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Artiomov A. S. et al. D13-2004-101

Control of the Beam-Internal Target Interaction at the Nuclotron

by Means of Light Radiation

The light radiation from various internal targets at the Nuclotron can be utilized

for the operative control and time optimization of the interaction intensity of the beam.

The examples presented in the paper illustrate the information about space characteris-

tics of the circulating beam during one cycle of the accelerator run at the stages of in-

jection, acceleration and during the physical experiments.

The investigation has been performed at the Veksler and Baldin Laboratory of

High Energies, JINR.
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Êîíòðîëü âçàèìîäåéñòâèÿ ïó÷êà ñ âíóòðåííèìè ìèøåíÿìè íà

íóêëîòðîíå ïî ñâåòîâîìó èçëó÷åíèþ

Íà íóêëîòðîíå äëÿ îïåðàòèâíîãî êîíòðîëÿ è âðåìåíí�é îïòèìèçàöèè èíòåí-

ñèâíîñòè âçàèìîäåéñòâèÿ ïó÷êà ñ ðàçëè÷íûìè âíóòðåííèìè ìèøåíÿìè ìîæíî

èñïîëüçîâàòü èõ ñâåòîâîå èçëó÷åíèå. Ïðèâåäåíû ïðèìåðû ïîëó÷àåìîé èíôîð-

ìàöèè î ïðîñòðàíñòâåííûõ õàðàêòåðèñòèêàõ öèðêóëèðóþùåãî ïó÷êà çà îäèí

öèêë ðàáîòû óñêîðèòåëÿ íà ñòàäèÿõ èíæåêöèè, óñêîðåíèÿ è ïðîâåäåíèÿ ôèçè÷å-

ñêèõ ýêñïåðèìåíòîâ.

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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‚´ÊÉ·¥´´¨¥ ³¨Ï¥´¨ Ï¨·µ±µ ¨¸¶µ²Ó§ÊÕÉ¸Ö ¢ Í¨±²¨Î¥¸±¨Ì Ê¸±µ·¨É¥²ÖÌ
¨µ´µ¢ ¤²Ö ¤¨ £´µ¸É¨±¨ ¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´ÒÌ Ì · ±É¥·¨¸É¨± [1Ä7] ¨
¶µ²Ö·¨§ Í¨¨ [8Ä10] Í¨·±Ê²¨·ÊÕÐ¥£µ ¶ÊÎ± , Ê²ÊÎÏ¥´¨Ö ¥£µ ¶ · ³¥É·µ¢ [11,
12], ¢Ò¢µ¤  ¨µ´µ¢, ´ ¶·¨³¥·, ¸ ¶µ³µÐÓÕ ¨§µ£´ÊÉÒÌ ±·¨¸É ²²µ¢ [13, 14], Ëµ·-
³¨·µ¢ ´¨Ö ¶ÊÎ±µ¢ ¢Éµ·¨Î´ÒÌ Î ¸É¨Í [15], ¤²Ö § ¤ Î, ·¥Ï ¥³ÒÌ ¸ ¶µ³µÐÓÕ
¶ÊÎ± -³¨Ï¥´¨, ¶¥·¥¸¥± ÕÐ¥£µ µ¡² ¸ÉÓ ¢§ ¨³µ¤¥°¸É¢¨Ö ¶µ¤ µ¶·¥¤¥²¥´´Ò³¨
Ê£² ³¨ [16, 17], ¨ ¶·µ¢¥¤¥´¨Ö · §²¨Î´ÒÌ Ë¨§¨Î¥¸±¨Ì Ô±¸¶¥·¨³¥´Éµ¢ [18, 19].
‚ Î ¸É´µ¸É¨, ¨¸¶µ²Ó§µ¢ ´¨¥ ¤ ´´µ° ³¥Éµ¤¨±¨ ´  ¸¢¥·Ì¶·µ¢µ¤ÖÐ¥³ Ê¸±µ·¨-
É¥²¥ Å ´Ê±²µÉ·µ´¥ [20] (‹ ¡µ· Éµ·¨Ö ¢Ò¸µ±¨Ì Ô´¥·£¨° ¨³. ‚. ˆ. ‚¥±¸²¥· 
¨ �. Œ. � ²¤¨´ , �ˆŸˆ, „Ê¡´ ) ¶·¥¤µ¸É ¢²Ö¥É ¤µ¶µ²´¨É¥²Ó´Ò¥ ¢µ§³µ¦´µ¸É¨
¤²Ö ¶·µ¢¥¤¥´¨Ö ¨¸¸²¥¤µ¢ ´¨° ¢ ¶¥·¥Ìµ¤´µ° µ¡² ¸É¨ ·¥²ÖÉ¨¢¨¸É¸±µ° Ö¤¥·´µ°
Ë¨§¨±¨ ¸ Ô´¥·£¨¥° ¸Éµ²±´µ¢¥´¨° µÉ ¸µÉ¥´ ŒÔ‚ ¤µ ´¥¸±µ²Ó±¨Ì ƒÔ‚ ´  ´Ê±²µ´
[21]. �·¨ ÔÉµ³ ³µ¦´µ ¢ µ¤¨´ ±µ¢ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ Ê¸²µ¢¨ÖÌ ¨¸¸²¥-
¤µ¢ ÉÓ ¶² ¢´Ò° ¶¥·¥Ìµ¤ ¸¢µ°¸É¢ Ö¤¥·´µ° ³ É¥·¨¨ µÉ ¶·µÉµ´-´¥°É·µ´´µ£µ ±
±¢ ·±-£²Õµ´´µ³Ê ¥¥ ¸µ¸ÉµÖ´¨Õ. ˆ¸¶µ²Ó§Ê¥³ Ö ´  ´Ê±²µÉ·µ´¥ ¸É ´Í¨Ö ¢´Ê-
É·¥´´¨Ì ³¨Ï¥´¥°, ¥¥ ¢µ§³µ¦´µ¸É¨ ¨ ¶µ²ÊÎ¥´´Ò¥ Ë¨§¨Î¥¸±¨¥ ·¥§Ê²ÓÉ ÉÒ µ¶¨-
¸ ´Ò ¢ · ¡µÉ Ì [22Ä28]. „²Ö µ¶É¨³¨§ Í¨¨ ¤ ´´ÒÌ ¨¸¸²¥¤µ¢ ´¨° ·¥ ²¨§µ¢ ´
µ¶¥· É¨¢´Ò° ±µ´É·µ²Ó ¨´É¥´¸¨¢´µ¸É¨ ¢§ ¨³µ¤¥°¸É¢¨Ö Í¨·±Ê²¨·ÊÕÐ¥£µ ¶ÊÎ± 
¸ ³¨Ï¥´ÓÕ ¶µ ¥¥ ¨§²ÊÎ¥´¨Õ. �¸´µ¢´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶·µ¢¥¤¥´´ÒÌ ¢ ÔÉµ³ ´ -
¶· ¢²¥´¨¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨¸¸²¥¤µ¢ ´¨° ¶·¥¤¸É ¢²¥´Ò ¢ ¤ ´´µ° · ¡µÉ¥.

��’ˆ—…‘Š�… ˆ‡‹“—…�ˆ… ‚�“’�…��ˆ• Œˆ˜…�…‰ ˆ
•���Š’…� ˆ• ‚‡�ˆŒ�„…‰‘’‚ˆŸ ‘ �“—Š�Œ

„²Ö ±µ´É·µ²Ö ¨´É¥´¸¨¢´µ¸É¨ ¢§ ¨³µ¤¥°¸É¢¨Ö ¶ÊÎ±  ¸ ³¨Ï¥´ÓÕ ¨¸¶µ²Ó-
§ÊÕÉ¸Ö · §²¨Î´Ò¥ ¢Éµ·¨Î´Ò¥ Î ¸É¨ÍÒ. �·µ¢¥¤¥´´Ò¥ ´  ´Ê±²µÉ·µ´¥ ¨¸¸²¥-
¤µ¢ ´¨Ö ¸ Î¨¸²µ³ ¤¥°É·µ´µ¢ ´  µ·¡¨É¥ ∼ (108 ÷ 1010)/Í¨±² ¶µ± § ²¨, ÎÉµ ¢
Ï¨·µ±µ³ ¤¨ ¶ §µ´¥ Ô´¥·£¨° 0, 005÷3, 5 ƒÔ‚·´Ê±²µ´−1 ¤²Ö ÔÉµ° Í¥²¨ Ìµ·µÏµ
¶µ¤Ìµ¤¨É µ¶É¨Î¥¸±µ¥ ¨§²ÊÎ¥´¨¥ ³ É¥·¨ ²  ³¨Ï¥´¨. ‚ Ô±¸¶¥·¨³¥´É Ì ¨¸¶µ²Ó-
§µ¢ ²¨¸Ó Ëµ²Ó£µ¢Ò¥ ³¨Ï¥´¨ ¨§ ¶µ²¨ÔÉ¨²¥´  (CH2), Cu, Al ¨ Au · §³¥·µ³
∼ 4 × 8 ³³ ¨ ¢´ÊÉ·¥´´¨¥ ³¨Ï¥´¨ ¢ ¢¨¤¥ Ê£²¥·µ¤´ÒÌ, ³¥¤´ÒÌ, ¢µ²ÓË· ³µ¢ÒÌ
¨ ¤·Ê£¨Ì ´¨É¥° ¤¨ ³¥É·µ³ 8 ÷ 10 ³±³. ”µ²Ó£µ¢Ò¥ ³¨Ï¥´¨ ¶µ¤¢¥Ï¨¢ ²¨¸Ó
´  ±¢ ·Í¥¢ÒÌ ´¨ÉÖÌ ¤¨ ³¥É·µ³ 9 ³±³ ¢ ‘-µ¡· §´ÒÌ · ³± Ì, § ±·¥¶²¥´´ÒÌ
¢¥·É¨± ²Ó´µ ´  ¢· Ð ÕÐ¥³¸Ö ¸ ¶µ³µÐÓÕ Ï £µ¢µ£µ ¤¢¨£ É¥²Ö ¸Éµ²¨±¥. „²Ö
µ¡¥¸¶¥Î¥´¨Ö ¶µ¸ÉµÖ´´µ£µ ´ ÉÖ¦¥´¨Ö ÔÉ¨Ì ³¨Ï¥´¥° ´¨É¨ ¸µ¥¤¨´Ö²¨¸Ó ¸ · ³-
±µ° Î¥·¥§ ¶²µ¸±¨¥ ¶·Ê¦¨´Ò ¸¶¥Í¨ ²Ó´µ° Ëµ·³Ò. ˆ§²ÊÎ¥´¨¥ ·¥£¨¸É·¨·µ¢ -
²µ¸Ó Î¥·¥§ ¸³µÉ·µ¢µ¥ µ±´µ ËµÉµÔ²¥±É·µ´´Ò³ Ê³´µ¦¨É¥²¥³,   ¢ ¢ ±ÊÊ³¥ Å
¤¥É¥±Éµ·µ³ ´  µ¸´µ¢¥ ³¨±·µ± ´ ²Ó´ÒÌ ¶² ¸É¨´. ‘¨¸É¥³  Ê¶· ¢²¥´¨Ö ³¨Ï¥-
´Ö³¨ ¨ ¸Î¨ÉÒ¢ ´¨Ö ¨´Ëµ·³ Í¨¨ ¸ ¤¥É¥±Éµ·µ¢ ¤¥É ²Ó´µ µ¶¨¸ ´  ¢ · ¡µÉ Ì [22,
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25]. �±¸¶¥·¨³¥´ÉÒ ¶µ± § ²¨, ÎÉµ ¤²Ö Ê± § ´´ÒÌ Ëµ²Ó£ Éµ²Ð¨´µ° ³¥´¥¥ ¨²¨
¶µ·Ö¤±  ³¨±·µ´  ¨´É¥´¸¨¢´µ¸ÉÓ ·¥£¨¸É·¨·Ê¥³µ£µ ¸¢¥Éµ¢µ£µ ¨§²ÊÎ¥´¨Ö ³ ±-
¸¨³ ²Ó´ , É ± ± ± ¢ ¥£µ £¥´¥· Í¨¨ ÊÎ ¸É¢Ê¥É ¶· ±É¨Î¥¸±¨ ¢¸Ö ³ ¸¸  ³¨Ï¥´¨
¶·¨ ¢Ò¸µ±µ° ¸É¥¶¥´¨ ±µ£¥·¥´É´µ¸É¨. ‘ Ê¢¥²¨Î¥´¨¥³ Éµ²Ð¨´Ò ³¨Ï¥´¨ ÔÉµ
Ê¸²µ¢¨¥ ´ ·ÊÏ ¥É¸Ö ¨, ¶·¨ ¸µÌ· ´¥´¨¨ Ê¸·¥¤´¥´´µ° §  ¢·¥³Ö Í¨±²  · ¡µÉÒ
Ê¸±µ·¨É¥²Ö ¸¢¥É¨³µ¸É¨, ´ ¡²Õ¤ ¥É¸Ö Ê³¥´ÓÏ¥´¨¥ ¸¢¥Éµ¢ÒÌµ¤ . ‚ µ¸´µ¢´µ³
¨§-§  Ê³¥´ÓÏ¥´¨Ö ¸¢¥É¨³µ¸É¨ ÔÉµ ¦¥ ¶·µ¨¸Ìµ¤¨É ¨ ¶·¨ ¶¥·¥Ìµ¤¥ ± ¡µ²¥¥
ÉÖ¦¥²Ò³ ³¨Ï¥´Ö³ ¸ ¡²¨§±µ° £¥µ³¥É·¨Î¥¸±µ° Éµ²Ð¨´µ°. �¨¦¥ ¶·¨¢¥¤¥´Ò
´¥±µÉµ·Ò¥ ¶·¨³¥·Ò ¶µ²ÊÎ¥´´µ° ¢ ÔÉ¨Ì Ô±¸¶¥·¨³¥´É Ì ¨´Ëµ·³ Í¨¨.

�  ·¨¸. 1, ¶·¨ ¤¨¸±·¥É´µ¸É¨ µÍ¨Ë·µ¢±¨ 1 ³¸, ¶·¥¤¸É ¢²¥´  ¢·¥³¥´´� Ö
¸É·Ê±ÉÊ·  ¸¢¥Éµ¢µ£µ ¨§²ÊÎ¥´¨Ö Ëµ²Ó£µ¢µ° ³¨Ï¥´¨ ¨§ §µ²µÉ  Éµ²Ð¨´µ°

	¨¸. 1. ‚·¥³¥´´� Ö ¸É·Ê±ÉÊ·  ¢§ ¨³µ¤¥°¸É¢¨Ö Ëµ²Ó£µ¢µ° ³¨Ï¥´¨ ¨§ §µ²µÉ  Éµ²Ð¨´µ°
1,7 ³±³ ¸ Í¨·±Ê²¨·ÊÕÐ¨³ ¶ÊÎ±µ³ ¤¥°É·µ´µ¢ ¨³¶Ê²Ó¸µ³ 3,8 ƒÔ‚/¸. 	¥£¨¸É·¨·Ê¥É¸Ö
¸¢¥Éµ¢µ¥ ¨§²ÊÎ¥´¨¥ ³¨Ï¥´¨. Œµ³¥´ÉÒ ¢¢µ¤  ³¨Ï¥´¨ ¢ ¶ÊÎµ± ¨ ¢Ò¢µ¤  ¨§ ´¥£µ µÉ³¥-
Î¥´Ò É·¥Ê£µ²Ó´Ò³¨ Ê± § É¥²Ö³¨

	¨¸. 2. ‚·¥³¥´´� Ö ¸É·Ê±ÉÊ·  ¸¢¥Éµ¢µ£µ ¨§²ÊÎ¥´¨Ö ¶µ²¨ÔÉ¨²¥´µ¢µ° ³¨Ï¥´¨ Éµ²Ð¨-
´µ° 1,6 ³±³ ¶·¨ ¥¥ ¢§ ¨³µ¤¥°¸É¢¨¨ c Í¨·±Ê²¨·ÊÕÐ¨³ ¶ÊÎ±µ³ ¤¥°É·µ´µ¢ Ô´¥·£¨¥°
1,3 A·ƒÔ‚ ´  ´Ê±²µÉ·µ´¥

1,7 ³±³ ¶·¨ ¥¥ ¢§ ¨³µ¤¥°¸É¢¨¨ ¸ ¶ÊÎ±µ³ ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¤¥°É·µ´µ¢ ¨³¶Ê²Ó-
¸µ³ 3,8 ƒÔ‚/¸. ƒ²Ê¡µ± Ö ´¨§±µÎ ¸ÉµÉ´ Ö ³µ¤Ê²ÖÍ¨Ö ¨§²ÊÎ¥´¨Ö ¢ µ¸´µ¢´µ³
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	¨¸. 3. Œ¨±·µ¸É·Ê±ÉÊ·  ¢§ ¨³µ¤¥°¸É¢¨Ö ¶ÊÎ±  ¤¥°É·µ´µ¢ ¸ CH2-³¨Ï¥´ÓÕ Éµ²Ð¨´µ°
1,6 ³±³ ¶·¨ Ô´¥·£¨¨ 1,3 ƒÔ‚/´Ê±²µ´ ´  · §²¨Î´ÒÌ ¸É ¤¨ÖÌ · ¡µÉÒ ´Ê±²µÉ·µ´ : a Å
´ Î ²µ Í¨±²  Ê¸±µ·¥´¨Ö; ¡ Å ¢ÒÌµ¤ ´  ®¶² Éµ¯ ³ £´¨É´µ£µ ¶µ²Ö; ¢ Å Í¨·±Ê²ÖÍ¨Ö
Ê¸±µ·¥´´µ£µ ¶ÊÎ±  ¶·¨ ¢Ò±²ÕÎ¥´´µ³ ‚—-¶µ²¥ (¤¨¸¸¨¶ Í¨Ö ¸£Ê¸É±µ¢). 	¥£¨¸É·¨·Ê¥É¸Ö
¸¢¥Éµ¢µ¥ ¨§²ÊÎ¥´¨¥ ³¨Ï¥´¨

µ¡Ê¸²µ¢²¥´  ³ ²Ò³ ¢·¥³¥´¥³ ¦¨§´¨ (≈ 2·10−4 ¸) Î ¸É¨ ¶ÊÎ± , ¢§ ¨³µ¤¥°¸É¢Ê-
ÕÐ¥° ¸ ³¨Ï¥´ÓÕ. �Éµ É ±¦¥ ¶·µ¨¸Ìµ¤¨²µ ¨ ¢ Ô±¸¶¥·¨³¥´É Ì ¸ ³¥¤´Ò³¨ ¨
¢µ²ÓË· ³µ¢Ò³¨ ´¨ÉÖ³¨. „ ´´ Ö ³µ¤Ê²ÖÍ¨Ö ¶· ±É¨Î¥¸±¨ ´¥ ´ ¡²Õ¤ ¥É¸Ö ¶·¨
¨¸¶µ²Ó§µ¢ ´¨¨ CH2-³¨Ï¥´¨ (·¨¸. 2), £¤¥ Ê± § ´´µ¥ ¢·¥³Ö ¦¨§´¨ ¸ÊÐ¥¸É¢¥´´µ
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¡µ²ÓÏ¥ (≈ 3 · 10−2 c). �·¨¢¥¤¥´´ Ö ¨´Ëµ·³ Í¨Ö ¤¥³µ´¸É·¨·Ê¥É Ì · ±É¥· ¨
¢·¥³¥´´�ÊÕ · ¸ÉÖ¦±Ê ¢§ ¨³µ¤¥°¸É¢¨Ö Í¨·±Ê²¨·ÊÕÐ¥£µ ¶ÊÎ±  ¸ ³¨Ï¥´Ö³¨. ‚
·Ö¤¥ Ô±¸¶¥·¨³¥´Éµ¢ ¢ ¢ ±ÊÊ³¥ ¶ · ²²¥²Ó´µ ·¥£¨¸É·¨·µ¢ ²µ¸Ó ¦¥¸É±µ¥ ¨§²Ê-
Î¥´¨¥ ³¨Ï¥´¨. �·¨ ÔÉµ³ Ëµ·³Ò ¶µ²ÊÎ¥´´ÒÌ ¸¨£´ ²µ¢ ¢µ ¢·¥³¥´¨ Ìµ·µÏµ
¸µ£² ¸µ¢Ò¢ ²¨¸Ó ³¥¦¤Ê ¸µ¡µ°. �  ·¨¸. 3 ¶·¥¤¸É ¢²¥´  ³¨±·µ¸É·Ê±ÉÊ·  ¸¢¥Éµ-
¢µ£µ ¨§²ÊÎ¥´¨Ö ¢µ ¢·¥³¥´¨, ¶µ²ÊÎ¥´´ Ö ¶·¨ ¤¨¸±·¥É´µ¸É¨ µÍ¨Ë·µ¢±¨ 20 ´¸.
�´  ¸µµÉ¢¥É¸É¢Ê¥É ¢§ ¨³µ¤¥°¸É¢¨Õ ¢´ÊÉ·¥´´¥° ³¨Ï¥´¨ ¸ µÉ¤¥²Ó´Ò³¨ ¸£Ê¸É-
± ³¨ ¶ÊÎ±  ´  · §²¨Î´ÒÌ ¸É ¤¨ÖÌ · ¡µÉÒ ´Ê±²µÉ·µ´  ¢ Í¨±²¥.

Š ± µÉ³¥Î ¥É¸Ö ¢ · ¡µÉ¥ [22], ¶·¨ ¶¥·¥Ìµ¤¥ µÉ ¢·¥³¥´´�µ£µ ± ¶·µ¸É· ´-
¸É¢¥´´µ³Ê ¶·¥¤¸É ¢²¥´¨Õ ¨´É¥´¸¨¢´µ¸É¨ ¨§²ÊÎ¥´¨Ö ¤¢¨¦ÊÐ¥°¸Ö ³¨Ï¥´¨ µ¶¥-
· Éµ· ³µ¦¥É ±µ´É·µ²¨·µ¢ ÉÓ ¶·µ¸É· ´¸É¢¥´´Ò¥ Ì · ±É¥·¨¸É¨±¨ Í¨·±Ê²¨·Ê-
ÕÐ¥£µ ¶ÊÎ±  ´¥¶µ¸·¥¤¸É¢¥´´µ ´  ÊÎ ¸É±¥ ¶·µ¢¥¤¥´¨Ö Ë¨§¨Î¥¸±¨Ì Ô±¸¶¥·¨-
³¥´Éµ¢. „²Ö ¶µ²ÊÎ¥´¨Ö  ¤¥±¢ É´µ° ¨´Ëµ·³ Í¨¨ µ ¶·µË¨²¥ ¶ÊÎ±  ¢¥²¨Î¨´ 
¶µ¸ÉµÖ´´µ° ¸±µ·µ¸É¨ (Vr) ¶¥·¥¸¥± ÕÐ¥° ¶ÊÎµ± ´¨É¥¢¨¤´µ° ³¨Ï¥´¨ ¤µ²¦´ 
µ¡¥¸¶¥Î¨¢ ÉÓ ¤µ¸É ÉµÎ´µ ¨´É¥´¸¨¢´µ¥ ¨§²ÊÎ¥´¨¥ ¶·¨ ³¨´¨³ ²Ó´µ³ ¢µ§³ÊÐ¥-
´¨¨ ¶ÊÎ± . �·¨ ³ ²ÒÌ Éµ± Ì Í¨·±Ê²¨·ÊÕÐ¥£µ ¶ÊÎ±  ¨ ¸· ¢´¨É¥²Ó´µ ¡µ²Ó-
Ïµ° Éµ²Ð¨´¥ ´¨É¨ (¢ £·¸³2) ¢Ò¶µ²´¥´¨¥ ¤ ´´µ£µ Ê¸²µ¢¨Ö ¢ µ¤´µ³ Í¨±²¥ ¶¥-
·¥³¥Ð¥´¨Ö ³¨Ï¥´¨ ¶·¥¤¸É ¢²Ö¥É¸Ö ¶·µ¡²¥³ É¨Î´Ò³. ’¥³ ´¥ ³¥´¥¥ ¢ ÔÉµ³
¸²ÊÎ ¥ µ¶·¥¤¥²¥´´µ¥ ¶·¥¤¸É ¢²¥´¨¥ µ Ì · ±É¥·¨¸É¨± Ì ¶ÊÎ±  ³µ¦¥É ¡ÒÉÓ
¶µ²ÊÎ¥´µ ¶·¨ ¥£µ ®¸Ñ¥¤ ´¨¨¯ ¸µ ¸Éµ·µ´Ò ´ ¤¢¨£ ÕÐ¥°¸Ö ´¨É¥¢¨¤´µ° ¨²¨
Ëµ²Ó£µ¢µ° ³¨Ï¥´¨ (·¥¦¨³ ³ ±¸¨³ ²Ó´µ° ¸¢¥É¨³µ¸É¨ ¢ Ë¨§¨Î¥¸±µ³ Ô±¸¶¥·¨-
³¥´É¥). �·¨ ÔÉµ³ ¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´� Ö É· ¥±Éµ·¨Ö ³¨Ï¥´¨ ¢Ò¡¨· ¥É¸Ö
É ±µ°, ÎÉµ¡Ò ¸·¥¤´¥¥ ¢·¥³Ö ¦¨§´¨ Î ¸É¨ ¨µ´µ¢, ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì ¸ ´¥°,
¡Ò²µ ³¥´ÓÏ¥ ¨²¨ ¡²¨§±µ ± ¶¥·¨µ¤Ê ³¥¦¤Ê ¤¨¸±·¥É´Ò³¨ ¶¥·¥³¥Ð¥´¨Ö³¨ ´¨-
É¥¢¨¤´µ° ³¨Ï¥´¨ ¨²¨ ¢·¥³¥´¨ ¸³¥Ð¥´¨Ö Ëµ²Ó£¨ ´  ¢¥²¨Î¨´Ê ¶·¨¥³²¥³µ£µ
¶·µ¸É· ´¸É¢¥´´µ£µ · §·¥Ï¥´¨Ö. „²Ö µ·¨¥´É Í¨¨ ´ ¨¡µ²¥¥ ¡Ò¸É· Ö ¨§ É ±¨Ì
É· ¥±Éµ·¨°, µ¡¥¸¶¥Î¨¢ ÕÐ Ö ´ ¨²ÊÎÏ¥¥ ¶·µ¸É· ´¸É¢¥´´µ¥ · §·¥Ï¥´¨¥ (µ¶·¥-
¤¥²Ö¥³µ¥ Ï £µ³ ¤¢¨£ É¥²Ö), ³µ¦¥É Ê¸É ´ ¢²¨¢ ÉÓ¸Ö  ¢Éµ³ É¨Î¥¸±¨ ¶µ ±µ³ ´¤¥
µ¶¥· Éµ· . �  ·¨¸. 4 ¶·¥¤¸É ¢²¥´Ò Ì · ±É¥·´Ò¥ ¤²Ö É ±¨Ì Ô±¸¶¥·¨³¥´Éµ¢ ¸¨£-
´ ²Ò Í¨·±Ê²¨·ÊÕÐ¥£µ Éµ±  (I) ¨ ¨´É¥´¸¨¢´µ¸É¨ ¸¢¥Éµ¢µ£µ ¨§²ÊÎ¥´¨Ö Ëµ²Ó£¨
(Nγ) ¢ § ¢¨¸¨³µ¸É¨ µÉ ¥¥ ¶·µ¸É· ´¸É¢¥´´µ£µ ¶µ²µ¦¥´¨Ö µÉ´µ¸¨É¥²Ó´µ µ¸¨
¶ÊÎ±  (Ob). Š ± µÉ³¥Î ²µ¸Ó ¢ÒÏ¥, ´ ¡²Õ¤ ¥³ Ö ¸É·Ê±ÉÊ·  µ¡Ê¸²µ¢²¥´  ¤¨¸-
±·¥É´µ¸ÉÓÕ ¶¥·¥³¥Ð¥´¨Ö ³¨Ï¥´¨ ¢ ¶·µ¸É· ´¸É¢¥´´µ-µ¤´µ·µ¤´µ³ ¶ÊÎ±¥. ‚
¡µ²ÓÏ¥° ¸É¥¶¥´¨ µ´  ¢Ò· ¦¥´  ¤²Ö ³¨Ï¥´¥° ¸ ³¥´ÓÏ¨³ ¢·¥³¥´¥³ ¦¨§´¨
¶ÊÎ± . �·¨¢Ö§±  É· ¥±Éµ·¨¨ ± £· ´¨Í ³ ¢ ±ÊÊ³´µ° ± ³¥·Ò (A) ¶µ§¢µ²Ö¥É
µ¶·¥¤¥²¨ÉÓ ¶µ²ÊÏ¨·¨´Ê (Rbx) ¨ £µ·¨§µ´É ²Ó´µ¥ ¶µ²µ¦¥´¨¥ ¶ÊÎ±  µÉ´µ¸¨-
É¥²Ó´µ ¥¥ µ¸¨ (O) ¢ µ¡² ¸É¨ ¢§ ¨³µ¤¥°¸É¢¨Ö. „²Ö Ê± § ´´ÒÌ ´  ·¨¸Ê´±¥
Ì · ±É¥·¨¸É¨± Ëµ²Ó£¨, ¶ÊÎ±  ¨ ¢·¥³¥´¨ ¢§ ¨³µ¤¥°¸É¢¨Ö ≈ 0, 3 ¸ ¤µ¸É¨£ ¥³µ¥
¶·¨ ¤¢¨¦¥´¨¨ ³¨Ï¥´¨ ¶·µ¸É· ´¸É¢¥´´µ¥ · §·¥Ï¥´¨¥ µÍ¥´¨¢ ¥É¸Ö ¢¥²¨Î¨´µ°
≈ 0, 3 ³³.

‚ ·Ö¤¥ Ë¨§¨Î¥¸±¨Ì Ô±¸¶¥·¨³¥´Éµ¢ ¸ Éµ´±¨³¨ Ê£²¥·µ¤´Ò³¨ ´¨ÉÖ³¨ ¨¸-
¶µ²Ó§µ¢ ² ¸Ó N-µ¡· §´ Ö ³¨Ï¥´Ó (¸³. ·¨¸. 5). �´  ¶µ§¢µ²¨²  ¶·µ¢µ¤¨ÉÓ ´ -
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	¨¸. 4. ‡ ¢¨¸¨³µ¸ÉÓ Éµ±  (I) Í¨·±Ê-
²¨·ÊÕÐ¥£µ ¶ÊÎ±  ¤¥°É·µ´µ¢ ¨ ¨´É¥´-
¸¨¢´µ¸É¨ ¨§²ÊÎ¥´¨Ö (Nγ) ¶µ²¨ÔÉ¨²¥´µ-
¢µ° Ëµ²Ó£¨ Éµ²Ð¨´µ° 2,2 ³±³ µÉ £²Ê-
¡¨´Ò ¶·µ¸É· ´¸É¢¥´´µ£µ ¶¥·¥³¥Ð¥´¨Ö
³¨Ï¥´¨ ¢ ¶ÊÎµ± ¸ ¢´¥Ï´¥£µ · ¤¨Ê¸ .
Ek/A = 1, 6 ƒÔ‚/´Ê±²µ´

	¨¸. 5. ‘Ì¥³  £µ·¨§µ´É ²Ó´µ£µ ¶¥·¥³¥Ð¥´¨Ö
N-µ¡· §´µ° ¢´ÊÉ·¥´´¥° ³¨Ï¥´¨ ¨§ Ê£²¥·µ¤-
´ÒÌ ´¨É¥° ¨ ¨´É¥´¸¨¢´µ¸ÉÓ ¨Ì ¨§²ÊÎ¥´¨Ö
(Nγ ) ¢µ ¢·¥³¥´¨

¡µ· ¸É É¨¸É¨±¨ ·¥£¨¸É·¨·Ê¥³ÒÌ ¸µ¡ÒÉ¨° ´ ·Ö¤Ê ¸ µ¶¥· É¨¢´Ò³ ±µ´É·µ²¥³
¶·µ¸É· ´¸É¢¥´´ÒÌ Ì · ±É¥·¨¸É¨± ¶ÊÎ±  (B) ¢ £µ·¨§µ´É ²Ó´µ³ (X) ¨ ¢¥·É¨-
± ²Ó´µ³ (Z) ´ ¶· ¢²¥´¨ÖÌ [29]. • · ±É¥·´ Ö Ëµ·³  ¸¨£´ ²  ¤¥É¥±Éµ·  ¸¢¥-
Éµ¢µ£µ ¨§²ÊÎ¥´¨Ö ¢µ ¢·¥³¥´¨ ¶·¨¢¥¤¥´  ¢ ´¨¦´¥° Î ¸É¨ ·¨¸Ê´± . ˆ§¢¥¸É´µ¥
· ¸¸ÉµÖ´¨¥ Lc ³¥¦¤Ê ¢¥·É¨± ²Ó´Ò³¨ ´¨ÉÖ³¨ 1 ¨ 3 ¤ ¥É ³ ¸ÏÉ ¡ ¤²Ö µ¶·¥¤¥-
²¥´¨Ö £µ·¨§µ´É ²Ó´µ£µ ¶·µË¨²Ö ¶ÊÎ±  ´¥§ ¢¨¸¨³µ µÉ ¸±µ·µ¸É¨ · ¢´µ³¥·´µ£µ
¶¥·¥³¥Ð¥´¨Ö ³¨Ï¥´¨. ‘ ¨§³¥´¥´¨¥³ ¸±µ·µ¸É¨ ³¥´Ö¥É¸Ö Éµ²Ó±µ ³ ¸ÏÉ ¡ ¶µ
¢·¥³¥´´�µ° µ¸¨ (t) ¨ ¸µµÉ´µÏ¥´¨¥ ¨´É¥´¸¨¢´µ¸É¥° ¨§²ÊÎ¥´¨Ö µÉ ´¨É¥° 1, 2 ¨ 3.
�µ²ÊÎ ¥³ Ö ¶·¨ É ±¨Ì ¨§³¥·¥´¨ÖÌ ¢¥²¨Î¨´  £µ·¨§µ´É ²Ó´µ£µ · §³¥·  ¶ÊÎ± 
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Ìµ·µÏµ ¸µ£² ¸Ê¥É¸Ö ¸ ·¥§Ê²ÓÉ É ³¨ ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ Ëµ²Ó£µ¢ÒÌ ³¨Ï¥´¥°
¨²¨ µÉ¤¥²Ó´ÒÌ ´¨É¥° ¢ Éµ³ ¦¥ ¸¥ ´¸¥ · ¡µÉÒ ´Ê±²µÉ·µ´ . ‚ Î ¸É´µ¸É¨, ¢ ¶·µ-
¢¥¤¥´´ÒÌ Ë¨§¨Î¥¸±¨Ì Ô±¸¶¥·¨³¥´É Ì ¸ ¤¥°É·µ´ ³¨ Ô´¥·£¨¥° 1,6 ƒÔ‚/´Ê±²µ´
µ´  ¸µ¸É ¢¨²  2Rbx ≈ 4 ³³ ´  ¶µ²Ê¢Ò¸µÉ¥ · ¸¶·¥¤¥²¥´¨Ö (¸³. É ±¦¥ ·¨¸. 4).
�µ²µ¦¥´¨¥ ±·¨¢µ° 2 ´  ¶· ±É¨Î¥¸±¨ µ¤¨´ ±µ¢µ³ · ¸¸ÉµÖ´¨¨ µÉ ³ ±¸¨³Ê³µ¢
¸¨£´ ²µ¢ ´¨É¥° 1 ¨ 3 ¢µ ¢·¥³¥´¨ Ê± §Ò¢ ¥É ´  Éµ, ÎÉµ µ¸Ó ¶ÊÎ±  ´  ÊÎ ¸É±¥
¶·µ¢¥¤¥´¨Ö ¨§³¥·¥´¨° ¶·µÌµ¤¨É ¢¡²¨§¨ ¶²µ¸±µ¸É¨ ¸¨³³¥É·¨¨ Z = 0 ¢ ±Ê-
Ê³´µ° ± ³¥·Ò. ‚ ¶·¥¤¶µ²µ¦¥´¨¨, ÎÉµ £¥µ³¥É·¨Î¥¸±µ¥ ¸¥Î¥´¨¥ ¶ÊÎ±  ¨³¥¥É
Ëµ·³Ê ± ´µ´¨Î¥¸±µ£µ Ô²²¨¶¸ , ¶µ ¨§¢¥¸É´µ³Ê Ê£²Ê α ³¥¦¤Ê ´¨ÉÖ³¨ 1, 3 ¨
2,   É ±¦¥ ¶µ ¨§³¥·¥´´µ³Ê §´ Î¥´¨Õ Rbx ³µ¦´µ µ¶·¥¤¥²¨ÉÓ Ì · ±É¥·´Ò°
¢¥·É¨± ²Ó´Ò° · §³¥· ¶ÊÎ± :

Rbz = Rbxctg α
√

(L2/2Rbx)2 − 1.

‚ ¤ ´´µ³ ¢Ò· ¦¥´¨¨ ¢¥²¨Î¨´  L2 · ¢´  ¶·µ¸É· ´¸É¢¥´´µ° Ï¨·¨´¥ ´  ¶µ²Ê-
¢Ò¸µÉ¥ · ¸¶·¥¤¥²¥´¨Ö 2 ¶·¨ ¸±µ·µ¸É¨ ³¨Ï¥´¨, ±µ£¤   ³¶²¨ÉÊ¤Ò ¸¨£´ ²µ¢ 1
¨ 3 µ¤´µ£µ ¶µ·Ö¤± ,   ¨Ì Ï¨·¨´Ò ¡²¨§±¨ ¶µ ¢¥²¨Î¨´¥. „²Ö ¨¸¶µ²Ó§Ê¥³µ° ¢
ÔÉ¨Ì Ô±¸¶¥·¨³¥´É Ì ³¨Ï¥´¨ ¸ Lc = 20 ³³, α = 27◦ ¨ ¨§³¥·¥´´ÒÌ §´ Î¥´¨°
Rbx ≈ 2 ³³, L2 ≈ 5 ³³ ¶µ²ÊÎ ¥³ ¢¥²¨Î¨´Ê Rbz ≈ 3 ³³. �µ µÉ´µÏ¥´¨Õ
¶²µÐ ¤¥° S1/S3 ¶µ¤ ±·¨¢Ò³¨ 1 ¨ 3 ³µ¦´µ µÍ¥´¨ÉÓ ¸·¥¤´¥¥ ¢·¥³Ö ¦¨§´¨ Tb

¶ÊÎ±  ¤¥°É·µ´µ¢, ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì ¸ ´¥°. �·¨ ÔÉµ³ ÔËË¥±É¨¢´ Ö Éµ²Ð¨´ 
´¨É¥¢¨¤´µ° ³¨Ï¥´¨ §  ¢·¥³Ö ¶¥·¥¸¥Î¥´¨Ö ¶ÊÎ±  µÍ¥´¨¢ ¥É¸Ö ¢¥²¨Î¨´µ°

tg ≈ ρ · d2/2Rbx,

£¤¥ d ¨ ρ Å ¤¨ ³¥É· ¨ ¶²µÉ´µ¸ÉÓ ³ É¥·¨ ²  ´¨É¨ ¸µµÉ¢¥É¸É¢¥´´µ. �·¨ Ê± § ´-
´ÒÌ ´  ·¨¸. 5 ¢·¥³¥´ Ì ¢§ ¨³µ¤¥°¸É¢¨Ö ¨ S1/S3 ≈ 1, 5 ¶µ²ÊÎ¥´´ Ö ¢¥²¨Î¨´ 
Tb ≈ 1 ¸ ¸µ£² ¸Ê¥É¸Ö ¸ É¥µ·¥É¨Î¥¸±¨³¨ §´ Î¥´¨Ö³¨ ¶·µ¨§¢¥¤¥´¨Ö Tbtg, · ¸-
¸Î¨É ´´Ò³¨ ¶µ  ²£µ·¨É³Ê · ¡µÉÒ [23] ¤²Ö Ô´¥·£¨¨ ¤¥°É·µ´µ¢ 1,6 ƒÔ‚/´Ê±²µ´.
‚ ¶·¥¤¶µ²µ¦¥´¨¨ £ Ê¸¸µ¢¸±µ£µ · ¸¶·¥¤¥²¥´¨Ö Î ¸É¨Í ¢ ¶µ¶¥·¥Î´µ³ Ë §µ¢µ³
¶·µ¸É· ´¸É¢¥ (Rbi/σbi = 1, 18; ησbi =

√
βiεi(η); i = x, z), ¶µ ¨§³¥·¥´´Ò³

§´ Î¥´¨Ö³ Rbi ¨ · ¸Î¥É´Ò³ ¢¥²¨Î¨´ ³ βi-ËÊ´±Í¨° Ê¸±µ·¨É¥²Ö ´  ÊÎ ¸É±¥
¢´ÊÉ·¥´´¥° ³¨Ï¥´¨ [30] ¶µ²ÊÎ¥´Ò ¸²¥¤ÊÕÐ¨¥ µÍ¥´±¨ ¤²Ö Ô³¨ÉÉ ´¸µ¢ Í¨·-
±Ê²¨·ÊÕÐ¥£µ ¶ÊÎ±  ¤¥°É·µ´µ¢ ´  ´Ê±²µÉ·µ´¥ ¶·¨ Ô´¥·£¨¨ 1,6 ƒÔ‚/´Ê±²µ´:
εx(η = 3) ≈ 3, εz(η = 3) ≈ 7 ³³·³· ¤.

‘ ÉµÎ±¨ §·¥´¨Ö ³¨´¨³¨§ Í¨¨ ¶µÉ¥·Ó Î ¸É¨Í ¨ µ¶É¨³¨§ Í¨¨ · ¡µÉÒ Ê¸±µ-
·¨É¥²Ö ¸ ³µ¸ÉµÖÉ¥²Ó´Ò° ¨´É¥·¥¸ ¶·¥¤¸É ¢²Ö¥É §µ´¤¨·µ¢ ´¨¥ ¶ÊÎ±  ¢´ÊÉ·¥´-
´¥° ³¨Ï¥´ÓÕ ´  ¸É ¤¨¨ ¨´¦¥±Í¨¨ ¨ Ê¸±µ·¥´¨Ö. ‚ ÔÉµ³ ¸²ÊÎ ¥ ¶µ ¸¢¥Éµ-
¢µ³Ê ¨§²ÊÎ¥´¨Õ ³µ¦´µ µ¶¥· É¨¢´µ µÉ¸²¥¦¨¢ ÉÓ Ô¢µ²ÕÍ¨Õ ¶·µ¸É· ´¸É¢¥´´ÒÌ
Ì · ±É¥·¨¸É¨± ¶ÊÎ±  ± ± ¶·¨ ¸É Í¨µ´ ·´µ³ ¶µ²µ¦¥´¨¨ ³¨Ï¥´¨ ¢ · §´ÒÌ
µ¡² ¸ÉÖÌ ¨µ´µ¶·µ¢µ¤ , É ± ¨ ¶·¨ ¥¥ · ¤¨ ²Ó´µ³ ¤¢¨¦¥´¨¨ ¶µ µ¶·¥¤¥²¥´´µ°
¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´�µ° É· ¥±Éµ·¨¨. „ ´´Ò¥ ¢µ§³µ¦´µ¸É¨ ´ £²Ö¤´µ ¤¥-
³µ´¸É·¨·ÊÕÉ ¶·¨¢¥¤¥´´Ò¥ ´¨¦¥ ·¥§Ê²ÓÉ ÉÒ, ¶µ²ÊÎ¥´´Ò¥ ¶·¨ ¨¸¸²¥¤µ¢ ´¨¨
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	¨¸. 6. ‘¨£´ ²Ò (1, ¢ µÉ´µ¸¨É¥²Ó´ÒÌ ¥¤¨´¨Í Ì ¸¶· ¢ ) µÉ ¸¢¥Éµ¢µ£µ ¨§²ÊÎ¥´¨Ö §µ´¤¨-
·ÊÕÐ¥° ¶µ²¨ÔÉ¨²¥´µ¢µ° ³¨Ï¥´¨ ¶·¨ ¢§ ¨³µ¤¥°¸É¢¨¨ ¸ ¶ÊÎ±µ³ ¤¥°É·µ´µ¢ ´  ¸É ¤¨¨
Ê¸±µ·¥´¨Ö Å ·µ¸É¥ ³ £´¨É´µ£µ ¶µ²Ö ‚ (2) ¤¨¶µ²¥° ¢ ·¥ ²Ó´µ³ ·¥¦¨³¥ · ¡µÉÒ ´Ê±²µ-
É·µ´  ¢µ ¢·¥³¥´¨ (t). ‚´¨§Ê Å ¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´� Ö É· ¥±Éµ·¨Ö (3) ³¨Ï¥´¨ ¢
³ ¸ÏÉ ¡¥ ¤¨ ³¥É·  ¨µ´µ¶·µ¢µ¤  90 ³³

	¨¸. 7. ’µ ¦¥, ÎÉµ ¨ ´  ·¨¸. 6, ´µ ¶·¨ ¶µ²´µ³ Í¨±²¥ ¨§³¥´¥´¨Ö ³ £´¨É´µ£µ ¶µ²Ö.
Œµ³¥´É ¢Ò±²ÕÎ¥´¨Ö ‚—-¶µ²Ö µÉ³¥Î¥´ É·¥Ê£µ²Ó´Ò³ Ê± § É¥²¥³

¤¨´ ³¨±¨ ¶ÊÎ±  ´Ê±²µÉ·µ´  ¢ ·Ö¤¥ ·¥¦¨³µ¢ ¥£µ · ¡µÉÒ, µÉ²¨Î´ÒÌ µÉ · ¸¸³µ-
É·¥´´µ£µ ¢ÒÏ¥.
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	¨¸. 8. ‘¨£´ ²Ò µÉ ¸¢¥Éµ¢µ£µ ¨§²ÊÎ¥´¨Ö §µ´¤¨·ÊÕÐ¥° Ê£²¥·µ¤´µ° ³¨Ï¥´¨ ¤¨ ³¥É·µ³
8 ³±³ ¶·¨ ¢§ ¨³µ¤¥°¸É¢¨¨ ¸ ¶ÊÎ±µ³ ¤¥°É·µ´µ¢ Ô´¥·£¨¥° 1,6 ƒÔ‚/´Ê±²µ´. �¡µ§´ Î¥´¨Ö,
± ± ´  ·¨¸. 6. Œµ³¥´É ¢Ò±²ÕÎ¥´¨Ö ‚—-¶µ²Ö µÉ³¥Î¥´ É·¥Ê£µ²Ó´Ò³ Ê± § É¥²¥³

	¨¸. 9. ’µ ¦¥, ÎÉµ ¨ ´  ·¨¸. 6, ´µ ¤²Ö §µ´¤¨·ÊÕÐ¥° Ê£²¥·µ¤´µ° ³¨Ï¥´¨ ¤¨ ³¥É·µ³
8 ³±³ ¸ ¨§³¥´¥´´µ° ¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´�µ° É· ¥±Éµ·¨¥°

‚ Ô±¸¶¥·¨³¥´É Ì ¸ ¶ÊÎ±µ³ ¤¥°É·µ´µ¢ ¨´É¥´¸¨¢´µ¸ÉÓÕ ∼ 1010/Í¨±² ¢ ± -
Î¥¸É¢¥ §µ´¤¨·ÊÕÐ¨Ì ¨¸¶µ²Ó§µ¢ ²¨¸Ó É¥ ¦¥ ³¨Ï¥´¨, ÎÉµ ¨ ¢ Ë¨§¨Î¥¸±¨Ì Ô±¸-
¶¥·¨³¥´É Ì,   ¨³¥´´µ: ¶µ²¨ÔÉ¨²¥´µ¢ Ö ¶²¥´±  Éµ²Ð¨´µ° 12 ³±³ ¶·¨ Ï¨·¨´¥
2 ³³ ¨ Ê£²¥·µ¤´ Ö ´¨ÉÓ ¤¨ ³¥É·µ³ 8 ³±³, ¶µ ¢Ò¸µÉ¥ ¶µ²´µ¸ÉÓÕ ¶¥·¥±·Ò¢ -
ÕÐ¨¥ ¨µ´µ¶·µ¢µ¤. ˆ§³¥·¥´¨Ö ¶µ± § ²¨, ÎÉµ ´ ¨¡µ²ÓÏ¥° ÎÊ¢¸É¢¨É¥²Ó´µ¸ÉÓÕ
µ¡² ¤ ¥É ¶µ²¨ÔÉ¨²¥´µ¢ Ö ³¨Ï¥´Ó, ¸¢¥É µÉ ±µÉµ·µ° ·¥£¨¸É·¨·µ¢ ²¸Ö ”�“ ¶·¨
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Ô´¥·£¨¨ ¨´¦¥±Í¨¨ (Ed|i= 5 ŒÔ‚/´Ê±²µ´, H = 0,3 ±ƒ¸) ¨ ´  ´ Î ²Ó´µ³ ÔÉ ¶¥
Ê¸±µ·¥´¨Ö. “¸É ´ ¢²¨¢ Ö ÔÉÊ ³¨Ï¥´Ó ¤µ ´ Î ²  ¨´¦¥±Í¨¨ ¢ ¶µ¸ÉµÖ´´ÊÕ ¶µ-
§¨Í¨Õ µÉ´µ¸¨É¥²Ó´µ µ¸¨ ¨µ´µ¶·µ¢µ¤  (· ¤¨Ê¸ Ro), ³µ¦´µ ¡Ò²µ ¶µ ¸¢¥Éµ¢µ³Ê
¨§²ÊÎ¥´¨Õ µ¶·¥¤¥²ÖÉÓ ¶µ²µ¦¥´¨¥ ¨ Ì · ±É¥·´Ò° · §³¥· ¶ÊÎ±  ¶·¨ ¶µ¸²¥¤µ-
¢ É¥²Ó´µ³ ¶µ§¨Í¨µ´¨·µ¢ ´¨¨ ³¨Ï¥´¨ ¢ £µ·¨§µ´É ²Ó´µ³ ´ ¶· ¢²¥´¨¨ ¢ ¶·¥-
¤¥² Ì ¤¨ ³¥É·  ¨µ´µ¶·µ¢µ¤  90 ³³. �µ²ÊÎ¥´´Ò¥ ¶·¨ H = 0,3 ±ƒ¸ ·¥§Ê²ÓÉ ÉÒ
¶µ± § ²¨ Ï¨·µ±µ¥ ¶² Éµ ¶µÎÉ¨ · ¢´µ³¥·´µ° ¨´É¥´¸¨¢´µ¸É¨ ¢§ ¨³µ¤¥°¸É¢¨Ö
¢ ¤¨ ¶ §µ´¥ (Ro − 5 ) ÷ (Ro − 30 ).

�µ¸²¥¤ÊÕÐ¥¥ ¶µ¢¥¤¥´¨¥ ¶ÊÎ±  ¢ ¶·µ¸É· ´¸É¢¥ ¢ ¤ ´´µ³ ·¥¦¨³¥ · ¡µÉÒ
´Ê±²µÉ·µ´  ´ £²Ö¤´µ ¢¨¤´µ ¨§ ·¨¸. 6Ä9. ‚ ¢¥·Ì´¥° Î ¸É¨ ·¨¸Ê´±µ¢ ¢ ·¥-
 ²Ó´µ³ ³ ¸ÏÉ ¡¥ ¢·¥³¥´¨ · ¡µÉÒ Ê¸±µ·¨É¥²Ö ¶·¨¢¥¤¥´  Ëµ·³  ³ £´¨É´µ£µ
¶µ²Ö ¥£µ ¤¨¶µ²¥° ¨ ¸¨£´ ² µÉ ¸¢¥Éµ¢µ£µ ¨§²ÊÎ¥´¨Ö ¢´ÊÉ·¥´´¥° ³¨Ï¥´¨. …¥
¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´� Ö É· ¥±Éµ·¨Ö ¶·¨¢¥¤¥´  ¢ ´¨¦´¥° Î ¸É¨ ·¨¸Ê´±µ¢
¢ ¶·¥¤¥² Ì ·¥ ²Ó´ÒÌ ¶µ¶¥·¥Î´ÒÌ · §³¥·µ¢ ± ³¥·Ò ¨µ´µ¶·µ¢µ¤ . ‘ ÊÎ¥Éµ³
Ê± § ´´µ£µ ¢ÒÏ¥ ´ Î ²Ó´µ£µ ¶µ²µ¦¥´¨Ö ¶ÊÎ±  ¤¢¨¦¥´¨¥ ³¨Ï¥´¥° µ¸ÊÐ¥-
¸É¢²Ö²µ¸Ó ¸ ¢´ÊÉ·¥´´¥£µ · ¤¨Ê¸  (R < Ro). �  ´ Î ²Ó´µ³ ÔÉ ¶¥ Ê¸±µ·¥´¨Ö
¶µ²¨ÔÉ¨²¥´µ¢ Ö ³¨Ï¥´Ó ¢§ ¨³µ¤¥°¸É¢Ê¥É Éµ²Ó±µ ¸ ¶¥·¨Ë¥·¨¥° ¶ÊÎ± ,   § -
É¥³ ´  µ¡· É´µ³ ¶ÊÉ¨ Ê¦¥ ¸µ ¢¸¥³ ¶ÊÎ±µ³ ¡µ²¥¥ ¢Ò¸µ±µ° Ô´¥·£¨¨, ¨³¥ÕÐ¨³
§´ Î¨É¥²Ó´µ ³¥´ÓÏ¨¥ £¥µ³¥É·¨Î¥¸±¨¥ · §³¥·Ò (¸³. ·¨¸. 6).

	¨¸. 7 ¤¥³µ´¸É·¨·Ê¥É Ì · ±É¥· ¢§ ¨³µ¤¥°¸É¢¨Ö ¶ÊÎ±  ¶·¨ ¸É Í¨µ´ ·´µ³
¶µ²µ¦¥´¨¨ ¤ ´´µ° ³¨Ï¥´¨ ¢ ¶·µ¸É· ´¸É¢¥. Š·µ³¥ ¶¥·¨Ë¥·¨°´µ£µ ¢§ ¨³µ-
¤¥°¸É¢¨Ö ¢ ´ Î ²¥ Ê¸±µ·¥´¨Ö, µÉ¸ÊÉ¸É¢Ê¥É ¨§²ÊÎ¥´¨¥ ¢µ ¢¸¥³ ¤¨ ¶ §µ´¥ ¸ÊÐ¥-
¸É¢µ¢ ´¨Ö ‚—-¶µ²Ö. ’µ²Ó±µ ¢ ³µ³¥´É ¥£µ ¢Ò±²ÕÎ¥´¨Ö ´  ®¸Éµ²¥¯ ³ £´¨É´µ£µ
¶µ²Ö Ê¸±µ·¥´´Ò° ¶ÊÎµ± ¸³¥Ð ¥É¸Ö ± Ro ¨ § ¤¥¢ ¥É ¶µ²¨ÔÉ¨²¥´µ¢ÊÕ ³¨Ï¥´Ó.
„ ´´µ¥ ¶·µ¸É· ´¸É¢¥´´µ¥ ¸³¥Ð¥´¨¥ Ê¸±µ·¥´´µ£µ ¶ÊÎ±  ¸ ´¥³´µ£µ ¨§³¥´¥´-
´µ° É· ¥±Éµ·¨¥° É ±¦¥ ´ £²Ö¤´µ ¤¥³µ´¸É·¨·Ê¥É ·¨¸. 8. �¥·¢Ò° ¸¨£´ ² µÉ
¸¢¥Î¥´¨Ö Ê£²¥·µ¤´µ° ´¨É¨ ¶·¨ ¢±²ÕÎ¥´´µ³ ‚—-¶µ²¥ ¨³¥¥É ¸·¥¤´¥¥ ¶µ²µ-
¦¥´¨¥ R̄ = Ro − 25 ³³. ‚Éµ·µ³Ê ¸¨£´ ²Ê (¶·¨ ¢Ò±²ÕÎ¥´´µ³ ‚—) µÉ Ê¦¥
ÊÏ¨·¥´´µ£µ ¶ÊÎ±  ¸µµÉ¢¥É¸É¢Ê¥É ¶µ²µ¦¥´¨¥ R̄ = Ro − 19 ³³. 	¥¦¨³ §´ Î¨-
É¥²Ó´µ£µ ¸³¥Ð¥´¨Ö µ·¡¨ÉÒ ¶ÊÎ±  ¢ ¶·µÍ¥¸¸¥ Ê¸±µ·¥´¨Ö ¢ ¸Éµ·µ´Ê Ê¢¥²¨Î¥´¨Ö
R̄ ´ £²Ö¤´µ ¢¨¤¥´ ¨§ ·¨¸. 9. �¥·¢µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ ¶·µ¨¸Ìµ¤¨É, ±µ£¤  Ê£²¥-
·µ¤´ Ö ´¨ÉÓ ¶¥·¥¸¥± ¥É ¶ÊÎµ± ¨ ÊÌµ¤¨É ¢ ¸Éµ·µ´Ê ¡�µ²ÓÏ¨Ì R. ‚ ¶·µÍ¥¸¸¥
Ê¸±µ·¥´¨Ö ¶ÊÎµ± ¸³¥Ð ¥É¸Ö ´  É ±ÊÕ ¢¥²¨Î¨´Ê, ÎÉµ µ´ ¤µ£µ´Ö¥É ³¨Ï¥´Ó ¨
¶·µ¨¸Ìµ¤¨É ¶µ¢Éµ·´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥.

‡�Š‹�—…�ˆ…

�·¥¤¸É ¢²¥´´Ò¥ ¢ ¤ ´´µ° · ¡µÉ¥ ·¥§Ê²ÓÉ ÉÒ ¶µ± §Ò¢ ÕÉ, ÎÉµ ¤ ¦¥ ¢
µ¡² ¸É¨ ³¨´¨³ ²Ó´ÒÌ Ê¤¥²Ó´ÒÌ ¶µÉ¥·Ó Ô´¥·£¨¨ Í¨·±Ê²¨·ÊÕÐ¥£µ ¶ÊÎ±  ¨¸-
¶µ²Ó§Ê¥³Ò¥ ¢ Ë¨§¨Î¥¸±¨Ì Ô±¸¶¥·¨³¥´É Ì ´  ´Ê±²µÉ·µ´¥ ¢´ÊÉ·¥´´¨¥ ³¨Ï¥´¨
¤µ¸É ÉµÎ´µ ¨´É¥´¸¨¢´µ ¨§²ÊÎ ÕÉ. �·¨ ÔÉµ³ ¨Ì ¸¢¥Éµ¢µ¥ ¨§²ÊÎ¥´¨¥ ³µ¦´µ
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¨¸¶µ²Ó§µ¢ ÉÓ ¤²Ö µ¶É¨³¨§ Í¨¨ ¢§ ¨³µ¤¥°¸É¢¨Ö ¶ÊÎ±  ¸ ³¨Ï¥´ÓÕ ¨ µ¶¥· É¨¢-
´µ£µ ±µ´É·µ²Ö ¥£µ ¨´É¥´¸¨¢´µ¸É¨ ¢ µÉ´µ¸¨É¥²Ó´ÒÌ ¥¤¨´¨Í Ì ¢ ± ¦¤µ³ Í¨±²¥
· ¡µÉÒ Ê¸±µ·¨É¥²Ö. ‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ, ¢ ¶·¨´Í¨¶¥, ¶µ ¤ ´´µ³Ê ¨§²ÊÎ¥-
´¨Õ ³µ¦´µ µ¸ÊÐ¥¸É¢²ÖÉÓ µ¶¥· É¨¢´Ò° ±µ´É·µ²Ó ¸¢¥É¨³µ¸É¨ ¢ ¶·µ¢µ¤¨³ÒÌ
Ô±¸¶¥·¨³¥´É Ì. „²Ö ÔÉµ£µ §  µ¶·¥¤¥²¥´´µ¥ Î¨¸²µ Í¨±²µ¢ · ¡µÉÒ Ê¸±µ·¨É¥²Ö
´¥µ¡Ìµ¤¨³µ ·¥ ²¨§µ¢ ÉÓ ± ²¨¡·µ¢±Ê ¨´É¥£· ²Ó´µ£µ ¶µÉµ±  ·¥£¨¸É·¨·Ê¥³ÒÌ
ËµÉµ´µ¢ ´  Î¨¸²µ ¢Éµ·¨Î´ÒÌ Î ¸É¨Í, ·µ¦¤ ÕÐ¨Ì¸Ö §  ÉµÉ ¦¥ ¶·µ³¥¦ÊÉµ±
¢·¥³¥´¨, ¸ ¸¥Î¥´¨¥³, ¨§¢¥¸É´Ò³ ¸ Ìµ·µÏ¥° ÉµÎ´µ¸ÉÓÕ. �·¨ ÔÉµ³ ³µ£ÊÉ
¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´Ò, ´ ¶·¨³¥·, ¶·µÍ¥¸¸Ò Ê¶·Ê£µ£µ ¨²¨ ±¢ §¨Ê¶·Ê£µ£µ ¢§ ¨-
³µ¤¥°¸É¢¨Ö ¶·µÉµ´µ¢ ¨²¨ Ö¤¥·, ´¥±µÉµ·Ò¥ ± ´ ²Ò ±Ê³Ê²ÖÉ¨¢´µ£µ ·µ¦¤¥´¨Ö
Î ¸É¨Í ¨²¨ ·¥§Ê²ÓÉ ÉÒ  ±É¨¢ Í¨µ´´µ£µ  ´ ²¨§  ·Ö¤  ³¨Ï¥´¥° ¶µ ·¥ ±Í¨Ö³
12C(p, pn)11C, natCu(p, x)24Na, 27Al(p, 3pn)24Na ¨ ¤·.

�·¨¢¥¤¥´´Ò¥ ¢ÒÏ¥ ¤ ´´Ò¥ µ ¶µ¶¥·¥Î´ÒÌ · §³¥· Ì (Rbx, Rbz) ¨ ¶µ²µ¦¥-
´¨¨ Í¨·±Ê²¨·ÊÕÐ¥£µ ¶ÊÎ±  ¢ ¶·µ¸É· ´¸É¢¥ ¶·¨ ¶µ¸ÉµÖ´´µ° ¥£µ Ô´¥·£¨¨ ´¥
Ö¢²ÖÕÉ¸Ö ·¥§Ê²ÓÉ É ³¨ ¸¨¸É¥³ É¨Î¥¸±¨Ì ¨§³¥·¥´¨° ¶·µ¸É· ´¸É¢¥´´ÒÌ Ì · ±-
É¥·¨¸É¨± ¶ÊÎ±  ¸ ¶µ³µÐÓÕ ¢´ÊÉ·¥´´¨Ì ³¨Ï¥´¥°. �Éµ ¶·¨³¥·Ò É¥±ÊÐ¥° ¨´-
Ëµ·³ Í¨¨, ¶µ²ÊÎ¥´´µ° ¢ ¶·µÍ¥¸¸¥ ¢Ò¡µ·  ¨Ì µ¶É¨³ ²Ó´µ° ¶·µ¸É· ´¸É¢¥´´µ-
¢·¥³¥´´�µ° É· ¥±Éµ·¨¨ ¨ ´ ¡µ·  ¸É É¨¸É¨±¨ ¢ ¶·µ¢µ¤¨³ÒÌ Ô±¸¶¥·¨³¥´É Ì ¶µ
·¥²ÖÉ¨¢¨¸É¸±µ° Ö¤¥·´µ° Ë¨§¨±¥. �¤´ ±µ ¶·µ¤¥³µ´¸É·¨·µ¢ ´´Ò¥ ¢µ§³µ¦´µ-
¸É¨ Ê± §Ò¢ ÕÉ ´  Í¥²¥¸µµ¡· §´µ¸ÉÓ ¨Ì ¨¸¶µ²Ó§µ¢ ´¨Ö ¶·¨ ´ ¸É·µ°±¥ ·¥¦¨³µ¢
· ¡µÉÒ Ê¸±µ·¨É¥²Ö ¤²Ö ±µ´±·¥É´ÒÌ Ô±¸¶¥·¨³¥´Éµ¢ ¨ ±µ´É·µ²Ö Ì · ±É¥·¨¸É¨±
¶ÊÎ±  ¢µ ¢·¥³Ö ¸¥ ´¸ . �Éµ ¦¥ µÉ´µ¸¨É¸Ö ¨ ± ¶·¥¤¸É ¢²¥´´Ò³ ·¥§Ê²ÓÉ É ³ ¶µ
¢§ ¨³µ¤¥°¸É¢¨Õ ¶ÊÎ±  ¸ §µ´¤¨·ÊÕÐ¨³¨ ³¨Ï¥´Ö³¨ ´  ¸É ¤¨¨ ¨´¦¥±Í¨¨ ¨
Ê¸±µ·¥´¨Ö. �·¨Î¥³ ÔÉ¨³¨ ¸± ´¨·ÊÕÐ¨³¨ §µ´¤ ³¨ ¡Ò²¨ ¢´ÊÉ·¥´´¨¥ ³¨Ï¥´¨,
±µÉµ·Ò¥ ¨¸¶µ²Ó§µ¢ ²¨¸Ó ¢ Ë¨§¨Î¥¸±¨Ì Ô±¸¶¥·¨³¥´É Ì ¢ Éµ³ ¦¥ ¸¥ ´¸¥ · ¡µÉÒ
´Ê±²µÉ·µ´ .

‚ § ±²ÕÎ¥´¨¥  ¢Éµ·Ò ¢Ò· ¦ ÕÉ ¡² £µ¤ ·´µ¸ÉÓ ±µ²²¥£ ³ ¨§ ±µ²² ¡µ· Í¨¨
‘”…	� ¨ Ê¸±µ·¨É¥²Ó´ÒÌ µÉ¤¥²µ¢ ‹ ¡µ· Éµ·¨¨ ¢Ò¸µ±¨Ì Ô´¥·£¨° ¨³. ‚. ˆ. ‚¥±-
¸²¥·  ¨ �. Œ. � ²¤¨´  §  ¶µ³µÐÓ ¢ ¶·µ¢¥¤¥´¨¨ ¨¸¸²¥¤µ¢ ´¨°.
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