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� §¢¨É¨¥ ³μ¤¥²¨ ¸¨¸É¥³Ò Ê· ¢´¥´¨° ¡ ² ´¸ 
¤²Ö · ¸Î¥É  § ·Ö¤μ¢ÒÌ · ¸¶·¥¤¥²¥´¨° ¨μ´μ¢
¢ ¨μ´´μ³ ¨¸ÉμÎ´¨±¥ 	–�-É¨¶ 

�·μ ´ ²¨§¨·μ¢ ´  Ï¨·μ±μ · ¸¶·μ¸É· ´¥´´ Ö ³μ¤¥²Ó Ê· ¢´¥´¨° ¡ ² ´¸ 
¤²Ö · ¸Î¥É  § ·Ö¤μ¢ÒÌ · ¸¶·¥¤¥²¥´¨° ¨μ´μ¢ (‡�ˆ) ¢ ¨μ´´μ³ ¨¸ÉμÎ´¨±¥ ´ 
Ô²¥±É·μ´´μ-Í¨±²μÉ·μ´´μ³ ·¥§μ´ ´¸¥ (	–�), ¨ ¶·¥¤²μ¦¥´  ¥¥ ³μ¤¨Ë¨± Í¨Ö, ¶μ-
§¢μ²ÖÕÐ Ö ¡μ²¥¥ ÉμÎ´μ μ¶¨¸Ò¢ ÉÓ ¶·μÍ¥¸¸Ò Ê¤¥·¦ ´¨Ö ¨ ´ ±μ¶²¥´¨Ö ÉÖ¦¥²ÒÌ
¨μ´μ¢ ¢ 	–�-¶² §³¥ ¨μ´´μ£μ ¨¸ÉμÎ´¨±  ¢ ¸²ÊÎ ¥ ¸³¥¸¨ £ §μ¢. �·¥¤²μ¦¥´ ´μ-
¢Ò° ¶μ¤Ìμ¤ · ¸Î¥É  ¢·¥³¥´ Ê¤¥·¦ ´¨Ö Î ¸É¨Í (¨μ´μ¢ ¨ Ô²¥±É·μ´μ¢) ´  μ¸´μ¢¥
É¥μ·¨¨ � ¸ÉÊÌμ¢ ,   ¨³¥´´μ · ¸Î¥É ¢·¥³¥´ Ê¤¥·¦ ´¨Ö ¢ ¶·μÍ¥¸¸¥ ¤¢ÊÌÔÉ ¶´μ°
³¨´¨³¨§ Í¨¨ ËÊ´±Í¨μ´ ²μ¢ ¸¶¥Í¨ ²Ó´μ£μ ¢¨¤ . „ ¥É¸Ö ¸· ¢´¥´¨¥ ¸ Ô±¸¶¥·¨³¥´-
É ²Ó´Ò³¨ ·¥§Ê²ÓÉ É ³¨.
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Development of the Balance Equations Model
for Calculation of Ion Charge-State Distribution in ECR Ion Sources

The investigation of the widespread model for the calculation of ion charge-
state distributions (CSD) in electron cyclotron-resonance ion source based on the set
of balance equations is given. The modiˇcation of this model that allows one to
describe the conˇnement and accumulation processes of highly charged ions in ECR
plasma for gas mixing case more precisely is discussed. The new approach for the
time conˇnement calculation (ions and electrons) based on the theory of Pastukhov
is offered, viz. Å calculation of conˇnement times during two step minimization of
special type functionals. The results obtained by this approach have been compared
with available experimental data.

The investigation has been performed at the Laboratory of Particle Physics, JINR.
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� ¨¡μ²ÓÏ¥¥ · ¸¶·μ¸É· ´¥´¨¥ ¸·¥¤¨ ³μ¤¥²¥° ¶μ · ¸Î¥ÉÊ § ·Ö¤μ¢ÒÌ · ¸-
¶·¥¤¥²¥´¨° ¨μ´μ¢ (‡�ˆ) ¢ ¨¸ÉμÎ´¨±¥ ¨μ´μ¢ ´  Ô²¥±É·μ´´μ-Í¨±²μÉ·μ´´μ³
·¥§μ´ ´¸¥ (	–�) [1] ¶μ²ÊÎ¨²¨ ³μ¤¥²¨ ´  μ¸´μ¢¥ ¸¨¸É¥³Ò Ê· ¢´¥´¨° ¡ ² ´¸ 
¤²Ö ¨μ´´ÒÌ ±μ´Í¥´É· Í¨° [2Ä8] ¨ [12Ä16].

	É¨ ³μ¤¥²¨ ¨³¥ÕÉ Ë¥´μ³¥´μ²μ£¨Î¥¸±¨° Ì · ±É¥·, ± ¦¤ Ö ¨§ ´¨Ì ¢±²Õ-
Î ¥É ¸¢μ° ´ ¡μ· ¶ · ³¥É·μ¢, ÎÉμ Ö¢²Ö¥É¸Ö Ê¤μ¡´Ò³ ¢ ¶·μÍ¥¸¸¥ ¸· ¢´¥´¨Ö
·¥§Ê²ÓÉ Éμ¢ Î¨¸²¥´´ÒÌ · ¸Î¥Éμ¢ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨. �É³¥É¨³,
ÎÉμ ¶·¥¤¸É ¢²ÖÕÐ¨° ¸μ¡μ° μÉ¤¥²Ó´ÊÕ ¶·μ¡²¥³Ê · ¸Î¥É ¢·¥³¥´ Ê¤¥·¦ ´¨Ö
Ô²¥±É·μ´μ¢ ¨ ¨μ´μ¢, ¢ Í¥²μ³ ¢Ò· ¦ ÕÐ¨° ¶μ²ÊÔ³¶¨·¨Î¥¸±¨° ¶μ¤Ìμ¤ [9Ä11],
É ±¦¥ ¶·¨¢μ¤¨É ± ¢¢¥¤¥´¨Õ ¤μ¶μ²´¨É¥²Ó´ÒÌ ¶ · ³¥É·μ¢ (¶μÉ¥´Í¨ ² ¶² §³Ò
¤²Ö Ô²¥±É·μ´μ¢ ¨ ¢¥²¨Î¨´  Ê¤¥·¦¨¢ ÕÐ¥£μ ¶μÉ¥´Í¨ ²  ¤²Ö ¨μ´μ¢),   ÊÎ¥É
Ê· ¢´¥´¨Ö ¤²Ö ´¥°É· ²Ó´μ° ±μ³¶μ´¥´ÉÒ ¶² §³Ò ¢ μ¡Ð¥° ¸¨¸É¥³¥ Ê· ¢´¥´¨°
¡ ² ´¸  [7] ¨ [8] Å ± ¶μÖ¢²¥´¨Õ ¥Ð¥ ¤¢ÊÌ ¶ · ³¥É·μ¢: μ¡Ñ¥³ , μ£· ´¨Î¥´-
´μ£μ 	–�-¶μ¢¥·Ì´μ¸ÉÓÕ, ¨ ¥¥ ¶²μÐ ¤¨. �μÔÉμ³Ê, ± ± ¶· ¢¨²μ, Ì · ±É¥·´Ò³
´ ¡μ·μ³ ¶ · ³¥É·μ¢ ¤²Ö ¡μ²ÓÏ¨´¸É¢  ³μ¤¥²¥° ´  μ¸´μ¢¥ Ê· ¢´¥´¨° ¡ ² ´¸ 
Ö¢²Ö²¸Ö ¸²¥¤ÊÕÐ¨°: É¥³¶¥· ÉÊ·  ¨μ´μ¢, Ô²¥±É·μ´μ¢ ¨ ´¥°É· ²Ó´ÒÌ  Éμ³μ¢;
¶μÉ¥´Í¨ ² ¶² §³Ò ¤²Ö Ô²¥±É·μ´μ¢ ¨ ¢¥²¨Î¨´  Ê¤¥·¦¨¢ ÕÐ¥£μ ¶μÉ¥´Í¨ ²  ¤²Ö
¨μ´μ¢; ¶ · ³¥É·Ò 	–�-¶μ¢¥·Ì´μ¸É¨ Å ¥¥ μ¡Ñ¥³ ¨ ¶²μÐ ¤Ó.

�μ¢Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨¸¸²¥¤μ¢ ´¨Ö ¢ μ¡² ¸É¨ Ë¨§¨±¨ ¨μ´´ÒÌ ¨¸-
ÉμÎ´¨±μ¢ 	–�-É¨¶  ¸É ¢ÖÉ ´μ¢Ò¥ § ¤ Î¨, ´ ¶·¨³¥·, ± ± μ¶¨¸Ò¢ ÉÓ ¶·μÍ¥¸¸
Ê¤¥·¦ ´¨Ö § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¢ ³ £´¨É´μ³ ¶μ²¥ ¸ ³¨´¨³Ê³μ³-B [10] ¨μ´´μ£μ
¨¸ÉμÎ´¨±  	–�-É¨¶ ; ± ± ±μ··¥±É´μ μ¶¨¸ ÉÓ ¶·μÍ¥¸¸ 	–�-´ £·¥¢  Ô²¥±É·μ-
´μ¢ ¢´¥Ï´¨³ ¸¢¥·Ì¢Ò¸μ±μÎ ¸ÉμÉ´Ò³ (‘‚—) Ô²¥±É·μ³ £´¨É´Ò³ ¶μ²¥³; ± ±
±μ··¥±É´μ μ¶¨¸ ÉÓ ´¥³ ±¸¢¥²²μ¢¸±ÊÕ  ´¨§μÉ·μ¶¨Õ ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨°
Ô²¥±É·μ´μ¢ ¶μ Ô´¥·£¨¨, ´ ¡²Õ¤ ¥³ÊÕ ¢ Ô±¸¶¥·¨³¥´É Ì ¶μ ¤¨ £´μ¸É¨±¥ ·¥´É-
£¥´μ¢¸±μ£μ ¨§²ÊÎ¥´¨Ö ¨§ 	–�-¶² §³Ò ¨μ´´μ£μ ¨¸ÉμÎ´¨± , ¨ É. ¤.

‚ÒÏ¥μ¶¨¸ ´´Ò¥ ¶·μ¡²¥³Ò ¨ § ¤ Î¨ É·¥¡ÊÕÉ ¤ ²Ó´¥°Ï¥£μ · §¢¨É¨Ö ³μ-
¤¥²¥° ´  μ¸´μ¢¥ Ê· ¢´¥´¨° ¡ ² ´¸ . ‚ ¤ ´´μ° · ¡μÉ¥ ¸μ¸É ¢²ÖÕÐ Ö μ¸´μ¢Ê
³μ¤¥²¨ ¸¨¸É¥³  Ê· ¢´¥´¨° ¡ ² ´¸  ´¥ Ê¶·μÐ ² ¸Ó ¶ÊÉ¥³ ¨¸±²ÕÎ¥´¨Ö ¨§ · ¸-
¸³μÉ·¥´¨Ö ´¥±μÉμ·ÒÌ Ê· ¢´¥´¨°, ± ±, ´ ¶·¨³¥·, ¢ ¨¸¸²¥¤μ¢ ´¨ÖÌ [2Ä4] ´¥
ÊÎ¨ÉÒ¢ ²¨¸Ó Ê· ¢´¥´¨Ö ¤²Ö ´¥°É· ²Ó´ÒÌ  Éμ³μ¢ ¨ μ¤´μ§ ·Ö¤´ÒÌ ¨μ´μ¢,   ¢

1



¨¸¸²¥¤μ¢ ´¨¨ [5] ´¥ ÊÎ¨ÉÒ¢ ²¨¸Ó Ê· ¢´¥´¨Ö ¤²Ö ¨μ´μ¢ ¢Ò¸Ï¨Ì § ·Ö¤´μ¸É¥°.
ˆ ¤²Ö μ¶¨¸ ´¨Ö Éμ£μ ¨²¨ ¨´μ£μ Ö¢²¥´¨Ö ¨²¨ ¶·μÍ¥¸¸  ¸¨¸É¥³  ¡Ò²  ¤μ¶μ²-
´¥´  ´μ¢Ò³¨ Ê· ¢´¥´¨Ö³¨, É. ¥. · §¢¨É¨¥ ³μ¤¥²¨ ¶·μ¢μ¤¨²μ¸Ó ¶μ ¶ÊÉ¨ ¥¥ ´ ¨-
¡μ²ÓÏ¥£μ ¶·¨¡²¨¦¥´¨Ö ± ·¥ ²Ó´Ò³ Ë¨§¨Î¥¸±¨³ ¶·μÍ¥¸¸ ³, ¶·μ¨¸Ìμ¤ÖÐ¨³ ¢
	–�-¶² §³¥ ¨μ´´μ£μ ¨¸ÉμÎ´¨± .

2. ‘ˆ‘’…Œ� “��‚�…�ˆ‰ ��‹��‘� „‹Ÿ ��‘—…’� ‡�ˆ

” ±É¨Î¥¸±¨ ³μ¤¥²Ó · ¸Î¥É  ‡�ˆ, μ¸´μ¢ ´´ Ö ´  ¸¨¸É¥³¥ Ê· ¢´¥´¨° ¡ -
² ´¸  ¤²Ö ¨μ´´ÒÌ ±μ´Í¥´É· Í¨°, Ö¢²Ö¥É¸Ö · §¢¨É¨¥³ ³¥Éμ¤  ·¥Ï¥´¨Ö Ê· ¢´¥-
´¨Ö �μ²ÓÍ³ ´ , ¶¥·¥´¥¸¥´´μ£μ ´  · ¸¸³μÉ·¥´¨¥ ¶·μÍ¥¸¸μ¢ ´ ±μ¶²¥´¨Ö ³´μ-
£μ§ ·Ö¤´ÒÌ ¨μ´μ¢ ¢ ¨μ´´μ³ ¨¸ÉμÎ´¨±¥ 	–�-É¨¶ . �·¥¤¸É ¢²¥´´μ¥ · §¢¨É¨¥
μ¸´μ¢ ´μ ´  ¸²¥¤ÊÕÐ¥° ¸¨¸É¥³¥ Ê· ¢´¥´¨° ¡ ² ´¸ :

dns,0

dt
=

v̄s,0 Sp

Vp
(ns − ns,0)−

−
M∑

m=1

⎛
⎝ K∑

k=1

mνion
s,0→m,k ne,k +

S∑
s′=1

Zs′∑
z=m+1

mνcx
s′,z→z−m ns′,z

⎞
⎠ ns,0,

dns,1

d t
=

K∑
k=1

1νion
s,0→1,k ne,k ns,0+

+
S∑

s′=1

⎛
⎝ M∑

m=1

mνcx
s,m+1→1 ns,m+1 ns′,0 +

Zs′∑
z=2

1νcx
s′,z→z−1 ns′,z ns,0

⎞
⎠−

−
(

M∑
m=1

K∑
k=1

mνion
k,1→m+1,k ne,k +

1
τs,1

)
ns,1,

dns,2

dt
=

M∑
m=1

K∑
k=1

mνion
s,2−m→2,k ne,k ns,2−m+

+
S∑

s′=1

⎛
⎝ M∑

m=1

mνcx
s,m+2→2 ns,m+2 ns′,0 +

Zs′∑
z=3

2νcx
s′,z→z−2 ns′,z ns,0

⎞
⎠−

−
(

M∑
m=1

K∑
k=1

mνion
k,2→m+2,k ne,k +

S∑
s′=1

1νcx
s′,2→1 ns′,0 +

1
τs,2

)
ns,2, (1)

. . .
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dns,z

dt
=

M∑
m=1

(
K∑

k=1

mνion
s,z−m→z,k ns,z−m ne,k+

+
S∑

s′=1

mνcx
s,z+m→z ns,z+m ns′,0

)
−

−
M∑

m=1

(
K∑

k=1

mνion
s,z→z+m,k ne,k +

S∑
s′=1

mνcx
s,z→z−m ns′,0

)
ns,z − ns,z

τs,z
,

. . .

dns,Zs−1

dt
=

M∑
m=1

K∑
k=1

mνion
s,Zs−m−1→Zs−1,k ns,Zs−m−1 ne,k+

+
S∑

s′=1

1νcx
s,Zs→Zs−1 ns,Zs ns′,0−

−
(

K∑
k=1

1νion
s,Zs−1→Zs,k ne,k+

+
M∑

m=1

S∑
s′=1

mνcx
s,Zs−1→Zs−m−1 ns′,0 +

1
τs,Zs−1

)
ns,Zs−1,

dns,Zs

dt
=

M∑
m=1

(
K∑

k=1

mνion
s,Zs−m→Zs,k ns,Zs−m ne,k−

−
S∑

s′=1

mνcx
s,Zs→Zs−m ns,Zs ns′,0

)
− ns,Zs

τs,Zs

.

‡¤¥¸Ó ¨ ¤ ²¥¥ ¢Ò¤¥·¦ ´  ¸²¥¤ÊÕÐ Ö ¸¨¸É¥³  μ¡μ§´ Î¥´¨°: s , s ′ Å ¨´-
¤¥±¸ ¸μ·É  ¨μ´μ¢; S Å Î¨¸²μ ¨μ´μ¢ · §²¨Î´ÒÌ ¸μ·Éμ¢; z, z′ Å ¨´¤¥±¸ § -
·Ö¤μ¢μ£μ ¸μ¸ÉμÖ´¨Ö; m Å ¨´¤¥±¸ ±· É´μ¸É¨ ¶·μÍ¥¸¸ , M Å ³ ±¸¨³ ²Ó´Ò°
¨´¤¥±¸ ±· É´μ¸É¨ ¶·μÍ¥¸¸ ; k, k′ Å ¨´¤¥±¸ ¸μ·É  Ô²¥±É·μ´´μ° ±μ³¶μ´¥´ÉÒ,
K Å Î¨¸²μ Ô²¥±É·μ´´ÒÌ ±μ³¶μ´¥´É; v̄s,0 Å ¸·¥¤´ÖÖ ¸±μ·μ¸ÉÓ ´¥°É· ²μ¢; Sp,
Vp Å ¶²μÐ ¤Ó ¨ μ¡Ñ¥³ 	–�-¶μ¢¥·Ì´μ¸É¨; mνion

s,z→z′,k,
mνcx

s,z→z′ Å ¸±μ·μ¸É¨
¶·μÍ¥¸¸μ¢ ¨μ´¨§ Í¨¨ ¨ ¶¥·¥§ ·Ö¤±¨ § ·Ö¤μ¢μ£μ ¸μ¸ÉμÖ´¨Ö z ¢ z′; ne,k, ns,z Å
±μ´Í¥´É· Í¨¨ Ô²¥±É·μ´μ¢ ¨ ¨μ´μ¢; ns,0 ¨ ns Å ±μ´Í¥´É· Í¨¨ ´¥°É· ²μ¢
¢´ÊÉ·¨ ¨ ¸´ ·Ê¦¨ ± ³¥·Ò ¨¸ÉμÎ´¨± ; τs,z Å ¢·¥³¥´  Ê¤¥·¦ ´¨Ö ¨μ´μ¢.

‚ · ¡μÉ Ì [7, 8] ¡Ò² · §¢¨É ¶μ¤Ìμ¤, É· ±ÉÊÕÐ¨° ´¥³ ±¸¢¥²²μ¢¸±ÊÕ  ´¨-
§μÉ·μ¶¨Õ ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö Ô²¥±É·μ´μ¢ ± ± ´ ¡μ· ¶μ¶Ê²ÖÍ¨° (¸ · §²¨Î-
´Ò³¨ Ô´¥·£¨Ö³¨) ³ ±¸¢¥²²μ¢¸±¨Ì Ô²¥±É·μ´μ¢, Ê¤¥·¦¨¢ ¥³ÒÌ ¢ 	–�-¶² §³¥.
�·¨ ÔÉμ³ ¶¥·¥Ìμ¤ Ô²¥±É·μ´μ¢ ¨§ ±μ³¶μ´¥´ÉÒ ¸ μ¤´μ° Ô´¥·£¨¥° ¢ ±μ³¶μ´¥´ÉÊ
¸ ¤·Ê£μ°, ¡μ²ÓÏ¥° Ô´¥·£¨¥° ¢¸²¥¤¸É¢¨¥ 	–�-´ £·¥¢  ¢´¥Ï´¨³ ‘‚—-¶μ²¥³,
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μ¶¨¸Ò¢ ²¸Ö ¤μ¶μ²´¨É¥²Ó´Ò³ ¶ · ³¥É·μ³ ³μ¤¥²¨,   ¨³¥´´μ ¢·¥³¥´¥³ ´ £·¥¢ .
�  μ¸´μ¢¥ É ±μ£μ ¶μ¤Ìμ¤  ¸¨¸É¥³  (1) ¡Ò²  ¤μ¶μ²´¥´  Ê· ¢´¥´¨Ö³¨ ¢¨¤ 

dne,1

dt
=

S∑
s=1

M∑
m=1

K∑
k=1

Zs−m∑
z=1

mνion
s,z−m→z,k ns,z−m m ne,k − ne,1

τh
e,1→2

− ne,1

τe,1
,

· · ·
dne,k

dt
=

ne,k−1

τh
e,k−1→k

− ne,k

τh
e,k→k+1

− ne,k

τe,k
,

· · ·
dne,K

dt
=

ne,K−1

τh
e,K−1→K

− ne,K

τe,K
.

(2)

‡¤¥¸Ó τe,k Å ¢·¥³¥´  Ê¤¥·¦ ´¨Ö Ô²¥±É·μ´´μ° ±μ³¶μ´¥´ÉÒ; τh
e,k→k ′ Å ¢·¥-

³¥´  ¶¥·¥Ìμ¤  Ô²¥±É·μ´´μ° ±μ³¶μ´¥´ÉÒ k ¢ ±μ³¶μ´¥´ÉÊ k′ ¢ ¶·μÍ¥¸¸¥ 	–�-
´ £·¥¢ .

“Î¥É ´¥³μ´μÌ·μ³ É¨Î´μ¸É¨ ±μ³¶μ´¥´É 	–�-¶² §³Ò ¶μ Ô´¥·£¨Ö³ ³μ¦¥É
¡ÒÉÓ ¤μ¸É¨£´ÊÉ ¤μ¡ ¢²¥´¨¥³ ¢ · ¸¸³ É·¨¢ ¥³ÊÕ ¸¨¸É¥³Ê ¸²¥¤ÊÕÐ¨Ì Ê· ¢´¥-
´¨°:

dTs,z

dt
=

S∑
s′=1

Zs′∑
z′=1

νs,z\s′,z′
(Ts′,z′ − Ts,z) +

K∑
k=1

νs,z\e,k (Te,k − Ts,z),

dTe,k

dt
=

S∑
s=1

Zs′∑
z=1

νe,k\s,z (Ts,z − Te,k) +
K∑

k′=1

νe,k\e,k′
(Te,k′ − Te,k).

(3)

‡¤¥¸Ó Ts,z, Te,k Å É¥³¶¥· ÉÊ·Ò ¨μ´μ¢ ¨ Ô²¥±É·μ´μ¢; νs,z\e,k , νe,k\s,z Å
Î ¸ÉμÉ  ¸Éμ²±´μ¢¥´¨° ³¥¦¤Ê ¨μ´ ³¨ ¨ Ô²¥±É·μ´ ³¨ ¨ ´ μ¡μ·μÉ; νs,z\s′,z′

,
νe,k\e,k ′

Å Î ¸ÉμÉ  ¸Éμ²±´μ¢¥´¨° ³¥¦¤Ê ¨μ´ ³¨ ¨ ³¥¦¤Ê Ô²¥±É·μ´ ³¨ ¸μμÉ-
¢¥É¸É¢¥´´μ.

„μ¶μ²´ÖÖ ¸¨¸É¥³Ê (1)Ä(2) ´ Î ²Ó´Ò³¨ Ê¸²μ¢¨Ö³¨, ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ¶μ²-
´ÊÕ § ¤ ÎÊ ŠμÏ¨ ¤²Ö μ¶·¥¤¥²¥´¨Ö ±μ´Í¥´É· Í¨° ¨μ´μ¢ ¨ Ô²¥±É·μ´μ¢ ¢ ¶² §³¥
¨μ´´μ£μ ¨¸ÉμÎ´¨±  	–�-É¨¶  [8].

‚ ¸É Í¨μ´ ·´μ³ ·¥¦¨³¥ · ¡μÉÒ 	–�-¨¸ÉμÎ´¨±  ¸¨¸É¥³  Ê· ¢´¥´¨° (1)Ä
(2) ¶¥·¥Ìμ¤¨É ¢ ¸¨¸É¥³Ê ´¥²¨´¥°´ÒÌ  ²£¥¡· ¨Î¥¸±¨Ì Ê· ¢´¥´¨°, É. ¥. ¶· ¢Ò¥
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Î ¸É¨ ¸¨¸É¥³Ò (1)Ä(2) ¶·¨· ¢´¨¢ ÕÉ¸Ö ´Ê²Õ:

v̄s,0 Sp

Vp
(ns − ns,0)−

−
M∑

m=1

⎛
⎝ K∑

k=1

mνion
s,0→m,k ne,k +

S∑
s′=1

Zs′∑
z=m+1

mνcx
s′,z→z−m ns′,z

⎞
⎠ns,0 = 0,

K∑
k=1

1νion
s,0→1,k ne,k ns,0+

+
S∑

s′=1

⎛
⎝ M∑

m=1

mνcx
s,m+1→1 ns,m+1 ns′,0 +

Zs′∑
z=2

1νcx
s′,z→z−1 ns′,z ns,0

⎞
⎠−

−
(

M∑
m=1

K∑
k=1

mνion
k,1→m+1,k ne,k +

1
τs,1

)
ns,1 = 0,

M∑
m=1

K∑
k=1

mνion
s,2−m→2,k ne,k ns,2−m+

+
S∑

s′=1

⎛
⎝ M∑

m=1

mνcx
s,m+2→2 ns,m+2 ns′,0 +

Zs′∑
z=3

2νcx
s′,z→z−2 ns′,z ns,0

⎞
⎠−

−
(

M∑
m=1

K∑
k=1

mνion
k,2→m+2,kne,k +

S∑
s′=1

1νcx
s′,2→1ns′,0 +

1
τs,2

)
ns,2 = 0, (4)

. . .

M∑
m=1

(
K∑

k=1

mνion
s,z−m→z,k ns,z−m ne,k +

S∑
s′=1

mνcx
s,z+m→z ns,z+m ns′,0

)
−

−
M∑

m=1

(
K∑

k=1

mνion
s,z→z+m,k ne,k +

S∑
s′=1

mνcx
s,z→z−m ns′,0

)
ns,z −

ns,z

τs,z
= 0,

. . .

M∑
m=1

K∑
k=1

mνion
s,Zs−m−1→Zs−1,k ns,Zs−m−1 ne,k +

S∑
s′=1

1νcx
s,Zs→Zs−1 ns,Zs

ns′,0−

−
(

K∑
k=1

1νion
s,Zs−1→Zs,k ne,k+

+
M∑

m=1

S∑
s′=1

mνcx
s,Zs−1→Zs−m−1 ns′,0 +

1
τs,Zs−1

)
ns,Zs−1 = 0,
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M∑
m=1

(
K∑

k=1

mνion
s,Zs−m→Zs,k ns,Zs−m ne,k−

−
S∑

s′=1

mνcx
s,Zs→Zs−m ns,Zs

ns′,0

)
−

ns,Zs

τs,Zs

= 0,

¨ ¸μμÉ¢¥É¸É¢¥´´μ ¤²Ö Ô²¥±É·μ´´μ° ±μ³¶μ´¥´ÉÒ ¨³¥¥³

S∑
s=1

M∑
m=1

K∑
k=1

Zs−m∑
z=1

mνion
s,z−m→z,k ns,z−m m ne,k − ne,1

τh
e,1→2

− ne,1

τe,1
= 0,

· · ·
ne,k−1

τh
e,k−1→k

− ne,k

τh
e,k→k+1

− ne,k

τe,k
= 0,

· · ·
ne,K−1

τh
e,K−1→K

− ne,K

τe,K
= 0.

(5)

Œμ¤¥²Ó ´  μ¸´μ¢¥ ¸¨¸É¥³ (1)Ä(2) ¨ (4)Ä(5) ¶·¨´¨³ ¥É ¢μ ¢´¨³ ´¨¥ ¢¸¥
£² ¢´Ò¥ Ë¨§¨Î¥¸±¨¥ ¶·¨´Í¨¶Ò, ²¥¦ Ð¨¥ ¢ μ¸´μ¢¥ · ¡μÉÒ 	–�-¨¸ÉμÎ´¨± 
[1]: ¶·μÍ¥¸¸ μ¡· §μ¢ ´¨Ö ¨μ´μ¢ ¢ ·¥§Ê²ÓÉ É¥ ¨μ´¨§ Í¨¨ Ô²¥±É·μ´´Ò³ Ê¤ -
·μ³, ¶¥·¥§ ·Ö¤±Ê ¨μ´μ¢ ´  ´¥°É· ²Ó´ÒÌ  Éμ³ Ì · ¡μÎ¥£μ £ § , Ë¥´μ³¥´ 	–�-
´ £·¥¢ , Ê¤¥·¦ ´¨¥ ¨μ´μ¢ ¨ Ô²¥±É·μ´μ¢ ³ £´¨É´Ò³ ¶μ²¥³ ¸ ³¨´¨³Ê³μ³-B
[10]. ’ ±¦¥ ¶·¥¤²μ¦¥´´ Ö ³μ¤¥²Ó μ¶¨¸Ò¢ ¥É ´ ±μ¶²¥´¨¥ ³´μ£μ§ ·Ö¤´ÒÌ ¨μ-
´μ¢ ¨ ¶·μÍ¥¸¸Ò ¶μÉ¥·Ó Ô²¥±É·μ´μ¢ ¨ ¨μ´μ¢ ¨§ ± ³¥·Ò ¨μ´´μ£μ ¨¸ÉμÎ´¨± .

3. ��‚›‰ ��„•�„ Š ��‘—…’“ ‚�…Œ…� “„…�†��ˆŸ

�·¥¤Ò¤ÊÐ¨¥ · ¡μÉÒ [2Ä5] ¶μ · ¸Î¥ÉÊ ‡�ˆ ¨¸¶μ²Ó§μ¢ ²¨ ¶μ¤Ìμ¤ [11] ¤²Ö
· ¸Î¥É  ¢·¥³¥´ Ê¤¥·¦ ´¨Ö:

τz =

⎛
⎜⎜⎝R L

√
π mz

2 kBTz
+

G
z e Δϕ

kBTz

νz

⎞
⎟⎟⎠ exp

(
z e Δϕ

kBTz

)
,

τe,c =

⎛
⎜⎝R L

√
π me

2 kBTe,c
+

G
e ϕ

kBTe,c

νe,c

⎞
⎟⎠ exp

(
e ϕ

kBTe,c

)
,

τe,h =
1

νe,h
, G =

√
π (R + 1) ln (2 R + 2)

2 R
.

(6)
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‡¤¥¸Ó ¨´¤¥±¸Ò c, h ¢Ò¡· ´Ò ¤²Ö μ¡μ§´ Î¥´¨Ö Ìμ²μ¤´ÒÌ ¨ £μ·ÖÎ¨Ì Ô²¥±É·μ-
´μ¢ ¸μμÉ¢¥É¸É¢¥´´μ; Δϕ Å ¢¥²¨Î¨´  Ê¤¥·¦¨¢ ÕÐ¥£μ ¶μÉ¥´Í¨ ²  ¤²Ö ¨μ´μ¢;
ϕ Å ¶μÉ¥´Í¨ ² ¶² §³Ò ¤²Ö Ô²¥±É·μ´μ¢; νz Å ¶μ²´ Ö Î ¸ÉμÉ  ¸Éμ²±´μ¢¥´¨°
¨μ´μ¢ § ·Ö¤μ¢μ£μ ¸μ¸ÉμÖ´¨Ö z ¸μ ¢¸¥³¨ É¨¶ ³¨ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¢ ¶² §³¥;
νe,c Å ¶μ²´ Ö Î ¸ÉμÉ  ¸Éμ²±´μ¢¥´¨° Ìμ²μ¤´ÒÌ Ô²¥±É·μ´μ¢ ¸ ¨μ´ ³¨ ¨ £μ-
·ÖÎ¨³¨ Ô²¥±É·μ´ ³¨ ¶² §³Ò; νe,h Å ¶μ²´ Ö Î ¸ÉμÉ  ¸Éμ²±´μ¢¥´¨° £μ·ÖÎ¨Ì
Ô²¥±É·μ´μ¢ ¸ ¨μ´ ³¨ ¨ Ìμ²μ¤´Ò³¨ Ô²¥±É·μ´ ³¨ ¶² §³Ò; kB Å ¶μ¸ÉμÖ´´ Ö
�μ²ÓÍ³ ´ ; R Å ¶·μ¡μÎ´μ¥ μÉ´μÏ¥´¨¥; e Å § ·Ö¤ Ô²¥±É·μ´ .

� ¸Î¥É ¢·¥³¥´ Ê¤¥·¦ ´¨Ö Ô²¥±É·μ´μ¢ ¨ ¨μ´μ¢ ¢ · ¡μÉ Ì [7, 8] μ¸´μ-
¢Ò¢ ²¸Ö ´  · §¢¨Éμ° ‚.�. � ¸ÉÊÌμ¢Ò³ É¥μ·¨¨ [9, 10] Ê¤¥·¦ ´¨Ö ¶² §³Ò ¢
μÉ±·ÒÉÒÌ ³ £´¨É´ÒÌ ²μ¢ÊÏ± Ì:

τs,z =

⎛
⎜⎜⎜⎝R L

√
π ms,z

2 kBTs,z
+

G

(
z e Δϕ

kBTs,z

)2

(
1
2

+
z e Δϕ

kBTs,z

)
νs,z

⎞
⎟⎟⎟⎠ exp

(
z e Δϕ

kBTs,z

)
,

τe,0 =

⎛
⎜⎜⎜⎝R L

√
π me

2 kBTe,0
+

G

(
e ϕ

kBTe,0

)2

(
1
2

+
e ϕ

kBTe,0

)
νe,0

⎞
⎟⎟⎟⎠ exp

(
e ϕ

kBTe,0

)
,

τe,k =
1, 48

(
lnR +

√
lnR

)
νe,k

,

G =
√

π (R + 1) ln (2 R + 2)
2 R

.

(7)

‡¤¥¸Ó νs,z Å ¶μ²´ Ö Î ¸ÉμÉ  ¸Éμ²±´μ¢¥´¨° § ·Ö¤μ¢μ£μ ¸μ¸ÉμÖ´¨Ö z ¨μ´μ¢
¸μ·É  s ¸μ ¢¸¥³¨ É¨¶ ³¨ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¢ ¶² §³¥,   É ±¦¥ ¸ ´¥°É· ²Ó´Ò³¨
 Éμ³ ³¨.

� ¡μ· Ëμ·³Ê² (7) μ¡μ¡Ð¥´ ´  ¸²ÊÎ ° ¸³¥¸¨ £ §μ¢ ¨ ¢ ¶μ²´μ° ³¥·¥ ¶·¨-
³¥´¨³ ¤²Ö μ¶·¥¤¥²¥´¨Ö ¢·¥³¥´ Ê¤¥·¦ ´¨Ö Ô²¥±É·μ´μ¢ ¨ ¨μ´μ¢ ¶² §³Ò ¢ ¶·μ-
Í¥¸¸¥ ¶μ¨¸±  ·¥Ï¥´¨Ö ¸¨¸É¥³ (1)Ä(2) ¨ (4)Ä(5) ¢ · ³± Ì ³μ¤¥²¥°, μ¶¨¸ ´´ÒÌ
¢ [7, 8].

�´ ²¨§ ¸¨¸É¥³Ò Ê· ¢´¥´¨° (1)Ä(2) ¶μ± §Ò¢ ¥É ¸¶· ¢¥¤²¨¢μ¸ÉÓ Ê· ¢´¥´¨Ö
μ · ¢¥´¸É¢¥ ¶μÉμ±μ¢ ¨§ ± ³¥·Ò ¢ ¤¨´ ³¨Î¥¸±μ³ ·¥¦¨³¥ · ¡μÉÒ ¨μ´´μ£μ ¨¸-
ÉμÎ´¨±  	–�-É¨¶ . „¥°¸É¢¨É¥²Ó´μ,

d

dt

(
S∑

s=1

Zs∑
z=1

z ns,z −
K∑

k=0

ne,k

)
=

S∑
s=1

Zs∑
z=1

z ns,z

τs,z
−

K∑
k=0

ne,k

τe,k
= 0. (8)

‚ ¶·¥¤¸É ¢²¥´´μ° · ¡μÉ¥ Ê· ¢´¥´¨¥ (8) ¨¸¶μ²Ó§Ê¥É¸Ö ¤²Ö · §· ¡μÉ±¨ ´μ¢μ£μ
¶μ¤Ìμ¤  ± · ¸Î¥ÉÊ ¢·¥³¥´ Ê¤¥·¦ ´¨Ö. �·μ¸²¥¦¨¢ Ö § ¢¨¸¨³μ¸ÉÓ ¢·¥³¥´¨
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Ê¤¥·¦ ´¨Ö μÉ ¢¥²¨Î¨´Ò Ê¤¥·¦¨¢ ÕÐ¥£μ ¶μÉ¥´Í¨ ²  τs,z = τs,z (Δϕ) ¨ ¢·¥-
³¥´¨ Ê¤¥·¦ ´¨Ö Ìμ²μ¤´μ° Ô²¥±É·μ´´μ° ±μ³¶μ´¥´ÉÒ μÉ ¢¥²¨Î¨´Ò ¶μÉ¥´Í¨ ² 
¶² §³Ò τe,0 = τe,0 (ϕ), ´  μ¸´μ¢¥ Ê· ¢´¥´¨Ö (8) ¸μ¸É ¢¨³ ËÊ´±Í¨μ´ ² ¸²¥¤Ê-
ÕÐ¥£μ ¢¨¤ :

F1 (Δϕ, ϕ) =

⎛
⎜⎜⎜⎜⎜⎝1 −

S∑
s=1

Zs∑
z=1

z ns,z

τs,z (Δϕ)

ne,0

τe,0 (ϕ)
+

K∑
k=1

ne,k

τe,k

⎞
⎟⎟⎟⎟⎟⎠

2

. (9)

ˆ¸¶μ²Ó§μ¢ ´¨¥ ËÊ´±Í¨μ´ ²  ¢ Ëμ·³¥ (9) ¶μ§¢μ²Ö¥É ´ ³ μ¶·¥¤¥²¨ÉÓ ¢¥²¨Î¨´Ò
Ê¤¥·¦¨¢ ÕÐ¥£μ ¶μÉ¥´Í¨ ²  Δϕ ¨ ¶μÉ¥´Í¨ ²  ¶² §³Ò ϕ. „ ²¥¥, ¨¸¶μ²Ó§ÊÖ ÔÉ¨
§´ Î¥´¨Ö, ³Ò ³μ¦¥³ μ¶·¥¤¥²¨ÉÓ ¢·¥³¥´  Ê¤¥·¦ ´¨Ö, ¸μ¸É ¢²ÖÖ ¸²¥¤ÊÕÐ¨°
ËÊ´±Í¨μ´ ²:

F2

(
τ1,1, τ1,2, . . . , τ1,Z1

, . . . , τS,1, τS,2, . . . , τS,ZS
, τe,0, τe,1, . . . , τe,K

)
=

=

⎛
⎜⎜⎜⎝1 −

S∑
s=1

Zs∑
z=1

z ns,z

τs,z

K∑
k=0

ne,k

τe,k

⎞
⎟⎟⎟⎠

2

. (10)

�·¨ ÔÉμ³ ¢ ± Î¥¸É¢¥ ´ Î ²Ó´ÒÌ §´ Î¥´¨° ¤²Ö  ·£Ê³¥´Éμ¢ ËÊ´±Í¨μ´ ²  (10)
¨¸¶μ²Ó§ÊÕÉ¸Ö ¢¥²¨Î¨´Ò, ¶μ²ÊÎ¥´´Ò¥ ¸ ¶μ³μÐÓÕ Ëμ·³Ê² (7),   ¢¥²¨Î¨´Ò Δϕ
¨ ϕ ¡¥·ÊÉ¸Ö ¨§ ³¨´¨³¨§¨·μ¢ ´´μ£μ ËÊ´±Í¨μ´ ²  (9).

� ¸Î¥É ¢·¥³¥´ Ê¤¥·¦ ´¨Ö ¢ ¶·μÍ¥¸¸¥ ¤¢ÊÌÔÉ ¶´μ° ³¨´¨³¨§ Í¨¨ ËÊ´±Í¨-
μ´ ²μ¢ (9) ¨ (10) ¸μ¸É ¢²Ö¥É ´μ¢Ò° ¶μ¤Ìμ¤ ± μ¶·¥¤¥²¥´¨Õ ¢·¥³¥´ Ê¤¥·¦ ´¨Ö
Ô²¥±É·μ´μ¢ ¨ ¨μ´μ¢ ¢ ¨μ´´μ³ ¨¸ÉμÎ´¨±¥ 	–�-É¨¶ .

4. ��‚›‰ ��„•�„ Š “—…’“ ���–…‘‘� �–�-��ƒ�…‚�
‚�…˜�ˆŒ ‘‚—-��‹…Œ

Šμ··¥±É´Ò° ÊÎ¥É ¶·μÍ¥¸¸  	–�-´ £·¥¢  Ô²¥±É·μ´´μ° ±μ³¶μ´¥´ÉÒ ¶² §³Ò
¢´¥Ï´¨³ ‘‚—-¶μ²¥³ ³μ¦¥É ¡ÒÉÓ ¶·μ¨§¢¥¤¥´ ¸²¥¤ÊÕÐ¨³ μ¡· §μ³: ¢ ¶·¥¤¶μ-
²μ¦¥´¨¨, ÎÉμ ¨§¢¥¸É´  ¶μ²´ Ö Î ¸ÉμÉ  ¸Éμ²±´μ¢¥´¨° ¤²Ö Ô²¥±É·μ´μ¢ ¢ 	–�-
¶² §³¥ νe , ¢·¥³Ö 	–�-´ £·¥¢  Ô²¥±É·μ´μ¢ ¢´¥Ï´¨³ ‘‚—-¶μ²¥³ ³μ¦¥É ¡ÒÉÓ
μ¶·¥¤¥²¥´μ ¨§ Ê· ¢´¥´¨Ö ¡ ² ´¸  Ô´¥·£¨¨ W ¤²Ö Ô²¥±É·μ´μ¢:

dW

dt
=

e2E2

meνe
sin2 (ωt + ϕ) − 2 νemeW

mz
, (11)
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£¤¥ E, ω, ϕ Å  ³¶²¨ÉÊ¤ , Î ¸ÉμÉ  ¨ ´ Î ²Ó´ Ö Ë §  ¢´¥Ï´¥£μ ‘‚—-¶μ²Ö
¸μμÉ¢¥É¸É¢¥´´μ; me , mz Å ³ ¸¸  Ô²¥±É·μ´  ¨ ¨μ´  § ·Ö¤μ¢μ£μ ¸μ¸ÉμÖ´¨Ö
z. � °¤¥´´μ¥ ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö (11), Ê¸·¥¤´¥´´μ¥ ¶μ Ë §¥ ¢´¥Ï´¥£μ ‘‚—-
¶μ²Ö, ¡Ò²μ ¨¸¶μ²Ó§μ¢ ´μ ¤²Ö μ¶·¥¤¥²¥´¨Ö ¢·¥³¥´¨ 	–�-´ £·¥¢  Ô²¥±É·μ´μ¢
±μ³¶μ´¥´ÉÒ k ¤μ É¥³¶¥· ÉÊ·Ò Te,k ′ ±μ³¶μ´¥´ÉÒ k′:

τh
e,k→k′ =

2 meνe,kTe,k′

e2E2
, P s ∝ E2. (12)

‡¤¥¸Ó Ps Å ³μÐ´μ¸ÉÓ ¨¸ÉμÎ´¨±  ¢´¥Ï´¥£μ ‘‚—-¶μ²Ö, ¤²Ö ¥¥ § ¢¨¸¨³μ¸É¨ μÉ
 ³¶²¨ÉÊ¤Ò ¨¸¶μ²Ó§μ¢ ² ¸Ó · ¡μÉ  [1]. ‚Ò· ¦¥´¨¥ (12) ¡Ò²μ ¨¸¶μ²Ó§μ¢ ´μ ¢
¶·μÍ¥¸¸¥ ·¥Ï¥´¨Ö ¸¨¸É¥³ (1)Ä(2) ¨ (4)Ä(5).

5. ��‚›‰ ��„•�„ Š ��‘—…’“ ��š…Œ� ˆ �‹�™�„ˆ „‹Ÿ
�–�-��‚…�•��‘’ˆ

‚ · ¡μÉ Ì [7, 8] ÊÎ¥É Ê· ¢´¥´¨Ö ¤²Ö ´¥°É· ²μ¢ ¶·¨¢μ¤¨É ± ´¥μ¡Ìμ¤¨³μ¸É¨
· ¸Î¥É  ¶μÉμ±  ´¥°É· ²Ó´ÒÌ Î ¸É¨Í ¶² §³Ò Î¥·¥§ ·¥§μ´ ´¸´ÊÕ ¶μ¢¥·Ì´μ¸ÉÓ
¢´ÊÉ·Ó 	–�-¶² §³Ò, ÎÉμ É·¥¡Ê¥É ¤μ¶μ²´¨É¥²Ó´ÒÌ ¶ · ³¥É·μ¢,   ¨³¥´´μ: μ¡Ñ-
¥³  ¨ ¶²μÐ ¤¨ ¤²Ö 	–�-¶μ¢¥·Ì´μ¸É¨. ‚ · ¡μÉ Ì [6Ä8] ·¥§μ´ ´¸´ Ö ¶μ¢¥·Ì-
´μ¸ÉÓ ¶·¥¤¸É ¢²Ö² ¸Ó Ô²²¨¶¸μ¨¤μ³ ¨ μ¡Ñ¥³ ¨ ¶²μÐ ¤Ó ¢ÒÎ¨¸²Ö²¨¸Ó, ¸μμÉ¢¥É-
¸É¢¥´´μ, ¤²Ö ÔÉμ£μ ¸²ÊÎ Ö.

‚ ¤ ´´μ° · ¡μÉ¥ μ¡Ñ¥³, μ£· ´¨Î¥´´Ò° 	–�-¶μ¢¥·Ì´μ¸ÉÓÕ, ¨ ¥¥ ¶²μÐ ¤Ó
· ¸¸Î¨ÉÒ¢ ÕÉ¸Ö ¨¸Ìμ¤Ö ¨§ ·¥ ²Ó´ÒÌ ³ £´¨É´ÒÌ ¶μ²¥° ³ £´¨É´μ° ¸¨¸É¥³Ò
	–�-¨¸ÉμÎ´¨± , ±μÉμ·Ò¥ ¡Ò²¨ ¢Ò¡· ´Ò ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

B (x, y, z) =
√

B2
x (x, y, z) + B2

y (x, y, z) + B2
z (z) − Bres,

Bx (x, y, z) =
(
x2 − y2

)
B0 − x z B2,

By (x, y, z) = −y (2 x B0 + z B2) ,

Bz (z) = B1 + z2 B2.

(13)

‡¤¥¸Ó B0, B1, B2 Å · §³¥·´Ò¥ ±μ´¸É ´ÉÒ, Ì · ±É¥·¨§ÊÕÐ¨¥ ³ £´¨É´μ¥ ¶μ²¥
¨μ´´μ£μ ¨¸ÉμÎ´¨± , ¢¥²¨Î¨´  Bres Ì · ±É¥·¨§Ê¥É ·¥§μ´ ´¸´μ¥ §´ Î¥´¨¥ ³ £-
´¨É´μ£μ ¶μ²Ö. �¡Ñ¥³ ¨ ¶²μÐ ¤Ó ¤²Ö 	–�-¶μ¢¥·Ì´μ¸É¨ μ¶·¥¤¥²Ö²¨¸Ó ¸²¥¤ÊÕ-
Ð¨³ μ¡· §μ³:

Sp =
∫∫
©
S

n · dS =
∫∫∫

Ω

div n dV, dS = ndS, dS = dxdy,

Vp =
∫∫∫

Ω

dV , dV = dxdydz, (14)
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S = {(x, y, z) : B (x, y, z) = 0} , Ω = {(x, y, z) : B (x, y, z) < 0} ,

n = n (x, y, z) ,n (x, y, z) =
gradB (x, y, z)
|gradB (x, y, z)| .

� ¸Î¥É ¶μ Ëμ·³Ê² ³ (14) ¶·μ¨§¢μ¤¨²¸Ö ¸ ¶μ³μÐÓÕ ³¥Éμ¤  ¸É É¨¸É¨Î¥¸±μ£μ
³μ¤¥²¨·μ¢ ´¨Ö (³¥Éμ¤ Œμ´É¥-Š ·²μ), ±μÉμ·Ò° ¡Ò² ¶·μÉ¥¸É¨·μ¢ ´ ¤²Ö ¸²Ê-
Î ¥¢, ¢ ±μÉμ·ÒÌ ¨¸¶μ²Ó§ÊÕÉ¸Ö  ´ ²¨É¨Î¥¸±¨¥ Ëμ·³Ê²Ò μ¡Ñ¥³  ¨ ¶²μÐ ¤¨:
¤²Ö Ï ·  ¸ § ¤ ´´Ò³ · ¤¨Ê¸μ³ ¨ Ô²²¨¶¸μ¨¤  ¸ § ¤ ´´Ò³¨ ¶μ²Êμ¸Ö³¨.

6. ��‘—…’ ’�Š�‚ �Š‘’��Š–ˆˆ ˆ Œ�™��‘’ˆ ��’…�œ

’μ±¨ ¢Ò¢μ¤  ¢ ¸É Í¨μ´ ·´μ³ ·¥¦¨³¥ · ¡μÉÒ ¨μ´´μ£μ ¨¸ÉμÎ´¨±  ¡Ò²¨
¢ÒÎ¨¸²¥´Ò É ± ¦¥, ± ± ¨ ¢ · ¡μÉ Ì [4], [6Ä8]:

Js, z =
e Vp a

2 Sp

z ns, z

τs, z
, (15)

£¤¥ a Å · §³¥· μÉ¢¥·¸É¨Ö ¢Ò¢μ¤  ¶ÊÎ± . ’ ±¦¥ ¡Ò² ¨¸¶μ²Ó§μ¢ ´ ¶μ¤Ìμ¤,
ÊÎ¨ÉÒ¢ ÕÐ¨° μ£· ´¨Î¥´¨¥ Éμ±  ¢Ò¢μ¤  ¶·μ¸É· ´¸É¢¥´´Ò³ § ·Ö¤μ³ ´  μ¸´μ¢¥
§ ±μ´  ‹¥´£³Õ·  [18]:

Js, z =
√

z

Zs

e Vp a

2 Sp

z ns, z

τs, z
. (16)

“· ¢´¥´¨¥ ¡ ² ´¸  ³μÐ´μ¸É¥° ¶μÉ¥·Ó ¡Ò²μ ¢Ò¡· ´μ ¢ ¶·¥´¥¡·¥¦¥´¨¨ ¶μÉ¥-
·Ö³¨ μÉ· ¦¥´¨Ö ¢´¥Ï´¥£μ ‘‚—-¶μ²Ö μÉ ·¥§μ´ ´¸´μ° ¶μ¢¥·Ì´μ¸É¨, É. ¥.

Ps ≈ Ptr + PBr + Pc,

Ptr = eV p (ϕ + Te,0)
ne,0

τe,0
+ eV p

K∑
k=1

ne,kTe,k

τe,k
+

+ eV p

S∑
s=1

Zs−1∑
z=1

(
z Δϕ +

z∑
z′=1

Is,z′

)
ns,z

τs,z
,

PBr = 1, 69 · 10−32 Vp

K∑
k=1

ne,k

√
Te,k

S∑
s=1

Zs∑
z=1

z2ns,z,

Pc = 6, 21 · 10−32 Vp B2
res

K∑
k=1

ne,k Te,k.

(17)

‡¤¥¸Ó Ptr Å ³μÐ´μ¸ÉÓ ¶μÉ¥·Ó ¶·¨ Ê¤¥·¦ ´¨¨; PBr Å ³μÐ´μ¸ÉÓ Éμ·³μ§´μ£μ
¨§²ÊÎ¥´¨Ö; Pc Å ³μÐ´μ¸ÉÓ Í¨±²μÉ·μ´´μ£μ ¨§²ÊÎ¥´¨Ö.

10



7. �…‡“‹œ’�’› ��‘—…’�

„ ²¥¥ ¶·¨¢¥¤¥´μ ¸· ¢´¥´¨¥ · ¸Î¥É´ÒÌ §´ Î¥´¨° ‡�ˆ ¤²Ö ¨μ´´μ£μ ¨¸ÉμÎ-
´¨±  	–�-É¨¶  (SERSE 18 ƒƒÍ) � Í¨μ´ ²Ó´μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´μ° Ë¨§¨±¨,

¦´μ° ´ Í¨μ´ ²Ó´μ° ² ¡μ· Éμ·¨¨ (Š É ´¨Ö, ˆÉ ²¨Ö) ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨
·¥§Ê²ÓÉ É ³¨ [17].

�·¨ ³μ¤¥²¨·μ¢ ´¨¨ ¡Ò²¨ ¢Ò¡· ´Ò ¸²¥¤ÊÕÐ¨¥ ¶ · ³¥É·Ò μ¶É¨³¨§¨·μ-
¢ ´´μ£μ ¤²Ö · ¡μÎ¥° Î ¸ÉμÉÒ (18 ƒƒÍ) ³ £´¨É´μ£μ ¶μ²Ö ¨ · §³¥·Ò ± ³¥·Ò
¨μ´´μ£μ ¨¸ÉμÎ´¨±  SERSE:

B0 = 333, 7
ƒ¸

¸³2
, B1 = 5373, 8 ƒ¸, B2 = 42.5

ƒ¸

¸³2
, Bres = 6425, 9 ƒ¸,

D = 13 ¸³, L = 48 ¸³.

‡¤¥¸Ó D ¨ L Å ¤¨ ³¥É· ¨ ¤²¨´  ± ³¥·Ò ¨¸ÉμÎ´¨± .
�¥Ï ² ¸Ó § ¤ Î  ŠμÏ¨ ¸¨¸É¥³Ò Ê· ¢´¥´¨° (1)Ä(2) ¤²Ö 18O. �μ¸²¥ ¢ÒÌμ¤ 

·¥Ï¥´¨° ´  ¸É Í¨μ´ ·´Ò° ·¥¦¨³ §´ Î¥´¨Ö ±μ´Í¥´É· Í¨° ¨μ´μ¢ ¨ Ô²¥±É·μ-
´μ¢ ¨¸¶μ²Ó§μ¢ ²¨¸Ó ¢ ± Î¥¸É¢¥ ¶¥·¢μ° ¨É¥· Í¨¨ ¶μ¨¸±  ·¥Ï¥´¨Ö ¸É É¨Î¥¸±μ°
§ ¤ Î¨ (4)Ä(5). �·μÍ¥¤Ê·  ¶μ¨¸±  §´ Î¥´¨° Ê¤¥·¦¨¢ ÕÐ¥£μ ¶μÉ¥´Í¨ ²  ¨

�¨¸. 1. ‘· ¢´¥´¨¥ Éμ±μ¢ Ô±¸É· ±Í¨¨ ¤²Ö · §²¨Î´ÒÌ ³μ¤¥²¥° Éμ±μ¢ [17]. ‚·¥³¥´ 
	–�Ä´ £·¥¢ : τh

e,0→1 = 10−7 ¸, τh
e,1→2 = 10−8 ¸; ¸¥·¨Ö �: ne = 2,3 · 1012 ¸³−3,

Te,0 = 100 Ô‚, Te,1 = 5 ±Ô‚, Te,2 = 15 ±Ô‚, P = 1466,2 ‚É Å Ëμ·³Ê²  (15);
¸¥·¨Ö �: É¥ ¦¥ ¶ · ³¥É·Ò, ´μ ¢Ò¡· ´  Ëμ·³Ê²  (16); Ô±¸¶¥·¨³¥´É ²Ó´Ò° ·¥§Ê²ÓÉ É
P = 1400 ‚É
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�¨¸. 2. ‘· ¢´¥´¨¥ Éμ±μ¢ Ô±¸É· ±Í¨¨ ¤²Ö · §²¨Î´ÒÌ ¢·¥³¥´ 	–�-´ £·¥¢  ¨ ´ Î ²Ó´ÒÌ
Ô²¥±É·μ´´ÒÌ É¥³¶¥· ÉÊ· [17]. ‚·¥³¥´  	–�-´ £·¥¢ : τh

e,0→1 = 10−7 ¸, τh
e,1→2 =

10−8 ¸; ¸¥·¨Ö �: ne = 1, 8·1012 ¸³−3, Te,0 = 100 Ô‚, Te,1 = 5 ±Ô‚, Te,2 = 8 ±Ô‚, P =
937, 8 ‚É; ¸¥·¨Ö �: ne = 2, 1 · 1012 ¸³−3, Te,0 = 100 Ô‚, Te,1 = 5 ±Ô‚, Te,1 = 10 ±Ô‚,
P = 1157, 8 ‚É; ¸¥·¨Ö ‚: ne = 2, 3·1012 ¸³−3, Te,0=100 Ô‚, Te,1=5 ±Ô‚, Te,1 = 15 ±Ô‚,
P = 1466, 2 ‚É; ¢·¥³¥´  	–�-´ £·¥¢  τh

e,0→1 = 10−9 ¸, τh
e,1→2 = 10−10 ¸; ¸¥·¨Ö ƒ:

ne = 2, 5 · 1012 ¸³−3, Te,0 = 100 Ô‚, Te,1 = 5 ±Ô‚, Te,1 = 15 ±Ô‚, P = 1852, 8 ‚É;
Ô±¸¶¥·¨³¥´É ²Ó´Ò° ·¥§Ê²ÓÉ É P = 1400 ‚É

¶μÉ¥´Í¨ ²  ¶² §³Ò,   É ±¦¥ ¢·¥³¥´ Ê¤¥·¦ ´¨Ö ¶·μ¢μ¤¨² ¸Ó ´  ± ¦¤μ³ 10-³
Ï £¥ ¨´É¥£·¨·μ¢ ´¨Ö ¸¨¸É¥³Ò (1)Ä(2) ¨ ± ¦¤μ° ¨É¥· Í¨¨ ¶·¨ ·¥Ï¥´¨¨ ¸É -
É¨Î¥¸±μ° § ¤ Î¨ (4)Ä(5). �¥§Ê²ÓÉ ÉÒ · ¸Î¥É  ¶·¨¢¥¤¥´Ò ´  ·¨¸. 1, 2.

‡�Š‹	—…�ˆ…

�·¥¤¸É ¢²¥´´Ò¥ ¶·¥¤¢ ·¨É¥²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ Î¨¸²¥´´μ£μ ³μ¤¥²¨·μ¢ ´¨Ö
¤μ²¦´Ò³ μ¡· §μ³ ¸μμÉ¢¥É¸É¢ÊÕÉ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ ¤ ´´Ò³.

�·¥¤²μ¦¥´´μ¥ · §¢¨É¨¥ ³μ¤¥²¨ Ê· ¢´¥´¨° ¡ ² ´¸  ¢±²ÕÎ ¥É ¢ ¸¥¡Ö ¢¸¥
£² ¢´Ò¥ Ë¨§¨Î¥¸±¨¥ ¶·¨´Í¨¶Ò, ²¥¦ Ð¨¥ ¢ μ¸´μ¢¥ · ¡μÉÒ 	–�-¨¸ÉμÎ´¨± ,  
¨³¥´´μ: ¨μ´¨§ Í¨Õ Ô²¥±É·μ´´Ò³ Ê¤ ·μ³, ¶¥·¥§ ·Ö¤±Ê ´  ´¥°É· ²Ó´ÒÌ  Éμ³ Ì
· ¡μÎ¥£μ £ § , Ê¤¥·¦ ´¨¥ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ³ £´¨É´Ò³ ¶μ²¥³ ¸ ³¨´¨³Ê-
³μ³-B, Ë¥´μ³¥´ 	–�-´ £·¥¢ .

�μ± § ´  ¸¶· ¢¥¤²¨¢μ¸ÉÓ Ê· ¢´¥´¨Ö μ · ¢¥´¸É¢¥ ¶μÉμ±μ¢ ¢ ¤¨´ ³¨Î¥¸±μ³
·¥¦¨³¥ · ¡μÉÒ ¨μ´´μ£μ ¨¸ÉμÎ´¨±  	–�-É¨¶ . 	Éμ ¶μ§¢μ²¨²μ ¨¸±²ÕÎ¨ÉÓ ¤¢ 
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¶ · ³¥É·  ³μ¤¥²¨: ¶μÉ¥´Í¨ ² ¶² §³Ò ¨ ¢¥²¨Î¨´Ê Ê¤¥·¦¨¢ ÕÐ¥£μ ¶μÉ¥´Í¨ ² ,
  É ±¦¥ ¸É ²μ μ¸´μ¢ ´¨¥³ ¤²Ö · §· ¡μÉ±¨ ´μ¢μ£μ ¶μ¤Ìμ¤  ± · ¸Î¥ÉÊ ¢·¥³¥´
Ê¤¥·¦ ´¨Ö Ô²¥±É·μ´μ¢ ¨ ¨μ´μ¢ 	–�-¶² §³Ò ³ £´¨É´Ò³ ¶μ²¥³ ¨¸ÉμÎ´¨± : · ¸-
Î¥É ¢·¥³¥´ Ê¤¥·¦ ´¨Ö ¢ ¶·μÍ¥¸¸¥ ¤¢ÊÌÔÉ ¶´μ° ³¨´¨³¨§ Í¨¨ ËÊ´±Í¨μ´ ²μ¢
¸¶¥Í¨ ²Ó´μ£μ ¢¨¤ , ¶μ¸É·μ¥´´ÒÌ ´  μ¸´μ¢¥ Ê· ¢´¥´¨Ö μ · ¢¥´¸É¢¥ ¶μÉμ±μ¢.
�·¥¤²μ¦¥´´Ò° ´μ¢Ò° ¶μ¤Ìμ¤ ¨¸¶μ²Ó§Ê¥É ¶μ²ÊÔ³¶¨·¨Î¥¸±¨¥ Ëμ·³Ê²Ò É¥μ·¨¨
� ¸ÉÊÌμ¢ .

“ÉμÎ´¥´¨¥ ¢·¥³¥´ ¶¥·¥Ìμ¤μ¢ Ô²¥±É·μ´μ¢ μ¤´μ° Ô´¥·£¥É¨Î¥¸±μ° ±μ³¶μ-
´¥´ÉÒ ¢ ¤·Ê£ÊÕ ¢ ¶·μÍ¥¸¸¥ 	–�-´ £·¥¢  ¢´¥Ï´¨³ ‘‚—-¶μ²¥³,   É ±¦¥ ÊÎ¥É
´μ¢ÒÌ Ê· ¢´¥´¨°, μ¶¨¸Ò¢ ÕÐ¨Ì ¨§³¥´¥´¨¥ Ô´¥·£¨° · §²¨Î´ÒÌ ±μ³¶μ´¥´É
	–�-¶² §³Ò ¢ ¶·μÍ¥¸¸¥ ´ ±μ¶²¥´¨Ö ³´μ£μ§ ·Ö¤´ÒÌ ¨μ´μ¢, ¶μ§¢μ²Ö¥É ¸μ±· -
É¨ÉÓ Î¨¸²μ ¶ · ³¥É·μ¢ ³μ¤¥²¨ ¨ ¢ ± ±μ°-Éμ ¸É¥¶¥´¨ ²¨Ï ¥É ¶·¥¤²μ¦¥´´ÊÕ
³μ¤¥²Ó Ë¥´μ³¥´μ²μ£¨Î¥¸±μ£μ ¸É ÉÊ¸ .
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