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ˆ§ÊÎ¥´¨¥ ¶·µÍ¥¸¸  ¢ÒÌµ¤  · ¤¨µ²¨É¨Î¥¸±µ£µ ¢µ¤µ·µ¤ 
¨§ Ô±¸¶¥·¨³¥´É ²Ó´µ£µ Ô²¥³¥´É  Ìµ²µ¤´µ£µ § ³¥¤²¨É¥²Ö
´  É¢¥·¤µ³ ³¥§¨É¨²¥´¥

�·¨ µÉµ£·¥¢¥ µ¡²ÊÎ¥´´µ£µ É¢¥·¤µ£µ ³¥§¨É¨²¥´  ¶·µ¨¸Ìµ¤¨É ¥£µ · ¸¶ÊÌ ´¨¥
¢¸²¥¤¸É¢¨¥ Ê¢¥²¨Î¥´¨Ö ¤ ¢²¥´¨Ö ¢ £ §µ¢ÒÌ ¶Ê§Ò·Ó± Ì · ¤¨µ²¨É¨Î¥¸±µ£µ ¢µ¤µ-
·µ¤ . ‚ · ¡µÉ¥ ¶·¥¤¸É ¢²¥´Ò Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¨§³¥·¥´¨Ö ¤ ¢²¥´¨Ö
´  Í¨²¨´¤·¨Î¥¸±ÊÕ µ¡µ²µÎ±Ê ¨¸¸²¥¤Ê¥³µ£µ µ¡· §Í  ³¥§¨É¨²¥´ , ¢Ò§¢ ´´µ£µ ¥£µ
· ¸¶ÊÌ ´¨¥³ ¶µ¸²¥ µ¡²ÊÎ¥´¨Ö Ô²¥±É·µ´ ³¨ ´  Ê¸±µ·¨É¥²¥ MT-25 ‹ ¡µ· Éµ-
·¨¨ Ö¤¥·´ÒÌ ·¥ ±Í¨° �ˆŸˆ. �¡²ÊÎ¥´¨¥ ¶·µ¢µ¤¨²µ¸Ó ¶·¨ É¥³¶¥· ÉÊ·¥ ¦¨¤-
±µ£µ  §µÉ ; ¤ ¢²¥´¨¥ ¢ ¨´É¥·¢ ²¥ 6Ä25 ¡ · ¢µ§´¨± ²µ ¢ ¤¨ ¶ §µ´¥ É¥³¶¥· ÉÊ·
150Ä180 Š.
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The Study of the Process of Radiolytic Hydrogen Release
from an Experimental Element of Cold Neutron Moderator
with Condensed Mesitylene Inside

It was earlier observed that during warming-up of irradiated solid mesitylene, it
suffers of swelling due to building-up of the pressure inside the bubbles of radi-
olytic hydrogen. In the article, the experimental data of pressure measurements on
the cylindrical wall of experimental element due to swelling of electron irradiated
mesitylene sample at liquid nitrogen temperature are presented. Irradiation was car-
ried out at the MT-25 electron accelerator of the Laboratory of Nuclear Reactions,
JINR. Peak pressure as high as 6Ä25 bar at temperature 150Ä180 K was observed.

The investigation has been performed at the Frank Laboratory of Neutron Physics,
JINR.

Communication of the Joint Institute for Nuclear Research. Dubna, 2004



‚‚…„…�ˆ…

–¥²ÓÕ ´ ¸ÉµÖÐ¥° · ¡µÉÒ Ö¢²Ö¥É¸Ö µÍ¥´±  ¤ ¢²¥´¨Ö ´  µ¡µ²µÎ±Ê Ô±¸-
¶¥·¨³¥´É ²Ó´µ£µ É¢Ô²  Ìµ²µ¤´µ£µ § ³¥¤²¨É¥²Ö ´¥°É·µ´µ¢ ·¥ ±Éµ·  ˆ��-2Œ
¶·¨ ¥£µ µÉµ£·¥¢¥ ¶µ¸²¥ µ¡²ÊÎ¥´¨Ö. ˆ¸¸²¥¤Ê¥³Ò³¨ µ¡· §Í ³¨, ±µÉµ·Ò³¨ § -
¶µ²´Ö²¸Ö É¢Ô², ¡Ò²¨ Î¨¸ÉÒ° ³¥§¨É¨²¥´ ¨ ¥£µ ¸³¥¸Ó (¢ µÉ´µÏ¥´¨¨ 3:1) ¸
m-±¸¨²µ²µ³. „ ¢²¥´¨¥ ´  µ¡µ²µÎ±Ê É¢Ô²  ³µ¦¥É ¸µ§¤ ¢ ÉÓ¸Ö ± ± µÉ É¥³¶¥· -
ÉÊ·´µ£µ · ¸Ï¨·¥´¨Ö § ³µ·µ¦¥´´µ£µ µ¡· §Í , É ± ¨ µÉ ´ ±µ¶²¥´´µ£µ ¢ ¶·µ-
Í¥¸¸¥ µ¡²ÊÎ¥´¨Ö ¢µ¤µ·µ¤ . �·¨ ¶µ¢ÒÏ¥´¨¨ É¥³¶¥· ÉÊ·Ò ¢ µ¡· §Í¥ ¤ ¢²¥´¨¥
¢ £ §µ¢ÒÌ ¶Ê§Ò·Ó± Ì ¢µ¤µ·µ¤  Ê¢¥²¨Î¨¢ ¥É¸Ö ¨ ¶¥·¥¤ ¥É¸Ö ´  µ¡µ²µÎ±Ê É¢Ô² 
¢¸²¥¤¸É¢¨¥ · ¸¶ÊÌ ´¨Ö µ¡· §Í . ‚ § ¢¨¸¨³µ¸É¨ µÉ · §¢¨¢ ¥³µ£µ ¤ ¢²¥´¨Ö ¢Ò-
¡¨· ¥É¸Ö Éµ²Ð¨´  µ¡µ²µÎ±¨ É¢Ô²  Ìµ²µ¤´µ£µ § ³¥¤²¨É¥²Ö ¨ ¥£µ ¤¨ ³¥É·. �É¨
£¥µ³¥É·¨Î¥¸±¨¥ ¶ · ³¥É·Ò É¢Ô²  § ³¥É´µ ¢²¨ÖÕÉ ´  ¶²µÉ´µ¸ÉÓ ¶µÉµ±  Ìµ²µ¤-
´ÒÌ ´¥°É·µ´µ¢ ¨§ § ³¥¤²¨É¥²Ö, ÎÉµ ¨ µ¶·¥¤¥²¨²µ ´¥µ¡Ìµ¤¨³µ¸ÉÓ ¶·µ¢¥¤¥´¨Ö
µ¶¨¸Ò¢ ¥³ÒÌ ¢ · ¡µÉ¥ Ô±¸¶¥·¨³¥´Éµ¢.

1. ��ˆ‘��ˆ… “‘’���‚Šˆ ˆ Œ…’�„ˆŠ� ˆ‡Œ…�…�ˆ‰

� ¸ÉµÖÐ Ö · ¡µÉ  ¶·µ¢µ¤¨² ¸Ó ´  Ê¸±µ·¨É¥²¥ Ô²¥±É·µ´µ¢ MT-25 ‹ ¡µ-
· Éµ·¨¨ Ö¤¥·´ÒÌ ·¥ ±Í¨° �ˆŸˆ. �´¥·£¨Ö Ô²¥±É·µ´µ¢ ¢ ¶ÊÎ±¥ ¸µ¸É ¢²Ö² 
9,5 ŒÔ‚,   Éµ± ¶ÊÎ±  Ô²¥±É·µ´µ¢ ¨§³¥´Ö²¸Ö ¢ ± ¦¤µ³ Í¨±²¥ ¨§³¥·¥´¨° ¨
¨³¥² §´ Î¥´¨Ö µÉ 2,5 ¤µ 6,2 ³±�.

1.1. �¶¨¸ ´¨¥ Ê¸É ´µ¢±¨. �¸´µ¢µ° Ô±¸¶¥·¨³¥´É ²Ó´µ° Ê¸É ´µ¢±¨ (·¨¸. 1)
Ö¢²Ö¥É¸Ö  §µÉ´Ò° ±·¨µ¸É É. ‚ ¸·¥¤¥ ¦¨¤±µ£µ  §µÉ  ³¥Ì ´¨§³µ³ ¢¥·É¨± ²Ó-
´µ£µ ¶¥·¥³¥Ð¥´¨Ö ¶¥·¥¤¢¨£ ¥É¸Ö É·Ê¡±  ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ É¢Ô²µ³ (·¨¸. 2).
˜ £ ¶¥·¥³¥Ð¥´¨Ö ¢¢¥·Ì-¢´¨§ ¸µ¸É ¢²Ö¥É 85 ³³. �¥·¨µ¤ ¶¥·¥³¥Ð¥´¨Ö · ¢¥´
∼ 7 ¸, ¶·¨Î¥³ ¢´¨§ É¢Ô² ¤¢¨£ ¥É¸Ö ¡Ò¸É·¥¥ Å §  2,5 ¸.

�±¸¶¥·¨³¥´É ²Ó´Ò° É¢Ô² ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¸É ²Ó´ÊÕ É·Ê¡±Ê ¤¨ ³¥É·µ³
12,0 ³³ ¸ Éµ²Ð¨´µ° ¸É¥´±¨ 0,3 ³³, ´  ±µÉµ·µ° ¢Ò¶µ²´¥´Ò ¤¢  ÊÉµ´¥´¨Ö (¸
Í¥²ÓÕ ¶µ¢ÒÏ¥´¨Ö ÎÊ¢¸É¢¨É¥²Ó´µ¸É¨ ¢ ³¥¸É Ì Ê¸É ´µ¢±¨ ¨§³¥·¨É¥²Ó´ÒÌ É¥´§µ-
³¥É·¨Î¥¸±¨Ì ³µ¸Éµ¢) ¤µ Éµ²Ð¨´Ò ¸É¥´±¨ ∼ 0,1Ä0,15 ³³. ‘ µ¤´µ£µ ±µ´Í  Ô±¸-
¶¥·¨³¥´É ²Ó´Ò° É¢Ô² § £²ÊÏ¥´ ¨ § ¶µ²´Ö¥É¸Ö 10 ¸³3 ³¥§¨É¨²¥´  (¨²¨ ¸³¥¸¨
³¥§¨É¨²¥´  (75 %) ¸ m-±¸¨²µ²µ³ (25 %)). ‚Ò¸µÉ  ¸Éµ²¡  § ³µ·µ¦¥´´µ£µ
µ¡· §Í  ∼ 5 ³³. ‚ Ô±¸¶¥·¨³¥´É ²Ó´Ò° É¢Ô² ¤²Ö ¸´¨¦¥´¨Ö ¶¥·¥¶ ¤  É¥³¶¥-
· ÉÊ·Ò ¶µ · ¤¨Ê¸Ê ¢¸É ¢²¥´  ³¥¤´ Ö Ëµ²Ó£  Éµ²Ð¨´µ° 0,1 ³³ ¢ ¢¨¤¥ ®±·¥¸É ¯
(¸³. ·¨¸. 2). � ¸Î¥É · ¸¶·¥¤¥²¥´¨Ö É¥³¶¥· ÉÊ·Ò ¢ É·Ê¡±¥ ¸ ³¥§¨É¨²¥´µ³ ¶·¨
Ê¸É ´µ¢±¥ ¢ ´¥° ³¥¤´µ° Ëµ²Ó£¨ ¶·¨¢¥¤¥´ ¢ ¶·¨²µ¦¥´¨¨ 1.

�±¸¶¥·¨³¥´É ²Ó´Ò° É¢Ô² ¢Ò¸µÉµ° ∼ 150 ³³ ¶¥·¥Ìµ¤¨É ¢ ¸É ²Ó´ÊÕ, ¡µ²¥¥
Éµ²¸ÉÊÕ É·Ê¡±Ê, ±µÉµ· Ö ¸µ¥¤¨´¥´  ¸ £ §µ¢µ° ¶µ²µ¸ÉÓÕ ¤²Ö ¸¡µ·  ¢µ¤µ·µ¤  ¨
¤·Ê£¨Ì £ §µ¢ ¨ ¶µ¤¸µ¥¤¨´¥´  ± ³¥Ì ´¨§³Ê ¢¥·É¨± ²Ó´µ£µ ¶¥·¥³¥Ð¥´¨Ö. �ÊÎµ±
Ô²¥±É·µ´µ¢ ¶·µÌµ¤¨É Î¥·¥§ ¤¢¥ Éµ´±¨¥ ³¥³¡· ´Ò, ¦¨¤±¨°  §µÉ ¨ ¶µ¶ ¤ ¥É ´ 
Ô±¸¶¥·¨³¥´É ²Ó´Ò° É¢Ô².
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�¨¸. 1. ‘Ì¥³  Ô±¸¶¥·¨³¥´É ²Ó-
´µ° Ê¸É ´µ¢±¨: 1 Å Ô±¸¶¥·¨³¥´-
É ²Ó´Ò° É¢Ô²; 2 Å ¦¨¤±¨°  §µÉ;
3 Å ±·¨µ¸É É; 4 Å ³¥Ì ´¨§³
¢¥·É¨± ²Ó´µ£µ ¶¥·¥³¥Ð¥´¨Ö

�¨¸. 2. ‘Ì¥³  Ô±¸¶¥·¨³¥´É ²Ó´µ£µ É¢Ô² : 1,
2, 3 Å ¢¥·Ì´ÖÖ, ¸·¥¤´ÖÖ ¨ ´¨¦´ÖÖ É¥·³µ-
¶ ·Ò; 4, 5 Å ¢¥·Ì´¨° ¨ ´¨¦´¨° É¥´§µ³¥-
É·¨Î¥¸±¨e ³µ¸ÉÒ; 6 Å ³¥¤´ Ö Ëµ²Ó£ ; 7 Å
¨¸¸²¥¤Ê¥³Ò° µ¡· §¥Í

1.2. Œ¥Éµ¤¨±  ¨§³¥·¥´¨°. ‚ ± ¦¤µ³ ±µ´É·µ²Ó´µ³ ¸¥Î¥´¨¨ ¨§³¥·¥´¨Ö
´µ³¨´ ²Ó´µ£µ ¤ ¢²¥´¨Ö (4, 5 ´  ·¨¸. 2) Ê¸É ´ ¢²¨¢ ²¨¸Ó 2 µ¸¥¢ÒÌ ¨ 2 ±µ²Ó-
Í¥¢ÒÌ É¥´§µ·¥§¨¸Éµ·  É¨¶  ‚’-358 ¨²¨ …’-286, ±µÉµ·Ò¥ ¢ Í¥²ÖÌ Ê¢¥²¨Î¥´¨Ö
ÎÊ¢¸É¢¨É¥²Ó´µ¸É¨, ´ ¤¥¦´µ° ±µ³¶¥´¸ Í¨¨ É¥³¶¥· ÉÊ·´ÒÌ ¨ ¶·µÎ¨Ì Ë ±Éµ-
·µ¢ ¶µ¤±²ÕÎ ²¨¸Ó ± Ê´¨¢¥·¸ ²Ó´µ° ¨´Ëµ·³ Í¨µ´´µ-¨§³¥·¨É¥²Ó´µ° ¸¨¸É¥³¥
ORION-3530 Ë¨·³Ò ®Solartron¯ ¶µ ¸Ì¥³¥ ¶µ²´µ£µ É¥´§µ³¥É·¨Î¥¸±µ£µ ³µ¸É .
�¥·¥¤ Î  ¢ÒÌµ¤´µ° ¨´Ëµ·³ Í¨¨ ´  �Š ¶·µ¨§¢µ¤¨² ¸Ó Î¥·¥§ ¨´É¥·Ë¥°¸ É¨¶ 
RS 232‘.

„²Ö ¨§³¥·¥´¨Ö É¥³¶¥· ÉÊ· ¡Ò²¨ Ê¸É ´µ¢²¥´Ò 3 É¥·³µ¶ ·Ò É¨¶  ’ŒŠ
(1, 2, 3 ´  ·¨¸. 2). ˆ´Ëµ·³ Í¨Ö µÉ É¥·³µ¶ · ¶¥·¥¤ ¢ ² ¸Ó ´  �Š ¸ ¨¸-
¶µ²Ó§µ¢ ´¨¥³ ¶·¥µ¡· §µ¢ É¥²¥° ®Adam¯ ¨ ¶µ¸²¥ µ¡· ¡µÉ±¨ ¶µ ¸¶¥Í¨ ²Ó´µ
´ ¶¨¸ ´´µ° ¤²Ö ÔÉµ£µ ¶·µ£· ³³¥ § ¶¨¸Ò¢ ² ¸Ó ¢ É¥±¸Éµ¢Ò° Ë °².
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„²Ö ±µ´É·µ²Ö ¤ ¢²¥´¨Ö ¢ £ §µ¢µ° ¶µ²µ¸É¨ ¨¸¶µ²Ó§µ¢ ²¸Ö ¶¥·¢¨Î´Ò° ¶·¥-
µ¡· §µ¢ É¥²Ó É¨¶  ®‘ ¶Ë¨·-2¯. ˆ´Ëµ·³ Í¨Ö µ §´ Î¥´¨¨ ¤ ¢²¥´¨Ö ¢ £ §µ¢µ°
¶µ²µ¸É¨ ¸ ¶·¥µ¡· §µ¢ É¥²Ö ®‘ ¶Ë¨·-2¯ É ±¦¥ ¶¥·¥¤ ¢ ² ¸Ó ÔÉµ° ¶·µ£· ³³¥
¨ § ¶¨¸Ò¢ ² ¸Ó ¢ ÉµÉ ¦¥ É¥±¸Éµ¢Ò° Ë °².

1.3. Š ²¨¡·µ¢±  ¨ ¸´ÖÉ¨¥ ³¥É·µ²µ£¨Î¥¸±¨Ì Ì · ±É¥·¨¸É¨± É¥´§µ³¥É·¨-
Î¥¸±¨Ì ³µ¸Éµ¢. ˆ¸¸²¥¤µ¢ ´¨¥ ³¥É·µ²µ£¨Î¥¸±¨Ì Ì · ±É¥·¨¸É¨± É¥´§µ³¥É·¨Î¥-
¸±¨Ì ³µ¸Éµ¢ ¸µ¸ÉµÖ²µ ¨§ µ¶·¥¤¥²¥´¨Ö ±µÔËË¨Í¨¥´É  ÎÊ¢¸É¢¨É¥²Ó´µ¸É¨ É¥´-
§µ³¥É·¨Î¥¸±¨Ì ³µ¸Éµ¢ ¶µ ¤ ¢²¥´¨Õ ¨ ¨Ì É¥³¶¥· ÉÊ·´µ° Ì · ±É¥·¨¸É¨±¨.

ŠµÔËË¨Í¨¥´É ÎÊ¢¸É¢¨É¥²Ó´µ¸É¨ ¶µ ¤ ¢²¥´¨Õ µ¶·¥¤¥²Ö²¸Ö ¶µ ·¥§Ê²ÓÉ É ³
µ¡· ¡µÉ±¨ ¸ÉÊ¶¥´Î Éµ£µ Ê¢¥²¨Î¥´¨Ö ¤ ¢²¥´¨Ö £¥²¨Ö ¢´ÊÉ·¨ Ô±¸¶¥·¨³¥´É ²Ó-
´µ£µ É¢Ô²  ¶·¨ É¥³¶¥· ÉÊ·¥ 77 Š.

’¥³¶¥· ÉÊ·´ Ö Ì · ±É¥·¨¸É¨±  É¥´§µ³¥É·¨Î¥¸±¨Ì ³µ¸Éµ¢ µ¶·¥¤¥²Ö² ¸Ó
¶µ ·¥§Ê²ÓÉ É ³ µ¡· ¡µÉ±¨ ¸¨£´ ²µ¢ ¢ ¶·µÍ¥¸¸¥ · §µ£·¥¢  Ô±¸¶¥·¨³¥´É ²Ó´µ£µ
É¢Ô²  µÉ 77 ¤µ ∼ 220Ä250 Š. �´  ¨¸¶µ²Ó§µ¢ ² ¸Ó ¶·¨ µ¡· ¡µÉ±¥ ·¥§Ê²ÓÉ Éµ¢
¨§³¥·¥´¨° ´µ³¨´ ²Ó´µ£µ ¤ ¢²¥´¨Ö ´  µ¡µ²µÎ±Ê Ô±¸¶¥·¨³¥´É ²Ó´µ£µ É¢Ô²  ¢
± Î¥¸É¢¥ ¶µ¶· ¢±¨ [1]. �Í¥´±  ¶µ£·¥Ï´µ¸É¨ ¶µ± § ´¨° É¥´§µ·¥§¨¸Éµ·µ¢ ¶·¨-
¢¥¤¥´  ¢ ¶·¨²µ¦¥´¨¨ 2.

1.4. �µ·Ö¤µ± ¶·µ¢¥¤¥´¨Ö ¨§³¥·¥´¨°. �¥·¥¤ ± ¦¤Ò³ Í¨±²µ³ µ¡²ÊÎ¥´¨Ö
Ô±¸¶¥·¨³¥´É ²Ó´Ò° É¢Ô² § ¶µ²´Ö²¸Ö ³¥§¨É¨²¥´µ³ ¨²¨ ¥£µ ¸³¥¸ÓÕ ¸
m-±¸¨²µ²µ³ ¢ µ¡Ñ¥³¥ 10 ¸³3 ¶·¨ ±µ³´ É´µ° É¥³¶¥· ÉÊ·¥. „ ²¥¥ ¨¸¸²¥¤Ê¥-
³Ò° µ¡· §¥Í § ³µ· ¦¨¢ ²¸Ö ¶ÊÉ¥³ § ²¨¢±¨ ¢ ±·¨µ¸É É ³ ²ÒÌ ¶µ·Í¨° ¦¨¤±µ£µ
 §µÉ . �·¨ É¥³¶¥· ÉÊ·¥ Ô±¸¶¥·¨³¥´É ²Ó´µ£µ É¢Ô²  < 200 Š ±·¨µ¸É É § ¶µ²-
´Ö²¸Ö ¦¨¤±¨³  §µÉµ³ ¶µ²´µ¸ÉÓÕ. ‡ É¥³ £ §µ¢ Ö ¶µ²µ¸ÉÓ ´ ¤ ¨¸¸²¥¤Ê¥³Ò³
µ¡· §Íµ³ ¢ ±ÊÊ³¨·µ¢ ² ¸Ó ¨ ¢ ´¥¥ ¶µ¤ ¢ ²¸Ö £¥²¨° ¤µ ¤ ¢²¥´¨Ö ∼ 60 ³¡ ·.
‚±²ÕÎ ²¸Ö Ê¸±µ·¨É¥²Ó Ô²¥±É·µ´µ¢, ¨ ´ Î¨´ ²µ¸Ó µ¡²ÊÎ¥´¨¥ Ô±¸¶¥·¨³¥´É ²Ó-
´µ£µ É¢Ô²  (¶·¨ ÔÉµ³ ´ Î¨´ ² · ¡µÉ ÉÓ ³¥Ì ´¨§³ ¢¥·É¨± ²Ó´µ£µ ¶¥·¥³¥Ð¥´¨Ö
É·Ê¡±¨). �¥·¥³¥Ð¥´¨¥ É·Ê¡±¨ ¡Ò²µ ´¥µ¡Ìµ¤¨³µ ¤²Ö · ¢´µ³¥·´µ£µ µ¡²ÊÎ¥´¨Ö
Ô²¥±É·µ´ ³¨ ¢¸¥£µ µ¡Ñ¥³  µ¡· §Í  Å · §³¥· ¶ÊÎ±  Ô²¥±É·µ´µ¢ ¸µ¸É ¢²Ö²
µ±µ²µ 15 ³³.

‚µ ¢·¥³Ö § ³µ· ¦¨¢ ´¨Ö É¢Ô² , ¥£µ µ¡²ÊÎ¥´¨Ö ¨ ¶·¨ ¤ ²Ó´¥°Ï¥³ · §µ-
£·¥¢¥ É¥³¶¥· ÉÊ·  É¢Ô²  ±µ´É·µ²¨·µ¢ ² ¸Ó É·¥³Ö ³¥¤Ó±µ´¸É ´É ´µ¢Ò³¨ É¥·-
³µ¶ · ³¨, Ê¸É ´µ¢²¥´´Ò³¨ ´  · §´µ° ¢Ò¸µÉ¥. �¶·µ¸ ¸·¥¤´¥° É¥·³µ¶ ·Ò ¶·µ-
¢µ¤¨²¸Ö Î¥·¥§ ± ¦¤Ò¥ ∼ 0,2 ¸,   ¢¥·Ì´¥° ¨ ´¨¦´¥° É¥·³µ¶ · Å Î¥·¥§ ± -
¦¤Ò¥ ∼ 5 ¸.

�µ¸²¥ µ±µ´Î ´¨Ö µ¡²ÊÎ¥´¨Ö ´ Î¨´ ² ¸Ó ¶µ¤£µÉµ¢±  ± µÉµ£·¥¢Ê Ô±¸¶¥·¨-
³¥´É ²Ó´µ£µ É¢Ô²  ¨ ¥£µ · §µ£·¥¢. „²Ö ÔÉµ£µ ¢Ò±²ÕÎ ²¸Ö ³¥Ì ´¨§³ ¢¥·É¨± ²Ó-
´µ£µ ¶¥·¥³¥Ð¥´¨Ö, ¸²¨¢ ²¸Ö ¦¨¤±¨°  §µÉ ¨§ ±·¨µ¸É É , ¢ ¢ ±ÊÊ³´ÊÕ ¨§µ²ÖÍ¨Õ
±·¨µ¸É É  ¶µ¤ ¢ ²¸Ö £¥²¨° ¨ ¢±²ÕÎ ²¸Ö ´ £·¥¢ É¥²Ó, ´ Ìµ¤ÖÐ¨°¸Ö ¢ µ¡² ¸É¨
· ¸¶µ²µ¦¥´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´µ£µ É¢Ô² .

‚ ¸ ³µ³ ´ Î ²¥ ¶µ¤Ñ¥³  É¥³¶¥· ÉÊ·Ò É¢Ô²  £¥²¨° ¨§ ¢ ±ÊÊ³´µ° ¨§µ²ÖÍ¨¨
µÉ± Î¨¢ ²¸Ö ¨ ¢Ò±²ÕÎ ²¸Ö ´ £·¥¢ É¥²Ó. � Î¨´ ²¨¸Ó ¨§³¥·¥´¨Ö ´µ³¨´ ²Ó´ÒÌ
§´ Î¥´¨° ¤ ¢²¥´¨Ö ¢ Ô±¸¶¥·¨³¥´É ²Ó´µ³ É¢Ô²¥ ¨ ¤ ¢²¥´¨Ö ¢ £ §µ¢µ° ¶µ²µ¸É¨
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É·Ê¡±¨. ˆ§³¥·¥´¨Ö ¶·µ¢µ¤¨²¨¸Ó ¢ ¶·µÍ¥¸¸¥ · §µ£·¥¢  Ô±¸¶¥·¨³¥´É ²Ó´µ£µ
É¢Ô²  µÉ 77 ¤µ ∼ 220Ä250 Š (É¥³¶¥· ÉÊ·Ò ¶² ¢²¥´¨Ö ³¥§¨É¨²¥´  ¨ ¸³¥¸¨
¨§ ³¥§¨É¨²¥´  (75 %) ¨ m-±¸¨²µ²  (25 %)). ‘±µ·µ¸ÉÓ µ¶·µ¸  ¨§³¥·¨É¥²Ó´ÒÌ
± ´ ²µ¢ (É¥´§µ³¥É·¨Î¥¸±¨Ì ³µ¸Éµ¢) ¸µ¸É ¢²Ö²  ∼ 510 ¨§³¥·¥´¨° ¢ ¸¥±Ê´¤Ê ¸
¨´É¥·¢ ²µ³ ³¥¦¤Ê ¨§³¥·¥´¨Ö³¨ 5 c. ˆ´É¥·¢ ² ³¥¦¤Ê ¨§³¥·¥´¨Ö³¨ ¤ ¢²¥´¨Ö
¢ £ §µ¢µ° ¶µ²µ¸É¨ É ±¦¥ ¸µ¸É ¢²Ö² ∼ 5 ¸.

2. �…‡“‹œ’�’› ˆ‡Œ…�…�ˆ‰ ˆ ˆX ���‹ˆ‡

2.1. �Í¥´±  É¥¶²µ¢Ò¤¥²¥´¨Ö ¢ É¢Ô²¥. �Í¥´±  ¶²µÉ´µ¸É¨ É¥¶²µ¢Ò¤¥²¥´¨Ö
(qρ, ‚É/£) ¶·µ¢µ¤¨² ¸Ó ¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¨§³¥´¥´¨Ö É¥³¶¥· ÉÊ·Ò
µ¡µ²µÎ±¨ É¢Ô²  ¢µ ¢·¥³Ö ¥£µ µ¡²ÊÎ¥´¨Ö.

�¨¸. 3. ˆ§³¥´¥´¨¥ É¥³¶¥· ÉÊ·Ò µ¡µ²µÎ±¨ É¢Ô²  ¶·¨ ¥£µ ¤¢¨¦¥´¨¨ ¢µ ¢·¥³Ö · ¡µÉÒ
Ê¸±µ·¨É¥²Ö Ô²¥±É·µ´µ¢: 1, 2, 3 Å ¶µ± § ´¨Ö ¢¥·Ì´¥°, ¸·¥¤´¥° ¨ ´¨¦´¥° É¥·³µ¶ ·
¸µµÉ¢¥É¸É¢¥´´µ

�  ·¨¸. 3 ¶·¨¢¥¤¥´ ¶·¨³¥· ¨§³¥´¥´¨Ö É¥³¶¥· ÉÊ·Ò µ¡µ²µÎ±¨ É¢Ô²  ¢µ
¢·¥³Ö ¥£µ ¤¢¨¦¥´¨Ö ¨ ¶·µÌµ¦¤¥´¨Ö £µ²µ¢±¨ É¥·³µ¶ ·Ò Î¥·¥§ ¶ÊÎµ± Ô²¥±É·µ-
´µ¢. �É²¨Î¨¥ ¸·¥¤´¥° É¥³¶¥· ÉÊ·Ò µ¡µ²µÎ±¨ µÉ É¥³¶¥· ÉÊ·Ò ¦¨¤±µ£µ  §µÉ 
µ¡ÑÖ¸´Ö¥É¸Ö ´ ¢µ¤± ³¨ µÉ  ¶¶ · ÉÊ·Ò Ê¸±µ·¨É¥²Ö. „¢¨¦¥´¨¥ É¢Ô²  ¢¢¥·Ì ¨
¢´¨§ (¸ Ï £µ³ 85 ³³) ¶·µ¨¸Ìµ¤¨É ¸ ¶¥·¨µ¤µ³ ∼ 7,1 ¸, ¶·¨Î¥³ É¢Ô² ¤¢¨¦¥É¸Ö
¢´¨§ §  2,5 ¸,   ¢¢¥·Ì Å §  4,6 ¸. ˆ§ ·¨¸. 3 É ±¦¥ ³µ¦´µ µ¶·¥¤¥²¨ÉÓ, ÎÉµ
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¶·¨ ¤¢¨¦¥´¨¨ ¢¢¥·Ì µ¡µ²µÎ±  É¢Ô²  §  ¢·¥³Ö ¶·µÌµ¦¤¥´¨Ö ¶ÊÎ±  Ô²¥±É·µ´µ¢
∆t ∼= 0,9 ¸ ´ £·¥¢ ¥É¸Ö ¢ ¸·¥¤´¥³ ´  ∆T ∼= 2,4 K.

�É¸Õ¤  ³µ¦´µ µÍ¥´¨ÉÓ ¤¨ ³¥É· ¶ÊÎ±  Ô²¥±É·µ´µ¢ ¢ · °µ´¥ É¢Ô²  ¨ ¶²µÉ-
´µ¸ÉÓ É¥¶²µ¢Ò¤¥²¥´¨Ö ¢ ¸É ²¨ (É¥¶²µ¥³±µ¸ÉÓ ¶·¨ É¥³¶¥· ÉÊ·¥ ¦¨¤±µ£µ  §µÉ 
Cp = 0,2 „¦/(£ ·Š)):

¤¨ ³¥É· ¶ÊÎ±  Å 0,9 · 85/4,6 ∼= 16,5 ³³;
É¥¶²µ¢Ò¤¥²¥´¨¥ Å qρ = Cp · ∆T/∆t ∼= 0,53 ‚É/£ ¶·¨ Éµ±¥ Ô²¥±É·µ´µ¢

∼ 6,0 ³±�.
„¨ ³¥É· ¶ÊÎ±  µ¶·¥¤¥²¥´ ÉµÎ´¥¥, Î¥³ É¥¶²µ¢Ò¤¥²¥´¨¥, ¶µ¸±µ²Ó±Ê ¢ µÍ¥´-

±¥ É¥¶²µ¢Ò¤¥²¥´¨Ö ¶·¨¸ÊÉ¸É¢Ê¥É ´¥µ¶·¥¤¥²¥´´µ¸ÉÓ ¢ ¶µ¤µ£·¥¢¥ µ¡µ²µÎ±¨,
∆T , ¨§-§  ¢µ§³µ¦´ÒÌ ¶¥·¥É¥Î¥± É¥¶²  ¶µ ¢Ò¸µÉ¥ É¢Ô²  ¨ µÉÉµ±  É¥¶²  µÉ
µ¡µ²µÎ±¨ ± ¦¨¤±µ³Ê  §µÉÊ.

2.2. ‚ÒÌµ¤ ¢µ¤µ·µ¤  ¶µ¸²¥ µ¡²ÊÎ¥´¨Ö µ¡· §Íµ¢. ‚ÒÌµ¤ ¢µ¤µ·µ¤ , ´ -
±µ¶²¥´´µ£µ ¢ ¶·µÍ¥¸¸¥ µ¡²ÊÎ¥´¨Ö ³¥§¨É¨²¥´  ¨²¨ ¸³¥¸¨ ³¥§¨É¨²¥´  (75 %) ¸
m-±¸¨²µ²µ³ (25 %), ¶µ± § ´ ´  ·¨¸. 4. � ¸Î¥É ¢ÒÌµ¤  ¢µ¤µ·µ¤  ¶·µ¢µ¤¨²¸Ö ¶µ
¨§³¥´¥´¨Õ ¤ ¢²¥´¨Ö ¢ £ §µ¢µ° ¶µ²µ¸É¨ ¶·¨ µÉµ£·¥¢¥ µ¡· §Í  ¶µ¸²¥ µ¡²ÊÎ¥-
´¨Ö, ¶·¨ ÔÉµ³ ÊÎ¨ÉÒ¢ ²µ¸Ó ¨§³¥´¥´¨¥ ¤ ¢²¥´¨Ö ¶·¨ ¶µ¢ÒÏ¥´¨¨ É¥³¶¥· ÉÊ·Ò.
�¡Ñ¥³ £ §µ¢µ° ¶µ²µ¸É¨ ¸µ¸É ¢²Ö² ∼ 1055 ¸³3.

�¨¸. 4. ‚ÒÌµ¤ ¢µ¤µ·µ¤  ¨§ ³¥§¨É¨²¥´  ¨ ¨§ ¸³¥¸¨ ³¥§¨É¨²¥´  ¸ m-±¸¨²µ²µ³ ¢ § ¢¨¸¨-
³µ¸É¨ µÉ ¢·¥³¥´¨ µ¡²ÊÎ¥´¨Ö ¨ Éµ±  ¶ÊÎ±  Ô²¥±É·µ´µ¢

�µ µ¸¨  ¡¸Í¨¸¸ ´  ·¨¸. 4 µÉ²µ¦¥´ ¶ · ³¥É· Q, ¶·µ¶µ·Í¨µ´ ²Ó´Ò° ¶µ£²µ-
Ð¥´´µ° ¤µ§¥ µ¡²ÊÎ¥´¨Ö. �µ·³¨·µ¢±  ´   ¡¸µ²ÕÉ´µ¥ §´ Î¥´¨¥ ¶µ£²µÐ¥´´µ°
¤µ§Ò ¤ ¥É · ¤¨ Í¨µ´´Ò° ¢ÒÌµ¤ ¢µ¤µ·µ¤  Å 0,145 ³µ²¥±Ê² H2/100 Ô‚, ÎÉµ
´  0,1 ³µ²¥±Ê² H2/100 Ô‚ ³¥´ÓÏ¥ ¢¥²¨Î¨´Ò ¤²Ö £ §µµ¡· §´µ£µ ³¥§¨É¨²¥´ ,
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µ¶Ê¡²¨±µ¢ ´´µ° ¢ [3], ¨ ¢ ¤¢  · §  ³¥´ÓÏ¥ ¢ÒÌµ¤  ¢µ¤µ·µ¤  ¶·¨ µ¡²ÊÎ¥´¨¨
´¥°É·µ´ ³¨ É¢¥·¤µ£µ ³¥§¨É¨²¥´  [4]. �É¨ · §²¨Î¨Ö ¸¢Ö§ ´Ò ¸ Ë §µ¢Ò³ ¸µ-
¸ÉµÖ´¨¥³ ¢¥Ð¥¸É¢  ¨ · §´µ° ²¨´¥°´µ° ¶¥·¥¤ Î¥° Ô´¥·£¨¨ ¢ É·¥± Ì ¶·µÉµ´µ¢
µÉ¤ Î¨ ¨ Ô²¥±É·µ´µ¢.

�±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶µ ¤¨´ ³¨±¥ ¢ÒÌµ¤  ¢µ¤µ·µ¤  ¶·¨¢¥¤¥´Ò ´ 
·¨¸. 1Ä5 ¢ ¶·¨²µ¦¥´¨¨ 3.

2.3. �¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨° ´µ³¨´ ²Ó´µ£µ ¤ ¢²¥´¨Ö. �¥§Ê²ÓÉ ÉÒ ¨§³¥-
·¥´¨° ¤ ¢²¥´¨Ö ´  µ¡µ²µÎ±Ê Ô±¸¶¥·¨³¥´É ²Ó´µ£µ É¢Ô²  ¤²Ö Ê¤µ¡¸É¢   ´ ²¨§ 
¨ ´ £²Ö¤´µ¸É¨ ¶·¥¤¸É ¢²¥´Ò ¢ ¢¨¤¥ £· Ë¨±µ¢ ¢ ¶·¨²µ¦¥´¨¨ 3 ¨ ¢ É ¡²¨Í¥.
‡ ¢¨¸¨³µ¸ÉÓ ¤ ¢²¥´¨Ö ´ ±µ¶²¥´´µ£µ ¢µ¤µ·µ¤  µÉ ¶µ£²µÐ¥´´µ° ¤µ§Ò ¶µ± § ´ 
´  ·¨¸. 5.

�µ³¥· ’µ± ˆ´É¥£· ²Ó- • · ±É¥- ’¥³¶¥· ÉÊ·  ’¥³¶¥· ÉÊ·  Œ ±¸¨³ ²Ó´µ¥
Í¨±²  ¶ÊÎ±  ´µ¥ ¢·¥³Ö ·¨¸É¨±¨ ´ Î ²  ¸´¨¦¥´¨Ö ¤ ¢²¥´¨¥
µ¡²Ê- Ô²¥±É- µ¡²ÊÎ¥´¨Ö, µ¡· §Í  ¶µ¤Ñ¥³  ¤ ¢²¥´¨Ö ´  µ¡µ²µÎ±Ê
Î¥´¨Ö ·µ´µ¢, Î:³¨´ ‘µ¸É ¢∗ ‚Ò¸µÉ , ¤ ¢²¥´¨Ö, ¤µ ®´µ·³ ²Ó- É¢Ô² ,

³±� ³³ K ´µ£µ¯, K ¡ ·

2 2,8 5:00 Œ 85 110 215 6,8
3 4,6 7:43 Œ 85 150 220 26,5
4 5,1 2:30 ŒÄŠ 85 150 230 4,9
5 6,1 4:20 ŒÄŠ 85 140 210 6,8
6 5,9 5:45 ŒÄŠ 85 145 160 6,7

∗Œ Å ³¥§¨É¨²¥´; ŒÄŠ Å ¸³¥¸Ó ³¥§¨É¨²¥´  (75 %) ¸ m-±¸¨²µ²µ³ (25 %).

2.4. �´ ²¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ. ˆ§  ´ ²¨§  ¤ ´´ÒÌ, ¶·¨¢¥¤¥´-
´ÒÌ ¢ É ¡²¨Í¥ ¨ ´  ·¨¸. 1Ä5 ¢ ¶·¨²µ¦¥´¨¨ 3, ¸²¥¤Ê¥É, ÎÉµ ´ Î ²µ ¶µ¤Ñ¥³ 
¤ ¢²¥´¨Ö ¢ Ô±¸¶¥·¨³¥´É ²Ó´µ³ É¢Ô²¥ ¤²Ö É¢¥·¤µ£µ ³¥§¨É¨²¥´  § Ë¨±¸¨·µ¢ ´µ
¢ ¤¨ ¶ §µ´¥ É¥³¶¥· ÉÊ· 105Ä150 Š,   É¥³¶¥· ÉÊ·  ¸´¨¦¥´¨Ö ¤ ¢²¥´¨Ö ¤µ
®´µ·³ ²Ó´µ£µ¯ ²¥¦¨É ¢ ¤¨ ¶ §µ´¥ 135Ä230 Š.

Œ ±¸¨³ ²Ó´µ¥ §´ Î¥´¨¥ ´µ³¨´ ²Ó´µ£µ ¤ ¢²¥´¨Ö ¢ Ô±¸¶¥·¨³¥´É ²Ó´µ³
É¢Ô²¥ ²¥¦¨É ¢ ¤¨ ¶ §µ´¥ 4,9Ä6,8 ¡ · ¶·¨ ¤²¨É¥²Ó´µ¸É¨ µ¡²ÊÎ¥´¨Ö 2 Î 30 ³¨´ Ä
5 Î 45 ³¨´ (2, 4, 5 ¨ 6-° Í¨±²Ò µ¡²ÊÎ¥´¨Ö, ¶¥·¢Ò° ¶¨± ¤ ¢²¥´¨Ö). � §¡·µ¸
¶µ²ÊÎ¥´´ÒÌ §´ Î¥´¨° (28 %) ³µ¦´µ µ¡ÑÖ¸´¨ÉÓ · §´µ° É¥±¸ÉÊ·µ° ³¥§¨É¨²¥´ 
¶·¨ ¥£µ § ³µ· ¦¨¢ ´¨¨ ¤²Ö ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ Í¨±² ,   É ±¦¥ µÉ²¨Î¨Ö³¨ ¢
Éµ±¥ Ô²¥±É·µ´µ¢ ¨ ¢·¥³¥´¨ µ¡²ÊÎ¥´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´µ£µ É¢Ô²  µÉ Í¨±²  ±
Í¨±²Ê. �¶ÒÉÒ ¶µ § ³µ· ¦¨¢ ´¨Õ ³¥§¨É¨²¥´  ¢ ¸É¥±²Ö´´µ° ¶·µ¡¨·±¥ ¶·¨
¢¨§Ê ²Ó´µ³ µ¸³µÉ·¥ ¶·µ¤¥³µ´¸É·¨·µ¢ ²¨ ´ ²¨Î¨¥ ´¥µ¤´µ·µ¤´µ¸É¥°, ¶µ· ¨
É·¥Ð¨´.

Œ ±¸¨³ ²Ó´µ¥ §´ Î¥´¨¥ ´µ³¨´ ²Ó´µ£µ ¤ ¢²¥´¨Ö ¢ Ô±¸¶¥·¨³¥´É ²Ó´µ³
É¢Ô²¥ § Ë¨±¸¨·µ¢ ´µ ¢ 3-³ Í¨±²¥ µ¡²ÊÎ¥´¨Ö ¤²¨É¥²Ó´µ¸ÉÓÕ 7 Î 43 ³¨´, o´µ
¸µ¸É ¢¨²µ 26,5 ¡ ·. ’ ±µ¥ §´ Î¥´¨¥ ¤ ¢²¥´¨Ö ³µ¦¥É ¡ÒÉÓ µ¡ÑÖ¸´¥´µ ²µ± ²Ó-
´Ò³ µ¡· §µ¢ ´¨¥³ £ §µµ¡· §´µ£µ ¢µ¤µ·µ¤  ¨/¨²¨ ¤·Ê£¨Ì £ §µ¢ ¢ §µ´¥ µ¤´µ£µ
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�¨¸. 5. „ ¢²¥´¨¥ ´ ±µ¶²¥´´µ£µ ¢µ¤µ·µ¤  ´  µ¡µ²µÎ±Ê Ô±¸¶¥·¨³¥´É ²Ó´µ£µ É¢Ô²  ¶·¨
¥£µ · §µ£·¥¢¥ ¢ § ¢¨¸¨³µ¸É¨ µÉ ¢·¥³¥´¨ µ¡²ÊÎ¥´¨Ö ¨ Éµ±  ¶ÊÎ±  Ô²¥±É·µ´µ¢ Å Q.
� · ³¥É· Q ¶·µ¶µ·Í¨µ´ ²¥´ ¶µ£²µÐ¥´´µ° ¤µ§¥ µ¡²ÊÎ¥´¨Ö

¨§ Î¥ÉÒ·¥Ì É¥´§µ·¥§¨¸Éµ·µ¢ ³µ¸É , ÎÉµ ¶·¨¢µ¤¨É ± Ê¢¥²¨Î¥´¨Õ ±µÔËË¨Í¨¥´É 
ÎÊ¢¸É¢¨É¥²Ó´µ¸É¨ É¥´§µ³¥É·¨Î¥¸±µ£µ ³µ¸É  ¢ ¤¢  · §  ¨ § ¢ÒÏ¥´¨Õ ¤¥°¸É¢¨-
É¥²Ó´µ£µ §´ Î¥´¨Ö ¤ ¢²¥´¨Ö ∼ 13 ¡ ·. …¸²¨ ÊÎ¥¸ÉÓ · §´µ¥ ¢·¥³Ö µ¡²ÊÎ¥´¨Ö ¨
¶·¥¤¶µ²µ¦¨ÉÓ ²¨´¥°´ÊÕ § ¢¨¸¨³µ¸ÉÓ ¤ ¢²¥´¨Ö µÉ ¢·¥³¥´¨ µ¡²ÊÎ¥´¨Ö, Éµ ÔÉµ
§´ Î¥´¨¥ ´¥ · ¸Ìµ¤¨É¸Ö ¸ ·¥§Ê²ÓÉ É ³¨, ¶µ²ÊÎ¥´´Ò³¨ ¢µ 2, 4, 5 ¨ 6-³ Í¨±² Ì
µ¡²ÊÎ¥´¨Ö (¸³. ·¨¸. 5).

‚ 6-³ Í¨±²¥ ¨§³¥·¥´¨° § Ë¨±¸¨·µ¢ ´µ µ¡· §µ¢ ´¨¥ ¢Éµ·µ£µ ¶¨±  ¤ -
¢²¥´¨Ö ¢ Ô±¸¶¥·¨³¥´É ²Ó´µ³ É¢Ô²¥ Å ¢µ§· ¸É ´¨¥ ¤ ¢²¥´¨Ö ´ Î¨´ ¥É¸Ö ¶·¨
É¥³¶¥· ÉÊ·¥ 165 Š,   ¸´¨¦¥´¨¥ ¤ ¢²¥´¨Ö ¤µ ¨¸Ìµ¤´µ£µ §´ Î¥´¨Ö ¶·µ¨¸Ìµ¤¨É
¶·¨ ¶² ¢²¥´¨¨ ¸³¥¸¨ ³¥§¨É¨²¥´  ¸ m-±¸¨²µ²µ³. ’ ±µ¥ ¶µ¢¥¤¥´¨¥ ³µ¦´µ, ¢¥-
·µÖÉ´µ, µ¡ÑÖ¸´¨ÉÓ ´¥µ¤´µ·µ¤´µ¸ÉÓÕ · ¸¶·¥¤¥²¥´¨Ö É¥³¶¥· ÉÊ· ± ± ¶µ ¢Ò¸µÉ¥
É¢Ô² , É ± ¨ ¶µ ¥£µ · ¤¨Ê¸Ê.

‚›‚�„›

� ±µ¶²¥´¨¥ ¢µ¤µ·µ¤  ¢ ³¥§¨É¨²¥´¥ ¨ ¢ ¥£µ ¸³¥¸¨ ¸ m-±¸¨²µ²µ³ ¶·µ¶µ·-
Í¨µ´ ²Ó´µ ¶µ£²µÐ¥´´µ° ¤µ§¥ µ¡²ÊÎ¥´¨Ö ¢ ¶·¥¤¥² Ì ¨§ÊÎ¥´´ÒÌ ¢¥²¨Î¨´ ¤µ§,
¶·¨Î¥³ ¢ ³¥§¨É¨²¥´¥ ¢ÒÌµ¤ ¢µ¤µ·µ¤  ´  ∼ 20 % ¢ÒÏ¥, Î¥³ ¢ ¸³¥¸¨.

‡´ Î¥´¨Ö ´µ³¨´ ²Ó´µ£µ ¤ ¢²¥´¨Ö ¢ Ô±¸¶¥·¨³¥´É ²Ó´µ³ É¢Ô²¥, ¤²Ö ¤²¨-
É¥²Ó´µ¸É¨ µ¡²ÊÎ¥´¨Ö ∼ 5 Î, ²¥¦ É ¢ ¶·¥¤¥² Ì 4,9Ä6,8 ¡ ·.
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Œ ±¸¨³ ²Ó´µ¥ §´ Î¥´¨¥ ´µ³¨´ ²Ó´µ£µ ¤ ¢²¥´¨Ö ¢ Ô±¸¶¥·¨³¥´É ²Ó´µ³
É¢Ô²¥ § Ë¨±¸¨·µ¢ ´µ ¢ 3-³ Í¨±²¥ ¶µ¸²¥ 7,7 Î µ¡²ÊÎ¥´¨Ö, µ´µ ¸µ¸É ¢¨²µ
26,5 ¡ ·.

�¢Éµ·Ò £²Ê¡µ±µ ¶·¨§´ É¥²Ó´Ò ¸µÉ·Ê¤´¨±Ê ‹Ÿ� �. ƒ. �¥²µ¢Ê §  ¡¥§Ê¶·¥Î-
´ÊÕ µ·£ ´¨§ Í¨Õ · ¡µÉÒ ³¨±·µÉ·µ´ , ¸µÉ·Ê¤´¨±Ê ˆ´¸É¨ÉÊÉ  Ë¨§¨±µ-É¥Ì´¨-
Î¥¸±¨Ì ¶·µ¡²¥³ 	. �. • ·¨Éµ´µ¢Ê §  ¶µ³µÐÓ ¢ ¨§³¥·¥´¨¨ £¥µ³¥É·¨¨ ¶ÊÎ± 
£ ³³ -±¢ ´Éµ¢ ¨ �. „. �µ£µ¢Ê §  ¶·µ¢¥¤¥´¨¥ · ¸Î¥Éµ¢ ¶²µÉ´µ¸É¨ É¥¶²µ¢Ò¤¥²¥-
´¨Ö.

��ˆ‹�†…�ˆ… 1
��‘��…„…‹…�ˆ… ’…Œ�…��’“�› ‚ ’�“�Š… ‘ Œ…‡ˆ’ˆ‹…��Œ

��ˆ “‘’���‚Š… ‚ �…‰ Œ…„��‰ ”�‹œƒˆ

Šµ£¤  ¢ É·Ê¡±¥ Ëµ²Ó£¨ ´¥É, Éµ · ¸¶·¥¤¥²¥´¨¥ É¥³¶¥· ÉÊ·Ò ¢ ³¥§¨É¨²¥´¥
¨³¥¥É Ô²¥³¥´É ·´Ò° ¢¨¤:

T (η) =
qvR2

4λ
(1 − η2), £¤¥ η =

r

R
.

“· ¢´¥´¨¥ ¤²Ö · ¸Î¥É  · ¸¶·¥¤¥²¥´¨Ö É¥³¶¥· ÉÊ·Ò ¢ ³¥§¨É¨²¥´¥ ¢ § -
¢¨¸¨³µ¸É¨ µÉ · ¤¨Ê¸  ¨ Ê£²  ³¥¦¤Ê ¸É¥´± ³¨ Ëµ²Ó£¨ ¢Ò£²Ö¤¨É ¸²¥¤ÊÕÐ¨³
µ¡· §µ³:

1
r

∂

∂r
r
∂T

∂r
+

1
r2

∂2T

∂θ2
= − =

qv

λ
,

£· ´¨Î´Ò¥ Ê¸²µ¢¨Ö

r = 0, T (0, θ) = 0; r = R, T (R, θ) = 0;

θ = 0,
∂T (r, 0)

∂θ
= 0; θ = ±θ0, T (r,±θ0) = 0.

�¥Ï¥´¨¥ Ê· ¢´¥´¨Ö Å

T (η, θ)
πλ

4qvR2
= F0(η, θ) +

∞∑
i=1

(−1)i

(2i + 1)(m2
i − 4)

(η2 − ηmi) cos (miθ),

£¤¥ ¸µ¡¸É¢¥´´Ò¥ Î¨¸² 
mi =

π

2θ0
(2i + 1);

  ËÊ´±Í¨Ö F0(η, θ) ¨³¥¥É ¢¨¤

F0(η, θ) =




1
m2

0 − 4
(η2 − m2

0) cos (m0θ), £¤¥ m0 =
π

2θ0
; θ0 = π,

π

2
,
π

3
,

−1
4
η2 ln (η), cos (2θ) ¤²Ö θ0 =

π

4
.
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� ¸Î¥É ¶·µ¢¥¤¥´ ¤²Ö ¶ · ³¥É·µ¢ qv = 1,0 ‚É/¸³3 ¨ λ = 0,2 ‚É/(³ ·Š), ¨
¥£µ ·¥§Ê²ÓÉ ÉÒ ¤²Ö Ê£²  θ = 0 ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 1.

�¨¸. 1. � ¸¶·¥¤¥²¥´¨¥ É¥³¶¥· ÉÊ·Ò ¶µ · ¤¨Ê¸Ê É·Ê¡±¨. Š·¨¢Ò¥ ¸µµÉ¢¥É¸É¢ÊÕÉ ¢ ·¨-
 ´É ³: 0 Å ¢´ÊÉ·¨ É·Ê¡±¨ Ëµ²Ó£¨ ´¥É; 1 Å Ëµ²Ó£  · ¸¶µ²µ¦¥´  ¶µ · ¤¨Ê¸Ê É·Ê¡±¨
(θ0 = π); 2 Å Ëµ²Ó£  · ¸¶µ²µ¦¥´  ¶µ ¤¨ ³¥É·Ê É·Ê¡±¨ (θ0 = π/2); 3 Å Ëµ²Ó£  ¤¥²¨É
É·Ê¡±Ê ´  É·¨ Î ¸É¨ (θ0 = π/3); 4 Å Ëµ²Ó£  ¤¥²¨É É·Ê¡±Ê ´  Î¥ÉÒ·¥ Î ¸É¨, ®±·¥¸É¯
(θ0 = π/4)

‚ Ê¸É·µ°¸É¢¥ É¢Ô²  Ê¸É ´µ¢±¨ “��Œ-3 ¡Ò²  ¨¸¶µ²Ó§µ¢ ´  ³¥¤´ Ö (Éµ²-
Ð¨´µ° 0,1 ³³) Ëµ²Ó£  ¢ ¢¨¤¥ ®±·¥¸É ¯.

��ˆ‹�†…�ˆ… 2
�–…�Š� ��ƒ�…˜��‘’ˆ ��Š�‡��ˆ‰ ’…�‡��…‡ˆ‘’���‚

‡´ Î¥´¨¥ µ¸´µ¢´µ° ¶·¨¢¥¤¥´´µ° ¶µ£·¥Ï´µ¸É¨ ¸¨¸É¥³Ò ¨§³¥·¥´¨°, γ, ¤²Ö
¢¸¥£µ ¤¨ ¶ §µ´  ¤ ¢²¥´¨° ¢ Ô±¸¶¥·¨³¥´É ²Ó´µ³ É¢Ô²¥ µÍ¥´¨¢ ²o¸Ó ¶µ Ëµ·-
³Ê²¥

γ = K¤

√∑
i

γ2
i ,

£¤¥ K¤ = 1,1 Å ±µÔËË¨Í¨¥´É ¤²Ö ´µ·³ ²Ó´µ£µ · ¸¶·¥¤¥²¥´¨Ö ¸ ¤µ¸Éµ-
¢¥·´µ° ¢¥·µÖÉ´µ¸ÉÓÕ P¤ = 0,95 [2]; γ1 = 3,3 % Å ¶·¨¢¥¤¥´´ Ö ¶µ£·¥Ï-

10



´µ¸ÉÓ Ê´¨¢¥·¸ ²Ó´µ° ¨´Ëµ·³ Í¨µ´´µ-¨§³¥·¨É¥²Ó´µ° ¸¨¸É¥³Ò ORION-3530;
γ2 = 15,5 % Å ¶·¨¢¥¤¥´´ Ö ¶µ£·¥Ï´µ¸ÉÓ ±µÔËË¨Í¨¥´É  ÎÊ¢¸É¢¨É¥²Ó´µ¸É¨
É¥´§µ³¥É·¨Î¥¸±µ£µ ³µ¸Éa ¸ ÊÎ¥Éµ³ É¥³¶¥· ÉÊ·´µ° Ì · ±É¥·¨¸É¨±¨ (¤¨ ¶ §µ´
É¥³¶¥· ÉÊ· Å µÉ 77 Š ¤µ ´µ·³ ²Ó´µ°); γ3 < 1 % Å ¶µ£·¥Ï´µ¸ÉÓ ¨§³¥·¥´¨Ö
É¥³¶¥· ÉÊ· ¶·¨ 77 Š (¸ Ê¢¥²¨Î¥´¨¥³ É¥³¶¥· ÉÊ·Ò ¶µ£·¥Ï´µ¸ÉÓ Ê³¥´ÓÏ ¥É¸Ö).

�É¸Õ¤  ¸²¥¤Ê¥É, ÎÉµ µ¸´µ¢´ Ö ¶·¨¢¥¤¥´´ Ö ¶µ£·¥Ï´µ¸ÉÓ ¨§³¥·¥´¨Ö ¸µ-
¸É ¢²Ö¥É

γ = 1,1
√

3,32 + 15,52 + 12 = 17,5 %.

��ˆ‹�†…�ˆ… 3

‚ ´ ¸ÉµÖÐ¥³ ¶·¨²µ¦¥´¨¨ ¶·¨¢¥¤¥´Ò Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¨§³¥·¥-
´¨° ¶·¨ µÉµ£·¥¢¥ Ô±¸¶¥·¨³¥´É ²Ó´µ£µ É¢Ô²  ¶µ¸²¥ ¥£µ µ¡²ÊÎ¥´¨Ö ´  Ê¸±µ·¨-
É¥²¥ Ô²¥±É·µ´µ¢.

�  ¢¸¥Ì ·¨¸Ê´± Ì ±·¨¢Ò¥ 1, 2 ¨ 3 ¸µµÉ¢¥É¸É¢ÊÕÉ ¶µ± § ´¨Ö³ ¢¥·Ì´¥°,
¸·¥¤´¥° ¨ ´¨¦´¥° É¥·³µ¶ · (Tup, Tm, Tdown, Š). Š·¨¢ Ö 4 ¤¥³µ´¸É·¨·Ê¥É ¨§-
³¥´¥´¨¥ ¤ ¢²¥´¨Ö ¢ £ §µ¢µ° ¶µ²µ¸É¨ (P , ³¡ ·); ±·¨¢ Ö 5 Å ¨§³¥´¥´¨¥ ´µ³¨-
´ ²Ó´µ£µ ¤ ¢²¥´¨Ö ¶µ ¶µ± § ´¨Ö³ ´¨¦´¥£µ É¥´§µ³¥É·¨Î¥¸±µ£µ ³µ¸É ; ±·¨¢ Ö
6 Å ¨§³¥´¥´¨¥ ´µ³¨´ ²Ó´µ£µ ¤ ¢²¥´¨Ö ¶µ ¶µ± § ´¨Ö³ ¢¥·Ì´¥£µ É¥´§µ³¥É·¨-
Î¥¸±µ£µ ³µ¸É .

�¨¸. 1.
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�¨¸. 2.

�¨¸. 3.
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�¨¸. 4.

�¨¸. 5.
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