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� ÉÊ·¨´ �.‘. ¨ ¤·. P14-2007-188
�¸μ¡¥´´μ¸É¨ Ëμ·³¨·μ¢ ´¨Ö μÉ·¨Í É¥²Ó´Ò³ ³Õμ´μ³
 ±Í¥¶Éμ·´μ£μ Í¥´É·  ¢  ²³ §¥ ¨ ¶μ¢¥¤¥´¨¥ ¥£μ ¶μ²Ö·¨§ Í¨¨

„ eÉ¸Ö μ¡ÑÖ¸´¥´¨¥ ¶·¨´Í¨¶¨ ²Ó´μ£μ μÉ²¨Î¨Ö Ëμ·³¨·μ¢ ´¨Ö μÉ·¨Í É¥²Ó´Ò³
³Õμ´μ³  ±Í¥¶Éμ·´μ£μ Í¥´É·  (�–) ¢  ²³ §¥ μÉ  ´ ²μ£¨Î´ÒÌ ¶·μÍ¥¸¸μ¢ ¢ ±·¨-
¸É ²²¥ ±·¥³´¨Ö. 	μ± § ´μ, ÎÉμ ¢  ²³ §¥ Ëμ·³¨·μ¢ ´¨¥ ³Õμ´μ³ ¶·¨³¥¸´μ£μ
Í¥´É·  μB− ¶·μ¨¸Ìμ¤¨É §  ¢·¥³¥´ , ¶·¥¢ÒÏ ÕÐ¨¥ 10−9 ¸, ÎÉμ ³´μ£μ ³¥¤²¥´-
´¥¥, Î¥³ ¢ ±·¥³´¨¨, ¶μ¸±μ²Ó±Ê ¢  ²³ §¥ ³ ²μ¢¥·μÖÉ¥´ ¶·μÍ¥¸¸ § Ì¢ É  Ô²¥±É·μ´ 
¨§ ¢ ²¥´É´μ° §μ´Ò §  ¸ÎeÉ μ¦¥-ÔËË¥±É . ‡ ÉÊÌ ´¨Ö ¶μ²Ö·¨§ Í¨¨ ³Õμ´  ¢  ²³ §¥
¶·¨ É¥³¶¥· ÉÊ· Ì ¢ÒÏ¥ 40 K μ¡ÑÖ¸´ÖÕÉ¸Ö § Ì¢ Éμ³ ¤Ò·±¨ ´  ¨μ´¨§μ¢ ´´Ò°
 ±Í¥¶Éμ·´Ò° Í¥´É· μB−. � ¸¸Î¨É ´´ Ö ¶²μÉ´μ¸ÉÓ ´μ¸¨É¥²¥° ¢¡²¨§¨ ¨μ´¨§μ¢ ´-
´μ£μ �– ·¥§±μ ¨ ´¥³μ´μÉμ´´μ § ¢¨¸¨É μÉ ±μ´Í¥´É· Í¨¨ ¶·¨³¥¸¨ ´  ¢·¥³¥´ Ì
³¥´ÓÏ¥ 10−13 ¸. 
É  § ¢¨¸¨³μ¸ÉÓ ¸ÊÐ¥¸É¢¥´´μ ¢²¨Ö¥É ´  ¤¨´ ³¨±Ê ¨§³¥´¥´¨Ö
¸μ¸ÉμÖ´¨Ö �– ¨ ¶μ¢¥¤¥´¨¥ ¶μ²Ö·¨§ Í¨¨ ¸¶¨´  ³Õμ´ , ¨§³¥·Ö¥³μ° ´  ¢·¥³¥´ Ì
¶μ·Ö¤±  10−7 ¸.

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ Ö¤¥·´ÒÌ ¶·μ¡²¥³ ¨³. ‚.	. „¦¥²¥¶μ¢ 
�ˆŸˆ.

‘μμ¡Ð¥´¨¥ �¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°. „Ê¡´ , 2007

BaturinA. S. et al. P14-2007-188
Features of Acceptor Center Formation by Negative Muon
and Behavior of the Muon Polarization in Diamond

An explanation is given to dramatic distinctions between the acceptor center (AC)
formation by negative muon in diamond and in silicon. It is shown that in diamond
the impurity center μB− formation by muon occurs not so fast as in silicon and
takes more than 10−9 s, because in contrast to silicon the probability of electron
capture from valence band due to Auger effect is negligible. The damping of the
muon spin polarization in diamond at temperatures higher than 40 K is explained
by hole capture on ionized acceptor center μB−. The calculated charge-carriers
density near the ionized AC dramatically and non-monotonically depends on the
impurity concentration for time less than 10−13 s. This dependence notably affects
the dynamics of the AC state and behavior of the muon spin polarization at times
∼ 10−7 s.

The investigation has been performed at the Dzhelepov Laboratory of Nuclear
Problems, JINR.

Communication of the Joint Institute for Nuclear Research. Dubna, 2007
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�É·¨Í É¥²Ó´Ò¥ ³Õμ´Ò μ± § ²¨¸Ó ¢¥¸Ó³  ¶μ²¥§´Ò³¨ ¤²Ö ¨¸¸²¥¤μ¢ ´¨Ö
¸¢μ°¸É¢  ±Í¥¶Éμ·´ÒÌ ¶·¨³¥¸¥° ¢ ±·¥³´¨¨. ‚¶¥·¢Ò¥ μSR-³¥Éμ¤μ³ Ê¤ ²μ¸Ó ¨§-
³¥·¨ÉÓ ±μ´¸É ´ÉÊ ¸¢¥·ÌÉμ´±μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¢  ±Í¥¶Éμ·´μ³ Í¥´É·¥ (�–)
[1Ä5], ±μÉμ·ÊÕ ´¥¢μ§³μ¦´μ ¨§³¥·¨ÉÓ ³¥Éμ¤ ³¨ ³ £´¨É´μ£μ ·¥§μ´ ´¸  ¨§-§ 
¡μ²ÓÏμ° ¸±μ·μ¸É¨ ·¥² ±¸ Í¨¨ Ô²¥±É·μ´´μ£μ ³μ³¥´É  �–. �Ò²μ ¢ÒÖ¸´¥´μ [1Ä
5], ÎÉμ ¢ ·¥§Ê²ÓÉ É¥ § Ì¢ É  μÉ·¨Í É¥²Ó´μ£μ ³Õμ´   Éμ³μ³ Si ¢ ±·¥³´¨° § 
¢·¥³Ö ³¥´ÓÏ¥ Î¥³ 10−10 ¸ μ¡· §Ê¥É¸Ö ´¥°É· ²Ó´Ò°  ±Í¥¶Éμ·´Ò° Í¥´É· μAl, ¢
±μÉμ·μ³ ²¥£±μ ´ ¡²Õ¤ ÉÓ É¥³¶¥· ÉÊ·´Ò¥ § ¢¨¸¨³μ¸É¨ ¶ · ³ £´¨É´μ£μ ¸¤¢¨£ 
Î ¸ÉμÉÒ ¨ ¸±μ·μ¸É¨ § ÉÊÌ ´¨Ö  ³¶²¨ÉÊ¤Ò ¶·¥Í¥¸¸¨¨ ¸¶¨´  ³Õμ´ . 	μ ÔÉ¨³ § -
¢¨¸¨³μ¸ÉÖ³ ³μ¦´μ ¢μ¸¸É ´ ¢²¨¢ ÉÓ Ì · ±É¥·´Ò¥ ¢·¥³¥´  ±¨´¥É¨Î¥¸±¨Ì ¶·μ-
Í¥¸¸μ¢ ¢ É¢e·¤μÉ¥²Ó´μ° ¶² §³¥, μ¡· §μ¢ ´´μ° ³Õμ´μ³ ¢ ±μ´Í¥ ¸¢μ¥£μ É·¥± 
Éμ·³μ¦¥´¨Ö [6]. ‚ Î ¸É´μ¸É¨, ³μ¦´μ ¶μ²ÊÎ¨ÉÓ § ¢¨¸¨³μ¸ÉÓ ±μ´¸É ´ÉÒ ¸±μ-
·μ¸É¨ § Ì¢ É  ´μ¸¨É¥²¥° ´  Ê¥¤¨´e´´Ò° �– μÉ ±μ´Í¥´É· Í¨¨ ´μ¸¨É¥²¥°.

‚ ¸¢Ö§¨ ¸ ¨´É¥·¥¸μ³ ± ¨¸¶μ²Ó§μ¢ ´¨Õ  ²³ §  ¢ ± Î¥¸É¢¥ ³ É¥·¨ ²  ¤²Ö
¶μ²Ê¶·μ¢μ¤´¨±μ¢μ° Ô²¥±É·μ´¨±¨ ¢ ¶μ¸²¥¤´¥¥ ¢·¥³Ö ¶·μ¢μ¤ÖÉ¸Ö μSR-¨¸¸²¥-
¤μ¢ ´¨Ö ´  μ¡· §Í Ì ¨¸±Ê¸¸É¢¥´´μ£μ  ²³ § . ‚  ²³ §¥ ³Õμ´´Ò°  Éμ³, μ¡· -
§ÊÕÐ¨°¸Ö ¶·¨ § Ì¢ É¥ μÉ·¨Í É¥²Ó´μ£μ ³Õμ´  Ê£²¥·μ¤μ³, ¨³¨É¨·Ê¥É ¶·¨³¥¸Ó
¡μ·  (B), ±μÉμ· Ö Î Ð¥ ¢¸¥£μ ¨¸¶μ²Ó§Ê¥É¸Ö ¤²Ö ²¥£¨·μ¢ ´¨Ö  ²³ § . 	¥·¢Ò¥
μSR-Ô±¸¶¥·¨³¥´ÉÒ ¶μ± § ²¨, ÎÉμ ¢ μÉ²¨Î¨¥ μÉ ±·¥³´¨Ö ¢  ²³ §¥ §  ¢·¥³Ö
10−10 ¸ ´¥°É· ²Ó´Ò° �– ´¥ μ¡· §Ê¥É¸Ö, μ Î¥³ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É μÉ¸ÊÉ¸É¢¨¥ ¶ -
· ³ £´¨É´μ£μ ¸¤¢¨£  Î ¸ÉμÉÒ ¶·¥Í¥¸¸¨¨ ¸¶¨´  ³Õμ´  [7]. 
ÉμÉ Ë ±É ³μ¦¥É
¨´É¥·¶·¥É¨·μ¢ ÉÓ¸Ö ²¨¡μ ± ± ³¥¤²¥´´μ¥ μ¡· §μ¢ ´¨¥ μÉ·¨Í É¥²Ó´μ£μ Í¥´É· 

μB−, ²¨¡μ ± ± ³¥¤²¥´´Ò° § Ì¢ É ¤Ò·±¨ ´  ¨μ´¨§μ¢ ´´Ò° �–. 	μ¸²¥¤´¥¥
³μ¦¥É ¡ÒÉÓ ¸¢Ö§ ´μ ¸ ¶·μÖ¢²¥´¨¥³ ¢  ²³ §¥ ÔËË¥±É  μÉ·¨Í É¥²Ó´μ° ¶μ¤¢¨¦-
´μ¸É¨ [8, 9].

„²Ö ¢ÒÖ¸´¥´¨Ö ¶·¨Î¨´Ò, ¶μÎ¥³Ê ¢  ²³ §¥ �– ¤μ²£μ μ¸É eÉ¸Ö ¨μ´¨§μ-
¢ ´´Ò³, Éμ£¤  ± ± ¢ ±·¥³´¨¨ μ´ ¡Ò¸É·μ ¸É ´μ¢¨É¸Ö ´¥°É· ²Ó´Ò³, ¢ ¤ ´-
´μ° ¶Ê¡²¨± Í¨¨ · ¸¸³μÉ·¥´  ¤¨´ ³¨±  μ¡· §μ¢ ´¨Ö �– ´  ¡ §¥ ³Õμ´´μ£μ
 Éμ³ , μ¡· §ÊÕÐ¥£μ¸Ö ¶·¨ § Ì¢ É¥ μÉ·¨Í É¥²Ó´μ£μ ³Õμ´   Éμ³μ³ Ê£²¥·μ¤  ¢
±·¨¸É ²²¥  ²³ § . 	·μÍ¥¸¸ Ëμ·³¨·μ¢ ´¨Ö �– · §¡¨¢ ¥É¸Ö ´  ¤¢  μ¸´μ¢´ÒÌ
ÔÉ ¶ . 	¥·¢Ò° ¸¢Ö§ ´ ¸ ¡Ò¸É·Ò³¨ ¶·μÍ¥¸¸ ³¨ Ëμ·³¨·μ¢ ´¨Ö ¢ ±·¨¸É ²²¥
´¥°É· ²Ó´μ£μ ¨²¨ μ¤´μ±· É´μ § ·Ö¦¥´´μ£μ �–, ±μÉμ·Ò¥ ¶·μÉ¥± ÕÉ ´  ¢·¥³¥-
´ Ì ³¥´ÓÏ¥ 10−9 ¸, ¢Éμ·μ° Å ¸ ¶·μÍ¥¸¸ ³¨ ¨§³¥´¥´¨Ö ¸μ¸ÉμÖ´¨Ö �– ¨§-§ 
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¥£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ μ±·Ê¦ ÕÐ¥° ¥£μ ¶μÎÉ¨ É¥·³ ²¨§μ¢ ´´μ° É¢e·¤μÉ¥²Ó´μ°
¶² §³μ° ´  ¢·¥³¥´ Ì ¡μ²ÓÏ¥ 10−9 ¸.

	¥·¢Ò° · §¤¥² ¶μ¸¢ÖÐ¥´ ± Î¥¸É¢¥´´μ° μÍ¥´±¥ ¢¥²¨Î¨´ ±μ´¸É ´É ¸±μ-
·μ¸É¨ μ¡· §μ¢ ´¨Ö Å μ¸´μ¢Ò ®¡Ê¤ÊÐ¥£μ  ±Í¥¶Éμ·´μ£μ Í¥´É· ¯. Š ¸μ¦ -
²¥´¨Õ,  ¢Éμ· ³ ´¥ ¨§¢¥¸É´Ò Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨²¨ · ¸Î¥É´Ò¥ ¤ ´´Ò¥ ¶μ
¸±μ·μ¸É¨ ÔÉμ£μ ¶·μÍ¥¸¸ , ¶μÔÉμ³Ê ¶·¥¤¸É ¢²¥´´Ò¥ ¢ ¸É ÉÓ¥ ·¥§Ê²ÓÉ ÉÒ ¡Ê¤ÊÉ
¡ §¨·μ¢ ÉÓ¸Ö ´  ¶μ²ÊÎ¥´´μ° ± Î¥¸É¢¥´´μ° μÍ¥´±¥. „ ²¥¥, ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸
Ì·μ´μ²μ£¨¥° ¶·μÉ¥± ´¨Ö ¶·μÍ¥¸¸μ¢, ¢ · §¤¥² Ì 2 ¨ 3 μ¡¸Ê¦¤ ¥É¸Ö ¶·μÍ¥¸¸
Ëμ·³¨·μ¢ ´¨Ö Ô²¥±É·μ´´μ-¤Ò·μÎ´μ£μ μ¡² ±  ¢ μ¡² ¸É¨ ²μ± ²¨§ Í¨¨ ®Ö¤· ¯
�–,   ¢ · §¤¥²¥ 4 Å ¥£μ ¶·μ¸É· ´¸É¢¥´´μ-¢·¥³¥´´ Ö ·¥² ±¸ Í¨Ö ´  ¢·¥³¥´ Ì
¡μ²ÓÏ¥ 10−9 ¸. ‚ Éμ³ ¦¥ · §¤¥²¥ μ¡¸Ê¦¤ ¥É¸Ö ¶μ¢¥¤¥´¨¥ ´¥¶μ¸·¥¤¸É¢¥´´μ
¨§³¥·Ö¥³μ° ¢ μSR-Ô±¸¶¥·¨³¥´É¥ ¶μ²Ö·¨§ Í¨¨ ¸¶¨´  ³Õμ´ .

1. �–…�Š� ‘Š���‘’ˆ ‡�•‚�’� �‹…Š’����‚
��ˆ ”��Œˆ��‚��ˆˆ �–

� ¨¡μ²¥¥ ³¥¤²¥´´Ò³ ¶·μÍ¥¸¸μ³ ¶¥·¢μ£μ ÔÉ ¶  Ö¢²Ö¥É¸Ö § ±²ÕÎ¨É¥²Ó´ Ö
¸É ¤¨Ö ´¥°É· ²¨§ Í¨¨ ³´μ£μ§ ·Ö¤´μ£μ ¨μ´ , ¶μ²ÊÎ¨¢Ï¥£μ¸Ö ¶·¨ § Ì¢ É¥ ³Õ-
μ´   Éμ³μ³ Ê£²¥·μ¤ . � ¨³¥´´μ, § Ì¢ É Ô²¥±É·μ´  ´¥°É· ²Ó´Ò³ ³Õμ´´Ò³
 Éμ³μ³ μB ¸ ¶·¥¢· Ð¥´¨¥³ ¶μ¸²¥¤´¥£μ ¢ ±Ê²μ´μ¢¸±¨° �– Å μB−. ‡ Ì¢ É
Ô²¥±É·μ´  ´  ´¥°É· ²Ó´Ò° Í¥´É· ³μ¦¥É ¶·μ¨¸Ìμ¤¨ÉÓ · ¤¨ Í¨μ´´μ, ¸ ¢Ò¸¢¥Î¨-
¢ ´¨¥³ ±¢ ´É  ¨§²ÊÎ¥´¨Ö, ¨ ´¥· ¤¨ Í¨μ´´Ò³ ¸¶μ¸μ¡μ³ Å ¸ ¶¥·¥¤ Î¥° Ô´¥·-
£¨¨ μ¦¥-Ô²¥±É·μ´Ê.

� ¤¨ Í¨μ´´Ò° § Ì¢ É ¸Ìμ¤¥´ ¸ ËμÉμ¶·¨²¨¶ ´¨¥³ Ô²¥±É·μ´  ±  Éμ³Ê. ‡ -
Ì¢ É Ô²¥±É·μ´  ´  μB ¸ ¶¥·¥¤ Î¥° Ô´¥·£¨¨ Ô²¥±É·μ´Ê ¨§ §μ´Ò ¶·μ¢μ¤¨³μ¸É¨
 ´ ²μ£¨Î¥´ ¸¢¥·ÌÊ¶·Ê£μ³Ê ¸Éμ²±´μ¢¥´¨Õ Ô²¥±É·μ´  ¸ ¢μ§¡Ê¦¤e´´Ò³  Éμ³μ³,
  § Ì¢ É ¸ ¶¥·¥¤ Î¥° Ô´¥·£¨¨ Ô²¥±É·μ´Ê ¨§ ¢ ²¥´É´μ° §μ´Ò Å μ¦¥-ÔËË¥±ÉÊ
¸ ¢´ÊÉ·¥´´¨Ì  Éμ³´ÒÌ μ¡μ²μÎ¥±. ‚ ±·¨¸É ²²¥ ¶μ¸²¥¤´¨° ¶·μÍ¥¸¸ ¢μ§³μ¦¥´,
¥¸²¨ Ê·μ¢¥´Ó μB− ²¥¦¨É ¢ ¢ ²¥´É´μ° §μ´¥ ´  £²Ê¡¨´¥, ¶·¥¢μ¸Ìμ¤ÖÐ¥° Ï¨·¨´Ê
§ ¶·¥Ðe´´μ° §μ´Ò. 	μ-¢¨¤¨³μ³Ê, ¢  ²³ §¥ ÔÉμÉ ³¥Ì ´¨§³ ´¥ ·¥ ²¨§Ê¥É¸Ö, ¶μ-
¸±μ²Ó±Ê Ô´¥·£¨Ö ¸·μ¤¸É¢  ± Ô²¥±É·μ´Ê ´¨ ¤²Ö μ¤´μ£μ ¨§  Éμ³μ¢ ¨²¨ ³μ²¥±Ê²
´¥ ¶·¥¢μ¸Ìμ¤¨É 4 Ô‚,   Ï¨·¨´  § ¶·¥Ðe´´μ° §μ´Ò  ²³ §  5,4 Ô‚. ‚ ±·¥³´¨¨,
μ¤´ ±μ, É ±¨¥ § Ì¢ ÉÒ ¢μ§³μ¦´Ò, ¶μ¸±μ²Ó±Ê Ï¨·¨´  ¥£μ § ¶·¥Ðe´´μ° §μ´Ò
· ¢´  1,2 Ô‚.

‘±μ·μ¸ÉÓ § Ì¢ É  Ô²¥±É·μ´  ´  ´¥°É· ²Ó´Ò° μB ³μ¦´μ £·Ê¡μ μÍ¥´¨ÉÓ ¨§
£ §μ±¨´¥É¨Î¥¸±μ° ³μ¤¥²¨ ¶μ¤μ¡´μ Éμ³Ê, ± ± ÔÉμ ¤¥² ¥É¸Ö ¢ [10]. ‚ ¤ ´´μ³
¸²ÊÎ ¥ μÍ¥´±  ±μ´¸É ´ÉÒ É·eÌÎ ¸É¨Î´μ° ·¥ ±Í¨¨ K3 ∼ 〈vσ〉 b3 (£¤¥ 〈vσ〉 ≈
〈v〉 b2 Å Î ¸ÉμÉ  ¸Éμ²±´μ¢¥´¨Ö ¤¢ÊÌ Î ¸É¨Í,   b3 Å ÔËË¥±É¨¢´Ò° μ¡Ñe³, ¢
±μÉμ·μ³ ³μ¦¥É ¶·μ¨§μ°É¨ ·¥ ±Í¨Ö) ²¥¦¨É ¢ ¨´É¥·¢ ²¥ 10−32−10−30 ¸³6/c,
¶μ¸±μ²Ó±Ê ¢ ¤ ´´μ° μÍ¥´±¥ ¤μ²¦´Ò Ë¨£Ê·¨·μ¢ ÉÓ  Éμ³´Ò¥ · §³¥·Ò ¨  Éμ³-
´Ò¥ ¸±μ·μ¸É¨. � §³¥· μ¡² ¸É¨ b, ±μÉμ·Ò° ¨´μ£¤  ´ §Ò¢ ÕÉ · ¤¨Ê¸μ³ ’μ³¸μ´ ,
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¢ ¤ ´´μ³ ¸²ÊÎ ¥ μ¶·¥¤¥²Ö¥É¸Ö Ô´¥·£¨¥° Iatt, ±μÉμ·μ° ¤μ²¦´Ò μ¡³¥´ÖÉÓ¸Ö Î -
¸É¨ÍÒ ¶·¨ § Ì¢ É¥ Ô²¥±É·μ´  b ∼ e2

/
(κIatt), £¤¥ κ Å ¤¨Ô²¥±É·¨Î¥¸± Ö ¶·μ-

´¨Í ¥³μ¸ÉÓ  ²³ § .
	μ¸±μ²Ó±Ê ¢  ²³ §¥ ¶·μÍ¥¸¸ § Ì¢ É  Ô²¥±É·μ´  ´  ´¥°É· ²Ó´Ò° μB ¸

ÊÎ ¸É¨¥³ ¤¢ÊÌ Ô²¥±É·μ´μ¢ ¨§ ¢ ²¥´É´μ° §μ´Ò Ô´¥·£¥É¨Î¥¸±¨ § ¶·¥Ðe´, · ¸-
¸³μÉ·¨³ § Ì¢ É Ô²¥±É·μ´  ´  ´¥°É· ²Ó´Ò° μB ¸ ¶¥·¥¤ Î¥° Ô´¥·£¨¨ Ô²¥±-
É·μ´Ê ¶·μ¢μ¤¨³μ¸É¨. 	μ¸±μ²Ó±Ê ±μ´Í¥´É· Í¨Ö Ô²¥±É·μ´μ¢ ¢ ¢ ²¥´É´μ° §μ´¥
ne v = 7 ·1023 ¸³−3 ¢¥²¨Î¨´  ¶μ¸ÉμÖ´´ Ö, ¸±μ·μ¸ÉÓ μ¦¥-¶·μÍ¥¸¸  ´  Ô²¥±É·μ-
´ Ì ¶·μ¢μ¤¨³μ¸É¨ K3 ne vn § ¢¨¸¨É μÉ ¢·¥³¥´¨ Î¥·¥§ ±μ´Í¥´É· Í¨Õ Ô²¥±-
É·μ´μ¢ n ¢ §μ´¥ ¶·μ¢μ¤¨³μ¸É¨. 	μÔÉμ³Ê ¤²Ö ¢ÒÖ¸´¥´¨Ö ·μ²¨ ÔÉμ£μ ¶·μÍ¥¸¸ 
¢ Ëμ·³¨·μ¢ ´¨¨ μB− ´¥μ¡Ìμ¤¨³μ §´ ÉÓ ¢·¥³¥´´μ¥ ¶μ¢¥¤¥´¨¥ ¶²μÉ´μ¸É¨ ´μ-
¸¨É¥²¥° ´  ¸· ¢´¨É¥²Ó´μ ³ ²ÒÌ ¢·¥³¥´ Ì 10−16−10−11 ¸. 
Éμ³Ê ¢μ¶·μ¸Ê
¶μ¸¢ÖÐ¥´ ¸²¥¤ÊÕÐ¨° · §¤¥² ¸É ÉÓ¨.

�Î¥´Ó £·Ê¡μÕ μÍ¥´±Ê ¸±μ·μ¸É¨ Ëμ·³¨·μ¢ ´¨Ö μB− §  ¸ÎeÉ · ¤¨ Í¨μ´-
´μ£μ ¶¥·¥Ìμ¤  ³μ¦´μ ¶·μ¢¥¸É¨ ¶μ ¸¥Î¥´¨Õ ËμÉμ¶·¨²¨¶ ´¨Ö Ô²¥±É·μ´  ¢ -
²¥´É´μ° §μ´Ò ± ´¥°É· ²Ó´μ³Ê  Éμ³Ê ¸ ´¥§ ¶μ²´¥´´μ° μ¡μ²μÎ±μ°. � ¨¡μ²¥¥
¶μ¤Ìμ¤ÖÐ¨³  ´ ²μ£μ³ ¤²Ö ÔÉμ£μ ¶·μÍ¥¸¸  ¢  ²³ §¥ Ö¢²Ö¥É¸Ö, ¶μ-¢¨¤¨³μ³Ê,
ËμÉμ¶·¨²¨¶ ´¨¥ ±  Éμ³Ê ËÉμ· , ¶μ¸±μ²Ó±Ê Ê ËÉμ·  ¤²Ö ¶μ²´μ£μ § ¶μ²´¥-
´¨Ö ¢´¥Ï´¥° Ô²¥±É·μ´´μ° μ¡μ²μÎ±¨ ´¥ Ì¢ É ¥É μ¤´μ£μ Ô²¥±É·μ´ . “ ¶·¨³¥¸¨
¡μ·  ¢ ·¥Ï¥É±¥  ²³ §  É ±¦¥ μ¤´  ´¥´ ¸ÒÐ¥´´ Ö ¸¢Ö§Ó. 
±¸¶¥·¨³¥´É ²Ó´ Ö
§ ¢¨¸¨³μ¸ÉÓ [11] ¸¥Î¥´¨Ö ËμÉμ¶·¨²¨¶ ´¨Ö μÉ ¸±μ·μ¸É¨ Ô²¥±É·μ´  Ìμ·μÏμ
 ¶¶·μ±¸¨³¨·Ê¥É¸Ö Ëμ·³Ê²μ°

σph (v) =
5, 5 · 10−16 ¸³3

¸

v
¸³

¸

. (1)

�É¸Õ¤  ¸²¥¤Ê¥É, ÎÉμ ¸±μ·μ¸ÉÓ μ¡· §μ¢ ´¨Ö μB− μ± §Ò¢ ¥É¸Ö ¶μ¸ÉμÖ´´μ° νph =
ne vσphv = 3,8 · 108 ¸−1 ¨ ´¥ § ¢¨¸¨É ´¨ μÉ É¥³¶¥· ÉÊ·Ò, ´¨ μÉ ±μ´Í¥´-
É· Í¨¨ ¶·¨³¥¸¥°, ÎÉμ ¢¶μ²´¥ ¸μ£² ¸Ê¥É¸Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ·¥§Ê²ÓÉ -
É ³¨ [7, 12, 13] ¤²Ö  ²³ § .

2. ���–…‘‘› ‚ �Š�…‘’��‘’ˆ μ‚-�Š–…�’��� �� Œ�‘˜’��…
‚�…Œ…� Œ��ƒ� Œ…�œ˜… 10−9 ¸

2.1. ˆμ´¨§ Í¨Ö ¸·¥¤Ò μ¦¥-Ô²¥±É·μ´ ³¨. 	μ¸²¥ § Ì¢ É   Éμ³μ³ Ê£²¥-
·μ¤  ³Õμ´ ¢ ·¥§Ê²ÓÉ É¥ ± ¸± ¤´ÒÌ · ¤¨ Í¨μ´´ÒÌ ¨ μ¦¥-¶¥·¥Ìμ¤μ¢ ¶μ¶ ¤ ¥É
´  ´¨¦´ÕÕ μ·¡¨ÉÊ. 	·¨ ÔÉμ³ ³ ±¸¨³ ²Ó´ Ö Ô´¥·£¨Ö, ±μÉμ· Ö ³μ¦¥É ¢Ò-
¤¥²¨ÉÓ¸Ö ¶·¨ ¶¥·¥Ìμ¤ Ì μÉ·¨Í É¥²Ó´μ£μ ³Õμ´  ¨§ ´¥¶·¥·Ò¢´μ£μ ¸¶¥±É·  ¢
1s-¸μ¸ÉμÖ´¨¥ ³¥§μ Éμ³ , · ¢´  εmax ≈ 100 ±Ô‚. �μ²ÓÏ Ö ¥e Î ¸ÉÓ ¶·¨Ìμ-
¤¨É¸Ö ´  · ¤¨ Í¨μ´´Ò¥ ¶¥·¥Ìμ¤Ò. ‘ÊÐ¥¸É¢ÊÕÐ¨¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´-
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´Ò¥ ¶μ§¢μ²ÖÕÉ ¤μ¶Ê¸É¨ÉÓ, ÎÉμ ¸μ¢μ±Ê¶´ Ö ±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö ± ¸± ¤´ÒÌ
μ¦¥-Ô²¥±É·μ´μ¢ ¸μ¸É ¢²Ö¥É ¶·¨³¥·´μ 6 ±Ô‚ [14Ä16].

	·¨ ¨μ´¨§ Í¨¨  Éμ³  ·¥Ï¥É±¨ μ¦¥-Ô²¥±É·μ´ É¥·Ö¥É ¶·¨¡²¨§¨É¥²Ó´μ Ô´¥·-
£¨Õ Eg + ε̄s, £¤¥ Eg = 5,4 Ô‚ Å Ï¨·¨´  § ¶·¥Ðe´´μ° §μ´Ò ¢  ²³ §¥ ¨ ε̄s Å
¸·¥¤´ÖÖ ±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö ¢Éμ·¨Î´ÒÌ Ô²¥±É·μ´μ¢, ¶·¨³¥·´μ · ¢´ Ö 20 Ô‚.
‚ ·¥§Ê²ÓÉ É¥ ¨μ´¨§ Í¨¨  Éμ³μ¢ ·¥Ï¥É±¨ ¢μ±·Ê£ μ¡· §μ¢ ¢Ï¥°¸Ö ®¶·¨³¥¸¨¯,
¶·¥¤¸É ¢²ÖÕÐ¥° ¸μ¡μ° ¨μ´¨§μ¢ ´´Ò° ³Õμ´´Ò°  Éμ³ ¡μ·  μB, ¢Ò²¥É¥¢Ï¨¥
μ¦¥-Ô²¥±É·μ´Ò ¶μ·μ¤ÖÉ N0 ∼ 6 ±Ô‚/(Eg + ε̄s) ∼ 2 ·102 ¢Éμ·¨Î´ÒÌ Ô²¥±É·μ´μ¢
¨ ¤Ò·μ±. �μ²¥¥ ÉμÎ´μ° μÍ¥´±¥ Î¨¸²  ·μ¦¤¥´´ÒÌ ¢Éμ·¨Î´ÒÌ Ô²¥±É·μ´μ¢ ¨ ¨Ì
¶·μ¸É· ´¸É¢¥´´μ£μ · ¸¶·¥¤¥²¥´¨Ö ¶μ¸¢ÖÐ¥´ ³ É¥·¨ ² ¤ ´´μ£μ · §¤¥² .

„²Ö μÍ¥´±¨ · §³¥·μ¢ μ¡² ¸É¨, £¤¥ ¶·μ¨§μÏ²¨  ±ÉÒ ¨μ´¨§ Í¨¨ ·¥Ï¥É±¨
 ²³ § , ¢μ¸¶μ²Ó§Ê¥³¸Ö É ¡²¨Î´Ò³¨ ¤ ´´Ò³¨ [17] ¶μ ¸¥Î¥´¨Ö³ ¨μ´¨§ Í¨¨ Ê£²¥-
·μ¤  ¨ ¶·¥¤¶μ²μ¦¨³ ¤²Ö ¶·μ¸ÉμÉÒ, ÎÉμ ¨³¥¥É¸Ö Éμ²Ó±μ μ¤¨´ ¨¸Ìμ¤´Ò° μ¦¥-
Ô²¥±É·μ´, ±μÉμ·Ò° É¥·Ö¥É Ô´¥·£¨Õ Éμ²Ó±μ ´  ¨μ´¨§ Í¨Õ ¸·¥¤Ò. ‚ μ¡² ¸É¨
¨´É¥·¥¸ÊÕÐ¨Ì ´ ¸ Ô´¥·£¨° ¤²Ö ± Î¥¸É¢¥´´ÒÌ μÍ¥´μ± ¢¶μ²´¥ ¶·¨³¥´¨³  ³μ-
¤¥²Ó ’μ³¸μ´  [10], ¸μ£² ¸´μ ±μÉμ·μ° ¸·¥¤´ÖÖ Ô´¥·£¨Ö ¢Éμ·¨Î´ÒÌ Ô²¥±É·μ´μ¢
· ¢´ 

εs(J, ε) = J ln
J + ε

J
+

J2

J + ε
− J, (2)

£¤¥ J Å ¶μÉ¥´Í¨ ² ¨μ´¨§ Í¨¨, ε Å Ô´¥·£¨Ö ´ ²¥É ÕÐ¥£μ Ô²¥±É·μ´ . ‘¥Î¥-
´¨¥ ¨μ´¨§ Í¨¨ μ¡ÒÎ´μ  ¶¶·μ±¸¨³¨·Ê¥É¸Ö μ¡Ð¥¶·¨´ÖÉμ° ¶μ²ÊÔ³¶¨·¨Î¥¸±μ°
Ëμ·³Ê²μ° [10]

σi (ε) =
πe4

J
f

( ε

J

)
, f (x) =

10 (x − 1)
(x + 0, 5) (x + 8)

, (3)

£¤¥ e Å § ·Ö¤ Ô²¥±É·μ´ .

„²Ö £·Ê¡μ° μÍ¥´±¨ ¶μÉ¥´Í¨ ² ¨μ´¨§ Í¨¨ J ³μ¦´μ ¢§ÖÉÓ · ¢´Ò³ Ï¨·¨´¥
§ ¶·¥Ð¥´´μ° §μ´Ò Eg = 5,4 Ô‚. 	·¨ ÔÉμ³ ¸·¥¤´ÖÖ Ô´¥·£¨Ö ·μ¦¤¥´´μ£μ Ô²¥±-
É·μ´  εs(Eg , ε) ≈ 20 Ô‚ >> Eg (¶·¨ ε = 1 ±Ô‚), Éμ ¥¸ÉÓ Ô²¥±É·μ´ ´ Ìμ¤¨É¸Ö
¢ ¸μ¸ÉμÖ´¨¨, ¸² ¡μ ¨¸± ¦¥´´μ³ ±·¨¸É ²²¨Î¥¸±¨³¨ ¶μ²Ö³¨. ‚¶μ²´¥ ¢¥·μÖÉ´μ,
ÎÉμ ¶μ ÔÉμ° ¶·¨Î¨´¥ ¡μ²¥¥ ¶μ¤Ìμ¤ÖÐ¥° ¢¥²¨Î¨´μ° ¤²Ö J ¡Ê¤¥É Ô´¥·£¨Ö ¨μ´¨-
§ Í¨¨ μÉ¤¥²Ó´μ£μ  Éμ³ , ±μÉμ· Ö ¡μ²¥¥ Î¥³ ¢ ¤¢  · §  ¶·¥¢ÒÏ ¥É Eg , ¶·¨ ÔÉμ³
¨ ¸·¥¤´ÖÖ Ô´¥·£¨Ö ¢Ò¡·μÏ¥´´μ£μ ¢Éμ·¨Î´μ£μ Ô²¥±É·μ´  ¢μ§· ¸ÉeÉ ¶·¨³¥·´μ
¢μ ¸Éμ²Ó±μ ¦¥ · §.

ˆ§ ¶μ²ÊÎ¥´´μ° Ì · ±É¥·´μ° ¢¥²¨Î¨´Ò Ô´¥·£¨¨ ¢Éμ·¨Î´μ£μ Ô²¥±É·μ´  ¸²¥-
¤Ê¥É, ÎÉμ ´  ÔÉ ¶¥ ·μ¦¤¥´¨Ö Ô²¥±É·μ´´μ-¤Ò·μÎ´ÒÌ ¶ ·, ±μ£¤  Ô´¥·£¨Ö Ô²¥±-
É·μ´μ¢ § ¢¥¤μ³μ ¶·¥¢ÒÏ ¥É É¥³¶¥· ÉÊ·Ê ¸·¥¤Ò ¨ ¶μ·Í¨Õ Ô´¥·£¨¨, ¶¥·¥¤ ¢ ¥-
³ÊÕ ¸·¥¤¥ ¢ ± ¦¤μ³  ±É¥ ¨μ´¨§ Í¨¨, ¶·¨³¥´¨³μ ¶·¨¡²¨¦¥´¨¥ ´¥¶·¥·Ò¢´ÒÌ
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¶μÉ¥·Ó. ‚·¥³Ö Éμ·³μ¦¥´¨Ö ¶·¨ ÔÉμ³ · ¢´μ

t (εf , εi) =

εi∫
εf

dε′/g (ε′),

£¤¥ g(ε) Å ¸±μ·μ¸ÉÓ ¶μÉ¥·¨ Ô´¥·£¨¨ Ô²¥±É·μ´μ³, ±μÉμ· Ö ¤²Ö ± ¦¤μ£μ μÉ-
¤¥²Ó´μ ¢§ÖÉμ£μ ¶·μÍ¥¸¸  ¨μ´¨§ Í¨¨ μ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³

g (ε) = (ε̄S (ε) + J) νi (ε) , νi (ε) = σi (ε)n
√

2ε/me, (4)

£¤¥ ³ ¸¸  me ¡²¨§±  ± ³ ¸¸¥ ¸¢μ¡μ¤´μ£μ Ô²¥±É·μ´ .
‚·¥³Ö Éμ·³μ¦¥´¨Ö ¨ ¤²¨´  ¶·μ¡¥£  Ô²¥±É·μ´  L ¶·¨ ¶μÉ¥·¥ Ô´¥·£¨¨ μÉ

¢¥²¨Î¨´Ò εi ¤μ εf μ¶·¥¤¥²ÖÕÉ¸Ö ¢Ò· ¦¥´¨Ö³¨

tf − ti = t (εf , εi) =

εi∫
εf

1
g (ε′)

dε′, L (εf , εi) =

εi∫
εf

√
2ε′

g (ε′)
√

me
dε′. (5)

„²Ö ± Î¥¸É¢¥´´μ£μ ¶μ´¨³ ´¨Ö ¶μ¢¥¤¥´¨Ö μ¦¥-Ô²¥±É·μ´μ¢ ¢ ¶·μÍ¥¸¸¥ ¨Ì
Éμ·³μ¦¥´¨Ö ¤μ ε ∼ 1 Ô‚ ´  ·¨¸. 1 ¶·¨¢¥¤¥´Ò § ¢¨¸¨³μ¸É¨ Ì · ±É¥·´ÒÌ
¸±μ·μ¸É¥° ¶·μÍ¥¸¸μ¢, μ¶·¥¤¥²ÖÕÐ¨Ì Éμ·³μ¦¥´¨¥ Ô²¥±É·μ´ . Š·¨¢ Ö 1 ¶·¥¤-
¸É ¢²Ö¥É ÔËË¥±É¨¢´ÊÕ Î ¸ÉμÉÊ ·¥² ±¸ Í¨¨ ´ ¶· ¢²¥´¨Ö ¨³¶Ê²Ó¸  Ô²¥±É·μ´ 
νeff(ε), ±μÉμ· Ö · ¢´  É· ´¸¶μ·É´μ° Î ¸ÉμÉ¥ · ¸¸¥Ö´¨Ö ´  μÉ¤¥²Ó´ÒÌ  Éμ³ Ì
¢ μ¡² ¸É¨ ¢Ò¸μ±¨Ì Ô´¥·£¨° ¨ Î ¸ÉμÉ¥ · ¸¸¥Ö´¨Ö ´  Ëμ´μ´ Ì ¢ μ¡² ¸É¨ ³ ²ÒÌ
Ô´¥·£¨° [8, 9, 18]. � ¸¸Î¨É ´´ Ö ¸ ¸¥Î¥´¨¥³ (6) Î ¸ÉμÉ  ·μ¦¤¥´¨Ö Ô²¥±É·μ´´μ-
¤Ò·μÎ´ÒÌ ¶ · (Î ¸ÉμÉ  ¨μ´¨§ Í¨¨  Éμ³μ¢ ·¥Ï¥É±¨) ¤²Ö J = 5,4 Ô‚ ¶·¥¤¸É -
¢²¥´  ±·¨¢μ° 3. ˆ, ´ ±μ´¥Í, ±·¨¢ Ö 2 μ¶¨¸Ò¢ ¥É ¨Éμ£μ¢ÊÕ ¸±μ·μ¸ÉÓ ¶μÉ¥·Ó
Ô´¥·£¨¨ g (ε)/ε, ÊÎ¨ÉÒ¢ ÕÐÊÕ ¨μ´¨§ Í¨Õ  Éμ³μ¢ ·¥Ï¥É±¨ (J = 5,4 Ô‚), ¨μ-
´¨§ Í¨Õ ¶·¨³¥¸¨ (J = 0,37 Ô‚) ¶²μÉ´μ¸É¨ nimp = 1017 ¸³−3 ¨ · ¸¸¥Ö´¨¥ ´ 
Ëμ´μ´ Ì.

	μ¸±μ²Ó±Ê ¶·¨ Ô´¥·£¨¨ Ô²¥±É·μ´  ¡μ²ÓÏ¥ Ï¨·¨´Ò § ¶·¥Ð¥´´μ° §μ´Ò
ε > Eg Î ¸ÉμÉ  ¶μÉ¥·Ó Ô´¥·£¨¨ ¡μ²ÓÏ¥ Î ¸ÉμÉÒ ·¥² ±¸ Í¨¨ ¨³¶Ê²Ó¸ , Ô²¥±-
É·μ´ ¤¢¨¦¥É¸Ö ¶μÎÉ¨ ¶·Ö³μ²¨´¥°´μ ¢ ÔÉμ° μ¡² ¸É¨ Ô´¥·£¨°. 	·¨ Ô´¥·£¨ÖÌ,
³¥´ÓÏ¨Ì 5 Ô‚, ¸±μ·μ¸ÉÓ ¶μÉ¥·¨ Ô´¥·£¨¨ ¶·¨³¥·´μ ´  ¶μ·Ö¤μ± ³¥´ÓÏ¥ ¸±μ-
·μ¸É¨ ·¥² ±¸ Í¨¨ ´ ¶· ¢²¥´¨Ö ¨³¶Ê²Ó¸ , ¨ ¤¢¨¦¥´¨¥ ¢ ±μμ·¤¨´ É´μ³ ¶·μ-
¸É· ´¸É¢¥ ¶·¨μ¡·¥É ¥É ¤¨ËËÊ§¨μ´´Ò° Ì · ±É¥·. • · ±É¥·´Ò¥ ¤²¨´Ò ¶·μÍ¥¸-
¸μ¢ ²¥£±μ ¶¥·¥¸Î¨ÉÒ¢ ÕÉ¸Ö ¶μ Î ¸ÉμÉ ³. Š ± ³Ò Ê¢¨¤¨³, ¤²Ö ¡μ²ÓÏ¨´¸É¢ 
μ¦¥-Ô²¥±É·μ´μ¢ ¤¨ËËÊ§¨μ´´μ¥ ¸³¥Ð¥´¨¥ ¶·¨ Ô´¥·£¨¨ μ±μ²μ 5 Ô‚ μ± §Ò¢ -
¥É¸Ö ¡μ²ÓÏ¥, Î¥³ ¶·μ°¤¥´´Ò° ²¨´¥°´Ò° ¶ÊÉÓ. 	μ ÔÉμ° ¶·¨Î¨´¥ ¶·μÍ¥¸¸Ò ¢
¶¥·¥Ìμ¤´μ° μ¡² ¸É¨ Ô´¥·£¨° μÉ ¶·Ö³μ²¨´¥°´μ£μ ¤¢¨¦¥´¨Ö ± ¤¨ËËÊ§¨μ´´μ³Ê
μ± §Ò¢ ÕÉ¸Ö ¸ÊÐ¥¸É¢¥´´Ò³¨ ¤²Ö Ëμ·³¨·μ¢ ´¨Ö ¶·μ¸É· ´¸É¢¥´´μ° ËÊ´±Í¨¨
· ¸¶·¥¤¥²¥´¨Ö Ô²¥±É·μ´μ¢ μ±μ²μ �–. 	·μ ´ ²¨§¨·Ê¥³ ¶μ¤·μ¡´¥¥ ¶¥·¢Ò° ÔÉ ¶
Éμ·³μ¦¥´¨Ö μ¦¥-Ô²¥±É·μ´μ¢.
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�¥¶μ¸·¥¤¸É¢¥´´μ ¶μ¸²¥ ¢Ò²¥É  μ¦¥-Ô²¥±É·μ´ , μ¡· §μ¢ ¢Ï¥£μ¸Ö ¶·¨ ¶¥-
·¥Ìμ¤¥ ³Õμ´  ¨§ ¸μ¸ÉμÖ´¨Ö ¢μ¤μ·μ¤μ¶μ¤μ¡´μ£μ  Éμ³  ¸ £² ¢´Ò³ ±¢ ´Éμ¢Ò³
Î¨¸²μ³ k, ¥£μ Ô´¥·£¨Ö ¢ ¡μ²ÓÏ¨´¸É¢¥ ¸²ÊÎ ¥¢ · ¢´ 

ε (k) ≈ 100 ±Ô‚ ·
[

1
(k − 1)2

− 1
k2

]
, (6)

¶μ¸±μ²Ó±Ê ´ ¨¡μ²¥¥ ¢¥·μÖÉ´Ò ¶¥·¥Ìμ¤Ò ¸ ¨§³¥´¥´¨¥³ k ´  1 [16, 20, 21].
	·¨ k � 33 Ô´¥·£¨Ö μ¦¥-Ô²¥±É·μ´  ¸É ´μ¢¨É¸Ö ¡μ²ÓÏ¥ Ï¨·¨´Ò § ¶·¥Ð¥´´μ°
§μ´Ò, ¨ μ´ É¥·Ö¥É ¸¢μÕ Ô´¥·£¨Õ, ¢ μ¸´μ¢´μ³, ´  ¨μ´¨§ Í¨Õ ¨ μ¡· §μ¢ ´¨¥
Ô²¥±É·μ´´μ-¤Ò·μÎ´ÒÌ ¶ ·. ‘μ£² ¸´μ Ëμ·³Ê² ³ (5) μ¦¥-Ô²¥±É·μ´Ò ¸ ´ Î ²Ó-
´μ° Ô´¥·£¨¥° ε(k) Éμ·³μ§ÖÉ¸Ö ¤μ Ô´¥·£¨¨ Eg §  ¢·¥³Ö tip (k) = t (Eg, ε (k))
¨ ¶·μÌμ¤ÖÉ ²¨´¥°´Ò° ¶ÊÉÓ Lion (k) = L (Eg, ε (k)). �¥§Ê²ÓÉ ÉÒ μÍ¥´μ± ¶μ
ÔÉ¨³ Ëμ·³Ê² ³ ¸μ ¸±μ·μ¸ÉÓÕ ¶μÉ¥·Ó Ô´¥·£¨¨, ¨§μ¡· ¦¥´´μ° ´  ·¨¸. 1, ¶·¥¤-
¸É ¢²¥´Ò ´  ·¨¸. 2 ¨ 3. ‚·¥³Ö ¨μ´¨§ Í¨¨ μ± § ²μ¸Ó §´ Î¨É¥²Ó´μ ³¥´ÓÏ¥,
Î¥³ ¢·¥³Ö ¶·Ö³μ²¨´¥°´μ£μ ¤¢¨¦¥´¨Ö, μ¸μ¡¥´´μ ¤²Ö ¢Éμ·¨Î´ÒÌ Ô²¥±É·μ´μ¢.
� ¸Î¥É ¤²Ö ¢Éμ·¨Î´ÒÌ Ô²¥±É·μ´μ¢ ¶·μ¨§¢μ¤¨²¸Ö ¶μ É¥³ ¦¥ Ëμ·³Ê² ³ (5) ¸
´ Î ²Ó´μ° Ô´¥·£¨¥° ε̄S (J, ε (k)).

�¨¸. 1. ‡ ¢¨¸¨³μ¸ÉÓ Ì · ±É¥·´ÒÌ Î -
¸ÉμÉ ¶·μÍ¥¸¸μ¢ μÉ Ô´¥·£¨¨ Ô²¥±É·μ-
´μ¢: 1 Å ÔËË¥±É¨¢´ Ö ¸±μ·μ¸ÉÓ ·¥-
² ±¸ Í¨¨ ´ ¶· ¢²¥´¨Ö ¨³¶Ê²Ó¸  Ô²¥±-
É·μ´  νeff(ε); 2 Å ¸Ê³³ ·´ Ö ¸±μ-
·μ¸ÉÓ ¶μÉ¥·¨ Ô´¥·£¨¨ g(ε)/ε; 3 Å Î -
¸ÉμÉ  ¨μ´¨§ Í¨¨  Éμ³μ¢ ·¥Ï¥É±¨ ¤²Ö
J = 5,4 Ô‚

�¨¸. 2. ‚·¥³Ö ¨μ´¨§ Í¨¨ μ¦¥-
Ô²¥±É·μ´μ³ (±·¨¢ Ö 2) ¨ ·μ¦¤¥´´Ò³
¨³ ¢Éμ·¨Î´Ò³ Ô²¥±É·μ´μ³ (±·¨¢ Ö 1)
¢ § ¢¨¸¨³μ¸É¨ μÉ £² ¢´μ£μ ±¢ ´Éμ¢μ£μ
Î¨¸²  k-Ê·μ¢´Ö, § ¤ ÕÐ¥£μ Ô´¥·£¨Õ
μ¦¥-Ô²¥±É·μ´ ; ±·¨¢Ò¥ 3, 4 ¸μμÉ¢¥É-
¸É¢ÊÕÉ ¢·¥³¥´¨ ¶·Ö³μ²¨´¥°´μ£μ ¤¢¨-
¦¥´¨Ö ÔÉ¨Ì Ô²¥±É·μ´μ¢

‘μ£² ¸´μ ¤ ´´Ò³, ¶·¥¤¸É ¢²¥´´Ò³ ´  ·¨¸. 3, ²¨´¥°´Ò° ¶·μ¡¥£ μ¦¥-Ô²¥±-
É·μ´μ¢, ´ Î ²Ó´ Ö Ô´¥·£¨Ö ±μÉμ·ÒÌ ¸μμÉ¢¥É¸É¢Ê¥É k � 5, §´ Î¨É¥²Ó´μ ¡μ²ÓÏ¥
· §³¥·  μ¡² ¸É¨ ¨μ´¨§ Í¨¨, ¶μÔÉμ³Ê ¢ ¶·μÍ¥¸¸¥ · §²¥É  ¶μ ¶·Ö³μ° μ´¨ Ê¤ -
²ÖÕÉ¸Ö μÉ μ¡² ¸É¨ ¨μ´¨§ Í¨¨, ¨ ¢ Í¥´É·¥ μ±μ²μ �– ¨Ì ±μ´Í¥´É· Í¨Ö ¡Ò¸É·μ,

6



§  ¢·¥³¥´ , ³¥´ÓÏ¨¥ t0 = 4,8 · 10−14 c, ¶ ¤ ¥É. 	·¨ ÔÉμ³ ²¨´¥°´Ò° ¶·μ-
¡¥£ μ¦¥-Ô²¥±É·μ´μ¢ ¶·¨³¥·´μ · ¢¥´ ÔËË¥±É¨¢´μ° ¤²¨´¥ ¸¢μ¡μ¤´μ£μ ¶·μ¡¥£ 
λeff = v/νeff (5,4 Ô‚) ≈ 3 ·10−6 ¸³, ±μÉμ· Ö §´ Î¨É¥²Ó´μ ¡μ²ÓÏ¥ ¶ÊÉ¨ ¨μ´¨§ -
Í¨¨. �  ÔÉμ³ ¶ÊÉ¨, É¥³ ´¥ ³¥´¥¥, Ô²¥±É·μ´Ò ¶μÉ¥·ÖÕÉ ¶·¨³¥·´μ 0,4 Ô‚, ÎÉμ
¢¨¤´μ ¨§ ¸μμÉ´μÏ¥´¨Ö ³¥¦¤Ê νeff (5,4 Ô‚) ¨ g (5,4 Ô‚) ´  ·¨¸. 1.

„²Ö ¡μ²¥¥ ¤¥É ²Ó´μ° Ë¨§¨Î¥¸±μ° ± ·É¨´Ò ´¥μ¡Ìμ¤¨³μ μÍ¥´¨ÉÓ · ¸¶·¥¤¥-
²¥´¨¥ Ô²¥±É·μ´μ¢ ¢¤μ²Ó ¶·Ö³μ²¨´¥°´μ£μ É·¥± . ‘·¥¤´ÖÖ Ô´¥·£¨Ö ¢Éμ·¨Î´ÒÌ
Ô²¥±É·μ´μ¢ ´¥ ¶·¥¢μ¸Ìμ¤¨É ε̄s(ε(k = 3)) < 102 Ô‚, ¶μÔÉμ³Ê μ´¨ ¡Ò¸É·μ Éμ·-
³μ§ÖÉ¸Ö ¨ ´¥ ÊÌμ¤ÖÉ ¤ ²¥±μ μÉ μ¸´μ¢´μ£μ É·¥± . ˆÌ Î¨¸²μ ¢¤μ²Ó É·¥±  ³μ¦´μ
μÍ¥´¨ÉÓ, ¸Î¨É Ö, ÎÉμ μ¸´μ¢´Ò¥ ¶μÉ¥·¨ ¶·¨Ìμ¤ÖÉ¸Ö ´  ¨μ´¨§ Í¨Õ. ’μ£¤  ¤²Ö
± ¦¤μ£μ ± ¸± ¤´μ£μ ¶¥·¥Ìμ¤  ¨³¥¥³

Ni(k) ≈
ε(k)∫
Eg

ε̄s (ε′) · νi (ε′, J) + ε̄s (ε′) · νi (ε′, Eg)
Eg · g (ε′, T )

dε′. (7)

‘¤¥² ´´ Ö Î¨¸²¥´´ Ö μÍ¥´± 
∑
k

Ni (k) ≈ 3,7 · 103 ¶·¥¤¸É ¢²Ö¥É¸Ö · §Ê³´μ°,

¶μ¸±μ²Ó±Ê ¸μ£² ¸Ê¥É¸Ö ¸ μÍ¥´±μ° ¶μ ®Í¥´¥¯ ¨μ´¨§ Í¨¨
∑
k

ε (k)/Eg ≈ 4,7 ·103.

�¨¸. 3. ‹¨´¥°´Ò° ¶·μ¡¥£ μ¦¥-
Ô²¥±É·μ´  (1) ¨ ·μ¦¤¥´´ÒÌ ¨³ ¢Éμ-
·¨Î´ÒÌ Ô²¥±É·μ´μ¢ (2) ¢ § ¢¨¸¨³μ-
¸É¨ μÉ k (¸³. ·¨¸. 2)

�¨¸. 4. � ¸¶·¥¤¥²¥´¨¥ ¶μ ¶·μ¸É· ´-
¸É¢Ê ²¨´¥°´μ° ¶²μÉ´μ¸É¨ ¨μ´¨§ Í¨°,
¶·μ¨§¢¥¤¥´´μ° μ¦¥-Ô²¥±É·μ´ ³¨ · §-
²¨Î´μ° Ô´¥·£¨¨ ε(k); 1, 2 Å k =
5, ..., 10, ..., 33; 3 Å k = 4; 4 Å k = 3.
‚¥·É¨± ²Ó´ Ö ¶·Ö³ Ö μ¡μ§´ Î ¥É ¶μ-
²μ¦¥´¨¥ x = r0; x/L Å ¡¥§· §³¥·´μ¥
· ¸¸ÉμÖ´¨¥ μÉ �– (¸³. É¥±¸É)

�  ·¨¸. 4 ¶·¥¤¸É ¢²¥´μ · ¸¸Î¨É ´´μ¥ ¶μ Ëμ·³Ê²¥ (7) · ¸¶·¥¤¥²¥´¨¥ ¶μ
¶·μ¸É· ´¸É¢Ê ²¨´¥°´μ° ¶²μÉ´μ¸É¨ ¨μ´¨§ Í¨°, ¶·μ¨§¢¥¤¥´´μ° μ¦¥-Ô²¥±É·μ´ -
³¨ · §²¨Î´μ° ´ Î ²Ó´μ° Ô´¥·£¨¨ ε(k). Š ³μ³¥´ÉÊ t0 = 4,8 · 10−14 c §´ Î¨-
É¥²Ó´ Ö Î ¸ÉÓ ·μ¦¤¥´´ÒÌ Ô²¥±É·μ´μ¢ ´ Ìμ¤¨É¸Ö ¢¡²¨§¨ ¶μ¢¥·Ì´μ¸É¨ · ¤¨Ê¸ 

7



r0 ≈ λeff ≈ 3,3 · 10−6 ¸³, ¶μ¸±μ²Ó±Ê, ± ± ¢¨¤´μ ¨§ ·¨¸. 2, ¢·¥³Ö μ¡· §μ¢ ´¨Ö
¢Éμ·¨Î´ÒÌ Ô²¥±É·μ´μ¢ ¶·¥´¥¡·¥¦¨³μ ³ ²μ ¶μ μÉ´μÏ¥´¨Õ ±μ ¢·¥³¥´¨ ¶·Ö-
³μ²¨´¥°´μ£μ · §²¥É  μ¦¥-Ô²¥±É·μ´ ,   ¤²¨´  ÔÉμ£μ · §²¥É  Ê ¢¸¥Ì Ô²¥±É·μ´μ¢
¶·¨¡²¨§¨É¥²Ó´μ μ¤¨´ ±μ¢ . ‚±² ¤ μ¦¥-Ô²¥±É·μ´μ¢, ·μ¦¤¥´´ÒÌ ¢¸²¥¤¸É¢¨¥ ¶¥-
·¥Ìμ¤μ¢ ³Õμ´  ¸ Ê·μ¢´¥° k = 3 ¨ 4, ¢ Î¨¸²μ Ô²¥±É·μ´μ¢ ¢´ÊÉ·¨ Ê± § ´´μ°
¸Ë¥·Ò, ± ± ¢¨¤´μ ¨§ ·¨¸. 4, ³ ², ¶μ¸±μ²Ó±Ê μ¸´μ¢´ Ö μ¡² ¸ÉÓ ¨μ´¨§ Í¨° ²¥¦¨É
¢´¥ ¸Ë¥·Ò · ¤¨Ê¸  r0 < (0,14− 1)L, £¤¥ L = 4,14 · 10−5 c³ Å ³ ±¸¨³ ²Ó´μ¥
Ê¤ ²¥´¨¥ ¸ ³μ£μ ¡Ò¸É·μ£μ μ¦¥-Ô²¥±É·μ´ .

’ ±¨³ μ¡· §μ³, ± ³μ³¥´ÉÊ ¢·¥³¥´¨ t0 = 4,8 · 10−14 c, ±μ£¤  ¤¢¨¦¥´¨¥
Ô²¥±É·μ´μ¢ (¤Ò·μ±) ¶·¨μ¡·¥É ¥É ¤¨ËËÊ§¨μ´´Ò° Ì · ±É¥·, ¢´ÊÉ·¨ ¸Ë¥·Ò · -
¤¨Ê¸  r0 = 3,3 · 10−6 ¸³ ¸μ¤¥·¦¨É¸Ö N =

∑
k�5

Ni (k) ≈ 800 Î ¸É¨Í. „²Ö ¶·μ-

¸ÉμÉÒ · ¸ÎeÉ  ¡Ê¤¥³ ¸Î¨É ÉÓ, ÎÉμ Î ¸É¨ÍÒ · ¸¶·¥¤¥²¥´Ò ¢ ¡¥¸±μ´¥Î´μ Éμ´±μ³
¸Ë¥·¨Î¥¸±μ³ ¸²μ¥ · ¤¨Ê¸  r0 ¸ ¶·¨³¥·´μ μ¤¨´ ±μ¢μ° Ô´¥·£¨¥° ε0 ≈ 5 Ô‚.
’ ±μ¥ · ¸¶·¥¤¥²¥´¨¥ ¡Ê¤¥É ¡· ÉÓ¸Ö ¢ ± Î¥¸É¢¥ ´ Î ²Ó´μ£μ ¤²Ö ¸²¥¤ÊÕÐ¥£μ
¤¨ËËÊ§¨μ´´μ£μ ÔÉ ¶  ±¨´¥É¨Î¥¸±¨Ì ¶·μÍ¥¸¸μ¢ μ±μ²μ �–.

2.2. „¨ËËÊ§¨μ´´μ¥ ¤¢¨¦¥´¨¥ £μ·ÖÎ¨Ì Ô²¥±É·μ´μ¢ (4,8 × 10−14 < t <
10−10 c). „¨ËËÊ§¨μ´´μ¥ ¤¢¨¦¥´¨¥ Ô²¥±É·μ´μ¢ ´ Î¨´ ¥É¸Ö ¸ ³μ³¥´É  ¢·¥³¥´¨
t0 ≈ 4,8 · 10−14 c, ±μ£¤  ¨Ì Ô´¥·£¨Ö ¸É ´μ¢¨É¸Ö ε < ε0 ≈ 5 Ô‚. ‡´ Î¥´¨Ö
¢·¥³¥´¨ t0 ¨ Ô´¥·£¨¨ ε0 ¡Ê¤ÊÉ ¸Î¨É ÉÓ¸Ö ´ Î ²Ó´Ò³¨ ¢ ¶·¥¤¸É ¢²¥´´μ³ ¢
¤ ´´μ³ · §¤¥²¥ · ¸¸³μÉ·¥´¨¨. ‚¥²¨Î¨´ 

τ (ε (t) , ε0) =

ε0∫
ε(t)

Dr (ε′)
g (ε′)

dε′ (8)

¶·μ¶μ·Í¨μ´ ²Ó´  ¸·¥¤´¥³Ê ±¢ ¤· ÉÊ ¸³¥Ð¥´¨Ö Î ¸É¨ÍÒ ± ³μ³¥´ÉÊ ¢·¥³¥´¨
t Å

〈
r2 (t)

〉
= 6τ (t) Å ¨ ´ §Ò¢ ¥É¸Ö, ¸μ£² ¸´μ É¥·³¨´μ²μ£¨¨ 
.”¥·³¨ [22],

®¢μ§· ¸Éμ³¯ Î ¸É¨ÍÒ, μÉ¸Î¨É ´´Ò³ μÉ ³μ³¥´É  ¢·¥³¥´¨ t0 ≈ 4,8 · 10−14 c,
±μ£¤  Ô´¥·£¨Ö Î ¸É¨ÍÒ ¡Ò²  · ¢´  ε0. ‡¤¥¸Ó Dr(ε) Å ¶·μ¸É· ´¸É¢¥´´Ò°
±μÔËË¨Í¨¥´É ¤¨ËËÊ§¨¨ Ô²¥±É·μ´μ¢.

	·¨¡²¨¦¥´¨¥ ´¥¶·¥·Ò¢´ÒÌ ¶μÉ¥·Ó ¥Ðe ¶·¨³¥´¨³μ ¢  ²³ §¥ ¤μ Ô´¥·£¨° ε
¶μ·Ö¤±  0,1 Ô‚. ‚ ÔÉμ³ ¶·¨¡²¨¦¥´¨¨ Ê· ¢´¥´¨¥ ¤²Ö ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö
¢ ±μμ·¤¨´ É´μ-Ô´¥·£¥É¨Î¥¸±μ³ ¶·μ¸É· ´¸É¢¥

∂f (ε, 
r, t)
∂t

− ∂ (g (ε) f (ε, 
r, t))
∂ε

− Dr (ε)Δ�rf (ε, 
r, t) = q (ε, 
r, t) (9)

¶·¥μ¡· §Ê¥É¸Ö ± Ê· ¢´¥´¨Õ ¤¨ËËÊ§¨¨, ¢ ±μÉμ·μ³ ®¢μ§· ¸É¯ Î ¸É¨ÍÒ τ ¨£· ¥É
·μ²Ó ®¢·¥³¥´¨¯. „²Ö ¢Ò¶μ²´¥´¨Ö ÔÉμ£μ ¶·¥μ¡· §μ¢ ´¨Ö ¢ Ê· ¢´¥´¨¨ (9) ¶¥-
·¥Ìμ¤ÖÉ ± ´μ¢Ò³ ¶¥·¥³¥´´Ò³ τ, ε0 ¨ ± ´μ¢μ° ËÊ´±Í¨¨ φ (
r, τ, ε0), ±μÉμ·Ò¥
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¸¢Ö§ ´Ò ¸μ ¸É ·Ò³¨ ¸μμÉ´μÏ¥´¨Ö³¨

t =

ε0(ε,t)∫
ε

1
g (ε′)

dε′, τ (ε, t) =

ε0(ε,t)∫
ε

Dr (ε′)
g (ε′)

dε′, fg = φ. (10)

Œμ´μÉμ´´μ¸ÉÓ ¢ § ¢¨¸¨³μ¸ÉÖÌ (10) μ¡¥¸¶¥Î¨¢ ¥É ¢μ§³μ¦´μ¸ÉÓ ¶μ¸É·μ¥´¨Ö,
ÌμÉÖ ¡Ò Î¨¸²¥´´μ, ËÊ´±Í¨° ε (τ, ε0) ¨ t (τ, ε0), μ¶·¥¤¥²Ö¥³ÒÌ ¸μμÉ´μÏ¥´¨-
Ö³¨ (10) ¨

tτ,ε0 (τ, ε0) =

ε0∫
ετ,ε0(τ,ε0)

1
g (ε′)

dε′. (11)

”¨§¨Î¥¸±¨° ¸³Ò¸² ¢¥²¨Î¨´Ò ετ,ε0 (τ, ε0) Å ÔÉμ Ô´¥·£¨Ö Î ¸É¨ÍÒ, ÊÏ¥¤Ï¥°
μÉ ´ Î ²Ó´μ° ÉμÎ±¨, £¤¥ ε0 Å ¥e Ô´¥·£¨Ö, ´  · ¸¸ÉμÖ´¨¥ 6τ ¨ ´ ¡· ¢Ï¥°
®¢μ§· ¸É¯ τ ,   tτ,ε0 (τ, ε0) Å ¢·¥³Ö, §  ±μÉμ·μ¥ ÔÉμ ¶·μ¨§μ°¤eÉ.

‘ ¶μ³μÐÓÕ ¶¥·¥³¥´´ÒÌ τ, ε0 Ê· ¢´¥´¨¥ (9) ¤²Ö ËÊ´±Í¨¨ f(ε, 
r, t) ¶·¥-
μ¡· §Ê¥É¸Ö ¢ Ê· ¢´¥´¨¥ ¤²Ö ËÊ´±Í¨¨ φ (
r, τ, ε0)

∂φ (
r, τ, ε0)
∂τ

= Δφ (
r, τ, ε0) + q̃ (
r, τ, ε0) ,

q̃ (
r, τ, ε0) =
g (ετ,ε0 (τ, ε0)) · q (ετ,ε0 (τ, ε0) , tτ,ε0 (τ, ε0) , 
r)

Dr (ετ,ε0 (τ, ε0))
.

(12)

�¡Ð¥¥ ·¥Ï¥´¨¥ ÔÉμ£μ Ê· ¢´¥´¨Ö É ±μ¥ ¦¥, ± ± Ê ¸É ´¤ ·É´μ£μ Ê· ¢´¥´¨Ö
É¥¶²μ¶·μ¢μ¤´μ¸É¨ ¨²¨ ¤¨ËËÊ§¨¨ ¸ ¨§¢¥¸É´Ò³¨ ¨¸ÉμÎ´¨± ³¨ q̃ (
r, τ, ε0) ¨ ´ -
Î ²Ó´μ° ËÊ´±Í¨¥° g (ε0) · f (
r′, ε0, t = 0):

φ (
r, τ, ε0) =
∫∫∫

V

G (
r, 
r′, τ ) · g (ε0) · f (
r′, ε0, t = 0) d
r′+

+

τ∫
0

∫∫∫
V

G (
r, 
r′, τ − τ ′) · q̃ (
r′, τ ′, ε0) d
r′ · dτ ′. (13)

ˆ§ Ê· ¢´¥´¨° (12) ¢¨¤´μ, ÎÉμ ´  ÔÉμ³ ÔÉ ¶¥ ε0 ³μ¦¥É · ¸¸³ É·¨¢ ÉÓ¸Ö ± ± ¸¢μ-
¡μ¤´Ò° ´¥§ ¢¨¸¨³Ò° ¶ · ³¥É·, ±μÉμ·Ò° μ¡¥¸¶¥Î¨¢ ¥É ¤¥²ÓÉμμ¡· §´ÊÕ μ¸μ-
¡¥´´μ¸ÉÓ Ê ËÊ´±Í¨¨ ƒ·¨´  G(
r, 
r′, τ) Ê· ¢´¥´¨Ö (13) ¶·¨ t → t0,
τ (ε, ε0 (ε, t)) → 0, ÎÉμ μ¡¥¸¶¥Î¨¢ ¥É ¢Ò¶μ²´¥´¨¥ ´ Î ²Ó´μ£μ Ê¸²μ¢¨Ö

G (
r, 
r′, τ ) = e−
(�r−�r′)2

2τ

/
(2πτ )

3
2 , τ (ε, ε0 (ε, t)) =

ε0(ε,t)∫
ε

Dr (ε′)
g (ε′)

dε′. (14)
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Œμ¦´μ ¶·μ¢¥·¨ÉÓ ¨ ´¥¶μ¸·¥¤¸É¢¥´´μ° ¶μ¤¸É ´μ¢±μ°, ÎÉμ

f (ε, 
r, t) = φ (ε0 (ε, t) , 
r, τ (ε, t))/g (ε)

Ê¤μ¢²¥É¢μ·Ö¥É Ê· ¢´¥´¨Õ (9), ¥¸²¨ φ (ε0, 
r, τ) Ê¤μ¢²¥É¢μ·Ö¥É Ê·μ¢´¥´¨Õ (9),
¥¸²¨ φ (ε0, 
r, τ ) Ê¤μ¢²¥É¢μ·Ö¥É (12). ’ ±¨³ μ¡· §μ³, ¢ ¶·¨¡²¨¦¥´¨¨ ´¥¶·¥-
·Ò¢´ÒÌ ¶μÉ¥·Ó ´ Ìμ¦¤¥´¨¥ ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö ´  ÔÉ ¶¥ ¤¨ËËÊ§¨μ´´μ£μ
¤¢¨¦¥´¨Ö ¸¢μ¤¨É¸Ö ± ±¢ ¤· ÉÊ· ³.

�É³¥É¨³ É ±¦¥, ÎÉμ ¤²Ö ¢·¥³¥´, ³´μ£μ ¡μ²ÓÏ¨Ì ¢·¥³¥´¨ É¥·³ ²¨§ -
Í¨¨, ±μ£¤  § ¢¥¤μ³μ ´¥¶·¨³¥´¨³μ ¶·¨¡²¨¦¥´¨¥ ´¥¶·¥·Ò¢´ÒÌ ¶μÉ¥·Ó, Ê· ¢-
´¥´¨¥ (12) ³μ¦´μ, É¥³ ´¥ ³¥´¥¥, ¸´μ¢  ¨¸¶μ²Ó§μ¢ ÉÓ, ¶μ¸±μ²Ó±Ê μ´μ ¶·¥-
¢· Ð ¥É¸Ö ¢ μ¡ÒÎ´μ¥ Ê· ¢´¥´¨¥ ¤¨ËËÊ§¨¨, ¢ ±μÉμ·μ³ τ ≈ Dt. 	μ Ô´¥·£¨¨
· ¸¶·¥¤¥²¥´¨¥, ±μ´¥Î´μ, ¸É ´¥É · ¢´μ¢¥¸´Ò³, μ¶·¥¤¥²Ö¥³Ò³ É¥³¶¥· ÉÊ·μ°
·¥Ï¥É±¨. 	·¨ ´¥μ¡Ìμ¤¨³μ¸É¨ ³μ¦´μ ´¥¶·¥·Ò¢´Ò³ μ¡· §μ³ ¸Ï¨ÉÓ ·¥Ï¥´¨Ö,
¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¤¢Ê³ · §²¨Î´Ò³ ÔÉ ¶ ³ ¤¢¨¦¥´¨Ö Î ¸É¨Í ¢ ¸·¥¤¥.

“Î¨ÉÒ¢ Ö ´ Î ²Ó´μ¥ ¶·μ¸É· ´¸É¢¥´´μ¥ · ¸¶·¥¤¥²¥´¨¥ ¨ ¤¥²ÓÉμμ¡· §´μ¥
· ¸¶·¥¤¥²¥´¨¥ ¶μ Ô´¥·£¨¨ ¢ ´ Î ²Ó´Ò° ³μ³¥´É ¢·¥³¥´¨ ¢ É¥·³¨´ Ì ®¢μ§· -
¸É ¯ Î ¸É¨Í, ¶μ²ÊÎ¨³ ¢Ò· ¦¥´¨¥ ¤²Ö ¶²μÉ´μ¸É¨ Î ¸É¨Í

n (r, t) = N

e
−

(

r2 + 
r2

0

)
2τ (ε (t) , ε0) sh

(
r · r0

τ (ε (t) , ε0)

)
r · r0 ·

√
τ (ε (t) , ε0)

(√
2π

)3 ,

n (0, t) = N
e
−


r2
0

2τ (ε (t) , ε0)(√
2πτ (ε (t) , ε0)

)3 .

(15)


Éμ · ¸¶·¥¤¥²¥´¨¥ Ö¢²Ö¥É¸Ö ·¥§Ê²ÓÉ Éμ³ ¨´É¥£·¨·μ¢ ´¨Ö ¶μ ¸Ë¥·¥ ËÊ´±Í¨¨
ƒ·¨´  Ê· ¢´¥´¨Ö ¤¨ËËÊ§¨¨ (13), ¢ ±μÉμ·ÊÕ μ´μ ¶¥·¥Ìμ¤¨É ¶·¨ r0 → 0 ¨²¨
τ (ε (t) , ε0) >> r2

0 .
‚ ¤ ²Ó´¥°Ï¥³ ¶μÉ·¥¡Ê¥É¸Ö §´ ÉÓ ¶²μÉ´μ¸ÉÓ Ô²¥±É·μ´μ¢ ´  �–, ±μÉμ· Ö ¢

¤ ´´μ° ¨¤¥ ²¨§¨·μ¢ ´´μ° ³μ¤¥²¨ ¢ ´ Î ²Ó´Ò° ³μ³¥´É ¢·¥³¥´¨ Ô±¸¶μ´¥´Í¨-
 ²Ó´μ ³ ² . �¥ ²Ó´μ ¨§-§  ±μ´¥Î´μ° Ï¨·¨´Ò Ô´¥·£¥É¨Î¥¸±μ£μ ¸¶¥±É· , · §´μ£μ
¢·¥³¥´¨ ·μ¦¤¥´¨Ö Ô²¥±É·μ´μ¢ ¨ μÉ²¨Î¨Ö Éμ²Ó±μ ´  ¶μ·Ö¤μ± ¢¥²¨Î¨´Ò · §-
³¥·  μ¡² ¸É¨ ¨μ´¨§ Í¨¨ μÉ Éμ°, ±μÉμ·ÊÕ μ´¨ § ´¨³ ÕÉ, Éμ·³μ§Ö¸Ó ¤μ Ô´¥·£¨¨
ε0 ≈ 5 Ô‚, ÔÉ  ¶²μÉ´μ¸ÉÓ ´¥ ¸Éμ²Ó ³ ² . �¤´ ±μ μ´  § ¢¥¤μ³μ ³¥´ÓÏ¥, Î¥³
¢ ¶μ¸²¥¤ÊÕÐ¨¥ ¢·¥³¥´  ¶μ·Ö¤±  t0, ±μ£¤  ¨§-§  ´ Î ¢Ï¥£μ¸Ö ¤¨ËËÊ§¨μ´´μ£μ
Ì · ±É¥·  ¤¢¨¦¥´¨Ö ¶²μÉ´μ¸ÉÓ ¢ μ¡² ¸É¨ · §³¥·  r0 ¸É ´¥É Ê¸·¥¤´ÖÉÓ¸Ö.

2.3. ‚¥·μÖÉ´μ¸ÉÓ μ¡· §μ¢ ´¨Ö μB− §  ¸ÎeÉ μ¦¥-¶¥·¥Ìμ¤  ´  Ô²¥±É·μ-
´ Ì §μ´Ò ¶·μ¢μ¤¨³μ¸É¨. �¥§Ê²ÓÉ ÉÒ · ¸ÎeÉ  ¶μ ¢Éμ·μ° Ëμ·³Ê²¥ (15) ¶·¥¤-
¸É ¢²¥´Ò ´  ·¨¸. 5. Œ ±¸¨³ ²Ó´ Ö ¶²μÉ´μ¸ÉÓ ´μ¸¨É¥²¥° ´  �– ¶μ·Ö¤± 
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�¨¸. 5. ‡ ¢¨¸¨³μ¸ÉÓ ¶²μÉ´μ¸É¨ ´μ-
¸¨É¥²¥° ´  �– μÉ ¢·¥³¥´¨

1018 ¸³−3 ¤μ¸É¨£ ¥É¸Ö ¶·¨³¥·´μ ¢ ³μ³¥´É
¢·¥³¥´¨ t0 + 3 · 10−14 c ≈ 8 · 10−14 c, ÔÉμ
¸μμÉ¢¥É¸É¢Ê¥É Éμ³Ê, ÎÉμ Ê¸·¥¤´¥´¨¥ ¶·μ¨¸-
Ìμ¤¨É Ê¦¥ ¶μ¸²¥ μ¤´μ£μ ÔËË¥±É¨¢´μ£μ ±¢ -
§¨Ê¶·Ê£μ£μ ¸Éμ²±´μ¢¥´¨Ö Ô²¥±É·μ´  ¸ Ëμ´μ-
´μ³.

	μ²ÊÎ¥´´ Ö ¢¥²¨Î¨´  ¶²μÉ´μ¸É¨ Ô²¥±-
É·μ´μ¢ ¶μ§¢μ²Ö¥É μÍ¥´¨ÉÓ ¢¥·μÖÉ´μ¸ÉÓ
μ¡· §μ¢ ´¨Ö μB− §  ¸ÎeÉ ¶¥·¥Ìμ¤  É¨¶ 
�¦¥ ´  Ô²¥±É·μ´ Ì §μ´Ò ¶·μ¢μ¤¨³μ¸É¨.
	μ¸±μ²Ó±Ê ¨Ì ¶²μÉ´μ¸ÉÓ ¸¨²Ó´μ § ¢¨¸¨É
μÉ ¢·¥³¥´¨, ¢¥·μÖÉ´μ¸ÉÓ ³μ¦´μ μÍ¥´¨ÉÓ
± ±

w = K3ne v

∞∫
0

ne (t) · dt = 1, 5 ·
(
10−3−10−1

)
, (16)

£¤¥ ¨¸¶μ²Ó§μ¢ ´  μÍ¥´±  ±μ´¸É ´ÉÒ É·eÌÎ ¸É¨Î´μ° ·¥ ±Í¨¨ K3, ¶·¨¢¥¤e´´ Ö
¢ · §¤¥²¥ 1. ‚¥·Ì´ÖÖ £· ´¨Í , ¢¥·μÖÉ´μ, ¸²¨Ï±μ³ ¢¥²¨± , ¶μ¸±μ²Ó±Ê ¸ ³ 
μÍ¥´±  ±μ´¸É ´ÉÒ É·eÌÎ ¸É¨Î´μ° ·¥ ±Í¨¨ K3 § ¢ÒÏ¥´ . ’¥³ ´¥ ³¥´¥¥, Ê¦¥
¨§ ÔÉμ° μÍ¥´±¨ ¸²¥¤Ê¥É, ÎÉμ ¡Ò¸É·μ¥ μ¡· §μ¢ ´¨¥ μB− ¶μ ÔÉμ³Ê ³¥Ì ´¨§³Ê
³ ²μ¢¥·μÖÉ´μ. �¥μ¡Ìμ¤¨³μ, μ¤´ ±μ, ¡μ²¥¥ ¸É·μ£μ ¨ ¶μ¸²¥¤μ¢ É¥²Ó´μ · ¸¸Î¨-
É ÉÓ ¢·¥³Ö Ëμ·³¨·μ¢ ´¨Ö μÉ·¨Í É¥²Ó´μ § ·Ö¦¥´´μ°  ±Í¥¶Éμ·´μ° ¶·¨³¥¸¨,
μ¡· §μ¢ ´´μ° μÉ·¨Í É¥²Ó´Ò³ ³Õμ´μ³ ¢  ²³ §¥ §  ¸ÎeÉ · ¤¨ Í¨μ´´μ£μ ¶¥·¥-
Ìμ¤ , ¸±μ·μ¸ÉÓ ±μÉμ·μ£μ ®£·Ê¡μ¯ μÍ¥´¨¢ ² ¸Ó ¢ · §¤¥²¥ 1.

3. ���–…‘‘› ‚ �Š�…‘’��‘’ˆ μ‚-�Š–…�’��� �� Œ�‘˜’��…
‚�…Œ…� 10−13−10−10 ¸

3.1. ˆμ´¨§ Í¨Ö ¶·¨³¥¸¥° ¢Éμ·¨Î´Ò³¨ Ô²¥±É·μ´ ³¨. 	 · ²²¥²Ó´μ ¶·μ-
Í¥¸¸Ê Ëμ·³¨·μ¢ ´¨Ö μB− ¢μ±·Ê£ ´¥£μ ¨¤¥É ¶·μÍ¥¸¸ É¥·³ ²¨§ Í¨¨ ¸¢μ¡μ¤-
´ÒÌ ´μ¸¨É¥²¥°, ¸μ¶·μ¢μ¦¤ ÕÐ¨°¸Ö ¨μ´¨§ Í¨¥° ¶·¨³¥¸¨ ¨ ¢§ ¨³μ¤¥°¸É¢¨¥³
¸ Ëμ´μ´ ³¨. „μ Ô´¥·£¨° ¶μ·Ö¤±  É¥³¶¥· ÉÊ·Ò ¤²Ö μÍ¥´μ± ¡Ê¤¥³ ¨¸¶μ²Ó§μ¢ ÉÓ
Ëμ·³Ê²Ò (10). ‘²¥¤Ê¥É, μ¤´ ±μ, § ³¥É¨ÉÓ, ÎÉμ ±¢ §¨Ê¶·Ê£μ¥ ¶·¨¡²¨¦¥´¨¥ · ¸-
¸¥Ö´¨Ö ´μ¸¨É¥²¥° ´  Ëμ´μ´ Ì ¶·¨³¥´¨³μ Éμ²Ó±μ ¶·¨ Ô´¥·£¨ÖÌ ¢ÒÏ¥ 103 Š.

Éμ ¸²¥¤Ê¥É ÊÎ¨ÉÒ¢ ÉÓ ¢ ±μ²¨Î¥¸É¢¥´´ÒÌ · ¸Î¥É Ì. Š·¨¢Ò¥, Ì · ±É¥·¨§ÊÕ-
Ð¨¥ Ô´¥·£¨Õ ¨ ®¢μ§· ¸É¯ Î ¸É¨ÍÒ ± ± ËÊ´±Í¨Õ ¢·¥³¥´¨, ¶·¥¤¸É ¢²¥´Ò ´ 
·¨¸. 6 ¨ 7. �  ¤ ´´μ³ ¢·¥³¥´´μ³ ¨´É¥·¢ ²¥, ´ Î¨´ ÕÐ¥³¸Ö ¸ 10−13 c, ± ±
¢¨¤´μ ¨§ £· Ë¨±μ¢, ¡¥§· §²¨Î´  ¶·¥¤Ò¸Éμ·¨Ö. ‚¸¥ ¶·μÍ¥¸¸Ò ¨³¥ÕÉ Ì · ±-
É¥·´Ò¥ ¢·¥³¥´  ¡μ²ÓÏ¥ 10−13 c, ¶μÔÉμ³Ê ¢¸¥ Î ¸É¨ÍÒ, ¤μ¸É¨£Ï¨¥ Ô´¥·£¨¨
ε0 ≈ 5 Ô‚ ¢ ± ±μ°-Éμ ¶·¥¤Ò¤ÊÐ¨° ³μ³¥´É, ¢¥¤ÊÉ ¸¥¡Ö μ¤¨´ ±μ¢μ.
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�¨¸. 6. ‡ ¢¨¸¨³μ¸ÉÓ Ô´¥·£¨¨ μ¦¥-
Ô²¥±É·μ´  μÉ ¢·¥³¥´¨ ¶·¨ · §-
´ÒÌ §´ Î¥´¨ÖÌ ¥£μ ´ Î ²Ó´μ°
Ô´¥·£¨¨ ε(k); 1 Å k = 5; 2 Å
k = 8; 3 Å k = 30

�¨¸. 7. ‚·¥³¥´´ Ö § ¢¨¸¨³μ¸ÉÓ
®¢μ§· ¸É ¯ μ¦¥-Ô²¥±É·μ´μ¢ ¤²Ö · §-
´ÒÌ §´ Î¥´¨° ¨Ì ´ Î ²Ó´μ° Ô´¥·£¨¨
ε(k); 1 Å k = 5; 2 Å k = 8; 3 Å
k = 30

‚Éμ·¨Î´Ò° Ô²¥±É·μ´ ¸ Ô´¥·£¨¥° εs ∼ 10 Ô‚ ¢¥¤¥É ¸¥¡Ö É ± ¦¥, ± ± ¨ μ¦¥-
Ô²¥±É·μ´. ‹Õ¡μ° ¨§ ´¨Ì ³μ¦¥É ¨μ´¨§μ¢ ÉÓ ¶·¨³¥¸¨, μ¤´ ±μ Éμ²Ó±μ Ô²¥±É·μ´Ò
¸ Ô´¥·£¨¥° ¡μ²ÓÏ¥ Ï¨·¨´Ò § ¶·¥Ðe´´μ° §μ´Ò ¡Ê¤ÊÉ ÔËË¥±É¨¢´μ ¸μ§¤ ¢ ÉÓ
Ô²¥±É·μ´´μ-¤Ò·μÎ´Ò¥ ¶ ·Ò. 	·¨ ´¥ ¸²¨Ï±μ³ ¡μ²ÓÏ¨Ì ±μ´Í¥´É· Í¨ÖÌ ¶·¨-

³¥¸¨ (nimp <<
σi (ε)n

σi imp (ε)
, σi, σi imp Å ¸¥Î¥´¨Ö ¨μ´¨§ Í¨¨  Éμ³μ¢ ·¥Ï¥É±¨

¨ ¶·¨³¥¸¨ ¸μμÉ¢¥É¸É¢¥´´μ) ¢±² ¤ μÉ ¨Ì ¨μ´¨§ Í¨¨ ¢ Î¨¸²μ ¸¢μ¡μ¤´ÒÌ ´μ¸¨-
É¥²¥° ´¥¢¥²¨±, ¨ ¶μ²´μ¥ Î¨¸²μ ´μ¸¨É¥²¥° ± ¦¤μ£μ §´ ±  ¢ μ±·¥¸É´μ¸É¨ �–
μ¸É eÉ¸Ö · ¢´Ò³ N , ¶μ²ÊÎ¥´´Ò³ ¢ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥.

Š ¦¤Ò° É ±μ° ´μ¸¨É¥²Ó §  ¢·¥³Ö dt ¸μ§¤ ¸É dNimp ¨μ´¨§μ¢ ´´ÒÌ
¶·¨³¥¸¥°

dNi imp = nimpσi imp (ε)

√
2ε′

me
dt,

(17)

Ni imp (Jimp, ε0) =

ε0∫
Jimp

nimp
σi imp (ε′)

g (ε′)

√
2ε′

me
dε′.

‡¤¥¸Ó Ê¡Ò²Ó Ô´¥·£¨¨ ¢ ¥¤¨´¨ÍÊ ¢·¥³¥´¨ ¢ ¶·¨¡²¨¦¥´¨¨ ´¥¶·¥·Ò¢´ÒÌ ¶μÉ¥·Ó
¸¢Ö§ ´  ¸ ¶μÉ¥·Ö³¨ ´  ¨μ´¨§ Í¨Õ ¶·¨³¥¸¥° ¨ ·μ¦¤¥´¨¥ Ëμ´μ´μ¢

g (ε) = gimp (ε) + gph (ε) ≈ nimpΔεsσi imp (ε)
√

2ε/me + ενε ph (ε) , (18)

£¤¥ ¸·¥¤´ÕÕ ¶μÉ¥·Õ Ô´¥·£¨¨ ¶·¨ ¨μ´¨§ Í¨¨ Δεs ¨ ¸¥Î¥´¨¥ σi imp (ε) ³μ¦´μ
μÍ¥´¨ÉÓ ¶μ Ëμ·³Ê² ³ ’μ³¸μ´  (2) ¨ (3),   Î ¸ÉμÉÊ ¶μÉ¥·¨ Ô´¥·£¨¨ §  ¸ÎeÉ
¨§²ÊÎ¥´¨Ö Ëμ´μ´μ¢ νε ph (ε) Å ¶μ Ëμ·³Ê² ³ ¤²Ö μ¤´μËμ´μ´´μ£μ ¶·μÍ¥¸¸ ,
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μ¡¸Ê¦¤ ¢Ï¥£μ¸Ö ¢ [8]. Š Î¥¸É¢¥´´μ¥ ¶·¥¤¸É ¢²¥´¨¥ μ ·μ²¨ μ¡μ¨Ì ³¥Ì -
´¨§³μ¢ ¶μÉ¥·Ó ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ¨§ ·¨¸. 8. 	·¨ Ô´¥·£¨ÖÌ ε < 5 Ô‚ ¶μÉ¥·¨
¨¤ÊÉ, ¢ μ¸´μ¢´μ³, §  ¸ÎeÉ ¨μ´¨§ Í¨¨ ¶·¨³¥¸¨, ¥¸²¨ ¥¥ ±μ´Í¥´É· Í¨Ö ¡μ²ÓÏ¥
nimp = 1016 ¸³−3.

”μ´μ´´Ò° ³¥Ì ´¨§³ ¶μÉ¥·Ó Ô´¥·£¨¨ ¤²Ö ¶·¨´ÖÉμ° §¤¥¸Ó T = 50 Š μ± -
§Ò¢ ¥É¸Ö ÔËË¥±É¨¢´Ò³ Éμ²Ó±μ ¶·¨ Ô´¥·£¨ÖÌ ³¥´ÓÏ¥ ¶μÉ¥´Í¨ ²  ¨μ´¨§ Í¨¨
¶·¨³¥¸¨. 	·¨ Ô´¥·£¨ÖÌ ε > 10 Ô‚ Ëμ´μ´´Ò° ³¥Ì ´¨§³ ¸²¥¤Ê¥É ¨´É¥·¶·¥-
É¨·μ¢ ÉÓ ± ± ¸Éμ²±´μ¢¥´¨Ö ´μ¸¨É¥²Ö ¸ μÉ¤¥²Ó´Ò³¨  Éμ³ ³¨ ·¥Ï¥É±¨ (£ §μ-
¢ Ö ³μ¤¥²Ó). �  ·¨¸. 8 ±·¨¢ Ö ¤²Ö £ §μ¢μ° ³μ¤¥²¨ ¶μ¸É·μ¥´  ¶μ ¸¥Î¥´¨Õ
· ¸¸¥Ö´¨Ö ´   Éμ³¥ ´¥μ´ . „²Ö Ê£²¥·μ¤  ¢ ·¥Ï¥É±¥ ÔÉμ ¸¥Î¥´¨¥, ¢¥·μÖÉ´μ,
´¥¸±μ²Ó±μ ¡μ²ÓÏ¥. Š·μ³¥ Éμ£μ, ¶·¨ ε >> T ¢ Ô²¥±É·μ´-Ëμ´μ´´μ³ ¢§ ¨-
³μ¤¥°¸É¢¨¨ ¤μ²¦´  ¸ÉμÖÉÓ ÔËË¥±É¨¢´ Ö ³ ¸¸ , ¡²¨§± Ö ± ³ ¸¸¥ ¸¢μ¡μ¤´μ£μ
Ô²¥±É·μ´ . …¸²¨ ÊÎ¥¸ÉÓ ÔÉ¨ Ë ±Éμ·Ò, Éμ ±·¨¢Ò¥ 3 ¨ 4 ¶· ±É¨Î¥¸±¨ ¸μ¢¶ ¤ÊÉ
¢μ ¢¸e³ ¨´É¥·¥¸ÊÕÐ¥³ ´ ¸ ¨´É¥·¢ ²¥ Ô´¥·£¨°, ¶μÔÉμ³Ê ¶·¨¢¥¤e´´Ò¥ §¤¥¸Ó
μÍ¥´±¨ ¶·μÍ¥¸¸μ¢ ´¥ μÎ¥´Ó ÎÊ¢¸É¢¨É¥²Ó´Ò ± ¢Ò¡μ·Ê ³μ¤¥²¨ ·¥² ±¸ Í¨¨ ´ 
Ëμ´μ´ Ì ¨ ¤μ¸É ÉμÎ´μ ´ ¤e¦´Ò.

…¸²¨ Ô²¥±É·μ´ ¸ ´ Î ²Ó´μ° Ô´¥·£¨¥° ε0 ≈ 5 Ô‚ ¨μ´¨§Ê¥É ´¥¸±μ²Ó±μ ¶·¨-
³¥¸¥°, Éμ ±μ´Í¥´É· Í¨Ö ¸¢μ¡μ¤´ÒÌ ´μ¸¨É¥²¥° ´  �– ¡Ê¤¥É ¢ ¨Éμ£¥ μ¶·¥¤¥-
²ÖÉÓ¸Ö ±μ´Í¥´É· Í¨¥° ¨μ´¨§μ¢ ´´ÒÌ ¶·¨³¥¸¥°. „²Ö  ²³ §  ÔÉ  ¸¨ÉÊ Í¨Ö, ± ±
¢¨¤´μ ¨§ ·¨¸. 9, ·¥ ²¨§Ê¥É¸Ö ¶·¨ ±μ´Í¥´É· Í¨¨ ´¥°É· ²Ó´ÒÌ ¶·¨³¥¸¥° (¡μ·)
¡μ²ÓÏ¥ 1016 ¸³−3. 	·¨ ÔÉμ³ μ¸´μ¢´ÊÕ ·μ²Ó ¨£· ÕÉ ¶·¨³¥¸¨ ¸ ³ ²μ° Ô´¥·£¨¥°
¨μ´¨§ Í¨¨, ¶μÔÉμ³Ê ¢²¨Ö´¨¥ ´  μÍ¥´±¨ ¶·¨¸ÊÉ¸É¢¨Ö ¶·¨³¥¸¨  §μÉ  ´¥ ¸²¨Ï-
±μ³ ¢¥²¨±μ. „²Ö ¶·μ¸ÉμÉÒ μÍ¥´μ± ¡Ê¤¥³ ¸Î¨É ÉÓ É ±¦¥, ÎÉμ ± ¦¤Ò° Ô²¥±É·μ´
¸ ε0 ≈ 5 Ô‚ ¶μ·μ¦¤ ¥É Éμ²Ó±μ μ¤´μ ®¶μ±μ²¥´¨¥¯ Ô²¥±É·μ´μ¢ ¨μ´¨§ Í¨¨.

Éμ ¢¶μ²´¥ ¤μ¶Ê¸É¨³μ, ¶μ¸±μ²Ó±Ê ¸·¥¤´ÖÖ Ô´¥·£¨Ö ¶μ·μ¦¤e´´μ£μ Ô²¥±É·μ´ 
(¤Ò·±¨) μÉ ¨μ´¨§ Í¨¨ ¶·¨³¥¸¨ ´¥ ¶·¥¢μ¸Ìμ¤¨É 0,65 Ô‚ ¨ ¶·μ¨§¢¥¤¥´´μ¥ ¨³
Î¨¸²μ ¨μ´¨§ Í¨° Ni imp(0,37; 0,65) = 0,32, ¢ Éμ ¢·¥³Ö ± ± Î¨¸²μ ¨μ´¨§ -
Í¨° Ô²¥±É·μ´μ³ Ô´¥·£¨¨ 5 Ô‚ ¥¸ÉÓ Ni imp(0,37; 5) = 3,27. �Í¥´±  ¶·¨¢¥¤¥´ 
¤²Ö É¨¶¨Î´ÒÌ ±μ´Í¥´É· Í¨° ´¥°É· ²Ó´ÒÌ ¶·¨³¥¸¥° (¡μ·) nimp ≈ 1017 ¸³−3.
	·¨ ¤·Ê£¨Ì ±μ´Í¥´É· Í¨ÖÌ ³μ£ÊÉ ¨§³¥´¨ÉÓ¸Ö Éμ²Ó±μ ¸ ³¨ §´ Î¥´¨Ö, ´μ ´¥ ¨Ì
μÉ´μÏ¥´¨¥.

3.2. � ¸¶·¥¤¥²¥´¨¥ ¨μ´¨§μ¢ ´´ÒÌ ¶·¨³¥¸¥°. ‚ ³μ³¥´É t′ Ô²¥±É·μ´ ¸ ´ -
Î ²Ó´μ° Ô´¥·£¨¥° ε1s(0) ≈ 5 Ô‚ ·μ¦¤ ¥É Ô²¥±É·μ´ ¸²¥¤ÊÕÐ¥£μ ¶μ±μ²¥´¨Ö
¸ Ô´¥·£¨¥° ε(t′). ’ ±¨³ μ¡· §μ³, ¶μ³¨³μ ®¶¥·¢¨Î´ÒÌ¯ Ô²¥±É·μ´μ¢, · ¸¶·¥-
¤¥²e´´ÒÌ ¸ ¶²μÉ´μ¸ÉÓÕ (15) ¨ μ¡² ¤ ÕÐ¨Ì ¶·¨³¥·´μ μ¤´μ° Ô´¥·£¨¥°, ±μÉμ· Ö
Ö¢²Ö¥É¸Ö ·¥Ï¥´¨¥³ Ê· ¢´¥´¨Ö

t −
ε1(0)∫
ε

dε′/g (ε′) = 0 (19)
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�¨¸. 8. 
´¥·£¥É¨Î¥¸± Ö § ¢¨¸¨-
³μ¸ÉÓ Î ¸ÉμÉÒ ¶μÉ¥·Ó Ô´¥·£¨¨
´μ¸¨É¥²¥³: 1, 2 Å ¶·¨ ¨μ´¨§ Í¨¨
¶·¨³¥¸¨ ‚ ¤²Ö nimp = 1016 ¸³−3

¨ nimp = 1017 ¸³−3 ¸μμÉ¢¥É-
¸É¢¥´´μ; 3 Å ¢ £ §μ¢μ° ³μ¤¥²¨;
4 Å §  ¸Î¥É · ¸¸¥Ö´¨Ö ´  Ëμ´μ-
´ Ì

�¨¸. 9. ‡ ¢¨¸¨³μ¸ÉÓ μÉ ±μ´Í¥´É· -
Í¨¨ ¶·¨³¥¸¨ Î¨¸²  ¨μ´¨§ Í¨° ¶·¨
Éμ·³μ¦¥´¨¨ ¢  ²³ §¥ ´μ¸¨É¥²Ö ¸ ´ -
Î ²Ó´μ° Ô´¥·£¨¥° 5 Ô‚: 1 Å ¡μ·,
2 Å  §μÉ

´  μÉ·¥§±¥ ε ∈ (5T, ε1 (0)), ·μ¦¤ ÕÉ¸Ö ´μ¸¨É¥²¨ § ·Ö¤μ¢ μÉ ¨μ´¨§ Í¨¨ ¶·¨-
³¥¸¥°. 	²μÉ´μ¸ÉÓ ¨¸ÉμÎ´¨±μ¢ ÔÉ¨Ì ´μ¸¨É¥²¥° ³μ¦´μ § ¶¨¸ ÉÓ ± ±

q (
r, ε, t) = w (ε |ε1 (t) )nimpσi imp (ε1 (t))n (r, t)
√

2ε1 (t)/me, (20)

£¤¥ n(r, t) Å ¶²μÉ´μ¸ÉÓ Ô²¥±É·μ´μ¢, w Å ¶²μÉ´μ¸ÉÓ ¢¥·μÖÉ´μ¸É¨ ·μ¦¤¥´¨Ö
¢Éμ·¨Î´μ£μ Ô²¥±É·μ´  ¸ Ô´¥·£¨¥° ε ¶·¨ ¨μ´¨§ Í¨¨  Éμ³  ¶·¨³¥¸¨ Ô²¥±É·μ´μ³
Ô´¥·£¨¨ ε1.

…¸²¨ ¶μ¤¸É ¢¨ÉÓ ÔÉÊ ËÊ´±Í¨Õ ¢ ¶· ¢ÊÕ Î ¸ÉÓ Ê· ¢´¥´¨Ö (9), Éμ μ´μ ¡Ê¤¥É
μ¶¨¸Ò¢ ÉÓ ¨§³¥´¥´¨¥ · ¸¶·¥¤¥²¥´¨Ö ´μ¸¨É¥²¥° § ·Ö¤  μÉ ¨μ´¨§ Í¨¨ ¤μ É¥Ì
¶μ·, ¶μ±  μ´¨ ´¥ § Éμ·³μ§ÖÉ¸Ö ¤μ Ô´¥·£¨° ¶μ·Ö¤±  2T ¨²¨ ´¥ ´ Î´ÊÉ ÎÊ¢¸É¢μ-
¢ ÉÓ Ô²¥±É·¨Î¥¸±¨¥ ¶μ²Ö. 	μ¸²¥ ¶μ¤¸É ´μ¢±¨ ¢Ìμ¤ÖÐ¨Ì ¢ ´¥£μ ¢Ò· ¦¥´¨°
¨¸ÉμÎ´¨± (20) ¶·¨μ¡·¥É ¥É ¢¨¤

q (
r, ε, t) =
Jimpnimpσi imp (ε1 (t))

(ε + Jimp)2
×

N

e
−

(

r2 + 
r2

0

)
2τ (ε1 (t) , ε1(0)) sh

(
rr0

τ (ε1 (t) , ε1 (0))

)

rr0

√
τ (ε1 (t) , ε1 (0))

(√
2π

)3

√
2ε1 (t)

me
, ε1 (0) ≈ 5 Ô‚. (21)

�¥Ï¥´¨¥ ±¨´¥É¨Î¥¸±μ£μ Ê· ¢´¥´¨Ö § ¶¨¸Ò¢ ¥É¸Ö Î¥·¥§ ¥£μ ËÊ´±Í¨Õ ƒ·¨´  ¢
¸μμÉ¢¥É¸É¢¨¨ ¸ (13). ‚ · ¸¸³ É·¨¢ ¥³μ³ §¤¥¸Ó ¸²ÊÎ ¥ ¶·¥´¥¡·¥£ ÉÓ ¢²¨Ö´¨¥³
Ô²¥±É·¨Î¥¸±¨Ì ¶μ²¥° ´¥²Ó§Ö.
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‘ÊÐ¥¸É¢¥´´Ò³ ¤²Ö ·¥Ï¥´¨Ö ¢μ¶·μ¸μ¢, μ¡¸Ê¦¤ ¥³ÒÌ ¢ ¤ ´´μ° · ¡μÉ¥,
Ö¢²Ö¥É¸Ö · ¸¶·¥¤¥²¥´¨¥ ±μ´Í¥´É· Í¨¨ ¨μ´¨§μ¢ ´´ÒÌ ¶·¨³¥¸¥° μ±μ²μ ³Õμ´-
´μ£μ �–, ¶μ¸±μ²Ó±Ê ¶·¨³¥¸¨ ´¥¶μ¤¢¨¦´Ò ¨ Ê¤¥·¦¨¢ ÕÉ ¸¢μ¡μ¤´Ò¥ ´μ¸¨É¥²¨
¸ Ô´¥·£¨Ö³¨, ¡²¨§±¨³¨ ± É¥¶²μ¢Ò³, μ±μ²μ ¸¥¡Ö. 
É¨ ´μ¸¨É¥²¨ μÉ¢¥É¸É¢¥´´Ò
§  ¶·μÍ¥¸¸Ò, ¢²¨ÖÕÐ¨¥ ´  ¶μ¢¥¤¥´¨¥ ¶μ²Ö·¨§ Í¨¨ ¸¶¨´  ³Õμ´  ¢ μ¡· §μ¢ ´-
´μ³ ¨³ �–.

ˆ´É¥£· ² ¶μ Ô´¥·£¨Ö³ μÉ ¶²μÉ´μ¸É¨ ¨¸ÉμÎ´¨±μ¢, § ¤ ¢ ¥³μ° Ëμ·³Ê² -
³¨ (20) ¨²¨ (21), ¸¢Ö§Ò¢ ¥É ¸±μ·μ¸ÉÓ μ¡· §μ¢ ´¨Ö ¨μ´¨§μ¢ ´´ÒÌ ¶·¨³¥¸¥°
n−

imp (
r, t) ¸ É¥±ÊÐ¥° ±μ´Í¥´É· Í¨¥° ´¥°É· ²Ó´ÒÌ ¶·¨³¥¸¥° nimp − n−
imp(t) ¢

¤ ´´μ° ÉμÎ±¥ ¶·μ¸É· ´¸É¢ 

dn−
imp (
r, t)

dt
= σi imp (ε1 (t))n (
r, t) (nimp − n−

imp(
r, t))
√

2ε1 (t)/me; (22)

§¤¥¸Ó, ± ± ¨ · ´¥¥, nimp Å ´ Î ²Ó´ Ö, ´¥ § ¢¨¸ÖÐ Ö μÉ ¢·¥³¥´¨ ±μ´Í¥´É· Í¨Ö
¶·¨³¥¸¥°. 	μ¸²¥ ¶μ¤¸É ´μ¢±¨ ¶²μÉ´μ¸É¨ Ô²¥±É·μ´μ¢ n(r, t), § ¤ ´´μ° ¢Ò· ¦¥-
´¨¥³ (15), Ê· ¢´¥´¨¥ (22) ¶·¥¢· Ð ¥É¸Ö ¢ μ¡Ò±´μ¢¥´´μ¥ ¤¨ËË¥·¥´Í¨ ²Ó´μ¥
Ê· ¢´¥´¨¥ μÉ´μ¸¨É¥²Ó´μ ¶²μÉ´μ¸É¨ ¨μ´¨§μ¢ ´´ÒÌ ¶·¨³¥¸¥° n−

imp (
r, t), ·¥Ï¥-
´¨¥ ±μÉμ·μ£μ Ê¤μ¡´μ § ¶¨¸ ÉÓ ¢ ¢¨¤¥ ¸μμÉ´μÏ¥´¨Ö ¤²Ö ¢¥·μÖÉ´μ¸É¨ ¨μ´¨§ Í¨¨
¶·¨³¥¸¨

Wion imp (
r, t) =
n−

imp (
r, t)
nimp

=

= 1 − exp

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩
−N

ε1(t)∫
Jimp

σi imp (ε′)
e
−

(

r2 + 
r2

0

)
2τ (ε′, ε0) sh

(
r r0

τ (ε′, ε0)

)

r r0

√
τ (ε′, ε0) (2π)

3
2

√
2ε′

me

dε′

g (ε′)

⎫⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎭

.

(23)

�  ·¨¸. 10 ¶·¥¤¸É ¢²¥´  ¸¥É±  ±·¨¢ÒÌ · ¸¸Î¨É ´´μ£μ ¶μ Ëμ·³Ê²¥ (23)
¶·μ¸É· ´¸É¢¥´´μ£μ · ¸¶·¥¤¥²¥´¨Ö ¢¥·μÖÉ´μ¸É¨ ¨μ´¨§ Í¨¨ ¶·¨³¥¸¥° ¢ · §²¨Î-
´Ò¥ ³μ³¥´ÉÒ ¢·¥³¥´¨. „μ ¢·¥³e´ ¶μ·Ö¤±  10−14 c ±μ´Í¥´É· Í¨Ö n−

imp (0, t) =
nimp · Wion imp (0, t) ´  �– §´ Î¨É¥²Ó´μ ³¥´ÓÏ¥ ±μ´Í¥´É· Í¨¨ ´¥°É· ²Ó´ÒÌ
¶·¨³¥¸¥°. Š ³μ³¥´ÉÊ 2,5 · 10−14 c ¢¡²¨§¨ �– ¶· ±É¨Î¥¸±¨ ¢¸¥ ¶·¨³¥¸¨ ¨μ-
´¨§μ¢ ´Ò,   ± t = 2,5 · 10−12 c, ±μ£¤  § ± ´Î¨¢ ¥É¸Ö ¨μ´¨§ Í¨Ö, ¶· ±É¨Î¥-
¸±¨ ¢¸¥ ¶·¨³¥¸¨ ¢ μ¡² ¸É¨ · ¤¨Ê¸  r ≈ 1,5 · 10−5 c³ μ± §Ò¢ ÕÉ¸Ö ¨μ´¨§μ-
¢ ´´Ò³¨. 	·¨³¥Î É¥²Ó´μ, ÎÉμ ¸ ·μ¸Éμ³ ±μ´Í¥´É· Í¨¨ ¶·¨³¥¸¥° ¢ μ¡· §Í¥,
± ± ¢¨¤´μ ¨§ ·¨¸. 11, ±μ´Í¥´É· Í¨Ö ¨μ´¨§μ¢ ´´ÒÌ ¶·¨³¥¸¥° μ±μ²μ �– ³¥-
´Ö¥É¸Ö ´¥ ³μ´μÉμ´´μ. ‘ ·μ¸Éμ³ ±μ´Í¥´É· Í¨¨ ¶·¨³¥¸¨ μÉ 1019 c³−3 ¤μ
1020 c³−3 Ô²¥±É·μ´ ´ Î¨´ ¥É É¥·ÖÉÓ ´  ¨μ´¨§ Í¨Õ ¶·¨³¥¸¥° ¸Éμ²Ó ³´μ£μ,
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�¨¸. 10. 	·μ¸É· ´¸É¢¥´´μ¥ · ¸¶·¥-
¤¥²¥´¨¥ ¢¥·μÖÉ´μ¸É¨ ¨μ´¨§ Í¨¨ ¶·¨-
³¥¸¨ ¢¡²¨§¨ ³Õμ´´μ£μ �– (r = 0)
¢ · §²¨Î´Ò¥ ³μ³¥´ÉÒ ¢·¥³¥´¨: 1 Å
t = 5 · 10−15 c; 2 Å t = 10−14 c; 3 Å
t = 2,5 · 10−14 c; 4 Å t = 10−13 c;
5 Å t � 2,5 · 10−12 c. Šμ´Í¥´É· Í¨Ö
¶·¨³¥¸¨ Å 1017 c³−3

�¨¸. 11. ‚¥·μÖÉ´μ¸ÉÓ ¨μ´¨§ Í¨¨ ¶·¨-
³¥¸¨ Wion imp (�r,∞) ¶·¨ · §²¨Î´ÒÌ §´ -
Î¥´¨ÖÌ ¥¥ ±μ´Í¥´É· Í¨¨: 1 Å nimp =
1015 c³−3, 2 Å 1016 c³−3, 3 Å
1017 c³−3, 4 Å 1019 c³−3 ¨ 5 Å
1020 c³−3

�¨¸. 12. �¸¨³¶ÉμÉ¨Î¥¸±¨¥ · ¸¶·¥¤¥²¥-
´¨Ö ¢¥·μÖÉ´μ¸É¨ ¨μ´¨§ Í¨¨ ¶·¨³¥¸¨
Wion imp (�r,∞) ¶·¨ · §´μ³ §´ Î¥´¨¨ ´ -
Î ²Ó´μ£μ Î¨¸²  Ô²¥±É·μ´μ¢ N . Š·¨-
¢Ò¥ 1Ä3 Å ¤²Ö ¶·¨³¥¸¨ ¡μ·  nimp =
1017 c³−3 ¨ N = 800, 400, 80 ¸μμÉ¢¥É-
¸É¢¥´´μ; 4 Å ¤²Ö ¶·¨³¥¸¨  §μÉ  nimp =
1017 c³−3 ¨ N = 800

ÎÉμ ¤μ ³μ³¥´É  μ±μ´Î ´¨Ö ¨μ´¨§ Í¨¨,
±μ£¤  ¥£μ Ô´¥·£¨Ö ¸É ´μ¢¨É¸Ö · ¢´μ°
Jimp, ´¥ Ê¸¶¥¢ ¥É ¤μ¸É¨£´ÊÉÓ �– ¸
· ¸¸ÉμÖ´¨Ö r0 ≈ 3,3 · 10−6 c³. 	·¨
±μ´Í¥´É· Í¨ÖÌ ¶·¨³¥¸¥° 1017 c³−3 ¨
1020 c³−3 ±μ´Í¥´É· Í¨Ö ¨μ´¨§μ¢ ´-
´ÒÌ ¶·¨³¥¸¥° ¶· ±É¨Î¥¸±¨ μ¤¨´ ±μ-
¢ Ö,   ¶·¨ ¶·μ³¥¦ÊÉμÎ´ÒÌ §´ Î¥´¨ÖÌ
¢μ§· ¸É ¥É ¡μ²¥¥, Î¥³ ´  ¤¢  ¶μ·Ö¤± .
�¥ ¨¸±²ÕÎ¥´μ, ÎÉμ ¶·¨ É ±¨Ì ¶·μ³¥-
¦ÊÉμÎ´ÒÌ ±μ´Í¥´É· Í¨ÖÌ ³μ¦¥É ¸É ÉÓ
¢μ§³μ¦´Ò³ ¡Ò¸É·μ¥ μ¡· §μ¢ ´¨¥ μB−

§  ¸ÎeÉ ÔËË¥±É  �¦¥ ´  ¸¢μ¡μ¤´ÒÌ
´μ¸¨É¥²ÖÌ, μ¡· §μ¢ ´´ÒÌ ¶·¨ ¨μ´¨§ -
Í¨¨ ¶·¨³¥¸¥°, ±μ´Í¥´É· Í¨Ö ±μÉμ·ÒÌ,
¢ μÉ²¨Î¨e μÉ ¨§μ¡· ¦e´´μ° ´  ·¨¸. 5,
¡Ê¤¥É ¸μÌ· ´ÖÉÓ¸Ö ´  ¡μ²ÓÏ¨Ì ¢·¥³¥-
´ Ì ¨ μ¶·¥¤¥²ÖÉÓ¸Ö ¶·μÍ¥¸¸ ³¨ ·¥-
±μ³¡¨´ Í¨¨, · ¸¸³ É·¨¢ ¥³Ò³¨ ¢ ¸²¥-
¤ÊÕÐ¥³ · §¤¥²¥.

�  ·¨¸. 11 ¶·¥¤¸É ¢²¥´μ  ¸¨³¶ÉμÉ¨Î¥¸±μ¥ ¶·¨ t → ∞ · ¸¶·¥¤¥²¥´¨¥ ¢¥-
·μÖÉ´μ¸É¨ ¨μ´¨§ Í¨¨ ¶·¨³¥¸¨ Wion imp (
r,∞) ¶·¨ · §²¨Î´ÒÌ §´ Î¥´¨ÖÌ ±μ´-
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Í¥´É· Í¨¨ ¶·¨³¥¸¨. ‚¥·μÖÉ´μ¸ÉÓ ¨μ´¨§ Í¨¨ ¶·¨³¥¸¨ ¢¡²¨§¨ �– (¶·¨ r = 0)
¸É·¥³¨É¸Ö ± ¥¤¨´¨Í¥ ¨ ¥¥ ¶·μ¸É· ´¸É¢¥´´μ¥ · ¸¶·¥¤¥²¥´¨¥ ¶¥·¥¸É ¥É § ¢¨-
¸¥ÉÓ μÉ ±μ´Í¥´É· Í¨¨ ¶·¨³¥¸¨, ¥¸²¨ nimp < 1016 c³−3. ‚ ÔÉμ³ ¸²ÊÎ ¥ ¢¸¥
¶·¨³¥¸¨ ¢´ÊÉ·¨ ¸Ë¥·Ò ¸ Í¥´É·μ³ ´  �– ¨ · ¤¨Ê¸μ³ Ri imp, ¶·¨¡²¨§¨É¥²Ó´μ
· ¢´Ò³ 10−5 ¸³, μ± §Ò¢ ÕÉ¸Ö ¨μ´¨§μ¢ ´´Ò³¨.

…Ðe · § ´ ¶μ³´¨³, ÎÉμ ¢¸¥ ±·¨¢Ò¥ ¶μ¸É·μ¥´Ò ¤²Ö ¶μÉ¥´Í¨ ²  ¨μ´¨§ Í¨¨
¶·¨³¥¸¨ ¡μ·  Jimp = 0,37 Ô‚. 	·¨¢¥¤e´´Ò¥ ¤μ ¸¨Ì ¶μ· ·¥§Ê²ÓÉ ÉÒ ¶·¨-
£μ¤´Ò ± ± ¤²Ö p- É¨¶ , É ± ¨ ¤²Ö n- É¨¶   ²³ §μ¢ ¸ ÊÎeÉμ³ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì
Ô²¥±É·μ´ ³ ¨ ¤Ò·± ³ ¶ · ³¥É·μ¢.

‘ÊÐ¥¸É¢¥´´Ò³ ¤²Ö μÍ¥´μ± ¡Ò²μ ¶·¥¤¶μ²μ¦¥´¨¥ μ § Ì¢ É¥ ³Õμ´  ´  ¢Ò¸μ-
±¨¥ μ·¡¨ÉÒ (¡μ²ÓÏ¨¥ k), ÎÉμ ¶·¨¢μ¤¨²μ ± μÍ¥´±¥ μ¡Ð¥£μ Î¨¸²  Ô²¥±É·μ´μ¢,
¨μ´¨§ÊÕÐ¨Ì ¶·¨³¥¸¨, N ≈ 800. “± § ÉÓ ÉμÎ´μ, ¤μ ± ±μ£μ ³ ±¸¨³ ²Ó´μ£μ
Î¨¸²  kmax ¸²¥¤Ê¥É ¢¥¸É¨ ¸Ê³³¨·μ¢ ´¨¥, ¶μ±  ´¥¢μ§³μ¦´μ, ¶μÔÉμ³Ê ¶μ²¥§´μ
μÍ¥´¨ÉÓ ¢²¨Ö´¨¥ ¢¥²¨Î¨´Ò N ´  ±μ´Í¥´É· Í¨Õ ¸¢μ¡μ¤´ÒÌ ´μ¸¨É¥²¥°. ˆ´ÉÊ-
¨É¨¢´μ ³μ¦´μ ¶·¥¤¶μ²μ¦¨ÉÓ, ÎÉμ ÔÉ¨ ¢¥²¨Î¨´Ò ¶·¨³¥·´μ ¶·μ¶μ·Í¨μ´ ²Ó´Ò.
�¥§Ê²ÓÉ ÉÒ ¢ÒÎ¨¸²¥´¨°, ¶·¥¤¸É ¢²¥´´Ò¥ ´  ·¨¸. 12, ¸¢¨¤¥É¥²Ó¸É¢Ê¥É, μ¤´ ±μ,
ÎÉμ ±μ´Í¥´É· Í¨Ö ´μ¸¨É¥²¥° §´ Î¨É¥²Ó´μ ¸² ¡¥¥ ·¥ £¨·Ê¥É ´  ¨§³¥´¥´¨¥ Î¨-
¸²  N . �  ÔÉμ³ ¦¥ ·¨¸Ê´±¥ ´¨¦´ÖÖ ±·¨¢ Ö ¶μ¸É·μ¥´  ¤²Ö £²Ê¡μ±μ° ¶·¨³¥¸¨
 §μÉ  ¸ Jimp = 1,7 Ô‚ ¶·¨ É¥Ì ¦¥ μ¸É ²Ó´ÒÌ ¶ · ³¥É· Ì, ÎÉμ Ê ¢¥·Ì´¥° ¸¶²μÏ-
´μ° ±·¨¢μ° ¤²Ö ¡μ· . ˆ§ ¨Ì ¸· ¢´¥´¨Ö ¢¨¤´μ, ÎÉμ ´ ²¨Î¨¥ ¶²μÌμ ±μ´É·μ²¨·Ê¥-
³μ° ±μ´Í¥´É· Í¨¨ ¶·¨³¥¸¨  §μÉ , ¸μ¶μ¸É ¢¨³μ° ¸ ±μ´Í¥´É· Í¨° ²¥£¨·ÊÕÐ¥°
¶·¨³¥¸¨ ¡μ· , ´¥ ¤μ²¦´μ ¸¨²Ó´μ ¢²¨ÖÉÓ ´  ±μ´Í¥´É· Í¨Õ ´μ¸¨É¥²¥° μ±μ²μ
³Õμ´´μ£μ �–.

4. ���–…‘‘› ‚ �Š�…‘’��‘’ˆ μ‚-�Š–…�’��� �� Œ�‘˜’��…
‚�…Œ…� ��‹œ˜… 10−10 ¸ ��ˆ > 50 K

4.1. ˆ§³¥´¥´¨¥ ¶²μÉ´μ¸É¨ ´μ¸¨É¥²¥° μ±μ²μ ³Õμ´´μ£μ �–. 	·¨ t > tth ∼
10−10 c ´μ¸¨É¥²¨ Ê¦¥ ¶· ±É¨Î¥¸±¨ É¥·³ ²¨§μ¢ ´Ò ¨ ¸±μ·μ¸ÉÓ ¨Ì ·¥±μ³¡¨´ -
Í¨¨ ¤¨±ÉÊ¥É¸Ö É¥³¶¥· ÉÊ·μ° ¸·¥¤Ò. „μ ÔÉμ£μ ³μ³¥´É  ·¥±μ³¡¨´ Í¨Ö ³μ¦¥É
¶·μ¨¸Ìμ¤¨ÉÓ, ´μ μ´  μ¡ÒÎ´μ ¡μ²¥¥ ³¥¤²¥´´ Ö, Î¥³ ¶μ¸²¥ É¥·³ ²¨§ Í¨¨. � ¸-
ÎeÉ ÔÉ ¶  É¥·³ ²¨§ Í¨¨ ´μ¸¨É¥²¥° ¢  ²³ §¥ ´  ¢·¥³¥´ Ì 10−11 c< t < 10−10 c
¤μ¸É ÉμÎ´μ ¸²μ¦¥´, ¨ μ´ ¶·μ¢¥¤e´ ¢ · ¡μÉ¥ [23]. 
ÉμÉ ¨´É¥·¢ ² ´¥ ¢´μ¸¨É
¸ÊÐ¥¸É¢¥´´μ£μ ¢±² ¤  ¢ ¶·μÍ¥¸¸ ·¥±μ³¡¨´ Í¨¨.

‚ μÉ¸ÊÉ¸É¢¨¥ Ö¢²¥´¨Ö  ¡¸μ²ÕÉ´μ° μÉ·¨Í É¥²Ó´μ° ¶μ¤¢¨¦´μ¸É¨ ¸¢μ¡μ¤-
´Ò¥ § ·Ö¤Ò, ¶·μÉ¨¢μ¶μ²μ¦´Ò¥ ¶μ §´ ±Ê ¨μ´¨§μ¢ ´´Ò³ ¶·¨³¥¸Ö³, ´¥ ¸³μ£ÊÉ
Ê°É¨ ¨§ μ¡² ¸É¨ ¨μ´¨§μ¢ ´´ÒÌ ¶·¨³¥¸¥° ´  · ¸¸ÉμÖ´¨Ö ¶μ·Ö¤±  ¤²¨´Ò É¥·-
³ ²¨§ Í¨¨ R(tth) ∼ 10−4 c³ > Ri imp ∼ 10−5 c³. ‚ ¶·μÉ¨¢´μ³ ¸²ÊÎ ¥ ´ -
·ÊÏ¨É¸Ö Ô²¥±É·μ´¥°É· ²Ó´μ¸ÉÓ ¨ ¸μ§¤ ¤ÊÉ¸Ö É ±¨¥ Ô²¥±É·¨Î¥¸±¨¥ ¶μ²Ö, ÎÉμ
¢Ò¶μ²´¨É¸Ö ´¥· ¢¥´¸É¢μ ε (tth) ∼ T << Ne2

/
[5,7 · R (tth)] ≈ 103 K, ¨ ¶·¨

T ∼ 10 K ¶μ¤ ¤¥°¸É¢¨¥³ ¢μ§´¨±Ï¥£μ Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö ¶μ¤¢¨¦´Ò¥ § ·Ö¤Ò
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¢μ¸¸É ´μ¢ÖÉ Ô²¥±É·μ´¥°É· ²Ó´μ¸ÉÓ. ˆ§¡ÒÉμÎ´Ò¥ § ·Ö¤Ò Ê°¤ÊÉ ¨§ μ¡² ¸É¨ ¨μ-
´¨§μ¢ ´´ÒÌ ¶·¨³¥¸¥° ¢¸²¥¤¸É¢¨¥  ³¡¨¶μ²Ö·´μ° ¤¨ËËÊ§¨¨.

Šμ´Í¥´É· Í¨Ö ¨μ´μ¢ ¶·¨³¥¸¨ · ¢´  ¸·¥¤´¥° ±μ´Í¥´É· Í¨¨ ¸¢μ¡μ¤´ÒÌ
´μ¸¨É¥²¥° n, ±μÉμ·Ò¥ ± · ¸¸³ É·¨¢ ¥³μ³Ê ³μ³¥´ÉÊ ¢·¥³¥´¨ Ê¦¥ É¥·³ ²¨§μ-
¢ ´Ò, ¶μÔÉμ³Ê ·¥±μ³¡¨´ Í¨Õ ³μ¦´μ μ¶¨¸ ÉÓ Ê· ¢´¥´¨¥³

dn (t)
dt

= −K (n (t) , T ) · n (t)2 , t (n0, n (t)) =

n0∫
n(t)

dn′

K (n′, T ) · n′2 . (24)

�¨¸. 13. ‡ ¢¨¸¨³μ¸ÉÓ ±μ´Í¥´É· Í¨¨
´μ¸¨É¥²¥° μ±μ²μ ÉμÎ±¨ μ¸É ´μ¢±¨
³Õμ´  μÉ ¢·¥³¥´¨ ¶·¨ · §²¨Î´μ° ¨Ì
´ Î ²Ó´μ° ±μ´Í¥´É· Í¨¨ n0; 1 Å
n0 = 1020; 2 Å 1017; 3 Å 1015; 4 Å
1013 ¸³−3; T = 50 Š

� ¸ÎeÉÒ § ¢¨¸¨³μ¸É¨ ±μ´Í¥´É· Í¨¨
μÉ ¢·¥³¥´¨,  ´ ²μ£¨Î´Ò¥ ¶·μ¤¥² ´´Ò³
¤²Ö ±·¥³´¨Ö ¢ · ¡μÉ¥ [6], ¶·¨¢¥¤¥´Ò
´  ·¨¸. 13. ®Šμ´¸É ´É ¯ ·¥±μ³¡¨´ -
Í¨¨ K (n, T ) ¡Ò²  ÊÉμÎ´¥´  ¢ · ¡μ-
É Ì [19, 24]. ‡ ¢¨¸¨³μ¸ÉÓ ®±μ´¸É ´ÉÒ¯
·¥±μ³¡¨´ Í¨¨ K (n (t) , T ) μÉ ±μ´Í¥´É· -
Í¨¨ ´μ¸¨É¥²¥° · ¸¸³ É·¨¢ ² ¸Ó ¢ [6] ¶μ
·¥§Ê²ÓÉ É ³ · ¡μÉ [25Ä27]. ‚¸¥ ±·¨¢Ò¥
¢ÒÌμ¤ÖÉ ´   ¸¨³¶ÉμÉÊ, ¨§μ¡· ¦e´´ÊÕ ´ 
·¨¸Ê´±¥ ÏÉ·¨Ìμ¢μ° ¶·Ö³μ° 1/(K (T ) t),
£¤¥ K(T ) ≈ K(n < 1012 c³−3, T ) Å ®´ -
¸ÉμÖÐ Ö¯ ±μ´¸É ´É  ·¥±μ³¡¨´ Í¨¨, ±μ-
Éμ· Ö ´¥ § ¢¨¸¨É μÉ ±μ´Í¥´É· Í¨¨, ¶μ-
¸±μ²Ó±Ê ± ³μ³¥´ÉÊ t > 10−8 c ±μ´Í¥´É· -
Í¨Ö ´μ¸¨É¥²¥° Ê³¥´ÓÏ¨² ¸Ó ´ ¸Éμ²Ó±μ,
ÎÉμ ¸É ²  ¶·¨³¥´¨³  μ¡ÒÎ´ Ö É¥μ·¨Ö ·¥-

±μ³¡¨´ Í¨¨ ¢ £ §¥. 	·¨ T = 50 Š ±μ´¸É ´É  ·¥±μ³¡¨´ Í¨¨ K(T ) ≈
10−6 ¸³3/c. ’ ±¨³ μ¡· §μ³, ¶· ±É¨Î¥¸±¨ ¢μ ¢¸e³ ¨´É¥·¢ ²¥ ¢·¥³e´, ¤μ¸ÉÊ¶-
´ÒÌ ¨¸¸²¥¤μ¢ ´¨Õ ¸ ¶μ³μÐÓÕ μ−SR-³¥Éμ¤  (10−9 c < t < 10−5 c), ·¥±μ³¡¨-
´ Í¨Ö ¢ μ¡· §Í Ì ¸ · §²¨Î´μ° ±μ´Í¥´É· Í¨¥° ¶·¨³¥¸¥° ¶·μ¨¸Ìμ¤¨É ¸Ìμ¤´Ò³
μ¡· §μ³. 
Éμ ÊÉ¢¥·¦¤¥´¨¥ ¸μ£² ¸Ê¥É¸Ö, ± ± ³Ò Ê¢¨¤¨³, ¸ ·¥§Ê²ÓÉ É ³¨ μ−SR-
Ô±¸¶¥·¨³¥´Éμ¢ ¤²Ö É¥³¶¥· ÉÊ· ¢ÒÏ¥ 50 Š, ±μ£¤  ÔËË¥±ÉÒ, ¸¢Ö§ ´´Ò¥ ¸ ´¥-
Ê¶·Ê£μ¸ÉÓÕ · ¸¸¥Ö´¨Ö ´  Ëμ´μ´ Ì, ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ ¶·¨³¥¸Ö³¨ ¨ ¢μ§³μ¦´μ°
 ¡¸μ²ÕÉ´μ° μÉ·¨Í É¥²Ó´μ° ¶μ¤¢¨¦´μ¸ÉÓÕ [8, 9] ´¥ ¸Éμ²Ó ¸ÊÐ¥¸É¢¥´´Ò.

‘ÊÐ¥¸É¢¥´´μ¥ ¢²¨Ö´¨¥ ´  ¢¥²¨Î¨´Ê  ³¶²¨ÉÊ¤Ò ¶μ²Ö·¨§ Í¨¨ ¸¶¨´  ³Õ-
μ´  ³μ¦¥É μ± § ÉÓ ¨´É¥£· ² ¶μ ¢·¥³¥´¨ μÉ ±μ´Í¥´É· Í¨¨ ´μ¸¨É¥²¥°. „¥°-
¸É¢¨É¥²Ó´μ, ÔÉμÉ ¨´É¥£· ² ¢ Ëμ·³Ê²¥ (16) μ¶·¥¤¥²Ö¥É ¢μ§³μ¦´μ¸ÉÓ μ¡· §μ¢ -
´¨Ö μB− §  ¸ÎeÉ ¶¥·¥¤ Î¨ Ô´¥·£¨¨ ¸¢μ¡μ¤´μ³Ê ´μ¸¨É¥²Õ. …£μ ¢¥²¨Î¨´  ¤²Ö
É¨¶¨Î´μ° ±μ´Í¥´É· Í¨¨ ¶·¨³¥¸¥° nimp = 1017 c³−3 · ¢´  1,9 · 107 c/c³3,
¶·¨Îe³ ´  ¨´É¥·¢ ²¥ ¨´É¥£·¨·μ¢ ´¨Ö ¶μ ¢·¥³¥´¨ ¤μ t ∼ 10−10 c ÔÉ  ¢¥²¨Î¨´ 
Ê¦¥ ¶μ·Ö¤±  107 c/c³3. ‘μμÉ¢¥É¸É¢¥´´μ, μÍ¥´±  ¢¥·μÖÉ´μ¸É¨ μ¡· §μ¢ ´¨Ö

μB− ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ £·Ê¡ÒÌ μÍ¥´μ± ¤²Ö K3, ¶·¨¢¥¤e´´ÒÌ ¢ · §¤¥²¥ 1, ²¥-
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¦¨É ¢ ¶·¥¤¥² Ì 0,05−1, ÎÉμ ´¥ ¶μ§¢μ²Ö¥É ¨¸±²ÕÎ¨ÉÓ ¢μ§³μ¦´μ¸ÉÓ ¶·μÉ¥± ´¨Ö
É ±μ£μ ¶·μÍ¥¸¸ .

4.2. ‡ ¢¨¸¨³μ¸ÉÓ  ³¶²¨ÉÊ¤Ò ¶μ²Ö·¨§ Í¨¨ ¸¶¨´  ³Õμ´  μÉ ¢·¥³¥´¨.
…¸²¨ ¸±μ·μ¸ÉÓ ·¥² ±¸ Í¨¨ Ô²¥±É·μ´´μ£μ ³μ³¥´É  �– ³¥´ÓÏ¥ ¨²¨ ¶μ·Ö¤± 
±μ´¸É ´ÉÒ ¸¢¥·ÌÉμ´±μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ∼ 108 ¸−1, Éμ ¢ ³μ³¥´É μ¡· §μ¢ ´¨Ö
¶ · ³ £´¨É´μ£μ Í¥´É·  ¸ ÉμÎ±¨ §·¥´¨Ö ´ ¡²Õ¤ É¥²Ö, ¢¥¤ÊÐ¥£μ ´ ¡²Õ¤¥´¨¥ ´ 
³Õμ´´μ° Î ¸ÉμÉ¥, ¶μ²Ö·¨§ Í¨Ö ¨¸Î¥§ ¥É, ¶μÔÉμ³Ê  ³¶²¨ÉÊ¤  ¶·¥Í¥¸¸¨¨ aD (t)
¶·μ¸Éμ ¸μ¢¶ ¤ ¥É ¸ ¢¥·μÖÉ´μ¸ÉÓÕ w (t) ´μ¸¨É¥²Õ ´¥ ¡ÒÉÓ § Ì¢ Î¥´´Ò³ ´  § -
·Ö¦¥´´Ò° Í¥´É·. 	μ¸²¥¤´ÖÖ ¶μ¢Éμ·Ö²  ¡Ò ¶μ¢¥¤¥´¨¥ £· Ë¨±μ¢ ¤²Ö ±μ´Í¥´-
É· Í¨¨ ´μ¸¨É¥²¥° nh, ¥¸²¨ ¡Ò μÉ·¨Í É¥²Ó´μ § ·Ö¦¥´´Ò° Í¥´É· μ¡· §μ¢Ò¢ ²¸Ö
³£´μ¢¥´´μ. “· ¢´¥´¨¥ ¤²Ö w (t) Éμ ¦¥ ¸ ³μ¥, ÎÉμ ¨ Ê· ¢´¥´¨¥ (24),

dw (t)
dt

= −K (T, nh (t)) · nh (t)w (t) ,

w (t) = aD (t) = exp
[
−

t∫
0

K (T, nh (t′)) · nh (t′) ·dt′
]

=

= exp
[ t∫

0

K (T, nh (t′)) · nh (t′) · dn

K (T, n) · n2

]
=

= exp
[ t∫

0

dn

n

]
=

nh(t)
nh(0)

.

(25)

�¥Ï¥´¨¥ ¥£μ ¢Ò£²Ö¤¨É  ´ ²μ£¨Î´μ, μ¤´ ±μ ¢ ± Î¥¸É¢¥ ´ Î ²Ó´μ£μ ³μ³¥´É 
¢·¥³¥´¨ ´Ê¦´μ ¡· ÉÓ ³μ³¥´É μ¡· §μ¢ ´¨Ö § ·Ö¦¥´´μ£μ  ±Í¥¶Éμ·´μ£μ Í¥´É· ,
  ¢ ± Î¥¸É¢¥ nh (0) Å ±μ´Í¥´É· Í¨Õ ´μ¸¨É¥²¥° ¢ ÔÉμÉ ³μ³¥´É ¢·¥³¥´¨.


±¸¶¥·¨³¥´É ²Ó´μ ´ ¡²Õ¤ ² ¸Ó § ÉÊÌ ÕÐ Ö ¶μ²Ö·¨§ Í¨Ö ¸¶¨´  ³Õμ´ 
¢  ²³ §¥. �  ·¨¸. 14 ¨ 15 ÉμÎ± ³¨ μ¡μ§´ Î¥´Ò ·¥§Ê²ÓÉ ÉÒ  ¶¶·μ±¸¨³ Í¨¨
μSRÄ¤ ´´ÒÌ ¸ Ô±¸¶μ´¥´Í¨ ²Ó´μ° ËÊ´±Í¨¥° [12, 13]

p(t) = aD cos(ωt + ϕ) = p0e
−λt cos(ωt + ϕ). (26)

�± § ²μ¸Ó, ÎÉμ ´ Î ²Ó´ Ö Ë §  ϕ ≈ 0,   ω ¸μ¢¶ ²  ¸ Î ¸ÉμÉμ° ¶·¥Í¥¸¸¨¨
¸¶¨´  ³Õμ´  ¢μ ¢´¥Ï´¥³ ³ £´¨É´μ³ ¶μ²¥, ¶·¨ ÔÉμ³ ¤²Ö ¸±μ·μ¸É¨ § ÉÊÌ ´¨Ö
λ ¨ ´ Î ²Ó´μ°  ³¶²¨ÉÊ¤Ò p0 ¶μ²ÊÎ¨²¨¸Ó § ¢¨¸¨³μ¸É¨, ¶·¥¤¸É ¢²¥´´Ò¥ ´ 
·¨¸. 14, 15 ¸μμÉ¢¥É¸É¢¥´´μ.

” ±É ´ ¡²Õ¤¥´¨Ö § ³¥É´μ° ¶μ²Ö·¨§ Í¨¨ ´  ¢·¥³¥´ Ì ¶μ·Ö¤±  10−8 ¸,
¸¢¨¤¥É¥²Ó¸É¢Ê¥É μ Éμ³, ÎÉμ  ±Í¥¶Éμ·´Ò° Í¥´É· ± ÔÉμ³Ê ³μ³¥´ÉÊ ¥Ðe ´¥ § Ì¢ -
É¨² ¤Ò·±Ê. �É¸ÊÉ¸É¢¨¥ § ³¥É´μ£μ ¶ · ³ £´¨É´μ£μ ¸¤¢¨£  É ±¦¥ ¸μ£² ¸Ê¥É¸Ö ¸
ÔÉ¨³ § ±²ÕÎ¥´¨¥³. �²ÓÉ¥·´ É¨¢μ° ÔÉμ³Ê ³μ£²  ¡Ò ¡ÒÉÓ ¡μ²ÓÏ Ö ¸±μ·μ¸ÉÓ ·¥-
² ±¸ Í¨¨ ³μ³¥´É  Ô²¥±É·μ´´μ° μ¡μ²μÎ±¨ ´¥°É· ²Ó´μ£μ �–, ´ ¶·¨³¥·, ¨§Ä§ 
μ¡³¥´´μ£μ · ¸¸¥Ö´¨Ö.
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�¨¸. 14. ‘±μ·μ¸ÉÓ § ÉÊÌ ´¨Ö ¶μ²Ö·¨-
§ Í¨¨ λ ( ¢ ¥¤¨´¨Í Ì 106 ¸−1); Ô±¸-
¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ Å ÉμÎ±¨,
·¥§Ê²ÓÉ ÉÒ É¥μ·¥É¨Î¥¸±¨Ì · ¸Î¥Éμ¢
Λ (T ) Å ¸¶²μÏ´ Ö ±·¨¢ Ö

�¨¸. 15. ’¥³¶¥· ÉÊ·´ Ö § ¢¨¸¨³μ¸ÉÓ ´ -
Î ²Ó´μ°  ³¶²¨ÉÊ¤Ò ¶·¥Í¥¸¸¨¨ ¸¶¨´ 
³Õμ´ 

Š ± ¶μ± § ²¨ μÍ¥´±¨, ´ Î ²Ó´ Ö ±μ´Í¥´É· Í¨Ö ´μ¸¨É¥²¥° ¢ Ô±¸¶¥·¨³¥´-
É ²Ó´ÒÌ μ¡· §Í Ì ¤μ²¦´  ¶·¥¢μ¸Ìμ¤¨ÉÓ 1015 c³−3. 	·¨ É ±μ° ±μ´Í¥´É· Í¨¨
¨ ¸¥Î¥´¨¨ μ¡³¥´´μ£μ · ¸¸¥Ö´¨Ö σexc ∼ 10−12 c³2 (μÍ¥´±  ¤²Ö ¢μ¤μ·μ¤μ¶μ¤μ¡-
´μ£μ  Éμ³  ¨³¥¥É¸Ö ¢ [6]) ¤²Ö É¥³¶¥· ÉÊ·Ò T ∼ 10 K Î ¸ÉμÉ  μ¡³¥´´μ£μ · ¸-
¸¥Ö´¨Ö νexc ∼ σexcn (t) v (ε � T ) ¶·¥¢μ¸Ìμ¤¨É 109 ¸−1 ¨ ³μ¦¥É ¡ÒÉÓ ¡μ²ÓÏ¥
¸¢¥·ÌÉμ´±μ° ±μ´¸É ´ÉÒ ∼ 108 ¸−1. �¤´ ±μ ± ³μ³¥´ÉÊ ¢·¥³¥´¨ t ∼ 10−8 ¸
±μ´Í¥´É· Í¨Ö ´μ¸¨É¥²¥° ¸μ£² ¸´μ ·¨¸. 13, ¶ ¤ ¥É ¤μ 1013 c³−3, ¸¢¥·ÌÉμ´± Ö
±μ´¸É ´É  ¨ Î ¸ÉμÉ  μ¡³¥´  ¸É ´μ¢ÖÉ¸Ö μ¤´μ£μ ¶μ·Ö¤± , ¨ ¤μ²¦´  ¶·μ¨¸Ìμ-
¤¨ÉÓ ¶μ²´ Ö ¶μÉ¥·Ö ¶μ²Ö·¨§ Í¨¨. 	μ¸±μ²Ó±Ê ´  É ±¨Ì ¢·¥³¥´ Ì ´ ¡²Õ¤ ¥É¸Ö
§ ³¥É´ Ö ¶μ²Ö·¨§ Í¨Ö, ÔÉÊ  ²ÓÉ¥·´ É¨¢Ê ¸²¥¤Ê¥É μÉ¡·μ¸¨ÉÓ, μ¤´ ±μ ¶·¨ ¡μ-
²¥¥ ¢Ò¸μ±¨Ì É¥³¶¥· ÉÊ· Ì ¢ ‘VD- ²³ § Ì ·μ²Ó μ¡³¥´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö,
¢¥·μÖÉ´μ, μ± ¦¥É¸Ö ¸ÊÐ¥¸É¢¥´´μ°. ’ ±¨³ μ¡· §μ³, ¨§ Ô±¸¶¥·¨³¥´Éμ¢ ¸²¥-
¤Ê¥É, ÎÉμ ´¥§ ¢¨¸¨³μ μÉ ±μ²¨Î¥¸É¢  ¶·¨³¥¸¥° ¢ μ¡· §Í¥ ± ³μ³¥´ÉÊ ¢·¥³¥´¨
t ∼ 10−8 ¸ �– ¥Ðe ´ Ìμ¤¨É¸Ö ¢ ¨μ´¨§μ¢ ´´μ³ ¸μ¸ÉμÖ´¨¨. 
Éμ μ¡¸ÉμÖÉ¥²Ó¸É¢μ
³μ¦¥É ¸¢¨¤¥É¥²Ó¸É¢μ¢ ÉÓ μ Éμ³, ÎÉμ μ¡· §μ¢ ´¨¥ μÉ·¨Í É¥²Ó´μ § ·Ö¦¥´´μ£μ
 ±Í¥¶Éμ·´μ£μ Í¥´É·  μB− ¶·μ¨¸Ìμ¤¨É ¸· ¢´¨É¥²Ó´μ (¶μ μÉ´μÏ¥´¨Õ ±  Éμ³-
´Ò³ ³ ¸ÏÉ ¡ ³ ¢·¥³¥´¨) ³¥¤²¥´´μ, §  ¢·¥³¥´  ¶μ·Ö¤±  10−8 ¸. ’ ±μ¥ ¢·¥³Ö
μ¡· §μ¢ ´¨Ö μB− ¸μ£² ¸Ê¥É¸Ö ¸μ ¸¤¥² ´´Ò³¨ μÍ¥´± ³¨. 	·¨ t ∼ 10−8 ¸ ±μ´-
Í¥´É· Í¨Ö ´μ¸¨É¥²¥° ¢μ ¢¸¥Ì μ¡· §Í Ì, ¸μ£² ¸´μ ·¨¸. 13, ¶·¨³¥·´μ μ¤¨´ ±μ-
¢ Ö ¨ ¸μ¸É ¢²Ö¥É ¢¥²¨Î¨´Ê ¶μ·Ö¤±  1013 c³−3. ˆ§ ÔÉμ£μ ¸²¥¤Ê¥É, ÎÉμ § ÉÊÌ ´¨¥
¶μ²Ö·¨§ Í¨¨, ¨§³¥·¥´´μ¥ μSR-³¥Éμ¤μ³, μ¡Ê¸²μ¢²¥´μ § Ì¢ Éμ³ ¤Ò·±¨ ´  μB−,
   ³¶²¨ÉÊ¤  ¶μ²Ö·¨§ Í¨¨ ¤μ²¦´  μ¶¨¸Ò¢ ÉÓ¸Ö Ëμ·³Ê²μ° (25).

ˆ§ Ëμ·³Ê²Ò (25) ¨ ¶·¥¤¸É ¢²¥´´ÒÌ ´  ·¨¸. 13 § ¢¨¸¨³μ¸É¥° ±μ´Í¥´É· -
Í¨¨ ´μ¸¨É¥²¥° μÉ ¢·¥³¥´¨ ¸²¥¤Ê¥É, ÎÉμ ¤²Ö ¤μ¸ÉÊ¶´ÒÌ μSR-Ô±¸¶¥·¨³¥´É ³
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¢·¥³e´ ¶μ²Ö·¨§ Í¨Ö μÉ ¢·¥³¥´¨ ¶ ¤ ¥É ´¥ Ô±¸¶μ´¥´Í¨ ²Ó´μ,   £¨¶¥·¡μ²¨Î¥¸±¨:

aD(t) =
p0

1 + Λ(T ) · t =
p0

1 + K(T, nh(0)) · nh(0) · t , (27)

£¤¥ ¢¥²¨Î¨´  nh(0) ∼ 1013 c³−3, ± ± É¥¶¥·Ó ³μ¦´μ ¤μ¸É ÉμÎ´μ Ê¢¥·¥´´μ
ÊÉ¢¥·¦¤ ÉÓ, ¸μμÉ¢¥É¸É¢Ê¥É ±μ´Í¥´É· Í¨¨ ´μ¸¨É¥²¥° ¢ ³μ³¥´É ¢·¥³¥´¨
t ∼ 10−8 c.

‘· ¢´¨¢ Ö ´  ·¨¸. 14 ¸¶²μÏ´ÊÕ ±·¨¢ÊÕ Λ (T ) £¨¶¥·¡μ²¨Î¥¸±μ£μ § ÉÊÌ -
´¨Ö ¸ ¶μ²ÊÎ¥´´Ò³¨ λ (T ) ¶·¨ Ô±¸¶μ´¥´Í¨ ²Ó´μ³ Ë¨É¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
¤ ´´ÒÌ (ÉμÎ±¨), ³μ¦´μ Ê¡¥¤¨ÉÓ¸Ö, ÎÉμ ¶·¨ 50 Š < T < 200 Š ÔÉ¨ ¢¥²¨Î¨´Ò
Ìμ·μÏμ ¸μ¢¶ ¤ ÕÉ, ÌμÉÖ Ô±¸¶μ´¥´Í¨ ²Ó´Ò° § ±μ´ § ÉÊÌ ´¨Ö ´¥±μ··¥±É¥´ ¨
¤μ²¦¥´ ¡ÒÉÓ § ³¥´¥´ £¨¶¥·¡μ²¨Î¥¸±¨³. 	·¨ T > 200 Š · §²¨Î¨¥ É¥μ·¨¨ ¨
Ô±¸¶¥·¨³¥´É  μ¡ÑÖ¸´Ö¥É¸Ö É¥³, ÎÉμ ´ Î¨´ ¥É ¸± §Ò¢ ÉÓ¸Ö ´¥ÊÎÉ¥´´ Ö ¢ É¥μ-
·¨¨ ±μ´Í¥´É· Í¨Ö · ¢´μ¢¥¸´ÒÌ ´μ¸¨É¥²¥°, ±μÉμ· Ö § ¢¨¸¨É μÉ ¸μ·É  ¶·¨³¥¸¨.
Šμ´Í¥´É· Í¨Ö ¨μ´¨§μ¢ ´´ÒÌ ¶·¨³¥¸¥° ¡μ· , ± ¶·¨³¥·Ê, ¸ ·μ¸Éμ³ É¥³¶¥· -
ÉÊ·Ò Ô±¸¶μ´¥´Í¨ ²Ó´μ · ¸ÉeÉ ¨ ³μ¦¥É ¸· ¢´ÖÉÓ¸Ö ¸ ±μ´Í¥´É· Í¨¥° ´¥· ¢´μ-
¢¥¸´ÒÌ ´μ¸¨É¥²¥° (∼ 1013 c³−3) ¶·¨ T ≈ 200 Š. 	·¨ ´¨§±¨Ì É¥³¶¥· ÉÊ· Ì
T < 50 Š · §²¨Î¨¥ ³¥¦¤Ê Λ (T ) ¨ λ (T ) ¸É ´μ¢¨É¸Ö ± Î¥¸É¢¥´´Ò³ ¨ μÉ´μ-
Ï¥´¨¥ ÔÉ¨Ì ¢¥²¨Î¨´ ³μ¦¥É ¤μ¸É¨£ ÉÓ ¶μ·Ö¤± , μ¤´ ±μ ¢ ÔÉμ³ ¤¨ ¶ §μ´¥ É¥³-
¶¥· ÉÊ· ¨§-§  ÔËË¥±É  μÉ·¨Í É¥²Ó´μ° ¶μ¤¢¨¦´μ¸É¨ [8] ´¥ · ¡μÉ ¥É, ¸±μ·¥¥
¢¸¥£μ, ´¨ £¨¶¥·¡μ²¨Î¥¸±¨°, ´¨ Ô±¸¶μ´¥´Í¨ ²Ó´Ò° § ±μ´ § ÉÊÌ ´¨Ö.

‚ ¸¢Ö§¨ ¸ É¥³, ÎÉμ ¢ μ¸´μ¢¥ § ¢¨¸¨³μ¸É¨ ¸±μ·μ¸É¨ § ÉÊÌ ´¨Ö ¶μ²Ö·¨§ Í¨¨
μÉ É¥³¶¥· ÉÊ·Ò ²¥¦¨É § ±μ´ ·¥±μ³¡¨´ Í¨¨ ´μ¸¨É¥²¥° ´  § ·Ö¦¥´´μ³ �–, ¶μ
É¥³¶¥· ÉÊ·´μ³Ê ¶μ¢¥¤¥´¨Õ ¸±μ·μ¸É¨ § ÉÊÌ ´¨Ö ¶μ²Ö·¨§ Í¨¨ ³μ¦´μ, ¢ Î ¸É-
´μ¸É¨, ¶·μ¢¥·¨ÉÓ · ¸ÎeÉ ¸±μ·μ¸É¨ ·¥±μ³¡¨´ Í¨¨ ¶μ É¥μ·¨¨ [25] ¨ ¸¶· ¢¥¤²¨-
¢μ¸ÉÓ ¶·¥¤²μ¦¥´´μ° ¢ [19, 24] Ô´¥·£¥É¨Î¥¸±μ° § ¢¨¸¨³μ¸É¨ ¸±μ·μ¸É¨ § Ì¢ É 
´μ¸¨É¥²Ö ´  § ·Ö¦¥´´Ò° Í¥´É·.

‡�Š‹
—…�ˆ…

�´ ²¨§ ±¨´¥É¨Î¥¸±¨Ì ¶·μÍ¥¸¸μ¢ ¢ μ±·¥¸É´μ¸É¨ �–, μ¡· §μ¢ ´´μ£μ ¶·¨
§ Ì¢ É¥ μÉ·¨Í É¥²Ó´μ£μ ³Õμ´  Ê£²¥·μ¤μ³ ¢  ²³ §¥, ¤ ² ·Ö¤ ´¥μ¦¨¤ ´´ÒÌ ·¥-
§Ê²ÓÉ Éμ¢. �± § ²μ¸Ó, ÎÉμ ¶²μÉ´μ¸ÉÓ ¢Éμ·¨Î´ÒÌ Ô²¥±É·μ´μ¢, ¸μ§¤ ´´ Ö μ¦¥-
Ô²¥±É·μ´ ³¨ μÉ ± ¸± ¤´ÒÌ ¶¥·¥Ìμ¤μ¢, ¢ μ¡² ¸É¨ ²μ± ²¨§ Í¨¨ �– ¨³¥¥É £²Ê-
¡μ±¨° ³¨´¨³Ê³ ¢μ ¢·¥³¥´´μ³ ¨´É¥·¢ ²¥ 10−15 < t < 8 · 10−14 ¸. 
²¥±É·μ´Ò
¡Ò¸É·μ Ê²¥É ÕÉ μÉ �– ´  · ¸¸ÉμÖ´¨¥ 3,3 · 10−6 ¸³ ¨ Éμ²Ó±μ ¶μÉμ³ ¤¨ËËÊ§´μ
¢μ§¢· Ð ÕÉ¸Ö ± ´¥³Ê. ‚μ§´¨± ¥É ¶·μ¸É· ´¸É¢¥´´ Ö ¨ ¢·¥³¥´´ Ö ´¥³μ´μÉμ´-
´μ¸ÉÓ ¶μ¢¥¤¥´¨Ö ¸Ê³³ ·´μ° ¶²μÉ´μ¸É¨ Ô²¥±É·μ´μ¢ μ±μ²μ �–. �¥³μ´μÉμ´´μ°
μ± § ² ¸Ó ¨ § ¢¨¸¨³μ¸ÉÓ ¶²μÉ´μ¸É¨ ¨μ´¨§μ¢ ´´ÒÌ ¶·¨³¥¸¥° μÉ ¨Ì ¶μ²´μ°
±μ´Í¥´É· Í¨¨.
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�±μ²μ ³Õμ´´μ£μ  Éμ³  (�–) ¢ μ¡· §Í Ì  ²³ §  ¸ μ¡ÒÎ´μ° ±μ´Í¥´É· Í¨¥°
¶·¨³¥¸¥° nimp = 1015−1019 ¸³−3 §  ¢·¥³Ö 2,5 · 10−12 ¸ μ¡· §Ê¥É¸Ö μ¡² ¸ÉÓ
· §³¥·  10−5 ¸³, £¤¥ ¶·¨³¥¸¨ ¶μ²´μ¸ÉÓÕ ¨μ´¨§μ¢ ´Ò. 	·¨ ¡μ²ÓÏ¨Ì ±μ´Í¥´-
É· Í¨ÖÌ nimp ≈ 1020 ¸³−3 ¢¥·μÖÉ´μ¸ÉÓ ¨μ´¨§ Í¨¨ ¶·¨³¥¸¨ ·¥§±μ ¶ ¤ ¥É, ÎÉμ,
¢¥·μÖÉ´μ, ³μ¦¥É ¡ÒÉÓ μ¡´ ·Ê¦¥´μ ¢ Ô±¸¶¥·¨³¥´É¥.

‘μ£² ¸´μ ¶·μ¢¥¤e´´Ò³ · ¸ÎeÉ ³ ¢·¥³¥´´μ£μ ¶μ¢¥¤¥´¨Ö ¶²μÉ´μ¸É¨ ´μ¸¨-
É¥²¥° μ±μ²μ ³Õμ´´μ£μ  Éμ³ , ¸μ¸ÉμÖ´¨¥ μB− ´¥ ³μ¦¥É μ¡· §μ¢ ÉÓ¸Ö ¡Ò¸É·¥¥,
Î¥³ §  10−8 ¸, ¶μ¸±μ²Ó±Ê ¨§-§  ¢Ò¸μ±μ° ±μ´Í¥´É· Í¨¨ ´μ¸¨É¥²¥° ¶·μ¨§μÏe²
¡Ò § Ì¢ É ¤Ò·±¨ ¨ μ¡· §μ¢ ²¸Ö ¡Ò ´¥°É· ²Ó´Ò° �–. ‚ ÔÉμ³ ¸²ÊÎ ¥ ¡Ò² 
¡Ò ¡Ò¸É· Ö ¤¥¶μ²Ö·¨§ Í¨Ö ¨²¨, ± ± ÔÉμ ¨³¥¥É ³¥¸Éμ ¢ ±·¥³´¨¨, ´ ¡²Õ¤ ²¸Ö
¡Ò § ³¥É´Ò° ¶ · ³ £´¨É´Ò° ¸¤¢¨£ Î ¸ÉμÉÒ ¶·¥Í¥¸¸¨¨ ³Õμ´ . 	μ¸±μ²Ó±Ê ÔÉμ
¶·μÉ¨¢μ·¥Î¨É ·¥§Ê²ÓÉ É ³ μ−SR-Ô±¸¶¥·¨³¥´Éμ¢ ¢  ²³ §¥ (nimp = 1017 ¸³−3),
Éμ ´¥§ ¢¨¸¨³μ μÉ ³¥Ì ´¨§³  μ¡· §μ¢ ´¨Ö ¨μ´  μB− ¸±μ·μ¸ÉÓ ¥£μ μ¡· §μ¢ ´¨Ö
´¥ ³μ¦¥É ¡ÒÉÓ § ³¥É´μ ¢ÒÏ¥ 108 ¸−1.

ˆ§ ÔÉμ£μ Ë ±É  ¸²¥¤Ê¥É μ£· ´¨Î¥´¨¥ ´  ±μ´¸É ´ÉÊ É·eÌÎ ¸É¨Î´μ£μ ¶·μ-
Í¥¸¸  μ¦¥-É¨¶  ¸ ¶¥·¥¤ Î¥° Ô´¥·£¨¨ ¸¢μ¡μ¤´μ³Ê ´μ¸¨É¥²Õ
K3 < 10−31 ¸³6· ¸−1,   É ±¦¥ μÍ¥´±  Î ¸ÉμÉÒ · ¤¨ Í¨μ´´μ£μ ¶¥·¥Ìμ¤  (¶·¨-
²¨¶ ´¨Ö) Ô²¥±É·μ´  ¨§ ¢ ²¥´É´μ° §μ´Ò ´  ´¥°É· ²Ó´ÊÕ ¶·¨³¥¸Ó ¢ ·¥Ï¥É±¥
 ²³ §  νr ≈ 108 ¸−1. 
ËË¥±É¨¢´μ¥ ¸¥Î¥´¨¥ ¶·¨²¨¶ ´¨Ö ¶μ ¶μ·Ö¤±Ê ¢¥²¨-
Î¨´Ò ¸μ£² ¸Ê¥É¸Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´μ ¨§¢¥¸É´Ò³¨ ¸¥Î¥´¨Ö³¨ ¶·¨²¨¶ ´¨Ö ±
 Éμ³ ³ ¸ μ¤´¨³ ´¥¤μ¸É ÕÐ¨³ (¤μ ¶μ²´μ£μ § ¶μ²´¥´¨Ö ¢´¥Ï´¥° μ¡μ²μÎ±¨)
Ô²¥±É·μ´μ³, ´ ¶·¨³¥·, ±  Éμ³Ê ËÉμ·  ¨²¨ Ì²μ· . …¸É¥¸É¢¥´´μ, ¢ ¤ ²Ó´¥°Ï¥³
´¥μ¡Ìμ¤¨³μ ¶μ¤É¢¥·¤¨ÉÓ ÔÉÊ μÍ¥´±Ê ±¢ ´Éμ¢μ-³¥Ì ´¨Î¥¸±¨³ · ¸ÎeÉμ³.

ˆ§³¥·¥´´ Ö É¥³¶¥· ÉÊ·´ Ö § ¢¨¸¨³μ¸ÉÓ ¶·¨ T > 50 Š ¤²Ö ¸±μ·μ¸É¨
§ ÉÊÌ ´¨Ö  ³¶²¨ÉÊ¤Ò ¶μ²Ö·¨§ Í¨¨ ³Õμ´  ¢¶μ²´¥ ¸μ£² ¸Ê¥É¸Ö ¸μ ¸±μ·μ¸ÉÓÕ
§ Ì¢ É  ¤Ò·±¨ ¨μ´¨§μ¢ ´´Ò³  ±Í¥¶Éμ·´Ò³ Í¥´É·μ³ μB−, · ¸¸Î¨É ´´μ° ¶μ
³μ¤¨Ë¨Í¨·μ¢ ´´μ° É¥μ·¨¨ · ¡μÉÒ [25], ÎÉμ ¶μ¤É¢¥·¦¤ ¥É ¶· ¢μ³¥·´μ¸ÉÓ
¢Ò¡· ´´μ° ¢ ¤ ´´μ° · ¡μÉ¥ ³μ¤¥²¨. 	μ± § ´μ, ÎÉμ § ÉÊÌ ´¨¥ ¶μ²Ö·¨§ Í¨¨
³Õμ´  ¢μ ¢·¥³¥´¨ ´¥ ¶μ¤Î¨´Ö¥É¸Ö μ¡ÒÎ´μ³Ê Ô±¸¶μ´¥´Í¨ ²Ó´μ³Ê § ±μ´Ê,  
¸μμÉ¢¥É¸É¢Ê¥É £¨¶¥·¡μ²¨Î¥¸±μ³Ê § ±μ´Ê 1/(1 + Λt). � ¸ÉμÖÐ¨¥ · ¸Î¥ÉÒ ´¥
¶μ§¢μ²ÖÕÉ μ¡ÑÖ¸´¨ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´μ ´ ¡²Õ¤ ¢Ï¨¥¸Ö ·¥§±¨¥ ¸± Î±¨ ¢ É¥³-
¶¥· ÉÊ·´μ° § ¢¨¸¨³μ¸É¨ ¶μ²Ö·¨§ Í¨¨ ³Õμ´  ¶·¨ ´¨§±¨Ì É¥³¶¥· ÉÊ· Ì. ’ ±¨¥
¸± Î±¨ ¢¶μ²´¥ ³μ£ÊÉ ¡ÒÉÓ ¸¢Ö§ ´Ò ¸ ¶·μÖ¢²¥´¨¥³ ¤·Ê£¨Ì Ö¢²¥´¨°, ¢²¨ÖÕÐ¨Ì
´  ±¨´¥É¨±Ê ´μ¸¨É¥²¥° § ·Ö¤  ¢¡²¨§¨ �–, ´ ¶·¨³¥·, ÔËË¥±É   ¡¸μ²ÕÉ´μ°
μÉ·¨Í É¥²Ó´μ° ¶μ¤¢¨¦´μ¸É¨ (¸³. [8]).

�² £μ¤ ·´μ¸É¨. �¢Éμ·Ò ¢Ò· ¦ ÕÉ ¡² £μ¤ ·´μ¸ÉÓ Œ¨´¨¸É¥·¸É¢Ê μ¡· §μ-
¢ ´¨Ö ¨ ´ Ê±¨ �” (£· ´É ��	.2.1.1.9451) §  Ë¨´ ´¸μ¢ÊÕ ¶μ¤¤¥·¦±Ê · ¡μÉÒ.

‹ˆ’…��’“��

1. Œ ³¥¤μ¢ ’.�., ‘Éμ°±μ¢ �. ‚., ƒμ·¥²±¨´ ‚.�. // 
—�Ÿ. 2002. ’. 33(4). ‘. 1005.

2. Mamedov T. N., Duginov V. N., Grebennik V. G. et al. // Hyp. Int. 1994. V. 86. P. 717.

22



3. ƒμ·¥²±¨´ ‚.�., ƒ·¥¡¥´´¨± ‚. ƒ., ƒ·¨Í ° Š. ˆ. ¨ ¤·. // 	¨¸Ó³  ¢ †
’”. 1996.
’. 63(7). ‘. 539.

4. Mamedov T. N., Chaplygin I. L., Duginov V. N. et al. // J. Phys.: Condens. Matter.
1999. V. 11. P. 2849.

5. Mamedov T. N., Gritsaj K. I., Stoykov A. V. et al. // Physica B. 2000. V. 289Ä290.
P. 574.

6. � ÉÊ·¨´ �. ‘., ƒμ·¥²±¨´ ‚. �., ‘μ²μ¢Ó¥¢ ‚. �. // †
’”. 2004. ’. 126 2(7). ‘. 385.

7. Mamedov T. N., Adnreika D., Baturin A. S. et al. // Physica B. 2006. V. 374Ä375.
P. 390.

8. Baturin A. S. et al. // Physica B. 2006. V. 374Ä375. P. 340.

9. � ÉÊ·¨´ �. ‘. ¨ ¤·. // †
’”. 2007. ’. 131. C. 155.

10. ‘³¨·´μ¢ �. Œ. ˆμ´Ò ¨ ¢μ§¡Ê¦¤e´´Ò¥  Éμ³Ò ¢ ¶² §³¥. Œ.: �Éμ³¨§¤ É, 1974.

11. Frank H. et al. // Proc. of 9th Intern. Conf. on Ioniz. Phenomena in Gases. Vienna,
1969. P. 4.

12. Œ ³¥¤μ¢ ’.�., „ÊÉμ¢ �. ƒ., ƒ¥·² Ì „. ¨ ¤·. ‘μμ¡Ð¥´¨¥ �ˆŸˆ �14-2004-104,
„Ê¡´ , 2004.

13. Œ ³¥¤μ¢ ’.�., � ÉÊ·¨´ �. ‘., �² ´± ‚. „. ¨ ¤·. 	·¥¶·¨´É �ˆŸˆ �14-2007-12.
„Ê¡´ , 2007.

14. � ÉÊ¸μ¢ �. �. ¨ ¤·. // Ÿ¤¥·´ Ö Ë¨§¨± . 1980. ’. 32(5). ‘. 1154.

15. Kirch Š. et al. // Phys. Rev. A. 1999. V. 59(5), P. 3375.

16. ‚ °¸¥´¡¥·£ �.�. ŒÕ-³¥§μ´. Œ.: � Ê± , 1964.

17. ”¨§¨Î¥¸±¨¥ ¢¥²¨Î¨´Ò. ‘¶· ¢μÎ´¨± / 	μ¤ ·¥¤. ƒ·¨£μ·Ó¥¢  ˆ. ‘., Œ¥°²¨Ìμ¢  …. ‡.
Œ.: 
´¥·£μ Éμ³¨§¤ É, 1991.

18. ƒ ´É³ Ì¥· ‚. ”., ‹¥¢¨´¸μ´ ˆ. �. � ¸¸¥Ö´¨¥ ´μ¸¨É¥²¥° Éμ±  ¢ ³¥É ²² Ì ¨ ¶μ²Ê-
¶·μ¢μ¤´¨± Ì. Œ.: � Ê± , 1984.

19. � ÉÊ·¨´ �. ‘. ¨ ¤·. � ¶· ¢²¥´μ ¢ ¦Ê·´ ² ®”¨§¨±  ¶² §³Ò¯.

20. Š¨³ …. Œ¥§μ´´Ò¥  Éμ³Ò ¨ Ö¤¥·´ Ö ¸É·Ê±ÉÊ· . Œ.: �Éμ³¨§¤ É, 1975.

21. …¢¸¥¥¢ ‚. ‘., Œ ³¥¤μ¢ ’.�., �μ£ ´μ¢ ‚. ‘. �É·¨Í É¥²Ó´Ò¥ ³Õμ´Ò ¢ ¢¥Ð¥¸É¢¥. Œ.:

´¥·£μ Éμ³¨§¤ É, 1985.

22. ”¥·³¨ 	. � ÊÎ´Ò¥ É·Ê¤Ò. ’. 2. Œ.: � Ê± , 1972.

23. Gorelkin V. N. et al. // Physica B. 2000. V. 289Ä290. P. 409.

24. � ÉÊ·¨´ �. ‘., ƒμ·¥²±¨´ ‚. �., ‘μ²μ¢Óe¢ ‚. �. // 
²¥±É·μ´´Ò° ¦Ê·´ ² ®ˆ¸¸²¥¤μ-
¢ ´μ ¢ �μ¸¸¨¨¯. 2006. ’. 253. ‘. 2423.
http://zhurnal.ape.relarn.ru/articles/2006/253.pdf.

25. �¡ ±Ê³μ¢ ‚.�., 
¥·¥²Ó ‚. ˆ., Ÿ¸¸¨¥¢¨Î ˆ.�. // ”¨§¨±  ¨ É¥Ì´¨±  ¶μ²Ê¶·μ¢μ¤´¨-
±μ¢. 1978. T. 12. C. 3.

26. Lax M. // Phys. Rev. 1960. V. 119. P. 1502.

27. �¡ ±Ê³μ¢ ‚. �., Ÿ¸¸¨¥¢¨Î ˆ.�. // †
’”. 1976. T. 71. C. 657.

	μ²ÊÎ¥´μ 24 ¤¥± ¡·Ö 2007 £.



�¥¤ ±Éμ· Œ. ˆ. ‡ ·Ê¡¨´ 

	μ¤¶¨¸ ´μ ¢ ¶¥Î ÉÓ 28.03.2008.
”μ·³ É 60× 90/16. �Ê³ £  μË¸¥É´ Ö. 	¥Î ÉÓ μË¸¥É´ Ö.

“¸². ¶¥Î. ². 1,62. “Î.-¨§¤. ². 1,91. ’¨· ¦ 280 Ô±§. ‡ ± § º 56121.

ˆ§¤ É¥²Ó¸±¨° μÉ¤¥² �¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°
141980, £. „Ê¡´ , Œμ¸±μ¢¸± Ö μ¡²., Ê².†μ²¨μ-ŠÕ·¨, 6.

E-mail: publish@jinr.ru
www.jinr.ru/publish/


