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‚ ¸É ÉÓ¥ ¶·¨¢μ¤ÖÉ¸Ö ·¥§Ê²ÓÉ ÉÒ · ¸Î¥É  ¶·μ¸É· ´¸É¢¥´´μ-¢·¥³¥´´ÒÌ Ì · ±É¥·¨¸É¨± Î¥·¥´±μ¢-
¸±μ£μ ¨§²ÊÎ¥´¨Ö Î ¸É¨Í Ï¨·μ±¨Ì  É³μ¸Ë¥·´ÒÌ ²¨¢´¥° (˜�‹), μ¡· §μ¢ ´´ÒÌ ±μ¸³¨Î¥¸±¨³¨ ²Ê-
Î ³¨ ¸¢¥·Ì¢Ò¸μ±¨Ì Ô´¥·£¨° (Š‹‘‚�). � ¸Î¥É ¢Ò¶μ²´¥´ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¶ ±¥É  ¶·μ£· ³³ COR-
SIKA ¤²Ö ¨¸±Ê¸¸É¢¥´´ÒÌ ¸μ¡ÒÉ¨° ˜�‹, £¥´¥·¨·μ¢ ´´ÒÌ Î ¸É¨Í ³¨ Š‹‘‚� Å ¶·μÉμ´ ³¨ ¨
Ö¤· ³¨ ¦¥²¥§  ¸ Ô´¥·£¨¥° 1015 ¨ 1016 Ô‚. �·μ¢μ¤¨É¸Ö ¸· ¢´¥´¨¥ ·¥§Ê²ÓÉ Éμ¢ · ¸Î¥É  ¸ Ô±¸¶¥·¨-
³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨, ¶μ²ÊÎ¥´´Ò³¨ ´  Ö±ÊÉ¸±μ° ±μ³¶²¥±¸´μ° Ê¸É ´μ¢±¥ ˜�‹, ¨ μ¡¸Ê¦¤ ÕÉ¸Ö
¢μ§³μ¦´Ò¥ ¶·¨Î¨´Ò ¨Ì · ¸Ìμ¦¤¥´¨Ö.

The article presents computational results for spatio-temporal characteristics of Cherenkov light
emission from particles of extensive air showers (EAS) initiated by ultra-high energy cosmic rays
(UHECR). These results were obtained by simulating EAS events with the CORSIKA software package.
Events were initiated by UHECR particles Å protons and iron nuclei with energies 1015 and 1016 eV.
A comparison was carried out between computational results and experimental data obtained at the
Yakutsk EAS array. Possible causes of the discrepancy between them are discussed.
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Šμ¸³¨Î¥¸±¨¥ ²ÊÎ¨ ¸¢¥·Ì¢Ò¸μ±¨Ì Ô´¥·£¨° (Ê¸²μ¢´μ E � 1015 Ô‚) ¶·¥¤¸É ¢²ÖÕÉ
¸μ¡μ° ¶μÉμ± Ö¤¥· · §²¨Î´ÒÌ Ô²¥³¥´Éμ¢ (  É ±¦¥, ¢μ§³μ¦´μ, £ ³³ -±¢ ´Éμ¢ ¨ ´¥°É·¨´μ),
¨´É¥´¸¨¢´μ¸ÉÓ (I) ±μÉμ·μ£μ Î·¥§¢ÒÎ °´  ³ ² . 	 ¶·¨³¥·, ¶·¨ E > 1016 Ô‚ I ∼
1 Î ¸É¨Í /³2/£μ¤,   ¥¸²¨ E > 1019, Éμ I ∼ 1 Î ¸É¨Í /±³2/£μ¤. �¥£¨¸É· Í¨Ö ¸Éμ²Ó ·¥¤±¨Ì
Î ¸É¨Í ¢μ§³μ¦´  ¡² £μ¤ ·Ö Ö¢²¥´¨Õ ± ¸± ¤´μ£μ · §³´μ¦¥´¨Ö ¢Éμ·¨Î´ÒÌ Î ¸É¨Í ¢  É³μ-
¸Ë¥·¥, ¢μ§´¨± ÕÐ¥³Ê ¶·¨ ¢§ ¨³μ¤¥°¸É¢¨¨ ¶¥·¢¨Î´μ° Î ¸É¨ÍÒ ¸ Ö¤·μ³  Éμ³  ¢μ§¤ÊÌ .
�μ¸É Î¨¸²  Î ¸É¨Í ¶·μ¤μ²¦ ¥É¸Ö ¤μ É¥Ì ¶μ·, ¶μ±  ¸·¥¤´ÖÖ Ô´¥·£¨Ö ¢Éμ·¨Î´ÒÌ Î ¸É¨Í ´¥
¤μ¸É¨£´¥É ±·¨É¨Î¥¸±μ° ¢¥²¨Î¨´Ò, ¶μ¸²¥ Î¥£μ ¨Ì Î¨¸²μ ´ Î¨´ ¥É Ê³¥´ÓÏ ÉÓ¸Ö. ƒ²Ê¡¨´ 
 É³μ¸Ë¥·Ò, ´  ±μÉμ·μ° Î¨¸²μ Î ¸É¨Í ¤μ¸É¨£ ¥É ³ ±¸¨³ ²Ó´μ£μ §´ Î¥´¨Ö, ´ §Ò¢ ¥É¸Ö £²Ê-
¡¨´μ° ³ ±¸¨³Ê³  · §¢¨É¨Ö ²¨¢´Ö (Xmax), μ´  § ¢¨¸¨É ± ± μÉ Ô´¥·£¨¨ ¨ ¸μ·É  ¶¥·¢¨Î´μ°
Î ¸É¨ÍÒ, É ± ¨ μÉ Ì · ±É¥·¨¸É¨± ¸¨²Ó´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° ¶·¨ ¸¢¥·Ì¢Ò¸μ±¨Ì Ô´¥·£¨ÖÌ.

	 ¶· ¢²¥´¨¥ ¶¥·¢¨Î´μ° Î ¸É¨ÍÒ μ¶·¥¤¥²Ö¥É μ¸Ó ²¨¢´Ö. ‚ ·¥§Ê²ÓÉ É¥ ¶·μÍ¥¸¸μ¢ · ¸-
¸¥Ö´¨Ö ¢Éμ·¨Î´Ò¥ Î ¸É¨ÍÒ μÉ±²μ´ÖÕÉ¸Ö μÉ μ¸¨ ´  §´ Î¨É¥²Ó´Ò¥ · ¸¸ÉμÖ´¨Ö, ¶μÔÉμ³Ê
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·μ° Î ¸É¨Í, ¤μ¸É¨£ ÕÐ¨Ì Ê·μ¢´Ö ´ ¡²Õ¤¥´¨Ö, ¨³¥¥É ¢¨¤ ·ÒÌ²μ£μ ¤¨¸±  ¤¨ ³¥É·μ³ ¤μ
±¨²μ³¥É·  ¨ ¡μ²¥¥, ¢ § ¢¨¸¨³μ¸É¨ μÉ Ô´¥·£¨¨ ¶¥·¢¨Î´μ° Î ¸É¨ÍÒ. ’ ±μ° ¶μÉμ± ±μ··¥²¨-
·μ¢ ´´ÒÌ ¢μ ¢·¥³¥´¨ § ·Ö¦¥´´ÒÌ Î ¸É¨Í (¢ μ¸´μ¢´μ³ Ô²¥±É·μ´μ¢, ¶μ§¨É·μ´μ¢, ³Õμ´μ¢)
¨ ËμÉμ´μ¢ ´ §Ò¢ ÕÉ Ï¨·μ±¨³  É³μ¸Ë¥·´Ò³ ²¨¢´¥³ (˜�‹).

�· ±É¨Î¥¸±¨ μ¤´μ¢·¥³¥´´μ¥ ¶·¨¡ÒÉ¨¥ ²¨¢´¥¢ÒÌ Î ¸É¨Í ´  Ê·μ¢¥´Ó ´ ¡²Õ¤¥´¨Ö μ¶·¥-
¤¥²¨²μ ³¥Éμ¤ ·¥£¨¸É· Í¨¨ ²¨¢´¥¢μ£μ ¸μ¡ÒÉ¨Ö Å ¸μ¢¶ ¤¥´¨¥ ¸¨£´ ²μ¢ μÉ É·¥Ì ¨ ¡μ²¥¥
¤¥É¥±Éμ·μ¢ ± ±μ°-²¨¡μ ¨§ ±μ³¶μ´¥´É ˜�‹ (· §¤¢¨´ÊÉÒÌ ¤·Ê£ μÉ´μ¸¨É¥²Ó´μ ¤·Ê£  ´ 
¸μÉ´¨ ¨ ¡μ²¥¥ ³¥É·μ¢, ´¥ ²¥¦ Ð¨Ì ´  μ¤´μ° ¶·Ö³μ°), ¸· ¡μÉ ¢Ï¨Ì ¢ É¥Î¥´¨¥ § ¤ ´´ÒÌ
¢·¥³¥´´ÒÌ ¢μ·μÉ (´¥¸±μ²Ó±μ ³¨±·μ¸¥±Ê´¤).

Ÿ±ÊÉ¸± Ö Ê¸É ´μ¢±  ˜�‹ μ¸´ Ð¥´  ¤¥É¥±Éμ· ³¨ § ·Ö¦¥´´ÒÌ Î ¸É¨Í, ³Õμ´μ¢ ¨ Î¥-
·¥´±μ¢¸±μ£μ ¨§²ÊÎ¥´¨Ö [1].

�¸´μ¢´Ò¥ § ¤ Î¨, ·¥Ï ¥³Ò¥ ´  Ê¸É ´μ¢±¥: ¨¸¸²¥¤μ¢ ´¨¥ Ô´¥·£¥É¨Î¥¸±μ£μ ¸¶¥±É·  ±μ¸-
³¨Î¥¸±μ£μ ¨§²ÊÎ¥´¨Ö μÉ 1015 Ô‚ ¤μ ¶·¥¤¥²Ó´μ ¢Ò¸μ±¨Ì Ô´¥·£¨° ∼ 1020 Ô‚, ¨§³¥·¥´¨¥
 ´¨§μÉ·μ¶¨¨ ¶·¨Ìμ¤  Î ¸É¨Í ¨§ · §²¨Î´ÒÌ ÊÎ ¸É±μ¢ ´¥¡¥¸´μ° ¸Ë¥·Ò ¨ ¨§ÊÎ¥´¨¥ ¸μ¸É ¢ 
¶¥·¢¨Î´μ£μ ¨§²ÊÎ¥´¨Ö.

ˆ§³¥·¥´¨Ö Ô´¥·£¨¨ ¨ ¸μ¸É ¢  ±μ¸³¨Î¥¸±¨Ì ²ÊÎ¥° ¸¢¥·Ì¢Ò¸μ±¨Ì Ô´¥·£¨° (Š‹‘‚�)
μ¶¨· ÕÉ¸Ö ´  ³μ¤¥²Ó´Ò¥ · ¸Î¥ÉÒ · §¢¨É¨Ö ˜�‹. 	  μ¸´μ¢ ´¨¨ É ±¨Ì · ¸Î¥Éμ¢ Ê¸É -
´ ¢²¨¢ ÕÉ¸Ö ¸¢Ö§¨ · §²¨Î´ÒÌ ¶ · ³¥É·μ¢, ¨§³¥·Ö¥³ÒÌ ¢ Ô±¸¶¥·¨³¥´É¥, ¸ · ¸Î¥É´Ò³¨
§´ Î¥´¨Ö³¨ Ô´¥·£¨¨ ¨ £²Ê¡¨´Ò ³ ±¸¨³Ê³ . ˆ¸¸²¥¤μ¢ ´¨¥ · ¸¶·¥¤¥²¥´¨° Xmax ¢ Ï¨·μ-
±μ³ ¤¨ ¶ §μ´¥ E0 ¤ ¥É ¢μ§³μ¦´μ¸ÉÓ ¶μ²ÊÎ¨ÉÓ ¸¢¥¤¥´¨Ö μ ³ ¸¸μ¢μ³ ¸μ¸É ¢¥ ¶¥·¢¨Î´μ£μ
±μ¸³¨Î¥¸±μ£μ ¨§²ÊÎ¥´¨Ö, Ö¢²ÖÕÐ¥£μ¸Ö ¸ÊÐ¥¸É¢¥´´Ò³ Ë ±Éμ·μ³ ¢ ¨§ÊÎ¥´¨¨ ³¥Ì ´¨§³μ¢
¶·μ¨¸Ìμ¦¤¥´¨Ö ¨ · ¸¶·μ¸É· ´¥´¨Ö Š‹‘‚�.

‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¤²Ö ³μ¤¥²¨·μ¢ ´¨Ö ¨¸±Ê¸¸É¢¥´´ÒÌ ²¨¢´¥° Ï¨·μ±μ ¶·¨³¥´Ö¥É¸Ö
¶ ±¥É CORSIKA Å ¶μ¤·μ¡´ Ö ³μ´É¥-± ·²μ¢¸± Ö ¶·μ£· ³³  [2], ±μÉμ· Ö ¶μ§¢μ²Ö¥É μ¶·¥-
¤¥²¨ÉÓ É¨¶, Ô´¥·£¨Õ, ±μμ·¤¨´ ÉÒ, ´ ¶· ¢²¥´¨¥ ¨ ¢·¥³Ö ¶·¨¡ÒÉ¨Ö ¢¸¥Ì ¢Éμ·¨Î´ÒÌ Î ¸É¨Í,
¶¥·¥¸¥± ÕÐ¨Ì ¢Ò¡· ´´Ò° Ê·μ¢¥´Ó ´ ¡²Õ¤¥´¨Ö.

�·¨ ¢¸¥Ì ¤μ¸Éμ¨´¸É¢ Ì CORSIKA · ¸Î¥ÉÒ ¶μÉμ±  Î¥·¥´±μ¢¸±μ£μ ¨§²ÊÎ¥´¨Ö (—ˆ)
˜�‹ ¶·¨ Ô´¥·£¨ÖÌ ¶¥·¢¨Î´ÒÌ Î ¸É¨Í 1017 Ô‚ ¨ ¡μ²¥¥ É·¥¡ÊÕÉ §´ Î¨É¥²Ó´ÒÌ § É· É
¢·¥³¥´¨, ÎÉμ § É·Ê¤´Ö¥É ·μ§Ò£·ÒÏ ¸±μ²Ó-´¨¡Ê¤Ó §´ Î¨³μ£μ Î¨¸²  ¨¸±Ê¸¸É¢¥´´ÒÌ ²¨¢´¥°.
�μÔÉμ³Ê ¢¸¥ ¶·¨³¥´Ö¥³Ò¥ ¢ · ¡μÉ¥ § ¢¨¸¨³μ¸É¨ ¡Ò²¨ ¶μ²ÊÎ¥´Ò ¨§ ³μ¤¥²Ó´ÒÌ · ¸Î¥-
Éμ¢, ¢Ò¶μ²´¥´´ÒÌ ¤²Ö ¶¥·¢¨Î´ÒÌ Ô´¥·£¨° 1015 ¨ 1016 Ô‚, ¢ ¶·¥¤¶μ²μ¦¥´¨¨, ÎÉμ μ´¨
¸ÊÐ¥¸É¢¥´´μ ´¥ ¨§³¥´ÖÉ¸Ö ¶·¨ Ê¢¥²¨Î¥´¨¨ Ô´¥·£¨¨ ²¨¢´¥° ´  ¶μ²Éμ· -¤¢  ¶μ·Ö¤± .

�μ¸±μ²Ó±Ê · §²¨Î´Ò¥ § ¢¨¸¨³μ¸É¨, ¶μ²ÊÎ ¥³Ò¥ ´  ¡ §¥ · ¸Î¥Éμ¢ —ˆ, ¢Ò¶μ²´¥´´ÒÌ ¢
CORSIKA, ³ ¸¸μ¢μ ¶·¨³¥´ÖÕÉ¸Ö ¤²Ö ¢ÒÎ¨¸²¥´¨Ö £²Ê¡¨´Ò ³ ±¸¨³Ê³  · §¢¨É¨Ö ²¨¢´Ö,  
É ±¦¥ ¤²Ö ²μ± Í¨¨ μ¸¨ [3], ¶·μ¢μ¤¨³ Ö ¢ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ¶·μ¢¥·±  ¸μμÉ¢¥É¸É¢¨Ö ·¥-
§Ê²ÓÉ Éμ¢ ³μ¤¥²Ó´ÒÌ · ¸Î¥Éμ¢ ·¥ ²Ó´Ò³ ¶ · ³¥É· ³ ˜�‹ Ö¢²Ö¥É¸Ö  ±ÉÊ ²Ó´μ° § ¤ Î¥°.
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„²Ö Ê¸²μ¢¨° Ö±ÊÉ¸±μ° Ê¸É ´μ¢±¨ ˜�‹ ¶μ ¶·μ£· ³³¥ CORSIKA ¡Ò²μ ¶·μ¢¥¤¥´μ Î¨-
¸²¥´´μ¥ ³μ¤¥²¨·μ¢ ´¨¥ · §¢¨É¨Ö ¶μÉμ±μ¢ Î¥·¥´±μ¢¸±μ£μ ¨§²ÊÎ¥´¨Ö ¢¥·É¨± ²Ó´ÒÌ ¨ ´ -
±²μ´´ÒÌ (θ = 30◦) Ï¨·μ±¨Ì  É³μ¸Ë¥·´ÒÌ ²¨¢´¥°, ¨´¨Í¨¨·μ¢ ´´ÒÌ ¶¥·¢¨Î´Ò³¨ Ö¤· ³¨
¦¥²¥§  Fe ¨ ¶·μÉμ´ ³¨ p ¸ Ô´¥·£¨Ö³¨ E0, · ¢´Ò³¨ 1015 ¨ 1016 Ô‚. ‚ μ¡Ð¥° ¸²μ¦´μ¸É¨
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· §Ò£· ´μ 300 ¸μ¡ÒÉ¨° Å ¶μ 50 ²¨¢´¥° ¤²Ö ¤ ´´μ£μ ¸μ·É  ¨ ¤ ´´μ° Ô´¥·£¨¨ ¶¥·¢¨Î-
´μ° Î ¸É¨ÍÒ. ˆ§ ´¨Ì 11 ²¨¢´¥° ¡Ò²¨ μÉ¡· ±μ¢ ´Ò (¸³. É ¡²¨ÍÊ) ¨§-§  ¶·¥·Ò¢ ´¨° ¶·μ-
Í¥¸¸  ¸Î¥É .

E0, Ô‚ p, θ = 0◦ Fe, θ = 0◦ p, θ = 30◦ Fe, θ = 30◦

1015 50 50 50 50
1016 43 46 Å Å

�·¨ ¨´¸É ²²ÖÍ¨¨ ¶·μ£· ³³Ò CORSIKA ¨¸¶μ²Ó§μ¢ ²¨¸Ó:
1) ³μ¤¥²Ó ±¢ ·±-£²Õμ´´ÒÌ ¸É·Ê´ QGSJET01¸ ¤²Ö ³μ¤¥²¨·μ¢ ´¨Ö  ¤·μ´´ÒÌ ¢§ ¨³μ-

¤¥°¸É¢¨° ¢Ò¸μ±μ° Ô´¥·£¨¨ (Eh � 80 ƒÔ‚);
2) ¶·μ£· ³³  GHEISHA 2002d ¤²Ö ³μ¤¥²¨·μ¢ ´¨Ö ´¨§±μÔ´¥·£¥É¨Î¥¸±¨Ì  ¤·μ´´ÒÌ

¢§ ¨³μ¤¥°¸É¢¨° (Eh < 80 ƒÔ‚);
3) ¶·μ£· ³³  EGS4 ¤²Ö ³μ¤¥²¨·μ¢ ´¨Ö Ô²¥±É·μ´´μ-ËμÉμ´´ÒÌ ± ¸± ¤μ¢, ¶μ§¢μ²ÖÕÐ Ö

¶·μ¸²¥¦¨¢ ÉÓ É· ¥±Éμ·¨¨ Î ¸É¨Í ¨ ¨Ì ¢§ ¨³μ¤¥°¸É¢¨Ö.
�μÉμ± Î¥·¥´±μ¢¸±μ£μ ¸¢¥É  (—‘) ¢ÒÎ¨¸²Ö²¸Ö ¢ ¤¨ ¶ §μ´¥ ¤²¨´ ¢μ²´ 300Ä700 ´³.

ƒ· ´¨Í  ¸μ ¸Éμ·μ´Ò ¤²¨´´ÒÌ ¢μ²´ μ¡Ê¸²μ¢²¥´  μ¸μ¡¥´´μ¸ÉÖ³¨ ¶·¨³¥´Ö¥³μ° ´ ³¨ ¢¥·-
¸¨¨ ¶·μ£· ³³Ò. ‚ ¤ ²Ó´¥°Ï¥³ ¶μÉμ± —‘ ¶¥·¥¸Î¨ÉÒ¢ ²¸Ö ± ¤¨ ¶ §μ´Ê 300Ä800 ´³ ¤²Ö
¶·¨¢¥¤¥´¨Ö ± ¨´É¥·¢ ²Ê ¸¢¥ÉμÎÊ¢¸É¢¨É¥²Ó´μ¸É¨ ¶·¨³¥´Ö¥³ÒÌ ´  Ê¸É ´μ¢±¥ ËμÉμÊ³´μ¦¨-
É¥²¥° [4].

‚ ¶·μÍ¥¸¸¥ ³μ¤¥²¨·μ¢ ´¨Ö CORSIKA ¸μ§¤ ¥É ¤²Ö ± ¦¤μ£μ ²¨¢´Ö Î¥·¥´±μ¢¸±¨° Ë °²,
£¤¥ § ¶¨¸Ò¢ ÕÉ¸Ö ¶ · ³¥É·Ò ¢¸¥Ì ËμÉμ´μ¢, ¶¥·¥¸¥± ÕÐ¨Ì ¶μ¢¥·Ì´μ¸ÉÓ ¤¥É¥±Éμ·μ¢, · ¸-
¶μ²μ¦¥´´ÒÌ ´  Ê·μ¢´¥ ´ ¡²Õ¤¥´¨Ö. Š É ±¨³ ¶ · ³¥É· ³ μÉ´μ¸ÖÉ¸Ö: ¢Ò¸μÉ  £¥´¥· Í¨¨ ¢
 É³μ¸Ë¥·¥ ´ ¤ Ê·μ¢´¥³ ³μ·Ö, ¢·¥³Ö ¶¥·¥¸¥Î¥´¨Ö ¤¥É¥±Éμ·  μÉ´μ¸¨É¥²Ó´μ ³μ³¥´É  ¶¥·-
¢μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¶¥·¢¨Î´μ° Î ¸É¨ÍÒ ¸ Ö¤·μ³  Éμ³  ¢μ§¤ÊÌ  ¨ ±μμ·¤¨´ ÉÒ (X, Y )
μÉ´μ¸¨É¥²Ó´μ Í¥´É·  § ¤ ´´μ° ¤¥É¥±Éμ·´μ° Ê¸É ´μ¢±¨. �¸¨ ¢¸¥Ì · §Ò£·Ò¢ ¥³ÒÌ ²¨¢´¥°
¶·μ£· ³³  Ê¸É ´ ¢²¨¢ ¥É ¢ ÉμÎ±¥ ¸ ±μμ·¤¨´ É ³¨ (0, 0). “¸É ´μ¢±  ¸μ¸Éμ¨É ¨§ ¤¢ÊÌ · ¸-
¶μ²μ¦¥´´ÒÌ ¢¤μ²Ó μ¤´μ° μ¸¨ ±μμ·¤¨´ É ¤¥É¥±Éμ·μ¢ ¤²¨´μ° 810 ³ ¨ Ï¨·¨´μ° 4 ³ (¤²Ö
¸μ¡ÒÉ¨° ¸ E0 = 1015 Ô‚) ¨²¨ 2 ³ (¶·¨ E0 = 1016 Ô‚). –¥´É·Ò μ¡μ¨Ì ¤¥É¥±Éμ·μ¢ · §¤¢¨-
´ÊÉÒ ´  1000 ³. ˆ§³¥·¥´¨¥ ¶²μÉ´μ¸É¥° ¶·μ¨§¢μ¤¨É¸Ö ´  Ë¨±¸¨·μ¢ ´´ÒÌ · ¸¸ÉμÖ´¨ÖÌ,
±μÉμ·Ò¥ Ö¢²ÖÕÉ¸Ö Í¥´É· ³¨ Ê¸²μ¢´ÒÌ ¤¥É¥±Éμ·μ¢. „²¨´  É ±μ£μ ¤¥É¥±Éμ·  ¢Ò¡¨· ¥É¸Ö
· ¢´μ° Ï¨·¨´¥ § ¤ ´´μ£μ ¢ ¶·μ£· ³³¥ ¤¥É¥±Éμ· . � §³¥·Ò ¤¥É¥±Éμ·μ¢ ¢Ò¡· ´Ò É ±¨³¨,
ÎÉμ¡Ò ¸É É¨¸É¨Î¥¸± Ö μÏ¨¡±  ¢ÒÎ¨¸²¥´¨Ö Î¨¸²  ËμÉμ´μ¢ ´  · ¸¸ÉμÖ´¨¨ 900 ³ μÉ μ¸¨
²¨¢´Ö ¡Ò²  ³¥´¥¥ 1 %.

�·¨ μ¡· ¡μÉ±¥ Î¥·¥´±μ¢¸±¨Ì Ë °²μ¢ ¡Ò²μ ¶μ²ÊÎ¥´μ ¸¥³¥°¸É¢μ ¢·¥³¥´´ÒÌ · ¸¶·¥-
¤¥²¥´¨° (‚�) ¶²μÉ´μ¸É¨ ¶μÉμ±  Î¥·¥´±μ¢¸±μ£μ ¸¢¥É  (�� —‘) ´  Ë¨±¸¨·μ¢ ´´ÒÌ · ¸-
¸ÉμÖ´¨ÖÌ ¢ ¤¨ ¶ §μ´¥ 100Ä900 ³ μÉ μ¸¨ ²¨¢´Ö ¨ ¸¥³¥°¸É¢μ ¨´¤¨¢¨¤Ê ²Ó´ÒÌ ËÊ´±Í¨°
· ¸¶·¥¤¥²¥´¨Ö �� —‘ ¶μ · ¸¸ÉμÖ´¨Ö³ μÉ μ¸¨ (μ¡Ð¥¶·¨´ÖÉμ¥ ´ §¢ ´¨¥: ËÊ´±Í¨Ö ¶·μ-
¸É· ´¸É¢¥´´μ£μ · ¸¶·¥¤¥²¥´¨Ö Å ”��).
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� ´¥¥ ¤²Ö ¢ÒÎ¨¸²¥´¨Ö �� —‘ ¨¸¶μ²Ó§μ¢ ²¨ Î¨¸²¥´´Ò¥ ³¥Éμ¤Ò ·¥Ï¥´¨Ö Ê· ¢´¥´¨°,
μ¶¨¸Ò¢ ÕÐ¨Ì ËÊ´±Í¨Õ ¶·μ¸É· ´¸É¢¥´´μ-Ê£²μ¢μ£μ · ¸¶·¥¤¥²¥´¨Ö (”�“�) Ô²¥±É·μ´μ¢
˜�‹ [5Ä7].

‚ · ¡μÉ¥ [8] ¡Ò² ¶·¥¤²μ¦¥´ ³¥Éμ¤ ¢Ò¡μ·  ¶ · ³¥É·μ¢ ”�“�, μ¸´μ¢ ´´Ò° ´  ¸μ¶μ¸É -
¢²¥´¨¨ · ¸Î¥É´μ° § ¢¨¸¨³μ¸É¨ ¶μ± § É¥²Ö ´ ±²μ´  ”�� ¢ ¨´É¥·¢ ²¥ 300Ä600 ³ μÉ μ¸¨ ¨
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¶μ²ÊÏ¨·¨´Ò1 ¨³¶Ê²Ó¸  —‘ ˜�‹, ¨§³¥·¥´´μ£μ ´  · ¸¸ÉμÖ´¨¨ 450 ³ μÉ μ¸¨,  ´ ²μ£¨Î´μ°
Ô±¸¶¥·¨³¥´É ²Ó´μ°.

‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ¶·μ¢¥¤¥´μ ¸· ¢´¥´¨¥ Ê± § ´´μ° Ô±¸¶¥·¨³¥´É ²Ó´μ° § ¢¨¸¨³μ¸É¨
¸ ·¥§Ê²ÓÉ É ³¨ ´μ¢ÒÌ · ¸Î¥É´ÒÌ ¤ ´´ÒÌ, ¢Ò¶μ²´¥´´ÒÌ ¶μ ¶·μ£· ³³¥ CORSIKA.

‘μ£² ¸´μ [8] ¢ ± ¦¤μ³ ¸³μ¤¥²¨·μ¢ ´´μ³ ¸μ¡ÒÉ¨¨ ¢ÒÎ¨¸²Ö²¸Ö ¶μ± § É¥²Ó ´ ±²μ´ 
”�� n = lg [q(R1)/q(R2)]/ lg (R2/R1),   É ±¦¥ ¶μ²ÊÏ¨·¨´  ¨³¶Ê²Ó¸  t1/2(R3), £¤¥ R1 =
300 ³, R2 = 600 ³ ¨ R3 = 450 ³ μÉ μ¸¨ ²¨¢´Ö, a q(R1) ¨ q(R2) Å ¶²μÉ´μ¸É¨ ¶μÉμ±  —‘
´  ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì · ¸¸ÉμÖ´¨ÖÌ.

‚ · §Ò£· ´´ÒÌ ²¨¢´ÖÌ μ¡Ð¨° ¤¨ ¶ §μ´ Ë²Ê±ÉÊ Í¨° £²Ê¡¨´ ³ ±¸¨³Ê³μ¢ · §¢¨É¨Ö
˜�‹ ¶·μ¸É¨· ¥É¸Ö μÉ 400 ¤μ 900 £/¸³2, ÎÉμ ¶μ§¢μ²Ö¥É μ¡¸ÉμÖÉ¥²Ó´μ ¶·μ¸²¥¤¨ÉÓ ¸¢Ö§Ó
Ê± § ´´ÒÌ ¶ · ³¥É·μ¢ �� —‘ ˜�‹ ¸ Xmax.

�¨¸. 1. ‡ ¢¨¸¨³μ¸ÉÓ ¶μ± § É¥²Ö ´ ±²μ´  ”�� n μÉ £²Ê¡¨´Ò ³ ±¸¨³Ê³  Xmax: • Å · ¸Î¥É, ¶·μÉμ´,

E0 = 1016 Ô‚, θ = 0◦; ²¨´¨Ö Å  ¶¶·μ±¸¨³ Í¨Ö (1)

	  ·¨¸. 1 ¶·¨¢¥¤¥´  · ¸Î¥É´ Ö § ¢¨¸¨³μ¸ÉÓ ¶μ± § É¥²Ö ´ ±²μ´  ”�� —‘ n μÉ £²Ê¡¨´Ò
³ ±¸¨³Ê³  · §¢¨É¨Ö ²¨¢´Ö Xmax ,  ¶¶·μ±¸¨³¨·Ê¥³ Ö ¶·Ö³μ°:

n = (1,288 ± 0,024) + (0,002 ± 3,7 · 10−5)Xmax. (1)

	  ·¨¸. 2 ¶μ± § ´  · ¸Î¥É´ Ö § ¢¨¸¨³μ¸ÉÓ lg (t1/2(R3)) μÉ Xmax,  ¶¶·μ±¸¨³¨·Ê¥³ Ö
¶·Ö³μ°:

lg (t1/2(R3)) = (1,243 ± 0,015) + (8,44 · 10−4 ± 2,3 · 10−5)Xmax. (2)

ˆ§ ·¨¸. 1 ¨ 2 ¢¨¤´μ, ÎÉμ μ¡  Ê± § ´´ÒÌ ¶ · ³¥É·  �� —‘ ´ Ìμ¤ÖÉ¸Ö ¢ ²¨´¥°´μ°
§ ¢¨¸¨³μ¸É¨ μÉ £²Ê¡¨´Ò ³ ±¸¨³Ê³  · §¢¨É¨Ö ²¨¢´Ö Xmax. ‘²¥¤μ¢ É¥²Ó´μ, μ´¨ ¤μ²¦´Ò
±μ··¥²¨·μ¢ ÉÓ ³¥¦¤Ê ¸μ¡μ° ¸ ±μÔËË¨Í¨¥´Éμ³ ±μ··¥²ÖÍ¨¨, ¡²¨§±¨³ ± ¥¤¨´¨Í¥.

1„²¨É¥²Ó´μ¸ÉÓ ¨³¶Ê²Ó¸  ´  ¶μ²μ¢¨´¥  ³¶²¨ÉÊ¤Ò.
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�¨¸. 2. ‡ ¢¨¸¨³μ¸ÉÓ ¶μ²ÊÏ¨·¨´Ò ¨³¶Ê²Ó¸  t1/2(R3) μÉ £²Ê¡¨´Ò ³ ±¸¨³Ê³  Xmax: • Å · ¸Î¥É,
¶·μÉμ´, E0 = 1016 Ô‚, θ = 0◦; ²¨´¨Ö Å  ¶¶·μ±¸¨³ Í¨Ö (2)

�¨¸. 3. ˆ²²Õ¸É· Í¨Ö ¢§ ¨³μ¸¢Ö§¨ ¶ · ³¥É·μ¢ —ˆ: n ¨ lg (t1/2(R3)). • Å · ¸Î¥É, ¶·μÉμ´, E0 =

1016 Ô‚, θ = 0◦; � Å · ¸Î¥É, Ö¤·μ ¦¥²¥§ , E0 = 1016 Ô‚, θ = 0◦; ²¨´¨Ö Å  ¶¶·μ±¸¨³ Í¨Ö (3)

	  ·¨¸. 3 ¶μ± § ´  ¢§ ¨³μ¸¢Ö§Ó ¶ · ³¥É·μ¢ n ¨ lg (t1/2(R3)) ¶·¨³¥´¨É¥²Ó´μ ± ²¨¢´Ö³,
¨´¨Í¨¨·μ¢ ´´Ò³ Ö¤· ³¨ ¦¥²¥§  ¨ ¶·μÉμ´ ³¨ ¸ Ô´¥·£¨¥° 1016 Ô‚. � ¸Î¥É´Ò¥ ÉμÎ±¨
³μ¦´μ  ¶¶·μ±¸¨³¨·μ¢ ÉÓ ¶·Ö³μ°:

n = (−1,582 ± 0,090) + (2,330 ± 0,052) lg (t1/2(R3)). (3)

ŠμÔËË¨Í¨¥´É ±μ··¥²ÖÍ¨¨ r = 0,979, ÎÉμ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É μ ¢Ò¸μ±μ° ¸É¥¶¥´¨ ¸¢Ö§¨ ÔÉ¨Ì
¶ · ³¥É·μ¢ ³¥¦¤Ê ¸μ¡μ° ´¥§ ¢¨¸¨³μ μÉ ¸μ·É  ¶¥·¢¨Î´ÒÌ Î ¸É¨Í.



’¥¸É¨·μ¢ ´¨¥ ·¥§Ê²ÓÉ Éμ¢ ¢ÒÎ¨¸²¥´¨° ¶μÉμ±  Î¥·¥´±μ¢¸±μ£μ ¨§²ÊÎ¥´¨Ö ˜�‹ 921

‚ ¶ ±¥É¥ CORSIKA ¸μ¤¥·¦¨É¸Ö É ¡²¨Í  ®atmabs.dat¯, ¶μ§¢μ²ÖÕÐ Ö ÊÎ¨ÉÒ¢ ÉÓ ¢ · ¸-
Î¥É Ì ¢²¨Ö´¨¥ ·Ô²¥¥¢¸±μ£μ · ¸¸¥¨¢ ´¨Ö ¨  Ô·μ§μ²Ó´μ£μ ¶μ£²μÐ¥´¨Ö ¢  É³μ¸Ë¥·¥ ´  Ì -
· ±É¥·¨¸É¨±¨ ¶μÉμ±  Î¥·¥´±μ¢¸±¨Ì ËμÉμ´μ¢. •μÉÖ É ¡²¨Í  ®atmabs.dat¯ μ¶¨¸Ò¢ ¥É ´¥-
¸±μ²Ó±μ ¨´ÊÕ ¶μ ¸· ¢´¥´¨Õ c ¶·¨´ÖÉμ° ¢ μ±·¥¸É´μ¸É¨ Ÿ±ÊÉ¸±  ³μ¤¥²Ó  É³μ¸Ë¥·Ò, ¡Ò²μ
¢ ¦´μ ¶·μ¢¥·¨ÉÓ ¸É¥¶¥´Ó ¨¸± ¦¥´¨° ´ ±²μ´  ”�� ¨ ¶μ²ÊÏ¨·¨´Ò ¨³¶Ê²Ó¸  §  ¸Î¥É μ¸² -
¡²¥´¨Ö ¸¢¥É  ¢  É³μ¸Ë¥·¥. ‚ ÔÉ¨Ì Í¥²ÖÌ ¡Ò²¨ ¶·μ¢¥¤¥´Ò · ¸Î¥ÉÒ �� —‘ ¤²Ö μ¤´μ£μ ¨
Éμ£μ ¦¥ ¢¥·É¨± ²Ó´μ£μ ²¨¢´Ö (E0 = 1015 Ô‚) ¸ ¶·¨³¥´¥´¨¥³ ¤ ´´μ° É ¡²¨ÍÒ ¨ ¡¥§ ´¥¥.
�μ£²μÐ¥´¨¥ ¶μ²´μ£μ Î¨¸²  ËμÉμ´μ¢ ´  Ê·μ¢´¥ ´ ¡²Õ¤¥´¨Ö ¸μ¸É ¢¨²μ 29,8 %. �·¨ ÔÉμ³
· §²¨Î¨¥ ¢ ´ ±²μ´ Ì ”�� ¢ ¤¨ ¶ §μ´¥ · ¸¸ÉμÖ´¨° 300Ä600 ³ μÉ μ¸¨ ²¨¢´Ö μ± § ²μ¸Ó
³¥´¥¥ 2 %,   · §´μ¸ÉÓ ¶μ²ÊÏ¨·¨´ Å 0,7 ´¸.

“¸É ´μ¢²¥´μ É ±¦¥, ÎÉμ ±μ··¥²ÖÍ¨μ´´ Ö § ¢¨¸¨³μ¸ÉÓ · ¸¸³ É·¨¢ ¥³ÒÌ ¶ · ³¥É·μ¢
—ˆ ˜�‹ ¶· ±É¨Î¥¸±¨ ´¥ § ¢¨¸¨É μÉ Ô´¥·£¨¨ ¨ §¥´¨É´μ£μ Ê£²  ¶·¨Ìμ¤  ¶¥·¢¨Î´ÒÌ Î ¸É¨Í
¶·¨ t1/2(R3) � 30 ´¸ (·¨¸. 4). 	  ÔÉμ³ ·¨¸Ê´±¥ · ¸Î¥É´Ò¥ ¤ ´´Ò¥ ¤²Ö E0 = 1015 Ô‚
¢ Í¥²ÖÌ ´ £²Ö¤´μ¸É¨ ¶·¨¢¥¤¥´Ò ¢ ¢¨¤¥ μ¡² ±  ÉμÎ¥±,   ¤²Ö E0 = 1016 Ô‚, ÎÉμ¡Ò ´¥
§ £·μ³μ¦¤ ÉÓ ·¨¸Ê´μ±, Å ¶·Ö³μ° ¨§ ·¨¸. 3.

�¨¸. 4. Šμ··¥²ÖÍ¨μ´´ Ö § ¢¨¸¨³μ¸ÉÓ: ◦ Å · ¸Î¥É, ¶·μÉμ´, E0 = 1015 Ô‚, θ = 0◦; • Å · ¸-

Î¥É, ¶·μÉμ´, E0 = 1016 Ô‚, θ = 0◦; × Å · ¸Î¥É, ¶·μÉμ´, E0 = 1015 Ô‚, θ = 30◦; ²¨´¨Ö Å

 ¶¶·μ±¸¨³ Í¨Ö (3); � Å Ô±¸¶¥·¨³¥´É [5]

	  ·¨¸. 4 É·¥Ê£μ²Ó´¨± ³¨ μ¡μ§´ Î¥´Ò Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¨§ · ¡μÉÒ [8]. �É¨
¤ ´´Ò¥ ¸μμÉ¢¥É¸É¢ÊÕÉ ²¨¢´Ö³ ¸ Ô´¥·£¨Ö³¨ ¢ ¤¨ ¶ §μ´¥ 1017Ä1018 Ô‚, §¥´¨É´Ò³¨ Ê£² ³¨
cos θ � 0,8 ¨ μ¸Ö³¨, · ¸¶μ²μ¦¥´´Ò³¨ ´¥ ¤ ²¥¥ 500 ³ μÉ Í¥´É·  Ê¸É ´μ¢±¨. ‹μ± Í¨Ö
μ¸¥° ¶·μ¢μ¤¨² ¸Ó ¶μ ¤ ´´Ò³ ¤¥É¥±Éμ·μ¢ § ·Ö¦¥´´μ° ±μ³¶μ´¥´ÉÒ. ’·¥¡μ¢ ²μ¸Ó, ÎÉμ¡Ò
ÔËË¥±É¨¢´μ¸ÉÓ ·¥£¨¸É· Í¨¨ ²¨¢´¥° Ê¤μ¢²¥É¢μ·Ö²  Ê¸²μ¢¨Õ ξ � 0,8,   μÉ´μÏ¥´¨¥  ³-
¶²¨ÉÊ¤Ò ¨³¶Ê²Ó¸  ± Ê·μ¢´Õ Ëμ´  ´μÎ´μ£μ ´¥¡  ¢ ¤¥É¥±Éμ·¥, ´ Ìμ¤ÖÐ¥³¸Ö ¢ ¶·¥¤¥² Ì
250Ä650 ³ μÉ μ¸¨ ²¨¢´Ö, ¡Ò²μ ¡Ò � 10. �¥·¥¸Î¥É ¶μ²ÊÏ¨·¨´Ò ¨³¶Ê²Ó¸ , § ·¥£¨¸É·¨·μ-
¢ ´´μ£μ ´  ¶·μ¨§¢μ²Ó´μ³ · ¸¸ÉμÖ´¨¨ Ê± § ´´μ£μ ¤¨ ¶ §μ´ , ± Ë¨±¸¨·μ¢ ´´μ³Ê · ¸¸ÉμÖ-
´¨Õ R3 ¶·μ¨§¢μ¤¨²¸Ö ¸μ£² ¸´μ [9]. ‘ ¶·¨³¥´¥´¨¥³ Ê± § ´´ÒÌ ±·¨É¥·¨¥¢ ¡Ò²μ μÉμ¡· ´μ
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45 ¸μ¡ÒÉ¨°1. ‚¨¤´μ, ÎÉμ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ÉμÎ±¨ ¶μ¢Éμ·ÖÕÉ ¶μ¢¥¤¥´¨¥ · ¸Î¥É´μ° § -
¢¨¸¨³μ¸É¨, ´μ · ¸¶μ²μ¦¥´Ò §´ Î¨É¥²Ó´μ ´¨¦¥. ’ ±μ¥ · ¸Ìμ¦¤¥´¨¥ ´¥²Ó§Ö μÉ´¥¸É¨ ±
´¥ÉμÎ´μ¸ÉÖ³ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ, É ± ± ± μÏ¨¡±  ¨§³¥·¥´¨° ¶μ²ÊÏ¨·¨´Ò ¨³-
¶Ê²Ó¸  ¸μ¸É ¢²Ö²  2 ´¸ [10],   ±·ÊÉ¨§´  ”�� ¢ ¶·¨¢¥¤¥´´ÒÌ ²¨¢´ÖÌ ¨§³¥·Ö² ¸Ó ¸ ÉμÎ-
´μ¸ÉÓÕ ´¥ ÌÊ¦¥ Î¥³ 0,13 [11]. ‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ·¥£¨¸É· Í¨Ö Ëμ·³Ò ¨³¶Ê²Ó¸μ¢ —‘
¶·μ¢μ¤¨² ¸Ó ¤¥É¥±Éμ· ³¨ ´  ¡ §¥ ”�“-110,   · §·¥Ï ÕÐ¥¥ ¢·¥³Ö ¢¸¥£μ ¨§³¥·¨É¥²Ó´μ£μ
É· ±É  ¸μ¸É ¢²Ö²μ tr = 23 ´¸. “Î¥É ÊÏ¨·¥´¨Ö ¶μ²ÊÏ¨·¨´Ò ¨³¶Ê²Ó¸ , μ¡Ê¸²μ¢²¥´´Ò°
¢¥²¨Î¨´μ° tr, ¶·μ¨§¢μ¤¨²¸Ö ¶μ Ëμ·³Ê²¥

ttrue
1/2 = texp

1/2 kc

(
texp
1/2

tr

)
, (4)

£¤¥ texp
1/2 Å § ·¥£¨¸É·¨·μ¢ ´´ Ö ¶μ²ÊÏ¨·¨´  ¨³¶Ê²Ó¸  —‘; kc(t

exp
1/2/tr) Å ¶μ¶· ¢μÎ´Ò°

±μÔËË¨Í¨¥´É, § ¢¨¸ÖÐ¨° μÉ ¸μμÉ´μÏ¥´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´μ ¨§³¥·¥´´μ° ¶μ²ÊÏ¨·¨´Ò ¨
· §·¥Ï ÕÐ¥£μ ¢·¥³¥´¨; ttrue

1/2 Å ®¨¸É¨´´ Ö¯ ¶μ²ÊÏ¨·¨´  ¨³¶Ê²Ó¸ .

‡ ¢¨¸¨³μ¸ÉÓ ¢¥²¨Î¨´Ò kc μÉ ¶μ²ÊÏ¨·¨´Ò ¨³¶Ê²Ó¸  ¡Ò²  ¶μ²ÊÎ¥´  ¢´ Î ²¥ Ô³¶¨·¨-
Î¥¸±¨,   § É¥³ ¨  ´ ²¨É¨Î¥¸±¨ [12].

‡�Š‹�—…�ˆ…

ˆ³¥ÕÐ¨¥¸Ö ¢ ´ ²¨Î¨¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥, ´¥¸³μÉ·Ö ´  ³ ²ÊÕ ¸É É¨¸É¨±Ê
(¢¸¥£μ 45 ¸μ¡ÒÉ¨°), ¶μ§¢μ²ÖÕÉ ¸¤¥² ÉÓ ¢Ò¢μ¤, ÎÉμ ¢ ¶·μ£· ³³¥ · ¸Î¥Éμ¢ Ô²¥±É·μ³ £´¨É´μ°
±μ³¶μ´¥´ÉÒ ±μ³¶²¥±É  CORSIKA ´¥±μÉμ·Ò¥ § ²μ¦¥´´Ò¥ ¶ · ³¥É·Ò É·¥¡ÊÕÉ ±μ··¥±Í¨¨.

�¤´ ±μ ¤²Ö ¢ÒÖ¸´¥´¨Ö ¶·¨Î¨´ ´ ¡²Õ¤ ¥³μ£μ · §´μ£² ¸¨Ö, ¢ ¶¥·¢ÊÕ μÎ¥·¥¤Ó, ´¥μ¡-
Ìμ¤¨³μ ¶·μ¢¥¸É¨ ´μ¢ÊÕ ¸¥·¨Õ ¨§³¥·¥´¨° ‚� —ˆ ´  ¡ §¥ ¸μ¢·¥³¥´´μ° Ï¨·μ±μ¶μ²μ¸´μ°
·¥£¨¸É·¨·ÊÕÐ¥°  ¶¶ · ÉÊ·Ò.

� ¡μÉ  ¢Ò¶μ²´¥´  ¶·¨ ¶μ¤¤¥·¦±¥ �μ¸´ Ê±¨ (£μ¸±μ´É· ±É º16.518.11.7075) ¨ �””ˆ
(£· ´É º11-02-12193 (μË¨-³)).
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