
 

 



 

 

 ............................................................................................................................. 1 

 ............................................................................................ 5 

 ................................................................................................................... 8 

 ..................................................... 9 

 ............................................................................................................ 12 

 ................................................................................................. 14 

 .................................................................................... 15 

 .......................................................................................... 17 

 .............................................................................................. 22 

 ................................................................................................. 34 

 ........................................................................................................ 43 

 

  



 

 

 

 1 ITER  [2]  ............................................................................ 1 

 2 A IAEA  [3]  2 

 3  [4]  ........................................................................................ 3 

 4  [4]  ............ 3 

 5  ............................................ 4 

 6  [7]  ................................................................................................... 4 

 7  [11]  ......................................................... 9 

 8 H  [14]

 ......................................................................................................................................... 11 

 9 LHD  [4]  ....................................................................................................... 14 

 10 CXRS  [23]  .............................................. 15 

 11 CXRS  [22] ....................................................................................... 15 

 12 CXRS  [22] D

H H-Cold H-Hot

D-Cold D-Hot D D-Hot H

H-Hot ................................................................... 16 

 13 LHD

H D He

4.9

 ......................................................................................................................................... 17 

 14

 ................................................................................... 18 

 15

 ............................ 19 

 16

𝑛H+/(𝑛H+ + 𝑛D+) 𝑛H+ 𝑛D+  ....... 21 

 17 NBI

 ....................................... 24 

 18 ECH

 ..................................................................................................... 25 

file:///C:/Users/n_i19/Desktop/pellet/修士論文imagawa_0225.docx%23_Toc65240254
file:///C:/Users/n_i19/Desktop/pellet/修士論文imagawa_0225.docx%23_Toc65240254


 

 

 19 NBI 𝜏p

 ................................... 26 

 20 ECH 𝜏p

 ................................................................................................. 27 

 21  NBI 𝜏p 𝜏p
exp

𝜏p,scl
NBI =

8.39𝑀−0.75𝐵av
1.33𝑛e̅̅ ̅0.22𝑃abs

−1.05

 .. 29 

 22 NBI 𝜏p 𝑀

𝜏p
exp

/8.39𝐵av
1.33𝑛e̅̅ ̅0.22𝑃abs

−1.05 𝑀

 ........................ 30 

 23  ECH 𝜏p 𝜏p
exp

𝜏p,scl
ECH =

9.81𝑀−0.71 𝑛e̅̅ ̅0.00𝑃abs
−0.73

 .......................................... 31 

 24  ECH 𝜏p 𝑀

𝜏p
exp

/9.81 𝑛e̅̅ ̅0.00𝑃abs
−0.73 𝑀

 ................................................................ 32 

 25 NBI ECH 𝜌 = 0.5

𝑛e 𝜌 = 0.9 𝑛e

 ..................................................................................................... 34 

 26 ECH 𝛼 = 𝑉e/𝐷e 1 2

Hratio Dratio H D He

H D  ....................................................................... 37 

 27 ECH 𝛼 = 𝑉e/𝐷e 1 2

Hratio Dratio H D He

H D  ....................................................................... 37 

 28 NBI 𝛼 = 𝑉e/𝐷e 1 2

Hratio Dratio H D He

H D  ....................................................................... 38 

 29 NBI 𝛼 = 𝑉e/𝐷e 1 2

Hratio Dratio H D He



 

 

H D  ....................................................................... 38 

 30 ECH 𝛼 = 𝑉e/𝐷e 𝜌 = 0.5 𝜌 =

2/3 𝜌 = 0.9 2, 1.5, 1 keV 0.2[1020m−3]

 ......................................................................................................................................... 41 

 31 NBI 𝛼 = 𝑉e/𝐷e 𝐵𝑎𝑣 = 2.4

𝜌 = 0.5 𝜌 = 2/3 𝜌 = 0.9 2, 1.5, 1 keV

0.2[1020m−3]  ...................................................................................................... 42 

 32

𝑛H+ 𝑛D+

 ................................................................................................................... 43 

 33  D 𝑛H+/(𝑛H+ +

𝑛D+ )  ............................................................................................................ 44 

 34

 ................................... 45 

 35 𝜏decay

 .. 47 

 36 𝜏decay

 ................................................................ 48 

 37 𝜏decay

𝜏decay,scl

 .................................................................... 49 



 

 

 1 𝜏p  .................................................. 23 

 2 𝛼 = 𝑉e/𝐷e ...................................... 39 

 3 𝜏decay  ............................................ 45 



1 

 

𝐸 = 𝑚𝑐2
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D T He n
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𝑩 𝑚 𝑞

𝑚
d𝒗

d𝑡
= 𝑞𝒗 × 𝑩 (1.2.1)

𝒗 = (𝑣𝑥, 𝑣𝑦, 𝑣𝑧) 𝑣𝑧

𝑣𝑥̈ =
𝑞𝐵

𝑚
𝑣𝑦̇ = − (

𝑞𝐵

𝑚
)

2

𝑣𝑥 (1.2.2)

𝑣𝑦̈ = −
𝑞𝐵

𝑚
𝑣𝑥̇ = − (

𝑞𝐵

𝑚
)

2

𝑣𝑦 (1.2.3)

𝜔c =
|𝑞|𝐵

𝑚
𝛿𝑥,𝑦

𝑣𝑥,𝑦 = 𝑣⊥ exp(±𝑖𝜔c𝑡 + 𝛿𝑥,𝑦) (1.2.4)

𝛿𝑥,𝑦 = 0 𝑡 = 0 (0,0,0) (𝑥, 𝑦, 𝑧) 𝑡

𝑧 𝑣𝑧 = 𝑣∥

𝑥 = −𝑖
𝑣⊥

𝜔c
𝑒𝑖𝜔c𝑡 = 𝑟L sin 𝜔c𝑡 (1.2.5)

𝑦 = ±𝑖
𝑣⊥

𝜔𝑐
𝑒𝑖𝜔c𝑡 = ±𝑟L cos 𝜔c𝑡 (1.2.6)

𝑧 = 𝑣∥𝑡 (1.2.7)

± 𝑟L =
𝑣⊥

𝜔c
=

𝑚𝑣⊥

|𝑞|𝐵

𝑟L

• 𝑬 𝑬 × 𝑩 𝒗E

𝒗E =
𝑬 × 𝑩

𝐵2
(1.2.8)
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• 𝒈 𝒗g

𝒗g =
𝑚

𝑞

𝒈 × 𝑩

𝐵2
(1.2.9)

• 𝒗∇𝐵

𝒗∇𝐵 = ±
1

2
𝑣⊥𝑟L

𝑩 × ∇𝐵

𝐵2
(1.2.10)

• 𝑹𝐜 𝒗R

𝒗R =
𝑚𝑣∥

2

𝑞𝐵2

𝑹𝐜 × 𝑩

𝑅c
2

(1.2.11)

1m3 1019

𝑛 𝒗

𝑚𝑛
d𝒗

d𝑡
= 𝑚𝑛 [

𝛿𝒗

𝛿𝑡
+ (𝒗 ∙ ∇𝒗)] = ±𝑒𝑛𝑬 − ∇𝑝 − 𝑚𝑛𝜈𝒗 (1.2.12)

± 𝑬

𝑚 𝑛 𝜈 𝒗

d𝒗

d𝑡
= 0 (1.2.12)

𝒗 𝑝 = 𝑛𝑘B𝑇

𝒗 =
1

𝑚𝑛𝜈
(±𝑒𝑛𝑬 − 𝑘B𝑇∇𝑛) = ±

𝑒

𝑚𝜈
𝐸 −

𝑘B𝑇

𝑚𝜈

∇𝑛

𝑛
(1.2.13)

𝜇 =
|𝑞|

𝑚𝜈
𝐷 =

𝑘B𝑇

𝑚𝜈
𝜞

𝑛 𝒗

𝜞 = 𝑛𝒗 = ±𝜇𝑛𝑬 − 𝐷∇𝒏 (1.2.14)

𝜞𝑧

𝜞𝑧 = ±𝜇𝑛𝑬 − 𝐷
δ𝑛

δ𝑧
(1.2.15)

𝐷⊥



7 

 

• 

𝐷⊥ =
𝜂⊥𝑛 ∑ 𝑘B𝑇

𝐵2
(1.2.16)

𝜂⊥ =
𝜋𝑒2

𝑚𝑣⊥
3 𝐷⊥

• 



𝜈 < 𝜈b 𝐷b = (
𝑅

𝑟
)

3/2
𝑞safe

2 𝑟L
2𝜈                                                 (1.2.17)

𝜈b < 𝜈 < 𝜈PS 𝐷p = 𝑞safe
2 𝑟L𝜈𝑃𝑆                                                           (1.2.18)

𝜈PS < 𝜈 𝐷PS = 𝑞safe
2 𝑟L

2𝜈                                                            (1.2.19)

𝑞safe(𝑟) =
𝑟𝐵𝜙

𝑅𝐵𝜃
𝑟 𝑅 𝐵𝜙

𝐵𝜃

𝑣∥

𝑣
< √

𝑟

𝑅
≡ 𝐹

𝑣∥

𝜈eff = 𝜈/ 𝐹2 𝜏𝑏 = 𝑞safe𝑅/√𝑟/𝑅𝑣

𝜈 <
𝐹2

𝜏b
= (

𝑟

𝑅
)

3
2 𝑣

𝑞𝑅
~ (

𝑟

𝑅
)

3
2 𝑣th

𝑞𝑅
≡ 𝜈b (1.2.20)

𝜏u = 𝑞safe𝑅/𝑣∥ 𝜏u

𝜈 >
1

𝜏u
=

𝑣∥

𝑞𝑅
~

𝑣th

𝑞𝑅
≡ 𝜈PS (1.2.21)
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• 

𝐷⊥ =
1

16

𝑘B𝑇e

𝑒𝐵
(1.2.22)

• 

𝐷⊥ = 𝐶
𝑟L

𝑎

𝑘B𝑇e

𝑒𝐵
(1.2.23)

D + T → He4 + n (1.3.1)

D + D → T + p (1.3.2)

D + D → He3 + n (1.3.3)

D + He3 → He4 + n (1.3.4)

D T He n p

(1.3.1)
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 7  [11]  

 

𝐸DT 〈𝜎DT〉

𝐸 𝑛D 𝑛T

𝐸 = 𝑛D 𝑛T 〈𝜎DT〉 𝐸DT (1.3.5)

𝑛D +  𝑛T 𝑛D: 𝑛T = 5: 5

𝑛D 𝑛T  𝑛D: 𝑛T = 5: 5  𝑛D: 𝑛T = 3: 7 𝑛D 𝑛T

𝐸

𝑛D 𝑛T

𝐷
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∆ 𝜈 𝐷~∆2𝜈 𝑚

𝜈 𝑟L =
𝑣⊥

𝜔c
=

𝑚𝑣⊥

|𝑞|𝐵
 𝐷~𝑟L

2𝜈

𝑟L ∝ 𝑚1/2 𝜈 ∝ 𝑚−1/2 𝐷 ∝ 𝑚1/2

𝑞 𝐴(= 𝑅/𝑟) ∆ 𝑞𝑟L𝐴1/2

𝜈𝐴 𝐴−1/2 𝐷~𝐴−
1

2 (𝑞𝑟L𝐴
1

2)
2

𝜈𝐴 = 𝑞2𝐴
3

2𝑟L
2𝜈

𝐷 ∝ 𝑚1/2

𝐷 ∝ 𝑚1/2

𝜒

3

2
𝑛

𝜕𝑇

𝜕𝑡
= ∇ ∙ (𝑛𝜒∇𝑇) (1.4.1)

𝑛

𝑇(𝑟, 𝑡) = 𝑇0(𝑟)𝐽0 (
2.4𝑟

𝑎
) exp (−

𝑡

𝜏E
) (1.4.2)

𝜏E = 𝑎2/(3.8𝜒)

𝜏E

𝑄 𝑛𝑇𝜏E

𝑛𝑇 𝜏E

𝑄 ∝ 𝜏E
2

𝜏E 𝑊

𝑃in

d𝑊

d𝑡
= 𝑃in −

𝑊

𝜏E

(1.4.3)

𝜏E
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𝜏E
ITER89−P = 0.048𝑀0.5𝐼p

0.85𝑅1.2𝑎0.3𝜅0.5𝑛20
0.1𝐵0.2𝑃−0.5

𝜏E,th
ELMy

  = 0.0365𝑀0.20𝐼p
0.97𝑅1.93𝜅0.67𝑛19

0.41𝐵0.08𝑃−0.63𝜀0.23

𝑀

𝐼p [MA] 𝑅 [m] 𝑎 [m]

𝜅 𝜀 𝐵 [T] 𝑃 [MW]

𝑛19 [1019m−3] 𝑛20 [1020m−3]

𝑀

𝑀

𝜏E,th     = 0.072𝑀0.00𝐵0.84𝑛19
0.76𝑃abs

−0.87

𝑀

𝑃abs [MW]

 8 H  [14]
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𝜏p

𝑛 𝑉𝑝 𝑁 =

∫ 𝑛d𝑉𝑝𝑉𝑝
𝑆

d𝑁

d𝑡
= 𝑆 −

𝑁

𝜏p

(1.4.4)



13 

 

𝜏p



14 

 

3 T

• 

• 

• 

 9 LHD  [4]  
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𝑅ax = 3.6 m 1.64 T 2.75 T

H+

HNB

H HNB
+

H+ + HNB → H + HNB
+ (2.2.1)

 10 CXRS  [23]  

 

 11 CXRS  [22]  



16 

 

 12 CXRS  [22] D H

H-Cold H-Hot D-Cold D-Hot

D D-Hot H H-Hot  
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 13 LHD

H D He

4.9  
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𝑎99

𝑟eff/𝑎99 = 𝜌

 14

 



19 

 

 15

 

 

𝜌

𝜌 = 1

𝜌 = 1
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𝑟 = 4.4119 m 𝜌



21 

 

 16

𝑛H+/(𝑛H+ + 𝑛D+) 𝑛H+ 𝑛D+



22 

 

𝜏p

𝜏p 𝑁e = ∫ 𝑛ed𝑉𝑝𝑉𝑝

d𝑁e

d𝑡
= 𝑆 −

𝑁e

𝜏p

(3.1.1)

𝑁e 𝑛e 𝑎 ∫ 𝑛𝑒d𝑣
𝑎

0

𝑎 𝑎99

𝜏p

𝑁e 𝑆

Γinflow

𝜏p =
𝑁e

Γinflow

(3.1.2)

Γinflow

𝐻𝛼 𝐷𝛼 𝐻𝑒𝐼

Γinflow ∝ (𝐻𝛼 + 𝐷𝛼 + 2𝐻𝑒𝐼) (3.1.3)

𝜏p

𝜏p_equivalent =
𝑁e

𝐻𝛼 + 𝐷𝛼 + 2𝐻𝑒𝐼
(3.1.4)

𝜏p_equivalent 𝜏p [a. u. ]

𝜏p

• 𝑀

𝑀 =
𝑛H + 2𝑛D + 4𝑛He + 12𝑛C

𝑛H + 𝑛D + 𝑛He + 𝑛C

(3.1.5)
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 1 𝜏p  

𝑀 1.1 2.5

 [MW]

𝑃abs 1.4 11.7

 [T] 𝐵av 1.4 2.4

 [1020m−3] 𝑛e̅̅ ̅ 0.10 0.57

• 𝑃abs

• 𝐵av

𝐵 = 1.64 T 2.75 T 2.75 T

𝐵av 𝛷

𝐵av =
2𝛷

𝑎2
(3.1.6)

• 𝑛e̅̅ ̅

𝜌 = 0 𝜌 = 1

𝜏p

𝐻𝛼

𝐷𝛼

NBI NBI

𝜏beam

𝜏beam = 6.27 × 1014
𝐴f𝑇e

3
2

𝑍f
2𝑛e𝑙𝑛Λ

= 0.2
𝐴f𝑇e

3
2[keV]

𝑍f
2𝑛e20𝑙𝑛Λ

(3.1.7)
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 17 NBI

 

 



25 

 

 

 18 ECH

 



26 

 

 

 19 NBI 𝜏p

 

 

 



27 

 

 

 20 ECH 𝜏p

 

𝑙𝑛Λ = 24 − ln(𝑛e
1𝑇e

−1) = 14.8 − 1.15 log(𝑛e20) + 2.3 log(𝑇e [keV]) (3.1.8)

𝐴f 𝑍f

𝐴f = 𝑍f = 1 𝑇e 𝑛e20

𝑛e̅̅ ̅

𝜏beam 𝑃abs

1.6 × 10−19 C 𝜏beam

𝑉𝑃 𝑉𝑃 = 30m3
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𝑀 𝐵av 𝑛e̅̅ ̅ 𝑃abs

𝑀 𝑛e̅̅ ̅ 𝑃abs

𝜏p 𝜏p

(3.1.10)

𝑅2 𝑅2

𝑦𝑖 𝑁 𝑖 1 𝑁

𝑓𝑖

𝑅2 = 1 −
∑(𝑦𝑖 − 𝑓𝑖)2

∑(𝑦𝑖 − 𝑦𝑖̅)
2

(3.1.9)

𝑦𝑖̅ 𝑦𝑖

𝑅2 𝑅2

±

𝜏p,scl
NBI = 8.39 ± 0.77 ∙ 𝑀−0.75±0.04𝐵av

1.33±0.04𝑛e̅̅ ̅0.22±0.03𝑃abs
−1.05±0.03 (3.1.10)

𝜏p
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 21 NBI 𝜏p 𝜏p
exp

𝜏p,scl
NBI =

8.39𝑀−0.75𝐵av
1.33𝑛e̅̅ ̅0.22𝑃abs

−1.05
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 22 NBI 𝜏p 𝑀

𝜏p
exp

/8.39𝐵av
1.33𝑛e̅̅ ̅0.22𝑃abs

−1.05 𝑀
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𝜏p 𝑀 𝑀

𝑀

 

(3.1.11) 𝑅2

𝑅2 ±

𝜏p,scl
ECH = 9.81 ± 0.78 ∙ 𝑀−0.71±0.06𝑛e̅̅ ̅0.00±0.04𝑃abs

−0.73±0.08 (3.1.11)

𝜏𝑝

 23 ECH 𝜏p 𝜏p
exp

𝜏p,scl
ECH = 9.81𝑀−0.71

𝑛e̅̅ ̅0.00𝑃abs
−0.73
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 24 ECH 𝜏p 𝑀

𝜏p
exp

/9.81 𝑛e̅̅ ̅0.00𝑃abs
−0.73 𝑀

 

 

𝜏p 𝑀 𝑀

𝑀

 

𝜏p,scl
NBI          ∝ 𝑀−0.75𝐵av

1.33𝑛e̅̅ ̅0.22𝑃abs
−1.05

𝜏p,scl
ECH          ∝ 𝑀−0.71         𝑛e̅̅ ̅0.00𝑃abs

−0.73

𝜏E,th     ∝ 𝑀0.00𝐵0.84𝑛19
0.76𝑃abs

−0.87
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𝜌∗ = 𝑟L/𝑎 𝜈∗ = 𝜈/𝜈𝑏 𝛽

𝜏E,th Ω𝑖 ∝ 𝑀0.99𝜌∗−2.98𝜈∗0.19𝛽−0.30

𝜏p,scl
NBI  Ω𝑖 ∝ 𝑀−0.07𝜌∗−2.36𝜈∗0.21𝛽−1.04

Ω𝑖

𝜏E,th Ω𝑖 ∝ 𝜌∗−3 𝑀

𝑀

1/√2

𝑀
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𝜌 = 0.5 𝜌 = 0.9

𝑛e 𝛤e 𝑆e

𝛿𝑛e

𝛿𝑡
= −∇ ∙ Γe + 𝑆e (3.2.1)

Γe

 

 25 NBI ECH 𝜌 = 0.5 𝑛e

𝜌 = 0.9 𝑛e   
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𝐷e

𝑉e

Γe = −𝐷e∇𝑛e + 𝑛e𝑉e (3.2.2)

∇𝑛e

0 =
𝛿𝑛e

𝛿𝑡
= −∇ ∙ Γe + 𝑆e = −∇ ∙ (−𝐷e∇𝑛e + 𝑛e𝑉e) + 𝑆e (3.2.3)

𝛼 =

𝑉e/𝐷e

𝑠NBI 𝑠recyc

𝑠NBI 𝑠recyc

𝑟

𝑆e = ∫ (𝑠NBI + 𝑠recyc)d𝑣
𝑟

0

(3.2.4)

(3.2.3)

−𝐷e∇𝑛e + 𝑛e𝑉e =
∫ (𝑠NBI + 𝑠recyc)d𝑣

𝑟

0

4𝜋2𝑅𝑎
(3.2.5)

4𝜋2𝑅𝑎 𝑅 𝑎

𝛼 = 𝑉e/𝐷e

−𝐷e∇𝑛e + 𝑛e𝐷e𝛼 =
∫ (𝑠NBI + 𝑠recyc)d𝑣

𝑟

0

4𝜋2𝑅𝑎
(3.2.6)

𝛼 =
∫ (𝑠NBI + 𝑠recyc)d𝑣

𝑟

0

4𝜋2𝑅𝑎𝑛e𝐷e
− ∇𝑛e/𝑛e (3.2.7)

𝑟 𝐷e

𝐷e =
𝑎2

5.8𝜏p

(3.2.8)

𝜏𝑝

𝜏p =
𝑁e

𝑆e
=

∫ 𝑛ed𝑣
𝑎

0

∫ (𝑠NBI + 𝑠recyc)d𝑣
𝑎

0

(3.2.9)

𝐷e =
𝑎2

5.8𝜏p
=

𝑎2 ∫ (𝑠NBI + 𝑠recyc)d𝑣
𝑎

0

5.8 ∫ 𝑛ed𝑣
𝑎

0

(3.2.10)

𝑠NBI
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𝑠recyc = 𝑛e𝑛H〈𝜎𝑣〉ize (3.2.11)

〈𝜎𝑣〉ize

𝑛H

𝜌 = 1

𝑠recyc = 𝑛e𝑛H〈𝜎𝑣〉ize 𝜌 = 0 𝜌 = 1

𝑟

𝛼 =
∫ (𝑠recyc)d𝑣

𝑟

0

4𝜋2𝑅𝑎𝑛e𝐷e
−

∇𝑛e

𝑛e
=

5.8 ∫ 𝑛ed𝑣
𝑎

0
∙ ∫ (𝑛e𝑛H〈𝜎𝑣〉ize)d𝑣

𝑟

0

4𝜋2𝑅𝑎3𝑛e ∫ (𝑛e𝑛H〈𝜎𝑣〉ize)d𝑣
𝑎

0

−
∇𝑛e

𝑛e

(3.2.12)

𝛼 = 𝑉e/𝐷e

𝜌 = 0 𝜌 = 1

𝛼 = 𝑉e/𝐷e

𝛼 = 𝑉e/𝐷e

𝛼 = 𝑉e/𝐷e 𝛼 = 𝑉e/𝐷e

𝛼 = 𝑉e/𝐷e

𝜌 > 0.4 𝜌 <

0.8 𝛼 = 𝑉e/𝐷e 𝜌 > 0.4

𝛼 = 𝑉e/𝐷e
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 26 ECH 𝛼 = 𝑉e/𝐷e 1 2

Hratio Dratio H D He H D  

 

 27 ECH 𝛼 = 𝑉e/𝐷e 1 2

Hratio Dratio H D He H D  
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 28 NBI 𝛼 = 𝑉e/𝐷e 1 2

Hratio Dratio H D He H D  

 29 NBI 𝛼 = 𝑉e/𝐷e 1 2

Hratio Dratio H D He H D  
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 2  𝛼 = 𝑉𝑒/𝐷𝑒  

𝑀 1 2

 [T] 𝐵av 1.4 2.4

𝜌 = 0.5  [1020m−3] 𝑛e0.5 0.10 0.58

𝜌 = 2/3  [1020m−3] 𝑛e2/3 0.11 0.61

𝜌 = 0.9  [1020m−3] 𝑛e0.9 0.09 0.60

𝜌 = 0.5  [keV] 𝑇e0.5 0.86 3.0

𝜌 = 2/3  [keV] 𝑇e2/3 0.66 2.3

𝜌 = 0.9  [keV] 𝑇e0.9  0.33 1.2 

𝛼 = 𝑉e/𝐷e

𝛼 = 𝑉e/𝐷e

𝜌 = 0.5 𝜌 = 2/3 𝜌 = 0.9 𝛼 = 𝑉e/𝐷e

• 𝑀

• 𝐵av

𝐵 = 1.64 T 2.75 T 2.75 T

• 𝑛𝑒

𝜌 = 0.5 𝜌 = 2/3 𝜌 = 0.9 𝑛e0.5 𝑛e2/3 𝑛e0.9 

• 𝑇e

𝜌 = 0.5 𝜌 = 2/3 𝜌 = 0.9 𝑇e0.5 𝑇e2/3 𝑇e0.9 

𝛼 = 𝑉e/𝐷e 𝜌 =
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0.5 𝜌 = 2/3 𝛼 = 𝑉e/𝐷e 𝜌 = 0.9 𝛼 = 𝑉e/𝐷e

𝜌 = 0.5 𝜌 = 2/3 𝛼 = 𝑉e/𝐷e 𝜌 = 0.9

𝛼 = 𝑉e/𝐷e 𝜌 = 0.9 𝛼 = 𝑉e/𝐷e 𝛼 = 𝑉𝑒/𝐷𝑒

𝜌 = 0.5 𝛼 = 𝑉e/𝐷e (3.2.13)

𝑅2

𝛼 ∝ 𝑀1.1±0.2𝑛e0.5
−0.00±0.29𝑇e0.5

−0.20±0.38 (3.2.13) 

𝜌 = 2/3 𝛼 = 𝑉e/𝐷e (3.2.14) 𝑅2

 

𝛼 ∝ 𝑀2.3±0.2𝑛e2/3
0.74±0.29𝑇e2/3

1.3±0.4 (3.2.14) 

𝜌 = 0.9 𝛼 = 𝑉e/𝐷e (3.2.15) 𝑅2

 

|𝛼| ∝ 𝑀−1.1±0.1𝑛e0.9
0.50±0.16𝑇e0.9

0.06±0.21 (3.2.15) 

𝑀 𝜌 = 0.5 𝜌 = 2/3

𝛼 = 𝑉e/𝐷e 𝜌 = 0.9

𝛼 = 𝑉e/𝐷e 𝛼 = 𝑉e/𝐷e

𝜌 =

2/3 𝑅2

𝜌 = 0.5 𝛼 = 𝑉e/𝐷e (3.2.16)

𝑅2

𝛼 ∝ 𝑀0.01±0.06𝐵av
−1.0±0.2𝑛e0.5

−0.28±0.07𝑇e0.5
1.7±0.2 (3.2.16) 

𝜌 = 2/3 𝛼 = 𝑉e/𝐷e (3.2.17) 𝑅2

 

𝛼 ∝ 𝑀0.63±0.11𝐵av
−2.4±0.3𝑛e2/3

−0.24±0.12𝑇e2/3
2.4±0.3 (3.2.17) 

𝜌 = 0.9 𝛼 = 𝑉e/𝐷e (3.2.18) 𝑅2

 

|𝛼| ∝ 𝑀−1.2±0.2𝐵av
2.9±0.5𝑛e0.9

0.68±0.19𝑇e0.9
−1.1±0.4 (3.2.18) 

𝑀 𝜌 = 0.5 𝜌 = 2/3 𝜌 = 0.9

𝛼 = 𝑉e/𝐷e 𝜌 = 0.5 𝜌 = 2/3

𝜌 = 0.9 𝜌 = 0.9 𝛼 =

𝑉e/𝐷e

𝛼 =

𝑉e/𝐷e

2.75 T

𝐵av = 2.4 𝜌 = 0.5 𝜌 = 2/3 𝜌 = 0.9 2, 1.5, 1 keV

0.2[1020m−3]

𝛼 = 𝑉e/𝐷e (3.2.13) (3.2.14) (3.2.15)
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 30 ECH 𝛼 = 𝑉e/𝐷e 𝜌 = 0.5 𝜌 = 2/3 𝜌 =

0.9 2, 1.5, 1 keV 0.2[1020m−3]

 

(3.2.13) (3.2.14) (3.2.15)

𝛼 = 𝑉e/𝐷e

𝛼 = 𝑉e/𝐷e (3.2.16) (3.2.17)

(3.2.18)
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 31 NBI 𝛼 = 𝑉e/𝐷e 𝐵av = 2.4 𝜌 = 0.5

𝜌 = 2/3 𝜌 = 0.9 2, 1.5, 1 keV 0.2[1020m−3]

𝜌 = 0.5 𝛼 = 𝑉e/𝐷e

𝜌 = 2/3 𝜌 = 0.9

𝛼 = 𝑉e/𝐷e

𝜌 = 0.6 𝜌 = 0.8

𝛼 = 𝑉e/𝐷e
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𝜕𝑛

𝜕𝑡
= 𝐷∇2𝑛 (4.1.1)

(4.1.1) 𝑛 𝑇(𝑡) 𝑆(𝒓) 𝑛(𝒓, 𝑡) =

𝑇(𝑡)𝑆(𝒓)

 32

𝑛H+ 𝑛D+
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𝑆
d𝑇

d𝑡
= 𝐷𝑇∇2𝑆 (4.1.2)

1

𝑇

d𝑇

d𝑡
=

𝐷

𝑆
∇2𝑆 (4.1.3)

d𝑇

d𝑡
= −

𝑇

𝜏
(4.1.4)

𝑇 = 𝑇0𝑒−
𝑡
𝜏 (4.1.5)

𝜏

𝜏decay [s]

𝐻+(𝑡) 𝜏decay

𝐻+(𝑡) = 𝑎 ∙ 𝑒
− 

𝑡
𝜏decay + 𝑏 (4.1.6)

𝑎 𝜏decay 𝑏

 33 D 𝑛H+/(𝑛H+ + 𝑛D+)
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 3 𝜏decay  

𝑀pellet 1 2

𝐻𝛼/(𝐻𝛼 + 𝐷𝛼) 0.18 0.83

 [keV] 𝑇e0 1.5 3.5 

𝑟 = 4.4119 m 𝜌

𝑟 = 4.4119 m

𝐻+(𝑡)

𝐻+(𝑡)

 34
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𝑛H+/(𝑛H+ + 𝑛D+) 𝑛H+/(𝑛H+ + 𝑛D+)

𝑛H+/(𝑛H+ + 𝑛D+)

𝑛H+/(𝑛H+ + 𝑛D+) 𝑛H+/(𝑛H+ + 𝑛D+)

1/2𝑒 𝑒

𝑏

(4.1.6) 𝜏decay

• 𝑀pellet

• 𝐻𝛼/(𝐻𝛼 + 𝐷𝛼)

𝐻𝛼 𝐷𝛼

• 𝑇e0

𝜏decay
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 35 𝜏decay
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 36 𝜏decay

 

 

𝜏decay

𝜏decay (4.1.7)

𝑅2 𝑅2

±
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𝜏decay,scl = 0.12 ± 0.02 ∙ 𝑀pellet
−0.52±0.05𝑇e0

−0.73±0.13𝐻𝛼/(𝐻𝛼 + 𝐷𝛼)0.21±0.04 (4.1.7)

𝜏decay

 37 𝜏decay 𝜏decay,scl
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𝜏p,scl
NBI          ∝ 𝑀−0.75𝐵av

1.33𝑛e̅̅ ̅0.22𝑃abs
−1.05

𝜏p,scl
ECH          ∝ 𝑀−0.71         𝑛e̅̅ ̅0.00𝑃abs

−0.73

𝜏decay,scl   ∝ 𝑀pellet
−0.52                    𝑇e0

−0.73𝐻𝛼/(𝐻𝛼 + 𝐷𝛼)0.21

𝑀pellet

𝑀

1/√2

𝑀

𝐻𝛼/(𝐻𝛼 + 𝐷𝛼) 𝑀

𝜏E,th     ∝ 𝑀0.00𝐵0.84𝑛19
0.76𝑃abs

−0.87

𝑀
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