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�¡Ñ¥¤¨´¥´´Ò° ¨´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨°, „Ê¡´ 

�·µ¥±É „�‹‘ˆ („Ê¡´¥´¸±¨° �‹¥±É·µ´´Ò° ‘ˆ´Ì·µÉ·µ´), · §· ¡ ÉÒ¢ ¥³Ò° ¢ �¡Ñ¥¤¨´¥´´µ³
¨´¸É¨ÉÊÉ¥ Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨°, ¡ §¨·Ê¥É¸Ö ´  Ê¸±µ·¨É¥²Ó´µ³ µ¡µ·Ê¤µ¢ ´¨¨ NIKHEF, �³¸É¥·¤ ³,
¶¥·¥¤ ´´µ³ ¢ �ˆŸˆ [1]. — ¸ÉÓÕ ÔÉµ£µ µ¡µ·Ê¤µ¢ ´¨Ö Ö¢²Ö¥É¸Ö ²¨´¥°´Ò° Ê¸±µ·¨É¥²Ó Ô²¥±É·µ´µ¢
²¨´ ±-800 ´  Ô´¥·£¨Õ 800 ŒÔ‚. ‚ ¤ ´´µ³ ¤µ±² ¤¥ ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ µ¶É¨³¨§ Í¨¨ Ì · ±É¥-
·¨¸É¨± ¸¨²Ó´µÉµÎ´µ£µ ¸Ê¡£ ·³µ´¨Î¥¸±µ£µ ¨´¦¥±Éµ·  ¤²Ö ²¨´ ±a-800. “¸É ´µ¢±  ÔÉµ£µ ¨´¦¥±Éµ· 
¸¤¥² ¥É ¢µ§³µ¦´Ò³ ¸µ§¤ ´¨¥ ±µ³¶²¥±¸  ² §¥·  ´  ¸¢µ¡µ¤´ÒÌ Ô²¥±É·µ´ Ì (‹‘�), ¶¥·¥±·Ò¢ ÕÐ¥£µ
¤¨ ¶ §µ´ ¸¶¥±É·  ¨§²ÊÎ¥´¨Ö µÉ ¨´Ë· ±· ¸´µ£µ ¤µ Ê²ÓÉ· Ë¨µ²¥Éµ¢µ£µ.

DELSY project (Dubna ELectron SYnchrotron) is under development at the Joint Institute for
Nuclear Research. It is based on the accelerator facility donated to JINR by NIKHEF, Amsterdam [1].
This facility includes a linear electron accelerator (linac-800) and the storage ring. It is planned to
upgrade accelerator linac-800 with a high current injector which will allow one to drive a complex of
free electron lasers covering the wavelength range from far infrared down to ultraviolet. This report
presents results of optimization of the high current subharmonic injector for linac-800.
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„²Ö ÔËË¥±É¨¢´µ° · ¡µÉÒ ‹‘� É·¥¡ÊÕÉ¸Ö Ô²¥±É·µ´´Ò¥ ¸£Ê¸É±¨ ¸ ¡µ²ÓÏ¨³ ¶¨±µ¢Ò³
Éµ±µ³, ³ ²Ò³ Ô³¨ÉÉ ´¸µ³ ¨ ³ ²Ò³ Ô´¥·£¥É¨Î¥¸±¨³ · §¡·µ¸µ³. ‘ÊÐ¥¸É¢Ê¥É ´¥¸±µ²Ó±µ
É¨¶µ¢ ¨´¦¥±Éµ·µ¢, ¶µ§¢µ²ÖÕÐ¨Ì Ëµ·³¨·µ¢ ÉÓ Ô²¥±É·µ´´Ò¥ ¸£Ê¸É±¨ ¸ É·¥¡Ê¥³Ò³¨ ¶ -
· ³¥É· ³¨. ˆ´¦¥±Éµ·Ò ´  ¡ §¥ ‚—-¶ÊÏ±¨ ¸ ËµÉµ± Éµ¤µ³ Ê¸¶¥Ï´µ ¶·µ¤¥³µ´¸É·¨·µ¢ ²¨
¢µ§³µ¦´µ¸ÉÓ ¶µ²ÊÎ¥´¨Ö ¸£Ê¸É±µ¢ ¸ ¶¨±µ¢Ò³ Éµ±µ³ ¤µ 100Ä200 �, ¢¥²¨Î¨´µ° ´µ·³ ²¨§µ-
¢ ´´µ£µ Ô³¨ÉÉ ´¸  ¤µ 1 π · ³³ · ³· ¤ ¨ Ô´¥·£¥É¨Î¥¸±¨³ · §¡·µ¸µ³ ´¥¸±µ²Ó±µ ±Ô‚ [2Ä4].
•µÉÖ É ±µ° ¨´¦¥±Éµ· ³µ¦¥É · ¸¸³ É·¨¢ ÉÓ¸Ö ± ± ¨¤¥ ²Ó´Ò°, µ´ Ö¢²Ö¥É¸Ö É¥Ì´¨Î¥¸±¨
¸²µ¦´Ò³ ¨ ¤µ·µ£µ¸ÉµÖÐ¨³ Ê¸É·µ°¸É¢µ³. �  ±µ³¶²¥±¸ Ì ‹‘� É ±¦¥ ¨¸¶µ²Ó§ÊÕÉ¸Ö ‚—-
¶ÊÏ±¨ ¸ É¥·³µ± Éµ¤µ³ ¨  ²ÓË -³ £´¨Éµ³ [5, 6], Ëµ·³¨·ÊÕÐ¨¥ ¶ÊÎ±¨ ¸ ¶¨±µ¢Ò³ Éµ±µ³
¢ ´¥¸±µ²Ó±µ ¤¥¸ÖÉ±µ¢  ³¶¥·, ´µ·³ ²¨§µ¢ ´´Ò³ Ô³¨ÉÉ ´¸µ³ ¤µ 7 π · ³³ · ³· ¤ ¨ ³ ²Ò³
Ô´¥·£¥É¨Î¥¸±¨³ · §¡·µ¸µ³. �¥¤µ¸É Éµ± É ±µ£µ ¨´¦¥±Éµ·  ¸µ¸Éµ¨É ¢ µ£· ´¨Î¥´´ÒÌ ¢µ§-
³µ¦´µ¸ÉÖÌ Ê¶· ¢²¥´¨Ö ¤²¨´µ° ¸£Ê¸É±  ¨ ¶¨±µ¢Ò³ Éµ±µ³. ‡´ Î¨É¥²Ó´µ¥ · ¸¶·µ¸É· ´¥´¨¥
´  ±µ³¶²¥±¸ Ì ‹‘� ¶µ²ÊÎ¨²¨ ¨´¦¥±Éµ·Ò ´  µ¸´µ¢¥ Ô²¥±É·µ´´µ° ¶ÊÏ±¨ ¸ É¥·³µ± Éµ¤µ³
¨ ¸Ê¡£ ·³µ´¨Î¥¸±µ£µ £·Ê¶¶¨·µ¢ É¥²Ö [7Ä10]. ’¨¶¨Î´Ò¥ ¶ · ³¥É·Ò ¶ÊÎ±  ¨§ ¸Ê¡£ ·³µ´¨-
Î¥¸±µ£µ ¨´¦¥±Éµ· , ¨¸¶µ²Ó§ÊÕÐ¥£µ¸Ö ¢ ±µ³¶²¥±¸ Ì ‹‘�: § ·Ö¤ 1 ´Š², ´µ·³ ²¨§µ¢ ´´Ò°
Ô³¨ÉÉ ´¸ (20Ä30) π · ³³ · ³· ¤, Ô´¥·£¥É¨Î¥¸±¨° · §¡·µ¸ 150Ä200 ±Ô‚. �±¸¶¥·¨³¥´É ²Ó´µ
¶·µ¤¥³µ´¸É·¨·µ¢ ´µ, ÎÉµ ÔÉµ£µ ¤µ¸É ÉµÎ´µ ¤²Ö ¶¥·¥±·ÒÉ¨Ö ¤¨ ¶ §µ´  · ¡µÉÒ ‹‘� µÉ
¤ ²Ó´¥£µ ¨´Ë· ±· ¸´µ£µ ¤µ Ê²ÓÉ· Ë¨µ²¥Éµ¢µ£µ. �·¨´¨³ Ö ¢µ ¢´¨³ ´¨¥ ¤µ¸ÉÊ¶´µ¸ÉÓ É¥Ì-
´µ²µ£¨¨ ¨§£µÉµ¢²¥´¨Ö ¨ ¸· ¢´¨É¥²Ó´µ ´¨§±ÊÕ ¸Éµ¨³µ¸ÉÓ ¶µ¤µ¡´ÒÌ Ê¸É·µ°¸É¢, ·¥Ï¨²¨
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¨¸¶µ²Ó§µ¢ ÉÓ ¸Ê¡£ ·³µ´¨Î¥¸±¨° ¨´¦¥±Éµ· ¢ Ë §¥ 1 ¶·µ¥±É  „�‹‘ˆ. ‚ ¤ ´´µ° · ¡µÉ¥
¶·¥¤¸É ¢²¥´Ò ¶·¥¤¢ ·¨É¥²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ µ¶É¨³¨§ Í¨¨ ¸Ê¡£ ·³µ´¨Î¥¸±µ£µ ¨´¦¥±Éµ· 
¤²Ö ²¨´ ±a-800.
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‘Ê¡£ ·³µ´¨Î¥¸±¨° ¨´¦¥±Éµ· [11] ¸µ¸Éµ¨É (·¨¸. 1) ¨§ Ô²¥±É·µ´´µ° ¶ÊÏ±¨, Ê¸±µ·¨-
É¥²Ó´µ° É·Ê¡±¨, ¸Ê¡£ ·³µ´¨Î¥¸±µ£µ Î¥É¢¥·ÉÓ¢µ²´µ¢µ£µ ·¥§µ´ Éµ·  (¶·¥¤£·Ê¶¶¨·µ¢ É¥²Ö)
¨ Ê¸±µ·ÖÕÐ¥° ¸¥±Í¨¨ ´  ¡¥£ÊÐ¥° ¢µ²´¥ (£·Ê¶¶¨·µ¢ É¥²Ö). �·¥¤£·Ê¶¶¨·µ¢ É¥²Ó ¨ £·Ê¶-

�¨¸. 1. ‘Ì¥³  ¸Ê¡£ ·³µ´¨Î¥¸±µ£µ ¨´¦¥±Éµ·  ¤²Ö ²¨´ ±a-800: 1 Å Ëµ±Ê¸¨·ÊÕÐ¨¥ µ¡³µÉ±¨; 2 Å

Ê¸±µ·¨É¥²Ó´ Ö É·Ê¡± ; 3 Å ¸Ê¡£ ·³µ´¨Î¥¸±¨° £·Ê¶¶¨·µ¢ É¥²Ó; 4 Å £·Ê¶¶¨·µ¢ É¥²Ó ´  ¡¥£ÊÐ¥°

¢µ²´¥; 5 Å ¢Ìµ¤ ¢ ²¨´ ±; 6 Å Ô²¥±É·µ´´ Ö ¶ÊÏ± 

¶¨·µ¢ É¥²Ó · §¤¥²¥´Ò ¤·¥°Ëµ¢Ò³ ¶·µ³¥¦ÊÉ±µ³. �²¥±É·µ´´Ò° ¶ÊÎµ± Ëµ·³¨·Ê¥É¸Ö ¢
É·¥ÌÔ²¥±É·µ¤´µ° ¶ÊÏ±¥ ¸ Ê¶· ¢²ÖÕÐ¥° ¸¥É±µ°. “¶· ¢²ÖÕÐ Ö ¸¥É±  ¢Ò¶µ²´¥´  ¢ Ëµ·³¥
¸Ë¥·Ò (·¨¸. 2). ’ ± Ö £¥µ³¥É·¨Ö ¶µ§¢µ²Ö¥É Ëµ·³¨·µ¢ ÉÓ · ¸¶·¥¤¥²¥´¨¥ ¶²µÉ´µ¸É¨ Éµ± 
¶µ · ¤¨Ê¸Ê, ¡²¨§±µ¥ ± £ Ê¸¸µ¢Ê (·¨¸. 3). �¥§Ê²ÓÉ ÉÒ ³µ¤¥²¨·µ¢ ´¨Ö ¶µ± §Ò¢ ÕÉ, ÎÉµ Ëµ·-
³¨·µ¢ ´¨¥ ¶ÊÎ±  ¸ É ±¨³ · ¸¶·¥¤¥²¥´¨¥³ ¶²µÉ´µ¸É¨ Éµ±  ¶µ · ¤¨Ê¸Ê ¶µ§¢µ²Ö¥É Ê³¥´Ó-
Ï¨ÉÓ ¶µ¶¥·¥Î´Ò¥ · §³¥·Ò ¶ÊÎ±  ¢´ÊÉ·¨ Ê¸±µ·¨É¥²Ó´µ° É·Ê¡±¨, ¨, ± ± ¸²¥¤¸É¢¨¥, ¶µ§¢µ-
²Ö¥É ¶µ¤´ÖÉÓ ³ ±¸¨³ ²Ó´Ò° Éµ± µÉ 2,5 ¤µ 3,5 �, ¶·¨ ¸µÌ· ´¥´¨¨ Ô³¨ÉÉ ´¸  ¢ É·¥¡Ê¥³µ³
¤¨ ¶ §µ´¥. �É±·Ò¢ ÕÐ¨° ¶µÉ¥´Í¨ ² ´  Ê¶· ¢²ÖÕÐ¥° ¸¥É±¥ ¤²¨É¥²Ó´µ¸ÉÓÕ 0,5 ´¸ µ¡¥¸-
¶¥Î¨¢ ¥É¸Ö ¨³¶Ê²Ó¸´Ò³ £¥´¥· Éµ·µ³ ¸ ´ ¶·Ö¦¥´¨¥³ ¤µ 2 ±‚. �  ¢ÒÌµ¤¥ Ê¸±µ·¨É¥²Ó´µ°
É·Ê¡±¨ Ô²¥±É·µ´Ò ¨³¥ÕÉ Ô´¥·£¨Õ 350 ±Ô‚, ¤²¨´  ¸£Ê¸É±  ¸µ¸É ¢²Ö¥É 13 ¸³. ‘£Ê¸Éµ± ¶µ-
¸ÉÊ¶ ¥É ¢ ¶·¥¤£·Ê¶¶¨·µ¢ É¥²Ó, ±µÉµ·Ò° ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° Î¥É¢¥·ÉÓ¢µ²´µ¢Ò° ·¥§µ´ Éµ·
¸ § §µ·µ³ 1 ¸³ ¨ ´ ¶·Ö¦¥´¨¥³ ´  § §µ·¥ ¤µ 100 ±‚. �¥§µ´ Éµ· · ¡µÉ ¥É ´  Ï¥¸Éµ°
£ ·³µ´¨±¥ µ¸´µ¢´µ° Î ¸ÉµÉÒ ²¨´ ±, f = 476 ŒƒÍ. �·¨ ¶·µ²¥É¥ Î¥·¥§ ·¥§µ´ Éµ· ¸£Ê¸Éµ±
¶·¨µ¡·¥É ¥É ±µ··¥²¨·µ¢ ´´Ò° ¤·¥°Ë Ô´¥·£¨¨ ¢¤µ²Ó ¸£Ê¸É± :

∆ε = ±eV0 sin Ωt, Ω = 2πf,

£¤¥ V0 ¨ f Å  ³¶²¨ÉÊ¤  ¨ Î ¸ÉµÉ  ‚—-´ ¶·Ö¦¥´¨Ö ¸Ê¡£ ·³µ´¨Î¥¸±µ£µ ·¥§µ´ Éµ· . ” § 
¢²¥É  ¸£Ê¸É±  ¢ ·¥§µ´ Éµ· ¢Ò¡¨· ¥É¸Ö É ±¨³ µ¡· §µ³, ÎÉµ¡Ò £µ²µ¢  ¸£Ê¸É±  É¥·Ö² ,  
Ì¢µ¸É ¶·¨µ¡·¥É ² Ô´¥·£¨Õ. �µ¸²¥ ¢ÒÌµ¤  ¨§ ¸Ê¡£ ·³µ´¨Î¥¸±µ£µ ·¥§µ´ Éµ·  ¸£Ê¸Éµ± ¶·µ-
Ìµ¤¨É ¤·¥°Ëµ¢Ò° ¶·µ³¥¦ÊÉµ± ¤²¨´µ° 2,2 ³, £¤¥ µ´ ¸¦¨³ ¥É¸Ö ¤µ ¶·µ¤µ²Ó´ÒÌ · §³¥·µ¢
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�¨¸. 2. ‘Ì¥³  Ô²¥±É·µ´´µ° ¶ÊÏ±¨ ¸ Ê¶· ¢²ÖÕÐ¥°
¸¥É±µ° ¢ Ëµ·³¥ ¸Ë¥·Ò: 1 Å É¥·³µ± Éµ¤; 2 Å

¸¥É± 

�¨¸. 3. � ¸¶·¥¤¥²¥´¨¥ ¶²µÉ´µ¸É¨ Éµ± 
¶µ · ¤¨Ê¸Ê ´  ± Éµ¤¥

σl ≈ 6 ³³ (·¨¸. 4, ¡). „ ²Ó´¥°Ï¥¥ ¸¦ É¨¥ ¨ Ê¸±µ·¥´¨¥ ¸£Ê¸É±  ¶·µ¨¸Ìµ¤¨É ¢ £·Ê¶¶¨-
·µ¢ É¥²¥. ƒ·Ê¶¶¨·µ¢ É¥²Ó ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¸¥±Í¨Õ ¤¨ Ë· £³¨·µ¢ ´´µ£µ ¢µ²´µ¢µ¤ 
´  ¡¥£ÊÐ¥° ¢µ²´¥ ¸µ ¸É·Ê±ÉÊ·µ° É¨¶  2π/3, · ¡µÉ ÕÐ¥£µ ´  µ¸´µ¢´µ° Î ¸ÉµÉ¥ ²¨´ ±a
f = 2856 ŒƒÍ. „¨ Ë· £³¨·µ¢ ´´Ò° ¢µ²´µ¢µ¤ ¸µ¸Éµ¨É ¨§ 12 ÖÎ¥¥± ¨ ¨³¥¥É ¤²¨´Ê

�¨¸. 4. ‡´ Î¥´¨¥ ³ £´¨É´µ£µ

¶µ²Ö (a), ¨§³¥´¥´¨¥ ¶·µ¤µ²Ó-

´µ£µ · §³¥·  ¸£Ê¸É±  σl, § ¢¨¸¨-
³µ¸ÉÓ Ô´¥·£¨¨ ¸£Ê¸É±  ε (¡), § -

¢¨¸¨³µ¸ÉÓ ¸·¥¤´¥±¢ ¤· É¨Î´µ£µ

¶µ¶¥·¥Î´µ£µ · §³¥·  σ ¨ Ô³¨É-
É ´¸  (¢) µÉ ¶µ²µ¦¥´¨Ö ¢ ¨´-

¦¥±Éµ·¥

42 ¸³. �³¶²¨ÉÊ¤  Ê¸±µ·ÖÕÐ¥£µ ¶µ²Ö ¢ ¢µ²´µ¢µ¤¥ ³µ¦¥É ¶µ¤´¨³ ÉÓ¸Ö ¤µ 40 Œ‚/³. ‚
±µ´¸É·Ê±Í¨¨ ¨´¦¥±Éµ·  ¶·¥¤¶µ² £ ¥É¸Ö Ê¸É ´µ¢±  ¤¢ÊÌ µÌ² ¦¤ ¥³ÒÌ ¤¨ Ë· £³: ¶¥·¥¤
¸Ê¡£ ·³µ´¨Î¥¸±¨³ ·¥§µ´ Éµ·µ³ (¤²Ö µ¡·¥§ ´¨Ö £ ²µ ¶ÊÎ± ) ¨ ´  ¢ÒÌµ¤¥ £·Ê¶¶¨·µ¢ É¥²Ö
(¤²Ö ¸¡µ·  Ô²¥±É·µ´µ¢, ´¥ ¶µ¶ ¢Ï¨Ì ¢ ¸¥¶ · É·¨¸Ê).
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’·¥¡µ¢ ´¨Ö ± ¶ · ³¥É· ³ ¸£Ê¸É±  ¶·¨¢¥¤¥´Ò ¢ É ¡²¨Í¥. � ¸Î¥É ³ £´¨É´ÒÌ ¨ Ô²¥±É·¨-
Î¥¸±¨Ì ¶µ²¥° ¶·µ¨§¢µ¤¨²¸Ö ±µ¤µ³ SAM [12]. Œµ¤¥²¨·µ¢ ´¨¥ ¤¨´ ³¨±¨ Î ¸É¨Í ¢ ¨´¦¥±-
Éµ·¥ µ¸ÊÐ¥¸É¢²Ö²µ¸Ó ¶·µ£· ³³´Ò³ ±µ¤µ³ ASTRA, · §· ¡µÉ ´´Ò³ ¢ DESY. ASTRA
³µ¤¥²¨·Ê¥É ¤¨´ ³¨±Ê Î ¸É¨Í ¢ Ï¥¸É¨³¥·´µ³ Ë §µ¢µ³ ¶·µ¸É· ´¸É¢¥ ¸ ÊÎ¥Éµ³ ¶·µ-

’¥Ì´¨Î¥¸±¨¥ É·¥¡µ¢ ´¨Ö ´  ¶ · ³¥É·Ò ¨´¦¥±Éµ·  ²¨´ ±-800 [13]

‡ ·Ö¤ ¢ ¸£Ê¸É±¥, ´Š² 0,9Ä1,0
�¨±µ¢Ò° Éµ±, � 50Ä70
‘·¥¤´¥±¢ ¤· É¨Î´ Ö ¤²¨´  ¸£Ê¸É± , ³³ 2,0Ä3,0
�µ·³ ²¨§µ¢ ´´Ò° Ô³¨ÉÉ ´¸, π · ³³ · ³· ¤ < 30

‘·¥¤´¥±¢ ¤· É¨Î´Ò° · §¡·µ¸ ¶µ Ô´¥·£¨¨, ±Ô‚ < 150

— ¸ÉµÉ  ¸²¥¤µ¢ ´¨Ö ³¨±·µ¨³¶Ê²Ó¸µ¢, ŒƒÍ 19,8/39,7/59,5
„²¨É¥²Ó´µ¸ÉÓ ³ ±·µ¨³¶Ê²Ó¸ , ³±¸ 5Ä10
— ¸ÉµÉ  ¶µ¢Éµ·¥´¨Ö ³ ±·µ¨³¶Ê²Ó¸µ¢, ƒÍ 1Ä100

¸É· ´¸É¢¥´´µ£µ § ·Ö¤ . ‚´¥Ï´¨¥ ¶µ²Ö § ¤ ÕÉ¸Ö ¢  ±¸¨ ²Ó´µ-¸¨³³¥É·¨Î´µ³ ¶·¨¡²¨¦¥-
´¨¨. �µ²ÊÎ¥´¨¥ ± ¦¤µ£µ ¨§ É·¥¡Ê¥³ÒÌ ¶ · ³¥É·µ¢ ¸£Ê¸É±  ¢ µÉ¤¥²Ó´µ¸É¨ ´¥ ¶·¥¤¸É ¢²Ö¥É
¸²µ¦´µ¸É¨, µ¤´ ±µ ¶µ²ÊÎ¥´¨¥ ¸£Ê¸É±µ¢ µ¤´µ¢·¥³¥´´µ ¸ ³ ²Ò³ Ô³¨ÉÉ ´¸µ³ ¨ Ô´¥·£¥É¨Î¥-
¸±¨³ · §¡·µ¸µ³ ¨ ¡µ²ÓÏ¨³ ¶¨±µ¢Ò³ Éµ±µ³ Ö¢²Ö¥É¸Ö ¸²µ¦´µ° Ë¨§¨Î¥¸±µ° ¨ É¥Ì´¨Î¥¸±µ°
¶·µ¡²¥³µ°. „²Ö ¶µ²ÊÎ¥´¨Ö ¶ÊÎ±  ¸ ³ ²Ò³ Ô³¨ÉÉ ´¸µ³ ¢Ò¡· ´  ¸Ì¥³  Ô²¥±É·µ´´µ° ¶ÊÏ±¨
¸ ´¥§ ³ £´¨Î¥´´Ò³ ± Éµ¤µ³ ¨ ¸µ¶·µ¢µ¦¤ ÕÐ¨³ ³ £´¨É´Ò³ ¶µ²¥³. ‡´ Î¥´¨¥ ¶µ²Ö ¤ ¥É¸Ö
Ê¸²µ¢¨¥³ ®¡·¨²²ÕÔ´µ¢¸±µ£µ ¶µÉµ± ¯.

Bs[T²] = 3,69 · 10−5(I[A]/βγ)1/2/r[³].

‘µ¶·µ¢µ¦¤ ÕÐ¥¥ ³ £´¨É´µ¥ ¶µ²¥ (·¨¸. 4, a) ¸Ëµ·³¨·µ¢ ´µ ± ÉÊÏ± ³¨ (·¨¸. 1). �¶É¨-
³¨§ Í¨Ö ³ £´¨É´µ£µ ¶µ²Ö ¢¤µ²Ó ¨´¦¥±Éµ·  ¶µ§¢µ²Ö¥É ¶µ²ÊÎ ÉÓ ¸£Ê¸É±¨ ¸ ´µ·³ ²¨§µ¢ ´-
´Ò³ Ô³¨ÉÉ ´¸µ³ ¤µ 20 π · ³³ · ³· ¤ (·¨¸. 4, ¢). ’ ±¨¥ ¶ · ³¥É·Ò ¸£Ê¸É±  ¶µ²ÊÎ ÕÉ¸Ö ¶·¨
¶µ²´µ³ § Ì¢ É¥ ¢¸¥Ì Î ¸É¨Í ¢ ¸¥¶ · É·¨¸Ê Ê¸±µ·ÖÕÐ¥° ¸¥±Í¨¨-£·Ê¶¶¨·µ¢ É¥²Ö, ¨, ± ± ·¥-
§Ê²ÓÉ É, ³Ò ¶µ²ÊÎ ¥³ ¶¨±µ¢Ò° Éµ± ¢ ¸£Ê¸É±¥ (·¨¸. 5, ¡), § ³¥É´µ ¶·¥¢ÒÏ ÕÐ¨° É·¥¡Ê¥³ÊÕ
¢¥²¨Î¨´Ê [13]. �É³¥É¨³, ÎÉµ ¤²Ö ÔËË¥±É¨¢´µ° · ¡µÉÒ ‹‘� ¢ ¦´Ò ´¥ Éµ²Ó±µ ¢Ò¸µ±¨°
¶¨±µ¢Ò° Éµ±, ³ ²Ò¥ Ô³¨ÉÉ ´¸ ¨ Ô´¥·£¥É¨Î¥¸±¨° · §¡·µ¸, ´µ ¨ ¤²¨´  ¸£Ê¸É± . ‚ Î ¸É-
´µ¸É¨, ¤²Ö ÔËË¥±É¨¢´µ° · ¡µÉÒ ‹‘�-£¥´¥· Éµ·  ¤²¨´  ¸£Ê¸É±  ¤µ²¦´  ¡ÒÉÓ ¤µ¸É ÉµÎ´µ
¡µ²ÓÏµ°, l � λnu, £¤¥ λ Å ¤²¨´  ¢µ²´Ò ¨§²ÊÎ¥´¨Ö, nu Å Î¨¸²µ ¶¥·¨µ¤µ¢ µ´¤Ê²ÖÉµ· .
„²Ö · ¡µÉÒ ‹‘� ¢ ¤ ²Ó´¥° ¨´Ë· ±· ¸´µ° µ¡² ¸É¨ É·¥¡Ê¥É¸Ö ¸£Ê¸Éµ± ¤²¨´µ° ¡µ²¥¥ 3 ³³.
� ¡µÉ  ‹‘� ¢ ¡µ²¥¥ ±µ·µÉ±µ¢µ²´µ¢µ³ ¤¨ ¶ §µ´¥ ³µ¦¥É ¡ÒÉÓ ¡µ²¥¥ µ¶É¨³ ²Ó´µ° ¶·¨
Ê±µ·µÎ¥´´µ³ ¸£Ê¸É±¥, ´µ ¸ ¡µ²ÓÏ¨³ ¶¨±µ¢Ò³ Éµ±µ³.

� ¸¶·¥¤¥²¥´¨¥ Éµ±  ¢¤µ²Ó ¸£Ê¸É±  ±· °´¥ ´¥µ¤´µ·µ¤´µ (·¨¸. 5). —¨¸²¥´´µ¥ ³µ¤¥²¨·µ-
¢ ´¨¥ ¶µ± §Ò¢ ¥É, ÎÉµ ¨´É¥´¸¨¢´ Ö £µ²µ¢´ Ö Î ¸ÉÓ ¸£Ê¸É±  ¸µ¤¥·¦¨É µ±µ²µ 80% Î ¸É¨Í.
�µÔÉµ³Ê ¸·¥¤´¨° Éµ± ¸£Ê¸É±  µ¶·¥¤¥²¨³ ¤ ²¥¥ ± ±

I =
cQ

2σz
, (1)
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£¤¥ σz Å ¸·¥¤´¥±¢ ¤· É¨Î´Ò° · §³¥· £µ²µ¢´µ° Î ¸É¨ ¸£Ê¸É± . �·¨ ¢Ò¡· ´´ÒÌ ¶ · ³¥-
É· Ì ¨´¦¥±Éµ·  ³µ¦´µ Ê¶· ¢²ÖÉÓ ¤²¨´µ° ¸£Ê¸É±  ¢ ¶·¥¤¥² Ì µÉ 0,7 ¤µ 3 ³³ ¨ ¶¨±µ¢Ò³
Éµ±µ³ ¢ ¶·¥¤¥² Ì 50Ä400 �. �Éµ ¤¥² ¥É¸Ö ¸ ¶µ³µÐÓÕ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ´ ¸É·µ¥± Ë §

�¨¸. 5. • · ±É¥·¨¸É¨±  ±µ·µÉ±µ£µ ¸£Ê¸É±  ¸ ¶µ²´Ò³ § Ì¢ Éµ³ ¢¸¥Ì Î ¸É¨Í ¢ ¸¥¶ · É·¨¸Ê. a) � ¸-
¶·¥¤¥²¥´¨¥ Î ¸É¨Í ´  Ë §µ¢µ° ¶²µ¸±µ¸É¨; ¡) Éµ±; ¢) ²µ± ²Ó´Ò° Ô³¨ÉÉ ´¸; £) ²µ± ²Ó´Ò° ¸·¥¤´¥±¢ -

¤· É¨Î´Ò° · §¡·µ¸ Ô´¥·£¨¨

¸Ê¡£ ·³µ´¨Î¥¸±µ£µ ·¥§µ´ Éµ·  ¨ £·Ê¶¶¨·µ¢ É¥²Ö. �´ ²¨§ Ô¢µ²ÕÍ¨¨ Î ¸É¨Í ¢ Ë §µ¢µ³
¶·µ¸É· ´¸É¢¥ ¶µ§¢µ²Ö¥É µ¶·¥¤¥²¨ÉÓ §´ Î¥´¨Ö Ë § ‚—-·¥§µ´ Éµ·  ¨ ¸¥±Í¨¨ £·Ê¶¶¨·µ¢ -
É¥²Ö, ¶·¨ ±µÉµ·ÒÌ ¶µ²ÊÎ ¥É¸Ö ÔËË¥±É¨¢´µ¥ ¸¦ É¨¥ ¸£Ê¸É± . �¨¦´¨° ¶·¥¤¥² ´  ¤²¨´Ê
¸£Ê¸É±  µ¶·¥¤¥²Ö¥É¸Ö ´ Î ²µ³ ¸¨²Ó´µ° Ë· £³¥´É Í¨¨ ¸£Ê¸É±  ¢ Ë §µ¢µ³ ¶·µ¸É· ´¸É¢¥.
� ¡µÎ¨° ¤¨ ¶ §µ´ Ë § ·¥§µ´ Éµ·  ¨ £·Ê¶¶¨·µ¢ É¥²Ö µ¶·¥¤¥²Ö¥É¸Ö ¨§ Ê¸²µ¢¨Ö µÉ¸ÊÉ¸É¢¨Ö
§ ³¥É´µ° ¶¥·¥£·Ê¶¶¨·µ¢±¨ Î ¸É¨Í. „¨ ¶ §µ´ ¨§³¥´¥´¨Ö Ë §Ò ¸Ê¡£ ·³µ´¨Î¥¸±µ£µ ·¥§µ´ -
Éµ·  ¸µ¸É ¢²Ö¥É µÉ −35 ¤µ −25◦. �·¨ É ±µ° ´ ¸É·µ°±¥ Ë §Ò Í¥´É· £·Ê¶¶¨·µ¢±¨ ¸³¥Ð¥´
± £µ²µ¢´µ° Î ¸É¨ ¸£Ê¸É± . �Éµ ¶µ§¢µ²Ö¥É Ê³¥´ÓÏ¨ÉÓ ±µ²¨Î¥¸É¢µ Î ¸É¨Í, ´ Ìµ¤ÖÐ¨Ì¸Ö ¶¥-
·¥¤ Ö¤·µ³ ¸£Ê¸É± . ˆ³¥´´µ ÔÉ¨ Î ¸É¨ÍÒ ¶¥·¥£·Ê¶¶¨·µ¢Ò¢ ÕÉ¸Ö ¢ ¸¥±Í¨¨ £·Ê¶¶¨·µ¢ É¥²Ö
¨ ¸µ§¤ ÕÉ µ¡² ¸ÉÓ ¸ ¡µ²ÓÏ¨³ ²µ± ²Ó´Ò³ ¸·¥¤´¥±¢ ¤· É¨Î´Ò³ · §¡·µ¸µ³ ¶µ Ô´¥·£¨¨.
„²Ö ÔÉµ£µ · ¸¶·¥¤¥²¥´¨Ö (·¨¸. 6) ¶µ²ÊÎ ¥³ σz ≈ 2,8 ³³ ¨ Éµ± I ≈ 96 �. ‡ ³¥É¨³, ÎÉµ
¶·¨ É ±µ° ´ ¸É·µ°±¥ ´¥ ¢¸¥ Î ¸É¨ÍÒ § Ì¢ ÉÒ¢ ÕÉ¸Ö ¢ ¸¥¶ · É·¨¸Ê ¢¸²¥¤¸É¢¨¥ ¸² ¡µ°
£·Ê¶¶¨·µ¢±¨ Ì¢µ¸Éµ¢µ° Î ¸É¨ ¸£Ê¸É± . �µÉ¥·¨ Ô²¥±É·µ´µ¢, ´¥ ¶µ¶ ¢Ï¨Ì ¢ ¸¥¶ · É·¨¸Ê,
¸µ¸É ¢²ÖÕÉ µ±µ²µ 10% µÉ ¶µ²´µ£µ § ·Ö¤  ¸£Ê¸É± . ‚ ¤ ´´µ³ ¸²ÊÎ ¥ § ·Ö¤ Ö¤·  ¸£Ê¸É± 
(80% Î ¸É¨Í) 0,9 ´Š², § ·Ö¤ ¢¸¥£µ ¸£Ê¸É±  · ¢¥´ 1,12 ´Š², ¥¸²¨ ¨´¦¥±É¨·Ê¥É¸Ö 1,2 ´Š².
�²¥±É·µ´Ò, ´¥ ¶µ¶ ¢Ï¨¥ ¢ ¸¥¶ · É·¨¸Ê, Ê¸±µ·ÖÕÉ¸Ö ¤µ ³¥´ÓÏ¥° Ô´¥·£¨¨ ¨, ¶µ±  µ´¨
´ Ìµ¤ÖÉ¸Ö ¢´ÊÉ·¨ ¸¥±Í¨¨ £·Ê¶¶¨·µ¢ É¥²Ö, Ê¤¥·¦¨¢ ÕÉ¸Ö ¶·µ¤µ²Ó´Ò³ ³ £´¨É´Ò³ ¶µ²¥³.
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�¨¸. 6. • · ±É¥·¨¸É¨±¨ ¤²¨´´µ£µ ¸£Ê¸É± . a) � ¸¶·¥¤¥²¥´¨¥ Î ¸É¨Í ´  Ë §µ¢µ° ¶²µ¸±µ¸É¨; ¡) Éµ±;
¢) ²µ± ²Ó´Ò° Ô³¨ÉÉ ´¸; £) ²µ± ²Ó´Ò° ¸·¥¤´¥±¢ ¤· É¨Î´Ò° · §¡·µ¸ Ô´¥·£¨¨

�¨¸. 7. ‡ ¢¨¸¨³µ¸ÉÓ ¶·µ¤µ²Ó´µ£µ

· §³¥·  ¸£Ê¸É±  στ ¨ Éµ±  I µÉ
Ë §Ò ‚— ¸Ê¡£ ·³µ´¨Î¥¸±µ£µ ·¥§µ´ -

Éµ· . �³¶²¨ÉÊ¤  ‚— ¸Ê¡£ ·³µ´¨Î¥-

¸±µ£µ ·¥§µ´ Éµ·  · ¢´  4,2 ±‚, Ë § 
‚— £·Ê¶¶¨·µ¢ É¥²Ö · ¢´  220◦

�¨¸. 8. ‡ ¢¨¸¨³µ¸ÉÓ ¶·µ¤µ²Ó´µ£µ

· §³¥·  ¸£Ê¸É±  στ ¨ Éµ±  I µÉ
 ³¶²¨ÉÊ¤Ò ‚— ¢ ¸Ê¡£ ·³µ´¨Î¥¸±µ³

·¥§µ´ Éµ·¥. ” §  ‚— ¸Ê¡£ ·³µ´¨Î¥-

¸±µ£µ ·¥§µ´ Éµ·  · ¢´  −30◦, Ë § 
‚— £·Ê¶¶¨·µ¢ É¥²Ö · ¢´  220◦

�¢µ²ÕÍ¨Ö ¶ · ³¥É·µ¢ ¸£Ê¸É±  ¨¸¸²¥¤µ¢ ² ¸Ó ¢ ·Ó¨·µ¢ ´¨¥³ ¶ · ³¥É·µ¢: ¸Ê¡£ ·³µ´¨-
Î¥¸±µ£µ £·Ê¶¶¨·µ¢ É¥²Ö Å Ë §Ò ‚— (·¨¸. 7) ¨  ³¶²¨ÉÊ¤Ò ‚— (·¨¸. 8) ¨ Ë §Ò ‚— (·¨¸. 9)
£·Ê¶¶¨·µ¢ É¥²Ö ´  ¡¥£ÊÐ¥° ¢µ²´¥. �·¨ ÔÉµ³ §  µ¸´µ¢Ê ¡Ò²¨ ¢§ÖÉÒ ¶ · ³¥É·Ò ¨´¦¥±Éµ· ,
¶·¨ ±µÉµ·ÒÌ ¶µ²ÊÎ ¥É¸Ö ·¥§Ê²ÓÉ É, ¶·¥¤¸É ¢²¥´´Ò° ´  ·¨¸. 6. �·¨ ¡¥£²µ³ ¢§£²Ö¤¥ ´ 
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�¨¸. 9. ‡ ¢¨¸¨³µ¸ÉÓ ¶·µ¤µ²Ó´µ£µ · §-

³¥·  ¸£Ê¸É±  στ ¨ Éµ±  I µÉ Ë §Ò ‚— ¢
£·Ê¶¶¨·µ¢ É¥²¥. �³¶²¨ÉÊ¤  ‚— ¸Ê¡£ ·-

³µ´¨Î¥¸±µ£µ ·¥§µ´ Éµ·  · ¢´  4,2 ±‚,

Ë §  ‚— ¸Ê¡£ ·³µ´¨Î¥¸±µ£µ ·¥§µ´ Éµ· 
· ¢´  −30◦

·¨¸. 8 ¸±² ¤Ò¢ ¥É¸Ö ¢¶¥Î É²¥´¨¥, ÎÉµ Ê¢¥²¨Î¥´¨¥
 ³¶²¨ÉÊ¤Ò ‚— ¶·¨¢µ¤¨É ± Ê¢¥²¨Î¥´¨Õ Éµ±  ¢
¸£Ê¸É±¥, µ¤´ ±µ  ´ ²¨§ · ¸¶·¥¤¥²¥´¨Ö Î ¸É¨Í ´ 
Ë §µ¢µ° ¶²µ¸±µ¸É¨ ¶µ± §Ò¢ ¥É, ÎÉµ ¸ ·µ¸Éµ³  ³-
¶²¨ÉÊ¤Ò ¶·µ¨¸Ìµ¤¨É ¶¥·¥£·Ê¶¶¨·µ¢±  ¸£Ê¸É± . ‚µ§-
´¨± ¥É µ¡² ¸ÉÓ, £¤¥ ¶·µ¤µ²Ó´Ò° · §¡·µ¸ ¶µ ¨³-
¶Ê²Ó¸Ê ¨§-§  ¶·µ¸É· ´¸É¢¥´´µ£µ § ·Ö¤  ¸É ´µ¢¨É¸Ö
¸· ¢´¨³Ò³ ¸ ³µ¤Ê²ÖÍ¨¥° ¨³¶Ê²Ó¸  Ô²¥±É·µ´µ¢ ¢
¸Ê¡£ ·³µ´¨Î¥¸±µ³ ·¥§µ´ Éµ·¥. ’ ±¨³ µ¡· §µ³, Î -
¸É¨ÍÒ, ´ Ìµ¤ÖÐ¨¥¸Ö ¢ ¶¥·¥¤´¥° Î ¸É¨ Ö¤·  ¸£Ê¸É± ,
¶µ²ÊÎ ÕÉ ¤µ¶µ²´¨É¥²Ó´Ò° ¨³¶Ê²Ó¸, ´ ¶· ¢²¥´´Ò°
¶µ Ìµ¤Ê ¤¢¨¦¥´¨Ö. — ¸É¨ÍÒ, ´ Ìµ¤ÖÐ¨¥¸Ö ¢ £µ²µ¢¥
¸£Ê¸É± , § ³¥É´µ ¸² ¡¥¥ ÎÊ¢¸É¢ÊÕÉ ¶·µ¸É· ´¸É¢¥´-
´Ò° § ·Ö¤ Ö¤· , ¨ ¨Ì ¶µ²µ¦¥´¨¥ ´  Ë §µ¢µ° ¶²µ¸-
±µ¸É¨ ³¥´Ö¥É¸Ö ¸² ¡¥¥. •¢µ¸É Ö¤·  ¸£Ê¸É±  ¶µ²Ê-
Î ¥É Éµ·³µ§ÖÐ¨° ¨³¶Ê²Ó¸, Ì¢µ¸É ¦¥ ¸ ³µ£µ ¸£Ê¸É± 
¶· ±É¨Î¥¸±¨ ´¥ ÎÊ¢¸É¢Ê¥É ¤¥°¸É¢¨Ö ¶·µ¸É· ´¸É¢¥´-
´µ£µ § ·Ö¤  Ö¤·  ¨ µ¸É ¥É¸Ö ¡¥§ ¢¨¤¨³ÒÌ ¨§³¥´¥-
´¨°. Š ± ¸²¥¤¸É¢¨¥ ÔÉµ£µ Í¥´É· ²Ó´ Ö Î ¸ÉÓ ¸£Ê¸É± 

· §¢µ· Î¨¢ ¥É¸Ö ´  Ë §µ¢µ° ¶²µ¸±µ¸É¨ ¨ ¨³¥¥É ³¥¸Éµ ¶¥·¥£·Ê¶¶¨·µ¢± . ‚ ¨Éµ£¥ ¢ ¸£Ê¸É±¥
µ¡· §ÊÕÉ¸Ö ¤¢¥ Ë· ±Í¨¨, µÉ¸ÉµÖÐ¨¥ ¤·Ê£ µÉ ¤·Ê£  ´  · ¸¸ÉµÖ´¨¨ µ±µ²µ 5 ¶¸ (·¨¸. 10).
� · ³¥É·Ò ¸£Ê¸É± , ¶µ²ÊÎ¥´´Ò¥ ¢ ÔÉµ³ ¸²ÊÎ ¥, ´¥²Ó§Ö ¸Î¨É ÉÓ µ¶É¨³ ²Ó´Ò³¨, ¨ µÍ¥´± 

�¨¸. 10. • · ±É¥·¨¸É¨±  ¤²¨´´µ£µ ¸£Ê¸É±  ¸ Ö·±µ ¢Ò· ¦¥´´µ° Ë· £³¥´É Í¨¥° ¸£Ê¸É± . a) � ¸¶·¥-

¤¥²¥´¨¥ Î ¸É¨Í ´  Ë §µ¢µ° ¶²µ¸±µ¸É¨; ¡) Éµ±; ¢) ²µ± ²Ó´Ò° Ô³¨ÉÉ ´¸; £) ²µ± ²Ó´Ò° ¸·¥¤´¥±¢ ¤· -
É¨Î´Ò° · §¡·µ¸ Ô´¥·£¨¨
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¤²¨´Ò ¨ Éµ±  ¤²Ö ¸£Ê¸É±  ¸ É ±¨³ · ¸¶·¥¤¥²¥´¨¥³, ¸¤¥² ´´ Ö ¶µ Ëµ·³Ê²¥ (1), ´¥ ¨³¥¥É
Ë¨§¨Î¥¸±µ£µ ¸³Ò¸² .

‚ ¶·µ¥±É¥ „�‹‘ˆ ¶·¥¤¶µ² £ ¥É¸Ö ¶µ²ÊÎ¥´¨¥ ³ ±·µ¨³¶Ê²Ó¸  ¤²¨É¥²Ó´µ¸ÉÓÕ 5Ä10 ³±¸
(É ¡²¨Í ) ¸ µ¡Ð¨³ Î¨¸²µ³ ³¨±·µ¨³¶Ê²Ó¸µ¢ ¢ ´¥³ ¡µ²¥¥ 100. ‚µ ¢·¥³Ö ³ ±·µ¨³¶Ê²Ó¸ 
¶ · ³¥É·Ò ¸£Ê¸É±  ¤µ²¦´Ò µ¸É ¢ ÉÓ¸Ö ¢ ¶·¥¤¥² Ì στ � 4 ¶¸, I � 50 A. �´ ²¨§ ¤ ´´ÒÌ,
¶·¥¤¸É ¢²¥´´ÒÌ ´  ·¨¸. 7Ä9, ¶µ§¢µ²Ö¥É ¸¤¥² ÉÓ µÍ¥´±Ê É·¥¡Ê¥³µ° ÉµÎ´µ¸É¨ ¸¨´Ì·µ´¨§ -
Í¨¨ ¨³¶Ê²Ó¸ , µÉ±·Ò¢ ÕÐ¥£µ ¶ÊÏ±Ê: 10◦ ¶µ Ë §¥ ‚— £·Ê¶¶¨·µ¢ É¥²Ö, ¨²¨ 3◦ ¶µ Ë §¥
·¥§µ´ Éµ· , ÎÉµ ¤ ¥É §´ Î¥´¨¥ ∆τ ≈ ±10 ¶¸.

‡�Š‹�—…�ˆ…

�¥§Ê²ÓÉ ÉÒ ³µ¤¥²¨·µ¢ ´¨Ö ¶µ± §Ò¢ ÕÉ, ÎÉµ ¢Ò¡· ´´ Ö ¸Ì¥³  ¸Ê¡£ ·³µ´¨Î¥¸±µ£µ ¨´-
¦¥±Éµ·  ¶µ§¢µ²Ö¥É Ëµ·³¨·µ¢ ÉÓ ¸£Ê¸É±¨ Ô²¥±É·µ´µ¢ ¸ ¶ · ³¥É· ³¨, Ê¤µ¢²¥É¢µ·ÖÕÐ¨³¨
É·¥¡µ¢ ´¨Ö³ ¶·µ¥±É  „�‹‘ˆ [13]. ˆ´¦¥±Éµ· ¶µ§¢µ²Ö¥É Ê¶· ¢²ÖÉÓ ¤²¨´µ° ¸£Ê¸É±  ¢ ¤¨ -
¶ §µ´¥ µÉ 0,7 ¤µ 3 ³³ ¸ ¨§³¥´¥´¨¥³ ¶¨±µ¢µ£µ Éµ±  ¶·¨ ÔÉµ³ µÉ 400 ¤µ 50 �. ‚µ ¢¸¥³
· ¡µÎ¥³ ¤¨ ¶ §µ´¥ Ô³¨ÉÉ ´¸ µ¸É ¥É¸Ö ¢ ¶·¥¤¥² Ì ³¥´¥¥ 20 π ·³³ ·³· ¤, ¸·¥¤´¥±¢ ¤· É¨Î-
´Ò° · §¡·µ¸ Ô´¥·£¨¨ ³¥´¥¥ 150 ±Ô‚ ¢¶²µÉÓ ¤µ §´ Î¥´¨Ö Éµ±  150 �.
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