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� ¸É¢μ·Ò ËÊ²²¥·¥´μ¢, Ê£²¥·μ¤´ÒÌ ´ ´μÎ ¸É¨Í · §³¥·μ³ ¶μ·Ö¤±  1 ´³, ¢ÒÖ¢²ÖÕÉ
·Ö¤ ¨´É¥·¥¸´ÒÌ ¸¢μ°¸É¢ ¨ ±¨´¥É¨Î¥¸±¨Ì ÔËË¥±Éμ¢. 	μ²ÓÏ Ö ¨Ì Î ¸ÉÓ μ¡Ê¸²μ¢²¥´ 
¸¶μ¸μ¡´μ¸ÉÓÕ ÔÉ¨Ì ³ ±·μ³μ²¥±Ê² μ¡· §μ¢Ò¢ ÉÓ ±² ¸É¥·Ò, ¢ ±μÉμ·ÒÌ ´ ´μÎ ¸É¨ÍÒ ¸¢Ö-
§ ´Ò ¤¨¸¶¥·¸¨μ´´Ò³ ¢§ ¨³μ¤¥°¸É¢¨¥³. ‚ ´ ¸ÉμÖÐ¥³ μ¡§μ·¥ ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ
³μ¤¥²¨·μ¢ ´¨Ö ±¨´¥É¨±¨ μ¡· §μ¢ ´¨Ö ¨ ·μ¸É  ±² ¸É¥·μ¢ ¢ · ¸É¢μ· Ì ‘60 · §²¨Î´μ°
¶μ²Ö·´μ¸É¨. 	 §μ¢Ò³ ¶μ¤Ìμ¤μ³ Ö¢²Ö¥É¸Ö Î¨¸²¥´´μ¥ ·¥Ï¥´¨¥ ¸¨¸É¥³Ò ±¨´¥É¨Î¥¸±¨Ì
Ê· ¢´¥´¨° É¥μ·¨¨ ´Ê±²¥ Í¨¨, ¶·¨³¥´Ö¥³ÒÌ §¤¥¸Ó ¤²Ö μ¶¨¸ ´¨Ö  £·¥£ Í¨¨ ËÊ²²¥·¥´μ¢
¨ ¸μ¶ÊÉ¸É¢ÊÕÐ¨Ì ÔËË¥±Éμ¢. ˆ¸¸²¥¤μ¢ ² ¸Ó ´¥³μ´μÉμ´´ Ö ¢·¥³¥´´ Ö § ¢¨¸¨³μ¸ÉÓ ±μ´-
Í¥´É· Í¨¨ ËÊ²²¥·¥´μ¢ ¶·¨ · ¸É¢μ·¥´¨¨, μ¶¨¸ ´ ¶¥·¥Ìμ¤ ³μ²¥±Ê²Ö·´Ò°Ä±μ²²μ¨¤´Ò°
· ¸É¢μ· ¢ ¶μ²Ö·´ÒÌ ¸¨¸É¥³ Ì,   É ±¦¥ ¶μ·μ£μ¢Ò° ÔËË¥±É · §·ÊÏ¥´¨Ö  £·¥£ Éμ¢ ËÊ²-
²¥·¥´  ¶·¨ · §¡ ¢²¥´¨¨ ¨¸¸²¥¤Ê¥³ÒÌ · ¸É¢μ·μ¢ ¢μ¤μ°.

In solutions, fullerenes, carbon nanoparticles with size of the order of 1 nm, exhibit
a number of interesting properties and kinetic effects. A large part of these effects is
connected with the ability of these macromolecules to form aggregates (or clusters), in
which the nanoparticles are bound together by dispersion interactions. In this review, we
present results of modeling of the kinetics of clusters formation and growth in fullerene
C60 solutions of different polarity. The basic approach is the numerical solution of a
system of kinetic equations of nucleation theory, applied here for the description of ag-
gregation of fullerenes and accompanying effects. The non-monotonous time dependence
of fullerene concentration during dissolution was investigated. A molecular-colloidal so-
lution transition in polar systems is described. In addition, a model description of the
critical effect of cluster decomposition after water addition to certain fullerene solutions is
presented.

PACS: 61.48.+c; 64.60.Qb; 68.55.A−; 64.60.My; 64.75.+g; 82.70.Dd; 05.20.Dd;
05.70.Ln
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„ ´´ Ö ¸É ÉÓÖ ¶μ¸¢ÖÐ¥´  ¶ ³ÖÉ¨
‚ÖÎ¥¸² ¢  �μ·¨¸μ¢¨Î  �·¨¥§¦¥¢ 

‚‚…„…�ˆ…

�·μÍ¥¸¸Ò  £·¥£ Í¨¨ (¸²¨¶ ´¨Ö, ±μ £Ê²ÖÍ¨¨) Î ¸É¨Í · §²¨Î´ÒÌ · §³¥·μ¢
¨§¢¥¸É´Ò ¨ ¨¸¸²¥¤ÊÕÉ¸Ö μÎ¥´Ó ¤ ¢´μ. ‚ XX ¢. ¡Ò²¨ ¤μ¸É¨£´ÊÉÒ §´ Î¨É¥²Ó´Ò¥
·¥§Ê²ÓÉ ÉÒ ¢ ¶μ´¨³ ´¨¨, μ¶¨¸ ´¨¨ ¨ ¶·¨³¥´¥´¨¨ ¤ ´´ÒÌ Ö¢²¥´¨°. �¤´¨³ ¨§
Ö·±¨Ì ¶·¨³¥·μ¢ É ±¨Ì ¸¨¸É¥³ Ö¢²ÖÕÉ¸Ö · ¸É¢μ·Ò ËÊ²²¥·¥´μ¢ ¢ · §²¨Î´ÒÌ
¦¨¤±μ¸ÉÖÌ. ”Ê²²¥·¥´Ò, ´μ¢ Ö  ²²μÉ·μ¶´ Ö Ëμ·³  Ê£²¥·μ¤ , ¡Ò²¨ μÉ±·ÒÉÒ ¢
±μ´Í¥ ¶·μÏ²μ£μ ¢¥±  [1]. �´¨ ¶·¥¤¸É ¢²ÖÕÉ ¸μ¡μ° ¸¥³¥°¸É¢μ ¸¨³³¥É·¨Î´ÒÌ
³μ²¥±Ê² · §³¥· ³¨ ¶μ·Ö¤±  1 ´³. � ¨¡μ²¥¥ ¸É ¡¨²Ó´μ° ¨ · ¸¶·μ¸É· ´¥´´μ°
¨§ ´¨Ì Ö¢²Ö¥É¸Ö ³μ²¥±Ê²  ‘60 (·¨¸. 1), μ¡· §μ¢ ´´ Ö 60  Éμ³ ³¨ Ê£²¥·μ¤ ,
· ¸¶μ²μ¦¥´´Ò³¨ ¢ ¢¥·Ï¨´ Ì ¸¨³³¥É·¨Î´μ° £¥μ³¥É·¨Î¥¸±μ° Ë¨£Ê·Ò Å Ê¸¥-
Î¥´´μ£μ ¨±μ¸ Ô¤·  (®ËÊÉ¡μ²Ó´Ò° ³ÖÎ¯ · ¤¨Ê¸μ³ ∼ 0,35 ´³) [2]. ‚ μÉ²¨Î¨¥
μÉ ®±² ¸¸¨Î¥¸±¨Ì¯  ²²μÉ·μ¶´ÒÌ Ëμ·³ Ê£²¥·μ¤  (£· Ë¨É,  ²³ §), ËÊ²²¥·¥´Ò
¸¶μ¸μ¡´Ò · ¸É¢μ·ÖÉÓ¸Ö ¢ Ï¨·μ±μ³ ±² ¸¸¥ · ¸É¢μ·¨É¥²¥° [3]. �Éμ ¨Ì ¸¢μ°¸É¢μ
¢Ò§¢ ²μ ¤μ¶μ²´¨É¥²Ó´Ò° ¨´É¥·¥¸, ¸¢Ö§ ´´Ò° ¸ ¶·¥¤¶μ² £ ¥³Ò³ ¶·¨³¥´¥´¨¥³
 ´É¨μ±¸¨¤ ´É´ÒÌ ¨ ¶·μÉ¨¢μμ¶ÊÌμ²¥¢ÒÌ ¸¢μ°¸É¢ ÔÉ¨Ì ³ ±·μ³μ²¥±Ê².

‚³¥¸É¥ ¸ É¥³ ¢ · ¸É¢μ· Ì ËÊ²²¥·¥´Ò ¶·μÖ¢²ÖÕÉ ·Ö¤ ¨´É¥·¥¸´ÒÌ ¤μ¶μ²-
´¨É¥²Ó´ÒÌ ¸¢μ°¸É¢, ¢ Éμ³ Î¨¸²¥ ´ ¡²Õ¤ ¥É¸Ö Ëμ·³¨·μ¢ ´¨¥ ¸É ¡¨²Ó´ÒÌ ¨²¨
³¥´ÖÕÐ¨Ì¸Ö ¢μ ¢·¥³¥´¨ ±² ¸É¥·μ¢ ³μ²¥±Ê² ‘60 [4]. ‡  ¶μ¸²¥¤´¨¥ 30 ²¥É
´ ±μ¶²¥´ §´ Î¨É¥²Ó´Ò° μ¡Ñ¥³ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ μ¡ ÔÉ¨Ì Ö¢²¥´¨ÖÌ,
¨¸¸²¥¤μ¢ ´  ¸É·Ê±ÉÊ·  ±² ¸É¥·μ¢ ¨ ±¨´¥É¨±  ¨Ì ·μ¸É  [5Ä7]. � ±μ¶²¥´´Ò¥
¤ ´´Ò¥ ´¥ Éμ²Ó±μ ¤μ¶μ²´ÖÕÉ, ´μ ¨ ´¥·¥¤±μ ¶·μÉ¨¢μ·¥Î É ¤·Ê£ ¤·Ê£Ê. ’ ±¨¥
¶·μÉ¨¢μ·¥Î¨Ö ¢ ¤ ´´ÒÌ ¸¢¨¤¥É¥²Ó¸É¢ÊÕÉ μ ¸²μ¦´μ³ Ì · ±É¥·¥ · ¸É¢μ·¥´¨Ö
¨ ±² ¸É¥·μμ¡· §μ¢ ´¨Ö ¢ ¨¸¸²¥¤Ê¥³ÒÌ · ¸É¢μ· Ì ¨ μ §´ Î¨É¥²Ó´μ³ ¢²¨Ö´¨¨

�¨¸. 1. ‘É·Ê±ÉÊ·  ³μ²¥±Ê²Ò ËÊ²²¥-
·¥´  ‘60

¢´¥Ï´¨Ì Ë ±Éμ·μ¢ ´  ¤ ´´Ò¥ ¶·μÍ¥¸¸Ò.
‘²¥¤μ¢ É¥²Ó´μ, · §¢¨É¨¥ É¥μ·¥É¨Î¥¸±μ£μ
μ¶¨¸ ´¨Ö ±¨´¥É¨Î¥¸±¨Ì ¶·μÍ¥¸¸μ¢, ¶·μÌμ-
¤ÖÐ¨Ì ¢ · ¸É¢μ· Ì ËÊ²²¥·¥´μ¢, ¢ ¶¥·¢ÊÕ
μÎ¥·¥¤Ó, μ¡· §μ¢ ´¨Ö ¨ ·μ¸É  ±² ¸É¥·μ¢,
Ö¢²Ö¥É¸Ö ¨´É¥·¥¸´μ° ¨ ¢¥¸Ó³   ±ÉÊ ²Ó´μ°
§ ¤ Î¥°.

‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ³Ò ¶·¥¤¸É ¢²Ö¥³
³¥Éμ¤Ò μ¶¨¸ ´¨Ö ±¨´¥É¨±¨ μ¡· §μ¢ ´¨Ö ¨
·μ¸É  ±² ¸É¥·μ¢ ¢ · §´ÒÌ · ¸É¢μ· Ì ËÊ²-
²¥·¥´μ¢. ˆ§² £ ¥³Ò¥ ¶μ¤Ìμ¤Ò, μ¸´μ¢ ´´Ò¥
´  É¥μ·¨¨ ´Ê±²¥ Í¨¨, · §¢¨¢ ²¨¸Ó ¢ · ³-
± Ì ¸μ¢³¥¸É´μ° ´ ÊÎ´μ° · ¡μÉÒ ÊÎ¥´ÒÌ ¨§
�ˆŸˆ (‹�” ¨ ‹’”), Š¨¥¢¸±μ£μ ´ Í¨μ-
´ ²Ó´μ£μ Ê´¨¢¥·¸¨É¥É  (“±· ¨´ ) ¨ “´¨-
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¢¥·¸¨É¥É  �μ¸Éμ±  (ƒ¥·³ ´¨Ö). �  ¶·μÉÖ¦¥´¨¨ §´ Î¨É¥²Ó´μ£μ ¶¥·¨μ¤   ±É¨¢-
´μ¥ ÊÎ ¸É¨¥ ¢ ÔÉ¨Ì ¨¸¸²¥¤μ¢ ´¨ÖÌ ¶·¨´¨³ ² ‚.	. �·¨¥§¦¥¢.

‘É·Ê±ÉÊ·  μ¡§μ·  ¸²¥¤ÊÕÐ Ö: ¶μ¸±μ²Ó±Ê μ¸´μ¢μ° ´ ¸ÉμÖÐ¨Ì ¨¸¸²¥¤μ-
¢ ´¨° Ö¢²ÖÕÉ¸Ö ³μ¤¨Ë¨Í¨·μ¢ ´´Ò¥ ±¨´¥É¨Î¥¸±¨¥ Ê· ¢´¥´¨Ö ¤²Ö ËÊ´±Í¨¨
· ¸¶·¥¤¥²¥´¨Ö ±² ¸É¥·μ¢ ¶μ · §³¥· ³ ±² ¸¸¨Î¥¸±μ° É¥μ·¨¨ ´Ê±²¥ Í¨¨ ¨ ·μ-
¸É  ±² ¸É¥·μ¢, ¢ · §¤. 1 μ¶¨¸Ò¢ ¥É¸Ö ¨Ì ¶·μ¨¸Ìμ¦¤¥´¨¥, μ¸´μ¢´Ò¥ Î¥·ÉÒ ¨
·¥§Ê²ÓÉ ÉÒ. „ ²¥¥ ¶μ± §Ò¢ ¥É¸Ö, ± ± ÔÉμÉ μ¡Ð¨° ³¥Éμ¤ ³μ¦¥É ¶·¨³¥´ÖÉÓ¸Ö
¤²Ö μ¶¨¸ ´¨Ö ¸¥£·¥£ Í¨¨ ¢ · ¸É¢μ· Ì ËÊ²²¥·¥´μ¢. ‚ · §¤. 2 ¶·¥¤¸É ¢²¥´Ò
·¥§Ê²ÓÉ ÉÒ É¥μ·¥É¨Î¥¸±μ£μ μ¶¨¸ ´¨Ö ±¨´¥É¨Î¥¸±¨Ì ¶·μÍ¥¸¸μ¢ ¢ ´¥±μÉμ·ÒÌ
· ¸É¢μ· Ì ËÊ²²¥·¥´μ¢. ‚ ´ Î ²¥ ± ¦¤μ£μ · §¤¥²  ±μ·μÉ±μ ¤ ´  ¨´Ëμ·³ Í¨Ö
μ · ¸¸³ É·¨¢ ¥³μ° ¸¨¸É¥³¥ Å Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ´ ¡²Õ¤¥´¨Ö, ¤²Ö μ¶¨¸ -
´¨Ö ±μÉμ·ÒÌ · §· ¡ ÉÒ¢ ÕÉ¸Ö É¥μ·¥É¨Î¥¸±¨¥ ³μ¤¥²¨. ‚ § ±²ÕÎ¥´¨¨ ¸É ÉÓ¨
μ¡¸Ê¦¤ ÕÉ¸Ö ¶¥·¸¶¥±É¨¢Ò ´ ¸ÉμÖÐ¨Ì ¨¸¸²¥¤μ¢ ´¨°.

1. ’…��ˆŸ �“Š‹…�–ˆˆ ˆ ��‘’� Š‹�‘’…��‚

‚ ´ ¸ÉμÖÐ¥³ · §¤¥²¥ ¶·¥¤¸É ¢²¥´Ò μ¸´μ¢Ò É¥μ·¨¨ μ¡· §μ¢ ´¨Ö ¨ ·μ¸É 
±² ¸É¥·μ¢ ¢ · §²¨Î´ÒÌ ¸·¥¤ Ì. ‚ ± Î¥¸É¢¥ ¶¥·¢μ£μ Ï £  ±· É±μ ¨§² £ ÕÉ¸Ö
μ¸´μ¢Ò É¥μ·¨¨ ´Ê±²¥ Í¨¨. �μ¸²¥¤μ¢ É¥²Ó´μ ¨§²μ¦¥´Ò μ¸´μ¢´Ò¥ ±μ³¶μ´¥´ÉÒ
É¥μ·¨¨: μ¡¸Ê¦¤ ÕÉ¸Ö · ¡μÉ  ¶μ μ¡· §μ¢ ´¨Õ ±² ¸É¥·o¢, ±¨´¥É¨Î¥¸±¨¥ Ê· ¢-
´¥´¨Ö É¥μ·¨¨ ´Ê±²¥ Í¨¨, ¢¥·μÖÉ´μ¸É¨ ¶·¨¸μ¥¤¨´¥´¨Ö ¨ μÉ¸μ¥¤¨´¥´¨Ö Î ¸É¨Í.
�¥·¢Ò¥ É·¨ Î ¸É¨ · §¤¥² , ¶μ ¸ÊÉ¨, ¶·¥¤¸É ¢²ÖÕÉ ¸μ¡μ° ±² ¸¸¨Î¥¸±ÊÕ É¥μ·¨Õ
´Ê±²¥ Í¨¨. —¥É¢¥·É Ö Î ¸ÉÓ ¶μ¸¢ÖÐ¥´  Ê· ¢´¥´¨Õ ”·¥´±¥²ÖÄ‡¥²Ó¤μ¢¨Î . ‡ -
¢¥·Ï ¥É · §¤¥² μ¡¸Ê¦¤¥´¨¥ ÔÉ ¶μ¢ Ô¢μ²ÕÍ¨¨ ¸¨¸É¥³Ò, ¢ Î ¸É´μ¸É¨ ¸É ¤¨¨
·μ¸É , ¸²¥¤ÊÕÐ¥° §  μ¡· §μ¢ ´¨¥³ § ·μ¤ÒÏ¥° ´μ¢μ° Ë §Ò.

1.1. � ¡μÉ  ¶μ μ¡· §μ¢ ´¨Õ ±² ¸É¥· . �É±·ÒÉ¨¥ ¨ ¶μ¤·μ¡´Ò¥ ¨¸¸²¥¤μ¢ -
´¨Ö ¶¥·¥μÌ² ¦¤¥´´ÒÌ ¦¨¤±μ¸É¥° ¨ ¶¥·¥¸ÒÐ¥´´ÒÌ ¶ ·μ¢, ´ ±μ¶²¥´´Ò¥ Ê¦¥ ¢
XIX ¢. (¸³., ´ ¶·¨³¥·, [8]), ¶μ§¢μ²¨²¨ ƒ¨¡¡¸Ê ¸Ëμ·³Ê²¨·μ¢ ÉÓ É¥·³μ¤¨´ ³¨-
Î¥¸±¨¥ μ¸´μ¢Ò É¥μ·¨¨ § ·μ¤ÒÏ¥μ¡· §μ¢ ´¨Ö, ¨²¨ ´Ê±²¥ Í¨¨. ‡  ¶·μÏ¥¤Ï¨¥
150 ²¥É ÔÉ  É¥μ·¨Ö §´ Î¨É¥²Ó´μ · §¢¨² ¸Ó, ¢±²ÕÎ¨¢ ±¨´¥É¨Î¥¸±μ¥ μ¶¨¸ ´¨¥ ´¥
Éμ²Ó±μ ¶·μÍ¥¸¸μ¢ μ¡· §μ¢ ´¨Ö, ´μ ¨ ·μ¸É  Î ¸É¨Í ´μ¢μ° Ë §Ò. ‚ ´ ¸ÉμÖÐ¥³
· §¤¥²¥ ¨§²μ¦¥´Ò μ¸´μ¢Ò ¤ ´´μ° É¥μ·¨¨ ¢ ¸¢¥É¥ ¶·¨²μ¦¥´¨° ± μ¶¨¸ ´¨Õ
±¨´¥É¨±¨ μ¡· §μ¢ ´¨Ö ¨ ·μ¸É   £·¥£ Éμ¢ ¨§  Éμ³μ¢, ³μ²¥±Ê², ±μ²²μ¨¤´ÒÌ
Î ¸É¨Í ¢ · ¸É¢μ· Ì. �É¨ μ¸´μ¢Ò ¡Ò²¨ § ²μ¦¥´Ò (¢ ¸¢μÕ μÎ¥·¥¤Ó, ´  ¡ §¥ ¨¸-
¸²¥¤μ¢ ´¨° ƒ¨¡¡¸  [9, 10]) ¢ · ¡μÉ Ì ”μ²Ó³¥·  ¨ ‚¥¡¥·  [11], ” ·± Ï  [12],
Š ¨Ï¥¢  ¨ ‘É· ´¸±μ£μ [13, 14], 	¥±±¥·  ¨ „μ·¨´£  [15] ¨ ¶μ§¤´¥¥ ¢ É·Ê¤ Ì
‡¥²Ó¤μ¢¨Î  [16], ”·¥´±¥²Ö [17], ’Ê·´¡Ê²  ¨ ”¨Ï¥·  [18].

�Ê±²¥ Í¨Ö (μ¡· §μ¢ ´¨¥ § ·μ¤ÒÏ¥° ´μ¢μ° Ë §Ò) Å ¶¥·¢Ò° ÔÉ ¶ Ë §μ-
¢μ£μ ¶¥·¥Ìμ¤  Å ¢μ ³´μ£μ³ μ¶·¥¤¥²Ö¥É Ì · ±É¥· ¨ ¸¢μ°¸É¢  ¤ ´´μ£μ Ö¢²¥-
´¨Ö. �μÔÉμ³Ê ¥£μ  ±±Ê· É´μ¥ μ¶¨¸ ´¨¥ ¶·¥¤¸É ¢²Ö¥É ¡μ²ÓÏμ° ¨´É¥·¥¸ [19].
�¡· §μ¢ ´¨¥ § ·μ¤ÒÏ¥° ¢ μ¤´μ·μ¤´μ° Ë §¥ ´μ¸¨É Ë²Ê±ÉÊ Í¨μ´´Ò° Ì · ±É¥·.
�¤´  ¨§ ¡ §μ¢ÒÌ £¨¶μÉ¥§ ƒ¨¡¡¸  ¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ ÔÉ¨ § ·μ¤ÒÏ¨, ¸±μ²Ó
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Ê£μ¤´μ ³ ²μ£μ · §³¥· , Ö¢²ÖÕÉ¸Ö · ¢´μ¢¥¸´Ò³¨ Î ¸É¨Í ³¨ ´μ¢μ° Ë §Ò, ´ -
Ìμ¤ÖÐ¨³¨¸Ö ¢´ÊÉ·¨ μ¤´μ·μ¤´μ° ³¥É ¸É ¡¨²Ó´μ° ¸·¥¤Ò Å ¨¸Ìμ¤´μ° Ë §Ò.
�μ¸±μ²Ó±Ê ³Ò · ¸¸³ É·¨¢ ¥³ Ê¸²μ¢¨Ö, ¶·¨ ±μÉμ·ÒÌ ¶·μ¨¸Ìμ¤¨É ¶¥·¥Ìμ¤ (¶¥-
·¥μÌ² ¦¤¥´´ Ö ¦¨¤±μ¸ÉÓ, ¶¥·¥¸ÒÐ¥´´Ò° ¶ · ¨²¨ · ¸É¢μ·), Éμ É¥·³μ¤¨´ -
³¨Î¥¸±¨ Ê¸Éμ°Î¨¢Ò³ (¨ ¶·¥¤¶μÎÉ¨É¥²Ó´Ò³) ¸μ¸ÉμÖ´¨¥³ Ö¢²Ö¥É¸Ö ´μ¢ Ö Ë § .
‘²¥¤μ¢ É¥²Ó´μ, ¤²Ö  Éμ³μ¢ ¨²¨ ³μ²¥±Ê² ¸¨¸É¥³Ò ¸¶· ¢¥¤²¨¢μ ¸²¥¤ÊÕÐ¥¥ ´¥-
· ¢¥´¸É¢μ ¤²Ö Ì¨³¨Î¥¸±¨Ì ¶μÉ¥´Í¨ ²μ¢: μβ(p, T, X) > μα(p, T, X). ‡¤¥¸Ó
¨´¤¥±¸ β μ¡μ§´ Î ¥É ¸¢μ°¸É¢  ¨¸Ìμ¤´μ°,   ¨´¤¥±¸ α Å ´μ¢μ° μ¡· §ÊÕÐ¥°¸Ö
Ë §Ò, p Å ¤ ¢²¥´¨¥, T Å É¥³¶¥· ÉÊ·  ¸¨¸É¥³Ò,   X Å ´ ¡μ· ¤μ¶μ²´¨-
É¥²Ó´ÒÌ É¥·³μ¤¨´ ³¨Î¥¸±¨Ì ¶ · ³¥É·o¢, μ¶¨¸Ò¢ ÕÐ¨Ì ¸μ¸ÉμÖ´¨¥ ¸¨¸É¥³Ò.
� §´μ¸ÉÓ Δμ = μβ(p, T, X)− μα(p, T, X) ¨´μ£¤  ´ §Ò¢ ¥É¸Ö ¤¢¨¦ÊÐ¥° ¸¨²μ°
¶¥·¥Ìμ¤  ¨ ¢μ ³´μ£μ³ μ¶·¥¤¥²Ö¥É ¥£μ ¸±μ·μ¸ÉÓ.

�·¨ Ë¨±¸¨·μ¢ ´´ÒÌ ¤ ¢²¥´¨¨, É¥³¶¥· ÉÊ·¥ ¨ Î¨¸²¥ Î ¸É¨Í ¸μ¸ÉμÖ´¨¥ ¸¨-
¸É¥³Ò μ¶¨¸Ò¢ ¥É¸Ö ¸¢μ¡μ¤´μ° Ô´¥·£¨¥° ƒ¨¡¡¸  G(p, T ). ‡ ¶¨Ï¥³ ¨§³¥´¥´¨¥
G ¶·¨ μ¡· §μ¢ ´¨¨ ¨§ n Î ¸É¨Í ¨¸Ìμ¤´μ° Ë §Ò § ·μ¤ÒÏ  (±² ¸É¥· ) ´μ¢μ°
Ë §Ò (· ¡μÉ  ¶μ μ¡· §μ¢ ´¨Õ ´μ¢μ° Ë §Ò) [20]:

ΔG(n) = Gnucl(n) − nμβ(p, T, X), (1.1)

£¤¥ Gnucl(n) Å ¢±² ¤ ±² ¸É¥·  ¨§ n Î ¸É¨Í ¢ ¶μÉ¥´Í¨ ² ƒ¨¡¡¸  ¢¸¥° ¸¨¸É¥³Ò.
‚¥²¨Î¨´  ΔG(n), § ¶¨¸ ´´ Ö ¢ μ¡Ð¥³ ¢¨¤¥ (1.1), μ¶·¥¤¥²Ö¥É ³¨´¨³ ²Ó´ÊÕ
· ¡μÉÊ ¤²Ö μ¡· §μ¢ ´¨Ö § ·μ¤ÒÏ  ¶·¨ μ¡· É¨³μ³ ¨§³¥´¥´¨¨ ¢ ¸¨¸É¥³¥. �¡· -
§μ¢ ´¨¥ § ·μ¤ÒÏ¥° ¢ ¨¸Ìμ¤´μ° Ë §¥ Å Ë²Ê±ÉÊ Í¨μ´´Ò° ¶·μÍ¥¸¸, ³ ²Ò¥ ±² -
¸É¥·Ò (± ± ¶· ¢¨²μ Å ´ ´μÎ ¸É¨ÍÒ) ¸ ¶²μÉ´μ¸ÉÓÕ, ¡²¨§±μ° ± ¶²μÉ´μ¸É¨
´μ¢μ° Ë §Ò, μ¡· §ÊÕÉ¸Ö ¸ÉμÌ ¸É¨Î¥¸±¨ ¢ ¸²ÊÎ °´ÒÌ ³¥¸É Ì ¸¨¸É¥³Ò. � ¡μÉ 
¶μ ¨Ì μ¡· §μ¢ ´¨Õ, ΔG(n), μ¶·¥¤¥²Ö¥É · ¢´μ¢¥¸´μ¥ · ¸¶·¥¤¥²¥´¨¥ ±² ¸É¥·μ¢
¶μ · §³¥· ³ ¢ ¸¨¸É¥³¥ [21]:

f eq(n) ∼ exp
(
−ΔG(n)

kBT

)
, (1.2)

£¤¥ f(n) §¤¥¸Ó ¨ ¤ ²¥¥ Å ËÊ´±Í¨Ö · ¸¶·¥¤¥²¥´¨Ö ±² ¸É¥·μ¢ ¶μ · §³¥· ³
(n Å Î¨¸²μ Î ¸É¨Í ¢ ¸μ¸É ¢¥ ±² ¸É¥· ). �´  · ¢´  Î¨¸²Ê ±² ¸É¥·μ¢, ¸μ¸ÉμÖÐ¨Ì
¨§ n ³μ´μ³¥·μ¢ ( Éμ³μ¢, ³μ²¥±Ê², Î ¸É¨Í ¨¸Ìμ¤´μ° Ë §Ò) ¢ ¥¤¨´¨Í¥ μ¡Ñ¥³ .

„²Ö · ¡μÉÒ ¶μ μ¡· §μ¢ ´¨Õ ±² ¸É¥·  ΔG(n) Ï¨·μ±μ ¨¸¶μ²Ó§Ê¥É¸Ö ¶·¨-
¡²¨¦¥´¨¥ Å ± ¶¥²Ó´ Ö ³μ¤¥²Ó [8, 22]:

ΔG(n) = −nΔμ + σA, (1.3)

£¤¥ A Å ¶²μÐ ¤Ó ¶μ¢¥·Ì´μ¸É¨ ±² ¸É¥· ,   σ Å ¶μ¢¥·Ì´μ¸É´μ¥ ´ ÉÖ¦¥´¨¥ ´ 
¶²μ¸±μ° £· ´¨Í¥ · §¤¥²  ¤¢ÊÌ Ë §. ‡ ¢¨¸¨³μ¸ÉÓ ΔG(n), μ¶¨¸Ò¢ ¥³ Ö ¢Ò· -
¦¥´¨¥³ (1.3), ¶·¥¤¸É ¢²¥´  ´  ·¨¸. 2. �μ¸±μ²Ó±Ê Ë §μ¢Ò° ¶¥·¥Ìμ¤ ¢Ò£μ¤¥´
É¥·³μ¤¨´ ³¨Î¥¸±¨ (Δμ > 0), ¤μ¸É ÉμÎ´μ ¡μ²ÓÏ¨¥ Î ¸É¨ÍÒ ´μ¢μ° Ë §Ò ¡Ê¤ÊÉ
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�¨¸. 2. � ¡μÉ  ¶μ μ¡· §μ¢ ´¨Õ § ·μ¤ÒÏ  (±² ¸É¥· ) ¢ ¨¸Ìμ¤´μ° Ë §¥ ¢ § ¢¨¸¨³μ¸É¨
μÉ Î¨¸²  Î ¸É¨Í n

¨³¥ÉÓ ¸¢μ¡μ¤´ÊÕ Ô´¥·£¨Õ ´¨¦¥, Î¥³ É ±μ¥ ¦¥ ±μ²¨Î¥¸É¢μ Î ¸É¨Í ¢ ¨¸Ìμ¤´μ°
Ë §¥. �¤´ ±μ ¤²Ö ³ ²ÒÌ Î ¸É¨Í ¡μ²ÓÏÊÕ ·μ²Ó ¨£· ¥É £· ´¨Í  · §¤¥²  Ë § Å
Î¨¸²μ Î ¸É¨Í ´  £· ´¨Í¥ §´ Î¨É¥²Ó´μ ¶μ ¸· ¢´¥´¨Õ ¸ μ¡Ð¨³ Î¨¸²μ³ Î ¸É¨Í
¢ ´¥¡μ²ÓÏμ³ ±² ¸É¥·¥. �·¨ ÔÉμ³ Î ¸É¨ÍÒ ´  £· ´¨Í¥ · §¤¥²  Ë § ´ Ìμ¤ÖÉ¸Ö
¢ Ô´¥·£¥É¨Î¥¸±¨ ³¥´¥¥ ¢Ò£μ¤´μ³ ¶μ²μ¦¥´¨¨, Î¥³ É¥, ±μÉμ·Ò¥ ´ Ìμ¤ÖÉ¸Ö ¢
μ¡Ñ¥³¥. ‚ ·¥§Ê²ÓÉ É¥ ¤²Ö μ¡· §μ¢ ´¨Ö ³ ²ÒÌ ±² ¸É¥·μ¢ ´μ¢μ° Ë §Ò É·¥¡Ê-
¥É¸Ö ¶μ²μ¦¨É¥²Ó´ Ö · ¡μÉ , ±μÉμ· Ö μ¶·¥¤¥²Ö¥É¸Ö § É· É ³¨ ´  μ¡· §μ¢ ´¨¥
£· ´¨ÍÒ · §¤¥²  Ë §.

”μ·³Ê²Ê (1.3) ³μ¦´μ ¶·¥μ¡· §μ¢ ÉÓ, § ¶¨¸ ¢ ¢Ò· ¦¥´¨¥ ¤²Ö ¶²μÐ -
¤¨ A [23]:

ΔG(n) = −nΔμ + 4πσ

(
3
4π

ωα

)2/3

n2/3 = −nΔμ + α2n
2/3,

α2 = 4πσ

(
3
4π

ωα

)2/3

,

(1.4)

£¤¥ ωα Å μ¡Ñ¥³, ¶·¨Ìμ¤ÖÐ¨°¸Ö ´  μ¤¨´ ³μ´μ³¥· ¢ ¸μ¸É ¢¥ ´μ¢μ° Ë §Ò, ¨ ¢¢¥-
¤¥´μ μ¡μ§´ Î¥´¨¥ α2. ‚ ³¥É ¸É ¡¨²Ó´μ³ ¸μ¸ÉμÖ´¨¨ ¶¥·¢μ¥ ¸² £ ¥³μ¥ ¢ (1.4)
¢¸¥£¤  μÉ·¨Í É¥²Ó´μ, ¢Éμ·μ¥ Å ¶μ²μ¦¨É¥²Ó´μ, ¸²¥¤μ¢ É¥²Ó´μ, ¢ § ¢¨¸¨³μ¸É¨
ΔG(n) ¢¸¥£¤  ¡Ê¤¥É ´ ¡²Õ¤ ÉÓ¸Ö ³ ±¸¨³Ê³, É ± ´ §Ò¢ ¥³Ò° ¡ ·Ó¥· ´Ê±²¥ -
Í¨¨ (¸³. ·¨¸. 2). �ÉμÉ ¡ ·Ó¥· μ¶·¥¤¥²Ö¥É · §³¥· ±·¨É¨Î¥¸±μ£μ § ·μ¤ÒÏ  nc

¨ · ¡μÉÊ ¶μ ¥£μ μ¡· §μ¢ ´¨Õ ΔGc:

nc =
(

2α2

3Δμ

)3

, ΔGc = ΔG(nc) =
1
3
α2n

2/3
c . (1.5)
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Š² ¸É¥·Ò, μ¡· §ÊÕÐ¨¥¸Ö ¢ ¸¨¸É¥³¥ ¢ ·¥§Ê²ÓÉ É¥ Ë²Ê±ÉÊ Í¨°, ³μ¦´μ · §-
¤¥²¨ÉÓ ´  É·¨ ± É¥£μ·¨¨: ¶μ¤±·¨É¨Î¥¸±¨¥ (n < nc), ±·¨É¨Î¥¸±¨¥ ±² ¸É¥·Ò
(n = nc) ¨ ¸¢¥·Ì±·¨É¨Î¥¸±¨¥ (n > nc) § ·μ¤ÒÏ¨ ´μ¢μ° Ë §Ò. „²Ö ¶μ¤±·¨É¨-
Î¥¸±¨Ì ±² ¸É¥·μ¢ ¸¨¸É¥³  Ö¢²Ö¥É¸Ö ´¥´ ¸ÒÐ¥´´μ°, ¨ μ´¨ · ¸¶ ¤ ÕÉ¸Ö, ¢ Éμ
¢·¥³Ö ± ± ¸¢¥·Ì±·¨É¨Î¥¸±¨¥  £·¥£ ÉÒ ¡Ê¤ÊÉ, ± ± ¶· ¢¨²μ, ´¥¶·¥·Ò¢´μ · ¸É¨
¢ · §³¥· Ì; ±·¨É¨Î¥¸±¨° ±² ¸É¥· (n = nc) ´ Ìμ¤¨É¸Ö ¢ É¥·³μ¤¨´ ³¨Î¥¸±¨ ´¥-
Ê¸Éμ°Î¨¢μ³ · ¢´μ¢¥¸¨¨ ¸ μ±·Ê¦ ÕÐ¥° Ë §μ°. ‚¥·μÖÉ´μ¸ÉÓ Ë²Ê±ÉÊ Í¨μ´´μ£μ
μ¡· §μ¢ ´¨Ö ¢ ¸¨¸É¥³¥ ±·¨É¨Î¥¸±μ£μ § ·μ¤ÒÏ , É ±¨³ μ¡· §μ³, ¥¸ÉÓ

w ∼ exp
(
−ΔGc

kBT

)
, (1.6)

¨, ¸²¥¤μ¢ É¥²Ó´μ, ¸±μ·μ¸ÉÓ ´Ê±²¥ Í¨¨ Å Î¨¸²μ μ¡· §ÊÕÐ¨Ì¸Ö § ·μ¤ÒÏ¥°
´μ¢μ° Ë §Ò ¢ ¥¤¨´¨ÍÊ ¢·¥³¥´¨ Å ¨³¥¥É ¢¨¤

J = J0 exp
(
−ΔGc

kBT

)
. (1.7)

’ ±¨³ μ¡· §μ³, ¢Ò· ¦¥´¨¥ (1.7) ¤ ¥É ¢μ§³μ¦´μ¸ÉÓ ¨¸¸²¥¤μ¢ ÉÓ § ¢¨¸¨-
³μ¸ÉÓ ¸±μ·μ¸É¨ ´Ê±²¥ Í¨¨ μÉ É¥·³μ¤¨´ ³¨Î¥¸±¨Ì ¶ · ³¥É·μ¢ ¨ ¸¢μ°¸É¢ ¸¨-
¸É¥³Ò. �´μ ¡Ò²μ ¢¶¥·¢Ò¥ ¤ ´μ ”μ²Ó³¥·μ³ ¨ ‚¥¡¥·μ³ [11]. „ ²Ó´¥°Ï¥¥
· §¢¨É¨¥ É¥μ·¨¨ ´Ê±²¥ Í¨¨ ¸¢Ö§ ´μ ¸ ¸μ¸É ¢²¥´¨¥³ ¸¨¸É¥³Ò ±¨´¥É¨Î¥¸±¨Ì
Ê· ¢´¥´¨°, μ¶¨¸Ò¢ ÕÐ¨Ì ·μ¸É ¨ Ê³¥´ÓÏ¥´¨¥ § ·μ¤ÒÏ¥° ´μ¢μ° Ë §Ò,   É ±¦¥
μ¶·¥¤¥²¥´¨¥³ ¶·¥¤Ô±¸¶μ´¥´Í¨ ²Ó´μ£μ ³´μ¦¨É¥²Ö J0 ´  ÔÉμ° μ¸´μ¢¥.

1.2. Š¨´¥É¨Î¥¸±¨° ¶μ¤Ìμ¤. ‚¶¥·¢Ò¥ ¢ · ¡μÉ Ì ” ·± Ï  [12], Š ¨Ï¥¢ 
¨ ‘É· ´¸±μ£μ [13, 14], 	¥±±¥·  ¨ „μ·¨´£  [15] Ì · ±É¥· μ¡· §μ¢ ´¨Ö § ·μ-
¤ÒÏ¥° μ¶¨¸Ò¢ ¥É¸Ö ¢ ¶·¥¤¸É ¢²¥´¨¨ Í¥¶μÎ¥± ¸Éμ²±´μ¢¥´¨° ¨ μ¡Ñ¥¤¨´¥´¨°
μÉ¤¥²Ó´ÒÌ  Éμ³μ¢ ¨²¨ ³μ²¥±Ê² ¢ ±² ¸É¥·Ò, ¸μ¸ÉμÖÐ¨¥ (¢ ¶·μ¸É¥°Ï¥³ ¸²ÊÎ ¥
Ë §μμ¡· §μ¢ ´¨Ö ¢ μ¤´μ±μ³¶μ´¥É´ÒÌ ¸¨¸É¥³ Ì) ¨§ n Î ¸É¨Í ¨¸Ìμ¤´μ° (μ±·Ê-
¦ ÕÐ¥°) Ë §Ò [12, 15]. ’ ±μ° ¦¥ ¶μ¤Ìμ¤ ³μ¦¥É ¶·¨³¥´ÖÉÓ¸Ö ¨ ¤²Ö ³´μ£μ-
±μ³¶μ´¥´É´ÒÌ ¸¨¸É¥³ [24], μ¤´ ±μ ¢ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ³Ò μ£· ´¨Î¨¢ ¥³¸Ö
· ¸¸³μÉ·¥´¨¥³ μ¤´μ±μ³¶μ´¥´É´μ£μ ¸²ÊÎ Ö. ‚¢¥¤¥³ ËÊ´±Í¨Õ · ¸¶·¥¤¥²¥´¨Ö
±² ¸É¥·μ¢ ¶μ · §³¥· ³, f(n,t), ¨ § ¶¨Ï¥³ ¤²Ö ´¥¥ μ¸´μ¢´μ¥ ±¨´¥É¨Î¥¸±μ¥
Ê· ¢´¥´¨¥ (¸¨¸É¥³Ê Ê· ¢´¥´¨°) ¢ ¶·¥¤¶μ²μ¦¥´¨¨ Éμ£μ, ÎÉμ · ¸¶ ¤ ¨ ·μ¸É § -
·μ¤ÒÏ¥° ¢μ§³μ¦¥´ Éμ²Ó±μ ¢ ·¥§Ê²ÓÉ É¥ ¡¨´ ·´ÒÌ ·¥ ±Í¨° ¸ ³μ´μ³¥· ³¨ Å
μÉ¤¥²Ó´Ò³¨ Î ¸É¨Í ³¨ ¨¸Ìμ¤´μ° Ë §Ò:

∂f(n, t)
∂t

= w
(+)
n−1,nf(n − 1, t) + w

(−)
n+1,nf(n + 1, t)−

− w
(+)
n,n+1f(n, t) − w

(−)
n,n−1f(n, t), (1.8)

£¤¥ w
(+)
n,n+1 ¥¸ÉÓ ¢¥·μÖÉ´μ¸ÉÓ ¢ ¥¤¨´¨ÍÊ ¢·¥³¥´¨ ¶·¨¸μ¥¤¨´¥´¨Ö ± ±² ¸É¥·Ê

· §³¥·μ³ n μ¤´μ£μ ³μ´μ³¥· ,   w
(−)
n,n−1 Å μ¡· É´μ, ¢¥·μÖÉ´μ¸ÉÓ, ÎÉμ μÉ ±² -

¸É¥·  · §³¥·μ³ n μÉ¸μ¥¤¨´¨É¸Ö μ¤´  Î ¸É¨Í . ‚¢μ¤Ö ¶μÉμ±¨ J(n) Î ¸É¨Í
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¢ ¶·μ¸É· ´¸É¢¥ · §³¥·μ¢ ±² ¸É¥·μ¢:

J(n, t) = w
(+)
n,n+1f(n, t) − w

(−)
n+1,nf(n + 1, t), (1.9)

³Ò ³μ¦¥³ ¶¥·¥¶¨¸ ÉÓ Ê· ¢´¥´¨¥ (1.8) ¢ ¢¨¤¥

∂f(n, t)
∂t

= −{J(n, t) − J(n − 1, t)}, n � 2. (1.10)

	¥±±¥· ¨ „μ·¨´£ [15], · ¸¸³ É·¨¢ Ö ¸É Í¨μ´ ·´μ¥ ¸μ¸ÉμÖ´¨¥ ¸¨¸É¥³Ò
(∀n > 1 : J(n− 1) = J(n)), ¢ ¶·¨¡²¨¦¥´¨¨ ¤¥É ²Ó´μ£μ · ¢´μ¢¥¸¨Ö, ¶·¨³¥´Ö-
¥³μ£μ ¤²Ö ¶μ²ÊÎ¥´¨Ö ¢Ò· ¦¥´¨° ¤²Ö ±μÔËË¨Í¨¥´Éμ¢ μÉÐ¥¶²¥´¨Ö ³μ´μ³¥·μ¢
(¸³. ¶. 1.3), ¶μ²ÊÎ¨²¨ ¢Ò· ¦¥´¨¥ ¤²Ö ¸±μ·μ¸É¨ ´Ê±²¥ Í¨¨ ¸ ±μ´±·¥É´Ò³ §´ -
Î¥´¨¥³ ¶·¥¤Ô±¸¶μ´¥´Í¨ ²Ó´μ£μ ³´μ¦¨É¥²Ö:

I(t) =
a0f(1, t)

nc

√
1
3π

ΔGc

kBT
exp

(
−ΔGc

kBT

)
, (1.11)

£¤¥ a0 Å ¢¥·μÖÉ´μ¸ÉÓ ¶·¨¸μ¥¤¨´¥´¨Ö Î ¸É¨ÍÒ ± ±² ¸É¥·Ê (¢ ¥¤¨´¨ÍÊ ¢·¥-
³¥´¨ ´  ¥¤¨´¨ÍÊ ¶μ¢¥·Ì´μ¸É¨). �É³¥É¨³, ÎÉμ ¢¶¥·¢Ò¥  ´ ²μ£¨Î´μ¥ ¢Ò· ¦¥-
´¨¥ (1.7) ¡Ò²μ ¶μ²ÊÎ¥´μ ¨§ μ¡Ð¨Ì ¸μμ¡· ¦¥´¨° ”μ²Ó³¥·μ³ ¨ ‚¥¡¥·μ³, ±μ-
Éμ·Ò¥ É ±¦¥ ¶μ²ÊÎ¨²¨ ¢Ò· ¦¥´¨¥ I0 ∼ w(+)f(1) ¤²Ö ¶·¥¤Ô±¸¶μ´¥´Í¨ ²Ó´μ£μ
³´μ¦¨É¥²Ö.

1.3. �É´μÏ¥´¨¥ ¢¥·μÖÉ´μ¸É¥° ·μ¸É  ¨ · ¸¶ ¤  ±² ¸É¥·μ¢. �¤´¨³ ¨§ ¸ -
³ÒÌ μ¡¸Ê¦¤ ¥³ÒÌ ¢μ¶·μ¸μ¢ É¥μ·¨¨ ´Ê±²¥ Í¨¨ ¨ ·μ¸É  Ö¢²Ö¥É¸Ö ³¥Éμ¤ μ¶·¥¤¥-

²¥´¨Ö ±μÔËË¨Í¨¥´Éμ¢ w
(+)
n,n+1, w

(−)
n,n−1, ¢Ìμ¤ÖÐ¨Ì ¢ Ê· ¢´¥´¨Ö (1.8). „¥°¸É¢¨-

É¥²Ó´μ, § ¤ ´¨¥ ¢Ò· ¦¥´¨° ¤²Ö ¢¥·μÖÉ´μ¸É¥° ¨§³¥´¥´¨Ö · §³¥·μ¢ ±² ¸É¥·μ¢
§ ³Ò± ¥É ¸¨¸É¥³Ê Ê· ¢´¥´¨° ¨, ¸²¥¤μ¢ É¥²Ó´μ, μ¶·¥¤¥²Ö¥É Ê¸¶¥Ï´μ¸ÉÓ É¥μ-

·¨¨. …¸²¨ μ¶·¥¤¥²¥´´Ò¥ ¢Ò· ¦¥´¨Ö ¤²Ö w
(+)
n,n+1 ¤μ¸É ÉμÎ´μ ²¥£±μ ¶μ²ÊÎ¨ÉÓ

¨§ Ë¨§¨Î¥¸±μ£μ  ´ ²¨§  ³μ¤¥²¥° · ¸¸³ É·¨¢ ¥³μ° ¸¨¸É¥³Ò (·μ¸É  ¶Ê§Ò·Ó±  ¢
¦¨¤±μ¸É¨, ± ¶²¨ ¶ · , § ·μ¤ÒÏ  ±·¨¸É ²²  ¢ · ¸É¢μ·¥), Éμ  ´ ²μ£¨Î´Ò° ¶μ¤-

Ìμ¤ ¤²Ö μ¶·¥¤¥²¥´¨Ö ±μÔËË¨Í¨¥´É  w
(−)
n,n−1 ´¥ ¶·¨¢μ¤¨É ± Ê¸¶¥Ï´Ò³ ·¥§Ê²Ó-

É É ³. �μÔÉμ³Ê ¸ ¸ ³ÒÌ · ´´¨Ì · ¡μÉ ¡Ò² ¶·¥¤²μ¦¥´ ¸²¥¤ÊÕÐ¨°, μ¸´μ¢ ´-
´Ò° ´  ¶·¨´Í¨¶¥ ¤¥É ²Ó´μ£μ · ¢´μ¢¥¸¨Ö, ¶μ¤Ìμ¤. ˆ§ · ¢¥´¸É¢  ¢§¢¥Ï¥´´ÒÌ
¢¥·μÖÉ´μ¸É¥° ¶¥·¥Ìμ¤  ¶μ²ÊÎ ¥³ Í¥¶μÎ±Ê ¢Ò· ¦¥´¨° ¢¨¤ 

w
(+)
n+1,nf eq(n) = w

(−)
n+1,nf eq(n + 1) (1.12)

¨²¨, ¨¸¶μ²Ó§ÊÖ (1.2),

w
(+)
n+1,n

w
(−)
n+1,n

= exp
(
−ΔG (n + 1) − ΔG (n)

kBT

)
, (1.13)
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£¤¥ ¶·¥¤Ô±¸¶μ´¥´Í¨ ²Ó´Ò° Ë ±Éμ· ¸μ±· Ð¥´ ¢ ¶·¥¤¶μ²μ¦¥´¨¨, ÎÉμ μ´ §´ -
Î¨É¥²Ó´μ ¸² ¡¥¥ Ô±¸¶μ´¥´Í¨ ²Ó´μ£μ ³´μ¦¨É¥²Ö § ¢¨¸¨É μÉ n ¨ ¶ · ³¥É·μ¢

¸¨¸É¥³Ò. ‚Ò· ¦¥´¨¥ (1.13) ¶μ§¢μ²Ö¥É · ¸¸Î¨ÉÒ¢ ÉÓ ±μÔËË¨Í¨¥´ÉÒ w
(−)
n,n−1,

¨¸¶μ²Ó§ÊÖ ¢Ò· ¦¥´¨Ö ¤²Ö · ¡μÉÒ ¶μ μ¡· §μ¢ ´¨Õ ±² ¸É¥·  ¨ ¢¥·μÖÉ´μ¸É¥°
·μ¸É  ±² ¸É¥· . �É³¥É¨³, ÎÉμ ¶·¥¤¸É ¢²¥´´Ò° ¢Ò¢μ¤ ¸¶· ¢¥¤²¨¢ Éμ²Ó±μ ¤²Ö
¸É Í¨μ´ ·´ÒÌ ¨, ¡μ²¥¥ Éμ£μ, · ¢´μ¢¥¸´ÒÌ ¸μ¸ÉμÖ´¨°, ÎÉμ ¸¨²Ó´μ ¸´¨¦ ¥É
¥£μ §´ Î¨³μ¸ÉÓ. ’¥³ ´¥ ³¥´¥¥ μ´ ¶·¨³¥´Ö¥É¸Ö ¢ · ¸Î¥É Ì ¨ ¤²Ö ±¨´¥É¨Î¥-
¸±¨Ì ¶·μÍ¥¸¸μ¢ ¶μ¢¸¥³¥¸É´μ, É. ¥. ¢Ò¢μ¤Ò ¤²Ö · ¢´μ¢¥¸´ÒÌ ¸¨¸É¥³ ¤μ¸É ÉμÎ´μ
¸³¥²μ · ¸¶·μ¸É· ´Ö²¨¸Ó ´  ´¥· ¢´μ¢¥¸´Ò¥ ¸μ¸ÉμÖ´¨Ö ¡¥§ ¤μ¸É ÉμÎ´μ£μ É¥μ-
·¥É¨Î¥¸±μ£μ μ¡μ¸´μ¢ ´¨Ö. ‚ ¦´μ μÉ³¥É¨ÉÓ, ÎÉμ ´¥±μÉμ·μ¥ ¢·¥³Ö ´ § ¤ ¢
· ¡μÉ Ì [20, 25Ä27] ¡Ò² ¶·¥¤²μ¦¥´  ²ÓÉ¥·´ É¨¢´Ò° ³¥Éμ¤, ¶μ§¢μ²ÖÕÐ¨° ¶μ-
²ÊÎ¨ÉÓ μÉ´μÏ¥´¨¥ ¢¥·μÖÉ´μ¸É¥° ·μ¸É  ¨ · ¸¶ ¤  ¤²Ö ´¥· ¢´μ¢¥¸´μ£μ ¸²ÊÎ Ö.
‘ ¶μ³μÐÓÕ ±μ´Í¥¶Í¨¨ ¢¨·ÉÊ ²Ó´ÒÌ ¸μ¸ÉμÖ´¨° μ±·Ê¦ ÕÐ¥° Ë §Ò, · ¢´μ-
¢¥¸´ÒÌ ± ±² ¸É¥· ³ ´μ¢μ° Ë §Ò · §´ÒÌ · §³¥·μ¢, Ê¤ ²μ¸Ó ¶μ± § ÉÓ, ÎÉμ ¢
¤¥°¸É¢¨É¥²Ó´μ¸É¨ ¢Ò· ¦¥´¨¥ (1.13) ¸¶· ¢¥¤²¨¢μ ¢ μ¡Ð¥³ ¸²ÊÎ ¥ Ô¢μ²ÕÍ¨¨
¸¨¸É¥³Ò. ’ ±¨³ μ¡· §μ³, ¡Ò²μ ´ °¤¥´μ ·¥Ï¥´¨¥ μ¤´μ° ¢ ¦´μ° ¶·μ¡²¥³Ò
(¸³., ´ ¶·¨³¥·, [28]) ¤²Ö ¶μ²ÊÎ¥´¨Ö ËÊ´¤ ³¥´É ²Ó´ÒÌ ¢Ò· ¦¥´¨° ¤²Ö μ¶¨¸ -
´¨Ö ±¨´¥É¨±¨ μ¡· §μ¢ ´¨Ö ´μ¢μ° Ë §Ò.

ˆ³¥Ö ¢ · ¸¶μ·Ö¦¥´¨¨ ¢Ò· ¦¥´¨Ö ¤²Ö ±μÔËË¨Í¨¥´Éμ¢  £·¥£ Í¨¨ ¨ · ¸¶ ¤ 
±² ¸É¥·μ¢, (1.13), ³μ¦´μ ¶·¨¸ÉÊ¶ ÉÓ ±  ´ ²¨§Ê ( ´ ²¨É¨Î¥¸±μ³Ê ¨²¨ Î¨¸²¥´-
´μ³Ê) ¸¨¸É¥³Ò Ê· ¢´¥´¨° (1.8) ¶μ¸²¥ § ¤ ´¨Ö ¢Ò· ¦¥´¨° ¤²Ö ¢¥·μÖÉ´μ¸É¥°

·μ¸É  Î ¸É¨Í, w
(+)
n,n+1. � ¶·¨³¥·, ¤²Ö ±² ¸¸¨Î¥¸±μ£μ ¸²ÊÎ Ö ±μ´¤¥´¸ Í¨¨ ± -

¶¥²Ó ¶ ·  ¸¶· ¢¥¤²¨¢μ ¢Ò· ¦¥´¨¥

w
(+)
n,n+1 =

1
4
N1

(
8kBT

πm

)1/2

4πR2
n, (1.14)

£¤¥ N Å μ¡Ñ¥³´ Ö ¶²μÉ´μ¸ÉÓ μÉ¤¥²Ó´ÒÌ Î ¸É¨Í ¶ ·  (É. ¥. N1 = f(1, t));
m Å ¨Ì ³ ¸¸ ; Rn Å · ¤¨Ê¸ ± ¶²¨. ‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ¡Ê¤¥É ¨¸¶μ²Ó§μ-

¢ ÉÓ¸Ö ¤·Ê£μ¥ ¢Ò· ¦¥´¨¥ ¤²Ö w
(+)
n,n+1, μ¶·¥¤¥²ÖÕÐ¥¥ ¢¥·μÖÉ´μ¸ÉÓ ¶·¨¸μ¥¤¨-

´¥´¨Ö ³μ²¥±Ê² ± · ¸ÉÊÐ¥³Ê É¢¥·¤μ³Ê ±² ¸É¥·Ê ¢ · ¸É¢μ·¥ ËÊ²²¥·¥´μ¢. �´μ
¡Ê¤¥É ¶·¨¢¥¤¥´μ ¶μ§¤´¥¥.

1.4. “· ¢´¥´¨¥ ‡¥²Ó¤μ¢¨Î Ä”·¥´±¥²Ö. Œ É¥³ É¨Î¥¸±¨°  ´ ²¨§ Ê· ¢´¥-
´¨° (1.8), (1.10), ¢ μ¸μ¡¥´´μ¸É¨ ±¨´¥É¨Î¥¸±¨Ì ÔËË¥±Éμ¢, ¸¢Ö§ ´´ÒÌ, ´ ¶·¨-
³¥·, ¸ ¨§³¥´¥´¨¥³ ¸μ¸ÉμÖ´¨Ö ¸¨¸É¥³Ò (¢´¥Ï´¨Ì ¶ · ³¥É·μ¢, ±μ³¶μ§¨Í¨¨,
¶¥·¥¸ÒÐ¥´¨Ö) ¨²¨ ¸ § ¢¨¸¨³μ¸ÉÓÕ ´Ê±²¥ Í¨¨ μÉ ´ Î ²Ó´ÒÌ ¨ £· ´¨Î´ÒÌ
Ê¸²μ¢¨°, § É·Ê¤´¥´ ¨Ì ¤¨¸±·¥É´Ò³ Ì · ±É¥·μ³. �μÔÉμ³Ê, ¸μ£² ¸´μ · ¡μÉ¥
‡¥²Ó¤μ¢¨Î  [16], ¡Ò²μ ¢Ò¶μ²´¥´μ ¡μ²ÓÏμ¥ Î¨¸²μ ¨¸¸²¥¤μ¢ ´¨° ¤²Ö ´¥¶·¥-
·Ò¢´μ£μ ¶·¨¡²¨¦¥´¨Ö. � ¸¸³ É·¨¢ Ö n ¢ Ê· ¢´¥´¨¨ (1.8) ± ± ´¥¶·¥·Ò¢´ÊÕ
¶¥·¥³¥´´ÊÕ, · §²μ¦¨³ ¶μ¸²¥¤´¨¥ ¤¢  ¸² £ ¥³ÒÌ ¢ ·Ö¤. ‘μÌ· ´ÖÖ Î²¥´Ò ¶¥·-
¢μ£μ ¨ ¢Éμ·μ£μ ¶μ·Ö¤± , ¶μ²ÊÎ ¥³  ´ ²μ£ Ê· ¢´¥´¨Ö ”μ±±¥· Ä�² ´±  ¤²Ö
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ËÊ´±Í¨¨ f(n, t) [16, 17, 29]:

∂f(n, t)
∂t

= − ∂

∂n

{(
w

(+)
n−1,n − w

(−)
n+1,n

)
f(n, t)

}
+

+
1
2

∂2

∂n2

{(
w

(+)
n−1,n + w

(−)
n+1,n

)
f(n, t)

}
. (1.15)

‘²¥¤μ¢ É¥²Ó´μ, ¢ ¶·μ¸É· ´¸É¢¥ · §³¥·μ¢ ±² ¸É¥·μ¢ ¢¥²¨Î¨´  vn =〈
w

(+)
n−1,n − w

(−)
n+1,n

〉
¨³¥¥É ¸³Ò¸² ¸·¥¤´¥° ¸±μ·μ¸É¨ ·μ¸É  ±² ¸É¥·μ¢ · §³¥· 

n,   ¢¥²¨Î¨´  Dn = (w(+)
n−1,n + w

(−)
n+1,n)/2 Å ¸³Ò¸² ±μÔËË¨Í¨¥´É  ¤¨ËËÊ§¨¨

(¸ÉμÌ ¸É¨Î¥¸±¨Ì ¤¢¨¦¥´¨° ¢ ¶·μ¸É· ´¸É¢¥ · §³¥·μ¢ n). „¨ËËÊ§¨μ´´ Ö Î ¸ÉÓ
Ê· ¢´¥´¨Ö ´ ¨¡μ²¥¥ §´ Î¨³  ¢ μ±·¥¸É´μ¸É¨ · §³¥·  ±·¨É¨Î¥¸±μ£μ ±² ¸É¥· .
„¥°¸É¢¨É¥²Ó´μ, ¶μ μ¶·¥¤¥²¥´¨Õ ¨³¥¥³

w
(+)
n−1,n

∣∣∣
n=nc

∼= w
(−)
n+1,n

∣∣∣
n=nc

(1.16)

¨, ¸²¥¤μ¢ É¥²Ó´μ, vn ≈ 0, ¢ Éμ ¢·¥³Ö ± ± Dn = w
(+)
n−1,n

∣∣∣
n=nc

. ‚¤ ²¨ μÉ nc,

¢ Î ¸É´μ¸É¨, ¶·¨ n > nc ¸ÉμÌ ¸É¨Î¥¸±μ¥ ¸² £ ¥³μ¥ É¥·Ö¥É §´ Î¥´¨¥ ¨ ·μ¸É
±² ¸É¥·μ¢ μ¶·¥¤¥²Ö¥É¸Ö ¢¥²¨Î¨´μ° vn. Œμ¦´μ § ¶¨¸ ÉÓ:

∂f(n, t)
∂t

∣∣∣∣
n>nc

∼= − ∂

∂n

{
(w(+)

n−1,n − w
(−)
n+1,n)f(n, t)

}
, (1.17)

É. ¥. Ì · ±É¥· Ô¢μ²ÕÍ¨¨ ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö μ¶·¥¤¥²Ö¥É¸Ö Ê· ¢´¥´¨¥³ ´¥-
¶·¥·Ò¢´μ¸É¨ ¢ ¶·μ¸É· ´¸É¢¥ · §³¥·μ¢ ±² ¸É¥·μ¢.

�·¥´¥¡·¥£ Ö ¢Éμ·Ò³ Î²¥´μ³ ¢ · §²μ¦¥´¨¨, ¸ ¶μ³μÐÓÕ ¢Ò· ¦¥´¨° (1.9),
(1.11) ¨ (1.12) ¶μ²ÊÎ ¥³ Ï¨·μ±μ ¨§¢¥¸É´μ¥ Ê· ¢´¥´¨¥ ‡¥²Ó¤μ¢¨Î Ä”·¥´±¥-
²Ö [16, 17]:

∂f(n, t)
∂t

=
∂

∂n

{
w

(+)
n,n+1f

eq(n)
∂

∂n

(
f(n, t)
f eq(n)

)}
, (1.18)

¨²¨, ¢ ¤·Ê£μ³ ¢¨¤¥, ± ±

∂f(n, t)
∂t

=
∂

∂n

{
w

(+)
n,n+1

[
∂f(n, t)

∂n
+

f(n, t)
kBT

∂ΔG(n)
∂n

]}
. (1.19)

“· ¢´¥´¨¥ (1.19)  ´ ²μ£¨Î´μ Ê· ¢´¥´¨Õ ¤¨ËËÊ§¨¨ ¢ ¸¨²μ¢μ³ ¶μ²¥, £¤¥ ¶·μ¨§-
¢μ¤´ Ö ∂ΔG(n)/∂n ¢Ò· ¦ ¥É μ¡μ¡Ð¥´´ÊÕ É¥·³μ¤¨´ ³¨Î¥¸±ÊÕ ®¸¨²Ê¯. “· ¢-
´¥´¨¥ ‡¥²Ó¤μ¢¨Î Ä”·¥´±¥²Ö, Ë ±É¨Î¥¸±¨ Ô±¢¨¢ ²¥´É´μ¥ ¶μ ¸¢μ¨³ ¸²¥¤¸É¢¨Ö³
μ¸´μ¢´Ò³ ±¨´¥É¨Î¥¸±¨³ Ê· ¢´¥´¨Ö³ (1.8), ¶μ§¢μ²Ö¥É ¶μ²ÊÎ¨ÉÓ ¢ ¦´Ò¥  ´ ²¨-
É¨Î¥¸±¨¥ μÍ¥´±¨, ´¥ ¤μ¸ÉÊ¶´Ò¥ ¨§  ´ ²¨§  ¤¨¸±·¥É´ÒÌ Ê· ¢´¥´¨° (1.8). ’ ±,
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Ê¸¶¥Ï´μ · ¸¸³μÉ·¥´Ò Î ¸É´Ò¥ ¸²ÊÎ ¨ ¶¥·¥³¥´´μ£μ ¶¥·¥¸ÒÐ¥´¨Ö ¸¨¸É¥³Ò,
ÎÉμ ¶μ§¢μ²¨²μ, ´ ¶·¨³¥·, μÍ¥´¨ÉÓ ¨´¤Ê±Í¨μ´´μ¥ ¢·¥³Ö ´Ê±²¥ Í¨¨.

1.5. �¡· §μ¢ ´¨¥ ¨ ·μ¸É ±² ¸É¥·μ¢ ¢ · ¸É¢μ· Ì. � ¸¸³μÉ·¨³ ¶·¨³¥´¥-
´¨¥ É¥μ·¨¨ ´Ê±²¥ Í¨¨ ¤²Ö μ¶¨¸ ´¨Ö ±¨´¥É¨±¨ μ¡· §μ¢ ´¨Ö ¨ ·μ¸É  ±² ¸É¥·μ¢
¢ · ¸É¢μ· Ì ±μ²²μ¨¤μ¢ ¨ ´ ´μÎ ¸É¨Í. „²Ö ÔÉμ£μ ´¥μ¡Ìμ¤¨³μ § ¶¨¸ ÉÓ ¢Ò-
· ¦¥´¨Ö ¤²Ö ¤¢¨¦ÊÐ¥° ¸¨²Ò Δμ ¨ ¢¥·μÖÉ´μ¸É¨ ¶·¨¸μ¥¤¨´¥´¨Ö ³μ´μ³¥·μ¢
± ±² ¸É¥·Ê.

� ¸¸³ É·¨¢ Ö ¨¤¥ ²Ó´Ò° · ¸É¢μ·, ³μ¦´μ § ¶¨¸ ÉÓ [16]

Δμ = kBT ln
(

cmon(t)
ceq

)
, (1.20)

£¤¥ cmon(t) ≡ f (1,t),   ceq Å ±μ´Í¥´É· Í¨Ö ¢ · ¸É¢μ·¨É¥²¥ · ¸É¢μ·¥´´ÒÌ

Î ¸É¨Í ¢ · ¢´μ¢¥¸¨¨ ¸ É¢¥·¤μ° Ë §μ°. ‚Ò· ¦¥´¨¥ ¤²Ö w
(+)
n,n+1 ¶μ²ÊÎ ÕÉ ¸

¶μ³μÐÓÕ ±² ¸¸¨Î¥¸±μ£μ · ¸¸³μÉ·¥´¨Ö ¶μÉμ±  Î ¸É¨Í ¢ · ¸É¢μ·¥ ¢ ´ ¶· ¢²¥-
´¨¨ ±² ¸É¥·  · ¤¨Ê¸  Rn, ¶μ³¥Ð¥´´μ£μ ¢ ´ Î ²μ ±μμ·¤¨´ É [16, 19, 23, 29].

�¥Ï Ö ¤ ´´ÊÕ § ¤ ÎÊ, ¶μ²ÊÎ ÕÉ ¢Ò· ¦¥´¨Ö ¤²Ö w
(+)
n−1,n ¤²Ö · §²¨Î´ÒÌ ·¥¦¨-

³μ¢ ·μ¸É  ±² ¸É¥·μ¢. ‚ ·¥¦¨³¥ ¤¨ËËÊ§¨μ´´μ-μ£· ´¨Î¥´´μ£μ ·μ¸É  ±² ¸É¥·μ¢
¨³¥¥³

w
(+)
n−1,n = 4πDcmon(t)rn1/3, (1.21)

£¤¥ r Å · §³¥· μÉ¤¥²Ó´μ° ¸¥£·¥£¨·ÊÕÐ¥° Î ¸É¨ÍÒ; D Å ¥¥ ±μÔËË¨Í¨¥´É
¤¨ËËÊ§¨¨ ¢ · ¸É¢μ·¥. „²Ö ´Ê±²¥ Í¨¨, μ£· ´¨Î¥´´μ° ±¨´¥É¨±μ° ¶·¨¸μ¥¤¨´¥-
´¨Ö Î ¸É¨ÍÒ ± ±² ¸É¥·Ê, ³μ¦´μ § ¶¨¸ ÉÓ

w
(+)
n,n+1 = 4πD∗cmon(t)r

(
ωs

ωm

)
n2/3, (1.22)

£¤¥ D∗ Å ÔËË¥±É¨¢´Ò° ±μÔËË¨Í¨¥´É ¤¨ËËÊ§¨¨, μ¶·¥¤¥²ÖÕÐ¨° ¸±μ·μ¸ÉÓ
¶·¨¸μ¥¤¨´¥´¨Ö Î ¸É¨ÍÒ ± ±² ¸É¥·Ê (Î ¸Éμ ¸¶· ¢¥¤²¨¢μ ¸μμÉ´μÏ¥´¨¥ D∗<D);
ωs Å μ¡Ñ¥³ Î ¸É¨ÍÒ ¢ · ¸É¢μ·¥; ωm Å μ¡Ñ¥³ Î ¸É¨ÍÒ ¢ ¸μ¸É ¢¥ ±² ¸É¥· .

� ¸¸Î¨É ´´Ò¥ ±·¨¢Ò¥ ¤²Ö ³μ¤¥²Ó´μ£μ · ¸É¢μ·  ËÊ²²¥·¥´μ¢ ¶·¥¤¸É ¢²¥´Ò
´  ·¨¸. 3. •μ·μÏμ ¢¨¤´μ, ÎÉμ ¶·¨ n < nc · ¸¶ ¤ ±² ¸É¥·μ¢ ¡μ²¥¥ ¢¥·μÖÉ¥´,
Î¥³ ¨Ì ·μ¸É,   ¶·¨ n > nc ¨³¥¥É ³¥¸Éμ μ¡· É´μ¥ ¸μμÉ´μÏ¥´¨¥. �É³¥É¨³, ÎÉμ
±μÔËË¨Í¨¥´ÉÒ ¶·¨ n ¢ Ëμ·³Ê² Ì (1.21), (1.22) ¨¸¶μ²Ó§ÊÕÉ¸Ö ¤²Ö ¶·¨¢¥¤¥´¨Ö
Ï± ²Ò ¢·¥³¥´¨ ¢ ±¨´¥É¨Î¥¸±¨Ì Ê· ¢´¥´¨ÖÌ ± ¡¥§· §³¥·´μ³Ê ¢¨¤Ê. „ ²¥¥,
¶·¨ ¶·¥¤¸É ¢²¥´¨¨ ·¥§Ê²ÓÉ Éμ¢ Î¨¸²¥´´ÒÌ · ¸Î¥Éμ¢, ¶μ¤ t ¡Ê¤¥É ¶μ´¨³ ÉÓ¸Ö
¨³¥´´μ ¶·¨¢¥¤¥´´ Ö Ï± ² , ¥¸²¨ ´¥ Ê± § ´μ ¨´ Î¥.

‡ ¢¨¸¨³μ¸É¨, ¶·¨¢¥¤¥´´Ò¥ ´  ·¨¸. 2 ¨ 3, ¢ ·¥ ²Ó´μ° ¸¨¸É¥³¥, ¢ μ¸μ¡¥´-
´μ¸É¨ ¢ ¸² ¡ÒÌ · ¸É¢μ· Ì, ¨§³¥´ÖÕÉ¸Ö ¸μ ¢·¥³¥´¥³. „¥°¸É¢¨É¥²Ó´μ, ±μ´Í¥´-
É· Í¨Ö ³μ´μ³¥·μ¢ ¢ ¸¨¸É¥³¥ cmon(t) ´¥¶·¥·Ò¢´μ ¶ ¤ ¥É §  ¸Î¥É μ¡· §μ¢ ´¨Ö
¨ ·μ¸É  ¸¢¥·Ì±·¨É¨Î¥¸±¨Ì ±² ¸É¥·μ¢, ÎÉμ ¨§³¥´Ö¥É ± ± ¢¥²¨Î¨´Ê ¤¢¨¦ÊÐ¥°

¸¨²Ò ¸¨¸É¥³Ò (¸³. (1.20)) ¢ Î ¸É´μ¸É¨, É ± ¨ § ¢¨¸¨³μ¸É¨ ΔG(n), w
(+)
n,n+1
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�¨¸. 3. ‡ ¢¨¸¨³μ¸ÉÓ ¢¥·μÖÉ´μ¸É¨ ·μ¸É  (1) ¨ · ¸¶ ¤  (2) ±² ¸É¥·  μÉ ¥£μ · §³¥·  ¶·¨
μ¡· §μ¢ ´¨¨ ¨ ·μ¸É¥ ±² ¸É¥·μ¢ ¢ · ¸É¢μ·¥

¨ w
(−)
n+1,n ¢ Í¥²μ³. �·¨ ÔÉμ³ ¥¸²¨ ÔÉ¨ § ¢¨¸¨³μ¸É¨ ´¥ ¨£· ÕÉ ¢ ¦´μ° ·μ²¨

´  · ´´¨Ì ÔÉ ¶ Ì Ô¢μ²ÕÍ¨¨ ¸¨¸É¥³Ò Å ¢μ ¢·¥³Ö ´Ê±²¥ Í¨¨, Éμ ¶·¨ ·μ¸É¥
¤μ¸É ÉμÎ´μ ±·Ê¶´ÒÌ ±² ¸É¥·μ¢ Ê³¥´ÓÏ¥´¨¥ ¶¥·¥¸ÒÐ¥´¨Ö ¢ ¸¨¸É¥³¥ ¶·¨¢μ¤¨É
± ´μ¢Ò³ ±¨´¥É¨Î¥¸±¨³ Ö¢²¥´¨Ö³. ‘¨¸É¥³  ¶·μÌμ¤¨É Î¥·¥§ ´¥¸±μ²Ó±μ ÔÉ ¶μ¢
Ô¢μ²ÕÍ¨¨, ±μÉμ·Ò¥ ³μ¦´μ · §²¨Î¨ÉÓ, ¨¸¸²¥¤ÊÖ ¤¨´ ³¨±Ê μÉ¤¥²Ó´ÒÌ Ì · ±É¥-
·¨¸É¨± ±² ¸É¥·´μ£μ ¸μ¸ÉμÖ´¨Ö, ´ ¶·¨³¥·, ¸·¥¤´¥£μ · ¤¨Ê¸  Î ¸É¨Í ¢ · ¸É¢μ·¥,
〈R〉. �É  ¢¥²¨Î¨´  § ¤ ¥É¸Ö ¢Ò· ¦¥´¨¥³

〈R(t)〉 =
1

∞∑
n=1

nf(n, t)

∞∑
n=1

Rnf(n, t). (1.23)

‘¤¥² ¥³ ¤¢  § ³¥Î ´¨Ö. ‚μ-¶¥·¢ÒÌ, ¢ Éμ ¢·¥³Ö ± ± ¢Ò· ¦¥´¨¥ (1.23) μ¶·¥-
¤¥²Ö¥É ¨¸É¨´´Ò° ¸·¥¤´¨° · ¤¨Ê¸ Î ¸É¨Í ¢ ¸¨¸É¥³¥, ¸²¥¤Ê¥É ÊÎ¨ÉÒ¢ ÉÓ, ÎÉμ
´ ¡²Õ¤ ¥³Ò¥ ¸·¥¤´¨¥ · §³¥·Ò ¤μ¶μ²´¨É¥²Ó´μ μ¶·¥¤¥²ÖÕÉ¸Ö · §·¥Ï¥´¨¥³
¨¸¶μ²Ó§Ê¥³μ£μ Ô±¸¶¥·¨³¥´É ²Ó´μ£μ ³¥Éμ¤ . Š ± ¶· ¢¨²μ, ¤²Ö ±μ´±·¥É´μ£μ
Ô±¸¶¥·¨³¥´É ²Ó´μ£μ ³¥Éμ¤  ¤¨ ¶ §μ´ ¨§³¥·Ö¥³ÒÌ ¢¥²¨Î¨´ μ£· ´¨Î¥´ Å ± ±
¸´¨§Ê, É ± ¨ ¸¢¥·ÌÊ. �É³¥É¨³, ÎÉμ ÌμÉÖ ¨ ¢ Ëμ·³Ê²¥ (1.23) ¸Ê³³¨·μ¢ ´¨¥,
μÎ¥¢¨¤´μ, μ£· ´¨Î¥´μ ¸¢¥·ÌÊ ³ ±¸¨³ ²Ó´Ò³ · §³¥·μ³ ¶·¨¸ÊÉ¸É¢ÊÕÐ¨Ì ¢ · ¸-
É¢μ·¥ ±² ¸É¥·μ¢, ÔÉμÉ · §³¥· ³μ¦¥É §´ Î¨É¥²Ó´μ ¶·¥¢ÒÏ ÉÓ ¶·¥¤¥² ®· §·¥-
Ï¥´¨Ö¯ Ô±¸¶¥·¨³¥´É ²Ó´μ£μ ³¥Éμ¤ . ‚μ-¢Éμ·ÒÌ, Ëμ·³Ê²  (1.23) ¢±²ÕÎ ¥É ¢
¸Ê³³¥ ¶μ n ³ ²Ò¥ ±² ¸É¥·Ò, ±μÉμ·Ò¥, ¶μ ¸ÊÉ¨, ¶·¥¤¸É ¢²ÖÕÉ ¸μ¡μ° ³μ´μ-
³¥·Ò ¨ ¸ÉμÌ ¸É¨Î¥¸±¨ ¢μ§´¨± ÕÐ¨¥ ¢ ¸¨¸É¥³¥ Î ¸É¨ÍÒ. �É¨ ³ ²Ò¥ Î ¸É¨ÍÒ
´¥ Ì · ±É¥·¨§ÊÕÉ Ô¢μ²ÕÍ¨Õ ¸¨¸É¥³Ò. •μ·μÏμ μÉ· ¦ ¥É ¤ ´´ÊÕ Ô¢μ²ÕÍ¨Õ,
  É ±¦¥ ³μ¦¥É ¸μμÉ¢¥É¸É¢μ¢ ÉÓ μÉ¤¥²Ó´Ò³ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ ³¥Éμ¤ ³ ¸²¥-
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¤ÊÕÐ Ö Ëμ·³Ê² :

〈R(t)〉 =
1

nmax∑
n=nmin

nf(n, t)

nmax∑
n=nmin

Rnf(n, t), (1.24)

£¤¥ ¶·¥¤¥²Ò ¸Ê³³¨·μ¢ ´¨Ö nmin ¨ nmax μ¶·¥¤¥²ÖÕÉ¸Ö ¨§ ¸μμ¡· ¦¥´¨°, ¶·¥¤-
¸É ¢²¥´´ÒÌ ¢ÒÏ¥.

—¨¸²¥´´μ¥ ·¥Ï¥´¨¥ Ê· ¢´¥´¨° (1.8) Å ³μÐ´Ò° ³¥Éμ¤, ¶μ§¢μ²ÖÕÐ¨°
¸· ¢´¨É¥²Ó´μ ¶·μ¸Éμ μÉ¸²¥¦¨¢ ÉÓ ¶¥·¥Ìμ¤ ¸¨¸É¥³Ò μÉ ÔÉ ¶μ¢ ´Ê±²¥ Í¨¨ ±
¶μ¸²¥¤ÊÕÐ¨³ ÔÉ ¶ ³ ·μ¸É  ±² ¸É¥·μ¢. „²Ö ¥£μ ¶·¨³¥´¥´¨Ö ´¥μ¡Ìμ¤¨³μ ¤μ-
¶μ²´¨ÉÓ ¸¨¸É¥³Ê Ê· ¢´¥´¨° (1.8) ´ Î ²Ó´Ò³¨ ¨ £· ´¨Î´Ò³¨ Ê¸²μ¢¨Ö³¨. — ¸Éμ
ÔÉ¨ Ê¸²μ¢¨Ö ¢Ò¡¨· ÕÉ¸Ö É ±¨³ μ¡· §μ³:{

f(1, 0) = c0,

f(n, 0) = 0, n > 1,

∞∑
n=1

f(n, t)n = c0. (1.25)

‘Ëμ·³Ê²¨·μ¢ ´´Ò¥ ¢ É ±μ³ ¢¨¤¥ ´ Î ²Ó´Ò¥ Ê¸²μ¢¨Ö μÉ¢¥Î ÕÉ ´ Î ²Ó-
´μ³Ê ¸μ¸ÉμÖ´¨Õ ¸ μÉ¸ÊÉ¸É¢¨¥³ ±² ¸É¥·μ¢: ¢¸Ö ¤¨¸¶¥·¸´ Ö Ë §  ´ Ìμ¤¨É¸Ö ¢
Ëμ·³¥ μÉ¤¥²Ó´ÒÌ Î ¸É¨Í Å ³μ´μ³¥·μ¢. ƒ· ´¨Î´Ò¥ Ê¸²μ¢¨Ö ¢ (1.25) μÉ¢¥Î ÕÉ
¸μÌ· ´¥´¨Õ ±μ´Í¥´É· Í¨¨ · ¸É¢μ· .

�¥§Ê²ÓÉ ÉÒ ³μ¤¥²Ó´ÒÌ · ¸Î¥Éμ¢ ¤²Ö ¶¥·¥¸ÒÐ¥´´μ£μ · ¸É¢μ·  ¶·¥¤¸É -
¢²¥´Ò ´  ·¨¸. 4. �¢μ²ÕÍ¨Ö ¸¨¸É¥³Ò μ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¢ Î¥ÉÒ·¥ ÔÉ ¶ . �¥·¢Ò°
ÔÉ ¶ (I) ¸μ¸Éμ¨É ¨§ É ± ´ §Ò¢ ¥³μ° § ¤¥·¦±¨ ´Ê±²¥ Í¨¨ ¨ ¸É Í¨μ´ ·´μ° ´Ê-
±²¥ Í¨¨. �  ÔÉμ³ ÔÉ ¶¥ ¸´ Î ²  ¶·μ¨¸Ìμ¤¨É Ëμ·³¨·μ¢ ´¨¥ ¨¸Ìμ¤´μ° ËÊ´±Í¨¨

�¨¸. 4. ‡ ¢¨¸¨³μ¸ÉÓ ¸·¥¤´¥£μ · ¤¨Ê¸  ±² ¸É¥·μ¢ ¢ ¸¨¸É¥³¥ μÉ ¢·¥³¥´¨ ¶·¨ ´Ê±²¥ -
Í¨¨ ¨ ·μ¸É¥ [30]. ‡ ¢¨¸¨³μ¸É¨ t1/2 ¨ t1/3 ¶·¨¢¥¤¥´Ò ¤²Ö  £·¥£ Í¨¨, μ£· ´¨Î¥´´μ°
¤¨ËËÊ§¨¥°
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· ¸¶·¥¤¥²¥´¨Ö ¨§ ´ Î ²Ó´ÒÌ Ê¸²μ¢¨° (Éμ²Ó±μ μ¤¨´μÎ´Ò¥ Î ¸É¨ÍÒ). „ ²¥¥ ¶·¨
¸É Í¨μ´ ·´μ° ´Ê±²¥ Í¨¨ ¢ · ¸É¢μ·¥ μ¡· §Ê¥É¸Ö §´ Î¨É¥²Ó´ Ö ±μ´Í¥´É· Í¨Ö
¸¢¥·Ì±·¨É¨Î¥¸±¨Ì ±² ¸É¥·μ¢, ±μÉμ·Ò¥ ¨ ¡Ê¤ÊÉ § É¥³ · ¸É¨ ¢ ¸¨¸É¥³¥. �  ¢Éμ-
·μ° ¸É ¤¨¨ (II), ´ §Ò¢ ¥³μ° ¸É ¤¨¥° ´¥§ ¢¨¸¨³μ£μ ·μ¸É , · ¸ÉÊÐ¨¥ ±² ¸É¥·Ò
®¶μ£²μÐ ÕÉ¯ ¶¥·¥¸ÒÐ¥´¨¥ c(t)/ceq ¸¨¸É¥³Ò. ‘μμÉ¢¥É¸É¢¥´´μ, ±·¨É¨Î¥¸±¨°
· §³¥· nc ´ Î¨´ ¥É ®¤μ£μ´ÖÉÓ¯ ´¥±μÉμ·Ò¥ ±² ¸É¥·Ò. Šμ£¤  μ´ ¨Ì ¤μ£μ´Ö¥É,
·μ¸É ±² ¸É¥·μ¢ ¶¥·¥¸É ¥É ¡ÒÉÓ ´¥§ ¢¨¸¨³Ò³,   ¢ ¸¨¸É¥³¥ ¶μÖ¢²Ö¥É¸Ö ±μ´Í¥´-
É· Í¨Ö ±·Ê¶´ÒÌ, ´μ ¶μ¤±·¨É¨Î¥¸±¨Ì ±² ¸É¥·μ¢. �  É·¥ÉÓ¥³ ÔÉ ¶¥ Ô¢μ²ÕÍ¨¨
¢ ¸¨¸É¥³¥ Ëμ·³¨·Ê¥É¸Ö ´μ¢μ¥ · ¸¶·¥¤¥²¥´¨¥ ±² ¸É¥·μ¢ ¶μ · §³¥· ³, ¸μμÉ¢¥É-
¸É¢ÊÕÐ¥¥ ³¥Ì ´¨§³Ê ±μ´±Ê·¥´É´μ£μ ·μ¸É . Œ¥´ÓÏ¨¥ ±² ¸É¥·Ò · ¸¶ ¤ ÕÉ¸Ö
(· ¸É¢μ·ÖÕÉ¸Ö), §  ¸Î¥É Î¥£μ ¶·μ¤μ²¦ ÕÉ ¸¢μ° ·μ¸É ¤·Ê£¨¥, ¡μ²¥¥ ±·Ê¶´Ò¥
 £·¥£ ÉÒ. �·¨ ÔÉμ³ ´  ¶·μÉÖ¦¥´¨¨ ¢¸¥° ¸É ¤¨¨ III ¸·¥¤´¨° · §³¥· Î ¸É¨Í ¢
· ¸É¢μ·¥ μ¸É ¥É¸Ö ¶μ¸ÉμÖ´´Ò³. �μ¸²¥ É·¥ÉÓ¥° ¸É ¤¨¨ ´ ¸ÉÊ¶ ¥É § ¢¥·Ï ÕÐ Ö
¸É ¤¨Ö Ô¢μ²ÕÍ¨¨ ¸¨¸É¥³Ò, É ± ´ §Ò¢ ¥³ Ö ¸É ¤¨Ö ¸μ§·¥¢ ´¨Ö �¸É¢ ²Ó¤  [31].
�  ÔÉμ° ¸É ¤¨¨ ¶·μ¤μ²¦ ¥É¸Ö ±μ´±Ê·¥´É´Ò° ·μ¸É  £·¥£ Éμ¢, ´μ ¶·¨ ÔÉμ³
¸·¥¤´¨° · §³¥· Î ¸É¨Í ¢ · ¸É¢μ·¥ ¸μ ¢·¥³¥´¥³ · ¸É¥É ¶μ ¸É¥¶¥´´μ³Ê § ±μ´Ê.
Šμ´¥Î´μ¥ ¸μ¸ÉμÖ´¨¥ ¸¨¸É¥³Ò Å μ¤¨´ ±² ¸É¥· ´μ¢μ° Ë §Ò (¢³¥¸É¥ ¸ · ¢´μ-
¢¥¸´μ° ±μ´Í¥´É· Í¨¥° ³μ´μ³¥·μ¢). �μ¸²¥¤´ÖÖ ¸É ¤¨Ö Ì · ±É¥·´  ¤²Ö ·Ö¤ 
Ë §μ¢ÒÌ ¶¥·¥Ìμ¤μ¢ ¶¥·¢μ£μ ·μ¤ . �´ ²¨É¨Î¥¸±μ¥ ¨¸¸²¥¤μ¢ ´¨¥ ±¨´¥É¨±¨ ·μ-
¸É  ´  ¤ ´´μ° ¸É ¤¨¨ ¡Ò²μ ¢Ò¶μ²´¥´μ ‚. ‚. ‘²¥§μ¢Ò³, ˆ.Œ.‹¨ËÏ¨Í¥³ ¢
· ¡μÉ Ì [32, 33]. ‚ ¨Ì · ¡μÉ Ì ¶μ± § ´μ, ÎÉμ ¤²Ö  £·¥£ Í¨¨, μ£· ´¨Î¥´´μ°
¤¨ËËÊ§¨¥°, ´  ¸É ¤¨¨ IV ¢Ò¶μ²´Ö¥É¸Ö É ± ´ §Ò¢ ¥³Ò° ®§ ±μ´ t1/3¯:

〈R〉3 = 〈R0〉3 +
4
9
Dαt, 〈R〉 � 〈R0〉, (1.26)

£¤¥ 〈R0〉 Å ¸·¥¤´¨° · ¤¨Ê¸ ±² ¸É¥·μ¢ ´  ±μ´¥Î´μ³ ÔÉ ¶¥ ¸É ¤¨¨ ´¥§ ¢¨¸¨³μ£μ
·μ¸É . ’ ±¦¥ ¶μ²ÊÎ¥´Ò  ´ ²¨É¨Î¥¸±¨¥ ¢Ò· ¦¥´¨Ö ¤²Ö ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥-
´¨Ö Î ¸É¨Í ¶μ · §³¥· ³:

f(R, t) = N(t)P
(

R

〈R〉

)
1

〈R〉 ,

P (u) =

⎧⎪⎪⎨
⎪⎪⎩

34e

25/3

u2 exp
(
− 1

1 − (2/3)u

)
(u + 3)7/3((3/2) − u)11/3

, 0 < u < 3/2,

0, u � 3/2,

(1.27)

£¤¥ N(t) Å § ¢¨¸¨³μ¸ÉÓ Î¨¸²  Î ¸É¨Í ¢ ¸¨¸É¥³¥ μÉ ¢·¥³¥´¨.
‘Ëμ·³Ê²¨·μ¢ ´´Ò¥ Ê· ¢´¥´¨Ö ¨  ´ ²¨É¨Î¥¸±¨¥ μÍ¥´±¨ ¶μ§¢μ²ÖÕÉ ¢Ò¶μ²-

´¨ÉÓ ± Î¥¸É¢¥´´μ¥ ¨ ±μ²¨Î¥¸É¢¥´´μ¥ μ¶¨¸ ´¨¥ ±¨´¥É¨±¨ Ë §μ¢ÒÌ ¶¥·¥Ìμ¤μ¢
¶¥·¢μ£μ ·μ¤  ¨, ± ± ¨Ì Î ¸É´Ò° ¸²ÊÎ °, ±¨´¥É¨±¨  £·¥£ Í¨¨ Î ¸É¨Í ¢ · ¸É¢μ-
· Ì. �·¨²μ¦¥´¨¥ ¤ ´´μ£μ ¶μ¤Ìμ¤  ± μ¶¨¸ ´¨Õ  £·¥£ Í¨¨ ËÊ²²¥·¥´μ¢ ‘60 ¢
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· §²¨Î´ÒÌ · ¸É¢μ· Ì,   É ±¦¥ ·Ö¤  ¨´É¥·¥¸´ÒÌ Ö¢²¥´¨°, ¸¢Ö§ ´´ÒÌ ¸ ÔÉ¨³¨
¶·μÍ¥¸¸ ³¨, ¢Ò¶μ²´Ö²μ¸Ó ¢ ¸μ¢³¥¸É´ÒÌ · ¡μÉ Ì ¸μÉ·Ê¤´¨±μ¢ �ˆŸˆ (‹ ¡μ-
· Éμ·¨¨ ´¥°É·μ´´μ° Ë¨§¨±¨ ¨³. ˆ.Œ. ”· ´±  ¨ ‹ ¡μ· Éμ·¨¨ É¥μ·¥É¨Î¥¸±μ°
Ë¨§¨±¨ ¨³. �.�. 	μ£μ²Õ¡μ¢ ) ¢ ¶μ¸²¥¤´¨¥ 15 ²¥É. ‚ ¸²¥¤ÊÕÐ¥³ · §¤¥²¥ ¶·¥¤-
¸É ¢²¥´ μ¡§μ· ´¥¸±μ²Ó±¨Ì ¶μ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ Éμ¢.

2. Šˆ�…’ˆŠ� ��‘’� Š‹�‘’…��‚
‚ ��‘’‚���• ”“‹‹…�…��‚

‚ ¸² ¡μ¶μ²Ö·´ÒÌ ¨ ¶μ²Ö·´ÒÌ ¦¨¤±μ¸ÉÖÌ ËÊ²²¥·¥´Ò, ¢ μÉ²¨Î¨¥ μÉ ¤·Ê-
£¨Ì  ²²μÉ·μ¶´ÒÌ Ëμ·³ Ê£²¥·μ¤ , ¶·μÖ¢²ÖÕÉ ¸· ¢´¨É¥²Ó´μ Ìμ·μÏÊÕ · ¸É¢μ-
·¨³μ¸ÉÓ [34, 35]. ˆ§´ Î ²Ó´μ ¨³¥²  ³¥¸Éμ ´¥¸μ£² ¸μ¢ ´´μ¸ÉÓ ·Ö¤  Ô±¸¶¥·¨-
³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¤²Ö · ¸É¢μ·μ¢ ‘60 ¨ ‘70 [4, 36, 37],   É ±¦¥ §´ Î¨É¥²Ó-
´μ¥ · §²¨Î¨¥ ¢ ¶¥·¢ÒÌ ¨§³¥·¥´¨ÖÌ ³ ±·μ¸±μ¶¨Î¥¸±¨Ì ¶ · ³¥É·μ¢ · ¸É¢μ·μ¢
ËÊ²²¥·¥´μ¢ (±μÔËË¨Í¨¥´É  ¤¨ËËÊ§¨¨, · ¸É¢μ·¨³μ¸É¨) [3, 34, 36]. ‘¥°Î ¸ ¨§-
¢¥¸É´μ, ÎÉμ μ¤´μ° ¨§ ¶·¨Î¨´ ÔÉ¨Ì · ¸Ìμ¦¤¥´¨° Ö¢²Ö¥É¸Ö ´ ¡²Õ¤ ¥³μ¥ ¢ ÔÉ¨Ì
¸¨¸É¥³ Ì ±² ¸É¥·μμ¡· §μ¢ ´¨¥ [4, 38, 39]. ‚ μ¸μ¡¥´´μ¸É¨ ¢ ¸² ¡μ¶μ²Ö·´ÒÌ
¦¨¤±μ¸ÉÖÌ (ε < 20) ·μ¸É ±² ¸É¥·μ¢ ¸¨²Ó´μ § ¢¨¸¨É μÉ Ê¸²μ¢¨° · ¸É¢μ·¥´¨Ö,
¢ Î ¸É´μ¸É¨, μÉ ¢´¥Ï´¨Ì ¢μ§¤¥°¸É¢¨° (Ê²ÓÉ· §¢Ê±, ¢μ§¤¥°¸É¢¨¥ ±¨¸²μ·μ¤  ¨
¸¢¥É ). �μ¸²¥¤μ¢ É¥²Ó´μ¥ μ¶¨¸ ´¨¥ ·μ¸É  ±² ¸É¥·μ¢ ¢ ÔÉ¨Ì ¸¨¸É¥³ Ì, É ±¨³
μ¡· §μ³, Å  ±ÉÊ ²Ó´ Ö ¨ ¨´É¥·¥¸´ Ö § ¤ Î .

‚¶¥·¢Ò¥ ±¨´¥É¨Î¥¸± Ö É¥μ·¨Ö ´Ê±²¥ Í¨¨ ¨¸¶μ²Ó§μ¢ ² ¸Ó ¢ · ¡μÉ Ì [30,
40] ¤²Ö μ¡ÑÖ¸´¥´¨Ö ±² ¸É¥·´μ£μ ¸μ¸ÉμÖ´¨Ö ËÊ²²¥·¥´μ¢ ¢ · ¸É¢μ· Ì ¢ · ³-
± Ì ± ¶¥²Ó´μ° ³μ¤¥²¨ ¨ ³μ¤¥²¨ μ£· ´¨Î¥´´μ£μ ·μ¸É  [10Ä13]. �μ¸²¥¤ÊÕÐ¨¥
¨¸¸²¥¤μ¢ ´¨Ö ¶μ§¢μ²¨²¨ μ¶¨¸ ÉÓ ·Ö¤ ´ ¡²Õ¤ ¥³ÒÌ Ö¢²¥´¨° [7, 41, 42]. ‚ ´ -
¸ÉμÖÐ¥³ · §¤¥²¥ ¶·¥¤¸É ¢²¥´Ò É·¨ ¶·¨³¥·  ¶·¨³¥´¥´¨Ö ±¨´¥É¨Î¥¸±μ° É¥μ·¨¨
μ¡· §μ¢ ´¨Ö ¨ ·μ¸É  ±² ¸É¥·μ¢ ± · ¸É¢μ· ³ ËÊ²²¥·¥´μ¢.

2.1. �¥³μ´μÉμ´´μ¥ ¶μ¢¥¤¥´¨¥ ±μ´Í¥´É· Í¨¨ ¢ ¸² ¡μ¶μ²Ö·´ÒÌ · ¸É¢μ-
· Ì ËÊ²²¥·¥´μ¢. �¤´μ ¨§ ´ ¨¡μ²¥¥ ¨´É¥·¥¸´ÒÌ Ö¢²¥´¨°, ¸¢Ö§ ´´ÒÌ ¸ ´¥· ¢-
´μ¢¥¸´Ò³ ±² ¸É¥·μμ¡· §μ¢ ´¨¥³ ¢ ¸² ¡μ¶μ²Ö·´ÒÌ · ¸É¢μ· Ì ËÊ²²¥·¥´μ¢, Å
´¥³μ´μÉμ´´Ò° Ì · ±É¥· ¨§³¥´¥´¨Ö ¢μ ¢·¥³¥´¨ ±μ´Í¥´É· Í¨¨ ËÊ²²¥·¥´μ¢
¶·¨ · ¸É¢μ·¥´¨¨. ’ ±, ¢ ´ ¸ÒÐ¥´´μ³ · ¸É¢μ·¥ ËÊ²²¥·¥´  ‘60 ¢ ¸¥·μÊ£²¥-
·μ¤¥ (CS2) ¶μ¸²¥ ¤μ¸É¨¦¥´¨Ö ³ ±¸¨³ ²Ó´μ° ±μ´Í¥´É· Í¨¨ ¢ É¥Î¥´¨¥ ¶·¨-
¡²¨§¨É¥²Ó´μ 3 ¸ÊÉμ± ±μ´Í¥´É· Í¨Ö ËÊ²²¥·¥´  ´ Î¨´ ¥É ¶ ¤ ÉÓ (μ±μ²μ 20 %
¢ ¸ÊÉ±¨), ¶·¨¡²¨¦ Ö¸Ó ± ¸É ¡¨²Ó´μ³Ê · ¢´μ¢¥¸´μ³Ê §´ Î¥´¨Õ. „ ´´Ò° ÔË-
Ë¥±É ´ ¡²Õ¤ ²¸Ö ¸ ¶μ³μÐÓÕ ¸¶¥±É·μ¸±μ¶¨¨ ¢¨¤¨³μ£μ ¨ Ê²ÓÉ· Ë¨μ²¥Éμ¢μ£μ
¨§²ÊÎ¥´¨° [43] ¨ ¡Ò² ¶μ§¦¥ ¶μ¤É¢¥·¦¤¥´ ¢ Ô±¸¶¥·¨³¥´É Ì ¶μ ³ ²μÊ£²μ¢μ³Ê
· ¸¸¥Ö´¨Õ ´¥°É·μ´μ¢ [44Ä46]. ‚ · ¡μÉ¥ [47] ¶·¥¤²μ¦¥´  ³μ¤¥²Ó · ¸É¢μ·¥-
´¨Ö ËÊ²²¥·¥´  ‘60 ¤²Ö ± Î¥¸É¢¥´´μ£μ μ¡ÑÖ¸´¥´¨Ö ¤ ´´μ£μ ÔËË¥±É . „²Ö ÔÉμ£μ
¶·μÍ¥¸¸ · ¸É¢μ·¥´¨Ö ËÊ²²¥·¥´  μ¶¨¸Ò¢ ¥É¸Ö ¸ ÊÎ¥Éμ³ ¸¥¤¨³¥´É Í¨¨ ±·Ê¶´ÒÌ
Î ¸É¨Í (´ ·Ö¤Ê ¸ Ëμ·³¨·μ¢ ´¨¥³ ±² ¸É¥·μ¢ ¢ · ¸É¢μ·¥). —¨¸²¥´´μ¥ ·¥Ï¥´¨¥
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±¨´¥É¨Î¥¸±¨Ì Ê· ¢´¥´¨° ¶μ§¢μ²Ö¥É ¢Ò¶μ²´¨ÉÓ ¤¥É ²Ó´Ò°  ´ ²¨§ ·¥¦¨³μ¢ ±¨-
´¥É¨±¨ · ¸É¢μ·¥´¨Ö ËÊ²²¥·¥´μ¢ ¢ · ³± Ì ¤ ´´μ° ³μ¤¥²¨. ‚ Î ¸É´μ¸É¨, μ¤¨´
¨§ ·¥¦¨³μ¢ ± Î¥¸É¢¥´´μ μ¶¨¸Ò¢ ¥É ´¥³μ´μÉμ´´ÊÕ § ¢¨¸¨³μ¸ÉÓ ±μ´Í¥´É· Í¨¨
ËÊ²²¥·¥´μ¢ ¢ ¸¥·μÊ£²¥·μ¤¥.

—Éμ¡Ò ¶·¨³¥´ÖÉÓ Ê· ¢´¥´¨Ö ¤²Ö μ¶¨¸ ´¨Ö ±¨´¥É¨±¨ · ¸É¢μ·¥´¨Ö ËÊ²²¥-
·¥´μ¢ ¢ ¤ ´´μ³ ¸²ÊÎ ¥, ´¥μ¡Ìμ¤¨³μ ¸³μ¤¥²¨·μ¢ ÉÓ ¶μÉμ±¨ Î ¸É¨Í ¨§ É¢¥·¤μ°
Ë §Ò ¨ μ¡· É´μ. ‚μ-¶¥·¢ÒÌ, ¶·¥¤¶μ²μ¦¨³, ÎÉμ ¨§ É¢¥·¤μ° Ë §Ò ‘60 ¢ · ¸É¢μ·
¨¤¥É ¶μÉμ± ³μ²¥±Ê² ËÊ²²¥·¥´ , ±μÉμ·Ò° ¶·¥±· Ð ¥É¸Ö ¶·¨ ¤μ¸É¨¦¥´¨¨ ±μ´-
Í¥´É· Í¨¨ ´ ¸ÒÐ¥´¨Ö ¢ · ¸É¢μ·¥. ‚ μ¡Ð¥³ ¢¨¤¥ ÔÉμ ¶·¨¢¥¤¥É ± ¸²¥¤ÊÕÐ¨³
¨§³¥´¥´¨Ö³ ¢ Ê¸²μ¢¨ÖÌ (1.25):

f(n, 0) = 0, ∀n,

∞∑
n=1

nf(n, t) = c(t), ḟ(1, t) =
{

ċ, c(t) < c′,
0, c(t) > c′,

(2.1)

£¤¥ c′ Å ¢¥²¨Î¨´  ±μ´Í¥´É· Í¨¨ ´ ¸ÒÐ¥´¨Ö; ḟ(1, t) Å ¸±μ·μ¸ÉÓ ¶μ¸ÉÊ¶²¥-
´¨Ö ³μ²¥±Ê² ‘60 ¨§ É¢¥·¤μ° Ë §Ò ¢ · ¸É¢μ· ¢ ³μ³¥´É ¢·¥³¥´¨ t. ‚ ¶¥·¢μ³
¶·¨¡²¨¦¥´¨¨ ¶·¥´¥¡·¥£ ¥³ ¢μ§³μ¦´μ° § ¢¨¸¨³μ¸ÉÓÕ ċ(t): ¶Ê¸ÉÓ ±μ´Í¥´É· -
Í¨Ö ËÊ²²¥·¥´μ¢ ¢ · ¸É¢μ·¥ · ¸É¥É ²¨´¥°´μ ¸μ ¢·¥³¥´¥³, ċ = const. ’ ±¦¥
¢ Ê· ¢´¥´¨ÖÌ (1.8) ÊÎÉ¥³ ¸¥¤¨³¥´É Í¨Õ ±·Ê¶´ÒÌ ±² ¸É¥·μ¢. �Ê¸ÉÓ n′ Å · §-
³¥· ±² ¸É¥·  ËÊ²²¥·¥´ , ´ Î¨´ Ö ¸ ±μÉμ·μ£μ ±² ¸É¥·Ò ´ Î¨´ ÕÉ ³¥¤²¥´´μ
¢Ò¶ ¤ ÉÓ ¨§ · ¸É¢μ· . ‘¥¤¨³¥´É Í¨Õ É ±¨Ì Î ¸É¨Í μ¶¨Ï¥³ ¤μ¡ ¢±μ° ¢¨¤ 
−(en/n′ − 1)f(n, t′) ¢ Ê· ¢´¥´¨Ö (1.8) ¶·¨ Ê¸²μ¢¨¨ n > n′. Š ± ¢¨¤´μ, ¢ ÔÉμ³
¸²ÊÎ ¥ ¸±μ·μ¸ÉÓ ¸¥¤¨³¥´É Í¨¨ ±² ¸É¥·μ¢ ¨§ · ¸É¢μ·  Ô±¸¶μ´¥´Í¨ ²Ó´μ · ¸É¥É
¸ ¨Ì · §³¥·μ³.

‚ ·¥§Ê²ÓÉ É¥ ¶μ²ÊÎ ¥³ ¸²¥¤ÊÕÐ¨¥ Ê· ¢´¥´¨Ö ¤²Ö ËÊ´±Í¨¨ f(n, t):

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

∂f(n, t)
∂t

= w
(+)
n−1,nf(n − 1, t) + w

(−)
n+1,nf(n + 1, t)−

−(w(+)
n,n+1 + w

(−)
n,n−1)f(n, t), n � n′,

∂f(n, t)
∂t

= w
(+)
n−1,nf(n − 1, t) + w

(−)
n+1,nf(n + 1, t)−

−(w(+)
n,n+1 + w

(−)
n,n−1 + (en/n′− 1))f(n, t), n > n′.

(2.2)
‚Ò· ¦¥´¨Ö ¤²Ö ±μÔËË¨Í¨¥´Éμ¢ w ¢ ¸¨¸É¥³¥ (2.2) μ¡¸Ê¦¤ ÕÉ¸Ö ¢ ¶. 1.5.

‚ · ¡μÉ¥ [47] Î¨¸²¥´´μ ·¥Ï ² ¸Ó ¸¨¸É¥³  Ê· ¢´¥´¨° (2.2) ¸ ¤μ¶μ²´¨É¥²Ó´Ò³¨

Ê¸²μ¢¨Ö³¨ (2.1) ¤²Ö · §²¨Î´ÒÌ ´ ¡μ·μ¢ ¶ · ³¥É·μ¢ c′, c
(∞)
eq , ċ, n′. �¢μ²ÕÍ¨Ö

±μ´Í¥´É· Í¨¨ ËÊ²²¥·¥´μ¢ ¢ · ¸É¢μ·¥ μÉ ¢·¥³¥´¨ c(t) ¢ÒÎ¨¸²Ö² ¸Ó ¨§ ËÊ´±-
Í¨¨ · ¸¶·¥¤¥²¥´¨Ö ±² ¸É¥·μ¢ ¶μ · §³¥· ³ f(n, t). 	Ò²μ μ¡´ ·Ê¦¥´μ Î¥ÉÒ·¥
·¥¦¨³  · ¸É¢μ·¥´¨Ö ËÊ²²¥·¥´μ¢, ¤¢  ¨§ ±μÉμ·ÒÌ ¢Ò· ¦ ÕÉ¸Ö ¢ ³μ´μÉμ´´μ³
·μ¸É¥ c(t),   ¤¢  Å ´¥³μ´μÉμ´´Ò³¨ § ¢¨¸¨³μ¸ÉÖ³¨ (¶μ¤·μ¡´¥¥ ¸³. [47]).
�¤¨´ ¨§ ÔÉ¨Ì ·¥¦¨³μ¢ μÉ¢¥Î ¥É Ô±¸¶¥·¨³¥´É ²Ó´Ò³ ´ ¡²Õ¤¥´¨Ö³ (·¨¸. 5).
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�¨¸. 5 (Í¢¥É´μ° ¢ Ô²¥±É·μ´´μ° ¢¥·¸¨¨).  ) �¢μ²ÕÍ¨Ö ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö ±² -
¸É¥·μ¢ ‘60 ¶μ · §³¥· ³ ¢μ ¢·¥³¥´¨. ¡) ‡ ¢¨¸¨³μ¸ÉÓ c(t) Å ¶μ²´μ° ±μ´Í¥´É· Í¨¨
ËÊ²²¥·¥´μ¢, f(1, t) Å ±μ´Í¥´É· Í¨¨ ³μ´μ³¥·μ¢ ‘60 ¨ Σf(n, t), n > 1, Å ±μ´Í¥´-
É· Í¨¨ ±² ¸É¥·μ¢ ‘60 ¢ · ¸É¢μ·¥ μÉ ¢·¥³¥´¨. � · ³¥É·Ò ³μ¤¥²¨: c′ = 5,7 · 1024 ³−3,

c
(∞)
eq = 5,7 · 1023 ³−3, n′ = 1000, ċ = 1022 ³−3/dt′

�·¥¤²μ¦¥´´ Ö ³μ¤¥²Ó μ¶¨¸Ò¢ ¥É ±¨´¥É¨±Ê ³¥²±μ¤¨¸¶¥·¸´ÒÌ ¸¨¸É¥³ ¢
μ¡Ð¥³ ¢¨¤¥,   ¥¥ Î ¸É´Ò³ ¸²ÊÎ ¥³ Ö¢²ÖÕÉ¸Ö · ¸¸³ É·¨¢ ¥³Ò¥ · ¸É¢μ·Ò ËÊ²-
²¥·¥´μ¢ ¢ ´¥¶μ²Ö·´ÒÌ · ¸É¢μ·¨É¥²ÖÌ.

2.2. ‚²¨Ö´¨¥ μ¡· §μ¢ ´¨Ö ±μ³¶²¥±¸μ¢ ËÊ²²¥·¥´Ä· ¸É¢μ·¨É¥²Ó ´  ±¨-
´¥É¨±Ê ·μ¸É  ±² ¸É¥·μ¢. ‚ ·Ö¤¥ ¶μ²Ö·´ÒÌ · ¸É¢μ·μ¢ ËÊ²²¥·¥´μ¢ ´ ¡²Õ¤ -
¥É¸Ö ±¨´¥É¨Î¥¸±¨° ¶¥·¥Ìμ¤ μÉ ³μ²¥±Ê²Ö·´μ£μ · ¸É¢μ·  ± Ê¸Éμ°Î¨¢μ³Ê ±μ²-
²μ¨¤´μ³Ê · ¸É¢μ·Ê. •μ·μÏ¨³¨ ¶·¨³¥· ³¨ · ¸É¢μ·μ¢ ¤ ´´μ£μ ±² ¸¸  Ö¢²Ö-
ÕÉ¸Ö · ¸É¢μ·Ò ‘60 ¢  §μÉ¸μ¤¥·¦ Ð¨Ì · ¸É¢μ·¨É¥²ÖÌ N-³¥É¨²¶¨··μ²¨¤μ´¥
(C5H9NO, NŒ�) [48, 49] ¨ ¶¨·¨¤¨´¥ (C5H5N). � Î ²Ó´μ¥ ¸μ¸ÉμÖ´¨¥ ³μ²¥±Ê-
²Ö·´μ£μ · ¸É¢μ·  ´¥Ê¸Éμ°Î¨¢μ, ¨ Î¥·¥§ ´¥±μÉμ·Ò° ¶·μ³¥¦ÊÉμ± ¢·¥³¥´¨ (³¨-



Šˆ�…’ˆ—…‘Šˆ… ���–…‘‘› ‚ ��‘’‚���• ”“‹‹…�…��‚ 631

´ÊÉÒ, ¨´μ£¤  Î ¸Ò) ´ ¡²Õ¤ ¥É¸Ö ³¥¤²¥´´Ò° ¶¥·¥Ìμ¤ ± ±μ²²μ¨¤´μ³Ê · ¸É¢μ·Ê
±·Ê¶´ÒÌ  £·¥£ Éμ¢ ËÊ²²¥·¥´ . �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨¸¸²¥¤μ¢ ´¨Ö ¤ ´´μ° ¸¨-
¸É¥³Ò [48, 50] ¶μ§¢μ²¨²¨ § ±²ÕÎ¨ÉÓ, ÎÉμ ¢ · ¸É¢μ·¥ μ¡· §ÊÕÉ¸Ö ±μ³¶²¥±¸Ò
¸ ¶¥·¥´μ¸μ³ § ·Ö¤  ³¥¦¤Ê ³μ²¥±Ê² ³¨ ËÊ²²¥·¥´  ¨ ³μ²¥±Ê² ³¨ · ¸É¢μ·¨-
É¥²Ö [38, 48, 51]. ‚ · ¡μÉ Ì [42, 52, 53] · §· ¡μÉ ´  ³μ¤¥²Ó ±¨´¥É¨±¨  £·¥-
£ Í¨¨ ËÊ²²¥·¥´μ¢ ¢ É ±¨Ì · ¸É¢μ· Ì. Œμ¤¨Ë¨± Í¨Ö ¡ §μ¢ÒÌ Ê· ¢´¥´¨° ¤²Ö
ÊÎ¥É  ¢²¨Ö´¨Ö μ¡· §μ¢ ´¨Ö ±μ³¶²¥±¸μ¢ ´  ±² ¸É¥·μμ¡· §μ¢ ´¨¥ μ¸´μ¢ ´  ´ 
¢¢¥¤¥´¨¨ ¤μ¶μ²´¨É¥²Ó´μ£μ ¶ · ³¥É·  ³μ¤¥²¨ Å ¢·¥³¥´¨ ±μ³¶²¥±¸μμ¡· §μ-
¢ ´¨Ö τ . ‚ ¦´μ μÉ³¥É¨ÉÓ, ÎÉμ ¢¥²¨Î¨´  ¤ ´´μ£μ ¶ · ³¥É·  ³μ¦¥É ¡ÒÉÓ ¨§-
³¥·¥´  Ô±¸¶¥·¨³¥´É ²Ó´μ [7, 54]. ‚ · ³± Ì ³μ¤¥²¨ μ£· ´¨Î¥´¨¥ ¶·μÍ¥¸¸μ¢
·μ¸É  ±² ¸É¥·μ¢, ¢Ò§¢ ´´μ¥ ±μ³¶²¥±¸μμ¡· §μ¢ ´¨¥³, ÊÎ¨ÉÒ¢ ¥É¸Ö ¸ ¶μ³μÐÓÕ
Ëμ·³Ê²Ò

w′(±)
n,m(t) = w(±)

n,m(t) e−t/τ . (2.3)

‘μ£² ¸´μ Ëμ·³Ê²¥ (1.21) ¢¥·μÖÉ´μ¸ÉÓ ·μ¸É  ±² ¸É¥·  ¶·μ¶μ·Í¨μ´ ²Ó´ 
±μ´Í¥´É· Í¨¨ μÉ¤¥²Ó´ÒÌ Î ¸É¨Í ¢ · ¸É¢μ·¥, f(1, t). �É  ±μ´Í¥´É· Í¨Ö ³μ-
´μÉμ´´μ ¸´¨¦ ¥É¸Ö ¸μ ¢·¥³¥´¥³ (ËÊ²²¥·¥´Ò ¨§ · ¸É¢μ·  ¶¥·¥Ìμ¤ÖÉ ¢ ±² -
¸É¥·Ò, ¸²¥¤μ¢ É¥²Ó´μ, ¨ ¢¥·μÖÉ´μ¸É¨ ·μ¸É  Ê³¥´ÓÏ ÕÉ¸Ö ¸μ ¢·¥³¥´¥³). �¤-
´ ±μ  ¸¨³¶ÉμÉ¨Î¥¸±¨ μ´¨ ¸É·¥³ÖÉ¸Ö ´¥ ± ´Ê²Õ,   ± ´¥±μÉμ·μ° ±μ´¸É ´É¥, ±μ-
Éμ· Ö μÉ¢¥Î ¥É ¤¥É ²Ó´μ³Ê · ¢´μ¢¥¸¨Õ ¢ ¸¨¸É¥³¥, ´ ¶·¨³¥·, ¨§ (1.21) ¨³¥¥³

w
(+)
n−1,n → 4πDceqrn

1/3. � ¶·μÉ¨¢, ´μ¢Ò¥ ¢¥·μÖÉ´μ¸É¨ ¶¥·¥Ìμ¤μ¢ (¢¢¥¤¥´´Ò¥
¢ (2.3)) ¸É·¥³ÖÉ¸Ö ± ´Ê²Õ ´  ¡μ²ÓÏ¨Ì ¢·¥³¥´ Ì t � τ . �É³¥É¨³, ÎÉμ ¶μÌμ¦¨¥
³μ¤¥²¨ Ê¦¥ · ¸¸³ É·¨¢ ²¨¸Ó, ´ ¶·¨³¥·, ¢ · ¡μÉ Ì [55, 56] ¶·¨ ¨¸¸²¥¤μ¢ ´¨¨
±¨´¥É¨±¨ ·μ¸É  ±² ¸É¥·μ¢ ´  ¸É ¤¨¨ ¸μ§·¥¢ ´¨Ö �¸É¢ ²Ó¤  ¢ ¶μ·¨¸ÉÒÌ ³ É¥-
·¨ ² Ì ¶μ¤ ¢μ§¤¥°¸É¢¨¥³ Ê¶·Ê£¨Ì ´ ¶·Ö¦¥´¨°.

‚ ¶μ²Ö·´ÒÌ · ¸É¢μ· Ì ËÊ²²¥·¥´  (‘60/NŒ� ¨ ¤·.) · §´Ò³¨ ¨¸¸²¥¤μ¢ É¥-
²Ö³¨ ´ ¡²Õ¤ ²¨¸Ó ±·Ê¶´Ò¥ ±² ¸É¥·Ò · §³¥· ³¨ μÉ 100 ¨ ¤μ 500 ´³ [48, 49].
„²Ö Î¨¸²  Î ¸É¨Í ¢ ±² ¸É¥·¥ ³μ¦´μ ¸¤¥² ÉÓ μÍ¥´±¨: n ∼ 106 ¤²Ö 100 ´³,
n ∼ 4 · 106 ¤²Ö 150 ´³ ¨ n ∼ 107 ¤²Ö 200 ´³. —¨¸²¥´´Ò¥ · ¸Î¥ÉÒ ¶μ²´μ° § -
¢¨¸¨³μ¸É¨ f(n, t), É ±¨³ μ¡· §μ³, ¶μ¤· §Ê³¥¢ ÕÉ ·¥Ï¥´¨¥ ¤²Ö t � τ ¸¨¸É¥³Ò
¨§ ± ± ³¨´¨³Ê³ 107 ±¨´¥É¨Î¥¸±¨Ì Ê· ¢´¥´¨°, ÎÉμ ´¥¢μ§³μ¦´μ ¤ ¦¥ ´  ¸μ-
¢·¥³¥´´ÒÌ ¢ÒÎ¨¸²¨É¥²Ó´ÒÌ ±² ¸É¥· Ì. ‚ · ¡μÉ Ì [7, 42, 52] ¶·¥¤²μ¦¥´ ³¥Éμ¤
· ¸Î¥É  ËÊ´±Í¨° f(n, t) ¤²Ö · ¸¸³ É·¨¢ ¥³μ° §¤¥¸Ó ³μ¤¥²¨ ¸ ±μ³¶²¥±¸μμ¡· -
§μ¢ ´¨¥³. �μ± § ´μ, ÎÉμ ¶·¨ ¶· ¢¨²Ó´μ³ ³ ¸ÏÉ ¡¨·μ¢ ´¨¨ ¢·¥³¥´´μ° Ï± ²Ò
¸·¥¤´¨° · §³¥· Î ¸É¨Í ¸¢μ¤¨É¸Ö ± ®§ ±μ´Ê t1/3¯, ¶μ²ÊÎ¥´´μ³Ê ‘²¥§μ¢Ò³ [32].

�Í¥´±  ¶ · ³¥É·  ³μ¤¥²¨ ¨§ ¸ÊÐ¥¸É¢ÊÕÐ¨Ì Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ
¤ ¥É ¢¥²¨Î¨´Ê τ ∼ 108Ä109 [42] (¢ ¶·¨¢¥¤¥´´μ° Ï± ²¥ ¢·¥³¥´¨). „²Ö ¶μ²´μ£μ
· ¸Î¥É  Ô¢μ²ÕÍ¨¨ ËÊ´±Í¨¨ f(n, t) ¤²Ö É ±¨Ì §´ Î¥´¨° τ ¸´ Î ²  ¶μ¸²¥¤μ-
¢ É¥²Ó´μ ¨§ÊÎ ²¨¸Ó ³μ¤¥²Ó´Ò¥ ¸¨¸É¥³Ò ¸ ³¥´ÓÏ¨³¨ ¢·¥³¥´ ³¨ ±μ³¶²¥±¸μ-
μ¡· §μ¢ ´¨Ö (´ ¡μ· §´ Î¥´¨° τ : 104, 5 · 104, 105, 3 · 105, 5 · 105). ˆ§  ´ ²¨§ 
§ ¢¨¸¨³μ¸É¨ ¸·¥¤´¥£μ · ¤¨Ê¸  Î ¸É¨Í 〈R〉 ¨ ±μ´Í¥´É· Í¨¨ ³μ´μ³¥·μ¢, f(1, t),
¤²Ö · §´ÒÌ τ ¡Ò²μ ¶μ± § ´μ, ÎÉμ ³ ¸ÏÉ ¡¨·μ¢ ´¨¥ ¶·¨¢¥¤¥´´μ° Ï± ²Ò ¢·¥-
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³¥´¨ ¶μ Ëμ·³Ê²¥
t′ = τ(1 − e−t/τ ) (2.4)

¸¢μ¤¨É ¢¸¥ ±·¨¢Ò¥ ± μ¤´μ° ³ ¸É¥·-±·¨¢μ° (·¨¸. 6). �·¨ ÔÉμ³ ¤²Ö ¡μ²ÓÏμ£μ
§´ Î¥´¨Ö ¢·¥³¥´¨ t′ ¢Ò¶μ²´Ö¥É¸Ö § ±μ´ (1.26). ’ ±¦¥ ¢ · ¡μÉ¥ [42] ¶μ± § ´μ,
ÎÉμ ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö ±² ¸É¥·μ¢ ¶μ · §³¥· ³, ´  ¤μ¸É ÉμÎ´μ ¶μ§¤´¨Ì
¸É ¤¨ÖÌ ·μ¸É  (¸É ¤¨Ö IV), ¨¤¥´É¨Î´Ò  ´ ²¨É¨Î¥¸±¨ ¶μ²ÊÎ¥´´Ò³ ‘²¥§μ¢Ò³
ËÊ´±Í¨Ö³ (1.27). �·¨ ÔÉμ³ ¢·¥³Ö ¢ Ëμ·³Ê² Ì (1.26), (1.27) ´¥μ¡Ìμ¤¨³μ
¡· ÉÓ ¶μ ³ ¸ÏÉ ¡¨·ÊÕÐ¥³Ê § ±μ´Ê (2.4). ’ ±¨³ μ¡· §μ³, ¥¸²¨ ¤²Ö ¸É ¤¨°
·μ¸É  ±² ¸É¥·μ¢ IÄIII ¨ ¶¥·¥Ìμ¤´μ° ¸É ¤¨¨ ³¥¦¤Ê III ¨ IV ¢§ÖÉÓ ·¥§Ê²ÓÉ ÉÒ

�¨¸. 6. �¥§Ê²ÓÉ ÉÒ Î¨¸²¥´´ÒÌ · ¸Î¥Éμ¢ ±¨´¥É¨±¨ ·μ¸É  ±² ¸É¥·μ¢ ¢ ³μ¤¥²Ó´μ³ · ¸-
É¢μ·¥ ¤²Ö · §´ÒÌ §´ Î¥´¨° ¶ · ³¥É·  τ . ˜É·¨Ìμ¢μ° ±·¨¢μ° ¶μ± § ´Ò § ¢¨¸¨³μ¸É¨
¤²Ö ³ ¸ÏÉ ¡¨·μ¢ ´´μ° Ï± ²Ò ¢·¥³¥´¨ (¸³. (2.4)).  ) �¢μ²ÕÍ¨Ö ¸·¥¤´¥£μ · ¤¨Ê¸ 
 £·¥£ Éμ¢ ¢ · ¸É¢μ·¥ ¸μ ¢·¥³¥´¥³. ¡) �¢μ²ÕÍ¨Ö ±μ´Í¥´É· Í¨¨ ³μ´μ³¥·μ¢ ¢ · ¸É¢μ·¥
¸μ ¢·¥³¥´¥³
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�¨¸. 7. ”Ê´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö ±² ¸É¥·μ¢ ‘60 ¶μ · §³¥· ³ ¢ ³μ¤¥²Ó´μ³ ¶μ²Ö·´μ³
· ¸É¢μ·¥.  ) � Î ²Ó´Ò¥ ¸É ¤¨¨ ·μ¸É  ±² ¸É¥·μ¢ (¢·¥³Ö ³¥´¥¥ 1 ¸); ¡) ·μ¸É ±·Ê¶´ÒÌ
±² ¸É¥·μ¢, ¢·¥³Ö Ô¢μ²ÕÍ¨¨ ¸¨¸É¥³Ò Ê± § ´μ ´  ·¨¸Ê´±¥

Î¨¸²¥´´ÒÌ · ¸Î¥Éμ¢ ¨ ¤μ¶μ²´¨ÉÓ ¨Ì  ´ ²¨É¨Î¥¸±¨³¨ ËÊ´±Í¨Ö³¨ ¤²Ö ¶μ§¤´¨Ì
ÔÉ ¶μ¢, ³Ò ¶μ²ÊÎ¨³ ¶μ²´ÊÕ Ô¢μ²ÕÍ¨Õ ËÊ´±Í¨° · ¸¶·¥¤¥²¥´¨Ö ±² ¸É¥·μ¢ ¶μ
· §³¥· ³ ¤²Ö ²Õ¡ÒÌ, ¸±μ²Ó Ê£μ¤´μ ¡μ²ÓÏ¨Ì, §´ Î¥´¨° τ .

‘ ¶μ³μÐÓÕ ¶·¥¤²μ¦¥´´μ£μ ³¥Éμ¤  ¢ · ¡μÉ¥ [42] ¢Ò¶μ²´¥´Ò · ¸Î¥ÉÒ ¢¸¥°
Ô¢μ²ÕÍ¨¨ ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö f(R, t) ¤²Ö ³μ¤¥²Ó´μ° ¸¨¸É¥³Ò, ¸μμÉ¢¥É-
¸É¢ÊÕÐ¥° · ¸É¢μ·Ê ËÊ²²¥·¥´μ¢ ‘60 ¢ N-³¥É¨²¶¨··μ²¨¤μ´¥. �¥§Ê²ÓÉ ÉÒ · ¸Î¥-
Éμ¢ ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 7. �μ²ÊÎ¥´´Ò¥ ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö ± Î¥¸É¢¥´´μ
¸μμÉ¢¥É¸É¢ÊÕÉ ¶μ²Ö·´Ò³ · ¸É¢μ· ³ ËÊ²²¥·¥´  ‘60 [48, 50, 57]. �·¨ ÔÉμ³ μÉ-
³¥É¨³, ÎÉμ ¢ ¶μ¸²¥¤´¨Ì ¸É·Ê±ÉÊ·´ÒÌ ¨¸¸²¥¤μ¢ ´¨ÖÌ ±² ¸É¥·μ¢ ¢ ¤ ´´ÒÌ · ¸-
É¢μ· Ì [51] ¢ÒÖ¢²¥´  ¨Ì ¡μ²¥¥ ¸²μ¦´ Ö (³´μ£μÊ·μ¢´¥¢ Ö) ¸É·Ê±ÉÊ· , ±μÉμ· Ö,
¶μ-¢¨¤¨³μ³Ê, ¶μÉ·¥¡Ê¥É ¤ ²Ó´¥°Ï¥° ¤μ· ¡μÉ±¨ É¥μ·¥É¨Î¥¸±¨Ì ³μ¤¥²¥°.
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2.3. Œμ¤¥²Ó · §·ÊÏ¥´¨Ö ±² ¸É¥·μ¢ ¶·¨ · §¡ ¢²¥´¨¨ · ¸É¢μ·  ¢μ¤μ°.
�μ²ÊÎ¥´´Ò¥ ¢ÒÏ¥ ·¥§Ê²ÓÉ ÉÒ, ´ ±μ´¥Í, ¨¸¶μ²Ó§μ¢ ²¨¸Ó ¢ · ¡μÉ¥ [41] ¤²Ö
μ¶¨¸ ´¨Ö μ¡´ ·Ê¦¥´´μ£μ ¢ 2004 £. ¸ ¶μ³μÐÓÕ ´¥°É·μ´´μ£μ · ¸¸¥Ö´¨Ö [58, 59]
¨´É¥·¥¸´μ£μ ÔËË¥±É  · §·ÊÏ¥´¨Ö ±² ¸É¥·μ¢ ËÊ²²¥·¥´  ¶·¨ · §¡ ¢²¥´¨¨ ¶μ-
²Ö·´μ£μ · ¸É¢μ·  ‘60 ¢μ¤μ°. �ËË¥±É ´μ¸¨É ¶μ·μ£μ¢Ò° Ì · ±É¥· ¨ ´ ¡²Õ¤ -
¥É¸Ö, ±μ£¤  ¤μ²Ö ¤μ¡ ¢²¥´´μ° ¢ · ¸É¢μ· ¢μ¤Ò ¶·¥¢ÒÏ ¥É 40 μ¡.%. � §·ÊÏ¥´¨¥
±² ¸É¥·μ¢ ¶·μ¨¸Ìμ¤¨É ¸· §Ê ¶μ¸²¥ · §¡ ¢²¥´¨Ö. ‚ · ¡μÉ¥ [60] ¶μ± § ´μ, ÎÉμ
¢ ¸²ÊÎ ¥ ²¨´¥°´ÒÌ § ¢¨¸¨³μ¸É¥° ¸¢μ°¸É¢ ¸¨¸É¥³Ò μÉ ¸É¥¶¥´¨ · §¡ ¢²¥´¨Ö ¶μ-
·μ£μ¢μ£μ ¶μ¢¥¤¥´¨Ö ´¥ ´ ¡²Õ¤ ¥É¸Ö. �μÔÉμ³Ê ¢ μ¸´μ¢Ê · ¡μÉÒ [41] ¶μ²μ¦¥´Ò
´¥²¨´¥°´Ò¥ § ¢¨¸¨³μ¸É¨. � ¸¸³μÉ·¨³ ÔÉÊ ³μ¤¥²Ó.

� §¡ ¢²¥´¨¥ ±μ²²μ¨¤´μ£μ · ¸É¢μ·  ¢μ¤μ° ¨§³¥´Ö¥É Ë¨§¨±μ-Ì¨³¨Î¥¸±¨¥
¸¢μ°¸É¢  · ¸É¢μ·¨É¥²Ö, ÎÉμ ¸± §Ò¢ ¥É¸Ö ¨ ´  · ¸¶·¥¤¥²¥´¨¨ ±² ¸É¥·μ¢ ¶μ · §-
³¥· ³. 	¥§· §³¥·´Ò° ¶ · ³¥É· ³μ¤¥²¨ X , μ¶·¥¤¥²ÖÕÐ¨° ¤μ²Õ ¤μ¡ ¢²¥´´μ°
¢μ¤Ò, ¨³¥¥É ¢¨¤

X =
VH2O

VH2O + Vsol
, (2.5)

£¤¥ VH2O Å μ¡Ñ¥³ ¤μ¡ ¢²¥´´μ° ¢μ¤Ò; Vsol Å μ¡Ñ¥³ Î¨¸Éμ£μ · ¸É¢μ·  ¤μ
· §¡ ¢²¥´¨Ö. ˆ§ μ¶·¥¤¥²¥´¨Ö ¸²¥¤Ê¥É, ÎÉμ §´ Î¥´¨Ö X ²¥¦ É ´  μÉ·¥§±¥ [0,1],
£¤¥ 0 ¨ 1 Å ¶·¥¤¥²Ó´Ò¥ §´ Î¥´¨Ö: X = 0 ¸μμÉ¢¥É¸É¢Ê¥É ¸²ÊÎ Õ, ±μ£¤  · ¸É¢μ·
´¥ · §¡ ¢²Ö²¸Ö; X = 1 Å ¡¥¸±μ´¥Î´μ ¡μ²ÓÏμ³Ê μ¡Ñ¥³Ê ¤μ¡ ¢²¥´´μ° ¢μ¤Ò.
� ¸¸³μÉ·¨³ ¨§³¥´¥´¨Ö ¶ · ³¥É·μ¢ ¨ ¸¢μ°¸É¢ ¸¨¸É¥³Ò ¶·¨ · §¡ ¢²¥´¨¨.

1. ˆ§³¥´ÖÕÉ¸Ö §´ Î¥´¨Ö ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö f(n, t), É ± ± ± ¨§³¥´Ö-
¥É¸Ö ±μ´Í¥´É· Í¨Ö · ¸É¢μ·¥´´μ£μ ¢¥Ð¥¸É¢ :

f ′(n, t) = f(n, t)
1 − X

1 + X
. (2.6)

2. ˆ§³¥´ÖÕÉ¸Ö §´ Î¥´¨Ö ¶ · ³¥É·μ¢ D, ceq, α2/kBT ¨ τ :
a) ŠμÔËË¨Í¨¥´ÉÒ ¤¨ËËÊ§¨¨ ±² ¸É¥·μ¢ ¢ ¢μ¤¥ ¨ ¨¸Ìμ¤´μ³ · ¸É¢μ·¨É¥²¥

³μ¦´μ μÍ¥´¨ÉÓ ¸ ¶μ³μÐÓÕ Ëμ·³Ê²Ò ‘Éμ±¸ Ä�°´ÏÉ¥°´  Å ±μÔËË¨Í¨¥´É
¤¨ËËÊ§¨¨ ´¥ ¨§³¥´Ö¥É¸Ö ¡μ²¥¥ Î¥³ ¢ ¤¢  · § . ‚ · ³± Ì ³μ¤¥²¨ ¡Ê¤¥³ ¸Î¨É ÉÓ,
ÎÉμ ÔÉμÉ ¶ · ³¥É· ¨§³¥´Ö¥É¸Ö ²¨´¥°´μ:

D′ = Dsol + X(DH2O − Dsol), (2.7)

£¤¥ D′ Å §´ Î¥´¨¥ ±μÔËË¨Í¨¥´É  ¤¨ËËÊ§¨¨ Î ¸É¨Í ¢ ¸³¥Ï ´´μ³ · ¸É¢μ-
·¨É¥²¥.

¡) ˆ§³¥´¥´¨¥ τ ¢ · ³± Ì ³μ¤¥²¨ [41] ´¥ · ¸¸³ É·¨¢ ²μ¸Ó. �¤´ ±μ ¶μ¸²¥
· §¡ ¢²¥´¨Ö ¸± Î±μμ¡· §´μ ¢μ¸¸É ´ ¢²¨¢ ²¨¸Ó ¨¸Ìμ¤´Ò¥ §´ Î¥´¨Ö ¢¥·μÖÉ´μ-
¸É¥° w+ ¨ w− (μ¡´Ê²Ö²¸Ö ¶μ± § É¥²Ó Ô±¸¶μ´¥´ÉÒ ¢ (2.3)).

¢) ‡´ Î¥´¨¥ ¶ · ³¥É·  α2 ¢²¨Ö¥É ´  · §³¥· ±·¨É¨Î¥¸±μ£μ ±² ¸É¥·  ¢
¸¨¸É¥³¥. ‚ ¶¥·¢μ³ ¶·¨¡²¨¦¥´¨¨ μÉ´μÏ¥´¨¥ α2 ¢ ¨¸Ìμ¤´μ³ · ¸É¢μ·¨É¥²¥ ¨
¢μ¤¥ · ¢´μ μÉ´μÏ¥´¨Õ ¤¨Ô²¥±É·¨Î¥¸±¨Ì ¶·μ´¨Í ¥³μ¸É¥° ÔÉ¨Ì ¦¨¤±μ¸É¥°.
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ˆ§³¥´¥´¨¥ ¶μ¢¥·Ì´μ¸É´μ£μ ¸² £ ¥³μ£μ α2 É ±¦¥ ³μ¤¥²¨·μ¢ ²μ¸Ó ²¨´¥°´μ°
§ ¢¨¸¨³μ¸ÉÓÕ.

£) �¸´μ¢´μ¥ §´ Î¥´¨¥ ¤²Ö μ¶¨¸ ´¨Ö ÔËË¥±É  · ¸¶ ¤  ±² ¸É¥·μ¢ ¶·¨ · §¡ -
¢²¥´¨¨ ¨³¥¥É ¨§³¥´¥´¨¥ ±μ´Í¥´É· Í¨¨ ceq. ”Ê²²¥·¥´ £¨¤·μËμ¡¥´, ´¥ · ¸É¢μ-
·Ö¥É¸Ö ¢ Î¨¸Éμ° ¢μ¤¥. �¤´ ±μ ¶·¨ · §¡ ¢²¥´¨¨ ¶μ²Ö·´μ£μ · ¸É¢μ·  ¢μ¤μ° ¢ ´¥¥
¶¥·¥Ìμ¤ÖÉ ±μ³¶²¥±¸Ò ËÊ²²¥·¥´Ä· ¸É¢μ·¨É¥²Ó, ±μÉμ·Ò¥ ¨³¥ÕÉ Ê¦¥ ´¥´Ê²¥¢ÊÕ
· ¸É¢μ·¨³μ¸ÉÓ ¢ H2O. …¸É¥¸É¢¥´´μ ¶·¥¤¶μ²μ¦¨ÉÓ, ÎÉμ ±μ´Í¥´É· Í¨Ö ceq ´¥-
¶·¥·Ò¢´Ò³ μ¡· §μ³ ¨§³¥´Ö¥É¸Ö μÉ csol

eq ¶·¨ X = 0 ¤μ ´¥±μÉμ·μ£μ (¤μ¸É ÉμÎ´μ
³ ²μ£μ) ´¥¨§¢¥¸É´μ£μ §´ Î¥´¨Ö cH2O

eq ¶·¨ X = 1. ‚Ò¡μ· ÔÉμ° § ¢¨¸¨³μ¸É¨
μ¸´μ¢ ´ ´  ·¥§Ê²ÓÉ É Ì · ¡μÉ [61, 62], ¢ ±μÉμ·ÒÌ ¨¸¸²¥¤μ¢ ²μ¸Ó ¶·¨³¥´¥´¨¥
· ¸É¢μ·¨É¥²Ö N-³¥É¨²¶¨··μ²¨¤μ´  ¤²Ö Ê²ÊÎÏ¥´¨Ö · ¸É¢μ·¨³μ¸É¨ ¢ ¢μ¤¥ ³¥-
¤¨Í¨´¸±¨Ì ¶·¥¶ · Éμ¢. ‚Ò· ¦¥´¨¥ ¤²Ö ±μ´Í¥´É· Í¨¨, μ¶¨¸Ò¢ ÕÐ¥¥ ¤ ´´μ¥
¸¢μ°¸É¢μ, ¨³¥¥É ¢¨¤

cmix
eq

csol
eq

=

(
cH2O
eq

csol
eq

)X

. (2.8)

‚¥²¨Î¨´  cH2O
eq < csol

eq , É ±¨³ μ¡· §μ³, Ö¢²Ö¥É¸Ö ¶ · ³¥É·μ³ ³μ¤¥²¨. „²Ö
¤ ²Ó´¥°Ï¨Ì μÍ¥´μ± ¢¢¥¤¥³ ¡¥§· §³¥·´Ò° ¶ · ³¥É· S = csol

eq

/
cH2O
eq .

Œμ¤¥²¨·μ¢ ´¨¥ · §¡ ¢²¥´¨Ö ¢Ò¶μ²´Ö²μ¸Ó ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ËÊ´±Í¨° · ¸-
¶·¥¤¥²¥´¨Ö, ¶μ²ÊÎ¥´´ÒÌ ¢ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥. � ¸¸³ É·¨¢ ² ¸Ó ³μ¤¥²Ó´ Ö
¸¨¸É¥³  ¸ ¤μ¸É ÉμÎ´μ ³ ²Ò³ §´ Î¥´¨¥³ τ = 105 (¶·¨ ÔÉμ³ ·¥§Ê²ÓÉ ÉÒ ³μ-
¤¥²¨·μ¢ ´¨Ö ³μ¦´μ Ô±¸É· ¶μ²¨·μ¢ ÉÓ ´  ¸±μ²Ó±μ Ê£μ¤´μ ¡μ²ÓÏ¨¥ τ ). „²Ö
Ê¤μ¡¸É¢ , ¶μ¸²¥ · §¡ ¢²¥´¨Ö ¶·¨³¥³ t = 0. �ËË¥±É ·¥μ·£ ´¨§ Í¨¨ ±² -
¸É¥·´μ£μ ¸μ¸ÉμÖ´¨Ö ¶·μ¨¸Ìμ¤¨É ¸· §Ê ¶μ¸²¥ · §¡ ¢²¥´¨Ö, ¸²¥¤μ¢ É¥²Ó´μ, ´ ¸
¨´É¥·¥¸ÊÕÉ ¢·¥³¥´  t 
 τ .

�  ·¨¸. 8 ¶·¥¤¸É ¢²¥´  · ¸¸Î¨É ´´ Ö Ô¢μ²ÕÍ¨Ö ¸·¥¤´¥£μ · §³¥·  ±² ¸É¥-
·μ¢ ¢ · ¸É¢μ·¥ ¢ ¡¨´ ·´μ° ¸³¥¸¨ solÄH2O ¤²Ö ¡μ²ÓÏμ£μ Î¨¸²  · §´ÒÌ §´ -
Î¥´¨° X ´  ¢¸¥³ μÉ·¥§±¥ [0,1]. ‚¨¤´μ, ÎÉμ ¶·¨ ¸² ¡ÒÌ · §¡ ¢²¥´¨ÖÌ ¢μ¤μ°
±² ¸É¥·´μ¥ ¸μ¸ÉμÖ´¨¥ ´¥ ¨§³¥´Ö¥É¸Ö. �¤´ ±μ, ´ Î¨´ Ö ¸ μ¶·¥¤¥²¥´´μ£μ, ¶μ·μ-
£μ¢μ£μ, §´ Î¥´¨Ö X , ¶·μ¨¸Ìμ¤¨É ¡Ò¸É·μ¥ · §·ÊÏ¥´¨¥ ±² ¸É¥·μ¢ ¶·¨ ¤μ¡ ¢²¥-
´¨¨ ¢μ¤Ò (μ¡² ¸ÉÓ Xc = 0,35 ´  ·¨¸. 8). ˆ´É¥·¥¸´μ μÉ³¥É¨ÉÓ, ÎÉμ ¢ ¨´É¥·¢ ²¥
X > 0,4 ¸·¥¤´¨° · §³¥· ±² ¸É¥·μ¢ ¶ ¤ ¥É ¤μ μ¶·¥¤¥²¥´´μ£μ §´ Î¥´¨Ö ¨ ´¥
§ ¢¨¸¨É μÉ X . �μ¸²¥¤ÊÕÐ¨° ·μ¸É ¸·¥¤´¥£μ · §³¥·  ±² ¸É¥·μ¢ ¢ ¡μ²ÓÏ¥° ¸É¥-
¶¥´¨ μ¶·¥¤¥²Ö¥É¸Ö §´ Î¥´¨¥³ D′, ³ ²μ § ¢¨¸¨É μÉ X ¨ ¶·μÉ¥± ¥É ¤μ¸É ÉμÎ´μ
³¥¤²¥´´μ.

�μ·μ£μ¢μ¥ §´ Î¥´¨¥ Xc, ¶·¨ ±μÉμ·μ³ ±² ¸É¥·Ò · §·ÊÏ ÕÉ¸Ö, ¸¨²Ó´μ § -
¢¨¸¨É μÉ ¶ · ³¥É·  S (μÉ´μÏ¥´¨Ö ±μ´Í¥´É· Í¨° ´ ¸ÒÐ¥´¨Ö cH2O

eq ¨ csol
eq ).

	Ò²¨ ¢Ò¶μ²´¥´Ò · ¸Î¥ÉÒ ¤²Ö · §´ÒÌ §´ Î¥´¨° S. ‡ ¢¨¸¨³μ¸ÉÓ ¶μ·μ£μ¢μ£μ
§´ Î¥´¨Ö ±μÔËË¨Í¨¥´É  · §¡ ¢²¥´¨Ö Xc μÉ μÉ´μÏ¥´¨Ö ¢¥²¨Î¨´ ±μ´Í¥´É· Í¨°
´ ¸ÒÐ¥´¨Ö ¶·¥¤¸É ¢²¥´  ´  ·¨¸. 9 [41].

�·¨Î¨´μ° · §·ÊÏ¥´¨Ö ±² ¸É¥·μ¢ Ö¢²Ö¥É¸Ö ¨§³¥´¥´¨¥ ¶μ ³¥·¥ · §¡ ¢²¥-
´¨Ö ¢§ ¨³´μ£μ μÉ´μÏ¥´¨Ö ±μ´Í¥´É· Í¨¨ ´ ¸ÒÐ¥´¨Ö ¢ ¸³¥¸¨ · ¸É¢μ·¨É¥²Ö
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�¨¸. 8 (Í¢¥É´μ° ¢ Ô²¥±É·μ´´μ° ¢¥·¸¨¨). Œμ¤¥²Ó · §¡ ¢²¥´¨Ö · ¸É¢μ·  ¸¥£·¥£¨·ÊÕÐ¨Ì
Î ¸É¨Í ¢μ¤μ°: § ¢¨¸¨³μ¸ÉÓ ¸·¥¤´¥£μ · ¤¨Ê¸  ±² ¸É¥·μ¢ μÉ ¢·¥³¥´¨ ¶μ¸²¥ · §¡ ¢²¥´¨Ö
¤²Ö · §´ÒÌ §´ Î¥´¨° ¶ · ³¥É·  X [41]

�¨¸. 9. ‡ ¢¨¸¨³μ¸ÉÓ ¶μ·μ£μ¢μ£μ §´ Î¥´¨Ö ±μÔËË¨Í¨¥´É  · §¡ ¢²¥´¨Ö Xc (¶·¨ ±μÉμ-
·μ³ ´ Î¨´ ¥É¸Ö · §·ÊÏ¥´¨¥ ±² ¸É¥·μ¢) μÉ ¶ · ³¥É·  ³μ¤¥²¨ S. ‚Ò¤¥²¥´Ò μ¡² ¸É¨
§´ Î¥´¨° ¶ · ³¥É·μ¢, ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ ¤ ´´Ò³

¨ ±μ´Í¥´É· Í¨¨ ³μ´μ³¥·μ¢ f ′(n = 1). Œμ¦¥É ¸ÊÐ¥¸É¢μ¢ ÉÓ É ±μ° ¤¨ ¶ -
§μ´ §´ Î¥´¨° X , ¢ ±μÉμ·μ³ ·¥ ²¨§Ê¥É¸Ö ¸¨²Ó´μ¥ ¶¥·¥¸ÒÐ¥´¨¥ · §¡ ¢²¥´´μ£μ
¢μ¤μ° · ¸É¢μ·  (f ′(n = 1) � cmix

eq ). ‚ ÔÉμ° μ¡² ¸É¨ X § ´μ¢μ ¶·μ¨¸Ìμ¤ÖÉ ´Ê-
±²¥ Í¨Ö ¨ ·μ¸É ±² ¸É¥·μ¢ (´ Î ²Ó´Ò¥ ¸É ¤¨¨), ÎÉμ ¶·¨¢μ¤¨É ± Ëμ·³¨·μ¢ ´¨Õ
´μ¢μ£μ ¶¨±  ¢ f ′(n, t) Å μ¡· §Ê¥É¸Ö ¡¨³μ¤ ²Ó´μ¥ · ¸¶·¥¤¥²¥´¨¥ (·¨¸. 10), μ¡ 
¶¨±  ±μÉμ·μ£μ ³¥¤²¥´´μ · ¸ÉÊÉ ¸μ ¢·¥³¥´¥³. �Éμ ¨ ¶·¨¢μ¤¨É ± Ê³¥´ÓÏ¥´¨Õ
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�¨¸. 10. ”Ê´±Í¨Ö · ¸¶·¥¤¥²¥´¨Ö ±² ¸É¥·μ¢ ¶μ · §³¥· ³ ¢ · ¸É¢μ·¥ ¤μ (1) ¨ ¶μ¸²¥ (2)
· §¡ ¢²¥´¨Ö ¢μ¤μ° ¢ μ¡² ¸É¨ ¶μ·μ£μ¢μ£μ ÔËË¥±É  [41]

´ ¡²Õ¤ ¥³μ£μ ¸·¥¤´¥£μ · §³¥·  Î ¸É¨Í ¢ · ¸É¢μ·¥. ” ±É¨Î¥¸±¨ ±·Ê¶´Ò¥ ±² -
¸É¥·Ò μÉ¤ ÕÉ Î ¸ÉÓ ³μ´μ³¥·μ¢, ¨§ ±μÉμ·ÒÌ ´ Î¨´ ÕÉ ¢´μ¢Ó · ¸É¨  £·¥£ ÉÒ.
�ÉμÉ ·¥§Ê²ÓÉ É ³μ¤¥²¨ ± Î¥¸É¢¥´´μ ¸μμÉ¢¥É¸É¢Ê¥É Ô±¸¶¥·¨³¥´É ²Ó´Ò³ ¤ ´-
´Ò³, ¨§ ±μÉμ·ÒÌ É ±¦¥ ¸²¥¤Ê¥É, ÎÉμ · §·ÊÏ¥´¨¥ ±·Ê¶´ÒÌ ±² ¸É¥·μ¢ ¤μ²¦´μ
¶·μÉ¥± ÉÓ §  ¸Î¥É μÉ¸μ¥¤¨´¥´¨Ö μÉ¤¥²Ó´ÒÌ ³μ²¥±Ê² ‘60.

ˆÉ ±, ¶·¥¤²μ¦¥´´ Ö ³μ¤¥²Ó μ¶¨¸Ò¢ ¥É ¶μ·μ£μ¢Ò° ÔËË¥±É Ê³¥´ÓÏ¥´¨Ö
· §³¥·μ¢ ±² ¸É¥·μ¢ ¶·¨ · §¡ ¢²¥´¨¨ ±μ²²μ¨¤´ÒÌ · ¸É¢μ·μ¢ ¢μ¤μ° [41]. �¥-
§Ê²ÓÉ ÉÒ ³μ¤¥²¨ ¸¶· ¢¥¤²¨¢Ò, ¥¸²¨ § ¢¨¸¨³μ¸ÉÓ ±μ´Í¥´É· Í¨¨ ´ ¸ÒÐ¥´¨Ö
· ¸É¢μ·¥´´ÒÌ Î ¸É¨Í ¢ ¸³¥Ï ´´μ³ · ¸É¢μ·¨É¥²¥ μ¶¨¸Ò¢ ¥É¸Ö ¸É¥¶¥´´Ò³ § -
±μ´μ³ ¢¨¤  (2.8). �É³¥É¨³, ÎÉμ ¸³μ¤¥²¨·μ¢ ´´Ò° ÔËË¥±É ´μ¸¨É μ¡Ð¨°
Ì · ±É¥· ¨ ³μ¦¥É ´ ¡²Õ¤ ÉÓ¸Ö ¢ ¸¨¸É¥³ Ì, ¢ ±μÉμ·ÒÌ ¸É ¤¨Ö ¸μ§·¥¢ ´¨Ö
�¸É¢ ²Ó¤  ¶·μÉ¥± ¥É ¤μ¸É ÉμÎ´μ ¤μ²£μ. „μ¡ ¢²¥´¨¥ ¢ ¸¨¸É¥³Ê · ¸É¢μ·¨É¥²Ö,
¶μ μÉ´μÏ¥´¨Õ ± ±μÉμ·μ³Ê Î ¸É¨ÍÒ ²¨μËμ¡´Ò, ³μ¦¥É §´ Î¨É¥²Ó´μ Ê³¥´ÓÏ¨ÉÓ
±μ´Í¥´É· Í¨Õ ceq, ÎÉμ ¶·¨¢¥¤¥É ± · §¢¨É¨Õ ¡¨³μ¤ ²Ó´ÒÌ · ¸¶·¥¤¥²¥´¨° Î -
¸É¨Í ¶μ · §³¥· ³.

‡�Š‹�—…�ˆ…

’ ±¨³ μ¡· §μ³, ¢ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ ¶·¨²μ¦¥-
´¨Ö É¥μ·¨¨ μ¡· §μ¢ ´¨Ö ¨ ·μ¸É  ±² ¸É¥·μ¢ ± μ¶¨¸ ´¨Õ ·Ö¤  ¨´É¥·¥¸´ÒÌ
±¨´¥É¨Î¥¸±¨Ì ¶·μÍ¥¸¸μ¢, ¸¢Ö§ ´´ÒÌ ¸  £·¥£ Í¨¥° ËÊ²²¥·¥´μ¢ ¢ · ¸É¢μ· Ì.
�·¨³¥´¥´¨¥ ¨§²μ¦¥´´μ° ¢ · §¤. 1 É¥μ·¨¨ ¤ ¦¥ ¤²Ö ± Î¥¸É¢¥´´μ£μ μ¶¨¸ ´¨Ö
´ ¡²Õ¤ ¥³ÒÌ Ö¢²¥´¨° ¶μÉ·¥¡μ¢ ²μ ´¥±μÉμ·ÒÌ ³μ¤¨Ë¨± Í¨°. ‚ § ±²ÕÎ¥´¨¥
μ¡¸Ê¤¨³ ·Ö¤ ¢μ¶·μ¸μ¢, ¸¢Ö§ ´´ÒÌ ¸ ¶¥·¸¶¥±É¨¢ ³¨ ¶·¨³¥´¥´¨Ö ¤ ´´μ£μ ¶μ¤-
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Ìμ¤  ± · ¸É¢μ· ³ ËÊ²²¥·¥´μ¢ ¨  £·¥£ Í¨¨ ´ ´μÎ ¸É¨Í ¢ ¦¨¤±¨Ì ¸·¥¤ Ì ¢
Í¥²μ³. �É³¥É¨³, ÎÉμ ¢ ¶μ¸²¥¤´¥¥ ¢·¥³Ö  ±É¨¢´μ μ¡¸Ê¦¤ ¥É¸Ö ¶·¨³¥´¥´¨¥
É¥μ·¨¨ ´Ê±²¥ Í¨¨ ± μ¶¨¸ ´¨Õ  £·¥£ Í¨¨ ¢ · ¸É¢μ· Ì ¡¥²±μ¢ ¨ ¤·Ê£¨Ì μ·£ -
´¨Î¥¸±¨Ì ³μ²¥±Ê², ¨²¨ ¸μ²¥° [63]. ‘· ¢´¨¢ ¥É¸Ö ¶·¨³¥´¥´¨¥ ±² ¸¸¨Î¥¸±μ£μ
¶μ¤Ìμ¤  ¸ ¶·¥¤²μ¦¥´´Ò³ ¤¢ÊÌ¸ÉÊ¶¥´Î ÉÒ³ ³¥Ì ´¨§³μ³ ´Ê±²¥ Í¨¨ [63, 64].
�´ ²μ£¨Î´Ò° ¶μ¤Ìμ¤ É ±¦¥ μ¡¸Ê¦¤ ²¸Ö ¢ μ¤´μ° ¨§ ´ Ï¨Ì · ¡μÉ ¶μ ¶μ²Ö·-
´Ò³ · ¸É¢μ· ³ ËÊ²²¥·¥´μ¢ [65].

‘Éμ¨É ¸¤¥² ÉÓ μÉ¤¥²Ó´μ¥ § ³¥Î ´¨¥ μÉ´μ¸¨É¥²Ó´μ ¶·¨³¥´¥´¨Ö ³¥Éμ¤μ¢
±μ³¶ÓÕÉ¥·´μ£μ ³μ¤¥²¨·μ¢ ´¨Ö ¢ ¨¸¸²¥¤μ¢ ´¨ÖÌ ´Ê±²¥ Í¨¨ ¨ ·μ¸É . Œ¥Éμ¤
³μ²¥±Ê²Ö·´μ° ¤¨´ ³¨±¨ ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö  ±É¨¢´μ ¶·¨³¥´Ö¥É¸Ö ¢ ¨¸¸²¥-
¤μ¢ ´¨ÖÌ ´¥μ¡· É¨³ÒÌ ¶·μÍ¥¸¸μ¢ ¢ Ë¨§¨±¥ ±μ´¤¥´¸¨·μ¢ ´´ÒÌ ¸·¥¤ [66], ¢
Î ¸É´μ¸É¨, ¨ ¤²Ö ¨¸¸²¥¤μ¢ ´¨° ´Ê±²¥ Í¨¨. �¡§μ·  ±ÉÊ ²Ó´ÒÌ ·¥§Ê²ÓÉ Éμ¢ ¤²Ö
´Ê±²¥ Í¨¨ ¢ · ¸É¢μ· Ì ¶·¥¤¸É ¢²¥´ ¢ · ¡μÉ¥ [67]. �É³¥Î ¥É¸Ö, ÎÉμ ³μ²¥±Ê-
²Ö·´ Ö ¤¨´ ³¨±  Å ÔËË¥±É¨¢´Ò° ³¥Éμ¤, ¶μ§¢μ²ÖÕÐ¨° ¤¥É ²Ó´μ ¨¸¸²¥¤μ¢ ÉÓ
´ Î ²Ó´Ò¥ ¸É ¤¨¨ μ¡· §μ¢ ´¨Ö ¨ ·μ¸É  § ·μ¤ÒÏ¥° ¢ ³μ¤¥²Ó´ÒÌ ¸¨¸É¥³ Ì ´ 
³¨±·μ¸±μ¶¨Î¥¸±μ³ Ê·μ¢´¥, μÍ¥´¨¢ ÉÓ, ´ ¶·¨³¥·, ¸±μ·μ¸ÉÓ μ¡· §μ¢ ´¨Ö § ·μ-
¤ÒÏ¥°,   É ±¦¥ ¶·¨³¥´¨³μ¸ÉÓ ±² ¸¸¨Î¥¸±¨Ì ¨ ³μ¤¨Ë¨Í¨·μ¢ ´´ÒÌ É¥μ·¨°.
�¡¸Ê¦¤ ¥É¸Ö ·Ö¤ ¢μ¶·μ¸μ¢, ¸¢Ö§ ´´ÒÌ ¸ ¶·¨²μ¦¥´¨¥³ ³¥Éμ¤ , ¢ Î ¸É´μ¸É¨,
´¥μ¡Ìμ¤¨³μ¸ÉÓ ¢Ò¡μ·  ¨ ÊÉμÎ´¥´¨Ö ¶μÉ¥´Í¨ ²μ¢ ¢§ ¨³μ¤¥°¸É¢¨Ö ¨ ³¥Éμ¤μ¢
¸¥³¶²¨·μ¢ ´¨Ö. �·¨³¥·Ò ¨¸¸²¥¤μ¢ ´¨Ö ±·¨¸É ²²¨§ Í¨¨ ¨ ¶² ¢²¥´¨Ö ¸¨¸É¥³Ò
Î ¸É¨Í ¸ ¶μÉ¥´Í¨ ²μ³ ¢§ ¨³μ¤¥°¸É¢¨Ö ‹¥´´ ·¤ -„¦μ´¸  ³μ¦´μ ´ °É¨ ¢ · -
¡μÉ Ì [68, 69]. �É³¥É¨³, ÎÉμ ¨¸¸²¥¤μ¢ ´¨Ö ·μ¸É  ±·Ê¶´ÒÌ ±² ¸É¥·μ¢ ´  ¡μ²Ó-
Ï¨Ì ¢·¥³¥´ Ì μ£· ´¨Î¥´Ò ¢ÒÎ¨¸²¨É¥²Ó´μ° ³μÐ´μ¸ÉÓÕ ¸μ¢·¥³¥´´ÒÌ ·¥¸Ê·-
¸μ¢. ’ ±, ¤¥É ²Ó´μ¥ ¨¸¸²¥¤μ¢ ´¨¥ ·μ¸É  ±·Ê¶´ÒÌ  £·¥£ Éμ¢ ‘60 ¢·Ö¤ ²¨ ¢μ§-
³μ¦´μ. �μÔÉμ³Ê ±¨´¥É¨Î¥¸±¨¥ Ê· ¢´¥´¨Ö, μ¡¸Ê¦¤ ¥³Ò¥ ¢ ´ ¸ÉμÖÐ¥³ μ¡§μ·¥,
¨£· ÕÉ ¢ ¦´ÊÕ ¨ ´¥§ ³¥´¨³ÊÕ ·μ²Ó. ‚ Éμ ¦¥ ¢·¥³Ö ¨ ¤²Ö · ¸É¢μ·μ¢ ËÊ²²¥-
·¥´μ¢ ³¥Éμ¤Ò ³μ²¥±Ê²Ö·´μ° ¤¨´ ³¨±¨ ´ Ìμ¤ÖÉ ¸¢μ¥ ¶·¨³¥´¥´¨¥. ’ ±, ¥Ð¥ ¢
· ¡μÉ¥ [70] ¨¸¸²¥¤μ¢ ² ¸Ó Ê¸Éμ°Î¨¢μ¸ÉÓ ³ ²ÒÌ ±² ¸É¥·μ¢ ‘60, ¢§ ¨³μ¤¥°¸É¢¨¥
±μÉμ·ÒÌ μ¶¨¸Ò¢ ²μ¸Ó ±² ¸¸¨Î¥¸±¨³ ¤²Ö ËÊ²²¥·¥´μ¢ ¶μÉ¥´Í¨ ²μ³ ƒ¨·¨Ë ²±μ.
‘μ¢·¥³¥´´Ò¥ · ¡μÉÒ ¡μ²ÓÏ¥ ¸μ¸·¥¤μÉμÎ¥´Ò ´  ¨¸¸²¥¤μ¢ ´¨¨ ¸É·Ê±ÉÊ·Ò ¨
¤¨´ ³¨Î¥¸±¨Ì Ì · ±É¥·¨¸É¨± ¸μ²Ó¢ É´ÒÌ μ¡μ²μÎ¥±, μ¡· §ÊÕÐ¨Ì¸Ö ¢μ±·Ê£ μÉ-
¤¥²Ó´μ° ³μ²¥±Ê²Ò ËÊ²²¥·¥´  ¢ · ¸É¢μ·¥. � ¶·¨³¥·, ¤²Ö ¸¥·μÊ£²¥·μ¤  ¤ ´´Ò¥
¨¸¸²¥¤μ¢ ´¨Ö ¢Ò¶μ²´¥´Ò ¢ · ¡μÉ Ì [39, 46], ¤²Ö É·¥Ì ¤·Ê£¨Ì ¸² ¡μ¶μ²Ö·´ÒÌ
· ¸É¢μ·¨É¥²¥° Å ¢ · ¡μÉ¥ [71] ¨ ¤²Ö ÔÉ ´μ²  Å ¢ · ¡μÉ¥ [72]. �É¨ ·¥§Ê²Ó-
É ÉÒ ¤ ÕÉ ¤μ¸É ÉμÎ´μ ¢ ¦´ÊÕ ¨´Ëμ·³ Í¨Õ, ±μÉμ·ÊÕ ¢ ¤ ²Ó´¥°Ï¥³ ³μ¦´μ
ÊÎ¨ÉÒ¢ ÉÓ ¶·¨  ´ ²¨§¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¨ ³μ¤¥²¨·μ¢ ´¨¨  £·¥£ -
Í¨¨ ËÊ²²¥·¥´μ¢.

�·¨³¥´¨É¥²Ó´μ ± ¶μ¤Ìμ¤Ê É¥μ·¨¨ ´Ê±²¥ Í¨¨ ¨ ·μ¸É  ³μ¤¨Ë¨± Í¨Ö ¢Ò· -
¦¥´¨Ö ¤²Ö · ¡μÉÒ ¶μ μ¡· §μ¢ ´¨Õ ±² ¸É¥·μ¢ ¢ · ¸É¢μ·¥, ΔG(n), ³μ£ÊÉ · ¸-
¸³ É·¨¢ ÉÓ¸Ö ± ± Ï £ ¢ ´ ¶· ¢²¥´¨¨ ±μ²¨Î¥¸É¢¥´´μ° É¥μ·¨¨. �μ · ¸Î¥É ³
· §³¥· ±·¨É¨Î¥¸±μ£μ § ·μ¤ÒÏ  ¢ · ¸É¢μ· Ì ËÊ²²¥·¥´  ¸μ¸É ¢²Ö¥É ∼ 15Ä20
³μ´μ³¥·μ¢, ¶μÔÉμ³Ê ¢Ò· ¦¥´¨Ö ¤²Ö ΔG(n) ¤²Ö ³ ²ÒÌ ±² ¸É¥·μ¢ ³μ£ÊÉ ¨£· ÉÓ
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§´ Î¨É¥²Ó´ÊÕ ·μ²Ó. ‡¤¥¸Ó ¢μ§³μ¦´μ, ´ ¶·¨³¥·, ¶·¨³¥´¥´¨¥  Éμ³¨¸É¨Î¥¸±¨Ì
¶μ¤Ìμ¤μ¢. ’ ±¦¥ μ¡¸Ê¦¤¥´¨Õ ¶μ¤²¥¦¨É ¢Ò· ¦¥´¨¥ ¤²Ö ¤¢¨¦ÊÐ¥° ¸¨²Ò ¢ · ¸-
¸³ É·¨¢ ¥³ÒÌ ¸¨¸É¥³ Ì. �·¨³¥´¥´¨¥ ¢Ò· ¦¥´¨Ö ¤²Ö ¸²ÊÎ Ö ¨¤¥ ²Ó´μ£μ · ¸-
É¢μ·  (1.20) ¶·¨¢´μ¸¨É ¤μ¶μ²´¨É¥²Ó´Ò° ¶ · ³¥É· ceq, ±μÉμ·Ò° ´¥ ¸μ¢¶ ¤ ¥É
¸ ¢¥²¨Î¨´μ° ±μ´Í¥´É· Í¨¨ ´ ¸ÒÐ¥´¨Ö · ¸É¢μ·μ¢ ËÊ²²¥·¥´  [7]. ‚ · ¸Î¥É Ì
μ´ ¡¥·¥É¸Ö ¨§ Ê¸²μ¢¨Ö ceq 
 csat ¨ μÉ· ¦ ¥É ÉμÉ Ë ±É, ÎÉμ ¶·¨ · §´ÒÌ Ê¸²μ-
¢¨ÖÌ  £·¥£ Í¨Ö ´ ¡²Õ¤ ¥É¸Ö ¤ ¦¥ ¢ ¸¨²Ó´μ · §¡ ¢²¥´´ÒÌ · ¸É¢μ· Ì. ‚μ¶·μ¸
μ ³ ±¸¨³ ²Ó´μ³ §´ Î¥´¨¨ ceq μ¡¸Ê¦¤ ²¸Ö ¢ · ¡μÉ¥ [50], ´μ, É¥³ ´¥ ³¥´¥¥,
¶μ-¶·¥¦´¥³Ê ´¥É ¤μ¸Éμ¢¥·´ÒÌ μÍ¥´μ± ÔÉμ° ¢¥²¨Î¨´Ò. � ¸¸³μÉ·¥´¨¥ ¤·Ê£μ£μ
¢Ò· ¦¥´¨Ö ¤²Ö Δμ ³μ¦¥É ¡ÒÉÓ μ¶· ¢¤ ´´μ.

�·μ¡²¥³μ° É ±¦¥ Ö¢²Ö¥É¸Ö ¤μ¶μ²´¥´¨¥ Ê· ¢´¥´¨° (1.8) ¤²Ö ÊÎ¥É  ¶·μÍ¥¸-
¸μ¢  £·¥£ Í¨¨ ±² ¸É¥·μ¢ ³¥¦¤Ê ¸μ¡μ°, É. ¥. ³μ¤¨Ë¨± Í¨Ö ±² ¸¸¨Î¥¸±μ£μ ¶μ¤-
Ìμ¤ , ¶·¥¤²μ¦¥´´μ£μ ¢ É¥μ·¨¨ ´Ê±²¥ Í¨¨. „¥°¸É¢¨É¥²Ó´μ, ´  · ´´¨Ì ÔÉ ¶ Ì
(´Ê±²¥ Í¨Ö, ´ Î ²μ ·μ¸É  ±² ¸É¥·μ¢) ¶·¥¢ ²¨·ÊÕÐ¨³¨ ¸É ´μ¢ÖÉ¸Ö ¶·μÍ¥¸¸Ò
¶·¨¸μ¥¤¨´¥´¨Ö ¨ μÉ¸μ¥¤¨´¥´¨Ö ³μ´μ³¥·μ¢, μ¤´ ±μ ¶μ ³¥·¥ ·μ¸É  Î¨¸²   £·¥-
£ Éμ¢ ¢ ¸¨¸É¥³¥ ´¥μ¡Ìμ¤¨³μ ÊÎ¨ÉÒ¢ ÉÓ ¨ ¨Ì ¢§ ¨³μ¤¥°¸É¢¨¥ ³¥¦¤Ê ¸μ¡μ°.
‚¥·μÖÉ´μ¸É¨ ¸Éμ²±´μ¢¥´¨Ö ±² ¸É¥·Ä±² ¸É¥·, ¶·¥´¥¡·¥¦¨³μ ³ ²Ò¥ ´  ÔÉ ¶¥
´Ê±²¥ Í¨¨, ´¥¶·¥·Ò¢´μ · ¸ÉÊÉ ¨ ´  ¸É ¤¨¨ IV Ô¢μ²ÕÍ¨¨ (¸³. ·¨¸. 4) ³μ£ÊÉ
¨£· ÉÓ ¢ ¦´ÊÕ ·μ²Ó. ‡ ¶¨¸Ó Ê· ¢´¥´¨°, ÊÎ¨ÉÒ¢ ÕÐ¨Ì É ±μ£μ ·μ¤  ¶·μÍ¥¸¸Ò
¢ μ¡Ð¥³ ¢¨¤¥, ¸²¥¤ÊÕÐ Ö:

df(n, t)
dt

=
1
2

n−1∑
m=1

αm,n−mβm,n−mf(m, t)f(n − m, t)−

−
nmax∑
m=1

αnmβnmf(n, t)f(m, t) − Snf(n, t) +
nmax∑

m=n+1

ΓmnSmf(m, t),

£¤¥ αnm ¨ βnm Å ÔËË¥±É¨¢´μ¸ÉÓ ¨ Î ¸ÉμÉ  ¸μÊ¤ ·¥´¨° ³¥¦¤Ê Î ¸É¨Í ³¨
(μ¶·¥¤¥²Ö¥³ÒÌ ¶ · ³¥É· ³¨ · §³¥·  n ¨ m); Sn Å ¸±μ·μ¸ÉÓ · ¸¶ ¤ ; Γmn Å
ËÊ´±Í¨Ö · ¸¶·¥¤¥²¥´¨Ö Ë· £³¥´Éμ¢ · ¸¶ ¤ . �ËË¥±É¨¢´μ¸ÉÓ ¸μÊ¤ ·¥´¨° α
μ¶·¥¤¥²Ö¥É ¤μ²Õ ¸μÊ¤ ·¥´¨°, ±μÉμ· Ö ¶·¨¢μ¤¨É ± ¸²¨¶ ´¨Õ Î ¸É¨Í. ‚Ò· ¦¥-
´¨Ö ¤²Ö ¶ · ³¥É·μ¢ ¤ ´´μ° ¸¨¸É¥³Ò Ê· ¢´¥´¨° ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ¨§ ±² ¸¸¨Î¥-
¸±μ° É¥μ·¨¨ ´Ê±²¥ Í¨¨.

ˆ¸¸²¥¤μ¢ ´¨Ö ¸ ¤ ´´μ° ¸¨¸É¥³μ° Ê· ¢´¥´¨° Ö¢²ÖÕÉ¸Ö  ±ÉÊ ²Ó´Ò³¨ ¢ μÉ-
´μÏ¥´¨¨ · ¸É¢μ·μ¢ ËÊ²²¥·¥´μ¢ ¥Ð¥ ¨ ¢ ¸¢Ö§¨ ¸ ·¥§Ê²ÓÉ É ³¨ ¸É·Ê±ÉÊ·´ÒÌ
¨¸¸²¥¤μ¢ ´¨°  £·¥£ Éμ¢ ‘60 ¢ · ¸É¢μ· Ì, ±μÉμ·Ò¥ ¶μ± §Ò¢ ÕÉ, ÎÉμ ±² ¸É¥·Ò
¨³¥ÕÉ ¤¢ÊÌÊ·μ¢´¥¢ÊÕ ¸É·Ê±ÉÊ·Ê [51]. Šμ³¶ ±É´Ò¥ ±¢ §¨¸Ë¥·¨Î¥¸±¨¥ ±² -
¸É¥·Ò ËÊ²²¥·¥´μ¢ ´¥¡μ²ÓÏμ£μ · §³¥·  μ¡· §ÊÕÉ ·ÒÌ²Ò¥ Ë· ±É ²Ó´Ò¥  £·¥-
£ ÉÒ · §³¥· ³¨ ¢ ¸μÉ´¨ ´ ´μ³¥É·μ¢. ‚ ¸²ÊÎ ¥ É ±μ° ¸É·Ê±ÉÊ·Ò Ê· ¢´¥´¨Ö (1.8)
³μ£ÊÉ ¨¸¶μ²Ó§μ¢ ÉÓ¸Ö ¤²Ö μ¶¨¸ ´¨Ö ¶¥·¢μ£μ ÔÉ ¶  Ô¢μ²ÕÍ¨¨ ¸¨¸É¥³Ò Å μ¡· -
§μ¢ ´¨Ö ¶²μÉ´ÒÌ  £·¥£ Éμ¢,   ¶·¥¤¸É ¢²¥´´Ò¥ ¢ÒÏ¥ Ê· ¢´¥´¨Ö Å ¤²Ö μ¶¨¸ -
´¨Ö ·μ¸É  Ë· ±É ²Ó´ÒÌ ±² ¸É¥·μ¢.
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� ±μ´¥Í, μÉ³¥É¨³ ´¥¤ ¢´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶μ ·μ¸ÉÊ ±² -
¸É¥·μ¢ ¢ · ¸É¢μ· Ì ËÊ²²¥·¥´  ¢ Éμ²Êμ²¥ [73]. ‚ ¤ ´´μ° · ¡μÉ¥ μ¡μ¡Ð¥´Ò
·¥§Ê²ÓÉ ÉÒ ¶·¥¤Ò¤ÊÐ¨Ì ¨¸¸²¥¤μ¢ ´¨° ¨ ¤μ¸É ÉμÎ´μ Ê¡¥¤¨É¥²Ó´μ ¶μ± § ´μ,
ÎÉμ  £·¥£ Í¨Ö ¢ ¸² ¡μ¶μ²Ö·´ÒÌ · ¸É¢μ· Ì ËÊ²²¥·¥´μ¢ ¶·μ¨¸Ìμ¤¨É ¢¸²¥¤¸É¢¨¥
μ¡· §μ¢ ´¨Ö μ±¸¨¤μ¢ ‘60�x. ˆ³¥´´μ ÔÉ¨ ±μ¢ ²¥´É´Ò¥ ±μ³¶²¥±¸Ò Ö¢²ÖÕÉ¸Ö
¶·¨Î¨´μ° ·μ¸É  ±² ¸É¥·μ¢. � Ï¨ ¨¸¸²¥¤μ¢ ´¨Ö ¸ ¤¢Ê³Ö ¤·Ê£¨³¨ · ¸É¢μ·¨É¥-
²Ö³¨ Å ¡¥´§μ²μ³ ¨ Ì²μ·¡¥´§μ²μ³ Å ¶μ§¢μ²ÖÕÉ ¶·¥¤¶μ²μ¦¨ÉÓ, ÎÉμ ÔÉμ Ö¢²¥-
´¨¥ Å ¤μ¸É ÉμÎ´μ μ¡Ð¥¥ ¤²Ö ³μ²¥±Ê² ËÊ²²¥·¥´ . ‘ ÉμÎ±¨ §·¥´¨Ö É¥μ·¥É¨Î¥-
¸±μ£μ μ¶¨¸ ´¨Ö ³Ò ¤μ²¦´Ò · ¸¸³ É·¨¢ ÉÓ ¸¨¸É¥³Ê, ¢ ±μÉμ·μ° ¶·¨¸ÊÉ¸É¢ÊÕÉ
¤¢  ¢¨¤  ¸¥£·¥£¨·ÊÕÐ¨Ì Î ¸É¨Í ¶·¨³¥·´μ μ¤¨´ ±μ¢μ£μ · §³¥·  Å É¨¶  �
(¶·μ¸Éμ ËÊ²²¥·¥´ ‘60) ¨ É¨¶  	 (μ±¸¨¤ ‘60�). ‘¨² ¶·¨ÉÖ¦¥´¨Ö ³¥¦¤Ê Î ¸É¨-
Í ³¨ � ´¥¤μ¸É ÉμÎ´μ ¤²Ö ¨Ì ¸²¨¶ ´¨Ö, μ¤´ ±μ Î ¸É¨ÍÒ 	 ³¥¦¤Ê ¸μ¡μ° ¨ Î -
¸É¨ÍÒ � ¸ 	 ¸²¨¶ ÕÉ¸Ö. � §¢¨É¨¥ ³μ¤¥²¥° ¤²Ö μ¶¨¸ ´¨Ö ±¨´¥É¨±¨ ·μ¸É  ±² -
¸É¥·μ¢ ¢ É ±¨Ì ¸¨¸É¥³ Ì É·¥¡Ê¥É ³μ¤¨Ë¨± Í¨¨ · ¸¸³ É·¨¢ ¥³ÒÌ Ê· ¢´¥´¨°.

‚ Í¥²μ³ ³μ¦´μ μÉ³¥É¨ÉÓ, ÎÉμ ±¨´¥É¨Î¥¸±¨¥ ¶·μÍ¥¸¸Ò ¢ · ¸É¢μ· Ì ËÊ²-
²¥·¥´μ¢ ¶·¥¤¸É ¢²ÖÕÉ ¸μ¡μ° ¨´É¥·¥¸´Ò¥ μ¡Ñ¥±ÉÒ ¤²Ö μ¶¨¸ ´¨Ö ¸ ¶μ³μÐÓÕ
¸¨¸É¥³Ò ±¨´¥É¨Î¥¸±¨Ì Ê· ¢´¥´¨° ¤²Ö μ¡· §μ¢ ´¨Ö ¨ ·μ¸É  ±² ¸É¥·μ¢.
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