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�·¥¤¸É ¢²¥´ μ¡§μ· · §¢¨É¨Ö ¨ ¸μ¢·¥³¥´´μ£μ ¸μ¸ÉμÖ´¨Ö Í¨±²μÉ·μ´μ¢ Å Ê¸±μ·¨É¥²¥° ¶·μÉμ-
´μ¢ ¨ ¨μ´μ¢. �¸´μ¢´Ò¥ μ¡² ¸É¨ ¶·¨³¥´¥´¨Ö Í¨±²μÉ·μ´μ¢ Å ¨¸¸²¥¤μ¢ ´¨Ö ¶μ Ö¤¥·´μ° Ë¨§¨±¥,
£¥´¥· Í¨Ö ¨ ¨¸¸²¥¤μ¢ ´¨¥ · ¤¨μ ±É¨¢´ÒÌ ¨μ´μ¢, ¶·¨±² ¤´Ò¥ ¶·¨³¥´¥´¨Ö, £² ¢´Ò³ μ¡· §μ³ ¢
³¥¤¨Í¨´¥.

A review of the development and modern status of the cyclotrons Å accelerators of protons
and ions Å is presented. Main topics of the cyclotrons application are nuclear physics investigations,
generation of the radioactive ions, applied application mainly in medicine.

PACS: 29.20.dg
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®–¨±²μÉ·μ´ Å ·¥§μ´ ´¸´Ò° Ê¸±μ·¨É¥²Ó ÉÖ¦¥²ÒÌ § ·Ö¦¥´´ÒÌ Î ¸É¨Í
(¶·μÉμ´μ¢, ¨μ´μ¢), ¢ ±μÉμ·μ³ Î ¸ÉμÉ  Ê¸±μ·ÖÕÐ¥£μ ´ ¶·Ö¦¥´¨Ö ¨ ¢¥¤ÊÐ¥¥
³ £´¨É´μ¥ ¶μ²¥ ¶μ¸ÉμÖ´´Ò ¢μ ¢·¥³¥´¨. — ¸É¨ÍÒ ¢ Í¨±²μÉ·μ´¥ ¤¢¨¦ÊÉ¸Ö ¶μ
· §¢¥·ÉÒ¢ ÕÐ¥°¸Ö ¸¶¨· ²¨. Œ ±¸¨³ ²Ó´ Ö Ô´¥·£¨Ö Ê¸±μ·¥´´ÒÌ ¢ (±² ¸¸¨Î¥-
¸±μ³) Í¨±²μÉ·μ´¥ ¶·μÉμ´μ¢ μ±μ²μ 20 ŒÔ‚,   ¢ ¸¶¥Í¨ ²Ó´μ³ (¨§μÌ·μ´´μ³)
Í¨±²μÉ·μ´¥ ¤μ 1 ƒÔ‚¯ (	‘�. 1978. ’. 28. ‘. 562).

‘μ ¢·¥³¥´¨ ¨§μ¡·¥É¥´¨Ö Í¨±²μÉ·μ´  ¶·μÏ²μ ¡μ²¥¥ 75 ²¥É. ‡  ÔÉμ ¢·¥³Ö
¶μ¸É·μ¥´μ ´¥¸±μ²Ó±μ ¸μÉ¥´ Í¨±²μÉ·μ´μ¢. ‘ 1959 £. Í¨±²μÉ·μ´´μ¥ ¸μμ¡Ð¥¸É¢μ
¶·μ¢μ¤¨É ·¥£Ê²Ö·´Ò¥ ³¥¦¤Ê´ ·μ¤´Ò¥ ±μ´Ë¥·¥´Í¨¨ ®International Conference
on Cyclotrons and Their Applications¯ ¨ ¨§¤ ¥É É·Ê¤Ò ÔÉ¨Ì ±μ´Ë¥·¥´Í¨°.

Šμ´¥Î´μ, ¢ ¶¥·¢Ò¥ £μ¤Ò ¸ÊÐ¥¸É¢μ¢ ´¨Ö Í¨±²μÉ·μ´μ¢, ¤μ Éμ£μ ± ± ´ -
Î ²¨ ¶·μ¢μ¤¨ÉÓ¸Ö ¸¶¥Í¨ ²¨§¨·μ¢ ´´Ò¥ ±μ´Ë¥·¥´Í¨¨, · ¡μÉÒ, ¶μ¸¢ÖÐ¥´´Ò¥
Í¨±²μÉ·μ´ ³, ¶Ê¡²¨±μ¢ ²¨¸Ó ¢ ¶¥·¨μ¤¨Î¥¸±¨Ì ´ ÊÎ´ÒÌ ¨§¤ ´¨ÖÌ, É ±¨Ì ± ±
®Science¯, ®Physical Review¯, ®Nuclear Instruments and Methods¯, ®Particle
Accelerators¯, ¨ ¤μ±² ¤Ò¢ ²¨¸Ó ´  ¤·Ê£¨Ì ±μ´Ë¥·¥´Í¨ÖÌ.

Šμ´Ë¥·¥´Í¨¨, ¶μ¸¢ÖÐ¥´´Ò¥ Í¨±²μÉ·μ´ ³, ¶·μ¢μ¤ÖÉ¸Ö · § ¢ É·¨ £μ¤ , ¶μ-
μÎ¥·¥¤´μ ¢ �³¥·¨±¥, …¢·μ¶¥ ¨ �§¨¨. �¤´  ¨§ ´¨Ì (¢ 1995 £.) ¶·μÏ²  ´ 
 Ë·¨± ´¸±μ³ ±μ´É¨´¥´É¥. �¥·¥Î¥´Ó ¢¸¥Ì ¸μ¸ÉμÖ¢Ï¨Ì¸Ö ±μ´Ë¥·¥´Í¨° ¤ ¥É¸Ö
¢ ¶·¨²μ¦¥´¨¨ 1. ’·Ê¤Ò ±μ´Ë¥·¥´Í¨°, £² ¢´Ò³ μ¡· §μ³ ¤¢ÊÌ ¶μ¸²¥¤´¨Ì Å
®Cyclotrons-2004¯ ¢ ’μ±¨μ ¨ ®Cyclotrons-2007¯ ´  ‘¨Í¨²¨¨, ¡Ò²¨ ¨¸¶μ²Ó§μ-
¢ ´Ò ¶·¨ ´ ¶¨¸ ´¨¨ ÔÉμ£μ μ¡§μ· .
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‚ μ¡§μ·¥  ¢Éμ· ¸É ¢¨² Í¥²Ó ¨§²μ¦¨ÉÓ ¨¸Éμ·¨Õ ¸μ§¤ ´¨Ö ¨ · §¢¨É¨Ö Í¨±²μ-
É·μ´μ¢, μ¶¨¸ ÉÓ ¶·μÍ¥¸¸ Ê¸±μ·¥´¨Ö Î ¸É¨Í ¢ Í¨±²μÉ·μ´ Ì ¨ ¨Ì · §´μμ¡· §´o¥
¶·¨³¥´¥´¨¥. �¡§μ· ¢±²ÕÎ ¥É ¢ ¸¥¡Ö 3 · §¤¥²  ¨ 2 ¶·¨²μ¦¥´¨Ö.

1. ˆ‘’��ˆŸ ‘�‡„��ˆŸ ˆ ��‡‚ˆ’ˆŸ –ˆŠ‹�’����‚

‚ ¶·¥¤¨¸²μ¢¨¨ ± ±´¨£¥ M.� ³¨ ¸  ®–¨±²μÉ·μ´¯ [1] ”.†μ²¨μ-ŠÕ·¨ ¶¨-
Ï¥É: ®‚ 1919 £. �¥§¥·Ëμ·¤Ê Ê¤ ²μ¸Ó, ¡μ³¡ ·¤¨·ÊÖ  Éμ³Ò  §μÉ  α-Î ¸É¨Í ³¨,
¨¸¶ÊÐ¥´´Ò³¨ ¥¸É¥¸É¢¥´´Ò³ · ¤¨μ ±É¨¢´Ò³ Ô²¥³¥´Éμ³, ¶·¥¢· É¨ÉÓ  §μÉ ¢ ±¨-
¸²μ·μ¤ ¨ μ¸ÊÐ¥¸É¢¨ÉÓ É ±¨³ μ¡· §μ³ ¶¥·¢μ¥ ¶·¥¢· Ð¥´¨¥ ³ É¥·¨¨.

„μ 1932 £. α-Î ¸É¨ÍÒ (μÉ · ¤¨μ ±É¨¢´ÒÌ ¨¸ÉμÎ´¨±μ¢) ¡Ò²¨ ¥¤¨´¸É¢¥´-
´Ò³ ¨¸ÉμÎ´¨±μ³ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¸ Ô´¥·£¨¥° 1Ä2 ŒÔ‚, ±μÉμ·Ò¥ ³μ£ÊÉ
¨¸¶μ²Ó§μ¢ ÉÓ¸Ö ¢ Ö¤¥·´μ° Ë¨§¨±¥. �¥·¢Ò³ ¨¸±Ê¸¸É¢¥´´Ò³ ¨¸ÉμÎ´¨±μ³ ¸É ²
Ê¸±μ·¨É¥²Ó Šμ±·μËÉ  ¨ “μ²Éμ´  (Ê¸±μ·¨É¥²Ó ¶·Ö³μ£μ ¤¥°¸É¢¨Ö), ±μÉμ·Ò°
Ê¸±μ·Ö² ¨μ´Ò ¢μ¤μ·μ¤  ¢ ¸¨²Ó´μ³ Ô²¥±É·¨Î¥¸±μ³ (Ô²¥±É·μ¸É É¨Î¥¸±μ³) ¶μ²¥.
ˆ³ Ê¤ ²μ¸Ó ¶μ²ÊÎ¨ÉÓ μÎ¥´Ó ³μÐ´Ò¥ ¶ÊÎ±¨ ¶·μÉμ´μ¢, ¤¥°É·μ´μ¢ ¨ Ö¤¥· £¥²¨Ö
¸ Ô´¥·£¨¥° ¤μ 1 ŒÔ‚, ¡² £μ¤ ·Ö Î¥³Ê ¡Ò²¨ μÉ±·ÒÉÒ ³´μ£μÎ¨¸²¥´´Ò¥ Ö¤¥·-
´Ò¥ ·¥ ±Í¨¨. �·¨³¥´Ö¢Ï¨¥¸Ö ¶ÊÎ±¨ ¨³¥²¨ ¨´É¥´¸¨¢´μ¸ÉÓ ¶μ·Ö¤±  1015 ¸−1,
¢ ³¨²²¨μ´ · § ¡μ²ÓÏÊÕ, Î¥³ ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ · ¤¨μ ±É¨¢´ÒÌ ¨¸ÉμÎ´¨±μ¢
α-Î ¸É¨Í. �¤´ ±μ Ô´¥·£¨¨ Î ¸É¨Í, ¶μ²ÊÎ¥´´ÒÌ ´  ÔÉμ³ Ê¸±μ·¨É¥²¥, ¡Ò²¨
§´ Î¨É¥²Ó´μ ³¥´ÓÏ¥ Ô´¥·£¨° ¥¸É¥¸É¢¥´´ÒÌ α-Î ¸É¨Í.

’μ²Ó±μ ¡² £μ¤ ·Ö ´μ¢μ³Ê ¨¸±²ÕÎ¨É¥²Ó´μ μ¸É·μÊ³´μ³Ê ¸¶μ¸μ¡Ê, ¶·¥¤²μ-
¦¥´´μ³Ê  ³¥·¨± ´¸±¨³ ÊÎ¥´Ò³ �.�. ‹μÊ·¥´¸μ³,   ¨³¥´´μ ¥£μ Í¨±²μÉ·μ´Ê,
· §· ¡μÉ ´´μ³Ê ¨ ¢¢¥¤¥´´μ³Ê ¢ ¤¥°¸É¢¨¥ ¢ 1930Ä1936 ££., ¡Ò²¨ ¶μ²ÊÎ¥´Ò ¢
§´ Î¨É¥²Ó´μ³ ±μ²¨Î¥¸É¢¥ Î ¸É¨ÍÒ ¸ Ô´¥·£¨¥°, ¶·¥¢ÒÏ ÕÐ¥° 1Ä2 ŒÔ‚¯.

–¨±²μÉ·μ´ ¡Ò² ¨§μ¡·¥É¥´ �.�. ‹μÊ·¥´¸μ³ ¢ 1930 £. [2].
‚  ¶·¥²¥ 1931 £. ¡Ò²  μ¸ÊÐ¥¸É¢²¥´  ¶¥·¢ Ö Ô±¸¶¥·¨³¥´É ²Ó´ Ö ¤¥³μ´-

¸É· Í¨Ö: ´  4-¤Õ°³μ¢μ³ Í¨±²μÉ·μ´¥ ¨μ´Ò ³μ²¥±Ê²Ö·´μ£μ ¢μ¤μ·μ¤  ¡Ò²¨
Ê¸±μ·¥´Ò ¤μ Ô´¥·£¨¨ 80 ±Ô‚ [3]. �¸¥´ÓÕ 1931 £. ¢ 11-¤Õ°³μ¢μ³ Í¨±²μÉ·μ´¥
¢¶¥·¢Ò¥ ¢ ¨¸Éμ·¨¨ ´ Ê±¨ ¶·μÉμ´Ò ¡Ò²¨ Ê¸±μ·¥´Ò ¤μ Ô´¥·£¨¨ 1Ä1,2 ŒÔ‚ [4].
1-ŒÔ‚ ¶·μÉμ´Ò ¡Ò²¨ ¨¸¶μ²Ó§μ¢ ´Ò, ÎÉμ¡Ò ¶μ¤É¢¥·¤¨ÉÓ ¡·¨É ´¸±¨¥ ·¥§Ê²ÓÉ -
ÉÒ∗. „¥§¨´É¥£· Í¨Ö ´ ¡²Õ¤ ² ¸Ó ´  ²¨É¨¨ ¨ ´¥¸±μ²Ó±¨Ì ¤·Ê£¨Ì ³¨Ï¥´ÖÌ [5].

‘²¥¤ÊÕÐ¨³ ÔÉ ¶μ³ ¸É ²μ ¸μμ·Ê¦¥´¨¥ Í¨±²μÉ·μ´  ¸ ¤¨ ³¥É·μ³ ¶μ²Õ¸μ¢
27 ¤Õ°³μ¢, ¢ ±μÉμ·μ³ ¤¥°É·μ´Ò ¡Ò²¨ Ê¸±μ·¥´Ò ¤μ Ô´¥·£¨¨ 5 ŒÔ‚ [6].

‚ 1937 £. 27-¤Õ°³μ¢Ò° Í¨±²μÉ·μ´ ¡Ò² ¶·¥¢· Ð¥´ ¢ 37-¤Õ°³μ¢Ò° ¶ÊÉ¥³
§ ³¥´Ò ¶μ²Õ¸μ¢ ¨ ¢ ±ÊÊ³´μ° ± ³¥·Ò. �´¥·£¨Ö ¤¥°É·μ´μ¢ ¤μ¸É¨£²  8 ŒÔ‚,  
Éμ± Å 100 ³±�.

∗B 1932 £. Šμ±·μËÉ ¨ “μ²Éμ´ ¢ Š ¢¥´¤¨Ï¸±μ° ² ¡μ· Éμ·¨¨ Š¥³¡·¨¤¦¸±μ£μ Ê´¨¢¥·¸¨É¥É 
¸ ¶μ³μÐÓÕ ¸¢μ¥£μ Ê¸±μ·¨É¥²Ö ´  ´ ¶·Ö¦¥´¨¥ 400 ±‚ Ê¸±μ·¨²¨ ¶·μÉμ´Ò, ±μÉμ·Ò³¨ ¡μ³¡ ·¤¨·μ-
¢ ²¨ ²¨É¨¥¢ÊÕ ³¨Ï¥´Ó ¨ ´ ¡²Õ¤ ²¨ ¤¥§¨´É¥£· Í¨Õ (· ¸Ð¥¶²¥´¨¥) ²¨É¨Ö.
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‚ 1939 £. ¡Ò² ¶μ¸É·μ¥´ ¡μ²ÓÏμ° 60-¤Õ°³μ¢Ò° Í¨±²μÉ·μ´ ®Š·μ±¥·¯ ¤²Ö
³¥¤¨Í¨´¸±¨Ì ¶·¨³¥´¥´¨°, ±μÉμ·Ò° Ê¸±μ·Ö² ¤¥°É·μ´Ò ¤μ 20 ŒÔ‚ ¨ ¨μ´Ò
£¥²¨Ö ¤μ 40 ŒÔ‚. ‚ ÔÉμ ¢·¥³Ö Í¨±²μÉ·μ´Ò ´ Î ²¨ ¸μμ·Ê¦ ÉÓ¸Ö ¨ ¢ ¤·Ê£¨Ì
² ¡μ· Éμ·¨ÖÌ, ±μÉμ·Ò¥ ¢´¥¸²¨ ¸ÊÐ¥¸É¢¥´´Ò° ¢±² ¤ ¢ ¨Ì · §¢¨É¨¥.

‚ ‘μ¢¥É¸±μ³ ‘μÕ§¥ ¶¥·¢Ò° Í¨±²μÉ·μ´ (μ´ ¦¥ ¡Ò² ¶¥·¢Ò³ ¢ …¢·μ¶¥)
¸ ¤¨ ³¥É·μ³ ¶μ²Õ¸μ¢ 100 ¸³ ¡Ò² ¶μ¸É·μ¥´ ¢ 1937 £. ¢ � ¤¨¥¢μ³ ¨´¸É¨ÉÊÉ¥
(‹¥´¨´£· ¤) [7].

‚ ¶¥·¢ÒÌ Í¨±²μÉ·μ´ Ì ³μ¦´μ ¢Ò¤¥²¨ÉÓ 4 μ¸´μ¢´Ò¥ ¸¨¸É¥³Ò: ³ £´¨É´ÊÕ
(³ £´¨É ¸ ¨¸ÉμÎ´¨±μ³ ¶μ¸ÉμÖ´´μ£μ Éμ± ), Ê¸±μ·ÖÕÐÊÕ (Ê¸±μ·ÖÕÐ¨¥ Ô²¥±-
É·μ¤Ò Å ¤Ê ´ÉÒ ¨ £¥´¥· Éμ· ¢Ò¸μ±μÎ ¸ÉμÉ´μ£μ ´ ¶·Ö¦¥´¨Ö), ¨μ´´Ò° ¨¸-
ÉμÎ´¨± ¨ ¢ ±ÊÊ³´ÊÕ ¸¨¸É¥³Ê (¢ ±ÊÊ³´ÊÕ ± ³¥·Ê ¸μ ¸·¥¤¸É¢ ³¨ ¢ ±ÊÊ³´μ°
μÉ± Î±¨).

�μ ³¥·¥ ¸μ§¤ ´¨Ö ´μ¢ÒÌ Í¨±²μÉ·μ´μ¢ ÔÉ¨ ¸¨¸É¥³Ò ¶μ¸ÉμÖ´´μ Ê²ÊÎÏ -
²¨¸Ó [8].

ŒÒ ¶·¨¢¥¤¥³ §¤¥¸Ó ´¥¸±μ²Ó±μ ¶·¨³¥·μ¢. „²Ö ¡μ²¥¥ ÉμÎ´μ£μ Ëμ·³¨·μ¢ -
´¨Ö ¸¶ ¤  ³ £´¨É´μ£μ ¶μ²Ö ¶μ · ¤¨Ê¸Ê (¤²Ö μ¡¥¸¶¥Î¥´¨Ö ¢¥·É¨± ²Ó´μ° Ëμ-
±Ê¸¨·μ¢±¨) ¡Ò²¨ ¶·¨¤Ê³ ´Ò ±μ²ÓÍ¥¢Ò¥ Ï¨³³Ò (Ë¥··μ³ £´¨É´Ò¥ ¶² ¸É¨´Ò),
±·¥¶¨¢Ï¨¥¸Ö ´  ¶μ²Õ¸ Ì ³ £´¨É , ±μÉμ·Ò¥ ¶μ§¢μ²Ö²¨ ¡μ²¥¥  ±±Ê· É´μ Ëμ·-
³¨·μ¢ ÉÓ £· ¤¨¥´É ³ £´¨É´μ£μ ¶μ²Ö ¢¤μ²Ó · ¤¨Ê¸ . �·¨³¥´¥´¨¥ É ±¨Ì Ï¨³³
¶μ§¢μ²¨²μ ¸ÊÐ¥¸É¢¥´´μ Ê¢¥²¨Î¨ÉÓ ¨´É¥´¸¨¢´μ¸ÉÓ ¶ÊÎ±  ´  37-¤Õ°³μ¢μ³ Í¨-
±²μÉ·μ´¥ ¢ 	¥·±²¨ [9]. �  60-¤Õ°³μ¢μ³ Í¨±²μÉ·μ´¥ � ¤¨ Í¨μ´´μ° ² ¡μ· -
Éμ·¨¨ Š ²¨Ëμ·´¨°¸±μ£μ Ê´¨¢¥·¸¨É¥É  ¡Ò²  Ê¸É ´μ¢²¥´  ¸¨¸É¥³   ¢Éμ³ É¨Î¥-
¸±μ° ¸É ¡¨²¨§ Í¨¨ ³ £´¨É´μ£μ ¶μ²Ö. �  ¡¥·±²¨¥¢¸±μ³ ¨ ¤·Ê£¨Ì Í¨±²μÉ·μ-
´ Ì ¤²Ö ¶μ¤¢μ¤  ± ¤Ê ´É ³ ¢Ò¸μ±μÎ ¸ÉμÉ´μ° ³μÐ´μ¸É¨ ¡Ò²¨ ¨¸¶μ²Ó§μ¢ ´Ò
Î¥É¢¥·ÉÓ¢μ²´μ¢Ò¥ ·¥§μ´ ´¸´Ò¥ ²¨´¨¨, ±μÉμ·Ò¥ ¢³¥¸É¥ ¸ ¤Ê ´É ³¨ ¸μ§¤ ÕÉ
¢Ò¸μ±μ¤μ¡·μÉ´Ò¥ ±μ´ÉÊ·Ò ¨, É ±¨³ μ¡· §μ³, ¶μ§¢μ²ÖÕÉ ¸É ¡¨²¨§¨·μ¢ ÉÓ Î -
¸ÉμÉÊ Ê¸±μ·ÖÕÐ¥£μ ´ ¶·Ö¦¥´¨Ö ¨ Ê³¥´ÓÏ¨ÉÓ ¶μÉ·¥¡²Ö¥³ÊÕ ³μÐ´μ¸ÉÓ [10].
�·¨ ÔÉμ³ ²¨´¨¨, ¶¥·¥¤ ÕÐ¨¥ ³μÐ´μ¸ÉÓ μÉ £¥´¥· Éμ·  ± ¤Ê ´É´μ³Ê ±μ´ÉÊ·Ê,
¤¥² ÕÉ¸Ö ´¥·¥§μ´ ´¸´Ò³¨ ¨ ³μ£ÊÉ ¨³¥ÉÓ ²Õ¡ÊÕ ¤²¨´Ê, ÎÉμ ¶μ§¢μ²Ö¥É Ê¤ ²¨ÉÓ
£¥´¥· Éμ· μÉ Í¨±²μÉ·μ´  ´  Ê¤μ¡´μ¥ · ¸¸ÉμÖ´¨¥.

‘ÊÐ¥¸É¢¥´´μ Ê²ÊÎÏ¨² ¸Ó É ±¦¥ ±μ´¸É·Ê±Í¨Ö ¨μ´´μ£μ ¨¸ÉμÎ´¨± . ‚ · ´-
´¨Ì Í¨±²μÉ·μ´ Ì É ± ´ §Ò¢ ¥³Ò° μÉ±·ÒÉÒ° ¨¸ÉμÎ´¨± ¶·¥¤¸É ¢²Ö² ¸μ¡μ° ´ -
£·¥¢ ¥³ÊÕ ¢μ²ÓË· ³μ¢ÊÕ ´¨ÉÓ, · ¸¶μ²μ¦¥´´ÊÕ ¢ Í¥´É·¥ Í¨±²μÉ·μ´  ´ ¤ (¨²¨
¶μ¤) ¤Ê ´É ³¨. �μ¤ ¢ ¢Ï¨°¸Ö ´  ´¨ÉÓ μÉ·¨Í É¥²Ó´Ò° ¶μÉ¥´Í¨ ² ¢ ´¥¸±μ²Ó±μ
¸μÉ¥´ ¢μ²ÓÉ Ê¸±μ·Ö² Ô³¨É¨·Ê¥³Ò¥ ´¨ÉÓÕ Ô²¥±É·μ´Ò, ±μÉμ·Ò¥, ¸μÊ¤ ·ÖÖ¸Ó ¸
´¥°É· ²Ó´Ò³¨ ³μ²¥±Ê² ³¨ £ §  ¢ ¢ ±ÊÊ³´μ° ± ³¥·¥, ¸μ§¤ ¢ ²¨ ¢¥·É¨± ²Ó-
´ÊÕ ±μ²μ´´Ê ¶μ²μ¦¨É¥²Ó´ÒÌ ¨μ´μ¢ ¢ Í¥´É·¥ ± ³¥·Ò. ˆ§ ÔÉμ° ±μ²μ´´Ò
¨μ´Ò ¢Ò¸ ¸Ò¢ ²¨¸Ó ¢ ¤Ê ´ÉÒ. �¥μ¡Ìμ¤¨³Ò° £ § ´ ¶Ê¸± ²¸Ö ¢ ± ³¥·Ê. ‚
1939 £.  ¢Éμ·Ò [11] · §· ¡μÉ ²¨ ¨ ¶·¨³¥´¨²¨ ± ¶¨²²Ö·´Ò° ¨μ´´Ò° ¨¸ÉμÎ´¨±.
‚¸²¥¤ §  ´¨³¨  ¢Éμ·Ò [12] ¸μμ¡Ð¨²¨, ÎÉμ ¨´É¥´¸¨¢´μ¸ÉÓ ¤¥°É·μ´´μ£μ ¶ÊÎ±  ¢
60-¤Õ°³μ¢μ³ Í¨±²μÉ·μ´¥ 	¥·±²¨ §  ¸Î¥É ¶·¨³¥´¥´¨Ö ± ¶¨²²Ö·´μ£μ ¨¸ÉμÎ-
´¨±  Ê¢¥²¨Î¨² ¸Ó ¸ 14 ¤μ 90 ³±�.
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�·¨³¥´¥´¨¥ ± ¶¨²²Ö·´μ£μ ¨¸ÉμÎ´¨±  ¶μ§¢μ²¨²μ É ±¦¥ ¨¸¶μ²Ó§μ¢ ÉÓ ¤Ê-
 ´ÉÒ ¸ £μ· §¤μ ³¥´ÓÏ¥° ¢¥·É¨± ²Ó´μ°  ¶¥·ÉÊ·μ°. � ÔÉμ, ¢ ¸¢μÕ μÎ¥·¥¤Ó, ¤ ²μ
¢μ§³μ¦´μ¸ÉÓ Ê³¥´ÓÏ¨ÉÓ § §μ· ³¥¦¤Ê ¶μ²Õ¸ ³¨ ³ £´¨É  ¨, ¸²¥¤μ¢ É¥²Ó´μ,
³μÐ´μ¸ÉÓ ¥£μ ¶¨É ´¨Ö.

�¨¦¥ ¶·¨¢μ¤¨É¸Ö Í¨É É  ¨§ ¢μ¸¶μ³¨´ ´¨° �.Œ ±³¨²² ´  [13] (¶¥·¥¢μ¤
 ¢Éμ·  μ¡§μ· ), ±μÉμ·Ò° ¢ Éμ ¢·¥³Ö · ¡μÉ ² ¢ � ¤¨ Í¨μ´´μ° ² ¡μ· Éμ·¨¨ ¨
¡Ò² ¸¢¨¤¥É¥²¥³ μ¶¨¸Ò¢ ¥³ÒÌ ¸μ¡ÒÉ¨°:

®ˆ³¥´´μ ¢ ÔÉμ ¢·¥³Ö (1935 £.) ¢ 	¥·±²¨¥¢¸±μ° ² ¡μ· Éμ·¨¨ ¢μ§´¨± ¨´-
É¥·¥¸ ± ¡¨μ²μ£¨¨, ±μÉμ·Ò° ¶·μ¤μ²¦ ¥É¸Ö ¤μ ¸¨Ì ¶μ· (1959 £.). � Î ²μ ÔÉμ³Ê
¶μ²μ¦¨² ¡· É �·´¥¸É  ‹μÊ·¥´¸  „¦μ´ ‹μÊ·¥´¸. ˆ³¥´´μ ¢ Éμ ¢·¥³Ö μ´ ¶·μ¢¥²
¶¥·¢Ò¥ Ô±¸¶¥·¨³¥´ÉÒ ¶μ ¨¸¶μ²Ó§μ¢ ´¨Õ É·¥°¸¥·μ¢ ´  Î¥²μ¢¥±¥, ¢ ±μÉμ·ÒÌ
¨§³¥·Ö² ¸Ó ¸±μ·μ¸ÉÓ Í¨·±Ê²ÖÍ¨¨ ±·μ¢¨ ¢¥¸Ó³  ¶·¨³¨É¨¢´Ò³ ¸¶μ¸μ¡μ³. —¥-
²μ¢¥± ¢Ò¶¨¢ ² · ¤¨μ ±É¨¢´Ò° ´ É·¨°, · ¸É¢μ·¥´´Ò° ¢ ¢μ¤¥, ¨ ¶μ¸²¥ ÔÉμ£μ
¸Î¥ÉÎ¨± ƒ¥°£¥· , ±μÉμ·Ò° μ´ ¤¥·¦ ² ¢ ·Ê±¥, ´ Î¨´ ² ¸Î¨É ÉÓ. �μ¸²¥ ´¥-
¸±μ²Ó±¨Ì ³¨´ÊÉ ¢μ§· ¸É ÕÐ Ö ¸±μ·μ¸ÉÓ ¸Î¥É  ¤μ¸É¨£ ²  · ¢´μ¢¥¸´μ£μ §´ Î¥-
´¨Ö, ¨ ¨§ ÔÉμ£μ ´ ¡²Õ¤¥´¨Ö ¢Ò ¶μ²ÊÎ ²¨ ¢·¥³Ö Í¨·±Ê²ÖÍ¨¨ ±·μ¢¨. ’ ±¨³¨
¶·¨³¨É¨¢´Ò³¨ ¡Ò²¨ ¨ ¶¥·¢Ò¥ μ¶ÒÉÒ ¶μ É¥· ¶¥¢É¨Î¥¸±μ³Ê ¨¸¶μ²Ó§μ¢ ´¨Õ
Í¨±²μÉ·μ´ , ¶·¨¢¥¤Ï¨¥ ´¥³´μ£¨³ ¶μ§¦¥ ± É¥³, ¢ ±μÉμ·ÒÌ ´¥°É·μ´´μ¥ ¨§²Ê-
Î¥´¨¥ ¡Ò²μ ¶·¨³¥´¥´μ, ´ ¶·¨³¥·, ¤²Ö ²¥Î¥´¨Ö · ± .

‚ 1936 £. ³´μ£¨¥ ¶ÒÉ ²¨¸Ó ¨¸±Ê¸¸É¢¥´´μ ¸μ§¤ ÉÓ ´ ¡²Õ¤ ¢Ï¨¥¸Ö ¢ ¶·¨-
·μ¤¥ · ¤¨μ´Ê±²¨¤Ò. �Éμ ¡Ò²¨ ¤¥°¸É¢¨É¥²Ó´μ ±² ¸¸¨Î¥¸±¨¥ Ô±¸¶¥·¨³¥´ÉÒ,
É ± ± ± ¢ Éμ ¢·¥³Ö ´¥ ¢¸¥ ÊÎ¥´Ò¥ ¡Ò²¨ Ê¢¥·¥´Ò, ÎÉμ ¨¸±Ê¸¸É¢¥´´Ò¥ · ¤¨μ ±-
É¨¢´Ò¥ ³ É¥·¨ ²Ò ¨³¥ÕÉ ÉÊ ¦¥ ¶·¨·μ¤Ê, ÎÉμ ¨ ¥¸É¥¸É¢¥´´Ò¥. „¦¥± ‹¨¢¨´£Ê¤
(Jack Livingood) μ¡²ÊÎ ² 6-ŒÔ‚ ¤¥°É·μ´ ³¨ ¨§ Í¨±²μÉ·μ´  ¢¨¸³ÊÉ. �É  Ô´¥·-
£¨Ö μ± § ² ¸Ó ¤μ¸É ÉμÎ´μ°, ÎÉμ¡Ò ¢ ·¥ ±Í¨¨ (d, p) ¶μ²ÊÎ¨ÉÓ ¤μ¢μ²Ó´μ ¡μ²Ó-
Ïμ° ¢ÒÌμ¤ · ¤¨Ö …, ¨§μÉμ¶  ¢¨¸³ÊÉ , ±μÉμ·Ò° § É¥³ · ¸¶ ¤ ²¸Ö ¢ ¶μ²μ´¨°.
’ ±¨³ μ¡· §μ³, Éμ£¤  ¢¶¥·¢Ò¥ Ê¤ ²μ¸Ó μ¸ÊÐ¥¸É¢¨ÉÓ ¸ ¶μ³μÐÓÕ § ·Ö¦¥´´ÒÌ
Î ¸É¨Í Ô±¸¶¥·¨³¥´É ¶μ ¤¥§¨´É¥£· Í¨¨ Ô²¥³¥´É , · ¸¶μ²μ¦¥´´μ£μ É ± ¤ ²¥±μ
¢ �¥·¨μ¤¨Î¥¸±μ° É ¡²¨Í¥ Ô²¥³¥´Éμ¢.

‚ Éμ ¦¥ ¢·¥³Ö ³Ò ¢¶¥·¢Ò¥ μ¸ÊÐ¥¸É¢¨²¨ ¢Ò¢μ¤ ¶ÊÎ±  ¨§ ± ³¥·Ò ¸ ¶μ³μ-
ÐÓÕ μÉ±²μ´ÖÕÐ¥£μ ¶μ²Ö. Ÿ Ìμ·μÏμ ¶μ³´Õ ÔÉμÉ ³μ³¥´É, ¶μÉμ³Ê ÎÉμ ¸´ Î ² 
¶ÊÎμ± ¢ÒÏ¥² ¶μÎÉ¨ É ´£¥´Í¨ ²Ó´μ ¨ ¸É¥´±  ± ³¥·Ò μ¸É ´μ¢¨²  ¥£μ, É ± ÎÉμ
Ö ¶μÉ· É¨² ¶μ²¤´Ö, ¢Ò¸± ¡²¨¢ Ö ¦¥²μ¡ ¢ ¸É¥´±¥ ± ³¥·Ò, ÎÉμ¡Ò ¶ÊÎμ± ³μ£
¢Ò°É¨ ´ ·Ê¦Ê. Œμ¦´μ ¸± § ÉÓ, ÎÉμ ÔÉμ ¡Ò² ¶·¥¤Ï¥¸É¢¥´´¨± ¸μ¢·¥³¥´´ÒÌ
¸¨¸É¥³ Ô±¸É· ±Í¨¨, ±μÉμ·Ò¥ ¸É ²¨ μÎ¥´Ó ¸²μ¦´Ò³¨.

„μ ¸¨Ì ¶μ· ·¥ÎÓ Ï²  μ 27-¤Õ°³μ¢μ³ Í¨±²μÉ·μ´¥. Ÿ ¤μ²¦¥´ ¨§¢¨´¨ÉÓ¸Ö
§  Éμ, ÎÉμ ¸±μ´Í¥´É·¨·μ¢ ²¸Ö ´  · ¡μÉ Ì 	¥·±²¨. ’¥³ ´¥ ³¥´¥¥ ¢ 1936Ä
1937 ££. ´ Î ²¨ ¶μ¸ÉÊ¶ ÉÓ ¸¢¥¤¥´¨Ö μ Í¨±²μÉ·μ´ Ì ¨§ ¤·Ê£¨Ì Î ¸É¥° ³¨· .
Š ±μ´ÍÊ 1936 £. ¢ ³¨·¥ ¡Ò²μ μ±μ²μ 20 Í¨±²μÉ·μ´μ¢, É ± · ¸¶·μ¸É· ´¨²μ¸Ó
ÔÉμ ¨¸±Ê¸¸É¢μ; ¡Ò²¨ ¶·¨¤Ê³ ´Ò Ê²ÊÎÏ¥´´Ò° ¨μ´´Ò° ¨¸ÉμÎ´¨±, Ê²ÊÎÏ¥´´Ò¥
¢Ò¸μ±μÎ ¸ÉμÉ´Ò¥ ¸¨¸É¥³Ò, ¸Ì¥³Ò ±μ´É·μ²Ö ³ £´¨Éμ¢ ¨ ³´μ£μ¥ ¤·Ê£μ¥. ’ ±¨³
μ¡· §μ³, · §¢¨É¨¥ Í¨±²μÉ·μ´μ¢ ¸É ²μ ¤¥²μ³ ¨´É¥·´ Í¨μ´ ²Ó´Ò³.
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‚ 1938 £. �²Ó¢ ·¥Í ¢¶¥·¢Ò¥ ¢¢¥² ¨§³¥·¥´¨¥ ¢·¥³¥´¨ ¶·μ²¥É  ´¥°É·μ´μ¢
(¤²Ö ¨§³¥·¥´¨Ö ¨Ì Ô´¥·£¨¨), ¶¥·¥±²ÕÎ Ö ¶ÊÎμ± Í¨±²μÉ·μ´ .

’μ£¤  ¦¥ ¡Ò² μÉ±·ÒÉ (‘¥£·¥) ¶¥·¢Ò° ¨¸±Ê¸¸É¢¥´´Ò° Ô²¥³¥´É, ¸μ§¤ ´´Ò°
´  Í¨±²μÉ·μ´¥. �μ¸²¥ ¤¥³μ´É ¦  Í¨±²μÉ·μ´ , ±μ£¤  ¸É · Ö ± ³¥·  ¡Ò²  ¢Ò-
¡·μÏ¥´ , ‘¥£·¥ ¸± § ², ÎÉμ ÌμÎ¥É ¢§ÖÉÓ ¸¥¡¥ ¸¥¶ÉÊ³ (¸μ¢·¥³¥´´μ¥ ´ §¢ ´¨¥
Ô²¥³¥´É  ¸¨¸É¥³Ò ¢Ò¢μ¤ ), ±μÉμ·Ò° ¡Ò² ¸¤¥² ´ ¨§ ³μ²¨¡¤¥´  ¨, ¥¸É¥¸É¢¥´´μ,
¶μ¤¢¥·£ ²¸Ö ¡μ³¡ ·¤¨·μ¢±¥ ¤¥°É·μ´ ³¨. ‚³¥¸É¥ ¸ �¥·Ó¥ μ´ ¢ ˆÉ ²¨¨ ¸³μ£ ¤μ-
± § ÉÓ, ÎÉμ ¢ ¸¥¶ÉÊ³¥ ¸μ¤¥·¦¨É¸Ö ´μ¢Ò° Ô²¥³¥´É É¥Ì´¥Í¨°, μ¡· §μ¢ ¢Ï¨°¸Ö ¢
·¥§Ê²ÓÉ É¥ ¡μ³¡ ·¤¨·μ¢±¨ ³μ²¨¡¤¥´  ¤¥°É·μ´ ³¨.

‚ ÔÉμ ¢·¥³Ö ¸É ·Éμ¢ ²  ¤·Ê£ Ö ¢ ¦´ Ö ¢¥ÐÓ Å É¥μ·¥É¨±¨ § ¨´É¥·¥¸μ¢ -
²¨¸Ó Í¨±²μÉ·μ´ ³¨. 	¥É¥ ¨ �μ§¥ ¢¶¥·¢Ò¥ Ê± § ²¨ ´  ·¥²ÖÉ¨¢¨¸É¸±¨° ¶·¥¤¥²
Ô´¥·£¨¨ ¢ Í¨±²μÉ·μ´¥, ¨ ´¥³´μ£μ ¢·¥³¥´¨ ¸¶Ê¸ÉÖ ‹. ’μ³ ¸ ´ Ï¥² μÉ¢¥É ´  ÔÉμ
μ£· ´¨Î¥´¨¥. �ÉμÉ μÉ¢¥É μ± § ²¸Ö ¤μ¢μ²Ó´μ É·Ê¤´Ò³ ¤²Ö ¶μ´¨³ ´¨Ö (¨ μ¸Ê-
Ð¥¸É¢²¥´¨Ö) Ô±¸¶¥·¨³¥´É Éμ· ³¨ ¨ ¶μÔÉμ³Ê μ¸É ¢ ²¸Ö ´¥ ¨¸¶μ²Ó§μ¢ ´´Ò³ ¢
É¥Î¥´¨¥ ³´μ£¨Ì ²¥É. Š·μ³¥ Éμ£μ, ¢ Éμ ¢·¥³Ö (1937 £.) Ô´¥·£¨Ö Í¨±²μÉ·μ-
´μ¢ μ£· ´¨Î¨¢ ² ¸Ó ¤·Ê£¨³¨ Ë ±Éμ· ³¨ (É ±¨³¨ ± ± · §³¥·Ò ¡Õ¤¦¥É ),   ´¥
·¥²ÖÉ¨¢¨¸É¸±¨³ ÔËË¥±Éμ³, ±μÉμ·Ò° ¡Ò² μÉ±·ÒÉ · ´ÓÏ¥, Î¥³ μ´ ¸É ² ¶· ±-
É¨Î¥¸±¨³ μ£· ´¨Î¥´¨¥³.

’¥¶¥·Ó (1959 £.), ±μ´¥Î´μ, ¢¸¥ ÌμÉÖÉ ¸É·μ¨ÉÓ Í¨±²μÉ·μ´Ò É¨¶  Í¨±²μÉ·μ´ 
’μ³ ¸  ¨²¨ FFAG-³ Ï¨´Ò (±μÉμ·Ò¥ Ö¢²ÖÕÉ¸Ö, ¢ ¸ÊÐ´μ¸É¨, Ô±¸É·¥³ ²Ó´Ò³
¢ ·¨ ´Éμ³ Í¨±²μÉ·μ´  ’μ³ ¸ ).

‚¸±μ·¥ (1938 £.) ¶μÖ¢²Ö¥É¸Ö 60-¤Õ°³μ¢Ò° Í¨±²μÉ·μ´, ±μÉμ·Ò° ¡Ò² ¶¥·-
¢Ò³ ¤¥°¸É¢¨É¥²Ó´μ ¶·μË¥¸¸¨μ´ ²Ó´μ ¸±μ´¸É·Ê¨·μ¢ ´´Ò³ Í¨±²μÉ·μ´μ³, ±μ-
Éμ·Ò° ¡Ò² ¶μ¸É·μ¥´ ¢ 	¥·±²¨. Œ´μ£μ ¶μ²¥§´ÒÌ ³μ¤¨Ë¨± Í¨° ¡Ò²μ ¢´¥¸¥´μ
¢ ±μ´¸É·Ê±Í¨Õ ÔÉμ° ³ Ï¨´Ò, ¨ μ¤´μ ¨§ ¸ ³ÒÌ ¢ ¦´ÒÌ ·¥Ï¥´¨° ¶·¨Ï²μ ¨§-
¢´¥ Å ÔÉμ ¨¤¥Ö Ê¡· ÉÓ ¸É¥±²Ö´´Ò¥ ¨§μ²ÖÉμ·Ò. �·¨ ÔÉμ³ ·¥§μ´ ´¸´ Ö ¸¨¸É¥³ 
μ¡· §Ê¥É¸Ö ¤Ê ´Éμ³ ¨ ±μ ±¸¨ ²Ó´μ° ²¨´¨¥°.

60-¤Õ°³μ¢Ò° Í¨±²μÉ·μ´ ¡Ò² Ê¸É ´μ¢²¥´ ¢ ´μ¢μ³ §¤ ´¨¨ ¢ ² ¡μ· Éμ·¨¨
®Š·μ±¥·¯. �·¨ ÔÉμ³ ¸É ·Ò° 37-¤Õ°³μ¢Ò° Í¨±²μÉ·μ´ ¶·μ¤μ²¦ ² · ¡μÉ ÉÓ ¤μ
É¥Ì ¶μ·, ¶μ±  μ´ ´¥ ¡Ò² ¨¸¶μ²Ó§μ¢ ´ ¤²Ö ¶¥·¢μ° ³μ¤¥²Ó´μ° ¶·μ¢¥·±¨ ¨¤¥¨
¸¨´Ì·μÍ¨±²μÉ·μ´  ¢ 1946 £.

‚ ´μÖ¡·¥ 1939 £. �. ‹μÊ·¥´¸ ¶μ²ÊÎ¨² �μ¡¥²¥¢¸±ÊÕ ¶·¥³¨Õ, ¨ ÔÉμ ¶μ³μ£²μ
¥³Ê ¶μ²ÊÎ¨ÉÓ 8  ¶·¥²Ö 1940 £. 1,15 ³²´ ¤μ²² ·μ¢ μÉ �μ±Ë¥²²¥·μ¢¸±μ£μ Ëμ´¤ 
´  ¸É·μ¨É¥²Ó¸É¢μ 100-ŒÔ‚ Í¨±²μÉ·μ´ , μ ±μÉμ·μ³ μ´ ³¥ÎÉ ² (É¥¶¥·Ó μ´ ´ -
§Ò¢ ¥É¸Ö 184-¤Õ°³μ¢Ò° Í¨±²μÉ·μ´). �¥ÎÓ Ï²  μ ±² ¸¸¨Î¥¸±μ³ Í¨±²μÉ·μ´¥,
¨ ´¥É·Ê¤´μ μÍ¥´¨ÉÓ (¸²¥¤ÊÖ É¥μ·¨¨ �μ§¥ ¨ 	¥É¥), ÎÉμ ¤²Ö ÔÉμ£μ É·¥¡μ¢ ²μ¸Ó
´ ¶·Ö¦¥´¨¥ ´  ± ¦¤μ³ ¨§ ¤Ê ´Éμ¢ 700 ±‚ (1400 ±‚ ³¥¦¤Ê ¤Ê ´É ³¨). �μ
ÉÊÉ ´ Î ² ¸Ó ¢μ°´ , ¨ Ê¸¨²¨Ö ² ¡μ· Éμ·¨¨ ¡Ò²¨ ¶μ¢¥·´ÊÉÒ ± ¤·Ê£¨³ ¢¥Ð ³.
Œ £´¨É, ¶μ¸É·μ¥´´Ò° ¤²Ö ÔÉμ£μ Í¨±²μÉ·μ´ , ¡Ò² ¨¸¶μ²Ó§μ¢ ´ ¤²Ö ¨¸¸²¥¤μ¢ -
´¨° ¶·μÍ¥¸¸  Ô²¥±É·μ³ £´¨É´μ£μ · §¤¥²¥´¨Ö ¨§μÉμ¶μ¢, ¨ ¶·μÏ²μ ´¥ É ± ³ ²μ
¢·¥³¥´¨, ¶μ±  ³Ò ¢¥·´Ê²¨¸Ó ± ¨¤¥¥ ¨¸¶μ²Ó§μ¢ ´¨Ö ¥£μ ¤²Ö Í¨±²μÉ·μ´ . �μ ¢
ÔÉμ ¢·¥³Ö ¶μÖ¢¨² ¸Ó ´μ¢ Ö ¨¤¥Ö ( ¢ÉμË §¨·μ¢±  ¨ ³μ¤Ê²ÖÍ¨Ö Î ¸ÉμÉÒ)¯.
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�  ËμÉμ£· Ë¨¨, § ¨³¸É¢μ¢ ´´μ° ¨§ Í¨É¨·μ¢ ¢Ï¨Ì¸Ö ¢ÒÏ¥ ¢μ¸¶μ³¨´ -
´¨° �.Œ ±³¨²² ´ , ¨§μ¡·¥É É¥²Ó Í¨±²μÉ·μ´  �. ‹μÊ·¥´¸ § ¶¥Î É²¥´ ¸μ ¸¢μ¨³
 ¸¶¨· ´Éμ³ Œ.‹¨¢¨´£¸Éμ´μ³, ¢³¥¸É¥ ¸ ±μÉμ·Ò³ μ´¨ Ê¸±μ·¨²¨ ¢ 1931 £. ´ 
11-¤Õ°³μ¢μ³ Í¨±²μÉ·μ´¥ ¶·μÉμ´Ò ¤μ Ô´¥·£¨¨ 1 ŒÔ‚ (¸³. ·¨¸. 1).

�¨¸. 1. Œ.‹¨¢¨´£¸Éμ´ (¸²¥¢ ) ¨ �.‹μÊ·¥´¸ Ê 27-¤Õ°³μ¢μ£μ Í¨±²μÉ·μ´ 

“¸±μ·Ö¥³ Ö ¢ Í¨±²μÉ·μ´¥ § ·Ö¦¥´´ Ö Î ¸É¨Í  (§ ·Ö¤ e, ³ ¸¸  m) ¤¢¨-
¦¥É¸Ö ¢ ¸É Í¨μ´ ·´μ³ (¶μ¸ÉμÖ´´μ³ ¢μ ¢·¥³¥´¨) ³ £´¨É´μ³ ¶μ²¥, μ¡² ¤ Õ-
Ð¥³ ¸¨³³¥É·¨¥° μÉ´μ¸¨É¥²Ó´μ ¸·¥¤´¥° (z = 0) ¶²μ¸±μ¸É¨ ³ £´¨É . „¢¨¦¥´¨¥
Î ¸É¨ÍÒ μ¶¨¸Ò¢ ¥É¸Ö Ê· ¢´¥´¨¥³

d

dt
(mṙ) = e(r × B) + eε, (1.1)

£¤¥ B(r) Å ¨´¤Ê±Í¨Ö ¢¥¤ÊÐ¥£μ ³ £´¨É´μ£μ ¶μ²Ö; ε(r) Å ´ ¶·Ö¦¥´´μ¸ÉÓ Ê¸±μ-
·ÖÕÐ¥£μ ¢Ò¸μ±μÎ ¸ÉμÉ´μ£μ Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö, ¨§³¥´ÖÕÐ¥£μ¸Ö ¢μ ¢·¥³¥´¨
¶μ £ ·³μ´¨Î¥¸±μ³Ê § ±μ´Ê

ε = ε0 cos ωt. (1.2)

‚ ¨§μ¡·¥É¥´´μ³ �. ‹μÊ·¥´¸μ³ ±² ¸¸¨Î¥¸±μ³ Í¨±²μÉ·μ´¥ ³ £´¨É´μ¥ ¶μ²¥
¶· ±É¨Î¥¸±¨ ¶μ¸ÉμÖ´´μ ¢ ¶·μ¸É· ´¸É¢¥ (¸¶ ¤ ¥É ¶μ · ¤¨Ê¸Ê ´  ¢¥²¨Î¨´Ê, ´¥
¶·¥¢ÒÏ ÕÐÊÕ 1 %). �μÔÉμ³Ê É· ¥±Éμ·¨Ö Î ¸É¨Í, ¤¢¨¦ÊÐ¨Ì¸Ö ¸μ ¸±μ·μ-
¸ÉÓÕ v, ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° μ±·Ê¦´μ¸ÉÓ · ¤¨Ê¸μ³ r,   ±·Ê£μ¢ Ö Î ¸ÉμÉ  μ¡· -
Ð¥´¨Ö

ω =
eB

m
(1.3)
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¶μ¸ÉμÖ´´ , ¥¸²¨ ´¥ ÊÎ¨ÉÒ¢ ÉÓ ·¥²ÖÉ¨¢¨¸É¸±μ£μ ¢μ§· ¸É ´¨Ö ³ ¸¸Ò Î ¸É¨ÍÒ m:

m =
m0√
1 − β2

= m0γ,

β = v/c Å μÉ´μ¸¨É¥²Ó´ Ö ¸±μ·μ¸ÉÓ Î ¸É¨ÍÒ.
‚ ¶¥·¢ÒÌ Í¨±²μÉ·μ´ Ì Ô´¥·£¨Ö Ê¸±μ·¥´´ÒÌ Î ¸É¨Í Å ¶·μÉμ´μ¢, ¤¥°É·μ-

´μ¢ ¨  ²ÓË -Î ¸É¨Í Å ´¥ ¶·¥¢ÒÏ ²  10 ŒÔ‚, ÎÉμ ¡Ò²μ ¢¶μ²´¥ ¤μ¸É ÉμÎ´μ ¤²Ö
¨§ÊÎ¥´¨Ö Ö¤¥·´ÒÌ ·¥ ±Í¨° ¨ ¨¸±Ê¸¸É¢¥´´μ ¸μ§¤ ¢ ¥³ÒÌ ¢ ÔÉ¨Ì ·¥ ±Í¨ÖÌ · -
¤¨μ ±É¨¢´ÒÌ Ô²¥³¥´Éμ¢. ˆ§ Î¨¸²  360 ¨¸±Ê¸¸É¢¥´´μ ¸μ§¤ ´´ÒÌ ¤μ 1937 £. · -
¤¨μ ±É¨¢´ÒÌ Ô²¥³¥´Éμ¢ ¡μ²¥¥ ¶μ²μ¢¨´Ò ¡Ò²¨ μÉ±·ÒÉÒ ´  Í¨±²μÉ·μ´ Ì [14].

’¥³ ´¥ ³¥´¥¥ ¶·μ¡²¥³  μ£· ´¨Î¥´¨Ö ¤μ¸É¨¦¨³μ° ¢ Í¨±²μÉ·μ´¥ Ô´¥·-
£¨¨ [15] ¨§-§  ´ ·ÊÏ¥´¨Ö ¸¨´Ì·μ´¨§³  (¢¸²¥¤¸É¢¨¥ Ê³¥´ÓÏ¥´¨Ö Î ¸ÉμÉÒ μ¡· -
Ð¥´¨Ö ¢ ¶μ¸ÉμÖ´´μ³ ¶μ · ¤¨Ê¸Ê ³ £´¨É´μ³ ¶μ²¥) ¶·¨¢²¥± ²  ¢´¨³ ´¨¥ ÊÎ¥-
´ÒÌ ¨ ¨§μ¡·¥É É¥²¥°, ³Ò¸²Ó ±μÉμ·ÒÌ ¤¢¨£ ² ¸Ó ¢ ¤¢ÊÌ ´ ¶· ¢²¥´¨ÖÌ.

�¥·¢μ¥ Å Ê¸É· ´¨ÉÓ ´ ·ÊÏ¥´¨¥ ¨§μÌ·μ´¨§³ , ¸¤¥² ¢ ³ £´¨É´μ¥ ¶μ²¥ · -
¸ÉÊÐ¨³ ¢¤μ²Ó · ¤¨Ê¸ , ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ ·¥²ÖÉ¨¢¨¸É¸±¨³ ·μ¸Éμ³ ³ ¸¸Ò.
�Éμ³Ê ¶·¥¶ÖÉ¸É¢μ¢ ²μ Éμ μ¡¸ÉμÖÉ¥²Ó¸É¢μ, ÎÉμ ¢ · ¸ÉÊÐ¥³ ¶μ · ¤¨Ê¸Ê ³ £´¨É-
´μ³ ¶μ²¥ ¨¸Î¥§ ¥É Ëμ±Ê¸¨·μ¢±  Î ¸É¨Í ¢ ¢¥·É¨± ²Ó´μ³ (¶¥·¶¥´¤¨±Ê²Ö·´μ³
¶²μ¸±μ¸É¨ ¸¨³³¥É·¨¨ ³ £´¨É´μ£μ ¶μ²Ö) ´ ¶· ¢²¥´¨¨, ±μÉμ· Ö ¸ÊÐ¥¸É¢Ê¥É ¢
¸¶ ¤ ÕÐ¥³ ¶μ · ¤¨Ê¸Ê ³ £´¨É´μ³ ¶μ²¥. —Éμ¡Ò Ê¸É· ´¨ÉÓ ÔÉμ ¶·¥¶ÖÉ¸É¢¨¥,
Ê¦¥ ¢ 1938 £. ‹. ’μ³ ¸ ¶·¥¤²μ¦¨² ¸μ§¤ ÉÓ ¢ Í¨±²μÉ·μ´¥ §´ ±μ¶¥·¥³¥´´ÊÕ
Ëμ±Ê¸¨·μ¢±Ê §  ¸Î¥É ¨§³¥´¥´¨Ö ³ £´¨É´μ£μ ¶μ²Ö ¢¤μ²Ó  §¨³ÊÉ . ‚ ¸¢μ¥° · -
¡μÉ¥ [16] μ´ ¶μ± § ²  ´ ²¨É¨Î¥¸±¨, ÎÉμ  §¨³ÊÉ ²Ó´ Ö ¢ ·¨ Í¨Ö ³ £´¨É´μ£μ
¶μ²Ö ¸ ¶¥·¨μ¤μ³ π/2 (£μ¢μ·Ö ¸μ¢·¥³¥´´Ò³ Ö§Ò±μ³, ¢ Î¥ÉÒ·¥Ì¸¥±Éμ·´μ³ Í¨-
±²μÉ·μ´¥) ¨  ³¶²¨ÉÊ¤μ° ¢ ·¨ Í¨¨, ¡μ²ÓÏ¥° Î¥³ βH (β Å μÉ´μ¸¨É¥²Ó´ Ö
¸±μ·μ¸ÉÓ Î ¸É¨Í, H Å ¸·¥¤´¥¥ ¶μ²¥), μ¡¥¸¶¥Î¨¢ ¥É Ëμ±Ê¸¨·μ¢±Ê ¢ ³ £´¨É-

´μ³ ¶μ²¥, · ¸ÉÊÐ¥³ ¢¤μ²Ó · ¤¨Ê¸  ¶μ § ±μ´Ê H = H0

(
1 +

1
2
β2

)
, ¶μ ±· °-

´¥° ³¥·¥ ¤μ Ô´¥·£¨°, ¶·¨ ±μÉμ·ÒÌ ÊÎ¥É β3 ¸É ´μ¢¨É¸Ö ¢ ¦´Ò³. �¤´ ±μ ÔÉμ
¶·¥¤²μ¦¥´¨¥ ´¥ ¡Ò²μ ¨¸¶μ²Ó§μ¢ ´μ ¢ É¥Î¥´¨¥ ± ± ³¨´¨³Ê³ 20 ²¥É, É ± ± ±
¨¸¶μ²Ó§μ¢ ´¨¥ ÔÉμ° ¨¤¥¨ É·¥¡μ¢ ²μ ¸Ëμ·³¨·μ¢ ÉÓ ¸ ¢Ò¸μ±μ° ÉμÎ´μ¸ÉÓÕ ³ £-
´¨É´μ¥ ¶μ²¥ ¤μ¢μ²Ó´μ ¸²μ¦´μ° ±μ´Ë¨£Ê· Í¨¨, ÎÉμ ¢ É¥ ¢·¥³¥´  ¡Ò²μ ´¥-
¶·μ¸ÉÒ³ ¤¥²μ³. Š·μ³¥ Éμ£μ, ¤²Ö ¸μ¡¸É¢¥´´μ Ö¤¥·´μ° Ë¨§¨±¨ ¤μ¸É¨¦¨³Ò¥ ´ 
±² ¸¸¨Î¥¸±μ³ Í¨±²μÉ·μ´¥ Ô´¥·£¨¨ (∼ 10−15 ŒÔ‚) ¡Ò²¨ ¤μ¸É ÉμÎ´Ò,   ¤²Ö
Ë¨§¨±¨ Î ¸É¨Í É·¥¡μ¢ ²¨¸Ó Ô´¥·£¨¨ ¢ ¸μÉ´¨ ŒÔ‚, ±μÉμ·Ò¥ ¢·Ö¤ ²¨ ³μ£²¨
¡ÒÉÓ ¤μ¸É¨£´ÊÉÒ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¶·¥¤²μ¦¥´¨Ö ’μ³ ¸ .

‚Éμ·μ¥ ´ ¶· ¢²¥´¨¥ Å Ê¸É· ´¨ÉÓ ´ ·ÊÏ¥´¨¥ ¨§μÌ·μ´¨§³  §  ¸Î¥É ¢¢¥-
¤¥´¨Ö § ¢¨¸¨³μ¸É¨ Î ¸ÉμÉÒ Ê¸±μ·ÖÕÐ¥£μ ´ ¶·Ö¦¥´¨Ö μÉ ¢·¥³¥´¨ Å ¸É ²μ
¢μ§³μ¦´Ò³ ¶μ¸²¥ μÉ±·ÒÉ¨Ö ¢ 1944 £. ‚.ˆ. ‚¥±¸²¥·μ³ [17] ¨ ´¥§ ¢¨¸¨³μ ¢
1945 £. �.Œ ±³¨²² ´μ³ [18] ¶·¨´Í¨¶   ¢ÉμË §¨·μ¢±¨.

‚ 1946 £. �¨Î ·¤¸μ´ ¨ ¤·. μ¶·μ¡μ¢ ²¨ [19] ÔÉÊ ¨¤¥Õ ´  37-¤Õ°³μ¢μ³
Í¨±²μÉ·μ´¥ ¢ 	¥·±²¨. �μ¸²¥ ÔÉμ£μ ¡Ò²μ ¶·¨´ÖÉμ ·¥Ï¥´¨¥ ¶·¥¢· É¨ÉÓ ¸μμ·Ê-
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¦ ¢Ï¨°¸Ö ¢ Éμ ¢·¥³Ö 184-¤Õ°³μ¢Ò° Í¨±²μÉ·μ´ ¢ Í¨±²μÉ·μ´ ¸ ³μ¤Ê²ÖÍ¨¥°
(¢μ ¢·¥³¥´¨) Î ¸ÉμÉÒ Ê¸±μ·ÖÕÐ¥£μ ´ ¶·Ö¦¥´¨Ö (¢¶μ¸²¥¤¸É¢¨¨ É ±¨¥ Ê¸±μ·¨-
É¥²¨ ¸É ²¨ ´ §Ò¢ ÉÓ¸Ö ¸¨´Ì·μÍ¨±²μÉ·μ´ ³¨ ¨²¨ Ë §μÉ·μ´ ³¨). �É  ¨¤¥Ö ¡Ò² 
μ¸ÊÐ¥¸É¢²¥´ , ¨ ¢ 1947 £. ´  184-¤Õ°³μ¢μ³ ¸¨´Ì·μÍ¨±²μÉ·μ´¥ ¡Ò²¨ ¶μ²Ê-
Î¥´Ò Ê¸±μ·¥´´Ò¥ ¤¥°É·μ´Ò ¸ Ô´¥·£¨¥° μ±μ²μ 200 ŒÔ‚ ¨ α-Î ¸É¨ÍÒ ¸ Ô´¥·-
£¨¥° 400 ŒÔ‚ [20]. ˆ§³¥·¥´´ Ö ¨´É¥´¸¨¢´μ¸ÉÓ ¶ÊÎ±  ¤¥°É·μ´μ¢ ´  · ¤¨Ê¸¥
40 ¤Õ°³μ¢ (Ô´¥·£¨Ö 52 ŒÔ‚) ¸μ¸É ¢¨²  0,6 ³±�. “³¥´ÓÏ¥´¨¥ ¨´É¥´¸¨¢´μ¸É¨
¶ÊÎ±  ¶μ ±· °´¥° ³¥·¥ ¢ 100 · § Å ÔÉμ É  Í¥´ , ±μÉμ·ÊÕ ¶·¨Ï²μ¸Ó § ¶² É¨ÉÓ
§  Ê¢¥²¨Î¥´¨¥ Ô´¥·£¨¨ ¤μ ¸μÉ¥´ ŒÔ‚. �Éμ ¨ ¶μ´ÖÉ´μ, É ± ± ± Í¨±²μÉ·μ´
¸ ³μ¤Ê²ÖÍ¨¥° Î ¸ÉμÉÒ (¸¨´Ì·μÍ¨±²μÉ·μ´) Å ÔÉμ ¨³¶Ê²Ó¸´Ò° Ê¸±μ·¨É¥²Ó, ¢
±μÉμ·μ³ μÉ´μÏ¥´¨¥ ¢·¥³¥´¨ § Ì¢ É  ¶ÊÎ±  ¨§ ¨μ´´μ£μ ¨¸ÉμÎ´¨±  ± ¶¥·¨μ¤Ê
³μ¤Ê²ÖÍ¨¨ Î ¸ÉμÉÒ ¸μ¸É ¢²Ö¥É ´¥¸±μ²Ó±μ ¶·μÍ¥´Éμ¢.

‚ 1949 £. ¢ ‘μ¢¥É¸±μ³ ‘μÕ§¥ (¢ „Ê¡´¥) ¡Ò² ¢¢¥¤¥´ ¢ Ô±¸¶²Ê É Í¨Õ ¸¨´-
Ì·μÍ¨±²μÉ·μ´ ¸ ¤¨ ³¥É·μ³ ¶μ²Õ¸μ¢ 5 ³, ¢ ±μÉμ·μ³ Ê¸±μ·Ö²¨¸Ó ¤¥°É·μ´Ò
(280 ŒÔ‚), α-Î ¸É¨ÍÒ (250 ŒÔ‚) ¨ ¶·μÉμ´Ò (480 ŒÔ‚). ‚ 1952 £. ¶μ²Õ¸ 
¸¨´Ì·μÍ¨±²μÉ·μ´  ¡Ò²¨ Ê¢¥²¨Î¥´Ò ¤μ 6 ³ ¨ ¢ ´¥³ ¡Ò²¨ Ê¸±μ·¥´Ò ¶·μÉμ´Ò
¤μ Ô´¥·£¨¨ 680 ŒÔ‚ [21] ¨ ¶μ²ÊÎ¥´ ¢Ò¢¥¤¥´´Ò° ¶ÊÎμ± [22]. �Éμ ¡Ò²¨ ¶¥·¢Ò¥
¢ ³¨·¥ Ê¸±μ·¨É¥²¨ ¢Ò¸μ±¨Ì (¡²¨§±¨Ì ± 1 ƒÔ‚) Ô´¥·£¨°, ´  ±μÉμ·ÒÌ ¢μ§´¨±² 
Ë¨§¨±  ¢Ò¸μ±¨Ì Ô´¥·£¨° Å Ë¨§¨±  Î ¸É¨Í.

	Ò²¨ ¶μ¸É·μ¥´Ò ¨ ¤·Ê£¨¥ ¸¨´Ì·μÍ¨±²μÉ·μ´Ò: ¢ ‘˜� (Š¥³¡·¨¤¦, 1949),
¢ Š ´ ¤¥ (Œμ´·¥ ²Ó, 1949), ¢ ˜¢¥Í¨¨ (“¶¸ ² , 1951), ¢ ƒ¥·³ ´¨¨ (ƒ¥É-
É¨´£¥´, 1962), ¢μ ”· ´Í¨¨ (‹¨μ´, 1963, �·¸Ô, 1963), ¢ ˜¢¥°Í ·¨¨ (†¥-
´¥¢ , –…��, 1957). ‚ 1967 £. ¢ ‘‘‘� (ƒ ÉÎ¨´ ) ¢¢¥¤¥´ ¢ ¤¥°¸É¢¨¥ ¶·μÉμ´´Ò°
¸¨´Ì·μÍ¨±²μÉ·μ´ ´  Ô´¥·£¨Õ 1 ƒÔ‚.

—¥·¥§ 10Ä12 ²¥É ¡Ò²¨ ¶μ¸É·μ¥´Ò ¶¥·¢Ò¥ ¸¨´Ì·μÉ·μ´Ò Å ¢ ‘˜� (3 ¨
6 ƒÔ‚), ¢ „Ê¡´¥ (¸¨´Ì·μË §μÉ·μ´ Å 10 ƒÔ‚), ¶¥·¢Ò° ¦¥¸É±μËμ±Ê¸¨·ÊÕÐ¨°
¸¨´Ì·μÉ·μ´ ¢ †¥´¥¢¥, –…�� (PS Å 30 ƒÔ‚).

—Éμ ± ¸ ¥É¸Ö ¤Ê¡´¥´¸±μ£μ ¸¨´Ì·μÍ¨±²μÉ·μ´ , Éμ μ´ · ¡μÉ ² ¤μ 1979 £.,
±μ£¤  ¡Ò² μ¸É ´μ¢²¥´ ¨ ·¥±μ´¸É·Ê¨·μ¢ ´ ¢ Ë §μÉ·μ´ (¸¨´Ì·μÍ¨±²μÉ·μ´ ¸μ
¸¶¨· ²Ó´μ° ¢ ·¨ Í¨¥° ³ £´¨É´μ£μ ¶μ²Ö), ±μÉμ·Ò° · ¡μÉ ¥É ¤μ ´ ¸ÉμÖÐ¥£μ
¢·¥³¥´¨ ¨ ¨¸¶μ²Ó§Ê¥É¸Ö ± ± ¤²Ö Ë¨§¨Î¥¸±¨Ì ¨¸¸²¥¤μ¢ ´¨°, É ± ¨ ¤²Ö É¥· ¶¨¨
μ´±μ²μ£¨Î¥¸±¨Ì § ¡μ²¥¢ ´¨° [23].

Š ± Ê¶μ³¨´ ²μ¸Ó ¢ÒÏ¥, ¢ 1938 £. ’μ³ ¸ ¶·¥¤²μ¦¨² ¤²Ö ¶·¥μ¤μ²¥´¨Ö ´ -
·ÊÏ¥´¨Ö ¨§μÌ·μ´¨§³  ¢ Í¨±²μÉ·μ´¥ ¨§-§  ·¥²ÖÉ¨¢¨¸É¸±μ£μ ¢μ§· ¸É ´¨Ö ³ ¸¸Ò
¨¸¶μ²Ó§μ¢ ÉÓ  §¨³ÊÉ ²Ó´ÊÕ ¢ ·¨ Í¨Õ ³ £´¨É´μ£μ ¶μ²Ö [16]. ‘·¥¤´¥¥ ¶μ²¥ ¢
É ±μ³ Í¨±²μÉ·μ´¥ · ¸É¥É ¶μ · ¤¨Ê¸Ê ¶·μ¶μ·Í¨μ´ ²Ó´μ Ê¢¥²¨Î¥´¨Õ ¶μ²´μ°
Ô´¥·£¨¨ (Ô´¥·£¨Ö ¶μ±μÖ Î ¸É¨ÍÒ E0 ¶²Õ¸ ±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö W ), ¶·¨ ÔÉμ³
Î ¸ÉμÉ  μ¡· Ð¥´¨Ö ¨μ´  μ¸É ¥É¸Ö ¶μ¸ÉμÖ´´μ°. ‚μ§´¨± ÕÐ Ö ¨§-§  ·μ¸É  ³ £-
´¨É´μ£μ ¶μ²Ö ¤¥Ëμ±Ê¸¨·μ¢±  ±μ³¶¥´¸¨·Ê¥É¸Ö §  ¸Î¥É ¨§³¥´¥´¨Ö (¢ ·¨ Í¨¨)
³ £´¨É´μ£μ ¶μ²Ö ´  μ·¡¨É¥ ¶μ  §¨³ÊÉÊ, ´ ¶·¨³¥·, ¶μ ¸¨´Ê¸μ¨¤ ²Ó´μ³Ê § ±μ´Ê

Bz = Bz(r)[1 + ε sin Nϑ], (1.4)
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£¤¥ B(r) Å ¸·¥¤´¥¥ ¶μ²¥, · ¸ÉÊÐ¥¥ ¸ · ¤¨Ê¸μ³; ε Å μÉ´μ¸¨É¥²Ó´ Ö  ³¶²¨ÉÊ¤ 
¢ ·¨ Í¨¨; N Å Î¨¸²μ ¶¥·¨μ¤μ¢ (Î¨¸²μ ¸¥±Éμ·μ¢). �¡ÒÎ´μ N · ¢´μ 3 ¨²¨ 4,
  ε < 0,25.

— ¸ÉμÉ  ¢¥·É¨± ²Ó´ÒÌ ±μ²¥¡ ´¨° ¢ É ±μ³ Í¨±²μÉ·μ´¥

ν2
z = −n +

F 2

2
, (1.5)

£¤¥ F 2 = (B2 − B̄2)/B̄2; n = (R/B)(dB/dR) Å ¶μ± § É¥²Ó ·μ¸É  ¸·¥¤-
´¥£μ ³ £´¨É´μ£μ ¶μ²Ö ¸ · ¤¨Ê¸μ³; νz Å μÉ´μÏ¥´¨¥ Î ¸ÉμÉÒ ¢¥·É¨± ²Ó´ÒÌ
±μ²¥¡ ´¨° ± Î ¸ÉμÉ¥ μ¡· Ð¥´¨Ö.

„²Ö ¸¨´Ê¸μ¨¤ ²Ó´μ° ¢ ·¨ Í¨¨

ν2
z = −n +

ε2

2
+ . . . (1.6)

‚ ¨§μÌ·μ´´μ³ Í¨±²μÉ·μ´¥ ¸·¥¤´¥¥ ³ £´¨É´μ¥ ¶μ²¥ ¤μ²¦´μ · ¸É¨ ¸ · -
¤¨Ê¸μ³ (¡¥§ ÊÎ¥É  μÉ²¨Î¨Ö Ëμ·³Ò μ·¡¨ÉÒ μÉ ±·Ê£μ¢μ°, ÎÉμ ¢Ò¶μ²´Ö¥É¸Ö ¶·¨
ε � 1) ± ±

B(r) = B0γ =
B0√
1 − β2

=
B0√

1 −
(rω

c

)2
, (1.7)

£¤¥ B0 Å ¶μ²¥ ¢ Í¥´É·¥ ³ £´¨É  (r = 0); β = v/c ¨ γ = E/E0 Å ·¥²ÖÉ¨¢¨¸É-
¸±¨¥ Ë ±Éμ·Ò; v Å ¸±μ·μ¸ÉÓ Î ¸É¨ÍÒ; c Å ¸±μ·μ¸ÉÓ ¸¢¥É ; ω Å ±·Ê£μ¢ Ö
Î ¸ÉμÉ  μ¡· Ð¥´¨Ö Î ¸É¨ÍÒ

ω =
qc2B

E
, (1.8)

£¤¥ q Å § ·Ö¤ Ê¸±μ·Ö¥³μ° Î ¸É¨ÍÒ (¤²Ö ¶·μÉμ´μ¢ q = 1, ¥¸²¨ Ô´¥·£¨Ö ¢Ò· -
¦¥´  ¢ Ô²¥±É·μ´¢μ²ÓÉ Ì).

�¥·¢Ò° Í¨±²μÉ·μ´ É ±μ£μ É¨¶  (AVF Å azimuth ly varying ˇeld) § · ¡μ-
É ² ¢ „¥²ËÉ¥ (�¨¤¥·² ´¤Ò) ¢ 1958 £. [24].

‚¶μ¸²¥¤¸É¢¨¨ ¢ÒÖ¸´¨²μ¸Ó, ÎÉμ ¢ Í¨±²μÉ·μ´¥ ’μ³ ¸  (¸¥±Éμ·´μ³ Í¨±²μ-
É·μ´¥ ¸  §¨³ÊÉ ²Ó´μ° ¢ ·¨ Í¨¥°) Ô´¥·£¨Ö ´¥ ³μ¦¥É ¡ÒÉÓ ¸ÊÐ¥¸É¢¥´´μ Ê¢¥²¨-
Î¥´ . „¥°¸É¢¨É¥²Ó´μ, ¨§ (1.7) ¸²¥¤Ê¥É, ÎÉμ ¶μ± § É¥²Ó ·μ¸É  ³ £´¨É´μ£μ ¶μ²Ö
¢ ¨§μÌ·μ´´μ³ Í¨±²μÉ·μ´¥ n = γ2−1 ¨ Ê¦¥ ¶·¨ γ = 1, 02 (±¨´¥É¨Î¥¸± Ö Ô´¥·-
£¨Ö ¤²Ö ¶·μÉμ´  μ±μ²μ 20 ŒÔ‚) n > 0,04. �μÔÉμ³Ê ´Ê¦´μ, ÎÉμ¡Ò ε2 > 0,04
(Ê ’μ³ ¸  ε μ£· ´¨Î¥´μ ¢¥²¨Î¨´μ° 0,2).

„²Ö ÉÖ¦¥²ÒÌ ¨μ´μ¢ ÔÉμ μ£· ´¨Î¥´¨¥ ´¥ Ö¢²Ö¥É¸Ö (´¥ Ö¢²Ö²μ¸Ó ¢ XX ¢.)
É ±¨³ ¦¥¸É±¨³. �μÔÉμ³Ê ¸¥±Éμ·´Ò¥ Í¨±²μÉ·μ´Ò Ï¨·μ±μ ¨¸¶μ²Ó§ÊÕÉ¸Ö ¤²Ö
Ê¸±μ·¥´¨Ö ÉÖ¦¥²ÒÌ ¨μ´μ¢ (¸³. ´¨¦¥) ¨ ¤²Ö ¶·¨±² ¤´ÒÌ Í¥²¥° (Í¨±²μÉ·μ´Ò
¤²Ö ¶·μ¨§¢μ¤¸É¢  ³¥¤¨Í¨´¸±¨Ì ¨§μÉμ¶μ¢). �´¨ ¨³¥ÕÉ ¢ ¦´μ¥ É¥Ì´¨Î¥¸±μ¥
¶·¥¨³ÊÐ¥¸É¢μ, É ± ± ± ¶μ§¢μ²ÖÕÉ · §³¥¸É¨ÉÓ ¤Ê ´ÉÒ Ê¸±μ·ÖÕÐ¥° ¸¨¸É¥³Ò
¢ ¤μ²¨´ Ì, ´¥ Ê¢¥²¨Î¨¢ Ö ¢¥·É¨± ²Ó´Ò° § §μ· ¢ Ìμ²³ Ì. �· ¢¤ , ¶·¨ ÔÉμ³
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Î ¸ÉμÉ  Ê¸±μ·ÖÕÐ¥£μ ´ ¶·Ö¦¥´¨Ö ¤μ²¦´  ¡ÒÉÓ £ ·³μ´¨±μ° (¢Ò¸Ï¥°) Î ¸ÉμÉÒ
μ¡· Ð¥´¨Ö.

‚ 1952 £. ŠÊ· ´É, ‹¨¢¨´£¸Éμ´ ¨ ‘´ °¤¥· μ¶Ê¡²¨±μ¢ ²¨ · ¡μÉÊ [25], ¢
±μÉμ·μ° ¶μ± § ²¨, ÎÉμ Î¥·¥¤μ¢ ´¨¥ ¡μ²ÓÏ¨Ì ¶μ ¢¥²¨Î¨´¥ ¶μ²μ¦¨É¥²Ó´ÒÌ ¨
μÉ·¨Í É¥²Ó´ÒÌ ¶μ± § É¥²¥° ¨§³¥´¥´¨Ö ³ £´¨É´μ£μ ¶μ²Ö n = (r/H)(∂H/∂r)
μ¡¥¸¶¥Î¨¢ ¥É §´ Î¨É¥²Ó´μ ¡μ²¥¥ ¸¨²Ó´ÊÕ Ëμ±Ê¸¨·μ¢±Ê ¢ ¸¨´Ì·μÉ·μ´¥. �μ¸²¥-
¤μ¢ É¥²Ó´μ¸ÉÓ Î¥·¥¤ÊÕÐ¨Ì¸Ö Ëμ±Ê¸¨·ÊÕÐ¨Ì ¨ ¤¥Ëμ±Ê¸¨·ÊÕÐ¨Ì ³ £´¨É´ÒÌ
²¨´§ μ¤¨´ ±μ¢μ° ¸¨²Ò Ö¢²Ö¥É¸Ö Ëμ±Ê¸¨·ÊÕÐ¥° ¨ ¶·¨¢μ¤¨É ± §´ Î¨É¥²Ó´μ³Ê
Ê³¥´ÓÏ¥´¨Õ  ³¶²¨ÉÊ¤ ¶μ¶¥·¥Î´ÒÌ ±μ²¥¡ ´¨° ± ± ¢ · ¤¨ ²Ó´μ³, É ± ¨ ¢  ±-
¸¨ ²Ó´μ³ ´ ¶· ¢²¥´¨ÖÌ.

‚ 1955 £. Š¥·¸É, ’¥·¢¨²²¨£¥·, ‘ °³μ´ ¨ „¦μ´¸ [26] ¶·¥¤²μ¦¨²¨ ¨¸¶μ²Ó-
§μ¢ ÉÓ ¢ Ê¸±μ·¨É¥²ÖÌ (¸¨´Ì·μÉ·μ´ Ì ¨ ¸¨´Ì·μÍ¨±²μÉ·μ´ Ì) ³ £´¨É´μ¥ ¶μ²¥
¸μ ¸¶¨· ²Ó´μ° ¢ ·¨ Í¨¥°:

H = H0

(
r

r0

)k [
1 + f sin

{
r − r0

λ
− Nϑ

}]
, (1.9)

£¤¥ N Å ¶¥·¨μ¤¨Î´μ¸ÉÓ (Î¨¸²μ ¸¶¨· ²¥°). ‚ ¶Ê¡²¨± Í¨¨ Ê± §Ò¢ ¥É¸Ö, ÎÉμ
É ±μ° Ê¸±μ·¨É¥²Ó ³μ¦¥É ¡ÒÉÓ ¨¸¶μ²Ó§μ¢ ´ ¤²Ö Ê¸±μ·¥´¨Ö ¤μ Ô´¥·£¨¨ ¢ ³¨²-
²¨ ·¤Ò Ô²¥±É·μ´¢μ²ÓÉ.

‚ · ¸¶μ²μ¦¥´´μ° ·Ö¤μ³ (´  Éμ° ¦¥ ¸É· ´¨Í¥, „4) § ³¥É±¥ Ê± §Ò¢ ¥É¸Ö,
ÎÉμ ¨¸¶μ²Ó§μ¢ ´¨¥ ¸¶¨· ²Ó´μ° ¢ ·¨ Í¨¨ ¶μ§¢μ²¨É ¶·¥¢· É¨ÉÓ ¸¨´Ì·μÍ¨±²μ-
É·μ´ ¢ Í¨±²μÉ·μ´ ¸ Ë¨±¸¨·μ¢ ´´μ° (´¥ ¨§³¥´ÖÕÐ¥°¸Ö ¶μ ¢·¥³¥´¨) Î ¸ÉμÉμ°.

‚ ´μÖ¡·¥ Éμ£μ ¦¥ £μ¤  (1955) ‚.�. „³¨É·¨¥¢¸±¨° ¶μ± § ² ¢μ§³μ¦´μ¸ÉÓ
Ê¸±μ·¥´¨Ö ¢ ³ £´¨É´μ³ ¶μ²¥ ¸μ ¸¶¨· ²Ó´μ° ¢ ·¨ Í¨¥° ¶·¨ N = 4 ¨
f > 0,015 ¤¥°É·μ´μ¢ ¤μ Ô´¥·£¨¨ 545 ŒÔ‚,   ¶·¨ N = 6 Å ¤μ 790 ŒÔ‚ [27].

„²Ö Ô±¸¶¥·¨³¥´É ²Ó´μ° ¶·μ¢¥·±¨ ÔÉμ° ¢μ§³μ¦´μ¸É¨ ¢ 1955Ä1958 ££. ¢ ‹ -
¡μ· Éμ·¨¨ Ö¤¥·´ÒÌ ¶·μ¡²¥³ �¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°
¡Ò² · §· ¡μÉ ´ ¨ ¸μμ·Ê¦¥´ Í¨±²μÉ·μ´ ¸ ¶·μ¸É· ´¸É¢¥´´μ° ¢ ·¨ Í¨¥° ³ £´¨É-
´μ£μ ¶μ²Ö [28]. �´ ¡Ò² ¨¸¶μ²Ó§μ¢ ´ ¤²Ö ¶·μ¢¥·±¨ É¥μ·¨¨ ¶·μ¸É· ´¸É¢¥´´μ°
Ê¸Éμ°Î¨¢μ¸É¨, · §¢¨Éμ° ¢ „Ê¡´¥ ¨ • ·ÊÔ²²¥. �  ´¥³ ¡Ò²¨ Ô±¸¶¥·¨³¥´É ²Ó´μ
¨¸¸²¥¤μ¢ ´Ò ¶·μ¡²¥³Ò Ë §μ¢μ£μ ¤¢¨¦¥´¨Ö ¨μ´μ¢ ¨ ³¥Éμ¤Ò · ¸Î¥É  ¨ ¸μ§¤ -
´¨Ö É·¥¡Ê¥³ÒÌ ¸É·Ê±ÉÊ· ³ £´¨É´μ£μ ¶μ²Ö.

‚ Í¨±²μÉ·μ´¥ ¡Ò²¨ Ê¸±μ·¥´Ò ¤¥°É·μ´Ò ¤μ Ô´¥·£¨¨ 13 ŒÔ‚ ¶·¨ ³¨´¨-
³ ²Ó´μ³ ´ ¶·Ö¦¥´¨¨ ´  ¤Ê ´É¥ 5 ±‚, ÎÉμ ¸μμÉ¢¥É¸É¢Ê¥É 2500 μ¡μ·μÉ ³ ¨μ´μ¢
¢ ¶·μÍ¥¸¸¥ Ê¸±μ·¥´¨Ö. ‘Ëμ·³¨·μ¢ ´´μ¥ ¸·¥¤´¥¥ ³ £´¨É´μ¥ ¶μ²¥ ¨§³¥´Ö²μ¸Ó
¶μ · ¤¨Ê¸Ê μÉ 13600 ¢ Í¥´É·¥ ¤μ 13700 ƒ¸ ´  · ¤¨Ê¸¥ ¢Ò¢μ¤  54 ¸³ ¨ μÉ²¨Î -
²μ¸Ó μÉ ¨§μÌ·μ´´μ£μ (· ¸Î¥É´μ£μ) ´¥ ¡μ²¥¥ Î¥³ ´  5 ƒ¸.

�Éμ ¡Ò² ¶¥·¢Ò° ¢ ³¨·¥ Í¨±²μÉ·μ´ ¸μ ¸¶¨· ²Ó´μ° ¢ ·¨ Í¨¥° ³ £´¨É´μ£μ
¶μ²Ö. �´ ¶μ¸²Ê¦¨² ¶·μÉμÉ¨¶μ³ · §· ¡μÉ ´´μ£μ ¢ ‹Ÿ� �ˆŸˆ, ´μ É ± ¨ ´¥
μ¸ÊÐ¥¸É¢²¥´´μ£μ ¶·μ¥±É  ·¥²ÖÉ¨¢¨¸É¸±μ£μ Í¨±²μÉ·μ´ .

‘ É¥Ì ¶μ· ¢ ³¨·¥ ¶μ¸É·μ¥´μ ¡μ²¥¥ ¸É  Í¨±²μÉ·μ´μ¢. ‚ ¸¶¨¸±¥ Í¨±²μ-
É·μ´μ¢, μ¶Ê¡²¨±μ¢ ´´μ³ ¢ ³ É¥·¨ ² Ì 12-° Œ¥¦¤Ê´ ·μ¤´μ° ±μ´Ë¥·¥´Í¨¨ ¶μ
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Í¨±²μÉ·μ´ ³ [29], ¶·¨¢μ¤ÖÉ¸Ö É¥Ì´¨Î¥¸±¨¥ ¤ ´´Ò¥ 130 Í¨±²μÉ·μ´μ¢ (¸³. ¶·¨-
²μ¦¥´¨¥ 2). �¤´  ¶μ²μ¢¨´  ¨§ ´¨Ì Å AVF-Í¨±²μÉ·μ´Ò (¸ ¶·Ö³Ò³¨ ¸¥±Éμ-
· ³¨), ¤·Ê£ Ö Å Í¨±²μÉ·μ´Ò ¸μ ¸¶¨· ²Ó´μ° ¢ ·¨ Í¨¥°. � ¨¡μ²¥¥ ±·Ê¶´Ò¥ ¨§
´¨Ì Å Í¨±²μÉ·μ´ PSI ¢ ‚¨²²¨£¥´¥ (˜¢¥°Í ·¨Ö), ±μÉμ·Ò° Ê¸±μ·Ö¥É ¶·μÉμ´Ò
¤μ Ô´¥·£¨¨ 590 ŒÔ‚, ¨ TRUMF ¢ ‚ ´±Ê¢¥·¥ (Š ´ ¤ ), Ê¸±μ·ÖÕÐ¨° �−-¨μ´Ò
¤μ Ô´¥·£¨¨ 500 ŒÔ‚.

�·¥¦¤¥ Î¥³ ¤¥É ²Ó´μ £μ¢μ·¨ÉÓ μ · ¡μÉ ÕÐ¨Ì ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö Í¨±²μ-
É·μ´ Ì, ´Ê¦´μ ¢¸¶μ³´¨ÉÓ μ ¤·Ê£¨Ì ¢ ¦´ÒÌ Ê¸μ¢¥·Ï¥´¸É¢μ¢ ´¨ÖÌ ¢ Í¨±²μÉ·μ-
´ Ì, ±μÉμ·Ò¥ ¡Ò²¨ ¶·¥¤²μ¦¥´Ò ¨ μ¸ÊÐ¥¸É¢²¥´Ò ¢ 1960Ä1970 ££. XX ¢.

‚ 1961 £. ‚.�.„³¨É·¨¥¢¸±¨° [30] · ¸¸³μÉ·¥² ¢μ§³μ¦´μ¸ÉÓ ¸μ§¤ ´¨Ö ±μ²Ó-
Í¥¢μ£μ ·¥²ÖÉ¨¢¨¸É¸±μ£μ Í¨±²μÉ·μ´  ¸ ¦¥¸É±μ° Ëμ±Ê¸¨·μ¢±μ° (νz > 1) ¸ ¢´¥Ï-
´¥° ¨´¦¥±Í¨¥° ¨ ¸¥±Í¨μ´¨·μ¢ ´´Ò³ ³ £´¨Éμ³ (³¥§μ´´μ° Ë ¡·¨±¨).

�  ±μ´Ë¥·¥´Í¨¨ ¶μ Ê¸±μ·¨É¥²Ö³ ¢Ò¸μ±¨Ì Ô´¥·£¨° ¢ „Ê¡´¥ ¢ 1963 £.,
±·μ³¥ ¤μ±² ¤  μÉ �ˆŸˆ, ¡Ò²μ ¶·¥¤¸É ¢²¥´μ ¥Ð¥ 2 ¤μ±² ¤  [31, 32], ¶μ¸¢Ö-
Ð¥´´ÒÌ ÔÉμ³Ê ¢μ¶·μ¸Ê. „μ±² ¤ μ ¶·μ¥±É¥ Ï¢¥°Í ·¸±μ° ³¥§μ´´μ° Ë ¡·¨±¨ ¢
Éμ³ ¦¥ £μ¤Ê ¡Ò² ¸¤¥² ´ ´  ±μ´Ë¥·¥´Í¨¨ ¢ †¥´¥¢¥ [33]. ‡ ¡¥£ Ö ¢¶¥·¥¤, μÉ-
³¥É¨³, ÎÉμ ¤¢  É ±¨Ì Í¨±²μÉ·μ´  Å PSI ¢ ˜¢¥°Í ·¨¨ ¨ TRIUMF ¢ Š ´ ¤¥ Å
¡Ò²¨ ¶μ¸É·μ¥´Ò ¨ · ¡μÉ ÕÉ ¸ 1975 £. ¤μ ´ ¸ÉμÖÐ¥£μ ¢·¥³¥´¨.

ˆ¸¶μ²Ó§μ¢ ´¨¥ ¢ ±μ²ÓÍ¥¢μ³ Í¨±²μÉ·μ´¥ ¢´¥Ï´¥° ¨´¦¥±Í¨¨ (¸ Ô´¥·£¨¥°
¢ ´¥¸±μ²Ó±μ ŒÔ‚) ¤μ²¦´μ ¡Ò²μ ¶μ§¢μ²¨ÉÓ Ê¢¥²¨Î¨ÉÓ ¨´É¥´¸¨¢´μ¸ÉÓ Ê¸±μ·Ö-
¥³μ£μ ¤μ ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ô´¥·£¨° ¶ÊÎ±  ¤μ ¸μÉ¥´ ³¨±·μ ³¶¥·.

„²Ö ¶·μ¢¥·±¨ ÔÉμ° ¨¤¥¨ ¢ 1968 £. ¢ μÉ¤¥²¥ ´μ¢ÒÌ Ê¸±μ·¨É¥²¥° ‹Ÿ� �ˆŸˆ
¡Ò²  ¶μ¸É·μ¥´  Ô²¥±É·μ´´ Ö ³μ¤¥²Ó ±μ²ÓÍ¥¢μ£μ Í¨±²μÉ·μ´  ¸ ¢´¥Ï´¥° ¨´-
¦¥±Í¨¥°. �´¥·£¨Ö ¨´¦¥±É¨·Ê¥³μ£μ ¸£Ê¸É±  Ô²¥±É·μ´μ¢ ¡Ò²  · ¢´  5 ±Ô‚,
±μ´¥Î´ Ö Ô´¥·£¨Ö Ê¸±μ·¥´´μ£μ ¶ÊÎ±  450 ±Ô‚. �  ³μ¤¥²¨ Ô±¸¶¥·¨³¥´É ²Ó´μ
¨¸¸²¥¤μ¢ ²μ¸Ó ¢²¨Ö´¨¥ ¶·μ¸É· ´¸É¢¥´´μ£μ § ·Ö¤  ´  Î ¸ÉμÉÊ ¢¥·É¨± ²Ó´ÒÌ
±μ²¥¡ ´¨° ¢ § ¢¨¸¨³μ¸É¨ μÉ Éμ±  ¶ÊÎ± . � ¡²Õ¤ ²¸Ö ´¥ Éμ²Ó±μ ¸¤¢¨£ Î ¸ÉμÉÒ
(¸μ¢¶ ¤ ¢Ï¨° ¸ · ¸Î¥É´Ò³), ´μ ¨ ¶μÖ¢²¥´¨¥ ¶μ²μ¸Ò Î ¸ÉμÉ ±μ²¥¡ ´¨°, ÎÉμ
¸¢Ö§ ´μ ¸ ´¥μ¤´μ·μ¤´Ò³ · ¸¶·¥¤¥²¥´¨¥³ § ·Ö¤  ¢ ¸£Ê¸É±¥ [34]. ˆ¸¸²¥¤μ¢ ²¸Ö
É ±¦¥ ¢Ò¢μ¤ ¶ÊÎ±  ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ®ÔËË¥±É  · ¸Ï¨·¥´¨Ö § ³±´ÊÉÒÌ μ·-
¡¨É¯ [35]. �ËË¥±É¨¢´μ¸ÉÓ ¢Ò¢μ¤  · ¢´Ö² ¸Ó 95 %.

‚ Éμ ¦¥ ¢·¥³Ö (¢ ±μ´Í¥ 1950-Ì ££.) ¢μ§´¨± ¨´É¥·¥¸ ± Ê¸±μ·¥´¨Õ ¢ Í¨±²μ-
É·μ´¥ ÉÖ¦¥²ÒÌ ¨μ´μ¢. ‚ „Ê¡´¥ ¶μ¤ ·Ê±μ¢μ¤¸É¢μ³ ƒ. �.”²¥·μ¢  ¡Ò²  ¸μ§¤ ´ 
¸¶¥Í¨ ²Ó´ Ö ‹ ¡μ· Éμ·¨Ö Ö¤¥·´ÒÌ ·¥ ±Í¨°, ¢ ±μÉμ·μ° ¢ 1960 £. ¡Ò² ¶ÊÐ¥´
“-300 [36] ¤²Ö Ê¸±μ·¥´¨Ö ÉÖ¦¥²ÒÌ ¨μ´μ¢ ¤μ Ô´¥·£¨° ∼ 8 ŒÔ‚/´Ê±². ‚ ÔÉμ³
Í¨±²μÉ·μ´¥ Ê¸±μ·Ö²¨¸Ó ¨μ´Ò μÉ Ê£²¥·μ¤ -12 ¤μ  ·£μ´ -40.

–¨±²μÉ·μ´Ò ¤²Ö Ê¸±μ·¥´¨Ö ÉÖ¦¥²ÒÌ ¨μ´μ¢ ¸μ§¤ ¢ ²¨¸Ó ¢ Éμ ¢·¥³Ö ¢ ‘˜�
¨ ¥¢·μ¶¥°¸±¨Ì ¸É· ´ Ì. ‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¡μ²¥¥ ¶μ²μ¢¨´Ò Í¨±²μÉ·μ´μ¢,
· ¡μÉ ÕÐ¨Ì ¢ Ö¤¥·´μ-Ë¨§¨Î¥¸±¨Ì ² ¡μ· Éμ·¨ÖÌ, Ê¸±μ·ÖÕÉ ÉÖ¦¥²Ò¥ ¨μ´Ò.
„¢  ±·Ê¶´ÒÌ Í¥´É·  (¢μ ”· ´Í¨¨ ¨ Ÿ¶μ´¨¨) ¨¸¶μ²Ó§ÊÕÉ ¤²Ö ÔÉμ° Í¥²¨ ± ¸-
± ¤ Í¨±²μÉ·μ´μ¢. �·¨ ÔÉμ³ ¨μ´Ò, Ê¸±μ·¥´´Ò¥ ¢ Í¨±²μÉ·μ´¥-¨´¦¥±Éμ·¥ ¤μ
¸· ¢´¨É¥²Ó´μ ´¨§±μ° Ô´¥·£¨¨ (∼ 1 ŒÔ‚/´Ê±².), ¶¥·¥¤ ¨´¦¥±Í¨¥° ¢μ ¢Éμ·μ°
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Í¨±²μÉ·μ´ ¶¥·¥§ ·Ö¦ ÕÉ¸Ö ´  μ¡¤¨·μÎ´μ° Ëμ²Ó£¥ ¨ ¶·¨μ¡·¥É ÕÉ ¡μ²¥¥ ¢Ò-
¸μ±¨° § ·Ö¤ (  §´ Î¨É, ¨ ¡μ²¥¥ ¢Ò¸μ±ÊÕ Ô´¥·£¨Õ ¶·¨ Ê¸±μ·¥´¨¨ ¨Ì ¢μ ¢Éμ·μ³
Í¨±²μÉ·μ´¥).

“¸±μ·¥´¨¥ ¢ Í¨±²μÉ·μ´ Ì ÉÖ¦¥²ÒÌ ¨μ´μ¢ ¶μÉ·¥¡μ¢ ²μ ¸μ§¤ ´¨Ö ¨μ´´ÒÌ
¨¸ÉμÎ´¨±μ¢ ¤²Ö £¥´¥· Í¨¨ · §´μμ¡· §´ÒÌ ¨μ´μ¢. ‚´ Î ²¥ ¢ ÉÖ¦¥²μ¨μ´´ÒÌ
Í¨±²μÉ·μ´ Ì (± ± ¨ ¢ ¶·μÉμ´´ÒÌ) ¨¸¶μ²Ó§μ¢ ²¨¸Ó ¢´ÊÉ·¥´´¨¥ ¤Ê£μ¢Ò¥ ¨¸ÉμÎ-
´¨±¨, ±μÉμ·Ò¥ £¥´¥·¨·μ¢ ²¨ ¨μ´Ò ¸ ´¨§±¨³ § ·Ö¤μ³.

‚ 1964 £. P.†¥²¥· ¸μ§¤ ² ¨¸ÉμÎ´¨± ³´μ£μ§ ·Ö¤´ÒÌ ¨μ´μ¢, μ¸´μ¢ ´´Ò°
´  Ô²¥±É·μ´-Í¨±²μÉ·μ´´μ³ ·¥§μ´ ´¸¥ (ECR-¨¸ÉμÎ´¨±) [37]. Š ´ ¸ÉμÖÐ¥³Ê
¢·¥³¥´¨ ¸ÊÐ¥¸É¢ÊÕÉ · §´Ò¥ É¨¶Ò ECR-¨¸ÉμÎ´¨±μ¢, ¢ Éμ³ Î¨¸²¥ ¸¢¥·Ì¶·μ¢μ-
¤ÖÐ¨¥, ¨ ¢ ´¨Ì £¥´¥·¨·ÊÕÉ¸Ö ¨μ´Ò ¢¶²μÉÓ ¤μ Ê· ´  ¸ ¢Ò¸μ±μ° § ·Ö¤´μ¸ÉÓÕ
(´ ¶·¨³¥·, 24-§ ·Ö¤´Ò¥ ¨μ´Ò ±·¨¶Éμ´ ).

„·Ê£¨³ ¤μ¸Éμ¨´¸É¢μ³ ECR-¨¸ÉμÎ´¨±μ¢ Ö¢²Ö¥É¸Ö ¢μ§³μ¦´μ¸ÉÓ £¥´¥· Í¨¨
¢ μ¤´μ³ ¨¸ÉμÎ´¨±¥ ¶· ±É¨Î¥¸±¨ ¢¸¥Ì É¨¶μ¢ ¨μ´μ¢ (¸¶¥Í¨°), Ê¸±μ·Ö¥³ÒÌ ¢
Í¨±²μÉ·μ´¥. �¤´ ±μ £ ¡ ·¨ÉÒ ECR-¨¸ÉμÎ´¨±  ¶·¥¤¶μ² £ ÕÉ ¥£μ ¨¸¶μ²Ó§μ¢ -
´¨¥ ± ± ¢´¥Ï´¥£μ ¨¸ÉμÎ´¨± , ¨ ¶μÔÉμ³Ê ¶μÉ·¥¡μ¢ ² ¸Ó · §· ¡μÉ±  ¸¶μ¸μ¡μ¢
¨ Ê¸É·μ°¸É¢ ¤²Ö ¢´¥Ï´¥° ¨´¦¥±Í¨¨ ¨μ´μ¢ ¢ Í¨±²μÉ·μ´ (± ´ ²μ¢ ¢´¥Ï´¥°
¨´¦¥±Í¨¨). ‚ ±μ³¶ ±É´ÒÌ Í¨±²μÉ·μ´ Ì AVF ¥¤¨´¸É¢¥´´Ò³ ¶· ±É¨Î¥¸±¨ ¢μ§-
³μ¦´Ò³ ¸¶μ¸μ¡μ³ ¨´¦¥±Í¨¨ μ± § ² ¸Ó  ±¸¨ ²Ó´ Ö ¨´¦¥±Í¨Ö, ±μ£¤  ¨μ´Ò ¨´-
¦¥±É¨·ÊÕÉ¸Ö ¢ Í¨±²μÉ·μ´ ¸±¢μ§Ó ¢¥·É¨± ²Ó´Ò° ± ´ ² (Í¨²¨´¤·¨Î¥¸±μ¥ μÉ¢¥·-
¸É¨¥) ¢ Ö·³¥ ¨ ¶μ²Õ¸¥ ³ £´¨É  ¸ ¶μ¸²¥¤ÊÕÐ¨³ ¨Ì ¶μ¢μ·μÉμ³ ¢ £μ·¨§μ´É ²Ó-
´ÊÕ (³¥¤¨ ´´ÊÕ) ¶²μ¸±μ¸ÉÓ ¢ § §μ·¥ ³ £´¨É . „²Ö ¶μ¢μ·μÉ  ¨´¦¥±É¨·Ê¥³μ£μ
¶μ ¢¥·É¨± ²¨ ¶ÊÎ±  ¢ £μ·¨§μ´É ²Ó´ÊÕ ¶²μ¸±μ¸ÉÓ ¡Ò²μ ¶·¥¤²μ¦¥´μ ´¥¸±μ²Ó±μ
É¨¶μ¢ ¶μ¢μ·μÉ´ÒÌ Ê¸É·μ°¸É¢, μ¡§μ· ±μÉμ·ÒÌ ³μ¦´μ ´ °É¨ ¢ [38]. � ¨¡μ-
²¥¥ ¶μ¶Ê²Ö·´Ò³ ¨§ ´¨Ì Ö¢²Ö¥É¸Ö ¸¶¨· ²Ó´Ò° ¨´Ë²¥±Éμ·, · §· ¡μÉ ´´Ò° ¢
ƒ·¥´μ¡²¥ † ´μ³ 	¥²Ó³μ [39]. ‚¶¥·¢Ò¥  ±¸¨ ²Ó´ Ö ¨´¦¥±Í¨Ö ¡Ò²  Ê¸¶¥Ï´μ
μ¸ÊÐ¥¸É¢²¥´  ¢ 1962 £. ¢ 	¨·³¨´£¥³¥ ´  ¨§μÌ·μ´´μ³ Í¨±²μÉ·μ´¥ [40].

‚ Í¨±²μÉ·μ´ Ì ¸ · §¤¥²¥´´Ò³¨ ¸¥±Éμ· ³¨ (separated sectors cyclotron Å
SSC) ¢μ§³μ¦´  ¨´¦¥±Í¨Ö ¢Ò¸μ±μÔ´¥·£¨Î´ÒÌ ¶ÊÎ±μ¢ ¢ £μ·¨§μ´É ²Ó´μ° ¶²μ¸-
±μ¸É¨ ¸±¢μ§Ó ¤μ²¨´Ò (valley), £¤¥ ³ £´¨É´μ¥ ¶μ²¥ μÉ¸ÊÉ¸É¢Ê¥É, ¸ ¶μ¸²¥¤ÊÕ-
Ð¨³ ¶μ¢μ·μÉμ³ ´  μ·¡¨ÉÊ ¸ ¶μ³μÐÓÕ Ô²¥±É·μ¸É É¨Î¥¸±¨Ì ¨²¨ ³ £´¨É´ÒÌ
Ê¸É·μ°¸É¢.

‚ 1974 £. ¢ ‹ ¡μ· Éμ·¨¨ ¢ —μ±-�¨¢¥·¥ (Š ´ ¤ ) ¢μ§´¨±²μ ¶·¥¤²μ¦¥´¨¥ μ
¸μ§¤ ´¨¨ ¸¢¥·Ì¶·μ¢μ¤ÖÐ¥£μ ÉÖ¦¥²μ¨μ´´μ£μ Í¨±²μÉ·μ´  (μÉÎ¥É CRNL-1045).
„¥²μ ¢ Éμ³, ÎÉμ Ô´¥·£¨Ö Ê¸±μ·Ö¥³ÒÌ ¢ Í¨±²μÉ·μ´¥ ¨μ´μ¢ ¶·μ¶μ·Í¨μ´ ²Ó´ 
±¢ ¤· ÉÊ μÉ´μÏ¥´¨Ö § ·Ö¤  ¨μ´  ± ¥£μ ³ ¸¸¥. �μÔÉμ³Ê Ô´¥·£¨Ö ´  ´Ê±²μ´
¤²Ö ÉÖ¦¥²ÒÌ ¨μ´μ¢ ¶μ²ÊÎ ¥É¸Ö §´ Î¨É¥²Ó´μ ³¥´ÓÏ¥°, Î¥³ ¤²Ö ¶·μÉμ´μ¢ (¢
Í¨±²μÉ·μ´¥ É¥Ì ¦¥ · §³¥·μ¢).

•μÉÖ ÔÉμÉ μÉÎ¥É ´¥ ¡Ò² μ¶Ê¡²¨±μ¢ ´, μ¤´ ±μ, ¶μ ¸¢¨¤¥É¥²Ó¸É¢Ê ƒ¥´·¨
	²μ¸¸¥·  [41], μ´ Ï¨·μ±μ Í¨·±Ê²¨·μ¢ ² ¢ Í¨±²μÉ·μ´´ÒÌ ² ¡μ· Éμ·¨ÖÌ ¨
¶·¨¢¥² ± ¶μÖ¢²¥´¨Õ ¡μ²ÓÏμ£μ Î¨¸²  ¸¢¥·Ì¶·μ¢μ¤ÖÐ¨Ì Í¨±²μÉ·μ´μ¢. �¥·¢Ò°
É ±μ° Í¨±²μÉ·μ´ Š-500 ¶μÖ¢¨²¸Ö ¢ 1982 £. ¢ NSCL/MSU (Nuclear Science
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Cyclotron Laboratory, Michigan State University). ‚ ¶μ¸²¥¤ÊÕÐ¨¥ £μ¤Ò ¶μ-
Ö¢¨²μ¸Ó ¥Ð¥ 7 ¸¢¥·Ì¶·μ¢μ¤ÖÐ¨Ì Í¨±²μÉ·μ´μ¢. „¢  ¨§ ´¨Ì (Ë¨·³Ò ACCEL)
¸±μ´¸É·Ê¨·μ¢ ´Ò ´¥ ¤²Ö Ö¤¥·´μ° Ë¨§¨±¨,   ¤²Ö ¶·μÉμ´´μ° É¥· ¶¨¨.

�μ¸±μ²Ó±Ê ¢ Í¨±²μÉ·μ´¥ μÉ¸ÊÉ¸É¢Ê¥É Ë §μ¢ Ö Ê¸Éμ°Î¨¢μ¸ÉÓ, Ê¸±μ·¥´¨¥
¸¨²Ó´μÉμÎ´ÒÌ ¶ÊÎ±μ¢ ¸μ¶·μ¢μ¦¤ ¥É¸Ö · ¸É ²±¨¢ ´¨¥³ (¶μ¤ ¤¥°¸É¢¨¥³ ¶·μ-
¸É· ´¸É¢¥´´μ£μ § ·Ö¤ ) Ê¸±μ·Ö¥³μ£μ ¡ ´Î  ¢  §¨³ÊÉ ²Ó´μ³ ´ ¶· ¢²¥´¨¨. �·¨
¨¸¶μ²Ó§μ¢ ´¨¨ Ê¸±μ·ÖÕÐ¥£μ ´ ¶·Ö¦¥´¨Ö ¸¨´Ê¸μ¨¤ ²Ó´μ° Ëμ·³Ò Ê¢¥²¨Î¥´¨¥
 §¨³ÊÉ ²Ó´μ£μ · §³¥·  ¸£Ê¸É±  ¶·¨¢μ¤¨É ± Ê¢¥²¨Î¥´¨Õ Ô´¥·£¥É¨Î¥¸±μ£μ · §-
¡·μ¸ , ÎÉμ ³¥Ï ¥É ÔËË¥±É¨¢´μ³Ê ¢Ò¢μ¤Ê ¶ÊÎ± . “³¥´ÓÏ¨ÉÓ ÔÉμÉ ÔËË¥±É ¶μ-
§¢μ²Ö¥É ¶·¨³¥´¥´¨¥ É ± ´ §Ò¢ ¥³ÒÌ 
at-top Ê¸±μ·ÖÕÐ¨Ì ¸¨¸É¥³, ±μ£¤  ¤μ-
¶μ²´¨É¥²Ó´μ ± μ¸´μ¢´μ° Ê¸±μ·ÖÕÐ¥° Î ¸ÉμÉ¥ ¤μ¡ ¢²Ö¥É¸Ö ¢ ¶·μÉ¨¢μË §¥ ¥¥
´¥Î¥É´ Ö £ ·³μ´¨±  (3-Ö ¨²¨ 5-Ö); ¶·¨ ÔÉμ³ ¢¥·Ï¨´  ¸¨´Ê¸μ¨¤Ò ¤¥² ¥É¸Ö
¶²μ¸±μ° (ÔÉμ, ±μ´¥Î´μ, ¦ ·£μ´) ¨ · §¡·μ¸ ¢ ´ ¡μ·¥ Ô´¥·£¨¨ Î ¸É¨Í ³¨ Ê³¥´Ó-
Ï ¥É¸Ö. ‚¶¥·¢Ò¥ μ · ¡μÉ ÕÐ¥° Ê¸±μ·ÖÕÐ¥° ¸¨¸É¥³¥ ¸ 
at-top-·¥§μ´ Éμ·μ³
¢ PSI ¸μμ¡Ð¥´¨¥ ¡Ò²μ ¸¤¥² ´μ ¢ 1981 £. [42].

Œμ¦´μ Ê¶μ³Ö´ÊÉÓ μ ³´μ£¨Ì ¤·Ê£¨Ì Ê¸μ¢¥·Ï¥´¸É¢μ¢ ´¨ÖÌ, ¸¢Ö§ ´´ÒÌ ¸
Ê²ÊÎÏ¥´¨¥³ ËÊ´±Í¨μ´¨·μ¢ ´¨Ö Í¨±²μÉ·μ´μ¢, É ±¨Ì ± ± § ³¥´  ¤Ê ´Éμ¢ ·¥§μ-
´ Éμ· ³¨ (¢ SSC), ¸¨¸É¥³Ò ¸É ¡¨²¨§ Í¨¨ ³ £´¨É´μ£μ ¶μ²Ö ¨ Î ¸ÉμÉÒ Ê¸±μ·Ö-
ÕÐ¥£μ ´ ¶·Ö¦¥´¨Ö ¸ ÉμÎ´μ¸ÉÓÕ ²ÊÎÏ¥ 10−5, · §¢¨É¨¥ · §´μμ¡· §´μ° ¤¨ £´μ-
¸É¨±¨ ¶ÊÎ± , ¢Ò¢μ¤ ¶ÊÎ±  ÉÖ¦¥²ÒÌ ¨μ´μ¢ ¸ ¶μ³μÐÓÕ ¶¥·¥§ ·Ö¤±¨ (¶·¥¤²μ¦¥´
ƒ. �.”²¥·μ¢Ò³, �.–.�£ ´¥¸Ö´μ³ ¨ ƒ. �. ‚Ö²μ¢Ò³ ¢ 1964 £. [43]). ‚ ÔÉμ° ¦¥
² ¡μ· Éμ·¨¨ (‹Ÿ� �ˆŸˆ) ¢¶¥·¢Ò¥ ¢ 1971 £. ¢ ± ¸± ¤¥ ¨§ ¤¢ÊÌ Í¨±²μÉ·μ´μ¢
¡Ò²¨ Ê¸±μ·¥´Ò ¨μ´Ò ±¸¥´μ´  ¤μ Ô´¥·£¨¨ 5Ä7 ŒÔ‚/´Ê±². [44].

2. „ˆ��ŒˆŠ� �“—Š� ‚ –ˆŠ‹�’���… ˆ ”�‡�’���…

“· ¢´¥´¨¥ ¤¢¨¦¥´¨Ö § ·Ö¦¥´´μ° Î ¸É¨ÍÒ ¸ ³ ¸¸μ° m ¨ § ·Ö¤μ³ q, ¤¢¨-
¦ÊÐ¥°¸Ö ¸μ ¸±μ·μ¸ÉÓÕ ṙ ¢ ¸É Í¨μ´ ·´μ³ ³ £´¨É´μ³ ¶μ²¥ ¸ ¨´¤Ê±Í¨¥° B,
¨³¥¥É ¢¨¤

d

dt
(mṙ) = q[ṙ × B] + qε, (2.1)

£¤¥ ε(r) Å ´ ¶·Ö¦¥´´μ¸ÉÓ Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö, ¤¥°¸É¢ÊÕÐ¥£μ ´  Î ¸É¨ÍÊ
(± ± ¢´¥Ï´¥£μ, É ± ¨ ¸μ¡¸É¢¥´´μ£μ ¶μ²Ö ¶ÊÎ± ); m = m0γ, γ = (1 − β2)−1/2,
β2 = |ṙ|2/c2; c Å ¸±μ·μ¸ÉÓ ¸¢¥É ; r̄ Å · ¤¨Ê¸-¢¥±Éμ· Î ¸É¨ÍÒ. ‡¤¥¸Ó ´Ê¦´μ
¸± § ÉÓ μ Ëμ·³¥ ³ £´¨É´μ£μ ¶μ²Ö, ¶·¨³¥´Ö¥³μ£μ ¢ Í¨±²μÉ·μ´¥. �¸´μ¢´μ°
±μ³¶μ´¥´Éμ° ³ £´¨É´μ£μ ¶μ²Ö Ö¢²Ö¥É¸Ö  ±¸¨ ²Ó´ Ö ±μ³¶μ´¥´É  BZ , ±μÉμ· Ö
§ ¸É ¢²Ö¥É ¤¢¨£ ÉÓ¸Ö § ·Ö¦¥´´ÊÕ Î ¸É¨ÍÊ ¶μ (¶·¨³¥·´μ) ±·Ê£μ¢μ° μ·¡¨É¥, · ¸-
¶μ²μ¦¥´´μ° ¢¡²¨§¨ ¸·¥¤´¥° ¶²μ¸±μ¸É¨ ³ £´¨É . ’ ±μ¥ ¶μ²¥ μ¡² ¤ ¥É ¶²μ¸±μ-
¸ÉÓÕ ¸¨³³¥É·¨¨ Z = 0, ÎÉμ μ§´ Î ¥É, ÎÉμ ¤¢¥ ¤·Ê£¨¥ ±μ³¶μ´¥´ÉÒ ¶μ²Ö Å Br

¨ Bϕ Å · ¢´Ò ´Ê²Õ ¢ ÔÉμ° ¶²μ¸±μ¸É¨. �¤´ ±μ ¢ μ¡Ð¥³ ¸²ÊÎ ¥ ¨ ³ £´¨É´μ¥,
¨ Ô²¥±É·¨Î¥¸±μ¥ ¶μ²Ö Ö¢²ÖÕÉ¸Ö É·¥Ì³¥·´Ò³¨, É. ¥. ¨³¥ÕÉ É·¨ ±μ³¶μ´¥´ÉÒ.
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’μ£¤  ¢ Í¨²¨´¤·¨Î¥¸±μ° ¸¨¸É¥³¥ ±μμ·¤¨´ É ¢¥±Éμ·´μ¥ Ê· ¢´¥´¨¥ (2.1)
¤ ¥É É·¨ ¸± ²Ö·´ÒÌ Ê· ¢´¥´¨Ö ¤²Ö · ¤¨ ²Ó´μ£μ r,  §¨³ÊÉ ²Ó´μ£μ ϕ ¨  ±¸¨ ²Ó-
´μ£μ z ¤¢¨¦¥´¨°:

r̈ = rϕ̇2 +
qc2

E

[
εr − rϕ̇Bz + żBϕ − ṙ

c2
(ṙεr + rϕ̇εϕ + żεz)

]
,

z̈ =
qc2

E

[
εz + rϕ̇Br − ṙBϕ − ż

c2
(ṙεr + rϕ̇εϕ + żεz)

]
, (2.2)

ϕ̈ = −2ṙϕ̇

r
+

qc2

rE

[
εφ + ṙBz − żBr −

rϕ̇

c2
(ṙεr + rϕ̇εϕ + żεz)

]
.

�μ²Ó§ÊÖ¸Ó · ¸Î¥É´Ò³¨ ¨²¨ ¨§³¥·¥´´Ò³¨ §´ Î¥´¨Ö³¨ ±μ³¶μ´¥´É ³ £-
´¨É´μ£μ Bz, Br, Bφ ¨ Ô²¥±É·¨Î¥¸±μ£μ εϕ, εr, εz ¶μ²¥°, ¶μ²ÊÎ¥´´Ò³¨ ¸ ¶μ-
³μÐÓÕ ¸μ¢·¥³¥´´ÒÌ ±μ³¶ÓÕÉ¥·´ÒÌ ¶·μ£· ³³, ³μ¦´μ ´ °É¨ ·¥Ï¥´¨Ö Ê· ¢-
´¥´¨° (2.2). �  ·¨¸. 2, 3 ¶μ± § ´ ¶·¨³¥· · ¸Î¥É  ¤¢¨¦¥´¨Ö 2000 Î ¸É¨Í

�¨¸. 2. � ¤¨ ²Ó´Ò¥ É· ¥±Éμ·¨¨ ¶·¨ · §´ÒÌ Éμ± Ì ¶ÊÎ± : a) I = 5 ³A; ¡) I = 0 ³A



–ˆŠ‹�’���› 1857

¢ £μ·¨§μ´É ²Ó´μ° ¨ ¢¥·É¨± ²Ó´μ° ¶²μ¸±μ¸ÉÖÌ 4-¸¥±Éμ·´μ£μ Í¨±²μÉ·μ´  ¤²Ö
¤¢ÊÌ §´ Î¥´¨° Éμ±  ¶ÊÎ±  [48]. ‚¨¤´μ, ± ± ¸¨²Ó´μ ¢ ¸¥±Éμ·´μ³ Í¨±²μÉ·μ´¥

�¨¸. 3. �±¸¨ ²Ó´Ò¥ É· ¥±Éμ·¨¨: a) I = 0 ³A;
¡) I = 5 ³A

Ëμ·³  μ·¡¨ÉÒ μÉ²¨Î ¥É¸Ö μÉ
μ±·Ê¦´μ¸É¨ (§  ¸Î¥É ÔÉμ£μ ¨ ¸μ-
§¤ ¥É¸Ö  ±¸¨ ²Ó´ Ö Ëμ±Ê¸¨·μ¢± 
¢ · ¸ÉÊÐ¥³ ¶μ · ¤¨Ê¸Ê ³ £´¨É-
´μ³ ¶μ²¥).

�¤´ ±μ ¢ 50-Ì ££. ¶·μ-
Ï²μ£μ ¢¥± , ±μ£¤  ³μÐ´μ¸É¨
±μ³¶ÓÕÉ¥·μ¢ ¡Ò²¨ ¤ ²¥±¨ μÉ
¸μ¢·¥³¥´´ÒÌ, ¶·¨Ìμ¤¨²μ¸Ó ¨¸-
¶μ²Ó§μ¢ ÉÓ  ´ ²¨É¨Î¥¸±¨¥ ·¥Ï¥-
´¨Ö. ˆ§² £ ¥³ Ö §¤¥¸Ó  ´ ²¨É¨-
Î¥¸± Ö É¥μ·¨Ö ¡ §¨·Ê¥É¸Ö ´  ²¥±-
Í¨ÖÌ ‚.�. „³¨É·¨¥¢¸±μ£μ [49].
‚ Ê¶·μÐ¥´´μ³ ¢¨¤¥ ÔÉμÉ ³ -
É¥·¨ ² ³μ¦´μ ´ °É¨ ¢ ²¥±Í¨¨
T. ˜É ³¡ Ì  [50].

�¸´μ¢´Ò³ ¢μ¶·μ¸μ³ ¶·¨
 ´ ²¨§¥ ¤¨´ ³¨±¨ Ö¢²Ö¥É¸Ö Ê¸Éμ°-
Î¨¢μ¸ÉÓ ¤¢¨¦¥´¨Ö, ¨²¨ ´ ²¨Î¨¥
Ëμ±Ê¸¨·μ¢±¨ Î ¸É¨Í ¶μ ¶μ¶¥·¥Î-
´Ò³ (r, z) ±μμ·¤¨´ É ³. “¸Éμ°-
Î¨¢μ¸ÉÓ ¤¢¨¦¥´¨Ö μ¶·¥¤¥²Ö¥É¸Ö ¢
μ¸´μ¢´μ³ Ì · ±É¥·¨¸É¨± ³¨ ³ £-
´¨É´μ£μ ¶μ²Ö, É ± ± ± Ê¦¥ ¤²Ö
Î ¸É¨Í, μÉ´μ¸¨É¥²Ó´ Ö ¸±μ·μ¸ÉÓ
±μÉμ·ÒÌ ¡²¨§±  ± 0,1 ¸±μ·μ¸É¨
¸¢¥É , ¸¨²  ¤¥°¸É¢¨Ö μ¡ÒÎ´μ ¶·¨³¥´Ö¥³μ£μ ³ £´¨É´μ£μ ¶μ²Ö (1Ä2 ’²) ³´μ£μ
¡μ²ÓÏ¥ ¸¨²Ò ¤¥°¸É¢¨Ö ¶·¨³¥´Ö¥³ÒÌ Ô²¥±É·¨Î¥¸±¨Ì ¶μ²¥° (106 ‚/³)∗.

	² £μ¤ ·Ö ÔÉμ³Ê μ¤´μÎ ¸É¨Î´ Ö É¥μ·¨Ö ¤²Ö ¢¸¥Ì É¨¶μ¢ Ê¸±μ·¨É¥²¥°, ¢±²Õ-
Î Ö ¸¨²Ó´μÉμÎ´Ò¥, ¡ §¨·Ê¥É¸Ö ´  Ê¶·μÐ¥´´μ³ Ê· ¢´¥´¨¨ (2.1) ¸ ¶μ¸ÉμÖ´´μ°
³ ¸¸μ°, ±μÉμ·μ¥ ¶·¨ Ê¸²μ¢¨¨ v2 = const ¶·¥μ¡· §Ê¥É¸Ö ¢

m0γ
d2r
dt2

= e[r × B]. (2.1′)

‚¥±Éμ·´μ¥ Ê· ¢´¥´¨¥ (2.1′) ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ¸¨¸É¥³Ê É·¥Ì Ê· ¢´¥´¨°,
  ¶·¨ ¢Ò¡μ·¥ ¢ ± Î¥¸É¢¥ ´¥§ ¢¨¸¨³μ° ¶¥·¥³¥´´μ°  §¨³ÊÉ ²Ó´μ° ±μμ·¤¨´ ÉÒ

∗�·¨ ³ ²ÒÌ ¸±μ·μ¸ÉÖÌ Î ¸É¨Í, É. ¥. ¢ Í¥´É·¥ Í¨±²μÉ·μ´ , ´Ê¦´μ ÊÎ¨ÉÒ¢ ÉÓ ¤¥°¸É¢¨¥ Ô²¥±-
É·¨Î¥¸±μ£μ ¶μ²Ö; ¸³. ¸É ÉÓÕ Œ.Rose ¢ [1, £². 1] ¨²¨ W. I. B. Smith (Nucl. Instr. Meth. 1960. V. 9.
P. 49).
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Î ¸É¨ÍÒ ϕ Å ¸¨¸É¥³Ê ¤¢ÊÌ Ê· ¢´¥´¨° ¢ Í¨²¨´¤·¨Î¥¸±μ° ¸¨¸É¥³¥ ±μμ·¤¨´ É
(r, ϕ, z):

r′′ − 2r′2

r
− r =

qc2

Ev

√
z′2 + r2 + r′2

r
[z′rBϕ − (r2 + r′2)Bz + r′z′Br],

z′′ − 2z′r′

r
=

qc2

Ev

√
z′2 + r2 + r′2

r
[(r2 + z′2)Br − rr′Bϕ − z′r′Bz],

(2.3)

£¤¥ ÏÉ·¨Ì μ§´ Î ¥É ¤¨ËË¥·¥´Í¨·μ¢ ´¨¥ ¶μ ϕ, ¶·¨ ÔÉμ³ ¸¨¸É¥³  μ¶¨¸Ò¢ ¥É
¤¨´ ³¨±Ê Î ¸É¨Í ¸ ¶μ¸ÉμÖ´´Ò³ ¨³¶Ê²Ó¸μ³ p = m0γv = const.

Šμ³¶μ´¥´ÉÒ ³ £´¨É´μ£μ ¶μ²Ö Br ¨ Bϕ μ¶·¥¤¥²ÖÕÉ¸Ö ± ±

Br =

z∫
0

∂Bz

∂r
dz, Bϕ =

1
r

z∫
0

∂Bz

∂ϕ
dz (2.4)

¶·¨ § ¤ ´´μ³ · ¸¶·¥¤¥²¥´¨¨ ¨´¤Ê±Í¨¨ ¢ ³¥¤¨ ´´μ° ¶²μ¸±μ¸É¨ Bz(0, r, ϕ).
� ´´¥¥ ¶μ±μ²¥´¨¥ Í¨±²μÉ·μ´μ¢ ¨ Ë §μÉ·μ´μ¢ ¨¸¶μ²Ó§μ¢ ²μ ³ £´¨É´Ò¥

¶μ²Ö ¸  §¨³ÊÉ ²Ó´μ° ¸¨³³¥É·¨¥° (Bϕ = 0, Br = (∂Bz/∂r)z + . . .). ˆ¸¶μ²Ó-
§μ¢ ´¨¥ É ±¨Ì ¶μ²¥° ¶·¨¢μ¤¨É ± ¶·μ¸É¥°Ï¥³Ê Ê¸²μ¢¨Õ Ê¸Éμ°Î¨¢μ¸É¨ Î ¸É¨Í

−1 < n < 0, n =
r

Bz

∂Bz

∂r
. (2.5)

�É  ¦¥ ¢¥²¨Î¨´  μ¶·¥¤¥²Ö¥É μÉ´μ¸¨É¥²Ó´Ò¥ Î ¸ÉμÉÒ ±μ²¥¡ ´¨°:

νr =
ωr

ω0
=

√
1 + n, νz =

ωz

ω0
=

√
−n. (2.6)

�·¨¢¥¤¥´´Ò¥ · ¢¥´¸É¢  μ£· ´¨Î¨¢ ÕÉ ¦¥¸É±μ¸ÉÓ ³ £´¨É´μ° ¸¨¸É¥³Ò (¸² -
¡ Ö Ëμ±Ê¸¨·μ¢± ) ¨ É¥³ ¸ ³Ò³, ± ± ¡Ê¤¥É ¶μ± § ´μ ´¨¦¥, ¶·¥¤¥²Ó´ÊÕ ¨´-
É¥´¸¨¢´μ¸ÉÓ Ê¸±μ·¨É¥²¥°. �´¨ ¦¥ μ¶·¥¤¥²ÖÕÉ ¶·¥¤¥²Ó´ÊÕ Ô´¥·£¨Õ Î ¸É¨Í ¢
Í¨±²μÉ·μ´¥ ¨ ¢¥²¨Î¨´Ê ¤¨ ¶ §μ´  Î ¸ÉμÉÒ Ê¸±μ·ÖÕÐ¥£μ ´ ¶·Ö¦¥´¨Ö ¢ ¸¨´-
Ì·μÍ¨±²μÉ·μ´¥, ±μÉμ·Ò° (¤¨ ¶ §μ´), ¢ ¸¢μÕ μÎ¥·¥¤Ó, μ¶·¥¤¥²Ö¥É ¶¥·¨μ¤ ³μ-
¤Ê²ÖÍ¨¨ Î ¸ÉμÉÒ (¨ É¥³ ¸ ³Ò³ ¨´É¥´¸¨¢´μ¸ÉÓ ¶ÊÎ± ).

‘´ÖÉÓ (μ¸² ¡¨ÉÓ) ÔÉ¨ μ£· ´¨Î¥´¨Ö ¶μ§¢μ²Ö¥É ¨¸¶μ²Ó§μ¢ ´¨¥ ´¥μ¤´μ·μ¤-
´ÒÌ ¶μ  §¨³ÊÉÊ ¨ · ¤¨Ê¸Ê ³ £´¨É´ÒÌ ¶μ²¥° ¢¨¤ 

Bz = Bz(r)[1 + εf(r, ϕ)], (2.7)

£¤¥ f(r, ϕ) Å ¶¥·¨μ¤¨Î¥¸± Ö ËÊ´±Í¨Ö r ¨ ϕ (¢ ·¨ Í¨Ö ³ £´¨É´μ£μ ¶μ²Ö),  
ε Å ¥¥  ³¶²¨ÉÊ¤ , μ¶·¥¤¥²ÖÕÐ Ö Ë² ÉÉ¥· (¸³. ´¨¦¥).

„²Ö ³ £´¨É´μ£μ ¶μ²Ö ¢¨¤  (2.7) Ê· ¢´¥´¨Ö (2.2), (2.3), ¥¸²¨ ®¶·¨¢Ö§ ÉÓ¯
¸¨¸É¥³Ê ±μμ·¤¨´ É ¤²Ö § ¤ ´´μ£μ ¨³¶Ê²Ó¸ 

p = eBR (2.8)
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± ¸·¥¤´¥³Ê · ¤¨Ê¸Ê § ³±´ÊÉμ° μ·¡¨ÉÒ R, ¶·¥μ¡· §ÊÕÉ¸Ö (¢ ²¨´¥°´μ³ ¶·¨-
¡²¨¦¥´¨¨ ¶μ ρ/R ¨ z/R) ± Ê· ¢´¥´¨Ö³ (2.9):

ρ′′ +
[
2 + n

Λ
− 1 +

ε

Λ
(2 + n + m) f +

εR

Λ
∂f

∂R

]
ρ = R

(
1 − 1

Λ

)
− εRf

Λ
,

(2.9)

z′′ − 1
Λ

(
n + εnf + εmf + εR

∂f

∂R

)
z = 0,

£¤¥

∂ε

∂R
=

(
∂ε

∂r

)
r=R

,
∂f

∂R
=

(
∂f

∂r

)
r=R

, n =
(

R

B

dB

dr

)
r=R

, m =
(

R

ε

dε

dr

)
r=R

;

Λ(ε, ε′, N) Å ¶ · ³¥É·, ±μÉμ·Ò° Ì · ±É¥·¨§Ê¥É μÉ±²μ´¥´¨¥ ¸·¥¤´¥£μ · ¤¨-
Ê¸  § ³±´ÊÉμ° μ·¡¨ÉÒ μÉ ¥£μ §´ Î¥´¨Ö ¢  §¨³ÊÉ ²Ó´μ-μ¤´μ·μ¤´μ³ ¶μ²¥ (£¤¥
p = eBRΛ), a ρ Å μÉ±²μ´¥´¨¥ μÉ ¸·¥¤´¥£μ · ¤¨Ê¸  R. ‚¥²¨Î¨´  Λ ¶·¨-
¡²¨§¨É¥²Ó´μ · ¢´  Λ ∼= 1/2 +

√
1/4 + ε2(2 + n + m)/2N2 ¨, §  ¨¸±²ÕÎ¥´¨¥³

¸¶¥Í¨ ²Ó´ÒÌ ¸²ÊÎ ¥¢ (|m| � 1), μÎ¥´Ó ¡²¨§±  ± ¥¤¨´¨Í¥. �μÔÉμ³Ê ¤²Ö Ê¶·μ-
Ð¥´¨Ö ¤ ²Ó´¥°Ï¥£μ ¨§²μ¦¥´¨Ö ³Ò ¡Ê¤¥³ ¶μ² £ ÉÓ Λ = 1.

‹¨´¥°´ Ö ¸¨¸É¥³  Ê· ¢´¥´¨° (2.9) Ê¤μ¢²¥É¢μ·¨É¥²Ó´μ μ¶¨¸Ò¢ ¥É μ¸´μ¢-
´Ò¥ ¤¨´ ³¨Î¥¸±¨¥ ÔËË¥±ÉÒ ³ £´¨É´μ£μ ¶μ²Ö ¨ ¶μ§¢μ²Ö¥É ¨¸¸²¥¤μ¢ ÉÓ ¢  ´ -
²¨É¨Î¥¸±μ° Ëμ·³¥ μ¸´μ¢´Ò¥ § ±μ´μ³¥·´μ¸É¨ ¤¢¨¦¥´¨Ö ¢ · ³± Ì É ± ´ §Ò¢ ¥-
³μ° μ¤´μÎ ¸É¨Î´μ° É¥μ·¨¨. ‚²¨Ö´¨¥ μÉ¡·μÏ¥´´ÒÌ ´¥²¨´¥°´ÒÌ Î²¥´μ¢ ´Ê¦´μ
ÊÎ¨ÉÒ¢ ÉÓ Éμ²Ó±μ ¢ §μ´ Ì ·¥§μ´ ´¸´ÒÌ §´ Î¥´¨° ¸μ¡¸É¢¥´´ÒÌ Î ¸ÉμÉ ±μ²¥¡ -
´¨°, ±μÉμ·Ò¥ ¢ÒÎ¨¸²ÖÕÉ¸Ö ¤²Ö § ¤ ´´μ£μ ¢¨¤  ËÊ´±Í¨¨ f(r, ϕ). ‚ μ¡Ð¥³
¸²ÊÎ ¥ ÔÉ  ¶¥·¨μ¤¨Î¥¸± Ö ¶μ r ¨ ϕ ËÊ´±Í¨Ö ³μ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´  ·Ö¤μ³
”Ê·Ó¥ ¸ ¶¥·¨μ¤μ³ ¶μ ϕ, · ¢´Ò³ 2π/N , £¤¥ N Å Î¨¸²μ ¶¥·¨μ¤μ¢ ³ £´¨É´μ£μ
¶μ²Ö:

f(r, ϕ) =
∞∑

k=1

ak sin [αk(r) − kNϕ]. (2.10)

�¤´ ±μ μ¸´μ¢´Ò¥ É¥μ·¥É¨Î¥¸±¨¥ ·¥§Ê²ÓÉ ÉÒ ³μ£ÊÉ ¡ÒÉÓ ¶μ²ÊÎ¥´Ò ¨¸Ìμ¤Ö
¨§ μ¸´μ¢´μ° (k = 1) £ ·³μ´¨±¨ ¸É·Ê±ÉÊ·Ò ¶μ²Ö:

f(r, ϕ) = sin [α(r) − Nϕ] = sin Ψ. (2.11)

‚ ÔÉμ³ ¸²ÊÎ ¥ ²¨´¨¨ · ¢´μ° ´ ¶·Ö¦¥´´μ¸É¨ ³ £´¨É´μ£μ ¶μ²Ö · ¸¶μ²μ¦¥´Ò
´  ±·¨¢ÒÌ

α(r) = Nϕ. (2.12)

�¸μ¡ÒÌ μ£· ´¨Î¥´¨° ´  ËÊ´±Í¨Õ α(r) ´¥É, μ¤´ ±μ μ¡ÒÎ´μ ¨¸¶μ²Ó§Ê-
¥É¸Ö ²¨¡μ ¸¶¨· ²Ó �·Ì¨³¥¤  [(α(r) = r/λ)], ²¨¡μ ²μ£ ·¨Ë³¨Î¥¸± Ö ¸¶¨· ²Ó
[(α(r) = (N/tg θ) ln (r/r0)], ¤²Ö ±μÉμ·μ° ¶μ¸ÉμÖ´¥´ Ê£μ² ³¥¦¤Ê ¸¶¨· ²ÓÕ ¨
μ±·Ê¦´μ¸ÉÓÕ.
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‘¶¨· ²Ó �·Ì¨³¥¤ , ± ± ¶· ¢¨²μ, ¶·¨³¥´Ö¥É¸Ö ¢ ±μ³¶ ±É´ÒÌ Ê¸±μ·¨É¥-
²ÖÌ (¸μ ®¸¶²μÏ´Ò³¯ ³ £´¨Éμ³), É ± ± ± μ¡¥¸¶¥Î¨¢ ¥É ¢μ§³μ¦´μ¸ÉÓ ¤μ¢¥¸É¨
¸¶¨· ²Ó ¶μÎÉ¨ ¤μ Í¥´É·  ³ £´¨É ; ²μ£ ·¨Ë³¨Î¥¸± Ö ¸¶¨· ²Ó ³μ¦¥É ¨¸¶μ²Ó-
§μ¢ ÉÓ¸Ö ¤²Ö Ê¸±μ·¨É¥²¥° ¸ ¸¥±Í¨μ´¨·μ¢ ´´μ° ¸É·Ê±ÉÊ·μ° ³ £´¨É´μ£μ ¶μ²Ö
(separated sectors) ¨ μ¡¥¸¶¥Î¨¢ ¥É ¶·¨ μ¶·¥¤¥²¥´´ÒÌ Ê¸²μ¢¨ÖÌ ¶μ¸ÉμÖ´¸É¢μ
Î ¸ÉμÉÒ  ±¸¨ ²Ó´ÒÌ ±μ²¥¡ ´¨°.

�μ¤¸É ¢²ÖÖ (2.11) ¢ (2.9), ¶μ²ÊÎ¨³ (¢ ¶·¥¤¶μ²μ¦¥´¨¨ Λ = 1) ²¨´¥°´ÊÕ
¸¨¸É¥³Ê Ê· ¢´¥´¨° ¤²Ö  ´ ²¨§  ¤¨´ ³¨Î¥¸±¨Ì ¶·μÍ¥¸¸μ¢:

ρ′′ +
[
1 + n + ε (2 + n + m) sin Ψ +

εR

λ
cos Ψ

]
ρ = δ − εR sin Ψ,

(2.13)

z′′ −
[
n + ε (n + m) sin Ψ +

εR

λ
cos Ψ

]
z = 0, δ ∼=

Rε2

N2
.

ˆ§ · ¸¸³μÉ·¥´¨Ö ¶¥·¢μ£μ Ê· ¢´¥´¨Ö ¸¨¸É¥³Ò (2.13) ¸²¥¤Ê¥É, ÎÉμ ¸ÊÐ¥-
¸É¢ÊÕÉ ¢Ò´Ê¦¤¥´´Ò¥ · ¤¨ ²Ó´Ò¥ ±μ²¥¡ ´¨Ö μ·¡¨ÉÒ ¢μ±·Ê£ ¸·¥¤´¥£μ · ¤¨Ê¸ ,
¸¢Ö§ ´´Ò¥ ¸ ¶¥·¨μ¤¨Î¥¸±μ° ¸É·Ê±ÉÊ·μ° ³ £´¨É´μ£μ ¶μ²Ö, ¨ ¶μ¸ÉμÖ´´μ¥ ¸³¥-
Ð¥´¨¥ ¸·¥¤´¥£μ · ¤¨Ê¸  δ, ±μÉμ·μ¥ μ¶·¥¤¥²Ö¥É¸Ö ¶ · ³¥É·μ³ Λ. �·¨ §´ -
Î¥´¨¨ ¶ · ³¥É·  Λ, ¡²¨§±μ³ ± ¥¤¨´¨Í¥, Ë §  § ³±´ÊÉμ° μ·¡¨ÉÒ ¸μ¢¶ ¤ ¥É
¸ Ë §μ° ³ £´¨É´μ£μ ¶μ²Ö (³ ±¸¨³Ê³ μÉ±²μ´¥´¨Ö ²¥¦¨É ¢ §μ´¥ ³ ±¸¨³Ê³ 
³ £´¨É´μ° ¨´¤Ê±Í¨¨); ¢ · ¸¸³ É·¨¢ ¥³μ³ ¶·¨¡²¨¦¥´¨¨ Ëμ·³  § ³±´ÊÉμ° μ·-
¡¨ÉÒ ´¥ ¢²¨Ö¥É ´  Ì · ±É¥· ¸¢μ¡μ¤´ÒÌ ±μ²¥¡ ´¨° ( ±¸¨ ²Ó´ÒÌ ¨ · ¤¨ ²Ó´ÒÌ),
±μÉμ·Ò¥ μ¶¨¸Ò¢ ÕÉ¸Ö ¸¨¸É¥³μ° (2.13) ¡¥§ ¶· ¢μ° Î ¸É¨.

�  μ¸´μ¢¥ ÔÉ¨Ì ¢Ò¢μ¤μ¢ ¡Ê¤¥³ · ¸¸³ É·¨¢ ÉÓ ¸¢μ¡μ¤´Ò¥ ±μ²¥¡ ´¨Ö ¤²Ö
¸²ÊÎ Ö Λ = 1, m = 0. �·¨ Ê¸²μ¢¨¨ R � λ(2+n) ¸¨¸É¥³  (2.13) ¶·¥μ¡· §Ê¥É¸Ö
¢ ¸¨¸É¥³Ê Ê· ¢´¥´¨° Œ ÉÓ¥ [51]

d2ρ

dξ2
+ (ar + 2q cos 2ξ)ρ = 0,

d2z

d2ξ2
+ (az − 2q cos 2ξ)z = 0,

(2.14)

£¤¥ ar
∼=

4
N2

(1 + n), az
∼= − 4

N2
n, q =

2εR

N2λ
, 2ξ =

R

λ
− Nϕ.

’ ±μ¥ ¶·¨¡²¨¦¥´¨¥ ¸¶· ¢¥¤²¨¢μ Éμ²Ó±μ ¤²Ö ±·ÊÉμ¸¶¨· ²Ó´ÒÌ ¸É·Ê±ÉÊ·
³ £´¨É´ÒÌ ¶μ²¥°, ´μ μ´μ ´ £²Ö¤´μ μÉ· ¦ ¥É μ¸´μ¢´Ò¥ ¨§³¥´¥´¨Ö ¸μ¡¸É¢¥´-
´ÒÌ Î ¸ÉμÉ ¸¢μ¡μ¤´ÒÌ ±μ²¥¡ ´¨° ¢ ¶·μÍ¥¸¸¥ Ê¸±μ·¥´¨Ö.

ˆ§  ´ ²¨§  ±μÔËË¨Í¨¥´Éμ¢ Ê· ¢´¥´¨° Œ ÉÓ¥ ´¥¶μ¸·¥¤¸É¢¥´´μ ¸²¥¤ÊÕÉ
¸²¥¤ÊÕÐ¨¥ ¢Ò¢μ¤Ò:

1. �±¸¨ ²Ó´ Ö Ê¸Éμ°Î¨¢μ¸ÉÓ μ¡¥¸¶¥Î¨¢ ¥É¸Ö ¶μ²´μ¸ÉÓÕ ¶ · ³¥É·¨Î¥¸±¨³
¤¥°¸É¢¨¥³ ¢ ·¨ Í¨¨ ³ £´¨É´μ£μ ¶μ²Ö; · ¤¨ ²Ó´ Ö Å ¢ μ¸´μ¢´μ³ ·μ¸Éμ³ ¸·¥¤-
´¥£μ ³ £´¨É´μ£μ ¶μ²Ö ¢¤μ²Ó · ¤¨Ê¸ .
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2. Œ¨´¨³ ²Ó´μ¥ §´ Î¥´¨¥ ¢ ·¨ Í¨¨ μ¶·¥¤¥²Ö¥É¸Ö Ê¸²μ¢¨¥³

ε � Nλ

R

√
n, n = γ2 − 1. (2.15)

3. ‘μ¡¸É¢¥´´Ò¥ Î ¸ÉμÉÒ ±μ²¥¡ ´¨° νr, νz μ¶·¥¤¥²ÖÕÉ¸Ö Ê· ¢´¥´¨¥³

cos πμ = cos π
√

a − π2

4
sin π

√
a

π
√

a

q2

1 − a
, νr,z =

N

2
μr,z. (2.16)

’ ±¨³ μ¡· §μ³, ¤²Ö § ¤ ´´ÒÌ Ì · ±É¥·¨¸É¨± ³ £´¨É´μ£μ ¶μ²Ö (N, ε, λ),
¶μ²Ó§ÊÖ¸Ó É ¡²¨Í ³¨ ¨²¨ £· Ë¨± ³¨ ¸μ¡¸É¢¥´´ÒÌ Î¨¸¥² ËÊ´±Í¨° Œ ÉÓ¥ (μ),
²¥£±μ μ¶·¥¤¥²¨ÉÓ ¸μ¡¸É¢¥´´Ò¥ Î ¸ÉμÉÒ ¸¢μ¡μ¤´ÒÌ ±μ²¥¡ ´¨° Î ¸É¨Í ¢ ¶·μ-
Í¥¸¸¥ Ê¸±μ·¥´¨Ö.

„²Ö μÍ¥´μÎ´ÒÌ · ¸Î¥Éμ¢ ¸ÊÐ¥¸É¢ÊÕÉ ³´μ£μÎ¨¸²¥´´Ò¥ ¶·¨¡²¨¦¥´´Ò¥ Ëμ·-
³Ê²Ò, ±μÉμ·Ò¥ ¶μ²ÊÎ ÕÉ¸Ö ¨§ (2.16) ¶·¨ Ê¸²μ¢¨¨ q � 1. �·μ¸É¥°Ï¨³¨ ¨§
´¨Ì Ö¢²ÖÕÉ¸Ö

ν2
r
∼= 1 + n = γ2, ν2

z
∼= −n +

ε2

2
+

(
εR

Nλ

)2

+ . . . (2.17)

‚μ ¢Éμ·μ³ Ê· ¢´¥´¨¨ (2.17) Î²¥´ ε2/2 Ì · ±É¥·¨§Ê¥É Ëμ±Ê¸¨·μ¢±Ê ’μ-
³ ¸  (¶·¨ μÉ¸ÊÉ¸É¢¨¨ ¸¶¨· ²Ó´μ¸É¨ λ → ∞). ’μÎ´μ¥ §´ Î¥´¨¥ ÔÉμ£μ Î²¥´ 
³μ¦¥É ¡ÒÉÓ ¶μ²ÊÎ¥´μ Éμ²Ó±μ ¶·¨ ÊÎ¥É¥ ±¢ ¤· É¨Î´ÒÌ Î²¥´μ¢ ¢ Ê· ¢´¥´¨ÖÌ
¤¢¨¦¥´¨Ö. —²¥´ (εR/Nλ)2 Ì · ±É¥·¨§Ê¥É ¸¶¨· ²Ó´ÊÕ Ëμ±Ê¸¨·μ¢±Ê; ¢¨¤´μ,
ÎÉμ μ´ Ê¢¥²¨Î¨¢ ¥É¸Ö ¸ ·μ¸Éμ³ · ¤¨Ê¸  (Ô´¥·£¨¨), ÎÉμ ¨ Ö¢²Ö¥É¸Ö μ¸´μ¢´Ò³
¶·¥¨³ÊÐ¥¸É¢μ³ ¸¶¨· ²Ó´μ° ¸É·Ê±ÉÊ·Ò.

�¥§μ´ ´¸Ò. �¥§ ¢¨¸¨³μ μÉ ¸É·Ê±ÉÊ·Ò ³ £´¨É´μ£μ ¶μ²Ö ( §¨³ÊÉ ²Ó´μ-μ¤-
´μ·μ¤´μ¥ ¨²¨ ¸ ¢ ·¨ Í¨¥°) ¢ ¶²μ¸±μ¸É¨ ¸¨³³¥É·¨¨ ¨³¥ÕÉ¸Ö ¢¸¥ (´¨§Ï¨¥, ± ±
¶· ¢¨²μ) £ ·³μ´¨±¨, ¸¢Ö§ ´´Ò¥ ¸ μÏ¨¡± ³¨ ³ £´¨É´μ£μ ¶μ²Ö. �Éμ μ§´ Î ¥É,
ÎÉμ ¢ μ¡Ð¥³ ¸²ÊÎ ¥ ´  ± ¦¤μ³ · ¤¨Ê¸¥ ¤μ¶μ²´¨É¥²Ó´μ ± Ëμ·³¨·Ê¥³μ³Ê ¶μ²Õ
¨³¥ÕÉ¸Ö ¶μ²Ö

Bz =
∞∑

k=1

Bk sin (kϕ + αk). (2.18)

‘μμÉ¢¥É¸É¢ÊÕÐ¥¥ ²¨´¥°´μ¥ Ê· ¢´¥´¨¥ · ¤¨ ²Ó´μ£μ ¤¢¨¦¥´¨Ö ¡Ê¤¥É ¨³¥ÉÓ
¢¨¤

ρ′′ + ν2
r ρ = −R

Bk

B̄(R)
sin (kϕ + αk), (2.19)

£¤¥ B̄ Å ¸·¥¤´¥¥ §´ Î¥´¨¥ ¶μ²Ö ´  · ¤¨Ê¸¥ R. …¸²¨ νr = k, Éμ ¸μμÉ¢¥É¸É¢ÊÕ-
Ð Ö k-Ö £ ·³μ´¨±  ¶·¨¢μ¤¨É ± ²¨´¥°´μ³Ê ´ · ¸É ´¨Õ  ³¶²¨ÉÊ¤Ò ¢Ò´Ê¦¤¥´-
´ÒÌ · ¤¨ ²Ó´ÒÌ ±μ²¥¡ ´¨° §  μ¤¨´ μ¡μ·μÉ ´  ¢¥²¨Î¨´Ê

Δa0 =
πR

k

Bk

B̄
. (2.20)
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‚¡²¨§¨ ·¥§μ´ ´¸´μ£μ §´ Î¥´¨Ö  ³¶²¨ÉÊ¤  ¢Ò´Ê¦¤¥´´ÒÌ ±μ²¥¡ ´¨° · ¢´ 

α0 = R
Bk

B̄

1
|k2 − ν2

r |
.

• · ±É¥·´μ° μ¸μ¡¥´´μ¸ÉÓÕ ¢Ò´Ê¦¤¥´´ÒÌ ±μ²¥¡ ´¨° Ö¢²Ö¥É¸Ö ¸μ¢¶ ¤¥´¨¥
¨Ì Î ¸ÉμÉÒ ¨ Ë §Ò ¸ Î ¸ÉμÉμ° ¢Ò´Ê¦¤ ÕÐ¥° ¸¨²Ò (É. ¥. ¸μμÉ¢¥É¸É¢ÊÕÐ¥°
£ ·³μ´¨±¨ ¶μ²Ö).

—¨¸²¥´´ Ö μÍ¥´±  ¶·μÌμ¦¤¥´¨Ö §μ´Ò Í¥²μÎ¨¸²¥´´μ£μ ·¥§μ´ ´¸  ¢ Í¨±²μ-
É·μ´¥ ¶μ Ëμ·³Ê²¥ (2.20) ¶μ± §Ò¢ ¥É, ÎÉμ ¤ ¦¥ ¶·¨ μÉ´μ¸¨É¥²Ó´μ° ¢¥²¨Î¨´¥
·¥§μ´ ´¸´μ° £ ·³μ´¨±¨ 10−4 ¤μ¶Ê¸É¨³μ¥ Î¨¸²μ μ¡μ·μÉμ¢ ¢ §μ´¥ ·¥§μ´ ´¸  ´¥
¤μ²¦´μ ¶·¥¢ÒÏ ÉÓ 10.

‚Éμ·μ° ¢μ§³μ¦´μ¸ÉÓÕ ·¥§μ´ ´¸´μ£μ ¢μ§¡Ê¦¤¥´¨Ö ¸¢μ¡μ¤´ÒÌ ±μ²¥¡ ´¨°
¢ · ³± Ì ²¨´¥°´μ° É¥μ·¨¨ Ö¢²Ö¥É¸Ö ¶ · ³¥É·¨Î¥¸±¨° ·¥§μ´ ´¸, ¢Ò§Ò¢ ¥³Ò°
£· ¤¨¥´Éμ³  ³¶²¨ÉÊ¤Ò ¨ Ë §Ò £ ·³μ´¨±¨. …¸²¨ ¶·¥¤¶μ²μ¦¨ÉÓ § ¢¨¸¨³μ¸ÉÓ
 ³¶²¨ÉÊ¤Ò ¨ Ë §Ò k-° £ ·³μ´¨±¨ μÉ · ¤¨Ê¸ , Éμ ¢ ¶· ¢μ° Î ¸É¨ Ê· ¢´¥´¨Ö
(2.19) ¶μÖ¢ÖÉ¸Ö ¤μ¶μ²´¨É¥²Ó´Ò¥ Î²¥´Ò, ±μÉμ·Ò¥ ¢ ²¨´¥°´μ³ ¶·¨¡²¨¦¥´¨¨
¶·μ¶μ·Í¨μ´ ²Ó´Ò μÉ±²μ´¥´¨Õ ρ Î ¸É¨ÍÒ μÉ § ³±´ÊÉμ° μ·¡¨ÉÒ:

ρ′′ + ν2
r ρ = −R

B̄

(
dBk

dr

)
r=R

ρ sin (kϕ + αk)−

− RBk

B̄

(
dαk

dr

)
r=R

ρ cos (kϕ + αk). (2.21)

’ ± ± ± ¶μ ¸É·Ê±ÉÊ·¥ μ¡  Î²¥´  ¢ ¶· ¢μ° Î ¸É¨ ¨¤¥´É¨Î´Ò, ¤μ¸É ÉμÎ´μ · ¸-
¸³μÉ·¥ÉÓ Éμ²Ó±μ μ¤¨´ ¨§ ´¨Ì ¸ ¡μ²ÓÏ¥°  ³¶²¨ÉÊ¤μ°. ’μ£¤  ¶μ¸²¥ § ³¥´Ò
kϕ + αk = 2ξ (¨²¨ kϕ + αk − π/2 = 2ξ) Ê· ¢´¥´¨¥ (2.21) ¶·¥μ¡· §Ê¥É¸Ö ±
Ê· ¢´¥´¨Õ Œ ÉÓ¥

d2ρ

dξ2
+

(
4ν2

r

k2
+ 2q cos 2ξ

)
ρ = 0. (2.21′)

�·¨ ± ±μ³ Ê£μ¤´μ ³ ²μ³ §´ Î¥´¨¨ q ¢μ§¡Ê¦¤ ¥É¸Ö ¶ · ³¥É·¨Î¥¸±¨° ·¥§μ-
´ ´¸, ¥¸²¨ νr = k/2, É. ¥. μ¶ ¸´Ò³¨ Ö¢²ÖÕÉ¸Ö ¶μ²ÊÍ¥²Ò¥ §´ Î¥´¨Ö ¸μ¡¸É¢¥´-
´ÒÌ Î ¸ÉμÉ ±μ²¥¡ ´¨°.

�μ²μ¸ , ¢´ÊÉ·¨ ±μÉμ·μ° ¨³¥¥É ³¥¸Éμ ¶ · ³¥É·¨Î¥¸±μ¥ ¢μ§¡Ê¦¤¥´¨¥ ±μ-
²¥¡ ´¨°, μ£· ´¨Î¥´  ¢¥²¨Î¨´μ°

Δν = q/2k.

�μ± § É¥²Ó Ô±¸¶μ´¥´Í¨ ²Ó´μ£μ ·μ¸É   ³¶²¨ÉÊ¤Ò ¸¢μ¡μ¤´ÒÌ ±μ²¥¡ ´¨° ¶·¨
q � 1 · ¢¥´ q/2. —¨¸²¥´´Ò¥ μÍ¥´±¨ ¶μ± §Ò¢ ÕÉ, ÎÉμ ¢ ·¥§μ´ ´¸´μ° §μ´¥
³μ¦´μ ¤μ¶Ê¸É¨ÉÓ ¤¥¸ÖÉ±¨ μ¡μ·μÉμ¢ ¡¥§ § ³¥É´μ£μ Ê¢¥²¨Î¥´¨Ö  ³¶²¨ÉÊ¤Ò.

ˆ§²μ¦¥´´Ò¥ ¢ÒÏ¥ ·¥§Ê²ÓÉ ÉÒ μ¸´μ¢ ´Ò ´  ¨¸¸²¥¤μ¢ ´¨¨ ·¥Ï¥´¨° ²¨´¥-
 ·¨§μ¢ ´´ÒÌ Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö.
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‚ μ¡Ð¥³ ¸²ÊÎ ¥ ¸É·Ê±ÉÊ·  μÉ¡·μÏ¥´´ÒÌ ´¥²¨´¥°´ÒÌ Î²¥´μ¢ ³μ¦¥É ¡ÒÉÓ
¶·¥¤¸É ¢²¥´  ¢ ¢¨¤¥ ρpzq sin (Nϕ + αN ), p ¨ q Å Í¥²Ò¥ ¶μ²μ¦¨É¥²Ó´Ò¥
Î¨¸² . ‚ ·¥§μ´ ´¸´ÒÌ §μ´ Ì ³μ¦´μ · ¸¸³ É·¨¢ ÉÓ Éμ²Ó±μ μ¤¨´ ·¥§μ´ ´¸´Ò°
Î²¥´, É ± ÎÉμ ¸¨¸É¥³  (2.13) ¡Ê¤¥É Ô±¢¨¢ ²¥´É´  ¸¨¸É¥³¥

ρ′′ + ν2
rρ = ερρ

p−1zq sin (Nϕ + αN ),

z′′ + ν2
zz = εzz

q−1ρp sin (Nϕ + αN ).
(2.22)

ˆ§ É ±μ° Ëμ·³Ò § ¶¨¸¨ Ê· ¢´¥´¨° ´¥¶μ¸·¥¤¸É¢¥´´μ ¢¨¤´μ, ÎÉμ ®´¥²¨-
´¥°´ÒÌ¯ ·¥§μ´ ´¸μ¢ ¸²¥¤Ê¥É μ¦¨¤ ÉÓ ¶·¨ ¢Ò¶μ²´¥´¨¨ Ê¸²μ¢¨Ö

pνr ± qνz = ±N, (2.22′)

£¤¥ N ³μ¦¥É ¡ÒÉÓ ± ± μ¸´μ¢´μ° £ ·³μ´¨±μ° ¶μ²Ö, É ± ¨ £ ·³μ´¨±μ° ¶μ²Ö
¢μ§³ÊÐ¥´¨Ö. ‚¥²¨Î¨´  (p + q) ´ §Ò¢ ¥É¸Ö ¶μ·Ö¤±μ³ ´¥²¨´¥°´μ£μ ·¥§μ´ ´¸ .

…¸É¥¸É¢¥´´μ, ´ ¨¡μ²ÓÏ¨° ÔËË¥±É ¡Ê¤¥É ´ ¡²Õ¤ ÉÓ¸Ö ´  μ¸´μ¢´μ° £ ·³μ-
´¨±¥,  ³¶²¨ÉÊ¤  ±μÉμ·μ° ´  ¤¢ -É·¨ ¶μ·Ö¤±  ¶·¥¢ÒÏ ¥É  ³¶²¨ÉÊ¤Ê ¢μ§³ÊÐ¥-
´¨°. „²Ö ¢´ÊÉ·¥´´¨Ì ´¥²¨´¥°´ÒÌ ·¥§μ´ ´¸μ¢, ±μÉμ·Ò¥ μ¡Ö§ É¥²Ó´μ ¶·μÌμ-
¤ÖÉ¸Ö ¶ÊÎ±μ³ ¢ ¨§μÌ·μ´´ÒÌ Í¨±²μÉ·μ´ Ì ¨§-§  · ¸ÉÊÐ¥£μ ¶μ · ¤¨Ê¸Ê ³ £´¨É-
´μ£μ ¶μ²Ö, ¨§ (2.22′) ¸²¥¤Ê¥É, ÎÉμ νr = N/p,   ¨Ì ÔËË¥±É¨¢´μ¸ÉÓ μ¶·¥¤¥²Ö¥É¸Ö
Ê· ¢´¥´¨¥³

ρ′′ + ν2
r ρ =

εp

Rp−1
ρp−1 sin (Nϕ + αN ). (2.23)

˜¨·¨´  ·¥§μ´ ´¸  Δ = νrp − N · ¢´ 

Δ = ±εpa
p−2
0 /2pRp−2νr. (2.23′)

�·μ¸É· ´¸É¢¥´´Ò° § ·Ö¤ ¶ÊÎ± . � ¸¸³μÉ·¥´´ Ö ¢ÒÏ¥ É¥μ·¨Ö μ¶¨¸Ò¢ ¥É
¤¨´ ³¨Î¥¸±¨¥ Ì · ±É¥·¨¸É¨±¨ μ¤´μ° Î ¸É¨ÍÒ.

Œ £´¨É´μ¥ ¶μ²¥ ´  μ¸´μ¢ ´¨¨ ÔÉμ° É¥μ·¨¨ μ¶·¥¤¥²Ö¥É ¢·¥³¥´´ÊÕ ¸É·Ê±-
ÉÊ·Ê ¶ÊÎ± : ´¥¶·¥·Ò¢´ÊÕ, £¤¥ ¸£Ê¸É±¨ ¸²¥¤ÊÕÉ ¸ Î ¸ÉμÉμ° μ¡· Ð¥´¨Ö Î ¸É¨Í
´  § ³±´ÊÉÒÌ μ·¡¨É Ì (Í¨±²μÉ·μ´´Ò° ·¥¦¨³), ¨ ¤¨¸±·¥É´ÊÕ, £¤¥ ¸£Ê¸É±¨ § -
±²ÕÎ¥´Ò ¢ ³ ±·μ¨³¶Ê²Ó¸Ò, ¸²¥¤ÊÕÐ¨¥ ¸ ¶¥·¨μ¤μ³ ³μ¤Ê²ÖÍ¨¨ Î ¸ÉμÉÒ Ê¸±μ-
·ÖÕÐ¥£μ ´ ¶·Ö¦¥´¨Ö (Ë §μÉ·μ´´Ò° ·¥¦¨³).

�¨± ±¨Ì μ£· ´¨Î¥´¨° ´  ¨´É¥´¸¨¢´μ¸ÉÓ ¶ÊÎ±  μ¤´μÎ ¸É¨Î´ Ö É¥μ·¨Ö,
¥¸É¥¸É¢¥´´μ, ´¥ Ê¸É ´ ¢²¨¢ ¥É. �É¨ μ£· ´¨Î¥´¨Ö ¢μ§´¨± ÕÉ Éμ²Ó±μ ¶·¨ ÊÎ¥É¥
¶·μ¸É· ´¸É¢¥´´μ£μ § ·Ö¤  ¶ÊÎ± . �·¨ ÔÉμ³ ¶μÖ¢²ÖÕÉ¸Ö ¤μ¶μ²´¨É¥²Ó´Ò¥ ¸¨²Ò,
¸¢Ö§ ´´Ò¥ ¸ Ô²¥±É·¨Î¥¸±¨³ ¨ ³ £´¨É´Ò³ ¶μ²Ö³¨ ¶ÊÎ± , ¤¥°¸É¢¨¥ ±μÉμ·ÒÌ
¶·μÖ¢²Ö¥É¸Ö, ¢ ¶¥·¢ÊÕ μÎ¥·¥¤Ó, ¢ ¨§³¥´¥´¨¨ Î ¸ÉμÉ ¸¢μ¡μ¤´ÒÌ ¶μ¶¥·¥Î´ÒÌ
±μ²¥¡ ´¨°, μ¶·¥¤¥²¥´´ÒÌ · ´¥¥ ¶μ μ¤´μÎ ¸É¨Î´μ° É¥μ·¨¨. ’ ± ± ± ¤μ¶Ê¸±¨
´  Î ¸ÉμÉÒ ¶μ¶¥·¥Î´ÒÌ ±μ²¥¡ ´¨° ¨§-§  ´ ²¨Î¨Ö ·¥§μ´ ´¸´ÒÌ ÔËË¥±Éμ¢ Ö¢²Ö-
ÕÉ¸Ö ´ ¨¡μ²¥¥ ¦¥¸É±¨³¨, Éμ ¨§³¥´¥´¨¥ ¸μ¡¸É¢¥´´ÒÌ Î ¸ÉμÉ ¶μ¤ ¤¥°¸É¢¨¥³
¸μ¡¸É¢¥´´μ£μ ¶μ²Ö ¶ÊÎ±  μ¶·¥¤¥²Ö¥É, ± ± ¶· ¢¨²μ, ¶·¥¤¥²Ó´Ò¥ ¶²μÉ´μ¸É¨ Î -
¸É¨Í ¨, É¥³ ¸ ³Ò³, ¶·¥¤¥²Ó´Ò¥ ¨´É¥´¸¨¢´μ¸É¨.
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Šμ³¶μ´¥´ÉÒ ¸μ¡¸É¢¥´´μ£μ Ô²¥±É·μ³ £´¨É´μ£μ ¶μ²Ö ¶ÊÎ±  μ¶·¥¤¥²ÖÕÉ¸Ö
¸¨¸É¥³μ° Ê· ¢´¥´¨°

ε0 div ε = ρ, μ0ε0 =
1
c2

, ε0
1
μ0

rotB = j, (2.24)

£¤¥ ρ Å ¶²μÉ´μ¸ÉÓ § ·Ö¤  ¶ÊÎ± ; j = ρv, v Å ¶·μ¤μ²Ó´ Ö ¸±μ·μ¸ÉÓ Î ¸É¨Í
¢ ¶ÊÎ±¥; ε0 ¨ μ0 Å ¤¨Ô²¥±É·¨Î¥¸± Ö ¨ ³ £´¨É´ Ö Ê¤¥²Ó´Ò¥ ¶·μ´¨Í ¥³μ¸É¨
¢ ±ÊÊ³ ; c Å ¸±μ·μ¸ÉÓ ¸¢¥É .

„²Ö Í¨²¨´¤·¨Î¥¸±μ£μ ¡¥¸±μ´¥Î´μ£μ ¶ÊÎ±  ¸ ¶μ¸ÉμÖ´´μ° ¶²μÉ´μ¸ÉÓÕ ρ
¨³¥ÕÉ¸Ö (μÉ²¨Î´Ò¥ μÉ ´Ê²Ö) · ¤¨ ²Ó´ Ö ±μ³¶μ´¥´É  Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö

εr =
ρ

2ε0
r (2.25)

¨  §¨³ÊÉ ²Ó´ Ö ±μ³¶μ´¥´É  ³ £´¨É´μ£μ ¶μ²Ö

Bϕ =
ρv

2ε0c2
r. (2.26)

�¡¥ ÔÉ¨ ±μ³¶μ´¥´ÉÒ ¸μ§¤ ÕÉ · ¤¨ ²Ó´ÊÕ ¸¨²Ê, ¤¥°¸É¢ÊÕÐÊÕ ´  ± ¦¤ÊÕ Î -
¸É¨ÍÊ ¶ÊÎ± :

Fr = qεr − qvBϕ =
qρ

2ε0
(1 − β2)r =

qρ

2ε0γ2
r. (2.27)

„²Ö Éμ´±μ£μ ¶²μ¸±μ£μ ¶ÊÎ± , ¥¸²¨ ¥£μ ¢Ò¸μÉ  (± ± ÔÉμ ¨³¥¥É ³¥¸Éμ ¢
Í¨±²μÉ·μ´¥) ³´μ£μ ³¥´ÓÏ¥ ¥£μ · §³¥·μ¢ ¢ ¶²μ¸±μ¸É¨, ¢μ§´¨± ÕÐ Ö ¶μ¤ ¤¥°-
¸É¢¨¥³ ¶·μ¸É· ´¸É¢¥´´μ£μ § ·Ö¤  ¸¨² 

Fz =
qρ

ε0γ2
z. (2.28)

ˆ§ ¸É·Ê±ÉÊ·Ò ¢ÒÏ¥¶·¨¢¥¤¥´´ÒÌ Ëμ·³Ê² ¢¨¤´μ, ÎÉμ Ô²¥±É·μ¸É É¨Î¥¸±μ¥
· ¸É ²±¨¢ ´¨¥ ¶·¨ Ê¢¥²¨Î¥´¨¨ Ô´¥·£¨¨ (γ) Ê³¥´ÓÏ ¥É¸Ö ³ £´¨É´Ò³ ¸¦ É¨¥³,
μ¤´ ±μ ¸ ³ ÔËË¥±É · ¸É ²±¨¢ ´¨Ö μ¸É ¥É¸Ö. �·¥¤¥²Ó´μ ¤μ¸É¨¦¨³ Ö ¶²μÉ-
´μ¸ÉÓ μ£· ´¨Î¨¢ ¥É¸Ö ¶μÉ¥·¥° Ê¸Éμ°Î¨¢μ¸É¨, ±μ£¤  ¸¨²  · ¸É ²±¨¢ ´¨Ö ¸É ´μ-
¢¨É¸Ö · ¢´μ° Ëμ±Ê¸¨·ÊÕÐ¥° ¸¨²¥ ¸É·Ê±ÉÊ·Ò ³ £´¨É´μ£μ ¶μ²Ö. ‘É·Ê±ÉÊ·´ Ö
¸¨²  F = m0γω2ν2

zz, μÉ±Ê¤  ´ Ìμ¤¨³

ρ¶·¥¤ =
m0

q
γ3ε0ω

2ν2
z =

q

m0
γ3ε0B

2
0ν2

z , (2.29)

£¤¥ q ¨ m0 Å § ·Ö¤ ¨ ³ ¸¸  ¶μ±μÖ Î ¸É¨ÍÒ; B0 ¨ ω Å ¸·¥¤´¥¥ ³ £´¨É´μ¥ ¶μ²¥
¢ Í¥´É·¥ Í¨±²μÉ·μ´  ¨ ±·Ê£μ¢ Ö Î ¸ÉμÉ  μ¡· Ð¥´¨Ö Î ¸É¨ÍÒ; νz Å Î ¸ÉμÉ 
 ±¸¨ ²Ó´ÒÌ ±μ²¥¡ ´¨°. ‘μμÉ¢¥É¸É¢ÊÕÐ¨° ¶·¥¤¥²Ó´μ° ¶²μÉ´μ¸É¨ Éμ± ¶ÊÎ± 

i¶·¥¤ = ρ¶·¥¤V
ω

2π
=

ε0

2π
γ3V B0ω

2ν2
z , (2.30)

£¤¥ V Å μ¡Ñ¥³ ¸£Ê¸É±  (¡ ´Î ).
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„²Ö É¨¶¨Î´ÒÌ ¶ · ³¥É·μ¢ Í¨±²μÉ·μ´  (B0
∼= 1,2 T², Î ¸ÉμÉ  μ¡· Ð¥´¨Ö

ω/2π ∼= 18 MƒÍ, νz � 0,5) ¨ μ¡Ñ¥³  ¸£Ê¸É± , · ¢´μ£μ ´¥¸±μ²Ó±¨³ ±Ê¡¨Î¥¸±¨³
¸ ´É¨³¥É· ³, ¶·¥¤¥²Ó´Ò° Éμ± ³μ¦¥É ¤μ¸É¨£ ÉÓ 10 ³�.

‡ ³¥É¨³, ÎÉμ Ëμ·³Ê²Ò (2.29) ¨ (2.30) μÍ¥´¨¢ ÕÉ μ£· ´¨Î¥´¨¥ ¶·¥¤¥²Ó´μ°
¨´É¥´¸¨¢´μ¸É¨ ¤¥°¸É¢¨¥³ ¶·μ¸É· ´¸É¢¥´´μ£μ § ·Ö¤ . …¸ÉÓ ¨ ¤·Ê£¨¥ μ£· ´¨Î¥-
´¨Ö, ¸¢Ö§ ´´Ò¥ ¸ ¶·μÍ¥¸¸ ³¨ ¨´¦¥±Í¨¨ ¨ ¢Ò¢μ¤  ¶ÊÎ± , ±μÉμ·Ò¥ (μ£· ´¨Î¥-
´¨Ö) ³μ£ÊÉ μ± § ÉÓ¸Ö ¡μ²¥¥ ¦¥¸É±¨³¨ (¸³., ´ ¶·¨³¥·, [48]).

�Í¥´±  ¶·¥¤¥²Ó´μ£μ Éμ±  ¢ Í¨±²μÉ·μ´¥, ¶·¨¢¥¤¥´´ Ö ¢ÒÏ¥, ¸¤¥² ´  ¢
¶·¨¡²¨¦¥´¨¨ ¶μ¸ÉμÖ´´ÒÌ · §³¥·μ¢ ¸£Ê¸É±  ¨ ¶μ¸ÉμÖ´´μ° Î ¸ÉμÉÒ ¢¥·É¨± ²Ó-
´ÒÌ ±μ²¥¡ ´¨°. —Éμ¡Ò ÊÎ¥¸ÉÓ ¨§³¥´¥´¨¥ ÔÉ¨Ì ¢¥²¨Î¨´ ¢μ ¢·¥³¥´¨, ‚¥·´¥·
‰μÌμ [52] ·¥Ï ² (¶·¨³¥´¨É¥²Ó´μ ± Í¨±²μÉ·μ´Ê) ¸ ³μ¸μ£² ¸μ¢ ´´Ò¥ Ê· ¢-
´¥´¨Ö ‚² ¸μ¢ ÄŠ ¶Î¨´¸±μ£μ (¢  ´£²μÖ§ÒÎ´μ° ²¨É¥· ÉÊ·¥ LapostolleÄSacherer
equations [53]) ¤²Ö  ³¶²¨ÉÊ¤ ¸¢μ¡μ¤´ÒÌ ±μ²¥¡ ´¨°. �´ ¶μ²ÊÎ¨² ·¥Ï¥´¨¥ ¢
 ´ ²¨É¨Î¥¸±μ³ ¢¨¤¥ ¢ ¶·¥¤¶μ²μ¦¥´¨¨ · ¢¥´¸É¢   ³¶²¨ÉÊ¤, Ô³¨ÉÉ ´¸μ¢ ¨ Î -
¸ÉμÉ ¢¥·É¨± ²Ó´ÒÌ ¨ £μ·¨§μ´É ²Ó´ÒÌ ±μ²¥¡ ´¨°:

IT =
a2ν

R
β3γ3 ΔΦ

2π
I0, I0 = π · 107 A, ω =

I

IT
,

(2.31)

a2 (I) = a2
0

[
ω +

√
1 + ω2

]
, ν (I) = ν0

[√
1 + ω2 − ω

]
,

£¤¥ a Å ¸·¥¤´ÖÖ  ³¶²¨ÉÊ¤  ±μ²¥¡ ´¨°; a0 Å ´ Î ²Ó´ Ö  ³¶²¨ÉÊ¤ ; R Å
· ¤¨Ê¸ μ·¡¨ÉÒ; ΔΦ Å  §¨³ÊÉ ²Ó´Ò° · §³¥· ¸£Ê¸É± ; ν Å Î ¸ÉμÉ  ¶μ¶¥·¥Î´ÒÌ
±μ²¥¡ ´¨°; ν0 Å ´ Î ²Ó´μ¥ §´ Î¥´¨¥ Î ¸ÉμÉÒ; ω Å ¡¥§· §³¥·´Ò° ¶ · ³¥É·,
· ¢´Ò° μÉ´μÏ¥´¨Õ ¸·¥¤´¥£μ Éμ±  ¶ÊÎ±  I ± ±·¨É¨Î¥¸±μ³Ê Éμ±Ê IT .

„²Ö Í¨±²μÉ·μ´μ¢ PSI (72-ŒÔ‚ Í¨±²μÉ·μ´ -¨´¦¥±Éμ·  ¨ 590-ŒÔ‚ ±μ²Ó-
Í¥¢μ£μ Í¨±²μÉ·μ´ ) ¶·¨ ¢¥²¨Î¨´¥ ´μ·³ ²¨§μ¢ ´´μ£μ Ô³¨ÉÉ ´¸  1π ·³³ ·³· ¤
¨ ω = 0,4 Ëμ·³Ê²Ò (2.31) ¤ ÕÉ Éμ± ¶ÊÎ±  5 ¨ 20 ³� ¸μμÉ¢¥É¸É¢¥´´μ.

3. ‘’�’“‘ �…Š�’��›• „…‰‘’‚“�™ˆ• –ˆŠ‹�’����‚

‚ ÔÉμ³ · §¤¥²¥ ¶·¨¢μ¤ÖÉ¸Ö ¸¢¥¤¥´¨Ö μ ¸É ÉÊ¸¥ ¨ ¶² ´ Ì · §¢¨É¨Ö ¨ Ê¸μ¢¥·-
Ï¥´¸É¢μ¢ ´¨Ö ´¥±μÉμ·ÒÌ ¤¥°¸É¢ÊÕÐ¨Ì Í¨±²μÉ·μ´μ¢. ‚ ¶. 3.1 μ¶¨¸ ´Ò Í¨±²μ-
É·μ´Ò, ¶·¥¤´ §´ Î¥´´Ò¥ ¤²Ö ¨¸¸²¥¤μ¢ ´¨° ¶μ Ö¤¥·´μ° Ë¨§¨±¥, ÌμÉÖ ´  ´¥±μ-
Éμ·ÒÌ ¨§ ´¨Ì ¢¥¤ÊÉ¸Ö É ±¦¥ ¨ ¶·¨±² ¤´Ò¥ · ¡μÉÒ. �. 3.2 ¶μ¸¢ÖÐ¥´ μ¶¨¸ ´¨Õ
Í¨±²μÉ·μ´μ¢, ¶·¥¤´ §´ Î¥´´ÒÌ ¤²Ö ¨¸¸²¥¤μ¢ ´¨° ¢ ¶·¨±² ¤´ÒÌ μ¡² ¸ÉÖÌ ¨²¨
¶·μ¢¥¤¥´¨Ö ¶·¨±² ¤´ÒÌ · ¡μÉ. �·¨¢μ¤¨³Ò¥ ¢ ÔÉμ³ · §¤¥²¥ ¸¢¥¤¥´¨Ö ¢§ÖÉÒ
£² ¢´Ò³ μ¡· §μ³ ¨§ É·Ê¤μ¢ ¤¢ÊÌ ¶μ¸²¥¤´¨Ì ³¥¦¤Ê´ ·μ¤´ÒÌ ±μ´Ë¥·¥´Í¨° ¶μ
Í¨±²μÉ·μ´ ³ ¨ ¨Ì ¶·¨³¥´¥´¨Ö³: ±μ´Ë¥·¥´Í¨¨ 2004 £. ¢ ’μ±¨μ (μ¡μ§´ Î ¥-
³μ° ¢ ¸¸Ò²± Ì ÔÉμ£μ μ¡§μ·  ± ± ®Cyclotrons-2004¯) ¨ ±μ´Ë¥·¥´Í¨¨ 2007 £.
´  ‘¨Í¨²¨¨ (®Cyclotrons-2007¯).
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‚ ¶·¨²μ¦¥´¨¨ 2 ¶·¨¢¥¤¥´Ò É¥Ì´¨Î¥¸±¨¥ Ì · ±É¥·¨¸É¨±¨ ´¥±μÉμ·ÒÌ ¨§
ÔÉ¨Ì Í¨±²μÉ·μ´μ¢.

3.1. –¨±²μÉ·μ´Ò ¤²Ö Ö¤¥·´μ° Ë¨§¨±¨
1. Šμ³¶²¥±¸ Í¨±²μÉ·μ´μ¢ GANIL (”· ´Í¨Ö) [54]. “¸±μ·¨É¥²Ó´Ò° ±μ³-

¶²¥±¸ ¸μ¸Éμ¨É ¨§ É·¥Ì Í¨±²μÉ·μ´μ¢, μ¡μ§´ Î ¥³ÒÌ ± ± C0, SSC1 ¨ SSC2.
‘Ì¥³  ±μ³¶²¥±¸  ¶μ± § ´  ´  ·¨¸. 4.

�¨¸. 4. ‘Ì¥³  ±μ³¶²¥±¸  GANIL

„²Ö ¨´¦¥±Í¨¨ ¢ 1-° Í¨±²μÉ·μ´ (C0) ¨¸¶μ²Ó§ÊÕÉ¸Ö ECR-¨¸ÉμÎ´¨±¨. Šμ³-
¶²¥±¸ ¶·μ¨§¢μ¤¨É Ï¨·μ±¨° ¸¶¥±É· ¨μ´´ÒÌ ¶ÊÎ±μ¢ μÉ Ê£²¥·μ¤  12‘ ¤μ Ê· ´ 
238U c · §²¨Î´Ò³¨ Ô´¥·£¨Ö³¨ (³ ±¸¨³ ²Ó´ Ö Ô´¥·£¨Ö 96 ŒÔ‚/´Ê±².) ¸ ¢Ò-
¸μ±μ° ¨´É¥´¸¨¢´μ¸ÉÓÕ. �ÊÎ±¨ ¨¸¶μ²Ó§ÊÕÉ¸Ö ¢ μ¡² ¸É¨ Ö¤¥·´μ° ¨  Éμ³´μ°
Ë¨§¨±¨, · ¤¨μ²μ£¨¨ ¨ ³ É¥·¨ ²μ¢¥¤¥´¨Ö. ‘ 2001 £. Ê¸É ´μ¢±  SPIRAL (Éμ²-
¸É Ö ³¨Ï¥´Ó +ECR-¨¸ÉμÎ´¨±+ Í¨±²μÉ·μ´ CIME), ¨¸¶μ²Ó§ÊÖ ¶ÊÎ±¨ ¨μ´μ¢ μÉ
GANIL, ¶·μ¨§¢μ¤¨É · ¤¨μ ±É¨¢´Ò¥  Éμ³Ò ¸ Ô´¥·£¨¥° 1,7Ä25 ŒÔ‚/´Ê±². ’¥Ì-
´¨Î¥¸±¨¥ ¤ ´´Ò¥ Í¨±²μÉ·μ´μ¢ ¸³. ¢ ¶·¨²μ¦¥´¨¨ 2.

2. –¨±²μÉ·μ´´Ò° ±μ³¶²¥±¸ MSU (Michigan State University) (‘˜�) [55].
	Ò² § ¢¥·Ï¥´ ¢ 2001 £. ‘μ¸Éμ¨É ¨§ ¤¢ÊÌ ¸¢¥·Ì¶·μ¢μ¤ÖÐ¨Ì Í¨±²μÉ·μ´μ¢ Š500
¨ Š1200. “¸±μ·Ö¥É 14 · §²¨Î´ÒÌ ¶ÊÎ±μ¢ μÉ ±¨¸²μ·μ¤  ¤μ ¢¨¸³ÊÉ  (¸³. ¶·¨-
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²μ¦¥´¨¥ 2) ¤μ Ô´¥·£¨° 80Ä160 ŒÔ‚/´Ê±². “¸±μ·¥´´Ò° ¶ÊÎμ± ¨μ´μ¢ ¶ ¤ ¥É
´  ³¨Ï¥´Ó, ¶·μ¨§¢μ¤ÖÐÊÕ ¢Éμ·¨Î´Ò¥ ¶ÊÎ±¨ ¸É ¡¨²Ó´ÒÌ ¨²¨ · ¤¨μ ±É¨¢´ÒÌ
¨μ´μ¢, ¤²Ö · §¤¥²¥´¨Ö ¨ ¨¸¸²¥¤μ¢ ´¨Ö ±μÉμ·ÒÌ ¨¸¶μ²Ó§Ê¥É¸Ö ¸¥¶ · Éμ· Ë· £-
³¥´Éμ¢ �1900.

�¸´μ¢´μ¥ ¢·¥³Ö · ¡μÉÒ ¶μ¸¢ÖÐ¥´μ ¨¸¸²¥¤μ¢ ´¨Õ · ¤¨μ ±É¨¢´ÒÌ ¨μ´μ¢.
’μ²Ó±μ 5 % ¶ÊÎ±μ¢μ£μ ¢·¥³¥´¨ ¨¸¶μ²Ó§Ê¥É¸Ö ¤²Ö Ô±¸¶¥·¨³¥´Éμ¢ ¸ ¶¥·¢¨Î´Ò³¨
¶ÊÎ± ³¨.

–¨±²μÉ·μ´ Š1200 ¨¸¶μ²Ó§Ê¥É¸Ö ¢ É ´¤¥³¥ ¸ Š500 ¨ ± ± ¸ ³μ¸ÉμÖÉ¥²Ó-
´Ò° Ê¸±μ·¨É¥²Ó; ¢μ ¢Éμ·μ³ ¸²ÊÎ ¥ ¶ÊÎμ± ¢ Š1200 ¨´¦¥±É¨·Ê¥É¸Ö ¨§ ECR-
¨¸ÉμÎ´¨± . �¥¡μ²ÓÏ Ö Î ¸ÉÓ ¢·¥³¥´¨ (4 %) É· É¨É¸Ö É ±¦¥ ´  μ¡²ÊÎ¥´¨¥ · §-
²¨Î´μ£μ ·μ¤  μ¡· §Íμ¢ ¤²Ö ¸¶¥Í¨ ²Ó´ÒÌ ¶·¨³¥´¥´¨° (Ô²¥±É·μ´¨± , ¡¨μ²μ-
£¨Î¥¸±¨¥ μ¡Ñ¥±ÉÒ, ³μ¤¥²¨·μ¢ ´¨¥ ÔËË¥±Éμ¢ ±μ¸³¨Î¥¸±¨Ì ²ÊÎ¥°). Šμ³¶²¥±¸
· ¡μÉ ¥É μ±μ²μ 5500 Î/£μ¤ (¶ÊÎ±μ¢μ¥ ¢·¥³Ö).

3. –¨±²μÉ·μ´ PSI, ‚¨²²¨£¥´ (˜¢¥°Í ·¨Ö) [56]. –¨±²μÉ·μ´´Ò° ±μ³¶²¥±¸
¸μ¸Éμ¨É ¨§ Ëμ·¨´¦¥±Éμ·  (¢Ò¸μ±μ¢μ²ÓÉ´μ£μ ± ¸± ¤´μ£μ Ê¸±μ·¨É¥²Ö ´  Ô´¥·-
£¨Õ 870 ±Ô‚), ¸¥±Éμ·´μ£μ Í¨±²μÉ·μ´ -¨´¦¥±Éμ·  ´  Ô´¥·£¨Õ 72 ŒÔ‚ ¨ μ¸´μ¢-
´μ£μ ±μ²ÓÍ¥¢μ£μ ¢μ¸Ó³¨¸¥±Éμ·´μ£μ Í¨±²μÉ·μ´  ´  Ô´¥·£¨Õ 590 ŒÔ‚. Œ ±¸¨-
³ ²Ó´ Ö ¨´É¥´¸¨¢´μ¸ÉÓ ¢Ò¢¥¤¥´´μ£μ ¶·μÉμ´´μ£μ ¶ÊÎ±  ¸ Ô´¥·£¨¥° 590 ŒÔ‚
· ¢´  2 ³� (³μÐ´μ¸ÉÓ ¶ÊÎ±  1,18 Œ‚É). ‘μ§¤ ¢ ²¸Ö ± ± ³¥§μ´´ Ö Ë ¡·¨± .
’¥Ì´¨Î¥¸±¨¥ ¶ · ³¥É·Ò ¸³. ¢ ¶·¨²μ¦¥´¨¨ 2.

�·μ¢μ¤¨³Ò¥ ¨¸¸²¥¤μ¢ ´¨Ö Å ¢ μ¡² ¸É¨ Ë¨§¨±¨ ¶·μ³¥¦ÊÉμÎ´ÒÌ Ô´¥·£¨°.
ˆ¸¶μ²Ó§Ê¥É¸Ö ± ± ¨¸ÉμÎ´¨± ´¥°É·μ´μ¢, £¥´¥·¨·Ê¥³ÒÌ ³¥£ ¢ ÉÉ´Ò³ ¶·μÉμ´-

�¨¸. 5. �¡Ð¨° ¢¨¤ £² ¢´μ£μ ±μ²ÓÍ  Í¨±²μÉ·μ´  PSI. ‚ ´¥³ Ê¸±μ·Ö¥É¸Ö ¨´É¥´¸¨¢´Ò°
(2 ³�) ¶·μÉμ´´Ò° ¶ÊÎμ± ¤μ Ô´¥·£¨¨ 590 ŒÔ‚, ¶·μ¨§¢μ¤ÖÐ¨° ¨´É¥´¸¨¢´Ò¥ ¶μÉμ±¨
³¥§μ´μ¢ ¨ ´¥°É·μ´μ¢
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´Ò³ ¶ÊÎ±μ³ ¢μ ¢´¥Ï´¥° ³¨Ï¥´¨. — ¸ÉÓ ¶ÊÎ±μ¢μ£μ ¢·¥³¥´¨ · ´ÓÏ¥ ¨¸¶μ²Ó-
§μ¢ ² ¸Ó ¤²Ö ¶·μÉμ´´μ° É¥· ¶¨¨. ‘Ì¥³  μ¸´μ¢´μ£μ ±μ²ÓÍ  ¶μ± § ´  ´  ·¨¸. 5.
�μ²¥§´μ¥ ¢·¥³Ö (6000 Î/£μ¤) ¸μ¸É ¢²Ö¥É 86Ä89% μÉ ¶² ´¨·Ê¥³μ£μ.

�·¨ § ¶Ê¸±¥ Ê¸±μ·¨É¥²Ö ¢ 1974 £. ¨´É¥´¸¨¢´μ¸ÉÓ 590-ŒÔ‚ ¶·μÉμ´μ¢ ¸μ-
¸É ¢²Ö²  200 ³±�; §  30 ²¥É μ´  Ê¢¥²¨Î¥´  ¢ 10 · § ¡² £μ¤ ·Ö ¶μ¸ÉμÖ´´μ
¶·μ¢μ¤¨³μ° · ¡μÉ¥ ¶μ ¸μ¢¥·Ï¥´¸É¢μ¢ ´¨Õ ¨´¦¥±Éμ· , Ê¸±μ·ÖÕÐ¥° ¨ ¢Ò¢μ¤-
´μ° ¸¨¸É¥³.

’ ±, Ê¢¥²¨Î¥´¨¥  ³¶²¨ÉÊ¤Ò Ê¸±μ·ÖÕÐ¥£μ ´ ¶·Ö¦¥´¨Ö ¢ ¨´¦¥±Éμ·¥ (´ 
3 %) ¶·¨¢¥²μ ± § ³¥É´μ³Ê Ê²ÊÎÏ¥´¨Õ (Ê³¥´ÓÏ¥´¨Õ)  ±¸¨ ²Ó´μ£μ Ô³¨ÉÉ ´¸ 
¨, ± ± ¸²¥¤¸É¢¨¥, Ê³¥´ÓÏ¥´¨Õ ¶μÉ¥·Ó ¶ÊÎ±  ¶·¨ ¢Ò¢μ¤¥ ¨§ μ¸´μ¢´μ£μ ±μ²ÓÍ .
�Éμ Ö¢¨²μ¸Ó μ¤´¨³ ¨§ ¸ÊÐ¥¸É¢¥´´ÒÌ Ë ±Éμ·μ¢ ¢ Ê¢¥²¨Î¥´¨¨ ¨´É¥´¸¨¢´μ¸É¨
¤μ 2 ³�. ‚ 2004 £. ´ Î ²μ¸Ó ¨§£μÉμ¢²¥´¨¥ ´μ¢ÒÌ ¢Ò¸μ±μÎ ¸ÉμÉ´ÒÌ ·¥§μ-
´ Éμ·μ¢ μ¸´μ¢´μ£μ ±μ²ÓÍ , Ê¸±μ·ÖÕÐ¥¥ ´ ¶·Ö¦¥´¨¥ ´  ± ¦¤μ³ ¨§ ±μÉμ·ÒÌ
¡Ê¤¥É · ¢´μ 1 Œ‚. „¢  (¨§ Î¥ÉÒ·¥Ì) É ±¨Ì ·¥§μ´ Éμ·  ¨§£μÉμ¢²¥´Ò ¨ ¨¸¶Ò-
É ´Ò ´  ¸É¥´¤¥. �μ²ÊÎ¥´Ò ¶·μ¥±É´Ò¥ ¶ · ³¥É·Ò (´ ¶·Ö¦¥´¨¥ 1,4 Œ‚). ‚
 ¶·¥²¥ 2004 £. μ¤¨´ ·¥§μ´ Éμ· Ê¸É ´μ¢²¥´ ¢ ±μ²ÓÍμ ¢§ ³¥´ μ¤´μ£μ ¨§ ¸É ·ÒÌ
¨ · ¡μÉ ¥É ¸ ¶ÊÎ±μ³ (¶·¨ ´ ¶·Ö¦¥´¨¨ ´  ·¥§μ´ Éμ·¥ ∼ 830 ±‚). ‚ 2006 £.
Ê¸É ´μ¢²¥´ ¢Éμ·μ° ·¥§μ´ Éμ·.

4. ‘¢¥·Ì¶·μ¢μ¤ÖÐ¨° Í¨±²μÉ·μ´ ¢ Š É ´¨¨ (ˆÉ ²¨Ö) [57]. ‚¢¥¤¥´ ¢ Ô±¸-
¶²Ê É Í¨Õ ¢ 1994 £. ‘μμ·Ê¦¥´¨¥ Í¨±²μÉ·μ´  ´ Î ²μ¸Ó ¢ 1981 £. ¢ Œ¨² ´¥,
£¤¥ μ´ ¨ ¡Ò² ¨§£μÉμ¢²¥´. �·¨ § ¶Ê¸±¥ Í¨±²μÉ·μ´  ¢ Œ¨² ´¥ ¢μ§´¨±²¨ ¡μ²Ó-
Ï¨¥ É·Ê¤´μ¸É¨ ¸ ¢Ò¢μ¤μ³ Ê¸±μ·¥´´μ£μ ¶ÊÎ±  (¨§-§  ´¥¢μ§³μ¦´μ¸É¨ ¶μ²ÊÎ¨ÉÓ
¶·μ¥±É´ÊÕ ¢¥²¨Î¨´Ê ´ ¶·Ö¦¥´¨Ö ´  ¤¥Ë²¥±Éμ·¥ ¢Ò¢μ¤´μ° ¸¨¸É¥³Ò).

‚ 1991 £. Í¨±²μÉ·μ´ ¡Ò² ¶¥·¥¢¥§¥´ ¨ ¸³μ´É¨·μ¢ ´ ¢ Š É ´¨¨, ¢ LNS
(Laboratori Nazionali del Sud), £¤¥ ¢ 1994 £. ¡Ò² ¶μ²ÊÎ¥´ ¶¥·¢Ò° ¶ÊÎμ±.

‘¢¥·Ì¶·μ¢μ¤ÖÐ¨° Í¨±²μÉ·μ´ ¢ Š É ´¨¨ Å ÔÉμ É·¥Ì¸¥±Éμ·´Ò° ±μ³¶ ±É-
´Ò° Í¨±²μÉ·μ´, ¢ ±μÉμ·μ³ Ê¸±μ·ÖÕÉ¸Ö ³´μ£μ§ ·Ö¤´Ò¥ ¨μ´Ò. �¥·¢μ´ Î ²Ó´μ
¢ ± Î¥¸É¢¥ ¨´¦¥±Éμ·  ¨¸¶μ²Ó§μ¢ ²¨¸Ó 15-ŒÔ‚ É ´¤¥³-£¥´¥· Éμ· ¨ · ¤¨ ²Ó-
´ Ö ¨´¦¥±Í¨Ö. ‚ 1990 £. · ¤¨ ²Ó´ Ö ¨´¦¥±Í¨Ö ¡Ò²  § ³¥´¥´   ±¸¨ ²Ó´μ°
μÉ ECR-¨¸ÉμÎ´¨± , ÎÉμ ¶μ§¢μ²¨²μ Ê¢¥²¨Î¨ÉÓ Ô´¥·£¨Õ Ê¸±μ·Ö¥³ÒÌ ¨μ´μ¢ (§ 
¸Î¥É Ê¢¥²¨Î¥´¨Ö § ·Ö¤´μ¸É¨ ¨´¦¥±É¨·Ê¥³ÒÌ ¨μ´μ¢). Š·μ³¥ Éμ£μ, ¶μÖ¢¨² ¸Ó
¢μ§³μ¦´μ¸ÉÓ ¨´¦¥±É¨·μ¢ ÉÓ ³μ²¥±Ê²Ö·´Ò° ¢μ¤μ·μ¤ �+

2 , ±μÉμ·Ò° ´  ¢ÒÌμ¤¥
(¶μ¸²¥ ¶·μÌμ¦¤¥´¨Ö μ¡¤¨·μÎ´μ° Ëμ²Ó£¨) ¶·¥¢· Ð ¥É¸Ö ¢ 2 ¶·μÉμ´ . �·μ-
Éμ´´Ò° ¶ÊÎμ± ¨¸¶μ²Ó§Ê¥É¸Ö ¤²Ö ¶·μÉμ´´μ° É¥· ¶¨¨ ³¥² ´μ³Ò. ‡  3 £μ¤ 
(2002Ä2004 ££.) ¡Ò²μ μ¡²ÊÎ¥´μ 76 ¶ Í¨¥´Éμ¢, Ê 39 ¨§ ±μÉμ·ÒÌ Î¥·¥§ 6 ³¥¸Ö-
Í¥¢ · §³¥· μ¶ÊÌμ²¨ Ê³¥´ÓÏ¨²¸Ö.

	Ò²¨ ¨§£μÉμ¢²¥´Ò ¨ Ê¸É ´μ¢²¥´Ò ´μ¢Ò¥ (³¥¤´Ò¥) ¤Ê ´ÉÒ (¢§ ³¥´  ²Õ³¨-
´¨¥¢ÒÌ). �μ¸²¥ ¶·μ¤μ²¦¨É¥²Ó´ÒÌ ¨¸¸²¥¤μ¢ ´¨° Ê¤ ²μ¸Ó ¶μ¢Ò¸¨ÉÓ ´ ¶·Ö¦¥´-
´μ¸ÉÓ Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö ¢ ¤¥Ë²¥±Éμ·¥ ¤μ 110 ±‚/¸³ (¶·¨ § §μ·¥ 6 ³³). ‚
·¥§Ê²ÓÉ É¥ ¡Ò²  Ê¢¥²¨Î¥´  Ô´¥·£¨Ö Ê¸±μ·¥´´ÒÌ ¨μ´μ¢ ¨ Ê¸±μ·¥´ Ê£²¥·μ¤ 13‘,
±μÉμ·Ò° ¨¸¶μ²Ó§Ê¥É¸Ö ¤²Ö ¶μ²ÊÎ¥´¨Ö ¢Éμ·¨Î´μ£μ ¶ÊÎ±  · ¤¨μ ±É¨¢´μ£μ 8Li ¸
¨´É¥´¸¨¢´μ¸ÉÓÕ 105Ä106 ¸−1.
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5. ‘¢¥·Ì¶·μ¢μ¤ÖÐ¨° Í¨±²μÉ·μ´ AGOR, ƒ·μ´¨´£¥´ (�¨¤¥·² ´¤Ò) [58].
AGOR Å É·¥Ì¸¥±Éμ·´Ò° ±μ³¶ ±É´Ò° ¸¢¥·Ì¶·μ¢μ¤ÖÐ¨° Í¨±²μÉ·μ´. ‘±μ´-
¸É·Ê¨·μ¢ ´ ¨ ¨§£μÉμ¢²¥´ ¢ �·¸Ô (”· ´Í¨Ö) ¢ 1987Ä1993 ££. �¥·¢Ò° ¶ÊÎμ±
Ê¸±μ·¥´ ¢ 1996 £. “¸±μ·Ö¥É ¶·μÉμ´Ò ¤μ Ô´¥·£¨¨ 120Ä190 ŒÔ‚, ³´μ£μ§ ·Ö¤-
´Ò¥ ¨μ´Ò ¤μ Ô´¥·£¨° μÉ 6 (ÉÖ¦¥²Ò¥) ¤μ 90 ŒÔ‚/´Ê±². (²¥£±¨¥). “¸±μ·ÖÕÉ¸Ö
¶μ²Ö·¨§μ¢ ´´Ò¥ ¶·μÉμ´Ò ¨ ¤¥°É·μ´Ò (¨´É¥´¸¨¢´μ¸ÉÓ ∼ 1012 ¸−1).

‚Ò¶μ²´Ö¥É¸Ö ¶·μ£· ³³  ¶μ Ê²ÊÎÏ¥´¨Õ ¢ ±ÊÊ³ , ECR-¨¸ÉμÎ´¨± , ¸¨¸É¥³Ò
¢Ò¢μ¤ . –¥²Ó ¶·μ£· ³³Ò Å Ê¢¥²¨Î¥´¨¥ ¨´É¥´¸¨¢´μ¸É¨ Ê¸±μ·Ö¥³ÒÌ ¶ÊÎ±μ¢
¨μ´μ¢ ¤μ 1013 ¸−1 ¨ Ê³¥´ÓÏ¥´¨¥ ¶μÉ¥·Ó Î ¸É¨Í ¶·¨ Ê¸±μ·¥´¨¨ ¨ ¢Ò¢μ¤¥.

6. –¨±²μÉ·μ´ K130, �¢Ö¸±Õ²Ö (”¨´²Ö´¤¨Ö) [59]. Šμ³¶ ±É´Ò° Î¥ÉÒ·¥Ì-
¸¥±Éμ·´Ò° Í¨±²μÉ·μ´ Š130 Ê¸±μ·Ö¥É ¨μ´Ò μÉ �− (45 ŒÔ‚, 6,2 · 1014 ¸−1)
¤μ ±·¨¶Éμ´  (9,4 ŒÔ‚/´Ê±².; 2,2 · 1012 ¸−1). � ¡μÉ ¥É ¸ 1992 £. ¢ ¸·¥¤´¥³
6000 Î/£μ¤. �¡μ·Ê¤μ¢ ´ ¤¢Ê³Ö ECR-¨¸ÉμÎ´¨± ³¨ (6,4 ¨ 14 ƒƒÍ) ¤²Ö ÉÖ¦¥²ÒÌ
¨μ´μ¢ ¨ μ¤´¨³ multicusp-¨¸ÉμÎ´¨±μ³ ¤²Ö �−-¨μ´μ¢. �² ´¨·Ê¥É¸Ö ³μ¤¥·´¨§ -
Í¨Ö μ¶É¨±¨ ²¨´¨¨ ¨´¦¥±Í¨¨ ¤²Ö Ê¢¥²¨Î¥´¨Ö ¨´É¥´¸¨¢´μ¸É¨. ˆ´É¥´¸¨¢´μ¸ÉÓ
¶ÊÎ±  �−-¨μ´μ¢ ¢ ²¨´¨¨ ¨´¦¥±Í¨¨ μ£· ´¨Î¨¢ ¥É¸Ö ¶·μ¸É· ´¸É¢¥´´Ò³ § ·Ö-
¤μ³ [59]:

Imax = 140

√
Q

A
U

3/2
kβ

(
R

L

)2

(³�),

§¤¥¸Ó U Å Ô´¥·£¨Ö (¢ ±‚); R Å · ¤¨Ê¸ ¶ÊÎ± ; L Å ¤²¨´  ²¨´¨¨ ¨´¦¥±Í¨¨.
�·¨ U = 30 ±‚ ¨ R/L = 0,01 Imax = 20 ³�.

�² ´¨·Ê¥É¸Ö É ±¦¥ ¸μ§¤ ´¨¥ ´ ´μ³¥É·¨Î¥¸±¨Ì ¶·μÉμ´´ÒÌ ¶ÊÎ±μ¢ ¤²Ö ²¨-
Éμ£· Ë¨¨. �Éo ¶ÊÎ±¨ ³ ²μ° ¨´É¥´¸¨¢´μ¸É¨, ´μ ¸ ³ ²Ò³¨ Ô³¨ÉÉ ´¸μ³ ¨ Ô´¥·-
£¥É¨Î¥¸±¨³ · §¡·μ¸μ³.

7. –¨±²μÉ·μ´´Ò° ±μ³¶²¥±¸ ¤²Ö Ê¸±μ·¥´¨Ö ³´μ£μ§ ·Ö¤´ÒÌ ¨μ´μ¢, �ˆŸˆ,
„Ê¡´  (�μ¸¸¨Ö) [60]. ‚ ‹ ¡μ· Éμ·¨¨ Ö¤¥·´ÒÌ ·¥ ±Í¨° ¨³. ƒ. �.”²¥·μ¢  ´ -
Ìμ¤ÖÉ¸Ö 4 Ê¸±μ·¨É¥²Ö ÉÖ¦¥²ÒÌ ¨μ´μ¢, ¤¢  ¨§ ´¨Ì Å “-400 ¨ “-400Œ Å
¨¸¶μ²Ó§ÊÕÉ¸Ö ¤²Ö ´ ÊÎ´ÒÌ ¨¸¸²¥¤μ¢ ´¨°, ´  Í¨±²μÉ·μ´¥ “-200 ¶·μ¨§¢μ¤¨É¸Ö
´ · ¡μÉ±  ¨§μÉμ¶μ¢ ¢ μ¸´μ¢´μ³ ¤²Ö Ë¨§¨Î¥¸±¨Ì Ô±¸¶¥·¨³¥´Éμ¢, Í¨±²μÉ·μ´
ˆ–-100 ¡Ò² ¸μ§¤ ´ Í¥²¥¢Ò³ μ¡· §μ³ ¤²Ö ¢Ò¶μ²´¥´¨Ö ¶·μ£· ³³Ò ¶·¨±² ¤-
´ÒÌ ¨¸¸²¥¤μ¢ ´¨° ¨ ¶·μ¨§¢μ¤¸É¢  É·¥±μ¢ÒÌ ³¥³¡· ´.

1) –¨±²μÉ·μ´ “-400 § ¶ÊÐ¥´ ¢ 1978 £. ¸ ¢´ÊÉ·¥´´¨³ ¨¸ÉμÎ´¨±μ³ ¨μ´μ¢
É¨¶  PIG, ¢ 1996 £. ¡Ò² ·¥±μ´¸É·Ê¨·μ¢ ´. �  ´¥³ ¡Ò² Ê¸É ´μ¢²¥´ ¢´¥Ï´¨°
¨¸ÉμÎ´¨± ¨μ´μ¢ Ô²¥±É·μ´-Í¨±²μÉ·μ´´μ£μ ·¥§μ´ ´¸  ¨ ¸μ§¤ ´  ¸¨¸É¥³   ±-
¸¨ ²Ó´μ° ¨´¦¥±Í¨¨ ¶ÊÎ± . –¨±²μÉ·μ´ ¨³¥¥É Î¥ÉÒ·¥Ì¸¥±Éμ·´ÊÕ ³ £´¨É´ÊÕ
¸É·Ê±ÉÊ·Ê (¤¨ ³¥É· ¶μ²Õ¸  ³ £´¨É  4 ³), ¤¢  ¤Ê ´É . ‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö Í¨-
±²μÉ·μ´ ¸¶μ¸μ¡¥´ Ê¸±μ·ÖÉÓ ¨μ´Ò μÉ ²¨É¨Ö ¤μ ¢¨¸³ÊÉ  ¸ Ô´¥·£¨¥° μÉ 3 ¤μ
20 ŒÔ‚/´Ê±². ¸ ¨´É¥´¸¨¢´μ¸ÉÖ³¨ 6 · 1013− 3,6 · 1010 ¸−1. �μ²ÊÎ¥´ ¶ÊÎμ±
48‘  (5,4 ŒÔ‚/´Ê±².) ¸ ¨´É¥´¸¨¢´μ¸ÉÓÕ 1 · 1013 ¸−1, ±μÉμ·Ò° ¨¸¶μ²Ó§Ê¥É¸Ö
¢ Ô±¸¶¥·¨³¥´É Ì ¶μ ¸¨´É¥§Ê ¸¢¥pÌÉÖ¦¥²ÒÌ Ô²¥³¥´Éμ¢. –¨±²μÉ·μ´ μ¡μ·Ê¤μ¢ ´
Ë¨§¨Î¥¸±¨³¨ Ê¸É ´μ¢± ³¨ VASSILISSA, GFRS, MSP-144, ± ´ ²μ³ ¤²Ö ¶·μ-
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¨§¢μ¤¸É¢  É·¥±μ¢ÒÌ ³¥³¡· ´. –¨±²μÉ·μ´ · ¡μÉ ¥É 5000Ä6000 Î/£μ¤. �¸´μ¢´Ò¥
Ô±¸¶¥·¨³¥´ÉÒ Å ¸¨´É¥§ É· ´¸Ê· ´μ¢ÒÌ Ô²¥³¥´Éμ¢.

2) –¨±²μÉ·μ´ “-400Œ ¡Ò² ¸μ§¤ ´ ´  ¡ §¥ ³ £´¨É  Í¨±²μÉ·μ´  “-300.
�¥·¢Ò° ¶ÊÎμ± ¶μ²ÊÎ¥´ ¢ 1991 £. –¨±²μÉ·μ´ ¨³¥¥É ³ £´¨É´ÊÕ ¸É·Ê±ÉÊ·Ê ¨§ Î¥-
ÉÒ·¥Ì ¸¶¨· ²Ó´ÒÌ ¸¥±Éμ·μ¢ (¤¨ ³¥É· ¶μ²Õ¸  ³ £´¨É  4 ³), 4 ¤Ê ´É  ¸  ³¶²¨-
ÉÊ¤μ° ´ ¶·Ö¦¥´¨Ö 120Ä140 ±‚. ˆ´¦¥±Í¨Ö ¶ÊÎ±  ¢ Í¨±²μÉ·μ´ μ¸ÊÐ¥¸É¢²Ö¥É¸Ö
¨§ ¢´¥Ï´¥£μ ECR-¨¸ÉμÎ´¨±  ¶μ ± ´ ²Ê  ±¸¨ ²Ó´μ° ¨´¦¥±Í¨¨. –¨±²μÉ·μ´
¨³¥¥É ¤¢¥ ³μ¤Ò Ê¸±μ·¥´¨Ö ´  2-° ¨ 4-° £ ·³μ´¨±¥ Ê¸±μ·ÖÕÐ¥£μ ‚—-¶μ²Ö,
ÎÉμ ¶μ§¢μ²Ö¥É ¶μ²ÊÎ ÉÓ ¨μ´Ò ¢ ¤¨ ¶ §μ´¥ Ô´¥·£¨° μÉ 5 ¤μ 100 ŒÔ‚/´Ê±².
�¸´μ¢´Ò¥ Ô±¸¶¥·¨³¥´ÉÒ ¶·μ¢μ¤ÖÉ¸Ö ´  ¶ÊÎ± Ì μÉ ²¨É¨Ö ¤μ  ·£μ´  ¸ Ô´¥·£¨¥°
30Ä54 ŒÔ‚/´Ê±². ´  Ë¨§¨Î¥¸±¨Ì Ê¸É ´μ¢± Ì COMBAS, FOBOS, ACCULINA.
‚ ¸É ¤¨¨ ³μ´É ¦  ´ Ìμ¤¨É¸Ö ± ´ ² ¶ÊÎ±μ¢ ¨μ´μ¢ ´¨§±μ° Ô´¥·£¨¨ ¨ ¸¥¶ · Éμ·
MASHA, £¤¥ ¶² ´¨·Ê¥É¸Ö ¶·μ£· ³³  Ô±¸¶¥·¨³¥´Éμ¢ ¶μ ¸¨´É¥§Ê ¨ ¨§ÊÎ¥´¨Õ
¸¢μ°¸É¢ ´μ¢ÒÌ ¨§μÉμ¶μ¢ ´  ¶ÊÎ± Ì ¨μ´μ¢ ¸ Ô´¥·£¨¥° 5Ä6 ŒÔ‚/´Ê±². ‘ ¶μ-
³μÐÓÕ ¸¶¥Í¨ ²¨§¨·μ¢ ´´μ£μ ¨¸ÉμÎ´¨±  ¨μ´μ¢ ´  “-400Œ ¶μ²ÊÎ¥´Ò ¨μ´Ò
É·¨É¨Ö ¸ Ô´¥·£¨¥° 19 ŒÔ‚/´Ê±². ¨ ¨´É¥´¸¨¢´μ¸ÉÓÕ 109 ¸−1. ‚·¥³Ö · ¡μÉÒ
Ê¸±μ·¨É¥²Ö ´  Ë¨§¨Î¥¸±¨° Ô±¸¶¥·¨³¥´É Å ¡μ²¥¥ 3000 Î/£μ¤.

3) –¨±²μÉ·μ´ “-200 § ¶ÊÐ¥´ ¢ 1968 £. � §· ¡μÉ ´ ¤²Ö ¶μ²ÊÎ¥´¨Ö ¶ÊÎ±μ¢
¨μ´μ¢ ¸ Ô´¥·£¨¥° μÉ 4 ¤μ 16 ŒÔ‚/´Ê±². ‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö Í¨±²μÉ·μ´ ¨¸¶μ²Ó-
§Ê¥É¸Ö ¢ μ¸´μ¢´μ³ ¤²Ö ¶·μ¨§¢μ¤¸É¢  ¨§μÉμ¶μ¢ ´  ¨´É¥´¸¨¢´ÒÌ (¤μ 100 ³±�)
¶ÊÎ± Ì �¥ ¸ Ô´¥·£¨¥° 9 ŒÔ‚/´Ê±². � ¡μÉ ¥É 500Ä1000 Î/£μ¤.

4) ‘¶¥Í¨ ²¨§¨·μ¢ ´´Ò° Í¨±²μÉ·μ´ ˆ–-100 ¡Ò² ¸μ§¤ ´ ¢ 1985 £. ¤²Ö
¶·¨±² ¤´ÒÌ ¨¸¸²¥¤μ¢ ´¨° ¨ ¶·μ¨§¢μ¤¸É¢  É·¥±μ¢ÒÌ ³¥³¡· ´ ´  ¶ÊÎ± Ì ÉÖ-
¦¥²ÒÌ ¨μ´μ¢ ¸ Ë¨±¸¨·μ¢ ´´μ° Ô´¥·£¨¥° 1,2 ŒÔ‚/´Ê±². ‚ 2003Ä2005 ££. ¡Ò²
·¥±μ´¸É·Ê¨·μ¢ ´, ´  ´¥³ ¡Ò² Ê¸É ´μ¢²¥´ ¸¢¥·Ì¶·μ¢μ¤ÖÐ¨° ECR-¨¸ÉμÎ´¨±,
· §· ¡μÉ ´´Ò° ¢ ‹Ÿ�, ¨ ¸μ§¤ ´  ¸¨¸É¥³   ±¸¨ ²Ó´μ° ¨´¦¥±Í¨¨ ¶ÊÎ± . � 
Ê¸±μ·¨É¥²¥ ¶μ²ÊÎ¥´Ò ¨μ´Ò Kr, Xe, I, W ¨ ¤·Ê£¨Ì Ô²¥³¥´Éμ¢ ¸ ¨´É¥´¸¨¢´μ-
¸ÉÓÕ 8 · 1011Ä 3 · 109 ¸−1. ‚·¥³Ö · ¡μÉÒ Ê¸±μ·¨É¥²Ö Å μ±μ²μ 1500 Î/£μ¤.

‚ ‹ ¡μ· Éμ·¨¨ Ö¤¥·´ÒÌ ·¥ ±Í¨° ·¥ ²¨§μ¢ ´ ¶·μ¥±É Ê¸±μ·¥´¨Ö ¶ÊÎ±μ¢
6�¥ ¨ 8�¥ ¢ ¸Ì¥³¥ ISOL ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ Ê¸±μ·¨É¥²¥° “-400 ¨ “-400Œ.
“-400Œ ¨¸¶μ²Ó§Ê¥É¸Ö ¤²Ö £¥´¥· Í¨¨ · ¤¨μ ±É¨¢´ÒÌ Ö¤¥·, “-400 Å ± ±
¶μ¸ÉÊ¸±μ·¨É¥²Ó. ‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¢¥¤ÊÉ¸Ö Ô±¸¶¥·¨³¥´ÉÒ ´  ¶ÊÎ± Ì 6�¥
(60 ŒÔ‚) ¸ ¨´É¥´¸¨¢´μ¸ÉÓÕ 4 ·107 ¸−1, ¶² ´¨·Ê¥É¸Ö Ê¢¥²¨Î¨ÉÓ ¨´É¥´¸¨¢´μ¸ÉÓ
¤μ 1010 ¸−1 ¨ ¶μ²ÊÎ¨ÉÓ ¶ÊÎμ± 8�¥ ¸ ¨´É¥´¸¨¢´μ¸ÉÓÕ 108 ¸−1.

8. –¨±²μÉ·μ´´Ò° ±μ³¶²¥±¸ RCNP (Research Centre for Nuclear Physics),
�¸ ±  (Ÿ¶μ´¨Ö) [61]. –¨±²μÉ·μ´´Ò° ±μ³¶²¥±¸ ¸μ¸Éμ¨É ¨§ ¨´¦¥±Éμ·´μ£μ
AVF-Í¨±²μÉ·μ´  Š140 ¨ ±μ²ÓÍ¥¢μ£μ Í¨±²μÉ·μ´  Š400.

’·¥Ì¸¥±Éμ·´Ò° ±μ³¶ ±É´Ò° Í¨±²μÉ·μ´-¨´¦¥±Éμ· ¤²Ö ±μ²ÓÍ¥¢μ£μ Í¨±²μ-
É·μ´  Ê¸±μ·Ö¥É ¶·μÉμ´Ò (Ô´¥·£¨Ö 80 ŒÔ‚), 3�¥ (Ô´¥·£¨Ö 53 ŒÔ‚/´Ê±².), 4�¥
(Ô´¥·£¨Ö 35 ŒÔ‚/´Ê±².) ¸ ¨´É¥´¸¨¢´μ¸ÉÓÕ 3 · 1013 ¸−1 ¤²Ö ÔÉ¨Ì É·¥Ì ¨μ´μ¢ ¨
±¨¸²μ·μ¤ 18�+6 (Ô´¥·£¨Ö 13,7 ŒÔ‚/´Ê±²., ¨´É¥´¸¨¢´μ¸ÉÓ 3 ·1011 ¸−1). ‘μ§¤ ´
¢ 1973 £.
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Šμ²ÓÍ¥¢μ° Ï¥¸É¨¸¥±Éμ·´Ò° Í¨±²μÉ·μ´ Ê¸±μ·Ö¥É ¶μ²Ö·¨§μ¢ ´´Ò¥ ¶·μ-
Éμ´Ò ¤μ Ô´¥·£¨¨ 420, ¨μ´Ò 3�¥ ¨ 4�¥ ¤μ Ô´¥·£¨¨ 150 ¨ 100 ŒÔ‚/´Ê±².
¸μμÉ¢¥É¸É¢¥´´μ, ¸ ¨´É¥´¸¨¢´μ¸ÉÓÕ 2,5 · 1012 ¸−1 ¤²Ö ± ¦¤μ£μ ¨§ ÔÉ¨Ì ¨μ´μ¢;
6-§ ·Ö¤´Ò¥ ¨μ´Ò ±¨¸²μ·μ¤  ¤μ 60 ŒÔ‚/´Ê±². ¸ ¨´É¥´¸¨¢´μ¸ÉÓÕ 3 · 1011 ¸−1.
‘μ§¤ ´ ¢ 1991 £.

Šμ³¶²¥±¸ ¶·¥¤´ §´ Î¥´ ¤²Ö ¸´ ¡¦¥´¨Ö · §²¨Î´ÒÌ Ô±¸¶¥·¨³¥´Éμ¢ ¶ÊÎ-
± ³¨ ¢Ò¸μ±μ£μ ± Î¥¸É¢  Å ¶μ¶¥·¥Î´Ò¥ Ô³¨ÉÉ ´¸Ò ¶ÊÎ±  ´¥ ¶·¥¢ÒÏ ÕÉ
1π · ³³ · ³· ¤. � ¡μÉ ¥É 6840 Î/£μ¤, ¢ Éμ³ Î¨¸²¥ 42% Å ´  ¨¸¸²¥¤μ¢ ´¨Ö
¨ 27% Å ´  Ê¸μ¢¥·Ï¥´¸É¢μ¢ ´¨¥ ¨ · §¢¨É¨¥ ±μ³¶²¥±¸  (μ¸É ²Ó´μ¥ ¢·¥³Ö Å
¶·μË¨² ±É¨±  μ¡μ·Ê¤μ¢ ´¨Ö ¨ ´ ¸É·μ°±  ¶ÊÎ± ).

‚ 2004 £. μ¸ÊÐ¥¸É¢²¥´  ¶·μ£· ³³  Ê¸μ¢¥·Ï¥´¸É¢μ¢ ´¨Ö ¨´¦¥±Éμ·´μ£μ
Í¨±²μÉ·μ´ ,   É ±¦¥ § ³¥´¥´μ Ê¸É ·¥¢Ï¥¥ μ¡μ·Ê¤μ¢ ´¨¥ ´¥±μÉμ·ÒÌ ¥£μ ¸¨-
¸É¥³. ‚ Î ¸É´μ¸É¨, Ê¢¥²¨Î¥´μ Ê¸±μ·ÖÕÐ¥¥ ´ ¶·Ö¦¥´¨¥ ¸ 60 ¤μ 100 ±‚. Š
¤Ê ´ÉÊ ¢ ¤μ¶μ²´¥´¨¥ ± ´ ¶·Ö¦¥´¨Õ μ¸´μ¢´μ° Î ¸ÉμÉÒ ¶μ¤¢¥¤¥´μ ´ ¶·Ö¦¥´¨¥
£ ·³μ´¨± (5Ä9) ¤²Ö · ¡μÉÒ ¢μ 
at-top ·¥¦¨³¥.

“¸É ´μ¢²¥´ ´μ¢Ò° ¸¢¥·Ì¶·μ¢μ¤ÖÐ¨° 18-ƒƒÍ ECR-¨¸ÉμÎ´¨± ¤²Ö £¥´¥· Í¨¨
¢Ò¸μ±μ§ ·Ö¤´ÒÌ ÉÖ¦¥²ÒÌ ¨μ´μ¢. � §· ¡μÉ ´ ¨μ´´Ò° ¨¸ÉμÎ´¨± ¨μ´μ¢ ¶μ²Ö·¨-
§μ¢ ´´μ£μ Li3+.

‡  ¸Î¥É ¡μ²¥¥ ÉÐ É¥²Ó´μ£μ Ëμ·³¨·μ¢ ´¨Ö ¨§μÌ·μ´´μ£μ ³ £´¨É´μ£μ ¶μ²Ö,
  É ±¦¥ Ê³¥´ÓÏ¥´¨Ö Ë §μ¢μ° ¶·μÉÖ¦¥´´μ¸É¨ ¨´¦¥±É¨·Ê¥³μ£μ ¢ AVF-Í¨±²μ-
É·μ´ ¶ÊÎ±  ¤μ¸É¨£´ÊÉÒ Ìμ·μÏ¥¥ · §¤¥²¥´¨¥ μ·¡¨É ¨ μ¤´μμ¡μ·μÉ´Ò° ¢Ò¢μ¤
¶·¨ Ô´¥·£¨¨ 65 ŒÔ‚. ‚ ·¥§Ê²ÓÉ É¥ Ô´¥·£¥É¨Î¥¸±¨° · §¡·μ¸ 400-ŒÔ‚ ¶·μÉμ´μ¢
Ê³¥´ÓÏ¨²¸Ö ¤μ 20Ä30 ±Ô‚.

9. ’Ö¦¥²μ¨μ´´Ò° ±μ³¶²¥±¸ HIRFL (Heavy Ion Research Facility in Lanz-
hou), Š¨É ° [62]. Šμ³¶²¥±¸ ¸μ¸Éμ¨É ¨§ É·¥Ì¸¥±Éμ·´μ-Ëμ±Ê¸¨·ÊÕÐ¥£μ ±μ³-
¶ ±É´μ£μ Í¨±²μÉ·μ´ -¨´¦¥±Éμ·  SFC ¨ ±μ²ÓÍ¥¢μ£μ μ¸´μ¢´μ£μ Î¥ÉÒ·¥Ì¸¥±Éμ·-
´μ£μ Í¨±²μÉ·μ´  SSC (separated sector cyclotron).

–¨±²μÉ·μ´-¨´¦¥±Éμ· Ê¸±μ·Ö¥É ³´μ£μ§ ·Ö¤´Ò¥ ¨μ´Ò μÉ ±¨¸²μ·μ¤ 
¤μ ¸¢¨´Í  ¤μ Ô´¥·£¨° 8Ä1 ŒÔ‚/� ¸ ¨´É¥´¸¨¢´μ¸ÉÖ³¨ μÉ 1,5·1013 ¤μ 3·1011 ¸−1,
¨´¦¥±Éμ·μ³ ¢ ´¥£μ ¸²Ê¦¨É ECR-¨¸ÉμÎ´¨±. �¥±μ´¸É·Ê¨·μ¢ ´ ¢ 1984Ä1987 ££.

Šμ²ÓÍ¥¢μ° Í¨±²μÉ·μ´ Ê¸±μ·Ö¥É ¨μ´Ò μÉ 12‘ ¤μ 136•¥ ¤μ Ô´¥·£¨° μÉ 80
¤μ 15 ŒÔ‚/� ¸ ¨´É¥´¸¨¢´μ¸ÉÖ³¨ μÉ 4 · 1011 ¤μ 2 · 109 ¸−1.

‚  ¶·¥²¥ 2002 £. ±μ³¶²¥±¸ ¡Ò² μ¸É ´μ¢²¥´ ¤²Ö ³μ¤¥·´¨§ Í¨¨ Í¨±²μÉ·μ´ -
¨´¦¥±Éμ·  ¨ ³μ´É ¦  ± ´ ²  É· ´¸¶μ·É¨·μ¢±¨ ¶ÊÎ±  μÉ Í¨±²μÉ·μ´´μ£μ ±μ³-
¶²¥±¸  ± ´ ±μ¶¨É¥²Ó´μ³Ê ±μ²ÓÍÊ CSR (cooling storage ring). ‚ É¥Î¥´¨¥ £μ¤ 
¶·μ¨§¢¥¤¥´ ·Ö¤ §´ Î¨É¥²Ó´ÒÌ Ê²ÊÎÏ¥´¨° ¢ Í¨±²μÉ·μ´¥-¨´¦¥±Éμ·¥ SFC,  
¨³¥´´μ:

Å ³μ¤¥·´¨§ Í¨Ö ¢ ±ÊÊ³´μ° ± ³¥·Ò ¸ Í¥²ÓÕ Ê²ÊÎÏ¥´¨Ö ¢ ±ÊÊ³  ´ 
¶μ·Ö¤μ±,

Å Ê¢¥²¨Î¥´¨¥ ¤Ê ´É´μ£μ ´ ¶·Ö¦¥´¨Ö ¤μ 90 ±‚,
Å Ê¸É ´μ¢±  ¤μ¶μ²´¨É¥²Ó´μ£μ ¡ ´Î¥·  ¢ ²¨´¨¨  ±¸¨ ²Ó´μ° ¨´¦¥±Í¨¨,
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Å § ³¥´  ´  ´μ¢Ò¥ ¶· ±É¨Î¥¸±¨ ¢¸¥Ì ¨¸ÉμÎ´¨±μ¢ ¶¨É ´¨Ö, ¢ Éμ³ Î¨¸²¥
¨ ´  SSC.

‚ ·¥§Ê²ÓÉ É¥ ¨´É¥´¸¨¢´μ¸ÉÓ SFC ¡Ò²  §´ Î¨É¥²Ó´μ Ê¢¥²¨Î¥´  (¶μ ¸· ¢-
´¥´¨Õ ¸ ¶·¥¤Ï¥¸É¢ÊÕÐ¨³ ¶¥·¨μ¤μ³).

‚  ¢£Ê¸É¥ 2004 £. ¶μ¸²¥ ¤¢ÊÌ²¥É´¥£μ ¶¥·¥·Ò¢  ±μ³¶²¥±¸ ¢´μ¢Ó ´ Î ² · -
¡μÉ ÉÓ. •μÉÖ ¶μ¸²¥ ¶·μ¢¥¤¥´´μ° ³μ¤¥·´¨§ Í¨¨ ¨´É¥´¸¨¢´μ¸ÉÓ ±μ³¶²¥±¸ 
Ê¢¥²¨Î¨² ¸Ó, ´μ μ´  ¢¸¥ ¥Ð¥ ´¥¤μ¸É ÉμÎ´  ¤²Ö ¨´¦¥±Í¨¨ ¢ ´ ±μ¶¨É¥²Ó´μ¥
±μ²ÓÍμ.

�μÔÉμ³Ê ¸²¥¤ÊÕÐ Ö ¶·μ£· ³³  ³μ¤¥·´¨§ Í¨¨ ¢±²ÕÎ ¥É ¢ ¸¥¡Ö:
Å § ³¥´Ê (´  ´μ¢ÊÕ) ²¨´¨¨  ±¸¨ ²Ó´μ° ¨´¦¥±Í¨¨ ¢ SFC,
Å Ê¢¥²¨Î¥´¨¥ ÔËË¥±É¨¢´μ¸É¨ ¢Ò¢μ¤  ¨§ SFC,
Å ¤¥É ²Ó´μ¥ ¨§ÊÎ¥´¨¥ ¨ ³μ¤¥·´¨§ Í¨Õ ¸¨¸É¥³ ¨´¦¥±Í¨¨ ¨ ¢Ò¢μ¤  μ¸´μ¢-

´μ£μ ±μ²ÓÍ  SSC.
�·μ¥±É HIRFLÄCSR ¸É ·Éμ¢ ² ¢ 2000 £. Š ´ ¸ÉμÖÐ¥³Ê ¢·¥³¥´¨ Ê¸É ´μ-

¢²¥´ É· ±É ¨´¦¥±Í¨¨ ¨§ SSC ¢ £² ¢´μ¥ ±μ²ÓÍμ CSRm, Ê¸É ´μ¢²¥´μ É ±¦¥
¸ ³μ ±μ²ÓÍμ, ³μ´É¨·Ê¥É¸Ö ¸¥¶ · Éμ· · ¤¨μ ±É¨¢´ÒÌ ¶ÊÎ±μ¢ (RIR) ¨ Ô±¸¶¥·¨-
³¥´É ²Ó´μ¥ ±μ²ÓÍμ CSRe [62]. ‡ ¶Ê¸± ¢¸¥£μ ±μ³¶²¥±¸  ¡Ò² § ¶² ´¨·μ¢ ´ ´ 
±μ´¥Í 2004 £.

10. –¨±²μÉ·μ´ TRIUMF, ‚ ´±Ê¢¥· (Š ´ ¤ ) [63]. �Éμ ¸ ³Ò° ¡μ²ÓÏμ°
(¤¨ ³¥É· ∼ 17 ³) 6-¸¥±Éμ·´Ò° Í¨±²μÉ·μ´ (¸³. ·¨¸. 6), Ê¸±μ·ÖÕÐ¨° �−-¨μ´Ò,
¢ Éμ³ Î¨¸²¥ ¶μ²Ö·¨§μ¢ ´´Ò¥, ¤μ Ô´¥·£¨¨ 65Ä520 ŒÔ‚. �É²¨Î¨É¥²Ó´μ° Î¥·Éμ°
Í¨±²μÉ·μ´  TRIUMF Ö¢²Ö¥É¸Ö μÎ¥´Ó ´¨§±μ¥ (0,3Ä0,46 ’²) ³ £´¨É´μ¥ ¶μ²¥. ˆ§
Ê¸±μ·¨É¥²Ö ¢Ò¢μ¤ÖÉ¸Ö ¶·μÉμ´Ò, μ¡· §ÊÕÐ¨¥¸Ö ¶·¨ ¶¥·¥§ ·Ö¤±¥ �−-¨μ´μ¢ ´ 
μ¡¤¨·μÎ´μ° Ëμ²Ó£¥, ¸ ¶μ³μÐÓÕ ±μÉμ·μ° μ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¢Ò¢μ¤ Ê¸±μ·¥´´ÒÌ
Î ¸É¨Í ¨§ ± ³¥·Ò Ê¸±μ·¨É¥²Ö. �´¥·£¨Ö Î ¸É¨Í (¶·μÉμ´μ¢) ·¥£Ê²¨·Ê¥É¸Ö ¶ÊÉ¥³
¶¥·¥³¥Ð¥´¨Ö μ¡¤¨·μÎ´μ° Ëμ²Ó£¨ ¶μ · ¤¨Ê¸Ê (¨ Ê£²Ê) Ê¸±μ·¨É¥²Ö. �¤´μ¢·¥-
³¥´´μ ¶·μÉμ´Ò ¢Ò¢μ¤ÖÉ¸Ö ¢ É·¥Ì ´ ¶· ¢²¥´¨ÖÌ §  ¸Î¥É Ê¸É ´μ¢±¨ Ëμ²Ó£ ´ 
· §´ÒÌ · ¤¨Ê¸ Ì (¨ ´  · §´μ° ¢Ò¸μÉ¥). ‚ μ¤´μ³ ´ ¶· ¢²¥´¨¨ ¢Ò¢μ¤ÖÉ¸Ö ¶ÊÎ±¨
´¨§±¨Ì Ô´¥·£¨° 65Ä115 ŒÔ‚ ¸ ¨´É¥´¸¨¢´μ¸ÉÓÕ ¤μ 100 ³±� ¤²Ö ¶·μ¨§¢μ¤¸É¢ 
¨§μÉμ¶μ¢ ¨²¨ ¶·μÉμ´´μ° É¥· ¶¨¨, ¢ ¤·Ê£μ³ Å ¶ÊÎ±¨ ¢Ò¸μ±¨Ì Ô´¥·£¨° 180Ä
520 ŒÔ‚ ¤²Ö ¶·μ¨§¢μ¤¸É¢  ³¥§μ´μ¢ (200 ³±�); ¢ É·¥ÉÓ¥³ ´ ¶· ¢²¥´¨¨ Å
¶ÊÎμ± ´¨§±μ° ¨´É¥´¸¨¢´μ¸É¨ ¤²Ö Ö¤¥·´μ° Ë¨§¨±¨, · ¤¨μÌ¨³¨¨ ¨  ¸É·μË¨§¨-
Î¥¸±¨Ì ¨¸¸²¥¤μ¢ ´¨°.

�ËË¥±É¨¢´μ¸ÉÓ ¢Ò¢μ¤  99,95%. “¸±μ·ÖÕÉ¸Ö É ±¦¥ ¶μ²Ö·¨§μ¢ ´´Ò¥
�−-¨μ´Ò (¨´É¥´¸¨¢´μ¸ÉÓ 25 ³±�). ˆ³¥¥É¸Ö 2 ¨¸ÉμÎ´¨±  �−-¨μ´μ¢ Å CUSP ¨
¨¸ÉμÎ´¨± ¶μ²Ö·¨§μ¢ ´´ÒÌ �−-¨μ´μ¢ (²Ô³¡μ¢¸±¨° ¸¤¢¨£, μ¶É¨Î¥¸± Ö ´ ± Î± ).

�´¥·£¨Ö ¨´¦¥±Í¨¨ 300 ±Ô‚ (· ¤¨Ê¸ ¨´¦¥±Í¨¨ 25 ¸³), ÔËË¥±É¨¢´μ¸ÉÓ
¨´¦¥±Í¨¨ 95 %. “¸±μ·¨É¥²Ó · ¡μÉ ¥É ¸ ¤¥± ¡·Ö 1975 £. �ÊÎ±μ¢μ¥ ¢·¥³Ö ¶·¥-
¢ÒÏ ¥É 5000 Î/£μ¤, ¶·¨Î¥³ μ¤´μ¢·¥³¥´´μ ³μ¦¥É · ¡μÉ ÉÓ ¤μ ¢μ¸Ó³¨ Ô±¸¶¥-
·¨³¥´É ²Ó´ÒÌ Ê¸É ´μ¢μ± [63].

‚ 1995 £. ´ Î ² ·¥ ²¨§μ¢Ò¢ ÉÓ¸Ö ¶·μ¥±É ISAC-I (Isotope Separator and
Accelerator) ¤²Ö ¶·μ¨§¢μ¤¸É¢  ·¥¤±¨Ì ¨§μÉμ¶μ¢, ± ± ¸É ¡¨²Ó´ÒÌ, É ± ¨ · -
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�¨¸. 6. Œ £´¨É Í¨±²μÉ·μ´  TRIUMF ¢ ¶·μÍ¥¸¸¥ ¸¡μ·±¨

¤¨μ ±É¨¢´ÒÌ. ‘μ§¤ ¢ ¥³Ò¥ ¶ÊÎ±μ³ 500-ŒÔ‚ ¶·μÉμ´μ¢ ¢ Éμ²¸Éμ° ³¨Ï¥´¨
¨§μÉμ¶Ò Ê¸±μ·ÖÕÉ¸Ö ¸´ Î ²  ¢ RFQ (radiofrequency quadrupole) ¤μ Ô´¥·£¨¨
2 ±Ô‚/�,   § É¥³ ¢ ²¨´¥°´μ³ Ê¸±μ·¨É¥²¥ ¸ É·Ê¡± ³¨ ¤·¥°Ë  ¤μ Ô´¥·£¨° 0,15Ä
1,8 ŒÔ‚/�. “¸±μ·¥´´Ò¥ ¨μ´Ò ¨¸¶μ²Ó§ÊÕÉ¸Ö ¢  ¸É·μË¨§¨Î¥¸±¨Ì Ô±¸¶¥·¨³¥´-
É Ì. ‹¨´¥°´Ò° Ê¸±μ·¨É¥²Ó · ¡μÉ ¥É ¢ ´¥¶·¥·Ò¢´μ³ ·¥¦¨³¥. ‘μμ·Ê¦ ¥É¸Ö
¸¢¥·Ì¶·μ¢μ¤ÖÐ¨° ²¨´¥°´Ò° Ê¸±μ·¨É¥²Ó ISAC-II, ¢ ±μÉμ·μ³ ·¥¤±¨¥ ¨§μÉμ¶Ò
¡Ê¤ÊÉ Ê¸±μ·ÖÉÓ¸Ö ¤μ Ô´¥·£¨° 6,5 ŒÔ‚/� [63].

11. –¨±²μÉ·μ´Ò ‹ ¡μ· Éμ·¨¨ RIKEN (Ÿ¶μ´¨Ö)
1) AVF-Í¨±²μÉ·μ´ Å Î¥ÉÒ·¥Ì¸¥±Éμ·´Ò° ±μ³¶ ±É´Ò° Í¨±²μÉ·μ´. ‘μμ·Ê-

¦¥´ ¢ 1987Ä1989 ££., Ê¸±μ·Ö¥É ²¥£±¨¥ ³´μ£μ§ ·Ö¤´Ò¥ ¨μ´Ò,   É ±¦¥ ¶·μÉμ´Ò
¨ ¤¥°É·μ´Ò ¤μ Ô´¥·£¨° 5Ä14 ŒÔ‚/� ¸ ¨´É¥´¸¨¢´μ¸ÉÖ³¨ 3 · 1012Ä6 · 1013 ¸−1.
	μ²ÓÏÊÕ Î ¸ÉÓ ¢·¥³¥´¨ ¨¸¶μ²Ó§Ê¥É¸Ö ± ± Í¨±²μÉ·μ´-¨´¦¥±Éμ· ¢ ±μ²ÓÍ¥¢μ°
Í¨±²μÉ·μ´ RRC.

2) Šμ²ÓÍ¥¢μ° Í¨±²μÉ·μ´ RRC [64] ¸μμ·Ê¦¥´ ¢ 1980Ä1986 ££. ‚ ± Î¥¸É¢¥
¨´¦¥±Éμ·  ¢´ Î ²¥ ¨¸¶μ²Ó§μ¢ ²¸Ö ²¨´¥°´Ò° Ê¸±μ·¨É¥²Ó RILAC,   ¢ ´ ¸ÉμÖ-
Ð¥¥ ¢·¥³Ö Å ± ± AVF-Í¨±²μÉ·μ´, É ± ¨ RILAC.
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“¸±μ·Ö¥É ¶·μÉμ´Ò (Ô´¥·£¨Ö 210 ŒÔ‚, ¨´É¥´¸¨¢´μ¸ÉÓ 2 · 1011 ¸−1), ¤¥°-
É·μ´Ò, 12‘ ¨ 20Ne (Ô´¥·£¨Ö 135 ŒÔ‚/�, ¨´É¥´¸¨¢´μ¸ÉÓ 1,3 · 1012 ¸−1), 40Ar
(Ô´¥·£¨Ö 24 ¨ 95 ŒÔ‚/�, ¨´É¥´¸¨¢´μ¸ÉÓ 1,3 · 1013 ¨ 4 · 1011 ¸−1) ¨ 136Xe
(Ô´¥·£¨Ö 26 ŒÔ‚/�, ¨´É¥´¸¨¢´μ¸ÉÓ 6 · 1011 ¸−1). � ¡μÉ ¥É 6700 Î/£μ¤, 50 %
¢·¥³¥´¨ ¨¸¶μ²Ó§Ê¥É¸Ö ¤²Ö ËÊ´¤ ³¥´É ²Ó´ÒÌ ¨¸¸²¥¤μ¢ ´¨° ¢ μ¡² ¸É¨ Ö¤¥·´μ°
Ë¨§¨±¨, ¡¨μ²μ£¨¨, · ¤¨μÌ¨³¨¨ ¨  Éμ³´μ° Ë¨§¨±¨. 	μ²ÓÏ Ö Î ¸ÉÓ ¢·¥³¥´¨
¶μ¸¢ÖÐ ¥É¸Ö Ô±¸¶¥·¨³¥´É ³ ¸ ¶ÊÎ± ³¨ · ¤¨μ ±É¨¢´ÒÌ ¨μ´μ¢, ¶·μ¨§¢μ¤¨³ÒÌ
¢ ¸¥¶ · Éμ·¥ RIPS (projectile-fragment separator).

‚ 1995 £. ¸É ·Éμ¢ ² ¶·μ¥±É Ë ¡·¨±¨ ¶ÊÎ±μ¢ · ¤¨μ ±É¨¢´ÒÌ ¨μ´μ¢ RIBF.
–¥²Ó ¶·μ¥±É  Å · ¸Ï¨·¥´¨¥ ¤¨ ¶ §μ´  ³ ¸¸ · ¤¨μ ±É¨¢´ÒÌ ¨μ´μ¢. Šμ³¶²¥±¸
RILACÄRRC ¨¸¶μ²Ó§Ê¥É¸Ö ¢ ± Î¥¸É¢¥ ¨´¦¥±Éμ·  ¤²Ö RIBF. „μ¶μ²´¨É¥²Ó´μ
¶² ´¨·Ê¥É¸Ö ¶μ¸É·μ¨ÉÓ ¶·μ³¥¦ÊÉμÎ´Ò° ±μ²ÓÍ¥¢μ° Í¨±²μÉ·μ´ IRC, ±μ²ÓÍ¥¢μ°
Í¨±²μÉ·μ´ ¸ Ë¨±¸¨·μ¢ ´´μ° Î ¸ÉμÉμ° fRC ¨ ¸¢¥·Ì¶·μ¢μ¤ÖÐ¨° ±μ²ÓÍ¥¢μ°
Í¨±²μÉ·μ´ SRC.

3) IRC-Í¨±²μÉ·μ´ Å Î¥ÉÒ·¥Ì¸¥±Éμ·´Ò° ±μ²ÓÍ¥¢μ° Í¨±²μÉ·μ´. —¥ÉÒ·¥
¥£μ ¸¥±Éμ·´ÒÌ ³ £´¨É  μ¡Ð¨³ ¢¥¸μ³ 2800 É ¡Ò²¨ Ê¸É ´μ¢²¥´Ò ´  ¶²μÐ ¤±¥
‹ ¡μ· Éμ·¨¨ RIKEN ¢ ¸¥´ÉÖ¡·¥-μ±ÉÖ¡·¥ 2003 £. [64]. ’·¨ ¢Ò¸μ±μÎ ¸ÉμÉ´ÒÌ
·¥§μ´ Éμ·  (¤¢  μ¸´μ¢´ÒÌ ¨ μ¤¨´ 
at-top) ¡Ò²¨ Ê¸É ´μ¢²¥´Ò ¨ ¸μ¥¤¨´¥´Ò ¸
¢ ±ÊÊ³´Ò³¨ ± ³¥· ³¨ ¸¥±Éμ·´ÒÌ ³ £´¨Éμ¢ ¢  ¢£Ê¸É¥ 2004 £.

IRC Ö¢²Ö¥É¸Ö Î¥É¢¥·ÉÒ³ Ê¸±μ·¨É¥²¥³ ¢ ± ¸± ¤¥ Ê¸±μ·¨É¥²¥° Ë ¡·¨±¨ ¶ÊÎ-
±μ¢ · ¤¨μ ±É¨¢´ÒÌ ¨μ´μ¢ RIBF. …£μ ´ ² ¤±Ê ¸ ¶ÊÎ±μ³ ¶² ´¨·μ¢ ²μ¸Ó ´ Î ÉÓ
¢ 2006 £.

4) Šμ²ÓÍ¥¢μ° Í¨±²μÉ·μ´ ¸ Ë¨±¸¨·μ¢ ´´μ° Î ¸ÉμÉμ° fRC [64]. —¥ÉÒ·¥Ì-
¸¥±Éμ·´Ò° Í¨±²μÉ·μ´ fRC · ¸¶μ² £ ¥É¸Ö ³¥¦¤Ê RRC ¨ IRC; ¶·¥¤´ §´ Î¥´
¤²Ö ¤μÊ¸±μ·¥´¨Ö ¶ÊÎ±μ¢ μÎ¥´Ó ÉÖ¦¥²ÒÌ ¨μ´μ¢, É ±¨Ì ± ± ±¸¥´μ´ ¨ Ê· ´, ¤μ
Ô´¥·£¨¨ 50,7 ŒÔ‚/�. �  ·¨¸. 7 ¶μ± § ´  ¸Ì¥³  ± ¸± ¤  Ê¸±μ·¨É¥²¥° Ë ¡·¨±¨
¶ÊÎ±μ¢ RIBF.

�¨¸. 7. ‘Ì¥³  ± ¸± ¤  Ê¸±μ·¨É¥²¥° RIBF

‘ Í¥²ÓÕ Ô±μ´μ³¨¨ · ¸Ìμ¤μ¢ Î ¸ÉμÉ  Ê¸±μ·ÖÕÐ¥£μ ´ ¶·Ö¦¥´¨Ö ¢ fRC Ë¨±-
¸¨·μ¢ ´  (´¥ ¶¥·¥¸É· ¨¢ ¥É¸Ö ¶·¨ Ê¸±μ·¥´¨¨ · §²¨Î´ÒÌ ¨μ´μ¢; ÔÉμ §´ Î¨É,
ÎÉμ ¢¸¥ Ê¸±μ·Ö¥³Ò¥ ¢ ÔÉμ³ Ê¸±μ·¨É¥²¥ ¨μ´Ò ¤μ²¦´Ò ¨³¥ÉÓ ¶μÎÉ¨ μ¤´Ê ¨ ÉÊ
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¦¥ ¢¥²¨Î¨´Ê μÉ´μÏ¥´¨Ö Ô²¥±É·¨Î¥¸±μ£μ § ·Ö¤  ± ³ ¸¸¥ q/m ∼= const). Š ±
¢¨¤´μ ¨§ ·¨¸. 7, ¸·¥¤´¥ÉÖ¦¥²Ò¥ ¨μ´Ò (´¨¦¥ ±¸¥´μ´ ) μ¡¤¨· ÕÉ¸Ö ¤μ ¢Ò¸μ-
±μ£μ § ·Ö¤μ¢μ£μ ¸μ¸ÉμÖ´¨Ö ¤μ ¨´¦¥±Í¨¨ ¢ RRC, Ê¸±μ·ÖÕÉ¸Ö ¢ ´¥³ ¤μ Ô´¥·£¨¨
46,3 ŒÔ‚/� ¨ ´ ¶· ¢²ÖÕÉ¸Ö ¶·Ö³μ ¢ IRC. „²Ö μÎ¥´Ó ÉÖ¦¥²ÒÌ ¨μ´μ¢ ÔÉμ ¸¤¥-
² ÉÓ ´¥¢μ§³μ¦´μ, ¶μÔÉμ³Ê μ´¨ Ê¸±μ·ÖÕÉ¸Ö ¢ RRC Éμ²Ó±μ ¤μ 11 ŒÔ‚/�,  
´¥¤μ¸É ÕÐÊÕ Ô´¥·£¨Õ ¶μ²ÊÎ ÕÉ ¢ fRC.

5) ‘¢¥·Ì¶·μ¢μ¤ÖÐ¨° ±μ²ÓÍ¥¢μ° Í¨±²μÉ·μ´ SRC (Superconducting Ring
Cyclotron) Å ¶μ¸²¥¤´¨° ¢ ± ¸± ¤¥ Ë ¡·¨±¨ RIBF. �´ ¤μ²¦¥´ Ê¸±μ·¨ÉÓ 88-§ -
·Ö¤´Ò¥ ¨μ´Ò Ê· ´ -238 ¤μ Ô´¥·£¨¨ 350 ŒÔ‚/�. �Éμ ¡Ê¤¥É ¶¥·¢Ò° ¢ ¨¸Éμ·¨¨
¸¢¥·Ì¶·μ¢μ¤ÖÐ¨° ±μ²ÓÍ¥¢μ° Í¨±²μÉ·μ´ ¸ ¢¥²¨Î¨´μ° K = 2600 ŒÔ‚. …£μ
³ £´¨É ¸μ¸Éμ¨É ¨§ Ï¥¸É¨ ¸¥±Éμ·´ÒÌ ³ £´¨Éμ¢ (·¨¸. 8). Œ ±¸¨³ ²Ó´μ¥ ³ £-
´¨É´μ¥ ¶μ²¥ ¢ ¸¥±Éμ·¥ 3,8 ’². �¡Ð¨° ¢¥¸ ³ £´¨É  8300 É. � ·Ê¦´Ò° ¤¨ ³¥É·
· ¢¥´ 19 ³, ¢Ò¸μÉ  8 ³. ˆ§£μÉμ¢²¥´ ¨ ¸μ¡· ´ ´  ³¥¸É¥ Ë¨·³ ³¨ ®Hitachi¯
¨ ®Mitsubishi¯. ‚ Í¨±²μÉ·μ´¥ ¡Ê¤ÊÉ Ê¸É ´μ¢²¥´Ò 4 ·¥§μ´ Éμ· . ‘¨¸É¥³  ¨´-
¦¥±Í¨¨ ¢±²ÕÎ ¥É ¸¶¥Í¨ ²Ó´Ò° ¸¢¥·Ì¶·μ¢μ¤ÖÐ¨° ³ £´¨É. ” ¡·¨±  ¶ÊÎ±μ¢
· ¤¨μ ±É¨¢´ÒÌ ¨μ´μ¢ [65], ±μÉμ· Ö ¸μμ·Ê¦ ¥É¸Ö ¢ ‹ ¡μ· Éμ·¨¨ RIKEN, Ö¢²Ö-
¥É¸Ö ¢Ò¸μ±μ±² ¸¸´μ° Ê¸É ´μ¢±μ°, ¶·¥¤´ §´ Î¥´´μ° ¤²Ö ¶·μ¨§¢μ¤¸É¢  ¶ÊÎ±μ¢
¨μ´μ¢ · ¤¨μ ±É¨¢´ÒÌ ¨§μÉμ¶μ¢.

�¨¸. 8. Œ £´¨É SRC

�ÉμÉ ´μ¢Ò° ± ¸± ¤ Í¨±²μÉ·μ´μ¢, ¨´¦¥±Éμ·μ³ ¢ ±μÉμ·Ò° Ö¢²Ö¥É¸Ö ¤¥°-
¸É¢ÊÕÐ¨° ±μ²ÓÍ¥¢μ° Í¨±²μÉ·μ´ RRC, Ê¢¥²¨Î¨É Ô´¥·£¨Õ ²¥£±¨Ì ¨μ´μ¢ ¤μ
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440 ŒÔ‚/� ¨ μÎ¥´Ó ÉÖ¦¥²ÒÌ ¨μ´μ¢ ¤μ 350 ŒÔ‚/� ¢ ³ £´¨É´μ³ ¶μ²¥ 3,8 ’².
�Ê¸± RIBF ¸μ¸ÉμÖ²¸Ö ¢ 2006 £. 	Ò²¨ Ê¸±μ·¥´Ò ¨μ´Ò 238U86+ ¤μ Ô´¥·£¨¨
345 ŒÔ‚/�.

3.2 –¨±²μÉ·μ´Ò ¤²Ö ¶·¨±² ¤´ÒÌ ¶·¨³¥´¥´¨°. ‚ ÔÉμ³ ¶Ê´±É¥ ¤ ´μ
±· É±μ¥ μ¶¨¸ ´¨¥ ´¥±μÉμ·ÒÌ ¸¶¥Í¨ ²¨§¨·μ¢ ´´ÒÌ Í¨±²μÉ·μ´μ¢ ¤²Ö ¶· ±É¨-
Î¥¸±¨Ì ¶·¨³¥´¥´¨°, ¸¢¥¤¥´¨Ö μ ±μÉμ·ÒÌ ¡Ò²¨ ¤μ¸ÉÊ¶´Ò  ¢Éμ·Ê.

“¦¥ ´  μ¤´μ³ ¨§ ¶¥·¢ÒÌ Í¨±²μÉ·μ´μ¢ (¸³. [1, £². 1]) ¶·μ¢μ¤¨²¨¸Ó Ô±¸¶¥-
·¨³¥´ÉÒ ¶μ ¨¸¶μ²Ó§μ¢ ´¨Õ ¶ÊÎ±  Ê¸±μ·¥´´ÒÌ ¢ Í¨±²μÉ·μ´¥ Î ¸É¨Í ¤²Ö Í¥-
²¥°, ´¥ ¸¢Ö§ ´´ÒÌ ¸ Ö¤¥·´μ-Ë¨§¨Î¥¸±¨³¨ ¨¸¸²¥¤μ¢ ´¨Ö³¨. �ÊÎμ± ¤¥°É·μ´μ¢
¸ Ô´¥·£¨¥° 13 ŒÔ‚ ¨¸¶μ²Ó§μ¢ ²¸Ö ¤²Ö £¥´¥· Í¨¨ ´¥°É·μ´μ¢, ¶·¨³¥´Ö¢Ï¨Ì¸Ö
¤²Ö ²¥Î¥´¨Ö μ´±μ²μ£¨Î¥¸±¨Ì § ¡μ²¥¢ ´¨° [66].

ƒ ·¢ ·¤¸±¨° Í¨±²μÉ·μ´, ¶μ¸É·μ¥´´Ò° ¢ 1949 £. ¤²Ö Ö¤¥·´μ° Ë¨§¨±¨, ¸Ò-
£· ¢Ï¨° § ³¥É´ÊÕ ·μ²Ó ¢ Œ ´ÌÔÉÉ¥´¸±μ³ ¶·μ¥±É¥, ¢ ¶μ¸²¥¤´¥¥ ¤¥¸ÖÉ¨²¥É¨¥
(¤μ 2002 £.) ¨¸¶μ²Ó§μ¢ ²¸Ö ¤²Ö ¶·μÉμ´´μ° É¥· ¶¨¨.

‚ 70-Ì ££. ¶·μÏ²μ£μ ¢¥±  ´  Í¨±²μÉ·μ´ Ì, ¸μ§¤ ´´ÒÌ ¤²Ö Ö¤¥·´μ-Ë¨§¨Î¥¸-
±¨Ì ¨¸¸²¥¤μ¢ ´¨°, ´ Î ²¨ ¶·μ¢μ¤¨ÉÓ ¨¸¸²¥¤μ¢ ´¨Ö ¢ μ¡² ¸É¨ ¡¨μ²μ£¨¨, ³¥-
¤¨Í¨´Ò, ³ É¥·¨ ²μ¢¥¤¥´¨Ö ¨ ¤·. ˆ¸¸²¥¤μ¢ ´¨Ö ¢ μ¡² ¸É¨ ¶·μÉμ´´μ° É¥· ¶¨¨
¶·μ¢μ¤¨²¨¸Ó ´  ¸¨´Ì·μÍ¨±²μÉ·μ´ Ì ¢ �·¸Ô (”· ´Í¨Ö), „Ê¡´¥, ƒ ÉÎ¨´¥ ¨ ´ 
Í¨±²μÉ·μ´ Ì.

�  ´¥±μÉμ·ÒÌ ¨§ ´¨Ì (Ë §μÉ·μ´, TRIUMF, PSI) ¨ ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö
¶·μ¤μ²¦ ¥É¸Ö ÔÉ  · ¡μÉ . Šμ³³¥·Î¥¸±¨¥ Ë¨·³Ò ®Scanditronix¯, ®Thomson¯,
®Cyclotron Corporation¯,   ´¥¸±μ²Ó±μ ¶μ§¦¥ IBA, EBCO, ®Sumitomo¯ É ±¦¥
´ ² ¤¨²¨ ¢Ò¶Ê¸± Í¨±²μÉ·μ´μ¢ ¤²Ö ¶·μ¨§¢μ¤¸É¢  ³¥¤¨Í¨´¸±¨Ì · ¤¨μ¨§μÉμ¶μ¢
¨ ¶·μÉμ´´μ° É¥· ¶¨¨.

�¨¦¥ ¶·¨¢μ¤¨É¸Ö ±· É±μ¥ μ¶¨¸ ´¨¥ ´¥±μÉμ·ÒÌ ¸¶¥Í¨ ²¨§¨·μ¢ ´´ÒÌ Í¨-
±²μÉ·μ´μ¢, ¨¸¶μ²Ó§Ê¥³ÒÌ ¤²Ö ³¥¤¨Í¨´¸±¨Ì ¨ ¤·Ê£¨Ì ¶·¨²μ¦¥´¨°.

1. –¨±²μÉ·μ´ ‘-230, ¶·μ¨§¢μ¤¸É¢μ Ë¨·³Ò IBA. “¸±μ·Ö¥É ¶·μÉμ´Ò ¤μ
Ô´¥·£¨¨ 230 ŒÔ‚, ¨´É¥´¸¨¢´μ¸ÉÓ 300 ´�. “¸É ´μ¢²¥´ ¢ Œ ¸¸ ÎÊ¸¥É¸±μ³
£μ¸¶¨É ²¥, 	μ¸Éμ´ (‘˜�) [67].

ˆ¸¶μ²Ó§Ê¥É¸Ö ¤²Ö ¶·μÉμ´´μ° É¥· ¶¨¨ ¸ ±μ´Í  2001 £. �μ¸±μ²Ó±Ê Í¨±²μ-
É·μ´ Ê¸±μ·Ö¥É ¶·μÉμ´Ò ¤μ Ë¨±¸¨·μ¢ ´´μ° Ô´¥·£¨¨, ¤²Ö ·¥£Ê²¨·μ¢ ´¨Ö Ô´¥·-
£¨¨ ¨¸¶μ²Ó§Ê¥É¸Ö Ê£²¥·μ¤´Ò° § ³¥¤²¨É¥²Ó. �¤´¨³ ¨§ ´¥¤μ¸É É±μ¢ Ê¸±μ·¨É¥²Ö
Ö¢²Ö¥É¸Ö ´¨§± Ö ÔËË¥±É¨¢´μ¸ÉÓ ¢Ò¢μ¤  (20 %). ‡  3 £μ¤  ²¥Î¥´¨¥ ¶·μÏ²¨
¶·¨³¥·´μ 1000 ¶ Í¨¥´Éμ¢. –¨±²μÉ·μ´, ¨¸¶μ²Ó§ÊÕÐ¨°¸Ö ¢ £μ¸¶¨É ²¥, ¤μ²¦¥´
¨³¥ÉÓ ¢Ò¸μ±ÊÕ ¸É¥¶¥´Ó  ¢Éμ³ É¨§ Í¨¨ ¨ ¸É ¡¨²¨§ Í¨¨ ¶ · ³¥É·μ¢ Í¨±²μ-
É·μ´  ¨ ¶ÊÎ±  §  ¸Î¥É μ¡· É´ÒÌ ¸¢Ö§¥°. ‡  ¢·¥³Ö Ô±¸¶²Ê É Í¨¨ ³´μ£¨¥ ±μ³-
¶μ´¥´ÉÒ Í¨±²μÉ·μ´  ¡Ò²¨ § ³¥´¥´Ò ¸ Í¥²ÓÕ ¶μ¢ÒÏ¥´¨Ö ´ ¤¥¦´μ¸É¨, ±μÉμ· Ö
± ´ ¸ÉμÖÐ¥³Ê ¢·¥³¥´¨ (2004 £.) ¶·¨¡²¨§¨² ¸Ó ± 95%. ‘ÊÐ¥¸É¢¥´´μ¥ Ê²ÊÎÏ¥-
´¨¥ ¸É ¡¨²Ó´μ¸É¨ ¡Ò²μ ¤μ¸É¨£´ÊÉμ §  ¸Î¥É § ³¥´Ò ³ ¸²Ö´ÒÌ ¤¨ËËÊ§¨μ´´ÒÌ
´ ¸μ¸μ¢ ¢ ±ÊÊ³´μ° ¸¨¸É¥³Ò ´  ±·¨μ£¥´´Ò¥ ´ ¸μ¸Ò. ‘É ¡¨²Ó´μ¸ÉÓ  ³¶²¨ÉÊ¤Ò
Ê¸±μ·ÖÕÐ¥£μ ´ ¶·Ö¦¥´¨Ö ¢¸¥ ¥Ð¥ ´¥¤μ¸É ÉμÎ´ .
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2. –¨±²μÉ·μ´Ò ¢ ‹ ¡μ· Éμ·¨¨ iThemba (���) [68]. ‚ ‹ ¡μ· Éμ·¨¨
iThemba (¶·¥¦´¥¥ ´ ¨³¥´μ¢ ´¨¥ National Accelerator Centre), · ¸¶μ²μ¦¥´´μ°
¢¡²¨§¨ Š¥°¶É Ê´ , · ¡μÉ ÕÉ 3 Í¨±²μÉ·μ´  Å 2 ±μ³¶ ±É´ÒÌ Í¨±²μÉ·μ´ -
¨´¦¥±Éμ·  SPC1 ¨ SPC2 ¨ ±μ²ÓÍ¥¢μ° Í¨±²μÉ·μ´ SSR.

SPC1 Ê¸±μ·Ö¥É ¶·μÉμ´Ò ¤μ Ô´¥·£¨¨ 3,15 ŒÔ‚ ¸ ¨´É¥´¸¨¢´μ¸ÉÓÕ
2 · 1015 ¸−1 ¨ ¤μ 8 ŒÔ‚ (¨´É¥´¸¨¢´μ¸ÉÓ 8 · 1013 ¸−1),   É ±¦¥ ¤¥°É·μ´Ò
(1,9 ŒÔ‚, 1,9 · 1013 ¸−1) ¨ £¥²¨° (2,5 ŒÔ‚, 9,3 · 1012 ¸−1). ‡ ¶ÊÐ¥´ ¢ 1983 £.

SPC2 Ê¸±μ·Ö¥É 40Ar8+ (Ô´¥·£¨Ö 0,36 ŒÔ‚/�, ¨´É¥´¸¨¢´μ¸ÉÓ 9,3 ·1012 ¸−1)
¨ 129•¥22+ (Ô´¥·£¨Ö 0,32 ŒÔ‚/�, ¨´É¥´¸¨¢´μ¸ÉÓ 5,7 · 1010 ¸−1).

SSR Ê¸±μ·Ö¥É ¶·μÉμ´Ò (200 ŒÔ‚, 1,87·1013 ¸−1 ¨ 66 ŒÔ‚, 6,24·1014 ¸−1),
129•¥22+ (Ô´¥·£¨Ö 6,1 ŒÔ‚/�, ¨´É¥´¸¨¢´μ¸ÉÓ 1,4 · 1010 ¸−1).

�·μÉμ´Ò, Ê¸±μ·¥´´Ò¥ ¢ ±μ²ÓÍ¥¢μ³ SSR-Í¨±²μÉ·μ´¥ ¤μ Ô´¥·£¨¨ 66 ŒÔ‚
(¶·¨ ¨´¦¥±Í¨¨ ¨§ SPC1), ¨¸¶μ²Ó§ÊÕÉ¸Ö ¤²Ö ¶·μ¨§¢μ¤¸É¢  · ¤¨μ´Ê±²¨¤μ¢ ¨ ¤²Ö
´¥°É·μ´´μ° É¥· ¶¨¨. �·μÉμ´´ Ö É¥· ¶¨Ö μ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¶·μÉμ´´Ò³ ¶ÊÎ±μ³
¸ Ô´¥·£¨¥° 200 ŒÔ‚, Ê¸±μ·¥´´Ò³ ¢ Éμ³ ¦¥ SSR-Í¨±²μÉ·μ´¥. Œμ£ÊÉ ¡ÒÉÓ ¶μ-
²ÊÎ¥´Ò É ±¦¥ ´¨§±μ¨´É¥´¸¨¢´Ò¥ ¶ÊÎ±¨ ²¥£±¨Ì ¨ ÉÖ¦¥²ÒÌ ¨μ´μ¢, ¢ Éμ³ Î¨¸²¥
¶μ²Ö·¨§μ¢ ´´Ò¥ ¶·μÉμ´Ò, ¤²Ö Ö¤¥·´μ-Ë¨§¨Î¥¸±¨Ì ¨¸¸²¥¤μ¢ ´¨°. –¨±²μÉ·μ´Ò
· ¡μÉ ÕÉ ¶μÎÉ¨ ´¥¶·¥·Ò¢´μ (¢·¥³Ö · ¡μÉÒ SSR ∼ 8400 Î/£μ¤).

�·μ¢μ¤¨É¸Ö ³μ¤¥·´¨§ Í¨Ö Í¨±²μÉ·μ´μ¢ ¨ ²¨´¨° É· ´¸¶μ·É¨·μ¢±¨ ¶ÊÎ-
±μ¢ ¤²Ö Ê¢¥²¨Î¥´¨Ö ¨´É¥´¸¨¢´μ¸É¨ ¶ÊÎ± , ¨¸¶μ²Ó§Ê¥³μ£μ ¢ ¶·μ¨§¢μ¤¸É¢¥ · -
¤¨μ´Ê±²¨¤μ¢. ‚ Éμ³ Î¨¸²¥ ¸μ§¤ ÕÉ¸Ö 
at-topping ¸¨¸É¥³Ò ± ± ¤²Ö ¨´¦¥±Éμ·-
´μ£μ Í¨±²μÉ·μ´ , É ± ¨ ¤²Ö ±μ²ÓÍ¥¢μ£μ Í¨±²μÉ·μ´ . �¦¨¤ ¥É¸Ö, ÎÉμ ¶μ¸²¥
Ê¸É ´μ¢±¨ ÔÉ¨Ì ¸¨¸É¥³,   É ±¦¥ ¤μ¶μ²´¨É¥²Ó´μ£μ ¡ ´Î¥·  ¢ ²¨´¨¨ É· ´¸-
¶μ·É¨·μ¢±¨ ¶ÊÎ±  μÉ ¨´¦¥±Éμ·  ± ±μ²ÓÍ¥¢μ³Ê Í¨±²μÉ·μ´Ê ¨´É¥´¸¨¢´μ¸ÉÓ
¢Ò¢¥¤¥´´μ£μ ¨§ SSR 66-ŒÔ‚ ¶ÊÎ±  ¡Ê¤¥É Ê¢¥²¨Î¥´  ¤μ 400 ³±� (¸¥°Î ¸
100 ³±�). Š·μ³¥ Éμ£μ, ¶² ´¨·Ê¥É¸Ö Ê¢¥²¨Î¨ÉÓ ±μ²¨Î¥¸É¢μ ³¨Ï¥´¥° ¨ ¶μ¸É·μ-
¨ÉÓ ´μ¢Ò¥ ± ´ ²Ò ¶ÊÎ±μ¢ ¤²Ö Ê¢¥²¨Î¥´¨Ö ¶·μ¨§¢μ¤¸É¢  · ¤¨μ¨§μÉμ¶μ¢. � ¸-
¸³ É·¨¢ ¥É¸Ö ¶·¥¤²μ¦¥´¨¥ μ ¶·¨μ¡·¥É¥´¨¨ ±μ³³¥·Î¥¸±μ£μ Í¨±²μÉ·μ´  ¤²Ö
¶·μÉμ´´μ° É¥· ¶¨¨ ¸ Í¥²ÓÕ Ê¢¥²¨Î¥´¨Ö ¥¦¥£μ¤´μ£μ ±μ²¨Î¥¸É¢  ¶ Í¨¥´Éμ¢ ¸
50 ¤μ 1500.

3. Œ¥¤¨Í¨´¸±¨° Í¨±²μÉ·μ´ “´¨¢¥·¸¨É¥É  ‚ Ï¨´£Éμ´¸±μ£μ ³¥¤¨Í¨´¸±μ£μ
Í¥´É·  ¢ ‘¨ÔÉ²¥ (‘˜�) [69]. Šμ³¶ ±É´Ò° É·¥Ì¸¥±Éμ·´Ò° Í¨±²μÉ·μ´ ¸
·¥£Ê²¨·Ê¥³μ° Ô´¥·£¨¥° ¶·μ¨§¢μ¤¨É¸Ö Ë¨·³μ° ®Scanditronix¯. Œ ±¸¨³ ²Ó´ Ö
Ô´¥·£¨Ö ¶·μÉμ´μ¢ 50,5 ŒÔ‚, ¨´É¥´¸¨¢´μ¸ÉÓ ¢Ò¢¥¤¥´´μ£μ ¶ÊÎ±  80 ´A.

…£μ £² ¢´ Ö Í¥²Ó Å ¶·μ¨§¢μ¤¨ÉÓ 50,5-ŒÔ‚ ¶·μÉμ´´Ò° ¶ÊÎμ± ¤²Ö £¥´¥· -
Í¨¨ ¡Ò¸É·ÒÌ ´¥°É·μ´μ¢, ¨¸¶μ²Ó§ÊÕÐ¨Ì¸Ö ¢ · ¤¨ Í¨μ´´μ° É¥· ¶¨¨ · ± .

’¥· ¶¨Ö μ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¢ ¶ ² É¥, μ¡μ·Ê¤μ¢ ´´μ° ¨§μÍ¥´É·¨Î¥¸±¨³ £ ´-
É·¨ (Ê¸É·μ°¸É¢μ³ ¤²Ö ¢· Ð¥´¨Ö ¶ÊÎ±  ¢μ±·Ê£ ¶ Í¨¥´É ) ¸ ³´μ£μ²¥¶¥¸É±μ¢Ò³
±μ²²¨³ Éμ·μ³ ¤²¨´μ° 65 ¸³. �¥°É·μ´Ò £¥´¥·¨·ÊÕÉ¸Ö ¶·μÉμ´´Ò³ ¶ÊÎ±μ³, ¶ -
¤ ÕÐ¨³ ´  ¡¥·¨²²¨¥¢ÊÕ ³¨Ï¥´Ó. ‚Éμ· Ö ¶ ² É  ¸ Ë¨±¸¨·μ¢ ´´Ò³ £μ·¨§μ´-
É ²Ó´Ò³ ¶ÊÎ±μ³ ¨¸¶μ²Ó§Ê¥É¸Ö ¤²Ö ¨¸¸²¥¤μ¢ ´¨Ö Ì · ±É¥·¨¸É¨± ´¥°É·μ´´μ£μ
¶ÊÎ±  ¨ · ¤¨μ²μ£¨Î¥¸±¨Ì Ô±¸¶¥·¨³¥´Éμ¢. Š·μ³¥ Éμ£μ, ¶·μÉμ´´Ò° ¶ÊÎμ± ¨¸-
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¶μ²Ó§Ê¥É¸Ö ¤²Ö ¶μ²ÊÎ¥´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ (´μ¢ÒÌ) �…’ (positron emission
thomography) · ¤¨μ´Ê±²¨¤μ¢.

‚ Î ¸É´μ¸É¨, ´ Î Éμ Ô±¸¶¥·¨³¥´É ²Ó´μ¥ ¶·μ¨§¢μ¤¸É¢μ ¨§μÉμ¶  211At
(¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ 28-ŒÔ‚ ¶ÊÎ±   ²ÓË -Î ¸É¨Í). �¡ÒÎ´Ò¥ �…’-¨§μÉμ¶Ò ¶·μ-
¨§¢μ¤ÖÉ¸Ö ´  ´μ¢μ³ Í¨±²μÉ·μ´¥ CTI Eclipse (11-ŒÔ‚ ¶·μÉμ´Ò, 50Ä100 ³±�,
±μ³¶ ±É´Ò°, É·¥Ì¸¥±Éμ·´Ò°).

�¥°É·μ´´ Ö É¥· ¶¨Ö ¨¸¶μ²Ó§Ê¥É¸Ö, ¢ ¶¥·¢ÊÕ μÎ¥·¥¤Ó, ¤²Ö ²¥Î¥´¨Ö μ¶Ê-
Ìμ²¥° ¸²Õ´´ÒÌ ¦¥²¥§. �Éμ ¸· ¢´¨É¥²Ó´μ ·¥¤±μ¥ § ¡μ²¥¢ ´¨¥, μ¤´ ±μ ¡μ²¥¥
70 % ¶ Í¨¥´Éμ¢ ¶μ¶ ¤ ¥É ¢ ÔÉÊ ± É¥£μ·¨Õ. �¥°É·μ´Ò ¨¸¶μ²Ó§ÊÕÉ¸Ö É ±¦¥ ¤²Ö
²¥Î¥´¨Ö ´¥±μÉμ·ÒÌ É¨¶μ¢ ¸ ·±μ³ ¨ ³¥² ´μ³, · ±  ²¥£±¨Ì, ¶μÎ¥± ¨ ¤·.

�μ¸²¥¤´¨¥ ´¥¸±μ²Ó±μ ²¥É Î¨¸²μ ¶ Í¨¥´Éμ¢ ¸μ¸É ¢²Ö²μ 90 Î¥²μ¢¥± ¢ £μ¤.
�¡Ð¥¥ Î¨¸²μ ¶ Í¨¥´Éμ¢ §  20 ²¥É · ¢´μ 2731. �¡μ·Ê¤μ¢ ´¨¥ · ¡μÉ ¥É ´ -
¤¥¦´μ, μÉ± §Ò ´¥ ¶·¥¢ÒÏ ÕÉ 2%, ±μ²¨Î¥¸É¢μ μÉ³¥´¥´´ÒÌ ¨§-§  μÉ± §  μ¡μ-
·Ê¤μ¢ ´¨Ö ¸¥ ´¸μ¢ ³¥´¥¥ 1%.

4. –¨±²μÉ·μ´ NIRS-930 � Í¨μ´ ²Ó´μ£μ ¨´¸É¨ÉÊÉ  · ¤¨μ²μ£¨¨ (NIRS),
—¨¡  (Ÿ¶μ´¨Ö) [70]. Šμ³¶ ±É´Ò° Î¥ÉÒ·¥Ì¸¥±Éμ·´Ò° Í¨±²μÉ·μ´ ¸ ¢´¥Ï´¥°
 ±¸¨ ²Ó´μ° ¨´¦¥±Í¨¥° μÉ ECR-¨¸ÉμÎ´¨±  ¨¸¶μ²Ó§Ê¥É É ±¦¥ ¢´ÊÉ·¥´´¨° ¨¸-
ÉμÎ´¨± PIG. „¨ ³¥É· ¶μ²Õ¸μ¢ 2,15 ³. ˆ§£μÉμ¢²¥´ Ë¨·³μ° ®Thomson-CSF¯ ¢
1973 £. “¸±μ·Ö¥É ¶·μÉμ´Ò ¤μ Ô´¥·£¨° 6Ä70 ŒÔ‚/� (1,2 · 1014 ¸−1), ¤¥°É·μ´Ò
(6Ä25 ŒÔ‚/�, 2 ·1014 ¸−1), 3�¥ (6Ä48 ŒÔ‚/�, 3 ·1013 ¸−1), 4�¥ (6Ä25 ŒÔ‚/�),
  É ±¦¥ 12‘4+ (6Ä12 ŒÔ‚/�).

Š·μ³¥ Í¨±²μÉ·μ´  NIRS-930 ¢ ² ¡μ· Éμ·¨¨ ´ Ìμ¤¨É¸Ö É ±¦¥ ´¥¡μ²ÓÏμ°
Í¨±²μÉ·μ´ �Œ-18 Ë¨·³Ò SHI (Sumitomo Heavy Ions), ±μÉμ·Ò° Ê¸±μ·Ö¥É ¶·μ-
Éμ´Ò ¤μ 18 ŒÔ‚ ¨ ¤¥°É·μ´Ò ¤μ 9 ŒÔ‚. ˆ³¥¥É¸Ö É ±¦¥ 9 Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
± ´ ²μ¢ ¢Ò¢¥¤¥´´ÒÌ ¶ÊÎ±μ¢. NIRS-930 ¨¸¶μ²Ó§μ¢ ²¸Ö ¤²Ö ¶·μ¨§¢μ¤¸É¢  ´μ¢ÒÌ
±μ·μÉ±μ¦¨¢ÊÐ¨Ì · ¤¨μ´Ê±²¨¤μ¢, ¡¨μË¨§¨Î¥¸±¨Ì ¨¸¸²¥¤μ¢ ´¨° ¨ · §· ¡μÉ±¨
¨ ¨¸¸²¥¤μ¢ ´¨Ö (± ²¨¡·μ¢±¨) ¤¥É¥±Éμ·μ¢ ¤²Ö ±μ¸³¨Î¥¸±¨Ì ¶·¨³¥´¥´¨°. ‹¥-
Î¥´¨¥ ³¥² ´μ³Ò £² § , μ¸ÊÐ¥¸É¢²Ö¢Ï¥¥¸Ö ¢ É¥Î¥´¨¥ 18 ²¥É, ¶·¥±· Ð¥´μ ¢
±μ´Í¥ 2003 £.

–¨±²μÉ·μ´ �Œ-18 · ¡μÉ ² ´¥¶·¥·Ò¢´μ, ¶·μ¨§¢μ¤Ö ±μ·μÉ±μ¦¨¢ÊÐ¨¥ �…’-
· ¤¨μ´Ê±²¨¤Ò. ‚ ¸¢Ö§¨ ¸ ÉÖ¦¥²μ¨μ´´μ° É¥· ¶¨¥° ´  ³¥¤¨Í¨´¸±μ³ Ê¸±μ·¨É¥²¥
ÉÖ¦¥²ÒÌ ¨μ´μ¢ HEIŒAC [71] ¢ —¨¡¥ ¶·μ¨§¢μ¤¨¢Ï¨¥¸Ö · ¤¨μ¨§μÉμ¶Ò, É ±¨¥
± ± 11‘, 15O, 18F, ¨¸¶μ²Ó§μ¢ ²¨¸Ó, £² ¢´Ò³ μ¡· §μ³, ¢ ´¥°·μ¶¸¨ÌμË ·³ ±μ²μ-
£¨¨ ¨ ¤¨ £´μ¸É¨±¥ · ± . 11‘ ¨ 18F ·¥£Ê²Ö·´μ ¶·μ¨§¢μ¤¨²¨¸Ó ¤²Ö ¨¸¸²¥¤μ¢ ´¨Ö
ÔËË¥±É¨¢´μ¸É¨ É¥· ¶¨¨ · ±  ´  HEIŒAC. Œ¥Î¥´´Ò¥ Ê£²¥·μ¤μ³ 11‘ Ë ·-
³ Í¥¢É¨Î¥¸±¨¥ ¶·¥¶ · ÉÒ ¶·μ¨§¢μ¤¨²¨¸Ó ¨ ¨¸¶μ²Ó§μ¢ ²¨¸Ó ¤²Ö ¤¨ £´μ¸É¨±¨
Ï¨§μË·¥´¨¨, ¤¥¶·¥¸¸¨°, ¡μ²¥§´¨ �²ÓÍ£¥°³¥· . „²Ö ¨§³¥·¥´¨Ö ¸¶¥±É·  ´¥°-
É·μ´μ¢ μÉ ´¥¸±μ²Ó±¨Ì ¤μ 100 ŒÔ‚ ´  ¶μ²¥É´ÒÌ ¢Ò¸μÉ Ì ¤²Ö § Ð¨ÉÒ Ô±¨¶ ¦¥°
¡Ò² · §· ¡μÉ ´ ¸¶¥Í¨ ²Ó´Ò° phoswich ´¥°É·μ´´Ò° ¤¥É¥±Éμ·, ¶μ§¢μ²ÖÕÐ¨°
μÉ²¨Î ÉÓ ¶·μÉμ´Ò ¨  ²ÓË -Î ¸É¨ÍÒ μÉ ´¥°É·μ´μ¢ ¶μ Ëμ·³¥ ¨³¶Ê²Ó¸ . „¥É¥±-
Éμ·Ò ± ²¨¡·μ¢ ²¨¸Ó 70-ŒÔ‚ ¶·μÉμ´ ³¨ μÉ NIRS-930.
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5. –¨±²μÉ·μ´Ò TR30/15 ¨ TR13 Ë¨·³Ò ®EBCO Industries Ltd, Richmond,
B.C.¯ (Š ´ ¤ ) [72, 73]. � ¸Ï¨·ÖÕÐ¨°¸Ö ·Ò´μ± · ¤¨μ¨§μÉμ¶μ¢ ´Ê¦¤ ¥É¸Ö
¢ ´μ¢μ³ ¶μ±μ²¥´¨¨ Í¨±²μÉ·μ´μ¢, · §· ¡μÉ ´´ÒÌ ¸¶¥Í¨ ²Ó´μ ¤²Ö ÔÉμ° Í¥²¨.
TRIUMF ¢ ±μμ¶¥· Í¨¨ ¸ ±μ³¶ ´¨¥° EBCO · §· ¡ ÉÒ¢ ¥É ¨ ¸μμ·Ê¦ ¥É É -
±μ° Í¨±²μÉ·μ´. �Éμ Î¥ÉÒ·¥Ì¸¥±Éμ·´Ò° �−-Í¨±²μÉ·μ´ ¸ multiCUSP-¨μ´´Ò³
¨¸ÉμÎ´¨±μ³ ´  5 ³� (¶·¨ Ô´¥·£¨¨ 25 ±Ô‚), Ê¸±μ·ÖÕÐ¨° �−-¨μ´Ò ¤μ Ô´¥·-
£¨¨ 30 ŒÔ‚. ‚Ò¢μ¤ ¶ÊÎ±  ¶·μÉμ´μ¢ §  ¸Î¥É ¶¥·¥§ ·Ö¤±¨ ´  Ê£²¥·μ¤´μ°
Ëμ²Ó£¥ Éμ²Ð¨´μ° 200 ³±£/¸³2 μ¡¥¸¶¥Î¨¢ ¥É ¤¢  ¢Ò¸μ±μ¨´É¥´¸¨¢´ÒÌ ¶ÊÎ± 
¸ ·¥£Ê²¨·Ê¥³μ° Ô´¥·£¨¥° μÉ 15 ¤μ 30 ŒÔ‚ ¸ ¨´É¥´¸¨¢´μ¸ÉÓÕ ± ¦¤μ£μ ¶ÊÎ± 
¤μ 200 ³±�.

„¨ ³¥É· ¶μ²Õ¸μ¢ ³ £´¨É  Í¨±²μÉ·μ´  TR30 ∼ 160 ¸³. Œ £´¨É´μ¥ ¶μ²¥
¢ Ìμ²³¥ 1,9 ’², ¢ ¤μ²¨´¥ Å 0,58 ’². „¢  Ê¸±μ·ÖÕÐ¨Ì ¤Ê ´É  · ¸¶μ²μ¦¥´Ò
¢ ¶·μÉ¨¢μ¶μ²μ¦´ÒÌ ¤μ²¨´ Ì. ‚ Î¥ÉÒ·¥Ì ¢¥·É¨± ²Ó´ÒÌ μÉ¢¥·¸É¨ÖÌ ¢ Ö·³¥
· ¸¶μ² £ ÕÉ¸Ö Î¥É¢¥·ÉÓ¢μ²´μ¢Ò¥ ±μ ±¸¨ ²Ó´Ò¥ ²¨´¨¨ ¤²Ö ´ ¸É·μ°±¨ ¤Ê ´-
Éμ¢ ´  ·¥§μ´ ´¸´ÊÕ Î ¸ÉμÉÊ 74 ŒƒÍ (4-Ö £ ·³μ´¨± ). � ¶·Ö¦¥´¨¥ ´  ¤Ê-
 ´É Ì 50 ±‚. �¤¨´ ¨§ É ±¨Ì Í¨±²μÉ·μ´μ¢ Ê¸É ´μ¢²¥´ ¢ 1993 £. ¢ ˆ´¸É¨-
ÉÊÉ¥ Ö¤¥·´μ-Ô´¥·£¥É¨Î¥¸±¨Ì ¨¸¸²¥¤μ¢ ´¨° (INER, ’ °¢ ´Ó) ¨ ¨¸¶μ²Ó§Ê¥É¸Ö
¤²Ö ¶·μ¨§¢μ¤¸É¢  ¨ ¸´ ¡¦¥´¨Ö £μ¸¶¨É ²¥° ’ °¢ ´Ö · ¤¨μ¨§μÉμ¶ ³¨, É ±¨³¨
± ± É ²²¨°-201, £ ²²¨°-67 ¨ ËÉμ·-18.

–¨±²μÉ·μ´ TR13 ¤²Ö ¶·μ¨§¢μ¤¸É¢  �…’-¨§μÉμ¶μ¢ · ¡μÉ ¥É ¢ ‹ ¡μ· Éμ·¨¨
TRIUMF ¸ 1989 £. “¸±μ·Ö¥É �−-¨μ´Ò ¤μ Ô´¥·£¨¨ 13 ŒÔ‚ ¸ ¨´É¥´¸¨¢´μ¸ÉÓÕ
100 ³±�. �·μÉμ´´Ò° ¶ÊÎμ± ¢Ò¢μ¤¨É¸Ö ¢ ¤¢ÊÌ ´ ¶· ¢²¥´¨ÖÌ ¸ ¶μ³μÐÓÕ ¶¥-
·¥§ ·Ö¤´ÒÌ Ëμ²Ó£ ¸ ÔËË¥±É¨¢´μ¸ÉÓÕ 99%.

6. –¨±²μÉ·μ´ –ˆ’�…Š ¤²Ö ¶·μ¨§¢μ¤¸É¢  ³¥³¡· ´ [74]. –¨±²μÉ·μ´
· §· ¡μÉ ´ ¨ ¨§£μÉμ¢²¥´ ‹ ¡μ· Éμ·¨¥° Ö¤¥·´ÒÌ ¶·μ¡²¥³ �ˆŸˆ ¤²Ö Ë¨·³Ò
®Trackpore Technolodgy¯ ¢ 2001Ä2002 ££. �·¥¤´ §´ Î¥´ ¤²Ö μ¡²ÊÎ¥´¨Ö ¨μ-
´ ³¨ 84Kr17+ ¨²¨ 40Ar8+ ¸ Ô´¥·£¨¥° 2,4 ŒÔ‚/� ¶μ²¨³¥·´μ° ¶²¥´±¨, ±μÉμ· Ö
§ É¥³ ¨¸¶μ²Ó§Ê¥É¸Ö ¤²Ö ¶·μ¨§¢μ¤¸É¢  Ë¨²ÓÉ·μ¢, ¶·¨³¥´Ö¥³ÒÌ ¢ ³¥¤¨Í¨´¥ ¨
¶·μ³ÒÏ²¥´´μ¸É¨. ‚  ¢£Ê¸É¥ 2002 £. ¨§ Í¨±²μÉ·μ´  ¡Ò² ¢Ò¢¥¤¥´ 200-´� ¶ÊÎμ±
¨μ´μ¢  ·£μ´  ¸ ÔËË¥±É¨¢´μ¸ÉÓÕ 50 %.

–ˆ’�…Š Å Î¥ÉÒ·¥Ì¸¥±Éμ·´Ò° ±μ³¶ ±É´Ò° Í¨±²μÉ·μ´ (·¨¸. 9) ¸ ¢´¥Ï-
´¥°  ±¸¨ ²Ó´μ° ¨´¦¥±Í¨¥° μÉ ECR-¨¸ÉμÎ´¨±  ¶·μ¨§¢μ¤¸É¢  �ˆˆ�”�. „¨ -
³¥É· ¶μ²Õ¸μ¢ ³ £´¨É  160 ¸³, ¸·¥¤´¥¥ ¶μ²¥ 1,48 ’², ¢¥¸ ³ £´¨É  83 É, ¶μ-
É·¥¡²Ö¥³ Ö ³μÐ´μ¸ÉÓ 25 ±‚É. „²Ö Ê¸±μ·¥´¨Ö ¨¸¶μ²Ó§ÊÕÉ¸Ö ¤¢  45 ◦ ¤Ê ´É 
¸ ´ ¶·Ö¦¥´¨¥³ 50 ±‚, ´ ¸É· ¨¢ ¥³ÒÌ ´  ·¥§μ´ ´¸´ÊÕ Î ¸ÉμÉÊ 18,26 ŒƒÍ
(4-Ö £ ·³μ´¨± ) Î¥É¢¥·ÉÓ¢μ²´μ¢Ò³¨ ±μ ±¸¨ ²Ó´Ò³¨ ²¨´¨Ö³¨. ‘Ê³³ ·´ Ö ¶μ-
É·¥¡²Ö¥³ Ö ¢Ò¸μ±μÎ ¸ÉμÉ´ Ö ³μÐ´μ¸ÉÓ · ¢´  17 ±‚É.

‚Ò¢μ¤ ¶ÊÎ±  μ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¤¢Ê³Ö Ô²¥±É·μ¸É É¨Î¥¸±¨³¨ ¤¥Ë²¥±Éμ· ³¨ ¨
¶ ¸¸¨¢´Ò³ ³ £´¨É´Ò³ ± ´ ²μ³. Š ´ ² É· ´¸¶μ·É¨·μ¢±¨ ¢Ò¢¥¤¥´´μ£μ ¶ÊÎ± 
± μ¡²ÊÎ É¥²Ó´μ° Ê¸É ´μ¢±¥ ¢±²ÕÎ ¥É ¢ ¸¥¡Ö ¸± ´¨·ÊÕÐ¨° ³ £´¨É, ¶¥·¥³¥-
Ð ÕÐ¨° ¶ÊÎμ± ¶μ¶¥·¥± ¤¢¨¦ÊÐ¥°¸Ö ¸μ ¸±μ·μ¸ÉÓÕ 0Ä80 c³/¸ ¶μ²¨³¥·´μ°
¶²¥´±¨.
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�¨¸. 9. �² ´ Í¨±²μÉ·μ´  –ˆ’�…Š: ESD1, ESD2 Å Ô²¥±É·μ¸É É¨Î¥¸±¨¥ ¤¥Ë²¥±Éμ·Ò;
FD Å Ëμ±Ê¸¨·ÊÕÐ¨° ± ´ ²; D1, D2 Å ¤Ê ´ÉÒ; SM Å μÉ±²μ´ÖÕÐ¨° ³ £´¨É

�¨¸. 10. –¨±²μÉ·μ´ �CCEL

7. ‘¢¥·Ì¶·μ¢μ¤ÖÐ¨° 250-ŒÔ‚ ³¥-
¤¨Í¨´¸±¨° Í¨±²μÉ·μ´ ACCEL [75].
‘¢¥·Ì¶·μ¢μ¤ÖÐ¨° Í¨±²μÉ·μ´ ¤²Ö ¶·μ-
Éμ´´μ° É¥· ¶¨¨ · §· ¡ ÉÒ¢ ²¸Ö ¸
2001 £. Ë¨·³μ° ACCEL ¢ ¸μÉ·Ê¤´¨-
Î¥¸É¢¥ ¸ NSCL MSU. ‚ ¶μ¸²¥¤´¨¥
£μ¤Ò ¤¢  É ±¨Ì Í¨±²μÉ·μ´  ¡Ò²¨ ¨§£μ-
Éμ¢²¥´Ò ¨ Ê¸É ´μ¢²¥´Ò Ê § ± §Î¨±μ¢.
�¤¨´ ¨§ ´¨Ì (·¨¸. 10) Ê¸É ´μ¢²¥´ ¢¥¸-
´μ° 2004 £. ¢ ² ¡μ· Éμ·¨¨ ¨´¸É¨ÉÊÉ 
PSI (‚¨²²¨£¥´, ˜¢¥°Í ·¨Ö) ¢ · ³± Ì
¶·μ¥±É  PROSCAN. ‚Éμ·μ° Å ¢ Í¥´-
É·¥ ¶·μÉμ´´μ° É¥· ¶¨¨ (RPTC) ¢ ŒÕ´-
Ì¥´¥ (ƒ¥·³ ´¨Ö).

�¸´μ¢´Ò¥ ¶ · ³¥É·Ò Í¨±²μÉ·μ´ :
¨§μÌ·μ´´Ò° ±μ³¶ ±É´Ò° ¸¢¥·Ì¶·μ¢μ-
¤ÖÐ¨° Î¥ÉÒ·¥Ì¸¥±Éμ·´Ò°, μ¡Ð¨° ¢¥¸
90 É, ´ ·Ê¦´Ò° ¤¨ ³¥É· 3,1 ³, Ô´¥·£¨Ö
250 ŒÔ‚, ¨´É¥´¸¨¢´μ¸ÉÓ ¢Ò¢¥¤¥´´μ£μ
¶ÊÎ±  500 ´A, ³ £´¨É´μ¥ ¶μ²¥ ¢ Í¥´É·¥
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2,4 ’², ³μÐ´μ¸ÉÓ ±·¨μ£¥´¥· Éμ·μ¢ 40 ±‚É, Î ¸ÉμÉ  Ê¸±μ·ÖÕÐ¥£μ ´ ¶·Ö¦¥´¨Ö
72,8 ŒƒÍ (2-Ö £ ·³μ´¨± ), Î¨¸²μ ¤Ê ´Éμ¢ Å 4, ¶μÉ·¥¡²Ö¥³ Ö ‚—-³μÐ´μ¸ÉÓ
100 ±‚É, ¢´ÊÉ·¥´´¨° ¨¸ÉμÎ´¨± ¶·μÉμ´μ¢ ¸ Ìμ²μ¤´Ò³ ± Éμ¤μ³; ¸¨¸É¥³  ¢Ò¢μ¤ 
¸μ¸Éμ¨É ¨§ ¤¢ÊÌ Ô²¥±É·μ¸É É¨Î¥¸±¨Ì ¤¥Ë²¥±Éμ·μ¢ ¨ ´¥¸±μ²Ó±¨Ì ³ £´¨É´ÒÌ
Ô²¥³¥´Éμ¢.

„²Ö μÌ² ¦¤¥´¨Ö Ê¸É ´μ¢²¥´´μ£μ ¢ PSI Í¨±²μÉ·μ´  ¶μÉ·¥¡μ¢ ²μ¸Ó μ±μ²μ
μ¤´μ° ´¥¤¥²¨, 1400 ² ¦¨¤±μ£μ  §μÉ  ¤²Ö ¤μ¸É¨¦¥´¨Ö É¥³¶¥· ÉÊ·Ò ¦¨¤±μ£μ
 §μÉ  ¨ 1000 ² ¦¨¤±μ£μ £¥²¨Ö ¤²Ö ¤μ¸É¨¦¥´¨Ö É¥³¶¥· ÉÊ·Ò ¦¨¤±μ£μ £¥²¨Ö.

8. –¨±²μÉ·μ´ JAERY (’ ± ¸ ±¨, Ÿ¶μ´¨Ö) ¤²Ö ¶·μ¨§¢μ¤¸É¢  ³¨±·μ¶ÊÎ±μ¢
ÉÖ¦¥²ÒÌ ¨μ´μ¢ [76]. ’Ö¦¥²μ¨μ´´Ò¥ ¶ÊÎ±¨ ¸ Ô´¥·£¨¥° ¢ ¸μÉ´¨ ŒÔ‚ Ö¢²ÖÕÉ¸Ö
¶·¥¢μ¸Ìμ¤´Ò³ ¨´¸É·Ê³¥´Éμ³ ¢ ¡¨μÉ¥Ì´μ²μ£¨¨. �´¨ μ¡² ¤ ÕÉ ¢Ò¸μ±μ° ²¨´¥°-
´μ° ¶¥·¥¤ Î¥° Ô´¥·£¨¨ ¢¤μ²Ó ¨μ´´μ£μ É·¥±  ¢ ¨§ÊÎ ¥³μ³ ¢¥Ð¥¸É¢¥. �·μÌμ¤Ö
Î¥·¥§ ±²¥É±Ê, ÉÖ¦¥²Ò° ¨μ´ ¢Ò§Ò¢ ¥É ¸¨²Ó´Ò¥ ¶μ¢·¥¦¤¥´¨Ö „�Š, § ±²ÕÎ¥´-
´μ° ¢ Ö¤·¥ ±²¥É±¨, É ±¨³ μ¡· §μ³ ³μ¦´μ ¨¸¸²¥¤μ¢ ÉÓ μÉ±²¨± ±²¥É±¨ ´  μ¡²Ê-
Î¥´¨¥. „²Ö ÔÉ¨Ì Í¥²¥° ´Ê¦¥´ ÉÖ¦¥²μ¨μ´´Ò° ¶ÊÎμ± ¤¨ ³¥É·μ³ ³¥´ÓÏ¥ 1 ³±³
¸ Ô´¥·£¥É¨Î¥¸±¨³ · §¡·μ¸μ³ 2 · 10−4.

AVF-Í¨±²μÉ·μ´ JAERY Å ±μ³¶ ±É´Ò° Î¥ÉÒ·¥Ì¸¥±Éμ·´Ò° Í¨±²μÉ·μ´,
Ê¸±μ·ÖÕÐ¨° ¨μ´Ò μÉ £¥²¨Ö-4 ¤μ §μ²μÉ -197 ¸ Ô´¥·£¨Ö³¨ 2,5Ä18 ŒÔ‚/�.

—Éμ¡Ò ¤μ¢¥¸É¨ ± Î¥¸É¢μ ¶ÊÎ±μ¢ ¤μ É·¥¡Ê¥³ÒÌ §´ Î¥´¨°, μ¸ÊÐ¥¸É¢²Ö¥É¸Ö
¶·μ£· ³³  ³μ¤¥·´¨§ Í¨¨ ¸¨¸É¥³ Ê¸±μ·¨É¥²Ö. „²Ö Ê³¥´ÓÏ¥´¨Ö Ô´¥·£¥É¨Î¥-
¸±μ£μ · §¡·μ¸  ¢ Ê¸±μ·ÖÕÐÊÕ ¸¨¸É¥³Ê ¢¢¥¤¥´ , ´ ·Ö¤Ê ¸ μ¸´μ¢´μ°, ¶ÖÉ Ö
£ ·³μ´¨±  Ê¸±μ·ÖÕÐ¥£μ ´ ¶·Ö¦¥´¨Ö. �·¨ ÔÉμ³ ¢ ®ÔËË¥±É¨¢´μ³¯ Ê¸±μ·ÖÕ-
Ð¥³ ´ ¶·Ö¦¥´¨¨ μ¡· §Ê¥É¸Ö ¶²μ¸± Ö ¢¥·Ï¨´ , μ¡¥¸¶¥Î¨¢ ÕÐ Ö ¶μ¸ÉμÖ´´Ò°
(¸ ÉμÎ´μ¸ÉÓÕ 2 · 10−4) ´ ¡μ· Ô´¥·£¨¨ Î ¸É¨Í ³¨ ¸£Ê¸É±  ¸ Ë §μ¢μ° ¶·μÉÖ¦¥´-
´μ¸ÉÓÕ 10 ◦.

—Éμ¡Ò ¨¸±²ÕÎ¨ÉÓ ¸±μ²Ó¦¥´¨¥ Ë §Ò ¸£Ê¸É±  ¢ ¶·μÍ¥¸¸¥ Ê¸±μ·¥´¨Ö, Ë²Ê±-
ÉÊ Í¨¨ ³ £´¨É´μ£μ ¶μ²Ö ¢μ ¢·¥³¥´¨ ´¥ ¤μ²¦´Ò ¶·¥¢ÒÏ ÉÓ 2 ·10−5. �Éμ ¡Ò²μ
¤μ¸É¨£´ÊÉμ ¸É ¡¨²¨§ Í¨¥° É¥³¶¥· ÉÊ·Ò Ö·³  ³ £´¨É . 	Ò²  É ±¦¥ ³μ¤¥·´¨-
§¨·μ¢ ´  Í¥´É· ²Ó´ Ö μ¡² ¸ÉÓ Ê¸±μ·¨É¥²Ö É ±¨³ μ¡· §μ³, ÎÉμ¡Ò Ë §Ò § Ì¢ -
ÉÒ¢ ¥³ÒÌ ¢ Ê¸±μ·¥´¨¥ ¨μ´μ¢ ´¥ ¢ÒÌμ¤¨²¨ §  ¶·¥¤¥²Ò 8-£· ¤Ê¸´μ° ¶²μ¸±μ°
¢¥·Ï¨´Ò Ê¸±μ·ÖÕÐ¥£μ ´ ¶·Ö¦¥´¨Ö. ‡  ¸Î¥É ÔÉ¨Ì ³¥· Ê¢¥²¨Î¨²μ¸Ó · ¸¸ÉμÖ-
´¨¥ ³¥¦¤Ê μ·¡¨É ³¨ ¢ §μ´¥ ¢Ò¢μ¤ , É ± ÎÉμ ¸É ² ¢μ§³μ¦´Ò³ μ¤´μμ¡μ·μÉ´Ò°
¢Ò¢μ¤ Ê¸±μ·¥´´ÒÌ Î ¸É¨Í, ÎÉμ Ö¢²Ö¥É¸Ö ´¥¶·¥³¥´´Ò³ Ê¸²μ¢¨¥³ ¤μ¸É¨¦¥´¨Ö
É·¥¡Ê¥³μ£μ Ô´¥·£¥É¨Î¥¸±μ£μ · §¡·μ¸  2·10−4. ’¥¸Éμ¢Ò¥ ¨¸¶ÒÉ ´¨Ö ¸ 260-ŒÔ‚
¶ÊÎ±μ³ 20Ne7+ ¶μ± § ²¨, ÎÉμ ¤¨ ³¥É· ¶ÊÎ±  ¸μ¸É ¢²Ö¥É 10Ä30 ³±³. � ¡μÉÒ
¶μ Ê³¥´ÓÏ¥´¨Õ ¤¨ ³¥É·  ¶ÊÎ±  ¶·μ¤μ²¦ ÕÉ¸Ö.

‡�Š‹�—…�ˆ…

78 ²¥É Éμ³Ê ´ § ¤ (1930 £.) ¡Ò² ¨§μ¡·¥É¥´ ±² ¸¸¨Î¥¸±¨° (conventional)
Í¨±²μÉ·μ´. 	μ²¥¥ 70 ²¥É ´ § ¤ (1937 £.) ¡Ò² ¶μ¸É·μ¥´ ±² ¸¸¨Î¥¸±¨°
(37-¤Õ°³μ¢Ò°) Í¨±²μÉ·μ´, ±μÉμ·Ò° ¸É ² Ê¤μ¡´Ò³, ´ ¤¥¦´Ò³, Ê´¨¢¥·¸ ²Ó-



1882 ��ˆ™…�Š� ‹.Œ.

´Ò³ ¶μ¸É ¢Ð¨±μ³ ¸´ ·Ö¤μ¢, ¶μ§¢μ²ÖÕÐ¨Ì ´¥ Éμ²Ó±μ ¨§ÊÎ ÉÓ ¸É·μ¥´¨¥ Ö¤· ,
´μ ¨ ¶·¥¢· Ð ÉÓ μ¤´¨ Ì¨³¨Î¥¸±¨¥ Ô²¥³¥´ÉÒ ¢ ¤·Ê£¨¥. �´ ¡Ò² ¶·μ¸ÉÒ³ ¨
¤¥Ï¥¢Ò³ ¨, £² ¢´μ¥, Ê¶· ¢²Ö¥³Ò³ ¨´¸É·Ê³¥´Éμ³, μÉ¢¥É¨¢Ï¨³ ´  ¶μÉ·¥¡´μ¸ÉÓ
·μ¤¨¢Ï¥°¸Ö ´ Ê±¨ Å Ö¤¥·´μ° Ë¨§¨±¨. ‘ ¥£μ ¶μ³μÐÓÕ ³μ¦´μ ¡Ò²μ Ê¸±μ·ÖÉÓ
· §´Ò¥ (¶· ¢¤ , Éμ²Ó±μ ²¥£±¨¥) ¸´ ·Ö¤Ò Å ¶·μÉμ´Ò, ¤¥°É·μ´Ò ¨ α-Î ¸É¨ÍÒ Å
¤μ · §´ÒÌ Ô´¥·£¨° ¢ ´¥μ¡Ìμ¤¨³μ³ ±μ²¨Î¥¸É¢¥ (¤μ 1015 ¸−1).

…Ð¥ Î¥·¥§ ¤¥¸ÖÉÓ ²¥É, ¢ 1947 £. ¡Ò² ¸μ§¤ ´ ¸¨´Ì·μÍ¨±²μÉ·μ´, Ê¢¥²¨Î¨¢-
Ï¨° Ô´¥·£¨Õ ÔÉ¨Ì ¸´ ·Ö¤μ¢ ¤μ ¸μÉ¥´ ŒÔ‚,   ¥Ð¥ Î¥·¥§ ´¥¸±μ²Ó±μ ²¥É Å
¸¨´Ì·μÉ·μ´ (Ô´¥·£¨Ö 3Ä10 ƒÔ‚). �É¨ Ê¸±μ·¨É¥²¨ Å ¸¢μ¥£μ ·μ¤  ³¨±·μ¸±μ¶,
¶μ§¢μ²ÖÕÐ¨° · §£²Ö¤¥ÉÓ Ê¸É·μ°¸É¢μ ¨ ¸¢μ°¸É¢  Î ¸É¨Í, ¨§ ±μÉμ·ÒÌ ¸μ¸Éμ¨É
Ö¤·μ (´Ê±²μ´μ¢), ¨ ¤·Ê£¨Ì, ±μÉμ·Ò¥ Ê¤¥·¦¨¢ ÕÉ ´Ê±²μ´Ò ¢ Ö¤·¥. ’ ± ¶μÖ¢¨-
²¨¸Ó ´  ¸¢¥É ¤¥É¨ (¸¨´Ì·μÍ¨±²μÉ·μ´Ò) ¨ ¢´Ê±¨ (¸¨´Ì·μÉ·μ´Ò) Í¨±²μÉ·μ´ .

‘ ³ Í¨±²μÉ·μ´ Éμ¦¥ ´¥ ¸ÉμÖ² ´  ³¥¸É¥, ¶·μ¤μ²¦ Ö ¸μ¢¥·Ï¥´¸É¢μ¢ ÉÓ¸Ö
¨ · ¸Ï¨·ÖÉÓ ¸¢μ¨ ¢μ§³μ¦´μ¸É¨. ‘´ Î ²  μ´ ¶·¥μ¤μ²¥² ¶·¨¸ÊÐ¥¥ ¥³Ê μ£· -
´¨Î¥´¨¥ Ô´¥·£¨¨ ¨§-§  ·¥²ÖÉ¨¢¨¸É¸±μ£μ ·μ¸É  ³ ¸¸Ò Ê¸±μ·Ö¥³μ° Î ¸É¨ÍÒ. ‚
1958 £. ¶μÖ¢¨²¸Ö (¢ „¥²ËÉ¥, �¨¤¥·² ´¤Ò) ¶¥·¢Ò° Í¨±²μÉ·μ´ ¸  §¨³ÊÉ ²Ó-
´μ° ¢ ·¨ Í¨¥°,   ¢ 1959 £. (¢ „Ê¡´¥, ‘‘‘�) Å ¶¥·¢Ò° Í¨±²μÉ·μ´ ¸ ¶·μ-
¸É· ´¸É¢¥´´μ° ¢ ·¨ Í¨¥° (¸¶¨· ²Ó´μ°) ³ £´¨É´μ£μ ¶μ²Ö Å ¨§μÌ·μ´´Ò¥ Í¨-
±²μÉ·μ´Ò, Ô´¥·£¨Ö ±μÉμ·ÒÌ ´¥ μ£· ´¨Î¨¢ ¥É¸Ö ·¥²ÖÉ¨¢¨¸É¸±¨³ ¢μ§· ¸É ´¨¥³
³ ¸¸Ò. ‡ É¥³, ¢ ´ Î ²¥ 1960-Ì ££. Í¨±²μÉ·μ´ ´ Î ² Ê¢¥²¨Î¨¢ ÉÓ  ¸¸μ·É¨³¥´É
Ê¸±μ·Ö¥³ÒÌ ¸´ ·Ö¤μ¢, Ê¸±μ·ÖÖ ¢¸¥ ¡μ²¥¥ ¨ ¡μ²¥¥ ÉÖ¦¥²Ò¥ ¨μ´Ò. �¥·¢Ò¥ ¸¶¥-
Í¨ ²¨§¨·μ¢ ´´Ò¥ Ê¸±μ·¨É¥²¨ ÉÖ¦¥²ÒÌ ¨μ´μ¢ ¶μÖ¢¨²¨¸Ó ¢ ´ Î ²¥ 1960-Ì ££.
Š ±μ´ÍÊ 2000 £. ¸É ²μ ¢μ§³μ¦´Ò³ Ê¸±μ·ÖÉÓ ¨μ´Ò ¢¸¥Ì ¸ÊÐ¥¸É¢ÊÕÐ¨Ì Ô²¥-
³¥´Éμ¢ ¢¶²μÉÓ ¤μ Ê· ´ . Š ± Ô´¥·£¨Ö, É ± ¨ ¨´É¥´¸¨¢´μ¸ÉÓ Ê¸±μ·Ö¥³ÒÌ ¨μ´μ¢
¶μ¸ÉμÖ´´μ Ê¢¥²¨Î¨¢ ÕÉ¸Ö. ƒ² ¢´Ò¥ ¸·¥¤¸É¢  ´  ÔÉμ³ ¶ÊÉ¨:

1) Í¨±²μÉ·μ´´Ò¥ ±μ³¶²¥±¸Ò (± ¸± ¤Ò), ±μ²¨Î¥¸É¢μ Í¨±²μÉ·μ´μ¢ ¢ ± ¸-
± ¤¥ ¶μ¸ÉμÖ´´μ Ê¢¥²¨Î¨¢ ¥É¸Ö;

2) ¸¢¥·Ì¶·μ¢μ¤ÖÐ¨¥ ³ £´¨ÉÒ;
3) ECR-¨¸ÉμÎ´¨±¨ ³´μ£μ§ ·Ö¤´ÒÌ ¨μ´μ¢.
Š ¸± ¤´ Ö ¸Ì¥³  Ê¸±μ·¥´¨Ö ÉÖ¦¥²ÒÌ ¨μ´μ¢ ¶μ§¢μ²¨²  ¤μ¢¥¸É¨ Ô´¥·£¨Õ

Ê¸±μ·¥´´ÒÌ ¨μ´μ¢ Ê· ´ -238 ¤μ 350 ŒÔ‚/´Ê±². Š ± ¨ ¢ ´ Î ²¥ ¶ÊÉ¨, §  ¶μ-
¢ÒÏ¥´¨¥ Ô´¥·£¨¨ ¶·¨Ìμ¤¨É¸Ö · ¸¶² Î¨¢ ÉÓ¸Ö Ê³¥´ÓÏ¥´¨¥³ ¨´É¥´¸¨¢´μ¸É¨.
�¸´μ¢´μ° ¶·μ¡²¥³μ° §¤¥¸Ó Ö¢²Ö¥É¸Ö ¶¥·¥Ìμ¤ ¨§ ¸ÉÊ¶¥´¨ ¢ ¸ÉÊ¶¥´Ó, É. ¥. ÔËË¥±-
É¨¢´μ¸ÉÓ ¢Ò¢μ¤  ¶ÊÎ±  ¨§ ¶·¥¤Ò¤ÊÐ¥° ¸ÉÊ¶¥´¨ ¨ ÔËË¥±É¨¢´μ¸ÉÓ ¨´¦¥±Í¨¨ ¢
¸²¥¤ÊÕÐÊÕ ¸ÉÊ¶¥´Ó.

�μ¸²¥¤´¨° (¢¢¥¤¥´´Ò° ¢ ¤¥°¸É¢¨¥ ¢ 2006 £.) Í¨±²μÉ·μ´´Ò° ±μ³¶²¥±¸
RIBF (RIKEN, Ÿ¶μ´¨Ö) ¸μ¸Éμ¨É ¨§ Ï¥¸É¨ ¸ÉÊ¶¥´¥°. ‘Ê³³ ·´ Ö ÔËË¥±É¨¢-
´μ¸ÉÓ ¶μ±  ´¥ ¶·¥¢ÒÏ ¥É 1 %, ¥¸ÉÓ ´ ¤ Î¥³ · ¡μÉ ÉÓ ¨ ÎÉμ ¨§μ¡·¥É ÉÓ.

� ¸Ï¨·Ö¥É¸Ö μ¡² ¸ÉÓ ¶·¨³¥´¥´¨Ö Í¨±²μÉ·μ´μ¢. �μ¦¤¥´´Ò¥ ± ± ¨´¸É·Ê-
³¥´ÉÒ Ö¤¥·´μ° Ë¨§¨±¨, μ´¨ Ê¦¥ ´ Ï²¨ ¶·¨³¥´¥´¨¥ ¢ ³¥¤¨Í¨´¥ (± ± ¢ ¤¨ £´μ-
¸É¨±¥, É ± ¨ ¢ É¥· ¶¨¨), ¢ ³ É¥·¨ ²μ¢¥¤¥´¨¨. ˆ¸¸²¥¤ÊÕÉ¸Ö ¢μ§³μ¦´μ¸É¨ ¨¸-
¶μ²Ó§μ¢ ´¨Ö Í¨±²μÉ·μ´μ¢ ¢ ±μ¸³¨Î¥¸±¨Ì ¨¸¸²¥¤μ¢ ´¨ÖÌ, ¢ ¨§³¥´¥´¨¨ ¸É·Ê±-
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ÉÊ·Ò ³ É¥·¨ ²μ¢ (´ ´μÉ¥Ì´μ²μ£¨¨), ¢ £¥´¥É¨±¥, ¢ ±μ´É·μ²¥ §  ¶¥·¥³¥Ð¥´¨¥³
Ö¤¥·´ÒÌ ³ É¥·¨ ²μ¢ ¨ ¢§·Ò¢Î ÉÒÌ ¢¥Ð¥¸É¢.

�μ¢ Ö ¸É· ´¨Í  ¢ Ö¤¥·´μ° Ë¨§¨±¥ ³μ¦¥É ¡ÒÉÓ μÉ±·ÒÉ  Ê¸±μ·¥´¨¥³ ¢
Í¨±²μÉ·μ´ Ì ¶ÊÎ±μ¢ · ¤¨μ ±É¨¢´ÒÌ ¨μ´μ¢.

�μ²ÊÎ¥´¨¥ ´  ³¥§μ´´ÒÌ Ë ¡·¨± Ì ¶ÊÎ±μ¢ Ê¸±μ·¥´´ÒÌ ¶·μÉμ´μ¢ ³μÐ´μ-
¸ÉÓÕ ¢ 1 Œ‚É μÉ±·Ò¢ ¥É ¶μÉ¥´Í¨ ²Ó´ÊÕ ¢μ§³μ¦´μ¸ÉÓ ¨¸¶μ²Ó§μ¢ ´¨Ö ÔÉ¨Ì
¶ÊÎ±μ¢ ¤²Ö É· ´¸³ÊÉ Í¨¨ · ¤¨μ ±É¨¢´ÒÌ μÉÌμ¤μ¢ Ö¤¥·´ÒÌ ·¥ ±Éμ·μ¢ ¨ ¤²Ö
Ê¶· ¢²¥´¨Ö ¶μ¤±·¨É¨Î¥¸±¨³¨ Ö¤¥·´Ò³¨ ¸¡μ·± ³¨.

‚ 2010 £. ¢ ‹ ´ÓÎ¦μÊ ¢ Š¨É ¥ ¡Ê¤¥É ¶·μ¢¥¤¥´  19-Ö Œ¥¦¤Ê´ ·μ¤´ Ö ±μ´-
Ë¥·¥´Í¨Ö ¶μ Í¨±²μÉ·μ´ ³ ¨ ¨Ì ¶·¨³¥´¥´¨Ö³. …¸ÉÓ ´ ¤¥¦¤  Ê¸²ÒÏ ÉÓ ´  ´¥°
¸μμ¡Ð¥´¨Ö μ ´μ¢ÒÌ ¶·¨³¥´¥´¨ÖÌ Í¨±²μÉ·μ´μ¢ ¨ μ ´μ¢ÒÌ ®¢´Ê± Ì¯ ¸É ·ÒÌ
(´μ ¢¸¥ ¥Ð¥ ³μ²μ¤ÒÌ) Í¨±²μÉ·μ´μ¢.

‚ § ±²ÕÎ¥´¨¥  ¢Éμ· ¢Ò· ¦ ¥É ¸¢μÕ ¶·¨§´ É¥²Ó´μ¸ÉÓ ¨ ¡² £μ¤ ·´μ¸ÉÓ
ƒ. ƒ. Š § ±μ¢μ° §  ¶μ¤£μÉμ¢±Ê ·Ê±μ¶¨¸¨ ÔÉμ£μ μ¡§μ·  ¨ 	.�. ƒ¨± ²Ê §  ±·¨É¨-
Î¥¸±¨¥ § ³¥Î ´¨Ö, μ¸μ¡¥´´μ ¶μ ¶. 3.1 (7), ¢ ±μÉμ·μ³ μ¶¨¸ ´Ò Í¨±²μÉ·μ´Ò ‹Ÿ�.

�·¨²μ¦¥´¨¥ 1

Š��”…�…�–ˆˆ �� –ˆŠ‹�’����Œ

�μ³¥· Œ¥¸Éμ ƒμ¤ �·£ ´¨§ Éμ· —¨¸²μ ÊÎ ¸É´¨±μ¢
Šμ²¨Î¥¸É¢μ
Í¨±²μÉ·μ´μ¢

1 ˆ¸² ´¤¨Ö 1959 ORNL 85 14

2 ‹μ¸-�´¤¦¥²¥¸ 1962 UCLA 139 21

3 †¥´¥¢  1963 CERN 146 42

4 ƒ É²¨´¡Ê·£ 1966 ORNL 224 61

5 �±¸Ëμ·¤ 1969 AERE Harwell 202 72

6 ‚ ´±Ê¢¥· 1972 TRIUMF 195 70+17FM∗

7 –Õ·¨Ì 1975 SIN 231 74+14FM∗

8 	²Ê³¨´£Éμ´ 1978 IUCF 205 95+14FM∗

9 Š ´ 1981 GANIL 225+GANIL ¶¥·¸μ´. 106+11FM∗

10 ˆ¸É-‹ ´¸¨´£ 1984 MSU 222 111+11FM∗

11 ’μ±¨μ 1986 INS, RIKEN, RCNP 206 131+12FM∗

12 	¥·²¨´ 1989 HMI 213 131+9FM∗

13 ‚ ´±Ê¢¥· 1992 TRIUMF 241 199+7FM∗+4C/B

14 Š¥°¶É Ê´ 1995 NAC 204 202+5FM∗+4C/B

15 Š ´ 1998 GANIL 240 209+4FM∗

16 ˆ¸É-‹ ´¸¨´£ 2001 MSU 185 85+3FM∗

17 ’μ±¨μ 2004 RIKEN 210 91+3FM∗

18 ‘¨Í¨²¨Ö 2007 LNS 241 87+3FM∗
ÅÅÅÅÅÅÅÅÄ

∗FM Å ¸¨´Ì·μÍ¨±²μÉ·μ´Ò; ‘/‚ Å ±Ê²¥·Ò/¡Ê¸É¥·Ò.
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