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�µ³µ·¸±¨° £µ¸Ê¤ ·¸É¢¥´´Ò° Ê´¨¢¥·¸¨É¥É ̈ ³.Œ.‚.‹µ³µ´µ¸µ¢ , �·Ì ´£¥²Ó¸±

� ¸¸Î¨É ´µ ¨§²ÊÎ¥´¨¥, ¢µ§´¨± ÕÐ¥¥ ¢ ¸·¥¤¥, ¸µ¸ÉµÖÐ¥° ¨§ § ·Ö¦¥´´ÒÌ ±² ¸¸¨-
Î¥¸±¨Ì µ¸Í¨²²ÖÉµ·µ¢. �µ± § ´µ, ÎÉµ µ´µ ¨³¥¥É ¸ÊÐ¥¸É¢¥´´µ ±µ²²¥±É¨¢´Ò° Ì · ±É¥·.
�¡¸Ê¦¤ ¥É¸Ö ³¥Ì ´¨§³ ¢µ§´¨±´µ¢¥´¨Ö ±µ£¥·¥´É´µ£µ ¨§²ÊÎ¥´¨Ö. “± §Ò¢ ¥É¸Ö ´  ¸Ê-
Ð¥¸É¢¥´´ÊÕ ·µ²Ó Ô±· ´¨·µ¢±¨, ±µÉµ· Ö ·¥§±µ ³¥´Ö¥É Ì · ±É¥· ¸¢¥·Ì¨§²ÊÎ¥´¨Ö. ‚ Î ¸É-
´µ¸É¨, ¢ ¨§¢¥¸É´µ³ ¶·¥¤¥²Ó´µ³ ¸²ÊÎ ¥ „¨±±¥ ¢¸²¥¤¸É¢¨¥ ¤¨¶µ²Ó-¤¨¶µ²Ó´µ£µ ¢§ ¨³µ-
¤¥°¸É¢¨Ö ³¥¦¤Ê  Éµ³ ³¨ ¸·¥¤  ¶¥·¥Ìµ¤¨É ¢ ¸¢µ¥µ¡· §´µ¥ ³¥É ¸É ¡¨²Ó´µ¥ ´¥¨§²ÊÎ Õ-
Ð¥¥ ¸µ¸ÉµÖ´¨¥ ¸ ´Ê²¥¢Ò³ ¸Ê³³ ·´Ò³ ¤¨¶µ²Ó´Ò³ ³µ³¥´Éµ³. ‚ ÔÉµ³ ¸²ÊÎ ¥  ±É¨¢´ Ö
¸·¥¤  ¸µ¸Éµ¨É ¨§ µÉ¤¥²Ó´ÒÌ ²µ± ²¨§µ¢ ´´ÒÌ ¢µ§¡Ê¦¤¥´¨°. �µ± § ´µ, ÎÉµ ¢ § ³ £´¨-
Î¥´´µ° ¶² §³¥ ¢µ§´¨± ¥É ±µ²²¥±É¨¢´µ¥ Í¨±²µÉ·µ´´µ¥ ̈ §²ÊÎ¥´¨¥, ÎÉµ ³µ¦¥É µ¡ÑÖ¸´¨ÉÓ
´ ¡²Õ¤ ¥³Ò° ¢ Ô±¸¶¥·¨³¥´É Ì  ´µ³ ²Ó´µ ¢Ò¸µ±¨° ¶¥·¥´µ¸ Ô´¥·£¨¨ ¶µ¶¥·¥± ³ £´¨É-
´µ£µ ¶µ²Ö.

The radiance generated in the substance composed of charged classical oscillators is
calculated. It is proved that it has substantially collective character. The mechanism of
coherent radiation generation is discussed. It is stressed the important role of screening
which changes the character of radiance sharply. In particular, it is shown that in the
well-known limiting Dicke case the substance transits to metastable nonradiating state as a
result of dipole-dipole interaction between atoms. In this state the total dipole moment is
zero. Such state consists of some localized excitations. It is also pointed that the collective
cyclotron radiation arises in magnetized plasma. That could be the possible explanation of
experimentally observed anomalous energy transport in the direction transverse to magnetic
field.

1. ��‘’���‚Š� ‡�„�—ˆ

•µ·µÏµ ¨§¢¥¸É´µ,  ÎÉµ  ¢·¥³Ö ¸¶µ´É ´´µ£µ ¨§²ÊÎ É¥²Ó´µ£µ ¶¥·¥Ìµ¤ 
 Éµ³  τs ¸ÊÐ¥¸É¢¥´´µ § ¢¨¸¨É µÉ µ±·Ê¦¥´¨Ö, ¢ ±µÉµ·µ³ ´ Ìµ¤¨É¸Ö  Éµ³. ‚

± Î¥¸É¢¥ µ¤´µ£µ ¨§ ¶·¨³¥·µ¢ · ¸¸³µÉ·¨³ ¢µ§¡Ê¦¤¥´´Ò°  Éµ³, ´ Ìµ¤ÖÐ¨°¸Ö
¢¡²¨§¨ ³¥É ²²¨Î¥¸±µ° ¶µ¢¥·Ì´µ¸É¨ ´  · ¸¸ÉµÖ´¨¨, ³ ²µ³ ¶µ ¸· ¢´¥´¨Õ ¸
¤²¨´µ° ¨§²ÊÎ ¥³µ° ¢µ²´Ò λ.

�·µÍ¥¸¸ ¤¥¢µ§¡Ê¦¤¥´¨Ö  Éµ³  µ¶¨¸Ò¢ ¥É¸Ö ¢¥±Éµ·µ³ ¤¨¶µ²Ó´µ£µ ³µ-
³¥´É  ¶¥·¥Ìµ¤  d21, ¶·¥¤¸É ¢²ÖÕÐ¨³ ¸µ¡µ° ³ É·¨Î´Ò° Ô²¥³¥´É µ¶¥· Éµ· 
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¤¨¶µ²Ó´µ£µ ³µ³¥´É   Éµ³ , ¢ÒÎ¨¸²¥´´Ò° ³¥¦¤Ê ¢¥·Ì´¨³ ¨ ´¨¦´¨³ ¸µ¸Éµ-
Ö´¨Ö³¨. �·¨ ¸É·µ£µ³ · ¸Î¥É¥ τs Ô²¥±É·µ³ £´¨É´µ¥ ¶µ²¥ ¸²¥¤Ê¥É ¶·µ±¢ ´Éµ-

¢ ÉÓ ¶µ ³µ¤ ³, Ê¤µ¢²¥É¢µ·ÖÕÐ¨³ ¸É ´¤ ·É´Ò³ £· ´¨Î´Ò³ Ê¸²µ¢¨Ö³ ´ 
¶µ¢¥·Ì´µ¸É¨ ¶·µ¢µ¤´¨± . „²Ö ¶µ´¨³ ´¨Ö ± Î¥¸É¢¥´´µ° ¸Éµ·µ´Ò ¤¥²  ³µ¦-
´µ Ê¶·µ¸É¨ÉÓ · ¸Î¥É ¨ ¶µ ¶·¨´Í¨¶Ê ¸µµÉ¢¥É¸É¢¨Ö �µ·  § ³¥´¨ÉÓ  Éµ³ ´ 
±² ¸¸¨Î¥¸±¨° ¤¨¶µ²Ó d = d0cos (ω0t).

�µ ³¥Éµ¤Ê ¨§µ¡· ¦¥´¨Ö Ô²¥±É·µ³ £´¨É´µ¥ ¶µ²¥ ¡Ê¤¥É ¸Ê¶¥·¶µ§¨Í¨¥°
¶µ²¥°, ¸µ§¤ ´´ÒÌ ¤¢Ê³Ö ¤¨¶µ²Ö³¨: d1 = d ¨ ¤¨¶µ²Ó´Ò³ ³µ³¥´Éµ³ ¨§µ¡· -

¦¥´¨Ö d2 = − d + 2n(nd), £¤¥ n Å ¢´¥Ï´ÖÖ ́ µ·³ ²Ó ± ³¥É ²²¨Î¥¸±µ° ¶µ¢¥·Ì-

´µ¸É¨. ˆ´É¥´¸¨¢´µ¸ÉÓ ¤¨¶µ²Ó´µ£µ ¨§²ÊÎ¥´¨Ö ¡Ê¤¥É, µÎ¥¢¨¤´µ, · ¢´ 

I = 
1
2
 

2

3c3
 (D

..
)2 = 

4

3c3
 (nd

..
)2,

£¤¥ D = d1 + d2,   ¤µ¶µ²´¨É¥²Ó´Ò° ³´µ¦¨É¥²Ó 1/2 ¸µµÉ¢¥É¸É¢Ê¥É Éµ³Ê, ÎÉµ

¶µ²¥ § ´¨³ ¥É ²¨ÏÓ ¶µ²µ¢¨´Ê ¶·µ¸É· ´¸É¢ . ‘²¥¤µ¢ É¥²Ó´µ, ¶·¨ d ‖  n

I = 2I0, τs = τ06 2,   ¶·¨ d⊥n I = 0, τs = ∞, £¤¥ I0 = 2(d
..

)2/3c3 Å ¨´É¥´¸¨¢´µ¸ÉÓ

¨§²ÊÎ¥´¨Ö Ê¥¤¨´¥´´µ£µ ¤¨¶µ²Ö, τ0 Å ¢·¥³Ö ¦¨§´¨ Ê¥¤¨´¥´´µ£µ ¢µ§¡Ê¦¤¥´-

´µ£µ  Éµ³ .
� ¸¸³µÉ·¨³ É¥¶¥·Ó ¸¨¸É¥³Ê, ¸µ¸ÉµÖÐÊÕ ¨§ N >> 1 ¤¨¶µ²¥° (a = 1,

2, ..., N), · ¸¶µ²µ¦¥´´ÒÌ ¢ ¶·µ¸É· ´¸É¢¥´´µ° µ¡² ¸É¨ · §³¥·µ³ L<<λ ¨
±µ²¥¡²ÕÐ¨Ì¸Ö ¸ µ¤¨´ ±µ¢µ°  Î ¸ÉµÉµ°.  ̂ ´É¥´¸¨¢´µ¸ÉÓ ¨§²ÊÎ¥´¨Ö ¡Ê¤¥É
· ¢´ 

I = 
2

3c3
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a = 1

N

d
..
a(t) 
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,

£¤¥ da(t) = da cos (ω
0
t + ϕa), ϕa Å Ë §Ò ±µ²¥¡ ´¨° ¤¨¶µ²¥°.

…¸²¨ Ë §Ò ´¥±µ··¥²¨·µ¢ ´Ò, Éµ I ∞ N, τs = τ0. �·¨ ¶µ²´µ¸ÉÓÕ ±µ··¥-

²¨·µ¢ ´´ÒÌ Ë § Ì (ϕ1 = ϕ2 = Á = ϕN) I ∞ N 2, τs = τ0 6 N. �Éµ ¨ ¥¸ÉÓ Ö¢²¥´¨¥

¸¢¥·Ì¨§²ÊÎ¥´¨Ö Å ±µ²²¥±É¨¢´µ¥ ¸¶µ´É ´´µ¥ ¨§²ÊÎ¥´¨¥ ¸·¥¤Ò, ¸µ¤¥·¦ Ð¥°
¢µ§¡Ê¦¤¥´´Ò¥ (¨´¢¥·É¨·µ¢ ´´Ò¥)  Éµ³Ò. •µÉÖ ¨§²µ¦¥´´Ò° ±² ¸¸¨Î¥¸±¨°
¢ ·¨ ´É ¸¢¥·Ì¨§²ÊÎ¥´¨Ö Ê¦¥ ¤ ¢´µ ¶·¨³¥´Ö²¸Ö ´  ¶· ±É¨±¥, ´ ¶·¨³¥·, ¶·¨
±µ´¸É·Ê¨·µ¢ ´¨¨ · ¤¨µ¶¥·¥¤ ÕÐ¨Ì  ´É¥´´, Ê± § ´¨¥ „¨±±¥ [1] ´   ´ ²µ-
£¨Î´µ¥ ±¢ ´Éµ¢µ¥ Ö¢²¥´¨¥ ¤²Ö  Éµ³µ¢ ¡Ò²µ ¢¸É·¥Î¥´µ ¸ ¡µ²ÓÏ¨³ Ô´ÉÊ§¨ §-
³µ³, ÎÉµ µ¡ÑÖ¸´Ö¥É¸Ö ¢µ§³µ¦´µ¸ÉÓÕ ¸µ§¤ ´¨Ö ´  ÔÉµ³ ¶·¨´Í¨¶¥ ´µ¢ÒÌ
¨¸ÉµÎ´¨±µ¢ ±µ£¥·¥´É´µ£µ ¨§²ÊÎ¥´¨Ö µ¶É¨Î¥¸±µ£µ ¨ ¤·Ê£¨Ì ¤¨ ¶ §µ´µ¢.

� ¡µÉ  [1], ¸ÊÉÓ ±µÉµ·µ° ±· É±µ ¨§²µ¦¥´  ¢ ¶·¨²µ¦¥´¨¨ 1, ¶µ·µ¤¨² 
Í¥²µ¥ ´ ¶· ¢²¥´¨¥ ¨¸¸²¥¤µ¢ ´¨° Å ±µµ¶¥· É¨¢´Ò¥ Ö¢²¥´¨Ö ¢ µ¶É¨±¥,
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µ¸´µ¢´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¨ ¸µ¢·¥³¥´´µ¥ ¸µ¸ÉµÖ´¨¥ ±µÉµ·µ£µ ¤¥É ²Ó´µ µÉ· ¦¥´Ò
¢ [2, 3]. ‚ É¥µ·¨¨ ÔÉ¨Ì Ö¢²¥´¨°, µ¤´ ±µ, ¤µ ¸¨Ì ¶µ· µ¸É ¥É¸Ö ³´µ£µ ´¥-
Ö¸´µ£µ. ‘¢¥·Ì¨§²ÊÎ¥´¨¥ ³µ¦´µ ¶µ¤· §¤¥²¨ÉÓ ́   ¤¢  Ö¢²¥´¨Ö: ¢µ§´¨±´µ¢¥´¨¥
±µ··¥²ÖÍ¨¨ Ë § µÉ¤¥²Ó´ÒÌ  Éµ³µ¢ 〈1〉; ¸µ¡¸É¢¥´´µ ¸¢¥·Ì¨§²ÊÎ¥´¨¥, Éµ ¥¸ÉÓ
£¥´¥· Í¨Ö ¨´É¥´¸¨¢´µ£µ ¨ ±µ·µÉ±µ£µ ¨³¶Ê²Ó¸  ±µ£¥·¥´É´µ£µ ¨§²ÊÎ¥´¨Ö 〈2〉.
‚ · ¡µÉ¥ [1] · ¸¸³µÉ·¥´  ¸¨¸É¥³  ³ ²ÒÌ · §³¥·µ¢ (L << λ), ¸µ¸ÉµÖÐ Ö ¨§
¤¢ÊÌÊ·µ¢´¥¢ÒÌ  Éµ³µ¢, ±µÉµ·Ò¥ ¶·¨ t = 0 ´ Ìµ¤ÖÉ¸Ö ¢ ¢¥·Ì´¥³ ¸µ¸ÉµÖ´¨¨.
’ ±µ¥ ¸µ¸ÉµÖ´¨¥ µ¡· §Ê¥É¸Ö, ´ ¶·¨³¥·, ¶·¨ ¶·µÌµ¦¤¥´¨¨ Î¥·¥§ ¸¨¸É¥³Ê
µ¶·¥¤¥²¥´´Ò³ µ¡· §µ³ ³µ¤Ê²¨·µ¢ ´´µ£µ ·¥§µ´ ´¸´µ£µ (ω = ω0) ² §¥·´µ£µ

¨³¶Ê²Ó¸  (É ± ´ §Ò¢ ¥³Ò° π-¨³¶Ê²Ó¸). ’ ±µ¥ ¸µ¸ÉµÖ´¨¥ ¸µµÉ¢¥É¸É¢Ê¥É ¶µ²-
´µ¸ÉÓÕ ±µ··¥²¨·µ¢ ´´Ò³  Éµ³ ³, ¨ ¶µÔÉµ³Ê ¢µ¶·µ¸ 〈1〉 µ ³¥Ì ´¨§³¥ ¢µ§-
´¨±´µ¢¥´¨Ö ±µ··¥²ÖÍ¨° ¢ · ¡µÉ¥ [1] ¶µ¶·µ¸ÉÊ ´¥ ¸É ¢¨²¸Ö. �µ²¥¥ Éµ£µ, ¢
³µ¤¥²¨ „¨±±¥ É ±µ° ³¥Ì ´¨§³ µÉ¸ÊÉ¸É¢Ê¥É (¸³. ¶·¨²µ¦¥´¨¥ 2). ’ ±¨³ µ¡· -
§µ³, ¸ÊÉÓ · ¡µÉÒ [1] ¸µ¸Éµ¨É Éµ²Ó±µ ¢ ³¥Ì ´¨§³¥ 〈2〉 ¸µ¡¸É¢¥´´µ ¸¢¥·Ì¨§²Ê-
Î¥´¨Ö. �·µ¡²¥³  ¢µ§´¨±´µ¢¥´¨Ö Ë §µ¢ÒÌ ±µ··¥²ÖÍ¨° ´¥ ·¥Ï¥´  ¤µ ¸¨Ì
¶µ·, ÌµÉÖ ¶· ±É¨Î¥¸±¨ ¢µ ¢¸¥Ì · ¡µÉ Ì ¶µ ¸¢¥·Ì¨§²ÊÎ¥´¨Õ ¸µ¤¥·¦ É¸Ö ÊÉ¢¥·-
¦¤¥´¨Ö É¨¶ : ®...¡² £µ¤ ·Ö µ¡Ð¥³Ê ¶µ²Õ ¨§²ÊÎ¥´¨Ö ³¥¦¤Ê  Éµ³ ³¨ ¢µ§´¨-
± ÕÉ Ë §µ¢Ò¥ ±µ··¥²ÖÍ¨¨...¯. �µ¸²¥ ÔÉ¨Ì ÊÉ¢¥·¦¤¥´¨° ¤ ²¥¥, ± ± ¶· ¢¨²µ,
¸²¥¤ÊÕÉ ¢ÒÎ¨¸²¥´¨Ö, µ¸´µ¢ ´´Ò¥ ´  ¶·¥¤¶µ²µ¦¥´¨¨ µ¡ ¨§´ Î ²Ó´µ ¸ÊÐ¥¸É-
¢ÊÕÐ¥° Ë §µ¢µ° ±µ··¥²ÖÍ¨¨, ± ± ¨ ¢ [1].

Œ¥¦¤Ê É¥³ ¢ ·Ö¤¥ ¶·¨²µ¦¥´¨°, ́  ¶·¨³¥·, ¢ Ë¨§¨±¥ ¶² §³Ò (¸³. · §¤.8),
¢µ¶·µ¸ µ ³¥Ì ´¨§³¥ Ë §µ¢ÒÌ ±µ··¥²ÖÍ¨° Ö¢²Ö¥É¸Ö µ¸´µ¢´Ò³.

‚ · ¡µÉ¥ [4], ¶µ²µ¦¨¢Ï¥° ´ Î ²µ Í¥²µ³Ê ´ ¶· ¢²¥´¨Õ ¢ Ë¨§¨±¥ ¨ É¥Ì-
´¨±¥ ̈  ¶·¨¢¥¤Ï¥° ± ̧ µ§¤ ´¨Õ £¨·µÉ·µ´µ¢ ̈  ³ §¥·µ¢ ́   Í¨±²µÉ·µ´´µ³ ·¥§µ-
´ ´¸¥, Ê± § ´µ ´  ´¥²¨´¥°´Ò° ³¥Ì ´¨§³  ¢ÉµË §¨·µ¢±¨, ¢ ·¥§Ê²ÓÉ É¥ ¤¥°¸É-
¢¨Ö ±µÉµ·µ£µ Ê¸É ´ ¢²¨¢ ¥É¸Ö ±µ··¥²ÖÍ¨Ö Ë § ̈  ¢µ§´¨± ¥É ̧ ¢¥·Ì¨§²ÊÎ¥´¨¥ ¢
¸¨¸É¥³¥ ±² ¸¸¨Î¥¸±¨Ì µ¸Í¨²²ÖÉµ·µ¢ [5Å9].

‚ ¤ ´´µ° · ¡µÉ¥ ¶µ± § ´µ, ÎÉµ ¸¢¥·Ì¨§²ÊÎ¥´¨¥ ¢µ§´¨± ¥É ¨ ¢ ¸¨¸É¥³¥
²¨´¥°´ÒÌ µ¸Í¨²²ÖÉµ·µ¢. �¤´ ±µ ¤¨¶µ²Ó-¤¨¶µ²Ó´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ µ¸Í¨²-
²ÖÉµ·µ¢ ¶·¨¢µ¤¨É ± µ¡· §µ¢ ´¨Õ ´¥¨§²ÊÎ ÕÐ¥£µ ³¥É ¸É ¡¨²Ó´µ£µ ¸µ¸ÉµÖ-
´¨Ö. �Éµ Ö¢²¥´¨¥ ¤ ²¥¥ ¡Ê¤¥³ ´ §Ò¢ ÉÓ Ô±· ´¨·µ¢±µ°.

�¥²¨´¥°´Ò¥, ´ ¶·¨³¥·, ·¥²ÖÉ¨¢¨¸É¸±¨¥ ÔËË¥±ÉÒ, ¢¥¤ÊÐ¨¥ ± Ë §¨·µ¢±¥
 Éµ³µ¢ (¶µ É¥·³¨´µ²µ£¨¨ [4Å9] Å  ¢ÉµË §¨·µ¢±¥), ¢ · ¸¸³ É·¨¢ ¥³µ³
§¤¥¸Ó ´¥·¥²ÖÉ¨¢¨¸É¸±µ³ ¸²ÊÎ ¥ ¸É ´µ¢ÖÉ¸Ö ¸ÊÐ¥¸É¢¥´´Ò³¨ Ê¦¥ §´ Î¨É¥²Ó´µ
¶µ§¦¥ µ¡· §µ¢ ´¨Ö ³¥É ¸É ¡¨²Ó´µ£µ ¸µ¸ÉµÖ´¨Ö (¸³. ¶·¨²µ¦¥´¨¥ 3). �É¨ ´¥-
²¨´¥°´Ò¥ ÔËË¥±ÉÒ É·¥¡ÊÕÉ ¸¶¥Í¨ ²Ó´µ£µ ¨ ¤¥É ²Ó´µ£µ ¨¸¸²¥¤µ¢ ´¨Ö ¨ ¢
¤ ´´µ° · ¡µÉ¥ ´¥ · ¸¸³ É·¨¢ ÕÉ¸Ö.

‚ · ³± Ì · §¢¨Éµ° §¤¥¸Ó ²¨´¥°´µ° É¥µ·¨¨ Ê¤ ¥É¸Ö ¨¸¶· ¢¨ÉÓ ¸ÊÐ¥¸É-
¢¥´´µ¥ ¶·µÉ¨¢µ·¥Î¨¥ · ¡µÉÒ [1], µÉ³¥Î¥´´µ¥ ¢ [2], ±µÉµ·µ¥ ¸µ¸Éµ¨É ¢ ´¥-
µ¶· ¢¤ ´´µ³ ¶·¥´¥¡·¥¦¥´¨¨ ¤¨¶µ²Ó-¤¨¶µ²Ó´Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³ ³¥¦¤Ê
 Éµ³ ³¨ ¶µ ¸· ¢´¥´¨Õ ¸ ¸¨²µ° · ¤¨ Í¨µ´´µ£µ É·¥´¨Ö. „¥°¸É¢¨É¥²Ó´µ,
Ô²¥±É·¨Î¥¸±µ¥ ¶µ²¥, ¢Ò§Ò¢ ÕÐ¥¥ · ¤¨ Í¨µ´´µ¥ § ÉÊÌ ´¨¥ ±µ²¥¡ ´¨°
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¤¨¶µ²¥° E1 = 2D
. . .

6 3c3, µ¶·¥¤¥²Ö¥É¸Ö ¸Ê³³ ·´Ò³ ¤¨¶µ²Ó´Ò³ ³µ³¥´Éµ³ ¸¨¸-

É¥³Ò D = ∑ 
a

da(t) ¨ ¶µ ¶µ·Ö¤±Ê ¢¥²¨Î¨´Ò · ¢´µ

E
1
 ~ ω

0
3Nda6 c3 ~ Nda6 λ3.

‹µ± ²Ó´µ¥ Ô²¥±É·¨Î¥¸±µ¥ ¶µ²¥, ¸µ§¤ ´´µ¥ ¤¨¶µ²Ö³¨, ¶µ·Ö¤± 

E2 ~ da6 l3 ~ nda, £¤¥ l = n− 1/3 Å ³¥¦ Éµ³´µ¥ · ¸¸ÉµÖ´¨¥, n Å ±µ´Í¥´É· Í¨Ö

 Éµ³µ¢ ¢ ¸¨¸É¥³¥ (¸³−3).
‘²¥¤µ¢ É¥²Ó´µ,

E
1
6 E

2
 ~ (L 6 λ)3 >> 1,

µÉ±Ê¤  ¨ ¢¨¤´  ¶·µÉ¨¢µ·¥Î¨¢µ¸ÉÓ [1]. Š ± ¡Ê¤¥É ¶µ± § ´µ ´¨¦¥, ÊÎ¥É ¤¨-
¶µ²Ó-¤¨¶µ²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö · ¤¨± ²Ó´µ ³¥´Ö¥É ¸¨ÉÊ Í¨Õ. �¢Éµ·Ê ´¥
¨§¢¥¸É´Ò · ¡µÉÒ, ¢ ±µÉµ·ÒÌ  ±±Ê· É´µ ÊÎÉ¥´µ ÔÉµ ¢§ ¨³µ¤¥°¸É¢¨¥, ¨ ¶µÔÉµ-
³Ê ´¨¦¥ ¡Ê¤ÊÉ ¶·¨¢¥¤¥´Ò ´¥±µÉµ·Ò¥ ¶µ¤·µ¡´µ¸É¨ ¢ÒÎ¨¸²¥´¨°, µ¶Ê¡²¨±µ-
¢ ´´ÒÌ ¢ [26].

�¸´µ¢´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶µ É¥µ·¨¨ ¸¢¥·Ì¨§²ÊÎ¥´¨Ö ¶µ²ÊÎ¥´Ò ´  µ¸´µ¢¥
¶µ²Ê±² ¸¸¨Î¥¸±µ° ³µ¤¥²¨ [2], ¢ ±µÉµ·µ° · ¸¸³ É·¨¢ ÕÉ¸Ö ¤¢ÊÌÊ·µ¢´¥¢Ò¥
 Éµ³Ò, µ¶¨¸Ò¢ ¥³Ò¥ ±¢ ´Éµ¢µ-³¥Ì ´¨Î¥¸±¨³¨ ³ É·¨Í ³¨ ¶²µÉ´µ¸É¨ 2 × 2,
¨ ¸µ§¤ ´´µ¥ ÔÉ¨³¨  Éµ³ ³¨ Ô²¥±É·µ³ £´¨É´µ¥ ¶µ²¥, µ¶¨¸Ò¢ ¥³µ¥ Ê· ¢´¥-
´¨Ö³¨ Œ ±¸¢¥²² , Éµ ¥¸ÉÓ ±² ¸¸¨Î¥¸±¨. “· ¢´¥´¨Ö ¶µ²Ê±² ¸¸¨Î¥¸±µ° ³µ¤¥-
²¨ ´¥²¨´¥°´Ò, ¨ ¶µÔÉµ³Ê ´  ¨Ì µ¸´µ¢¥ ¢¥¸Ó³  ¸²µ¦´µ · §µ¡· ÉÓ¸Ö ¢ Ê± § ´-
´ÒÌ ¢ÒÏ¥ ́ ¥Ö¸´ÒÌ ¢µ¶·µ¸ Ì. ‚ ¤ ´´µ° · ¡µÉ¥ · ¸¸³µÉ·¥´  ¶µ²´µ¸ÉÓÕ ±² ¸-
¸¨Î¥¸± Ö ³µ¤¥²Ó ¸¢¥·Ì¨§²ÊÎ¥´¨Ö (ŠŒ‘), ¢ ±µÉµ·µ°  Éµ³Ò § ³¥´¥´Ò
±² ¸¸¨Î¥¸±¨³¨ É·¥Ì³¥·´Ò³¨ ¨§µÉ·µ¶´Ò³¨ § ·Ö¦¥´´Ò³¨ µ¸Í¨²²ÖÉµ· ³¨.
“· ¢´¥´¨Ö ÔÉµ° ³µ¤¥²¨ ¤µ¸É ÉµÎ´µ ¶·µ¸ÉÒ ¨ ¶µÔÉµ³Ê ¶µ§¢µ²ÖÕÉ ¢ÒÖ¸´¨ÉÓ
³´µ£µ¥.

‚ ¤ ´´µ° § ¤ Î¥ ¨³¥ÕÉ¸Ö É·¨ Ì · ±É¥·´ÒÌ · §³¥·  λ, L ¨ l. �¨¦¥ · ¸-
¸³ É·¨¢ ¥É¸Ö ¶·¥¤¸É ¢²ÖÕÐ¨° ´ ¨¡µ²ÓÏ¨° ¨´É¥·¥¸ ¸²ÊÎ ° N >> 1, ¶µÔÉµ³Ê
¢¸¥£¤  l << L ¨ ¨³¥ÕÉ¸Ö ²¨ÏÓ É·¨ ¢µ§³µ¦´µ¸É¨:

( ) l << L << λ;

(¡) λ << l << L; (1)

(¢) l << λ << L.

‚ · §¤.2 ¶µ²ÊÎ¥´Ò Ê· ¢´¥´¨Ö ŠŒ‘. „¨¶µ²Ó´Ò° ³¥Ì ´¨§³ Ëµ·³¨·µ¢ -
´¨Ö ±µ··¥²ÖÍ¨° Ë § µÉ¤¥²Ó´ÒÌ  Éµ³µ¢, ±µÉµ·Ò° Ê¤ ¥É¸Ö Ê¸É ´µ¢¨ÉÓ ´ 
µ¸´µ¢¥ ŠŒ‘, · ¸¸³µÉ·¥´ ¢ · §¤.3. ‚ · §¤.4 · ¸¸Î¨É ´ ¸²ÊÎ ° ( ) ¨§ (1),
¸µµÉ¢¥É¸É¢ÊÕÐ¨° ³µ¤¥²¨ „¨±±¥ [1]. �µ± § ´µ, ÎÉµ ¢ ·¥§Ê²ÓÉ É¥ ¤¨¶µ²Ó-
¤¨¶µ²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢µ§´¨± ¥É Ô±· ´¨·µ¢±  ¢µ§¡Ê¦¤¥´¨Ö ¨ µ¡· §Ê-
ÕÉ¸Ö ²µ± ²¨§µ¢ ´´Ò¥ ³¥É ¸É ¡¨²Ó´Ò¥ ¸µ¸ÉµÖ´¨Ö, ¶µÔÉµ³Ê ¢µ§¡Ê¦¤¥´´ Ö
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¸·¥¤  ¶¥·¥¸É ¥É ¨§²ÊÎ ÉÓ. �´ ²µ£¨Î´Ò° ÔËË¥±É µ± §Ò¢ ¥É¸Ö ¸ÊÐ¥¸É¢¥´´Ò³
¨ ¢ ¸²ÊÎ ¥ (¡) (· §¤.5), ±µÉµ·Ò° ¸µµÉ¢¥É¸É¢Ê¥É ¨§¢¥¸É´Ò³ µ¶ÒÉ ³ ¶µ £¥´¥-
· Í¨¨ ±µ£¥·¥´É´µ£µ ·¥´É£¥´µ¢¸±µ£µ ¨§²ÊÎ¥´¨Ö ´  ·¥±µ³¡¨´ Í¨µ´´ÒÌ ¶¥·¥-
Ìµ¤ Ì ¢ ¶·µ¢µ²µÎ± Ì, ¡Ò¸É·µ ¶¥·¥¢µ¤¨³ÒÌ ¢ ¶² §³¥´´µ¥ ¸µ¸ÉµÖ´¨¥. ‘²ÊÎ °
(¢) (· §¤.6) ¨³¥¥É ³¥¸Éµ ¢ § ³ £´¨Î¥´´µ° ¶² §³¥ Éµ± ³ ±µ¢ ¨ ¸µµÉ¢¥É¸É¢Ê¥É
· ¸¶·µ¸É· ´¥´¨Õ ¶µ ¶² §³¥ Í¨±²µÉ·µ´´ÒÌ ±µ£¥·¥´É´ÒÌ ¢µ²´. �µ-¢¨¤¨-
³µ³Ê, ÔÉ¨ ¢µ²´Ò §´ Î¨É¥²Ó´µ Ê¢¥²¨Î¨¢ ÕÉ ¶µÉ¥·¨ Ô´¥·£¨¨ ¶² §³µ°.

„ ²¥¥ ¢¥§¤¥ ³Ò ¶·¥´¥¡·¥£ ¥³ ´¥±µ£¥·¥´É´µ° Î ¸ÉÓÕ ¨§²ÊÎ¥´¨Ö ¸·¥¤Ò,
¶·¥¤¶µ² £ Ö, ÎÉµ ¢Ò¶µ²´ÖÕÉ¸Ö Ê¸²µ¢¨Ö, ¶·¨ ±µÉµ·ÒÌ ¨´É¥´¸¨¢´µ¸ÉÓ ÔÉµ°
Î ¸É¨ ³ ²  ¶µ ¸· ¢´¥´¨Õ ¸ ¨´É¥´¸¨¢´µ¸ÉÓÕ ±µ£¥·¥´É´µ°. �¥±µ£¥·¥´É´µ¥
¨§²ÊÎ¥´¨¥ ¢µ§¡Ê¦¤¥´´µ° ¸·¥¤Ò Ìµ·µÏµ ¨§ÊÎ¥´µ, µ¶¨¸Ò¢ ¥É¸Ö Ê· ¢´¥´¨¥³
�¨¡¥·³ ´  Å •µ²¸É¥°´  (¸³., ´ ¶·¨³¥·, [24]). ’ ± ¦¥, ± ± ¨ ±µ£¥·¥´É´µ¥
¨§²ÊÎ¥´¨¥, µ´µ Ö¢²Ö¥É¸Ö ·¥§µ´ ´¸´Ò³.

2. “��‚�…�ˆŸ Š‹�‘‘ˆ—…‘Š�‰ Œ�„…‹ˆ
‘‚…�•ˆ‡‹“—…�ˆŸ

�Ê¤¥³ ¸Î¨É ÉÓ, ÎÉµ ¢ ÉµÎ± Ì ¸ ±µµ·¤¨´ É ³¨ ra(a = 1, ..., N) § ±·¥¶²¥´Ò

¶·Ê¦¨´±¨ ¨ ¸µ¸·¥¤µÉµÎ¥´Ò ±µ³¶¥´¸¨·ÊÕÐ¨¥ § ·Ö¤Ò e. �  ±µ´Í Ì ¶·Ê-
¦¨´µ± § ±·¥¶²¥´Ò ÉµÎ¥Î´Ò¥ ³ ¸¸Ò m, ´¥¸ÊÐ¨¥ § ·Ö¤ e. Šµµ·¤¨´ ÉÒ a-£µ
§ ·Ö¤ , µÉ¸Î¨É ´´Ò¥ µÉ ÉµÎ±¨ § ±·¥¶²¥´¨Ö ra, · ¢´Ò ξa. �µÉ¥´Í¨ ²Ó´ÊÕ

Ô´¥·£¨Õ ¶·Ê¦¨´±¨ ¡Ê¤¥³ ¸Î¨É ÉÓ £ ·³µ´¨Î¥¸±µ°: Ua = mω0
2ξa

26 2. ’ ±¨³

µ¡· §µ³, ³Ò ´¥ ÊÎ¨ÉÒ¢ ¥³ ¶µ±  ¤¢¨¦¥´¨¥  Éµ³µ¢ ¨ ¸¢Ö§ ´´µ¥ ¸ ´¨³ ¤µ¶²¥-
·µ¢¸±µ¥ ÊÏ¨·¥´¨¥ ¸¶¥±É· ²Ó´ÒÌ ²¨´¨°. ’ ±µ¥ ÊÏ¨·¥´¨¥ ³ ²µ ¶µ ¸· ¢´¥-
´¨Õ ̧  ¤¨¶µ²Ó-¤¨¶µ²Ó´Ò³ ̈  ¥¸É¥¸É¢¥´´Ò³ ÊÏ¨·¥´¨¥³. �µ ¶µ¢µ¤Ê ¶µ¸²¥¤´¥£µ
§ ³¥É¨³, ÎÉµ ¢¸²¥¤¸É¢¨¥ ±· É±µ¢·¥³¥´´µ¸É¨ ¶·µÍ¥¸¸  ¸¢¥·Ì¨§²ÊÎ¥´¨Ö µ´µ
§´ Î¨É¥²Ó´µ ¶·¥¢µ¸Ìµ¤¨É µ¡ÒÎ´µ¥ ¥¸É¥¸É¢¥´´µ¥ ÊÏ¨·¥´¨¥ ¤²Ö Ê¥¤¨´¥´´µ£µ
 Éµ³  [1]. ‚ ¸²ÊÎ ¥ (¢) (1) ¤µ¶²¥·µ¢c±µ¥ ÊÏ¨·¥´¨¥ ¸É·µ£µ ÊÎ¨ÉÒ¢ ¥É¸Ö ¨
µ± §Ò¢ ¥É¸Ö ¸ÊÐ¥¸É¢¥´´Ò³, ÎÉµ ¸¢Ö§ ´µ ¸ ¡µ²ÓÏ¨³¨ · §³¥· ³¨ ¶² §³Ò.
„¢¨¦¥´¨¥ § ·Ö¤µ¢ ¸Î¨É ¥³ ´¥·¥²ÖÉ¨¢¨¸É¸±¨³, ÎÉµ ¶µ§¢µ²Ö¥É ¶·¥´¥¡·¥ÎÓ
¢²¨Ö´¨¥³ ³ £´¨É´µ£µ ¶µ²Ö ¨ § ¶¨¸ ÉÓ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö ¢ ¢¨¤¥

mξ
..
a + mω

0
2ξa = eE(ra, t); (2)

E(r, t) = e ∑ 
b = 1

N

∇r× 






 ∇r×

ξb(t − Rb6 c)

Rb
 






 , (3)

£¤¥ Rb = r − rb. ‚Ò· ¦¥´¨¥ ¤²Ö Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö ¤¨¶µ²¥° ¢§ÖÉµ ¨§ [10].

�·¨ ¶µ¤¸É ´µ¢±¥ (3) ¢ (2) ¢µ§´¨± ¥É ¡¥¸±µ´¥Î´µ¥ ¸² £ ¥³µ¥ ¢ E(ra, t) ¸
b = a. „²Ö ±µ··¥±É´µ£µ · ¸Î¥É  ÔÉµ£µ ¸² £ ¥³µ£µ ¸²¥¤Ê¥É ®· §³ § ÉÓ¯ § ·Ö¤Ò
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+ e ¨ − e ¶µ µ¡² ¸ÉÖ³, ¨³¥ÕÐ¨³ ±µ´¥Î´Ò¥ · §³¥·Ò. �µ¸²¥ ÔÉµ£µ ¸²¥¤Ê¥É

· §²µ¦¨ÉÓ ξa(t − Ra6 c) ¶µ ¸É¥¶¥´Ö³ 1 6 c ¤µ Î²¥´µ¢ ¶µ·Ö¤±  16 c3 ¢±²ÕÎ¨-

É¥²Ó´µ. —²¥´ ´Ê²¥¢µ£µ ¶µ·Ö¤±  ¤ ¥É ¸µ¡¸É¢¥´´µ¥ ¶µ²¥ § ·Ö¤µ¢ − e ¨ + e.
�Î¥¢¨¤´µ, ¶µ²¥ § ·Ö¤  +e ´¥ ³µ¦¥É ¥£µ ¦¥ ¨ Ê¸±µ·¨ÉÓ, ¶µÔÉµ³Ê ̧ µµÉ¢¥É¸É¢Ê-
ÕÐ¥¥ ¸² £ ¥³µ¥ · ¢´µ ´Ê²Õ. �µ²¥ § ·Ö¤  − e ¸µ§¤ ¥É ¸¨²Ê, ¤¥°¸É¢ÊÕÐÊÕ ´ 
§ ·Ö¤ + e. �ÉÊ ¸¨²Ê ¸²¥¤Ê¥É ¢±²ÕÎ¨ÉÓ ¢ ±µÔËË¨Í¨¥´É ¦¥¸É±µ¸É¨ ¶·Ê¦¨´±¨
¨ Ëµ·³ ²Ó´µ µ¶Ê¸É¨ÉÓ, ¸Î¨É Ö £ ·³µ´¨Î¥¸±¨° ¶µÉ¥´Í¨ ² Ê¦¥ µ±µ´Î É¥²Ó-
´Ò³ ¸Ê³³ ·´Ò³ ¶µÉ¥´Í¨ ²µ³, ¤¥°¸É¢ÊÕÐ¨³ ´  § ·Ö¤ − e. ’ ±¨³ µ¡· §µ³
¸² £ ¥³µ¥ ´Ê²¥¢µ£µ ¶µ·Ö¤±  ¶·¨¢µ¤¨É ± ¶¥·¥´µ·³¨·µ¢±¥ ±µÔËË¨Í¨¥´É 
¦¥¸É±µ¸É¨ ¶·Ê¦¨´±¨. ‘² £ ¥³µ¥ ¶¥·¢µ£µ ¶µ·Ö¤±  ¶µ 16 c, ± ± ÔÉµ ¢¨¤´µ ¨§
(3), · ¢´µ ´Ê²Õ. ‘² £ ¥³µ¥ ¢Éµ·µ£µ ¶µ·Ö¤±  ¢ E(ra, t) ¶·¨¢µ¤¨É¸Ö ± ¢¨¤Ê

− 
4
3e

 mf ξ
..
a ¨ ¤µ²¦´µ ¡ÒÉÓ ¢±²ÕÎ¥´µ ¢ ¶¥·¢Ò° Î²¥´ ¢ ²¥¢µ° Î ¸É¨ (2).

‚¥²¨Î¨´  mf = εf6 c2, £¤¥ εf Å Ô´¥·£¨Ö Ô²¥±É·µ³ £´¨É´µ£µ µ¡² ± , µ±·Ê-

¦ ÕÐ¥£µ ¤¨¶µ²Ó, ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ³ ¸¸Ê ÔÉµ£µ µ¡² ±  ¨ ¶µÔÉµ³Ê ¤µ²¦´ 
¡ÒÉÓ ¢±²ÕÎ¥´  ¢ ³ ¸¸Ê m (¶¥·¥´µ·³¨·µ¢±  ³ ¸¸Ò). Œ´µ¦¨É¥²Ó 4/3 ¢ ¸¢µ¥
¢·¥³Ö ¢Ò§¢ ² µ¦¨¢²¥´´Ò¥ ¤¨¸±Ê¸¸¨¨, ¨§¢¥¸É´Ò¥ ± ± ®¶ · ¤µ±¸ 4/3¯. „ ¢´µ
´ °¤¥´´µ¥ �.�Ê ´± ·¥ ¨ ¤·Ê£¨³¨  ¢Éµ· ³¨ (¸³., ´ ¶·¨³¥·, [11]) · §·¥Ï¥-
´¨¥ ÔÉµ£µ ¶ · ¤µ±¸  ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ ¸²¥¤Ê¥É ÊÎ¥¸ÉÓ ¸¨²Ò, ´¥ µ¶¨¸Ò¢ ¥-
³Ò¥ ±² ¸¸¨Î¥¸±µ° Ô²¥±É·µ¤¨´ ³¨±µ° (Ì¨³¨Î¥¸± Ö ¸¢Ö§Ó, ¢ ´-¤¥·-¢  ²Ó¸µ¢µ
¢§ ¨³µ¤¥°¸É¢¨¥ ¨ É.¤.), ±µÉµ·Ò¥ ¶·¥¶ÖÉ¸É¢ÊÕÉ ¢§ ¨³´µ³Ê µÉÉ ²±¨¢ ´¨Õ
µÉ¤¥²Ó´ÒÌ Î ¸É¥° § ·Ö¤ .

� ±µ´¥Í, ¸² £ ¥³µ¥ ¶µ·Ö¤±  16 c 3 · ¢´µ Ef = 
2

3c3
 da

Á

 = 
2e

3c3
 ξa

Á

 =

= − (2eω0
2 6 3c3) ξa

.
. �Éµ ¸² £ ¥³µ¥ ¸µµÉ¢¥É¸É¢Ê¥É · ¤¨ Í¨µ´´µ³Ê É·¥´¨Õ, ±µ-

Éµ·µ¥ ¢Ò§Ò¢ ¥É § ÉÊÌ ´¨¥ ±µ²¥¡ ´¨° ¤¨¶µ²Ö ¢ Ê¥¤¨´¥´´µ³  Éµ³¥. �É³¥É¨³,
ÎÉµ ¢ ±µ²²¥±É¨¢¥  Éµ³µ¢ ± É ±µ³Ê § ÉÊÌ ´¨Õ ¶·¨¢µ¤ÖÉ ¨ ¸² £ ¥³Ò¥ ¸ b ≠ a.

�·¨¡²¨¦¥´¨¥ ξa

Á

 ≈ − ω0
2ξa

.

 ¶µ§¢µ²Ö¥É ¨§¡¥¦ ÉÓ ´¥¶· ¢¨²Ó´ÒÌ ·¥Ï¥´¨°, ¸µ-

µÉ¢¥É¸É¢ÊÕÐ¨Ì ¸ ³µÊ¸±µ·ÖÕÐ¥³Ê¸Ö § ·Ö¤Ê [10]. ’ ±¨¥ ·¥Ï¥´¨Ö ¶µÖ¢²ÖÕÉ¸Ö
¢¸²¥¤¸É¢¨¥ ¶·¨¡²¨¦¥´´µ£µ Ì · ±É¥·  ¶·¨´ÖÉµ° ¶·µÍ¥¤Ê·Ò ¨¸±²ÕÎ¥´¨Ö
¶¥·¥³¥´´ÒÌ Ô²¥±É·µ³ £´¨É´µ£µ ¶µ²Ö ¨§ Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö (¶·¥´¥¡·¥¦¥-

´¨¥ ¸² £ ¥³Ò³¨ ¶µ·Ö¤±  1 6 c4 ¨ ¢ÒÏ¥). ’ ±¨³ µ¡· §µ³, ¸¨¸É¥³  (2) ¶·¨´¨-
³ ¥É ¢¨¤

ξ
..
a + ω

0
2ξa + γ ξ

.
a = 

e2

m
 ∑∇a
b ≠ a

 × 






 ∇a × 

ξb(tab)

rab
 






 , (4)

£¤¥ ∇a = ∂ 6 ∂ra, rab = ra − rb, tab = t − rab/c, γ = 
2r0ω0

2

3c
, r0 = 

e2

mc2
 .
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„ ²¥¥ ¡Ê¤¥³ ¸Î¨É ÉÓ, ÎÉµ γ << ω0 ¨, ¡µ²¥¥ Éµ£µ, γN << ω0, ÎÉµ ¸µµÉ¢¥É-

¸É¢Ê¥É ´ ¨¡µ²¥¥ ¨´É¥·¥¸´Ò³ ¢ ¶· ±É¨Î¥¸±µ³ µÉ´µÏ¥´¨¨ ¸²ÊÎ Ö³. �É³¥É¨³,
¢µ ¨§¡¥¦ ´¨¥ ´¥¤µ· §Ê³¥´¨°, ÎÉµ ¶µ¤ γN §¤¥¸Ó ¶µ¤· §Ê³¥¢ ¥É¸Ö 16 ts Å

¢¥²¨Î¨´ , µ¡· É´ Ö Ì · ±É¥·´µ³Ê ¢·¥³¥´¨ ¸¢¥·Ì¨§²ÊÎ¥´¨Ö ts. ‘²¥¤Ê¥É ¨³¥ÉÓ

¢ ¢¨¤Ê, ÎÉµ ¢ ± ¦¤µ³ ¨§ É·¥Ì ¸²ÊÎ ¥¢ (1) ¢Ò· ¦¥´¨Ö ¤²Ö ÔÉµ£µ ¢·¥³¥´¨
¶µ²ÊÎ ÕÉ¸Ö · §²¨Î´Ò³¨.

‘¨¸É¥³Ê (4) ¸²¥¤Ê¥É ·¥Ï¨ÉÓ ¶·¨ ´ Î ²Ó´µ³ Ê¸²µ¢¨¨:

t = 0,  ξa = ηa cos ϕa,   ξ
.
a = − ω

0
ηa sin ϕa, (5)

£¤¥ ηa, ϕa Å ´ Î ²Ó´Ò¥  ³¶²¨ÉÊ¤Ò ¨ Ë §Ò µ¸Í¨²²ÖÉµ·µ¢. �µ¸±µ²Ó±Ê ³Ò

¨´É¥·¥¸Ê¥³¸Ö ·¥Ï¥´¨¥³ ¶·¨ t > 0, ³µ¦´µ ¸Î¨É ÉÓ, ÎÉµ ¶·¨ t < 0   ξa = 0. � -

Î ²Ó´ Ö Ô´¥·£¨Ö  -£µ µ¸Í¨²²ÖÉµ·  · ¢´ 

t = 0,   E
0
(a) = 

1
2
m ξ

.
a
2 + 

1
2
 mω

0
2ξa

2 = 
1
2
mω

0
2ηa

2. (6)

‚ ¸²ÊÎ ¥ Ê¥¤¨´¥´´µ£µ  Éµ³  ¶· ¢ Ö Î ¸ÉÓ ¢ (4) · ¢´  ´Ê²Õ:

ξa(t) = ηa e
− 

γt
2  cos (ω

0
t + ϕa),    Ea(t) = E

0
 (a) e− γt,

µÉ±Ê¤  ¢¨¤´µ, ÎÉµ ¶·¨ ¸· ¢´¥´¨¨ ±² ¸¸¨Î¥¸±¨Ì ¨ ±¢ ´Éµ¢ÒÌ ·¥§Ê²ÓÉ Éµ¢
¸²¥¤Ê¥É ¶·¨´ÖÉÓ ¤²Ö Ê¥¤¨´¥´´µ£µ  Éµ³  ts = 16 γ.

ˆ§ (3) ¸²¥¤Ê¥É, ÎÉµ ¶·¨ r → ∞

E(r, t) → 
e

rc2
 n × 


 

 n × ∑ 

b

ξ
..
b 




 t ′ + 

1
c
 nrb




 

 

 , (7)

£¤¥ t ′ = t − 
r
c
 , n = r 6 r, r Å ¢¥±Éµ·, ¶·µ¢¥¤¥´´Ò° ¨§ ´ Î ²  ±µµ·¤¨´ É (· ¸-

¶µ²µ¦¥´´µ£µ ¢ ¶·µ¨§¢µ²Ó´µ³ ³¥¸É¥) ± ÉµÎ±¥ ´ ¡²Õ¤¥´¨Ö.
‚ÒÎ¨¸²ÖÖ ¢¥±Éµ· �µ°´É¨´£ 

S = 
c
4π (E(r, t))2n,

´ Ìµ¤¨³ ¨´É¥´¸¨¢´µ¸ÉÓ ¨§²ÊÎ¥´¨Ö ¢ É¥²¥¸´Ò° Ê£µ² dΩ:

dI = dΩ 
e2ω

0
4

4πc3
 Q2, (8)

Q = n × ∑ 
a

ξa 



 t ′ + 

1
c
 nra 




 , (9)

£¤¥ ¶µ²µ¦¨²¨ ξ
..
a ≈ − ω0

2ξa.
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‘¨¸É¥³  (4) ¸ÊÐ¥¸É¢¥´´µ Ê¶·µÐ ¥É¸Ö ¶µ¸²¥ ¶µ¤¸É ´µ¢±¨

ξa(t) = Fa(t) e
− iω

0
t
 + Fa

 ∗(t) e
iω

0
t
, (10)

£¤¥ Fa(t) ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ ω0ts >> 1 Ö¢²Ö¥É¸Ö ³¥¤²¥´´µ ³¥´ÖÕÐ¥°¸Ö ËÊ´±-

Í¨¥° ¶µ ¸· ¢´¥´¨Õ ¸ Ô±¸¶µ´¥´Í¨ ²Ó´Ò³ ³´µ¦¨É¥²¥³. �·¥´¥¡·¥£ Ö Î²¥´ ³¨

¸ F
..

a(t), ¶µ² £ Ö Fb(t − rab6 c) ≈ Fb(t), ÎÉµ ¸¶· ¢¥¤²¨¢µ ¢¸²¥¤¸É¢¨¥ (¨³¥´´µ

ÔÉµÉ ¸²ÊÎ ° ¡Ê¤¥É · ¸¸³µÉ·¥´ ¤ ²¥¥)

ts >> L6 c,

¶µ²ÊÎ ¥³ Ê· ¢´¥´¨¥ ¤²Ö Fa:

F
.
a + 

γ
2
 Fa = iβ ∑ 

b ≠ a

∇a × 






 ∇a

eikr
ab

rab
 × Fb(t) 







 , (11)

£¤¥ β = e2 6 (2mω0), k = ω06 c. ‘µ£² ¸´µ (5) ¨ (10)

Fa(0) = Ba,    Ba = e
− iϕ

a ηa6 2. (12)

ˆ³¥¥É¸Ö ·Ö¤ ¶·µÍ¥¸¸µ¢, ¢ ±µÉµ·ÒÌ ±µ£¥·¥´É´µ¸ÉÓ É¥·Ö¥É¸Ö [24]:
¸Éµ²±´µ¢¨É¥²Ó´µ¥ ÉÊÏ¥´¨¥  Éµ³µ¢, ¢ ·¥§Ê²ÓÉ É¥ ±µÉµ·µ£µ  Éµ³ ¸µ¢¥·Ï ¥É
¡¥§Ò§²ÊÎ É¥²Ó´Ò° ´¥Ê¶·Ê£¨° ¶¥·¥Ìµ¤, ¸¡µ° Ë §Ò  Éµ³µ¢ ¶·¨ Ê¶·Ê£¨Ì ̧ Éµ²±-
´µ¢¥´¨ÖÌ ¨ ¤·. ‚µ ¢Éµ·µ³ ¨§ ÔÉ¨Ì ¶·µÍ¥¸¸µ¢ Ô²¥±É·µ´´Ò¥ Ê·µ¢´¨ Ô´¥·£¨¨
En  Éµ³  ¢µ§³ÊÐ ÕÉ¸Ö ¶·¨ ¸¡²¨¦¥´¨¨ ¸ ¤·Ê£¨³  Éµ³µ³ (En → En + ∆En(t)),
¶µÔÉµ³Ê ¢µ²´µ¢ Ö ËÊ´±Í¨Ö n-£µ ¸µ¸ÉµÖ´¨Ö Ê³´µ¦ ¥É¸Ö ´  Ë §µ¢Ò°
³´µ¦¨É¥²Ó

exp (− iϕn),   ϕn = 
1
h
  ∫ 
− ∞

∞

∆En(t)dt.

„¨¶µ²Ó´Ò° ³µ³¥´É ¶¥·¥Ìµ¤  n → n′ Ê³´µ¦ ¥É¸Ö ´  exp (− iϕn + iϕn′).
�µ¸±µ²Ó±Ê ¤²Ö · §´ÒÌ  Éµ³µ¢ ÔÉ¨ ³´µ¦¨É¥²¨ · §´Ò¥ ¨ ´¥ ±µ··¥²¨·ÊÕÉ ¤·Ê£
¸ ¤·Ê£µ³, Éµ ±µ£¥·¥´É´µ¸ÉÓ É¥·Ö¥É¸Ö. �É¨ ¶·µÍ¥¸¸Ò ÊÎ¨ÉÒ¢ ÕÉ¸Ö ¶ÊÉ¥³
¢¢¥¤¥´¨Ö ¤µ¶µ²´¨É¥²Ó´µ£µ § ÉÊÌ ´¨Ö

γ → Γ = γ + γc,

£¤¥ γc Å ÔËË¥±É¨¢´ Ö Ï¨·¨´ , ÊÎ¨ÉÒ¢ ÕÐ Ö Ê± § ´´Ò¥ ¶·µÍ¥¸¸Ò. �¨¦¥ ³Ò

¡Ê¤¥³ ¸Î¨É ÉÓ, ÎÉµ ts γc << 1, ¨ ¶µÔÉµ³Ê o¶Ê¸± ÉÓ γc .

“· ¢´¥´¨Ö ŠŒ‘ (4), (12) Ö¢²ÖÕÉ¸Ö ²¨´¥°´Ò³¨, Éµ ¥¸ÉÓ ¸Ê³³  ¨Ì ·¥Ï¥-
´¨°, Ê³´µ¦¥´´ÒÌ ´  ¶·µ¨§¢µ²Ó´Ò¥ ±µÔËË¨Í¨¥´ÉÒ, ¸´µ¢  Ö¢²Ö¥É¸Ö ·¥Ï¥-
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´¨¥³. �Éµ ¶µ§¢µ²Ö¥É ¶·¨³¥´¨ÉÓ É¥Ì´¨±Ê ËÊ´±Í¨° ƒ·¨´ . „²Ö ÔÉµ£µ ¸´ Î ² 

´ ¤µ µÉÒ¸± ÉÓ ·¥Ï¥´¨¥ (4) ξa
(b)(t) (ËÊ´±Í¨Õ ƒ·¨´ ) ¸ ´ Î ²Ó´Ò³ Ê¸²µ¢¨¥³

t = 0,   ξa
(b) = ηb cos ϕb ⋅ δab,   ξ

.
a
(b) = − ω

0
ηb sin ϕb ⋅ δab, (13)

£¤¥ δab Å ̧ ¨³¢µ² Š·µ´¥±¥·  (δab = 0 ¶·¨ a ≠ b ¨ δab = 1 ¶·¨ a = b). �¥Ï¥´¨¥

¸ ¶·µ¨§¢µ²Ó´Ò³ ´ Î ²Ó´Ò³ Ê¸²µ¢¨¥³ (5) · ¢´µ

ξa(t) = ∑ 
b

ξa
(b)(t). (14)

� ¸¸³µÉ·¨³ ¸²ÊÎ ° ¶µ²´µ¸ÉÓÕ ´¥±µ··¥²¨·µ¢ ´´ÒÌ ¶·¨ t = 0  Éµ³µ¢

〈e
i(ϕ

a
 − ϕ

b
)
 〉 = 0. (15)

‚¸²¥¤¸É¢¨¥ ´¥§ ¢¨¸¨³µ¸É¨ Ë §

dI = ∑ 
b

dIb, (16)

£¤¥ dIb µ¶·¥¤¥²Ö¥É¸Ö Ëµ·³Ê² ³¨ (8), (9), ¢ ±µÉµ·Ò¥ ¢³¥¸Éµ ξa ¸²¥¤Ê¥É ¶µ¤-

¸É ¢¨ÉÓ ξa
(b).

‚ ¸²¥¤ÊÕÐ¨Ì · §¤¥² Ì ¶µ± § ´µ, ÎÉµ, ´¥¸³µÉ·Ö ´  µÉ¸ÊÉ¸É¢¨¥ ±µ··¥-
²ÖÍ¨° ¶·¨ t = 0, ¶·¨ t > 0 ¢µ§´¨± ÕÉ ±µ··¥²ÖÍ¨¨ ³¥¦¤Ê  Éµ³ ³¨ ¨, ± ±
¸²¥¤¸É¢¨¥, · §¢¨¢ ÕÉ¸Ö ±µ²²¥±É¨¢´Ò¥ ±µ£¥·¥´É´Ò¥ ÔËË¥±ÉÒ.

3. Œ…•��ˆ‡Œ ‚�‡�ˆŠ��‚…�ˆŸ
Š���…‹Ÿ–ˆˆ ”�‡ ‚ ŠŒ‘

� ¸¸³µÉ·¨³ ¤²Ö µ¶·¥¤¥²¥´´µ¸É¨ ¸²ÊÎ ° ( ) ¨§ (1) ¨ µÍ¥´¨³ ¨´É¥´¸¨¢-
´µ¸ÉÓ Ib ¤²Ö ÉµÎ¥Î´µ£µ ́  Î ²Ó´µ£µ Ê¸²µ¢¨Ö (13). „²Ö µÍ¥´±¨ Ib ̈  ts ¤µ¸É ÉµÎ-

´µ ¸Î¨É ÉÓ, ÎÉµ  Éµ³ ¸ ´µ³¥·µ³ b ±µ²¥¡²¥É¸Ö ¸ ¶µ¸ÉµÖ´´µ°  ³¶²¨ÉÊ¤µ°:
ξb = ηb cos (ω0t + ϕb). �Éµ³ b ¢ ÉµÎ±¥ ´ Ìµ¦¤¥´¨Ö ¶¥·¢µ´ Î ²Ó´µ ´¥¢µ§¡Ê¦-

¤¥´´µ£µ  Éµ³  a ̧ µ§¤ ¥É ·¥§µ´ ´¸´µ¥ ¶µ²¥ Ea, ±µÉµ·µ¥ ́  Î¨´ ¥É · ¸± Î¨¢ ÉÓ

µ¸Í¨²²ÖÉµ· a:

Ea ~ 
eηb

Ra
 3

 cos (ω
0
t + ϕb);

ξa ~ 
e2ηb

mω
0
Ra

 3
 t sin (ω

0
t + ϕb), (17)

§¤¥¸Ó ¨ ¤ ²¥¥ Ra ≡ rab = ra − rb.
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„²Ö µÍ¥´µ± ¡Ê¤¥³ ¸Î¨É ÉÓ, ÎÉµ É¨¶¨Î´µ¥ · ¸¸ÉµÖ´¨¥ ³¥¦¤Ê  Éµ³ ³¨:

Ra ~ L. (18)

—¥·¥§ ´¥±µÉµ·µ¥ ¢·¥³Ö ´ Î ²Ó´ Ö Ô´¥·£¨Ö  Éµ³  b ¶¥·¥· ¸¶·¥¤¥²Ö¥É¸Ö
¶µ ¢¸¥³  Éµ³ ³  ±É¨¢´µ° ¸·¥¤Ò. ˆÌ  ³¶²¨ÉÊ¤  ¸É ´µ¢¨É¸Ö ¶µ·Ö¤± 

ξa ~ 
1

√N  
 ηb . (19)

’¥¶¥·Ó ¸Ëµ·³¨·µ¢ ²¸Ö ±µ£¥·¥´É´Ò°  ´¸ ³¡²Ó ¨§ N  Éµ³µ¢. Šµ£¥·¥´É-

´µ¸ÉÓ ¤ ¥É ¢ ̈ ´É¥´¸¨¢´µ¸ÉÓ Ib ³´µ¦¨É¥²Ó N 2 (¸³. · §¤.1), ´µ ¢¸²¥¤¸É¢¨¥ (19)

¶µÖ¢²Ö¥É¸Ö ¥Ð¥ µ¤¨´ ³´µ¦¨É¥²Ó (16 √N)2 = 16 N, ¶µÔÉµ³Ê Ib ~ NI1, £¤¥ I1 Å

¨´É¥´¸¨¢´µ¸ÉÓ ¨§²ÊÎ¥´¨Ö Ê¥¤¨´¥´´µ£µ  Éµ³ . �É¸Õ¤  ¸²¥¤Ê¥É µÍ¥´± 
ts ~ εb 6 Ib ~ τ0 6 N, £¤¥ τ0 = εb6 I1 Å ¢·¥³Ö ¦¨§´¨ Ê¥¤¨´¥´´µ£µ ¢µ§¡Ê¦¤¥´-

´µ£µ  Éµ³ . ‘µ£² ¸´µ (16) ¶µ²´ Ö ¨´É¥´¸¨¢´µ¸ÉÓ ¨§²ÊÎ¥´¨Ö ¸·¥¤Ò ¨§ ¶¥·¢µ-

´ Î ²Ó´µ ´¥±µ··¥²¨·µ¢ ´´ÒÌ  Éµ³µ¢ ¶µ·Ö¤±  I ~ NIb ~ N 2I1.

�É¨ · ¸¸Ê¦¤¥´¨Ö ¢¥·´Ò ¢ Éµ³ µÉ´µÏ¥´¨¨, ÎÉµ µ´¨ Ê± §Ò¢ ÕÉ ´ 
¸ÊÐ¥¸É¢¥´´ÊÕ ·µ²Ó ±µ²²¥±É¨¢´ÒÌ ÔËË¥±Éµ¢ ¶·¨ ̈ §²ÊÎ¥´¨¨  Éµ³ , µ±·Ê¦¥´-
´µ£µ ·¥§µ´ ´¸´Ò³¨ ¶ ·É´¥· ³¨, µ¤´ ±µ µ´¨ ´¥ Ö¢²ÖÕÉ¸Ö ÉµÎ´Ò³¨. �·¨Î¨´ 
¸µ¸Éµ¨É ¢ ´¥¶· ¢¨²Ó´µ¸É¨ µÍ¥´±¨ (18). �Éµ ¢¨¤´µ Ê¦¥ ¨§ (17): ξa ¤µ¢µ²Ó´µ

¡Ò¸É·µ ̧ ¶ ¤ ¥É ̧  ·µ¸Éµ³ Ra, ̈ , ± ± ¡Ê¤¥É ¶µ± § ´µ ¢ ̧ ²¥¤ÊÕÐ¥³ · §¤¥²¥, ÔÉµ

µ¡¸ÉµÖÉ¥²Ó¸É¢µ ¢´µ¸¨É ̧ ÊÐ¥¸É¢¥´´Ò¥ ̈ §³¥´¥´¨Ö ¢ µ¶¨¸ ´´ÊÕ ¢ÒÏ¥ ¶·µ¸ÉÊÕ
± ·É¨´Ê.

4. ‘‹“—�‰ l << L << λ

‚ Ê· ¢´¥´¨¨ (11) ¢ ÔÉµ³ ¸²ÊÎ ¥ ¸²¥¤Ê¥É ¶·µ¨§¢¥¸É¨ · §²µ¦¥´¨¥ Ô±¸¶µ-

´¥´ÉÒ ¤µ Î²¥´µ¢ ~ k3 ¢±²ÕÎ¨É¥²Ó´µ. ‘² £ ¥³µ¥ ~ k · ¢´µ ´Ê²Õ, Î¨¸Éµ

³´¨³µ¥ ¸² £ ¥³µ¥ ~ k2 ³ ²µ ¶µ ¸· ¢´¥´¨Õ ¸ ³´¨³Ò³ ¸² £ ¥³Ò³ ´Ê²¥¢µ£µ

¶µ·Ö¤± , ¨ ¶µÔÉµ³Ê ¥£µ ¸²¥¤Ê¥É µ¶Ê¸É¨ÉÓ. ‘² £ ¥³µ¥ ~ k3

− 
γ
2
 ∑ 
b ≠ a

 Fb

Ö¢²Ö¥É¸Ö ¢¥Ð¥¸É¢¥´´Ò³, ¨ ¶µÔÉµ³Ê ¥£µ ¸²¥¤Ê¥É ¸µÌ· ´¨ÉÓ.
“· ¢´¥´¨¥ (11) ¶·¨¢µ¤¨É¸Ö ± ¢¨¤Ê

F
.
a + 

γ
2
 F = iβ∑ 

b ≠ a

 
3nab(nabFb) − Fb

(rab)3
 , (20)

£¤¥ nab = rab6 rab,
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F = ∑ 
a

Fa(t). (21)

‚ ¨´¤¥±¸´µ° § ¶¨¸¨ (20) ¢Ò£²Ö¤¨É É ±:

F
.
aα + 

γ
2
 Fα = iβ ∑ 

b ≠ a

Gαβ(rab) Fbβ, (22)

£¤¥ Gαβ = 
3SαSβ − δαβ

(rab)3
 , S ≡ nab, α, β = x, y, z. ‚ (22) ¨ ¤ ²¥¥ ¶µ ¶µ¢Éµ·ÖÕ-

Ð¨³¸Ö ¨´¤¥±¸ ³ ¢¥¤¥É¸Ö ¸Ê³³¨·µ¢ ´¨¥.

”Ê´±Í¨Ö ƒ·¨´  Fa
(b)(t) Ê· ¢´¥´¨Ö (11) Ê¤µ¢²¥É¢µ·Ö¥É ́  Î ²Ó´µ³Ê Ê¸²µ¢¨Õ:

t = 0,   Fa
(b) = Bbδab. (23)

�¥Ï¥´¨¥ ¸ ¶·µ¨§¢µ²Ó´Ò³ ´ Î ²Ó´Ò³ Ê¸²µ¢¨¥³ (12)  ´ ²µ£¨Î´µ (14)
¨³¥¥É ¢¨¤

Fa(t) = ∑ 
b

Fa
(b)(t). (24)

�¨¦¥ ¶µ² £ ¥³, ÎÉµ ¸·¥¤  ¨³¥¥É Ëµ·³Ê Ô²²¨¶¸µ¨¤ . ‘Õ¤  µÉ´µ¸ÖÉ¸Ö
¢ ¦´Ò¥ Î ¸É´Ò¥ ¸²ÊÎ ¨ Ï · , Ô²²¨¶¸µ¨¤  ¢· Ð¥´¨Ö ¨ Éµ´±µ£µ ¤²¨´´µ£µ

¸É¥·¦´Ö. � ¸¸³µÉ·¨³ ¸´ Î ²  ®ÉµÎ¥Î´µ¥¯ ·¥Ï¥´¨¥ (22) Fa
(b).  „²Ö Ê¶·µÐ¥´¨Ö

§ ¶¨¸¨ Ëµ·³Ê² ´¨¦¥ ¡Ê¤¥³ µ¶Ê¸± ÉÓ ¢¥·Ì´¨° ¨´¤¥±¸ b.
ˆ´É¥´¸¨¢´µ¸ÉÓ ¨§²ÊÎ¥´¨Ö ¢ ¸²ÊÎ ¥ l << L << λ · ¢´ 

I = 
2

3c3
 (D

..
)2 ≈ 

2ω
0
4

3c3
 (D)2, (25)

£¤¥ 

D = e ∑ 
a

ξa = e(F e
− iω

0
t
 + F∗ e

iω
0
t
). (26)

‘Ê³³¨·ÊÖ (22) ¶µ a ¶µ²ÊÎ ¥³

F
.

α + 
γN
2

 Fα = iβ ∑ 
b

ταβ(rb)Fbβ, (27)

£¤¥

ταβ(rb) = ∑ 
a

Gαβ(rab). (28)

‡ ³¥Î É¥²Ó´Ò³ µ¡¸ÉµÖÉ¥²Ó¸É¢µ³, Ì · ±É¥·´Ò³ Éµ²Ó±µ ¤²Ö Ô²²¨¶¸µ¨¤ ,
Ö¢²Ö¥É¸Ö Éµ, ÎÉµ ¢ ÔÉµ³ ¸²ÊÎ ¥ ταβ ´¥ § ¢¨¸¨É µÉ rb [12, 13] (¸³. É ±¦¥

¶·¨²µ¦¥´¨¥ 4). ‚¥²¨Î¨´Ê ταβ ³µ¦´µ · ¸¸Î¨É ÉÓ, ·¥Ï¨¢ ¨§¢¥¸É´ÊÕ § ¤ ÎÊ µ
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¤¨Ô²¥±É·¨Î¥¸±µ³ Ô²²¨¶¸µ¨¤¥ ¢ µ¤´µ·µ¤´µ³ ¢´¥Ï´¥³ Ô²¥±É·¨Î¥¸±µ³ ¶µ²¥
E0. �µ²¥ ¢´ÊÉ·¨ Ô²²¨¶¸µ¨¤  · ¢´µ

Ei = E
0
 + E′,

£¤¥ E′ Å ¸µ¡¸É¢¥´´µ¥ ¶µ²¥ Ô²²¨¶¸µ¨¤ , ¸µ§¤ ´´µ¥ ¢¸¥³¨ ¤¨¶µ²Ó´Ò³¨ ³µ-
³¥´É ³¨ Ô²²¨¶¸µ¨¤ :

E′α = ∑ 
b

Gαβ(Rb) dbβ = − 4πQαβPβ, (29)

P Å ¢¥±Éµ· ¶µ²Ö·¨§ Í¨¨ ¸·¥¤Ò (¤¨¶µ²Ó´Ò° ³µ³¥´É ¥¤¨´¨ÍÒ µ¡Ñ¥³ ),

Qαβ = r(x)iαiβ + r(y)jα jβ + r(z)kαkβ. (30)

i, j, k Å ¥¤¨´¨Î´Ò¥ ¢¥±Éµ·Ò, ́  ¶· ¢²¥´´Ò¥ ¢¤µ²Ó £² ¢´ÒÌ µ¸¥° Ô²²¨¶¸µ¨¤ ,

¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¶µ²Êµ¸¨ · ¢´Ò a, b, c; r(x), r(y), r(z) Å ¤¥¶µ²Ö·¨§ÊÕÐ¨¥
Ë ±Éµ·Ò:

r(x) = 
abc
2

 ∫ 
0

∞
dS

(S + a2)Rs

 , (31)

£¤¥ Rs = √(S + a2) (S + b2) (S + c2) .

”µ·³Ê²Ò ¤²Ö r(y) ¨ r(z) ¶µ²ÊÎ ÕÉ¸Ö ¨§ (31) ¶µ¸²¥ § ³¥´Ò ³´µ¦¨É¥²Ö

S + a2 ¢ §´ ³¥´ É¥²¥ ́   S + b2 ̈  S + c2 ̧ µµÉ¢¥É¸É¢¥´´µ. ‘¶· ¢¥¤²¨¢  Ëµ·³Ê² 

r(x) + r(y) + r(z) = 1. (32)

‚ Î ¸É´µ¸É¨, ¤²Ö Ï · :

r(x) = r(y) = r(z) = 
1
3
 . (33)

‚Ò¤¥²¨³ Ï · ³ ²µ£µ · ¤¨Ê¸  ¸ Í¥´É·µ³ ´   Éµ³¥ a. ’µ£¤ 

E′ = E
1
 + E

2
, (34)

£¤¥ E1, E2 Å ¶µ²Ö, ¸µ§¤ ´´Ò¥ ¤¨¶µ²Ö³¨, ´ Ìµ¤ÖÐ¨³¨¸Ö ¢´ÊÉ·¨ ¨ ¢´¥ Ï · 

¸µµÉ¢¥É¸É¢¥´´µ. �µ Ë¨§¨Î¥¸±µ³Ê ¸³Ò¸²Ê

∑ 
b ≠ a

 Gαβ(Rb) dbβ = E
2α.

“Î¨ÉÒ¢ Ö, ÎÉµ ¤²Ö Ô²²¨¶¸µ¨¤  db = d = const, ´ Ìµ¤¨³

E
2α = ταβdβ = ταβPβ 6 n. (35)
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�µ²¥ E1 ¥¸ÉÓ ´¥ ÎÉµ ¨´µ¥, ± ± ¶µ²¥ ¢´ÊÉ·¨ Ï ·  ¸ µ¤´µ·µ¤´µ° ¶µ²Ö·¨-

§ Í¨¥° (P = const) [12, 13]: E1 = − 4πP 6 3. �É¸Õ¤ , ¨§ (29), (34) ¨ (35) ¶µ²Ê-

Î ¥³:

ταβ = 4πn 


 
1
3
 δαβ − Qαβ 




 . (36)

Š ± ¸²¥¤Ê¥É ¨§ (30), (33) ¨ (36), ¤²Ö Ï · 

ταβ = 0. (37)

ˆ§ (27) ¨ ταβ(rb) = const ¸²¥¤Ê¥É

F
.

α + 
γN
2

 Fα = iβταβFβ. (38)

‘µ£² ¸´µ (23) ´ Î ²Ó´µ¥ Ê¸²µ¢¨¥ ¤²Ö F ¨³¥¥É ¢¨¤

t = 0,   F = Bb = Bbx i + Bby j + Bbz k.

�É¸Õ¤  ¨ ¨§ (23), (26), (30) ¨ (36) ¶µ²ÊÎ ¥³:

F(t) = Fx i + Fy j + Fz k; (39)

Fx= Bbx exp 



− iωxt − 

γN
2

 t 


 ;

Db(t) = Dx
(b) i + Dy

(b) j + Dz
(b) k;

Dx
(b) = eηbx cos [(ω0

 + ωx) t + ϕb] exp 



 − 

γN
2

 t 


 , (40)

£¤¥ ωx = ωd(3n(x) − 1),  ωd = 4πβn 6 3.

‚Ò· ¦¥´¨Ö ¤²Ö Fy, Fz ¨ Dy, Dz ¶µ²ÊÎ ÕÉ¸Ö ¨§ (39), (40) ¶µ¸²¥ § ³¥´Ò

¨´¤¥±¸  x ´  y ¨ z ¸µµÉ¢¥É¸É¢¥´´µ. ‚Ò· ¦¥´¨Ö³¨ (40) µ¶·¥¤¥²Ö¥É¸Ö ¤¨¶µ²Ó-
´Ò° ³µ³¥´É ¤²Ö ÉµÎ¥Î´µ£µ ́  Î ²Ó´µ£µ Ê¸²µ¢¨Ö (13), (23). ‚¸²¥¤¸É¢¨¥ ²¨´¥°-
´µ¸É¨ (¸³. (24)) ¤¨¶µ²Ó´Ò° ³µ³¥´É ¸·¥¤Ò ¸ ¶·µ¨§¢µ²Ó´Ò³ ´ Î ²Ó´Ò³ Ê¸²µ-
¢¨¥³ (5), (12) ¶µ²ÊÎ ¥É¸Ö ¶·¨ ¸Ê³³¨·µ¢ ´¨¨ (40) ¶µ ¢¸¥³  Éµ³ ³ b:

D = Dx i + Dy j + Dz k;

Dx = e ∑ 
b

ηbx cos [(ω0
 + ωx) t + ϕb] exp 




 − 

γN
2

 t 

 . (41)

ˆ³¥Ö ¢ ¢¨¤Ê, ÎÉµ (D)2 = (Dx)
2 + (Dy)

2 + (Dz)
2, Ê¸·¥¤´¨³ (Dx)

2 ¶µ ¡Ò¸É·Ò³

µ¸Í¨²²ÖÍ¨Ö³ ¸ ¶¥·¨µ¤µ³ 2π6 ω0:
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〈Dx
 2〉 = 

1
2
 e2 exp (− γNt) ∑ 

a,b

ηax ηbx cos (ϕa − ϕb).

‘µµÉ¢¥É¸É¢¥´´µ

〈D2〉 = 
1
2
 e2 exp (− γNt) g,

£¤¥

g = ∑ 
a,b

(ηaηb) cos (ϕa − ϕb). (42)

�É¸Õ¤  ¨ ¨§ (25) ¶µ²ÊÎ ¥³

I = 
4e2ω

0
4

3c3
 g exp (− γNt). (43)

‘²¥¤µ¢ É¥²Ó´µ, ¶µ²´ Ö ¨§²ÊÎ¥´´ Ö Ô´¥·£¨Ö · ¢´ 

Er = ∫ 
0

∞

I dt = 
mω

0
2g

2N
 .

� Î ²Ó´ Ö Ô´¥·£¨Ö µ¸Í¨²²ÖÉµ·µ¢ µ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³ (6):

E
0
 = ∑ 

a

E
0
 (a) = 

1
2
 mω

0
2 ∑ 

a

ηa
2.

„²Ö µÉ´µÏ¥´¨Ö ÔÉ¨Ì Ô´¥·£¨° ¶µ²ÊÎ ¥³

ξ = 
Er

E
0

 = 
g

N ∑ 
a

ηa
2
 . (44)

„µ± ¦¥³, ÎÉµ ξ ≤ 1. ˆ§ (42) g = ∑ 
a,b

ηaηbqab, £¤¥ ηa, ηb Å ³µ¤Ê²¨ ¸µµÉ-

¢¥É¸É¢ÊÕÐ¨Ì ¢¥±Éµ·µ¢, qab = cos (αab) cos (ϕa − ϕb), αab Å Ê£µ² ³¥¦¤Ê ¢¥±-

Éµ· ³¨ ηa ¨ ηb. �Î¥¢¨¤´µ, qab ≤ 1, ¶µÔÉµ³Ê

g ≤ ∑ 
a,b

ηaηb.

�µ¸±µ²Ó±Ê

√ηaηb  < 
ηa + ηb

2
 ,

Éµ

∑ 
a,b

ηaηb ≤ ∑ 
a,b




 
ηa + ηb

2
 




 2

 = 
1
4
 ∑ 
a,b

(ηa
2 + ηb

2 + 2ηaηb) = 
1
2
 N ∑ 

a

ηa
2 + 

1
2
 ∑ 
a,b

ηaηb.
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ˆ§ ÔÉµ£µ ´¥· ¢¥´¸É¢  ¸²¥¤Ê¥É, ÎÉµ

∑ 
a,b

ηaηb ≤ N ∑ 
a

ηa
2,

Éµ ¥¸ÉÓ ξ ≤ 1.

’¥¶¥·Ó ¶µ± ¦¥³, ÎÉµ ξ ≥ 0. � ¸¸³µÉ·¨³ ¢Ò· ¦¥´¨¥ b = 〈[∑ 
a

ηa ×

× cos (ϕa + Ψ)]2〉,  £¤¥ Ê£²µ¢Ò³¨ ̧ ±µ¡± ³¨ µ¡µ§´ Î¥´µ Ê¸·¥¤´¥´¨¥ ¶µ ¸²ÊÎ °-

´µ° Ë §¥ Ψ.
ˆ³¥¥³

b = ∑ 
a,b

ηaηb 〈cos (ϕa + Ψ) cos (ϕb + Ψ)〉 = 
1
2
 g. 

“Î¨ÉÒ¢ Ö, ÎÉµ b ≥ 0, § ±²ÕÎ ¥³, ÎÉµ ξ ´¥µÉ·¨Í É¥²Ó´µ. ˆÉ ±, 0 ≤ ξ ≤ 1,
Éµ ¥¸ÉÓ ¨§²ÊÎ ¥É¸Ö Éµ²Ó±µ Î ¸ÉÓ Ô´¥·£¨¨. ‚µ§´¨± ¥É ¢µ¶·µ¸: ±Ê¤  ¤¥¢ ¥É¸Ö
µ¸É ¢Ï Ö¸Ö Ô´¥·£¨Ö?

�·¨Î¨´  ÔÉµ£µ Ö¢²¥´¨Ö § ±²ÕÎ ¥É¸Ö ¢ Éµ³, ÎÉµ ¢ ·¥§Ê²ÓÉ É¥ ¤¨¶µ²Ó-
¤¨¶µ²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö  ±É¨¢´ Ö ¸·¥¤  ¶¥·¥Ìµ¤¨É ¢ ³¥É ¸É ¡¨²Ó´µ¥ ±µ-
£¥·¥´É´µ¥ ¸µ¸ÉµÖ´¨¥ ¸ D = 0. �¸É ¢Ï Ö¸Ö Ô´¥·£¨Ö ¨§²ÊÎ ¥É¸Ö §  £µ· §¤µ

¡o′ ²ÓÏ¥¥ ¢·¥³Ö ¢ ¢¨¤¥ ±¢ ¤·Ê¶µ²Ó´µ£µ ¨§²ÊÎ¥´¨Ö, ²¨¡µ ¢ ·¥§Ê²ÓÉ É¥ · §·Ê-
Ï¥´¨Ö ³¥É ¸É ¡¨²Ó´µ£µ ¸µ¸ÉµÖ´¨Ö ¢ ¶·µÍ¥¸¸ Ì  Éµ³´ÒÌ ¸Éµ²±´µ¢¥´¨°.

� ¸¸³µÉ·¨³ ¶·¥¤¥²Ó´Ò° ¸²ÊÎ ° N → ∞ (¡¥¸±µ´¥Î´ Ö ¸·¥¤ ). „²Ö ´ Ìµ¦-
¤¥´¨Ö ³¥É ¸É ¡¨²Ó´ÒÌ ¸µ¸ÉµÖ´¨° ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö (22) ¸²¥¤Ê¥É ¨¸± ÉÓ ¢
¢¨¤¥

F = 0,   Fa(t) = Sae
− iωt. (45)

„²Ö  ³¶²¨ÉÊ¤ Sa ¶µ²ÊÎ ¥³ Ê· ¢´¥´¨¥

− ωSaα = β ∑ 
b

Gαβ(rab)Sbβ, (46)

·¥Ï¥´¨¥ ±µÉµ·µ£µ ¨Ð¥³ ¢ ¢¨¤¥

Saα
 (b) = Bbαδab + Gαβ(rab) Dbβ. (47)

ˆ§ (46) ¨ (47) ¸ ÊÎ¥Éµ³ Ëµ·³Ê²Ò (¸³. ¶·¨²µ¦¥´¨¥ 5)

∑ 
b

Gαβ(rab) Gβγ(rbc) = − 
4πn
3

 Gαγ(rac) + 
32π2n2

9
 δαγδac (48)

¶µ²ÊÎ ¥³
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 − ωB = 
8πnωd

3
 D

 − ωD = βB − ωd D.

�·¨· ¢´¨¢ Ö ¥¥ µ¶·¥¤¥²¨É¥²Ó ± ´Ê²Õ, ´ Ìµ¤¨³ ¤¢  ·¥Ï¥´¨Ö:

ω
1
 = − ωd ,   ω

2
 = 2ωd . (49)

�É¨³ ¤¢Ê³ Î ¸ÉµÉ ³ ¸µµÉ¢¥É¸É¢ÊÕÉ ¤¢  ·¥Ï¥´¨Ö

Fa
(b)(t) = 







 Bbδab + 

3
8πn

 
3nab(nabBb) − Bb

(rab)3
 






 e

iω
d
t
;

Fa
(b)(t) = 







 Bbδab − 

3
4πn

 
3nab(nabBb) − Bb

(rab)3
 






 e

− 2iω
d
t
, (50)

±µÉµ·Ò¥  µ¶¨¸Ò¢ ÕÉ  ²µ± ²¨§µ¢ ´´Ò¥  ́    Éµ³¥ b ¢µ§¡Ê¦¤¥´¨Ö  ±É¨¢´µ°
¸·¥¤Ò.

”µ·³Ê²Ò (48)Å(50) ¸¶· ¢¥¤²¨¢Ò (¸³. ¶·¨²µ¦¥´¨¥ 5) ¸ ÉµÎ´µ¸ÉÓÕ ¤µ
Î²¥´µ¢ ~ 16 N, ±µÉµ·Ò¥ ¢ ¡¥¸±µ´¥Î´µ° ¸·¥¤¥ · ¢´Ò ´Ê²Õ. �µ ÔÉµ° ¶·¨Î¨´¥,
¶µ²Ó§ÊÖ¸Ó (50), ´¥²Ó§Ö · ¸¸Î¨É ÉÓ ¤¨¶µ²Ó´Ò° ³µ³¥´É ¸·¥¤Ò, ÎÉµ¡Ò, ´ ¶·¨-
³¥·, Ê¡¥¤¨ÉÓ¸Ö ¢ · ¢¥´¸É¢¥ ¥£µ ´Ê²Õ. ’ ±, ¤²Ö Ï ·  ¨§ (37) ¨ (50) ¸²¥¤Ê¥É:

F = Bb e
− iωt ≠ 0.

�¤´ ±µ ¶µ¸²¥ ¤µ¡ ¢²¥´¨Ö ± Fa
(b)  ¨§ (50) Î²¥´  − 

1
N

 Bb e
iωt ¤¨¶µ²Ó´Ò° ³µ-

³¥´É ¸·¥¤Ò µ¡· É¨É¸Ö ¢ ´Ê²Ó. �µ ÔÉµ° ¶·¨Î¨´¥ ¢ ¤ ²Ó´¥°Ï¥³ ¡Ò²µ ¡Ò ̈ ´É¥-
·¥¸´µ µÉÒ¸± ÉÓ ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö (22) ¸ ÉµÎ´µ¸ÉÓÕ ¤µ ¸² £ ¥³ÒÌ ~ 16 N
¢±²ÕÎ¨É¥²Ó´µ ¤²Ö ̧ ·¥¤Ò ¶·µ¨§¢µ²Ó´µ° Ëµ·³Ò. �·¨¢¥¤¥´´µ¥ ¦¥ ¢ÒÏ¥ ·¥Ï¥-
´¨¥ ¤²Ö Ô²²¨¶¸µ¨¤ , ¢ÒÎ¨¸²¥´´Ò° ´  ¥£µ µ¸´µ¢¥ ¤¨¶µ²Ó´Ò° ³µ³¥´É ¨ ¢¸¥
¢Ò¢µ¤Ò, ±µÉµ·Ò¥ ¡Ò²¨ ¸¤¥² ´Ò, Ö¢²ÖÕÉ¸Ö ¶· ¢¨²Ó´Ò³¨. „¥°¸É¢¨É¥²Ó´µ,
¶Ê¸ÉÓ ¶·¨ · ¸Î¥É¥ ταβ ¡Ò²  ¤µ¶ÊÐ¥´  µÏ¨¡±  ~ 16 N. ’µ£¤  ¤²Ö Ô²²¨¶¸µ¨¤ 

¶µ²ÊÎ¨²¨ ¡Ò

ταβ(rb) = ταβ + 
n
N

 Qαβ(rb), (51)

£¤¥ ταβ Å ¶·¥¦´¥¥ ¢Ò· ¦¥´¨¥ (36), Qαβ(rb) Å ¡¥§· §³¥·´Ò¥ ¢¥²¨Î¨´Ò

¶µ·Ö¤±  ¥¤¨´¨ÍÒ. ˆ§ (27) ¨ (51) Éµ£¤  ¸²¥¤Ê¥É Ê· ¢´¥´¨¥ (¸·. ¸ (38)):
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F
.

α + 
γN
2

 Fα = iβταβ Fβ + 
iβn
N

 ∑ 
b

Qαβ(rb)Fbβ.

� ¸¸³µÉ·¨³ ¤²Ö ¶·µ¸ÉµÉÒ ¸²ÊÎ ° Ï · : ταβ = 0. Ÿ¸´µ, ÎÉµ ¢¥²¨Î¨´Ò

Qαβ(rb) ¸ÊÐ¥¸É¢¥´´µ ¨§³¥´ÖÕÉ¸Ö ²¨ÏÓ ´  Ì · ±É¥·´µ³ · §³¥·¥ ¸·¥¤Ò

(rb ~ L). „²Ö µÍ¥´µ± ¶µ·Ö¤±  ¢¥²¨Î¨´Ò ¶µ¶· ¢µ± ¤µ¸É ÉµÎ´µ · ¸¸³µÉ·¥ÉÓ

¸²ÊÎ °

Qαβ = Qδαβ,

£¤¥ Q ~ 1. ’µ£¤  ¢³¥¸Éµ (40) ¶µ²ÊÎ ¥³

F(t) = Bb exp 



 − 

γN
2

 t + 
iβn
N

 Qt 


 .

�µ¸±µ²Ó±Ê N >> 1, Éµ ÔÉ¨³¨ ¶µ¶· ¢± ³¨ ³µ¦´µ ¶·¥´¥¡·¥ÎÓ.

�¥Ï¥´¨Ö (50) Ö¢²ÖÕÉ¸Ö ²¨ÏÓ Î ¸É´Ò³¨ ¸²ÊÎ Ö³¨ ³¥É ¸É ¡¨²Ó´ÒÌ ¸µ-
¸ÉµÖ´¨°. ’ ±µ¥ ¶·µ¨§¢µ²Ó´µ¥ ¸µ¸ÉµÖ´¨¥ ¨³¥¥É ¢¨¤

Fa(t) = ∑ 
b

Fa
 (b),

¶·¨Î¥³ §¤¥¸Ó Fa
 (b)  Ö¢²Ö¥É¸Ö ²¨´¥°´µ° ±µ³¡¨´ Í¨¥° ¤¢ÊÌ ·¥Ï¥´¨° ¨§ (50).

‘µ¡¸É¢¥´´Ò¥  ³µ¤Ò  (50)  ̈ ³¥ÕÉ  ÉÊ ¦¥ Ë¨§¨Î¥¸±ÊÕ ¶·¨·µ¤Ê, ÎÉµ ¨ ¶µ²Ö-
·¨Éµ´Ò (¸³. · §¤.6), µ¤´ ±µ, ¢¸²¥¤¸É¢¨¥ L << λ, µ´¨ ´¥ · ¸¶·µ¸É· ´ÖÕÉ¸Ö
¶µ ¸·¥¤¥. �É¨ ±µ²¥¡ ´¨Ö ³µ¦´µ ¡Ò²µ ¡Ò ´ §¢ ÉÓ ±¢ §¨¸É É¨Î¥¸±¨³¨
¶µ²Ö·¨Éµ´ ³¨.

‘²ÊÎ °    ξ = 1     ¸µµÉ¢¥É¸É¢Ê¥É     ¶µ²´µ¸ÉÓÕ    ±µ£¥·¥´É´µ°    ´ ± Î±¥
(π-¨³¶Ê²Ó¸µ³)

ϕ
1
 = ϕ

2
 = Á = ϕN ,   η

1
 = η

2
 = Á = ηN

¨ Ö¢²Ö¥É¸Ö ±² ¸¸¨Î¥¸±¨³  ´ ²µ£µ³ § ¤ Î¨, · ¸¸³µÉ·¥´´µ° „¨±±¥ [1]. ̂ § (43)
¸²¥¤Ê¥É, ÎÉµ ¢ ¸¨¸É¥³¥ ±² ¸¸¨Î¥¸±¨Ì µ¸Í¨²²ÖÉµ·µ¢ ¶·¨ ´ ± Î±¥ π-¨³¶Ê²Ó-

¸µ³ Ô±· ´¨·µ¢±  µÉ¸ÊÉ¸É¢Ê¥É, ¨³¥¥É¸Ö ¸¢¥·Ì¨§²ÊÎ¥´¨¥ (I ∞ N 2). ‘¶¥Í¨Ë¨-
±µ° µ¸Í¨²²ÖÉµ·µ¢ Ö¢²Ö¥É¸Ö ´Ê²¥¢µ¥ ¢·¥³Ö § ¤¥·¦±¨ ¨³¶Ê²Ó¸  ¸¢¥·Ì¨§²ÊÎ¥-
´¨Ö. �É¨ µ¡¸ÉµÖÉ¥²Ó¸É¢  Ê± §Ò¢ ÕÉ ´  ¸¶· ¢¥¤²¨¢µ¸ÉÓ É¥µ·¨¨ „¨±±¥ ¶·¨
¶µ²´µ¸ÉÓÕ ±µ£¥·¥´É´µ° ´ ± Î±¥ ¸·¥¤Ò, ¨³¥ÕÐ¥° Ëµ·³Ê Ô²²¨¶¸µ¨¤ ,  
§´ Î¨É, ¨ ́   ̧ ¢µ¥µ¡· §´ÊÕ ±µ³¶¥´¸ Í¨Õ ¤¨¶µ²Ó-¤¨¶µ²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö
 Éµ³µ¢ ¢ ÔÉµ³ ¸²ÊÎ ¥. „µ¸É ÉµÎ´µ µÎ¥¢¨¤´µ, ÎÉµ ¤²Ö ¤·Ê£µ° Ëµ·³Ò ¸·¥¤Ò
¡Ê¤ÊÉ ´ ¡²Õ¤ ÉÓ¸Ö §´ Î¨É¥²Ó´Ò¥ µÉ±²µ´¥´¨Ö µÉ É¥µ·¨¨ „¨±±¥.
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5. ‘‹“—�‰ λ << l << L

�  ÔÉµÉ · § ¢ (11) ¸²¥¤Ê¥É ¤¨ËË¥·¥´Í¨·µ¢ ÉÓ Éµ²Ó±µ Ô±¸¶µ´¥´ÉÊ:

F
.
a + 

γ
2
 Fa = − 

ir
0
ω

0

2
 ∑ 
b ≠ a

 
e
ikr

ab

rab
 nab × (nab × Fb), (52)

£¤¥ r0 = e26 (mc2). �·µ¨§¢¥¤Ö ¶µ¤¸É ´µ¢±Ê

Fa(t) = e
− 

γ
2
 t
Ga(t), (53)

¶µ²ÊÎ¨³ Ê· ¢´¥´¨¥ ¤²Ö Ga,  ´ ²µ£¨Î´µ¥ (52), ¢ ±µÉµ·µ³ µÉ¸ÊÉ¸É¢Ê¥É ¢Éµ·µ¥

¸² £ ¥³µ¥ ¢ ²¥¢µ° Î ¸É¨. �µ² £ Ö, ÎÉµ ¶·¨ t < 0  Fa = 0,   ¶·¨ t = 0 ¢Ò¶µ²´Ö-

ÕÉ¸Ö ®ÉµÎ¥Î´Ò¥¯ ´ Î ²Ó´Ò¥ Ê¸²µ¢¨Ö (23), ¶·µ¨§¢¥¤¥³ ËÊ·Ó¥-¶·¥µ¡· §µ¢ -
´¨¥ Ê· ¢´¥´¨Ö. „²Ö ËÊ·Ó¥-±µ³¶µ´¥´É

Na = ∫ 
0

∞

 Ga(t) eiωtdt (54)

¶µ²ÊÎ ¥³ Ê· ¢´¥´¨¥

Bbδab + iωNa = 
ir

0
ω

0

2
  ∑ 
c ≠ a

e
ikr

ac

rac
 nac × (nac × Nc). (55)

�¡· É´µ¥ ¶·¥µ¡· §µ¢ ´¨¥ µ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¶µ Ëµ·³Ê²¥

Ga(t) =    ∫ 
− ∞ + i0

+ ∞ + i0

   
dω
2π  e

− iωt
Na . (56)

’ ±¨³ µ¡· §µ³, ¢ (54) ¶µ¤· §Ê³¥¢ ¥É¸Ö, ÎÉµ Î ¸ÉµÉ  ¨³¥¥É ¶µ²µ¦¨É¥²Ó-
´ÊÕ ³´¨³ÊÕ ¤µ¡ ¢±Ê: ω → ω + i0.

�µ¸²¥ ¶µ¤¸É ´µ¢±¨ ¢ (55)

Na = 
i
ω Bbδab + Sa (57)

¶µ²ÊÎ ¥³ Ê· ¢´¥´¨¥

− iωSa = 
r
0
ω

0

2ω  
e
ikr

ab

rab
 nab × (nab × Bb) − 

ir
0
ω

0

2
 Λ;

Λ = ∑ 
c ≠ a

 
e
ikr

ac

rac
 nac × (nac × Sc). (58)

“· ¢´¥´¨¥ (58) ·¥Ï ¥³ ¶·¨ ¶µ³µÐ¨ ¶µ¤¸É ´µ¢±¨
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Sa = Ma 
e
ikr

ab

rab
 . (59)

Œ´µ¦¨É¥²Ó

e
ik(r

ac
 + r

cb
)
, (60)

¢µ§´¨± ÕÐ¨° ¶·¨ · ¸Î¥É¥ Λ, µ¸É ¥É¸Ö ¶µ¸ÉµÖ´´Ò³ ¤²Ö  Éµ³µ¢ c, ´ Ìµ¤Ö-
Ð¨Ì¸Ö ´  µ¸¨ ab (¸³. ·¨¸.1), ¸µ¥¤¨´ÖÕÐ¥°  Éµ³Ò a ¨ b. �Éµ µ§´ Î ¥É, ÎÉµ
µ¸´µ¢´µ° ¢±² ¤ ¢ Λ ¤ ¥É µ¡² ¸ÉÓ, ¶·¨²¥£ ÕÐ Ö ± ÔÉµ° µ¸¨. � ¸¸³µÉ·¨³  Éµ³
c, ´ Ìµ¤ÖÐ¨°¸Ö ´  · ¸¸ÉµÖ´¨¨ ρ µÉ µ¸¨ ab. �·µ¢¥¤¥³ Î¥·¥§  Éµ³ c ¶²µ¸-
±µ¸ÉÓ, ¶¥·¶¥´¤¨±Ê²Ö·´ÊÕ ± µ¸¨ ab. �É  ¶²µ¸±µ¸ÉÓ ¶¥·¥¸¥± ¥É µ¸Ó ab ¢ ´¥±µ-
Éµ·µ° ÉµÎ±¥, ²¥¦ Ð¥° ´  · ¸¸ÉµÖ´¨¨ z µÉ  Éµ³  b, ¶·¨Î¥³ 0 < z < rab.

�·¨ ρ << rab

r¸b ≈ √z2 + ρ2
 

 ≈ z + 
ρ2

2z
 ;

rac ≈ rab − z + 
ρ2

2(rab − z) ;

rac + rcb ≈ rab + 
rab

2z(rab − z) ρ
2. (61)

�É¸Õ¤  ¨ ¨§ (60) ¸²¥¤Ê¥É, ÎÉµ µ¸´µ¢´µ° ¢±² ¤ ¢ ¸Ê³³Ê Λ ¤ ¥É µ¡² ¸ÉÓ

0 < z < rab ~ L,    z ~ rab ~ L,    ρ ~ √rab6 k ~ √L 6 k , (62)

£¤¥ ÊÎÉ¥´µ, ÎÉµ É¨¶¨Î´µ¥ §´ Î¥´¨¥ rab ¶µ·Ö¤±  · §³¥·  ¸·¥¤Ò L (ÔÉµ ¡Ê¤¥É

¢¨¤´µ ´¨¦¥). �ÉÊ µ¡² ¸ÉÓ ¤ ²¥¥ ¡Ê¤¥³ ´ §Ò¢ ÉÓ µ¡² ¸ÉÓÕ ±µ´¸É·Ê±É¨¢´µ°
¨´É¥·Ë¥·¥´Í¨¨ (�Šˆ, ´  ·¨¸.1 ¶µ± § ´  ¶Ê´±É¨·µ³).

”¨§¨Î¥¸±¨° ¸³Ò¸² ¸µµÉ´µÏ¥´¨° (62) § ±²ÕÎ ¥É¸Ö ¢ ¸²¥¤ÊÕÐ¥³. ” § 
¸¨£´ ² , ¤¢¨¦ÊÐ¥£µ¸Ö µÉ b ± a ¶µ µ¸¨ ab, · ¢´  ϕ1 = krab. � ¸¸³µÉ·¨³ ¤·Ê£µ°

¶ÊÉÓ Å bca. �²¥±É·µ³ £´¨É´Ò¥ ¢µ²´Ò, ¶µ¸ÉÊ¶ ÕÐ¨¥ µÉ b ¶µ ¶ÊÉ¨ bc, · ¸-
± Î¨¢ ÕÉ µ¸Í¨²²ÖÉµ· c, ±µÉµ·Ò° ´ Î¨´ ¥É ¨§²ÊÎ ÉÓ ¸¢µ¨ ¢µ²´Ò, ¤µ¸É¨£ -

�¨¸.1. �¡² ¸ÉÓ ±µ´¸É·Ê±É¨¢´µ°
¨´É¥·Ë¥·¥´Í¨¨ ¤²Ö  Éµ³  a
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ÕÐ¨¥ a. ‘¨£´ ²Ê, · ¸¶·µ¸É· ´ÖÕÐ¥³Ê¸Ö ¶µ ¶ÊÉ¨ bca, ¸µµÉ¢¥É¸É¢Ê¥É Ë § 
ϕ2 = k (rbc + rca). �É¨ ¤¢  ¸¨£´ ²  ¨´É¥·Ë¥·¨·ÊÕÉ ±µ´¸É·Ê±É¨¢´µ, ¥¸²¨

ϕ2 − ϕ1 <~ 1. �¡Ñ¥³ �Šˆ Vc ~ L26 k. „ ²¥¥ ¶·¥¤¶µ² £ ¥³, ÎÉµ Î¨¸²µ  Éµ³µ¢,

´ Ìµ¤ÖÐ¨Ì¸Ö ¢ �Šˆ, ¢¥²¨±µ:

Nc ~ nL2 6 k >> 1, (63)

¶µÔÉµ³Ê ¸Ê³³¨·µ¢ ´¨¥ ¶µ c ³µ¦´µ § ³¥´¨ÉÓ ¨´É¥£·¨·µ¢ ´¨¥³

∑ 
c

→ n ∫ d 3rc = n ∫ 
0

r
ab

dz ∫ d 2ρ; (64)

Λ ≈ n ∫ d 3rc 
e
ik(r

ac
 + r

bc
)

(rab − z)z  Q(z), (65)

£¤¥ Q(z) = nab × (nab × M(z)).

‡¤¥¸Ó ÊÎÉ¥´µ,  ÎÉµ ¢¸²¥¤¸É¢¨¥ ρ << z ¢ �Šˆ nac ≈ nab. Š·µ³¥ Éµ£µ, ¢

¸²ÊÎ ¥ (63) ³´µ¦¨É¥²Ó Ma ¢ (59) ¨§³¥´Ö¥É¸Ö ³¥¤²¥´´µ ¶µ ¸· ¢´¥´¨Õ ¸ Ô±¸-

¶µ´¥´Éµ° ¨ ¶µÔÉµ³Ê ¶·¨ · ¸Î¥É¥ Λ ³µ¦´µ ¶µ²µ¦¨ÉÓ

Ma ≡ M(z, ρ) ≈ M(z, 0) ≡ M(z).

�µ¤¸É ¢²ÖÖ (61) ¢ (65), ¶·µ¢µ¤¨³ ¨´É¥£·¨·µ¢ ´¨¥ ¶µ d 2ρ = 2πρdρ:

Λ = 
2πin

k
 
e
ikr

ab

rab
 nab × (nab × T);

T(rab) = ∫ 
0

r
ab

 dz M(z).

“· ¢´¥´¨¥ (58) ¶·¨´¨³ ¥É ¢¨¤

− iωM(r) = 
r
0
ω

0

2ω  n × (n × Bb) + πr
0
cn n × (n × T(r)), (66)

£¤¥ r ≡ rab, n ≡ nab = rab6 rab. �µ¤¸É ´µ¢± 

M(r) = n × (n × Bb) f(r) (67)

¶µ§¢µ²Ö¥É ¶¥·¥°É¨ µÉ ¢¥±Éµ·´µ° ¢¥²¨Î¨´Ò M ± ¸± ²Ö·´µ° f:

− iωf(r) = 
r
0
ω

0

2ω  − πr
0
cnR(r); (68)
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R(r) = ∫ 
0

r

dr′f(r′). (69)

�¥·¥¶¨¸ ¢ (68) ¢ ¢¨¤¥

dR
dr

 + 
πir

0
cn

ω R = 
ir

0
ω

0

2ω2
(70)

¨ ÊÎÉÖ £· ´¨Î´µ¥ Ê¸²µ¢¨¥ R(0) = 0, ¸²¥¤ÊÕÐ¥¥ ¨§ (69), ¶µ²ÊÎ¨³ ·¥Ï¥-
´¨¥ (70):

R(r) = 
ω

0

2πcnω



 1 − e

− 
πir

0
cn

ω
r
 


 .

�É¸Õ¤  ¨ ¨§ (56), (57), (59), (67), (69) ´ Ìµ¤¨³:

f(r) = 
dR
dr

 = 
iω

0
r
0

2ω2
 e

− 
πir

0
cn

ω r;

Na = 
i
ω Bb δab + 

iω
0
r
0

2ω2
  e

− 
πir

0
cn

ω
 r

ab  
eikr

ab

rab
 nab × (nab × Bb); (71)

Ga(t) = Bbδab + 
iω

0
r
0

4π  
eikr

ab

rab
 nab × (nab × Bb)K;

K =    ∫ 
− ∞ + i0

+ ∞ + i0

    
dω
ω2

 e
− iωt − 

πir
0
cn

ω
 r

ab .

(72)

—Éµ¡Ò ¢ÒÎ¨¸²¨ÉÓ ̈ ´É¥£· ² K, ¶·µ¨§¢µ¤¨³ · §²µ¦¥´¨¥ ± ¦¤µ° ̈ § Ô±¸¶µ-
´¥´É ¢ ¶µ¤Ò´É¥£· ²Ó´µ³ ¢Ò· ¦¥´¨¨ ¢ ·Ö¤ ’¥°²µ·  ¨ ¨¸¶µ²Ó§Ê¥³ ¤ ²¥¥ É¥µ-
·¥³Ê µ ¢ÒÎ¥É Ì:

K = − 2π 
√t
β  J

1
(2√βt ), (73)

£¤¥ β = πncr0 rab,  J1 Å ËÊ´±Í¨Ö �¥¸¸¥²Ö. ˆ§ (10), (12), (53), (72) ¨ (73)

´ Ìµ¤¨³:

ξa(t) = e
− 

γ
2
 t
 



 ηb cos (ω0

t + ϕb) δab −

− 
ω

0
r
0

2rab
 √ t

β  J
1
(2√βt ) nab × (nab × ηb) sin (ω

0
t + ϕb − krab) 



 . (74)

966  Œ…�œ˜ˆŠ�‚ ‹.ˆ.



’¥¶¥·Ó ¶·¨¸ÉÊ¶ ¥³ ± · ¸Î¥ÉÊ ¨´É¥´¸¨¢´µ¸É¨ ¨§²ÊÎ¥´¨Ö ¶µ Ëµ·³Ê² ³
(8), (9):

Q = n × b; (75)

b = ∑ 
a

ξa(t ′ + 
1
c
 nra), (76)

£¤¥ t ′ = t − r6 c, n = r 6 r. � Î ²µ ±µµ·¤¨´ É · ¸¶µ² £ ¥³ ¢ ÉµÎ±¥ ́  Ìµ¦¤¥´¨Ö
 Éµ³  b, Éµ£¤  r Å · ¸¸ÉµÖ´¨¥ µÉ Ê¤ ²¥´´µ° ÉµÎ±¨ ´ ¡²Õ¤¥´¨Ö ¤µ  Éµ³  b.
ˆ§ (74), (76) ´ Ìµ¤¨³:

b = e
− 

γ
2
 t
 



 ηb cos (ω0

t ′ + ϕb) − 
ω

0
r
0

2
 A 




 ; (77)

A = ∑ 
a

 
1

rab
 √ t′

β  J
1
(2√βt ′ ) nab × (nab × ηb) sin (ω

0
t ′ + ϕb + Ψ), (78)

£¤¥ Ψ = k nrab − krab. � ¶· ¢¨³ µ¸Ó z ¢¤µ²Ó n. �Ê¸ÉÓ ρ Å · ¸¸ÉµÖ´¨¥ µÉ  Éµ³ 

a µÉ µ¸¨ z. �¸´µ¢´µ° ¢±² ¤ ¢ ¸Ê³³Ê A ¤ ÕÉ  Éµ³Ò a, ´ Ìµ¤ÖÐ¨¥¸Ö ¢ �Šˆ:

ρ~√rab
k

 ~ √L
k
 << L. (79)

—¨¸²µ  Éµ³µ¢ ¢ ÔÉµ° µ¡² ¸É¨ µ¶·¥¤¥²Ö¥É¸Ö ¶·¥¦´¥° Ëµ·³Ê²µ° (63). ‚ ¤ ´-
´µ³ ¸²ÊÎ ¥ �Šˆ ¨³¥¥É ´¥¸±µ²Ó±µ ¨´µ° ¸³Ò¸², Î¥³ · ´¥¥. ’¥¶¥·Ó ¨´É¥·Ë¥-
·¨·ÊÕÉ ³¥¦¤Ê ̧ µ¡µ° ¤¢  ̧ ¨£´ ² , ¶µ¸ÉÊ¶ ÕÐ¨¥ ¢ ÉµÎ±Ê ́  ¡²Õ¤¥´¨Ö (¸³. ·¨¸.2).
�¤¨´ ¸¨£´ ² ¨¤¥É µÉ  Éµ³  b ¢¤µ²Ó ¢¥±Éµ·  r, Éµ ¥¸ÉÓ ¶µ ¶·Ö³µ° ²¨´¨¨, ¸µ-
¥¤¨´ÖÕÐ¥°  Éµ³Ò b ¨ ÉµÎ±Ê ´ ¡²Õ¤¥´¨Ö. „·Ê£µ° ¸¨£´ ² ¨¸¶Ê¸± ¥É¸Ö  Éµ³µ³
b ¨ ¶µ ¶·Ö³µ° ¤µ¸É¨£ ¥É  Éµ³  a. „ ²¥¥ µ´ ¶¥·¥¨§²ÊÎ ¥É¸Ö  Éµ³µ³ a ¨ ¶µ
¶·Ö³µ° ¤µ¸É¨£ ¥É ÉµÎ±¨ ´ ¡²Õ¤¥´¨Ö. ‘ ÊÎ¥Éµ³ ÔÉ¨Ì § ³¥Î ´¨° ¨³¥¥³:

nrab = z,   rab = √z2 + ρ2  ≈ z + 
ρ2

2z
 ;

Ψ ≈ −kρ2

2z
 ,   nab ≈ n;    A ≈ n × (n × ηb) D; (80)

�¨¸.2. �¡² ¸ÉÓ ±µ´¸É·Ê±É¨¢´µ°

¨´É¥·Ë¥·¥´Í¨¨ ¤²Ö ´ ¡²Õ¤ É¥-

²Ö ¢ ÉµÎ±¥ 0
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D = n ∫ 
0

L

 
dz
z

 √t ′
β

0

 J
1
(2√β

0
t ′ ) P;    β

0
 = πncr

0
z; (81)

P = ∫ d 2ρ sin 



 ω

0
t ′ + ϕb − 

kρ2

2z
 



 = − 

2πz
k

 cos (ω
0
t + ϕb). (82)

‡¤¥¸Ó L ≡ L(n) Å · ¸¸ÉµÖ´¨¥ µÉ  Éµ³  b ¤µ £· ´¨ÍÒ ¸·¥¤Ò ¢¤µ²Ó ¢¥±Éµ· 
´ ¡²Õ¤¥´¨Ö n.

„ ²Ó´¥°Ï¥¥ ¨´É¥£·¨·µ¢ ´¨¥ ¶µ dz ¢ (81) ¶·µ¨§¢µ¤¨É¸Ö ´  µ¸´µ¢¥ Ëµ·-
³Ê²Ò

J
1
(x) = − J ′

0
(x).

„²Ö D ¶µ²ÊÎ ¥³ ¢Ò· ¦¥´¨¥

D = 
2

ω
0
r
0

 cos (ω
0
t ′ + ϕb) [J

0
(x

0
) − 1]; (83)

x
0
 = 2√πncr

0
Lt ′ . (84)

ˆ§ (75), (77), (80) ¨ (83) ¶µ²ÊÎ ¥³

b = e
− 

γ
2
 t
 cos (ω

0
t ′ + ϕb) [ηb − n × (n × ηb) (J

0
 − 1)];

Q = e
− 

γ
2
 t ′

 cos (ω
0
t ′ + ϕb) (n × ηb) (1 + J

0
− 1) =

= e
− 

γ
2
 t ′

 cos (ω
0
t ′ + ϕb) (n × ηb) J

0
(x

0
), (85)

£¤¥ ¸¶¥Í¨ ²Ó´µ µÉ³¥Î¥´ § ³¥Î É¥²Ó´Ò° Ë ±É ¸µ±· Ð¥´¨Ö ¤¢ÊÌ ¸² £ ¥³ÒÌ,
¸³Ò¸² ±µÉµ·µ£µ µ¡¸Ê¤¨³ ¶µ§¦¥.

ˆ§ (6), (8) ¨ (85) ¶µ²ÊÎ ¥³ ¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥ ¤²Ö ¨´É¥´¸¨¢´µ¸É¨
¨§²ÊÎ¥´¨Ö:

dI ≡ dIb = dΩ 
3γE

0
 (b)

8π  sin2 α⋅J
0
 2(x

0
) e− γt, (86)

£¤¥ α Å Ê£µ² ³¥¦¤Ê ¢¥±Éµ· ³¨ n ¨ ηb. ˆ´É¥£·¨·ÊÖ ¨´É¥´¸¨¢´µ¸ÉÓ (86) ¶µ

¢·¥³¥´¨ ¢ ¶·¥¤¥² Ì (0,  ∞), ´ Ìµ¤¨³ Ô´¥·£¨Õ, ¨§²ÊÎ¥´´ÊÕ ¢ É¥²¥¸´Ò°
Ê£µ² dΩ:

dEr = E
0
 (b)dΩ 

3
8π sin2α F(ϕ), (87)

£¤¥ ϕ = 
3πnL

K 2
 ,
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F(ϕ) = e− ϕI
0
(ϕ), (88)

I0 Å ³µ¤¨Ë¨Í¨·µ¢ ´´ Ö ËÊ´±Í¨Ö �¥¸¸¥²Ö. �·¨ ¨´É¥£·¨·µ¢ ´¨¨ ¶µ ¢·¥³¥´¨

¡Ò²  ¶·¨³¥´¥´  Ëµ·³Ê²  [14]

∫ 
0

∞

dt e− γtJ
0
(α√t ) J

0
(β√t) = 

1
γ  I

0
 


 
αβ
2γ  



 e

− 
α2

 + β2

4γ .

�¡¸Ê¤¨³ Ë¨§¨Î¥¸±¨° ¸³Ò¸² ¶µ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ Éµ¢. ‘´ Î ²  ¨¸Ìµ¤¨³
¨§  ®´ ¨¢´µ°¯  ÉµÎ±¨ §·¥´¨Ö, ¨§²µ¦¥´´µ° ¢ ´ Î ²¥ · §¤.3. ˆÉ ±, Ô´¥·£¨Ö
 Éµ³  b Î¥·¥§ ´¥±µÉµ·µ¥ ¢·¥³Ö · ¸¶·¥¤¥²Ö¥É¸Ö ¶µ N  Éµ³ ³ ¸·¥¤Ò. ’¥³ ¸ -
³Ò³ µ¡· §Ê¥É¸Ö ±µ£¥·¥´É´Ò°  ´¸ ³¡²Ó µ¸Í¨²²ÖÉµ·µ¢, ±µÉµ·Ò¥ ±µ²¥¡²ÕÉ¸Ö
¸  ³¶²¨ÉÊ¤ ³¨ (19). ˆ§ ÔÉ¨Ì N  Éµ³µ¢ ²¨ÏÓ Nc  Éµ³µ¢ (¸³. (63)) ¤ ÕÉ ±µ-

£¥·¥´É´Ò° ¢±² ¤ ¢ ÉµÎ±¥ ´ ¡²Õ¤¥´¨Ö, ¶µÔÉµ³Ê ¨´É¥´¸¨¢´µ¸ÉÓ ¨§²ÊÎ¥´¨Ö
¸·¥¤µ° ¡Ê¤¥É ¶µ·Ö¤± 

I ~ 
I
0

N
 (Nc)

2 ~ I
0
 
n2L4

Nk2
 ~ I

0
ϕ, (89)

£¤¥ ÊÎÉ¥´µ, ÎÉµ nL3 ~ N. ‘µµÉ´µÏ¥´¨¥ (89) ¶µÖ¸´Ö¥É ¸³Ò¸² ¶ · ³¥É·  ϕ,
µÉ±Ê¤  Ö¸´µ, ÎÉµ ¸¢¥·Ì¨§²ÊÎ¥´¨¥ ¢µ§´¨± ¥É Éµ²Ó±µ ¶·¨ Ê¸²µ¢¨¨

ϕ >> 1. (90)

�É³¥É¨³, ÎÉµ ¶·¨ ϕ >> 1 Nc ~ ϕkL >> 1, ± ± ¶·¥¤¶µ² £ ²µ¸Ó ¢ÒÏ¥.

‚ ¤¥°¸É¢¨É¥²Ó´µ¸É¨, ± ± ¨ ¢ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥, ¢¸¥ µ± §Ò¢ ¥É¸Ö
¸²µ¦´¥¥.

�·¨£µÉµ¢²¥´´µ¥  Éµ³µ³ b ±µ£¥·¥´É´µ¥ µ¡² ±µ  Éµ³µ¢ ¸·¥¤Ò ¢³¥¸Éµ
¸¢¥·Ì¨§²ÊÎ¥´¨Ö ¢Ò§Ò¢ ¥É ¶·µÉ¨¢µ¶µ²µ¦´Ò° ÔËË¥±É Å Ô±· ´¨·µ¢±Ê. �Éµ
¢¨¤´µ ¨§ Ê± § ´´µ£µ ¢ÒÏ¥ ¸µ±· Ð¥´¨Ö ¸² £ ¥³ÒÌ ¢ (85),   É ±¦¥ ¨§ ¸¢µ°¸É-

¢  J0
2 < 1 ¨ ¢Ò· ¦¥´¨Ö (86), ±µÉµ·µ¥ ¶¥·¥¶¨Ï¥³ ¢ ¢¨¤¥

dI = dIs ⋅ J0
 2(x

0
), (91)

£¤¥ dIs Å ¨´É¥´¸¨¢´µ¸ÉÓ ¸¶µ´É ´´µ£µ ¨§²ÊÎ¥´¨Ö Ê¥¤¨´¥´´µ£µ  Éµ³  b.

’ ±¨³ µ¡· §µ³, dI < dIs, Éµ ¥¸ÉÓ ¸·¥¤  Ô±· ´¨·Ê¥É ¤ ¦¥ £µ· §¤µ ¡µ²¥¥ ³¥¤-

²¥´´µ Å ¸¶µ´É ´´µ¥ ¨§²ÊÎ¥´¨¥  Éµ³  b. ‘É¥¶¥´Ó Ô±· ´¨·µ¢±¨ Ö¸´  ¨§ (87),
(88), (91). ‚¸²¥¤¸É¢¨¥ (90)

F(ϕ) ≈ 16 √2πϕ  << 1,

Éµ ¥¸ÉÓ
Er

E
0
 (b) ~ 

1
√ϕ  << 1.
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‚ ¢Ò· ¦¥´¨¥ (91) ¢Ìµ¤ÖÉ ¤¢  Ì · ±É¥·´ÒÌ ¢·¥³¥´¨:

τ
0
 = 

1
γ ,   ts = 

1
ncr

0
L
 ~ 

τ
0

ϕ . (92)

�·¨ t <~ ts  dI ≈ dIs,   ¶·¨ t >> ts dI ~dIs ts6 t.

� ¸¸³µÉ·¨³ ¶·µ¨§¢µ²Ó´µ¥ ´ Î ²Ó´µ¥ Ê¸²µ¢¨¥ (5), (12). ˆ´É¥´¸¨¢´µ¸ÉÓ
¨§²ÊÎ¥´¨Ö µ¶·¥¤¥²Ö¥É¸Ö É¥¶¥·Ó ¢Ò· ¦¥´¨¥³ (8), ¢ ±µÉµ·µ³ ¸µ£² ¸´µ (14),
(85) ¢ ± Î¥¸É¢¥ Q ¸²¥¤Ê¥É ¢§ÖÉÓ ¢¥²¨Î¨´Ê

Q = ∑ 
b

 e
− 

γt
b

2  cos (ω
0
tb + ϕb) (n × ηb) J

0
(xb). (93)

‡¤¥¸Ó tb = t − 
1
c
 r − rb ≈ t ′ + 

1
c
 nrb, t ′ = t − r6 c, r,  rb Å · ¤¨Ê¸Ò-¢¥±Éµ·Ò,

¶·µ¢¥¤¥´´Ò¥ ± ÉµÎ±¥ ´ ¡²Õ¤¥´¨Ö ¨  Éµ³Ê b ¸µµÉ¢¥É¸É¢¥´´µ ¨§ ´ Î ²  ±µ-
µ·¤¨´ É, · ¸¶µ²µ¦¥´´µ£µ ¢ ¶·µ¨§¢µ²Ó´µ° ÉµÎ±¥:

xb = 2√πncr
0
Lbtb ,

£¤¥ Lb ≡ Lb(rb). �±¸¶µ´¥´Í¨ ²Ó´Ò° ³´µ¦¨É¥²Ó ¢ (93) ¨ ËÊ´±Í¨Ö J0(xb) ¸² ¡µ
§ ¢¨¸ÖÉ µÉ ±µµ·¤¨´ É  Éµ³  b, ¶µÔÉµ³Ê ³µ¦´µ ¶µ²µ¦¨ÉÓ

e
− 

γt
b

2  ≈ e
− 

γt ′
2 ,   xb ≈ 2√πncr

0
Lbt ′ .

…¸²¨ ´ Î ²Ó´Ò¥ Ë §Ò ϕb · §´ÒÌ  Éµ³µ¢ ´¥±µ··¥²¨·µ¢ ´Ò, Éµ ¸µ£² ¸´µ

(16) ¨ (86) ¢ ÔÉµ³ ¸²ÊÎ ¥ É ±¦¥ ´ ¸ÉÊ¶ ¥É Ô±· ´¨·µ¢± .

�Ê¸ÉÓ É¥¶¥·Ó ϕ1 = ϕ2 = Á = ϕN. ’µ£¤  ¨§ (93) ¢¨¤´µ, ÎÉµ ¢¸²¥¤¸É¢¨¥

¡Ò¸É·µ£µ  ̈ §³¥´¥´¨Ö  ±µ¸¨´Ê¸   ̈   µÉ¸ÊÉ¸É¢¨Ö  ±µ··¥²ÖÍ¨¨ ¢ ¶µ²µ¦¥´¨ÖÌ
 Éµ³µ¢ rb ¸´µ¢  ¡Ê¤¥É ¸¶· ¢¥¤²¨¢µ° Ëµ·³Ê²  (16) ¨ ¸´µ¢  ´ ¸ÉÊ¶ ¥É Ô±· -

´¨·µ¢± .

� ¸¸³µÉ·¨³ É¥¶¥·Ó ¸²ÊÎ ° ´ ± Î±¨ ¸·¥¤Ò ¡¥£ÊÐ¥° ¢µ²´µ° ¸ ¢µ²´µ¢Ò³
¢¥±Éµ·µ³ k, ´ ¶·¨³¥·, ±µ·µÉ±¨³ ¨³¶Ê²Ó¸µ³ ² §¥· . ’µ£¤ 

ϕb = − krb; (94)

Q = e
− 

γt ′
2  ∑ 

b

cos (ω
0
t ′ + knrb − krb) m(rb);

m(rb) = (n × ηb) J
0
(xb). (95)
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ˆ§²ÊÎ¥´¨¥ ¸·¥¤Ò ¡Ê¤¥É ¶·µ¨¸Ìµ¤¨ÉÓ ¢ ÔÉµ³ ¸²ÊÎ ¥ ¶µ¤ ³ ²Ò³¨ Ê£² ³¨
(~1/kL), ¡²¨§±¨³¨ ± ´ ¶· ¢²¥´¨Õ ¢¥±Éµ·  n0 = k6 k. �µ²µ¦¨³ ¶µÔÉµ³Ê

n = n
0
 + δ,

£¤¥ δ  Å ³ ²Ò° ¤¢Ê³¥·´Ò° ¢¥±Éµ·, δn0 = 0, δ << 1. ‘Ê³³¨·µ¢ ´¨¥ ¢ (95)

³µ¦´µ § ³¥´¨ÉÓ ¨´É¥£·¨·µ¢ ´¨¥³ (¸³. (64)). “¸·¥¤´ÖÖ ̈ ´É¥´¸¨¢´µ¸ÉÓ (8) ¶µ
¡Ò¸É·Ò³ µ¸Í¨²²ÖÍ¨Ö³ (¸ ¶¥·¨µ¤µ³ T = 2π 6 ω0) ¨ ̈ ´É¥£·¨·ÊÖ ¶µ Ê£² ³ ¸ ÊÎ¥-

Éµ³ ¸µµÉ´µÏ¥´¨Ö
dΩ ≈ d 2δ,

¶µ²ÊÎ ¥³ ¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥ ¤²Ö ¶µ²´µ° ¨´É¥´¸¨¢´µ¸É¨ (¤ ²¥¥ rb ≡ r,

rb′ ≡ r′):

I = 
e2ω

0
4

4πc3
 e− γt ′n2 ∫ d 3rd 3r′m(r) m(r′)A

0
;

A
0
 = ∫ d 2δ 〈cos (ω

0
t ′ + kr⊥δ) cos (ω

0
t ′ + kr⊥′δ)〉 =

= 
1
2
 ∫ d 2δ cos [K(r⊥ − r⊥′) δ] = 

1
2
 (2π)2 δ(2)[K(r⊥ − r⊥′)] = 

2π2

K 2
 δ(2)(r⊥ − r⊥′),

£¤¥ r⊥ Å ¸µ¸É ¢²ÖÕÐ Ö ¢¥±Éµ·  rb, ¶¥·¶¥´¤¨±Ê²Ö·´ Ö r0.

‘²¥¤µ¢ É¥²Ó´µ,

I = 
πe2ω

0
2n2

2c
 e− γt ′ ∫ dzdz′ d 2r⊥(ηbηb′) J0

(xb) J
0
(xb′). (96)

‡¤¥¸Ó z Å ¸µ¸É ¢²ÖÕÐ Ö rb ¢¤µ²Ó r0. ‚ (96) ÊÎÉ¥´  ¶µ¶¥·¥Î´µ¸ÉÓ Ô²¥±É·µ-

³ £´¨É´µ° ¢µ²´Ò ´ ± Î±¨: n0ηb = 0. …¸²¨ ¨³¶Ê²Ó¸ ´ ± Î±¨ ¸² ¡µ § ÉÊÌ ¥É

´  · §³¥·¥ ¸·¥¤Ò, Éµ ¢ (96) ¸²¥¤Ê¥É ¶µ²µ¦¨ÉÓ ηb = η = const, ηbηb′ = η2.

‚Ò· ¦¥´¨¥ (96) ³µ¦¥É ¡ÒÉÓ ¶¥·¥¶¨¸ ´µ ¢ ¢¨¤¥

I = 
πe2ω

0
2n2

2c
 η2 e− γt ′∫ d 2r⊥Φ2, (97)

£¤¥ 
Φ = ∫ 

0

L

dz J
0
(x),    x = 2√πncr

0
t ′z ,

L ≡ L(n0, r⊥) Å Éµ²Ð¨´  É¥²  ¢ Éµ³ ³¥¸É¥, £¤¥ µ´µ ®¶·µÉÒ± ¥É¸Ö¯ ¶·Ö³µ°

²¨´¨¥°, ¶·µÌµ¤ÖÐ¥° Î¥·¥§ ÉµÎ±Ê r⊥ ¢ ´ ¶· ¢²¥´¨¨ r0.

ˆ¸¶µ²Ó§ÊÖ Ëµ·³Ê²Ê
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x J
0
(x) = (x J

1
(x))′,

¢ÒÎ¨¸²Ö¥³ ¨´É¥£· ² Φ:

Φ = 
1

2πncr
0
t ′ x0

J
1
(x

0
),

£¤¥ x0 = 2√πncr0t ′L . ‘ ÊÎ¥Éµ³ (6) ¢Ò· ¦¥´¨¥ (97) ¶·¨¢µ¤¨É¸Ö ± ¢¨¤Ê

I = 
E

0

t ′  e
− γt ′Q(t ′), (98)

£¤¥ Q(t ′) = 
1
V
 ∫ d 2r⊥L J1

 2(x0), V Å µ¡Ñ¥³ É¥² , E0 = 
1
2
 mω0

2η2N.

ˆ§ (98) ¸²¥¤Ê¥É, ÎÉµ ¢ ̧ ²ÊÎ ¥ (94) ̈ ³¥¥É¸Ö ¸¢¥·Ì¨§²ÊÎ¥´¨¥. „¥°¸É¢¨É¥²Ó-
´µ, ¶·¨ t <

~
 ts  I ~ I0ϕN, ¶·¨Î¥³ ¢·¥³Ö § ¤¥·¦±¨ ¨³¶Ê²Ó¸  µÉ¸ÊÉ¸É¢Ê¥É. �·¨

t >
~
 ts ¶µ¸²¥ µ±µ´Î ´¨Ö £² ¢´µ£µ ¨³¶Ê²Ó¸  ¨§²ÊÎ¥´¨Ö ¢µ§´¨± ¥É ·Ö¤ § ÉÊÌ -

ÕÐ¨Ì ¶µ  ³¶²¨ÉÊ¤¥ ¶µ § ±µ´Ê t− 2 ¨³¶Ê²Ó¸µ¢. �µ¸±µ²Ó±Ê γts ~ 16 ϕ << 1, Éµ

Ô±¸¶µ´¥´ÉÊ ¢ (98) ³µ¦´µ ¶µ²µ¦¨ÉÓ · ¢´µ° ¥¤¨´¨Í¥.

ˆ¸¶µ²Ó§ÊÖ ¨´É¥£· ²

∫ 
0

∞

 
dx
x

 J
1
 2(x) = 

1
2
 ,

²¥£±µ Ê¡¥¤¨ÉÓ¸Ö, ÎÉµ ¨§²ÊÎ ¥É¸Ö ¢¸Ö § ¶ ¸¥´´ Ö Ô´¥·£¨Ö:

Er = ∫ 
0

∞

Idt = E
0
 = 

1
2
 mω

0
2η2N.

�·¨ ¢ÒÎ¨¸²¥´¨ÖÌ ¸²¥¤Ê¥É ÊÎ¥¸ÉÓ ¸µµÉ´µÏ¥´¨¥ ∫ d 2r⊥L = V.

’ ±¨³ µ¡· §µ³, ± ± ¨ ¢ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥, ¢ ¤ ´´µ³ ¸²ÊÎ ¥ ¶µ²-
´µ¸ÉÓÕ ±µ£¥·¥´É´µ¥ ¸µ¸ÉµÖ´¨¥ ´¥ Ô±· ´¨·Ê¥É¸Ö.

6. ‘‹“—�‰ l << λ << L

‚ ÔÉµ³ ¸²ÊÎ ¥ Ë¨§¨Î¥¸±¨¥ ¢¥²¨Î¨´Ò ³ ²µ ¨§³¥´ÖÕÉ¸Ö ´  ³¥¦ Éµ³´µ³
· ¸¸ÉµÖ´¨¨ l, ¶µÔÉµ³Ê ¶·¨³¥´¨³µ ¶·¨¡²¨¦¥´¨¥ ¸¶²µÏ´µ° ¸·¥¤Ò:

ra → r,   ξa(t) → ξ(r, t);

E(ra, t) → E(r, t)

¨ É.¤.
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� ³ £´¨Î¥´´µ¸ÉÓ ¸·¥¤Ò ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° µ¤¨´ ¨§ ÔËË¥±Éµ¢ ¶¥·¢µ£µ
¶µ·Ö¤±  ³ ²µ¸É¨ ¶µ υa6 c, ±µÉµ·Ò³¨ ³Ò ¶·¥´¥¡·¥£ ²¨ ¸ ¸ ³µ£µ ´ Î ² . �µ

ÔÉµ° ¶·¨Î¨´¥ ¸·¥¤Ê ¸Î¨É ¥³ ´¥³ £´¨É´µ° ¨ ¶µ² £ ¥³ ¤ ²¥¥ B = H.
“· ¢´¥´¨Ö Œ ±¸¢¥²²  ¢³¥¸É¥ ¸ Ê· ¢´¥´¨¥³ ¤¢¨¦¥´¨Ö µ¡· §ÊÕÉ § ³±´Ê-

ÉÊÕ ¸¨¸É¥³Ê ŠŒ‘ ¢ ¸²ÊÎ ¥ (¢) ¨§ (1):

∇⋅D = 0; (99)

D = E + 4πenξ; (100)

∇⋅H = 0; (101)

∇ × E = − 
1
c
 H

.
; (102)

∇ × H = 
1
c
 D

.
; (103)

ξ
..
 + ω

0
2ξ = 

e
m

 E, (104)

£¤¥ ÉµÎ±µ° µ¡µ§´ Î¥´  Î ¸É´ Ö ¶·µ¨§¢µ¤´ Ö ∂6 ∂t.
�Ê¸ÉÓ V Å Ë¨±¸¨·µ¢ ´´Ò° µ¡Ñ¥³ ¢´ÊÉ·¨ ¸·¥¤Ò. �·¥µ¡· §ÊÖ ´  µ¸´µ¢¥

Ê· ¢´¥´¨° (99)Å(104) ¶·µ¨§¢µ¤´ÊÕ

   
dεa

dt
 = ∫ 

V

d 3rn ξ
.
m(ξ

..
 + ω

0
2ξ),

£¤¥ εa = ∫ d 3rn 





 

mξ
.
2

2
 + 

mω0
2ξ2

2
 





 Å Ô´¥·£¨Ö  Éµ³µ¢ ¢ ŠŒ‘, ¶µ²ÊÎ ¥³ Ê· ¢-

´¥´¨¥ ¡ ² ´¸  Ô´¥·£¨¨:

d
dt

 (εa + εf) = − ∫ 
Γ

dfS, (105)

£¤¥ Γ Å £· ´¨Í  µ¡Ñ¥³  V, df Å ¢´¥Ï´¨° Ô²¥³¥´É ¶²µÐ ¤¨ ÔÉµ° £· ´¨ÍÒ,

εf = ∫ 
V

d 3r W,   W = 
E 2 + H 2

8π ,

S = 
c
4π (E × H) (106)

Å ¶²µÉ´µ¸ÉÓ ¶µÉµ±  Ô´¥·£¨¨ (¢¥±Éµ· “³µ¢  Å �µ°´É¨´£ ). �ËË¥±ÉÒ ¸¶µ´-
É ´´µ£µ ¨§²ÊÎ¥´¨Ö ¨ ¢²¨Ö´¨¥ ¸Éµ²±´µ¢¥´¨° ¢ ¤ ´´µ³ · §¤¥²¥ ¸Î¨É ÕÉ¸Ö
³ ²Ò³¨ ¨ ¶µÔÉµ³Ê ´¥ ÊÎ¨ÉÒ¢ ÕÉ¸Ö ¢ (99), ¶µ¸±µ²Ó±Ê ¨³¥ÕÉ¸Ö ¢ ¢¨¤Ê ¶·¨²µ-
¦¥´¨Ö ŠŒ‘ ± · §·¥¦¥´´µ° ¸·¥¤¥ É¨¶  ¶² §³Ò Éµ± ³ ± . �¨¦¥ ¡Ê¤¥É ¶µ± -
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§ ´µ, ÎÉµ ¢ ÔÉµ³ ¸²ÊÎ ¥ Ê± § ´´Ò¥ ÔËË¥±ÉÒ ¤¥°¸É¢¨É¥²Ó´µ ´¥¸ÊÐ¥¸É¢¥´´Ò.
„²Ö ¤·Ê£¨Ì ¶·¨²µ¦¥´¨° ŠŒ‘ ¢ ²¥¢ÊÕ Î ¸ÉÓ (104) ¸²¥¤Ê¥É ¤µ¡ ¢¨ÉÓ ¸² £ ¥-

³µ¥ Γξ
.
 (¸³. · §¤.2).

’ ±¨³ µ¡· §µ³, ¢ ¤ ´´µ³ ¸²ÊÎ ¥ ¸·¥¤  Ö¢²Ö¥É¸Ö ¤¨Ô²¥±É·¨±µ³. �µ¤¸É -
¢¨¢ ¢ (99)Å(104) ξ, E ¨ D ¢ ¢¨¤¥

ξ(r, t) = ξ(r) e− iωt; 

E(r, t) = E(r) e− iωt; 

D(r, t) = D(r) e− iωt;

D(r) = ε(ω) E(r),

´ °¤¥³ ¤¨Ô²¥±É·¨Î¥¸±ÊÕ ¶·µ´¨Í ¥³µ¸ÉÓ ´  Î ¸ÉµÉ¥ ω:

ε(ω) = 
ω

0
2 + ωp

2 − ω2

ω
0
2 − ω2

 . (107)

”¨§¨Î¥¸± Ö ¸ÊÉÓ Ö¢²¥´¨Ö ¸¢¥·Ì¨§²ÊÎ¥´¨Ö ¢ ¸²ÊÎ ¥ (¢) ¨§ (1) ¸µ¸Éµ¨É ¢
¸²¥¤ÊÕÐ¥³. �Ê¸ÉÓ ¢ ¸·¥¤¥ ¶·¨ t = 0 ¨³¥¥É¸Ö ´¥±µ¥ ¢µ§¡Ê¦¤¥´¨¥, ¸± ¦¥³, ¸
´ Î ²Ó´Ò³ Ê¸²µ¢¨¥³

t = 0,   ξ
.
 = f(r),   ξ = 0,   E = 0,   H = 0. (108)

’ ±µ¥ ´ Î ²Ó´µ¥ Ê¸²µ¢¨¥ ¸µµÉ¢¥É¸É¢Ê¥É, µÎ¥¢¨¤´µ, ¸²ÊÎ Õ, ±µ£¤  ¶¥·¢µ´ -

Î ²Ó´µ ¶µ±µÖÐ¨³¸Ö ³ ¸¸ ³ ¶·¨ t = 0 ¶·¨¤ ÕÉ ¸±µ·µ¸É¨ ξ
.
a = f(ra). …¸²¨ ÔÉµ

²µ± ²¨§µ¢ ´´µ¥ £¤¥-Éµ ¢´ÊÉ·¨ ¸·¥¤Ò ¢µ§¡Ê¦¤¥´¨¥, Éµ ¶µ ´¥° ´ Î¨´ ÕÉ · ¸-
¶·µ¸É· ´ÖÉÓ¸Ö ±µ²²¥±É¨¢´Ò¥ ¢µ²´Ò, ¢ ·¥§Ê²ÓÉ É¥ Î¥£µ ¢µ§¡Ê¦¤¥´¨¥ ®· ¸-
¸ ¸Ò¢ ¥É¸Ö¯. „µ°¤Ö ¤µ £· ´¨ÍÒ ¸·¥¤Ò, ÔÉ¨ ¢µ²´Ò ¶·¥¢· Ð ÕÉ¸Ö ¢ Ô²¥±É·µ-
³ £´¨É´Ò¥ ¢µ²´Ò, ¶µ±¨¤ ÕÐ¨¥ ¸·¥¤Ê.

�¶·¥¤¥²¨³ ¢¨¤ ÔÉ¨Ì ±µ²²¥±É¨¢´ÒÌ ¢µ²´ ¢ ¡¥¸±µ´¥Î´µ° µ¤´µ·µ¤´µ°
(n = const) ¸·¥¤¥. „²Ö ÔÉµ£µ ¡Ê¤¥³ ¨¸± ÉÓ ·¥Ï¥´¨¥ (99)Å(104) ¢ ¢¨¤¥

ξ(r, t) = ξ eipr − iωt;

E(r, t) = E eipr − iωt

¨ É.¤., £¤¥ ξ, E Å ¶µ¸ÉµÖ´´Ò¥  ³¶²¨ÉÊ¤Ò. �µ²ÊÎ ¥³:

ξ = 
e

m(ω
0
2 − ω2)

 E; (109)

p × E = 
ω
c
 H;    p × H = − 

ω
c
 ε(ω) E. (110)

� ¶· ¢¨³ µ¸Ó z ¢¤µ²Ó p. ’µ£¤  ¨§ (110) ¶µ²ÊÎ ¥³:
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 − p Ey = 
ω
c
 Hx

   p Hx = − 
ω
c
 ε Ey

(111)











 p Ex = 
ω
c
 Hy

 p Hy = 
ω
c
 ε Ex

(112)











 ε(ω) Ez = 0

 Hz = 0.
(113)

’ ±¨³ µ¡· §µ³, ¶µ²¥ H Å ¶µ¶¥·¥Î´µ¥ (Hz = 0). �µ²¥ E ³µ¦¥É ¡ÒÉÓ ± ±

¶µ¶¥·¥Î´Ò³ (Ez = 0), É ± ¨ ¶·µ¤µ²Ó´Ò³ (Ex = Ey = 0, Ez ≠ 0). �µ¶¥·¥Î´Ò¥

¢µ²´Ò µ¶¨¸Ò¢ ÕÉ¸Ö ¸¨¸É¥³ ³¨ (111), (112), ±µÉµ·Ò¥ ¸µµÉ¢¥É¸É¢ÊÕÉ ¤¢Ê³
¶µ²Ö·¨§ Í¨Ö³. ˆ§ Ê¸²µ¢¨° ¸µ¢³¥¸É´µ¸É¨ ± ¦¤µ° ¨§ ÔÉ¨Ì ¸¨¸É¥³ ¸²¥¤Ê¥É
¤¨¸¶¥·¸¨µ´´µ¥ ¸µµÉ´µÏ¥´¨¥ ¤²Ö ¶µ¶¥·¥Î´ÒÌ ¢µ²´:

p2 = 
ω2

c2
 ε(ω). (114)

�É¸Õ¤  ¨ ¨§ (107) ¸²¥¤Ê¥É, ÎÉµ ¨³¥ÕÉ¸Ö ¤¢¥ ¢¥É¢¨ ¶µ¶¥·¥Î´ÒÌ ±µ²-
²¥±É¨¢´ÒÌ ¢µ²´: ¡Ò¸É· Ö (¨²¨ µ¡Ò±´µ¢¥´´ Ö)

ω
1
2 = B + √A , (115)

³¥¤²¥´´ Ö (¨²¨ ´¥µ¡Ò±´µ¢¥´´ Ö)

ω
2
2 = B − √A , (116)

£¤¥ B = 
1
2
 (ω0

2 + ωp
2 + p2c2), A = B 2 − ω0

2p2c2. ‚µ²´µ¢µ° ¢¥±Éµ· p ³¥´Ö¥É¸Ö ¢

¶·¥¤¥² Ì (0, +∞). �·¨ ÔÉµ³ ω1 ³µ´µÉµ´´µ ¢µ§· ¸É ¥É µÉ ω = ωa = √ω0
2 + ωp

2

¤µ ω = + ∞,   ω2 É ±¦¥ ³µ´µÉµ´´µ ¢µ§· ¸É ¥É µÉ ω = 0 ¤µ ω = ω0. ’ ±¨³

µ¡· §µ³, ¶·¨ ²Õ¡ÒÌ p ω1 > ωa, 0 < ω2 <ω0. ‚µ²´Ò ¸ Î ¸ÉµÉ ³¨ ω0 < ω < ωa

¡Ò¸É·µ § ÉÊÌ ÕÉ, ¶µ¸±µ²Ó±Ê ¤²Ö ´¨Ì ε < 0.

�·¨ p → 0 ω1 → ωa, ω2 ≈ pcω06 ωa. �·¨ p → ∞ ω1 ≈ √p2c2 + ωp
2  ≈ pc,

ω2 ≈ ω0.

’ ±¨³ µ¡· §µ³, ¶·¨ ¡µ²ÓÏ¨Ì Î ¸ÉµÉ Ì, ±µ£¤  ¸³¥Ð¥´¨Ö µ¸Í¨²²ÖÉµ·µ¢
¶·¥´¥¡·¥¦¨³µ ³ ²Ò (ξa ≈ 0), ¢ ¸·¥¤¥ · ¸¶·µ¸É· ´Ö¥É¸Ö µ¡ÒÎ´ Ö Ô²¥±É·µ-
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³ £´¨É´ Ö ¢µ²´  (ω1 ≈ pc). ‚Éµ· Ö ¢¥É¢Ó (ω2) ¶·¨ p → ∞ µ¶¨¸Ò¢ ¥É ¶· ±-

É¨Î¥¸±¨ ´¥§ ¢¨¸¨³Ò¥ ±µ²¥¡ ´¨Ö µ¸Í¨²²ÖÉµ·µ¢, ¸²¥£±  ¢µ§³ÊÐ¥´´Ò¥ ¨Ì
¤¨¶µ²Ó-¤¨¶µ²Ó´Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³. ‘²¥¤ÊÖ ²¨É¥· ÉÊ·¥ (¸³., ´ ¶·¨³¥·,
[9]), µ¶¨¸ ´´Ò¥ §¤¥¸Ó ¶µ¶¥·¥Î´Ò¥ ¢µ²´Ò ¡Ê¤¥³ ´ §Ò¢ ÉÓ ¶µ²Ö·¨Éµ´ ³¨.
�´¨ ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° ¸¢µ¥µ¡· §´ÊÕ ¸³¥¸Ó µ¸Í¨²²ÖÉµ·´ÒÌ ¨ Ô²¥±É·µ³ £-
´¨É´ÒÌ ±µ²¥¡ ´¨°.

�·µ¤µ²Ó´Ò¥ ¢µ²´Ò ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° ¸µ¡¸É¢¥´´Ò¥ ±µ²¥¡ ´¨Ö ¸·¥¤Ò.
�·¨ Ez ≠ 0 ¨§ (113) ¢¨¤´µ, ÎÉµ ε(ω) = 0, D = 0, Éµ ¥¸ÉÓ

ω = ωa. (117)

‚ ÔÉµ³ ¸²ÊÎ ¥ ¸µ£² ¸´µ (111), (112) Ex = Ey = Hx = Hy = 0,   ¸µ£² ¸´µ

(109)

ξ = − 
1

4πne
 E,    H = 0. (118)

�·µ¤µ²Ó´Ò¥ ¢µ²´Ò ´¥ · ¸¶·µ¸É· ´ÖÕÉ¸Ö ¶µ ¶² §³¥, É ± ± ± ¸µ£² ¸´µ
(117) ¨Ì £·Ê¶¶µ¢ Ö ¸±µ·µ¸ÉÓ · ¢´  ´Ê²Õ:

vg = ∂ω6 ∂p = 0.

‚ ¶·¥¤¥²¥ ω0 → 0, ¸µµÉ¢¥É¸É¢ÊÕÐ¥³ ¶µ²´µ¸ÉÓÕ ¨µ´¨§µ¢ ´´µ° ¨¤¥ ²Ó-

´µ° ¶² §³¥, ÔÉ¨ ¢µ²´Ò ¶¥·¥Ìµ¤ÖÉ ¢ µ¡ÒÎ´Ò¥ ¶² §³¥´´Ò¥ ±µ²¥¡ ´¨Ö.
�¥Ï¨³ É¥¶¥·Ó ¸²¥¤ÊÕÐÊÕ § ¤ ÎÊ. �Ê¸ÉÓ ¶·¨ t = 0 ¢ ¡¥¸±µ´¥Î´µ° µ¤´µ-

·µ¤´µ° ¸·¥¤¥ ¸µ§¤ ¥É¸Ö ¢µ§¡Ê¦¤¥´¨¥ (108), ¤²Ö ±µÉµ·µ£µ

εf = 0,    εa = 
1
2
 n m ∫ d 3r f 2(r).

’ ±¨³ µ¡· §µ³, ´ Î ²Ó´ Ö Ô´¥·£¨Ö ¢µ§¡Ê¦¤¥´¨Ö · ¢´ 

ε
0
 = εa + εf = 

1
2
 n m ∫ d 3r f 2(r). (119)

� ¸¸Î¨É ¥³ É¥¶¥·Ó Ô´¥·£¨Õ, Ê´¥¸¥´´ÊÕ ±µ²²¥±É¨¢´Ò³¨ ¢µ²´ ³¨:

εr = lim
r → ∞

  r2 ∫ dΩr ∫ 
− ∞

∞

 dt n S (t, r) =

= 
c

8π2
  lim
r → ∞

  r2 ∫ dΩr ∫ 
− ∞

∞

 dω n (E− ω × Hω) =  

= 
c

8π2
  lim
r → ∞

 r2 ∫ dΩr ∫ 
0

∞

dω n[(Eω
∗  × Hω) + (Eω × Hω

∗ )], (120)

£¤¥ n = r6 r ¨ ¨¸¶µ²Ó§µ¢ ´Ò ¸¢µ°¸É¢  E− ω = Eω
∗ , H− ω = Hω

∗ , ¸²¥¤ÊÕÐ¨¥ ¨§

¢¥Ð¥¸É¢¥´´µ¸É¨ E ¨ H.
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�µ¸±µ²Ó±Ê ¶·¨ t < 0 ¢¸¥ Ë¨§¨Î¥¸±¨¥ ¢¥²¨Î¨´Ò · ¢´Ò ´Ê²Õ (ξ = 0, ξ
.
 = 0,

E = H = 0), Éµ ± Ê· ¢´¥´¨Ö³ Œ ±¸¢¥²²  (99)Å(104) ¶·¨³¥´Ö¥É¸Ö ËÊ·Ó¥-¶·¥-
µ¡· §µ¢ ´¨¥ ¢¨¤  (54), (56). �¤´µ¢·¥³¥´´µ ¶·µ¨§¢¥¤¥³ ËÊ·Ó¥-¶·¥µ¡· §µ¢ -
´¨¥ ¶µ ¶·µ¸É· ´¸É¢¥´´Ò³ ¶¥·¥³¥´´Ò³ ¢¨¤ :

f(p) = ∫ d 3r e− iprf(r),     f(r) = ∫ d 3p

(2π)3
 eiprf(p).

“· ¢´¥´¨Ö ¤²Ö ËÊ·Ó¥-±µ³¶µ´¥´É ¸ ÊÎ¥Éµ³ ´ Î ²Ó´µ£µ Ê¸²µ¢¨Ö (108)
¨³¥ÕÉ ¢¨¤















 p × Eωp = 
ω
c
 Hωp

 p × Hωp = − 
ω
c
 ε(ω) Eωp − 

4πneω
c2(ω

0
2 − ω2)

 f(p)

 (ω
0
2 − ω2) ξωp = 

e
m

 Eωp + f(p).

�É¸Õ¤  ´ Ìµ¤¨³

Hωp = 
4πreω

c(ω2 − ω
0
2)d

 (p × f(p)),

£¤¥ d = 
ω2

c2
 ε(ω) − p2. �·¨ r → ∞ µ¸´µ¢´µ° ¢±² ¤ ¢ ¨´É¥£· ²

Hω(r) = ∫ d 3p

(2π)3
 eipr Hωp

¤ ¥É ¸¨´£Ê²Ö·´µ¸ÉÓ 1/d, ±µ£¤  ¶·µ¨§¢µ¤¨É¸Ö ¨´É¥£·¨·µ¢ ´¨¥ ¶µ dp, ¨ ´ -
¶· ¢²¥´¨Ö p, ¡²¨§±¨¥ ± n = r6 r, ±µ£¤  ¶·µ¨§¢µ¤¨É¸Ö ¨´É¥£·¨·µ¢ ´¨¥ ¶µ
´ ¶· ¢²¥´¨Ö³ p. �µ ÔÉµ° ¶·¨Î¨´¥ ¢ ´¥¸¨´£Ê²Ö·´ÒÌ ³´µ¦¨É¥²ÖÌ ¶µ¤Ò´É¥-
£· ²Ó´µ£µ ¢Ò· ¦¥´¨Ö ³µ¦´µ ¶µ²µ¦¨ÉÓ

p = q = qn,    q = 
ω
c
 √ε(ω) (121)

¨ ¢Ò´¥¸É¨ ¨Ì §  ¨´É¥£· ². �¸É ¢Ï¨°¸Ö ¨´É¥£· ² ¢ÒÎ¨¸²Ö¥É¸Ö ¶µ Ëµ·³Ê²¥

∫ d 3p

(2π)3
 

4π
p2 − q2 − i0

 eipr = 
eiqr

r
 .

�·¨³¥´¥´´µ¥ §¤¥¸Ó ¶· ¢¨²µ µ¡Ìµ¤  ¶µ²Õ¸µ¢ ¸²¥¤Ê¥É ¨§ § ³¥Î ´¨Ö, ¸¢Ö-
§ ´´µ£µ ¸ Ëµ·³Ê² ³¨ (54), (56), ¸µ£² ¸´µ ±µÉµ·µ³Ê ¶µ¤ ω ¸²¥¤Ê¥É ¶µ´¨³ ÉÓ
±µ³¶²¥±¸´ÊÕ ¢¥²¨Î¨´Ê ω + i0. �¥§Ê²ÓÉ É ¨³¥¥É ¢¨¤:

Hω(r) = − 
neω

c(ω2 − ω
0
2)

 (q × f(q)) θ 
eiqr

r
 , (122)
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£¤¥ ³´µ¦¨É¥²Ó θ = θ[(ω − ω0) (ω − ωa)] ¢µ§´¨± ¥É ¢¸²¥¤¸É¢¨¥ Éµ£µ, ÎÉµ ¶·¨

ω0 < ω < ωa ε < 0, ¶µÔÉµ³Ê q Å Î¨¸Éµ ³´¨³µ¥, ¨ H(r) Ô±¸¶µ´¥´Í¨ ²Ó´µ § ÉÊ-

Ì ¥É ¶·¨ r → ∞. ’¥¶¥·Ó ¶·µ¨§¢¥¤¥³ ËÊ·Ó¥-¶·¥µ¡· §µ¢ ´¨¥ ¢¨¤  (54), (56)
Ê· ¢´¥´¨° (100), (103) ¨ (104):

∇ × Hω = − 
iω
c

 ε Eω. (123)

�É¸Õ¤  ¨ ¨§ (122) ¶µ²ÊÎ ¥³

Eω = 
ne

(ω2 − ω
0
2) ε

 q × (q × f(q)) e
iqr

r
 θ. (124)

’µ£¤  ¨§ (120), (122) ¸²¥¤Ê¥É:

εr = 
n2e2

4π2c3
 ∫ dΩn ∫ 

0

∞

dω ρ(ω) (n × f)2θ = 
n2e2

π c3
 (τ

1
 + τ

2
),

£¤¥

ρ(ω) = 
ω4√ε

(ω2 − ω
0
2)2

;

τ
1
 = ∫ 

ω
a

∞

dω ρ(ω) S(q);    τ
2
 = ∫ 

0

ω
0

dω ρ(ω) S(q);

S(q) = 〈(n × f(q))2〉,

£¤¥ Ê£²µ¢Ò³¨ ¸±µ¡± ³¨ µ¡µ§´ Î¥´µ Ê¸·¥¤´¥´¨¥ ¶µ ´ ¶· ¢²¥´¨Ö³ r. ‚ ± ¦-
¤µ³ ¨§ ¨´É¥£· ²µ¢ τ1,2 § ³¥´¨³ ¶¥·¥³¥´´ÊÕ ¨´É¥£·¨·µ¢ ´¨Ö ω ´  q, ¶·¨Î¥³

¶·¨ ¶·¥µ¡· §µ¢ ´¨¨ τ1 ¨ τ2 ¨¸¶µ²Ó§Ê¥³, ¸µµÉ¢¥É¸É¢¥´´µ, ¢¥É¢¨ ω1 ¨ ω2 ¸

§ ³¥´µ° p → q ¢ (115) ¨ (116). ’ ±¨³ µ¡· §µ³, τ1 µ¶·¥¤¥²Ö¥É Ô´¥·£¨Õ,

Ê´µ¸¨³ÊÕ ´¥µ¡Ò±´µ¢¥´´Ò³¨ ¢µ²´ ³¨, τ2 Å µ¡Ò±´µ¢¥´´Ò³¨. „¨ËË¥·¥´Í¨-

·ÊÖ ¸µµÉ´µÏ¥´¨¥ (121), ¶µ²ÊÎ ¥³

ρ(ω) dω = c3F(ω) q2dq,

£¤¥

F(ω) = 
ω2

(ωa
2 − ω2) (ω

0
2 − ω2) + ωp

2ω2
.

‘²¥¤µ¢ É¥²Ó´µ

εr = 
n2e2

π  ∫ 
0

∞

dq q2S(q) K(q), (125)
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£¤¥ K(q) = F(ω1) + F(ω2). Œ´µ¦¨É¥²Ó K(q) Ö¢²Ö¥É¸Ö ¸¨³³¥É·¨Î´Ò³  ²£¥¡· ¨-

Î¥¸±¨³ ¢Ò· ¦¥´¨¥³ ¶µ ±µ·´Ö³ ω1
2 ¨ ω2

2 ¡¨±¢ ¤· É´µ£µ Ê· ¢´¥´¨Ö

ω4 − (ωa
2 + q2c2) ω2 + q2c2ω

0
2 = 0,

¸²¥¤ÊÕÐ¥£µ ¨§ (121). �Éµ ¢Ò· ¦¥´¨¥ ¶·¥µ¡· §Ê¥³, ¨¸¶µ²Ó§ÊÖ É¥µ·¥³Ê ‚¨¥É :

ω
1
2 + ω

2
2 = ωa

2 + q2c2,    ω
1
2ω

2
2 = q2c2ω

0
2.

�¥§Ê²ÓÉ É ¨³¥¥É ¢¨¤

K(q) = 
1

ωp
2
 .

�É¸Õ¤  ¨ ¨§ (125) ¸²¥¤Ê¥É

εr = 
nm

4π2
  ∫ 

0

∞

dq q2S(q). (126)

”µ·³Ê²  (119) ¤²Ö ´ Î ²Ó´µ° Ô´¥·£¨¨ ¶µ¸²¥ ¶¥·¥Ìµ¤  ± ËÊ·Ó¥-±µ³¶µ-
´¥´É ³ ¶·¨´¨³ ¥É ¢¨¤

ε
0
 = 

nm

4π2
 ∫ 
0

∞

dq q2M(q), (127)

£¤¥ M(q) = 〈f 2(qn)〉.
�µ¸±µ²Ó±Ê (n × f)2 ≤ f 2, Éµ ¨§ (126) ¨ (127) ¸²¥¤Ê¥É, ÎÉµ εr ≤ ε0. � -

¶·¨³¥·, ¥¸²¨ ¶·¨ t = 0 Ô²¥±É·µ´Ò ¶µ²ÊÎ ÕÉ Éµ²Îµ± ¢ µ¤´µ³ ´ ¶· ¢²¥´¨¨,  
¢µ§¡Ê¦¤¥´´Ò¥  Éµ³Ò · ¸¶µ²µ¦¥´Ò ¸Ë¥·¨Î¥¸±¨-¸¨³³¥É·¨Î´µ (f(r) = k f(r),
k = 1, k = const), Éµ εr = 2ε0 6 3. ’ ±¨³ µ¡· §µ³, ¨ ¢ ¸²ÊÎ ¥ (¢) ¨§ (1) µ¡· -

§ÊÕÉ¸Ö ¤¨¶µ²Ó´µ-´¥¨§²ÊÎ ÕÐ¨¥ ¸µ¸ÉµÖ´¨Ö. �·¨·µ¤  ÔÉ¨Ì ¸µ¸ÉµÖ´¨° ¸É ´µ-
¢¨É¸Ö Ö¸´µ° ¨§  ´ ²¨§  Ëµ·³Ê²Ò (126), ¸µ£² ¸´µ ±µÉµ·µ° εr = 0 ¶·¨

q × f(q) = 0, Éµ ¥¸ÉÓ ¶·¨

∇ × f(r) = 0. (128)

ˆ§ (102), (104) ¨ (108) ¶µ²ÊÎ ¥³

∇ × Eω = 
iω
c

 Hω; (129)

(ω
0
2 − ω2) ξω = 

e
m

 Eω + f(r), (130)

  ¨§ (128) ¨ (130) ¸²¥¤Ê¥É

(ω
0
2 − ω2) (∇ × ξω) = 

e
m

 (∇ × Eω). (131)
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’¥¶¥·Ó ¢µ§Ó³¥³ ·µÉµ· µÉ (123) ¨ ÊÎÉ¥³ (129):







 ∇2 + 

ω2

c2
 ε 







 Hω = 0. (132)

“· ¢´¥´¨Ö (129), (131), (132) µ¡· §ÊÕÉ § ³±´ÊÉÊÕ ¸¨¸É¥³Ê ¤²Ö É·¥Ì
¢¥²¨Î¨´: ∇ × Eω, Hω, ∇ × ξω. �µ¸±µ²Ó±Ê µ´¨ Ö¢²ÖÕÉ¸Ö µ¤´µ·µ¤´Ò³¨ (¸·. ¸

(130)),   ¸·¥¤  ¡¥¸±µ´¥Î´µ°, Éµ ¨Ì ·¥Ï¥´¨¥ ¨³¥¥É ¢¨¤

∇ × Eω = 0,    Hω = 0,    ∇ × ξω = 0.

‘²¥¤µ¢ É¥²Ó´µ,

∇ × Dω = ∇ × (Eω + 4πre ξω) = 0.

�É¸Õ¤  ¨ ¨§ Ê· ¢´¥´¨Ö (99), ¶¥·¥¶¨¸ ´´µ£µ ¢ ¢¨¤¥

∇ ⋅ Dω = 0,

¸²¥¤Ê¥É, ÎÉµ Dω = 0,   §´ Î¨É, D = 0, µÉ±Ê¤  ¸²¥¤Ê¥É (118).

ˆ§ Hω = 0 ¨ (123) § ±²ÕÎ ¥³, ÎÉµ ε = 0, Éµ ¥¸ÉÓ Î ¸ÉµÉ  ω µ¶·¥¤¥²Ö¥É¸Ö

Ëµ·³Ê²µ° (117). ’ ±¨³ µ¡· §µ³,  ´ ²µ£µ³ ¤¨¶µ²Ó´µ-´¥¨§²ÊÎ ÕÐ¨Ì ¸µ¸ÉµÖ-
´¨° ¢ ¸²ÊÎ ¥ (¢) ¨§ (1) Ö¢²ÖÕÉ¸Ö µ¡¸Ê¦¤ ¢Ï¨¥¸Ö ¢ÒÏ¥ ¶·µ¤µ²Ó´Ò¥ ¢µ²´Ò.
— ¸ÉÓ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö ´  ¤²¨É¥²Ó´µ¥ ¢·¥³Ö Ê¤¥·¦¨¢ ¥É¸Ö ÔÉ¨³¨ ±µ²¥-
¡ ´¨Ö³¨. ‚ ¤ ²Ó´¥°Ï¥³ ÔÉ¨ ±µ£¥·¥´É´Ò¥ ̧ µ¸ÉµÖ´¨Ö · §·ÊÏ ÕÉ¸Ö ¢¸²¥¤¸É¢¨¥
³¥¦ Éµ³´ÒÌ ¸Éµ²±´µ¢¥´¨°, ¨ ¨Ì Ô´¥·£¨Ö ²¨¡µ ¨§²ÊÎ ¥É¸Ö, ²¨¡µ ¶¥·¥Ìµ¤¨É
¢ ¤·Ê£¨¥ ¸É¥¶¥´¨ ¸¢µ¡µ¤Ò.

� ¸¸³µÉ·¨³ É¥¶¥·Ó  ´ ²µ£ ËÊ´¤ ³¥´É ²Ó´µ£µ ·¥Ï¥´¨Ö (13). ‚ ¶·¥¤¥²¥
¸¶²µÏ´µ° ¸·¥¤Ò ¸²¥¤Ê¥É ¶·µ¨§¢¥¸É¨ § ³¥´Ê

δab → n δ(3)(ra − rb), (133)

±µÉµ· Ö ¸µ£² ¸Ê¥É¸Ö ¸ ¶· ¢¨²µ³ (64). �¤´ ±µ, ± ± ¢¨¤´µ ¨§ (119), ¶·¨ É ±µ°
§ ³¥´¥ ε0 = ∞, ÎÉµ Ë¨§¨Î¥¸±¨ ¡¥¸¸³Ò¸²¥´´µ. �·¨Î¨´  µÎ¥¢¨¤´ : ´ Î ²Ó´µ¥

Ê¸²µ¢¨¥ ¢¨¤  (133) ´¥ Ê¤µ¢²¥É¢µ·Ö¥É Ê¸²µ¢¨Ö³ ¶·¨³¥´¨³µ¸É¨ ¶·¨¡²¨¦¥´¨Ö
¸¶²µÏ´µ° ¸·¥¤Ò

l << L
0
,    q

0
l << 1, (134)

£¤¥ L0 Å Ì · ±É¥·´Ò° · §³¥· ´ Î ²Ó´µ£µ ¢µ§¡Ê¦¤¥´¨Ö, q0 = 16 L0. �Éµ § -

É·Ê¤´¥´¨¥ ¢ ¤¥°¸É¢¨É¥²Ó´µ¸É¨ µÉ¸ÊÉ¸É¢Ê¥É, ¶µ¸±µ²Ó±Ê ¢ ¸²ÊÎ ¥ (¢) ¨§ (1) ´¥É
´¥µ¡Ìµ¤¨³µ¸É¨ ¢ ´ Ìµ¦¤¥´¨¨ ËÊ´¤ ³¥´É ²Ó´µ£µ ·¥Ï¥´¨Ö (13). ‚¸²¥¤¸É¢¨¥
λ << L § ¤ Î  µ¡ Ô¢µ²ÕÍ¨¨ ²Õ¡µ£µ ´ Î ²Ó´µ£µ ¢µ§¡Ê¦¤¥´¨Ö ¸·¥¤Ò ³µ¦¥É
¡ÒÉÓ ·¥Ï¥´  ¤·Ê£¨³¨ ³¥Éµ¤ ³¨: Î¨¸²¥´´Ò³¨, · §²µ¦¥´¨¥³ ´  ËÊ·Ó¥-£ ·³µ-
´¨±¨, ¢ ¶·¨¡²¨¦¥´¨¨ £¥µ³¥É·¨Î¥¸±µ° µ¶É¨±¨ ¨ É.¤.
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‚ ¸²¥¤ÊÕÐ¥³ · §¤¥²¥ ³Ò Ê¡¥¤¨³¸Ö, ÎÉµ ¢¸¥ ¨´É¥·¥¸´Ò¥ ¢ ¶· ±É¨Î¥¸±µ³
µÉ´µÏ¥´¨¨ ¸²ÊÎ ¨ ³µ£ÊÉ ¡ÒÉÓ ²¥£±µ ¶·µ ´ ²¨§¨·µ¢ ´Ò, ¥¸²¨ · ¸¸³µÉ·¥ÉÓ
 ´ ²µ£ ËÊ´¤ ³¥´É ²Ó´µ£µ ·¥Ï¥´¨Ö, ¤²Ö ±µÉµ·µ£µ

c
ωp

 << L
0
 << L, (135)

¶·¨Î¥³ ¢µ ¢¸¥Ì ÔÉ¨Ì ¸²ÊÎ ÖÌ

ω
0
 >> ωp, (136)

Éµ ¥¸ÉÓ ¸·¥¤  Ö¢²Ö¥É¸Ö ¤µ¸É ÉµÎ´µ · §·¥¦¥´´µ°. �·¨ Ê¸²µ¢¨ÖÌ (135), (136)

ω
1
 ≈ qc,    ω

2
 ≈ ω

0
 − 

ω
0
ωp

2

2c2q2
 ;

τ
1

τ
2

 ~ 

 

c
L

0
ωp

 



 2
 << 1. (137)

�Éµ µ§´ Î ¥É, ÎÉµ É ±µ¥ ¤µ¸É ÉµÎ´µ ¸¨²Ó´µ ²µ± ²¨§µ¢ ´´µ¥ ´ Î ²Ó´µ¥
¢µ§¡Ê¦¤¥´¨¥ ¸µ¸É ¢²¥´µ £² ¢´Ò³ µ¡· §µ³ ¨§ ³¥¤²¥´´ÒÌ ´¥µ¡Ò±´µ¢¥´´ÒÌ
¢µ²´ ¸ ³ ²Ò³¨ λ, ¤²Ö ±µÉµ·ÒÌ § ±µ´ ¤¨¸¶¥·¸¨¨ (116) ¸¢µ¤¨É¸Ö ± ¡µ²¥¥
¶·µ¸Éµ³Ê ¢Ò· ¦¥´¨Õ (137).

• · ±É¥·´ Ö ̧ ±µ·µ¸ÉÓ · ¸¶²Ò¢ ´¨Ö É ±µ£µ ́  Î ²Ó´µ£µ ¢µ§¡Ê¦¤¥´¨Ö µ¶·¥-
¤¥²Ö¥É¸Ö £·Ê¶¶µ¢µ° ¸±µ·µ¸ÉÓÕ ÔÉ¨Ì ¢µ²´, ±µÉµ· Ö, ¸µ£² ¸´µ (137), · ¢´ 

υg = 
dω

2

dq
 = 

ω
0
ωp

2

c2q3
 ~ 

ω
0
ωp

2L
0
3

c2
 . (138)

7. ‡�’“•��ˆ… Š�‹‹…Š’ˆ‚�›• ‚�‹�

‚ ¤ ´´µ° ¸É ÉÓ¥ · ¸¸³ É·¨¢ ¥É¸Ö · §·¥¦¥´´ Ö ¸·¥¤ , ¢ ±µÉµ·µ° µ¸´µ¢-
´Ò³ ³¥Ì ´¨§³µ³ § ÉÊÌ ´¨Ö Ö¢²Ö¥É¸Ö ¤µ¶²¥·µ¢¸±µ¥ ÊÏ¨·¥´¨¥. ‚¸²¥¤¸É¢¨¥
ÔÉµ£µ ÊÏ¨·¥´¨Ö ¸µ¡¸É¢¥´´ Ö Î ¸ÉµÉ  µ¸Í¨²²ÖÉµ·µ¢ ¢ ² ¡µ· Éµ·´µ° ¸¨¸É¥³¥
µÉ¸Î¥É , ±µÉµ·ÊÕ ¤ ²¥¥ µ¡µ§´ Î¨³ Î¥·¥§ Ω, ¡Ê¤¥É · §²¨Î´ .

�¡µ§´ Î¨³ ËÊ´±Í¨Õ · ¸¶·¥¤¥²¥´¨Ö ¶µ Ω Î¥·¥§ f(Ω). ‚Ò¶µ²´ÖÕÉ¸Ö ¸µ-
µÉ´µÏ¥´¨Ö:

∫ 
0

∞

dΩ f(Ω) = 1,    ∫ 
0

∞

dΩΩ f(Ω) = ω
0
.

�Ê¸ÉÓ ∆Ω Å Ì · ±É¥·´ Ö Ï¨·¨´  · ¸¶·¥¤¥²¥´¨Ö f(Ω). ‘ É¥Î¥´¨¥³ ¢·¥-
³¥´¨ ´ · ¸É ¥É · §´µ¸ÉÓ Ë § µÉ¤¥²Ó´ÒÌ µ¸Í¨²²ÖÉµ·µ¢, ¶µÔÉµ³Ê ±µ£¥·¥´É-
´µ¸ÉÓ · §·ÊÏ ¥É¸Ö §  Ì · ±É¥·´µ¥ ¢·¥³Ö

τ ~ 1/∆Ω,
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¢ Î¥³ ¨ § ±²ÕÎ ¥É¸Ö Ë¨§¨Î¥¸±¨° ¸³Ò¸² § ÉÊÌ ´¨Ö ±µ£¥·¥´É´ÒÌ ¢µ²´. …¸É¥¸É-
¢¥´´µ, ÎÉµ ¶·¨ ÔÉµ³ Ô´¥·£¨Ö ¢µ§¡Ê¦¤¥´¨Ö ̧ ·¥¤Ò µ¸É ¥É¸Ö ́ ¥¨§³¥´´µ°. �¤´ -
±µ ¢¸²¥¤¸É¢¨¥ ¨¸Î¥§´µ¢¥´¨Ö ±µ£¥·¥´É´µ¸É¨ ÔÉ  Ô´¥·£¨Ö ¡Ê¤¥É ¨§²ÊÎ ÉÓ¸Ö § 
£µ· §¤µ ¡µ²¥¥ ¤²¨É¥²Ó´µ¥ ¢·¥³Ö Å ¢·¥³Ö ¸¶µ´É ´´µ£µ ¨§²ÊÎ¥´¨Ö, ¢ ¶·µ-
Í¥¸¸¥ ±µÉµ·µ£µ  Éµ³Ò ¨§²ÊÎ ÕÉ ´¥§ ¢¨¸¨³µ µ¤¨´ µÉ ¤·Ê£µ£µ. Œ ²µ° ¨´É¥´-
¸¨¢´µ¸ÉÓÕ ¸¶µ´É ´´µ£µ ¨§²ÊÎ¥´¨Ö ¤ ²¥¥ ¡Ê¤¥³ ¶·¥´¥¡·¥£ ÉÓ.

‘ ÊÎ¥Éµ³ ÊÏ¨·¥´¨Ö µ¸Í¨²²ÖÉµ·´ Ö ±µµ·¤¨´ É  § ¢¨¸¨É É¥¶¥·Ó µÉ É·¥Ì
¶¥·¥³¥´´ÒÌ Å Ω, r ¨ t:

ξ = ξΩ(r, t).

‚³¥¸Éµ Ê· ¢´¥´¨Ö (104) ¨³¥¥³

ξ
..

Ω + Ω2 ξΩ = 
e
m

 E(r, t). (139)

‚¥±Éµ· ¶µ²Ö·¨§ Í¨¨ ¸·¥¤Ò · ¢¥´ É¥¶¥·Ó

P(r, t) = ne ∫ 
0

∞

dΩ f(Ω) ξΩ(r, t),

¸²¥¤µ¢ É¥²Ó´µ, ¢ ± Î¥¸É¢¥ ξ ¢ (100) ¸²¥¤Ê¥É ¶µ¤¸É ¢¨ÉÓ ¢¥²¨Î¨´Ê

ξ(r, t) = ∫ 
0

∞

dΩ f(Ω) ξΩ(r, t). (140)

’¥¶¥·Ó ´ °¤¥³ ¤²¨´Ê § ÉÊÌ ´¨Ö ±µ²²¥±É¨¢´ÒÌ ¢µ²´, ¤²Ö Î¥£µ ·¥Ï¥´¨¥
Ê· ¢´¥´¨° (99)Å(103), (139), (140) ¡Ê¤¥³ ¨¸± ÉÓ ¢ ¢¨¤¥

ξΩ(r, t) = ξΩ e− iωt + ipz;

E(r, t) = E e− iωt + ipz;

H(r, t) = H eiωt + ipz.

’µ£¤  ¶µ²ÊÎ ¥³ Ê· ¢´¥´¨Ö (111)Å(113), ¢ ±µÉµ·ÒÌ

ε(ω) = 1 + ωp
2 ∫ 

0

∞

dΩ f(Ω) 1

Ω2 − (ω + i0)2
 = ε′(ω) + iε′′ (ω);

ε′(ω) = 1 + ωp
2 ∫ 

0

∞

dΩ f(Ω) 1

Ω2 − ω2
 ;

ε′′(ω) = πωp
2 sign ω ∫ 

0

∞

dΩ f(Ω) δ(Ω2 − ω2) = 
πωp

2

2ω  f(ω), (141)

£¤¥ ¶·¨ · ¸Î¥É¥ ¨¸¶µ²Ó§µ¢ ´  Ëµ·³Ê²  ‘µÌµÍ±µ£µ

1
a ± iδ = P 



 
1
a
 


 ‡ πiδ(a).
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‚ Î ¸É´µ¸É¨, ¶·¨ ²µ·¥´Í¥¢µ° Ëµ·³¥ ÊÏ¨·¥´¨Ö

f(Ω) = 
∆Ω
2π  

1

(Ω − ω
0
)2 + 


 
∆Ω
2

 


 2

¤¨Ô²¥±É·¨Î¥¸± Ö ¶·µ´¨Í ¥³µ¸ÉÓ · ¢´ 

ε(ω) = 1 − 
ωp

2




 ω + i 

∆Ω
2

 



 2
 − ω

0
2
 = 

ωa
2 − 


 ω + i 

∆Ω
2

 



 2

ω
0
2 − 


 ω + i 

∆Ω
2

 



 2
 .  (142)

’ ±¨³ µ¡· §µ³, ¶·µ¤µ²Ó´Ò¥ ±µ²¥¡ ´¨Ö, ¤²Ö ±µÉµ·ÒÌ ε(ω) = 0, § ÉÊÌ ÕÉ
¶µ § ±µ´Ê

ξ ~ e
− 

∆Ω
2

 t
.

„²Ö ´ Ìµ¦¤¥´¨Ö ¤²¨´Ò § ÉÊÌ ´¨Ö ¶µ¶¥·¥Î´ÒÌ ¢µ²´ ¶·¥¤¸É ¢¨³ p ¢ ¢¨¤¥
p = q + ip′′. �³¶²¨ÉÊ¤  ¢µ²´ Ê³¥´ÓÏ ¥É¸Ö ¶µ § ±µ´Ê

ξ ~ e− p′′z,

¸²¥¤µ¢ É¥²Ó´µ, ¤²¨´  § ÉÊÌ ´¨Ö Ld = 16 (2p′′). �·¨ ω ≈ ω0 ¨§ (142) ¸²¥¤Ê¥É

ε(ω) = 
ωp

2

2ω
0
 


 ω

0
 − ω − i 

∆Ω
2

 



 .

�É¸Õ¤  ¨ ¨§ (114), ¸Î¨É Ö § ÉÊÌ ´¨¥ ¸² ¡Ò³ ÔËË¥±Éµ³, ¶µ²ÊÎ ¥³

q = 
√ω

0
ωp

c√2 (ω
0
 − ω) ,    Ld = 

ω
0
ωp

2

c2q3∆Ω
 = 

υg

∆Ω , (143)

£¤¥ υg µ¶·¥¤¥²¥´µ ¢ (138).

8. ��ˆ‹�†…�ˆ… ŠŒ‘ Š ”ˆ‡ˆŠ… �‹�‡Œ›

� ¸¸³µÉ·¨³ ¶² §³¥´´Ò° Í¨²¨´¤·, ¶µ³¥Ð¥´´Ò° ¢ ¶·µ¤µ²Ó´µ¥ ³ £´¨É-
´µ¥ ¶µ²¥ B0. ˆ³¥Ö ¢ ¢¨¤Ê ¶·¨²µ¦¥´¨¥ ± Ë¨§¨±¥ Éµ± ³ ±µ¢, · ¸¸³µÉ·¨³

É¨¶¨Î´Ò¥ ¤²Ö ´¨Ì ¶ · ³¥É·Ò ¶² §³Ò

ne = ni = n ~ 1014 ̧ ³−3,    T ~ 104 Ô‚,

B
0
 ~ 5⋅104 ƒ¸,   a ~ 3 ³, (144)
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£¤¥ a Å · ¤¨Ê¸ ¶² §³¥´´µ£µ Í¨²¨´¤·  (± ± ¢ ¶·µ¥±É¥ ˆ’�� [16]). �·¨
Ê¸²µ¢¨ÖÌ (144) ¶² §³  Ö¢²Ö¥É¸Ö ¸¨²Ó´µ § ³ £´¨Î¥´´µ° [17,18]:

ωH τc >> 1, (145)

£¤¥ ωH = ωB6 γ Å Í¨±²µÉ·µ´´ Ö Î ¸ÉµÉ  Ô²¥±É·µ´µ¢, ωB = eB06 (mc) ~

~ 1012 ̧ −1, γ = (1 − υ2/c2)− 1/2 ≈ 1 Å ·¥²ÖÉ¨¢¨¸É¸±¨° Ë ±Éµ· Ô²¥±É·µ´ , υ Å
¥£µ ¸±µ·µ¸ÉÓ,

τc ~ 10−4 ̧ (146)

Å Ì · ±É¥·´µ¥ ¢·¥³Ö Ô²¥±É·µ´-Ô²¥±É·µ´´ÒÌ ¨ Ô²¥±É·µ´-¨µ´´ÒÌ ¸Éµ²±´µ-
¢¥´¨°. ’ ±¨³ µ¡· §µ³, Ô²¥±É·µ´Ò ¸µ¢¥·Ï ÕÉ ¢ µ¸´µ¢´µ³ ±·Ê£µ¢µ¥ ¤¢¨¦¥-

´¨¥ ¢µ±·Ê£ ̧ ¨²µ¢ÒÌ ²¨´¨° ³ £´¨É´µ£µ ¶µ²Ö ̈  ¶µ¸²¥ ~ 108 µ¡µ·µÉµ¢ ¨¸¶ÒÉÒ-
¢ ÕÉ Ê¤ ·Ò, ·¥§±µ ̈ §³¥´ÖÕÐ¨¥ ̈ Ì É· ¥±Éµ·¨¨. …¸É¥¸É¢¥´´µ, ÎÉµ ¢ É ±¨Ì Ê¸²µ-
¢¨ÖÌ ·µ²Ó ¸Éµ²±´µ¢¥´¨° ³ ²  ¨ ¤µ²¦´Ò ¶·µÖ¢²ÖÉÓ¸Ö ±µ£¥·¥´É´Ò¥ ÔËË¥±ÉÒ.

� §³¥· ² ·³µ·µ¢¸±µ° µ·¡¨ÉÒ Ô²¥±É·µ´µ¢ ¸µ¸É ¢²Ö¥É

rH ~ 
υT

ωH
 ~ 3⋅10−3 ̧ ³, (147)

£¤¥ υT ~ 3⋅109 ̧ ³/¸ Å É¥¶²µ¢ Ö ¸±µ·µ¸ÉÓ Ô²¥±É·µ´µ¢. �µ¸±µ²Ó±Ê rH << a, Éµ

³ £´¨É´µ¥ ¶µ²¥ ´  ³ ²ÒÌ · ¸¸ÉµÖ´¨ÖÌ Ö¢²Ö¥É¸Ö ¶· ±É¨Î¥¸±¨ µ¤´µ·µ¤´Ò³,
¸²¥¤µ¢ É¥²Ó´µ, Ô²¥±É·µ´Ò, ¸µ¢¥·Ï Ö Í¨±²µÉ·µ´´µ¥ ¤¢¨¦¥´¨¥, ´ Ìµ¤ÖÉ¸Ö ¢
·¥§µ´ ´¸¥ ¤·Ê£ ¸ ¤·Ê£µ³. ‚ ·¥§Ê²ÓÉ É¥ ¤¨¶µ²Ó-¤¨¶µ²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö
Ê¸É ´ ¢²¨¢ ÕÉ¸Ö ±µ··¥²ÖÍ¨¨ ³¥¦¤Ê µ·¡¨É ³¨ · §´ÒÌ Ô²¥±É·µ´µ¢: ± ¦¤Ò°
Ô²¥±É·µ´ ¸²¥£±  ¢µ§³ÊÐ ¥É Í¨±²µÉ·µ´´µ¥ ¤¢¨¦¥´¨¥ ¤·Ê£¨Ì Ô²¥±É·µ´µ¢,
¶·¨Î¥³ ÔÉµ ¢µ§³ÊÐ¥´¨¥ ´ Ìµ¤¨É¸Ö ¢ µ¤´µ° Ë §¥ ¸ ¢· Ð¥´¨¥³ ¢Ò¡· ´´µ£µ
Ô²¥±É·µ´ . �É¸Õ¤  § ±²ÕÎ ¥³, ÎÉµ ¢ Í¨±²µÉ·µ´´µ³ ¨§²ÊÎ¥´¨¨ ¤µ²¦´Ò ¡ÒÉÓ
¸ÊÐ¥¸É¢¥´´Ò³¨ ±µ²²¥±É¨¢´Ò¥ ±µ£¥·¥´É´Ò¥ ÔËË¥±ÉÒ, ±µÉµ·Ò¥ ¡Ê¤ÊÉ §´ Î¨-
É¥²Ó´µ Ê¸¨²¨¢ ÉÓ ÔÉµ ¨§²ÊÎ¥´¨¥. �Í¥´¨³ ¨´É¥´¸¨¢´µ¸ÉÓ ÔÉµ£µ ¨§²ÊÎ¥´¨Ö ¨
Ì · ±É¥·´µ¥ ¢·¥³Ö ¶µÉ¥·¨ Ô´¥·£¨¨ ¶² §³µ° τE. ’ ± Ö § ¤ Î  ¤µ²¦´  ¸É -

¢¨ÉÓ¸Ö ¸²¥¤ÊÕÐ¨³ µ¡· §µ³. �·¨ t = 0 ¢ ¶² §³¥ ®µÉ±²ÕÎ¨³¯ ¢¸¥ ¨¸ÉµÎ´¨±¨
Ô´¥·£¨¨, Éµ ¥¸ÉÓ ·¥ ±Í¨¨ ¸¨´É¥§  ¨ ¢´¥Ï´¨° ´ £·¥¢. „²Ö ¶·µ¸ÉµÉÒ ®µÉ±²Õ-
Î¨³¯ É ±¦¥ ¨ µ¡³¥´ Ô´¥·£¨¥° ³¥¦¤Ê Ô²¥±É·µ´ ³¨ ¨ ¨µ´ ³¨. ’µ£¤  Ô´¥·£¨Ö
Ô²¥±É·µ´µ¢ ε~ T §  ¸Î¥É ¨§²ÊÎ¥´¨Ö ¡Ê¤¥É Ê³¥´ÓÏ ÉÓ¸Ö ¶µ § ±µ´Ê

dT
dt

 = − 
1
τE

 T. (148)

‚¸²¥¤¸É¢¨¥ ´¥§ ¢¨¸¨³µ¸É¨ ´ Î ²Ó´ÒÌ (¶·¨ t = 0) Ë § Í¨±²µÉ·µ´´µ£µ
¤¢¨¦¥´¨Ö · §´ÒÌ Ô²¥±É·µ´µ¢ ¶µ²´ÊÕ ¨´É¥´¸¨¢´µ¸ÉÓ I ¨§²ÊÎ¥´¨Ö ¶² §³Ò
¸²¥¤Ê¥É ¨¸± ÉÓ ¶µ Ëµ·³Ê²¥ (16), ¨§ ±µÉµ·µ° ¸²¥¤Ê¥É µÍ¥´± 

I ~ N Ib, (149)
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£¤¥ Ib Å ¨´É¥´¸¨¢´µ¸ÉÓ ¨§²ÊÎ¥´¨Ö µ¤´µ£µ Ô²¥±É·µ´  ¸ ´ Î ²Ó´µ° Ô´¥·£¨¥°

ε ~ T, µ±·Ê¦¥´´µ£µ ¤·Ê£¨³¨ Ô²¥±É·µ´ ³¨, ¨³¥ÕÐ¨³¨ ´Ê²¥¢ÊÕ ´ Î ²Ó´ÊÕ
Ô´¥·£¨Õ. �¥ÎÓ §¤¥¸Ó, ±µ´¥Î´µ ¦¥, ¨¤¥É µ¡ Ô´¥·£¨¨, µÉ´µ¸ÖÐ¥°¸Ö ± µ¸Í¨²²Ö-
Éµ·´Ò³ (Í¨±²µÉ·µ´´Ò³) ̧ É¥¶¥´Ö³ ̧ ¢µ¡µ¤Ò Ô²¥±É·µ´µ¢. ̂ ³¥´´µ ÔÉ¨ ̧ É¥¶¥´¨
¸¢µ¡µ¤Ò ´ Ìµ¤ÖÉ¸Ö ¢ ·¥§µ´ ´¸¥ ¤·Ê£ ¸ ¤·Ê£µ³ ¨ ¶·µÖ¢²ÖÕÉ ±µ²²¥±É¨¢´Ò¥
ÔËË¥±ÉÒ. ‚ µÉ²¨Î¨¥ µÉ ¶·¥¤Ò¤ÊÐ¨Ì · §¤¥²µ¢ ¢ ¸²ÊÎ ¥ § ³ £´¨Î¥´´µ° ¶² §-
³Ò µ¸Í¨²²ÖÉµ·Ò Ö¢²ÖÕÉ¸Ö ¤¢Ê³¥·´Ò³¨: Éµ²Ó±µ ±µ³¶µ´¥´ÉÒ dx ¨ dy ¤¨¶µ²Ó-

´µ£µ ³µ³¥´É  ³¥´ÖÕÉ¸Ö ¸µ ¢·¥³¥´¥³ ¶µ £ ·³µ´¨Î¥¸±µ³Ê § ±µ´Ê (µ¸Ó z
´ ¶· ¢²¥´  ¢¤µ²Ó B). �Éµ µ§´ Î ¥É, ÎÉµ ¶·¨ t = 0 ¤²Ö ¢¸¥Ì Ô²¥±É·µ´µ¢, ±·µ³¥
µ¤´µ£µ ¢Ò¡· ´´µ£µ, ¸²¥¤Ê¥É ¶µ²µ¦¨ÉÓ

ε⊥ = 
m
2
 (x

.2 + y
.2) = 0.

‚ Éµ ¦¥ ¢·¥³Ö ´  ¤¢¨¦¥´¨¥ ¢¤µ²Ó z, ±µÉµ·µ¥ ´¥ Ö¢²Ö¥É¸Ö ·¥§µ´ ´¸´µ°
¸É¥¶¥´ÓÕ ¸¢µ¡µ¤Ò, ´¥ ´ ² £ ¥É¸Ö ´¨± ±¨Ì µ£· ´¨Î¥´¨°. ŒÒ ¶·¨Ìµ¤¨³ ±
¢Ò¢µ¤Ê, ÎÉµ Ib ¸²¥¤Ê¥É ¢ÒÎ¨¸²ÖÉÓ ¶·¨ Ê¸²µ¢¨¨

’⊥ = 0,    T‖  = T. (150)

�¨¦¥ ³Ò Ê¡¥¤¨³¸Ö, ÎÉµ Ê¸²µ¢¨¥ (150), ¸²¥¤ÊÕÐ¥¥ ¨§ ¤µ¸É ÉµÎ´µ É·¨-
¢¨ ²Ó´µ£µ ¸µµÉ´µÏ¥´¨Ö (16), ¶·¨¢¥¤¥É ± ¤µ¢µ²Ó´µ ´¥É·¨¢¨ ²Ó´Ò³ ¢Ò¢µ¤ ³.
‡ ³¥É¨³, ÎÉµ ¤²Ö ³µ¤¥²¨ É·¥Ì³¥·´ÒÌ ¨§µÉ·µ¶´ÒÌ µ¸Í¨²²ÖÉµ·µ¢, · ¸¸³µÉ-
·¥´´µ° ¢ ¶·¥¤Ò¤ÊÐ¨Ì · §¤¥² Ì, Ê¸²µ¢¨¥, ¶·¨ ±µÉµ·µ³ · ¸¸Î¨ÉÒ¢ ¥É¸Ö Ib,

¨³¥¥É ¡µ²¥¥ ¶·µ¸Éµ°, Î¥³ (150), ¢¨¤: T = 0. ‚ µ¸É ²Ó´µ³ ¦¥ Ì · ±É¥· Ë¨§¨-
Î¥¸±¨Ì Ö¢²¥´¨° ¢ § ³ £´¨Î¥´´µ° ¶² §³¥ ÉµÉ ¦¥, ÎÉµ ¨ ¢ ¸²ÊÎ ¥ ¨§µÉ·µ¶´ÒÌ
µ¸Í¨²²ÖÉµ·µ¢: ¢¸²¥¤¸É¢¨¥ ¤¨¶µ²Ó-¤¨¶µ²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ³¥¦¤Ê Í¨±²µ-
É·µ´´Ò³¨ µ·¡¨É ³¨ Ô²¥±É·µ´µ¢ ¶µ ¶² §³¥ · ¸¶·µ¸É· ´ÖÕÉ¸Ö ±µ²²¥±É¨¢´Ò¥
¢µ²´Ò, ¶·¨Î¥³ ¸´µ¢  ¨³¥ÕÉ¸Ö ¤¢  É¨¶  ¢µ²´ Å ¡Ò¸É· Ö ¨ ³¥¤²¥´´ Ö Í¨±²µ-
É·µ´´Ò¥ ¢µ²´Ò.

ˆÉ ±, ¶·¨ t = 0 ¨³¥¥É¸Ö µ¤¨´ Ô²¥±É·µ´ ¸ ε⊥ ≠ 0, ε⊥ ~ ε‖  ~ T,   ¤²Ö

µ¸É ²Ó´ÒÌ Ô²¥±É·µ´µ¢ ε⊥ = 0, ε‖  ~ T, Éµ ¥¸ÉÓ ¶·¨ t = 0 µ´¨ ¤¢¨¦ÊÉ¸Ö Éµ²Ó±µ

¢¤µ²Ó µ¸¨ z. �ÉµÉ ¢Ò¡· ´´Ò° Ô²¥±É·µ´ µ¡· Ð ¥É¸Ö ¶µ ±·Ê£µ¢µ° µ·¡¨É¥ ¸
· ¤¨Ê¸µ³ rH. �É¸Õ¤  Ö¸´µ, ÎÉµ Ì · ±É¥·´Ò¥ §´ Î¥´¨Ö ¢µ²´µ¢ÒÌ ¢¥±Éµ·µ¢ q

É ±µ¢Ò:

q ~ 
1
rH

. (151)

ˆ§ Ëµ·³Ê² (138) ¨ (147), ¢ ±µÉµ·ÒÌ ¸²¥¤Ê¥É É¥¶¥·Ó ¶µ²µ¦¨ÉÓ L0 ~ rH,

ωo = ωH, ¶µ²ÊÎ ¥³

  υg ~ 107 ̧ ³/¸. (152)
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‘´ Î ²  (§  ¢·¥³Ö ~ rH6 υg)

§  ¸Î¥É ±Ê²µ´µ¢¸±µ£µ ¢§ ¨³µ-
¤¥°¸É¢¨Ö ¢Ò¡· ´´Ò° Ô²¥±É·µ´
¶¥·¥¤ ¥É Ô´¥·£¨Õ ¤·Ê£¨³ Ô²¥±É-
·µ´ ³, ´ Ìµ¤ÖÐ¨³¸Ö ´  · ¸¸ÉµÖ-
´¨¨  ~ rH  µÉ  ´¥£µ,  Éµ ¥¸ÉÓ ¢

¶·¥¤¥² Ì ² ·³µ·µ¢¸±µ° µ·¡¨ÉÒ.
�µ¸²¥ ÔÉµ° ¡Ò¸É·µ° ¸É ¤¨¨ ¢
¶² §³¥ ¢µ§´¨± ¥É ¢µ§¡Ê¦¤¥´¨¥ ¸

Ô´¥·£¨¥° ~ T ¢ µ¡² ¸É¨ · §³¥·µ³ ~ rH, Î¥³ ¤µ¶µ²´¨É¥²Ó´µ ¶µÖ¸´Ö¥É¸Ö ¸µµÉ-

´µÏ¥´¨¥ (151).

�µ¸±µ²Ó±Ê

qc
ω

0
 ≡ 

qc
ωH

 ~ 
c

rHωH
 ~ 

c
υT

 >> 1, (153)

Éµ ÔÉµ ¢µ§¡Ê¦¤¥´¨¥ ¸µ¸É ¢²¥´µ £² ¢´Ò³ µ¡· §µ³ ¨§ ³¥¤²¥´´ÒÌ Í¨±²µÉ·µ´-
´ÒÌ ¢µ²´. „ ²¥¥ ¢µ²´Ò ´ Î¨´ ÕÉ · ¸¶·µ¸É· ´ÖÉÓ¸Ö ¸µ ¸±µ·µ¸ÉÓÕ ~ υg ¨

¢µ§¡Ê¦¤¥´¨¥ ®· ¸¸ ¸Ò¢ ¥É¸Ö¯. „¢¨¦¥´¨¥ Ô²¥±É·µ´µ¢ ¢¤µ²Ó z ¶·¨¢µ¤¨É ±
¤µ¶²¥·µ¢¸±µ³Ê ÊÏ¨·¥´¨Õ, ÎÉµ ¢Ò§Ò¢ ¥É ¡Ò¸É·µ¥ § ÉÊÌ ´¨¥ µ¸´µ¢´µ° Î ¸É¨
ÔÉ¨Ì ¢µ²´ (²ÊÎ¨ 1 ¨ 2 ´  ·¨¸.3), Éµ ¥¸ÉÓ ¶¥·¥Ìµ¤ ±µ£¥·¥´É´ÒÌ ±µ²¥¡ ´¨° ¢
´¥±µ£¥·¥´É´Ò¥, Ô´¥·£¨Ö ±µÉµ·ÒÌ, ± ± £µ¢µ·¨²µ¸Ó ¢ · §¤.7, ¨§²ÊÎ ¥É¸Ö µÎ¥´Ó
³¥¤²¥´´µ. ˆ³¥¥É¸Ö, µ¤´ ±µ, ³ ² Ö ¤µ²Ö ρ ´¥§ ÉÊÌ ÕÐ¨Ì ¢µ²´, ±µÉµ·Ò¥ ¶µ-
±¨¤ ÕÉ ¶² §³Ê, Ê´µ¸Ö Ô´¥·£¨Õ (²ÊÎ 3).

”¨§¨Î¥¸±¨°  ̧ ³Ò¸²  ¢Ò· ¦¥´¨Ö  (141) ¤²Ö ε′′ § ±²ÕÎ ¥É¸Ö ¢ Éµ³, ÎÉµ
δ-ËÊ´±Í¨Ö ¢ ¶µ¤Ò´É¥£· ²Ó´µ³ ¢Ò· ¦¥´¨¨ ¢Ò¤¥²Ö¥É £·Ê¶¶Ê Ô²¥±É·µ´µ¢, ´ -
Ìµ¤ÖÐ¨Ì¸Ö ¢ ·¥§µ´ ´¸¥ ¸ Í¨±²µÉ·µ´´µ° ¢µ²´µ° Î ¸ÉµÉÒ ω, ±µÉµ·Ò¥ ¨ ¶µ-
£²µÐ ÕÉ Ô´¥·£¨Õ ÔÉµ° ¢µ²´Ò. � ¸¸³µÉ·¨³ Ô²¥±É·µ´Ò, ¤¢¨¦ÊÐ¨¥¸Ö ¢¤µ²Ó
¸¨²µ¢µ° ²¨´¨¨ ³ £´¨É´µ£µ ¶µ²Ö ¸µ ¸±µ·µ¸ÉÓÕ υz (± ± Ê¦¥ £µ¢µ·¨²µ¸Ó,

υx = υy = 0). �¥§µ´ ´¸´ Ö ¸ ÔÉ¨³ Ô²¥±É·µ´µ³ ¢µ²´  ¢ ¥£µ ¸¨¸É¥³¥ ¶µ±µÖ ¨³¥-

¥É Î ¸ÉµÉÊ ω0 = ωB ¨ ¢µ²´µ¢µ° ¢¥±Éµ· q′,   ¢ ² ¡µ· Éµ·´µ° Å Ω ¨ q. �µ-

¸±µ²Ó±Ê (Ω, q) Å 4-¢¥±Éµ·, Éµ ¨³¥¥³ ¸µµÉ´µÏ¥´¨¥

ωB = γ(Ω − υzqz),

�¨¸.3. ˆ§²ÊÎ¥´¨¥ Í¨±²µÉ·µ´´ÒÌ
¢µ²´ ‘ˆ. ‚µ²´Ò, ¡¥£ÊÐ¨¥ ¶µÎÉ¨
¶µ¶¥·¥± H, ´¥ § ÉÊÌ ÕÉ (¢ ²¨´¥°´µ³
¶·¨¡²¨¦¥´¨¨)
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£¤¥ γ = (1 − υz
2 6 c2)− 1/2. �É¸Õ¤  ¸²¥¤Ê¥É, ÎÉµ ¶·¨ ¨´É¥·¥¸ÊÕÐ¨Ì ´ ¸ ´¥-

·¥²ÖÉ¨¢¨¸É¸±¨Ì ¸±µ·µ¸ÉÖÌ Î ¸ÉµÉ  ·¥§µ´ ´¸´µ° ¸ Ô²¥±É·µ´µ³ ¢µ²´Ò ¢ ² ¡µ-
· Éµ·´µ° ¸¨¸É¥³¥ µÉ¸Î¥É  · ¢´ 

Ω = 
ωB

γ  + qzυz ≈ ωB − 
ωB

2c2
 υz

2 + qzυz. (154)

�·¨· ¢´Ö¢ ÔÉÊ Î ¸ÉµÉÊ ± Î ¸ÉµÉ¥ ω = ω(q) ¤¢¨¦ÊÐ¥°¸Ö ¶µ ¶² §³¥ ¢µ²´Ò,
¶µ²ÊÎ¨³ Ê¸²µ¢¨¥ ·¥§µ´ ´¸ , Éµ ¥¸ÉÓ Ê¸²µ¢¨¥ ´ ²¨Î¨Ö ¶µ£²µÐ¥´¨Ö

Ω = ω(q), (155)

±µÉµ·µ¥ ¶¥·¥¶¨Ï¥³ ¢ ¢¨¤¥

υz
2 − 2 

c2qz

ωB
 υz + 2c2 

ω − ωB

ωB
 = 0.

�É¸Õ¤  ´ Ìµ¤¨³ ¸±µ·µ¸É¨ ·¥§µ´ ´¸´ÒÌ Ô²¥±É·µ´µ¢

(υz)1,2 = 
c

ωB
 (cqz ± √D ),

D = c2qz
2 − 2 ωB(ω (q) − ωB). (156)

�Î¥¢¨¤´µ, Ê¸²µ¢¨¥ µÉ¸ÊÉ¸É¢¨Ö ¶µ£²µÐ¥´¨Ö ¨³¥¥É ¢¨¤

D < 0. (157)

�µ± ¦¥³, ÎÉµ ̧ ÊÐ¥¸É¢ÊÕÉ ¢µ²´Ò, ¤²Ö ±µÉµ·ÒÌ ÔÉµ Ê¸²µ¢¨¥ ¢Ò¶µ²´Ö¥É¸Ö,
¨ ¶µÔÉµ³Ê É ±¨¥ ¢µ²´Ò ´¥ ¶µ£²µÐ ÕÉ¸Ö. „²Ö ÔÉ¨Ì ¢µ²´ ¢¥±Éµ· q ¢¥Ð¥¸É¢¥´-
´Ò°, ÎÉµ ̈  ¶·¥¤¶µ² £ ²µ¸Ó ¶·¨ ¢Ò¢µ¤¥ (157). ‚µ²´µ¢Ò¥ ¢¥±Éµ·Ò q ÔÉ¨Ì ¢µ²´
¶µÎÉ¨ ¶¥·¶¥´¤¨±Ê²Ö·´Ò ± ´ ¶· ¢²¥´¨Õ B, Éµ ¥¸ÉÓ |qz| << q. �µ¸±µ²Ó±Ê ¢

(156) µ¡  ¸² £ ¥³ÒÌ ¢ ¶· ¢µ° Î ¸É¨ µ¤´µ£µ ¶µ·Ö¤±  ¢¥²¨Î¨´Ò ¨ qz ³ ², Éµ

¢µ ¢Éµ·µ³ ¸² £ ¥³µ³ ¤µ¸É ÉµÎ´µ ¶µ²µ¦¨ÉÓ qz = 0, Éµ ¥¸ÉÓ ¢ ± Î¥¸É¢¥ ω(q)
¶µ¤¸É ¢¨ÉÓ § ±µ´ ¤¨¸¶¥·¸¨¨ ω(q) ¢µ²´ ¸ q ⊥ B, ÎÉµ ¸ÊÐ¥¸É¢¥´´µ Ê¶·µÐ ¥É
· ¸Î¥É. �µ ÔÉµ° ¦¥ ¶·¨Î¨´¥ ¢ § ±µ´¥ ¤¨¸¶¥·¸¨¨ ω(q) ¨§ (156) ³µ¦´µ ¶µ²µ-
¦¨ÉÓ T⊥ = T‖  = 0. �µ²¥¥ ¸É·µ£¨° · ¸Î¥É ¶·¨¢¥¤¥´ ¢ ¶·¨²µ¦¥´¨¨ 6.

‘¨¸É¥³  Ê· ¢´¥´¨°, µ¶¨¸Ò¢ ÕÐ Ö ´¥·¥²ÖÉ¨¢¨¸É¸±ÊÕ ¶² §³Ê ¢ ³ £´¨É-
´µ³ ¶µ²¥ (B0), ´ ¶· ¢²¥´´µ³ ¢¤µ²Ó µ¸¨ z, ¨³¥¥É ¢¨¤ (¸·. ¸ (99)Å(104))

m ξ
..

⊥ = 
e
c
 ξ
..

⊥ × B
0
 + e E⊥;     m ξ

..
z = e Ez;

∇ × E = − 
1
c
 
∂B
∂t  ,    ∇ × B = 

4π
c

 ne ξ
.
 + 

1
c
 
∂E
∂t  ≡ 

1
c
 
∂D
∂t

 , (158)
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£¤¥ §´ ±µ³ ®⊥¯ µÉ³¥Î¥´Ò ±µ³¶µ´¥´ÉÒ, ¶¥·¶¥´¤¨±Ê²Ö·´Ò¥ B0. � ¸¸³ É·¨¢ Ö

§ ¢¨¸¨³µ¸ÉÓ µÉ r ¨ t ¢¨¤  eiqr − iωt, ¤²Ö  ³¶²¨ÉÊ¤ ¢µ²´Ò ¨§ (158) ¶µ²ÊÎ ¥³
¸¨¸É¥³Ê

− ω2 ξ⊥ = − iωBω ξ⊥ × K + 
e
m

 E⊥;     − ω2 ξz = 
e
m

 Ez;

q × E = 
ω
c
 B;     q × B = − 

ω
c
 D; (159)

£¤¥ B, E Å ¶µ²Ö Í¨±²µÉ·µ´´µ° ¢µ²´Ò, K = B0 6 B0.

�É¸Õ¤  ¨ ¨§ (100) ¸²¥¤ÊÕÉ Ê· ¢´¥´¨Ö

Dα = εαβ Eβ; (160)

q(q E) − q2E + 
ω2

c2
 D = 0, (161)

£¤¥

εxx = εyy ≡ ε = 
ωB

2 + ωp
2 − ω2

ωB
2 − ω2

 ;

εxy = − εyx ≡ − if,    f = 
ωBωp

2

ω(ω2 − ωB
2)

 ;

εxz = εyz = εzx = εzy = 0,    εzz ≡ η = 1 − ωp
2 6 ω2.

�·¨· ¢´¨¢ Ö ¤¥É¥·³¨´ ´É (161) ± ´Ê²Õ, ¸ ÊÎ¥Éµ³ (160) ¶µ²ÊÎ ¥³ ¤¨¸-
¶¥·¸¨µ´´µ¥ Ê· ¢´¥´¨¥, ¨§ ±µÉµ·µ£µ µ¶·¥¤¥²ÖÕÉ¸Ö § ¢¨¸¨³µ¸É¨ ω = ω(q) ¤²Ö
±µ²²¥±É¨¢´ÒÌ ¢µ²´ [19]:

det 






 
ω2

c2
 εαβ(ω) + qαqβ − q2δαβ 







 = 0. (162)

�·¨ q ⊥ B0 ¨§ (162) ¸²¥¤Ê¥É Ê· ¢´¥´¨¥

F
1
(ω) ⋅ F

2
(ω) = 0,

£¤¥ F1 = 
ω2

c2
 η − q2, F2 = ε(ε − N 2) − f 2, N = q c6 ω Å ¶µ± § É¥²Ó ¶·¥²µ³²¥-

´¨Ö. � ¶· ¢¨³ µ¸Ó x ¢¤µ²Ó q. ‘µ£² ¸´µ (159) Bx = 0. ˆ§ Ê· ¢´¥´¨Ö F1 = 0

¸²¥¤Ê¥É ¸µµÉ´µÏ¥´¨¥

ω2 = q2c2 + ωp
2.
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�µ¸²¥¤´¥¥ µ¶·¥¤¥²Ö¥É ¢µ²´Ê, Ê ±µÉµ·µ° Ex = Ey = Bz = 0, ξx = ξy = 0.

“· ¢´¥´¨¥ F2 = 0 ²¥£±µ ¶·¨¢µ¤¨É¸Ö ± ¢¨¤Ê

ω4 − (ωB
2 + 2ωp

2 + q2c2) ω2 + ωp
4 + q2c2(ωB

2 + ωp
2) = 0. (163)

�´µ µ¶¨¸Ò¢ ¥É ¡Ò¸É·ÊÕ ¨ ³¥¤²¥´´ÊÕ Í¨±²µÉ·µ´´Ò¥ ¢µ²´Ò, Ê ±µÉµ·ÒÌ
Ez = 0, ξz = 0, Bx = By = 0. „²Ö ¡Ò¸É·µ° ¢µ²´Ò

ω2 = A + √D  ≡ ωf
2,

£¤¥
A = ωp

2 + (ωB
2 + q2c2) 6 2,

D = 
1
4
 (q2c2 − ωB

2)2 + ωp
2ωB

2.

„²Ö ³¥¤²¥´´µ° ¢µ²´Ò

ω2 = A − √D  ≡ ωs
2.

�·¨ q2c2 − ωB
2 >> ωpωB

ωf
2 ≈ ωp

2 + q2c2 + 
ωp

2ωB
2

q2c2 − ωB
2
 ;

ωs
2 ≈ ωB

2 + ωp
2 − 

ωp
2ωB

2

q2c2 − ωB
2
 .

‚ Î ¸É´µ¸É¨, ¢ ¶·¥¤¸É ¢²ÖÕÐ¥³ ´ ¨¡µ²ÓÏ¨° ¨´É¥·¥¸ ¸²ÊÎ ¥ (153)

ωs
2 ≈ ωB

2 + ωp
2 − 

ωp
2ωB

2

q2c2
 .

�µ¸±µ²Ó±Ê ¶·¨ ¶ · ³¥É· Ì (144) ¢Ò¶µ²´Ö¥É¸Ö Ê¸²µ¢¨¥ (136), Éµ µÉ¸Õ¤ 
¶µ²ÊÎ ¥³

ωs ≈ ωB + 
ωp

2

2ωB
 − 

ωp
2ωB

2q2c2
 . (164)

‘· ¢´¥´¨¥ (138) ¨ (164) ¶µ¤É¢¥·¦¤ ¥É ¶µ²ÊÎ¥´´ÊÕ · ´¥¥ µÍ¥´±Ê (152).
�·¨ ¶µ¤¸É ´µ¢±¥ (164) ¢ (156), (157) ³µ¦´µ ¶·¥´¥¡·¥ÎÓ ¶µ¸²¥¤´¨³ ¸² -

£ ¥³Ò³ ¢ (164). “¸²µ¢¨¥ µÉ¸ÊÉ¸É¢¨Ö ¶µ£²µÐ¥´¨Ö (157) ¶·¨´¨³ ¥É ¢¨¤

qz < 
ωp

c
 . (165)

’ ±¨³ µ¡· §µ³, ´¥ ¶µ£²µÐ ÕÉ¸Ö ¢µ²´Ò, Ê ±µÉµ·ÒÌ ¢µ²´µ¢Ò¥ ¢¥±Éµ·Ò
q ¸µ¸É ¢²ÖÕÉ ¸ ¶²µ¸±µ¸ÉÓÕ, ¶¥·¶¥´¤¨±Ê²Ö·´µ° ³ £´¨É´µ³Ê ¶µ²Õ B0, Ê£²Ò

¨§ ¨´É¥·¢ ² 

Š‹�‘‘ˆ—…‘Š�Ÿ Œ�„…‹œ ‘‚…�•ˆ‡‹“—…�ˆŸ  989



α < αc, (166)

£¤¥

αc = 
ωp

qc
 ~ 

ωprH
c

 ~ 
ωpυT

ωBc
 ~ 0,04. (167)

“£µ² αc ≈ 3°,   ¶µ²´Ò° Ê£µ² · ¸É¢µ·  µ¡² ¸É¨ ¶·µ§· Î´µ¸É¨ (166)

2 αc ~ 6°. �  ¥¤¨´¨Î´µ° ¸Ë¥·¥ µ¡² ¸ÉÓ (166) µ¡· §Ê¥É ±µ²ÓÍµ (µ¡·ÊÎ) ¶²µ-

Ð ¤ÓÕ 4παc, ¶µÔÉµ³Ê ¶·¨ ®· ¸¶²Ò¢ ´¨¨¯ ´ Î ²Ó´µ£µ ¢µ§¡Ê¦¤¥´¨Ö (¸³. · ¸-

¸Ê¦¤¥´¨Ö, ¸²¥¤ÊÕÐ¨¥ ¶µ¸²¥ Ëµ·³Ê²Ò (152)) ¢¸¥ ÔÉ¨ ±µ²²¥±É¨¢´Ò¥ ¢µ²´Ò
¶µ£²µÐ ÕÉ¸Ö, ±·µ³¥ ³ ²µ° ¤µ²¨

ρ = 
4παc

4π  = αc . (168)

�·µ ´ ²¨§¨·Ê¥³ ¶µ²ÊÎ¥´´ÊÕ ± ·É¨´Ê. “· ¢´¥´¨¥ ¡ ² ´¸  Ô´¥·£¨¨ (148)
¨³¥¥É ¢¨¤

dT
dt

 = − Ib, (169)

£¤¥ Ib Å ¨´É¥´¸¨¢´µ¸ÉÓ ¨§²ÊÎ¥´¨Ö ¶·¨ µ¤´µ³ ¢µ§¡Ê¦¤¥´´µ³ ¶·¨ t = 0 Ô²¥±É-

·µ´¥. �¥§ ÉÊÌ ÕÐ¨¥ ¢µ²´Ò ´¥¸ÊÉ Ô´¥·£¨Õ ~ ρT ¨ Î¥·¥§ ¢·¥³Ö τ1 ~ a 6 υg ~

~ 10−5 ̧  ¤µ¸É¨£ ÕÉ £· ´¨ÍÒ ¶² §³Ò ¨ ¶µ±¨¤ ÕÉ ¥¥, ¶·¥¢· Ð Ö¸Ó ¢ Ô²¥±É·µ-
³ £´¨É´Ò¥ ¢µ²´Ò (¸³. ¶·¨²µ¦¥´¨¥ 7). �µ¸±µ²Ó±Ê τc >> τ1 (¸³. (146)), Éµ

±µ£¥·¥´É´µ¸ÉÓ ¶·¨ É ±µ³ ¤¢¨¦¥´¨¨ ¢µ²´ ´¥ ´ ·ÊÏ ¥É¸Ö. —¥·¥§ ¢·¥³Ö ~ τc

¶·µ¨¸Ìµ¤ÖÉ ¸Éµ²±´µ¢¥´¨Ö ¨ ¸¨¸É¥³  ¢µ§¢· Ð ¥É¸Ö ± ¶·¥¦´¥° ¸¨ÉÊ Í¨¨ Å
É ±µ° ¦¥, ± ± ¨ ¶·¨ t = 0, ´µ ¸  ¡¸µ²ÕÉ´µ ¤·Ê£¨³¨ Ë § ³¨ µ¸Í¨²²ÖÉµ·µ¢.
„ ²¥¥ ± ¦¤Ò° Ô²¥±É·µ´ µ¶ÖÉÓ ¨¸¶Ê¸± ¥É ¨§ ¶² §³Ò Ô´¥·£¨Õ ~ ρT ¨ É.¤.
’ ±¨³ µ¡· §µ³,

Ib ~ 
ρT
τc

 . (170)

ˆ§ ¸· ¢´¥´¨Ö (169), (170) ¸µ (148) ¶µ²ÊÎ ¥³ µÍ¥´±Ê

τE ~ τc6 ρ ~ 3 ⋅ 10−3 ̧ .

’ ±¨³ ¡Ê¤¥É ¢·¥³Ö ¦¨§´¨ ¶² §³Ò, ´¥ µ±·Ê¦¥´´µ° ³¥É ²²¨Î¥¸±¨³ ±µ¦Ê-
Ìµ³. ˆ¸¶Ê¸± ¥³Ò¥ Ô²¥±É·µ´ ³¨ Í¨±²µÉ·µ´´Ò¥ ¢µ²´Ò ³¨²²¨³¥É·µ¢µ£µ ¤¨ -
¶ §µ´  Ìµ·µÏµ µÉ· ¦ ÕÉ¸Ö ¶¥·¢µ° ¸É¥´±µ° Éµ± ³ ± , µ¤´ ±µ Ê¦¥ ¶µ¸²¥
¶¥·¢µ£µ µÉ· ¦¥´¨Ö ¨§-§  ¶· ±É¨Î¥¸±¨ ¶µ²´µ° ¸²ÊÎ °´µ¸É¨ ¡µ²ÓÏ¨Ì Ë §
ÔÉ¨Ì ¢µ²´ ±µ£¥·¥´É´µ¸ÉÓ É¥·Ö¥É¸Ö. �´¥·£¨Ö ÔÉ¨Ì ¢µ²´ ¶¥·¥Ìµ¤¨É ¢ Ô´¥·£¨Õ
´¥±µ£¥·¥´É´µ£µ ¢µ§¡Ê¦¤¥´¨Ö ¶² §³Ò, ±µÉµ· Ö, ± ± ¡Ò²µ Ê± § ´µ · ´¥¥,
¶· ±É¨Î¥¸±¨ ´¥ ¨§²ÊÎ ¥É¸Ö. �¤´ ±µ ¶·¨ ¶¥·¢µ³ µÉ· ¦¥´¨¨ µÉ ¸É¥´±¨ ¡Ê¤¥É
¶µ£²µÐ¥´  ¤µ²Ö Ô´¥·£¨¨
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R ~ √ω 6 σ  ≈ √ωB6 σ  ~ 3 ⋅ 10−3,

£¤¥ σ ~ 1017 ̧ −1 Å ¶·µ¢µ¤¨³µ¸ÉÓ ¸É¥´±¨ Éµ± ³ ± . ’ ±¨³ µ¡· §µ³, ¨´É¥´-
¸¨¢´µ¸ÉÓ (170) ¸²¥¤Ê¥É ¤µ³´µ¦¨ÉÓ ´  R. �±µ´Î É¥²Ó´µ ¶µ²ÊÎ ¥³

τE ~ τc 6 (ρR) ~ 1 ̧ , (171)

ÎÉµ ¸µ£² ¸Ê¥É¸Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ ¢·¥³¥´¥³, ¶µ²ÊÎ¥´´Ò³ ´  Ê¸É ´µ¢± Ì
TFTR ¨ JET. ’ ±µ¥ ¸µ¢¶ ¤¥´¨¥, µ¤´ ±µ, ´¥ ¸²¥¤Ê¥É · ¸¸³ É·¨¢ ÉÓ ± ± ¶µ²-
´µ¥ ¶µ¤É¢¥·¦¤¥´¨¥ · §¢¨Éµ° ¢ ¤ ´´µ³ · §¤¥²¥ É¥µ·¨¨ (¸±µ·¥¥, ÔÉµ £¨¶µÉ¥-
§ ), ¶µ¸±µ²Ó±Ê ¨³¥¥É¸Ö ·Ö¤ ÔËË¥±Éµ¢, ±µÉµ·Ò¥ ¢ ´¥° ´¥ ÊÎÉ¥´Ò. �´¨ µ¡¸Ê¦-
¤ ÕÉ¸Ö ¢ ¸²¥¤ÊÕÐ¥³ · §¤¥²¥.

‚ § ±²ÕÎ¥´¨¥ ¤ ´´µ£µ · §¤¥²  µ¸É ´µ¢¨³¸Ö ´  µ¡¸Ê¦¤¥´¨¨ Ëµ·³Ê²

(154), (157). ‚ (154) ÊÎÉ¥´  ·¥²ÖÉ¨¢¨¸É¸± Ö ¶µ¶· ¢±  ~ υz
2 6 c2, ±µÉµ· Ö µ± -

§ ² ¸Ó ¸ÊÐ¥¸É¢¥´´µ° ¢ µ¡² ¸É¨ ³ ²ÒÌ Ê£²µ¢ α. ’ ±¨³ µ¡· §µ³, µÉ¸ÊÉ¸É¢¨¥
¶µ£²µÐ¥´¨Ö ¢µ²´ ¶·¨ ³ ²ÒÌ α Ö¢²Ö¥É¸Ö ·¥²ÖÉ¨¢¨¸É¸±¨³ ÔËË¥±Éµ³. Œµ¦¥É
¢µ§´¨±´ÊÉÓ ¸µ³´¥´¨¥ ¢ Éµ³, ÎÉµ ÊÎ¥É ±¢ ¤· É¨Î´ÒÌ ¶µ ¸±µ·µ¸É¨ Î²¥´µ¢ ´ -
·ÊÏ¨É ²¨´¥°´µ¸ÉÓ ŠŒ‘, ±µÉµ· Ö ¸ÊÐ¥¸É¢¥´´Ò³ µ¡· §µ³ ¡Ò²  ¨¸¶µ²Ó§µ¢ -
´  ¢ÒÏ¥. �Î¥¢¨¤´µ, µ¤´ ±µ, ÎÉµ ²¨´¥°´µ¸ÉÓ ´¥ ´ ·ÊÏ ¥É¸Ö, ¶µ¸±µ²Ó±Ê
µ¸Í¨²²ÖÉµ·´µ° ·¥§µ´ ´¸´µ° ¶¥·¥³¥´´µ° Ö¢²Ö¥É¸Ö ξ⊥, ¶µ ±µÉµ·µ° Ê· ¢´¥´¨Ö

ŠŒ‘ µ¸É ÕÉ¸Ö ²¨´¥°´Ò³¨,   ÊÎ¨ÉÒ¢ ÕÉ¸Ö ±¢ ¤· É¨Î´Ò¥ ¶µ υz Î²¥´Ò (¸³.

¶·¨²µ¦¥´¨¥ 6).

9. �…Ÿ‘�›… ‚����‘›

’ ±¨³ µ¡· §µ³, ŠŒ‘ µ± §Ò¢ ¥É¸Ö ¤µ¢µ²Ó´µ ¸µ¤¥·¦ É¥²Ó´µ° ³µ¤¥²ÓÕ.
‚ ¥¥ · ³± Ì Ê¤ ¥É¸Ö ÊÎ¥¸ÉÓ ¤¨¶µ²Ó-¤¨¶µ²Ó´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥, ±µÉµ·µ¥, ± ±
¡Ò²µ ¶µ± § ´µ ¢ÒÏ¥, ¢Ò§Ò¢ ¥É ÔËË¥±É Ô±· ´¨·µ¢±¨, § ³¥¤²ÖÕÐ¨° ¢ÒÌµ¤
¨§²ÊÎ¥´¨Ö ¨§ ¢¥Ð¥¸É¢ . ‚ ·¥§Ê²ÓÉ É¥ Ô±· ´¨·µ¢±¨ µ¡· §Ê¥É¸Ö ²µ± ²¨§µ¢ ´-
´µ¥ ¢µ§¡Ê¦¤¥´¨¥ ̧  ́ Ê²¥¢Ò³ ¤¨¶µ²Ó´Ò³ ³µ³¥´Éµ³ ̈  ¶µÔÉµ³Ê ́ ¥ ̈ §²ÊÎ ÕÐ¥¥.
�Éµ ±µ£¥·¥´É´µ¥ ¢µ§¡Ê¦¤¥´¨¥ ¢ ¶µ¸²¥¤ÊÕÐ¥³ · §·ÊÏ ¥É¸Ö ¢¸²¥¤¸É¢¨¥ ³¥¦-
 Éµ³´ÒÌ ¸Éµ²±´µ¢¥´¨°, ¨ ¨§¡ÒÉµÎ´ Ö Ô´¥·£¨Ö ³¥¤²¥´´µ ÊÌµ¤¨É ¨§ ¢¥Ð¥¸É¢ 
¢ ¢¨¤¥ ´¥±µ£¥·¥´É´µ£µ ¨§²ÊÎ¥´¨Ö.

‚µ§³µ¦´µ (´µ ³ ²µ¢¥·µÖÉ´µ), ÎÉµ ÔËË¥±É Ô±· ´¨·µ¢±¨ Ö¢²Ö¥É¸Ö ¸¶¥Í¨-
Ë¨±µ° ³µ¤¥²¨ ±² ¸¸¨Î¥¸±¨Ì µ¸Í¨²²ÖÉµ·µ¢. �¥µ¡Ìµ¤¨³µ ¶·µ¢¥¸É¨ ¸µµÉ¢¥É-
¸É¢ÊÕÐ¨° · ¸Î¥É ¤²Ö ±¢ ´Éµ¢µ° ¤¢ÊÌÊ·µ¢´¥¢µ° ³µ¤¥²¨  Éµ³µ¢. „¨¶µ²Ó-
¤¨¶µ²Ó´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥  Éµ³µ¢ ³µ¦´µ ÊÎ¥¸ÉÓ ¢ ¶¥·¢µ³ ¶µ·Ö¤±¥ É¥µ·¨¨
¢µ§³ÊÐ¥´¨°.  ’·¥¡Ê¥É¸Ö  ÊÎ¥¸ÉÓ  É ±¦¥ ÔËË¥±É Ë §¨·µ¢±¨ µ¸Í¨²²ÖÉµ·µ¢
[4Å9], ±µÉµ·Ò° ¢Ò§Ò¢ ¥É¸Ö ́ ¥²¨´¥°´Ò³¨ ̧ ² £ ¥³Ò³¨ · §²¨Î´µ° ¶·¨·µ¤Ò ¢
Ê· ¢´¥´¨ÖÌ ¤¢¨¦¥´¨Ö µ¸Í¨²²ÖÉµ·µ¢. ” §¨·µ¢±  ´ ¸ÉÊ¶ ¥É ¢¸²¥¤¸É¢¨¥ § ¢¨-
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¸¨³µ¸É¨ Ë §Ò µ¸Í¨²²ÖÉµ·µ¢ µÉ ̈ Ì  ³¶²¨ÉÊ¤Ò, ¢ ·¥§Ê²ÓÉ É¥ Î¥£µ ±µ£¥·¥´É´µ¥
´¥¨§²ÊÎ ÕÐ¥¥ ¸µ¸ÉµÖ´¨¥ ¶µ¸É¥¶¥´´µ ³µ¦¥É ¸´µ¢  ¶·¥¢· É¨ÉÓ¸Ö ¢ ¸¢¥·Ì-
¨§²ÊÎ ÕÐ¥¥, µ Î¥³ ¸¢¨¤¥É¥²Ó¸É¢ÊÕÉ ·¥§Ê²ÓÉ ÉÒ [7].

Œµ¦¥É µ± § ÉÓ¸Ö ¸ÊÐ¥¸É¢¥´´µ° ´¥µ¤´µ·µ¤´µ¸ÉÓ ³ £´¨É´µ£µ ¶µ²Ö ¢ Éµ-
± ³ ±¥, ¢ Î ¸É´µ¸É¨, ±·¨¢¨§´  ¸¨²µ¢ÒÌ ²¨´¨°, ÎÉµ É ±¦¥ É·¥¡Ê¥É¸Ö ÊÎ¥¸ÉÓ
¶·¨ · ¸Î¥É¥ τE. � ¸Î¥É, ¨§²µ¦¥´´Ò° ¢ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥, µÉ´µ¸¨É¸Ö ±

¸²ÊÎ Õ µ¤´µ·µ¤´ÒÌ ³ £´¨É´µ£µ ¶µ²Ö ¨ ¶²µÉ´µ¸É¨ ¶² §³Ò, ±µÉµ·Ò° ¢¥¸Ó³ 
¤ ²¥± µÉ Ê¸²µ¢¨° Éµ± ³ ± . ‚ ÔÉ¨Ì Ê¸²µ¢¨ÖÌ ¢µ§´¨± ¥É ¤¨ËËÊ§¨µ´´Ò° ·¥¦¨³
¶¥·¥´µ¸  ±µ£¥·¥´É´µ£µ Í¨±²µÉ·µ´´µ£µ ¨§²ÊÎ¥´¨Ö (¸³. ¶·¨²µ¦¥´¨¥ 8), ±µÉµ-
·Ò°,  ¢¥·µÖÉ´µ,  ³µ¦¥É  µ¡ÑÖ¸´¨ÉÓ  §´ Î¥´¨Ö  ±µÔËË¨Í¨¥´Éµ¢   ¶¥·¥´µ¸  ¢
Éµ± ³ ±¥.

�µ ´ Ï¥³Ê ³´¥´¨Õ, ¡Ò²µ ¡Ò ¦¥² É¥²Ó´µ ¶µ¸É·µ¨ÉÓ ¤¥É ²Ó´ÊÕ É¥µ·¨Õ
· ¸¸³µÉ·¥´´µ£µ §¤¥¸Ó ±µ²²¥±É¨¢´µ£µ Í¨±²µÉ·µ´´µ£µ ¨§²ÊÎ¥´¨Ö § ³ £´¨Î¥´-
´µ° ¶² §³Ò. �Éµ ¸É ´µ¢¨É¸Ö µ¸µ¡¥´´µ ¢ ¦´Ò³, ¥¸²¨ ÊÎ¥¸ÉÓ Éµ µ¡¸ÉµÖÉ¥²Ó-
¸É¢µ, ÎÉµ ¤µ ¸¨Ì ¶µ· µÉ¸ÊÉ¸É¢Ê¥É µ¡ÑÖ¸´¥´¨¥ Ì · ±É¥·´µ£µ ¤²Ö Éµ± ³ ±µ¢
 ´µ³ ²Ó´µ ¡µ²ÓÏµ£µ ¶¥·¥´µ¸  Ô´¥·£¨¨ [20,21]. ‚ É ±µ° ¸¨ÉÊ Í¨¨ ²Õ¡ Ö
£¨¶µÉ¥§  É·¥¡Ê¥É ¶·µ¢¥·±¨.

�¢Éµ· ¶·¨§´ É¥²¥´ ˆ.�.ƒµ²µ¢¨´Ê, �.�.Š ¤µ³Í¥¢Ê, ‘.ˆ.Š·ÕÎ±µ¢Ê,
ˆ.�.Œ¥Ï±µ¢Ê, ˆ.�.Œ¨Ì °²µ¢Ê, ‚.‚.�·²µ¢Ê, �.Œ.‘³¨·´µ¢Ê ¨ Œ.�. ” °Ë-
³ ´Ê §  ¶µ²¥§´Ò¥ µ¡¸Ê¦¤¥´¨Ö.

��ˆ‹�†…�ˆ… 1

’¥µ·¨Ö „¨±±¥

�Ê¸ÉÓ ¨³¥¥É¸Ö N  Éµ³µ¢, Ö¤·  ±µÉµ·ÒÌ ¨³¥ÕÉ § ·Ö¤ z ¨ ¶µ±µÖÉ¸Ö ¢ ÉµÎ-
± Ì ra (a = 1, 2,Á, N). �µ¢¥¤¥´¨¥  Éµ³µ¢ ¢ Ô²¥±É·µ³ £´¨É´µ³ ¶µ²¥

A µ(r, t) = (ϕ, A) µ¶¨¸Ò¢ ¥É¸Ö £ ³¨²ÓÉµ´¨ ´µ³ (§¤¥¸Ó ¨ ¤ ²¥¥ h = me = e = 1)

H
^
 = ∑ 

a, s




 
1
2
 


 − i∇as + 

1
c
 A(ras, t) 





 2

− ϕ(ras, t) 



 + u,

£¤¥ ras Å ±µµ·¤¨´ ÉÒ Ô²¥±É·µ´µ¢, µÉ´µ¸ÖÐ¨Ì¸Ö ±  Éµ³Ê a (µ¡³¥´µ³  Éµ³o¢

Ô²¥±É·µ´ ³¨ ¶·¥´¥¡·¥£ ¥³), s = 1,Á, z, u Å ¶µÉ¥´Í¨ ²Ó´ Ö Ô´¥·£¨Ö Ô²¥±É-
·µ´µ¢ ¨ Ö¤¥p. ƒ ³¨²ÓÉµ´¨ ´ Ê¶·µÐ ¥É¸Ö ¢ ¤¨¶µ²Ó´µ³ ¶·¨¡²¨¦¥´¨¨
(ρas = ras − ra):

A(ras, t) ≈ A(ra, t);

ϕ(ras, t) ≈ ϕ(ra, t) + ρas∇r
a

ϕ(ra, t), (�1.1)

±µÉµ·µ¥ ¸¶· ¢¥¤²¨¢µ ¶·¨ Ê¸²µ¢¨¨
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λ >> 1, (�1.2)

£¤¥ λ Å Ì · ±É¥·´ Ö ¤²¨´  ¢µ²´Ò.

‚ Ê· ¢´¥´¨¨ ˜·¥¤¨´£¥·  i 
∂Ψ
∂t  = H

^Ψ ¤²Ö ¢µ²´µ¢µ° ËÊ´±Í¨¨ Ô²¥±É·µ´µ¢

Ψ(ras, t) ≡ Ψ(r1s,Á, rNs; t) ¶·µ¨§¢¥¤¥³ ± ²¨¡·µ¢µÎ´µ¥ ¶·¥µ¡· §µ¢ ´¨¥:

Ψ(ras, t) = exp 






 − i ∑ 

as

ρasA(ra, t) − i  ∫ 
− ∞

t

 ϕ(ra, t ′) dt ′ 






 Ψ′.

�·Ö³µ° ¶µ¤¸É ´µ¢±µ° Ê¡¥¦¤ ¥³¸Ö, ÎÉµ Ê· ¢´¥´¨¥ ˜·¥¤¨´£¥·  ¤²Ö ´µ-

¢µ° ¢µ²´µ¢µ° ËÊ´±Í¨¨ ¶·¨´¨³ ¥É ¢¨¤ i 
∂Ψ
∂t

 = H
^ ′ Ψ′, £¤¥

H
^ ′ = ∑ 

as




 − 

1
2
 ∇as

2  

 + u + υ̂d ; (�1.3)

υ̂d = − ∑ 
a

daE(ra, t), (�1.4)

£¤¥ da = − ∑ 
s = 1

z

ρas Å µ¶¥· Éµ· ¤¨¶µ²Ó´µ£µ ³µ³¥´É  a-£µ  Éµ³ ,

E(r, t) = − ∇ϕ − 
1
c
 
∂A
∂t

 ÅÔ²¥±É·¨Î¥¸±µ¥ ¶µ²¥. ’ ±¨³ µ¡· §µ³, ¶·¨ Ê¸²µ¢¨¨

(�1.2) ¤²Ö ¸±µ²Ó Ê£µ¤´µ ¶·µÉÖ¦¥´´µ° ¸¨¸É¥³Ò  Éµ³µ¢ ¸¶· ¢¥¤²¨¢Ò Ëµ·³Ê-
²Ò (�1.3), (�1.4) (  ´¥ ¶·¨ Ê¸²µ¢¨¨ L << λ, ± ± ¨´µ£¤  ¸Î¨É ÕÉ).

‘²¥¤ÊÖ [1], · ¸¸³µÉ·¨³ ¶·¨¡²¨¦¥´¨¥ ¤¢ÊÌÊ·µ¢´¥¢ÒÌ  Éµ³µ¢, ±µ£¤ 
ÊÎ¨ÉÒ¢ ÕÉ¸Ö Éµ²Ó±µ ¤¢  ̧ µ¸ÉµÖ´¨Ö ̧  ¢µ²´µ¢Ò³¨ ËÊ´±Í¨Ö³¨ Ψ1 ̈  Ψ2 ̈  Ô´¥·-

£¨Ö³¨ E1, E2; E2 > E1. “·µ¢´¨ E1, E2 ¸Î¨É ¥³ ´¥¢Ò·µ¦¤¥´´Ò³¨.

‚µ²´µ¢ Ö ËÊ´±Í¨Ö ¤¢ÊÌÊ·µ¢´¥¢µ£µ  Éµ³  ³µ¦¥É ¡ÒÉÓ § ¶¨¸ ´  ¢ ¢¨¤¥
ψ = c1ψ1 + c2ψ2 ¨²¨ ¢ ¢¨¤¥ ¤¢ÊÌ±µ³¶µ´¥´É´µ£µ ¢¥±Éµ·  e = (c1, c2). ‘²¥¤µ¢ -

É¥²Ó´µ, µ¶¥· Éµ· ²Õ¡µ° Ë¨§¨Î¥¸±µ° ¢¥²¨Î¨´Ò ³µ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´ ¢
¢¨¤¥ ±µ³¶²¥±¸´µ° Ô·³¨Éµ¢µ° (2 × 2)-³ É·¨ÍÒ, ¤¥°¸É¢ÊÕÐ¥° ´  ¸Éµ²¡¥Í e.
’ ±¨³ µ¡· §µ³, µ¶¨¸ ´¨¥ ¸µ¸ÉµÖ´¨° ¤¢ÊÌÊ·µ¢´¥¢µ£µ  Éµ³  ¶µ²´µ¸ÉÓÕ  ´ -
²µ£¨Î´µ µ¶¨¸ ´¨Õ ¸µ¸ÉµÖ´¨° ¸¶¨´  s = 1/2, ¢ Î ¸É´µ¸É¨, ¸µ¸ÉµÖ´¨Ö α ¨ β ¸
sz = + 16 2 ̈  sz = − 16 2 ̧ µµÉ¢¥É¸É¢ÊÕÉ ¢¥·Ì´¥³Ê ̈  ́ ¨¦´¥³Ê ̧ µ¸ÉµÖ´¨Ö³  Éµ³ .

‘µ¸ÉµÖ´¨Ö ¸¨¸É¥³Ò ¨§ N ¤¢ÊÌÊ·µ¢´¥¢ÒÌ  Éµ³µ¢ ³µ¦´µ ±² ¸¸¨Ë¨Í¨·µ¢ ÉÓ

± ± ¸µ¡¸É¢¥´´Ò¥ ¸µ¸ÉµÖ´¨Ö µ¶¥· Éµ·µ¢ τ2 ¨ τz, £¤¥ τ = ∑ 
a = 1

N

sa Å ¸Ê³³ ·-

´Ò° (Ô´¥·£¥É¨Î¥¸±¨°) ¸¶¨´: ψ = τ, M, α〉. ‡¤¥¸Ó M Å ¸µ¡¸É¢¥´´µ¥ §´ Î¥´¨¥
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τz. ‘³Ò¸²  ±¢ ´Éµ¢µ£µ  Î¨¸²   α  ¶µÖ¸´Ö¥É¸Ö ¢  [2]  ¨  ¤²Ö  ¤ ²Ó´¥°Ï¥£µ  ´¥-

¸ÊÐ¥¸É¢¥´.
ƒ ³¨²ÓÉµ´¨ ´  Éµ³µ¢ ¨ Ô²¥±É·µ³ £´¨É´µ£µ ¶µ²Ö ¨³¥¥É ¢¨¤

H
^
 = H

^
0
 + υ̂; (�1.5)

H
^

0
 = ∑ 

k

ωkĉk
+ ĉk + 

1
2
 ω

0
σz ; (�1.6)

υ̂ = ∑ 
k

gk(σ
+ ĉk + σĉk

+ ), (�1.7)

£¤¥ σz = ∑ 
a

σa
z, σ± = ∑ 

a

σa
±, ĉk, ĉk

 +  Å µ¶¥· Éµ·Ò Ê´¨ÎÉµ¦¥´¨Ö ¨ ·µ¦¤¥´¨Ö

ËµÉµ´µ¢, k = (k, µ) Å ±¢ ´Éµ¢Ò¥ Î¨¸²  ËµÉµ´µ¢ (¨³¶Ê²Ó¸, ¶µ²Ö·¨§ Í¨Ö,
µ = ± 1), ωk = ck, ω0 = E2 − E1,

σa
z = 



 
1
0
  

0
− 1

 

a

 = 2sz;    σa
+ = 



 
0
0
   

1
0
 

a

,    σa
− = 



 
0
1
   

0
0
 

a

,

gk = ω0 √2π
ωkυ

 (ekµd), υ Å ´µ·³¨·µ¢µÎ´Ò° µ¡Ñ¥³, d = 〈2d1〉, ekµ Å ¢¥±-

Éµ· ¶µ²Ö·¨§ Í¨¨ ËµÉµ´ . �¶¥· Éµ· υ̂ ¢§ ¨³µ¤¥°¸É¢¨Ö  Éµ³µ¢ ¸ ¶µ²¥³ ¢
(�1.7) § ¶¨¸ ´ ¤²Ö ³µ¤¥²¨ „¨±±¥

L << λ. (�1.8)

�µ²´Ò° ³µ³¥´É Ö¢²Ö¥É¸Ö ̧ µÌ· ´ÖÕÐ¨³¸Ö ±¢ ´Éµ¢Ò³ Î¨¸²µ³, ¶µ¸±µ²Ó±Ê

[τ2, H
^
] = 0.  �´ ¶·¨´¨³ ¥É  §´ Î¥´¨Ö  0 ≤ τ ≤ N 6 2. �¶¥· Éµ·  υ̂ ¨§³¥´Ö¥É

z-¶·µ¥±Í¨Õ ¶µ²´µ£µ ¸¶¨´  τz = 
1
2
 σz ´  ¥¤¨´¨ÍÊ (Mf − Mi = ± 1) ¨ ·µ¦¤ ¥É

²¨¡µ Ê´¨ÎÉµ¦ ¥É µ¤¨´ ËµÉµ´. …¸²¨ ®µÉ±²ÕÎ¨ÉÓ¯ υ̂, Éµ ¡Ê¤¥³ ¨³¥ÉÓ ´¥§ ¢¨-
¸¨³Ò¥ ¤·Ê£ µÉ ¤·Ê£  ±µ´É¨´ÊÊ³ ¸µ¸ÉµÖ´¨° ¶µ²Ö ¨ Ô±¢¨¤¨¸É ´É´Ò° ¸¶¥±É·
¸µ¸ÉµÖ´¨° ¢¥Ð¥¸É¢ :

EτM = ω
0
M,    − τ ≤ M ≤ τ.

�µ ®§µ²µÉµ³Ê¯ ¶· ¢¨²Ê ”¥·³¨ ¸±µ·µ¸ÉÓ ¶¥·¥Ìµ¤  (τ, M) → (τ, M − 1)
· ¢´ 

λM = ∑ 
k

〈1k, τ, M − 1υ̂0, τ, M〉2 2πδ(ωk − ω
0
) =

= (τ − M + 1) (τ + M) λs, (�1.9)
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£¤¥ λs = 4ω0
3d 26 3c3 Å ¸±µ·µ¸ÉÓ ̧ ¶µ´É ´´µ£µ ¶¥·¥Ìµ¤  2 → 1 ¨§µ²¨·µ¢ ´´µ£µ

 Éµ³ .
�Ê¸ÉÓ ¶·¨ t = 0 ¸¨¸É¥³   Éµ³µ¢ ´ Ìµ¤¨É¸Ö ¢ ¸µ¸ÉµÖ´¨¨ τ, M0〉. ‚

·¥§Ê²ÓÉ É¥ ¨§²ÊÎ¥´¨Ö ¸·¥¤´ÖÖ Ô´¥·£¨Ö E
__
 = ω0M

__
  Éµ³µ¢ ¡Ê¤¥É Ê³¥´ÓÏ ÉÓ¸Ö

¶µ § ±µ´Ê
dE
__

dt
 = − I,

£¤¥ I = ω0λM ≈ I0(τ2 − M 2) Å ¶µ²´ Ö ¨´É¥´¸¨¢´µ¸ÉÓ ̈ §²ÊÎ¥´¨Ö, I0 = ω0λs Å

¨´É¥´¸¨¢´µ¸ÉÓ  ̈ §²ÊÎ¥´¨Ö  ̈ §µ²¨·µ¢ ´´µ£µ   Éµ³ .  ‘Î¨É Ö ¤¨¸¶¥·¸¨Õ M

³ ²µ° (∆M << τ, M ≈ M
__

), µÉ¸Õ¤  ¨ ¨§ (�1.9) ´ Ìµ¤¨³

M = − τ th [2λsτ(t − t
0
)]; (�1.10)

I = I
0
 

τ2

ch2 [2λsτ(t − t
0
)]

 , (�1.11)

£¤¥ t0 Å ¢·¥³Ö § ¤¥·¦±¨ ¨³¶Ê²Ó¸ , µ¶·¥¤¥²Ö¥³µ¥ ¨§ ´ Î ²Ó´µ£µ Ê¸²µ¢¨Ö

M
0
 = τ th (2λsτt0). (�1.12)

� ¨¡µ²¥¥ ¨´É¥·¥¸¥´ ¸²ÊÎ ° ¶µ²´µ¸ÉÓÕ ¨´¢¥·É¨·µ¢ ´´µ° ¶·¨ t = 0 ¸¨¸-
É¥³Ò  Éµ³µ¢:

τ = N 6 2 = M
0
. (�1.13)

„²Ö ´ Ìµ¦¤¥´¨Ö t0 ¢ (�1.12) ¸²¥¤Ê¥É ¶µ²µ¦¨ÉÓ M0 = τ − k, k ~ 1 (¢ ÔÉµ³

¶·µÖ¢²Ö¥É¸Ö µÏ¨¡± , ¢µ§´¨±Ï Ö ¶·¨ § ³¥´¥ M → M
__

). ’µ£¤  ¸ ²µ£ ·¨Ë³¨Î¥-
¸±µ° ÉµÎ´µ¸ÉÓÕ

t
0
 = 

1
4λsτ

 ln τ. (�1.14)

ˆ§ (�1.11) ¢¨¤´µ, ÎÉµ ¶µ ¨¸É¥Î¥´¨¨ ¢·¥³¥´¨ § ¤¥·¦±¨ t0 ¢µ§´¨± ¥É ¸¨²Ó-

´Ò° (I ~ I0N 2) ±µ·µÉ±¨° (∆t ~ 16 λsN) ¨³¶Ê²Ó¸. �·¨ ÔÉµ³ t0~ ∆t ln N >> ∆t.

�É¨ ¢Ò¢µ¤Ò ¶µ²ÊÎ¥´Ò ¢ ¶¥·¢µ³ ¶µ·Ö¤±¥ É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° ¶µ υ̂. ‚µ
¢Éµ·µ³ ̈  ̧ ²¥¤ÊÕÐ¨Ì ¶µ·Ö¤± Ì ¢ ·¥§Ê²ÓÉ É¥ µ¡³¥´  ¢¨·Éy ²Ó´Ò³¨ ËµÉµ´ ³¨
¢µ§´¨± ¥É ¤¨¶µ²Ó-¤¨¶µ²Ó´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥  Éµ³µ¢ (¸³. ²Õ¡µ° ±Ê·¸ ±¢ ´-
Éµ¢µ° Ô²¥±É·µ¤¨´ ³¨±¨), · ¤¨ Í¨µ´´Ò¥ ÔËË¥±ÉÒ (¶¥·¥´µ·³¨·µ¢±  ³ ¸¸Ò,
§ ·Ö¤  ̈  É.¤.), ±µÉµ·Ò³¨ „¨±±¥ ¶·¥´¥¡·¥£ ¥É. ‚ · §¤.1 ̈  ¤ ²¥¥ ¶µ± § ´µ, ÎÉµ
¤¨¶µ²Ó-¤¨¶µ²Ó´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ ´¥ ³µ¦¥É ¡ÒÉÓ µÉ¡·µÏ¥´µ ¨ ¶·¨¢µ¤¨É ±
± Î¥¸É¢¥´´µ³Ê ¨§³¥´¥´¨Õ Ì · ±É¥·  ¶·µÍ¥¸¸µ¢.
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��ˆ‹�†…�ˆ… 2

Šµ··¥²ÖÍ¨¨ ¢ ¸¨¸É¥³¥ ¤¢ÊÌÊ·µ¢´¥¢ÒÌ  Éµ³µ¢

‘µ¸ÉµÖ´¨Ö ¶ ·Ò  Éµ³µ¢ ´¥§ ¢¨¸¨³Ò, ¥¸²¨ · ¢¥´ ´Ê²Õ ±µ··¥²ÖÉµ·

Q = 
1

s(s + 1) 〈(s1 − 〈s
1
〉)(s

2
 − 〈s

2
〉)〉 = 

1
s(s + 1) (〈s1s2〉 − 〈s

1
〉2),

£¤¥ ÊÎÉ¥´µ, ÎÉµ 〈s1〉 = 〈s2〉 = Á = 〈sN 〉.
�µ¸±µ²Ó±Ê ¢ ¸µ¸ÉµÖ´¨¨ ψ = τ, M 〉

〈τx〉 = 〈τy 〉 = 0,

Éµ
〈s

1
〉 = A ẑ,

£¤¥ ẑ Å ¥¤¨´¨Î´Ò° ¢¥±Éµ·, ´ ¶· ¢²¥´´Ò° ¢¤µ²Ó µ¸¨ z. �É¸Õ¤  A = 〈s1z 〉 =
= M6 N. „ ²¥¥

〈τ2〉 = τ(τ + 1) = 〈( ∑ 
a = 1

N

 sa)2〉 = N 〈s
1
2〉 + N(N − 1) 〈s

1
s
2
〉,

£¤¥ ÊÎÉ¥´µ, ÎÉµ 〈sasb〉 = 〈s1s2〉 ¤²Ö ²Õ¡ÒÌ a ¨ b. �É¸Õ¤ 

〈s
1
s
2
〉 = 

τ(τ + 1)
N(N − 1) − 

s(s + 1)
N − 1

 ,

Q = 
τ2 − M 2

s(s + 1) N 2
 ,

£¤¥ µÉ¡·µÏ¥´Ò ³ ²Ò¥ ¸² £ ¥³Ò¥ (~ 16 N).
‚ ¸µ¸ÉµÖ´¨ÖÌ ¸ τ ~ N  Q ~ 1, Éµ ¥¸ÉÓ  Éµ³Ò ¸¨²Ó´µ ±µ··¥²¨·µ¢ ´Ò. � -

· ³¥É· Q ´¥ ¤¥±¢ É¥´ Éµ²Ó±µ ¢ ³ ±¸¨³ ²Ó´µ ±µ£¥·¥´É´ÒÌ ¸²ÊÎ ÖÌ
τ − M << τ, τ ~ N, ¤²Ö ±µÉµ·ÒÌ, ± ± ¸²¥¤Ê¥É ¨§ ¶·¨¢¥¤¥´´µ° ¢ÒÏ¥ Ëµ·³Ê²Ò,
Q << 1. �ÉµÉ ¶ · ³¥É· ¢¶µ²´¥  ¤¥±¢ É´µ µ¶¨¸Ò¢ ¥É ¸¨ÉÊ Í¨Õ ¢ ¶·¥¤¸É ¢²Ö-
ÕÐ¨Ì ̧ ¥°Î ¸ ́  ¨¡µ²ÓÏ¨° ̈ ´É¥·¥¸ ̧ ²ÊÎ ÖÌ τ << N. �µ¸±µ²Ó±Ê − τ ≤ M ≤ τ, Éµ
¢ ÔÉ¨Ì ¸²ÊÎ ÖÌ Q << 1, Éµ ¥¸ÉÓ ±µ··¥²ÖÍ¨¨ ³¥¦¤Ê  Éµ³ ³¨ µÉ¸ÊÉ¸É¢ÊÕÉ. ‘µ-
£² ¸´µ É¥µ·¨¨ „¨±±¥ [1] ¨§²ÊÎ¥´¨¥ ¢ ÔÉ¨Ì ¸µ¸ÉµÖ´¨ÖÌ É ±¦¥ µÉ¸ÊÉ¸É¢Ê¥É:

I ≈ (τ2 − M 2)I
0
 ≈ 0,

£¤¥ I0 Å ¨´É¥´¸¨¢´µ¸ÉÓ ¨§²ÊÎ¥´¨Ö µÉ¤¥²Ó´µ£µ  Éµ³ .

’ ±¨¥ ¸µ¸ÉµÖ´¨Ö ¶µ²´µ¸ÉÓÕ  ´ ²µ£¨Î´Ò ´¥¨§²ÊÎ ÕÐ¨³ ¸µ¸ÉµÖ´¨Ö³
¸¨¸É¥³Ò ±² ¸¸¨Î¥¸±¨Ì µ¸Í¨²²ÖÉµ·µ¢ (· §¤.4). ŒÒ ¢¨¤¨³, ÎÉµ ¥¸²¨ ´¥É ±µ·-
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·¥²ÖÍ¨¨  Éµ³µ¢ ¢ ´ Î ²¥, Éµ µ´  ´¥ ¢µ§´¨± ¥É ¨ ¢ ¶µ¸²¥¤ÊÕÐ¥³. ’ ±¨³
µ¡· §µ³, ¢ ³µ¤¥²¨ „¨±±¥ µÉ¸ÊÉ¸É¢Ê¥É ³¥Ì ´¨§³ Ë §¨·µ¢±¨  Éµ³µ¢. ” §¨·µ¢-
±  ¶µÖ¢²Ö¥É¸Ö Éµ²Ó±µ ¶·¨ ÊÎ¥É¥ ¤¨¶µ²Ó-¤¨¶µ²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö  Éµ³µ¢
(· §¤.3, 4), ±µÉµ·µ¥ ¢ · ¡µÉ¥ [1] ´¥ ÊÎ¨ÉÒ¢ ¥É¸Ö. ‚·¥³Ö § ¤¥·¦±¨ ¨³¶Ê²Ó¸ 
¸¢¥·Ì¨§²ÊÎ¥´¨Ö Ê „¨±±¥ ¸¢Ö§ ´µ ¢µ¢¸¥ ´¥ ̧  É¥³, ÎÉµ ¢ É¥Î¥´¨¥ ÔÉµ£µ ¶¥·¨µ¤ 
Ê  Éµ³µ¢ Ê¸É ´ ¢²¨¢ ¥É¸Ö µ¤¨´ ±µ¢ Ö Ë § . ‡ ¤¥·¦±  ¨³¶Ê²Ó¸  Ö¢²Ö¥É¸Ö
²¨ÏÓ µ¸µ¡¥´´µ¸ÉÓÕ ¤¨´ ³¨±¨ ¸¨¸É¥³Ò ̧  ̧  ³µ£µ ́  Î ²  ¶µ²´µ¸ÉÓÕ ̧ Ë §¨·µ-
¢ ´´ÒÌ  Éµ³µ¢.

��ˆ‹�†…�ˆ… 3

�¥²¨´¥°´Ò° ³¥Ì ´¨§³ Ë §¨·µ¢±¨

�ÉµÉ Ê´¨¢¥·¸ ²Ó´Ò° ³¥Ì ´¨§³, ¶·¥¤²µ¦¥´´Ò° ¢ 1960 £µ¤Ê �.‚.ƒ ¶µ´µ-
¢Ò³-ƒ·¥Ìµ¢Ò³ [23], ´ ¨¡µ²¥¥ ¤¥É ²Ó´µ ¨§²µ¦¥´ ¢ [4]. ‚ [7] ¶µ± § ´µ, ÎÉµ ¢
¸¨¸É¥³¥ ±² ¸¸¨Î¥¸±¨Ì ´¥²¨´¥°´ÒÌ µ¸Í¨²²ÖÉµ·µ¢ ¶µ ÔÉµ³Ê ³¥Ì ´¨§³Ê ¢µ§-
´¨± ¥É ¨Ì Ë §¨·µ¢±  ¨, ± ± ¸²¥¤¸É¢¨¥, ¸¢¥·Ì¨§²ÊÎ¥´¨¥. �µ¤Î¥·±´¥³, µ¤´ -
±µ, ÎÉµ ¢ [7] ¶µ É· ¤¨Í¨¨ µÉ¡· ¸Ò¢ ²µ¸Ó ¤¨¶µ²Ó-¤¨¶µ²Ó´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥,
ÎÉµ ´¥¶· ¢µ³¥·´µ. ‚ ¤ ´´µ° · ¡µÉ¥ ¶µ± § ´µ, ÎÉµ ¤¨¶µ²Ó-¤¨¶µ²Ó´µ¥
¢§ ¨³µ¤¥°¸É¢¨¥ ¶·¨¢µ¤¨É ± ¡Ò¸É·µ³Ê ¸¢¥·Ì¨§²ÊÎ¥´¨Õ Î ¸É¨ Ô´¥·£¨¨ ¨
µ¡· §µ¢ ´¨Õ ³¥É ¸É ¡¨²Ó´µ£µ ¸µ¸ÉµÖ´¨Ö (ÔËË¥±É Ô±· ´¨·µ¢±¨). �¥²¨´¥°-
´µ¸ÉÓ ´  ÔÉµ³ ÔÉ ¶¥ ´¥ ¶·µÖ¢²Ö¥É¸Ö. ‘µ¢³¥¸É´Ò° ÊÎ¥É ¤¨¶µ²Ó-¤¨¶µ²Ó´µ£µ
¢§ ¨³µ¤¥°¸É¢¨Ö ¨ ÔËË¥±É  ´¥²¨´¥°´µ° Ë §¨·µ¢±¨ Ö¢²Ö¥É¸Ö ¸²µ¦´µ° § ¤ -
Î¥°, ±µÉµ·ÊÕ ¸²¥¤Ê¥É ·¥Ï¨ÉÓ ¢ ¡Ê¤ÊÐ¥³. Œµ¦´µ ¶·¥¤¶µ²µ¦¨ÉÓ, ÎÉµ ´¥²¨-
´¥°´ Ö Ë §¨·µ¢±  ³µ¦¥É · §·ÊÏ¨ÉÓ ³¥É ¸É ¡¨²Ó´µ¥ ¸µ¸ÉµÖ´¨¥ ¨ ¶·¨¢¥¸É¨ ±
¢Ò¸¢¥Î¨¢ ´¨Õ µ¸É ¢Ï¥°¸Ö Î ¸É¨ Ô´¥·£¨¨ ¢ ·¥¦¨³¥ ¸¢¥·Ì¨§²ÊÎ¥´¨Ö.

‘²¥¤ÊÖ [7], µÉ¡·µ¸¨³ ¤¨¶µ²Ó-¤¨¶µ²Ó´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ ¨ · ¸¸³µÉ·¨³
µ¤´µ³¥·´Ò¥ § ·Ö¦¥´´Ò¥ µ¸Í¨²²ÖÉµ·Ò (a = 1, 2,Á, N), ¸µ¸·¥¤µÉµÎ¥´´Ò¥ ¢
±¢ §¨¸É É¨Î¥¸±µ° µ¡² ¸É¨ L << λ: 

x
..
a = ω

0
2 (1 + yxa

2) xa = − 
2e2ω

0
2

3me3
 ∑ 

b

x
.
b,

£¤¥ ¶· ¢ Ö Î ¸ÉÓ ³µ¤¥²¨·Ê¥É · ¤¨ Í¨µ´´µ¥ É·¥´¨¥ (¸·. ¸ (20)). �µ¸²¥ ¶µ¤-
¸É ´µ¢±¨

xa = b(Fa(t) e− iωt + Fa
 ∗(t) eiωt

¨ µÉ¡· ¸Ò¢ ´¨Ö ¢Éµ·ÒÌ ¶·µ¨§¢µ¤´ÒÌ µÉ Fa ¶µ²ÊÎ ¥³

F
.
a + iδ(Fa2 − 1) Fa = − 

1
2
 β ∑ 

b

Fb, (�3.1)

£¤¥ ω = ω0 + δ, δ = 3γω0b
2 6 2, β = 2r0ω0

26 3c, r0 = e2 6 mc2.
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ˆ§ ±µ³¶µ´¥´É ±µ³¶²¥±¸´µ° ¡¥§· §³¥·´µ°  ³¶²¨ÉÊ¤Ò Fa = Ra + iτa

Ê¤µ¡´µ µ¡· §µ¢ ÉÓ É·¥Ì³¥·´Ò° ¤¢ÊÌ±µ³¶µ´¥´É´Ò° ¢¥±Éµ· ra = (Ra, τa, 0) ¸
· ¢´µ° ́ Ê²Õ z-±µ³¶µ´¥´Éµ°. „¢¨¦¥´¨¥ ̧ ¨¸É¥³Ò µ¸Í¨²²ÖÉµ·µ¢ Éµ£¤  ¤µ¢µ²Ó-
´µ ´ £²Ö¤´µ ¨§µ¡· ¦ ¥É¸Ö N ÉµÎ± ³¨, ²¥¦ Ð¨³¨ ¢ ¶²µ¸±µ¸É¨ (x, y), ¨
µ¶¨¸Ò¢ ¥É¸Ö Ê· ¢´¥´¨¥³

υa = ω (ra) × ra + f, (�3.2)

£¤¥ υa ≡ r
.
a, f = − 

1
2
 β ∑ 

a

ra, ω(r) = (0, 0, − δ(r2 − 1)). ’ ±¨³ µ¡· §µ³, ÉµÎ±¨

¸µ¢¥·Ï ÕÉ ±·Ê£µ¢µ¥ ¤¢¨¦¥´¨¥ ¢µ±·Ê£ ´ Î ²  ±µµ·¤¨´ É (x = y = 0) ¸ Ê£²µ-
¢µ° ¸±µ·µ¸ÉÓÕ ω = ω(r). Š·µ³¥ Éµ£µ, ¥¸²¨ Í¥´É· ÉÖ¦¥¸É¨ ¸¨¸É¥³Ò ÉµÎ¥±

ρ0 = ∑ 
a

ra 6 N ¸³¥Ð¥´ ¨§ ´ Î ²  ±µµ·¤¨´ É, Éµ ¢¸Ö ¸¨¸É¥³  ± ± Í¥²µ¥ ¤¢¨-

¦¥É¸Ö ¸µ ¸±µ·µ¸ÉÓÕ f ¢ ´ ¶· ¢²¥´¨¨, ¶·µÉ¨¢µ¶µ²µ¦´µ³ ρ0.

‚ ¸²ÊÎ ¥ N >> 1 ¶·¨³¥´¨³µ ±µ´É¨´Ê ²Ó´µ¥ ¶·¨¡²¨¦¥´¨¥. ˆ§ ¸µÌ· ´¥-
´¨Ö Î¨¸²  µ¸Í¨²²ÖÉµ·µ¢

∂n(r, t)
∂t

 + ∇ (nυ) = 0

¨ ¸²¥¤ÊÕÐ¥£µ ¨§ (�3.2) ¸¢µ°¸É¢  ∇ ⋅ υ = 0 § ±²ÕÎ ¥³, ÎÉµ ¤¢¨¦¥´¨¥ ÉµÎ¥±
¶µ¤µ¡´µ É¥Î¥´¨Õ ´¥¸¦¨³ ¥³µ° ¦¨¤±µ¸É¨:

∂n
∂t  + υ∇n = 0, (�3.3)

£¤¥ n(r, t) Å ¶²µÉ´µ¸ÉÓ ÉµÎ¥± ´  ¶²µ¸±µ¸É¨ (x, y).
‘±µ·µ¸ÉÓ υ(r, t) ¢Ò· ¦ ¥É¸Ö ¸µ£² ¸´µ (�3.2) Î¥·¥§ ÔÉÊ ¶²µÉ´µ¸ÉÓ:

υ = ω(r) × r + f(t); (�3.4)

f(t) = − 
1
2
 β ∫ d 2r rn(r, t), (�3.5)

¶µÔÉµ³Ê Ê· ¢´¥´¨¥ (�3.3) ¤²Ö n(r, t) Ö¢²Ö¥É¸Ö ´¥²¨´¥°´Ò³:

∂n(r, ϕ, t)
∂t

 − δ(r2 − 1) ∂n
∂ϕ + (fx cos ϕ + fy sin ϕ) ∂n

∂r  +

+ (− fx sin ϕ + fy cos ϕ) 1
r
 
∂n
∂ϕ = 0, (�3.6)

£¤¥ ϕ Å Ê£µ² ³¥¦¤Ê r ¨ µ¸ÓÕ x.
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�Ê¸ÉÓ ¶·¨ t = 0 · ¸¶·¥¤¥²¥´¨¥ µ¸Í¨²²ÖÉµ·µ¢ ¶µ Ë § ³ · ¢´µ³¥·´µ¥
(n, (r, ϕ, 0) = n0(r)). ’µ£¤  ¨§ (�3.6) ¸²¥¤Ê¥É, ÎÉµ µ´µ ¡Ê¤¥É ¸É Í¨µ´ ·´Ò³:

n(r, ϕ, t) = n0(r). ˆ¸¸²¥¤Ê¥³ Ê¸Éµ°Î¨¢µ¸ÉÓ É ±µ£µ · ¸¶·¥¤¥²¥´¨Ö, ¤²Ö Î¥£µ

²¨´¥ ·¨§Ê¥³ Ê· ¢´¥´¨¥ (�3.6) ¶µ ³ ²µ³Ê ¢µ§³ÊÐ¥´¨Õ n(1):

n(r, ϕ, t) = n
0
(r) + n(1)(r, ϕ, t);

∂n(1)

∂t
 − δ(r2 − 1) ∂n(1)

∂ϕ  + (fx cos ϕ + fy sin ϕ) n′
0
(r) = 0; (�3.7)

f = − 
1
2
 β ∫ d 2r rn(1)(r, t). (�3.8)

� §²µ¦¨³ n(1) ¶µ ¸µ¡¸É¢¥´´Ò³ ³µ¤ ³:

n(1) =  ∑ 
n = − ∞

∞

 nm(r, t) eimϕ,    nm = nm
∗ .

Œµ¤Ê ¸ m = 0 ¸²¥¤Ê¥É µÉ´¥¸É¨ ± n0(r), ¶µÔÉµ³Ê n0 = 0. ‘±µ·µ¸ÉÓ f µ¶·¥-

¤¥²Ö¥É¸Ö ¤¨¶µ²Ó´Ò³¨ (m = ± 1) ³µ¤ ³¨:

fx = 
1
2
 (τ + τ∗),    fy = 

i
2
 (τ − τ∗),

£¤¥ τ(t) = − πβ ∫ 
0

∞

dr r2n1(r, t). �É¸Õ¤  ¨ ¨§ (�3.7) ¶µ²ÊÎ ¥³:

∂n
1
(r, t)

∂t
 − iδ(r2 − 1) n

1
(r, t) = 

π
2
 βτ(t) n

0
′(r) = 0; (�3.9)

∂nm(r, t)

∂t
 − imδ(r2− 1) nm(r, t) = 0,   m ≠ ± 1. (�3.10)

‘µ£² ¸´µ (�3.10) nm(r, t) = nm(r, 0) exp [imδ(r2 − 1) t], ¶µÔÉµ³Ê ¶·¨

t → ∞ ³µ¤Ò m ≠ ± 1 ¤ ÕÉ ¢ n(r, t) ¢¸¥ ¡Ò¸É·¥¥ ¨ ¡Ò¸É·¥¥ µ¸Í¨²²¨·ÊÕÐ¨°
¶·¨ ¨§³¥´¥´¨¨ r ¢±² ¤. �Éµ µ§´ Î ¥É, ÎÉµ ³µ¤Ò m ≠ ± 1 ¤ ÕÉ ¢ ²Õ¡ÊÕ
´ ¡²Õ¤ ¥³ÊÕ ¢¥²¨Î¨´Ê (¨´É¥´¸¨¢´µ¸ÉÓ ±¢ ¤·Ê¶µ²Ó´µ£µ ¨§²ÊÎ¥´¨Ö ¨ É.¤.)
Ô±¸¶µ´¥´Í¨ ²Ó´µ Ê¡Ò¢ ÕÐ¨° ¶·¨ t → ∞ ¢±² ¤.

�¥Ï¥´¨¥ (�3.9) ¤²Ö ¤¨¶µ²Ó´µ° ³µ¤Ò ¨Ð¥³ ¢ ¢¨¤¥ n1(r, t) = eptn1(r), £¤¥
p = p′ + ip′′ Å ±µ³¶²¥±¸´µ¥ Î¨¸²µ, § · ´¥¥ ¶·¥¤¶µ² £ Ö, ÎÉµ ¸ÊÐ¥¸É¢Ê¥É ´¥-
Ê¸Éµ°Î¨¢µ¸ÉÓ (p′ > 0). ’µ£¤  ´ Ìµ¤¨³:
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n
1
(r) = 

πβn
0
′ (r)

2(p − iδ(r2 − 1))
 τ

0
;

τ
0
 = ∫ 

0

∞

dr r2n
1
(r).

�É¸Õ¤  ¸²¥¤Ê¥É Ê· ¢´¥´¨¥ τ0 ⋅ ∆ = 0, ¸²¥¤µ¢ É¥²Ó´µ,

∆ + 1 + 
βN
2

 (τ
1
 + iδτ

2
) = 0, (�3.11)

τ
1
 = ∫ 

0

∞ dr g
0
(r)r

p − iδ(r2 − 1)
 ,    τ

2
 = ∫ 

0

∞ dr g
0
(r)r2

[p − iδ(r2 − 1)]2
 . (�3.12)

‡¤¥¸Ó ¢¢¥¤¥´  ËÊ´±Í¨Ö · ¸¶·¥¤¥²¥´¨Ö µ¸Í¨²²ÖÉµ·µ¢ ¶µ Ô´¥·£¨Ö³

g
0
(r) = 

2π
N

 n
0
(r),

´µ·³¨·µ¢ ´´ Ö Ê¸²µ¢¨¥³

∫ 
0

∞

dr rg
0
(r) = 1. (�3.13)

ˆ¸¸²¥¤Ê¥³ ¨´É¥·¥¸´Ò° ¸²ÊÎ ° ³ ²µ£µ ´ Î ²Ó´µ£µ (¶·¨ t = 0) · §¡·µ¸ 
µ¸Í¨²²ÖÉµ·µ¢ ¶µ Ô´¥·£¨Ö³ ∆E6 E << 1, ±µ£¤  ¢¸¥ ÉµÎ±¨ ¢ ¶²µ¸±µ¸É¨ (x, y)
¸µ¸·¥¤µÉµÎ¥´Ò ¢¡²¨§¨ µ±·Ê¦´µ¸É¨ r = 1. �µ¸±µ²Ó±Ê z ~ ∆E6 E, £¤¥
z = r − 1, Éµ

z << 1. (�3.14)

”µ·³Ê²Ò (�3.12), (�3.13) Ê¶·µÐ ÕÉ¸Ö:

τ
1
 = ∫ 

− ∞

∞

 
dz g

0
(z)

p − 2iδz
 ,     τ

2
 = ∫ 

− ∞

∞

 
dz g

0
(z)

(p − 2iδz)2
 ,

∫ 
− ∞

∞

 dz g
0
(z) = 1.

�Ê¸ÉÓ 

g
0
(z) = 

∆z
π  

1

z2 + (∆z)2
 .

’µ£¤ 

τ
1
 = 

1
p + 2δ∆z

 ,    τ
2
 = 

1

(p + 2δ∆z)2
 .

�É¸Õ¤  ¨ ¨§ (�3.11) ¶µ²ÊÎ ¥³
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p = − 2δ∆z − 
βN
4

 + 
βN
4

 √1 − iθ , (�3.15)

£¤¥
θ = 

8δ
βN

 , (�3.16)

  ¶·¨ ¨§¢²¥Î¥´¨¨ ±µ·´Ö ¸²¥¤Ê¥É ¢§ÖÉÓ ¥£µ §´ Î¥´¨¥ ¸ ¶µ²µ¦¨É¥²Ó´µ ¢¥Ð¥¸É-
¢¥´´µ° Î ¸ÉÓÕ. ‘²ÊÎ ° p′ > 0 ¢µ§³µ¦¥´ Éµ²Ó±µ ¶·¨ ¢Ò¡µ·¥ §´ ±  ¢ (�3.15),
µÉ±Ê¤  ¸²¥¤Ê¥É:

p′ = 
βN
4

 (− θ∆z − 1 + D), (�3.17)

£¤¥ D = 



 
1
2
 


 1 + √1 + θ2  



 





 1 6 2
.

�·¨ ∆z ≠ 0 ¢· Ð¥´¨¥ ÉµÎ¥± ¢µ±·Ê£ ´ Î ²  ±µµ·¤¨´ É Ö¢²Ö¥É¸Ö ´¥· ¢´µ-
³¥·´Ò³, ¨³¥¥É¸Ö · §¡·µ¸ ∆ω ¶µ Î ¸ÉµÉ ³ ω. ’µÎ±¨ c r < 1 ¤¢¨¦ÊÉ¸Ö ¶µ
Î ¸µ¢µ° ¸É·¥²±¥,   ¸ r > 1 Å ¶·µÉ¨¢ (¤²Ö ±µ´±·¥É´µ¸É¨ · ¸¸³ É·¨¢ ¥É¸Ö
¸²ÊÎ ° δ < 0). ˆ§-§  · §¡·µ¸  Î ¸ÉµÉ ¢µ§³ÊÐ¥´¨¥ n1 · ¸ÉÖ£¨¢ ¥É¸Ö ¢  §¨³Ê-

É ²Ó´µ³ ´ ¶· ¢²¥´¨¨ (¶µ ϕ) ¨ ¢¸²¥¤¸É¢¨¥ ÔÉµ£µ § ÉÊÌ ¥É, ÎÉµ µ¶¨¸Ò¢ ¥É¸Ö
¶¥·¢Ò³ ¸² £ ¥³Ò³ ¢ (�3.17). ‚Éµ·µ¥ ¨ É·¥ÉÓ¥ ¸² £ ¥³Ò¥ µ¶¨¸Ò¢ ÕÉ ÔËË¥±É
Ë §¨·µ¢±¨ µ¸Í¨²²ÖÉµ·µ¢. �Ê¸ÉÓ ¶·¨ t = 0 ¢¸¥ ÉµÎ±¨ ¸µ¸·¥¤µÉµÎ¥´Ò ¢ ¢¥·Ì-
´¥° Î ¸É¨ µ±·Ê¦´µ¸É¨ r = 1. Tµ£¤  ¢ ·¥§Ê²ÓÉ É¥ ¨§²ÊÎ¥´¨Ö ¢ ´ Î ²Ó´Ò°
³µ³¥´É ¢·¥³¥´¨ µ±·Ê¦´µ¸ÉÓ ± ± Í¥²µ¥ ¡Ê¤¥É ¸³¥Ð ÉÓ¸Ö ¸µ ¸±µ·µ¸ÉÓÕ f
¢´¨§ Å ¢ µÉ·¨Í É¥²Ó´µ³ ´ ¶· ¢²¥´¨¨ µ¸¨ y. ‘³¥Ð¥´¨¥ Î ¸É¨Í ¶µ · ¤¨Ê¸Ê
r § ¢¨¸¨É µÉ Ê£²  ϕ (Ë §Ò): ∆r ≈ − ∆y sin ϕ . Š ¦¤ Ö ¨§ ÔÉ¨Ì ÉµÎ¥± ́  Î´¥É
¢· Ð ÉÓ¸Ö ¸ Î ¸ÉµÉµ° ω = − 2δ∆y sin ϕ ¶·µÉ¨¢ Î ¸µ¢µ° ¸É·¥²±¨,
¶·¨Î¥³ ÉµÎ±¨ ϕ = 0 ¨ ϕ = π µ¸É ÕÉ¸Ö ´¥¶µ¤¢¨¦´Ò³¨ ¨ · ¸¶µ²µ¦¥´´Ò³¨

¶µ-¶·¥¦´¥³Ê ´  µ±·Ê¦´µ¸É¨ r = 1 (¸ ÉµÎ´µ¸ÉÓÕ ¤µ ~ ∆y2). ’µ£¤  ÉµÎ±¨ ´ Î-
´ÊÉ ¸£ÊÐ ÉÓ¸Ö ¢¡²¨§¨ ϕ = π. �Éµ ¨ ¥¸ÉÓ ´ Î ²Ó´ Ö ¸É ¤¨Ö Ë §µ¢µ° £·Ê¶¶¨-
·µ¢±¨. ‚ ¤ ²Ó´¥°Ï¥³ ¤¢¨¦¥´¨¥ ÉµÎ¥± ¸É ´µ¢¨É¸Ö ¡µ²¥¥ ¸²µ¦´Ò³ ¨ Ê¦¥ ´¥
¸¢µ¤¨É¸Ö ± ¶·µ¸Éµ° £·Ê¶¶¨·µ¢±¥ ¶µ Ê£²Ê ϕ.

’ ±¨³ µ¡· §µ³, ¢Éµ·µ¥ ¨ É·¥ÉÓ¥ ¸² £ ¥³Ò¥ ¢ (�3.17) µ¶¨¸Ò¢ ÕÉ Ëµ·-
³¨·µ¢ ´¨¥ ¸£Ê¸É±µ¢ Î ¸É¨Í, ¢¥¤ÊÐ¥¥ ± ¨¸¶Ê¸± ´¨Õ ¢¸¥° Ô´¥·£¨¨ ¢ ·¥¦¨³¥
¸¢¥·Ì¨§²ÊÎ¥´¨Ö. �¥·¢µ¥ ¸² £ ¥³µe µ¶¨¸Ò¢ ¥É ¶·µÉ¨¢µ¶µ²µ¦´Ò° ÔËË¥±É Å
· ¸¸ ¸Ò¢ ´¨¥  ̧ £Ê¸É±µ¢,  ¢  ·¥§Ê²ÓÉ É¥ ¤¥°¸É¢¨Ö ±µÉµ·µ£µ ¸¢¥·Ì¨§²ÊÎ¥´¨¥
³µ¦¥É ´¥ ¢µ§´¨±´ÊÉÓ. ˆ§ (�3.17) ¨ Ê¸²µ¢¨Ö p′ > 0 § ±²ÕÎ ¥³, ÎÉµ ´¥²¨´¥°-
´ Ö ®· ¸± Î± ¯ ¸¢¥·Ì¨§²ÊÎ¥´¨Ö ¢µ§´¨±´¥É ²¨ÏÓ ¶·¨ ¤µ¸É ÉµÎ´µ ³ ²µ³ · §-
¡·µ¸¥ µ¸Í¨²²ÖÉµ·µ¢ ¶µ Ô´¥·£¨Ö³:

∆E
E

 ~ ∆z < (D − 1) 6 θ. (�3.18)

‚¸¶µ³¨´ Ö, ÎÉµ ¤¨¶µ²Ó-¤¨¶µ²Ó´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ ¶·¨¢µ¤¨É ± ±µ£¥·¥´É-
´µ³Ê, ¸µÌ· ´ÖÕÐ¥³Ê Ë §Ò § ¶¨· ´¨Õ ¨§²ÊÎ¥´¨Ö, ¶·¨Ìµ¤¨³ ± ¢Ò¢µ¤Ê µ ¸²µ¦-
´µ¸É¨ Ö¢²¥´¨°, ¢µ§´¨± ÕÐ¨Ì ¶·¨ µ¤´µ¢·¥³¥´´µ³ ¤¥°¸É¢¨¨ ¢¸¥Ì · ¸¸³µÉ-
·¥´´ÒÌ ÔËË¥±Éµ¢. �Éµ µ¤´  ¨§ § ¤ Î, ±µÉµ·Ò¥ ¶·¥¤¸Éµ¨É ·¥Ï¨ÉÓ ¢ ¡Ê¤ÊÐ¥³.
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�·Ö³µ° · ¸Î¥É ταβ

�¸´µ¢´µ° ¢±² ¤ ¢ É¥´§µ· ταβ (rb), µ¶·¥¤¥²¥´´Ò° Ëµ·³Ê²µ° (28), ¢´µ¸ÖÉ

µ¡² ¸É¨, ¤ ²¥±¨¥ µÉ  Éµ³  b. „¥°¸É¢¨É¥²Ó´µ, ¢Ò¡¥·¥³ ÉµÎ±Ê ´  ¶µ¢¥·Ì´µ¸É¨
¸·¥¤Ò, ´ ¨¡µ²¥¥ ¡²¨§±ÊÕ ± b, ¨ ¶·µ¢¥¤¥³ ± ¸ É¥²Ó´ÊÕ ¸Ë¥·Ê ¸ Í¥´É·µ³ ¢
ÉµÎ±¥ b. ’µ£¤  ¸Ê³³  (28) · ¸¶ ¤¥É¸Ö ´  ¤¢  ¸² £ ¥³ÒÌ, ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì
 Éµ³ ³ a, ´ Ìµ¤ÖÐ¨³¸Ö ¢´ÊÉ·¨ Ê± § ´´µ° ¸Ë¥·Ò ¨ ¢´¥ ¥¥. ‚¸²¥¤¸É¢¨¥
¸Ë¥·¨Î¥¸±µ° ¸¨³³¥É·¨¨ ¶¥·¢µ¥ ¸² £ ¥³µ¥ · ¢´µ ´Ê²Õ, ¶µ¸±µ²Ó±Ê ¢¥²¨Î¨´Ò
Gαβ(rab) ¸µ¸É ¢²¥´Ò ¨§ Ï ·µ¢ÒÌ ËÊ´±Í¨°, ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ³µ³¥´ÉÊ l = 2.

’ ±¨³ µ¡· §µ³, µ¸É ¥É¸Ö Éµ²Ó±µ ¢Éµ·µ¥ ¸² £ ¥³µ¥, µÉ±Ê¤  ¨ ¸²¥¤Ê¥É ¸Ëµ·-
³Ê²¨·µ¢ ´´µ¥ ¢ÒÏ¥ ÊÉ¢¥·¦¤¥´¨¥.

�µ¸±µ²Ó±Ê µ¸´µ¢´µ° ¢±² ¤ ¢ ταβ ¤ ÕÉ µ¡² ¸É¨ ¸·¥¤Ò ¸ ³ ¸ÏÉ ¡µ³

¶µ·Ö¤±  · §³¥·  ¸ ³µ° ¸·¥¤Ò, Éµ ¸Ê³³Ê ¶µ a ¢ (28) ³µ¦´µ § ³¥´¨ÉÓ ¨´É¥-
£· ²µ³:

∑ 
a

→ n ∫ d 3ra Á,

Éµ ¥¸ÉÓ ¶¥·¥°É¨ ± ±µ´É¨´Ê ²Ó´µ³Ê ¶·¥¤¥²Ê. ‘²¥¤µ¢ É¥²Ó´µ,

ταβ(ra) ≈ n ∫ d 3rb Gαβ(rab). (�4.1)

‘µ£² ¸´µ (22) b ≠ a. �Éµ µ§´ Î ¥É, ÎÉµ ¶·¨ r = 0 ¸¨´£Ê²Ö·´µ¸ÉÓ µÉ¸ÊÉ¸É-
¢Ê¥É ¨ ̧ ²¥¤Ê¥É ¤µµ¶·¥¤¥²¨ÉÓ Gαβ(rab) ¶·¨ a = b: Gαβ(0) = 0. �É¸Õ¤  § ±²ÕÎ -

¥³, ÎÉµ ¢ ±µ´É¨´Ê ²Ó´µ³ ¶·¥¤¥²¥

Gαβ(rab) = (∇a)α (∇a)β 



 

1
rab

 


 + 

4π
3

 δαβ δ(rab). (�4.2)

‘¨´£Ê²Ö·´µ¥ ¸² £ ¥³µ¥ ¢ (�4.2) Ê´¨ÎÉµ¦ ¥É ¸µµÉ¢¥É¸É¢ÊÕÐ¥¥ ¸² £ ¥-
³µ¥, ¢µ§´¨± ÕÐ¥¥ ¶·¨ · ¸Î¥É¥ ¶¥·¢µ£µ Î²¥´ , ¨ ¶µÔÉµ³Ê ¸¨´£Ê²Ö·´µ¸ÉÓ ¶·¨
rab = 0 ¢ (�4.2) µÉ¸ÊÉ¸É¢Ê¥É, ± ± ¨ ¤µ²¦´µ ¡ÒÉÓ.

ˆ§ (�4.1) ¨ (�4.2) ´ Ìµ¤¨³

ταβ(r) = n ∇α∇β ϕ(r) + 
4π
3

 n δαβ; (�4.3)

ϕ(r) = ∫ 
V

d 3r′ 1
r − r′ . (�4.4)

�É¸Õ¤  Ê¦¥ ´¥É·Ê¤´µ ¶µ²ÊÎ¨ÉÓ Ëµ·³Ê²Ê (36).
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„µ± § É¥²Ó¸É¢µ Ëµ·³Ê²Ò (48)

� ¸¸³µÉ·¨³ ¡¥¸±µ´¥Î´ÊÕ ¸·¥¤Ê (N → ∞).

�´ ²µ£¨Î´µ ¢¥²¨Î¨´¥ ταβ (¸³. ¶·¨²µ¦¥´¨¥ 4) µ¸´µ¢´µ° ¢±² ¤ ¢ ¸Ê³³Ê

¶µ b ¢ (48) ¢´µ¸¨É µ¡² ¸ÉÓ ̈ §³¥´¥´¨Ö rb ̧  Ì · ±É¥·´Ò³ · §³¥·µ³ ~ L, ¶µÔÉµ-

³Ê ̧ Ê³³Ê ³µ¦´µ § ³¥´¨ÉÓ ̈ ´É¥£· ²µ³. �·¨ ÔÉµ³, ¥¸É¥¸É¢¥´´µ, É¥·ÖÕÉ¸Ö ̧ ² -
£ ¥³Ò¥ ~ 1 6 N, ±µÉµ·Ò¥ ¢ ¡¥¸±µ´¥Î´µ° ¸·¥¤¥ · ¢´Ò ´Ê²Õ. ‘ ÊÎ¥Éµ³ (�4.2)
¶µ²ÊÎ ¥³

Qαγ ≡ ∑ 
b

Gαβ(rab) Gβγ(rbc) =

= n ∫ d 3rb 

 (∇a)α(∇a)β 





1
rab




 + 

4π
3

 δαβδ(rab) 

 

 (∇b)β (∇b)γ 





1
rbc




 + 

4π
3

 δβγδ(rbc) 



 =

= n ∫ d 3rb (∇a)α (∇a)β 



 
1

rab
 

 (∇b)β (∇b)γ 




 
1
rbc

 

 +

+ 
4πn
3

 (∇a)α (∇a)γ 



 

1
rac

 


 + 

4πn
3

 Gαγ(rac).

�¥·¢µ¥ ¸² £ ¥³µ¥ ¶·¥µ¡· §Ê¥É¸Ö ± ¢¨¤Ê

n(∇a)α (∇c)γ ∫ d 3rb 

 (∇b)β 




 

1
rab

 

 

 (∇b)β 




 
1
rbc

 

 =

= n(∇a)α(∇c)γ ∫ d 3rb (∇b)β 



 

1
rab

 (∇b)β 
1
rbc

 


 − n(∇a)α(∇c)γ ∫ d 3rb 

1
rab

 ∇b
2 


 

1
rbc

 


 .

�¥·¢µ¥ ¸² £ ¥³µ¥ ¢ ÔÉµ³ ¢Ò· ¦¥´¨¨ ¶·¥µ¡· §Ê¥É¸Ö ¢ ¨´É¥£· ² ¶µ ¶µ¢¥·Ì-
´µ¸É¨, µÌ¢ ÉÒ¢ ÕÐ¥° ¸·¥¤Ê. �µ¸±µ²Ó±Ê ¸·¥¤  ¡¥¸±µ´¥Î´ , Éµ µ´ · ¢¥´ ´Ê²Õ
(§¤¥¸Ó ¸´µ¢  É¥·ÖÕÉ¸Ö ¸² £ ¥³Ò¥ ~ 1/N). “Î¨ÉÒ¢ Ö ¸µµÉ´µÏ¥´¨¥

∇2 


 
1
r
 


 = − 4πδ(r),

¶µ¸²¥ ´¥¸²µ¦´ÒÌ ¶·¥µ¡· §µ¢ ´¨° ¶µ²ÊÎ ¥³ Ëµ·³Ê²Ê (48). �·¨ ÔÉµ³ ¨¸-
¶µ²Ó§Ê¥É¸Ö ¶· ¢¨²µ § ³¥´Ò, ¸¶· ¢¥¤²¨¢µ¥ ¶·¨ ¶¥·¥Ìµ¤¥ ± ±µ´É¨´Ê ²Ó´µ³Ê
¶·¥¤¥²Ê

δab → n δ(rab).
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‚µ²´Ò ¢ § ³ £´¨Î¥´´µ° ¶² §³¥ ¸ T⊥ = 0, T‖  = T

�µ± ¦¥³, ÎÉµ ¢µ²´Ò, ¤¢¨¦ÊÐ¨¥¸Ö ¶µÎÉ¨ ¶µ¶¥·¥± ³ £´¨É´µ£µ ¶µ²Ö, ¢
¶² §³¥ ¸ T⊥ = 0 ´¥ § ÉÊÌ ÕÉ.

‘²¥¤ÊÖ · §¤¥² ³ 6Å8, ¶·¨³¥´¨³ ¶·¨¡²¨¦¥´¨¥ ¸¶²µÏ´µ° ¸·¥¤Ò. �·¨
T‖  ≠ 0 ¤¢¨¦¥´¨¥ Ô²¥±É·µ´µ¢ ¢¤µ²Ó ¸¨²µ¢ÒÌ ²¨´¨° ÊÎÉ¥³, § ³¥´ÖÖ ¢ (158)

¢¥±Éµ· ξ⊥(r, t) ´  ξυ(r, t), £¤¥ υ ≡ υz, ξυ ⊥ B. Š·µ³¥ Éµ£µ, ξ
.
⊥ ̧ ²¥¤Ê¥É § ³¥´¨ÉÓ

´  ¢Ò· ¦¥´¨¥



 

∂
∂t

 + υz 
∂
∂z 




 ξυ.

“ÎÉ¥³ É ±¦¥ ¸² ¡Ò° ·¥²ÖÉ¨¢¨§³ ¶µ ¤¢¨¦¥´¨Õ ¢¤µ²Ó z. „²Ö ÔÉµ£µ ± ²¥-
¢µ° Î ¸É¨ ¶¥·¢µ£µ Ê· ¢´¥´¨Ö ¨§ (158) ¤µ¡ ¢¨³ ³´µ¦¨É¥²Ó γ:

γ = (1 − υz
2 6 c2)− 16 2 ≈ 1 + 

υz
2

2c2
 .

‚³¥¸Éµ (158) ¶µ²ÊÎ ¥³ Ê· ¢´¥´¨Ö

mγ 

 

∂
∂t

 + υz 
∂
∂z

 


 2
 ξυ = 

e
c
 

 

∂
∂t + υz 

∂
∂z

 


 ξυ × B

0
 + e E;

∇ × E = − 
1
c
 
∂E
∂t ,    ∇ × B = 

1
c
 
∂D
∂t ;

D = E + 4π r e ξ; (�6.1)

ξ =  ∫ 
− ∞

∞

 dυz ξυ f(υz), (�6.2)

£¤¥ f(υz) Å ËÊ´±Í¨Ö · ¸¶·¥¤¥²¥´¨Ö Ô²¥±É·µ´µ¢ ¶µ υz, ∫ 
− ∞

∞

dυz f(υz) = 1.

’¥¶¥·Ó ´ Ï  § ¤ Î  ¸µ¸Éµ¨É ¢ · ¸Î¥É¥ ¤¨Ô²¥±É·¨Î¥¸±µ° ¶·µ´¨Í ¥³µ¸É¨
¶² §³Ò ¨ µ¶·¥¤¥²¥´¨¨ ¤²¨´Ò § ÉÊÌ ´¨Ö · ¸¶·µ¸É· ´ÖÕÐ¨Ì¸Ö ¶µ ´¥° ¢µ²´.
�´ ²µ£¨Î´µ (159) ¶µ²ÊÎ ¥³ Ê· ¢´¥´¨¥

− (ω − qzυz) ξυ ≈ − 
iωB

γ  (ξυ × K) + 
e

mωB
 E.

� ¸¶¨Ï¥³ ¥£µ ¢ ±µ³¶µ´¥´É Ì:

ξυx ≈ − 
e

m∆
0
 (Ex + iEy);
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ξυy ≈ 
ie

m∆
0

 (Ex + iEy);     ξυz ≈ − 
e

mω2
 Ez,

£¤¥ ∆0 = (ω − qzυz)
2 − ωB

2 6 γ2 ≈ 2ωB(ω − ωB) − 2qzυz + ωB
2υz

26 c2.

�É¸Õ¤  ¨ ¨§ (�6.1), (�6.2) ¤²Ö ´¥´Ê²¥¢ÒÌ ±µ³¶µ´¥´É ¶µ²ÊÎ ¥³ (¸·. ¸
±µ³¶µ´¥´É ³¨ (161), ¸µµÉ¢¥É¸É¢ÊÕÐ¨³¨ T⊥ = T‖  = 0):

εxx = εyy = 1 − ωp
2 A ≡ ε;

εxy = − εyx = − if,    f = ωp
2 A;    εzz = η,

£¤¥ A = ∫ 
− ∞

∞

dυz f(υz) 
1
∆0

 .

� ¸¸Î¨ÉÒ¢ Ö A, ¸²¥¤Ê¥É ¶·µ¨§¢¥¸É¨ µ¡ÒÎ´ÊÕ § ³¥´Ê ω → ω + iδ,
δ → + 0 [18,19], ÎÉµ ¤ ¥É § ÉÊÌ ´¨¥:

A = A′ + iA′′;     A′ ≈ 
1

ω2 − ωB
2
 ;

A′′ = − π ∫ 
− ∞

∞

dυz f(υz) δ 






 (ω − qzυz)

2 − 
ωB

2

γ2
 






 ≈

≈ − 
π

2ωB
  ∫ 
− ∞

∞

 dυz f(υz) δ 



 ω − qzυz − 

ωB

γ  



 ≈

≈ − 
π

2ωB
  ∫ 
− ∞

∞

 dυz f(υz) δ 






 ω − ωB − qzυz + 

ωBυz
2

2c2
 






 . (�6.3)

�µ¸±µ²Ó±Ê ´ ¸ ¨´É¥·¥¸ÊÕÉ ¢µ²´Ò, ±µÉµ·Ò¥ · ¸¶·µ¸É· ´ÖÕÉ¸Ö ¶µÎÉ¨
¶¥·¶¥´¤¨±Ê²Ö·´µ ³ £´¨É´µ³Ê ¶µ²Õ B0, ¢ ¤¨¸¶¥·¸¨µ´´µ³ ¸µµÉ´µÏ¥´¨¨

(162) ¢¥§¤¥, ±·µ³¥ ËÊ´±Í¨¨ A, ³µ¦´µ ¶µ²µ¦¨ÉÓ qz = 0, ÎÉµ §´ Î¨É¥²Ó´µ

Ê¶·µÐ ¥É · ¸Î¥É. ˆ§ (162) ¶µ²ÊÎ ¥³:

(1 − ωp
2 A)(1 − ωp

2 A − 
q2c2

ω2
) − A2 = 0. (�6.4)

‚Ò¢µ¤ µ¡ µÉ¸ÊÉ¸É¢¨¨ § ÉÊÌ ´¨Ö ¤²Ö ¢µ²´ ¨§ ¨´É¥·¢ ²  (165), (166) ¸²¥-
¤Ê¥É ¨§ (�6.3), (�6.4). „²¨´  § ÉÊÌ ´¨Ö Ld = 16 (2q′′ ) ¶µ²ÊÎ ¥É¸Ö ¶·¨ ¶µ¤¸É -

´µ¢±¥ ¢ (�6.4) q = q′ + iq′′.
ŒÒ ¨Ð¥³ Ê¸²µ¢¨¥ ¶µ²´µ£µ µÉ¸ÊÉ¸É¢¨Ö § ÉÊÌ ´¨Ö, ¶µÔÉµ³Ê, ¶·¥µ¡· §ÊÖ

(�6.4), ¶µ² £ ¥³:
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A′′ << A′,     q′′ << q′.

„ ²¥¥ q′ µ¡µ§´ Î¨³ ¸´µ¢  Î¥·¥§ q.
�·¨· ¢´¨¢ Ö ± ´Ê²Õ ¢¥Ð¥¸É¢¥´´ÊÕ Î ¸ÉÓ Ê· ¢´¥´¨Ö (�6.4), ¶µ²ÊÎ ¥³

¤¨¸¶¥·¸¨µ´´µ¥ ̧ µµÉ´µÏ¥´¨¥ (164),   ̈ § · ¢¥´¸É¢  ´Ê²Õ ³´¨³µ° Î ¸É¨ µ¶·¥-
¤¥²Ö¥³ § ÉÊÌ ´¨¥:

q′′  = 
q3ωp

2c2

4ωB
4

 δ;

δ = π ∫ 
− ∞

∞

 dυz f(υz) δ 








 

υz
2

2c2
 − 

qz

ωB
 υz + 

ωp
2

2ωB
2
 








 .

�·¨ · ¸Î¥É¥ ¢ ¢Ò· ¦¥´¨¥ (�6.3) ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ (164) ¶·µ¨§¢¥¤¥´  ¶µ¤¸É -
´µ¢± 

ω − ωB = 
ωp

2

2ωB
 − 

ωp
2ωB

2q2c2
 ≈ 

ωp
2

2ωB
 .
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�·µÌµ¦¤¥´¨¥ ³¥¤²¥´´µ° Í¨±²µÉ·µ´´µ° ¢µ²´Ò
Î¥·¥§ £· ´¨ÍÊ ¶² §³Ò

�µ± ¦¥³, ÎÉµ ¢µ²´  ¶·µÌµ¤¨É ¸±¢µ§Ó £· ´¨ÍÊ ¶² §³Ò ¶· ±É¨Î¥¸±¨ ¡¥§
µÉ· ¦¥´¨Ö. „²Ö ÔÉµ£µ ¤µ¸É ÉµÎ´µ £· ´¨ÍÊ ¶² §³Ò ¸Î¨É ÉÓ ¶²µ¸±µ° ¨ · ¸-
¸³µÉ·¥ÉÓ ´µ·³ ²Ó´µ¥ ¶ ¤¥´¨¥ ¢µ²´Ò ´  £· ´¨ÍÊ: q = (q, 0, 0). ƒ· ´¨Í  ¶·¥¤-
¸É ¢²Ö¥É ¸µ¡µ° ¶²µ¸±µ¸ÉÓ x = 0.

‘µ£² ¸´µ · §¤.8 (¸³. É¥±¸É ¶µ¸²¥ Ëµ·³Ê²Ò (163)) ·¥Ï¥´¨¥ Ê· ¢´¥´¨°
(158) ¨Ð¥³ ¢ ¢¨¤¥

E = (Ex(x), Ey(x), 0) e− iωt;

B = (0, 0, Bz(x)) e− iωt;

ξ = (ξx(x), ξy(x), 0) e− iωt.

�É¸Õ¤  ¨ ¨§ (158) ¶µ²ÊÎ ¥³ Ê· ¢´¥´¨Ö (160),   É ±¦¥

Ex = 
i f
ε  Ey; (�7.1)

Bz = − 
i c
ω  Ey′ (x); (�7.2)
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Ey′′ (x) + q2(x) Ey(x) = 0; (�7.3)

q2(x) = 
ω4 − (ωB

2 + 2ωp
2) ω2 + ωp

4

c2(ω2 − ωB
2 − ωp

2)
 . (�7.4)

�·¨ ωp << ωB

q2(x) ≈ 
ω2(ωB

2 + 2ωp
2 − ω2)

c2(ωB
2 + ωp

2 − ω2)
 . (�7.5)

‚´ÊÉ·¨ ¨ ¸´ ·Ê¦¨ ¶² §³Ò ¢¥²¨Î¨´  q(x) µ¶·¥¤¥²Ö¥É¸Ö, ¸µµÉ¢¥É¸É¢¥´´µ,
¸µµÉ´µÏ¥´¨Ö³¨ (151) (´ §µ¢¥³ ¥£µ qi) ¨ q = qe = ω6 c ≈ ωB6 c. ‘µ£² ¸´µ [17]

Ï¨·¨´  £· ´¨ÍÒ ¶² §³Ò ¸µ¸É ¢²Ö¥É

d ~ c6 ωp. (�7.6)

�·¨ ¡µ²ÓÏµ³ ́  ¡¥£¥ Ë §Ò ́   · §³¥·¥ £· ´¨ÍÒ ¤¢¨¦¥´¨¥ ¢µ²´Ò ¡Ê¤¥É ±¢ §¨-
±² ¸¸¨Î¥¸±¨³ ¨ ¶µÔÉµ³Ê µÉ· ¦¥´¨¥ ¡Ê¤¥É ³ ²Ò³. �µ¸±µ²Ó±Ê

qid ~ 
c
υ

É

 
ωB

ωp
 ~ 10,   qed ~ 

ωB

ωp
 ~ 2,

Éµ ¤¢¨¦¥´¨¥ ¢µ²´Ò ¸±¢µ§Ó £· ´¨ÍÊ ¤¥°¸É¢¨É¥²Ó´µ Ö¢²Ö¥É¸Ö ±¢ §¨±² ¸¸¨Î¥¸-
±¨³. �É³¥É¨³, ÎÉµ ·¥ ²Ó´µ¥ §´ Î¥´¨¥ d §´ Î¨É¥²Ó´µ ¶·¥¢ÒÏ ¥É µÍ¥´±Ê
(�7.6), É ± ± ± ¢ ¤¥°¸É¢¨É¥²Ó´µ¸É¨ ¶²µÉ´µ¸ÉÓ ¶² §³Ò ¶² ¢´µ Ê³¥´ÓÏ ¥É¸Ö
¤µ ´Ê²Ö ¶·¨ ¤¢¨¦¥´¨¨ µÉ ¥¥ Í¥´É·  ± £· ´¨Í¥ [22]. ’ ±¨³ µ¡· §µ³, ·¥ ²Ó´µ
d ~ a, qa >> 1, ¸²¥¤µ¢ É¥²Ó´µ, µÉ· ¦¥´¨¥³ ¢µ²´ ³µ¦´µ ¶·¥´¥¡·¥ÎÓ.

��ˆ‹�†…�ˆ… 8

„¨ËËÊ§¨µ´´Ò° ·¥¦¨³ ¶¥·¥´µ¸ 
±µ£¥·¥´É´µ£µ Í¨±²µÉ·µ´´µ£µ ¨§²ÊÎ¥´¨Ö ¢ ´¥µ¤´µ·µ¤´µ° ¶² §³¥

�Ê¸ÉÓ λ Å Ì · ±É¥·´Ò° · §³¥· ´¥µ¤´µ·µ¤´µ¸É¨ § ³ £´¨Î¥´´µ° ¶² §³Ò
(´ ¶·¨³¥·, ³ £´¨É´Ò° µ¸É·µ¢ [25]). �µ¸±µ²Ó±Ê rH << λ, Éµ ¢ ¶² §³¥

µ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¶¥·¥´µ¸ ±µ£¥·¥´É´µ£µ Í¨±²µÉ·µ´´µ£µ ¨§²ÊÎ¥´¨Ö ¶µ¶¥·¥±
¸¨²µ¢ÒÌ ²¨´¨°, Éµ²Ó±µ É¥¶¥·Ó, ¢ µÉ²¨Î¨¥ µÉ · §¤.8, µ´µ ´¥ ³µ¦¥É Ê°É¨ ´ 
· ¸¸ÉµÖ´¨¥, ¡µ²ÓÏ¥¥ λ.

’ ±¨³ µ¡· §µ³, µ¡² ¸É¨ · §³¥·  λ (¤ ²¥¥ Å ÖÎ¥°±¨) µ¡³¥´¨¢ ÕÉ¸Ö
³¥¦¤Ê ¸µ¡µ° Ô´¥·£¨¥°, ¨ ¢¥¸Ó ¶·µÍ¥¸¸ ¶·¨µ¡·¥É ¥É Ì · ±É¥· ¤¨ËËÊ§¨¨
Ô´¥·£¨¨ ´  ¶¥·¨Ë¥·¨Õ ¶² §³Ò. �Éµ ¢µ¢¸¥ ´¥ µ§´ Î ¥É, ÎÉµ ¶² §³  ¡Ê¤¥É
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¨§²ÊÎ ÉÓ, £² ¢´Ò³ µ¡· §µ³, ´  Í¨±²µÉ·µ´´µ° Î ¸ÉµÉ¥: ¶µ ³¥·¥ ¤¨ËËÊ§¨¨
Ê¶µ·Ö¤µÎ¥´´ Ö ±µ²²¥±É¨¢´ Ö Ô´¥·£¨Ö ³µ¦¥É ¶·¥µ¡· §µ¢ ÉÓ¸Ö ¢ Ô´¥·£¨Õ Ì -
µÉ¨Î¥¸±µ£µ É¥¶²µ¢µ£µ ¤¢¨¦¥´¨Ö Î ¸É¨Í ¶² §³Ò, ¢ µ¡ÒÎ´µ¥ Éµ·³µ§´µ¥ ¨§²Ê-
Î¥´¨¥ ¨ É.¤. �É¨ ¢µ¶·µ¸Ò É·¥¡ÊÕÉ ¤¥É ²Ó´µ£µ ¨§ÊÎ¥´¨Ö, ¨ ¶µÔÉµ³Ê ¢¸¥ ¨§²µ-
¦¥´´µ¥ ¢ ¤ ´´µ³ · §¤¥²¥ ¸²¥¤Ê¥É ¸Î¨É ÉÓ ´¥ ¡µ²¥¥ Î¥³ ¶·¥¤¶µ²µ¦¥´¨¥³,
¸ÊÉÓ ±µÉµ·µ£µ ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ ¤¨ËËÊ§¨Ö ±µ£¥·¥´É´ÒÌ Í¨±²µÉ·µ´´ÒÌ ±µ-
²¥¡ ´¨° ¤ ¥É µ¸´µ¢´µ° ¢±² ¤ ¢ ¶¥·¥´µ¸ Ô´¥·£¨¨ ¢ Éµ± ³ ±¥.

�²µÉ´µ¸ÉÓ ¶µÉµ±  Ô´¥·£¨¨ q ¨§ ÖÎ¥°±¨ µÍ¥´¨³ ¨§ ¸µµÉ´µÏ¥´¨Ö

qλ2 ~ Ibnλ3,

£¤¥ Ib ~ Tρ 6 τc Å ̈ ´É¥´¸¨¢´µ¸ÉÓ ̈ §²ÊÎ¥´¨Ö, ¶·¨Ìµ¤ÖÐ Ö¸Ö ́   µ¤¨´ Ô²¥±É·µ´

(¸³. · §¤.8). ‘²¥¤µ¢ É¥²Ó´µ,

q ~ 
nTλ
τc

 ρ.

‘Ê³³ ·´Ò° ±·Ê¶´µ³ ¸ÏÉa¡´Ò° ¶µÉµ± Ô´¥·£¨¨ · ¢¥´

qD ~ 
nTλ
τc

 ∆ρ,

£¤¥ ∆ρ Å · §´µ¸ÉÓ ¶ · ³¥É·µ¢ ρ ¤²Ö ¸µ¸¥¤´¨Ì ÖÎ¥¥±:

∆ρ ~ 
λ
a
 ρ

0
,

ρ0 Å §´ Î¥´¨¥ ¶ · ³¥É·  ρ ¤²Ö Í¥´É·  ¶² §³Ò (Ëµ·³Ê²Ò (167), (168)).

’ ±¨³ µ¡· §µ³,

qD ~ 
nTλ2ρ

0

τca
 .

‚·¥³Ö ¦¨§´¨ Ô´¥·£¨¨ τE µÍ¥´¨¢ ¥³ ¨§ Ê· ¢´¥´¨Ö ¡ ² ´¸  Ô´¥·£¨¨ ¥¤¨-

´¨ÍÒ ¤²¨´Ò ¶² §³¥´´µ£µ Í¨²¨´¤· :

nTa2

τE
 ~ qDa.

�É¸Õ¤ 
τE ~ 

τc

ρ
0

 


 
a
λ 




 2
. (�8.1)

’ ±¨³ µ¡· §µ³, ¶µ ¸· ¢´¥´¨Õ ¸ τE ¤²Ö µ¤´µ·µ¤´µ° ¶² §³Ò (¸³. · §¤.8) ¢

´¥µ¤´µ·µ¤´µ° ¶² §³¥ ¢·¥³Ö ¦¨§´¨ Ô´¥·£¨¨ ¡µ²ÓÏ¥ ¢ (a 6 λ)2 · §. �µ¤¸É ¢²ÖÖ
É¨¶¨Î´Ò¥ ¤²Ö Éµ± ³ ±  ¶ · ³¥É·Ò, ´ Ìµ¤¨³ (¢ ¸¥±Ê´¤ Ì)

τE ~ 3 ⋅ 10−3 


 
a
λ 




 2
.

‘µ£² ¸¨¥ ¸ Ô±¸¶¥·¨³¥´Éµ³ ¤µ¸É¨£ ¥É¸Ö ¶·¨ a 6 λ ~ 10.
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