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„¨´ ³¨±  ¨³¶Ê²Ó¸μ¢ ³μÐ´μ¸É¨ ¢ ¨¸¸²¥¤μ¢ É¥²Ó¸±μ³ ·¥ ±Éμ·¥
¸ ´¥¶ÉÊ´¨¥¢Ò³ Ö¤¥·´Ò³ Éμ¶²¨¢μ³

‘μ¢·¥³¥´´ Ö É¥´¤¥´Í¨Ö ¢ ´ ÊÎ´ÒÌ ¨¸¸²¥¤μ¢ ´¨ÖÌ ¸ ¶μ³μÐÓÕ ´¥°É·μ´μ¢
¶·¥¤¶μ² £ ¥É · §· ¡μÉ±Ê ´μ¢ÒÌ ¨³¶Ê²Ó¸´ÒÌ ¨¸ÉμÎ´¨±μ¢ ´¥°É·μ´μ¢ ¢Ò¸μ±μ° ¨´-
É¥´¸¨¢´μ¸É¨. �¤´¨³ ¨§ ¢ ·¨ ´Éμ¢ É ±μ° Ê¸É ´μ¢±¨ ³μ¦¥É ¡ÒÉÓ ¨³¶Ê²Ó¸´Ò° ·¥-
 ±Éμ· ¸  ±É¨¢´μ° §μ´μ° ¨§ ¤¥²ÖÐ¥£μ¸Ö ¨§μÉμ¶  Å ´¥¶ÉÊ´¨Ö-237. „ ´´ Ö · ¡μÉ 
¶μ¸¢ÖÐ¥´  ¨§ÊÎ¥´¨Õ ¤¨´ ³¨±¨ ¨³¶Ê²Ó¸μ¢ ³μÐ´μ¸É¨ ´¥¶ÉÊ´¨¥¢μ£μ ·¥ ±Éμ·  ¸
ÊÎ¥Éμ³ ¡Ò¸É·μ° μ¡· É´μ° É¥³¶¥· ÉÊ·´μ° ¸¢Ö§¨, ¸· ¡ ÉÒ¢ ÕÐ¥° ¢μ ¢·¥³Ö · §¢¨-
É¨Ö ¨³¶Ê²Ó¸ . ‡ ¤ Î  ¸¢μ¤¨² ¸Ó ± ¶·μ¸Éμ° ³μ¤¥²¨ μ¤´μÎ ¸ÉμÉ´μ£μ μ¸Í¨²²ÖÉμ· 
¸μ¢³¥¸É´μ ¸ Ê· ¢´¥´¨¥³ μ¤´μÉμÎ¥Î´μ° ±¨´¥É¨±¨ ·¥ ±Éμ·  ¡¥§ ÊÎ¥É  § ¶ §¤Ò¢ Õ-
Ð¨Ì ´¥°É·μ´μ¢. �μ± § ´μ, ÎÉμ ¢ · ³± Ì É ±μ£μ ¶·¨¡²¨¦¥´¨Ö ¢¸²¥¤¸É¢¨¥ μ¡· É-
´μ° ¸¢Ö§¨ ¶μ É¥³¶¥· ÉÊ·¥ É¢Ô²  μÍ¥´±  Ô´¥·£¨¨  ¢ ·¨°´ÒÌ ¨³¶Ê²Ó¸μ¢ ³μÐ´μ¸É¨
¸´¨¦ ¥É¸Ö ¡μ²¥¥ Î¥³ ´  ¶μ·Ö¤μ± ¶μ ¸· ¢´¥´¨Õ ¸ · ¸Î¥Éμ³ ¡¥§ ÊÎ¥É  ¡Ò¸É·μ°
μ¡· É´μ° ¸¢Ö§¨.

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ ´¥°É·μ´´μ° Ë¨§¨±¨ ¨³. ˆ.Œ. ”· ´± 
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Dynamics of Power Pulses in the Neptunium Research Reactor

Modern tendency in neutron research supposes development and construction of
highly intense pulsed neutron sources. The pulsed reactor charged with ˇssionable
isotope of neptunium-237 might be an option of the facility referred to in the text.
The given work deals with analysis of power pulses dynamics of the neptunium
reactor which accounts for fast temperature reactivity feedback within a single pulse.
The problem was resolved with application of the simpliˇed model of one-frequency
oscillator combined with the point reactor kinetic equation neglecting delayed neu-
trons. It was shown that the calculated estimate of power pulse in nuclear accident
appears to be less than one order of magnitude of that calculated without account for
fast temperature reactivity feedback.

The investigation has been performed at the Frank Laboratory of Neutron Physics,
JINR.
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‚ 2032 £. § ± ´Î¨¢ ¥É¸Ö É¥Ì´¨Î¥¸±¨° ·¥¸Ê·¸ ¨³¶Ê²Ó¸´μ£μ ·¥ ±Éμ·  ´ 
¡Ò¸É·ÒÌ ´¥°É·μ´ Ì ˆ��-2Œ. ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ · §· ¡ ÉÒ¢ ÕÉ¸Ö ±μ´Í¥¶Í¨¨
´μ¢μ£μ ¨¸ÉμÎ´¨±  ´¥°É·μ´μ¢ ¤²Ö ‹�” �ˆŸˆ, ±μÉμ·Ò° ¤μ²¦¥´ μ¡² ¤ ÉÓ ¡μ²¥¥
¢Ò¸μ±¨³¨ Ì · ±É¥·¨¸É¨± ³¨. �¨±μ¢ Ö ¶²μÉ´μ¸ÉÓ ¶μÉμ±  ´¥°É·μ´μ¢ ¤μ²¦´ 
¤μ¸É¨£ ÉÓ ¢¥²¨Î¨´Ò ¶μ·Ö¤±  ´¥¸±μ²Ó±¨Ì ¥¤¨´¨Í ´  1016 ¸³−2 ·¸−1. ‚ ± Î¥¸É¢¥
μ¤´μ£μ ¨§ ¢ ·¨ ´Éμ¢ É ±μ° Ê¸É ´μ¢±¨ · ¸¸³ É·¨¢ ¥É¸Ö ¨³¶Ê²Ó¸´Ò° ·¥ ±Éμ·
¸  ±É¨¢´μ° §μ´μ° ¨§ ´¥¶ÉÊ´¨Ö-237 [1].

„²Ö μ¡μ¸´μ¢ ´¨Ö ´ ¤¥¦´μ° ¨ ¡¥§μ¶ ¸´μ° · ¡μÉÒ ·¥ ±Éμ·  ´  ´¥¶ÉÊ´¨¨
´¥μ¡Ìμ¤¨³μ, ¢ Î ¸É´μ¸É¨, ¨¸¸²¥¤μ¢ ÉÓ ±¨´¥É¨±Ê ¨ ¤¨´ ³¨±Ê ¨³¶Ê²Ó¸  ³μÐ-
´μ¸É¨, ±μÉμ· Ö ¨³¥¥É μ¸μ¡¥´´μ¸É¨ ± ± ¢ ¸· ¢´¥´¨¨ ¸ μ¡ÒÎ´Ò³¨ ·¥ ±Éμ· ³¨
¶μ¸ÉμÖ´´μ£μ ¤¥°¸É¢¨Ö, É ± ¨ ¸ ¨³¶Ê²Ó¸´Ò³ ·¥ ±Éμ·μ³ ˆ��-2. ’¥±ÊÐ¥¥ §´ Î¥-
´¨¥ Ô´¥·£¨¨ ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨ ¨³¶Ê²Ó¸´μ£μ ·¥ ±Éμ·  ¶¥·¨μ¤¨Î¥¸±μ£μ ¤¥°-
¸É¢¨Ö (¨´μ£¤  ¨¸¶μ²Ó§ÊÕÉ É¥·³¨´ ®¶Ê²Ó¸¨·ÊÕÐ¨° ·¥ ±Éμ·¯) ¶·¨ ³ ²ÒÌ μÉ-
±²μ´¥´¨ÖÌ ·¥ ±É¨¢´μ¸É¨ μÉ ±·¨É¨Î¥¸±μ£μ §´ Î¥´¨Ö ε � βpuls μ¶·¥¤¥²Ö¥É¸Ö
¢Ò· ¦¥´¨¥³

Qn/Q0
∼= exp (ε/βpuls), (1)

£¤¥ Q0 Å ¸·¥¤´¥¥ Ê¸É ´μ¢¨¢Ï¥¥¸Ö §´ Î¥´¨¥ Ô´¥·£¨¨ ¨³¶Ê²Ó¸  (¸μμÉ¢¥É¸É¢Ê¥É
±·¨É¨Î¥¸±μ³Ê ¸μ¸ÉμÖ´¨Õ ·¥ ±Éμ· ),   ¢¥²¨Î¨´  βpuls ¨£· ¥É É ±ÊÕ ¦¥ ·μ²Ó,
± ± βeff ¢ ·¥ ±Éμ·¥ ´¥¶·¥·Ò¢´μ£μ ¤¥°¸É¢¨Ö [2, 3]. …¥ ´ §Ò¢ ÕÉ ®¨³¶Ê²Ó¸´μ°
¤μ²¥° § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢¯, ÌμÉÖ μ´  ¢¥¸Ó³  ¸² ¡μ ¸¢Ö§ ´  ¸ ÔËË¥±-
É¨¢´μ° ¤μ²¥° § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢,   § ¢¨¸¨É Éμ²Ó±μ μÉ ¸¶¥Í¨Ë¨Î¥¸±¨Ì
¶ · ³¥É·μ¢ ¨³¶Ê²Ó¸´μ£μ ·¥ ±Éμ·  Å ¸·¥¤´¥£μ ¢·¥³¥´¨ ¦¨§´¨ ¶μ±μ²¥´¨Ö ¡Ò-
¸É·ÒÌ ´¥°É·μ´μ¢, ¸±μ·μ¸É¨ ³μ¤Ê²ÖÍ¨¨ ·¥ ±É¨¢´μ¸É¨ ¨ Î ¸ÉμÉÒ ¨³¶Ê²Ó¸μ¢.
‚¥²¨Î¨´  βpuls ¢ ¤¥°¸É¢ÊÕÐ¥³ ¨³¶Ê²Ó¸´μ³ ·¥ ±Éμ·¥ ˆ��-2 ¢ 14 · § ³¥´ÓÏ¥
βeff ; ¸μμÉ¢¥É¸É¢¥´´μ, ÎÊ¢¸É¢¨É¥²Ó´μ¸ÉÓ ·¥ ±Éμ·  ± ±μ²¥¡ ´¨Ö³ ·¥ ±É¨¢´μ¸É¨
¢μ ¸Éμ²Ó±μ ¦¥ · § ¡μ²ÓÏ¥ ¶μ ¸· ¢´¥´¨Õ ¸ ·¥ ±Éμ·μ³, · ¡μÉ ÕÐ¨³ ¢ ·¥¦¨³¥
´¥¶·¥·Ò¢´μ° ³μÐ´μ¸É¨.

„²Ö ´¥¶ÉÊ´¨¥¢μ£μ ·¥ ±Éμ·  ¸¨ÉÊ Í¨Ö μ¸²μ¦´Ö¥É¸Ö. ‚¸²¥¤¸É¢¨¥ ³ ²μ£μ
§´ Î¥´¨Ö ¢·¥³¥´¨ ¦¨§´¨ ¶μ±μ²¥´¨Ö ´¥°É·μ´μ¢ ¢ ´¥¶ÉÊ´¨¥¢μ³ ·¥ ±Éμ·¥ (10 ´¸,
ÎÉμ ¢ 6 · § ³¥´ÓÏ¥ Éμ° ¦¥ ¢¥²¨Î¨´Ò ¤²Ö ˆ��-2) · ¸Î¥É´μ¥ §´ Î¥´¨¥ ¨³-
¶Ê²Ó¸´μ° ¤μ²¨ § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢ βpuls ¢ ´¥¸±μ²Ó±μ · § ³¥´ÓÏ¥, Î¥³
´  ˆ��-2, ¨ ¸μ¸É ¢²Ö¥É 2,7 · 10−5keff ¶·¨ Î ¸ÉμÉ¥ ¢¸¶ÒÏ¥± 10 ¸−1, ¸±μ·μ¸É¨
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³μ¤Ê²ÖÉμ·  60 ³/¸ ¨ ¶·¨ ´Ê²¥¢μ° ³μÐ´μ¸É¨ ·¥ ±Éμ· . ‘²ÊÎ °´μ¥ ¢μ§³ÊÐ¥´¨¥
·¥ ±É¨¢´μ¸É¨, ¸Éμ²Ó ³ ²μ¥ ± ± ±10−5keff (¸μμÉ¢¥É¸É¢Ê¥É ±μ²¥¡ ´¨Ö³ É¥³¶¥· -
ÉÊ·Ò Éμ¶²¨¢´μ£μ ¸¥·¤¥Î´¨±  ´  ∼ 1 Š), ¢Ò§μ¢¥É ¨§³¥´¥´¨¥ Ô´¥·£¨¨ ¨³¶Ê²Ó¸ 
³μÐ´μ¸É¨ ¢ ∼ 1,5 · § , ¢ Éμ ¢·¥³Ö ± ± ´  ˆ��-2 Å Éμ²Ó±μ ´  7 %.

‚Ò¸μ± Ö ÎÊ¢¸É¢¨É¥²Ó´μ¸ÉÓ ·¥ ±Éμ·  ± ±μ²¥¡ ´¨Ö³ ·¥ ±É¨¢´μ¸É¨ μ¸μ¡¥´´μ
´¥¦¥² É¥²Ó´  ¶·¨ · ¡μÉ¥ ´  ¡μ²ÓÏμ° ³μÐ´μ¸É¨ Å μÉ·¨Í É¥²Ó´ Ö μ¡· É´ Ö
¸¢Ö§Ó §  ¸Î¥É É¥¶²μ¢μ£μ · ¸Ï¨·¥´¨Ö  ±É¨¢´μ° §μ´Ò ³μ¦¥É ¶·¨¢¥¸É¨ ± Ê¸¨²¥-
´¨Õ ±μ²¥¡ ´¨° Ô´¥·£¨¨ ¨³¶Ê²Ó¸μ¢ ³μÐ´μ¸É¨ ¨ ¤ ¦¥ ± É ± ´ §Ò¢ ¥³μ° ¸Éμ-
Ì ¸É¨Î¥¸±μ° ´¥Ê¸Éμ°Î¨¢μ¸É¨ ·¥ ±Éμ·  [4Ä7]. “¸²μ¢¨¥ Ê¸Éμ°Î¨¢μ¸É¨ ·¥ ±Éμ· 
μ¶·¥¤¥²Ö¥É¸Ö ¸μμÉ´μÏ¥´¨¥³

|kT · ΔT | < 2βpuls, (2)

£¤¥ kT Å ¡Ò¸É· Ö ¸μ¸É ¢²ÖÕÐ Ö μÉ·¨Í É¥²Ó´μ£μ É¥³¶¥· ÉÊ·´μ£μ ÔËË¥±É  ·¥-
 ±É¨¢´μ¸É¨; ΔT Å ´μ³¨´ ²Ó´Ò° ´ £·¥¢ ¸¥·¤¥Î´¨±  É¢Ô²  §  ¢·¥³Ö ¨³¶Ê²Ó¸ .
�·¨ §´ Î¥´¨ÖÌ ΔT = 20 Š, kT = 10−5 Š−1 ¨ βpuls = 2,7 · 10−5, Ì · ±-
É¥·´ÒÌ ¤²Ö ´¥¶ÉÊ´¨¥¢μ£μ ·¥ ±Éμ·  μ¶É¨³ ²Ó´μ° ±μ´¸É·Ê±Í¨¨, Ê¸²μ¢¨¥ (2) ´¥
¢Ò¶μ²´Ö¥É¸Ö. �¡¸μ²ÕÉ´μ¥ §´ Î¥´¨¥ É¥³¶¥· ÉÊ·´μ£μ ÔËË¥±É  ·¥ ±É¨¢´μ¸É¨
³μ¦´μ Ê³¥´ÓÏ¨ÉÓ ±μ´¸É·Ê±É¨¢´Ò³¨ ³¥· ³¨ (´ ¶·¨³¥·, ¸¥±Í¨μ´¨·μ¢ ´¨¥³
¸¥·¤¥Î´¨±μ¢ É¢Ô²μ¢), ´μ ´¥ ¸Éμ²Ó §´ Î¨É¥²Ó´μ, ± ± Éμ£μ É·¥¡Ê¥É Ê¸²μ¢¨¥ (2),
¨´ Î¥ ·¥ ±Éμ· ³μ¦¥É ¶μ¶ ¸ÉÓ ¢ μ¡² ¸ÉÓ ±μ²¥¡ É¥²Ó´μ° ´¥Ê¸Éμ°Î¨¢μ¸É¨. Š -
±μ¢ ¢ÒÌμ¤? �·¨ ¢Ò¸μ±μ³ Ê·μ¢´¥ ³μÐ´μ¸É¨ μ¡· É´ Ö ¸¢Ö§Ó ³μ¦¥É ¨§³¥´ÖÉÓ
Ìμ¤ ·¥ ±É¨¢´μ¸É¨ ¨ ¶μ¢ÒÏ ÉÓ ¨³¶Ê²Ó¸´ÊÕ ¤μ²Õ § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢
¨, ¸μμÉ¢¥É¸É¢¥´´μ, ¶μ·μ£ ¸ÉμÌ ¸É¨Î¥¸±μ° ´¥Ê¸Éμ°Î¨¢μ¸É¨.

„ ´´ Ö · ¡μÉ  ¶μ¸¢ÖÐ¥´  ¨§ÊÎ¥´¨Õ ¤¨´ ³¨±¨ ¨³¶Ê²Ó¸μ¢ ³μÐ´μ¸É¨ ´¥-
¶ÉÊ´¨¥¢μ£μ ·¥ ±Éμ·  ¸ ÊÎ¥Éμ³ ¡Ò¸É·μ° μ¡· É´μ° É¥³¶¥· ÉÊ·´μ° ¸¢Ö§¨, ¸· ¡ -
ÉÒ¢ ÕÐ¥° ¢μ ¢·¥³Ö · §¢¨É¨Ö ¨³¶Ê²Ó¸ .

Œ…’�„ˆŠ� ��‘—…’� „ˆ��ŒˆŠˆ ˆŒ�“‹œ‘�

�μ²´ Ö ¸¨¸É¥³  Ê· ¢´¥´¨° ¤²Ö · ¸Î¥É  ¤¨´ ³¨±¨ ¨³¶Ê²Ó¸  ¢ ¨³¶Ê²Ó¸´μ³
·¥ ±Éμ·¥ ´  ¡Ò¸É·ÒÌ ´¥°É·μ´ Ì ¢±²ÕÎ ¥É Ê· ¢´¥´¨Ö ´¥°É·μ´´μ° ±¨´¥É¨±¨ ¨
Ê· ¢´¥´¨Ö É¥·³μÊ¶·Ê£μ¸É¨, ¨ ¥¥ ÉμÎ´μ¥ ·¥Ï¥´¨¥ Ö¢²Ö¥É¸Ö ¤μ¸É ÉμÎ´μ ¸²μ¦´μ°
¨ É·Ê¤μ¥³±μ° § ¤ Î¥° [8]. �¡ÒÎ´μ ¨¸¶μ²Ó§ÊÕÉ ´¥±μÉμ·Ò¥ Ê¶·μÐ ÕÐ¨¥ ¶·¥¤-
¶μ²μ¦¥´¨Ö μÉ´μ¸¨É¥²Ó´μ Ì · ±É¥·  É¥¶²μ¢Ò¤¥²¥´¨Ö ¨ ±μ²¥¡ ´¨° Éμ¶²¨¢´ÒÌ
Ô²¥³¥´Éμ¢ ·¥ ±Éμ· . ‚ ¡μ²ÓÏ¨´¸É¢¥ ¸²ÊÎ ¥¢ Ìμ·μÏ¨¥ ·¥§Ê²ÓÉ ÉÒ ¤ ¥É Ê¦¥
¶·μ¸É Ö ³μ¤¥²Ó, · ¸¸³ É·¨¢ ÕÐ Ö ·¥ ±Éμ· ± ± μ¤´μÎ ¸ÉμÉ´Ò° μ¸Í¨²²ÖÉμ·
¸μ¢³¥¸É´μ ¸ Ê· ¢´¥´¨¥³ μ¤´μÉμÎ¥Î´μ° ³μ¤¥²¨ ±¨´¥É¨±¨ ·¥ ±Éμ·  ¡¥§ ÊÎ¥É 
§ ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢, ´ ¶·¨³¥· [8Ä11]. ‚ ´ Ï¥° ³μ¤¥²¨, ±·μ³¥ Éμ£μ,
¶·¥¤¶μ² £ ¥É¸Ö ²¨´¥°´ Ö § ¢¨¸¨³μ¸ÉÓ ·¥ ±É¨¢´μ¸É¨ μ¡· É´μ° ¸¢Ö§¨ μÉ ¨§³¥-
´¥´¨Ö ¤²¨´Ò Éμ¶²¨¢´μ£μ Ô²¥³¥´É . ‚ ¨Éμ£¥ ¨³¥¥³ ¤¢  ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ
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Ê· ¢´¥´¨Ö ⎧⎨
⎩

T̈ =
ε(t)
τ

Ṫ =
εm − αt2 − uku

τ
Ṫ ,

ü + ω2u = ω2u0T.
(3)

‡¤¥¸Ó ω Å ¸μ¡¸É¢¥´´ Ö ±·Ê£μ¢ Ö Î ¸ÉμÉ  ¸¢μ¡μ¤´ÒÌ ±μ²¥¡ ´¨° É¥¶²μ¢Ò-
¤¥²ÖÕÐ¥£μ Ô²¥³¥´É  ·¥ ±Éμ· ; T Å ¨§³¥´¥´¨¥ É¥³¶¥· ÉÊ·Ò É¥¶²μ¢Ò¤¥²ÖÕ-
Ð¥£μ Ô²¥³¥´É  ¢ É¥±ÊÐ¨° ³μ³¥´É ¢·¥³¥´¨ μÉ´μ¸¨É¥²Ó´μ ´ Î ²Ó´μ° É¥³¶¥· -
ÉÊ·Ò; u Å ¨§³¥´¥´¨¥ ¤²¨´Ò ¸É¥·¦´Ö; u0 Å ¸É É¨Î¥¸±μ¥ ¨§³¥´¥´¨¥ ¤²¨´Ò
É¥¶²μ¢Ò¤¥²ÖÕÐ¥£μ Ô²¥³¥´É  ¶·¨ ´ £·¥¢¥ ·¥ ±Éμ·  ¢ ¸·¥¤´¥³ ´  1 Š; τ Å
¸·¥¤´¥¥ ¢·¥³Ö ¦¨§´¨ ³£´μ¢¥´´ÒÌ ´¥°É·μ´μ¢ ¤¥²¥´¨Ö; ε(t) Ä ·¥ ±É¨¢´μ¸ÉÓ ´ 
³£´μ¢¥´´ÒÌ ´¥°É·μ´ Ì; ku Å ¢¥²¨Î¨´ , ¶·μ¶μ·Í¨μ´ ²Ó´ Ö É¥³¶¥· ÉÊ·´μ³Ê
±μÔËË¨Í¨¥´ÉÊ ·¥ ±É¨¢´μ¸É¨ ¨ · ¢´ Ö ¨§³¥´¥´¨Õ ±μÔËË¨Í¨¥´É  · §³´μ¦¥-
´¨Ö ´¥°É·μ´μ¢ ¶·¨ ¨§³¥´¥´¨¨ ¤²¨´Ò É¢Ô²  ´  μ¤¨´ ³¥É· ¶·¨ ¥£μ ´ £·¥¢¥;
§´ Î¥´¨¥ ku = 4 ¸μμÉ¢¥É¸É¢Ê¥É ¸É É¨Î¥¸±μ³Ê É¥³¶¥· ÉÊ·´μ³Ê ±μÔËË¨Í¨¥´ÉÊ
·¥ ±É¨¢´μ¸É¨ 10−5keff/K .

‚ ·¥ ±Éμ· Ì ³ ±¸¨³ ²Ó´μ¥ §´ Î¥´¨¥ ·¥ ±É¨¢´μ¸É¨ ¢ ¨³¶Ê²Ó¸¥ ε (t) = εm

¢¸¥£¤  ³ ²μ ¶μ ¸· ¢´¥´¨Õ ¸ ¥¤¨´¨Í¥°. �μÔÉμ³Ê ¢¡²¨§¨ ³ ±¸¨³Ê³  ËÊ´±Í¨-
μ´ ²Ó´ Ö § ¢¨¸¨³μ¸ÉÓ ε ³μ¦¥É ¡ÒÉÓ  ¶¶·μ±¸¨³¨·μ¢ ´  ¶ · ¡μ²μ° ¸ ¶ · -
³¥É·μ³ α, § ¢¨¸ÖÐ¨³ μÉ Ì · ±É¥·¨¸É¨± ¢´¥Ï´¥£μ ³μ¤Ê²ÖÉμ·  ·¥ ±É¨¢´μ¸É¨.
�¥¢μ§³ÊÐ¥´´ Ö ·¥ ±É¨¢´μ¸ÉÓ (¡¥§ ³μÐ´μ¸É´μ° μ¡· É´μ° ¸¢Ö§¨ ¶μ · ¸Ï¨·¥-
´¨Õ Éμ¶²¨¢ ) ¡μ²ÓÏ¥ ´Ê²Ö ´  ¶·μ³¥¦ÊÉ±¥ −t1 < t < t1, £¤¥ αt21 = εm.
’ ± ± ± ¢¸¶ÒÏ±  ³μÐ´μ¸É¨ Ö¢²Ö¥É¸Ö μÎ¥´Ó ±μ·μÉ±μ°, ´  ¤ ´´μ³ ¶·μ³¥¦ÊÉ±¥
(±μ£¤  ·¥ ±É¨¢´μ¸ÉÓ ¶μ²μ¦¨É¥²Ó´ ) ³μ¦´μ ¶·¥´¥¡·¥ÎÓ § ¶ §¤Ò¢ ÕÐ¨³¨ ´¥°-
É·μ´ ³¨ ¨ ¢´¥Ï´¨³ ¨¸ÉμÎ´¨±μ³ ´¥°É·μ´μ¢. �μÔÉμ³Ê ¤ ´´Ò° Î²¥´ μÉ¸ÊÉ¸É¢Ê¥É
¢ ¶¥·¢μ³ ¨§ ¸¨¸É¥³Ò Ê· ¢´¥´¨° (3).

‘¨¸É¥³  Ê· ¢´¥´¨° (3) ·¥Ï ² ¸Ó ³¥Éμ¤μ³ �Ê´£¥ÄŠÊÉÉÒ ¸ ´ Î ²Ó´Ò³¨
Ê¸²μ¢¨Ö³¨

u (−t1) = 0, u̇ (−t1) = 0, T (−t1) = 0, Ṫ (−t1) = 6,94
K
³¸

.

� Î ²Ó´μ¥ §´ Î¥´¨¥ ³μÐ´μ¸É¨ (¢Ò· ¦¥´´μ¥ Î¥·¥§ ¸±μ·μ¸ÉÓ ´ £·¥¢  É¢Ô² )
¢ ÉμÎ±¥ −t1 ¢ÒÎ¨¸²¥´μ  ´ ²¨É¨Î¥¸±¨ ¶μ Ëμ·³Ê² ³ ¨§ · ¡μÉÒ [3] ¤²Ö · §· -
¡ ÉÒ¢ ¥³μ£μ ¨³¶Ê²Ó¸´μ£μ ·¥ ±Éμ·  ¸  ±É¨¢´μ° §μ´μ° ¨§ ´¥¶ÉÊ´¨Ö-237.

‚ · ¡μÉ¥ ¡Ò²¨ ¨¸¶μ²Ó§μ¢ ´Ò ¸²¥¤ÊÕÐ¨¥ ¶ · ³¥É·Ò: ¢·¥³Ö ¦¨§´¨ ³£´μ-
¢¥´´ÒÌ ´¥°É·μ´μ¢ ¤¥²¥´¨Ö τ = 10−5 ³¸ = 10 ´¸; α = 3,6 ·10−3 ³¸−2; Î ¸ÉμÉ 
¨³¶Ê²Ó¸μ¢ 10 ƒÍ; ¸·¥¤´ÖÖ ³μÐ´μ¸ÉÓ ·¥ ±Éμ·  10 Œ‚É; ±μÔËË¨Í¨¥´É É¥·³¨Î¥-
¸±μ£μ · ¸Ï¨·¥´¨Ö ´¨É·¨¤  ´¥¶ÉÊ´¨Ö 10−5 Š−1; ¤²¨´  É¢Ô²  0,25 ³¥É· ; ¸±μ-

·μ¸ÉÓ §¢Ê±  ¢ ´¨É·¨¤¥ ´¥¶ÉÊ´¨Ö ∼ 3 ±³/¸; ³μ¤Ê²Ó 	´£  ∼ (100−130) ·109 �

³2
.

Š·¨É¨Î´μ¸ÉÓ ·¥ ±Éμ·  ¶·¨ ´Ê²¥¢μ° ³μÐ´μ¸É¨ (ku = 0) εm = 1,24 · 10−4.
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�¥Ï¥´¨¥ ¸¨¸É¥³Ò (3) ´ Ìμ¤¨²μ¸Ó ¶·¨ §´ Î¥´¨ÖÌ ¶ · ³¥É·μ¢ ¢ ¸²¥¤ÊÕÐ¨Ì
¤¨ ¶ §μ´ Ì: εm = 1,2 · 10−4−2 · 10−4; ku = 0−4 ³−1; ω = 1−50 ³¸−1.

�  ·¨¸. 1 ¶μ± § ´ ·¥§Ê²ÓÉ É ·¥Ï¥´¨Ö ¸¨¸É¥³Ò (3) ¤²Ö ¸²ÊÎ Ö μÉ¸ÊÉ¸É¢¨Ö
μ¡· É´μ° ¸¢Ö§¨ (ku = 0). Š·¨¢ Ö ·¥ ±É¨¢´μ¸É¨ ¢ ¤ ´´μ³ ¸²ÊÎ ¥ ¨³¥¥É ¸¨³³¥-
É·¨Î´Ò° ¢¨¤. ‚¨¤´μ, ÎÉμ ¶·¨ μÉ¸ÊÉ¸É¢¨¨ μ¡· É´μ° ¸¢Ö§¨ ¸± Îμ± É¥³¶¥· ÉÊ·Ò
³μ¦¥É ¤μ¸É¨£ ÉÓ 750 K ¶·¨ εm = 2 · 10−4. ‘μμÉ¢¥É¸É¢ÊÕÐ¥¥ §´ Î¥´¨¥ ¨³-
¶Ê²Ó¸´μ° ¤μ²¨ § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢ 3,1 · 10−5.

�  ·¨¸. 2 ¶μ± § ´  § ¢¨¸¨³μ¸ÉÓ Ô´¥·£¨¨ ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨ μÉ ¸μ¡¸É¢¥´-
´μ° Î ¸ÉμÉÒ ·¥ ±Éμ·  ω ¤²Ö ¸²ÊÎ Ö ku = 4. ‘²¥¤Ê¥É § ³¥É¨ÉÓ, ÎÉμ §´ Î¥´¨¥
¶ · ³¥É·  ω ´¥μ¤´μ§´ Î´μ ¸¢Ö§ ´μ ¸ ¤²¨´μ° ¸É¥·¦´Ö (¨²¨ ¶² ¸É¨´Ò) É¢Ô² .
…¸²¨ ³ ¸¸Ê ¸É¥·¦´Ö (¨²¨ ¶² ¸É¨´Ò) É¢Ô²  ¸Î¨É ÉÓ ¸μ¸·¥¤μÉμÎ¥´´μ°, ÎÉμ ¨
¶·¥¤¶μ² £ ¥É Ê· ¢´¥´¨¥ μ¸Í¨²²ÖÉμ·  ¢ ¸¨¸É¥³¥ (3), Éμ ±·Ê£μ¢ÊÕ Î ¸ÉμÉÊ ¸¢μ-
¡μ¤´ÒÌ ±μ²¥¡ ´¨° ¸É¥·¦´Ö ¸²¥¤Ê¥É ¸Î¨É ÉÓ · ¢´μ° c/L (L Å ¤²¨´  ¸É¥·¦´Ö,
c Å ¸±μ·μ¸ÉÓ §¢Ê± ). �·¨ · ¸¶·¥¤¥²¥´´μ° ¦¥ ³ ¸¸¥ ¶¥·¨μ¤ ±μ²¥¡ ´¨° · ¢¥´
Ê¤¢μ¥´´μ³Ê ¢·¥³¥´¨ ¶·μÌμ¦¤¥´¨Ö ¢μ²´Ò Ê¶·Ê£μ£μ ¸¦ É¨Ö-· ¸ÉÖ¦¥´¨Ö ¢¤μ²Ó
¸É¥·¦´Ö 2L/c,   ±·Ê£μ¢ Ö Î ¸ÉμÉ , ¸μμÉ¢¥É¸É¢¥´´μ, πc/L, É. ¥. ¢ π · § ¡μ²ÓÏ¥,
Î¥³ ¤²Ö ¸²ÊÎ Ö ¸μ¸·¥¤μÉμÎ¥´´μ° ³ ¸¸Ò [11]. ’ ±, ¤²¨´¥ ¸É¥·¦´Ö 0,25 ³
¸μμÉ¢¥É¸É¢Ê¥É ω = 12 ³¸−1 ¶·¨ ¸μ¸·¥¤μÉμÎ¥´´μ° ³ ¸¸¥ ¨ ω = 37,7 ³¸−1

¶·¨ Ê¸²μ¢¨¨ ´ ²¨Î¨Ö Ê¶·Ê£¨Ì ¢μ²´ ¤¥Ëμ·³ Í¨¨. �·¨ μ¤´μ° ¨ Éμ° ¦¥ ¤²¨´¥
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�¨¸. 1. 
´¥·£¨Ö ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨ (Ô´¥·£¨Ö, ¢Ò¤¥²¥´´ Ö ± ³μ³¥´ÉÊ ¢·¥³¥´¨ t) ¤²Ö
¸²ÊÎ Ö ku = 0 ¶·¨ · §´ÒÌ §´ Î¥´¨ÖÌ ³ ±¸¨³ ²Ó´μ° ·¥ ±É¨¢´μ¸É¨ εm. �μ μ¸¨ x Å
¢·¥³Ö ¢ ³¨²²¨¸¥±Ê´¤ Ì. � Î ²μ ±μμ·¤¨´ É t = 0 ¸μμÉ¢¥É¸É¢Ê¥É ³ ±¸¨³Ê³Ê ·¥ ±É¨¢-
´μ¸É¨ εm. �μ μ¸¨ y Å É¥³¶¥· ÉÊ·   ±É¨¢´μ° §μ´Ò T (¶·μ¶μ·Í¨μ´ ²Ó´  ´ ±μ¶²¥´´μ°
Ô´¥·£¨¨ ¢¸¶ÒÏ±¨) ¨ ·¥ ±É¨¢´μ¸ÉÓ ε, Ê³´μ¦¥´´ Ö ´  106
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É¢Ô²  ¸μ¡¸É¢¥´´ Ö Î ¸ÉμÉ  ±μ²¥¡ ´¨° ³μ¦¥É ¨§³¥´ÖÉÓ¸Ö, ´ ¶·¨³¥·, ¥¸²¨ ¸É¥·-
¦¥´Ó É¢Ô²  ¡Ê¤¥É ¸μ¸ÉμÖÉÓ ¨§ ´¥¸±μ²Ó±¨Ì Î ¸É¥°. ‚ ¸¢Ö§¨ ¸ ´¥μ¤´μ§´ Î´μ¸ÉÓÕ
Ë¨§¨Î¥¸±μ£μ ¸³Ò¸²  ¶ · ³¥É·  ω, ¢μ§´¨±Ï¥° ¨§-§  § ³¥´Ò Ê· ¢´¥´¨Ö É¥·-
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�¨¸. 2. 
´¥·£¨Ö ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨ ¤²Ö ¸²ÊÎ Ö ku = 4 ¶·¨ · §´ÒÌ §´ Î¥´¨ÖÌ ¶ -
· ³¥É·  ¨´¥·Í¨μ´´μ¸É¨ É¥¶²μ¢μ£μ · ¸Ï¨·¥´¨Ö ¸¥·¤¥Î´¨±  ω ¨ ¤²Ö ¸²ÊÎ Ö ku = 0.
Œ ±¸¨³ ²Ó´ Ö ·¥ ±É¨¢´μ¸ÉÓ ¤²Ö ¢¸¥Ì ±·¨¢ÒÌ εm = 1, 2 · 10−4
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�¨¸. 3. 
´¥·£¨Ö ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨ ¤²Ö ¸²ÊÎ Ö ku = 1 ¶·¨ · §´ÒÌ §´ Î¥´¨ÖÌ ³ ±-
¸¨³ ²Ó´μ° ·¥ ±É¨¢´μ¸É¨ εm ¨ ¶·¨ §´ Î¥´¨¨ ¶ · ³¥É·  ω = 37,7. �μ μ¸¨ y Å
É¥³¶¥· ÉÊ·   ±É¨¢´μ° §μ´Ò T ¨ ·¥ ±É¨¢´μ¸ÉÓ, Ê³´μ¦¥´´ Ö ´  105
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³μÊ¶·Ê£μ¸É¨ ´  Ê· ¢´¥´¨¥ £ ·³μ´¨Î¥¸±μ£μ μ¸Í¨²²ÖÉμ· , ¸²¥¤Ê¥É ¸Î¨É ÉÓ ÔÉÊ
¢¥²¨Î¨´Ê ´¥±¨³ ¶ · ³¥É·μ³, μ¶·¥¤¥²ÖÕÐ¨³ ¨´¥·Í¨μ´´μ¸ÉÓ μ¡· É´μ° ¸¢Ö§¨
®É¥³¶¥· ÉÊ· Ä·¥ ±É¨¢´μ¸ÉÓ¯.
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�¨¸. 4. 
´¥·£¨Ö ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨ ¤²Ö ¸²ÊÎ Ö ku = 4 ¶·¨ · §´ÒÌ §´ Î¥´¨ÖÌ ³ ±¸¨-
³ ²Ó´μ° ·¥ ±É¨¢´μ¸É¨ εm ¨ ¶·¨ §´ Î¥´¨¨ ¶ · ³¥É·  ω = 37,7
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�¨¸. 5. ˆ³¶Ê²Ó¸ ³μÐ´μ¸É¨ ¤²Ö ¸²ÊÎ Ö ku = 1. �μ μ¸¨ x Å ¢·¥³Ö ¢ ³¨²²¨¸¥±Ê´¤ Ì.
� Î ²μ ±μμ·¤¨´ É t = 0 ¸μμÉ¢¥É¸É¢Ê¥É ³ ±¸¨³Ê³Ê ·¥ ±É¨¢´μ¸É¨ εm. �μ μ¸¨ y ¤²Ö
· §²¨Î´ÒÌ §´ Î¥´¨° εm Å ¸±μ·μ¸ÉÓ ¨§³¥´¥´¨Ö É¥³¶¥· ÉÊ·Ò  ±É¨¢´μ° §μ´Ò dT/dt
(³μÐ´μ¸ÉÓ ¢¸¶ÒÏ±¨) ¢ ±¥²Ó¢¨´ Ì §  ³¨²²¨¸¥±Ê´¤Ê
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Š ± ³μ¦´μ ¢¨¤¥ÉÓ ¨§ ·¨¸. 2, ¢·¥³¥´´ Ö § ¢¨¸¨³μ¸ÉÓ É¥³¶¥· ÉÊ·Ò T (t) ¤²Ö
¸²ÊÎ Ö ku = 4 ´ Ìμ¤¨É¸Ö ³¥¦¤Ê ¤¢Ê³Ö £· ´¨Î´Ò³¨ ±·¨¢Ò³¨ ¶·¨ ¢¸¥Ì §´ Î¥-
´¨ÖÌ ω. �´ ²μ£¨Î´Ò° ¢¨¤ ¨³¥ÕÉ ±·¨¢Ò¥ ¤²Ö ¤·Ê£¨Ì §´ Î¥´¨° ku. ‘ μ¤´μ°
¸Éμ·μ´Ò μ¡² ¸ÉÓ ±·¨¢ÒÌ μ£· ´¨Î¥´  ¸²ÊÎ ¥³ ku = 0, ±Ê¤  ¸É·¥³ÖÉ¸Ö ±·¨-
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�¨¸. 7. ‡´ Î¥´¨Ö ¢¥²¨Î¨´ 2βpuls ¨ kT ΔT ± ± ËÊ´±Í¨¨ ¶ · ³¥É·  ku ¶·¨ ΔT = 20 Š
(Ô´¥·£¨Ö ¨³¶Ê²Ó¸  ¶·¨ ¸·¥¤´¥° ³μÐ´μ¸É¨ 10 Œ‚É). �¡² ¸ÉÓ Ê¸Éμ°Î¨¢μ¸É¨ ´¥¶ÉÊ-
´¨¥¢μ£μ ·¥ ±Éμ· , μ¶·¥¤¥²Ö¥³ Ö Ê· ¢´¥´¨¥³ (2), ²¥¦¨É ¸²¥¢  μÉ ÉμÎ±¨ ¶¥·¥¸¥Î¥´¨Ö
±·¨¢ÒÌ
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¢Ò¥ ¸ ±μ´¥Î´μ° ¢¥²¨Î¨´μ° ku ¶·¨ ω → 0. ‘ ¤·Ê£μ° ¸Éμ·μ´Ò ±·¨¢Ò¥ ¤²Ö
ω > 30 ³¸−1 É ±¦¥ ¡Ò¸É·μ ¸Ìμ¤ÖÉ¸Ö. ”¨§¨Î¥¸±¨ §´ Î¨³ Ö μ¡² ¸ÉÓ, ¸μμÉ¢¥É-
¸É¢ÊÕÐ Ö ´¥¶ÉÊ´¨¥¢μ³Ê ·¥ ±Éμ·Ê, ²¥¦¨É ³¥¦¤Ê ±·¨¢μ° ¤²Ö ω = 12 ³¸−1 ¨
´¨¦´¥° ¶·¥¤¥²Ó´μ° ±·¨¢μ°.

�  ·¨¸. 3Ä6 ¶μ± § ´  § ¢¨¸¨³μ¸ÉÓ ·¥Ï¥´¨Ö ¸¨¸É¥³Ò Ê· ¢´¥´¨° (3) μÉ
±μÔËË¨Í¨¥´É  ¸¢Ö§¨ ku ¶·¨ ω = 37,7 ³¸−1.

�  μ¸´μ¢¥ ¶μ²ÊÎ¥´´ÒÌ § ¢¨¸¨³μ¸É¥° Tas(εm) ¡Ò²  ¢ÒÎ¨¸²¥´  ¨³¶Ê²Ó¸´ Ö
¤μ²Ö § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢ ¤²Ö §´ Î¥´¨° ku μÉ 0 ¤μ 4 ¶·¨ ω = 37,7 ³¸−1

¸μ£² ¸´μ ¶·¨¡²¨¦¥´¨Õ (1);  ¸¨³¶ÉμÉ¨Î¥¸±¨° ´ £·¥¢ É¢Ô²  ¢ ¨³¶Ê²Ó¸¥ Tas =
T (t → ∞) ¸ÊÉÓ Ô´¥·£¨Ö ¨³¶Ê²Ó¸ . �  ·¨¸. 7 ³μ¦´μ ¢¨¤¥ÉÓ, ¶·¨ ± ±¨Ì §´ Î¥-
´¨ÖÌ É¥³¶¥· ÉÊ·´μ£μ ±μÔËË¨Í¨¥´É  ·¥ ±É¨¢´μ¸É¨ · ¸¸³ É·¨¢ ¥³Ò° ·¥ ±Éμ·
¸ ´¥¶ÉÊ´¨¥¢μ°  ±É¨¢´μ° §μ´μ° ¨ ¸·¥¤´¥° ³μÐ´μ¸ÉÓÕ 10 Œ‚É (Tas ∼ 20 Š)
¡Ê¤¥É Ê¸Éμ°Î¨¢ μÉ´μ¸¨É¥²Ó´μ ¢μ§´¨±´μ¢¥´¨Ö  ¢Éμ±μ²¥¡ ´¨°, É. ¥. É ³, £¤¥ ¢Ò-
¶μ²´Ö¥É¸Ö Ê¸²μ¢¨¥ (2).

��‘“†„…�ˆ…

Š ± ¨ ³μ¦´μ ¡Ò²μ μ¦¨¤ ÉÓ, · ¸Î¥ÉÒ ¶μ± § ²¨, ÎÉμ μÉ·¨Í É¥²Ó´ Ö μ¡· É-
´ Ö ¸¢Ö§Ó ¶μ É¥³¶¥· ÉÊ·¥ É¢Ô²  § ³¥É´μ ¢²¨Ö¥É ´  ¤¨´ ³¨±Ê ´μ³¨´ ²Ó´μ£μ
¨³¶Ê²Ó¸  Ê¦¥ ¶·¨ ³ ²ÒÌ §´ Î¥´¨ÖÌ É¥³¶¥· ÉÊ·´μ£μ ±μÔËË¨Í¨¥´É  ·¥ ±É¨¢-
´μ¸É¨ μ±μ²μ (2−3) · 10−6 Š−1 (¸μμÉ¢¥É¸É¢Ê¥É ku ∼ 1), ¸³. ·¨¸. 3. —¥³ ¡μ²ÓÏ¥
¢¥²¨Î¨´  ku, É¥³ ¸¨²Ó´¥¥ ¢²¨Ö´¨¥ μ¡· É´μ° ¸¢Ö§¨ ¨, ¸μμÉ¢¥É¸É¢¥´´μ, ³¥´ÓÏ¥
§ ¢¨¸¨³μ¸ÉÓ Ô´¥·£¨¨ ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨ μÉ εm. �·¨ ·¥ ²¨¸É¨Î´ÒÌ §´ Î¥-
´¨ÖÌ ku ∼ 1−4 ¶μ¤ ¢²¥´¨¥ Ô´¥·£¨¨ ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨ ¸μ¸É ¢²Ö¥É 7−20 · §
¤²Ö ¡μ²ÓÏ¨Ì ´ ¤±·¨É¨Î´μ¸É¥° ¢ ¨³¶Ê²Ó¸¥ εm ¨ 1,5−3 · §  ¤²Ö ³ ²ÒÌ §´ Î¥-
´¨° εm. ’ ±¨³ μ¡· §μ³, ¢ · ³± Ì ¤ ´´μ° ³μ¤¥²¨ ¡μ²¥¥ ³μÐ´Ò° ¨³¶Ê²Ó¸ § 
¸Î¥É μ¡· É´μ° ¸¢Ö§¨ ¶μ¤ ¢²Ö¥É¸Ö ¸¨²Ó´¥¥.

ˆ§  ´ ²¨§  ¶μ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ Éμ¢ ¸²¥¤ÊÕÉ ¤¢  ¢ ¦´ÒÌ ¢Ò¢μ¤ .
• ‚¸²¥¤¸É¢¨¥ μ¡· É´μ° ¸¢Ö§¨ ¶μ É¥³¶¥· ÉÊ·¥ É¢Ô²  μÍ¥´±  Ô´¥·£¨¨  ¢ -

·¨°´ÒÌ ¨³¶Ê²Ó¸μ¢ ³μÐ´μ¸É¨ ¸´¨¦ ¥É¸Ö ´  ¶μ·Ö¤μ± ¨ ¡μ²¥¥ ¶μ ¸· ¢´¥´¨Õ ¸
· ¸Î¥É´Ò³ §´ Î¥´¨¥³; ¤²Ö ¨³¶Ê²Ó¸μ¢ ¸ ¶·¥¢ÒÏ¥´¨¥³ ¨³¶Ê²Ó¸´μ° ´ ¤±·¨É¨Î-
´μ¸É¨ ´  � 10−4kÔËË Ô´¥·£¨Ö ¡Ê¤¥É · ¸É¨ ¶·μ¶μ·Í¨μ´ ²Ó´μ εm,   ´¥ Ô±¸¶μ-
´¥´Í¨ ²Ó´μ, ± ± ¸²¥¤Ê¥É ¨§ (1). „ ¦¥ ¶·¨ ³£´μ¢¥´´μ³ ·μ¸É¥ ±μÔËË¨Í¨¥´É 
· §³´μ¦¥´¨Ö ´  0,1% ´ £·¥¢ §μ´Ò ´¥ ¶·¥¢Ò¸¨É 200 Š.

• �μ·μ£ ¸ÉμÌ ¸É¨Î¥¸±μ° ´¥Ê¸Éμ°Î¨¢μ¸É¨ ¶μ ¤ ´´Ò³ ÔÉμ° · ¡μÉÒ ¡Ê¤¥É
¶·¥¢ÒÏ¥´ ¶·¨ ¸·¥¤´¥° ³μÐ´μ¸É¨ 7 Œ‚É, ¥¸²¨ É¥³¶¥· ÉÊ·´Ò° ±μÔËË¨Í¨¥´É
·¥ ±É¨¢´μ¸É¨ ¶·¨´ÖÉÓ · ¢´Ò³ 10−5 Š−1. „²Ö Ê¸Éμ°Î¨¢μ° · ¡μÉÒ ´  15 Œ‚É
´Ê¦´μ ¸´¨§¨ÉÓ É¥³¶¥· ÉÊ·´Ò° ±μÔËË¨Í¨¥´É ·¥ ±É¨¢´μ¸É¨ ¢ 2,5Ä3 · § , ÎÉμ
Ö¢²Ö¥É¸Ö ¶μ¸¨²Ó´μ° § ¤ Î¥°.

� ¸Î¥É ¶μ ¡μ²¥¥ ·¥ ²¨¸É¨Î´μ° ³μ¤¥²¨ ¸ ÊÎ¥Éμ³ Ê¶·Ê£¨Ì ¤¥Ëμ·³ Í¨° ¤ ¸É
´¥ ¸Éμ²Ó ¡² £μ¶·¨ÖÉ´ÊÕ ± ·É¨´Ê Å ´ ²¨Î¨¥ ¢μ²´Ò ¤¥Ëμ·³ Í¨¨ ¶·¨¢¥¤¥É
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± ¸´¨¦¥´¨Õ ÔËË¥±É  μÉ·¨Í É¥²Ó´μ° ·¥ ±É¨¢´μ¸É¨. �μÔÉμ³Ê ¸²¥¤ÊÕÐ¨³ Ï -
£μ³ ¤μ²¦´μ ¡ÒÉÓ · §¢¨É¨¥ ³μ¤¥²¨ ¤²Ö · ¸Î¥É  ¤¨´ ³¨±¨ ¨³¶Ê²Ó¸μ¢ ³μÐ´μ¸É¨,
ÊÎ¨ÉÒ¢ ÕÐ¥° ´ ²¨Î¨¥ ¢μ²´ Ê¶·Ê£μ° ¤¥Ëμ·³ Í¨¨ É¢Ô² .
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