










наздраве cheers



Благодаря ви, 

семейство! (Thank you, family!)
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𝑐𝑃
𝑡𝑜𝑡 = 𝑐𝑉

ℎ + 𝑐𝑉
𝑒𝑙 + 𝑐𝑉

𝑑 + 𝑐𝑉
𝑚 + ∆𝑐𝑉→𝑃

𝑐𝑉
𝑚 ≈ 0

 



 

𝑃𝐷𝑂𝑆𝐷𝑒𝑏𝑦𝑒(𝜔𝑗) =
𝜔𝑗

2

(2𝑉𝑗
3𝜋2)

𝑉𝑗 =
𝐶𝐵𝜗𝑗

ℏ
(
𝛺

6𝜋2
)
1/3

𝑉𝑗 𝛺

ω

ℏ

𝑐𝑉
ℎ =∑

𝑤𝑖
𝑁𝑎𝑡𝑜𝑚𝑠

Δ(𝜗𝑖)

3

𝑖=1

+ ∑
𝑤𝑗

𝑁𝑎𝑡𝑜𝑚𝑠
Ξ(Ε𝑗)

3𝑁𝑎𝑡𝑜𝑚𝑠−3

𝑗=1

Δ(𝜗𝑖) = 3𝑁𝑎𝑡𝑜𝑚𝑠𝐶𝐵 (
𝑇

𝜗𝑖
)
3

∫
𝑥4𝑒𝑥

(𝑒𝑥 − 1)2
𝑑𝑥

𝜗𝑖
𝑇

0

𝑥 =  
ℏ𝜔

𝐶𝐵𝑇

Ξ(Ε𝑗) = 𝑁𝑎𝑡𝑜𝑚𝑠𝐶𝐵 (
𝑇

Ε𝑗
)

2
𝑥2

(𝑒𝑥 − 1)2

ϑ

Ε𝑗



 

 

𝐹 = −𝐶𝐵𝑇𝑙𝑛(𝑍
𝑁)

𝐹 𝑍

𝐶𝑉 = −𝑇(
𝑑2𝐹

𝑑𝑇2
)

𝐶𝑉 =
𝐶𝐵𝑇𝑁

𝑍
[2
𝑑𝑍

𝑑𝑇
+ 𝑇(

𝑑2𝑍

𝑑𝑇2
− (

𝑑𝑍

𝑑𝑇
)
2 1

𝑍
)]

𝑍 = ∑ 𝑔𝑖𝑒
(−

𝐸𝑖
𝐶𝐵𝑇

)
ß

1,𝑖=1

ß

𝐸𝑖



 

𝑑𝑍

𝑑𝑇
= ∑

𝑔(𝑖)𝐸(𝑖)

𝐶𝐵𝑇
2
𝑒
(−
𝐸(𝑖)
𝐶𝐵𝑇

)
ß

1,𝑖=1

𝑑2𝑍

𝑑𝑇2
= ∑ 𝑔(𝑖)𝑒

(−
𝐸(𝑖)
𝐶𝐵𝑇

)
[(
𝐸(𝑖)

𝐶𝐵𝑇
2)

2

− 2
𝐸(𝑖)

𝐶𝐵𝑇
3]

ß

1,𝑖=1

 

𝑐𝑉
𝑒𝑙 = 𝛾𝑒𝑇

𝛾𝑒

 

∇ ∙ (∇𝜓) = −
4𝜋ℵ

𝐷



 

𝜓 ℵ

𝐷

ℵ

ℵ =∑𝑧𝑖𝑒𝑛𝑖,𝑜𝑒𝑥𝑝 [−
𝑧𝑖𝑒𝜓𝑖
𝐶𝐵𝑇

]

𝑖

𝑖

𝑧 𝑒 𝑛𝑖,𝑜

𝜓

𝑖 𝑒𝑥𝑝 [−
𝑧𝑖𝑒𝜓𝑖

𝐶𝐵𝑇
]

ℵ

ℵ =∑𝑧𝑖𝑒𝑛𝑖,𝑜 [1 −
𝑧𝑖𝑒𝜓𝑖
𝐶𝐵𝑇

]

𝑖

∑𝑧𝑖𝑒𝑛𝑖,𝑜 = 0

ℵ = −∑𝑛𝑖,𝑜
𝑧𝑖
2𝑒2𝜓𝑖
𝐶𝐵𝑇

𝑖

∇ ∙ (∇𝜓) =
4𝜋

𝐷
∑𝑛𝑖,𝑜

𝑧𝑖
2𝑒2𝜓𝑖
𝐶𝐵𝑇

𝑖

d2𝜓𝑖
d𝑟2

+
2

𝑟

d𝜓𝑖
d𝑟

= {
4𝜋

𝐷
∑𝑛𝑖,𝑜

𝑧𝑖
2𝑒2

𝐶𝐵𝑇
𝑖

}𝜓𝑖

𝜍 𝜓



 

𝜍𝑖
2 = {

4𝜋

𝐷
∑𝑛𝑖,𝑜

𝑧𝑖
2𝑒2

𝐶𝐵𝑇
𝑖

}

d2𝜓𝑖
d𝑟2

+
2

𝑟

d𝜓𝑖
d𝑟

= 𝜍𝑖
2𝜓

𝑟

𝜓𝑖(𝑟) =
𝐴

𝑟
𝑒𝑥𝑝[−𝜍𝑖𝑟] +

𝐵

𝑟
𝑒𝑥𝑝[𝜍𝑖𝑟]

𝐴 𝐵 |𝜓𝑖(𝑟)|𝑟 → ∞ | <  ∞

𝐵 = 0

𝜓𝑖(𝑟) =
𝐴

𝑟
𝑒𝑥𝑝[−𝜍𝑖𝑟]

𝜓𝑖(𝑟)|𝜍 → 0 =
𝐴

𝑟
=
𝑒𝑧𝑖
𝐷𝑟

𝜓𝑖(𝑟) =
𝑒𝑧𝑖
𝐷𝑟

𝑒𝑥𝑝[−𝜍𝑖𝑟]

𝜓𝑖(𝑟) = 𝜓𝑖(𝑟)𝑖𝑜𝑛 + 𝜓𝑖(𝑟)𝑐ℎ𝑎𝑟𝑔𝑒 𝑓𝑖𝑒𝑙𝑑

𝜓𝑖(𝑟)𝑐ℎ𝑎𝑟𝑔𝑒 𝑓𝑖𝑒𝑙𝑑 = 𝜓𝑖(𝑟) − 𝜓𝑖(𝑟)𝑖𝑜𝑛

𝜓𝑖(𝑟)𝑐ℎ𝑎𝑟𝑔𝑒 𝑓𝑖𝑒𝑙𝑑 = 
𝑒𝑧𝑖
𝐷𝑟

𝑒𝑥𝑝[−𝜍𝑖𝑟] −
𝑒𝑧𝑖
𝐷𝑟



 

𝜓𝑖(𝑟)𝑐ℎ𝑎𝑟𝑔𝑒 𝑓𝑖𝑒𝑙𝑑 = 
𝑒𝑧𝑖
𝐷𝑟

(1 − 𝜍𝑖𝑟 − 1)

𝜓𝑖(𝑟)𝑐ℎ𝑎𝑟𝑔𝑒 𝑓𝑖𝑒𝑙𝑑 = −
𝑒𝑧𝑖
𝐷
𝜍𝑖

𝑧𝑖 𝜓𝑖(𝑟)𝑐ℎ𝑎𝑟𝑔𝑒 𝑓𝑖𝑒𝑙𝑑

∆𝐻𝑖 = ∫  {𝑒𝑧𝑖𝜓𝑖(𝑟)𝑐ℎ𝑎𝑟𝑔𝑒 𝑓𝑖𝑒𝑙𝑑} 𝑑𝑧𝑖

1

0

= −
𝑒2𝑧𝑖

2

2𝐷
𝜍𝑖

𝑧′ 𝑧𝑖 ∆𝐻𝑖

𝑛′∆𝐺𝐹 = 𝑛
′∆𝐻𝐹 − 𝑇∆𝑆𝐹,𝑡𝑜𝑡

∆𝐺𝐹 ∆𝐻𝐹  ∆𝑆𝐹

∆𝑆𝐹,𝑡𝑜𝑡 = ∆𝑆𝐶 + 𝑛
′∆𝑆𝑁𝐶

∆𝑆𝐶 , ∆𝑆𝑁𝐶 𝑛′ 

∆𝑆𝐶 = 𝐶𝐵𝑙𝑛(Ω)



 

Ω

 𝐶𝐵 Ω

Ω = W𝑖W𝑣

W𝑖 W𝑣

Ω =
(𝜛𝑁)!

(𝜛𝑁 − 𝑛′)! 𝑛′!
×

(ϗ𝑁)!

(ϗ𝑁 − 𝑛′)! 𝑛′!

𝑁 𝑛′

𝜛 ϗ

𝑁

𝑙𝑛(𝑁!) ~ 𝑁𝑙𝑛(𝑁) − 𝑁

ln(Ω) = 𝜛𝑁𝑙𝑛(𝜛𝑁) − 𝜛𝑁 − [(𝜛𝑁 − 𝑛′)𝑙𝑛(𝜛𝑁 − 𝑛′) − (𝜛𝑁 − 𝑛′)]

− [𝑛′𝑙𝑛(𝑛′) − 𝑛′] +  ϗ𝑁𝑙𝑛(ϗ𝑁) − ϗ𝑁

− [(ϗ𝑁 − 𝑛′)𝑙𝑛(ϗ𝑁 − 𝑛′) − (ϗ𝑁 − 𝑛′)] − [𝑛′𝑙𝑛(𝑛′) − 𝑛′]

ln(Ω) = 𝜛𝑁𝑙𝑛(𝜛𝑁) +  ϗ𝑁𝑙𝑛(ϗ𝑁) − [(𝜛𝑁 − 𝑛′)𝑙𝑛(𝜛𝑁 − 𝑛′)] − 2[𝑛′𝑙𝑛(𝑛′)]

− [(ϗ𝑁 − 𝑛′)𝑙𝑛(ϗ𝑁 − 𝑛′)]

𝑑(𝑛′∆𝐺𝐹)

𝑑𝑛′
= 0



 

𝑑(𝑛′∆𝐻𝐹)

𝑑𝑛′
− 𝑇

𝑑(∆𝑆𝐹,𝑡𝑜𝑡)

𝑑𝑛′
= 0

𝑑(𝑛′∆𝐻𝐹)

𝑑𝑛′
= 𝑇 [

𝑑(∆𝑆𝐶)

𝑑𝑛′
+ ∆𝑆𝑁𝐶]

𝑑(∆𝑆𝐶)

𝑑𝑛′
= 𝐶𝐵

𝑑ln (Ω)

𝑑𝑛′

𝑑ln (Ω)

𝑑𝑛′
= 𝑙𝑛(𝜛𝑁 − 𝑛′) + 1 − 2 − 2 ln(𝑛′) + 1 + 𝑙𝑛(ϗ𝑁 − 𝑛′)

dln (Ω)

𝑑𝑛′
= 𝑙𝑛(𝜛𝑁 − 𝑛′) − 2 ln(𝑛′) + 𝑙𝑛(ϗ𝑁 − 𝑛′)

𝑛 =
𝑛′

𝑁

𝑑ln (Ω)

𝑑𝑛
= 𝑙𝑛 {

(𝜛 − 𝑛)(ϗ − 𝑛)

𝑛2
}

𝑑(n∆𝐻𝐹,𝐹𝑟)

𝑑𝑛
= 𝑇 [𝐶𝐵𝑙𝑛 {

(𝜛 − 𝑛)(ϗ − 𝑛)

𝑛2
} + ∆𝑆𝑁𝐶0,𝐹𝑟]



 

𝐹𝑟

∆𝐻𝐹,𝐹𝑟 + n
𝑑(∆𝐻𝐹,𝐹𝑟)

𝑑𝑛
− 𝑇∆𝑆𝑁𝐶0,𝐹𝑟 = 𝑇𝐶𝐵𝑙𝑛 {

(𝜛 − 𝑛)(ϗ − 𝑛)

𝑛2
}

(𝜛 − 𝑛)(ϗ − 𝑛)𝑒𝑥𝑝 [−
1

𝐶𝐵𝑇
{∆𝐻𝐹,𝐹𝑟 + n

𝑑(∆𝐻𝐹,𝐹𝑟)

𝑑𝑛
− 𝑇∆𝑆𝑁𝐶0,𝐹𝑟}] = 𝑛

2

{∆𝐻𝐹,𝐹𝑟 + n
𝑑(∆𝐻𝐹,𝐹𝑟)

𝑑𝑛
} = ∆𝐻𝐹0,𝐹𝑟 +

1

3
∆𝐻𝐼𝑡𝑜𝑡,𝐹𝑟 +

1

3
n
𝑑(∆𝐻𝐼𝑡𝑜𝑡,𝐹𝑟)

𝑑𝑛

∆𝐻𝐹0,𝐹𝑟 ∆𝐻𝐼𝑡𝑜𝑡,𝐹𝑟

𝑑(∆𝐻𝐼𝑡𝑜𝑡,𝑖)

𝑑𝑛
=
1

2𝑛
∆𝐻𝐼𝑡𝑜𝑡,𝑖

{∆𝐻𝐹,𝐹𝑟 + n
𝑑(∆𝐻𝐹,𝐹𝑟)

𝑑𝑛
} = ∆𝐻𝐹0,𝐹𝑟 +

1

2
∆𝐻𝐼𝑡𝑜𝑡,𝐹𝑟



 

∆𝐻𝐼𝑡𝑜𝑡,𝑖 =∑∆𝐻𝐼,𝑖,𝑗
𝑗

𝑖 𝑗

∆𝐻𝐼𝑡𝑜𝑡,𝐹𝑟 = (−
𝑒2𝑧2

2𝐷
𝜍) + (−

𝑒2𝑧2

2𝐷
𝜍) = 2(−

𝑒2𝑧2

2𝐷
𝜍)

𝑛2 = (𝜛 − 𝑛)(ϗ − 𝑛)𝑒𝑥𝑝 [−
∆𝐻𝐹0,𝐹𝑟 −

1
2
∆𝐻𝐼𝑡𝑜𝑡,𝐹𝑟

𝐶𝐵𝑇
+
∆𝑆𝑁𝐶,𝐹𝑟
𝐶𝐵

]

𝑛 = √(𝜛)(ϗ)𝑒𝑥𝑝 [−
∆𝐻𝐹0,𝐹𝑟

2𝐶𝐵𝑇
+
∆𝑆𝑁𝐶,𝐹𝑟
2𝐶𝐵

]

 



 

𝑐𝑃 − 𝑐𝑉 =  𝑉𝑇𝐾𝑇𝛽
2

𝑉 𝛽

𝐾𝑇

 

𝑘𝑡𝑜𝑡 = 𝑘𝑙 + 𝑘𝑝 + 𝑘𝑖𝑜𝑛 + 𝑘𝑒

𝑘𝑡𝑜𝑡 𝑘𝑙 𝑘𝑝 𝑘𝑖𝑜𝑛 𝑘𝑒

 

𝑘𝑒 = 𝜎𝐿0𝑇

𝜎 𝐿0

𝐿0 = 2.445 × 10
−8 𝑊 Ω 𝐾−2



 

 

𝑘𝑙 = 
1

9
∑(

𝐶𝐵
ℏ
)
3 𝐶𝐵
2𝜋2𝑉𝑗

𝑇3∫
𝜏𝑡𝑜𝑡𝑥𝑗

4𝑒𝑥𝑗

(𝑒𝑥𝑗 − 1)2
𝑑𝑥𝑗

𝜗𝑗
𝑇

0𝑗

𝜏𝑡𝑜𝑡

𝑉𝑗

1

𝜏𝑡𝑜𝑡
=
1

𝜏𝑢
+

1

𝜏𝑖𝑚
+

1

𝜏𝑔𝑏
+

1

𝜏𝑒−𝑝ℎ
+
1

𝜏𝑆𝑃

𝜏𝑢 𝜏𝑖𝑚 𝜏𝑔𝑏 𝜏𝑒−𝑝ℎ 𝜏𝑆𝑃

1

𝜏𝑢
=
2𝛾2𝐶𝐵𝑇𝜔

2

𝑚𝑎𝑡𝑉𝑗𝜔𝑗
𝑑

𝑚𝑎𝑡 𝛾

1

𝜏𝑖𝑚
= (

Δ𝑚

𝑚̅
)
2 𝑛𝑑𝐶𝐵

4Ω𝜔4

4𝜋ℏ4𝑉𝑗

𝑚̅ 𝑛𝑖𝑚

Δ𝑚



 

Ω

1

𝜏𝑔𝑏
=
𝑉𝑗

𝐿𝑔

𝐿𝑔

1

𝜏𝑒−𝑝ℎ
=

𝑛𝑒𝜖1
2𝜔

𝜌𝑇𝐷𝑉𝑖
2𝐶𝐵𝑇

√
𝜋𝑚∗𝑉𝑖
2𝐶𝐵𝑇

𝑒𝑥𝑝 (− 
𝑚∗𝑉𝑖

2

2𝐶𝐵𝑇
)

𝑛𝑒 𝜖1

𝑚∗ 𝜌𝑇𝐷

1

𝜏𝑆𝑃
= 𝐶𝑆𝑃

𝜔4

(𝜔2 −𝜔𝑜
2)2

1 − 𝑒𝑥𝑝 [−
ℏ𝜔0
𝑘𝑏𝑇

]

1 + 𝑒𝑥𝑝 [−
ℏ𝜔0
𝑘𝑏𝑇

]

𝜏𝑆𝑃

𝐶𝑆𝑃 𝜔0 



 

 

𝜎 =
𝑛𝑖𝑧𝑖

2𝑞2

𝐶𝐵𝑇
𝐷𝑖

 𝜎 𝑧𝑖 𝑞

𝐷𝑖 𝑖

𝐷𝑖 =
𝑠𝑖
2

6
𝐹𝑖𝜈𝑖

𝑠𝑖 𝐹𝑖 𝜈𝑖

𝜈𝑖

𝜈𝑖 = 𝜈𝑖,0𝑒𝑥𝑝 [
−𝑀𝑖
𝐶𝐵𝑇

]

𝜈𝑖,0 𝑀𝑖

𝜎𝑉,𝑂 =
𝜈0(1 − 𝑛𝑉,𝑂)𝑛𝑉,𝑂𝑍𝑉,𝑂

2

𝑎0𝐶𝐵𝑇
𝑒𝑥𝑝 [

−𝑀𝑉,𝑂
𝐶𝐵𝑇

]

𝜎𝑖,𝑂 =
𝜈0(1 − 𝑛𝐼,𝑂)𝑛𝐼,𝑂𝑍𝐼,𝑂

2

𝑎0𝐶𝐵𝑇
𝑒𝑥𝑝 [

−𝑀𝐼,𝑂
𝐶𝐵𝑇

]

𝜎𝑉,𝑂 𝜎𝑖,𝑂

𝑘 = 𝜎𝐿𝐼𝑇



 

𝑘𝑉,𝑂 =
𝜈0(1 − 𝑛𝑉,𝑂)𝑛𝑉,𝑂𝑍𝑉,𝑂

2𝐿𝐼
𝑎0𝐶𝐵

𝑒𝑥𝑝 [
−𝑀𝑉,𝑂
𝐶𝐵𝑇

]

𝑘𝐼,𝑂 =
𝜈0(1 − 𝑛𝐼,𝑂)𝑛𝐼,𝑂𝑍𝐼,𝑂

2𝐿𝐼
𝑎0𝐶𝐵

𝑒𝑥𝑝 [
−𝑀𝐼,𝑂
𝐶𝐵𝑇

]

𝐿𝐼

( 𝐿𝐼 = [
9𝐿0

2𝜋2𝑍2
] [

𝑀𝐼

𝐶𝐵𝑇
] 

𝐿0 𝑎0

 

𝜎𝑃 =
2Γ𝑞2

𝐶𝐵𝑇
𝑛𝑝(1 − 2𝑛𝑝)𝑒𝑥𝑝 [

−𝑀𝑃𝑜𝑙
𝐶𝐵𝑇

]

𝜎𝑃 𝑛𝑃

𝑀𝑃𝑜𝑙 Γ

Γ =

 𝐽2

ℏ
√

𝜋

𝐶𝐵𝑀𝑃𝑜𝑙
𝐽



 

𝑘𝑃 =
1

4
(
𝑈

𝐶𝐵
)
2 𝜎𝑃
𝑇

𝑘𝑃 = Γ (
𝑈

𝐶𝐵
)
2

(
1

𝑇
)
5/2

(
𝑛𝑝
2
) (1 − 2𝑛𝑝)𝑒𝑥𝑝 [

−𝑀𝑃𝑜𝑙
𝐶𝐵𝑇

]

𝑈

 

𝛽𝑙 𝛽𝑑

𝛽𝑡𝑜𝑡 = 𝛽𝑙 + 𝛽𝑑

 

𝛽𝑙 =
𝛾𝐶𝑉
𝐾𝑇𝑉



 

 

𝐻 𝑈

𝑃 𝑉

𝐻 = 𝑈 + 𝑃𝑉

𝑑𝐻 = 𝑑𝑈 + 𝑉𝑑𝑃 + 𝑉𝑑𝑃

𝑑𝑈 = 𝑇𝑑𝑆 − 𝑃𝑑𝑉

𝑑𝐻 = 𝑇𝑑𝑆 − 𝑃𝑑𝑉 + 𝑉𝑑𝑃 + 𝑃𝑑𝑉

𝑑𝐻

𝑑𝑃
|
𝑆
= 𝑉

𝑑𝐻

𝑑𝑇

𝑑𝑇

𝑑𝑉

𝑑𝑉

𝑑𝑃
= 𝑉

1

𝐾
∑[∆𝐻𝑖

𝑑𝑛

𝑑𝑇
+ 𝑛𝑖

𝑑∆𝐻𝑖
𝑑𝑇

] =
𝑑𝑉

𝑑𝑇
𝑖

𝑉𝑧−1 𝑖
𝑑 + {

1

𝐾
∑[∆𝐻𝑖𝑑𝑛 + 𝑛𝑖𝑑∆𝐻𝑖]

𝑖

} = 𝑉𝑧 𝑖
𝑑 

𝑧



 

𝛽𝑑 =
1

𝑉

𝑑𝑉

𝑑𝑇
=∑

1

𝑉𝑦−1 𝑖
𝑑 

𝑉𝑦 𝑖
𝑑 − 𝑉𝑦−1 𝑖

𝑑 

∆𝑇
𝑖

𝛽 ∆𝑇

∆𝑇 = 10𝐾)

 

𝛼 =
𝑘

𝜌𝑐𝑃

 

𝜀(𝜃, 𝑇, 𝜆) =
𝐿(𝜃, 𝑇, 𝜆)

𝐵(𝜃, 𝑇, 𝜆)
=
𝑐1𝜆

−5 (exp (
𝑐2
𝜆𝑇𝐿

) − 1)
−1

𝑐1𝜆
−5 (exp (

𝑐2
𝜆𝑇𝐵

) − 1)
−1 =

(exp (
𝑐2
𝜆𝑇𝐿

) − 1)
−1

(exp (
𝑐2
𝜆𝑇𝐵

) − 1)
−1

𝜀 𝑇𝐿 𝑇𝐵

𝜆 𝐿 𝐵

𝑐1 𝑐2



 

{exp (
𝑐2

𝜆𝑇𝐵
)} ≫ 1

1

𝑇𝐵
= 𝜆

𝑙𝑛[𝜀(𝑇𝐵, 𝜆)]

𝑐2
+
1

𝑇𝐿

𝑑𝑇𝐵 = −𝜆
𝑑𝜀

𝜀(𝑇𝐵, 𝜆)

𝑇𝐵
2

𝑐2

𝜀𝑡𝑜𝑡(𝑇𝐵) = ∫
𝜀(𝑇𝐵 , 𝜆)𝜆

−5 (exp (
𝑐2
𝜆𝑇𝐿

) − 1)
−1

𝜆−5 (exp (
𝑐2
𝜆𝑇𝐵

) − 1)
−1

∞

0

𝑑𝜆





 



  

 

 



 

λ



 

 

 



 



 



 

 



 

 



 

 



 

 



 

 



 



 

 



 



 

 

𝜌𝑐𝑝
∂𝑇

∂𝑡
= ∇ ∙ (𝑘∇T) + 𝑞

𝜌 𝑐𝑝

𝑘

𝑇(𝑡, 𝑟, 𝑧) =  𝑇(0, 𝑟, 𝑧)  +  𝛹(𝑡, 𝑟, 𝑧) =  𝑇0  +  𝛹

−𝑘
∂𝛹

∂z
|
𝑧=0

= 𝜃(𝑟, 𝑡) × 𝜀1064 − ℎ(𝑇) × [𝑇 − 𝑇0] − 𝜀𝑡𝑜𝑡(𝑇) × 𝜎𝑆𝐵

× [𝑇4 − 𝑇0
4] − [𝑞𝑣𝑎𝑝(𝑇, 𝑃0) − 𝑞𝑣𝑎𝑝(𝑇0, 𝑃0)] 

− 𝑘
∂𝛹

∂z
|
𝑧=𝑧𝑠

= −ℎ(𝑇) × [𝑇 − 𝑇0] − 𝜀𝑡𝑜𝑡(𝑇) × 𝜎𝑆𝐵 × [𝑇
4 − 𝑇0

4]  

−  [𝑞𝑣𝑎𝑝(𝑇, 𝑃0) − 𝑞𝑣𝑎𝑝(𝑇0, 𝑃0)]



 

−𝑘
∂𝛹

∂r
|
𝑟=𝑟𝑠

= −ℎ(𝑇) × [𝑇 − 𝑇0] − 𝜀𝑡𝑜𝑡(𝑇) × 𝜎𝑆𝐵 × [𝑇
4 − 𝑇0

4]

− [𝑞𝑣𝑎𝑝(𝑇, 𝑃0) − 𝑞𝑣𝑎𝑝(𝑇0, 𝑃0)]          

Ɛ

𝜎𝑆𝐵  Ɛ

𝑞𝑣𝑎𝑝

𝑃0

𝛹𝑡=0 = 0



 

𝜃(𝑟, 𝑡) 

𝜃(𝑟, 𝑡) =
𝑃(𝑟, 𝑡)

𝜋𝑟𝑏
2
 =

𝑃(𝑟)  ×  𝑃(𝑡)

𝜋𝑟𝑏
2

𝜃

 



 

𝑅𝐸(𝑡) = |
𝑓(𝑡) − 𝑓𝑎𝑐(𝑡)

𝑓𝑎𝑐(𝑡𝑚𝑎𝑥)
|

𝑅𝐸 𝑓

𝑓𝑎𝑐

𝑓𝑎𝑐(𝑡𝑚𝑎𝑥)



 



 

𝑅𝐸(𝑡) = |
𝑓(𝑡) − 𝑓𝑎𝑐(𝑡)

𝑓𝑎𝑐 (𝑡)
|

𝑓𝑎𝑐 (𝑡)



 

 

ε

𝑝

𝑝 = (

𝑘
𝑐𝑝
𝜀𝑡𝑜𝑡
ℎ

)

Ɛ



 

𝑓𝑐(𝑝) =∑(𝑓𝑀(𝑝, 𝑡𝑖) − 𝑓𝐸(𝑡𝑖))
2

𝑁

𝑖=1

𝑑𝑓𝑐
𝑑𝑝

< 10−4

fM fE

𝑝



 



 



 

 



 

𝑃(𝑟) {
𝑃𝑚𝑎𝑥          𝑟 ∈     (0 , 𝑟𝐵)

         0                𝑟 ∈     (𝑟𝐵 , ∞)       



 

𝑃(𝑟) {

𝑃𝑚𝑎𝑥 (0.967 − 0.2342 × 𝑟)                 𝑟 ∈     (0 , 1.1587 𝑟𝐵)              

     𝑃𝑚𝑎𝑥 (8.2923 − 6.5561 × 𝑟)              𝑟 ∈     (1.1587 𝑟𝐵 , 1.2648 𝑟𝐵)   
 0                                                                  𝑟 ∈     (1.2648 𝑟𝐵 , ∞)              



 

 



 

 

𝑞𝑣𝑎𝑝(𝑇, 𝑃) =∑𝑚𝑚𝑜𝑙,𝑖𝜑𝑖(𝑇, 𝑃)∆𝐻
𝑣
𝑖

𝑚𝑚𝑜𝑙,𝑖 𝜑𝑖

∆𝐻𝑣𝑖



 

𝜑𝑖(𝑇, 𝑃) = ( 1 − 𝑢)
𝑝𝑖(𝑇)  ×  10

5

𝑃0√2𝜋𝑚𝑚𝑜𝑙,𝑖𝑅𝑇

𝑢 𝑢 = 𝑝𝑖

𝑃0

 

ℎ̅𝐷

ℎ̅𝐷 =
𝑁𝑢̅̅ ̅̅ 𝐷 𝑘𝑔

𝐷



 

𝑘𝑔

𝑁𝑢̅̅ ̅̅ 𝐷

𝑁𝑢̅̅ ̅̅ 𝐷 = 0.68 + 0.67 × 𝑅𝑎𝐷
1/4 {1 + [

0.492

Pr
]
9/16

}

−4/9

𝑅𝑎𝐷 𝑃𝑟

𝑅𝑎𝐷 =
𝑔𝛽Δ𝑇𝐷3

𝛼𝜈

𝑃𝑟 =  
𝛼

𝜈

𝑔 𝛽 𝛼

𝜈
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Temperature (K)



 

 



 



 

𝑑𝑘

𝑑𝑟
|
𝑟=𝑟2



 

𝑘(𝑟)𝑖 ≈

{
 
 

 
 

   

𝑘(𝑟𝑠𝑡𝑜𝑟𝑒𝑑)                                                        𝑟 ∈ {0, 𝑟𝑖−1}

{𝑘(𝑟𝑖−1) − 𝑟𝑖−1
𝑑𝑘

𝑑𝑟
|
𝑟=𝑟𝑖

} + 𝑟
𝑑𝑘

𝑑𝑟
|
𝑟=𝑟𝑖

        𝑟 ∈ {𝑟𝑖−1, 𝑟𝐶}

{𝑘(𝑟𝑖−1) − 𝑟𝑖−1
𝑑𝑘

𝑑𝑟
|
𝑟=𝑟𝑖

} + 𝑟𝐶
𝑑𝑘

𝑑𝑟
|
𝑟=𝑟𝑖

          𝑟 ∈ {𝑟𝐶 , 𝑟𝑃}

𝒓𝟏, 𝒓𝟐
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y = A + B*x

R-squared 0,6335

A 5,17132

B 6,62482E-5



 

 

α

 



 

 



 

 

𝑆 = 𝑝
𝑑𝑓

𝑑𝑝



 

∫𝑆𝑖(𝑡)  = ∫ |
𝑑𝑓(𝑡)

𝑑𝑝𝑖
𝑝𝑖| 𝑑𝑡

𝑡𝐷

0

𝑡𝐷 𝑡𝐷

∫𝑆𝑖(𝑡)

𝑆𝑖(𝑡)

𝜌𝑖𝑗 =
∫ (

𝑑𝑓(𝑡)
𝑑𝑝𝑖

 ∙  
𝑑𝑓(𝑡)
𝑑𝑝𝑗

) 𝑑𝑡
𝑡𝐷
0

[(∫ (
𝑑𝑓(𝑡)
𝑑𝑝𝑖

)
2

𝑡𝐷
0

𝑑𝑡) ∙  (∫ (
𝑑𝑓(𝑡)
𝑑𝑝𝑗

)
2

𝑡𝐷
0

𝑑𝑡)]

1/2

𝜌𝑖𝑗



 

 

ρ



 



 

ε ε

ε



 

ε

ε

 



 

ε

ε



 

ε ε



 

Ɛ



 

ε

 



 

 

ε (-)

 



 

𝑅2 = 1 −∑
(𝑓𝑒𝑥𝑎𝑐𝑡(𝑟𝑖) − 𝑓𝑒𝑣𝑎𝑙𝑢𝑎𝑡𝑒𝑑(𝑟𝑖))

2

(𝑓𝑒𝑥𝑎𝑐𝑡(𝑟𝑖) − 𝑓𝑒̅𝑣𝑎𝑙𝑢𝑎𝑡𝑒𝑑)
2

𝑁

𝑖

  



 

𝑅𝑆𝐷 =
1

𝑓𝑒̅𝑥𝑎𝑐𝑡
∑

√(𝑓𝑒𝑥𝑎𝑐𝑡(𝑟𝑖) − 𝑓𝑒𝑣𝑎𝑙𝑢𝑎𝑡𝑒𝑑(𝑟𝑖))
2

𝑁 − 1

𝑁

𝑖

  

𝑓𝑒̅𝑥𝑎𝑐𝑡 =∑
𝑓𝑒𝑣𝑎𝑙𝑢𝑎𝑡𝑒𝑑(𝑟𝑖)

𝑁

𝑁

𝑖

  

𝑓𝑒𝑥𝑎𝑐𝑡 𝑓𝑒𝑣𝑎𝑙𝑢𝑎𝑡𝑒𝑑

𝑓𝑒̅𝑥𝑎𝑐𝑡



 

≈



 



 

 

 



 

ε (-)
 

ε (-)

 



 



 

 



 

 

Ⅎ𝑡𝑜𝑡𝑎𝑙 = Ⅎ𝑚𝑜𝑑𝑒𝑙 + Ⅎ𝑒𝑥𝑝.

Ⅎ𝑒𝑥𝑝.



 

Ⅎ𝑚𝑜𝑑𝑒𝑙

Ⅎ𝑚𝑜𝑑𝑒𝑙 = √∑
𝑤𝑘(𝑦𝑘 − 𝑦𝑤̅̅̅̅ )

2

(
𝑁

𝑁 − 1
∑𝑤𝑘)

243

𝑘=1

𝑦𝑘 𝛼, 𝐶𝑃, 𝑘

𝑦𝑤̅̅̅̅

𝑦𝑤̅̅̅̅ = ∑𝑦𝑘𝑤𝑘

243

𝑘=1

[∑𝑤𝑘

243

𝑘=1

]

−1

𝑤𝑘

𝑤𝑘 =∏[𝑒𝑥𝑝
−(𝑥𝑖𝑗−𝜇𝑖)

2

2𝜎𝑖
2 ]

5

𝑖=1

𝑥𝑖𝑗 = { 

 𝜇
𝑖
+ 2𝜎𝑖      𝑓𝑜𝑟 𝑗 = 1

 𝜇
𝑖
                 𝑓𝑜𝑟 𝑗 = 2

 𝜇
𝑖
− 2𝜎𝑖      𝑓𝑜𝑟 𝑗 = 3

𝜇 𝜎 𝑖

𝑗



 



 

∆

∆ ∆α

∆ ∆ ∆α

2Ⅎ𝑚𝑜𝑑𝑒𝑙  𝑦𝑤̅̅ ̅̅⁄

2Ⅎ𝑒𝑥𝑝.  𝑦𝑤̅̅ ̅̅⁄

2Ⅎ𝑡𝑜𝑡𝑎𝑙  𝑦𝑤̅̅ ̅̅⁄

 



 



 

ε

ε ε ε

ε



 

ε

ε ε ε

ε



 

 

α



  

 



  

 



 

 



 

ρ ρ298 × (
−1.174 × 10−12𝑇3 + 1.677 × 10−5𝑇2 −

−1.676 × 10−5𝑇 + 1.005
)

Ɛ 4.053 × 10−5𝑇 + 0.874

Ɛ

Ɛ 0.92 − 5.33 × 10−5𝑇

ρ
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Temperature (K)

Equation y = a + b*x

R-squared 0.0374

Value Standard Error

a 0.85427 0.03975

b 1.26536E-5 1.91938E-5



 

𝑐𝑉
ℎ



 

𝑐𝑉
ℎ =

2

3
Δ(𝜗𝑎) +

1

3
Δ(𝜗𝑐)

𝜗𝑎

𝜗𝑐

𝑛

𝑛 = √(1 − 𝑛)(2 − 𝑛) 𝑒𝑥𝑝 (−
∆𝐻𝐶,𝐹
2𝑅𝑇

)

∆𝐻𝐶,𝐹

𝑅

𝑅 𝑇 𝑛

𝑛)

𝑛 ≈ √2 𝑒𝑥𝑝 (−
∆𝐻𝐶,𝐹
2𝑅𝑇

)

𝑐𝑉
𝑑 =

𝑑(𝑛∆𝐻𝐶,𝐹)

𝑑𝑇
=
√2∆𝐻𝐶,𝐹

2

2𝑅𝑇2
𝑒𝑥𝑝 (−

∆𝐻𝐶,𝐹
2𝑅𝑇

)



 

𝑐𝑃
𝑡𝑜𝑡 =

2

3
Δ(𝜗𝑎) +

1

3
Δ(𝜗𝑐) + 𝛾𝑒𝑇 +

√2∆𝐻𝐶,𝐹
2

2𝑅𝑇2
𝑒𝑥𝑝 (−

∆𝐻𝐶,𝐹
2𝑅𝑇

) +
𝛽2𝑇𝐾𝑇
𝑉𝑚𝑜𝑙(𝑇)

𝛾𝑒 𝐾𝑇

𝛽 𝑉𝑚𝑜𝑙
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𝑘𝑡𝑜𝑡 = 𝑘𝑒𝑙 + 𝑘𝑙

𝑘𝑒𝑙 𝑘𝑙

𝑘𝑒𝑙

Υ = 1 𝜎⁄

Υ(T) =

{
 
 

 
 
(
−3.91 × 10−7𝑇3  +  1.65 × 10−3𝑇2 −

− 2.15 × 𝑇 +  1.75 × 103
) × 10−8 ∈  𝑇 <  1700 𝐾

(2.15 × 10−1𝑇 +  5.56 × 102) × 10−8 ∈  𝑇 >  1700 𝐾

   

2.443 × 10−8

2.0 ×

 10−8



 

𝑘𝑙 =
1

2
(−𝑘𝑐 + (𝑘𝑎

2 + 8𝑘𝑐𝑘𝑎)
1
2)



 

𝝑𝒂

𝝑𝒄

𝜸𝒆

∆𝑯𝑭

𝑲𝑻

𝑳

𝜸

𝑴𝒂𝒕

𝒏𝒆

𝝐𝟏

𝑳𝒈

𝒌𝒑

𝒗𝒑

𝑴𝒎𝒐𝒍

𝛀

𝝆𝑻𝑫

𝝆𝟐𝟗𝟖 𝝆𝑻𝑫

𝒗𝒑
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ρ



 

ρ ρ298{9.973 × 10
−1 + 9.08 × 10−6T − 2.705 × 10−6T2 + 4.391 × 10−13T3}

Ɛ 0.9

Ɛ 0.836 + 4.321 × 10−6(T − 3120)

Ɛ

 

1

2
𝑂2(𝑔) → 𝑂(𝑔)              𝑝𝑂 = 𝑒𝑥𝑝 [

∆𝐺0,1

𝑅𝑇
] 𝑝𝑂2

1/2 

𝑈𝑂2(𝑠) → 𝑈𝑂2(𝑔)               𝑝𝑈𝑂2(𝑔) = 𝑒𝑥𝑝 [
−∆𝐺0,2

𝑅𝑇
] 

𝑈(𝑔) +
1

2
𝑂2(𝑔) → 𝑈𝑂(𝑔)              𝑝𝑈(𝑔) = 𝑒𝑥𝑝 [

−∆𝐺0,3
𝑅𝑇

]𝑝𝑈𝑂(𝑔)𝑝𝑂2
−1/2

𝑈𝑂(𝑔) +
1

2
𝑂2(𝑔) → 𝑈𝑂2(𝑔)              𝑝𝑈𝑂(𝑔) = 𝑒𝑥𝑝 [

−∆𝐺0,4

𝑅𝑇
] 𝑝𝑈𝑂2(𝑔)𝑝𝑂2

−1/2 

𝑈𝑂2(𝑔) +
1

2
𝑂2(𝑔) → 𝑈𝑂3(𝑔)              𝑝𝑈𝑂3(𝑔) = 𝑒𝑥𝑝 [

∆𝐺0,5

𝑅𝑇
] 𝑝𝑈𝑂2(𝑔)𝑝𝑂2

1/2 



 

∆𝐻0 ∆𝑆0(𝑇)

∆𝐻0,1 ∆𝑆0,1

∆𝐻0,2 ∆𝑆0,2

∆𝐻0,3 ∆𝑆0,3

∆𝐻0,4 ∆𝑆0,4

∆𝐻0,5 ∆𝑆0,5



 



 

 



 



 



 



 



 



 



 



 

 



 

𝝑𝑻𝑨𝟏

𝝑𝑻𝑨𝟐

𝝑𝑳𝑨

𝚬𝑳𝑶

𝚬𝑻𝑶𝟏

𝚬𝑻𝑶𝟐

 



 

𝑂𝑥𝑦𝑔𝑒𝑛 𝐹𝑟𝑒𝑛𝑘𝑒𝑙 𝑝𝑎𝑖𝑟𝑠:              𝑂0
𝑥 → 𝑉𝑂

⦁⦁ + 𝑂𝑖
′′

𝑆𝑐ℎ𝑜𝑡𝑡𝑘𝑦 𝑡𝑟𝑖𝑜𝑠:            2𝑂𝑂
𝑥  +  𝑈𝑈

𝑥 → 2𝑉𝑂
⦁⦁ + 𝑉𝑈

′′′′

𝑃𝑜𝑙𝑎𝑟𝑜𝑛 𝑝𝑎𝑖𝑟𝑠:              2𝑈𝑈
𝑥 → [𝑈3+]𝑈

⦁ + [𝑈5+]𝑈
′

𝑛𝐹
2 = (

2

3
− 𝑛𝐹 − 2𝑛𝑆)(

1

3
− 𝑛𝐹) 𝑒𝑥𝑝 (−

∆𝐻𝐹,𝐹𝑟
𝐶𝐵𝑇

+
∆𝑆𝑁𝐶,𝐹𝑟
𝐶𝐵

)

𝑛𝑆
3 = (

2

3
− 𝑛𝐹 − 2𝑛𝑆)

2

(
1

3
− 𝑛𝑆 − 𝑛𝑝) 𝑒𝑥𝑝 (−

∆𝐻𝐹,𝑆𝑐ℎ
𝐶𝐵𝑇

+
∆𝑆𝑁𝐶,𝑆𝑐ℎ
𝐶𝐵

)

𝑛𝑃
2 = (

1

3
− 𝑛𝑝 − 𝑛𝑆)

2 𝑒𝑥𝑝 (−
∆𝐻𝐹,𝑃𝑜𝑙
𝐶𝐵𝑇

+
∆𝑆𝑁𝐶,𝑃𝑜𝑙
𝐶𝐵

)

𝑛𝐹 , 𝑛𝑆 𝑛𝑃 

|
𝑛𝑖
𝑦
− 𝑛𝑖

𝑦+1

𝑛𝑖
𝑦+1 | < 10−7



 

𝑛 𝑖 𝑦



 

∆𝑯𝑭,𝑭𝒓

∆𝑯𝑭,𝑺𝒄𝒉

∆𝑯𝑭,𝑷𝒐𝒍

∆𝑺𝑵𝑪,𝑭𝒓

∆𝑺𝑵𝑪,𝑺𝒄𝒉

∆𝑺𝑵𝑪,𝑷𝒐𝒍



 



 



 

 

 



 

 



 

 



 

 



 

 



 

𝜏𝑆𝑃

 



 

 

𝐶𝑆𝑃 ℏ𝜔0



 



 

𝑴𝑽,𝑶

𝑴𝑰,𝑶

𝑴𝑷𝒐𝒍

𝜸

𝑴𝒂𝒕

𝑳𝒈

𝒗𝒑

𝑱

𝝂𝟎

𝑴𝒎𝒐𝒍

𝒂𝟎

𝝆

ℏ𝜔0

𝐶𝑆𝑃
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198,199
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203,204
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ρ

Ε

ρ ρ298{1 + Ε}
−3

Ɛ 𝑓(𝑇)

Ɛ 𝑓(𝑇)

𝑓(𝑇)

𝑓(𝑇) = {
0.1                                                                                                         ∈                     𝑇 < 1545𝐾
3.67 × 10−11𝑇3 − 6.09 × 10−7𝑇2  + 2.72 × 10−3𝑇 − 2.78 ∈  1545𝐾 < 𝑇 < 3000𝐾
0.9                                                                                                         ∈                     𝑇 > 3000𝐾



 

 

1

2
𝑂2(𝑔) → 𝑂(𝑔)                                   𝑝𝑂 = 𝑒𝑥𝑝 [

∆𝐺0,1

𝑅𝑇
] 𝑝𝑂2

1/2    

𝑇ℎ𝑂2(𝑠) → 𝑇ℎ𝑂2(𝑔)                          𝑝𝑇ℎ𝑂2(𝑔) = 𝑒𝑥𝑝 [
−∆𝐺0,2
𝑅𝑇

]

𝑇ℎ(𝑔) +
1

2
𝑂2(𝑔) → 𝑇ℎ𝑂(𝑔)            𝑝𝑇ℎ(𝑔) = 𝑒𝑥𝑝 [

−∆𝐺0,3
𝑅𝑇

]𝑝𝑇ℎ𝑂 (𝑔)𝑝𝑂2
−1/2

𝑇ℎ𝑂(𝑔) +
1

2
𝑂2(𝑔) → 𝑇ℎ𝑂2(𝑔)       𝑝𝑇ℎ𝑂(𝑔) = 𝑒𝑥𝑝 [

−∆𝐺0,4
𝑅𝑇

]𝑝𝑇ℎ𝑂2(𝑔)𝑝𝑂2
−1/2

𝑝𝑂2 = 𝑒𝑥𝑝 [
∆𝐺0,5

𝑅𝑇
]   

𝑝𝑂2 = 1 



 

 

∆𝐻0 ∆𝑆0(𝑇)

∆𝐻0,1 ∆𝑆0,1

∆𝐻0,2 ∆𝑆0,2

∆𝐻0,3 ∆𝑆0,3

∆𝐻0,4 ∆𝑆0,4

∆𝐻0,5 ∆𝑆0,5



 



 

 



 



 



 



 



 



 



 

 



 

𝜗𝑇𝐴1

𝜗𝑇𝐴2

𝜗𝐿𝐴

Ε𝐿𝑂

Ε𝑇𝑂1

Ε𝑇𝑂2



 

 

𝑂𝑥𝑦𝑔𝑒𝑛 𝐹𝑟𝑒𝑛𝑘𝑒𝑙 𝑝𝑎𝑖𝑟𝑠:              𝑂0
𝑥 → 𝑉𝑂

⦁⦁ + 𝑂𝑖
′′

𝑆𝑐ℎ𝑜𝑡𝑡𝑘𝑦 𝑡𝑟𝑖𝑜𝑠:                           2𝑂𝑂
𝑥  +  𝑇ℎ𝑇ℎ

𝑥 → 2𝑉𝑂
⦁⦁ + 𝑉𝑇ℎ

′′′′

𝑛𝐹
2 = (

2

3
− 𝑛𝐹 − 2𝑛𝑆)(

1

3
− 𝑛𝐹) 𝑒𝑥𝑝 (−

∆𝐻𝐹,𝐹𝑟
𝐶𝐵𝑇

+
∆𝑆𝑁𝐶,𝐹𝑟
𝐶𝐵

)

𝑛𝑆
3 = (

2

3
− 𝑛𝐹 − 2𝑛𝑆)

2

(
1

3
− 𝑛𝑆) 𝑒𝑥𝑝 (−

∆𝐻𝐹,𝑆𝑐ℎ
𝐶𝐵𝑇

+
∆𝑆𝑁𝐶,𝑆𝑐ℎ
𝐶𝐵

)

𝑛𝐹 𝑛𝑆𝑐ℎ

∆𝐻𝐹,𝐹𝑟 ∆𝐻𝐹,𝑆𝑐ℎ

∆𝑆𝑁𝐶,𝐹𝑟 ∆𝑆𝑁𝐶,𝑆𝑐ℎ



 



 

∆𝑯𝑭,𝑭𝒓

∆𝑯𝑭,𝑺𝒄𝒉

∆𝑺𝑵𝑪,𝑭𝒓

∆𝑺𝑵𝑪,𝑺𝒄𝒉



 

 

≈

 



 

 



 



 

 

𝑘𝑡𝑜𝑡 = 𝑘𝑙 + 𝑘𝑒𝑙

𝑘𝑙 𝑘𝑒𝑙



 

𝑘𝑒𝑙 = 𝜎𝑇 (
𝐶𝐵
𝑒
)
2

(2 + [4 +
𝐸𝐷𝐹
𝐶𝐵𝑇

]
2 𝜇𝑒
𝜇ℎ
(1 +

𝜇𝑒
𝜇ℎ
)
−2

)

 𝜎 𝑇 𝐶𝐵

𝑒 𝐸𝐷𝐹

𝜇𝑒 𝜇ℎ

𝐸𝐷𝐹 = 𝐸𝐶𝐵 − 𝐸𝐹

𝐸𝐷𝐹 = 𝐸𝐹 − 𝐸𝑉𝐵 𝐸𝐹 𝐸𝐶𝐵 𝐸𝑉𝐵

𝑘𝑒𝑙 = 𝜎𝑇 (
𝐶𝐵
𝑒
)
2

(2 + 4 [1 +
𝐸𝐷𝐹
4𝐶𝐵𝑇

]
2

)

𝑘𝑒𝑙 = 𝜎𝑇 (
𝐶𝐵
𝑒
)
2

(6 + 2 [
𝐸𝐷𝐹
𝐶𝐵𝑇

] +
1

4
[
𝐸𝐷𝐹
𝐶𝐵𝑇

]
2

)



 

𝜎 = 𝑛𝑞𝜇

𝑛 ∝ exp (−
𝐸𝐷𝐹
𝐶𝐵𝑇

)

𝜇 ∝ 𝑇3/2

𝜎𝑒𝑙 = 𝐶𝑇
3/2exp (−

𝐸𝐷𝐹
𝐶𝐵𝑇

)

𝑘𝑡𝑜𝑡 =
1

𝐴 + 𝐵𝑇
+ 𝐶𝑇5/2 (

𝐶𝐵
𝑒
)
2

(6 + 2 [
𝐸𝐷𝐹
𝐶𝐵𝑇

] +
1

4
[
𝐸𝐷𝐹
𝐶𝐵𝑇

]
2

)exp (−
𝐸𝐷𝐹
𝐶𝐵𝑇

)

𝐸𝐷𝐹

𝐴 =

2.31692 × 10−2 W−1 𝑚 𝐾; 𝐵 = 1.97516 × 10−4 W−1 𝑚 ; 𝐶 = 7.4086227 ×

10−2 C2 J−1 𝑠−1 𝑚−1 K−3/2; 𝐸𝐷𝐹 = 0.173227 𝑒𝑉. 𝐸𝐷𝐹



 



 

𝜸

𝑴𝒂𝒕

𝑳𝒈

𝒗𝒑

𝑴𝒎𝒐𝒍

𝒂𝟎

𝝆

 

𝜇𝑚

𝜇𝑚

𝜇𝑚



 

𝜇𝑚

𝜖(𝜆, 𝑇) {

0.95     𝑓𝑜𝑟        𝜆 > 7𝜇𝑚  
          0.05      𝑓𝑜𝑟   2𝜇𝑚 < 𝜆 < 7𝜇𝑚 

          𝑓(𝑇)   𝑓𝑜𝑟  0.2𝜇𝑚 < 𝜆 < 2𝜇𝑚
0.95    𝑓𝑜𝑟     𝜆 < 0.2𝜇𝑚  



 

𝜇𝑚
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≈ ≈
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(∫ 𝑘(𝑇) 𝑑𝑇
𝑇𝑚
500

)



 

 



 

 



 



 



 



 



 



 



 



 



 



 

 



 



 

 



 



 



 





 

 

𝑓(𝑥) [𝑎0, 𝑏0]

𝑓(𝑎0) > 0

𝑓(𝑏0) < 0

𝑐𝑖 = 
𝑎𝑖 + 𝑏𝑖
2

𝑎𝑖+1 {   
𝑎𝑖+1 = 𝑐𝑖            𝑓(𝑐𝑖) > 0

𝑎𝑖+1 = 𝑎𝑖           𝑓(𝑐𝑖) < 0

𝑏𝑖+1  {   
𝑏𝑖+1 = 𝑐𝑖            𝑓(𝑐𝑖) < 0

𝑏𝑖+1 = 𝑏𝑖           𝑓(𝑐𝑖) > 0

𝑐𝑖+1 = 
𝑎𝑖+1 + 𝑏𝑖+1

2

|
𝑓(𝑐𝑖)

𝑐𝑖
| < 10−7



 

 

𝑓(𝑥) 𝑥𝑖

𝑖

𝑥

𝑥𝑖+1 𝑓(𝑥𝑖+1)

𝑓(𝑥𝑖+1) = 0

 𝑓′(𝑥𝑖), 𝑥𝑖

𝑓(𝑥) = 𝑓(𝑥𝑖) + 𝑓
′(𝑥𝑖)(𝑥 − 𝑥𝑖) +

1

2!
𝑓′′(𝑥)(𝑥 − 𝑥𝑖)

2 +⋯

𝑓(𝑥) = 𝑓(𝑥𝑖) + 𝑓
′(𝑥𝑖)(𝑥 − 𝑥𝑖)

𝑓(𝑥𝑖+1) = 𝑓(𝑥𝑖) + 𝑓
′(𝑥𝑖)(𝑥𝑖+1 − 𝑥𝑖)

𝑥𝑖+1 =
𝑓(𝑥𝑖)

𝑓′(𝑥𝑖)
+ 𝑥𝑖

𝑥𝑖+1 = 𝑓(𝑥𝑖)
∆𝑥

𝑓(𝑥𝑖 + ∆𝑥) − 𝑓(𝑥𝑖)
+ 𝑥𝑖

|
𝑓(𝑥𝑖)

𝑥𝑖
| < 10−7



 

𝑐𝑉

𝑐𝑃

 𝒄𝑽 𝒄𝑷

𝐾𝑇 = 𝑉
𝑑𝑃

𝑑𝑉

𝛽 =
1

𝑉

𝑑𝑉

𝑑𝑇

𝑇 (
𝑑𝑆

𝑑𝑇
)
𝑃
= 𝑐𝑃

𝑇 (
𝑑𝑆

𝑑𝑇
)
𝑉
= 𝑐𝑉

𝑑𝑆 = 𝑑𝑇 (
𝑑𝑆

𝑑𝑇
)
𝑉
+ 𝑑𝑉 (

𝑑𝑆

𝑑𝑉
)
𝑇

𝑑𝑉 = 𝑑𝑇 (
𝑑𝑉

𝑑𝑇
)
𝑃
+ 𝑑𝑃 (

𝑑𝑉

𝑑𝑃
)
𝑇

𝑑𝑆 = 𝑑𝑇 (
𝑑𝑆

𝑑𝑇
)
𝑉
+ [𝑑𝑇 (

𝑑𝑉

𝑑𝑇
)
𝑃
+ 𝑑𝑃 (

𝑑𝑉

𝑑𝑃
)
𝑇
] (
𝑑𝑆

𝑑𝑉
)
𝑇



 

𝑑𝑆 = 𝑑𝑇 {(
𝑑𝑉

𝑑𝑇
)
𝑃
(
𝑑𝑆

𝑑𝑉
)
𝑇
+ (

𝑑𝑆

𝑑𝑇
)
𝑉
} + 𝑑𝑃 {(

𝑑𝑉

𝑑𝑃
)
𝑇
(
𝑑𝑆

𝑑𝑉
)
𝑇
}

𝑑𝑆|𝑉 = 𝑑𝑇 {(
𝑑𝑉

𝑑𝑇
)
𝑃
(
𝑑𝑆

𝑑𝑉
)
𝑇
+ (

𝑑𝑆

𝑑𝑇
)
𝑉
} + 𝑑𝑃 {(

𝑑𝑉

𝑑𝑃
)
𝑇
(
𝑑𝑆

𝑑𝑉
)
𝑇
}

𝑑𝑆|𝑃 = 𝑑𝑇 {(
𝑑𝑉

𝑑𝑇
)
𝑃
(
𝑑𝑆

𝑑𝑉
)
𝑇
+ (

𝑑𝑆

𝑑𝑇
)
𝑉
}

𝑑𝑆|𝑉 − 𝑑𝑆|𝑃 =  𝑑𝑃 {(
𝑑𝑉

𝑑𝑃
)
𝑇
(
𝑑𝑆

𝑑𝑉
)
𝑇
}

𝑇
𝑑𝑆

𝑑𝑇
|
𝑉
− 𝑇

𝑑𝑆

𝑑𝑇
|
𝑃
=  𝑇

𝑑𝑃

𝑑𝑇
{(
𝑑𝑉

𝑑𝑃
)
𝑇
(
𝑑𝑆

𝑑𝑉
)
𝑇
}

𝑐𝑃 − 𝑐𝑉 =  𝑇
𝑑𝑃

𝑑𝑇
{(
𝑑𝑉

𝑑𝑃
)
𝑇
(
𝑑𝑆

𝑑𝑉
)
𝑇
}

(
𝑑𝑆

𝑑𝑉
)
𝑇
= (

𝑑𝑃

𝑑𝑇
)
𝑉

𝑐𝑃 − 𝑐𝑉 =  𝑇
𝑑𝑃

𝑑𝑇
{(
𝑑𝑉

𝑑𝑃
)
𝑇
(
𝑑𝑃

𝑑𝑇
)
𝑉
}

𝑐𝑃 − 𝑐𝑉 =  𝑇
𝑑𝑃

𝑑𝑉

𝑑𝑉

𝑑𝑇
{
𝑑𝑉

𝑑𝑇
}

𝑐𝑃 − 𝑐𝑉 =  𝑇𝑉𝐾𝑇𝛽
2

 

𝑃 = 𝑃0 + 𝛾
𝑈

𝑉



 

𝛾 𝑃0

𝑑𝑃

𝑑𝑇
= 𝛾

𝑑𝑈

𝑑𝑇

1

𝑉
−
𝑑𝑉

𝑑𝑇

1

𝑉2

𝑑𝑃

𝑑𝑉

𝑑𝑉

𝑑𝑇
= 𝛾𝑉

𝑑𝑈

𝑑𝑇

1

𝑉2
−
𝑑𝑉

𝑑𝑇

1

𝑉2

𝑑𝑉

𝑑𝑇

1

𝑉
= 𝛽𝑙

(
𝑑𝑃

𝑑𝑉
)
𝑇
𝑉 = 𝐾𝑇

𝐾𝑇𝛽
𝑙 = (𝛾𝐶𝑉 − 𝛽

𝑙)
1

𝑉

𝛽𝑙 =
𝛾𝐶𝑉
𝐾𝑇𝑉


