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�·¥¤¸É ¢²¥´ μ¡§μ· ·¥§Ê²ÓÉ Éμ¢ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨¸¸²¥¤μ¢ ´¨° ´  Éμ³¸±μ³ ¸¨´Ì·μÉ·μ´¥
·¥§μ´ ´¸´μ£μ ·¥´É£¥´μ¢¸±μ£μ ¶¥·¥Ìμ¤´μ£μ ¨§²ÊÎ¥´¨Ö, £¥´¥·¨·μ¢ ´´μ£μ ·¥²ÖÉ¨¢¨¸É¸±¨³¨ Ô²¥±-
É·μ´ ³¨ ¢ ¶¥·¨μ¤¨Î¥¸±¨Ì ³´μ£μ¸²μ°´ÒÌ · ¤¨ Éμ· Ì. �±¸¶¥·¨³¥´ÉÒ ¶·μ¢μ¤¨²¨¸Ó ¸ ¨¸¶μ²Ó§μ¢ -
´¨¥³ ± ± ¢´ÊÉ·¥´´¥£μ ¶ÊÎ±  ¸¨´Ì·μÉ·μ´ , É ± ¨ ¢´¥Ï´¥£μ ¶ÊÎ±  ¢Éμ·¨Î´ÒÌ Ô²¥±É·μ´μ¢ ¶ ·´μ£μ
³ £´¨É´μ£μ γ-¸¶¥±É·μ³¥É·  ¢ ¤¨ ¶ §μ´¥ Ô´¥·£¨¨ Ô²¥±É·μ´μ¢ 300Ä900 ŒÔ‚. Œ´μ£μ¸²μ°´Ò¥ · ¤¨ -
Éμ·Ò ¸μ¸ÉμÖÉ ¨§ ³´μ¦¥¸É¢  Éμ´±¨Ì  ³μ·Ë´ÒÌ Ëμ²Ó£ ¨§ · §²¨Î´ÒÌ ³ É¥·¨ ²μ¢. 	Ò²  É ±¦¥ ¨¸¸²¥-
¤μ¢ ´  £¥´¥· Í¨Ö ·¥´É£¥´μ¢¸±μ£μ ¨§²ÊÎ¥´¨Ö ¢ ¸μ¸É ¢´μ³ · ¤¨ Éμ·¥, ¸μ¸ÉμÖÐ¥³ ¨§ ³´μ£μ¸²μ°´μ£μ
· ¤¨ Éμ·  ¨ ±·¨¸É ²² . ‚ ÔÉμ³ ¸²ÊÎ ¥ ·¥§μ´ ´¸´μ¥ ·¥´É£¥´μ¢¸±μ¥ ¶¥·¥Ìμ¤´μ¥ ¨§²ÊÎ¥´¨¥, £¥´¥·¨-
·μ¢ ´´μ¥ ¢ ³´μ£μ¸²μ°´μ³ · ¤¨ Éμ·¥, § É¥³ ¤¨Ë· £¨·Ê¥É ¢ ±·¨¸É ²²¥ ¨ ¨¸¶Ê¸± ¥É¸Ö ¶μ¤ Ê£² ³¨
	·Ô££  ¢³¥¸É¥ ¸ ¶ · ³¥É·¨Î¥¸±¨³ ·¥´É£¥´μ¢¸±¨³ ¨§²ÊÎ¥´¨¥³, £¥´¥·¨·Ê¥³Ò³ ¢ ±·¨¸É ²²¥. ˆ¸¸²¥-
¤μ¢ ²¨¸Ó ¸¶¥±É· ²Ó´Ò¥ ¨ Ê£²μ¢Ò¥ ¸¢μ°¸É¢  ·¥§μ´ ´¸´μ£μ ·¥´É£¥´μ¢¸±μ£μ ¶¥·¥Ìμ¤´μ£μ ¨§²ÊÎ¥´¨Ö
¨ ¤¨Ë· £¨·μ¢ ´´μ£μ ·¥§μ´ ´¸´μ£μ ·¥´É£¥´μ¢¸±μ£μ ¶¥·¥Ìμ¤´μ£μ ¨§²ÊÎ¥´¨Ö. �Í¥´¨¢ ²μ¸Ó É ±¦¥
¸μμÉ´μÏ¥´¨¥ ¢±² ¤μ¢ ¤¨Ë· £¨·μ¢ ´´μ£μ ·¥§μ´ ´¸´μ£μ ·¥´É£¥´μ¢¸±μ£μ ¶¥·¥Ìμ¤´μ£μ ¨§²ÊÎ¥´¨Ö ¨
¤·Ê£¨Ì ¢¨¤μ¢ ¨§²ÊÎ¥´¨Ö ¢ μ¡Ð¨° ¶μÉμ± ±μ£¥·¥´É´μ£μ ·¥´É£¥´μ¢¸±μ£μ ¨§²ÊÎ¥´¨Ö, £¥´¥·¨·μ¢ ´´μ£μ
Ô²¥±É·μ´ ³¨ ¢ ¶¥·¨μ¤¨Î¥¸±¨Ì ¸É·Ê±ÉÊ· Ì ¨ ±·¨¸É ²² Ì.

An overview of the results of experimental studies at the Tomsk synchrotron of the resonant
X-ray transition radiation generated by relativistic electrons in periodic multifoil radiators is presented.
The experiments were made with the use of both the internal beam of the Tomsk synchrotron and the
external beam of secondary electrons of a magnetic pair γ-spectrometer in the range of electron energy
of 300Ä900 MeV. The multifoil radiators consist of the sets of thin amorphous foils of different mate-
rials. The generation of X-rays in a compound radiator consisting of the multifoil radiator and a crystal
was also investigated. In this case, the resonant X-ray transition radiation generated in the multifoil ra-
diator was then diffracted in the crystal and emitted at Bragg angles together with parametric X-ray ra-
diation generated in the crystal. The spectral and angular properties of the resonant X-ray transition ra-
diation and of the diffracted resonant X-ray transition radiation were investigated. The ratio of the con-
tributions of the diffracted resonant X-ray transition radiation and of other types of radiation in the total

ux of coherent X-rays generated by electrons in multifoil radiators and crystals was also estimated.

PACS: 14.60.Cd; 41.75.Ht
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�¥·¥Ìμ¤´μ¥ ¨§²ÊÎ¥´¨¥ (�ˆ) ¢μ§´¨± ¥É ¶·¨ ¶¥·¥¸¥Î¥´¨¨ § ·Ö¦¥´´μ° Î -
¸É¨Í¥° £· ´¨ÍÒ · §¤¥²  ¸·¥¤ ¸ · §²¨Î ÕÐ¨³¨¸Ö ¶μ± § É¥²Ö³¨ ¶·¥²μ³²¥´¨Ö.
�ËË¥±É ¡Ò² ¶·¥¤¸± § ´ ¢ 1945 £. ‚. ‹. ƒ¨´§¡Ê·£μ³ ¨ ˆ.Œ.”· ´±μ³ [1]. �¥·-
¢Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶μ²ÊÎ¥´Ò ¢ 1958 £. ¨ μÉ´μ¸ÖÉ¸Ö ¢ μ¸´μ¢-
´μ³ ± ¨¸¸²¥¤μ¢ ´¨Õ �ˆ, ¨¸¶Ê¸± ¥³μ£μ ®´ § ¤¯ μÉ´μ¸¨É¥²Ó´μ ´ ¶· ¢²¥´¨Ö
¶¥·¢μ´ Î ²Ó´μ° Î ¸É¨ÍÒ. � ¸Î¥ÉÒ ¶μ± §Ò¢ ÕÉ, ÎÉμ ÔÉ  ±μ³¶μ´¥´É  �ˆ ¢¸¥-
£¤  ²¥¦¨É ¢ μ¡² ¸É¨ ¢¨¤¨³μ£μ ¸¢¥É . �¥§Ê²ÓÉ ÉÒ Ô±¸¶¥·¨³¥´É  μ± § ²¨¸Ó ¢
μÎ¥´Ó Ìμ·μÏ¥³ ¸μ£² ¸¨¨ ¸ É¥μ·¨¥°. ˆ¸¸²¥¤μ¢ ´¨¥ �ˆ, ´ ¶· ¢²¥´´μ£μ ®¢¶¥-
·¥¤¯, ¡Ò²μ § É·Ê¤´¥´μ É¥³, ÎÉμ ¶·¨ ¡μ²ÓÏ¨Ì Ô´¥·£¨ÖÌ Ô²¥±É·μ´μ¢ ¶μÉμ± �ˆ
· ¸¶·μ¸É· ´Ö¥É¸Ö ¢ μ¸´μ¢´μ³ μ±μ²μ μ¡· §ÊÕÐ¥° ±μ´Ê¸  ¶μ¤ ³ ²Ò³¨ Ê£² ³¨
± ´ ¶· ¢²¥´¨Õ Ô²¥±É·μ´´μ£μ ¶ÊÎ± . Š ¸¥·¥¤¨´¥ 1980-Ì ££. μ¸´μ¢´Ò¥ ¸¢μ°¸É¢ 
·¥´É£¥´μ¢¸±μ£μ ¶¥·¥Ìμ¤´μ£μ ¨§²ÊÎ¥´¨Ö (��ˆ) ¡Ò¸É·ÒÌ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¢
¸²μ¨¸ÉÒÌ · ¤¨ Éμ· Ì ¡Ò²¨ ¤μ¢μ²Ó´μ ¶μ¤·μ¡´μ ¨§ÊÎ¥´Ò É¥μ·¥É¨Î¥¸±¨ [2, 3].
ˆ¸¸²¥¤μ¢ ²¨¸Ó ¢ μ¸´μ¢´μ³ ¨´É¥£· ²Ó´Ò¥ Ì · ±É¥·¨¸É¨±¨ ¨§²ÊÎ¥´¨Ö, É ±¨¥
± ± Ô´¥·£¥É¨Î¥¸±¨° ¢ÒÌμ¤ ¨ ¥£μ § ¢¨¸¨³μ¸ÉÓ μÉ ·¥²ÖÉ¨¢¨¸É¸±μ£μ Ë ±Éμ·  ¤²Ö
Ô²¥±É·μ´μ¢, ¶·μÉμ´μ¢, ³¥§μ´μ¢. 	Ò²¨ ¸Ëμ·³Ê²¨·μ¢ ´Ò ·¥§μ´ ´¸´Ò¥ É·¥¡μ¢ -
´¨Ö ± ¸²μ¨¸ÉÒ³ · ¤¨ Éμ· ³, ¶·¨ ¢Ò¶μ²´¥´¨¨ ±μÉμ·ÒÌ ¨§²ÊÎ¥´¨¥ ¶·¨μ¡·¥É ²μ
±μ£¥·¥´É´Ò° Ì · ±É¥·,   · ¤¨ Éμ· ¨§²ÊÎ ² ± ± μ¤´μ Í¥²μ¥. 	Ò²¨ ¶·μ¢¥¤¥´Ò
¨§³¥·¥´¨Ö ¸¶¥±É·μ¢ ·¥§μ´ ´¸´μ£μ ¶¥·¥Ìμ¤´μ£μ ¨§²ÊÎ¥´¨Ö ´  ²¨´¥°´μ³ Ê¸±μ-
·¨É¥²¥ Ô²¥±É·μ´μ¢ ¸ Ô´¥·£¨¥° E = 54 ŒÔ‚ [4]. ˆ¸¶μ²Ó§μ¢ ²¨¸Ó ¶²¥´±¨ ¨§
¡¥·¨²²¨Ö, Ê£²¥·μ¤  ¨  ²Õ³¨´¨Ö. �·¨ ÔÉμ³ Ô´¥·£¨Ö ¶¥·¥Ìμ¤´μ£μ ¨§²ÊÎ¥´¨Ö
²¥¦ ²  ¢ μ¡² ¸É¨ ³Ö£±μ£μ ·¥´É£¥´ : Eγ > 1 ±Ô‚.

ƒ² ¢´Ò° ¨´É¥·¥¸ ± �ˆ, ´ ¶· ¢²¥´´μ³Ê ®¢¶¥·¥¤¯, ¡Ò² ¸¢Ö§ ´ ¢ Éμ ¢·¥³Ö
¸ É¥³, ÎÉμ ¤ ´´Ò° ³¥Ì ´¨§³ ¨§²ÊÎ¥´¨Ö ¶μ§¢μ²¨² ¸μ§¤ ÉÓ ´μ¢Ò° ±² ¸¸ ¤¥-
É¥±Éμ·μ¢ ¤²Ö ·¥£¨¸É· Í¨¨ § ·Ö¦¥´´ÒÌ Î ¸É¨Í (¶¥·¥Ìμ¤´Ò¥ ¤¥É¥±Éμ·Ò), ¤²Ö
¨¤¥´É¨Ë¨± Í¨¨ Î ¸É¨Í ¨ μ¶·¥¤¥²¥´¨Ö ¨Ì Ô´¥·£¨¨. �´¨ ¤μ ¸¨Ì ¶μ· Ï¨·μ±μ
¨¸¶μ²Ó§ÊÕÉ¸Ö ¢ Ö¤¥·´μ° Ë¨§¨±¥ ¨ Ë¨§¨±¥ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í. �·¨ ÔÉμ³
μÉ³¥Î ²μ¸Ó μÉ¸ÊÉ¸É¢¨¥ ¤¥É ²Ó´μ£μ Ô±¸¶¥·¨³¥´É ²Ó´μ£μ ¨¸¸²¥¤μ¢ ´¨Ö Éμ´±¨Ì
·¥§μ´ ´¸´ÒÌ ÔËË¥±Éμ¢ ¢ �ˆ ®¢¶¥·¥¤¯ [3, 5]. �É¨ ÔËË¥±ÉÒ ·¥§±μ ³¥´ÖÕÉ
Ëμ·³Ê ¸¶¥±É·  ��ˆ (´ ¶·¨³¥·, ¶·¨ ¨§³¥´¥´¨¨ Ô´¥·£¨¨ ´ ²¥É ÕÐ¥° Î ¸É¨ÍÒ
¨²¨ £¥μ³¥É·¨¨ ¸²μ¨¸Éμ£μ · ¤¨ Éμ· ) ¨ Ö¢²ÖÕÉ¸Ö ´¥¦¥² É¥²Ó´Ò³¨ Ë ±Éμ· ³¨,
³¥Ï ÕÐ¨³¨ · ¡μÉ¥ ¤¥É¥±Éμ· .

�μ¢Ò° ¶μ¤Ñ¥³ ¨´É¥·¥¸  ± ��ˆ ± ± ± ¢μ§³μ¦´μ³Ê ¨´É¥´¸¨¢´μ³Ê ¨¸ÉμÎ-
´¨±Ê ±¢ §¨³μ´μÌ·μ³ É¨Î¥¸±μ£μ, Ê§±μ´ ¶· ¢²¥´´μ£μ ¨ ·¥£Ê²¨·Ê¥³μ£μ ¨¸ÉμÎ-
´¨±  ·¥´É£¥´μ¢¸±μ£μ ¨§²ÊÎ¥´¨Ö ¤²Ö · §²¨Î´ÒÌ ¶·¨³¥´¥´¨° ¶·¨Ï¥²¸Ö ´  ´ -
Î ²μ 1990-Ì ££. [6, 7]. ‡ ¢¨¸¨³μ¸ÉÓ ¨´É¥´¸¨¢´μ¸É¨ ��ˆ μÉ £¥μ³¥É·¨¨ · -
¤¨ Éμ·  (Éμ²Ð¨´Ò ¶² ¸É¨´, · §³¥·  ¶·μ³¥¦ÊÉ±μ¢ ³¥¦¤Ê ´¨³¨) ¨³¥¥É ·¥§μ-
´ ´¸´Ò° Ì · ±É¥·. �μÔÉμ³Ê ¶·¨ ·¥ ²¨§ Í¨¨ Ê¸²μ¢¨° ÔÉμ£μ ·¥§μ´ ´¸  ³μ¦´μ
¶μ²ÊÎ¨ÉÓ μ¸μ¡Ò° ¢¨¤ ��ˆ Å ·¥§μ´ ´¸´μ¥ ·¥´É£¥´μ¢¸±μ¥ ¶¥·¥Ìμ¤´μ¥ ¨§²ÊÎ¥-
´¨¥ (���ˆ), μÉ²¨Î ÕÐ¥¥¸Ö Ê¢¥²¨Î¥´¨¥³ ¸¶¥±É· ²Ó´μ-Ê£²μ¢μ° ¶²μÉ´μ¸É¨ ¨§-
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²ÊÎ¥´¨Ö ¢ ·¥´É£¥´μ¢¸±μ³ ¤¨ ¶ §μ´¥. �Éμ Ê¸¨²¥´¨¥ ¤²Ö ¨¤¥ ²Ó´μ£μ · ¤¨ Éμ· 
³μ¦¥É ¢Ò· ¸É¨ ¢ M2 · § ¶μ ¸· ¢´¥´¨Õ ¸ ´¥·¥§μ´ ´¸´Ò³ ¸²ÊÎ ¥³ (M Å Î¨¸²μ
¸²μ¥¢ · ¤¨ Éμ· ). ‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ¨¸¸²¥¤μ¢ ´¨¥ ���ˆ ¶μ ¸· ¢´¥´¨Õ
¸ ��ˆ § É·Ê¤´¥´μ É·¥¡μ¢ ´¨¥³ £μ· §¤μ ¡μ²¥¥ ¢Ò¸μ±μ° ÉμÎ´μ¸É¨ ¨§£μÉμ¢²¥´¨Ö
¸²μ¨¸ÉÒÌ ¸É·Ê±ÉÊ·.

1. ‘�…Š’��‹œ��-“ƒ‹�‚›… •���Š’…�ˆ‘’ˆŠˆ ���ˆ

�¥·¢Ò¥ Ô±¸¶¥·¨³¥´ÉÒ, ¶·μ¢¥¤¥´´Ò¥ ´  ¶ÊÎ±¥ Ô²¥±É·μ´μ¢ Éμ³¸±μ£μ ¸¨´-
Ì·μÉ·μ´  ®‘¨·¨Ê¸¯, ¡Ò²¨ ¶μ¸¢ÖÐ¥´Ò ¨¸¸²¥¤μ¢ ´¨Õ ¸¶¥±É· ²Ó´μ-Ê£²μ¢ÒÌ Ì -
· ±É¥·¨¸É¨± ���ˆ [8, 9]. ‘Ì¥³  Ô±¸¶¥·¨³¥´É  ¶·¨¢¥¤¥´  ´  ·¨¸. 1.

�ÊÎμ± Ô²¥±É·μ´μ¢ ¸ Ô´¥·£¨¥° E = 900 ŒÔ‚, Ê£²μ¢μ° · ¸Ìμ¤¨³μ¸ÉÓÕ
10−4 · ¤ ¨ ³μ´μÌ·μ³ É¨Î´μ¸ÉÓÕ 0,5 % ¸¡· ¸Ò¢ ²¸Ö ´  ¸²μ¨¸ÉÊÕ ³¨Ï¥´Ó ¢
É¥Î¥´¨¥ t = 2 · 10−2 ¸. Œ¨Ï¥´Ó, Ê¸É ´μ¢²¥´´ Ö ¢ ¢ ±ÊÊ³´μ° ± ³¥·¥ Ê¸±μ·¨-
É¥²Ö, ¸μ¸ÉμÖ²  ¨§ 10 ² ¢¸ ´μ¢ÒÌ ¶²¥´μ± Éμ²Ð¨´μ° l1 = 12 ³±³ ¸ ¢ ±ÊÊ³´Ò³¨

�¨¸. 1. ‘Ì¥³  Ô±¸¶¥·¨³¥´É : 1 Å ¸²μ¨¸É Ö ³¨Ï¥´Ó; 2 Å £· Ë¨Éμ¢Ò° · ¸¸¥¨¢ É¥²Ó;
3 Å ¤¥É¥±Éμ·; 4 Å ±¢ ´Éμ³¥É·
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¶·μ³¥¦ÊÉ± ³¨ ³¥¦¤Ê ´¨³¨ l2 = 24 ³±³. “£μ² ³¥¦¤Ê ¶μ¢¥·Ì´μ¸ÉÓÕ ¶²¥´±¨ ¨
μ¸ÓÕ ¶ÊÎ±  ¸μ¸É ¢²Ö² 70◦. � · ³¥É·Ò ³¨Ï¥´¨ ¡Ò²¨ ¢Ò¡· ´Ò ¨§ · ¸Î¥É  ¶μ-
²ÊÎ¨ÉÓ ·¥§μ´ ´¸´μ¥ ¨§²ÊÎ¥´¨¥ ¸ Ô´¥·£¨¥° μ±μ²μ 20 ±Ô‚ ¶μ¤ Ê£²μ³ θγ = 3γ−1

± μ¸¨ ¶ÊÎ±  Ô²¥±É·μ´μ¢, §¤¥¸Ó γ Å ·¥²ÖÉ¨¢¨¸É¸±¨° Ë ±Éμ· Ô²¥±É·μ´μ¢.
�±¸¶¥·¨³¥´É ²Ó´ Ö ³¥Éμ¤¨±  μ¶¨¸ ´  ¢ [10].

ƒ¥´¥·¨·Ê¥³μ¥ ¢ · ¤¨ Éμ·¥ ·¥´É£¥´μ¢¸±μ¥ ¨§²ÊÎ¥´¨¥ ¢ÒÌμ¤¨²μ ¨§ ¢ ±Ê-
Ê³´μ° ± ³¥·Ò ¸¨´Ì·μÉ·μ´  Î¥·¥§ ¡¥·¨²²¨¥¢Ò° Ë² ´¥Í Éμ²Ð¨´μ° 200 ³±³.
�  · ¸¸ÉμÖ´¨¨ 630 ¸³ μÉ ³¨Ï¥´¨ · §³¥Ð ²¸Ö £· Ë¨Éμ¢Ò° · ¸¸¥¨¢ É¥²Ó ¨§-
²ÊÎ¥´¨Ö ¸ · §³¥· ³¨ 4 × 4 × 4 ³³. ‘ ¶μ³μÐÓÕ ¸¶¥Í¨ ²Ó´μ° ³¥Ì ´¨Î¥¸±μ°
¸¨¸É¥³Ò ´  Ï £μ¢ÒÌ ¤¢¨£ É¥²ÖÌ · ¸¸¥¨¢ É¥²Ó ³μ¦´μ ¡Ò²μ ¶¥·¥³¥Ð ÉÓ ¶μ-
¶¥·¥± ´ ¶· ¢²¥´¨Ö μ¸¨ Éμ·³μ§´μ£μ ¨§²ÊÎ¥´¨Ö ¨ Ê¸É ´ ¢²¨¢ ÉÓ ¢ ¢Ò¡· ´´μ°
Î ¸É¨ ±μ´Ê¸  ¨§²ÊÎ¥´¨Ö ���ˆ. „¥É¥±Éμ·μ³ ·¥´É£¥´μ¢¸±μ£μ ¨§²ÊÎ¥´¨Ö ¸²Ê¦¨²
¸Í¨´É¨²²ÖÍ¨μ´´Ò° ¸¶¥±É·μ³¥É· ´  μ¸´μ¢¥ ±·¨¸É ²²  NaI(Tl) Éμ²Ð¨´μ° 1 ³³
¸ ¡¥·¨²²¨¥¢Ò³ ¢Ìμ¤´Ò³ μ±´μ³. �´¥·£¥É¨Î¥¸±μ¥ · §·¥Ï¥´¨¥ ¸¶¥±É·μ³¥É· 
´  ²¨´¨¨ 57Co ¸ Ô´¥·£¨¥° Eγ = 14 ±Ô‚ ¸μ¸É ¢²Ö²μ 50 %, ´  ²¨´¨¨ 241Am
¸ Eγ = 59,6 ±Ô‚ Å 25%.

‘¶¥±É·μ³¥É· · §³¥Ð ²¸Ö ¢ ±μ³¶Éμ´μ¢¸±μ° £¥μ³¥É·¨¨ ¶μ¤ Ê£²μ³ θd = 90◦

± μ¸¨ ¶ÊÎ±  Ô²¥±É·μ´μ¢, ¡Ò² ±μ´¸É·Ê±É¨¢´μ ¦¥¸É±μ ¸¢Ö§ ´ ¸ · ¸¸¥¨¢ É¥²¥³
¨ ¶¥·¥³¥Ð ²¸Ö ¢³¥¸É¥ ¸ ´¨³. �·¨ ÔÉμ³ Ê£²μ¢μ° § Ì¢ É ¤¥É¥±Éμ·  Δθd =
2,2 · 10−2 ¸· μ¸É ¢ ²¸Ö ´¥¨§³¥´´Ò³.

�  ·¨¸. 2 ¶·¨¢¥¤¥´Ò Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ. �  ·¨¸. 2,   ¶μ± -
§ ´Ò Ê£²μ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö ·¥´É£¥´μ¢¸±μ£μ ¨§²ÊÎ¥´¨Ö, £¥´¥·¨·Ê¥³μ£μ ¢ ¸²μ-

�¨¸. 2.  ) “£²μ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö ·¥´É£¥´μ¢¸±μ£μ ¨§²ÊÎ¥´¨Ö ¸ Ô´¥·£¨¥° ËμÉμ´μ¢ Eγ =
10−40 ±Ô‚ (1); Eγ > 60 ±Ô‚ (2). ¡) �¶¶ · ÉÊ·´Ò¥ ¸¶¥±É·Ò ���ˆ Ô²¥±É·μ´μ¢ ¨§
² ¢¸ ´μ¢μ° ³¨Ï¥´¨: 1 Å θγ = 3γ−1; 2 Å θγ = 2,3γ−1
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¨¸Éμ° ³¨Ï¥´¨, ¶μ²ÊÎ¥´´Ò¥ ¶·¨ ¶¥·¥³¥Ð¥´¨¨ · ¸¸¥¨¢ É¥²Ö ¶¥·¶¥´¤¨±Ê²Ö·´μ
μ¸¨ ¶ÊÎ±  ¢ £μ·¨§μ´É ²Ó´μ° ¶²μ¸±μ¸É¨.

Š·¨¢ Ö 1 ¨²²Õ¸É·¨·Ê¥É Ê£²μ¢μ¥ · ¸¶·¥¤¥²¥´¨¥ ·¥´É£¥´μ¢¸±¨Ì ËμÉμ´μ¢
¸ Ô´¥·£¨Ö³¨ ¢ ¨´É¥·¢ ²¥ Eγ = 10−40 ±Ô‚, ±·¨¢ Ö 2 Å ¢ ¨´É¥·¢ ²¥ Eγ >
60 ±Ô‚. ‚ ¶¥·¢μ³ ¸²ÊÎ ¥ ¨´É¥·¢ ² ·¥£¨¸É·¨·Ê¥³ÒÌ ËμÉμ´μ¢ ¶¥·¥±·Ò¢ ¥É
¸ ÊÎ¥Éμ³ Ô´¥·£¥É¨Î¥¸±μ£μ · §·¥Ï¥´¨Ö ¤¥É¥±Éμ·  ¤¨ ¶ §μ´, ¢ ±μÉμ·μ³ ²¥¦¨É
¶·¥¤¶μ² £ ¥³ Ö ·¥§μ´ ´¸´ Ö Î ¸ÉÓ ¶¥·¥Ìμ¤´μ£μ ¨§²ÊÎ¥´¨Ö. ‚¨¤ ±·¨¢μ° 1 ¸¢¨-
¤¥É¥²Ó¸É¢Ê¥É μ Éμ³, ÎÉμ ·¥£¨¸É·¨·Ê¥³ Ö ¢ ¤ ´´μ³ ¸²ÊÎ ¥ Ë· ±Í¨Ö ¨§²ÊÎ¥´¨Ö
· ¸¶·¥¤¥²¥´  ¢ ¶·μ¸É· ´¸É¢¥ ¢¡²¨§¨ ±μ´¨Î¥¸±μ° ¶μ¢¥·Ì´μ¸É¨ ¸ Ê£²μ³ · ¸-
É¢μ·  θγ = 3γ−1, ÎÉμ ¶μ¤É¢¥·¦¤ ¥É ¤μ³¨´¨·ÊÕÐ¨° ¢±² ¤ ³¥Ì ´¨§³  ���ˆ
¢ Ëμ·³¨·μ¢ ´¨¥ ± ·É¨´Ò ¨§²ÊÎ¥´¨Ö. �É³¥É¨³, ÎÉμ ¢μ ¢Éμ·μ³ ¸²ÊÎ ¥ Ê£²μ¢μ¥
· ¸¶·¥¤¥²¥´¨¥ ¦¥¸É±¨Ì ËμÉμ´μ¢ μ¶·¥¤¥²Ö¥É¸Ö, ± ± ¨ μ¦¨¤ ²μ¸Ó, ¢±² ¤μ³ Éμ·-
³μ§´μ£μ ¨§²ÊÎ¥´¨Ö, §¤¥¸Ó ¤²Ö θγ = 0 ´ ¡²Õ¤ ¥É¸Ö ³ ±¸¨³Ê³ ¢ÒÌμ¤  ¨§²ÊÎ¥´¨Ö
¸ Ï¨·¨´μ° θγ = γ−1.

�  ·¨¸. 2, ¡ ¶·¨¢¥¤¥´Ò  ¶¶ · ÉÊ·´Ò¥ ¸¶¥±É·Ò ¨§²ÊÎ¥´¨Ö, ¶μ²ÊÎ¥´´Ò¥ ¶·¨
Ê¸É ´μ¢±¥ · ¸¸¥¨¢ É¥²Ö ¶μ¤ Ê£² ³¨ θγ = 3γ−1, É. ¥. ¢ ¶μ²μ¦¥´¨¨ ³ ±¸¨³Ê³ 
Ê£²μ¢μ£μ · ¸¶·¥¤¥²¥´¨Ö ���ˆ (±·¨¢ Ö 1) ¨ θγ = 2,3γ−1 (±·¨¢ Ö 2).

‚ ¶μ²μ¦¥´¨¨ ³ ±¸¨³Ê³  Ô´¥·£¨Ö ·¥£¨¸É·¨·Ê¥³ÒÌ · ¸¸¥Ö´´ÒÌ ËμÉμ´μ¢
¸μ¸É ¢²Ö²  Eγ = 18 ±Ô‚, ÎÉμ ¸μμÉ¢¥É¸É¢Ê¥É ¸ ÊÎ¥Éμ³ ÔËË¥±É  Šμ³¶Éμ´ 
Ô´¥·£¨¨ ¨§²ÊÎ ¥³ÒÌ ËμÉμ´μ¢ Eγ = 18,7 ±Ô‚. “£μ² ¨§²ÊÎ¥´¨Ö θγ ¸¢Ö§ ´
¸ Ô´¥·£¨¥° ËμÉμ´μ¢ ���ˆ ¸μμÉ´μÏ¥´¨¥³ (1), ±μÉμ·μ¥ ¸²¥¤Ê¥É ¨§ Ê¸²μ¢¨Ö
·¥§μ´ ´¸  [2]

θ2
γ =

4πr�c

Eγ(l1 + l2)
− γ−2 − l1

l1 + l2

(
Ep

Eγ

)2

, r = 1, 2 . . . , (1)

£¤¥ Ep = �ωp; ωp Å ¶² §³¥´´ Ö Î ¸ÉμÉ  ¸·¥¤Ò. �·¨ ¶¥·¥³¥Ð¥´¨¨ · ¸¸¥¨-
¢ É¥²Ö ¢ ¶μ²μ¦¥´¨¥ θγ = 2,3γ−1 ¶¨± ¢ ¸¶¥±É·¥ ¨§²ÊÎ¥´¨Ö ¸³¥Ð ¥É¸Ö ¢¶· ¢μ,
¨´É¥´¸¨¢´μ¸ÉÓ ¥£μ ·¥§±μ ¸´¨¦ ¥É¸Ö, ÎÉμ ¶μ¤É¢¥·¦¤ ¥É ·¥§μ´ ´¸´ÊÕ ¶·¨·μ¤Ê
´ ¡²Õ¤ ¥³μ£μ ÔËË¥±É .

�Í¥´±  ¢ÒÌμ¤  ·¥´É£¥´μ¢¸±¨Ì ËμÉμ´μ¢, ¨§²ÊÎ ¥³ÒÌ ¢  ¶¥·ÉÊ·Ê · ¸¸¥¨-
¢ É¥²Ö, ¢ μ¡² ¸É¨ Ô´¥·£¨¨, ¸μμÉ¢¥É¸É¢ÊÕÐ¥° ¸¶¥±É· ²Ó´μ³Ê ¶¨±Ê, ¸¤¥² ´´ Ö
¸ ÊÎ¥Éμ³ ¶μ£²μÐ¥´¨Ö ¨§²ÊÎ¥´¨Ö ¢ ³¨Ï¥´¨, ¢ÒÌμ¤´μ³ Ë² ´Í¥ ± ³¥·Ò ¸¨´-
Ì·μÉ·μ´ , ¢ ¢μ§¤ÊÌ¥ ¶μ ¶ÊÉ¨ ± ¤¥É¥±Éμ·Ê,   É ±¦¥ ¸ ÊÎ¥Éμ³ ÔËË¥±É¨¢´μ¸É¥°
· ¸¸¥¨¢ É¥²Ö ¨ ¸¶¥±É·μ³¥É· , ¤ ¥É ¢¥²¨Î¨´Ê ΔN ∼ 10−3 ËμÉ./Ô². �Éμ ¸μμÉ-
¢¥É¸É¢Ê¥É Ê£²μ¢μ° ¶²μÉ´μ¸É¨ ���ˆ μ±μ²μ 5 · 103 ËμÉ./Ô²./¸·. ‘· ¢´¥´¨¥ ¸
Ô±¸¶¥·¨³¥´É ³¨ [7, 11] ¶μ± §Ò¢ ¥É, ÎÉμ ÔÉ  ¢¥²¨Î¨´  ¸ÊÐ¥¸É¢¥´´μ ¶·¥¢μ¸Ìμ-
¤¨É ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¢¥²¨Î¨´Ò ¤²Ö ¨§²ÊÎ¥´¨Ö ¶·¨ ± ´ ²¨·μ¢ ´¨¨ § ·Ö¦¥´-
´ÒÌ Î ¸É¨Í (ˆŠ) ¨ ¤²Ö ¶ · ³¥É·¨Î¥¸±μ£μ ·¥´É£¥´μ¢¸±μ£μ ¨§²ÊÎ¥´¨Ö (��ˆ).
“£²μ¢Ò¥ ¶²μÉ´μ¸É¨ ÔÉ¨Ì ¢¨¤μ¢ ¨§²ÊÎ¥´¨Ö ¢ μ¡² ¸É¨ Ô´¥·£¨¨ ËμÉμ´μ¢ ¢ ¤¥-
¸ÖÉ±¨ ±Ô‚ ¶·¨¡²¨¦¥´´μ ¸μμÉ´μ¸ÖÉ¸Ö ± ± ���ˆ :ˆŠ :��ˆ∼ 1 : 10−3 : 10−6.
�Éμ Ê± §Ò¢ ¥É ´  ¢μ§³μ¦´μ¸ÉÓ ¸μ§¤ ´¨Ö ´  μ¸´μ¢¥ ³¥Ì ´¨§³  ���ˆ ¢Ò¸μ-
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±μ¨´É¥´¸¨¢´μ£μ ¨¸ÉμÎ´¨±  ±¢ §¨³μ´μÌ·μ³ É¨Î¥¸±μ£μ ·¥´É£¥´μ¢¸±μ£μ ¨§²ÊÎ¥-
´¨Ö ¸ Ô´¥·£¨¥° ËμÉμ´μ¢ ¤μ ¸μÉ¥´ ±Ô‚ ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ¶ÊÎ±μ¢ Ô²¥±É·μ´μ¢
¸ Ô´¥·£¨¥° ¢ ´¥¸±μ²Ó±μ ƒÔ‚.

�´ ²μ£¨Î´Ò° Ô±¸¶¥·¨³¥´É ¡Ò² ¶·μ¢¥¤¥´ ¶μ§¦¥ ¢ Œ °´Í¥ (ƒ¥·³ ´¨Ö) ´ 
¶ÊÎ±¥ Ô²¥±É·μ´μ¢ ¸ Ô´¥·£¨¥° E = 855 ŒÔ‚ [12]. ‡¤¥¸Ó Ê£μ² θγ ¡Ò² Ë¨±¸¨-
·μ¢ ´. Œ¨Ï¥´Ó ¸μ¸ÉμÖ²  ¨§ Î¥ÉÒ·¥Ì ¶μ²¨ ³¨¤´ÒÌ ¶²¥´μ±. ‘²¥¤Ê¥É μÉ³¥É¨ÉÓ
μÎ¥´Ó Ìμ·μÏ¥¥ ¸μ£² ¸¨¥ Ô±¸¶¥·¨³¥´É  ¸ É¥μ·¨¥°.

2. ����ƒ�‚›‰ •���Š’…� ‡�‚ˆ‘ˆŒ�‘’ˆ ���ˆ
�’ ��…�ƒˆˆ �‹…Š’����‚

‚Éμ·μ° Ô±¸¶¥·¨³¥´É ¶μ ¨¸¸²¥¤μ¢ ´¨Õ ¸¢μ°¸É¢ ���ˆ ¡Ò² ¶·μ¢¥¤¥´ ¡¥§
¨¸¶μ²Ó§μ¢ ´¨Ö ±μ³¶Éμ´μ¢¸±μ£μ · ¸¸¥¨¢ É¥²Ö [13]. ‚ ¤ ´´μ³ ¸²ÊÎ ¥ ´ ¶·Ö-
³ÊÕ ·¥£¨¸É·¨·μ¢ ²¸Ö ¸¶¥±É· ���ˆ, ¶·μ¨´É¥£·¨·μ¢ ´´Ò° ¶μ Ê£² ³ ¢Ò²¥É 
ËμÉμ´μ¢, ´  Ëμ´¥ Éμ·³μ§´μ£μ ¨§²ÊÎ¥´¨Ö. ˆ§³¥·¥´¨Ö ¡Ò²¨ ¢Ò¶μ²´¥´Ò ´ 
¢Éμ·¨Î´μ³ ¶ÊÎ±¥ Ô²¥±É·μ´μ¢ ¶ ·´μ£μ ³ £´¨É´μ£μ ¸¶¥±É·μ³¥É· . ‘Ì¥³  Ô±¸-
¶¥·¨³¥´É  ¶·¨¢¥¤¥´  ´  ·¨¸. 3.

�¨¸. 3. ‘Ì¥³  Ô±¸¶¥·¨³¥´É  [13]

“¸±μ·¥´´Ò¥ Ô²¥±É·μ´Ò ¸¨´Ì·μÉ·μ´  ®‘¨·¨Ê¸¯ ¸ Ô´¥·£¨¥° 900 ŒÔ‚ ¸¡· -
¸Ò¢ ²¨¸Ó ´  ¢´ÊÉ·¥´´ÕÕ  ³μ·Ë´ÊÕ ³¨Ï¥´Ó 1. ‚μ§´¨± ÕÐ¥¥ Éμ·³μ§´μ¥ ¨§-
²ÊÎ¥´¨¥ Ëμ·³¨·μ¢ ²μ¸Ó ±μ²²¨³ Éμ· ³¨ 2 ¨ ¶μ¶ ¤ ²μ ¢ ¶ ·´Ò° ³ £´¨É´Ò°
¸¶¥±É·μ³¥É· 3, £¤¥ ËμÉμ´Ò ±μ´¢¥·É¨·μ¢ ²¨¸Ó ¢ e+e−-¶ ·Ò ¢ Éμ´±μ³  ²Õ-
³¨´¨¥¢μ³ ±μ´¢¥·Éμ·¥ 4. ‚Ò¡μ·μ³ ´ ¶·Ö¦¥´´μ¸É¨ ³ £´¨É´μ£μ ¶μ²Ö ¨ ¸μ-
μÉ¢¥É¸É¢ÊÕÐ¥° ±μ²²¨³ Í¨¥° 5 Ëμ·³¨·μ¢ ²¸Ö ¶ÊÎμ± ¢Éμ·¨Î´ÒÌ Ô²¥±É·μ´μ¢,
¨³¥ÕÐ¨Ì ´¥μ¡Ìμ¤¨³ÊÕ Ô´¥·£¨Õ ¢ ¨´É¥·¢ ²¥ E = 300−700 ŒÔ‚, ¸ · §¡·μ¸μ³
ΔE/E > 3%. „ ²¥¥ ¢Éμ·¨Î´Ò¥ Ô²¥±É·μ´Ò ¶¥·¥¸¥± ²¨ ¤¢  Éμ´±¨Ì ¸Í¨´É¨²-
²ÖÍ¨μ´´ÒÌ ¸Î¥ÉÎ¨±  6 ¨ ¶μ¶ ¤ ²¨ ´  ¸²μ¨¸ÉÒ° · ¤¨ Éμ· 7, ¸μ¸ÉμÖÐ¨° ¨§
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125 ¶² ¸É¨´μ± Be. ’μ²Ð¨´  ¶² ¸É¨´μ± ¸μ¸É ¢²Ö²  l1 = 26 ³±³, ¶·μ³¥¦ÊÉμ±
³¥¦¤Ê ´¨³¨ l2 = 52 ³±³, ¶μ¶¥·¥Î´Ò¥ · §³¥·Ò 20 × 20 ³³.

�É¨ ¶ · ³¥É·Ò ³¨Ï¥´¨ μ¡¥¸¶¥Î¨¢ ²¨ ´ ¨¡μ²ÓÏ¨° ¢ÒÌμ¤ ËμÉμ´μ¢ ¢ μ¡² -
¸É¨ Ô´¥·£¨° ¸¶¥±É·  ���ˆ Eγ = 10−20 ±Ô‚ ¶·¨ Ô´¥·£¨¨ Ô²¥±É·μ´μ¢ E =
700 ŒÔ‚. ‘¨£´ ² ¸μ¢¶ ¤¥´¨Ö ¨³¶Ê²Ó¸μ¢ ¸Î¥ÉÎ¨±μ¢ § ¶Ê¸± ² ¸¶¥±É·μ³¥É· 9.
ƒ¥´¥·¨·Ê¥³Ò¥ ¢ ¸²μ¨¸Éμ³ · ¤¨ Éμ·¥ ���ˆ, Éμ·³μ§´μ¥ ¨§²ÊÎ¥´¨¥ (’ˆ) ¨ ¢Éμ-
·¨Î´Ò¥ Ô²¥±É·μ´Ò ¤ ²¥¥ ¶μ¶ ¤ ²¨ ¢ ¢ ±ÊÊ³μ¶·μ¢μ¤ 8. ‚ ´¥³ ËμÉμ´´Ò° ¶ÊÎμ±
μÎ¨Ð ²¸Ö μÉ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¶μ²¥³ ³ £´¨É  10 ¨ ·¥£¨¸É·¨·μ¢ ²¸Ö ·¥´É-
£¥´μ¢¸±¨³ ¶·μ¶μ·Í¨μ´ ²Ó´Ò³ ¸Î¥ÉÎ¨±μ³ ¸ ¡¥·¨²²¨¥¢Ò³ ¢Ìμ¤´Ò³ μ±´μ³ ¨
¶μ·μ£μ³ ·¥£¨¸É· Í¨¨ Et = 4 ±Ô‚. �μ ¤ ´´Ò³ ± ²¨¡·μ¢±¨ · §·¥Ï¥´¨¥ ¸¶¥±-
É·μ³¥É·  ¸μ¸É ¢²Ö²μ ΔEγ ∼ 2 ±Ô‚. �¡² ¸ÉÓ ²¨´¥°´μ¸É¨ ¤¥É¥±Éμ·  ¸μ¸É ¢²Ö² 
Eγ = 10−26 ±Ô‚. ‚Ò¡· ´´Ò¥ ¶ · ³¥É·Ò ³´μ£μ¸²μ°´μ£μ · ¤¨ Éμ·  μ¡¥¸¶¥-
Î¨¢ ÕÉ ¶·¨ Ô´¥·£¨¨ Ô²¥±É·μ´μ¢ E = 700 ŒÔ‚ ¶μ²´Ò° ¢ÒÌμ¤ ËμÉμ´μ¢ Y
¢ ¤¨ ¶ §μ´¥ Et−Eγ = 30 ±Ô‚, Y ∼ 0,9 ËμÉ./Ô².

„²Ö ÊÎ¥É  ¢±² ¤  ’ˆ ¡Ò²¨ ¶·μ¢¥¤¥´Ò É ±¦¥ ¨§³¥·¥´¨Ö ´  ¸¶²μÏ´μ°
³¨Ï¥´¨ 1  ´ ²μ£¨Î´μ° · ¤¨ Í¨μ´´μ° Éμ²Ð¨´Ò. �·¨ μ¡· ¡μÉ±¥ Ëμ´μ¢Ò¥
¸¶¥±É·Ò ’ˆ ¢ÒÎ¨É ²¨¸Ó ¨§ ¸¶¥±É·μ¢, ¶μ²ÊÎ¥´´ÒÌ ´  ¸²μ¨¸Éμ³ · ¤¨ Éμ·¥, ¤²Ö
¢Ò¤¥²¥´¨Ö ¢±² ¤  ���ˆ.

�¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨° ¤²Ö Ô´¥·£¨° Ô²¥±É·μ´μ¢ E = 300, 500 ¨ 700 ŒÔ‚
¶μ¸²¥ ¢ÒÎ¨É ´¨Ö Ëμ´  ¶·¨¢¥¤¥´Ò ´  ·¨¸. 4. ‘É É¨¸É¨Î¥¸± Ö ¶μ£·¥Ï´μ¸ÉÓ

�¨¸. 4. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¸¶¥±É·Ò ���ˆ ¨§ ‚¥-³¨Ï¥´¨
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¢ ³ ±¸¨³Ê³ Ì ¸¶¥±É·μ¢ ¸μ¸É ¢²Ö¥É μ±μ²μ 5%. Š·¨¢Ò¥ ¨³¥ÕÉ · ¸Î¥É´Ò° Ì -
· ±É¥· ¸ ÊÎ¥Éμ³ ¶μ£²μÐ¥´¨Ö ·¥´É£¥´μ¢¸±¨Ì ±¢ ´Éμ¢ ¢ ³¨Ï¥´¨, ³ °² ·μ¢ÒÌ
μ±´ Ì ¢ ±ÊÊ³μ¶·μ¢μ¤ , ¢ ¢μ§¤ÊÌ¥ ¨ ‚¥-μ±´¥ ¤¥É¥±Éμ· . ’¥μ·¥É¨Î¥¸±¨¥ ±·¨-
¢Ò¥ ¶μ¤μ£´ ´Ò ± Ô±¸¶¥·¨³¥´É ²Ó´Ò³ ¸¶¥±É· ³ Ê³´μ¦¥´¨¥³ ´  Ë ±Éμ· 0,62
¢μ ¢¸¥Ì É·¥Ì ¸²ÊÎ ÖÌ.

�·¨ Ê¢¥²¨Î¥´¨¨ Ô´¥·£¨¨ ¸ E = 300 ŒÔ‚ ¤μ E = 500 ŒÔ‚ Ëμ·³  ¸¶¥±-
É·μ¢ ´¥ ³¥´Ö¥É¸Ö,   ¶μ²´μ¥ Î¨¸²μ ¨§²ÊÎ¥´´ÒÌ ËμÉμ´μ¢ · ¸É¥É ¶·μ¶μ·Í¨μ-
´ ²Ó´μ E, ± ± ¢ ¸²ÊÎ ¥ μ¡ÒÎ´μ£μ ´¥·¥§μ´ ´¸´μ£μ ��ˆ. “¢¥²¨Î¥´¨¥ Ô´¥·£¨¨
Ô²¥±É·μ´μ¢ ¤μ E = 700 ŒÔ‚ ¶·¨¢μ¤¨É ± ¶μÖ¢²¥´¨Õ ¢Éμ·μ£μ ³ ±¸¨³Ê³  ¢
¸¶¥±É·¥ ¨ ¤ ¥É ¡μ²¥¥ ·¥§±¨° ·μ¸É ¶μ²´μ£μ ¢ÒÌμ¤  ¨§²ÊÎ¥´¨Ö Å ¶·¨¡²¨§¨-
É¥²Ó´μ ¶·μ¶μ·Í¨μ´ ²Ó´μ E2.

�·¨¢¥¤¥´´Ò¥ ¤ ´´Ò¥ ¤¥³μ´¸É·¨·ÊÕÉ ¶μ·μ£μ¢Ò° ÔËË¥±É ¤²Ö ���ˆ, ¢Ò· -
¦ ÕÐ¨°¸Ö ¢ ·¥§±μ³ Ê¢¥²¨Î¥´¨¨ ¨´É¥´¸¨¢´μ¸É¨ ¨§²ÊÎ¥´¨Ö ¶·¨ ¶·¨¡²¨¦¥´¨¨
Ô´¥·£¨¨ Ô²¥±É·μ´μ¢ ± ¢¥²¨Î¨´¥, μ¶É¨³ ²Ó´μ° ¤²Ö £¥´¥· Í¨¨ ���ˆ ¢ ¤ ´´μ³
· ¤¨ Éμ·¥. � ¸Î¥É´Ò¥ ¸¶¥±É·Ò ¤²Ö ¤ ´´ÒÌ Ê¸²μ¢¨° ¤¥³μ´¸É·¨·ÊÕÉ ¸Ìμ¤´μ¥
¶μ¢¥¤¥´¨¥. ‡¤¥¸Ó ¶·¨´Í¨¶¨ ²Ó´μ¥ ¨§³¥´¥´¨¥ Ëμ·³Ò ¸¶¥±É·μ¢ ¢μ§´¨± ¥É ¶·¨
Ê¢¥²¨Î¥´¨¨ Ô´¥·£¨¨ Ô²¥±É·μ´μ¢ ¤μ 700 ŒÔ‚, ±μ£¤  ¶μÖ¢²Ö¥É¸Ö ¢Éμ·μ° ¶¨±,
¸¢Ö§ ´´Ò° ¸ ±μ£¥·¥´É´Ò³ ¸²μ¦¥´¨¥³ ËμÉμ´μ¢, ¨§²ÊÎ¥´´ÒÌ ¢ · §´ÒÌ Ëμ²Ó£ Ì.
�±¸¶¥·¨³¥´É ¶μ¤É¢¥·¦¤ ¥É ÔÉμÉ ÔËË¥±É.

�  ·¨¸. 5 ¶·¨¢¥¤¥´Ò · ¸Î¥É´Ò¥ Ô´¥·£¥É¨Î¥¸±¨¥ § ¢¨¸¨³μ¸É¨ ¢ÒÌμ¤  Ëμ-
Éμ´μ¢ ¨§ Be-·¥§μ´ ´¸´μ£μ · ¤¨ Éμ· .

‚¨¤ ±·¨¢ÒÌ μÉÎ¥É²¨¢μ ¶μ¤É¢¥·¦¤ ¥É ¸ÊÐ¥¸É¢μ¢ ´¨¥ Ô´¥·£¥É¨Î¥¸±μ£μ ¶μ-
·μ£  ¤²Ö £¥´¥· Í¨¨ ���ˆ ¢ · °μ´¥ Ô´¥·£¨¨ Ô²¥±É·μ´μ¢ E > 500 ŒÔ‚.

�¨¸. 5. � ¸Î¥É´Ò¥ Ô´¥·£¥É¨Î¥¸±¨¥ § ¢¨¸¨³μ¸É¨ ¶μ²´μ£μ ¢ÒÌμ¤  ËμÉμ´μ¢ ¨§ ·¥§μ´ ´¸-
´μ£μ ‚¥-· ¤¨ Éμ· . Š·¨¢Ò¥ ´μ·³¨·μ¢ ´Ò ´  ¥¤¨´¨ÍÊ ¢ ÉμÎ±¥ E = 300 ŒÔ‚. ˆ´É¥·¢ ²
·¥£¨¸É· Í¨¨ ËμÉμ´μ¢ ¸μ¸É ¢²Ö² Eγ > 5; Eγ > 10; Eγ > 15 ±Ô‚ (±·¨¢Ò¥ 1, 2, 3 ¸μμÉ-
¢¥É¸É¢¥´´μ)
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�·¨Î¥³ ÔÉμÉ ÔËË¥±É ¶·μÖ¢²Ö¥É¸Ö ¸¨²Ó´¥¥ ¤²Ö ¦¥¸É±¨Ì ËμÉμ´μ¢. ’ ±, ¶·¨
Eγ > 15 ±Ô‚ ¢ÒÌμ¤ ¨§²ÊÎ¥´¨Ö · ¸É¥É ¶·μ¶μ·Í¨μ´ ²Ó´μ E5. ’ ±¨³ μ¡· -
§μ³, ¶μ¤¡μ·μ³ ¶ · ³¥É·μ¢ ¶¥·¨μ¤¨Î¥¸±μ£μ ¸²μ¨¸Éμ£μ · ¤¨ Éμ·  ³μ¦´μ ¸Ê-
Ð¥¸É¢¥´´μ Ê¢¥²¨Î¨ÉÓ ¢ÒÌμ¤ ¨§²ÊÎ¥´¨Ö ¢ ¦¥¸É±μ° Î ¸É¨ ¸¶¥±É· . ˆÉ ±, ·¥§μ-
´ ´¸´Ò° ¸²μ¨¸ÉÒ° · ¤¨ Éμ· ³μ¦¥É ¡ÒÉÓ ¨¸¶μ²Ó§μ¢ ´ ± ± μ¸´μ¢  ±μ³¶ ±É´μ£μ
¨ ¶·μ¸Éμ£μ ¤¥É¥±Éμ·  § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¸¢¥·Ì¢Ò¸μ±¨Ì Ô´¥·£¨°, μÉ²¨Î ÕÐ¥-
£μ¸Ö μÉ É· ¤¨Í¨μ´´μ£μ ¶¥·¥Ìμ¤´μ£μ ¸Î¥ÉÎ¨±  ¡μ²¥¥ ¢Ò¸μ±μ° ÔËË¥±É¨¢´μ¸ÉÓÕ.

3. ƒ…�…��–ˆŸ ®†…‘’Š�ƒ�¯ ���ˆ
‚ ’Ÿ†…‹›• Œ…’�‹‹ˆ—…‘Šˆ• ”�‹œƒ�•

…¸²¨ ¶μ¤μ¡· ÉÓ ¶ · ³¥É·Ò ·¥§μ´ ´¸´μ£μ · ¤¨ Éμ·  É ±¨³ μ¡· §μ³, ÎÉμ¡Ò
¶¨± ¢ ¸¶¥±É·¥ ���ˆ ´ Ìμ¤¨²¸Ö ¢¡²¨§¨ Ô´¥·£¨¨ K-±· Ö ËμÉμ¶μ£²μÐ¥´¨Ö, Éμ
³μ¦´μ ¤μ¡¨ÉÓ¸Ö ¤μ¶μ²´¨É¥²Ó´μ° ³μ´μÌ·μ³ É¨§ Í¨¨ ¨§²ÊÎ¥´¨Ö. �ËË¥±É ®μ¡-
·¥§ ´¨Ö¯ ¶· ¢μ° ¸Éμ·μ´Ò ¸¶¥±É· ²Ó´μ£μ ³ ±¸¨³Ê³  μ¡Ê¸²μ¢²¥´ ¸± Î±μ³ ¢ § -
¢¨¸¨³μ¸É¨ ¸¥Î¥´¨Ö ¶μ£²μÐ¥´¨Ö ËμÉμ´μ¢ μÉ Eγ ¶·¨ Eγ = EγK . ‚¶¥·¢Ò¥
Ê± § ´¨¥ ´  ¶·μÖ¢²¥´¨¥ ¤ ´´μ£μ ÔËË¥±É  ¡Ò²μ ¸¤¥² ´μ ¢ · ¡μÉ¥ [4] ¤²Ö · ¤¨-
 Éμ·μ¢ ¨§ Ê£²¥·μ¤  ¨  ²Õ³¨´¨Ö, § É¥³ ¢ [6] ¤²Ö ¸·¥¤´¨Ì ¨ ÉÖ¦¥²ÒÌ ³¥É ²²μ¢.

�¥·¥Ìμ¤´μ¥ ¨§²ÊÎ¥´¨¥ ÔËË¥±É¨¢´μ £¥´¥·¨·Ê¥É¸Ö ¢ ¤¨ ¶ §μ´¥ Î ¸ÉμÉ
ω > ωpγ. �·¨³¥´¥´¨¥ ¡μ²¥¥ ÉÖ¦¥²ÒÌ Ëμ²Ó£, ´ ¶·¨³¥· ¨§ μ²μ¢ , ¶μ§¢μ²¨É ¶μ-
²ÊÎ¨ÉÓ ±¢ §¨³μ´μÌ·μ³ É¨Î¥¸±¨¥ ¶ÊÎ±¨ ���ˆ ¢ μ¡² ¸É¨ Ô´¥·£¨° Eγ ∼ 30 ±Ô‚.

�¨¸. 6.  ) ’¥μ·¥É¨Î¥¸±¨¥ ¸¶¥±É·Ò ·¥´É£¥´μ¢¸±μ£μ ¨§²ÊÎ¥´¨Ö: 1 (2) Å ·¥§μ´ ´¸´Ò° (´¥-
·¥§μ´ ´¸´Ò° ¸²μ¨¸ÉÒ°) Sn-· ¤¨ Éμ·, E = 900 ŒÔ‚; 3 (4) Å Éμ ¦¥ ¤²Ö E = 700 ŒÔ‚;
5 Å ¸¶¥±É· ’ˆ ¨§ ¸¶²μÏ´μ° Sn-³¨Ï¥´¨ Ô±¢¨¢ ²¥´É´μ° Éμ²Ð¨´Ò (Ê³´μ¦¥´´Ò° ´  3)
¤²Ö E = 900 ŒÔ‚. ¡) � ¸Î¥É´Ò¥ (±·¨¢Ò¥) ¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ (ÉμÎ±¨) ¸¶¥±É·Ò
·¥´É£¥´μ¢¸±μ£μ ¨§²ÊÎ¥´¨Ö ¨§ Sn-· ¤¨ Éμ· 
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�  ¸¨´Ì·μÉ·μ´¥ ®‘¨·¨Ê¸¯ ¡Ò²¨ ¶·μ¢¥¤¥´Ò Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨¸¸²¥-
¤μ¢ ´¨Ö ¢μ§³μ¦´μ¸É¨ £¥´¥· Í¨¨ ¦¥¸É±μ£μ ±¢ §¨³μ´μÌ·μ³ É¨Î¥¸±μ£μ ���ˆ
¢ ¸²μ¨¸ÉÒÌ ³¥É ²²¨Î¥¸±¨Ì · ¤¨ Éμ· Ì ¨§ ³¥¤´ÒÌ ¨ μ²μ¢Ö´´ÒÌ Ëμ²Ó£ [14].
�  ·¨¸. 6 ¶·¥¤¸É ¢²¥´Ò · ¸Î¥É´Ò¥ ¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¸¶¥±É·Ò ¶¥·¥Ìμ¤-
´μ£μ ¨§²ÊÎ¥´¨Ö ¨§ Sn-³¨Ï¥´¨.

‚ÒÎ¨¸²¥´¨Ö ¢Ò¶μ²´¥´Ò ¸μ£² ¸´μ ³μ¤¥²¨ [2] ¸ ÊÎ¥Éμ³ ¶μ£²μÐ¥´¨Ö ·¥´É-
£¥´μ¢¸±¨Ì ±¢ ´Éμ¢ ¢ ¢¥Ð¥¸É¢¥ · ¤¨ Éμ· . �  ·¨¸. 6,   ±·¨¢Ò¥ 1 ¨ 2 ¶·¥¤¸É -
¢²ÖÕÉ ¸¶¥±É·Ò ¨§²ÊÎ¥´¨Ö ¨§ ·¥§μ´ ´¸´μ£μ · ¤¨ Éμ·  ¸ ¶ · ³¥É· ³¨ M = 9,
l2 = 52 ³±³, l1 = 11 ³±³, EγK = 29,2 ±Ô‚, �ωp = 54 Ô‚. ‚ É ±μ³ · -
¤¨ Éμ·¥ ¨§²ÊÎ¥´¨¥ ¶·μ¨¸Ìμ¤¨É ±μ£¥·¥´É´μ ´  ¶·μÉÖ¦¥´¨¨ ¢¸¥° É· ¥±Éμ·¨¨
¤¢¨¦¥´¨Ö Ô²¥±É·μ´ , É. ¥. ³¨Ï¥´Ó ¨§²ÊÎ ¥É ± ± μ¤´μ Í¥²μ¥. � ¸Î¥ÉÒ ¶·¥¤¸± -
§Ò¢ ÕÉ ´ ²¨Î¨¥ Ì · ±É¥·´μ£μ ¸¶¥±É· ²Ó´μ£μ ³ ±¸¨³Ê³  ¶·¨ Eγ ∼ 25 ±Ô‚.
…£μ  ³¶²¨ÉÊ¤  ¶ ¤ ¥É ¶·¨ ¨§³¥´¥´¨¨ Ô´¥·£¨¨ Ô²¥±É·μ´μ¢ μÉ 900 ¤μ 700 ŒÔ‚.
‘± Îμ± ¢ ¸¥Î¥´¨¨ ËμÉμ¶μ£²μÐ¥´¨Ö ¢¡²¨§¨ K-±· Ö ¶μ¤ ¢²Ö¥É ¢ÒÌμ¤ ËμÉμ´μ¢
¸ Ô´¥·£¨¥° Eγ > 29,2 ±Ô‚, ¢ ·¥§Ê²ÓÉ É¥ Î¥£μ ¸¶¥±É· ®μ¡·¥§ ¥É¸Ö¯ ¸ ¶· ¢μ°
¸Éμ·μ´Ò. ‚ ÔÉμ³ ¸²ÊÎ ¥ Ï¨·¨´  ¸¶¥±É· ²Ó´μ£μ ³ ±¸¨³Ê³  Ê¦¥, Î¥³ ¤²Ö ³¨-
Ï¥´¨, Ê ±μÉμ·μ° Î ¸ÉμÉ  ωK · ¸¶μ²μ¦¥´  ¤ ²¥±μ μÉ ¶μ²μ¦¥´¨Ö ¸¶¥±É· ²Ó´μ£μ
³ ±¸¨³Ê³ .

�¨±¨ ¢ ¶·¥¤¸É ¢²¥´´ÒÌ ¸¶¥±É· Ì Ëμ·³¨·ÊÕÉ¸Ö ¶¥·¢μ° £ ·³μ´¨±μ° ���ˆ.
ˆ§ ±μ£¥·¥´É´ÒÌ Ê¸²μ¢¨° [2] ³Ò ³μ¦¥³ ¶μ²ÊÎ¨ÉÓ ¶μ·μ£μ¢ÊÕ Ô´¥·£¨Õ Ô²¥±É·μ-
´μ¢ Et ¨ Ê£μ² ¢Ò²¥É  ËμÉμ´μ¢ ���ˆ θγ ¤²Ö ¨¸¶μ²Ó§Ê¥³μ£μ · ¤¨ Éμ· :

Et =
m0c

2
�ωp

2π�c

√
(l1 + l2)l1. (2)

„²Ö ´ Ï¨Ì Ê¸²μ¢¨° Et = 586 ŒÔ‚, θγ · ¸¸Î¨ÉÒ¢ ¥É¸Ö ¶μ Ëμ·³Ê²¥ (1).
� ¶·¨³¥·, ·¥§μ´ ´¸´μ¥ ¨§²ÊÎ¥´¨¥ ¸ Ô´¥·£¨¥° Eγ ∼ 25 ±Ô‚ ¨¸¶Ê¸± ¥É¸Ö ´ 
Ê£²Ò θγ = 0,7 ¨ 0,5 ³· ¤ ¤²Ö E = 900 ¨ 700 ŒÔ‚ ¸μμÉ¢¥É¸É¢¥´´μ. • · ±É¥·´μ,
ÎÉμ ¤²Ö ���ˆ Ê£μ² θγ · ¸É¥É ¸ ·μ¸Éμ³ E ¢ μÉ²¨Î¨¥ μÉ ´¥·¥§μ´ ´¸´μ£μ ��ˆ
(l2 = 1000, l1 = 11 ³±³). 	μ²ÓÏ Ö ¢¥²¨Î¨´  § §μ·  ¢ ÔÉμ³ ¸²ÊÎ ¥ ¨¸±²ÕÎ ¥É
¢±² ¤ ¨´É¥·Ë¥·¥´Í¨¨ ³¥¦¤Ê μÉ¤¥²Ó´Ò³¨ ¸²μÖ³¨ ³¨Ï¥´¨. ‘¶¥±É· ²Ó´ Ö ¨´-
É¥´¸¨¢´μ¸ÉÓ ¨ ±μ´É· ¸É´μ¸ÉÓ ³ ±¸¨³Ê³μ¢ ¢ ´¥·¥§μ´ ´¸´μ³ ¸²ÊÎ ¥ ¸´¨¦ ÕÉ¸Ö.
Š·¨¢ Ö 5 ±· ¸´μ·¥Î¨¢μ ¤¥³μ´¸É·¨·Ê¥É ´¥§´ Î¨É¥²Ó´Ò° ¢±² ¤ ’ˆ ¢ Ëμ·³¨-
·μ¢ ´¨¥ ¶μ²´μ° ± ·É¨´Ò ¨§²ÊÎ¥´¨Ö, ÎÉμ μ¡ÑÖ¸´Ö¥É¸Ö ¶·μÖ¢²¥´¨¥³ ÔËË¥±É 
¶²μÉ´μ¸É¨, ±μÉμ·Ò° ¶μ¤ ¢²Ö¥É ’ˆ ¢ μ¡² ¸É¨ Eγ ∼ 25 ±Ô‚.

ˆ§³¥·¥´¨Ö ¸¶¥±É·μ¢ ¨´É¥´¸¨¢´μ¸É¨ ¶¥·¥Ìμ¤´μ£μ ¨§²ÊÎ¥´¨Ö ¢Ò¶μ²´Ö²¨¸Ó
´  ¢´ÊÉ·¥´´¥³ Ô²¥±É·μ´´μ³ ¶ÊÎ±¥ ¸¨´Ì·μÉ·μ´  ¸ ¶μ³μÐÓÕ NaI(Tl)-¸¶¥±É·μ-
³¥É·  ¸ Éμ²Ð¨´μ° ±·¨¸É ²²  1 ³³. �μ·μ£ ·¥£¨¸É· Í¨¨ ¡Ò² Ê¸É ´μ¢²¥´ ´ 
Ê·μ¢´¥ 10 ±Ô‚. ‚ μÉ²¨Î¨¥ μÉ Ô±¸¶¥·¨³¥´É  ¸ ±μ³¶Éμ´μ¢¸±¨³ · ¸¸¥¨¢ É¥-
²¥³ §¤¥¸Ó ¤¥É¥±Éμ· Ê¸É ´ ¢²¨¢ ²¸Ö ´¥¶μ¸·¥¤¸É¢¥´´μ ¶μ μ¸¨ ¶ÊÎ±  ¨§²ÊÎ¥´¨Ö
’ˆ +���ˆ, ¢Ò¢¥¤¥´´μ£μ ¨§ ¢ ±ÊÊ³´μ° ± ³¥·Ò Ê¸±μ·¨É¥²Ö. —Éμ¡Ò ¨§¡¥-
¦ ÉÓ ¶¥·¥£·Ê§±¨ ¤¥É¥±Éμ·  ¨ ´ ²μ¦¥´¨Ö ¨³¶Ê²Ó¸μ¢, ¸ ¶μ³μÐÓÕ ¸¶¥Í¨ ²Ó´μ£μ
Ê¸É·μ°¸É¢  (®¸±·¥¶¥· ¯) Éμ± Ê¸±μ·¨É¥²Ö ¸´¨¦ ²¸Ö ¶μ ¸· ¢´¥´¨Õ ¸ μ¡ÒÎ´Ò³



�	‡�� ˆ‘‘‹…„�‚��ˆ‰ �…�’ƒ…��‚‘Š�ƒ� �…�…•�„��ƒ� ˆ‡‹“—…�ˆŸ 885

·¥¦¨³μ³ ´  ´¥¸±μ²Ó±μ ¶μ·Ö¤±μ¢ ¢¥²¨Î¨´Ò. �·¨ ÔÉμ³ Éμ± Ê¸±μ·¥´´ÒÌ Ô²¥±-
É·μ´μ¢ ³μ´¨Éμ·¨·μ¢ ²¸Ö ¤ ÉÎ¨±μ³ ¸¨´Ì·μÉ·μ´´μ£μ ¨§²ÊÎ¥´¨Ö, ´  ¶μ± § ´¨Ö
±μÉμ·μ£μ ´μ·³¨·μ¢ ²¨¸Ó ·¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨° [10].

�±¸¶¥·¨³¥´É ²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¨ · ¸Î¥ÉÒ ¤²Ö Sn-· ¤¨ Éμ·  ¶·¨¢¥¤¥´Ò
´  ·¨¸. 6, ¡. ‡¤¥¸Ó, ¢ μÉ²¨Î¨¥ μÉ ·¥§Ê²ÓÉ Éμ¢, ¶·¨¢¥¤¥´´ÒÌ ´  ·¨¸. 6,  , ¢ · ¸-
Î¥É¥ (±·¨¢Ò¥ 1 ¨ 2) ÊÎ¨ÉÒ¢ ÕÉ¸Ö ËμÉμ¶μ£²μÐ¥´¨¥ ·¥£¨¸É·¨·Ê¥³μ£μ ¨§²ÊÎ¥-
´¨Ö ´  ¶ÊÉ¨ ± ¤¥É¥±Éμ·Ê,   É ±¦¥  ¶¶ · ÉÊ·´μ¥ · §·¥Ï¥´¨¥. ˆ§ ¶·¥¤¸É ¢²¥´-
´ÒÌ ¸¶¥±É·μ¢ ¢ÒÎÉ¥´ Ëμ´ ’ˆ, ¨§³¥·¥´´Ò° μÉ¤¥²Ó´μ ´  ¸¶²μÏ´μ° ³¨Ï¥´¨
Ô±¢¨¢ ²¥´É´μ° Éμ²Ð¨´Ò. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ´μ·³¨·μ¢ ´Ò ´  Ê¸²μ¢-
´ÊÕ ¥¤¨´¨ÍÊ Ê¸±μ·¥´´μ£μ Éμ±  ¨ ¸μ¢³¥Ð¥´Ò ¸ · ¸Î¥É´Ò³¨ ¢ ³ ±¸¨³Ê³¥ ¤²Ö
E = 900 ŒÔ‚. �  ·¨¸. 6, ¡ ¤¥³μ´¸É·¨·Ê¥É¸Ö ¸μ£² ¸¨¥ É¥μ·¨¨ ¨ Ô±¸¶¥·¨³¥´É 
¤²Ö Ô´¥·£¨¨ Ô²¥±É·μ´μ¢ E = 900 ŒÔ‚. �³¶²¨ÉÊ¤  Ô±¸¶¥·¨³¥´É ²Ó´μ£μ ³ ±-
¸¨³Ê³  ¤²Ö E = 700 ŒÔ‚ § ³¥É´μ ³¥´ÓÏ¥ · ¸Î¥É´μ°, ÎÉμ ³μ¦¥É μ¡ÑÖ¸´ÖÉÓ¸Ö
¡μ²ÓÏ¨³ ¤¥¸É·Ê±É¨¢´Ò³ ¢²¨Ö´¨¥³ ³´μ£μ±· É´μ£μ · ¸¸¥Ö´¨Ö ´  ¶·μÍ¥¸¸Ò ¨´-
É¥·Ë¥·¥´Í¨¨ ¨§²ÊÎ¥´¨° μÉ μÉ¤¥²Ó´ÒÌ Ëμ²Ó£ · ¤¨ Éμ· .

—Éμ¡Ò ´ £²Ö¤´μ ¢ÒÖ¢¨ÉÓ ¢²¨Ö´¨¥ K-±· Ö ´  Ëμ·³Ê ¸¶¥±É·  ���ˆ, ¡Ò²¨
¶·μ¢¥¤¥´Ò ¨§³¥·¥´¨Ö ´  ¸²μ¨¸Éμ° ³¥¤´μ° ³¨Ï¥´¨. …¥ ¶ · ³¥É·Ò É ±¦¥ ¡Ò²¨
¢Ò¡· ´Ò É ±¨³ μ¡· §μ³, ÎÉμ¡Ò ¶μ²ÊÎ¨ÉÓ ¶μ²μ¦¥´¨¥ ¸¶¥±É· ²Ó´μ£μ ³ ±¸¨-
³Ê³  ¢¡²¨§¨ Eγ ∼ 25 ±Ô‚ (l2 = 52, l1 = 12 ³±³, M = 9, EγK = 8,98 ±Ô‚).
‚ ÔÉμ³ ¸²ÊÎ ¥ K-±· ° · ¸¶μ²μ¦¥´ ¤ ²¥±μ μÉ ¸¶¥±É· ²Ó´μ£μ ¶¨±  ¨ ¥£μ ¢²¨-
Ö´¨¥ ´  ¥£μ Ï¨·¨´Ê ¤μ²¦´μ ¡ÒÉÓ ¶·¥´¥¡·¥¦¨³μ ³ ²μ, ÎÉμ ¨ ¶μ¤É¢¥·¦¤ ¥É
Ô±¸¶¥·¨³¥´É. ˜¨·¨´  ¸¶¥±É· ²Ó´ÒÌ ³ ±¸¨³Ê³μ¢ ¤²Ö μ²μ¢  ¨ ³¥¤¨ ¸μ¸É ¢¨² 
ΔEγ/Eγ = 55 ¨ 88% ¸μμÉ¢¥É¸É¢¥´´μ.

4. ˆ�’…�‘ˆ‚��… Œ���•��Œ�’ˆ—…‘Š�… �…�’ƒ…��‚‘Š�…
ˆ‡‹“—…�ˆ… ‚ ‘�‘’�‚��‰ Œˆ˜…�ˆ

ˆ§¢¥¸É´μ, ÎÉμ ¶·¨ ¶·μ²¥É¥ Ô²¥±É·μ´  ¢ ±·¨¸É ²²¥ ¢ ·¥§Ê²ÓÉ É¥ ¤¨Ë· ±Í¨¨
¶¸¥¢¤μËμÉμ´μ¢ ¥£μ ¸μ¡¸É¢¥´´μ£μ ¶μ²Ö ¢μ§´¨± ¥É ¶ · ³¥É·¨Î¥¸±μ¥ ¨§²ÊÎ¥´¨¥
(��ˆ) [2]. ˜¨·¨´  ¸¶¥±É· ²Ó´μ° ²¨´¨¨ ��ˆ Î·¥§¢ÒÎ °´μ ³ ² : ³μ¦¥É ¸μ-
¸É ¢²ÖÉÓ ³¥´¥¥ ¶·μÍ¥´É . ”μÉμ´Ò ��ˆ ¨¸¶Ê¸± ÕÉ¸Ö ¶μ¤ Ê£² ³¨ 	·Ô££  ¢
±μ´Ê¸ ¸ · ¸É¢μ·μ³ ´¥¸±μ²Ó±μ γ−1 ¢ § ¢¨¸¨³μ¸É¨ μÉ Ì · ±É¥·¨¸É¨± ±·¨¸É ²² .
�¤´ ±μ ¨´É¥´¸¨¢´μ¸ÉÓ ��ˆ ´¥¢¥²¨± : ∼ 10−5 ËμÉ./Ô².

�¥´É£¥´μ¢¸±μ¥ ¶¥·¥Ìμ¤´μ¥ ¨§²ÊÎ¥´¨¥, ± ± ¡Ò²μ μÉ³¥Î¥´μ ¢ÒÏ¥, ¢μ§´¨-
± ¥É ¶·¨ ¶·μ²¥É¥ § ·Ö¦¥´´μ° Î ¸É¨ÍÒ Î¥·¥§ £· ´¨ÍÊ · §¤¥²  ¤¢ÊÌ ¸·¥¤ ¸
· §²¨Î´Ò³¨ ¶μ± § É¥²Ö³¨ ¤¨Ô²¥±É·¨Î¥¸±μ° ¶·μ´¨Í ¥³μ¸É¨ [2, 3]. ‘¶¥±É·
��ˆ ¨³¥¥É ¸¶²μÏ´μ° Ì · ±É¥·, Ï¨·¨´  ¸¶¥±É· ²Ó´μ£μ ³ ±¸¨³Ê³  ¤μ¸É¨£ ¥É
50Ä80%. ˆ´É¥´¸¨¢´μ¸ÉÓ ¶¥·¥Ìμ¤´μ£μ ¨§²ÊÎ¥´¨Ö §´ Î¨É¥²Ó´μ ¢ÒÏ¥ ¨´É¥´¸¨¢-
´μ¸É¨ ��ˆ ¨ ³μ¦¥É ¤μ¸É¨£ ÉÓ ´¥¸±μ²Ó±¨Ì ËμÉμ´μ¢ ´  Ô²¥±É·μ´. �¥¤μ¸É É±μ³
���ˆ Ö¢²Ö¥É¸Ö ³ ²Ò° Ê£μ² ¢Ò²¥É  ËμÉμ´μ¢ ���ˆ μÉ´μ¸¨É¥²Ó´μ ´ ¶· ¢²¥´¨Ö
¤¢¨¦¥´¨Ö Ô²¥±É·μ´μ¢, μÉ¸Õ¤  ¸²μ¦´μ¸ÉÓ ¨¸¶μ²Ó§μ¢ ´¨Ö ¶μ¤μ¡´μ£μ ¨¸ÉμÎ´¨± 
¨§²ÊÎ¥´¨Ö ´  Ëμ´¥ ¸μ¶·μ¢μ¦¤ ÕÐ¥£μ ¥£μ ’ˆ.
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‚ · ¡μÉ¥ [15] ¡Ò²  ¶·¥¤²μ¦¥´  ´μ¢ Ö ±μ´Í¥¶Í¨Ö ¸μ§¤ ´¨Ö ¨¸ÉμÎ´¨±  ¨´-
É¥´¸¨¢´μ£μ, ³μ´μÌ·μ³ É¨Î¥¸±μ£μ, Ê§±μ´ ¶· ¢²¥´´μ£μ ¶μ¤ ¡μ²ÓÏ¨³¨ Ê£² ³¨
± ¶ÊÎ±Ê Ô²¥±É·μ´μ¢ ·¥´É£¥´μ¢¸±μ£μ ¨§²ÊÎ¥´¨Ö ´  μ¸´μ¢¥ ¸μ¸É ¢´μ£μ · ¤¨ -
Éμ·  Å ¸²μ¨¸É Ö ¸É·Ê±ÉÊ· + ±·¨¸É ²². ‚ ÔÉμ³ ¸²ÊÎ ¥ £¥´¥·¨·Ê¥³μ¥ ¢ ¸²μ-
¨¸Éμ³ · ¤¨ Éμ·¥ ���ˆ ¤ ²¥¥ ¤¨Ë· £¨·Ê¥É ´  ¶²μ¸±μ¸ÉÖÌ ±·¨¸É ²²  ¨ ¸μ-
¢³¥¸É´μ ¸ ��ˆ, ´¥§ ¢¨¸¨³μ μ¡· §μ¢ ´´Ò³ Ô²¥±É·μ´ ³¨ ¢ ±·¨¸É ²²¥, ¨§²Ê-
Î ¥É¸Ö ¢ ´ ¶· ¢²¥´¨¨ Ê£²  	·Ô££ . „¨Ë· £¨·μ¢ ´´μ¥ ���ˆ („��ˆ) ¤μ²¦´μ
¸μÎ¥É ÉÓ ¶μ²μ¦¨É¥²Ó´Ò¥ ± Î¥¸É¢  ± ± ���ˆ (¢Ò¸μ±ÊÕ ¨´É¥´¸¨¢´μ¸ÉÓ), É ± ¨
��ˆ (³μ´μÌ·μ³ É¨Î´μ¸ÉÓ, ¡μ²ÓÏ¨¥ Ê£²Ò ¢Ò²¥É  μÉ´μ¸¨É¥²Ó´μ ¶¥·¢μ´ Î ²Ó-
´μ£μ ´ ¶· ¢²¥´¨Ö ¶ÊÎ±  Ô²¥±É·μ´μ¢). �μ²´Ò° ¶μÉμ± ·¥´É£¥´μ¢¸±μ£μ ¨§²ÊÎ¥-
´¨Ö ¢ ¡·Ô££μ¢¸±μ³ ´ ¶· ¢²¥´¨¨ ¡Ê¤¥É ¸μ¸ÉμÖÉÓ ¨§ ¤¢ÊÌ ±μ³¶μ´¥´É:
„��ˆ +��ˆ. �μ²ÊÎ¥´´Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¡Ò²¨ ¨§²μ¦¥´Ò
¢ · ¡μÉ Ì [15, 16].

‘Ì¥³  Ô±¸¶¥·¨³¥´Éμ¢, ¢Ò¶μ²´¥´´ÒÌ ´  Éμ³¸±μ³ ¸¨´Ì·μÉ·μ´¥, ¶·¨¢¥¤¥´ 
´  ·¨¸. 7.

�¨¸. 7. ‘Ì¥³  Ô±¸¶¥·¨³¥´É  ¸ ¸μ¸É ¢´μ° ³¨Ï¥´ÓÕ

‘μ¸É ¢´ Ö ³¨Ï¥´Ó Ê¸É ´ ¢²¨¢ ² ¸Ó ´  ¢´ÊÉ·¥´´¥³ Ô²¥±É·μ´´μ³ ¶ÊÎ±¥
¸¨´Ì·μÉ·μ´  ¸ Ô´¥·£¨¥° E = 700 ŒÔ‚. “¸±μ·¥´´Ò¥ Ô²¥±É·μ´Ò ¶·¨ ¸¡·μ¸¥
¢´ Î ²¥ ¶¥·¥¸¥± ²¨ ¸²μ¨¸ÉÊÕ ³¥¤´ÊÕ ¸É·Ê±ÉÊ·Ê (MT Å multifoil target) ¸ ¶ -
· ³¥É· ³¨ M = 9, l1 = 12 ³±³, l2 = 52 ³±³, § É¥³ ±·¨¸É ²² ¶¨·μ²¨É¨Î¥¸±μ£μ
£· Ë¨É  (PG) ¸ ³μ§ ¨Î´μ¸ÉÓÕ 3,27 ³· ¤ ¨ · §³¥· ³¨ 10 × 6 × 1,5 ³³. “£μ²
³¥¦¤Ê ´ ¶· ¢²¥´¨¥³ ¨³¶Ê²Ó¸  Ô²¥±É·μ´  ¨ ±·¨¸É ²²μ£· Ë¨Î¥¸±¨³¨ ¶²μ¸±μ-
¸ÉÖ³¨ PG (200) ¸μ¸É ¢²Ö² θB = 9,1◦. ˆ³¥² ¸Ó ¢μ§³μ¦´μ¸ÉÓ ·¥£¨¸É· Í¨¨ ¶μ
μÉ¤¥²Ó´μ¸É¨ ¢ÒÌμ¤μ¢ ���ˆ (´  ¶ÊÎ±¥ Éμ²Ó±μ MT) ¨²¨ ��ˆ (´  ¶ÊÎ±¥ Éμ²Ó±μ
±·¨¸É ²² PG). ‚ ± Î¥¸É¢¥ ¤¥É¥±Éμ·  ¨¸¶μ²Ó§μ¢ ²¸Ö NaI(Tl)-¸¶¥±É·μ³¥É· ¸
Éμ²Ð¨´μ° ±·¨¸É ²²  1 ³³. �μ·μ£ ·¥£¨¸É· Í¨¨ ¡Ò² Ê¸É ´μ¢²¥´ ´  Ê·μ¢´¥
7 ±Ô‚. � ¸¸ÉμÖ´¨¥ ³¥¦¤Ê ¤¥É¥±Éμ·μ³ ¨ · ¤¨ Éμ·μ³ ¸μ¸É ¢²Ö²μ 458 ¸³, ¨§
´¨Ì 243 ¸³ Å ¢μ§¤ÊÌ.

�  ·¨¸. 8 ¶·¨¢¥¤¥´Ò Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¸¶¥±É·Ò ¨§²ÊÎ¥´¨Ö Ô²¥±É·μ´μ¢ ¸
Ô´¥·£¨¥° E = 700 ŒÔ‚ ¨§ ¸μ¸É ¢´μ° ³¨Ï¥´¨ („��ˆ+��ˆ) ¨ ¨§ ±·¨¸É ²² 
PG (��ˆ).
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�¨¸. 8. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¸¶¥±É·Ò ¨§²ÊÎ¥´¨Ö ¨§ ¸μ¸É ¢´μ° ³¨Ï¥´¨ (◦) ¨ ¨§ ±·¨-
¸É ²²  PG (•)

‚Ò¤¥²ÖÕÉ¸Ö ¸¶¥±É· ²Ó´Ò¥ ³ ±¸¨³Ê³Ò 1-£μ ¨ 2-£μ ¶μ·Ö¤±μ¢. ‚¸²¥¤¸É¢¨¥
¡μ²¥¥ ¸¨²Ó´μ£μ ¶μ£²μÐ¥´¨Ö ¢ ¢μ§¤ÊÌ¥ ³Ö£± Ö ±μ³¶μ´¥´É  ¨§²ÊÎ¥´¨Ö ¶μ¤ -
¢²Ö¥É¸Ö ¸¨²Ó´¥¥ ¨  ³¶²¨ÉÊ¤  ¶¥·¢μ£μ ³ ±¸¨³Ê³  ³¥´ÓÏ¥  ³¶²¨ÉÊ¤Ò ¢Éμ·μ£μ.
�·¥¢ÒÏ¥´¨¥ ¢ÒÌμ¤  ¨§²ÊÎ¥´¨Ö ¨§ ¸μ¸É ¢´μ° ³¨Ï¥´¨ ´ ¤ ¢ÒÌμ¤μ³ ��ˆ ¸μ-
¸É ¢²Ö¥É n = 2,4, ÎÉμ ¶μ¤É¢¥·¦¤ ¥É ¢Ò¸± § ´´ÊÕ ¢ÒÏ¥ ±μ´Í¥¶Í¨Õ. �É³¥É¨³,
ÎÉμ ³¥¤´Ò° · ¤¨ Éμ· ¸ μ¡Ð¥° · ¤¨ Í¨μ´´μ° Éμ²Ð¨´μ° 7,5 · 10−3 · ¤. ¤².
Ö¢²Ö¥É¸Ö ¤μ¸É ÉμÎ´μ Éμ²¸ÉÒ³. �·μÌμ¤Ö Î¥·¥§ ´¥£μ, ¶ÊÎμ± Ô²¥±É·μ´μ¢ · ¸-
¸¥¨¢ ¥É¸Ö ¨ ´¥ ¢¥¸Ó ¶μ¶ ¤ ¥É ´  ±·¨¸É ²². �μÔÉμ³Ê ¢ÒÌμ¤ ¸μ¡¸É¢¥´´μ ���ˆ
¨§ ¸μ¸É ¢´μ° ³¨Ï¥´¨ § ´¨¦¥´. ‘²¥¤μ¢ É¥²Ó´μ, ¨¸É¨´´μ¥ ¶·¥¢ÒÏ¥´¨¥ n ¢ÒÏ¥
¨§³¥·¥´´μ£μ.

‚ · ¡μÉ¥ [17] ¤²Ö £¥´¥· Í¨¨ „��ˆ ¨¸¶μ²Ó§μ¢ ² ¸Ó ¸μ¸É ¢´ Ö ³¨Ï¥´Ó,
¢ ±μÉμ·μ° ¢ ± Î¥¸É¢¥ ¸²μ¨¸Éμ° ¸É·Ê±ÉÊ·Ò ¶·¨³¥´Ö² ¸Ó ¸Éμ¶±  ³ °² ·μ¢ÒÌ
¶²¥´μ± (M = 10, l1 = 12, l2 = 52 ³±³). �É  ¸¡μ·±  §´ Î¨É¥²Ó´μ ¸² ¡¥¥ ¢μ§-
³ÊÐ ¥É Ô²¥±É·μ´´Ò° ¶ÊÎμ±, ¶μÔÉμ³Ê §¤¥¸Ó ¡Ò² ¢μ§³μ¦¥´ ¡μ²¥¥ ±μ··¥±É´Ò°
ÊÎ¥É ¢±² ¤  ��ˆ ¢ μ¡Ð¨° ¶μÉμ± ¨§²ÊÎ¥´¨Ö: „��ˆ +��ˆ. ‚ ¤ ´´μ° · ¡μÉ¥
¨¸¶μ²Ó§μ¢ ²¸Ö ¡μ²¥¥ ¸μ¢¥·Ï¥´´Ò° £ ³³ -¸¶¥±É·μ³¥É·, ÎÉμ ¶μ§¢μ²¨²μ ¢Ò¤¥-
²¨ÉÓ É·¨ ¶μ·Ö¤±  ¢ ¸¶¥±É· Ì ¨§²ÊÎ¥´¨Ö. �±¸¶¥·¨³¥´É ¡Ò² ¶·μ¤Ê¡²¨·μ¢ ´
¢ ¸μ¢³¥¸É´μ³ ·μ¸¸¨°¸±μ-Ö¶μ´¸±μ³ Ô±¸¶¥·¨³¥´É¥ ´  ¸¨´Ì·μÉ·μ´¥ ’μ±¨°¸±μ£μ
Ê´¨¢¥·¸¨É¥É  [18], £¤¥ ¢ ± Î¥¸É¢¥ ¸²μ¨¸Éμ° ¸É·Ê±ÉÊ·Ò ¨¸¶μ²Ó§μ¢ ² ¸Ó ¸¡μ·± 
¨§ 100 ±·¥³´¨¥¢ÒÌ ³μ´μ±·¨¸É ²²¨Î¥¸±¨Ì ¶² ¸É¨´ Éμ²Ð¨´μ° 16 ³±³. ‚ ¨Éμ£¥
¡Ò²μ ¶μ²ÊÎ¥´μ ¶μ²´μ¥ ¶μ¤É¢¥·¦¤¥´¨¥ μ¶¨¸ ´´ÒÌ ¢ÒÏ¥ ÔËË¥±Éμ¢. �¸´μ¢´Ò¥
·¥§Ê²ÓÉ ÉÒ ¤ ´´μ£μ Í¨±²  ¨¸¸²¥¤μ¢ ´¨° § ±²ÕÎ ÕÉ¸Ö ¢ ¸²¥¤ÊÕÐ¥³.
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1. �±¸¶¥·¨³¥´É ²Ó´μ § ·¥£¨¸É·¨·μ¢ ´ ÔËË¥±É ¤¨Ë· ±Í¨¨ ���ˆ ´  ±·¨-
¸É ²²¥ PG. ˆ§³¥·¥´Ò ¢ μ¤´¨Ì Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ Ê¸²μ¢¨ÖÌ ¸¶¥±É·Ò ���ˆ,
��ˆ, „��ˆ ¨ ¶·μ¢¥¤¥´μ ¨Ì ¸· ¢´¥´¨¥ ¸ É¥μ·¨¥°.

2. �μ¸É ´μ¢±  ¶¥·¥¤ ±·¨¸É ²²μ³ PG ¸²μ¨¸Éμ° ·¥§μ´ ´¸´μ° ¸É·Ê±ÉÊ·Ò
¤ ¦¥ ¸ ´¥¡μ²ÓÏ¨³ Î¨¸²μ³ ¸²μ¥¢ (M = 9) ¶·¨¢μ¤¨É ± §´ Î¨É¥²Ó´μ³Ê ·μ-
¸ÉÊ ¢ÒÌμ¤  ·¥´É£¥´μ¢¸±μ£μ ¨§²ÊÎ¥´¨Ö, ¨¸¶Ê¸± ¥³μ£μ ¶μ¤ ¡μ²ÓÏ¨³¨ Ê£² ³¨
	·Ô££ , ¶μ ¸· ¢´¥´¨Õ ¸μ ¸²ÊÎ ¥³ ®Î¨¸Éμ£μ¯ ��ˆ. �·¨ ÔÉμ³ ¸μÌ· ´Ö¥É¸Ö
¢Ò¸μ± Ö ¸¶¥±É· ²Ó´μ-Ê£²μ¢ Ö ¶²μÉ´μ¸ÉÓ ¨§²ÊÎ¥´¨Ö. �Î¥¢¨¤´μ, ÎÉμ ¨¸¶μ²Ó§μ-
¢ ´¨¥ ³´μ£μ¸²μ°´ÒÌ ¸É·Ê±ÉÊ·, ¸μ¸ÉμÖÐ¨Ì ¨§ ¸μÉ¥´ Éμ´±¨Ì Ëμ²Ó£, ¶μ§¢μ²¨É
¸μ§¤ ÉÓ ¨´É¥´¸¨¢´Ò°, ³μ´μÌ·μ³ É¨Î¥¸±¨° ·¥´É£¥´μ¢¸±¨° ¨¸ÉμÎ´¨±, ¢¥¸Ó³ 
¶·¨¢²¥± É¥²Ó´Ò° ¤²Ö ³´μ£¨Ì ¶·¨²μ¦¥´¨°.

� ¡μÉ  ¢Ò¶μ²´¥´  ¶·¨ Ë¨´ ´¸μ¢μ° ¶μ¤¤¥·¦±¥ Œ¨´¨¸É¥·¸É¢  μ¡· §μ¢ ´¨Ö
¨ ´ Ê±¨ �μ¸¸¨°¸±μ° ”¥¤¥· Í¨¨, £· ´ÉÒ 14.‚37.21.0775 ¨ 14.B37.21.1295.
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