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”¨§¨±μ-É¥Ì´¨Î¥¸±¨° ¨´¸É¨ÉÊÉ ¨³. �. ”. ˆμËË¥ ��	, ‘ ´±É-�¥É¥·¡Ê·£, �μ¸¸¨Ö

�·¥¤¸É ¢²¥´  ³μ¤¥²Ó, ¸μ£² ¸´μ ±μÉμ·μ° Ô²¥±É·¨Î¥¸±¨¥ ¶μ²Ö ´ Ìμ¤ÖÐ¨Ì¸Ö ¢ ¡¨μ²μ£¨Î¥¸±μ°
É± ´¨ ¨μ´¨§μ¢ ´´ÒÌ ´ ´μÎ ¸É¨Í Ê¸¨²¨¢ ÕÉ ¡¨μ²μ£¨Î¥¸±μ¥ ¤¥°¸É¢¨¥ ¨μ´¨§¨·ÊÕÐ¥£μ ¨§²ÊÎ¥´¨Ö.
Œμ¤¥²Ó μ¸´μ¢ ´  ´  ¤ ´´ÒÌ ¶μ Ê¸¨²¥´¨Õ ¢μ§¤¥°¸É¢¨Ö γ-¨§²ÊÎ¥´¨Ö ´  ¡¨μ²μ£¨Î¥¸±¨¥ ±²¥É±¨ ¸É -
É¨Î¥¸±¨³¨ Ô²¥±É·¨Î¥¸±¨³¨ ¶μ²Ö³¨ ¨ μÍ¥´± Ì Ì · ±É¥·´ÒÌ ´ ¶·Ö¦¥´´μ¸É¥° Ô²¥±É·¨Î¥¸±¨Ì ¶μ²¥°
¨μ´¨§¨·μ¢ ´´ÒÌ ´ ´μÎ ¸É¨Í ¢ ¡¨μ²μ£¨Î¥¸±μ° É± ´¨.

The model according to which the electric ˇelds of ionized nanoparticles, placed in tissue, enhance
the biological effect of ionizing radiation is presented. The model is based on the data on enhancement
of the in
uence of γ-rays on biological cells by static electric ˇelds and estimates of typical intensities
of electric ˇelds of ionized nanoparticles in biological tissue.

PACS: 87.50.-a; 87.53.-j; 87.53.Jw; 87.85.Rs

‚‚…„…�ˆ…

‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¨´É¥´¸¨¢´μ ¨§ÊÎ ÕÉ¸Ö ÔËË¥±ÉÒ, ¸¢Ö§ ´´Ò¥ ¸ Ê¸¨²¥´¨¥³ ¡¨μ-
²μ£¨Î¥¸±μ£μ ¤¥°¸É¢¨Ö ¨μ´¨§¨·ÊÕÐ¥£μ ¨§²ÊÎ¥´¨Ö ¶·¨ ¶μ³μÐ¨ ´ ´μÎ ¸É¨Í, ¢¢μ¤¨³ÒÌ ¢
μ¡²ÊÎ ¥³ÊÕ É± ´Ó (¸³., ´ ¶·¨³¥·, [1Ä13] ¨ ¡¨¡²¨μ£· Ë¨Õ, ¶·¨¢¥¤¥´´ÊÕ ¢ ÔÉ¨Ì · ¡μÉ Ì).
‚ ´¥±μÉμ·ÒÌ Ô±¸¶¥·¨³¥´É Ì ´  ³ÒÏ Ì ¸ÊÐ¥¸É¢¥´´μ¥ Ê¸¨²¥´¨¥ ¶·μÉ¨¢μμ¶ÊÌμ²¥¢μ£μ ¤¥°-
¸É¢¨Ö ¶·μÉμ´μ¢ [5] ¨ ËμÉμ´μ¢ ¢Ò¸μ±¨Ì Ô´¥·£¨° [11, 13] ¤μ¸É¨£ ²μ¸Ó ¶·¨ ³ ²μ³, ¶μ·Ö¤± 
10−5 £/¸³3, ¸μ¤¥·¦ ´¨¨ §μ²μÉ  ¢ μ¡²ÊÎ ¥³μ° É± ´¨. �¡Ð¥¶·¨´ÖÉμ£μ μ¡ÑÖ¸´¥´¨Ö ¸Éμ²Ó
¸¨²Ó´μ£μ ¢²¨Ö´¨Ö ´ ´μÎ ¸É¨Í ´  ·¥§Ê²ÓÉ ÉÒ · ¤¨ Í¨μ´´μ° É¥· ¶¨¨ ¶μ±  ´¥ ¸ÊÐ¥¸É¢Ê¥É.

‚ Ô±¸¶¥·¨³¥´É Ì, μ¶¨¸ ´´ÒÌ ¢ · ¡μÉ Ì [14Ä17], ¸É É¨Î¥¸±¨¥ Ô²¥±É·¨Î¥¸±¨¥ ¶μ²Ö ¸
´ ¶·Ö¦¥´´μ¸ÉÖ³¨ 20Ä1250 ‚/¸³ §´ Î¨É¥²Ó´μ Ê¸¨²¨¢ ²¨ ¤¥°¸É¢¨¥ γ-¨§²ÊÎ¥´¨Ö ´  ¡¨μ²μ-
£¨Î¥¸±¨¥ ±²¥É±¨ ´¥¸±μ²Ó±¨Ì É¨¶μ¢. �Éμ Ê¸¨²¥´¨¥ ¡Ò²μ μ¡ÑÖ¸´¥´μ ± ± ·¥§Ê²ÓÉ É ¶μ¤ -
¢²¥´¨Ö ·¥¶ · Í¨¨ „	Š Ô²¥±É·¨Î¥¸±¨³ ¶μ²¥³ [14Ä17]. ‚ ´ ¸ÉμÖÐ¥° ¸É ÉÓ¥ · ¸¸³μÉ·¥´ 
¢μ§³μ¦´μ¸ÉÓ ¶μ¤μ¡´μ£μ ¤¥°¸É¢¨Ö Ô²¥±É·¨Î¥¸±¨Ì ¶μ²¥°, ¢μ§´¨± ÕÐ¨Ì ¢¸²¥¤¸É¢¨¥ ¨μ´¨-
§ Í¨¨ ´ Ìμ¤ÖÐ¨Ì¸Ö ¢ μ¡²ÊÎ ¥³μ° É± ´¨ ´ ´μÎ ¸É¨Í.

1E-mail: M.Shmatov@mail.ioffe.ru
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�£· ´¨Î¨³¸Ö · ¸¸³μÉ·¥´¨¥³ Ô²¥±É·¨Î¥¸±¨Ì ¶μ²¥° ¸Ë¥·¨Î¥¸±¨Ì ´ ´μÎ ¸É¨Í. ‚ ¨§μ-
É·μ¶´μ° ¤¨Ô²¥±É·¨Î¥¸±μ° ¸·¥¤¥ ´ ¶·Ö¦¥´´μ¸ÉÓ E Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö, ¸μ§¤ ¢ ¥³μ£μ
§ ·Ö¦¥´´Ò³ Ï ·μ³ ¢´¥ ¸¥¡Ö, ³μ¦´μ μ¶¨¸ ÉÓ ¢Ò· ¦¥´¨¥³

E[B/c³] ≈ 1,44 · 10−7 N

ε(R[c³])2
, (1)

£¤¥ N Å μÉ´μÏ¥´¨¥  ¡¸μ²ÕÉ´μ° ¢¥²¨Î¨´Ò § ·Ö¤  Ï ·  ±  ¡¸μ²ÕÉ´μ° ¢¥²¨Î¨´¥ § ·Ö¤ 
Ô²¥±É·μ´  e; ε Å ¤¨Ô²¥±É·¨Î¥¸± Ö ¶·μ´¨Í ¥³μ¸ÉÓ ¸·¥¤Ò ¨ R Å · ¸¸ÉμÖ´¨¥ μÉ Í¥´É· 
Ï · . � ¸¸³μÉ·¨³ ¸¨ÉÊ Í¨Õ, ±μ£¤  ε ¸μ¢¶ ¤ ¥É ¸μ ¸É É¨Î¥¸±μ° ¤¨Ô²¥±É·¨Î¥¸±μ° ¶·μ-
´¨Í ¥³μ¸ÉÓÕ ¢μ¤Ò εws ¶·¨ É¥³¶¥· ÉÊ·¥ T = 36,5 ◦C = 309,65 K. ‘μ£² ¸´μ ¤ ´´μ³Ê
¢Ò¡μ·Ê

ε ≈ 74,21 (2)

[18]. ˆ§ ¢Ò· ¦¥´¨° (1) ¨ (2) ¸²¥¤Ê¥É, ÎÉμ

R[´³] ≈ 440,5

√
N

E[B/c³]
. (3)

”μ·³Ê²  (3) ¤ ¥É, ´ ¶·¨³¥·, ÎÉμ

R(E � 103 B/c³, N = 1) � 13,9 ´³, (4)

R(E � 102 B/c³, N = 3) � 76,3 ´³. (5)

	 ´μÎ ¸É¨ÍÒ, ´ Ìμ¤ÖÐ¨¥¸Ö ¢ ¢μ¤¥ ¨²¨ ¡¨μ²μ£¨Î¥¸±μ° É± ´¨, ³μ£ÊÉ μ¡² ¤ ÉÓ ¶μ¸ÉμÖ´-
´Ò³ Ô²¥±É·¨Î¥¸±¨³ § ·Ö¤μ³ [7, 19]. �μ²μ¦¨É¥²Ó´Ò° Ô²¥±É·¨Î¥¸±¨° § ·Ö¤ ´ ´μÎ ¸É¨ÍÒ
³μ¦¥É ¢μ§´¨±´ÊÉÓ ¨²¨ Ê¢¥²¨Î¨ÉÓ¸Ö ¢ ·¥§Ê²ÓÉ É¥ ¢μ§¤¥°¸É¢¨Ö ¨μ´¨§¨·ÊÕÐ¥£μ ¨§²ÊÎ¥´¨Ö
(¸³., ´ ¶·¨³¥·, [2, 4, 5, 8, 11, 12]). 	¥· ¢¥´¸É¢  (4), (5) ¨ ·¥§Ê²ÓÉ ÉÒ, ¶·¥¤¸É ¢²¥´´Ò¥ ¢ · -
¡μÉ Ì [8, 9, 14Ä17, 20], ¶μ§¢μ²ÖÕÉ ¶·¥¤¶μ²μ¦¨ÉÓ, ÎÉμ, ¥¸²¨ Ô±· ´¨·μ¢ ´¨¥ Ô²¥±É·¨Î¥¸±¨Ì
¶μ²¥° ´ ´μÎ ¸É¨Í ¤μ¸É ÉμÎ´μ ¸² ¡μ, ÔÉ¨ ¶μ²Ö ³μ£ÊÉ Ê¸¨²¨ÉÓ ¡¨μ²μ£¨Î¥¸±μ¥ ¤¥°¸É¢¨¥
¨μ´¨§¨·ÊÕÐ¥£μ ¨§²ÊÎ¥´¨Ö ¢ μ±·¥¸É´μ¸ÉÖÌ ´ ´μÎ ¸É¨Í ¤ ¦¥ ¶·¨ ³ ²ÒÌ §´ Î¥´¨ÖÌ N .
�Éμ ¸¢Ö§ ´μ ¸ É¥³, ÎÉμ μÉ´μ¸¨É¥²Ó´μ¥ ¨§³¥´¥´¨¥ ΔDr Ë¨§¨Î¥¸±μ° ¤μ§Ò ¢¸²¥¤¸É¢¨¥ ´ -
²¨Î¨Ö ´ ´μÎ ¸É¨ÍÒ ¸μ¸É ¢²Ö¥É ¡¨μ²μ£¨Î¥¸±¨ §´ Î¨³ÊÕ ¢¥²¨Î¨´Ê ¶μ·Ö¤±  10−2 ¨ ¢Ò-
Ï¥ [21Ä23] Éμ²Ó±μ ´  ¤μ¢μ²Ó´μ ³ ²ÒÌ · ¸¸ÉμÖ´¨ÖÌ μÉ ´ ´μÎ ¸É¨ÍÒ. ’ ±, ´ ¶·¨³¥·, ¨¸-
¶μ²Ó§ÊÖ ·¥§Ê²ÓÉ ÉÒ Î¨¸²¥´´μ£μ ³μ¤¥²¨·μ¢ ´¨Ö ¶·μÉμ´´μ£μ μ¡²ÊÎ¥´¨Ö ¢§¢¥¸¨ §μ²μÉÒÌ
´ ´μÎ ¸É¨Í · ¤¨Ê¸μ³ 25 ´³ ¢ ¢μ¤¥ ¨§ · ¡μÉÒ [8], ³μ¦´μ ¶μ± § ÉÓ, ÎÉμ ¶·¨ Ô´¥·-
£¨¨ ¶·μÉμ´  εp = 150 ŒÔ‚ ¨ · ¸¸ÉμÖ´¨¨ μÉ ´ ´μÎ ¸É¨ÍÒ d = 1 ¨ 10 ´³ ΔDr ≈
3,3 · 10−2 ¨ 2,0 · 10−2 ¸μμÉ¢¥É¸É¢¥´´μ,   ¶·¨ εp = 10 ŒÔ‚ ΔDr(d = 1 ´³) ≈ 5,9 · 10−2,
ΔDr(d = 10 ´³) ≈ 4,3 · 10−2 [9, 20]. ’ ±¨³ μ¡· §μ³, · §³¥·Ò μ¡² ¸É¨ ¡¨μ²μ£¨Î¥¸±¨
§´ Î¨³μ£μ Ê¢¥²¨Î¥´¨Ö Ë¨§¨Î¥¸±μ° ¤μ§Ò ¢¡²¨§¨ ´ ´μÎ ¸É¨ÍÒ ³μ£ÊÉ ¡ÒÉÓ ¸μ¶μ¸É ¢¨³Ò
¸ · §³¥· ³¨ μ¡² ¸É¨, ¢ ±μÉμ·μ° ´ ¶·Ö¦¥´´μ¸ÉÓ Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö ÔÉμ° ´ ´μÎ ¸É¨ÍÒ
¶·¨ N ¶μ·Ö¤±  ¥¤¨´¨ÍÒ ¸μ¸É ¢²Ö¥É ¢¥²¨Î¨´Ê ¶μ·Ö¤±  102Ä103 ‚/¸³.

�Î¥¢¨¤´μ, ÎÉμ Ê¢¥²¨Î¥´¨¥ N ¶·¨¢¥¤¥É ± Ê¢¥²¨Î¥´¨Õ R, ¸μμÉ¢¥É¸É¢ÊÕÐ¥£μ Ë¨±¸¨·μ-
¢ ´´μ° ¢¥²¨Î¨´¥ E. ‘²¥¤Ê¥É, μ¤´ ±μ, ¶μ¤Î¥·±´ÊÉÓ, ÎÉμ ¸μ£² ¸´μ μÍ¥´±¥, ¶·¥¤¸É ¢²¥´´μ°
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´¨¦¥, Ì · ±É¥·´ Ö ¤²¨´  ls Ô±· ´¨·μ¢ ´¨Ö ¸É É¨Î¥¸±μ£μ Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö ¢ ¡¨μ²μ£¨-
Î¥¸±μ° ±²¥É±¥ ¸μ¸É ¢²Ö¥É ¢¥²¨Î¨´Ê ¶μ·Ö¤±  1 ´³. ’ ±¨³ μ¡· §μ³, ¶·¨ ²Õ¡ÒÌ N μ¡² ¸ÉÓ
¶μ¢·¥¦¤¥´¨Ö ¨ ¶μ¸²¥¤ÊÕÐ¥° ·¥¶ · Í¨¨ „	Š ³μ¦¥É ¶μ¤¢¥·£´ÊÉÓ¸Ö ¢μ§¤¥°¸É¢¨Õ ¸É É¨Î¥-
¸±μ£μ ¨²¨ ¸· ¢´¨É¥²Ó´μ ³¥¤²¥´´μ ¨§³¥´ÖÕÐ¥£μ¸Ö Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö ´ ´μÎ ¸É¨ÍÒ ¸ E
¶μ·Ö¤±  100Ä1000 ‚/¸³, Éμ²Ó±μ ¥¸²¨ · ¸¸ÉμÖ´¨¥ ³¥¦¤Ê ÔÉμ° μ¡² ¸ÉÓÕ ¨ ´ ´μÎ ¸É¨Í¥° ´¥
¶·¥¢ÒÏ ¥É ´¥¸±μ²Ó±¨Ì ´ ´μ³¥É·μ¢ ¨²¨ ·¥ ²Ó´ Ö ¢¥²¨Î¨´  ls §´ Î¨É¥²Ó´μ ¶·¥¢μ¸Ìμ¤¨É
·¥§Ê²ÓÉ É μÍ¥´±¨. �μ¸²¥¤´¥¥ ¨³¥¥É ³¥¸Éμ ¢ ¸²ÊÎ ¥, ¥¸²¨ ¶²μÉ´μ¸ÉÓ ¨μ´μ¢ ¢ μ¡¸Ê¦¤ ¥-
³μ° μ¡² ¸É¨ §´ Î¨É¥²Ó´μ ³¥´ÓÏ¥ ¢¥²¨Î¨´Ò, ¨¸¶μ²Ó§Ê¥³μ° ¶·¨ μÍ¥´±¥. ‚ ²Õ¡μ³ ¸²ÊÎ ¥,
¶μ ±· °´¥° ³¥·¥ ¢ ´¥±μÉμ·ÒÌ ¸¨ÉÊ Í¨ÖÌ, ¡¨μ²μ£¨Î¥¸±μ¥ ¤¥°¸É¢¨¥ ¨μ´¨§¨·ÊÕÐ¥£μ ¨§-
²ÊÎ¥´¨Ö ³μ¦¥É ¡ÒÉÓ § ³¥É´μ Ê¸¨²¥´μ ¸É É¨Î¥¸±¨³ Ô²¥±É·¨Î¥¸±¨³ ¶μ²¥³ ¸ E ¶μ·Ö¤± 
10 ‚/¸³ [14Ä17].

�·¨ μÍ¥´±¥ ls ¶·¥¤¶μ²μ¦¨³, ÎÉμ ±μ´Í¥´É· Í¨Ö ¨μ´μ¢ ¢ μ¡² ¸É¨ Ô±· ´¨·μ¢ ´¨Ö Ô²¥±-
É·¨Î¥¸±μ£μ ¶μ²Ö É ± Ö ¦¥, ± ± ±μ´Í¥´É· Í¨Ö ¨μ´μ¢ ¢ ¢μ¤´μ³ · ¸É¢μ·¥ NaCl ¸μ ¸É -
É¨Î¥¸±μ° (¨²¨, ¤·Ê£¨³¨ ¸²μ¢ ³¨, ´¨§±μÎ ¸ÉμÉ´μ°) ¶·μ¢μ¤¨³μ¸ÉÓÕ σs = 0,7 ‘³/³ ¶·¨
T = 36,5 ◦C. „ ´´ Ö ¢¥²¨Î¨´  σs ¶·¨¡²¨§¨É¥²Ó´μ ¸μ¢¶ ¤ ¥É ¸ ´¨§±μÎ ¸ÉμÉ´μ° ¶·μ¢μ¤¨-
³μ¸ÉÓÕ Î¥²μ¢¥Î¥¸±μ° ±·μ¢¨ [24]. �¡μ§´ Î¨³ ±μ´Í¥´É· Í¨¨ ¨μ´μ¢ Na+ ¨ Cl− ¢ · ¸É¢μ·¥
± ± nNa ¨ nCl. �Î¥¢¨¤´μ, ÎÉμ nNa = nCl. �·¨ ¢Ò¡· ´´μ° É¥³¶¥· ÉÊ·¥ ¶μ¤¢¨¦´μ¸É¨ μNa

¨ μCl ¨μ´μ¢ Na+ ¨ Cl− ¢ · ¸É¢μ·¥ ¸μ¸É ¢²ÖÕÉ ¶·¨¡²¨§¨É¥²Ó´μ 6,5 · 10−8 ³2 · c−1 ·B−1

¨ 9,8 · 10−8 ³2 · c−1 ·B−1 ¸μμÉ¢¥É¸É¢¥´´μ [18]. ˆ¸¶μ²Ó§ÊÖ ÔÉ¨ ¶ · ³¥É·Ò ¨ Ëμ·³Ê²Ê
nNa = σst/[(μNa + μCl) e] [18, 25], ³Ò ¶μ²ÊÎ ¥³

nNa = nCl ≈ 2,68 · 1019 ¸³−3. (6)

‚ · ¸¸³ É·¨¢ ¥³μ° ¸¨ÉÊ Í¨¨ ¤¥¡ ¥¢¸±¨° · ¤¨Ê¸ lD μ¶¨¸Ò¢ ¥É¸Ö ¢Ò· ¦¥´¨¥³

lD[¸³] ≈ 4,88

√
εT [K]

nNa[¸³−3]

(¸³., ´ ¶·¨³¥·, [19, 25Ä28]). �μ¤¸É ´μ¢±  ¢Ò· ¦¥´¨° (2), (6) ¨ ¢Ò¡· ´´μ£μ §´ Î¥´¨Ö T
¢ ÔÉÊ Ëμ·³Ê²Ê ¤ ¥É lD ≈ 1,43 ´³ ¨ (4π/3) r3

DnNa ≈ 0,327. ’ ± ± ± ¶μ¸²¥¤´ÖÖ ¢¥²¨Î¨´ 
³¥´ÓÏ¥ ¥¤¨´¨ÍÒ, ls μÉ²¨Î ¥É¸Ö μÉ lD ¨ ³μ¦¥É ¡ÒÉÓ ¶·¨¡²¨¦¥´´μ · ¸¸Î¨É ´  ¶μ Ëμ·³Ê²¥

ls ≈ n
−1/3
Na [29], ÎÉμ ¤ ¥É ls ≈ 3,3 ´³. ’ ±¨³ μ¡· §μ³, ¢Ò· ¦¥´¨¥ (6) ¸μμÉ¢¥É¸É¢Ê¥É

Ë¨§¨Î¥¸±¨ ¸ÊÐ¥¸É¢¥´´μ³Ê Ô±· ´¨·μ¢ ´¨Õ ¸É É¨Î¥¸±μ£μ Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö (¸³. É ±¦¥
´¥· ¢¥´¸É¢  (4), (5), ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ μÉ¸ÊÉ¸É¢¨Õ Ô±· ´¨·μ¢ ´¨Ö).

Šμ£¤  ¢·¥³Ö t ¶μ¸²¥ ¢μ§´¨±´μ¢¥´¨Ö ¨²¨ ¤μ¶μ²´¨É¥²Ó´μ° ¨μ´¨§ Í¨¨ ¨μ´¨§μ¢ ´´μ° ´ -
´μÎ ¸É¨ÍÒ ¶·¨¡²¨§¨É¥²Ó´μ ¸μ¢¶ ¤ ¥É ¸ ³ ±¸¢¥²²μ¢¸±¨³ ¢·¥³¥´¥³ τM ¨²¨ ´¥ ¶·¥¢ÒÏ ¥É
¥£μ, Ô±· ´¨·μ¢ ´¨¥ Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö ÔÉμ° ´ ´μÎ ¸É¨ÍÒ ¸· ¢´¨É¥²Ó´μ ¸² ¡μ. Œ ±¸-
¢¥²²μ¢¸±μ¥ ¢·¥³Ö · ¢´μ ε0εM/σM , £¤¥ ε0 Å Ô²¥±É·¨Î¥¸± Ö ¶μ¸ÉμÖ´´ Ö, εM ¨ σM Å ÔË-
Ë¥±É¨¢´Ò¥ §´ Î¥´¨Ö ¤¨Ô²¥±É·¨Î¥¸±μ° ¶·μ´¨Í ¥³μ¸É¨ ¨ ¶·μ¢μ¤¨³μ¸É¨ ¸μμÉ¢¥É¸É¢¥´´μ,
Ì · ±É¥·¨§ÊÕÐ¨¥ Ô±· ´¨·μ¢ ´¨¥ (¸³., ´ ¶·¨³¥·, [25, 26]). �μ² £ Ö, ÎÉμ εM ≈ 70 ¨
σM ≈ σs, ³Ò ¶μ²ÊÎ ¥³ τM ≈ 9 · 10−10 ¸. �μ ±· °´¥° ³¥·¥ ¢ ´¥±μÉμ·ÒÌ ¸¨ÉÊ Í¨ÖÌ ¶μ²-
´ Ö ¶·μ¤μ²¦¨É¥²Ó´μ¸ÉÓ ´¥¸±μ²Ó±¨Ì ¸É ¤¨° ¶·μÍ¥¸¸  ·¥¶ · Í¨¨ „	Š ¸μ¸É ¢²Ö¥É ¶·¨¡²¨-
§¨É¥²Ó´μ 1 ´¸ [30, 31]. ’ ±¨³ μ¡· §μ³, ¸· ¢´¨É¥²Ó´μ ¸² ¡μ¥ Ô±· ´¨·μ¢ ´¨¥ Ô²¥±É·¨Î¥-
¸±μ£μ ¶μ²Ö ¢ ¶·μÍ¥¸¸¥ Ëμ·³¨·μ¢ ´¨Ö Ô±· ´¨·ÊÕÐ¥£μ ¸²μÖ ³μ¦¥É μ± § ÉÓ¸Ö ¡¨μ²μ£¨Î¥¸±¨
¢ ¦´Ò³.



‚ ¦´μ¸ÉÓ Ô²¥±É·¨Î¥¸±¨Ì ¶μ²¥° ¨μ´¨§μ¢ ´´ÒÌ ´ ´μÎ ¸É¨Í ¤²Ö · ¤¨ Í¨μ´´μ° É¥· ¶¨¨ 333

‚Ò¡μ· εM μ¶· ¢¤ ´ ¶μ²ÊÎ¥´´μ° ¢¥²¨Î¨´μ° τM ¨ ¸²¥¤ÊÕÐ¨³. ‡ ¢¨¸¨³μ¸ÉÓ ¤¨Ô²¥±-
É·¨Î¥¸±μ° ¶·μ´¨Í ¥³μ¸É¨ ¢μ¤Ò εw μÉ Î ¸ÉμÉÒ Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö ω μ¶·¥¤¥²Ö¥É¸Ö ¢Ò-
· ¦¥´¨¥³

εw ≈ 3 +
εws − 3

1 + (ωτr)2
, (7)

£¤¥ τr Å ¢·¥³Ö ¤¨Ô²¥±É·¨Î¥¸±μ° ·¥² ±¸ Í¨¨ ¢μ¤Ò [32Ä35]. �·¨ T = 36,5 ◦C τr ≈
7,0 · 10−12 ¸ (¸³., ´ ¶·¨³¥·, [18, 33, 35]). ˆ¸¶μ²Ó§ÊÖ ÔÉÊ ¢¥²¨Î¨´Ê ¨ Ëμ·³Ê²Ò ω ≈
1/τM , (2) ¨ (7), ³Ò ¶μ²ÊÎ ¥³ εw ≈ εws ≈ 74,21. ’ ±¨³ μ¡· §μ³, ¢Ò¡· ´´μ¥ §´ Î¥´¨¥
εM ≈ 70 μ¡¥¸¶¥Î¨¢ ¥É ´ ¤¥¦´ÊÕ μÍ¥´±Ê ´¨¦´¥° £· ´¨ÍÒ τM .

�·μ¡²¥³Ò ¢ ¦´μ¸É¨ Ô±· ´¨·μ¢ ´¨Ö ¸É É¨Î¥¸±μ£μ Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö ¢ Ô±¸¶¥·¨³¥´-
É Ì, μ¶¨¸ ´´ÒÌ ¢ · ¡μÉ Ì [14Ä17], É·¥¡ÊÕÉ ¤μ¶μ²´¨É¥²Ó´μ£μ ¨¸¸²¥¤μ¢ ´¨Ö. ‚μ§³μ¦´μ,
ÎÉμ ¢ ÔÉ¨Ì Ô±¸¶¥·¨³¥´É Ì μ¡² ¸É¨ ¶μ¢·¥¦¤¥´¨Ö ¨ ·¥¶ · Í¨¨ „	Š ¶μ¤¢¥·£ ²¨¸Ó ¢μ§¤¥°-
¸É¢¨Õ Ô²¥±É·¨Î¥¸±¨Ì ¶μ²¥° ¸ ´ ¶·Ö¦¥´´μ¸ÉÖ³¨ §´ Î¨É¥²Ó´μ ´¨¦¥ ¢¥²¨Î¨´, ¶·¥¤¸É ¢²¥´-
´ÒÌ ¢ ¸É ÉÓÖÌ, ¤ ¦¥ ¢ Éμ³ ¸²ÊÎ ¥, ¥¸²¨ Ô±· ´¨·μ¢ ´¨¥ ÔÉ¨Ì ¶μ²¥° ¡Ò²μ ¸² ¡¥¥ μ¶¨¸ ´´μ£μ
¢ÒÏ¥. …¸²¨ ¤ ´´μ¥ ¶·¥¤¶μ²μ¦¥´¨¥ ¢¥·´μ, ¡¨μ²μ£¨Î¥¸±¨ §´ Î¨³Ò¥ ´ ¶·Ö¦¥´´μ¸É¨ ¸É É¨-
Î¥¸±¨Ì Ô²¥±É·¨Î¥¸±¨Ì ¶μ²¥° ¢ μ¡² ¸ÉÖÌ ¶μ¢·¥¦¤¥´¨Ö ¨ ·¥¶ · Í¨¨ „	Š ¤μ¢μ²Ó´μ ³ ²Ò.

�¡² ¸É¨ ¶μ¢·¥¦¤¥´¨Ö ¨ ·¥¶ · Í¨¨ „	Š ¶μ¤¢¥·£ ÕÉ¸Ö ¢μ§¤¥°¸É¢¨Õ Ì μÉ¨Î¥¸±¨Ì Ô²¥±-
É·¨Î¥¸±¨Ì ¶μ²¥° ¤¢¨¦ÊÐ¨Ì¸Ö ¨μ´μ¢ ´ É·¨Ö, Ì²μ·  ¨ ¤·Ê£¨Ì ±μ³¶μ´¥´Éμ¢ ¡¨μ²μ£¨Î¥¸±μ°
É± ´¨. �Í¥´±  Ì · ±É¥·´ÒÌ ¨´É¥´¸¨¢´μ¸É¥° Epl

r ÔÉ¨Ì ¶μ²¥° ¨  ´ ²¨§ ¨Ì ¡¨μ²μ£¨Î¥¸±μ°
¢ ¦´μ¸É¨ É ±¦¥ É·¥¡ÊÕÉ ¤μ¶μ²´¨É¥²Ó´μ£μ ¨¸¸²¥¤μ¢ ´¨Ö. ’ ±, ´ ¶·¨³¥·, Ì · ±É¥·´ Ö
´ ¶·Ö¦¥´´μ¸ÉÓ Epl

r Ì μÉ¨Î¥¸±μ£μ Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö ¢ ¶μ²´μ¸ÉÓÕ ¨μ´¨§μ¢ ´´μ° ¢μ¤μ-
·μ¤´μ° ¶² §³¥ ³μ¦¥É ¡ÒÉÓ μÍ¥´¥´  ± ± Epl

r [‚/¸³] ≈ 2,16 · 10−6(ne[¸³−3])2/3, £¤¥ ne Å
±μ´Í¥´É· Í¨Ö Ô²¥±É·μ´μ¢ [36] (μÉ³¥É¨³, ÎÉμ ¢ ±´¨£¥ [36] ¤²Ö μ¶¨¸ ´¨Ö ÔÉμ£μ ¶μ²Ö ¨¸-
¶μ²Ó§Ê¥É¸Ö É¥·³¨´ ®³¨±·μ¶μ²¥¯). �μ² £ Ö, ÎÉμ

Er ≈ Epl
r (ne = nCl)/ε, (8)

¨ ¨¸¶μ²Ó§ÊÖ ¢Ò· ¦¥´¨Ö (2), (6), ³Ò ¶μ²ÊÎ ¥³ Er ≈ 2,6 · 105 ‚/¸³. �ÉμÉ ·¥§Ê²ÓÉ É ¨
¤ ¦¥ Er, ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¢Ò· ¦¥´¨Ö³ (2), (8) ¨ ´¥±μÉμ·Ò³ §´ Î¥´¨Ö³ nCl �
2,68 · 1019 ¸³−3, §´ Î¨É¥²Ó´μ ¶·¥¢ÒÏ ÕÉ ´ ¶·Ö¦¥´´μ¸É¨ ¸É É¨Î¥¸±¨Ì Ô²¥±É·¨Î¥¸±¨Ì
¶μ²¥° ¢ Ô±¸¶¥·¨³¥´É Ì, μ¶¨¸ ´´ÒÌ ¢ · ¡μÉ Ì [14Ä17]. ‚μ§³μ¦´μ, ÎÉμ ¡¨μ²μ£¨Î¥¸± Ö
§´ Î¨³μ¸ÉÓ Ì μÉ¨Î¥¸±¨Ì ¶μ²¥° ¸· ¢´¨É¥²Ó´μ ³ ²  ¢¸²¥¤¸É¢¨¥ § ¢¨¸¨³μ¸É¨ ¡¨μ²μ£¨Î¥-
¸±μ£μ ¤¥°¸É¢¨Ö Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö μÉ ¥£μ Î ¸ÉμÉÒ. ‚μ§³μ¦´μ, μ¤´ ±μ, ÎÉμ Ê· ¢´¥-
´¨¥ (8) ´¥¶·¨³¥´¨³μ ¤²Ö μÍ¥´±¨ Er ¢¸²¥¤¸É¢¨¥ £¨¤· É Í¨¨ ¨μ´μ¢, ÔËË¥±Éμ¢, ¸¢Ö§ ´´ÒÌ
¸ Ô²¥±É·¨Î¥¸±¨³¨ § ·Ö¤ ³¨ ±μ³¶μ´¥´Éμ¢ ±²¥É±¨, ¨ ¤·Ê£¨Ì ¶·¨Î¨´.

‡�Š‹�—…�ˆ…

�¥§Ê²ÓÉ ÉÒ, ¶·¥¤¸É ¢²¥´´Ò¥ ¢ · ¡μÉ Ì [14Ä17] ¨ ¢ÒÏ¥, ¶μ§¢μ²ÖÕÉ ¶·¥¤¶μ²μ¦¨ÉÓ,
ÎÉμ ¶μ ±· °´¥° ³¥·¥ ¢ ´¥±μÉμ·ÒÌ ¸²ÊÎ ÖÌ Ê¸¨²¥´¨¥ ¡¨μ²μ£¨Î¥¸±μ£μ ¤¥°¸É¢¨Ö ¨μ´¨§¨·Ê-
ÕÐ¥£μ ¨§²ÊÎ¥´¨Ö ´ ´μÎ ¸É¨Í ³¨ (¸³., ´ ¶·¨³¥·, [1Ä5, 8, 11, 13]) Î ¸É¨Î´μ μ¡Ê¸²μ¢²¥´μ
¶μ¤ ¢²¥´¨¥³ ·¥¶ · Í¨¨ „	Š Ô²¥±É·¨Î¥¸±¨³¨ ¶μ²Ö³¨ ´ ´μÎ ¸É¨Í. ‚ ´¥±μÉμ·ÒÌ ¸²ÊÎ ÖÌ
³μ£ÊÉ ¡ÒÉÓ ¢ ¦´Ò ¸É É¨Î¥¸±¨¥ Ô²¥±É·¨Î¥¸±¨¥ ¶μ²Ö ´ ´μÎ ¸É¨Í, μ¤´ ±μ ±· É±μ¢·¥³¥´´μ
¸ÊÐ¥¸É¢ÊÕÐ¨¥ Ô²¥±É·¨Î¥¸±¨¥ ¶μ²Ö, ¢μ§´¨± ÕÐ¨¥ ¢¸²¥¤¸É¢¨¥ ¨μ´¨§ Í¨¨ ´ ´μÎ ¸É¨Í ¢ ·¥-
§Ê²ÓÉ É¥ μ¡²ÊÎ¥´¨Ö, ¶·¥¤¸É ¢²ÖÕÉ¸Ö μ¸μ¡¥´´μ ¢ ¦´Ò³¨ ¢¢¨¤Ê ¸· ¢´¨É¥²Ó´μ ¡μ²ÓÏ¨Ì N
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(¸³., ´ ¶·¨³¥·, [2, 4, 5, 8, 11, 12]), ²μ± ²¨§ Í¨¨ ÔÉ¨Ì ¶μ²¥° ´¥¶μ¸·¥¤¸É¢¥´´μ ¢ μ¡² ¸É¨,
¶μ¤¢¥·£ ÕÐ¥°¸Ö ¢μ§¤¥°¸É¢¨Õ ¨¸¶Ê¸± ¥³ÒÌ ´ ´μÎ ¸É¨Í ³¨ Ô²¥±É·μ´μ¢, ¨ ¸· ¢´¨É¥²Ó´μ
¸² ¡μ£μ Ô±· ´¨·μ¢ ´¨Ö ¶·¨ ³ ²ÒÌ t. ’ ±¦¥ ³μ£ÊÉ ¡ÒÉÓ ¢ ¦´Ò ³ ²μ¸ÉÓ εw ¶·¨ ³ ²ÒÌ t
(¸³. Ê· ¢´¥´¨¥ (7) ¨ [32Ä35]) ¨ Ô±· ´¨·μ¢ ´¨¥ ³¥É ²²¨Î¥¸±¨³¨ ´ ´μÎ ¸É¨Í ³¨ Ô²¥±-
É·¨Î¥¸±¨Ì ¶μ²¥°, ¢μ§´¨± ÕÐ¨Ì ¶·¨ ¶μ¢·¥¦¤¥´¨¨ „	Š (¸³. [14Ä17]). �É³¥É¨³, ÎÉμ ¢
· ¡μÉ¥ [10] ¡Ò²μ ¸¤¥² ´μ ¶·¥¤¶μ²μ¦¥´¨¥ μ ¢ ¦´μ¸É¨ Ô´¥·£¨¨, ¶¥·¥¤ ¢ ¥³μ° ´ ´μÎ ¸É¨-
Í ³ ¢ ·¥§Ê²ÓÉ É¥ μ¡²ÊÎ¥´¨Ö. �É  £¨¶μÉ¥§  ¸μμÉ¢¥É¸É¢Ê¥É ± ± Ê¢¥²¨Î¥´¨Õ ÔËË¥±É¨¢´μ¸É¨
¨¸¶μ²Ó§μ¢ ´¨Ö ´ ´μÎ ¸É¨Í ¢ Ô±¸¶¥·¨³¥´É Ì ¶μ ¶·μÉμ´´μ° É¥· ¶¨¨ μ¶ÊÌμ²¥° ³ÒÏ¥° ¶·¨
Ê¢¥²¨Î¥´¨¨ Ì · ±É¥·´ÒÌ §´ Î¥´¨° εp (¸³. [5]), É ± ¨ ¶·¥¤¶μ²μ¦¥´¨Õ μ ¢ ¦´μ¸É¨ ¢ÒÏ¥-
Ê¶μ³Ö´ÊÉÒÌ ±· É±μ¢·¥³¥´´μ ¸ÊÐ¥¸É¢ÊÕÐ¨Ì Ô²¥±É·¨Î¥¸±¨Ì ¶μ²¥°.
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