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�¡Ñ¥¤¨´¥´´Ò° ¨´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨°, „Ê¡´ 

O¶¨¸ ´ ³¥Éµ¤ ´¥¢µ§³ÊÐ ÕÐ¥° ¤¨ £´µ¸É¨±¨ ¶ÊÎ±  ¨µ´µ¢ ´  µ¸´µ¢¥ ±µ··¥²ÖÍ¨µ´´µ£µ  ´ -
²¨§ . ”¨§¨Î¥¸±µ° µ¸´µ¢µ° ³¥Éµ¤  Ö¢²Ö¥É¸Ö ¨¸¶µ²Ó§µ¢ ´¨¥ ¢§ ¨³µ¤¥°¸É¢¨Ö ¶·¥´¥¡·¥¦¨³µ ³ ²µ°
Î ¸É¨ ¨µ´µ¢ ¸ §µ´¤¨·ÊÕÐ¥° ¢´ÊÉ·¥´´¥° ³¨Ï¥´ÓÕ, ¶·¨ ±µÉµ·µ³ ·µ¦¤ ÕÉ¸Ö ¢Éµ·¨Î´Ò¥ ¨´Ëµ·-
³ Í¨µ´´Ò¥ (ˆ�) Î ¸É¨ÍÒ, ¨³¥ÕÐ¨¥ ¨¤¥´É¨Î´Ò° ¸¶¥±É· ¶µ ¢¥²¨Î¨´¥ ¨ ´ ¶· ¢²¥´¨Õ ¸±µ·µ¸É¨ ¨
¤µ¶Ê¸± ÕÐ¨¥ ¨Ì ¨§¡¨· É¥²Ó´ÊÕ ·¥£¨¸É· Í¨Õ ¡¥§ ¢µ§¤¥°¸É¢¨Ö ´  ¶ÊÎµ±. �·¨ ¨§³¥·¥´¨¨ ¢§ ¨³´µ°
±µ··¥²ÖÍ¨µ´´µ° ËÊ´±Í¨¨ ³¥¦¤Ê ¶µÉµ± ³¨ Î ¸É¨Í ¨²¨ ËµÉµ´µ¢ §µ´¤¨·ÊÕÐ¥° ³¨Ï¥´¨, ¶¸¥¢¤µ-
¸²ÊÎ °´µ ³µ¤Ê²¨·µ¢ ´´µ° ¢µ ¢·¥³¥´¨, ¨ ·µ¦¤ ÕÐ¨Ì¸Ö ´  ´¥° ˆ�-Î ¸É¨Í, ·¥£¨¸É·¨·Ê¥³ÒÌ ´ 
¶·µ²eÉ´µ° ¡ §¥, µ¶·¥¤¥²Ö¥É¸Ö ¢·¥³Ö¶·µ²eÉ´Ò° ¸¶¥±É· (· ¸¶·¥¤¥²¥´¨¥ ¶µ Ô´¥·£¨¨) ¨µ´µ¢ ¢ ¢Ò¤¥-
²¥´´µ³ ´ ¶· ¢²¥´¨¨. �É´µ¸¨É¥²Ó´Ò°  ´ ²¨§ ÔÉ¨Ì ËÊ´±Í¨° ¶·¨ · §²¨Î´ÒÌ ¶µ²µ¦¥´¨ÖÌ ³¨Ï¥´¨
¢ ¶ÊÎ±¥ ¨ ´ ¶· ¢²¥´¨ÖÌ ·¥£¨¸É· Í¨¨ ˆ�-Î ¸É¨Í ¶µ§¢µ²Ö¥É ¶µ²ÊÎ¨ÉÓ · ¸¶·¥¤¥²¥´¨¥ ¨µ´µ¢ ¢ ¶µ¶¥-
·¥Î´µ³ Ë §µ¢µ³ ¶·µ¸É· ´¸É¢¥. �·µ ´ ²¨§¨·µ¢ ´Ò µ¸´µ¢´Ò¥ Ô²¥³¥´ÉÒ ¤¨ £´µ¸É¨Î¥¸±µ£µ Ê¸É·µ°-
¸É¢  ¨ ¥£µ ¢µ§³µ¦´µ¸É¨ ¤²Ö ·¥ ²¨§ Í¨¨ ´¥¢µ§³ÊÐ ÕÐ¨Ì ±µ··¥²ÖÍ¨µ´´ÒÌ ¨§³¥·¥´¨° ¶ · ³¥É·µ¢
¶ÊÎ±  µÉ·¨Í É¥²Ó´ÒÌ (¢ Î ¸É´µ¸É¨, H−) ¨²¨ ¶µ²µ¦¨É¥²Ó´ÒÌ ³µ²¥±Ê²Ö·´ÒÌ ¨µ´µ¢ ¨§ ¨¸ÉµÎ´¨± ,
¤µ¶Ê¸± ÕÐ¨Ì ËµÉµ· ¸Ð¥¶²¥´¨¥ ´  §µ´¤¨·ÊÕÐ¥° ËµÉµ´´µ° ³¨Ï¥´¨. �¥µ¡Ìµ¤¨³ Ö ¤²Ö ¤¨ £´µ-
¸É¨±¨ ³¨Ï¥´Ó ³µ¦¥É ¡ÒÉÓ ¸Ëµ·³¨·µ¢ ´  ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ¸ÉµÌ ¸É¨Î¥¸±¨ ¶Ê²Ó¸¨·ÊÕÐ¥£µ ¨§-
²ÊÎ¥´¨Ö ´¥±µÉµ·ÒÌ É¢e·¤µÉ¥²Ó´ÒÌ ² §¥·µ¢ (´ ¶·¨³¥·, Nd:ˆ�ƒ) ¢ ·¥¦¨³¥ ¸¢µ¡µ¤´µ° £¥´¥· Í¨¨.

A method of the nonperturbative diagnostics of an ion beam, using the correlation analysis, is
described in the review. The physical base of this method is the use of such an interaction between
a negligible part of ions and a probing internal target which generates secondary informative (IN)
particles having practically an identical spectrum in value and direction of the speed and allowing their
selective detection without an in�uence on the beam. By measuring the cross-correlation function
between a �ux of particles or photons of a probing target, pseudorandomly modulated in time, and that
of IN-particles detected at the drift distance, the time-of-�ight spectrum (energy distribution) of ions in
the chosen direction is determined. A relative analysis of these functions at various target positions in a
beam and directions of IN-particle detection, allows one to obtain the ion distribution in the transverse
phase-space. The principal elements of the diagnostic device and its potentialities for the realization
of nonperturbative correlation measurements of the beam parameters of negative (in particular, H−)
or positive molecular ions from a source, allowing their photodetachment on the probing target, are
analysed. The target needed for the diagnostics can be formed by using the stochastical pulsed
radiation from some crystal lasers (for example, Nd:YAG) in a free generation regime.
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‚ ¸µ¢·¥³¥´´ÒÌ Ê¸±µ·¨É¥²Ó´µ-´ ±µ¶¨É¥²Ó´ÒÌ ±µ³¶²¥±¸ Ì ¢ ¦´µ° § ¤ Î¥°
Ö¢²Ö¥É¸Ö ¶µ²ÊÎ¥´¨¥ µ¶¥· É¨¢´µ° ¨´Ëµ·³ Í¨¨ µ Ì · ±É¥·¨¸É¨± Ì ¶ÊÎ±  ´¥¢µ§-
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³ÊÐ ÕÐ¨³ µ¡· §µ³. �µ¤ ´¥¢µ§³ÊÐ ÕÐ¨³¨ ³¥Éµ¤ ³¨ ¤¨ £´µ¸É¨±¨ µ¡ÒÎ´µ
¶µ¤· §Ê³¥¢ ÕÉ¸Ö É ±¨¥ ¸¶µ¸µ¡Ò ¶µ²ÊÎ¥´¨Ö ¨´Ëµ·³ Í¨¨, ±µ£¤  ¢´µ¸¨³Ò³¨
¶·¨ ¨§³¥·¥´¨¨ ¢µ§³ÊÐ¥´¨Ö³¨ ¶ÊÎ±  ³µ¦´µ ¶·¥´¥¡·¥ÎÓ.

� ¨¡µ²¥¥ · ¸¶·µ¸É· ´e´´Ò³ ¨ ÉµÎ´Ò³ ¸¶µ¸µ¡µ³  ¡¸µ²ÕÉ´µ£µ ¨§³¥·¥´¨Ö
¸±µ·µ¸É¨ ´¥·¥²ÖÉ¨¢¨¸É¸±¨Ì Î ¸É¨Í Ö¢²Ö¥É¸Ö ¢·¥³Ö¶·µ²eÉ´Ò° (‚�). ‘ÊÉÓ ¥£µ
§ ±²ÕÎ ¥É¸Ö ¢ Éµ³, ÎÉµ ´  ÊÎ ¸É±¥ ¸¢µ¡µ¤´µ£µ ¤·¥°Ë  Î ¸É¨Í ´  ´¥±µÉµ·µ³
· ¸¸ÉµÖ´¨¨ ¤·Ê£ µÉ ¤·Ê£  Ê¸É ´ ¢²¨¢ ÕÉ¸Ö ¤¢  ¤¥É¥±Éµ· , ±µÉµ·Ò¥ ·¥£¨¸É·¨-
·ÊÕÉ ³µ³¥´ÉÒ ¶·µÌµ¦¤¥´¨Ö ± ¦¤µ° Î ¸É¨ÍÒ. �µ ¨§³¥·¥´´µ³Ê ¨´É¥·¢ ²Ê
¢·¥³¥´¨ ³¥¦¤Ê ¸¨£´ ² ³¨ ¤¥É¥±Éµ·µ¢ µ¶·¥¤¥²Ö¥É¸Ö ¥e ¸±µ·µ¸ÉÓ. „²Ö ¨³-
¶Ê²Ó¸´µ£µ ¶ÊÎ±  ´ ´µ¸¥±Ê´¤´µ° ¤²¨É¥²Ó´µ¸É¨ ¨²¨ ¸£·Ê¶¶¨·µ¢ ´´µ£µ ¢ ±µ-
·µÉ±¨¥ ¸£Ê¸É±¨ ‚�-¸¶µ¸µ¡ ¨§³¥·¥´¨° ·¥ ²¨§Ê¥É¸Ö ¤µ¸É ÉµÎ´µ ¶·µ¸Éµ. ‚ ÔÉµ³
¸²ÊÎ ¥ ¨§³¥·Ö¥É¸Ö ¸·¥¤´ÖÖ ¸±µ·µ¸ÉÓ Î ¸É¨Í ¢ ¸£Ê¸É±¥,   ¶µ ÊÏ¨·¥´¨Õ ¸¨£-
´ ²  ¸µ ¢Éµ·µ£µ ¤¥É¥±Éµ·  ¢µ ¢·¥³¥´¨ µ¶·¥¤¥²Ö¥É¸Ö Ì · ±É¥·´Ò° · §¡·µ¸ ¨Ì
¸±µ·µ¸É¥°. �·¨ ´¥¡µ²ÓÏµ³ · §¡·µ¸¥ ¸±µ·µ¸É¥° Î ¸É¨Í ¢ ¸£Ê¸É±¥ ÉµÎ´µ¸ÉÓ
¨§³¥·¥´¨Ö ¸·¥¤´¥° ¸±µ·µ¸É¨ ¤µ¸É ÉµÎ´µ ¢¥²¨± . „²Ö ·¥ ²¨§ Í¨¨ ´¥¢µ§³ÊÐ -
ÕÐ¥° ¤¨ £´µ¸É¨±¨ ¢ ÔÉµ³ ¸²ÊÎ ¥ ³µ£ÊÉ ¨¸¶µ²Ó§µ¢ ÉÓ¸Ö ²Õ¡Ò¥ ¶· ±É¨Î¥¸±¨
¶·µ§· Î´Ò¥ ¤²Ö ¶ÊÎ±  ¤¥É¥±Éµ·Ò ±µ·µÉ±¨Ì ¨³¶Ê²Ó¸µ¢ ¶µÉµ±  Î ¸É¨Í.

„²Ö ¤µ¸É ÉµÎ´µ ¶·µÉÖ¦¥´´ÒÌ ¢µ ¢·¥³¥´¨ ´¥·¥²ÖÉ¨¢¨¸É¸±¨Ì ¶ÊÎ±µ¢ ±² ¸-
¸¨Î¥¸±¨° ¢·¥³Ö¶·µ²eÉ´Ò° ³¥Éµ¤ ¨§³¥·¥´¨Ö · ¸¶·¥¤¥²¥´¨Ö Î ¸É¨Í ¢ ¶ÊÎ±¥ ¶µ
¸±µ·µ¸ÉÖ³ µ¸´µ¢ ´ ´  ³µ¤Ê²ÖÍ¨¨ ¨Ì ¶µÉµ±  ¢µ ¢·¥³¥´¨, ´ ¶·¨³¥·, ¸ ¶µ³µ-
ÐÓÕ ¤¨¸± , ¢ ±µÉµ·µ³ ¢Ò·¥§ ´  Ê§± Ö Ð¥²Ó, ¨ ·¥£¨¸É· Í¨¨ ¨´É¥´¸¨¢´µ¸É¨
¶·µÏ¥¤Ï¨Ì Î ¸É¨Í ´  ¶·µ²eÉ´µ° ¡ §¥ ¢µ ¢·¥³¥´¨. ˆ¸¶µ²Ó§µ¢ ´¨¥ µ¤´µÐ¥-
²¥¢µ£µ (§  ¢·¥³Ö ¨§³¥·¥´¨Ö) ¶·¥·Ò¢ É¥²Ö ¶µ§¢µ²Ö¥É ´¥¶µ¸·¥¤¸É¢¥´´µ ·¥£¨-
¸É·¨·µ¢ ÉÓ ‚�-¸¶¥±É· ¶ÊÎ± . ‚ ÔÉµ³ ¸²ÊÎ ¥ ¤²Ö Ê²ÊÎÏ¥´¨Ö · §·¥Ï¥´¨Ö ´¥-
µ¡Ìµ¤¨³µ Ê¢¥²¨Î¨¢ ÉÓ ¶·µ²eÉ´ÊÕ ¡ §Ê,   É ±¦¥ Ê³¥´ÓÏ ÉÓ ¶·µ¸É· ´¸É¢¥´´Ò¥
· §³¥·Ò Ð¥²¨ ¤¨¸± -¶·¥·Ò¢ É¥²Ö ¨ ¶¥·¨µ¤ ¥£µ ¢· Ð¥´¨Ö. ‚ ¸¢Ö§¨ ¸ ÔÉ¨³
µ¸´µ¢´Ò³ ´¥¤µ¸É É±µ³ ±² ¸¸¨Î¥¸±µ£µ ‚�-³¥Éµ¤  ¤¨ £´µ¸É¨±¨ Ö¢²Ö¥É¸Ö ¶· ±-
É¨Î¥¸±¨ ¶µ²´ Ö ¶µÉ¥·Ö ¶ÊÎ±  ¢µ ¢·¥³Ö ¨§³¥·¥´¨° ¨ ³ ² Ö ÔËË¥±É¨¢´µ¸ÉÓ
´ ¡µ·  ¨´Ëµ·³ Í¨¨, ¶¥·¥´µ¸¨³µ° ¶·µÏ¥¤Ï¨³¨ Î¥·¥§ Ð¥²Ó Î ¸É¨Í ³¨. �µ-
³¨³µ ÔÉµ£µ, É ± ± ± ÏÊ³µ¢ Ö ±µ³¶µ´¥´É  ·¥£¨¸É·¨·Ê¥³µ£µ ¸¨£´ ²  µ¸É eÉ¸Ö
¶· ±É¨Î¥¸±¨ ´¥¨§³¥´´µ°, µÉ´µÏ¥´¨¥ ¸¨£´ ²/ÏÊ³ ¶·¨ Ê²ÊÎÏ¥´¨¨ · §·¥Ï¥´¨Ö
·¥§±µ Ê³¥´ÓÏ ¥É¸Ö. ‘¨ÉÊ Í¨Ö ÊÌÊ¤Ï ¥É¸Ö ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ³´µ£µ¤¨¸±µ¢ÒÌ
¸¥²¥±Éµ·µ¢ ¸±µ·µ¸É¥°, ¶µ¸±µ²Ó±Ê ¢ ÔÉµ³ ¸²ÊÎ ¥ ‚�-¸¶¥±É· ¸É·µ¡¨·Ê¥É¸Ö ¸
¶µ³µÐÓÕ ¤µ¶µ²´¨É¥²Ó´ÒÌ ¤¨¸±µ¢.

ˆ§¡¥¦ ÉÓ §´ Î¨É¥²Ó´ÒÌ ¶µÉ¥·Ó ±¢ §¨´¥¶·¥·Ò¢´µ£µ ¶ÊÎ±  ¶·¨ ±² ¸¸¨Î¥-
¸±¨Ì ‚�-¨§³¥·¥´¨ÖÌ ³µ¦´µ ¶·¨ ¶¥·¥Ìµ¤¥ µÉ ³¥Ì ´¨Î¥¸±µ£µ ¶·¥·Ò¢ É¥²Ö ±
¶·¥·Ò¢ É¥²Õ ¢ ¢¨¤¥ ¢´ÊÉ·¥´´¥° ³¨Ï¥´¨, ¶µÖ¢²ÖÕÐ¥°¸Ö ¢ ¶ÊÎ±¥ ´  ±µ·µÉ±¨°
¶·µ³¥¦ÊÉµ± ¢·¥³¥´¨. �´  ¢Ò¶µ²´Ö¥É ·µ²Ó Ð¥²¨ ¤²Ö Î ¸É¨Í ¶ÊÎ± , ¶·µ¢§ ¨-
³µ¤¥°¸É¢µ¢ ¢Ï¨Ì ¸ ³¨Ï¥´ÓÕ, ¨ ·µ¦¤ ÕÐ¨Ì¸Ö ´  ´¥° ¢Éµ·¨Î´ÒÌ Î ¸É¨Í. �·¨
¶µ¤µ¡´µ° ³µ¤¥·´¨§ Í¨¨ ±² ¸¸¨Î¥¸±µ£µ ‚�-³¥Éµ¤  ¢ ¦´ Ö ·µ²Ó µÉ¢µ¤¨É¸Ö ¢Ò-
¡µ·Ê ¶µ¤Ìµ¤ÖÐ¥° ³¨Ï¥´¨. �¸´µ¢´Ò³ Ê¸²µ¢¨¥³ ¢ ÔÉµ³ ¸²ÊÎ ¥ Ö¢²Ö¥É¸Ö µ¡¥¸-
¶¥Î¥´¨¥ µ¤´µ§´ Î´µ° ¸¢Ö§¨ ‚�-¸¶¥±É·µ¢ ¶ÊÎ±  ¨ ¨¸¶µ²Ó§Ê¥³ÒÌ ¢Éµ·¨Î´ÒÌ
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Î ¸É¨Í ¶·¨ ¨Ì ¨§¡¨· É¥²Ó´µ° ·¥£¨¸É· Í¨¨ ¤¥É¥±Éµ· ³¨. �·¨³¥· ³¨ É ±µ£µ
¶µ¤Ìµ¤  Ö¢²ÖÕÉ¸Ö: ¨§³¥·¥´¨¥ Ô´¥·£¥É¨Î¥¸±µ£µ ¸¶¥±É·  ±µ²²¥±É¨¢´µ Ê¸±µ·¥´-
´ÒÌ ¶·µÉµ´µ¢ ¢ ¶ÊÎ±¥ Ô²¥±É·µ´µ¢ ¶µ ¢·¥³¥´¨ ¶·µ²eÉ  ´¥°É·µ´µ¢ [1], ¨¸¶µ²Ó-
§µ¢ ´¨¥ ¢ ± Î¥¸É¢¥ ¢Éµ·¨Î´ÒÌ Î ¸É¨Í Ê¶·Ê£µ· ¸¸¥Ö´´ÒÌ ¨µ´µ¢ [2], ¢µ§¡Ê¦¤¥-
´¨¥ ¶µÉµ±  ´¥°É· ²Ó´ÒÌ Î ¸É¨Í ² §¥·´Ò³ ¨§²ÊÎ¥´¨¥³ (³¥Éµ¤ ³¥Î¥´ÒÌ  Éµ-
³µ¢ ¨²¨ ³µ²¥±Ê²) [3,4], ·¥£¨¸É· Í¨Ö ´¥°É· ²Ó´ÒÌ Î ¸É¨Í ¶µ¸²¥ ËµÉµµ¡¤¨·±¨
¶ÊÎ±  µÉ·¨Í É¥²Ó´ÒÌ ¨µ´µ¢ ¤²Ö ¥£µ ‚�-¤¨ £´µ¸É¨±¨ [5] ¨ ¤·. „²Ö Ëµ·³¨·µ-
¢ ´¨Ö ´¥µ¡Ìµ¤¨³µ° ¢´ÊÉ·¥´´¥° ³¨Ï¥´¨ ¨§ ´¥°É· ²Ó´ÒÌ (§ ·Ö¦¥´´ÒÌ) Î ¸É¨Í
¨²¨ ËµÉµ´µ¢ ³µ¦¥É ¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´ ³¥Ì ´¨Î¥¸±¨° ¨²¨ Ô²¥±É·µ³ £´¨É´Ò°
¶·¥·Ò¢ É¥²Ó ²¨¡µ ¡Ò¸É·µ¤¥°¸É¢ÊÕÐ¨°  ±Ê¸Éµµ¶É¨Î¥¸±¨° ¨²¨ Ô²¥±É·µµ¶É¨Î¥-
¸±¨° § É¢µ· ² §¥·´µ£µ ¨§²ÊÎ¥´¨Ö. ‚ ¶µ¸²¥¤´¨Ì ¸²ÊÎ ÖÌ ³µ¦´µ ¨§¡¥¦ ÉÓ ´¥±µ-
Éµ·ÒÌ ¶· ±É¨Î¥c±¨Ì É·Ê¤´µ¸É¥°, ¸¢Ö§ ´´ÒÌ ¸ ¸¨´Ì·µ´¨§ Í¨¥° ³¥Ì ´¨Î¥¸±¨Ì
¨ Ô²¥±É·µ´´ÒÌ ±µ³¶µ´¥´Éµ¢ ¤¨ £´µ¸É¨Î¥¸±µ° ¸¨¸É¥³Ò. �¤´ ±µ ¶·¨ ³ ²µ°
¢¥·µÖÉ´µ¸É¨ ¢§ ¨³µ¤¥°¸É¢¨Ö ¶ÊÎ±  ¸ ³¨Ï¥´ÓÕ ³µ¤¥·´¨§¨·µ¢ ´´Ò° ‚�-³¥Éµ¤
¶µÉ·¥¡Ê¥É §´ Î¨É¥²Ó´µ£µ Ê¢¥²¨Î¥´¨Ö ¢·¥³¥´¨ ¨§³¥·¥´¨°. Š·µ³¥ Éµ£µ, É ± Ö
¤¨ £´µ¸É¨±  ¸É ´µ¢¨É¸Ö ´¥¢µ§³µ¦´µ° ¶·¨ ¡µ²ÓÏ¨Ì Ëµ´µ¢ÒÌ § £·Ê§± Ì ¨²¨
ÏÊ³ Ì ¤¥É¥±Éµ·  ¢Éµ·¨Î´ÒÌ Î ¸É¨Í. ‚ Î ¸É´µ¸É¨, ¤²Ö ¨¸ÉµÎ´¨±µ¢ ¨µ´µ¢ ¢¥-
·µÖÉ´µ¸ÉÓ ·µ¦¤¥´¨Ö ¨¸¶µ²Ó§Ê¥³ÒÌ ¢Éµ·¨Î´ÒÌ Î ¸É¨Í ´  µ¸É ÉµÎ´µ³ £ §¥ (ηb)
³µ¦¥É ¡ÒÉÓ ¢¥¸Ó³  ¡µ²ÓÏµ°. ‚ ÔÉµ³ ¸²ÊÎ ¥ ¸¥²¥±É¨¢´µ¥ ¢Ò¤¥²¥´¨¥ ¸¨£´ ² 
¨§ ¶µÉµ±  Ëµ´µ¢ÒÌ Î ¸É¨Í ¢ µ¡² ¸É¨ ¤¥É¥±Éµ·  ´¥¢µ§³µ¦´µ µ¡¥¸¶¥Î¨ÉÓ ´¨
¶·¨ ± ±¨Ì ¶²µÉ´µ¸ÉÖÌ ¨¸¶µ²Ó§Ê¥³µ° ¢´ÊÉ·¥´´¥° ³¨Ï¥´¨. �Éµ ¨³¥¥É ³¥¸Éµ,
´ ¶·¨³¥·, ¶·¨ ¶¥·¥´µ¸¥ ¶·¥¤²µ¦¥´´µ£µ ¢ · ¡µÉ¥ [5] ³µ¤¥·´¨§¨·µ¢ ´´µ£µ
‚�-³¥Éµ¤  ´¥¢µ§³ÊÐ ÕÐ¥° ¤¨ £´µ¸É¨±¨ ¶ÊÎ±  ¶µ ´¥°É· ²Ó´Ò³ ¢Éµ·¨Î´Ò³
Î ¸É¨Í ³ ´  ¨¸ÉµÎ´¨±¨ ¨µ´µ¢ H− (ηb ≈ 0,2 ÷ 0,4). �·¨ ÔÉµ³ ¨¸¶µ²Ó§µ¢ ´¨¥
¸ ³µ£µ ¶µÉµ±  Ëµ´µ¢ÒÌ ´¥°É· ²Ó´ÒÌ Î ¸É¨Í ¤²Ö § ¤ Î ¤¨ £´µ¸É¨±¨ É ±µ£µ
¶ÊÎ±  ´  ¶µ¢µ·µÉ´ÒÌ ÊÎ ¸É± Ì ¥£µ ± ´ ²  É· ´¸¶µ·É¨·µ¢±¨ ¸µ¶·Ö¦¥´µ ¸µ
§´ Î¨É¥²Ó´Ò³ ¨¸± ¦¥´¨¥³ ¨´Ëµ·³ Í¨¨ ¨§-§  ¶²µÌµ° ¶·µ¸É· ´¸É¢¥´´µ° ²µ-
± ²¨§ Í¨¨ ¥e ¨¸ÉµÎ´¨± ,   É ±¦¥ ¢Ò¸µ±µ° ÔËË¥±É¨¢´µ¸É¨ µ¡¤¨·±¨ ¨µ´µ¢ H−

¡µ²¥¥ ´¨§±¨Ì Ô´¥·£¨° ´  µ¸É ÉµÎ´µ³ £ §¥ ¢ Ê¸±µ·ÖÕÐ¥³ ¶·µ³¥¦ÊÉ±¥.
„²Ö Ê¢¥²¨Î¥´¨Ö ÔËË¥±É¨¢´µ¸É¨ ´ ¡µ·  ¨´Ëµ·³ Í¨¨ ¢ · ¸¸³ É·¨¢ ¥³µ³

³¥Éµ¤¥ ¤¨ £´µ¸É¨±¨ ´¥µ¡Ìµ¤¨³ ¶¥·¥Ìµ¤ ± ³´µ£µÐ¥²¥¢µ³Ê ¶·¥·Ò¢ É¥²Õ, ´¥
¨¸± ¦ ÕÐ¥³Ê ‚�-¸¶¥±É· §  ¢·¥³Ö ¨§³¥·¥´¨°. ‚ Î ¸É´µ¸É¨, ÔÉµ ¢µ§³µ¦´µ
¶·¨ ³µ¤Ê²ÖÍ¨¨ ¶ÊÎ±  ¢µ ¢·¥³¥´¨, ¡²¨§±µ° ± Ë¨§¨Î¥¸±¨ ´¥µ¸ÊÐ¥¸É¢¨³µ³Ê
¡¥²µ³Ê ÏÊ³Ê ( ¢Éµ±µ··¥²ÖÍ¨µ´´ Ö ËÊ´±Í¨Ö · ¢´  δ-ËÊ´±Í¨¨). „²Ö ¶µ²ÊÎ¥-
´¨Ö ¨´Ëµ·³ Í¨¨ µ ¸¶¥±É·¥ ¸ ³¨´¨³ ²Ó´Ò³ ¨¸± ¦¥´¨¥³  ²£µ·¨É³ ³µ¤Ê²ÖÍ¨¨
¤µ²¦¥´ ¸µµÉ¢¥É¸É¢µ¢ ÉÓ É ± ´ §Ò¢ ¥³µ° µ¶É¨³ ²Ó´µ° ¶¸¥¢¤µ¸²ÊÎ °´µ° ¶µ-
¸²¥¤µ¢ É¥²Ó´µ¸É¨, ³ ±¸¨³ ²Ó´µ° §  ¢·¥³Ö ¨§³¥·¥´¨Ö ¤²¨É¥²Ó´µ¸É¨ [6]. ‚
µÉ²¨Î¨¥ µÉ ±² ¸¸¨Î¥¸±µ£µ ¢ ·¨ ´É  ¶·Ö³ÒÌ ¨§³¥·¥´¨° ¶·¨ ¶µ¤µ¡´µ° ³µ¤Ê-
²ÖÍ¨¨ ‚�-¸¶¥±É· ¶ÊÎ±  µ¶·¥¤¥²Ö¥É¸Ö ¢§ ¨³´µ° ±µ··¥²ÖÍ¨µ´´µ° ËÊ´±Í¨¥°
¶µÉµ±  Î ¸É¨Í ´  ¤¥É¥±Éµ·¥ ¨ ¶µ¸²¥¤µ¢ É¥²Ó´µ¸É¨ ³µ¤Ê²¨·ÊÕÐ¨Ì ¨³¶Ê²Ó¸µ¢.
�¥§ ¢¨¸¨³µ µÉ ¤²¨´Ò ÔÉµ° ¶µ¸²¥¤µ¢ É¥²Ó´µ¸É¨ ¶·¨ ±µ··¥²ÖÍ¨µ´´µ³ ³¥Éµ¤¥
¶ÊÎµ± ´¥ ¶·¥·Ò¢ ¥É¸Ö ´¥¸±µ²Ó±µ ¤µ²ÓÏ¥ ¶µ²µ¢¨´Ò µ¡Ð¥£µ ¢·¥³¥´¨ ¨§³¥·¥-
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´¨°. ‚ ·¥§Ê²ÓÉ É¥ ÔÉµ£µ ¶µÉµ± Î ¸É¨Í ´  ¤¥É¥±Éµ·¥ ¶· ±É¨Î¥¸±¨ ´¥ § ¢¨¸¨É µÉ
¤µ¸É¨£ ¥³µ£µ ¢·¥³¥´´µ£µ · §·¥Ï¥´¨Ö, ÎÉµ Ö¢²Ö¥É¸Ö ¸ÊÐ¥¸É¢¥´´Ò³ ¤µ¸Éµ¨´-
¸É¢µ³ ¤ ´´µ£µ ³¥Éµ¤  ¶µ ¸· ¢´¥´¨Õ ¸ ±² ¸¸¨Î¥¸±¨³. Šµ··¥²ÖÍ¨µ´´Ò° ³¥Éµ¤
¨§³¥·¥´¨Ö Ô´¥·£¥É¨Î¥¸±µ£µ ¸¶¥±É·  Î ¸É¨Í ¶µ ¢·¥³¥´¨ ¶·µ²eÉ  ¶·¥¤²µ¦¥´
 ¢Éµ· ³¨ · ¡µÉ [7,8]. ‚ ´ ¨¡µ²ÓÏ¥° ¸É¥¶¥´¨ µ´ ¶µ²ÊÎ¨² · §¢¨É¨¥ ¢ ´¥°-
É·µ´´µ° Ë¨§¨±¥ (¸³., ´ ¶·¨³¥·, [7,9,10]). �·¨ ÔÉµ³ ¢ Ô±¸¶¥·¨³¥´É Ì ¶µ
¨¸¸²¥¤µ¢ ´¨Õ ¸É·Ê±ÉÊ·Ò É¢e·¤µ£µ É¥²  ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¶µÉµ±  ´¥°É·µ´µ¢
Ï¨·µ±µ ¨¸¶µ²Ó§ÊÕÉ¸Ö ¢·¥³Ö¶·µ²eÉ´Ò¥ ¸¶¥±É·µ³¥É·Ò ¸ ¤¢Ê³Ö ¶¸¥¢¤µ¸²ÊÎ °-
´Ò³¨ ¶·¥·Ò¢ É¥²Ö³¨ ¶¥·¥¤ µ¡· §Íµ³. ‚ ÔÉµ³ ¸²ÊÎ ¥ ³µ¦´µ ¸· §Ê ¨§³¥·ÖÉÓ
´¥µ¡Ìµ¤¨³Ò° ¸¶¥±É· ¢ § ¢¨¸¨³µ¸É¨ µÉ ¶¥·¢¨Î´µ° Ô´¥·£¨¨, ¸µ¤¥·¦ Ð¥°¸Ö ¢
¶ ¤ ÕÐ¥³ ¶µ²¨Ì·µ³ É¨Î¥¸±µ³ ´¥°É·µ´´µ³ ¶ÊÎ±¥ [9]. �µ ¸· ¢´¥´¨Õ ¸ É¥Ì´¨-
±µ° ¸ µ¤´¨³ ¶·¥·Ò¢ É¥²¥³ ¶·¨ ÔÉµ³ ¤µ¶µ²´¨É¥²Ó´µ Ê²ÊÎÏ ¥É¸Ö µÉ´µÏ¥´¨¥
¸¨£´ ²  ± ÏÊ³Ê. …¸²¨ ¢ ¶¥·¢µ³ ¸²ÊÎ ¥ ´¥±µ··¥²¨·µ¢ ´´Ò° Ëµ´ Ê³¥´ÓÏ -
¥É¸Ö ¢ (N + 1)/2 · §, £¤¥ N Å Î¨¸²µ Ô²¥³¥´Éµ¢ ¢ Í¨±²¥ ¶¸¥¢¤µ¸²ÊÎ °´µ°
¶µ¸²¥¤µ¢ É¥²Ó´µ¸É¨ ³µ¤Ê²ÖÍ¨¨ ¶ÊÎ± , Éµ ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ¤¢ÊÌ ¶·¥·Ò¢ É¥-
²¥° µ´ ¤µ¶µ²´¨É¥²Ó´µ Ê³¥´ÓÏ ¥É¸Ö ¢µ ¸Éµ²Ó±µ · §, ¸±µ²Ó±µ Ô´¥·£¥É¨Î¥¸±¨Ì
£·Ê¶¶ ´ ²¥É ÕÐ¨Ì Î ¸É¨Í ¨¸¶µ²Ó§Ê¥É¸Ö µ¤´µ¢·¥³¥´´µ. ‚ Ê¶µ³Ö´ÊÉµ° ¢ÒÏ¥
· ¡µÉ¥ µ¶¨¸ ´ ¶·¨³¥· É ±µ£µ ¸¶¥±É·µ³¥É·  ¸ ¤¢Ê³Ö µ¤¨´ ±µ¢Ò³¨ ¶µ¸²¥¤µ¢ -
É¥²Ó´µ¸ÉÖ³¨ Ð¥²¥° ´  ¶·¥·Ò¢ É¥²ÖÌ, ´µ ¸µ ¸¤¢¨£µ³ ¶µ Ë §¥ ¨²¨ ¸ · §²¨Î´µ°
Î ¸ÉµÉµ° ¨Ì ¢· Ð¥´¨Ö. �·¨³¥´¨É¥²Ó´µ ± ¶ÊÎ± ³ Î ¸É¨Í ¨ ¢ § ¢¨¸¨³µ¸É¨

�¨¸. 1. �¡² ¸É¨ ¶·¨³¥´¨³µ¸É¨
µ¡ÒÎ´µ£µ (A) ¨ ±µ··¥²ÖÍ¨µ´-
´µ£µ (B) ¢·¥³Ö¶·µ²eÉ´ÒÌ ³¥Éµ-
¤µ¢

µÉ ¨Ì É¨¶ ,   É ±¦¥ ´¥µ¡Ìµ¤¨³µ£µ · §·¥Ï¥´¨Ö
¶·¨ ±µ··¥²ÖÍ¨µ´´ÒÌ ¨§³¥·¥´¨ÖÌ ‚�-¸¶¥±É· 
Ï¨·µ±µ ¨¸¶µ²Ó§Ê¥É¸Ö ± ± Ô²¥±É·¨Î¥¸± Ö [11],
É ± ¨ ³¥Ì ´¨Î¥¸± Ö [12] ³µ¤Ê²ÖÍ¨Ö ¶ÊÎ± .

Š Î¥¸É¢¥´´µ¥ ¸· ¢´¥´¨¥ ±µ··¥²ÖÍ¨µ´´µ£µ
¨ ±² ¸¸¨Î¥¸±µ£µ ‚�-³¥Éµ¤µ¢ ³µ¦´µ ¶·µ¢¥¸É¨
¸ ¶µ³µÐÓÕ ·¨¸.1 (¢§ÖÉµ£µ ¨§ · ¡µÉÒ [9]). �·¨
ÔÉµ³ µ¡² ¸É¨ ¶·¥¨³ÊÐ¥¸É¢ ¤ ´´ÒÌ ³¥Éµ¤µ¢ · §-
£· ´¨Î¨¢ ÕÉ¸Ö ¶·Ö³µ° Fk/F̄ = 2(1−U/F̄ ), £¤¥
Fk Å Î¨¸²µ ¸µ¡ÒÉ¨°, ·¥£¨¸É·¨·Ê¥³ÒÌ ¢ ± ´ ²¥
k  ´ ²¨§ Éµ·  ‚�-¸¶¥±É· , U Å ¸µµÉ¢¥É¸É¢ÊÕ-
Ð¨¥ Ëµ´µ¢Ò¥ ¸µ¡ÒÉ¨Ö, F̄ = Ft/N , Ft Å ¶µ²-
´µ¥ Î¨¸²µ µÉ¸Î¥Éµ¢ ËÊ´±Í¨¨ µÉ±²¨±  ¢ ¸¶¥±É·¥,
N = T/∆t, T Å ¶¥·¨µ¤ Í¨±²  ¶¸¥¢¤µ¸²ÊÎ °-
´µ° ¶µ¸²¥¤µ¢ É¥²Ó´µ¸É¨, ∆t Å ¤²¨´  ¥e Ô²¥-
³¥´É  ¢µ ¢·¥³¥´¨. �¥É·Ê¤´µ ¢¨¤¥ÉÓ, ÎÉµ ¶¸¥¢-
¤µ¸²ÊÎ °´Ò° ¶·¥·Ò¢ É¥²Ó ¶µÉµ±  Î ¸É¨Í ¨³¥¥É
´¥¸µ³´¥´´µ¥ ¶·¥¨³ÊÐ¥¸É¢µ ¶·¨ ¢Ò¸µ±µ³ ´¥-

±µ··¥²¨·µ¢ ´´µ³ Ëµ´¥, ±µ£¤  ±² ¸¸¨Î¥¸±¨° ‚�-³¥Éµ¤ ¶· ±É¨Î¥¸±¨ ´¥¶·¨-
³¥´¨³. ‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ¢ Ê± § ´´ÒÌ Ëµ´µ¢ÒÌ Ê¸²µ¢¨ÖÌ ³¥Éµ¤ ¶¸¥¢-
¤µ¸²ÊÎ °´ÒÌ ¢µ§³ÊÐ¥´¨° ¢µ ¢·¥³¥´¨ Ö¢²Ö¥É¸Ö ¢¥¸Ó³  ¶²µ¤µÉ¢µ·´Ò³ ¨ ¢
¤·Ê£¨Ì µ¡² ¸ÉÖÌ É¥Ì´¨±¨ Ë¨§¨Î¥¸±µ£µ Ô±¸¶¥·¨³¥´É . ‚ Î ¸É´µ¸É¨, ¨§³¥·¥-
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´¨¥ ¢§ ¨³´µ° ±µ··¥²ÖÍ¨µ´´µ° ËÊ´±Í¨¨ ³¥¦¤Ê ¢Ìµ¤´Ò³ ¢µ§³ÊÐ¥´¨¥³ ¨ ¨§-
³¥·Ö¥³Ò³ ¶ · ³¥É·µ³ (´ ¶·¨³¥·, ³µÐ´µ¸ÉÓÕ Ö¤¥·´µ£µ ·¥ ±Éµ· ) ¤ eÉ ¨³-
¶Ê²Ó¸´ÊÕ ¶¥·¥Ìµ¤´ÊÕ Ì · ±É¥·¨¸É¨±Ê ¨§ÊÎ ¥³µ° ¸¨¸É¥³Ò (·¥ ±Éµ· ) [13].
Œµ¦´µ É ±¦¥ ·¥ ²¨§µ¢ ÉÓ ´¥µ¡Ìµ¤¨³ÊÕ ¶¸¥¢¤µ¸²ÊÎ °´ÊÕ ³µ¤Ê²ÖÍ¨Õ ¢µ ¢·¥-
³¥´¨ ¨¸¶µ²Ó§Ê¥³ÒÌ ¢ Ô±¸¶¥·¨³¥´É¥ ¢Éµ·¨Î´ÒÌ ´¥°É· ²Ó´ÒÌ Î ¸É¨Í (´ ¶·¨-
³¥·, ¡Ò¸É·ÒÌ ´¥°É·µ´µ¢) ¶·¨ ·µ¦¤¥´¨¨ ¨Ì ´  ³¨Ï¥´¨-±µ´¢¥·Éµ·¥ ¨ ¸µ-
µÉ¢¥É¸É¢ÊÕÐ¥° Ô²¥±É·¨Î¥¸±µ° ³µ¤Ê²ÖÍ¨¨ ´ ²¥É ÕÐ¨Ì § ·Ö¦¥´´ÒÌ Î ¸É¨Í
(¤¥°É·µ´µ¢) [14].

�¨¸. 2. ‘Ì¥³  ³Ê²ÓÉ¨¶²¥±¸´µ£µ ¨§³¥·¨É¥²Ö
¶µ¶¥·¥Î´µ£µ Ô³¨ÉÉ ´¸  ¶ÊÎ±  ¨µ´µ¢ ¸ ¤¢Ê³Ö
¶µ¤¢¨¦´Ò³¨ ÏÉµ·± ³¨: 1 ¨ 2 Å ´¥¶µ¤¢¨¦-
´Ò¥ µ±´  ¤²Ö ¡¥c¶·¥¶ÖÉ¸É¢¥´´µ£µ ¶·µÌµ¦¤¥-
´¨Ö ¶ÊÎ±  ´  ±µ²²¥±Éµ· 5; 3 ¨ 4 Å ¶µ¤¢¨¦-
´Ò¥ ÏÉµ·±¨

„²Ö § ¤ Î ¤¨ £´µ¸É¨±¨ ¶ÊÎ-
±µ¢ ³µ¦´µ ¨¸¶µ²Ó§µ¢ ÉÓ ´¥ Éµ²Ó±µ
¢·¥³¥´´
ÊÕ ³µ¤Ê²ÖÍ¨Õ. �·¨³¥-
·µ³ ÔÉµ£µ Ö¢²ÖÕÉ¸Ö ³Ê²ÓÉ¨¶²¥±¸-
´Ò¥ Ê¸É·µ°¸É¢  ¤²Ö ¨§³¥·¥´¨Ö · ¸-
¶·¥¤¥²¥´¨° § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¢
¶µ¶¥·¥Î´µ³ Ë §µ¢µ³ ¶·µ¸É· ´¸É¢¥
(¶µ¶¥·¥Î´µ£µ Ô³¨ÉÉ ´¸ ) ¨ ³ £´¨É-
´µ£µ  ´ ²¨§  ¨Ì Ô´¥·£¥É¨Î¥¸±µ£µ
¸¶¥±É·  [15,16]. ‚ ÔÉµ³ ¸²Ê-
Î ¥ µ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¶·µ¸É· ´¸É¢¥´-
´ Ö ³µ¤Ê²ÖÍ¨Ö ¶µÉµ±   ´ ²¨§¨·Ê¥-
³ÒÌ Î ¸É¨Í ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¶µ-
¤¢¨¦´ÒÌ ÏÉµ·µ±, ¢ ±µÉµ·ÒÌ ¨³¥-
ÕÉ¸Ö ¢Ò·¥§Ò ¨ ¶¥·¥³ÒÎ±¨, Î¥-
·¥¤ÊÕÐ¨¥¸Ö ¶µ § ±µ´Ê ¶¸¥¢¤µ¸²Ê-
Î °´µ£µ ±µ¤¨·µ¢ ´¨Ö. ‚ Î ¸É´µ-
¸É¨, ¶·¨ µ¶·¥¤¥²¥´¨¨ Ô´¥·£¥É¨Î¥-
¸±µ£µ ¸¶¥±É·  ¨µ´µ¢ É ±¨¥ ±µ¤¨-
·ÊÕÐ¨¥ ³ ¸±¨ ³µ£ÊÉ ¡ÒÉÓ · ¸¶µ-
²µ¦¥´Ò ´  ¢Ìµ¤¥ ³ £´¨É´µ£µ  ´ -
²¨§ Éµ·  ¨²¨ ´ ¤ ¤¥É¥±Éµ·µ³ Î -
¸É¨Í. ‚ ¶¥·¢µ³ ¸²ÊÎ ¥ §´ Î¨-
É¥²Ó´µ µ¸² ¡²Ö¥É¸Ö ÔËË¥±É ¶µ-
¸Éµ·µ´´¥£µ ¨§²ÊÎ¥´¨Ö ´¥¶ÊÎ±µ¢µ°
¶·¨·µ¤Ò,   ¢µ ¢Éµ·µ³ Å ¢±² ¤
ÏÊ³µ¢ ¤¥É¥±Éµ· . „²Ö ¶µ²ÊÎ¥´¨Ö
¨´Ëµ·³ Í¨¨ µ · ¸¶·¥¤¥²¥´¨¨ Î -
¸É¨Í ¢ ¶µ¶¥·¥Î´µ³ Ë §µ¢µ³ ¶·µ-
¸É· ´¸É¢¥ (Ô³¨ÉÉ ´¸¥ ¶ÊÎ± ) µ¤´µ-
¢·¥³¥´´µ ¨¸¶µ²Ó§ÊÕÉ¸Ö ¤¢¥ ¶µ¤¢¨¦´Ò¥ ÏÉµ·±¨, · ¸¶µ²µ¦¥´´Ò¥ ´  ¶·µ²eÉ-
´µ° ¡ §¥ (¸³. ·¨¸.2). ‚ Ìµ¤¥ ¨§³¥·¥´¨° ÏÉµ·±¨ ¶µ¸²¥¤µ¢ É¥²Ó´µ ¶¥·¥³¥-
Ð ÕÉ ¢¤µ²Ó ¢Ò¡· ´´µ£µ ´ ¶· ¢²¥´¨Ö ´  µ¤¨´ Ô²¥³¥´É Í¨±²  ¶¸¥¢¤µ¸²ÊÎ °-
´µ£µ ±µ¤¨·µ¢ ´¨Ö. �·¨ ± ¦¤µ° ±µ³¡¨´ Í¨¨ ¶·µ¸É· ´¸É¢¥´´µ£µ ¶µ²µ¦¥´¨Ö
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ÏÉµ·µ± ¨§³¥·ÖÕÉ ¶µ¸²¥¤µ¢ É¥²Ó´µ¸ÉÓ §´ Î¥´¨° ¨´É¥´¸¨¢´µ¸É¨ Î ¸É¨ ¶ ¤ Õ-
Ð¥£µ ¶ÊÎ±  ¨µ´µ¢, ±µÉµ· Ö ¶·µÏ²  Î¥·¥§ Ð¥²¨ ¶¥·¢µ° ¨ ¢Éµ·µ° ÏÉµ·±¨. �µ
¸· ¢´¥´¨Õ ¸ É· ¤¨Í¨µ´´Ò³ ¸¶µ¸µ¡µ³ ¢ ÔÉµ³ ¸²ÊÎ ¥ §´ Î¨É¥²Ó´µ ¸µ±· Ð -
¥É¸Ö ¢·¥³Ö ¨§³¥·¥´¨° ¨ Ê¢¥²¨Î¨¢ ¥É¸Ö ¨Ì ÉµÎ´µ¸ÉÓ. ‚ µ¡µ¨Ì · ¸¸³µÉ·¥´´ÒÌ
Ê¸É·µ°¸É¢ Ì ´¥¶µ¸·¥¤¸É¢¥´´µ ¨§³¥·Ö¥É¸Ö ´¥±µÉµ·Ò° ¤¨¸±·¥É´Ò° ¨´É¥£· ²Ó-
´Ò° µ¡· § ¨¸¸²¥¤Ê¥³µ° ËÊ´±Í¨µ´ ²Ó´µ° § ¢¨¸¨³µ¸É¨. „²Ö Éµ£µ ÎÉµ¡Ò ¶µ²Ê-
Î¥´´µ° ¨´Ëµ·³ Í¨¨ ¶·¨¤ ÉÓ É· ¤¨Í¨µ´´ÊÕ Ëµ·³Ê, ¶µ¸²¥¤µ¢ É¥²Ó´µ¸ÉÓ ÔÉ¨Ì
µ¡· §µ¢ ¶µ¤¢¥·£ ÕÉ µ¡· É´µ³Ê ¶·¥µ¡· §µ¢ ´¨Õ. �·¥¨³ÊÐ¥¸É¢  ¤ ´´ÒÌ ¶·¨-
¡µ·µ¢ ´ ¤ É· ¤¨Í¨µ´´Ò³¨ É¥³ ¢ÒÏ¥, Î¥³ ¡µ²ÓÏ¥ Î¨¸²µ ¤¨¸±·¥É´ÒÌ ÉµÎ¥±
¨§³¥·¥´¨° (N ). ‚ ¸µµÉ¢¥É¸É¢¨¨ ¸ ²µ£¨±µ° ¸¢µ¥° · ¡µÉÒ ¤ ´´Ò¥ ¤¨ £´µ¸É¨-
Î¥¸±¨¥ Ê¸É·µ°¸É¢  µÉ´µ¸ÖÉ¸Ö ± ±² ¸¸Ê · §·ÊÏ ÕÐ¨Ì ¶ÊÎµ± ¨, ¨§-§  ¶·µ¡²¥³Ò
¸µ§¤ ´¨Ö ¶¥·¥³ÒÎ¥± ¢ ÏÉµ·± Ì, ´¥ ³µ£ÊÉ ¡ÒÉÓ ´¥¶µ¸·¥¤¸É¢¥´´µ ¨¸¶µ²Ó§µ¢ ´Ò
¤²Ö ¶ÊÎ±µ¢ ¢Ò¸µ±µÔ´¥·£¥É¨Î¥¸±¨Ì ¨µ´µ¢. ’¥³ ´¥ ³¥´¥¥ ¢ ´¥±µÉµ·ÒÌ ¸²ÊÎ ÖÌ,
´ ¶·¨³¥·, ¤²Ö ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¨µ´µ¢ H− (¸³. [17]), ÔÉÊ É·Ê¤´µ¸ÉÓ, ¢ ¶·¨´Í¨¶¥,
³µ¦´µ µ¡µ°É¨, ¥¸²¨ ¢ ± Î¥¸É¢¥ ¢Ò·¥§µ¢ ´  ¶µ¤¢¨¦´ÒÌ ÏÉµ·± Ì ¢ ¶ÊÎ±¥ ¨¸-
¶µ²Ó§µ¢ ÉÓ §µ´¤¨·ÊÕÐ¨¥ ¢´ÊÉ·¥´´¨¥ ³¨Ï¥´¨ ¶·¨ ¨§¡¨· É¥²Ó´µ° ·¥£¨¸É· Í¨¨
·µ¦¤ ÕÐ¨Ì¸Ö ´  ´¨Ì Ô²¥±É·µ´µ¢ µ¡¤¨·±¨. �·¨ ÔÉµ³ É ±¦¥ ³µ¦´µ µ¡¥¸¶¥Î¨ÉÓ
´¥¢µ§³ÊÐ ÕÐ¨° Ì · ±É¥· ¤¨ £´µ¸É¨±¨. �¤´ ±µ, ¢ µÉ²¨Î¨¥ µÉ ±µ··¥²ÖÍ¨µ´-
´µ£µ ‚�-³¥Éµ¤  ¨§³¥·¥´¨°, ¶µ¤µ¡´Ò¥ ³µ¤¥·´¨§¨·µ¢ ´´Ò¥ Ê¸É·µ°¸É¢  ´¥¢µ§-
³µ¦´µ ¨¸¶µ²Ó§µ¢ ÉÓ ¢ Ê¸²µ¢¨ÖÌ ¨´É¥´¸¨¢´µ£µ ´¥±µ··¥²¨·µ¢ ´´µ£µ ¨¸ÉµÎ´¨± 
¨¸¶µ²Ó§Ê¥³ÒÌ ¢Éµ·¨Î´ÒÌ Î ¸É¨Í, ´ ¶·¨³¥·, ¶·¨ ÔËË¥±É¨¢´µ° µ¡¤¨·±¥ ¨µ´µ¢
H− ´  µ¸É ÉµÎ´µ³ £ §¥.

“¤ Î´µ¥ ¸µÎ¥É ´¨¥ ¶·¥´¥¡·¥¦¨³µ ³ ²ÒÌ ¶µÉ¥·Ó ¶ÊÎ±  ¶·¨ ¨¸¶µ²Ó§µ¢ -
´¨¨ Éµ´±µ° ¢´ÊÉ·¥´´¥° ³¨Ï¥´¨ ¨ ¢Ò¸µ±µ° ÔËË¥±É¨¢´µ¸É¨ ¶µ²ÊÎ¥´¨Ö ¨´-
Ëµ·³ Í¨¨ µ ¥£µ ¶ · ³¥É· Ì ¶·¨ ¶¸¥¢¤µ¸²ÊÎ °´µ° ³µ¤Ê²ÖÍ¨¨ ¤µ¸É¨£´ÊÉµ ¢
¶·¥¤²µ¦¥´´µ³ ¨ · §¢¨Éµ³ ¢ · ¡µÉ Ì [18Ä22] ±µ··¥²ÖÍ¨µ´´µ³ ³¥Éµ¤¥ ´¥¢µ§-
³ÊÐ ÕÐ¥° ¤¨ £´µ¸É¨±¨ ¶ÊÎ±  ¨µ´µ¢ (ŠŒ„�). ˆ§²µ¦¥´¨Õ ¤ ´´µ£µ ³¥Éµ¤  ¨
¶µ¸¢ÖÐ¥´ ´ ¸ÉµÖÐ¨° µ¡§µ·.
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”¨§¨Î¥¸±µ° µ¸´µ¢µ° ´¥¢µ§³ÊÐ ÕÐ¨Ì ±µ··¥²ÖÍ¨µ´´ÒÌ ¨§³¥·¥´¨° ‚�-
¸¶¥±É·  ¶ÊÎ±  Ö¢²Ö¥É¸Ö ¨¸¶µ²Ó§µ¢ ´¨¥ É ±µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¶·¥´¥¡·¥¦¨³µ
³ ²µ° Î ¸É¨ ¨µ´µ¢ ¸ ¢´ÊÉ·¥´´¥° ³¨Ï¥´ÓÕ, ¶·¨ ±µÉµ·µ³ ·µ¦¤ ÕÉ¸Ö ¢Éµ·¨Î-
´Ò¥ Î ¸É¨ÍÒ, ¨³¥ÕÐ¨¥ ¶· ±É¨Î¥¸±¨ ¨¤¥´É¨Î´Ò° ¸¶¥±É· ¨ ¤µ¶Ê¸± ÕÐ¨¥ ¨Ì
¨§¡¨· É¥²Ó´ÊÕ ·¥£¨¸É· Í¨Õ ¡¥§ ¢µ§¤¥°¸É¢¨Ö ´  ¶ÊÎµ±. �·¨ ÔÉµ³ ¢Ò¡¨· ¥É¸Ö
É ± Ö ³¨Ï¥´Ó, ÎÉµ¡Ò ¥e ¢²¨Ö´¨¥³ ´  ¶ÊÎµ± ³µ¦´µ ¡Ò²µ ¶·¥´¥¡·¥ÎÓ,   ¢Ò-
¡· ´´Ò¥ ¨´Ëµ·³ Í¨µ´´Ò¥ ¢Éµ·¨Î´Ò¥ Î ¸É¨ÍÒ (ˆ�-Î ¸É¨ÍÒ) ¶µ¢Éµ·Ö²¨ ¢¥-
²¨Î¨´Ê ¨ ´ ¶· ¢²¥´¨¥ ¸±µ·µ¸É¨ ¶·µ¢§ ¨³µ¤¥°¸É¢µ¢ ¢Ï¨Ì ¨µ´µ¢ ¸ É·¥¡Ê¥³µ°
¤²Ö ¨§³¥·¥´¨° ÉµÎ´µ¸ÉÓÕ.
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�  ¶µ¢µ·µÉ´ÒÌ ÊÎ ¸É± Ì ± ´ ²  É· ´¸¶µ·É¨·µ¢±¨ ¶ÊÎ±  ¢ ± Î¥¸É¢¥ ˆ�-
Î ¸É¨Í ³µ£ÊÉ ¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´Ò ¶·µ¤Ê±ÉÒ · §¢ ²  ¨²¨ ¶¥·¥§ ·Ö¤±¨ ¨µ´µ¢
´  §µ´¤¨·ÊÕÐ¥° ³¨Ï¥´¨, ¶µ±¨¤ ÕÐ¨¥ ¶ÊÎµ± ¶· ±É¨Î¥¸±¨ ¡¥§ ¢µ§³ÊÐ¥´¨Ö
¶¥·¥´µ¸¨³µ° ¨³¨ ¨´Ëµ·³ Í¨¨. ’µÎ´µ¸ÉÓ ¸µµÉ¢¥É¸É¢¨Ö ¨Ì · ¸¶·¥¤¥²¥´¨Ö ¨
¨§³¥·Ö¥³µ£µ ¢ ¶ÊÎ±¥ ¶µ ¢¥²¨Î¨´¥ (¢ µÉ´. ¥¤.) ¨ ´ ¶· ¢²¥´¨Õ (¢ · ¤) ¸±µ-
·µ¸É¨ ¨µ´µ¢ ¢ ´¥·¥²ÖÉ¨¢¨¸É¸±µ³ ¸²ÊÎ ¥ ³µ¦¥É ¡ÒÉÓ µÍ¥´¥´  ¢¥²¨Î¨´µ° ≈
2(Mi/Mp)(µp0εp/MiEi)0,5, £¤¥ µp0 Å ¶·¨¢¥¤e´´ Ö ³ ¸¸  ˆ�-Î ¸É¨ÍÒ ¨ µ¸É ¢-
Ï¥°¸Ö Î ¸É¨ ¨µ´  ¶·¨ ¥£µ · §·ÊÏ¥´¨¨ ¨²¨ ³ ¸¸  Ô²¥±É·µ´  ¶·¨ ¶¥·¥§ ·Ö¤±¥;
Mi, Ei ¨ Mp Å ³ ¸¸  ¨µ´ , ¥£µ Ô´¥·£¨Ö ¨ ³ ¸¸  ˆ�-Î ¸É¨ÍÒ ¸µµÉ¢¥É¸É¢¥´´µ.
‡´ Î¥´¨¥ εp ¶·¨´¨³ ¥É¸Ö · ¢´Ò³ Ô´¥·£¨¨ ¸·µ¤¸É¢  ¶¥·¥´µ¸¨³µ£µ Ô²¥±É·µ´ 
(Ie) ¢ ¨µ´¥ ¨²¨ ¢ ˆ�-Î ¸É¨Í¥ (¢ ¸²ÊÎ ¥ § Ì¢ É  Ô²¥±É·µ´ ) ¶·¨ ¶¥·¥§ ·Ö¤-
´µ³ ¶·µÍ¥¸¸¥ ²¨¡µ Ô´¥·£¨¨ ¸·µ¤¸É¢  ˆ�-Î ¸É¨ÍÒ (Ip) ¢ ¨µ´¥ ¶·¨ ¥£µ · §¢ ²¥
´  ±µ·¶Ê¸±Ê²Ö·´µ° ³¨Ï¥´¨. ‘ÊÐ¥¸É¢¥´´µ¥ Ê²ÊÎÏ¥´¨¥ ÉµÎ´µ¸É¨ ¸µµÉ¢¥É¸É¢¨Ö
· ¸¶·¥¤¥²¥´¨° ³µ¦¥É ¡ÒÉÓ ¤µ¸É¨£´ÊÉµ ¢ ¸²ÊÎ ¥ ¨µ´µ¢, ¤²Ö ±µÉµ·ÒÌ ³µ¦´µ
·¥ ²¨§µ¢ ÉÓ µ±µ²µ¶µ·µ£µ¢Ò° · §¢ ² ¸ ·µ¦¤¥´¨¥³ ˆ�-Î ¸É¨Í ´  §µ´¤¨·ÊÕ-
Ð¥° ¶ÊÎµ± ËµÉµ´´µ° ³¨Ï¥´¨. ‚ ÔÉµ³ ¸²ÊÎ ¥ ¤²Ö ´¥¶µ²Ö·¨§µ¢ ´´µ° ³¨Ï¥´¨
´¥µ¡Ìµ¤¨³µ ¶µ² £ ÉÓ εp ≈ �ω − Ip, £¤¥ �ω Å Ô´¥·£¨Ö ËµÉµ´  ¢ ¸¨¸É¥³¥ ¶µ-
±µÖ ¨µ´ . �·¨¢¥¤¥´´Ò¥ ÉµÎ´µ¸É¨ ¸µµÉ¢¥É¸É¢¨Ö · ¸¶·¥¤¥²¥´¨° ¶µ²ÊÎ¥´Ò ¨§
 ´ ²¨§  ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨° ¤²Ö · §²¨Î´ÒÌ É¨¶µ¢ ¨µ´µ¢, ³¨Ï¥´¥° ¨
ˆ�-Î ¸É¨Í,   É ±¦¥ ¶·¥¤¸É ¢²¥´´ÒÌ ¢ · ¡µÉ¥ [23] ·¥§Ê²ÓÉ Éµ¢.

�  ¶·Ö³µ²¨´¥°´ÒÌ ÊÎ ¸É± Ì ± ´ ²  É· ´¸¶µ·É¨·µ¢±¨ ¶ÊÎ± , ¢ ¸²ÊÎ ¥
¨µ´µ¢, ¤µ¶Ê¸± ÕÐ¨Ì ² §¥·´µ¥ ¢µ§¡Ê¦¤¥´¨¥, ¶·¥¤¸É ¢²Ö¥É ¨´É¥·¥¸ ´¥±µÉµ-
· Ö ³µ¤¥·´¨§ Í¨Ö ¨¸¶µ²Ó§µ¢ ´´µ£µ ¢ · ¡µÉ Ì [3,4] ³¥Éµ¤ , ±µ£¤  §µ´¤¨·Ê-
ÕÐ¨° ² §¥·´Ò° ²ÊÎ · ¸Ð¥¶²Ö¥É¸Ö ´  ¤¢ , µ¡²ÊÎ ÕÐ¨Ì ¶ÊÎµ± ¢ ´ Î ²Ó´µ°
¨ ±µ´¥Î´µ° ÉµÎ± Ì ¶·µ²eÉ´µ° ¡ §Ò. �¥·¢Ò° ²ÊÎ ¸²Ê¦¨É ¤²Ö Ëµ·³¨·µ¢ ´¨Ö
ˆ�-Î ¸É¨Í ¢ ¢¨¤¥ ¢µ§¡Ê¦¤¥´´ÒÌ ¨µ´µ¢ ¸ ¤µ¸É ÉµÎ´µ ¡µ²ÓÏ¨³ ¢·¥³¥´¥³ ¦¨§´¨,
  ¢Éµ·µ° Å ¤²Ö ¨§¡¨· É¥²Ó´µ° ·¥£¨¸É· Í¨¨ ¨Ì ¶µÉµ±  ´  Ëµ´¥ ¶ÊÎ±  ¶µ ¢Éµ-
·¨Î´Ò³ ËµÉµ´ ³ ¸É¨³Ê²¨·µ¢ ´´µ° Ë²Êµ·¥¸Í¥´Í¨¨. �·¨ ÔÉµ³ ´  ÊÎ ¸É±¥ ·¥-
£¨¸É· Í¨¨ ³µ¦¥É ¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´ µÉ¤¥²Ó´Ò° ² §¥·´Ò° ²ÊÎ ¸ µÉ²¨Î ÕÐ¥°¸Ö
Ô´¥·£¨¥° ËµÉµ´µ¢ ¤²Ö ¶¥·¥¢µ¤  ˆ�-Î ¸É¨Í ¢ ¤·Ê£µ¥ ±¢ ´Éµ¢µ¥ ¸µ¸ÉµÖ´¨¥ ¸
³ ²Ò³ ¢·¥³¥´¥³ ¦¨§´¨. ˆ§-§  ³ ²µ£µ ¨³¶Ê²Ó¸  ¶µ£²µÐ ¥³ÒÌ ËµÉµ´µ¢ ¶·¨
¨¸¶µ²Ó§µ¢ ´¨¨ ¢µ§¡Ê¦¤¥´´ÒÌ ¨µ´µ¢ ¢ ± Î¥¸É¢¥ ˆ�-Î ¸É¨Í ¤µ¸É¨£ ¥É¸Ö §´ -
Î¨É¥²Ó´µ ²ÊÎÏ Ö ÉµÎ´µ¸ÉÓ ¸µµÉ¢¥É¸É¢¨Ö ‚�-¸¶¥±É·µ¢, Î¥³ ¢ · ¸¸³µÉ·¥´´µ³
¢ÒÏ¥ ¢ ·¨ ´É¥ ¸ · §¢ ²µ³ ¨²¨ ¶¥·¥§ ·Ö¤±µ° ¨µ´µ¢.

„²Ö ·¥ ²¨§ Í¨¨ ´¥¢µ§³ÊÐ ÕÐ¥° ¤¨ £´µ¸É¨±¨ ¶ÊÎ±  ´  µ¸´µ¢¥ §µ´¤¨·ÊÕ-
Ð¥° ¢´ÊÉ·¥´´¥° ³¨Ï¥´¨ ¨ ±µ··¥²ÖÍ¨µ´´µ£µ  ´ ²¨§  ¨¸¶µ²Ó§ÊÕÉ¸Ö É¥¸Éµ¢Ò¥
ˆ�-Î ¸É¨ÍÒ. ‚ ¨¤¥ ²Ó´µ³ ¸²ÊÎ ¥ ¶µ¤ É¥¸Éµ¢Ò³¨ ¶µ¤· §Ê³¥¢ ÕÉ¸Ö Î ¸É¨ÍÒ,
 ¢Éµ±µ··¥²ÖÍ¨µ´´ Ö ËÊ´±Í¨Ö ¶µÉµ±  ±µÉµ·ÒÌ Ψp(t) ¶·µ¶µ·Í¨µ´ ²Ó´  ¶¥·¨-
µ¤¨Î¥¸±µ° δ-ËÊ´±Í¨¨ (¶¸¥¢¤µ¸²ÊÎ °´Ò° ¶µÉµ±):

Rpp(t) =

+∞∫
−∞

Ψp(τ)Ψp(τ − t)dτ = const ·
+∞∑

k=−∞
δ(t − kT ). (1)
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„²Ö ·µ¦¤¥´¨Ö É ±¨Ì ˆ�-Î ¸É¨Í ´¥µ¡Ìµ¤¨³µ Ëµ·³¨·µ¢ ÉÓ ®¨¤¥ ²Ó´ÊÕ¯ ³¨-
Ï¥´Ó ¸ ¶¸¥¢¤µ¸²ÊÎ °´µ ³µ¤Ê²¨·µ¢ ´´µ° ¢µ ¢·¥³¥´¨ ¶²µÉ´µ¸ÉÓÕ Ψt(t). �·µ-
¸É· ´¸É¢¥´´ Ö ²µ± ²¨§ Í¨Ö ³¨Ï¥´¨ ¤µ²¦´  ¡ÒÉÓ É ±µ°, ÎÉµ¡Ò, ¶·¨ ´¥¨§³¥´-
´µ³ §  ¢·¥³Ö ¨§³¥·¥´¨Ö Éµ±¥ ¶ÊÎ±  ¨µ´µ¢, ¶µÉµ± ·µ¦¤ ÕÐ¨Ì¸Ö ´  ´¥° Î ¸É¨Í
 ¤¥±¢ É´µ µÉ· ¦ ² µ¸µ¡¥´´µ¸É¨ ¢·¥³¥´´
µ° ³µ¤Ê²ÖÍ¨¨ ³¨Ï¥´¨:

Ψp(t) = const · Ψt(t). (2)

�·¨¢¥¤¥´´Ò° ±µÔËË¨Í¨¥´É ¶·µ¶µ·Í¨µ´ ²Ó´µ¸É¨ µ¶·¥¤¥²Ö¥É¸Ö ¶µÉµ±µ³ ¶ -
¤ ÕÐ¨Ì ´  ³¨Ï¥´Ó ¨µ´µ¢ ¨ ¸¥Î¥´¨¥³ ·µ¦¤¥´¨Ö É¥¸Éµ¢ÒÌ ˆ�-Î ¸É¨Í. ˆ³-
¶Ê²Ó¸´ Ö Ì · ±É¥·¨¸É¨±  h(t) ¶·µ²eÉ´µ° ¡ §Ò L µÉ ³¨Ï¥´¨ ¤µ ¤¥É¥±Éµ· 
µ¤´µ§´ Î´µ ¸¢Ö§ ´  ¸ · ¸¶·¥¤¥²¥´¨¥³ ˆ�-Î ¸É¨Í ¶µ ¸±µ·µ¸ÉÖ³ Vp (t = L/Vp)
¨²¨ Ô´¥·£¨¨ ¨ µ¶·¥¤¥²Ö¥É § ¢¨¸¨³µ¸ÉÓ ¨Ì ¶µÉµ±  fp(t) ¢µ ¢·¥³¥´¨ ´  ÊÎ ¸É±¥
¤¥É¥±É¨·µ¢ ´¨Ö:

fp(t) =

+∞∫
0

h(τ)Ψp(t − τ)dτ + fb(t), (3)

£¤¥ fb(t) Å ¶µÉµ± Ëµ´µ¢ÒÌ ˆ�-Î ¸É¨Í, µ¡· §ÊÕÐ¨Ì¸Ö ¶·¨ ¢§ ¨³µ¤¥°¸É¢¨¨
¨µ´µ¢ ¸ ±µ³¶µ´¥´É ³¨ µ¸É ÉµÎ´µ£µ £ § . ‘ ÊÎ¥Éµ³ (2) ¨ ´¥§ ¢¨¸¨³µ¸É¨ Ψp ¨
fb ¶µ²ÊÎ ¥³, ÎÉµ ¨§³¥·¥´¨¥ ¢§ ¨³´µ° ±µ··¥²ÖÍ¨µ´´µ° ËÊ´±Í¨¨ ³¥¦¤Ê ¶µÉµ-
± ³¨ Î ¸É¨Í ¨²¨ ËµÉµ´µ¢ ®¨¤¥ ²Ó´µ°¯ ³¨Ï¥´¨ (Ψt) ¨ ˆ�-Î ¸É¨Í ¢ µ¡² ¸É¨
¤¥É¥±É¨·µ¢ ´¨Ö (fp) ¶µ§¢µ²Ö¥É ¢Ò¤¥²¨ÉÓ ¶¥·¨µ¤¨Î¥¸±¨ ¶µ¢Éµ·ÖÕÐÊÕ¸Ö ¨³-
¶Ê²Ó¸´ÊÕ Ì · ±É¥·¨¸É¨±Ê ¶·µ²eÉ´µ° ¡ §Ò (‚�-¸¶¥±É·):

Rtp(t) =

+∞∫
−∞

Ψt(τ)fp(τ − t)dτ = const ·
+∞∫
0

h(τ)Rpp(t + τ)dτ =

= const ·
+∞∑
k=0

h(t − kT ). (4)

‚ ·¥ ²Ó´µ³ ¸²ÊÎ ¥ ¢´ÊÉ·¥´´ÖÖ ³¨Ï¥´Ó ¨ ¶µÉµ± ·µ¦¤ ÕÐ¨Ì¸Ö ´  ´¥° É¥¸Éµ-
¢ÒÌ ˆ�-Î ¸É¨Í ¤µ²¦´Ò ¡ÒÉÓ É ±¨³¨, ÎÉµ¡Ò ¸¢e·É±  h ∗ Rpp ¶· ±É¨Î¥¸±¨ ´¥
¨§³¥´Ö²  ËÊ´±Í¨Õ h(t). ‚ ¸µµÉ¢¥É¸É¢¨¨ ¸ [24] ÔÉµ Ê¸²µ¢¨¥ µ§´ Î ¥É, ÎÉµ ¶¥-
·¨µ¤¨Î¥¸±¨ ¶µ¢Éµ·ÖÕÐ¨°¸Ö Ô²¥³¥´É  ¢Éµ±µ··¥²ÖÍ¨µ´´µ° ËÊ´±Í¨¨ ¸¨£´ ² 
Ψt(t) ¤µ²¦¥´ ¶·¥¤¸É ¢²ÖÉÓ ¸µ¡µ° ¤µ¸É ÉµÎ´µ Ê§±ÊÕ ¢µ ¢·¥³¥´¨ ±·¨¢ÊÕ ¸
Ï¨·¨´µ° ∆ � τmax, £¤¥ h(t)= 0 ¶·¨ | t |≥ τmax,   ¥e ¶¥·¨µ¤ ¤µ²¦¥´ Ê¤µ¢²¥-
É¢µ·ÖÉÓ Ê¸²µ¢¨Õ T > 2τmax. �  ¶· ±É¨±¥ ¶·¨ ¨§³¥·¥´¨¨ ¢§ ¨³´µ° ±µ··¥-
²ÖÍ¨µ´´µ° ËÊ´±Í¨¨ ¢³¥¸Éµ ¶µÉµ±  fp ¨¸¶µ²Ó§Ê¥É¸Ö ¶·µ¶µ·Í¨µ´ ²Ó´Ò° ¥³Ê
¸¨£´ ² µÉ ¤¥É¥±Éµ·  ˆ�-Î ¸É¨Í ¸µ ¸¢µ¨³ ¸µ¡¸É¢¥´´Ò³ ÏÊ³µ³. �·¨ ¶µ¤µ¡´µ°
§ ³¥´¥ ´¥±µ··¥²¨·µ¢ ´´µ¸ÉÓ ÔÉµ£µ ÏÊ³  ¸ ³¨Ï¥´ÓÕ µ¸É ¢²Ö¥É ´¥¨§³¥´´Ò³
¢Ò· ¦¥´¨¥ (4).
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�¨¸. 3. ‘Ì¥³  ´¥¢µ§³ÊÐ ÕÐ¨Ì ±µ··¥²ÖÍ¨µ´´ÒÌ ¨§³¥·¥´¨° ¶ · ³¥É·µ¢ ¶ÊÎ±  ¨µ´µ¢
´  ¶µ¢µ·µÉ´µ³ ÊÎ ¸É±¥ ± ´ ²  É· ´¸¶µ·É¨·µ¢±¨. � ¸¶·¥¤¥²¥´¨¥ ϕ(Y ′)|Y =fix ¶ÊÎ± 
µ¶·¥¤¥²Ö¥É¸Ö £¨¸Éµ£· ³³µ° ϕ(q)|s=fix ¶µÉµ±  É¥¸Éµ¢ÒÌ ˆ�-Î ¸É¨Í ´  ¤¥É¥±Éµ·¥

�¡µ¡Ð¥´¨¥³ · ¸¸³µÉ·¥´´µ£µ ¢ÒÏ¥ ³¥Éµ¤  ´¥¢µ§³ÊÐ ÕÐ¥£µ ¨§³¥·¥´¨Ö
‚�-¸¶¥±É·  Ö¢²Ö¥É¸Ö ¨¸¶µ²Ó§µ¢ ´¨¥ µ¤´µ° ¶¥·¥³¥Ð ÕÐ¥°¸Ö, ´ ¶·¨³¥·, ¢¤µ²Ó
µ¸¨ Y , ²¨¡µ ´¥¸±µ²Ó±¨Ì Ë¨±¸¨·µ¢ ´´ÒÌ ¨ · §¤¥²e´´ÒÌ ¤·Ê£ ¸ ¤·Ê£µ³ ¢ ¶·µ-
¸É· ´¸É¢¥ ¢´ÊÉ·¥´´¨Ì ³¨Ï¥´¥° (¸³. ·¨¸.3). �Éµ ¶µ§¢µ²Ö¥É ¶·µ¢µ¤¨ÉÓ ´¥¢µ§-
³ÊÐ ÕÐ¨¥ ±µ··¥²ÖÍ¨µ´´Ò¥ ¨§³¥·¥´¨Ö Ì · ±É¥·¨¸É¨± ¶ÊÎ±  ¢ ¶µ¶¥·¥Î´µ³
(Y, Y ′)-Ë §µ¢µ³ ¶·µ¸É· ´¸É¢¥ (Y ′ ≡ dY/dZ). ‚ Î ¸É´µ¸É¨, ¶·¨ ¨¸¶µ²Ó§µ-
¢ ´¨¨ n ®¨¤¥ ²Ó´ÒÌ¯ ´¨É¥¢¨¤´ÒÌ ¢´ÊÉ·¥´´¨Ì ³¨Ï¥´¥° ¨ m ²¥´ÉµÎ´ÒÌ ¸¨-
¸É¥³ ¤¥É¥±É¨·µ¢ ´¨Ö ´  ± ¦¤ÊÕ ³¨Ï¥´Ó ¶µ²ÊÎ ¥³  ´ ²µ£¨Î´µ¥ (4) ³ É·¨Î-
´µ¥ ¸µµÉ´µÏ¥´¨¥ ¤²Ö n × m ±µ··¥²ÖÍ¨° ³¥¦¤Ê ËÊ´±Í¨Ö³¨ Ψts(t) ¨ fpq(t),
¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì s-° ³¨Ï¥´¨ (s = 1, . . . , n) ¨ q-° ¸¨¸É¥³¥ ¤¥É¥±É¨·µ¢ ´¨Ö
(q = 1, . . . , m):

Rtp
sq(t) = Bsq

+∞∫
0

hsq(τ)Rpp
sq (t + τ)dτ = Bsq

+∞∑
k=0

hsq(t − kT ). (5)

�·¨ ÔÉµ³ ¶µ² £ ¥É¸Ö, ÎÉµ ¶µÉµ±¨ É¥¸Éµ¢ÒÌ ˆ�-Î ¸É¨Í µÉ · §²¨Î´ÒÌ ³¨Ï¥-
´¥° ´¥ ¶¥·¥±·Ò¢ ÕÉ¸Ö ³¥¦¤Ê ¸µ¡µ° ´  ÊÎ ¸É±¥ ¤¥É¥±É¨·µ¢ ´¨Ö. ˆ³¶Ê²Ó¸´ Ö
Ì · ±É¥·¨¸É¨±  ¶·µ²eÉ´µ° ¡ §Ò hsq(t) µ¶·¥¤¥²Ö¥É ¨Ì · ¸¶·¥¤¥²¥´¨¥ ¶µ ¸±µ-
·µ¸ÉÖ³ ¢ ¢Ò¤¥²¥´´µ³ s− q ´ ¶· ¢²¥´¨¨ (Ë¨±¸¨·µ¢ ´Ò Y ¨ Y ′). �·¨ ±µ··¥±-
É¨·µ¢±¥ ·¥§Ê²ÓÉ Éµ¢ ¸¢e·É±¨ ± µ¤´µ·µ¤´µ° ³¨Ï¥´¨ (Ψts ≡ Ψt) ¨ ¨¸¶µ²Ó§µ¢ -
´¨¨ ´µ·³¨·µ¢±¨

∫
hsq(τ)dτ = 1 ¶µ²ÊÎ ¥³ ³ É·¨ÍÊ Bsq , ±µÉµ· Ö µ¶·¥¤¥²Ö¥É

· ¸¶·¥¤¥²¥´¨¥ É¥¸Éµ¢ÒÌ ˆ�-Î ¸É¨Í (¶ÊÎ± ) ¢ (Y, Y ′)-Ë §µ¢µ³ ¶·µ¸É· ´¸É¢¥.

‚ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥ ¶·µ¢¥¤¥´µ ± Î¥¸É¢¥´´µ¥ ¸· ¢´¥´¨¥ ±µ··¥²ÖÍ¨µ´-
´µ£µ ¨ ±² ¸¸¨Î¥¸±µ£µ ‚�-³¥Éµ¤µ¢ ¤¨ £´µ¸É¨±¨. ˆ¸¶µ²Ó§ÊÖ ¶·¥¤¸É ¢²¥´´Ò¥,
´ ¶·¨³¥·, ¢ · ¡µÉ Ì [9, 25Ä27] ·¥§Ê²ÓÉ ÉÒ, ¶·µ¢¥¤¥³ ´¥±µÉµ·Ò° ±µ²¨Î¥¸É¢¥´-
´Ò°  ´ ²¨§ ¶·¨³¥´¨É¥²Ó´µ ± · ¸¸³ É·¨¢ ¥³µ³Ê ³¥Éµ¤Ê ´¥¢µ§³ÊÐ ÕÐ¨Ì ±µ·-
·¥²ÖÍ¨µ´´ÒÌ ¨§³¥·¥´¨° ‚�-¸¶¥±É·  ¶ÊÎ± . ‚ ¸¢Ö§¨ ¸ É¥³, ÎÉµ ¶·µ²eÉ´ Ö ¡ § 
Ö¢²Ö¥É¸Ö ²¨´¥°´µ° ¸¨¸É¥³µ°, ¶·¨ ¶·µ¢¥¤¥´¨¨ ¨§³¥·¥´¨° ¶µ N ¤¨¸±·¥É´Ò³
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± ´ ² ³ ¢µ ¢·¥³¥´¨ ¢Ò· ¦¥´¨¥ (3) ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ³ É·¨Î´µ³ ¢¨¤¥:

fp(k) =
N−1∑
q=0

hqΨp(k − q) + fb(k); k = 0, 1, . . . , N − 1. (6)

‘ ÊÎ¥Éµ³ É¥µ·¥³Ò µ ¢Ò¡µ·±¥ ¤ ´´µ¥ ¶·¥¤¸É ¢²¥´¨¥ ´¥ ¨¸± ¦ ¥É ¨´Ëµ·³ Í¨Õ
µ ‚�-¸¶¥±É·¥ ¶·¨ Ê¸²µ¢¨¨, ÎÉµ ¢·¥³¥´´
µ° ¨´É¥·¢ ² ¤¨¸±·¥É´ÒÌ ¨§³¥·¥´¨°
¨¸¶µ²Ó§Ê¥³ÒÌ ¢¥²¨Î¨´ ´¥ ¶·¥¢µ¸Ìµ¤¨É ¶µ²µ¢¨´Ò ¶¥·¨µ¤  ´ ¨¢Ò¸Ï¥° £ ·³µ-
´¨±¨ ËÊ´±Í¨¨ Ψt(t). ‚ ¶·¥¤¶µ²µ¦¥´¨¨ ¡¨´ ·´µ° (¶µ¸²¥¤µ¢ É¥²Ó´µ¸ÉÓ 1 ¨
0) ¶¸¥¢¤µ¸²ÊÎ °´µ° ³µ¤Ê²ÖÍ¨¨ ¶²µÉ´µ¸É¨ ¢´ÊÉ·¥´´¥° ³¨Ï¥´¨ ¢µ ¢·¥³¥´¨ ¨
¶· ±É¨Î¥¸±¨ ¶µ¸ÉµÖ´´µ£µ ¶µÉµ±  Ëµ´µ¢ÒÌ ˆ�-Î ¸É¨Í ¢ µ¡² ¸É¨ ¤¥É¥±É¨·µ-
¢ ´¨Ö ¸¶· ¢¥¤²¨¢Ò ¸²¥¤ÊÕÐ¨¥ ¢Ò· ¦¥´¨Ö ¤²Ö µ¶·¥¤¥²¥´¨Ö ¢¥²¨Î¨´Ò ¸¨£´ ² 
hk ¨ ¥£µ ³¨´¨³ ²Ó´µ° ¤¨¸¶¥·¸¨¨ ¢ k-³ ± ´ ²¥ ¤¨¸±·¥É´ÒÌ ¨§³¥·¥´¨° Ì · ±-
É¥·¨¸É¨±¨ ¶·µ²eÉ´µ° ¡ §Ò §  ¶¥·¨µ¤ T ³µ¤Ê²ÖÍ¨¨ ³¨Ï¥´¨:

hk +
1
r
fb =

N−1∑
i=0

bi−kfp(i);

σ2(hk) =
1
r2

(
N−1∑
i=0

fp(i) + Nf b

)
; k = 0, 1, . . . , N − 1. (7)

�·¨ ÔÉµ³ ¶µ² £ ¥É¸Ö, ÎÉµ fb Å ¸·¥¤´¥¥ Î¨¸²µ Ëµ´µ¢ÒÌ ˆ�-Î ¸É¨Í ¢µ ¢·¥-
³¥´´
µ³ ¨´É¥·¢ ²¥ ¨§³¥·¥´¨° ∆t = T/N ´  ÊÎ ¸É±¥ ¤¥É¥±É¨·µ¢ ´¨Ö, r Å
Î¨¸²µ §´ Î¥´¨° 1 §  ¶¥·¨µ¤ ¨¸¶µ²Ó§Ê¥³µ° ¤²Ö ³µ¤Ê²ÖÍ¨¨ ¶µ¸²¥¤µ¢ É¥²Ó´µ-
¸É¨ ai, bi Å µ¡· É´ Ö ± ´¥° ¶µ¸²¥¤µ¢ É¥²Ó´µ¸ÉÓ (

∑N−1
i=0 biai−k = δk0; k =

0, 1, . . . , N − 1). �µ·³¨·µ¢±  ¢¥²¨Î¨´ hk ¢ (7) µ¶·¥¤¥²Ö¥É¸Ö ¶²µÉ´µ¸ÉÓÕ
³¨Ï¥´¨, ¨´É¥´¸¨¢´µ¸ÉÓÕ ¶ÊÎ±  ¨ ¸¥Î¥´¨¥³ ·µ¦¤¥´¨Ö É¥¸Éµ¢ÒÌ ˆ�-Î ¸É¨Í.
‡´ Î¥´¨Ö 1 ¨ 0 ¡¨´ ·´µ° ¶µ¸²¥¤µ¢ É¥²Ó´µ¸É¨ ai ¸µµÉ¢¥É¸É¢ÊÕÉ ´ ²¨Î¨Õ ¨
µÉ¸ÊÉ¸É¢¨Õ ¶µ²´µ¸ÉÓÕ ¶¥·¥¸¥± ÕÐ¥° ¶ÊÎµ± ¢´ÊÉ·¥´´¥° ³¨Ï¥´¨. „µ¶µ²´¨-
É¥²Ó´Ò° ¸· ¢´¨É¥²Ó´Ò°  ´ ²¨§ ³µ¦´µ ¶·µ¢¥¸É¨ ¸ ¶µ³µÐÓÕ Ì · ±É¥·¨¸É¨±¨
G, ±µÉµ· Ö µ¶·¥¤¥²Ö¥É¸Ö ± ± µÉ´µÏ¥´¨¥ ¢·¥³¥´ ¨§³¥·¥´¨° ¤²Ö ¶µ²ÊÎ¥´¨Ö
µ¤¨´ ±µ¢µ° ¸É É¨¸É¨Î¥¸±µ° ÉµÎ´µ¸É¨ ¢ ±² ¸¸¨Î¥¸±µ³ ¨ ±µ··¥²ÖÍ¨µ´´µ³ ‚�-
³¥Éµ¤¥. ‚ ¸²ÊÎ ¥ µ¶É¨³ ²Ó´µ° ¡¨´ ·´µ° ¶µ¸²¥¤µ¢ É¥²Ó´µ¸É¨ ai, ³¨´¨³¨§¨-
·ÊÕÐ¥° ¢¥²¨Î¨´Ê ¤¨¸¶¥·¸¨¨,

G ≈ 1 + 2R

2(1 + 2R/n)
, (8)

£¤¥ R = fb/fp, fp = (1/N)
∑N−1

i=0 fp(i). ˆ§ ¢Ò· ¦¥´¨° (7) ¨ (8) ¢¨¤´µ, ÎÉµ
±µ··¥²ÖÍ¨µ´´Ò° ³¥Éµ¤ ¨§³¥·¥´¨Ö ‚�-¸¶¥±É·  ¶·¥¤¶µÎÉ¨É¥²Ó´¥¥ ¶·¨ ¡µ²Ó-
Ï¨Ì ¶µÉµ± Ì Ëµ´µ¢ÒÌ ˆ�-Î ¸É¨Í (R > 1/2), ±µ£¤  Ì · ±É¥·¨¸É¨±  ¶·µ²¥É-
´µ° ¡ §Ò ¢Ò¤¥²Ö¥É¸Ö ¨§ Ëµ´ , Ê³¥´ÓÏ¥´´µ£µ ´  ±µÔËË¨Í¨¥´É, § ¢¨¸ÖÐ¨° µÉ
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¤²¨´Ò ³µ¤Ê²¨·ÊÕÐ¥° ¶µ¸²¥¤µ¢ É¥²Ó´µ¸É¨. �Éµ ¶µ§¢µ²Ö¥É ¶·¥µ¤µ²¥ÉÓ µ£· ´¨-
Î¥´¨¥ ¶µ ¢¥²¨Î¨´¥ µÉ´µÏ¥´¨Ö ¸¨£´ ²/ÏÊ³ ¢ ´¥¸±µ²Ó±µ ¶µ·Ö¤±µ¢ ¨ ¶·µ¢µ¤¨ÉÓ
Ô±¸¶¥·¨³¥´ÉÒ ¢ ¡¥§´ ¤e¦´ÒÌ ¤²Ö ±² ¸¸¨Î¥¸±µ£µ ³¥Éµ¤  Ê¸²µ¢¨ÖÌ (¸³., ´ -
¶·¨³¥·, [9,28,29]). �·¨ ÔÉµ³ ³ ±¸¨³ ²Ó´ Ö ÔËË¥±É¨¢´µ¸ÉÓ ±µ··¥²ÖÍ¨µ´´ÒÌ
¨§³¥·¥´¨° (Gmax ≈ N/4) ¤µ¸É¨£ ¥É¸Ö ¶·¨ ¤µ³¨´¨·ÊÕÐ¨Ì Ëµ´µ¢ÒÌ Ê¸²µ¢¨ÖÌ,
±µ£¤  4R/N � 1.

�·¥¤¸É ¢²¥´´Ò¥ ¢ÒÏ¥ ·¥§Ê²ÓÉ ÉÒ ¨ ¶·µ¢¥¤¥´´Ò°  ´ ²¨§ ¶µ± §Ò¢ ÕÉ, ÎÉµ
¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ §µ´¤¨·ÊÕÐ¨Ì ¢´ÊÉ·¥´´¨Ì ³¨Ï¥´¥° ¨ ±µ··¥²ÖÍ¨µ´´µ£µ
³¥Éµ¤  ¨§³¥·¥´¨Ö Ì · ±É¥·¨¸É¨± ¶µÉµ±  ·µ¦¤ ÕÐ¨Ì¸Ö ´  ´¨Ì É¥¸Éµ¢ÒÌ ˆ�-
Î ¸É¨Í ³µ¦´µ ·¥ ²¨§µ¢ ÉÓ ´¥¢µ§³ÊÐ ÕÐÊÕ ¤¨ £´µ¸É¨±Ê ¶ÊÎ±  ¨µ´µ¢.

3. �‘��‚�›… �‹…Œ…�’› „ˆ�ƒ��‘’ˆ—…‘Š�ƒ� “‘’��‰‘’‚�

�¸´µ¢´Ò³¨ Ô²¥³¥´É ³¨ Ê¸É·µ°¸É¢  ¤²Ö ·¥ ²¨§ Í¨¨ · ¸¸³ É·¨¢ ¥³µ£µ ³¥-
Éµ¤  ±µ··¥²ÖÍ¨µ´´ÒÌ ¨§³¥·¥´¨° ¶ · ³¥É·µ¢ ¶ÊÎ±  Ö¢²ÖÕÉ¸Ö: ¢´ÊÉ·¥´´ÖÖ ³¨-
Ï¥´Ó ¸ ¶¸¥¢¤µ¸²ÊÎ °´µ ³µ¤Ê²¨·µ¢ ´´µ° ¢µ ¢·¥³¥´¨ ¶²µÉ´µ¸ÉÓÕ, ¢Ò¸µ±µÎ -
¸ÉµÉ´ Ö ¸¨¸É¥³  ¨§¡¨· É¥²Ó´µ£µ ¤¥É¥±É¨·µ¢ ´¨Ö ˆ�-Î ¸É¨Í ¨ ¡Ò¸É·µ¤¥°¸É¢Ê-
ÕÐ¨° ±µ··¥²µ³¥É·.

ˆ§¢¥¸É´Ò¥ ¸¨¸É¥³Ò ³¥Ì ´¨Î¥¸±µ° [12,25], Ô²¥±É·¨Î¥¸±µ° [11] ¨ Ô²¥±É·µ-
µ¶É¨Î¥¸±µ° [30] ³µ¤Ê²ÖÍ¨¨ ¶µÉµ±  Î ¸É¨Í ¨²¨ ËµÉµ´µ¢, Ï¨·µ±µ ¨¸¶µ²Ó§Ê-
¥³Ò¥ ¤²Ö Ëµ·³¨·µ¢ ´¨Ö ³¨Ï¥´¥° ¢  Éµ³´µ° ¨ ´¥°É·µ´´µ° Ë¨§¨±¥ ´¨§±¨Ì
Ô´¥·£¨°, ± ± ¶· ¢¨²µ, ´¥ ¶·¨£µ¤´Ò ¤²Ö ¤¨ £´µ¸É¨±¨ ¶ÊÎ±  ¨µ´µ¢ ¨§-§  ´¥-
¤µ¸É ÉµÎ´µ Ìµ·µÏ¥£µ ¢·¥³¥´´
µ£µ · §·¥Ï¥´¨Ö. ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ¤²Ö ¨µ´µ¢ ¸
¢´ÊÉ·¥´´¥°  Éµ³´µ° ¸É·Ê±ÉÊ·µ° ¶·¨ ·µ¦¤¥´¨¨ É¥¸Éµ¢ÒÌ ˆ�-Î ¸É¨Í ´  ËµÉµ´-
´ÒÌ ³¨Ï¥´ÖÌ ¶·¥¤¸É ¢²Ö¥É ¨´É¥·¥¸ ¢µ§³µ¦´µ¸ÉÓ £¥´¥· Í¨¨ ² §¥·´µ£µ ¨§²Ê-
Î¥´¨Ö ¸ ¶¸¥¢¤µ¸²ÊÎ °´µ° ¶µ¸²¥¤µ¢ É¥²Ó´µ¸ÉÓÕ ¢¥¸Ó³  ±µ·µÉ±¨Ì ¢µ ¢·¥³¥´¨
¨³¶Ê²Ó¸µ¢. �²¨§±¨° ± ¸ÉµÌ ¸É¨Î¥¸±µ³Ê ¶µÉµ± ËµÉµ´µ¢ ¢µ§´¨± ¥É ¶·¨ · ¡µÉ¥
É¢e·¤µÉ¥²Ó´ÒÌ ² §¥·µ¢ ¸ ¡µ²ÓÏµ° Ï¨·¨´µ° ²¨´¨¨ ¶¥·¥Ìµ¤  ¢ ³´µ£µ³µ¤µ¢µ³
¸É É¨¸É¨Î¥¸±¨ ´¥§ ¢¨¸¨³µ³ ·¥¦¨³¥ Ê¸¨²¥´¨Ö (¸³., ´ ¶·¨³¥·, [31]). ‚ Î ¸É-
´µ¸É¨, ± ± ¶µ± § ´µ ¢ · ¡µÉ Ì [32Ä34], É ±µ° ·¥¦¨³ ¨³¥¥É ³¥¸Éµ ¢ ¶·¥¤¥² Ì
¶¨±  ¸¢µ¡µ¤´µ° £¥´¥· Í¨¨ ¨§²ÊÎ¥´¨Ö ¨³¶Ê²Ó¸´ÒÌ ² §¥·µ¢ ´  ¨µ´ Ì ´¥µ¤¨³ 
¢ · §²¨Î´ÒÌ É¢¥·¤µÉ¥²Ó´ÒÌ ¸·¥¤ Ì (λ ≈ 10600 �A). ”µ·³  µ£¨¡ ÕÐ¥° ¶¨± 
¶µ§¢µ²Ö¥É ¸ ¶µ³µÐÓÕ Ô²¥±É·µµ¶É¨Î¥¸±µ£µ § É¢µ·  ¨ ¸¨¸É¥³Ò ¤¨ Ë· £³ Ëµ·-
³¨·µ¢ ÉÓ ËµÉµ´´ÊÕ ³¨Ï¥´Ó ¤²¨É¥²Ó´µ¸ÉÓÕ ∼ 100 ÷ 1000 ´¸ ¸ ¤µ¸É ÉµÎ´µ
¢Ò¸µ±µ° ¨ ¶µ¸ÉµÖ´´µ° ¸·¥¤´¥° ³µÐ´µ¸ÉÓÕ ¢µ ¢·¥³¥´¨. ˆ§³¥·¥´´ Ö Ï¨·¨´ 
 ¢Éµ±µ··¥²ÖÍ¨µ´´µ° ËÊ´±Í¨¨ ¨§²ÊÎ¥´¨Ö, ´ ¶·¨³¥·, Nd+3 : ˆ�ƒ ² §¥·  ¢
É ±µ³ ·¥¦¨³¥ £¥´¥· Í¨¨ µÍ¥´¨¢ ¥É¸Ö ¢¥²¨Î¨´µ° ∆ ≤ 50 ¶¸. �µ¤µ¡´ Ö Ëµ-
Éµ´´ Ö ³¨Ï¥´Ó ¶·¨ µ¡¤¨·±¥ ´  ´¥° µÉ·¨Í É¥²Ó´ÒÌ ¨²¨ · §¢ ²¥ ¶µ²µ¦¨É¥²Ó-
´ÒÌ ³µ²¥±Ê²Ö·´ÒÌ ¨µ´µ¢ ³µ¦¥É ¸²Ê¦¨ÉÓ ÔËË¥±É¨¢´Ò³ £¥´¥· Éµ·µ³ É¥¸Éµ¢ÒÌ
´¥°É· ²Ó´ÒÌ Î ¸É¨Í, ¶µ§¢µ²ÖÕÐ¨³ ¨§³¥·ÖÉÓ ¤µ¸É ÉµÎ´µ ±µ·µÉ±¨¥ ¢µ ¢·¥³¥´¨
¨³¶Ê²Ó¸´Ò¥ Ì · ±É¥·¨¸É¨±¨ ¶·µ²eÉ´µ° ¡ §Ò h(t). �  µ¸´µ¢¥ ¸· ¢´¨É¥²Ó´µ£µ
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 ´ ²¨§  ¸¶¥±É· ²Ó´µ-¢·¥³¥´´ÒÌ Ì · ±É¥·¨¸É¨± ¨§²ÊÎ¥´¨Ö · §²¨Î´ÒÌ ¸·¥¤ ¸
¨µ´ ³¨ Ì·µ³  ¨ ´¥µ¤¨³  ¢ µ¤¨´ ±µ¢ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ Ê¸²µ¢¨ÖÌ ¢ · ¡µÉ¥
[35] ¶·¥¤²µ¦¥´ Ë¨§¨Î¥¸±¨° ³¥Ì ´¨§³ ¢µ§´¨±´µ¢¥´¨Ö ¸ÉµÌ ¸É¨Î¥¸±¨Ì ¶Ê²Ó¸ -
Í¨° ¶·¨ ¸¢µ¡µ¤´µ° £¥´¥· Í¨¨ É¢e·¤µÉ¥²Ó´ÒÌ ² §¥·µ¢. ‚ ¸µµÉ¢¥É¸É¢¨¨ ¸ ´¨³
¤ ´´Ò° ¶·µÍ¥¸¸ ¢ ´ ¨¡µ²ÓÏ¥° ¸É¥¶¥´¨ ¤µ²¦¥´ ¶·µÖ¢²ÖÉÓ¸Ö ¤²Ö ¨µ´µ¢, ¨³¥Õ-
Ð¨Ì ¢´¥Ï´ÕÕ · ¡µÎÊÕ µ¡µ²µÎ±Ê, Ê·µ¢´¨ ±µÉµ·µ° ¶µ¤¢¥·£ ÕÉ¸Ö ¢µ§¤¥°¸É¢¨Õ
Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö ¸µ¡¸É¢¥´´µ£µ ² §¥·´µ£µ ¨§²ÊÎ¥´¨Ö ¢¸²¥¤¸É¢¨¥ ¤¨´ ³¨Î¥-
¸±µ£µ ÔËË¥±É  ˜É ·±  ( ´ ²µ£¨Î´µ ¸¨ÉÊ Í¨¨ ¸ 3d-µ¡µ²µÎ±µ° É·eÌ¢ ²¥´É´µ£µ
¨µ´  Ì·µ³ ). ‚ Ê¸²µ¢¨ÖÌ ¶·µ¸É· ´¸É¢¥´´µ ´¥µ¤´µ·µ¤´µ£µ ¶µ²Ö ¢  ±É¨¢´µ°
¸·¥¤¥, ¸µ§¤ ¢ ¥³µ£µ ¸ÉµÖÎ¥° ¢µ²´µ°, ¶·µ¸É· ´¸É¢¥´´ Ö ¸É·Ê±ÉÊ·  ±µÉµ·µ° ³¥-
´Ö¥É¸Ö ¢ ¶·µÍ¥¸¸¥ £¥´¥· Í¨¨, ¤¨´ ³¨Î¥¸±¨° ÔËË¥±É ˜É ·±  ¶·¨¢µ¤¨É ± ¢·¥-
³¥´´
µ° ³µ¤Ê²ÖÍ¨¨ ±µÔËË¨Í¨¥´É  Ê¸¨²¥´¨Ö  ±É¨¢´µ° ¸·¥¤Ò ¨ ´¥§ ÉÊÌ ÕÐ¨³
¶Ê²Ó¸ Í¨Ö³ ¨´É¥´¸¨¢´µ¸É¨ ¨§²ÊÎ¥´¨Ö. �¶É¨³¨§ Í¨Ö µÉ³¥Î¥´´µ£µ ·¥¦¨³  £¥-
´¥· Í¨¨ ¨§²ÊÎ¥´¨Ö · §²¨Î´ÒÌ ² §¥·µ¢ ¸ Í¥²ÓÕ ¶µ²ÊÎ¥´¨Ö ´ ¨¡µ²¥¥ ³µÐ´ÒÌ
¨ ¡²¨§±¨Ì ± ¶¸¥¢¤µ¸²ÊÎ °´µ³Ê ¶µÉµ±µ¢ ËµÉµ´µ¢ (Ë¨§¨Î¥¸±¨° £¥´¥· Éµ· ®¡¥-
²µ£µ¯ ÏÊ³  ËµÉµ´µ¢) Ö¢²Ö¥É¸Ö µ¸´µ¢´µ° § ¤ Î¥° ¶·¨ · §· ¡µÉ±¥ ËµÉµ´´ÒÌ
³¨Ï¥´¥° ¤²Ö ±µ··¥²ÖÍ¨µ´´µ£µ ³¥Éµ¤  ´¥¢µ§³ÊÐ ÕÐ¥° ¤¨ £´µ¸É¨±¨ ¶ÊÎ± 
¨µ´µ¢.

�·¨ ‚�-¨§³¥·¥´¨ÖÌ ¸ ·¥£¨¸É· Í¨¥° § ·Ö¦¥´´ÒÌ ¨²¨ ´¥°É· ²Ó´ÒÌ Î ¸É¨Í,
  É ±¦¥ ¢ ± Î¥¸É¢¥ Ê¸¨²¨É¥²¥° ¨§µ¡· ¦¥´¨Ö ¨Ì ¶µÉµ±  Ï¨·µ±µ ¨¸¶µ²Ó§ÊÕÉ¸Ö
· §²¨Î´Ò¥ ¤¥É¥±Éµ·Ò ´  µ¸´µ¢¥ ³¨±·µ± ´ ²Ó´ÒÌ ¶² ¸É¨´ (ŒŠ�). �´¨ µ¡² -
¤ ÕÉ ¤µ¸É ÉµÎ´µ Ìµ·µÏ¥° ÔËË¥±É¨¢´µ¸ÉÓÕ ·¥£¨¸É· Í¨¨ Î ¸É¨Í, ¢¥¸Ó³  ³ ²µ°
¸±µ·µ¸ÉÓÕ ¸Î¥É  É¥³´µ¢ÒÌ ¨³¶Ê²Ó¸µ¢, ¸² ¡µ° ÎÊ¢¸É¢¨É¥²Ó´µ¸ÉÓÕ ± ¢´¥Ï´¨³
³ £´¨É´Ò³ ¶µ²Ö³,   É ±¦¥ Ìµ·µÏ¨³¨ ²¨´¥°´Ò³¨ Ì · ±É¥·¨¸É¨± ³¨ ¶·¨ ¢Ò-
¸µ±µ³ ¢·¥³¥´´µ³ ¨ ¶·µ¸É· ´¸É¢¥´´µ³ (20÷50 ³±³) · §·¥Ï¥´¨¨ [36]. ‚·¥³Ö
§ ¶ §¤Ò¢ ´¨Ö µÉ±²¨±  ¶² ¸É¨´Ò ´  ¢Ìµ¤´µ° ¶µÉµ± ¨ ¥e ¢·¥³¥´´
µ¥ · §·¥-
Ï¥´¨¥ § ¢¨¸ÖÉ µÉ ¶·¨²µ¦¥´´µ£µ ´ ¶·Ö¦¥´¨Ö, ¤¨ ³¥É·  ¨ ¤²¨´Ò ± ´ ²µ¢. ‚
Î ¸É´µ¸É¨, ¤²Ö ¨¸¶µ²Ó§Ê¥³µ° ¢ · ¡µÉ¥ [37] ¶² ¸É¨´Ò ¤µ¸É¨£´ÊÉÒ¥ §´ Î¥´¨Ö
ÔÉ¨Ì Ì · ±É¥·¨¸É¨± ¸µ¸É ¢²ÖÕÉ ≈ 150 ¶¸ ¨ ≤ 100 ¶¸ ¸µµÉ¢¥É¸É¢¥´´µ. ‚ ¦-
´ Ö µ¸µ¡¥´´µ¸ÉÓ ŒŠ� ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ µ´  ³µ¦¥É ´¥§ ¢¨¸¨³µ Ê³´µ¦ ÉÓ
¢Éµ·¨Î´Ò¥ Ô²¥±É·µ´Ò µÉ Î ¸É¨Í, ¶µ¶ ¤ ÕÐ¨Ì ¢ · §²¨Î´Ò¥ ± ´ ²Ò, ¢ ¸µÎ¥-
É ´¨¨ ¸ Ìµ·µÏ¥° ¸É ¡¨²Ó´µ¸ÉÓÕ ¥e ¶ · ³¥É·µ¢ ¢µ ¢·¥³¥´¨. Š ´¥¤µ¸É É± ³
¤ ´´ÒÌ ¤¥É¥±Éµ·µ¢ ³µ¦´µ µÉ´¥¸É¨ ¡µ²ÓÏµ¥ (10÷100 ³¸) ¢·¥³Ö ¢µ¸¸É ´µ¢²¥-
´¨Ö ± ´ ²  ¶µ¸²¥ ¶·µÌµ¦¤¥´¨Ö ² ¢¨´Ò ¢Éµ·¨Î´ÒÌ Ô²¥±É·µ´µ¢ (¸³., ´ ¶·¨³¥·,
[38]).

„²Ö ²¨´¥°´µ£µ Ê¸¨²¥´¨Ö ¶µÉµ±  ´¥µ¡Ìµ¤¨³µ, ÎÉµ¡Ò ·¥£¨¸É·¨·Ê¥³Ò¥ § 
ÔÉµ ¢·¥³Ö Î ¸É¨ÍÒ ¶µ¶ ¤ ²¨ ¢ ± ´ ²Ò ŒŠ�, ¤µ¸É ÉµÎ´µ · §¤¥²e´´Ò¥ ¤·Ê£ µÉ
¤·Ê£  ¢ ¶·µ¸É· ´¸É¢¥ ¨ ¶µÔÉµ³Ê µ¡² ¤ ÕÐ¨¥ ¶·¥´¥¡·¥¦¨³µ ³ ²µ° § ·Ö¤µ¢µ°
¸¢Ö§ÓÕ. ‚ ÔÉµ³ ¸²ÊÎ ¥ µ¡¥¸¶¥Î¨¢ ¥É¸Ö ´¥§ ¢¨¸¨³µ¥ Ê³´µ¦¥´¨¥,    ³¶²¨ÉÊ¤ 
¢ÒÌµ¤´µ£µ ¨³¶Ê²Ó¸  ¸±² ¤Ò¢ ¥É¸Ö ¨§ ¸Ê³³Ò Éµ±µ¢ÒÌ ¸¨£´ ²µ¢ µ¡²ÊÎ ¥³ÒÌ
± ´ ²µ¢. ‚ ·¥¦¨³¥ Ê¸¨²¥´¨Ö Éµ±  ¶·µÍ¥¸¸ Ëµ·³¨·µ¢ ´¨Ö ² ¢¨´Ò ¢Éµ·¨Î´ÒÌ
Ô²¥±É·µ´µ¢ ¢ ± ´ ²¥ ¤µ²¦¥´ ¶·µÌµ¤¨ÉÓ ¢ ´¥´ ¸ÒÐ¥´´µ³ ·¥¦¨³¥, ¤²Ö ±µ-
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Éµ·µ£µ Ì · ±É¥·´Ò µÉ¸ÊÉ¸É¢¨¥ ´¥´Ê²¥¢µ£µ ³ ±¸¨³Ê³  ¨ ³µ´µÉµ´´Ò° ¸¶ ¤ ¢
· ¸¶·¥¤¥²¥´¨¨ ¶µ  ³¶²¨ÉÊ¤ ³ µ¤´µÔ²¥±É·µ´´ÒÌ ¨³¶Ê²Ó¸µ¢.

ˆ§  ´ ²¨§  · §²¨Î´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ · ¡µÉ ¨ É¥µ·¥É¨Î¥¸±¨Ì ³µ-
¤¥²¥° ² ¢¨´µµ¡· §µ¢ ´¨Ö ¢ ± ´ ² Ì ¸²¥¤Ê¥É, ÎÉµ ¸É¥¶¥´Ó ¤µ¸É ÉµÎ´µ£µ ¶·µ-
¸É· ´¸É¢¥´´µ£µ · §¤¥²¥´¨Ö ·¥£¨¸É·¨·Ê¥³ÒÌ Î ¸É¨Í ´  ¢Ìµ¤¥ ¤¥É¥±Éµ·  § ¢¨-
¸¨É µÉ · §³¥·µ¢ ± ´ ²µ¢ ¨ ³ É¥·¨ ²  ŒŠ�,   É ±¦¥ µÉ ±µ²¨Î¥¸É¢  ¶² ¸É¨´
¢ ¸¡µ·±¥, · ¸¸ÉµÖ´¨Ö ¨ ¶·¨²µ¦¥´´µ£µ ´ ¶·Ö¦¥´¨Ö ³¥¦¤Ê ´¨³¨. � ¶·¨³¥·,
¢ ¸µµÉ¢¥É¸É¢¨¨ ¸µ ¸É É¨¸É¨Î¥¸±¨ ´ ¨¡µ²¥¥ ¢¥·µÖÉ´µ° ±µ´Ë¨£Ê· Í¨¥° ¢µ§¡Ê-
¦¤¥´¨Ö ± ´ ²µ¢ ¸ £¥±¸a£µ´ ²Ó´Ò³ · ¸¶µ²µ¦¥´¨¥³, ¶·¨ ·¥£¨¸É· Í¨¨ ¨µ´µ¢
¨²¨ ´¥°É· ²Ó´ÒÌ Î ¸É¨Í ¸ Ô´¥·£¨¥° ¤µ ´¥¸±µ²Ó±¨Ì ŒÔ‚ ¸¡µ·±µ° ¨§ ¤¢ÊÌ
¨²¨ É·eÌ ¶² ¸É¨´ ¡¥§ ¶·µ³¥¦ÊÉ±µ¢ ³¥¦¤Ê ´¨³¨, ´¥µ¡Ìµ¤¨³µ µ¡¥¸¶¥Î¨ÉÓ ¶·µ-
¸É· ´¸É¢¥´´µ¥ · §¤¥²¥´¨¥, ¶·¥¢ÒÏ ÕÐ¥¥ ¤¨ ³¥É· £·Ê¶¶Ò ¨§ É·eÌ ¨²¨ ¸¥³¨
± ´ ²µ¢ ¸µµÉ¢¥É¸É¢¥´´µ [39].

�¨¸. 4. ‡ ¢¨¸¨³µ¸ÉÓ ¢ÒÌµ¤´µ£µ Éµ±  ³¨±·µ± ´ ²Ó´µ° ¶² ¸É¨´Ò µÉ Éµ±  ¶ ¤ ÕÐ¨Ì
´  ´¥e Ô²¥±É·µ´µ¢ ¢ ¸²ÊÎ ¥ ´¥¶·¥·Ò¢´µ£µ (1) ¨ · §²¨Î´µ° ¤²¨É¥²Ó´µ¸É¨ ¨³¶Ê²Ó¸µ¢
(f = 0,5 ƒÍ) ¶ÊÎ± : τ¨³¶= 5000 (2), 50 (3) ¨ 10 (4) ³±¸

“± § ´´Ò¥ ¢ÒÏ¥ Ë ±Éµ·Ò µ¶·¥¤¥²ÖÕÉ ³ ±¸¨³ ²Ó´µ ¤µ¶Ê¸É¨³Ò¥ ¶²µÉ´µ-
¸É¨ ¶µÉµ±  Î ¸É¨Í ´  ¢Ìµ¤¥ ¤¥É¥±Éµ·  n|max [c³−2·¸−1] ¤²Ö µ¡¥¸¶¥Î¥´¨Ö ²¨-
´¥°´µ¸É¨ Ê¸¨²¥´¨Ö µÉ¤¥²Ó´µ° ¨²¨ ¸¡µ·±¨ ŒŠ� ¢ Éµ±µ¢µ³ ·¥¦¨³¥ ¤¥É¥±É¨·µ-
¢ ´¨Ö. ‚ Î ¸É´µ¸É¨, ¤²Ö µÍ¥´±¨ ¤ ´´µ° ¢¥²¨Î¨´Ò ¶·¨ ·¥£¨¸É· Í¨¨ ¨³¶Ê²Ó¸-
´ÒÌ ¶µÉµ±µ¢ ¤²¨É¥²Ó´µ¸ÉÓÕ τ ¢µ ¢·¥³¥´¨ ³µ¦´µ ¨¸¶µ²Ó§µ¢ ÉÓ ¸µµÉ´µÏ¥´¨¥

n|maxτ ≈ const, (9)

£¤¥ §´ Î¥´¨¥ ±µ´¸É ´ÉÒ µ¶·¥¤¥²Ö¥É¸Ö É¨¶µ³ ·¥£¨¸É·¨·Ê¥³ÒÌ Î ¸É¨Í, ¨Ì Ô´¥·-
£¨¥° ¨ µ¸µ¡¥´´µ¸ÉÖ³¨ ¤¥É¥±Éµ· . �·¨ ÔÉµ³ ³ ±¸¨³ ²Ó´ Ö Î ¸ÉµÉ  ¨³¶Ê²Ó¸µ¢
µ¶·¥¤¥²Ö¥É¸Ö ¢·¥³¥´¥³ ¢µ¸¸É ´µ¢¨É¥²Ó´µ£µ ¶·µÍ¥¸¸  ¢ ± ´ ² Ì. ‘¶· ¢¥¤²¨-
¢µ¸ÉÓ ¶·¨¢¥¤¥´´µ£µ ¸µµÉ´µÏ¥´¨Ö ¶µ¤É¢¥·¦¤ ¥É¸Ö ¶·¥¤¸É ¢²¥´´µ° ´  ·¨¸.4
Ì · ±É¥·´µ° § ¢¨¸¨³µ¸ÉÓÕ ¢ÒÌµ¤´µ£µ Éµ±  ŒŠ� µÉ Éµ±  ¶ ¤ ÕÐ¨Ì ´  ´¥e
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Ô²¥±É·µ´µ¢ ¶·¨ · §²¨Î´µ° ¤²¨É¥²Ó´µ¸É¨ ¨³¶Ê²Ó¸  ¶ÊÎ±  [22]. ‚ Ô±¸¶¥·¨-
³¥´É¥ ¶µÉµ± Ô²¥±É·µ´µ¢ ¸ Ô´¥·£¨¥° Ee ≈ 2 ±Ô‚ Ëµ·³¨·µ¢ ²¸Ö ¸ ¶µ³µÐÓÕ ³µ-
¤¥·´¨§¨·µ¢ ´´µ° Ô²¥±É·µ´´µ-²ÊÎ¥¢µ° É·Ê¡±¨, ·¥£Ê²¨·µ¢ ²¸Ö ´ ± ²µ³ ± Éµ¤ 
¨ ¨§³¥·Ö²¸Ö ¸ ¶µ³µÐÓÕ Í¨²¨´¤·  ” · ¤¥Ö. „²Ö ¶µ¤ ¢²¥´¨Ö ¢Éµ·¨Î´µ° Ô²¥±-
É·µ´´µ° Ô³¨¸¸¨¨ ´¥¶µ¸·¥¤¸É¢¥´´µ ¶¥·¥¤ Í¨²¨´¤·µ³ ´ Ìµ¤¨² ¸Ó ¸¥É±  ¶µ¤
µÉ·¨Í É¥²Ó´Ò³ ¶µÉ¥´Í¨ ²µ³ (U¸-Í ≈ −100 ‚). �·¨ ¶µ²ÊÎ¥´¨¨ ¶·¨¢¥¤¥´´ÒÌ
§ ¢¨¸¨³µ¸É¥° ¸¥É±  ¶¥·¨µ¤¨Î¥¸±¨ § ³¥´Ö² ¸Ó ³¨±·µ± ´ ²Ó´µ° ¶² ¸É¨´µ° ¸
 ´ ²µ£¨Î´Ò³ ¶µ ¢¥²¨Î¨´¥ ¶µÉ¥´Í¨ ²µ³ ¢ÒÌµ¤´µ° ¶µ¢¥·Ì´µ¸É¨. �¤´µ·µ¤´µ¸ÉÓ
¨ · §³¥·Ò ¶ÊÎ±  Ô²¥±É·µ´µ¢ ¶µ ¸¥Î¥´¨Õ (≈ 30 ³³2) ¨§³¥·Ö²¨¸Ó ¢ ±µ´É·µ²Ó-
´ÒÌ Ô±¸¶¥·¨³¥´É Ì ¸µ ¸± ´¨·µ¢ ´¨¥³ ¶ÊÎ±  ¶µ ¶² ¸É¨´Î Éµ³Ê Ô²¥±É·µ¤Ê ¸
µÉ¢¥·¸É¨¥³ (¤¨ ³¥É· 0,8 ³³), Ê¸É ´ ¢²¨¢ ¥³µ³Ê ¶¥·¥¤ ŒŠ�. ‚Ò· ¦¥´¨¥ (9)
¨ ¶·¥¤¸É ¢²¥´´Ò¥ ´  ·¨¸.4 ·¥§Ê²ÓÉ ÉÒ µÉ· ¦ ÕÉ ÉµÉ Ë ±É, ÎÉµ ´ ¸ÒÐ¥´¨¥
³¨±·µ± ´ ²Ó´µ° ¶² ¸É¨´Ò µ¡Ê¸²o¢²¨¢ ¥É¸Ö ´¥ Éµ±µ³ ² ¢¨´Ò ¢ ± ´ ²¥,   ¶¥-
·¥´µ¸¨³Ò³ § ·Ö¤µ³ (¸³. É ±¦¥ [40]). �·¨ ¢µ¸¸É ´µ¢²¥´¨¨ Ê£²µ¢µ£µ ¸¶¥±É· 
´ ²¥É ÕÐ¨Ì Î ¸É¨Í ¶µ ¨Ì ¶·µ¸É· ´¸É¢¥´´µ³Ê · ¸¶·¥¤¥²¥´¨Õ ´  ¤¥É¥±Éµ·¥
¢ µ¡Ð¥³ ¸²ÊÎ ¥ ´¥µ¡Ìµ¤¨³µ ÊÎ¨ÉÒ¢ ÉÓ Ê£²µ¢ÊÕ § ¢¨¸¨³µ¸ÉÓ ÔËË¥±É¨¢´µ¸É¨
·¥£¨¸É· Í¨¨ ŒŠ�. �¡ÒÎ´µ ´ ±²µ´ ¥e ± ´ ²µ¢ É ±µ¢, ÎÉµ ¤ ´´ Ö § ¢¨¸¨³µ¸ÉÓ
¨³¥¥É Ï¨·µ±¨° ³ ±¸¨³Ê³ ¢ ¶·¥¤¥² Ì ∼ ±5◦ µÉ´µ¸¨É¥²Ó´µ ´µ·³ ²¨ ± ¶µ¢¥·Ì-
´µ¸É¨ (¸³., ´ ¶·¨³¥·, [41,42]), ÎÉµ ¢¶µ²´¥ ¤µ¸É ÉµÎ´µ ¶·¨ ¨§³¥·¥´¨¨ Ê£²µ¢ÒÌ
Ì · ±É¥·¨¸É¨± ¶ÊÎ±  ¨µ´µ¢.

„²Ö Éµ£µ ÎÉµ¡Ò ¢ÒÌµ¤´µ° ¶µÉµ± ¢Éµ·¨Î´ÒÌ Ô²¥±É·µ´µ¢ ³¨´¨³ ²Ó´µ ¨¸-
± ¦ ² ¶·µ¸É· ´¸É¢¥´´µ¥ · ¸¶·¥¤¥²¥´¨¥ ·¥£¨¸É·¨·Ê¥³ÒÌ Î ¸É¨Í ¸ ¡µ²ÓÏ¨³
Ê£²µ¢Ò³ · §¡·µ¸µ³, ´¥µ¡Ìµ¤¨³µ ¨¸¶µ²Ó§µ¢ ÉÓ ¤¥É¥±Éµ· ¢ ´ ¸ÒÐ¥´´µ³ ·¥¦¨³¥
Ëµ·³¨·µ¢ ´¨Ö ² ¢¨´Ò ¢ · ¡µÎ¨Ì ± ´ ² Ì ¶·¨ ¶·¥´¥¡·¥¦¨³ÒÌ ¢§ ¨³´µ³ ¢²¨-
Ö´¨¨ ¨ ¢¥·µÖÉ´µ¸É¨ ¸· ¡ ÉÒ¢ ´¨Ö µÉ ¤¢ÊÌ ¨ ¡µ²¥¥ Î ¸É¨Í ²¨¡µ ¤¥É¥±Éµ·,
µ¡² ¤ ÕÐ¨° ¸Ë¥·¨Î¥¸±µ° ¨²¨ Í¨²¨´¤·¨Î¥¸±µ° ¶µ¢¥·Ì´µ¸ÉÓÕ ¸µµÉ¢¥É¸É¢ÊÕ-
Ð¥° ±·¨¢¨§´Ò [38,43].

„²Ö ¨§³¥·¥´¨Ö ¢§ ¨³´µ° ±µ··¥²ÖÍ¨µ´´µ° ËÊ´±Í¨¨ ¤¢ÊÌ Ô²¥±É·¨Î¥¸±¨Ì
¸¨£´ ²µ¢ Ï¨·µ±µ ¨¸¶µ²Ó§ÊÕÉ¸Ö · §²¨Î´Ò¥ Ô²¥±É·µ´´Ò¥ ±µ··¥²µ³¥É·Ò (¸³.,
´ ¶·¨³¥·, [44]). �¤´ ±µ ¢µ§³µ¦´µ¸É¨ ÔÉ¨Ì Ê¸É·µ°¸É¢ (fmax ≈ 300 ŒƒÍ) ¶·¨-
³¥´¨É¥²Ó´µ ± ¸¨£´ ² ³ µÉ ¤¥É¥±Éµ·µ¢, ·¥£¨¸É·¨·ÊÕÐ¨Ì ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¶µ-
Éµ±¨ Î ¸É¨Í ¨²¨ ËµÉµ´µ¢, µ£· ´¨Î¥´Ò ¨§³¥·¥´¨¥³ ËÊ´±Í¨¨ ¶·µ²eÉ´µ° ¡ §Ò
¶·¨ ¡µ²ÓÏ¨Ì §´ Î¥´¨ÖÌ ∆ ¨ τmax (∆ � τmax), ÎÉµ, ± ± ¶· ¢¨²µ, ´¥¤µ¸É ÉµÎ´µ
¤²Ö § ¤ Î ¤¨ £´µ¸É¨±¨ ¶ÊÎ±µ¢. �µ²¥¥ Ï¨·µ±µ¶µ²µ¸´Ò° ±µ··¥²µ³¥É· µ¶¨¸ ´,
´ ¶·¨³¥·, ¢ · ¡µÉ¥ [45]. �´ ¢Ò¶µ²´¥´ ´  µ¸´µ¢¥ ¤¢ÊÌ²ÊÎ¥¢µ£µ ¸É·µ¡¨·ÊÕ-
Ð¥£µ µ¸Í¨²²µ£· Ë  ¨ · ¡µÉ ¥É ¢ ¤¨ ¶ §µ´¥ Î ¸ÉµÉ Ô²¥±É·¨Î¥¸±¨Ì ¸¨£´ ²µ¢
µÉ 0 ¤µ 3 ƒƒÍ. �·¨ ´¥±µÉµ·µ° ±µ··¥±Í¨¨ Ê³¥´ÓÏ¥´¨Ö  ³¶²¨ÉÊ¤Ò ¤ ´´Ò°
±µ··¥²µ³¥É· ³µ¦¥É ¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´ É ±¦¥ ¤²Ö Ê§±µ¶µ²µ¸´ÒÌ ¸¨£´ ²µ¢ ¸µ
§´ Î¨É¥²Ó´µ ¡µ²¥¥ ¢Ò¸µ±¨³¨ Î ¸ÉµÉ ³¨, ¢¶²µÉÓ ¤µ ∼ 17 ƒƒÍ. �±¢¨¢ ²¥´É-
´ Ö ¢µ ¢·¥³¥´¨ ¢§ ¨³´ Ö ±µ··¥²ÖÍ¨µ´´ Ö ËÊ´±Í¨Ö ¸¨£´ ²µ¢ ¨§µ¡· ¦ ¥É¸Ö ´ 
Ô±· ´¥ µ¸Í¨²²µ£· Ë  ¨ ± ±  ´ ²µ£µ¢Ò° ¸¨£´ ² ³µ¦¥É ¢Ò¢µ¤¨ÉÓ¸Ö ´  ¸ ³µ-
¶¨¸¥Í ¨²¨ Í¨Ë·µ¢µ° ¶·¥µ¡· §µ¢ É¥²Ó. ‘²µ¦´µ¸ÉÓ ¨¸¶µ²Ó§µ¢ ´¨Ö ¤ ´´µ£µ ¨
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¶µ¤µ¡´ÒÌ Ê¸É·µ°¸É¢ ¤²Ö ¤¨ £´µ¸É¨±¨ § ±²ÕÎ ¥É¸Ö ¶·¥¦¤¥ ¢¸¥£µ ¢ ¢¥¸Ó³  ¤²¨-
É¥²Ó´µ³ (∼100 ¸) ¢·¥³¥´¨ ´ ¡µ·  ¨ µ¡· ¡µÉ±¨ ¶µ¸ÉÊ¶ ÕÐ¥° ¨´Ëµ·³ Í¨¨.

„²Ö ¤¨ £´µ¸É¨Î¥¸±µ£µ Ê¸É·µ°¸É¢  ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ËµÉµ´´µ° ¢´ÊÉ·¥´-
´¥° ³¨Ï¥´¨, ¤²Ö µ¶¥· É¨¢´µ£µ ±µ´É·µ²Ö ¥e ¶ · ³¥É·µ¢, ¢ ´ ¨¡µ²ÓÏ¥° ¸É¥-
¶¥´¨ ¶µ¤Ìµ¤ÖÉ · §²¨Î´Ò¥ ¡Ò¸É·µ¤¥°¸É¢ÊÕÐ¨¥  ¢Éµ±µ··¥²µ³¥É·Ò ² §¥·´µ£µ
¨§²ÊÎ¥´¨Ö (¸³., ´ ¶·¨³¥·, [46,47]). �·¨ ¢¥¸Ó³  ¢Ò¸µ±µ° ÉµÎ´µ¸É¨ ¨§³¥·¥´¨Ö
(≤ 1 ¶¸) µ´¨ ¶µ§¢µ²ÖÕÉ ¶µ²ÊÎ ÉÓ ´¥µ¡Ìµ¤¨³ÊÕ ¨´Ëµ·³ Í¨Õ µ¡  ¢Éµ±µ··¥-
²ÖÍ¨µ´´µ° ËÊ´±Í¨¨ ³¨Ï¥´¨ §  ±µ·µÉ±¨° (¶µ·Ö¤±  ´¥¸±µ²Ó±¨Ì ´ ´µ¸¥±Ê´¤)
¶·µ³¥¦ÊÉµ± ¢·¥³¥´¨. �·¨ ÔÉµ³ ¨³¥¥É¸Ö ¢µ§³µ¦´µ¸ÉÓ µÉµ¡· ¦ ÉÓ ¶µ²ÊÎ¥´-
´Ò° ·¥§Ê²ÓÉ É ¢ ·¥ ²Ó´µ³ ³ ¸ÏÉ ¡¥ ¢·¥³¥´¨, ´ ¶·¨³¥·, ´  µ¸Í¨²²µ£· Ë¥,
²¨¡µ § ¶¨¸Ò¢ ÉÓ ¢ ·¥¦¨³¥ ³¥¤²¥´´µ£µ ¸± ´¨·µ¢ ´¨Ö ¢ ¶ ³ÖÉÓ ³¨±·µ±µ³-
¶ÓÕÉ¥· . ‚§ ¨³´ Ö ±µ··¥²ÖÍ¨µ´´ Ö ËÊ´±Í¨Ö µ¶É¨Î¥¸±µ£µ ¨ Ô²¥±É·¨Î¥¸±µ£µ
¸¨£´ ²µ¢ ¸ ¤¨ ¶ §µ´µ³ Î ¸ÉµÉ ¤µ ∼ 4 ƒƒÍ ³µ¦¥É ¡ÒÉÓ ¨§³¥·¥´ , ´ ¶·¨³¥·,
¸ ¶µ³µÐÓÕ ËµÉµÔ²¥±É·µ´´µ£µ Ê³´µ¦¨É¥²Ö ´  µ¸´µ¢¥ ŒŠ�, ¨³¥ÕÐ¥£µ ³µ¤Ê-
²¨·ÊÕÐÊÕ ¸¥É±Ê ´¥¶µ¸·¥¤¸É¢¥´´µ §  ËµÉµ± Éµ¤µ³ [48]. „²Ö § ¶¨· ´¨Ö Ëµ-
ÉµÔ²¥±É·µ´µ¢ ¢ µÉ¸ÊÉ¸É¢¨¥ Ô²¥±É·¨Î¥¸±µ£µ ¸¨£´ ²  ¸¥É±  ¤µ²¦´  ´ Ìµ¤¨ÉÓ¸Ö
¶µ¤ ´¥±µÉµ·Ò³ µÉ·¨Í É¥²Ó´Ò³ ¶µÉ¥´Í¨ ²µ³. �·¨ ´ ²µ¦¥´¨¨ µ¶É¨Î¥¸±µ£µ ¨
Ô²¥±É·¨Î¥¸±µ£µ ¸¨£´ ²µ¢ ¢µ ¢·¥³¥´¨ ¶µÉµ± ·µ¦¤ ÕÐ¨Ì¸Ö ËµÉµÔ²¥±É·µ´µ¢ ¶µ-
¶ ¤ ¥É ´  ŒŠ� ¤²Ö ¶µ¸²¥¤ÊÕÐ¥£µ Ê¸¨²¥´¨Ö. �É´µ¸¨É¥²Ó´ÊÕ § ¤¥·¦±Ê ³¥¦¤Ê
¸¨£´ ² ³¨ ³µ¦´µ ·¥ ²¨§µ¢ ÉÓ ¶ÊÉ¥³ ¨§³¥´¥´¨Ö µ¶É¨Î¥¸±µ° ¤²¨´Ò ¸¢¥Éµ¢µ£µ
¸¨£´ ²  ¶µ  ´ ²µ£¨¨ ¸ µÉ³¥Î¥´´Ò³¨ ¢ÒÏ¥ ² §¥·´Ò³¨  ¢Éµ±µ··¥²µ³¥É· ³¨. ‚
ÔÉµ³ ¸²ÊÎ ¥ ·¥£¨¸É· Í¨Ö ¢§ ¨³´µ° ±µ··¥²ÖÍ¨µ´´µ° ËÊ´±Í¨¨ µ¸ÊÐ¥¸É¢²Ö¥É¸Ö
¸Î¨ÉÒ¢ ´¨¥³ ´ ±µ¶²¥´´µ£µ § ·Ö¤  ´  ¢ÒÌµ¤¥ ŒŠ� ¢ § ¢¨¸¨³µ¸É¨ µÉ ¢·¥³¥´¨
§ ¤¥·¦±¨.

�·µ¢¥¤¥´´Ò°  ´ ²¨§ ¶µ± §Ò¢ ¥É, ÎÉµ ¨¸¶µ²Ó§µ¢ ´¨¥ · ¸¸³µÉ·¥´´ÒÌ Ô²¥-
³¥´Éµ¢ Ê¸É·µ°¸É¢  ¶µ§¢µ²Ö¥É ·¥ ²¨§µ¢ ÉÓ ´¥¢µ§³ÊÐ ÕÐ¨° ±µ´É·µ²Ó
‚�-¸¶¥±É·  ¶ÊÎ±  ¨µ´µ¢. �¤´ ±µ ¶·¨ ¶¥·¥Ìµ¤¥ ± ³´µ£µ± ´ ²Ó´Ò³ ¨§³¥·¥-
´¨Ö³ ¢µ§´¨± ¥É ´¥µ¡Ìµ¤¨³µ¸ÉÓ ¢ ¸µ§¤ ´¨¨ ¡µ²¥¥ ±µ³¶ ±É´ÒÌ ¸¨¸É¥³ ±µ··¥-
²µ³¥É·µ¢.

4. “‘’��‰‘’‚� „‹Ÿ �…‚�‡Œ“™��™…ƒ� Š���…‹Ÿ–ˆ����ƒ�
ˆ‡Œ…�…�ˆŸ ����Œ…’��‚ �“—Š� ‚ ˆ‘’�—�ˆŠ… ��

��ˆŒ…�… ˆ���‚ H−

‘µÎ¥É ´¨¥ ¢¸¥Ì · ¸¸³µÉ·¥´´ÒÌ ¢ÒÏ¥ µ¸´µ¢´ÒÌ Ô²¥³¥´Éµ¢ (¢´ÊÉ·¥´´ÖÖ
³¨Ï¥´Ó, ¤¥É¥±Éµ· ˆ�-Î ¸É¨Í ¨ ±µ··¥²µ³¥É·) ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¶·¨ ¨§³¥·¥-
´¨ÖÌ ± ± ËµÉµ´´ÒÌ, É ± ¨ Ô²¥±É·¨Î¥¸±¨Ì ¸¨£´ ²µ¢ ¤µ¸É¨£´ÊÉµ ¢ ¶·¥¤²µ¦¥´-
´µ³ ¢ [20Ä22] ³´µ£µ± ´ ²Ó´µ³ Ê¸É·µ°¸É¢¥ ¤²Ö ´¥¢µ§³ÊÐ ÕÐ¨Ì ±µ··¥²ÖÍ¨µ´-
´ÒÌ ¨§³¥·¥´¨° ¶ · ³¥É·µ¢ ¶ÊÎ±  ¢ ¨¸ÉµÎ´¨±¥ ´  ¶·¨³¥·¥ ¨µ´µ¢ H−. ‘Ì¥³ 
Ê¸É·µ°¸É¢  ¶·¥¤¸É ¢²¥´  ´  ·¨¸.5. „²Ö Ê²ÊÎÏ¥´¨Ö µ¶É¨Î¥¸±¨Ì Ì · ±É¥·¨¸É¨±
¶ÊÎ±  ¨ Ê³¥´ÓÏ¥´¨Ö § ¡·µ¸  Í¥§¨Ö ¢ ± ´ ² É· ´¸¶µ·É¨·µ¢±¨ ¨µ´µ¢ H− ´ 
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¢ÒÌµ¤¥ ¶µ¢¥·Ì´µ¸É´µ-¶² §³¥´´ÒÌ ¨¸ÉµÎ´¨±µ¢ µ¡ÒÎ´µ ¨¸¶µ²Ó§Ê¥É¸Ö 90◦ ¶µ-
¢µ·µÉ´Ò° ³ £´¨É ¸ ¶µ± § É¥²¥³ ¸¶ ¤  ¶µ²Ö, · ¢´Ò³ ¥¤¨´¨Í¥ (¸³., ´ ¶·¨³¥·,
[49]). ‡µ´¤¨·ÊÕÐ Ö ËµÉµ´´ Ö ³¨Ï¥´Ó ¸ ¶¸¥¢¤µ¸²ÊÎ °´µ° ¶µ¸²¥¤µ¢ É¥²Ó-
´µ¸ÉÓÕ ¨³¶Ê²Ó¸µ¢ ¢µ ¢·¥³¥´¨ Ëµ·³¨·Ê¥É¸Ö ¢ ´ Î ²¥ ¶µ¢µ·µÉ´µ£µ ÊÎ ¸É± 
¶ÊÉ¥³ ¤¨ Ë· £³¨·µ¢ ´¨Ö ¶µ²Ö·¨§µ¢ ´´µ£µ ¨§²ÊÎ¥´¨Ö µÉ Nd+3 : ˆ�ƒ ² §¥· 
(λ ≈ 10600 �A) ¢ ·¥¦¨³¥ ¸¢µ¡µ¤´µ° £¥´¥· Í¨¨. ‚ § ¢¨¸¨³µ¸É¨ µÉ Ô³¨ÉÉ ´¸ 
¨ ¶µ¶¥·¥Î´ÒÌ · §³¥·µ¢ ¶ÊÎ±  µ´  ³µ¦¥É ¸µ¸ÉµÖÉÓ ¨§ µ¤´µ£µ ¨²¨ ´¥¸±µ²Ó±¨Ì
´¨É¥¢¨¤´ÒÌ ²ÊÎ¥° (Iγ

s , s ≥ 1). „²Ö ±µ´É·µ²Ö ¶ · ³¥É·µ¢ ³¨Ï¥´¨ ¨¸¶µ²Ó§Ê-
ÕÉ¸Ö ¤¥É¥±Éµ·Ò Dγ

s (² ¢¨´´Ò¥ ËµÉµ¤¨µ¤Ò, ¸¢¥Éµ¤¨µ¤´Ò¥ ¨²¨ �‡‘-²¨´¥°±¨
¢ § ¢¨¸¨³µ¸É¨ µÉ ±µ´±·¥É´µ£µ ¨¸¶µ²´¥´¨Ö Ê¸É·µ°¸É¢ ). �·¨ ´¥µ¡Ìµ¤¨³µ¸É¨
Î ¸ÉÓ ² §¥·´µ£µ ¨§²ÊÎ¥´¨Ö ³µ¦¥É ¶µ¸ÉÊ¶ ÉÓ ¢  ¢Éµ±µ··¥²µ³¥É· A Î¥·¥§ ¶µ-
²Ê¶·µ§· Î´µ¥ §¥·± ²µ M1. ’¥¸Éµ¢Ò¥  Éµ³Ò H0 ·µ¦¤ ÕÉ¸Ö ¢ ·¥§Ê²ÓÉ É¥ Ëµ-
Éµµ¡¤¨·±¨ Î ¸É¨ ¨µ´µ¢ H− ¨ ¶µ¢Éµ·ÖÕÉ ¢¥²¨Î¨´Ê (¢ µÉ´.¥¤.) ¨ ´ ¶· ¢²¥´¨¥
(¢ · ¤) ¨Ì ¸±µ·µ¸É¨ ¸ ÉµÎ´µ¸ÉÓÕ ≤ 8 · 10−4E−0,5

i , £¤¥ Ei Å Ô´¥·£¨Ö ¨µ´µ¢ (¢
±Ô‚) [23]. „²Ö £¥´¥· Í¨¨ ¤ ´´ÒÌ ˆ�-Î ¸É¨Í ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸  ¢Éµ±µ··¥²ÖÍ¨-
µ´´µ° ËÊ´±Í¨¥° ³¨Ï¥´¨ ´¥µ¡Ìµ¤¨³µ, ÎÉµ¡Ò ¤²¨´  µ¡² ¸É¨ ¢§ ¨³µ¤¥°¸É¢¨Ö
¨µ´µ¢ ¸ Ô´¥·£¨¥° ≈ 20 ±Ô‚ ´¥ ¶·¥¢ÒÏ ²  ∆Vi ≈ 10−2 ¸³. ‘ ÊÎ¥Éµ³ Ëµ´µ¢µ£µ
± ´ ²  µ¡¤¨·±¨ ¨µ´µ¢ ´  ±µ³¶µ´¥´É Ì µ¸É ÉµÎ´µ£µ £ §  ·¥§Ê²ÓÉ¨·ÊÕÐ¨° ¶µ-
Éµ± ¨´Ëµ·³ Í¨µ´´ÒÌ  Éµ³µ¢ H0 ´  ¢Ìµ¤¥ ¶·µ²eÉ´µ° ¡ §Ò L µÍ¥´¨¢ ¥É¸Ö ¸
¶µ³µÐÓÕ ¢Ò· ¦¥´¨Ö

Ψ0(t) = Ψb(t) + Ψp(t) ≈
Ii(t)

1,6 · 10−19

[
3 · 1016σ−10PbLb+

+
σ(ω0)Pγ(t)

1,6 · 10−19a · �ω0 · Vi

]
, (10)

£¤¥ Ii(t) Å Éµ± ¶ÊÎ±  ¨µ´µ¢ H− [A], σ−10 Å ¸·¥¤´¥¥ ¸¥Î¥´¨¥ µ¡¤¨·±¨
¨µ´µ¢ ´  ±µ³¶µ´¥´É Ì µ¸É ÉµÎ´µ£µ £ §  [¸³2], Pb [Éµ·p] Å ¤ ¢²¥´¨¥ µ¸É -
ÉµÎ´µ£µ £ §  ´  ÊÎ ¸É±¥ Lb [¸³] µÉ Ëµ·³¨·ÊÕÐ¥° ¶ÊÎµ± ¤¨ Ë· £³Ò ¨¸ÉµÎ-
´¨±  ¤µ ËµÉµ´´µ° ³¨Ï¥´¨, σ(ω0) Å ¸¥Î¥´¨¥ ËµÉµµ¡¤¨·±¨ ¨µ´µ¢ H− [¸³2],
Pγ(t) =

∑
s Pγs(t) Å ¸Ê³³ ·´ Ö ¶µ ¢¸¥³ ²ÊÎ ³ ³µÐ´µ¸ÉÓ ËµÉµ´´µ° ³¨Ï¥´¨

¢ µ¡² ¸É¨ ¢§ ¨³µ¤¥°¸É¢¨Ö ¸ ¶ÊÎ±µ³ ¨µ´µ¢ [‚É], �ω0 Å Ô´¥·£¨Ö ËµÉµ´µ¢ [Ô‚],
Vi Å ¸±µ·µ¸ÉÓ ¨µ´µ¢ H− [¸³/¸], a Å ¶µ¶¥·¥Î´Ò° ± ¶²µ¸±µ¸É¨ ¶¥·¥¸¥Î¥-
´¨Ö ¶ÊÎ±µ¢ · §³¥· µ¡² ¸É¨ ¢§ ¨³µ¤¥°¸É¢¨Ö (¶µ² £ ¥É¸Ö, ÎÉµ µ´ ¸µ¢¶ ¤ ¥É ¸
¶µ¶¥·¥Î´Ò³ · §³¥·µ³ ¶ÊÎ±  ¨µ´µ¢) [¸³]. �µ³¨³µ ÔÉµ£µ ¶µÉµ± , ± ± Ê¦¥ µÉ³¥-
Î ²µ¸Ó ¢ · §¤. 1, ´  ¢Ìµ¤ ¤¥É¥±Éµ·  ³µ£ÊÉ ¶µ¶ ¤ ÉÓ ´¥¨´Ëµ·³ Í¨µ´´Ò¥  Éµ³Ò
¢µ¤µ·µ¤ , ·µ¦¤ ÕÐ¨¥¸Ö ¢ ·¥§Ê²ÓÉ É¥ µ¡¤¨·±¨ ¨µ´µ¢ H− ¡µ²¥¥ ´¨§±¨Ì Ô´¥·-
£¨° ´  µ¸É ÉµÎ´µ³ £ §¥ ¢ Ê¸±µ·ÖÕÐ¥³ ¶·µ³¥¦ÊÉ±¥ ¨¸ÉµÎ´¨± . �µ² £ Ö, ÎÉµ
¤²Ö  ´ ²¨§¨·Ê¥³µ£µ ¨¸ÉµÎ´¨±  ¶ÊÎ±  ¨µ´µ¢ H− ¸ Ì · ±É¥·´Ò³¨ ¶ · ³¥É· ³¨
Ei ≈ 20 ±Ô‚, Ii ≈ 2 ³�, ´µ·³ ²¨§µ¢ ´´Ò³ Ô³¨ÉÉ ´¸µ³ εY n ≈ 5 ·10−6 ¸³·· ¤,
¤²¨É¥²Ó´µ¸ÉÓÕ ¨³¶Ê²Ó¸  τi ≈ 100 ³±¸, Î ¸ÉµÉµ° f ≈ 50 ƒÍ, Pb ≈ 5·10−3 Éµ·p,
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�¨¸. 5. ‘Ì¥³  Ê¸É·µ°¸É¢  ¤²Ö ´¥¢µ§³ÊÐ ÕÐ¨Ì ±µ··¥²ÖÍ¨µ´´ÒÌ ¨§³¥·¥´¨° ¶ · ³¥É·µ¢
¶ÊÎ±  ¨µ´µ¢ H− ¢ ¨¸ÉµÎ´¨±¥

a ≈ 0,1 ¸³ ¨ Lb ≈ 2 ¸³ ¶µÉµ± ´¥¨´Ëµ·³ Í¨µ´´ÒÌ  Éµ³µ¢ H0 ¶µ§¢µ²Ö¥É ¶·µ-
¢µ¤¨ÉÓ ±µ··¥²ÖÍ¨µ´´Ò¥ ¨§³¥·¥´¨Ö ¶·¨ µÉ´µÏ¥´¨¨ Ψb/Ψp ≈ 102, ¶µ²ÊÎ ¥³

Pγ ≈ 5 · 10−5 σ−10

σ(ω0)
�ω0PbLbVia ≈ 340 ‚É, (11)

£¤¥ σ−10 ≈ 10−15 ¸³2, σ(ωo) ≈ 3,5 · 10−17 ¸³2 ¨ �ω0 = 1,17 Ô‚. ’·¥¡Ê¥³ Ö
³µÐ´µ¸ÉÓ ËµÉµ´´µ° ³¨Ï¥´¨ ¢ ¢ ·¨ ´É¥ µ¤´µ£µ ²ÊÎ  ¸ ¶µ¶¥·¥Î´Ò³¨ · §³¥-
· ³¨ ≈ 2 · 10−2 × 10−2 ¸³ ³µ¦¥É ¡ÒÉÓ ¤µ¸É¨£´ÊÉ  ¶·¨ ¤¨ Ë· £³¨·µ¢ ´¨¨
² §¥·´µ£µ ¨§²ÊÎ¥´¨Ö c ¸¥Î¥´¨¥³ ≈ 0,5 ¸³2 ¨ ¸·¥¤´¥° ³µÐ´µ¸ÉÓÕ ¶µ¸²¥¤µ¢ -
É¥²Ó´µ¸É¨ ¨³¶Ê²Ó¸µ¢ Pl ≈ Pγ(0,5/2 ·10−4) ≈ 850 ±‚É. ‘± ´¨·µ¢ ´¨¥ ²ÊÎ  ¶µ
¶ÊÎ±Ê ¢¤µ²Ó µ¸¨ Y (¸³. ·¨¸.5) ¢ ¶·¥¤¥² Ì ¢¥²¨Î¨´Ò a ¶·¨ ¶µ¸²¥¤µ¢ É¥²Ó´ÒÌ
¨§³¥·¥´¨ÖÌ µ¡¥¸¶¥Î¨¢ ¥É¸Ö ¶ÊÉ¥³ ¶¥·¥³¥Ð¥´¨Ö §¥·± ²  M2 ¸ ¤¨ Ë· £³µ° ¸
¶µ³µÐÓÕ ¶Ó¥§µ±·¨¸É ²² .

�·¨ Ëµ·³¨·µ¢ ´¨¨ ¶ÊÎ±  ¨µ´µ¢ H− c ¨¸¶µ²Ó§µ¢ ´¨¥³ ³´µ£µ ¶¥·ÉÊ·´ÒÌ
¸µÉµ¢ÒÌ ¸¨¸É¥³ (´ ¶·¨³¥·, ¤²Ö § ¤ Î Ê¶· ¢²Ö¥³µ£µ É¥·³µÖ¤¥·´µ£µ ¸¨´É¥§ )
¥£µ Éµ± ³µ¦¥É ¸µ¸É ¢²ÖÉÓ ≥ 10 A ¶·¨ ¶µ¶¥·¥Î´µ³ ¸¥Î¥´¨¨ ≥ 20 ¸³2 ¨
¤²¨É¥²Ó´µ¸É¨ ¨³¶Ê²Ó¸  ≈ 1 ³¸ [49]. ‚ ÔÉµ³ ¸²ÊÎ ¥, ¶·¨ ¥¤¨´µ° ´ ± Î±¥ ¢Ò-
¸É·µ¥´´ÒÌ ¢ Í¥¶µÎ±Ê ¶µ µ¸¨ Y ±·¨¸É ²²µ¢ ² §¥·  (¤¨ ³¥É· 6 ³³, l = 100 ³³),
³µ¦´µ µ¤´µ¢·¥³¥´´µ Ëµ·³¨·µ¢ ÉÓ ´¥¸±µ²Ó±µ ¸É Í¨o´ ·´ÒÌ ¨ ¤µ¸É ÉµÎ´µ Ìµ-
·µÏµ · §¤¥²e´´ÒÌ ¢ ¶·µ¸É· ´¸É¢¥ (¨´É¥·¢ ² ≈ 6 ³³) ËµÉµ´´ÒÌ ³¨Ï¥´¥° ¸
¶µ¶¥·¥Î´Ò³ ¸¥Î¥´¨¥³ ≈ 10−1 × 10−2 ¸³ (¸³. ·¨¸.5,¡). �·¨ ÔÉµ³ ´¥µ¡Ìµ¤¨-
³ Ö ¤²Ö ¨§³¥·¥´¨° ¸·¥¤´ÖÖ ³µÐ´µ¸ÉÓ ¨§²ÊÎ¥´¨Ö µ¤´µ£µ ±·¨¸É ²²  ¢ ¶·¥¤¥² Ì
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¨³¶Ê²Ó¸  ³¨Ï¥´¨ µÍ¥´¨¢ ¥É¸Ö ¢¥²¨Î¨´µ° Pl/±· ≈ 1 Œ‚É (a ≈ 0,6 ¸³). „²¨-
É¥²Ó´µ¸ÉÓ ¨³¶Ê²Ó¸  §µ´¤¨·ÊÕÐ¥° ³¨Ï¥´¨ ¢Ò¡¨· ¥É¸Ö · ¢´µ° tγ ≥ tL+tc, £¤¥
tL Å ¢·¥³Ö ¶·µ²eÉ  É¥¸Éµ¢ÒÌ  Éµ³µ¢ H0 ¤µ ¤¥É¥±Éµ· ,   tc Å ¢·¥³Ö ´ ¡µ· 
¨´Ëµ·³ Í¨¨ ¢ ±µ··¥²µ³¥É· Ì.

‚§ ¨³´Ò¥ ±µ··¥²ÖÍ¨µ´´Ò¥ ËÊ´±Í¨¨ Rγ0
sq ¨§³¥·ÖÕÉ¸Ö ³¥¦¤Ê ¶µÉµ± ³¨

ËµÉµ´µ¢ Iγ
sq µÉ s-° ´¨É¥¢¨¤´µ° ³¨Ï¥´¨ (s = 1, . . . , n) ¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨³¨

¥° Ê¸¨²¥´´Ò³¨ Ô²¥±É·¨Î¥¸±¨³¨ ¸¨£´ ² ³¨ I0
sq µÉ q-° ² ³¥²¨ (q = 1, . . . , m)

 ´µ¤´µ° ¸¨¸É¥³Ò ¤¥É¥±Éµ·   Éµ³µ¢ H0 (D0
sq). „²Ö ÔÉµ£µ ¢ ´ ¨¡µ²ÓÏ¥° ¸É¥-

¶¥´¨ ¶µ¤Ìµ¤ÖÉ ±µ··¥²µ³¥É·Ò (Bsq) ¸ ¢·¥³¥´´
Ò³ ¨´É¥£·¨·µ¢ ´¨¥³ ´  ¶·¨-
¡µ· Ì ¸ § ·Ö¤µ¢µ° ¸¢Ö§ÓÕ (�‡‘) [50]. Šµ··¥²µ³¥É· ¸µ¸Éµ¨É ¨§ ³µ¤Ê²ÖÉµ·-
´µ° ¨ ¤¥É¥±Éµ·´µ° ²¨´¥¥± (¸³. ·¨¸.5,¢). �‡‘-²¨´¥°±  1 ´  µ¸´µ¢¥ GaAs,
¢ ±µÉµ·µ° ± ¦¤Ò° É·¥É¨° Ô²¥±É·µ¤ § É¢µ·  ¶µ²Ê¶·µ§· Î¥´, ¢Ò¶µ²´Ö¥É ·µ²Ó
¶·µ¸É· ´¸É¢¥´´µ£µ ³µ¤Ê²ÖÉµ·  ¶ ¤ ÕÐ¥° ´  ´¥e Î ¸É¨ ² §¥·´µ£µ ¨§²ÊÎ¥-
´¨Ö. �·¨´Í¨¶ ³µ¤Ê²ÖÍ¨¨ µ¸´µ¢ ´ ´  ÔËË¥±É¥ Ô²¥±É·µ¶µ£²µÐ¥´¨Ö ËµÉµ´µ¢
¸ ¤²¨´ ³¨ ¢µ²´, ´¥¸±µ²Ó±µ ¶·¥¢ÒÏ ÕÐ¨³¨ ¤²¨´´µ¢µ²´µ¢ÊÕ £· ´¨ÍÊ (λc)
¸µ¡¸É¢¥´´µ£µ ¶µ£²µÐ¥´¨Ö ¸¢¥É  ¢ ¶µ²Ê¶·µ¢µ¤´¨±¥: ¶µ£²µÐ¥´¨¥ Ê¢¥²¨Î¨¢ -
¥É¸Ö ¸ ·µ¸Éµ³ ¶·¨²µ¦¥´´µ£µ Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö (ÔËË¥±É ”· ´Í ÄŠ¥²¤ÒÏ 
[51,52]). ‚ § ¢¨¸¨³µ¸É¨ µÉ É¥Ì´µ²µ£¨¨ ¢Ò· Ð¨¢ ´¨Ö ¨ ¸É¥¶¥´¨ µÎ¨¸É±¨ ¤²Ö
GaAs λc = 0,87 ÷ 0,92 ³±³ (¸³., ´ ¶·¨³¥·, [53,54]). �  ¸É·Ê±ÉÊ·Ê ¶µ¤ -
¥É¸Ö É·eÌË §´µ¥ Ê¶· ¢²ÖÕÐ¥¥ ´ ¶·Ö¦¥´¨¥, ±µÉµ·µ¥ ¸ ´¥µ¡Ìµ¤¨³µ° ¸±µ·µ¸ÉÓÕ
¶·µ¢µ¤¨É ¢¤µ²Ó �‡‘-²¨´¥°±¨ Ô²¥±É·µ´´Ò¥ § ·Ö¤µ¢Ò¥ ¶ ±¥ÉÒ I0

sq , ¶µ¸ÉÊ¶ Õ-
Ð¨¥ ´  ¥e ¢Ìµ¤ µÉ ¤¥É¥±Éµ·  Î¥·¥§ · §¤¥²¨É¥²Ó´ÊÕ ¥³±µ¸ÉÓ Csq . …³±µ¸ÉÓ
µ¡¥¸¶¥Î¨¢ ¥É É·¥¡Ê¥³µ¥ ¤²Ö ´µ·³ ²Ó´µ° · ¡µÉÒ ±µ··¥²µ³¥É·  µ¸² ¡²¥´¨¥,
¶· ±É¨Î¥¸±¨ ¶µ¸ÉµÖ´´µe §  ¢·¥³Ö ¨§³¥·¥´¨Ö ¸¨£´ ²  µÉ Ëµ´µ¢ÒÌ  Éµ³µ¢ ¢µ-
¤µ·µ¤ . …e ¨¸¶µ²Ó§µ¢ ´¨¥ ¶·¨¢µ¤¨É É ±¦¥ ± ¤µ¶µ²´¨É¥²Ó´µ³Ê Ê³¥´ÓÏ¥´¨Õ
´¥µ¡Ìµ¤¨³µ° ¸·¥¤´¥° ³µÐ´µ¸É¨ ËµÉµ´´µ° ³¨Ï¥´¨. �·µ¸É· ´¸É¢¥´´µ¥ · ¸-
¶·¥¤¥²¥´¨¥ § ·Ö¤µ¢, ¸µµÉ¢¥É¸É¢ÊÕÐ¥¥ ¤¨¸±·¥É´µ³Ê ¢µ ¢·¥³¥´¨ ¶·¥¤¸É ¢²¥´¨Õ
Ëµ·³Ò ¢Ìµ¤´µ£µ Éµ±µ¢µ£µ ¸¨£´ ²  I0

sq(t), ¨§³¥´Ö¥É ±µÔËË¨Í¨¥´É ¶·µ¶Ê¸± -
´¨Ö ÖÎ¥¥±: Î¥³ ¡µ²ÓÏ¥ § ·Ö¤ ¶µ¤ ¶µ²Ê¶·µ§· Î´Ò³ § É¢µ·µ³ ²¨´¥°±¨, É¥³
¢ÒÏ¥ ¶·µ¶Ê¸± ´¨¥ ¸¢¥É . Œµ¤Ê²¨·µ¢ ´´µ¥ É ±¨³ µ¡· §µ³ ² §¥·´µ¥ ¨§²ÊÎ¥-
´¨¥ 2 ·¥£¨¸É·¨·Ê¥É¸Ö ±·¥³´¨¥¢µ° �‡‘-²¨´¥°±µ° 3 ¸ ¤²¨´´µ¢µ²´µ¢µ° £· ´¨-
Í¥° ¶µ£²µÐ¥´¨Ö λc|Si = 1,12 ³±³. �·µ¸É· ´¸É¢¥´´µ¥ · ¸¶·¥¤¥²¥´¨¥ § ·Ö¤ ,
´ ±µ¶²¥´´µ£µ ¢ ¥e ÖÎ¥°± Ì §  ¢·¥³Ö ¨§³¥·¥´¨Ö, ¶·¥¤¸É ¢²Ö¥É ±µ··¥²ÖÍ¨µ´´ÊÕ
ËÊ´±Í¨Õ Rγ0

sq , ±µÉµ·ÊÕ ³µ¦´µ § É¥³ ¸Î¨É ÉÓ ¨ ¶¥·¥¢¥¸É¨ ¢ ³ ¸ÏÉ ¡ ¢·¥³¥´¨
¶·¨ ¨§¢¥¸É´µ° ¸±µ·µ¸É¨ ¶¥·¥´µ¸  § ·Ö¤  ¢¤µ²Ó ³µ¤Ê²ÖÉµ·´µ° �‡‘-²¨´¥°±¨.
„µ¸É ÉµÎ´µ ¡µ²ÓÏ¨¥ ¶µÉµ±¨ ¶ ¤ ÕÐ¥£µ ´  ³µ¤Ê²ÖÉµ· ² §¥·´µ£µ ¨§²ÊÎ¥´¨Ö
¤ ÕÉ ¢µ§³µ¦´µ¸ÉÓ · ¡µÉ ÉÓ ¢ ¢µ²´µ¢µ¤´µ³ ·¥¦¨³¥, ¶·¨ ±µÉµ·µ³ ¸¢¥Éµ¢ Ö
¢µ²´  · ¸¶·µ¸É· ´Ö¥É¸Ö ¶µ¤ Ô²¥±É·µ¤ ³¨ § É¢µ·µ¢ ¶ · ²²¥²Ó´µ ¨Ì ¶µ¢¥·Ì´µ-
¸É¨. �² £µ¤ ·Ö ¸ÊÐ¥¸É¢¥´´µ³Ê Ê¢¥²¨Î¥´¨Õ ¶ÊÉ¨ · ¸¶·µ¸É· ´¥´¨Ö ¨§²ÊÎ¥´¨Ö
¢ ¶µ²Ê¶·µ¢µ¤´¨±¥ ¸ Ô²¥±É·¨Î¥¸±¨³ ¶µ²¥³ É ±µ° ·¥¦¨³ · ¡µÉÒ ³µ¤Ê²ÖÉµ·-
´µ° �‡‘-²¨´¥°±¨ ¶µ§¢µ²Ö¥É µ¡¥¸¶¥Î¨ÉÓ ¡²¨§±ÊÕ ± 100 % £²Ê¡¨´Ê ³µ¤Ê²ÖÍ¨¨
¢Ìµ¤´µ£µ ¶µÉµ±  ËµÉµ´µ¢ [50]. �·¨ ÔÉµ³ ³µ¦´µ · ¸¸Î¨ÉÒ¢ ÉÓ ´  §´ Î¨É¥²Ó-
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´Ò° ¤¨´ ³¨Î¥¸±¨° ¤¨ ¶ §µ´ ¢¸¥£µ ±µ··¥²µ³¥É·  ¤ ¦¥ ¢ ´¥ µÎ¥´Ó ¡²¨§±µ° ±
¶µ·µ£µ¢µ° µ¡² ¸É¨ ¶µ£²µÐ¥´¨Ö (λ − λc)/λc ≈ 0,2.

„µ¶Ê¸É¨³ Ö §  ¢·¥³Ö ¨§³¥·¥´¨Ö Ô´¥·£¨Ö ¶ ¤ ÕÐ¥£µ ´  ³µ¤Ê²ÖÉµ· ¨§²Ê-
Î¥´¨Ö µ£· ´¨Î¨¢ ¥É¸Ö ¶¥·¥¶µ²´¥´¨¥³ µÉ¤¥²Ó´ÒÌ ÖÎ¥¥± ¤¥É¥±Éµ·´µ° ²¨´¥°±¨
´µ¸¨É¥²Ö³¨ § ·Ö¤  (∼ 5·105 ¥/ÖÎ [54]), ·µ¦¤ ÕÐ¨³¨¸Ö ¶·¨ ¶µ£²µÐ¥´¨¨ ËµÉµ-
´µ¢. ‚¥²¨Î¨´  ÔÉµ° Ô´¥·£¨¨, ¶·¨¢¥¤¥´´ Ö ¢ [50], ¸ÊÐ¥¸É¢¥´´µ ³¥´ÓÏ¥ Ô´¥·£¨¨
¶µ¸²¥¤µ¢ É¥²Ó´µ¸É¨ ¨³¶Ê²Ó¸µ¢ µÉ ËµÉµ´´µ° ³¨Ï¥´¨ (Iγ

sq), ¶µ¶ ¤ ÕÐ¥° ¢ ³µ-
¤Ê²ÖÉµ·´ÊÕ ²¨´¥°±Ê ¶·¨ ¢µ²´µ¢µ¤´µ³ ·¥¦¨³¥ ¥e · ¡µÉÒ. �Éµ ¶µ§¢µ²Ö¥É, ¢
¶·¨´Í¨¶¥, ¶·µ¢µ¤¨ÉÓ ¨§³¥·¥´¨Ö · ¸¶·¥¤¥²¥´¨Ö ¨µ´µ¢ ¶µ ¸±µ·µ¸ÉÖ³ (Ô´¥·£¨¨)
§  ¢¥¸Ó³  ±µ·µÉ±µ¥ ¢·¥³Ö tc ≤ 100 ´¸ ¨ ¢ ´Ê¦´Ò° ³µ³¥´É ¢ ¶·¥¤¥² Ì µ¤´µ£µ
¨³¶Ê²Ó¸  ¶ÊÎ±  ¨µ´µ¢. ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ µ¶É¨³ ²Ó´µ ¨³¶Ê²Ó¸´µ¥ ¢±²ÕÎ¥´¨¥ ¤¥-
É¥±Éµ·   Éµ³µ¢ H0 ´  ¢·¥³Ö ¨§³¥·¥´¨° (tc) ¸ ÊÎ¥Éµ³ § ¤¥·¦±¨ ¢µ ¢·¥³¥´¨ ´ 
¶·µ²eÉ´µ° ¡ §¥. �·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ¤¥É¥±Éµ·  ´  µ¸´µ¢¥ ŒŠ� ¸ ¶µ¤µ¡´Ò³
¨³¶Ê²Ó¸´Ò³ ¶¨É ´¨¥³ ¤µ¸É¨£ ¥É¸Ö É ±¦¥ §´ Î¨É¥²Ó´µ¥ Ê¢¥²¨Î¥´¨¥ ²¨´¥°´µ£µ
¤¨ ¶ §µ´  ¶µ ¶µÉµ±Ê ·¥£¨¸É·¨·Ê¥³ÒÌ Î ¸É¨Í (¸³. ¢Ò· ¦¥´¨¥ (9) ¨ ·¨¸.4).

‘Î¨ÉÒ¢ ´¨¥ ¨ µ¡· ¡µÉ±  ¶µ²ÊÎ¥´´µ° ¸ ¤¥É¥±Éµ·´ÒÌ �‡‘-²¨´¥¥± ¨´Ëµ·-
³ Í¨¨ ³µ£ÊÉ ¡ÒÉÓ µ¸ÊÐ¥¸É¢²¥´Ò ¢ ¨´É¥·¢ ² Ì ³¥¦¤Ê ¢±²ÕÎ¥´¨¥³ ³¨Ï¥´¨
¨²¨ ¨³¶Ê²Ó¸ ³¨ ¶ÊÎ±  ¨µ´µ¢. �¶É¨³¨§ Í¨Ö · ¡µÉÒ ±µ··¥²µ³¥É·µ¢ ¢ É ±µ³
·¥¦¨³¥ µ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¶µ¤¡µ·µ³ Ê¸¨²¥´¨Ö ´  ŒŠ� ¨ ±µÔËË¨Í¨¥´Éµ¢ µÉ· -
¦¥´¨Ö ËµÉµ´µ¢ ´  ¶µ²Ê¶·µ§· Î´ÒÌ §¥·± ² Ì Msq . �·¨ ±µ³¶ ±É´µ° Ê¶ ±µ¢±¥
±µ··¥²µ³¥É·µ¢ ¢ ¥¤¨´Ò° ¡²µ± µÉ¤¥²Ó´Ò¥ £·Ê¶¶Ò (´ ¶·¨³¥·, ¶µ ¶¥·¥³¥´´µ° q)
¨²¨ ¢¸¥ ÔÉ¨ §¥·± ²  ³µ£ÊÉ ¡ÒÉÓ § ³¥´¥´Ò µ¤´¨³. „²Ö Éµ£µ ÎÉµ¡Ò ¸¢¥¸É¨ ± ³¨-
´¨³Ê³Ê ÔËË¥±É ¢Ò¡¥²¨¢ ´¨Ö ¢ ³µ¤Ê²ÖÉµ·´µ° ²¨´¥°±¥, ±µÉµ·Ò° § ±²ÕÎ ¥É¸Ö
¢ ¶µÉ¥·¥ ³µ¤Ê²¨·ÊÕÐ¨Ì ¸¢µ°¸É¢ ¶µ ³¥·¥ Éµ£µ, ± ± Ê¸É·µ°¸É¢µ ¶µ¤¢¥·£ ¥É¸Ö
¢µ§¤¥°¸É¢¨Õ ¸¢¥É  (¸³., ´ ¶·¨³¥·, [56]), ´¥µ¡Ìµ¤¨³µ ¨¸¶µ²Ó§µ¢ ÉÓ ¤µ¶µ²´¨-
É¥²Ó´Ò° Ô²¥±É·µµ¶É¨Î¥¸±¨° § É¢µ· (��) ¤²Ö ¶µÉµ±µ¢ ËµÉµ´µ¢ Iγ

sq . …£µ ·µ²Ó
§ ±²ÕÎ ¥É¸Ö ¢ ¶·µ¶Ê¸± ´¨¨ µÉ· ¦¥´´µ£µ µÉ M2 ² §¥·´µ£µ ¨§²ÊÎ¥´¨Ö ´  ±µ·-
·¥²µ³¥É·Ò Éµ²Ó±µ ¢ É¥Î¥´¨¥ ´¥µ¡Ìµ¤¨³µ£µ ¤²Ö ¨§³¥·¥´¨° ¨´É¥·¢ ²  ¢·¥³¥´¨
tc ¨ ¸µ c¤¢¨£µ³ ´  ¢¥²¨Î¨´Ê tL µÉ ´ Î ²  ¢±²ÕÎ¥´¨Ö ËµÉµ´´µ° ³¨Ï¥´¨ (¤²Ö
¸µ£² ¸µ¢ ´¨Ö ¸ · ¡µÉµ° ¤¥É¥±Éµ·   Éµ³µ¢ H0 ¢µ ¢·¥³¥´¨).

�·¨ ¤¨ £´µ¸É¨±¥ ¡µ²¥¥ ¨´É¥´¸¨¢´µ£µ ¶ÊÎ± , ´ ¶·¨³¥·, ¨§ ³´µ£µ ¶¥·ÉÊ·-
´µ£µ ¨¸ÉµÎ´¨± , ¶µÉµ±¨ ¨´Ëµ·³ Í¨µ´´ÒÌ  Éµ³µ¢ H0 ³µ£ÊÉ ¡ÒÉÓ ¤µ¸É ÉµÎ´µ
¢¥²¨±¨ (∼ 1017 ÷ 1018  É/¸³2·¸), ¨ ´¥É ´¥µ¡Ìµ¤¨³µ¸É¨ ¢ ¶·¨³¥´¥´¨¨ ¤¥É¥±-
Éµ·  ´  µ¸´µ¢¥ ŒŠ�. ‚ ÔÉµ³ ¸²ÊÎ ¥ ³µ¦¥É ¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´ ¶·µ¸Éµ° ³´µ-
£µ± ´ ²Ó´Ò° ±µ²²¥±Éµ·, Ìµ·µÏµ § ·¥±µ³¥´¤µ¢ ¢Ï¨° ¸¥¡Ö ¢ Ô±¸¶¥·¨³¥´É Ì ¸
¨´É¥´¸¨¢´Ò³¨ ¶ÊÎ± ³¨ ´¥°É· ²Ó´ÒÌ Î ¸É¨Í, ¸Ì¥³  ±µÉµ·µ£µ ¶·¥¤¸É ¢²¥´  ´ 
·¨¸.6 [22]. „¥É¥±Éµ· · ¡µÉ ¥É ¢µ ¢Éµ·¨Î´µ-Ô³¨¸¸¨µ´´µ³ ·¥¦¨³¥ ¸ ¨§³¥·¥-
´¨¥³ Éµ±  µÉ Ê£²¥·µ¤´ÒÌ ´¨É¥°. �´¨ Ê²µ¦¥´Ò ¢ ± ´ ²Ò ±¥· ³¨Î¥¸±µ£µ ¨§µ-
²ÖÉµ· , £²Ê¡¨´  ±µÉµ·ÒÌ µ¡ÒÎ´µ ¢ ¤¢ -É·¨ · §  ¶·¥¢µ¸Ìµ¤¨É Ï¨·¨´Ê. „²¨´ 
± ´ ²µ¢ ¢Ò¡¨· ¥É¸Ö µ¶É¨³ ²Ó´µ° (´ ¶·¨³¥·, ≈ 1 ¸³) ¤²Ö ±µ´±·¥É´ÒÌ ¨§³¥·¥-
´¨°. �²¥±É·µ´Ò ¢Éµ·¨Î´µ° Ô³¨¸¸¨¨ µÉ ´¨É¥° Ê² ¢²¨¢ ÕÉ¸Ö ¸¥É±µ°, ²¥¦ Ð¥°
´  ¶µ¢¥·Ì´µ¸É¨ ±¥· ³¨Î¥¸±µ£µ ¨§µ²ÖÉµ· . � ¶·Ö¦¥´¨¥ ¸³¥Ð¥´¨Ö ´  ¸¥É±Ê ¢Ò-
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¡¨· ¥É¸Ö É ±¨³ (µ¡ÒÎ´µ Uc ≈ +100 ‚), ÎÉµ¡Ò ¤ ÉÎ¨± · ¡µÉ ² ¢ ´ ¸ÒÐ¥´´µ³
·¥¦¨³¥, ±µ£¤  ¸¨£´ ²Ò ¸ ±µ²²¥±Éµ·´ÒÌ ´¨É¥° ´¥ ³¥´ÖÕÉ¸Ö ¶·¨ ¤ ²Ó´¥°Ï¥³
Ê¢¥²¨Î¥´¨¨ Uc. ’µ±µ¢Ò° ¸¨£´ ² µÉ ±µ²²¥±Éµ·  ¶µ¸²¥ · §¤¥²¨É¥²Ó´µ° ¥³±µ-
¸É¨ (∼ 10−6 ÷ 10−5 A) ´ ¶·Ö³ÊÕ ¨²¨ ¶µ¸²¥ ¶·¥¤¢ ·¨É¥²Ó´µ£µ Ê¸¨²¥´¨Ö ¢
É¥Î¥´¨¥ ¢ÒÏ¥Ê¶µ³Ö´ÊÉÒÌ ¢·¥³¥´´
ÒÌ ¢µ·µÉ ¶µ¸ÉÊ¶ ¥É ´  ¸µµÉ¢¥É¸É¢ÊÕÐÊÕ
³µ¤Ê²ÖÉµ·´ÊÕ �‡‘-²¨´¥°±Ê.

�¨¸. 6. ‘Ì¥³  ³´µ£µ± ´ ²Ó´µ£µ ±µ²²¥±Éµ·´µ£µ ¤¥É¥±Éµ·  ¡Ò¸É·ÒÌ  Éµ³µ¢ H0: 1 Å
¸¥É± -²µ¢ÊÏ±  ¤²Ö ¢Éµ·¨Î´ÒÌ Ô²¥±É·µ´µ¢, 2 Å ±µ²²¥±Éµ·´Ò¥ Ê£²¥·µ¤´Ò¥ ´¨É¨, 3 Å
±¥· ³¨Î¥¸±¨° ¨§µ²ÖÉµ·

�· ±É¨Î¥¸±¨¥ ¢µ§³µ¦´µ¸É¨ · ¸¸³µÉ·¥´´µ£µ ±µ··¥²µ³¥É·  ¨ ¢¸¥£µ Ê¸É·µ°-
¸É¢  ¢ Í¥²µ³ ¶µ ¤µ¸É¨£ ¥³µ° ¨³ ÉµÎ´µ¸É¨ ‚�-¤¨ £´µ¸É¨±¨ µ¶·¥¤¥²ÖÕÉ¸Ö ·¥-
 ²¨§Ê¥³µ° Ê¶· ¢²ÖÕÐ¥° Î ¸ÉµÉµ° ³µ¤Ê²ÖÉµ·´µ° ²¨´¥°±¨, ±µÉµ· Ö ¤²Ö ¶·¨-
¡µ·µ¢ ´  GaAs ³µ¦¥É ¶·¥¢µ¸Ìµ¤¨ÉÓ 1 ƒƒÍ [56]. �·¨ · ¡µÉ¥ ¢ É ±µ³ ·¥¦¨³¥
¤µ¸É ÉµÎ´µ ¤¥É ²Ó´µ ¨§³¥·Ö¥É¸Ö h(t) ¸ τmax ≥ 10 ´¸. ‘ ¨¸¶µ²Ó§µ¢ ´¨¥³
· §Ê³´µ° ¶·µ²eÉ´µ° ¡ §Ò L ≈ 102 ¸³  Éµ³µ¢ H0 ¤ ´´µ¥ Ê¸É·µ°¸É¢µ ¶µ§¢µ-
²Ö¥É ¨§³¥·ÖÉÓ Ô´¥·£¥É¨Î¥¸±µ¥ · ¸¶·¥¤¥²¥´¨¥ ¨µ´µ¢ H− ¸µ ¸·¥¤´¥° Ô´¥·£¨¥°
Ei = 20 ±Ô‚ ¢ ¶·¥¤¥² Ì · §¡·µ¸  ∆Ei/Ei ≥ ±2%. “£²µ¢µ¥ · §·¥Ï¥´¨¥
Ê¸É·µ°¸É¢  ¶µ Y ′ (¸³. ·¨¸.3) µ¶·¥¤¥²Ö¥É¸Ö Ï¨·¨´µ° ² ³¥²¥° (±µ²²¥±Éµ·µ¢)
¤¥É¥±Éµ·  ¨ · ¸¸ÉµÖ´¨¥³ ³¥¦¤Ê ´¨³¨. �·¨ ¶¥·¨µ¤¨Î´µ¸É¨ ÔÉµ° ¸É·Ê±ÉÊ·Ò
≈ 0,4 ³³ ¶µ²ÊÎ ¥³ · §·¥Ï¥´¨¥ ∆Y ′ ≈ 4 · 10−4 · ¤. ’µÎ´µ¸ÉÓ ¸µµÉ¢¥É¸É¢¨Ö
· ¸¶·¥¤¥²¥´¨° ¨µ´µ¢ H− ¨ É¥¸Éµ¢ÒÌ  Éµ³µ¢ H0 ¶µ Ê£²Ê ¢ ¸²ÊÎ ¥ ¨¸¶µ²Ó§µ-
¢ ´¨Ö Ê¶µ³Ö´ÊÉµ° ¢ÒÏ¥ ËµÉµ´´µ° ³¨Ï¥´¨ ¸ ¶²µ¸±µ¸ÉÓÕ ¶µ²Ö·¨§ Í¨¨ ¢¤µ²Ó
µ¸¨ X ¸µ¸É ¢²Ö¥É δY ′ ≈ 2 · 10−5 · ¤.

5. �…�‘�…Š’ˆ‚› ��‡‚ˆ’ˆŸ Œ…’�„�

�¶¨¸ ´´Ò¥ ¢ ¶·¥¤Ò¤ÊÐ¨Ì · §¤¥² Ì ³¥Éµ¤ ´¥¢µ§³ÊÐ ÕÐ¨Ì ±µ··¥²ÖÍ¨µ´-
´ÒÌ ¨§³¥·¥´¨° ¶ · ³¥É·µ¢ ¶ÊÎ±  ¨µ´µ¢ ¨ µ¶¥· É¨¢´µ¥ Ê¸É·µ°¸É¢µ ¤²Ö ¥£µ
·¥ ²¨§ Í¨¨ ³µ£ÊÉ ´ °É¨ ¶·¨³¥´¥´¨¥ ¢ ¨¸ÉµÎ´¨± Ì ´¥ Éµ²Ó±µ · ¸¸³µÉ·¥´´ÒÌ
¢ÒÏ¥ µÉ·¨Í É¥²Ó´ÒÌ (¢ Î ¸É´µ¸É¨, H− ¨²¨ D−), ´µ ¨ ·Ö¤  ¶µ²µ¦¨É¥²Ó´ÒÌ
³µ²¥±Ê²Ö·´ÒÌ ¨µ´µ¢ (´ ¶·¨³¥·, Cs+2 , K+

2 , Na+
2 , Xe+

2 , Pb+
2 , Ne+

2 , Kr+2 ¨ ¤·.
[55]), ¤µ¶Ê¸± ÕÐ¨Ì ËµÉµ· ¸Ð¥¶²¥´¨¥ ´  · ¸¸³µÉ·¥´´µ° ËµÉµ´´µ° ³¨Ï¥´¨.
”µÉµ· §¢ ² ³µ²¥±Ê²Ö·´ÒÌ ¨µ´µ¢ ¸ ¡µ²ÓÏ¥° Ô´¥·£¨¥° ¤¨¸¸µÍ¨ Í¨¨, É ±¨Ì, ± ±
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H+
2 , He+

2 , Ar+2 , BH+, I+2 , IBr+ ¨ ¤·., ·¥ ²¨§Ê¥É¸Ö, ´ ¶·¨³¥·, ¶·¨ ¨¸¶µ²Ó§µ¢ -
´¨¨ ¢Éµ·µ° £ ·³µ´¨±¨ Ê¶µ³Ö´ÊÉÒÌ ¢ · §¤. 3 É¢e·¤µÉ¥²Ó´ÒÌ ² §¥·µ¢ ´  ¨µ´ Ì
Ì·µ³ . �·µ¤¢¨¦¥´¨¥ ¢ µ¡² ¸ÉÓ ¡
µ²ÓÏ¨Ì ¶µ ¸· ¢´¥´¨Õ ¸ ¨¸ÉµÎ´¨± ³¨ Ô´¥·-
£¨° ¨µ´µ¢ ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö µ£· ´¨Î¥´µ ¡Ò¸É·µ¤¥°¸É¢¨¥³ ¸ÊÐ¥¸É¢ÊÕÐ¨Ì
¨ ¶·¥¤²µ¦¥´´ÒÌ ³´µ£µ± ´ ²Ó´ÒÌ ±µ··¥²µ³¥É·µ¢ µ¶É¨Î¥¸±¨Ì ¨ Ô²¥±É·¨Î¥-
¸±¨Ì ¸¨£´ ²µ¢. ‚ Î ¸É´µ¸É¨, ÉµÎ´µ¸ÉÓ ¨§³¥·¥´¨° · ¸¶·¥¤¥²¥´¨Ö ¨µ´µ¢ H− ¶µ
Ô´¥·£¨¨, µÍ¥´¨¢ ¥³ Ö ¢¥²¨Î¨´µ° δEi/Ei ≈ 2Vi/(f ·L), £¤¥ f Å Ê¶· ¢²ÖÕÐ Ö
Î ¸ÉµÉ  ³µ¤Ê²ÖÉµ·´µ° ²¨´¥°±¨, ¶·¨ L ≈ 3 · 102 ¸³, f = 109 ƒÍ ¸µ¸É ¢²Ö¥É
≈ 1 % ¨ ≈ 4 % ¤²Ö Ei= 1 ¨ 14 ŒÔ‚ ¸µµÉ¢¥É¸É¢¥´´µ. �·¨ ÔÉµ³ É¥¸Éµ¢Ò¥  Éµ³Ò
H0 ¶µ¢Éµ·ÖÕÉ ¢¥²¨Î¨´Ê (¢ µÉ´. ¥¤.) ¨ ´ ¶· ¢²¥´¨¥ (¢ · ¤) ¸±µ·µ¸É¨ ¨µ´µ¢ ¸
ÉµÎ´µ¸ÉÖ³¨ ≤ 3 · 10−5 (Ei= 1 ŒÔ‚) ¨ ≤ 7 · 10−6 (Ei= 14 ŒÔ‚) ¢ § ¢¨¸¨³µ¸É¨
µÉ ´ ¶· ¢²¥´¨Ö ¶²µ¸±µ¸É¨ ¶µ²Ö·¨§ Í¨¨ ËµÉµ´µ¢ ³¨Ï¥´¨. ’ ±¨³ µ¡· §µ³, ¢
¤ ´´µ³ ¸²ÊÎ ¥ ¶µ¸²¥¤ÊÕÐ¥¥ Ê³¥´ÓÏ¥´¨¥ ¢¥²¨Î¨´Ò δEi/Ei ¸¢Ö§ ´µ Éµ²Ó±µ ¸
·µ¸Éµ³ L ¨ f .

‘²¥¤Ê¥É ¶µ¤Î¥·±´ÊÉÓ, ÎÉµ ¢ ¶µ¸²¥¤´¨¥ £µ¤Ò ¢¥¤ÊÉ¸Ö ¨´É¥´¸¨¢´Ò¥ · ¡µÉÒ
¶µ ¸µ¢¥·Ï¥´¸É¢µ¢ ´¨Õ ³µ¤Ê²¨·ÊÕÐ¨Ì �‡‘-²¨´¥¥± ´  µ¸´µ¢¥ GaAs ¸ Í¥²ÓÕ
¶µ¢ÒÏ¥´¨Ö ¨Ì · ¡µÎ¥° Î ¸ÉµÉÒ ¨ £²Ê¡¨´Ò ³µ¤Ê²ÖÍ¨¨ ¶ ¤ ÕÐ¥£µ ¨§²ÊÎ¥-
´¨Ö. �Éµ ¶·¥¦¤¥ ¢¸¥£µ µÉ´µ¸¨É¸Ö ± ¨¸¶µ²Ó§µ¢ ´¨Õ ³´µ£µ¸²µ°´ÒÌ ¸¨¸É¥³,  
É ±¦¥ ³¥Ì ´¨§³  Ô²¥±É·µ¶µ£²µÐ¥´¨Ö ¢ É ± ´ §Ò¢ ¥³ÒÌ ±¢ ´Éµ¢ÒÌ Ö³ Ì ¨²¨
¸¢¥·Ì·¥Ï¥ÉµÎ´ÒÌ ¸É·Ê±ÉÊ· Ì, ±µÉµ·Ò° §´ Î¨É¥²Ó´µ ¸¨²Ó´¥¥ · ¸¸³µÉ·¥´´µ£µ
¢ÒÏ¥ ÔËË¥±É  ”· ´Í ÄŠ¥²¤ÒÏ  (¸³. [56]). �¥µ¡Ìµ¤¨³µ É ±¦¥ Ê± § ÉÓ ´ 
´¥±µÉµ·µ¥ ¢µ§³µ¦´µ¥ · §²¨Î¨¥ ¢ ·¥§Ê²ÓÉ É Ì ¨§³¥·¥´¨° ‚�-¸¶¥±É·  ¸ ¨¸-
¶µ²Ó§µ¢ ´¨¥³ ¢§ ¨³´µ° ±µ··¥²ÖÍ¨µ´´µ° ËÊ´±Í¨¨ ³¥¦¤Ê ¶µÉµ±µ³ ¨´Ëµ·³ -
Í¨µ´´ÒÌ ¢Éµ·¨Î´ÒÌ Î ¸É¨Í ´  ¤¥É¥±Éµ·¥ ¨ · §²¨Î´Ò³¨ Ì · ±É¥·¨¸É¨Î¥¸±¨³¨
ËÊ´±Í¨Ö³¨ ¨¸¶µ²Ó§Ê¥³µ° ¢´ÊÉ·¥´´¥° ³¨Ï¥´¨, ¢ µ¡Ð¥³ ¸²ÊÎ ¥ µÉ³¥Î¥´´µ¥ ¢
· ¡µÉ¥ [57]. �  ¶· ±É¨±¥ ¤²Ö Ì · ±É¥·¨¸É¨±¨ ³¨Ï¥´¨ µ¡ÒÎ´µ ¨¸¶µ²Ó§ÊÕÉ¸Ö
¤¢  É¨¶  ËÊ´±Í¨°: 1) µ¶É¨³ ²Ó´ Ö ¡¨´ ·´ Ö ¶µ¸²¥¤µ¢ É¥²Ó´µ¸ÉÓ ¶¸¥¢¤µ¸²Ê-
Î °´ÒÌ ¨³¶Ê²Ó¸µ¢, ³µ¤Ê²¨·ÊÕÐ¨Ì ³¨Ï¥´Ó; 2) ¸¨£´ ²Ò µÉ ¤¥É¥±Éµ·  ¶µÉµ± 
Î ¸É¨Í ¨²¨ ËµÉµ´µ¢ ³¨Ï¥´¨, ¶·µ³µ¤Ê²¨·µ¢ ´´µ°, ´ ¶·¨³¥·, ¸ ¶µ³µÐÓÕ Ê¶µ-
³Ö´ÊÉµ° ¢ÒÏ¥ ¶µ¸²¥¤µ¢ É¥²Ó´µ¸É¨ ¨³¶Ê²Ó¸µ¢. ‚ · ¸¸³µÉ·¥´´µ³ ¢ ¶·¥¤Ò¤Ê-
Ð¥³ · §¤¥²¥ ¸²ÊÎ ¥ ¤ ´´µ¥ · §²¨Î¨¥ ´¥ ¨³¥¥É ¶·¨´Í¨¶¨ ²Ó´µ£µ §´ Î¥´¨Ö,
É ± ± ± Ì · ±É¥·´µ¥ ³¥·É¢µ¥ ¢·¥³Ö ¨¸¶µ²Ó§Ê¥³ÒÌ ¤¥É¥±Éµ·µ¢ ¨´Ëµ·³ Í¨µ´-
´ÒÌ Î ¸É¨Í ³´µ£µ ³¥´ÓÏ¥ µ¦¨¤ ¥³µ° ¢¥²¨Î¨´Ò τmax ¤²Ö ËÊ´±Í¨¨ µÉ±²¨± 
¶·µ²eÉ´µ° ¡ §Ò. Š ± µÉ³¥Î¥´µ ¢ · ¡µÉ¥ [22], ¤²Ö · ¸¸³µÉ·¥´´µ£µ ¢ÒÏ¥ ¢ ·¨-
 ´É  Ê¸É·µ°¸É¢  ¸É Í¨µ´ ·´ÒÌ ±µ··¥²ÖÍ¨µ´´ÒÌ ¨§³¥·¥´¨° ¡µ²¥¥  ±ÉÊ ²Ó´µ
¤¥É ²Ó´µ¥ ¨§ÊÎ¥´¨¥ ¢µ§³µ¦´µ£µ ¢²¨Ö´¨Ö ´¥±µÉµ·µ£µ · §¡·µ¸   ³¶²¨ÉÊ¤ ² §¥·-
´ÒÌ ¨³¶Ê²Ó¸µ¢ ³¨Ï¥´¨ ¶·¨ ¸ÉµÌ ¸É¨Î¥¸±µ³ Ì · ±É¥·¥ ¶µÖ¢²¥´¨Ö ¨Ì ¢µ ¢·¥-
³¥´¨,   É ±¦¥ ¸ÊÐ¥¸É¢ÊÕÐ¥£µ ¸¤¢¨£  ¢·¥³¥´´
ÒÌ ¨´É¥·¢ ²µ¢ (¨§-§  § ¤¥·¦±¨
¢µ ¢·¥³¥´¨ ´  ¶·µ²eÉ´µ° ¡ §¥) ¶µ £¥´¥· Í¨¨ ·¥£¨¸É·¨·Ê¥³ÒÌ ¨´Ëµ·³ Í¨µ´-
´ÒÌ Î ¸É¨Í ¨ ¨¸¶µ²Ó§µ¢ ´¨Õ ¨§²ÊÎ¥´¨Ö ¤²Ö ±µ··¥²µ³¥É·µ¢, ¸· ¢´¨³µ£µ ¶µ
¶µ·Ö¤±Ê ¢¥²¨Î¨´Ò ¸ ¢·¥³¥´¥³ ¨§³¥·¥´¨°.
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6. ‡�Š‹�—…�ˆ…

‚ ¤ ´´µ³ µ¡§µ·¥ ¢¶¥·¢Ò¥ ¢µ¥¤¨´µ ¸µ¡· ´Ò ¶·¥¤²µ¦¥´¨Ö ¨ · §· ¡µÉ±¨
 ¢Éµ·  ¨ ¥£µ ±µ²²¥£ ¶µ ´µ¢µ³Ê ³¥Éµ¤Ê ´¥¢µ§³ÊÐ ÕÐ¥° ¤¨ £´µ¸É¨±¨ ¶ÊÎ± 
¨µ´µ¢ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ±µ··¥²ÖÍ¨µ´´µ£µ  ´ ²¨§ . ‚¸¥ µ¸´µ¢´Ò¥ Ô²¥³¥´ÉÒ
Ê¸É·µ°¸É¢  ¤²Ö ·¥ ²¨§ Í¨¨ ³¥Éµ¤  (² §¥· ¤²Ö Ëµ·³¨·µ¢ ´¨Ö §µ´¤¨·ÊÕÐ¥° ³¨-
Ï¥´¨ ¢ ¢¨¤¥ ¶¸¥¢¤µ¸²ÊÎ °´µ ³µ¤Ê²¨·µ¢ ´´µ£µ ¢µ ¢·¥³¥´¨ ¶µÉµ±  ËµÉµ´µ¢,
¢Ò¸µ±µÎ ¸ÉµÉ´ Ö ¸¨¸É¥³  ¨§¡¨· É¥²Ó´µ£µ ¤¥É¥±É¨·µ¢ ´¨Ö Î ¸É¨Í Å ´µ¸¨É¥-
²¥° ¨´Ëµ·³ Í¨¨ µ Ì · ±É¥·¨¸É¨± Ì ¶ÊÎ±  ¨ ±µ³¶µ´¥´ÉÒ ¡Ò¸É·µ¤¥°¸É¢ÊÕ-
Ð¥£µ ±µ··¥²µ³¥É· ) ¨§¢¥¸É´Ò ¢ ²¨É¥· ÉÊ·¥. Š ¦¤Ò° ¨§ Ô²¥³¥´Éµ¢ ¢ µÉ¤¥²Ó-
´µ¸É¨ ·¥ ²¨§µ¢ ´ ¢ ·Ö¤¥ ´ ÊÎ´ÒÌ Í¥´É·µ¢. „ ´´Ò¥ Ô²¥³¥´ÉÒ ¨ Ë¨§¨Î¥¸±¨¥
µ¸´µ¢Ò ³¥Éµ¤  Ô±¸¶¥·¨³¥´É ²Ó´µ ¨¸¸²¥¤µ¢ ²¨¸Ó É ±¦¥ ±µ²²¥£ ³¨ ¨§ ‘ÊÌÊ³-
¸±µ£µ Ë¨§¨±µ-É¥Ì´¨Î¥¸±µ£µ ¨´¸É¨ÉÊÉ  ¨  ¢Éµ·µ³. ’ ±¨³ µ¡· §µ³, ´¥¸³µÉ·Ö
´  Éµ, ÎÉµ ¶·¥¤²µ¦¥´´µ¥ Ê¸É·µ°¸É¢µ ¢ Í¥²µ³, ± ¸µ¦ ²¥´¨Õ, ´¥ Ê¤ ²µ¸Ó ¨§£µÉµ-
¢¨ÉÓ ¨ ¨¸¶ÒÉ ÉÓ ¸ ¨¸ÉµÎ´¨±µ³ ¨µ´µ¢, Ô±¸¶¥·¨³¥´É ²Ó´ Ö ·¥ ²¨§ Í¨Ö ¤ ´´µ£µ
³¥Éµ¤  ¤¨ £´µ¸É¨±¨ ¶·µ§· Î´µ ¶·µ¸³ É·¨¢ ¥É¸Ö. ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ µ¸´µ¢´µ°
§ ¤ Î¥° µ¡§µ·  ¡Ò²µ ¤¥É ²Ó´µ µ§´ ±µ³¨ÉÓ Î¨É É¥²¥° ¸ ¨§²µ¦¥´´Ò³ ³¥Éµ¤µ³
´¥¢µ§³ÊÐ ÕÐ¥° ¤¨ £´µ¸É¨±¨ ¶ÊÎ± ,   É ±¦¥ ¶µ± § ÉÓ ¶·¨´Í¨¶¨ ²Ó´ÊÕ ·¥ -
²¨§Ê¥³µ¸ÉÓ µ¶¨¸ ´´µ£µ ¤¨ £´µ¸É¨Î¥¸±µ£µ Ê¸É·µ°¸É¢ .

�¢Éµ· ´ ¤¥¥É¸Ö, ÎÉµ ¤ ´´Ò° µ¡§µ· ¶µ¸²Ê¦¨É ¨³¶Ê²Ó¸µ³ ¤²Ö ¤ ²Ó´¥°Ï¥£µ
· §¢¨É¨Ö ÔÉµ£µ ³¥Éµ¤  ¤¨ £´µ¸É¨±¨ ¢ ¤·Ê£¨Ì ´ ÊÎ´ÒÌ Í¥´É· Ì ³¨· , ¨¸¶µ²Ó-
§ÊÕÐ¨Ì ¸¨²Ó´µÉµÎ´Ò¥ ¶ÊÎ±¨ ¨µ´µ¢, ¢ Î ¸É´µ¸É¨, H−(D−).
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