

3,5 𝑚𝑚 3,5 𝑚𝑚

𝜋 (
0,35

2
)
2

2 𝑚𝑊

𝜋(
0,01 𝑐𝑚

2
)
2 = 25 𝑊/𝑐𝑚

2

2 𝑚𝑊

𝜋(
0,35 𝑐𝑚

2
)
2 = 20 𝑚𝑊/𝑐𝑚

2

𝑀𝑃𝐸𝑠𝑖𝑛𝑔𝑙𝑒(∆𝑡)

𝑇 𝑁

𝑀𝑃𝐸𝑠𝑖𝑛𝑔𝑙𝑒(𝑇)/𝑁 𝑀𝑃𝐸𝑠𝑖𝑛𝑔𝑙𝑒(∆𝑡)/

𝑁0,25 ∆𝑡 = 10 𝑛𝑠

20 𝑚𝐽/𝑐𝑚2 𝑁 = 10

http://www.optique-ingenieur.org/en/courses/OPI_ang_M01_C02/co/Contenu_20.html
http://www.optique-ingenieur.org/en/courses/OPI_ang_M01_C02/co/Contenu_20.html


𝑇 = 1 𝑠𝑒𝑐
𝑀𝑃𝐸𝑠𝑖𝑛𝑔𝑙𝑒(𝑇)

𝑁
=
1100.10,25

10
= 110 𝑚𝐽/𝑐𝑚2

𝑀𝑃𝐸𝑠𝑖𝑛𝑔𝑙𝑒(∆𝑡)

𝑁0,25
=

20

100,25
≈ 11 𝑚𝐽/

𝑐𝑚2 11 𝑚𝐽/𝑐𝑚2

11 𝑚𝐽/𝑐𝑚2

10.10−9 𝑠𝑒𝑐
≈ 1 𝑀𝑊/𝑐𝑚2 100 𝑘𝑊

3,5 𝑚𝑚
100 𝑘𝑊

𝜋(
0,35 𝑐𝑚

2
)
2 ≈ 1 𝑀𝑊/𝑐𝑚

2

 

𝑙 = 10 µ𝑚

∆𝑡 <
𝑙2

4𝑑𝑡ℎ
=

(10.10−6)
2

4.1,6.10−6
≈ 15 µ𝑠

∆𝑡 = 10 𝑛𝑠

𝜏𝑎 =
𝑙

𝑣𝑎
=
10.10−6

1500
≈ 7 𝑛𝑠

20 𝑚𝐽/𝑐𝑚²

𝑡 =
2𝑛𝑎𝑖𝑟

𝑛𝑎𝑖𝑟+𝑛𝑝𝑒𝑎𝑢
=

2.1

1+1,35
≈ 0,85

𝑛𝑝𝑒𝑎𝑢

𝑛𝑎𝑖𝑟
|𝑡|2 ≈ 98%

 

𝝁𝒔
∗ [𝒄𝒎−𝟏]

 

𝝁𝒂 [𝒄𝒎
−𝟏]

1%

𝜇𝑎_𝑝𝑒𝑎𝑢 = 1%. 𝜇𝑎_𝑠𝑎𝑛𝑔

1

√3.5/100.(5/100+10)
≈ 8 𝑚𝑚

800 𝑛𝑚 0,8 𝑚𝑚 500 𝑛𝑚



1

5/100+10
≈ 1 𝑚𝑚

1

100/100+50
≈

200 µ𝑚

𝛷(𝑧) = 𝛷0𝑒
−𝜇𝑚𝑖𝑙𝑖𝑒𝑢𝑧 = 𝛷0𝑒

−𝑧/0,2 𝑧

𝐿 = 100 µ𝑚

𝛷(𝐿) = 20𝑒−0,1/0,2 ≈ 12 𝑚𝐽/𝑐𝑚²

𝐴𝑒 = 𝜇𝑎𝛷 = 100.12 =

1200 𝑚𝐽/𝑐𝑚3 = 1200.103 𝐽/𝑚3 𝑝0 = 𝛤𝜇𝑎𝛷 =

0,27.1200.103 ≈ 324 𝑘𝑃𝑎

∆𝑇 =
𝑝0

𝛽/𝜅
=
324.103

8.105
≈ 405 𝑚𝐾

𝑝(𝐿) = 𝑝0√
𝑙/2

𝐿
= 324√

5

100
= 72 𝑘𝑃𝑎

𝑝(𝐿) = 𝑝0
𝑙/2

𝑧
= 16 𝑘𝑃𝑎

0,6 𝑑𝐵/(𝑐𝑚.𝑀𝐻𝑧)

6 µ𝑉/𝑃𝑎

40 µ𝑉

3.40

6
= 20 𝑃𝑎

𝑝0/2

http://omlc.org/news/jan98/skinoptics.html


∆𝑡 ≤ 𝜏𝑎 ∆𝑡 ≫ 𝜏𝑎

𝜏𝑎
𝑝0

2

𝜏𝑎

∆𝑡

𝑝0

2
(
𝜏𝑎

∆𝑡
)
2 1

1,4283

𝑓𝑃𝐴 ≈ 0,37/max(∆𝑡; 𝜏𝑎) 2𝑓𝑃𝐴

 

𝑓𝑚

𝑓𝑚

∆𝑡 =
1

2𝑓𝑚

1/𝑓𝑚



𝑝 ≈
𝛤µ𝑎𝐼𝑚𝑜𝑦

2.2𝜋𝑓𝑚

∆𝑡
1

2𝑓𝑚
= ∆𝑡

𝑀𝑃𝐸𝑚𝑎𝑥𝑃𝑢𝑙𝑠é[
𝐽

𝑐𝑚2
]

𝑀𝑃𝐸𝑚𝑎𝑥𝑀𝑜𝑑𝑢𝑙é[
𝑊

𝑐𝑚2
]

1

∆𝑡
 

𝑓𝑚 = 5 𝑀𝐻𝑧 ∆𝑡 ≈
1

2𝑓𝑚
= 0,1 µ𝑠

0,1 𝑚𝑠

𝑀𝑃𝐸𝑚𝑎𝑥𝑀𝑜𝑑𝑢𝑙é [
𝑊

𝑐𝑚2
] = 1100.

(0,1.10−3)
0,25

0,1.10−3
= 1,1 𝑘𝑊/𝑐𝑚2

 
20.10−3

1100

1

0,1.10−6
≈ 181 20 log10(181) ≈ 45 𝑑𝐵

𝐵𝑃𝑝𝑢𝑙𝑠é𝑒 ≈
1

∆𝑡
= 10 𝑀𝐻𝑧

𝐵𝑃𝑚𝑜𝑑𝑢𝑙é𝑒 = 10 𝑘𝐻𝑧

√𝐵𝑃𝑚𝑜𝑑𝑢𝑙é𝑒/𝐵𝑃𝑝𝑢𝑙𝑠é𝑒 ≈ 31

20 log10(181/31) ≈ 15 𝑑𝐵



 

5 𝑀𝐻𝑧

 



5 𝑀𝐻𝑧

415 𝑛𝑚 3 𝑚𝑊

5,1 𝑀𝐻𝑧 −3 𝑑𝐵 2 𝑀𝐻𝑧

2,25 𝑐𝑚

+38 𝑑𝐵

300 +/− 20 µ𝑚

2,2 µ𝑚 15 µ𝑚



0,3 𝑚𝑠

750 × 750 µ𝑚²

6 µ𝑚





http://www.optique-ingenieur.org/fr/cours/OPI_fr_M02_C09/co/Grain_OPI_fr_M02_C09_1.html
http://www.optique-ingenieur.org/fr/cours/OPI_fr_M02_C09/co/Grain_OPI_fr_M02_C09_1.html
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𝑟𝑜𝑏𝑗

𝑟𝑜𝑏𝑗
2 = 𝑅𝑜𝑏𝑗

ɸ𝑜𝑏𝑗(𝑡) 𝐸𝑖𝑛𝑐(𝑡) = √𝐼0𝑒
𝑗𝜔𝑙𝑡 𝐼0

𝐼0 = 𝜅𝐼𝑙 𝜅 𝐼𝑙

𝜔𝑙

𝐸𝑜𝑏𝑗(𝑡) = 𝑟𝑜𝑏𝑗√𝐼0𝑒
𝑗𝜔𝑙𝑡𝑒𝑗ɸ𝑜𝑏𝑗(𝑡)

𝐼𝑜𝑏𝑗(𝑡) = |𝐸𝑜𝑏𝑗(𝑡)|
2
= 𝑟𝑜𝑏𝑗

2 𝐼0

ɸ𝑜𝑏𝑗(𝑡)



𝐹𝑝

𝑬𝒊𝒏𝒄 𝑬𝒓𝒆𝒇 𝑬𝒐𝒃𝒋 𝑬𝒕𝒐𝒕 ∝ 𝑬𝒓𝒆𝒇 + 𝑬𝒐𝒃𝒋

𝑅𝑏𝑠 = 0,5 𝐼𝑙/2

𝜅 𝜅2

𝐸𝑟𝑒𝑓(𝑡) = √
𝐼𝑙

2
𝑒𝑗𝜔𝑙𝑡 𝐸𝑜𝑏𝑗(𝑡) =

𝑟𝑜𝑏𝑗(𝑡)√
𝜅2𝐼𝑙

2
𝑒𝑗𝜔𝑙𝑡𝑒𝑗𝛺𝑝𝑡𝑒𝑗ɸ𝑜𝑏𝑗(𝑡) 𝐹𝑝 = Ω𝑝/2𝜋

𝐸𝑡𝑜𝑡(𝑡) =
1

√2
(𝐸𝑟𝑒𝑓(𝑡) + 𝐸𝑜𝑏𝑗(𝑡)) 𝐼(𝑡) = |𝐸𝑡𝑜𝑡(𝑡)|

2 =
𝐼𝑙

4
(1 +

𝜅2𝑟𝑜𝑏𝑗
2 (𝑡) + 2𝜅𝑟𝑜𝑏𝑗(𝑡) cos(𝛺𝑝𝑡 + ɸ𝑜𝑏𝑗(𝑡)))

𝐼𝑠𝑖𝑔𝑛𝑎𝑙(𝑡) =
𝐼𝑙

2
𝜅𝑟𝑜𝑏𝑗(t) cos (𝛺𝑝𝑡 + ɸ𝑜𝑏𝑗(𝑡)) 

𝐹𝑝

𝑟𝑜𝑏𝑗 ɸ𝑜𝑏𝑗(𝑡)



∀ 𝑚, 𝛺𝑚 = 2𝜋𝐹𝑚 𝜔𝑚 = 2𝜋𝑓𝑚

ɸ𝑜𝑏𝑗(𝑡) = 2𝑘𝑛𝛿𝑣(𝑡) 𝛿𝑣(𝑡)

𝑘 = 2𝜋/𝜆 𝜆 𝑛

𝐼(𝑡) =
𝐼𝑙
4
(1 + 𝜅2𝑟𝑜𝑏𝑗

2 + 2𝜅𝑟𝑜𝑏𝑗 cos(𝛺𝑝𝑡 + 2𝑘𝛿𝑣(𝑡) )) 

= 〈𝐼〉 + ∆𝐼(𝑡)

〈𝐼〉 =
𝐼𝑙

4
(1 + 𝜅2𝑟𝑜𝑏𝑗

2 ) ≈
𝐼𝑙

4
𝐼𝑓𝑜𝑛𝑑

𝑟𝑜𝑏𝑗 ≪ 1 ∆𝐼(𝑡) =
𝐼𝑙

2
𝜅𝑟𝑜𝑏𝑗 cos(𝛺𝑝𝑡 + 2𝑘𝛿𝑣(𝑡) )

𝐼𝑠𝑖𝑔𝑛𝑎𝑙(𝑡)

𝐼𝑠𝑖𝑔𝑛𝑎𝑙(𝑡) = 𝐼0𝑟𝑜𝑏𝑗 cos(𝛺𝑝𝑡 + 2𝑘𝛿𝑣(𝑡) ) 𝐼0

𝐼0 =
𝐼𝑙

2
𝜅

𝛿𝑣(𝑡)

 

http://www.polytec.com/eu/


 

λ

(𝑥, 𝑦)

𝑎𝑣 𝑓𝑣 𝜑𝑣

𝛿𝑣(𝑎𝑣, 𝑓𝑣, 𝑡) = 𝑎𝑣 sin(2𝜋𝑓𝑣𝑡 + 𝜑𝑣)

𝐼𝑠𝑖𝑔𝑛𝑎𝑙(𝑡) = 𝐼0𝑟𝑜𝑏𝑗 cos (𝛺𝑝𝑡 + ɸ𝑜𝑏𝑗(𝑡))

= 𝐼0𝑟𝑜𝑏𝑗cos(𝛺𝑝𝑡 + 2𝑘𝑎𝑣 sin(2𝜋𝑓𝑣𝑡))



𝐼𝑠𝑖𝑔𝑛𝑎𝑙(𝑡) = 𝐼0𝑟𝑜𝑏𝑗 ∑   𝐽𝑛(2k𝑎𝑣) 𝑐𝑜𝑠(2𝜋(𝐹p + 𝑛𝑓𝑣)𝑡)

+∞

𝑛=−∞

𝐽𝑛(𝐴)

𝐴 = 2k𝑎𝑣 < 0.5 𝐴

𝑎𝑣 < 𝜆/8𝜋

𝐽0(𝐴) ≈ 1 𝐽1(𝐴) ≈ 𝐴 2⁄ ≈ 𝑘𝑎𝑣 𝐽𝑛>1(𝐴) ≈ 0

𝐹𝑝 𝐹𝑝 + 𝑓𝑣

𝑎𝑣 =
𝜆

2𝜋

𝐽1𝐼0𝑟𝑜𝑏𝑗

𝐽0𝐼0𝑟𝑜𝑏𝑗
=
𝜆

2𝜋

𝐽1
𝐽0

𝑎𝑣 ≪ 𝜆

𝐼0𝑟𝑜𝑏𝑗cos (𝛺𝑝𝑡 + 2𝑘𝛿𝑣(𝑡)) = 𝐼0𝑟𝑜𝑏𝑗[cos(𝛺𝑝𝑡) cos(2𝑘𝛿𝑣(𝑡)) − sin(𝛺𝑝𝑡) sin(2𝑘𝛿𝑣(𝑡))]

≈ 𝐼0𝑟𝑜𝑏𝑗[cos(𝛺𝑝𝑡). 1 − sin(𝛺𝑝𝑡). 2𝑘𝛿𝑣(𝑡)]

= 𝐼0𝑟𝑜𝑏𝑗cos(𝛺𝑝𝑡) − 𝐼0𝑟𝑜𝑏𝑗𝑘𝑎𝑣 [cos ((𝛺𝑝 − 𝜔𝑣)𝑡) + cos ((𝛺𝑝 + 𝜔𝑣)𝑡)]

𝐼0𝑟𝑜𝑏𝑗𝐽0(2𝑘𝑎𝑣)cos(𝛺𝑝𝑡) 𝐽0(2𝑘𝑎𝑣) = 1

𝐼0𝑟𝑜𝑏𝑗𝐽+/− 1(2𝑘𝑎𝑣)cos ((𝛺𝑝 ± 𝜔𝑣)𝑡) 𝐽+1(2𝑘𝑎𝑣) = 𝑘𝑎𝑣 𝐽−1(2𝑘𝑎𝑣) = −𝑘𝑎𝑣



 

𝑁 1/𝑑𝑡

𝑇 = 𝑁𝑑𝑡 𝑑𝑡

𝑑𝑓 = 1/𝑇

 

|𝑇𝐹[𝐼𝑠𝑖𝑔𝑛𝑎𝑙(𝑡)𝑓]|

= 𝐼0𝑟𝑜𝑏𝑗 ∑ |  𝐽𝑛(2k𝑎𝑣)|

+∞

𝑛=−∞

δdirac (𝑓 − (𝐹𝑝 + 𝑛𝑓𝑣)) + δdirac (𝑓 + (𝐹𝑝 − 𝑛𝑓𝑣))

2

𝐼0𝑟𝑜𝑏𝑗

2
∑ |  𝐽𝑛(2k𝑎𝑣)|

+∞

𝑛=−∞

δdirac (𝑓 − (𝐹𝑝 + 𝑛𝑓𝑣))

𝐽�̃�

0,5𝐼0𝑟𝑜𝑏𝑗|  𝐽𝑛(2k𝑎𝑣)|

0,5𝐼0𝑟𝑜𝑏𝑗 𝐼𝑙

𝜅 𝐼0 ∝ 𝜅𝐼𝑙 𝑟𝑜𝑏𝑗

𝐹𝑝 = 𝛺𝑝/2𝜋 𝑓𝑣 =

𝜔𝑣/2𝜋 𝐹𝑝

0,5 𝐼0𝑟𝑜𝑏𝑗 δdirac(𝐹𝑝) +0,5𝐼0𝑟𝑜𝑏𝑗𝑘𝑎𝑣 [δdirac (𝑓 − (𝐹𝑝 + 𝑓𝑣)) + δdirac (𝑓 + (𝐹𝑝 − 𝑓𝑣))]



𝒇𝒗 = 𝟏  𝑴𝑯𝒛

𝑭𝒑 = 𝟒 𝑴𝑯𝒛 𝒂𝒗 = 𝟑𝟎 𝒏𝒎 𝝀 = 𝟏𝟎𝟔𝟒 𝒏𝒎 𝑰𝟎 = 𝟏 𝒎𝑾 𝒓𝒐𝒃𝒋 = 𝟎, 𝟏

𝑎𝑣 = 30 𝑛𝑚 <
𝜆

8𝜋
≈ 42 𝑛𝑚

𝐽0̃ 𝐽1̃ 0,5𝐼0𝑟𝑜𝑏𝑗. 1 0,5𝐼0𝑟𝑜𝑏𝑗. 𝑘𝑎𝑣

𝐽0 ≈ 1 𝐽1 ≈ 𝑘𝑎𝑣

|𝐽0̃| = 4,844.10
−5 |𝐽1̃| = 8,72.10

−6

𝑎𝑣 =
𝐽1̃

𝐽0̃ 

1

𝑘
=

8,72.10−6

4,844.10−5 

1

2𝜋/𝜆
= 0,18

1064

2𝜋
= 30,48 𝑛𝑚

0,5𝐼0𝑟𝑜𝑏𝑗

𝐼𝑜𝑝𝑡 ∝ 𝐼𝑒𝑙𝑒𝑐 𝐼𝑜𝑝𝑡 ∝ 𝑛𝑏. 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 ∝

𝐹𝑝 𝐽�̃�

0,5𝐼0𝑟𝑜𝑏𝑗. |𝐽0|

𝑓𝑣

𝐹𝑝 + 𝑓𝑣

𝐽+1̃

0,5𝐼0𝑟𝑜𝑏𝑗. |𝐽+1|

𝐹𝑝 − 𝑓𝑣

𝐽−1̃

0,5𝐼0𝑟𝑜𝑏𝑗. |𝐽−1|



𝑛𝑏. é𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 ∝ 𝐼𝑒𝑙𝑒𝑐 ∝ 𝑉𝑒𝑙𝑒𝑐 =
𝑅𝑒

ℎ𝜈
𝐼𝑜𝑝𝑡 𝑉𝑒𝑙𝑒𝑐 ∝ 𝐼𝑜𝑝𝑡

∝ 𝑎𝑣

𝑓𝑣

𝐽0 𝐽1

𝒂𝒗 = 𝟑𝟎 𝒏𝒎;𝟏𝟎𝟎 𝒏𝒎;𝟏𝟕𝟎 𝒏𝒎

 𝑁 = 216 = 65536

 
1

𝑑𝑡
= 1,3107 𝐺𝐻𝑧 𝑇 = 𝑁𝑑𝑡 = 50 µ𝑠

o 𝐹𝑝 = 200𝑑𝑓 = 200 × 20 𝑘𝐻𝑧 = 4 𝑀𝐻𝑧

o 𝑓𝑣 = 50𝑑𝑓 = 50 × 20 𝑘𝐻𝑧 = 1 𝑀𝐻𝑧

 𝜆 = 1064 𝑛𝑚 𝑎𝑣 = 30 𝑛𝑚

𝑛 = +1 𝑛 = −1 |𝐽0| =
|𝐽0̃|

0,5𝐼0𝑟𝑜𝑏𝑗
≈ 1 |𝐽+/−1| =

|𝐽+/−1̃|

0,5𝐼0𝑟𝑜𝑏𝑗
≈ 𝑘𝑎𝑣 ≈ 0,18 |𝐽|𝑛|>1| =

|𝐽|𝑛|>1̃ |

0,5𝐼0𝑟𝑜𝑏𝑗
≈ 0

 𝐼0 = 1 𝑚𝑊 𝑟𝑜𝑏𝑗 = 0,1



 

𝐼0𝑟𝑜𝑏𝑗cos (𝛺𝑝𝑡 + 2
2𝜋

𝜆
𝑎𝑣 sin(2𝜋𝑓𝑣𝑡). П𝜏𝑣(𝑡 − 𝑡0)) П𝜏𝑣

𝜏𝑣 𝑡0 𝑎𝑣(𝑡) 𝑎𝑣(𝑡) =

𝑎𝑣П𝜏𝑣(𝑡)

𝐽0

𝐹𝑝

Zone de signal, 

vibration de 

durée 𝜏𝑣



𝒂𝒗 = 𝟑𝟎 𝒏𝒎 𝝀 = 𝟏𝟎𝟔𝟒 𝒏𝒎 →

𝑱𝟏 ≈ 𝒌𝒂𝒗 = 𝟎,𝟏𝟖, 𝒑 = 𝟏𝟎 𝝉𝒗 =
𝒑

𝒇𝒗
= 𝟏𝟎 µ𝒔 𝑻 = 𝟓𝟎 µ𝒔

𝑱𝟏𝒔𝒂𝒍𝒗𝒆 =
𝟎,𝟏𝟖

𝟓𝟎/𝟏𝟎
= 𝟎, 𝟎𝟑𝟔

𝑱𝟏𝒔𝒂𝒍𝒗𝒆 𝑭𝒑 + 𝒇𝒗

𝐽1𝑠𝑎𝑙𝑣𝑒

𝐽1𝑠𝑎𝑙𝑣𝑒

𝜏𝑣 𝜏𝑣 = 𝑇

𝐽1

𝜏𝑣 < 𝑇
𝐽1

𝑇/𝜏𝑣

2/𝜏𝑣

𝜏𝑣 = 𝑝/𝑓𝑣 𝑝

2/𝜏𝑣

𝐽1𝑠𝑎𝑙𝑣𝑒 =
𝐽1
𝑇/𝜏𝑣



𝐽1

𝑇/𝜏𝑣
=

0,18

50.10−6/10.10−6
= 0,036

2

𝜏𝑣
=

2

10 µ𝑠
= 0,2 𝑀𝐻𝑧

 

 𝑏(𝑡) 𝜎𝑡

〈𝑏(𝑡)〉 = 0 〈𝑏(𝑡)𝑏(𝑡 − 𝜏)〉 = 𝜎𝑡
2𝛿(𝜏)

𝐼0𝑟𝑜𝑏𝑗cos (𝛺𝑝𝑡 + 2
2𝜋

𝜆
𝑎𝑣 sin(2𝜋𝑓𝑣𝑡). П𝜏𝑣(𝑡 − 𝑡0)) + 𝑏(𝑡)

𝐷𝑆𝐵 =
𝜎𝑡

√𝐹é𝑐ℎ
𝑊/√𝐻𝑧 𝐹é𝑐ℎ = 1/𝑑𝑡

• 𝐷𝑆𝐵 = √ℎ𝜈𝐼𝑙 ℎ𝜈

ℎ 14 
𝑝𝑊

√𝐻𝑧

𝐼𝑙 = 1 𝑚𝑊

• 𝐷𝑆𝐵 = ℎ𝜈√4𝑘𝐵𝑇/𝑅𝑒2 𝑘𝐵𝑇

𝑘𝐵 𝑇

𝑒 𝑅

23
𝑝𝑊

√𝐻𝑧
𝑅 = 50 𝑜ℎ𝑚

𝑉

√𝐻𝑧

𝑊

√𝐻𝑧
𝑅𝑒/ℎ𝜈

42 𝑉/𝑊

10 𝑉/𝑊



𝑅𝑆𝐵 =
𝐽0̃

bruit
=
0,5𝐼0𝑟𝑜𝑏𝑗

𝑏𝑟𝑢𝑖𝑡

𝑎𝑣𝑚𝑖𝑛 =
𝐽1𝑚𝑖𝑛
̃

𝐽0̃ 

1

𝑘
=
𝑏𝑟𝑢𝑖𝑡

𝐽0̃ 

1

𝑘
=

1

𝑅𝑆𝐵

1

𝑘

𝑅𝑆𝐵

𝟏

𝒅𝒕
= 𝟒𝟑𝟔𝟗𝟏 𝒌𝑯𝒛 →  𝑻 = 𝟏, 𝟓 𝒎𝒔 𝝉𝒗 = 𝟏 𝒎𝒔 𝑫𝑺𝑩 = 𝟑𝟎 𝒏𝑾/√𝑯𝒛

𝐽1̃ 𝐽1

10 log10(𝑃𝑒𝑙𝑒𝑐) ∝ 10 log10(𝑉𝑒𝑙𝑒𝑐
2 ) = 20 log10(𝑉𝑒𝑙𝑒𝑐) ∝

20 log10(𝐼𝑜𝑝𝑡) = 10 log10(𝐼𝑜𝑝𝑡
2 )

10 log10 (
𝑉𝑒𝑙𝑒�̂�

2

𝑉𝑟𝑒𝑓
2 ) �̂� = |𝑇𝐹[𝑥]|

𝑉𝑟𝑒𝑓
2  

50 𝑜ℎ𝑚
=

1 𝑚𝑊

𝜎𝑡/√𝑁

𝐷𝑆𝐵√𝐹𝑒𝑐ℎ

√𝑁
=
30.10−9√43691.103

√216
≈ 0,775 µ𝑊

𝐷𝑆𝐵√𝐹𝑒𝑐ℎ

√𝑁

0,5𝐼0𝑟𝑜𝑏𝑗
≈

0,775.10−6

0,5.1.10−3.0,1
≈ 0,0155

10 log10 (𝐼𝑜𝑝�̂�
2
)

20𝑙𝑜𝑔10(0,0155) ≈ −36



𝟏

𝒅𝒕
= 𝟒𝟑𝟔𝟗𝟏 𝒌𝑯𝒛 →  𝑻 = 𝟏, 𝟓 𝒎𝒔 𝝉𝒗 = 𝟏 𝒎𝒔 𝑫𝑺𝑩 = 𝟑𝟎 𝒏𝑾/√𝑯𝒛

 

cos (𝛺𝑝𝑡 + ɸ𝑜𝑏𝑗(𝑡)) =

𝑒
𝑗(𝛺𝑝𝑡+ɸ𝑜𝑏𝑗(𝑡)) +𝑒

−𝑗(𝛺𝑝𝑡+ɸ𝑜𝑏𝑗(𝑡)) 

2
ɸ𝑜𝑏𝑗(𝑡) = 2𝑘𝛿𝑣(𝑡)

𝑒𝑗(𝛺𝑝𝑡+ɸ𝑜𝑏𝑗
(𝑡)) 

𝑒−𝑗𝛺𝑝𝑡 

𝑒𝑗ɸ𝑜𝑏𝑗(𝑡) 

ɸ𝑜𝑏𝑗(𝑡) 𝛿𝑣(𝑡) =

ɸ𝑜𝑏𝑗(𝑡)/2𝑘  



cos(𝛺𝑝𝑡 + ɸ𝑜𝑏𝑗) 

+𝑏(𝑡)

𝑒
𝑗(𝛺𝑝𝑡+ɸ𝑜𝑏𝑗) 

2

𝑒
𝑗ɸ𝑜𝑏𝑗

2

ɸ𝑜𝑏𝑗 + 𝑏ɸ(𝑡) 
𝟏

𝒅𝒕
= 𝟒𝟑𝟔𝟗𝟏 𝒌𝑯𝒛 →  𝑻 = 𝟏, 𝟓 𝒎𝒔 𝝉𝒗 = 𝟏 𝒎𝒔 𝑫𝑺𝑩 = 𝟐 𝒏𝑾/√𝑯𝒛



𝑹𝑺𝑩 ≈ 𝟐 

𝑏ɸ(𝑡)
𝐷𝑆𝐵

𝐼0𝑟𝑜𝑏𝑗
√𝐵 𝐵

2𝐵 ≈ 21 𝑀𝐻𝑧 2𝐵 ≈ 2,4 𝑀𝐻𝑧

3 = √9

√2

𝑩 = 𝟏, 𝟐𝒇𝒗 𝑹𝑺𝑩 ≈ 𝟔  



cos(𝛺𝑝𝑡 + ɸ𝑜𝑏𝑗)

+ 𝑏(𝑡)

𝑒𝑗(𝛺𝑝𝑡+ɸ𝑜𝑏𝑗) 

2

𝑒𝑗ɸ𝑜𝑏𝑗

2

ɸ𝑜𝑏𝑗 
𝟏

𝒅𝒕
= 𝟒𝟑𝟔𝟗𝟏 𝒌𝑯𝒛 →  𝑻 = 𝟏, 𝟓 𝒎𝒔 𝝉𝒗 = 𝟏 𝒎𝒔 𝑫𝑺𝑩 = 𝟐 𝒏𝑾/√𝑯𝒛

𝟐𝑩 



 

 

𝐵𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑓



𝑫𝑺𝑩 = 𝟐 𝒏𝑾/√𝑯𝒛

𝑩 = 𝟐, 𝟔 𝑴𝑯𝒛 𝑩 = 𝟐, 𝟐 𝑴𝑯𝒛

𝑩𝒔é𝒍𝒆𝒄𝒕𝒊𝒇 = 𝟓𝟎𝟎 𝒌𝑯𝒛

𝐵𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑓

𝐽−1̃ 𝐽0̃ 𝐽+1̃

𝐽+1̃

5 15 µ𝑠 25 35 µ𝑠

𝟐𝑩𝒔𝒆𝒍𝒆𝒄𝒕𝒊𝒇 

𝟐𝑩 



2𝐵𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑓 = 2/𝜏𝑣 𝐵𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑓 = 1/𝜏𝑣

𝑩𝒔é𝒍𝒆𝒄𝒕𝒊𝒇 =
𝟎,𝟐

𝝉𝒗
;
𝟏

𝝉𝒗
 ;
𝟓

𝝉𝒗

𝑫𝑺𝑩 = 𝟐 𝒏𝑾/√𝑯𝒛 𝑹𝑺𝑩 =

𝟓;  𝟓𝟑;  𝟐𝟏𝟕 𝑹𝑺𝑩 ≈ 𝟓;  𝟗;  𝟔

𝟐𝑩𝒔𝒆𝒍𝒆𝒄𝒕𝒊𝒇 𝟐𝑩𝒔𝒆𝒍𝒆𝒄𝒕𝒊𝒇 𝟐𝑩𝒔𝒆𝒍𝒆𝒄𝒕𝒊𝒇 

2/𝜏𝑣

𝜏𝑣



𝐽−1  𝐽0 𝐽+1

𝐽+/−2 𝐽+/−3

𝑩 = 𝟏, 𝟐𝒇𝒗 𝑫𝑺𝑩 = 𝟐 𝒏𝑾/√𝑯𝒛 𝑹𝑺𝑩 =
𝟐𝟐 𝒏𝒎

𝟒 𝒏𝒎
≈ 𝟓 𝑹𝑺𝑩 =

𝟖𝟎 𝒏𝒎

𝟑 𝒏𝒎
≈ 𝟐𝟔

𝛿(𝑡)

1,8 𝑛𝑚
𝐷𝑆𝐵√𝐵

𝐼0𝑟𝑜𝑏𝑗𝑘



𝑭𝒑 = 𝟒 𝑴𝑯𝒛 ∆𝝉 = 𝟎, 𝟐 µ𝒔 𝑩 ≈
𝟏

𝟐∆𝝉
𝑯𝒛 𝑫𝑺𝑩 = 𝟐 𝒏𝑾/√𝑯𝒛 𝒂𝒗 = 𝟏𝟑𝟎 𝒏𝒎 𝑰𝟎 = 𝟑 𝒎𝑾

 

𝐹𝑝 + 𝑛𝑓𝑣

𝐹𝑝 − 𝑛𝑓𝑣

2
𝜆

8𝜋
= 84 𝑛𝑚

𝑒𝑗ɸ𝑜𝑏𝑗 ≈ 1 + 𝑗ɸ𝑜𝑏𝑗 = 1 +
𝑎𝑣𝑒

𝑗𝜔𝑣𝑡

2
−
𝑎𝑣𝑒

−𝑗𝜔𝑣𝑡

2

1 +
𝑎𝑣𝑒

𝑗𝜔𝑣𝑡

2
≈ 𝑒

𝑎𝑣𝑒
𝑗𝜔𝑣𝑡

2 = 𝑒
𝑎𝑣
2
cos (𝜔𝑣𝑡)𝑒𝑗

𝑎𝑣
2
sin(𝜔𝑣𝑡)

𝟐𝑩 



𝑎𝑣
2
sin(𝜔𝑣𝑡) =

𝛿𝑣(𝑡)

2

𝑎𝑣 2
𝜆

8𝜋
≈ 85 𝑛𝑚

𝑚

𝐷𝑆𝐵√𝐵
1

√𝑚

𝐼0𝑟𝑜𝑏𝑗𝑘

 𝑎𝑣𝑚𝑖𝑛 = 3
𝐷𝑆𝐵√𝐵

𝐼0𝑟𝑜𝑏𝑗𝑘

1

√𝑚
  

√〈𝑢𝑏𝑟𝑢𝑖𝑡
2 〉

√〈𝑢𝑠𝑖𝑔
2 〉 𝑅𝑆𝐵 = √〈𝑢𝑠𝑖𝑔

2 〉/〈𝑢𝑏𝑟𝑢𝑖𝑡
2 〉

𝒂𝒗 < 2
𝝀

𝟖𝝅



𝐼 𝑢 =
𝑅𝑒

ℎ𝜈
𝐼

〈𝑢𝑏𝑟𝑢𝑖𝑡
2 〉 = (

𝑅𝑒

ℎ𝜈
)
2
〈(𝐷𝑆𝐵√𝐵)

2
〉 〈𝑢𝑠𝑖𝑔

2 〉 = (
𝑅𝑒

ℎ𝜈
)
2
〈(𝐼0𝑟𝑜𝑏𝑗 sin(𝛺𝑝𝑡). 2𝑘𝛿𝑣)

2
〉 =

(
𝑅𝑒

ℎ𝜈
)
2

2(𝐼0𝑟𝑜𝑏𝑗𝑘𝑎𝑣)
2

𝑎𝑣𝑚𝑖𝑛
𝐼0

√𝐵
= 3

𝐷𝑆𝐵

𝑟𝑜𝑏𝑗𝑘
 𝑚è𝑡𝑟𝑒.𝑊/√𝐻𝑧

1 𝑚𝑊 1 𝑀𝐻𝑧

𝑎𝑣𝑚𝑖𝑛 = 3
√ℎ𝜈𝐼𝑙

𝑟𝑜𝑏𝑗𝑘

√𝐵

𝐼0
≈ 1 𝐴𝑛𝑔𝑠𝑡𝑟ö𝑚

0,1

𝐷𝑆𝐵 = 5. 10−8 𝑊/√𝐻𝑧

𝑎𝑣𝑚𝑖𝑛 = 3
5.10−8

𝑟𝑜𝑏𝑗𝑘

√𝐵

𝐼0
= 250 𝑛𝑚

𝐵

𝐼0; 𝑟𝑜𝑏𝑗; 𝜎𝑡; 𝑚

 

𝐹𝑝 + 𝑛𝑓𝑣 , 𝑛 ∈ 𝑍



−100 𝑑𝐵

𝐷𝑆𝐵 = √ℎ𝜈𝐼𝑙



 



 

𝜅 𝐼0𝑟𝑜𝑏𝑗

𝑎𝑣𝑚𝑖𝑛 ∝ 1/𝐼0𝑟𝑜𝑏𝑗 𝐼0 ∝ 𝜅𝐼𝑙

0,5𝐼0𝑟𝑜𝑏𝑗

1 𝑚𝑊  3 𝑚𝑊 5 𝑛𝑚 1,6 𝑛𝑚



𝟏 𝒎𝑾 𝟑 𝒎𝑾 𝟓 𝒏𝒎

𝟏, 𝟔 𝒏𝒎 𝑫𝑺𝑩 = 𝟐 𝒏𝑾/√𝑯𝒛

𝐷𝑆𝐵√𝐵

𝐼0𝑟𝑜𝑏𝑗𝑘

1

√𝑚
=

2.10−9√2.106

1.10−3.0,1.
2𝜋

1064.10−9

≈ 4,8 𝑛𝑚 1 𝑚𝑊 1,6 𝑛𝑚 3 𝑚𝑊

 

 





 

https://www.institut-langevin.espci.fr/capteurs_de_deplacement_de_surface
https://www.institut-langevin.espci.fr/capteurs_de_deplacement_de_surface
https://www.institut-langevin.espci.fr/capteurs_de_deplacement_de_surface
https://www.institut-langevin.espci.fr/capteurs_de_deplacement_de_surface
https://doi.org/10.1103/PhysRevA.70.053824
https://doi.org/10.1109/T-UFFC.1986.26860
https://doi.org/10.1364/AO.54.003185
https://doi.org/10.1364/OE.23.030917
https://doi.org/10.1109/TUFFC.2012.2414
https://doi.org/10.1364/AO.15.002690
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Ω𝑅

𝐹𝑅 = Ω𝑅/2𝜋



𝜔𝑙

𝜔𝑙 + Ω𝑝 𝐼(𝑡)

Ω𝑝

Ω𝑝 ≈ Ω𝑅



𝐼(𝑡) = 〈𝐼〉 + 𝐺𝐿𝑂𝐹𝐼∆𝐼(𝑡)

〈𝐼〉 = 𝐼𝑙

𝐺𝐿𝑂𝐹𝐼

∆𝐼(𝑡) = 𝐼0𝑟𝑜𝑏𝑗 cos(𝛺𝑝𝑡 + ɸ𝑜𝑏𝑗(𝑡) )

𝛺𝑝 Ω𝑅 𝐺𝐿𝑂𝐹𝐼∆𝐼(𝑡)

𝐺𝐿𝑂𝐹𝐼 106

106

𝑅𝑜𝑏𝑗 = 𝑟𝑜𝑏𝑗
2 1012

𝐺𝐿𝑂𝐹𝐼(𝑓) = 𝛾𝑐√
(∆𝛺𝑅)2+(2𝜋𝑓)2

(𝛺𝑅
2−(2𝜋𝑓)2)

2
+(∆𝛺𝑅2𝜋𝑓)2

 𝛺𝑅

∆𝛺𝑅

𝐺𝐿𝑂𝐹𝐼(𝛺𝑝) = 𝛾𝑐√
(∆𝛺𝑅)2+𝛺𝑝

2

(𝛺𝑅
2−𝛺𝑝

2)
2
+(∆𝛺𝑅𝛺𝑝)

2 

𝛺𝑅 = √𝛾1𝛾𝑐(𝜂 − 1) ∆𝛺𝑅 = 𝛾1𝜂 1 𝛾𝑐⁄  

0,1 𝑛𝑠 →

1 𝛾1⁄

0,2 𝑚𝑠 →

𝜂 ≥ 1 



𝛺𝑝 = 𝛺𝑅

𝐺𝐿𝑂𝐹𝐼(𝛺𝑅) ≈
𝛾𝑐

∆𝛺𝑅
≈ 106

𝜂

𝑭𝒑/𝟐 𝑹𝒃𝒔

𝒓𝒐𝒃𝒋

ɸ𝒐𝒃𝒋(𝒕)



➢ 

➢ 

➢ 

➢ 𝐹𝑅
➢ ∆𝛺𝑅 2𝜋⁄

𝛾𝑐ℎ𝜈 𝛾𝑐

𝑠−1 ℎ𝜈 𝐽𝑜𝑢𝑙𝑒𝑠

 

10 log10(|𝑇𝐹[𝑉]|
2)

10 log10(|𝑇𝐹[𝐼]|
2) 𝐼

𝑅𝑒

ℎ𝜈

10 𝑉/𝑊

➢ 𝐹𝑝

➢ 

𝐹𝑅

2𝐹𝑅

➢ 

𝐹𝑅



𝐹𝑅



➢ 

𝑏𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑢𝑟(𝑓)

➢ 

𝐺𝐿𝑂𝐹𝐼(𝑓)𝑏𝑝ℎ𝑜𝑡𝑜𝑛(𝑓) > 𝑏𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑢𝑟(𝑓)

𝑓 ∈ [1 − 2,5]𝑀𝐻𝑧 

➢ 

𝑆𝐿𝑂𝐹𝐼(𝐹𝑝) =

𝐺𝐿𝑂𝐹𝐼(𝐹𝑝). ∆𝐼(𝑡)

 

−110 𝑑𝐵𝑚/𝐻𝑧

7.10−8 𝑊/√𝐻𝑧

10 𝑉/𝑊 42 𝑉/𝑊

0,9.10−8 𝑊/√𝐻𝑧

−128 𝑑𝐵𝑚/𝐻𝑧

𝑑𝐵𝑚/𝐻𝑧



𝐷𝑆𝑃𝑑𝐵𝑚/𝐻𝑧 = 10 log10 (
𝐷𝑆𝑃

𝑉2 𝐻𝑧⁄

50 Ω .  1 𝑚𝑊
) 𝐷𝑆𝑃𝑉2 𝐻𝑧⁄ = 50.10−3. 10−

128

10 ≈

8. 10−15 𝑉2/𝐻𝑧

√𝐷𝑆𝑃𝑉2 𝐻𝑧⁄ ≈ 9.10−8 𝑉/√𝐻𝑧

9.10−8/𝜂
𝑅𝑒

ℎ𝜈
≈ 0,9.10−8 𝑊/√𝐻𝑧

𝜂 ≈ 23%

𝑝𝑊/√𝐻𝑧

 

𝑝𝑊/√𝐻𝑧

𝐷𝑆𝐵𝑝ℎ = √ℎ𝜈𝐼𝑙 1 𝑛𝑊/√𝐻𝑧 𝐼𝑙 = 5 𝑊

14 𝑝𝑊/√𝐻𝑧

𝐹𝑝 = 2 𝑀𝐻𝑧 2 𝑀𝐻𝑧

𝐹𝑝 [1 −

 2,5] 𝑀𝐻𝑧



𝐹𝑝

➢ 

➢ 

➢ 

 

 

𝐹𝑝

𝐹𝑅 𝐺𝐿𝑂𝐹𝐼

106

10−12



 

 

 

 

➢ 

➢ 

➢ 



 

➢ 

➢ 

➢ 

0,2 𝑚𝑠



 

𝑟𝑜𝑏𝑗

ɸ𝑜𝑏𝑗

𝑟𝑜𝑏𝑗(𝑥, 𝑦) ɸ𝑜𝑏𝑗(𝑥, 𝑦)

𝐺𝐿𝑂𝐹𝐼

 

 

𝐺𝐿𝑂𝐹𝐼

Ω𝑝 Ω𝑅



|𝑭𝑹 − 𝑭𝒑| = 𝟏𝟎𝟎 𝒌𝑯𝒛 𝑮(Ω𝒑) ≈ 𝟏𝟎
𝟒

|𝑭𝑹 − 𝑭𝒑| = 𝟏𝟎𝟎 𝒌𝑯𝒛 𝑮(Ω𝒑) ≈ 𝟏𝟎
𝟒

|𝑭𝑹 − 𝑭𝒑| = 𝟏𝟎 𝒌𝑯𝒛 𝑮(Ω𝒑) ≈ 𝟏𝟎
𝟓

|𝑭𝑹 − 𝑭𝒑| = 𝟎 𝒌𝑯𝒛 𝑮(Ω𝒑) ≈ 𝟏𝟎
𝟔



 

 



 

2𝜋 𝜆/2

𝜆/2

𝑓𝑣 = 117,2 𝐻𝑧

𝑓𝑣





 

 

50
𝑝𝑊

√𝐻𝑧
𝐼𝑙 ≈ 13 𝑚𝑊

𝐹𝑝 = 1 𝑀𝐻𝑧

𝐹𝑝 ± 𝑓𝑣

20
𝑛𝑊

√𝐻𝑧

20𝑙𝑜𝑔10 (
𝐷𝑆𝐵𝑝ℎ𝑜𝑡𝑜𝑛√𝐹𝑒𝑐ℎ

√𝑁
) = −180

𝑉𝑟𝑒𝑓
2 = 1 10 log10 (

𝑉𝑒𝑙𝑒�̂�
2

𝑉𝑟𝑒𝑓
2 ) 𝐼𝑜𝑝�̂� ∝ 𝑉𝑒𝑙𝑒�̂�

20𝑙𝑜𝑔10 (
𝐷𝑆𝐵𝑑é𝑡𝑒𝑐𝑡𝑒𝑢𝑟√𝐹𝑒𝑐ℎ

√𝑁
) = −127

𝑉𝑟𝑒𝑓
2 = 1 10 log10 (

𝑉𝑒𝑙𝑒�̂�
2

𝑉𝑟𝑒𝑓
2 ) 𝐼𝑜𝑝�̂� ∝ 𝑉𝑒𝑙𝑒�̂�



𝟏

𝒅𝒕
≈ 𝟐𝟔 𝑴𝑯𝒛;  𝑭𝒑 = 𝟏 𝑴𝑯𝒛; 𝒇𝒗 = 𝟒𝟎 𝒌𝑯𝒛;𝒂𝒗 = 𝟏 𝒏𝒎;𝑵 = 𝟐

𝟏𝟔;  𝑫𝑺𝑩𝒑𝒉𝒐𝒕𝒐𝒏 = 𝟓𝟎
𝒑𝑾

√𝑯𝒛
(𝒔𝒐𝒊𝒕 𝟐𝟎𝒍𝒐𝒈𝟏𝟎 (

𝝈𝒕𝒑𝒉𝒐𝒕𝒐𝒏

√𝑵
) =

𝟐𝟎𝒍𝒐𝒈𝟏𝟎 (
𝑫𝑺𝑩𝒑𝒉𝒐𝒕𝒐𝒏√𝑭𝒆𝒄𝒉

√𝑵
) = 𝟐𝟎𝒍𝒐𝒈𝟏𝟎 (

𝟓𝟎.𝟏𝟎−𝟏𝟐√𝟐𝟔.𝟏𝟎𝟔

√𝟐𝟏𝟔
) = −𝟏𝟖𝟎) ;  𝑫𝑺𝑩𝒅é𝒕𝒆𝒄𝒕𝒆𝒖𝒓 = 𝟐𝟎

𝒏𝑾

√𝑯𝒛
(𝒔𝒐𝒊𝒕 − 𝟏𝟐𝟕𝒅𝑩); 𝒓𝒐𝒃𝒋 =

𝟏𝟎−𝟑; 𝑰𝟎 = 𝟓 𝒎𝑾;𝑭𝑹 = 𝟎, 𝟕 𝑴𝑯𝒛;
∆𝜴𝑹

𝟐𝝅
= 𝟏 𝒌𝑯𝒛;𝑩 = 𝟏, 𝟐𝒇𝒗



➢ 

➢ 

 

𝐹𝑝 − 𝑓𝑣

𝐹𝑝 𝐵

 𝐺𝐿𝑂𝐹𝐼(𝑓) =

𝛾𝑐
∆𝛺𝑅+𝑖2𝜋𝑓

𝛺𝑅
2−(2𝜋𝑓)2+∆𝛺𝑅.𝑖2𝜋𝑓

= 𝐺𝐿𝑂𝐹𝐼(𝑓)𝑒
𝑖𝛷𝐿𝑂𝐹𝐼(𝑓) 

𝐺𝐿𝑂𝐹𝐼(𝑓) = 𝛾𝑐√
(∆𝛺𝑅)2+(2𝜋𝑓)2

(𝛺𝑅
2−(2𝜋𝑓)2)

2
+(∆𝛺𝑅2𝜋𝑓)2

 



 

𝐼𝑠𝑖𝑔𝑛𝑎𝑙(𝑡) = 𝐼0𝑟𝑜𝑏𝑗 ∑  𝐺𝐿𝑂𝐹𝐼 (2𝜋(𝐹p + 𝑛𝑓𝑣))  𝐽𝑛(2k𝑎𝑣) 𝑐𝑜𝑠(2𝜋(𝐹p + 𝑛𝑓𝑣)𝑡)

+∞

𝑛=−∞

 

≈ 𝐺𝐿𝑂𝐹𝐼(𝛺𝑝) 𝐼0𝑟𝑜𝑏𝑗cos(𝛺𝑝𝑡) + 

+𝐺𝐿𝑂𝐹𝐼(𝛺𝑝 + 𝜔𝑣)𝐼0𝑟𝑜𝑏𝑗𝑘𝑎𝑣 cos ((𝛺𝑝 + 𝜔𝑣)𝑡) 

−𝐺𝐿𝑂𝐹𝐼(𝛺𝑝 − 𝜔𝑣)𝐼0𝑟𝑜𝑏𝑗𝑘𝑎𝑣 cos ((𝛺𝑝 − 𝜔𝑣)𝑡)

𝐺𝐿𝑂𝐹𝐼(𝛺𝑝) ≠ 𝐺𝐿𝑂𝐹𝐼(𝛺𝑝 + 𝜔𝑣) ≠ 𝐺𝐿𝑂𝐹𝐼(𝛺𝑝 − 𝜔𝑣)



𝒇𝒗 =

𝟒𝟎𝟎 𝒌𝑯𝒛 𝑭𝒑 = 𝟏𝑴𝑯𝒛

𝟐𝑩

𝟐𝑩𝒔é𝒍𝒆𝒄𝒕𝒊𝒇

𝟐𝑩

𝟐𝑩𝒔é𝒍𝒆𝒄𝒕𝒊𝒇



 

𝐹𝑝 −

𝑓𝑣

𝐽0̃

𝐹𝑝 + 𝑓𝑣

𝐹𝑝 − 𝑓𝑣

𝐺𝐿𝑂𝐹𝐼(𝐹𝑝 − 𝑓𝑣) = 3000 𝐺𝐿𝑂𝐹𝐼(𝐹𝑝) = 250 𝐺𝐿𝑂𝐹𝐼(𝐹𝑝 + 𝑓𝑣) = 150

𝐽0𝑑𝐵
̃ = −63 𝑑𝐵 𝐽−1𝑑𝐵

̃ =−98 𝑑𝐵5

𝐽0𝑑𝐵
̃ = −63 − 20 log10(250) = − 111 𝑑𝐵

𝐽−1𝑑𝐵
̃ =−98 − 20 log10(3000) = −167  𝑑𝐵

10(𝐽−1𝑑𝐵
̃ −𝐽0𝑑𝐵

̃)/20/𝑘 ≈ 2,7 𝐴𝑛𝑔𝑠𝑡𝑟ö𝑚



𝒇𝒗 = 𝟓𝑴𝑯𝒛

𝑭𝒑 = 𝟔𝑴𝑯𝒛 𝑭𝒑 − 𝒇𝒗 = 𝟏𝑴𝑯𝒛

𝑭𝑹 = 𝟎,𝟕𝑴𝑯𝒛 𝑭𝒑 + 𝒇𝒗 = 𝟏𝟏𝑴𝑯𝒛

 

𝑎𝑣𝑚𝑖𝑛 =
1

𝑅𝑆𝐵𝐿𝑂𝐹𝐼

1

𝑘

 𝐺𝐿𝑂𝐹𝐼(𝐹𝑝)𝜅
2𝑟𝑜𝑏𝑗 < 1/10 

𝑟𝑜𝑏𝑗𝐼0𝐺𝐿𝑂𝐹𝐼

𝑟𝑜𝑏𝑗𝐼0𝐺𝐿𝑂𝐹𝐼 = 𝑟𝑜𝑏𝑗𝜅
2𝐼𝑙𝐺𝐿𝑂𝐹𝐼 < 𝐼𝑙/10

𝑟𝑜𝑏𝑗 ≈ 1

𝜂 ≈ 2,5

𝐼𝑙 = 13,5 𝑚𝑊 𝑟𝑜𝑏𝑗𝐼0

𝜅 𝐼0 = 𝜅𝐼𝑙 𝐼0 ≈ 0,9 µ𝑊

𝐹𝑝 = 2 𝑀𝐻𝑧 𝐹𝑝 − 𝐹𝑅 = 0,65 𝑀𝐻𝑧 𝐹𝑝 =

16 𝑀𝐻𝑧 𝐹𝑝 − 𝐹𝑅 = 14,65 𝑀𝐻𝑧



20 log10(0,5𝑟𝑜𝑏𝑗𝐼0𝐺𝐿𝑂𝐹𝐼) ≈ −68 𝑑𝐵 𝐹𝑝 = 2 𝑀𝐻𝑧

−95 𝑑𝐵 𝐹𝑝 = 16 𝑀𝐻𝑧

𝑟𝑜𝑏𝑗𝐼0𝐺𝐿𝑂𝐹𝐼 ≈ 0,8 𝑚𝑊 < 𝐼𝑙/10 ≈  1,35 𝑚𝑊

34 𝑑𝐵

1

10
(𝐽0𝑑𝐵
̃ −𝑏𝑟𝑢𝑖𝑡𝑑𝐵)/20

1064

2𝜋
=

1

1034/20
1064

2𝜋
= 3,3 𝑛𝑚

29 𝑑𝐵

 5 𝑑𝐵

[0,3 − 10] 𝑀𝐻𝑧

𝑭𝒑 − 𝑭𝑹 = 𝟎,𝟔𝟓 𝑴𝑯𝒛 𝑹𝑺𝑩 = 𝟑𝟒 𝒅𝑩

𝑭𝒑 − 𝑭𝑹 =

𝟏𝟒, 𝟔𝟓 𝑴𝑯𝒛 𝑹𝑺𝑩 = 𝟐𝟗 𝒅𝑩



𝐹𝑝 − 𝐹𝑅 = 0,65 𝑀𝐻𝑧

𝐼𝑙

[0,3 − 10] 𝑀𝐻𝑧

𝐼0 ≪ 𝐼𝑙

𝐹𝑝 − 𝐹𝑅 =

0,65 𝑀𝐻𝑧 𝐹𝑝 − 𝐹𝑅 =

14,65 𝑀𝐻𝑧



𝐹𝑝 ± 𝐹𝑅

 𝐺𝐿𝑂𝐹𝐼(𝐹𝑝)𝜅
2𝑟𝑜𝑏𝑗 > 1/10

𝜅

10 µ𝑊

𝐹𝑝 − 𝐹𝑅 = 0,65 𝑀𝐻𝑧



0,9 µ𝑊 10 µ𝑊

34 𝑑𝐵 20 log10 (
10

0,9
10

34

20) ≈ 54 𝑑𝐵

56 𝑑𝐵 54 𝑑𝐵

56 𝑑𝐵

0,3 𝑛𝑚

𝑭𝒑 − 𝑭𝑹 = 𝟎,𝟔𝟓 𝑴𝑯𝒛 𝒓𝒐𝒃𝒋𝑰𝟎 ≈ 𝟏𝟎 µ𝑾

𝑭𝒑 − 𝑭𝑹 = 𝟏𝟒, 𝟔𝟓 𝑴𝑯𝒛 𝒓𝒐𝒃𝒋𝑰𝟎 ≈ 𝟐𝟎𝟓 µ𝑾

𝐺𝐿𝑂𝐹𝐼(𝑓) = 𝛾𝑐√
(∆𝛺𝑅)2+(2𝜋𝑓)2

(𝛺𝑅
2−(2𝜋𝑓)2)

2
+(∆𝛺𝑅2𝜋𝑓)2

 

𝐹𝑅
𝐹𝑝

𝐹𝑝 − 𝐹𝑅
𝐹𝑝 + 𝐹𝑅

𝐹𝑝𝐹𝑅



10 µ𝑊 𝑟𝑜𝑏𝑗𝐼0 ≈

10 µ𝑊 𝑟𝑜𝑏𝑗 ≈ 1

0,65 𝑀𝐻𝑧 10 µ𝑊

10 µ𝑊

4,65 𝑀𝐻𝑧 𝑟𝑜𝑏𝑗𝐼0 ≈ 80 µ𝑊 

8,65 𝑀𝐻𝑧 𝑟𝑜𝑏𝑗𝐼0 ≈ 105 µ𝑊 

14,65 𝑀𝐻𝑧 𝑟𝑜𝑏𝑗𝐼0 ≈ 205 µ𝑊 𝐹𝑝 −

𝐹𝑅 = 14,65 𝑀𝐻𝑧



[2 − 9] 𝑀𝐻𝑧

𝑓 ≈ 10 𝑀𝐻𝑧

2 𝑛𝑚 10 𝑀𝐻𝑧

𝑚 √𝑚

𝑩𝒔𝒆𝒍𝒆𝒄𝒕𝒊𝒇 = 𝟏𝟎 𝒌𝑯𝒛



𝐵𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑓 = 10 𝑘𝐻𝑧

𝐹𝑝 − 𝐹𝑅 = 14,65 𝑀𝐻𝑧

0,5 𝑛𝑚

5 𝑀𝐻𝑧

 

𝑟𝑜𝑏𝑗 ≈ 0,16

𝑅𝑜𝑏𝑗 ≈ 3% 1,3 𝑚𝑊

𝑟𝑜𝑏𝑗𝐼0 ≈ 205 µ𝑊 𝐹𝑝 − 𝐹𝑅 = 14,65 𝑀𝐻𝑧

10 𝑀𝐻𝑧

0,2 𝑛𝑚

40 𝑘𝐻𝑧

𝐷𝑆𝐵√𝐵

𝐼0𝑟𝑜𝑏𝑗𝑘

1

√𝑚
≈ 1,4 𝐴𝑛𝑔𝑠𝑡𝑟ö𝑚 𝐷𝑆𝐵 ≈ 50 𝑝𝑊/√𝐻𝑧 𝐼𝑙 = 13,5 𝑚𝑊

𝐼0 = 1,3 𝑚𝑊

𝐷𝑆𝐵 ≈

0,9.10−8 𝑊/√𝐻𝑧

3
𝐷𝑆𝐵√𝐵

𝐼0𝑟𝑜𝑏𝑗𝑘
≈ 3

0,9.10−8√10.106

1,3.10−3.
0,16.2𝜋

1064.10−9

≈ 70 𝑛𝑚



𝑭𝒑 − 𝑭𝑹 =

𝟏𝟒, 𝟔𝟓 𝑴𝑯𝒛 𝟏, 𝟑 𝒎𝑾

42 𝑘𝐻𝑧 40 𝑘𝐻𝑧

0,04 𝑛𝑚

1 𝑛𝑚



𝟎, 𝟎𝟒 𝒏𝒎

10 𝑀𝐻𝑧

𝐵𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑓 ≈ 10 𝑘𝐻𝑧

0,5 𝑛𝑚

10 𝑀𝐻𝑧



1 𝑊/𝑐𝑚²

Résonance 𝐹𝑅
Porteuse 𝐹𝑝

Résonances NL 

𝐹𝑝 ± 𝐹𝑅

Bande latérale 

𝐹𝑝 − 𝑓𝑣  



𝑛𝑝𝑒𝑎𝑢 ≈ 1,4
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40 𝑘𝐻𝑧

4 𝑐𝑚2



𝒇𝒗 = 𝟒𝟎 𝒌𝑯𝒛

𝟎, 𝟎𝟒𝟖 𝒏𝒎



 

0,7 𝑐𝑚

1 𝑀𝐻𝑧

0,5 𝑐𝑚/µ𝑠 = 5000 𝑚/𝑠

2 𝑐𝑚

𝒕𝟎 𝒕𝟎 + 𝟎, 𝟓 µ𝒔

𝒕𝟎 + 𝟏 µ𝒔 𝒕𝟎 + 𝟐 µ𝒔 𝒕𝟎 + 𝟔 µ𝒔 𝒕𝟎 + 𝟔, 𝟓 µ𝒔

http://www.engineeringtoolbox.com/sound-speed-solids-d_713.html


 

532 𝑛𝑚





 

 

0,3 µ𝑠 𝑍 = 0

(𝑥, 𝑧)

𝜶𝒊



1/𝑟2

1/𝑟

1/𝑟

1/√𝑟

 

(𝑥, 𝑧) (𝑥, 𝑦, 𝑧)

(𝑥, 𝑍 = 0) (𝑥, 𝑦, 𝑍 = 0)



𝐼(𝑟) =∑𝜔𝑖 〈𝑆𝑖 [
(𝑟𝑖 − 𝑟) − 𝑙 2⁄

𝑐𝑎
:
(𝑟𝑖 − 𝑟) + 𝑙 2⁄

𝑐𝑎
]〉 

𝑖

 

𝑙
𝑙

𝑐𝑎
≈ 0,15 µ𝑠

0,3 µ𝑠

𝜔𝑖 𝜔𝑖 = 1/cos (𝛼𝑖)

𝛼𝑖

𝜔𝑖 = |𝑟𝑖 − 𝑟|
𝑛 𝑛 = 0,5

𝑛 = 1

1/𝑟2



𝟏/𝒓𝟐 𝟏/𝒓

𝑙



𝑙

𝑙

max(∆𝑡 ;  𝜏𝑎)



𝑍 = 0 (𝑥, 𝑦)

𝒛 = 𝟎

(𝒙, 𝒚)



300 µ𝑚

1 𝑀𝐻𝑧 10 𝑀𝐻𝑧 2 𝑀𝐻𝑧 5 − 6 𝑉/𝑀𝑃𝑎

𝑓𝑃𝐴 ≈ 2 𝑀𝐻𝑧

𝑓𝑃𝐴 ≈
0,37

max(∆𝑡;𝜏𝑎)
=
0,37

𝜏𝑎
=

0,37

300.10−6

1500

= 1,85 𝑀𝐻𝑧

1500 𝑚/𝑠

7,2 µ𝑠𝑒𝑐

1500 𝑚/𝑠 1/√𝑟

∆𝑡 ≈ 10 𝑛𝑠 ≪  𝜏𝑎 ≈
300.10−6

1500
= 200 𝑛𝑠 𝑝0 = 𝛤𝜇𝑎𝛷 ≈ 135 𝑘𝑃𝑎 𝛤 = 0,27 𝜇𝑎 = 5 𝑐𝑚

−1 𝛷 =

100 𝑚𝐽/𝑐𝑚2 𝐿 ≈ 1,08 𝑐𝑚

𝑝0

2
√
𝑙/2

𝐿
≈ 8 𝑘𝑃𝑎



𝛤

𝜇𝑎

𝟏, 𝟎𝟖 𝒄𝒎

2
𝑝𝑒𝑎𝑢_𝑚𝑎𝑥

𝑍𝑒𝑎𝑢

1

𝜔
𝑝𝑒𝑎𝑢_𝑚𝑎𝑥

𝑍𝑒𝑎𝑢 = 1,5.10
6 𝑃𝑎. 𝑠/𝑚 𝜔

6 − 7 𝑚𝑚

𝑟0 = 𝑣𝑎𝑡0 = 1500.4,5.10
−6 = 6,7 𝑚𝑚

𝑝6,7𝑚𝑚 =

𝑝10,8𝑚𝑚√
10,8

6,7
≈ 13.103√

10,8

6,7
≈ 17 𝑘𝑃𝑎

𝜔 = 2𝜋𝑓𝑃𝐴 2
𝑝𝑒𝑎𝑢_𝑚𝑎𝑥

𝑍𝑒𝑎𝑢

1

𝜔
=



2
17.103

1,5.106
1

2𝜋.2.106
≈ 1,8 𝑛𝑚

1/√𝑟 1/𝑟𝑛 𝑛 = 0,6 − 0,7



300 µ𝑚

2 𝑚𝑚

1/𝑟0,5

1/ cos(𝛼𝑖)





 



 

𝜑 = 𝑘𝑛𝐿 𝑘 =

2𝜋/𝜆 𝑛

𝐿

∆𝜑 ∆𝑛

∆𝐿

𝜑𝑎𝑣 =

𝑘𝑛2𝐿 𝜑𝑎𝑝 =



𝑘𝑛2(𝐿 − 𝐿𝑎𝑐) + 𝑘(𝑛 + ∆𝑛)2𝐿𝑎𝑐 ∆𝜑 = 𝜑𝑎𝑣 −

𝜑𝑎𝑝 = 𝑘∆𝑛2𝐿𝑎𝑐 ∆𝜑 =

𝑘2∆𝐿 ∆𝐿 = ∆𝑛𝐿𝑎𝑐 =
𝑑𝑛

𝑑𝑝
𝑝𝐿𝑎𝑐

𝑑𝑛

𝑑𝑝
= 1,35. 10−10 𝑃𝑎−1

∆𝜑𝑛 ∆𝜑𝐿

∆𝜑𝑛

∆𝜑𝐿
=
𝑘∆𝑛2𝐿𝑎𝑐

𝑘2∆𝐿
=
∆𝑛𝐿𝑎𝑐

∆𝐿
=

𝑑𝑛

𝑑𝑝
𝑝𝐿𝑎𝑐

2
𝑝

𝑍

1

𝜔

= 𝜔𝑍
𝑑𝑛

𝑑𝑝
𝐿𝑎𝑐 ≈ 60

𝐿𝑎𝑐

𝑍

𝑝2 휀2 𝑝1

휀1 𝑍2 𝑍1 𝑝2 =
2𝑍2

𝑍1+𝑍2
𝑝1

휀2 =
2𝑍1

𝑍1+𝑍2
휀1

𝑝𝑎𝑖𝑟 ≪ 𝑝𝑒𝑎𝑢

휀𝑎𝑖𝑟 ≈ 휀𝑒𝑎𝑢 𝑍𝑝𝑒𝑎𝑢 ≫ 𝑍𝑎𝑖𝑟
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0,05 𝐴𝑛𝑔𝑠𝑡𝑟ö𝑚
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𝑅 𝑂

𝜆 𝑘 = 2𝜋/𝜆

𝜔𝑙 = 2𝜋𝜈 𝜈 = 𝑐/𝜆 𝑐

(𝑂, 𝑥, 𝑦, 𝑧)

𝑧 =

0 𝑅 𝑂

𝑅(𝑥, 𝑦, 𝑧 = 0, 𝑡) = |𝐸𝑅(𝑥, 𝑦, 𝑡)|𝑒
𝑗𝜔𝑙𝑡𝑒𝑗𝛷𝑅(𝑥,𝑦,𝑡)

𝑂(𝑥, 𝑦, 𝑧 = 0, 𝑡) = |𝐸𝑂(𝑥, 𝑦, 𝑡)|𝑒
𝑗𝜔𝑙𝑡𝑒𝑗𝛷𝑂(𝑥,𝑦,𝑡)

|𝐸𝑅(𝑥, 𝑦, 𝑡)| 𝛷𝑅(𝑥, 𝑦, 𝑡)

(𝑥, 𝑦, 𝑧 = 0) |𝐸𝑂(𝑥, 𝑦, 𝑡)| 𝛷𝑂(𝑥, 𝑦, 𝑡)

(𝑥, 𝑦, 𝑧 = 0)

𝐼(𝑥, 𝑦) = 〈|𝑅(𝑥, 𝑦, 𝑧 = 0, 𝑡) +

𝑂(𝑥, 𝑦, 𝑧 = 0, 𝑡)|²〉 〈𝐴(𝑡)〉 =
1

𝑇𝑖𝑛𝑡
∫ 𝐴(𝑡) 𝑑𝑡
𝑡′+𝑇𝑖𝑛𝑡
𝑡′

𝑇𝑖𝑛𝑡

𝐼(𝑥, 𝑦) = 〈|𝑅|2〉 + 〈|𝑂|2〉 +
1

𝑇𝑖𝑛𝑡
∫ (𝑅𝑂∗ + 𝑂𝑅∗)
𝑇𝑖𝑛𝑡

0

𝑑𝑡

𝐼(𝑥, 𝑦) = 𝐼𝑅(𝑥, 𝑦) + 𝐼𝑂(𝑥, 𝑦) + ∆I(𝑥, 𝑦)

➢ 𝐼𝑅(𝑥, 𝑦) = 〈|𝑅|
2〉 = 〈|𝐸𝑅(𝑥, 𝑦, 𝑡)|

2〉
➢ 𝐼𝑂(𝑥, 𝑦) = 〈|𝑂|

2〉 = 〈|𝐸𝑂(𝑥, 𝑦, 𝑡)|
2〉

➢ ∆I(𝑥, 𝑦) = 〈𝑅𝑂∗ + 𝑂𝑅∗〉 = 〈2|𝐸𝑅(𝑥, 𝑦, 𝑡)||𝐸𝑂(𝑥, 𝑦, 𝑡)|𝑐𝑜𝑠(𝛷𝑂(𝑥, 𝑦, 𝑡) − 𝛷𝑅(𝑥, 𝑦, 𝑡))〉 

𝛷𝑂(𝑥, 𝑦, 𝑡) − 𝛷𝑅(𝑥, 𝑦, 𝑡)



 

|𝐸𝑅(𝑥, 𝑦, 𝑡)| = |𝐸𝑅|

 

𝛼𝑥, 𝛼𝑦

(𝑂𝑧)

𝛷𝑅(𝑥, 𝑦, 𝑡) ≈ −𝑘𝑥𝛼𝑥 − 𝑘𝑥𝛼𝑦 − 𝑘𝑧𝑅 𝛼𝑥 𝛼𝑦

(𝑦𝑂𝑧) (𝑥𝑂𝑧)

𝑧𝑅

𝛺𝑥 = 𝑘𝛼𝑥 = 2𝜋𝐹𝑥 𝛺𝑦 = 𝑘𝛼𝑦 = 2𝜋𝐹𝑦

𝑥 𝑦 𝛷𝑅(𝑥, 𝑦, 𝑡) ≈

−𝛺𝑥𝑥 − 𝛺𝑥𝑦 − 𝑘𝑧𝑅

𝑧 =  0

𝑅(𝑥, 𝑦, 𝑡) ≈ |𝐸𝑅|𝑒
𝑗𝜔𝑙𝑡𝑒−𝑗𝑘𝑧𝑅𝑒−𝑗𝛺𝑥𝑥

𝛼𝑦 = 0 𝑟𝑎𝑑 

𝐹𝑦 = 0 𝑚
−1

𝜶𝒙 𝜶𝒚 �⃗⃗� 

 

|𝐸𝑠(𝑥, 𝑦)| 𝜑𝑠(𝑥, 𝑦)

𝐸𝑠(𝑥, 𝑦) = |𝐸𝑠(𝑥, 𝑦)|𝑒
𝑗𝜑𝑠(𝑥,𝑦)

|𝐸𝑂(𝑥, 𝑦, 𝑡)| = |𝐸𝑠(𝑥, 𝑦)|



𝐸𝑠(𝑥, 𝑦)

 

𝛷𝑂(𝑥, 𝑦, 𝑡) ≈ 𝜑𝑠(𝑥, 𝑦) + 𝜑𝑜𝑏𝑗(𝑥, 𝑦, 𝑡) − 𝑘𝑧𝑂 𝜑𝑠(𝑥, 𝑦)

𝜑𝑜𝑏𝑗(𝑥, 𝑦, 𝑡) 𝑧𝑂

𝑧 = 0

𝑂(𝑥, 𝑦, 𝑡) = |𝐸𝑠(𝑥, 𝑦)|𝑒
𝑗𝜑𝑠(𝑥,𝑦)𝑒𝑗𝜔𝑙𝑡𝑒−𝑗𝑘𝑧𝑂𝑒𝑗𝜑𝑜𝑏𝑗(𝑥,𝑦,𝑡)

𝐼(𝑥, 𝑦) = 𝐼𝑅 + 𝐼𝑂(𝑥, 𝑦) + ∆I(𝑥, 𝑦)

➢ 𝐼𝑅 = 〈|𝑅|
2〉 = 〈|𝐸𝑅|

2〉
➢ 𝐼𝑂(𝑥, 𝑦) = 〈|𝑂|

2〉 = 〈|𝐸𝑠(𝑥, 𝑦)|
2〉

➢ ∆I(𝑥, 𝑦) = 2〈|𝐸𝑅||𝐸𝑠(𝑥, 𝑦)| cos(𝜑𝑠(𝑥, 𝑦) + 𝜑𝑜𝑏𝑗(𝑥, 𝑦, 𝑡) + 𝛺𝑥𝑥)〉 

= 〈|𝐸𝑅||𝐸𝑠(𝑥, 𝑦)|𝑒
𝑗(𝜑𝑠(𝑥,𝑦)+𝜑𝑜𝑏𝑗(𝑥,𝑦,𝑡)+𝛺𝑥𝑥)〉

+ 〈|𝐸𝑅||𝐸𝑠(𝑥, 𝑦)|𝑒
−𝑗(𝜑𝑠(𝑥,𝑦)+𝜑𝑜𝑏𝑗(𝑥,𝑦,𝑡)+𝛺𝑥𝑥)〉

𝑒𝑗(𝑘(𝑧𝑅−𝑧𝑂)) = 𝑒−𝑗(𝑘(𝑧𝑅−𝑧𝑂)) = 1

𝐼𝑅 + 𝐼𝑂(𝑥, 𝑦) +1 −1

𝐼(𝑥, 𝑦)

𝐼(𝑥, 𝑦) = 𝐼𝑜𝑟𝑑𝑟𝑒0(𝑥, 𝑦) + 𝐼𝑜𝑟𝑑𝑟𝑒+1(𝑥, 𝑦) + 𝐼𝑜𝑟𝑑𝑟𝑒−1(𝑥, 𝑦)

➢ 𝐼𝑜𝑟𝑑𝑟𝑒0(𝑥, 𝑦) = 〈|𝐸𝑅|
2〉 + 〈|𝐸𝑠(𝑥, 𝑦)|

2〉

➢ 𝐼𝑜𝑟𝑑𝑟𝑒+1(𝑥, 𝑦) = 〈|𝐸𝑅||𝐸𝑠(𝑥, 𝑦)|𝑒
𝑗(𝜑𝑠(𝑥,𝑦)+𝜑𝑜𝑏𝑗(𝑥,𝑦,𝑡)+𝛺𝑥𝑥)〉

➢ 𝐼𝑜𝑟𝑑𝑟𝑒−1(𝑥, 𝑦) = 〈|𝐸𝑅||𝐸𝑠(𝑥, 𝑦)|𝑒
−𝑗(𝜑𝑠(𝑥,𝑦)+𝜑𝑜𝑏𝑗(𝑥,𝑦,𝑡)+𝛺𝑥𝑥)〉



 

𝜑𝑜𝑏𝑗(𝑥, 𝑦, 𝑡)

∆I(𝑥, 𝑦)

𝛺𝑥𝑥 𝑡0

𝜑𝑜𝑏𝑗(𝑥, 𝑦, 𝑡0) = 0

 

𝝀 = 𝟔𝟐𝟖 𝒏𝒎 ; 𝟓𝟏𝟐² 𝒑𝒊𝒙𝒆𝒍𝒔 𝒅𝒆 𝒕𝒂𝒊𝒍𝒍𝒆 𝒅𝒙 = 𝟓 µ𝒎 ; 𝟐𝟓 𝒑𝒊𝒙𝒆𝒍𝒔 𝒑𝒂𝒓 𝒈𝒓𝒂𝒊𝒏 𝒅𝒆 𝒔𝒑𝒆𝒄𝒌𝒍𝒆

𝜶𝒙 = 𝟎,𝟔𝟕° ; 𝒊 =
𝝀

𝜶𝒙
≈ 𝟏𝟎 𝒑𝒊𝒙𝒆𝒍𝒔 ; 𝑭𝒙 ≈ 𝟏𝟗. 𝟏𝟎

𝟑 𝒎−𝟏 ; 𝒆𝒏𝒗𝒊𝒓𝒐𝒏 𝟐 −

𝟑 𝒇𝒓𝒂𝒏𝒈𝒆𝒔 𝒑𝒂𝒓 𝒈𝒓𝒂𝒊𝒏 𝒅𝒆 𝒔𝒑𝒆𝒄𝒌𝒍𝒆  

±1

±1 0

𝑖 ≈
𝜆

𝛼𝑥
𝛼𝑦 = 0

𝐹𝑥 =
1

𝑖
≈
𝛼𝑥

𝜆



𝜑𝑜𝑏𝑗(𝑥, 𝑦, 𝑡)

 

 

∆I(𝑥, 𝑦) ≠ 0 𝜑𝑜𝑏𝑗(𝑥, 𝑦, 𝑡)

+1

𝐼1(𝑥, 𝑦)

𝑡1

𝐼1𝑓𝑖𝑙𝑡𝑟é𝑒(𝑥, 𝑦) = 𝐼1𝑜𝑟𝑑𝑟𝑒+1
(𝑥, 𝑦) = 〈|𝐸𝑅||𝐸𝑠(𝑥, 𝑦)|𝑒

𝑗(𝜑𝑠(𝑥,𝑦)+𝜑𝑜𝑏𝑗(𝑥,𝑦,𝑡1)+𝛺𝑥𝑥)〉

𝐼1(𝑥, 𝑦)

𝑝ℎ𝑎𝑠𝑒1 = arg (𝐼1𝑓𝑖𝑙𝑡𝑟é𝑒(𝑥, 𝑦)) = 𝜑𝑠(𝑥, 𝑦) + 𝜑𝑜𝑏𝑗(𝑥, 𝑦, 𝑡1) +

𝛺𝑥𝑥 𝑡1 𝑡2

 𝑝ℎ𝑎𝑠𝑒2 𝐼2(𝑥, 𝑦) 𝑡2

𝑝ℎ𝑎𝑠𝑒1 𝑝ℎ𝑎𝑠𝑒2 − 𝑝ℎ𝑎𝑠𝑒1 = 𝜑𝑜𝑏𝑗(𝑥, 𝑦, 𝑡2) − 𝜑𝑜𝑏𝑗(𝑥, 𝑦, 𝑡1)

𝛺𝑥𝑥 𝜑𝑠(𝑥, 𝑦)

𝑡3, 𝑡4, …

𝑡1

𝜑𝑜𝑏𝑗(𝑥, 𝑦, 𝑡1)

2𝜋



(𝑥0, 𝑦0)

(𝒙, 𝒚𝟎)
𝝀

𝟔
≈ 𝟏𝟎𝟓 𝒏𝒎 𝟕𝟎 𝒑𝒊𝒙𝒆𝒍𝒔 = 𝟑𝟓𝟎 µ𝒎

 

𝜑𝑜𝑏𝑗(𝑥, 𝑦, 𝒕)

∆I(𝑥, 𝑦)

𝐼𝑜𝑟𝑑𝑟𝑒0(𝑥, 𝑦) = 〈|𝐸𝑅|
2〉 + 〈|𝐸𝑠(𝑥, 𝑦)|

2〉

𝐼𝑜𝑟𝑑𝑟𝑒−1(𝑥, 𝑦) = 〈|𝐸𝑅||𝐸𝑠(𝑥, 𝑦)|𝑒
−𝑗(𝜑𝑠(𝑥,𝑦)+𝜑𝑜𝑏𝑗(𝑥,𝑦,𝒕)+𝛺𝑥𝑥)〉 = 0

𝐼𝑜𝑟𝑑𝑟𝑒+1(𝑥, 𝑦) = 〈|𝐸𝑅||𝐸𝑠(𝑥, 𝑦)|𝑒
𝑗(𝜑𝑠(𝑥,𝑦)+𝜑𝑜𝑏𝑗(𝑥,𝑦,𝒕)+𝛺𝑥𝑥)〉 = 0



➢ 

𝑓(𝑡)

➢ 

𝜔0 𝜔𝑙 + Ω𝑟𝑒𝑓

𝜔𝑙 + Ω𝑜𝑏𝑗

𝛿𝑣(𝑥, 𝑦, 𝑡) =
𝜑𝑜𝑏𝑗(𝑥, 𝑦, 𝑡)

2𝑘
= 𝑎𝑣(𝑥, 𝑦) sin(2𝜋𝑓𝑣𝑡 + 𝑝𝑣)

= 𝑎𝑣𝑒
−(
(𝑥−𝑥0)

2

2𝜎𝑥
2 +

(𝑦−𝑦0)
2

2𝜎𝑦
2 )

sin(2𝜋𝑓𝑣𝑡 + 𝑝𝑣)

𝑎𝑣(𝑥, 𝑦) 𝑓𝑣 𝑝𝑣

𝑡 = 0 𝑎𝑣(𝑥, 𝑦)

2√2 𝑙𝑛(2) (𝜎𝑥, 𝜎𝑦) (𝑥0, 𝑦0)

𝑎𝑣

➢ 

𝜆 = 628 𝑛𝑚 ;  𝛼𝑥 = 0,67° ; 𝑖 ≈ 50 µ𝑚 ≈ 10 𝑝𝑖𝑥𝑒𝑙𝑠 ; 𝐹𝑥 = 19.10
3 𝑚−1 

➢ 

25 𝑝𝑖𝑥𝑒𝑙𝑠 𝑝𝑎𝑟 𝑔𝑟𝑎𝑖𝑛 𝑑𝑒 𝑠𝑝𝑒𝑐𝑘𝑙𝑒 𝑝𝑜𝑢𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑖𝑟 𝑎𝑢 𝑚𝑜𝑖𝑛𝑠 2 − 3 𝑓𝑟𝑎𝑛𝑔𝑒𝑠

➢ 

5122 𝑝𝑖𝑥𝑒𝑙𝑠 𝑑𝑒 𝑡𝑎𝑖𝑙𝑙𝑒 𝑑𝑥 = 5 µ𝑚 ;  𝑇𝑖𝑛𝑡 = 5 𝑚𝑠 

➢ 

𝜎𝑥 = 𝜎𝑦 = 30 𝑝𝑖𝑥𝑒𝑙𝑠 = 150 µ𝑚 ;  𝑎𝑣 =
𝜆

6
≈ 105 𝑛𝑚 ;  𝑓𝑣 =

200

𝑇𝑖𝑛𝑡
= 40 𝑘𝐻𝑧 ;  𝑝𝑣 = 0



𝜑𝑜𝑏𝑗(𝑥, 𝑦, 𝑡) |𝐸𝑠(𝑥, 𝑦)|

𝜑𝑠(𝑥, 𝑦)

𝛿𝑙 = 125 µ𝑚

5 µ𝑚 𝛿𝑎 = 8𝜆 (
𝛿𝑙

1,22𝜆
)
2

= 133 𝑚𝑚

 

 

𝑇𝑖𝑛𝑡

𝜑𝑜𝑏𝑗(𝑥, 𝑦, 𝑡)

𝑡1

𝑇𝑡𝑟𝑖𝑔𝑔𝑒𝑟

𝑓𝑣

 𝑇𝑖𝑛𝑡

∆𝑡

𝜑𝑜𝑏𝑗(𝑥, 𝑦, 𝑡)

𝑡1, 𝑡2, …



𝜏

𝜑𝑜𝑏𝑗(𝑥, 𝑦, 𝑡) 𝜏 ≪ 1/𝑓𝑣

𝜏

𝑓𝑖(𝑡) = (П𝜏(𝑡) ⊗Ш1
𝑓𝑣

(𝑡 − 𝑖∆𝑡)) . П𝑇𝑖𝑛𝑡(𝑡) = ∑ П𝜏 (𝑡 − 𝑛
1

𝑓𝑣
− (𝑖 − 1)∆𝑡)

𝑁−1

𝑛=0

𝑁 𝑇𝑖𝑛𝑡𝑓𝑣 П𝜏 𝜏 Ш 1

𝑓𝑣

1

𝑓𝑣
𝑖𝜖[1; 𝑁𝑡] 𝐼𝑖

𝐼𝑖

∆𝑡  ∆𝑡

𝜏 ≤ ∆𝑡 ≪ 1/𝑓𝑣

𝑖

𝐼𝑖_𝑓𝑖(𝑡)(𝑥, 𝑦) = 𝐼𝑅𝑖_𝑓𝑖(𝑡) + 𝐼𝑂𝑖_𝑓𝑖(𝑡)(𝑥, 𝑦) + ∆Ii_𝑓𝑖(𝑡)(𝑥, 𝑦)

➢ 𝐼𝑅𝑖_𝑓𝑖(𝑡) = 〈|𝐸𝑅|
2𝑓𝑖(𝑡)〉 = |𝐸𝑅|

2 〈𝑓𝑖(𝑡)〉



➢ 𝐼𝑂𝑖_𝑓𝑖(𝑡)(𝑥, 𝑦) = 〈|𝐸𝑠(𝑥, 𝑦)|
2𝑓𝑖(𝑡)〉 = |𝐸𝑠(𝑥, 𝑦)|

2〈𝑓𝑖(𝑡)〉 

➢ ∆Ii_𝑓𝑖(𝑡)(𝑥, 𝑦) = 〈2|𝐸𝑅||𝐸𝑠(𝑥, 𝑦)|𝑓𝑖
2(𝑡) cos(𝜑𝑠(𝑥, 𝑦) + 𝜑𝑜𝑏𝑗(𝑥, 𝑦, 𝑡) + 𝛺𝑥𝑥)〉 

= 〈2|𝐸𝑅||𝐸𝑠(𝑥, 𝑦)|𝑓𝑖(𝑡) cos(𝜑𝑠(𝑥, 𝑦) + 𝜑𝑜𝑏𝑗(𝑥, 𝑦, 𝑡) + 𝛺𝑥𝑥)〉 

= 2|𝐸𝑅||𝐸𝑠(𝑥, 𝑦)|
1

𝑇𝑖𝑛𝑡
∑∫ cos (𝜑𝑠(𝑥, 𝑦) + 𝜑𝑜𝑏𝑗 (𝑥, 𝑦,

𝑛

𝑓𝑣
− (𝑖 − 1)∆𝑡) + 𝛺𝑥𝑥)

𝜏

𝑡=0

𝑑𝑡

𝑁−1

𝑛=0

 

= 2|𝐸𝑅||𝐸𝑠(𝑥, 𝑦)|
𝜏

𝑇𝑖𝑛𝑡
∑cos (𝜑𝑠(𝑥, 𝑦) + 𝜑𝑜𝑏𝑗 (𝑥, 𝑦,

𝑛

𝑓𝑣
− (𝑖 − 1)∆𝑡) + 𝛺𝑥𝑥)

𝑁−1

𝑛=0

 

car 𝜑𝑜𝑏𝑗(𝑥, 𝑦, 𝑡) 𝜏

〈𝑓𝑖
2(𝑡)〉 = 〈𝑓𝑖(𝑡)〉 = 𝑁𝜏/𝑇𝑖𝑛𝑡 = 𝑐𝑡𝑒

𝑁 𝑁 = 3

𝑡1

𝐼1 𝑡2 = 𝑡1 + ∆𝑡 𝐼2 𝑡3 = 𝑡1 + 2∆𝑡 𝐼3 ∆𝑡

1/𝑓𝑣

 

𝜏 ∆𝑡 µ𝑠

𝑓(𝑡)

90°



𝝀/𝟐

𝝀/𝟒

𝑩𝑺 𝑷𝑩𝑺

𝑨𝑶𝑴

𝑩𝑬 𝑳𝟏

𝑫

𝑴𝟏

+1 

𝐼𝑖𝑓𝑖𝑙𝑡𝑟é𝑒(𝑥, 𝑦) = |𝐸𝑅||𝐸𝑠(𝑥, 𝑦)|
𝜏

𝑇𝑖𝑛𝑡
∑ e

j(𝜑𝑠(𝑥,𝑦)+𝜑𝑜𝑏𝑗(𝑥,𝑦,
𝑛

𝑓𝑣
−(𝑖−1)∆𝑡)+𝛺𝑥𝑥)𝑁−1

𝑛=0

𝜑𝑜𝑏𝑗 (𝑥, 𝑦,
𝑛

𝑓𝑣
− (𝑖 − 1)∆𝑡) ∀𝑛 ∈ [0;𝑁[

𝑝ℎ𝑎𝑠𝑒𝑖 =

arg (𝐼𝑖𝑓𝑖𝑙𝑡𝑟𝑒é(𝑥, 𝑦)) ≈
1

𝑁
∑ (𝜑𝑠(𝑥, 𝑦) + 𝜑𝑜𝑏𝑗 (𝑥, 𝑦,

𝑛

𝑓𝑣
− (𝑖 − 1)∆𝑡) + 𝛺𝑥𝑥)

𝑁−1
𝑛=0

𝑝ℎ𝑎𝑠𝑒𝑖 = 𝜑𝑠(𝑥, 𝑦) + 𝜑𝑜𝑏𝑗(𝑥, 𝑦, 𝑡𝑖) + 𝛺𝑥𝑥

𝜑𝑜𝑏𝑗 (𝑥, 𝑦,
𝑛

𝑓𝑣
− (𝑖 − 1)∆𝑡) 𝐼𝑖

𝜑𝑜𝑏𝑗(𝑥, 𝑦, 𝑡𝑖)

𝛺𝑥 𝜑𝑠(𝑥, 𝑦)

𝐼1 𝑡1

𝐼𝑖 𝑡𝑖 = 𝑡1 + 𝑖∆𝑡 𝑖 ∈ [2;𝑁𝑡]



𝜑𝑜𝑏𝑗(𝑥, 𝑦, 𝑡𝑖) − 𝜑𝑜𝑏𝑗(𝑥, 𝑦, 𝑡1) = 𝑝ℎ𝑎𝑠𝑒𝑖 − 𝑝ℎ𝑎𝑠𝑒1

∆𝑡

2𝑘 𝛿𝑣(𝑥, 𝑦, 𝑡) =
𝜑𝑜𝑏𝑗(𝑥,𝑦,𝑡)

2𝑘

 

𝜏 < 1/10𝑓𝑣

𝑇𝑖𝑛𝑡

1 µ𝑠

𝑁 = 200 𝑝𝑢𝑙𝑠𝑒𝑠



0,5 𝑐𝑚²

2 𝑚𝑊 1024𝑥1024 𝑝𝑖𝑥𝑒𝑙𝑠

5 µ𝑚 2.10−13 𝐽/𝑝𝑖𝑥𝑒𝑙

±1

➢ 

±1 0

4 ∗ 5 ∗ 𝑑𝑥 ≈ 4 ∗ 5 ∗ 5 µ𝑚 ≈

100 µ𝑚 5 ∗ 6 ∗ 5 µ𝑚 ≈ 150 µ𝑚



150 µ𝑚/2 = 75 µ𝑚

𝐺 = 2

➢ 

5 𝑛𝑚

4 𝑚𝑊/𝑐𝑚2

5 𝑛𝑚

➢ ∆𝑡 = 0,5 µ𝑠

𝑓𝑣 = 40 𝑘𝐻𝑧

4 𝑚𝑊/𝑐𝑚² 20 µ𝑊/0,005 𝑐𝑚²

0,005 𝑐𝑚² 2 𝑚𝑊/0,5 𝑐𝑚²



0,5 µ𝑠

∆𝑡 = 0,5 µ𝑠

1 𝑀𝐻𝑧

𝜏

0,5 𝑛𝑚

5 𝑛𝑚



atan (
𝐼3𝜋/2−𝐼𝜋/2

𝐼0−𝐼𝜋
)

𝑓𝐶𝐶𝐷

𝑓𝐴𝑂𝑀1 − 𝑓𝐴𝑂𝑀2 = 𝑓𝐶𝐶𝐷/4

http://www.optique-ingenieur.org/fr/cours/OPI_fr_M02_C11/co/Grain_OPI_fr_M02_C11_1.html
http://www.optique-ingenieur.org/fr/cours/OPI_fr_M02_C11/co/Grain_OPI_fr_M02_C11_1.html


 

 

𝛺𝑟𝑒𝑓 𝛺𝑜𝑏𝑗

𝑅 ≈ |𝐸𝑅| 𝑒
𝑗𝜔𝑙𝑡𝑒−𝑗𝑘𝑧𝑅𝑒−𝑗𝛺𝑥𝑥𝑒𝑗𝛺𝑟𝑒𝑓𝑡 𝑂 =

|𝐸𝑠(𝑥, 𝑦)|𝑒
𝑗𝜑𝑠(𝑥,𝑦)𝑒𝑗𝜔𝑙𝑡𝑒−𝑗𝑘𝑧𝑂𝑒𝑗𝜑𝑜𝑏𝑗(𝑥,𝑦,𝑡)𝑒𝑗𝛺𝑜𝑏𝑗𝑡

𝐼(𝑥, 𝑦, 𝛺𝑟𝑒𝑓, 𝛺𝑜𝑏𝑗) = 𝐼𝑅 + 𝐼𝑂(𝑥, 𝑦) + ∆I(𝑥, 𝑦, 𝛺𝑟𝑒𝑓, 𝛺𝑜𝑏𝑗)

➢ 𝐼𝑅 = |𝐸𝑅|
2 

➢ 𝐼𝑂(𝑥, 𝑦) = |𝐸𝑠(𝑥, 𝑦)|
2 

➢ ∆I(𝑥, 𝑦) = 2|𝐸𝑅||𝐸𝑠(𝑥, 𝑦)|〈cos(𝜑𝑠(𝑥, 𝑦) + 𝜑𝑜𝑏𝑗(𝑥, 𝑦, 𝑡) + (𝛺𝑜𝑏𝑗 − 𝛺𝑟𝑒𝑓)𝑡 + 𝛺𝑥𝑥)〉

𝛺𝑜𝑏𝑗 − 𝛺𝑟𝑒𝑓 = −∆𝛺𝑡 ∆𝐹𝑡 = ∆𝛺𝑡/2𝜋



𝐼(𝑥, 𝑦, ∆𝛺𝑡) = 𝐼𝑜𝑟𝑑𝑟𝑒0(𝑥, 𝑦) + 𝐼𝑜𝑟𝑑𝑟𝑒−1(𝑥, 𝑦, ∆𝛺𝑡) + 𝐼𝑜𝑟𝑑𝑟𝑒+1(𝑥, 𝑦, ∆𝛺𝑡)

➢ 𝐼𝑜𝑟𝑑𝑟𝑒0(𝑥, 𝑦) = |𝐸𝑅|
2 + |𝐸𝑠(𝑥, 𝑦)|

2

➢ 𝐼𝑜𝑟𝑑𝑟𝑒−1(𝑥, 𝑦, ∆𝛺𝑡) = |𝐸𝑅||𝐸𝑠(𝑥, 𝑦)|〈𝑒
−𝑗(𝜑𝑠(𝑥,𝑦)+𝜑𝑜𝑏𝑗(𝑥,𝑦,𝑡)+𝛺𝑥𝑥)𝑒𝑗∆𝛺𝑡𝑡〉

➢ 𝐼𝑜𝑟𝑑𝑟𝑒+1(𝑥, 𝑦, ∆𝛺𝑡) = |𝐸𝑅||𝐸𝑠(𝑥, 𝑦)|〈𝑒
𝑗(𝜑𝑠(𝑥,𝑦)+𝜑𝑜𝑏𝑗(𝑥,𝑦,𝑡)+𝛺𝑥𝑥)𝑒−𝑗∆𝛺𝑡𝑡〉

+1

𝐼𝑓𝑖𝑙𝑡𝑟é𝑒(𝑥, 𝑦, ∆𝛺𝑡) = 𝐼𝑜𝑟𝑑𝑟𝑒+1(𝑥, 𝑦, ∆𝛺𝑡)

= |𝐸𝑅||𝐸𝑠(𝑥, 𝑦)|e
j𝜑𝑠(𝑥,𝑦)𝑒𝑗𝛺𝑥𝑥〈ej𝜑𝑜𝑏𝑗(𝑥,𝑦,𝑡)𝑒−𝑗∆𝛺𝑡𝑡 〉

𝐼𝑓𝑖𝑙𝑡𝑟é𝑒(𝑥, 𝑦, ∆𝛺𝑡)

= |𝐸𝑅||𝐸𝑠(𝑥, 𝑦)|e
j𝜑𝑠(𝑥,𝑦)𝑒𝑗𝛺𝑥𝑥

1

𝑇𝑖𝑛𝑡
∫ 𝑒𝑗𝜑𝑜𝑏𝑗(𝑥,𝑦,𝑡)𝑒−𝑗∆𝛺𝑡𝑑𝑡
𝑇𝑖𝑛𝑡

0

≈ |𝐸𝑅||𝐸𝑠(𝑥, 𝑦)|𝑒
𝑗(𝜑𝑠(𝑥,𝑦)+𝛺𝑥𝑥). 𝑇𝐹𝑡𝑒𝑚𝑝𝑜𝑟𝑒𝑙𝑙𝑒 𝛺=∆𝛺𝑡[𝑒

𝑗𝜑𝑜𝑏𝑗(𝑥,𝑦,𝑡)]

𝐼𝑓𝑖𝑙𝑡𝑟é𝑒(𝑥, 𝑦, ∆𝛺𝑡)

𝑒𝑗𝜑𝑜𝑏𝑗(𝑥,𝑦,𝑡) 𝑇𝑖𝑛𝑡

≈

∆𝛺𝑡

𝑒𝑗𝜑𝑜𝑏𝑗(𝑥,𝑦,𝑡) 𝑒𝑗𝜑𝑜𝑏𝑗(𝑥,𝑦,𝑡)

∆𝛺𝑡 ∆𝐹𝑡

𝑒𝑗𝜑𝑜𝑏𝑗(𝑥,𝑦,𝑡) 𝜑𝑜𝑏𝑗(𝑥, 𝑦, 𝑡)

𝑒𝑗𝜑𝑜𝑏𝑗(𝑥,𝑦,𝑡)



𝑒𝑗𝜑𝑜𝑏𝑗(𝑥,𝑦,𝑡)

∆𝛺𝑡𝑖

𝐼𝑖(𝑥, 𝑦, ∆𝛺𝑡𝑖) = 

|𝐸𝑅|
2 + |𝐸𝑠(𝑥, 𝑦)|

2 

+2|𝐸𝑅||𝐸𝑠(𝑥, 𝑦)|〈cos(𝜑𝑠(𝑥, 𝑦) + 𝜑𝑜𝑏𝑗(𝑥, 𝑦, 𝑡) − ∆𝛺𝑡𝑖𝑡 + 𝛺𝑥𝑥)〉

〈cos (𝜑𝑠(𝑥, 𝑦) + 𝛺𝑥𝑥 − ∆𝛺𝑡𝑖𝑡 + 𝜑𝑜𝑏𝑗(𝑥, 𝑦, 𝑡))〉

= cos(𝜑𝑠(𝑥, 𝑦) + 𝛺𝑥𝑥) . 〈cos (∆𝛺𝑡𝑖𝑡 − 𝜑𝑜𝑏𝑗(𝑥, 𝑦, 𝑡))〉

+ sin(𝜑𝑠(𝑥, 𝑦) + 𝛺𝑥𝑥) . 〈sin (∆𝛺𝑡𝑖𝑡 − 𝜑𝑜𝑏𝑗(𝑥, 𝑦, 𝑡))〉

𝜑𝑜𝑏𝑗(𝑥, 𝑦, 𝑡) = 2𝑘𝛿𝑣𝑖𝑏(𝑥, 𝑦, 𝑡) = 2𝑘𝑎𝑣(𝑥, 𝑦) sin(𝜔𝑣𝑡)

𝐴 = 〈cos (∆𝛺𝑡𝑖𝑡 − 𝜑𝑜𝑏𝑗(𝑥, 𝑦, 𝑡))〉

= 〈 ∑   𝐽𝑛(2k𝑎𝑣(𝑥, 𝑦)) cos ((∆𝛺𝑡𝑖 − 𝑛𝜔𝑣)𝑡)

+∞

𝑛=−∞

〉

= ∑   𝐽𝑛(2k𝑎𝑣(𝑥, 𝑦))

+∞

𝑛=−∞

〈cos ((∆𝛺𝑡𝑖 − 𝑛𝜔𝑣)𝑡)〉

=  𝐽0(2k𝑎𝑣(𝑥, 𝑦)) 〈cos ((∆𝛺𝑡𝑖)𝑡)〉

+  𝐽1(2k𝑎𝑣(𝑥, 𝑦)) 〈cos ((∆𝛺𝑡𝑖 − 𝜔𝑣)𝑡)〉

+  𝐽−1(2k𝑎𝑣(𝑥, 𝑦)) 〈cos ((∆𝛺𝑡𝑖 +𝜔𝑣)𝑡)〉

+  𝐽2(2k𝑎𝑣(𝑥, 𝑦)) 〈cos ((∆𝛺𝑡𝑖 − 2𝜔𝑣)𝑡)〉

+  𝐽−2(2k𝑎𝑣(𝑥)) 〈cos ((∆𝛺𝑡𝑖 + 2𝜔𝑣)𝑡)〉 + ⋯  



𝐵 = 〈sin (∆𝛺𝑡𝑖𝑡 − 𝜑𝑜𝑏𝑗(𝑥, 𝑦, 𝑡))〉

= 〈 ∑   𝐽𝑛(2k𝑎𝑣(𝑥), 𝑦) sin ((∆𝛺𝑡𝑖 − 𝑛𝜔𝑣)𝑡)

+∞

𝑛=−∞

〉

= ∑   𝐽𝑛(2k𝑎𝑣(𝑥, 𝑦))

+∞

𝑛=−∞

〈sin ((∆𝛺𝑡𝑖 − 𝑛𝜔𝑣)𝑡)〉

=  𝐽0(2k𝑎𝑣(𝑥, 𝑦)) 〈sin ((∆𝛺𝑡𝑖)𝑡)〉

+  𝐽1(2k𝑎𝑣(𝑥, 𝑦)) 〈sin ((∆𝛺𝑡𝑖 − 𝜔𝑣)𝑡)〉

+  𝐽−1(2k𝑎𝑣(𝑥, 𝑦)) 〈sin ((∆𝛺𝑡𝑖 + 𝜔𝑣)𝑡)〉

+  𝐽2(2k𝑎𝑣(𝑥, 𝑦)) 〈sin ((∆𝛺𝑡𝑖 − 2𝜔𝑣)𝑡)〉

+  𝐽−2(2k𝑎𝑣(𝑥, 𝑦)) 〈sin ((∆𝛺𝑡𝑖 + 2𝜔𝑣)𝑡)〉 + ⋯

𝐴 ≠ 0 𝐵 ≠ 0

∆𝛺𝑡𝑖 𝐵 = 0

∆𝛺𝑡𝑖

∆𝛺𝑡𝑖 = 0 ∆𝛺𝑡𝑖 = 𝑛𝜔𝑣 𝐴

𝜔𝑣 ≫ 2𝜋/𝑇𝑖𝑛𝑡

𝑒𝑗𝜑𝑜𝑏𝑗(𝑥,𝑦,𝑡)

  𝐽𝑛(2k𝑎𝑣(𝑥, 𝑦)) 𝑎𝑣(𝑥, 𝑦)

𝑖

𝐼𝑖(𝑥, 𝑦, ∆𝛺𝑡𝑖) = 𝐼𝑜𝑟𝑑𝑟𝑒0(𝑥, 𝑦)

+ 2|𝐸𝑅||𝐸𝑠(𝑥, 𝑦)| cos(𝜑𝑠(𝑥, 𝑦) + 𝛺𝑥𝑥) . 𝐴𝜔𝑣,∆Ω𝑡(𝑎𝑣(𝑥, 𝑦))

𝐴𝜔𝑣,∆Ω𝑡(𝑎𝑣(𝑥, 𝑦)) 𝑛𝑜𝑛 𝑛𝑢𝑙 

⇔ ∆Ω𝑡 = 𝑛𝜔𝑣 𝑎𝑣(𝑥, 𝑦)



 

𝝀/𝟐

𝝀/𝟒

𝑩𝑺 𝑷𝑩𝑺

𝑨𝑶𝑴 𝑩𝑬 𝑳𝟏

𝑫

𝑴𝟏

𝐼𝑖

∆𝛺𝑡 = 𝛺𝑟𝑒𝑓 − 𝛺𝑜𝑏𝑗 𝑁𝑓

∆𝐹𝑡𝑖 = ∆𝛺𝑡𝑖/2𝜋 𝑖 ∈ [1;𝑁𝑓]

𝑑∆𝐹𝑡 𝑑∆Ω𝑡

+1

𝑒𝑗(𝜑𝑜𝑏𝑗(𝑥,𝑦,𝑡)+𝜑𝑠(𝑥,𝑦)+Ω𝑥𝑥)

𝑒𝑗(𝜑𝑜𝑏𝑗(𝑥,𝑦,𝑡)+𝜑𝑠(𝑥,𝑦)+Ω𝑥𝑥)

(𝑥, 𝑦)

𝑒𝑗(𝜑𝑜𝑏𝑗(𝑥,𝑦,𝑡)+𝜑𝑠(𝑥,𝑦)+Ω𝑥𝑥)

𝜑𝑜𝑏𝑗(𝑥, 𝑦, 𝑡)



2𝑘 𝛿𝑣(𝑥, 𝑦, 𝑡) =
𝜑𝑜𝑏𝑗(𝑥,𝑦,𝑡)

2𝑘

 

∆𝐹𝑡𝑖 = ∆𝛺𝑡𝑖/2𝜋

𝐼𝑖(𝑥, 𝑦, ∆𝛺𝑡𝑖) = 

|𝐸𝑅|
2 + |𝐸𝑠(𝑥, 𝑦)|

2 

+|𝐸𝑅||𝐸𝑠(𝑥, 𝑦)|〈𝑒
−𝑗(𝜑𝑠(𝑥,𝑦)+𝜑𝑜𝑏𝑗(𝑥,𝑦,𝑡)+𝛺𝑥𝑥)𝑒𝑗∆𝛺𝑡𝑖𝑡〉 

+|𝐸𝑅||𝐸𝑠(𝑥, 𝑦)|〈𝑒
𝑗(𝜑𝑠(𝑥,𝑦)+𝜑𝑜𝑏𝑗(𝑥,𝑦,𝑡)+𝛺𝑥𝑥)𝑒−𝑗∆𝛺𝑡𝑖𝑡〉

 



𝑇𝐹𝑠𝑝𝑎𝑡𝑖𝑎𝑙𝑒[𝐼𝑖(𝑥, 𝑦, ∆𝛺𝑡𝑖)] = 

𝑇𝐹𝑠𝑝𝑎𝑡𝑖𝑎𝑙𝑒[|𝐸𝑅|
2 + |𝐸𝑠(𝑥, 𝑦)|

2] 

+𝑇𝐹𝑠𝑝𝑎𝑡𝑖𝑎𝑙𝑒[|𝐸𝑅||𝐸𝑠(𝑥, 𝑦)|〈𝑒
−𝑗(𝜑𝑠(𝑥,𝑦)+𝜑𝑜𝑏𝑗(𝑥,𝑦,𝑡)+𝛺𝑥𝑥)𝑒𝑗∆𝛺𝑡𝑖𝑡〉] 

+𝑇𝐹𝑠𝑝𝑎𝑡𝑖𝑎𝑙𝑒[|𝐸𝑅||𝐸𝑠(𝑥, 𝑦)|〈𝑒
𝑗(𝜑𝑠(𝑥,𝑦)+𝜑𝑜𝑏𝑗(𝑥,𝑦,𝑡)+𝛺𝑥𝑥)𝑒−𝑗∆𝛺𝑡𝑖𝑡〉]

 +1

𝑇𝐹𝑠𝑝𝑎𝑡𝑖𝑎𝑙𝑒 [𝐼𝑖𝑓𝑖𝑙𝑡𝑟é𝑒(𝑥, 𝑦, ∆𝛺𝑡𝑖)]

= 𝑇𝐹𝑠𝑝𝑎𝑡𝑖𝑎𝑙𝑒[|𝐸𝑅||𝐸𝑠(𝑥, 𝑦)|〈𝑒
𝑗(𝜑𝑠(𝑥,𝑦)+𝜑𝑜𝑏𝑗(𝑥,𝑦,𝑡)+𝛺𝑥𝑥)𝑒−𝑗∆𝛺𝑡𝑖𝑡〉]

 

𝐼𝑖𝑓𝑖𝑙𝑡𝑟é𝑒(𝑥, 𝑦, ∆𝛺𝑡𝑖) = |𝐸𝑅||𝐸𝑠(𝑥, 𝑦)|〈𝑒
𝑗(𝜑𝑠(𝑥,𝑦)+𝜑𝑜𝑏𝑗(𝑥,𝑦,𝑡)+𝛺𝑥𝑥)𝑒−𝑗∆𝛺𝑡𝑖𝑡〉

= |𝐸𝑅||𝐸𝑠(𝑥, 𝑦)|𝑒
𝑗𝜑𝑠(𝑥,𝑦)𝑒𝑗𝛺𝑥𝑥. 𝑇𝐹𝑡𝑒𝑚𝑝𝑜𝑟𝑒𝑙𝑙𝑒 à 𝛺=∆𝛺𝑡𝑖

[𝑒𝑗𝜑𝑜𝑏𝑗(𝑥,𝑦,𝑡)]

 𝑁𝑓

[𝐼1𝑓𝑖𝑙𝑡𝑟é𝑒(𝑥, 𝑦, ∆𝛺𝑡1), 𝐼2𝑓𝑖𝑙𝑡𝑟é𝑒(𝑥, 𝑦, ∆𝛺𝑡2), … , 𝐼𝑁𝑓𝑓𝑖𝑙𝑡𝑟é𝑒
(𝑥, 𝑦, ∆𝛺𝑡𝑁𝑓

)]

= |𝐸𝑅||𝐸𝑠(𝑥, 𝑦)|𝑒
𝑗𝜑𝑠(𝑥,𝑦)𝑒𝑗𝛺𝑥𝑥. 𝑇𝐹𝑡𝑒𝑚𝑝𝑜𝑟𝑒𝑙𝑙𝑒[𝑒

𝑗𝜑𝑜𝑏𝑗(𝑥,𝑡)] 

 

𝑇𝐹𝑡𝑒𝑚𝑝𝑜𝑟𝑒𝑙𝑙𝑒
−1 [𝐼1𝑓𝑖𝑙𝑡𝑟é𝑒(𝑥, 𝑦, ∆𝛺𝑡1), 𝐼2𝑓𝑖𝑙𝑡𝑟é𝑒(𝑥, 𝑦, ∆𝛺𝑡2), … , 𝐼𝑁𝑓𝑓𝑖𝑙𝑡𝑟é𝑒

(𝑥, 𝑦, ∆𝛺𝑡𝑁𝑓
)] 

= |𝐸𝑅||𝐸𝑠(𝑥, 𝑦)|𝑒
𝑗𝜑𝑠(𝑥,𝑦)𝑒𝑗𝛺𝑥𝑥. 𝑒𝑗𝜑𝑜𝑏𝑗(𝑥,𝑦,𝑡) 

 
arg(|𝐸𝑅||𝐸𝑠(𝑥, 𝑦)|𝑒

𝑗𝜑𝑠(𝑥,𝑦)𝑒𝑗𝛺𝑥𝑥. 𝑒𝑗𝜑𝑜𝑏𝑗(𝑥,𝑦,𝑡))

= 𝜑𝑠(𝑥, 𝑦) + 𝛺𝑥𝑥 + 𝜑𝑜𝑏𝑗(𝑥, 𝑦, 𝑡)

 

𝑡1
2𝑘

𝑢𝑛𝑤𝑟𝑎𝑝 (𝜑𝑜𝑏𝑗(𝑥, 𝑦, 𝑡) − 𝜑𝑜𝑏𝑗(𝑥, 𝑦, 𝑡1)) /2𝑘

𝑇𝐹𝑡𝑒𝑚𝑝𝑜𝑟𝑒𝑙𝑙𝑒
−1



 

𝑦

512 × 1 𝑝𝑖𝑥𝑒𝑙𝑠 𝛿𝑣(𝑥, 𝑡) = 𝑎𝑣𝑒
−
(𝑥−𝑥0)

2

2𝜎𝑥
2
sin(2𝜋𝑓𝑣𝑡)

𝑇𝑖𝑛𝑡 = 5 ms

 

𝜑𝑠(𝑥) = 0 |𝐸𝑠(𝑥)| = |𝐸𝑠|

|𝐸𝑠| = |𝐸𝑅| = 1

𝑁𝑓

∆𝐹𝑡𝑖 = ∆𝛺𝑡𝑖/2𝜋 𝑖 ∈ [1;𝑁𝑓]

➢ 

𝑁𝑓 = 2
6 = 64 ; ∆𝐹𝑡1 = −320 𝑘𝐻𝑧 ;  𝑑∆𝐹𝑡 = 10 𝑘𝐻𝑧

∆𝐹𝑡𝑖

∆𝐹𝑡𝑖 = −80;−40; 0; 40; 80 𝑘𝐻𝑧 𝑖 = 25; 29; 33; 37; 41

𝑒𝑗𝜑𝑜𝑏𝑗(𝑥,𝑦,𝑡)

𝜔𝑣 = 2𝜋. 40 𝑘𝐻𝑧 𝑑∆𝐹𝑡 = ∆𝐹𝑡𝑖+1 − ∆𝐹𝑡𝑖

𝑇𝑖𝑛𝑡 𝑑∆𝐹𝑡 = 50/𝑇𝑖𝑛𝑡 = 10 𝑘𝐻𝑧

𝑇𝑖𝑛𝑡

∆𝐹𝑡𝑖 1/𝑇𝑖𝑛𝑡



𝑑∆𝐹𝑡 = 1/𝑇𝑖𝑛𝑡

… ;−80;−40; 0; 40; 80;…  𝑘𝐻𝑧 𝑑∆𝐹𝑡 =

50/𝑇𝑖𝑛𝑡 𝑑∆𝐹𝑡 = 1/𝑇𝑖𝑛𝑡

𝑁𝑓 = 64

320 ms 

𝑇𝑖𝑛𝑡 = 5 ms

 

∆𝐹𝑡𝑖 =

0 𝑘𝐻𝑧

∆𝐹𝑡𝑖 = 20 𝑘𝐻𝑧

∆𝐹𝑡𝑖 = 40 𝑘𝐻𝑧

∆𝐹𝑡𝑖 = 0 𝑘𝐻𝑧 𝑒𝑡 40 𝑘𝐻𝑧



∆𝐹𝑡𝑖 = 0 𝑘𝐻𝑧

∆𝐹𝑡𝑖 = 40 𝑘𝐻𝑧

  𝐽0(2k𝑎𝑣(𝑥)) 𝑎𝑣(𝑥)  𝐽1(2k𝑎𝑣(𝑥)) 𝑎𝑣(𝑥))

𝐼1(𝑥, ∆𝐹𝑡1)

𝐼2(𝑥, ∆𝐹𝑡2)

𝐼𝑁𝑓 (𝑥, ∆𝐹𝑡𝑁𝑓
)

∆𝐹𝑡𝑁𝑓
= 320 𝑘𝐻𝑧

𝐼𝑁𝑓/2 (𝑥, ∆𝐹𝑡𝑁𝑓/2
)

∆𝐹𝑡𝑁𝑓/2
=

0 𝑘𝐻𝑧

∆
𝑭
𝒕



𝒇𝒗 = 𝟒𝟎 𝒌𝑯𝒛 ∆𝜴𝒕𝒊 ∆𝜴𝒕 =

𝟎 ∆𝜴𝒕 = 𝟐𝝅. 𝟐𝟎 𝒌𝑯𝒛

∆𝜴𝒕 = 𝟐𝝅. 𝟒𝟎 𝒌𝑯𝒛

𝑇𝑖𝑛𝑡 = 5 ms

∆𝑭𝒕𝒊 = ∆𝜴𝒕𝒊/𝟐𝝅 = 𝟎 𝒌𝑯𝒛

𝐴 =  𝐽0(2k𝑎𝑣(𝑥))〈cos((0)𝑡)〉 +  𝐽1(2k𝑎𝑣(𝑥))〈cos((0 − 𝜔𝑣)𝑡)〉 + ⋯ =  𝐽0(2k𝑎𝑣(𝑥))

𝐼𝑖(𝑥, ∆𝛺𝑡𝑖) = 2(1 + cos(𝛺𝑥𝑥) . 𝐴) = 2 (1 + cos(𝛺𝑥𝑥)  𝐽0(2k𝑎𝑣(𝑥)))

𝛺𝑥𝑥

∆𝐹𝑡𝑖 = ∆𝛺𝑡𝑖/2𝜋 = 0 𝑘𝐻𝑧

 𝐽0(2k𝑎𝑣(𝑥))

𝑎𝑣(𝑥)

∆𝑭𝒕𝒊 = ∆𝜴𝒕𝒊/𝟐𝝅 = 𝟐𝟎 𝒌𝑯𝒛

𝐴 =  𝐽0(2k𝑎𝑣(𝑥))〈cos((2𝜋. 20.10
3)𝑡)〉 +  𝐽1(2k𝑎𝑣(𝑥))〈cos((2𝜋. 20.10

3 − 2𝜋. 40.103)𝑡)〉

+ ⋯ = 0

𝐼𝑖(𝑥, ∆𝛺𝑡𝑖) = 2(1 + cos(𝛺𝑥𝑥) . 𝐴) = 2

𝛺𝑥𝑥

∆𝑭𝒕𝒊 = ∆𝜴𝒕𝒊/𝟐𝝅 = 𝟒𝟎 𝒌𝑯𝒛 = 𝒇𝒗

𝐴 =  𝐽0(2k𝑎𝑣(𝑥))〈cos((2𝜋. 40.10
3)𝑡)〉 +  𝐽1(2k𝑎𝑣(𝑥))〈cos((2𝜋. 40.10

3 − 2𝜋. 40.103)𝑡)〉

+ ⋯ =  𝐽1(2k𝑎𝑣(𝑥))



𝐼𝑖(𝑥, ∆𝛺𝑡𝑖) = 2(1 + cos(𝛺𝑥𝑥) . 𝐴) = 2 (1 + cos(𝛺𝑥𝑥)  𝐽1(2k𝑎𝑣(𝑥)))

𝛺𝑥𝑥

∆𝐹𝑡𝑖 = ∆𝛺𝑡𝑖/2𝜋 = 40 𝑘𝐻𝑧

 𝐽1(2k𝑎𝑣(𝑥))

𝑎𝑣(𝑥)

 

+1

𝐹𝑥 ≈ ±
𝛼𝑥

𝜆
=

±
0,012 𝑟𝑎𝑑

628 𝑛𝑚
= ±19.103 𝑚−1

∆𝐹𝑡𝑖 = 0

0

𝐼𝑜𝑟𝑑𝑟𝑒0 = |𝐸𝑅|
2 + |𝐸𝑠|

2 = 2 ±1



+1

∆
𝑭
𝒕

|𝑇𝐹𝑠𝑝𝑎𝑡𝑖𝑎𝑙𝑒[𝐼𝑖(𝑥, ∆𝐹𝑡𝑖)]|

|𝑇𝐹𝑠𝑝𝑎𝑡𝑖𝑎𝑙𝑒 [𝐼𝑗 (𝑥, ∆𝐹𝑡𝑗)]|

…



 

𝐼𝑖𝑓𝑖𝑙𝑡𝑟é𝑒(𝑥, ∆𝛺𝑡𝑖)

𝒆𝒋𝝋𝒐𝒃𝒋(𝒙,𝒕)

|𝑒
𝑗
𝛺
𝑥
𝑥
.𝑇
𝐹 𝑡
𝑒
𝑚
𝑝
𝑜
𝑟
𝑒
𝑙𝑙
𝑒
[𝑒
𝑗𝜑
𝑜
𝑏
𝑗
( 𝑥
𝑗
,𝑡
)
]|

=
|𝑇
𝐹 𝑡
𝑒
𝑚
𝑝
𝑜
𝑟
𝑒
𝑙𝑙
𝑒
[𝑒
𝑗𝜑
𝑜
𝑏
𝑗
( 𝑥
𝑗
,𝑡
)
]|

|𝑇
𝐹
𝑡𝑒
𝑚
𝑝
𝑜
𝑟
𝑒
𝑙𝑙
𝑒
[𝑒
𝑗𝜑
𝑜
𝑏
𝑗
( 𝑥
𝑙,
𝑡)
]|

|𝑇
𝐹 𝑡
𝑒
𝑚
𝑝
𝑜
𝑟
𝑒
𝑙𝑙
𝑒
[𝑒
𝑗𝜑
𝑜
𝑏
𝑗
( 𝑥
0
,𝑡
) ]
|

|𝐼𝑖𝑓𝑖𝑙𝑡𝑟é𝑒(𝑥, ∆𝛺𝑡𝑖)|

|𝐼𝑗𝑓𝑖𝑙𝑡𝑟é𝑒 (𝑥, ∆𝛺𝑡𝑗)|



𝝋𝒐𝒃𝒋(𝒙, 𝒕)

𝒆𝒋𝝋𝒐𝒃𝒋(𝒙𝟎,𝒕)

(𝑥0)

𝑒𝑗𝜑𝑜𝑏𝑗(𝑥0,𝑡) (𝑥0)

𝑒𝑗𝜑𝑜𝑏𝑗(𝑥0,𝑡)

𝑒𝑗𝜑𝑜𝑏𝑗(𝑥,𝑡)

𝑒𝑗𝛺𝑥𝑥𝑒𝑗𝜑𝑜𝑏𝑗(𝑥,𝑡)

 

𝜑𝑜𝑏𝑗(𝑥, 𝑡) +

𝛺𝑥𝑥 𝛺𝑥𝑥

𝜑𝑜𝑏𝑗(𝑥, 𝑡)

 𝐽0(2k𝑎𝑣(𝑥0))

 𝐽1(2k𝑎𝑣(𝑥0))



(𝑥0)

∆𝐹𝑡 = ∆𝛺𝑡/2𝜋

𝑇𝑎𝑐 = 1/𝑑∆𝐹𝑡 𝑇𝑎𝑐 = 0,1 𝑚𝑠 𝑑𝑡 = 1/∆𝐹𝑡𝑁𝑓
= 𝑇𝑎𝑐/𝑁𝑓 𝑑𝑡 =

1,56 µ𝑠

𝜴𝒙𝒙



𝜴𝒙𝒙



0 𝜆/6 𝜆/2



𝟎 𝒏𝒎 𝝀/𝟔 𝒏𝒎

𝝀/𝟐 𝒏𝒎 −𝟑𝟐𝟎 𝒌𝑯𝒛 𝟑𝟐𝟎 𝒌𝑯𝒛

𝟏𝟎 𝒌𝑯𝒛

𝑻𝑭[𝒆𝒋𝝋𝒐𝒃𝒋(𝒙𝟎,𝒕)]

 

0



+1

0

∆
𝑭
𝒕 𝒊

≈ 1 𝑔𝑟𝑎𝑖𝑛 𝑑𝑒 𝑠𝑝𝑒𝑐𝑘𝑙𝑒



𝟎, 𝟏 𝒏𝒎

∆
𝑭
𝒕 𝒊



 

(𝑥, 𝑦)

∆𝐹𝑡𝑖

𝑁𝑓 = 6

𝑑∆𝐹𝑡 = 20 𝑘𝐻𝑧

𝑵𝒇

𝑵𝒇 = 𝟔

𝐼4 à ∆𝐹𝑡4 = 0 𝑘𝐻𝑧

𝐼5 à ∆𝐹𝑡5 = −20 𝑘𝐻𝑧

𝐼6 à ∆𝐹𝑡6 = −40 𝑘𝐻𝑧

𝐼3 à ∆𝐹𝑡3 = 20 𝑘𝐻𝑧

𝐼2 à ∆𝐹𝑡2 = 40 𝑘𝐻𝑧

𝐼1 à ∆𝐹𝑡1 = 60 𝑘𝐻𝑧



(𝒖𝟏, 𝒗𝟏)

𝑵𝒇 = 𝟔

𝒆𝒋𝝋𝒐𝒃𝒋(𝒙𝟏,𝒚𝟏,𝒕)

±1

+1

𝑒𝑗𝜑𝑜𝑏𝑗(𝑥,𝑦,𝑡)



∆𝐹𝑡𝑖 = −40;−20; 0; 20; 40; 60 𝑘𝐻𝑧

−𝑓𝑣  ; 0 ; 𝑓𝑣

−2𝑓𝑣 𝑒𝑡 2𝑓𝑣

 

 



➢ 

40 𝑘𝐻𝑧

𝑇𝑖𝑛𝑡 =
200

𝑓𝑣
= 5 𝑚𝑠

𝑇𝑖𝑛𝑡 = 1 𝑚𝑠

320 𝑚𝑠 64 𝑚𝑠

➢ 

∆𝑡

∆𝛺𝑡𝑖 𝑑∆𝐹𝑡

𝑇𝑎𝑐 = 1/𝑑∆𝐹𝑡
∆𝑡 ∆𝛺𝑡𝑖

➢ 

1/𝑓𝑣



𝑁𝑓 = 64

10 𝑘𝐻𝑧 −320 𝑘𝐻𝑧 320 𝑘𝐻𝑧

𝛿𝑣(𝑥, 𝑦, 𝑡) =

𝑎𝑣𝑒
−
(𝑥−𝑥0)

2

2𝜎𝑥
2
sin(2𝜋𝑓𝑣𝑡) 𝑒

−(
(𝑡−𝑡0)

2

2𝜎𝑡
2 )

𝝈𝒕 = 𝟏/𝒇𝒗



 

𝑑∆𝐹𝑡 = 10 𝑘𝐻𝑧

40 𝑘𝐻𝑧

∆𝐹𝑡 =

−80;−40; 0; 40; 80 𝑘𝐻𝑧

∆𝑭𝒕 = 𝟎; 𝟐𝟎; 𝟒𝟎; 𝟔𝟎 𝒌𝑯𝒛 ∆𝑭𝒕 = 𝟎 𝒆𝒕 𝟒𝟎 𝒌𝑯𝒛



+1



5 𝑠𝑒𝑐

10 𝑘𝐻𝑧



𝑇𝑖𝑛𝑡

 



 

https://doi.org/10.1117/12.760518
http://eu.wiley.com/WileyCDA/WileyTitle/productCd-0471249351.html
https://link.springer.com/article/10.1007/BF02322393
https://hal.archives-ouvertes.fr/hal-01112589/document
https://www.springer.com/gp/book/9783662139905
http://www.theses.fr/2006LEMA1006
http://www.laserfocusworld.com/articles/print/volume-52/issue-04/features/high-speed-imaging-how-to-choose-a-high-speed-camera-understanding-new-imaging-sensors-and-techniques.html
http://www.laserfocusworld.com/articles/print/volume-52/issue-04/features/high-speed-imaging-how-to-choose-a-high-speed-camera-understanding-new-imaging-sensors-and-techniques.html
http://www.laserfocusworld.com/articles/print/volume-52/issue-04/features/high-speed-imaging-how-to-choose-a-high-speed-camera-understanding-new-imaging-sensors-and-techniques.html
https://www.osapublishing.org/ol/abstract.cfm?uri=ol-28-20-1900
https://www.osapublishing.org/ao/abstract.cfm?uri=ao-44-3-337
https://www.osapublishing.org/ao/abstract.cfm?uri=ao-44-3-337


 

https://doi.org/10.1109/TUFFC.2012.2414
https://www.techniques-ingenieur.fr/base-documentaire/sciences-fondamentales-th8/optique-physique-42528210/holographie-optique-af3340/
https://www.techniques-ingenieur.fr/base-documentaire/sciences-fondamentales-th8/optique-physique-42528210/holographie-optique-af3340/
https://www.techniques-ingenieur.fr/base-documentaire/sciences-fondamentales-th8/optique-physique-42528210/holographie-optique-af3340/
https://doi.org/10.1364/OL.40.000411
https://doi.org/10.1364/OL.38.000377
https://www.nature.com/articles/2171142a0
https://www.crcpress.com/Handbook-of-Optical-Metrology-Principles-and-Applications/Yoshizawa/p/book/9781138112087
https://www.crcpress.com/Handbook-of-Optical-Metrology-Principles-and-Applications/Yoshizawa/p/book/9781138112087


 

10 𝑘€ 50 𝑘€

15 𝑑𝐵

𝑟𝑜𝑏𝑗𝐼0



𝐺𝐿𝑂𝐹𝐼𝑟𝑜𝑏𝑗𝐼0 𝐺𝐿𝑂𝐹𝐼

𝑟𝑜𝑏𝑗 𝐼0

3 %

1 𝑚𝑊



 

 

 

 



 



 

𝐴 𝐵

𝐴𝑗𝑖𝑁𝑗

𝐸𝑗 𝐸𝑖 𝑁𝑗

𝐸𝑗 𝐵𝑗𝑖𝑁𝑗𝐼𝑖𝑗

𝐸𝑗 𝐸𝑖 𝐼𝑖𝑗

𝐸𝑖

𝐸𝑗 𝐸𝑖

𝐸𝑗 𝐵𝑖𝑗𝑁𝑖𝐼𝑖𝑗 𝐵𝑖𝑗 = 𝐵𝑗𝑖

𝐴 𝐵𝐼 𝑠−1

𝐸2 𝐸1

𝐴21 = 1/𝜏𝑛𝑟

𝑝 𝑙

𝐸0 𝐸2

𝐸1 𝐸0

𝐸0

𝐸1

𝐸2

𝐵𝑙𝐼𝑙𝐴𝑙𝐵𝑝𝐼𝑝𝐴𝑝

1/𝜏𝑛𝑟 1/𝜏𝑛𝑟2

𝐸0

𝐸2

𝐸3

𝐵𝑙𝐼𝑙𝐴𝑙
𝐵𝑝𝐼𝑝𝐴𝑝

𝐸1
1/𝜏𝑛𝑟0



 
𝑑𝑁2(𝑡)

𝑑𝑡
= −𝐴𝑝𝑁2(𝑡) + 𝐵𝑝𝐼𝑝(𝑁0(𝑡) − 𝑁2(𝑡)) −

𝑁2(𝑡)

𝜏𝑛𝑟
 

𝑑𝑁1(𝑡)

𝑑𝑡
=                                                               

𝑁2(𝑡)

𝜏𝑛𝑟
−𝐵𝑙𝐼𝑙(𝑡)(𝑁1(𝑡) − 𝑁0(𝑡)) − 𝐴𝑙𝑁1(𝑡) 

𝑑𝑁0(𝑡)

𝑑𝑡
= 𝐴𝑝𝑁2(𝑡) − 𝐵𝑝𝐼𝑝(𝑁0(𝑡) − 𝑁2(𝑡))                +𝐵𝑙𝐼𝑙(𝑡)(𝑁1(𝑡) − 𝑁0(𝑡)) + 𝐴𝑙𝑁1(𝑡)

𝐴𝑝,  𝐴𝑙 ≪
1

𝜏𝑛𝑟

𝐸2 𝐸1

𝐸2
𝑑𝑁2(𝑡)

𝑑𝑡
≈ 0 (𝑁2 ≪ 𝑁0, 𝑁1

𝑁2

𝜏𝑛𝑟
=

𝐵𝑝𝐼𝑝𝑁0 
𝑑𝑁1(𝑡)

𝑑𝑡

𝑁𝑡𝑜𝑡 ≈ 𝑁0(𝑡) + 𝑁1(𝑡) 𝑁(𝑡) = 𝑁1(𝑡) − 𝑁0(𝑡)

𝑁0(𝑡) =
𝑁𝑡𝑜𝑡−𝑁(𝑡)

2
𝑁1(𝑡) =

𝑁𝑡𝑜𝑡+𝑁(𝑡)

2

𝑑𝑁(𝑡)

𝑑𝑡
= 2(𝐵𝑝𝐼𝑝𝑁0(𝑡)−𝐵𝑙𝐼𝑙(𝑡)(𝑁1(𝑡) − 𝑁0(𝑡)) − 𝐴𝑙𝑁1(𝑡))

= 2(𝐵𝑝𝐼𝑝𝑁0(𝑡)−𝐵𝑙𝐼𝑙(𝑡)𝑁(𝑡) − 𝐴𝑙𝑁1(𝑡))

𝐵𝑝𝐼𝑝 + 𝐴𝑙 = 𝛾1 = 1/𝜏1

𝛾1𝑁0 = 𝐵𝑝𝐼𝑝𝑁𝑡𝑜𝑡 − 𝐴𝑙𝑁𝑡𝑜𝑡

𝑑𝑁(𝑡)

𝑑𝑡
= −𝛾1(𝑁(𝑡) − 𝑁0) − 2𝐵𝑙𝐼𝑙(𝑡)𝑁(𝑡)

𝐸0 𝐸3

𝐸2 𝐸1
𝑑𝑁(𝑡)

𝑑𝑡
= −𝛾1(𝑁(𝑡) − 𝑁0) − 𝐵𝑙𝐼𝑙(𝑡)𝑁(𝑡) 𝛾1𝑁0 =

𝐵𝑝𝐼𝑝𝑁𝑡𝑜𝑡

𝐵𝑝𝐼𝑝 > 𝐴𝑙



 
𝑑𝐼𝑙(𝑡)

𝑑𝑡
= 𝐵𝑙𝐼𝑙(𝑡)(𝑁1(𝑡) − 𝑁0(𝑡)) + 𝛽𝐴𝑙𝑁1(𝑡) − 𝛾𝑐𝐼𝑙(𝑡)

𝐵𝑙𝐼𝑙(𝑡)(𝑁1(𝑡) − 𝑁0(𝑡))

𝛽𝐴𝑙𝑁1(𝑡) 𝛽

−𝛾𝑐𝐼𝑙(𝑡)

𝛾𝑐 𝜏𝑐 = 1/𝛾𝑐

𝑑𝐼𝑙(𝑡)

𝑑𝑡
= 𝐵𝑙𝑁(𝑡)𝐼𝑙(𝑡) − 𝛾𝑐𝐼𝑙(𝑡)

 𝐵𝑙 = 𝐵 𝐼𝑙(𝑡) = 𝐼(𝑡) 𝛽 ≈ 0

𝑑𝐼(𝑡)

𝑑𝑡
= 𝐵𝑁(𝑡)𝐼(𝑡) − 𝛾𝑐𝐼(𝑡)

𝑑𝑁(𝑡)

𝑑𝑡
= −𝛾1(𝑁(𝑡) − 𝑁0

∗) − 2∗𝐵𝑁(𝑡)𝐼(𝑡)

𝑁0∗ = 𝐵𝑝𝐼𝑝𝑁𝑡𝑜𝑡/𝛾1 2∗ = 1 𝑁0∗ =

(𝐵𝑝𝐼𝑝 − 𝐴𝑙)𝑁𝑡𝑜𝑡/𝛾1 2∗ = 2

𝑁0∗ =
𝐵𝑝𝐼𝑝𝑁𝑡𝑜𝑡

𝛾1
= 𝑁0 2∗ = 1

𝐵𝑁(𝑡)𝐼(𝑡)



 

𝑁𝑠 𝐼𝑠
𝑑𝐼𝑠

𝑑𝑡
= 0

𝑑𝑁𝑠

𝑑𝑡
=

0 𝑁𝑠 =
𝛾𝑐

𝐵
𝐼𝑠 =

𝛾1

𝛾𝑐
(𝑁𝑠 − 𝑁0) =

𝛾1

𝐵
(
𝑁0

𝑁𝑠
− 1) = 𝐼𝑠𝑎𝑡(𝜂 − 1) 𝐼𝑠𝑎𝑡 =

𝛾1

𝐵

𝜂 =
𝑁0

𝑁𝑠

𝜂 =
𝐼𝑝

𝐼𝑝𝑠𝑒𝑢𝑖𝑙
𝐵𝑝𝐼𝑝 ≪ 𝐴𝑙

𝐼𝑝𝑠𝑒𝑢𝑖𝑙 =
𝐴𝑙

𝐵𝑝

𝑁𝑠

𝑁𝑡𝑜𝑡

𝐼𝑙 〈𝐼〉

𝐼𝑠

 

𝑛 = 𝑁/𝑁𝑠 𝑖 = 𝐼/𝐼𝑠𝑎𝑡 𝑇 = 𝑡/𝜏1

𝜏𝑁 =
𝜏𝑐

𝜏1
=
𝛾1

𝛾𝑐

𝑑𝑛

𝑑𝑇
= −𝑛(𝑖 + 1) + 𝜂 

𝑑𝑖

𝑑𝑇
=
𝑖(𝑛 − 1)

𝜏𝑁

𝑖𝑆 =  𝜂 − 1 𝑛𝑆 = 1

𝜏𝑐 ≈ 0,2.10
−9 𝑠𝑒𝑐 𝜏1 ≈ 0,23.10

−3 𝑠𝑒𝑐 𝐵 = 0,75.10−3 𝑠−1 𝜂 =

1,2

https://fr.wikipedia.org/wiki/Méthodes_de_Runge-Kutta


 

𝑁(𝑡) = 𝑁𝑠 + ∆𝑁(𝑡) ∆𝑁(𝑡) ≪ 𝑁𝑠 𝐼(𝑡) = 𝐼𝑠 + ∆𝐼(𝑡) ∆𝐼(𝑡) ≪ 𝐼𝑠

∆𝐼(𝑡)∆𝑁(𝑡)

𝑑∆𝐼(𝑡)

𝑑𝑡
= 𝐵∆𝑁(𝑡)𝐼𝑠 + 𝐵𝑁𝑠∆𝐼(𝑡) − 𝛾𝑐∆𝐼(𝑡) = 𝐵∆𝑁(𝑡)𝐼𝑠 

𝑑∆𝑁(𝑡)

𝑑𝑡
= −𝛾1∆𝑁(𝑡) − (𝐵∆𝑁(𝑡)𝐼𝑠 + 𝐵𝑁𝑠∆𝐼(𝑡)) = −𝜂𝛾1∆𝑁(𝑡) − 𝐵𝑁𝑠∆𝐼(𝑡)

𝑑2∆𝐼(𝑡)

𝑑𝑡2
+ 2𝛼

𝑑∆𝐼(𝑡)

𝑑𝑡
+ Ω𝑅

2∆𝐼(𝑡) = 0

𝛼 =
𝜂𝛾1

2

Ω𝑅 = √𝛾1𝛾𝑐(𝜂 − 1)

𝑁𝑠 =
𝛾𝑐
𝐵

𝐼𝑠 =
𝛾1
𝐵
(
𝑁0

𝑁𝑠
− 1)



𝛼 ≥ Ω𝑅

𝛼 < Ω𝑅

Ω𝑅

α

 

𝛼 ≪ Ω𝑅

𝜏𝑐 ≪ 𝜏1 𝛼 ≪ Ω𝑅

2𝜋/Ω𝑅

1/𝛼 = 2𝜏1/𝜂

𝐹𝑅 = Ω𝑅/2𝜋

𝑁

∆𝑁(𝑡)∆𝐼(𝑡)



𝜔𝑙 𝜔𝑙 + Ω𝑝

𝐼(𝑡) Ω𝑝

Ω𝑝 ≈ Ω𝑅

𝛾𝑐ℎ𝜈

 



 



 

𝜔𝑙 𝜔𝑙 +Ω𝑝

Ω𝑝

𝐹𝑝 = Ω𝑝/2𝜋

𝛺𝑝

𝑑𝐼(𝑡)

𝑑𝑡
= 𝐵𝑁(𝑡)𝐼(𝑡) − 𝛾𝑐𝐼(𝑡) + 𝛾𝑐𝐼(𝑡 − 𝜏)𝜅

2𝑟𝑜𝑏𝑗 cos(𝛺𝑝𝑡 − ɸ𝑜𝑏𝑗) 

𝑑𝑁(𝑡)

𝑑𝑡
= −𝛾1(𝑁(𝑡) − 𝑁0) − 𝐵𝑁(𝑡)𝐼(𝑡)

𝛺𝑝 𝐹𝑝

𝐹𝑝/2 𝐹𝑝 𝜅

𝜏

𝛺𝑝

2𝐷

𝜏

𝜏 =
2𝐷

𝑐
≈ 10 𝑛𝑠 ≪

1

𝛺𝑝
≈ 1 µ𝑠 𝐼(𝑡 − 𝜏) ≈



𝐼(𝑡) − 𝜏
𝑑𝐼(𝑡)

𝑑𝑡
≈ 𝐼(𝑡) + 𝜏𝛺𝑝 cos(𝛺𝑝𝑡 − ɸ𝑜𝑏𝑗)

𝜏𝛺𝑝≪1
⇒    𝐼(𝑡 − 𝜏) ≈ 𝐼(𝑡)

𝑃𝑏𝑎𝑡𝑡(𝑡) = 𝛾𝑐𝐼(𝑡)𝜅
2𝑟𝑜𝑏𝑗 cos(𝛺𝑝𝑡 − ɸ𝑜𝑏𝑗)

𝐼𝑠 = 𝐼𝑠𝑎𝑡(𝜂 − 1) 𝐼𝑙

𝑁𝑠 =
𝛾𝑐

𝐵

𝑑2∆𝐼(𝑡)

𝑑𝑡2
+ 2𝛼

𝑑∆𝐼(𝑡)

𝑑𝑡
+ Ω𝑅

2∆𝐼(𝑡) = 2𝛼𝑃𝑏𝑎𝑡𝑡𝑠(𝑡) +
𝑑𝑃𝑏𝑎𝑡𝑡𝑠(𝑡)

𝑑𝑡

𝑃𝑏𝑎𝑡𝑡𝑠(𝑡) = 𝛾𝑐𝐼𝑙𝜅
2𝑟𝑜𝑏𝑗 cos(𝛺𝑝𝑡 − ɸ𝑜𝑏𝑗)

∆𝐼(𝑡) = 𝐺𝐿𝑂𝐹𝐼(𝛺𝑝)𝐼𝑙𝜅
2𝑟𝑜𝑏𝑗 cos (𝛺𝑝𝑡 − ɸ𝑜𝑏𝑗 + 𝜓(𝛺𝑝))

 𝜓(𝛺𝑝) = atan (Ω𝑝
(Ω𝑅
2−Ω𝑝

2)−(∆𝛺𝑅)
2

Ω𝑅
2∆𝛺𝑅

)

𝐺𝐿𝑂𝐹𝐼(𝛺𝑝) = 𝛾𝑐√
(∆𝛺𝑅)2+𝛺𝑝

2

(𝛺𝑅
2−𝛺𝑝

2)
2
+(∆𝛺𝑅𝛺𝑝)

2 𝛺𝑅 = √𝛾1𝛾𝑐(𝜂 − 1) ∆𝛺𝑅 = 2𝛼 = 𝜂𝛾1

𝐺𝐿𝑂𝐹𝐼 𝛺𝑅

∆𝛺𝑅

𝛺𝑝 = 𝛺𝑅

𝛺𝑝 𝐺𝐿𝑂𝐹𝐼

𝑆𝐿𝑂𝐹𝐼 = ∆𝐼(𝑡) = 𝐺𝐿𝑂𝐹𝐼(𝛺𝑝)𝐼𝑙𝜅
2𝑟𝑜𝑏𝑗 cos (𝛺𝑝𝑡 − ɸ𝑜𝑏𝑗 + 𝜓(𝛺𝑝))

𝛼 ≪ Ω𝑟 ∆𝛺𝑅 ≪ 𝛺𝑅 𝛺𝑝 ≈ 𝛺𝑅

𝐺𝐿𝑂𝐹𝐼(𝛺𝑝 = 𝛺𝑅) ≈
𝛾𝑐

𝛾1𝜂
≈
𝛾𝑐

𝛾1



𝛾1 = 1/𝜏1 =

1/230 µ𝑠 ≈ 4,3.103 𝑠−1 𝛾𝑐 ≈ 5.10
9 𝑠−1

𝐺𝐿𝑂𝐹𝐼(𝛺𝑝 = 𝛺𝑅) ≈ 10
6

1 𝑚𝑊 1 𝑘𝐻𝑧

➢ 

➢ 

➢ 

➢ 

➢ 𝐹𝑅 =
𝛺𝑅

2𝜋
=
√𝛾1𝛾𝑐(𝜂−1)

2𝜋
≈ 0,7 𝑀𝐻𝑧 𝜂

➢ ∆𝛺𝑅 = 𝜂𝛾1 ≈ 9 𝑘𝐻𝑧 𝜂

𝐺𝐿𝑂𝐹𝐼

𝑄 =
𝛺𝑅

∆𝛺𝑅
=
𝛺𝑅

2𝛼
= √

𝛾𝑐

𝛾1

√𝜂−1

2𝜂
𝑄2 ∝

𝐺𝐿𝑂𝐹𝐼(𝛺 = 𝛺𝑅) 0.25√
𝛾𝑐

𝛾1
𝜂 = 2 𝛾𝑐

𝛾1



𝛾𝑐

𝛾1

𝛼−1 = 2/𝜂𝛾1

 

 𝜂

𝛾𝑐ℎ𝜈 ℎ = 6,626.10−34 𝑚2𝑘𝑔/𝑠𝑒𝑐

𝜈 = 𝑐/𝜆

 𝜅

𝜅2

𝜅

 𝑟𝑜𝑏𝑗

𝑟𝑜𝑏𝑗

𝐼0𝑟𝑜𝑏𝑗

𝑟𝑜𝑏𝑗

𝐼0 = 𝜅𝐼𝑠 𝜂

√𝜂 − 1

(𝜂 − 1) √𝜂 − 1 𝐼𝑠 ∝

(𝜂 − 1)



(𝜂 − 1)𝜅2𝑟𝑜𝑏𝑗

√𝜂 − 1

(𝜂 − 1)𝜅2𝑟𝑜𝑏𝑗

√𝜂 − 1𝜅𝑟𝑜𝑏𝑗

𝜂

𝐹𝑅 = √𝛾1𝛾𝑐(𝜂 − 1)/2𝜋

𝜅

 



 



 






































































































