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‚ ˆ’�” § ¢¥·Ï¥´ ÔÉ ¶ ·¥±µ´¸É·Ê±Í¨¨ ¶·µÉµ´´µ£µ ¸¨´Ì·µÉ·µ´  “-10, ´  µ¸´µ¢¥ ±µÉµ·µ£µ
¸µ§¤ ´ Ê¸±µ·¨É¥²Ó´µ-´ ±µ¶¨É¥²Ó´Ò° ±µ³¶²¥±¸, ¶µ§¢µ²ÖÕÐ¨° ´ ·Ö¤Ê ¸ ¶·µÉµ´ ³¨ Ê¸±µ·ÖÉÓ ¨µ´Ò
¤µ ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ô´¥·£¨°,   É ±¦¥ ´ ± ¶²¨¢ ÉÓ ¨µ´Ò ¸ Ô´¥·£¨¥° ´¥¸±µ²Ó±µ ¸µÉ¥´ ŒÔ‚/ . ¥. ³.
”¨§¨Î¥¸±¨° ¶Ê¸± ±µ³¶²¥±¸  ¢Ò¶µ²´¥´ ´  ¨µ´ Ì Ê£²¥·µ¤ . ˆµ´Ò ‘4+ ¶·¥¤¢ ·¨É¥²Ó´µ Ê¸±µ·Ö²¨¸Ó ¢
²¨´¥°´µ³ ¨´¦¥±Éµ·¥ ˆ-3 ¨ ¢ ¡Ê¸É¥·´µ³ ¸¨´Ì·µÉ·µ´¥ “Š, ¨´¦¥±É¨·µ¢ ²¨¸Ó ¶µ ¸Ì¥³¥ ¶¥·¥§ ·Ö¤´µ°
¨´¦¥±Í¨¨ C4+ → C6+ ¢ ¸¨´Ì·µÉ·µ´ “-10, ±µÉµ·Ò° ¨¸¶µ²Ó§µ¢ ²¸Ö ²¨¡µ ¢ ± Î¥¸É¢¥ ´ ±µ¶¨É¥²Ö
¨µ´µ¢ ¸ Ô´¥·£¨¥° 200 ŒÔ‚/ . ¥. ³., ²¨¡µ ¤²Ö Ê¸±µ·¥´¨Ö ¨µ´µ¢ ¤µ Ô´¥·£¨¨ 4 ƒÔ‚/ . ¥. ³. �¶¨¸Ò¢ -
ÕÉ¸Ö µ¸µ¡¥´´µ¸É¨ É¥Ì´µ²µ£¨Î¥¸±µ° ¸Ì¥³Ò ±µ³¶²¥±¸  ¨ ·¥§Ê²ÓÉ ÉÒ Ô±¸¶¥·¨³¥´Éµ¢ ¶µ µ¶É¨³¨§ Í¨¨
·¥¦¨³  ¥£µ · ¡µÉÒ.

The ITEP Proton Synchrotron is reconstructed for heavy-ion acceleration to relativistic energy and
ions accumulation at energy of several hundreds of MeV/a. m. u. The whole milestones were passed
with the beam of carbon ions. The beam of C4+ ions had been previously accelerated in two steps Å
in linear injector I-3 and in booster synchrotron UK. The accelerated beam was transferred from the
UK ring to the U-10 ring using the Non-Liouvillian stripping technique (C4+ → C6+) for stacking of
C6+ batch at an energy of 200 MeV/a. m. u. or for the beam acceleration up to 4 GeV/a. m. u. Current
results of activities aimed at experimental investigation of beam dynamics by charge exchange multiple
injection process for increasing the beam intensity in accumulator ring are presented.

‚‚…„…�ˆ…

�¥±µ´¸É·Ê±Í¨Ö Ê¸±µ·¨É¥²Ó´µ£µ ±µ³¶²¥±¸  ˆ’�” ¸ Í¥²ÓÕ ¸µ§¤ ´¨Ö ´  µ¸´µ¢¥ ¶·µÉµ´-
´µ£µ ¸¨´Ì·µÉ·µ´  “-10 ÉÖ¦¥²µ¨µ´´µ£µ Ê¸±µ·¨É¥²Ö-´ ±µ¶¨É¥²Ö ˆ’�”-’‚� ´ Î ² ¸Ó ¢
1997 £. [1]. �·¨ ¶¥·¥µ¡µ·Ê¤µ¢ ´¨¨ ¶·µÉµ´´µ£µ ¸¨´Ì·µÉ·µ´  ¢ ÉÖ¦¥²µ¨µ´´Ò° ´ ±µ¶¨É¥²Ó
¸µÌ· ´¨² ¸Ó ¸ÊÐ¥¸É¢ÊÕÐ Ö É¥Ì´µ²µ£¨Ö Ê¸±µ·¥´¨Ö ¶·µÉµ´´µ£µ ¶ÊÎ± ,   É ±¦¥ ¶µÖ¢¨² ¸Ó
´µ¢ Ö ¢µ§³µ¦´µ¸ÉÓ Ê¸±µ·¥´¨Ö ¢ “-10 ¨µ´µ¢ ¤µ ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ô´¥·£¨°. �¸´µ¢´Ò¥ ¶·µ-
¥±É´Ò¥ ¶ · ³¥É·Ò ±µ³¶²¥±¸  ¤ ´Ò ¢ É ¡². 1. ‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö § ¢¥·Ï¥´ ¶¥·¢Ò° ÔÉ ¶
·¥±µ´¸É·Ê±Í¨¨, ¢ ·¥§Ê²ÓÉ É¥ ±µÉµ·µ£µ ¸µ§¤ ´  ¶µ²´µ¸ÉÓÕ É¥Ì´µ²µ£¨Î¥¸± Ö ¸Ì¥³  ´µ¢µ£µ
±µ³¶²¥±¸ .

‚ ¶·µÍ¥¸¸¥ ·¥±µ´¸É·Ê±Í¨¨ ¡Ò² ¶µ¸É·µ¥´ ²¨´¥°´Ò° ¨´¦¥±Éµ· ¨µ´µ¢ ˆ-3 ´  Ô´¥·-
£¨Õ 4 Œ‚ [2], µ¸ÊÐ¥¸É¢²¥´ Ë¨§¨Î¥¸±¨° § ¶Ê¸± ¡Ê¸É¥·´µ£µ ¨µ´´µ£µ ¸¨´Ì·µÉ·µ´  “Š
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’ ¡²¨Í  1. �·µ¥±É´Ò¥ ¶ · ³¥É·Ò ±µ³¶²¥±¸  ˆ’�”-’‚�

�¥¦¨³ · ¡µÉÒ � · ³¥É·Ò ¶ÊÎ± 

“¸±µ·¨É¥²Ó ¶·µÉµ´µ¢
�´¥·£¨Ö, ƒÔ‚ 10
ˆ´É¥´¸¨¢´µ¸ÉÓ, ¸−1 1011

“¸±µ·¨É¥²Ó ¨µ´µ¢

“¸±µ·Ö¥³Ò¥ ¨µ´Ò ¤µ Pb
�´¥·£¨Ö, ƒÔ‚/ . ¥. ³. 2Ä4
ˆ´É¥´¸¨¢´µ¸ÉÓ, ´Ê±²µ´/¸ ∼ 1011

� ±µ¶¨É¥²Ó ¨µ´µ¢

� ± ¶²¨¢ ¥³Ò¥ ¨µ´Ò ¤µ Zn
�´¥·£¨Ö Î ¸É¨Í, ŒÔ‚/ . ¥. ³. ¤µ 700
�´¥·£¨Ö ¶ÊÎ± , ±„¦ ¤µ 100
ŒµÐ´µ¸ÉÓ ¶ÊÎ±  ´  ³¨Ï¥´¨, ’‚É ¤µ 1

[3], ·¥ ²¨§µ¢ ´  ¸Ì¥³  ¶¥·¥§ ·Ö¤´µ° ³´µ£µ±· É´µ° ¨´¦¥±Í¨¨ ¨µ´µ¢ ¨§ “Š ¢ ´ ±µ¶¨-
É¥²Ó´µ¥ ±µ²ÓÍµ, ¶¥·¥µ¡µ·Ê¤µ¢ ´´µ¥ ¨§ ¶·µÉµ´´µ£µ ¸¨´Ì·µÉ·µ´  “-10 [4]. ‚ ·¥§Ê²ÓÉ É¥
¶Ê¸±µ´ ² ¤µÎ´ÒÌ · ¡µÉ ¶µ²ÊÎ¥´µ ´ ±µ¶²¥´¨¥ Ö¤¥· Ê£²¥·µ¤  ¢ ±µ²ÓÍ¥ “-10 ¶·¨ Ô´¥·£¨¨
200 ŒÔ‚/ . ¥. ³.,   É ±¦¥ Ö¤·  Ê£²¥·µ¤  Ê¸±µ·¥´Ò ¢ “-10 ¤µ Ô´¥·£¨¨ 4 ƒÔ‚/ . ¥. ³. ˆ´-
É¥´¸¨¢´µ¸ÉÓ ´ ±µ¶²¥´´µ£µ ¶ÊÎ±  Ö¤¥· Ê£²¥·µ¤  ¤µ¸É¨£ ¥É ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö 1010 Î ¸É¨Í
¶·¨ ¨´É¥´¸¨¢´µ¸É¨ ¨´¦¥±É¨·Ê¥³µ£µ ¶ÊÎ±  ¶µ·Ö¤±  5 · 108. � ±µ¶²¥´´Ò° ¶ÊÎµ± £·Ê¶¶¨-
·Ê¥É¸Ö ¶¥·¥¤ ¢Ò¢µ¤µ³ ¢ ¶·µ¤µ²Ó´µ³ ´ ¶· ¢²¥´¨¨ ¨ ¢Ò¢µ¤¨É¸Ö ¢ ± ´ ² É· ´¸¶µ·É¨·µ¢±¨
¤²Ö ¨¸¶µ²Ó§µ¢ ´¨Ö ¢ Ô±¸¶¥·¨³¥´É Ì.

’…•��‹�ƒˆŸ �…�…‡��Ÿ„��‰ ˆ�†…Š–ˆˆ

�·µÍ¥¤Ê·  ´ ±µ¶²¥´¨Ö ¨µ´µ¢ ¢ “-10 µ¸´µ¢Ò¢ ¥É¸Ö ´  ³¥Éµ¤¥ ¶¥·¥§ ·Ö¤´µ° ¨´¦¥±-
Í¨¨ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¸¨¸É¥³Ò µ¤´µµ¡µ·µÉ´µ£µ ¸³¥Ð¥´¨Ö Í¨·±Ê²¨·ÊÕÐ¥£µ ¢ ´ ±µ¶¨É¥²¥
¶ÊÎ±  ´  ¶¥·¥§ ·Ö¤´ÊÕ ³¨Ï¥´Ó ¢ ³µ³¥´É ¨´¦¥±Í¨¨ µÎ¥·¥¤´µ° ¶µ·Í¨¨ Î ¸É¨Í [1, 5]. ’ -
±¨³ µ¡· §µ³, ´ ±µ¶²¥´´Ò° ¶ÊÎµ± ¶·µÌµ¤¨É Î¥·¥§ ¶¥·¥§ ·Ö¤´ÊÕ ³¨Ï¥´Ó ¢¸¥£µ µ¤¨´ · §
¢ ± ¦¤µ³ Í¨±²¥ ¨´¦¥±Í¨¨, ¨ ¢µ§³ÊÐ ÕÐ¥¥ ¢µ§¤¥°¸É¢¨¥ ³¨Ï¥´¨ ´  ¶ÊÎµ± µ± §Ò¢ ¥É¸Ö
³¨´¨³ ²Ó´Ò³.

�·¨ ¨´¦¥±Í¨¨ ¶ÊÎµ± ¢Ìµ¤¨É ¢ ³ £´¨É´ÊÕ ¸É·Ê±ÉÊ·Ê “-10 (·¨¸. 1) ¸ ¢´ÊÉ·¥´´¥° ¸Éµ-
·µ´Ò ±µ²ÓÍ  ¢ µ¡² ¸ÉÓ · ¸¸¥Ö´´µ£µ ³ £´¨É´µ£µ ¶µ²Ö ¡²µ±  „502, ¶¥·¥¸¥± ¥É µ·¡¨ÉÊ ´ 
ÊÎ ¸É±¥ ¡²µ±µ¢ „502Ä”503 ¨ ¶µ¶ ¤ ¥É ¢ ¶·Ö³µ²¨´¥°´µ³ ¶·µ³¥¦ÊÉ±¥ 503 ¸ ¢´¥Ï´¥°
¸Éµ·µ´Ò ±µ²ÓÍ  “-10 ¢ ³ £´¨É´Ò° § §µ· ¸¥¶ÉÊ³´µ£µ ³ £´¨É  ‘Œƒ. �ËË¥±É¨¢´ Ö ¤²¨´ 
‘Œƒ 0,8 ³,  ¶¥·ÉÊ·  140 × 60 ³³. Œ ±¸¨³ ²Ó´ Ö ¨´¤Ê±Í¨Ö ¶µ²Ö 1,2 ’² ¸µ§¤ ¥É¸Ö µÉ
¨³¶Ê²Ó¸´µ£µ ¨¸ÉµÎ´¨±  Éµ± . „²¨É¥²Ó´µ¸ÉÓ ¨³¶Ê²Ó¸  20 ³¸. “£µ² ¶µ¢µ·µÉ  ¶ÊÎ±  ¢ ‘Œƒ
§ ¢¨¸¨É µÉ § ·Ö¤  ¨ ³ ¸¸Ò ¨µ´  ¨ ¤²Ö ¨µ´µ¢ É¨¶  ‘4+ ¸µ¸É ¢²Ö¥É 98 ³· ¤. ’· ¥±Éµ·¨Ö
¨´¦¥±É¨·Ê¥³µ£µ ¶ÊÎ±  ¶·µÌµ¤¨É Î¥·¥§ ³ £´¨É´Ò¥ ¡²µ±¨ „504 ¨ ”505 ¨ ¶¥·¥§ ·Ö¤´ÊÕ
³¨Ï¥´Ó, · §³¥Ð¥´´ÊÕ ¢´ÊÉ·¨ ¡²µ±  ”505, ¢ 300 ³³ µÉ ¥£µ ¢ÒÌµ¤´µ£µ ±· Ö. ƒµ·¨§µ´É ²Ó-
´µ¥ ¸³¥Ð¥´¨¥ ¶¥·¥§ ·Ö¤´µ° Ëµ²Ó£¨ µÉ´µ¸¨É¥²Ó´µ · ¢´µ¢¥¸´µ° µ·¡¨ÉÒ “-10 ¢Ò¡¨· ¥É¸Ö
Ô±¸¶¥·¨³¥´É ²Ó´µ ¶·¨ µ¶É¨³¨§ Í¨¨ Ê¸²µ¢¨° ¨´¦¥±Í¨¨. „²Ö ¶¥·¥§ ·Ö¤±¨ ¨µ´µ¢ ‘4+ ¸
Ô´¥·£¨¥° 200 ŒÔ‚/´Ê±²µ´ ¨¸¶µ²Ó§µ¢ ² ¸Ó Ëµ²Ó£  ¨§ ³ °² ·  Éµ²Ð¨´µ° 1,5 ³£/¸³2.
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�¨¸. 1. ’· ¥±Éµ·¨Ö ¨´¦¥±É¨·Ê¥³µ£µ ¶ÊÎ± 

‘¨¸É¥³  µ¤´µµ¡µ·µÉ´µ£µ ¸³¥Ð¥´¨Ö µ·¡¨ÉÒ “-10, µ¡¥¸¶¥Î¨¢ ÕÐ Ö ¸µ¶·Ö¦¥´¨¥ É· -
¥±Éµ·¨° ¨´¦¥±É¨·Ê¥³µ£µ ¨ Í¨·±Ê²¨·ÊÕÐ¥£µ ¶ÊÎ±µ¢ ¢ Í¥´É·¥ ¶¥·¥§ ·Ö¤´µ° ³¨Ï¥´¨, ¶µ-
¸É·µ¥´  ´  É·¥Ì Ê¤ ·´ÒÌ ³ £´¨É Ì (É ¡². 2), Ê¸É ´µ¢²¥´´ÒÌ ¢ ¶·µ³¥¦ÊÉ± Ì 411, 511 ¨ 711.
�¥·¥¤´¨° Ë·µ´É µ¤¨´ ±µ¢ÒÌ ¶µ Ëµ·³¥ ¨³¶Ê²Ó¸µ¢ ³ £´¨Éµ¢ ¸µ¸É ¢²ÖeÉ 250 ´¸, ¶²µ¸± Ö
¢¥·Ï¨´  Å 450 ´¸, § ¤´¨° Ë·µ´É Å 400 ´¸. �¥·¢Ò° Ê¤ ·´Ò° ³ £´¨É µÉ±²µ´Ö¥É Í¨·±Ê-
²¨·ÊÕÐ¨° ¶ÊÎµ± ¢ 411-³ ¶·µ³¥¦ÊÉ±¥ ´  Ê£µ², ¶·¨ ±µÉµ·µ³ ¸³¥Ð¥´´ Ö µ·¡¨É  ¶·µÌµ¤¨É
Î¥·¥§ Í¥´É· ¶¥·¥§ ·Ö¤´µ° ³¨Ï¥´¨. ‚Éµ·µ° ³ £´¨É (¢ ¶·µ³¥¦ÊÉ±¥ 511) ±µ··¥±É¨·Ê¥É Ë §Ê
¢µ§³ÊÐ¥´¨Ö µ·¡¨ÉÒ ¤²Ö Éµ£µ, ÎÉµ¡Ò ¶µ²´µ¸ÉÓÕ ¸´ÖÉÓ ¢µ§³ÊÐ¥´¨¥ ¶·¨ ¶µ³µÐ¨ É·¥ÉÓ¥£µ
³ £´¨É  ¢ ¶·µ³¥¦ÊÉ±¥ 711.

’ ¡²¨Í  2. • · ±É¥·¨¸É¨±¨ Ê¤ ·´ÒÌ ³ £´¨Éµ¢

Šµ²¨Î¥¸É¢µ ³ £´¨Éµ¢ 3
�ËË¥±É¨¢´ Ö ¤²¨´  0,302 ³
Œ ±¸¨³ ²Ó´ Ö ¨´¤Ê±Í¨Ö ³ £´. ¶µ²Ö � 0,08 ’²
Œ ±¸¨³ ²Ó´Ò° ¨´É¥£· ² ¨´¤Ê±Í¨¨ ¶µ²Ö (BL) 0,025 ’² ·³
�¶¥·ÉÊ·  ¢ ±ÊÊ³´µ° ± ³¥·Ò 90 ³³

��’ˆŒˆ‡�–ˆŸ ��Š��‹…�ˆŸ ˆ���‚

Šµ²¨Î¥¸É¢µ ´ ±µ¶²¥´´ÒÌ ¨µ´µ¢ N´ µ¶¨¸Ò¢ ¥É¸Ö Ê· ¢´¥´¨¥³

dN´

dt
= −N´

τ0
− δN´f¨´¦ + n¨´¦f¨´¦, (1)

£¤¥ τ0 Å ¶µ¸ÉµÖ´´ Ö ¢·¥³¥´¨ ¶µÉ¥·Ó Í¨·±Ê²¨·ÊÕÐ¥£µ ¢ ´ ±µ¶¨É¥²¥ ¶ÊÎ± ; n¨´¦ Å
±µ²¨Î¥¸É¢µ ¨´¦¥±É¨·Ê¥³ÒÌ Î ¸É¨Í; f¨´¦ Å Î ¸ÉµÉ  ¶µ¢Éµ·¥´¨Ö Í¨±²µ¢ ¨´¦¥±Í¨¨; δ Å
¤µ²Ö ´ ±µ¶²¥´´µ£µ ¶ÊÎ± , É¥·Ö¥³ Ö ¶·¨ ¨´¦¥±Í¨¨.
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�¡µ§´ Î Ö τ1 =
τ0

1 + δf¨´¦τ0
Å ¶µ¸ÉµÖ´´ÊÕ ¢·¥³¥´¨ ¶µ²´ÒÌ ¶µÉ¥·Ó Î ¸É¨Í ¢ ´ ±µ-

¶¨É¥²¥, ¶µ²ÊÎ ¥³ ¢Ò· ¦¥´¨¥ ¤²Ö δ Î¥·¥§ ¨§³¥·Ö¥³Ò¥ ¢¥²¨Î¨´Ò τ0 ¨ τ1:

δ =
τ0 − τ1

f¨´¦τ0τ1
. (2)

ˆ§ ·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö (1)

N´(t) =
n¨´¦f¨´¦τ0

1 + δf¨´¦τ0
(1 − e−t/τ0) (3)

´ Ìµ¤¨³ ¢Ò· ¦¥´¨¥ ¤²Ö ¶·¥¤¥²Ó´µ° ¨´É¥´¸¨¢´µ¸É¨ ´ ±µ¶²¥´´µ£µ ¶ÊÎ± 

N∞ =
n¨´¦

1/(f¨´¦τ0) + δ
, (4)

¨§ ±µÉµ·µ£µ ¸²¥¤Ê¥É, ÎÉµ ¢²¨Ö´¨¥ ´  ¨´É¥´¸¨¢´µ¸ÉÓ ´ ±µ¶¨É¥²Ö Î ¸ÉµÉÒ ¶µ¢Éµ·¥´¨Ö Í¨-
±²µ¢ f¨´¦ ¨ ±µÔËË¨Í¨¥´É  ¶µÉ¥·Ó Î ¸É¨Í ¶·¨ ¨´¦¥±Í¨¨ δ § ¢¨¸¨É µÉ ¸µ¸ÉµÖ´¨Ö ´ ±µ¶¨-
É¥²Ö, Ì · ±É¥·¨§Ê¥³µ£µ ¢¥²¨Î¨´µ° τ0. “¢¥²¨Î¥´¨¥ Î ¸ÉµÉÒ ¶µ¢Éµ·¥´¨Ö Í¨±²µ¢ ¨´¦¥±Í¨¨
f¨´¦ Ô±¢¨¢ ²¥´É´µ Ê¢¥²¨Î¥´¨Õ τ0, ¶·¨ ÔÉµ³ ¨´É¥´¸¨¢´µ¸ÉÓ ´ ±µ¶¨É¥²Ö ³µ¦¥É ¡ÒÉÓ Ê¢¥-
²¨Î¥´  §  ¸Î¥É ± ¦¤µ£µ ¨§ ÔÉ¨Ì Ë ±Éµ·µ¢ Éµ²Ó±µ ¶·¨ ¤µ¸É ÉµÎ´µ ³ ²µ° ¢¥²¨Î¨´¥ δ.

�µÉ¥·¨ ´ ±µ¶²¥´´µ£µ ¶ÊÎ± , µ¶¨¸Ò¢ ¥³Ò¥ ¢¥²¨Î¨´µ° τ0, § ¢¨¸ÖÉ µÉ ¸µ¸ÉµÖ´¨Ö ³ £-
´¨É´µ° ¸¨¸É¥³Ò ´ ±µ¶¨É¥²Ö, µ¡¥¸¶¥Î¨¢ ÕÐ¥° Ê¸Éµ°Î¨¢µ¸ÉÓ ¶µ¶¥·¥Î´µ£µ ¤¢¨¦¥´¨Ö Î -
¸É¨Í,   É ±¦¥ µÉ ¢ ±ÊÊ³  ¢ ±µ²ÓÍ¥¢µ° ± ³¥·¥. �·¨ ¢Ò¸µ±µ° ¨´É¥´¸¨¢´µ¸É¨ ´ ±µ¶²¥´´µ£µ
¶ÊÎ±  ¸ÊÐ¥¸É¢¥´´Ò³ ¸É ´µ¢¨É¸Ö É ±¦¥ ±Ê²µ´µ¢¸±¨° ¸¤¢¨£ ¡¥É É·µ´´µ° Î ¸ÉµÉÒ, ¨³¶¥-
¤ ´¸Ò ¸¢Ö§¨ ¨ ÔËË¥±ÉÒ ¢´ÊÉ·¨¶ÊÎ±µ¢µ£µ · ¸¸¥Ö´¨Ö Î ¸É¨Í, µ¶·¥¤¥²ÖÕÐ¨¥ ¢ ±µ´¥Î´µ³
¸Î¥É¥ ¶·¥¤¥²Ó´ÊÕ ¨´É¥´¸¨¢´µ¸ÉÓ ´ ±µ¶²¥´´µ£µ ¶ÊÎ± .

„µ²Ö ´ ±µ¶²¥´´µ£µ ¶ÊÎ± , É¥·Ö¥³ Ö ¶·¨ ¨´¦¥±Í¨¨ µÎ¥·¥¤´µ° ¶µ·Í¨¨ Î ¸É¨Í, § ¢¨¸¨É
µÉ ³´µ£¨Ì ¶ · ³¥É·µ¢

δ(X, P, λ),

±µÉµ·Ò¥ ¢ ¶·¨¢¥¤¥´´µ³ ¢Ò· ¦¥´¨¨ Ê¸²µ¢´µ · §¤¥²¥´Ò ¶µ É·¥³ £·Ê¶¶ ³: X Å ¶ · ³¥É·Ò
¸¨¸É¥³Ò ¨´¦¥±Í¨¨; P Å ¶ · ³¥É·Ò ¶ÊÎ± ; λ Å ¢µ§³ÊÐ ÕÐ¨¥ Ë ±Éµ·Ò. � ¸É·µ°±  ¸¨-
¸É¥³Ò ¨´¦¥±Í¨¨ (X) µ¶·¥¤¥²Ö¥É¸Ö ¶ · ³¥É· ³¨ ¶¥·¥¢µ¤´µ£µ ¨µ´µ¶·µ¢µ¤ , ±µµ·¤¨´ É ³¨
É· ¥±Éµ·¨¨ ¶ÊÎ±  ¢ ÉµÎ±¥ ¶¥·¥¸¥Î¥´¨Ö ¸ ¶¥·¥§ ·Ö¤´µ° ³¨Ï¥´ÓÕ,  ³¶²¨ÉÊ¤µ° µ¤´µµ¡µ-
·µÉ´µ£µ ¢µ§³ÊÐ¥´¨Ö µ·¡¨ÉÒ, Ì · ±É¥·¨¸É¨± ³¨ ¶¥·¥§ ·Ö¤´µ° ³¨Ï¥´¨. Š ¸ÊÐ¥¸É¢¥´´Ò³
¶ · ³¥É· ³ ¶ÊÎ±  (P ) µÉ´µ¸ÖÉ¸Ö Ô´¥·£¨Ö, Ô³¨ÉÉ ´¸ ¨ · §¡·µ¸ Î ¸É¨Í ¶µ ¨³¶Ê²Ó¸ ³. �µ¤
¢µ§³ÊÐ ÕÐ¨³¨ Ë ±Éµ· ³¨ (λ) ¶µ¤· §Ê³¥¢ ÕÉ¸Ö ´¥¨¤¥ ²Ó´µ¸É¨ ¸¨¸É¥³Ò ¨´¦¥±Í¨¨, ¶·¨-
¢µ¤ÖÐ¨¥ ± Ê¢¥²¨Î¥´¨Õ É¥³¶¥· ÉÊ·Ò ´ ±µ¶²¥´´µ£µ ¶ÊÎ± .

‚²¨Ö´¨¥ ¶ · ³¥É·µ¢ ¨´¦¥±Í¨¨ ´  ÔËË¥±É¨¢´µ¸ÉÓ ´ ±µ¶²¥´¨Ö ¨²²Õ¸É·¨·Ê¥É¸Ö ¤¨ -
£· ³³µ° ´  ·¨¸. 2, µÉµ¡· ¦ ÕÐ¥° ¶·µÍ¥¸¸ ¨´¦¥±Í¨¨ ¢ ¶µ¶¥·¥Î´µ³ Ë §µ¢µ³ ¶·µ¸É· ´-
¸É¢¥. …¸²¨ ¢¥±Éµ· (x0,x′

0) µ¡µ§´ Î ¥É ¨¸Ìµ¤´µ¥ ¶µ²µ¦¥´¨¥ · ¢´µ¢¥¸´µ° µ·¡¨ÉÒ ¢ ¸¥Î¥´¨¨
³¨Ï¥´¨, (∆x0, ∆x′

0) Å µ¤´µµ¡µ·µÉ´µ¥ ¸³¥Ð¥´¨¥ µ·¡¨ÉÒ ¶·¨ ¨´¦¥±Í¨¨, (x1,x′
1) Å ±µ-

µ·¤¨´ ÉÒ É· ¥±Éµ·¨¨ ¨´¦¥±Í¨¨ ¢ ÉµÎ±¥ ¶¥·¥¸¥Î¥´¨Ö ¸ ³¨Ï¥´ÓÕ, Éµ µÉ±²µ´¥´¨¥ ¢¥±Éµ· 
(x1,x′

1) µÉ ¸Ê³³Ò ¢¥±Éµ·µ¢ {(x0,x′
0) + (∆x0, ∆x′

0)} ¶·¨¢µ¤¨É ± ¨´¦¥±Í¨¨ ¢ ¶¥·¨Ë¥-
·¨°´ÊÕ Î ¸ÉÓ ´ ±µ¶²¥´´µ£µ ¶ÊÎ±  ²¨¡µ ± ¶µÉ¥·¥ Î ¸É¨Í. ‘³¥Ð¥´¨¥ µ·¡¨ÉÒ ´  ¢¥±Éµ·
(∆x0, ∆x′

0) ¢Ò¶µ²´Ö¥É¸Ö ¶¥·¢Ò³ Ê¤ ·´Ò³ ³ £´¨Éµ³ (“Œ1), ¤¢  ¤·Ê£¨Ì ³ £´¨É  (“Œ2-3)
¢µ§¢· Ð ÕÉ µ·¡¨ÉÊ ¢ ¨¸Ìµ¤´µ¥ ¸µ¸ÉµÖ´¨¥ ¶·¨ Ê¸²µ¢¨¨ ¨Ì ¸µ£² ¸µ¢ ´¨Ö (¶µ ¢·¥³¥´¨ § -
¶Ê¸±  ¨  ³¶²¨ÉÊ¤¥ ¨³¶Ê²Ó¸µ¢) ¸ ¶¥·¢Ò³ ³ £´¨Éµ³. � ¸¸µ£² ¸µ¢ ´¨¥ Ê¤ ·´ÒÌ ³ £´¨Éµ¢
¶·¨¢µ¤¨É ± Ê¢¥²¨Î¥´¨Õ Ë §µ¢µ£µ µ¡Ñ¥³  ´ ±µ¶²¥´´µ£µ ¶ÊÎ± .
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�¨¸. 2. ‘Ì¥³  ¶¥·¥§ ·Ö¤´µ° ¨´¦¥±Í¨¨ ¢ Ë §µ¢µ³ ¶·µ¸É· ´¸É¢¥

ˆ§-§  ¡µ²ÓÏ¨Ì Ê£²µ¢ ¶µ¢µ·µÉ  ¢ ¶¥·¥¢µ¤´µ³ ¨µ´µ¶·µ¢µ¤¥ É· ¥±Éµ·¨Ö ¨´¦¥±Í¨¨ ¸Ê-
Ð¥¸É¢¥´´µ § ¢¨¸¨É µÉ Ô´¥·£¨¨ ¶ÊÎ± . ‚Ò¢µ¤ ¶ÊÎ±  ¨§ “Š µ¸ÊÐ¥¸É¢²Ö²¸Ö ´  · ¸ÉÊÐ¥³
³ £´¨É´µ³ ¶µ²¥, ¢¥²¨Î¨´  ±µÉµ·µ£µ (¨, ¸µµÉ¢¥É¸É¢¥´´µ, Ô´¥·£¨Ö ¶ÊÎ± ) ¨§³¥·Ö¥É¸Ö ¸
¤µ¸É ÉµÎ´µ° ÉµÎ´µ¸ÉÓÕ ¤¨¸±·¥É´Ò³ ¨´É¥£· Éµ·µ³ („ˆ). �¤´ ±µ ¸¨´Ì·µ´¨§ Í¨Ö ¸ „ˆ
³µ³¥´É  ¢Ò¢µ¤  ¶ÊÎ±  µ± § ² ¸Ó ´¥¤µ¸É ÉµÎ´µ ÔËË¥±É¨¢´µ° ¨§-§  ¨³¶Ê²Ó¸´µ£µ ·¥¦¨³ 
· ¡µÉÒ ³ £´¨É´ÒÌ Ô²¥³¥´Éµ¢ ¶¥·¥¢µ¤´µ£µ ¨µ´µ¶·µ¢µ¤ : ¤ ¦¥ ´¥¡µ²ÓÏµ¥ ¨§³¥´¥´¨¥ ¸±µ-
·µ¸É¨ ´ · ¸É ´¨Ö ¨´¤Ê±Í¨¨ ¶µ²Ö ¢ “Š ¶·¨¢µ¤¨²µ ± ¸ÊÐ¥¸É¢¥´´µ³Ê ¸³¥Ð¥´¨Õ § ¶Ê¸± 
¨³¶Ê²Ó¸´ÒÌ ¨¸ÉµÎ´¨±µ¢ ¶¨É ´¨Ö ¶µ¢µ·µÉ´ÒÌ ³ £´¨Éµ¢ ¨µ´µ¶·µ¢µ¤  µÉ´µ¸¨É¥²Ó´µ ¸· -
¡ ÉÒ¢ ´¨Ö ¢Ò¢µ¤´µ£µ Ê¤ ·´µ£µ ³ £´¨É . “¤µ¢²¥É¢µ·¨É¥²Ó´Ò° ·¥§Ê²ÓÉ É ¡Ò² ¶µ²ÊÎ¥´ ¶·¨
¶µ³µÐ¨ ¸Ì¥³Ò § ¶Ê¸±  ¨³¶Ê²Ó¸´ÒÌ ³ £´¨Éµ¢ ¸¨¸É¥³Ò ¨´¦¥±Í¨¨ µÉ „ˆ ¨ ¶µ¸²¥¤ÊÕÐ¨³
µÉ¸Î¥Éµ³ ¢·¥³¥´´µ£µ ¨´É¥·¢ ²  ¶µ É °³¥·Ê ¤²Ö ¢Ò· ¡µÉ±¨ ¨³¶Ê²Ó¸  § ¶Ê¸±  ¢Ò¢µ¤´µ£µ
Ê¤ ·´µ£µ ³ £´¨É . ‚ ÔÉµ° ¸Ì¥³¥ Ô´¥·£¨Ö ¢Ò¢¥¤¥´´µ£µ ¶ÊÎ±  ³¥´Ö¥É¸Ö ¸µ ¸±µ·µ¸ÉÓÕ ´ -
· ¸É ´¨Ö ¨´¤Ê±Í¨¨ ¶µ²Ö “Š ´  ³µ³¥´É ¢Ò¢µ¤ , ´µ ÔÉµ ¨§³¥´¥´¨¥ µ± § ²µ¸Ó ³¥´¥¥ ¸ÊÐ¥-
¸É¢¥´´Ò³ ¤²Ö Ê¸²µ¢¨° ¨´¦¥±Í¨¨.

„µ²£µ¢·¥³¥´´ Ö ¸É ¡¨²Ó´µ¸ÉÓ Í¨·±Ê²¨·ÊÕÐ¥£µ (´ ± ¶²¨¢ ¥³µ£µ) ¶ÊÎ±  ¤µ¸É¨£ ¥É¸Ö
±µ··¥±Í¨¥° ³ £´¨É´µ£µ ¶µ²Ö, ±µ³¶¥´¸¨·ÊÕÐ¥° · ¢´µ¢¥¸´ÊÕ µ·¡¨ÉÊ ¨ ¡¥É É·µ´´Ò¥ ·¥-
§µ´ ´¸Ò. „µ¸É ÉµÎ´µ ¢Ò¸µ± Ö Ô´¥·£¨Ö ´ ±µ¶²¥´¨Ö ¶ÊÎ±  ¢ “-10 ´¥ ¶µ§¢µ²Ö¥É ÔËË¥±É¨¢´µ
¨¸¶µ²Ó§µ¢ ÉÓ ¸ÊÐ¥¸É¢ÊÕÐÊÕ ¸¨¸É¥³Ê ±µ··¥±Í¨¨ ³ ²ÒÌ ¶µ²¥°, ¶·¨³¥´Ö¥³ÊÕ ¶·¨ Ê¸±µ·¥-
´¨¨ ¶·µÉµ´´µ£µ ¶ÊÎ± . �µÔÉµ³Ê ¤²Ö ´ ±µ¶¨É¥²Ö “-10 ¸µ§¤ ¥É¸Ö ´µ¢ Ö ¸¨¸É¥³  ±µ··¥±Í¨¨
³ £´¨É´µ£µ ¶µ²Ö.

�·µ¡²¥³Ò ¸É ¡¨²¨§ Í¨¨ ·¥¦¨³  ´ ±µ¶²¥´¨Ö ¸¢Ö§ ´Ò ¢ µ¸´µ¢´µ³ ¸ Í¨±²¨Î¥¸±¨³ Ì -
· ±É¥·µ³ ÔÉµ£µ ¶·µÍ¥¸¸  ¨ ¨³¶Ê²Ó¸´Ò³ ·¥¦¨³µ³ · ¡µÉÒ ¡µ²ÓÏµ£µ Î¨¸²  É¥Ì´µ²µ£¨Î¥-
¸±¨Ì Ê¸É·µ°¸É¢. ‘É ¡¨²Ó´ Ö · ¡µÉ  Ê¸±µ·¨É¥²Ó´µ£µ ±µ³¶²¥±¸  ¤µ¸É¨£ ¥É¸Ö, ± ± ¶· ¢¨²µ, ¢
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¶·µÍ¥¸¸¥ ¥£µ ¤µ²£µ¢·¥³¥´´µ° Ô±¸¶²Ê É Í¨¨ ¶ÊÉ¥³ ¶µ¸²¥¤µ¢ É¥²Ó´µ£µ ¢ÒÖ¢²¥´¨Ö ¨ Ê¸É· -
´¥´¨Ö ´ ¨¡µ²¥¥ ¸ÊÐ¥¸É¢¥´´ÒÌ ¤¥Ë¥±Éµ¢ ¨ ¸² ¡ÒÌ ³¥¸É ¢ ¸¨¸É¥³ Ì ¨ ¸Ì¥³ Ì Ê¶· ¢²¥´¨Ö
¨ ¸¨´Ì·µ´¨§ Í¨¨. ‚ Î ¸É´µ¸É¨, ¢ ¸¨¸É¥³¥ ³´µ£µ±· É´µ° ¨´¦¥±Í¨¨ “-10 µ¤¨´ ¨§ ¢µ§³Ê-
Ð ÕÐ¨Ì ÔËË¥±Éµ¢, ¶·¨¢µ¤ÖÐ¨Ì ± §´ Î¨É¥²Ó´µ° ´¥¸É ¡¨²Ó´µ¸É¨ ´ ±µ¶²¥´¨Ö, µ± § ²¸Ö
¸¢Ö§ ´ ¸ ¨´¤ÊÍ¨·µ¢ ´´µ° ¨³¶Ê²Ó¸´Ò³¨ ³ £´¨É´Ò³¨ Ô²¥³¥´É ³¨ Ô. ¤. ¸. ¢ ±µ´ÉÊ· Ì, µ¡· -
§µ¢ ´´ÒÌ § §¥³²¥´´µ° ¢ ´¥¸±µ²Ó±¨Ì ³¥¸É Ì ¢ ±ÊÊ³´µ° ± ³¥·µ°, µÌ¢ ÉÒ¢ ÕÐ¥° ³ £´¨É-
´Ò¥ ¡²µ±¨ ´ ±µ¶¨É¥²Ö. �ËË¥±É ¡Ò² Ê¸É· ´¥´ Ê¸É ´µ¢±µ° ¤µ¶µ²´¨É¥²Ó´ÒÌ ¨§µ²¨·ÊÕÐ¨Ì
¢¸É ¢µ± ¢ ¢ ±ÊÊ³´ÊÕ ± ³¥·Ê, · §·Ò¢ ÕÐ¨Ì § ³±´ÊÉÒ¥ ±µ´ÉÊ·Ò.

• · ±É¥·¨¸É¨±¨ ¶ÊÎ± , ¨¸¶µ²Ó§Ê¥³µ£µ ¶·¨ ´ ² ¤±¥ ´ ±µ¶¨É¥²Ó´µ£µ ±µ²ÓÍ  “-10, ¶·¨-
¢¥¤¥´Ò ¢ É ¡². 3. ‚¶¥·¢Ò¥ ´ ±µ¶²¥´¨¥ ¡Ò²µ ¶µ²ÊÎ¥´µ 25 ³ ·É  2002 £. [6]. �µ¸²¥¤ÊÕÐ¨¥
Ê¸µ¢¥·Ï¥´¸É¢µ¢ ´¨Ö ¨ µ¶É¨³¨§ Í¨Ö É¥Ì´µ²µ£¨¨ ¶¥·¥§ ·Ö¤´µ° ¨´¦¥±Í¨¨ ¶µ§¢µ²¨²¨ ¸Ê-
Ð¥¸É¢¥´´µ ¶µ¢Ò¸¨ÉÓ ¸É ¡¨²Ó´µ¸ÉÓ ¶·µÍ¥¸¸  ´ ±µ¶²¥´¨Ö.

’ ¡²¨Í  3. • · ±É¥·¨¸É¨±a ¶ÊÎ±  ¶·¨ ´ ±µ¶²¥´¨¨ ¢ “-10

‘Ì¥³  ¶¥·¥§ ·Ö¤´µ° ¨´¦¥±Í¨¨ 12C
4+ → 12C

6+

�´¥·£¨Ö, ŒÔ‚/ . ¥. ³. 200
“¤¥²Ó´Ò° ¨³¶Ê²Ó¸, ŒÔB/¸ 2000
� §¡·µ¸ ¶µ ¨³¶Ê²Ó¸ ³, % ±0, 04
�³¨ÉÉ ´¸, π ·³³ ·³· ¤ ∼ 5

�¨¸. 3. �¸Í¨²²µ£· ³³Ò ¨´É¥´¸¨¢´µ¸É¨ Ö¤¥· Ê£²¥·µ¤  ¸ Ô´¥·£¨¥° 200 ŒÔ‚/ . ¥. ³. ¶·¨ ´ ±µ¶²¥´¨¨
¢ “-10 (1‚/2 109 ¨µ´µ¢)

�µ¸²¥ ¶µ²ÊÎ¥´¨Ö ¶¥·¢µ£µ ´ ±µ¶²¥´¨Ö ³Ò ¶·µ¢¥²¨ ¤¢  ¤¢ÊÌ´¥¤¥²Ó´ÒÌ ´ ² ¤µÎ´ÒÌ
¸¥ ´¸  (¢ Ë¥¢· ²¥ ¨ ³ ¥ 2003 £.). �¸Í¨²²µ£· ³³Ò ¶·µÍ¥¸¸  ´ ±µ¶²¥´¨Ö, ¶µ²ÊÎ¥´´Ò¥
¢ ¶µ¸²¥¤´¥³ ¸¥ ´¸¥, ¶µ± § ´Ò ´  ·¨¸. 3. �µ ³¥·¥ Ê¢¥²¨Î¥´¨Ö ¨´É¥´¸¨¢´µ¸É¨ ´ ± ¶-
²¨¢ ¥³µ£µ ¶ÊÎ±  ÔËË¥±É¨¢´µ¸ÉÓ ¨´¦¥±Í¨¨ ¸´¨¦ ¥É¸Ö, É. ±. · ¸ÉÊÉ ¶µÉ¥·¨ Î ¸É¨Í ¨§-§ 
µ¤´µµ¡µ·µÉ´µ£µ ¢µ§³ÊÐ¥´¨Ö µ·¡¨ÉÒ ¶·¨ ¨´¦¥±Í¨¨. �¸Í¨²²µ£· ³³  ¶µÉ¥·Ó ´ ±µ¶²¥´-
´µ£µ ¶ÊÎ±  ¶·¨ ¢Ò±²ÕÎ¥´´µ° ¸¨¸É¥³¥ ¨´¦¥±Í¨¨, Ì · ±É¥·¨§ÊÕÐ Ö ± Î¥¸É¢µ ³ £´¨É´µ°
¸¨¸É¥³Ò ´ ±µ¶¨É¥²Ö ¨ ¸µ¸ÉµÖ´¨¥ ¢ ±ÊÊ³ , ¶·¨¢¥¤¥´  ´  ·¨¸. 4,  . �µ¸ÉµÖ´´ÊÕ ¢·¥³¥´¨
¶µÉ¥·Ó τ0 ∼ 160 c ³µ¦´µ µ¡ÑÖ¸´¨ÉÓ Ê¢¥²¨Î¥´¨¥³ Ë §µ¢µ£µ µ¡Ñ¥³  ¶ÊÎ±  ¨§-§  · ¸± Î±¨
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�¨¸. 4. �¸Í¨²²µ£· ³³Ò ¶µÉ¥·Ó ´ ±µ¶²¥´-
´µ£µ ¶ÊÎ± : c ¢Ò±²ÕÎ¥´´µ° ( ) ¨ · ¡µÉ Õ-

Ð¥° (¡) ¸¨¸É¥³µ° ¨´¦¥±Í¨¨

¡¥É É·µ´´ÒÌ ±µ²¥¡ ´¨° ´  ´¥²¨´¥°´ÒÌ ·¥§µ´ ´-
¸ Ì. �µÉ¥·¨ Î ¸É¨Í ¨§-§  · ¸¸¥Ö´¨Ö ´  µ¸É ÉµÎ-
´µ³ £ §¥ ¶·¨ ¤ ¢²¥´¨¨ ¢ ¢ ±ÊÊ³´µ° ± ³¥·¥ ´ -
±µ¶¨É¥²Ö 10−8 Éµ··, ±µÉµ·µ¥ ¨³¥²µ ³¥¸Éµ, ´¥
Ö¢²ÖÕÉ¸Ö ¢ ¤ ´´µ³ ¸²ÊÎ ¥ ¸ÊÐ¥¸É¢¥´´Ò³¨.

�·¨ ¢µ§¤¥°¸É¢¨¨ ´  Í¨·±Ê²¨·ÊÕÐ¨° ¶ÊÎµ±
Ê¤ ·´ÒÌ ³ £´¨Éµ¢ ¸¨¸É¥³Ò µ¤´µµ¡µ·µÉ´µ£µ ¸³¥-
Ð¥´¨Ö µ·¡¨ÉÒ ¸ Î ¸ÉµÉµ° 0,25 ƒÍ ¶µ¸ÉµÖ´´ Ö
¢·¥³¥´¨ ¶µÉ¥·Ó Ê³¥´ÓÏ ¥É¸Ö ¢¤¢µ¥ ¤µ τ1 ∼ 80 c
(·¨¸. 4, ¡). “¢¥²¨Î¥´¨¥ É¥³¶  ¶µÉ¥·Ó µ¡ÑÖ¸´Ö-
¥É¸Ö ®¸·¥§ ´¨¥³¯ Î ¸É¨Í ¸ ¡µ²ÓÏ¨³¨  ³¶²¨ÉÊ-
¤ ³¨ ¡¥É É·µ´´ÒÌ ±µ²¥¡ ´¨° ¶·¨ ¸³¥Ð¥´¨¨ µ·-
¡¨ÉÒ,   É ±¦¥ ¢µ§³ÊÐ ÕÐ¨³ ¢µ§¤¥°¸É¢¨¥³ ´ 
¶ÊÎµ± ®¤·µ¦ ´¨Ö¯ ¨³¶Ê²Ó¸µ¢ Ê¤ ·´ÒÌ ³ £´¨Éµ¢.

�µ¤¸É ¢²ÖÖ ¢ Ëµ·³Ê²Ê (2) ¨§³¥·¥´´Ò¥ §´ -
Î¥´¨Ö ¶µ¸ÉµÖ´´ÒÌ ¢·¥³¥´¨ τ0 ¨ τ1, ¶µ²ÊÎ ¥³

δ = 0,025. ’ ±¨³ µ¡· §µ³, ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ Ëµ·³Ê²µ° (4) ¶·¨ ¸ÊÐ¥¸É¢ÊÕÐ¥³ ± Î¥¸É¢¥
¸¨¸É¥³Ò ¨´¦¥±Í¨¨ ±µ²¨Î¥¸É¢µ ´ ±µ¶²¥´´ÒÌ ¨µ´µ¢ ´¥ ³µ¦¥É ¶·¥¢Ò¸¨ÉÓ ¨´É¥´¸¨¢´µ¸ÉÓ
¨´¦¥±É¨·Ê¥³µ£µ ¶ÊÎ±  ¡µ²¥¥, Î¥³ ¢ 40 · §.

���„�‹œ��Ÿ ƒ�“��ˆ��‚Š� ˆ ‚›‚�„ ��Š��‹…���ƒ� �“—Š�

„²Ö Ê¢¥²¨Î¥´¨Ö ¶²µÉ´µ¸É¨ ´ ±µ¶²¥´´µ£µ ¶ÊÎ±  ¶¥·¥¤ ¢Ò¢µ¤µ³ ´  Ô±¸¶¥·¨³¥´É ²Ó´ÊÕ
³¨Ï¥´Ó µ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¶·µ¤µ²Ó´ Ö £·Ê¶¶¨·µ¢±  Î ¸É¨Í ¶·¨ ¶µ³µÐ¨ ¢Ò¸µ±µÎ ¸ÉµÉ´µ£µ
Ê¸±µ·ÖÕÐ¥£µ ¶µ²Ö. ŒÒ ¨¸¶µ²Ó§µ¢ ²¨ ¤²Ö ÔÉµ° Í¥²¨ µ¤¨´ Ê¸±µ·ÖÕÐ¨° ·¥§µ´ Éµ·, ´ -
¸É·µ¥´´Ò° ´  ¶¥·¢ÊÕ £ ·³µ´¨±Ê Î ¸ÉµÉÒ µ¡· Ð¥´¨Ö ¶ÊÎ± . �ÊÎµ± ´ ± ¶²¨¢ ¥É¸Ö ¶·¨
´ ¶·Ö¦¥´¨¨ ´  § §µ·¥ Ê¸±µ·ÖÕÐ¥° ¸É ´Í¨¨ 1 ±‚, ¶¥·¥¤ ¢Ò¢µ¤µ³ ´ ±µ¶²¥´´µ£µ ¶ÊÎ± 

�¨¸. 5. �¸Í¨²²µ£· ³³Ò ¶·µ¤µ²Ó´µ° £·Ê¶¶¨·µ¢±¨ ´ ±µ¶²¥´´µ£µ ¶ÊÎ± :  ) µ£¨¡ ÕÐ¨¥ ‚— ¨ ¡ ´Î ;
¡) Ëµ·³  ¡ ´Î 
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´ ¶·Ö¦¥´¨¥ Ê¢¥²¨Î¨¢ ¥É¸Ö ¤µ 10 ±‚. Š ± ¢¨¤´µ ¨§ µ¸Í¨²²µ£· ³³Ò ´  ·¨¸. 5, ¶¥·¥Ìµ¤´µ°
¶·µÍ¥¸¸ ¶·¨ 10-±· É´µ³ Ê¢¥²¨Î¥´¨¨  ³¶²¨ÉÊ¤Ò ´ ¶·Ö¦¥´¨Ö ¢ ·¥§µ´ Éµ·¥ § ´¨³ ¥É µ±µ²µ
300 ³±¸, ¶·¨ ÔÉµ³  ³¶²¨ÉÊ¤  ¸¨£´ ²  ¡ ´Î  ¶ÊÎ± , ¨ ¸µµÉ¢¥É¸É¢¥´´µ ¶·µ¤µ²Ó´ Ö ¶²µÉ-
´µ¸ÉÓ ¶ÊÎ± , Ê¢¥²¨Î¨¢ ¥É¸Ö §  ¢·¥³Ö Î¥É¢¥·É¨ ¶¥·¨µ¤  ¸¨´Ì·µÉ·µ´´ÒÌ ±µ²¥¡ ´¨° ¡µ²¥¥,
Î¥³ ¢¤¢µ¥. ‚ ³µ³¥´É ¤µ¸É¨¦¥´¨Ö ³ ±¸¨³ ²Ó´µ°  ³¶²¨ÉÊ¤Ò ¡ ´Î  § ¶Ê¸± ¥É¸Ö Ê¤ ·´Ò°
³ £´¨É, ¨ ¶ÊÎµ± ¢Ò¢µ¤¨É¸Ö ´  Ô±¸¶¥·¨³¥´É ²Ó´ÊÕ ³¨Ï¥´Ó.

“‘Š��…�ˆ… ˆ���‚ „� �…‹Ÿ’ˆ‚ˆ‘’‘Šˆ• ��…�ƒˆ‰

‘µ§¤ ´¨¥ ¡Ê¸É¥·´µ£µ ¸¨´Ì·µÉ·µ´  “Š ¨ ¸¨¸É¥³Ò ¶¥·¥§ ·Ö¤´µ° ¨´¦¥±Í¨¨ ¨µ´µ¢ ¨§ “Š
¢ “-10 ¶µ§¢µ²¨²µ · ¸¸³µÉ·¥ÉÓ ¢µ§³µ¦´µ¸ÉÓ Ê¸±µ·¥´¨Ö ¨µ´µ¢ ¢ “-10 ¤µ ·¥²ÖÉ¨¢¨¸É¸±µ°
Ô´¥·£¨¨. „µ¶µ²´¨É¥²Ó´ Ö ³µ¤¨Ë¨± Í¨Ö “-10 ¸µ¸ÉµÖ²  ¢ · §· ¡µÉ±¥ ¸Ì¥³Ò Ê¶· ¢²¥´¨Ö
³ £´¨É´Ò³¨ Í¨±² ³¨ “Š ¨ “-10, µ¡¥¸¶¥Î¨¢ ÕÐ¥° ´¥µ¡Ìµ¤¨³ÊÕ ÉµÎ´µ¸ÉÓ ¸µ£² ¸µ¢ ´¨Ö
Ô´¥·£¨¨ ¨´¦¥±É¨·Ê¥³µ£µ ¶ÊÎ±  ¸ ³ £´¨É´Ò³ ¶µ²¥³ “-10 ´  ³µ³¥´É ¨´¦¥±Í¨¨,   É ±¦¥
¶·¨ ¶¥·¥¢µ¤¥ Ê¶· ¢²¥´¨Ö · ¤¨µÎ ¸ÉµÉµ° ´  ´µ¢Ò° § ¤ ÕÐ¨° £¥´¥· Éµ·, ¶·¨¸¶µ¸µ¡²¥´´Ò°
¤²Ö Ê¸±µ·¥´¨Ö ²Õ¡µ£µ É¨¶  ¨µ´µ¢.

�É²¨Î¨¥ ¸Ì¥³Ò µ¤´µ±· É´µ° ¨´¦¥±Í¨¨ µÉ µ¶¨¸ ´´µ° ¢ÒÏ¥ ¸Ì¥³Ò ³´µ£µ±· É´µ° ¨´-
¦¥±Í¨¨ ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ ´¥ É·¥¡Ê¥É¸Ö ¸µ§¤ ¢ ÉÓ µ¤´µµ¡µ·µÉ´µ£µ ¢µ§³ÊÐ¥´¨Ö § ³±´ÊÉµ°

�¨¸. 6. �¸Í¨²²µ£· ³³Ò Ê¸±µ·¥´¨Ö Ö¤¥·

Ê£²¥·µ¤  ¢ “-10 ¤µ Ô´¥·£¨¨ 4 ƒÔ‚/ . ¥. ³.:

 ) ¨´É¥´¸¨¢´µ¸ÉÓ ¶ÊÎ±  (1‚/108 Î ¸É¨Í);
¡) ¸¨£´ ² ¶·µ¨§¢µ¤´µ° ³ £´¨É´µ£µ Í¨±² 

µ·¡¨ÉÒ ¤²Ö ¸³¥Ð¥´¨Ö Í¨·±Ê²¨·ÊÕÐ¥£µ ¶ÊÎ± 
´  ¶¥·¥§ ·Ö¤´ÊÕ ³¨Ï¥´Ó, µ¸ÊÐ¥¸É¢²Ö¥³µ£µ ¶·¨
¶µ³µÐ¨ É·¥Ì Ê¤ ·´ÒÌ ³ £´¨Éµ¢. „µ¸É ÉµÎ´µ
¤¢ÊÌ Ê¤ ·´ÒÌ ³ £´¨Éµ¢, Ê¸É· ´ÖÕÐ¨Ì ¡¥É É·µ´-
´Ò¥ ±µ²¥¡ ´¨Ö ¨´¦¥±É¨·µ¢ ´´µ£µ ¶ÊÎ±  ¶µ¸²¥
¶·µÌµ¦¤¥´¨Ö ¶µ¸²¥¤´¨³ ¶¥·¥§ ·Ö¤´µ° ³¨Ï¥´¨.

�µ¸²¥ Éµ£µ ± ± ¡Ò²  ¶µ²ÊÎ¥´  Í¨·±Ê²ÖÍ¨Ö
¨´¦¥±É¨·µ¢ ´´µ£µ ¶ÊÎ±  Ö¤¥· Ê£²¥·µ¤  ´  · -
¸ÉÊÐ¥³ ¶µ²¥ “-10, ¶·µÍ¥¤Ê·  ´ ² ¤±¨ Ê¸±µ·¥-
´¨Ö ¤µ ¶·¥¤¥²Ó´µ° Ô´¥·£¨¨ ¸µ¸ÉµÖ²  ¢ µ¶É¨-
³¨§ Í¨¨ ËÊ´±Í¨¨ ¸¢Ö§¨ · ¤¨µÎ ¸ÉµÉÒ Ê¸±µ·Ö-
ÕÐ¥£µ ¶µ²Ö ¸ ³ £´¨É´Ò³ ¶µ²¥³ “-10. ‡ ¤ Î 
µ¶É¨³¨§ Í¨¨ Ê¶·µÐ ² ¸Ó É¥³, ÎÉµ ¶¥·¢µ´ Î ²Ó-
´ Ö ËÊ´±Í¨Ö · ¤¨µÎ ¸ÉµÉÒ ¡Ò²  ¢ÒÎ¨¸²¥´  ¤²Ö
Ö¤¥· Ê£²¥·µ¤  ¸ ´¥¶²µÌµ° ÉµÎ´µ¸ÉÓÕ (∼ 10−3)
¶µ  ´ ²µ£¨Î´µ° ËÊ´±Í¨¨, ¶µ²ÊÎ¥´´µ° Ô±¸¶¥·¨-
³¥´É ²Ó´µ ¶·¨ Ê¸±µ·¥´¨¨ ¶·µÉµ´´µ£µ ¶ÊÎ±  ¸
¨¸¶µ²Ó§µ¢ ´¨¥³ ¸É ·µ° ¸¨¸É¥³Ò Ê¶· ¢²¥´¨Ö · -
¤¨µÎ ¸ÉµÉµ°. ’µÎ´µ¸ÉÓ · ¸Î¥É´µ° ËÊ´±Í¨¨ µ± -
§ ² ¸Ó ¤µ¸É ÉµÎ´µ° ¤²Ö Ê¸±µ·¥´¨Ö Ö¤¥· Ê£²¥·µ¤  ¸ 50 ŒÔ‚/ . ¥. ³. ¤µ 2 ƒÔ‚/ . ¥. ³. “¸±µ·¥-
´¨¥ ¤µ ¶·¥¤¥²Ó´µ° Ô´¥·£¨¨ ¡Ò²µ ¤µ¸É¨£´ÊÉµ ¶·¨ ¶µ³µÐ¨ ´¥¸±µ²Ó±¨Ì ²¨´¥°´ÒÌ ¨É¥· Í¨°
ËÊ´±Í¨¨ ¸¢Ö§¨ Î ¸ÉµÉÒ ¸ ¶µ²¥³. �·¨ ¢ÒÌµ¤¥ ´  ¶²µÐ ¤±Ê ³ £´¨É´µ£µ Í¨±²  ¸ Ô´¥·£¨¥°
¶ÊÎ±  4 ƒÔ‚/ . ¥. ³. ¶µÉ·¥¡µ¢ ² ¸Ó ¤µ¶µ²´¨É¥²Ó´ Ö ±µ··¥±Í¨Ö Ê¶· ¢²ÖÕÐ¥° ËÊ´±Í¨¨ · -
¤¨µÎ ¸ÉµÉÒ ¤²Ö ±µ³¶¥´¸ Í¨¨ ¸³¥Ð¥´¨Ö · ¢´µ¢¥¸´µ° Ë §Ò Ê¸±µ·ÖÕÐ¥£µ ´ ¶·Ö¦¥´¨Ö.
�¸Í¨²²µ£· ³³  ¨´É¥´¸¨¢´µ¸É¨ Ê¸±µ·¥´´µ£µ ¶ÊÎ±  ¶µ± § ´  ´  ·¨¸. 6.
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�¥±µ´¸É·Ê±Í¨Ö Ê¸±µ·¨É¥²Ó´µ£µ ±µ³¶²¥±¸  ˆ’�” Ö¢²Ö¥É¸Ö ¢ ¦´Ò³ ÔÉ ¶µ³ µ¡´µ¢²¥-
´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´µ° ¡ §Ò ¨´¸É¨ÉÊÉ  ¨ ¸µ§¤ ´¨Ö ´µ¢ÒÌ ¢µ§³µ¦´µ¸É¥° ¤²Ö ËÊ´¤ ³¥´-
É ²Ó´ÒÌ ¨ ¶·¨±² ¤´ÒÌ ¨¸¸²¥¤µ¢ ´¨° ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ Ê¸±µ·¥´´ÒÌ ¶ÊÎ±µ¢ § ·Ö¦¥´´ÒÌ
Î ¸É¨Í ¶µ ´ ¶· ¢²¥´¨Ö³ ·¥²ÖÉ¨¢¨¸É¸±µ° Ö¤¥·´µ° Ë¨§¨±¨, Ë¨§¨±¨ ¢Ò¸µ±µ° ¶²µÉ´µ¸É¨
Ô´¥·£¨¨ ¢ ¢¥Ð¥¸É¢¥, ³¥¤¨Í¨´¸±µ° Ë¨§¨±¨ ¨ ¤·. ‚Ò¡· ´´ Ö ¸Ì¥³  ·¥±µ´¸É·Ê±Í¨¨ ¶·¥¤¸É -
¢²Ö¥É¸Ö ¤µ¸É ÉµÎ´µ µ¶É¨³ ²Ó´µ° ¨ ¶¥·¸¶¥±É¨¢´µ°, É. ±. ¢ ´¥° ÔËË¥±É¨¢´µ ¨¸¶µ²Ó§Ê¥É¸Ö
¸²µ¦¨¢Ï Ö¸Ö ¨´Ë· ¸É·Ê±ÉÊ·  ±µ³¶²¥±¸  ¨ ¶·¨ ³¨´¨³ ²Ó´ÒÌ § É· É Ì ´  ¸É·µ¨É¥²Ó´Ò¥
· ¡µÉÒ ¨ ¤µ·µ£µ¸ÉµÖÐ¥¥ µ¡µ·Ê¤µ¢ ´¨¥ ¸µ§¤ ¥É¸Ö ± Î¥¸É¢¥´´µ ´µ¢ Ö Ê¸É ´µ¢±  ¸ ¢µ§³µ¦-
´µ¸ÉÓÕ ¥¥ ¤ ²Ó´¥°Ï¥£µ ¸µ¢¥·Ï¥´¸É¢µ¢ ´¨Ö.

� ² ¤±  ¸µ§¤ ´´µ° ¢ ·¥§Ê²ÓÉ É¥ ·¥±µ´¸É·Ê±Í¨¨ ¶·µÉµ´´µ£µ ¸¨´Ì·µÉ·µ´  “-10 É¥Ì-
´µ²µ£¨Î¥¸±µ° ¸Ì¥³Ò Ê¸±µ·¨É¥²Ó´µ-´ ±µ¶¨É¥²Ó´µ£µ ±µ³¶²¥±¸  ˆ’�”-’‚� ¶µ± § ²  ¢µ§-
³µ¦´µ¸ÉÓ ¥£µ ¨¸¶µ²Ó§µ¢ ´¨Ö ¢ ¸²¥¤ÊÕÐ¨Ì µ¸´µ¢´ÒÌ ·¥¦¨³ Ì: 1) Ê¸±µ·¥´¨¥ ¶·µÉµ´µ¢
¤µ Ô´¥·£¨¨ 10 ƒÔ‚; 2) Ê¸±µ·¥´¨¥ ¨µ´µ¢ ¤µ Ô´¥·£¨¨, µ£· ´¨Î¥´´µ° ³ ±¸¨³ ²Ó´µ° ¦¥¸É-
±µ¸ÉÓÕ ³ £´¨É´µ£µ ±µ²ÓÍ  “-10 (34 ’² ·³); 3) ´ ±µ¶²¥´¨¥ ¨µ´µ¢ ¸ Ô´¥·£¨¥° ´¥¸±µ²Ó±µ
¸µÉ¥´ ŒÔ‚/ . ¥. ³.; 4) Ê¸±µ·¥´¨¥ ¨µ´µ¢ Ê£²¥·µ¤  ¢ “Š ¤µ Ô´¥·£¨¨ 300 ŒÔ‚/ . ¥. ³. ¤²Ö
¡¨µ²µ£¨Î¥¸±¨Ì ¨ ±²¨´¨Î¥¸±¨Ì ¨¸¸²¥¤µ¢ ´¨° ¶µ ¨µ´´µ° É¥· ¶¨¨. „ ²Ó´¥°Ï¥¥ · §¢¨É¨¥
±µ³¶²¥±¸  ¡Ê¤¥É ´ ¶· ¢²¥´µ ´  Ê¸±µ·¥´¨¥ ¨ ´ ±µ¶²¥´¨¥ ¡µ²¥¥ ÉÖ¦¥²ÒÌ ¨µ´µ¢, Ê¢¥²¨Î¥-
´¨¥ ¨´É¥´¸¨¢´µ¸É¨ Ê¸±µ·¥´´µ£µ ¨ ³µÐ´µ¸É¨ ´ ±µ¶²¥´´µ£µ ¶ÊÎ± ,   É ±¦¥ ³µ¤¥·´¨§ Í¨Õ
¸ÊÐ¥¸É¢ÊÕÐ¨Ì ¨ ¸µ§¤ ´¨¥ ´µ¢ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ Ê¸É ´µ¢µ±.

‘ ³Ò¥ ÉÖ¦¥²Ò¥ ¨µ´Ò (¤µ Pb ¨ ÉÖ¦¥²¥¥) ¸³µ£ÊÉ Ê¸±µ·ÖÉÓ¸Ö ¨ ´ ± ¶²¨¢ ÉÓ¸Ö ¶µ¸²¥
Ê¢¥²¨Î¥´¨Ö ³µÐ´µ¸É¨ ² §¥·  ¢ ¨µ´´µ³ ¨¸ÉµÎ´¨±¥ ¤µ 50Ä100 „¦. �µ¢Ò° ² §¥·´Ò° ¨¸-
ÉµÎ´¨± ¨µ´µ¢ ¶² ´¨·Ê¥É¸Ö Ê¸É ´µ¢¨ÉÓ ¢ ¸²¥¤ÊÕÐ¥³ £µ¤Ê. Š ·¤¨´ ²Ó´µ¥ Ê¢¥²¨Î¥´¨¥ (´ 
¶µ·Ö¤µ± ¨ ¡µ²¥¥) ¨´É¥´¸¨¢´µ¸É¨ Ê¸±µ·¥´´ÒÌ ¨µ´´ÒÌ ¶ÊÎ±µ¢ ¡Ê¤¥É ¶µ²ÊÎ¥´µ ¢ ·¥§Ê²ÓÉ É¥
¸µ§¤ ´¨Ö ¸¨²Ó´µÉµÎ´µ£µ ¨µ´´µ£µ ¨´¦¥±Éµ·  ˆ-4 ´  Ô´¥·£¨Õ 7Ä8 ŒÔ‚/ . ¥. ³. ‚ ´ ¸ÉµÖ-
Ð¥¥ ¢·¥³Ö ¶·µ¥±É ´µ¢µ£µ ¨´¦¥±Éµ·  · §· ¡µÉ ´ ¨ ´ Î Éµ ¨§£µÉµ¢²¥´¨¥ ¥£µ Ê¸±µ·ÖÕÐ¥°
¸É·Ê±ÉÊ·Ò. „²Ö ¶µ²ÊÎ¥´¨Ö ¶·¥¤¥²Ó´µ° ³µÐ´µ¸É¨ ´ ±µ¶²¥´´µ£µ ¶ÊÎ±  (¤µ 1 ’‚É) ´¥µ¡Ìµ-
¤¨³µ ³ ±¸¨³ ²Ó´µ Ê¢¥²¨Î¨ÉÓ ¸±µ·µ¸ÉÓ ´ ±µ¶²¥´¨Ö ¨µ´µ¢. ‘ÊÐ¥¸É¢ÊÕÐ Ö ±µ´Ë¨£Ê· Í¨Ö
±µ³¶²¥±¸  ¶µ§¢µ²Ö¥É ± ·¤¨´ ²Ó´µ Ê¢¥²¨Î¨ÉÓ É¥³¶ ´ ±µ¶²¥´¨Ö ¨µ´µ¢ §  ¸Î¥É Ê¢¥²¨Î¥-
´¨Ö Î ¸ÉµÉÒ ¶µ¢Éµ·¥´¨Ö Í¨±²µ¢ Ê¸±µ·¥´¨Ö, É. ±. ³ £´¨ÉÒ, ¨§ ±µÉµ·ÒÌ ¸µ¡· ´ ¡Ê¸É¥·´Ò°
¸¨´Ì·µÉ·µ´ “Š, · ¸¸Î¨É ´Ò ´  ´ · ¸É ´¨¥ ³ £´¨É´µ£µ ¶µ²Ö ¤µ ¢¥²¨Î¨´Ò 50 ’²/¸, ¶·¨
±µÉµ·µ° ¤µ¸É¨£ ¥É¸Ö Î ¸ÉµÉ  ¶µ¢Éµ·¥´¨Ö Í¨±²µ¢ Ê¸±µ·¥´¨Ö 20 ƒÍ [6]. � ¸¸³ É·¨¢ ¥É¸Ö
É ±¦¥ ¢µ§³µ¦´µ¸ÉÓ Ê²ÊÎÏ¥´¨Ö ± Î¥¸É¢  ´ ±µ¶²¥´´µ£µ ¶ÊÎ±  §  ¸Î¥É ¶·¨³¥´¥´¨Ö ¢ ´ ±µ-
¶¨É¥²Ó´µ³ ±µ²ÓÍ¥ Ô²¥±É·µ´´µ£µ µÌ² ¦¤¥´¨Ö [7].
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