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~1 − 10 1
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21 
 

90

20%

O3  +  H →  OH∗ (v′ ≤ 9)  +  O2  +  3.34 eV

𝑣’ =  1 𝑣’ =  9 9
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0.4 − 5 μ

 

𝜇

 

 87 

 8



23 
 

HO2  +  O →  OH∗ (v <=  6)  + O2 

 

𝑣′ =  9



24 
 

𝑂3

O + O2 + M →  O3 + M

𝑀 𝑂2 𝑁2

𝑀

 

POH∗ = k1[H][O3]



25 
 

𝑘1 = 1.4 × 10−10𝑒(−470/𝑇) 𝑇

𝑀 𝑂2 𝑁2

 

𝑂3 − 𝐻

𝑂2 𝑁2 O

OH𝑣=0
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OH∗(v)  +  O −>  H +  𝑂2

 

𝑂2 𝑁2
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4 − 6 87

𝑣′ =

8  and 𝑣′ = 6

𝑡 = 1 𝑣′ = 9 𝑡 = 30 

𝑣′ = 1 ~85 
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𝑂3

[OH∗] =
6 × 10−34(300/T)2.4[O][O2][M]

Q[O2]

[𝑀]

𝑄

𝑇

[OH∗] =
6 × 10−343002.4

κQ
pT−3.4[O]
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𝑣𝑥, 𝑣𝑦, 𝑣𝑧
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𝑑𝑝

𝑑𝑧
= −𝜌𝑔

 

 

 



33 
 

 

𝑃𝑉 = 𝑛𝑅𝑇

𝑃 𝑉 𝑇 𝑅

= 8.314 ∙ 𝑛

𝑉.

𝑃𝑉 = 𝑁𝑘𝑇 𝑘

𝑁

 

 

 

𝑑𝑣

𝑑𝑡
= −2Ω × 𝑣 −

1

𝜌
∇𝑝 + 𝒈 + 𝐹𝑟

(Ω)
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𝑑𝑣

𝑑𝑡
=

𝑭

𝜌

 

𝑑𝐸 = 𝑑𝐻 − 𝑑𝑊

𝑐𝑝𝑑𝑇

𝑑𝑡 
−

1

𝜌

𝑑𝑃

𝑑𝑡
= 𝑄

𝑐𝑝 𝑄
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Δ𝑥, Δ𝑦, Δ𝑧

𝒗 = (𝑣, 𝑢, 𝑤)

 𝜌



36 
 

 

 

𝜌(𝑥)𝑣(𝑥) − 𝜌(𝑥 + Δ𝑥)𝑣(𝑥 + Δ𝑥)

𝜌(𝑦)𝑣(𝑦) − 𝜌(𝑦 + Δ𝑦)𝑣(𝑦 + Δ𝑦)

𝜌(𝑧)𝑣(𝑧) − 𝜌(𝑧 + Δ𝑧)𝑣(𝑧 + Δ𝑧)

𝛿

𝛿𝑥
(𝑝𝑣)Δ𝑥

Δ𝑦Δz : 

 
𝑀𝑁𝐼 = (−

𝛿

𝛿𝑥
(𝜌𝑣)Δ𝑥Δ𝑦Δz) + (−

𝛿

𝛿𝑦
(𝜌𝑣)Δ𝑦ΔxΔz) + (−

𝛿

𝛿𝑧
(𝜌𝑣)Δ𝑧ΔxΔ𝑦)

   

 
= − [

𝛿

𝛿𝑥
+

𝛿

𝛿𝑦
+

𝛿

𝛿𝑧
] (𝜌𝑣)(Δ𝑥Δ𝑦Δ𝑧) 
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 Δ𝑉 = Δ𝑥Δ𝑦Δ𝑧

𝑀𝑎𝑠𝑠 𝑛𝑒𝑡 𝑖𝑛𝑓𝑙𝑜𝑤 = −∇ ∙ (𝜌𝑣)(Δ𝑉)

∆𝑚 =
𝛿

𝛿𝑡
(𝜌Δ𝑉)

 

 
−∇ ∙ (𝜌𝑣)(Δ𝑉) =

𝛿

𝛿𝑡
(𝜌Δ𝑉) 

 

 
−∇ ∙ (𝜌𝑣) =

𝛿

𝛿𝑡
(𝜌) 

 

 𝛿

𝛿𝑡
+ ∇ ∙ (𝜌𝑣)(Δ𝑉) = 0 
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𝝀

𝝉

𝝀/𝝉

~𝑅𝐸 ~5𝜏𝐸 ≪ 𝑅𝐸/𝜏𝐸

~
2𝜋𝑅𝐸

𝑛
, 𝑛

= 1,2, …

~
𝜏𝐸

𝑛
, 𝑛

= 1,2, …

~
2𝜋𝑅𝐸

𝜏𝐸

≪ 𝑅𝐸 ≪ 𝜏𝐸 < 𝐶0

𝜏

𝑅𝐸 =

𝜏𝐸 =

2𝜋𝑅𝐸

𝜏𝐸
= 460 

𝐶0 = ~300 < 100 102
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𝑁𝐴

𝑁𝐴
2 = −

g

ρ

𝑑𝜌

𝑑𝑧

𝑑𝜌

𝑑𝑧

5 − 10 
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 𝑚

𝑚2 = 𝑘2 (
𝑁2

𝜔2
− 1) +

𝜔2 − 𝜔𝑎
2

𝑐𝑠
2

𝑐𝑠
2 = 𝛾𝑅𝑇 𝜔𝑎 =

𝑐𝑠

2𝐻

𝐻

(𝐻 =
𝑘𝑇

𝑀𝑔
𝑘 𝑇

𝑔

~0.029 

 𝑚2 > 0

  𝑚2 < 0

 𝜔2 ≫ 𝑁2

 𝜔2 ≪ 𝜔𝑎
2

 

𝑘2 +  𝑚2 +
1

4𝐻2
≅ (

𝜔2

𝑐𝑠
2 ) ∶  

𝜔2

𝑁2
→  ∞



44 
 

 𝑚2 > 0

𝜔𝑎

𝑘2 + 𝑚2 +
1

4𝐻2
≅ (

𝑁2

𝜔2
𝑘2): 

𝜔2

𝜔𝑎
2 → 0

  𝑚2 > 0

𝑐𝑠
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  𝑚2 < 0

𝜔𝑎 

𝑁 
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 𝑒𝑧/2𝐻𝑠
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𝑐𝑠 = √𝛾𝑅𝑇

𝛾 =
𝑐𝑝

𝑐𝑣
𝑐𝑝 𝑐𝑣
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sin (𝑖1)

𝑐1
=

sin (𝑟1)

𝑐2
=

sin (𝑖2)

𝑐2
= ⋯
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𝑐𝑒𝑓𝑓 = √𝛾𝑅𝑇 + �̂� ∙ 𝒖

�̂� ∙ 𝒖

𝒖

�̂�
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1 − 20

100
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0.002 − 20
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0.01 − 20
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0.002 −

20 20

0.05 − 20
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2750

 

 

 

0.02 − 4
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1.5 𝜇m 3 𝜇m

1.5 𝜇m

(3 − 1)
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1.0 − 1.5 
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71 
 

 

 

 

1.5 μ
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1.5 𝜇

 

1600
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1 − 1.65 𝜇

(2 − 0), (3 − 1), (4 − 2)

(2 − 0),
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1.5 𝜇 (3 −

1), (4 − 2) (5 − 3) 
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𝑐 = √
𝛾𝑅𝑇

𝑚

~53 

150 220

240 –  300 

0.15

1.6 −

2.0 

1°

1.5  × 1.5 ~87

1.5
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174 

2

17 11.1 × 9 

~1.5 
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1722

8 12 1.5

1.5

1.7

550

1°

0.22 0.22

660 
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1.5 × 1.5 

0.22

0.5 0.5

100 660

 



79 
 

 

 

 



80 
 

 



81 
 

focal ratio =  
focal length

aperture diameter 

𝑓/# =  0.4 𝑓 =  2.5

12.7 5.08

 

 =  2.5 5.08

12.7



82 
 

𝐴 = 𝜋𝑟2 = 𝜋 (
12.7 × 10−2

2
)

2

= 1.27 × 10−2 m2

tan(θ) =
detector diameter

focal length

𝜃 = 𝑡𝑎𝑛−1 (
1 × 10−3

5.08 × 10−2) = 1.13°

1.13°

1°

Ω

Ω =
aperture area

(focal length)2
=

1.27 × 10−2

(5.08 × 10−2)2



83 
 

Ω = 3.05 × 10−4𝑠𝑟

Ω =

𝜋 𝑠𝑖𝑛 𝑎2 𝑎

𝐴Ω = (1.27 × 10−2)(3.05 × 10−4) = 3.87 × 10−6𝑠𝑟 ∙ 𝑚2
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187 ~ 50 

187 18

20
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0

 

 

1.0 −  1.65 𝜇



86 
 

 

< 𝑖𝑁
2 >𝐽𝑁=

4𝑘𝑇∆𝑓

𝑅

𝑘 𝑇 ∆𝑓
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(5 − 2)

0.8 1300

0.85

1550

0.8
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40
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200

𝑉𝑟(𝑡)

𝑉𝑠(𝑡)
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𝑓1 𝑓𝑅

𝑓1 − 𝑓𝑅 𝑓1 + 𝑓𝑅

𝑓1 𝑓𝑅 0 𝑓1 0

2𝑓1

𝑉 =
1

2
𝑉𝑠𝑉𝑟cos (𝜃𝑠 − 𝜃𝑟)

𝜃𝑠 𝜃𝑟
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10 1 − 2

<  0°

53.385°N, 6.59361°W

0.22

0°
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−6°

24

27 03 24 + 3
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15

(0,0) (−15,0)

(0,15).
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~1°

1.5 87

10° 10°

10°

3%
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𝑆1
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𝑆2 𝑆3 𝑆1  𝑆2

𝑆1 𝑆3 𝑆1

 

𝑣𝑎

𝑆1 𝑆2

𝑆1
′ 𝑆2

′

∆𝑇12 = 𝑇2 − 𝑇1 =
𝑆1

′𝑆2
′

𝑉𝑠𝑡

̅̅ ̅̅ ̅̅



98 
 

𝑆3

𝑆1

∆𝑇13 = 𝑇3 − 𝑇1 =
𝑆1

′𝑆3
′

𝑉𝑠𝑡

̅̅ ̅̅ ̅̅

∆𝑇12 =
(𝑦2 − 𝑦1)cos𝜑 + (𝑥2 − 𝑥1)sin𝜑

𝑉𝑠𝑡

tan𝜑 =
∆𝑇12(𝑦3 − 𝑦1) − ∆𝑇13(𝑦2 − 𝑦1)

∆𝑇12(𝑥3 − 𝑥1) − ∆𝑇13(𝑥2 − 𝑥1)
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100 
 

Ψ0(𝜂) = 𝜋−
1
4𝑒𝑖𝜔0𝜂𝑒−𝜂2/2



101 
 

𝜂 𝜔0
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~87

 



104 
 

 

30

≈

23
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107 
 

20%
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Ω𝑠



109 
 

4𝜋 4𝜋𝐵
(

photons

cm3 )

s

𝐵 4𝜋𝐵
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4𝜋𝐵

1 rayleigh =  
106 photons

cm2
  /column /sec

4𝜋

(9 − 6) (2 − 0)

4500 4.5 0.6 𝜇 4.5 𝜇

4.5 

1 MR =
1016

4𝜋
 4𝜋

4𝜋
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 1.0 − 1.65 μm

1.0 − 3.0 𝜇



112 
 

 

45 

 

 

250 − 2,500 1000

1 𝜇

6.5 𝐴 ~7 𝑉

45 50



113 
 

 

~3000 K

3000

𝐼 =
𝑃

4𝜋𝑟2

𝐴 = 4𝜋𝑟2 𝑟

𝑃 = 45 W

50 cm

𝐼 =
45

4𝜋(0.5)2
= 14.33

W

m2
= 1433

μW

cm2

 1433
μW

cm2

250 − 2,500 
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1 𝜇m

1250 nm



115 
 

 

 

381.44
μW

cm2

~ 600 𝑛𝑚 ~ 0.6
μW

cm2−nm

(600 𝑛𝑚) (0.6
μW

cm2 − nm
) = 360

μW

cm2

 381.44
μW

cm2



116 
 

𝐵 = (2.014 × 104)(𝜆)(𝐼)(𝐿𝑅)

𝐵

𝜆 𝐼

𝜇 ∙ ∙ 𝐿𝑅

2.014 × 104 𝐿𝑅

[𝑅] = [nm] [
μW

cm2 ∙ nm ∙ sr
]

50 cm

10.39 × 109 

 10.39 × 103 

4.5 MR ~10 × 103 MR
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~



118 
 

 

10.39 × 109 1.04 × 1010

50 cm

𝐵 = 1.039 × 1010(cos𝜙) (
𝑟

𝐷
)

2

𝜙

45°

𝑟 𝐷

𝑟 𝐷

  𝐷 − 𝑟 = 0.84 m

𝐷



119 
 

±20%

2.86 ± 1.26  V/MR  0.29 ± 0.13 MR/V

 1 MR = 7.94 × 1014  2.86 ±

1.26  V/MR 2.27 × 1015    

𝒓 (𝒎) 𝑬𝒓𝒓𝒐𝒓 (𝒎) 𝑫 (𝒎) 𝐜𝐨𝐬 (𝝓) 𝑩 (𝑴𝑹) 𝑴𝑭𝑹 (𝑽)

34 − 35 1.34 35.84 0.707107 1.43 ±  0.286 6.125

30 − 31 1.34 31.84 0.707107 1.81 ± 0.362 6.25

26.5 − 27.5 1.34 28.34 0.707107 2.28 ± 0.456 8.5
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100 %

𝑓# = 0.4

(12.7 cm

5.08 cm
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1 MR 1 𝑀𝑅 =

1016

4𝜋
 

  

1016

4𝜋
[ph/m2/s/sr] ∙ 0.0127[m2] = 1.01 × 1013 [ph/s/sr]

Ω

 (1 mm)

 (0.4)

Ω =
𝜋 (

1 × 10−3

2 )
2

(0.4 ∙ 0.127)2
= 3.04 × 10−4 [𝑠𝑟]

1.01 × 1013[ph/s/sr] ∙ 3.04 × 10−4 [sr] = 3.07 × 109 [ph/s]

𝐸 =
ℎ𝑐

𝜆
𝜆 = 1.3 𝜇m

𝐸 =
ℎ𝑐

𝜆
=

6.626 × 1034 ∙ 2.998 × 108

1.3 × 10−6
= 1.53 × 1019 J



123 
 

3.07 × 109 [ph/s] ∙ 1.53 × 1019 [ J ] = 4.69 × 10−9 [J/s]

J/s

0.22 𝑠

4.69 × 10−9 [J/s]

(
1

0.22
) [Samples]

= 1.03 × 10−10 𝑊

1 

𝝁𝒎

1.3 > 0.78

1.55 > 0.83

 



124 
 

0.8 A/W

1.03 × 10−10 W

1.03 × 10−10 [W] ∙ 0.8 [A/W]  = 8.26 × 10−11 𝐴

1 MR 8.26 ×

10−11 𝐴

−𝑅𝑓

40 Ω

1

𝑉 = 𝐼(𝑅𝑓) = 8.26 × 10−11(40) = 3.3 mV

200

0.661

10/√2

4.67

4.67 
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 ′ =

 1 to  ′ =  9 0.5 MR

~1 MR
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∆ = 2, 3, 4  5

0.6  2.3 𝜇

1 
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~ 𝟎. 𝟓 𝐌𝐑 ~ 𝟎. 𝟑𝟔𝟕 𝐌𝐑



129 
 

0

1

0.5 (5 − 3)

87 km

(9 − 6) (2 − 0)

 

1.4 𝜇𝑚 1.8 − 2.0 𝜇𝑚

 

0.3 –  0.4 MR



130 
 

0.545

0.35 ± 0.06 MR

2 V 14 %

Conversion =
2 [V]

0.35 [MR]
= 5.71 V/MR

 

 

1 𝑀𝑅 = 7.94 × 1014 .

 

2 × 1014 − 4 × 1014 



131 
 

1 × 1014 −

2 × 1014

 

4 × 1014 −

6 × 1014 

1 MR = 7.94 × 1014 

~0.5 − 0.75

0.25 − 0.5
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1 − 2

0.25 −  0.5



133 
 

 

1 𝑉 = (2.12 ± 0.93) × 1014 ph/m2/s/sr



134 
 

 

 

 

82 

50° − 65°



135 
 

 

 

 

 

25 − 30

13

0  8



136 
 

0 1 2

0 − 3

 3 

 

0.78



137 
 

0.78

0.78

0.78

 

 

0.78
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660

0

0

60

~ 10.5



139 
 

 

 

10.5

10.5



140 
 

1.0 𝜇 1.65 𝜇

(0 − 0)

1.27 𝜇

(0 − 0)

 

(0 − 0) (3 − 1)



141 
 

0.95 −  1.65 𝜇

1.51 𝜇

1.27 𝜇

(0 − 0) 

(3 − 1)

(0 − 0) 

(0 − 0)

(0 − 0) 

(0 − 0)
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 27: 00 03: 00

(0 − 0) 
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(0 − 0)

 



144 
 

1 𝑉 = (2.12 ± 0.93) × 1014 ph/s/m2/sr

 1.45 × 1015 

 2 × 1014 − 3.5 × 1014 

 



145 
 

1 (2.12 ± 0.93) ×  1014

1 7.96 × 1014

1 V =  0.266 ± 0.117

300 −

350 200 − 250 

0.3 − 0.4 300 − 400

±44%

 

  



146 
 

(3 − 1)

±44

±30% (3 − 1)

 

(3 − 1)

 

51.25 °



147 
 

 



148 
 

 



149 
 

0.78 

0.78

2.3 

1.5 

 

0.78 𝐻𝑧

~2.3

 

0.78 



150 
 

23

50 50 

23
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20: 00 –  04: 00



152 
 

 

 

~20: 00

28: 00 28: 00

56.26° 99.9

24: 00

24: 25

28: 00
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50° −  65°



154 
 

 

 

~82 

 



155 
 

 22: 00 04: 00

6° 16° 

6° − 12° 

12° − 18° 

𝛼

𝑂 𝜅

𝜅
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𝜅 𝜅

𝛼 𝐻𝑠𝑐

 

54 ° 53.3 °
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°

6° 16°

 



158 
 

 

150



159 
 



160 
 

 



161 
 

 80

 



162 
 

80

 

 



163 
 

 



164 
 

 

87  8 

82.7

6° and  16° 



165 
 

1.0 −  1.7 𝜇
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 𝜔𝑔 = (𝛾 − 1)
1

2𝑔/𝑐𝑠

 𝜔𝑎 = 𝛾𝑔/2𝑐𝑠

(𝜔2 − 𝜔𝑎
2) + (

𝜔𝑔
2

𝜔2
− 1) 𝑘𝑥

2𝑐𝑠
2 − 𝑘𝑧

′2𝑐𝑠
2 = 0

𝜔

𝑘𝑥 𝑘𝑧

𝑐𝑠)
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 𝐷𝑤

𝐷𝑡
= 2Ω × v − g −

1

𝜌
∇𝑝 

 

𝑤
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𝐷𝑡
= −g −
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𝜌
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𝜌
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𝑝𝐴

𝜌𝐴(∆𝑧 𝐴(∆𝑧)

 

 

 𝑝𝑏𝑜𝑡𝑡𝑜𝑚𝐴 − 𝑝𝑡𝑜𝑝𝐴 − 𝜌𝐴(∆𝑧)𝑔 = 0 

  

 𝑝𝑏𝑜𝑡𝑡𝑜𝑚𝐴 − 𝑝𝑡𝑜𝑝𝐴

𝐴(∆𝑧)
= 𝜌𝑔 

  

 𝑝𝑡𝑜𝑝 − 𝑝𝑏𝑜𝑡𝑡𝑜𝑚

(∆𝑧)
= −𝜌𝑔 

 𝑝(𝑧 + ∆𝑧) − 𝑝(𝑧)

(∆𝑧)
= −𝜌𝑔 
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