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Mal'tsev A. A., Mal'tsev M. A., Maslova M. V. P1-2004-70

High-Sensitivity Broadband Infrared Monitor of Spatial Structure

of Relativistic Bunches and Thermal Fields.

Calculation of Infrared Synchrotron Radiation

Subroutines for calculation of the spectral and angular characteristics of infrared

synchrotron radiation are designed. For a number of proton and electron accelerators

the conforming calculations are made, the outcomes of which allow one to elaborate

methods and highly sensitive detectors of an infrared radiation for remote contactless

non-destructive diagnostics and research of bunches and high-speed processes

in ring-type (CERN/SPS-LHC) and linear (GSI) accelerators, and also thermal fields

in electronuclear-power equipment.

The investigation has been performed at the Veksler and Baldin Laboratory

of High Energies, JINR.
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Âûñîêî÷óâñòâèòåëüíûé øèðîêîïîëîñíûé

èíôðàêðàñíûé ìîíèòîð ïðîñòðàíñòâåííîé ñòðóêòóðû

ðåëÿòèâèñòñêèõ ïó÷êîâ è òåïëîâûõ ïîëåé.

Ðàñ÷åò èíôðàêðàñíîãî ñèíõðîòðîííîãî èçëó÷åíèÿ

Ðàçðàáîòàíû ïîäïðîãðàììû ðàñ÷åòà ñïåêòðàëüíûõ è óãëîâûõ õàðàêòåðè-

ñòèê èíôðàêðàñíîãî ñèíõðîòðîííîãî èçëó÷åíèÿ ðÿäà ïðîòîííûõ è ýëåêòðîííûõ

óñêîðèòåëåé. Ïî ðåçóëüòàòàì ðàñ÷åòîâ ðàçðàáîòàíû ìåòîäû è âûñîêî÷óâñòâè-

òåëüíûå äåòåêòîðû èíôðàêðàñíîãî èçëó÷åíèÿ äëÿ äèñòàíöèîííîé íåðàçðóøàþ-

ùåé áåñêîíòàêòíîé äèàãíîñòèêè è èññëåäîâàíèÿ ïó÷êîâ, áûñòðîïðîòåêàþùèõ

ïðîöåññîâ â êîëüöåâûõ (CERN/SPS-LHC) è ëèíåéíûõ (ïó÷êîâàÿ ìèøåíü GSI)

óñêîðèòåëÿõ, à òàêæå òåïëîâûõ ïîëåé â ýëåêòðîÿäåðíûõ óñòàíîâêàõ.

Ðàáîòà âûïîëíåíà â Ëàáîðàòîðèè âûñîêèõ ýíåðãèé èì. Â. È. Âåêñëåðà

è À. Ì. Áàëäèíà ÎÈßÈ.

Ïðåïðèíò Îáúåäèíåííîãî èíñòèòóòà ÿäåðíûõ èññëåäîâàíèé. Äóáíà, 2004
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Š Î¥¸É¢µ ¸µ¢·¥³¥´´µ£µ Ê¸±µ·¨É¥²Ó´µ£µ Ô±¸¶¥·¨³¥´É  ´¥¶µ¸·¥¤¸É¢¥´´µ
§ ¢¨¸¨É µÉ ÉµÎ´µ£µ ¨ ¸É·µ£µ£µ ¢Ò¶µ²´¥´¨Ö É·¥¡µ¢ ´¨°, ¶·¥¤ÑÖ¢²Ö¥³ÒÌ ± Ê¸±µ-
·Ö¥³µ³Ê ¶ÊÎ±Ê. �·µ¡²¥³  ±µ´É·µ²Ö ¨ ·¥£Ê²¨·µ¢ ´¨Ö ¶ÊÎ±  ¢ ¶·µÍ¥¸¸¥ Ê¸±µ-
·¥´¨Ö Ö¢²Ö¥É¸Ö ¢¥¸Ó³   ±ÉÊ ²Ó´µ° ¤²Ö ¢¸¥Ì Ê¸±µ·¨É¥²¥°,   ¤²Ö ¸µ§¤ ¢ ¥³ÒÌ
µ¸µ¡¥´´µ. �´  É·¥¡Ê¥É ± ± · §¢¨É¨Ö ¸ÊÐ¥¸É¢ÊÕÐ¨Ì ³¥Éµ¤µ¢ ¤¨ £´µ¸É¨±¨ ¶ÊÎ-
±µ¢, É ± ¨ · §· ¡µÉ±¨ ´µ¢ÒÌ. �·¨Î¥³ ¶·¥¤¶µÎÉ¥´¨¥ µÉ¤ ¥É¸Ö ¡¥¸±µ´É ±É´Ò³
´¥· §·ÊÏ ÕÐ¨³ ³¥Éµ¤ ³, ÎÉµ, ¢ ¸¢µÕ µÎ¥·¥¤Ó, É·¥¡Ê¥É · §· ¡µÉ±¨ ¨ ¸µ§¤ ´¨Ö
¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¤¥É¥±É¨·ÊÕÐ¨Ì ¨´Ëµ·³ Í¨µ´´µ-¨§³¥·¨É¥²Ó´ÒÌ ¸¨¸É¥³ ¤²Ö
·¥ ²¨§ Í¨¨ ÔÉ¨Ì ³¥Éµ¤µ¢.

�¤¨´ ¨§ É ±¨Ì ¶¥·¸¶¥±É¨¢´ÒÌ ³¥Éµ¤µ¢ ´¥· §·ÊÏ ÕÐ¥° ¡¥¸±µ´É ±É´µ°
¤¨ £´µ¸É¨±¨ ¶ÊÎ±µ¢ ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í µ¸´µ¢ ´ ´  ¨¸¶µ²Ó-
§µ¢ ´¨¨ ¨Ì ¸µ¡¸É¢¥´´µ£µ Ô²¥±É·µ³ £´¨É´µ£µ ¨§²ÊÎ¥´¨Ö (ÔËË¥±É  ¸¨´Ì·µÉ·µ´-
´µ£µ ¨§²ÊÎ¥´¨Ö). ‘¨´Ì·µÉ·µ´´µ¥, ¨²¨ ³ £´¨ÉµÉµ·³µ§´µ¥, ¨§²ÊÎ¥´¨¥ ¢µ§´¨-
± ¥É ¶·¨ µÉ±²µ´¥´¨¨ ³ £´¨É´Ò³ ¶µ²¥³ ·¥²ÖÉ¨¢¨¸É¸±µ° § ·Ö¦¥´´µ° Î ¸É¨ÍÒ
µÉ ¶·Ö³µ²¨´¥°´µ£µ ¶ÊÉ¨, ±µ£¤  Î ¸É¨Í  ¶·µ²¥É ¥É ¢ ¶µ²¥ ¶µ¢µ·µÉ´ÒÌ ³ £´¨-
Éµ¢ ´ ±µ¶¨É¥²Ö ¨²¨ ¢ ¸¶¥Í¨ ²Ó´µ ¸µ§¤ ´´µ³ ¶·µ¸É· ´¸É¢¥´´µ-¶¥·¨µ¤¨Î¥¸±µ³
³ £´¨É´µ³ ¶µ²¥. �ËË¥±É ¸¨´Ì·µÉ·µ´´µ£µ ¨§²ÊÎ¥´¨Ö Ìµ·µÏµ ¨§ÊÎ¥´ ¨ ¶µ-
¤·µ¡´µ µ¶¨¸ ´ ¢µ ³´µ£¨Ì · ¡µÉ Ì. �´µ ¨¸¶µ²Ó§Ê¥É¸Ö ± ± ¨´¸É·Ê³¥´É ¨ ± ±
¨¸ÉµÎ´¨± ¨´Ëµ·³ Í¨¨ ¢ · §²¨Î´ÒÌ ´ ÊÎ´ÒÌ ¨ ¶·¨±² ¤´ÒÌ ¨¸¸²¥¤µ¢ ´¨ÖÌ ¨
Ô±¸¶¥·¨³¥´É Ì. ƒ¥´¥·¨·Ê¥³µ¥ Ô²¥³¥´É ·´Ò³¨ Î ¸É¨Í ³¨ ³ £´¨ÉµÉµ·³µ§´µ¥
¨§²ÊÎ¥´¨¥ (¸¨´Ì·µÉ·µ´´µ¥, ±· ¥¢µ¥, bremsstrahlung) ¸²Ê¦¨É ¢ ± Î¥¸É¢¥ ¨¸ÉµÎ-
´¨±  ¨´Ëµ·³ Í¨¨ µ · §²¨Î´ÒÌ ¶ · ³¥É· Ì ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¶ÊÎ±µ¢ (´ ¶·¨³¥·,
Éµ±µ¢ÒÌ, Ô´¥·£¥É¨Î¥¸±¨Ì, ¶·µ¸É· ´¸É¢¥´´ÒÌ). �² £µ¤ ·Ö ¸¢µ¨³ Ê´¨± ²Ó´Ò³
¸¢µ°¸É¢ ³ ¸¨´Ì·µÉ·µ´´µ¥ ¨§²ÊÎ¥´¨¥ ´ Ï²µ Ï¨·µ±µ¥ ¶·¨³¥´¥´¨¥ ¢ ¶·µ³ÒÏ-
²¥´´µ¸É¨ (µ¸µ¡¥´´µ ¢ ³¨±·µÔ²¥±É·µ´¨±¥).

�¥· §·ÊÏ ÕÐ Ö ¸¨´Ì·µÉ·µ´´ Ö ¤¨ £´µ¸É¨±  ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¶ÊÎ±µ¢, ¤¢¨-
¦ÊÐ¨Ì¸Ö ¶µ ±·¨¢µ²¨´¥°´µ° µ·¡¨É¥, ¢ µ¸´µ¢´µ³ µ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¸ ¶µ³µÐÓÕ
¸¨´Ì·µÉ·µ´´µ£µ ¨§²ÊÎ¥´¨Ö ¢¨¤¨³µ£µ ¨²¨ ¡²¨¦´¥£µ ¨´Ë· ±· ¸´µ£µ ¤¨ ¶ §µ-
´µ¢. �µ ¤²Ö ·¥Ï¥´¨Ö ¢¥¸Ó³   ±ÉÊ ²Ó´ÒÌ ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¶·µ¡²¥³ ¨¸¸²¥¤µ-
¢ ´¨Ö ¨§²ÊÎ¥´¨Ö ¶ÊÎ±µ¢ CERN/LHC-SPS [1, 2] ¨ µ¡´ ·Ê¦¥´¨Ö ±µ£¥·¥´É´µ£µ
³ £´¨ÉµÉµ·³µ§´µ£µ ¨§²ÊÎ¥´¨Ö (bremsstrahlung) ´  ¢¸É·¥Î´ÒÌ ¶ÊÎ± Ì [3, 4] É· -
¤¨Í¨µ´´Ò¥ ³¥Éµ¤Ò µ¶É¨Î¥¸±µ° ¤¨ £´µ¸É¨±¨ ¨ ¤¥É¥±Éµ·Ò (”�“, CCD) ´¥ ³µ-
£ÊÉ ¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´Ò. ‘²µ¦´µ¸ÉÓ ¢µ¶·µ¸  § ±²ÕÎ ¥É¸Ö ¢ Éµ³, ÎÉµ ¸¶¥±É· £¥-
´¥·¨·Ê¥³µ£µ ·¥²ÖÉ¨¢¨¸É¸±¨³¨ Ô²¥³¥´É ·´Ò³¨ § ·Ö¦¥´´Ò³¨ Î ¸É¨Í ³¨ ¸¨´-
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Ì·µÉ·µ´´µ£µ ¨§²ÊÎ¥´¨Ö ´ Ìµ¤¨É¸Ö ¶·¥¨³ÊÐ¥¸É¢¥´´µ ¢ ¨´Ë· ±· ¸´µ³ ¤¨ ¶ -
§µ´¥ ¤²¨´ ¢µ²´. „²Ö ÔÉµ° µ¡² ¸É¨ É·¥¡Ê¥É¸Ö · §¢¨É¨¥ ¸ÊÐ¥¸É¢ÊÕÐ¨Ì ¨ · §· -
¡µÉ±  ´µ¢ÒÌ ³¥Éµ¤µ¢ ¨´Ë· ±· ¸´µ° ¸¨´Ì·µÉ·µ´´µ° ¤¨ £´µ¸É¨±¨ [5]. ˆ³¥´´µ
É ± Ö µ¸µ¡¥´´µ¸ÉÓ ·Ö¤  ¸µ¢·¥³¥´´ÒÌ Ê¸±µ·¨É¥²Ó´ÒÌ ±µ³¶²¥±¸µ¢ ¸É¨³Ê²¨·µ-
¢ ²  ¶µ²ÊÎ¥´¨¥ ·¥§Ê²ÓÉ Éµ¢, ¶µ²µ¦¥´´ÒÌ ¢ µ¸´µ¢Ê ¤ ´´µ° · ¡µÉÒ.

‚¸¥ ¢µ§· ¸É ÕÐ¨° ¨´É¥·¥¸ ¶·µÖ¢²Ö¥É¸Ö ± ¸¶¥±É· ²Ó´Ò³ ¨ Ê£²µ¢Ò³ ¸¨´-
Ì·µÉ·µ´´Ò³ Ô±¸¶¥·¨³¥´É ³ [6, 7], Ö¢²ÖÕÐ¨³¸Ö µ¸´µ¢µ° ¤²Ö ¸µ¢¥·Ï¥´¸É¢µ-
¢ ´¨Ö ¨ ±µ··¥±É¨·µ¢±¨ ¨¸¶µ²Ó§Ê¥³ÒÌ ¢ § ¤ Î Ì · ¸Î¥Éµ¢ ³ £´¨ÉµÉµ·³µ§-
´µ£µ ¸¨´Ì·µÉ·µ´´µ£µ ¨§²ÊÎ¥´¨Ö ·¥²ÖÉ¨¢¨¸É¸±¨Ì § ·Ö¦¥´´ÒÌ Î ¸É¨Í · ¸Î¥É-
´ÒÌ ¶·µ£· ³³ ¨ ¡¨¡²¨µÉ¥± [8, 9]. �¸µ¡Ò° ¨´É¥·¥¸ ¶·¥¤¸É ¢²ÖÕÉ ¶µ²´µ³ ¸-
ÏÉ ¡´Ò¥ Ô±¸¶¥·¨³¥´ÉÒ, ¢Ò¶µ²´¥´´Ò¥ ´  ·¥ ²Ó´ÒÌ Ê¸±µ·¨É¥²Ó´ÒÌ Ê¸É ´µ¢-
± Ì [10],   É ±¦¥ ¶² ´¨·Ê¥³Ò¥ ´  ¶·µ¥±É¨·Ê¥³ÒÌ ±µ²² °¤¥· Ì [11].

–¥²Ó ÔÉµ° · ¡µÉÒ Å ¶·µ¥±É¨·µ¢ ´¨¥ ¨ · §· ¡µÉ±  ¶·µ£· ³³´µ£µ µ¡¥¸¶¥-
Î¥´¨Ö ¤²Ö · ¸Î¥É  µ¸´µ¢´ÒÌ Ì · ±É¥·¨¸É¨± ¨´Ë· ±· ¸´µ£µ ¸¨´Ì·µÉ·µ´´µ£µ
¨§²ÊÎ¥´¨Ö ¶·µÉµ´´ÒÌ ¨ Ô²¥±É·µ´´ÒÌ Ê¸±µ·¨É¥²¥°;  ´ ²¨§ ¢µ§³µ¦´µ¸É¨ ¶·¨-
³¥´¥´¨Ö ³¥Éµ¤µ¢ ¨´Ë· ±· ¸´µ° ¤¨ £´µ¸É¨±¨ ¤²Ö ±µ´É·µ²Ö ¶ÊÎ±µ¢ ·¥²ÖÉ¨-
¢¨¸É¸±¨Ì Ô²¥³¥´É ·´ÒÌ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ´  ±·¨¢µ²¨´¥°´ÒÌ ÊÎ ¸É± Ì ¨Ì
µ·¡¨ÉÒ; · §· ¡µÉ±  ¸¶µ¸µ¡µ¢ ¨ Ê¸É·µ°¸É¢, ¶µ§¢µ²ÖÕÐ¨Ì ¢Ò¶µ²´ÖÉÓ ¨§³¥·¥-
´¨Ö ³¥Éµ¤ ³¨ ¨´Ë· ±· ¸´µ° ¤¨ £´µ¸É¨±¨ ¢ Ê¸²µ¢¨ÖÌ ¶µ¢ÒÏ¥´´µ£µ Ê·µ¢´Ö
Ô²¥±É·µ³ £´¨É´ÒÌ ¨ · ¤¨ Í¨µ´´ÒÌ ¶µ³¥Ì.

‘��‘’‚…���… ˆ‡‹“—…�ˆ… �…‹Ÿ’ˆ‚ˆ‘’‘Š�‰ —�‘’ˆ–›
ˆ …ƒ� ‘��‚�…�ˆ… ‘ ’…�‹�‚›Œ ˆ‡‹“—…�ˆ…Œ

„²Ö Éµ£µ ÎÉµ¡Ò µ¶·¥¤¥²¨ÉÓ, ± ± Ö ¤¥É¥±É¨·ÊÕÐ Ö  ¶¶ · ÉÊ·  ´Ê¦´  ¤²Ö
¨§³¥·¥´¨Ö µ¸´µ¢´ÒÌ ¶ · ³¥É·µ¢ ¸£Ê¸É±  (Éµ±µ¢ÒÌ, Ô´¥·£¥É¨Î¥¸±¨Ì, £¥µ³¥-
É·¨Î¥¸±¨Ì) ¨ ± ± Ö É·¥¡Ê¥É¸Ö ¨´¸É·Ê³¥´É ²Ó´ Ö ÔËË¥±É¨¢´µ¸ÉÓ, ´¥µ¡Ìµ¤¨³µ
§´ ÉÓ Ì · ±É¥·¨¸É¨±¨ ¸¨´Ì·µÉ·µ´´µ£µ ¨§²ÊÎ¥´¨Ö Å ¥£µ ¸¶¥±É· ²Ó´µ¥ ¨ Ê£²µ-
¢µ¥ · ¸¶·¥¤¥²¥´¨Ö. „¨ £´µ¸É¨±Ê µ¸´µ¢´ÒÌ ¶ · ³¥É·µ¢ ¸£Ê¸É±µ¢ ·¥²ÖÉ¨¢¨¸É-
¸±¨Ì § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¸ ¶µ³µÐÓÕ ¨Ì ¸¨´Ì·µÉ·µ´´µ£µ ¨§²ÊÎ¥´¨Ö ¨²²Õ¸É·¨-
·ÊeÉ ·¨¸. 1, ´  ±µÉµ·µ³ ¶µ± § ´  £¥µ³¥É·¨Ö ¨¸¶Ê¸± ´¨Ö ¨§²ÊÎ¥´¨Ö ¨ · §³¥-
Ð¥´¨¥ ¤¥É¥±É¨·ÊÕÐ¨Ì ¡²µ±µ¢ µÉ´µ¸¨É¥²Ó´µ ¨§²ÊÎ É¥²Ö.

‘¶¥±É· ²Ó´µ¥ · ¸¶·¥¤¥²¥´¨¥ ¨¸¶Ê¸± ¥³µ° ³µ´µÔ´¥·£¥É¨Î¥¸±µ° ·¥²ÖÉ¨-
¢¨¸É¸±µ° § ·Ö¦¥´´µ° Î ¸É¨Í¥° (´ ¶·¨³¥·, Ô²¥±É·µ´µ³) ³£´µ¢¥´´µ° ³µÐ´µ-
¸É¨ ¸¨´Ì·µÉ·µ´´µ£µ ¨§²ÊÎ¥´¨Ö ´  ¤²¨´¥ ¢µ²´Ò λ, ¢ ¥¤¨´¨Î´µ³ ¨´É¥·¢ ²¥
¤²¨´ ¢µ²´, µ¶¨¸Ò¢ ¥É¸Ö Ëµ·³Ê²µ°

w(λ) =
35/2

16π2

e2c

R3
γ7y3

∫ ∞

y

K5/3(η)dη, (1)

£¤¥ y = λc/λ.
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�¨¸. 1. ‘Ì¥³ , ¶µÖ¸´ÖÕÐ Ö £¥µ³¥É·¨Õ ¨¸¶Ê¸± ´¨Ö ¸¨´Ì·µÉ·µ´´µ£µ ¨§²ÊÎ¥´¨Ö ¨ ¥£µ
·¥£¨¸É· Í¨¨

„²Ö ³µ´µÔ´¥·£¥É¨Î¥¸±¨Ì Ô²¥±É·µ´µ¢ ±·¨É¨Î¥¸± Ö ¤²¨´  ¢µ²´Ò λc ¸¢Ö§ ´ 
¸ ¤²¨´µ° ¢µ²´Ò λm, ¸µµÉ¢¥É¸É¢ÊÕÐ¥° ³ ±¸¨³Ê³Ê ¸¶¥±É· ²Ó´µ£µ · ¸¶·¥¤¥²¥-
´¨Ö ¸¨´Ì·µÉ·µ´´µ£µ ¨§²ÊÎ¥´¨Ö, ¸²¥¤ÊÕÐ¨³ ¸µµÉ´µÏ¥´¨¥³:

λm = 0,42λc.

‚ Ëµ·³Ê²Ê (1) ¢Ìµ¤¨É ËÊ´±Í¨Ö

G(y) = y3

∫ ∞

y

K5/3(η)dη. (2)

�Éµ ¢Ò· ¦¥´¨¥ Ì · ±É¥·¨§Ê¥É Ê´¨¢¥·¸ ²Ó´ÊÕ ±·¨¢ÊÕ ¸¶¥±É· ²Ó´µ£µ · ¸-
¶·¥¤¥²¥´¨Ö ¨´É¥´¸¨¢´µ¸É¨ ¸¨´Ì·µÉ·µ´´µ£µ ¨§²ÊÎ¥´¨Ö ³µ´µÔ´¥·£¥É¨Î¥¸±¨Ì
Ô²¥±É·µ´µ¢, ±µÉµ·ÊÕ ³µ¦´µ ¨¸¶µ²Ó§µ¢ ÉÓ ¤²Ö ¶µ²ÊÎ¥´¨Ö · ¸¶·¥¤¥²¥´¨Ö ¶·¨
²Õ¡µ° Ô´¥·£¨¨, ¶µ¸±µ²Ó±Ê Ëµ·³  ±·¨¢µ° ´¥ § ¢¨¸¨É µÉ Ô´¥·£¨¨ Ô²¥±É·µ-
´µ¢.

3



ˆ§ (1) ¸¤¥² ´  µÍ¥´±  ³µÐ´µ¸É¨, ¨§²ÊÎ ¥³µ° ¢¡²¨§¨ ³ ±¸¨³Ê³  ±·¨¢µ°
¸¶¥±É· ²Ó´µ£µ · ¸¶·¥¤¥²¥´¨Ö (¤²Ö λ ∼ λc/2) [12]:

w1

[
‚É · ³±³−1 · Ô²¥±É·µ´

−1
]
� 9 · 10−21γ7R−3 (3)

¨ ³µÐ´µ¸É¨, ¨§²ÊÎ ¥³µ° ´  ¤²¨´ Ì ¢µ²´, ¶·¥¢ÒÏ ÕÐ¨Ì ±·¨É¨Î¥¸±ÊÕ λ � λc:

w2

[
‚É · ³±³−1 · Ô²¥±É·µ´

−1
]
� 9 · 10−10R−2/3λ−7/3. (4)

ˆ§ (3) ¨ (4) ¢¨¤´µ, ÎÉµ µÏ¨¡±  ¢ÒÎ¨¸²¥´¨Ö ³µÐ´µ¸É¨ ¸¨´Ì·µÉ·µ´´µ£µ
¨§²ÊÎ¥´¨Ö, ¸¢Ö§ ´´ Ö ¸ ´¥ÉµÎ´µ¸ÉÓÕ §´ ´¨Ö Ô´¥·£¨¨ Ô²¥±É·µ´µ¢ ¨ · ¤¨Ê¸  ¨Ì
µ·¡¨É ¢· Ð¥´¨Ö, ¢µ ¢Éµ·µ³ ¸²ÊÎ ¥ §´ Î¨É¥²Ó´µ ³¥´ÓÏ¥, Î¥³ ¶·¨ ¨§³¥·¥´¨¨
¢¡²¨§¨ ¶¨±  ¸¶¥±É· ²Ó´µ£µ · ¸¶·¥¤¥²¥´¨Ö:

w1/w1 = [(7�γ/γ)2 + (3�R/R)2]1/2,

Éµ£¤  ± ±
w2/w2 ∼ �R/R.

�Éµ µ¡¸ÉµÖÉ¥²Ó¸É¢µ ¨ µ¶·¥¤¥²Ö¥É Í¥²¥¸µµ¡· §´µ¸ÉÓ ¨¸¶µ²Ó§µ¢ ´¨Ö ¤²Ö
¨§³¥·¥´¨Ö ¶µ²´µ£µ Î¨¸²  § ·Ö¦¥´´ÒÌ Î ¸É¨Í, ´ ¶·¨³¥· Éµ±  Ô²¥±É·µ´µ¢ ¢
Ê¸±µ·Ö¥³µ³ ¸£Ê¸É±¥ (±µ²ÓÍ¥), ²¥¦ Ð¨Ì µ¡² ¸É¨ ¤²¨´ ¢µ²´ λ � λc.

‘¨´Ì·µÉ·µ´´µ¥ ¨§²ÊÎ¥´¨¥ ¶µ  §¨³ÊÉ ²Ó´µ³Ê Ê£²Ê · ¸¶·¥¤¥²¥´µ ¨§µÉ·µ¶´µ.
�É´µ¸¨É¥²Ó´µ ¶²µ¸±µ¸É¨ µ·¡¨ÉÒ µ´µ · ¸¶·µ¸É· ´Ö¥É¸Ö ¢ Ê§±µ³ ±µ´Ê¸¥, Ê£µ²
· ¸É¢µ·  θ ±µÉµ·µ£µ ¶µ¤Î¨´Ö¥É¸Ö ¢Ò· ¦¥´¨Õ

θ � (1 − β2)1/2 = m0c
2/E = 1/γ, (5)

£¤¥ E Å Ô´¥·£¨Ö Ô²¥±É·µ´ .
“£²µ¢µ¥ · ¸¶·¥¤¥²¥´¨¥ ¨´É¥´¸¨¢´µ¸É¨ ¨§²ÊÎ¥´¨Ö ¶µ θ ¨³¥¥É ¢¨¤

w(θ) =
e2c

R2
γ5

[
1 + (γθ)2

]−5/2
{

7
16

+
5
16

(γθ)2

1 + (γθ)2

}
. (6)

�µ Ê£²Ê θ (Ê£µ² µÉ±²µ´¥´¨Ö µÉ ¶²µ¸±µ¸É¨ µ·¡¨ÉÒ) · ¸¶·¥¤¥²¥´¨¥ ·¥§±µ
 ´¨§µÉ·µ¶´µ, ¢ÒÉÖ´ÊÉµ ¢¶¥·¥¤ ¨ § ¢¨¸¨É µÉ ´ ¶· ¢²¥´¨Ö ¶µ²Ö·¨§ Í¨¨. �¸´µ¢-
´ Ö Î ¸ÉÓ ¨§²ÊÎ¥´¨Ö ¸±µ´Í¥´É·¨·µ¢ ´  ¢ ¨´É¥·¢ ²¥ Ê£²µ¢ ±1/γ. �·¨¡²¨-
¦¥´´µ Ê£²µ¢µ° · §¡·µ¸ ¨§²ÊÎ¥´¨Ö (¶µ²´ÊÕ Ï¨·¨´Ê ´  ¶µ²Ê¢Ò¸µÉ¥) ³µ¦´µ
¶·¥¤¸É ¢¨ÉÓ Ëµ·³Ê² ³¨

�θ �




2
γ

(
λ

λc

)1/3

¤²Ö λ � λc,

2
γ

(
λ

λc

)1/2

¤²Ö λ � λc.

(7)
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‚ Ëµ·³Ê²Ê ¤²Ö ¢ÒÎ¨¸²¥´¨Ö  ¡¸µ²ÕÉ´µ£µ Î¨¸²  Ô²¥±É·µ´µ¢ Ne ¢
¸£Ê¸É±¥ [13]

Ne =
U

S
f(E, R, G, λ), (8)

¨§³¥·Ö¥³µ£µ ¸ ¶µ³µÐÓÕ ¸¨´Ì·µÉ·µ´´µ£µ ¨§²ÊÎ¥´¨Ö, ¢Ìµ¤¨É ± ²¨¡·µ¢µÎ´ Ö
±µ´¸É ´É  (¨´É¥£· ²Ó´ Ö ÎÊ¢¸É¢¨É¥²Ó´µ¸ÉÓ) ¤¥É¥±Éµ·µ¢ S. ‚ ¢Ò· ¦¥´¨¨ (8)
U Å ¢¥²¨Î¨´  ¸¨£´ ²  ´  ¢ÒÌµ¤¥ ¨§³¥·¨É¥²Ó´µ° ¸¨¸É¥³Ò,   f Å ËÊ´±Í¨Ö,
§ ¢¨¸ÖÐ Ö µÉ Ô´¥·£¨¨ Ô²¥±É·µ´µ¢ E, · ¤¨Ê¸  R, £¥µ³¥É·¨¨ ·¥£¨¸É· Í¨¨ G,
¸¶¥±É· ²Ó´µ£µ ¤¨ ¶ §µ´  λ.

�·¨ µ¶·¥¤¥²¥´¨¨  ¡¸µ²ÕÉ´µ£µ Î¨¸²  Ô²¥±É·µ´µ¢ ´¥µ¡Ìµ¤¨³µ §´ ÉÓ ± ²¨-
¡·µ¢µÎ´ÊÕ ±µ´¸É ´ÉÊ S. „²Ö Î¥£µ ¨§³¥·¨É¥²Ó´Ò° ± ´ ² ¸ ¶·¨¥³´¨±µ³ ¸¨´-
Ì·µÉ·µ´´µ£µ ¨§²ÊÎ¥´¨Ö ¤µ²¦¥´ ¡ÒÉÓ ¶·µ± ²¨¡·µ¢ ´ ´  ÔÉ ²µ´´µ³ ¨¸ÉµÎ´¨±¥
¸ ¨§¢¥¸É´µ° ¨´É¥´¸¨¢´µ¸ÉÓÕ ¨ ¸¶¥±É· ²Ó´Ò³¨ Ì · ±É¥·¨¸É¨± ³¨, ¦¥² É¥²Ó´µ
¡²¨§±¨³¨ ¸¶¥±É· ²Ó´µ³Ê · ¸¶·¥¤¥²¥´¨Õ ¸¨´Ì·µÉ·µ´´µ£µ ¨§²ÊÎ¥´¨Ö. ’ ±¨³
ÔÉ ²µ´´Ò³ ¨¸ÉµÎ´¨±µ³ ³µ¦¥É ¡ÒÉÓ ²¨¡µ ±µ²ÓÍ¥¢µ° Ô²¥±É·µ´´Ò° Ê¸±µ·¨É¥²Ó,
´ ¶·¨³¥· ¸¨´Ì·µÉ·µ´, ¸ ¨§¢¥¸É´µ° ¸¶¥±É· ²Ó´µ° ¶²µÉ´µ¸ÉÓÕ [14] ¸¨´Ì·µ-
É·µ´´µ£µ ¨§²ÊÎ¥´¨Ö, ²¨¡µ É¥¶²µ¢µ° ¨¸ÉµÎ´¨± (¶² ´±µ¢¸±¨° ¨§²ÊÎ É¥²Ó), Ê
±µÉµ·µ£µ, ± ± ¨§¢¥¸É´µ, Ì · ±É¥· ¸¶¥±É· ²Ó´µ£µ · ¸¶·¥¤¥²¥´¨Ö ¡²¨§µ± Ì -
· ±É¥·Ê [15] · ¸¶·¥¤¥²¥´¨Ö ¸¨´Ì·µÉ·µ´´µ£µ ¨§²ÊÎ¥´¨Ö.

„²Ö ¸¨´Ì·µÉ·µ´´µ£µ ¨§²ÊÎ¥´¨Ö ³ ±¸¨³Ê³ ¸¶¥±É· ²Ó´µ£µ · ¸¶·¥¤¥²¥´¨Ö
¶·¨Ìµ¤¨É¸Ö ´  ¤²¨´Ê ¢µ²´Ò λ¸¨

m, µ¶·¥¤¥²Ö¥³ÊÕ ¨§ ¢Ò· ¦¥´¨Ö

λ¸¨
m = 1,7R/γ3, (9)

£¤¥ γ Å ·¥²ÖÉ¨¢¨¸É¸±¨° Ë ±Éµ·.
„²Ö É¥¶²µ¢µ£µ ¨§²ÊÎ É¥²Ö ¨§ ¢µ²ÓË· ³  ³ ±¸¨³Ê³ ¸¶¥±É· ²Ó´µ£µ · ¸¶·¥-

¤¥²¥´¨Ö ´ Ìµ¤¨É¸Ö ¶µ § ±µ´Ê ‚¨´  ¨§ ¢Ò· ¦¥´¨Ö

λÉ¨
m = 2660T−1, (10)

£¤¥ T Å  ¡¸µ²ÕÉ´ Ö É¥³¶¥· ÉÊ·  ¨§²ÊÎ É¥²Ö (K). ˆ§ Ê¸²µ¢¨Ö λ¸¨
m � λÉ¨

m (¸µµÉ-
¢¥É¸É¢¨¥ ³ ±¸¨³Ê³µ¢ ¸¶¥±É· ²Ó´ÒÌ · ¸¶·¥¤¥²¥´¨° É¥¶²µ¢µ£µ ¨ ¸¨´Ì·µÉ·µ´-
´µ£µ ¨§²ÊÎ¥´¨°) ³µ¦´µ µ¶·¥¤¥²¨ÉÓ É¥³¶¥· ÉÊ·Ê ÔÉ ²µ´´µ£µ ¨¸ÉµÎ´¨± , ±µÉµ-
· Ö ¸µµÉ¢¥É¸É¢µ¢ ²  ¡Ò µ¶·¥¤¥²¥´´µ³Ê · ¤¨Ê¸Ê µ·¡¨ÉÒ ¨ Ô´¥·£¨¨ Ô²¥±É·µ´ :

T[K] = 1565γ3R−1
[³±³]. (11)

’ ±¨³ µ¡· §µ³, ¶·¨ ¢Ò¡µ·¥ ÔÉ ²µ´´µ£µ ¨¸ÉµÎ´¨±  ¤²Ö ± ²¨¡·µ¢±¨ ¨´-
Ë· ±· ¸´ÒÌ ¤¥É¥±Éµ·µ¢ ¸¨´Ì·µÉ·µ´´µ£µ ¨§²ÊÎ¥´¨Ö, ÊÎ¨ÉÒ¢ Ö É ±ÊÕ µ¸µ¡¥´-
´µ¸ÉÓ, ± ± ¶µ¤µ¡¨¥ ¸¶¥±É·µ¢ ¸¨´Ì·µÉ·µ´´µ£µ ¨ É¥¶²µ¢µ£µ ¨§²ÊÎ¥´¨°, ³µ¦´µ
¤¥² ÉÓ ¶·¥Í¨§¨µ´´ÊÕ ± ²¨¡·µ¢±Ê ¤¥É¥±Éµ·µ¢ ¸¨´Ì·µÉ·µ´´µ£µ ¨§²ÊÎ¥´¨Ö ´ 
É¥¶²µ¢µ³ ¨¸ÉµÎ´¨±¥ ²¨¡µ ´ µ¡µ·µÉ.
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���ƒ��ŒŒ��… ��…‘�…—…�ˆ…

�·µ£· ³³´µ¥ µ¡¥¸¶¥Î¥´¨¥ · §· ¡ ÉÒ¢ ²µ¸Ó ¤²Ö · ¸Î¥É  ¸¶¥±É· ²Ó´ÒÌ ¨
Ê£²µ¢ÒÌ Ì · ±É¥·¨¸É¨± ¸¨´Ì·µÉ·µ´´µ£µ ¨§²ÊÎ¥´¨Ö ·Ö¤  ´ ¨¡µ²¥¥ ¨§¢¥¸É´ÒÌ
¶·µÉµ´´ÒÌ ¨ Ô²¥±É·µ´´ÒÌ Ê¸±µ·¨É¥²Ó´ÒÌ ±µ³¶²¥±¸µ¢, ´  ±µÉµ·ÒÌ ³µ¦¥É
¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´  ¨´Ë· ±· ¸´ Ö ¤¨ £´µ¸É¨± .

�¤´¨³ ¨§ É·¥¡µ¢ ´¨°, ´ ±² ¤Ò¢ ¥³ÒÌ ´  · §· ¡ ÉÒ¢ ¥³Ò° ¶·µ£· ³³´Ò°
¶·µ¤Ê±É, Ö¢²Ö¥É¸Ö ¶·¥¤¸É ¢²¥´¨¥ ¢ÒÌµ¤´ÒÌ ¤ ´´ÒÌ ¢ Ê¤µ¡´µ³ ¤²Ö ¶µ²Ó§µ-
¢ É¥²Ö ¢¨¤¥, É. ¥. ¢ ¢¨¤¥ £¨¸Éµ£· ³³, ¸¥³¥°¸É¢ ±·¨¢ÒÌ, É ¡²¨Í. „²Ö ÔÉµ£µ
´¥µ¡Ìµ¤¨³µ, ÎÉµ¡Ò · ¸¸Î¨ÉÒ¢ ¥³Ò¥ ¤ ´´Ò¥ ¡Ò²¨ § ¶¨¸ ´Ò ¶µ µ¶·¥¤¥²¥´´Ò³
¶· ¢¨² ³ (Ëµ·³ ÉÊ), ¶·¨´ÖÉÒ³ ¢ £· Ë¨Î¥¸±¨Ì ¶ ±¥É Ì  ´ ²¨§  ¸É É¨¸É¨Î¥-
¸±¨Ì, ´ ÊÎ´ÒÌ, Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨ ¤·. ¤ ´´ÒÌ, É ±¨Ì ± ± PAW Å Physics
Analysis Workstation [8]. ‚ Í¥²µ³ ¶µ¤¸¨¸É¥³  · ¸Î¥É  ¶µ¤· §Ê³¥¢ ¥É É ±¦¥
µ¡· ¡µÉ±Ê ¶µ²ÊÎ¥´´ÒÌ ¤ ´´ÒÌ ¢ £· Ë¨Î¥¸±¨Ì ¶ ±¥É Ì ¨ ¢Ò¤ ÎÊ £µÉµ¢µ° ¨´-
Ëµ·³ Í¨¨ (±·¨¢ÒÌ, £¨¸Éµ£· ³³, É ¡²¨Í ¨ É. ¤.) ´  Ô±· ´ ¨²¨ ¢ Ë °² ¤²Ö
¶µ¸²¥¤ÊÕÐ¥£µ ¥¥ ¨¸¶µ²Ó§µ¢ ´¨Ö, ´ ¶·¨³¥· ¤²Ö ¶µ¤£µÉµ¢±¨ ¤µ±Ê³¥´Éµ¢ ¨ µÉ-
Î¥Éµ¢.

’ ±¨³ µ¡· §µ³, § ¤ Î  · §· ¡µÉ±¨ ¶µ¤¸¨¸É¥³Ò · ¸Î¥É  ¸¶¥±É·µ¢ ¨ Ê£²µ-
¢µ£µ · ¸¶·¥¤¥²¥´¨Ö ³µÐ´µ¸É¨ ¸¨´Ì·µÉ·µ´´µ£µ ¨§²ÊÎ¥´¨Ö ´¥ § ± ´Î¨¢ ¥É¸Ö
´  ¶µ²ÊÎ¥´¨¨ ®£µ²ÒÌ¯ Í¨Ë· ¶µ¸²¥ ¢ÒÎ¨¸²¥´¨°,   § ±²ÕÎ ¥É¸Ö ¢ ¶µ²ÊÎ¥´¨¨,
µ¡· ¡µÉ±¥ ¨ ¶·¥¤¸É ¢²¥´¨¨ ·¥§Ê²ÓÉ Éµ¢.

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

‡ ¤ Î  · ¸Î¥É  ¸¶¥±É·µ¢ ·¥Ï ² ¸Ó ¢ ´¥¸±µ²Ó±µ ÔÉ ¶µ¢: ´ ¶¨¸ ´¨¥ ¶·µ-
£· ³³Ò · ¸Î¥É  ¸¶¥±É·µ¢ · ¸¶·¥¤¥²¥´¨Ö ¨´É¥´¸¨¢´µ¸É¨ ¸¨´Ì·µÉ·µ´´µ£µ ¨§-
²ÊÎ¥´¨Ö ´  µ¸´µ¢¥ Ëµ·³Ê²Ò (1), ¢ÒÎ¨¸²¥´¨¥ ¨ µ¡· ¡µÉ±  ¶µ²ÊÎ¥´´ÒÌ ¤ ´´ÒÌ.
� ¶¨¸ ´¨¥ ¶·µ£· ³³Ò ¨ · ¸Î¥É ¶·µ¨§¢µ¤¨²¨¸Ó ´  �‚Œ É¨¶  VAX ¢ µ¶¥· -
Í¨µ´´µ° ¸¨¸É¥³¥ VAX/VMS [9, 16],   µ¡· ¡µÉ±  ¤ ´´ÒÌ ¨ ¨Ì £· Ë¨Î¥¸±µ¥
¶·¥¤¸É ¢²¥´¨¥ ¤¥² ²¨¸Ó ´  ¶¥·¸µ´ ²Ó´µ³ ±µ³¶ÓÕÉ¥·¥ É¨¶  IBM PC/AT.

‘Éµ²Ó Ï¨·µ±µ¥ ¶·¨³¥´¥´¨¥ · §´ÒÌ �‚Œ, ¶·¨´ ¤²¥¦ Ð¨Ì ± · §²¨Î´Ò³
±² ¸¸ ³, µ¡Ê¸²µ¢²¥´µ ¨Ì ¸¶µ¸µ¡´µ¸ÉÓÕ ¢Ò¶µ²´ÖÉÓ É¥ ¨²¨ ¨´Ò¥ § ¤ Î¨. ’ ±,
´ ¶·¨³¥·, ¸²µ¦´Ò¥ ¨´¦¥´¥·´Ò¥, ³ É¥³ É¨Î¥¸±¨¥ · ¸Î¥ÉÒ (¢ÒÎ¨¸²¥´¨¥ ¨´É¥-
£· ²µ¢ ËÊ´±Í¨¨ µÉ ³´¨³µ£µ  ·£Ê³¥´É  ¸ ¶·¥¤¥² ³¨ ¨´É¥£·¨·µ¢ ´¨Ö [y ±∞])
²ÊÎÏ¥ ¢¸¥£µ ¶·µ¨§¢µ¤¨ÉÓ ´  É ±¨Ì �‚Œ, ± ± VAX,   µ¡· ¡µÉ±Ê ¨ ¶µ²ÊÎ¥´¨¥
¨´Ëµ·³ Í¨¨ ¢ £· Ë¨Î¥¸±µ³ ¢¨¤¥ ²ÊÎÏ¥ ¢¸¥£µ µ¸ÊÐ¥¸É¢²ÖÉÓ ´  ¶¥·¸µ´ ²Ó´µ³
±µ³¶ÓÕÉ¥·¥ (�Š), É ± ± ± ¡µ²ÓÏ¨´¸É¢µ £· Ë¨Î¥¸±¨Ì ¶ ±¥Éµ¢ · §· ¡µÉ ´µ
¨³¥´´µ ¤²Ö É ±¨Ì ³ Ï¨´. ‘¢Ö§Ó ¨ µ¡³¥´ ¨´Ëµ·³ Í¨¥° ³¥¦¤Ê ³ Ï¨´ ³¨ µ¸Ê-
Ð¥¸É¢²Ö² ¸Ó ¶µ ¸¥É¨ JINET.

�µ¤¶·µ£· ³³Ò ¢ÒÎ¨¸²¥´¨Ö ¨´É¥£· ²  ¨ ËÊ´±Í¨¨ �¥¸¸¥²Ö ¡· ²¨¸Ó ¨§ ¡¨-
¡²¨µÉ¥±¨ NAGLIB (¡¨¡²¨µÉ¥± , ¸µ¤¥·¦ Ð Ö ¶µ¤¶·µ£· ³³Ò Î¨¸²¥´´ÒÌ ³¥Éµ-
¤µ¢ ³ É¥³ É¨Î¥¸±µ£µ  ´ ²¨§ ).
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D01ANF Å ¶µ¤¶·µ£· ³³  ¢ÒÎ¨¸²¥´¨Ö ¨´É¥£· ² 

I =
∫ (b)

(a)

f(x)dx,

£¤¥ £· ´¨ÍÒ ¨´É¥£·¨·µ¢ ´¨Ö a, b ³µ£ÊÉ ¶·¨´¨³ ÉÓ §´ Î¥´¨Ö scalar Å Î¨-
¸²µ ¨ ±∞ ²¨¡µ ±∞ (¢ ´ Ï¥³ ¸²ÊÎ ¥ [scalar, +∞]). �·¨ ¢Ò§µ¢¥ ¤ ´´µ°
¶µ¤¶·µ£· ³³Ò ¢ ± Î¥¸É¢¥ ¢Ìµ¤´ÒÌ ¶ · ³¥É·µ¢ § ¤ ÕÉ¸Ö ËÊ´±Í¨Ö f(x) (³µ-
¦¥É ¡ÒÉÓ ± ± ¢¸É·µ¥´´µ°, É ± ¨ ¢´¥Ï´¥°, µ¶¨¸ ´´µ° ± ± External Function),
£· ´¨ÍÒ ¨´É¥£·¨·µ¢ ´¨Ö,  ¡¸µ²ÕÉ´ Ö µÏ¨¡±  ¨´É¥£·¨·µ¢ ´¨Ö ¨ µÉ´µ¸¨É¥²Ó-
´ Ö µÏ¨¡± . �  ¢ÒÌµ¤¥ ¶µ¤¶·µ£· ³³  ²¨¡µ ¢µ§¢· Ð ¥É §´ Î¥´¨¥ ¨´É¥£· ² 
¨  ¡¸µ²ÕÉ´ÊÕ µÏ¨¡±Ê, ¨²¨ ¸µµ¡Ð ¥É ´µ³¥· µÏ¨¡±¨, µ¡´ ·Ê¦¥´´µ° ¢ Ìµ¤¥
¢Ò¶µ²´¥´¨Ö ¶µ¤¶·µ£· ³³Ò, ¨²¨ ¢Ò¤ ¥É ¶·¥¤Ê¶·¥¦¤¥´¨¥.

S18DCF Å ¶µ¤¶·µ£· ³³  ¢ÒÎ¨¸²¥´¨Ö ËÊ´±Í¨¨ �¥¸¸¥²Ö

y = Kν−N+1(z).

�·¨ ¢Ò§µ¢¥ ¤ ´´µ° ¶µ¤¶·µ£· ³³Ò ¢ ± Î¥¸É¢¥ ¢Ìµ¤´ÒÌ ¶ · ³¥É·µ¢ § ¤ ÕÉ¸Ö
ν Å ¤·µ¡´Ò° ±µÔËË¨Í¨¥´É ËÊ´±Í¨¨, N � 1, £¤¥ N Å Í¥²µ¥ Î¨¸²µ, ±µ³-
¶²¥±¸´Ò°  ·£Ê³¥´É ËÊ´±Í¨¨ z. �·¨ ¢ÒÌµ¤¥ ¨§ ¶·µÍ¥¤Ê·Ò ¶µ¤¶·µ£· ³³ 
¢µ§¢· Ð ¥É ³ ¸¸¨¢ §´ Î¥´¨° y(N).

�¨¡²¨µÉ¥±  CERN GRAPHLIB ¸µ¤¥·¦¨É · §²¨Î´Ò¥ ¶·µÍ¥¤Ê·Ò · ¡µÉÒ ¸
£· Ë¨±µ°. ˆ§ ´¥¥ ¡· ²¨¸Ó ¸²¥¤ÊÕÐ¨¥ ¶µ¤¶·µ£· ³³Ò.

HLIMIT(n) Å ¶µ¤¶·µ£· ³³  ·¥§¥·¢¨·µ¢ ´¨Ö ³¥¸É  ¤²Ö £¨¸Éµ£· ³³Ò; n Å
/integer/ · §³¥· ·¥§¥·¢¨·Ê¥³µ£µ ¶·µ¸É· ´¸É¢ .

HBOOK1 Å ¶µ¤¶·µ£· ³³  µ¶·¥¤¥²¥´¨Ö ¶ · ³¥É·µ¢ £¨¸Éµ£· ³³Ò; ¶·¨
¢Ò§µ¢¥ Å HBOOK1(id,′ string′, ch, a, b, c), £¤¥ id Å ´µ³¥· £¨¸Éµ£· ³³Ò,
string Å ´ ¤¶¨¸Ó ¶µ µ¸¨ µ·¤¨´ É, ch Å Î¨¸²µ ¨¸¶µ²Ó§Ê¥³ÒÌ ± ´ ²µ¢,
a Å ´¨¦´ÖÖ £· ´¨Í  ¶¥·¢µ£µ ± ´ ² , b Å ¢¥·Ì´ÖÖ £· ´¨Í  ¶µ¸²¥¤´¥£µ ± ´ ² ,
c Å ¢¥·Ì´¨° ¶·¥¤¥².

HFILL Å ¶µ¤¶·µ£· ³³  § ´¥¸¥´¨Ö §´ Î¥´¨° ¢ £¨¸Éµ£· ³³Ê. �·¨ ¢Ò-
§µ¢¥ Å HFILL(di, X, Y, WEIGHT ), £¤¥ di Å ´µ³¥· £¨¸Éµ£· ³³Ò, X Å
¶¥·¥³¥´´ Ö ¶µ µ¸¨ X , Y Å ¶¥·¥³¥´´ Ö ¶µ µ¸¨ Y , WEIGHT Å ¸¶µ¸µ¡
§ ´¥¸¥´¨Ö (¶·¨¡ ¢²¥´¨¥ ¨²¨ µÉ´¨³ ´¨¥).

HRPUT(id,′ filename′, chopt) Å § ¶¨¸Ó £¨¸Éµ£· ³³Ò ¢ Ë °², £¤¥ id Å
´µ³¥· £¨¸Éµ£· ³³Ò, ′filename′ Å ¨³Ö Ë °² , chopt Å ¸¨³¢µ²Ó´Ò° ¶ · ³¥É·
('n' Å ´µ¢Ò° Ë °²).

HPRINT(id) Å ¢Ò¢µ¤ £¨¸Éµ£· ³³ ´  Ô±· ´ (id Å ´µ³¥· £¨¸Éµ£· ³³Ò).

� ¸¸³oÉ·¨³  ²£µ·¨É³ · ¸Î¥É  ¸¶¥±É·µ¢ · ¸¶·¥¤¥²¥´¨Ö ¨´É¥´¸¨¢´µ¸É¨ ¸¨´-
Ì·µÉ·µ´´µ£µ ¨§²ÊÎ¥´¨Ö.

7



“±·Ê¶´¥´´Ò°  ²£µ·¨É³ · ¸Î¥É  ¸¶¥±É·µ¢ ¸¨´Ì·µÉ·µ´´µ£µ ¨§²ÊÎ¥´¨Ö:

‚Ìµ¤´Ò¥ ¶ · ³¥É·Ò:
� ¤¨Ê¸ µ·¡¨ÉÒ, ³
�´¥·£¨Ö Î ¸É¨ÍÒ, ŒÔ‚

„¨ ¶ §µ´ ¤²¨´ ¢µ²´, A

‚ÒÎ¨¸²¥´¨¥ ±·¨É¨Î¥¸±µ° ¤²¨´Ò
¢µ²´Ò λc = 4πR/3γ3

G(y) Å ¢ÒÎ¨¸²¥´¨¥ Ê´¨¢¥·¸ ²Ó´µ°
±·¨¢µ° ¸¶¥±É· ²Ó´µ£µ · ¸¶·¥-
¤¥²¥´¨Ö ¨§²ÊÎ¥´¨Ö ³µ´µÔ´¥·-
£¥É¨Î¥¸±µ£µ Ô²¥±É·µ´ 

‚ÒÎ¨¸²¥´¨¥ ¨´É¥´¸¨¢´µ¸É¨ ¸¨´-
Ì·µÉ·µ´´µ£µ ¨§²ÊÎ¥´¨Ö Ô²¥±É·µ´ 
¸ Ô´¥·£¨¥° E, ¢· Ð ÕÐ¥£µ¸Ö ¶µ
±·Ê£µ¢µ° µ·¡¨É¥ · ¤¨Ê¸µ³ R

�µ¸É·µ¥´¨¥ £¨¸Éµ£· ³³

�¥Î ÉÓ É ¡²¨ÍÒ ·¥§Ê²ÓÉ Éµ¢

�µ¸É·µ¥´¨¥ £¨¸Éµ£· ³³Ò ¸¶¥±-
É· ²Ó´µ£µ · ¸¶·¥¤¥²¥´¨Ö ¨´É¥´-
¸¨¢´µ¸É¨ ¸¨´Ì·µÉ·µ´´µ£µ ¨§²Ê-
Î¥´¨Ö ´  Ô±· ´¥ ¤¨¸¶²¥Ö

Šµ´¥Í

�²µ±-¸Ì¥³  ¶·µ£· ³³´µ£µ ¢ÒÎ¨¸²¥´¨Ö ¸¶¥±É· ²Ó´µ£µ · ¸¶·¥¤¥²¥´¨Ö ¨´-
É¥´¸¨¢´µ¸É¨ ¸¨´Ì·µÉ·µ´´µ£µ ¨§²ÊÎ¥´¨Ö Ô²¥±É·µ´µ¢ ¨³¥¥É ¸²¥¤ÊÕÐ¨° ¢¨¤:

� Î ²µ

�¶¨¸ ´¨¥ ¤ ´´ÒÌ:
pi, radius, energy, mc2
gamma, lc, meter, cm, cl
elec, a, a1 , a2
y(100 ), inten(100 ), la(100 )
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�·¨¸¢µ¥´¨¥ §´ Î¥´¨°
¤ ´´Ò³:

meter Å ±µ²¨Î¥¸É¢µ  ´£¸É·¥³ ¢ ³¥É·¥
cm Å ±µ²¨Î¥¸É¢µ  ´£¸É·¥³ ¢ ¸ ´É¨³¥É·¥
pi Å π
elec Å § ·Ö¤ Ô²¥±É·µ´ 
cl Å ¸±µ·µ¸ÉÓ ¸¢¥É 
radius Å · ¤¨Ê¸ µ·¡¨ÉÒ
energy Å Ô´¥·£¨Ö Ê¸±µ·¥´´µ° Î ¸É¨ÍÒ
mc2 Å Ô´¥·£¨Ö ¶µ±µÖ Ô²¥±É·µ´ 

id = 6

�¡· Ð¥´¨¥ ± ¶µ¤¶·µ£· ³³¥
HLIMIT

(·¥§¥·¢¨·µ¢ ´¨¥ ³ ¸¸¨¢ 
¤²Ö ¶µ¸É·µ¥´¨Ö £¨¸Éµ£· ³³)

�¡· Ð¥´¨¥ ± ¶µ¤¶·µ£· ³³¥
HBOOK

(µ¶·¥¤¥²¥´¨¥ ¶ · ³¥É·µ¢
£¨¸Éµ£· ³³)

‚ÒÎ¨¸²¥´¨¥ ±µ´¸É ´É:
gamma = energy/mc2

lc = 4(pi/3) · radius · gamma−3 · meter

a1 = 35/2/(16 · pi2)
a2 = elec2 · C1 · 10−4

a = a1 · a2

j = 1, n1

i = 1, n1

n = n + 1

‚ÒÎ¨¸²¥´¨¥ Ô²¥³¥´Éµ¢
³ ¸¸¨¢  la(n)
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‚ÒÎ¨¸²¥´¨¥ Ô²¥³¥´Éµ¢
³ ¸¸¨¢  y(n)

‚ÒÎ¨¸²¥´¨¥ Ô²¥³¥´Éµ¢
³ ¸¸¨¢  INTEN(n)

�¡· Ð¥´¨¥ ± ¶µ¤¶·µ£· ³³¥
HFILL

(§ ´¥¸¥´¨¥ ¨´Ëµ·³ Í¨¨
¢ £¨¸Éµ£· ³³Ê)

�¡· Ð¥´¨¥ ± ¶µ¤¶·µ£· ³³¥
DATE

(§ ¶¨¸Ó É¥±ÊÐ¥£µ ¤´Ö
¸¥ ´¸  · ¡µÉÒ)

�¡· Ð¥´¨¥ ± ¶µ¤¶·µ£· ³³¥
TIME

(§ ¶¨¸Ó É¥±ÊÐ¥£µ
¢·¥³¥´¨ · ¡µÉÒ)

‡ ¶¨¸Ó ·¥§Ê²ÓÉ Éµ¢ ´  ¤¨¸±
day, time, energy, radius

j = 1, npoint

‡ ¶¨¸Ó ³ ¸¸¨¢µ¢
la(i), inten(i)

�¡· Ð¥´¨¥ ± ¶µ¤¶·µ£· ³³¥
HRPUT

(§ ¶¨¸Ó £¨¸Éµ£· ³³ ´  ¤¨¸±)

�¡· Ð¥´¨¥ ± ¶µ¤¶·µ£· ³³¥
HPRINT

(¢Ò¢µ¤ £¨¸Éµ£· ³³ ´  Ô±· ´)

Šµ´¥Í
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�¨¦¥ ¶·¥¤¸É ¢²¥´ É¥±¸É ¶·µ£· ³³Ò ¢ÒÎ¨¸²¥´¨Ö ¸¶¥±É·µ¢ ´  Ö§Ò±¥
FORTRAN.

program synch
external G
common /pawc/ H(40000)

real pi,radius,energy,mc2,gamma,lc
real meter,cm,cl,elec
real a,a1,a2
real y(100),inten(100),la(100)
character*9 day
character*8 tim

c-----------------------------------------------------
open(unit=1,file='ndata.sin',status='old')

read(1,'(e10.0)') energy
read(1,'(e10.0)') radius
read(1,'(e10.0)') mc2
read(1,'(e10.0)') elec

close(unit=1)
write(*,*)energy,radius,mc2,elec
meter=1.e10
cm=meter/100
pi=3.14159
cl=3.e10

c------------------------------------------------------
id=6
call hlimit(40000)
call HBOOK1(id,'I(1)',50,1.E-2,1.e3,10000)

c-------------------------------------------------------
gamma=energy/mc2
lc=4*pi/3.*radius*gamma**(-3)*meter

a1=3.**(5./2)/(16*pi**2)
a2=elec**2*cl*1.E-14
a=a1*a2

c---
al1=1.E-02
al2=1.E+03
n=0
n1=log10(al2/al1)
n2=9
npoint=n1*n2
do j=1,n1

do i=1,n2
n=n+1
la(n)=1.E-02*10**(j-1)*i
y(n)=lc/la(n)
inten(n)=a*radius**(-3)*gamma**7*G(y(n))
call HFILL(id,la(n),0,inten(n))

enddo
enddo

cc-----------
call DATE(day)
call TIME(tim)
open (unit=1,file='rez.sin',status='unknown')
write(1,200)day,tim
write(1,210)energy,radius
write(1,230)
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do i=1,npoint
write (1,220) la(i),inten(i)

end
close(unit=1)
call HRPUT(0,'sinch.rz','n')
call HPRINT(0)

c-------
200 format (//' Program SINCH.FOR'5x,2a10//

* ' Spectral sinchrotron distribution'/
* ' for monoenergetic electron')

210 format(//' Energy = ',e15.5/' Radius = ',e15.5)
220 format (1x,2e15.5)
230 format (/9x' l '7x' inten'/)

end

real function G(y)
external FKN
integer LW,LIW
parameter (LW=800,LIW=LW/4)
integer NOUT
parameter (NOUT=6)

c------
integer KOUNT

c--------
DOUBLE precision A,ABSERR,EPSABS,EPSREL,RESULT
DOUBLE PRECISION x(100)
integer IFAIL,INF

c------
DOUBLE PRECISION W(LW)
integer IW(LIW)

c----------
DOUBLE PRECISION FKN

c---------
external D01AMF

c-----------
common /telnum/KOUNT

c-------

EPSABS=0.0D+00
EPSREL=1.0D-04

INF=1
KOUNT=0
IFAIL=-1
call D01AMF(FKN,y,INF,EPSABS,EPSREL,RESULT,ABSERR,W,LW,

* IW,LIW,IFAIL)
if (IFAIL.ne.0) then

write(NOUT,FMT=99996) IFAIL
if (IFAIL.le.5) write (NOUT,FMT=99997) RESULT,

* ABSERR,KOUNT,IW(1)
else

G=y**3*RESULT
end if

99997 format (' RESULT - APPROXIMATION TO THE INTEGRAL = ',f9.5,/
* ' ABSERR - ESTIMATE OF THE ABSOLUTE ERROR = ',d9.2,/
* ' OUNT - NUMBER OF FUNCTION EVALUTIONS = ',I4,/
* ' IW(I) - NUMBER OF SUBINTERVALS USED = ',I4)

99996 format (' IFAIL = ',I2)

return
end
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c---
double precision function FKN(X)

c--------
integer N,NZ,IFAIL
parameter (N=2)

real FNU
double precision X

integer KOUNT

complex Z,CY(N)

character*1 SCALE

common /telnum/ KOUNT

intrinsic CMPLX

external S18DCF
c--------------

KOUNT=KOUNT+1
FNU=5./3.
Z=CMPLX(X)
SCALE='U'
IFAIL=0

call S18DCF (FNU,Z,N,SCALE,CY,NZ,IFAIL)

FKN=REAL(CY(1))
return
end

��‘—…’ “ƒ‹�‚�‰ ��‘•�„ˆŒ�‘’ˆ

� ¸Î¥ÉÒ Ê£²µ¢µ£µ · ¸¶·¥¤¥²¥´¨Ö ¨´É¥´¸¨¢´µ¸É¨ · ¸Ìµ¤ÖÐ¥£µ¸Ö ¶µÉµ± 
¸¨´Ì·µÉ·µ´´µ£µ ¨§²ÊÎ¥´¨Ö, £¥´¥·¨·Ê¥³µ£µ Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±µ° § ·Ö¦¥´´µ°
Î ¸É¨Í¥° ¸ Ô´¥·£¨¥° E ¨ · ¤¨Ê¸µ³ É· ¥±Éµ·¨¨ R, ¶·µ¢µ¤¨²¨¸Ó ¶µ Ëµ·³Ê²¥
(6). � ¸Î¥ÉÒ ¢Ò¶µ²´¥´Ò ´¥¶µ¸·¥¤¸É¢¥´´µ ´  Ö§Ò±¥ ³ ±·µ±µ³ ´¤ ¶ ±¥É  PAW.
�¥§Ê²ÓÉ ÉÒ ¡Ò²¨ ¶µ²ÊÎ¥´Ò ¢ ¢¨¤¥ ¤¢ÊÌ- ¨ É·¥Ì³¥·´ÒÌ £¨¸Éµ£· ³³.

� ±¥É PAW (  §´ Î¨É, ¨ ¥£µ ¢¸É·µ¥´´Ò° Ö§Ò± ³ ±·µ±µ³ ´¤) ¢±²ÕÎ ¥É ¢
¸¥¡Ö ´¥¶µ¸·¥¤¸É¢¥´´µ¥ µ¡· Ð¥´¨¥ ± ËÊ´±Í¨Ö³ ¨ ¶µ¤¶·µ£· ³³ ³ FORTRAN,
±µÉµ·µ¥ § ±²ÕÎ ¥É¸Ö ¢ ¢Ò§µ¢¥ ¨´É¥·¶·eÉ Éµ·  Ö§Ò± ,  ¢Éµ³ É¨Î¥¸±ÊÕ É· ´¸-
²ÖÍ¨Õ ¶·µ£· ³³Ò (ËÊ´±Í¨¨) ¨ ¥¥ ¨¸¶µ²´¥´¨¥ ¨§ ·µ¤¨É¥²Ó¸±µ° ¶·µ£· ³³Ò.
�·¨Î¥³ ¢¸¥ ¤ ´´Ò¥, ¶µ²ÊÎ ¥³Ò¥ ¨§ ¶µ¤¶·µ£· ³³Ò (ËÊ´±Í¨¨), ¡Ê¤ÊÉ § ´µ-
¸¨ÉÓ¸Ö ´¥¶µ¸·¥¤¸É¢¥´´µ ¢ µ¡ÐÊÕ ¡ §Ê ¤ ´´ÒÌ. �·¨ ÔÉµ³ £¨¸Éµ£· ³³Ò ´ 
Ô±· ´¥ ¡Ê¤ÊÉ ¢Ò£²Ö¤¥ÉÓ, ± ± ´  ²¨¸É¥ ¡Ê³ £¨. Š·µ³¥ Éµ£µ, ¢µ§³µ¦´µ ¢±²ÕÎ¥-
´¨¥ ±µ³³¥´É ·¨¥¢ ¨ ¤·Ê£µ° ¨´Ëµ·³ Í¨¨ ¢ ·¨¸Ê´±¨ ± ± ¨§ ¸ ³µ° ¶·µ£· ³³Ò,
É ± ¨ ®¢·ÊÎ´ÊÕ¯ (¢ É ± ´ §Ò¢ ¥³µ³ ¨´É¥· ±É¨¢´µ³ ·¥¦¨³¥).
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‚ ± Î¥¸É¢¥ ¨²²Õ¸É· Í¨¨ ¶·µÍ¥¤Ê·Ò · ¸Î¥É  Ê£²µ¢µ° · ¸Ìµ¤¨³µ¸É¨ ¸¨´-
Ì·µÉ·µ´´µ£µ ¨§²ÊÎ¥´¨Ö, £¥´¥·¨·Ê¥³µ£µ ´  Ô²¥±É·µ´´µ³ Ê¸±µ·¨É¥²¥ DESY,
¶·¨¢¥¤¥´  ¶·µ£· ³³  ´  Ö§Ò±¥ ³ ±·µ±µ³ ´¤ ¶ ±¥É  PAW,   É ±¦¥ ¨¸Ìµ¤´Ò¥
É¥±¸ÉÒ ËÊ´±Í¨° ´  FORTRAN.

„ ²¥¥ ¶·¥¤¸É ¢²¥´ É¥±¸É ³ ±·µ¸  ¤²Ö ¶µ¸É·µ¥´¨Ö ®¶²µ¸±¨Ì¯ £¨¸Éµ£· ³³ ¢
PAW ¤²Ö · ¤¨Ê¸  µ·¡¨ÉÒ R = 31,7 ³ ¨ Ô´¥·£¨¨ Ô²¥±É·µ´  E = 1, 3, 6, 9 ƒÔ‚.

MACRO PAWEX3f
******************************************************************
* ³ ±·µ¸ ¤²Ö § ´¥¸¥´¨Ö ·¥§Ê²ÓÉ Éµ¢ · ¸Î¥É  Ê£²µ¢µ£µ · ¸¶·¥¤¥²¥´¨Ö
* ¸¨´Ì·µÉ·µ´´µ£µ ¨§²ÊÎ¥´¨Ö ¢ £¨¸Éµ£· ³³Ê ¨ ¢Ò¢µ¤ ¥¥ ´  ¤¨¸±
* ¨ ¢ Ë °² ¸ ¨³¥´¥³ pic1.plt
******************************************************************
Exec alldef
opt grid
opt utit
OPT LOGY
zone 2 2
*
* ¢Ò§Ò¢ ¥³Ò¥ ËÊ´±Í¨¨ Ëµ·É· ´  ¤²Ö · ¸Î¥É  Ê£²µ¢µ£µ
* · ¸¶·¥¤. ¨§²ÊÎ¥´¨Ö ¶·¨ R=31.7 ³, ¤²Ö ¤¨ ¶ §µ´ 
* Ê£²µ¢ µÉ 0 ¤µ 0.8 ³· ¤ ¨ Ô´¥·£¨°:
*
fun1 130 angle9.ext 50 0. 0.0008 * E=9 ƒÔ‚
fun1 120 angle6.ext 50 0. 0.0008 * E=6 ƒÔ¢
fun1 110 angle3.ext 50 0. 0.0008 * E=3 ƒÔ¢
fun1 100 angle1.ext 50 0. 0.0008 * E=1 ƒÔ¢
*
histogram/file 1 paw3f.rzd 1024 N * § ¶¨¸Ó £¨¸Éµ£· ³³ ´  ¤¨¸±
hrout 0
close 1
hi/de 0
*
pict/create pict1 * µÉ±·ÒÉ¨¥ ·¨¸Ê´±  ¢ ¶ ³ÖÉ¨
histogram/file 1 paw3f.rzd * µÉ±·ÒÉ¨¥ ¨¸Ìµ¤´µ£µ Ë °²  ¸
* £¨¸Éµ£· ³³ ³¨
hrin *
close 1
opt *
exec alldef * µ¶·¥¤¥²¥´¨¥ ¶ · ³¥É·µ¢
opt untit * £¨¸Éµ£· ³³
opt grin *
opt logy *
*
hi/pl 130 * ·¨¸µ¢ ´¨¥ £¨¸Éµ£· ³³Ò ¢
metafile 10 * É¥±ÊÐ¥° ¤¨·¥±Éµ·¨¨ ¨
hi/pl 120 * ¥¥ § ¶¨¸Ó ´  ¤¨¸±
metafile 10 * µÉ¤¥²Ó´µ ¤²Ö ± ¦¤µ£µ
hi/pl 110 * §´ Î¥´¨Ö Ô´¥·£¨¨ E
metafile 10 *
hi/pl 100 *
metafile 10 *
close 10
RETURN

Function angle9(fi_tek)
*********************************************************
* External Function angle9.ext ¤²Ö E=9 ƒÔ‚ *
* ¤·Ê£¨¥ ¢´¥Ï´¨¥ ËÊ´±Í¨¨ (angle6.ext, angle3.ext, *
* angle1.ext), ¢Ò§Ò¢ ¥³Ò¥ ¨§ µ¸´µ¢´µ° ¶·µ£· ³³Ò, *
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*  ´ ²µ£¨Î´Ò ¤ ´´µ°, ´µ ¨³¥ÕÉ ¤·Ê£µ¥ §´ Î¥´¨¥ *
* Ô´¥·£¨¨ Epow *
*********************************************************

REAL fi_tek,mc23,Epow5,gf2,gf5
REAL Radius,c,elec,mc2,Epow,g_f,R2
REAL e2c,g_5,g_f_2,I_max,angle9
data Epow/0.9E+4/,Radius/0.317E+2/,c/3.0E+09/
data elec/4.8E-10/
e2c=c*elec*elec*1.E-7
R2=Radius*Radius
mc2=0.511
gamma=Epow/mc2
g_5=gamma*gamma*gamma*gamma*gamma
Epow5=Epow*Epow*Epow*Epow*Epow
mc23=mc2*mc2*mc2
I_max=7/(16*R2)*(e2c/(mc2*mc2))*Epow5/mc23
if(fi_tek.eq.0) then
angle9=7/(16*R2)*(e2c/(mc2*mc2))*Epow5/mc23
else
g_f=gamma*fi_tek
g_f_2=g_f*g_f
gf2=sqrt(1/(1+g_f_2))
gf5=gf2*gf2*gf2*gf2*gf2
angle9=I_max*gf5*(1+5/7*g_f_2/(1+g_f_2))
endif
END

�·¨¢¥¤¥³ É¥±¸É ³ ±·µ¸  ¤²Ö ¶µ¸É·µ¥´¨Ö É·¥Ì³¥·´µ° £¨¸Éµ£· ³³Ò ¢ PAW.

MACRO PAWEX3d

*****************************************************************
* MACRO · ¸Î¥É  Ê£²µ¢µ£µ · ¸¶·¥¤¥²¥´¨Ö ¸¨´Ì·µÉ·µ´´µ£µ ¨§²ÊÎ¥´¨Ö
* ¶·¨ · ¤¨Ê¸¥ R=31.7 ³ ¨ · §²¨Î´ÒÌ Ô´¥·£¨ÖÌ Ô²¥±É·µ´  E=var
*****************************************************************

exec alldef
OPT GRID
OPT utit
opt logy
fun2 100 angle3d.ext 40. -0.0005 0.0005 20. 1.e+3 1.e+4
histogram/file 1 paw3d.rzd 1024 N
hrout 0
close 1
fortran/file 10 paw.ps
metafile 10
suf
close 10
hi/de 0
RETURN

’¥±¸É ¢´¥Ï´¥° ËÊ´±Í¨¨ ¤²Ö ¢ÒÎ¨¸²¥´¨Ö Ê£²µ¢µ£µ · ¸¶·¥¤¥²¥´¨Ö ¸¨´-
Ì·µÉ·µ´´µ£µ ¨§²ÊÎ¥´¨Ö ¶·¨ R = 31,7 ³ ¨ ´¥¸±µ²Ó±¨Ì §´ Î¥´¨ÖÌ Ô´¥·£¨¨
Ô²¥±É·µ´µ¢ E, ψ = var ¢Ò£²Ö¤¨É ¸²¥¤ÊÕÐ¨³ µ¡· §µ³.

angle3d.ext

Function angle3d(fi_tek,Epow)
REAL fi_tek,mc23,Epow5,gf2,gf5,Int
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REAL Radius,c,elec,mc2,Epow,g_f,R2
REAL e2c,g_5,g_f_2,I_max,angle3d
data Radius/0.317E+2/,c/3.0E+10/,elec/4.8E-10/,mc2/0.511/

***************************************************************
* Radius - p ¤¨Ê¸ µp¡¨ÉÒ Ô²¥±Épµ´ 
* c - ¸±µpµ¸ÉÓ ¸¢¥É 
* e - § pÖ¤ Î ¸É¨ÍÒ (4.8e-10 - Ô²¥±Épµ´)
* mc2 - Ô´¥p£¨Ö ¶µ±µÖ Î ¸É¨ÍÒ ŒÔ‚ (0.511 - Ô²¥±Épµ´,
* 938.279 - ¶pµÉµ´)
***************************************************************

e2c=c*elec*elec*1.E-8
R2=Radius*Radius
gamma=Epow/mc2
g_5=gamma*gamma*gamma*gamma*gamma
Epow5=Epow*Epow*Epow*Epow*Epow
mc23=mc2*mc2*mc2
I_max=7/(16*R2)*(e2c/(mc2*mc2))*Epow5/mc23
if(fi_tek.eq.0) then
angle3d=I_max
else
g_f=gamma*fi_tek
g_f_2=g_f*g_f
gf2=sqrt(1/(1+g_f_2))
gf5=gf2*gf2*gf2*gf2*gf2
angle3d=I_max*gf5*(1+5/7*g_f_2/(1+g_f_2))
endif
END

�…‡“‹œ’�’› �…�‹ˆ‡�–ˆˆ ���ƒ��ŒŒ

�·µÍ¥¤Ê·  ¨ ·¥§Ê²ÓÉ ÉÒ · ¸Î¥É  ¸¶¥±É· ²Ó´µ£µ ¨ Ê£²µ¢µ£µ · ¸¶·¥¤¥²¥´¨°
¨´É¥´¸¨¢´µ¸É¨ ¸¨´Ì·µÉ·µ´´µ£µ ¨§²ÊÎ¥´¨Ö § ·Ö¦¥´´ÒÌ Î ¸É¨Í (Ô²¥±É·µ´µ¢ ¨
¶·µÉµ´µ¢) ¤²Ö ·Ö¤  ¨§¢¥¸É´ÒÌ Ê¸±µ·¨É¥²¥°, ¸ÊÐ¥¸É¢ÊÕÐ¨Ì ·¥ ²Ó´µ ¨ ¢ ¢¨¤¥
¶·µ¥±Éµ¢, ¶·¨¢¥¤¥´Ò ¢ ¢¨¤¥ É ¡²¨Í ¨ £· Ë¨±µ¢. �Ò²¨ · ¸¸³µÉ·¥´Ò Ô²¥±-
É·µ´´Ò¥ (DESY (”�ƒ), Cτ ¨ “’ˆ �ˆŸˆ) ¨ ¶·µÉµ´´Ò¥ (SSC, “�Š ˆ”‚�,
SPS-LHC CERN, ´Ê±²µÉ·µ´ �ˆŸˆ) Ê¸±µ·¨É¥²¨. ˆÌ µ¸´µ¢´Ò¥ ¶ · ³¥É·Ò
(E, R) § ±² ¤Ò¢ ²¨¸Ó ¢ ¶·µ£· ³³Ò · ¸Î¥Éµ¢. ‚ ¶·µ£· ³³ Ì ¨¸¶µ²Ó§µ¢ ²¨¸Ó
±² ¸¸¨Î¥¸±¨¥ Ëµ·³Ê²Ò ¸¶¥±É· ²Ó´µ£µ · ¸¶·¥¤¥²¥´¨Ö ¨´É¥´¸¨¢´µ¸É¨ (1) ¸¨´-
Ì·µÉ·µ´´µ£µ ¨§²ÊÎ¥´¨Ö ¨ ¥£µ Ê£²µ¢µ£µ · ¸¶·¥¤¥²¥´¨Ö (6).

‚ É ¡². 1 ¶·¥¤¸É ¢²¥´  Ê´¨¢¥·¸ ²Ó´ Ö § ¢¨¸¨³µ¸ÉÓ (2) ¸¶¥±É· ²Ó´µ£µ · ¸-
¶·¥¤¥²¥´¨Ö ¨´É¥´¸¨¢´µ¸É¨ ¸¨´Ì·µÉ·µ´´µ£µ ¨§²ÊÎ¥´¨Ö ³µ´µÔ´¥·£¥É¨Î¥¸±¨Ì
Ô²¥±É·µ´µ¢. ‘ ¶µ³µÐÓÕ É ¡². 1 ¶µ¸É·µ¥´Ò ¨ ¶µ± § ´Ò ´  ·¨¸. 2 ¨ 3 ¸¶¥±-
É· ²Ó´Ò¥ · ¸¶·¥¤¥²¥´¨Ö ³µÐ´µ¸É¨ ¸¨´Ì·µÉ·µ´´µ£µ ¨§²ÊÎ¥´¨Ö w(λ) ¶·µÉµ´µ¢
(·¨¸. 2) ¨ Ô²¥±É·µ´µ¢ (·¨¸. 3), µÉ²¨Î ÕÐ¨Ì¸Ö Ô´¥·£¨Ö³¨ ¨ · ¤¨Ê¸ ³¨ µ·¡¨É.

�·µ£· ³³  · ¸Î¥É  · ¸¶·¥¤¥²¥´¨Ö ¨´É¥´¸¨¢´µ¸É¨ ¸¨´Ì·µÉ·µ´´µ£µ ¨§²Ê-
Î¥´¨Ö ¶µ§¢µ²Ö¥É ¡µ²¥¥ ¤¥É ²Ó´µ ¶·¥¤¸É ¢¨ÉÓ ± ¦¤ÊÕ § ¢¨¸¨³µ¸ÉÓ ÔÉµ£µ ¸¶¥±-
É· ²Ó´µ£µ · ¸¶·¥¤¥²¥´¨Ö ± ± ¢ ¢¨¤¥ É ¡²¨ÍÒ, É ± ¨ ¢ ¢¨¤¥ ±·¨¢µ°. „²Ö ¶·¨-
³¥·  ±·¨¢ÊÕ ¸¶¥±É· ²Ó´µ£µ · ¸¶·¥¤¥²¥´¨Ö ¨§²ÊÎ¥´¨Ö Ô²¥±É·µ´µ¢ Ê¸±µ·¨É¥²Ö
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’ ¡²¨Í  1. “´¨¢¥·¸ ²Ó´ Ö § ¢¨¸¨³µ¸ÉÓ ¸¶¥±É· ²Ó´µ£µ · ¸¶·¥¤¥²¥´¨Ö ¸¨´Ì·µÉ·µ´-
´µ£µ ¨§²ÊÎ¥´¨Ö G(y)

y(n) G(y) y(n) G(y) y(n) G(y)

82,0000 0,0000E+0 1,1714 0,7920E+0 0,0205 0,2316E-03
41,0000 0,2146E-13 1,0250 0,6727E+0 0,0164 0,1389E-03
27,3333 0,6769E-08 0,9111 0,5741E+0 0,0137 0,9136E-04
20,5000 0,3086E-05 0,8200 0,4930E+0 0,0117 0,6408E-04
16,4000 0,1074E-03 0,4100 0,1512E+0 0,0103 0,4710E-04
13,6667 0,1056E-02 0,2733 0,6857E-01 0,0091 0,3590E-04
11,7143 0,5098E-02 0,2050 0,3804E-01 0,0082 0,2815E-04
10,2500 0,1590E-01 0,1640 0,2380E-01 0,0041 0,5658E-05
9,1111 0,3726E-01 0,1367 0,1612E-01 0,0027 0,2208E-05
8,2000 0,7169E-01 0,1171 0,1155E-01 0,0021 0,1132E-05
4,1000 0,8114E+0 0,1025 0,8636E-02 0,0016 0,6738E-06
2,7333 0,1211E+1 0,0911 0,6670E-02 0,0014 0,4409E-06
2,0500 0,1216E+1 0,0820 0,5287E-02 0,0012 0,3080E-06
1,6400 0,1086E+1 0,0410 0,1121E-02 0,0010 0,2257E-06
1,3667 0,9325E+0 0,0273 0,4468E-03 0,0009 0,1716E-06

�¨¸. 2. ‘¶¥±É· ²Ó´µ¥ · ¸¶·¥¤¥²¥´¨¥ ¨´É¥´¸¨¢´µ¸É¨ ¸¨´Ì·µÉ·µ´´µ£µ ¨§²ÊÎ¥´¨Ö ¶·µ-
Éµ´µ¢ ¸ Ô´¥·£¨¥° E, ¤¢¨¦ÊÐ¨Ì¸Ö ¶µ ±·Ê£µ¢Ò³ É· ¥±Éµ·¨Ö³ · ¤¨Ê¸  R ¢ µ¤´µ·µ¤´µ³
³ £´¨É´µ³ ¶µ²¥. I(λ) [Ô·£ · c−1 · �A

−1
], λ [�A]: 1 Å E = 20 ’Ô‚, R = 10000 ³; 2 Å

E = 2 ’Ô‚, R = 1000 ³; 3 Å E = 200 ƒÔ‚, R = 100 ³; 4 Å E = 120 ƒÔ‚, R = 128 ³

DESY ¸ Ô´¥·£¨¥° E = 6 ƒÔ‚ ¨ · ¤¨Ê¸µ³ µ·¡¨ÉÒ R = 31,7 ³, ¶µ± § ´´ÊÕ ´ 
·¨¸. 4, ¤µ¶µ²´Ö¥É É ¡². 2.
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�¨¸. 3. ‘¶¥±É· ²Ó´µ¥ · ¸¶·¥¤¥²¥´¨¥ ¨´É¥´¸¨¢´µ¸É¨ ¸¨´Ì·µÉ·µ´´µ£µ ¨§²ÊÎ¥´¨Ö Ô²¥±-
É·µ´µ¢. I(λ) [Ô·£ · c−1 · �A

−1
], λ [�A]: 1 Å E = 6 ƒÔ‚, R = 31,7 ³; 2 Å E = 3 ƒÔ‚,

R = 11,92 ³; 3 Å E = 1 ƒÔ‚, R = 11,92 ³; 4 Å E = 18,2 ŒÔ‚, R = 4 ¸³

�¨¸. 4. Š·¨¢ Ö ¸¶¥±É· ²Ó´µ£µ · ¸¶·¥¤¥²¥´¨Ö ¨´É¥´¸¨¢´µ¸É¨ ¸¨´Ì·µÉ·µ´´µ£µ ¨§²ÊÎ¥-
´¨Ö Ô²¥±É·µ´µ¢ Ê¸±µ·¨É¥²Ö DESY ¸ E = 6 ƒÔ‚ ¨ R = 31, 7 ³
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’ ¡²¨Í  2. ‘¶¥±É· ²Ó´µ¥ · ¸¶·¥¤¥²¥´¨¥ ¨´É¥´¸¨¢´µ¸É¨ ¨§²ÊÎ¥´¨Ö Ô²¥±É·µ´µ¢ ¤²Ö
E = 6 ƒÔ‚ ¨ R = 31,7 ³

λ inten λ inten λ inten

0,01000 0,0000E+0 0,70020 0,5220E+1 40,01310 0,1527E-02
0,02000 0,1415E-12 0,80030 0,4434E+1 50,01640 0,9154E-03
0,03000 0,4461E-07 0,90030 0,3783E+1 60,01970 0,6021E-03
0,04000 0,2034E-04 1,00030 0,3249E+1 70,02300 0,4223E-03
0,05000 0,7081E-03 2,00070 0,9964E+0 80,02630 0,3104E-03
0,06000 0,6959E-02 3,00100 0,4519E+0 90,02960 0,2366E-03
0,07000 0,3360E-01 4,00130 0,2507E+0 100,03280 0,1855E-03
0,08000 0,1048E+0 5,00160 0,1569E+0 200,06570 0,3729E-04
0,09000 0,2456E+0 6,00200 0,1062E+0 300,09850 0,1455E-04
0,10000 0,4725E+0 7,00230 0,7614E-01 400,13130 0,7460E-05
0,20010 0,5347E+1 8,00260 0,5692E-01 500,16420 0,4441E-05
0,30010 0,7983E+1 9,00300 0,4396E-01 600,19710 0,2906E-05
0,40010 0,8016E+1 10,00330 0,3484E-01 700,22990 0,2030E-05
0,50020 0.7156E+1 20,00660 0.7390E-02 800,26270 0.1488E-05
0,60020 0,6146E+1 30,00990 0.2945E-02 900,29550 0.1131E-05

�¨¸. 5. � ¸¸Î¨É ´´µ¥ Ê£²µ¢µ¥ · ¸¶·¥¤¥²¥´¨¥ ¸¨´Ì·µÉ·µ´´µ£µ ¨§²ÊÎ¥´¨Ö Ô²¥±É·µ´  R =
31,7 ³ ¸ Ô´¥·£¨¥°: 1 Å 9 ƒÔ‚, 2 Å 6 ƒÔ‚, 3 Å 3 ƒÔ‚, 4 Å 1 ƒÔ‚

�¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢ Ê£²µ¢µ£µ · ¸¶·¥¤¥²¥´¨Ö ¨´É¥´¸¨¢´µ¸É¨ ¸¨´Ì·µÉ·µ´-
´µ£µ ¨§²ÊÎ¥´¨Ö ¤²Ö ´¥¸±µ²Ó±¨Ì §´ Î¥´¨° Ô´¥·£¨° Ô²¥±É·µ´µ¢ ¨ · ¤¨Ê¸µ¢ ¨Ì
µ·¡¨É ¶·¥¤¸É ¢²¥´Ò ¢ ¢¨¤¥ ®¶²µ¸±¨Ì¯ £¨¸Éµ£· ³³ ´  ·¨¸. 5.
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�¨¸. 6. ‡ ¢¨¸¨³µ¸ÉÓ ³µÐ´µ¸É¨ ¸¨´Ì·µÉ·µ´´µ£µ ¨§²ÊÎ¥´¨Ö I(E,Θ)

’·¥Ì³¥·´ Ö £¨¸Éµ£· ³³  Ê£²µ¢µ£µ · ¸¶·¥¤¥²¥´¨Ö ¨´É¥´¸¨¢´µ¸É¨ ¤²Ö ´¥-
¸±µ²Ó±¨Ì §´ Î¥´¨° Ô´¥·£¨¨ ¶·¨ · ¤¨Ê¸¥ R = 31,7 ³ ¶µ± § ´  ´  ·¨¸. 6.

‡�Š‹�—…�ˆ…

‚ · ¡µÉ¥ ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ · §· ¡µÉ±¨ ¶µ¤¸¨¸É¥³Ò · ¸Î¥É  ¸¶¥±-
É· ²Ó´ÒÌ ¨ Ê£²µ¢ÒÌ Ì · ±É¥·¨¸É¨± ¸¨´Ì·µÉ·µ´´µ£µ ¨§²ÊÎ¥´¨Ö ¤²Ö ·Ö¤  ´ ¨-
¡µ²¥¥ ¨§¢¥¸É´ÒÌ ¶·µÉµ´´ÒÌ ¨ Ô²¥±É·µ´´ÒÌ Ê¸±µ·¨É¥²Ó´ÒÌ ±µ³¶²¥±¸µ¢. „ ´-
´Ò¥ · ¸Î¥ÉÒ ´¥µ¡Ìµ¤¨³Ò ¶·¨ ¶·µ¥±É¨·µ¢ ´¨¨ ¢Ò¸µ±µÎÊ¢¸É¢¨É¥²Ó´µ£µ ¨´-
Ë· ±· ¸´µ£µ ¤¥É¥±Éµ·  [17, 18] ¤²Ö ¤¨¸É ´Í¨µ´´µ° ¡¥¸±µ´É ±É´µ° ´¥· §·Ê-
Ï ÕÐ¥° ¤¨ £´µ¸É¨±¨ ¨ ³µ´¨Éµ·¨·µ¢ ´¨Ö ¶ÊÎ±µ¢ ·¥²ÖÉ¨¢¨¸É¸±¨Ì § ·Ö¦¥´´ÒÌ
Î ¸É¨Í ¨ É¥³¶¥· ÉÊ·´ÒÌ ¶µ²¥°. Š·µ³¥ Éµ£µ, ÔÉ¨ · ¸Î¥ÉÒ ³µ£ÊÉ ´ °É¨ ¶·¨-
³¥´¥´¨¥ ¶·¨ ·¥Ï¥´¨¨ ¶·µ¡²¥³Ò · §³¥Ð¥´¨Ö µ¡µ·Ê¤µ¢ ´¨Ö ¨ ¤¥É¥±É¨·ÊÕÐ¨Ì
¸¨¸É¥³ ´  ¶ÊÎ±¥ Ê¸±µ·¨É¥²Ö.

‘ ¤ ²Ó´¥°Ï¨³ · §¢¨É¨¥³ ¨ Ê¸µ¢¥·Ï¥´¸É¢µ¢ ´¨¥³ �Š ´ ·Ö¤Ê ¸ Ô±¸¶¥-
·¨³¥´É ³¨ ¸ ³µ¸ÉµÖÉ¥²Ó´ÊÕ ·µ²Ó ¨£· ÕÉ · ¸Î¥ÉÒ, ¸¢Ö§ ´´Ò¥ ¸ ³µ¤¥²¨·µ¢ -
´¨¥³ ¶·µÍ¥¸¸µ¢ ¢ Ê¸±µ·¨É¥²¥. ’ ±¨¥ · ¸Î¥ÉÒ, ¶·µ¢¥¤¥´´Ò¥ ¸ ¢¥·¨Ë¨Í¨·µ-
¢ ´´Ò³¨  ÉÉ¥¸Éµ¢ ´´Ò³¨ ¶·µ£· ³³ ³¨ ¨ ±µ´¸É ´É ³¨ ¢ Ìµ·µÏ¨Ì ¶·¨¡²¨¦¥-
´¨ÖÌ, ±µÉµ·Ò¥ µ¡¥¸¶¥Î¨¢ ÕÉ ¡¨¡²¨µÉ¥±¨ CERN PAW [8] ¨ VAX/VMS [9, 16],
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µÍ¥´¥´´Ò¥ ´  Ô±¸¶¥·¨³¥´É Ì, ¶·¥¤¸É ¢²ÖÕÉ ¸¶¥Í¨ ²¨¸ÉÊ ¡µ²¥¥ ¸¨¸É¥³ É¨Î¥-
¸±¨¥ ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¤ ´´Ò¥, Î¥³ ¤µ·µ£µ¸ÉµÖÐ¨° Ô±¸¶¥·¨³¥´É. �¶¨¸ ´¨¥
µ¸´µ¢´µ° (·¥¶¥·´µ°) ¨´Ëµ·³ Í¨¨ ¤µ²¦´µ ¨¸±²ÕÎ ÉÓ ´¥µ¤´µ§´ Î´ÊÕ ¨´É¥·-
¶·¥É Í¨Õ ¤ ´´ÒÌ, µ¡¥¸¶¥Î¨¢ ÉÓ ¢µ§³µ¦´µ¸ÉÓ ¢µ¸¶·µ¨§¢¥¤¥´¨Ö ·¥§Ê²ÓÉ Éµ¢.

�µ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ³µ£ÊÉ ¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´Ò ¶·¨ ¸µ§¤ ´¨¨ ´µ¢ÒÌ
¶·µ£· ³³ ³µ¤¥²¨·µ¢ ´¨Ö, ¶·¨ ¶² ´¨·µ¢ ´¨¨ Ô±¸¶¥·¨³¥´Éµ¢ ´  Ê¸±µ·¨É¥²ÖÌ
¢Ò¸µ±¨Ì ¨ ¸Ê¶¥·¢Ò¸µ±¨Ì Ô´¥·£¨°,   É ±¦¥ ¶·¨ · §· ¡µÉ±¥ ´µ¢ÒÌ ³¥Éµ¤µ¢
¨ ¸¨¸É¥³ ¤¨ £´µ¸É¨±¨ ¶ÊÎ±µ¢. ‚ Î ¸É´µ¸É¨, ´  µ¸´µ¢¥ ¶·µ¢¥¤¥´´ÒÌ · ¸Î¥Éµ¢
¸¤¥² ´ ¢Ò¡µ· ¸¥´¸µ·µ¢ ¤²Ö ¶·µ¥±É  ¢Ò¸µ±µÎÊ¢¸É¢¨É¥²Ó´µ£µ Ï¨·µ±µ¶µ²µ¸´µ£µ
¨´Ë· ±· ¸´µ£µ ¤¥É¥±Éµ· -³µ´¨Éµ·  ¶·µ¸É· ´¸É¢¥´´µ° ¸É·Ê±ÉÊ·Ò ·¥²ÖÉ¨¢¨¸É-
¸±¨Ì ¶ÊÎ±µ¢ ¨ É¥¶²µ¢ÒÌ ¶µ²¥°, ±µÉµ·Ò° ³µ¦´µ ¶·¨³¥´ÖÉÓ ¤²Ö ¤¨ £´µ¸É¨±¨
¶ÊÎ±  ´  ¶·µÉµ´´µ³ ±µ³¶²¥±¸¥ SPS-LHC CERN, ¢¸É·¥Î´ÒÌ ¶ÊÎ±µ¢ ´  DESY
(bremsstrahlung) [4], ´  ²¨´¥°´µ³ Ê¸±µ·¨É¥²¥ GSI (¶ÊÎ±µ¢ Ö ³¨Ï¥´Ó) ¨ ´ 
Ô²¥±É·µÖ¤¥·´µ° Ê¸É ´µ¢±¥ (É¥¶²µ¢Ò¥ ¶µ²Ö) [18]. ‚ ¸¢Ö§¨ ¸ É¥³, ÎÉµ ¸¶¥±É· ¨§-
²ÊÎ¥´¨Ö ¶·µÉµ´µ¢ SPS ¢ µ¸´µ¢´µ³ ´ Ìµ¤¨É¸Ö ¢ ¨´Ë· ±· ¸´µ° µ¡² ¸É¨ (¤²¨´Ò
¢µ²´ µÉ 1 ³±³ ¨ ¡µ²¥¥), ´ ¨¡µ²¥¥ µ¶É¨³ ²Ó´Ò³¨ ¶µ ¸¢µ¨³ ¶ · ³¥É· ³, Ô±¸-
¶²Ê É Í¨µ´´Ò³ ¸¢µ°¸É¢ ³ ¨ ¸Éµ¨³µ¸É¨ Ö¢²ÖÕÉ¸Ö ËµÉµ¶·¨¥³´¨±¨ ¨§ ±·¥³´¨Ö
(¤²Ö �λ ∼ 0,3 ÷ 1,1 ³±³) ¨ ¸¥²¥´¨¤  ¸¢¨´Í  (¤²Ö �λ ∼ 0,6 ÷ 4,8 ³±³).
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