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’·¥¡μ¢ ´¨Ö ± ¨´É¥´¸¨¢´μ¸É¨ ¶ÊÎ±  Ê¸±μ·¥´´ÒÌ ¶·μÉμ´μ¢ ¤²Ö Ê¶· ¢²¥´¨Ö Ô²¥±É·μÖ¤¥·´μ° ¸¡μ·-
±μ° · ¸¸³ É·¨¢ ÕÉ¸Ö ¢μ ³´μ£¨Ì · ¡μÉ Ì ± ± ¸¶¥Í¨ ²¨¸É ³¨ ¶μ Ê¸±μ·¨É¥²Ö³, É ± ¨ ¸¶¥Í¨ ²¨¸É ³¨
¶μ ·¥ ±Éμ· ³. ‚ [1] ¶μ¤·μ¡´μ μ¶¨¸Ò¢ ÕÉ¸Ö ¢μ§³μ¦´μ¸É¨ · §²¨Î´ÒÌ Ê¸±μ·¨É¥²¥° (¶·μ¥±Éμ¢) ¶μ
£¥´¥· Í¨¨ ¨´É¥´¸¨¢´ÒÌ ¶ÊÎ±μ¢. …¸²¨ ´¥ μÉ¸ÉÊ¶ ÉÓ §´ Î¨É¥²Ó´μ μÉ ¶ · ³¥É·μ¢ ¶ÊÎ±μ¢, ¶μ²ÊÎ¥´´ÒÌ
´  ¸μ¢·¥³¥´´ÒÌ Ê¸±μ·¨É¥²ÖÌ, Éμ ³μ¦´μ ¸± § ÉÓ, ÎÉμ ¤²Ö Ê¶· ¢²¥´¨Ö Ö¤¥·´μ° ¸¡μ·±μ° ¤μ¸É ÉμÎ´μ
¨¸¶μ²Ó§μ¢ ÉÓ ¶ÊÎμ± Ê¸±μ·¥´´ÒÌ ¶·μÉμ´μ¢ ¸ Ô´¥·£¨¥° 600Ä800 ŒÔ‚ ¨ Éμ±μ³ μ±μ²μ 10 ³�. …¤¨´-
¸É¢¥´´Ò° ¢ ³¨·¥ ±μ²ÓÍ¥¢μ° Í¨±²μÉ·μ´ PSI ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö · ¡μÉ ¥É ¶·¨ Ô´¥·£¨¨ ¶·μÉμ´μ¢
590 ŒÔ‚ [2] ¸ ¨´É¥´¸¨¢´μ¸ÉÓÕ ∼ 2 ³�, ¨ ¢¥¤ÊÉ¸Ö · ¡μÉÒ ¶μ Ê¢¥²¨Î¥´¨Õ ¨´É¥´¸¨¢´μ¸É¨ ¤μ 3 ³�.
�  ²¨´¥°´ÒÌ Ê¸±μ·¨É¥²ÖÌ É ±¨¥ ¶ · ³¥É·Ò ¶μ ¨´É¥´¸¨¢´μ¸É¨ ¥Ð¥ ´¥ ¤μ¸É¨£´ÊÉÒ. ‚¨¤´μ, ÎÉμ
É·¥¡Ê¥³ Ö ¨´É¥´¸¨¢´μ¸ÉÓ ¶ÊÎ±μ¢ Ê¸±μ·¥´´ÒÌ ¶·μÉμ´μ¢ ¶·¥¢ÒÏ ¥É ¶μ²ÊÎ¥´´ÊÕ ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö
¶·¨³¥·´μ ¢ 3Ä4 · § . �¤´ ±μ ÔÉμ ¸ ³Ò° ¡²¨§±¨° ¶μ²ÊÎ¥´´Ò° Ô±¸¶¥·¨³¥´É ²Ó´μ ·¥§Ê²ÓÉ É, ¨ ¥¸ÉÓ
´¥±μÉμ·Ò¥ ¤ ´´Ò¥, ±μÉμ·Ò¥ ¶μ§¢μ²ÖÕÉ ´ ¤¥ÖÉÓ¸Ö ´  ¢μ§³μ¦´μ¸ÉÓ ¶μ²ÊÎ¥´¨Ö ¶ÊÎ±μ¢ ¶·μÉμ´μ¢ É·¥-
¡Ê¥³ÒÌ ¨´É¥´¸¨¢´μ¸É¥°. ‚ ¤ ´´μ° · ¡μÉ¥ · ¸¸³ É·¨¢ ¥É¸Ö ±μ²ÓÍ¥¢μ° Í¨±²μÉ·μ´ ± ± μ¸´μ¢´μ°
Ê¸±μ·¨É¥²Ó ¤²Ö ¶μ²ÊÎ¥´¨Ö ¶ÊÎ±μ¢ ¶·μÉμ´μ¢ Ê± § ´´ÒÌ ¶ · ³¥É·μ¢.

The requirements to power of the accelerated proton beam to drive subcritical electronuclear as-
sembly are considered. In unique in the world high current cyclotron complex PSI the proton beam
with average power 1.2 MW is obtained and the technical opportunities for production of the beam
with power 1.8 MW are considered now, that is planned to achieve in 2012. The PSI cyclotron facility
consists of 800 keV preinjector, 72 MeV cyclotron injector and the 590 MeV ring cyclotron. Now
the cyclotron seems as the most suitable accelerator for production of proton beams with power up to
10 MW. There are some offers on creation of such complexes; all of them have common properties. A
full cycle of acceleration consists of three stages: high-voltage injection with bunching of continuous
beam, then preliminary acceleration in fore sectors cyclotron and acceleration up to the maximal energy
600Ä800 MeV in the ring cyclotron with six or more sectors. At the ˇrst stage of acceleration instead of
high-voltage injection one can use the parallel work of two cyclotrons with injection in the subsequent
cascade of a beam of the double intensity.
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1. ‘�‡„��ˆ… ‘ˆ‹œ��’�—�›• –ˆŠ‹�’����‚ ‚ ����“ ‹Ÿ�

1.1. �¥·¢Ò° ¨§μÌ·μ´´Ò° Í¨±²μÉ·μ´ ¸ ¶·μ¸É· ´¸É¢¥´´μ° ¢ ·¨ Í¨¥° ³ £´¨É´μ£μ
¶μ²Ö. ‚ 1959 £. ¢ ‹Ÿ� �ˆŸˆ ¡Ò² ¸μμ·Ê¦¥´ ¨ § ¶ÊÐ¥´ ¶¥·¢Ò° ¢ ³¨·¥ ¨§μÌ·μ´´Ò°
Í¨±²μÉ·μ´ ¸ ¶·μ¸É· ´¸É¢¥´´μ° ¢ ·¨ Í¨¥° ³ £´¨É´μ£μ ¶μ²Ö [3], ´  ±μÉμ·μ³ ¡Ò² Ê¸±μ·¥´
¶ÊÎμ± ¶·μÉμ´μ¢ ¢ É¥Î¥´¨¥ 2500 μ¡μ·μÉμ¢. �ÉμÉ ·¥§Ê²ÓÉ É ¶μ± § ² ¢μ§³μ¦´μ¸ÉÓ Ê¸±μ·¥´¨Ö
¶·μÉμ´μ¢ ¢ Í¨±²μÉ·μ´¥ ´  ¢Ò¸μ±μ° ±· É´μ¸É¨ ¸ ±·ÊÉμ ¸¶¨· ²Ó´μ° ¸É·Ê±ÉÊ·μ° ³ £´¨É´μ£μ
¶μ²Ö.

1.2. �²¥±É·μ´´ Ö ³μ¤¥²Ó. ‚ ����“ ‹Ÿ� · ¡μÉ  ¸ ¸¨²Ó´μÉμÎ´Ò³¨ ¶·μ¥±É ³¨ ´ -
Î ² ¸Ó ¢ ´ Î ²¥ 60-Ì £μ¤μ¢ ¶·μÏ²μ£μ ¢¥± , μ¤´μ° ¨§ ¶¥·¢ÒÌ ³μ¦´μ ¸Î¨É ÉÓ · ¡μÉÊ [4].
‚ [5] ¶·¥¤²μ¦¥´μ ¨¸¶μ²Ó§μ¢ ÉÓ ¸¨²Ó´μÉμÎ´Ò° Ê¸±μ·¨É¥²Ó (Í¨±²μÉ·μ´) ¤²Ö £¥´¥· Í¨¨
´¥°É·μ´μ¢.

…¸²¨ ¶·¨´ÖÉÓ, ÎÉμ ¤μ¸É¨¦¨³Ò° ¢ Í¨±²μÉ·μ´¥ Éμ± μ£· ´¨Î¨¢ ¥É¸Ö ¢μ§¤¥°¸É¢¨¥³ ¸μ¡-
¸É¢¥´´μ£μ ¶μ²Ö ¶ÊÎ±  ´  Î ¸ÉμÉÊ  ±¸¨ ²Ó´ÒÌ ±μ²¥¡ ´¨° [6], Éμ ±μ²ÓÍ¥¢μ° Í¨±²μÉ·μ´ ´ 
Ô´¥·£¨Õ 800 ŒÔ‚ ³μ¦¥É Ê¸±μ·ÖÉÓ ¶ÊÎμ± ¨´É¥´¸¨¢´μ¸ÉÓÕ ´¥¸±μ²Ó±μ ¸μÉ¥´ ³¨²²¨ ³¶¥·.

‘ Í¥²ÓÕ Ô±¸¶¥·¨³¥´É ²Ó´μ£μ ¨§ÊÎ¥´¨Ö ¤¨´ ³¨±¨ ¤¢¨¦¥´¨Ö ¶ÊÎ±  ¶·¨ ¢Ò¸μ±μ° ¶²μÉ-
´μ¸É¨ Ê¸±μ·Ö¥³ÒÌ Î ¸É¨Í, ¨¸¸²¥¤μ¢ ´¨Ö ÔËË¥±Éμ¢ ¶·μ¸É· ´¸É¢¥´´μ£μ § ·Ö¤  ¨ ¢²¨Ö´¨Ö
¦¥¸É±μ¸É¨ ³ £´¨É´μ° ¸¨¸É¥³Ò ´  ¢¥²¨Î¨´Ê Ê¸±μ·¥´´μ£μ Éμ±  ¢ ‹ ¡μ· Éμ·¨¨ Ö¤¥·´ÒÌ
¶·μ¡²¥³ ¢ 1964 £. ´ Î ²¨¸Ó · ¡μÉÒ ¶μ ¶·μ¥±É¨·μ¢ ´¨Õ ¨ ¸μμ·Ê¦¥´¨Õ Ô²¥±É·μ´´μ° ³μ-
¤¥²¨ ·¥²ÖÉ¨¢¨¸É¸±μ£μ ±μ²ÓÍ¥¢μ£μ Í¨±²μÉ·μ´  ¸ ¦¥¸É±μ° Ëμ±Ê¸¨·μ¢±μ°. ˆ¸¶μ²Ó§μ¢ ´¨¥
Ô²¥±É·μ´μ¢ ¶μ§¢μ²¨²μ ¶·μ¢¥¸É¨ ³μ¤¥²¨·μ¢ ´¨¥ ¶·μÉμ´´μ£μ Ê¸±μ·¨É¥²Ö ¢μ ¢¸¥³ ¤¨ ¶ §μ´¥
¸±μ·μ¸É¥° ´  μÉ´μ¸¨É¥²Ó´μ ´¥¡μ²ÓÏμ° Ê¸É ´μ¢±¥.

Œ £´¨É´μ¥ ¶μ²¥ ³μ¤¥²¨ μ¡¥¸¶¥Î¨¢ ¥É ¨§μÌ·μ´´μ¥ ¤¢¨¦¥´¨¥ Ê¸±μ·Ö¥³ÒÌ Î ¸É¨Í, ¨§³¥-
´Ö¥É¸Ö μÉ 14 ¤μ 25 ƒ¸ ¢ ¨´É¥·¢ ²¥ · ¤¨Ê¸μ¢ 18Ä101 ¸³, Ëμ·³¨·Ê¥É¸Ö ¶·¨ ¶μ³μÐ¨ 13 ¶ ·
±μ´Í¥´É·¨Î¥¸±¨Ì Éμ±μ¢ÒÌ μ¡³μÉμ±. ”μ±Ê¸¨·μ¢±  Î ¸É¨Í ¢ ¢¥·É¨± ²Ó´μ³ ´ ¶· ¢²¥´¨¨
¸μ§¤ ¥É¸Ö ¸¶¥Í¨ ²Ó´μ° ¢ ·¨ Í¨μ´´μ° Éμ±μ¢μ° μ¡³μÉ±μ°, ±μÉμ· Ö Ëμ·³¨·Ê¥É ¢μ¸Ó³¨¸¶¨-
· ²Ó´ÊÕ ¢ ·¨ Í¨Õ ³ £´¨É´μ£μ ¶μ²Ö, ¶·¨ ÔÉμ³  ±¸¨ ²Ó´ Ö ¦¥¸É±μ¸ÉÓ ³ £´¨É´μ° ¸¨¸É¥³Ò
¸μ¸É ¢²Ö¥É Qz = 1,1−1,45. �¡Ð¨° ¢¨¤ Ê¸±μ·¨É¥²Ö ¶μ± § ´ ´  ·¨¸. 1, ¥£μ ±μ´¸É·Ê±Í¨Ö
¤¥É ²Ó´μ μ¶¨¸ ´  ¢ [7].

�¨¸. 1. �¡Ð¨° ¢¨¤ Ô²¥±É·μ´´μ° ³μ¤¥²¨



‘¨²Ó´μÉμÎ´Ò° Í¨±²μÉ·μ´ ¤²Ö Ê¶· ¢²¥´¨Ö Ô²¥±É·μÖ¤¥·´μ° ¸¡μ·±μ° 857

‚ ´ Î ²¥ 1968 £. ¸μμ·Ê¦¥´¨¥ ³μ¤¥²¨ ¡Ò²μ § ±μ´Î¥´μ ¨ ¶ÊÎμ± Ô²¥±É·μ´μ¢ Ê¸±μ·¥´
¤μ ±μ´¥Î´μ° Ô´¥·£¨¨ ∼ 409 ±Ô‚ ¸ ¨´É¥´¸¨¢´μ¸ÉÓÕ Ie = 600 ³±� [6]. 	Ò²¨ ¶μ²ÊÎ¥´Ò
§´ Î¥´¨Ö ¶²μÉ´μ¸É¨ Ê¸±μ·¥´´ÒÌ Î ¸É¨Í, ¡²¨§±¨¥ ± ¶·¥¤¥²Ó´μ³Ê ¶μ ¶μ¶¥·¥Î´μ³Ê ¶·μ-
¸É· ´¸É¢¥´´μ³Ê § ·Ö¤Ê. �±¸¶¥·¨³¥´É ²Ó´μ ¶μ± § ´μ, ÎÉμ ¶·¨ Ê¢¥²¨Î¥´¨¨ Ê¸±μ·ÖÕÐ¥£μ
´ ¶·Ö¦¥´¨Ö ¨ Î ¸ÉμÉÒ  ±¸¨ ²Ó´ÒÌ ±μ²¥¡ ´¨° ¤μ¸É¨¦¨³Ò° ¢ Ê¸±μ·¨É¥²¥ Éμ± · ¸É¥É.

�·¨ ¨¸¸²¥¤μ¢ ´¨¨ ¢²¨Ö´¨Ö ¶·μ¸É· ´¸É¢¥´´μ£μ § ·Ö¤  ´  Î ¸ÉμÉÊ  ±¸¨ ²Ó´ÒÌ ±μ²¥-
¡ ´¨° ¡Ò²μ ¶μ± § ´μ, ÎÉμ ¨§³¥´Ö¥É¸Ö Î ¸ÉμÉ  ±μ²¥¡ ´¨° Î ¸É¨Í ¸£Ê¸É±  μÉ´μ¸¨É¥²Ó´μ
Í¥´É·  ¥£μ ÉÖ¦¥¸É¨ (´¥±μ£¥·¥´É´ Ö),   Î ¸ÉμÉ  ±μ²¥¡ ´¨° Í¥´É·  ÉÖ¦¥¸É¨ (±μ£¥·¥´É´ Ö)
´¥ ³¥´Ö¥É¸Ö. ’ ±¦¥ ¶μ± § ´μ, ÎÉμ μ£· ´¨Î¥´¨¥ Éμ±  ¶·μ¨¸Ìμ¤¨É ¢ μ¡² ¸É¨ Í¥´É· ²Ó-
´ÒÌ · ¤¨Ê¸μ¢. �±¸¶¥·¨³¥´É ²Ó´μ ¶μ²ÊÎ¥´´Ò° ¸¤¢¨£ Î ¸ÉμÉ  ±¸¨ ²Ó´ÒÌ ±μ²¥¡ ´¨° ¶μ¤
¤¥°¸É¢¨¥³ ¶·μ¸É· ´¸É¢¥´´μ£μ § ·Ö¤  ¸μ£² ¸Ê¥É¸Ö ¸ · ¸Î¥É´Ò³.

“¢¥²¨Î¥´¨¥ ¨´É¥´¸¨¢´μ¸É¨ ¶ÊÎ±  Ê¸±μ·¥´´ÒÌ Î ¸É¨Í ´ ·Ö¤Ê ¸ ·¥Ï¥´¨¥³ ¤·Ê£¨Ì É¥Ì-
´¨Î¥¸±¨Ì § ¤ Î ¶·¨¢μ¤¨É ± μ¸μ¡μ³Ê É·¥¡μ¢ ´¨Õ ¢Ò¸μ±μÔËË¥±É¨¢´μ£μ ¢Ò¢μ¤  Å ¶μ-
É¥·¨ ´¥ ¤μ²¦´Ò ¶·¥¢ÒÏ ÉÓ 10−3−10−4 ¶μ μÉ´μÏ¥´¨Õ ± ¢´ÊÉ·¥´´¥³Ê ¶ÊÎ±Ê. ˆ§¢¥¸É´Ò¥
¤μ 1970-Ì £μ¤μ¢ ³¥Éμ¤Ò ¢Ò¢μ¤  ¨§ Ê¸±μ·¨É¥²¥° Í¨±²μÉ·μ´´μ£μ É¨¶ , μ¸´μ¢ ´´Ò¥ ´  ¢μ§-
¡Ê¦¤¥´¨¨ ±μ£¥·¥´É´ÒÌ ¸¢μ¡μ¤´ÒÌ ±μ²¥¡ ´¨°, ¶·¨¢μ¤¨²¨ ± ¶μÉ¥·Ö³ ¢ ± ³¥·¥ Ê¸±μ·¨É¥²Ö
μÉ ´¥¸±μ²Ó±¨Ì ¶·μÍ¥´Éμ¢ ¨ ¡μ²¥¥ μÉ Ê¸±μ·¥´´μ£μ ¶ÊÎ± , ÎÉμ ´¥¤μ¶Ê¸É¨³μ ¶·¨ Ê¸±μ·¥´¨¨
¶ÊÎ±  ³μÐ´μ¸ÉÓÕ ´¥¸±μ²Ó±μ ³¥£ ¢ ÉÉ ¨ ¡μ²¥¥.

�μ¨¸±¨ ³¥Ì ´¨§³μ¢ ·¥Ï¥´¨Ö ÔÉμ° ¶·μ¡²¥³Ò ¶·¨¢¥²¨ ± μ¡´ ·Ê¦¥´¨Õ ÔËË¥±É  · ¸-
Ï¨·¥´¨Ö μ·¡¨É (���), ±μÉμ·Ò° ¶·μÖ¢²Ö¥É¸Ö §  ¸Î¥É μ¶·¥¤¥²¥´´μ£μ ¨§³¥´¥´¨Ö Ëμ·³Ò
³ £´¨É´μ£μ ¶μ²Ö ¸¥±Éμ·´μ° ¸É·Ê±ÉÊ·Ò. ‚ 1974 £. ¡Ò²μ ¶μ²ÊÎ¥´μ Ô±¸¶¥·¨³¥´É ²Ó´μ¥
¶μ¤É¢¥·¦¤¥´¨¥ ��� [8] ´  Ô²¥±É·μ´´μ° ³μ¤¥²¨ ±μ²ÓÍ¥¢μ£μ Í¨±²μÉ·μ´ . ˆ¸¸²¥¤μ¢ ´¨Ö
¶μ± § ²¨, ÎÉμ ¢ ·¥§Ê²ÓÉ É¥ ¤¥°¸É¢¨Ö ¸μμÉ¢¥É¸É¢ÊÕÐ¨³ μ¡· §μ³ ¶μ¤μ¡· ´´μ£μ ¶·μ¸É· ´-
¸É¢¥´´μ ¨§³¥´ÖÕÐ¥£μ¸Ö ³ £´¨É´μ£μ ¶μ²Ö ¢ ¸¥±Éμ·´μ³ ¨§μÌ·μ´´μ³ Í¨±²μÉ·μ´¥ ¢ μ¡² ¸É¨
¢Ò¢μ¤  ¸μ¸¥¤´¨¥ μ·¡¨ÉÒ Ê¸±μ·Ö¥³ÒÌ Î ¸É¨Í · §¤¥²ÖÕÉ¸Ö ´  ´¥¸±μ²Ó±μ ¸ ´É¨³¥É·μ¢, ¢
Éμ ¢·¥³Ö ± ± ¢ μ¡ÒÎ´μ³ ¨§μÌ·μ´´μ³ ¶μ²¥ ÔÉμ · §¤¥²¥´¨¥ ¸μ¸É ¢²Ö¥É ´¥¸±μ²Ó±μ ³¨²²¨-
³¥É·μ¢. �±¸¶¥·¨³¥´ÉÒ ´  Ô²¥±É·μ´´μ° ³μ¤¥²¨ ¶μ± § ²¨, ÎÉμ ¶μÉ¥·¨ Î ¸É¨Í ¢ ¶·μÍ¥¸¸¥
· ¸Ï¨·¥´¨Ö μ·¡¨É μÉ¸ÊÉ¸É¢ÊÕÉ,   μÍ¥´¥´´ Ö ÔËË¥±É¨¢´μ¸ÉÓ ¢Ò¢μ¤  ¸μ¸É ¢²Ö¥É 99,5 %.

1.3. Œμ¤¥²Ó ³ £´¨É´μ° ¸¨¸É¥³Ò ±μ²ÓÍ¥¢μ£μ Í¨±²μÉ·μ´  (1:5). ‘Ê¶¥·Í¨±²μÉ·μ´.
“¸¶¥Ï´μ¥ ·¥Ï¥´¨¥ Ê¶μ³Ö´ÊÉÒÌ ¢ÒÏ¥ ¶·μ¡²¥³ ¤ ²μ ¢μ§³μ¦´μ¸ÉÓ ¢ ´ Î ²¥ 70-Ì £μ¤μ¢
¶·¨¸ÉÊ¶¨ÉÓ ± ¸μ§¤ ´¨Õ ³μ¤¥²¨ ³ £´¨É´μ° ¸¨¸É¥³Ò ¸¥±Éμ·´μ£μ ¨§μÌ·μ´´μ£μ Í¨±²μÉ·μ´ 
´  Ô´¥·£¨Õ ¶·μÉμ´μ¢ 800 ŒÔ‚ Å ¸Ê¶¥·Í¨±²μÉ·μ´ . �  ·¨¸. 2 ¶μ± § ´ ¸É¥´¤ ³μ¤¥²¨ ³ £-
´¨É´μ° ¸¨¸É¥³Ò, ¸μ¸ÉμÖÐ¨° ¨§ ¤¢ÊÌ ¸¥±Éμ·´ÒÌ ³ £´¨Éμ¢ ¨ ¸¨¸É¥³Ò ¨§³¥·¥´¨Ö. ˆ¸¸²¥-
¤μ¢ ´¨Ö ³ £´¨É´μ° ¸¨¸É¥³Ò ¸Ê¶¥·Í¨±²μÉ·μ´  ´  ³μ¤¥²ÖÌ ¢ · §´ÒÌ ³ ¸ÏÉ ¡ Ì ¤μ± § ²¨
´  ¶· ±É¨±¥ ¢μ§³μ¦´μ¸ÉÓ Ëμ·³¨·μ¢ ´¨Ö ³ £´¨É´μ£μ ¶μ²Ö, ±μÉμ·μ¥ ¸μ¢³¥Ð ¥É Ê¸²μ¢¨Ö
¦¥¸É±μ° Ëμ±Ê¸¨·μ¢±¨ ¨ ¨§μÌ·μ´¨§³  ¢μ ¢¸¥³ ¤¨ ¶ §μ´¥ · ¤¨Ê¸μ¢.

Š· É±μ · ¸¸³μÉ·¨³ Ê¸²μ¢¨Ö ¸μ§¤ ´¨Ö ���. �μ μ¶·¥¤¥²¥´¨Õ ±μÔËË¨Í¨¥´É · ¸Ï¨·¥-
´¨Ö μ·¡¨É Í¨±²¨Î¥¸±μ£μ Ê¸±μ·¨É¥²Ö ¨³¥¥É ¢¨¤

α =
P

r

dr

dP
,

¢ ¤¥°¸É¢¨É¥²Ó´μ¸É¨ ¤²¨´  μ·¡¨ÉÒ ¢ Í¨±²μÉ·μ´¥ ¸ ¢ ·¨ Í¨¥° ¶μ²Ö ´¥¸±μ²Ó±μ μÉ²¨Î ¥É¸Ö
μÉ ¤²¨´Ò μ±·Ê¦´μ¸É¨ ¸ · ¤¨Ê¸μ³ r, ÔÉμ ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ¢Ò· ¦¥´¨¥³

P = eBrΛ,
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�¨¸. 2. ‘É¥´¤ ³μ¤¥²¨ ³ £´¨É´μ° ¸¨¸É¥³Ò

£¤¥ Λ μÉ· ¦ ¥É Ê¢¥²¨Î¥´¨¥ ¤²¨´Ò μ·¡¨ÉÒ Î ¸É¨ÍÒ ¢ ¸¢Ö§¨ ¸ ´ ²¨Î¨¥³ ¢ ·¨ Í¨¨ ³ £´¨É-
´μ£μ ¶μ²Ö. �μ¸²¥ ´¥±μÉμ·ÒÌ ¶·¥μ¡· §μ¢ ´¨° ³μ¦´μ ¶μ²ÊÎ¨ÉÓ

α =
(

1 + n +
r

Λ
dΛ
dr

)
− 1.

„ ²¥¥ ¶μ± ¦¥³, ÎÉμ ¢¥²¨Î¨´Ê · §¤¥²¥´¨Ö μ·¡¨É ³μ¦´μ ¸¤¥² ÉÓ ¤μ¸É ÉμÎ´μ ¡μ²ÓÏμ°,
¥¸²¨ ¢Ò¶μ²´¨ÉÓ Ê¸²μ¢¨¥

n +
r

Λ
dΛ
dr

= −1,

¢ Ê¶·μÐ¥´´μ³ ¢ ·¨ ´É¥ ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ

Λ = 1 +
(

3
2

+ n + m

)
ε2

2N2
,

£¤¥ m =
r

ε

dε

dr
.

’ ±¨³ μ¡· §μ³, ·¥£Ê²¨·μ¢ ÉÓ ��� ³μ¦´μ ¶ÊÉ¥³ ¨§³¥´¥´¨Ö ¸·¥¤´¥£μ ¶μ²Ö ¨²¨ ¥£μ
¢ ·¨ Í¨¨ ¨²¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¶·μ¨§¢μ¤´ÒÌ. ˆ¸¸²¥¤μ¢ ´¨Ö ÔÉμ£μ ¢μ¶·μ¸  ¶·μ¢μ¤¨²¨¸Ó
´  ¶·¨³¥·¥ ³ £´¨É´μ° ¸¨¸É¥³Ò ¸Ê¶¥·Í¨±²μÉ·μ´ . ‘ ¶μ³μÐÓÕ ³μ¤¥²Ó´ÒÌ Ô±¸¶¥·¨³¥´Éμ¢
¨ Î¨¸²¥´´ÒÌ · ¸Î¥Éμ¢ ¡Ò²¨ ¢Ò¡· ´Ò ¶ · ³¥É·Ò Ô²¥³¥´Éμ¢ ¸¨¸É¥³Ò ¢Ò¢μ¤  ¶ÊÎ±  ´ 
μ¸´μ¢¥ ÔËË¥±É  · ¸Ï¨·¥´¨Ö μ·¡¨É (���).

‚ ± Î¥¸É¢¥ ¨´¦¥±Éμ·  ¶·¥¤² £ ²¸Ö ²¨´¥°´Ò° Ê¸±μ·¨É¥²Ó ¸ ±¢ ¤·Ê¶μ²Ó´μ° ¢Ò¸μ±μ-
Î ¸ÉμÉ´μ° Ëμ±Ê¸¨·μ¢±μ°. Œ £´¨É´ Ö ¸¨¸É¥³  ¸μ¸Éμ¨É ¨§ ¢μ¸Ó³¨ ¸¥±Éμ·´ÒÌ ‘-μ¡· §´ÒÌ
³ £´¨Éμ¢ (³μ¤¥²¨·μ¢ ´¨¥ ¢ ³ ¸ÏÉ ¡¥ 1:5 ¶·μ¢μ¤¨²μ¸Ó ´  ¤¢ÊÌ ³ £´¨É Ì). Œμ¤¥²Ó ¶μ-
± § ´  ´  ·¨¸. 3. ‘¨¸É¥³  ±μ··¥±É¨·ÊÕÐ¨Ì ¨ μÉ±²μ´ÖÕÐ¨Ì ³ £´¨Éμ¢, ¸μ§¤ ÕÐ¨Ì ³ £-
´¨É´μ¥ ¶μ²¥ ¤²Ö ���, ¶μ± § ´  ´  ·¨¸. 2. —¨¸²¥´´Ò¥ · ¸Î¥ÉÒ ¤¨´ ³¨±¨ ¶·μÉμ´´μ£μ
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�¨¸. 3. ‘Ì¥³  Ê¸±μ·¨É¥²Ö ®¸Ê¶¥·Í¨±²μÉ·μ´¯: 1 Å ·¥§μ´ Éμ·Ò; 2 Å ¸¥±Éμ·´Ò¥ ³ £´¨ÉÒ; 3Ä6 Å
Ô²¥³¥´ÉÒ ¸¨¸É¥³Ò ¢Ò¢μ¤ 

¶ÊÎ±  ¡Ò²¨ ¶·μ¢¥¤¥´Ò ¤²Ö ±μ´¥Î´ÒÌ Ô³¨ÉÉ ´¸μ¢ εr = 2π ·³³ ·³· ¤ ¨ εÖ = 8π ·³³ ·³· ¤.
ˆ§ · ¸Î¥Éμ¢ ¸²¥¤Ê¥É, ÎÉμ ¢ ¸μ§¤ ´´μ³ ¶μ²¥ ¶·¨ ´ ¡μ·¥ Ô´¥·£¨¨ 2 ŒÔ‚/μ¡μ·μÉ ¢ É¥Î¥-
´¨¥ ´¥¸±μ²Ó±¨Ì μ¡μ·μÉμ¢ ¶·μ¨¸Ìμ¤¨É ·μ¸É · §¤¥²¥´¨Ö μ·¡¨É ¤μ ´¥¸±μ²Ó±¨Ì ¸ ´É¨³¥É·μ¢
¶μÎÉ¨ ¡¥§ ¨¸± ¦¥´¨Ö Ëμ·³Ò Ô³¨ÉÉ ´¸μ¢, ÎÉμ ¶μ§¢μ²Ö¥É Ê¸É ´μ¢¨ÉÓ ¢ Ê± § ´´μ³ ³¥¸É¥
μÉ±²μ´ÖÕÐ¨° ¸¥¶ÉÊ³ ¨ ¢Ò¢¥¸É¨ ¶ÊÎμ± ¡¥§ ¶μÉ¥·Ó (¸³. ·¨¸. 4).

�É³¥É¨³, ÎÉμ Ê± § ´´Ò¥ ¢ÒÏ¥ · ¸Î¥ÉÒ ¶·μ¢μ¤¨²¨¸Ó ¢ ±μ´Í¥ 70-Ì £μ¤μ¢ ¶·μÏ²μ£μ
¢¥± , ±μ£¤  ¢μ§³μ¦´μ¸É¨ �‚Œ ¡Ò²¨ ´¥ ¤μ¸É ÉμÎ´Ò ¤²Ö ·¥Ï¥´¨Ö ÔÉμ° § ¤ Î¨ ¸ ÊÎ¥-
Éμ³ ¶·μ¸É· ´¸É¢¥´´μ£μ § ·Ö¤  ¶ÊÎ± . �·¨³¥´ÖÖ ´μ¢Ò¥ ¢μ§³μ¦´μ¸É¨ ¢ÒÎ¨¸²¨É¥²Ó´μ° É¥Ì-
´¨±¨ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ³´μ£μ¶·μÍ¥¸¸μ·´ÒÌ �‚Œ, ¢μ§³μ¦´μ §´ Î¨É¥²Ó´μ Ê¢¥²¨Î¨ÉÓ ±μ-
²¨Î¥¸É¢μ · ¸Î¥É´ÒÌ Î ¸É¨Í ¢ ¡ ´Î¥, ÎÉμ ¤ ¸É ¡μ²¥¥ ÉμÎ´Ò¥ ·¥§Ê²ÓÉ ÉÒ. ‚ ´ ¸ÉμÖÐ¥¥
¢·¥³Ö ´¥μ¡Ìμ¤¨³μ ¶μ¢Éμ·¨ÉÓ ÔÉ¨ · ¸Î¥ÉÒ ¸ ÊÎ¥Éμ³ ¢²¨Ö´¨Ö ¶·μ¸É· ´¸É¢¥´´μ£μ § ·Ö¤  ¨
¸ ÊÎ¥Éμ³ Ô±¸¶¥·¨³¥´É ²Ó´μ ¶μ²ÊÎ¥´´μ£μ ¶ÊÎ±  Ï ·μ¢μ£μ ¢¨¤  ´  Í¨±²μÉ·μ´¥-¨´¦¥±Éμ·¥
PSI-2 [10].

1.4. –¨±²μÉ·μ´-¨´¦¥±Éμ·. ‚ · ¡μÉ¥ [10] ¶·¨¢μ¤ÖÉ¸Ö ·¥§Ê²ÓÉ ÉÒ ±μ³¶ÓÕÉ¥·´μ£μ ³μ-
¤¥²¨·μ¢ ´¨Ö μ¸´μ¢´ÒÌ ¸¨¸É¥³ ¸¨²Ó´μÉμÎ´μ£μ Í¨±²μÉ·μ´ -¨´¦¥±Éμ·  ´  Ô´¥·£¨Õ 5 ŒÔ‚
¨ ¤¨´ ³¨±¨ ¶ÊÎ±  Ê¸±μ·¥´´ÒÌ ¨μ´μ¢ ¸ ÊÎ¥Éμ³ ÔËË¥±É  ¶·μ¸É· ´¸É¢¥´´μ£μ § ·Ö¤ . —¨-
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�¨¸. 4. —¨¸²¥´´Ò° · ¸Î¥É · ¤¨ ²Ó´ÒÌ Ô³¨ÉÉ ´¸μ¢ ¶ÊÎ±  ¢ §μ´¥ ¢Ò¢μ¤  ´   §¨³ÊÉ¥ 270◦. –¨Ë· ³¨
Ê± § ´Ò ´μ³¥·  · ¸Î¥É´ÒÌ μ¡μ·μÉμ¢

�¨¸. 5. ‘Ì¥³  Í¨±²μÉ·μ´ -¨´¦¥±Éμ·  ´  Ô´¥·£¨Õ 5 ŒÔ‚ ¨ μ·¡¨ÉÒ Ê¸±μ·¥´´μ£μ ¶ÊÎ± 

¸²¥´´Ò¥ · ¸Î¥ÉÒ ¤¨´ ³¨±¨ Î ¸É¨Í ¶μ± § ²¨, ÎÉμ · §¤¥²¥´¨¥ μ·¡¨É ¸μÌ· ´Ö¥É¸Ö ´  ¶·μ-
ÉÖ¦¥´¨¨ ¢¸¥£μ Í¨±²  Ê¸±μ·¥´¨Ö ¶·¨ ¨´É¥´¸¨¢´μ¸É¨ ¤μ 30 ³� (·¨¸. 5).

2. �…‡“‹œ’�’›, ��‹“—…��›… �� –ˆŠ‹�’���…-ˆ�†…Š’��… PSI-2

�·μÉμ´´Ò° Í¨±²μÉ·μ´ ¢ PSI (ˆ´¸É¨ÉÊÉ ¨³. �.˜¥··¥· , ˜¢¥°Í ·¨Ö) ¶μ¸ÉμÖ´´μ · ¡μ-
É ¥É ¸ ¶ÊÎ±μ³ ¨´É¥´¸¨¢´μ¸ÉÓÕ 2 ³� ¨ Ô´¥·£¨¥° 590 ŒÔ‚ [2]. �¸´μ¢´ Ö Í¥²Ó Å Ê¢¥²¨Î¨ÉÓ
³μÐ´μ¸ÉÓ Ê¸±μ·¥´´μ£μ ¶ÊÎ±  ¸ 1,2 ¤μ 1,8 Œ‚É. �Éμ ¤μ¸É¨£ ¥É¸Ö §  ¸Î¥É Ê¸É ´μ¢±¨ ´μ¢ÒÌ
·¥§μ´ Éμ·μ¢ ¸ ¡μ²ÓÏ¥° ´ ¶·Ö¦¥´´μ¸ÉÓÕ ¶μ²Ö ¢ ±μ²ÓÍ¥¢μ³ Í¨±²μÉ·μ´¥ ¨ ¢ Í¨±²μÉ·μ´¥-
¨´¦¥±Éμ·¥, ÎÉμ ¶·¨¢¥¤¥É ± · §¤¥²¥´¨Õ μ·¡¨É ¢ ¶·μÍ¥¸¸¥ Ê¸±μ·¥´¨Ö ¨ Ê³¥´ÓÏ¥´¨Õ ¶μÉ¥·Ó
¶ÊÎ± .
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� ¡μÉ  Í¨±²μÉ·μ´  PSI ¢ ¶μ¸²¥¤´¨¥ £μ¤Ò ¶μ± §Ò¢ ¥É, ÎÉμ ¸ÊÐ¥¸É¢Ê¥É ÔËË¥±É, ±μ-
£¤  ¢ μ¡² ¸É¨ ¤¥°¸É¢¨Ö Ô²¥±É·μ¸É É¨Î¥¸±μ£μ ¶μ²Ö μ¡Ñ¥³´μ£μ § ·Ö¤  ¶ÊÎ±  ±μ²¥¡ É¥²Ó´Ò¥
¶·μÍ¥¸¸Ò ± ¦¤μ° Î ¸É¨ÍÒ ¶·¨ Ê¸Éμ°Î¨¢μ¸É¨ ¤¢¨¦¥´¨Ö ¢ ³¥¤¨ ´´μ° ¶²μ¸±μ¸É¨ ³ £´¨É-
´μ£μ ¶μ²Ö ¸μ§¤ ÕÉ ÔËË¥±É ¸¦ É¨Ö ¡ ´Î  ¢ Ï ·. ‚ ¸²ÊÎ ¥ ¤μ¸É ÉμÎ´μ ¡μ²ÓÏμ£μ ´ ¡μ· 
Ô´¥·£¨¨ ´  μ¡μ·μÉ ¨ ¸É ¡¨²Ó´μ¸É¨ ¤¢¨¦¥´¨Ö ¶ÊÎ±  ¢¡²¨§¨ ·¥§μ´ ´¸  2Qr = 3 §  ¸Î¥É ¶μ²-
´μ£μ · §¤¥²¥´¨Ö μ·¡¨É ¸μ§¤ ¥É¸Ö ¢μ§³μ¦´μ¸ÉÓ ¢Ò¸μ±μÔËË¥±É¨¢´μ£μ ¢Ò¢μ¤  Î ¸É¨Í [2].
„ ²Ó´¥°Ï¥¥ ¨§ÊÎ¥´¨¥ ÔÉ¨Ì ÔËË¥±Éμ¢ ³μ¦¥É ¶·¨¢¥¸É¨ ± ¢μ§³μ¦´μ¸É¨ Ê¸±μ·¥´¨Ö ¡μ²¥¥
¨´É¥´¸¨¢´ÒÌ ¶ÊÎ±μ¢ ¶·μÉμ´μ¢.

‚Ò¸μ±μÔËË¥±É¨¢´Ò° ¢Ò¢μ¤ ´  ±μ²ÓÍ¥¢μ³ Í¨±²μÉ·μ´¥ PSI ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¤μ¸É¨-
£ ¥É¸Ö §  ¸Î¥É Ê¸±μ·¥´¨Ö ±μ·μÉ±¨Ì ¶μ ‚—-Ë §¥ ¡ ´Î¥°, ±μÉμ·Ò¥ ¸μ§¤ ÕÉ¸Ö ¢ ¨´¦¥±Éμ·¥,
¸μ§¤ ´¨Ö ±μ£¥·¥´É´ÒÌ ±μ²¥¡ ´¨° ¶ÊÎ±  ¶·¨ ¨´¦¥±Í¨¨, Ê¢¥²¨Î¥´¨Ö ´ ¡μ·  Ô´¥·£¨¨ § 
μ¡μ·μÉ. ‚¸¥ ÔÉ¨ Ë ±Éμ·Ò ¶·¨¢μ¤ÖÉ ± Éμ³Ê, ÎÉμ ´  · ¤¨Ê¸¥ ¨  §¨³ÊÉ¥ ¢Ò¢μ¤  ¶ÊÎ±  ³¥¦¤Ê
¶·¥¤Ò¤ÊÐ¥° ¨ ¢Ò¢μ¤¨³μ° μ·¡¨É ³¨ ¸μ§¤ ¥É¸Ö μ¡² ¸ÉÓ, ¸¢μ¡μ¤´ Ö μÉ Ê¸±μ·¥´´ÒÌ Î ¸É¨Í,
±Ê¤  ³μ¦´μ Ê¸É ´μ¢¨ÉÓ Ô²¥±É·μ¸É É¨Î¥¸±¨° ¸¥¶ÉÊ³ ± ´ ²  ¢Ò¢μ¤ . ‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö
μ¡ÒÎ´Ò¥ μÉ´μ¸¨É¥²Ó´Ò¥ ¶μÉ¥·¨ ¶ÊÎ±  ´  ±μ²ÓÍ¥¢μ³ Í¨±²μÉ·μ´¥ ¸μ¸É ¢²ÖÕÉ 2 · 10−4.

‚μ§³μ¦´μ¸ÉÓ ¨¸¶μ²Ó§μ¢ ´¨Ö ÔËË¥±É  · ¸Ï¨·¥´¨Ö μ·¡¨É ´  Í¨±²μÉ·μ´¥ PSI ´¥ ¨§Ê-
Î ² ¸Ó.

‡�Š‹
—…�ˆ…

�´ ²¨§ · §²¨Î´ÒÌ ¶·¥¤²μ¦¥´¨° ¶μ Ê¢¥²¨Î¥´¨Õ ¨´É¥´¸¨¢´μ¸É¨ Ê¸±μ·¥´´μ£μ ¶ÊÎ± 
¶·μÉμ´μ¢ ´  Í¨±²μÉ·μ´´ÒÌ Ê¸É ´μ¢± Ì ¶μ± §Ò¢ ¥É, ÎÉμ ¥¸ÉÓ ´¥¸±μ²Ó±μ ´ ¶· ¢²¥´¨° ¨¸-
¸²¥¤μ¢ ´¨°, ±μÉμ·Ò¥ ´¥μ¡Ìμ¤¨³μ ¢Ò¶μ²´¨ÉÓ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¸μ¢·¥³¥´´μ° ¢ÒÎ¨¸²¨-
É¥²Ó´μ° É¥Ì´¨±¨.

1. “¸±μ·¥´¨¥ ¡μ²¥¥ ÉÖ¦¥²ÒÌ Î ¸É¨Í, ¤¥°É·μ´μ¢ ¨²¨ �2+, ¶·¨ μ¤¨´ ±μ¢μ° ¢¥²¨Î¨´¥
¶·μ¸É· ´¸É¢¥´´μ£μ § ·Ö¤  Ê¢¥²¨Î¨É ¢¤¢μ¥ ±μ²¨Î¥¸É¢μ  ¤·μ´μ¢, ¶μ¶ ¢Ï¨Ì ´  ³¨Ï¥´Ó ¤²Ö
£¥´¥· Í¨¨ ¶·μÉμ´μ¢. ’ ±¨¥ ¶·¥¤²μ¦¥´¨Ö ¨§² £ ÕÉ¸Ö ¢ · ¡μÉ¥ [13].

2. � ¨¡μ²¥¥ ·¥ ²Ó´ Ö ¸Ì¥³  Ê¸±μ·¨É¥²Ó´μ£μ Í¨±²μÉ·μ´´μ£μ ±μ³¶²¥±¸ , ¶·¥¤´ §´ -
Î¥´´μ£μ ¤²Ö Ê¶· ¢²¥´¨Ö Ö¤¥·´Ò³ ·¥ ±Éμ·μ³, ¸μ¸Éμ¨É ¨§ É·¥Ì ¸ÉÊ¶¥´¥° [12, 13]. �¥·¢ Ö
¸ÉÊ¶¥´Ó Å ´ Î ²Ó´μ¥ Ê¸±μ·¥´¨¥ ¤μ 5Ä15 ŒÔ‚ ´  μ¸´μ¢¥ Î¥ÉÒ·¥Ì¸¥±Éμ·´ÒÌ Í¨±²μÉ·μ´μ¢,
§ É¥³ ¢Éμ· Ö ¸ÉÊ¶¥´Ó Ê¸±μ·¥´¨Ö ¤μ 70Ä100 ŒÔ‚ É ±¦¥ ¢ Î¥ÉÒ·¥Ì¸¥±Éμ·´μ³ Í¨±²μÉ·μ´¥
¸ ÔËË¥±Éμ³ Ëμ·³¨·μ¢ ´¨Ö Ï ·μ¢μ£μ ¡ ´Î , ¨ É·¥ÉÓÖ ¸ÉÊ¶¥´Ó Å ¢μ¸Ó³¨¸¥±Éμ·´Ò° Í¨-
±²μÉ·μ´ ¸ ±μ´¥Î´μ° Ô´¥·£¨¥° ¶ÊÎ±  600Ä800 ŒÔ‚. Šμ´¥Î´ÊÕ Ô´¥·£¨Õ ¸²¥¤Ê¥É ¢Ò¡¨· ÉÓ
¸ ÊÎ¥Éμ³ ´¥μ¡Ìμ¤¨³μ¸É¨ ¸μ§¤ ´¨Ö 100 % ¢Ò¢μ¤ , ¤²Ö Î¥£μ ´¥μ¡Ìμ¤¨³μ ¸μ§¤ ¢ ÉÓ ¶μ²´μ¥
· §¤¥²¥´¨¥ μ·¡¨É ´  ±μ´¥Î´μ³ · ¤¨Ê¸¥.
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