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1 Ú ó

lf��å´É�9ØàCïÄ¥���­
��K [1], 3÷kê��9Ï\9Á�¥, uy3
$�Ý�¹eâf¬��l^|>.�Ñ�� 
Èìq�þ
�� [2], ���¡����� [3]. 3
Ø�Äâf+N1���¹e, @�á=��´d
uâf�;��AE¤� [4], 
÷kê�¥´Ä�
3,	�á=��Å���±5´Ø�Ù�.

,��¡, Ï1âfdu;��A���á=
��3k�AÛ . [5] Ú Èì . [6] �^|
¥®²�2�ïÄ. 3L��ïÄ¥@�, �ýâ
fê��uÏ1âf, Ï
é;���Ç�ïÄ
¥�Ñ
�ýâf�K� [7]. ,
¯¢þ, �ýâ
f�¤£°Ý�uÏ1âf�¤£°Ý, ¤±�N
´��;��� [8,9], Ïd, �ýâf�;���
I�ïÄ. 3âf;��ïÄ¥, Äu"�M�î
�§��KC��{�2�/A^uÏ1âf;
� [10,11]!�ýâf;� [12,13] Îâf;��ïÄ
¥ [12,13]!ù«�{3âf;��ïÄ¥kX�½

�`³ [14].

©¥ïÄ
ØÓuÏ1âfÚ�ýâf÷k
ê�¥�1n«âf, JÑ
âf������«
#��., Ó�ïÄ
Taâf3Ù�Ý�mþ�
a^º��I. �©í�Ñ
;��»��Cq^
�e�M�î�§, ¿3Ùâf;��A5�Ä:
þïÄ
�ýâf�;���.

�©UXe(�?1�ã: 1 2 !?Ø
÷k
ê�¥�>âf$Ä�M�î�§, 1 3 !¥ïÄ

âf;��A5, 31 4 !¥ïÄ
÷kê�¥
���IÚ�ýâf�;���, ���!Ké�
©�ó�?1
{��V).

2 âf$Ä�M�î�§

3��é¡�IX (R, ζ, Z) ¥, ^|kXe�
L�/ª

B = ∇ϕ ×∇ψ + I∇ϕ, (1)

ª¥, ψ ´4��^Ï. ^| .� Grad-Shafranov
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�§� [15]

R2∇ ·
(
∇ψ

R2

)
= −µ0Rjζ(R,ψ), (2)

ª¥, jζ ´�lfN���>6. XJ>6�þ!
©Ù, �§ (2) kXe/ª� Solov’ev  .�)

ψ = ψ0

{
1
l
[Q + (1 − Q)R2]Z2

+
l

4
(R2 − R2

0)
2

}
, (3)

ª¥, l ´^|.�', Q � .�n�Çk'.

3��é¡� .e, �>âfUþ�§kXe
L�ª [16,17]

H =
1
2
ΩcPα

[(
Rc

R

)2

sin2 α + cos2 α

]
+

1
2R2

[Pφ + eΨ ]2 + eΦ, (4)

Ù ¥, Pφ = Rυφ − eΨ , Pα =
1
2
Ωcρ

2, υR =

Ωcρ e
ρ

Rc
cos α sinα, âf��þ8�z� 1, Ωc ´

âf�£^ªÇ, ρ �.#��», eI o Ú c ©O
éA3��¥%Úâf£^¥%��.

3âf�$Ä¥, �±Ú\���þ5ïÄ£
^�»éâf$Ä�K�. 3"��¹eù��þ
kXeL�/ª

δ ∼ ρ/r, (5)

Ù ¥ r � ÷ k ê � � � ». Ï � â f � o U
þ Å ð, ¤ ± ^ | Ä þ � ± L « � ü � Ü ©,

Pα = Pα0 + Pα1(α). 
3�Ñ�Ä� Pα1(α) �,

Pα1(α) �±l�§ (4) ¥��, dd, �±��"
��¹eâf�Uþ�§ [11]

H0 = ΩcPα0 +
1

2R2
c

[Pϕ0 +eψ0(X,Px)]2 +eU0, (6)

XJØ�Ñâf$Ä��Ä�, �±Ú\��)¤
¼ê

F2 = µ

{
α −

(
2

Ωcµ

)1/2 1
Ωc

[
(υϕcΩz + eER) sin α

+ (υϕcΩR − eEz) cos α

+
Ωcµ

2Rc

(
sinα − 1

3
sin(3α)

)
+

υ2
ϕc

Rc
sinα

]}
+ Pξϕ (7)

5�K α. �§ (7) ¥ υφc = (Pξ + eΨc)/Rc, ER

Ú EZ ©O´ R ��� Z ���>|, ΩR ´÷^

| BR �£^ªÇ. d�§ (7), ÏL�KC��±
��

Pα = µ −
(

2µ

Ω3
c

)1/2[
(υϕcΩz + eER) cos α

− (υϕcΩR − eEZ) sin α

+
Ωcµ

2Rc
(cos α − cos(3α)) +

υ2
ϕc

Rc
cos α

]
, (8)

Pζ = Pφ, (9)

ζ = α −
(

1
2Ω3

cµ

)1/2[
(υϕcΩz + eER

)
sinα

+ (υϕcΩR − eEZ) cos α +
3Ωcµ

2Rc

×
(

sinα − 1
3

sin(3α)
)

+
υ2

ϕc

Rc
sinα

]
, (10)

ξ = φ −
(

2µ

R2
cΩ

3
c

)1/2(
Ωz sinα + ΩR cos α

+
2υφc

Rc
sinα

)
. (11)


3��»'÷kê�C�¥, �þ δ �±�L«
¤Xe/ª

Bp

Bφ
∼ r

R
∼ δ, (12)

3ù«�¹e, ��M�î�§�±L«�

H = PαΩ +
B2

ϕ

2R2B2
(Pξ + eψc + ιPα)2

+ eΦc +
µ

2Bϕ
∇2Φc + H̃2, (13)

ª¥, ι = Rcjφ/2Bφ, B2 = B2
φ + B2

p , 6Äþ H̃2 �
±�? Pα ¥l�§ (8) �±)Ñ#� Pα �L�ª

Pα =
1
2
Ωcρ

2 − ρ · F⊥, (14)

ª¥

F⊥ =
1

Ω0R0
(ρ2Ω2

c sin2 α + υ2
ϕc)eR

+
1

Ωc
[(eER + υϕcΩz)eR

+ (eEZ + υϕcΩR)ez],

l�§ (14) �±wÑ, ^|Äþ Pα �É�%å
�K�.

3 ÷kê�¥�âf;�

3^¡�IXe, ^| BR =
−1
2πR

∂ψ

∂Z
, BZ =

1
2πR

∂ψ

∂R
, 
4�^|� Bp =

√
B2

R + B2
Z , ��^
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|� Bφ = R0B0/(R0 + r cos θ)[16], d±þL�ª
�±)Ñ^|�&E.

ÏLéá�§(3)Ú�§(13), �±��Ï1â
f3���¹e�;�, Xã 1 ¤«. Ón, ���
�ýâf�;�ã�, Xã 3 ¤«. éá �§ (3) Ú

1.0

0.5

0

-0.5

-1.0

Z
/
m

R/m

6 74 5 8

ã 1 Ï1âf�;�ÚÙÐ©�¤3�^¡, � v‖ < 0

�âf�S¤£
 ν‖ > 0 �âf�	¤£, Ð©^¡
� ψ/ψ0 = 2 ��^¡� � �� � �� � ��� � � �� � � �� � � � � � � � � �� � � � � ��	 
 � � 

ã 2 ØÓ^¡þ��ýâf;�, Ù¥¢�´âf¤3
�Ð©^¡� � �� � �� � ��� � � �� � � �� � � � � � �� � � � � ��	 
 � � 

ã 3 ¢�L«"�Cqe��ýâf, J�L«��C
qe��ýâf;�

�§ (6), �±��£^�»"�Cqe�ýâf
�;�, Xã 3 ¤«. �±uy, du�Ä�
��
^|���K�, l"�Ú��M�î�§)Ñ�
�>âf;��3�É.

�âf3�C^¶ ��, �§ (13) ò¬C�
Xe/ª [17,18]

H = Ω0µ +
1

2q2R2
0

(qR0υϕ0 + φ)2

− (Ω0Pα + υ2
φ0)

ϕ1/2

φ
1/2
0

cos α, (15)

Ù¥ ϕ =
1
2
Ω0r

2, ϕ0 =
1
2
Ω0R

2
0, q = ϕ/eΨ �S�

Ïf, υφ0 ´^¶?����Ý.

b� x =
√

Φ, �§ (15) ÒC���ng�§:

x3 + 2qR0υφ0x − 2q2R2
0(Ω0Pα + υ2

φ0)

× cos θ/Φ
1/2
0 = 0. (16)

�±uy, l��M�î�§���C¶âf;
��§Ú"��;��§ [18] ´�Ó�, Ï�d�
Bp = 0, £^�»d�¿ØK�âf�$ÄG¹.

Ó�, d�§(16)=����C^¶?�âf;�,

ù�aâf�;���¡�èÎâf, Xã 4 ¤«.
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Z
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m
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(a)
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6.256.15 6.35

Z
/
m

R/m

(b)

ã 4 (a) Ï1èÎâf�;�; (b) Ó¼èÎâf�;�
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4 ÷kê�¥�����

3þ�Ùé�ýâf�ïÄ¥, uy
��k
��y�µ�âf� ν‖/ν⊥ é���ÿ, âf�;
�Ø2÷�ý.;�$Ä
´��î�^¡�Ñ
^|«, Xã 5 ¤«. 3 (6) ª�ê�O�¥·�Ø
ä~�Ð© ν‖/ν⊥ �'�, l
��
âf;�U
C� ν‖/ν⊥ ��.�. �âf� ν‖/ν⊥ �u�.�
�, âf;�Ø2´�ý;�. ê�O�(JÓ�
w«, ù��.��âfÐ©¤3�^¡Ú�lf
N§Ý�'.

1

2

0

-1

-2
6.0 7.05.5 6.5

Z
/
m

R/m

ã 5 âf���Ñ^|�;� (¢�) ÚÙÐ©¤3�^
¡ (J�)

Ó�, b�âf���2ÂÄþÅð, �±l
�§ (6) ¥í�Ñe���§| [8]:

dR

dt
=

BR

Bφ

(
u

R
− RuE

R2
0

)
, (17)

dZ

dt
=

BZ

Bφ

(
u

R
− RuE

R2
0

)
+ υd, (18)

du

dt
= ΩRRυd + Ω0R

Eφ

Bφ
, (19)

ª¥ u = Rνφ, uE = −R2
0

∂U0

∂ψ
= R2

0ωE , υd =

1
Ω0R0

(
Ωcµ +

u2

R2

)
. �±uy, XJ�§ (18) �m

ýð�u", âf¬÷ Z ��±Y/$Ä���Ñ
^|«. 3ù«b�e, éá�§ (17) Ú�§ (19) ,

�±í�ÑXe�Ø�ª:∣∣∣∣ ν‖

ν⊥

∣∣∣∣ 6 qR

r

√
2mkT0

eB0R0
, (20)

Ù¥ q ´S�Ïf, r �âf¤3 ����», T0

´âfÐ©¤3^¡�§Ý. Ø�½Â�§ (20) �
mý�âf����.�, �âf�Ð© |ν‖/ν⊥|

�uù��.���ÿ, âfò¬���Ñ^|«.

�½Â |ν‖/ν⊥| �÷kê������, ù«�/
�^º¥���I�~aq. 3 ITER C��ëê
e, �±d�§ (20) ���Ñ3ØÓÐ©^¡Ú§
Ý���.�, ��ÙmÞé�.��ê�O��
(J'�uy, �ö���~�C, Xã 6(a) ¤«.

ù`²3�Ý�m¥, 3 |ν‖/ν⊥| �u�.��«
�¥�âfò��î�^¡�Ñ^|, é�§ (18)

©Û��, �Òmý1��=�Ú�¥%du��
^|�þ!©Ù�)�¤£�Ý, ���dÚî½

Æ�Ñ�¤£�Ý νD =
W⊥ + 2W‖

qB3
Bφ ×∇Bφ �

Ó, mý1��´��^|du4�^| Bθ ��
�¤£�Ý. ±þ(JL²
÷kê��^|¿Ø
´3¤k�¹eÑU;�âf�	¤£
E¤�
âf����, � Bθ ��� |ν‖/ν⊥| é��âf
�^¤£¿ØU3^å�^=L§¥�-�K. ·
�¡ù«âf�����âf, Ó�½Âù«âf
¤3��Ý�m�«��÷kê�¥���I, X
ã 6(b) ¤«. lã¥ØJuy, ��«á3Ó¼«
S, ù`²���
�@�´� ýâf��> âf� � �� � �� � �� � �� � � � � � � � � � � � �� � � �� ��	 
� � � � 
 �� � 
 �� � 
 �� � � � � �

� � �
� � � � �

� � �
ã 6 (a) �3ØÓ^¡þâf��.�, ¢��l�
§ (20) �Ñ�­�, lÑ:�±þê�O��(J; (b) �
��I�«¿ã
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òØ2��å. nþ¤ã, du Z ���¤£, Ø´
¤k�âfÑU�^|�å4. ���@���3
u^ºC����IÓ��3u÷kê�¥.

,��¡, Ï��ýâf�¤£�»��, ¤
±�¤£�»�uâf¤3�Ð©^¡�>.�
ål�, âfò�Ñ>., ù�a����¡�;
���. Äu±þù:, �±�Ñ�ýâf���
Ç. 3^¡�IX (ζ, θ, ψp) ¥, ^|�±L�¤X
e�/ª [6,7]

B = g(ψp)∇ζ + I(ψp)∇θ + δ(ψp)∇ψp,

dd�±O�Ñ�ý;��¤£�»� ∆ψp =

gρparellel =
g

eB

√
2W − 2µΩ. Ï�3 Z = 0 �¤£

�»��, ¤±O�����I��Ä Z = 0 ��
�. òþª�\�§ (9) =�±��¤£�».

∆ψp =
g

eB0R0

B2
φ

B2
(pζ + eψp + iµ), (21)

b� ψb = constant ´÷kê��>., ¤�±�
Ñ� ψp + ∆ψp > ψb �, âf�±<ºÑ>.. d
þã�±í�Ñ

ψp > ψb − APς

1 + eA
, (22)

Ù ¥ A =
g

eB0R0

B2
φ

B2
, ν‖ =

Bφ

mR
(Pς + eψp).

b�3^¡ ψp þ�âf3�Ý�m¥Ñlð�d
�©Ù, âf3�/^¡��Ç�È©ª�±âd
¦Ñ

f = 2π

(
m

2πkT

)3/2
mR

eBφ

∫ +∞

Bφ√
εR

(Pς+eD)

e−
mν2

⊥
2kT ν⊥

×
∫ (

√
ε mR

Bφ
ν⊥−Pς)/e

D

e−
mν2

‖
2kT dψpdν⊥, (23)

Ù¥ D =
ψb − APς

1 + eA
, é�§ (23) ²1����Ý

È©�±��

f ∼ m2R

2kTeBφ

∫ +∞

Bφ√
εR

(Pς+eD)

× e−
mν2

⊥
2kT ν⊥

{√
πerf

[√
m

2kT

× Bφ

mR
(Pς + eψp)

]}∣∣∣∣(
√

ε mR
Bφ

ν⊥−Pς)/e

D

dν⊥,

(24)

½Â^¡¼ê ψa � ψa = (1 − ψp/ψb), dd�±
��3��÷kê�¥âfo���Ç

F =
∫ 1

0

npf dψa

/ ∫ 1

0

npdψa, (25)

Ù¥ np ��/^¡âf��Ý, b�3÷kê�
¥�ÝÚ§Ý¥�Ô�/©Ù= np = n0ψa, §
Ý T = aψa, dd�±l�§ (25) �Ño��Ç�
L�ª�

F =
∫ 1

0

m2R

akeBφ

∫ +∞

Bφ√
εR

(Pς+eD)

e−
mν2

⊥
2kT ν⊥

×
{

erf
{√

m

2akψa

Bφ

mR
[Pς + eψb(1 − ψa)]

}}

×
∣∣∣∣ψb

[
1−

(
√

ε mR
Bφ

ν⊥−Pς

)
/e

]
ψb(1−D)

dν⊥dψa. (26)

Ón, l�§ (6) Ñu, �±��3"�Cq�¹
eâf�;���Ç, X (7) �±wÑ, du�S
�Ïf q k'� Bφ/B �K�, âf���Ç3�
Ä��Cq�¹e���Ç��u"��¹e�
��Ç.

ã 7 Ø Ó ^ ¡ þ � â f � � Ç, f � 8 � z Ï f

´
m2R

2kaTeBφ

Ï�>f���Ç�~�, ¤±·�Ø�Ä>f�
��Ç. �\ØÓ÷kê�¥�ëê, lf�o�
��±l�§ (26) O�Ñ5, �±wÑlf�;�
�Ç�C����'.

L 1 ØÓC�¥���Ç

÷kê� ITER JT-60U JET HL-2A

��Ç/% 1.04 0.88 0.81 1.17
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5 ( Ø

÷kê�¥�3»ÉuÏ1âfÚ�ýâf
�1n«âf, ù«âf3Ù�Ý�mS ua
^º���IS, ò¬du¤£$Ä
{ø^|�
�å. ©¥�Ñ
ù���I�êÆL�ª, ¿Ï
L;�nØ�y
ù���I��3. (JL²

÷kê��^|¿Ø´3¤k�¹eÑU;�

âf�	¤£
E¤�âf����, � Bθ ��
� |ν‖/ν⊥| é��âf�^¤£¿ØU3^å�^
=L§¥�-�K.


3�ýâf�;���¥, du£^�»�
�^�eÚå�;������^|���', Ï

�£^�»�"�Cq�¹e�', ��Cq^
�eâf���Ç��.
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The study of particle direct loss in tokamak∗
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Abstract

A new kind of particle in tokamak, which is different from passing partilce and trapped particle, is found. This kind of particle

can fly directly out of the boundary due to the drift motion. The loss cone in tokamak, which is composed of these particles, is studied.

At the same time, the loss rates due to the banana orbit in different tokamaks are calculated.
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