
PHYSICS

OF ELEMENTARY

PARTICLES

AND ATOMIC

NUCLEI

PARTICLES & NUCLEI

SCIENTIFIC REVIEW JOURNAL

Founded in December 1970

VOL.32

PART 7

DUBNA 2001

JOINT INSTITUTE FOR NUCLEAR RESEARCH



ÔÈÇÈÊÀ

ÝËÅÌÅÍÒÀÐÍÛÕ

×ÀÑÒÈÖ

È ÀÒÎÌÍÎÃÎ

ßÄÐÀ

Ý×Àß

ÍÀÓ×ÍÛÉ ÎÁÇÎÐÍÛÉ ÆÓÐÍÀË

Îñíîâàí â äåêàáðå 1970 ãîäà

ÒÎÌ 32

ÂÛÏÓÑÊ 7

ÄÓÁÍÀ 2001

ÎÁÚÅÄÈÍÅÍÍÛÉ ÈÍÑÒÈÒÓÒ ßÄÅÐÍÛÕ ÈÑÑËÅÄÎÂÀÍÈÉ



Ãëàâíûé ðåäàêòîð

Â. Ã. ÊÀÄÛØÅÂÑÊÈÉ

Ðåäàêöèîííàÿ êîëëåãèÿ:

Â. Ë. ÀÊÑÅÍÎÂ
(çàì. ãëàâíîãî ðåäàêòîðà),

Ï. Í. ÁÎÃÎËÞÁÎÂ,
Ñ. Ê. ÁÐÅØÈÍ,
Â. Â. ÁÓÐÎÂ
Â. Â. ÂÎËÊÎÂ,
Ö. Ä. ÂÛËÎÂ,
Þ. Ï. ÃÀÍÃÐÑÊÈÉ,
Ï. È. ÇÀÐÓÁÈÍ,
È. Ñ. ÇËÀÒÅÂ,
Ï. Ñ. ÈÑÀÅÂ
(îòâåòñòâåííûé ñåêðåòàðü),

Ê. ÊÀÓÍ,
Í. ß. ÊÐÎÎ,
Î. Í. ÊÐÎÕÈÍ,
È. Í. ÌÅØÊÎÂ,
È. Í. ÌÈÕÀÉËÎÂ,
ÍÃÓÅÍ ÂÀÍ ÕÜÅÓ
(çàì. ãëàâíîãî ðåäàêòîðà),

Þ. Ö. ÎÃÀÍÅÑßÍ,
Þ. Ï. ÏÎÏÎÂ,
À. Í. ÑÈÑÀÊßÍ,
(çàì. ãëàâíîãî ðåäàêòîðà),

À. Í. ÒÀÂÕÅËÈÄÇÅ,
À. À. ÒßÏÊÈÍ,
À. È. ÕÐÛÍÊÅÂÈ×,
×. Ê. ØÈÌÀÍÅ

Çàâ. ðåäàêöèåé À. Í. Ãðàôîâà,
òåë. (09621) 6-26-58;
E-mail: pepan@jinr.ru
FAX +7(09621)6-73-19

� ÎÈßÈ, «Ôèçèêà ýëåìåíòàðíûõ ÷àñòèö

� è àòîìíîãî ÿäðà», 2001



26 ìàðòà 2001 ãîäà èñïîëíèëîñü 45 ëåò ñî äíÿ îñíîâàíèÿ Îáúåäè-

íåííîãî èíñòèòóòà ÿäåðíûõ èññëåäîâàíèé — âñåìèðíî èçâåñòíîé ìå-

æäóíàðîäíîé íàó÷íîé îðãàíèçàöèè, ÷ëåíàìè êîòîðîé ÿâëÿþòñÿ

18 ñòðàí.

Ðåäêîëëåãèÿ æóðíàëà Ý×Àß ïîñâÿùàåò ýòîé äàòå äâà âûïóñêà,

â êîòîðûõ áóäåò äàí îáçîð íàèáîëåå êðóïíûõ íàó÷íûõ ðåçóëüòàòîâ,

ïîëó÷åííûõ íàó÷íûì êîëëåêòèâîì Èíñòèòóòà â ïîñëåäíèå ãîäû

â îáëàñòè ôóíäàìåíòàëüíûõ èññëåäîâàíèé.

Â íàñòîÿùåì âûïóñêå æóðíàëà ïóáëèêóåòñÿ ïåðâàÿ ÷àñòü ìàòåðèà-

ëîâ. Âòîðàÿ ÷àñòü áóäåò îïóáëèêîâàíà â 2002 ãîäó (âûï. 3, ò. 33).

Ãëàâíûé ðåäàêòîð

àêàäåìèê

Â. Ã. Êàäûøåâñêèé

«ÔÈÇÈÊÀ ÝËÅÌÅÍÒÀÐÍÛÕ ×ÀÑÒÈÖ È ÀÒÎÌÍÎÃÎ ßÄÐÀ»
2001, ÒÎÌ 32, ÂÛÏ.7
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�¡Ñ¥¤¨´e´´Ò° ¨´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨°, „Ê¡´ 

�¡§µ· ¶µ¸¢ÖÐ¥´ ·¥§Ê²ÓÉ É ³ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨ É¥µ·¥É¨Î¥¸±¨Ì ¨¸¸²¥¤µ¢ ´¨° ¢ µ¡² ¸É¨
·¥²ÖÉ¨¢¨¸É¸±µ° Ö¤¥·´µ° Ë¨§¨±¨, ±µÉµ·Ò¥ ¢Ò¶µ²´¥´Ò ¢ ‹ ¡µ· Éµ·¨¨ ¢Ò¸µ±¨Ì Ô´¥·£¨° (‹‚�)
¨ ‹ ¡µ· Éµ·¨¨ É¥µ·¥É¨Î¥¸±µ° Ë¨§¨±¨ ¨³. �. �. �µ£µ²Õ¡µ¢  (‹’”) �¡Ñ¥¤¨´¥´´µ£µ ¨´¸É¨ÉÊÉ 
Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨° (�ˆŸˆ) ¢ „Ê¡´¥ ¢ É¥Î¥´¨¥ ¶µ¸²¥¤´¨Ì ²¥É. �·¨¢¥¤¥´  ¨´Ëµ·³ Í¨Ö µ¡
Ô±¸¶¥·¨³¥´É Ì ¨ ¶·µ¥±É Ì ´  Ê¸±µ·¨É¥²Ó´µ³ ±µ³¶²¥±¸¥ ¸¨´Ì·µË §µÉ·µ´Ä´Ê±²µÉ·µ´. �·µ¥±ÉÒ
· §· ¡µÉ ´Ò ±µ²² ¡µ· Í¨Ö³¨, £·Ê¶¶ ³¨ ¨ µÉ¤¥² ³¨ ‹‚�,   É ±¦¥ ¤·Ê£¨Ì ² ¡µ· Éµ·¨° �ˆŸˆ,
¨´¸É¨ÉÊÉµ¢ ¸É· ´-ÊÎ ¸É´¨Í �ˆŸˆ ¨ ·Ö¤  ¤·Ê£¨Ì ¸É· ´.

The review is dedicated to the experimental and theoretical results obtained in the ˇeld of
relativistic nuclear physics at the Laboratory of High Energies (LHE) and Bogoliubov Laboratory of
Theoretical Physics (BLTP) of the Joint Institute for Nuclear Research (JINR) at Dubna during last
years. The information is given about the experiments and projects being carried out at the Accelerator
Complex: SynchrophasotronÄNuclotron. The projects have been developed by collaborations, groups
and divisions of the LHE as well as by other JINR laboratories and institutes from the JINR Member
States and some other countries.

‚‚…„…�ˆ…

�¥²ÖÉ¨¢¨¸É¸± Ö Ö¤¥·´ Ö Ë¨§¨±  ± ± ´µ¢µ¥ ´ ÊÎ´µ¥ ´ ¶· ¢²¥´¨¥ § ·µ¤¨-
² ¸Ó ¢ „Ê¡´¥ (‘‘‘�) ¨ �¥·±²¨ (‘˜�) ¢ 70-Ì £µ¤ Ì. ‚ „Ê¡´¥ ´  ¸¨´Ì·µË §µ-
É·µ´¥ ¢ 1970 £. ¡Ò²¨ Ê¸±µ·¥´Ò ¸´ Î ²  ¤¥°É·µ´Ò,   ¶µ§¤´¥¥ ¨ ¡µ²¥¥ ÉÖ¦¥²Ò¥
Ö¤· , ¢¶²µÉÓ ¤µ ¸¥·Ò ¸ Ô´¥·£¨¥° 4,5 ƒÔ‚ ´  ´Ê±²µ´. ‚ �¥·±²¨ ´  Ê¸±µ·¨É¥²¥
®Bevalak¯ ¡Ò²¨ ¶µ²ÊÎ¥´Ò Ö¤·  ¸ Ô´¥·£¨¥° ¤µ 2 ƒÔ‚ ´  ´Ê±²µ´.

ˆ¤¥Ö ¶¥·¢ÒÌ Ô±¸¶¥·¨³¥´Éµ¢ ¶µ ´ ¡²Õ¤¥´¨Õ ±µ²²¥±É¨¢´ÒÌ ÔËË¥±Éµ¢ ¶·¨
¢§ ¨³µ¤¥°¸É¢¨¨ ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ö¤¥· ¡Ò²  ¢¶¥·¢Ò¥ ¢Ò¸± § ´  ¢ · ¡µÉ¥ [1].
�´  ¸µ¸ÉµÖ²  ¢ Éµ³, ÎÉµ ¶·¨ ¢§ ¨³µ¤¥°¸É¢¨¨ ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ö¤¥· ¢µ§³µ¦´µ
´ ¡²Õ¤¥´¨¥ ¢Éµ·¨Î´ÒÌ Î ¸É¨Í ¸ Ô´¥·£¨¥°, ¶·¥¢ÒÏ ÕÐ¥° Ô´¥·£¨Õ ´  ´Ê±²µ´ ¢
´ ²¥É ÕÐ¥³ Ö¤·¥, É. ¥. ¢µ ¢§ ¨³µ¤¥°¸É¢¨¨ ³µ¦¥É ÊÎ ¸É¢µ¢ ÉÓ £·Ê¶¶  ´Ê±²µ´µ¢.

∗e-mail: malakhov@lhe.jinr.ru
∗∗e-mail: sisakian@jinr.ru
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�±¸¶¥·¨³¥´É ²Ó´µ ÔÉµÉ ÔËË¥±É ¡Ò² µ¡´ ·Ê¦¥´ ¢ „Ê¡´¥ ¢ 1973 £. £·Ê¶¶µ°
¶·µË¥¸¸µ·  ‚. ‘. ‘É ¢¨´¸±µ£µ ¨ ¶µ²ÊÎ¨² ´ §¢ ´¨¥ Ö¤¥·´µ£µ ±Ê³Ê²ÖÉ¨¢´µ£µ
ÔËË¥±É  [2]. ‚¶µ¸²¥¤¸É¢¨¨ ±Ê³Ê²ÖÉ¨¢´Ò° ÔËË¥±É ¡Ò² ¤¥É ²Ó´µ ¨¸¸²¥¤µ¢ ´
± ± ¢ �ˆŸˆ, É ± ¨ ¢ ¤·Ê£¨Ì ´ ÊÎ´ÒÌ Í¥´É· Ì, ¢ Î ¸É´µ¸É¨, ¢ ˆ’�”∗ (Œµ¸±¢ )
£·Ê¶¶µ° ¶·µË¥¸¸µ·  ƒ. �. ‹¥±¸¨´ .

� ÊÎ´ Ö ¶·µ£· ³³  ‹ ¡µ· Éµ·¨¨ ¢Ò¸µ±¨Ì Ô´¥·£¨° ´  ¸µ¡¸É¢¥´´µ° Ê¸±µ-
·¨É¥²Ó´µ° ¡ §¥ ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ±µ´Í¥´É·¨·Ê¥É¸Ö ´  ¨¸¸²¥¤µ¢ ´¨ÖÌ ¢§ ¨-
³µ¤¥°¸É¢¨° ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ö¤¥· ¢ Ô´¥·£¥É¨Î¥¸±µ° µ¡² ¸É¨ µÉ ´¥¸±µ²Ó±¨Ì
¸µÉ¥´ ŒÔ‚ ¤µ ´¥¸±µ²Ó±¨Ì ƒÔ‚ ´  ´Ê±²µ´ ¸ Í¥²ÓÕ ¶µ¨¸±  ¶·µÖ¢²¥´¨° ±¢ ·±-
£²Õµ´´ÒÌ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò ¢ Ö¤· Ì,  ¸¨³¶ÉµÉ¨Î¥¸±¨Ì § ±µ´µ¢ ¤²Ö Ö¤¥·´µ°
³ É¥·¨¨ ¶·¨ ¢Ò¸µ±µ° Ô´¥·£¨¨ ¸Éµ²±´µ¢¥´¨°,   É ±¦¥ ´  ¨§ÊÎ¥´¨¨ ¸¶¨´µ¢µ°
¸É·Ê±ÉÊ·Ò ²¥£Î °Ï¨Ì Ö¤¥· [3]. �±¸¶¥·¨³¥´ÉÒ ¢ ÔÉµ³ ´ ¶· ¢²¥´¨¨ ¶·µ¢µ¤ÖÉ¸Ö
¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ Ê¸±µ·¨É¥²Ó´µ£µ ±µ³¶²¥±¸  ¸¨´Ì·µË §µÉ·µ´Ä´Ê±²µÉ·µ´.

‚ ¶µ¸²¥¤´¥¥ ¢·¥³Ö ¶·µ£· ³³  ¨¸¸²¥¤µ¢ ´¨° ¶¥·¥Ìµ¤¨É ¢ ¡µ²ÓÏ¥° ¸É¥-
¶¥´¨ ´  ´Ê±²µÉ·µ´, ¢ Éµ ¢·¥³Ö ± ± ¸¨´Ì·µË §µÉ·µ´ ¨¸¶µ²Ó§Ê¥É¸Ö ¶· ±É¨Î¥¸±¨
Éµ²Ó±µ ¤²Ö ¨¸¸²¥¤µ¢ ´¨° ¸ ¶µ²Ö·¨§µ¢ ´´Ò³ ¤¥°É·µ´´Ò³ ¶ÊÎ±µ³. ‚ ¡²¨¦ °-
Ï¥³ ¡Ê¤ÊÐ¥³ ¶² ´¨·Ê¥É¸Ö ¶µ²ÊÎ¨ÉÓ ¶µ²Ö·¨§µ¢ ´´Ò° ¶ÊÎµ± ´  ´Ê±²µÉ·µ´¥.

�·µ£· ³³  ¶µ ·¥²ÖÉ¨¢¨¸É¸±µ° Ö¤¥·´µ° Ë¨§¨±¥ É ±¦¥ ´ Ï²  ¸¢µ¥ · §¢¨-
É¨¥ ¢ ¤·Ê£¨Ì ´ ÊÎ´ÒÌ Í¥´É· Ì, É ±¨Ì ± ± CERN (˜¢¥°Í ·¨Ö), BNL (‘˜�),
GSI (ƒ¥·³ ´¨Ö) ¨ ¤·., ¸ ±µÉµ·Ò³¨ �ˆŸˆ É¥¸´µ ¸µÉ·Ê¤´¨Î ¥É.

1. ‘�‚�…Œ…��›… ����‹…Œ› �…‹Ÿ’ˆ‚ˆ‘’‘Š�‰ Ÿ„…���‰
”ˆ‡ˆŠˆ ˆ Š‚��’�‚�Ÿ •��Œ�„ˆ��ŒˆŠ�

–¥²Ó ·¥²ÖÉ¨¢¨¸É¸±µ° Ö¤¥·´µ° Ë¨§¨±¨ Å ¨§ÊÎ¥´¨¥ ¸¢µ°¸É¢ ¢Ò¸µ±µ¢µ§-
¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ³ É¥·¨¨ ´  ³ ²ÒÌ · ¸¸ÉµÖ´¨ÖÌ, ±µÉµ·µ¥ ¶¥·¥Ï²µ ¢
¨¸¸²¥¤µ¢ ´¨¥ ·¥²ÖÉ¨¢¨¸É¸±¨Ì ³´µ£µÎ ¸É¨Î´ÒÌ ¸¨¸É¥³. ‘É ´µ¢¨É¸Ö Ö¸´µ, ÎÉµ
Ô±¸¶¥·¨³¥´ÉÒ ¢ ÔÉµ° µ¡² ¸É¨ ¨³¥ÕÉ ¶·Ö³µ¥ µÉ´µÏ¥´¨¥ ± £² ¢´µ° ¶·µ¡²¥³¥
Ë¨§¨±¨ ¸¨²Ó´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° Å ±¢ ´Éµ¢µ° Ì·µ³µ¤¨´ ³¨±¥ ¡µ²ÓÏ¨Ì · ¸-
¸ÉµÖ´¨° (¨²¨ ³ ²Ò³ µÉ´µ¸¨É¥²Ó´Ò³ Î¥ÉÒ·¥Ì³¥·´Ò³ ¸±µ·µ¸ÉÖ³) ¨ ¶·µ¡²¥³¥
±µ´Ë °´³¥´É  ±¢ ·±µ¢.

’·Ê¤Ò ³¥¦¤Ê´ ·µ¤´ÒÌ ¸¥³¨´ ·µ¢ ®�¥²ÖÉ¨¢¨¸É¸± Ö Ö¤¥·´ Ö Ë¨§¨±  ¨
±¢ ´Éµ¢ Ö Ì·µ³µ¤¨´ ³¨± ¯, ·¥£Ê²Ö·´µ ¶·µ¢µ¤¨³ÒÌ ¢ „Ê¡´¥, ¤ ÕÉ ¶µ²´µ¥
¶·¥¤¸É ¢²¥´¨¥ µ · §¢¨É¨¨ ÔÉµ° µ¡² ¸É¨ ¢ · §²¨Î´ÒÌ ¸É· ´ Ì ¨ ¨¸¸²¥¤µ¢ -
É¥²Ó¸±¨Ì Í¥´É· Ì ´  ¶·µÉÖ¦¥´¨¨ ¶µ¸²¥¤´¨Ì ¤¢ ¤Í É¨ ¶ÖÉ¨ ²¥É [4].

�µ²ÓÏµ¥ Î¨¸²µ ¶·µ¡²¥³ ·¥²ÖÉ¨¢¨¸É¸±µ° Ö¤¥·´µ° Ë¨§¨±¨ ±µ´Í¥´É·¨·Ê-
¥É¸Ö ´  µ¤´µ³ ´ ÊÎ´µ³ ´ ¶· ¢²¥´¨¨,   ¨³¥´´µ ´  ¶µ¨¸±¥ § ±µ´µ³¥·´µ¸É¥°

∗‘¶¨¸µ± ¨¸¶µ²Ó§Ê¥³ÒÌ  ¡¡·¥¢¨ ÉÊ· ¶·¨¢¥¤¥´ ¢ ±µ´Í¥ ¸É ÉÓ¨.
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¢ ¶µ¢¥¤¥´¨¨ ·¥²ÖÉ¨¢¨¸É¸±¨Ì ³´µ£µÎ ¸É¨Î´ÒÌ ¸¨¸É¥³. ˆ§ÊÎ¥´¨¥ ÔÉ¨Ì § ±µ´µ-
³¥·´µ¸É¥° µÎ¥´Ó ¢ ¦´µ ¤²Ö  ¸É·µË¨§¨±¨ ¨ ±µ¸³µ²µ£¨¨, ¤²Ö ¶µ´¨³ ´¨Ö Ö¢²¥-
´¨°, ¶·µ¨¸Ìµ¤ÖÐ¨Ì ¢ ³µ³¥´É µ¡· §µ¢ ´¨Ö ‚¸¥²¥´´µ° ¢ ·¥§Ê²ÓÉ É¥ �µ²ÓÏµ£µ
¢§·Ò¢ . ‡´ ´¨¥ ÔÉ¨Ì § ±µ´µ³¥·´µ¸É¥° É ±¦¥ ´¥µ¡Ìµ¤¨³µ ¤²Ö Éµ£µ, ÎÉµ¡Ò ¸µ-
§¤ ÉÓ ¸¨¸É¥³Ò ¤²Ö Ô²¥±É·µÖ¤¥·´ÒÌ Ô´¥·£¥É¨Î¥¸±¨Ì Ê¸É ´µ¢µ± ¨ ·¥Ï¨ÉÓ ¶·µ-
¡²¥³Ò Ê´¨ÎÉµ¦¥´¨Ö · ¤¨µ ±É¨¢´ÒÌ µÉÌµ¤µ¢ µÉ  Éµ³´ÒÌ Ô²¥±É·µ¸É ´Í¨°. „²Ö
ÔÉµ° Í¥²¨ ¢ ¦´µ ´ ±µ¶¨ÉÓ ¨ µ¶¨¸ ÉÓ ±µ²¨Î¥¸É¢¥´´µ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´-
´Ò¥ ¶µ ¢§ ¨³µ¤¥°¸É¢¨Ö³ ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¨µ´µ¢ ¸ ³ É¥·¨¥°.

�µ¶ÒÉ±  ´ °É¨ ËÊ´¤ ³¥´É ²Ó´Ò¥ § ±µ´Ò ¶·¨·µ¤Ò, ±µÉµ·Ò¥ ³µ£ÊÉ µ¡ÑÖ¸-
´¨ÉÓ ± ± ³µ¦´µ ¡µ²ÓÏ¥ Ö¢²¥´¨°, ¨£· ¥É ¢¥¸Ó³  ¶·µ£·¥¸¸¨¢´ÊÕ ·µ²Ó ¨ Ö¢²Ö-
¥É¸Ö ¢¥¤ÊÐ¨³ ¶·¨´Í¨¶µ³ ËÊ´¤ ³¥´É ²Ó´µ° ´ Ê±¨. ‚ ·¥§Ê²ÓÉ É¥ Ê¸¶¥Ì  ¨¤¥¨
± ²¨¡·µ¢µÎ´µ° ¸¨³³¥É·¨¨, µ¶·¥¤¥²ÖÕÐ¥° ² £· ´¦¨ ´ ¢§ ¨³µ¤¥°¸É¢¨Ö, ¸²µ-
¦¨²µ¸Ó Ê¸Éµ°Î¨¢µ¥ ¶·¥¤¸É ¢²¥´¨¥ µ Éµ³, ÎÉµ ¸É ´¤ ·É´ Ö ³µ¤¥²Ó (‘Œ) ³µ¦¥É
¤ ÉÓ É ±¨¥ § ±µ´Ò. ‚ 1970-Ì £µ¤ Ì ¸É ²µ Ö¸´µ, ÎÉµ ¢¸¥ µ¸´µ¢´Ò¥ ¶µ´ÖÉ¨Ö
¸Ê¡ Éµ³´µ° Ë¨§¨±¨ (±¢ ·±¨, £²Õµ´Ò, ± ²¨¡·µ¢µÎ´Ò¥ ¶µ²Ö ¨ ¢§ ¨³µ¤¥°¸É¢¨Ö
³¥¦¤Ê ´¨³¨) ³µ£ÊÉ ¡ÒÉÓ µ¡ÑÖ¸´¥´Ò ¨ ¢¸¥ Ë¨§¨Î¥¸±¨¥ Ö¢²¥´¨Ö ³µ£ÊÉ ¡ÒÉÓ ¢Ò-
¢¥¤¥´Ò ¶ÊÉ¥³ ¶·µ¸Éµ° ¤¥¤Ê±Í¨¨, ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¶µ¤Ìµ¤ÖÐ¥£µ ² £· ´¦¨ ´ .
Š¢ ´Éµ¢ Ö Ì·µ³µ¤¨´ ³¨±  (Š•„), µ¸´µ¢ ´´ Ö ´  ¶·¨´Í¨¶ Ì ¸µ¢·¥³¥´´µ° É¥-
µ·¨¨ ¶µ²Ö, ¢Ìµ¤¨É ¢ ¸µ¸É ¢ ‘Œ ¨ Ö¢²Ö¥É¸Ö ËÊ´¤ ³¥´É ²Ó´µ° É¥µ·¨¥° ¸¨²Ó´ÒÌ
¢§ ¨³µ¤¥°¸É¢¨°.

Š•„, ±µÉµ· Ö É· ±ÉÊ¥É  ¤·µ´Ò ± ± ¸²µ¦´Ò¥ µ¡Ñ¥±ÉÒ, ¸µ¸ÉµÖÐ¨¥ ¨§ ¡µ-
²¥¥ ËÊ´¤ ³¥´É ²Ó´ÒÌ ±µ´¸É¨ÉÊ¥´Éµ¢ Å ±¢ ·±µ¢ ¨ £²Õµ´µ¢, ¤µ²¦´ , ¢ ¶·¨´-
Í¨¶¥, µ¶¨¸Ò¢ ÉÓ ± ±  ¸¨³¶ÉµÉ¨Î¥¸±¨¥ ¸µ¸ÉµÖ´¨Ö, É ± ¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ Ë -
§µ¢Ò¥ ¶¥·¥Ìµ¤Ò (´ ¶·¨³¥·, ¶¥·¥Ìµ¤ µÉ ¶·µÉµ´-´¥°É·µ´´µ° ± ±¢ ·±-£²Õµ´´µ°
Ë §¥ Ö¤· ). ‘ Ô±¸¶¥·¨³¥´É ²Ó´µ° ÉµÎ±¨ §·¥´¨Ö µ¤´¨³ ¨§ ËÊ´¤ ³¥´É ²Ó´ÒÌ
µ¡Ñ¥±Éµ¢, ¨§ÊÎ ¥³ÒÌ ¢ Š•„, Ö¢²Ö¥É¸Ö ±¢ ·±-£²Õµ´´ Ö ¸É·Ê±ÉÊ·´ Ö ËÊ´±Í¨Ö
 ¤·µ´µ¢ ¨ Ö¤¥·. �¤´ ±µ ¶·¨³¥´¥´¨¥ Š•„ ± Ö¤·µ-Ö¤¥·´Ò³ ¸Éµ²±´µ¢¥´¨Ö³
§ É·Ê¤´¥´µ, ¢ Î ¸É´µ¸É¨, ¢ µ¡² ¸É¨, £¤¥ ± ± ±¢ ·±-£²Õµ´´Ò¥, É ± ¨ ´Ê±²µ´-
´Ò¥ ¸É¥¶¥´¨ ¸¢µ¡µ¤Ò ¢ ¦´Ò ¨ ¶·¨·µ¤  ¤¥±µ´Ë °´³¥´É  ¨, ¸µµÉ¢¥É¸É¢¥´´µ,
¶¥·¥Ìµ¤ µÉ µ¡ÒÎ´µ° (´Ê±²µ´´µ°) Ö¤¥·´µ° ³ É¥·¨¨ ± Í¢¥É´µ° ±¢ ·±-£²Õµ´´µ°
¶² §³¥ ´¥ ¸µ¢¸¥³ Ö¸´Ò.

ˆ¸¶µ²Ó§µ¢ ´¨¥ ³¥Éµ¤µ¢ ± ± ¸É É¨¸É¨Î¥¸±µ° Ë¨§¨±¨, É ± ¨ ±¢ ´Éµ¢µ° É¥µ-
·¨¨ ¶µ²Ö ´¥ ¶·µÖ¸´Ö¥É ¢µ¶·µ¸, ¶·¨³¥´¨³µ ²¨ ³ ±·µ¸±µ¶¨Î¥¸±µ¥ µ¶¨¸ ´¨¥
Ö¤¥·´µ° ¸·¥¤Ò ± ·¥²ÖÉ¨¢¨¸É¸±¨³ Ö¤¥·´Ò³ ¸Éµ²±´µ¢¥´¨Ö³.

�É¨ ¢µ¶·µ¸Ò ¨³¥ÕÉ µÉ´µÏ¥´¨¥ ± ¶·¨´Í¨¶ ³, ¸ ¶µ³µÐÓÕ ±µÉµ·ÒÌ ¸µ-
§¤ ÕÉ¸Ö ³ É¥³ É¨Î¥¸±¨¥ ³µ¤¥²¨, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ Ë¨§¨Î¥¸±¨³ ¶·µÍ¥¸¸ ³ ¨
¸µ¸ÉµÖ´¨Ö³. ŒÒ ¤Ê³ ¥³, ÎÉµ µ¶¨¸ ´¨¥ ³´µ£µÎ ¸É¨Î´ÒÌ ¸µ¸ÉµÖ´¨° ·¥²ÖÉ¨-
¢¨¸É¸±µ° Ö¤¥·´µ° Ë¨§¨±¨ ¢ É¥·³¨´ Ì ³ ±·µ¸±µ¶¨Î¥¸±¨Ì ¶¥·¥³¥´´ÒÌ (É¥³¶¥-
· ÉÊ· , ¤ ¢²¥´¨¥, ¶²µÉ´µ¸ÉÓ, Ô´É·µ¶¨Ö ¨ É ± ¤ ²¥¥) ÌµÉÖ ¨ ¶·¨¢²¥± É¥²Ó´µ,
´µ ¢ Í¥²µ³ § É·Ê¤´¨É¥²Ó´µ. ‚ ÔÉµ° ¸¢Ö§¨ ¸²¥¤Ê¥É ¢¸¶µ³´¨ÉÓ ¶·¨´Í¨¶, ¶µ¤-
Î¥·±´ÊÉÒ° ƒ¥°§¥´¡¥·£µ³: Ë¨§¨Î¥¸±¨¥ § ±µ´Ò ¨ ÊÉ¢¥·¦¤¥´¨Ö ¤µ²¦´Ò ¡ÒÉÓ
¢Ò· ¦¥´Ò Éµ²Ó±µ ¢ É¥·³¨´ Ì ´ ¡²Õ¤ ¥³ÒÌ ¢¥²¨Î¨´.
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� ¸ÉµÖÐ¨° µ¡§µ· ¶µ¸¢ÖÐ¥´, ¢ Î ¸É´µ¸É¨, µ¡¸Ê¦¤¥´¨Õ µ¸´µ¢´ÒÌ ·¥§Ê²Ó-
É Éµ¢ ´ ¶· ¢²¥´¨Ö, µ¸´µ¢ ´´µ£µ ´  ¶·¨³¥´¥´¨¨ ± ·¥²ÖÉ¨¢¨¸É¸±µ° Ö¤¥·´µ°
Ë¨§¨±¥ § ±µ´µ¢ ¸¨³³¥É·¨¨ ¨ ¶µ¤µ¡¨Ö ¨ ¤·Ê£¨Ì ³¥Éµ¤µ¢, ¢±²ÕÎ Ö ´¥±µÉµ-
·Ò¥ ³¥Éµ¤Ò ¸É É¨¸É¨Î¥¸±µ° Ë¨§¨±¨, ±µÉµ·Ò¥ ´¥ µ¸´µ¢Ò¢ ÕÉ¸Ö ´  ² ´£· ´-
¦¥¢¸±µ³ ³¥Éµ¤¥, ´µ ¶µ§¢µ²ÖÕÉ ¸±µ´¸É·Ê¨·µ¢ ÉÓ ³µ¤¥²Ó, ¨¸Ìµ¤Ö ¨§ ¶¥·¢ÒÌ
¶·¨´Í¨¶µ¢ [5].

’ ±µ° ¶µ¤Ìµ¤, ¢ Î ¸É´µ¸É¨, ¶µ§¢µ²Ö¥É ¸²¥¤ÊÕÐ¥¥:

1. �¶·¥¤¥²¨ÉÓ µ¡² ¸ÉÓ Ö¤¥·´ÒÌ ¸Éµ²±´µ¢¥´¨°, ¢ ±µÉµ·µ° ´Ê±²µ´Ò É¥·ÖÕÉ
¸¢µÕ ¨¤¥´É¨Î´µ¸ÉÓ ¨ ¤µ¸É¨£ ÕÉ¸Ö  ¸¨³¶ÉµÉ¨±¨ ¶µ Ô´¥·£¨¨.

2. �·¥¤¸± § ÉÓ ¸ÊÐ¥¸É¢µ¢ ´¨¥ ±Ê³Ê²ÖÉ¨¢´ÒÌ ¶·µÍ¥¸¸µ¢, ¤¥³µ´¸É·¨·ÊÕ-
Ð¨Ì ´ ¡²Õ¤ ¥³µ¸ÉÓ ³´µ£µÎ ¸É¨Î´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°.

3. „ ÉÓ Ê´¨Ë¨Í¨·µ¢ ´´µ¥ µ¶¨¸ ´¨¥ £²Ê¡µ±µ¶µ¤¶µ·µ£µ¢ÒÌ, ¢¡²¨§¨¶µ·µ£µ-
¢ÒÌ ¨ ±Ê³Ê²ÖÉ¨¢´ÒÌ ¶·µÍ¥¸¸µ¢.

4. „ ÉÓ ±µ²¨Î¥¸É¢¥´´µ¥ µ¶¨¸ ´¨¥ ±µ´¥Î´ÒÌ ¸µ¸ÉµÖ´¨° Ö¤¥·´ÒÌ ¸Éµ²±-
´µ¢¥´¨° (³´µ¦¥¸É¢¥´´Ò¥ ¶·µÍ¥¸¸Ò) ´  µ¸´µ¢¥ ±µ´Í¥¶Í¨¨ ¶·µ³¥¦ÊÉµÎ´ÒÌ
 ¸¨³¶ÉµÉ¨± ¨ ¶·¨´Í¨¶  µ¸² ¡²¥´¨Ö ±µ··¥²ÖÍ¨°.

5. ˆ§ÊÎ¨ÉÓ  ¤·µ´´Ò¥ ¶·µÍ¥¸¸Ò ¸ µÎ¥´Ó ¡µ²ÓÏµ° ³´µ¦¥¸É¢¥´´µ¸ÉÓÕ, µ¶¨-
¸ ´¨¥ ±µÉµ·ÒÌ ´¥ Ê±² ¤Ò¢ ¥É¸Ö ¢ · ³±¨ ¶¥·ÉÊ·¡ É¨¢´µ° Š•„. �´¨ ¶·¥¤¸É -
¢²ÖÕÉ¸Ö ¶·¨´Í¨¶¨ ²Ó´µ ¢ ¦´Ò³¨ ± ± ¤²Ö ¶µ´¨³ ´¨Ö ³¥Ì ´¨§³µ¢ £¥´¥· Í¨¨
¢Éµ·¨Î´ÒÌ Î ¸É¨Í, É ± ¨ ¤²Ö ¶· ¢¨²Ó´µ° µÍ¥´±¨ ±µ²²¥±É¨¢´ÒÌ ÔËË¥±Éµ¢.

6. �¡´ ·Ê¦¨ÉÓ ²µ± ²Ó´µ¥ ¸ ³µ¶µ¤µ¡¨¥ ±µ´¥Î´ÒÌ ¸µ¸ÉµÖ´¨° Ö¤¥·´ÒÌ
¸Éµ²±´µ¢¥´¨°.

7. „ ÉÓ ±µ²¨Î¥¸É¢¥´´µ¥ µ¶¨¸ ´¨¥ µ¡· §µ¢ ´¨Ö  ´É¨³ É¥·¨¨ ¢ ·¥²ÖÉ¨¢¨¸É-
¸±¨Ì Ö¤¥·´ÒÌ ¸Éµ²±´µ¢¥´¨ÖÌ.

�É¨  ¸¶¥±ÉÒ ´ Ï¥£µ ¶µ¤Ìµ¤  ¨²²Õ¸É·¨·ÊÕÉ¸Ö ¡µ²ÓÏ¨³ Î¨¸²µ³ Ô±¸¶¥·¨-
³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ, ±µÉµ·Ò¥ ¶µ¤É¢¥·¦¤ ÕÉ ¸¶· ¢¥¤²¨¢µ¸ÉÓ ¸¤¥² ´´ÒÌ
ÊÉ¢¥·¦¤¥´¨°. �¤´ ±µ ¸²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ´¥µ¡Ìµ¤¨³Ò ¤ ²Ó´¥°Ï¨¥ Ô±¸¶¥-
·¨³¥´É ²Ó´Ò¥ ¨ É¥µ·¥É¨Î¥¸±¨¥ ¨¸¸²¥¤µ¢ ´¨Ö ¤²Ö Ê¸É ´µ¢²¥´¨Ö ¸¢Ö§¥° ³¥¦¤Ê
ÔÉ¨³¨ ÊÉ¢¥·¦¤¥´¨Ö³¨ ¨ Š•„. Š· °´¥ ¢ ¦´Ò³ ¶·¥¤¸É ¢²Ö¥É¸Ö ¨§ÊÎ¥´¨¥ ¸É·Ê°
´  Ö¤¥·´ÒÌ ±µ²² °¤¥· Ì, ÎÉµ ¤ ¸É µÉ¢¥É ´  ¢µ¶·µ¸ µ ¸¢Ö§¨ ³¥¦¤Ê ·¥²ÖÉ¨-
¢¨¸É¸±µ° Ö¤¥·´µ° Ë¨§¨±µ° ¨ Š•„. �¸µ¡Ò° ¨´É¥·¥¸ ¶·¥¤¸É ¢²Ö¥É ¨§ÊÎ¥´¨¥
±Ê³Ê²ÖÉ¨¢´ÒÌ ¸É·Ê°.

2. ‡�Š��› ‘�Œ���„��ˆŸ ˆ ‘ˆŒŒ…’�ˆˆ
‚ �…‹Ÿ’ˆ‚ˆ‘’‘Š�‰ Ÿ„…���‰ ”ˆ‡ˆŠ…

�·µ¡²¥³  µ¶¨¸ ´¨Ö Ö¤¥·´ÒÌ ¶·µÍ¥¸¸µ¢, ± ± ¨ ¢¸¥Ì ¤·Ê£¨Ì Ë¨§¨Î¥¸±¨Ì
¶·µÍ¥¸¸µ¢, ·¥Ï ¥É¸Ö ´  µ¸´µ¢¥ ¢¢¥¤¥´¨Ö ¶·µ¸É· ´¸É¢  µ¶·¥¤¥²ÖÕÐ¨Ì ¶ -
· ³¥É·µ¢, ¸¢Ö§Ò¢ ÕÐ¨Ì ·¥ ²Ó´Ò¥ Ë¨§¨Î¥¸±¨¥ µ¡Ñ¥±ÉÒ. �·µÉµ´-´¥°É·µ´´ Ö
Ö¤¥·´ Ö ³µ¤¥²Ó, µ¶¨¸Ò¢ ÕÐ Ö ¸É·Ê±ÉÊ·Ê Ö¤¥· ¨ ·¥²ÖÉ¨¢¨¸É¸±¨¥ Ö¤¥·´Ò¥ ¶·µ-
Í¥¸¸Ò, ²¥¦¨É ¢ µ¸´µ¢¥ µ¡Ï¨·´µ° µ¡² ¸É¨ ¸µ¢·¥³¥´´µ° Ë¨§¨±¨. �´  ¢ ¸Ê-
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Ð¥¸É¢¥´´µ° ¸É¥¶¥´¨ µ¸´µ¢ ´  ´  § ±µ´ Ì ¸¨³³¥É·¨¨ ¨ ±¢ ´Éµ¢µ° É¥µ·¨¨.
�¤´ ±µ ¢ ·¥²ÖÉ¨¢¨¸É¸±µ° Ö¤¥·´µ° Ë¨§¨±¥ ´¥µ¡Ìµ¤¨³µ ¢¢¥¸É¨ ±µ´Í¥¶Í¨Õ ´¥-
´Ê±²µ´´ÒÌ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò,   É ±¦¥ ±µ´Í¥¶Í¨Õ Í¢¥Éµ¢ÒÌ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò
¢ Ö¤· Ì. ˆ¤¥Ö µ Éµ³, ÎÉµ ³ É¥·¨Ö ¸µ¸Éµ¨É ¨§ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í, ¶·¥É¥·¶¥² 
¸ÊÐ¥¸É¢¥´´Ò¥ ¨§³¥´¥´¨Ö, ´µ ¨¤¥Ö µ Éµ³, ÎÉµ µ¸´µ¢´µ° ±µ´Í¥¶Í¨¥° Ë¨§¨±¨
Ö¢²Ö¥É¸Ö ±µ´Í¥¶Í¨Ö ¶·µ¸É· ´¸É¢ , ¨³¥¥É ËÊ´¤ ³¥´É ²Ó´µ¥ §´ Î¥´¨¥. ‘· ¢-
´¥´¨¥ ¶·µ¸É· ´¸É¢  µ¶·¥¤¥²ÖÕÐ¨Ì ¶ · ³¥É·µ¢ ¸ ³ É¥³ É¨Î¥¸±¨³ ¶·µ¸É· ´-
¸É¢µ³ Ö¢²Ö¥É¸Ö ¸ÊÐ¥¸É¢¥´´Ò³ ³µ³¥´Éµ³ ¢ ¸µ§¤ ´¨¨ ³ É¥³ É¨Î¥¸±¨Ì ³µ¤¥²¥°.
‘²µ¦´µ¸ÉÓ ·¥ ²Ó´ÒÌ Ë¨§¨Î¥¸±¨Ì ¸¨ÉÊ Í¨° É·¥¡Ê¥É Ê¶·µÐ¥´´ÒÌ µ¶¨¸ ´¨° ¨
µ¶·¥¤¥²¥´¨° µ¡² ¸É¨ ¤¥°¸É¢¨É¥²Ó´µ¸É¨ (¨§³¥·¨³µ¸É¨) ¢¢¥¤¥´´ÒÌ ±µ´Í¥¶Í¨°.

‘Éµ²±´µ¢¥´¨¥ ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ö¤¥· ¶·¨¢µ¤¨É ± ·µ¦¤¥´¨Õ ³´µ£¨Ì Î ¸É¨Í
¨ ¤µ¸É ÉµÎ´µ ¸²µ¦´µ° ± ·É¨´¥ ¢§ ¨³µ¤¥°¸É¢¨Ö. Š ± ´Ê±²µ´´Ò¥, É ± ¨ ±¢ ·±-
£²Õµ´´Ò¥ ¸É¥¶¥´¨ ¸¢µ¡µ¤Ò ¶·µÖ¢²ÖÕÉ¸Ö ¢ Éµ³ ¦¥ ¸ ³µ³ ¸Éµ²±´µ¢¥´¨¨. —¨¸²µ
¶ · ³¥É·µ¢ § ¤ Î¨ Ö¢²Ö¥É¸Ö Î·¥§¢ÒÎ °´µ ¡µ²ÓÏ¨³, ¨ µÎ¥´Ó ¢ ¦´Ò³ ¸É ´µ-
¢¨É¸Ö µÉÒ¸± ´¨¥ ¨´¢ ·¨ ´Éµ¢.

‡¤¥¸Ó ¢¥¸Ó³  ¶²µ¤µÉ¢µ·´Ò³ Ö¢²Ö¥É¸Ö ¶·¨³¥´¥´¨¥ ¨¤¥°, ¸¢Ö§ ´´ÒÌ ¸ ¨¸-
¶µ²Ó§µ¢ ´¨¥³ § ±µ´µ¢ ¸¨³³¥É·¨¨, ±µÉµ·Ò¥ ¤ ÕÉ µ¤¨´ ¨§ ¢µ§³µ¦´ÒÌ ¶µ¤Ìµ¤µ¢
± ·¥Ï¥´¨Õ § ¤ Î ·¥²ÖÉ¨¢¨¸É¸±µ° Ö¤¥·´µ° Ë¨§¨±¨.

�¶·¥¤¥²¨³ µ¡² ¸ÉÓ ¶·¨³¥´¨³µ¸É¨ ±µ´Í¥¶Í¨¨ ®Ô²¥³¥´É ·´ Ö Î ¸É¨Í ¯.
�µ É· ¤¨Í¨¨ ¶µ¤ Ô²¥³¥´É ·´Ò³¨ Î ¸É¨Í ³¨ ¶µ´¨³ ÕÉ ´¥· §²µ¦¨³Ò¥ ¸É·Ê±-
ÉÊ·´Ò¥ ±µ´¸É¨ÉÊ¥´ÉÒ ³ É¥·¨¨. �É  ±µ´Í¥¶Í¨Ö ¸Ëµ·³¨·µ¢ ² ¸Ó ¢ ¡²¨§±µ°
¸¢Ö§¨ ¸ ¨¤¥¥° µ ¤¨¸±·¥É´µ° ¸É·Ê±ÉÊ·¥ ³ É¥·¨¨ ´  ³¨±·µ¸±µ¶¨Î¥¸±µ³ Ê·µ¢´¥.
�·¨ ¸µ§¤ ´¨¨ ³µ¤¥²¥° Ô²¥³¥´É ·´Ò¥ Î ¸É¨ÍÒ ¶µ¤· §Ê³¥¢ ÕÉ¸Ö  ¡¸µ²ÕÉ´µ
¨¤¥´É¨Î´Ò³¨ ¨ ¨Ì  ´¸ ³¡²¨ µ¶¨¸Ò¢ ÕÉ¸Ö ±¢ ´Éµ¢Ò³¨ ¶µ²Ö³¨, ±µÉµ·Ò¥ ± ±
· § Ö¢²ÖÕÉ¸Ö µ¸´µ¢µ° ³ É¥³ É¨Î¥¸±µ£µ ¶·µ¸É· ´¸É¢  ³µ¤¥²¨. �¤´ ±µ ±¢ ´-
Éµ¢ Ö É¥µ·¨Ö ¶µ²Ö Ê¸¶¥Ï´µ ¶·¨³¥´Ö¥É¸Ö ± ± ± Î ¸É¨Í ³, µ¡² ¤ ÕÐ¨³ ¢´Ê-
É·¥´´¥° ¸É·Ê±ÉÊ·µ°, É ± ¨ ± ¸µ¸É ¢´Ò³ µ¡Ñ¥±É ³, ´ ¶·¨³¥·  Éµ³ ³ £¥²¨Ö ¶·¨
´¨§±µ° É¥³¶¥· ÉÊ·¥.

‚  Éµ³´µ° Ë¨§¨±¥ ±·¨É¥·¨¥³, ±µÉµ·Ò° µ£· ´¨Î¨¢ ¥É ¶·¨³¥´¨³µ¸ÉÓ É -
±µ£µ ¶µ¤Ìµ¤ , Ö¢²Ö¥É¸Ö ³ ²µ¸ÉÓ ±¨´¥É¨Î¥¸±µ° Ô´¥·£¨¨ µÉ´µ¸¨É¥²Ó´µ£µ ¤¢¨¦¥-
´¨Ö ¶µ ¸· ¢´¥´¨Õ ¸ Ô´¥·£¨¥° ¶¥·¢µ£µ ¢µ§¡Ê¦¤¥´´µ£µ Ê·µ¢´Ö  Éµ³ . ‚ ¶·µÉ¨¢-
´µ³ ¸²ÊÎ ¥ ¢§ ¨³µ¤¥°¸É¢¨¥  Éµ³µ¢ ¸ ¤·Ê£¨³¨  Éµ³ ³¨ ¶·¨¢µ¤¨É ± ´ ·ÊÏ¥´¨Õ
¨Ì ¨¤¥´É¨Î´µ¸É¨ ¨ Éµ£¤  ´¥µ¡Ìµ¤¨³µ Ê¢¥²¨Î¨¢ ÉÓ ¶·µ¸É· ´¸É¢µ ¶ · ³¥É·µ¢.
�¥²ÖÉ¨¢¨¸É¸±µ¥ µ¡µ¡Ð¥´¨¥ ±·¨É¥·¨Ö ¶·¨³¥´¨³µ¸É¨ ±µ´Í¥¶Í¨¨ ®Ô²¥³¥´É ·-
´ Ö Î ¸É¨Í ¯ ³µ¦¥É ¡ÒÉÓ, ¢ Î ¸É´µ¸É¨, ¶µ²ÊÎ¥´µ ¸ ¶µ³µÐÓÕ § ±µ´  ¸µÌ· ´¥-
´¨Ö 4-¨³¶Ê²Ó¸ :

(p1 + p2)2 = (p3 + p∗)2.

ˆ§ µ¶·¥¤¥²¥´¨Ö ¶µ·µ£  ¤²Ö µ¡· §µ¢ ´¨Ö ¢µ§¡Ê¦¤¥´´µ£µ ¸µ¸ÉµÖ´¨Ö µ¤´µ°
¨§ ¸É ²±¨¢ ÕÐ¨Ì¸Ö Î ¸É¨Í ¨³¥¥³

(p1 + p2)2 = (p3 + p∗)2 = (m + m∗)2,
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µÉ±Ê¤ 

b12 = −(u1 − u2)2 =
m − m∗

m

[
4 +

m − m∗

m

]
� 1. (1)

‡¤¥¸Ó m Å ³ ¸¸  ¨¤¥´É¨Î´ÒÌ Î ¸É¨Í ¨ m∗ Å ³ ¸¸  ¢µ§¡Ê¦¤¥´´µ£µ ¸µ¸ÉµÖ´¨Ö;
p1, p2, p3 ¨ p∗ Å ¨Ì ¨³¶Ê²Ó¸Ò, ¸µµÉ¢¥É¸É¢¥´´µ, ui = pi/mi Å 4-¸±µ·µ¸É¨.

�·µ¸É· ´¸É¢µ Î¥ÉÒ·¥Ì³¥·´ÒÌ ¸±µ·µ¸É¥° Ö¢²Ö¥É¸Ö Ê´¨¢¥·¸ ²Ó´Ò³ ¤²Ö
µ¶¨¸ ´¨Ö ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¶·µÍ¥¸¸µ¢ ³´µ¦¥¸É¢¥´´µ£µ ·µ¦¤¥´¨Ö. Š·¨É¥·¨°
(1) ¸Ëµ·³Ê²¨·µ¢ ´ ¢ É¥·³¨´ Ì ¨´¢ ·¨ ´É´ÒÌ ¡¥§· §³¥·´ÒÌ ¨ ¨§³¥·¨³ÒÌ ¢¥-
²¨Î¨´, µ´ ´¥ ¢±²ÕÎ ¥É ¶ · ³¥É·Ò, ¶µ¤µ¡´Ò¥ · §³¥·Ê Î ¸É¨Í, ¸É¥¶¥´¨ ÉµÎ¥Î-
´µ¸É¨ ¨ É. ¤. �  µ¸´µ¢¥ ±·¨É¥·¨Ö (1) ¶µ²ÊÎ ¥³ ¸²¥¤ÊÕÐÊÕ ±² ¸¸¨Ë¨± Í¨Õ
Ö¤¥·´ÒÌ ¸¨¸É¥³.

• �¡² ¸ÉÓ 0 ≤ bik ≤ 10−2 ¸µµÉ¢¥É¸É¢Ê¥É ´¥·¥²ÖÉ¨¢¨¸É¸±µ° Ö¤¥·´µ° Ë¨-
§¨±¥. �Ê±²µ´Ò ³µ¦´µ ÉµÎ´µ · ¸¸³ É·¨¢ ÉÓ ± ± Ô²¥³¥´É ·´Ò¥ Î ¸É¨ÍÒ.

• �¡² ¸ÉÓ bik ∼ 1 ¸µµÉ¢¥É¸É¢Ê¥É ¢µ§¡Ê¦¤¥´¨Õ ¢´ÊÉ·¥´´¨Ì  ¤·µ´´ÒÌ ¸É¥-
¶¥´¥° ¸¢µ¡µ¤Ò (¨§µ¡ · , ·¥§µ´ ´¸Ò). �¥µ¡Ìµ¤¨³µ ¢¢µ¤¨ÉÓ ´¥´Ê±²µ´´Ò¥
¸É¥¶¥´¨ ¸¢µ¡µ¤Ò Å ±¢ ´ÉÒ ¶µ²Ö µÉ²¨Î ÕÉ¸Ö µÉ ´Ê±²µ´µ¢.

• �¡² ¸ÉÓ bik � 1 ¸µµÉ¢¥É¸É¢Ê¥É ¶·¥µ¡² ¤ ´¨Õ ±¢ ·±µ¢ÒÌ ¨ £²Õµ´´ÒÌ
¶µ²¥°, É. ¥. ±¢ ´Éµ¢, ´¥¸ÊÐ¨Ì Í¢¥É.

� · ³¥É·Ò bik ∼ 10−9 Ì · ±É¥·¨§ÊÕÉ  Éµ³´ÊÕ Ë¨§¨±Ê. ‡¤¥¸Ó, ´ ¶·¨³¥·,
 Éµ³ £¥²¨Ö É¥·Ö¥É Ô²¥±É·µ´Ò ¨ ¶·¥µ¡· §Ê¥É¸Ö ¨§ ¡µ§µ´µ¢ ¢ Ë¥·³¨µ´Ò. ‚
·¥²ÖÉ¨¢¨¸É¸±µ° Ö¤¥·´µ° Ë¨§¨±¥ µ¤¨´ ¶·µÍ¥¸¸ ¸Éµ²±´µ¢¥´¨Ö ¢±²ÕÎ ¥É µÎ¥´Ó
Ï¨·µ±¨° ´ ¡µ· µÉ´µ¸¨É¥²Ó´ÒÌ ¸±µ·µ¸É¥° bik ¨, ¸µµÉ¢¥É¸É¢¥´´µ, ±¢ ´Éµ¢ · §-
²¨Î´µ£µ ¢¨¤ .

‚ Ë¨§¨±¥ Î ¸É¨Í ¨ Ö¤¥· ¨¸¶µ²Ó§Ê¥É¸Ö ¥¤¨´ Ö É¥µ·¥É¨Î¥¸± Ö µ¸´µ¢  ¤²Ö
Éµ£µ, ÎÉµ¡Ò µ¶¨¸ ÉÓ ¶µ¢¥¤¥´¨¥ ±¢ ´Éµ¢µ° ¸¨¸É¥³Ò ¢ ±¢ ´Éµ¢µ° É¥µ·¨¨ ¶µ²Ö.

ˆ¸¶µ²Ó§µ¢ ´¨¥ ² £· ´¦¨ ´  Í¢¥Éµ¢µ£µ ¶µ²Ö ´  µ¸´µ¢¥ ± ²¨¡·µ¢µÎ´µ°
¸¨³³¥É·¨¨ ¶·¨¢µ¤¨É ± Ëµ·³Ê²¨·µ¢±¥ ±¢ ´Éµ¢µ° Ì·µ³µ¤¨´ ³¨±¨. �¤´ ±µ
 ´ ²µ£¨Ö ³¥¦¤Ê ±¢ ´Éµ¢µ° Ô²¥±É·µ¤¨´ ³¨±µ° (Š�„) ¨ Š•„ ¤ ²¥±  µÉ ¶µ²-
´µ°. „µ¶µ²´¨É¥²Ó´Ò¥ Ê¸²µ¢¨Ö, ±µÉµ·Ò¥ ´ ±² ¤Ò¢ ÕÉ¸Ö ´  ·¥Ï¥´¨Ö Ê· ¢´¥-
´¨° �°²¥· Ä‹ £· ´¦ , ± ·¤¨´ ²Ó´µ · §²¨Î ÕÉ¸Ö ¢ Š•„ ¨ Š�„. �µ²¥¥ ¢¸¥£µ
ÔÉµ ± ¸ ¥É¸Ö µ¶·¥¤¥²¥´¨Ö ±¢ ·±µ¢ÒÌ ¨ £²Õµ´´ÒÌ  ¸¨³¶ÉµÉ¨Î¥¸±¨Ì ¸µ¸ÉµÖ-
´¨°. �¥§ ¤µ¶µ²´¨É¥²Ó´ÒÌ É·¥¡µ¢ ´¨° ´  £· ´¨Î´Ò¥ ¨ ´ Î ²Ó´Ò¥ Ê¸²µ¢¨Ö, ´ 
±¢ ·±-£²Õµ´´ÊÕ ¸É·Ê±ÉÊ·Ê  ¤·µ´µ¢ ¨ ´  ¶·¥µ¡· §µ¢ ´¨¥ ±¢ ·±µ¢ ¨ £²Õµ´µ¢
¢  ¤·µ´´Ò¥ ¸É·Ê¨ ´¥¢µ§³µ¦´µ ¸¢Ö§ ÉÓ Š•„ ¸ ´ ¡²Õ¤ ¥³Ò³¨ ¶·µÍ¥¸¸ ³¨.

�·¨ ·¥Ï¥´¨¨ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨° ´¥µ¡Ìµ¤¨³µ ¶·¨´¨³ ÉÓ ¢µ
¢´¨³ ´¨¥ ¸¢µ°¸É¢  ¶·µ¸É· ´¸É¢  ¢ Í¥²µ³. ‚ ´¥²¨´¥°´ÒÌ ³µ¤¥²ÖÌ, ± ±µÉµ·Ò³
µÉ´µ¸¨É¸Ö Š•„, ¢µ§´¨± ÕÉ ¶·µÉÖ¦¥´´Ò¥ ²µ± ²¨§µ¢ ´´Ò¥ ¸É·Ê±ÉÊ·Ò: ¸µ²¨-
Éµ´Ò, § ¢¨Ì·¥´¨Ö, ¨´¸É ´Éµ´Ò, ¸±¨·³¥µ´Ò ¨ É. ¤.

‚ 1930Ä1940-Ì ££. ‹. ‘. �µ´É·Ö£¨´ ¨ ¤·Ê£¨¥ ³ É¥³ É¨±¨ µÉ±·Ò²¨ (´¥§ ¢¨-
¸¨³µ µÉ · ¸¸³ É·¨¢ ¥³ÒÌ Ë¨§¨Î¥¸±¨Ì ³µ¤¥²¥°) ¨´É¥·¥¸´Ò¥ Éµ¶µ²µ£¨Î¥¸±¨¥
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¨´¢ ·¨ ´ÉÒ, ¨£· ÕÐ¨¥ ¢ ¦´ÊÕ ·µ²Ó ¢ ¸µ¢·¥³¥´´µ° Ë¨§¨±¥. ‘²¨Ö´¨¥ µ¡² -
¸É¥° ³ É¥³ É¨±¨ ¨ É¥µ·¥É¨Î¥¸±µ° Ë¨§¨±¨ ¶µ§¢µ²Ö¥É ´ ¤¥ÖÉÓ¸Ö, ÎÉµ ´  ÔÉµ³
¶ÊÉ¨ ¡Ê¤¥É ¤µ¸É¨£´ÊÉ  Í¥²Ó ¢ ¶µ¨¸±¥ ¶µ¤Ìµ¤  ± ´¥¶¥·ÉÊ·¡ É¨¢´Ò³ ·¥Ï¥´¨Ö³
§ ¤ Î Š•„.

Š ± É¥µ·¥É¨Î¥¸±¨¥, É ± ¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨¸¸²¥¤µ¢ ´¨Ö ÔÉ¨Ì ¸É·Ê±-
ÉÊ· ¤µ¸É ÉµÎ´µ ¢ ¦´Ò ´¥ Éµ²Ó±µ ¤²Ö ·¥²ÖÉ¨¢¨¸É¸±µ° Ö¤¥·´µ° Ë¨§¨±¨, ´µ
É ±¦¥ ¨ ¤²Ö Ë¨§¨±¨ ¸¨²Ó´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°. ‚ Î ¸É´µ¸É¨, ¨´É¥·¥¸´µ · ¸-
¸³µÉ·¥ÉÓ ¢²¨Ö´¨¥ ¨´¸É ´Éµ´µ¢ ´  ¶·¨·µ¤Ê ´Ê±²µ´´µ£µ ¸¶¨´ . �±¸¶¥·¨³¥´ÉÒ
¶µ ¸¶¨´µ¢µ° Ë¨§¨±¥ Ï¨·µ±µ µ¡¸Ê¦¤ ²¨¸Ó ´  XIII, XIV ¨ XV ³¥¦¤Ê´ ·µ¤´ÒÌ
¸¥³¨´ · Ì ®�¥²ÖÉ¨¢¨¸É¸± Ö Ö¤¥·´ Ö Ë¨§¨±  ¨ ±¢ ´Éµ¢ Ö Ì·µ³µ¤¨´ ³¨± ¯ ¢
„Ê¡´¥, ¨ �ˆŸˆ Ö¢²Ö¥É¸Ö ²¨¤¥·µ³ ¢ ÔÉµ° µ¡² ¸É¨ [4]. ‘¶¨´µ¢Ò¥ ¶ · ³¥É·Ò
¡Ò²¨ ¨§³¥·¥´Ò ¸ Ìµ·µÏ¥° ÉµÎ´µ¸ÉÓÕ. ˆ§ÊÎ ¥É¸Ö ¸¢Ö§Ó ¸ ´¥¶¥·ÉÊ·¡ É¨¢´µ°
Š•„.

‚ · ¡µÉ¥ [5] ¶µ± § ´µ, ÎÉµ ¶µ¤Ìµ¤ ± ·¥²ÖÉ¨¢¨¸É¸±µ° Ö¤¥·´µ° Ë¨§¨±¥,
µ¸´µ¢ ´´Ò° ´  £¥µ³¥É·¨¨ ¶·µ¸É· ´¸É¢  ¸±µ·µ¸É¥° ¨ £¨¶µÉ¥§¥ µÉ´µ¸¨É¥²Ó´µ
 ¸¨³¶ÉµÉ¨Î¥¸±µ° ¶·¨·µ¤Ò § ±µ´µ¢ ¢ ÔÉµ³ ¶·µ¸É· ´¸É¢¥, ¶µ§¢µ²Ö¥É ´ ³ Ê¶µ-
·Ö¤µÎ¨ÉÓ µ£·µ³´µ¥ ±µ²¨Î¥¸É¢µ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¨ ¸¤¥² ÉÓ ±µ²¨-
Î¥¸É¢¥´´Ò¥ ¶·¥¤¸± § ´¨Ö. Œ¥Éµ¤Ò ¸¨³³¥É·¨¨ ·¥Ï¥´¨°, µ¶¨¸ ´´Ò¥ ¢ ÔÉµ°
· ¡µÉ¥,  ´ ²µ£¨Î´Ò ³¥Éµ¤ ³ ³¥Ì ´¨±¨ ¸¶²µÏ´ÒÌ ¸·¥¤.

�¥±µÉµ·Ò¥ ¨§ ¶·¨´Í¨¶µ¢ ¸¨³³¥É·¨¨ ·¥Ï¥´¨° ¨³¥ÕÉ ËÊ´¤ ³¥´É ²Ó´Ò°
Ì · ±É¥· ¨ ¨£· ÕÉ ·¥Ï ÕÐÊÕ ·µ²Ó ¢ ¶µ¸É·µ¥´¨¨ ´µ¢ÒÌ § ±µ´µ¢ ¶·¨·µ¤Ò. ‚
± Î¥¸É¢¥ ¶·¨³¥·  ³µ¦´µ ¶·¨¢¥¸É¨ ·¥´µ·³£·Ê¶¶Ê. �¤¨´ ¨§  ¢Éµ·µ¢ µ¶¨¸ ´´µ°
¢ÒÏ¥ ¸¨³³¥É·¨¨ („. ‚. ˜¨·±µ¢) µÉ´¥¸ ·¥´µ·³£·Ê¶¶Ê ± ¸¨³³¥É·¨¨ ¸ ³µ¶µ¤µ-
¡¨Ö, ¢¢¥¤Ö É¥·³¨´ ®ËÊ´±Í¨µ´ ²Ó´ Ö  ¢Éµ³µ¤¥²Ó´µ¸ÉÓ¯ [6].

‚ ¸²ÊÎ ¥ ·¥²ÖÉ¨¢¨¸É¸±µ° Ö¤¥·´µ° Ë¨§¨±¨ µ¶·¥¤¥²ÖÕÐ¨³¨ ¶ · ³¥É· ³¨
Ö¢²ÖÕÉ¸Ö ¸¥Î¥´¨Ö, ¶·µ¨§¢µ¤´Ò¥ µÉ ´¨Ì ¢¥²¨Î¨´Ò ¨ ¨´¢ ·¨ ´É´Ò¥ ¡¥§· §³¥·-
´Ò¥ ¨´É¥·¢ ²Ò ¢ ¶·µ¸É· ´¸É¢¥ µÉ´µ¸¨É¥²Ó´ÒÌ 4-¸±µ·µ¸É¥° ui = pi/mi; u0

i =
Ei/mi:

bik = −(ui − uk)2 = 2[(uiuk) − 1] = 2
[
EiEk − pipk

mimk
− 1

]
. (2)

’ ± ± ± Ô´¥·£¨¨ Ei ¨ ¨³¶Ê²Ó¸Ò pi ¸¢Ö§ ´Ò ¨§¢¥¸É´Ò³ ¸µµÉ´µÏ¥´¨¥³
E2

i − p2
i = m2

i , Éµ (ui)2 = (u0)2 − (ui)2 = 1. ‚³¥¸Éµ Î¥ÉÒ·¥Ì³¥·´µ£µ
¶·µ¸É· ´¸É¢  ¸±µ·µ¸É¥° ³µ¦´µ ¢¢¥¸É¨ É·¥Ì³¥·´µ¥ ¸ Î¥É¢¥·Éµ° ±µµ·¤¨´ Éµ°,
¢Ò· ¦¥´´µ° Î¥·¥§ É·¨ ¤·Ê£¨¥:

u0
i = ±

√
1 + u2

x + u2
y + u2

z. (3)

�Éµ Ê· ¢´¥´¨¥ µ¶¨¸Ò¢ ¥É ¤¢ÊÌ¶µ²µ¸É´µ° £¨¶¥·¡µ²µ¨¤. ƒ¥µ³¥É·¨Ö ´  ¶µ-
¢¥·Ì´µ¸É¨ £¨¶¥·¡µ²µ¨¤  Ö¢²Ö¥É¸Ö £¥µ³¥É·¨¥° É·¥Ì³¥·´µ£µ ¶·µ¸É· ´¸É¢  ‹µ-
¡ Î¥¢¸±µ£µ,  ´ ²µ£¨Î´µ° £¥µ³¥É·¨¨ ´  ¶µ¢¥·Ì´µ¸É¨ ¸Ë¥·Ò.
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‚¥¸Ó³  ¶·µ¤Ê±É¨¢´Ò³ Ö¢¨²µ¸Ó ¢¢¥¤¥´¨¥ ¶¥·¥³¥´´ÒÌ NI ¨ NII, Ì · ±É¥·¨-
§ÊÕÐ¨Ì ÔËË¥±É¨¢´Ò¥ Î¨¸²  Î ¸É¨Í, ÊÎ ¸É¢ÊÕÐ¨Ì ¢ ¸Éµ²±´µ¢¥´¨ÖÌ Ö¤¥· I ¨ II.
‚ Ï¨·µ±µ³ ¨´É¥·¢ ²¥ µÉ´µ¸¨É¥²Ó´ÒÌ ¸±µ·µ¸É¥° ¤µ¶µ²´¨É¥²Ó´Ò¥ ¶¥·¥³¥´´Ò¥
NI ¨ NII µ± § ²¨¸Ó ´¥¶·¥·Ò¢´Ò³¨ ¨ £² ¤±¨³¨.

ˆ´¢ ·¨ ´É, Î¥·¥§ ±µÉµ·Ò° ¢Ò· ¦ ¥É¸Ö ¡µ²ÓÏµ¥ Î¨¸²µ § ±µ´µ³¥·´µ¸É¥°
·¥²ÖÉ¨¢¨¸É¸±µ° Ö¤¥·´µ° Ë¨§¨±¨, ¨³¥¥É ¸³Ò¸² ³¨´¨³ ²Ó´µ° ³ ¸¸Ò

min
√

m2
0(uINI + uIINII)2 = 2m0Π (4)

¶·¨ Ê¸²µ¢¨¨ ¸µÌ· ´¥´¨Ö 4-¨³¶Ê²Ó¸ 

m0uINI + m0uIINII =
∑

i

pi. (5)

‡¤¥¸Ó uI ¨ uII Å 4-¸±µ·µ¸É¨ Ö¤¥·; m0 Å ³ ¸¸  ´Ê±²µ´ . ‚¢¥¤¥´¨¥ ¥¤¨´µ£µ
¶ · ³¥É·  ¶µ¤µ¡¨Ö (¨´¢ ·¨ ´É )

Π =
1
2

√
(uINI + uIINII)2

¶µ§¢µ²¨²µ ±µ²¨Î¥¸É¢¥´´µ µ¶¨¸ ÉÓ ±Ê³Ê²ÖÉ¨¢´Ò° ÔËË¥±É, £²Ê¡µ±µ¶µ¤¶µ·µ£µ-
¢Ò¥ ¨ µ±µ²µ¶µ·µ£µ¢Ò¥ Ö¢²¥´¨Ö ¨ µ¡· §µ¢ ´¨¥  ´É¨³ É¥·¨¨ ¢ Ö¤·µ-Ö¤¥·´ÒÌ
¸Éµ²±´µ¢¥´¨ÖÌ. �¸µ¡¥´´µ ¨´É¥·¥¸´Ò ¶·¥¤¸± § ´¨Ö ´  ÔÉµ° µ¸´µ¢¥ ·¥§Ê²ÓÉ -
Éµ¢ ¡Ê¤ÊÐ¨Ì Ô±¸¶¥·¨³¥´Éµ¢ ´  Ö¤¥·´ÒÌ ±µ²² °¤¥· Ì.

“· ¢´¥´¨¥

E
d3σ

dp
= C1A

α(NI)
I A

α(NII)
II f(Π), (6)

£¤¥ AI ¨ AII Å  Éµ³´Ò¥ ³ ¸¸Ò ¸É ²±¨¢ ÕÐ¨Ì¸Ö Ö¤¥·; C1 Å ±µ´¸É ´É , µ¶¨-
¸Ò¢ ¥É · §²¨Î´Ò¥ Ö¤¥·´Ò¥ ·¥ ±Í¨¨ ¶·¨ ¨§³¥´¥´¨¨ ¸¥Î¥´¨° ´  ¢µ¸¥³Ó ¶µ-
·Ö¤±µ¢ ¢¥²¨Î¨´Ò [5]. �¤´ ±µ ¤²Ö Éµ£µ, ÎÉµ¡Ò ´ °É¨ ¶·¥¤¥²Ò µ¡² ¸É¨, £¤¥
µ¶¨¸ ´¨¥ Ë¨§¨Î¥¸±¨Ì ¶·µÍ¥¸¸µ¢ ´  µ¸´µ¢¥ ÔÉµ° ³µ¤¥²¨ ¸É ´µ¢¨É¸Ö ´¥¤¥°-
¸É¢¨É¥²Ó´Ò³, É·¥¡Ê¥É¸Ö ´¥±µÉµ· Ö ¤µ¶µ²´¨É¥²Ó´ Ö · ¡µÉ . �¸µ¡Ò° ¨´É¥·¥¸
¶·¥¤¸É ¢²Ö¥É ¶·¥¤¸± § ´¨¥ ´  ÔÉµ° µ¸´µ¢¥ ·¥§Ê²ÓÉ Éµ¢ ¶² ´¨·Ê¥³ÒÌ Ô±¸¶¥-
·¨³¥´Éµ¢ ´  ¶·µ¥±É¨·Ê¥³ÒÌ ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö Ö¤¥·´ÒÌ ±µ²² °¤¥· Ì. „²Ö
±µ²² °¤¥·´ÒÌ Ô´¥·£¨° ¨´É¥·¢ ² ³¥¦¤Ê ÉµÎ± ³¨ I ¨ II

(uIuII) � 1.

‚ ¸µµÉ¢¥É¸É¢¨¨ ¸µ ¸Ëµ·³Ê²¨·µ¢ ´´Ò³ ¢ÒÏ¥ ±·¨É¥·¨¥³ ¤²Ö (uIuk) � 1 ±µ-
´¥Î´Ò¥ ¸µ¸ÉµÖ´¨Ö Î ¸É¨Í µ¶¨¸Ò¢ ÕÉ¸Ö ±¢ ·±-£²Õµ´´Ò³¨ ¸É¥¶¥´Ö³¨ ¸¢µ¡µ¤Ò.
‚ ÔÉµ³ ¸²ÊÎ ¥ ¢¥²¨Î¨´Ò NIuIm0 ¨ NIIuIIm0, ¢¢µ¤ÖÐ¨¥ µ¶·¥¤¥²¥´¨¥ ¨´¢ ·¨-
 ´É  Π, ¤µ²¦´Ò ¨´É¥·¶·¥É¨·µ¢ ÉÓ¸Ö ± ± ¨³¶Ê²Ó¸Ò ÔËË¥±É¨¢´µ£µ Î¨¸²  Î -
¸É¨Í NI ¨ NII, ÊÎ ¸É¢ÊÕÐ¨Ì ¢ ¸Éµ²±´µ¢¥´¨¨. ‚¥²¨Î¨´Ò NI ¨ NII ¸É ´µ¢ÖÉ¸Ö
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¨§³¥·¨³Ò³¨, ¥¸²¨ Π µ¶·¥¤¥²Ö¥É¸Ö ¸ ¶µ³µÐÓÕ § ±µ´  ¸µÌ· ´¥´¨Ö 4-¨³¶Ê²Ó¸ 
¢ ¢¨¤¥

(NIuIm0 + NIIuIIm0 − m1u1)2 = (NIm0 + NIIm0 + ∆)2. (7)

‡¤¥¸Ó ¤¥² ¥É¸Ö ¸ÊÐ¥¸É¢¥´´µ¥ ¶·¨¡²¨¦¥´¨¥: ±¢ ¤· É ¶µ²´µ£µ ¨³¶Ê²Ó¸ 
(±¢ ¤· É ³ ¸¸Ò) ¢¸¥Ì ´¥·¥£¨¸É·¨·Ê¥³ÒÌ Î ¸É¨Í, §  ¨¸±²ÕÎ¥´¨¥³ ·¥£¨¸É·¨·Ê-
¥³µ° Î ¸É¨ÍÒ 1, ¡¥·¥É¸Ö ³¨´¨³ ²Ó´Ò³. Œ ¸¸  ∆ µ¡¥¸¶¥Î¨¢ ¥É ¸µÌ· ´¥´¨¥
¡ ·¨µ´´µ£µ Î¨¸² , ¸É· ´´µ¸É¨ ¨ ¤·Ê£¨Ì ±¢ ´Éµ¢ÒÌ Î¨¸¥². „²Ö  ´É¨Ö¤¥· ¨
K−-³¥§µ´µ¢ (¸²ÊÎ ° ·µ¦¤¥´¨Ö  ´É¨³ É¥·¨¨ [5]) ∆ = m1, ¤²Ö Ö¤¥·´ÒÌ Ë· £-
³¥´Éµ¢ ∆ = −m1. „²Ö Î ¸É¨Í, ·µ¦¤ ÕÐ¨Ì¸Ö ¡¥§ ¸µ¶·µ¢µ¦¤ ÕÐ¨Ì ¶ ·É´¥·µ¢
(³¥§µ´Ò, ´¥±µÉµ·Ò¥ ·¥§µ´ ´¸Ò, ¸É·Ê¨ ¨ É. ¤.), ∆ = 0.

„²Ö ¡µ²ÓÏµ£µ ±µ²¨Î¥¸É¢  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶·¨ Ô´¥·£¨ÖÌ
2 < (uIuII) ≤ 50 [5] ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö µ¶¨¸Ò¢ ÕÉ¸Ö ¸ ¶µ³µÐÓÕ
¶ · ³¥É·  ¸ ³µ¶µ¤µ¡¨Ö

d2σ

mT dmT dy
= 2πC1A

1/3+NI/3
I A

1/3+NII/3
II exp [−Π/C2], (8)

£¤¥ C1 = 1,9 · 104 ³¡ · ƒÔ‚−2 · ¸3 · ¸·−1; C2 = 0,125 ± 0,002.
‚ Ï¨·µ±µ° µ¡² ¸É¨ §´ Î¥´¨° ¶¥·¥³¥´´ÒÌ y, mT , (uIuII) ¨ ¤²Ö · §²¨Î-

´ÒÌ ¨´±²Õ§¨¢´ÒÌ Î ¸É¨Í ¸¥Î¥´¨¥ ³¥´Ö¥É¸Ö ´  ¢µ¸¥³Ó ¶µ·Ö¤±µ¢ ¢¥²¨Î¨´Ò ¢
§ ¢¨¸¨³µ¸É¨ µÉ Π, ³¥´ÖÕÐ¥£µ¸Ö ¢ ¶·¥¤¥² Ì 0,5 ≤ Π ≤ 4. ‚ ¦´µ ¶·µ¢¥·¨ÉÓ
ÔÉµÉ ·¥§Ê²ÓÉ É ¢ µ¡² ¸É¨ (uIuII) � 1, ÎÉµ¡Ò ¤µ± § ÉÓ Ê¶µ³Ö´ÊÉÊÕ ¢ÒÏ¥ ¨´-
É¥·¶·¥É Í¨Õ ¢¥²¨Î¨´ NI ¨ NII ¨ ¶·¨¡²¨¦¥´¨¥ (7). ‚ · ¡µÉ¥ [7] ´ °¤¥´µ
 ´ ²¨É¨Î¥¸±µ¥ ¢Ò· ¦¥´¨¥ ¤²Ö ¶ · ³¥É·  Π ¢ µ¡² ¸É¨ ¶¥·¥³¥´´ÒÌ, É¨¶¨Î´ÒÌ
¤²Ö ±µ²² °¤¥·´ÒÌ Ô±¸¶¥·¨³¥´Éµ¢.

3. ���–…‘‘› ‘ ‚›‘�Š�‰ Œ��†…‘’‚…���‘’œ� ˆ ˆ• ‘‚Ÿ‡œ
‘ �…‹Ÿ’ˆ‚ˆ‘’‘Š�‰ Ÿ„…���‰ ”ˆ‡ˆŠ�‰

„²Ö ·¥²ÖÉ¨¢¨¸É¸±µ° Ö¤¥·´µ° Ë¨§¨±¨, ¨§ÊÎ ÕÐ¥° ¢§ ¨³µ¤¥°¸É¢¨Ö ³´µ£¨Ì
µ¡Ñ¥±Éµ¢ (´Ê±²µ´Ò ¢ Ö¤· Ì) ¸ ·µ¦¤¥´¨¥³ ¡µ²ÓÏµ£µ Î¨¸²  Î ¸É¨Í ¢ ±µ´¥Î´µ³
¸µ¸ÉµÖ´¨¨, µ¸µ¡¥´´µ ¢µ§· ¸É ÕÐ¨³ ¸ Ê¢¥²¨Î¥´¨¥³ Ô´¥·£¨¨, Ö¢²Ö¥É¸Ö ±· °´¥
¢ ¦´Ò³ ¶µ´¨³ ´¨¥ ³´µ¦¥¸É¢¥´´ÒÌ ¶·µÍ¥¸¸µ¢ [8].

Œ´µ¦¥¸É¢¥´´Ò¥ ¶·µÍ¥¸¸Ò ¶·¥¤¸É ¢²ÖÕÉ ¶·¨´Í¨¶¨ ²Ó´Ò° ¨´É¥·¥¸ ¤²Ö
¶·µ¡²¥³ ·¥²ÖÉ¨¢¨¸É¸±µ° Ö¤¥·´µ° Ë¨§¨±¨ ± ± ¸ ³¨ ¶µ ¸¥¡¥, É ± ¨ ¸ ÉµÎ±¨ §·¥-
´¨Ö ¶· ¢¨²Ó´µ° µÍ¥´±¨ ±µ²²¥±É¨¢´ÒÌ Ö¢²¥´¨° ¢ ¸Éµ²±´µ¢¥´¨¨ ·¥²ÖÉ¨¢¨¸É-
¸±¨Ì Ö¤¥·. �¥µ¡Ìµ¤¨³µ µÉ³¥É¨ÉÓ, ÎÉµ ¶·µÍ¥¸¸Ò ³´µ¦¥¸É¢¥´´µ£µ ·µ¦¤¥´¨Ö
 ±É¨¢´µ ¨§ÊÎ ²¨¸Ó É¥µ·¥É¨Î¥¸±¨³¨ ¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ £·Ê¶¶ ³¨ �ˆŸˆ
´  µ¸´µ¢¥ ¨¸¸²¥¤µ¢ ´¨°, ¶·µ¢¥¤¥´´ÒÌ ´  ¸¨´Ì·µË §µÉ·µ´¥, Ê¸±µ·¨É¥²¥ “-70
(�·µÉ¢¨´µ), ¢ CERN ¨ ¤·Ê£¨Ì ¸µÉ·Ê¤´¨Î ÕÐ¨Ì ¸ �ˆŸˆ ´ ÊÎ´ÒÌ Í¥´É· Ì.
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�¥§Ê²ÓÉ ÉÒ ÔÉ¨Ì ¨¸¸²¥¤µ¢ ´¨° ´ Ï²¨ ¸¢µ¥ µÉ· ¦¥´¨¥ ¢ ³´µ£µÎ¨¸²¥´´ÒÌ µ·¨-
£¨´ ²Ó´ÒÌ ¨ µ¡§µ·´ÒÌ · ¡µÉ Ì (¸³., ´ ¶·¨³¥·, [9Ä13]).

‚ ¸µÉ·Ê¤´¨Î¥¸É¢¥ ¸ É¥µ·¥É¨± ³¨ ‹’” �ˆŸˆ ¡Ò²¨ µ¡´ ·Ê¦¥´Ò ¢ ¦´Ò¥
¸¢µ°¸É¢  ³´µ¦¥¸É¢¥´´ÒÌ ¶·µÍ¥¸¸µ¢:

Å Ê´¨¢¥·¸ ²Ó´µ¸ÉÓ ¸±¥°²¨´£  ¶µ ³´µ¦¥¸É¢¥´´µ¸É¨ ¤²Ö π−p-, π−n-, π−C-
¨ pp-¢§ ¨³µ¤¥°¸É¢¨°;

Å ±µ··¥²ÖÍ¨¨ ¶µ ³´µ¦¥¸É¢¥´´µ¸É¨ ³¥¦¤Ê ´¥°É· ²Ó´Ò³¨ ¨ § ·Ö¦¥´´Ò³¨
¶¨µ´ ³¨;

Å · ´´¨° ¸±¥°²¨´£ ¢ πp- ¨ pp-¢§ ¨³µ¤¥°¸É¢¨ÖÌ ¢ Í¥´É· ²Ó´µ° µ¡² ¸É¨;
Å ±µ··¥²ÖÍ¨¨ ¢ ¤¢ÊÌÎ ¸É¨Î´ÒÌ ¨´±²Õ§¨¢´ÒÌ ¶·µÍ¥¸¸ Ì. �µ± § ´µ, ÎÉµ

¢ ¶µ²Ê¨´±²Õ§¨¢´ÒÌ ¶·µÍ¥¸¸ Ì ±µ··¥²ÖÍ¨¨ ¸ÊÐ¥¸É¢¥´´µ ¸² ¡¥¥, Î¥³ ¢ ¨´±²Õ-
§¨¢´ÒÌ;

Å ¤µ³¨´¨·ÊÕÐ Ö ·µ²Ó ¢¥±Éµ·´ÒÌ ³¥§µ´µ¢ ¢ ¨´±²Õ§¨¢´ÒÌ ¶·µÍ¥¸¸ Ì ¶·¨
¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ;

Å ¸ÊÐ¥¸É¢µ¢ ´¨¥ ³ ¸ÏÉ ¡´µ° ¨´¢ ·¨ ´É´µ¸É¨ ¤²Ö  ¤·µ´-Ö¤¥·´ÒÌ ¢§ ¨-
³µ¤¥°¸É¢¨° ¢ µ¡² ¸É¨ Ë· £³¥´É Í¨¨ Ö¤· -³¨Ï¥´¨ ¢¶²µÉÓ ¤µ Ô´¥·£¨¨ 40 ƒÔ‚;

Å ´ ²¨Î¨¥ ·Ö¤  ³¥Ì ´¨§³µ¢ ³´µ¦¥¸É¢¥´´µ£µ ·µ¦¤¥´¨Ö Î ¸É¨Í ¶·¨ ¢Ò-
¸µ±¨Ì Ô´¥·£¨ÖÌ.

3.1. � ¸¸³µÉ·¥´¨¥ ³´µ¦¥¸É¢¥´´ÒÌ ¶·µÍ¥¸¸µ¢ ¢ ¶·µ¸É· ´¸É¢¥ 4-¸±µ·µ-
¸É¥°. ‚¥¸Ó³  ¶²µ¤µÉ¢µ·´Ò³ Ö¢¨²¸Ö  ´ ²¨§ ³´µ¦¥¸É¢¥´´ÒÌ ¶·µÍ¥¸¸µ¢ ¢ ¶·µ-
¸É· ´¸É¢¥ Î¥ÉÒ·¥Ì³¥·´ÒÌ ¸±µ·µ¸É¥° [9]. �·¨´Í¨¶ µ¸² ¡²¥´¨Ö ±µ··¥²ÖÍ¨°∗,
¢¢¥¤¥´´Ò° ¢ ÔÉµ³ ¶·µ¸É· ´¸É¢¥, ¶µ§¢µ²¨² µ¶·¥¤¥²¨ÉÓ ¶µ´ÖÉ¨¥ ¨§µ²¨·µ¢ ´´µ°
¸¨¸É¥³Ò. �·¨´Í¨¶ µ¸´µ¢ ´ ´  ¨¤¥¥ µ Éµ³, ÎÉµ ±µ··¥²ÖÍ¨¨ ³¥¦¤Ê Ê¤ ²¥´´Ò³¨
Î ¸ÉÖ³¨ ¸¨¸É¥³Ò ¶· ±É¨Î¥¸±¨ ¨¸Î¥§ ÕÉ, ¨ · ¸¶·¥¤¥²¥´¨¥, Ì · ±É¥·¨§ÊÕÐ¥¥
¸¨¸É¥³Ê, Ë ±Éµ·¨§Ê¥É¸Ö. �·¨´Í¨¶ µ¸² ¡²¥´¨Ö ±µ··¥²ÖÍ¨° ·¥ ²¨§Ê¥É¸Ö ¶·¨
bik → ∞, ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É ³ ²Ò³ · ¸¸ÉµÖ´¨Ö³ ¢ µ¡ÒÎ´µ³ ¶·µ¸É· ´¸É¢¥
|ri − rk| → 0.

�µ²µ¦¨³, ÎÉµ Vα Å ¸·¥¤´ÖÖ ÉµÎ±  ¸¨¸É¥³Ò (£·Ê¶¶Ò) ¸¨²Ó´µ¢§ ¨³µ-
¤¥°¸É¢ÊÕÐ¨Ì Î ¸É¨Í,   ui Å 4-¸±µ·µ¸ÉÓ i-° Î ¸É¨ÍÒ, ¶·¨´ ¤²¥¦ Ð¥° ¸¨-
¸É¥³¥, uk Å 4-¸±µ·µ¸ÉÓ k-° Î ¸É¨ÍÒ, ´¥ µÉ´µ¸ÖÐ¥°¸Ö ± ¸¨¸É¥³¥. ’µ£¤  ¸¨-
¸É¥³Ê ³µ¦´µ ´ §¢ ÉÓ ¨§µ²¨·µ¢ ´´µ°, ¥¸²¨ bαi ¤²Ö ¢¸¥Ì Î ¸É¨Í ¸¨¸É¥³Ò ³´µ£µ
³¥´ÓÏ¥ bαk:

bαk � bαi ≤ 1. (9)

‘µ£² ¸´µ ¶·¨´Í¨¶Ê µ¸² ¡²¥´¨Ö ±µ··¥²ÖÍ¨° ¢§ ¨³µ¤¥°¸É¢¨¥ ¨ ±µ··¥²Ö-
Í¨¨ Î ¸É¨Í, ¢Ìµ¤ÖÐ¨Ì ¢ ¸¨¸É¥³Ê, ¸ Î ¸É¨Í ³¨, ´¥ ¢Ìµ¤ÖÐ¨³¨ ¢ ¸¨¸É¥³Ê,
¶·¥´¥¡·¥¦¨³µ ³ ²Ò. ‚ ¦´Ò³ ¶·¨³¥·µ³ ¨§µ²¨·µ¢ ´´µ° ¸¨¸É¥³Ò Ö¢²ÖÕÉ¸Ö

∗‚ ±¢ ´Éµ¢µ° ¸É É¨¸É¨±¥ ÔÉµÉ ¶·¨´Í¨¶ ¡Ò² ¶·¥¤²µ¦¥´  ± ¤¥³¨±µ³ �. �. �µ£µ²Õ¡µ¢Ò³ ¨
· §¢¨É ¢ ·Ö¤¥ É¥µ·¥É¨Î¥¸±¨Ì ¨¸¸²¥¤µ¢ ´¨°, ¢ Éµ³ Î¨¸²¥ É¥µ·¥É¨± ³¨ �ˆŸˆ.
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¸É·Ê¨  ¤·µ´µ¢. ‘É·ÊÖ · ¸¸³ É·¨¢ ¥É¸Ö ± ± ±² ¸É¥·  ¤·µ´µ¢ ¸ ³ ²Ò³¨ µÉ´µ¸¨-
É¥²Ó´Ò³¨ ¸±µ·µ¸ÉÖ³¨ bik. �¸Ó ¸É·Ê¨ ¡Ê¤¥É µ¶·¥¤¥²ÖÉÓ¸Ö ¥¤¨´¨Î´Ò³ ¢¥±Éµ·µ³

V =
∑

i

ui√
(
∑

ui)2
,

V 2
0 − V 2 = 1.

(10)

‘Ê³³¨·µ¢ ´¨¥ ¢Ò¶µ²´Ö¥É¸Ö ¶µ ´µ³¥· ³ ¢¸¥Ì Î ¸É¨Í, µÉ´µ¸ÖÐ¨Ì¸Ö ± ¢Ò-
¤¥²¥´´µ° £·Ê¶¶¥ Î ¸É¨Í (±² ¸É¥·Ê).

’¥¶¥·Ó ³µ¦´µ § ¶¨¸ ÉÓ 4-¸±µ·µ¸ÉÓ Î ¸É¨ÍÒ µÉ´µ¸¨É¥²Ó´µ µ¸¨ ¸É·Ê¨ ¢
¢¨¤¥

bk = −(V − uk)2. (11)

�·¨¢¥¤¥´´µ¥ ¢ÒÏ¥ µ¶·¥¤¥²¥´¨¥  ¤·µ´´ÒÌ ¸É·Ê° ¤ ´µ ¢ ¨´¢ ·¨ ´É´µ°
Ëµ·³¥ ¨ ÔÉ¨³ ¢Ò£µ¤´µ µÉ²¨Î ¥É¸Ö µÉ É· ¤¨Í¨µ´´ÒÌ ´¥¨´¢ ·¨ ´É´ÒÌ ¶µ¤Ìµ-
¤µ¢.

�¨¸. 1. � ¸¶·¥¤¥²¥´¨¥ ¢Éµ·¨Î´ÒÌ ¶¨µ´µ¢ ¢
π−C-¢§ ¨³µ¤¥°¸É¢¨ÖÌ ¶·¨ Ô´¥·£¨¨ 40 ƒÔ‚
¶µ ¶¥·¥³¥´´Ò³ XSH ¨ XSM (12), Ì · ±-
É¥·¨§ÊÕÐ¨³ ¤µ²Õ 4-¨³¶Ê²Ó¸µ¢ ¶¥·¢¨Î´µ£µ
¶¨µ´ , Ê´µ¸¨³ÒÌ ¸É·Ê¥°

„²Ö µ¶·¥¤¥²¥´¨Ö µ¡² ¸É¨ µ¡· -
§µ¢ ´¨Ö ¸É·Ê° ³µ¦´µ ¨¸¶µ²Ó§µ¢ ÉÓ
·¥²ÖÉ¨¢¨¸É¸±¨-¨´¢ ·¨ ´É´Ò¥ ¶¥·¥-
³¥´´Ò¥:

XSH =
Mα(β)

mI

Vα(β)uII

uIuII
,

XSM =
Mα(β)

mII

Vα(β)uI

uIuII
,

(12)

£¤¥ Mα(β) Å ÔËË¥±É¨¢´ Ö ³ ¸¸ 
¸É·Ê¨ α ¨²¨ β; mI Å ³ ¸¸  ´ -
²¥É ÕÐ¥° Î ¸É¨ÍÒ; mII Å ³ ¸¸ 
³¨Ï¥´¨. �·¨ É ±µ³ µ¶·¥¤¥²¥´¨¨
XSH , XSM ¡Ê¤ÊÉ ¨³¥ÉÓ ¸³Ò¸²
¤µ²¨ 4-¨³¶Ê²Ó¸µ¢ ¶¥·¢¨Î´ÒÌ Î -
¸É¨Í, Ê´µ¸¨³ÒÌ ¸É·Ê¥°.

�  ·¨¸. 1 ¶·¥¤¸É ¢²¥´ ¶·¨³¥·
· ¸¶·¥¤¥²¥´¨Ö ¶µ ÔÉ¨³ ¶ · ³¥É-
· ³ ¢Éµ·¨Î´ÒÌ ¶¨µ´µ¢ ¢ π−C-¢§ ¨-

³µ¤¥°¸É¢¨ÖÌ ¶·¨ Ô´¥·£¨¨ 40 ƒÔ‚. •µ·µÏµ ¢¨¤´µ · §¤¥²¥´¨¥ ¸µ¡ÒÉ¨° ´  ¤¢¥
µ¡² ¸É¨: µ¡² ¸ÉÓ Ë· £³¥´É Í¨¨ ³¨Ï¥´¨ ¨ µ¡² ¸ÉÓ Ë· £³¥´É Í¨¨ ¶ÊÎ± .

� ¸¶·¥¤¥²¥´¨Ö ¶¨µ´µ¢ ¶µ 4-¸±µ·µ¸ÉÖ³ µÉ´µ¸¨É¥²Ó´µ µ¸¨ ¸É·Ê¨ ¢  ¤·µ´-
 ¤·µ´´ÒÌ ¨  ¤·µ´-Ö¤¥·´ÒÌ ¸Éµ²±´µ¢¥´¨ÖÌ ¶·¨ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ µ± § ²¨¸Ó
Ê¤¨¢¨É¥²Ó´µ Ê´¨¢¥·¸ ²Ó´Ò³¨. �´¨ ´¥ § ¢¨¸ÖÉ ´¨ µÉ Ô´¥·£¨¨ ¢§ ¨³µ¤¥°¸É¢¨Ö,
´¨ µÉ É¨¶  Ë· £³¥´É¨·ÊÕÐ¥° ¸¨¸É¥³Ò (·¨¸. 2).
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�¨¸. 2. � ¸¶·¥¤¥²¥´¨¥ ¢Éµ·¨Î´ÒÌ ¶¨µ-
´µ¢, ·µ¦¤¥´´ÒÌ ¢ · §²¨Î´ÒÌ  ¤·µ´-
 ¤·µ´´ÒÌ ¨  ¤·µ´-Ö¤¥·´ÒÌ ·¥ ±-
Í¨ÖÌ ¢ µ¡² ¸É¨ ¨³¶Ê²Ó¸µ¢ ¶ÊÎ± 
22, 4 ÷ 205 ƒÔ‚/¸ ¶µ ¶ · ³¥É·Ê bk

(4-¸±µ·µ¸ÉÓ ¢Éµ·¨Î´ÒÌ ¶¨µ´µ¢ µÉ´µ-
¸¨É¥²Ó´µ µ¸¨ ¸É·Ê¨)

�¡´ ·Ê¦¥´´ Ö Ê´¨¢¥·¸ ²Ó´µ¸ÉÓ Ê± -
§Ò¢ ¥É ´  Éµ, ÎÉµ  ¤·µ´¨§ Í¨Ö ±¢ ·-
±µ¢ÒÌ ¸¨¸É¥³ µ¶·¥¤¥²Ö¥É¸Ö ¤¨´ ³¨-
±µ° ¢§ ¨³µ¤¥°¸É¢¨Ö Í¢¥É´µ£µ § ·Ö¤  ¸
Š•„-¢ ±ÊÊ³µ³.

3.2. �·µÍ¥¸¸Ò ¸ µÎ¥´Ó ¡µ²ÓÏµ°
³´µ¦¥¸É¢¥´´µ¸ÉÓÕ. �¸µ¡Ò° ¨´É¥·¥¸
¶·¥¤¸É ¢²ÖÕÉ ¶·µÍ¥¸¸Ò ¸ É ± ´ §Ò¢ ¥-
³µ° µÎ¥´Ó ¡µ²ÓÏµ° ³´µ¦¥¸É¢¥´´µ¸ÉÓÕ.
”¨§¨±  ÔÉ¨Ì ¶·µÍ¥¸¸µ¢ ¡Ò²  · §· ¡µ-
É ´  ¢ ‹’” �ˆŸˆ [14]. �É¨ ¨¸¸²¥-
¤µ¢ ´¨Ö ¡Ò²¨ ¢Ò¶µ²´¥´Ò, ÎÉµ¡Ò ¶µ-
´ÖÉÓ ¶·¨·µ¤Ê ´¥Ê¶·Ê£¨Ì ¢Ò¸µ±µÔ´¥·-
£¥É¨Î´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°  ¤·µ´µ¢, ±µ-
£¤  ³´µ¦¥¸É¢¥´´µ¸ÉÓ ·µ¦¤¥´´ÒÌ  ¤·µ-
´µ¢ §´ Î¨É¥²Ó´µ ¶·¥¢ÒÏ ¥É ¸µµÉ¢¥É¸É¢Ê-
ÕÐÊÕ ¸·¥¤´ÕÕ ³´µ¦¥¸É¢¥´´µ¸ÉÓ.

‚ ´ ¸ÉµÖÐ¥³ · §¤¥²¥ ±µ·µÉ±µ µ¶¨-
¸ ´Ò ´¥±µÉµ·Ò¥ ¢µ¶·µ¸Ò ·µ¦¤¥´¨Ö Î -
¸É¨Í ¸ µÎ¥´Ó ¡µ²ÓÏµ° ³´µ¦¥¸É¢¥´´µ-
¸ÉÓÕ ¶·¨ ¸Éµ²±´µ¢¥´¨¨  ¤·µ´µ¢ ¢Ò¸µ±¨Ì
Ô´¥·£¨°.

�µ´¨³ ´¨¥ ÔÉ¨Ì ¶·µÍ¥¸¸µ¢ ¢ ¦´µ ¸
ÉµÎ±¨ §·¥´¨Ö · §· ¡µÉ±¨ ´ ÊÎ´ÒÌ ¶·µ-
£· ³³ ¤²Ö ÊÎ ¸É¨Ö �ˆŸˆ ¢ Ô±¸¶¥·¨³¥´-
É Ì ´  ´µ¢ÒÌ ±µ²² °¤¥· Ì, É ±¨Ì ± ±
RHIC (BNL) ¨ LHC (CERN) (¸³. · §¤. 5).

�¥±µÉµ·Ò¥ ¶·µÖ¢²¥´¨Ö ¨¸¸²¥¤Ê¥³ÒÌ
§ ±µ´µ³¥·´µ¸É¥° ³µ¦´µ µ¦¨¤ ÉÓ ¨ ¶·¨
¨§ÊÎ¥´¨¨ ¸µ¡ÒÉ¨° ¸ n > n̄2 ¢ Ô±¸¶¥·¨³¥´É Ì ´  ¶·µÉµ´´µ³ ¸¨´Ì·µÉ·µ´¥
ˆ”‚� (�·µÉ¢¨´µ) ¨ ´Ê±²µÉ·µ´¥.

�¸´µ¢´Ò¥ µ¸µ¡¥´´µ¸É¨ ¶·µÍ¥¸¸µ¢ ¸ µÎ¥´Ó ¡µ²ÓÏµ° ³´µ¦¥¸É¢¥´´µ¸ÉÓÕ.
�Ê¤¥³ · ¸¸³ É·¨¢ ÉÓ ¶·µÍ¥¸¸Ò ¸ ³´µ¦¥¸É¢¥´´µ¸ÉÓÕ

n � n̄(s), (13)

£¤¥ n̄(s) Å ¸·¥¤´ÖÖ ³´µ¦¥¸É¢¥´´µ¸ÉÓ ·µ¦¤¥´´ÒÌ Î ¸É¨Í [15]. „²Ö ¶·µ¸ÉµÉÒ
´¥ ¡Ê¤¥³ · §²¨Î ÉÓ Î ¸É¨ÍÒ ¶µ § ·Ö¤Ê, ³ ¸¸¥ ¨ É. ¶. „²Ö Éµ£µ ÎÉµ¡Ò ¨§¡ ¢¨ÉÓ¸Ö
µÉ ¢²¨Ö´¨Ö £· ´¨Í Ë §µ¢µ£µ µ¡Ñ¥³ , ¶µ²µ¦¨³

n � nmax =
√

s/m, (14)

£¤¥ m ≈ 0,2 ƒÔ‚ Å É¨¶¨Î´ Ö ³ ¸¸   ¤·µ´ . �µ²¥¥ ¤¥É ²Ó´µ¥ µ¶·¥¤¥²¥´¨¥
µ¡² ¸É¨ µÎ¥´Ó ¡µ²ÓÏ¨Ì ³´µ¦¥¸É¢¥´´µ¸É¥° § ¢¨¸¨É µÉ ±µ´±·¥É´ÒÌ Ê¸²µ¢¨°
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§ ¤ Î¨. ‚¢¥¤¥³ ±µÔËË¨Í¨¥´É ´¥Ê¶·Ê£µ¸É¨

k = 1 − εmax/E, (15)

£¤¥ εmax Å Ô´¥·£¨Ö ¸ ³µ° ¡Ò¸É·µ° ¨§ ·µ¦¤¥´´ÒÌ Î ¸É¨Í ¢ ¤ ´´µ° ¸¨¸É¥³¥
µÉ¸Î¥É  ¨ E Å ¶µ²´ Ö Ô´¥·£¨Ö ¢ Éµ° ¦¥ ¸¨¸É¥³¥. ’µ£¤  µ¡² ¸ÉÓ µÎ¥´Ó ¡µ²ÓÏµ°
³´µ¦¥¸É¢¥´´µ¸É¨ ³µ¦´µ É ±¦¥ µ¶·¥¤¥²¨ÉÓ Ê¸²µ¢¨¥³

1 − k � 1. (16)

” ±É¨Î¥¸±¨ ÔÉµ µ§´ Î ¥É, ÎÉµ ¢ ¶·µÍ¥¸¸ Ì ¸ µÎ¥´Ó ¡µ²ÓÏµ° ³´µ¦¥¸É¢¥´-
´µ¸ÉÓÕ ·µ¦¤ ÕÉ¸Ö µÉ´µ¸¨É¥²Ó´µ ³¥¤²¥´´Ò¥ Î ¸É¨ÍÒ ¨ ÔËË¥±É ²¨¤¨·µ¢ ´¨Ö
¶µ¤ ¢²¥´.

‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ´¥Ê¶·Ê£¨¥ ¸¥Î¥´¨Ö ÔÉ¨Ì ¶·µÍ¥¸¸µ¢ ±· °´¥ ³ ²Ò
(≤ 10−7σtot). �µÔÉµ³Ê µ´¨ ³µ£ÊÉ ´ ¡²Õ¤ ÉÓ¸Ö ²¨ÏÓ ¢ Éµ³ ¸²ÊÎ ¥, ¥¸²¨
µ¸É ²Ó´Ò¥ ± ´ ²Ò ·µ¦¤¥´¨Ö Î ¸É¨Í, ±µÉµ·Ò¥ ¤µ³¨´¨·ÊÕÉ ¶·¨ n ∼ n̄(s),
¶µ¤ ¢²¥´Ò É·¨££¥·µ³ ¸ ±µÔËË¨Í¨¥´Éµ³ ¶µ¤ ¢²¥´¨Ö ∼ 10−7 [16]. �µ²ÓÏ Ö
³´µ¦¥¸É¢¥´´µ¸ÉÓ Å ¶²µÌµ ¨§³¥·¨³Ò° ¶ · ³¥É·, ¨ µ´ ³µ¦¥É ¡ÒÉÓ µ¶·¥¤¥²¥´
Éµ²Ó±µ ¢ ·¥§Ê²ÓÉ É¥ ¤µ¶µ²´¨É¥²Ó´µ° µ¡· ¡µÉ±¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ.
�µÔÉµ³Ê ·¥§Ê²ÓÉ ÉÒ ´¥µ¡Ìµ¤¨³µ ¶·¥¤¸É ¢²ÖÉÓ ¢ É¥·³¨´ Ì, ´¥ § ¢¨¸ÖÐ¨Ì µÉ
³´µ¦¥¸É¢¥´´µ¸É¨, ¨²¨ ¸²¥¤Ê¥É Ê± §Ò¢ ÉÓ ¸¶µ¸µ¡, ± ± µ¡µ°É¨ É·Ê¤´µ¸ÉÓ ¸ ¨§-
³¥·¥´¨¥³ ³´µ¦¥¸É¢¥´´µ¸É¨. � ¶·¨³¥·, Ê¸²µ¢¨¥ (16) ³µ¦¥É ¡ÒÉÓ ¶µ²µ¦¥´µ
¢ µ¸´µ¢Ê É·¨££¥·  ¶µ µÉ¡µ·Ê ¸µ¡ÒÉ¨° ¸ µÎ¥´Ó ¡µ²ÓÏµ° ³´µ¦¥¸É¢¥´´µ¸ÉÓÕ.
„²Ö É ±µ£µ É·¨££¥·  ³µ¦´µ ¨¸¶µ²Ó§µ¢ ÉÓ ± ²µ·¨³¥É·Ò, ±µÉµ·Ò³¨ µ¸´ Ð¥´Ò
¡µ²ÓÏ¨´¸É¢µ ¸µ¢·¥³¥´´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ Ê¸É ´µ¢µ±.

’ ±¨³ µ¡· §µ³, ´ ¸ ¡Ê¤ÊÉ ¨´É¥·¥¸µ¢ ÉÓ ¸¨²Ó´µ´¥Ê¶·Ê£¨¥ ¸µ¡ÒÉ¨Ö. �¶·¥-
¤¥²¥´¨¥ (16) · ¸¶·µ¸É· ´Ö¥É¸Ö ± ± ´   ¤·µ´- ¤·µ´´Ò¥, É ± ¨ ´   ¤·µ´-Ö¤¥·´Ò¥
¨ Ö¤·µ-Ö¤¥·´Ò¥ ´¥Ê¶·Ê£¨¥ ¸µÊ¤ ·¥´¨Ö. •µÉÖ, ¢ µ¸´µ¢´µ³, §¤¥¸Ó ¡Ê¤ÊÉ Ê¶µ³Ö-
´ÊÉÒ  ¤·µ´- ¤·µ´´Ò¥ ¸¨²Ó´µ´¥Ê¶·Ê£¨¥ ¶·µÍ¥¸¸Ò, ¸²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ´¥-
±µÉµ·Ò¥ ³´µ£µÎ ¸É¨Î´Ò¥ (±µ²²¥±É¨¢´Ò¥) ÔËË¥±ÉÒ ¶·µÖ¢²ÖÕÉ¸Ö Ö·Î¥ ¢ Ö¤·µ-
Ö¤¥·´ÒÌ ´¥Ê¶·Ê£¨Ì ¸µÊ¤ ·¥´¨ÖÌ. �ÉµÉ ¢µ¶·µ¸ É·¥¡Ê¥É ¸¶¥Í¨ ²Ó´µ£µ µ¡¸Ê¦¤¥-
´¨Ö.

ƒ² ¢´Ò¥ ¨¤¥¨, ¨¸¶µ²Ó§Ê¥³Ò¥ ¶·¨ ¶µ¸É·µ¥´¨¨ · ¸¸³ É·¨¢ ¥³µ° ³µ¤¥²¨
¶·µÍ¥¸¸µ¢ ¸ µÎ¥´Ó ¡µ²ÓÏµ° ³´µ¦¥¸É¢¥´´µ¸ÉÓÕ, § ±²ÕÎ ÕÉ¸Ö ¢ ¸²¥¤ÊÕÐ¥³:

Å Ô´É·µ¶¨Ö ³µ¦¥É ¤µ¸É¨£ ÉÓ ¤²Ö ¤ ´´µ° Ô´¥·£¨¨ ¸¢µ¥£µ ³ ±¸¨³Ê³  ¢
µ¡² ¸É¨ µÎ¥´Ó ¡µ²ÓÏµ° ³´µ¦¥¸É¢¥´´µ¸É¨,

Å ±µ´¥Î´Ò¥ ¸µ¸ÉµÖ´¨Ö ¸ µÎ¥´Ó ¡µ²ÓÏµ° ³´µ¦¥¸É¢¥´´µ¸ÉÓÕ ¤µ²¦´Ò ¡ÒÉÓ
¡²¨§±¨ ± · ¢´µ¢¥¸´µ³Ê.

—Éµ¡Ò ¨³¥ÉÓ ¢µ§³µ¦´µ¸ÉÓ ¶µ²ÊÎ¨ÉÓ ³µ¤¥²Ó´µ-´¥§ ¢¨¸¨³Ò¥ ¶·¥¤¸± § ´¨Ö,
¡Ò² ¨¸¶µ²Ó§µ¢ ´ ¶µ¤Ìµ¤ ·¥ ²Ó´µ-¢·¥³¥´´µ° É¥µ·¨¨ S-³ É·¨ÍÒ ¶·¨ ±µ´¥Î-
´ÒÌ É¥³¶¥· ÉÊ· Ì. �Éµ ¶µ§¢µ²¨²µ ¢±²ÕÎ¨ÉÓ ¢ · ¸¸³ É·¨¢ ¥³ÊÕ ¸Ì¥³Ê ¸É É¨-
¸É¨Î¥¸±¨¥ ³¥Éµ¤Ò ¨ ¶µ¸É·µ¨ÉÓ Ë¥´µ³¥´µ²µ£¨Õ [17]. „²Ö µ¶¨¸ ´¨Ö µ¡² ¸É¨
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µÎ¥´Ó ¡µ²ÓÏ¨Ì ³´µ¦¥¸É¢¥´´µ¸É¥° Ê¤µ¡´µ ¶·¨³¥´¨ÉÓ ³¥Éµ¤, ¡²¨§±¨° ¶·¨´-
Í¨¶Ê µ¸² ¡²¥´¨Ö ±µ··¥²ÖÍ¨° �µ£µ²Õ¡µ¢ .

�µ¦¤¥´¨¥ Î ¸É¨Í ¢µµ¡Ð¥, ¨ ¢ · ¸¸³ É·¨¢ ¥³µ³ ¸²ÊÎ ¥ ¢ Î ¸É´µ¸É¨, ¢±²Õ-
Î ¥É ¤¢¥ ¶·µ¡²¥³Ò. �¥·¢ Ö ¶·µ¡²¥³  ¸¢Ö§ ´  ¸ ¤¨´ ³¨Î¥¸±¨³ ¶·µÍ¥¸¸µ³ ¤¥-
£· ¤ Í¨¨ ¶¥·¢¨Î´µ° Ô´¥·£¨¨ ¢ Ô´¥·£¨Õ ¢Éµ·¨Î´ÒÌ Î ¸É¨Í,   ¢Éµ· Ö ± ¸ ¥É¸Ö
µ¶¨¸ ´¨Ö ±µ´¥Î´µ£µ ¸µ¸ÉµÖ´¨Ö. „²Ö ¢Éµ·µ° ¶·µ¡²¥³Ò ¸ÊÐ¥¸É¢¥´´Ò ¸É É¨¸É¨-
Î¥¸±¨¥ ³¥Éµ¤Ò.

’ ± ± ± ¸¶¥±É·Ò Î ¸É¨Í ¢ ¶·µÍ¥¸¸ Ì ¸ µÎ¥´Ó ¡µ²ÓÏµ° ³´µ¦¥¸É¢¥´´µ¸ÉÓÕ
³Ö£±¨¥, ¢ ´¨Ì ¢ ¦´µ ¶·µÖ¢²¥´¨¥ ±µ²²¥±É¨¢´ÒÌ ÔËË¥±Éµ¢ [18].

‘ÊÐ¥¸É¢ÊÕÐ¨¥ ³µ¤¥²¨ ³Ê²ÓÉ¨¶¥·¨Ë¥·¨Î¥¸±µ£µ É¨¶  ´¥ ¸¶µ¸µ¡´Ò µ¶¨-
¸ ÉÓ µ¡² ¸ÉÓ ¶·µÍ¥¸¸µ¢ ¸ µÎ¥´Ó ¡µ²ÓÏµ° ³´µ¦¥¸É¢¥´´µ¸ÉÓÕ [14], É ± ± ±
µ¡² ¸É¨ ¨Ì ¶·¨³¥´¨³µ¸É¨ µ£· ´¨Î¥´Ò, ¶µ ±· °´¥° ³¥·¥, n < n̄2.

‚µ¶·µ¸Ò ± Ô±¸¶¥·¨³¥´ÉÊ. �±¸¶¥·¨³¥´É ²Ó´µ, ¢ ¶¥·¢ÊÕ µÎ¥·¥¤Ó, ¦¥² -
É¥²Ó´µ ¶·µ¢¥·¨ÉÓ ¢Ò¢µ¤Ò, ¸²¥¤ÊÕÐ¨¥ ¨§ µ¶¨¸ ´´µ£µ ¢ÒÏ¥ ¶µ¤Ìµ¤ .

1. ‘ ·µ¸Éµ³ ³´µ¦¥¸É¢¥´´µ¸É¨ ¶·µÍ¥¸¸ ¤µ²¦¥´ ¸É ÉÓ ®¦¥¸É±¨³¯. �Éµ
µ§´ Î ¥É, ÎÉµ ¤µ²¦´µ ¢Ò¶µ²´ÖÉÓ¸Ö ¸²¥¤ÊÕÐ¥¥ ´¥· ¢¥´¸É¢µ ¤²Ö µÉ´µÏ¥´¨Ö
¸·¥¤´¥£µ §´ Î¥´¨Ö ¶µ¶¥·¥Î´µ£µ ¨³¶Ê²Ó¸  qT ± ¸·¥¤´¥³Ê §´ Î¥´¨Õ ¶·µ¤µ²Ó-
´µ£µ ¨³¶Ê²Ó¸  qII:

R = qT /qII > π/4.

� ¶µ³´¨³, ÎÉµ · ¢¥´¸É¢µ ¸µµÉ¢¥É¸É¢Ê¥É ¨§µÉ·µ¶´µ³Ê · ¸¶·¥¤¥²¥´¨Õ,   ³Ê²Ó-
É¨¶¥·¨Ë¥·¨Î¥¸± Ö ±¨´¥³ É¨±  ¶·¥¤¶µ² £ ¥É, ÎÉµ R < π/4 [19].

2. ‘ ·µ¸Éµ³ ³´µ¦¥¸É¢¥´´µ¸É¨ ¸¨¸É¥³  ¤µ²¦´  ®Ê¸¶µ± ¨¢ ÉÓ¸Ö¯. Šµ²¨Î¥-
¸É¢¥´´µ ÔÉµ µ§´ Î ¥É, ÎÉµ ¥¸²¨ Ô´¥·£¥É¨Î¥¸±¨¥ ³´µ£µÎ ¸É¨Î´Ò¥ ±µ··¥²ÖÉµ·Ò
³ ²Ò:

|K1(s, n)|2/l/K2(s, n) � 1, £¤¥ l = 3, 4, ...,

Éµ ± ´µ´¨Î¥¸±¨ ¸µ¶·Ö¦¥´´ Ö Ô´¥·£¨¨ ¢¥²¨Î¨´ ,   ¨³¥´´µ É¥³¶¥· ÉÊ· , ¶µ²-
´µ¸ÉÓÕ µ¶¨¸Ò¢ ¥É ¸¨¸É¥³Ê [20].

3. �·¥¤¸± §Ò¢ ¥É¸Ö, ÎÉµ ¤²Ö Ì¨³¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ²  µ(s, n) ¢Ò¶µ²´Ö¥É¸Ö
Ê¸²µ¢¨¥

δµ(s, n)/δn ≤ 0,

É. ¥. ´ Î ²Ó´µ¥ ¸µ¸ÉµÖ´¨¥ ¶·µÍ¥¸¸  ·µ¦¤¥´¨Ö  ¤·µ´µ¢ ¸É ´µ¢¨É¸Ö ´¥Ê¸Éµ°Î¨-
¢Ò³ µÉ´µ¸¨É¥²Ó´µ ·µ¦¤¥´¨Ö  ¤·µ´µ¢ ¢ µ¡² ¸É¨ µÎ¥´Ó ¡µ²ÓÏµ° ³´µ¦¥¸É¢¥´-
´µ¸É¨.

‘É ÉÊ¸ É¥µ·¥É¨Î¥¸±¨Ì ¨¸¸²¥¤µ¢ ´¨° ¶·µÍ¥¸¸µ¢ ¸ µÎ¥´Ó ¡µ²ÓÏµ° ³´µ-
¦¥¸É¢¥´´µ¸ÉÓÕ. ’¥µ·¥É¨Î¥¸±¨¥ ¨¸¸²¥¤µ¢ ´¨Ö, ¶·µ¢¥¤¥´´Ò¥ ¢ ‹’” �ˆŸˆ,
¶µ± § ²¨, ÎÉµ ¤²Ö ¶·µÍ¥¸¸µ¢ ¸ µÎ¥´Ó ¡µ²ÓÏµ° ³´µ¦¥¸É¢¥´´µ¸ÉÓÕ:

Å ¨¤¥µ²µ£¨Ö £² ¢´µ£µ ²µ£ ·¨Ë³¨Î¥¸±µ£µ ¶·¨¡²¨¦¥´¨Ö ´¥¶·¨¥³²¥³ ,
Å ·¥¤¦¥¢¸±µ¥ µ¶¨¸ ´¨¥ ¨³¥¥É µ£· ´¨Î¥´´ÊÕ µ¡² ¸ÉÓ ¶·¨³¥´¨³µ¸É¨,
Å É¥µ·¥É¨±µ-¶µ²¥¢Ò¥ ¸Ì¥³Ò ¢ÒÎ¨¸²¥´¨Ö ´¥ ¶µ§¢µ²ÖÕÉ ¢Ò°É¨ §  µ¡² ¸ÉÓ

±¢ §¨±² ¸¸¨Î¥¸±µ£µ ¶·¨¡²¨¦¥´¨Ö,
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Å ¶·µÍ¥¸¸Ò ³´µ¦¥¸É¢¥´´µ£µ ·µ¦¤¥´¨Ö µÉ´µ¸ÖÉ¸Ö ± ±² ¸¸Ê ¸¨²Ó´µ´¥-
· ¢´µ¢¥¸´ÒÌ ¶·µÍ¥¸¸µ¢, ¤²Ö ±µÉµ·ÒÌ µ¡ÒÎ´Ò¥ ¶·¥¤¸É ¢²¥´¨Ö ± ´µ´¨Î¥¸±µ£µ
Ëµ·³ ²¨§³  ´¥¶·¨¥³²¥³Ò.

�µ ÔÉ¨³ ¶·¨Î¨´ ³ ¡Ò² · §· ¡µÉ ´ ´µ¢Ò° ¶µ¤Ìµ¤ ¢ É¥µ·¨¨ ¢µ§³ÊÐ¥-
´¨° [21], ±µÉµ·Ò° ³µ¦¥É ¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´ ¤²Ö £µ· §¤µ ¡	µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨°,
´  ±µÉµ·ÒÌ É¥µ·¨Ö ¢µ§³ÊÐ¥´¨Ö Š•„ ¢ ¸É ´¤ ·É´µ³ ¢ ·¨ ´É¥ ´¥¶·¨³¥´¨³ .
�ÉµÉ ¶µ¤Ìµ¤ ´¥ ¸µ¤¥·¦¨É · ¸Ìµ¤¨³µ¸É¥°, ¶µ ±· °´¥° ³¥·¥, ¤²Ö ¢¥±Éµ·´ÒÌ
¶µ²¥° Ÿ´£ ÄŒ¨²²¸ , ´¥ ¸µ¤¥·¦¨É É ± ´ §Ò¢ ¥³ÒÌ ®¤ÊÌµ¢¯ ” ¤¤¥¥¢ Ä�µ¶µ¢ 
¨ ¸¢µ¡µ¤¥´ µÉ £·¨¡µ¢¸±¨Ì ´¥µ¤´µ§´ Î´µ¸É¥°, ¸¶µ¸µ¡¥´ µ¶¨¸Ò¢ ÉÓ ´ ¡²Õ¤ -
¥³Ò¥ ¢¥²¨Î¨´Ò (¸¥Î¥´¨Ö, ±µ··¥²ÖÍ¨µ´´Ò¥ ËÊ´±Í¨¨ ¨ É. ¤.). ‚ ´ ¸ÉµÖÐ¥¥
¢·¥³Ö ¢ ‹’” �ˆŸˆ (¸µ¢³¥¸É´µ ¸ ‹‚� ¨ ‹Ÿ�) ¢¥¤¥É¸Ö · ¡µÉ  ¶µ ¶µ¸É·µ¥´¨Õ
£¥´¥· Éµ·  ¸µ¡ÒÉ¨°, µ¸´µ¢ ´´µ£µ ´  ÔÉµ³ ´µ¢µ³ ¶µ¤Ìµ¤¥.

4. ��‘‹…„�ˆ… �…‡“‹œ’�’› ‚ ��‹�‘’ˆ �…‹Ÿ’ˆ‚ˆ‘’‘Š�‰
Ÿ„…���‰ ”ˆ‡ˆŠˆ, ��‹“—…��›… �� “‘Š��ˆ’…‹œ��Œ

Š�Œ�‹…Š‘… ‘ˆ�•��”�‡�’���Ä�“Š‹�’���

4.1. � §¢¨É¨¥ Ê¸±µ·¨É¥²Ó´µ£µ ±µ³¶²¥±¸ . “¸±µ·¨É¥²Ó´Ò° ±µ³¶²¥±¸ ‹‚�
Ö¢²Ö¥É¸Ö µ¸´µ¢´Ò³ µ¡µ·Ê¤µ¢ ´¨¥³ ¤²Ö £¥´¥· Í¨¨ ¶·µÉµ´µ¢, ¶µ²Ö·¨§µ¢ ´´ÒÌ
¤¥°É·µ´µ¢ (  É ±¦¥ ´¥°É·µ´µ¢ ¨ ¶·µÉµ´µ¢) ¨ ³´µ£µ§ ·Ö¤´ÒÌ ¨µ´µ¢ ¢ Ô´¥·£¥-
É¨Î¥¸±µ° µ¡² ¸É¨ ¤µ 6 ƒÔ‚ ´  ´Ê±²µ´. �¡Ð¨° ¢¨¤ Ê¸±µ·¨É¥²Ó´µ£µ ±µ³¶²¥±¸ 
‹‚� �ˆŸˆ ¶·¥¤¸É ¢²¥´ ´  ·¨¸. 3.

�Ê±²µÉ·µ´ ¸µ§¤ ´ ´  µ¸´µ¢¥ Ê´¨± ²Ó´µ° É¥Ì´µ²µ£¨¨ ¸¢¥·Ì¶·µ¢µ¤ÖÐ¨Ì
³ £´¨É´ÒÌ ¸¨¸É¥³, ±µÉµ·Ò¥ ¡Ò²¨ ¶·¥¤²µ¦¥´Ò ¨ ¨¸¸²¥¤µ¢ ´Ò ¢ ² ¡µ· Éµ-
·¨¨ [22].

�¨¸. 3. ‘Ì¥³  Ê¸±µ·¨É¥²Ó´µ£µ ±µ³¶²¥±¸  ‹ ¡µ· Éµ·¨¨ ¢Ò¸µ±¨Ì Ô´¥·£¨° �ˆŸˆ
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’ ¡²¨Í  1. �¥±µÉµ·Ò¥ ¶ · ³¥É·Ò ¶ÊÎ±µ¢ ¸¨´Ì·µË §µÉ·µ´  ¨ ´Ê±²µÉ·µ´ 

ˆ´É¥´¸¨¢´µ¸ÉÓ, Î ¸É¨Í §  Í¨±²

�ÊÎµ± ‘¨´Ì·µ- �Ê±²µÉ·µ´

Ë §µÉ·µ´ ˆ³¥¥É¸Ö �² ´¨·Ê¥É¸Ö

�µ¸²¥
³µ¤¥·´¨§ Í¨¨ ‘ ¡Ê¸É¥·µ³
¨¸ÉµÎ´¨±µ¢

p 4 · 1012 2 · 1010 1011 1013

d 1012 2 · 1010 5 · 1010 1013

4He 5 · 1010 8 · 108 5 · 109 2 · 1012

7Li 2 · 109 2 · 1010 5 · 1012

12C 109 108 7 · 109 2 · 1012

20Ne 104 108 5 · 109

24Mg 5 · 106 106 3 · 108 5 · 1011

32S 103 108 1010

40Ar 3 · 107 2 · 109

56Fe 1011

84Kr 103 2 · 107 5 · 108

96Mo 1010

131Xe 107 2 · 108

181Ta 108

209Bi 3 · 106 108

238U 108

n 1010 108 109

n ↑ 106 106 5 · 107

d ↑ 2 · 109 109 5 · 1010

t 109 106 1010

�´¥·£¨Ö, 4,5 5,2 6,0
A · ƒÔ‚

‘²¥¤Ê¥É µ¸µ¡µ µÉ³¥É¨ÉÓ, ÎÉµ ´Ê±²µÉ·µ´ ¨ ·Ö¤ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ Ê¸É -
´µ¢µ± ¤²Ö ¶·µ¢¥¤¥´¨Ö ´  ´¥³ ¨¸¸²¥¤µ¢ ´¨° ¡Ò²¨ ¸µ§¤ ´Ò ¢ ¸¥·¥¤¨´¥ 1990-Ì
£µ¤µ¢ ¢ ¸²µ¦´ÒÌ Ô±µ´µ³¨Î¥¸±¨Ì Ê¸²µ¢¨ÖÌ, ¢ ±µÉµ·ÒÌ ´ Ìµ¤¨² ¸Ó �µ¸¸¨Ö ¨
¡µ²ÓÏ¨´¸É¢µ ¤·Ê£¨Ì ¸É· ´-ÊÎ ¸É´¨Í �ˆŸˆ. �Éµ ¸É ²µ ¢µ§³µ¦´Ò³ ¡² £µ¤ ·Ö
¡µ£ ÉÒ³ ´ ÊÎ´Ò³ É· ¤¨Í¨Ö³ �ˆŸˆ ¨ ¸ ³µµÉ¢¥·¦¥´´µ³Ê É·Ê¤Ê ¨´¦¥´¥·µ¢,
ÊÎ¥´ÒÌ ¨ ¸¶¥Í¨ ²¨¸Éµ¢ ¨´¸É¨ÉÊÉ . �µ²ÓÏÊÕ · ¡µÉÊ ¶·µ¤¥² ²¨ ¨´¦¥´¥·´Ò¥
¶µ¤· §¤¥²¥´¨Ö ‹‚� (Ê¸±µ·¨É¥²Ó´Ò°, ±·¨µ£¥´´Ò°, Ô²¥±É·µÉ¥Ì´µ²µ£¨Î¥¸±¨°,
Ô²¥±É·µÉ¥Ì´¨Î¥¸±¨° µÉ¤¥²Ò, ±µ´¸É·Ê±Éµ·¸±µ¥ ¡Õ·µ ¨ Í¥Ì µ¶ÒÉ´µ£µ ¶·µ¨§-



22 ��‹„ˆ� �. Œ., Œ�‹�•�‚ �. ˆ., ‘ˆ‘�ŠŸ� �. �.

¢µ¤¸É¢  ¨ ·Ö¤ ¤·Ê£¨Ì ¶µ¤· §¤¥²¥´¨° ² ¡µ· Éµ·¨¨). ‡´ Î¨É¥²Ó´Ò° ¢±² ¤ ¢ ¸µ-
§¤ ´¨¥ ´Ê±²µÉ·µ´  ¢´¥¸²µ �¶ÒÉ´µ¥ ¶·µ¨§¢µ¤¸É¢µ ¨ ¸²Ê¦¡Ò ¸´ ¡¦¥´¨Ö �ˆŸˆ.
�µ¸ÉµÖ´´ÊÕ ¶µ¤¤¥·¦±Ê ÔÉ¨³ · ¡µÉ ³ µ± §Ò¢ ²  ¤¨·¥±Í¨Ö �ˆŸˆ.

„µ 1999 £. ¤²Ö Ë¨§¨Î¥¸±¨Ì Ô±¸¶¥·¨³¥´Éµ¢ ¨¸¶µ²Ó§µ¢ ²¸Ö Éµ²Ó±µ ¢´Ê-
É·¥´´¨° ¶ÊÎµ± ´Ê±²µÉ·µ´ . ‚ ±µ´Í¥ 1999 £. ¡Ò² ¶µ²ÊÎ¥´ ¢Ò¢¥¤¥´´Ò° ¶Ê-
Îµ± ´Ê±²µÉ·µ´  ¸ ¶µ³µÐÓÕ ¸¨¸É¥³Ò ³¥¤²¥´´µ£µ ¢Ò¢µ¤  ¶ÊÎ± , ¸µ§¤ ´´µ° ´ 
µ¸´µ¢¥ ¸¢¥·Ì¶·µ¢µ¤ÖÐ¨Ì Ô²¥³¥´Éµ¢. ‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö Ô±¸¶¥·¨³¥´ÉÒ ´  ¢Ò-
¢¥¤¥´´µ³ ¶ÊÎ±¥ ´Ê±²µÉ·µ´  ¢¸ÉÊ¶¨²¨ ¢ Ë §Ê ¸É ¡¨²Ó´µ° · ¡µÉÒ. �¥±µÉµ·Ò¥
¶ · ³¥É·Ò ¶ÊÎ±µ¢ ¸¨´Ì·µË §µÉ·µ´  ¨ ´Ê±²µÉ·µ´  ¶·¨¢¥¤¥´Ò ¢ É ¡². 1.

�¸´µ¢´Ò¥ ´ ¶· ¢²¥´¨Ö · §¢¨É¨Ö ´Ê±²µÉ·µ´´µ£µ ±µ³¶²¥±¸  ¢ É¥Î¥´¨¥ ¡²¨-
¦ °Ï¨Ì ²¥É ¸²¥¤ÊÕÐ¨¥:

• § ¢¥·Ï¥´¨¥ · ¡µÉ ¶µ É· ´¸¶µ·É¨·µ¢±¥ ¢Ò¢¥¤¥´´µ£µ ¶ÊÎ±  ´Ê±²µÉ·µ´ 
¢ ¡µ²ÓÏµ° Ô±¸¶¥·¨³¥´É ²Ó´Ò° § ² ± Ô±¸¶¥·¨³¥´É ²Ó´Ò³ Ê¸É ´µ¢± ³,

• · §¢¨É¨¥ ¨´¦¥±Í¨µ´´µ£µ ±µ³¶²¥±¸ , ¢±²ÕÎ Ö · §¢¨É¨¥ ¨¸ÉµÎ´¨±µ¢ ¨µ-
´µ¢, Î ¸É¨Î´ÊÕ ·¥±µ´¸É·Ê±Í¨Õ ²¨´¥°´µ£µ Ê¸±µ·¨É¥²Ö ¨ · §· ¡µÉ±Ê ¡Ê¸É¥· ,

• · §¢¨É¨¥ ±·¨µ£¥´´ÒÌ ¸¨¸É¥³ ¶¨É ´¨Ö, ¤¨£´µ¸É¨±¨ ¨ Ê¶· ¢²¥´¨Ö.
‚ ‹‚� ¶µ¤£µÉµ¢²¥´  ¶·µ£· ³³  ¶¥·¢ÒÌ Ô±¸¶¥·¨³¥´Éµ¢ ´  ¢Ò¢¥¤¥´´µ³

¶ÊÎ±¥ ´Ê±²µÉ·µ´  ¨ · §· ¡ ÉÒ¢ ¥É¸Ö ¶·µ£· ³³  ¤µ²£µ¸·µÎ´ÒÌ ¨¸¸²¥¤µ¢ ´¨°.
‚ ¶¥·¢ÒÌ ¸¥ ´¸ Ì ´  ´Ê±²µÉ·µ´¥ ¸ ¢Ò¢¥¤¥´´Ò³ ¶ÊÎ±µ³ ¤²Ö Ë¨§¨Î¥¸±¨Ì ¨¸-
¸²¥¤µ¢ ´¨° ¡Ò²¨ ¨¸¶µ²Ó§µ¢ ´Ò ¤¢¥ Ê¸É ´µ¢±¨: ‘’�…‹� ¨ ‘Š��-2. �¤´µ-
¢·¥³¥´´µ ¶·µ¤µ²¦ ÕÉ¸Ö ´ Î ÉÒ¥ · ´¥¥ Ô±¸¶¥·¨³¥´ÉÒ ´  ¢´ÊÉ·¥´´¥³ ¶ÊÎ±¥
´Ê±²µÉ·µ´ .

4.2. �¡§µ· ¨¸¸²¥¤µ¢ ´¨°, ¢Ò¶µ²´¥´´ÒÌ ´  ¸¨´Ì·µË §µÉ·µ´¥, ¨ ¶² ´Ò
¨¸¸²¥¤µ¢ ´¨° ´  ´Ê±²µÉ·µ´¥. ‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ´  Ê¸±µ·¨É¥²Ó´µ³ ±µ³-
¶²¥±¸¥ ‹‚� ¤¥°¸É¢ÊÕÉ ¨²¨ ¶µ¤£µÉµ¢²¥´Ò ± Ë¨§¨Î¥¸±¨³ ¨¸¸²¥¤µ¢ ´¨Ö³ 12 Ë¨-
§¨Î¥¸±¨Ì Ê¸É ´µ¢µ±. �Éµ É ±¨¥ Ê¸É ´µ¢±¨, ± ± ‘”…��, ƒˆ�‘, ”�‡�,
„…‹œ’�Ä‘ˆƒŒ�, „…‹œ’�, „ˆ‘Š, ‘Œ‘, Œ��“‘Ÿ, ‘Š��-1, ‘Š��-2,
‘’�…‹�, ‘‹��. ˆ³¥¥É¸Ö É ±¦¥ ¶² ´ ¨¸¶µ²Ó§µ¢ ´¨Ö ¸¶¥±É·µ³¥É·  Œ�‘
(MRS) ¨§ ‹µ¸-�² ³µ¸  (‘˜�) ´  ´ Ï¥³ Ê¸±µ·¨É¥²Ó´µ³ ±µ³¶²¥±¸¥.

‚ ÔÉµ³ · §¤¥²¥ ¶·¥¤¸É ¢²¥´ ±· É±¨° µ¡§µ· ¶µ¸²¥¤´¨Ì ·¥Ê²ÓÉ Éµ¢, ¶µ²Ê-
Î¥´´ÒÌ ´  ´¥±µÉµ·ÒÌ ¤¥°¸É¢ÊÕÐ¨Ì Ê¸É ´µ¢± Ì ´  ¸¨´Ì·µË §µÉ·µ´¥ ¨ ¶² ´Ò
¤ ²Ó´¥°Ï¨Ì ¨¸¸²¥¤µ¢ ´¨° ¸ ÊÎ¥Éµ³ ¨Ì ¶µ¸É¥¶¥´´µ£µ ¶¥·¥Ìµ¤  ´  ´Ê±²µÉ·µ´.
ˆ´Ëµ·³ Í¨Õ µ ¡µ²¥¥ · ´´¨Ì · ¡µÉ Ì, ¢Ò¶µ²´¥´´ÒÌ ´  Ê¸±µ·¨É¥²Ó´µ³ ±µ³-
¶²¥±¸¥ ‹‚� �ˆŸˆ, ³µ¦´µ ´ °É¨ ¢ µ¡§µ·¥ [23].

4.2.1. �±¸¶¥·¨³¥´ÉÒ ¸ ·¥²ÖÉ¨¢¨¸É¸±¨³¨ Ö¤· ³¨. �·µ¥±É ‘”…��. ƒ² ¢-
´µ° Í¥²ÓÕ ¶·µ¥±É  Ö¢²Ö¥É¸Ö ¨¸¸²¥¤µ¢ ´¨¥ Ë· £³¥´É Í¨¨ ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ö¤¥·
¢ £¥µ³¥É·¨¨, ¡²¨§±µ° ± 4π.

�·µ¥±É ‘”…�� µ¡Ñ¥¤¨´Ö¥É ¡µ²ÓÏÊÕ ±µ²² ¡µ· Í¨Õ Ë¨§¨±µ¢ ¨§ �ˆŸˆ ¨
³´µ£¨Ì ¸É· ´-ÊÎ ¸É´¨Í �ˆŸˆ, É ±¨Ì ± ± �·³¥´¨Ö (…·¥¢ ´¸±¨° Ë¨§¨Î¥¸±¨°
¨´¸É¨ÉÊÉ), �§¥·¡ °¤¦ ´ (ˆ´¸É¨ÉÊÉ Ë¨§¨±¨), �¥²µ·Ê¸¸¨Ö (ˆ´¸É¨ÉÊÉ Ë¨§¨±¨),
�µ²£ ·¨Ö (ˆ´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨° ¨ Ö¤¥·´µ° Ô´¥·£¥É¨±¨, ‚ÒÎ¨¸²¨-
É¥²Ó´Ò° Í¥´É·, � §  · §¢¨É¨Ö ¨ ¢´¥¤·¥´¨Ö ¶µ Ë¨§¨±¥), Š § Ì¸É ´ (ˆ´¸É¨ÉÊÉ
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�¨¸. 4. �¡Ð¨° ¢¨¤ Ô±¸¶¥·¨³¥´É ²Ó´µ° Ê¸É ´µ¢±¨ ‘”…��

Ö¤¥·´µ° Ë¨§¨±¨), Œµ´£µ²¨Ö (ˆ´¸É¨ÉÊÉ Ë¨§¨±¨ ¨ É¥Ì´µ²µ£¨¨), �µ²ÓÏ  (“´¨-
¢¥·¸¨É¥É, ‚ ·Ï ¢ ; “´¨¢¥·¸¨É¥É, ‹µ¤§Ó; ˆ´¸É¨ÉÊÉ Ö¤¥·´µ° Ë¨§¨±¨), �Ê³Ò´¨Ö
(ˆ´¸É¨ÉÊÉ ¨¸¸²¥¤µ¢ ´¨Ö ¨ · §¢¨É¨Ö Ë¨§¨±¨ ¨ Ö¤¥·´µ° É¥Ì´µ²µ£¨¨, ˆ´¸É¨-
ÉÊÉ µ¶ÉµÔ²¥±É·µ´¨±¨), �µ¸¸¨Ö (”ˆ��, ˆŸˆ, ��– ®ŠÊ·Î Éµ¢¸±¨° ¨´¸É¨ÉÊÉ¯,
Œƒ“), ‘²µ¢ ±¨Ö (ˆ´¸É¨ÉÊÉ Ë¨§¨±¨), “±· ¨´  (• ·Ó±µ¢¸±¨° £µ¸Ê¤ ·¸É¢¥´´Ò°
Ê´¨¢¥·¸¨É¥É, ˆ´¸É¨ÉÊÉ É¥µ·¥É¨Î¥¸±µ° Ë¨§¨±¨), “§¡¥±¨¸É ´ (ˆ´¸É¨ÉÊÉ Ö¤¥·-
´µ° Ë¨§¨±¨), —¥Ï¸± Ö �¥¸¶Ê¡²¨±  (ˆ´¸É¨ÉÊÉ Ö¤¥·´µ° Ë¨§¨±¨),   É ±¦¥ ¨§
Ÿ¶µ´¨¨ (“´¨¢¥·¸¨É¥É, � £µÖ; “´¨¢¥·¸¨É¥É, Œ¨Ö¤§ ±¨).

�¡Ð¨° ¢¨¤ Ê¸É ´µ¢±¨ ‘”…�� ¶·¨¢¥¤¥´ ´  ·¨¸. 4. ”Ê´±Í¨µ´ ²Ó´µ ÔÉ 
Ê¸É ´µ¢±  ¸µ¸Éµ¨É ¨§ É·¥Ì Î ¸É¥° [24].

1. –¥´É· ²Ó´Ò° ¤¥É¥±Éµ·, ¶·¥¤´ §´ Î¥´´Ò° ¤²Ö ¨¤¥´É¨Ë¨± Í¨¨ ¶·µ¤Ê±-
Éµ¢ Ë· £³¥´É Í¨¨ Ö¤· -³¨Ï¥´¨. �´ ¢±²ÕÎ ¥É ¢ ¸¥¡Ö ¸¢¥·Ì¶·µ¢µ¤ÖÐ¨° ³ £-
´¨É, ¢ Í¥´É·¥ ±µÉµ·µ£µ ´ Ìµ¤¨É¸Ö Ö¤¥·´ Ö ³¨Ï¥´Ó, µ±·Ê¦¥´´ Ö ±µµ·¤¨´ É-
´Ò³¨ ¤¥É¥±Éµ· ³¨ (³´µ£µ¸²µ°´ Ö Í¨²¨´¤·¨Î¥¸± Ö ¤·¥°Ëµ¢ Ö ± ³¥· ), Ô²¥±-
É·µ³ £´¨É´Ò³¨ ± ²µ·¨³¥É· ³¨ ¨ ¸Í¨´É¨²²ÖÍ¨µ´´Ò³¨ ¸Î¥ÉÎ¨± ³¨.

2. �¥·¥¤´¨° ¤¥É¥±Éµ·, ¶¥·¥±·Ò¢ ÕÐ¨° µ¡² ¸ÉÓ Ë· £³¥´É Í¨¨ ´ ²¥É Õ-
Ð¥£µ Ö¤· . �¥·¥¤´¨° ¤¥É¥±Éµ· ¸µ¸Éµ¨É ¨§ ¤¨¶µ²Ó´µ£µ ³ £´¨É , ¸¶¥·¥¤¨ ¨ ¸§ ¤¨
±µÉµ·µ£µ · ¸¶µ²µ¦¥´Ò ¸Í¨´É¨²²ÖÍ¨µ´´Ò¥ £µ¤µ¸±µ¶Ò ¨ ¶·µ¶µ·Í¨µ´ ²Ó´Ò¥
± ³¥·Ò. „²Ö ¨¤¥´É¨Ë¨± Í¨¨ Î ¸É¨Í ¨¸¶µ²Ó§Ê¥É¸Ö ³´µ£µ± ´ ²Ó´Ò° £ §µ¢Ò°
Î¥·¥´±µ¢¸±¨° ¸Î¥ÉÎ¨±. ‚ ±µ´Í¥ Ê¸É ´µ¢±¨ · ¸¶µ²µ¦¥´ Ô²¥±É·µ³ £´¨É´Ò° ± -
²µ·¨³¥É· ¨ ¸¨¸É¥³  ·¥£¨¸É· Í¨¨ ³Õµ´µ¢.

3. Œ¨Ï¥´Ó ¤²Ö £¥´¥· Í¨¨ ³Õµ´µ¢ ¨  ¤·µ´´Ò° ¶µ£²µÉ¨É¥²Ó ¤²Ö ³Õµ´´ÒÌ
Ô±¸¶¥·¨³¥´Éµ¢.
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�  Ê¸É ´µ¢±¥ ‘”…�� ¡Ò² ¶µ²ÊÎ¥´ ·Ö¤ ´µ¢ÒÌ ·¥§Ê²ÓÉ Éµ¢ ´  ¸¨´Ì·µË -
§µÉ·µ´¥.

1. � ¡²Õ¤¥´µ ·µ¦¤¥´¨¥ ±Ê³Ê²ÖÉ¨¢´ÒÌ ³Õµ´´ÒÌ ¶ · ¨ ¢¶¥·¢Ò¥ µÍ¥´¥´µ
¸¥Î¥´¨¥ ÔÉµ£µ ¶·µÍ¥¸¸  [25].

2. ˆ¸¸²¥¤µ¢ ´µ ¶µ¢¥¤¥´¨¥ ¸¶¥±É·µ¢ ±Ê³Ê²ÖÉ¨¢´ÒÌ π−-³¥§µ´µ¢ ¢ § ¢¨-
¸¨³µ¸É¨ µÉ ³´µ¦¥¸É¢¥´´µ¸É¨ ¸µ¶·µ¢µ¦¤ ÕÐ¨Ì § ·Ö¦¥´´ÒÌ Î ¸É¨Í, µ¡· §ÊÕ-
Ð¨Ì¸Ö ¶·¨ ¢§ ¨³µ¤¥°¸É¢¨¨ ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¤¥°É·µ´µ¢ ¸ Ê£²¥·µ¤´µ° ³¨Ï¥´ÓÕ.
�± § ²µ¸Ó, ÎÉµ Ëµ·³  ¸¶¥±É·µ¢ ¶¨µ´µ¢ ¸² ¡µ § ¢¨¸¨É µÉ ³´µ¦¥¸É¢¥´´µ¸É¨ ¸µ-
¶·µ¢µ¦¤ ÕÐ¨Ì § ·Ö¦¥´´ÒÌ Î ¸É¨Í [26].

�¨¸. 5. ‘¥Î¥´¨¥ ·µ¦¤¥´¨Ö ±Ê³Ê²ÖÉ¨¢´ÒÌ
¶¨µ´µ¢ ± ± ËÊ´±Í¨Ö  Éµ³´µ£µ ´µ³¥· 
Ö¤· -³¨Ï¥´¨ At

3. ˆ§³¥·¥´Ò ¨´±²Õ§¨¢´Ò¥ ¸¶¥±-
É·Ò ¨ § ¢¨¸¨³µ¸É¨ ¸¥Î¥´¨Ö µÉ ´µ³¥-
·  Ö¤· -³¨Ï¥´¨ At ¤²Ö ·¥ ±Í¨¨
Ë· £³¥´É Í¨¨ Ê¸±µ·¥´´ÒÌ ¤¥°É·µ-
´µ¢ ¢ ±Ê³Ê²ÖÉ¨¢´Ò¥ π−-³¥§µ´Ò. �µ-
± § ´µ, ÎÉµ ÔÉ¨ ¸¶¥±É·Ò ¶µ¤µ¡´Ò ¤²Ö
¢¸¥Ì ¨¸¶µ²Ó§µ¢ ´´ÒÌ ³¨Ï¥´¥° (H, C,
Cu ¨ Pb). ‡ ¢¨¸¨³µ¸ÉÓ ¸¥Î¥´¨Ö µÉ
 Éµ³´µ£µ ´µ³¥·  Ö¤· -³¨Ï¥´¨ µ± -
§ ² ¸Ó ¶¥·¨Ë¥·¨Î¥¸±µ° ¤²Ö At ≥ 12
¨ ¡µ²¥¥ ±·ÊÉµ° ¢ · °µ´¥ ¢µ¤µ·µ¤-
´µ° ³¨Ï¥´¨ (·¨¸. 5). �É  § ¢¨¸¨-
³µ¸ÉÓ ¡Ò²  µ¶¨¸ ´  ¸ ÊÎ¥Éµ³ ¢§ ¨³µ-
¤¥°¸É¢¨Ö ·µ¦¤¥´´ÒÌ ¶¨µ´µ¢ ¸ ´Ê±²µ-
´ ³¨ ¢ Ö¤·¥-³¨Ï¥´¨. ‹ÊÎÏ¥¥ µ¶¨¸ -

´¨¥ ¤ ´´ÒÌ ¶µ²ÊÎ¥´µ ¢ ¶·¥¤¶µ²µ¦¥´¨¨, ÎÉµ ¤²¨´  Ëµ·³¨·µ¢ ´¨Ö ¶¨µ´  · ¢´ 
lπ = (3 ± 1) Ë³ [27].

�·µ£· ³³  ¨¸¸²¥¤µ¢ ´¨° ´  Ê¸É ´µ¢±¥ ‘”…�� ´  ´Ê±²µÉ·µ´¥ ¢±²ÕÎ ¥É
¸²¥¤ÊÕÐ¨¥ § ¤ Î¨.

1. ˆ§ÊÎ¥´¨¥ ³´µ¦¥¸É¢¥´´µ£µ ·µ¦¤¥´¨Ö ±Ê³Ê²ÖÉ¨¢´ÒÌ Î ¸É¨Í ¢ 4π-£¥µ-
³¥É·¨¨, ¶·¨ ÔÉµ³ µ¸µ¡µ¥ ¢´¨³ ´¨¥ ¡Ê¤¥É Ê¤¥²¥´µ:

• ·µ¦¤¥´¨Õ ¢¥±Éµ·´ÒÌ ³¥§µ´µ¢ ¢ ±Ê³Ê²ÖÉ¨¢´µ° µ¡² ¸É¨,
• ±¢ ·±µ¢Ò³ Ô±§µÉ¨Î¥¸±¨³ ¸µ¸ÉµÖ´¨Ö³,
• ¤¨´ ³¨Î¥¸±¨³ ±µ··¥²ÖÍ¨Ö³ ¢Éµ·¨Î´ÒÌ Î ¸É¨Í.
2. ˆ¸¸²¥¤µ¢ ´¨¥ Ö¤¥·´ÒÌ ¢µ§¡Ê¦¤¥´¨° ¢ § ·Ö¤µ¢µ-µ¡³¥´´ÒÌ ·¥ ±Í¨ÖÌ

(¸µ¢³¥¸É´µ ¸ ±µ²² ¡µ· Í¨¥° ƒˆ�‘).
3. ˆ¸¸²¥¤µ¢ ´¨¥ £¨¶¥·Ö¤¥· (¸µ¢³¥¸É´µ ¸ ±µ²² ¡µ· Í¨¥° ƒˆ�‘):
• ¨§³¥·¥´¨¥ ¢·¥³¥´¨ ¦¨§´¨ £¨¶¥·Ö¤¥· 3HΛ, 4HΛ, 6HeΛ,
• ¨§³¥·¥´¨¥ Ô´¥·£¨¨ ¸¢Ö§¨ £¨¶¥·Ö¤¥· 3HΛ ¨ 6HeΛ ¨ ¨§ÊÎ¥´¨¥ ¨Ì ±Ê²µ-

´µ¢¸±µ° ¤¨¸¸µÍ¨ Í¨¨.
4. ˆ¸¸²¥¤µ¢ ´¨¥ µ¡· §µ¢ ´¨Ö η-Ö¤¥·.
5. ˆ¸¸²¥¤µ¢ ´¨¥ É¥´§µ·´µ°  ´ ²¨§¨·ÊÕÐ¥° ¸¶µ¸µ¡´µ¸É¨ ¤²Ö ·µ¦¤¥´¨Ö

±Ê³Ê²ÖÉ¨¢´ÒÌ  ¤·µ´µ¢ (¸³. ¶. 4.2.2).
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�·µ¥±É ƒˆ�‘. “¸É ´µ¢±  ƒˆ�‘ Ö¢²Ö¥É¸Ö ³ £´¨É´Ò³ ¸¶¥±É·µ³¥É·µ³ ´ 
µ¸´µ¢¥ ¸É·¨³¥·´µ° ± ³¥·Ò ¸ · §³¥· ³¨ 1,9×0,8×0,6 ³.

‚ ±µ²² ¡µ· Í¨Õ ƒˆ�‘ ´ ·Ö¤Ê ¸ ÊÎ¥´Ò³¨ ¨§ �ˆŸˆ ¢Ìµ¤ÖÉ Ë¨§¨±¨ ¨§
�µ²£ ·¨¨ (ˆ´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨° ¨ Ö¤¥·´µ° Ô´¥·£¥É¨±¨), Š § Ì-
¸É ´  (”¨§¨±µ-É¥Ì´¨Î¥¸±¨° ¨´¸É¨ÉÊÉ), �µ²ÓÏ¨ (� ¤¨µÉ¥Ì´¨Î¥¸±¨° ¨´¸É¨ÉÊÉ,
‚ ·Ï ¢ ; “´¨¢¥·¸¨É¥É, ‹µ¤§Ó), �µ¸¸¨¨ (”ˆ��, ‘ ´±É-�¥É¥·¡Ê·£¸±¨° £µ¸Ê-
¤ ·¸É¢¥´´Ò° Ê´¨¢¥·¸¨É¥É), “±· ¨´Ò (ˆ´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨°).

�¨¸. 6. Šµ··¥²ÖÍ¨Ö ¡Ò¸É·µÉ Ô²¥-
³¥´Éµ¢ µ¡Ñ¥³  Y¨¸É, ¨§²ÊÎ ÕÐ¥£µ
¶¨µ´Ò, ¨ ¡Ò¸É·µÉ ¶¨µ´´ÒÌ ¶ · Yππ

¢ ¶·µ¤µ²Ó´µ³ (¸¢¥É²Ò¥ ±·Ê¦±¨) ¨
¶µ¶¥·¥Î´µ³ (Î¥·´Ò¥ ±·Ê¦±¨) ´ -
¶· ¢²¥´¨¨ µÉ´µ¸¨É¥²Ó´µ µ¸¨ ·¥ ±-
Í¨¨ ¢ ¸¨¸É¥³¥ ¶µ±µÖ MgÄMg

�  ¸¨´Ì·µË §µÉ·µ´¥ ±µ²² ¡µ· Í¨¥°
ƒˆ�‘ ¡Ò²¨ ¶µ²ÊÎ¥´Ò ´µ¢Ò¥ ¢ ¦´Ò¥ ·¥-
§Ê²ÓÉ ÉÒ. �¤¨´ ¨§ ´¨Ì Å ÔÉµ ´ -
¡²Õ¤¥´¨¥ · ¸Ï¨·¥´¨Ö µ¡Ñ¥³ , ¨§ ±µÉµ-
·µ£µ ¨§²ÊÎ ÕÉ¸Ö Ê§±¨¥ ¶¨µ´´Ò¥ ¶ ·Ò
¢ MgÄMg-¢§ ¨³µ¤¥°¸É¢¨ÖÌ. �·µË¥¸¸µ·
Œ. ˆ. �µ¤£µ·¥Í±¨° ¶·¥¤²µ¦¨² ³¥Éµ¤ ¨§³¥-
·¥´¨Ö ¸±µ·µ¸É¨ (¨ · §³¥·µ¢) ¨¸ÉµÎ´¨±  ¨´-
É¥·Ë¥·¥´Í¨µ´´Ò³ ³¥Éµ¤µ³. �ÉµÉ ³¥Éµ¤ ¶µ-
§¢µ²Ö¥É ¶µ²ÊÎ¨ÉÓ ¶·Ö³µ¥ Ô±¸¶¥·¨³¥´É ²Ó-
´µ¥ ¤µ± § É¥²Ó¸É¢µ ´¥¸É Í¨µ´ ·´µ¸É¨ µ¡Ñ-
¥³  £¥´¥· Í¨¨ ¶¨µ´µ¢. �Éµ ¤µ± § É¥²Ó-
¸É¢µ ¡Ò²µ ¢¶¥·¢Ò¥ ¶µ²ÊÎ¥´µ ´  Ê¸É ´µ¢±¥
ƒˆ�‘ ¢ ‹‚� ¤²Ö Í¥´É· ²Ó´ÒÌ MgÄMg-
¢§ ¨³µ¤¥°¸É¢¨° ¶·¨ ¨³¶Ê²Ó¸¥ 4,4 ƒÔ‚/¸
[28]. ˆ§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¢¨¤´µ,
ÎÉµ ¶¨µ´Ò ¨§ · §²¨Î´ÒÌ µ¡² ¸É¥° ±¨´¥-
³ É¨Î¥¸±µ£µ ¸¶¥±É·  ¨¸¶Ê¸± ÕÉ¸Ö · §²¨Î-
´Ò³¨ Ô²¥³¥´É ³¨ ¨¸ÉµÎ´¨± , ¤¢¨¦ÊÐ¨³¨¸Ö
µÉ´µ¸¨É¥²Ó´µ ¤·Ê£ ¤·Ê£  (·¨¸. 6).

�  Ê¸É ´µ¢±¥ ƒˆ�‘ ¡Ò²¨ É ±¦¥ ¢Ò-
¶µ²´¥´Ò ¨¸¸²¥¤µ¢ ´¨Ö ¶¨µ´´ÒÌ ¸¶¥±É·µ¢ ¢
§ ·Ö¤µ¢µ-µ¡³¥´´µ° ·¥ ±Í¨¨ (t, 3He) ´  ³¨-
Ï¥´ÖÌ ¨§ Ê£²¥·µ¤  ¨ ³ £´¨Ö ¸ ¨¸¶µ²Ó§µ¢ -
´¨¥³ ¢Éµ·¨Î´µ£µ É·¨É¨¥¢µ£µ ¶ÊÎ±  ¸¨´Ì·µË §µÉ·µ´  ¸ ¨³¶Ê²Ó¸ ³¨ µÉ 2,2 ¤µ
3,0 ƒÔ‚/¸ ´  ´Ê±²µ´ [28]. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¸¶¥±É·Ò ¶·µ¤µ²Ó´ÒÌ ¨³¶Ê²Ó¸µ¢
¶¨µ´µ¢ ¸· ¢´¨¢ ²¨¸Ó ¸ · ¸Î¥É´Ò³¨ ¸¶¥±É· ³¨ ¤²Ö ¸µ¡ÒÉ¨° ¸ µ¤´¨³ ¢Éµ·¨Î-
´Ò³ ¶¨µ´µ³. ˆ§ ÔÉµ£µ ¸· ¢´¥´¨Ö ¸²¥¤Ê¥É, ÎÉµ ±¢ §¨¸¢µ¡µ¤´µ¥ ¢µ§¡Ê¦¤¥´¨¥
¤¥²ÓÉ -³¨´Ê¸-·¥§µ´ ´¸  ¢ Ö¤·¥-³¨Ï¥´¨ µ¡ÑÖ¸´Ö¥É Éµ²Ó±µ 60Ä70 % ¸µ¡ÒÉ¨°.
ˆ³¶Ê²Ó¸ ¶¨µ´µ¢ ¢ µ¸É ¢Ï¥°¸Ö ¤µ²¥ É ±¨Ì ¸µ¡ÒÉ¨° §´ Î¨É¥²Ó´µ ¢ÒÏ¥, Î¥³
¨³¶Ê²Ó¸ ·µ¦¤¥´´ÒÌ ¶¨µ´µ¢ ¶·¨ ¢µ§¡Ê¦¤¥´¨¨ ¤¥²ÓÉ -·¥§µ´ ´¸ . �Ò² ¶·µ ´ -
²¨§¨·µ¢ ´ ¢µ§³µ¦´Ò° ¢±² ¤ µÉ ¤·Ê£¨Ì ¶·µÍ¥¸¸µ¢. „ ´´Ò¥ Ê± §Ò¢ ÕÉ ´  §´ -
Î¨É¥²Ó´ÊÕ ·µ²Ó ±µ£¥·¥´É´µ£µ ¶¨µ´´µ£µ ·µ¦¤¥´¨Ö Î¥·¥§ N (1440) ¨²¨ N (1520)
(¨²¨ ¨Ì ¸µ¢³¥¸É´Ò° ¢±² ¤) ¢ Ö¤·¥-³¨Ï¥´¨, ¢ Éµ ¢·¥³Ö ± ± Î ¸ÉÓ ¶¨µ´´µ£µ
¸¶¥±É·  ³µ¦¥É ¡ÒÉÓ µ¡ÑÖ¸´¥´  ¢µ§¡Ê¦¤¥´¨¥³ ¢ ´ ²¥É ÕÐ¥³ Ö¤·¥.
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�·¥¤²µ¦¥´µ Ê¸µ¢¥·Ï¥´¸É¢µ¢ ÉÓ ¸¶¥±É·µ³¥É· ƒˆ�‘ ¤²Ö ¤ ²Ó´¥°Ï¨Ì Ô±¸-
¶¥·¨³¥´Éµ¢ ´  ´Ê±²µÉ·µ´¥. ‘¶¥±É·µ³¥É· µ¡µ·Ê¤µ¢ ´ ´µ¢µ° ¡¥¸Ë¨²Ó³µ¢µ°
¸¨¸É¥³µ° ·¥£¨¸É· Í¨¨ ¨´Ëµ·³ Í¨¨ ¸µ ¸É·¨³¥·´µ° ± ³¥·Ò,   É ±¦¥ ¶·µ¶µ·-
Í¨µ´ ²Ó´Ò³¨ ± ³¥· ³¨ ¤²Ö ¨§³¥·¥´¨Ö ¨³¶Ê²Ó¸µ¢ 3He. ‘É·¨³¥·´ Ö ± ³¥· 
¡Ê¤¥É ¨¸¶µ²Ó§µ¢ ÉÓ¸Ö ¢ ± Î¥¸É¢¥ ¢¥·Ï¨´´µ£µ ¤¥É¥±Éµ·  [30].

�  Ê¸É ´µ¢±¥ ƒˆ�‘ ´  ¶ÊÎ± Ì ¸¨´Ì·µË §µÉ·µ´  ¨¸¸²¥¤µ¢ ²¨¸Ó ·µ¦¤¥-
´¨¥ ¨ · ¸¶ ¤Ò £¨¶¥·Ö¤¥· [31]. �Ò²  · §· ¡µÉ ´  µ·¨£¨´ ²Ó´ Ö ³¥Éµ¤¨± 
¢Ò¤¥²¥´¨Ö ·¥¤±¨Ì ¸µ¡ÒÉ¨° µ¡· §µ¢ ´¨Ö ·¥²ÖÉ¨¢¨¸É¸±¨Ì £¨¶¥·Ö¤¥·. ‚ ¸¥·¨¨
Ô±¸¶¥·¨³¥´Éµ¢ ¢¶¥·¢Ò¥ ¸ ´ ¤¥¦´µ° ¨¤¥´É¨Ë¨± Í¨¥° ¡Ò²¨ § ·¥£¨¸É·¨·µ¢ ´Ò
·¥²ÖÉ¨¢¨¸É¸±¨¥ £¨¶¥·Ö¤·  ¢µ¤µ·µ¤  (3HΛ ¨ 4HΛ), ¨§³¥·¥´Ò ¸¥Î¥´¨Ö ¨Ì µ¡· -
§µ¢ ´¨Ö ¶·¨ ¤¢ÊÌ Ô´¥·£¨ÖÌ ¨ ¸ ´ ¨²ÊÎÏ¥° ´  ³µ³¥´É ¶Ê¡²¨± Í¨¨ ·¥§Ê²ÓÉ Éµ¢
ÉµÎ´µ¸ÉÓÕ µ¶·¥¤¥²¥´Ò ¨Ì ¢·¥³¥´  ¦¨§´¨. �·¨´Í¨¶¨ ²Ó´µ° µ¸µ¡¥´´µ¸ÉÓÕ
¨¸¶µ²Ó§µ¢ ´´µ£µ ³¥Éµ¤  Ö¢¨²µ¸Ó Éµ µ¡¸ÉµÖÉ¥²Ó¸É¢µ, ÎÉµ ¨¸¸²¥¤µ¢ ´¨Ö ¶·µ¢µ-
¤¨²¨¸Ó ¸ ·¥²ÖÉ¨¢¨¸É¸±¨³¨ £¨¶¥·Ö¤· ³¨, µ¡· §ÊÕÐ¨³¨¸Ö ¶·¨ ¢§ ¨³µ¤¥°¸É¢¨¨
·¥²ÖÉ¨¢¨¸É¸±¨Ì ¨µ´µ¢ ¸ Ö¤· ³¨-³¨Ï¥´Ö³¨ ¨ ¨³¥ÕÐ¨³¨ ¶·µ¡¥£¨ ¤µ · ¸¶ ¤ 
¤¥¸ÖÉ±¨ ¸ ´É¨³¥É·µ¢. ’ ±µ° ³¥Éµ¤ µÉ±·Ò¢ ¥É ¶·¨´Í¨¶¨ ²Ó´µ ´µ¢Ò¥ ¢µ§³µ¦-
´µ¸É¨ ¢ ¨¸¸²¥¤µ¢ ´¨ÖÌ ¶µ Ë¨§¨±¥ £¨¶¥·Ö¤¥·. Š²ÕÎ¥¢Ò³ ³µ³¥´Éµ³ ¶·¨ ¶µ-
¸É ´µ¢±¥ Ô±¸¶¥·¨³¥´É  µ± § ²µ¸Ó ¸µ§¤ ´¨¥ ¢Ò¸µ±µÔËË¥±É¨¢´µ° É·¨££¥·´µ°
¸¨¸É¥³Ò ¡Ò¸É·µ£µ µÉ¡µ·  ¸µ¡ÒÉ¨° ¸ ¢Ò¸µ±¨³ ±µÔËË¨Í¨¥´Éµ³ ¶µ¤ ¢²¥´¨Ö
Ëµ´µ¢ÒÌ ¸µ¡ÒÉ¨°, ¨³¨É¨·ÊÕÐ¨Ì ·¥ ±Í¨Õ µ¡· §µ¢ ´¨Ö ¨ · ¸¶ ¤  £¨¶¥·Ö¤¥·.

�µ  ´ ²µ£¨¨ ¸ § ¤ Î¥° µ¡ ¨µ´¨§ Í¨¨  Éµ³µ¢ ¶·¨ ¶·µÌµ¦¤¥´¨¨ ·¥²ÖÉ¨-
¢¨¸É¸±¨Ì Î ¸É¨Í Î¥·¥§ ¢¥Ð¥¸É¢µ ¶·µ¢¥¤¥´µ É¥µ·¥É¨Î¥¸±µ¥ ¨¸¸²¥¤µ¢ ´¨¥ § ¢¨-
¸¨³µ¸É¨ ÔËË¥±É¨¢´µ£µ ¸¥Î¥´¨Ö ±Ê²µ´µ¢¸±µ° ¤¨¸¸µÍ¨ Í¨¨ Ö¤¥· ¨ £¨¶¥·Ö¤¥·
µÉ ¨Ì Ô´¥·£¨¨ ¨ ¢´ÊÉ·¥´´¥° ¸É·Ê±ÉÊ·Ò [32]. �Ò²µ ¶µ± § ´µ, ÎÉµ ¤²Ö ¸² ¡µ¸¢Ö-
§ ´´ÒÌ Ö¤¥· ¨ £¨¶¥·Ö¤¥· ¸¥Î¥´¨¥ ±Ê²µ´µ¢¸±µ° ¤¨¸¸µÍ¨ Í¨¨ ¶·¨¡²¨§¨É¥²Ó´µ
µ¡· É´µ ¶·µ¶µ·Í¨µ´ ²Ó´µ Ô´¥·£¨¨ ¸¢Ö§¨. ’ ±¨³ µ¡· §µ³, ¨§ÊÎ¥´¨¥ ¶·µÍ¥¸¸ 
· ¸Ð¥¶²¥´¨Ö ·¥²ÖÉ¨¢¨¸É¸±µ£µ £¨¶¥·Ö¤·  3HΛ ¢ ±Ê²µ´µ¢¸±µ³ ¶µ²¥ ÉÖ¦¥²ÒÌ
Ö¤¥·-³¨Ï¥´¥° ³µ¦¥É ¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´µ ¤²Ö Ô±¸¶¥·¨³¥´É ²Ó´µ£µ µ¶·¥¤¥²¥-
´¨Ö Ô´¥·£¨¨ ¸¢Ö§¨ Λ-Î ¸É¨Í ¢ £¨¶¥·Ö¤·¥.

�±¸¶¥·¨³¥´ÉÒ ´  ¸¨´Ì·µË §µÉ·µ´¥ ¶µ ¨§ÊÎ¥´¨Õ £¨¶¥·Ö¤¥· ¡Ò²¨ ¶·¨-
µ¸É ´µ¢²¥´Ò ¨§-§  ´¨§±µ° ¸±µ·µ¸É¨ ´ ¡µ·  ¤ ´´ÒÌ. �ÊÎ±¨ ´µ¢µ£µ Ê¸±µ·¨-
É¥²Ö Å ´Ê±²µÉ·µ´  ¶µ§¢µ²ÖÕÉ Ê¢¥²¨Î¨ÉÓ ¸±µ·µ¸ÉÓ ´ ¡µ·  ¤ ´´ÒÌ ¢ 10 ¨²¨
¡µ²¥¥ · §. „µ¶µ²´¨É¥²Ó´µ¥ Ê²ÊÎÏ¥´¨¥ ´  Ë ±Éµ· 10 ¡Ê¤¥É ¶µ²ÊÎ¥´µ ¸ ¨¸¶µ²Ó-
§µ¢ ´¨¥³ ¶·µ¶µ·Í¨µ´ ²Ó´ÒÌ ± ³¥· ¢³¥¸Éµ ¸É·¨³¥·´µ° ± ³¥·Ò. �µÔÉµ³Ê ´ 
´Ê±²µÉ·µ´¥ ¢·¥³Ö ¦¨§´¨ £¨¶¥·Ö¤¥· ³µ¦¥É ¡ÒÉÓ ¨§³¥·¥´µ ¸ ÉµÎ´µ¸ÉÓÕ 3Ä5 ¶¸,
ÎÉµ §´ Î¨É¥²Ó´µ Ê²ÊÎÏ¨É ·¥§Ê²ÓÉ ÉÒ ¶·¥¤Ò¤ÊÐ¨Ì Ô±¸¶¥·¨³¥´Éµ¢. ‚ ¶·¥¤² £ -
¥³µ³ Ô±¸¶¥·¨³¥´É¥ ¡Ê¤ÊÉ µ¡· §µ¢Ò¢ ÉÓ¸Ö £¨¶¥·Ö¤·  ¸ ¨³¶Ê²Ó¸µ³ ¢ ´¥¸±µ²Ó±µ
ƒÔ‚/¸ [33]. �Éµ µ§´ Î ¥É, ÎÉµ £¨¶¥·Ö¤·  ¡Ê¤ÊÉ · ¸¶ ¤ ÉÓ¸Ö ´  · ¸¸ÉµÖ´¨ÖÌ
20Ä30 ¸³ µÉ ÉµÎ±¨ ·µ¦¤¥´¨Ö. ’ ±¨³ µ¡· §µ³, ³µ¦´µ ¨¸¸²¥¤µ¢ ÉÓ ¢§ ¨³µ¤¥°-
¸É¢¨Ö £¨¶¥·Ö¤¥· ¸ · §²¨Î´Ò³¨ ¶µ£²µÉ¨É¥²Ö³¨. ‚ ¸²ÊÎ ¥ £¨¶¥·É·¨Éµ´  ÔÉµÉ
³¥Éµ¤ ¶µ§¢µ²¨É µÍ¥´¨ÉÓ Ô´¥·£¨Õ ¸¢Ö§¨ Λ-Î ¸É¨ÍÒ.
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�·µ¥±É ”�‡�. –¥²ÓÕ ¶·µ¥±É  Ö¢²Ö¥É¸Ö ¨¸¸²¥¤µ¢ ´¨¥ ³¥Ì ´¨§³  Ö¤¥·´µ°
³Ê²ÓÉ¨Ë· £³¥´É Í¨¨, ±µÉµ· Ö ¨³¥¥É ³¥¸Éµ ¢ Ö¤·µ-Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨ÖÌ
¶·¨ ¶·µ³¥¦ÊÉµÎ´ÒÌ ¨ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ.

‚ · ¡µÉ¥ ÊÎ ¸É¢ÊÕÉ ÊÎ¥´Ò¥ ¨§ �ˆŸˆ, ƒ¥·³ ´¨¨ (ˆ´¸É¨ÉÊÉ Ö¤¥·´µ° Ë¨-
§¨±¨ ¨ ’¥Ì´¨Î¥¸±¨° Ê´¨¢¥·¸¨É¥É, „ ·³ÏÉ ¤É), �µ²ÓÏ¨ (ˆ´¸É¨ÉÊÉ Ö¤¥·´µ°
Ë¨§¨±¨), �µ¸¸¨¨ (��– ®ŠÊ·Î Éµ¢¸±¨° ¨´¸É¨ÉÊÉ¯, ˆŸˆ), ‘˜� (“´¨¢¥·¸¨É¥É,
ˆµ¢ ).

�  4π-¸¶¥±É·µ³¥É·¥ ”�‡� ´  ¸¨´Ì·µË §µÉ·µ´¥ ¡Ò² ¢Ò¶µ²´¥´ ·Ö¤ Ô±¸-
¶¥·¨³¥´Éµ¢ ¸ ¶ÊÎ± ³¨ ¶·µÉµ´µ¢ ¸ Ô´¥·£¨¥° 2Ä8 ƒÔ‚,  ²ÓË -Î ¸É¨Í ¸ Ô´¥·-
£¨¥° 14,6 ƒÔ‚ ¨ Ê£²¥·µ¤  ¸ Ô´¥·£¨¥° 22,4 ƒÔ‚, ±µÉµ·Ò¥ ¢§ ¨³µ¤¥°¸É¢µ¢ ²¨ ¸
³¨Ï¥´ÓÕ ¨§ §µ²µÉ . �¤¨´ ¨§ £² ¢´ÒÌ ·¥§Ê²ÓÉ Éµ¢, ¶µ²ÊÎ¥´´ÒÌ ¢ ÔÉ¨Ì Ô±¸¶¥-
·¨³¥´É Ì, ¸µ¸Éµ¨É ¢ ¸²¥¤ÊÕÐ¥³. ˆ§ Ô´¥·£¥É¨Î¥¸±¨Ì ¸¶¥±É·µ¢ Ë· £³¥´Éµ¢ ¨
±µ··¥²ÖÍ¨¨ µÉ´µ¸¨É¥²Ó´ÒÌ ¸±µ·µ¸É¥° ´ °¤¥´µ, ÎÉµ Ë· £³¥´ÉÒ ¨¸¶Ê¸± ÕÉ¸Ö
¨§ · ¸Ï¨·ÖÕÐ¥£µ¸Ö Ö¤· , ¶²µÉ´µ¸ÉÓ ±µÉµ·µ£µ ¶·¨ ÔÉµ³ ¸µ¸É ¢²Ö¥É ¶·¨³¥·´µ
1/3 ´µ·³ ²Ó´µ° Ö¤¥·´µ° ¶²µÉ´µ¸É¨ [34]. �ÉµÉ ÔËË¥±É ³µ¦´µ ¨´É¥·¶·¥É¨·µ-
¢ ÉÓ ± ± ´ ¡²Õ¤¥´¨¥ Ë §µ¢µ£µ ¶¥·¥Ìµ¤  ¢ Ö¤¥·´µ° ³ É¥·¨¨ É¨¶  £ §Ä¦¨¤±µ¸ÉÓ
(·¨¸. 7).

„²Ö ¶·µ¢¥¤¥´¨Ö ¨§³¥·¥´¨° ´  ´Ê±²µÉ·µ´¥ Ê¸É ´µ¢±  ”�‡� ¤µ¶µ²´¥´  ¤¥-
É¥±Éµ·µ³ ²¥£±¨Ì § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¢ ¶¥·¥¤´¥³ ´ ¶· ¢²¥´¨¨, ±µÉµ·Ò° ¤ ¸É
¢µ§³µ¦´µ¸ÉÓ µÉ¡¨· ÉÓ ¸µ¡ÒÉ¨Ö ¶µ ¶·¨Í¥²Ó´µ³Ê ¶ · ³¥É·Ê. Š·µ³¥ ÔÉµ£µ ¶µ¤-

�¨¸. 7. � ¸¶·¥¤¥²¥´¨¥ µÉ´µ¸¨É¥²Ó´ÒÌ ¸±µ·µ¸É¥° ¸µ¢¶ ¤ ÕÐ¨Ì Ë· £³¥´Éµ¢ ¢ α + Au-
¢§ ¨³µ¤¥°¸É¢¨ÖÌ, ¨§³¥·¥´´µ¥ ¶·¨ Ê£² Ì ±µ··¥²ÖÍ¨¨ 150◦÷180◦. ‚¥·É¨± ²Ó´ Ö ²¨´¨Ö
¶µ± §Ò¢ ¥É µ¦¨¤ ¥³µ¥ ¶µ²µ¦¥´¨¥ ³ ±¸¨³Ê³  ¤²Ö ¨¸¶Ê¸± ´¨Ö Ë· £³¥´Éµ¢ ¸ Ö¤¥·´µ°
¶µ¢¥·Ì´µ¸É¨. �±¸¶¥·¨³¥´É ²Ó´µ¥ · ¸¶·¥¤¥²¥´¨¥ ¸³¥Ð¥´µ ¢ ¸Éµ·µ´Ê ³¥´ÓÏ¨Ì ¸±µ·µ-
¸É¥°, ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì µ¡Ñ¥³´µ³Ê · ¸¶·¥¤¥²¥´¨Õ ¤²Ö · ¸Ï¨·ÖÕÐ¥°¸Ö ¸¨¸É¥³Ò
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£µÉµ¢²¥´  ´µ¢ Ö ¤¥É¥±É¨·ÊÕÐ Ö ¸¨¸É¥³  ´  µ¸´µ¢¥ 25 (∆E − E)-¸Î¥ÉÎ¨±µ¢,
±µÉµ· Ö ¶µ§¢µ²¨É ²ÊÎÏ¥ ¨§³¥·ÖÉÓ Ê£²µ¢Ò¥ ±µ··¥²ÖÍ¨¨ Ë· £³¥´Éµ¢. �É  ¸¨-
¸É¥³  ¡Ê¤¥É ¨¸¶µ²Ó§µ¢ ´  ¢ É·¨££¥·¥ Ê¸É ´µ¢±¨. �·¨ ÔÉµ³ ÔËË¥±É¨¢´µ¸ÉÓ
É·¨££¥·  ¡Ê¤¥É ¶µ¢ÒÏ¥´  ¢ 6 · §.

�·µ£· ³³  ¨¸¸²¥¤µ¢ ´¨° ±µ²² ¡µ· Í¨¨ ”�‡� ´  ´Ê±²µÉ·µ´¥ ´ ¶· ¢²¥´ 
´  ¤ ²Ó´¥°Ï¥¥ ¨¸¸²¥¤µ¢ ´¨¥ ³¥Ì ´¨§³  ¨¸¶Ê¸± ´¨Ö Ë· £³¥´Éµ¢ ¢ ´¥¸¨³³¥-
É·¨Î´ÒÌ Ö¤·µ-Ö¤¥·´ÒÌ ¸Éµ²±´µ¢¥´¨ÖÌ. � ¨¡µ²¥¥ ¢ ¦´Ò¥ µ¦¨¤ ¥³Ò¥ ·¥§Ê²Ó-
É ÉÒ:

• ´µ¢Ò¥ ¤ ´´Ò¥ ¶µ § ¢¨¸¨³µ¸É¨ ¢·¥³¥´¨ · ¸¶ ¤  ¸¨¸É¥³Ò µÉ Ô´¥·£¨¨
¢µ§¡Ê¦¤¥´¨Ö ¨ ³ ¸¸Ò ´ ²¥É ÕÐ¥£µ Ö¤· ,

• ¤ ´´Ò¥ ¶µ Ô¢µ²ÕÍ¨¨ ³¥Ì ´¨§³  · ¸¶ ¤  µÉ Î¨¸Éµ É¥·³ ²Ó´µ° ³Ê²ÓÉ¨-
Ë· £³¥´É Í¨¨ ± ¡µ²¥¥ ¸²µ¦´µ° ¸ ·µ¸Éµ³ ³ ¸¸Ò ´ ²¥É ÕÐ¥£µ Ö¤· .

�·µ¥±É Œ��“‘Ÿ. �ÉµÉ ¶·µ¥±É ¨³¥¥É Í¥²ÓÕ ¨¸¸²¥¤µ¢ ´¨¥ ¶¥·¥Ìµ¤´µ£µ
·¥¦¨³  (¶¥·¥Ìµ¤ µÉ ´Ê±²µ´´ÒÌ ± ±¢ ·±-£²Õµ´´Ò³ ¸É¥¶¥´Ö³ ¸¢µ¡µ¤Ò ¢ Ö¤· Ì)
¢ ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ö¤¥·´ÒÌ ¸Éµ²±´µ¢¥´¨ÖÌ.

�¸´µ¢´Ò³¨ ÊÎ ¸É´¨± ³¨ ¶·µ¥±É  Ö¢²ÖÕÉ¸Ö �ˆŸˆ, ˆ´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸-
¸²¥¤µ¢ ´¨° (“±· ¨´ ) ¨ ˆ´¸É¨ÉÊÉ Ö¤¥·´µ° Ë¨§¨±¨ (—¥Ï¸± Ö �¥¸¶Ê¡²¨± ).

“¸É ´µ¢±  ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¶µ²´µ¸ÉÓÕ £µÉµ¢  ± · ¡µÉ¥ ´  ¢Ò¢¥¤¥´´µ³
¶ÊÎ±¥ ´Ê±²µÉ·µ´  (·¨¸. 8).

�¤´¨³ ¨§ ¶¥·¸¶¥±É¨¢´ÒÌ ´ ¶· ¢²¥´¨° ¨¸¸²¥¤µ¢ ´¨° ¶·¨·µ¤Ò ±µ´Ë °´-
³¥´É , ¶·µ¨¸Ìµ¦¤¥´¨Ö ¸¶¨´  ´Ê±²µ´ , ¸É·Ê±ÉÊ·Ò ¢ ±ÊÊ³  ¢ Š•„ Ö¢²Ö¥É¸Ö
¨§ÊÎ¥´¨¥ Ö¢²¥´¨° ¢ ¶¥·¥Ìµ¤´µ° µ¡² ¸É¨ Ô´¥·£¨° (3Ä4 ƒÔ‚ ´  ´Ê±²µ´).

�¨¸. 8. ‘Ì¥³  Ê¸É ´µ¢±¨ Œ��“‘Ÿ: Œ1, Œ2 Å ¸¨¸É¥³  ³µ´¨Éµ·¨·µ¢ ´¨Ö ¶ÊÎ± ; K100,
ML17 Å ³ £´¨É´Ò¥ ²¨´§Ò; SP57, SP40 Å ¤¨¶µ²Ó´Ò¥ ³ £´¨ÉÒ; ‚ Å ¸¨¸É¥³  µ±·Ê-
¦¥´¨Ö ³¨Ï¥´¨; P‘ Å ¶·µ¶µ·Í¨µ´ ²Ó´Ò¥ ± ³¥·Ò; G Å ¸Í¨´É¨²²ÖÍ¨µ´´Ò° £µ¤µ¸±µ¶;
DM Å ¤¥É¥±Éµ· ³´µ¦¥¸É¢¥´´µ¸É¨; ZDC Å  ¤·µ´´Ò° ± ²µ·¨³¥É·
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�¸¨³¶ÉµÉ¨Î¥¸±¨° Ì · ±É¥· ¶µ¢¥¤¥´¨Ö ¸¥Î¥´¨° µ¡· §µ¢ ´¨Ö ±Ê³Ê²ÖÉ¨¢-
´ÒÌ Î ¸É¨Í,  ´µ³ ²Ó´µ ¡µ²ÓÏµ° ¢ÒÌµ¤ ¸É· ´´ÒÌ Î ¸É¨Í ¨  ´É¨¶·µÉµ´µ¢,
Ê¸¨²¥´´Ò¥ A-§ ¢¨¸¨³µ¸É¨ ´ ¡²Õ¤ ²¨¸Ó ¢ Ï¨·µ±µ³ ¤¨ ¶ §µ´¥ Ô´¥·£¨° µÉ 1
¤µ 200 ƒÔ‚ ´  ´Ê±²µ´ ´  ¸¨´Ì·µË §µÉ·µ´¥ �ˆŸˆ, ®Bevalak¯ (�¥·±²¨), Ê¸±µ-
·¨É¥²¥ ˆ’�” (Œµ¸±¢ ), AGS (�·Ê±Ì¥°¢¥´), SPS (–…��) ¨ ¤·.

‚ ¶·µ¥±É¥ ¶·¥¤² £ ¥É¸Ö ¶·µ¢µ¤¨ÉÓ ¨¸¸²¥¤µ¢ ´¨Ö ·¥¤±¨Ì ¶µ¤¶µ·µ£µ¢ÒÌ ¨
±Ê³Ê²ÖÉ¨¢´ÒÌ ¶·µÍ¥¸¸µ¢, ¢ Éµ³ Î¨¸²¥ ¤²Ö ¶µ²Ö·¨§µ¢ ´´ÒÌ ¸É ²±¨¢ ÕÐ¨Ì¸Ö
µ¡Ñ¥±Éµ¢, ¨ · §¤¥²ÖÉÓ ¸µ¡ÒÉ¨Ö ¶µ ¸É¥¶¥´¨ Í¥´É· ²Ó´µ¸É¨ ´  µ¸´µ¢¥ ¨§³¥·¥´¨Ö
³´µ¦¥¸É¢¥´´µ¸É¨ ¢Éµ·¨Î´ÒÌ Î ¸É¨Í.

�² ´¨·Ê¥É¸Ö ¨§ÊÎ¥´¨¥ ¢ÒÌµ¤   ´É¨¶·µÉµ´µ¢ ¨ µÉ·¨Í É¥²Ó´ÒÌ ± µ´µ¢, ¨´-
É¥·¥¸ ± ±µÉµ·Ò³ ¢Ò§¢ ´ ¨Ì µ¡· §µ¢ ´¨¥³ ¨§ ®³µ·¸±¨Ì¯ ±¢ ·±µ¢.

�µ¦¤¥´¨¥  ´É¨¶·µÉµ´µ¢ ¨  ´É¨¤¥°É·µ´µ¢ ¨§ÊÎ ²µ¸Ó ´  Ê¸±µ·¨É¥²¥ AGS
¶·¨ Ô´¥·£¨¨ 13,6 ƒÔ‚ ´  ´Ê±²µ´ ¨ ´  SPS ¶·¨ 158 ƒÔ‚ ´  ´Ê±²µ´. �·¨ µÉ¡µ·¥
¸µ¡ÒÉ¨° ¶µ ¸É¥¶¥´¨ Í¥´É· ²Ó´µ¸É¨ ´ ¡²Õ¤ ¥É¸Ö ¡µ²ÓÏµ¥ · §²¨Î¨¥ ¢ ¸¥Î¥´¨ÖÌ
µ¡· §µ¢ ´¨Ö  ´É¨Ö¤¥· ¢ Ö¤·µ-Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨ÖÌ. ‚ ¶¥·¥Ìµ¤´µ° µ¡² -
¸É¨ Ô´¥·£¨° É ±¨¥ ¤ ´´Ò¥ µÉ¸ÊÉ¸É¢ÊÕÉ ¨ ¨Ì ¶µ²ÊÎ¥´¨¥ É ±¦¥ ¶² ´¨·Ê¥É¸Ö ´ 
Ê¸É ´µ¢±¥ Œ��“‘Ÿ.

�·µ¥±É ‘Œ‘. �·µ¥±É ‘Œ‘ (¸Í¨´É¨²²ÖÍ¨µ´´Ò° ³ £´¨É´Ò° ¸¶¥±É·µ³¥É·
Œƒ“) ¶µ¸¢ÖÐ¥´ ¨¸¸²¥¤µ¢ ´¨Õ ²¨¤¨·ÊÕÐ¨Ì Î ¸É¨Í ¢ ¶·µÉµ´-Ö¤¥·´ÒÌ ¢§ ¨-
³µ¤¥°¸É¢¨ÖÌ. “¸É ´µ¢±  ¸µ§¤ ´  £·Ê¶¶µ° ¸µÉ·Ê¤´¨±µ¢ Œµ¸±µ¢¸±µ£µ £µ¸Ê¤ ·-
¸É¢¥´´µ£µ Ê´¨¢¥·¸¨É¥É  ¨³. Œ. ‚. ‹µ³µ´µ¸µ¢ . ‚ ¶² ´Ò ¨¸¸²¥¤µ¢ ´¨° ¢Ìµ¤¨É
¢ÒÖ¸´¥´¨¥ ³¥Ì ´¨§³µ¢ ¸¨²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¶·¨ Ô´¥·£¨ÖÌ ¤µ 10 ƒÔ‚.
�±¸¶¥·¨³¥´É ²Ó´ Ö Ê¸É ´µ¢±  ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° µ¤´µ¶²¥Î¥¢µ° ³ £´¨É´Ò°
¸¶¥±É·µ³¥É· ¸ ¨§³¥´Ö¥³µ° £¥µ³¥É·¨¥° ¸¶¥±É·µ³¥É·¨Î¥¸±µ° Î ¸É¨ [35].

�¸´µ¢´Ò³¨ Ô²¥³¥´É ³¨ ¸¶¥±É·µ³¥É·  Ö¢²ÖÕÉ¸Ö:

• ¸¨¸É¥³  ¸Í¨´É¨²²ÖÍ¨µ´´ÒÌ £µ¤µ¸±µ¶µ¢ ¸ ±µµ·¤¨´ É´Ò³ · §·¥Ï¥´¨¥³
µ±µ²µ 1 ³³, ·¥£¨¸É·¨·ÊÕÐ Ö É·¥±¨ ´ ²¥É ÕÐ¨Ì  ¤·µ´µ¢ ¨ ¢Éµ·¨Î´ÒÌ ²¨¤¨-
·ÊÕÐ¨Ì Î ¸É¨Í,

• ±µ³¶²¥±¸ ¸Í¨´É¨²²ÖÍ¨µ´´ÒÌ ¨ É¢¥·¤µÉ¥²Ó´ÒÌ Î¥·¥´±µ¢¸±¨Ì ¤¥É¥±Éµ·µ¢
¤²Ö ³µ´¨Éµ·¨·µ¢ ´¨Ö ¶ÊÎ± ,

• ¸¨¸É¥³  É·¨££¥·  Ê¸É ´µ¢±¨, ¨¸¶µ²Ó§ÊÕÐ Ö É¢¥·¤µÉ¥²Ó´Ò¥ Î¥·¥´±µ¢-
¸±¨¥ ¤¥É¥±Éµ·Ò ¨ ¸Ô´¤¢¨Î¨ ¨§ ¸¢¨´Í  ¨ ¸Í¨´É¨²²ÖÉµ· , ±µÉµ·Ò¥ ¶µ§¢µ²ÖÕÉ
µÉ¡¨· ÉÓ ¸µ¡ÒÉ¨Ö ¸ ¤ ´´µ° ±¨´¥³ É¨±µ°,

• ¶¥·¥¤¢¨¦´µ°  ´ ²¨§¨·ÊÕÐ¨° ³ £´¨É,

• Ï¨·µ±µ ¶¥·ÉÊ·´Ò° £ §µ¢Ò° Î¥·¥´±µ¢¸±¨° ¸Î¥ÉÎ¨± ¤²Ö ¨¤¥´É¨Ë¨± Í¨¨
²¨¤¨·ÊÕÐ¥° Î ¸É¨ÍÒ.

‹¨¤¨·ÊÕÐ¨¥  ¤·µ´Ò L ·¥£¨¸É·¨·ÊÕÉ¸Ö ¢ Ï¨·µ±µ³ Ê£²¥ ¨¸¶Ê¸± ´¨Ö ¨ ¢
¡µ²ÓÏµ³ ¤¨ ¶ §µ´¥ ¨³¶Ê²Ó¸µ¢ ¢ ·¥ ±Í¨ÖÌ hA → L+X , £¤¥ X µ¡µ§´ Î ¥É ´¥-
±µÉµ·µ¥ ±µ´¥Î´µ¥ ¸µ¸ÉµÖ´¨¥ ¸ ¤ ´´µ° ±¨´¥³ É¨Î¥¸±µ° ±µ´Ë¨£Ê· Í¨¥°, Ô±¢¨-
¢ ²¥´É´µ° µ¶·¥¤¥²¥´´µ° ÔËË¥±É¨¢´µ° ³ ¸¸¥.
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“¸É ´µ¢±  ‘Œ‘ ¨¸¶µ²Ó§Ê¥É¸Ö ¤²Ö ·¥Ï¥´¨Ö ¤¢ÊÌ µ¸´µ¢´ÒÌ § ¤ Î.
1. ˆ¸¸²¥¤µ¢ ´¨¥ ¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´µ° ¸É·Ê±ÉÊ·Ò  ¤·µ´´µ£µ ¢§ ¨-

³µ¤¥°¸É¢¨Ö.
�·¨ ·¥Ï¥´¨¨ ÔÉµ° § ¤ Î¨ ¶µ²ÊÎ¥´Ò ·¥§Ê²ÓÉ ÉÒ ¤²Ö ¶·µÍ¥¸¸  ¢§ ¨³µ¤¥°-

¸É¢¨Ö ¶·µÉµ´µ¢ ¸ ¨³¶Ê²Ó¸µ³ 9 ƒÔ‚/¸ ¸ Ö¤· ³¨ H, C, Al, Cu ¨ Pb, ±µÉµ·Ò¥
³µ£ÊÉ ¡ÒÉÓ ¸Ê³³¨·µ¢ ´Ò ¸²¥¤ÊÕÐ¨³ µ¡· §µ³ [36]:

• ¶¥·¥Ê¸É·µ°¸É¢µ ±¢ ·±µ¢µ° ¸É·Ê±ÉÊ·Ò ¢ ¸ÊÐ¥¸É¢¥´´µ ´¥Ê¶·Ê£¨Ì ®³Ö£-
±¨Ì¯ ¶·µÍ¥¸¸ Ì ´¥ ¢Ò§Ò¢ ¥É ´ ¡²Õ¤ ¥³ÒÌ ÔËË¥±Éµ¢ ´  Ê·µ¢´¥ ¸¢µ°¸É¢ Î -
¸É¨Í, ¶µ ±· °´¥° ³¥·¥, ¢µ ¢·¥³¥´´µ³ ³ ¸ÏÉ ¡¥ t ≥ 0,01 �/mπc2,

• ´¥±µ£¥·¥´É´ Ö Ë· £³¥´É Í¨Ö ¶·µÉµ´  ´  Ö¤· Ì, ¢¥·µÖÉ´µ, ¶·µ¨¸Ìµ¤¨É
Î¥·¥§ ¶·µ³¥¦ÊÉµÎ´µ¥ ¡ ·¨µ´´µ¥ ¸µ¸ÉµÖ´¨¥, ±µÉµ·µ¥ ¶µ£²µÐ ¥É¸Ö ¢ Ö¤¥·-
´µ° ³ É¥·¨¨ ¶µ¤µ¡´µ µ¡ÒÎ´µ³Ê ¶·µÉµ´Ê ¨ · ¸¶ ¤ ¥É¸Ö ´   ¤·µ´Ò ¢´¥ Ö¤· -
³¨Ï¥´¨.

‚ · ³± Ì ÔÉµ£µ ¶Ê´±É  ¤ ²Ó´¥°Ï¨¥ ¨¸¸²¥¤µ¢ ´¨Ö ´  Ê¸É ´µ¢±¥ ‘Œ‘ ¡Ê¤ÊÉ
¸Ëµ±Ê¸¨·µ¢ ´Ò ´  ¶·µ¡²¥³ Ì, ±µÉµ·Ò¥ ·¥Ï ÕÉ¸Ö ¶·¨ µ¡· ¡µÉ±¥ Ê¦¥ ¶µ²Ê-
Î¥´´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ:

• ¢ÒÖ¸´¥´¨¥ ³¥Ì ´¨§³µ¢ ·µ¦¤¥´¨Ö ¤²Ö ²¨¤¨·ÊÕÐ¨Ì π-³¥§µ´µ¢ ¨ ¶·µÉµ-
´µ¢ ¢ pA- ¨ πA-¢§ ¨³µ¤¥°¸É¢¨ÖÌ: ¶·µ¨¸Ìµ¤¨É ¶·Ö³µ¥ ·µ¦¤¥´¨¥ ¨²¨ ·µ¦¤¥´¨¥
Î¥·¥§ ¶·µ³¥¦ÊÉµÎ´µ¥ (¡ ·¨µ´´µ¥ ¨²¨ ³¥§µ´´µ¥) ¸µ¸ÉµÖ´¨¥?

• ± ±µ¢  ¶·¨·µ¤  ÔÉµ£µ ¶·µ³¥¦ÊÉµÎ´µ£µ ¸µ¸ÉµÖ´¨Ö: ·¥§µ´ ´¸´ Ö ¨²¨ ´¥-
·¥§µ´ ´¸´ Ö?

2. ˆ§³¥·¥´¨¥  ´ ²¨§¨·ÊÕÐ¥° ¸¶µ¸µ¡´µ¸É¨ ±¢ §¨Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö ¶µ-
²Ö·¨§µ¢ ´´ÒÌ ¶·µÉµ´µ¢ ´  Ö¤· Ì.

‚ · ³± Ì ¶·µ£· ³³Ò ¨¸¸²¥¤µ¢ ´¨Ö ¢§ ¨³µ¤¥°¸É¢¨° ¶µ²Ö·¨§µ¢ ´´ÒÌ ¶·µ-
Éµ´µ¢ ¸ Ö¤· ³¨ ¶·¥¤² £ ¥É¸Ö ¨§³¥·¨ÉÓ µ¤´µ¸¶¨´µ¢ÊÕ  ¸¨³³¥É·¨Õ · ¸¸¥Ö´¨Ö
¶µ²Ö·¨§µ¢ ´´ÒÌ ¶·µÉµ´µ¢ ´  ¢´ÊÉ·¨Ö¤¥·´ÒÌ ´Ê±²µ´ Ì ¤²Ö ¸· ¢´¥´¨Ö ¸  ´ ²µ-
£¨Î´Ò³ · ¸¸¥Ö´¨¥³ ´  ¸¢µ¡µ¤´ÒÌ ´Ê±²µ´ Ì ¢ µ¡² ¸É¨ Ô´¥·£¨° 1÷4 ƒÔ‚. ƒ² ¢-
´µ° ¨§³¥·Ö¥³µ° Ì · ±É¥·¨¸É¨±µ° Ö¢²Ö¥É¸Ö ¢¥±Éµ·´ Ö  ´ ²¨§¨·ÊÕÐ Ö ¸¶µ¸µ¡-
´µ¸ÉÓ ·¥ ±Í¨¨ · ¸¸¥Ö´¨Ö ¶µ²Ö·¨§µ¢ ´´ÒÌ ¶·µÉµ´µ¢ ´  Ê£²¥·µ¤´µ° ³¨Ï¥´¨.
‘ÊÐ¥¸É¢ÊÕÐ¨¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ (¢±²ÕÎ Ö ¶µ²ÊÎ¥´´Ò¥ · ´¥¥ ´ 
Ê¸É ´µ¢±¥ ‘Œ‘ [37]) Ê± §Ò¢ ÕÉ ´  §´ Î¨É¥²Ó´µ¥ Ê³¥´ÓÏ¥´¨¥  ´ ²¨§¨·ÊÕ-
Ð¥° ¸¶µ¸µ¡´µ¸É¨ ¤²Ö · ¸¸¥Ö´¨Ö ´  ¢´ÊÉ·¨Ö¤¥·´ÒÌ ´Ê±²µ´ Ì ¶µ ¸· ¢´¥´¨Õ ¸
· ¸¸¥Ö´¨¥³ ´  ¸¢µ¡µ¤´ÒÌ ´Ê±²µ´ Ì ¨ ¸¨²Ó´ÊÕ § ¢¨¸¨³µ¸ÉÓ ÔÉµ£µ ÔËË¥±É  µÉ
Ô´¥·£¨¨.

�·¥¤² £ ¥³Ò° Ô±¸¶¥·¨³¥´É ´  Ê¸É ´µ¢±¥ ‘Œ‘ ¶µ¤É¢¥·¤¨É ¨²¨ µ¶·µ¢¥·£-
´¥É ¶·¥¤¶µ² £ ¥³µ¥ Ö¢²¥´¨¥ ¨ µÉ¢¥É¨É ´  ¢µ¶·µ¸ µ ¥£µ Ë¨§¨Î¥¸±µ° ¶·¨·µ¤¥,
¥¸²¨ µ´µ ¡Ê¤¥É ¶µ¤É¢¥·¦¤¥´µ.

ˆ¸¸²¥¤µ¢ ´¨Ö ¢ ¶ÊÎ± Ì ±¢ §¨³µ´µÌ·µ³ É¨Î¥¸±¨Ì ´¥°É·µ´µ¢. �µ¸²¥ Ê¸±µ-
·¥´¨Ö ´  ¸¨´Ì·µË §µÉ·µ´¥ ‹‚� ¤¥°É·µ´µ¢ ¡Ò² ¸µ§¤ ´ ± ´ ² ±¢ §¨³µ´µÌ·µ-
³ É¨Î¥¸±¨Ì ´¥°É·µ´µ¢ ´  µ¤´µ³¥É·µ¢ÊÕ ¦¨¤±µ¢µ¤µ·µ¤´ÊÕ ± ³¥·Ê ‹‚�. „²Ö
¶µ²ÊÎ¥´¨Ö ¶ÊÎ±  ´¥°É·µ´µ¢ ¨¸¶µ²Ó§µ¢ ² ¸Ó ·¥ ±Í¨Ö ¸É·¨¶¶¨´£  ¤¥°É·µ´µ¢
´   ²Õ³¨´¨¥¢µ° ³¨Ï¥´¨, · §³¥Ð¥´´µ° ¢´ÊÉ·¨ Ê¸±µ·¨É¥²Ö [37]. Š ´ ² ¨³¥²
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Ê´¨± ²Ó´Ò¥ Ì · ±É¥·¨¸É¨±¨ (∆Pn/Pn = 2, 5%, ∆Ωn = 10−7 ¸·, ²¥£±µ ·¥-
£Ê²¨·Ê¥³ Ö Ô´¥·£¨Ö ¶ÊÎ± ), ÎÉµ ¶µ§¢µ²¨²µ ¸ ¢Ò¸µ±µ° ¸É¥¶¥´ÓÕ ´ ¤¥¦´µ¸É¨
¢Ò¤¥²ÖÉÓ Ô±¸±²Õ§¨¢´Ò¥ ± ´ ²Ò ·¥ ±Í¨° np-¢§ ¨³µ¤¥°¸É¢¨° ¨ ¨§ÊÎ ÉÓ ¨Ì Ì -
· ±É¥·¨¸É¨±¨. ‚¸¥£µ ¶·µ¢¥¤¥´µ 10 ¸¥ ´¸µ¢ µ¡²ÊÎ¥´¨Ö ± ³¥·Ò ´¥°É·µ´ ³¨, ¶µ-
²ÊÎ¥´ ¡µ£ ÉÒ° (µ±µ²µ 1,5 ³²´ ¸µ¡ÒÉ¨°) ¸É É¨¸É¨Î¥¸±¨° ³ É¥·¨ ², ´  µ¸´µ¢¥
±µÉµ·µ£µ ¸µ§¤ ¥É¸Ö Ô²¥±É·µ´´Ò° ¡ ´± ¤ ´´ÒÌ np-¢§ ¨³µ¤¥°¸É¢¨° ¢ ¤¨ ¶ §µ´¥
¶¥·¢¨Î´ÒÌ Ô´¥·£¨° µÉ 0,6 ¤µ 5 ƒÔ‚ [39].

Š ´ ¸ÉµÖÐ¥³Ê ¢·¥³¥´¨ ¶µ²ÊÎ¥´Ò ¸²¥¤ÊÕÐ¨¥ Ë¨§¨Î¥¸±¨¥ ·¥§Ê²ÓÉ ÉÒ:
1. ‚ § ¢¨¸¨³µ¸É¨ µÉ Ô´¥·£¨¨ µ¶·¥¤¥²¥´Ò ¸¥Î¥´¨Ö 13 ± ´ ²µ¢ ·¥ ±Í¨°

np-¢§ ¨³µ¤¥°¸É¢¨°, ¢ Éµ³ Î¨¸²¥ ¸¥Î¥´¨¥ ¶¥·¥§ ·Ö¤±¨ np → pn, ¢ ¤¨ ¶ §µ´¥
¨³¶Ê²Ó¸µ¢ ¶ ¤ ÕÐ¨Ì ´¥°É·µ´µ¢ µÉ 1,25 ¤µ 5,20 ƒÔ‚/¸ [40].

2. �¡´ ·Ê¦¥´ ·Ö¤ Ô±§µÉ¨Î¥¸±¨Ì ·¥§µ´ ´¸µ¢ ¢ ¸¨¸É¥³ Ì pπ+π+ (I = 5/2)
[41], pp (B = 2) [42], π−π− (I = 2) [43], ppπ+ (B = 2, I = 2) [44]. �´ ²¨§
¶µ± §Ò¢ ¥É, ÎÉµ ¢¸¥ ÔÉ¨ ÔËË¥±ÉÒ Å ·¥§Ê²ÓÉ É ¢§ ¨³µ¤¥°¸É¢¨° ´  ¡µ²ÓÏ¨Ì
· ¸¸ÉµÖ´¨ÖÌ.

3. �¡´ ·Ê¦¥´ ·Ö¤ Ê§±¨Ì ·¥§µ´ ´¸´ÒÌ ÔËË¥±Éµ¢ ¢ ¸¨¸É¥³¥ π+π− ¢ ¤¨ ¶ -
§µ´¥ ÔËË¥±É¨¢´ÒÌ ³ ¸¸ µÉ 0,280 ¤µ 1,235 ƒÔ‚/¸2. �¥±µÉµ·Ò¥ ¨§ ÔÉ¨Ì ·¥§µ-
´ ´¸µ¢ ³µ£ÊÉ ¡ÒÉÓ µÉµ¦¤¥¸É¢²¥´Ò ¸ σ-³¥§µ´ ³¨ 0+(0++), ÎÉµ ¶µ¤É¢¥·¦¤ ¥É¸Ö
Ì · ±É¥·¨¸É¨± ³¨ ·¥§µ´ ´¸µ¢, µ¶·¥¤¥²¥´´Ò³¨  ¢Éµ· ³¨. ˜¨·¨´Ò ·¥§µ´ ´-
¸µ¢ ´¥ ¶·µÉ¨¢µ·¥Î É £¨¶µÉ¥§¥ µ Éµ³, ÎÉµ µ´¨ ¸µ¤¥·¦ É ¡µ²ÓÏÊÕ £²Õµ´´ÊÕ
±µ³¶µ´¥´ÉÊ.

„ ´´Ò¥ µ ·¥§µ´ ´¸¥ ¸ ³ ¸¸µ° 0,754 ƒÔ‚/¸2 § ´¥¸¥´Ò ¢ ¸¡µ·´¨± ¸¢µ°¸É¢
Î ¸É¨Í (2000 £.) [45].

�  ·¨¸. 9 ¶·¥¤¸É ¢²¥´µ · ¸¶·¥¤¥²¥´¨¥ ÔËË¥±É¨¢´ÒÌ ³ ¸¸ π+π−-±µ³¡¨´ -
Í¨° ¨§ ·¥ ±Í¨¨ np → npπ+π− ¶·¨ Pn = 5, 20 ƒÔ‚/¸2, ¢§ÖÉµ¥ ¨§ · ¡µÉÒ [46].
�ËË¥±É ¶·¨ ³ ¸¸¥ M = 0,754 ƒÔ‚/¸2 ¶·¥¢ÒÏ ¥É Ëµ´ ´  7,8 ¸É ´¤ ·É´ÒÌ
µÉ±²µ´¥´¨°.

�¨¸. 9. � ¸¶·¥¤¥²¥´¨¥ ÔËË¥±É¨¢´ÒÌ ³ ¸¸ π+π−-±µ³¡¨´ Í¨° ¨§ ·¥ ±Í¨¨ np →
npπ+π− ¶·¨ Pn = 5, 20 ƒÔ‚/¸2 [46]
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ˆ¸¸²¥¤µ¢ ´¨Ö ¸ ¶µ³µÐÓÕ ËµÉµÔ³Ê²Ó¸¨µ´´ÒÌ ¤¥É¥±Éµ·µ¢ ¸ ¢Ò¸µ±¨³ · §-
·¥Ï¥´¨¥³. ”¨§¨Î¥¸± Ö Í¥²Ó ¨¸¸²¥¤µ¢ ´¨° ¸µ¸Éµ¨É ¢ ¨§ÊÎ¥´¨¨ Ö¤¥·´ÒÌ ¢§ ¨-
³µ¤¥°¸É¢¨° ´  ¶ÊÎ± Ì Ö¤¥· 1H, 4He, 6Li, 12C, 16O, 22Ne, 24Mg, 28Si, 32S, 84Kr,
197Au, 208Pb, 209Bi ¶·¨ Ô´¥·£¨ÖÌ 1 ÷ 200 ƒÔ‚. ‚¸¥ ¨§³¥·¥´¨Ö ¶·µ¢µ¤ÖÉ¸Ö µ¤-
´¨³ ³¥Éµ¤µ³ ¸ ¶µ³µÐÓÕ ËµÉµÔ³Ê²Ó¸¨µ´´ÒÌ ¤¥É¥±Éµ·µ¢ ¸ ¢Ò¸µ±¨³ Ê£²µ¢Ò³
· §·¥Ï¥´¨¥³ ¢ „Ê¡´¥ ¨ ´  ¤·Ê£¨Ì Ê¸±µ·¨É¥²ÖÌ ¢ · ³± Ì ³¥¦¤Ê´ ·µ¤´µ° ±µ²-
² ¡µ· Í¨¨ EMU01.

‚ ¨¸¸²¥¤µ¢ ´¨ÖÌ, ±·µ³¥ �ˆŸˆ, ÊÎ ¸É¢Ê¥É ¡µ²ÓÏµ¥ Î¨¸²µ · §²¨Î´ÒÌ ´ -
ÊÎ´ÒÌ Í¥´É·µ¢, ¢Ìµ¤ÖÐ¨Ì ¢ ³¥¦¤Ê´ ·µ¤´ÊÕ ±µ²² ¡µ· Í¨Õ EMU01, ¨§ �¢-
¸É· ²¨¨ (˜±µ²  Ë¨§¨±¨ ¨ “´¨¢¥·¸¨É¥É, ‘¨¤´¥°), �·³¥´¨¨ (…·¥¢ ´¸±¨° Ë¨-
§¨Î¥¸±¨° ¨´¸É¨ÉÊÉ), ƒ¥·³ ´¨¨ (Œ ·¡Ê·£¸±¨° Ê´¨¢¥·¸¨É¥É), ˆ´¤¨¨ (“´¨¢¥·-
¸¨É¥ÉÒ ¢ „¦ ¶Ê·¥ ¨ „¦ ³³Ê), Š¨É Ö (ˆ´¸É¨ÉÊÉ Ë¨§¨±¨ ¢Ò¸µ±¨Ì Ô´¥·£¨°,
˜ ´Ì °¸±¨° Ê´¨¢¥·¸¨É¥É, Š¨É °¸±¨° Ê´¨¢¥·¸¨É¥É ´ Ê±¨ ¨ É¥Ì´µ²µ£¨°), Šµ-
·¥¨ (‘¥Ê²Ó¸±¨° Ê´¨¢¥·¸¨É¥É), �µ¸¸¨¨ (”ˆ��, Œµ¸±¢ ; � ¤¨¥¢Ò° ¨´¸É¨ÉÊÉ
¨³. ‚. ƒ. •²µ¶¨´ , ‘.-�¥É¥·¡Ê·£), �Ê³Ò´¨¨ (ˆ´¸É¨ÉÊÉ ±µ¸³¨Î¥¸±¨Ì ¨¸¸²¥¤µ-
¢ ´¨°), ‘²µ¢ ±¨¨ (’¥Ì´¨Î¥¸±¨° Ê´¨¢¥·¸¨É¥É ¨ ˆ´¸É¨ÉÊÉ Ô±¸¶¥·¨³¥´É ²Ó´µ°
Ë¨§¨±¨ ¢ ŠµÏ¨Í¥), ‘˜� (‚ Ï¨´£Éµ´¸±¨° Ê´¨¢¥·¸¨É¥É), “§¡¥±¨¸É ´  (ˆ´-
¸É¨ÉÊÉ Ö¤¥·´µ° Ë¨§¨±¨ ¨ ”¨§¨±µ-É¥Ì´¨Î¥¸±¨° ¨´¸É¨ÉÊÉ), ˜¢¥Í¨¨ (“´¨¢¥·-
¸¨É¥É, ‹Ê´¤).

Š·µ³¥ Éµ£µ, ¢ ÔÉ¨Ì · ¡µÉ Ì ÊÎ ¸É¢ÊÕÉ ´ ÊÎ´Ò¥ Í¥´É·Ò ¨§ …£¨¶É  (Š ¨·-
¸±¨° Ê´¨¢¥·¸¨É¥É), �µ²ÓÏ¨ (ˆ´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¶·µ¡²¥³ ¨ ˆ´¸É¨ÉÊÉ Ö¤¥·´µ°
Ë¨§¨±¨), �µ¸¸¨¨ (ˆ’�”, ‘ ´±É-�¥É¥·¡Ê·£¸±¨° ¶µ²¨É¥Ì´¨Î¥¸±¨° ¨´¸É¨ÉÊÉ),
’ ¤¦¨±¨¸É ´  (’ ¤¦¨±¸±¨° £µ¸Ê¤ ·¸É¢¥´´Ò° Ê´¨¢¥·¸¨É¥É).

‚ µ¡² ¸É¨ Ô´¥·£¨° ¢ ´¥¸±µ²Ó±µ ƒÔ‚ µ¡²ÊÎ¥´¨Ö Ô³Ê²Ó¸¨µ´´ÒÌ ¤¥É¥±Éµ·µ¢
¶·µ¨§¢µ¤¨²¨¸Ó ´  ¸¨´Ì·µË §µÉ·µ´¥ ‹‚�; ´ Î ÉÒ ¶¥·¢Ò¥ µ¡²ÊÎ¥´¨Ö ´  ¢Ò¢¥-
¤¥´´ÒÌ ¶ÊÎ± Ì ´Ê±²µÉ·µ´ . ƒ² ¢´ Ö § ¤ Î  ¨¸¸²¥¤µ¢ ´¨° ¸µ¸Éµ¨É ¢ ¨§ÊÎ¥´¨¨
§ ¢¨¸¨³µ¸É¨ Ì · ±É¥·¨¸É¨± ³´µ¦¥¸É¢¥´´µ£µ ·µ¦¤¥´¨Ö Î ¸É¨Í, Ö¢²¥´¨Ö Ë· £-
³¥´É Í¨¨ ¸É ²±¨¢ ÕÐ¨Ì¸Ö Ö¤¥·, ¶·µÖ¢²¥´¨° ¨Ì ¸É·Ê±ÉÊ·Ò ¨ ±µ²²¥±É¨¢´ÒÌ
ÔËË¥±Éµ¢ µÉ ³ ¸¸Ò, Ô´¥·£¨¨ ¨ ¶ · ³¥É·  Ê¤ ·  ´ ²¥É ÕÐ¨Ì Î ¸É¨Í. ‚¥¸Ó³ 
¨´É¥·¥¸´Ò³ Ö¢²Ö¥É¸Ö ¨§ÊÎ¥´¨¥ ¸É·Ê±ÉÊ·Ò ²¥£±¨Ì Ö¤¥·.

�  ¸¨´Ì·µË §µÉ·µ´¥ ¸ ¶µ³µÐÓÕ ËµÉµÔ³Ê²Ó¸¨µ´´µ° ³¥Éµ¤¨±¨ ¡Ò² µ¡´ -
·Ê¦¥´ ·Ö¤ ¨´É¥·¥¸´ÒÌ Ö¢²¥´¨°, ± ±µÉµ·Ò³ ³µ¦´µ µÉ´¥¸É¨, ´ ¶·¨³¥·, ÔËË¥±É
¶µ²´µ£µ · §·ÊÏ¥´¨Ö Ö¤¥· [47]. ‡ ¢¨¸¨³µ¸ÉÓ ±µ²¨Î¥¸É¢  ¸µ¡ÒÉ¨° ¸ ¶µ²´Ò³
· §·ÊÏ¥´¨¥³ Ö¤·  µÉ Ô´¥·£¨¨ ¨  Éµ³´µ£µ ´µ³¥·  ¸É ²±¨¢ ÕÐ¨Ì¸Ö Ö¤¥· ¶·µ-
 ´ ²¨§¨·µ¢ ´ , ´ ¶·¨³¥·, ¢ · ¡µÉ¥ [48]. �± § ²µ¸Ó, ÎÉµ ¢ µ¡² ¸É¨ Ô´¥·£¨°
10 ÷ 400 ƒÔ‚ ¤µ²Ö É ±¨Ì ¸µ¡ÒÉ¨° ´¥ ¶·¥¢ÒÏ ¥É 10Ä13 %.

‚¶¥·¢Ò¥ ¸ ¶µ³µÐÓÕ Ô³Ê²Ó¸¨° ¡Ò²  ¨§ÊÎ¥´  ±µ£¥·¥´É´ Ö ¤¨¸¸µÍ¨ Í¨Ö
Ö¤¥· ±¨¸²µ·µ¤  ¢  ²ÓË -Î ¸É¨ÍÒ ¶·¨ 4,5 A·ƒÔ‚/¸.

�³Ê²Ó¸¨µ´´ÊÕ ³¥Éµ¤¨±Ê ¶² ´¨·Ê¥É¸Ö ¨¸¶µ²Ó§µ¢ ÉÓ ´  ´Ê±²µÉ·µ´¥. Š·µ³¥
É· ¤¨Í¨µ´´µ£µ ¸¶µ¸µ¡  µ¡²ÊÎ¥´¨Ö Ô³Ê²Ó¸¨°, ¶·¥¤¶µ² £ ¥É¸Ö ¨¸¶µ²Ó§µ¢ ÉÓ
Ê¸É ´µ¢±Ê ‘‹��, ±µÉµ· Ö ¶µ§¢µ²Ö¥É ¶µ²ÊÎ¨ÉÓ ¨³¶Ê²Ó¸´µ¥ ³ £´¨É´µ¥ ¶µ²¥
¢ µ¡Ñ¥³¥ Ô³Ê²Ó¸¨¨ ¤µ 60 ’².
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�¥§Ê²ÓÉ ÉÒ Ô±¸¶¥·¨³¥´É  Š�‘�ˆ‰. „²¨É¥²Ó´µ¥ ¢·¥³Ö ´  ¸¨´Ì·µË §µ-
É·µ´¥ ¤¥°¸É¢µ¢ ²  Ê¸É ´µ¢±  Š�‘�ˆ‰ (ˆŸˆ, Œµ¸±¢ ) ¶µ ¨§ÊÎ¥´¨Õ ·µ¦¤¥-
´¨Ö ¶¨µ´µ¢, ± µ´µ¢ ¨  ´É¨¶·µÉµ´µ¢ ¢ ·¥ ±Í¨ÖÌ ¢§ ¨³µ¤¥°¸É¢¨Ö pA, dA, CA
¨ πA. ‘· ¢´¥´¨¥ ¶µ²ÊÎ¥´´ÒÌ ¤ ´´ÒÌ ¤²Ö C- ¨ d-¶ÊÎ±µ¢ ¶µ± §Ò¢ ¥É ¸¨²Ó´µ¥
Ê¸¨²¥´¨¥ ÔËË¥±É  ·µ¦¤¥´¨Ö ± µ´µ¢ ¶µ ¸· ¢´¥´¨Õ ¸ ·µ¦¤¥´¨¥³ ¶¨µ´µ¢.

‚¶¥·¢Ò¥ ¡Ò²µ ¨¸¸²¥¤µ¢ ´µ ¶µ¤¶µ·µ£µ¢µ¥ ·µ¦¤¥´¨¥  ´É¨¶·µÉµ´µ¢ ¢ AA-
¸Éµ²±´µ¢¥´¨ÖÌ ¨ µ¡´ ·Ê¦¥´µ ¤µ¸É ÉµÎ´µ ¸¨²Ó´µ¥ Ê¸¨²¥´¨¥ ¢ÒÌµ¤   ´É¨¶·µ-
Éµ´µ¢. �µ± § ´µ, ÎÉµ ¸¥Î¥´¨¥ ·µ¦¤¥´¨Ö ¢ dA- ¨ AA-¸Éµ²±´µ¢¥´¨ÖÌ ¤²Ö ¶¨µ-
´µ¢, ± µ´µ¢ ¨  ´É¨¶·µÉµ´µ¢ ³µ¦¥É ¡ÒÉÓ ¢Ò· ¦¥´µ Ê´¨¢¥·¸ ²Ó´µ° ËÊ´±Í¨¥°
³ ¸ÏÉ ¡´µ£µ ±¢ ·±-¶ ·Éµ´´µ£µ ¶ · ³¥É· . �ËË¥±É Ê¸¨²¥´¨Ö ¢ÒÌµ¤  ¨´É¥·-
¶·¥É¨·Ê¥É¸Ö ± ± Ê± § ´¨¥ ´  ±µ²²¥±É¨¢´Ò¥ ¶ ·Éµ´´Ò¥ ÔËË¥±ÉÒ [48Ä56].

‚ ¶¨µ´´µ³ ¶ÊÎ±¥ ¸ ¨³¶Ê²Ó¸µ³ ¤µ 1,2 ƒÔ‚/¸ ¡Ò²¨ ¨¸¸²¥¤µ¢ ´Ò ·µ¦¤¥´¨¥
¶·µÉµ´µ¢ ¨ ¶¨µ´´ Ö ·¥ ±Í¨Ö § ·Ö¤µ¢µ£µ µ¡³¥´  [58]. ‚ ¸¶¥±É· Ì π0-³¥§µ´µ¢ ¢
·¥ ±Í¨¨ (π−, π0) ¡Ò² µ¡´ ·Ê¦¥´ ¶¨±, ¸µµÉ¢¥É¸É¢ÊÕÐ¨° ¶·µÖ¢²¥´¨Õ ¤¥²ÓÉ -
¨§µ¡ ·Ò ¢ Ö¤· Ì, µ¤´ ±µ µ± § ²µ¸Ó, ÎÉµ µ´ ²¥¦¨É ´¨¦¥ ¶µ Ô´¥·£¨¨, Î¥³ ÔÉµ
¨³¥¥É ³¥¸Éµ ¤²Ö ·¥ ±Í¨¨ ¸µ ¸¢µ¡µ¤´Ò³ ¶·µÉµ´µ³ [59,60].

4.2.2. �±¸¶¥·¨³¥´ÉÒ ´  ¶µ²Ö·¨§µ¢ ´´ÒÌ ¶ÊÎ± Ì. ˆ§ÊÎ¥´¨¥ ¶µ²Ö·¨§ Í¨µ´-
´ÒÌ ÔËË¥±Éµ¢ ¢ ¸Éµ²±´µ¢¥´¨ÖÌ ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ö¤¥· ´  Ê¸É ´µ¢±¥ ‘”…��.
ƒ² ¢´µ° Í¥²ÓÕ ÔÉµ° ¶·µ£· ³³Ò Ö¢²Ö¥É¸Ö ¨§ÊÎ¥´¨¥ ¸¶¨´µ¢µ° ¸É·Ê±ÉÊ·Ò ¤¥°-
É·µ´  ´  ±µ·µÉ±¨Ì ³¥¦´Ê±²µ´´ÒÌ · ¸¸ÉµÖ´¨ÖÌ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³  ¤·µ´´ÒÌ
¶·µ¡´¨±µ¢ ¨ ¨¸¸²¥¤µ¢ ´¨¥ ¸¶¨´µ¢ÒÌ ÔËË¥±Éµ¢ ¢  ¤·µ´´µ³ · ¸¸¥Ö´¨¨ ¢ µ¡² -
¸É¨ Ô´¥·£¨° ´¥¸±µ²Ó±µ ƒÔ‚. �É  ¶·µ£· ³³  µ·¨¥´É¨·Ê¥É¸Ö ´  ¨¸¶µ²Ó§µ¢ ´¨¥
¤¥°É·µ´´ÒÌ ¶ÊÎ±µ¢ ¸ ¨³¶Ê²Ó¸µ³ ¤µ 9 ƒÔ‚/¸, ±µÉµ·Ò¥ ¨³¥ÕÉ¸Ö ´  Ê¸±µ·¨É¥²Ó-
´µ³ ±µ³¶²¥±¸¥ ‹‚� �ˆŸˆ.

�É¨ ¶ÊÎ±¨ ¤µ ¸¨Ì ¶µ· ¨³¥ÕÉ ¸ ³ÊÕ ¢Ò¸µ±ÊÕ ¢ ³¨·¥ Ô´¥·£¨Õ ¤²Ö ¶µ²Ö-
·¨§µ¢ ´´ÒÌ ¤¥°É·µ´µ¢.

�·µÖ¢²¥´¨Ö ´¥´Ê±²µ´´ÒÌ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò ¢ Ö¤· Ì ¸²¥¤Ê¥É µ¦¨¤ ÉÓ Éµ-
£¤ , ±µ£¤  · ¸¸ÉµÖ´¨Ö ³¥¦¤Ê ´Ê±²µ´ ³¨ ¸É ´µ¢ÖÉ¸Ö ¸· ¢´¨³Ò³¨ ¸ ¨Ì · §-
³¥· ³¨ (≤ 1 Ë³). ‚ É¥µ·¥É¨Î¥¸±µ³ ¶² ´¥ ¢µ¶·µ¸ µ¶¨¸ ´¨Ö ¸µ¸ÉµÖ´¨Ö ¤¢ÊÌ
´Ê±²µ´µ¢ ´  ³ ²ÒÌ · ¸¸ÉµÖ´¨ÖÌ ¸¢Ö§ ´ ¸ É ±¨³¨ ´¥ ¤µ ±µ´Í  ·¥Ï¥´´Ò³¨ ¢µ-
¶·µ¸ ³¨, ± ± ¶·µ¡²¥³  ±µ´Ë °´³¥´É  (Š•„ ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨°) ¨ ¸¢Ö§ ´-
´Ò¥ ¸µ¸ÉµÖ´¨Ö Î ¸É¨Í ¸ ·¥²ÖÉ¨¢¨¸É¸±¨³¨ ¨³¶Ê²Ó¸ ³¨. ˆ§-§  ´¥É·¨¢¨ ²Ó´µ°
¸¶¨´µ¢µ° ¸É·Ê±ÉÊ·Ò ¤¥°É·µ´  (¶·¨³¥¸Ó D-¢µ²´Ò) Ô±¸¶¥·¨³¥´ÉÒ ¸ ¶µ²Ö·¨§µ-
¢ ´´Ò³¨ ¤¥°É·µ´ ³¨ ¶·¥¤µ¸É ¢²ÖÕÉ ¡µ£ ÉÒ¥ ¢µ§³µ¦´µ¸É¨ ¶µ ¨§ÊÎ¥´¨Õ Ê± -
§ ´´ÒÌ ÔËË¥±Éµ¢. �É±²µ´¥´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ µÉ · ¸Î¥Éµ¢ ³µ¦¥É
¡ÒÉÓ ¸¢Ö§ ´µ ¸ ¶·µÖ¢²¥´¨¥³ ´¥´Ê±²µ´´ÒÌ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò ´  ³ ²ÒÌ · ¸-
¸ÉµÖ´¨ÖÌ. ’¥´§µ·´ Ö  ´ ²¨§¨·ÊÕÐ Ö ¸¶µ¸µ¡´µ¸ÉÓ Ayy ¤²Ö ±Ê³Ê²ÖÉ¨¢´µ£µ ¶¨-
µ´´µ£µ ·µ¦¤¥´¨Ö ¶µ¤ · §´Ò³¨ Ê£² ³¨ d ↑ +12C → π± (0, 135, 178 ³· ¤)+...
¡Ò²  ¨§³¥·¥´  ¸ ¶ÊÎ±µ³ É¥´§µ·´µ-¶µ²Ö·¨§µ¢ ´´ÒÌ ¤¥°É·µ´µ¢ ¸¨´Ì·µË §µ-
É·µ´  ´  Ê¸É ´µ¢±¥ ‘”…��. �±¸¶¥·¨³¥´É Ëµ±Ê¸¨·µ¢ ²¸Ö ´  ±Ê³Ê²ÖÉ¨¢´µ³
µ¡· §µ¢ ´¨¨ ¶¨µ´µ¢, ±µÉµ·Ò¥ ·µ¦¤ ÕÉ¸Ö ¢´¥ ±¨´¥³ É¨±¨ ´Ê±²µ´-´Ê±²µ´´ÒÌ
¸Éµ²±´µ¢¥´¨° (·¨¸. 10).
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�¨¸. 10. ‡ ¢¨¸¨³µ¸ÉÓ Ayy µÉ ±Ê³Ê²ÖÉ¨¢´µ£µ Î¨¸²  Xc (¨²¨ ¨³¶Ê²Ó¸  ¶¨µ´  qπ) ¤²Ö
·¥ ±Í¨¨ d ↑ +A → π−(0, 135, 178 ³· ¤)+...

ˆ§³¥·¥´´Ò¥ ¢¥²¨Î¨´Ò Ayy ´¥ ¸µ£² ¸ÊÕÉ¸Ö ¸ ·¥§Ê²ÓÉ É ³¨ ´ Ï¨Ì ¢ÒÎ¨-
¸²¥´¨° ¢ · ³± Ì ¨³¶Ê²Ó¸´µ£µ ¶·¨¡²¨¦¥´¨Ö, ±µÉµ·Ò¥ µ¸´µ¢ ´Ò ´  NN →
πNN -¢§ ¨³µ¤¥°¸É¢¨¨ ¨ ÊÎ¨ÉÒ¢ ÕÉ ¢´ÊÉ·¥´´¥¥ ¤¢¨¦¥´¨¥ ´Ê±²µ´µ¢ ¢ ¤¥°-
É·µ´¥ [61]. � ¡²Õ¤ ¥É¸Ö ¤ ¦¥ ¶·µÉ¨¢µ¶µ²µ¦´Ò° §´ ± ÔËË¥±É  ¶µ ¸· ¢´¥´¨Õ
¸ ¶·¥¤¸± § ´´Ò³.

’ ±¨³ µ¡· §µ³, ¤²Ö ¡µ²ÓÏ¨Ì ¢´ÊÉ·¥´´¨Ì ¨³¶Ê²Ó¸µ¢ (k ≥ 0,5 ƒÔ‚/¸) ¨²¨
³ ²ÒÌ · ¸¸ÉµÖ´¨° (l ≤ 0,4 Ë³), ¶µ-¢¨¤¨³µ³Ê, ¸²¥¤Ê¥É ÊÎ¨ÉÒ¢ ÉÓ ´¥´Ê±²µ´´Ò¥
¸É¥¶¥´¨ ¸¢µ¡µ¤Ò ¢ ¤¥°É·µ´¥.

„²Ö ¶µ´¨³ ´¨Ö ´¥´Ê±²µ´´µ° ¸É·Ê±ÉÊ·Ò ¸²¥¤Ê¥É ¶·µ¤µ²¦¨ÉÓ ¨§³¥·¥´¨Ö
¨ ¶µ²ÊÎ¨ÉÓ É ±¦¥ ¤ ´´Ò¥ ¶·¨ Ë· £³¥´É Í¨¨ ¤¥°É·µ´µ¢ ¢  ¤·µ´Ò ¸ µÉ²¨Î-
´Ò³¨ µÉ ¶¨µ´  ±¢ ´Éµ¢Ò³¨ Î¨¸² ³¨, ´ ¶·¨³¥·, ¢ K−-³¥§µ´Ò, ¸µ¸ÉµÖÐ¨¥ ¨§
®³µ·¸±¨Ì¯ ±¢ ·±µ¢.

ˆ¸¸²¥¤µ¢ ´¨Ö ¡Ê¤ÊÉ ¶·µ¤µ²¦¥´Ò ´  ´Ê±²µÉ·µ´¥ ¶µ¸²¥ ¶µ²ÊÎ¥´¨Ö ¢Ò¢¥-
¤¥´´µ£µ ¶µ²Ö·¨§µ¢ ´´µ£µ ¶ÊÎ±  ¤¥°É·µ´µ¢ ¤µ¸É ÉµÎ´µ° ¨´É¥´¸¨¢´µ¸É¨.

�·µ¥±É „…‹œ’�Ä‘ˆƒŒ�. ƒ² ¢´ Ö Í¥²Ó ¶·µ¥±É  ¸µ¸Éµ¨É ¢ ¨§ÊÎ¥´¨¨
´Ê±²µ´-´Ê±²µ´´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¢Éµ·¨Î´µ£µ ¶ÊÎ±  ¶µ²Ö-
·¨§µ¢ ´´ÒÌ ´¥°É·µ´µ¢ ¢Ò¸µ±µ° Ô´¥·£¨¨ (3,7 ƒÔ‚), ±µÉµ·Ò° ¨³¥¥É¸Ö ¢ ´ ¸Éµ-
ÖÐ¥¥ ¢·¥³Ö Éµ²Ó±µ ´  Ê¸±µ·¨É¥²Ó´µ³ ±µ³¶²¥±¸¥ ‹‚� �ˆŸˆ.
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‚ ·¥ ²¨§ Í¨¨ ¶·µ¥±É  ÊÎ ¸É¢ÊÕÉ �ˆŸˆ ¨ ´ ÊÎ´Ò¥ Í¥´É·Ò ¨§ �µ²£ ·¨¨
(ˆ´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨° ¨ Ö¤¥·´µ° Ô´¥·£¥É¨±¨), —¥Ï¸±µ° �¥¸¶Ê-
¡²¨±¨ (ˆ´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨°), �µ¸¸¨¨ (��– ®ŠÊ·Î Éµ¢¸±¨° ¨´¸É¨-
ÉÊÉ¯, ˆŸˆ, �¥É¥·¡Ê·£¸±¨° ¨´¸É¨ÉÊÉ Ö¤¥·´µ° Ë¨§¨±¨), “±· ¨´Ò (• ·Ó±µ¢¸±¨°
Ë¨§¨±µ-É¥Ì´¨Î¥¸±¨° ¨´¸É¨ÉÊÉ), ”· ´Í¨¨ (DAPNIA, ‘ ±²¥).

�¨¸. 11. �´¥·£¥É¨Î¥¸± Ö § ¢¨¸¨³µ¸ÉÓ
∆σL(np)

‚ ¶·µ¥±É¥ ¶·¥¤² £ ¥É¸Ö ¶·µ¢¥-
¸É¨ ¤¥É ²Ó´Ò¥ ¨§³¥·¥´¨Ö Ô´¥·£¥É¨Î¥-
¸±µ° § ¢¨¸¨³µ¸É¨ ¢¥²¨Î¨´ ∆σL(np)
¨ ∆σT (np), ±µÉµ·Ò¥ ¶·¥¤¸É ¢²ÖÕÉ
¸µ¡µ° · §´µ¸É¨ ¶µ²´ÒÌ np-¸¥Î¥´¨°
¤²Ö  ´É¨¶ · ²²¥²Ó´µ° ¨ ¶ · ²²¥²Ó´µ°
µ·¨¥´É Í¨¨ ¸¶¨´µ¢ ´¥°É·µ´µ¢ ¶ÊÎ±  ¨
¶·µÉµ´µ¢ ³¨Ï¥´¨, ¶µ²Ö·¨§µ¢ ´´ÒÌ ¢
¶·µ¤µ²Ó´µ³ (L) ¨ ¶µ¶¥·¥Î´µ³ (T ) ´ -
¶· ¢²¥´¨ÖÌ.

�  Ê¸É ´µ¢±¥ „…‹œ’�Ä‘ˆƒŒ�
¡Ò²¨ ¶µ²ÊÎ¥´Ò ´µ¢Ò¥ ·¥§Ê²ÓÉ ÉÒ ¤²Ö
np-¸¶¨´-§ ¢¨¸¨³µ° · §´¨ÍÒ ¶µ²´ÒÌ
¸¥Î¥´¨° ∆σL(np) ¶·¨ ±¨´¥É¨Î¥¸±µ°
Ô´¥·£¨¨ ´¥°É·µ´´µ£µ ¶ÊÎ±  1,59, 1,79
¨ 2,20 ƒÔ‚ (·¨¸. 11).

Š¢ §¨³µ´µÌ·µ³ É¨Î¥¸±¨° ¶ÊÎµ±
´¥°É·µ´µ¢ ¶µ²ÊÎ ²¸Ö ¨§ Ê¸±µ·¥´´ÒÌ
¨ ¢Ò¢¥¤¥´´ÒÌ ¢¥±Éµ·´µ-¶µ²Ö·¨§µ-
¢ ´´ÒÌ ¤¥°É·µ´µ¢ ¸¨´Ì·µË §µÉ·µ´ .
�¥°É·µ´Ò ¶·µÌµ¤¨²¨ Î¥·¥§ ¡µ²ÓÏÊÕ
¶µ²Ö·¨§µ¢ ´´ÊÕ ¶·µÉµ´´ÊÕ ³¨Ï¥´Ó.
�É   ³¥·¨± ´µ-Ë· ´ÍÊ§¸± Ö ¶·µÉµ´-
´ Ö ¶µ²Ö·¨§µ¢ ´´ Ö ³¨Ï¥´Ó (�·£µ´´Ä
‘ ±²¥) ¡Ò²  ¸¶¥Í¨ ²Ó´µ ¤µ¸É ¢²¥´  ¢
„Ê¡´Ê ¤²Ö ¶·µ¢¥¤¥´¨Ö ¨§³¥·¥´¨°. �µ-
¸²¥ ¥¥ ·¥±µ´¸É·Ê±Í¨¨ ¡Ò²¨ ´ Î ÉÒ
Ô±¸¶¥·¨³¥´ÉÒ ¸ ¶ÊÎ±µ³ ¶µ²Ö·¨§µ¢ ´-
´ÒÌ ´¥°É·µ´µ¢.

‚¥²¨Î¨´Ò ∆σL(np) ¨§³¥·Ö²¨¸Ó ± ± · §´µ¸ÉÓ ³¥¦¤Ê ¶µ²´Ò³¨ np-¸¥Î¥´¨Ö-
³¨ ¤²Ö ¶ · ²²¥²Ó´ÒÌ ¨  ´É¨¶ · ²²¥²Ó´ÒÌ ¶µ²Ö·¨§ Í¨° ¶ÊÎ±  ¨ ³¨Ï¥´¨, µ·¨-
¥´É¨·µ¢ ´´ÒÌ ¢¤µ²Ó ¨³¶Ê²Ó¸  ¶ÊÎ± . � ¡²Õ¤ ²¸Ö ¡Ò¸É·Ò° ¸¶ ¤ ∆σL(np) ¸
·µ¸Éµ³ Ô´¥·£¨¨ ¢ÒÏ¥ 1,1 ƒÔ‚ [62].

�·¨ Ô´¥·£¨ÖÌ ´¨¦¥ 2 ƒÔ‚ µ¡ÒÎ´ Ö É¥µ·¨Ö ³¥§µ´´µ£µ µ¡³¥´  NN -· ¸¸¥Ö-
´¨Ö ¤ ¥É Ô´¥·£¥É¨Î¥¸±ÊÕ § ¢¨¸¨³µ¸ÉÓ ¤²Ö ∆σL(np), ± ± ÔÉµ ¶µ± § ´µ ´ 
·¨¸. 11. Œµ¦´µ ¢¨¤¥ÉÓ, ÎÉµ ÔÉ  ³µ¤¥²Ó µ¡¥¸¶¥Î¨¢ ¥É Éµ²Ó±µ ± Î¥¸É¢¥´´µ¥
µ¶¨¸ ´¨¥ ¤ ´´ÒÌ ¶·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ ¨ ¸¨²Ó´µ · ¸Ìµ¤¨É¸Ö ¸ ¤ ´´Ò³¨ ¶·¨
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Ô´¥·£¨¨ ¢ÒÏ¥ 1 ƒÔ‚. ‚ [63, 64] µ¡¸Ê¦¤ ¥É¸Ö ³µ¤¥²Ó ´¥¶¥·ÉÊ·¡ É¨¢´µ£µ
¢§ ¨³µ¤¥°¸É¢¨Ö ³¥¦¤Ê ±¢ ·± ³¨, ¨´¤ÊÍ¨·µ¢ ´´µ£µ ¸¨²Ó´Ò³¨ Ë²Ê±ÉÊ Í¨Ö³¨
¢ ±ÊÊ³´ÒÌ £²Õµ´´ÒÌ ¶µ²¥°, É. ¥. ¨´¸É ´Éµ´ ³¨. �¤´ ±µ ¢±² ¤, § ¢¨¸ÖÐ¨° µÉ
Ô´¥·£¨¨, ¢ ∆σL(np) ¡Ò² µÍ¥´¥´ Éµ²Ó±µ ´  ± Î¥¸É¢¥´´µ³ Ê·µ¢´¥.

ˆ¸¸²¥¤Ê¥³ Ö Ô´¥·£¥É¨Î¥¸± Ö µ¡² ¸ÉÓ ¸µµÉ¢¥É¸É¢Ê¥É ¢µ§³µ¦´µ° £¥´¥· Í¨¨
ÉÖ¦¥²ÒÌ ¤¨¡ ·¨µ´µ¢, ¨ ¨Ì ¢µ§³µ¦´µ¥ ¶·µÖ¢²¥´¨¥ ¢ Ô´¥·£¥É¨Î¥¸±µ° § ¢¨-
¸¨³µ¸É¨ · §²¨Î´ÒÌ ´ ¡²Õ¤ ¥³ÒÌ ¢¥²¨Î¨´ ¢ pp- ¨ np-¢§ ¨³µ¤¥°¸É¢¨ÖÌ É ±¦¥
¶·¥¤¸± §Ò¢ ¥É¸Ö · §²¨Î´Ò³¨ ³µ¤¥²Ö³¨. „²Ö ¶·µ¢¥·±¨ ÔÉ¨Ì ¶·¥¤¸± § ´¨° É·¥-
¡Ê¥É¸Ö ¶·µ¢¥¤¥´¨¥ ¤ ²Ó´¥°Ï¨Ì ¨§³¥·¥´¨°.

—Éµ¡Ò § ¢¥·Ï¨ÉÓ ¨§³¥·¥´¨Ö Ô´¥·£¥É¨Î¥¸±µ° § ¢¨¸¨³µ¸É¨ ∆σL(np), ´¥µ¡-
Ìµ¤¨³µ ¨§³¥·¨ÉÓ ÔÉÊ ¢¥²¨Î¨´Ê ¶·¨ 1,4; 1,6; 2,0 ¨ 3,17 ƒÔ‚. ’ ±¦¥ ´¥µ¡Ìµ¤¨³µ
¨§³¥·¨ÉÓ Ô´¥·£¥É¨Î¥¸±ÊÕ § ¢¨¸¨³µ¸ÉÓ ∆σT (np) ¸ ¶µ¶¥·¥Î´µ° ¶µ²Ö·¨§ Í¨¥°
¶ÊÎ±  ´¥°É·µ´µ¢ ¨ ¶·µÉµ´µ¢ ³¨Ï¥´¨. �É¨ Ô±¸¶¥·¨³¥´ÉÒ ¡Ê¤ÊÉ ¶·µ¤µ²¦¥´Ò
´  ´Ê±²µÉ·µ´¥.

�·µ¥±É Œ�‘. “Î ¸É´¨± ³¨ ¶·µ¥±É  Ö¢²ÖÕÉ¸Ö ¸µÉ·Ê¤´¨±¨ ¨§ �ˆŸˆ, �µ²-
£ ·¨¨ (ˆ´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨° ¨ Ö¤¥·´µ° Ô´¥·£¥É¨±¨), �µ¸¸¨¨ (ˆŸˆ),
‘˜� (‹µ¸-�² ³µ¸¸± Ö ´ Í¨µ´ ²Ó´ Ö ² ¡µ· Éµ·¨Ö; Šµ²²¥¤¦ ®‚¨²ÓÖ³ ¨ ŒÔ-
·¨¯, ‚¨²ÓÖ³¸¡Ê·£; “´¨¢¥·¸¨É¥É, �µ·Ëµ²±; “´¨¢¥·¸¨É¥É, Šµ²µ· ¤µ), “±· ¨´Ò
(• ·Ó±µ¢¸±¨° Ë¨§¨±µ-É¥Ì´¨Î¥¸±¨° ¨´¸É¨ÉÊÉ).

�² ´¨·Ê¥É¸Ö ¨¸¶µ²Ó§µ¢ ÉÓ ¸¶¥±É·µ³¥É· Œ�‘ (¸¶¥±É·µ³¥É· ¸·¥¤´¥£µ · §-
·¥Ï¥´¨Ö) ¨§ ‹µ¸-�² ³µ¸  (‘˜�) ´  Ê¸±µ·¨É¥²Ó´µ³ ±µ³¶²¥±¸¥ ‹‚� �ˆŸˆ.
�Éµ ¸É ²µ ¢µ§³µ¦´Ò³ ¶µ¸²¥ ¶µ¤¶¨¸ ´¨Ö ¸µ£² Ï¥´¨Ö µ ´ ÊÎ´µ³ ¸µÉ·Ê¤´¨-
Î¥¸É¢¥ ³¥¦¤Ê ‹µ¸-�² ³µ¸¸±µ° ´ Í¨µ´ ²Ó´µ° ² ¡µ· Éµ·¨¥°, ˆŸˆ ¨ �ˆŸˆ.
ˆ¸¶µ²Ó§µ¢ ´¨¥ ÔÉµ£µ ¸¶¥±É·µ³¥É·  ¸µ¢³¥¸É´µ ¸ ¶µ²Ö·¨§µ¢ ´´µ° ¶·µÉµ´´µ°
³¨Ï¥´ÓÕ (�·£µ´´Ä‘ ±²¥Ä�ˆŸˆ) µÉ±·Ò¢ ¥É Ê´¨± ²Ó´Ò¥ ¢µ§³µ¦´µ¸É¨ ¤²Ö
¨§ÊÎ¥´¨Ö ¸¶¨´µ¢ÒÌ ÔËË¥±Éµ¢ ¢ Ô´¥·£¥É¨Î¥¸±µ° µ¡² ¸É¨ ¤µ 6 ƒÔ‚ ´  ´Ê±²µ´.

Œ £´¨É´ Ö ¸¨¸É¥³  ¸¶¥±É·µ³¥É·  Œ�‘ ¸µ¸Éµ¨É ¨§ É·¥Ì µ¸´µ¢´ÒÌ Ô²¥³¥´-
Éµ¢: ±¢ ¤·Ê¶µ²Ó´Ò° Ëµ±Ê¸¨·ÊÕÐ¨° ³ £´¨É, ¤¨¶µ²Ó´Ò° ³ £´¨É, µÉ±²µ´ÖÕÐ¨°
Í¥´É· ²Ó´Ò° ¶ÊÎµ± ¢¢¥·Ì ´  33◦, ¨ ¢Éµ·µ° ¤¨¶µ²Ó´Ò° ³ £´¨É, µÉ±²µ´ÖÕÐ¨°
Í¥´É· ²Ó´Ò° ¶ÊÎµ± ¢´¨§ ´  15◦. „²Ö ·¥£¨¸É· Í¨¨ ±µµ·¤¨´ É Î ¸É¨Í ¨¸¶µ²Ó§Ê-
¥É¸Ö ¸¨¸É¥³  ¶·µ¶µ·Í¨µ´ ²Ó´ÒÌ ± ³¥·. � ²¨Î¨¥ ±¢ ¤·Ê¶µ²Ó´µ£µ Ëµ±Ê¸¨·Ê-
ÕÐ¥£µ ³ £´¨É  µ¡¥¸¶¥Î¨¢ ¥É ¡µ²ÓÏµ° £µ·¨§µ´É ²Ó´Ò°  ±¸¥¶É ´¸ Ê¸É ´µ¢±¨
± 60 ³· ¤.

ˆ¸¸²¥¤µ¢ É¥²Ó¸± Ö ¶·µ£· ³³  ¢±²ÕÎ ¥É ¨§ÊÎ¥´¨¥ ¸¶¨´µ¢ÒÌ ÔËË¥±Éµ¢ ¢
³´µ£µÎ ¸É¨Î´ÒÌ ¸¨¸É¥³ Ì, ¨¸¸²¥¤µ¢ ´¨¥ ¸É· ´´µ£µ ¸µ¤¥·¦ ´¨Ö ´Ê±²µ´ , ¨§Ê-
Î¥´¨¥ ·µ¦¤¥´¨Ö ±Ê³Ê²ÖÉ¨¢´ÒÌ Î ¸É¨Í ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¶µ²Ö·¨§µ¢ ´´µ£µ
¤¥°É·µ´´µ£µ ¶ÊÎ± .

4.3. �¥·¢Ò¥ Ô±¸¶¥·¨³¥´ÉÒ ´  ´Ê±²µÉ·µ´¥. ‘· §Ê ¦¥ ¶µ¸²¥ ¶µ²ÊÎ¥´¨Ö
Ê¸±µ·¥´´µ£µ ¶ÊÎ±  ¢ ±µ²ÓÍ¥ ´Ê±²µÉ·µ´  ¡Ò²¨ ´ Î ÉÒ ¶¥·¢Ò¥ Ô±¸¶¥·¨³¥´ÉÒ ´ 
¢´ÊÉ·¥´´¨Ì Ö¤¥·´ÒÌ ³¨Ï¥´ÖÌ. �Ò²  ¸µ§¤ ´  ¸É ´Í¨Ö ¢´ÊÉ·¥´´¨Ì ³¨Ï¥´¥°,
±µÉµ· Ö Ê¶· ¢²Ö¥É ·¥¦¨³µ³ ¢¢µ¤  Éµ´±¨Ì ¶²¥´µÎ´ÒÌ ¨ ´¨ÉÖ´ÒÌ ³¨Ï¥´¥°
¢ µ¡² ¸ÉÓ Í¨·±Ê²ÖÍ¨¨ Ê¸±µ·¥´´µ£µ ¢´ÊÉ·¥´´¥£µ ¶ÊÎ±  ´Ê±²µÉ·µ´  [65]. ‚
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�¨¸. 12. Šµ··¥²ÖÍ¨µ´´Ò¥ ËÊ´±Í¨¨ ±Ê³Ê²ÖÉ¨¢´ÒÌ ¶·µÉµ´µ¢, ¨¸¶ÊÐ¥´´ÒÌ ¸ ³ ²Ò³
µÉ´µ¸¨É¥²Ó´Ò³ ¨³¶Ê²Ó¸µ³ q, ¤²Ö dC- (a) ¨ dCu-·¥ ±Í¨° (¡)

ÔÉµ³ · §¤¥²¥ µ¶¨¸ ´Ò ´¥±µÉµ·Ò¥ Ô±¸¶¥·¨³¥´ÉÒ, ¢Ò¶µ²´Ö¥³Ò¥ ´  ¸É ´Í¨¨
¢´ÊÉ·¥´´¨Ì ³¨Ï¥´¥°.

4.3.1. ˆ¸¸²¥¤µ¢ ´¨Ö ´  ¢´ÊÉ·¥´´¥³ ¶ÊÎ±¥. �·µ¥±É ‘Š��-1. �¤¨´ ¨§
¶¥·¢ÒÌ Ô±¸¶¥·¨³¥´Éµ¢ ´  ¢´ÊÉ·¥´´¥³ ¶ÊÎ±¥ ¡Ò² ·¥ ²¨§µ¢ ´ ´  Ê¸É ´µ¢±¥
‘Š��-1 (¸¶¥±É·µ³¥É· ±Ê³Ê²ÖÉ¨¢´ÒÌ  ¤·µ´µ¢ ´  ´Ê±²µÉ·µ´¥).

‚ ÔÉµ³ Ô±¸¶¥·¨³¥´É¥ ÊÎ ¸É¢ÊÕÉ Ë¨§¨±¨ ¨§ �ˆŸˆ, �µ²£ ·¨¨ (ˆ´¸É¨ÉÊÉ
Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨° ¨ Ö¤¥·´µ° Ô´¥·£¥É¨±¨), �µ¸¸¨¨ (‘ ´±É-�¥É¥·¡Ê·£¸±¨°
£µ¸Ê¤ ·¸É¢¥´´Ò° Ê´¨¢¥·¸¨É¥É), ‘²µ¢ ±¨¨ (ˆ´¸É¨ÉÊÉ Ë¨§¨±¨).

“¸É ´µ¢±  ¶·¥¤´ §´ Î¥´  ¤²Ö ¨§ÊÎ¥´¨Ö Ë· £³¥´É Í¨¨ Ö¤¥·-³¨Ï¥´¨ ¢ ¤¢ 
±Ê³Ê²ÖÉ¨¢´ÒÌ ¶·µÉµ´ . –¥²ÓÕ Ô±¸¶¥·¨³¥´É  Ö¢²Ö¥É¸Ö ¨§³¥·¥´¨¥ ¶µ¶¥·¥Î´µ£µ
· §³¥·  µ¡² ¸É¨ Ö¤·µ-Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°. �Ò² ¨¸¶µ²Ó§µ¢ ´ ³¥Éµ¤ ¨§³¥-
·¥´¨Ö ±µ··¥²ÖÍ¨° ±Ê³Ê²ÖÉ¨¢´ÒÌ ¶·µÉµ´µ¢, ¨¸¶ÊÐ¥´´ÒÌ ¶·¨ ³ ²ÒÌ µÉ´µ¸¨-
É¥²Ó´ÒÌ ¨³¶Ê²Ó¸ Ì. Šµ··¥²ÖÍ¨¨ ¶·µÉµ´µ¢, ¨¸¶ÊÐ¥´´ÒÌ ¢ Ê£²µ¢µ³ ¨´É¥·¢ ²¥
106÷ 112◦ ¢ ² ¡µ· Éµ·´µ° ¸¨¸É¥³¥, ¨§ÊÎ ²¨¸Ó ¢ ·¥ ±Í¨ÖÌ d + C → p + p + ...
¨ d+Cu → p+p+ ... (Pd = 2 A ·ƒÔ‚). ‚ ·¥§Ê²ÓÉ É¥ ÔÉ¨Ì ¨§³¥·¥´¨° ¡Ò²¨ ¶µ-
²ÊÎ¥´Ò ¶·¨¡²¨§¨É¥²Ó´µ µ¤¨´ ±µ¢Ò¥ · ¤¨Ê¸Ò ¤²Ö dC- ¨ dCu-¢§ ¨³µ¤¥°¸É¢¨°:
rdC = 3, 0±0,5

0,4 Ë³ ¨ rdCu = 2, 6±0,8
0,7 Ë³ (·¨¸. 12) [66]. ˆ¸¸²¥¤µ¢ ´¨Ö ´ 

Ê¸É ´µ¢±¥ ‘Š��-1 ¶·µ¤µ²¦ ÕÉ¸Ö ¤²Ö ¤·Ê£¨Ì ¶ ¤ ÕÐ¨Ì Î ¸É¨Í ¨ ³¨Ï¥´¥°.
Šµ²² ¡µ· Í¨Ö Œ��“‘Ÿ. ƒ·Ê¶¶  ±µ²² ¡µ· Í¨¨ Œ��“‘Ÿ ´ Î ²  ¨¸¸²¥¤µ-

¢ ´¨Ö ¢ÒÌµ¤  ¢Éµ·¨Î´ÒÌ Ë· £³¥´Éµ¢ ¢ ·¥§Ê²ÓÉ É¥ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢´ÊÉ·¥´´¥£µ
¶ÊÎ±  ´Ê±²µÉ·µ´  ¸ ÉÖ¦¥²Ò³¨ ³¨Ï¥´Ö³¨ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ Éµ´±¨Ì ¶µ²Ê¶·µ-
¢µ¤´¨±µ¢ÒÌ ¤¥É¥±Éµ·µ¢. �É  £·Ê¶¶  ¶µ²ÊÎ¨²  Ìµ·µÏ¥¥ · §¤¥²¥´¨¥ ¢Éµ·¨Î´ÒÌ
Ë· £³¥´Éµ¢ ¸ µÎ¥´Ó ´¨§±¨³¨ Ô´¥·£¨Ö³¨ ¢ µ¡² ¸É¨ µÉ 2 ¤µ 25 ŒÔ‚ ¢ d + Au-
¢§ ¨³µ¤¥°¸É¢¨¨ ¶·¨ Ô´¥·£¨¨ ¤¥°É·µ´µ¢ 1,044 ƒÔ‚ (·¨¸. 13).
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�¨¸. 13. � §¤¥²¥´¨¥ ¢Éµ·¨Î´ÒÌ Ë· £³¥´Éµ¢ ¤²Ö d+Au-·¥ ±Í¨¨ ¶·¨ Ô´¥·£¨¨ ¤¥°É·µ´µ¢
1,044 ƒÔ‚

�É¨ ¤ ´´Ò¥ ´ Ìµ¤ÖÉ¸Ö ¢ ¶·µÍ¥¸¸¥  ´ ²¨§  ¨ ¡Ê¤ÊÉ ¨¸¶µ²Ó§µ¢ ´Ò ¤²Ö ¨§Ê-
Î¥´¨Ö ÔËË¥±É  ¶µ²´µ£µ · §·ÊÏ¥´¨Ö Ö¤¥·, Î¥³Ê ¸¶µ¸µ¡¸É¢Ê¥É ´¨§± Ö Ô´¥·£¨Ö
¢Éµ·¨Î´ÒÌ Ë· £³¥´Éµ¢.

4.3.2. ˆ¸¸²¥¤µ¢ ´¨Ö ´  ¢Ò¢¥¤¥´´ÒÌ ¶ÊÎ± Ì. �·µ¥±É ‘’�…‹�. �±¸¶¥·¨-
³¥´É ‘’�…‹� (·¨¸. 14) ¶·¥¤¶µ² £ ¥É ¨§ÊÎ¥´¨¥ ¸¶¨´-§ ¢¨¸¨³µ° Î ¸É¨ ´Ê±²µ´-
´µ°  ³¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö ¢ np → pn § ·Ö¤µ¢µ-µ¡³¥´´µ³ ¶·µÍ¥¸¸¥ ´  ¢Ò¢¥-
¤¥´´µ³ ¶ÊÎ±¥ ¤¥°É·µ´µ¢ ´Ê±²µÉ·µ´ .

�±¸¶¥·¨³¥´É ¢Ò¶µ²´Ö¥É¸Ö ¶·¨ ÊÎ ¸É¨¨ ÊÎ¥´ÒÌ ¨§ �ˆŸˆ, �µ²£ ·¨¨ (ˆ´-
¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨° ¨ Ö¤¥·´µ° Ô´¥·£¥É¨±¨, “´¨¢¥·¸¨É¥É Ì¨³¨Î¥¸±µ°
É¥Ì´µ²µ£¨¨ ¨ ³¥É ²²Ê·£¨¨), �µ²ÓÏ¨ (ˆ´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨°), ‘²µ-
¢ ±¨¨ (“´¨¢¥·¸¨É¥É, ŠµÏ¨Í¥).

�¨¸. 14. ‘Ì¥³  Ê¸É ´µ¢±¨ ‘’�…‹�: IC Å ¨µ´¨§ Í¨µ´´ Ö ± ³¥· ; LH2 Å ¦¨¤±µ¢µ¤µ-
·µ¤´ Ö ³¨Ï¥´Ó; D Å  ´ ²¨§¨·ÊÕÐ¨° ³ £´¨É; T1÷T3 ¨ M1, M2 Å ¸Í¨´É¨²²ÖÍ¨µ´´Ò¥
³µ´¨Éµ·Ò; ‘1÷‘4 Å Î¥·¥´±µ¢¸±¨¥ ¸Î¥ÉÎ¨±¨; S1÷S4 Å ¸Í¨´É¨²²ÖÍ¨µ´´Ò¥ ¸Î¥ÉÎ¨±¨
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�² ´¨·Ê¥É¸Ö ¨§³¥·¨ÉÓ ¸¥Î¥´¨¥ ·µ¦¤¥´¨Ö ¤¢ÊÌ ¶·µÉµ´µ¢ ¶·¨ ³ ²µ³ ¶¥-
·¥¤ ´´µ³ ¨³¶Ê²Ó¸¥ ¢ dp-¢§ ¨³µ¤¥°¸É¢¨ÖÌ ¢ µ¡² ¸É¨ ¨³¶Ê²Ó¸µ¢ ¤¥°É·µ´µ¢ µÉ
3 ¤µ 4 ƒÔ‚/c.

‚µ§³µ¦´µ¸ÉÓ ¶µ²ÊÎ¥´¨Ö ¤µ¶µ²´¨É¥²Ó´µ° ¨´Ëµ·³ Í¨¨ µÉ´µ¸¨É¥²Ó´µ  ³-
¶²¨ÉÊ¤Ò Ô²¥³¥´É ·´µ° § ·Ö¤µ¢µ-µ¡³¥´´µ° ·¥ ±Í¨¨ np → pn ¸ ¶µ³µÐÓÕ
§ ·Ö¤µ¢µ-µ¡³¥´´µ£µ ¶·µÍ¥¸¸  dp → (pp)n ¨§ Ô±¸¶¥·¨³¥´Éµ¢ ¸ ´¥¶µ²Ö·¨§µ-
¢ ´´Ò³¨ ¤¥°É·µ´ ³¨ ¡Ò²  µÉ³¥Î¥´  Œ¨£¤ ²µ³ ¨ �µ³¥· ´ÎÊ±µ³.

�·µ¸É¥°Ï Ö ¢¥·¸¨Ö ÔÉ¨Ì ¤¢ÊÌ ¶·µÍ¥¸¸µ¢ ¢ · ³± Ì ¨³¶Ê²Ó¸´µ£µ ¶·¨¡²¨¦¥-
´¨Ö ¸µ¸Éµ¨É ¢ · ¸¸³µÉ·¥´¨¨ ¤¢ÊÌ ¶·µÍ¥¸¸µ¢: a) § ·Ö¤µ¢µ-µ¡³¥´´Ò° ¶·µÍ¥¸¸
np → pn ¨ ¡) ·¥ ±Í¨Ö dp → (pp)n, É. ¥. § ·Ö¤µ¢Ò° µ¡³¥´ ´  ¶·µ¸É¥°Ï¥³
Ö¤·¥ Å ¤¥°É·µ´¥ (·¨¸. 15). ‚ ¶¥·¢µ³ ¸²ÊÎ ¥ ( ) µ¡¥ ¸¶¨´µ¢Ò¥ µ·¨¥´É Í¨¨
· §·¥Ï¥´Ò, ¢ Éµ ¢·¥³Ö ± ± ¢µ ¢Éµ·µ³ ¸²ÊÎ ¥ (¡) ¶·¨ ³ ²µ³ Ê£²¥ · ¸¸¥Ö´¨Ö
(¤¢  ¶·µÉµ´  ¤¢¨¦ÊÉ¸Ö ¢ ¶¥·¥¤´¥³ ´ ¶· ¢²¥´¨¨ ¸ ³ ²Ò³ µÉ´µ¸¨É¥²Ó´Ò³ ¨³-
¶Ê²Ó¸µ³) ·¥ ±Í¨Ö ³µ¦¥É ¶·µÌµ¤¨ÉÓ, Éµ²Ó±µ ¥¸²¨ ¸¶¨´ Ê · ¸¸¥Ö´´µ£µ ¶·µÉµ´ 
¶¥·¥¢µ· Î¨¢ ¥É¸Ö (¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ ¶·¨´Í¨¶µ³ � Ê²¨). �·¨ ´Ê²¥¢µ³ ¶¥·¥-
¤ ´´µ³ ¨³¶Ê²Ó¸¥ ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ·¥ ±Í¨¨ dp → (pp)n µ¶·¥¤¥-
²Ö¥É¸Ö Î ¸ÉÓÕ  ³¶²¨ÉÊ¤Ò ¸ ¶¥·¥¢µ·µÉµ³ ¸¶¨´  § ·Ö¤µ¢µ-µ¡³¥´´µ£µ ¶·µÍ¥¸¸ 
np → pn.

‚ 2000 £. ¡Ò²  ¶µ²ÊÎ¥´  ¶¥·¢ Ö Ô±¸¶¥·¨³¥´É ²Ó´ Ö ¨´Ëµ·³ Í¨Ö ´  Ê¸É -
´µ¢±¥ ‘’�…‹� ´  ¢Ò¢¥¤¥´´µ³ ¤¥°É·µ´´µ³ ¶ÊÎ±¥ ´Ê±²µÉ·µ´ , ±µÉµ· Ö ¢ ´ -
¸ÉµÖÐ¥¥ ¢·¥³Ö ´ Ìµ¤¨É¸Ö ¢ ¶·µÍ¥¸¸¥  ´ ²¨§ . �·¥¤¢ ·¨É¥²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ
¶µ · §¤¥²¥´¨Õ ¸µ¡ÒÉ¨° ¸ ¤¢Ê³Ö ¶·µÉµ´ ³¨ ¨ µ¤´¨³ ¶·µÉµ´µ³ ´  Ê¸É ´µ¢±¥
‘’�…‹� ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 16.

�¨¸. 15. �²¥³¥´É ·´ Ö np → pn (a) ¨ dp → (pp)n (¡) § ·Ö¤µ¢µ-µ¡³¥´´Ò¥ ·¥ ±Í¨¨

�¨¸. 16. �·¥¤¢ ·¨É¥²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ Ô±¸¶¥·¨³¥´É  ‘’�…‹� ¶µ · §¤¥²¥´¨Õ ¸µ¡ÒÉ¨°
¸ ¤¢Ê³Ö ¶·µÉµ´ ³¨ ¨ µ¤´¨³ ¶·µÉµ´µ³
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�·µ¥±É ‘Š��-2. ‚ ¶µ¤£µÉµ¢±¥ ¶·µ¥±É  ¶·¨´Ö²¨ ÊÎ ¸É¨¥ ÊÎ¥´Ò¥ ¨§
�ˆŸˆ, �µ²£ ·¨¨ (ˆ´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨° ¨ Ö¤¥·´µ° Ô´¥·£¥É¨±¨),
�µ¸¸¨¨ (‘ ´±É-�¥É¥·¡Ê·£¸±¨° Ê´¨¢¥·¸¨É¥É), �Ê³Ò´¨¨ (ˆ´¸É¨ÉÊÉ ¨¸¸²¥¤µ¢ -
´¨Ö ¨ · §¢¨É¨Ö Ë¨§¨±¨ ¨ Ö¤¥·´µ° É¥Ì´µ²µ£¨¨), ‘²µ¢ ±¨¨ (ˆ´¸É¨ÉÊÉ Ë¨§¨±¨).

�·¥¤² £ ¥É¸Ö ¨§ÊÎ ÉÓ µ¡· §µ¢ ´¨¥ ¶·µÉµ´´ÒÌ ¶ · ¸ ³ ²Ò³¨ µÉ´µ¸¨É¥²Ó-
´Ò³¨ ¨³¶Ê²Ó¸ ³¨ 0 < q < 50 ŒÔ‚/¸, ±µÉµ·Ò¥ ¨¸¶Ê¸± ÕÉ¸Ö ¶µ¤ Ê£²µ³ 180◦ ¢
¸¨¸É¥³¥ Í¥´É·  ³ ¸¸, ¢ ·¥ ±Í¨¨ d + p → (pp) (180◦) + n.

�Ê¤ÊÉ ¨§³¥·¥´Ò ¸¥Î¥´¨¥ ¨ É¥´§µ·´ Ö  ´ ²¨§¨·ÊÕÐ Ö ¸¶µ¸µ¡´µ¸ÉÓ T20

¶·µÍ¥¸¸  ¸ Í¥²ÓÕ ¶µ²ÊÎ¥´¨Ö ¨´Ëµ·³ Í¨¨ µ ¸¶¨´µ¢µ° ¸É·Ê±ÉÊ·¥ ¤¥°É·µ´  ´ 
³ ²ÒÌ ¢´ÊÉ·¨Ö¤¥·´ÒÌ · ¸¸ÉµÖ´¨ÖÌ. ˆ§³¥·¥´¨Ö ¶² ´¨·Ê¥É¸Ö ¢Ò¶µ²´¨ÉÓ ´ 
¢Ò¢¥¤¥´´µ³ ¶ÊÎ±¥ ¤¥°É·µ´µ¢ ´Ê±²µÉ·µ´  ¸ ¨³¶Ê²Ó¸µ³ Pd = 0,5 ÷ 6, 0 ƒÔ‚/¸.

ˆ§ÊÎ ¥³ Ö ·¥ ±Í¨Ö ¡²¨§±  ± ·¥ ±Í¨¨ Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö ¤¥°É·µ´  ´ § ¤,
´µ ·µ¦¤¥´¨¥ ´Ê±²µ´´µ° ¶ ·Ò ¢ ¸¨´£²¥É´µ³ ¸µ¸ÉµÖ´¨¨ 1S0 (¡²¨§±¨¥ µÉ´µ-
¸¨É¥²Ó´Ò¥ ¨³¶Ê²Ó¸Ò) µ¶·¥¤¥²Ö¥É¸Ö, £² ¢´Ò³ µ¡· §µ³, µ¤´µ´Ê±²µ´´Ò³ µ¡³¥-
´µ³ [67].

�Éµ ¶µ§¢µ²Ö¥É ¶µ²ÊÎ¨ÉÓ ¡µ²¥¥ ¶·Ö³ÊÕ ¨´Ëµ·³ Í¨Õ µ ¸É·Ê±ÉÊ·¥ ¤¥°É·µ´ 
´  ³ ²ÒÌ · ¸¸ÉµÖ´¨ÖÌ, Î¥³ ¢ ¸²ÊÎ ¥ ¨¸¸²¥¤µ¢ ´¨Ö ·¥ ±Í¨¨ Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö
¤¥°É·µ´  ´ § ¤. —¨¸²¥´´Ò¥ µÍ¥´±¨ ¤²Ö ¸¥Î¥´¨Ö ¨ É¥´§µ·´µ°  ´ ²¨§¨·ÊÕÐ¥°
¸¶µ¸µ¡´µ¸É¨ ¨§ÊÎ ¥³µ£µ ¶·µÍ¥¸¸  ¶·µ¢¥¤¥´Ò ¢ [68]. �µ± § ´µ, ÎÉµ ¢ µ¡² ¸É¨
Ô´¥·£¨° ´Ê±²µÉ·µ´  ÔÉ¨ ¢¥²¨Î¨´Ò ¤µ¸É ÉµÎ´µ ¡µ²ÓÏ¨¥ ¨ ³µ£ÊÉ ¡ÒÉÓ ¨§³¥-
·¥´Ò ¢ · ³± Ì ¶·¥¤² £ ¥³µ£µ ¶·µ¥±É  [69]. �Í¥´±¨ ¶µ± §Ò¢ ÕÉ, ÎÉµ ¶·¨
¨´É¥´¸¨¢´µ¸É¨ ¤¥°É·µ´´µ£µ ¶ÊÎ±  107 ¸−1 ¨ Éµ²Ð¨´¥ ¦¨¤±µ¢µ¤µ·µ¤´µ° ³¨-
Ï¥´¨ 1 £/¸³2 ³µ¦´µ µ¦¨¤ ÉÓ ¶·¨³¥·´µ µ¤´µ ¸µ¡ÒÉ¨¥ §  ¢·¥³Ö ¸¡·µ¸  ¶ÊÎ± 
´  ³¨Ï¥´Ó, ÎÉµ µ¡¥¸¶¥Î¨¢ ¥É ¸É É¨¸É¨Î¥¸±ÊÕ ÉµÎ´µ¸ÉÓ ¨§³¥·¥´¨° µ±µ²µ 2 %
§  20 Î ¸µ¢ · ¡µÉÒ Ê¸±µ·¨É¥²Ö.

“¸É ´µ¢±  ‘Š��-2 (·¨¸. 17) ¢±²ÕÎ ¥É ¢ ¸¥¡Ö ¤¨¶µ²Ó´Ò° µÉ±²µ´ÖÕÐ¨°
³ £´¨É ¨ ¸¨¸É¥³Ò ³µ´¨Éµ·¨·µ¢ ´¨Ö ¶ÊÎ±  ¨ ¸Í¨´É¨²²ÖÍ¨µ´´ÒÌ £µ¤µ¸±µ¶µ¢,
¸²Ê¦ Ð¨Ì ¤²Ö ±µµ·¤¨´ É´ÒÌ ¨ ¢·¥³Ö¶·µ²¥É´ÒÌ ¨§³¥·¥´¨°.

�¥·¢Ò¥ ¨§³¥·¥´¨Ö ¶² ´¨·Ê¥É¸Ö ¢Ò¶µ²´¨ÉÓ ´  ¶ÊÎ±¥ ´¥¶µ²Ö·¨§µ¢ ´´ÒÌ
¤¥°É·µ´µ¢ ¢ 2001 £. �·µ£· ³³  ¨§³¥·¥´¨° ¸ ¶µ²Ö·¨§µ¢ ´´Ò³ ¤¥°É·µ´´Ò³
¶ÊÎ±µ³ ¡Ê¤¥É ¢Ò¶µ²´ÖÉÓ¸Ö ¢ ¶µ¸²¥¤ÊÕÐ¨¥ ¤¢  £µ¤ .

�¨¸. 17. ‘Ì¥³  Ê¸É ´µ¢±¨ ‘Š��-2
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‚ 2000 £. Ê¦¥ ¶·µ¢¥¤¥´µ µ¶·µ¡µ¢ ´¨¥ Î ¸É¨  ¶¶ · ÉÊ·Ò Ê¸É ´µ¢±¨
‘Š��-2 ´  ¢Ò¢¥¤¥´´µ³ ¶ÊÎ±¥ ´Ê±²µÉ·µ´ .

�·µ¥±É �ˆ‘. �·µ¥±É ¶·¥¤²µ¦¥´ ¸µ¢³¥¸É´µ ¤¢Ê³Ö ² ¡µ· Éµ·¨Ö³¨ �ˆŸˆ:
‹ ¡µ· Éµ·¨¥° ¢Ò¸µ±¨Ì Ô´¥·£¨° ¨ ‹ ¡µ· Éµ·¨¥° Ë¨§¨±¨ Î ¸É¨Í (‹”—).

�¸´µ¢´µ° Í¥²ÓÕ ¶·µ¥±É  Ö¢²Ö¥É¸Ö ¶·µ¢¥·±  £¨¶µÉ¥§Ò µ ¸ÊÐ¥¸É¢µ¢ ´¨¨
¸±·ÒÉµ° ¶µ²Ö·¨§µ¢ ´´µ° ¸É· ´´µ¸É¨ ¢ ´Ê±²µ´¥ [70]. ‚ ¸²ÊÎ ¥ ¶µ¤É¢¥·¦¤¥-
´¨Ö ÔÉµ° £¨¶µÉ¥§Ò ¸¢µ¥ ¥¸É¥¸É¢¥´´µ¥ µ¡ÑÖ¸´¥´¨¥ ´ Ìµ¤ÖÉ ± ± ¶·µ¡²¥³  ®¸¶¨-
´µ¢µ£µ ±·¨§¨¸ ¯ [71], É ± ¨ ± ¦ÊÐ¥¥¸Ö ´ ·ÊÏ¥´¨¥ ¶· ¢¨²  �±Ê¡µÄ–¢¥°£ Ä
ˆ¨§Ê±¨ (�–ˆ). �¥µ¡Ìµ¤¨³µ ¢Ò¶µ²´¨ÉÓ ¨§³¥·¥´¨Ö µÉ´µÏ¥´¨° ¸¥Î¥´¨° ·µ-
¦¤¥´¨Ö ϕ- ¨ ω-³¥§µ´µ¢ ¢¡²¨§¨ ¶µ·µ£  ¨Ì µ¡· §µ¢ ´¨Ö ¢ ´Ê±²µ´´ÒÌ ¢§ ¨-
³µ¤¥°¸É¢¨ÖÌ, É. ¥. ¶·¨ ² ¡µ· Éµ·´ÒÌ ¨³¶Ê²Ó¸ Ì ´Ê±²µ´µ¢ ¢ÒÏ¥ 2,7 ƒÔ‚/¸.
ˆ¸¶µ²Ó§µ¢ ´¨¥ ¤¥°É·µ´´µ£µ ¶ÊÎ±  ¤ ¸É ¢µ§³µ¦´µ¸ÉÓ ¸· ¢´¨ÉÓ ¸¥Î¥´¨¥ ·µ¦¤¥-
´¨Ö ϕ- ³¥§µ´  ¢ pp- ¨ np-¢§ ¨³µ¤¥°¸É¢¨ÖÌ ¶·¨ µ¤¨´ ±µ¢ÒÌ ±¨´¥³ É¨Î¥¸±¨Ì
Ê¸²µ¢¨ÖÌ.

‚ µ¡µ§·¨³µ³ ¡Ê¤ÊÐ¥³ É ±¨¥ ¨§³¥·¥´¨Ö ¢µ§³µ¦´Ò Éµ²Ó±µ ¢ „Ê¡´¥ ´  ´Ê-
±²µÉ·µ´¥, ¶µ¸±µ²Ó±Ê ³ ±¸¨³ ²Ó´ Ö Ô´¥·£¨Ö ¤·Ê£µ£µ ¶·µÉµ´´µ£µ Ê¸±µ·¨É¥²Ö ¢
ÔÉµ° µ¡² ¸É¨ Ô´¥·£¨° (COSY, ƒ¥·³ ´¨Ö) ¸µµÉ¢¥É¸É¢Ê¥É ± ± · § ¶µ·µ£Ê ·µ¦¤¥-
´¨Ö ϕ-³¥§µ´ .

�¥ ²Ó´µ¸ÉÓ ¢Ò¶µ²´¥´¨Ö Ô±¸¶¥·¨³¥´É  ´¥ ¢Ò§Ò¢ ¥É ¸µ³´¥´¨Ö, ¶µ¸±µ²Ó±Ê
 ´ ²µ£¨Î´Ò¥ ¨§³¥·¥´¨Ö, ´µ ¶·¨ µ¤´µ° Ë¨±¸¨·µ¢ ´´µ° Ô´¥·£¨¨, ¡Ò²¨ ¢Ò-
¶µ²´¥´Ò ´¥¤ ¢´µ ±µ²² ¡µ· Í¨¥° DISTO ´  Ê¸±µ·¨É¥²¥ SATURNE ¢µ ”· ´-
Í¨¨ [72].

�¡´ ·Ê¦¥´¨¥ ´ ·ÊÏ¥´¨Ö ¶· ¢¨²  �–ˆ ¢ ¶·µÉµ´-¶·µÉµ´´ÒÌ ¢§ ¨³µ¤¥°-
¸É¢¨ÖÌ Ö¢²Ö¥É¸Ö ±·¨É¨Î¥¸±¨³ ¨¸¶ÒÉ ´¨¥³ ¤²Ö ¸ ³µ£µ ¶·¥¤¸É ¢²¥´¨Ö µ ¸±·Ò-
Éµ° ¶µ²Ö·¨§µ¢ ´´µ° ¸É· ´´µ¸É¨ ´Ê±²µ´ . �Éµ ´ ·ÊÏ¥´¨¥ ¡Ò²µ ´ °¤¥´µ ¢
 ´É¨¶·µÉµ´-¶·µÉµ´´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨ÖÌ, ¨ µÎ¥´Ó ¢ ¦´µ ¶µ¤É¢¥·¤¨ÉÓ ¥£µ ¸Ê-
Ð¥¸É¢µ¢ ´¨¥ ¤²Ö ¸²ÊÎ Ö ´Ê±²µ´-´Ê±²µ´´µ° ¸¨¸É¥³Ò. ‚ Ô±¸¶¥·¨³¥´É¥ �ˆ‘
¡Ê¤ÊÉ ¶µ²ÊÎ¥´Ò ¤ ´´Ò¥ µ ¢¥²¨Î¨´¥ ÔËË¥±É  ´ ·ÊÏ¥´¨Ö ¶· ¢¨²  �–ˆ ¨ ¥£µ
Ô´¥·£¥É¨Î¥¸±µ° § ¢¨¸¨³µ¸É¨ ¢¡²¨§¨ ¶µ·µ£  ·µ¦¤¥´¨Ö ϕ- ¨ ω-³¥§µ´µ¢.

ˆ¸¶µ²Ó§µ¢ ´¨¥ ¤¥°É·µ´´µ£µ ¶ÊÎ±  ¤ ¸É ¢µ§³µ¦´µ¸ÉÓ ¸· ¢´¨ÉÓ ¸¥Î¥´¨¥
·µ¦¤¥´¨Ö ϕ-³¥§µ´  ¢ pp- ¨ np-¢§ ¨³µ¤¥°¸É¢¨ÖÌ ¶·¨ µ¤¨´ ±µ¢ÒÌ ±¨´¥³ É¨Î¥-
¸±¨Ì Ê¸²µ¢¨ÖÌ.

�·µ¥±É �ˆ‘ ¶·¥¤² £ ¥É¸Ö ·¥ ²¨§µ¢ ÉÓ ´  Ê¸É ´µ¢±¥ ‘”…��, ¤µ¶µ²´¨¢
¥¥ ·Ö¤µ³ ¤¥É¥±Éµ·µ¢, ´¥µ¡Ìµ¤¨³ÒÌ ¤²Ö ·¥Ï¥´¨Ö ¤ ´´µ° § ¤ Î¨ (³¨±·µ¸É·¨-
¶µ¢Ò¥ ¤¥É¥±Éµ·Ò,  Ô·µ£¥²Ó´Ò¥ Î¥·¥´±µ¢¸±¨¥ ¸Î¥ÉÎ¨±¨ ¨ É·¥±µ¢Ò¥ ¤¥É¥±Éµ·Ò
¡µ²ÓÏ¨Ì · §³¥·µ¢ ´  µ¸´µ¢¥ ¤·¥°Ëµ¢ÒÌ É·Ê¡µ±).

�·µ¥±É ‹�‘. �·µ¥±É ‹�‘ ¶µ¤£µÉµ¢²¥´ ¸µÉ·Ê¤´¨± ³¨ ¨§ �ˆŸˆ, �µ¸-
¸¨¨ (‘ ´±É-�¥É¥·¡Ê·£¸±¨° £µ¸Ê¤ ·¸É¢¥´´Ò° Ê´¨¢¥·¸¨É¥É), �µ²£ ·¨¨ (ˆ´¸É¨-
ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨° ¨ Ö¤¥·´µ° Ô´¥·£¥É¨±¨, “´¨¢¥·¸¨É¥É Ì¨³¨Î¥¸±µ°
É¥Ì´µ²µ£¨¨ ¨ ³¥É ²²Ê·£¨¨), ‘²µ¢ ±¨¨ (ˆ´¸É¨ÉÊÉ Ë¨§¨±¨), Ÿ¶µ´¨¨ (RIKEN).

�±¸¶¥·¨³¥´É ²Ó´ Ö ¶·µ£· ³³  ¶·¥¤¶µ² £ ¥É ¨¸¸²¥¤µ¢ ´¨¥ ¸É·Ê±ÉÊ·Ò
¤¥°É·µ´  ¨ 3He ´  ³ ²ÒÌ · ¸¸ÉµÖ´¨ÖÌ ³¥¦¤Ê ´Ê±²µ´ ³¨.
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�·µ£· ³³  ¢±²ÕÎ ¥É ¨§ÊÎ¥´¨¥ dp-Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö ¨ ·¥ ±Í¨¨ · §¢ ² 
¤¥°É·µ´  ¢ dp-¢§ ¨³µ¤¥°¸É¢¨¨ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ± ± ´¥¶µ²Ö·¨§µ¢ ´´µ£µ, É ±
¨ ¶µ²Ö·¨§µ¢ ´´µ£µ ¤¥°É·µ´´µ£µ ¶ÊÎ±  ¨ ¢´ÊÉ·¥´´¥° ³¨Ï¥´¨ ´Ê±²µÉ·µ´ , ¨§-
³¥·¥´¨¥ É¥´§µ·´µ°  ´ ²¨§¨·ÊÕÐ¥° ¸¶µ¸µ¡´µ¸É¨ ·¥ ±Í¨° d + d → 3He + n ¨
d + d → 3H + p ´  ¶µ²Ö·¨§µ¢ ´´µ³ ¤¥°É·µ´´µ³ ¶ÊÎ±¥ ¢ RIKEN (Ÿ¶µ´¨Ö).

�É¨ ¨§³¥·¥´¨Ö µ¡¥¸¶¥Î É ¶µ´¨³ ´¨¥ ¸¶¨´µ¢µ° ¸É·Ê±ÉÊ·Ò ³´µ£µÎ ¸É¨Î-
´ÒÌ ¸¨¸É¥³ ´  · ¸¸ÉµÖ´¨ÖÌ, ´¥¤µ¸É¨¦¨³ÒÌ ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¸ ¨¸¶µ²Ó§µ¢ -
´¨¥³ Ô²¥±É·µ³ £´¨É´ÒÌ ¶·µ¡´¨±µ¢.

ƒ² ¢´ Ö ¨¤¥Ö ¶·µ¥±É  ¸µ¸Éµ¨É ¢ · ¸Ï¨·¥´¨¨ ¨§³¥·¥´¨° · §²¨Î´ÒÌ ´ ¡²Õ-
¤ ¥³ÒÌ ¢¥²¨Î¨´ ¢ ¶·µÍ¥¸¸ Ì, ¢±²ÕÎ ÕÐ¨Ì É·¨ ´Ê±²µ´´Ò¥ ¸¨¸É¥³Ò, ¢ ´µ¢µ°
Ô´¥·£¥É¨Î¥¸±µ° ¨ Ê£²µ¢µ° µ¡² ¸É¨, £¤¥ É¥Ì´¨±  ” ¤¤¥¥¢  ¢¸¥ ¥Ð¥ · ¡µÉ ¥É
¨, ¸²¥¤µ¢ É¥²Ó´µ, ¸· ¢´¥´¨¥ Ô±¸¶¥·¨³¥´É  ¨ É¥µ·¨¨ ³µ¦¥É ¡ÒÉÓ ¶·µ¢¥¤¥´µ ¸
¢Ò¸µ±µ° ¸É¥¶¥´ÓÕ ÉµÎ´µ¸É¨.

�±¸¶¥·¨³¥´É ²Ó´ Ö ¶·µ£· ³³  ¶·µ¥±É  ‹�‘ ¢±²ÕÎ ¥É É·¨ · §²¨Î´ÒÌ
Ô±¸¶¥·¨³¥´É :

• ¨§³¥·¥´¨¥ ¸¥Î¥´¨Ö, ¢¥±Éµ·´µ° Ay ¨ É¥´§µ·´ÒÌ Ayy ¨ Axx  ´ ²¨§¨·ÊÕ-
Ð¨Ì ¸¶µ¸µ¡´µ¸É¥° ¢ dp-Ê¶·Ê£µ³ · ¸¸¥Ö´¨¨ ¢ µ¡² ¸É¨ ±¨´¥É¨Î¥¸±¨Ì Ô´¥·£¨°
¤¥°É·µ´  µÉ 300 ¤µ 500 ŒÔ‚,

• ¨§³¥·¥´¨¥ ¸¥Î¥´¨Ö, ¢¥±Éµ·´µ° Ay ¨ É¥´§µ·´µ° Ayy  ´ ²¨§¨·ÊÕÐ¨Ì
¸¶µ¸µ¡´µ¸É¥° ¢ ·¥ ±Í¨¨ · §¢ ²  ¤¥°É·µ´  ¢ dp-¢§ ¨³µ¤¥°¸É¢¨¨ ¢ µ¡² ¸É¨
Ô´¥·£¨° 300÷500 ŒÔ‚ ¢ · §²¨Î´ÒÌ ±µ´Ë¨£Ê· Í¨ÖÌ (±µ³¶² ´ ·´ Ö £¥µ³¥É·¨Ö,
¶·µ¸É· ´¸É¢¥´´ Ö §¢¥§¤  ¨ É. ¤.)

• ¨§³¥·¥´¨¥ É¥´§µ·´ÒÌ  ´ ²¨§¨·ÊÕÐ¨Ì ¸¶µ¸µ¡´µ¸É¥° ¢ ·¥ ±Í¨ÖÌ d+d →
3He + n ¨ d + d → 3H + p ¤µ 270 ŒÔ‚.

�¥·¢Ò¥ ¤¢  Ô±¸¶¥·¨³¥´É  ¶² ´¨·Ê¥É¸Ö ¶·¥¤¶·¨´ÖÉÓ, ¨¸¶µ²Ó§ÊÖ ´¥¶µ²Ö·¨-
§µ¢ ´´Ò° ¨ ¶µ²Ö·¨§µ¢ ´´Ò° ¤¥°É·µ´´Ò¥ ¶ÊÎ±¨ ´Ê±²µÉ·µ´  ¨ ¢´ÊÉ·¥´´ÕÕ ³¨-
Ï¥´Ó. ’·¥É¨° Ô±¸¶¥·¨³¥´É ¡Ò² ¢Ò¶µ²´¥´ ¢ RIKEN ¢ ´µÖ¡·¥Ä¤¥± ¡·¥ 2000 £.

4.4. �¸¨³¶ÉµÉ¨Î¥¸±¨¥ § ±µ´Ò ¢ ·¥²ÖÉ¨¢¨¸É¸±µ° Ö¤¥·´µ° Ë¨§¨±¥. ‚ · §-
¤¥²¥ 2 ¡Ò²¨ ¨¸¶µ²Ó§µ¢ ´Ò ¶·¨´Í¨¶Ò ¸¨³³¥É·¨¨ ¨ ¶µ¤µ¡¨Ö ¤²Ö ¶µ²ÊÎ¥´¨Ö
 ´ ²¨É¨Î¥¸±µ£µ ¢Ò· ¦¥´¨Ö ¤²Ö ¨´±²Õ§¨¢´µ£µ ¸¥Î¥´¨Ö ·µ¦¤¥´¨Ö Î ¸É¨Í, Ö¤¥·-
´ÒÌ Ë· £³¥´Éµ¢ ¨  ´É¨Ö¤¥· ¢ ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ö¤¥·´ÒÌ ¸Éµ²±´µ¢¥´¨ÖÌ.

ˆ¸¶µ²Ó§Ê¥³Ò¥ É ³ ¨´¢ ·¨ ´É´Ò¥ ¶¥·¥³¥´´Ò¥ (¨´É¥·¢ ²Ò ¢ ¶·µ¸É· ´¸É¢¥
4-¸±µ·µ¸É¥°) ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§ ¡Ò¸É·µÉÊ ¨´±²Õ§¨¢´µ° Î ¸É¨ÍÒ y, ¥¥ ¶µ¶¥-
·¥Î´ÊÕ ³ ¸¸Ê m1T ¨ ¡Ò¸É·µÉÊ ¸É ²±¨¢ ÕÐ¨Ì¸Ö Ö¤¥· ¢ ¸¨¸É¥³¥ ¨Ì Í¥´É· 
³ ¸¸ ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

(uIuII) = ch (2Y ),

(uIu1) =
m1T

m1
ch (−Y − y) =

m1T

m1
ch (Y + y),

(uIIu1) =
m1T

m1
ch (Y − y).
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„²Ö Í¥´É· ²Ó´µ° µ¡² ¸É¨ ¡Ò¸É·µÉ ·µ¦¤¥´´µ° ¨´±²Õ§¨¢´µ° Î ¸É¨ÍÒ y =
0 ¨²¨ (uIu1) = (uIIu1), ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É · ¢´µ¸Éµ·µ´´¥³Ê É·¥Ê£µ²Ó´¨±Ê ‹µ-
¡ Î¥¢¸±µ£µ.

‚ ÔÉµ³ ¸²ÊÎ ¥ ³µ¦´µ ¶µ²ÊÎ¨ÉÓ  ´ ²¨É¨Î¥¸±µ¥ ¢Ò· ¦¥´¨¥ ¤²Ö ¶ · ³¥É· 
¶µ¤µ¡¨Ö [7]:

Π = Nch Y, (17)

£¤¥

NI = NII = N =

(
1 +

√
1 +

Φδ

Φ2

)(
m1T

m0
ch Y +

∆
m0

)
1

2 sh2 Y
,

Φδ

Φ2
=

∆2 − m2
1

m2
1T

[
sh2 Y

(ch Y + (∆/m1T ))2

]
.

�É¨ Ëµ·³Ê²Ò ¤ ÕÉ ¢µ§³µ¦´µ¸ÉÓ ¸¤¥² ÉÓ ¸²¥¤ÊÕÐ¨¥ § ±²ÕÎ¥´¨Ö µ¡
 ¸¨³¶ÉµÉ¨Î¥¸±µ³ ¶µ¢¥¤¥´¨¨ ¸¥Î¥´¨° ·µ¦¤¥´¨Ö ¢Éµ·¨Î´ÒÌ Î ¸É¨Í ¢ Ö¤¥·´ÒÌ
¸µÊ¤ ·¥´¨ÖÌ ¸ ·µ¸Éµ³ Ô´¥·£¨¨.

1. �·¨ ¢µ§· ¸É ´¨¨ Ô´¥·£¨¨ ¸É ²±¨¢ ÕÐ¨Ì¸Ö Ö¤¥· (uIuII) → ∞ ¸ÊÐ¥-
¸É¢Ê¥É ¶·¥¤¥²Ó´ Ö ¢¥²¨Î¨´  ¶ · ³¥É·  Π:

Π∞ =
m1T

2m0

[
1 +

√
1 +

∆2 − m2
1

(m1T )2

]
. (18)

2. �ËË¥±É¨¢´µ¥ Î¨¸²µ ¸É ²±¨¢ ÕÐ¨Ì¸Ö ´Ê±²µ´µ¢ Ê¡Ò¢ ¥É, É. ¥. N → 0.
3. OÉ´µÏ¥´¨¥ ¸¥Î¥´¨° ·µ¦¤¥´¨Ö ¤²Ö ´Ê±²µ´µ¢ ¨ Ö¤¥· ± ¸µµÉ¢¥É¸É¢ÊÕÐ¨³

¸¥Î¥´¨Ö³ ·µ¦¤¥´¨Ö  ´É¨´Ê±²µ´µ¢ ¨  ´É¨Ö¤¥· ¸É·¥³¨É¸Ö ± ¥¤¨´¨Í¥ ¸ ·µ¸Éµ³
Ô´¥·£¨¨. �Éµ ¸²¥¤Ê¥É ¨§ Éµ£µ, ÎÉµ ¢ ¸²ÊÎ ¥ ·µ¦¤¥´¨Ö ´Ê±²µ´µ¢ ¨ Ö¤¥· ¢¥²¨Î¨´ 
∆ = −m1,   ¤²Ö ¸²ÊÎ Ö ·µ¦¤¥´¨Ö  ´É¨´Ê±²µ´µ¢ ¨  ´É¨Ö¤¥· ∆ = m1 ¨, É ±¨³
µ¡· §µ³, ¨§ (18) ¸²¥¤Ê¥É, ÎÉµ Π∞ ¤²Ö ´Ê±²µ´µ¢ ¨ Ö¤¥· µ¶¨¸Ò¢ ¥É¸Ö É¥³ ¦¥
¢Ò· ¦¥´¨¥³, ÎÉµ ¨ ¤²Ö  ´É¨´Ê±²µ´µ¢ ¨  ´É¨Ö¤¥·.

‚Ò· ¦¥´¨¥ ¤²Ö ¶ · ³¥É·  ¶µ¤µ¡¨Ö ¢ ÔÉµ³ ¸²ÊÎ ¥ Ë ±Éµ·¨§Ê¥É¸Ö ¨ Π
¸É ´µ¢¨É¸Ö ¶·µ¶µ·Í¨µ´ ²Ó´Ò³ ³ ¸¸¥ ¨´±²Õ§¨¢´µ° Î ¸É¨ÍÒ. �¥§±µ¥ ¶ ¤¥´¨¥
¸¥Î¥´¨° ·µ¦¤¥´¨Ö ¤²Ö Ö¤¥· ¨  ´É¨Ö¤¥· ¸ ·µ¸Éµ³ ³ ¸¸Ò Ö¢²Ö¥É¸Ö ±·¨É¨Î¥¸±µ°
¶·µ¢¥·±µ° Ê· ¢´¥´¨Ö (17).

4. �·¨ (uIuII) → ∞ µÉ´µ¸¨É¥²Ó´Ò° ¢ÒÌµ¤ ¸É· ´´ÒÌ Î ¸É¨Í · ¸É¥É. „²Ö
K−-³¥§µ´µ¢ ¢¥²¨Î¨´  ∆ = mk (³ ¸¸  K−-³¥§µ´ ), ¢ Éµ ¢·¥³Ö ± ± ¤²Ö K+-
³¥§µ´µ¢ ¢¥²¨Î¨´  ∆ · ¢´  · §´µ¸É¨ ³ ¸¸Ò ²Ö³¡¤ -£¨¶¥·µ´  ¨ ³ ¸¸Ò ´Ê±²µ´ .
� §´¨Í  ¸¥Î¥´¨° K−- ¨ K+-³¥§µ´µ¢ § ¢¨¸¨É µÉ ¢¥²¨Î¨´Ò (∆2−m2

k)/(mkT )2.
„²Ö K− µ´  · ¢´  ´Ê²Õ, ¢ Éµ ¢·¥³Ö ± ± ¤²Ö K+ µ´  ¶ ¤ ¥É ¸ ·µ¸Éµ³ (mkT )2 =
m2

k+p2
T . „²Ö pT ≥ mk µÉ´µÏ¥´¨¥ ¸¥Î¥´¨° ·µ¦¤¥´¨Ö ¤²Ö K− ¨ K+ µ¦¨¤ ¥É¸Ö

¡²¨§±¨³ ± ¥¤¨´¨Í¥.
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�´ ²¨§ ¶µ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ Éµ¢ ¤ ¥É ¢µ§³µ¦´µ¸ÉÓ ¶·¥¤¸± § ÉÓ  ¸¨³¶Éµ-
É¨Î¥¸±µ¥ ¶µ¢¥¤¥´¨¥ ¸¥Î¥´¨Ö ·µ¦¤¥´¨Ö Î ¸É¨Í, Ö¤¥·´ÒÌ Ë· £³¥´Éµ¢ ¨  ´É¨-
Ö¤¥· [73].

…¸²¨ ¢ÒÎ¨¸²¨ÉÓ µÉ´µÏ¥´¨¥ ¢ÒÌµ¤µ¢  ´É¨Î ¸É¨Í ± ¢ÒÌµ¤ ³ Î ¸É¨Í ¶·¨
¢§ ¨³µ¤¥°¸É¢¨¨ ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ö¤¥·, ¨¸¶µ²Ó§ÊÖ Ëµ·³Ê²Ê (8), Éµ ÔÉ  ¢¥²¨Î¨´ 
¡Ê¤¥É § ¢¨¸¥ÉÓ µÉ · §´µ¸É¥° ¢¥²¨Î¨´ ¶ · ³¥É·µ¢ ¶µ¤µ¡¨Ö Π ¤²Ö  ´É¨Î ¸É¨Í ¨
Î ¸É¨Í.

ˆ§ (17) ¶ · ³¥É· ¶µ¤µ¡¨Ö ¤²Ö  ´É¨´Ê±²µ´µ¢ ¨  ´É¨Ö¤¥· (∆ = m1) ³µ¦´µ
§ ¶¨¸ ÉÓ ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

Π1 =
[
m1T

m0
ch Y +

m1

m0

]
ch Y

sh2 Y
.

� · ³¥É· ¶µ¤µ¡¨Ö ¤²Ö ´Ê±²µ´µ¢ ¨ Ö¤¥· (∆ = −m1)

Π2 =
[
m1T

m0
ch Y − m1

m0

]
ch Y

sh2 Y
,

µÉ±Ê¤ 

Π1 − Π2 = 2
m1

m0

ch Y

sh2 Y
.

�¨¸. 18. �·¥¤¸± § ´¨Ö µÉ´µÏ¥´¨° ¢ÒÌµ¤µ¢
 ´É¨¶·µÉµ´µ¢ ± ¢ÒÌµ¤ ³ ¶·µÉµ´µ¢ ¨ µÉ´µÏ¥-
´¨° ¢ÒÌµ¤µ¢  ´É¨¤¥°É·µ´µ¢ ± ¢ÒÌµ¤ ³ ¤¥°É-
·µ´µ¢ ¢ Ö¤·µ-Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨ÖÌ ¢ § -
¢¨¸¨³µ¸É¨ µÉ Ô´¥·£¨¨ ¸Éµ²±´µ¢¥´¨Ö ¢ ² ¡µ· -
Éµ·´µ° ¸¨¸É¥³¥ ±µµ·¤¨´ É c ¨¸¶µ²Ó§µ¢ ´¨¥³
¶·¥¤¸É ¢²¥´¨Ö ¸¥Î¥´¨° Ëµ·³Ê²µ° (8)

‚¨¤´µ, ÎÉµ ¢ ÔÉµ³ ¸²ÊÎ ¥ ¨¸-
Î¥§ ¥É § ¢¨¸¨³µ¸ÉÓ µÉ ¶µ¶¥·¥Î-
´µ° ³ ¸¸Ò (¶µ¶¥·¥Î´µ£µ ¨³¶Ê²Ó-
¸ ) m1T ¨ µÉ´µÏ¥´¨Ö ¸¥Î¥´¨° ¢
§ ¢¨¸¨³µ¸É¨ µÉ Ô´¥·£¨¨ ²¥£±µ ¢Ò-
Î¨¸²ÖÕÉ¸Ö. �¥§Ê²ÓÉ ÉÒ ÔÉ¨Ì ¶·¥¤-
¸± § ´¨° ¢ µ¡² ¸É¨ µÉ Ô´¥·£¨° ´Ê-
±²µÉ·µ´  ¤µ Ô´¥·£¨° LHC (CERN)
¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 18. �µ²Ê-
Î¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ  ¸¨³¶ÉµÉ¨Î¥-
¸±µ£µ ¶µ¢¥¤¥´¨Ö ¸¥Î¥´¨Ö ¢§ ¨³µ-
¤¥°¸É¢¨Ö ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ö¤¥· ´ -
Ìµ¤ÖÉ¸Ö ¢ ¸µ£² ¸¨¨ ¸ ¨³¥ÕÐ¨³¨¸Ö
Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨.

„²Ö µÍ¥´±¨ µÉ´µÏ¥´¨° ¢Ò-
Ìµ¤  K−- ¨ K+-³¥§µ´µ¢, ± ±
µÉ³¥Î ²µ¸Ó ¢ÒÏ¥, ´ ¤µ ÊÎ¨ÉÒ-
¢ ÉÓ § ¢¨¸¨³µ¸ÉÓ µÉ ¶µ¶¥·¥Î´µ°
³ ¸¸Ò m1T .

‘· ¢´¥´¨¥ ¸¤¥² ´´ÒÌ ¶·¥¤-
¸± § ´¨° ¤²Ö µÉ´µÏ¥´¨° ¢ÒÌµ¤µ¢  ´É¨¶·µÉµ´µ¢ ± ¢ÒÌµ¤ ³ ¶·µÉµ´µ¢ ¸ ¤ ´-
´Ò³¨ Ô±¸¶¥·¨³¥´Éµ¢ ´  AGS (�·Ê±Ì¥°¢¥´) [74], SPS (CERN) [75] ¨ ¶·¥¤-
¢ ·¨É¥²Ó´Ò³¨ ¤ ´´Ò³¨ Î¥ÉÒ·¥Ì Ô±¸¶¥·¨³¥´Éµ¢ ´  RHIC [76] ¶·¨¢¥¤¥´µ ´ 
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·¨¸. 19. ‚¨¤´µ Ìµ·µÏ¥¥ ¸µ£² ¸¨¥ ¶·¥¤¸± § ´¨° ¢ Ï¨·µ±µ³ ¤¨ ¶ §µ´¥ Ô´¥·£¨°.
�·¨ Ô´¥·£¨¨ RHIC ´ ¡²Õ¤ ¥É¸Ö ´¥±µÉµ·µ¥ µÉ±²µ´¥´¨¥ µÉ ¶·¥¤¢ ·¨É¥²Ó´ÒÌ
¤ ´´ÒÌ. �É¨ ·¥§Ê²ÓÉ ÉÒ ¢¥¸Ó³  ¨´É¥·¥¸´Ò ¨ É·¥¡ÊÕÉ ¸¶¥Í¨ ²Ó´µ£µ ¨§ÊÎ¥´¨Ö.

�¨¸. 19. ‘· ¢´¥´¨¥ ¶·¥¤¸± § ´¨°, ¸¤¥² ´-
´ÒÌ ´  µ¸´µ¢¥ ¶·¨´Í¨¶  ¶µ¤µ¡¨Ö, ¸ Ô±¸-
¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨. „ ´´Ò¥, ¶µ²Ê-
Î¥´´Ò¥ ´  RHIC, Ö¢²ÖÕÉ¸Ö ¶·¥¤¢ ·¨É¥²Ó-
´Ò³¨ [76]

� ·ÊÏ¥´¨¥ § ¢¨¸¨³µ¸É¨ (8)
´ ¡²Õ¤ ¥É¸Ö ¤²Ö bI1 < 1, £¤¥ ¢ ¦´Ò
´Ê±²µ´´Ò¥ ¶¥·¥³¥´´Ò¥ ¨ Ê¸É ´ ¢²¨-
¢ ¥É¸Ö ¶¥·¥Ìµ¤´Ò° ·¥¦¨³. �¡¸µ²ÕÉ-
´ Ö ¢¥²¨Î¨´  ¸¥Î¥´¨° ·µ¦¤¥´¨Ö ´Ê-
±²µ´µ¢ ¨ Ö¤¥·´ÒÌ Ë· £³¥´Éµ¢ ´  ¶µ-
·Ö¤µ± ¢¥²¨Î¨´Ò ¡µ²ÓÏ¥, Î¥³ ¶·¥¤-
¸± §Ò¢ ¥É¸Ö ÔÉµ° § ¢¨¸¨³µ¸ÉÓÕ. ‡ -
¢¨¸¨³µ¸É¨ µÉ y ¨ m1T É ±¦¥ ´¥ µ¶¨-
¸Ò¢ ÕÉ¸Ö ÔÉµ° Ëµ·³Ê²µ°. „²Ö bI1 <
10−2 ·µ¦¤¥´¨¥ ¨´±²Õ§¨¢´ÒÌ Ë· £-
³¥´Éµ¢ Ìµ·µÏµ µ¶¨¸Ò¢ ¥É¸Ö ¶µ²Õ¸-
´Ò³ ¶·¨¡²¨¦¥´¨¥³

dσ

dbI1√
bI1

=
C

(bI1 + α)2
,

£¤¥ α = 2εI1(mI − m1)/mIm1, mI ¨
m1 Å ³ ¸¸Ò Ö¤¥·; εI1 Å Ô´¥·£¨Ö
¸¢Ö§¨ Ë· £³¥´É  1 ¢ Ö¤·¥ I; C Å ±µ´-
¸É ´É . „²Ö ¢¸¥Ì ¶·µÍ¥¸¸µ¢ Ö¤¥·´µ°
Ë· £³¥´É Í¨¨ α ≤ 10−2. �É  ³ -
²µ¸ÉÓ ¢¥²¨Î¨´Ò µ¡Ê¸²µ¢²¥´  ³ ²µ°
Ô´¥·£¨¥° ¸¢Ö§¨ ´  ´Ê±²µ´ ¶µ ¸· ¢´¥-
´¨Õ ¸ ³ ¸¸µ° ´Ê±²µ´ . ‡ ¢¨¸¨³µ¸ÉÓ
¸¥Î¥´¨Ö µÉ ³ ¸¸Ò Ë· £³¥´É  1 ³´µ£µ
¸² ¡¥¥, Î¥³ ¤ ¥É¸Ö Ê· ¢´¥´¨¥³ (8). ‚ µ¡² ¸É¨ ±µ²² °¤¥·´ÒÌ Ô´¥·£¨° ¸¥Î¥´¨Ö
·µ¦¤¥´¨Ö ¤²Ö ¤¥°É·µ´µ¢ ¡µ²ÓÏ¥ ´  3Ä4 ¶µ·Ö¤±  ¢¥²¨Î¨´Ò, Î¥³ ¤²Ö 3�¥, ¢
Éµ ¢·¥³Ö ± ± ¢ µ¡² ¸É¨ bI1 < 10−2 ÔÉ  · §´¨Í  ¸ÊÐ¥¸É¢¥´´µ ³¥´ÓÏ¥. Š·µ³¥
Éµ£µ, ¢ µ¡² ¸É¨ bI1 < 0,1 ´ ¡²Õ¤ ÕÉ¸Ö Ë· £³¥´ÉÒ ²¥£±¨Ì Ö¤¥· ¢¶²µÉÓ ¤µ Si,
±µÉµ·Ò¥ ¶· ±É¨Î¥¸±¨ ´¥¢µ§³µ¦´µ ´ ¡²Õ¤ ÉÓ ¸ ÉµÎ±¨ §·¥´¨Ö Ëµ·³Ê²Ò (8).
�É  Ëµ·³Ê²  ¡Ò²  Ê¸É ´µ¢²¥´  ´  µ¸´µ¢¥ ¡µ²ÓÏµ£µ Î¨¸²  Ô±¸¶¥·¨³¥´Éµ¢ ¢
µ¡² ¸É¨ (uIuII) ≤ 10. �Ò² ¶µ± § ´  ¸¨³¶ÉµÉ¨Î¥¸±¨° Ì · ±É¥· ÔÉµ° § ±µ-
´µ³¥·´µ¸É¨. �¤´ ±µ ¥¥ ¤¥°¸É¢¨É¥²Ó´µ¸ÉÓ ¢¶²µÉÓ ¤µ µ¡² ¸É¨ (uIuII) ∼ 104

(µ¡² ¸ÉÓ RHIC) Ö¢²Ö¥É¸Ö Ô±¸¶¥·¨³¥´É ²Ó´µ° ¶·µ¢¥·±µ° £¨¶µÉ¥§Ò, µ¸´µ¢ ´-
´µ° ´  ¨´É¥·¶·¥É Í¨¨ ¶¥·¥³¥´´ÒÌ m0NI ¨ m0NII ± ± ³ ¸¸Ò £·Ê¶¶ ±¢ ´Éµ¢,
ÊÎ ¸É¢ÊÕÐ¨Ì ¢ ¸Éµ²±´µ¢¥´¨¨. ‚ ¶¥·¥Ìµ¤´µ° µ¡² ¸É¨ 0,1 ≤ (uIu1) ≤ 1, £¤¥
§ ¢¨¸¨³µ¸ÉÓ (8) ¸¨²Ó´µ ´ ·ÊÏ ¥É¸Ö, ´¥µ¡Ìµ¤¨³Ò ± ± Ô±¸¶¥·¨³¥´É ²Ó´Ò¥, É ±
¨ ¤ ²Ó´¥°Ï¨¥ É¥µ·¥É¨Î¥¸±¨¥ ¨¸¸²¥¤µ¢ ´¨Ö.
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�¨¸. 20. ‘±¥°²¨´£µ¢ Ö ËÊ´±Í¨Ö H(Z) ¤²Ö ·µ¦¤¥´¨Ö § ·Ö¦¥´´ÒÌ  ¤·µ´µ¢ ¢ ¶·µÉµ´-
¶·µÉµ´´ÒÌ ¨  ´É¨¶·µÉµ´-¶·µÉµ´´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨ÖÌ ¶·¨ Θ = 90◦. ’µÎ±¨ Å Ô±¸¶¥-
·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶µ ¨´±²Õ§¨¢´Ò³ ¸¥Î¥´¨Ö³, ¶µ²ÊÎ¥´´Ò¥ ´  ±µ²² °¤¥· Ì SPS ¨
®Tevatron¯ ¶·¨ Ô´¥·£¨ÖÌ ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸ ·¥ ±Í¨¨ 53 ÷ 1800 ƒÔ‚

‘µÉ·Ê¤´¨± ³¨ ‹‚� ¡Ò² ¶·µ¢¥¤¥´ ¨´É¥·¥¸´Ò°  ´ ²¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
¤ ´´ÒÌ ¶µ ·µ¦¤¥´¨Õ Î ¸É¨Í ¢ pp-, pA-, AA-¢§ ¨³µ¤¥°¸É¢¨ÖÌ ´  ±µ²² °¤¥· Ì
SPS (CERN) ¨ ®Tevatron¯ (FNAL) ¢ Ï¨·µ±µ³ ¤¨ ¶ §µ´¥ Ô´¥·£¨° ¨ ¶¥·¥-
¤ ´´ÒÌ ¨³¶Ê²Ó¸µ¢ [76Ä83] ¨ Ê¸É ´µ¢²¥´  ´µ¢ Ö § ±µ´µ³¥·´µ¸ÉÓ ¢ ·µ¦¤¥´¨¨
Î ¸É¨Í, É ± ´ §Ò¢ ¥³Ò° Z-¸±¥°²¨´£ (·¨¸. 20).

Š ± µ± § ²µ¸Ó, ÔÉ  § ±µ´µ³¥·´µ¸ÉÓ É ±¦¥ µÉ· ¦ ¥É ËÊ´¤ ³¥´É ²Ó´Ò¥
¸¢µ°¸É¢  ¸¨³³¥É·¨¨ ¢§ ¨³µ¤¥°¸É¢¨Ö ¨ µ¡· §µ¢ ´¨Ö Î ¸É¨Í, É ±¨¥ ± ± ¸ ³µ-
¶µ¤µ¡¨¥, ²µ± ²Ó´µ¸ÉÓ ¨ Ë· ±É ²Ó´µ¸ÉÓ. �·¥¤¸É ¢²¥´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
¤ ´´ÒÌ ¢ § ¢¨¸¨³µ¸É¨ µÉ ¶ · ³¥É·  Z µ¡´ ·Ê¦¨¢ ¥É ¸¢µ°¸É¢  Ô´¥·£¥É¨Î¥-
¸±µ° ¨ Ê£²µ¢µ° ´¥§ ¢¨¸¨³µ¸É¨ ¨ ¶µ¤É¢¥·¦¤ ¥É Ê´¨¢¥·¸ ²Ó´µ¸ÉÓ ³¥Ì ´¨§³ 
Ëµ·³¨·µ¢ ´¨Ö Î ¸É¨Í, µ¶¨¸Ò¢ ¥³µ£µ ¸±¥°²¨´£µ¢µ° ËÊ´±Í¨¥° H(Z).

�É  ËÊ´±Í¨Ö ¨³¥¥É Ë¨§¨Î¥¸±ÊÕ ¨´É¥·¶·¥É Í¨Õ ¶²µÉ´µ¸É¨ ¢¥·µÖÉ´µ¸É¨
µ¡· §µ¢ ´¨Ö ·¥ ²Ó´µ° Î ¸É¨ÍÒ ´  ¤²¨´¥ Ëµ·³¨·µ¢ ´¨Ö Z. Š ± ¸ ³  ¸±¥°-
²¨´£µ¢ Ö ËÊ´±Í¨Ö, É ± ¨ ¶ · ³¥É· Z ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§ Ô±¸¶¥·¨³¥´É ²Ó´µ
¨§³¥·Ö¥³Ò¥ ¢¥²¨Î¨´Ò: ¨´¢ ·¨ ´É´µ¥ ¸¥Î¥´¨¥ ¨ ¡Ò¸É·µÉ´ÊÕ ¶²µÉ´µ¸ÉÓ § ·Ö-
¦¥´´ÒÌ Î ¸É¨Í, ÎÉµ ¶µ§¢µ²Ö¥É ¶·µ¢µ¤¨ÉÓ ³µ¤¥²Ó´µ-´¥§ ¢¨¸¨³Ò°  ´ ²¨§ Ô±¸-
¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ.
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‚ µ¡² ¸É¨ ¡µ²ÓÏ¨Ì Z, ±µÉµ·Ò¥ ¸µµÉ¢¥É¸É¢ÊÕÉ ¡µ²ÓÏ¨³ ¶µ¶¥·¥Î´Ò³ ¨³-
¶Ê²Ó¸ ³ ·µ¦¤¥´´ÒÌ Î ¸É¨Í, Ê¸É ´µ¢²¥´ ¸É¥¶¥´´µ° § ±µ´ ¶µ¢¥¤¥´¨Ö ¸±¥°²¨´-
£µ¢µ° ËÊ´±Í¨¨ H(Z) ∼ Zα. �É  § ±µ´µ³¥·´µ¸ÉÓ ¶·µÖ¢²Ö¥É¸Ö ¢ ·µ¦¤¥´¨¨
π0-³¥§µ´µ¢, ¶·Ö³ÒÌ ËµÉµ´µ¢ ¨ ¸É·Ê° ¨ ¨´É¥·¶·¥É¨·Ê¥É¸Ö ± ± ¶·µÖ¢²¥´¨¥
Ë· ±É ²Ó´µ¸É¨ ¸É·Ê±ÉÊ·Ò ¸É ²±¨¢ ÕÐ¨Ì¸Ö  ¤·µ´µ¢, ¢§ ¨³µ¤¥°¸É¢¨Ö ¨Ì ±µ´-
¸É¨ÉÊ¥´Éµ¢ ¨ ³¥Ì ´¨§³  Ëµ·³¨·µ¢ ´¨Ö ·¥ ²Ó´ÒÌ Î ¸É¨Í.

ˆ¸¸²¥¤µ¢ ´¨Ö A-§ ¢¨¸¨³µ¸É¨ ·µ¦¤¥´¨Ö § ·Ö¦¥´´ÒÌ ¨ ´¥°É· ²Ó´ÒÌ  ¤·µ-
´µ¢ ¢ ¶·µÉµ´-Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨ÖÌ ¢ µ¡² ¸É¨ ¡µ²ÓÏ¨Ì ¶µ¶¥·¥Î´ÒÌ ¨³-
¶Ê²Ó¸µ¢ ¶µ± § ²¨ Ê´¨¢¥·¸ ²Ó´Ò° Ì · ±É¥· ¶µ¢¥¤¥´¨Ö ¸±¥°²¨´£µ¢µ° ËÊ´±Í¨¨
¤²Ö · §²¨Î´µ£µ É¨¶  Ö¤¥· µÉ ¤¥°É·µ´  ¤µ ¸¢¨´Í . ‚²¨Ö´¨¥ Ö¤¥·´µ° ¸·¥¤Ò ´ 
¸¶¥±É·Ò µ¡· §µ¢ ´¨Ö  ¤·µ´µ¢ µ¶¨¸Ò¢ ¥É¸Ö ËÊ´±Í¨¥°, § ¢¨¸ÖÐ¥° Éµ²Ó±µ µÉ
 Éµ³´µ£µ ´µ³¥·  Ö¤·  A.

Šµ´Í¥¶Í¨Ö Z-¸±¥°²¨´£  ¨¸¶µ²Ó§Ê¥É¸Ö ¤²Ö ¶·¥¤¸± § ´¨° ¸¥Î¥´¨° ·µ¦¤¥-
´¨Ö ¶·Ö³ÒÌ ËµÉµ´µ¢,  ¤·µ´µ¢ ¨ ¸É·Ê° ´  ´µ¢µ³ ¶µ±µ²¥´¨¨ ±µ²² °¤¥·µ¢, É -
±¨Ì ± ± RHIC ¨ LHC, ¸ Í¥²ÓÕ ¶µ¨¸±  ´µ¢ÒÌ Ë¨§¨Î¥¸±¨Ì ÔËË¥±Éµ¢ ¨ Ö¢²¥´¨°
¢ ÉÔ¢´µ° µ¡² ¸É¨ Ô´¥·£¨° ¸É ²±¨¢ ÕÐ¨Ì¸Ö  ¤·µ´µ¢ ¨ Ö¤¥·.

4.5. �·¨±² ¤´Ò¥ ¨¸¸²¥¤µ¢ ´¨Ö ´  Ê¸±µ·¨É¥²Ó´µ³ ±µ³¶²¥±¸¥ ¸¨´Ì·µË -
§µÉ·µ´Ä´Ê±²µÉ·µ´. C¨´Ì·µË §µÉ·µ´ ¢ É¥Î¥´¨¥ ¤²¨É¥²Ó´µ£µ ¢·¥³¥´¨  ±É¨¢´µ
¨¸¶µ²Ó§Ê¥É¸Ö ¤²Ö ¶·µ¢¥¤¥´¨Ö ¶·¨±² ¤´ÒÌ ¨¸¸²¥¤µ¢ ´¨°. �¥§Ê²ÓÉ ÉÒ ÔÉ¨Ì ¨¸-
¸²¥¤µ¢ ´¨° ¢¥¸Ó³  ¶²µ¤µÉ¢µ·´Ò ¨ ¨Ì ¶·µ¤µ²¦¥´¨¥ Ê¦¥ ´ Ï²µ ³¥¸Éµ ´  ´Ê-
±²µÉ·µ´¥. �µ²¥¥ Éµ£µ, ¶ÊÎ±¨ ´Ê±²µÉ·µ´  ¶·¥¤µ¸É ¢²ÖÕÉ ´µ¢Ò¥ ¢µ§³µ¦´µ-
¸É¨ ¤²Ö ¶·µ¢¥¤¥´¨Ö ¨¸¸²¥¤µ¢ ´¨° ¢ ¶·¨±² ¤´µ° µ¡² ¸É¨ ¨ ¨Ì ±·Ê£ ¡Ê¤¥É
· ¸Ï¨·¥´.

ˆ¸¸²¥¤µ¢ ´¨Ö ¢ ¶·¨±² ¤´µ° µ¡² ¸É¨, ¶·µ¢µ¤¨³Ò¥ ´  Ê¸±µ·¨É¥²Ó´µ³ ±µ³-
¶²¥±¸¥ ‹‚� �ˆŸˆ, ¢±²ÕÎ ÕÉ ¸²¥¤ÊÕÐ¨¥ µ¸´µ¢´Ò¥ ´ ¶· ¢²¥´¨Ö:

• · ¤¨µ¡¨µ²µ£¨Ö ¨ ±µ¸³¨Î¥¸± Ö ¡¨µ³¥¤¨Í¨´ ,
• ¢²¨Ö´¨¥ Ö¤¥·´ÒÌ ¶ÊÎ±µ¢ ´  ±µ³¶µ´¥´ÉÒ ³¨±·µÔ²¥±É·µ´¨±¨,
• É· ´¸³ÊÉ Í¨Ö · ¤¨µ ±É¨¢´ÒÌ µÉÌµ¤µ¢,
• ¢µ¶·µ¸Ò Ô²¥±É·µÖ¤¥·´µ£µ ³¥Éµ¤  £¥´¥· Í¨¨ Ô´¥·£¨¨,
• ¨¸¶µ²Ó§µ¢ ´¨¥ ¶ÊÎ±  Ê£²¥·µ¤  ¤²Ö É¥· ¶¨¨ µ´±µ²µ£¨Î¥¸±¨Ì µ¶ÊÌµ²¥°

¨ É. ¤.

ˆ¸¸²¥¤µ¢ ´¨Ö ¢ µ¡² ¸É¨ · ¤¨µ¡¨µ²µ£¨¨ µ¸µ¡¥´´µ ¢ ¦´Ò ¤²Ö ¤²¨É¥²Ó´ÒÌ
±µ¸³¨Î¥¸±¨Ì ¶µ²¥Éµ¢. �Éµ ´ ¶· ¢²¥´¨¥ ¢Ìµ¤¨²µ ¢ ¶·µ£· ³³Ê ¨¸¸²¥¤µ¢ ´¨°
¸ ¶¥·¢ÒÌ ¶µ²¥Éµ¢ ¡¥¸¶¨²µÉ´ÒÌ ¨ ¶¨²µÉ¨·Ê¥³ÒÌ ±µ¸³¨Î¥¸±¨Ì ±µ· ¡²¥°. ‚
¶µ¸²¥¤´¨¥ £µ¤Ò ¢ · ³± Ì ¶·µ£· ³³Ò ÔÉ¨Ì ¨¸¸²¥¤µ¢ ´¨° ¸µ¢³¥¸É´µ ¸ �É-
¤¥²µ³ · ¤¨µ¡¨µ²µ£¨Î¥¸±¨Ì ¨ · ¤¨ Í¨µ´´ÒÌ ¨¸¸²¥¤µ¢ ´¨° (���ˆ) �ˆŸˆ ¨
ˆ´¸É¨ÉÊÉµ³ ³¥¤¨±µ-¡¨µ²µ£¨Î¥¸±¨Ì ¶·µ¡²¥³ (Œµ¸±¢ ) ¶·µ¢µ¤ÖÉ¸Ö µ¡²ÊÎ¥´¨Ö
· §²¨Î´Ò³¨ ¶ÊÎ± ³¨ ¡¨µ²µ£¨Î¥¸±¨Ì µ¡Ñ¥±Éµ¢ ¨ ¨Ì ±µ³¶µ´¥´Éµ¢ [85].

�  ·¨¸. 21 ¶·¨¢¥¤¥´ ¶·¨³¥· ·¥§Ê²ÓÉ É  µ¡²ÊÎ¥´¨Ö ¶ÊÎ±µ³ ¶·µÉµ´µ¢ ¸¨´-
Ì·µË §µÉ·µ´  ¸ Ô´¥·£¨¥° 1 ƒÔ‚ Ì·µ³µ¸µ³Ò 1, ´ Ìµ¤ÖÐ¥°¸Ö ¢ Ö¤·¥ Î¥²µ¢¥-
Î¥¸±µ£µ ²¨³ËµÍ¨É . ‚ ���ˆ �ˆŸˆ · §· ¡µÉ ´  Ê´¨± ²Ó´ Ö ³¥Éµ¤¨±   ´ -
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²¨§  ·¥§Ê²ÓÉ Éµ¢ É ±¨Ì µ¡²ÊÎ¥´¨°. �  ·¨¸Ê´±¥ µÉÎ¥É²¨¢µ ¢¨¤¥´ µÉ±µ²µ¢Ï¨°¸Ö
Ë· £³¥´É Ì·µ³µ¸µ³Ò ¶µ¸²¥ µ¡²ÊÎ¥´¨Ö ¶·µÉµ´´Ò³ ¶ÊÎ±µ³.

�¨¸. 21. •·µ³µ¸µ³  1 ¸ Ë· £³¥´Éµ³
¶µ¸²¥ µ¡²ÊÎ¥´¨Ö ¶·µÉµ´ ³¨ ¸ Ô´¥·-
£¨¥° 1 ƒÔ‚ ¢ Ö¤·¥ Î¥²µ¢¥Î¥¸±µ£µ ²¨³-
ËµÍ¨É 

‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ±· °´¥ ´¥µ¡-
Ìµ¤¨³  ¨´Ëµ·³ Í¨Ö µ ¢²¨Ö´¨¨ ¨§²ÊÎ¥-
´¨Ö ´  · ¡µÉÊ Ô²¥³¥´Éµ¢ Ô²¥±É·µ´¨±¨.
�¸µ¡¥´´µ ÔÉµ ¢ ¦´µ ± ± ¤²Ö ¤²¨É¥²Ó-
´ÒÌ ¡¥¸¶¨²µÉ´ÒÌ, É ± ¨ ¤²Ö ¶¨²µÉ¨·Ê-
¥³ÒÌ ±µ¸³¨Î¥¸±¨Ì ¶µ²¥Éµ¢. ’ ±¨¥ µ¡-
²ÊÎ¥´¨Ö ¶·µ¢µ¤¨²¨¸Ó ¸µ¢³¥¸É´µ ¸ ���
¨³. ‘. �. Šµ·µ²¥¢  ´  ¸¨´Ì·µË §µÉ·µ´¥,
  ¢ ³ ·É¥ 2001 £. ¸µ¢³¥¸É´µ ¸ ¨É ²ÓÖ´-
¸±¨³¨ ÊÎ¥´Ò³¨ ´  ´Ê±²µÉ·µ´¥ ¶·µ¢¥-
¤¥´µ µ¡²ÊÎ¥´¨¥ ¶ÊÎ±µ³ ³ £´¨Ö ³¨±·µÎ¨-
¶µ¢, ¶·¥¤´ §´ Î¥´´ÒÌ ¤²Ö ¨¸¶µ²Ó§µ¢ ´¨Ö
¢  ¶¶ · ÉÊ·¥ ¶µ ¨É ²ÓÖ´¸±µ° ±µ¸³¨Î¥-
¸±µ° ¶·µ£· ³³¥.

‚ ‹‚� ¤²¨É¥²Ó´µ¥ ¢·¥³Ö ¶·µ¢µ-
¤ÖÉ¸Ö ¨¸¸²¥¤µ¢ É¥²Ó¸±¨¥ · ¡µÉÒ, ¸¢Ö§ ´-
´Ò¥ ¸ ¨§ÊÎ¥´¨¥³ ¢µ§³µ¦´µ¸É¨ Ê´¨ÎÉµ-
¦¥´¨Ö Ö¤¥·´ÒÌ µÉÌµ¤µ¢ ¶ÊÉ¥³ µ¡²ÊÎ¥´¨Ö
¨Ì ¶ÊÎ± ³¨ Î ¸É¨Í,   É ±¦¥ ¨§ÊÎ ÕÉ¸Ö
¢µ¶·µ¸Ò ¨¸¶µ²Ó§µ¢ ´¨Ö ¶ÊÎ±µ¢ Ê¸±µ·¨-
É¥²¥° ¤²Ö Ê¶· ¢²¥´¨Ö Ö¤¥·´Ò³¨ ·¥ ±Éµ-
· ³¨ ¸ Í¥²ÓÕ · §· ¡µÉ±¨ ¡µ²¥¥ ÔËË¥±-

É¨¢´ÒÌ ¨ ¡¥§µ¶ ¸´ÒÌ Ö¤¥·´ÒÌ ¨¸ÉµÎ´¨±µ¢ Ô´¥·£¨¨. �É¨ · ¡µÉÒ ¢ ‹‚� ¢¶¥·-
¢Ò¥ ¨´¨Í¨¨·µ¢ ² ¥Ð¥ ¢ 1950-Ì £µ¤ Ì ¶·µË¥¸¸µ· Š. „. ’µ²¸Éµ¢.

�¨¸. 22. ‘Ì¥³  Ê¸É ´µ¢±¨ ƒ�ŒŒ�-2

� ¡µÉÒ ¢ ÔÉµ° µ¡² ¸É¨ ¨¸¸²¥¤µ-
¢ ´¨° ¢¥¤ÊÉ¸Ö ¢ ‹‚� �ˆŸˆ ´  Ê¸É -
´µ¢±¥ ƒ�ŒŒ�-2 ¢ · ³± Ì ¡µ²ÓÏµ°
³¥¦¤Ê´ ·µ¤´µ° ±µ²² ¡µ· Í¨¨ ´ ÊÎ-
´ÒÌ Í¥´É·µ¢ ¨§ �¢¸É· ²¨¨ (“´¨¢¥·-
¸¨É¥É, ‘¨¤´¥°), ƒ¥·³ ´¨¨ (ˆ¸¸²¥¤µ-
¢ É¥²Ó¸±¨° Í¥´É·, 
²¨Ì; “´¨¢¥·-
¸¨É¥É, Œ ·¡Ê·£), ƒ·¥Í¨¨ (“´¨¢¥·¸¨-
É¥É, ’¥¸¸ ²µ´¨±¨), …£¨¶É  (“´¨¢¥·-
¸¨É¥É, Š ¨·), �µ¸¸¨¨ (ˆ”‚�, �·µÉ-
¢¨´µ), ‘˜� (LBNL, �¥·±²¨), ”· ´-
Í¨¨ (–¥´É· Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨°,
‘É· ¸¡Ê·£).

�  ·¨¸. 22 ¶·¨¢¥¤¥´  ¸Ì¥³ 
Ê¸É ´µ¢±¨ ƒ�ŒŒ�-2. �´  ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ÉÖ¦¥²ÊÕ ³¨Ï¥´Ó, µ±·Ê¦¥´-
´ÊÕ § ³¥¤²¨É¥²¥³ ¢Éµ·¨Î´ÒÌ ´¥°É·µ´µ¢. ˆ³¥¥É¸Ö ¢µ§³µ¦´µ¸ÉÓ · ¸¶µ²µ¦¨ÉÓ
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¢ · §²¨Î´ÒÌ ÉµÎ± Ì Ê¸É ´µ¢±¨ ¤¥É¥±Éµ·Ò ´¥°É·µ´µ¢. �¡· §ÍÒ · ¤¨µ ±É¨¢´ÒÌ
¨§µÉµ¶µ¢, ¶·¥¤´ §´ Î¥´´ÒÌ ¤²Ö ¨§ÊÎ¥´¨Ö É· ´¸³ÊÉ Í¨¨, Ê¸É ´ ¢²¨¢ ÕÉ¸Ö ´ 
´ ·Ê¦´µ° ¶µ¢¥·Ì´µ¸É¨ § ³¥¤²¨É¥²Ö.

–¥²ÓÕ ¨¸¸²¥¤µ¢ ´¨°, ¶·µ¢µ¤¨³ÒÌ ´  Ê¸É ´µ¢±¥ ƒ�ŒŒ�-2, Ö¢²Ö¥É¸Ö ¨§-
³¥·¥´¨¥ ¢ÒÌµ¤  ´¥°É·µ´µ¢ ¢ § ¢¨¸¨³µ¸É¨ µÉ Ô´¥·£¨¨ ¶ÊÎ± , ¸µ·É  Î ¸É¨Í
¶ÊÎ±  ¨ ¢¥Ð¥¸É¢  ³¨Ï¥´¨.

‚ ·¥§Ê²ÓÉ É¥ ¶·µ¢¥¤¥´´ÒÌ Ô±¸¶¥·¨³¥´Éµ¢ ¡Ò²  ¶µ²ÊÎ¥´  Ô´¥·£¥É¨Î¥¸± Ö
§ ¢¨¸¨³µ¸ÉÓ ¢ÒÌµ¤  ´¥°É·µ´µ¢ ¶·¨ µ¡²ÊÎ¥´¨¨ ¶ÊÎ± ³¨ p, d, He ¨ C ¸ ±¨-
´¥É¨Î¥¸±µ° Ô´¥·£¨¥° 0,5 ÷ 7,4 ƒÔ‚ ´  ³¨Ï¥´ÖÌ ¨§ Cu, Hg, Pb ¨ U [86, 87].
“¸É ´µ¢²¥´  ¸¨²Ó´ Ö § ¢¨¸¨³µ¸ÉÓ · ¸¶·¥¤¥²¥´¨° ¢Éµ·¨Î´ÒÌ Î ¸É¨Í µÉ ³ ¸¸Ò
´ ²¥É ÕÐ¥£µ Ö¤· . �·µ¢¥¤¥´µ µ¡²ÊÎ¥´¨¥ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¶·µÉµ´´µ£µ ¶ÊÎ± 
· ¤¨µ ±É¨¢´ÒÌ ¨§µÉµ¶µ¢ 237Np, 129I, 241Am, 239Pu ¨ ¸¤¥² ´Ò µÍ¥´±¨ ¸¥Î¥´¨°
¨Ì É· ´¸³ÊÉ Í¨¨ [88,89].

„ ²Ó´¥°Ï¥¥ · §¢¨É¨¥ ÔÉ¨ · ¡µÉÒ ´ °¤ÊÉ ¢ ´µ¢µ³ ¶·µ¥±É¥ ��…�ƒˆŸÄ
’���‘Œ“’�–ˆŸ, · ¡µÉÒ ¶µ ±µÉµ·µ³Ê ¶² ´¨·Ê¥É¸Ö ´ Î ÉÓ Ê¦¥ ¢ 2001 £.
‚ ÔÉµ³ ¶·µ¥±É¥ ¶·¥¤¶µ² £ ¥É¸Ö ÊÎ ¸É¨¥ ¡µ²ÓÏµ° ³¥¦¤Ê´ ·µ¤´µ° ±µ²² ¡µ· -
Í¨¨. ‘Ì¥³  Ê¸É ´µ¢±¨ ¶·¨¢¥¤¥´  ´  ·¨¸. 23. ‚ Ô±¸¶¥·¨³¥´É¥ ¶² ´¨·Ê¥É¸Ö
¨¸¶µ²Ó§µ¢ ÉÓ ¸¡µ·±Ê ¨§ ¥¸É¥¸É¢¥´´µ£µ Ê· ´  µ¡Ð¥° ³ ¸¸µ° ¤µ 3,5 É, ±µÉµ· Ö
µ±·Ê¦ ¥É ³¨Ï¥´Ó ¨§ ÉÖ¦¥²µ£µ ³ É¥·¨ ² . ‚ § §µ· Ì ³¥¦¤Ê Ê· ´µ¢Ò³¨ ¡²µ-
± ³¨ ¡Ê¤ÊÉ · ¸¶µ² £ ÉÓ¸Ö  ±É¨¢ Í¨µ´´Ò¥ ¨ É·¥±µ¢Ò¥ ¤¥É¥±Éµ·Ò ¨ µ¡· §ÍÒ
É· ´¸³ÊÉ¨·Ê¥³ÒÌ · ¤¨µ ±É¨¢´ÒÌ ¨§µÉµ¶µ¢. ‚´ÊÉ·¨ Ê· ´µ¢µ° ¸¡µ·±¨ ¡Ê¤ÊÉ
¶µ³¥Ð¥´Ò É¥·³µ³¥É·¨Î¥¸±¨¥ ¤ ÉÎ¨±¨. “¦¥ ¡Ò²¨ ¶·µ¢¥¤¥´Ò ¶¥·¢Ò¥ µ¡²ÊÎ¥-
´¨Ö ¶·µÉµÉ¨¶  Ê¸É ´µ¢±¨ ¸µ ¸¡µ·±µ° ¨§ ¥¸É¥¸É¢¥´´µ£µ Ê· ´  ³ ¸¸µ° µ±µ²µ
100 ±£ ¨ ¶µ²ÊÎ¥´Ò ¶¥·¢Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶µ ± ²µ·¨³¥É·¨¨ [90].

�¨¸. 23. ‘Ì¥³  Ê¸É ´µ¢±¨, ¸µ§¤ ¢ ¥³µ° ¢ · ³± Ì ¶·µ¥±É  ��…�ƒˆŸÄ’���‘Œ“-
’�–ˆŸ ¤²Ö ¨¸¸²¥¤µ¢ ´¨Ö  ¸¶¥±Éµ¢ Ô²¥±É·µÖ¤¥·´µ£µ ³¥Éµ¤  £¥´¥· Í¨¨ Ô´¥·£¨¨ ¨
É· ´¸³ÊÉ Í¨¨ · ¤¨µ ±É¨¢´ÒÌ µÉÌµ¤µ¢



50 ��‹„ˆ� �. Œ., Œ�‹�•�‚ �. ˆ., ‘ˆ‘�ŠŸ� �. �.

‚ ‹‚� É ±¦¥ ¶·µ· ¡µÉ ´ ¢ ·¨ ´É Ô´¥·£¥É¨Î¥¸±µ° ¸¨¸É¥³Ò, ¢±²ÕÎ ÕÐ¥°
¶µ¤±·¨É¨Î¥¸±¨° Ö¤¥·´Ò° ·¥ ±Éµ· ¸ É¥¶²µ¢µ° ³µÐ´µ¸ÉÓÕ 3 ƒ‚É ¨ ¶·µÉµ´´Ò°
Ê¸±µ·¨É¥²Ó (Ô´¥·£¨Ö ¶·µÉµ´µ¢ 1 ƒÔ‚, Éµ± ¶ÊÎ±  120 ³�), ¸µ§¤ ÕÐ¨° ³µÐ´Ò°
¶µÉµ± ¶¥·¢¨Î´ÒÌ ´¥°É·µ´µ¢, ¶µ¤¤¥·¦¨¢ ÕÐ¨Ì Ê¶· ¢²Ö¥³ÊÕ ·¥ ±Í¨Õ ¤¥²¥-
´¨Ö [91].

�µ± § ´µ, ÎÉµ ´ ¨¡µ²¥¥ ¶µ¤Ìµ¤ÖÐ¨³ ¤²Ö ÔÉµ° Í¥²¨ Ö¢²Ö¥É¸Ö Í¨±²µÉ·µ´ ¸
· §¤¥²¥´´Ò³¨ µ·¡¨É ³¨ ¨ ³ £´¨É´µ° ¸¨¸É¥³µ°, ¸µ¸ÉµÖÐ¥° ¨§ ³¨´¨ ÉÕ·´ÒÌ
¸¢¥·Ì¶·µ¢µ¤ÖÐ¨Ì ³ £´¨Éµ¢ ¸ ¦¥²¥§´Ò³ Ö·³µ³ [92]. ‘ ¶µ³µÐÓÕ ÔÉµ° ¸¨¸É¥³Ò
Ê¤ ¥É¸Ö Ô±µ´µ³´µ · §³¥¸É¨ÉÓ ¢ µ¤´µ° Ê¸É ´µ¢±¥ µ¤´µ¢·¥³¥´´µ ´¥¸±µ²Ó±µ (¤µ
10) ¶ÊÎ±µ¢ÒÌ ± ´ ²µ¢. ’ ± Ö ³´µ£µ± ´ ²Ó´ Ö ¸¨¸É¥³  Ê¸É· ´Ö¥É µ£· ´¨Î¥´¨¥
¨´É¥´¸¨¢´µ¸É¨ Ê¸±µ·¨É¥²Ö, ¸¢Ö§ ´´µ¥ ¸ ¶·µ¸É· ´¸É¢¥´´Ò³ § ·Ö¤µ³ ¶ÊÎ± , ¨
¶µ§¢µ²Ö¥É ¶µ²ÊÎ¨ÉÓ ¤µ¸É ÉµÎ´µ µ¤´µ·µ¤´µ¥ ¶µ²¥ ´¥°É·µ´µ¢ ¢ ·¥ ±Éµ·¥.

‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ¢ �ˆŸˆ ¢µ¶·µ¸Ê · §· ¡µÉ±¨ Ô´¥·£¥É¨Î¥¸±µ° ¸¨-
¸É¥³Ò ´  µ¸´µ¢¥ ¶µ¤±·¨É¨Î¥¸±µ£µ Ö¤¥·´µ£µ ·¥ ±Éµ·  Ê¤¥²Ö¥É¸Ö ¡µ²ÓÏµ¥ ¢´¨-
³ ´¨¥. ‚ Î ¸É´µ¸É¨, ¢ · ³± Ì µ¡Ð¥¨´¸É¨ÉÊÉ¸±µ° É¥³Ò ·Ö¤µ³ ² ¡µ· Éµ·¨°
�ˆŸˆ (‹�”, ‹Ÿ�, ‹ˆ’ ¨ ‹‚�) ¢¥¤¥É¸Ö ¶·µ· ¡µÉ±  ¶·µ¥±É  Ô±¸¶¥·¨³¥´-
É ²Ó´µ° Ô²¥±É·µÖ¤¥·´µ° Ê¸É ´µ¢±¨ SAD ¸ ³µÐ´µ¸ÉÓÕ µ±µ²µ 20 ±‚É ´  µ¸´µ¢¥
¸É ´¤ ·É´ÒÌ É¥¶²µ¢Ò¤¥²ÖÕÐ¨Ì Ô²¥³¥´Éµ¢ ·¥ ±Éµ·  ��-600, Ê¶· ¢²Ö¥³µ°
¶·µÉµ´´Ò³ ¶ÊÎ±µ³ Ë §µÉ·µ´ .

‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¶·µ· ¡µÉ ´ ¶·µ¥±É ¨¸¶µ²Ó§µ¢ ´¨Ö ¶ÊÎ±  Ö¤¥· Ê£²¥-
·µ¤  ´Ê±²µÉ·µ´  ¢ ³¥¤¨Í¨´¸±¨Ì Í¥²ÖÌ ¤²Ö É¥· ¶¨¨ · ±µ¢ÒÌ µ¶ÊÌµ²¥°. ‚
·Ö¤¥ ¸²ÊÎ ¥¢ ¨¸¶µ²Ó§µ¢ ´¨¥ Ê£²¥·µ¤´µ£µ ¶ÊÎ±  ¤²Ö ÔÉ¨Ì Í¥²¥° Ö¢²Ö¥É¸Ö ¢Ò¸µ-
±µÔËË¥±É¨¢´Ò³. �² ´¨·Ê¥É¸Ö ¸µ§¤ ´¨¥ É·¥Ì ± ¡¨´ ¸ ¸µµÉ¢¥É¸É¢ÊÕÐ¨³ µ¡µ-
·Ê¤µ¢ ´¨¥³ ¤²Ö µ¡²ÊÎ¥´¨Ö ¶ Í¨¥´Éµ¢. Œ ²Ò¥ ¶·µ¸É· ´¸É¢¥´´Ò¥ · §³¥·Ò ¨
¢Ò¸µ± Ö ¸É ¡¨²Ó´µ¸ÉÓ ¶ÊÎ±  ´Ê±²µÉ·µ´  ¶µ§¢µ²ÖÉ Ê¸¶¥Ï´µ ·¥ ²¨§µ¢ ÉÓ ÔÉµ
¶·¥¤²µ¦¥´¨¥.

�¥µ¡Ìµ¤¨³µ µÉ³¥É¨ÉÓ, ÎÉµ ¢ ‹ ¡µ· Éµ·¨¨ Ö¤¥·´ÒÌ ¶·µ¡²¥³ ¨³. ‚. �. „¦¥-
²¥¶µ¢  �ˆŸˆ Ê¦¥ ¤²¨É¥²Ó´µ¥ ¢·¥³Ö · §¢¨¢ ÕÉ¸Ö ³¥Éµ¤Ò ¨ ¸·¥¤¸É¢  ²ÊÎ¥¢µ°
É¥· ¶¨¨ ¨ ¸µ¶ÊÉ¸É¢ÊÕÐ¥° ¤¨ £´µ¸É¨±¨ ´  ³¥¤¨Í¨´¸±¨Ì  ¤·µ´´ÒÌ ¶ÊÎ± Ì Ë -
§µÉ·µ´ . �·µ¢µ¤ÖÉ¸Ö µ¡²ÊÎ¥´¨Ö ¶·µÉµ´´Ò³¨ ¶ÊÎ± ³¨ §²µ± Î¥¸É¢¥´´ÒÌ µ¶Ê-
Ìµ²¥°. ˆ¸¶µ²Ó§µ¢ ´¨¥ Ê£²¥·µ¤´µ£µ ¶ÊÎ±  ´Ê±²µÉ·µ´  ¤²Ö ÔÉ¨Ì Í¥²¥° ¸ÊÐ¥-
¸É¢¥´´µ · ¸Ï¨·¨É ¨³¥ÕÐ¨¥¸Ö ¢µ§³µ¦´µ¸É¨ ²¥Î¥´¨Ö µ´±µ²µ£¨Î¥¸±¨Ì § ¡µ²¥-
¢ ´¨°.

Š·µ³¥ ¶¥·¥Î¨¸²¥´´ÒÌ ¢ÒÏ¥ ¶·¨±² ¤´ÒÌ § ¤ Î ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ´¥¶µ-
¸·¥¤¸É¢¥´´µ ¶ÊÎ±µ¢ Ê¸±µ·¨É¥²Ó´µ£µ ±µ³¶²¥±¸ , · §¢¨É¨¥ É¥Ì´¨Î¥¸±µ£µ ¸µ-
¶·µ¢µ¦¤¥´¨Ö · ¡µÉ, ¶·µ¢µ¤¨³ÒÌ ¢ ‹‚� ¢ µ¡² ¸É¨ ËÊ´¤ ³¥´É ²Ó´µ° ´ Ê±¨,
¶µ§¢µ²¨²µ ¸µ§¤ ÉÓ ·Ö¤ ´ ¶· ¢²¥´¨°, ±µÉµ·Ò¥ ¨³¥ÕÉ ¢ÒÌµ¤ ¢ ¶·¨±² ¤´ÊÕ
µ¡² ¸ÉÓ. �Éµ, ¶·¥¦¤¥ ¢¸¥£µ, Ê´¨± ²Ó´Ò¥ ±·¨µ£¥´´Ò¥ É¥Ì´µ²µ£¨¨, ±µµ·¤¨´ É-
´Ò¥ ¤¥É¥±Éµ·Ò ¤²Ö ³¥¤¨Í¨´Ò ¨ ±·¨¸É ²²µ£· Ë¨¨, ¸Í¨´É¨²²ÖÉµ·Ò · §²¨Î´µ£µ
´ §´ Î¥´¨Ö.

’ ±, ´ ¶·¨³¥·, µ¶ÒÉ ¸µ§¤ ´¨Ö ±·¨µ£¥´´ÒÌ ³¨Ï¥´¥° ¤²Ö Ë¨§¨Î¥¸±¨Ì Ô±¸-
¶¥·¨³¥´Éµ¢ ¶µ§¢µ²¨² ´ Ï¨³ ±µ´¸É·Ê±Éµ· ³ · §· ¡µÉ ÉÓ ¸µ¸Ê¤ ¤²Ö Éµ¶²¨¢´µ£µ
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¡ ±  ¸ ³µ²¥É , · ¡µÉ ÕÐ¥£µ ´  ¦¨¤±µ³ ¢µ¤µ·µ¤¥. �ÉµÉ ¸ ³µ²¥É (’Ê-155) ¶·µ-
Ï¥² Ê¸¶¥Ï´Ò¥ ²¥É´Ò¥ ¨¸¶ÒÉ ´¨Ö [93]. ‚µ¤µ·µ¤´µ¥ Éµ¶²¨¢µ Ö¢²Ö¥É¸Ö ¢¥¸Ó³ 
¶¥·¸¶¥±É¨¢´Ò³ ¸ ÉµÎ±¨ §·¥´¨Ö ± ± ¤µ¸ÉÊ¶´µ¸É¨, ± ²µ·¨°´µ¸É¨, É ± ¨ Ô±µ²µ£¨-
Î¥¸±µ° ¡¥§µ¶ ¸´µ¸É¨ (¶·µ¤Ê±É ¸£µ· ´¨Ö Å Î¨¸É Ö ¢µ¤ ). �µ²ÊÎ¥´¨¥ ¦¨¤±µ£µ
¢µ¤µ·µ¤  Ô±µ´µ³¨Î¥¸±¨ ¢Ò£µ¤´µ ¢¡²¨§¨  Éµ³´ÒÌ Ô²¥±É·µ¸É ´Í¨°.

‚ § ±²ÕÎ¥´¨¥ ¸²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ Ê¶µ³Ö´ÊÉÒ¥ ¢ÒÏ¥ ¶·¨±² ¤´Ò¥ ¨¸¸²¥-
¤µ¢ ´¨Ö ¸É ²¨ ¢µ§³µ¦´Ò Éµ²Ó±µ ¡² £µ¤ ·Ö ¨´É¥´¸¨¢´µ³Ê · §¢¨É¨Õ ¢ �ˆŸˆ
ËÊ´¤ ³¥´É ²Ó´µ£µ ´ ÊÎ´µ£µ ´ ¶· ¢²¥´¨Ö Å ·¥²ÖÉ¨¢¨¸É¸±µ° Ö¤¥·´µ° Ë¨§¨±¨.

5. ‘�‚Œ…‘’�›… ˆ‘‘‹…„�‚��ˆŸ
‚ ��‹�‘’ˆ �…‹Ÿ’ˆ‚ˆ‘’‘Š�‰ Ÿ„…���‰ ”ˆ‡ˆŠˆ,

‚›��‹�Ÿ…Œ›… ‚ „�“ƒˆ• ��“—�›• –…�’��•

”¨§¨±¨ ‹‚� ÊÎ ¸É¢ÊÕÉ ¢ ¶·µ£· ³³ Ì ¨¸¸²¥¤µ¢ ´¨° ¸ ÉÖ¦¥²Ò³¨ ¨µ´ ³¨
´  Ê¸±µ·¨É¥²ÖÌ ¤·Ê£¨Ì ´ ÊÎ´ÒÌ Í¥´É·µ¢, É ±¨Ì ± ± CERN (˜¢¥°Í ·¨Ö), BNL
(‘˜�), GSI (ƒ¥·³ ´¨Ö). “Î ¸É¨¥ ¢ ÔÉ¨Ì ¶·µ£· ³³ Ì ¤ ¥É ¢µ§³µ¦´µ¸ÉÓ ´ Ï¨³
ÊÎ¥´Ò³ ¨§ÊÎ¨ÉÓ ´ ¡²Õ¤¥´´Ò¥ ¢ ‹‚� Ö¢²¥´¨Ö ¶·¨ ¡µ²¥¥ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ ¨
¸ ¤·Ê£¨³ ´ ¡µ·µ³ ¸É ²±¨¢ ÕÐ¨Ì¸Ö Ö¤¥·, ¨¸¶µ²Ó§µ¢ ÉÓ ¡µ£ ÉÒ° ´ ±µ¶²¥´´Ò°
µ¶ÒÉ ¢ ´µ¢µ° µ¡² ¸É¨ Ô´¥·£¨° ¨ ´ Ìµ¤¨ÉÓ¸Ö ´  ¸ ³µ³ ¸µ¢·¥³¥´´µ³ Ê·µ¢´¥
´ ÊÎ´ÒÌ ¨¸¸²¥¤µ¢ ´¨°.

„µ¢µ²Ó´µ Ê¸¶¥Ï´µ É ±¦¥ · §¢¨¢ ¥É¸Ö ¸µÉ·Ê¤´¨Î¥¸É¢µ ¸ Ë¨§¨Î¥¸±¨³ Í¥´É-
·µ³ RIKEN (Ÿ¶µ´¨Ö) ¶µ ¶·µ£· ³³¥ ¶µ²Ö·¨§ Í¨µ´´ÒÌ Ô±¸¶¥·¨³¥´Éµ¢. Š·µ³¥
Éµ£µ, ¢¥¤ÊÉ¸Ö ¸µ¢³¥¸É´Ò¥ ¨¸¸²¥¤µ¢ ´¨Ö ´  Ê¸É ´µ¢±¥ WASA ´  Ê¸±µ·¨É¥²¥
CELSIUS ¢ “¶¶¸ ²¥ (˜¢¥Í¨Ö).

5.1. � ¡µÉÒ ¢ CERN. �±¸¶¥·¨³¥´ÉÒ ´  SPS. ”¨§¨±¨ ‹‚� �ˆŸˆ ¶·¨´¨-
³ ÕÉ ÊÎ ¸É¨¥ ¢ ¸²¥¤ÊÕÐ¨Ì Ô±¸¶¥·¨³¥´É Ì ¸ ÉÖ¦¥²Ò³¨ ¨µ´ ³¨ ´  Ê¸±µ·¨É¥²¥
SPS ¢ CERN: NA45 (CERES), NA49 ¨ EMU01 [94]. � ´¥¥ ´ Ï  £·Ê¶¶ 
ÊÎ ¸É¢µ¢ ²  É ±¦¥ ¢ Ô±¸¶¥·¨³¥´É¥ WA98, ±µÉµ·Ò° ± ´ ¸ÉµÖÐ¥³Ê ¢·¥³¥´¨
§ ¢¥·Ï¥´.

‘µÉ·Ê¤´¨± ³¨ ‹‚� ¡Ò² ¸¤¥² ´ ¸ÊÐ¥¸É¢¥´´Ò° ¢±² ¤ ¢ ¸µ§¤ ´¨¥ · §²¨Î-
´µ£µ É¨¶  ¤¥É¥±Éµ·µ¢ ¨ µ¡µ·Ê¤µ¢ ´¨Ö ¤²Ö ÔÉ¨Ì Ê¸É ´µ¢µ±.

�±¸¶¥·¨³¥´É NA45 µ·¨¥´É¨·µ¢ ´ ´  ·¥£¨¸É· Í¨Õ Ô²¥±É·µ´-¶µ§¨É·µ´´ÒÌ
¶ · ¨ ¶·Ö³ÒÌ ËµÉµ´µ¢, ·µ¦¤ ¥³ÒÌ ¢  ¤·µ´´ÒÌ,  ¤·µ´-Ö¤¥·´ÒÌ ¨ Ö¤¥·´ÒÌ
¸Éµ²±´µ¢¥´¨ÖÌ. ƒ² ¢´µ° Í¥²ÓÕ ÔÉµ£µ Ô±¸¶¥·¨³¥´É  Ö¢²Ö¥É¸Ö ¸¨¸É¥³ É¨Î¥¸±µ¥
¨§ÊÎ¥´¨¥ ¸¶¥±É·  Ô²¥±É·µ´-¶µ§¨É·µ´´ÒÌ ¶ · ¢ µ¡² ¸É¨ ³ ¸¸ µÉ 50 ŒÔ‚/¸2 ¤µ
2 ƒÔ‚/¸2 ¨ ·µ¦¤¥´¨Ö ρ-, ω- ¨ ϕ-³¥§µ´µ¢. �² £µ¤ ·Ö µÉ¸ÊÉ¸É¢¨Õ ¢§ ¨³µ¤¥°¸É-
¢¨° ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨ ·¥£¨¸É·¨·Ê¥³ÒÌ ¢ ÔÉµ³ Ô±¸¶¥·¨³¥´É¥ ¢Éµ·¨Î´ÒÌ
Î ¸É¨Í, Ô±¸¶¥·¨³¥´É Ö¢²Ö¥É¸Ö Ê´¨± ²Ó´Ò³ ¤²Ö ¨§ÊÎ¥´¨Ö ¤¨´ ³¨±¨ Ê²ÓÉ· ·¥-
²ÖÉ¨¢¨¸É¸±¨Ì ¢§ ¨³µ¤¥°¸É¢¨° ÉÖ¦¥²ÒÌ ¨µ´µ¢.

‚ �ˆŸˆ ¤²Ö Ê¸É ´µ¢±¨ NA45 ¡Ò²¨ ¸µ§¤ ´Ò Ô²¥³¥´ÉÒ ¸¨¸É¥³Ò ¡Ò¸É·µ£µ
É·¨££¥·  ¨ ¨§£µÉµ¢²¥´ ¡µ²ÓÏµ° ³ £´¨É ¤²Ö ¢·¥³Ö¶·µ¥±Í¨µ´´µ° ± ³¥·Ò (’�‘).
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�¨¸. 24. � ¸¶·¥¤¥²¥´¨¥ ¶µ ¨´¢ ·¨ ´É´µ° ³ ¸¸¥ ¢ µ¡² ¸É¨ ¨³¶Ê²Ó¸µ¢ ´Ê±²µ´µ¢
3 ÷ 10 ƒÔ‚/¸ ( ) ¨ ¶ · ³¥É· ´ ±²µ´  T ¸¶¥±É·  ¶µ¶¥·¥Î´ÒÌ ³ ¸¸ ¢ § ¢¨¸¨³µ¸É¨
µÉ ³ ¸¸Ò Î ¸É¨Í, µ¡· §ÊÕÐ¨Ì¸Ö ¢ Pb + Pb-¸Éµ²±´µ¢¥´¨ÖÌ ¶·¨ Ô´¥·£¨¨ 158 ƒÔ‚ ´ 
´Ê±²µ´ (¡)

�±¸¶¥·¨³¥´É NA49 ¶·¥¤´ §´ Î¥´ ¤²Ö ¶µ¨¸±  Ë §µ¢µ£µ ¶¥·¥Ìµ¤  µÉ  ¤·µ´-
´µ£µ ¸µ¸ÉµÖ´¨Ö Ö¤¥·´µ° ³ É¥·¨¨ ± ¸µ¸ÉµÖ´¨Õ ¤¥±µ´Ë °´³¥´É  ±¢ ·±µ¢ ¨
£²Õµ´µ¢ ¢ Pb + Pb-¸Éµ²±´µ¢¥´¨ÖÌ. “¸É ´µ¢±  ¡Ò²  µ¶É¨³¨§¨·µ¢ ´  ¤²Ö ¨§Ê-
Î¥´¨Ö µ¡· §µ¢ ´¨Ö ¢Éµ·¨Î´ÒÌ  ¤·µ´µ¢ ¢ ¸¨²Ó´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨ÖÌ ´Ê±²µ´µ¢
¨ Ö¤¥· ¸ Í¥²ÓÕ ¶µ²ÊÎ¥´¨Ö ¡µ²ÓÏµ£µ  ±¸¥¶É ´¸  ¨ ³ ±¸¨³ ²Ó´µ ¢µ§³µ¦´µ°
¨¤¥´É¨Ë¨± Í¨¨ Î ¸É¨Í [95].

ƒ² ¢´Ò³ ¢±² ¤µ³ ‹‚� �ˆŸˆ ¢ ÔÉµÉ Ô±¸¶¥·¨³¥´É Ö¢²Ö¥É¸Ö ¸µ§¤ ´¨¥
900-± ´ ²Ó´µ£µ ¢·¥³Ö¶·µ²¥É´µ£µ ¤¥É¥±Éµ·  (TOF) ¸ ¢Ò¸µ±¨³ ¢·¥³¥´´Ò³ · §-
·¥Ï¥´¨¥³ (¸·¥¤´¥¥ §´ Î¥´¨¥ µ±µ²µ 80 ¶¸) [96]. ƒ·Ê¶¶µ° ¸µÉ·Ê¤´¨±µ¢ ‹‚�
¡Ò² É ±¦¥ ¶·µ¢¥¤¥´  ´ ²¨§ ¤ ´´ÒÌ ¶µ ·µ¦¤¥´¨Õ ¤¥°É·µ´µ¢ ¢ Pb + Pb-
¸Éµ²±´µ¢¥´¨ÖÌ ¶·¨ Ô´¥·£¨¨ 158 ƒÔ‚ ´  ´Ê±²µ´ [97]. �  ·¨¸. 24 ¶·¨¢¥¤¥´
³ ¸¸µ¢Ò° ¸¶¥±É· ¤¥°É·µ´µ¢ ¨ § ¢¨¸¨³µ¸ÉÓ ¶ · ³¥É·  ´ ±²µ´  ¸¶¥±É·  ¶µ¶¥-
·¥Î´ÒÌ ³ ¸¸ µÉ ³ ¸¸Ò ·µ¦¤ ¥³ÒÌ Î ¸É¨Í, ¢±²ÕÎ Ö ¤ ´´Ò¥ ¤²Ö ¤¥°É·µ´ .

�¥±µÉµ·Ò¥ ·¥§Ê²ÓÉ ÉÒ Ô±¸¶¥·¨³¥´Éµ¢ NA45, NA49 ¨ WA98 ´ ·Ö¤Ê ¸
·¥§Ê²ÓÉ É ³¨ ¤·Ê£¨Ì Ê¸É ´µ¢µ±, · ¡µÉ ÕÐ¨Ì ´  ¸¢¨´Íµ¢µ³ ¶ÊÎ±¥ ¸ Ô´¥·£¨¥°
158 ƒÔ‚ ´  ´Ê±²µ´, ¡Ò²¨ ¨´É¥·¶·¥É¨·µ¢ ´Ò ± ± ¸¨£´ ²Ò µ¡ µ¡· §µ¢ ´¨¨
´µ¢µ£µ ¸µ¸ÉµÖ´¨Ö ³ É¥·¨¨ Å ¶µ¢ÒÏ¥´´Ò° ¢ÒÌµ¤ ¸É· ´´ÒÌ Î ¸É¨Í ¶·¨ ¢§ ¨-
³µ¤¥°¸É¢¨¨ Ö¤¥· ¸¢¨´Í  ¶µ ¸· ¢´¥´¨Õ ¸ ´¥Ö¤¥·´Ò³¨ ¶·µÍ¥¸¸ ³¨ (NA49),
Ê¸¨²¥´¨¥ ¢ÒÌµ¤  ¤¨²¥¶Éµ´µ¢, ±µÉµ·Ò° ´¥ µ¶¨¸Ò¢ ¥É¸Ö ¨§¢¥¸É´Ò³¨ ÔËË¥±É ³¨
(NA45), ¨ ´ ¡²Õ¤¥´¨¥ ¢ÒÌµ¤  ¶·Ö³ÒÌ ËµÉµ´µ¢ (WA98).

�Ê¤ÊÐ¨¥ Ô±¸¶¥·¨³¥´ÉÒ ´  LHC. ‚ –…�� ¢ 2005Ä2006 ££. ¶² ´¨·Ê¥É¸Ö
¢¢¥¸É¨ ¢ ¸É·µ° ´µ¢Ò° Ê¸±µ·¨É¥²Ó Å ¡µ²ÓÏµ°  ¤·µ´´Ò° ±µ²² °¤¥· (LHC) ¸
Ô´¥·£¨¥° ¢¸É·¥Î´ÒÌ  ¤·µ´´ÒÌ ¶ÊÎ±µ¢ 7 ’Ô‚. �·¥¤Ê¸³ É·¨¢ ¥É¸Ö É ±¦¥ Ê¸±µ-
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·¥´¨¥ ÉÖ¦¥²ÒÌ Ö¤¥·, ¢ Î ¸É´µ¸É¨ ¸¢¨´Í , ¤µ Ô´¥·£¨¨ 2,76 ’Ô‚ ´  ´Ê±²µ´.
’ ±¨³ µ¡· §µ³, µÉ±·Ò¢ ÕÉ¸Ö ´µ¢Ò¥ ¶¥·¸¶¥±É¨¢Ò ¨¸¸²¥¤µ¢ ´¨° ¶µ ·¥²ÖÉ¨-
¢¨¸É¸±µ° Ö¤¥·´µ° Ë¨§¨±¥ ¢ µ¡² ¸É¨ Ê²ÓÉ· ¢Ò¸µ±¨Ì Ô´¥·£¨°.

„²Ö ¨¸¸²¥¤µ¢ ´¨° ´  LHC £µÉµ¢¨É¸Ö ·Ö¤ ±·Ê¶´ÒÌ Ê¸É ´µ¢µ±, É ±¨Ì ± ±
ATLAS, ALICE, CMS, ¢ ¸µ§¤ ´¨¨ ±µÉµ·ÒÌ ¨ · §· ¡µÉ±¥ Ë¨§¨Î¥¸±µ° ¶·µ-
£· ³³Ò  ±É¨¢´µ ÊÎ ¸É¢Ê¥É �ˆŸˆ.

�·µ¥±ÉÒ ALICE ¨, Î ¸É¨Î´µ, CMS ¶·¥¤Ê¸³ É·¨¢ ÕÉ ¶·µ¢¥¤¥´¨¥ ¨¸¸²¥¤µ-
¢ ´¨° ´  Ö¤¥·´ÒÌ ¶ÊÎ± Ì ÔÉµ£µ ±µ²² °¤¥· . ”¨§¨±¨ ‹‚�  ±É¨¢´µ ÊÎ ¸É¢ÊÕÉ
¢ ¶µ¤£µÉµ¢±¥ ÔÉ¨Ì ¶·µ¥±Éµ¢.

�¨¸. 25. � ¸¶·¥¤¥²¥´¨¥ ¶µ²´µ° ¶µ¶¥·¥Î´µ°
Ô´¥·£¨¨ dET /dη (ƒÔ‚) ¶µ ¶¸¥¢¤µ¡Ò¸É·µÉ¥ η
¤²Ö 10000 Pb + Pb-¸Éµ²±´µ¢¥´¨° ¸ ³¨´¨³ ²Ó-
´Ò³ É·¨££¥·µ³ ¶·¨ Ô´¥·£¨ÖÌ ¢ ¸¨¸É¥³¥ Í¥´É· 
³ ¸¸ 0,1 (1); 0,2 (2); 0,5 (3); 1,0 (4); 3,0 (5);
5,0 (6) ’Ô‚ ´  ´Ê±²µ´ ¢ ¸²ÊÎ ¥ ´ ²¨Î¨Ö ÔËË¥±É 
£ Ï¥´¨Ö ¸É·Ê°

�·µ¥±É ALICE ¶·¥¤´ §´ -
Î¥´ ¤²Ö ¨§ÊÎ¥´¨Ö Pb + Pb-¢§ ¨-
³µ¤¥°¸É¢¨° ´  LHC ¶·¨ Ô´¥·-
£¨¨ ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸
µ±µ²µ 5,5 ’Ô‚ ´  ´Ê±²µ´. –¥²ÓÕ
Ô±¸¶¥·¨³¥´É  Ö¢²Ö¥É¸Ö ¨§ÊÎ¥´¨¥
¸¢µ°¸É¢ ¸¨²Ó´µ¢§ ¨³µ¤¥°¸É¢ÊÕ-
Ð¥° ³ É¥·¨¨ ¶·¨ Ô±¸É·¥³ ²Ó´µ
¢Ò¸µ±¨Ì ¶²µÉ´µ¸ÉÖÌ. �¸´µ¢-
´µ° ¢±² ¤ �ˆŸˆ ¢ ¸µ§¤ ´¨¥
Ê¸É ´µ¢±¨ Å ÔÉµ · §· ¡µÉ± 
¨ ¨§£µÉµ¢²¥´¨¥ Ö·³  ¤¨¶µ²Ó´µ£µ
³ £´¨É  ³Õµ´´µ£µ ¶²¥Î  Ê¸É -
´µ¢±¨. � ¸¸³ É·¨¢ ¥É¸Ö ¢µ§³µ¦-
´µ¸ÉÓ ÊÎ ¸É¨Ö �ˆŸˆ ¢ · §· -
¡µÉ±¥ ¨ ¨§£µÉµ¢²¥´¨¨ Ô²¥³¥´Éµ¢
¸¨¸É¥³Ò ¨¤¥´É¨Ë¨± Í¨¨ Î ¸É¨Í
´  µ¸´µ¢¥ ¤¥É¥±Éµ·µ¢ ¶¥·¥Ìµ¤-
´µ£µ ¨§²ÊÎ¥´¨Ö (TRD). ’ ±¦¥ ¢¥¤¥É¸Ö · ¡µÉ  ¶µ ¶µ¤£µÉµ¢±¥ Ë¨§¨Î¥¸±µ°
¶·µ£· ³³Ò ¨ ³µ¤¥²¨·µ¢ ´¨Õ ¶·µÍ¥¸¸µ¢, ±µÉµ·Ò¥ ¶² ´¨·Ê¥É¸Ö ¨¸¸²¥¤µ¢ ÉÓ.
ƒ·Ê¶¶  ¨§ „Ê¡´Ò ¶·µ· ¡ ÉÒ¢ ¥É ¢µ¶·µ¸Ò, ¸¢Ö§ ´´Ò¥ ¸ ¨¸¸²¥¤µ¢ ´¨¥³ ·µ¦¤¥-
´¨Ö ¢¥±Éµ·´ÒÌ ³¥§µ´µ¢ ¨ ±µ··¥²ÖÍ¨Ö³ �µ§¥Ä�°´ÏÉ¥°´  ¢Éµ·¨Î´ÒÌ Î ¸É¨Í.

�·µ¥±É CMS, ±·µ³¥ § ¤ Î ´   ¤·µ´´ÒÌ ¶ÊÎ± Ì, ¸µ¤¥·¦¨É ¶·µ£· ³³Ê ¨¸-
¸²¥¤µ¢ ´¨° Pb + Pb-¢§ ¨³µ¤¥°¸É¢¨° ´  LHC. ‚ · §· ¡µÉ±¥ ÔÉµ° ¶·µ£· ³³Ò
 ±É¨¢´µ¥ ÊÎ ¸É¨¥ ¶·¨´¨³ ÕÉ Ë¨§¨±¨ ‹‚�. ‚ Î ¸É´µ¸É¨, ¢ · ³± Ì ³µ¤¥²¨
HIJING ¡Ò²¨ ¨§ÊÎ¥´Ò £²µ¡ ²Ó´Ò¥ Ì · ±É¥·¨¸É¨±¨ Ö¤·µ-Ö¤¥·´ÒÌ ¸Éµ²±´µ¢¥-
´¨° ¤²Ö µ¡² ¸É¨ Ô´¥·£¨° LHC. ˆ´É¥·¥¸´Ò³ ¶·¥¤¸± § ´¨¥³ ³µ¤¥²¨ µ± § ²µ¸Ó
Ê± § ´¨¥ ´  ´ ²¨Î¨¥ Ï¨·µ±µ£µ ³ ±¸¨³Ê³  ¢ Í¥´É· ²Ó´µ° µ¡² ¸É¨ ¡Ò¸É·µÉ ´ 
Ëµ´¥ ¶² Éµ ¢ · ¸¶·¥¤¥²¥´¨¨ ¶µ ¶¸¥¢¤µ¡Ò¸É·µÉ¥ ¶µ²´µ° ¶µ¶¥·¥Î´µ° Ô´¥·£¨¨
(·¨¸. 25). �ÉµÉ ¶µ¤Ñ¥³ ¢Ò§¢ ´ ÔËË¥±Éµ³ £ Ï¥´¨Ö ¸É·Ê° ¢ ¶²µÉ´µ° Ö¤¥·´µ°
³ É¥·¨¨. �µ± § ´µ, ÎÉµ ± ²µ·¨³¥É· ¸ Ï¨·µ±¨³ § Ì¢ Éµ³ ¶µ ¶c¥¢¤µ¡Ò¸É·µÉ¥
−5 < η < 5 ¶µ§¢µ²¨É ¶µ²ÊÎ¨ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´ÊÕ ¶·µ¢¥·±Ê ¸ÊÐ¥¸É¢µ¢ ´¨Ö
É ±µ£µ ÔËË¥±É  [98].
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5.2. “Î ¸É¨¥ ¢ Ô±¸¶¥·¨³¥´É Ì ´  RHIC. ‚ 2000 £. ¸µ¸ÉµÖ²¸Ö ¶¥·¢Ò° ¸¥ ´¸
´  ´µ¢µ³ Ö¤¥·´µ³ ±µ²² °¤¥·¥ RHIC (BNL, ‘˜�). �Ò²¨ ¶µ²ÊÎ¥´Ò ¢¸É·¥Î´Ò¥
¶ÊÎ±¨ Ö¤¥· §µ²µÉ , ± ¦¤Ò° ¸ Ô´¥·£¨¥° 60 ƒÔ‚ ´  ´Ê±²µ´. ‚ ¤ ²Ó´¥°Ï¥³
¶² ´¨·Ê¥É¸Ö Ê¢¥²¨Î¨ÉÓ Ô´¥·£¨Õ ¤µ 100 ƒÔ‚ ´  ´Ê±²µ´ ¢ ± ¦¤µ³ ¶ÊÎ±¥.

‘µÉ·Ê¤´¨±¨ �ˆŸˆ ¶·¨´¨³ ÕÉ ÊÎ ¸É¨¥ ¢ ¨¸¸²¥¤µ¢ ´¨ÖÌ ´  ±µ²² °¤¥·¥
RHIC. �¤´  ¨§ £·Ê¶¶ ‹‚�  ±É¨¢´µ ÊÎ ¸É¢Ê¥É ¢ · ¡µÉ Ì ¶µ ¶·µ¥±ÉÊ STAR,  
¢Éµ· Ö ¶µ¤±²ÕÎ¨² ¸Ó ± ¨¸¸²¥¤µ¢ ´¨Ö³ ´  Ê¸É ´µ¢±¥ PHENIX.

�±¸¶¥·¨³¥´É STAR ¶·¥¤´ §´ Î¥´ ¤²Ö ¨§ÊÎ¥´¨Ö ¸¨²Ó´µ¢§ ¨³µ¤¥°¸É¢ÊÕ-
Ð¥° ³ É¥·¨¨ ¶·¨ ¢Ò¸µ±µ° ¶²µÉ´µ¸É¨ ¨ ¶µ¨¸±  ¸¨£´ ²µ¢ ¥¥ ¤¥±µ´Ë °´³¥´É-
´µ° Ë §Ò. ’ ±¦¥ ¶² ´¨·Ê¥É¸Ö ¨¸¸²¥¤µ¢ ´¨¥ ¸¶¨´  ± ± ËÊ´¤ ³¥´É ²Ó´µ°
Š•„-¶¥·¥³¥´´µ°, ¢±²ÕÎ Ö ¨§³¥·¥´¨Ö ¸¶¨´-§ ¢¨¸ÖÐ¨Ì ¶ ·Éµ´´ÒÌ · ¸¶·¥¤¥-
²¥´¨° ¶·µÉµ´µ¢ (£²Õµ´µ¢, ¢ ²¥´É´ÒÌ ±¢ ·±µ¢, ³µ·¸±¨Ì ±¢ ·±µ¢) [99].

�¸´µ¢´µ° Î ¸ÉÓÕ Ê¸É ´µ¢±¨ Ö¢²Ö¥É¸Ö ¡µ²ÓÏ Ö Í¨²¨´¤·¨Î¥¸± Ö ¢·¥³Ö¶·µ-
¥±Í¨µ´´ Ö ± ³¥·  (’�‘) ¢ ¸µ²¥´µ¨¤ ²Ó´µ³ ³ £´¨É´µ³ ¶µ²¥ 0,5 ’², ¶¥·¥-
±·Ò¢ ÕÐ Ö ¶·¨³¥·´µ 4 ¥¤¨´¨ÍÒ ¡Ò¸É·µÉÒ µÉ´µ¸¨É¥²Ó´µ Í¥´É· ²Ó´µ° µ¡² -
¸É¨. “¸É ´µ¢±  É ±¦¥ ¢±²ÕÎ ¥É ±·¥³´¨¥¢Ò° ¢¥·Ï¨´´Ò° É·¥±µ¢Ò° ¤¥É¥±Éµ· ¨
Ô²¥±É·µ³ £´¨É´Ò¥ ± ²µ·¨³¥É·Ò.

ƒ·Ê¶¶  ¨§ ‹‚� �ˆŸˆ ¢Ò¶µ²´¨²  ³µ¤¥²¨·µ¢ ´¨¥ pp-, pA- ¨ AA-¸Éµ²±´µ-
¢¥´¨°, ±µÉµ·µ¥ ¡Ò²µ ´¥µ¡Ìµ¤¨³µ ¤²Ö · §· ¡µÉ±¨ ¤¥É¥±Éµ·µ¢ Ê¸É ´µ¢±¨. � §-
· ¡µÉ ´ ¨ ¨§£µÉµ¢²¥´ ³µ¤Ê²Ó £ §µ¢µ£µ ¤¥É¥±Éµ·  ³ ±¸¨³Ê³  ²¨¢´Ö ¸ ± Éµ¤´Ò³
¸Î¨ÉÒ¢ ´¨¥³. ‚Ò¶µ²´¥´µ É ±¦¥ ³µ¤¥²¨·µ¢ ´¨¥ ¶µ ¶·µ£· ³³¥ ¨§ÊÎ¥´¨Ö ¸¶¨-
´µ¢ÒÌ Ö¢²¥´¨°. ˆ¸¶µ²Ó§µ¢ ´ · §· ¡µÉ ´´Ò° ¢ ‹‚� ¶µ¤Ìµ¤ (Z-¸±¥°²¨´£) ¤²Ö
¶·¥¤¸± § ´¨°  ¸¨³¶ÉµÉ¨Î¥¸±¨Ì ¸¢µ°¸É¢ pp- ¨ pA-¢§ ¨³µ¤¥°¸É¢¨° ¶·¨ Ô´¥·-
£¨ÖÌ RHIC. ‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¢¥¤¥É¸Ö µ¡· ¡µÉ±  ¨´Ëµ·³ Í¨¨, ¶µ²ÊÎ¥´´µ°
¢ ¶¥·¢µ³ ¸¥ ´¸¥. �¥·¢Ò¥ ·¥§Ê²ÓÉ ÉÒ ¡Ò²¨ ¤µ²µ¦¥´Ò ´  ³¥¦¤Ê´ ·µ¤´µ° ±µ´-
Ë¥·¥´Í¨¨ ®Š¢ ·±µ¢ Ö ³ É¥·¨Ö-2001¯ [76].

5.3. “Î ¸É¨¥ ¢ Ô±¸¶¥·¨³¥´É ²Ó´µ° ¶·µ£· ³³¥ GSI. “¸É ´µ¢±  HADES
¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° Ï¨·µ±µ ¶¥·ÉÊ·´Ò° ¤¨Ô²¥±É·µ´´Ò° ¸¶¥±É·µ³¥É·, ¸µ§¤ -
¢ ¥³Ò° ¢ GSI („ ·³ÏÉ ¤É) ¤²Ö ¨§ÊÎ¥´¨Ö ·µ¦¤¥´¨Ö ²¥¶Éµ´´ÒÌ ¶ · ¢ ¸Éµ²±´µ-
¢¥´¨ÖÌ ÉÖ¦¥²ÒÌ Ö¤¥· ¢ µ¡² ¸É¨ ±¨´¥É¨Î¥¸±¨Ì Ô´¥·£¨° ¤µ 2 ƒÔ‚ ´  ´Ê±²µ´. �É 
Ê¸É ´µ¢±  ¸¶µ¸µ¡´  · ¡µÉ ÉÓ ¶·¨ ¨´É¥´¸¨¢´µ¸ÉÖÌ ¶ÊÎ±  ¤µ 108 ¸−1. „¥É¥±-
Éµ· ¨³¥¥É £¥µ³¥É·¨Î¥¸±¨°  ±¸¥¶É ´¸ ¶µÎÉ¨ 40 % ¤²Ö e+e−-¶ · ¨ · §·¥Ï¥´¨¥
¶µ ³ ¸¸ ³ 0,8 % ¤²Ö ρ- ¨ ω-³¥§µ´µ¢. „²Ö ¢µ¸¸É ´µ¢²¥´¨Ö É·¥±µ¢ § ·Ö¦¥´-
´ÒÌ Î ¸É¨Í ¶·¥¤´ §´ Î¥´Ò Î¥ÉÒ·¥ ¸¨¸É¥³Ò ¤·¥°Ëµ¢ÒÌ ± ³¥· ¸ ³ ²µ° ³ ¸¸µ°
¢¥Ð¥¸É¢  ´  ¶ÊÉ¨ Î ¸É¨Í. ‘µÉ·Ê¤´¨±¨ ‹‚� · §· ¡µÉ ²¨ ¨ ¸µ§¤ ²¨ 6 ³µ¤Ê-
²¥° ¢Éµ·µ° ¸¨¸É¥³Ò ³´µ£µ¶·µ¢µ²µÎ´ÒÌ ¤·¥°Ëµ¢ÒÌ ± ³¥·. �·µ¸É· ´¸É¢¥´´µ¥
· §·¥Ï¥´¨¥ ± ³¥·Ò Å µ±µ²µ 70 ³±³ [100]. �É´µ¸¨É¥²Ó´ Ö · ¤¨ Í¨µ´´ Ö
¤²¨´  É·¥±µ¢µ° ¸¨¸É¥³Ò ´¥ ¶·¥¢ÒÏ ¥É 0,5 % §  ¸Î¥É ¨¸¶µ²Ó§µ¢ ´¨Ö £ §µ¢µ°
¸³¥¸¨ ´  µ¸´µ¢¥ £¥²¨Ö ¨  ²Õ³¨´¨¥¢µ° ¶·µ¢µ²µ±¨ ¶·¨ ¸µ§¤ ´¨¨ ± Éµ¤´ÒÌ ¨
 ´µ¤´ÒÌ ¶²µ¸±µ¸É¥°.

ƒ·Ê¶¶  ¨§ ‹‚� É ±¦¥ ÊÎ ¸É¢Ê¥É ¢ ¶µ¤£µÉµ¢±¥ ¶·µ£· ³³Ò Ë¨§¨Î¥¸±¨Ì
¨¸¸²¥¤µ¢ ´¨° ´  Ê¸É ´µ¢±¥ HADES.
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5.4. ˆ¸¸²¥¤µ¢ ´¨Ö ¢ RIKEN. �¸´µ¢´µ° Í¥²ÓÕ ¸µ¢³¥¸É´µ£µ ‹‚�ÄRIKEN
Ô±¸¶¥·¨³¥´É  R308n(OA) Ö¢²Ö¥É¸Ö ¨§ÊÎ¥´¨¥ ¸¶¨´µ¢µ° ¸É·Ê±ÉÊ·Ò 3He (3H) ´ 
· ¸¸ÉµÖ´¨ÖÌ, ´¥¤µ¸É¨¦¨³ÒÌ ¢ ´ ¸ÉµÖÐ¨° ³µ³¥´É, ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ Ô²¥±É·µ-
³ £´¨É´ÒÌ ¶·µ¡´¨±µ¢ ¶µ¸·¥¤¸É¢µ³ ¨§³¥·¥´¨Ö Ê£²µ¢ÒÌ § ¢¨¸¨³µ¸É¥° É¥´§µ·-
´ÒÌ  ´ ²¨§¨·ÊÕÐ¨Ì ¸¶µ¸µ¡´µ¸É¥° Ayy, Axx, Axz ¢ ·¥ ±Í¨ÖÌ d+d → 3He+n
¨ d + d → 3H + p. �É¨ ¶µ²Ö·¨§ Í¨µ´´Ò¥ ´ ¡²Õ¤ ¥³Ò¥ ¢¥²¨Î¨´Ò ÎÊ¢¸É¢¨-
É¥²Ó´Ò ± ¸¶¨´µ¢µ³Ê · ¸¶·¥¤¥²¥´¨Õ ´¥°É·µ´  (¶·µÉµ´ ) ¢ 3He (3H) ´  ³ ²ÒÌ
· ¸¸ÉµÖ´¨ÖÌ ¢ · ³± Ì ¶·¨¡²¨¦¥´¨Ö µ¤´µ´Ê±²µ´´µ£µ µ¡³¥´  [101]. � ¡²Õ-
¤ ¥É¸Ö ¸¨²Ó´ Ö ÎÊ¢¸É¢¨É¥²Ó´µ¸ÉÓ ÔÉ¨Ì ¶µ²Ö·¨§ Í¨µ´´ÒÌ ´ ¡²Õ¤ ¥³ÒÌ ¢¥²¨-
Î¨´ ± ¨¸¶µ²Ó§µ¢ ´´µ° ¢µ²´µ¢µ° ËÊ´±Í¨¨ É·¥Ì´Ê±²µ´´µ° ¸¢Ö§ ´´µ° ¸¨¸É¥³Ò,
¢ µ¸µ¡¥´´µ¸É¨ ¶·¨ ³ ²ÒÌ Ê£² Ì ¨¸¶Ê¸± ´¨Ö. ‘ ¤·Ê£µ° ¸Éµ·µ´Ò, É ± ± ±
3He ¨ 3H Ö¢²ÖÕÉ¸Ö §¥·± ²Ó´Ò³¨ ¶µ § ·Ö¤µ¢µ° ¸¨³³¥É·¨¨, · §²¨Î¨¥ ¢ ¨Ì
´ ¡²Õ¤ ¥³ÒÌ ¢¥²¨Î¨´ Ì ³µ¦¥É ¡ÒÉÓ ¨´É¥·¶·¥É¨·µ¢ ´µ ¢ É¥·³¨´ Ì ´ ·ÊÏ¥-
´¨Ö § ·Ö¤µ¢µ° ¸¨³³¥É·¨¨. ˆ§³¥·¥´¨¥ É¥´§µ·´ÒÌ  ´ ²¨§¨·ÊÕÐ¨Ì ¸¶µ¸µ¡´µ-
¸É¥°, ±µÉµ·Ò¥ ¢ ¶¥·¢µ³ ¶µ·Ö¤±¥ ´¥ÎÊ¢¸É¢¨É¥²Ó´Ò ± ±Ê²µ´µ¢¸±¨³ ±µ··¥±Í¨Ö³,
¢ ·¥ ±Í¨ÖÌ d + d → 3He + n ¨ d + d → 3H + p, µ¸µ¡¥´´µ ¶·¨ ¡µ²ÓÏ¨Ì ¨³-
¶Ê²Ó¸ Ì, ³µ£²µ ¡Ò µ¡¥¸¶¥Î¨ÉÓ ¤µ¶µ²´¨É¥²Ó´ÊÕ ¨´Ëµ·³ Í¨Õ µ ¶·¨·µ¤¥ ´ ·Ê-
Ï¥´¨Ö § ·Ö¤µ¢µ° ¸¨³³¥É·¨¨. Šµ²² ¡µ· Í¨Ö ‹‚�ÄRIKEN ¶·µ¢¥²  ¨§³¥·¥´¨¥
É¥´§µ·´ÒÌ Ayy, Axx, Axz ¨ ¢¥±Éµ·´µ° Ay  ´ ²¨§¨·ÊÕÐ¨Ì ¸¶µ¸µ¡´µ¸É¥° ´ 
¶ÊÎ±¥ ¶µ²Ö·¨§µ¢ ´´ÒÌ ¤¥°É·µ´µ¢ Í¨±²µÉ·µ´  ´  Ê¸É ´µ¢±¥ SMART µ¸¥´ÓÕ
2000 £. „ ´´Ò¥ ´ ¡²Õ¤ ¥³Ò¥ ¡Ò²¨ ¨§³¥·¥´Ò ¸µ ¸É É¨¸É¨Î¥¸±µ° ¶µ£·¥Ï´µ-
¸ÉÓÕ ±0,02 ¶·¨ Ô´¥·£¨ÖÌ 270 ¨ 200 ŒÔ‚ ¢µ ¢¸¥³ Ê£²µ¢µ³ ¤¨ ¶ §µ´¥ ¤²Ö ·¥ ±-
Í¨¨ d + d → 3H + p. ’µÉ ¦¥ ¸ ³Ò° ´ ¡µ·  ´ ²¨§¨·ÊÕÐ¨Ì ¸¶µ¸µ¡´µ¸É¥° ¡Ò²
¶µ²ÊÎ¥´ ¤²Ö ± ´ ²  d+ d → 3He+n ¶·¨ 270 ŒÔ‚ ³¥¦¤Ê 0◦ ¨ 120◦ ¢ ¸¨¸É¥³¥
Í¥´É·  ³ ¸¸. ’ ± Ö ¢Ò¸µ± Ö ÉµÎ´µ¸ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶µ§¢µ²¨É
¤¨¸±·¨³¨´¨·µ¢ ÉÓ · §²¨Î´Ò¥ ³µ¤¥²¨ É·¥Ì´Ê±²µ´´µ£µ ¸¢Ö§ ´´µ£µ ¸µ¸ÉµÖ´¨Ö
¤µ ¢´ÊÉ·¥´´¥£µ ¨³¶Ê²Ó¸  ´Ê±²µ´  600 ŒÔ‚/¸.

�É¨ ¨¸¸²¥¤µ¢ ´¨Ö ¶² ´¨·Ê¥É¸Ö ¶·µ¤µ²¦¨ÉÓ ´  ¶ÊÎ± Ì ¶µ²Ö·¨§µ¢ ´´ÒÌ
¤¥°É·µ´µ¢ Ê¸±µ·¨É¥²Ó´µ£µ ±µ³¶²¥±¸  ‹‚� [102].

‡�Š‹�—…�ˆ…

‚ ‹ ¡µ· Éµ·¨¨ ¢Ò¸µ±¨Ì Ô´¥·£¨° �¡Ñ¥¤¨´¥´´µ£µ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸-
¸²¥¤µ¢ ´¨° ¶µ¤£µÉµ¢²¥´  ¨ ·¥ ²¨§Ê¥É¸Ö ¡µ²ÓÏ Ö ¶·µ£· ³³  ¨¸¸²¥¤µ¢ ´¨° ¸
·¥²ÖÉ¨¢¨¸É¸±¨³¨ Ö¤· ³¨, ¶µ²Ö·¨§µ¢ ´´Ò³¨ ¤¥°É·µ´ ³¨ ¨ ´¥°É·µ´ ³¨, ¢ ±µ-
Éµ·µ°  ±É¨¢´µ ÊÎ ¸É¢ÊÕÉ Ë¨§¨±¨ ¨§ �µ¸¸¨¨ ¨ ¤·Ê£¨Ì ¸É· ´-ÊÎ ¸É´¨Í �ˆŸˆ,
  É ±¦¥ ¨§ ·Ö¤  ¤·Ê£¨Ì ¸É· ´. ‚ ¸¢Ö§¨ ¸ ¶µ²ÊÎ¥´¨¥³ ¢Ò¢¥¤¥´´µ£µ ¶ÊÎ±  Î -
¸É¨Í ¨ ¨µ´µ¢ ¨§ ´Ê±²µÉ·µ´  µÉ±·Ò¢ ÕÉ¸Ö ´µ¢Ò¥ ¶¥·¸¶¥±É¨¢Ò ¨¸¸²¥¤µ¢ ´¨°
¢ µ¡² ¸É¨ ·¥²ÖÉ¨¢¨¸É¸±µ° Ö¤¥·´µ° Ë¨§¨±¨ ¨ ¶·¨±² ¤´µ° É¥³ É¨±¨. ‘µ§¤ ´¨¥
´Ê±²µÉ·µ´  ¤¥² ¥É �ˆŸˆ ¢¥¤ÊÐ¨³ ³¥¦¤Ê´ ·µ¤´Ò³ ´ ÊÎ´Ò³ Í¥´É·µ³ ¨¸¸²¥-
¤µ¢ ´¨° ¶µ ·¥²ÖÉ¨¢¨¸É¸±µ° Ö¤¥·´µ° Ë¨§¨±¥ ¨ ±¢ ´Éµ¢µ° Ì·µ³µ¤¨´ ³¨±¥ ¸
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¨¸¶µ²Ó§µ¢ ´¨¥³  ¤·µ´´ÒÌ ¸¨¸É¥³. ‚ ³¨·¥ ´¥É ¤·Ê£¨Ì  ´ ²µ£¨Î´ÒÌ ¤¥°¸É¢ÊÕ-
Ð¨Ì Ê¸É ´µ¢µ±, ¨£· ÕÐ¨Ì ¶µÉ¥´Í¨ ²Ó´µ ¢ ¦´ÊÕ ·µ²Ó ¢ ÔÉ¨Ì ¨¸¸²¥¤µ¢ ´¨ÖÌ,
µ¸µ¡¥´´µ ¢ ¶¥·¥Ìµ¤´µ° µ¡² ¸É¨ µÉ ´Ê±²µ´´ÒÌ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò ¢ Ö¤· Ì ±
±¢ ·±-£²Õµ´´Ò³ ¸É¥¶¥´Ö³ ¸¢µ¡µ¤Ò.

‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ´  ¶µ¢¥¸É±¥ ¤´Ö ¸Éµ¨É ¢µ¶·µ¸ µ ¸µ¢¥·Ï¥´¸É¢µ¢ ´¨¨
´Ê±²µÉ·µ´  ¨ ¸µ§¤ ´¨¨ ´  ¥£µ ¡ §¥ ¶µ²Ó§µ¢ É¥²Ó¸±µ£µ Í¥´É·  ¤²Ö ¨¸¸²¥¤µ-
¢ ´¨° ¶µ ·¥²ÖÉ¨¢¨¸É¸±µ° Ö¤¥·´µ° Ë¨§¨±¥ ¨ ·¥Ï¥´¨Ö ¶·¨±² ¤´ÒÌ § ¤ Î ¸
¨¸¶µ²Ó§µ¢ ´¨¥³ ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¨µ´µ¢ ¢ µ¡² ¸É¨ Ô´¥·£¨° ´¥¸±µ²Ó±µ ƒÔ‚ ´ 
´Ê±²µ´.

„²Ö ´ ÊÎ´µ° ¶·µ£· ³³Ò ¢ ÔÉµ³ ´ ¶· ¢²¥´¨¨ É ±¦¥ ¢ ¦´µ¥ §´ Î¥´¨¥
¨³¥ÕÉ ¸µ¢³¥¸É´Ò¥ ¨¸¸²¥¤µ¢ ´¨Ö ¢ ¤·Ê£¨Ì ´ ÊÎ´ÒÌ Í¥´É· Ì, ±µÉµ·Ò¥ ¶µ§¢µ-
²ÖÕÉ ¨¸¶µ²Ó§µ¢ ÉÓ ´ ±µ¶²¥´´Ò° µ¶ÒÉ ¨ µ¸ÊÐ¥¸É¢¨ÉÓ ¶·µ¢¥·±Ê ·Ö¤  ¸¤¥² ´-
´ÒÌ ¶·¥¤¸± § ´¨° ¶·¨ ¡µ²¥¥ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ.

�‹�ƒ�„����‘’ˆ

ŒÒ ¡² £µ¤ ·¨³ ·Ê±µ¢µ¤¨É¥²¥° ¶·µ¥±Éµ¢ ´  Ê¸±µ·¨É¥²Ó´µ³ ±µ³¶²¥±¸¥ ‹ -
¡µ· Éµ·¨¨ ¢Ò¸µ±¨Ì Ô´¥·£¨° �ˆŸˆ ‘. ‚. �Ë ´ ¸Ó¥¢ , �. �. � ²¤¨´ , ‚. ‚. ƒ² -
£µ²¥¢ , �. ˆ. ‡ ·Ê¡¨´ , ‹. ‘. ‡µ²¨´ , ‚. �. Š ·´ ÊÌµ¢ , …. �. Š· ¸ ¢¨´ ,
‚. �. Š· ¸´µ¢ , Œ. ˆ. Š·¨¢µ¶Ê¸Éµ¢ , �. �. ŠÊ² ±µ¢ , �. �. ŠÊ·¥¶¨´ , ‚. �. ‹ -
¤Ò£¨´ , �. ƒ. ‹¨É¢¨´¥´±µ, 
. ‹Ê±¸É¨´ÓÏ , �. Œ. �¨¸±Ê´µ¢ , ‹. ˆ. ‘ ·ÒÎ¥¢Ê,
‹. �. ‘É·Ê´µ¢ , 
. �. ’·µÖ´ , ‚. ˆ. ˜ ·µ¢ , ·Ê±µ¢µ¤¨É¥²¥° Ô±¸¶¥·¨³¥´Éµ¢ µÉ
�ˆŸˆ ¢ CERN, BNL ¨ GSI �. ‘. ‚µ¤µ¶ÓÖ´µ¢ , ˆ. �. ƒµ²ÊÉ¢¨´ , 
. ‚. ‡ ´¥¢-
¸±µ£µ, ƒ. ‹. Œ¥²±Ê³µ¢ , 
. �. � ´¥¡· ÉÍ¥¢ , Î²¥´µ¢ ¤¨·¥±Í¨¨ ‹‚� ‚. �. �¥´¥-
¢ , …. �. �²¥Ì ´µ¢ , �. „. Šµ¢ ²¥´±µ ¨ ˆ. �. ˜¥² ¥¢  §  ¶·¥¤µ¸É ¢²¥´¨¥ ¨´-
Ëµ·³ Í¨¨ ¤²Ö µ¡§µ· . ŒÒ ¡² £µ¤ ·¨³ §  ¡µ²ÓÏÊÕ ¶µ³µÐÓ ¢ ¶µ¤£µÉµ¢±¥
· §¤¥²  ¶µ  ¤·µ´´Ò³ ¶·µÍ¥¸¸ ³ ¸ ¡µ²ÓÏµ° ³´µ¦¥¸É¢¥´´µ¸ÉÓÕ ˆ. „. Œ ´¤¦ -
¢¨¤§¥.

�¢Éµ·Ò É ±¦¥ ¡² £µ¤ ·ÖÉ �. �· ´¤É , ‚. ‚. �Ê·µ¢ , ‘. �. ƒ¥· ¸¨³µ¢ ,
‘. „Ê¡´¨Î±Ê, ‚. ƒ. Š ¤ÒÏ¥¢¸±µ£µ, Ÿ. Š²¨³ ´ , �. �. ŠÊ§´¥Íµ¢ , ”. ‹¥£ · ,
‚. �. Œ É¢¥¥¢ , ‚. �. �¨±¨É¨´ , �. �. ’ ¢Ì¥²¨¤§¥, ‘. ’ ¶¶·µ££ , �. ˆ. ’¨Éµ¢ ,
Œ. ‚. ’µ± ·¥¢ , �. ’µ³ §¨-ƒÊ¸É ¢¸µ´ ¨ ’. •µ²²³ ´  §  ³´µ£µÎ¨¸²¥´´Ò¥ ¸É¨³Ê-
²¨·ÊÕÐ¨¥ µ¡¸Ê¦¤¥´¨Ö. ‚Ò· ¦ ¥³ É ±¦¥ ¡² £µ¤ ·´µ¸ÉÓ ·Ê±µ¢µ¤¨É¥²Ö³ ±µ²-
² ¡µ· Í¨° ¢ CERN Œ. „¥²²  �¥£· , �. ‘¥°¡µÉÊ, ˆ. ‘É Ì¥², ˆ. –¥·Ê¥,
�. ˜Éµ±Ê, 
. ˜Ê±· ËÉÊ §  ¶µ¸ÉµÖ´´ÊÕ ¶µ¤¤¥·¦±Ê ¸µÉ·Ê¤´¨Î¥¸É¢  ¢ · ³± Ì
±µ²² ¡µ· Í¨° NA45, NA49, ALICE ¨ CMS.

�¢Éµ·Ò ¢Ò· ¦ ÕÉ ¡² £µ¤ ·´µ¸ÉÓ ˆ. ˆ. Œ¨£Ê²¨´µ° §  ¡µ²ÓÏÊÕ ¶µ³µÐÓ ¢
¶µ¤£µÉµ¢±¥ ·Ê±µ¶¨¸¨ ± ¶Ê¡²¨± Í¨¨.

� ¡µÉ  ¢Ò¶µ²´¥´  ¶·¨ ¶µ¤¤¥·¦±¥ £· ´Éµ¢ �””ˆ 00-02-16580 ¨
00-15-96737.
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‹ ¡µ· Éµ·¨¨ ¨ ¶µ¤· §¤¥²¥´¨Ö �ˆŸˆ ¨ ·µ¸¸¨°¸±¨¥ ¨´¸É¨ÉÊÉÒ:

ˆ’�” Å ˆ´¸É¨ÉÊÉ É¥µ·¥É¨Î¥¸±µ° ¨ Ô±¸¶¥·¨³¥´É ²Ó´µ° Ë¨§¨±¨, Œµ¸±¢ .

ˆ”‚� Å ˆ´¸É¨ÉÊÉ Ë¨§¨±¨ ¢Ò¸µ±¨Ì Ô´¥·£¨°, �·µÉ¢¨´µ.

ˆŸˆ Å ˆ´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨° ���, Œµ¸±¢ .

‹‚� Å ‹ ¡µ· Éµ·¨Ö ¢Ò¸µ±¨Ì Ô´¥·£¨° �ˆŸˆ.

‹ˆ’ Å ‹ ¡µ· Éµ·¨Ö ¨´Ëµ·³ Í¨µ´´ÒÌ É¥Ì´µ²µ£¨° �ˆŸˆ.

‹�” Å ‹ ¡µ· Éµ·¨Ö ´¥°É·µ´´µ° Ë¨§¨±¨ ¨³. ˆ. Œ. ”· ´±  �ˆŸˆ.

‹’” Å ‹ ¡µ· Éµ·¨Ö É¥µ·¥É¨Î¥¸±µ° Ë¨§¨±¨ ¨³. �. �. �µ£µ²Õ¡µ¢  �ˆŸˆ.

‹”— Å ‹ ¡µ· Éµ·¨Ö Ë¨§¨±¨ Î ¸É¨Í �ˆŸˆ.

‹Ÿ� Å ‹ ¡µ· Éµ·¨Ö Ö¤¥·´ÒÌ ¶·µ¡²¥³ ¨³. ‚. �. „¦¥²¥¶µ¢  �ˆŸˆ.

Œƒ“ Å Œµ¸±µ¢¸±¨° £µ¸Ê¤ ·¸É¢¥´´Ò° Ê´¨¢¥·¸¨É¥É ¨³. Œ. ‚. ‹µ³µ´µ¸µ¢ .

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

���ˆ Å �É¤¥² · ¤¨ Í¨µ´´ÒÌ ¨ · ¤¨µ¡¨µ²µ£¨Î¥¸±¨Ì ¨¸¸²¥¤µ¢ ´¨° �ˆŸˆ.

��– ®ŠÊ·Î Éµ¢¸±¨° ¨´¸É¨ÉÊÉ¯ Å �µ¸¸¨°¸±¨° ´ ÊÎ´Ò° Í¥´É· ®ŠÊ·Î Éµ¢¸±¨° ¨´¸É¨-
ÉÊÉ¯, Œµ¸±¢ .

”ˆ�� Å ”¨§¨Î¥¸±¨° ¨´¸É¨ÉÊÉ ¨³. �. �. ‹¥¡¥¤¥¢  ���, Œµ¸±¢ .

“¸É ´µ¢±¨ ¨ ¶·µ¥±ÉÒ ´  Ê¸±µ·¨É¥²Ó´µ³ ±µ³¶²¥±¸¥ ‹‚	 �ˆŸˆ:

ƒˆ�‘ Å £¨¡·¨¤´Ò° ¸¶¥±É·µ³¥É· ´  µ¸´µ¢¥ ¸É·¨³¥·´µ° ± ³¥·Ò.

ƒ�ŒŒ�-2 Å Ê¸É ´µ¢±  ¤²Ö ¨¸¸²¥¤µ¢ ´¨Ö ¶·µÍ¥¸¸µ¢ É· ´¸³ÊÉ Í¨¨ ¨ Ô²¥±É·µÖ¤¥·-
´µ£µ ¸¶µ¸µ¡  £¥´¥· Í¨¨ Ô´¥·£¨¨.

„…‹œ’� Å Ê¸É ´µ¢±  ˆŸˆ ¤²Ö ¨¸¸²¥¤µ¢ ´¨Ö ¸¶¨´µ¢ÒÌ Ö¢²¥´¨° ¢ ·¥ ±Í¨ÖÌ ·µ¦¤¥-
´¨Ö π0- ¨ η-³¥§µ´µ¢ ¶·¨ · ¸¸¥Ö´¨¨ ¶µ²Ö·¨§µ¢ ´´ÒÌ ´Ê±²µ´µ¢.

„…‹œ’�Ä‘ˆƒŒ� Å Ê¸É ´µ¢±  ¤²Ö ¨§³¥·¥´¨Ö Ô´¥·£¥É¨Î¥¸±µ° § ¢¨¸¨³µ¸É¨ · §´µ¸É¨
¶µ²´ÒÌ np-¸¥Î¥´¨° ¤²Ö  ´É¨¶ · ²²¥²Ó´µ° ¨ ¶ · ²²¥²Ó´µ° µ·¨¥´É Í¨¨ ¸¶¨´µ¢
´¥°É·µ´µ¢ ¶ÊÎ±  ¨ ¶·µÉµ´µ¢ ³¨Ï¥´¨, ¶µ²Ö·¨§µ¢ ´´ÒÌ ¢ ¶·µ¤µ²Ó´µ³ ¨ ¶µ¶¥-
·¥Î´µ³ ´ ¶· ¢²¥´¨ÖÌ.

„ˆ‘Š Å Ê¸É ´µ¢±  ¤²Ö ¨§ÊÎ¥´¨Ö ±Ê³Ê²ÖÉ¨¢´µ£µ ·µ¦¤¥´¨Ö Î ¸É¨Í ¨ ¸É·Ê±ÉÊ·Ò ²¥£-
±¨Ì Ö¤¥·.

Š�‘�ˆ‰ Å Ê¸É ´µ¢±  ˆŸˆ ¤²Ö ¨§ÊÎ¥´¨Ö ·µ¦¤¥´¨Ö ± µ´µ¢, ¶¨µ´µ¢ ¨  ´É¨¶·µÉµ´µ¢
´  Ö¤· Ì.

‹�‘ Å Ê¸É ´µ¢±  ¤²Ö ¨§ÊÎ¥´¨Ö ¸¶¨´µ¢µ° ¸É·Ê±ÉÊ·Ò ²¥£±¨Ì Ö¤¥· (LNS Å Light
Nuclei Structure).



58 ��‹„ˆ� �. Œ., Œ�‹�•�‚ �. ˆ., ‘ˆ‘�ŠŸ� �. �.

Œ��“‘Ÿ Å Ê¸É ´µ¢±  ¤²Ö ¨¸¸²¥¤µ¢ ´¨Ö ¶¥·¥Ìµ¤´µ° µ¡² ¸É¨ µÉ ´Ê±²µ´´ÒÌ ¸É¥¶¥´¥°
¸¢µ¡µ¤Ò ± ±¢ ·±-£²Õµ´´Ò³ ¸É¥¶¥´Ö³ ¸¢µ¡µ¤Ò ¶·¨ ¢§ ¨³µ¤¥°¸É¢¨¨ ·¥²ÖÉ¨¢¨¸É-
¸±¨Ì Ö¤¥·.

Œ�‘ Å ¸¶¥±É·µ³¥É· ¸·¥¤´¥£µ · §·¥Ï¥´¨Ö (MRS Å Medium Resolution Spectrometer)
¤²Ö ¨¸¸²¥¤µ¢ ´¨Ö ¶µ²Ö·¨§ Í¨µ´´ÒÌ Ö¢²¥´¨° ¢ Ö¤¥·´ÒÌ ·¥ ±Í¨ÖÌ.

�ˆ‘ Å ¶·µ¥±É ¤²Ö ¶µ¨¸±  ¸±·ÒÉµ° ¸É· ´´µ¸É¨ ´Ê±²µ´  (NIS Å Nucleon Internal
Strangeness).

‘Š��-1 Å ¸¶¥±É·µ³¥É· ±Ê³Ê²ÖÉ¨¢´ÒÌ  ¤·µ´µ¢ ´  ´Ê±²µÉ·µ´¥ ´  ¢´ÊÉ·¥´´¥° ³¨-
Ï¥´¨.

‘Š��-2 Å ¸¶¥±É·µ³¥É· ±Ê³Ê²ÖÉ¨¢´ÒÌ  ¤·µ´µ¢ ´  ´Ê±²µÉ·µ´¥ ´  ¢Ò¢¥¤¥´´µ³ ¶ÊÎ±¥.

‘‹�� Å Ê¸É ´µ¢±  ¤²Ö µ¡²ÊÎ¥´¨Ö Ô³Ê²Ó¸¨° ¢ ¸¨²Ó´µ³ ¨³¶Ê²Ó¸´µ³ ³ £´¨É´µ³ ¶µ²¥.

‘Œ‘ Å ¸Í¨´É¨²²ÖÍ¨µ´´Ò° ³ £´¨É´Ò° ¸¶¥±É·µ³¥É· Œƒ“ ¤²Ö ¨¸¸²¥¤µ¢ ´¨Ö µ¡· §µ-
¢ ´¨Ö ²¨¤¨·ÊÕÐ¨Ì Î ¸É¨Í.

‘’�…‹� Å Ê¸É ´µ¢±  ¤²Ö ¨¸¸²¥¤µ¢ ´¨Ö § ·Ö¤µ¢µ-µ¡³¥´´ÒÌ ¶·µÍ¥¸¸µ¢ ¢ ¤¥°É·µ´-
¶·µÉµ´´ÒÌ ¸Éµ²±´µ¢¥´¨ÖÌ ´  ¢Ò¢¥¤¥´´µ³ ¶ÊÎ±¥ ´Ê±²µÉ·µ´ .

‘”…�� Å Ê¸É ´µ¢±  ¤²Ö ¨¸¸²¥¤µ¢ ´¨Ö ³´µ¦¥¸É¢¥´´µ£µ ±Ê³Ê²ÖÉ¨¢´µ£µ ·µ¦¤¥´¨Ö
Î ¸É¨Í ¢ 4π-£¥µ³¥É·¨¨.

��…�ƒˆŸÄ’���‘Œ“’�–ˆŸ Å ´µ¢Ò° ¶·µ¥±É ¤²Ö ¨§ÊÎ¥´¨Ö ¶·µÍ¥¸¸µ¢ É· ´¸³ÊÉ -
Í¨¨ · ¤¨µ ±É¨¢´ÒÌ µÉÌµ¤µ¢ ¨ Ô²¥±É·µÖ¤¥·´µ£µ ¸¶µ¸µ¡  ¶µ²ÊÎ¥´¨Ö Ô´¥·£¨¨.

”�‡� Å Ê¸É ´µ¢±  ‹Ÿ� ¤²Ö ¨§ÊÎ¥´¨Ö Ö¢²¥´¨Ö Ö¤¥·´µ° ³Ê²ÓÉ¨Ë· £³¥´É Í¨¨ ¶µ¤
¤¥°¸É¢¨¥³ ²¥£±¨Ì ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¨µ´µ¢.

„·Ê£¨¥ ¸µ±· Ð¥´¨Ö:

AGS Å Ê¸±µ·¨É¥²Ó ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ö¤¥· ´  Ô´¥·£¨Õ ¤µ 14 ƒÔ‚ ´  ´Ê±²µ´ ¢ BNL
(‘˜�).

ATLAS Å ¶·µ¥±É¨·Ê¥³ Ö ¢ CERN Ê¸É ´µ¢±  ¤²Ö ¨§ÊÎ¥´¨Ö ¶·µÉµ´-¶·µÉµ´´ÒÌ ¢§ ¨-
³µ¤¥°¸É¢¨° ´  LHC.

ALICE Å ¶·µ¥±É¨·Ê¥³ Ö ¢ CERN Ê¸É ´µ¢±  ¤²Ö ¨¸¸²¥¤µ¢ ´¨Ö ¸Éµ²±´µ¢¥´¨° ÉÖ¦¥²ÒÌ
¨µ´µ¢ ´  LHC.

BNL Å �·Ê±Ì¥°¢¥´¸± Ö ´ Í¨µ´ ²Ó´ Ö ² ¡µ· Éµ·¨Ö (‘˜�).

CELSIUS Å ¶·µÉµ´´Ò° ¸¨´Ì·µÍ¨±²µÉ·µ´ ¢ “¶¶¸ ²¥ (˜¢¥Í¨Ö) ´  Ô´¥·£¨Õ ¤µ
1,36 ƒÔ‚.

CERN Å …¢·µ¶¥°¸±¨° Í¥´É· Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨° (†¥´¥¢ ).

CMS Å ¶·µ¥±É¨·Ê¥³ Ö ¢ CERN Ê¸É ´µ¢±  ¤²Ö ¨§ÊÎ¥´¨Ö ¶·µÉµ´-¶·µÉµ´´ÒÌ ¨ PbÄPb-
¢§ ¨³µ¤¥°¸É¢¨° ´  LHC.

COSY Å Ê¸±µ·¨É¥²Ó ´  Ô´¥·£¨Õ ¶·µÉµ´µ¢ 2 ƒÔ‚ ¢ 
²¨Ì¥ (ƒ¥·³ ´¨Ö).

EMU01 Å ³¥¦¤Ê´ ·µ¤´ Ö Ô³Ê²Ó¸¨µ´´ Ö ±µ²² ¡µ· Í¨Ö.
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GSI Å ¨¸¸²¥¤µ¢ É¥²Ó¸±¨° Ö¤¥·´Ò° Í¥´É· ¢ „ ·³ÏÉ ¤É¥ (”�ƒ) ¸ ¸¨´Ì·µÉ·µ´µ³ ¤²Ö
Ê¸±µ·¥´¨Ö ÉÖ¦¥²ÒÌ ¨µ´µ¢ ¤µ 2 ƒÔ‚ ´  ´Ê±²µ´.

HADES Å Ê¸É ´µ¢±  ¢ GSI ¤²Ö ¨§ÊÎ¥´¨Ö ¢§ ¨³µ¤¥°¸É¢¨° Ö¤¥· ¸ ·µ¦¤¥´¨¥³ ¤¨²¥¶-
Éµ´µ¢.

LBNL Å �aÍ¨µ´ ²Ó´ Ö ² ¡µ· Éµ·¨Ö ¨³. ‹µÊ·¥´¸  ¢ �¥·±²¨ (‘˜�).

LHC Å ¡µ²ÓÏµ°  ¤·µ´´Ò° ±µ²² °¤¥· ´  Ô´¥·£¨Õ ¶·µÉµ´µ¢ 7 ’Ô‚ ¨ Ö¤¥· ¸¢¨´Í 
2,76 ’Ô‚ ´  ´Ê±²µ´, ¸µ§¤ ¢ ¥³Ò° ¢ CERN.

NA45 Å Ô±¸¶¥·¨³¥´É ´  Ö¤¥·´ÒÌ ¶ÊÎ± Ì SPS ¢ CERN, ¢ ±µÉµ·µ³ ¨§ÊÎ ¥É¸Ö µ¡· §µ-
¢ ´¨¥ Ô²¥±É·µ´-¶µ§¨É·µ´´ÒÌ ¶ ·.

NA49 Å Ô±¸¶¥·¨³¥´É ´  Ö¤¥·´ÒÌ ¶ÊÎ± Ì SPS ¢ CERN ¤²Ö ¨¸¸²¥¤µ¢ ´¨° Ë §µ¢µ£µ
¶¥·¥Ìµ¤  µÉ  ¤·µ´´µ£µ ¸µ¸ÉµÖ´¨Ö ³ É¥·¨¨ ± ±¢ ·±-£²Õµ´´µ³Ê.

PHENIX Å Ê¸É ´µ¢±  ´  RHIC.

RHIC Å ·¥²ÖÉ¨¢¨¸É¸±¨° ÉÖ¦¥²µ¨µ´´Ò° ±µ²² °¤¥· ¢ BNL (Au+Au, 100 ƒÔ‚).

RIKEN Å ¨¸¸²¥¤µ¢ É¥²Ó¸±¨° Ö¤¥·´Ò° Í¥´É· ¢ Ÿ¶µ´¨¨ (’µ±¨µ).

SMART Å ³ £´¨É´Ò° ¸¶¥±É·µ³¥É· ´  Í¨±²µÉ·µ´¥ ¢ RIKEN ¤²Ö ¶µ²Ö·¨§ Í¨µ´´ÒÌ
¨¸¸²¥¤µ¢ ´¨°.

SPS Å ¶·µÉµ´´Ò° ¸¨´Ì·µÉ·µ´ ¢ CERN, ´  ±µÉµ·µ³ ¶µ²ÊÎ¥´Ò Ö¤·  ¸¢¨´Í  ¸ Ô´¥·£¨¥°
158 ƒÔ‚ ´  ´Ê±²µ´.

STAR Å Ê¸É ´µ¢±  ´  RHIC.

TEVATRON Å ¶·µÉµ´- ´É¨¶·µÉµ´´Ò° ±µ²² °¤¥· ´  Ô´¥·£¨Õ 1 ’Ô‚ ¢ � Í¨µ´ ²Ó´µ°
² ¡µ· Éµ·¨¨ ¨³. �. ”¥·³¨ (FNAL), ‘˜�.

WASA Å Ê¸É ´µ¢±  ¤²Ö ¨§ÊÎ¥´¨Ö µ±µ²µ¶µ·µ£µ¢µ£µ ·µ¦¤¥´¨Ö ²¥£±¨Ì ³¥§µ´µ¢ ´ 
Ê¸±µ·¨É¥²¥ CELSIUS.

WA98 Å Ê¸É ´µ¢±  ¢ CERN ¤²Ö ¨¸¸²¥¤µ¢ ´¨° ·µ¦¤¥´¨Ö ËµÉµ´µ¢ ¢ Ö¤¥·´ÒÌ ¸Éµ²±-
´µ¢¥´¨ÖÌ ´  SPS (¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö § ±·ÒÉ ).
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�. ’. ”¨²¨¶¶µ¢, ‚. ˆ. †Ê· ¢²¥¢

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

‹ ¡µ· Éµ·¨Ö É¥µ·¥É¨Î¥¸±µ° Ë¨§¨±¨ ¨³. �. �. �µ£µ²Õ¡µ¢ 

ˆ¸¸²¥¤µ¢ ´¨Ö, ¶·µ¢µ¤¨³Ò¥ ¢ ¶µ¸²¥¤´¨¥ £µ¤Ò ¢ ‹ ¡µ· Éµ·¨¨ É¥µ·¥É¨Î¥-
¸±µ° Ë¨§¨±¨ ¨³. �.�. �µ£µ²Õ¡µ¢ , µÌ¢ ÉÒ¢ ÕÉ Ï¨·µ±¨° ±·Ê£ ¶·µ¡²¥³ ±¢ ´-
Éµ¢µ° É¥µ·¨¨ ¶µ²Ö ¨ É¥µ·¨¨ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í, ³ É¥³ É¨Î¥¸±µ° Ë¨§¨±¨,
É¥µ·¨¨  Éµ³´µ£µ Ö¤·  ¨ É¥µ·¨¨ ±µ´¤¥´¸¨·µ¢ ´´ÒÌ ¸·¥¤. �É  É¥³ É¨±  É· ¤¨-
Í¨µ´´  ¤²Ö ‹’” ¨ Ëµ·³¨·µ¢ ² ¸Ó ¢ É¥Î¥´¨¥ ³´µ£¨Ì ²¥É ¸ ³µ³¥´É  ¸µ§¤ ´¨Ö
² ¡µ· Éµ·¨¨ ¢ 1956 £µ¤Ê. ‚Ò¡µ· ±µ´±·¥É´ÒÌ ´ ¶· ¢²¥´¨° ¸µ ¢·¥³¥´¥³, ±µ-
´¥Î´µ, ³¥´Ö¥É¸Ö ¸ ÊÎ¥Éµ³ ¨Ì  ±ÉÊ ²Ó´µ¸É¨ ¨ ±µ´±Ê·¥´Éµ¸¶µ¸µ¡´µ¸É¨ ´  ³¨-
·µ¢µ³ Ê·µ¢´¥. ‚ ¶µ¸²¥¤´¨¥ ´¥¸±µ²Ó±µ ²¥É É ±¨³¨ µ¸´µ¢´Ò³¨ ´ ¶· ¢²¥´¨Ö³¨
(¶·µ¥±É ³¨), ±µÉµ·Ò¥ ³Ò ¶·¥¤¸É ¢¨³, ¸²¥¤ÊÖ ¸É·Ê±ÉÊ·¥ ´ Ï¥° ² ¡µ· Éµ·¨¨,
¡Ò²¨ ¸²¥¤ÊÕÐ¨¥:

I. �µ²Ö ¨ Î ¸É¨ÍÒ:

Å ±¢ ´Éµ¢Ò¥ ¸¨³³¥É·¨¨, ¨´É¥£·¨·Ê¥³Ò¥ ³µ¤¥²¨, ¸Ê¶¥·¸¨³³¥É·¨¨ ¸
¶·¨³¥´¥´¨Ö³¨ ± ¸É·Ê´ ³, £· ¢¨É Í¨¨ ¨ ±µ¸³µ²µ£¨¨;

Å ¶¥·ÉÊ·¡ É¨¢´Ò¥ ¢ÒÎ¨¸²¥´¨Ö ¨ · §²¨Î´Ò¥ ´¥¶¥·ÉÊ·¡ É¨¢´Ò¥ ³¥-
Éµ¤Ò ¢ ± ²¨¡·µ¢µÎ´ÒÌ É¥µ·¨ÖÌ;

Å ¸É ´¤ ·É´ Ö ³µ¤¥²Ó ¨ ¥¥ · ¸Ï¨·¥´¨Ö;
Å Š•„: ¸¶¨´µ¢Ò¥ ÔËË¥±ÉÒ, ¶· ¢¨²  ¸Ê³³ ¨ ¸É·Ê±ÉÊ·  ¢ ±ÊÊ³ ;
Å ¸¶¥±É·µ¸±µ¶¨Ö ²¥£±¨Ì  ¤·µ´µ¢, ÉÖ¦¥²Ò¥ ±¢ ·±¨ ¨ B-Ë¨§¨± ;
Å Ë¥´µ³¥´µ²µ£¨Ö ¶·µÍ¥¸¸µ¢ ¶·¨ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ.

II. ’¥µ·¨Ö  Éµ³´µ£µ Ö¤·  ¨ ¤·Ê£¨Ì ±µ´¥Î´ÒÌ ¸¨¸É¥³:

Å ¸É·Ê±ÉÊ·  Ö¤·  ¢ Ô±¸É·¥³ ²Ó´ÒÌ Ê¸²µ¢¨ÖÌ;
Å ¤¨´ ³¨±  ¨ ¸É·Ê±ÉÊ·´Ò¥ ÔËË¥±ÉÒ ¢ Ö¤¥·´ÒÌ ¨ ³¥§µ¸±µ¶¨Î¥¸±¨Ì

¸¨¸É¥³ Ì;
Å Ë¨§¨±  ³ ²µÎ ¸É¨Î´ÒÌ ¸¨¸É¥³;
Å ·¥²ÖÉ¨¢¨¸É¸± Ö Ö¤¥·´ Ö ¤¨´ ³¨± .

III. ’¥µ·¨Ö ±µ´¤¥´¸¨·µ¢ ´´ÒÌ ¸·¥¤:

Å ¸¨²Ó´µ ±µ··¥²¨·µ¢ ´´Ò¥ ¸¨¸É¥³Ò;
Å ¤¨´ ³¨Î¥¸±¨¥ ¸¨¸É¥³Ò: Ì µ¸, ¨´É¥£·¨·Ê¥³µ¸ÉÓ, ¸ ³µµ·£ ´¨§ Í¨Ö;
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Å ´¥Ê¶µ·Ö¤µÎ¥´´Ò¥ ¸É·Ê±ÉÊ·Ò: ¸É¥±² , Éµ¶µ²µ£¨Î¥¸±¨¥ ¤¥Ë¥±ÉÒ, ´ -
´µ¸É·Ê±ÉÊ·Ò ¨ ¤¦µ§¥Ë¸µ´µ¢¸±¨¥ ±µ´É ±ÉÒ;

Å ³¥§µ¸±µ¶¨Î¥¸±¨¥ ¨ ±µ£¥·¥´É´Ò¥ Ö¢²¥´¨Ö ¢ ±¢ ´Éµ¢ÒÌ ¸¨¸É¥³ Ì.

‚ ¶·¥¤¸É ¢²¥´´ÒÌ ¤²Ö ÔÉµ£µ ¢Ò¶Ê¸±  ´¥¡µ²ÓÏ¨Ì ¸É ÉÓÖÌ ¸µ¤¥·¦ É¸Ö ·¥-
§Ê²ÓÉ ÉÒ, ¶µ²ÊÎ¥´´Ò¥ ¢ ¶µ¸²¥¤´¨¥ £µ¤Ò ¶µÎÉ¨ ¢µ ¢¸¥Ì ¶¥·¥Î¨¸²¥´´ÒÌ ¢ÒÏ¥
´ ¶· ¢²¥´¨ÖÌ (¶·µ¥±É Ì). �µ¤·µ¡´ÊÕ ¨´Ëµ·³ Í¨Õ ³µ¦´µ ´ °É¨ ¢ µ¶Ê¡²¨-
±µ¢ ´´ÒÌ µÉÎ¥É Ì ‹’” [1],   É ±¦¥ ¢ µ¡§µ· Ì, µ¶Ê¡²¨±µ¢ ´´ÒÌ ´¥¤ ¢´µ ¢
�—�Ÿ (¸³. ¢Ò¶Ê¸± [2], ¶µ¸¢ÖÐ¥´´Ò° ¶ ³ÖÉ¨ ¶·µË¥¸¸µ·  ‚. ƒ. ‘µ²µ¢Ó¥¢ ).

‘�ˆ‘�Š ‹ˆ’…��’“�›

1. BLTP Report of Activity 1995Ä1996, JINR Publication 97-152. Dubna, 1997;
BLTP Report of Activity 1997Ä1998, JINR Publication 99-143. Dubna, 1999;
BLTP Report of Activity 1999Ä2000, JINR Publication 2001-94. Dubna, 2001.

2. �—�Ÿ. 2000. ’. 31, ¢Ò¶. 4.
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�. �. ˆ¸ ¥¢, „. ‚. ”Ê·¸ ¥¢

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

‹ ¡µ· Éµ·¨Ö É¥µ·¥É¨Î¥¸±µ° Ë¨§¨±¨ ¨³. �. �. �µ£µ²Õ¡µ¢ 

„ ´ µ¡§µ· µ¸´µ¢´ÒÌ É¥´¤¥´Í¨° ¢ ¸µ¢·¥³¥´´µ³ · §¢¨É¨¨ É¥µ·¨¨ ¶µ²Ö. �¡¸Ê¦¤ ÕÉ¸Ö £² ¢´Ò¥
¶µ¤Ìµ¤Ò ± ¨¸¸²¥¤µ¢ ´¨Õ ´¥¶¥·ÉÊ·¡ É¨¢´ÒÌ ±¢ ´Éµ¢ÒÌ É¥µ·¨° ¶µ²Ö. Š· É±µ ¸Ëµ·³Ê²¨·µ¢ ´Ò
¨¤¥¨ ±µ´Í¥¶Í¨¨ ¤Ê ²Ó´µ¸É¨, ¸Ê¶¥·¸É·Ê´´ÒÌ ¨ p-¡· ´´ÒÌ ³µ¤¥²¥°, AdS/CFT -¸µµÉ¢¥É¸É¢¨Ö, ´¥-
±µ³³ÊÉ É¨¢´ÒÌ É¥µ·¨° ¶µ²Ö ¨ É. ¤.

A review of the basic tendencies in the modern development of ˇeld theory is given. Main
approaches to the investigation of the nonperturbative quantum ˇeld theories are discussed. We brie�y
outline the ideas of duality conception, superstring and p-brane models, AdS/CFT correspondence,
noncommutative ˇeld theories, etc.

‚ ¶µ¸²¥¤´¥¥ ¢·¥³Ö ´ ³¥É¨²¸Ö §´ Î¨É¥²Ó´Ò° ¶·µ£·¥¸¸ ¢ ¶µ´¨³ ´¨¨ ´¥-
¶¥·ÉÊ·¡ É¨¢´ÒÌ ¸¢µ°¸É¢ ±¢ ´Éµ¢µ° É¥µ·¨¨ ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì ¶µ²¥°. �ÉµÉ
¶·µ£·¥¸¸, ¢ ¶¥·¢ÊÕ µÎ¥·¥¤Ó, ¸¢Ö§ ´ ¸ É ± ´ §Ò¢ ¥³µ° ±µ´Í¥¶Í¨¥° ¤Ê ²Ó´µ¸É¨,
±µÉµ· Ö ³µ¦¥É ¡ÒÉÓ Ê¸É ´µ¢²¥´  ³¥¦¤Ê, ± § ²µ¸Ó ¡Ò, ¸µ¢¥·Ï¥´´µ · §´Ò³¨
±¢ ´Éµ¢Ò³¨ É¥µ·¨Ö³¨ ¶µ²Ö. ‚¶¥·¢Ò¥, ¨ ¢ ´ ¨¡µ²¥¥ Î¥É±µ° Ëµ·³¥, É ± Ö ¤Ê-
 ²Ó´µ¸ÉÓ ¡Ò²  Ê¸É ´µ¢²¥´  ´  ¶·¨³¥·¥ ´¥±µÉµ·ÒÌ ¤¢Ê³¥·´ÒÌ ¨´É¥£·¨·Ê¥³ÒÌ
±¢ ´Éµ¢µ-¶µ²¥¢ÒÌ ³µ¤¥²¥°,   ¨³¥´´µ: ¥Ð¥ ¢ ¸¥³¨¤¥¸ÖÉÒ¥ £µ¤Ò ¶·µÏ²µ£µ ¸Éµ-
²¥É¨Ö ¡Ò²µ µ¡´ ·Ê¦¥´µ, ÎÉµ §´ ³¥´¨É Ö ³µ¤¥²Ó ¤¢Ê³¥·´µ£µ ¡µ§µ´´µ£µ ±¢ ´-
Éµ¢µ£µ ¶µ²Ö ®¸¨´Ê¸-ƒµ·¤µ´¯ Ô±¢¨¢ ²¥´É´  ³µ¤¥²¨ ’¨··¨´£  ¤¢Ê³¥·´µ£µ ³ ¸-
¸¨¢´µ£µ Ë¥·³¨µ´´µ£µ ¶µ²Ö ¢ Éµ³ ¸²ÊÎ ¥, ±µ£¤  ±µ´¸É ´ÉÒ ¢§ ¨³µ¤¥°¸É¢¨Ö
gSG ¨ gT ¢ ÔÉ¨Ì ³µ¤¥²ÖÌ ¸¢Ö§ ´Ò ¸µµÉ´µÏ¥´¨¥³: gSG = 4π/(1 + gT/π).
’ ±¨³ µ¡· §µ³, ¶·¥¤¥² ¸¨²Ó´µ° ¸¢Ö§¨ ¢ ³µ¤¥²¨ ’¨··¨´£  ¸µµÉ¢¥É¸É¢Ê¥É ¶·¥-
¤¥²Ê ¸² ¡µ° ¸¢Ö§¨ ¢ ³µ¤¥²¨ ®¸¨´Ê¸-ƒµ·¤µ´¯, ¨ vice versa. �µ²¥¥ ±µ´±·¥É´µ
ÔÉ  Ô±¢¨¢ ²¥´É´µ¸ÉÓ ¶·µÖ¢²Ö¥É¸Ö, ´ ¶·¨³¥·, ¢ Éµ³, ÎÉµ ¸µ²¨Éµ´Ò ¢ ³µ¤¥²¨
®¸¨´Ê¸-ƒµ·¤µ´¯ ¢¥¤ÊÉ ¸¥¡Ö ± ± Ë¥·³¨µ´Ò,   ¨Ì ÉµÎ´ Ö ±¢ ´Éµ¢ Ö ³ É·¨Í 
· ¸¸¥Ö´¨Ö ‡ ³µ²µ¤Î¨±µ¢  ³µ¦¥É ¡ÒÉÓ ¶·µ¢¥·¥´  ¶µ É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° (¸
¶µ³µÐÓÕ ³¥Éµ¤µ¢, ¨§²µ¦¥´´ÒÌ ¢ ¶¥·¢ÒÌ ¶ÖÉ¨ £² ¢ Ì ±´¨£¨ �µ£µ²Õ¡µ¢  ¨
˜¨·±µ¢  [1]) ¤²Ö Ô²¥³¥´É ·´ÒÌ ¢µ§¡Ê¦¤¥´¨° ËÊ´¤ ³¥´É ²Ó´µ£µ Ë¥·³¨µ´-
´µ£µ ¶µ²Ö ¢ ³ ¸¸¨¢´µ° É¥µ·¨¨ ’¨··¨´£ . ‘¥° Ë ±É, Ìµ·µÏµ ¨§¢¥¸É´Ò° ¸¶¥-
Í¨ ²¨¸É ³ ¶µ ®±¢ ´Éµ¢µ° ¨´É¥£·¨·Ê¥³µ¸É¨¯, É¥³ ´¥ ³¥´¥¥ ´¥ ¢Ò§Ò¢ ² µ¸µ¡µ£µ
Ô´ÉÊ§¨ §³  ¢ ¸·¥¤¥ ®¶µ²¥¢¨±µ¢¯, ¢µ-¶¥·¢ÒÌ, ¶µÉµ³Ê ÎÉµ ¡Ò² Ê¸É ´µ¢²¥´ ¤²Ö
®´¥Ë¨§¨Î¥¸±¨Ì¯ ¤¢Ê³¥·´ÒÌ ³µ¤¥²¥°,   ¢µ-¢Éµ·ÒÌ, É·¥¡µ¢ ² ¡µ²¥¥ ÉÐ É¥²Ó-
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´µ° ¶·µ¢¥·±¨ ¨ ¨§ÊÎ¥´¨Ö ´  Ê·µ¢´¥ ¶·µ¡²¥³Ò ÉµÎ´µ£µ ¢ÒÎ¨¸²¥´¨Ö ±µ··¥-
²ÖÍ¨µ´´ÒÌ ËÊ´±Í¨° ¢ ¤¢Ê³¥·´ÒÌ ¨´É¥£·¨·Ê¥³ÒÌ ±¢ ´Éµ¢µ-¶µ²¥¢ÒÌ ³µ¤¥²ÖÌ.
�µ¸²¥¤´ÖÖ ¶·µ¡²¥³  µ± § ² ¸Ó Î·¥§¢ÒÎ °´µ ¸²µ¦´µ°, µ±µ´Î É¥²Ó´µ µ´  ´¥
·¥Ï¥´  ¤µ ¸¨Ì ¶µ·, ÌµÉÖ ¨  É ±µ¢ ² ¸Ó ³´µ£¨³¨ ¸¶¥Í¨ ²¨¸É ³¨ ¶µ ³ É¥³ É¨-
Î¥¸±µ° Ë¨§¨±¥ ¸ · §´ÒÌ ¸Éµ·µ´ (µ ¶·¨³¥´¥´¨¨ ´¥±µÉµ·ÒÌ  ¸¶¥±Éµ¢ É¥µ·¨¨
(¤¨´ ³¨Î¥¸±¨Ì) ±¢ ´Éµ¢ÒÌ £·Ê¶¶ ¨ ¸¨³³¥É·¨° ± ¨§ÊÎ¥´¨Õ ¤¢Ê³¥·´ÒÌ ÉµÎ´µ
·¥Ï ¥³ÒÌ ±¢ ´Éµ¢µ-¶µ²¥¢ÒÌ ³µ¤¥²¥° ¸³. ¢ [2, 3]).

ŒµÉ¨¢ ¤Ê ²Ó´µ¸É¨ ¢ ±¢ ´Éµ¢µ° É¥µ·¨¨ ¶µ²Ö § §¢ÊÎ ² ¢ ¶µ²´ÊÕ ¸¨²Ê ¢
1994 £. ¶µ¸²¥ §´ ³¥´¨ÉÒÌ · ¡µÉ ‚¨ÉÉ¥´ Ä‡ °¡¥·£ , ¢ ±µÉµ·ÒÌ ¡Ò²µ ¸¤¥-
² ´µ ¶·¥¤¶µ²µ¦¥´¨¥ µ ÉµÎ´µ° ¸ ³µ¤Ê ²Ó´µ¸É¨ N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´µ°
³µ¤¥²¨ Ÿ´£ ÄŒ¨²²¸  (SYM) ¨ É ± ´ §Ò¢ ¥³µ° ÔËË¥±É¨¢´µ° ¤Ê ²Ó´µ¸É¨ ¤²Ö
N = 2 SYM-³µ¤¥²¨ ¢ ·¥ ²Ó´µ³ Î¥ÉÒ·¥Ì³¥·´µ³ ¶·µ¸É· ´¸É¢¥-¢·¥³¥´¨ (¸· §Ê
µÉ³¥É¨³, ÎÉµ ÔÉ¨ ¤Ê ²Ó´µ¸É¨ µ¡ÒÎ´µ ´ §Ò¢ ÕÉ¸Ö S-¤Ê ²Ó´µ¸ÉÖ³¨ ¨ µ´¨ ·µ¤-
¸É¢¥´´Ò Ô²¥±É·µ³ £´¨É´µ° ¤Ê ²Ó´µ¸É¨ ¢ É¥µ·¨¨ ³ £´¨É´ÒÌ ³µ´µ¶µ²¥° „¨-
· ± Ä˜¢¨´£¥· ). ’µÎ´ Ö ¸ ³µ¤Ê ²Ó´µ¸ÉÓ ¤²Ö N = 4 SYM µ§´ Î ¥É, ÎÉµ
¸µ²¨Éµ´Ò (��‘(�µ£µ³µ²Ó´Ò°, �· ¸ ¤, ‡µ³³¥·Ë¥²Ó¤)-³ £´¨É´Ò¥ ³µ´µ¶µ²¨)
¢ ÔÉµ° ³µ¤¥²¨ µ¶¨¸Ò¢ ÕÉ¸Ö ËÊ´¤ ³¥´É ²Ó´Ò³¨ ¶µ²Ö³¨ Éµ° ¦¥ É¥µ·¨¨, ´µ
¸ ±µ´¸É ´Éµ° ¢§ ¨³µ¤¥°¸É¢¨Ö g′, ¸¢Ö§ ´´µ° ¸ ¶¥·¢µ´ Î ²Ó´µ° g ¸µµÉ´µÏ¥-
´¨¥³ g′ = 4π/g (¸´µ¢  ¸¨²Ó´ Ö ¸¢Ö§Ó ¢ É¥µ·¨¨ ¸É ´µ¢¨É¸Ö ¸² ¡µ° ¸¢Ö§ÓÕ
¢ µ¤´µ³ ¨§ ¥¥ ¤Ê ²Ó´ÒÌ ¶ ·É´¥·µ¢). ’ ±¨³ µ¡· §µ³, ¸ ³µ¤Ê ²Ó´µ¸ÉÓ µ§´ -
Î ¥É, ÎÉµ ÉµÎ´Ò¥ ±¢ ´Éµ¢Ò¥ ¢ÒÎ¨¸²¥´¨Ö ¢ ³µ¤¥²¨ N = 4 SYM ¤µ²¦´Ò
¤ ¢ ÉÓ ·¥§Ê²ÓÉ ÉÒ, ¨´¢ ·¨ ´É´Ò¥ µÉ´µ¸¨É¥²Ó´µ ¶·¥µ¡· §µ¢ ´¨Ö ±µ´¸É ´ÉÒ
¸¢Ö§¨ g → 4π/g (´  ¸ ³µ³ ¤¥²¥ £·Ê¶¶  ¸¨³³¥É·¨° ¢ ¶·µ¸É· ´¸É¢¥ ¶ · -
³¥É·µ¢ SYM-É¥µ·¨° µ± §Ò¢ ¥É¸Ö ¡µ²¥¥ ¸¨²Ó´µ° ¨ ¸µ¢¶ ¤ ¥É ¸ ³µ¤Ê²Ö·´µ°
£·Ê¶¶µ° SL(2, Z)), ÎÉµ ¨ ¶µ§¢µ²Ö¥É, ¢ ±µ´¥Î´µ³ ¨Éµ£¥, ÉµÎ´µ ¢ÒÎ¨¸²¨ÉÓ ´¥-
±µÉµ·Ò¥ ´¥¶¥·ÉÊ·¡ É¨¢´Ò¥ Ì · ±É¥·¨¸É¨±¨ (´ ¶·¨³¥·, ´¨§±µÔ´¥·£¥É¨Î¥¸±µ¥
ÔËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥ ¤²Ö N = 4 SYM). „²Ö É¥µ·¨¨ N = 2 SYM, ¢ ±µÉµ·µ°
·¥´µ·³£·Ê¶¶µ¢ Ö ¡¥É -ËÊ´±Í¨Ö ´¥ · ¢´  ´Ê²Õ ¨, ¸²¥¤µ¢ É¥²Ó´µ, ±µ´¸É ´É 
¸¢Ö§¨ Ö¢²Ö¥É¸Ö ¡¥£ÊÐ¥° (É¥µ·¨Ö ·¥´µ·³£·Ê¶¶Ò ¨§²µ¦¥´  ¢ £² ¢¥ 8 ±´¨£¨ [1]),
S-¤Ê ²Ó´µ¸ÉÓ µ§´ Î ¥É, ÎÉµ ·¥´µ·³£·Ê¶¶µ¢Ò¥ É· ¥±Éµ·¨¨ µ£· ´¨Î¥´Ò ËÊ´-
¤ ³¥´É ²Ó´µ° µ¡² ¸ÉÓÕ £·Ê¶¶Ò SL(2, Z) ¢ ¶·µ¸É· ´¸É¢¥ ¶ · ³¥É·µ¢ É¥µ·¨¨.
�É³¥É¨³, ÎÉµ ³¥Éµ¤Ò £ ·³µ´¨Î¥¸±µ£µ ¸Ê¶¥·¶·µ¸É· ´¸É¢ , · §· ¡µÉ ´´Ò¥ ¢
‹’” ‚. ˆ. �£¨¥¢¥Í±¨³ ¨ ¥£µ ÊÎ¥´¨± ³¨, ¤ ÕÉ ¢µ§³µ¦´µ¸ÉÓ ¶·µÖ¸´¨ÉÓ ¢µ§-
´¨±´µ¢¥´¨¥ ¨´¤ÊÍ¨·µ¢ ´´µ£µ £¨¶¥·³Ê²ÓÉ¨¶²¥É´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ É¥µ·¨¨
‚¨ÉÉ¥´ Ä‡ °¡¥·£ .

� ¨¡µ²¥¥ µ¡Ï¨·´µ¥ ¶·¨³¥´¥´¨¥ ¨¤¥¨ ¤Ê ²Ó´µ¸É¨ ´ Ï²¨ ¢ É¥µ·¨ÖÌ ·¥-
²ÖÉ¨¢¨¸É¸±¨Ì ¸É·Ê´. ˆ§¢¥¸É´µ, ÎÉµ ¨³¥´´µ ¸Ê¶¥·¸É·Ê´´Ò¥ É¥µ·¨¨ (±µÉµ·Ò¥
´¥¶·µÉ¨¢µ·¥Î¨¢µ Ëµ·³Ê²¨·ÊÕÉ¸Ö Éµ²Ó±µ ¢ ¤¥¸ÖÉ¨³¥·´µ³ ¶·µ¸É· ´¸É¢¥-¢·¥-
³¥´¨) ¶·¥É¥´¤ÊÕÉ ´  ±µ··¥±É´µ¥ µ¡Ñ¥¤¨´¥´¨¥ ¸É ´¤ ·É´µ° ³µ¤¥²¨ ¨ £· ¢¨É -
Í¨¨, É ± ± ± Éµ²Ó±µ ¢ · ³± Ì ¸Ê¶¥·¸É·Ê´´ÒÌ ³µ¤¥²¥° Ê¤ ¥É¸Ö ¨§¡ ¢¨ÉÓ¸Ö µÉ
£· ¢¨É Í¨µ´´ÒÌ ¨ ± ²¨¡·µ¢µÎ´ÒÌ ±¢ ´Éµ¢ÒÌ  ´µ³ ²¨°. �µ²¥¥ Éµ£µ, ¨³¥´´µ
¢ · ³± Ì ¸Ê¶¥·¸É·Ê´´ÒÌ É¥µ·¨°, ¶µ-¢¨¤¨³µ³Ê, Ê¤ ¥É¸Ö ·¥Ï¨ÉÓ ¨ ¶·µ¡²¥³Ê
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¶¥·¥´µ·³¨·Ê¥³µ¸É¨ ±¢ ´Éµ¢µ° £· ¢¨É Í¨¨. ‚´ Î ²¥ ¤ ¦¥ ± § ²µ¸Ó, ÎÉµ ¸Ê¶¥·-
¸É·Ê´´ Ö É¥µ·¨Ö, µ¶¨¸Ò¢ ÕÐ Ö ¢¸¥ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ ¶·¨·µ¤¥, ¥¤¨´¸É¢¥´´  ¨
Ê´¨± ²Ó´ . �¤´ ±µ ¤µ¸É ÉµÎ´µ ¡Ò¸É·µ ¡Ò²µ µ¸µ§´ ´µ, ÎÉµ ¶·¨¥³²¥³ÒÌ ¸Ê¶¥·-
¸É·Ê´´ÒÌ É¥µ·¨° ¸²¨Ï±µ³ ³´µ£µ (´  ¸¥£µ¤´ÖÏ´¨° ¤¥´Ó ¨§¢¥¸É´µ ¶ÖÉÓ É ±¨Ì
É¥µ·¨°: É¨¶  I, IIA, IIB ¨ SO(32), E8×E8 £¥É¥·µÉ¨Î¥¸±¨¥ ³µ¤¥²¨) ¨ µ´¨, ± -
§ ²µ¸Ó ¡Ò, ¸²¨Ï±µ³ · §´Ò¥, ÎÉµ¡Ò £µ¢µ·¨ÉÓ µ ´¥±µÉµ·µ³ ¥¤¨´¸É¢¥ µ¶¨¸ ´¨Ö
± ·É¨´Ò ³¨· . ‚µÉ §¤¥¸Ó ¨¤¥¨ ¤Ê ²Ó´µ¸É¨ ¨ ¶·µ§¢ÊÎ ²¨ ¢ ± Î¥¸É¢¥ £² ¢´µ£µ
µ¡Ñ¥¤¨´¨É¥²Ó´µ£µ ³µÉ¨¢ .

�Ò²µ ¢Ò¸± § ´µ ¶·¥¤¶µ²µ¦¥´¨¥, ÎÉµ ¢¸¥ ¶·¨¥³²¥³Ò¥ ¸Ê¶¥·¸É·Ê´´Ò¥ É¥-
µ·¨¨ Å ¸ÊÉÓ ¤Ê ²Ó´Ò¥ ¶ ·É´¥·Ò ´¥±µÉµ·µ° ¥¤¨´µ° £¨¶µÉ¥É¨Î¥¸±µ° É¥µ·¨¨,
´ §¢ ´´µ° M -É¥µ·¨¥°. ’µ³Ê ¥¸ÉÓ ³´µ¦¥¸É¢µ ¶µ¤É¢¥·¦¤¥´¨°, ´µ ´¥É ¸É·µ£µ£µ
¤µ± § É¥²Ó¸É¢ . ‚ ± Î¥¸É¢¥ µ¤´µ£µ ¨§ ¶µ¤É¢¥·¦¤¥´¨° Ê± ¦¥³ ´  µÉ±·ÒÉ¨¥ ¢
T -¤Ê ²Ó´ÒÌ ¸É·Ê´´ÒÌ É¥µ·¨ÖÌ (¢ ±µÉµ·ÒÌ Î ¸ÉÓ ²¨Ï´¨Ì ¶·µ¸É· ´¸É¢¥´´ÒÌ
¨§³¥·¥´¨° ±µ³¶ ±É¨Ë¨Í¨·µ¢ ´  ´  Éµ·Ò) ´¥¶¥·ÉÊ·¡ É¨¢´ÒÌ p-³¥·´ÒÌ ¶·µ-
ÉÖ¦¥´´ÒÌ ±µ´Ë¨£Ê· Í¨°, ´ §Ò¢ ¥³ÒÌ D-(¸Ê¶¥·)¡· ´ ³¨ (p < 10; ¥¸²¨ p = 1,
Éµ ¸Ê¶¥·¡· ´  ¢Ò£²Ö¤¨É ± ± ¸Ê¶¥·¸É·Ê´ ). �É¨ ±µ´Ë¨£Ê· Í¨¨, Ô¢µ²ÕÍ¨µ´¨·ÊÖ
¢µ ¢·¥³¥´¨, § ³¥É ÕÉ p + 1-³¥·´Ò¥ £¨¶¥·¶µ¢¥·Ì´µ¸É¨, ¢ ±µÉµ·ÒÌ, ´¥ µÉ·Ò-
¢ Ö¸Ó ¢µ ¢´¥Ï´¥¥ ¶·µ¸É· ´¸É¢µ, ¸¢µ¡µ¤´µ ¸±µ²Ó§ÖÉ ÉµÎ±¨ ±µ´Íµ¢ µÉ±·ÒÉÒÌ
¸Ê¶¥·¸É·Ê´. �É¨ ¦¥ ±µ´Ë¨£Ê· Í¨¨ ¡Ò²¨ ´ °¤¥´Ò ¨ ± ± ±² ¸¸¨Î¥¸±¨¥ ·¥Ï¥´¨Ö
(É¨¶  ¤µ³¥´´ÒÌ ¸É¥´µ± ¨ ¢¨Ì·¥°) ¢ ¤¥¸ÖÉ¨³¥·´µ° ¶µ²¥¢µ° É¥µ·¨¨ ¸Ê¶¥·£· ¢¨-
É Í¨¨ (¸  ´É¨¸¨³³¥É·¨Î´Ò³¨ É¥´§µ·´Ò³¨ ¶µ²Ö³¨ ³ É¥·¨¨), ±µ´¸É·Ê¨·Ê¥³µ°
¨§ É¥µ·¨° ¸Ê¶¥·¸É·Ê´ ¢ ¸¶¥Í¨ ²Ó´µ³ ´¨§±µÔ´¥·£¥É¨Î¥¸±µ³ ¶·¥¤¥²¥, ÎÉµ ¤¥-
³µ´¸É·¨·Ê¥É ¥¤¨´¸É¢µ ¸¶¥±É·  ¢µ§¡Ê¦¤¥´¨° ¢µ ¢¸¥Ì ¸Ê¶¥·¸É·Ê´´ÒÌ É¥µ·¨ÖÌ
(M -É¥µ·¨Ö Å ÔÉµ É¥µ·¨Ö, ¶·¨§¢ ´´ Ö µ¶¨¸Ò¢ ÉÓ ¢¸¥ ¶·µÉÖ¦¥´´Ò¥ ±µ´Ë¨£Ê-
· Í¨¨, ¢±²ÕÎ Ö ¨ ¸Ê¶¥·¸É·Ê´Ò, ¥¤¨´Ò³ µ¡· §µ³).

‡ ³¥Î É¥²Ó´µ, ÎÉµ ¥¸²¨ · ¸¸³µÉ·¥ÉÓ ³µ¤¥²Ó µ·¨¥´É¨·µ¢ ´´ÒÌ µÉ±·ÒÉÒÌ
¸Ê¶¥·¸É·Ê´ ¢ ¶·¨¸ÊÉ¸É¢¨¨ n-±µ¶¨° ¶ · ²²¥²Ó´ÒÌ Î¥ÉÒ·¥Ì³¥·´ÒÌ £¨¶¥·¶µ-
¢¥·Ì´µ¸É¥° ¤²Ö 3D-¡· ´, Éµ µ± §Ò¢ ¥É¸Ö, ÎÉµ ¤ ´´ Ö ³µ¤¥²Ó ¸µ¤¥·¦¨É ¢
¸¢µ¥³ ¸¶¥±É·¥ U(n)-¸¶µ´É ´´µ ´ ·ÊÏ¥´´ÊÕ ± ²¨¡·µ¢µÎ´ÊÕ SYM-É¥µ·¨Õ,
¶·¨Î¥³ ± ²¨¡·µ¢µÎ´µ¥ ¶µ²¥ Aij

µ (µ Å ¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´µ° ¨´¤¥±¸;
i, j = 1, . . . , n Å ¨´¤¥±¸Ò ËÊ´¤ ³¥´É ²Ó´µ£µ ¶·¥¤¸É ¢²¥´¨Ö ± ²¨¡·µ¢µÎ´µ°
£·Ê¶¶Ò) µ¶¨¸Ò¢ ¥É¸Ö µÉ±·ÒÉµ° ¸Ê¶¥·¸É·Ê´µ°, ±µÉµ· Ö ´ Î¨´ ¥É¸Ö ´  ¡· ´¥ ¸
´µ³¥·µ³ i ¨ § ± ´Î¨¢ ¥É¸Ö ´  ¡· ´¥ ¸ ´µ³¥·µ³ j. Œ ¸ÏÉ ¡ ¸¶µ´É ´´µ£µ ´ -
·ÊÏ¥´¨Ö µ¶·¥¤¥²Ö¥É¸Ö · ¸¸ÉµÖ´¨¥³ ³¥¦¤Ê ¶ · ²²¥²Ó´Ò³¨ ¡· ´ ³¨. ‡ ¡ ¢´µ,
ÎÉµ É ± Ö ¦¥ ±µ´¸É·Ê±Í¨Ö ´¥ ¡¥²¥¢  ± ²¨¡·µ¢µÎ´µ£µ ¶µ²Ö ¤²Ö n = 2 ¡Ò² 
¶·¥¤²µ¦¥´  ¢ ¸¢µ¥ ¢·¥³Ö �. Šµ´µ³ ¶·¨ ¶µ¸É·µ¥´¨¨ Ô²¥±É·µ¸² ¡µ° É¥µ·¨¨ ¢
· ³± Ì ´¥±µ³³ÊÉ É¨¢´µ° £¥µ³¥É·¨¨ (¸µ¢¥·Ï¥´´µ ¨§ ¤·Ê£¨Ì ¸µµ¡· ¦¥´¨° ¨
¡¥§ ¨¸¶µ²Ó§µ¢ ´¨Ö É¥Ì´µ²µ£¨¨ D-¡· ´). …¸²¨ n ±µ¶¨° Î¥ÉÒ·¥Ì³¥·´ÒÌ ¶µ-
¢¥·Ì´µ¸É¥° ¤²Ö 3D-¡· ´ ¸µ¢³¥¸É¨ÉÓ, Éµ ´  ¶µ²ÊÎ¨¢Ï¥³¸Ö ®¸²µ¥´µ³¯ Î¥ÉÒ-
·¥Ì³¥·´µ³ ³´µ£µµ¡· §¨¨ ¢µ§´¨± ¥É ´¥´ ·ÊÏ¥´´ Ö N = 4 SYM-³µ¤¥²Ó ¸ ´¥-
²¨´¥°´Ò³ ² £· ´¦¨ ´µ³, ¶µ²´Ò° ¢¨¤ ±µÉµ·µ£µ ¤µ ¸¨Ì ¶µ· ´¥¨§¢¥¸É¥´ (É¨¶ 
´¥ ¡¥²¥¢  µ¡µ¡Ð¥´¨Ö ² £· ´¦¨ ´  �µ·´ Äˆ´Ë¥²Ó¤ , µ N = 4 ³µ¤¥²¨ �µ·´ Ä
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ˆ´Ë¥²Ó¤  ¸³. ¸É ÉÓÕ …. ˆ¢ ´µ¢  ¨ ‘. Š·¨¢µ´µ¸  ®‘¶µ´É ´´µ¥ ´ ·ÊÏ¥´¨¥ ¸Ê-
¶¥·¸¨³³¥É·¨¨ ¨ ¸Ê¶¥·¡· ´Ò¯ ¢ ÔÉµ³ ¢Ò¶Ê¸±¥).

‚ ¶µ¸²¥¤´¥¥ ¢·¥³Ö ±µ²µ¸¸ ²Ó´Ò° ¨´É¥·¥¸ ¢Ò§¢ ²  ¨¤¥Ö ¤Ê ²Ó´µ¸É¨ ³¥¦¤Ê
´¨§±µÔ´¥·£¥É¨Î¥¸±¨³ ¶·¥¤¥²µ³ ¢ É¥µ·¨¨ ¸É·Ê´ ¢ Ëµ·³¥ ±² ¸¸¨Î¥¸±µ° N = 8
¸Ê¶¥·£· ¢¨É Í¨¨ ´  10-³¥·´µ³ ¶·µ¸É· ´¸É¢¥, ¨³¥ÕÐ¥³ ¸É·Ê±ÉÊ·Ê AdS5×S5,
¨ N = 4 4-³¥·´µ° ¸Ê¶¥·¸¨³³¥É·¨Î´µ° ±¢ ´Éµ¢µ° É¥µ·¨¥° Ÿ´£ ÄŒ¨²²¸ .
‡¤¥¸Ó AdS5 µ¡µ§´ Î ¥É 5-³¥·´µ¥ ¶·µ¸É· ´¸É¢µ  ´É¨-¤¥ ‘¨ÉÉ¥· , ¨³¥ÕÐ¥¥ ¶µ-
¸ÉµÖ´´ÊÕ µÉ·¨Í É¥²Ó´ÊÕ ±·¨¢¨§´Ê,   S5 Å ¥¸ÉÓ 5-³¥·´ Ö £¨¶¥·¸Ë¥· . N = 4
¸Ê¶¥·¸¨³³¥É·¨Î´ Ö É¥µ·¨Ö Ÿ´£ ÄŒ¨²²¸  Ö¢²Ö¥É¸Ö ±µ´Ëµ·³´µ° É¥µ·¨¥° ¶µ²Ö,
¶µÔÉµ³Ê ¤ ´´Ò° É¨¶ ¤Ê ²Ó´µ¸É¨ ¶µ²ÊÎ¨² ´ §¢ ´¨¥ AdS/CFT -¸µµÉ¢¥É¸É¢¨Ö.
‘É·µ£µ £µ¢µ·Ö, AdS/CFT -¸µµÉ¢¥É¸É¢¨¥ ´¥ Ö¢²Ö¥É¸Ö ¤Ê ²Ó´µ¸ÉÓÕ ¢ ¶·¨¢ÒÎ-
´µ³ ¸³Ò¸²¥, ¶µ¸±µ²Ó±Ê ¸¢Ö§Ò¢ ¥É É¥µ·¨¨ ¢ · §´ÒÌ ¨§³¥·¥´¨ÖÌ. Šµ´Ëµ·³-
´ Ö É¥µ·¨Ö §¤¥¸Ó ·¥ ²¨§Ê¥É¸Ö ± ± É¥µ·¨Ö ¶µ²Ö ´  ±µ´Ëµ·³´µ° £· ´¨Í¥ ¶·µ-
¸É· ´¸É¢   ´É¨-¤¥ ‘¨ÉÉ¥·  (É. ¥., ¶µ ¸ÊÉ¨, ´   ¸¨³¶ÉµÉ¨Î¥¸±µ° ¡¥¸±µ´¥Î´µ¸É¨
AdS5). �µÔÉµ³Ê µ¡ AdS/CFT -¸µµÉ¢¥É¸É¢¨¨ Î ¸Éµ £µ¢µ·ÖÉ ± ± µ £µ²µ£· -
Ë¨Î¥¸±µ³ µÉµ¡· ¦¥´¨¨, ¶µ¤· §Ê³¥¢ Ö, ÎÉµ ±µ´Ëµ·³´ Ö É¥µ·¨Ö ´  £· ´¨Í¥
Ö¢²Ö¥É¸Ö ± ± ¡Ò £µ²µ£· Ë¨Î¥¸±¨³ ®¸²¥¶±µ³¯ É¥µ·¨¨ ¢µ ¢´ÊÉ·¥´´¥° µ¡² ¸É¨
5-³¥·´µ£µ ¶·µ¸É· ´¸É¢   ´É¨-¤¥ ‘¨ÉÉ¥· . •µÉÖ ¸ ³µ ¸µµÉ¢¥É¸É¢¨¥ ´¥ Ö¢²Ö¥É¸Ö
¸É·µ£µ ¤µ± § ´´Ò³,   ´µ¸¨É ¸É ÉÊ¸ ¶·¥¤¶µ²µ¦¥´¨Ö, ¥£µ ¸²¥¤¸É¢¨Ö ¢Ò£²Ö¤ÖÉ
¸²¨Ï±µ³ ¨´É·¨£ÊÕÐ¨³¨, ÎÉµ¡Ò ¨§¡¥¦ ÉÓ ¸¶¥±Ê²ÖÍ¨°.

ˆ¤¥Ö µ £µ²µ£· Ë¨¨ ¢¶¥·¢Ò¥ ¡Ò²  ¸Ëµ·³Ê²¨·µ¢ ´  É' •µËÉµ³ ¢ ¢¨¤¥
´ ¡²Õ¤¥´¨Ö µ Éµ³, ÎÉµ ¢ ±¢ ´Éµ¢µ° £· ¢¨É Í¨¨ ¤µ²¦´  ¶·µ¨¸Ìµ¤¨ÉÓ ·¥¤Ê±Í¨Ö
Î¨¸²  ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò. Š²ÕÎ¥¢ÊÕ ·µ²Ó §¤¥¸Ó ¨£· ÕÉ Î¥·´Ò¥ ¤Ò·Ò, ±µÉµ·Ò¥,
± ± ¸Î¨É ¥É¸Ö, µ¡² ¤ ÕÉ ¢´ÊÉ·¥´´¥° Ô´É·µ¶¨¥°. Œ¥·µ° Ô´É·µ¶¨¨ Ö¢²Ö¥É¸Ö
¶²µÐ ¤Ó ¶µ¢¥·Ì´µ¸É¨ £µ·¨§µ´É  Î¥·´µ° ¤Ò·Ò ¨ ¶µÔÉµ³Ê ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥
¸É¥¶¥´¨ ¸¢µ¡µ¤Ò ¤µ²¦´Ò ´ Ìµ¤¨ÉÓ¸Ö ´  £µ·¨§µ´É¥. …¸²¨ ¶µ¤¸Î¨ÉÒ¢ ÉÓ ¸µ¸Éµ-
Ö´¨Ö ¢ ±ÊÊ³  ¢ µ¡ÒÎ´µ° É¥µ·¨¨ ¶µ²Ö ¢´ÊÉ·¨ ´¥±µÉµ·µ£µ µ¡Ñ¥³ , Éµ ´Ê¦´µ
Ëµ·³ ²Ó´µ ÊÎ¥¸ÉÓ ¨ ¸µ¸ÉµÖ´¨Ö ¸µ ¸±µ²Ó Ê£µ¤´µ ¡µ²ÓÏµ° Ô´¥·£¨¥°. �  ¸ ³µ³
¤¥²¥, É ±¨¥ ¸µ¸ÉµÖ´¨Ö ´¥ ³µ£ÊÉ ·¥ ²¨§µ¢Ò¢ ÉÓ¸Ö Ë¨§¨Î¥¸±¨. �·¨ µ¶·¥¤¥²¥´-
´µ° Ô´¥·£¨¨ £· ¢¨É Í¨µ´´Ò° · ¤¨Ê¸ É ±µ£µ ¸µ¸ÉµÖ´¨Ö ¶·¥¢ÒÏ ¥É · §³¥· · ¸-
¸³ É·¨¢ ¥³µ° µ¡² ¸É¨ ¨ ¸¨¸É¥³  ±µ²² ¶¸¨·Ê¥É ¸ µ¡· §µ¢ ´¨¥³ Î¥·´µ° ¤Ò·Ò.
‚ ÔÉµ° ¸¨ÉÊ Í¨¨ Ê¦¥ ´¥²Ó§Ö £µ¢µ·¨ÉÓ, ÎÉµ ¸É¥¶¥´¨ ¸¢µ¡µ¤Ò, µÉ¢¥Î ÕÐ¨¥ É -
±¨³ ¸µ¸ÉµÖ´¨Ö³, ²µ± ²¨§µ¢ ´Ò ¢µ ¢¸¥³ ¶·µ¸É· ´¸É¢¥. Š ± ¨ ¢ ¸²ÊÎ ¥ Î¥·´µ°
¤Ò·Ò, ¨Ì ¶µ²µ¦¥´¨¥ ¤µ²¦´µ µ¶·¥¤¥²ÖÉÓ¸Ö ´¥±µÉµ·µ° ¶µ¢¥·Ì´µ¸ÉÓÕ, ¢Ò¡· ´-
´µ° ¶µ¤Ìµ¤ÖÐ¨³ µ¡· §µ³. ˆ¸Ìµ¤Ö ¨§ ÔÉµ£µ, É' •µËÉ ¨ ‘ ¸¸±¨´¤ ¸Ëµ·³Ê²¨-
·µ¢ ²¨ £µ²µ£· Ë¨Î¥¸±¨° ¶·¨´Í¨¶, ¸µ£² ¸´µ ±µÉµ·µ³Ê ±¢ ´Éµ¢ Ö £· ¢¨É Í¨Ö ¢
±µ´¥Î´µ° µ¡² ¸É¨ ¤µ²¦´  ¨³¥ÉÓ Ô±¢¨¢ ²¥´É´µ¥ µ¶¨¸ ´¨¥ ¢ É¥·³¨´ Ì É¥µ·¨¨
¶µ²Ö ¢ ¶·µ¸É· ´¸É¢¥-¢·¥³¥´¨ ´  ¥¤¨´¨ÍÊ ³¥´ÓÏ¥° · §³¥·´µ¸É¨. AdS/CFT -
¸µµÉ¢¥É¸É¢¨¥ Ö¢²Ö¥É¸Ö ¢µ§³µ¦´µ° ·¥ ²¨§ Í¨¥° ÔÉµ° ¨¤¥¨.

�µÖ¢²¥´¨¥ ¶·µ¸É· ´¸É¢   ´É¨-¤¥ ‘¨ÉÉ¥·  ´¥ Ö¢²Ö¥É¸Ö ¸²ÊÎ °´Ò³. „¥²µ
¢ Éµ³, ÎÉµ µÉ·¨Í É¥²Ó´ Ö ±·¨¢¨§´  ÔËË¥±É¨¢´µ ¶·¨¢µ¤¨É ± Éµ³Ê, ÎÉµ £· -
¢¨É Í¨Ö ´  AdS Ô±¢¨¢ ²¥´É´  £· ¢¨É Í¨¨ ¢ ±µ´¥Î´µ³ µ¡Ñ¥³¥ ¸ Ì · ±É¥·´Ò³
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· §³¥·µ³ ¶µ·Ö¤±  l , £¤¥ l Å · ¤¨Ê¸ ±·¨¢¨§´Ò AdS. ˆ³¥´´µ ¶µÔÉµ³Ê £µ²µ£· -
Ë¨Î¥¸±¨° ¶·¨´Í¨¶ ¶·¨³¥´¨³ ¢ ÔÉµ° ¸¨ÉÊ Í¨¨, ÌµÉÖ AdS ¨ Ö¢²Ö¥É¸Ö ¡¥¸±µ-
´¥Î´Ò³ ¶·µ¸É· ´¸É¢µ³. �µ ÔÉµ ¥Ð¥ ´¥ ¢¸¥. „ ´´µ¥ ¸¢µ°¸É¢µ AdS-£· ¢¨É Í¨¨
³µ¦´µ ¨¸¶µ²Ó§µ¢ ÉÓ ¤²Ö ¶µ¸É·µ¥´¨Ö ³¥Ì ´¨§³   ²ÓÉ¥·´ É¨¢´µ° ±µ³¶ ±É¨Ë¨-
± Í¨¨ Š ²Ê§ÒÄŠ²¥°´ . ’µ²Î±µ³ ± ¨É¥´¸¨¢´µ³Ê ¨§ÊÎ¥´¨Õ ÔÉµ° ¨¤¥¨ (¢ ´¥±µ-
Éµ·µ³ ¸³Ò¸²¥ ÔÉµÉ ¶µ¤Ìµ¤ ·¥ ´¨³¨·Ê¥É ¸É ·Ò¥ ¨¤¥¨ �Ê¡ ±µ¢ Ä˜ ¶µÏ´¨±µ¢ 
µ¡ Ê¤¥·¦ ´¨¨ ³ É¥·¨¨ ´  ¤µ³¥´´µ° ¸É¥´±¥) ¶µ¸²Ê¦¨²¨ · ¡µÉÒ �Ô´¤ ²² ¨
‘ ´¤·Ê³ , ±µÉµ·Ò¥ ¶µ± § ²¨, ÎÉµ ´µ¢Ò° ³¥Ì ´¨§³ ¤ ¥É ´ ¤¥¦¤Ê ´  ·¥Ï¥´¨¥
¶·µ¡²¥³Ò ¨¥· ·Ì¨¨ ³ ¸ÏÉ ¡µ¢. ‚ µ¡Ð¨Ì Î¥·É Ì ¨¤¥Ö ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ
´ Ï 4-³¥·´Ò° ³¨· ³µ¦´µ · ¸¸³ É·¨¢ ÉÓ ± ± ¤µ³¥´´ÊÕ ¸É¥´±Ê ¨²¨ ¡· ´Ê
¢ 5-³¥·´µ³ ¶·µ¸É· ´¸É¢¥  ´É¨-¤¥ ‘¨ÉÉ¥· . �ÖÉµ¥ ¨§³¥·¥´¨¥ ¨³¥¥É ÔËË¥±-
É¨¢´Ò° · §³¥·, µ¶·¥¤¥²Ö¥³Ò° 5-³¥·´Ò³ · ¤¨Ê¸µ³ ±·¨¢¨§´Ò l . ‚ ¶·¨´Í¨¶¥,
£· ¢¨É Í¨Ö Ö¢²Ö¥É¸Ö 5-³¥·´µ°, ´µ ¢ ´ Ï¥³ ³¨·¥ (´  ¡· ´¥) µ´  ¢Ò£²Ö¤¨É ± ±
£· ¢¨É Í¨Ö �°´ÏÉ¥°´ , ³µ¤¨Ë¨Í¨·µ¢ ´´ Ö Éµ²Ó±µ ´  · ¸¸ÉµÖ´¨ÖÌ ¶µ·Ö¤± 
· ¤¨Ê¸  ±µ³¶ ±É¨Ë¨± Í¨¨ l . (�¥±µÉµ·µ¥ µ¡¸Ê¦¤¥´¨¥ ¨ ¸¸Ò²±¨ ¶µ ÔÉµ° É¥³¥
³µ¦´µ ´ °É¨ ¢ [4].) �¥É·¨¢¨ ²Ó´Ò³ ³µ³¥´Éµ³ §¤¥¸Ó Ö¢²Ö¥É¸Ö Éµ, ÎÉµ · ¤¨Ê¸
±µ³¶ ±É¨Ë¨± Í¨¨ ¢ ³µ¤¥²¨ �Ô´¤ ²² ¨ ‘ ´¤·Ê³  ´¥ µ¡Ö§ ´ ¡ÒÉÓ ¸²¨Ï±µ³ ³ -
²Ò³, ¶µÔÉµ³Ê Ë¨§¨Î¥¸±¨¥ ÔËË¥±ÉÒ, ¸¢Ö§ ´´Ò¥ ¸ 5-³¥·¨¥³, ¢ ¶·¨´Í¨¶¥, ³µ£ÊÉ
¡ÒÉÓ ¤µ¸ÉÊ¶´Ò Ê¸±µ·¨É¥²Ö³ ´µ¢µ£µ ¶µ±µ²¥´¨Ö.

…Ð¥ µ¤´¨³ ¶µ¶Ê²Ö·´Ò³ ³µÉ¨¢µ³ ¢ ±¢ ´Éµ¢µ° É¥µ·¨¨ ¶µ²Ö ¸É ²µ ¨§ÊÎ¥´¨¥
± ²¨¡·µ¢µÎ´ÒÌ ³µ¤¥²¥° ´  ´¥±µ³³ÊÉ É¨¢´ÒÌ ¶·µ¸É· ´¸É¢ Ì. ‘ ³  ¶µ ¸¥¡¥
¨¤¥Ö · ¸¸³µÉ·¥´¨Ö É¥µ·¨° ¶µ²Ö ´  ´¥±µ³³ÊÉ É¨¢´ÒÌ ¶·µ¸É· ´¸É¢ Ì ¤ ²¥±µ
´¥ ´µ¢  ¨ ¢µ¸Ìµ¤¨É ± · ¡µÉ ³, µ¡¸Ê¦¤ ¢Ï¨³ ¢µ§³µ¦´µ¸ÉÓ ¶µ¸É·µ¥´¨Ö É¥µ·¨¨
Ô²¥±É·µ³ £´¨É´µ£µ ¶µ²Ö ¢ ²µ·¥´Í-¨´¢ ·¨ ´É´µ³ ±¢ ´Éµ¢µ³ ¶·µ¸É· ´¸É¢¥-¢·¥-
³¥´¨ [5]. ’¥ ¦¥ ¨¤¥¨ ¢µ§´¨± ²¨ ¨ ¢ · ³± Ì ¨§ÊÎ¥´¨Ö ´¥±µ³³ÊÉ É¨¢´µ°
¤¨ËË¥·¥´Í¨ ²Ó´µ° £¥µ³¥É·¨¨ ¨ É¥µ·¨¨ ±¢ ´Éµ¢ÒÌ ¸¨³³¥É·¨° [6]. ‚ É¥µ-
·¨ÖÌ ¸Ê¶¥·¸É·Ê´ ¨³¥¥É¸Ö ¤¢  ¨¸ÉµÎ´¨±  ¢µ§´¨±´µ¢¥´¨Ö ´¥±µ³³ÊÉ É¨¢´µ¸É¨
¶·µ¸É· ´¸É¢ -¢·¥³¥´¨. �¥·¢Ò° ¨§ ´¨Ì ¸¢Ö§ ´ ¸ ±µ³¶ ±É¨Ë¨± Í¨¥° ¢ ³ É·¨Î-
´µ³ (¤¨¸±·¥É´µ³)  ´ ²µ£¥ ¸Ê¶¥·¸É·Ê´´ÒÌ É¥µ·¨° (É ± ´ §Ò¢ ¥³Ò° M - É·¨±¸-
É¥µ·¨¨) ²¨Ï´¨Ì ¶·µ¸É· ´¸É¢¥´´ÒÌ ¨§³¥·¥´¨° ´  ´¥±µ³³ÊÉ É¨¢´Ò¥ Éµ·Ò ¢
¶·¨¸ÊÉ¸É¢¨¨ ´¥¨¸Î¥§ ÕÐ¥£µ  ´É¨¸¨³³¥É·¨Î´µ£µ É¥´§µ·´µ£µ ¶µ²Ö É·¥ÉÓ¥£µ
· ´£  Cµνρ. ‚Éµ·µ° ¨¸ÉµÎ´¨± ¸¢Ö§ ´ ¸ ¨§ÊÎ¥´¨¥³ ¤¨´ ³¨±¨ µÉ±·ÒÉÒÌ ¸É·Ê´,
±µ´ÍÒ ±µÉµ·ÒÌ ¤¢¨¦ÊÉ¸Ö ¶µ ³¨·µ¢µ³Ê µ¡Ñ¥³Ê D-¡· ´, ¢ ¶·¨¸ÊÉ¸É¢¨¨ ±µ´-
¸É ´É´µ£µ  ´É¨¸¨³³¥É·¨Î´µ£µ Bµν-¶µ²Ö. ‚ µ¡µ¨Ì ¸²ÊÎ ÖÌ Î ¸ÉÓ ±µµ·¤¨´ É
¶·µ¸É· ´¸É¢ -¢·¥³¥´¨ (µ¡µ§´ Î¨³ Î¨¸²µ É ±¨Ì ±µµ·¤¨´ É d) ¸É ´µ¢ÖÉ¸Ö ´¥-
±µ³³ÊÉ É¨¢´Ò³¨ ¨ µ¡· §ÊÕÉ, ¢ ¶¥·¢µ³ ¸²ÊÎ ¥,  ²£¥¡·Ê ±¢ ´Éµ¢µ£µ d-³¥·´µ£µ
Éµ· 

Uµ Uν = exp (2π i θµν) Uν Uµ , µ, ν = 1, . . . , d, (1)

  ¢µ ¢Éµ·µ³ ¸²ÊÎ ¥ Ö¢²ÖÕÉ¸Ö ¶·µ¤µ²Ó´Ò³¨ ±µµ·¤¨´ É ³¨ ¢ ³¨·µ¢µ³ µ¡Ñ¥³¥
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D-p-¡· ´Ò ¨ µ¡· §ÊÕÉ d = p + 1-³¥·´ÊÕ  ²£¥¡·Ê ±¢ ´Éµ¢ÒÌ µ¸Í¨²²ÖÉµ·µ¢

[xµ, xν ] = −2π i θµν . (2)

‚ µ¡µ¨Ì ¸²ÊÎ ÖÌ θµν = −θνµ Ö¢²ÖÕÉ¸Ö ±µ´¸É ´É´Ò³¨ ¢¥Ð¥¸É¢¥´´Ò³¨ ³ É·¨-
Í ³¨, ±µÉµ·Ò¥ µ¶·¥¤¥²ÖÕÉ¸Ö, ¢ ¶¥·¢µ³ ¸²ÊÎ ¥, § ·Ö¤ ³¨, ¸¢Ö§ ´´Ò³¨ ¸ ´ ¶·Ö-
¦¥´´µ¸ÉÓÕ Cµνρ,   ¢µ ¢Éµ·µ³ ¸²ÊÎ ¥ Ë¨±¸¨·ÊÕÉ¸Ö ±µ´¸É ´É ³¨ Bµν . �²£¥¡· 
(1) ¥¸É¥¸É¢¥´´Ò³ µ¡· §µ³ (¸ ¶µ³µÐÓÕ Ëµ·³Ê²Ò Uµ = exp (i xµ)) ¢±² ¤Ò¢ -
¥É¸Ö ¢  ²£¥¡·Ê (2), ¶µ¶µ²´¥´´ÊÕ Ëµ·³ ²Ó´Ò³¨ ·Ö¤ ³¨. �µ²Ö ´  ±¢ ´Éµ¢ÒÌ
¶·µ¸É· ´¸É¢ Ì (1) ¨ (2) ·¥ ²¨§ÊÕÉ¸Ö ± ± ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥  ²£¥¡·Ò ËÊ´±Í¨°
¨ É ±¦¥ ¸É ´µ¢ÖÉ¸Ö ´¥±µ³³ÊÉ É¨¢´Ò³¨. �¤´ ±µ Ê¤µ¡´µ ¶¥·¥Ëµ·³Ê²¨·µ¢ ÉÓ
´¥±µ³³ÊÉ É¨¢´µ¸ÉÓ ¶µ²¥° (ËÊ´±Í¨° µÉ xµ) ´  Ö§Ò±¥, ¶·¨´ÖÉµ³ ¢ É¥µ·¨¨ ¤¥-
Ëµ·³ Í¨µ´´µ£µ ±¢ ´Éµ¢ ´¨Ö, É. ¥. ¸ ³¨ ¶µ²Ö ¸Î¨É ÉÓ ±µ³³ÊÉ É¨¢´Ò³¨, ´µ ¨Ì
Ê³´µ¦¥´¨¥ ¶¥·¥µ¶·¥¤¥²¨ÉÓ ¸ ¶µ³µÐÓÕ ¸¶¥Í¨ ²Ó´µ£µ ´¥±µ³³ÊÉ É¨¢´µ£µ (´µ
 ¸¸µÍ¨ É¨¢´µ£µ) ³µ°²µ¢¸±µ£µ ¶·µ¨§¢¥¤¥´¨Ö

A(x) ∗ B(x) = A(x) exp (−
←
∂ µ (π i θµν)

→
∂ ν)B(x). (3)

�Éµ µ¶·¥¤¥²¥´¨¥ ¸µ£² ¸µ¢ ´µ ¸ (2), ¥¸²¨ ¸Î¨É ÉÓ, ÎÉµ [xµ, xν ] ≡ xµ ∗ xν −
xν ∗xµ. �É³¥É¨³, ÎÉµ  ´ ²µ£ ¶·µ¨§¢¥¤¥´¨Ö (3) ¤²Ö ´¥±µ´¸É ´É´ÒÌ ¶Ê ¸¸µ´µ¢-
¸±¨Ì ³ É·¨Í θµν(x) (ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É ¸²ÊÎ Õ ´¥±µ´¸É ´É´µ£µ ¶µ²Ö Bµν(x))
¸É·µ¨É¸Ö ¢ · ³± Ì Ëµ·³ ²Ó´µ° É¥µ·¨¨ Œ. Šµ´Í¥¢¨Î  ¨ ³µ¦¥É ¡ÒÉÓ ¶µ²ÊÎ¥´ ¸
¶µ³µÐÓÕ ´¥±µÉµ·µ° Éµ¶µ²µ£¨Î¥¸±µ° É¥µ·¨¨ ¶µ²Ö. �µ²Ó§ÊÖ¸Ó ¶·µ¨§¢¥¤¥´¨¥³
(3) Ê¦¥ ²¥£±µ Ö¢´µ ¶·¥¤ÑÖ¢¨ÉÓ ´¥±µ³³ÊÉ É¨¢´ÊÕ É¥µ·¨Õ, ´ ¶·¨³¥· ¤²Ö U(1)
± ²¨¡·µ¢µÎ´µ£µ ¶µ²Ö Aµ(x), ¸ ¤¥°¸É¢¨¥³

S =
∫

ddx (Fµν ∗ Fµν) , Fµν := ∂µAν + Aµ ∗ Aν − (µ ↔ ν), (4)

±µÉµ·µ¥, ± ± ²¥£±µ ¶·µ¢¥·¨ÉÓ, ¨´¢ ·¨ ´É´µ µÉ´µ¸¨É¥²Ó´µ ´¥±µ³³ÊÉ É¨¢´µ£µ
U(1)-¶·¥µ¡· §µ¢ ´¨Ö ¸ ± ²¨¡·µ¢µÎ´Ò³ ¶ · ³¥É·µ³ Λ(x):

δAµ(x) = Aµ(x) ∗ Λ(x) − Λ(x) ∗ Aµ(x) + ∂µ Λ(x). (5)

‡ ³¥É¨³, ÎÉµ, ´¥¸³µÉ·Ö ´  ¸¢µ¥ ´¥±µ³³ÊÉ É¨¢´µ¥ ¶·µ¨¸Ìµ¦¤¥´¨¥, ³µ¤¥²Ó ¸
¤¥°¸É¢¨¥³ (4) Ö¢²Ö¥É¸Ö µ¡ÒÎ´µ° ´¥²µ± ²Ó´µ° É¥µ·¨¥° ¶µ²Ö ¸ ¢Ò¸Ï¨³¨ ¶·µ¨§-
¢µ¤´Ò³¨, µ¶¨¸Ò¢ ÕÐ¥° ¢§ ¨³µ¤¥°¸É¢¨¥ ® ¡¥²¥¢ ¯ ¶µ²Ö Aµ ¸ ¢´¥Ï´¨³ ¶µ²¥³
Bµν . �µ²¥¥ Éµ£µ, ® ¡¥²¥¢µ¯ ¶µ²¥ Aµ Ö¢²Ö¥É¸Ö ¸ ³µ¤¥°¸É¢ÊÕÐ¨³,   ¥£µ ¸ ³µ-
¤¥°¸É¢¨¥ ¸±µ·¥¥ ´ ¶µ³¨´ ¥É ¸ ³µ¤¥°¸É¢¨¥ ´¥ ¡¥²¥¢ÒÌ ± ²¨¡·µ¢µÎ´ÒÌ ¶µ²¥°,
ÎÉµ Ö¢²Ö¥É¸Ö ¶·Ö³Ò³ ¸²¥¤¸É¢¨¥³ ´¥±µ³³ÊÉ É¨¢´µ¸É¨ ³µ°²µ¢¸±µ£µ ¶·µ¨§¢¥¤¥-
´¨Ö. �¥±µ³³ÊÉ É¨¢´ Ö U(1) ± ²¨¡·µ¢µÎ´ Ö É¥µ·¨Ö (4) µ¡² ¤ ¥É Í¥²Ò³ ·Ö¤µ³
§ ³¥Î É¥²Ó´ÒÌ ± ± ±² ¸¸¨Î¥¸±¨Ì, É ± ¨ ±¢ ´Éµ¢ÒÌ ¸¢µ°¸É¢. „²Ö ÔÉµ° É¥µ·¨¨
³µ¦´µ ¶µ¸É·µ¨ÉÓ ³µ´µ¶µ²Ó´Ò¥ ¨ ¨´¸É ´Éµ´´Ò¥ ±² ¸¸¨Î¥¸±¨¥ ·¥Ï¥´¨Ö, ¨´-
Ë· ±· ¸´µ¥ ¨ Ê²ÓÉ· Ë¨µ²¥Éµ¢µ¥ ¶µ¢¥¤¥´¨¥ ±µ··¥²ÖÉµ·µ¢ µ± §Ò¢ ¥É¸Ö ¸¢Ö§ ´-
´Ò³ ¢ ¸¨²Ê ¶µÖ¢²¥´¨Ö ¢ ¢¥·Ï¨´ Ì ¸¶¥Í¨ ²Ó´ÒÌ Ô±¸¶µ´¥´Í¨ ²Ó´ÒÌ Ë ±Éµ·µ¢,



��‚›… Œ�’ˆ‚› ‚ ‘�‚�…Œ…���‰ ’…��ˆˆ ��‹Ÿ 71

§ ¢¨¸ÖÐ¨Ì µÉ ¨³¶Ê²Ó¸µ¢. …¸É¥¸É¢¥´´µ µ¦¨¤ ÉÓ É ±¦¥, ÎÉµ ÔÉ  É¥µ·¨Ö Ö¢²Ö¥É¸Ö
 ¸¨³¶ÉµÉ¨Î¥¸±¨ ¸¢µ¡µ¤´µ°.

‚µ§¢· Ð Ö¸Ó ± ³µ¤¥²Ö³ ¸Ê¶¥·¸É·Ê´, ¸²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ¤¨´ ³¨± 
D−p-¡· ´, ¢ ¶·¨¸ÊÉ¸É¢¨¨ ´¥¨¸Î¥§ ÕÐ¥£µ ¶µ²Ö Bµν , µ¶¨¸Ò¢ ¥É¸Ö ¤¥°¸É¢¨¥³
´¥±µ³³ÊÉ É¨¢´µ° ¸Ê¶¥·¸¨³³¥É·¨Î´µ° U(1)-É¥µ·¨¨ �µ·´ Äˆ´Ë¥²Ó¤ , ±µÉµ·µ¥
Ö¢²Ö¥É¸Ö ´¥²¨´¥°´Ò³ ¨ ¸Ê¶¥·¸¨³³¥É·¨Î´Ò³ µ¡µÐ¥´¨¥³ ¤¥°¸É¢¨Ö (4). �·µ-
¡²¥³µ° Ö¢²Ö¥É¸Ö Éµ, ÎÉµ ´¥ ¡¥²¥¢µ µ¡µ¡Ð¥´¨¥ ¸Ê¶¥·¸¨³³¥É·¨Î´µ° É¥µ·¨¨
�µ·´ Äˆ´Ë¥²Ó¤  ´¥¨§¢¥¸É´µ ¤µ ¸¨Ì ¶µ· (É ± Ö É¥µ·¨Ö ³µ£²  ¡Ò ¶·¨¢¥¸É¨ ±
¸ÊÐ¥¸É¢¥´´µ° ·¥¢¨§¨¨ ¸µ¢·¥³¥´´µ° ¸É ´¤ ·É´µ° ³µ¤¥²¨). �¤¨´ ¨§ ¢µ§³µ¦´ÒÌ
¶ÊÉ¥° ·¥Ï¥´¨Ö ÔÉµ° ¶·µ¡²¥³Ò Å ÔÉµ ¶µ²ÊÎ¥´¨¥ ´¥ ¡¥²¥¢µ°
U(n)-± ²¨¡·µ¢µÎ´µ° £·Ê¶¶Ò ¨§ ´¥±µ³³ÊÉ É¨¢´µ° U(1)-¸¨³³¥É·¨¨ ¸ ¶µ³µ-
ÐÓÕ D-¡· ´´µ° É¥Ì´µ²µ£¨¨. „²Ö ÔÉµ£µ ´¥µ¡Ìµ¤¨³µ · ¸¸³µÉ·¥ÉÓ ´¥²¨´¥°´ÊÕ
É¥µ·¨Õ ´¥±µ³³ÊÉ É¨¢´µ£µ É Ì¨µ´´µ£µ ¶µ²Ö (�’�’�) (±µÉµ·µ¥ É ±¦¥ ¸µ¤¥·-
¦¨É¸Ö ¢ ¸¶¥±É·¥ µÉ±·ÒÉÒÌ ¸É·Ê´), ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¥£µ ¸ U(1)-´¥±µ³³ÊÉ É¨¢-
´Ò³ ¶µ²¥³. �± §Ò¢ ¥É¸Ö, ÎÉµ ¢ �’�’� ¸ÊÐ¥¸É¢ÊÕÉ ¸µ²¨Éµ´´Ò¥ ·¥Ï¥´¨Ö,
±µÉµ·Ò¥ ³µ£ÊÉ ¡ÒÉÓ ¨´É¥·¶·¥É¨·µ¢ ´Ò ± ± ±µ´Ë¨£Ê· Í¨¨ n ±µ¶¨° D-¡· ´.
�É¨ ·¥Ï¥´¨Ö § ³¥Î É¥²Ó´Ò³ µ¡· §µ³ ¶·µ¥±É¨·ÊÕÉ ´¥±µ³³ÊÉ É¨¢´ÊÕ U(1)-
± ²¨¡·µ¢µÎ´ÊÕ ¸¨³³¥É·¨Õ (±µÉµ· Ö, ¸±µ·¥¥, Ö¢²Ö¥É¸Ö U(∞)-± ²¨¡·µ¢µÎ´µ°
¸¨³³¥É·¨¥° ¢ µ¡ÒÎ´µ³ ¸³Ò¸²¥) ´  U(n)-± ²¨¡·µ¢µÎ´ÊÕ £·Ê¶¶Ê. ‹¨É¥· ÉÊ·Ê
¶µ ÔÉµ° É¥³¥,   É ±¦¥ µ¡¸Ê¦¤¥´¨¥ ¸É·Ê±ÉÊ·Ò ¢ ±ÊÊ³  U(1)-±¨· ²Ó´µ£µ É Ì¨-
µ´´µ£µ ¶µ²Ö ³µ¦´µ ´ °É¨ ¢ · ¡µÉ¥ [7].

‚ § ±²ÕÎ¥´¨¥ µÉ³¥É¨³, ÎÉµ Ê¶µ³Ö´ÊÉÒ¥ ¢ ÔÉµ° ¸É ÉÓ¥ ´µ¢Ò¥ ¨¤¥¨ ¨
³µÉ¨¢Ò ¢ ¸µ¢·¥³¥´´µ° É¥µ·¨¨ ¶µ²Ö ¢¥¸Ó³  ¤ ²¥±¨ µÉ Éµ£µ, ÎÉµ¡Ò µ±µ´Î -
É¥²Ó´µ µËµ·³¨ÉÓ¸Ö ¢ ´¥±µÉµ·ÊÕ § ±µ´Î¥´´ÊÕ ¨ ¸É·µ£ÊÕ ´ Ê±Ê. �µ-¢¨¤¨³µ³Ê,
¶·¥¤¸Éµ¨É ¥Ð¥ ¢Ò¶µ²´¨ÉÓ £¨£ ´É¸±ÊÕ · ¡µÉÊ ´¥ µ¤´µ³Ê ¶µ±µ²¥´¨Õ Ë¨§¨±µ¢-
É¥µ·¥É¨±µ¢ ¨ ³ É¥³ É¨±µ¢ ¤²Ö Éµ£µ, ÎÉµ¡Ò ÔÉ¨ ¨¤¥¨ ¶·¥¤¸É ²¨ ¢ ¢¨¤¥ ¸É·µ£µ°
É¥µ·¨¨ ¢¸¥Ì ËÊ´¤ ³¥´É ²Ó´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ¢ ¶·¨·µ¤¥.
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‹ ¡µ· Éµ·¨Ö É¥µ·¥É¨Î¥¸±µ° Ë¨§¨±¨ ¨³. �. �. �µ£µ²Õ¡µ¢ 

ˆ¸Ìµ¤Ö ¨§ ±µ´Í¥¶Í¨¨ Î ¸É¨Î´µ£µ ¸¶µ´É ´´µ£µ ´ ·ÊÏ¥´¨Ö £²µ¡ ²Ó´µ° ¸Ê¶¥·¸¨³³¥É·¨¨ ¶µ-
¸É·µ¥´Ò ¸Ê¶¥·¶µ²¥¢Ò¥ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö N = 1, D = 4 ¸Ê¶¥·³¥³¡· ´Ò, D2- ¨ D3-¡· ´
¨§ ´¥²¨´¥°´ÒÌ ·¥ ²¨§ Í¨° ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¸Ê¶¥·¸¨³³¥É·¨°. � °¤¥´Ò ¸Ê¶¥·¶µ²¥¢Ò¥ Ê· ¢´¥´¨Ö
N = 2 ¨ N = 4 É¥µ·¨° �µ·´ Äˆ´Ë¥²Ó¤  ¢ D = 4, µÉ±·ÒÉ ´µ¢Ò° ¡¥¸±µ´¥Î´µ³¥·´Ò° ²¨´¥°´Ò°
N = 4 ¸Ê¶¥·³Ê²ÓÉ¨¶²¥É, ¶µ§¢µ²¨¢Ï¨° ¸É·µ¨ÉÓ ¤¥°¸É¢¨¥ N = 4, D = 4 É¥µ·¨¨ �µ·´ Äˆ´Ë¥²Ó¤ 
¢ ²Õ¡µ³ § ¤ ´´µ³ ¶µ·Ö¤±¥ ¶µ ¶µ²Ö³.

The N = 1, D = 4 supermembrane and D2 and D3 branes are described within nonlinear real-
ization approach as theories of partial supersymmetry breaking. We constructed superˇelds equations
of motion for N = 2 and N = 4 BornÄInfeld theories in D = 4. A new linear N = 4 supermultiplet
was constructed.

‚ ¸É ´¤ ·É´µ³ ¶µ¤Ìµ¤¥ ƒ·¨´ Ä˜¢ ·Í  (ƒ˜) ² £· ´¦¨ ´Ò, µ¶¨¸Ò¢ Õ-
Ð¨¥ ¸Ê¶¥·¸É·Ê´Ò ¨ ¸Ê¶¥·¡· ´Ò, µ¡² ¤ ÕÉ ¤µ¶µ²´¨É¥²Ó´Ò³¨ ± ²¨¡·µ¢µÎ´Ò³¨
¸¨³³¥É·¨Ö³¨ (´ ¶·¨³¥· ·¥¶ · ³¥É·¨§ Í¨Ö³¨ ´  ³¨·µ¢µ³ µ¡Ñ¥³¥ ¨ ²µ± ²Ó´µ°
Ë¥·³¨µ´´µ° κ-¸¨³³¥É·¨¥°). �·¨¸ÊÉ¸É¢¨¥ ÔÉ¨Ì ± ²¨¡·µ¢µÎ´ÒÌ ¸¨³³¥É·¨°, ´¥
Éµ²Ó±µ ´¥¨§¡¥¦´µ¥,   ´ µ¡µ·µÉ,  ¡¸µ²ÕÉ´µ ´¥µ¡Ìµ¤¨³µ¥ ¢ ƒ˜-¶µ¤Ìµ¤¥, ¸ÊÐ¥-
¸É¢¥´´µ § É·Ê¤´Ö¥É § ¤ ÎÊ ´ Ìµ¦¤¥´¨Ö ´¥¶·¨¢µ¤¨³ÒÌ Ë¨§¨Î¥¸±¨Ì ¶µ²¥° É¥µ-
·¨¨ ¨ µ¸É ÉµÎ´ÒÌ, ´ ¨¡µ²¥¥ ¢ ¦´ÒÌ ¸¨³³¥É·¨°. �µ¸²¥ ¶µ²´µ£µ § ±·¥¶²¥´¨Ö
·¥¶ · ³¥É·¨§ Í¨µ´´µ° ¨ κ-¸¨³³¥É·¨° ¢ É¥µ·¨¨ µ¸É ÕÉ¸Ö Éµ²Ó±µ ¶µ¶¥·¥Î´Ò¥
± ¶µ¢¥·Ì´µ¸É¨ ¡· ´Ò ¡µ§µ´´Ò¥ ±µµ·¤¨´ ÉÒ ¨ ¶µ²µ¢¨´  Ë¥·³¨µ´´ÒÌ ±µµ·¤¨-
´ É ¨¸Ìµ¤´µ£µ ¶·µ¸É· ´¸É¢ , ¢ ±µÉµ·µ¥ ¤ ´´ Ö ¡· ´  ¢²µ¦¥´ . �·¨ ÔÉµ³ ¨¸-
Ìµ¤´ Ö ¸Ê¶¥·¸¨³³¥É·¨Ö ·¥ ²¨§Ê¥É¸Ö ¸¶µ´É ´´µ ´ ·ÊÏ¥´´Ò³ µ¡· §µ³. �µ²µ-
¢¨´  ¸Ê¶¥·¸¨³³¥É·¨° ¶µ-¶·¥¦´¥³Ê ·¥ ²¨§Ê¥É¸Ö µ¤´µ·µ¤´Ò³¨ (ÌµÉÖ ¢ µ¡Ð¥³
¸²ÊÎ ¥ ¨ ´¥²¨´¥°´Ò³¨) ¶·¥µ¡· §µ¢ ´¨Ö³¨, ¨ ¶µ µÉ´µÏ¥´¨Õ ± ÔÉµ° ´¥´ ·Ê-
Ï¥´´µ° ¸Ê¶¥·¸¨³³¥É·¨¨ µ¸É ¢Ï¨¥¸Ö Ë¨§¨Î¥¸±¨¥ ¸É¥¶¥´¨ ¸¢µ¡µ¤Ò µ¡· §ÊÕÉ
´¥¶·¨¢µ¤¨³Ò¥ ¸Ê¶¥·³Ê²ÓÉ¨¶²¥ÉÒ. ‚Éµ· Ö ¶µ²µ¢¨´  ¸Ê¶¥·¸¨³³¥É·¨° ¸¶µ´-
É ´´µ ´ ·ÊÏ¥´ . �´  ·¥ ²¨§µ¢ ´  ´¥²¨´¥°´Ò³¨ ¨ ´¥µ¤´µ·µ¤´Ò³¨ ¶·¥µ¡· §µ-
¢ ´¨Ö³¨, ¶·¨Î¥³ Ë¨§¨Î¥¸±¨¥ Ë¥·³¨µ´´Ò¥ ¶µ²Ö ¸É ´µ¢ÖÉ¸Ö £µ²¤¸ÉµÊ´µ¢¸±¨³¨,
É. e. ¸¤¢¨£ ÕÉ¸Ö ´  ´¥Î¥É´Ò¥ £·Ê¶¶µ¢Ò¥ ¶ · ³¥É·Ò ¶·¨ ¶·¥µ¡· §µ¢ ´¨ÖÌ ´ -
·ÊÏ¥´´µ° ¸Ê¶¥·¸¨³³¥É·¨¨¨.

�Éµ µ¡Ð¥¥ ¸¢µ°¸É¢µ ¢¸¥Ì ¸Ê¶¥·¸¨³³¥É·¨Î´ÒÌ ¶·µÉÖ¦¥´´ÒÌ µ¡Ñ¥±Éµ¢
²¥£²µ ¢ µ¸´µ¢Ê ´µ¢µ£µ ¶µ¤Ìµ¤  ± ¨Ì µ¶¨¸ ´¨Õ, µ¸´µ¢´ Ö ¨¤¥Ö ±µÉµ·µ£µ ¸µ-
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¸Éµ¨É ¢ ¨¸¶µ²Ó§µ¢ ´¨¨ ±µ´Í¥¶Í¨¨ Î ¸É¨Î´µ£µ ¸¶µ´É ´´µ£µ ´ ·ÊÏ¥´¨Ö ¸Ê¶¥·-
¸¨³³¥É·¨¨ ± ± µ¸´µ¢´µ£µ ¶·¨´Í¨¶  ¶µ¸É·µ¥´¨Ö ¤¥°¸É¢¨° ¸Ê¶¥·¡· ´ ¢ É¥·³¨-
´ Ì ¸Ê¶¥·¶µ²¥° ´  ³¨·µ¢µ³ ¸Ê¶¥·µ¡Ñ¥³¥. ‚ ¶µ¤Ìµ¤¥ ´¥²¨´¥°´ÒÌ ·¥ ²¨§ Í¨°
É ±¨¥ ¤¥°¸É¢¨Ö ¸É·µÖÉ¸Ö ¸· §Ê ¢ É¥·³¨´ Ì £µ²¤¸ÉµÊ´µ¢¸±¨Ì ¸Ê¶¥·¶µ²¥° ¨ µ± -
§Ò¢ ÕÉ¸Ö ¶µ ¶µ¸É·µ¥´¨Õ ¨´¢ ·¨ ´É´Ò³¨ µÉ´µ¸¨É¥²Ó´µ ´¥²¨´¥°´µ ·¥ ²¨§µ-
¢ ´´ÒÌ ¶·¥µ¡· §µ¢ ´¨° ¸¶µ´É ´´µ ´ ·ÊÏ¥´´ÒÌ ¸Ê¶¥·¸¨³³¥É·¨° ¨ ²¨´¥°´ÒÌ
µ¤´µ·µ¤´ÒÌ ¶·¥µ¡· §µ¢ ´¨° ´¥´ ·ÊÏ¥´´µ° ¸Ê¶¥·¸¨³³¥É·¨¨.

�¥·¢Ò³ ·¥§Ê²ÓÉ Éo³, ¶µ²ÊÎ¥´´Ò³ ¢ · ³± Ì É ±µ£µ ¶µ¤Ìµ¤ , Ö¢¨²µ¸Ó ¶µ-
¸É·µ¥´¨¥ ¸Ê¶¥·¶µ²¥¢ÒÌ ¤¥°¸É¢¨° ¸± ²Ö·´µ° ¸Ê¶¥· 3-¡· ´Ò ¨ ®§ ¶µ²´ÖÕÐ¥°
¶·µ¸É· ´¸É¢µ¯ (spacetime-ˇlling) „¨·¨Ì²¥ 3-¡· ´Ò ¢ D = 4 [1]. ‚ ¸¥·¨¨ · ¡µÉ
¤Ê¡´¥´¸±µ° £·Ê¶¶Ò (�. M. ‡Ê¶´¨±, E. A. ˆ¢ ´µ¢, ‘. O. Š·¨¢µ´µ¸) ¸Ê¶¥·¶µ²¥¢µ°
¶µ¤Ìµ¤ ± ¶µ¸É·µ¥´¨Õ ¤¥°¸É¢¨° ¸Ê¶¥·¸¨³³¥É·¨Î´ÒÌ ¶·µÉÖ¦¥´´ÒÌ µ¡Ñ¥±Éµ¢,
µ¸´µ¢ ´´Ò° ´  ¨¤¥¥ ¸¶µ´É ´´µ£µ ´ ·ÊÏ¥´¨Ö ¸Ê¶¥·¸¨³³¥É·¨¨, ¡Ò² · ¸Ï¨·¥´
¨ Ê¸¶¥Ï´µ ¶·¨³¥´¥´ ¤²Ö ¶µ¸É·µ¥´¨Ö ´µ¢ÒÌ ¤¥°¸É¢¨°.

— ¸É¨Î´µ¥ ¸¶µ´É ´´µ¥ ´ ·ÊÏ¥´¨¥ N = 1, D = 10 ¸Ê¶¥·¸¨³³¥É·¨¨ ¨
¥¥ · §³¥·´µ-·¥¤ÊÍ¨·µ¢a´´ÒÌ ¢¥·¸¨° ¡Ò²µ · ¸¸³µÉ·¥´µ ¢ [2]. �¸´µ¢´Ò³
£µ²¤¸ÉµÊ´µ¢¸±¨³ ¸Ê¶¥·¶µ²¥³ ÔÉµ° ¸¨¸É¥³Ò Ö¢²Ö¥É¸Ö N = 1, d = 6 £¨¶¥·-
³Ê²ÓÉ¨¶²¥É, Ê¤µ¢²¥É¢µ·ÖÕÐ¨° ¸¢Ö§Ö³, ´¥²¨´¥°´µ µ¡µ¡Ð ÕÐ¨³ ¸É ´¤ ·É´Ò¥
¸¢Ö§¨ ¤²Ö £¨¶¥·³Ê²ÓÉ¨¶²¥É . �É¨ µ¡µ¡Ð¥´´Ò¥ ¸¢Ö§¨ ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° ±µ¢ -
·¨ ´É´ÊÕ ¸Ê¶¥·¶µ²¥¢ÊÕ Ëµ·³Ê Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö ¤²Ö ¸Ê¶¥· 5-¡· ´Ò É¨¶ 
I ¢ D = 10.

� §¢¨¢ Ö ¨ µ¡µ¡Ð Ö ·¥§Ê²ÓÉ ÉÒ, ¶µ²ÊÎ¥´´Ò¥ ¢ [2], ³Ò Ê¸É ´µ¢¨²¨, ÎÉµ
¸É ´¤ ·É´Ò° Ëµ·³ ²¨§³ ´¥²¨´¥°´ÒÌ ·¥ ²¨§ Í¨° µ± §Ò¢ ¥É¸Ö ¢¥¸Ó³  ¶µ²¥§-
´Ò³ ¤²Ö ¶µ²ÊÎ¥´¨Ö ¢ ±µ¢ ·¨ ´É´µ° Ëµ·³¥ Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö ¨ Ê¸²µ¢¨°
´¥¶·¨¢µ¤¨³µ¸É¨ ¤²Ö £µ²¤¸ÉµÊ´µ¢¸±¨Ì ¸Ê¶¥·¶µ²¥° [3]. ‚ · ¡µÉ¥ [4] ¸Ê¶¥·¶µ-
²¥¢Ò¥ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö N = 1, D = 4 ¸Ê¶¥·³¥³¡· ´Ò ¨ É ± ´ §Ò¢ ¥³ÒÌ
®§ ¶µ²´ÖÕÐ¨Ì ¶·µ¸É· ´¸É¢µ¯ D2- ¨ D3-¡· ´ ¡Ò²¨ ¶µ²ÊÎ¥´Ò ´ ²µ¦¥´¨¥³
±µ¢ ·¨ ´É´ÒÌ ¸¢Ö§¥° ´  ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ 1-Ëµ·³Ò Š ·É ´ . ‚ Éµ ¦¥ ¢·¥³Ö
¢ · ³± Ì ÔÉµ£µ Ëµ·³ ²¨§³  ¶µ¸É·µ¥´¨¥ ¸Ê¶¥·¶µ²¥¢ÒÌ ¤¥°¸É¢¨° ¤µ¢µ²Ó´µ
§ É·Ê¤´¥´µ. Š²ÕÎ¥¢µ° ¨¤¥¥° ¶µ¸É·µ¥´¨Ö ¸Ê¶¥·¶µ²¥¢ÒÌ ¤¥°¸É¢¨° µ± § ²µ¸Ó
´ ¡²Õ¤¥´¨¥, ÎÉµ ¡ §¨¸´Ò° £µ²¤¸ÉµÊ´µ¢¸±¨° ¸Ê¶¥·³Ê²ÓÉ¨¶²¥É ¸µ¢³¥¸É´µ ¸ ² -
£· ´¦¥¢¸±µ° ¶²µÉ´µ¸ÉÓÕ µ¡· §ÊÕÉ ¸Ê¶¥·³Ê²ÓÉ¨¶²¥É µÉ´µ¸¨É¥²Ó´µ ¸¶µ´É ´´µ
´ ·ÊÏ¥´´µ° ¸Ê¶¥·¸¨³³¥É·¨¨.

� ¸¸³µÉ·¨³, ± ± É ±µ° ¶µ¤Ìµ¤ · ¡µÉ ¥É ¢ ¶·µ¸É¥°Ï¨Ì ¸²ÊÎ ÖÌ N = 1,
D = 4 ¸Ê¶¥·³¥³¡· ´Ò ¨ D2-¡· ´Ò.

� §¨¸´Ò³ £µ²¤¸ÉµÊ´µ¢¸±¨³ ¸Ê¶¥·¶µ²¥³, µ¶¨¸Ò¢ ÕÐ¨³ Ë¨§¨Î¥¸±¨¥ ¸É¥-
¶¥´¨ ¸¢µ¡µ¤Ò N = 1, D = 4 ¸Ê¶¥·³¥³¡· ´Ò, Ö¢²Ö¥É¸Ö ¸± ²Ö·´µ¥ ¡µ§µ´´µ¥
¸Ê¶¥·¶µ²¥ ρ(x, θ), § ¢¨¸ÖÐ¥¥ µÉ ±µµ·¤¨´ É N = 1, d = 3 ¸Ê¶¥·¶·µ¸É· ´-
¸É¢ 

{
θa, xab

}
(a, b = 1, 2). �¥·¥°¤Ö ¤²Ö Ê¤µ¡¸É¢  ± Ë¥·³¨µ´´µ³Ê ¸Ê¶¥·¶µ²Õ

ξa(x, θ):

ξa = Daρ, D2ξa = ∂abξ
b (D2 ≡ DaDa), (1)
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²¥£±µ ´ °É¨ ²¨´¥°´ÊÕ ·¥ ²¨§ Í¨Õ ¥Ð¥ µ¤´µ° N = 1, d = 3 ¸Ê¶¥·¸¨³³¥É·¨¨
´  ¸¶¨´µ·¥ ξa ¨ ´¥±µÉµ·µ³, ¶µ±  ¶·µ¨§¢µ²Ó´µ³, ¸± ²Ö·´µ³ ¸Ê¶¥·¶µ²¥ Φ(x, θ).
�µ² £ Ö, ÎÉµ ¢Éµ· Ö ¸Ê¶¥·¸¨³³¥É·¨Ö ¸¶µ´É ´´µ ´ ·ÊÏ¥´ , ´ ¨¡µ²¥¥ µ¡Ð¥¥
²¨´¥°´µ¥ ¶·¥µ¡· §µ¢ ´¨¥ ξa ³µ¦´µ § ¶¨¸ ÉÓ ¢ ¢¨¤¥

δξa = ηa + AD2Φηa + ∂abΦηb, (2)

£¤¥ ηa Å ¶ · ³¥É· ¶·¥µ¡· §µ¢ ´¨Ö ¨ A Å ±µ´¸É ´É . ’·¥¡ÊÖ § ³Ò± ´¨Ö ÔÉµ°
¸Ê¶¥·¸¨³³¥É·¨¨ ¨ ¸µÌ· ´¥´¨Ö ¸¢Ö§¨ (1), ¶µ²ÊÎ ¥³, ÎÉµ A = 1,   ¡µ§µ´´µ¥
¸Ê¶¥·¶µ²¥ Φ ¨³¥¥É ¸²¥¤ÊÕÐ¨° § ±µ´ ¶·¥µ¡· §µ¢ ´¨Ö:

δΦ =
1
2
ηaξa =

1
2
ηaDaρ. (3)

‘· §Ê ¦¥ µÉ³¥É¨³, ÎÉµ ¸Ê¶¥·¶µ²¥ Φ ³µ¦¥É É· ±Éµ¢ ÉÓ¸Ö ± ± ² £· ´¦¨ ´,
¶µ¸±µ²Ó±Ê ¤¥°¸É¢¨¥

S =
∫

d3xd2θ Φ (4)

¨´¢ ·¨ ´É´µ µÉ´µ¸¨É¥²Ó´µ ¶·¥µ¡· §µ¢ ´¨° (3). Š²ÕÎ¥¢Ò³ ³µ³¥´Éµ³ Ö¢²Ö-
¥É¸Ö ´ ¡²Õ¤¥´¨¥, ÎÉµ ÔÉµ ¸Ê¶¥·¶µ²¥ ³µ¦¥É ¡ÒÉÓ ¢Ò· ¦¥´µ Î¥·¥§ ξ. „¥°¸É¢¨-
É¥²Ó´µ, ²¥£±µ ¶·µ¢¥·¨ÉÓ, ÎÉµ ·¥±Ê··¥´É´µ¥ Ê· ¢´¥´¨¥

Φ =
1
4

ξ2

1 + D2Φ
(5)

¨´¢ ·¨ ´É´µ µÉ´µ¸¨É¥²Ó´µ ¶·¥µ¡· §µ¢ ´¨° (2). “· ¢´¥´¨¥ (5) ³µ¦¥É ¡ÒÉÓ
²¥£±µ ·¥Ï¥´µ, ¨ ¤¥°¸É¢¨¥ (4) ¶·¨µ¡·¥É ¥É ¢¨¤

S =
∫

d3xd2θ Φ ≡ 1
2

∫
d3xd2θ

ξ2

1 +
√

1 + D2ξ2
, ξa = Da ρ. (6)

„²Ö Ë¨§¨Î¥¸±µ° ¡µ§µ´´µ° ±µ³¶µ´¥´ÉÒ ρ|θ=0 ¤¥°¸É¢¨¥ (6) ¨³¥¥É ¢¨¤ ¤¥°¸É¢¨Ö
� ³¡ÊÄƒµÉµ, ± ± ¨ ¤µ²¦´µ ¡ÒÉÓ.

‘²¥¤Ê¥É ¶µ¤Î¥·±´ÊÉÓ ¥Ð¥ · §, ÎÉµ § ±µ´ ¶·¥µ¡· §µ¢ ´¨Ö (2) µ§´ Î ¥É,
ÎÉµ ²¨¤¨·ÊÕÐ Ö ±µ³¶µ´¥´É  ¸Ê¶¥·¶µ²Ö ξ Ö¢²Ö¥É¸Ö £µ²¤¸ÉµÊ´µ¢¸±¨³ Ë¥·³¨-
µ´µ³, ¶·¨¸ÊÉ¸É¢¨¥ ±µÉµ·µ£µ ´¥¨§¡¥¦´µ ¸µ¶·µ¢µ¦¤ ¥É ¸¶µ´É ´´µ¥ ´ ·ÊÏ¥´¨¥
¸Ê¶¥·¸¨³³¥É·¨¨. ‚ ¶·¨´Í¨¶¥, £µ²¤¸ÉµÊ´µ¢¸±¨° Ë¥·³¨µ´ ³µ¦´µ ¶µ³¥¸É¨ÉÓ,
±·µ³¥ ¸± ²Ö·´µ£µ ¸Ê¶¥·¶µ²Ö, É ±¦¥ ¢ ¢¥±Éµ·´Ò° ¸Ê¶¥·³Ê²ÓÉ¨¶²¥É, ±µÉµ·Ò°
µ¶¨¸Ò¢ ¥É¸Ö N = 1 ¸¶¨´µ·´Ò³ ¸Ê¶¥·¶µ²¥³ µa, ¶µ¤Î¨´¥´´Ò³ ¸¢Ö§Ö³:

Daµa = 0 ⇒
{

D2µa = −∂abµ
b

∂abD
aµb = 0.

(7)
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�É¨ ¸¢Ö§¨ ¢Ò¤¥²ÖÕÉ ¢ µa ¶¥·¢ÊÕ Ë¥·³¨µ´´ÊÕ (£µ²¤¸ÉµÊ´µ¢¸±ÊÕ) ±µ³¶µ´¥´ÉÊ
¢³¥¸É¥ ¸ ¡¥§¤¨¢¥·£¥´É´Ò³ ¢¥±Éµ·µ³ Fab ≡ Daµb|θ=0. �  ¸Ê¶¥·¶µ²¥ µa ¨
¤µ¶µ²´¨É¥²Ó´µ³ ¸± ²Ö·´µ³ ¸Ê¶¥·¶µ²¥ φ ³µ¦´µ ·¥ ²¨§µ¢ ÉÓ ¥Ð¥ µ¤´Ê ¸Ê¶¥·-
¸¨³³¥É·¨Õ:

δµa = ηa − D2φηa + ∂abφηb, δφ =
1
2
ηaµa. (8)

�´ ²µ£¨Î´µ ¶·¥¤Ò¤ÊÐ¥³Ê ¸²ÊÎ Õ ¸Ê¶¥·³¥³¡· ´Ò ³µ¦´µ ´ ¶¨¸ ÉÓ ±µ¢ ·¨-
 ´É´µ¥ Ê· ¢´¥´¨¥

φ =
1
4

µ2

1 − D2φ
(9)

¨ ·¥Ï¨ÉÓ ¥£µ:

φ =
1
2

µ2

1 +
√

1 − D2µ2
. (10)

‚ ¸¨²Ê § ±µ´  ¶·¥µ¡· §µ¢ ´¨° φ (8) ¨ ¡ §¨¸´ÒÌ ¸¢Ö§¥° (7) ¤¥°¸É¢¨¥

S = −
∫

d3xd2θ φ = −1
2

∫
d3xd2θ

µ2

1 +
√

1 − D2µ2
(11)

µ± §Ò¢ ¥É¸Ö ¨´¢ ·¨ ´É´Ò³,   ¥£µ ¡µ§µ´´ Ö Î ¸ÉÓ ¨³¥¥É ¢¨¤ ¤¥°¸É¢¨Ö �µ·´ Ä
ˆ´Ë¥²Ó¤ 

S =
∫

d3x
(√

1 + 2F 2 − 1
)
, (12)

£¤¥

∂abFab = 0 → Fab = ∂acG
c
b + ∂bcG

c
a. (13)

‹¥£±µ ¶·µ¢¥·¨ÉÓ, ÎÉµ ¤¥°¸É¢¨¥ (11) ¸¢Ö§ ´µ ¸ ¤¥°¸É¢¨¥³ ¸Ê¶¥·³¥³¡· ´Ò (6)
¶·¥µ¡· §µ¢ ´¨¥³ ¤Ê ²Ó´µ¸É¨.

ˆ¤¥Ö ¸µ¢³¥¸É´µ£µ ¨¸¶µ²Ó§µ¢ ´¨Ö ³¥Éµ¤  ´¥²¨´¥°´ÒÌ ·¥ ²¨§ Í¨° ¨ ²¨´¥°-
´µ° ·¥ ²¨§ Í¨¨ ¸¶µ´É ´´µ ´ ·ÊÏ¥´´µ° ¸Ê¶¥·¸¨³³¥É·¨¨, ¸ ² £· ´¦¨ ´µ³ ¢
± Î¥¸É¢¥ µ¤´µ° ¨§ ±µ³¶µ´¥´É ¸Ê¶¥·³Ê²ÓÉ¨¶²¥É , µ± § ² ¸Ó ¢¥¸Ó³  ¶²µ¤µÉ¢µ·-
´µ°. ‘·¥¤¨ ´ ¨¡µ²¥¥ ¨´É¥·¥¸´ÒÌ ·¥§Ê²ÓÉ Éµ¢, ¶µ²ÊÎ¥´´ÒÌ ¢ · ³± Ì ¶·¥¤²µ-
¦¥´´µ£µ ¶µ¤Ìµ¤ , ´¥µ¡Ìµ¤¨³µ µÉ³¥É¨ÉÓ ¶µ¸É·µ¥´¨¥ · ´¥¥ ´¥¨§¢¥¸É´ÒÌ ¸Ê¶¥·-
¶µ²¥¢ÒÌ Ê· ¢´¥´¨° N = 2 ¨ N = 4 É¥µ·¨° �µ·´ Äˆ´Ë¥²Ó¤  ¢ D = 4 [5],
µÉ±·ÒÉ¨¥ ´µ¢µ£µ ¡¥¸±µ´¥Î´µ³¥·´µ£µ ²¨´¥°´µ£µ N = 4 ¸Ê¶¥·³Ê²ÓÉ¨¶²¥É , ¶µ-
§¢µ²¨¢Ï¥£µ ¸É·µ¨ÉÓ ¤¥°¸É¢¨¥ N = 4, D = 4 É¥µ·¨¨ �µ·´ Äˆ´Ë¥²Ó¤  ¢ ²Õ¡µ³
§ ¤ ´´µ³ ¶µ·Ö¤±¥ ¶µ ¶µ²Ö³ [6], ¶µ¸É·µ¥´¨¥ ´µ¢µ£µ ¢¥±Éµ·-¢¥±Éµ·´µ£µ ¶·¥¤-
¸É ¢²¥´¨Ö N = 2, D = 3 ¸Ê¶¥·¸¨³³¥É·¨¨ ¸ ´¥É·¨¢¨ ²Ó´µ ·¥ ²¨§µ¢ ´´Ò³
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Í¥´É· ²Ó´Ò³ § ·Ö¤µ³ [7], ¢Ò¢µ¤ ¨  ´ ²¨§ ¸Ê¶¥·¶µ²¥¢ÒÌ ¤¥°¸É¢¨°, µÉ¢¥Î -
ÕÐ¨Ì · §²¨Î´Ò³ ¢¥·¸¨Ö³ ¸¶µ´É ´´µ£µ ´ ·ÊÏ¥´¨Ö ¤¢Ê³¥·´ÒÌ N = (1, 1),
N = (2, 0) ¨ N = (2, 2) ¸Ê¶¥·¸¨³³¥É·¨° ¸ Í¥´É· ²Ó´Ò³¨ § ·Ö¤ ³¨ [8]. � -
±µ´¥Í, § ³¥É¨³, ÎÉµ ¤ ´´Ò° ¶µ¤Ìµ¤ ¶µ§¢µ²¨² É ±¦¥ ¶µ¸É·µ¨ÉÓ ¸Ê¶¥·¶µ²¥¢Ò¥
¤¥°¸É¢¨Ö ¤²Ö ´¥¸É ´¤ ·É´µ£µ ´ ·ÊÏ¥´¨Ö ¸Ê¶¥·¸¨³³¥É·¨¨ ¸ ¸µÌ· ´¥´¨¥³ 1/4
Î ¸É¨ ¨¸Ìµ¤´ÒÌ ¸Ê¶¥·¸¨³³¥É·¨° [9].
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�¡Ñ¥¤¨´e´´Ò° ¨´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨°, „Ê¡´ 

‹ ¡µ· Éµ·¨Ö É¥µ·¥É¨Î¥¸±µ° Ë¨§¨±¨ ¨³. �. �. �µ£µ²Õ¡µ¢ 

„ ´ ±· É±¨° µ¡§µ· ¤¢Ê³¥·´ÒÌ ¨ µ¤´µ³¥·´ÒÌ É¥µ·¨° ¤¨² Éµ´´µ° £· ¢¨É Í¨¨, ¢§ ¨³µ¤¥°¸É¢Ê-
ÕÐ¥° ¸ ¶µ²Ö³¨ ³ É¥·¨¨. �¡¸Ê¦¤ ÕÉ¸Ö µ¸´µ¢´Ò¥ ±² ¸¸Ò ¨´É¥£·¨·Ê¥³ÒÌ ³µ¤¥²¥°, ´ °¤¥´´ÒÌ ¨
¨§ÊÎ¥´´ÒÌ §  ¶µ¸²¥¤´¨¥ ¶ÖÉÓ ²¥É. �Î¥´Ó ±· É±µ · ¸¸³µÉ·¥´Ò ´µ¢Ò¥ ¨´É¥£·¨·Ê¥³Ò¥ ³µ¤¥²¨,
¸¢µ¤ÖÐ¨¥¸Ö ± Ê· ¢´¥´¨Ö³ ‹¨Ê¢¨²²Ö ¨ µ¶¨¸Ò¢ ÕÐ¨¥ · §´µµ¡· §´Ò¥ µ¡Ñ¥±ÉÒ ¢ É¥µ·¨ÖÌ ¸Ê¶¥·£· -
¢¨É Í¨¨ ¨ ¸Ê¶¥·¸É·Ê´.

The 1+1 and 0+1 dimensional dilation gravity interacting with matter ˇelds is brie�y reviewed
and main classes of intergrable models, found and investigated in the last ˇve years, are discussed.
The new integrable models related to the Liouville equations and describing different objects in
supergravity and superstring theory are brei�y considered.

�·µ¡²¥³  ±¢ ´Éµ¢ ´¨Ö £· ¢¨É Í¨¨, ´¥¸³µÉ·Ö ´  £¥·µ¨Î¥¸±¨¥ Ê¸¨²¨Ö ´¥-
¸±µ²Ó±¨Ì ¶µ±µ²¥´¨° É¥µ·¥É¨±µ¢, ´¥ ¡Ò²  ·¥Ï¥´  ¢ XX ¢¥±¥ ¨ ¶¥·¥Ï²  ¢
XXI ¢¥±. ‚ É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° ±¢ ´Éµ¢ ´¨Õ £· ¢¨É Í¨¨ ¶·¥¶ÖÉ¸É¢Ê¥É ´¥-
¶¥·¥´µ·³¨·Ê¥³µ¸ÉÓ. �¤´ ±µ ¸ÊÐ¥¸É¢ÊÕÉ ¢¥¸±¨¥ µ¸´µ¢ ´¨Ö ¤Ê³ ÉÓ, ÎÉµ ´ 
³ ²ÒÌ · ¸¸ÉµÖ´¨ÖÌ ¶µ·Ö¤±  ¶² ´±µ¢¸±µ° ¤²¨´Ò lp É·Ê¤´µ¸É¨ ¨³¥ÕÉ ¥Ð¥ ¡µ-
²¥¥ ËÊ´¤ ³¥´É ²Ó´Ò° Ì · ±É¥· ¨ ¢·Ö¤ ²¨ ³µ¦´µ ´ ¤¥ÖÉÓ¸Ö ´  ¨Ì ¶·¥µ¤µ²¥´¨¥
¸ ¶µ³µÐÓÕ ± ±µ£µ-²¨¡µ Ê²ÊÎÏ¥´¨Ö É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° ¨²¨ ´¥ ¸²¨Ï±µ³ Ô±¸-
É· ¢ £ ´É´µ° ³µ¤¨Ë¨± Í¨¨ É¥µ·¨¨ �°´ÏÉ¥°´ .

’¥³ ´¥ ³¥´¥¥ XX ¢¥± µ¸É ¢¨² ¢ ´ ¸²¥¤¸É¢µ XXI ¢¥±Ê ´¥ Éµ²Ó±µ ¶·µ-
¡²¥³Ò, ´µ ¨ ´¥±µÉµ·Ò¥ ¨¤¥¨ ¤²Ö ¨Ì ·¥Ï¥´¨Ö. ‡  ¶µ¸²¥¤´¨¥ 15 ²¥É ´ ¨¡µ²¥¥
¸¥·Ó¥§´Ò¥ ´ ¤¥¦¤Ò ´  ·¥Ï¥´¨¥ ¶·µ¡²¥³Ò ±¢ ´Éµ¢ ´¨Ö £· ¢¨É Í¨¨ ¸¢Ö§ ´Ò ¸
É¥µ·¨¥° ¸Ê¶¥·¸É·Ê´, ±µÉµ· Ö ¥¸É¥¸É¢¥´´µ µ¡Ñ¥¤¨´Ö¥É ± ²¨¡·µ¢µÎ´Ò¥ É¥µ·¨¨
¨ £· ¢¨É Í¨Õ. ‚ · ³± Ì ¸Ê¶¥·¸É·Ê´´µ° É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° ¢µ§´¨±²¨ ´µ¢Ò¥
¢µ§³µ¦´µ¸É¨ ¢ÒÎ¨¸²¥´¨Ö ±¢ ´Éµ¢ÒÌ µ¤´µ¶¥É²¥¢ÒÌ £· ¢¨É Í¨µ´´ÒÌ ¶µ¶· -
¢µ±, ¶·¨Î¥³ ³µ¤¨Ë¨± Í¨Ö É¥µ·¨¨ �°´ÏÉ¥°´  ¨ É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° ¸ ÉµÎ±¨
§·¥´¨Ö ¸É ´¤ ·É´ÒÌ ¶·¥¤¸É ¢²¥´¨° É¥µ·¨¨ ¶µ²Ö ¢¥¸Ó³  Ô±¸É· ¢ £ ´É´ .

’ ±µ° ¶µ¤Ìµ¤ ´¥ ·¥Ï ¥É, µ¤´ ±µ, ËÊ´¤ ³¥´É ²Ó´ÊÕ ¶·µ¡²¥³Ê ´¥¸µ¢³¥-
¸É¨³µ¸É¨ ¸É ´¤ ·É´µ° ±¢ ´Éµ¢µ° ³¥Ì ´¨±¨ ¸ £· ¢¨É Í¨¥° ´  ³ ²ÒÌ · ¸¸Éµ-
Ö´¨ÖÌ. �  ¤µ¸É ÉµÎ´µ ´ £²Ö¤´µ³ Ê·µ¢´¥ ÔÉ  ´¥¸µ¢³¥¸É¨³µ¸ÉÓ ¸¢Ö§ ´  ¸ É¥³,
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ÎÉµ ²Õ¡ Ö ¶µ¶ÒÉ±  ¨§³¥·¥´¨Ö · ¸¸ÉµÖ´¨° ¶µ·Ö¤±  lp É·¥¡Ê¥É (¶µ ¸µµÉ´µÏ¥-
´¨Õ ´¥µ¶·¥¤¥²¥´´µ¸É¥°) ²µ± ²¨§ Í¨¨ ¢ ÔÉµ° µ¡² ¸É¨ ¶² ´±µ¢¸±µ° Ô´¥·£¨¨
∼ 1/lp, ÎÉµ ´¥¨§¡¥¦´µ ¶µ·µ¦¤ ¥É £µ·¨§µ´É (Î¥·´ÊÕ ¤Ò·Ê) ¸ · ¤¨Ê¸µ³ ∼ lp.
�É¨ ³¨±·µ¸±µ¶¨Î¥¸±¨¥ Î¥·´Ò¥ ¤Ò·Ò ¤µ²¦´Ò ¡ÒÉÓ ±¢ ´Éµ¢Ò³¨ µ¡Ñ¥±É ³¨
¢¥¸Ó³  ¸É· ´´µ°, ´¥ µÎ¥´Ó ¶µ´ÖÉ´µ° ¶µ±  ¶·¨·µ¤Ò (Œ. �. Œ ·±µ¢).

Œ ±·µ¸±µ¶¨Î¥¸±¨¥ Î¥·´Ò¥ ¤Ò·Ò, ¢µ§´¨± ÕÐ¨¥ ¶·¨ ±µ²² ¶¸¥ ¡µ²ÓÏ¨Ì
³ ¸¸ ¢¥Ð¥¸É¢  ¢µ ‚¸¥²¥´´µ°, ¶·¨¢²¥± ²¨ ¢´¨³ ´¨¥ ¸ ¶¥·¢ÒÌ ¤´¥° ¸ÊÐ¥¸É¢µ-
¢ ´¨Ö ·¥²ÖÉ¨¢¨¸É¸±µ° É¥µ·¨¨ £· ¢¨É Í¨¨. ‘µµÉ¢¥É¸É¢ÊÕÐ¨¥ ÉµÎ´Ò¥ ·¥Ï¥-
´¨Ö Ê· ¢´¥´¨° �°´ÏÉ¥°´  (·¥Ï¥´¨¥ ˜¢ ·ÍÏ¨²Ó¤ , � °¸´¥· Ä�µ·¤¸É·¥³ ,
Š¥·· ) ¨§¢¥¸É´Ò ¤ ¢´µ, ´µ ¨Ì ¶ · ¤µ±¸ ²Ó´Ò¥ ±¢ ´Éµ¢Ò¥ ¨ É¥·³µ¤¨´ ³¨Î¥-
¸±¨¥ ¸¢µ°¸É¢  ¡Ò²¨ µ¡´ ·Ê¦¥´Ò ¸· ¢´¨É¥²Ó´µ ´¥¤ ¢´µ. �¤¨´ ¨§ ¶ · ¤µ±¸µ¢
¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ ¸É É¨Î¥¸± Ö Î¥·´ Ö ¤Ò·  µ¶·¥¤¥²Ö¥É¸Ö ²¨ÏÓ ³ ¸¸µ° M ,
§ ·Ö¤µ³ Q ¨ ¸¶¨´µ³ J , ¨ ¢ Éµ ¦¥ ¢·¥³Ö ¨§³¥´¥´¨Ö ¥¥ ¸µ¸ÉµÖ´¨Ö µ¶¨¸Ò¢ ÕÉ¸Ö
É¥·³µ¤¨´ ³¨Î¥¸±¨³¨ ¸µµÉ´µÏ¥´¨Ö³¨, ¢ Î ¸É´µ¸É¨, Ô´É·µ¶¨Ö SBH = A/4GN

(£¤¥ GN Å £· ¢¨É Í¨µ´´ Ö ¶µ¸ÉµÖ´´ Ö; A Å ¶²µÐ ¤Ó £µ·¨§µ´É ) ³µ¦¥É
Éµ²Ó±µ ¢µ§· ¸É ÉÓ (�¥±¥´ÏÉ¥°´). ŒÒ §´ ¥³, ÎÉµ Ô´É·µ¶¨Ö ¤µ²¦´  ¡ÒÉÓ ¶·µ-
¶µ·Í¨µ´ ²Ó´  log N(M, Q, J), £¤¥ N Å Î¨¸²µ ³¨±·µ¸±µ¶¨Î¥¸±¨Ì ¸µ¸ÉµÖ´¨°.
‚µ¶·µ¸, ÎÉ	µ ÔÉµ §  ¸µ¸ÉµÖ´¨Ö, ´¥ ¨³¥¥É ¶·µ¸Éµ£µ ¨ µ¤´µ§´ Î´µ£µ µÉ¢¥É . „·Ê-
£¨¥ ¶·µ¡²¥³Ò ¸¢Ö§ ´Ò ¸ Ô¢µ²ÕÍ¨¥° Î¥·´ÒÌ ¤Ò· ¨ ¨Ì ±¢ ´Éµ¢Ò³ ¨§²ÊÎ¥´¨¥³
(•µ±¨´£).

� ¨¡µ²¥¥ ¶µ¸²¥¤µ¢ É¥²Ó´Ò¥ ¶µ¶ÒÉ±¨ ·¥Ï¥´¨Ö ¢¸¥Ì ÔÉ¨Ì ¶·µ¡²¥³ ¸¢Ö§ ´Ò
¸ ´µ¢Ò³¨ ¨¤¥Ö³¨ ¢ É¥µ·¨¨ ¸É·Ê´, ¢µ§´¨±Ï¨³¨ ¢ ¶µ¸²¥¤´¥¥ ¤¥¸ÖÉ¨²¥É¨¥. �Éµ
p-¡· ´Ò ¢ É¥µ·¨ÖÌ ¸Ê¶¥·£· ¢¨É Í¨¨, ¨Ì ¨´É¥·¶·¥É Í¨Ö ¢ É¥µ·¨¨ ¸É·Ê´ ¨ ¸¢Ö§Ó
¸ D-¡· ´ ³¨, · §²¨Î´Ò¥ ¢¨¤Ò · §³¥·´µ° ·¥¤Ê±Í¨¨ ¸Ê¶¥·£· ¢¨É Í¨¨ (±µ³¶ ±-
É¨Ë¨± Í¨Ö, ·¥¤Ê±Í¨Ö ¶µ ¸¨³³¥É·¨¨, ¤Ê ²Ó´µ¸ÉÓ, AdS/CFT -¸µµÉ¢¥É¸É¢¨¥).
�Éµ ¶µ§¢µ²¨²µ ¤ ÉÓ ¨´É¥·¶·¥É Í¨Õ Ô±¸É·¥³ ²Ó´ÒÌ Î¥·´ÒÌ ¤Ò· (±µÉµ·Ò¥
Ö¢²ÖÕÉ¸Ö ¸Ê¶¥·¸¨³³¥É·¨Î´Ò³¨ ¸µ²¨Éµ´ ³¨) ´  Ö§Ò±¥ · §³¥·´µ° ·¥¤Ê±Í¨¨
´¥±µÉµ·ÒÌ ±µ´Ë¨£Ê· Í¨° p-¡· ´. ‘¢Ö§Ó É ±¨Ì Î¥·´ÒÌ ¤Ò· ¸ D-¡· ´ ³¨ ¶µ-
§¢µ²¨²  ´ °É¨ ¸É É¨¸É¨Î¥¸±µ¥ ¨¸Éµ²±µ¢ ´¨¥ Ô´É·µ¶¨¨ ´¥±µÉµ·ÒÌ Ô±¸É·¥³ ²Ó-
´ÒÌ Î¥·´ÒÌ ¤Ò·∗.

’µÎ´ Ö ±¢ ´Éµ¢ Ö É¥µ·¨Ö Î¥·´ÒÌ ¤Ò· ´¥ ³µ¦¥É ¡ÒÉÓ ¶µ¸É·µ¥´  ¡¥§ ±¢ ´-
Éµ¢µ° £· ¢¨É Í¨¨, ±µÉµ·µ° ´  ¸¥£µ¤´Ö ´¥É. �¤´ ±µ ¸ÊÐ¥¸É¢ÊÕÉ Ê¶·µÐ¥´´Ò¥
³µ¤¥²¨ £· ¢¨É Í¨¨, ±µÉµ·Ò¥ ³µ¦´µ ÉµÎ´µ ·¥Ï¨ÉÓ ¢ ±² ¸¸¨Î¥¸±µ³ ¶·¥¤¥²¥,  
¢ ´¥±µÉµ·ÒÌ ¸²ÊÎ ÖÌ ¨Ì Ê¤ ²µ¸Ó ÉµÎ´µ ¶·µ±¢ ´Éµ¢ ÉÓ. �Éµ ¤¨² Éµ´´ Ö £· ¢¨-
É Í¨Ö ¢ 1 + 1-³¥·´µ³ ¶·µ¸É· ´¸É¢¥. „µ¸É ÉµÎ´µ µ¡ÐÊÕ É¥µ·¨Õ ³µ¦´µ § ¤ ÉÓ

∗�·µ¸É¥°Ï¨° ¶·¨³¥· Ô±¸É·¥³ ²Ó´µ° Î¥·´µ° ¤Ò·Ò ¤ ¥É ·¥Ï¥´¨¥ � °¸´¥· Ä�µ·¤¸É·¥³  (P�)
¶·¨ M = Q. Š ¸µ¦ ²¥´¨Õ, Î¥·´ Ö ¤Ò·  ˜¢ ·ÍÏ¨²Ó¤ , ´ ¨¡µ²¥¥ ¢ ¦´ Ö ¤²Ö  ¸É·µË¨§¨±¨,
¶µ¤µ¡´µ³Ê ¶µ¤Ìµ¤Ê ¶µ±  ´¥ ¶µ¤¤ ¥É¸Ö.
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¸²¥¤ÊÕÐ¨³ ² £· ´¦¨ ´µ³:

L =
√
−g

[
φR(g) + V (φ, ψ) +

K∑
k=1

Z(k)(φ; ψ)gijψ
(k)
i ψ

(k)
j

]
, (1)

£¤¥ φ, ψ(k) Å ¸± ²Ö·´Ò¥ ¶µ²Ö (φ Å ¤¨² Éµ´); gij Å ¤¢Ê³¥·´ Ö ³¥É·¨± ;

R Å ¸± ²Ö·´ Ö ±·¨¢¨§´ ; g = g00g11 − g01; ψ
(k)
i = ∂iψ

(k); V , Z(k) Å ´¥±µ-
Éµ·Ò¥ ËÊ´±Í¨¨ (¶µÉ¥´Í¨ ²Ò), ±µÉµ·Ò¥ µ¶·¥¤¥²ÖÕÉ Ë¨§¨Î¥¸±µ¥ ¸µ¤¥·¦ ´¨¥
É¥µ·¨¨. Š É ±µ³Ê ² £· ´¦¨ ´Ê, ¢ Î ¸É´µ¸É¨, ¶·¨¢µ¤¨É ¸Ë¥·¨Î¥¸± Ö ·¥¤Ê±Í¨Ö
d-³¥·´µ° É¥µ·¨¨ �°´ÏÉ¥°´ ÄŒ ±¸¢¥²²  (�Œ) (¸µ ¸± ²Ö·´Ò³¨ ¶µ²Ö³¨):

V = 2[αφ−ν + Λφν − βQ2φν−2]; Z(k) = −γkφ , (2)

£¤¥ ν = 1/n; n = d−2; α = n(n−1); Q Å Ô²¥±É·¨Î¥¸±¨° § ·Ö¤∗; Λ Å ±µ¸³µ-
²µ£¨Î¥¸± Ö ¶µ¸ÉµÖ´´ Ö; β, γk Å ´¥±µÉµ·Ò¥ Î¨¸²µ¢Ò¥ ¶µ¸ÉµÖ´´Ò¥. ‡ ³¥É¨³,
ÎÉµ ¶µ¸²¥ ·¥¤Ê±Í¨¨ ¨¸¶µ²Ó§µ¢ ²µ¸Ó ¶·¥µ¡· §µ¢ ´¨¥ ‚¥°²Ö gij → Ω(φ)gij , ¶µ-
§¢µ²ÖÕÐ¥¥ ¨¸±²ÕÎ¨ÉÓ ¨§ L ±¨´¥É¨Î¥¸±ÊÕ Ô´¥·£¨Õ ¤¨² Éµ´ . �´  ´¥ ¨³¥¥É
µ¶·¥¤¥²e´´µ£µ §´ ± , É ± ± ± ¤¨² Éµ´ Å Î ¸ÉÓ d-³¥·´µ° ³¥É·¨±¨

ds2 = gijdxidxj + φ2νdΩ2
n , (3)

£¤¥ dΩ2
n Å ³¥É·¨±  ´  ¥¤¨´¨Î´µ° n-³¥·´µ° ¸Ë¥·¥. Š ¤¢Ê³¥·´Ò³ É¥µ·¨Ö³ (1)

¸¢µ¤¨É¸Ö É ±¦¥ É¥µ·¨Ö �°´ÏÉ¥°´ ÄŸ´£ ÄŒ¨²²¸  (�ŸŒ).
‚ É¥µ·¨¨ ¸Ê¶¥·¸É·Ê´ ¶¥·¢µ´ Î ²Ó´µ · ¸¸³ É·¨¢ ²¨ ¸ ³ÊÕ ¶·µ¸ÉÊÕ ³µ-

¤¥²Ó V = g, Z(k) = −γ, µ¶¨¸Ò¢ ÕÐÊÕ ´ ¨¡µ²¥¥ ¶·µ¸ÉÒ¥ ±µ´Ë¨£Ê· Í¨¨
µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö (‚¨ÉÉ¥´, Š ²² ´ ¨ ¤·.). •µÉÖ Îe·´Ò¥ ¤Ò·Ò ¢ ÔÉµ° ¶·µ-
¸É¥°Ï¥° É¥µ·¨¨ ³µ¤¥²¨·ÊÕÉ ´¥±µÉµ·Ò¥ ¸¢µ°¸É¢  ³´µ£µ³¥·´ÒÌ Îe·´ÒÌ ¤Ò·,
¥e £¥µ³¥É·¨Î¥¸±¨¥ ¸¢µ°¸É¢  ¸²¨Ï±µ³ ¶·µ¸ÉÒ (R ≡ 0). ‚ ¶µ¸²¥¤´¨¥ ¶ÖÉÓ ²¥É
¡Ò²¨ ¨§ÊÎ¥´Ò ¡µ²¥¥ ¸²µ¦´Ò¥ µ¡Ñ¥±ÉÒ Å ³´µ£µ³¥·´Ò¥ µ¡µ¡Ð¥´¨Ö Îe·´ÒÌ
¤Ò· (¸³. [1Ä3]) ¢ ¸Ê¶¥·£· ¢¨É Í¨¨, ±µÉµ· Ö µ¶¨¸Ò¢ ¥É ¢µ§³µ¦´Ò¥ µ¸´µ¢´Ò¥
¸µ¸ÉµÖ´¨Ö ¸Ê¶¥·¸É·Ê´. ‚ ·¥§Ê²ÓÉ É¥ ±µ³¶ ±É¨Ë¨± Í¨¨ ¨¸Ìµ¤´µ° ¸Ê¶¥·£· ¢¨-
É Í¨¨ ¶µ²ÊÎ ¥É¸Ö É¥µ·¨Ö (1), ¢ ±µÉµ·µ° V ¸ÊÐ¥¸É¢¥´´µ § ¢¨¸¨É µÉ φ ¨ ψ,  
Î¨¸²µ ¶µ²¥° K ¨ ¨Ì ¢§ ¨³µ¤¥°¸É¢¨¥ µ¶·¥¤¥²ÖÕÉ¸Ö ¸¶µ¸µ¡µ³ ±µ³¶ ±É¨Ë¨± -
Í¨¨ (¤²Ö ¡µ²ÓÏ¨´¸É¢  ¨§ÊÎ¥´´ÒÌ ³µ¤¥²¥° Z(k) ∼ φ,   V Ö¢²Ö¥É¸Ö ¸Ê³³µ°
²¨´¥°´ÒÌ Ô±¸¶µ´¥´É ¶µ ¶µ²Ö³ ψ(k)).

–¥´´µ¸ÉÓ ¤¢Ê³¥·´ÒÌ ³µ¤¥²¥° µ¶·¥¤¥²Ö¥É¸Ö ¢µ§³µ¦´µ¸ÉÓÕ ¨Ì ÉµÎ´µ£µ ·¥-
Ï¥´¨Ö (¨´É¥£·¨·Ê¥³µ¸ÉÓÕ). �¡Ð¨¥ ÉµÎ´Ò¥ ·¥Ï¥´¨Ö É¥µ·¨¨ (1) ¸ ¶µÉ¥´-
Í¨ ² ³¨ (2) ´¥¨§¢¥¸É´Ò, ¨ µ´¨, ¶µ-¢¨¤¨³µ³Ê, ´¥¨´É¥£·¨·Ê¥³Ò. ‚ ´ Î ²¥
90-Ì £µ¤µ¢ ¡Ò²¨ ¨§¢¥¸É´Ò µ¡Ð¨¥ ÉµÎ´Ò¥ ·¥Ï¥´¨Ö É¥µ·¨° ¸ V = g0 + g1φ ¨

∗‚ ¤¢Ê³¥·´µ³ ¶·µ¸É· ´¸É¢¥ Ô²¥±É·µ³ £´¨É´µ¥ ¶µ²¥ ´¥ · ¸¶·µ¸É· ´Ö¥É¸Ö ¨ ¥£µ ³µ¦´µ ¨¸-
±²ÕÎ¨ÉÓ. �Éµ ¤ ¥É Q2-Î²¥´ ¢ ¶µÉ¥´Í¨ ²¥.
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Z(k) = −γk (É ± ´ §Ò¢ ¥³µ¥ ®³¨´¨³ ²Ó´µ¥¯ ¢§ ¨³µ¤¥°¸É¢¨¥ ¸± ²Ö·´ÒÌ ¶µ-
²¥° ¸ £· ¢¨É Í¨¥°). �¤´ ±µ ¥¸²¨ Z(k) = 0 ¨ V = V (φ), Éµ É¥µ·¨Ö ¨´É¥£·¨·Ê-
¥³  ¶·¨ ²Õ¡µ³ V (φ) (¸³. [4, 5]). �µ²¥¥ Éµ£µ, µ´  ¸¢µ¤¨É¸Ö ± 0+1-³¥·´µ° ± ²¨-
¡·µ¢µÎ´µ° É¥µ·¨¨, ¨ ¶·¨ ²Õ¡µ³ ¶µÉ¥´Í¨ ²¥ V (φ) ¥e ·¥Ï¥´¨¥ ¨³¥¥É µ¤¨´ ¨²¨
¡µ²¥¥ £µ·¨§µ´Éµ¢. ‚ ¤¢Ê³¥·´µ³ ¸²ÊÎ ¥ £µ·¨§µ´Éµ³ ´ §Ò¢ ¥É¸Ö ´Ê²Ó ³¥É·¨±¨,
f(u, v) = 0, ¢ ±µ´Ëµ·³´ÒÌ ±µµ·¤¨´ É Ì ds2 = −4f(u, v)dudv,   ·¥¤Ê±Í¨Ö
± · §³¥·´µ¸É¨ 0 + 1 µ§´ Î ¥É, ÎÉµ φ(u, v) = φ(τ), f(u, v) = h(τ)a′(u)b′(v),
£¤¥ τ = a(u) + b(v). �Éµ, ¢ Î ¸É´µ¸É¨, ¤ eÉ ÉµÎ´Ò¥ ·¥Ï¥´¨Ö ¤²Ö ¸Ë¥·¨Î¥-
¸±¨Ì Îe·´ÒÌ ¤Ò· ¢ É¥µ·¨¨ �Œ (¶µÉ¥´Í¨ ² (2) ¶·¨ Λ = 0). „·Ê£ Ö µ¡² ¸ÉÓ
¶·¨³¥´¥´¨Ö ÔÉ¨Ì ¨ µ¡¸Ê¦¤ ¥³ÒÌ ´¨¦¥ ÉµÎ´ÒÌ ·¥Ï¥´¨° Å ±µ¸³µ²µ£¨Î¥¸±¨¥
³µ¤¥²¨ (¸³., ´ ¶·¨³¥·, [6]; §¤¥¸Ó ³Ò ÔÉ¨ ¢µ§³µ¦´µ¸É¨ ´¥ µ¡¸Ê¦¤ ¥³).

’µÎ´Ò¥ ·¥Ï¥´¨Ö É¥µ·¨¨ (1) ¸ Z(k) = 0 ¢µ§³µ¦´Ò ¶µÉµ³Ê, ÎÉµ µ´  ´  ¸ -
³µ³ ¤¥²¥ ¥¸ÉÓ Éµ¶µ²µ£¨Î¥¸± Ö ± ²¨¡·µ¢µÎ´ Ö É¥µ·¨Ö. ‚§ ¨³µ¤¥°¸É¢¨¥ ¸µ ¸± -
²Ö·´Ò³¨ ¶µ²Ö³¨ ¶·¥¢· Ð ¥É ¥¥ ¢ ´¥²¨´¥°´ÊÕ ± ²¨¡·µ¢µÎ´ÊÕ É¥µ·¨Õ ¶µ²Ö,
±µÉµ· Ö ¢ µ¡Ð¥³ ¸²ÊÎ ¥ ´¥¨´É¥£·¨·Ê¥³ . ‚ µ¡Ð¥³ ¸²ÊÎ ¥ ´¥¨´É¥£·¨·Ê¥³Ò
¨ ¤¨´ ³¨Î¥¸±¨¥ ¸¨¸É¥³Ò, µ¶¨¸Ò¢ ÕÐ¨¥ ¸É É¨Î¥¸±¨¥ ¸µ¸ÉµÖ´¨Ö (¨²¨ ±µ¸³µ-
²µ£¨Î¥¸±¨¥ ³µ¤¥²¨). ˆ¸¶µ²Ó§ÊÖ ±µ´Ëµ·³´Ò¥ ±µµ·¤¨´ ÉÒ ¢ É¥µ·¨¨ ¶µ²Ö (1),
³µ¦´µ § ¶¨¸ ÉÓ ² £· ´¦¨ ´ É ±µ° ¤¨´ ³¨Î¥¸±µ° ¸¨¸É¥³Ò ¢ ¢¨¤¥

Lst = − 1
l(τ)

[
φ̇Ḟ +

K∑
k=1

Z(k)ψ̇2
(k)

]
+ l(τ) exp (F )V (φ, ψ) , (4)

£¤¥ ÉµÎ±  µ¡µ§´ Î ¥É ¤¨ËË¥·¥´Í¨·µ¢ ´¨¥ ¶µ τ ,   l(τ) Å ² £· ´¦¥¢¸±¨° ³´µ-
¦¨É¥²Ó.

Š² ¸¸ ¨´É¥£·¨·Ê¥³ÒÌ ¸± ²Ö·´ÒÌ É¥µ·¨° (4) ¸ µ¤´¨³ ¸± ²Ö·´Ò³ ¶µ²¥³
¡Ò² ´ °¤¥´ ¢ [5] (µ´ ¢±²ÕÎ ¥É ¶µÉ¥´Í¨ ² (2) ¶·¨ Λ = 0). �¥¤ ¢´µ  ¢Éµ·
¶µ²ÊÎ¨² µ¡µ¡Ð¥´¨¥ ÔÉµ£µ ·¥§Ê²ÓÉ É  ´  ¸²ÊÎ ° ²Õ¡µ£µ Î¨¸²  ¸± ²Ö·´ÒÌ ¶µ-
²¥° [8]. ˆ³¥ÕÉ¸Ö ¤¢  ¨´É¥£·¨·Ê¥³ÒÌ ±² ¸¸ :

V =
M∑

m=1

gmφlm exp Lm(ψ), Z(k) = −γkφ , (5)

V =
M∑

m=1

gm exp Lm(ψ, φ), Z(k) = −γk , (6)

£¤¥ gm Å Î¨¸² ; Lm Å ²¨´¥°´Ò¥ ËÊ´±Í¨¨; Î¨¸²µ Î²¥´µ¢ ¢ V ´¥ ¤µ²¦´µ
¶·¥¢ÒÏ ÉÓ ¶µ·Ö¤µ± ¸¨¸É¥³Ò (4) (É. ¥. K +2, £¤¥ K Å Î¨¸²µ ¸± ²Ö·´ÒÌ ËÊ´±-
Í¨°). �·¨ µ¶·¥¤¥²e´´ÒÌ µ£· ´¨Î¥´¨ÖÌ ´  Z, lm ¨ ±µÔËË¨Í¨¥´ÉÒ ²¨´¥°´ÒÌ
ËÊ´±Í¨°, Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö ¸¢µ¤ÖÉ¸Ö ± K + 2 ´¥§ ¢¨¸¨³Ò³ µ¤´µ³¥·´Ò³
Ê· ¢´¥´¨Ö³ ‹¨Ê¢¨²²Ö: Ψ̈ + 2g exp (Ψ) = 0. ‚Ò¶µ²´¥´¨¥ ÔÉ¨Ì Ê¸²µ¢¨° ²¥£±µ
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¶·µ¢¥·Ö¥É¸Ö. � ¶·¨³¥·, ¤²Ö ¶µÉ¥´Í¨ ²µ¢ (2) ÔÉ¨ Ê¸²µ¢¨Ö ¢¸¥£¤  ¢Ò¶µ²´¥´Ò.
‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ³µ¦´µ ´ °É¨ ¢¸¥ ¶µÉ¥´Í¨ ²Ò, ¤µ¶Ê¸± ÕÐ¨¥ É ±ÊÕ ·¥¤Ê±-
Í¨Õ. “¶µ³¨´ ¢Ï¨¥¸Ö ¢ÒÏ¥ ±µ³¶ ±É¨Ë¨± Í¨¨ ¨ · §³¥·´Ò¥ ·¥¤Ê±Í¨¨ ¸Ê¶¥·-
£· ¢¨É Í¨¨ É ±¦¥ ¶·¨¢µ¤ÖÉ ± ¨´É¥£·¨·Ê¥³Ò³ ¶µÉ¥´Í¨ ² ³ É¨¶  (5).

ˆ´É¥£·¨·Ê¥³Ò¥ ¨ ´¥¨´É¥£·¨·Ê¥³Ò¥ É¥µ·¨¨, ¢ ±µÉµ·ÒÌ V = V (φ) ¨ Z =
Z(φ), ´¥ ¨³¥ÕÉ £µ·¨§µ´Éµ¢, ¥¸²¨ ÌµÉÖ ¡Ò µ¤´µ ¸± ²Ö·´µ¥ ¶µ²¥ ´¥ ¶µ¸Éµ-
Ö´´µ. �Éµ ²µ± ²Ó´µ¥ µ¡µ¡Ð¥´¨¥ É¥µ·¥³Ò µ¡ ®µÉ¸ÊÉ¸É¢¨¨ ¢µ²µ¸¯ Ê Îe·´ÒÌ
¤Ò· ¡Ò²µ ¤µ± § ´µ ¢ · ¡µÉ¥ [5]. �¥¤ ¢´µ Ê¤ ²µ¸Ó ¶µ± § ÉÓ, ÎÉµ ¶·¨ Ê¸²µ¢¨¨
∂ψV �= 0 ÌµÉÖ ¡Ò µ¤¨´ £µ·¨§µ´É (¶·¨ ´¥¶µ¸ÉµÖ´´ÒÌ ¶µ²ÖÌ ψ) µ¡Ö§ É¥²Ó´µ
¸ÊÐ¥¸É¢Ê¥É [7]. ‚ ÔÉµ° ¦¥ · ¡µÉ¥ ¶µ¸É·µ¥´µ ·¥Ï¥´¨¥ ¢¡²¨§¨ £µ·¨§µ´É  ¢
¢¨¤¥ ·Ö¤µ¢ ¶µ ¸É¥¶¥´Ö³ h. ‚ ¨´É¥£·¨·Ê¥³ÒÌ ³µ¤¥²ÖÌ (5) ¨ (6) ¢¸¥£¤  ¸ÊÐ¥-
¸É¢Ê¥É ·¥Ï¥´¨¥ ¸ ¤¢Ê³Ö £µ·¨§µ´É ³¨, ±µÉµ·Ò¥ ³µ£ÊÉ ¸²¨ÉÓ¸Ö ¢ µ¤¨´ (Ô±¸É·¥-
³ ²Ó´ Ö Îe·´ Ö ¤Ò· ). �¡Ð¥¥ ·¥Ï¥´¨¥ µ¶·¥¤¥²¥´µ £²µ¡ ²Ó´µ ¨ ¥£µ ³µ¦´µ
³ ±¸¨³ ²Ó´µ · ¸Ï¨·¨ÉÓ (¤µ ¸¨´£Ê²Ö·´µ¸É¥°). �´µ µ¶·¥¤¥²¥´µ 2K + 2 ¸ÊÐ¥-
¸É¢¥´´Ò³¨ ¨´É¥£· ² ³¨ ¤¢¨¦¥´¨Ö. �¥Ï¥´¨¥ ¸ £µ·¨§µ´Éµ³ § ¢¨¸¨É µÉ K + 2
¸ÊÐ¥¸É¢¥´´ÒÌ ¨´É¥£· ²µ¢. ‚¸¥ ·¥Ï¥´¨Ö ¢¥¸Ó³  ¶·µ¸Éµ ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§ ¨§-
¢¥¸É´Ò¥ Ô²¥³¥´É ·´Ò¥ ËÊ´±Í¨¨, ¨ ¨Ì ¸¢µ°¸É¢  ²¥£±µ ¨¸¸²¥¤ÊÕÉ¸Ö ¶·¨ ²Õ-
¡µ³ K .

’¥µ·¨¨ ¶µ²Ö (1), ¢ ±µÉµ·ÒÌ ¶µÉ¥´Í¨ ²Ò ¶·¨´ ¤²¥¦ É ± ¨´É¥£·¨·Ê¥³µ³Ê
±² ¸¸Ê (6), ¸¢µ¤ÖÉ¸Ö ± ´¥§ ¢¨¸¨³Ò³ ¤¢Ê³¥·´Ò³ Ê· ¢´¥´¨Ö³ ‹¨Ê¢¨²²Ö Ψuv +
2g exp Ψ = 0. �¥·¢Ò° ¶·¨³¥· É ±µ° É¥µ·¨¨, ¸¢µ¤ÖÐ¥°¸Ö ± ¤¢Ê³ Ê· ¢´¥´¨Ö³
‹¨Ê¢¨²²Ö, ¡Ò² ¶µ¸É·µ¥´ ¢ · ¡µÉ¥ [5]. •µÉÖ Ê· ¢´¥´¨Ö ‹¨Ê¢¨²²Ö Ëµ·³ ²Ó´µ
´¥§ ¢¨¸¨³Ò, ¨Ì ·¥Ï¥´¨Ö ¤µ²¦´Ò Ê¤µ¢²¥É¢µ·ÖÉÓ ¤¢Ê³ Ê· ¢´¥´¨Ö³ ¸¢Ö§¨

φii − φiFi =
K∑

k=1

Z(k)ψ2
(k),i . (7)

“¤¨¢¨É¥²Ó´Ò³ µ¡· §µ³ ÔÉ¨ ¸¢Ö§¨ ³µ¦´µ ·¥Ï¨ÉÓ ¢ Ö¢´µ³  ´ ²¨É¨Î¥-
¸±µ³ ¢¨¤¥. ’¥³ ¸ ³Ò³ ³µ¦´µ  ´ ²¨É¨Î¥¸±¨ µ¶¨¸ ÉÓ Ô¢µ²ÕÍ¨Õ ¸Ë¥·¨Î¥¸±¨-
¸¨³³¥É·¨Î´ÒÌ · ¸¶·¥¤¥²¥´¨° ³ É¥·¨¨ ¨, ¢ Î ¸É´µ¸É¨, ±µ²² ¶¸ Î¥·´ÒÌ ¤Ò· ¨
p-¡· ´ ¢ ¤µ¸É ÉµÎ´µ µ¡Ð¥° £¥µ³¥É·¨¨.

‚µ ¢¸¥Ì Ê¶µ³Ö´ÊÉÒÌ ¤¢Ê³¥·´ÒÌ ¨´É¥£·¨·Ê¥³ÒÌ É¥µ·¨ÖÌ ¶µ²Ö ¢§ ¨³µ¤¥°-
¸É¢¨¥ ¸± ²Ö·´ÒÌ ¶µ²¥° ¸ £· ¢¨É Í¨¥° ³¨´¨³ ²Ó´µ (Z(k) = const). ‘ÊÐ¥-
¸É¢Ê¥É ±² ¸¸ ´¥³¨´¨³ ²Ó´ÒÌ ¨´É¥£·¨·Ê¥³ÒÌ É¥µ·¨°, ¢ ±µÉµ·ÒÌ V ≡ 0,  
ËÊ´±Í¨¨ Z(n)(φ) ¶µ¤µ¡· ´Ò É ±¨³ µ¡· §µ³, ÎÉµ Ê· ¢´¥´¨Ö ¤²Ö ψ(k) ³µ¦´µ
·¥Ï¨ÉÓ ¢ Ö¢´µ³  ´ ²¨É¨Î¥¸±µ³ ¢¨¤¥ [12]. •µÉÖ ´¥¶µ¸·¥¤¸É¢¥´´ Ö ¸¢Ö§Ó ÔÉ¨Ì
É¥µ·¨° ¶µ²Ö ¸ £· ¢¨É Í¨¥° ¨²¨ ¸Ê¶¥·¸É·Ê´ ³¨ ´¥¨§¢¥¸É´  ¨ ¢ ´¨Ì ´¥É £µ·¨-
§µ´Éµ¢, µ´¨ ³µ£ÊÉ ¡ÒÉÓ ¶µ²¥§´Ò³¨ ¤²Ö  ´ ²¨É¨Î¥¸±µ£µ µ¶¨¸ ´¨Ö ¤µ¸É ÉµÎ´µ
·¥ ²¨¸É¨Î¥¸±¨Ì ±µ¸³µ²µ£¨Î¥¸±¨Ì ³µ¤¥²¥°.

‚ § ±²ÕÎ¥´¨¥ ±· É±µ µ¡·¨¸Ê¥³ ¸µ¸ÉµÖ´¨¥ ¤¥² ¸ ¶·µ¡²¥³µ° ±¢ ´Éµ¢ -
´¨Ö ¤¨² Éµ´´µ° £· ¢¨É Í¨¨. …Ð¥ ¶ÖÉÓ ²¥É ´ § ¤ µ´µ ¶·¥¤¸É ¢²Ö²µ¸Ó ¢¥¸Ó³ 
¶·µÉ¨¢µ·¥Î¨¢Ò³. � ²¨Î¨¥  ´µ³ ²¨°, ± § ²µ¸Ó, ¶·¨¢µ¤¨²µ ± Éµ³Ê, ÎÉµ ¤ ¦¥
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¶·µ¸É¥°Ï¨¥ ±¢ ´Éµ¢Ò¥ É¥µ·¨¨ ·¥§±µ µÉ²¨Î ²¨¸Ó µÉ ±² ¸¸¨Î¥¸±¨Ì [9]. ’ ±,
¢ Î¨¸Éµ ¤¨² Éµ´´µ° £· ¢¨É Í¨¨ (¡¥§ ¸± ²Ö·´ÒÌ ¶µ²¥°) ¢ ±² ¸¸¨Î¥¸±µ³ ¸²Ê-
Î ¥ ¶µ¸²¥ Ë¨±¸ Í¨¨ ± ²¨¡·µ¢±¨ µ¸É ¥É¸Ö ²¨ÏÓ µ¤´  ¸É¥¶¥´Ó ¸¢µ¡µ¤Ò. �Éµ
¶µ§¢µ²¨²µ ¶µ¸²¥¤µ¢ É¥²Ó´µ ¶·µ±¢ ´Éµ¢ ÉÓ Î¥·´Ò¥ ¤Ò·Ò [10]. ‚ Éµ ¦¥ ¢·¥³Ö
±¢ ´Éµ¢ ´¨¥ ¢ ¤ÊÌ¥ ®¸É·Ê´´µ£µ ±¢ ´Éµ¢ ´¨Ö¯ ¶·¨¢µ¤¨É ± ¡	µ²ÓÏ¥³Ê Î¨¸²Ê
¸É¥¶¥´¥° ¸¢µ¡µ¤Ò [9]. �ÉµÉ ¶ · ¤µ±¸ ¡Ò² ¢¶¥·¢Ò¥ · §·¥Ï¥´ ¢ · ¡µÉ¥ [11]
¨ ¶µ§¤´¥¥ ¶µ¤É¢¥·¦¤¥´ ¢ ¤·Ê£¨Ì · ¡µÉ Ì. �± § ²µ¸Ó, ÎÉµ ¢ Î¨¸Éµ ¤¨² Éµ´-
´µ° É¥µ·¨¨ ¶µ²Ö ¸ÊÐ¥¸É¢Ê¥É ±¢ ´Éµ¢ ´¨¥ ¡¥§  ´µ³ ²¨°, ¶·¨ ±µÉµ·µ³ Î¨¸²µ
Ë¨§¨Î¥¸±¨Ì ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò É ±µ¥ ¦¥, ± ± ¨ ¢ ±² ¸¸¨Î¥¸±µ° É¥µ·¨¨. Š ¸µ-
¦ ²¥´¨Õ, ¶·¨ ´ ²¨Î¨¨ ¸± ²Ö·´ÒÌ ¶µ²¥° ³ É¥·¨¨ ¶·µ¡²¥³   ´µ³ ²¨° ¶µ± 
´¥ ·¥Ï¥´ . ‚µ§³µ¦´µ, ÎÉµ ±²ÕÎ ± ¶µ¸²¥¤µ¢ É¥²Ó´µ³Ê ±¢ ´Éµ¢ ´¨Õ ¨´É¥-
£·¨·Ê¥³ÒÌ ³µ¤¥²¥° Å ±¢ ´Éµ¢ Ö É¥µ·¨Ö Ê· ¢´¥´¨Ö ‹¨Ê¢¨²²Ö. �´  ¶µ±  ´¥
§ ¢¥·Ï¥´ , ´µ ´¥¤ ¢´µ ¢ ´¥° ´ ³¥É¨²µ¸Ó ¸ÊÐ¥¸É¢¥´´µ¥ ¶·µ¤¢¨¦¥´¨¥. � ¡µÉ 
¢ ÔÉµ³ ´ ¶· ¢²¥´¨¨ µÎ¥´Ó ¢ ¦´ , É ± ± ± É¥¶¥·Ó ¥¸ÉÓ µ¸´µ¢ ´¨Ö ¤Ê³ ÉÓ, ÎÉµ
É¥µ·¨Ö ‹¨Ê¢¨²²Ö ¢ £· ¢¨É Í¨¨ ³µ¦¥É ¸Ò£· ÉÓ É ±ÊÕ ¦¥ ·µ²Ó, ± ± É¥µ·¨Ö
µ¸Í¨²²ÖÉµ·  ¢ µ¡ÒÎ´µ° É¥µ·¨¨ ¶µ²Ö.
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�. ‚¨´É¥·´¨ÉÍ

Œµ´·¥ ²Ó¸±¨° Ê´¨¢¥·¸¨É¥É, Š ´ ¤ 

�. �. ˆ§³¥¸ÉÓ¥¢, ƒ. ‘. �µ£µ¸Ö´, �. �. ‘¨¸ ±Ö´

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

‹ ¡µ· Éµ·¨Ö É¥µ·¥É¨Î¥¸±µ° Ë¨§¨±¨ ¨³. �. �. �µ£µ²Õ¡µ¢ 

� ³¨ ¢¢¥¤¥´  ±µ´Í¥¶Í¨Ö ® ´ ²¨É¨Î¥¸±¨Ì ±µ´É· ±Í¨° £·Ê¶¶ ‹¨¯ ¤²Ö ¸¢Ö§¨ ³¥¦¤Ê · §¤¥²¥-
´¨¥³ ¶¥·¥³¥´´ÒÌ ¢ ¶·µ¸É· ´¸É¢ Ì ¶µ¸ÉµÖ´´µ° ±·¨¢¨§´Ò ¨ ¢ ¥¢±²¨¤µ¢µ³ ¨ ¶¸¥¢¤µ¥¢±²¨¤µ¢µ³ ¶·µ-
¸É· ´¸É¢ Ì. „ ´´Ò° ³¥Éµ¤ Ö¢²Ö¥É¸Ö ¸¶¥Í¨ ²Ó´µ° ·¥ ²¨§ Í¨¥° ±µ´É· ±Í¨° É¨¶  ˆ´µ´ÕÄ‚¨£´¥· ,
¢ ±µÉµ·µ° · ¤¨Ê¸ ±·¨¢¨§´Ò · ¸¸³ É·¨¢ ¥³µ£µ ¶·µ¸É· ´¸É¢  ¶·¥¤¸É ¢²Ö¥É¸Ö ¢ ± Î¥¸É¢¥ ¶ · ³¥-
É·  ±µ´É· ±Í¨¨. „²Ö ¶·µ¢¥¤¥´¨Ö ±µ´É· ±Í¨° ¢ Ö¢´µ³ ¢¨¤¥ ¶ · ³¥É· ±µ´É· ±Í¨¨ ¢¸É· ¨¢ ¥É¸Ö
¢ ¡ §¨¸ ¸ ³µ°  ²£¥¡·Ò ‹¨, ¢ µ¶¥· Éµ· ‹ ¶² ¸ Ä�¥²ÓÉ· ³¨, ¢ ¶µ²´ÊÕ ¸¨¸É¥³Ê ±µ³³ÊÉ¨·ÊÕÐ¨Ì
µ¶¥· Éµ·µ¢, ¸¨¸É¥³Ê ±µµ·¤¨´ É ¨ ·¥Ï¥´¨Ö. �Éµ ¶µ§¢µ²Ö¥É ¶µ²ÊÎ¨ÉÓ  ¸¨³¶ÉµÉ¨Î¥¸±¨¥ ¸µµÉ´µÏ¥-
´¨Ö ³¥¦¤Ê ¸¶¥Í¨ ²Ó´Ò³¨ ËÊ´±Í¨Ö³¨, ¸¢Ö§ ´´Ò³¨ ¸ £·Ê¶¶ ³¨ O(n) ¨ O(n, 1), ¸ µ¤´µ° ¸Éµ·µ´Ò,
¨ ¥¢±²¨¤µ¢Ò³¨ ¨ ¶¸¥¢¤µ¥¢±²¨¤µ¢Ò³¨ £·Ê¶¶ ³¨ Å ¸ ¤·Ê£µ°. �µ¸É·µ¥´ É ±¦¥ £· Ë¨Î¥¸±¨° ³¥Éµ¤,
¨²²Õ¸É·¨·ÊÕÐ¨°  ´ ²¨É¨Î¥¸±¨¥ ±µ´É· ±Í¨¨.

We introduce the concept of ®analytic Lie group contractions¯ to relate the separation of variables
in spaces of constant nonzero curvature to separation in Euclidean or pseudo-Euclidean spaces. These
are speciˇc realizations of InéonéuÄWigner contractions in which the contraction parameter is the radius
of curvature of the considered space. The parameter is introduced explicitly into the basis of the
Lie algebra, the LaplaceÄBeltrami operator, the complete set of commuting operators, the coordinates
themselves and the solutions. This enables us to obtain asymptotic formulas connecting special
functions related to the groups O(n) and O(n, 1) to those related to Euclidean and pseudo-Euclidean
groups. A graphical method of interpreting analytical contractions is introduced.

‚¶¥·¢Ò¥ ±µ´É· ±Í¨¨  ²£¥¡· ‹¨ ¡Ò²¨ ¢¢¥¤¥´Ò ¢ Ë¨§¨±Ê ˆ´µ´Õ ¨ ‚¨£-
´¥·µ³ ¢ 1953 £. [1] ± ± ³ É¥³ É¨Î¥¸±µ¥ ¢Ò· ¦¥´¨¥ Ë¨²µ¸µË¸±µ° ¨¤¥¨,  
¨³¥´´µ ®¶·¨´Í¨¶  ¸µµÉ¢¥É¸É¢¨Ö¯, ¸µ£² ¸´µ ±µÉµ·µ³Ê ¥¸²¨ ´µ¢ Ö É¥µ·¨Ö
µ¡µ¡Ð ¥É ¸É ·ÊÕ, Éµ ¤µ²¦¥´ ¸ÊÐ¥¸É¢µ¢ ÉÓ Ìµ·µÏµ µ¶·¥¤¥²¥´´Ò° ¶·¥¤¥², ±µ-
Éµ·Ò° ¢µ¸¸É ´ ¢²¨¢ ¥É ·¥§Ê²ÓÉ ÉÒ ¸É ·µ° É¥µ·¨¨. �·¨³¥· ³¨ É ±¨Ì ¶·¥¤¥²Ó-
´ÒÌ ¶¥·¥Ìµ¤µ¢ ¨²¨ ±µ´É· ±Í¨° ³µ¦¥É ¸²Ê¦¨ÉÓ ¸¢Ö§Ó ³¥¦¤Ê ·¥²ÖÉ¨¢¨¸É¸±¨³¨
¨ ´¥·¥²ÖÉ¨¢¨¸É¸±¨³¨ É¥µ·¨Ö³¨: ±µ£¤  ¸±µ·µ¸ÉÓ ¸¢¥É  c → ∞, £·Ê¶¶  �Ê ´-
± ·¥ ¶·¥µ¡· §Ê¥É¸Ö ¢ £·Ê¶¶Ê ƒ ²¨²¥Ö,   É ±¦¥ ¸µµÉ¢¥É¸É¢¨¥ ³¥¦¤Ê ±¢ ´Éµ¢µ°
¨ ±² ¸¸¨Î¥¸±µ° ³¥Ì ´¨±µ° ¶·¨ � → 0.

�  ¸¥£µ¤´ÖÏ´¨° ¤¥´Ó ¢ ²¨É¥· ÉÊ·¥ ¨§¢¥¸É´Ò ¤¢  µ¸´µ¢´ÒÌ É¨¶  ±µ´-
É· ±Í¨°  ²£¥¡· ‹¨. �¥·¢Ò° Å ÔÉµ ¸É ´¤ ·É´Ò¥ ±µ´É· ±Í¨¨ ˆ´µ´ÕÄ‚¨£´¥· ,
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±µÉµ·Ò¥ ³µ¦´µ ¨´É¥·¶·¥É¨·µ¢ ÉÓ ± ± ¸¨´£Ê²Ö·´Ò¥ ¶·¥µ¡· §µ¢ ´¨Ö ¡ §¨¸   ²-
£¥¡·Ò ‹¨. Šµ ¢Éµ·µ³Ê É¨¶Ê µÉ´µ¸ÖÉ¸Ö ¢¢¥¤¥´´Ò¥ ¶µ§¤´¥¥ É ± ´ §Ò¢ ¥³Ò¥ £· -
¤Ê¨·µ¢ ´´Ò¥ ±µ´É· ±Í¨¨. �Éµ ¡µ²¥¥ µ¡Ð¨° É¨¶ ±µ´É· ±Í¨° (¢±²ÕÎ ÕÐ¨° ¢
¸¥¡Ö ± ± ¤¨¸±·¥É´Ò¥, É ± ¨ ´¥¶·¥·Ò¢´Ò¥ ±µ´É· ±Í¨¨), ¸ÊÉÓ ±µÉµ·µ£µ ¸µ¸Éµ¨É
¢µ ¢¢¥¤¥´¨¨ ´¥±¨Ì ¶ · ³¥É·µ¢, ³µ¤¨Ë¨Í¨·ÊÕÐ¨Ì ¸É·Ê±ÉÊ·´Ò¥ ±µ´¸É ´ÉÒ  ²-
£¥¡·Ò ‹¨ µÉ´µ¸¨É¥²Ó´µ µ¶·¥¤¥²¥´´µ° £· ¤Ê¨·µ¢±¨, ¨ § É¥³ Ê¸É·¥³²¥´¨¨ ÔÉ¨Ì
¶ · ³¥É·µ¢ ± ´Ê²Õ.

•µ·µÏµ ¨§¢¥¸É´µ, ÎÉµ ¸ÊÐ¥¸É¢Ê¥É É¥¸´ Ö ¸¢Ö§Ó ³¥¦¤Ê É¥µ·¨¥° ¸¶¥Í¨ ²Ó-
´ÒÌ ËÊ´±Í¨° ¨ É¥µ·¨¥° £·Ê¶¶ ‹¨, ¶·¥±· ¸´µ ¨§²µ¦¥´´ Ö ¢ ³µ´µ£· Ë¨ÖÌ
‚¨²¥´±¨´  (1965) [2], ’ ²Ó³ ´  (1968) [3] ¨ Œ¨²²¥·  (1968) [4]. ” ±É¨Î¥¸±¨
¢¸¥ ¸¢µ°¸É¢  Ï¨·µ±µ£µ ±² ¸¸  ¸¶¥Í¨ ²Ó´ÒÌ ËÊ´±Í¨° ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¨§ É¥µ-
·¨¨ ¶·¥¤¸É ¢²¥´¨° £·Ê¶¶ ‹¨, ¨¸¶µ²Ó§ÊÖ ÉµÉ Ë ±É, ÎÉµ ¸¶¥Í¨ ²Ó´Ò¥ ËÊ´±Í¨¨
¶µÖ¢²ÖÕÉ¸Ö ± ± ¡ §¨¸´Ò¥ ËÊ´±Í¨¨ ´¥¶·¨¢µ¤¨³ÒÌ ¶·¥¤¸É ¢²¥´¨°, ¨²¨ ± ±
³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¤²Ö ³ É·¨ÍÒ ¶·¥µ¡· §µ¢ ´¨°, ¨²¨ ± ± ±µÔËË¨Í¨¥´ÉÒ
Š²¥¡Ï Äƒµ·¤ ´ , ¨²¨ ¢ ± ±µ³-´¨¡Ê¤Ó ¤·Ê£µ³ ¢¨¤¥.

�¤´¨³ ¨§ µÎ¥´Ó ¶µ²¥§´ÒÌ ¶·¨³¥´¥´¨° É¥µ·¨¨ £·Ê¶¶ ‹¨ ¢ ÔÉµ³ ±µ´É¥±¸É¥
Ö¢²Ö¥É¸Ö  ²£¥¡· ¨Î¥¸±¨° ¶µ¤Ìµ¤ ± · §¤¥²¥´¨Õ ¶¥·¥³¥´´ÒÌ ¤²Ö ¤¨ËË¥·¥´-
Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨° ¢ Î ¸É´ÒÌ ¶·µ¨§¢µ¤´ÒÌ. ‚ ÔÉµ³ ¶µ¤Ìµ¤¥ ¸¨¸É¥³Ò ±µ-
µ·¤¨´ É, ±µÉµ·Ò¥ ¤µ¶Ê¸± ÕÉ · §¤¥²¥´¨¥ ¶¥·¥³¥´´ÒÌ ¢ Ê· ¢´¥´¨ÖÌ ‹ ¶² ¸ ,
ƒ ³¨²ÓÉµ´ ÄŸ±µ¡¨, ˜·¥¤¨´£¥·  ¨ ¤·Ê£¨Ì ¨´¢ ·¨ ´É´ÒÌ Ê· ¢´¥´¨ÖÌ, Ì · ±-
É¥·¨§ÊÕÉ¸Ö ¶µ²´Ò³ ´ ¡µ·µ³ ±µ³³ÊÉ¨·ÊÕÐ¨Ì µ¶¥· Éµ·µ¢ ¢Éµ·µ£µ ¶µ·Ö¤± .
�´¨ ²¥¦ É ¢ µ¡¥·ÉÒ¢ ÕÐ¥°  ²£¥¡·¥  ²£¥¡·Ò ‹¨ £·Ê¶¶Ò ¨§µ³¥É·¨¨ ¸µµÉ¢¥É-
¸É¢ÊÕÐ¥£µ µ¤´µ·µ¤´µ£µ ¶·µ¸É· ´¸É¢ .

‚µ¶·µ¸, ±µÉµ·Ò° ¤µ ¸¨Ì ¶µ· ´¥ ¡Ò² µÉ· ¦¥´ ¤µ²¦´Ò³ µ¡· §µ³ ¢ ¸µ-
¢·¥³¥´´µ° ²¨É¥· ÉÊ·¥, ÔÉµ ¸¢Ö§Ó ³¥¦¤Ê · §¤¥²¥´¨¥³ ¶¥·¥³¥´´ÒÌ ¢ · §²¨Î-
´ÒÌ ¶·µ¸É· ´¸É¢ Ì ¨²¨ ¢ µ¤´µ·µ¤´ÒÌ ¶·µ¸É· ´¸É¢ Ì · §²¨Î´ÒÌ £·Ê¶¶ ‹¨.
‚ Î ¸É´µ¸É¨, ¶·¥¤¸É ¢²Ö¥É ¨´É¥·¥¸ ¨¸¸²¥¤µ¢ ´¨¥ ¶µ¢¥¤¥´¨Ö · §¤¥²ÖÕÐ¨Ì ±µ-
µ·¤¨´ É, ¶µ²´µ£µ ´ ¡µ·  ±µ³³ÊÉ¨·ÊÕÐ¨Ì µ¶¥· Éµ·µ¢, ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¸µ¡-
¸É¢¥´´ÒÌ ËÊ´±Í¨°,   É ±¦¥ ³¥¦¡ §¨¸´ÒÌ · §²µ¦¥´¨° ¶·¨ ±µ´É· ±Í¨ÖÌ  ²£¥-
¡·Ò ‹¨.

‚ · ¡µÉ Ì [5Ä12] ³Ò ¶·¥¤¸É ¢¨²¨ ´µ¢Ò°  ¸¶¥±É É¥µ·¨¨ ±µ´É· ±Í¨° £·Ê¶¶
¨  ²£¥¡· ‹¨:   ¨³¥´´µ ¸¢Ö§Ó ³¥¦¤Ê µ·Éµ£µ´ ²Ó´Ò³¨ ¸¨¸É¥³ ³¨ ±µµ·¤¨´ É (¤µ-
¶Ê¸± ÕÐ¨Ì ¶µ²´µ¥ · §¤¥²¥´¨¥ ¶¥·¥³¥´´ÒÌ ¢ Ê· ¢´¥´¨¨ ƒ¥²Ó³£µ²ÓÍ ), µ¶·¥-
¤¥²¥´´ÒÌ ´  ¶·µ¸É· ´¸É¢ Ì ¶µ¸ÉµÖ´´µ° ±·¨¢¨§´Ò ¨ ¢ ¶²µ¸±µ³ ¶·µ¸É· ´¸É¢¥
¨ ¸¢Ö§ ´´ÒÌ ¶·¨ ¶µ³µÐ¨ ±µ´É· ±Í¨° ¨Ì £·Ê¶¶ ¨§µ³¥É·¨¨.

‚ ¸É ÉÓÖÌ [5Ä7] ´  ¶·¨³¥·¥ ¤¢ÊÌ µ¤´µ·µ¤´ÒÌ ¶·µ¸É· ´¸É¢: ¤¢Ê³¥·´µ°
¸Ë¥·Ò S2 ∼ O(3)/O(2) ¨ ¤¢Ê³¥·´µ£µ £¨¶¥·¡µ²µ¨¤  L2 ∼ O(2, 1)/O(2) ¢ · ³-
± Ì ³¥Éµ¤  ˆ´µ´ÕÄ‚¨£´¥·  ¢¢µ¤¨É¸Ö ±µ´Í¥¶Í¨Ö  ´ ²¨É¨Î¥¸±¨Ì ±µ´É· ±Í¨°,
±µ£¤  ¶ · ³¥É· ±µ´É· ±Í¨¨ Å · ¤¨Ê¸ ¸Ë¥·Ò R Å ¢¸É· ¨¢ ¥É¸Ö ¢ ¨´Ë¨´¨-
É¥§¨³ ²Ó´Ò¥ µ¶¥· Éµ·Ò ¨ ¶µ²´Ò° ´ ¡µ· ±µ³³ÊÉ¨·ÊÕÐ¨Ì µ¶¥· Éµ·µ¢,   ´¥
Éµ²Ó±µ ¢ ¸É·Ê±ÉÊ·´Ò¥ ±µ´¸É ´ÉÒ. ˆ¸¶µ²Ó§ÊÖ ¤ ´´Ò° ³¥Éµ¤, Ê¤ ¥É¸Ö ¶·µ¸²¥-
¤¨ÉÓ ±µ´É· ±Í¨¨ ¶·¨ R → ∞ ´  ¢¸¥Ì Ê·µ¢´ÖÌ:  ²£¥¡·Ò ‹¨, ¶·¥¤¸É ¢²¥´-
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´µ° ¢¥±Éµ·´Ò³¨ ¶µ²Ö³¨, µ¶¥· Éµ·  ‹ ¶² ¸ Ä�¥²ÓÉ· ³¨ ¢ É·¥Ì µ¤´µ·µ¤´ÒÌ
¶·µ¸É· ´¸É¢ Ì, µ¶¥· Éµ·µ¢ ¢Éµ·µ£µ ¶µ·Ö¤±  ¢ µ¡¥·ÉÒ¢ ÕÐ¨Ì  ²£¥¡· Ì, Ì -
· ±É¥·¨§ÊÕÐ¨Ì ¸¨¸É¥³Ò ±µµ·¤¨´ É, ¢ ¸ ³¨Ì ¸¨¸É¥³ Ì ±µµ·¤¨´ É, ¤µ¶Ê¸± -
ÕÐ¨Ì · §¤¥²¥´¨¥ ¶¥·¥³¥´´ÒÌ, ¢ µ¡ÒÎ´ÒÌ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨ÖÌ,
  É ±¦¥ · §¤¥²¥´´ÒÌ ¸µ¡¸É¢¥´´ÒÌ §´ Î¥´¨° ¨´¢ ·¨ ´É´ÒÌ µ¶¥· Éµ·µ¢. ‚
¸É ÉÓ¥ [5], ¢ Î ¸É´µ¸É¨, ¶µ± § ´µ, ÎÉµ ¢ ¶·¥¤¥²¥ R → ∞ ¸Ë¥·¨Î¥¸± Ö ¸¨¸É¥³ 
±µµ·¤¨´ É ´  ¸Ë¥·¥ S2 ³µ¦¥É ¶¥·¥°É¨ ¢ ¶µ²Ö·´ÊÕ ¨²¨ ¤¥± ·Éµ¢Ê ¸¨¸É¥³Ò
±µµ·¤¨´ É ´  ¤¢Ê³¥·´µ° ¥¢±²¨¤µ¢µ° ¶²µ¸±µ¸É¨ E2 ∼ E(2)/O(2),   ¨§ Ô²²¨-
¶É¨Î¥¸±µ° ¸¨¸É¥³Ò ±µµ·¤¨´ É ´  ¸Ë¥·¥ ¸ ¶µ³µÐÓÕ ±µ´É· ±Í¨° ³µ£ÊÉ ¡ÒÉÓ
¶µ²ÊÎ¥´Ò ¢¸¥ Î¥ÉÒ·¥ ¸¨¸É¥³Ò ±µµ·¤¨´ É ´  ¶²µ¸±µ¸É¨,   ¨³¥´´µ: ¶µ²Ö·´ Ö,
¤¥± ·Éµ¢ , ¶ · ¡µ²¨Î¥¸± Ö ¨ Ô²²¨¶É¨Î¥¸± Ö. Šµ´É· ±Í¨¨ ¸¨¸É¥³ ±µµ·¤¨´ É
¤²Ö ¤¢ÊÌ¶µ²µ¸É´µ£µ £¨¶¥·¡µ²µ¨¤  L2, ¶·¥¤¸É ¢²ÖÕÐ¥£µ ¡µ²¥¥ ®¡µ£ ÉÒ°¯ ¸²Ê-
Î °, ¶·µ¸²¥¦¥´ ¢ · ¡µÉ Ì [6] ¨ [7]. �  µ¸´µ¢¥ ±µ´É· ±Í¨° µÉ  ²£¥¡·Ò o(2, 1)
±  ²£¥¡· ³ e(2) ¨ e(1, 1) ´ °¤¥´  ¸¢Ö§Ó ³¥¦¤Ê ¢¸¥³¨ ¤¥¢ÖÉÓÕ ¸¨¸É¥³ ³¨ ±µ-
µ·¤¨´ É ´  L2 ¨ Î¥ÉÒ·Ó³Ö ¸¨¸É¥³ ³¨ ±µµ·¤¨´ É ´  ¤¢Ê³¥·´µ° ¥¢±²¨¤µ¢µ°
¶²µ¸±µ¸É¨ E2 ¨ ¤¥¢ÖÉÓÕ ¸¨¸É¥³ ³¨ ±µµ·¤¨´ É ´  ¶¸¥¢¤µ¥¢±²¨¤µ¢µ° ¶²µ¸±µ-
¸É¨ (¤¢Ê³¥·´µ¥ ¶·µ¸É· ´¸É¢µ Œ¨´±µ¢¸±µ£µ) E1,1 ∼ E(1, 1)/O(2). Š ± ¨ ¢
¸²ÊÎ ¥ Ô²²¨¶É¨Î¥¸±µ° ¸¨¸É¥³Ò ±µµ·¤¨´ É ´  ¸Ë¥·¥, Ô²²¨¶É¨Î¥¸± Ö ¸¨¸É¥³ 
±µµ·¤¨´ É ´  £¨¶¥·¡µ²µ¨¤¥ ¶¥·¥Ìµ¤¨É ¢µ ¢¸¥ Î¥ÉÒ·¥ ¸¨¸É¥³Ò ±µµ·¤¨´ É ´ 
¶²µ¸±µ¸É¨ E2.

Šµ´É· ±Í¨¨ ´  É·¥Ì³¥·´µ° ¸Ë¥·¥ S3 ¨§ÊÎ¥´Ò ¢ ¸É ÉÓ¥ [8],   ¢ · ¡µÉ¥ [9]
¶·¥¤¸É ¢²¥´Ò ¢¸¥¢µ§³µ¦´Ò¥ ±µ´É· ±Í¨¨ ¤²Ö ¶µ¤£·Ê¶¶µ¢ÒÌ É¨¶µ¢ ±µµ·¤¨´ É
´  Sn ¢ ¶µ¤£·Ê¶¶µ¢Ò¥ É¨¶Ò ±µµ·¤¨´ É ¢ En ¶·¨ ²Õ¡µ³ n. � §¢¨É £· Ë¨Î¥¸±¨°
Ëµ·³ ²¨§³, ¨²²Õ¸É·¨·ÊÕÐ¨° ÔÉ¨ ¶¥·¥Ìµ¤Ò. Šµ´É· ±Í¨¨ ¤²Ö ´¥¶µ¤£·Ê¶¶µ-
¢ÒÌ ¸¨¸É¥³ ±µµ·¤¨´ É ¨¸¸²¥¤µ¢ ´Ò ¢ · ¡µÉ¥ [10].

‚ · ¡µÉ Ì [11,12] · ¸¸³µÉ·¥´Ò ±µ´É· ±Í¨¨ ¢ ³¥¦¡ §¨¸´ÒÌ · §²µ¦¥´¨ÖÌ
¨ ±µÔËË¨Í¨¥´É Ì ¶¥·¥±·ÒÉ¨Ö. ŠµÔËË¨Í¨¥´ÉÒ ¶¥·¥±·ÒÉ¨Ö ¤²Ö · §²¨Î´ÒÌ ¡ -
§¨¸µ¢, ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¨§µ³µ·Ë´µ° ¶µ¤£·Ê¶¶µ¢µ° Í¥¶µÎ±¥, ¢±²ÕÎ ÕÉ ¢ ¸¥¡Ö
³ É·¨ÍÊ ¢· Ð¥´¨°,   ¢ ¸²ÊÎ ¥ ´¥¨§µ³µ·Ë´µ° ¶µ¤£·Ê¶¶µ¢µ° Í¥¶µÎ±¨ ¢Ò· ¦ -
ÕÉ¸Ö Î¥·¥§ ±µÔËË¨Í¨¥´ÉÒ Š²¥¡Ï Äƒµ·¤ ´  ¨ � ± . „²Ö ¢¸¥Ì ´¨Ì ´ °¤¥´Ò
 ¸¨³¶ÉµÉ¨Î¥¸±¨¥ Ëµ·³Ê²Ò. ‚ ´¥¤ ¢´¥° · ¡µÉ¥ [13] ³¥Éµ¤  ´ ²¨É¨Î¥¸±¨Ì
±µ´É· ±Í¨° ¡Ò² ¶·µ¨²²Õ¸É·¨·µ¢ ´ É ±¦¥ ¶·¨ ¤µ± § É¥²Ó¸É¢¥ ¨§¢¥¸É´µ° É¥µ-
·¥³Ò ¸²µ¦¥´¨Ö ¤²Ö ¤¢ÊÌ ËÊ´±Í¨° �¥¸¸¥²Ö.

ˆ¸¸²¥¤µ¢ ´¨Õ £· ¤Ê¨·µ¢ ´´ÒÌ ±µ´É· ±Í¨°  ²£¥¡·Ò e(2, 1) ¶µ¸¢ÖÐ¥´  · -
¡µÉ  [14]. ‚ ´¥° ¶µ± § ´µ, ÎÉµ ¸µµÉ¢¥É¸É¢ÊÕÐ Ö  ²£¥¡·  ¶·¨ ±µ´É· ±Í¨ÖÌ
¤¥Ëµ·³¨·Ê¥É¸Ö ¢ Ï¨·µ±µ¥ ¸¥³¥°¸É¢µ Ï¥¸É¨³¥·´ÒÌ  ²£¥¡·, ¸·¥¤¨ ±µÉµ·ÒÌ
· §·¥Ï¨³Ò¥, ´¨²Ó¶µÉ¥´É´Ò¥ ¨ ´¥· §·¥Ï¨³Ò¥  ²£¥¡·Ò.

‘·¥¤¨ ¢µ§³µ¦´ÒÌ ¶·¨²µ¦¥´¨° ±µ´É· ±Í¨°  ²£¥¡· ‹¨ ³Ò ³µ¦¥³ Ê¶µ-
³Ö´ÊÉÓ ¸²¥¤ÊÕÐ¨¥. ‚ É¥µ·¨¨ ¸¶¥Í¨ ²Ó´ÒÌ ËÊ´±Í¨° ±µ´É· ±Í¨¨ ¶µ§¢µ²ÖÕÉ
´ Ìµ¤¨ÉÓ ± ± ´µ¢Ò¥  ¸¨³¶ÉµÉ¨Î¥¸±¨¥ Ëµ·³Ê²Ò, É ± ¨ ´µ¢Ò¥ · §²µ¦¥´¨Ö. ‚
É¥µ·¨¨ ±µ´¥Î´µ³¥·´ÒÌ ¨´É¥£·¨·Ê¥³ÒÌ ¨²¨ ¸Ê¶¥·¨´É¥£·¨·Ê¥³ÒÌ ¸¨¸É¥³ ±µ´-
É· ±Í¨¨ µ¡¥¸¶¥Î¨¢ ÕÉ ¸¢Ö§Ó ³¥¦¤Ê É ±¨³¨ ¸¨¸É¥³ ³¨ ¢ ±·¨¢µ³ ¨ ¶²µ¸±µ³
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¶·µ¸É· ´¸É¢¥. Šµ´É· ±Í¨¨ ¨£· ÕÉ É ±¦¥ ¸ÊÐ¥¸É¢¥´´ÊÕ ·µ²Ó ¢ É¥µ·¨¨ ±¢ ´-
Éµ¢ÒÌ £·Ê¶¶, ¨ ¢µ§³µ¦´µ, ÎÉµ ³¥Éµ¤Ò, ¨¸¶µ²Ó§Ê¥³Ò¥ ¶·¨ µ¶¨¸ ´¨¨ £·Ê¶¶ ‹¨,
³µ£ÊÉ ¡ÒÉÓ µ¡µ¡Ð¥´Ò É ±¦¥ ´  ¸²ÊÎ ° ±¢ ´Éµ¢ÒÌ £·Ê¶¶.

�É³¥É¨³, ´ ±µ´¥Í, ÎÉµ ³¥Éµ¤Ò, ¶·¨¢¥¤¥´´Ò¥ ¢ · ¡µÉ Ì [5Ä12], ³µ£ÊÉ
¡ÒÉÓ É ±¦¥ ²¥£±µ  ¤ ¶É¨·µ¢ ´Ò ± ¤·Ê£¨³ ¶·µ¡²¥³ ³ ±µ´É· ±Í¨°. Š ¶·¨³¥·Ê,
³µ¦´µ · ¸¸³µÉ·¥ÉÓ ±µ´É· ±Í¨¨ µÉ ¶µ¤£·Ê¶¶µ¢ÒÌ ¨ ´¥¶µ¤£·Ê¶¶µ¢ÒÌ ¸¨¸É¥³
±µµ·¤¨´ É ¤²Ö £·Ê¶¶Ò O(n, q) ± ¸¨¸É¥³ ³ ±µµ·¤¨´ É ´  ¥¢±²¨¤µ¢µ³ ¨ ¶¸¥¢-
¤µ¥¢±²¨¤µ¢µ³ ¶·µ¸É· ´¸É¢ Ì.
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�¡Ñ¥¤¨´¥´´Ò° ¨´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨°, „Ê¡´ 

‹ ¡µ· Éµ·¨Ö É¥µ·¥É¨Î¥¸±µ° Ë¨§¨±¨ ¨³. �. �. �µ£µ²Õ¡µ¢ 

� ¸¸³µÉ·¥´Ò Ô²²¨¶É¨Î¥¸±¨¥ ¡¥É -¨´É¥£· ²Ò, µ¡µ¡Ð ÕÐ¨¥ µ¤´µ³¥·´Ò¥ ¨´É¥£· ²Ò �¸±¨Ä
‚¨²Ó¸µ´  ¨ � · ²² Ì Ä� Ì³ ´  ¨ ³´µ£µ³¥·´Ò¥ ¨´É¥£· ²Ò ‘¥²Ó¡¥·£  ¨ ƒÊ¸É Ë¸µ´ . Š· É±µ µ¡-
¸Ê¦¤ ÕÉ¸Ö ¸¶¥Í¨ ²Ó´Ò¥ ËÊ´±Í¨¨, ¶µ¸É·µ¥´´Ò¥ ¨§ µ¡ÒÎ´ÒÌ, ¡ §¨¸´ÒÌ ¨ ³µ¤Ê²Ö·´ÒÌ £¨¶¥·£¥µ-
³¥É·¨Î¥¸±¨Ì ·Ö¤µ¢ ¨ ¸¢Ö§ ´´Ò¥ ¸ Ê± § ´´Ò³¨ ¨´É¥£· ² ³¨.

Elliptic beta integrals, generalizing one variable AskeyÄWilson and NassrallahÄRahman integrals
and multivariable Selberg and Gustafson integrals, are considered. Special functions, built from
ordinary, basic and modular hypergeometric series and connected with these integrals, are brie�y
reviewed.

‡¤¥¸Ó ³Ò ¤ ¤¨³ ¸¦ Éµ¥ ¨§²µ¦¥´¨¥ ·¥§Ê²ÓÉ Éµ¢ ´¥¤ ¢´¨Ì · ¡µÉ [4, 12Ä15]
µ ´µ¢ÒÌ ¸¶¥Í¨ ²Ó´ÒÌ ËÊ´±Í¨ÖÌ £¨¶¥·£¥µ³¥É·¨Î¥¸±µ£µ É¨¶ , ¶µ¸É·µ¥´´ÒÌ ¨§
Ô²²¨¶É¨Î¥¸±¨Ì ËÊ´±Í¨° ¨ ³µ¤Ê²Ö·´ÒÌ Ëµ·³.

�¥É -ËÊ´±Í¨Ö
∫ 1

0
xα−1(1−x)β−1dx = Γ(α)Γ(β)/Γ(α+β), Re α, Re β > 0,

¨ ¥¥ · §²¨Î´Ò¥ q- ´ ²µ£¨ ¨£· ÕÉ ¢ ¦´ÊÕ ·µ²Ó ¢ É¥µ·¨¨ ¸¶¥Í¨ ²Ó´ÒÌ ËÊ´±Í¨°
[1]. ‚ [3] ¶µ¸É·µ¥´Ò ¸ ³Ò¥ µ¡Ð¨¥ ®±² ¸¸¨Î¥¸±¨¥¯ (¸ ³µ¤Ê ²Ó´Ò¥) µ·Éµ£µ-
´ ²Ó´Ò¥ ¶µ²¨´µ³Ò. �É¨ ¶µ²¨´µ³Ò ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§ q-£¨¶¥·£¥µ³¥É·¨Î¥¸±¨¥
·Ö¤Ò 4Φ3. ‘µµÉ¢¥É¸É¢ÊÕÐ¥¥ Ê¸²µ¢¨¥ ´µ·³¨·µ¢±¨ ´¥¶·¥·Ò¢´µ° ¢¥¸µ¢µ° ËÊ´±-
Í¨¨ µ¶·¥¤¥²Ö¥É¸Ö q-¡¥É -¨´É¥£· ²µ³ �¸±¨Ä‚¨²Ó¸µ´ . ‚ [9,16] ¶µ¸É·µ¥´µ ¸¥-
³¥°¸É¢µ ¸ ³µ¤Ê ²Ó´ÒÌ ¡¨µ·Éµ£µ´ ²Ó´ÒÌ · Í¨µ´ ²Ó´ÒÌ ËÊ´±Í¨° (��”), ¢Ò-
· ¦ ÕÐ¨Ì¸Ö Î¥·¥§ ¸µ¢¥·Ï¥´´µ Ê· ¢´µ¢¥Ï¥´´Ò¥ ¸¡ ² ´¸¨·µ¢ ´´Ò¥

10Φ9-·Ö¤Ò ¨ ¸µ¤¥·¦ Ð¨Ì ¶µ²¨´µ³Ò �¸±¨Ä‚¨²Ó¸µ´  ¢ ± Î¥¸É¢¥ Î ¸É´ÒÌ ¸²Ê-
Î ¥¢. �µ·³¨·µ¢±  ¸µµÉ¢¥É¸É¢ÊÕÐ¥° ´¥¶·¥·Ò¢´µ° ¢¥¸µ¢µ° ËÊ´±Í¨¨ § ¤ ¥É¸Ö
q-¡¥É -¨´É¥£· ²µ³ � · ²² Ì Ä� Ì³ ´  [8,9], ±µÉµ·Ò° ¸Î¨É ²¸Ö ¸ ³Ò³ µ¡Ð¨³
¡¥É -¨´É¥£· ²µ³, ¤µ¶Ê¸± ÕÐ¨³ ¢ÒÎ¨¸²¥´¨¥ ¢ § ³±´ÊÉµ³ ¢¨¤¥.

� §²¨Î´Ò¥ µ¡µ¡Ð¥´¨Ö ��” ‚¨²Ó¸µ´ Ä� Ì³ ´  ¡Ò²¨ ¶µ¸É·µ¥´Ò ¢ [13, 15].
‚µ-¶¥·¢ÒÌ, ¢ [15] ´ °¤¥´Ò Ô²²¨¶É¨Î¥¸±¨¥ µ¡µ¡Ð¥´¨Ö ËÊ´±Í¨° ‚¨²Ó¸µ´  ¸
¤¨¸±·¥É´µ° ³¥·µ° ¡¨µ·Éµ£µ´ ²Ó´µ¸É¨, ¢Ò· ¦ ÕÐ¨¥¸Ö Î¥·¥§ ¸¶¥Í¨ ²Ó´Ò° µ¡-
·Ò¢ ÕÐ¨°¸Ö 12E11 ³µ¤Ê²Ö·´Ò° £¨¶¥·£¥µ³¥É·¨Î¥¸±¨° ·Ö¤. �Ö¤Ò É ±µ£µ É¨¶ ,
µ¡² ¤ ÕÐ¨¥ ³µ¤Ê²Ö·´µ° ¸¨³³¥É·¨¥°, ¡Ò²¨ ¢¢¥¤¥´Ò ’Ê· ¥¢Ò³ ¨ ”·¥´±¥²¥³
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¢ [5]. �¡Ð Ö É¥µ·¨Ö Ô²²¨¶É¨Î¥¸±¨Ì £¨¶¥·£¥µ³¥É·¨Î¥¸±¨Ì ·Ö¤µ¢ ¸Ëµ·³Ê²¨·µ-
¢ ´  ¢ [14] (¢ Î ¸É´µ¸É¨, ¢ ÔÉµ° · ¡µÉ¥ ¢¢¥¤¥´Ò ¨¸¶µ²Ó§Ê¥³Ò¥ §¤¥¸Ó µ¡µ§´ -
Î¥´¨Ö ¤²Ö E-·Ö¤µ¢). “´¨± ²Ó´µ¸ÉÓ Ô²²¨¶É¨Î¥¸±¨Ì ��” ¸²¥¤Ê¥É ¨§ Éµ£µ, ÎÉµ
´ ¨¡µ²¥¥ µ¡Ð¨¥ ��”, ¤µ¶Ê¸± ÕÐ¨¥ ±µ´¥Î´µ-· §´µ¸É´Ò° µ¶¥· Éµ· ¶¥·¢µ£µ
¶µ·Ö¤±  ¢ ± Î¥¸É¢¥ ¶µ´¨¦ ÕÐ¥£µ µ¶¥· Éµ· , µ¡Ö§ ´Ò ¡ÒÉÓ ¶·¨¢Ö§ ´´Ò³¨ ±
Ô²²¨¶É¨Î¥¸±¨³ ¸¥É± ³ [15]. ‚µ-¢Éµ·ÒÌ, Ô²²¨¶É¨Î¥¸±µ¥ µ¡µ¡Ð¥´¨¥ ¸¥³¥°¸É¢ 
´¥¶·¥·Ò¢´ÒÌ ��” � Ì³ ´  [9] ¶µ¸É·µ¥´µ ¢ [13]. “¸²µ¢¨¥ ´µ·³¨·µ¢±¨ ¸µ-
µÉ¢¥É¸É¢ÊÕÐ¥°  ¡¸µ²ÕÉ´µ ´¥¶·¥·Ò¢´µ° ³¥·Ò § ¤ ¥É¸Ö Ô²²¨¶É¨Î¥¸±¨³ ¡¥É -
¨´É¥£· ²µ³, ¢ÒÎ¨¸²¥´´Ò³ ¢ [12] (¸³. ´¨¦¥).

‚-É·¥ÉÓ¨Ì, Ï¨·µ±¨° ±² ¸¸ ��”, ´¥ Ö¢²ÖÕÐ¨Ì¸Ö ¸ ³µ¤Ê ²Ó´Ò³¨ ¨ ¢Ò-
· ¦ ÕÐ¨Ì¸Ö Î¥·¥§ µ¡ÒÎ´Ò¥ 9F8, ¡ §¨¸´Ò¥ 10Φ9 ¨ Ô²²¨¶É¨Î¥¸±¨¥ 12E11 £¨-
¶¥·£¥µ³¥É·¨Î¥¸±¨¥ ·Ö¤Ò, ¶µ¸É·µ¥´ ¢ [15]. ‚ ÔÉµ³ ±² ¸¸¥ Ê¦¥ ´  Ê·µ¢´¥

9F8-·Ö¤µ¢ ¢µ§´¨± ¥É ´¥µ¡Ìµ¤¨³µ¸ÉÓ ·¥Ï¥´¨Ö  ²£¥¡· ¨Î¥¸±µ£µ Ê· ¢´¥´¨Ö ¶Ö-
Éµ° ¸É¥¶¥´¨ ¤²Ö ¶·¥¤¸É ¢²¥´¨Ö ��” ¢ ¢¨¤¥ £¨¶¥·£¥µ³¥É·¨Î¥¸±¨Ì ·Ö¤µ¢. �É¨
ËÊ´±Í¨¨ ¡Ò²¨ ¶µ²ÊÎ¥´Ò ¸ ¶µ³µÐÓÕ ´¥±µÉµ·µ£µ Ô¢·¨¸É¨Î¥¸±µ£µ ¶µ¤Ìµ¤  ±
¸¶¥Í¨ ²Ó´Ò³ ËÊ´±Í¨Ö³, ¶µ¤·µ¡´µ µ¶¨¸ ´´µ£µ ¢ [11]. ‚ ÔÉµ³ ¶µ¤Ìµ¤¥ ¸¶¥-
Í¨ ²Ó´Ò¥ ËÊ´±Í¨¨ µ¶·¥¤¥²ÖÕÉ¸Ö ± ± ËÊ´±Í¨¨,  ¸¸µÍ¨¨·µ¢ ´´Ò¥ ¸ ¸ ³µ¶µ-
¤µ¡´Ò³¨ ·¥¤Ê±Í¨Ö³¨ Í¥¶µÎ¥± ¸¶¥±É· ²Ó´ÒÌ ¶·¥µ¡· §µ¢ ´¨° ¤²Ö ²¨´¥°´ÒÌ
¸¶¥±É· ²Ó´ÒÌ § ¤ Î. ‚ ¸²ÊÎ ¥ ��” · ¸¸³ É·¨¢ ¥É¸Ö ´¥±µÉµ·µ¥ É·¥ÌÎ²¥´´µ¥
·¥±Ê··¥´É´µ¥ ¸µµÉ´µÏ¥´¨¥ ¤²Ö ¶µ²¨´µ³µ¢ ¸ ¢ ·Ó¨·Ê¥³µ° ³¥·µ° µ·Éµ£µ´ ²Ó-
´µ¸É¨, ¸µ¤¥·¦ Ð¥¥ ±¢ ¤· É¨Î´ÊÕ § ¢¨¸¨³µ¸ÉÓ µÉ  ·£Ê³¥´É  ¶µ²¨´µ³µ¢. ‡ É¥³
´ Ìµ¤¨É¸Ö Í¥¶µÎ±  ¶·¥µ¡· §µ¢ ´¨°,  ´ ²µ£¨Î´ÒÌ ¶·¥µ¡· §µ¢ ´¨Ö³ Š·¨¸ÉµË-
Ë¥²Ö ¨ ƒ¥·µ´¨³Ê¸  ¤²Ö µ¡ÒÎ´ÒÌ µ·Éµ£µ´ ²Ó´ÒÌ ¶µ²¨´µ³µ¢, ´¥ ³¥´ÖÕÐ¨Ì
Ëµ·³Ò ´ Î ²Ó´µ£µ ·¥±Ê··¥´É´µ£µ ¸µµÉ´µÏ¥´¨Ö. �Éµ ¶·¨¢µ¤¨É ± ´¥²¨´¥°-
´µ° Í¥¶µÎ±¥ Ê· ¢´¥´¨°, µ¡µ¡Ð ÕÐ¥° Í¥¶µÎ±Ê ’µ¤Ò ¸ ¤¨¸±·¥É´Ò³ ¢·¥³¥´¥³.
�´ ²¨§ ¨´¢µ²ÕÉ¨¢´ÒÌ ¸¨³³¥É·¨° ÔÉµ° Í¥¶µÎ±¨ ¶µ§¢µ²Ö¥É ´ °É¨ ¸ ³µ¶µ¤µ¡-
´ÊÕ ·¥¤Ê±Í¨Õ, ¶·¨¢µ¤ÖÐÊÕ ± ´¥±µÉµ·µ³Ê ´¥²¨´¥°´µ³Ê ËÊ´±Í¨µ´ ²Ó´µ³Ê
Ê· ¢´¥´¨Õ. �Éµ Ê· ¢´¥´¨¥ ¨³¥¥É Ô²²¨¶É¨Î¥¸±¨¥ ·¥Ï¥´¨Ö, ±µÉµ·Ò¥ ¶·¨¢µ-
¤ÖÉ ± Ö¢´µ³Ê ·¥Ï¥´¨Õ ´ Î ²Ó´µ£µ ·¥±Ê··¥´É´µ£µ ¸µµÉ´µÏ¥´¨Ö ¢ É¥·³¨´ Ì

12E11-·Ö¤µ¢.
�± §Ò¢ ¥É¸Ö, ÎÉµ ¶µ³¨³µ ³µ¤Ê²Ö·´ÒÌ · ¸Ï¨·¥´¨° ´¥¶·¥·Ò¢´ÒÌ ��”

� Ì³ ´  ¸ÊÐ¥¸É¢Ê¥É ¨Ì µ¡µ¡Ð¥´¨¥ ´  ¸¨¸É¥³Ê ¸ ³µ¤Ê ²Ó´ÒÌ ³¥·µ³µ·Ë´ÒÌ
ËÊ´±Í¨°, ¡¨µ·Éµ£µ´ ²Ó´ÒÌ ¶µ ¤¢Ê³ ¤¨¸±·¥É´Ò³ ¨´¤¥±¸ ³ ¸ ¢¥¸µ¢µ° ËÊ´±-
Í¨¥°, µ¶·¥¤¥²ÖÕÐ¥°¸Ö É¥³ ¦¥ Ô²²¨¶É¨Î¥¸±¨³ ¡¥É -¨´É¥£· ²µ³ [13]. ‚µ§-
³µ¦´µ, ÎÉµ ÔÉ¨ ËÊ´±Í¨¨ ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° ´ ¨¡µ²¥¥ µ¡ÐÊÕ ¸¨¸É¥³Ê ®±² ¸-
¸¨Î¥¸±¨Ì¯ ¸¶¥Í¨ ²Ó´ÒÌ ËÊ´±Í¨° ¢ É¥µ·¨¨ ¡¨µ·Éµ£µ´ ²Ó´ÒÌ ËÊ´±Í¨° ¸ É¥³
¦¥ ¸É ÉÊ¸µ³, ±µÉµ·Ò° ¨³¥ÕÉ ¶µ²¨´µ³Ò �¸±¨Ä‚¨²Ó¸µ´  ¢ É¥µ·¨¨ µ·Éµ£µ-
´ ²Ó´ÒÌ ¶µ²¨´µ³µ¢. �·¥¤¸É ¢¨³ ¡µ²¥¥ ¶µ¤·µ¡´µ, ¢ ± Î¥¸É¢¥ ¨²²Õ¸É· Í¨¨,
¸É·Ê±ÉÊ·Ê Ô²²¨¶É¨Î¥¸±µ£µ ¡¥É -¨´É¥£· ²  Å ´ ¨¡µ²¥¥ µ¡Ð¥£µ ¨§¢¥¸É´µ£µ ¢
´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¨´É¥£· ²  É ±µ£µ É¨¶ .

�Ê¸ÉÓ p, q ∈ C ¨ |p|, |q| < 1. �¡µ§´ Î¨³ (a; p)∞ =
∏∞

n=0(1 − apn),
(a; p)s = (a; p)∞/(aps; p)∞, (a1, . . . , ak; p)∞ = (a1; p)∞ . . . (ak; p)∞. �¶·¥-
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¤¥²¨³ ÉÔÉ -ËÊ´±Í¨Õ Ÿ±o¡¨ ± ± θ(z; p) = (z, pz−1; p)∞. �´  µ¡² ¤ ¥É ¸¢µ°-
¸É¢a³¨ θ(pz; p) = θ(z−1; p) = −z−1θ(z; p). �²²¨¶É¨Î¥¸± Ö £ ³³ -ËÊ´±Í¨Ö
Γ(z; p, q) µ¶·¥¤¥²Ö¥É¸Ö ¸ ¶µ³µÐÓÕ ¤¢µ°´ÒÌ ¡¥¸±µ´¥Î´ÒÌ ¶·µ¨§¢¥¤¥´¨° [10]:

Γ(z; p, q) =
∞∏

j,k=0

1 − z−1pj+1qk+1

1 − zpjqk
, Γ(z; 0, q) =

1
(z; q)∞

(1)

¨ Ê¤µ¢²¥É¢µ·Ö¥É Ê· ¢´¥´¨Ö³ Γ(qz; p, q) = θ(z; p)Γ(z; p, q), Γ(pz; p, q) = θ(z; q)
Γ(z; p, q), ±µÉµ·Ò¥ ¢ µ¶·¥¤¥²¥´´ÒÌ ¶·¥¤¥² Ì ¸¢µ¤ÖÉ¸Ö ± Ê· ¢´¥´¨Õ ¤²Ö ¸É ´-
¤ ·É´µ° £ ³³ -ËÊ´±Í¨¨. �¡µ§´ Î¨³ É ±¦¥ θ(a1, . . . , an; p) =

∏n
i=1 θ(ai; p),

Γ(a1, . . . , an; p, q) =
∏n

i=1 Γ(ai; p, q).
’¥µ·¥³  1. �²²¨¶É¨Î¥¸±µ¥ · ¸Ï¨·¥´¨¥ ±µ´ÉÊ·´µ£µ q-¡¥É -¨´É¥£· ² 

� · ²² Ì Ä� Ì³ ´  [8, 9] ¨²¨ Ô²²¨¶É¨Î¥¸± Ö ¡¥É -ËÊ´±Í¨Ö ¨³¥¥É ¢¨¤

1
2πi

∫
T

∆(z)
dz

z
=

2
∏

0≤m<s≤4 Γ(tmts; p, q)

(q; q)∞(p; p)∞
∏4

m=0 Γ(At−1
m ; p, q)

, (2)

£¤¥ A =
∏4

m=0 tm ¨

∆(z) =
∏4

m=0 Γ(ztm, z−1tm; p, q)
Γ(z2, z−2, zA, z−1A; p, q)

. (3)

‡¤¥¸Ó T µ¡µ§´ Î ¥É ¶µ²µ¦¨É¥²Ó´µ µ·¨¥´É¨·µ¢ ´´ÊÕ ¥¤¨´¨Î´ÊÕ µ±·Ê¦´µ¸ÉÓ,
  ±µ³¶²¥±¸´Ò¥ ¶ · ³¥É·Ò tm Ê¤µ¢²¥É¢µ·ÖÕÉ µ£· ´¨Î¥´¨Ö³ |tm| < 1,
|pq| < |A|.

� ¢¥´¸É¢µ (2) ¤µ± §Ò¢ ¥É¸Ö ³¥Éµ¤µ³ ËÊ´±Í¨µ´ ²Ó´ÒÌ Ê· ¢´¥´¨°, ¶·¨³¥-
´¥´´Ò³ ¢ [2] ¤²Ö ¢ÒÎ¨¸²¥´¨Ö q-¡¥É -¨´É¥£· ²  [8, 9], ¶µ²ÊÎ ÕÐ¥£µ¸Ö ¨§ (2)
¶·¨ p = 0. „²Ö µ¡Ð¥£µ ¶µ²µ¦¥´¨Ö ¶ · ³¥É·µ¢ p, q ¨ tm ËÊ´±Í¨Ö ∆(z)
¸µ¤¥·¦¨É ¢´ÊÉ·¨ T Éµ²Ó±µ ¶·µ¸ÉÒ¥ ¶µ²Õ¸Ò, ´ Ìµ¤ÖÐ¨¥¸Ö ¢ ÉµÎ± Ì tmpjqk,
A−1pj+1qk+1 ¶·¨ j, k ∈ N. �´ ²¨É¨Î´µ¸ÉÓ ∆(z) ¶µ§¢µ²Ö¥É § ³¥´¨ÉÓ T ´ 
²Õ¡µ° ±µ´ÉÊ· C, µÌ¢ ÉÒ¢ ÕÐ¨° ÉµÉ ¦¥ ¶ · ³¥É·¨Î¥¸±¨° ´ ¡µ· ¶µ²Õ¸µ¢. �·¨
ÔÉµ³ §´ Î¥´¨¥ ¨´É¥£· ²  ´¥ ³¥´Ö¥É¸Ö, ¤ ¦¥ ¥¸²¨ Î ¸ÉÓ Ê± § ´´ÒÌ ¶µ²Õ¸µ¢
¡Ê¤¥É ²¥¦ ÉÓ ¢´¥ T . �Ê¸ÉÓ fl,r(t0, t1) Å ²¥¢ Ö ¨ ¶· ¢ Ö Î ¸É¨ (2) ± ± ËÊ´±Í¨¨
¢Ò¤¥²¥´´ÒÌ ¶ · ³¥É·µ¢ t0, t1.

’¥µ·¥³  2. ”Ê´±Í¨¨ fl,r(t0, t1) Ê¤µ¢²¥É¢µ·ÖÕÉ q-· §´µ¸É´µ³Ê Ê· ¢´¥-
´¨Õ

t1θ(t1A, t−1
1 A; p)fl,r(qt0, t1) − t0θ(t0A, t−1

0 A; p)fl,r(t0, qt1) =
= t1θ(t0t−1

1 , t0t1; p)fl,r(t0, t1) (4)

¨ Ê· ¢´¥´¨Õ, ¶µ²ÊÎ ÕÐ¥³Ê¸Ö ¨§ ´¥£µ ¶¥·¥¸É ´µ¢±µ° p ¨ q. �·¨ ÔÉµ³ ¶ · -
³¥É·Ò tm µ£· ´¨Î¥´Ò Éµ²Ó±µ Ê¸²µ¢¨¥³ ´¥¸¨´£Ê²Ö·´µ¸É¨ ËÊ´±Í¨° fl,r, ¢Ìµ-
¤ÖÐ¨Ì ¢ Ê· ¢´¥´¨Ö.
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“· ¢´¥´¨Ö ¤²Ö Γ(z; p, q) ¶µ§¢µ²ÖÕÉ ¶·µ¢¥·¨ÉÓ, ÎÉµ ËÊ´±Í¨Ö ∆(z) (3) Ê¤µ-
¢²¥É¢µ·Ö¥É (4) ¤²Ö ¶·µ¨§¢µ²Ó´ÒÌ z ¡² £µ¤ ·Ö ¨§¢¥¸É´µ³Ê É·¥ÌÎ²¥´´µ³Ê Éµ¦-
¤¥¸É¢Ê

θ(xw, x/w, yz, y/z; p) − θ(xz, x/z, yw, y/w; p) = yw−1θ(xy, x/y, wz, w/z; p).

�µÔÉµ³Ê fl(t0, t1) ± ± ¨´É¥£· ² µÉ ∆(z) ¶µ z É ±¦¥ Ê¤µ¢²¥É¢µ·Ö¥É (4). �´ ²µ-
£¨Î´µ ¶·µ¢¥·Ö¥É¸Ö, ÎÉµ Ê· ¢´¥´¨¥ ¤²Ö fr(t0, t1) É ±¦¥ ¸¢µ¤¨É¸Ö ± Ê± § ´´µ³Ê
Éµ¦¤¥¸É¢Ê. ’ ±¨³ µ¡· §µ³, µ¸É ²µ¸Ó ¶·µ¢¥·¨ÉÓ, ÎÉµ fl,r ¶·¥¤¸É ¢²ÖÕÉ µ¤´µ
¨ Éµ ¦¥ ·¥Ï¥´¨¥ (4). �É³¥É¨³, ÎÉµ ¶¥·¥¸É ´µ¢µÎ´ Ö ¸¨³³¥É·¨Ö ¶µ§¢µ²Ö¥É
§ ³¥´¨ÉÓ t0 ¨ t1 ¢ Ê· ¢´¥´¨¨ (4) ´  ¶·µ¨§¢µ²Ó´ÊÕ ¶ ·Ê ¶ · ³¥É·µ¢ tm.

�µ²µ¦¨³ t2 = q1/2, t4 = −q1/2 ¨ t1 → 1, t3 → −1. �·¨ ÔÉµ³ A → qt0,
|p| < |t0| < 1, ¨ · ¢¥´¸É¢µ (2) ·¥¤ÊÍ¨·Ê¥É¸Ö ± ¨´É¥£· ²Ê

1
2πi

∫
T

θ(pz2; p2)
θ(zt0, z−1t0; p)

dz

z
=

1
(p; p)2∞θ(t20; p2)

. (5)

�ÉµÉ ¨´É¥£· ² ¢ÒÎ¨¸²Ö¥É¸Ö É ±. �µ¤¸É ¢¨³ z = eiϕ ¨ ´ °¤¥³ ´Ê²¥¢µ° ±µÔË-
Ë¨Í¨¥´É · §²µ¦¥´¨Ö 2π-¶¥·¨µ¤¨Î¥¸±µ° ËÊ´±Í¨¨ ∆(eiϕ) ¢ ·Ö¤ ”Ê·Ó¥ ¶µ ϕ.
‘ ¶µ³µÐÓÕ ¸Ê³³Ò � ³ ´Ê¤¦ ´  ¤²Ö ¤¢Ê¸Éµ·µ´´¥£µ q-£¨¶¥·£¥µ³¥É·¨Î¥¸±µ£µ
·Ö¤  1Ψ1 µÉ´µÏ¥´¨¥ θ-ËÊ´±Í¨° ¶µ¤ §´ ±µ³ ¨´É¥£· ²  ¢ (5) · §² £ ¥É¸Ö ¢
¤¢µ°´µ° ²µ· ´µ¢¸±¨° ·Ö¤ ¶µ ¸É¥¶¥´Ö³ z. �µ¸²¥ ¢§ÖÉ¨Ö ¨´É¥£· ²  ¶µ ϕ ÔÉµÉ
·Ö¤ ¸É ´µ¢¨É¸Ö µ¤´µ±· É´Ò³ ¨ ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° Î ¸É´Ò° ¸²ÊÎ ° ¸Ê³³¨·Ê-
¥³µ£µ 2Ψ2-·Ö¤  [12].

ˆ¸¶µ²Ó§ÊÖ (4), ³µ¦´µ ¶µ± § ÉÓ ( ´ ²µ£¨Î´µ [2]), ÎÉµ · ¢¥´¸É¢µ (2) ¢Ò-
¶µ²´Ö¥É¸Ö ¤²Ö ¶·µ¨§¢µ²Ó´µ£µ t0, |p| < |t0| < 1 ¨ t1 = qk1 , t2 = qk2+1/2, t3 =
−qk3 , t4 = −qk4+1/2 ¶·¨ ´¥±µÉµ·ÒÌ ¶µ²µ¦¨É¥²Ó´ÒÌ Í¥²ÒÌ Î¨¸² Ì ki. � §²µ-
¦¥´¨Ö ¢ ·Ö¤Ò ’¥°²µ·  ¶µ p ¨  ´ ²¨É¨Î¥¸±¨¥ ¶·µ¤µ²¦¥´¨Ö ¶µ ki ¶µ± §Ò¢ ÕÉ,
ÎÉµ · ¢¥´¸É¢µ (2) ¢Ò¶µ²´Ö¥É¸Ö ¤²Ö ¶·µ¨§¢µ²Ó´ÒÌ ¤µ¶Ê¸É¨³ÒÌ §´ Î¥´¨° ¶ · -
³¥É·µ¢ tm [12].

‚ [4] ¶·¥¤²µ¦¥´Ò ¤¢  É¨¶  ³´µ£µ³¥·´ÒÌ µ¡µ¡Ð¥´¨° Ô²²¨¶É¨Î¥¸±µ£µ
¡¥É -¨´É¥£· ²  (2), µ¶·¥¤¥²ÖÕÐ¨Ì Ô²²¨¶É¨Î¥¸±o¥ · ¸Ï¨·¥´¨¥ ¨´É¥£· ² 
‘¥²Ó¡¥·£  [1]. �É¨ ¨´É¥£· ²Ò µ¡µ¡Ð ÕÉ · §²¨Î´Ò¥ Éµ¦¤¥¸É¢  Œ ±¤µ´ ²Ó¤ Ä
Œµ··¨¸ , ¨£· ÕÐ¨¥ ¢ ¦´ÊÕ ·µ²Ó ¢ É¥µ·¨¨ µ·Éµ£µ´ ²Ó´ÒÌ ¶µ²¨´µ³µ¢ ³´µ-
£¨Ì ¶¥·¥³¥´´ÒÌ [7], ¨ ³´µ£µ³¥·´Ò¥ q-¡¥É -¨´É¥£· ²Ò ƒÊ¸É Ë¸µ´  [6]. …¸É¥-
¸É¢¥´´µ ¶·¥¤¶µ²µ¦¨ÉÓ, ÎÉµ µ´¨ µ¶·¥¤¥²ÖÕÉ É ±¦¥ ³¥·Ê ¤²Ö ´¥±µÉµ·µ£µ ¸¥-
³¥°¸É¢  ¡¨µ·Éµ£µ´ ²Ó´ÒÌ ËÊ´±Í¨° ³´µ£¨Ì ¶¥·¥³¥´´ÒÌ, ¢±²ÕÎ ÕÐ¨Ì ¢ ¸¥¡Ö
± ± ËÊ´±Í¨¨ [13, 15], É ± ¨ ¶µ²¨´µ³Ò Œ ±¤µ´ ²Ó¤  [7].
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„. ˆ. Š § ±µ¢, ‹. ‚. �¢¤¥¥¢, ‚. �. ‚¥²¨¦ ´¨´, ˆ. �. Šµ´¤· ÏÊ±

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

‹ ¡µ· Éµ·¨Ö É¥µ·¥É¨Î¥¸±µ° Ë¨§¨±¨ ¨³. �. �. �µ£µ²Õ¡µ¢ 

„ ´ µ¡§µ· ·¥§Ê²ÓÉ Éµ¢ ¶µ ¶¥·¥´µ·³¨·µ¢± ³ ¢ ± ²¨¡·µ¢µÎ´ÒÌ É¥µ·¨ÖÌ ¸µ ¸¶µ´É ´´µ ´ -
·ÊÏ¥´´µ° ¸Ê¶¥·¸¨³³¥É·¨¥°. �µ± § ´µ, ÎÉµ ¶¥·¥´µ·³¨·µ¢±¨ ¢ ´ ·ÊÏ¥´´ÒÌ É¥µ·¨ÖÌ ¶µ²´µ¸ÉÓÕ
µ¶·¥¤¥²ÖÕÉ¸Ö ÉµÎ´µ° É¥µ·¨¥° ¨ ³µ£ÊÉ ¡ÒÉÓ ¶µ²ÊÎ¥´Ò ¨§ ´¥¥ ¸ ¶µ³µÐÓÕ · §²µ¦¥´¨Ö ¶µ £· ¸c³ -
´µ¢µ° ¶¥·¥³¥´´µ°. �µ²ÊÎ¥´Ò ´µ¢Ò¥ ÉµÎ´Ò¥,   É ±¦¥ Ê¤µ¡´Ò¥ ¶·¨¡²¨¦¥´´Ò¥,  ´ ²¨É¨Î¥¸±¨¥
·¥Ï¥´¨Ö Ê· ¢´¥´¨° ·¥´µ·³£·Ê¶¶Ò ¢ ·Ö¤¥ ³µ¤¥²¥°: ³¨´¨³ ²Ó´ Ö ¸Ê¶¥·¸¨³³¥É·¨Î´ Ö ¸É ´¤ ·É´ Ö
³µ¤¥²Ó, ¸Ê¶¥·¸¨³³¥É·¨Î´Ò¥ É¥µ·¨¨ ¢¥²¨±µ£µ µ¡Ñ¥¤¨´¥´¨Ö, ³Ö£±µ ´ ·ÊÏ¥´´Ò¥ ±µ´¥Î´Ò¥ É¥µ·¨¨,
N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´ Ö É¥µ·¨Ö ‘ °¡¥·£ Ä‚¨ÉÉ¥´ .

A review of recent results on renormalizations in gauge theories with spontaneously broken su-
persymmetry is given. It is shown that the renormalizations in a broken theory are completely deˇned
by those in a rigid theory and may be obtained with the help of expansion over the Grassmannian
variables. New exact as well as suitable approximate analytic solutions of the renormalization group
equations are obtained in some particular models: the Minimal Supersymmetric Standard Model,
supersymmetric Grand Uniˇed Theories, softly broken ˇnite theories, and N = 2 supersymmetric
SeibergÄWitten theory.

1. ‘Ê¶¥·¸¨³³¥É·¨Ö, ¥¸²¨ µ´  ·¥ ²¨§µ¢ ´  ¢ ¶·¨·µ¤¥, ¤µ²¦´  ¡ÒÉÓ ´ ·Ê-
Ï¥´´µ°. „²Ö ´ ·ÊÏ¥´¨Ö ¸Ê¶¥·¸¨³³¥É·¨¨ ¸ ¸µÌ· ´¥´¨¥³ ¢¸¥Ì ¶·¥¨³ÊÐ¥¸É¢
¸Ê¶¥·¸¨³³¥É·¨Î´ÒÌ É¥µ·¨°, É ±¨Ì ± ± ¸µ±· Ð¥´¨¥ ±¢ ¤· É¨Î´ÒÌ · ¸Ìµ¤¨-
³µ¸É¥°, É¥µ·¥³ µ ´¥¶¥·¥´µ·³¨·µ¢±¥ ¨ É. ¤., ¨¸¶µ²Ó§Ê¥É¸Ö ³¥Éµ¤ ¸¶µ´É ´´µ£µ
´ ·ÊÏ¥´¨Ö ¸¨³³¥É·¨¨,  ´ ²µ£¨Î´µ£µ ¸¶µ´É ´´µ³Ê ´ ·ÊÏ¥´¨Õ ± ²¨¡·µ¢µÎ-
´µ° ¨´¢ ·¨ ´É´µ¸É¨. �Éµ ¤µ¸É¨£ ¥É¸Ö §  ¸Î¥É ´¥´Ê²¥¢ÒÌ ¢ ±ÊÊ³´ÒÌ ¸·¥¤´¨Ì
¢¸¶µ³µ£ É¥²Ó´ÒÌ ¶µ²¥°, É ± ´ §Ò¢ ¥³ÒÌ D- ¨²¨ F -±µ³¶µ´¥´É ¸µµÉ¢¥É¸É¢Ê-
ÕÐ¨Ì ¸Ê¶¥·¶µ²¥°. ‚ ·¥§Ê²ÓÉ É¥ ¢ ² £· ´¦¨ ´¥ ¢µ§´¨± ÕÉ É ± ´ §Ò¢ ¥³Ò¥
³Ö£±¨¥ ¸² £ ¥³Ò¥, É. ¥. µ¶¥· Éµ·Ò · §³¥·´µ¸É¨ ≤ 3, ±µÉµ·Ò¥ ´ ·ÊÏ ÕÉ ¸Ê-
¶¥·¸¨³³¥É·¨Õ, ´¥ § É· £¨¢ Ö µ¸´µ¢´ÒÌ ¸¢µ°¸É¢ ÉµÎ´µ° É¥µ·¨¨. �Éµ ³ ¸¸Ò
± ²¨¡·¨´µ, ¸Ê¶¥·¶ ·É´¥·µ¢ ± ²¨¡·µ¢µÎ´ÒÌ ¶µ²¥°, ³ ¸¸Ò ¸±¢ ·±µ¢ ¨ ¸²¥¶-
Éµ´µ¢, ¸Ê¶¥·¶ ·É´¥·µ¢ ±¢ ·±µ¢ ¨ ²¥¶Éµ´µ¢,   É ±¦¥ É·µ°´Ò¥ ¨ ¡¨²¨´¥°´Ò¥
¶µ ¸± ²Ö·´Ò³ ¶µ²Ö³ ¸² £ ¥³Ò¥. ’ ± ± ± ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ µ¶¥· Éµ·Ò ¨³¥ÕÉ
· §³¥·´µ¸ÉÓ 3 ¨²¨ 2, Éµ µ´¨ ´¥ ÊÎ ¸É¢ÊÕÉ ¢ ¶¥·¥´µ·³¨·µ¢±¥ ¡¥§³ ¸¸µ¢ÒÌ
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¶ · ³¥É·µ¢ ¨ ´¥ ¢²¨ÖÕÉ ´  Ê· ¢´¥´¨Ö ·¥´µ·³£·Ê¶¶Ò (�ƒ). ‚ Éµ ¦¥ ¢·¥³Ö
¸ ³¨ µ´¨ ¶¥·¥´µ·³¨·ÊÕÉ¸Ö ¨ ¢µ§´¨± ¥É § ¤ Î  ´ Ìµ¦¤¥´¨Ö ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì
¶¥·¥´µ·³¨·µ¢µ± ¨ Ê· ¢´¥´¨° �ƒ.

�¥¸±µ²Ó±µ ²¥É ´ § ¤ ¡Ò²µ µ¡´ ·Ê¦¥´µ, ÎÉµ ¶¥·¥´µ·³¨·µ¢±¨ ¢ ³Ö£±µ ´ ·Ê-
Ï¥´´µ° É¥µ·¨¨ ´¥ Ö¢²ÖÕÉ¸Ö ´¥§ ¢¨¸¨³Ò³¨,   ¶µ²´µ¸ÉÓÕ µ¶·¥¤¥²ÖÕÉ¸Ö ÉµÎ´µ°
É¥µ·¨¥° [1Ä3]. ‚ ¤ ²Ó´¥°Ï¥³ ¡Ò² · §¢¨É ÔËË¥±É¨¢´Ò° ³¥Éµ¤ ¨Ì ¢ÒÎ¨¸²¥´¨Ö,
µ¸´µ¢ ´´Ò° ´  · §²µ¦¥´¨¨ ¶µ £· ¸¸³ ´µ¢Ê ¶ · ³¥É·Ê ¢ ¨¸Ìµ¤´µ° ÉµÎ´µ° É¥-
µ·¨¨ [4]. �ÉµÉ ³¥Éµ¤ ¨¸Ìµ¤¨É ¨§ Éµ£µ, ÎÉµ ³Ö£±µ ´ ·ÊÏ¥´´ Ö É¥µ·¨Ö ³µ¦¥É
¡ÒÉÓ § ¶¨¸ ´  ± ± ÉµÎ´ Ö, ´µ ¢ ´¥±µÉµ·µ³ ¢´¥Ï´¥³ ¶µ²¥, ¢ ¤ ´´µ³ ¸²ÊÎ ¥
¸Ê¶¥·¶µ²¥, ¥¸²¨ ¨¸¶µ²Ó§µ¢ ÉÓ ¸Ê¶¥·¶µ²¥¢µ° Ëµ·³ ²¨§³. …¸²¨ ÔÉµ ¶µ²¥ ¶·¨-
µ¡·¥É ¥É ´¥´Ê²¥¢µ¥ ¢ ±ÊÊ³´µ¥ ¸·¥¤´¥¥, ¶·µ¨¸Ìµ¤¨É ¸¶µ´É ´´µ¥ ´ ·ÊÏ¥´¨¥
¸Ê¶¥·¸¨³³¥É·¨¨. �·¨ ¢ÒÎ¨¸²¥´¨¨ ÔËË¥±É¨¢´µ£µ ¤¥°¸É¢¨Ö ±²ÕÎ¥¢Ò³ Ö¢²Ö-
¥É¸Ö ÉµÉ Ë ±É, ÎÉµ ¸¨´£Ê²Ö·´ Ö Î ¸ÉÓ § ¢¨¸¨É Éµ²Ó±µ µÉ ¢´¥Ï´¨Ì ¶µ²¥°, ´µ ´¥
¨Ì ¶·µ¨§¢µ¤´ÒÌ, ¨ ¶µÔÉµ³Ê ³µ¦¥É ¡ÒÉÓ ¢ÒÎ¨¸²¥´  ¤²Ö ¶µ¸ÉµÖ´´µ£µ ¢´¥Ï´¥£µ
¶µ²Ö, É. ¥. ¢ ÉµÎ´µ° É¥µ·¨¨

Ssing
eff (g) ⇒ Ssing

eff (Φ0, D
2Φ0, D̄

2Φ0, D
2D̄2Φ0).

2. ‹ £· ´¦¨ ´ N = 1 ¸Ê¶¥·¸¨³³¥É·¨Î´µ° ± ²¨¡·µ¢µÎ´µ° É¥µ·¨¨ ¢ É¥·-
³¨´ Ì ¸Ê¶¥·¶µ²¥° ¨³¥¥É ¢¨¤

L =
∫

d2θ
1

4g2
Tr WαWα +

∫
d2θd2θ̄ Φ̄i(eV )j

iΦj +

+
∫

d2θ
1
6
λijkΦiΦjΦk +

∫
d2θ

1
2
M ijΦiΦj + h.c. (1)

‚µ ¢´¥Ï´¥³ ¶µ²¥ ±µ´¸É ´ÉÒ ¸¢Ö§¨ g ¨ λijk ¸É ´µ¢ÖÉ¸Ö, ¸µµÉ¢¥É¸É¢¥´´µ,
¢¥Ð¥¸É¢¥´´Ò³ ¨ ±¨· ²Ó´Ò³ ¸Ê¶¥·¶µ²Ö³¨, § ¢¨¸ÖÐ¨³¨ µÉ £· ¸¸³ ´µ¢ÒÌ ¶¥-
·¥³¥´´ÒÌ. …Ð¥ µ¤´¨³ ¨¸ÉµÎ´¨±µ³ ³Ö£±µ£µ ´ ·ÊÏ¥´¨Ö ¸Ê¶¥·¸¨³³¥É·¨¨ Ö¢²Ö-
¥É¸Ö D-Î²¥´, ¢µ§´¨± ÕÐ¨° ¶·¨ ¢§ ¨³µ¤¥°¸É¢¨¨ ±¨· ²Ó´ÒÌ ¶µ²¥° ¸ ¢´¥Ï´¨³
¢¥±Éµ·´Ò³ ¶µ²¥³ V ′:

Φ̄eV ′
Φ → Φ̄V

′

Dθ2θ̄2Φ = Φ̄m2θ2θ̄2Φ.

�Éµ ¶·¨¢µ¤¨É ± Ê³´µ¦¥´¨Õ ±¨· ²Ó´µ£µ ¶·µ¶ £ Éµ·  ´  ³´µ¦¨É¥²Ó (1 +
m2θ2θ̄2)−1, ÎÉµ Ô±¢¨¢ ²¥´É´µ ³µ¤¨Ë¨± Í¨¨ Õ± ¢¸±¨Ì ±µ´¸É ´É ¸¢Ö§¨.

’ ±¨³ µ¡· §µ³, ³Ö£±µ¥ ´ ·ÊÏ¥´¨¥ ¸Ê¶¥·¸¨³³¥É·¨¨ ¤µ¸É¨£ ¥É¸Ö ¤µ¡ ¢²¥-
´¨¥³ ± (1) ¸²¥¤ÊÕÐ¨Ì ¸² £ ¥³ÒÌ:

− Lsoft−breaking =

=
[
M

2
λλ +

1
6
Aijkφiφjφk +

1
2
Bijφiφj + h.c.

]
+ (m2)i

jφ
∗
i φ

j , (2)
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£¤¥ λ Å ± ²¨¡·¨´µ,   φi Å ¸± ²Ö·´Ò¥ ±µ³¶µ´¥´ÉÒ ±¨· ²Ó´ÒÌ ¸Ê¶¥·¶µ²¥°
(¸±¢ ·±¨ ¨ ¸²¥¶Éµ´Ò), ¨ ³Ö£±µ ´ ·ÊÏ¥´´ Ö É¥µ·¨Ö µ± §Ò¢ ¥É¸Ö Ô±¢¨¢ ²¥´É´µ°
ÉµÎ´µ° É¥µ·¨¨ ¸ ³µ¤¨Ë¨Í¨·µ¢ ´´Ò³¨ § ·Ö¤ ³¨ [3Ä5]:

g̃2 = g2(1 + Mη + M̄η̄ + (MM̄ + Σg)ηη̄), η = θ2, η̄ = θ̄2, (3)

λ̃ijk = λijk − Aijkη +
1
2
(λnjk(m2)i

n + λink(m2)j
n + λijn(m2)k

n)ηη̄, (4)

˜̄λijk = λ̄ijk − Āijk η̄ +
1
2
(λ̄njk(m2)n

i + λ̄ink(m2)n
j + λ̄ijn(m2)n

k )ηη̄. (5)

�É¨ ³µ¤¨Ë¨± Í¨¨ ¶ · ³¥É·µ¢ ¸¶· ¢¥¤²¨¢Ò ´¥ Éµ²Ó±µ ¢ ±² ¸¸¨Î¥¸±µ³ ² £· ´-
¦¨ ´¥, ´µ ¨ ¢ ±¢ ´Éµ¢µ³∗. Š ± ¡Ò²µ ¶µ± § ´µ ¢ [3], ¸¶· ¢¥¤²¨¢µ ¸²¥¤ÊÕÐ¥¥
ÊÉ¢¥·¦¤¥´¨¥.

…¸²¨ ÉµÎ´ Ö É¥µ·¨Ö (1) ¶¥·¥´µ·³¨·Ê¥É¸Ö ¸ ¶µ³µÐÓÕ ±µ´¸É ´É ¶¥·¥-
´µ·³¨·µ¢±¨ Zi, µ¶·¥¤¥²¥´´ÒÌ ¢ ´¥±µÉµ·µ° ¡¥§³ ¸¸µ¢µ° ³¨´¨³ ²Ó´µ° ¸Ì¥³¥,
Éµ ³Ö£±µ ´ ·ÊÏ¥´´ Ö É¥µ·¨Ö ¶¥·¥´µ·³¨·Ê¥É¸Ö ¶ÊÉ¥³ ¢¢¥¤¥´¨Ö ¸Ê¶¥·¶µ²¥°
Z̃i, ±µÉµ·Ò¥ ¸¢Ö§ ´Ò ¸ ¨¸Ìµ¤´Ò³¨ ±µ´¸É ´É ³¨ Zi § ³¥´µ°  ·£Ê³¥´Éµ¢:

Z̃i(g2, λ, λ̄) = Zi(g̃2, λ̃, ˜̄λ). (6)

“± § ´´ Ö ¶·µÍ¥¤Ê·  ¶µ¤¸É ´µ¢±¨ ³µ¤¨Ë¨Í¨·µ¢ ´´ÒÌ § ·Ö¤µ¢ · ¡µÉ ¥É
´  ¢¸¥Ì ¸É ¤¨ÖÌ. …¥ ³µ¦´µ ¶·µ¨§¢µ¤¨ÉÓ ´  Ê·µ¢´¥ ±µ´¸É ´É ¶¥·¥´µ·³¨·µ¢±¨,
�ƒ-Ê· ¢´¥´¨° ÉµÎ´µ° É¥µ·¨¨, ·¥Ï¥´¨° ÔÉ¨Ì Ê· ¢´¥´¨°, ¶·¨¡²¨¦¥´´ÒÌ ·¥Ï¥-
´¨°, Ë¨±¸¨·µ¢ ´´ÒÌ ÉµÎ¥±, Ê¸²µ¢¨° ±µ´¥Î´µ¸É¨ É¥µ·¨¨, ¤ ¦¥ ¢ ´¥¶¥·ÉÊ·¡ -
É¨¢´ÒÌ ·¥Ï¥´¨ÖÌ. � §² £ Ö ¶µ £· ¸¸³ ´µ¢µ° ¶¥·¥³¥´´µ°, ³Ò ¶µ²ÊÎ ¥³ ¸µ-
µÉ¢¥É¸É¢ÊÕÐ¨¥ ¢Ò· ¦¥´¨Ö ¢ ³Ö£±µ ´ ·ÊÏ¥´´µ° É¥µ·¨¨. ’ ±¨³ µ¡· §µ³ ¡Ò²¨
¶µ²ÊÎ¥´Ò ´µ¢Ò¥ ·¥Ï¥´¨Ö �ƒ-Ê· ¢´¥´¨° ¤²Ö ³Ö£±¨Ì ¶ · ³¥É·µ¢, ¨¸Ìµ¤Ö ¨§ ·¥-
Ï¥´¨° ¢ ÉµÎ´µ° É¥µ·¨¨ ¨¸¸²¥¤µ¢ ´Ò Ë¨±¸¨·µ¢ ´´Ò¥ ÉµÎ±¨, ¨§ÊÎ¥´  § ¢¨¸¨-
³µ¸ÉÓ µÉ ´ Î ²Ó´ÒÌ Ê¸²µ¢¨°, ¶µ²ÊÎ¥´Ò Ê¸²µ¢¨Ö, µ¡¥¸¶¥Î¨¢ ÕÐ¨¥ ±µ´¥Î´µ¸ÉÓ
´ ·ÊÏ¥´´µ° É¥µ·¨¨, ¨ É. ¤. �¨¦¥ ³Ò ¶·¥¤¸É ¢¨³ ·Ö¤ ¶·¨³¥·µ¢.

3. ‚ ¦´µ¥ ¨ ¢¥¸Ó³  ÔËË¥±É¨¢´µ¥ ¶·¨³¥´¥´¨¥ ¤ ´´µ£µ ³¥Éµ¤  ¡Ò²µ ·¥-
 ²¨§µ¢ ´µ ¤²Ö ¶µ²ÊÎ¥´¨Ö ·¥§Ê²ÓÉ Éµ¢ ¢ µ¤´µ° ¨§ ¸ ³ÒÌ ¶µ¶Ê²Ö·´ÒÌ ³µ¤¥²¥°
É¥µ·¨¨ ËÊ´¤ ³¥´É ²Ó´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° Å ¢ ³¨´¨³ ²Ó´µ³ ¸Ê¶¥·¸¨³³¥É·¨Î-
´µ³ · ¸Ï¨·¥´¨¨ ¸É ´¤ ·É´µ° ³µ¤¥²¨. ‘¶¥±É· ³ ¸¸ Î ¸É¨Í ¢ ÔÉµ° É¥µ·¨¨
µ¡ÒÎ´µ µ¶·¥¤¥²Ö¥É¸Ö § ¤ ´¨¥³ ´ Î ²Ó´ÒÌ §´ Î¥´¨° ³ ¸¸ ¨ ±µ´¸É ´É ¸¢Ö§¨ ´ 
Ï± ²¥ ¢¥²¨±µ£µ µ¡Ñ¥¤¨´¥´¨Ö ¨ ¶µ¸²¥¤ÊÕÐ¥° ¨Ì Ô¢µ²ÕÍ¨¥° ¤µ ´¨§±¨Ì Ô´¥·£¨°
¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ �ƒ-Ê· ¢´¥´¨° ¨ ¨Ì ·¥Ï¥´¨°. ‚ ¸Í¥´ ·¨¨ ¸ ³ ²Ò³ tg β (µÉ-
´µÏ¥´¨¥ ¢ ±ÊÊ³´ÒÌ ¸·¥¤´¨Ì ¤¢ÊÌ Ì¨££¸µ¢¸±¨Ì ¤Ê¡²¥Éµ¢) ¸¨¸É¥³  Ê· ¢´¥´¨°
¸ÊÐ¥¸É¢¥´´µ Ê¶·µÐ ¥É¸Ö ¨ ¨Ì ³µ¦´µ ·¥Ï¨ÉÓ Ö¢´µ. �¤´ ±µ ¢ ¸²ÊÎ ¥ ¡µ²ÓÏµ£µ
É ´£¥´¸  ´¥µ¡Ìµ¤¨³µ ·¥Ï ÉÓ ¢¸Õ ¸¨¸É¥³Ê Ê· ¢´¥´¨° Í¥²¨±µ³, ¨ ¤ ¦¥ Éµ²Ó±µ

∗ŒÒ ¶·¥¤¶µ² £ ¥³ ´ ²¨Î¨¥ ´¥±µÉµ·µ° ¸Ê¶¥·¸¨³³¥É·¨Î´µ-¨´¢ ·¨ ´É´µ° ·¥£Ê²Ö·¨§ Í¨¨.
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¤²Ö µ¤´¨Ì ± ²¨¡·µ¢µÎ´ÒÌ ¨ Õ± ¢¸±¨Ì ±µ´¸É ´É ¸¢Ö§¨ ´ °É¨ ÔÉ¨ ·¥Ï¥´¨Ö
Ê¤ ²µ¸Ó ²¨ÏÓ ´¥¤ ¢´µ. ˆ¸¶µ²Ó§µ¢ ´¨¥ £· ¸¸³ ´µ¢  · §²µ¦¥´¨Ö ¶µ§¢µ²¨²µ,
§´ Ö ÔÉ¨ ·¥Ï¥´¨Ö, ¢¶¥·¢Ò¥ ¶µ²ÊÎ¨ÉÓ  ´ ²¨É¨Î¥¸±¨¥ ¢Ò· ¦¥´¨Ö ¤²Ö ·¥Ï¥´¨°
�ƒ-Ê· ¢´¥´¨° ¤²Ö ³Ö£±¨Ì ¶ · ³¥É·µ¢ ¨ ¨¸¸²¥¤µ¢ ÉÓ Ë¨±¸¨·µ¢ ´´Ò¥ ÉµÎ±¨
ÔÉ¨Ì ·¥Ï¥´¨° ¨ § ¢¨¸¨³µ¸ÉÓ µÉ ¨§³¥´¥´¨Ö ´ Î ²Ó´ÒÌ Ê¸²µ¢¨° [6]. �Ò²¨ ¶µ-
²ÊÎ¥´Ò É ±¦¥ Ê¤µ¡´Ò¥ ¶·¨¡²¨¦¥´´Ò¥ ·¥Ï¥´¨Ö �ƒ-Ê· ¢´¥´¨° ¨ ¨¸¸²¥¤µ¢ ´Ò
Ë¨±¸¨·µ¢ ´´Ò¥ ÉµÎ±¨ ÔÉ¨Ì ¶·¨¡²¨¦¥´´ÒÌ ·¥Ï¥´¨° [7].

„²Ö ±µ´¥Î´ÒÌ É¥µ·¨°, É. ¥. É¥µ·¨°, ¸µ¸É ¢ ¶µ²¥° ±µÉµ·ÒÌ ¶µ¤µ¡· ´ É -
±¨³ µ¡· §µ³, ÎÉµ¡Ò ¸µ±· É¨ÉÓ ¢¸¥ Ê²ÓÉ· Ë¨µ²¥Éµ¢Ò¥ · ¸Ìµ¤¨³µ¸É¨ ¢ ´¨§Ï¨Ì
¶¥É²ÖÌ, £· ¸¸³ ´µ¢µ · §²µ¦¥´¨¥ ¶µ§¢µ²Ö¥É ¶µ²ÊÎ¨ÉÓ ¸¢Ö§¨ ³¥¦¤Ê ³Ö£±¨³¨
¶ · ³¥É· ³¨,  ´ ²µ£¨Î´Ò¥ ¸¢Ö§Ö³ ¤²Ö ±µ´¸É ´É ÉµÎ´µ° É¥µ·¨¨, ´¥µ¡Ìµ¤¨³Ò¥
¤²Ö Ê¸É· ´¥´¨Ö · ¸Ìµ¤¨³µ¸É¥°, ¶µÖ¢²ÖÕÐ¨Ì¸Ö ¢ ¢Ò¸Ï¨Ì ¶¥É²ÖÌ [4,8].

�·¨³¥´ÖÖ £· ¸¸³ ´µ¢µ · §²µ¦¥´¨¥ ± ·¥Ï¥´¨Õ ‘ °¡¥·£ Ä‚¨ÉÉ¥´  ¤²Ö
N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´µ° ± ²¨¡·µ¢µÎ´µ° É¥µ·¨¨, ÊÎ¨ÉÒ¢ ÕÐ¥³Ê ± ± ¶¥·-
ÉÊ·¡ É¨¢´Ò¥, É ± ¨ ´¥¶¥·ÉÊ·¡ É¨¢´Ò¥ ÔËË¥±ÉÒ, ³µ¦´µ ¶µ²ÊÎ¨ÉÓ  ´ ²µ£¨Î´Ò¥
ÉµÎ´Ò¥  ´ ²¨É¨Î¥¸±¨¥ ·¥Ï¥´¨Ö ¤²Ö ¶ · ³¥É·µ¢, ³Ö£±µ ´ ·ÊÏ ÕÐ¨Ì N = 2 ¨
N = 1 ¸Ê¶¥·¸¨³³¥É·¨Õ [4].
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�¡Ñ¥¤¨´e´´Ò° ¨´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨°, „Ê¡´ 

‹ ¡µ· Éµ·¨Ö É¥µ·¥É¨Î¥¸±µ° Ë¨§¨±¨ ¨³. �. �. �µ£µ²Õ¡µ¢ 

�·¥¤²µ¦¥´ ·¥´µ·³¨´¢ ·¨ ´É´Ò°  ´ ²¨É¨Î¥¸±¨° ¶µ¤Ìµ¤ ± ¢Ò¶µ²´¥´¨Õ ¢ÒÎ¨¸²¥´¨° ¢ ±¢ ´-
Éµ¢µ° Ì·µ³µ¤¨´ ³¨±¥, ¢ ±µÉµ·µ³ ·¥´µ·³£·Ê¶¶µ¢µ¥ ¸Ê³³¨·µ¢ ´¨¥ ±µ··¥²¨·Ê¥É¸Ö ¸  ´ ²¨É¨Î´µ-
¸ÉÓÕ. ‚Ò· ¦¥´¨Ö ¤²Ö ¨´¢ ·¨ ´É´µ£µ § ·Ö¤  ¨ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ³µ¤¨Ë¨Í¨·ÊÕÉ¸Ö É ±¨³
µ¡· §µ³, ÎÉµ ´¥Ë¨§¨Î¥¸±¨¥ µ¸µ¡¥´´µ¸É¨ É¨¶  ¶·¨§· Î´µ£µ ¶µ²Õ¸  ´¥ ¶µÖ¢²ÖÕÉ¸Ö ¢µµ¡Ð¥. ‚
· ³± Ì ´µ¢µ° ¸Ì¥³Ò ¤¥³µ´¸É·¨·Ê¥É¸Ö Ê¸Éµ°Î¨¢µ¸ÉÓ ·¥§Ê²ÓÉ Éµ¢ · ¸Î¥Éµ¢ ¤²Ö ·Ö¤  Ë¨§¨Î¥¸±¨Ì
¶·µÍ¥¸¸µ¢ ¶µ µÉ´µÏ¥´¨Õ ± ¢Ò¸Ï¨³ ¶¥É²¥¢Ò³ ÔËË¥±É ³ ¨ ¢Ò¡µ·Ê ·¥´µ·³ ²¨§ Í¨µ´´µ£µ ¶·¥¤-
¶¨¸ ´¨Ö. �µ± § ´µ, ÎÉµ  ´ ²¨É¨Î¥¸±¨° ¶µ¤Ìµ¤ ¶µ§¢µ²Ö¥É ¸ ³µ¸µ£² ¸µ¢ ´´Ò³ µ¡· §µ³ µ¶·¥¤¥-
²¨ÉÓ ¨´¢ ·¨ ´É´Ò° § ·Ö¤ ¢µ ¢·¥³¥´¨¶µ¤µ¡´µ° µ¡² ¸É¨. �·µ ´ ²¨§¨·µ¢ ´  ·µ²Ó É ± ´ §Ò¢ ¥-
³ÒÌ π2-Î²¥´µ¢. „²Ö ´¥Ê¶·Ê£µ£µ ²¥¶Éµ´- ¤·µ´´µ£µ · ¸¸¥Ö´¨Ö · §¢¨É ³¥Éµ¤ ¨§ÊÎ¥´¨Ö ÔËË¥±Éµ¢,
µ¡Ê¸²µ¢²¥´´ÒÌ ³ ¸¸µ° ³¨Ï¥´¨, µ¸´µ¢ ´´Ò° ´  ¨´É¥£· ²Ó´µ³ ¶·¥¤¸É ¢²¥´¨¨ ¤²Ö ¸É·Ê±ÉÊ·´ÒÌ
ËÊ´±Í¨°, ±µÉµ·µ¥  ±±Ê³Ê²¨·Ê¥É µ¡Ð¨¥ ¸¢µ°¸É¢  ²µ± ²Ó´µ° ±¢ ´Éµ¢µ° É¥µ·¨¨ ¶µ²Ö. �µ± § ´µ,
ÎÉµ ¶µ²ÊÎ¥´´Ò¥ É ±¨³ µ¡· §µ³ ¢Ò· ¦¥´¨Ö ¤²Ö ¸É·Ê±ÉÊ·´ÒÌ ËÊ´±Í¨° ´ Ìµ¤ÖÉ¸Ö ¢ ¸µ£² ¸¨¨ ¸µ
¸¶¥±É· ²Ó´Ò³ ¸¢µ°¸É¢µ³.

A renormalization invariant analytic approach of performing calculations in quantum chromody-
namics, in which the renormalization group summation is correlated with the analyticity is suggested.
The expressions for the invariant charge and matrix elements are modiˇed such that the unphysical
singularities of the ghost pole type do not appear at all. Using the new scheme, the results of calcu-
lations for a number of physical processes are shown to be stable with respect to higher-loop effects
and the choice of the renormalization prescription. It is argued that the analytic approach allows us to
give a self-consistent deˇnition of the running coupling in the timelike region. A role of the so-called
π2-terms is analyzed. A method of studying target mass effects based on the integral representation
for structure functions of the inelastic lepton-hadron scattering, which accumulates general properties
of local quantum ˇeld theory, is developed. It is shown that expressions obtained for the structure
functions have a correct spectral property.

�¥µÉÑ¥³²¥³µ° Î ¸ÉÓÕ ¸µ¢·¥³¥´´µ° ±¢ ´Éµ¢µ° É¥µ·¨¨ ¶µ²Ö (Š’�) Ö¢²Ö-
¥É¸Ö ¸Ëµ·³Ê²¨·µ¢ ´´Ò° ¢ ¸¥·¥¤¨´¥ 50-Ì ££. [1] ³¥Éµ¤ ·¥´µ·³ ²¨§ Í¨µ´´µ°
£·Ê¶¶Ò (�ƒ). ‘¥£µ¤´Ö · ¸¸³µÉ·¥´¨¥ ¶· ±É¨Î¥¸±¨ ¢¸¥Ì  ¤·µ´´ÒÌ ¶·µÍ¥¸¸µ¢
´  µ¸´µ¢¥ ±¢ ´Éµ¢µ° Ì·µ³µ¤¨´ ³¨±¨ (Š•„) ´¥³Ò¸²¨³µ ¢´¥ ·¥´µ·³£·Ê¶¶µ-
¢µ£µ  ´ ²¨§ . •µ·µÏµ ¨§¢¥¸É´µ, ÎÉµ ´¥¶µ¸·¥¤¸É¢¥´´µ¥ ·¥Ï¥´¨¥ �ƒ-Ê· ¢´¥´¨Ö
¤²Ö ¨´¢ ·¨ ´É´µ£µ § ·Ö¤  ¢ É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° (’‚) ¶·¨¢µ¤¨É ± ´¥Ë¨§¨Î¥-
¸±¨³ µ¸µ¡¥´´µ¸ÉÖ³, ´ ¶·¨³¥· Å ¢ µ¤´µ¶¥É²¥¢µ³ ¶·¨¡²¨¦¥´¨¨ Å ± ¶·¨-
§· Î´µ³Ê ¶µ²Õ¸Ê. “Î¥É ¸²¥¤ÊÕÐ¨Ì, ³´µ£µ¶¥É²¥¢ÒÌ, ¶µ¶· ¢µ± ´¥ ³¥´Ö¥É
¸ÊÉ¨ ¤¥² ,   ²¨ÏÓ £¥´¥·¨·Ê¥É ¤µ¶µ²´¨É¥²Ó´Ò¥ · §·¥§Ò. ‘ÊÐ¥¸É¢µ¢ ´¨¥ É -
±µ£µ ·µ¤  µ¸µ¡¥´´µ¸É¥° ¶·µÉ¨¢µ·¥Î¨É µ¡Ð¨³ ¶·¨´Í¨¶ ³ ²µ± ²Ó´µ° Š’� [2].
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…Ð¥ ¢ ±µ´Í¥ 50-Ì ££. �. �. �µ£µ²Õ¡µ¢Ò³, �. �. ‹µ£Ê´µ¢Ò³ ¨ „. ‚. ˜¨·±µ-
¢Ò³ [3] ¢ ±µ´É¥±¸É¥ ±¢ ´Éµ¢µ° Ô²¥±É·µ¤¨´ ³¨±¨ ¡Ò² ¶·¥¤²µ¦¥´ ¸¶µ¸µ¡ · §-
·¥Ï¥´¨Ö ÔÉµ° ¶·µ¡²¥³Ò, ¸µ¸ÉµÖÐ¨° ¢ µ¡Ñ¥¤¨´¥´¨¨ ³¥Éµ¤  �ƒ ¸ É·¥¡µ¢ ´¨¥³
 ´ ²¨É¨Î´µ¸É¨.

� §¢¨É¨¥ ¨¤¥¨ µ¡Ñ¥¤¨´¥´¨Ö ·¥´µ·³¨´¢ ·¨ ´É´µ¸É¨ ¨  ´ ²¨É¨Î´µ¸É¨ ¢
¸²ÊÎ ¥ Š•„ [4] µ¡´ ·Ê¦¨²µ ´µ¢Ò¥ ¢ ¦´Ò¥ ¸¢µ°¸É¢   ´ ²¨É¨Î¥¸±µ£µ ¶µ¤-
Ìµ¤  [5Ä8]. Š ¨Ì Î¨¸²Ê µÉ´µ¸¨É¸Ö ´ ²¨Î¨¥ Ê ¨´¢ ·¨ ´É´µ£µ  ´ ²¨É¨Î¥¸±µ£µ
§ ·Ö¤  ᾱan(Q2) ¨´Ë· ±· ¸´µ-¸É ¡¨²Ó´µ° ÉµÎ±¨, ±µÉµ· Ö µ± §Ò¢ ¥É¸Ö Ê´¨¢¥·-
¸ ²Ó´µ° ¢ Éµ³ ¸³Ò¸²¥, ÎÉµ ¥¥ §´ Î¥´¨¥ ᾱan(0) = 4π/β0 µ¶·¥¤¥²Ö¥É¸Ö Ê¦¥
µ¤´µ¶¥É²¥¢Ò³ ¢±² ¤µ³, É. ¥. ´¥ ¨§³¥´Ö¥É¸Ö ¶·¨ ÊÎ¥É¥ ³´µ£µ¶¥É²¥¢ÒÌ ¶µ¶· -
¢µ± ¨, ¸²¥¤µ¢ É¥²Ó´µ, Ö¢²Ö¥É¸Ö ¨´¢ ·¨ ´É´Ò³ µÉ´µ¸¨É¥²Ó´µ ¢Ò¡µ·  ¸Ì¥³Ò
¶¥·¥´µ·³¨·µ¢±¨. �Éµ §´ Î¥´¨¥ ´¥ § ¢¨¸¨É µÉ Ô±¸¶¥·¨³¥´É ²Ó´µ µ¶·¥¤¥²Ö¥-
³µ£µ ³ ¸ÏÉ ¡´µ£µ ¶ · ³¥É·  Λ,   ´ ¡µ· ±·¨¢ÒÌ ᾱan(Q2/Λ2), µÉ¢¥Î ÕÐ¨Ì
· §²¨Î´Ò³ §´ Î¥´¨Ö³ Λ, ¶·¥¤¸É ¢²ÖeÉ ¸µ¡µ° ¶ÊÎµ± ¸ µ¡Ð¥° ÉµÎ±µ° ᾱan(0).
ˆ´¢ ·¨ ´É´ Ö  ´ ²¨É¨Î¥¸± Ö Ëµ·³Ê²¨·µ¢±  ¸ÊÐ¥¸É¢¥´´µ ³µ¤¨Ë¨Í¨·Ê¥É ¶µ-
¢¥¤¥´¨¥ ᾱan(x) ¢ ¨´Ë· ±· ¸´µ° µ¡² ¸É¨, ¤¥² Ö ¥¥ Ê¸Éµ°Î¨¢µ° ± ¢Ò¸Ï¨³ ¶¥É-
²¥¢Ò³ ¶µ¶· ¢± ³. „¢ÊÌ¶¥É²¥¢µ¥ ¶·¨¡²¨¦¥´¨¥ µÉ²¨Î ¥É¸Ö µÉ µ¤´µ¶¥É²¥¢µ£µ
´¥ ¡µ²¥¥ Î¥³ ´  � 10 % ¢ µ¡² ¸É¨ ³ ²ÒÌ Q2,   É·¥Ì¶¥É²¥¢µ¥ µÉ²¨Î ¥É¸Ö µÉ
¤¢ÊÌ¶¥É²¥¢µ£µ ²¨ÏÓ ´  � 1 %. ’ ± Ö ¸¨ÉÊ Í¨Ö ± ·¤¨´ ²Ó´µ µÉ²¨Î ¥É¸Ö µÉ
¸¨ÉÊ Í¨¨ ¢ µ¡ÒÎ´µ° �ƒ-É¥µ·¨¨ ¢µ§³ÊÐ¥´¨°, ¤²Ö ±µÉµ·µ° Ì · ±É¥·´  ¸¨²Ó-
´ Ö ´¥Ê¸Éµ°Î¨¢µ¸ÉÓ ¶µ µÉ´µÏ¥´¨Õ ± ¶µ¸²¥¤ÊÕÐ¨³ ¶¥É²¥¢Ò³ ¶µ¶· ¢± ³ ¢
µ¡² ¸É¨ ³ ²ÒÌ Q2 � Λ2. �É³¥É¨³ É ±¦¥, ÎÉµ ¶µ¤¤¥·¦±  ±µ··¥±É´ÒÌ  ´ ²¨-
É¨Î¥¸±¨Ì ¸¢µ°¸É¢ ¶µ Q2 µ± §Ò¢ ¥É¸Ö ¸ÊÐ¥¸É¢¥´´µ° ¤²Ö ¸ ³µ¸µ£² ¸µ¢ ´´µ£µ
µ¶·¥¤¥²¥´¨Ö ÔËË¥±É¨¢´µ£µ § ·Ö¤  ¢µ ¢·¥³¥´¨¶µ¤µ¡´µ° µ¡² ¸É¨ [9]. Š·µ³¥
Éµ£µ, ¶·¨ µ¶¨¸ ´¨¨ ±µ´±·¥É´ÒÌ ¶·µÍ¥¸¸µ¢, ´ ¶·¨³¥· ¨´±²Õ§¨¢´µ£µ · ¸¶ ¤ 
τ -²¥¶Éµ´ , ´¥¶·µÉ¨¢µ·¥Î¨¢µ¥ · ¸¸³µÉ·¥´¨¥ ¢µ§³µ¦´µ Éµ²Ó±µ ²¨ÏÓ ¶·¨ ´ ²¨-
Î¨¨ µÉ³¥Î¥´´ÒÌ ¢ÒÏ¥  ´ ²¨É¨Î¥¸±¨Ì ¸¢µ°¸É¢.

‚  ´ ²¨É¨Î¥¸±µ° É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° (�’‚) · ¸¸³ É·¨¢ ¥³ Ö ¢¥²¨Î¨´ 
 ¶¶·µ±¸¨³¨·Ê¥É¸Ö ´¥¸É¥¶¥´´Ò³ ·Ö¤µ³. ‚³¥¸Éµ ¸É¥¶¥´¥° ¶ · ³¥É·  · §²µ¦¥-
´¨Ö ¢ ’‚ Å ¶¥·ÉÊ·¡ É¨¢´µ£µ ¨´¢ ·¨ ´É´µ£µ § ·Ö¤  ᾱs Å ¢µ§´¨± ÕÉ ´µ¢Òe
´¥¸¨´£Ê²Ö·´Ò¥ ËÊ´±Í¨¨, · §²¨Î´Ò¥ ¤²Ö ¶·µ¸É· ´¸É¢¥´´µ- ¨ ¢·¥³¥´¨¶µ¤µ¡-
´µ° µ¡² ¸É¥°. �´ ²¨§ É ±¨Ì ¶·µÍ¥¸¸µ¢, ± ± e+e−- ´´¨£¨²ÖÍ¨Ö ¢  ¤·µ´Ò ¨ ¨´-
±²Õ§¨¢´Ò° τ -· ¸¶ ¤,   É ±¦¥ ¶· ¢¨² ¸Ê³³ ´¥Ê¶·Ê£µ£µ ²¥¶Éµ´- ¤·µ´´µ£µ · ¸-
¸¥Ö´¨Ö, ¶·µ¢¥¤¥´´Ò° ¶µ �’‚- ²£µ·¨É³Ê, ¶µ± § ², ÎÉµ, ¶µ³¨³µ ¶¥É²¥¢µ° ¸É -
¡¨²Ó´µ¸É¨, ¶µ²ÊÎ ¥³Ò¥ ·¥§Ê²ÓÉ ÉÒ µ¡² ¤ ÕÉ, ¶µ ¸· ¢´¥´¨Õ ¸ µ¡ÒÎ´Ò³ ¶µ¤-
Ìµ¤µ³, ¢¥¸Ó³  ¸² ¡µ° ÎÊ¢¸É¢¨É¥²Ó´µ¸ÉÓÕ ± ¢Ò¡µ·Ê ¸Ì¥³Ò ¶¥·¥´µ·³¨·µ¢µ±.

�´ ²¨É¨Î¥¸±¨° ¨´¢ ·¨ ´É´Ò° § ·Ö¤ a(Q2) = αs(Q2)/(4π) µ¶·¥¤¥²Ö¥É¸Ö
¸¶¥±É· ²Ó´µ° ËÊ´±Í¨¥° ρ(σ, a) Î¥·¥§ ¶·¥¤¸É ¢²¥´¨¥ —¥²²¥´ Ä‹¥³ ´ :

āan(Q2) =
1
π

∫ ∞

0

dσ
ρ(σ, a)

σ + Q2 − iε
. (1)
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‚ÒÎ¨¸²ÖÖ ÔÉÊ ËÊ´±Í¨Õ ¢ ¶·¨¡²¨¦¥´¨¨ £² ¢´ÒÌ ²µ£ ·¨Ë³µ¢, ´ Ìµ¤¨³ [4]:

ā(1)
an (Q2/Λ2) =

1
β0

[
1

ln Q2/Λ2
+

Λ2

Λ2 − Q2

]
. (2)

�¥·¢µ¥ ¸² £ ¥³µ¥ ¢ ¶· ¢µ° Î ¸É¨ ¸µÌ· ´Ö¥É µ¡ÒÎ´µ¥ Ê²ÓÉ· Ë¨µ²¥Éµ¢µ¥ ¶µ-
¢¥¤¥´¨¥ ¡¥£ÊÐ¥£µ § ·Ö¤  ¨ µ¡¥¸¶¥Î¨¢ ¥É ¸¢µ°¸É¢µ  ¸¨³¶ÉµÉ¨Î¥¸±µ° ¸¢µ¡µ¤Ò
É¥µ·¨¨. ‚Éµ·µ¥ ¸² £ ¥³µ¥, ±µÉµ·µ¥ ¶µÖ¢²Ö¥É¸Ö ¨§ ¸¶¥±É· ²Ó´µ£µ ¶·¥¤¸É ¢²¥-
´¨Ö, £ · ´É¨·Ê¥É ¶· ¢¨²Ó´Ò¥  ´ ²¨É¨Î¥¸±¨¥ ¸¢µ°¸É¢  § ·Ö¤ , ±µ³¶¥´¸¨·ÊÖ
¶·¨§· Î´Ò° ¶µ²Õ¸ ¶·¨ Q2 = Λ2. ‡ ¢¨¸¨³µ¸ÉÓ ÔÉµ£µ ¸² £ ¥³µ£µ µÉ ¨¸Ìµ¤´µ°
±µ´¸É ´ÉÒ ¸¢Ö§¨ É ±µ¢ , ÎÉµ ¶·¨ · §²µ¦¥´¨¨ ¢ ·Ö¤ ’‚ ¸²¥¤ µÉ ´¥£µ É¥·Ö¥É¸Ö.
’ ±¨³ µ¡· §µ³, É·¥¡µ¢ ´¨¥ ¢Ò¶µ²´¥´¨Ö ¶· ¢¨²Ó´ÒÌ  ´ ²¨É¨Î¥¸±¨Ì ¸¢µ°¸É¢
¶·¨¢µ¤¨É ± ¶µÖ¢²¥´¨Õ ¸É¥¶¥´´ÒÌ ¶µ Q2 ¢±² ¤µ¢, ´¥¢¨¤¨³ÒÌ ¢ ¨¸Ìµ¤´µ³ ¶¥·-
ÉÊ·¡ É¨¢´µ³ · §²µ¦¥´¨¨. �É³¥É¨³ É ±¦¥, ÎÉµ, ¢ µÉ²¨Î¨¥ µÉ Ô²¥±É·µ¤¨´ ³¨±¨,
¢ Š•„, ¡² £µ¤ ·Ö ¸¢µ°¸É¢Ê  ¸¨³¶ÉµÉ¨Î¥¸±µ° ¸¢µ¡µ¤Ò, ¶·µÖ¢²¥´¨¥ É ±¨Ì ´¥-
¶¥·ÉÊ·¡ É¨¢´ÒÌ ¢±² ¤µ¢ ¢ ÔËË¥±É¨¢´µ³ § ·Ö¤¥ ¸É ´µ¢¨É¸Ö µÐÊÉ¨³Ò³ ´¥ ¶·¨
Ë ´É ¸É¨Î¥¸±¨ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ (´¥¤µ¸ÉÊ¶´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´µ),   ¢ µ¡² -
¸É¨ Ô´¥·£¨° ¨ ¶¥·¥¤ Î ¨³¶Ê²Ó¸ , ¢¶µ²´¥ ·¥ ²Ó´ÒÌ ¢ ¸µ¢·¥³¥´´ÒÌ µ¶ÒÉ Ì.

’ ±¨³ µ¡· §µ³, ¸¨´É¥§ ·¥´µ·³£·Ê¶¶µ¢µ° ¨´¢ ·¨ ´É´µ¸É¨ ¨  ´ ²¨É¨Î´µ-
¸É¨ ¶·¨¢µ¤¨É ±  ´ ²¨É¨Î¥¸±µ³Ê ¨´¢ ·¨ ´É´µ³Ê § ·Ö¤Ê ¡¥§ ²µ£ ·¨Ë³¨Î¥¸±µ£µ
¶µ²Õ¸  ¨ ¸ ±µ´¥Î´Ò³ ˆŠ-§´ Î¥´¨¥³∗ ᾱan(0) = 4π/β0 � 1, 396. �Éµ ¶·¥-
¤¥²Ó´µ¥ §´ Î¥´¨¥ ´¥ § ¢¨¸¨É µÉ Ô±¸¶¥·¨³¥´É ²Ó´µ° ¨´Ëµ·³ Í¨¨, ¸¢Ö§ ´´µ°
¸ ÉµÎ±µ° ´µ·³¨·µ¢±¨ a = a(µ2) ¨²¨ ¶ · ³¥É·µ³ Λ,   µ¶·¥¤¥²Ö¥É¸Ö ²¨ÏÓ ±µ-
ÔËË¨Í¨¥´Éµ³ β-ËÊ´±Í¨¨, ¸¢Ö§ ´´Ò³ ¸ µ¡Ð¥° £·Ê¶¶µ¢µ° ¸É·Ê±ÉÊ·µ° ² £· ´-
¦¨ ´ . �  ·¨¸. 1 ¨§µ¡· ¦¥´ ¶ÊÎµ± ±·¨¢ÒÌ ᾱan(Q2), µÉ¢¥Î ÕÐ¨Ì · §²¨Î´Ò³
§´ Î¥´¨Ö³ Λ,   É ±¦¥ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ É¥³ ¦¥ Λ µ¡ÒÎ´Ò¥ ’‚-·¥Ï¥´¨Ö. ˆ§Ê-
Î¥´¨¥ ¢Ò¸Ï¨Ì ¶µ¶· ¢µ± ±  ´ ²¨É¨Î¥¸±µ³Ê § ·Ö¤Ê∗∗ ¶µ± § ²µ Ê¤¨¢¨É¥²Ó´ÊÕ
¸É ¡¨²Ó´µ¸ÉÓ ·¥§Ê²ÓÉ Éµ¢. �ÉµÉ Ë ±É∗∗∗ ¤¥³µ´¸É·¨·Ê¥É¸Ö ´  ·¨¸. 2.

‘¢µ°¸É¢   ´ ²¨É¨Î´µ¸É¨ ¢ ¦´Ò ¤²Ö ±µ··¥±É´µ£µ µ¶·¥¤¥²¥´¨Ö ÔËË¥±É¨¢-
´µ£µ § ·Ö¤  ¢µ ¢·¥³¥´¨¶µ¤µ¡´µ° µ¡² ¸É¨. …£µ ¢Ò· ¦¥´¨¥ Î¥·¥§ ¸¶¥±É· ²Ó´ÊÕ
ËÊ´±Í¨Õ ¨³¥¥É ¸²¥¤ÊÕÐ¨° ¢¨¤ [9]:

ās(s) =
1
π

∫ ∞

s

dσ

σ
ρ(σ) . (3)

∗„²Ö Î¨¸²¥´´ÒÌ µÍ¥´µ± ¶·¨ ³ ²ÒÌ Q2 ³Ò ¨¸¶µ²Ó§Ê¥³ Î¨¸²µ  ±É¨¢´ÒÌ ±¢ ·±µ¢ f = 3.
∗∗‚ ÔÉµ³ ¸²ÊÎ ¥ ¢µ¸¸É ´µ¢²¥´¨¥ ¶· ¢¨²Ó´ÒÌ  ´ ²¨É¨Î¥¸±¨Ì ¸¢µ°¸É¢ ¶·µ¨¸Ìµ¤¨É ´¥ Éµ²Ó±µ

¶ÊÉ¥³ Ê¸É· ´¥´¨Ö ¶·¨§· Î´µ£µ ¶µ²Õ¸ , ´µ ¨ §  ¸Î¥É ¢ÒÎ¨É ´¨Ö ´¥Ë¨§¨Î¥¸±¨Ì · §·¥§µ¢, µ¡Ê-
¸²µ¢²¥´´ÒÌ ¤¢µ°´µ° ²µ£ ·¨Ë³¨Î¥¸±µ° § ¢¨¸¨³µ¸ÉÓÕ ¢ ¶¥·ÉÊ·¡ É¨¢´µ³ § ·Ö¤¥. „²Ö ¶µ²ÊÎ¥´¨Ö
±µ²¨Î¥¸É¢¥´´ÒÌ ·¥§Ê²ÓÉ Éµ¢ ¢ ¢Ò¸Ï¨Ì ¶µ·Ö¤± Ì ³µ¦´µ ¨¸¶µ²Ó§µ¢ ÉÓ ± ± ´¥¶µ¸·¥¤¸É¢¥´´Ò° Î¨-
¸²¥´´Ò° · ¸Î¥É, É ± ¨ ¢Ò· ¦¥´¨¥ ·¥Ï¥´¨° �ƒ-Ê· ¢´¥´¨° ¢ É¥·³¨´ Ì ËÊ´±Í¨¨ ‹ ³¡¥·É  [10].
ˆ³¥ÕÐ¨¥¸Ö ¶·¨¡²¨¦¥´´Ò¥ Ëµ·³Ê²Ò (¸³. [6]) Ê¤µ¡´Ò ¤²Ö Î¨¸²¥´´ÒÌ µÍ¥´µ±.

∗∗∗’·¥Ì¶¥É²¥¢ Ö MS-ËÊ´±Í¨Ö ¶· ±É¨Î¥¸±¨ ¸µ¢¶ ¤ ¥É ¸ ¤¢ÊÌ¶¥É²¥¢µ° ¸ ÉµÎ´µ¸ÉÓÕ ¶µ·Ö¤± 
1% ¨ ´  ·¨¸Ê´±¥ ´¥ ¶·¨¢µ¤¨É¸Ö.
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�¨¸. 1. �µ¢¥¤¥´¨¥  ´ ²¨É¨Î¥¸±µ£µ ¨´¢ ·¨ ´É´µ£µ § ·Ö¤  ᾱan(Q2) ¤²Ö Λ = 200 (a) ¨
400 ŒÔ‚ (¡). Š·¨¢Ò¥ (¢) ¨ (£) ¸µµÉ¢¥É¸É¢ÊÕÉ É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° ¤²Ö É¥Ì ¦¥ §´ Î¥´¨°
¶ · ³¥É·  Λ

�¨¸. 2. ‘É ¡¨²Ó´µ¸ÉÓ  ´ ²¨É¨Î¥¸±µ£µ ¨´¢ ·¨ ´É´µ£µ § ·Ö¤  ¶µ µÉ´µÏ¥´¨Õ ± ¢Ò¸Ï¨³
¶¥É²¥¢Ò³ ¶µ¶· ¢± ³. ˆ¸¶µ²Ó§µ¢ ´  ´µ·³¨·µ¢±  ᾱan(M2

τ ) = 0, 34 ¤²Ö f = 3

‚ · ¡µÉ Ì 
. ˜¢¨´£¥·  ¤²Ö ¸²ÊÎ Ö ±¢ ´Éµ¢µ° Ô²¥±É·µ¤¨´ ³¨±¨ ¡Ò²  ¢Ò-
¤¢¨´ÊÉ  £¨¶µÉ¥§  µ ¢µ§³µ¦´µ° ¶·µ¶µ·Í¨µ´ ²Ó´µ¸É¨ ·¥´µ·³£·Ê¶¶µ¢µ° ËÊ´±-
Í¨¨ ƒ¥²²-Œ ´´ Ä‹µÊ ¨ ¸¶¥±É· ²Ó´µ° ¶²µÉ´µ¸É¨. ‚ ¶µ¸²¥¤ÊÕÐ¥³ ÔÉµ ¶·¥¤¶µ-
²µ¦¥´¨¥ ¶µ¤É¢¥·¤¨²µ¸Ó ´  ¤¢ÊÌ¶¥É²¥¢µ³ Ê·µ¢´¥. �¤´ ±µ É·¥Ì¶¥É²¥¢Ò¥ ¢±² ¤Ò
¶·¨¢¥²¨ ± ´ ·ÊÏ¥´¨Õ É ±µ° ¢§ ¨³µ¸¢Ö§¨. ‡ ±µ´ Ô¢µ²ÕÍ¨¨ § ·Ö¤  (3), µ¶·¥-
¤¥²¥´´µ£µ ¢µ ¢·¥³¥´¨¶µ¤µ¡´µ° µ¡² ¸É¨, ¡Ê¤¥É µÉ²¨Î ÉÓ¸Ö µÉ § ±µ´  Ô¢µ²Õ-
Í¨¨ ¡¥£ÊÐ¥£µ § ·Ö¤  ¢ ¥¢±²¨¤µ¢µ° µ¡² ¸É¨, ÎÉµ ¢¥¤¥É ± ¨´µ° β-ËÊ´±Í¨¨.
ˆ³¥´´µ ÔÉ  β-ËÊ´±Í¨Ö, µÉ¢¥Î ÕÐ Ö ÔËË¥±É¨¢´µ³Ê § ·Ö¤Ê ¢µ ¢·¥³¥´¨¶µ¤µ¡-
´µ° µ¡² ¸É¨, ¨ µ± §Ò¢ ¥É¸Ö ¶·µ¶µ·Í¨µ´ ²Ó´µ° ¸¶¥±É· ²Ó´µ° ¶²µÉ´µ¸É¨. ’ -
±¨³ µ¡· §µ³, £¨¶µÉ¥§  
. ˜¢¨´£¥·  µ± § ² ¸Ó ¸¶· ¢¥¤²¨¢µ° ¤²Ö β-ËÊ´±Í¨¨,
¸µµÉ¢¥É¸É¢ÊÕÐ¥° ÔËË¥±É¨¢´µ³Ê § ·Ö¤Ê, µ¶·¥¤¥²¥´´µ³Ê ¢µ ¢·¥³¥´¨¶µ¤µ¡´µ°
µ¡² ¸É¨.

�Ö¤Ò �’‚ ¢Ò£µ¤´µ µÉ²¨Î ÕÉ¸Ö µÉ ¶¥·ÉÊ·¡ É¨¢´ÒÌ · §²µ¦¥´¨° ¢ ¸³Ò-
¸²¥ ¸¢µ°¸É¢ ¸Ìµ¤¨³µ¸É¨. �ÉµÉ Ë ±É ¤¥³µ´¸É·¨·Ê¥É¸Ö ¢ É ¡²¨Í¥, £¤¥ ¢ ± Î¥-
¸É¢¥ ¶·¨³¥·  ¢§ÖÉÒ ¶· ¢¨²  ¸Ê³³ ƒ·µ¸¸ Ä‹ÓÕ¢¥²²¨´  ‘³¨É  ¤²Ö ´¥Ê¶·Ê£µ£µ
²¥¶Éµ´-´Ê±²µ´´µ£µ · ¸¸¥Ö´¨Ö ¶·¨ Q2 = 3, 1 ƒÔ‚2 (¶·µ¸É· ´¸É¢¥´´µ¶µ¤µ¡-
´ Ö µ¡² ¸ÉÓ) ¨ ¶·µÍ¥¸¸ ¨´±²Õ§¨¢´µ£µ · ¸¶ ¤  τ -²¥¶Éµ´  (Mτ = 1, 777 ƒÔ‚,
¢·¥³¥´¨¶µ¤µ¡´ Ö µ¡² ¸ÉÓ).

�¥¨§¡¥¦´Ò° µ¡·Ò¢ ·Ö¤  É¥µ·¨¨ ¢µ§³ÊÐ¥´¨°, Éµ ¥¸ÉÓ  ¶¶·µ±¸¨³ Í¨Ö Ë¨-
§¨Î¥¸±µ° ¢¥²¨Î¨´Ò ´¥±µÉµ·µ° ¥£µ Î ¸É¨Î´µ° ¸Ê³³µ°, ¶·¨¢µ¤¨É ± ¨§¢¥¸É´µ°
¶·µ¡²¥³¥ § ¢¨¸¨³µ¸É¨ ·¥§Ê²ÓÉ É  µÉ ¢Ò¡µ·  ·¥´µ·³ ²¨§ Í¨µ´´µ£µ ¶·¥¤¶¨¸ -
´¨Ö. �ÉµÉ Ë ±É ¸²Ê¦¨É ¨¸ÉµÎ´¨±µ³ É¥µ·¥É¨Î¥¸±µ° ´¥µ¶·¥¤¥²¥´´µ¸É¨ ¢ µ¶¨-
¸ ´¨¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ. „²Ö ·¥Ï¥´¨Ö ¢µ¶·µ¸  µ¡ Ê¸Éµ°Î¨¢µ¸É¨
¶µ²ÊÎ ¥³ÒÌ ·¥§Ê²ÓÉ Éµ¢ ´¥¤µ¸É ÉµÎ´µ ¨¸¸²¥¤µ¢ ÉÓ ²¨ÏÓ ¶¥É²¥¢ÊÕ ¸É ¡¨²Ó-
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‚±² ¤Ò · §²¨Î´ÒÌ ¶µ·Ö¤±µ¢ ¶·¨  ´ ²¨§¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶µ É¥µ·¨¨
¢µ§³ÊÐ¥´¨° ¨ ¢  ´ ²¨É¨Î¥¸±µ³ ¶µ¤Ìµ¤¥

�·µÍ¥¸¸ Œ¥Éµ¤ �¥·¢Ò° ‚Éµ·µ° ’·¥É¨°
¶µ·Ö¤µ±, % ¶µ·Ö¤µ±, % ¶µ·Ö¤µ±, %

�· ¢¨²  ¸Ê³³ ’‚ 65,1 24,4 10,5
ƒ·µ¸¸ Ä‹ÓÕ¢¥²²¨´  ‘³¨É  �’‚ 75,7 20,7 3,6

ˆ´±²Õ§¨¢´Ò° · ¸¶ ¤ ’‚ 54,7 29,5 15,8
τ -²¥¶Éµ´  �’‚ 87,9 11,0 1,1

´µ¸ÉÓ; ´ Ìµ¤Ö¸Ó ¢ · ³± Ì ± ±µ°-²¨¡µ µ¤´µ° ¨§ ¸Ì¥³ ¶¥·¥´µ·³¨·µ¢µ±, ¸²¥¤Ê¥É
· ¸¸³µÉ·¥ÉÓ É ±¦¥ ¨Ì ¸Ì¥³´ÊÕ Ê¸Éµ°Î¨¢µ¸ÉÓ. ‚ · ¡µÉ¥ [5] ¨¸¸²¥¤µ¢ ´ ¢µ-
¶·µ¸ µ ¸Ì¥³´µ° § ¢¨¸¨³µ¸É¨ ·¥§Ê²ÓÉ Éµ¢  ´ ²¨É¨Î¥¸±µ°  ¶¶·µ±¸¨³ Í¨¨. ‚
± Î¥¸É¢¥ ¶·¨³¥·  ¶·µ ´ ²¨§¨·Ê¥³ ¸Ì¥³´ÊÕ § ¢¨¸¨³µ¸ÉÓ Š•„-¢±² ¤  r(s) ¢
R-µÉ´µÏ¥´¨¥ ¤²Ö ¶·µÍ¥¸¸  e+e−- ´´¨£¨²ÖÍ¨¨ ¢  ¤·µ´Ò, ¢µ§´¨± ÕÐÊÕ ¶·¨
µ¡·Ò¢¥ ·Ö¤µ¢ ’‚ ¨ �’‚. � ¸¸³µÉ·¨³ ¤¢¥ ¸Ì¥³Ò: É· ¤¨Í¨µ´´ÊÕ MS ¨ É ± ´ -
§Ò¢ ¥³ÊÕ ¸Ì¥³Ê É'•oËÉ  (H). �¡¥ ÔÉ¨ ¸Ì¥³Ò ¨³¥ÕÉ ¶·¨³¥·´µ µ¤¨´ ¨ ÉµÉ ¦¥
¨´¤¥±¸ ¸µ±· Ð¥´¨° ¨ ¢ ÔÉµ³ ¸³Ò¸²¥ ¡²¨§±¨ ¤·Ê£ ± ¤·Ê£Ê. �¥§Ê²ÓÉ ÉÒ · ¸Î¥É ,
¢Ò¶µ²´¥´´µ£µ ¢ É·¥ÉÓ¥³ ¶µ·Ö¤±¥ ¢ · ³± Ì ’‚ ¨ �’‚, ¶µ± § ´Ò ´  ·¨¸. 3.
Š ± ¢¨¤´µ ¨§ ÔÉµ£µ ·¨¸Ê´± , ¶·¨³¥´¥´¨¥  ´ ²¨É¨Î¥¸±µ£µ ¶µ¤Ìµ¤  ¶µ§¢µ²Ö¥É

�¨¸. 3. ƒ· Ë¨± ËÊ´±Í¨¨ r(s), ¢ÒÎ¨¸²¥´´µ° ¢ É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° (PT) ¨ ¢  ´ ²¨É¨Î¥-
¸±µ³ ¶µ¤Ìµ¤¥ (AA) ¤²Ö ¤¢ÊÌ ¸Ì¥³ ¶¥·¥´µ·³¨·µ¢±¨: MS ¨ H

�¨¸. 4. �µ¢Ò°  ´ ²¨§ ¶ÖÉ¨±¢ ·±µ¢µ° ¢·¥³¥´¨¶µ¤µ¡´µ° µ¡² ¸É¨. � §²¨Î¨¥ ¢ ¶µ²µ¦¥-
´¨¨ ÉµÎ¥±, µ¡µ§´ Î¥´´ÒÌ (+) ¨ (◦, •), µ¡Ê¸²µ¢²¥´µ π2-¶µ¶· ¢± ³¨. ‘¶²µÏ´ Ö �’‚-

±·¨¢ Ö ¸µµÉ¢¥É¸É¢Ê¥É Λ
(5)
MS = 270 ŒÔ‚ ¨ αs(MZ) = 0, 124. „²Ö ¸· ¢´¥´¨Ö ¶·¨¢¥¤¥´ 

¸É ´¤ ·É´ Ö ±·¨¢ Ö, µ¡µ§´ Î¥´´ Ö ÉµÎ± ³¨ ¨ ¸µµÉ¢¥É¸É¢ÊÕÐ Ö Λ
(5)
MS = 213 ŒÔ‚ ¨

αs(MZ) = 0, 118
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�¨¸. 5. ‘É·Ê±ÉÊ·´Ò¥ ËÊ´±Í¨¨ ¤²Ö
ε = M2/Q2 = 0, 5. ˜É·¨Ìµ¢ Ö ±·¨-
¢ Ö ¸µµÉ¢¥É¸É¢Ê¥É ¨¸Ìµ¤´µ³Ê ¶ ·Éµ´-
´µ³Ê · ¸¶·¥¤¥²¥´¨Õ F (x). ”Ê´±Í¨¨
W (x, ε = M2/Q2) ¸µ¤¥·¦ É § ¢¨¸¨-
³µ¸ÉÓ µÉ ³ ¸¸Ò ³¨Ï¥´¨ ¨ ¶µ²ÊÎ¥´Ò
¤¢Ê³Ö ¸¶µ¸µ¡ ³¨: ´  µ¸´µ¢¥ ³¥Éµ¤ 
ξ-¸±¥°²¨´£  (¸µµÉ¢¥É¸É¢ÊÕÐ Ö ±·¨¢ Ö
µ¡µ§´ Î¥´  ÉµÎ± ³¨) ¨ ´  µ¸´µ¢¥ ¶·¥¤-
¸É ¢²¥´¨Ö ‰‹„ (¸¶²µÏ´ Ö ²¨´¨Ö)

± ·¤¨´ ²Ó´Ò³ µ¡· §µ³ ¸´¨§¨ÉÓ É¥µ·¥É¨Î¥¸±ÊÕ ´¥µ¶·¥¤¥²¥´´µ¸ÉÓ, ¸¢Ö§ ´´ÊÕ
¸µ ¸Ì¥³´Ò³ ¶·µ¨§¢µ²µ³∗.

‚µ ¢·¥³¥´¨¶µ¤µ¡´µ° µ¡² ¸É¨ ´ ¡²Õ¤ ¥³Ò¥ ¶·¥¤¸É ¢²ÖÕÉ¸Ö ¢ ¢¨¤¥ ´¥-
¸É¥¶¥´´ÒÌ · §²µ¦¥´¨° ¶µ ËÊ´±Í¨Ö³, ±µÉµ·Ò¥ ¸Ê³³¨·ÊÕÉ É ± ´ §Ò¢ ¥³Ò¥
π2-Î²¥´Ò. �´ ²¨§ s-± ´ ²Ó´ÒÌ ´ ¡²Õ¤ ¥³ÒÌ, ¢Ò¶µ²´¥´´Ò° ¢ [11], ¶·¨¢¥² ±
¸²¥¤ÊÕÐ¨³ ¢Ò¢µ¤ ³. ‚ µ¡² ¸É¨ Ô´¥·£¨° ≥ 50 ƒÔ‚ ¨ f = 5, ¶µ ¸· ¢´¥´¨Õ ¸µ
¸É ´¤ ·É´Ò³ NLO- ´ ²¨§µ³, Ê ±µ´¸É ´ÉÒ ¸¢Ö§¨ αs ¢µ§´¨± ¥É ÔËË¥±É¨¢´Ò°
¶µ²µ¦¨É¥²Ó´Ò° ¸¤¢¨£ ´  ¢¥²¨Î¨´Ê ∆ᾱs � +0, 002. �·¨ Ô´¥·£¨ÖÌ 10÷50 ƒÔ‚
(f = 5) ¢¥²¨Î¨´  ÔÉµ£µ ¸¤¢¨£  ¢µ§· ¸É ¥É: ∆ᾱs � +0, 003. ‚ ·¥§Ê²ÓÉ É¥ ¢µ§-
´¨± ¥É ´µ¢µ¥ §´ Î¥´¨¥ ¨´¢ ·¨ ´É´µ£µ § ·Ö¤  ´  ³ ¸ÏÉ ¡¥ ³ ¸¸Ò Z-¡µ§µ´ :
ᾱs(M2

Z) = 0, 124. �µ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶·¨¢¥¤¥´Ò ´  ·¨¸. 4.
‚ ¸²ÊÎ ¥ ´¥Ê¶·Ê£µ£µ ²¥¶Éµ´- ¤·µ´´µ£µ · ¸¸¥Ö´¨Ö µ¡Ð¨¥ ¶·¨´Í¨¶Ò Š’�,

É ±¨¥ ± ± Ô·³¨Éµ¢µ¸ÉÓ, ±µ¢ ·¨ ´É´µ¸ÉÓ, ¸¶¥±É· ²Ó´µ¸ÉÓ ¨ ¶·¨Î¨´´µ¸ÉÓ [2],
 ±±Ê³Ê²¨·Ê¥É ¨´É¥£· ²Ó´µ¥ ¶·¥¤¸É ¢²¥´¨¥ ‰µ¸É Ä‹¥³ ´ Ä„ °¸µ´  (‰‹„).
�Éµ ¶·¥¤¸É ¢²¥´¨¥ ¡Ò²µ ¨¸¶µ²Ó§µ¢ ´µ ¢ [12] ¤²Ö ¨§ÊÎ¥´¨Ö ÔËË¥±Éµ¢, ¸¢Ö-
§ ´´ÒÌ ¸ ³ ¸¸µ° ³¨Ï¥´¨. �¡ÒÎ´µ ¶·¨³¥´Ö¥³Ò° ¤²Ö ÔÉµ° Í¥²¨ ³¥Éµ¤ ξ-¸±¥°-
²¨´£  ¶·¨¢µ¤¨É ± ¶·µÉ¨¢µ·¥Î¨Õ ¸µ ¸¶¥±É· ²Ó´Ò³ Ê¸²µ¢¨¥³∗∗ ¶·¨ x = 1.
ˆ¸¶µ²Ó§µ¢ ´¨¥ ¶·¥¤¸É ¢²¥´¨Ö ‰‹„ ¶µ§¢µ²Ö¥É ¶µ²ÊÎ¨ÉÓ ±µ··¥±É´µ¥ ¢Ò· ¦¥-
´¨¥. ‘µµÉ¢¥É¸É¢ÊÕÐ¨° ·¥§Ê²ÓÉ É ¨²²Õ¸É·¨·Ê¥É¸Ö ´  ·¨¸. 5.
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ˆ‡Œ…�ˆŒ� ‹ˆ ��‹Ÿ�ˆ‡�–ˆŸ Š‚��Š�?
�. ‚. …Ë·¥³µ¢

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

‹ ¡µ· Éµ·¨Ö É¥µ·¥É¨Î¥¸±µ° Ë¨§¨±¨ ¨³. �. �. �µ£µ²Õ¡µ¢ 

� ¸¸³µÉ·¥´Ò ¤¢  ´µ¢ÒÌ ³¥Éµ¤  ¨§³¥·¥´¨Ö ¶µ²Ö·¨§ Í¨¨ ±¢ ·± : § ±·ÊÎ¥´´µ¸ÉÓ (handedness)
¸É·Ê° ¨  ¸¨³³¥É·¨Ö Šµ²²¨´§ . ˆ¸¶µ²Ó§µ¢ ´¨¥ ¶µ¸²¥¤´¥° ¤ ²µ ¢µ§³µ¦´µ¸ÉÓ µÍ¥´¨ÉÓ · ¸¶·¥¤¥-
²¥´¨¥ ¶µ¶¥·¥Î´µ£µ ¸¶¨´  ±¢ ·±µ¢ ¢ ´Ê±²µ´¥ (transversity) ¨§  §¨³ÊÉ ²Ó´µ°  ¸¨³³¥É·¨¨ ¢ ƒ��.

Two new methods of quark polarization measurement are considered: the jet handedness and
the Collins asymmetry. Use of the latter enables one to estimate the proton transversity distribution
from azimuthal asymmetry in DIS.

‚ ¸²ÊÎ ¥ ±¢ ·±µ¢ Ë¨§¨±¨ ¢¶¥·¢Ò¥ ¸Éµ²±´Ê²¨¸Ó ¸ ´¥µ¡ÒÎ´µ° Ëµ·³µ°
±¢ ´Éµ¢ ³ É¥·¨¨, ¸ÊÐ¥¸É¢ÊÕÐ¥° ´¥ ¢ Ëµ·³¥ Î ¸É¨Í ¸ µ¶·¥¤¥²¥´´µ° ¦¥¸É-
±µ° ¸¢Ö§ÓÕ Ô´¥·£¨¨ ¸ ¨³¶Ê²Ó¸µ³,   ¢ Ëµ·³¥ ¸É·Ê°  ¤·µ´µ¢, £¤¥ ÔÉ  ¸¢Ö§Ó
µÉ¸ÊÉ¸É¢Ê¥É. �¥¸³µÉ·Ö ´  ÔÉµ, ¨§ÊÎ¥´¨¥ ¸É·Ê° ¶µ§¢µ²Ö¥É ¸ µ¶·¥¤¥²¥´´µ° ÉµÎ-
´µ¸ÉÓÕ ¶µ²ÊÎ ÉÓ ¢¸¥ ¤·Ê£¨¥ ±¢ ´Éµ¢Ò¥ Ì · ±É¥·¨¸É¨±¨ ±¢ ·±µ¢ ¨ £²Õµ´µ¢,
É ±¨¥ ± ± ¨³¶Ê²Ó¸ ¨ Ô´¥·£¨Ö, Ô²¥±É·¨Î¥¸±¨° ¨ ¡ ·¨µ´´Ò° § ·Ö¤, ¸¶¨´ ¨ ¤·.,
±·µ³¥, ±µ´¥Î´µ, Í¢¥É , ¶µ¸±µ²Ó±Ê ´ Ï¨ ¶·¨¡µ·Ò ²¨Ï¥´Ò ®Í¢¥Éµ¢µ£µ §·¥-
´¨Ö¯. ‡ ·Ö¤, ´ ¶·¨³¥·, µ¶·¥¤¥²Ö¥É¸Ö ¶µ ¸·¥¤´¥³Ê § ·Ö¤Ê ¸É·Ê¨,   ¸¶¨´ Å ¶µ
Ê£²µ¢µ³Ê · ¸¶·¥¤¥²¥´¨Õ ¸É·Ê°.

„µ ¶µ¸²¥¤´¥£µ ¢·¥³¥´¨ ¨¸±²ÕÎ¥´¨¥ ¸µ¸É ¢²Ö²  É ± Ö ¢ ¦´ Ö Ì · ±É¥-
·¨¸É¨± , ± ± ¶µ²Ö·¨§ Í¨Ö, µ¶·¥¤¥²¥´´ Ö ± ± ¸·¥¤´ÖÖ ¶·µ¥±Í¨Ö ¸¶¨´  ´  ± -
±µ¥-Éµ ´ ¶· ¢²¥´¨¥. Š ±¨¥ ¸¢µ°¸É¢  ¸É·Ê° µÉ· ¦ ÕÉ ÔÉÊ Ì · ±É¥·¨¸É¨±Ê ±¢ ·-
±µ¢? ‚µ§³µ¦´Ò ´¥¸±µ²Ó±µ ¶·µÖ¢²¥´¨° ¥£µ ¶µ²Ö·¨§ Í¨¨.

1. �µ²Ö·¨§µ¢ ´´Ò° ±¢ ·± ³µ¦¥É Ë· £³¥´É¨·µ¢ ÉÓ ¢ ¸ ³µ ´ ²¨§¨·Ê¥³Ò°
¶µ²Ö·¨§µ¢ ´´Ò°  ¤·µ´ (´ ¶·¨³¥·, Λ-£¨¶¥·µ´) ¨ ¶µ ¥£µ ¶µ²Ö·¨§ Í¨¨ ³µ¦´µ
¸Ê¤¨ÉÓ µ ¸É¥¶¥´¨ ¶µ²Ö·¨§ Í¨¨ ·µ¤¨É¥²Ó¸±µ£µ ±¢ ·± . ’ ± Ö Ë· £³¥´É Í¨Ö, µ¤-
´ ±µ, Ö¢²¥´¨¥ ¤µ¢µ²Ó´µ ·¥¤±µ¥ (≈ 2 %), ±·µ³¥ Éµ£µ, Λ-£¨¶¥·µ´ ÎÊ¢¸É¢¨É¥²¥´
¢ µ¸´µ¢´µ³ ± ¶µ²Ö·¨§ Í¨¨ s-±¢ ·± .

2. �µ²Ö·¨§ Í¨Ö ±¢ ·±  ³µ¦¥É ¶·¨¢¥¸É¨ ± µ¶·¥¤¥²¥´´µ° ±µ··¥²ÖÍ¨¨ ¨³-
¶Ê²Ó¸µ¢ Î ¸É¨Í ¸É·Ê¨, ± ¥¥ § ±·ÊÎ¥´´µ¸É¨ [1] (É ± ¡Ò Ö ¶¥·¥¢¥² É¥·³¨´
®handedness¯, §  ´¥¨³¥´¨¥³ ¡µ²¥¥ ÉµÎ´µ£µ ·Ê¸¸±µ£µ Ô±¢¨¢ ²¥´É ). „²Ö ÔÉµ£µ
´¥µ¡Ìµ¤¨³µ ¢Ò¤¥²¥´¨¥ É·¥Ì Î ¸É¨Í ¢ ¸É·Ê¥, ÎÉµ¡Ò ¶µ¸É·µ¨ÉÓ ¶¸¥¢¤µ¢¥±Éµ·
(´µ·³ ²Ó ± ¶²µ¸±µ¸É¨ É·µ°±¨ n ¢ ¥¥ ¸¨¸É¥³¥ ¶µ±µÖ), ±µ··¥²¨·ÊÕÐ¨° (¢ ¸¨²Ê
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¸µÌ· ´¥´¨Ö Î¥É´µ¸É¨) ¸ ¶¸¥¢¤µ¢¥±Éµ·µ³ ¶µ²Ö·¨§ Í¨¨ ±¢ ·±  P:

Hi =
N(ni > 0) − N(ni < 0)
N(ni > 0) + N(ni < 0)

= αiPi . (1)

�µ¤µ¡´ Ö § ±·ÊÎ¥´´µ¸ÉÓ ´¥¤ ¢´µ ¡Ò²  µ¡´ ·Ê¦¥´  ¢ ¤ ´´ÒÌ, ¶µ²ÊÎ¥´´ÒÌ
±µ²² ¡µ· Í¨Ö³¨ Œˆ‘ ¨ VES ¶µ ¶·µÍ¥¸¸Ê ¤¨Ë· ±Í¨µ´´µ£µ ·µ¦¤¥´¨Ö É·µ°±¨
¶¨µ´µ¢ π−(40 ƒÔ‚) + A → (π−π+π−) + A ¢ ´ ¶· ¢²¥´¨¨, ¶¥·¶¥´¤¨±Ê²Ö·´µ³
¶²µ¸±µ¸É¨ ¥¥ ·µ¦¤¥´¨Ö [2,3].

� ¨¡µ²¥¥ ¨´É¥·¥¸´  § ¢¨¸¨³µ¸ÉÓ § ±·ÊÎ¥´´µ¸É¨ µÉ ¨´¢ ·¨ ´É´µ° ³ ¸¸Ò
É·µ°±¨, ¶·¥¤¸É ¢²¥´´ Ö ´  ·¨¸. 1. �´  ¤¥³µ´¸É·¨·Ê¥É Ö¢´ÊÕ ¤¨´ ³¨Î¥¸±ÊÕ
¶·¨·µ¤Ê ÔÉµ£µ Ö¢²¥´¨Ö ¸ Î¥É±¨³¨ É·¥Ì¶¨µ´´Ò³¨ ·¥§µ´ ´¸ ³¨, ´¥¢¨¤¨³Ò³¨ ¢
¶µ²´µ³ ¸¥Î¥´¨¨.

3. �µ¶¥·¥Î´ Ö ¶µ²Ö·¨§ Í¨Ö ±¢ ·±  ³µ¦¥É ¶·¨¢µ¤¨ÉÓ ± ²¥¢µ-¶· ¢µ°  ¸¨³-
³¥É·¨¨ ¥£µ µ¤´µÎ ¸É¨Î´µ° Ë· £³¥´É Í¨¨ ¶µ µÉ´µÏ¥´¨Õ ± ¶²µ¸±µ¸É¨ ¸¶¨´Ä
¨³¶Ê²Ó¸ ¶·¨ ´¥´Ê²¥¢µ³ §´ Î¥´¨¨ ¶µ¶¥·¥Î´µ£µ ¶µ µÉ´µÏ¥´¨Õ ± ±¢ ·±Ê ¨³-
¶Ê²Ó¸   ¤·µ´  (É ± ´ §Ò¢ ¥³ Ö ® ¸¨³³¥É·¨Ö Šµ²²¨´§ ¯). ‡´ Î¥´¨¥  ´ ²¨§¨-
·ÊÕÐ¥° ¸¶µ¸µ¡´µ¸É¨ A ÔÉµ£µ ³¥Éµ¤  ³µ¦´µ ¨§¢²¥ÎÓ ¨§ ¶·µÍ¥¸¸  e+ + e− →
q + q̄ → 2 jets. „¥²µ ¢ Éµ³, ÎÉµ, ´¥¸³µÉ·Ö ´  µÉ¸ÊÉ¸É¢¨¥ ¶µ¶¥·¥Î´µ° ¶µ²Ö-
·¨§ Í¨¨ ±¢ ·±µ¢ ¢ ÔÉµ³ ¶·µÍ¥¸¸¥, ¸É ´¤ ·É´ Ö ³µ¤¥²Ó ¶·¥¤¸± §Ò¢ ¥É ¡µ²Ó-
ÏÊÕ ±µ··¥²ÖÍ¨Õ ¶µ¶¥·¥Î´ÒÌ ¸¶¨´µ¢. �² £µ¤ ·Ö ±µ²²¨´§µ¢¸±µ°  ¸¨³³¥É·¨¨
ÔÉµ ¶·¨¢µ¤¨É ± µ¶·¥¤¥²¥´´µ°  §¨³ÊÉ ²Ó´µ° ±µ··¥²ÖÍ¨¨  ¤·µ´µ¢ ¨§ · §´ÒÌ
¸É·Ê° µ¤´µ£µ ¨ Éµ£µ ¦¥ ¸µ¡ÒÉ¨Ö. �É  ±µ··¥²ÖÍ¨Ö ¡Ò²  ¨§³¥·¥´  [4] ¤²Ö ¤ ´-
´ÒÌ ±µ²² ¡µ· Í¨¨ DELPHI ¢ 1991Ä1995 ££. ¸ ¶·¥¤¢ ·¨É¥²Ó´Ò³ ·¥§Ê²ÓÉ Éµ³
|A| = (6,3 ± 2,0)%.

�Éµ §´ Î¥´¨¥  ´ ²¨§¨·ÊÕÐ¥° ¸¶µ¸µ¡´µ¸É¨ ¨ ¶µ²ÊÎ¥´´Ò¥ ´¥¤ ¢´µ ¸¶¨´µ-
¢Ò¥  §¨³ÊÉ ²Ó´Ò¥  ¸¨³³¥É·¨¨ ¢ ¶µ²Ê¨´±²Õ§¨¢´µ³ ·µ¦¤¥´¨¨ ¶¨µ´µ¢ ¢ ¶·µ-
Í¥¸¸¥ £²Ê¡µ±µ´¥Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö ´  ¶·µ¤µ²Ó´µ-¶µ¶¥·¥Î´ÒÌ (±µ²² ¡µ· Í¨Ö
HERMES) ¨ ¶µ¶¥·¥Î´µ-¶µ²Ö·¨§µ¢ ´´ÒÌ (±µ²² ¡µ· Í¨Ö SMC) ³¨Ï¥´ÖÌ ¤ ²¨
¢µ§³µ¦´µ¸ÉÓ µÍ¥´¨ÉÓ [5] · ¸¶·¥¤¥²¥´¨e ¶µ¶¥·¥Î´µ£µ ¸¶¨´  ±¢ ·±µ¢ ¢ ´Ê-
±²µ´¥ (®transversity¯ ∆T q(x)) Å ¶µ¸²¥¤´¥° ¨§ É·¥Ì µ¸´µ¢´ÒÌ (q(x), ∆q(x)
¨ ∆T q(x)) Ì · ±É¥·¨¸É¨± ±¢ ·±µ¢µ£µ · ¸¶·¥¤¥²¥´¨Ö, µ¸É ¢ ¢Ï¥°¸Ö ´¥¨§¢¥¸É-
´µ°. …£µ ¢¥²¨Î¨´  µ± § ² ¸Ó ¸· ¢´¨³µ° ¸ · ¸¶·¥¤¥²¥´¨¥³ ´¥¶µ²Ö·¨§µ¢ ´´ÒÌ
¢ ²¥´É´ÒÌ ±¢ ·±µ¢ ¨ ¡²¨§±µ° ± ¶·¥¤¸± § ´¨Ö³ ±¨· ²Ó´µ° ±¢ ·±-¸µ²¨Éµ´´µ°
³µ¤¥²¨ (·¨¸. 2). ‚ Î ¸É´µ¸É¨, ¢¥²¨Î¨´  É¥´§µ·´µ£µ § ·Ö¤  ´Ê±²µ´ , ¢ µÉ²¨Î¨¥
µÉ  ±¸¨ ²Ó´µ£µ, a0 ≈ 0,3, µ± § ² ¸Ó ¡²¨§±  ± ¥¤¨´¨Í¥.

’ ±¨³ µ¡· §µ³, ³µ¦´µ § ±²ÕÎ¨ÉÓ, ÎÉµ ¨§³¥·¥´¨¥ · ¸¶·¥¤¥²¥´¨Ö ¶µ¶¥-
·¥Î´µ£µ ¸¶¨´  ±¢ ·±µ¢ ¢¶µ²´¥ ¢µ§³µ¦´µ ¶·µ¢µ¤¨ÉÓ ± ± ´  ¶µ¶¥·¥Î´µ-, É ± ¨
´  ¶·µ¤µ²Ó´µ-¶µ²Ö·¨§µ¢ ´´ÒÌ ³¨Ï¥´ÖÌ, µ¤´µ¢·¥³¥´´µ ¸ ¨§³¥·¥´¨¥³ · ¸¶·¥-
¤¥²¥´¨Ö ¸¶¨´  £²Õµ´µ¢ ∆g(x), ´ ¶·¨³¥·, ¢ Ô±¸¶¥·¨³¥´É¥ COMPASS.
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�¨¸. 1. ‡ ¢¨¸¨³µ¸ÉÓ ¶µ¶¥·¥Î´µ° § ±·ÊÎ¥´´µ¸É¨ HT1 ¶¨µ´´µ° É·µ°±¨ µÉ ¥¥ ¨´¢ ·¨-
 ´É´µ° ³ ¸¸Ò. „ ´´Ò¥ ±µ²² ¡µ· Í¨¨ VES

�¨¸. 2. �§¨³ÊÉ ²Ó´ Ö  ¸¨³³¥É·¨Ö π+ ¢ ¶µ²Ê¨´±²Õ§¨¢´µ³ ƒ�� (¤ ´´Ò¥ HERMES) ¢
§ ¢¨¸¨³µ¸É¨ µÉ x. ‡ ÏÉ·¨Ìµ¢ ´´ Ö µ¡² ¸ÉÓ Å ¶µ£·¥Ï´µ¸ÉÓ ¢ ¢¥²¨Î¨´¥ A; ±¢ ¤· ÉÒ Å
W = sin φ; ±·Ê¦±¨ Å W = sin 2φ
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�…‹�Š�‹œ��Ÿ ‘’�“Š’“�� ‚�Š““Œ� Š•„
‚ ˆ�‘’��’����‰ Œ�„…‹ˆ

�. …. „µ·µÌµ¢, ‘. ‚. Œ¨Ì °²µ¢

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

‹ ¡µ· Éµ·¨Ö É¥µ·¥É¨Î¥¸±µ° Ë¨§¨±¨ ¨³. �. �. �µ£µ²Õ¡µ¢ 

�·¥¤²µ¦¥´ ´µ¢Ò° ± ²¨¡·µ¢µÎ´µ-¨´¢ ·¨ ´É´Ò° ¶µ¤Ìµ¤ ±  ´ ²¨§Ê ´¥²µ± ²Ó´ÒÌ ¸¢µ°¸É¢
±¢ ·±µ¢ ¨ £²Õµ´µ¢ ¢ ¢ ±ÊÊ³¥ Š•„, µ¸´µ¢ ´´Ò° ´  ³µ¤¥²¨ ¢ ±ÊÊ³  ± ± ¦¨¤±µ¸É¨ ¨´¸É ´Éµ´µ¢.
� °¤¥´µ ´µ¢µ¥ Éµ¶µ²µ£¨Î¥¸±¨ ´¥É·¨¢¨ ²Ó´µ¥ ·¥Ï¥´¨¥ Ê· ¢´¥´¨° Ÿ´£ ÄŒ¨²²¸  ¢ Ë¨§¨Î¥¸±µ³
¢ ±ÊÊ³¥ Š•„, ±µÉµ·Ò° ¶·¥¤¸É ¢²Ö¥É¸Ö ± ± ¤²¨´´µ¢µ²´µ¢µ¥ Ëµ´µ¢µ¥ ¶µ²¥. �Éµ ·¥Ï¥´¨¥ ¥¸ÉÓ
³µ¤¨Ë¨Í¨·µ¢ ´´Ò° ¨´¸É ´Éµ´ ¸ Ô±¸¶µ´¥´Í¨ ²Ó´µ Ê¡Ò¢ ÕÐ¥° ´  ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨ÖÌ  ¸¨³¶Éµ-
É¨±µ°. Œµ¤¨Ë¨Í¨·µ¢ ´´Ò° ¨´¸É ´Éµ´ ¸É ¡¨²¥´, ¥¸²¨ ¢§ ¨³µ¤¥°¸É¢¨¥ ¸ Ëµ´µ¢Ò³ ¶µ²¥³ ¸² ¡µ¥
¨ ´  ¸¨¸É¥³Ê ´ ²µ¦¥´Ò ¤µ¶µ²´¨É¥²Ó´Ò¥ Ê¸²µ¢¨Ö (¸¢Ö§¨). „ ´Ò µÍ¥´±¨ ¢¨·ÉÊ ²Ó´µ¸É¥° ±¢ ·±µ¢
¨ £²Õµ´µ¢ ¢ ¢ ±ÊÊ³¥ Š•„. �µ± § ´µ, ÎÉµ ¨´¸É ´Éµ´´ Ö ³µ¤¥²Ó Ê¤µ¢²¥É¢µ·¨É¥²Ó´µ µ¡ÑÖ¸´Ö¥É
´¥²µ± ²Ó´ÊÕ ¸É·Ê±ÉÊ·Ê ¢ ±ÊÊ³  Š•„. ‚ ÔËË¥±É¨¢´µ° ³µ¤¥²¨ ¨´¸É ´Éµ´´µ£µ ¢ ±ÊÊ³  ¢ÒÎ¨¸²¥´
¤¢ÊÌÉµÎ¥Î´Ò° ¢ ±ÊÊ³´Ò° ±µ··¥²ÖÉµ· ´ ¶·Ö¦¥´´µ¸É¨ £²Õµ´´µ£µ ¶µ²Ö.

New gauge invariant approach to analyze nonlocal properties of quarks and gluons in the physical
QCD vacuum is suggested. It is based on the instanton liquid model. The topologically nontrivial
solution of the classical YangÄMills equations in the physical QCD vacuum is found. This solution,
called constrained instanton, decays exponentially at large distances. It is stable only if the interaction
of the instanton with the background vacuum ˇeld is small and additional constraints are introduced.
The estimates of the averaged virtualities of quarks and gluons in the QCD vacuum are given. It is
shown that the instanton model is satisfactory in description of the nonlocal structure of the QCD
vacuum. The two-point vacuum correlator of gluon ˇeld strengths is calculated in the framework of
the effective instanton vacuum model.

�¥¶¥·ÉÊ·¡ É¨¢´Ò° ¢ ±ÊÊ³ Š•„ ´ ¸ÒÐ¥´ ¨´É¥´¸¨¢´Ò³¨ ¤²¨´´µ¢µ²´µ-
¢Ò³¨ Ë²Ê±ÉÊ Í¨Ö³¨ £²Õµ´´µ£µ ¨ ±¢ ·±µ¢µ£µ ¶µ²¥°. � · ³¥É·Ò ¶µ·Ö¤±  ÔÉµ£µ
¸²µ¦´µ£µ ¸µ¸ÉµÖ´¨Ö Ì · ±É¥·¨§ÊÕÉ¸Ö ¢ ±ÊÊ³´Ò³¨ ³ É·¨Î´Ò³¨ Ô²¥³¥´É ³¨
(±µ´¤¥´¸ É ³¨) · §²¨Î´ÒÌ ¸¨´£²¥É´ÒÌ ±µ³¡¨´ Í¨°, ¸µ¸É ¢²¥´´ÒÌ ¨§ ¶µ²¥°

±¢ ·±µ¢ ¨ £²Õµ´µ¢: 〈: q̄q :〉,
〈
: F a

µνF a
µν :

〉
,

〈
: q̄

(
σµνF a

µν

λa

2

)
q :

〉
¨ É. ¤. �¥´Ê-

²¥¢µ° ±µ´¤¥´¸ É ±¢ ·±µ¢ 〈: q̄q :〉 µÉ¢¥Î ¥É §  ¸¶µ´É ´´µ¥ ´ ·ÊÏ¥´¨¥ ±¨· ²Ó´µ°
¸¨³³¥É·¨¨, ¥£µ ¢¥²¨Î¨´  ¡Ò²  µÍ¥´¥´  ³´µ£µ ²¥É ´ § ¤ ¨§  ²£¥¡·Ò Éµ±µ¢. �¥-
´Ê²¥¢µ° £²Õµ´´Ò° ±µ´¤¥´¸ É

〈
: F a

µνF a
µν :

〉
Î¥·¥§ ±µ´Ëµ·³´ÊÕ  ´µ³ ²¨Õ § -

¤ ¥É ³ ¸ÏÉ ¡  ¤·µ´´ÒÌ ³ ¸¸. ‚¥²¨Î¨´Ò £²Õµ´´µ£µ ±µ´¤¥´¸ É  ¨ ´¥±µÉµ·ÒÌ
¤·Ê£¨Ì ±µ´¤¥´¸ Éµ¢ ´ ¨´¨§Ï¥° · §³¥·´µ¸É¨ ¡Ò²¨ µ¶·¥¤¥²¥´Ò Ë¥´µ³¥´µ²µ-
£¨Î¥¸±¨ ¨§  ´ ²¨§  · §²¨Î´ÒÌ ´ ¡²Õ¤ ¥³ÒÌ  ¤·µ´µ¢ ³¥Éµ¤µ³ ¶· ¢¨² ¸Ê³³
(�‘) Š•„.
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�¥²µ± ²Ó´Ò¥ ¢ ±ÊÊ³´Ò¥ ±µ´¤¥´¸ ÉÒ (¨²¨ ±µ··¥²ÖÉµ·Ò) [1] Ì · ±É¥·¨-
§ÊÕÉ · ¸¶·¥¤¥²¥´¨¥ ±¢ ·±µ¢ ¨ £²Õµ´µ¢ ¢ ´¥¶¥·ÉÊ·¡ É¨¢´µ³ ¢ ±ÊÊ³¥. ”¨§¨Î¥-
¸±¨ ÔÉµ µ§´ Î ¥É, ÎÉµ ¢ ¢ ±ÊÊ³¥ ±¢ ·±¨ ¨ £²Õµ´Ò ¨³¥ÕÉ ´¥´Ê²¥¢µ° ¸·¥¤´¥±¢ -
¤· É¨Î´Ò° ¨³¶Ê²Ó¸ (¢¨·ÉÊ ²Ó´µ¸ÉÓ). � ¸¸³µÉ·¨³ ±µ··¥²ÖÉµ· ´ ¶·Ö¦¥´´µ¸É¨
£²Õµ´´µ£µ ¶µ²Ö

Dµν,ρσ(x − y) ≡
〈
: Tr Fµν(x)Ê(x, y)F ρσ(y)Ê(y, x) :

〉
, (1)

±µÉµ·Ò° ³µ¦¥É ¡ÒÉÓ § ¶¨¸ ´ ¢ Ëµ·³¥, ¸µ£² ¸µ¢ ´´µ° ¸ É·¥¡µ¢ ´¨Ö³¨ ± ²¨-
¡·µ¢µÎ´µ° ¨ ²µ·¥´Í-¸¨³³¥É·¨¨:

Dµν,ρσ(x) ≡ 1
24

〈
: F 2 :

〉{
(δµρδνσ − δµσδνρ)[D(x2) + D1(x2)] +

+ (xµxρδνσ − xµxσδνρ + xνxσδµρ − xνxρδµσ)
∂D1(x2)

∂x2

}
, (2)

£¤¥ Ê¶µ·Ö¤µÎ¥´´Ò° ¶µ ±µ´ÉÊ·Ê Ë §µ¢Ò° Ë ±Éµ· (¨´É¥£·¨·µ¢ ´¨¥ ¢Ò¶µ²´Ö-
¥É¸Ö ¢¤µ²Ó ¶·Ö³µ° ²¨´¨¨) Ê(x, y) = P exp

(
i
∫ y

x
Aµ(z)dzµ

)
£ · ´É¨·Ê¥É ± -

²¨¡·µ¢µÎ´ÊÕ ¨´¢ ·¨ ´É´µ¸ÉÓ ¨ Aµ(z) = Aa
µ(z)

λa

2
, Fµν(x) = F a

µν(x)
λa

2
,

F a
µν(x) = ∂µAa

ν(x) − ∂νAa
µ(x) + fabcAb

µ(x)Ac
ν(x).

‚ (2)
〈
: F 2 :

〉
=

〈
: F a

µν(0)F a
µν(0) :

〉
Å £²Õµ´´Ò° ±µ´¤¥´¸ É,   D(x2)

¨ D1(x2) Å ¨´¢ ·¨ ´É´Ò¥ ËÊ´±Í¨¨, ±µÉµ·Ò¥ Ì · ±É¥·¨§ÊÕÉ ´¥²µ± ²Ó´Ò¥
¸¢µ°¸É¢  ±µ´¤¥´¸ É  ¢ · §²¨Î´ÒÌ ´ ¶· ¢²¥´¨ÖÌ. �µ·³¨·µ¢±  Ëµ·³Ë ±Éµ·µ¢
¢ ´Ê²¥, D(0) = κ, D1(0) = 1−κ, ¸ÊÐ¥¸É¢¥´´µ § ¢¨¸¨É µÉ · ¸¸³ É·¨¢ ¥³µ° ¤¨-
´ ³¨±¨. ’ ±, ¤²Ö ¸ ³µ¤Ê ²Ó´ÒÌ ¶µ²¥° ¨³¥¥³ κ = 1, ¢ Éµ ¢·¥³Ö ± ± ¢  ¡¥²¥¢µ°
³µ¤¥²¨ ¡¥§ ³µ´µ¶µ²¥° ¢Ò¶µ²´¥´µ κ = 0. �É³¥É¨³ É ±¦¥, ÎÉµ ¸É ´¤ ·É´Ò¥
¢ ±ÊÊ³´Ò¥ ¸·¥¤´¨¥ É¨¶  〈: q̄q :〉,

〈
: q̄D2q :

〉
,
〈
: g2F 2 :

〉
, . . . ¢µ§´¨± ÕÉ ± ± ±µ-

ÔËË¨Í¨¥´ÉÒ · §²µ¦¥´¨Ö ±µ··¥²ÖÉµ·µ¢ ±¢ ·±µ¢ M(x) =
〈
: q̄(0)Ê(0, x)q(x) :

〉
¨ £²Õµ´µ¢ Dµν,ρσ(x) ¢ ·Ö¤ ’¥°²µ·  ¶µ ¶¥·¥³¥´´µ° x2/4.

‚ [2] ¡Ò²µ ¶µ± § ´µ, ÎÉµ ¨´¸É ´Éµ´´ Ö ³µ¤¥²Ó ¢ ±ÊÊ³  Š•„ ¶·¨¢µ¤¨É ±
¸¶µ¸µ¡Ê ¶µ¸É·µ¥´¨Ö ´¥²µ± ²Ó´ÒÌ ±µ´¤¥´¸ Éµ¢. ‚ ÔËË¥±É¨¢´µ³ µ¤´µ¨´¸É ´-
Éµ´´µ³ ¶·¨¡²¨¦¥´¨¨ ¡Ò²¨ ¶µ²ÊÎ¥´Ò ¢Ò· ¦¥´¨Ö ¤²Ö ±µ´¤¥´¸ Éµ¢ £²Õµ´µ¢
Dµν,ρσ

I (x) ¨ ±¢ ·±µ¢ MI(x),   É ±¦¥ ´ °¤¥´Ò ¨Ì ¸·¥¤´¨¥ ¢¨·ÉÊ ²Ó´µ¸É¨ λ2
q ,

λ2
g . �µ¢¥¤¥´¨¥ ±µ··¥²ÖÍ¨µ´´ÒÌ ËÊ´±Í¨° ¤¥³µ´¸É·¨·Ê¥É, ÎÉµ ¢ µ¤´µ¨´¸É ´-

Éµ´´µ³ ¶·¨¡²¨¦¥´¨¨ ³µ¤¥²Ó ´¥²µ± ²Ó´ÒÌ ±µ´¤¥´¸ Éµ¢ Ìµ·µÏµ ¢µ¸¶·µ¨§-
¢µ¤¨É ¶µ¢¥¤¥´¨¥ ±µ··¥²ÖÉµ·µ¢ ±¢ ·±µ¢ ¨ £²Õµ´µ¢ ´  ³ ²ÒÌ · ¸¸ÉµÖ´¨ÖÌ.
„¥°¸É¢¨É¥²Ó´µ, ¸·¥¤´¨¥ ¢¨·ÉÊ ²Ó´µ¸É¨ ±¢ ·±µ¢ ¨ £²Õµ´µ¢ µ¶·¥¤¥²ÖÕÉ¸Ö ± ±
¶¥·¢Ò¥ ¶·µ¨§¢µ¤´Ò¥ ±µ··¥²ÖÉµ·µ¢ MI(x2), DI(x) ¢ ´Ê²¥:

λ2
q ≡ − 8

MI(0)
dMI(x2)

dx2

∣∣∣∣x=0 = 2
1
ρ2

c

, λ2
g ≡ −8

dDI(x2)
dx2

∣∣∣∣x=0 =
24
5

1
ρ2

c

(3)
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¨ ¸¢Ö§ ´Ò ¸ ¢ ±ÊÊ³´Ò³¨ µ¦¨¤ ´¨Ö³¨, ±µÉµ·Ò¥ ¶ · ³¥É·¨§ÊÕÉ �‘ Š•„:

λ2
q ≡

〈
: q̄D2q :

〉
〈: q̄q :〉 , λ2

g ≡

〈
: F a

µνD̃2F a
µν :

〉
〈: F 2 :〉 = 2

〈
: fF 3 :

〉
〈: F 2 :〉 − 2

〈
: g4J2 :

〉
〈: F 2 :〉 , (4)

£¤¥
〈
: fF 3 :

〉
=

〈
: fabcF a

µνF b
νρF c

ρµ :
〉
, J2 = Ja

µJa
µ ¨ Ja

µ = q̄(x)
λa

2
γµq(x). ‡´ -

Î¥´¨¥ λ2
q ≈ 0,5 ƒÔ‚2, µÍ¥´¥´´µ¥ ¢ �‘ Š•„, ¢µ¸¶·µ¨§¢µ¤¨É¸Ö ¶·¨ ρc ≈

2 ƒÔ‚−1. �Éµ Î¨¸²µ ¡²¨§±µ ± µÍ¥´±¥, ¶µ²ÊÎ¥´´µ° ¨§ Ë¥´µ³¥´µ²µ£¨¨ ¢ ±Ê-
Ê³  Š•„ ¢ ³µ¤¥²¨ ¨´¸É ´Éµ´´µ° ¦¨¤±µ¸É¨. ’¥³ ´¥ ³¥´¥¥ µ¤´µ¨´¸É ´Éµ´´µ¥
¶·¨¡²¨¦¥´¨¥ ¶¥·¥¸É ¥É · ¡µÉ ÉÓ ¢ µ¡² ¸É¨ ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨°.

‚ ± Î¥¸É¢¥ ·¥Ï¥´¨Ö ¢µ§´¨±Ï¥° ¶·µ¡²¥³Ò ¢ [3] ¡Ò²µ ¶·¥¤²µ¦¥´µ · ¸-
¸³µÉ·¥ÉÓ ¨´¸É ´Éµ´´µ¥ ¶µ²¥ ACI

µ (x) ¢ Ë¨§¨Î¥¸±µ³ ¢ ±ÊÊ³´µ³ ¶µ²¥ bµ(x),
±µÉµ·µ¥ ¨´É¥·¶µ²¨·Ê¥É ¤²¨´´µ¢µ²´µ¢Ò¥ ¢ ±ÊÊ³´Ò¥ Ë²Ê±ÉÊ Í¨¨. �Ò²µ ¶µ± -
§ ´µ, ÎÉµ ¨´¸É ´Éµ´, ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨° ¸µ ¸² ¡Ò³ ¢´¥Ï´¨³ ¶µ²¥³, ¨³¥¥É
Ô±¸¶µ´¥´Í¨ ²Ó´µ ¸¶ ¤ ÕÐÊÕ  ¸¨³¶ÉµÉ¨±Ê. ’ ±µ¥ ·¥Ï¥´¨¥ ´ §Ò¢ ¥É¸Ö ³µ-
¤¨Ë¨Í¨·µ¢ ´´Ò³ ¨´¸É ´Éµ´µ³ (Œˆ). „²¨´´µ¢µ²´µ¢µ¥ ¢ ±ÊÊ³´µ¥ ¶µ²¥ bµ(x)
§ ¤ ¥É¸Ö ±µ··¥²ÖÍ¨µ´´µ° ËÊ´±Í¨¥° B̃(x2), µ¶·¥¤¥²Ö¥³µ° ¥¥ ¨´É¥´¸¨¢´µ¸ÉÓÕ〈
F 2

b

〉
b

¨ ±µ··¥²ÖÍ¨µ´´µ° ¤²¨´µ° R. ‚ É ±µ° ¸¨¸É¥³¥, Ê¸·¥¤´¨¢ ÔËË¥±É¨¢´µ¥
¤¥°¸É¢¨¥, · ¸¸³µÉ·¥´´µ¥ ¢ [3], ¶µ ¸²ÊÎ °´Ò³ µ·¨¥´É Í¨Ö³ ¢´¥Ï´¥£µ ¶µ²Ö
¢ ¶·µ¸É· ´¸É¢¥ Í¢¥Éµ¢ ¶µ µÉ´µÏ¥´¨Õ ± Ë¨±¸¨·µ¢ ´´µ° µ·¨¥´É Í¨¨ ¨´¸É ´-
Éµ´ , ³Ò ¶µ²ÊÎ¨²¨ Ê· ¢´¥´¨¥ ¤¢¨¦¥´¨Ö

Dab
µ

[
ACI

]
FCI,b

µν (x) −
Nc

〈
F 2

b

〉
b

24(N2
c − 1)

x2Φ
(
x2

)
ACI,a

µ (x) + constraint term = 0,

(5)

µ¶·¥¤¥²ÖÕÐ¥¥ ¤¥Ëµ·³ Í¨Õ ¨´¸É ´Éµ´  ¶µ¤ ¢µ§¤¥°¸É¢¨¥³ ¸² ¡µ£µ ¢´¥Ï´¥£µ
¢ ±ÊÊ³´µ£µ ¶µ²Ö. ‚ Ê· ¢´¥´¨¥ (5) ¤µ¡ ¢²¥´µ ¤µ¶µ²´¨É¥²Ó´µ¥ Ê¸²µ¢¨¥, ±µÉµ-
·µ¥ ¶·¥¤µÉ¢· Ð ¥É ¨´¸É ´Éµ´ µÉ ¸Ì²µ¶Ò¢ ´¨Ö. ‚ Ê· ¢´¥´¨¨ (5)

Φ
(
x2

)
= 4

∫ 1

0

dα

∫ 1

0

dβαβB̃
[
(α − β)2 x2

]
, Φ (0) = 1, (6)

¨ Nc Å Î¨¸²µ Í¢¥Éµ¢. ˆ§ Ê· ¢´¥´¨Ö ´ °¤¥³  ¸¨³¶ÉµÉ¨±¨ ³µ¤¨Ë¨Í¨·µ¢ ´´µ£µ
¨´¸É ´Éµ´´µ£µ ·¥Ï¥´¨Ö, ±µÉµ·Ò¥ ´¥ § ¢¨¸ÖÉ µÉ ¤µ¶µ²´¨É¥²Ó´µ£µ Ê¸²µ¢¨Ö:

ACI,a
µ,asympt(x) = ηa

νµ

2xν

x2
a4/3(ρηg)2K4/3

[
2
3

(ηg |x|)3/2

]
, (7)

£¤¥ a4/3 =
2

Γ (1/3) 31/3
Å ´µ·³¨·µ¢µÎ´Ò° ±µÔËË¨Í¨¥´É; K4/3(z) Å ËÊ´±Í¨Ö

Œ ±¤µ´ ²Ó¤  ¨ Γ(z) Å £ ³³ -ËÊ´±Í¨Ö. Œµ¤¨Ë¨Í¨·µ¢ ´´µ¥ ·¥Ï¥´¨¥ Ô±¸¶µ-

´¥´Í¨ ²Ó´µ ¶ ¤ ¥É ´  ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨ÖÌ ∼ exp
[
−2

3
(ηg |x|)3/2

]
¢ µÉ²¨Î¨¥
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µÉ ¸É¥¶¥´´µ£µ ¶µ¢¥¤¥´¨Ö ¨´¸É ´Éµ´ . ‚ ¦´µ µÉ³¥É¨ÉÓ, ÎÉµ ¢¨¤  ¸¨³¶ÉµÉ¨±¨
´¥ § ¢¨¸¨É µÉ ³µ¤¥²¨ ¤²Ö Ëµ´µ¢µ£µ ¶µ²Ö,   ¶ · ³¥É·

ηg ∼
(

Nc

9 (N2
c − 1)

R
〈
F 2

b

〉
b

)1/3

²¨ÏÓ ¸² ¡µ § ¢¨¸¨É µÉ ³µ¤¥²¨. ‚ ¶·¥¤¶µ²µ¦¥´¨¨, ÎÉµ Ëµ´µ¢µ¥ ¶µ²¥ ¸² ¡µ¥,
¶·µË¨²Ó´ Ö ËÊ´±Í¨Ö Œˆ µ± §Ò¢ ¥É¸Ö ¡²¨§±µ° ± ¶·µË¨²Ó´µ° ËÊ´±Í¨¨ ¨´-
¸É ´Éµ´  ´  · ¸¸ÉµÖ´¨ÖÌ ³¥´ÓÏ¨Ì, Î¥³ ρc, ¨ ¸¶ ¤ ¥É Ô±¸¶µ´¥´Í¨ ²Ó´µ ´ 
· ¸¸ÉµÖ´¨ÖÌ ¡µ²ÓÏ¨Ì, Î¥³ η−1

g . ‡´ Ö ´¥§ ¢¨¸¨³Ò¥ µÉ ¤µ¶µ²´¨É¥²Ó´µ£µ Ê¸²µ-
¢¨Ö ±Ê¸±¨ Œˆ, ³µ¦´µ ¶µ¸É·µ¨ÉÓ ¶µ²´µ¥ ·¥Ï¥´¨¥ ¢ Ëµ·³¥  ´§ Í 

ACI,a
µ (x) = ηa

νµ

xν

x2
ϕg

(
x2

)
, ϕg

(
x2

)
=

ρ2
(
x2

)
x2 + ρ2 (x2)

, (8)

£¤¥ ¨¸¶µ²Ó§µ¢ ´Ò µ¡µ§´ Î¥´¨Ö

ρ2
(
x2

)
= a4/3η

2
gx2K4/3

[
2
3
(ηgx)3/2

]
, ρ2 (0) = ρ2.

“¸·¥¤´ÖÖ ¶µ µ·¨¥´É Í¨Ö³ Œˆ ¢ ¶·µ¸É· ´¸É¢¥ Í¢¥Éµ¢, ´ °¤¥³ ¨´¢ ·¨-
 ´É´Ò¥ ËÊ´±Í¨¨ ±µ··¥²ÖÉµ·  £²Õµ´´ÒÌ ´ ¶·Ö¦¥´´µ¸É¥° D

(
x2

)
¨ D1

(
x2

)
.

“¤µ¡´µ µ¶·¥¤¥²¨ÉÓ ¸²¥¤ÊÕÐ¨¥ ±µ³¡¨´ Í¨¨:

A
(
x2

)
= δµρδνσ

Dµν,ρσ(x)〈
0
∣∣F 2

µν

∣∣ 0〉CI
= D

(
x2

)
+ D1

(
x2

)
+

1
2
x2 ∂D1

(
x2

)
∂x2

,

B
(
x2

)
= 4

xµxρ

x2
δνσ

Dµν,ρσ(x)〈
0
∣∣F 2

µν

∣∣ 0〉CI
= D

(
x2

)
+ D1

(
x2

)
+ x2 ∂D1

(
x2

)
∂x2

.

(9)

”Ê´±Í¨¨ D
(
x2

)
Ê¤µ¢²¥É¢µ·ÖÕÉ £· ´¨Î´Ò³ Ê¸²µ¢¨Ö³ ¢ ´Ê²¥: D(0)+D1(0) = 1

¨ ´  ¡¥¸±µ´¥Î´µ¸É¨: D(∞) = D1(∞) = 0. �±µ´Î É¥²Ó´ Ö Ëµ·³  ±µ³¡¨´ Í¨°
A ¨ B ¶·¨¢¥¤¥´  ¢ · ¡µÉ¥ [3].

’ ±¨³ µ¡· §µ³, ³µ¤¥²Ó ¢ ±ÊÊ³  Š•„, ¶µ¸É·µ¥´´ Ö ¢ É¥·³¨´ Ì ³µ¤¨Ë¨-
Í¨·µ¢ ´´µ£µ ¨´¸É ´Éµ´´µ£µ ·¥Ï¥´¨Ö, Ê¤µ¢²¥É¢µ·¨É¥²Ó´µ µ¶¨¸Ò¢ ¥É ¶µ¢¥¤¥-
´¨¥ ´¥¶¥·ÉÊ·¡ É¨¢´µ° Î ¸É¨ £²Õµ´´µ£µ ±µ··¥²ÖÉµ·  ± ± ´  ³ ²ÒÌ, É ± ¨
´  ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨ÖÌ. �¥²µ± ²Ó´Ò¥ Ì · ±É¥·¨¸É¨±¨ ¢ ±ÊÊ³  Š•„ ¨³¥ÕÉ
Ê´¨¢¥·¸ ²Ó´Ò° Ì · ±É¥· ¨ ¨£· ÕÉ ¶·¨´Í¨¶¨ ²Ó´ÊÕ ·µ²Ó ¶·¨ ¶µ¸É·µ¥´¨¨ ·¥-
 ²¨¸É¨Î¥¸±¨Ì ³µ¤¥²¥°  ¤·µ´µ¢ [4].

‘�ˆ‘�Š ‹ˆ’…��’“�›

1. Mikhailov S. V., Radyushkin A.V. // JETP Lett. 1986. V. 43. P. 712; Sov. J. Nucl. Phys. 1989.
V. 49. P. 494; Phys. Rev. D. 1992. V. 45. P. 1754.



�…‹�Š�‹œ��Ÿ ‘’�“Š’“�� ‚�Š““Œ� Š•„ ‚ ˆ�‘’��’����‰ Œ�„…‹ˆ 111

2. Dorokhov A. E., Esaibegyan S. V., Mikhailov S. V. // Phys. Rev. D. 1997. V. 56. P. 4062.

3. Dorokhov A. E., Esaibegyan S. V., Mikhailov S. V. // Eur. J. Phys. C. 2000. V. 13. P. 331; hep-
ph/9903450.

4. Dorokhov A. E., Tomio L. // Phys. Rev. D. 2000. V. 62. P. 014016.



®”ˆ‡ˆŠ� �‹…Œ…�’���›• —�‘’ˆ– ˆ �’�Œ��ƒ� Ÿ„��¯
2001, ’�Œ 32, ‚›�. 7

“„Š 539.12.01; 539.17.01

”ˆ‡ˆŠ� ���–…‘‘�‚ ‘ �—…�œ ��‹œ˜�‰
Œ��†…‘’‚…���‘’œ	

ˆ. „. Œ ´¤¦ ¢¨¤§¥∗, �. �. ‘¨¸ ±Ö´

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

‹ ¡µ· Éµ·¨Ö É¥µ·¥É¨Î¥¸±µ° Ë¨§¨±¨ ¨³. �. �. �µ£µ²Õ¡µ¢ 

� ¸¸³µÉ·¥´ ¸É ÉÊ¸ ¶·µ£· ³³Ò ¨¸¸²¥¤µ¢ ´¨Ö ¶·µÍ¥¸¸µ¢ ¸ µÎ¥´Ó ¡µ²ÓÏµ° ³´µ¦¥¸É¢¥´´µ¸ÉÓÕ,
±µ£¤  ´¥Ê¶·Ê£µ¸ÉÓ ¡²¨§±  ± ¥¤¨´¨Í¥. �·¨¢¥¤¥´µ µ¶·¥¤¥²¥´¨¥ ¨§ÊÎ ¥³ÒÌ ¶·µÍ¥¸¸µ¢, µ¡¸Ê¦¤ ÕÉ¸Ö
³µÉ¨¢ Í¨Ö ¨¸¸²¥¤µ¢ ´¨° ¨ Ô±¸¶¥·¨³¥´É ²Ó´µ ´ ¡²Õ¤ ¥³Ò¥ ¶·¥¤¸± § ´¨Ö.

The status of the programme of studying processes with high multiplicity, when inelasticity is
close to unity, is considered. The deˇnition of the processes under study is given, and the motivation
of investigations and the experimentally observed predictions are discussed.

‚‚…„…�ˆ…

�Ê¤¥³ · ¸¸³ É·¨¢ ÉÓ ¶·µÍ¥¸¸Ò ¸ ³´µ¦¥¸É¢¥´´µ¸ÉÓÕ

n � n̄(s), (1)

£¤¥ n̄(s) Å ¸·¥¤´ÖÖ ³´µ¦¥¸É¢¥´´µ¸ÉÓ ·µ¦¤¥´´ÒÌ Î ¸É¨Í [1]. ŒÒ ´¥ ¡Ê¤¥³
· §²¨Î ÉÓ ¨Ì ¶µ § ·Ö¤Ê, ³ ¸¸¥ ¨ É. ¤. �·¨ ÔÉµ³, ÎÉµ¡Ò ¨§¡ ¢¨ÉÓ¸Ö µÉ ¢²¨Ö´¨Ö
£· ´¨Í Ë §µ¢µ£µ µ¡Ñ¥³ , ¡Ê¤¥³ ¸Î¨É ÉÓ, ÎÉµ

n � nmax =
√

s/m, (2)

£¤¥ m = 0,2 ƒÔ‚ Å É¨¶¨Î´ Ö ³ ¸¸   ¤·µ´ . �µ²¥¥ ¤¥É ²Ó´µ¥ µ¶·¥¤¥²¥´¨¥
µ¡² ¸É¨ µÎ¥´Ó ¡µ²ÓÏ¨Ì ³´µ¦¥¸É¢¥´´µ¸É¥° (��Œ) § ¢¨¸¨É µÉ ±µ´±·¥É´µ° ³µ-
¤¥²¨ [2].

…¸²¨ ¢¢¥¸É¨ ±µÔËË¨Í¨¥´É ´¥Ê¶·Ê£µ¸É¨ κ = 1 − εmax/E, £¤¥ εmax Å
Ô´¥·£¨Ö ¸ ³µ° ¡Ò¸É·µ° ¨§ ·µ¦¤¥´´ÒÌ Î ¸É¨Í ¢ ¤ ´´µ° ¸¨¸É¥³¥ ±µµ·¤¨´ É
¨ E Å ¶µ²´ Ö Ô´¥·£¨Ö ¢ Éµ° ¦¥ ¸¨¸É¥³¥, Éµ µ¡² ¸ÉÓ ��Œ ³µ¦´µ É ±¦¥
µ¶·¥¤¥²¨ÉÓ Ê¸²µ¢¨¥³

1 − κ � 1. (3)

∗�µ¸ÉµÖ´´µ¥ ³¥¸Éµ · ¡µÉÒ: ˆ´¸É¨ÉÊÉ Ë¨§¨±¨, ’¡¨²¨¸¨, ƒ·Ê§¨Ö.
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” ±É¨Î¥¸±¨ ÔÉµ µ§´ Î ¥É, ÎÉµ ¢ ¶·µÍ¥¸¸ Ì ��Œ ·µ¦¤ ÕÉ¸Ö µÉ´µ¸¨É¥²Ó´µ
³¥¤²¥´´Ò¥ Î ¸É¨ÍÒ. �Éµ ¸¢µ°¸É¢µ ¶·¥¤¶µ² £ ¥É¸Ö ¶µ²µ¦¨ÉÓ ¢ µ¸´µ¢Ê É·¨£-
£¥·  ¶µ µÉ¡µ·Ê ¨´É¥·¥¸ÊÕÐ¨Ì ´ ¸ ¸µ¡ÒÉ¨°. ‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ´¥Ê¶·Ê£¨¥
¸¥Î¥´¨Ö ¸ ��Œ ±· °´¥ ³ ²Ò, ≤ 10−7σtot. �µ ÔÉµ° ¶·¨Î¨´¥ ¶·µÍ¥¸¸Ò ¸ ��Œ
³µ£ÊÉ ´ ¡²Õ¤ ÉÓ¸Ö, ¥¸²¨ µ¸É ²Ó´Ò¥ ± ´ ²Ò ·µ¦¤¥´¨Ö Î ¸É¨Í ¸µµÉ¢¥É¸É¢ÊÕ-
Ð¨³ µ¡· §µ³ ¶µ¤ ¢²¥´Ò É·¨££¥·µ³ [3].

1. •���Š’…��›… —…�’› ���–…‘‘�‚ ‘ ��Œ

ŒµÉ¨¢ Í¨¥° ¤²Ö ¨§ÊÎ¥´¨Ö ��Œ ³µ£ÊÉ ¸²Ê¦¨ÉÓ ¸²¥¤ÊÕÐ¨¥ ¸µµ¡· ¦¥´¨Ö.

Å ˆ§¢¥¸É´µ, ÎÉµ ¤µ³¨´¨·ÊÕÐ Ö ¢ ¶µ²´ÒÌ ¸¥Î¥´¨ÖÌ ¶¥·¨Ë¥·¨Î¥¸± Ö ± ·-
É¨´ , µÉ¢¥Î ÕÐ Ö ¢§ ¨³µ¤¥°¸É¢¨Õ  ¤·µ´µ¢ ´  ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨ÖÌ

√
ln s,

¸¶· ¢¥¤²¨¢  ²¨ÏÓ ¤µ n ∼ n̄(s)2. ’ ±¨³ µ¡· §µ³, ³Ò ´ ³¥·¥´Ò ¨¸¸²¥¤µ¢ ÉÓ
µ¡² ¸ÉÓ ¶·¨³¥´¨³µ¸É¨ ¶¥·¨Ë¥·¨Î¥¸±µ° ± ·É¨´Ò [1].

Å ˆ³¥Ö ��Œ ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨, ¥¸É¥¸É¢¥´´µ ¶·¥¤¶µ²µ¦¨ÉÓ, ÎÉµ
¶·¨ ÔÉµ³ ¢µ§¡Ê¦¤ ¥É¸Ö ³ ±¸¨³ ²Ó´µ ¤µ¸É¨¦¨³µ¥ Î¨¸²µ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò
¸É ²±¨¢ ÕÐ¨Ì¸Ö Î ¸É¨Í, ¸·¥¤¨ ±µÉµ·ÒÌ ³µ£ÊÉ ¡ÒÉÓ ®´µ¢Òe¯, ´¥ ´ ¡²Õ¤ ¥³Ò¥
¢ µ¡ÒÎ´ÒÌ ¶·µÍ¥¸¸ Ì [4].

Å …¸²¨ ³´µ¦¥¸É¢¥´´µ¸ÉÓ ·µ¦¤¥´´ÒÌ Î ¸É¨Í ¶µ² £ ÉÓ ³¥·µ° ¤¨¸¸¨¶ -
Í¨¨ ¶¥·¢¨Î´µ° Ô´¥·£¨¨, Éµ ¢ µ¡² ¸É¨ ��Œ ¤¨¸¸¨¶ Í¨Ö ¨, ¸µµÉ¢¥É¸É¢¥´´µ,
Ô´É·µ¶¨Ö, ¤µ¸É¨£ ÕÉ ¸¢µ¥£µ ³ ±¸¨³Ê³ . ’µ£¤ , ¨¸Ìµ¤Ö ¨§ µ¡Ð¨Ì ¶µ²µ¦¥´¨°,
³µ¦´µ µ¦¨¤ ÉÓ, ÎÉµ ¢ µ¡² ¸É¨ ��Œ ¸¨¸É¥³  ®· ¢´µ¢¥¸´ ¯. ‡¤¥¸Ó · ¢´µ¢¥¸¨¥
¸²¥¤Ê¥É ¶µ´¨³ ÉÓ, ¸²¥¤ÊÖ �. �. �µ£µ²Õ¡µ¢Ê, ± ± ¸µ¸ÉµÖ´¨¥ ¸ µ¸² ¡²¥´´Ò³¨
±µ··¥²ÖÍ¨Ö³¨, ±µ£¤  ¸¶¥±É·Ò Ô´¥·£¨¨ Î ¸É¨Í ∼ e−βε µ¶¨¸Ò¢ ÕÉ¸Ö Ëµ·³Ê²µ°
�µ²ÓÍ³ ´ , £¤¥ É¥³¶¥· ÉÊ·  1/β ¸µ¢¶ ¤ ¥É ¸µ ¸·¥¤´¥° Ô´¥·£¨¥° ·µ¦¤¥´´ÒÌ
Î ¸É¨Í [5].

Å ‚µµ¡Ð¥ £µ¢µ·Ö,  ³¶²¨ÉÊ¤  ¶·µÍ¥¸¸  ·µ¦¤¥´¨Ö n Î ¸É¨Í ¤µ²¦´  § ¢¨-
¸¥ÉÓ, ¶µ ±· °´¥° ³¥·¥, µÉ (3n−4) ¶¥·¥³¥´´ÒÌ. �Éµ ¸²¨Ï±µ³ ¡µ²ÓÏµ¥ Î¨¸²µ:
¶·¨ Ô´¥·£¨ÖÌ ¸µ¢·¥³¥´´ÒÌ Ê¸±µ·¨É¥²¥° n̄(s) ∼ 100. ’µ£¤ , ¥¸²¨ ¢ µ¡² ¸É¨
��Œ ¨³¥¥É ³¥¸Éµ É¥·³ ²¨§ Í¨Ö, ¸¨¸É¥³  ³µ¦¥É ¡ÒÉÓ ¤µ¸É ÉµÎ´µ ¶µ²´µ µ¶¨-
¸ ´  ¢¸¥£µ ²¨ÏÓ ¸ ´¥¸±µ²Ó±¨³¨ ¶ · ³¥É· ³¨. �µ¤µ¡´µ¥ ®£·Ê¡µ¥¯ µ¶¨¸ ´¨¥
²¥¦¨É ¢ µ¸´µ¢¥ É¥·³µ¤¨´ ³¨±¨ · ¢´µ¢¥¸´ÒÌ ¸µ¸ÉµÖ´¨° [2,6].

Å Š ± ¤µ¸Éµ¢¥·´µ ¨§¢¥¸É´µ ¨§ Ô±¸¶¥·¨³¥´É , ¢  ¤·µ´´ÒÌ ¶·µÍ¥¸¸ Ì ¶µ²-
´ Ö É¥·³ ²¨§ Í¨Ö µÉ¸ÊÉ¸É¢Ê¥É: ¸·¥¤´ÖÖ ³´µ¦¥¸É¢¥´´µ¸ÉÓ n̄(s) ∼ ln2 s �
nmax. �Éµ Ö¢²¥´¨¥ µ¡ÑÖ¸´Ö¥É¸Ö ¢Ò¸µ±µ° £·Ê¶¶µ° ¸¨³³¥É·¨¨ É¥µ·¨¨, ²¥¦ Ð¥°
¢ µ¸´µ¢¥ Ë¨§¨±¨  ¤·µ´µ¢, ±µÉµ· Ö, Î¥·¥§ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ § ±µ´Ò ¸µÌ· ´¥-
´¨Ö, µ£· ´¨Î¨¢ ¥É ¤¨´ ³¨±Ê. ‚Ò¡¨· Ö ± ´ ² ¸ ��Œ, ³Ò ¨¸±Ê¸¸É¢¥´´µ ¶µ¤ -
¢²Ö¥³ ¢²¨Ö´¨¥ ÔÉ¨Ì § ±µ´µ¢ ¸µÌ· ´¥´¨Ö, ÎÉµ, ¥¸É¥¸É¢¥´´µ, ¤µ²¦´µ Ê¶·µ¸É¨ÉÓ
¤¨´ ³¨±Ê · ¸¸³ É·¨¢ ¥³ÒÌ ¶·µÍ¥¸¸µ¢ [2].
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ŒÒ ¶µ² £ ¥³, ÎÉµ Ô±¸¶¥·¨³¥´É ²Ó´µ, ¢ ¶¥·¢ÊÕ µÎ¥·¥¤Ó, ´¥µ¡Ìµ¤¨³µ ¨§Ê-
Î¨ÉÓ ¸²¥¤ÊÕÐ¨¥ ´ Ï¨ ÊÉ¢¥·¦¤¥´¨Ö.

Å ‘ ·µ¸Éµ³ ³´µ¦¥¸É¢¥´´µ¸É¨ ¶·µÍ¥¸¸ ¤µ²¦¥´ ¸É ÉÓ ®¦¥¸É±¨³¯. �Éµ
ÊÉ¢¥·¦¤¥´¨¥ ¸²¥¤Ê¥É ¶µ´¨³ ÉÓ ± ± ´¥· ¢¥´¸É¢µ ¤²Ö µÉ´µÏ¥´¨Ö ¸·¥¤´¥£µ §´ -
Î¥´¨Ö ¶µ¶¥·¥Î´µ£µ ¨³¶Ê²Ó¸  ± ¸·¥¤´¥³Ê ¶·µ¤µ²Ó´µ³Ê:

R =
q̄⊥
q̄‖

>
π

4
. (4)

� ¶µ³´¨³, ÎÉµ · ¢¥´¸É¢µ µ§´ Î ¥É ¨§µÉ·µ¶´µ¥ · ¸¶·¥¤¥²¥´¨¥,   ³Ê²ÓÉ¨¶¥·¨-
Ë¥·¨Î¥¸± Ö ±¨´¥³ É¨±  ¶·¥¤¶µ² £ ¥É, ÎÉµ R < π/4 [7].

Å ‘ ·µ¸Éµ³ ³´µ¦¥¸É¢¥´´µ¸É¨ ¸¨¸É¥³  ¤µ²¦´  ®Ê¸¶µ± ¨¢ ÉÓ¸Ö¯. Šµ²¨Î¥-
¸É¢¥´´µ ÔÉµ µ§´ Î ¥É, ÎÉµ ¥¸²¨ Ô´¥·£¥É¨Î¥¸±¨¥ ³´µ£µÎ ¸É¨Î´Ò¥ ±µ··¥²ÖÉµ·Ò
³ ²Ò:

|Kl(s, n)|2/l

K2(s, n)
� 1, (5)

Éµ ± ´µ´¨Î¥¸±¨-¸µ¶·Ö¦¥´´ Ö Ô´¥·£¨¨ ¢¥²¨Î¨´ ,   ¨³¥´´µ É¥³¶¥· ÉÊ· , ¶µ²-
´µ¸ÉÓÕ µ¶¨¸Ò¢ ¥É ¸¨¸É¥³Ê [2,5].

Å …¸²¨ ´¥· ¢¥´¸É¢  (4) ¨ (5) ¢Ò¶µ²´ÖÕÉ¸Ö ¶·¨ ��Œ, Éµ Éµ£¤ , ´ ¶·¨³¥·,
¶·¨ Ê¸²µ¢¨¨

∂

∂nγ
σn

∣∣∣∣
nh=const

�= ∂

∂nh
σn

∣∣∣∣
nγ=const

, l = 2, 3, . . . , (6)

¶·µÍ¥¸¸ ¸¢Ö§Ò¢ ´¨Ö Í¢¥É´µ£µ § ·Ö¤  ¢  ¤·µ´Ò ³µ¦´µ ¸Î¨É ÉÓ Ë §µ¢Ò³ ¶¥·¥-
Ìµ¤µ³. ‚ ´¥· ¢¥´¸É¢¥ (6) nγ Å Î¨¸²µ ËµÉµ´µ¢ ¨ nh Å Î¨¸²µ  ¤·µ´µ¢.

Å ŒÒ ¶·¥¤¸± §Ò¢ ¥³, ÎÉµ

∂µ(s, n)
∂n

≤ 0, (7)

É. ¥. ´ Î ²Ó´µ¥ ¸µ¸ÉµÖ´¨¥ ¶·µÍ¥¸¸  ·µ¦¤¥´¨Ö  ¤·µ´µ¢ ¸É ´µ¢¨É¸Ö ´¥Ê¸Éµ°Î¨-
¢Ò³ µÉ´µ¸¨É¥²Ó´µ ·µ¦¤¥´¨Ö  ¤·µ´µ¢ ¢ µ¡² ¸É¨ ��Œ. ‡¤¥¸Ó ³Ò ¨¸¶µ²Ó§µ¢ ²¨,
ÎÉµ ¢ µ¡² ¸É¨ ��Œ É ± Ö ¢¥²¨Î¨´ , ± ±

− 1
n

ln
σn(s)
σtot

= µ(s, n) + O(1/n), (8)

¸µ¢¶ ¤ ¥É, ¸ ÉµÎ´µ¸ÉÓÕ ¤µ O(1/n), c Ì¨³¶µÉ¥´Í¨ ²µ³ µ(s, n), ±µÉµ·Ò° µ¶·¥-
¤¥²Ö¥É · ¡µÉÊ, § É· Î¥´´ÊÕ ´  ·µ¦¤¥´¨e µ¤´µ° Î ¸É¨ÍÒ [2].
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’¥µ·¥É¨Î¥¸±¨¥ ¨¸¸²¥¤µ¢ ´¨Ö ¶µ± § ²¨ [1,2], ÎÉµ
Å ¨¤¥µ²µ£¨Ö £² ¢´µ£µ ²µ£ ·¨Ë³¨Î¥¸±µ£µ ¶·¨¡²¨¦¥´¨Ö ´¥¶·¨¥³²¥³  ¢

µ¡² ¸É¨ ��Œ;
Å ·¥¤¦¥¢¸±µ¥ µ¶¨¸ ´¨¥ ¨³¥¥É µ£· ´¨Î¥´´ÊÕ µ¡² ¸ÉÓ ¶·¨³¥´¨³µ¸É¨ ¢

µ¡² ¸É¨ ��Œ;
Å É¥µ·¥É¨±µ-¶µ²¥¢Ò¥ ¸Ì¥³Ò ¢ÒÎ¨¸²¥´¨Ö ´¥ ¶µ§¢µ²ÖÕÉ ¢Ò°É¨ §  µ¡² ¸ÉÓ

±¢ §¨±² ¸¸¨Î¥¸±µ£µ ¶·¨¡²¨¦¥´¨Ö;
Å ¶·µÍ¥¸¸Ò ³´µ¦¥¸É¢¥´´µ£µ ·µ¦¤¥´¨Ö µÉ´µ¸ÖÉ¸Ö ± ±² ¸¸Ê ¸¨²Ó´µ´¥· ¢-

´µ¢¥¸´ÒÌ ¶·µÍ¥¸¸µ¢, £¤¥ µ¡ÒÎ´Ò¥ ¶·¥¤¸É ¢²¥´¨Ö ± ´µ´¨Î¥¸±µ£µ Ëµ·³ ²¨§³ 
´¥¶·¨¥³²¥³Ò.

�µ ÔÉµ ¶·¨Î¨´¥ ¡Ò²  · §· ¡µÉ ´  ´µ¢ Ö ¸Ì¥³  [8], ±µÉµ· Ö ³µ¦¥É ¡ÒÉÓ
¨¸¶µ²Ó§µ¢ ´  ´  ²Õ¡ÒÌ · ¸¸ÉµÖ´¨ÖÌ, ¢±²ÕÎ Ö É¥, ´  ±µÉµ·ÒÌ ¸É ´¤ ·É´ Ö
É¥µ·¨Ö ¢µ§³ÊÐ¥´¨° Š•„ ´¥¶·¨³¥´¨³ ; µ´  ¸¶µ¸µ¡´  µ¶¨¸Ò¢ ÉÓ ´ ¡²Õ¤ ¥³Ò¥
(¸¥Î¥´¨Ö, ±µ··¥²ÖÍ¨µ´´Ò¥ ËÊ´±Í¨¨ ¨ É. ¤.).

ˆ¸¸²¥¤µ¢ ´¨Ö ¶µ ¶µ¸É·µ¥´¨Õ £¥´¥· Éµ·  ¸µ¡ÒÉ¨°, µ¸´µ¢ ´´µ£µ ´  ÔÉµ°
É¥µ·¨¨ ¢µ§³ÊÐ¥´¨°, ¨´É¥´¸¨¢´µ ¢¥¤ÊÉ¸Ö ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö.
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�. �. �·¡Ê§µ¢, �. �. ŠÊ· ¥¢, �. ƒ. ˜ °Ì É¤¥´µ¢

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

‹ ¡µ· Éµ·¨Ö É¥µ·¥É¨Î¥¸±µ° Ë¨§¨±¨ ¨³. �. �. �µ£µ²Õ¡µ¢ 

„ ´ µ¡§µ· ¸µ¢·¥³¥´´µ£µ ¸µ¸ÉµÖ´¨Ö É¥µ·¥É¨Î¥¸±µ£µ µ¶¨¸ ´¨Ö ¶·µÍ¥¸¸µ¢ £²Ê¡µ±µ´¥Ê¶·Ê£µ£µ
²¥¶Éµ´-´Ê±²µ´´µ£µ ¨ Ô²¥±É·µ´-¶µ§¨É·µ´´µ£µ · ¸¸¥Ö´¨° ´  ¡µ²ÓÏ¨¥ Ê£²Ò ¸ ÊÎ¥Éµ³ · ¤¨ Í¨µ´-
´ÒÌ ¶µ¶· ¢µ± ¢ ²¨¤¨·ÊÕÐ¥³ ¨ ¸²¥¤ÊÕÐ¥³ §  ²¨¤¨·ÊÕÐ¨³ ¶·¨¡²¨¦¥´¨ÖÌ. � ¸¸³µÉ·¥´Ò É ±¦¥
¶·¨´Í¨¶Ò ¸µ§¤ ´¨Ö ¨ Ë¨§¨Î¥¸± Ö ¶·µ£· ³³  ¤²Ö ËµÉµ´-ËµÉµ´´ÒÌ ±µ²² °¤¥·µ¢.

The present status of theoretical description of deep-inelastic lepton-nucleon as well as large
angle Bhabha scattering with account for radiative corrections in the leading and next-to-leading
approximations are reviewed. Also considered is a biuld-up principle and physical programme of the
photon-photon colliders.

�·¥Í¨§¨µ´´Ò¥ ¨§³¥·¥´¨Ö ´  ¸µ¢·¥³¥´´ÒÌ Ô²¥±É·µ´-¶µ§¨É·µ´´ÒÌ ¨ Ô²¥±É-
·µ´-¶·µÉµ´´ÒÌ ±µ²² °¤¥· Ì É·¥¡ÊÕÉ ¤µ¸É ÉµÎ´µ ÉµÎ´µ£µ µ¶¨¸ ´¨Ö ¸¥Î¥´¨°
´µ·³¨·ÊÕÐ¨Ì ¶·µÍ¥¸¸µ¢, ´¥µ¡Ìµ¤¨³ÒÌ ¤²Ö µ¶·¥¤¥²¥´¨Ö ¸¢¥É¨³µ¸É¨.

„²Ö Ô²¥±É·µ´-¶µ§¨É·µ´´ÒÌ Ê¸É ´µ¢µ± É ±¨³ ¶·µÍ¥¸¸µ³ Ö¢²Ö¥É¸Ö ¶·µÍ¥¸¸
(±¢ §¨)Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö (¶·µÍ¥¸¸ � ¡ ) ´  ¡µ²ÓÏ¨¥ ¨ ³ ²Ò¥ Ê£²Ò. � 
Ê¸É ´µ¢± Ì LEP1, LEP2 ¤¥É ²Ó´µ ¨§ÊÎ ²¨¸Ó ¸¢µ°¸É¢  ¶·µ³¥¦ÊÉµÎ´ÒÌ W -,
Z-¡µ§µ´µ¢. ’µÎ´µ¸ÉÓ, ¶·¥¤ÑÖ¢²Ö¥³ Ö ± É¥µ·¥É¨Î¥¸±¨ · ¸¸Î¨É ´´µ³Ê ¸¥Î¥´¨Õ,
¸µ¸É ¢²Ö²  ³¥´¥¥ ¤¥¸ÖÉµ° ¤µ²¨ ¶·µÍ¥´É . ‡´ ´¨Ö ¸¥Î¥´¨Ö ¶·µÍ¥¸¸  ¢ ¡µ·´µ¢-
¸±µ³ ¶·¨¡²¨¦¥´¨¨ µ± §Ò¢ ¥É¸Ö ´¥¤µ¸É ÉµÎ´o, ¢±² ¤Ò · ¤¨ Í¨µ´´ÒÌ ¶µ¶· -
¢µ± (��) ¢Ò¸Ï¨Ì ¶µ·Ö¤±µ¢ É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° (’‚), ¸¢Ö§ ´´Ò¥ ¸ ¨§²ÊÎ¥´¨¥³
¢¨·ÉÊ ²Ó´ÒÌ ¨ ·¥ ²Ó´ÒÌ ËµÉµ´µ¢ ¨ e+e−-¶ ·, µ± §Ò¢ ÕÉ¸Ö ¸ÊÐ¥¸É¢¥´´Ò³¨
¢¶²µÉÓ ¤µ ¸² £ ¥³ÒÌ 3-£µ ¶µ·Ö¤±  ’‚. ‚ Í¨±²¥ · ¡µÉ [1], ¢Ò¶µ²´¥´´ÒÌ ¢
É¥Î¥´¨¥ ´¥¸±µ²Ó±¨Ì ²¥É, ¡Ò²¨ · ¸¸Î¨É ´Ò �� ± ¸¥Î¥´¨Õ ¢ ¸²ÊÎ ¥ · ¸¸¥Ö´¨Ö
´  ³ ²Ò¥ ¨ ¡µ²ÓÏ¨¥ Ê£²Ò. �¥§Ê²ÓÉ ÉÒ ÔÉ¨Ì · ¡µÉ ¡Ò²¨ ¨¸¶µ²Ó§µ¢ ´Ò ¢ Î¨-
¸²¥ ¤·Ê£¨Ì ¶µ¤Ìµ¤µ¢ ¤²Ö ¶·¥Í¨§¨µ´´µ£µ ¨§³¥·¥´¨Ö ¸¢¥É¨³µ¸É¨ ´  ±µ²² °¤¥·e
–…�� [2].

�·¨ ¢ÒÎ¨¸²¥´¨¨ ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö ¦¥¸É±µ£µ Éµ·³µ§´µ£µ ¨§²Ê-
Î¥´¨Ö ´  ¡µ²ÓÏµ° Ê£µ² ´ ³¨ ¡Ò²µ µ¡´ ·Ê¦¥´µ µÉ±²µ´¥´¨¥ µÉ ¤·¥²²-Ö´µ¢¸±µ°
Ëµ·³Ò ¸¥Î¥´¨Ö ¤ ¦¥ ¢ ²¨¤¨·ÊÕÐ¥³ ¶·¨¡²¨¦¥´¨¨ Å ¸¥Î¥´¨¥ ¸ ÊÎ¥Éµ³ �� ´¥
¢Ò· ¦ ¥É¸Ö ¢ É¥·³¨´ Ì ¡µ·´µ¢¸±µ£µ. ‚ · ¡µÉ¥ [3] ¤ ´  ´ ²¨§ ÔÉµ£µ Ö¢²¥´¨Ö.

„²Ö ¶·µÍ¥¸¸µ¢ 4-£µ ¶µ·Ö¤±  ’‚ ´ ³¨ ¡Ò²¨ ¢ÒÎ¨¸²¥´Ò ¸¥Î¥´¨Ö ¨§²ÊÎ¥´¨Ö
¤¢ÊÌ ¦¥¸É±¨Ì ËµÉµ´µ¢ ¨ ¦¥¸É±µ° ¶ ·Ò ¢ ±µ²²¨´¥ ·´µ° ¨ ´¥±µ²²¨´¥ ·´µ°
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±¨´¥³ É¨±¥, ¸¤¥² ´  µÍ¥´±  ´¥²¨¤¨·ÊÕÐ¨Ì ¢±² ¤µ¢ (´¥ ¸µ¤¥·¦ Ð¨Ì ¸É¥¶¥´¥°
¡µ²ÓÏµ£µ ²µ£ ·¨Ë³  µÉ´µÏ¥´¨Ö Ô´¥·£¨¨ Ô²¥±É·µ´µ¢ ± ¨Ì ³ ¸¸¥) [4].

�¥ ³¥´¥¥  ±ÉÊ ²Ó´  § ¤ Î  ¢ÒÎ¨¸²¥´¨Ö �� ± ¸¥Î¥´¨Ö³ ¶·µÍ¥¸¸µ¢ £²Ê¡µ±µ-
´¥Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö. ‚ · ¡µÉ¥ [5] ¡Ò²µ ¢ÒÎ¨¸²¥´µ ¸¥Î¥´¨¥ ¢ Ê¶·Ê£µ° ¶µ ¶·µ-
Éµ´Ê ³¨Ï¥´¨ ±¨´¥³ É¨±¥. „²Ö ÔÉµ£µ ¸²ÊÎ Ö ¶µ²ÊÎ¥´µ ¸¥Î¥´¨¥ ¢ ²¨¤¨·ÊÕÐ¥³
¨ ´¥²¨¤¨·ÊÕÐ¥³ ¶·¨¡²¨¦¥´¨ÖÌ ¤²Ö ±¨´¥³ É¨Î¥¸±¨Ì Ê¸²µ¢¨° Ô±¸¶¥·¨³¥´Éµ¢,
¶·µ¢µ¤¨³ÒÌ ¢ DESY.

‚ · ¡µÉ¥ [6] ¨¸¸²¥¤µ¢ ´ ¢µ¶·µ¸ µ¡ µ¡µ¡Ð¥´´µ³ Ô°±µ´ ²Ó´µ³ ¶·¥¤¸É ¢-
²¥´¨¨  ³¶²¨ÉÊ¤ · ¸¸¥Ö´¨Ö ´  ³ ²Ò¥ Ê£²Ò. „²Ö ÔÉµ° Í¥²¨ ¢ÒÎ¨¸²¥´Ò �� ±
¸¥Î¥´¨Õ e+e−-· ¸¸¥Ö´¨Ö ´  ³ ²Ò¥ Ê£²Ò ¢ ¤¢ÊÌ¶¥É²¥¢µ³ ¶·¨¡²¨¦¥´¨¨. �µ-
± § ´µ, ÎÉµ ¶·¥¤¸É ¢²¥´¨¥  ³¶²¨ÉÊ¤Ò ¢ ¢¨¤¥ ¶·µ¨§¢¥¤¥´¨Ö Ëµ·³Ë ±Éµ·  ´ 
 ³¶²¨ÉÊ¤Ê ¢ Ô°±µ´ ²Ó´µ³ ¶·¨¡²¨¦¥´¨¨ ´ ·ÊÏ ¥É¸Ö §  ¸Î¥É ¢±² ¤  ´¥¶² ´ ·-
´ÒÌ ¤¨ £· ³³ ”¥°´³ ´ . „²Ö  ³¶²¨ÉÊ¤ ¶µ²ÊÎ¥´Ò Ö¢´Ò¥ ¢Ò· ¦¥´¨Ö.

‚ · ¡µÉ¥ [7] ¢ÒÎ¨¸²¥´Ò ¸¶¨· ²Ó´Ò¥  ³¶²¨ÉÊ¤Ò ¤²Ö ¶·µÍ¥¸¸µ¢ e−e±-· ¸-
¸¥Ö´¨Ö ´  ³ ²Ò¥ Ê£²Ò ¸ ¨§²ÊÎ¥´¨¥³ ¤¢ÊÌ ËµÉµ´µ¢ ´  ³ ²Ò° Ê£µ² ¢¤µ²Ó µ¸¨
¶ÊÎ±µ¢. �·µ ´ ²¨§¨·µ¢ ´µ ¶µ¢¥¤¥´¨¥  ³¶²¨ÉÊ¤ ¸ ¸µÌ· ´¥´¨¥³ ¨ ´ ·ÊÏ¥´¨¥³
¸¶¨· ²Ó´µ¸É¨. � ¸¸³µÉ·¥´´ Ö ±¨´¥³ É¨Î¥¸± Ö µ¡² ¸ÉÓ ¤ ¥É £² ¢´Ò° ¢±² ¤ ¢
¸¥Î¥´¨¥, ÎÉµ Ö¢²Ö¥É¸Ö ³µÉ¨¢ Í¨¥° ¤²Ö ´ Ï¥£µ  ´ ²¨§ .

‘ Í¥²ÓÕ µ¶·¥¤¥²¥´¨Ö ¸É¥¶¥´¨ ¶µ²Ö·¨§ Í¨¨ ²¨´¥°´µ-¶µ²Ö·¨§µ¢ ´´ÒÌ Ëµ-
Éµ´µ¢ ´  µ¶ÒÉ¥ ¨¸¶µ²Ó§Ê¥É¸Ö ¶·µÍ¥¸¸ ËµÉµ·µ¦¤¥´¨Ö ²¥¶Éµ´´µ° ¶ ·Ò ´  Ô²¥±-
É·µ´¥ (¢¥Ð¥¸É¢ ). ‚ · ¡µÉ¥ [8] ¸¤¥² ´  ´ ²¨§ ¢¥¤ÊÐ¨Ì (´¥ ¨¸Î¥§ ÕÐ¨Ì ¢
¶·¥¤¥²¥ ¢Ò¸µ±¨Ì Ô´¥·£¨° ËµÉµ´ ) ¨ ´¥¢¥¤ÊÐ¨Ì ¢±² ¤µ¢ ¢ ¸¥Î¥´¨¥ ¶·µÍ¥¸¸ ,
¶·¨¢¥¤¥´Ò ¤ ´´Ò¥ Î¨¸²¥´´µ£µ · ¸Î¥É  ¨ ¤ ´µ ¸· ¢´¥´¨¥ ¸ ·¥§Ê²ÓÉ É ³¨ ¶·¥-
¤Ò¤ÊÐ¨Ì · ¡µÉ ¨ ¤ ´´Ò³¨ µ¶ÒÉ .

‚ µ¡§µ·¥ [9] · ¸¸³µÉ·¥´Ò ¶·¨´Í¨¶Ò ¸µ§¤ ´¨Ö ¨ Ë¨§¨Î¥¸± Ö ¶·µ£· ³³ 
¤²Ö ËµÉµ´-ËµÉµ´´ÒÌ ±µ²² °¤¥·µ¢. “¤¥²¥´µ ¢´¨³ ´¨¥ ´¥²¨´¥°´Ò³ ÔËË¥±É ³
¢ ¶·µÍ¥¸¸¥ ±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö ´ § ¤ ± ± ³¥Ì ´¨§³Ê, µ¶·¥¤¥²ÖÕÐ¥³Ê
¸¢¥É¨³µ¸ÉÓ ±µ²² °¤¥·µ¢. � ¸¸³µÉ·¥´Ò ´¥±µÉµ·Ò¥ ± ²¨¡·µ¢µÎ´Ò¥ ¶·µÍ¥¸¸Ò,
±µÉµ·Ò¥ ³µ¦´µ ¨¸¶µ²Ó§µ¢ ÉÓ ¤²Ö µ¶¥· É¨¢´µ£µ µ¶·¥¤¥²¥´¨Ö ¸¢¥É¨³µ¸É¨.
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(gQQ̄) ˆ Œ“‹œ’ˆŠ‚��Š�‚�‰ (6q) ‚�‹…�’��‰

‘’�“Š’“��‰
‘. �. ƒ¥· ¸¨³µ¢

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

‹ ¡µ· Éµ·¨Ö É¥µ·¥É¨Î¥¸±µ° Ë¨§¨±¨ ¨³. �. �. �µ£µ²Õ¡µ¢ 

� ¸¸³µÉ·¥´Ò ´¥±µÉµ·Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´µ ´ ¡²Õ¤ ¥³Ò¥ ¸²¥¤¸É¢¨Ö ¸ÊÐ¥¸É¢µ¢ ´¨Ö Ô±§µÉ¨-
Î¥¸±¨Ì £¨¡·¨¤´ÒÌ (gQQ̄) ¨ Ï¥¸É¨±¢ ·±µ¢ÒÌ (6q)-·¥§µ´ ´¸µ¢. ‚ÒÎ¨¸²¥´Ò Ì · ±É¥·¨¸É¨±¨ ²¥¶-
Éµ´´µ£µ · ¸¶ ¤  ´¨§Ï¥£µ ¢¥±Éµ·´µ£µ (gcc̄)-Î ·³µ´¨Ö ¨ ¤¢ÊÌËµÉµ´´µ£µ ³¥Ì ´¨§³  µ¡· §µ¢ ´¨Ö ¨
· ¸¶ ¤  ´¨§Ï¥£µ (6q)-·¥§µ´ ´¸ , µ¡· §µ¢ ´´µ£µ ¢ ¶·µÉµ´-¶·µÉµ´´ÒÌ ¸Éµ²±´µ¢¥´¨ÖÌ ¨ ´¥ · ¸¶ -
¤ ÕÐ¥£µ¸Ö ´  ¶ ·Ê ´Ê±²µ´µ¢, ±µÉµ·Ò¥ ¶µ³µ£ ÕÉ ¨¤¥´É¨Ë¨Í¨·µ¢ ÉÓ ¨ § É¥³ ¨§ÊÎ ÉÓ Ô±§µÉ¨Î¥¸±ÊÕ
¶·¨·µ¤Ê ÔÉ¨Ì ¸µ¸ÉµÖ´¨°.

Some experimental signatures of exotic hybrid (gQQ̄) and six-quark (6q)-resonances are dis-
cussed. The characteristics of the lowest (gcc̄) hybrid vector charmonium leptonic decay and the
two-photon mechanism of the production and subsequent decay of the NN -decoupled (6q)-resonance
in proton-proton collisions are indicated that facilitate the identiˇcation and further study of the exotic
nature of these resonances.

ˆ¤¥´É¨Ë¨± Í¨Ö ¨ ¨¸¸²¥¤µ¢ ´¨¥ Ô±§µÉ¨Î¥¸±¨Ì ³Ê²ÓÉ¨±¢ ·±µ¢ÒÌ ¨ £¨¡·¨¤-
´ÒÌ gQQ̄-¸µ¸ÉµÖ´¨° ³µ£ÊÉ ¤ ÉÓ ¶·¨´Í¨¶¨ ²Ó´µ ¢ ¦´ÊÕ ¨ ¸ÊÐ¥¸É¢¥´´µ ´µ¢ÊÕ
¨´Ëµ·³aÍ¨Õ µ ´¥¶¥·ÉÊ·¡ É¨¢´µ° Š•„ ¨ ±¢ ·±-£²Õµ´´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨ÖÌ ¢
´¥c¨´£²¥É´ÒÌ Í¢¥Éµ¢ÒÌ ¸µ¸ÉµÖ´¨ÖÌ. Š·µ³¥ Éµ£µ, £¨¡·¨¤´Ò¥ ±¢ ·±-£²Õµ´´Ò¥
±µ´Ë¨£Ê· Í¨¨, ¶·¨¸ÊÉ¸É¢ÊÕÐ¨¥ ¢ ÉÖ¦¥²ÒÌ ±¢ ·±µ´¨ÖÌ, ³µ£ÊÉ § ³¥É´µ ¢²¨ÖÉÓ
´  ¢§ ¨³µ¤¥°¸É¢¨Ö ÉÖ¦¥²ÒÌ ³¥§µ´µ¢ ¸ ²¥£±¨³¨  ¤·µ´ ³¨ (¶¨µ´ ³¨, ´Ê±²µ-
´ ³¨) ¢ Ö¤¥·´µ° ¸·¥¤¥ ¨, ¸²¥¤µ¢ É¥²Ó´µ, ´  ´ ¤¥¦´µ¸ÉÓ ¤¨ £´µ¸É¨±¨ µ¡· §µ-
¢ ´¨Ö ±¢ ·±-£²Õµ´´µ° ¶² §³Ò ¶µ µ¦¨¤ ¥³µ³Ê Ê³¥´ÓÏ¥´¨Õ ¸¥Î¥´¨Ö µ¡· §µ-
¢ ´¨Ö ÉÖ¦¥²ÒÌ ±¢ ·±µ´¨¥¢ ¢ Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ö¤·µ-Ö¤¥·´ÒÌ ¸Éµ²±´µ¢¥-
´¨ÖÌ.

„²Ö ¢±²ÕÎ¥´¨Ö ¢ Ö¢´µ° Ëµ·³¥ £²Õµ´´ÒÌ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò ¢ ¸¶¥±É·µ-
¸±µ¶¨Õ ÉÖ¦¥²ÒÌ ±¢ ·±µ´¨¥¢ ³Ò · ¸¸³µÉ·¥²¨ ¢ · ³± Ì ¶·¥¤²µ¦¥´´ÒÌ ´ ³¨
· ´¥¥ ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ê· ¢´¥´¨° Ï·¥¤¨´£¥·µ¢¸±µ£µ É¨¶  ¨  ¤¨ ¡ É¨Î¥¸±µ£µ
¶µ¤Ìµ¤ ,  ´ ²µ£¨Î´µ£µ ¶µ¤Ìµ¤Ê �µ·´ Ä�¶¶¥´£¥°³¥· , ¸¢µ°¸É¢  ´¨§Ï¨Ì £¨-
¡·¨¤´ÒÌ Q̄Qg-³¥§µ´µ¢ (Q = c, b) ¨ µÍ¥´¨²¨ ÔËË¥±ÉÒ ¨Ì ¸³¥Ï¨¢ ´¨Ö ¸ ´¨§-
±µ²¥¦ Ð¨³¨ ¢¥±Éµ·´Ò³¨ ¸µ¸ÉµÖ´¨Ö³¨ c̄c-Î ·³µ´¨Ö. �µ²ÊÎ¥´´Ò¥ ¶·¨ ÔÉµ³
µÉ´µÏ¥´¨Ö ²¥¶Éµ´´ÒÌ Ï¨·¨´ J/Ψ-, Ψ

′
-, Ψ(4, 04)- ¨ Ψ(4, 16)-·¥§µ´ ´¸µ¢
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Ìµ·µÏµ ¸µ£² ¸ÊÕÉ¸Ö ¸ Ô±¸¶¥·¨³¥´Éµ³. “¤¨¢¨É¥²Ó´Ò° Ë ±É ¶·¨¡²¨¦¥´´µ£µ
· ¢¥´¸É¢  ²¥¶Éµ´´ÒÌ Ï¨·¨´ Ψ(4, 04)- ¨ Ψ(4, 16)-·¥§µ´ ´¸µ¢ µ¡ÑÖ¸´Ö¥É¸Ö ¢
· ³± Ì ´ Ï¥£µ ¶µ¤Ìµ¤  ¶µ¸·¥¤¸É¢µ³ ±µ£¥·¥´É´µ£µ ¸²µ¦¥´¨Ö ¶µ µÉ¤¥²Ó´µ¸É¨
³ ²ÒÌ ¶·¨³¥¸´ÒÌ  ³¶²¨ÉÊ¤ (1S)−(3S)-¸µ¸ÉµÖ´¨° Î ·³µ´¨Ö ¢ ¢¥±Éµ·¥ ¸µ¸Éµ-
Ö´¨Ö Ψ(4, 16)-·¥§µ´ ´¸ , Ö¢²ÖÕÐ¥£µ¸Ö ¤µ³¨´ ´É´µ-£¨¡·¨¤´Ò³ ¸µ¸ÉµÖ´¨¥³. ‚
ÔÉµ³ ¸µ¸Éµ¨É ± Î¥¸É¢¥´´µ¥ µÉ²¨Î¨¥ ·¥§Ê²ÓÉ É  ´ Ï¥£µ ¶µ¤Ìµ¤  µÉ Ï¨·µ±µ µ¡-
¸Ê¦¤ ¢Ï¥°¸Ö ¢ ²¨É¥· ÉÊ·¥ £¨¶µÉ¥§Ò ¸²ÊÎ °´µ° ¡²¨§µ¸É¨ ³ ¸¸ ®É¥µ·¥É¨Î¥¸±¨
Î¨¸ÉÒÌ¯ ¸µ¸ÉµÖ´¨° 3S1-Î ·³µ´¨Ö ¨ £¨¡·¨¤´µ£µ ³¥§µ´ , ±µÉµ· Ö ¶·¨¢µ¤¨² 
¡Ò ± · ¢´Ò³ ¶µ ³µ¤Ê²Õ  ³¶²¨ÉÊ¤ ³ (3S)- ¨ £¨¡·¨¤´µ° c̄cg-±µ´Ë¨£Ê· Í¨¨ ¢
¢¥±Éµ· Ì ¸µ¸ÉµÖ´¨Ö Ë¨§¨Î¥¸±¨Ì Ψ(4, 04)- ¨ Ψ(4, 16)-·¥§µ´ ´¸µ¢ [1].

‚ ± Î¥¸É¢¥ ¶·¥¤¶µ¸Ò²±¨ ± · ¸Î¥É ³  ³¶²¨ÉÊ¤ ± ¸± ¤´ÒÌ  ¤·µ´´ÒÌ · ¸¶ -
¤µ¢ ÉÖ¦¥²ÒÌ ±¢ ·±µ´¨¥¢ ¨ ¨Ì ¢§ ¨³µ¤¥°¸É¢¨° ¸ ²¥£±¨³¨  ¤·µ´ ³¨ (¶¨µ´ ³¨,
´Ê±²µ´ ³¨), ¡Ò² ¢Ò¶µ²´¥´ · ¸Î¥É ±µÔËË¨Í¨¥´Éµ¢ Í¢¥Éµ¢µ° ¶µ²Ö·¨§Ê¥³µ¸É¨
¶¨µ´µ¢ £²Õµ´´Ò³ ¶µ²¥³, ±µÉµ·µ¥ Ëµ·³¨·Ê¥É¸Ö ¶·¨³¥¸ÓÕ Ê³¥·¥´´µ-¦¥¸É±¨Ì
®¢ ²¥´É´ÒÌ¯ £²Õµ´µ¢ ¢ ´¨§Ï¨Ì ¶µ ³ ¸¸¥ ¸¢Ö§ ´´ÒÌ ¸µ¸ÉµÖ´¨ÖÌ Î ·³µ´¨¥¢.
�³¶²¨ÉÊ¤  ππgg-¢§ ³µ¤¥°¸É¢¨Ö, ¶·µ¶µ·Í¨µ´ ²Ó´ Ö ±µÔËË¨Í¨¥´É ³ £²Õµ´-
´µ° ¶µ²Ö·¨§Ê¥³µ¸É¨ ¶¨µ´µ¢, ¤ ¥É, É ±¨³ µ¡· §µ³, µ¶·¥¤¥²¥´´Ò° ¢±² ¤ ¢ ¶µ²-
´ÊÕ  ³¶²¨ÉÊ¤Ê ¢§ ¨³µ¤¥°¸É¢¨Ö ¶¨µ´µ¢ ¸ ÉÖ¦¥²Ò³¨ ±¢ ·±µ´¨Ö³¨. ‚ ²¨´¥°´µ°
σ-³µ¤¥²¨, ¢±²ÕÎ ÕÐ¥° ¶¨µ´Ò, ²¥£±¨° (¨§µ)¸± ²Ö·´Ò° σ(∼ 600 ŒÔ‚)-³¥§µ´
¨ ±µ´¸É¨ÉÊ¥´É´Ò¥ u- ¨ d-±¢ ·±¨, ¡Ò²¨ ¢ÒÎ¨¸²¥´Ò Ì·µ³µÔ²¥±É·¨Î¥¸± Ö (αg)
¨ Ì·µ³µ³ £´¨É´ Ö (βg) ¶µ²Ö·¨§Ê¥³µ¸É¨ ¶¨µ´ , ¨ ¢ ¶·¥¤¥²¥ ´Ê²¥¢ÒÌ Ô´¥·£¨°
(É. ¥. ¢ ¶·¨¡²¨¦¥´¨¨ ÔËË¥±É¨¢´µ£µ · ¤¨Ê¸ ) ¸¥Î¥´¨¥ πJ/Ψ-¢§ ¨³µ¤¥°¸É¢¨Ö
´ °¤¥´µ · ¢´Ò³ σ(πJ/Ψ) � 1, 9 [1]. �É³¥É¨³, ÎÉµ ·¥ ±Í¨Ö ¶¨µ´µ¢ ´  ¶·¨²µ-
¦¥´´µ¥ Ì·µ³µÔ²¥±É·¨Î¥¸±µ¥ ¨ Ì·µ³µ³ £´¨É´µ¥ ¶µ²¥ ¶µ¤µ¡´  ·¥ ±Í¨¨ ¸·¥¤Ò ¸
®¤¨Ô²¥±É·¨Î¥¸±¨³¨¯ (αg ≤ 0) ¨ ®¶ · ³ £´¨É´Ò³¨¯ (βg ≥ 0) ¸¢µ°¸É¢ ³¨. �·¨
ÔÉµ³  ³¶²¨ÉÊ¤  ¶¨µ´-±¢ ·±µ´¨¥¢µ£µ (´ ¶·¨³¥·, ¶¨µ´-Î ·³µ´¨¥¢µ£µ) ¢§ ¨³µ-
¤¥°¸É¢¨Ö, µ¡Ê¸²µ¢²¥´´ Ö ¶·¨¸ÊÉ¸É¢¨¥³ £¨¡·¨¤´µ° ¶·¨³¥¸¨, ¢ µ¡² ¸É¨ ³ ²ÒÌ
Ô´¥·£¨° ¨³¥¥É £² ¤±µ¥ ¶µ¢¥¤¥´¨¥ ¨ ´¥ ¶·µÖ¢²Ö¥É ¡Ò¸É·µ£µ ¶ ¤¥´¨Ö ¶·¨ ¸É·¥³-
²¥´¨¨ Ô´¥·£¨¨ ± ´Ê²Õ, ¢ µÉ²¨Î¨¥ µÉ ³¥Ì ´¨§³  µ¡³¥´  ³Ö£±¨³¨ £²Õµ´ ³¨,
µÉ¢¥É¸É¢¥´´µ£µ §  ¢§ ¨³µ¤¥°¸É¢¨¥ ¢ ´-¤¥·-¢  ²Ó¸µ¢¸±µ£µ É¨¶ .

‚ ·Ö¤¥ · ¡µÉ, ¶µ¸¢ÖÐ¥´´ÒÌ ¶µ¸É·µ¥´¨Õ ³µ¤¥²¥° ±¨· ²Ó´ÒÌ ¸µ²¨Éµ´µ¢ ¢
¸¥±Éµ·¥ ¸ ¡ ·¨µ´´Ò³ ±¢ ´Éµ¢Ò³ Î¨¸²µ³ B ≥ 2, ¡Ò²  µÉ³¥Î¥´  ¢µ§³µ¦´µ¸ÉÓ
¸ÊÐ¥¸É¢µ¢ ´¨Ö ´¥¸É· ´´ÒÌ ¤¨¡ ·¨µ´µ¢ ¸ ³ ¸¸ ³¨ ´¨¦¥ ¶µ·µ£  µ¡· §µ¢ ´¨Ö
¶¨µ´µ¢ ¨ ¸µ ¸É·µ£¨³ ¨²¨ ¶·¨¡²¨¦¥´´Ò³ § ¶·¥Éµ³ · ¸¶ ¤µ¢ ´  ¶ ·Ê ´Ê±²µ´µ¢.
„µ³¨´¨·ÊÕÐ¥° ³µ¤µ° ¨Ì · ¸¶ ¤  Éµ£¤  ¤µ²¦´Ò ¡ÒÉÓ · ¤¨ Í¨µ´´Ò¥ · ¸¶ ¤Ò.
‚ÒÎ¨¸²¥´¨¥ ³ ¸¸ ¨ Ï¨·¨´ ÔÉ¨Ì É¥µ·¥É¨Î¥¸±¨ Î·¥§¢ÒÎ °´µ ¨´É¥·¥¸´ÒÌ ¸µ-
¸ÉµÖ´¨° ´  µ¸´µ¢¥ ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¢µ²´µ¢ÒÌ Ê· ¢´¥´¨° ¢Ò£²Ö¤¨É, µ¤´ ±µ,
±· °´¥ ´¥´ ¤¥¦´Ò³ ¨§-§  µÉ¸ÊÉ¸É¢¨Ö ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¸±µ²Ó±µ-´¨¡Ê¤Ó · §-
· ¡µÉ ´´ÒÌ ¨ µ¡µ¸´µ¢ ´´ÒÌ ¸¶µ¸µ¡µ¢  ´ ²¨É¨Î¥¸±µ£µ ¶·¥¤¸É ¢²¥´¨Ö ±¢ ·-
±µ¢µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ 6-±¢ ·±µ¢ÒÌ ¸¨¸É¥³ Ì. �µÔÉµ³Ê µ¸´µ¢´µ°  ±Í¥´É
¢ · §· ¡µÉ±¥ ÔÉµ° É¥³Ò ´  ¤ ´´µ³ ÔÉ ¶¥ ¡Ò² ´ ³¨ ¸¤¥² ´ ´  Ë¥´µ³¥´µ-
²µ£¨Î¥¸±µ³ · ¸¸³µÉ·¥´¨¨ ¨ µ¡µ¸´µ¢ ´¨¨ ´ ¨¡µ²¥¥  ¤¥±¢ É´µ£µ ¨³¥ÕÐ¨³¸Ö
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Ô±¸¶¥·¨³¥´É ²Ó´Ò³ ¢µ§³µ¦´µ¸ÉÖ³ ¨ Ê¸²µ¢¨Õ ´ ¤¥¦´µ° ¨´É¥·¶·¥É Í¨¨ ³¥-
Éµ¤  ¶µ¨¸±µ¢ É ±µ£µ ·µ¤  ¤¨¡ ·¨µ´µ¢. ‚ ÔÉµ° ¸¢Ö§¨ ´ ³¨ ¡Ò² ¶·¥¤²µ¦¥´ ´µ-
¢Ò° ¸¶µ¸µ¡ ¶µ¨¸±  Ô±§µÉ¨Î¥¸±¨-Ê§±¨Ì ´¨§±µ²¥¦ Ð¨Ì ¤¨¡ ·¨µ´µ¢ ¢ ·¥ ±Í¨ÖÌ
¸ ¨¸¶Ê¸± ´¨¥³ ¤¢ÊÌ ËµÉµ´µ¢ ¶·¨ ¢§ ¨³µ¤¥°¸É¢¨¨ ´Ê±²µ´µ¢ ¶·µ³¥¦ÊÉµÎ´ÒÌ
Ô´¥·£¨° [2, 3], ±µÉµ·Ò° ¸¢µ¡µ¤¥´ µÉ ¢´ÊÉ·¥´´¥ ¶·¨¸ÊÐ¨Ì É·Ê¤´µ¸É¥° ¢¸¥Ì
¨¸¶µ²Ó§µ¢ ¢Ï¨Ì¸Ö · ´¥¥ ·¥ ±Í¨° ¸ ÊÎ ¸É¨¥³ ¨²¨ µ¡· §µ¢ ´¨¥³ ³Ê²ÓÉ¨ ¤·µ´-
´ÒÌ ¸µ¸ÉµÖ´¨°. �  µ¸´µ¢¥ ÔÉµ£µ ³¥Éµ¤  ¸µÉ·Ê¤´¨Î¥¸É¢µ³ „ˆ�2γ (�ˆŸˆ) ¡Ò²
¢Ò¶µ²´¥´ Ô±¸¶¥·¨³¥´É, µ¡´ ·Ê¦¨¢Ï¨° Ì · ±É¥·´ÊÕ ¸É·Ê±ÉÊ·Ê ¢ Ô´¥·£¥É¨Î¥-
¸±µ³ ¸¶¥±É·¥ ËµÉµ´µ¢ ¨ ¸¢¨¤¥É¥²Ó¸É¢ÊÕÐ¨° µ ¸ÊÐ¥¸É¢µ¢ ´¨¨ Ô±§µÉ¨Î¥¸±µ£µ
Ê§±µ£µ ¤¨¡ ·¨µ´  ¸ ³ ¸¸µ° � 1950 ŒÔ‚ [4]. �ÉµÉ ·¥§Ê²ÓÉ É ¤¥³µ´¸É·¨·Ê¥É
´µ¢Ò¥ ¢µ§³µ¦´µ¸É¨ ¨¸¸²¥¤µ¢ ´¨Ö · ´¥¥ ´¥¨§¢¥¸É´ÒÌ ³Ê²ÓÉ¨±¢ ·±µ¢ÒÌ ¸µ¸Éµ-
Ö´¨° ¢ Ë¨§¨±¥  ¤·µ´µ¢.
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�¡Ñ¥¤¨´e´´Ò° ¨´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨°, „Ê¡´ 

‹ ¡µ· Éµ·¨Ö É¥µ·¥É¨Î¥¸±µ° Ë¨§¨±¨ ¨³. �. �. �µ£µ²Õ¡µ¢ 

�µ± § ´µ, ÎÉµ 19 Ô±¸¶¥·¨³¥´É ²Ó´µ ´ ¡²Õ¤ ¥³ÒÌ ¸± ²Ö·´ÒÌ ³¥§µ´´ÒÌ ¸µ¸ÉµÖ´¨° ¢ ¨´É¥·-
¢ ²¥ ³ ¸¸ µÉ 0,4 ¤µ 1,7 ƒÔ‚ ³µ£ÊÉ ¡ÒÉÓ ¨´É¥·¶·¥É¨·µ¢ ´Ò ± ± £²Õ¡µ² ¸ ³ ¸¸µ° 1500 ŒÔ‚ ¨ ¤¢ 
´µ´¥É  ¸± ²Ö·´ÒÌ ³¥§µ´µ¢. �¥·¢Ò° ´µ´¥É ¸µ¸Éµ¨É ¨§ µ¸´µ¢´ÒÌ ¸µ¸ÉµÖ´¨° ³¥§µ´µ¢ ¸ ³ ¸¸ ³¨
³¥´ÓÏ¥ 1 ƒÔ‚,   ¢Éµ·µ° Ö¢²Ö¥É¸Ö ´µ´¥Éµ³ ¨Ì ¶¥·¢ÒÌ · ¤¨ ²Ó´ÒÌ ¢µ§¡Ê¦¤¥´¨°, ÉÖ¦¥²¥¥ 1,3 ƒÔ‚
¨ ²¥£Î¥ 1,7 ƒÔ‚. „²Ö µ¶¨¸ ´¨Ö £²Õ¡µ²  ¨ ¤¢ÊÌ ´µ´¥Éµ¢ ¨¸¶µ²Ó§Ê¥É¸Ö U(3) × U(3) ±¨· ²Ó´ Ö
±¢ ·±µ¢ Ö ³µ¤¥²Ó É¨¶  � ³¡ÊÄˆµ´ -‹ §¨´¨µ.

It is shown that 19 experimentally observed scalar meson states in the mass range from 0.4 to
1.7 GeV can be interpreted as a glueball with the mass 1500 MeV and two nonets of scalar mesons.
The ˇrst nonet consists of the ground meson states with masses less than 1 GeV, and the second
one is the nonet of their ˇrst radial excitations, heavier than 1.3 GeV and lighter than 1.7 GeV. For
the description of the glueball and the two meson nonets, a U(3) × U(3) chiral quark model of the
NambuÄJona-Lasinio type is used.

�¶¨¸ ´¨¥ µ¸´µ¢´ÒÌ ¨ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ¸± ²Ö·´ÒÌ, ¶¸¥¢¤µ¸± ²Ö·-
´ÒÌ ¨ ¢¥±Éµ·´ÒÌ ³¥§µ´µ¢ (¢±²ÕÎ Ö ¸± ²Ö·´Ò° £²Õ¡µ²) Ö¢²Ö¥É¸Ö  ±ÉÊ ²Ó´µ°
¨ ¸²µ¦´µ° ¶·µ¡²¥³µ°, ¶·¨¢²¥± ÕÐ¥° ¢´¨³ ´¨¥ ³´µ£¨Ì Ë¨§¨±µ¢ ¢ ¶µ¸²¥¤´¨¥
£µ¤Ò (¸³., ´ ¶·¨³¥·, [1]). �·¨ ÔÉµ³ ´ ¨¡µ²¥¥ ¸²µ¦´Ò¥ ¶·µ¡²¥³Ò ¢µ§´¨± ÕÉ
¶·¨ µ¶¨¸ ´¨¨ ¸± ²Ö·´ÒÌ ³¥§µ´µ¢. „¥°¸É¢¨É¥²Ó´µ, ¢ ¨´É¥·¢ ²¥ ³ ¸¸ µÉ 0,4 ¤µ
1,7 ƒÔ‚ Ô±¸¶¥·¨³¥´É ²Ó´µ µ¡´ ·Ê¦¥´µ 19 ¸± ²Ö·´ÒÌ ³¥§µ´´ÒÌ ¸µ¸ÉµÖ´¨°, ¨
¤µ ¸¨Ì ¶µ· ¤²Ö ´¨Ì ´¥ ¸ÊÐ¥¸É¢Ê¥É µ¤´µ§´ Î´µ° ¨´É¥·¶·¥É Í¨¨ (¸³. [1]). � §-
²¨Î´Ò¥  ¢Éµ·Ò ¶µ-· §´µ³Ê ¨¤¥´É¨Ë¨Í¨·ÊÕÉ ÔÉ¨ ¸µ¸ÉµÖ´¨Ö, ¶·¨ ÔÉµ³ ´¨±Éµ
´¥ ¤ ¥É ¶µ²´µ° ±² ¸¸¨Ë¨± Í¨¨ ¢¸¥Ì 19 ¸µ¸ÉµÖ´¨°. �·µ¡²¥³  Ê¸²µ¦´Ö¥É¸Ö
É¥³, ÎÉµ ¢ Ê¶µ³Ö´ÊÉµ³ ¢ÒÏ¥ ¨´É¥·¢ ²¥ ³ ¸¸ ±·µ³¥ µ¸´µ¢´ÒÌ ¨ · ¤¨ ²Ó´µ-
¢µ§¡Ê¦¤¥´´ÒÌ ¸± ²Ö·´ÒÌ ±¢ ·±µ´¨¥¢ ¸ÊÐ¥¸É¢Ê¥É É ±¦¥ ¨ ¸± ²Ö·´Ò° £²Õ¡µ²,
±µÉµ·Ò° ¸¨²Ó´µ ¸³¥Ï¨¢ ¥É¸Ö ¸ ¤·Ê£¨³¨ ¸± ²Ö·´Ò³¨ ¨§µ¸± ²Ö·´Ò³¨ ¸µ¸ÉµÖ-
´¨Ö³¨. ‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö £²Õ¡µ² ´¥ ¨¤¥´É¨Ë¨Í¨·µ¢ ´ µ¤´µ§´ Î´µ. � ¨¡µ²¥¥
¢¥·µÖÉ´Ò³¨ ¶·¥É¥´¤¥´É ³¨ ´  ·µ²Ó ¸± ²Ö·´µ£µ £²Õ¡µ² , ¶µ ³´¥´¨Õ ³´µ£¨Ì
 ¢Éµ·µ¢, Ö¢²ÖÕÉ¸Ö ¸µ¸ÉµÖ´¨Ö f0(1500) ¨ f0(1710). ‚ ´ Ï¨Ì · ¡µÉ Ì ³Ò ¶µ-
± § ²¨, ÎÉµ ¢¸¥ ¢ÒÏ¥Ê¶µ³Ö´ÊÉÒ¥ 19 ¸± ²Ö·´ÒÌ ³¥§µ´´ÒÌ ¸µ¸ÉµÖ´¨° ³µ¦´µ
· ¸¸³ É·¨¢ ÉÓ ± ± ¤¢  ´µ´¥É  ¸± ²Ö·´ÒÌ ±¢ ·±µ´¨¥¢ ¨ ¸± ²Ö·´Ò° £²Õ¡µ²
(f0(1500)).
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�¥¸±µ²Ó±µ ¶·µÐ¥ ¸¨ÉÊ Í¨Ö ¢ ¸²ÊÎ ¥ ¶¸¥¢¤µ¸± ²Ö·´ÒÌ ³¥§µ´µ¢ (¢ · ¸¸³ -
É·¨¢ ¥³µ³ ¨´É¥·¢ ²¥ ³ ¸¸), £¤¥ ´¥É ´¥µ¡Ìµ¤¨³µ¸É¨ ¢¢µ¤¨ÉÓ ¤µ¶µ²´¨É¥²Ó´µ¥
¸µ¸ÉµÖ´¨¥ (£²Õ¡µ²). �¤´ ±µ §¤¥¸Ó, É ± ¦¥, ± ± ¨ ¢ ¸²ÊÎ ¥ ¸± ²Ö·´ÒÌ ³¥§µ´µ¢,
¸²¥¤Ê¥É ÊÎ¨ÉÒ¢ ÉÓ ¸¨´£²¥É-µ±É¥É´µ¥ ¸³¥Ï¨¢ ´¨¥ ¤²Ö µ¸´µ¢´ÒÌ ¨ ¢µ§¡Ê¦¤¥´-
´ÒÌ ¸µ¸ÉµÖ´¨° ¶¸¥¢¤µ¸± ²Ö·´ÒÌ ¨§µ¸± ²Ö·´ÒÌ ³¥§µ´´ÒÌ ´µ´¥Éµ¢.

…Ð¥ ¡µ²¥¥ ¶·µ¸É Ö ¸¨ÉÊ Í¨Ö ¨³¥¥É ³¥¸Éµ ¢ ¸²ÊÎ ¥ ¢¥±Éµ·´ÒÌ ³¥§µ´´ÒÌ
´µ´¥Éµ¢, £¤¥ ¢µ§´¨± ¥É ¨¤¥ ²Ó´µ¥ ¸¨´£²¥É-µ±É¥É´µ¥ ¸³¥Ï¨¢ ´¨¥ ¶·¨ µ¶¨¸ ´¨¨
± ± µ¸´µ¢´ÒÌ, É ± ¨ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨°.

�Ö¤ · ¡µÉ, µ¶Ê¡²¨±µ¢ ´´ÒÌ ´ ³¨ §  ¶µ¸²¥¤´¨¥ ´¥¸±µ²Ó±µ ²¥É, ¡Ò² ¶µ¸¢Ö-
Ð¥´ ·¥Ï¥´¨Õ Ê± § ´´ÒÌ ¢ÒÏ¥ ¶·µ¡²¥³ [2Ä7]. „²Ö ÔÉµ£µ ´ ³¨ ¡Ò²  ¨¸¶µ²Ó-
§µ¢ ´  ´¥²µ± ²Ó´ Ö ±¨· ²Ó´ Ö ±¢ ·±µ¢ Ö ³µ¤¥²Ó É¨¶  � ³¡ÊÄˆµ´ -‹ §¨´¨µ
[2Ä4]. ‚ ÔÉµ° ³µ¤¥²¨ ¤²Ö µ¶¨¸ ´¨Ö ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ¡Ò²¨ ¨¸¶µ²Ó-
§µ¢ ´Ò ¶·µ¸ÉÒ¥ Ëµ·³Ë ±Éµ·Ò ¶µ²¨´µ³¨ ²Ó´µ£µ ¢¨¤  ¢ ²µ·¥´Í-±µ¢ ·¨ ´É´µ°
Ëµ·³¥. „²Ö ¨¸¸²¥¤µ¢ ´¨Ö ¶¥·¢ÒÌ · ¤¨ ²Ó´ÒÌ ¢µ§¡Ê¦¤¥´¨° µ± § ²µ¸Ó ¤µ¸É -
ÉµÎ´µ ¶µ²¨´µ³µ¢ ¢Éµ·µ£µ ¶µ·Ö¤±  ¶µ µÉ´µ¸¨É¥²Ó´µ³Ê ¨³¶Ê²Ó¸Ê ±¢ ·±µ¢. ‚
ÔÉµ³ ¸²ÊÎ ¥ ± ¦¤Ò° Ëµ·³Ë ±Éµ· ¸µ¤¥·¦¨É ¤¢  ¶ · ³¥É· : ¢´¥Ï´¨° ¨ ¢´Ê-
É·¥´´¨°. ‚´¥Ï´¨° ¶ · ³¥É· µ¶·¥¤¥²Ö¥É ³ ¸¸Ê ¢µ§¡Ê¦¤¥´´µ£µ ¸µ¸ÉµÖ´¨Ö, ¢
Éµ ¢·¥³Ö ± ± ¢´ÊÉ·¥´´¨° ´¥ Ö¢²Ö¥É¸Ö ¶·µ¨§¢µ²Ó´Ò³,   Ë¨±¸¨·Ê¥É¸Ö ¨§ Ê¸²µ-
¢¨Ö, ÎÉµ Ê· ¢´¥´¨Ö Ð¥²¨ ´¥ ³¥´ÖÕÉ ¸¢µ¥° Ëµ·³Ò ¶µ¸²¥ ¢¢¥¤¥´¨Ö ¢µ§¡Ê¦¤¥´-
´ÒÌ ¸µ¸ÉµÖ´¨° ³¥§µ´µ¢ ¢ ² £· ´¦¨ ´. ’µ£¤  ¸µ¸É ¢²ÖÕÐ¨¥ ³ ¸¸Ò ±¢ ·±µ¢ ¨
±¢ ·±µ¢Ò¥ ±µ´¤¥´¸ ÉÒ É ±¦¥ ´¥ ¨§³¥´ÖÕÉ¸Ö. ‚ ·¥§Ê²ÓÉ É¥ ¢µ¸¶·µ¨§¢µ¤ÖÉ¸Ö
¢¸¥ ´¨§±µÔ´¥·£¥É¨Î¥¸±¨¥ É¥µ·¥³Ò ¢ ±¨· ²Ó´µ³ ¶·¥¤¥²¥ ¨ ³¥Ì ´¨§³ ¸¶µ´É ´-
´µ£µ ´ ·ÊÏ¥´¨Ö ±¨· ²Ó´µ° ¸¨³³¥É·¨¨. �² £µ¤ ·Ö ÔÉµ³Ê,   É ±¦¥ ±¨· ²Ó´µ°
¸¨³³¥É·¨¨, ¶µ§¢µ²¨¢Ï¥° ¨¸¶µ²Ó§µ¢ ÉÓ µ¤´¨ ¨ É¥ ¦¥ Ëµ·³Ë ±Éµ·Ò ± ± ¤²Ö
¸± ²Ö·´ÒÌ, É ± ¨ ¤²Ö ¶¸¥¢¤µ¸± ²Ö·´ÒÌ ³¥§µ´µ¢, Î¨¸²µ ¶ · ³¥É·µ¢ ¢ ³µ¤¥²¨
§ ³¥É´µ ¸µ±· Ð ¥É¸Ö: ¤²Ö µ¶¨¸ ´¨Ö ¸¶¥±É·  ³ ¸¸ · ¤¨ ²Ó´µ-¢µ§¡Ê¦¤¥´´ÒÌ
¸± ²Ö·´ÒÌ ¨ ¶¸¥¢¤µ¸± ²Ö·´ÒÌ ³¥§µ´´ÒÌ ´µ´¥Éµ¢ µ± §Ò¢ ¥É¸Ö ¤µ¸É ÉµÎ´µ 4
¶·µ¨§¢µ²Ó´ÒÌ (¢´¥Ï´¨Ì) ¶ · ³¥É·µ¢. „²Ö µ¶¨¸ ´¨Ö ¢¥±Éµ·´ÒÌ ³¥§µ´´ÒÌ ´µ-
´¥Éµ¢ ´Ê¦´µ ¤µ¡ ¢¨ÉÓ ¥Ð¥ 3 ¶ · ³¥É· . �·¨ ÔÉµ³ ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ¢¸¥Ì ±µ´-
¸É ´É ¸¨²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö µ¸´µ¢´ÒÌ ¨ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ³¥§µ´µ¢
ÔÉ¨ ¶ · ³¥É·Ò ´¥ É·¥¡ÊÕÉ¸Ö.

„²Ö µ¶¨¸ ´¨Ö ¸¨´£²¥É-µ±É¥É´µ£µ ¸³¥Ï¨¢ ´¨Ö ³Ò ¢±²ÕÎ¨²¨ ¢ ³µ¤¥²Ó
6-±¢ ·±µ¢µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ É'•µËÉ , ¨´¤ÊÍ¨·µ¢ ´´µ¥ ¨´¸É ´Éµ´´Ò³¨ ¢§ ¨-
³µ¤¥°¸É¢¨Ö³¨. �Éµ ¢§ ¨³µ¤¥°¸É¢¨¥ ¶µ§¢µ²Ö¥É µ¶¨¸ ÉÓ ¸¨´£²¥É-µ±É¥É´µ¥ ¸³¥-
Ï¨¢ ´¨¥ ± ± ¢ ¸± ²Ö·´µ³, É ± ¨ ¢ ¶¸¥¢¤µ¸± ²Ö·´µ³ ¸¥±Éµ· Ì [4,5].

„²Ö ¢¢¥¤¥´¨Ö £²Õ¡µ²  ¢ ÔËË¥±É¨¢´Ò° ³¥§µ´´Ò° ² £· ´¦¨ ´ ¡Ò²  ¨¸-
¶µ²Ó§µ¢ ´  ¤¨² Éµ´´ Ö ³µ¤¥²Ó, µ¸´µ¢ ´´ Ö ´  ¶·¨¡²¨¦¥´´µ° ³ ¸ÏÉ ¡´µ° ¨´-
¢ ·¨ ´É´µ¸É¨. Š ± ¨ ¢ Š•„, ³ ¸ÏÉ ¡´ Ö ¨´¢ ·¨ ´É´µ¸ÉÓ ´ ·ÊÏ¥´  Î²¥´ ³¨,
±µÉµ·Ò¥ ¸µ¤¥·¦ É Éµ±µ¢Ò¥ ³ ¸¸Ò ±¢ ·±µ¢,   É ±¦¥ Î²¥´ ³¨, ¨´¤ÊÍ¨·µ¢ ´-
´Ò³¨ £²Õµ´´Ò³¨  ´µ³ ²¨Ö³¨. ’ ± Ö ³µ¤¥²Ó, µ¶¨¸Ò¢ ÕÐ Ö Éµ²Ó±µ µ¸´µ¢´Ò¥
¸µ¸ÉµÖ´¨Ö ¸± ²Ö·´ÒÌ ±¢ ·±µ´¨¥¢ ¨ £²Õ¡µ², ¡Ò²  ¶µ¸É·µ¥´  ¢ · ¡µÉ¥ [6].
� Ï¨ ¢ÒÎ¨¸²¥´¨Ö ¶µ± § ²¨, ÎÉµ ¸µ¸ÉµÖ´¨¥ f0(1500) ¢ µ¸´µ¢´µ³ ¸µ¸Éµ¨É ¨§
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£²Õ¡µ² , ¢ Éµ ¢·¥³Ö ± ± f0(1710) Ö¢²Ö¥É¸Ö ¢µ§¡Ê¦¤¥´´Ò³ ¸µ¸ÉµÖ´¨¥³ ±¢ ·-
±µ´¨Ö f0(980).

‚ · ¡µÉ¥ [7] ³Ò µ¡Ñ¥¤¨´¨²¨ ³¥Éµ¤Ò, ¨¸¶µ²Ó§µ¢ ´´Ò¥ · ´¥¥ ¢ [5] ¨ [6], ¤²Ö
¶µ¸É·µ¥´¨Ö µ±µ´Î É¥²Ó´µ£µ ¢ ·¨ ´É  · ¸Ï¨·¥´´µ° ´¥²µ± ²Ó´µ° U(3)×U(3)-
³µ¤¥²¨ ¸ £²Õ¡µ²µ³, ¶µ§¢µ²ÖÕÐ¥° µ¶¨¸ ÉÓ ¢¸¥ 19 ¸± ²Ö·´ÒÌ ¨ 18 ¶¸¥¢¤µ¸± -
²Ö·´ÒÌ ³¥§µ´´ÒÌ ¸µ¸ÉµÖ´¨° ¢ ¨´É¥·¥¸ÊÕÐ¥³ ´ ¸ ¨´É¥·¢ ²¥ ³ ¸¸. ‡¤¥¸Ó ³Ò
ÊÎ²¨ ¸³¥Ï¨¢ ´¨¥ ³¥¦¤Ê 5 ¸± ²Ö·´Ò³¨ ¨§µ¸± ²Ö·´Ò³¨ ¸µ¸ÉµÖ´¨Ö³¨,   É ±¦¥
³¥¦¤Ê 4 ¶¸¥¢¤µ¸± ²Ö·´Ò³¨ ¨§µ¸± ²Ö·´Ò³¨ ¸µ¸ÉµÖ´¨Ö³¨.

�  µ¸´µ¢¥ ¶·¨¡²¨¦¥´´µ° ±¨· ²Ó´µ° ¸¨³³¥É·¨¨ ´ ³ Ê¤ ²µ¸Ó ¶µ ³ ¸¸ ³
¢µ§¡Ê¦¤¥´´ÒÌ ¶¸¥¢¤µ¸± ²Ö·´ÒÌ ³¥§µ´´ÒÌ ¸µ¸ÉµÖ´¨° ¶·¥¤¸± § ÉÓ ¸¶¥±É· ³ ¸¸
· ¤¨ ²Ó´µ-¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ¸± ²Ö·´ÒÌ ³¥§µ´µ¢ [4, 5, 7]. ‘· ¢´¥´¨¥
¥£µ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¶µ§¢µ²¨²µ ´ ³ ¨´É¥·¶·¥É¨·µ¢ ÉÓ 19 ¸± -
²Ö·´ÒÌ ³¥§µ´µ¢ ± ± £²Õ¡µ² ¨ ¤¢  ´µ´¥É  ±¢ ·±µ´¨¥¢: ´µ´¥É µ¸´µ¢´ÒÌ ¸µ-
¸ÉµÖ´¨° (¸ ³ ¸¸ ³¨ ´¨¦¥ 1 ƒÔ‚) ¨ ´µ´¥É ¶¥·¢ÒÌ · ¤¨ ²Ó´ÒÌ ¢µ§¡Ê¦¤¥´¨° (¸
³ ¸¸ ³¨ ¢ÒÏ¥ 1 ƒÔ‚) [7]. �Ò²¨ É ±¦¥ µ¶¨¸ ´Ò ¢¸¥ µ¸´µ¢´Ò¥ ¸¨²Ó´Ò¥ · ¸-
¶ ¤Ò · ¤¨ ²Ó´µ-¢µ§¡Ê¦¤¥´´ÒÌ ¸± ²Ö·´ÒÌ ¨ ¶¸¥¢¤µ¸± ²Ö·´ÒÌ ³¥§µ´µ¢ [4, 7].
‘µ¶µ¸É ¢²¥´¨¥ ¶µ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ Éµ¢ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¶µ¤-
É¢¥·¤¨²µ ´ ÏÊ ¨´É¥·¶·¥É Í¨Õ ÔÉ¨Ì ¸µ¸ÉµÖ´¨°. �Ò²µ ¶µ± § ´µ, ÎÉµ £²Õ¡µ²,
µ± §Ò¢ ¥É¸Ö, § ³¥É´µ ¸³¥Ï¨¢ ¥É¸Ö ¸ ¸µ¸ÉµÖ´¨Ö³¨ f0(400−1200) ¨ f0(1370), ¢
µ¸´µ¢´µ³ ¸µ¸ÉµÖÐ¨³¨ ¨§ u- ¨ d-±¢ ·±µ¢, ¨ ¸² ¡µ ¸³¥Ï¨¢ ¥É¸Ö ¸ ¸µ¸ÉµÖ´¨Ö³¨
f0(980) ¨ f0(1710), ¸µ¸ÉµÖÐ¨³¨ ¢ µ¸´µ¢´µ³ ¨§ s-±¢ ·±µ¢.

�µ³¨³µ ¸± ²Ö·´ÒÌ ³¥§µ´µ¢ ´ ³¨ ¡Ò²¨ µ¶¨¸ ´Ò · ¤¨ ²Ó´µ-¢µ§¡Ê¦¤¥´´Ò¥
¶¸¥¢¤µ¸± ²Ö·´Ò¥ ¨ ¢¥±Éµ·´Ò¥ ³¥§µ´Ò. ‚ ¶¸¥¢¤µ¸± ²Ö·´µ³ ¸¥±Éµ·¥ ¡Ò² µ¶¨-
¸ ´ ¸¶¥±É· ³ ¸¸ ¶¥·¢ÒÌ · ¤¨ ²Ó´ÒÌ ¢µ§¡Ê¦¤¥´¨° ¸ ÊÎ¥Éµ³ ¸¨´£²¥É-µ±É¥É´µ£µ
¸³¥Ï¨¢ ´¨Ö ¨ µ¸´µ¢´Ò¥ ³µ¤Ò ¸¨²Ó´ÒÌ · ¸¶ ¤µ¢. �Ò²¨ É ±¦¥ ¢ÒÎ¨¸²¥´Ò ±µ´-
¸É ´ÉÒ ¸² ¡µ£µ · ¸¶ ¤  Fπ′ ¨ FK′ [2Ä4]. �µ± § ´µ, ÎÉµ ¢ ±¨· ²Ó´µ³ ¶·¥¤¥²¥
µ´¨ µ¡· Ð ÕÉ¸Ö ¢ ´Ê²Ó, ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É É¥µ·¥³¥ —‘�’.

‚ · ¡µÉ Ì [3,4] ¡Ò² É ±¦¥ µ¶¨¸ ´ ¸¶¥±É· ³ ¸¸ ¨ µ¸´µ¢´Ò¥ ³µ¤Ò ¸¨²Ó´ÒÌ
· ¸¶ ¤µ¢ ¶¥·¢ÒÌ · ¤¨ ²Ó´ÒÌ ¢µ§¡Ê¦¤¥´¨° ¢¥±Éµ·´ÒÌ ³¥§µ´µ¢.

’ ±¨³ µ¡· §µ³, ´ Ï  ³µ¤¥²Ó ¶µ§¢µ²¨²  ¸ ¶µ³µÐÓÕ ¤µ¶µ²´¨É¥²Ó´ÒÌ 8
¶ · ³¥É·µ¢ (7 ¶ · ³¥É·µ¢ ¸¢Ö§ ´Ò ¸ Ëµ·³Ë ±Éµ· ³¨,   8-° Å ¸ ¢¢¥¤¥´¨¥³
£²Õ¡µ² ) µ¶¨¸ ÉÓ ¸¶¥±É·Ò ³ ¸¸ É·¥Ì ¢µ§¡Ê¦¤¥´´ÒÌ ³¥§µ´´ÒÌ ´µ´¥Éµ¢ ¨ ¸± -
²Ö·´µ£µ £²Õ¡µ² , ¤ ÉÓ ¶µ²´ÊÕ ¨´É¥·¶·¥É Í¨Õ ¢¸¥Ì Ô±¸¶¥·¨³¥´É ²Ó´µ ¨§¢¥¸É-
´ÒÌ ¸± ²Ö·´ÒÌ ³¥§µ´´ÒÌ ¸µ¸ÉµÖ´¨° ¢ ¨´É¥·¢ ²¥ µÉ 0,4 ¤µ 1,7 ƒÔ‚ ¨ µ¶¨¸ ÉÓ
µ¸´µ¢´Ò¥ ¸¨²Ó´Ò¥ · ¸¶ ¤Ò ÔÉ¨Ì ³¥§µ´µ¢. �·¨ ÔÉµ³ ³µ¤¥²Ó Ê¤µ¢²¥É¢µ·Ö¥É
¢¸¥³ ´¨§±µÔ´¥·£¥É¨Î¥¸±¨³ É¥µ·¥³ ³ ¢ ±¨· ²Ó´µ³ ¶·¥¤¥²¥.
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‚. ‚. ‚µ·µ´µ¢

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

‹ ¡µ· Éµ·¨Ö É¥µ·¥É¨Î¥¸±µ° Ë¨§¨±¨ ¨³. �. �. �µ£µ²Õ¡µ¢ 

„ ´ ±· É±¨° µ¡§µ· ·¥§Ê²ÓÉ Éµ¢ ³¨±·µ¸±µ¶¨Î¥¸±¨Ì · ¸Î¥Éµ¢ Ì · ±É¥·¨¸É¨± ¤¢µ°´ÒÌ £¨£ ´É-
¸±¨Ì ¤¨¶µ²Ó´ÒÌ ·¥§µ´ ´¸µ¢. �¸µ¡µ¥ ¢´¨³ ´¨¥ Ê¤¥²¥´µ ¨¸¸²¥¤µ¢ ´¨Õ  ´£ ·³µ´¨Î¥¸±¨Ì ÔËË¥±Éµ¢
¨ ¨Ì ¢²¨Ö´¨Ö ´  ¸¢µ°¸É¢  ¤¢µ°´ÒÌ ·¥§µ´ ´¸µ¢. � °¤¥´µ, ÎÉµ µÉ±²µ´¥´¨¥ Ô´¥·£¨° ¤¢µ°´ÒÌ £¨-
£ ´É¸±¨Ì ¤¨¶µ²Ó´ÒÌ ·¥§µ´ ´¸µ¢ µÉ £ ·³µ´¨Î¥¸±µ£µ ¶·¥¤¥²  ¨³¥¥É § ¢¨¸¨³µ¸ÉÓ A−1.

A brief review of recent results of the microscopic calculations to describe characteristics of the
double giant dipole resonances (DGDR) is presented. A special attention is paid to a microscopic
study of the anharmonic properties of the DGDR. It is found that the deviation of the energy centroid
of the DGDR from the harmonic limit follows A−1 dependence.

�É±·ÒÉ¨¥ ¤¢µ°´ÒÌ £¨£ ´É¸±¨Ì ¤¨¶µ²Ó´ÒÌ ·¥§µ´ ´¸µ¢ („ƒ„�) ¢  Éµ³´ÒÌ
Ö¤· Ì [1Ä5] ¨ ´ ¡²Õ¤¥´¨¥ ´¥¡µ²ÓÏ¨Ì µÉ±²µ´¥´¨° µÉ ¶·¥¤¸± § ´¨° £ ·³µ´¨Î¥-
¸±µ° ³µ¤¥²¨ ¤²Ö Ô´¥·£¨° ¢µ§¡Ê¦¤¥´¨Ö ¨ Ï¨·¨´ „ƒ„� ¸ µ¤´µ¢·¥³¥´´µ § ³¥É-
´Ò³ µÉ±²µ´¥´¨¥³ µÉ £ ·³µ´¨Î¥¸±µ° ± ·É¨´Ò ¤²Ö ¸¥Î¥´¨° ±Ê²µ´µ¢¸±µ£µ ¢µ§-
¡Ê¦¤¥´¨Ö ¶·¨ ¸Éµ²±´µ¢¥´¨¨ ·¥²ÖÉ¨¢¨¸É¸±¨Ì ÉÖ¦¥²ÒÌ ¨µ´µ¢ [4] É·¥¡ÊÕÉ ¡µ²¥¥
£²Ê¡µ±µ£µ ¶µ´¨³ ´¨Ö ·µ²¨  ´£ ·³µ´¨Î¥¸±¨Ì ÔËË¥±Éµ¢ ¢ ¸¶¥±É· Ì „ƒ„�. ‘Ê-
Ð¥¸É¢Ê¥É ´¥¸±µ²Ó±µ Ë ±Éµ·µ¢ ¢²¨Ö´¨Ö  ´£ ·³µ´¨Î´µ¸É¨ ´  ¸¥Î¥´¨Ö Ô²¥±É·µ-
³ £´¨É´µ£µ ¢µ§¡Ê¦¤¥´¨Ö. �´¥·£¥É¨Î¥¸±¨¥ ¸¤¢¨£¨ „ƒ„� ¨§-§   ´£ ·³µ´¨Î´µ-
¸É¨ ¢²¨ÖÕÉ ´  ¸¥Î¥´¨Ö ¨§-§  ¨Ì Ô±¸¶µ´¥´Í¨ ²Ó´µ° § ¢¨¸¨³µ¸É¨ µÉ Ô´¥·£¨¨ [6].
Š·µ³¥ Éµ£µ, ¨§³¥´ÖÕÉ¸Ö ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¤¨¶µ²Ó´ÒÌ ¶¥·¥Ìµ¤µ¢ ¨ ¨§-§ 
¸³¥Ï¨¢ ´¨Ö ±µ´Ë¨£Ê· Í¨° ¸ · §²¨Î´Ò³ Î¨¸²µ³ Ëµ´µ´µ¢ ¶µÖ¢²Ö¥É¸Ö ³´µ¦¥-
¸É¢µ ¶ÊÉ¥° ¶µ ¸· ¢´¥´¨Õ ¸ £ ·³µ´¨Î¥¸±µ° ± ·É¨´µ° ¤²Ö Ô²¥±É·µ³ £´¨É´µ£µ
¢µ§¡Ê¦¤¥´¨Ö „ƒ„�. ‚ÒÏ¥Ê¶µ³Ö´ÊÉÒ¥ ¢µ¶·µ¸Ò ¨´¸¶¨·¨·µ¢ ²¨ ¡µ²ÓÏµ¥ Î¨¸²µ
É¥µ·¥É¨Î¥¸±¨Ì · ¡µÉ [7Ä16], ¨ µ¤´µ° ¨§ ´¥·¥Ï¥´´ÒÌ ¶·µ¡²¥³ ¤µ ´¥¤ ¢´¥£µ
¢·¥³¥´¨ µ¸É ¢ ²¸Ö ¢¨¤ § ¢¨¸¨³µ¸É¨ µÉ ³ ¸¸µ¢µ£µ Î¨¸²  ¤²Ö Ô´¥·£¥É¨Î¥¸±¨Ì
¸¤¢¨£µ¢ „ƒ„� µÉ £ ·³µ´¨Î¥¸±¨Ì §´ Î¥´¨°.

�¥·¢Ò¥ ¸¨¸É¥³ É¨Î¥¸±¨¥ ¨¸¸²¥¤µ¢ ´¨Ö  ´£ ·³µ´¨Î¥¸±¨Ì ¸¤¢¨£µ¢ „ƒ„�
¤²Ö Ö¤¥· ¢ Ï¨·µ±µ° ³ ¸¸µ¢µ° µ¡² ¸É¨ ¸ ÊÎ¥Éµ³ ¸³¥Ï¨¢ ´¨Ö µ¤´µ- ¨ ¤¢ÊÌ-
Ëµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨° (¢²¨Ö´¨¥ É·¥ÌËµ´µ´´ÒÌ ¸µ¸ÉµÖ´¨° ´  ÔÉ¨ ¸¤¢¨£¨
³ ²µ [11]) ¡Ò²¨ ¶·µ¢¥¤¥´Ò ´¥¤ ¢´µ ¢ [17, 18]. ‚ ¤ ´´µ° · ¡µÉ¥ ³Ò µ¡¸Ê¤¨³
·¥§Ê²ÓÉ ÉÒ ³¨±·µ¸±µ¶¨Î¥¸±µ£µ ¨¸¸²¥¤µ¢ ´¨Ö  ´£ ·³µ´¨Î´µ¸É¨ „ƒ„�.
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ƒ ³¨²ÓÉµ´¨ ´, ¨¸¶µ²Ó§µ¢ ¢Ï¨°¸Ö ¢ · ¸Î¥É Ì, ¢±²ÕÎ ¥É ¶·µÉµ´´µ¥ ¨ ´¥°-
É·µ´´µ¥ ¸·¥¤´¥¥ ¶µ²¥ ¢ Ëµ·³¥ ¶µÉ¥´Í¨ ²  ‘ ±¸µ´ Ä‚Ê¤¸ , ³µ´µ¶µ²Ó´µ¥ ¸¶ -
·¨¢ É¥²Ó´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ ¨ µ¸É ÉµÎ´Ò¥ ³Ê²ÓÉ¨¶µ²Ó´Ò¥ ¸¨²Ò, ¸¨²µ¢Ò¥ ±µ´-
¸É ´ÉÒ ±µÉµ·ÒÌ ¶µ¤¡¨· ²¨¸Ó É ±, ÎÉµ¡Ò µ¶¨¸Ò¢ ²¨¸Ó ´¨§±µ²¥¦ Ð¨¥ ¢¨¡· -
Í¨µ´´Ò¥ ¸µ¸ÉµÖ´¨Ö ¨ £¨£ ´É¸±¨¥ ·¥§µ´ ´¸Ò [19,20].

’ ± ± ± ³Ò ¨¸¸²¥¤Ê¥³  ´£ ·³µ´¨Î¥¸±¨¥ ¸¢µ°¸É¢  ¤¢ÊÌËµ´µ´´ÒÌ ¢µ§¡Ê¦-
¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ¸ Ê£²µ¢Ò³ ³µ³¥´Éµ³ J ¨ ¥£µ ¶·µ¥±Í¨¥° M , ¢µ²´µ¢Ò¥
ËÊ´±Í¨¨ ¤²Ö ´¨Ì ³µ¦´µ § ¶¨¸ ÉÓ ¢ ¢¨¤¥ ¸Ê¶¥·¶µ§¨Í¨¨ µ¤´µ- ¨ ¤¢ÊÌËµ´µ´´ÒÌ
±µ´Ë¨£Ê· Í¨°:

|Ψν
JM 〉 =

∑
i

Ri(Jν)Q+
Ji +

∑
λ1i1≤λ2i2

Pλ2i2
λ1i1

(Jν)
[Q+

λ1µ1i1
Q+

λ2µ2i2
]JM√

1 + δλ1i1,λ2i2

 |〉ph,

(1)

£¤¥ |〉ph Å Ëµ´µ´´Ò° ¢ ±ÊÊ³. ‘¢Ö§Ó ¤¢ÊÌËµ´µ´´ÒÌ ¸µ¸ÉµÖ´¨° ¸ É·¥ÌËµ´µ´-
´Ò³¨ ¢¥¤¥É ± Ë· £³¥´É Í¨¨ ¸¨²Ò ¶µ¸²¥¤´¨Ì ¨ · ¸¸³ É·¨¢ ² ¸Ó ¢ ´ Ï¥° ¶·¥-
¤Ò¤ÊÐ¥° · ¡µÉ¥ [11]. ˆ¸¶µ²Ó§µ¢ ´µ µ¡µ§´ Î¥´¨¥:

[Q+
λ1µ1i1

Q+
λ2µ2i2

]JM =
∑
µ1µ2

CJM
λ1µ1λ2µ2

Q+
λ1µ1i1

Q+
λ2µ2i2

,

£¤¥ C Å ±µÔËË¨Í¨¥´É Š²¥¡Ï Äƒµ·¤a´ .
ŒÒ ÊÎ¨ÉÒ¢ ¥³ Ë¥·³¨µ´´ÊÕ ¸É·Ê±ÉÊ·Ê Ëµ´µ´´ÒÌ µ¶¥· Éµ·µ¢. �¶¥· Éµ·

·µ¦¤¥´¨Ö Ëµ´µ´  Q+
λµi ¸ ³Ê²ÓÉ¨¶µ²Ö·´µ¸ÉÓÕ λ, ¶·µ¥±Í¨¥° µ ¨ ¶µ·Ö¤±µ¢Ò³

´µ³¥·µ³ i Ö¢²Ö¥É¸Ö ²¨´¥°´µ° ±µ³¡¨´ Í¨¥° ¤¢ÊÌ±¢ §¨Î ¸É¨Î´ÒÌ µ¶¥· Éµ·µ¢
·µ¦¤¥´¨Ö α+

jm ¨ Ê´¨ÎÉµ¦¥´¨Ö αjm ¸ µ¡µ²µÎ¥Î´Ò³¨ ±¢ ´Éµ¢Ò³¨ Î¨¸² ³¨
j ≡ (n, l, j) ¨ m:

Q+
λµi =

1
2

n,p∑
τ

∑
jj′

{
ψλi

jj′ [α
+
j α+

j′ ]λµ − (−1)λ−µϕλi
jj′ [αj′αj ]λ−µ

}
. (2)

�´¥·£¨¨ µ¤´µËµ´µ´´ÒÌ ¸µ¸ÉµÖ´¨° ωλi ´ Ìµ¤ÖÉ¸Ö ¶ÊÉ¥³ ·¥Ï¥´¨Ö Ê· ¢´¥´¨°
¶·¨¡²¨¦¥´¨Ö ¸²ÊÎ °´ÒÌ Ë §. �É¨ Ê· ¢´¥´¨Ö ¶µ§¢µ²ÖÕÉ ´ °É¨ ¢¥²¨Î¨´Ò ¶·Ö-
³ÒÌ ψλi

jj′ ¨ µ¡· É´ÒÌ ϕλi
jj′ Ëµ´µ´´ÒÌ  ³¶²¨ÉÊ¤ ¢ Ê· ¢´¥´¨¨ (2). „²Ö ¸¥¶ · -

¡¥²Ó´ÒÌ µ¸É ÉµÎ´ÒÌ ¸¨² ¸ · ¤¨ ²Ó´Ò³ Ëµ·³Ë ±Éµ·³ fλ(r) µ´¨ ¨³¥ÕÉ ¢¨¤(
ψ

ϕ

)λi

jj′
(τ) =

1√
2Yλi

τ

fλ
jj′ (τ)(ujvj′ + vjuj′)

εj + εj′ ∓ ωλi
,

£¤¥ fλ
jj′ = 〈j′||fλ(r)||j〉; uj ¨ vj Å ±µÔËË¨Í¨¥´ÉÒ ¶·¥µ¡· §µ¢ ´¨Ö �µ£µ²Õ-

¡µ¢ ; εj Å µ¤´µ±¢ §¨Î ¸É¨Î´ Ö Ô´¥·£¨Ö,   Yτ Å ´µ·³¨·µ¢µÎ´Ò° ±µÔËË¨Í¨-
¥´É [20]. Š¢ §¨Î ¸É¨Î´Ò¥ Ô´¥·£¨¨ ¨ ±µÔËË¨Í¨¥´ÉÒ uj , vj µ¶·¥¤¥²ÖÕÉ¸Ö ¶·¨
·¥Ï¥´¨¨ Ê· ¢´¥´¨° �Š˜.
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—Éµ¡Ò ´ °É¨ Ô´¥·£¨¨ Eν(J) ¸µ¸ÉµÖ´¨° (1) ¨ ±µÔËË¨Í¨¥´ÉÒ R ¨ P , ³Ò
¤¨ £µ´a²¨§Ê¥³ ¸²¥¤ÊÕÐÊÕ ³ É·¨ÍÊ:∣∣∣∣∣∣〈Ψν′

J |H |Ψν
J |〉 − E〈Ψν′

J |Ψν
J |〉

∣∣∣∣∣∣
[ν×ν′]

=

=
〈[Qλ4i4Qλ3i3 ]J |H |[Q+

λ1i1
Q+

λ2i2
]J〉 Uλ1i1

λ2i2
(Ji)

Uλ4i4
λ3i3

(Ji) ωJi − E
= 0 (3)

¤²Ö ¤ ´´µ£µ §´ Î¥´¨Ö J .
� Ï ³µ¤¥²Ó´Ò° £ ³¨²ÓÉµ´¨ ´ ³µ¦¥É ¡ÒÉÓ ¶¥·¥¶¨¸ ´ ¢ É¥·³¨´ Ì ±¢ §¨-

Î ¸É¨Î´ÒÌ ¨ Ëµ´µ´´ÒÌ µ¶¥· Éµ·µ¢:

H =
∑
jm

εjα
+
jmαjm − 1

4

∑
λµii′

n,z∑
τ

Xλi
τ + Xλi′

τ√
Yλi

τ Yλi′
τ

Q+
λµiQλµi′ + Hint, (4)

£¤¥

Xλi
τ =

1
2λ + 1

τ∑
jj′

[fλ
jj′ (τ)(ujvj′ + vjuj′)]2(εj + εj′)

(εj + εj′)2 − ω2
λi

¨ Hint µÉ¢¥Î ¥É §  ¢§ ¨³µ¤¥°¸É¢¨¥ ³¥¦¤Ê ±¢ §¨Î ¸É¨Í ³¨ ¨ Ëµ´µ´ ³¨. …¸²¨
¶·¥´¥¡·¥ÎÓ ÔÉ¨³ Î²¥´µ³, Éµ £ ³¨²ÓÉµ´¨ ´ ¸É ´µ¢¨É¸Ö ¤¨ £µ´ ²Ó´Ò³ ¢ ¶·µ-
¸É· ´¸É¢¥ µ¤´µËµ´µ´´ÒÌ ¸µ¸ÉµÖ´¨°.

Ÿ¢´Ò° ¢¨¤ ¤²Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ¢§ ¨³µ¤¥°¸É¢¨Ö ³¥¦¤Ê µ¤´µ- ¨ ¤¢ÊÌ-
Ëµ´µ´´Ò³¨ ¸µ¸ÉµÖ´¨Ö³¨, ¢Ò· ¦ ¥³ÒÌ Î¥·¥§ ¢¥²¨Î¨´Ò, ¢Ìµ¤ÖÐ¨¥ ¢ £ ³¨²Ó-
Éµ´¨ ´, ¨ Ëµ´µ´´Ò¥  ³¶²¨ÉÊ¤Ò ³µ¦´µ ´ °É¨, ´ ¶·¨³¥·, ¢ [18]. �·¨ ÔÉµ³
ÊÎ¨ÉÒ¢ ¥É¸Ö Ë¥·³¨µ´´ Ö ¸É·Ê±ÉÊ·  Ëµ´µ´´ÒÌ µ¶¥· Éµ·µ¢ ¨ ¨Ì ÉµÎ´Ò¥ ±µ³-
³ÊÉ Í¨µ´´Ò¥ ¸µµÉ´µÏ¥´¨Ö, ÎÉµ £ · ´É¨·Ê¥É ¢Ò¶µ²´¥´¨¥ ¶·¨´Í¨¶  � Ê²¨.

„²Ö Éµ£µ ÎÉµ¡Ò ¨¸¸²¥¤µ¢ ÉÓ  ´£ ·³µ´¨Î¥¸±¨¥ ¸¤¢¨£¨ ¢ Î¨¸Éµ³ ¢¨¤¥ ¨ ¨¸-
±²ÕÎ¨ÉÓ Ô´¥·£¥É¨Î¥¸±ÊÕ § ¢¨¸¨³µ¸ÉÓ, ±µÉµ· Ö ¸µ¤¥·¦¨É¸Ö ¢ ¸¥Î¥´¨ÖÌ ¤¢ÊÌ-
¸ÉÊ¶¥´Î Éµ£µ ¢µ§¡Ê¦¤¥´¨Ö „ƒ„� ¢ ·¥ ±Í¨ÖÌ ¸Éµ²±´µ¢¥´¨Ö ·¥²ÖÉ¨¢¨¸É¸±¨Ì
ÉÖ¦¥²ÒÌ ¨µ´µ¢ ¨ É ±¦¥ ¨§³¥´Ö¥É Ô´¥·£¨Õ Í¥´É·µ¨¤  „ƒ„� ¶µ µÉ´µÏ¥´¨Õ ±
Ê¤¢µ¥´´µ° Ô´¥·£¨¨ µ¤¨´µÎ´µ£µ £¨£ ´É¸±µ£µ ¤¨¶µ²Ó´µ£µ ·¥§µ´ ´¸  (ƒ„�), ³Ò
· ¸¸Î¨ÉÒ¢ ²¨ Ô´¥·£¥É¨Î¥¸±¨ ´¥§ ¢¨¸¨³ÊÕ ¢¥²¨Î¨´Ê:

Bν([E1 × E1]J) =

∣∣∣∣∣∑
i

〈Ψν
J |E1|Ψi

1−〉〈Ψi
1− |E1|Ψg.s.〉

∣∣∣∣∣
2

=

=
2J + 1

3

∣∣∣∣∣∣ 2
∑

i1≤i2

P 1−i2
1−i1

(Jν)
Mi1(E1)Mi2(E1)√

1 + δi1,i2

∣∣∣∣∣∣
2

, (5)
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�¨¸. 1. �´¥·£¥É¨Î¥¸±¨¥ · ¸¶·¥¤¥²¥´¨Ö ¢¥-
²¨Î¨´ B(E1 × E1), ¸¢Ö§ ´´ÒÌ ¸ ¢µ§¡Ê¦-
¤¥´¨¥³ ±µ³¶µ´¥´É 0+ ¨ 2+ „ƒ„� ¢
136Xe, ¢ ¸· ¢´¥´¨¨ ¸ Éµ° ¦¥ ¢¥²¨Î¨-
´µ° ¤²Ö ±µ³¶µ´¥´ÉÒ 2+ ¢ £ ·³µ´¨Î¥¸±µ³
¶·¥¤¥²¥. ˜± ²Ò ¢Ò¡· ´Ò ¶·µ¶µ·Í¨µ´ ²Ó-
´Ò³¨ (2J + 1)

£¤¥ Mi(E1) = 〈1−i ||E1||0+
g.s.〉 Å

¶·¨¢¥¤¥´´Ò° ³ É·¨Î´Ò° Ô²¥³¥´É
E1-¢µ§¡Ê¦¤¥´¨Ö i-£µ µ¤´µËµ´µ´´µ-
£µ 1−-¸µ¸ÉµÖ´¨Ö ¨§ µ¸´µ¢´µ£µ ¸µ-
¸ÉµÖ´¨Ö Ö¤· . �·µ³¥¦ÊÉµÎ´Ò¥ ¸µ-
¸ÉµÖ´¨Ö Ψi

1− , Ëµ·³¨·ÊÕÐ¨¥ ƒ„�,
µ¶¨¸Ò¢ ÕÉ¸Ö ¢ µ¤´µËµ´µ´´µ³ ¶·¨-
¡²¨¦¥´¨¨. � ¸¸Î¨É ´´Ò¥ ¢¥²¨Î¨´Ò
¤µ²¦´Ò ¸· ¢´¨¢ ÉÓ¸Ö ¸ ¢¥²¨Î¨´ -
³¨, ¸µµÉ¢¥É¸É¢ÊÕÐ¨³¨ £ ·³µ´¨Î¥-
¸±µ° ± ·É¨´¥ ¢µ§¡Ê¦¤¥´¨Ö, ±µ-
£¤  ±µÔËË¨Í¨¥´ÉÒ Pλ2i2

λ1i1
(Jν) =

δλ1i1λ2i2,1−i11−i2 ,   Ô´¥·£¨Ö ¢µ§¡Ê¦-
¤¥´¨Ö ¤¢ÊÌËµ´µ´´µ° ±µ´Ë¨£Ê· -
Í¨¨ [1−i1 × 1−i2]J ÉµÎ´µ · ¢´ 
(ω1−i1 + ω1−i2).

‚ · ¸Î¥É Ì ÊÎ¨ÉÒ¢ ²¨¸Ó ¢¸¥ µ¤-
´µËµ´µ´´Ò¥ ¸µ¸ÉµÖ´¨Ö ¸ ³Ê²ÓÉ¨-
¶µ²Ó´µ¸ÉÓÕ λ µÉ 0 ¤µ 4 ¨ Ô´¥·£¨¥°
¢µ§¡Ê¦¤¥´¨Ö ¤µ 50 ŒÔ‚. � §¨¸ ¤¢ÊÌ-
Ëµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨° Ëµ·³¨·µ-
¢ ²¸Ö ¨§ ¸µ¸ÉµÖ´¨°, ¤ ÕÐ¨Ì ¢±² ¤
¡µ²¥¥ 0,2 % ¢ ±² ¸¸¨Î¥¸±µ¥ Ô´¥·£¥-
É¨Î¥¸±¨ ¢§¢¥Ï¥´´µ¥ ¶· ¢¨²µ ¸Ê³³
(�‚‘�) ¤²Ö ¤¨¶µ²Ó´ÒÌ Ëµ´µ´µ¢ ¨
¡µ²¥¥ 1,0 % ¤²Ö Ëµ´µ´µ¢ µ¸É ²Ó´ÒÌ
³Ê²ÓÉ¨¶µ²Ó´µ¸É¥°.

�  ·¨¸. 1 ¶µ± § ´  ¢¥²¨Î¨´  Bν([E1 × E1]J) ¤²Ö · §²¨Î´ÒÌ ¸µ¸ÉµÖ´¨°
ν ¸ Ê£²µ¢Ò³¨ ³µ³¥´É ³¨ ¨ Î¥É´µ¸ÉÖ³¨ 0+ ¨ 2+ ¢ Ö¤·¥ 136Xe.

�¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢ ¶·¥¤¸É ¢²¥´Ò ¢ É ¡²¨Í¥.

‚µ ¢Éµ·µ° ±µ²µ´±¥ ¶µ± § ´µ ¨¸Î¥·¶Ò¢ ´¨¥ ±² ¸¸¨Î¥¸±µ£µ ¤¨¶µ²Ó´µ£µ

�‚�‘. ’·¥ÉÓÖ ±µ²µ´±  ¸µ¤¥·¦¨É ¨¸Î¥·¶Ò¢ ´¨¥ ¶· ¢¨²  ¸Ê³³ ¤²Ö „ƒ„� S
(1)
2

¤²Ö ¸Ê³³Ò ±µ³¶µ´¥´É 0+ ¨ 2+ „ƒ„�. �É  ¢¥²¨Î¨´  µ¶·¥¤¥²¥´  ¸²¥¤ÊÕÐ¨³
µ¡· §µ³ [21]:

S
(1)
2 = 4S

(0)
1 S

(1)
1 ,

£¤¥ S
(1)
1 Å ±² ¸¸¨Î¥¸±µ¥ �‚�‘ ¤²Ö ƒ„� ¨ ¢¥²¨Î¨´ 

S
(0)
1 =

∑
i

∣∣〈1−i |E1|g.s.〉
∣∣2
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�·µÍ¥´É ¨¸Î¥·¶Ò¢ ´¨Ö 	‚�‘ ¤²Ö ƒ„� ¨ „ƒ„� ¢ Ö¤· Ì, Ê± § ´´ÒÌ ¢ ¶¥·¢µ°
±µ²µ´±¥. ‚ ±µ²µ´± Ì 4 ¨ 5 ¶·¥¤¸É ¢²¥´Ò  ´£ ·³µ´¨Î¥¸±¨¥ ¸¤¢¨£¨ ∆Ec(J

π)
Ô´¥·£¥É¨Î¥¸±¨Ì Í¥´É·µ¨¤µ¢ ±µ³¶µ´¥´É Jπ = 0+ ¨ 2+ „ƒ„� ¶µ ¸· ¢´¥´¨Õ ¸

£ ·³µ´¨Î¥¸±¨³ ¶·¥¤¥²µ³

A �‚�‘, % ∆Ec(J
π), ±Ô‚

Ÿ¤·µ ƒ„� „ƒ„� Jπ = 0+ Jπ = 2+

40Ca 104 103 Ä 643 Ä 740
58Ni 104 103 Ä 476 Ä 495
86Kr 106 105 Ä 309 Ä 271
120Sn 106 105 Ä 199 Ä 194
136Xe 103 102 Ä 203 Ä 179
208Pb 94 94 Ä 108 Ä 158

· ¸¸Î¨ÉÒ¢ ¥É¸Ö ¶·¨ µ¶¨¸ ´¨¨ ƒ„� ¢ µ¤´µËµ´µ´´µ³ ¶·¨¡²¨¦¥´¨¨. ‚ ¶µ¸²¥¤-
´¨Ì ±µ²µ´± Ì É ¡²¨ÍÒ ¶·¨¢¥¤¥´Ò  ´£ ·³µ´¨Î¥¸±¨¥ ¸¤¢¨£¨ Ô´¥·£¥É¨Î¥¸±µ£µ
Í¥´É·µ¨¤  „ƒ„�

Ec(J) =
∑

ν Bν([E1 × E1]J)Eν(J)∑
ν Bν([E1 × E1]J)

�¨¸. 2. ‘¤¢¨£¨ Ô´¥·£¥É¨Î¥¸±µ£µ Í¥´É·µ-
¨¤  „ƒ„� (0+ Å §¢¥§¤µÎ±¨; 2+ Å É·¥-
Ê£µ²Ó´¨±¨) µÉ £ ·³µ´¨Î¥¸±µ£µ ¶·¥¤¥² .
‘¶²µÏ´ Ö ¨ ÏÉ·¨Ìµ¢ Ö ²¨´¨¨ ¶·¥¤¸É ¢²ÖÕÉ
A−1- ¨ A−5/3-§ ¢¨¸¨³µ¸É¨ ³ ±·µ¸±µ¶¨Î¥-
¸±¨Ì ³µ¤¥²¥° ¸µµÉ¢¥É¸É¢¥´´µ

¶µ ¸· ¢´¥´¨Õ ¸ £ ·³µ´¨Î¥¸±¨³ ¶·¥-
¤¥²µ³, É. ¥. Ê¤¢µ¥´´µ° ¢¥²¨Î¨-
´µ° Ô´¥·£¥É¨Î¥¸±µ£µ Í¥´É·µ¨¤  ¤²Ö
ƒ„�. �µ¶· ¢±¨, ¢µ§´¨± ÕÐ¨¥ ¶·¨
ÊÎ¥É¥ ¶·¨´Í¨¶  � Ê²¨, µÉ¢¥É¸É¢¥´-
´Ò §  ¶µÖ¢²¥´¨¥ É ±¨Ì ¸¤¢¨£µ¢.

‡ ¢¨¸¨³µ¸ÉÓ µÉ ³ ¸¸µ¢µ£µ Î¨-
¸²   ´£ ·³µ´¨Î¥¸±¨Ì ¸¤¢¨£µ¢ ¤²Ö
±µ³¶µ´¥´É 0+ ¨ 2+ „ƒ„� ¶µ± § ´Ò
´  ·¨¸. 2. ‹¨´¨Ö³¨ ¶µ± § ´Ò ¶·¥¤-
¸± § ´¨Ö ³ ±·µ¸±µ¶¨Î¥¸±¨Ì ¶µ¤-
Ìµ¤µ¢ ¤²Ö A-§ ¢¨¸¨³µ¸É¨ ¸¤¢¨£µ¢:
A−1 (¸¶²µÏ´ Ö ²¨´¨Ö) ¨§ [19] ¨
A−5/3 (ÏÉ·¨Ìµ¢ Ö ²¨´¨Ö) ¨§ [13].

�¥§Ê²ÓÉ ÉÒ ´ Ï¨Ì · ¸Î¥Éµ¢
µÎ¥´Ó Ìµ·µÏµ ¸µ¢¶ ¤ ÕÉ ¸µ ¸¶²µÏ-
´µ° ±·¨¢µ° ¤²Ö ¢¸¥Ì Ö¤¥·. ‘±² ¤Ò-
¢ Ö ¸ µ¤¨´ ±µ¢Ò³¨ ¢¥¸ ³¨ ±µ³¶µ-
´¥´ÉÒ 0+ ¨ 2+ „ƒ„� ¨ ¨¸¶µ²Ó§ÊÖ
³¥Éµ¤ ´ ¨³¥´ÓÏ¨Ì ±¢ ¤· Éµ¢, ³Ò ¶µ²ÊÎ ¥³ § ¢¨¸¨³µ¸ÉÓ µÉ ³ ¸¸µ¢µ£µ Î¨-
¸²  ¤²Ö ¸¤¢¨£  |∆E| ∼ A−α ¸ α = 1, 08 ± 0, 06. ‘²¥¤Ê¥É ¶µ¤Î¥·±´ÊÉÓ, ÎÉµ
´ Ï¨ · ¸Î¥ÉÒ ¸¤¢¨£µ¢ ´¥ ¸µ¤¥·¦ É ¸¢µ¡µ¤´ÒÌ ¶ · ³¥É·µ¢, É ± ± ± ¤¨¶µ²Ó´Ò¥
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¸¨²µ¢Ò¥ ±µ´¸É ´ÉÒ ¡Ò²¨ § Ë¨±¸¨·µ¢ ´Ò ¶µ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ §´ Î¥´¨Ö³
Ô´¥·£¨° ƒ„�.

�  µ¸´µ¢ ´¨¨ ¶·µ¢¥¤¥´´ÒÌ ¨¸¸²¥¤µ¢ ´¨° ³µ¦´µ § ±²ÕÎ¨ÉÓ, ÎÉµ µÉ±²µ´¥-
´¨¥ Ô´¥·£¥É¨Î¥¸±µ£µ Í¥´É·µ¨¤  ¤¢µ°´µ£µ £¨£ ´É¸±µ£µ ¤¨¶µ²Ó´µ£µ ·¥§µ´ ´¸ 
µÉ £ ·³µ´¨Î¥¸±µ£µ ¶·¥¤¥²  ¨³¥¥É § ¢¨¸¨³µ¸ÉÓ µÉ ³ ¸¸µ¢µ£µ Î¨¸² , Ì · ±É¥·-
´ÊÕ ¤²Ö § ¢¨¸¨³µ¸É¥°, ¸¢Ö§ ´´ÒÌ ¸ £²µ¡ ²Ó´Ò³¨ ¸¢µ°¸É¢ ³¨ ¸¨¸É¥³Ò, ¶µ-
¤µ¡´µ, ´ ¶·¨³¥·, § ¢¨¸¨³µ¸É¨ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö ƒ„�.
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ƒ. ƒ. �¤ ³Ö´, �. ‚. �´Éµ´¥´±µ, �. ‚. „¦µ²µ¸, �. Š. � ¸¨·µ¢

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

‹ ¡µ· Éµ·¨Ö É¥µ·¥É¨Î¥¸±µ° Ë¨§¨±¨ ¨³. �. �. �µ£µ²Õ¡µ¢ 

�·¥¤²µ¦¥´  ´µ¢ Ö ³µ¤¥²Ó ¸²¨Ö´¨Ö Ö¤¥·, ±µÉµ· Ö ¶µ§¢µ²Ö¥É µ¶¨¸Ò¢ ÉÓ ¸¥Î¥´¨Ö µ¡· §µ¢ ´¨Ö
¸¢¥·ÌÉÖ¦¥²ÒÌ Ô²¥³¥´Éµ¢ ¨ ¢ÒÌµ¤Ò ¶·µ¤Ê±Éµ¢ ±¢ §¨¤¥²¥´¨Ö. Š² ¸É¥·´ Ö ¨´É¥·¶·¥É Í¨Ö ¶µ§¢µ-
²Ö¥É µ¡µ¸´µ¢ ÉÓ ¶·¥¤¶µÎÉ¨É¥²Ó´µ¸ÉÓ ¤¢¨¦¥´¨Ö ¤¢µ°´µ° Ö¤¥·´µ° ¸¨¸É¥³Ò ± ¸µ¸É ¢´µ³Ê Ö¤·Ê ¶µ
±µµ·¤¨´ É¥ ³ ¸¸µ¢µ°  ¸¨³³¥É·¨¨. �µ¤¡ ·Ó¥·´Ò¥ ¶·µÍ¥¸¸Ò · ¸¸³ É·¨¢ ÕÉ¸Ö ´  µ¸´µ¢¥ É¥µ·¨¨
µÉ±·ÒÉÒÌ ±¢ ´Éµ¢ÒÌ ¸¨¸É¥³.

New model of nuclear fusion is suggested to describe the formation cross sections of superheavy
nuclei and the yields of quasiˇssion products. Cluster interpretation allows us to prove the preference
of the dinuclear system motion in mass asymmetry coordinate to the compound nucleus. Subbarrier
processes are considered with the theory of open quantum systems.

1. ��‚�Ÿ Œ�„…‹œ ‘‹ˆŸ�ˆŸ ’Ÿ†…‹›• Ÿ„…�

ˆ´É¥·¥¸ ± ¨§ÊÎ¥´¨Õ ³¥Ì ´¨§³  ¸²¨Ö´¨Ö ÉÖ¦¥²ÒÌ Ö¤¥· ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö
¢Ò§¢ ´ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ·¥§Ê²ÓÉ É ³¨ ¶µ ¸¨´É¥§Ê ¸¢¥·ÌÉÖ¦¥²ÒÌ Ô²¥³¥´-
Éµ¢. ‘¢¥·ÌÉÖ¦¥²Ò¥ Ö¤·  ¸ Z = 106 ÷ 112 ¡Ò²¨ ¶µ²ÊÎ¥´Ò ¢ ·¥ ±Í¨ÖÌ Ìµ²µ¤-
´µ£µ ¸²¨Ö´¨Ö X + 208Pb ¨ 209Bi [1]. �¥ ±Í¨¨ £µ·ÖÎ¥£µ ¸²¨Ö´¨Ö 48Ca + 232Th,
238U, 242,244Pu ¨ 248Cm ¨¸¶µ²Ó§µ¢ ²¨¸Ó ¤²Ö ¸¨´É¥§  Ö¤¥· ¸ Z = 110, 112, 114
¨ 116 [2].

‘ÊÐ¥¸É¢ÊÕÐ¨¥ ³µ¤¥²¨ ¸²¨Ö´¨Ö Ö¤¥· · §²¨Î ÕÉ¸Ö ¢Ò¡µ·µ³ ±µ²²¥±É¨¢´µ°
±µµ·¤¨´ ÉÒ, ¢¤µ²Ó ±µÉµ·µ° ¶·µ¨¸Ìµ¤¨É ¸²¨Ö´¨¥. ‚ ¶¥·¢ÒÌ É¥µ·¥É¨Î¥¸±¨Ì
· ¸Î¥É Ì ¸¥Î¥´¨Ö ¸²¨Ö´¨Ö ¤¨´ ³¨±  µ¡· §µ¢ ´¨Ö ¸µ¸É ¢´µ£µ Ö¤·  ´¥ · ¸¸³ -
É·¨¢ ² ¸Ó,   ¶·µ¸Éµ ¶µ¸ÉÊ²¨·µ¢ ²µ¸Ó, ÎÉµ ¶µ¸²¥ § Ì¢ É  ´ ²¥É ÕÐ¥° Î ¸É¨ÍÒ
Ö¤·µ³-³¨Ï¥´ÓÕ ¸²¨Ö´¨¥ ¶·µ¨¸Ìµ¤¨É ´¥¨§¡¥¦´µ. Œ´µ£¨¥ ³µ¤¥²¨, ¶µÖ¢¨¢Ï¨-
¥¸Ö ¶µ§¦¥, ¶·¥¤¶µ² £ ²¨ ¸²¨Ö´¨¥ ¢¤µ²Ó ±µµ·¤¨´ ÉÒ µÉ´µ¸¨É¥²Ó´µ£µ · ¸¸ÉµÖ-
´¨Ö R ³¥¦¤Ê Í¥´É· ³¨ Ö¤¥·. �¤´ ±µ ¢ · ³± Ì ¤¢ÊÌÍ¥´É·µ¢µ° µ¡µ²µÎ¥Î´µ°
³µ¤¥²¨ ¡Ò²µ ¶µ± § ´µ, ÎÉµ É ±µ°  ¤¨ ¡ É¨Î¥¸±¨° ¸Í¥´ ·¨° ¸²¨Ö´¨Ö ¶·¨¢µ-
¤¨É ± ¸¨²Ó´µ° ¶¥·¥µÍ¥´±¥ ¨ ¶·µÉ¨¢µ¶µ²µ¦´µ° ¨§µÉµ¶¨Î¥¸±µ° § ¢¨¸¨³µ¸É¨
¢¥·µÖÉ´µ¸É¨ ¸²¨Ö´¨Ö.
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�·¥¤²µ¦¥´´ Ö ¶·¨´Í¨¶¨ ²Ó´µ ´µ¢ Ö ³µ¤¥²Ó ¸²¨Ö´¨Ö Ö¤¥· µ¸´µ¢Ò¢ ¥É¸Ö
´  ±µ´Í¥¶Í¨¨ ¤¢µ°´µ° Ö¤¥·´µ° ¸¨¸É¥³Ò („Ÿ‘) [3]. „Ÿ‘ Ëµ·³¨·Ê¥É¸Ö ¢
¸Éµ²±´µ¢¥´¨ÖÌ Ö¤¥· ¶·¨ §´ Î¥´¨ÖÌ ±¨´¥É¨Î¥¸±µ° Ô´¥·£¨¨ ´  ´Ê±²µ´ ´¨¦¥
Ô´¥·£¨¨ ”¥·³¨ ¨ § É¥³ Ô¢µ²ÕÍ¨µ´¨·Ê¥É ± · ¢´µ¢¥¸´µ³Ê ¸µ¸ÉµÖ´¨Õ ¸µ¸É ¢-
´µ£µ Ö¤·  ¨²¨ · §¢ ²¨¢ ¥É¸Ö ´  ¤¢  Ë· £³¥´É . ‚ ³µ¤¥²¨ „Ÿ‘ [4Ä10] ¸²¨Ö´¨¥
¶·¥¤¸É ¢²Ö¥É¸Ö ± ± Ô¢µ²ÕÍ¨Ö „Ÿ‘ ± ¸µ¸É ¢´µ³Ê Ö¤·Ê §  ¸Î¥É ¶¥·¥¤ Î¨ ´Ê±²µ-
´µ¢ ¨§ ²¥£±µ£µ Ö¤·  ¢ ÉÖ¦¥²µ¥, É. ¥. ± ± ¤¢¨¦¥´¨¥ ¶µ ³ ¸¸µ¢µ°  ¸¨³³¥É·¨¨
η = (A1 − A2)/(A1 + A2), £¤¥ A1 ¨ A2 Å ³ ¸¸µ¢Ò¥ Î¨¸²  Ö¤¥· ¢ „Ÿ‘, ¨
µÉ´µ¸¨É¥²Ó´µ³Ê · ¸¸ÉµÖ´¨Õ ¸µµÉ¢¥É¸É¢¥´´µ. Š¢ §¨¤¥²¥´¨¥ · ¸¸³ É·¨¢ ¥É¸Ö
± ± · ¸¶ ¤ „Ÿ‘, É. ¥. ¤¢¨¦¥´¨¥ ± ¡µ²ÓÏ¨³ R. ˆ§-§  ±¢ §¨¤¥²¥´¨Ö ¸¥Î¥´¨¥
¸²¨Ö´¨Ö ¢ ·¥ ±Í¨ÖÌ ¸ ÉÖ¦¥²Ò³ Ö¤· ³¨ ¸¨²Ó´µ Ê³¥´ÓÏ ¥É¸Ö. Œµ¤¥²Ó „Ÿ‘
¤ ¥É ¢µ§³µ¦´µ¸ÉÓ µ¡´ ·Ê¦¨ÉÓ ´µ¢Ò¥ ¢ ¦´Ò¥ µ¸µ¡¥´´µ¸É¨ ¶µ²´µ£µ ¸²¨Ö´¨Ö:
1) ¶µÖ¢²¥´¨¥ ¸¶¥Í¨Ë¨Î¥¸±µ£µ ¢´ÊÉ·¥´´¥£µ ¡ ·Ó¥·  ¸²¨Ö´¨Ö ¶µ ±µµ·¤¨´ É¥
³ ¸¸µ¢µ°  ¸¨³³¥É·¨¨ ¶·¨ η = ηBG; 2) ±µ´±Ê·¥´Í¨Ö ³¥¦¤Ê ¶µ²´Ò³ ¸²¨Ö´¨¥³
¨ ±¢ §¨¤¥²¥´¨¥³ ¢ Ô¢µ²ÕÍ¨¨ „Ÿ‘ ± ¸µ¸É ¢´µ³Ê Ö¤·Ê.

2. ��‘—…’ ‘…—…�ˆ‰ ˆ‘���ˆ’…‹œ�›• �‘’�’Š�‚

‚ ¸µµÉ¢¥É¸É¢¨¨ ¸ ³µ¤¥²ÓÕ „Ÿ‘ ¸¥Î¥´¨¥ ¨¸¶ ·¨É¥²Ó´ÒÌ µ¸É É±µ¢ ¢ ·¥ ±-
Í¨ÖÌ, ¢¥¤ÊÐ¨Ì ± ¸¢¥·ÌÉÖ¦¥²Ò³ Ô²¥³¥´É ³, § ¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥ ¶·µ¨§¢¥¤¥´¨Ö
É·¥Ì ³´µ¦¨É¥²¥° [7, 8]:

σER(Ecm) = σc(Ecm)PCN (Ecm, J = 0)Wsur(Ecm, J = 0). (1)

‡¤¥¸Ó σc Å ÔËË¥±É¨¢´µ¥ ¸¥Î¥´¨¥ § Ì¢ É  ´ ²¥É ÕÐ¥£µ Ö¤·  Ö¤·µ³-³¨Ï¥´ÓÕ;
PCN Å ¢¥·µÖÉ´µ¸ÉÓ ¶µ²´µ£µ ¸²¨Ö´¨Ö, § ¢¨¸ÖÐ Ö µÉ ±µ´±Ê·¥´Í¨¨ ³¥¦¤Ê ¶µ²-
´Ò³ ¸²¨Ö´¨¥³ ¨ ±¢ §¨¤¥²¥´¨¥³, ¨ Wsur Å ¢¥·µÖÉ´µ¸ÉÓ ¢Ò¦¨¢ ´¨Ö ¸µ¸É ¢´µ£µ
Ö¤·  ¶µ µÉ´µÏ¥´¨Õ ± ¤¥²¥´¨Õ ¢ ¶·µÍ¥¸¸¥ ¤¥¢µ§¡Ê¦¤¥´¨Ö.

σc(Ecm) ≈ πλ2(Jmax + 1)2T (Ecm, J = 0),

£¤¥ T µ¶¨¸Ò¢ ¥É ¢¥·µÖÉ´µ¸ÉÓ ¶·µÌµ¦¤¥´¨Ö ±Ê²µ´µ¢¸±µ£µ ¡ ·Ó¥· , Jmax ≈
10−20 µ£· ´¨Î¨¢ ¥É¸Ö § ¢¨¸¨³µ¸ÉÓÕ Wsur µÉ Ê£²µ¢µ£µ ³µ³¥´É  J . „²Ö · ¸-
Î¥É  PCN ¨¸¶µ²Ó§ÊeÉcÖ Ê· ¢´¥´¨¥ ”µ±±¥· Ä�² ´±  [5] ¨²¨ ¢Ò· ¦¥´¨¥ [6]:

PCN ≈
λKr

η

λKr
R + λKr

η

, (2)

£¤¥ ¤²Ö ±¢ §¨¸É Í¨µ´ ·´ÒÌ ¶µÉµ±µ¢ ¢¥·µÖÉ´µ¸É¨ Î¥·¥§ ¡ ·Ó¥·Ò ¸²¨Ö´¨Ö (Bη =
B∗

fus) λKr
η ¨ ±¢ §¨¤¥²¥´¨Ö (BR = Bqf ) λKr

R ¨¸¶µ²Ó§ÊÕÉ¸Ö ¨§¢¥¸É´Ò¥ Ëµ·³Ê²Ò
Š· ³¥·¸ . ‚ ¸²ÊÎ ¥ B∗

fus � Bqf ¢ (2) ¢¢µ¤¨É¸Ö ¶µ¶· ¢±  ¤²Ö ÊÎ¥É  ¶¥·¥Ìµ¤-
´µ£µ ¢·¥³¥´¨ Ê¸É ´µ¢²¥´¨Ö ±¢ §¨¸É Í¨µ´ ·´µ£µ ·¥¦¨³ . �² £µ¤ ·Ö ±µ´±Ê·¥´-
Í¨¨ ³¥¦¤Ê ¶µ²´Ò³ ¸²¨Ö´¨¥³ ¨ ±¢ §¨¤¥²¥´¨¥³ ¢¥·µÖÉ´µ¸ÉÓ ¸²¨Ö´¨Ö ¸¨²Ó´µ
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Ê³¥´ÓÏ ¥É¸Ö ¸ Ê³¥´ÓÏ¥´¨¥³  ¸¨³³¥É·¨¨ η ¢µ ¢Ìµ¤´µ³ ± ´ ²¥, ÎÉµ ¶·¥±· ¸´µ
¸µ£² ¸Ê¥É¸Ö ¸ Ô±¸¶¥·¨³¥´Éµ³.

‚¥·µÖÉ´µ¸ÉÓ ¢Ò¦¨¢ ´¨Ö ¸µ¸É ¢´µ£µ Ö¤·  ¶·¨ ¨¸¶ ·¥´¨¨ x ´¥°É·µ´µ¢ ¢Ò-
Î¨¸²Ö¥É¸Ö ¶µ Ëµ·³Ê²¥ [10]:

Wsur(E∗
CN ) ≈ Pxn(E∗

CN )
x∏

i=1

Γn(E∗
CNi

)
Γn(E∗

CNi
) + Γf (E∗

CNi
)
, (3)

£¤¥ Pxn Å ¢¥·µÖÉ´µ¸ÉÓ ·¥ ²¨§ Í¨¨ xn-± ´ ²  ¶·¨ Ô´¥·£¨¨ E∗
CN = Ecm −Q;

i Å ´µ³¥· ¨¸¶ ·¨É¥²Ó´µ£µ Ï £ ; Γn ¨ Γf Å ¶ ·Í¨ ²Ó´Ò¥ Ï¨·¨´Ò ¤²Ö Ô³¨¸-
¸¨¨ ´¥°É·µ´  ¨ ¤¥²¥´¨Ö ¸µµÉ¢¥É¸É¢¥´´µ. Γn/Γf ³µ¦´µ ´ °É¨, ¨¸¶µ²Ó§ÊÖ ²¨¡µ
¶·µ¸ÉÒ¥ Ëµ·³Ê²Ò, ± ± ¢ [7], ²¨¡µ ¨³¥ÕÐ¨¥¸Ö ¸É É¨¸É¨Î¥¸±¨¥ ¶·µ£· ³³Ò [11].

�¨¸. 1. � ¸¸Î¨É ´´Ò¥ ¸¥Î¥´¨Ö ¨¸¶ ·¨É¥²Ó-
´ÒÌ µ¸É É±µ¢ (±¢ ¤· É¨±¨) ¢ ·¥ ±Í¨ÖÌ Ìµ²µ¤-
´µ£µ ¸²¨Ö´¨Ö X+208Pb, 209Bi ¸· ¢´¨¢ ÕÉ¸Ö
¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ (±·Ê¦±¨).
’·¥Ê£µ²Ó´¨±¨ ¸µ ¸É·¥²± ³¨ µ¡µ§´ Î ÕÉ ¤µ-
¸É¨£´ÊÉÒ° ¶·¥¤¥² ¸¥Î¥´¨Ö ¢ Ô±¸¶¥·¨³¥´É Ì
GSI, ¢ ±µÉµ·ÒÌ ¶·µ¤Ê±ÉÒ ¶µ²´µ£µ ¸²¨Ö´¨Ö
´¥ ¡Ò²¨ § Ë¨±¸¨·µ¢ ´Ò

� ·Ó¥·Ò ¸²¨Ö´¨Ö ¶µ η ¨ ±¢ -
§¨¤¥²¥´¨Ö µ¶·¥¤¥²ÖÕÉ¸Ö ¨§ · ¸-
Î¥É  ¶µÉ¥´Í¨ ²Ó´µ° Ô´¥·£¨¨ „Ÿ‘,
µ¶·¥¤¥²Ö¥³µ° Î¥·¥§ ¸Ê³³Ê Ô´¥·£¨°
¸¢Ö§¨ Bi (i = 1, 2) Ö¤¥· „Ÿ‘ ¨
Ö¤·µ-Ö¤¥·´µ£µ ¶µÉ¥´Í¨ ²  V (R, η):

U(R, η) = B1 + B2 + V (R, η).
(4)

�¡µ²µÎ¥Î´Ò¥ ÔËË¥±ÉÒ ¢±²ÕÎ¥´Ò
¢ Ô´¥·£¨¨ ¸¢Ö§¨. ‚ ³µ¤¥²¨ „Ÿ‘
Ô´¥·£¥É¨Î¥¸±¨° ¶µ·µ£ ¤²Ö ¶µ²´µ-
£µ ¸²¨Ö´¨Ö ³¥´ÓÏ¥, Î¥³ ¶µ·µ£,
¶·¥¤¸± § ´´Ò° ¢ ³ ±·µ¸±µ¶¨Î¥-
¸±¨Ì ³µ¤¥²ÖÌ. ˆ§µÉµ¶¨Î¥¸± Ö § -
¢¨¸¨³µ¸ÉÓ σER ¢ µ¸´µ¢´µ³ µ¶·¥-
¤¥²Ö¥É¸Ö PCN ¨ Wsur [8]. ‚ ·¥ ±-
Í¨ÖÌ Ìµ²µ¤´µ£µ ¸²¨Ö´¨Ö ¸ ·µ¸Éµ³
Î¨¸²  ´¥°É·µ´µ¢ ¢ Ö¤·¥-¸´ ·Ö¤¥
Wsur Ê¢¥²¨Î¨¢ ¥É¸Ö,   PCN ³µ¦¥É
Ê³¥´ÓÏ ÉÓ¸Ö ´ ¸Éµ²Ó±µ, ÎÉµ § ¢¨-
¸¨³µ¸ÉÓ σER µÉ Î¨¸²  ´¥°É·µ´µ¢ ¢
¸¨¸É¥³¥ ¸É ´µ¢¨É¸Ö ¸² ¡µ°. ‚ ·¥-
 ±Í¨ÖÌ ¦¥ ¸²¨Ö´¨Ö, ¶·¨¢µ¤ÖÐ¨Ì ±
 ±É¨´¨¤ ³, Ê¢¥²¨Î¥´¨¥ Î¨¸²  ´¥°-
É·µ´µ¢ ¢ ´ ²¥É ÕÐ¥³ Ö¤·¥ § ³¥É´µ
Ê¢¥²¨Î¨¢ ¥É σER.

‚ ³µ¤¥²¨ „Ÿ‘ Ê¸¶¥Ï´µ µ¡ÑÖ¸´¥´Ò Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶µ ¸²¨Ö-
´¨Õ ÉÖ¦¥²ÒÌ Ö¤¥· [4Ä10] ¨ ´ ¡²Õ¤ ¥³µ¥ ¡Ò¸É·µ¥ ¶ ¤¥´¨¥ ¸¥Î¥´¨Ö ¸²¨Ö´¨Ö ¢



134 �„�ŒŸ� ƒ. ƒ. ˆ „�.

·¥ ±Í¨ÖÌ X + 208Pb, 209Bi ¸ Ê¢¥²¨Î¥´¨¥³ § ·Ö¤  ¸µ¸É ¢´µ£µ Ö¤·  (·¨¸. 1) [8].
�·¥¤¸± § É¥²Ó´ Ö ¸¨²  ³µ¤¥²¨ § ±²ÕÎ ¥É¸Ö ¢ ¢µ§³µ¦´µ¸É¨ µ¶¨¸ ÉÓ ¸¥Î¥´¨Ö
¸²¨Ö´¨Ö ¢ ·¥ ±Í¨ÖÌ, ¤²Ö ±µÉµ·ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö µÉ²¨Î ÕÉ¸Ö
´  ´¥¸±µ²Ó±µ ¶µ·Ö¤±µ¢ ¢¥²¨Î¨´Ò.

3. ���‘��‚��ˆ… Œ�„…‹ˆ „Ÿ‘

„²Ö µ¡µ¸´µ¢ ´¨Ö ¸µÌ· ´¥´¨Ö ¨´¤¨¢¨¤Ê ²Ó´µ¸É¨ Ö¤¥·, ±µÉµ· Ö ¶·¥¤¶µ-
² £ ¥É¸Ö ¢ Ô¢µ²ÕÍ¨¨ „Ÿ‘ ± ¸µ¸É ¢´µ³Ê Ö¤·Ê, ³Ò ¨¸¶µ²Ó§µ¢ ²¨ ±µ´Í¥¶Í¨Õ
¸É·Ê±ÉÊ·´µ£µ § ¶·¥É  ¸²¨Ö´¨Ö Ö¤¥·. ‘ ¶µ³µÐÓÕ ÔÉµ£µ ³¥Éµ¤  ÊÎ¨ÉÒ¢ ¥É¸Ö
µ¡µ²µÎ¥Î´ Ö ¸É·Ê±ÉÊ·  Ö¤¥· ¨ ¶·¨´Í¨¶ � Ê²¨ ¶·¨ ´ Ìµ¦¤¥´¨¨ Ô´¥·£¥É¨Î¥-
¸±µ£µ ¶µ·µ£  ¤²Ö ¸²¨Ö´¨Ö ¶µ R ¶·¨ Ë¨±¸¨·µ¢ ´´µ³ η. � °¤¥´´Ò¥ ¢¥²¨Î¨´Ò
¶µ·µ£µ¢ ¤²Ö „Ÿ‘ ¸ ³ ²Ò³ η µ± § ²¨¸Ó ¸²¨Ï±µ³ ¡µ²ÓÏ¨³¨, ÎÉµ¡Ò ´ ¤¥ÖÉÓ¸Ö
´  ¸²¨Ö´¨¥ ÉÖ¦¥²ÒÌ Ö¤¥· ¶µ R [12]. �² £µ¤ ·Ö ÔÉµ³Ê ¤²¨É¥²Ó´µ¥ ¢·¥³Ö ¸µÌ· -
´Ö¥É¸Ö ¨´¤¨¢¨¤Ê ²Ó´µ¸ÉÓ Ö¤¥· ¢ „Ÿ‘. ‚¥²¨Î¨´  ¸É·Ê±ÉÊ·´µ£µ § ¶·¥É  Ê³¥´Ó-
Ï ¥É¸Ö ¸ ·µ¸Éµ³ ³ ¸¸µ¢µ°  ¸¨³³¥É·¨¨ ¢µ ¢Ìµ¤´µ³ ± ´ ²¥ ¨ ¶·¨ |η| > |ηBG|
¡Ò¸É·µ ¸É·¥³¨É¸Ö ± ´Ê²Õ. �µ²ÓÏµ° ¸É·Ê±ÉÊ·´Ò° § ¶·¥É µ¡¥¸¶¥Î¨¢ ¥É É ±¦¥
¡¨´ ·´µ¸ÉÓ ·¥ ±Í¨¨ ¤µ Ô´¥·£¨¨ ¶µ·Ö¤±  30 ŒÔ‚/´Ê±²µ´.

‚·¥³¥´´µ° ¶¥·¥Ìµ¤ ³¥¦¤Ê ¤¨ ¡ É¨Î¥¸±¨³ (¢Ìµ¤´µ° ± ´ ² ·¥ ±Í¨¨) ¨
 ¤¨ ¡ É¨Î¥¸±¨³ ·¥¦¨³ ³¨ Å ¤µ¸É ÉµÎ´µ ³¥¤²¥´´Ò° ¶·µÍ¥¸¸, ±µÉµ·Ò° ´¥
Ê¸¶¥¢ ¥É § ¢¥·Ï¨ÉÓ¸Ö §  ¢·¥³Ö ¸²¨Ö´¨Ö [13, 14]. ‘²¨¢ ÕÐ Ö¸Ö ¸¨¸É¥³  ´¥
¨³¥¥É ¤µ¸É ÉµÎ´µ ¢·¥³¥´¨ ¤²Ö · §·ÊÏ¥´¨Ö ®¶ ³ÖÉ¨¯ µ ¸É·Ê±ÉÊ·´µ³ § ¶·¥É¥
´  ¤¢¨¦¥´¨¥ ± ¸µ¸É ¢´µ³Ê Ö¤·Ê ¶µ R. „ ¦¥ ¶·¨ ¢Ò¡µ·¥ ¶ · ³¥É·µ¢, ¶·¨
±µÉµ·µ³ ¢¥·µÖÉ´µ¸ÉÓ ¸²¨Ö´¨Ö ¶µ R ³ ±¸¨³ ²Ó´ , PR

CN ´ ³´µ£µ ³¥´ÓÏ¥ P η
CN

(É ¡².).
„¢ÊÌÍ¥´É·µ¢ Ö µ¡µ²µÎ¥Î´ Ö ³µ¤¥²Ó ¨¸¶µ²Ó§µ¢ ² ¸Ó ¶·¨ ¨§ÊÎ¥´¨¨  ¤¨ -

¡ É¨Î¥¸±µ£µ ³¥Ì ´¨§³  ¸²¨Ö´¨Ö, ±µÉµ·Ò° ¸¢Ö§ ´ ¸ ¡Ò¸É·Ò³ ·µ¸Éµ³ Ï¥°±¨

‘· ¢´¥´¨¥ ¢¥·µÖÉ´µ¸É¥° ¸²¨Ö´¨Ö P R,η
CN ¶µ ±µµ·¤¨´ É ³ R ¨ η ¸

Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ §´ Î¥´¨Ö³¨ P exp
CN . � · ³¥É·Ò ¡Ò²¨ ¢Ò¡· ´Ò É ±,

ÎÉµ¡Ò ¶µ²ÊÎ¨ÉÓ ³ ±¸¨³ ²Ó´ÊÕ ¢¥²¨Î¨´Ê P R
CN

�¥ ±Í¨¨ P R
CN P η

CN P exp
CN

90Zr + 90Zr → 180Hg 2 · 10−2 2 · 10−1 ∼ 10−1

100Mo + 100Mo → 200Po 3 · 10−3 2 · 10−2 5 · 10−2

110Pd + 110Pd → 220U 4 · 10−7 3 · 10−4 ∼ 10−4

56Cr + 164Er → 220U 2 · 10−3 6 · 10−1

76Ge + 170Er → 246Fm 3 · 10−12 6 · 10−4 8 · 10−4

86Kr + 160Gd → 246Fm 2 · 10−16 7 · 10−5 5 · 10−5
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¶·¨ ¶¥·¥Ìµ¤¥ „Ÿ‘ ± ¸µ¸É ¢´µ³Ê Ö¤·Ê. ‘Î¨É ¥É¸Ö, ÎÉµ  ¤¨ ¡ É¨Î¥¸±µ¥ ¸²¨-
Ö´¨¥ ¶·µ¨¸Ìµ¤¨É Î¥·¥§ ¤µ²¨´Ê ¤¥²¥´¨Ö. „²Ö µÍ¥´±¨ ¢¥·µÖÉ´µ¸É¨ ¸²¨Ö´¨Ö
¨¸¶µ²Ó§µ¢ ² ¸Ó Ëµ·³Ê²  Š· ³¥·¸ . �µ²ÊÎ¥´´Ò¥ ¢¥·µÖÉ´µ¸É¨ [15] µ± § ²¨¸Ó
´  ´¥¸±µ²Ó±µ ¶µ·Ö¤±µ¢ ¡µ²ÓÏ¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ §´ Î¥´¨°. � ¶·¨³¥·, ¢ ·¥-
 ±Í¨¨ 110Pd + 110Pd ¢¥·µÖÉ´µ¸ÉÓ ¸²¨Ö´¨Ö ¢¡²¨§¨ ±Ê²µ´µ¢¸±µ£µ ¡ ·Ó¥·  Î¥·¥§
¤µ²¨´Ê ¤¥²¥´¨Ö · ¢´  10−2,   Ô±¸¶¥·¨³¥´É ¤ ¥É ²¨ÏÓ 5 · 10−5. �·¨Î¨´  É -
±µ£µ ´¥¸µ£² ¸µ¢ ´¨Ö Å ¢ µÉ¸ÊÉ¸É¢¨¨ § ¶·¥Éµ¢ ´  ·µ¸É Ï¥°±¨ ¨ ¤¢¨¦¥´¨¥ ±
³¥´ÓÏ¨³ R ¢  ¤¨ ¡ É¨Î¥¸±µ° ³µ¤¥²¨.

ˆ¸¶µ²Ó§ÊÖ ¤¢ÊÌÍ¥´É·µ¢ÊÕ µ¡µ²µÎ¥Î´ÊÕ ³µ¤¥²Ó ¨ ³¥Éµ¤ ¶·¨´Ê¤¨É¥²Ó´µ£µ
¢· Ð¥´¨Ö, ³Ò · ¸¸Î¨É ²¨ ³ ¸¸µ¢Ò° ¶ · ³¥É· ¤²Ö Ï¥°±¨ ¨ ¨¸¸²¥¤µ¢ ²¨ ¥£µ
§ ¢¨¸¨³µ¸ÉÓ µÉ · §²¨Î´ÒÌ Ì · ±É¥·¨¸É¨± „Ÿ‘. �µ ¸· ¢´¥´¨Õ ¸ £¨¤·µ¤¨´ ³¨-
Î¥¸±¨³ · ¸Î¥Éµ³ ³ ¸¸µ¢Ò° ¶ · ³¥É· ¨ ±µÔËË¨Í¨¥´É É·¥´¨Ö Ö¢²ÖÕÉ¸Ö µÎ¥´Ó
¡µ²ÓÏ¨³¨, ¶·¥¶ÖÉ¸É¢ÊÕÉ ·µ¸ÉÊ Ï¥°±¨ ¨ µ¡¥¸¶¥Î¨¢ ÕÉ µÉ´µ¸¨É¥²Ó´µ ¡µ²ÓÏµ¥
¢·¥³Ö ¦¨§´¨ „Ÿ‘ [15, 16].

4. Š‚�‡ˆ„…‹…�ˆ… ‚ Œ�„…‹ˆ „Ÿ‘

„²Ö µ¶¨¸ ´¨Ö § ·Ö¤µ¢ÒÌ ¨ ³ ¸¸µ¢ÒÌ · ¸¶·¥¤¥²¥´¨° ¶·µ¤Ê±Éµ¢ ±¢ §¨¤¥²¥-
´¨Ö ³Ò ¢¶¥·¢Ò¥ ÊÎ²¨ · ¸¶ ¤ „Ÿ‘ ¢ Ê· ¢´¥´¨¨ ¤²Ö ¢¥·µÖÉ´µ¸É¨ PZ(t) ´ °É¨
¸¨¸É¥³Ê ¢ ³µ³¥´É ¢·¥³¥´¨ t ¢ ¸µ¸ÉµÖ´¨¨, ±µ£¤  ²¥£±¨° Ë· £³¥´É ¨³¥¥É § -
·Ö¤ Z:

∂PZ(t)
∂t

= ∆(−)
Z+1 PZ+1(t) + ∆(+)

Z−1 PZ−1(t) − (∆(+)
Z + ∆(−)

Z + Λqf
Z )PZ(t),

(5)

�¨¸. 2. � ¸¸Î¨É ´´µ¥ § ·Ö¤µ¢µ¥ · ¸-
¶·¥¤¥²¥´¨¥ ¶·µ¤Ê±Éµ¢ ±¢ §¨¤¥²¥´¨Ö
¢ ·¥ ±Í¨¨ 48Ca + 238U → 286112
¶·¨ Ô´¥·£¨¨, ¸µµÉ¢¥É¸É¢ÊÕÐ¥° Ô´¥·-
£¨¨ ¢µ§¡Ê¦¤¥´¨Ö ¸µ¸É ¢´µ£µ Ö¤· 
33 ŒÔ‚

£¤¥ É· ´¸¶µ·É´Ò¥ ±µÔËË¨Í¥´ÉÒ ∆(±)
Z ¢Ò-

Î¨¸²ÖÕÉ¸Ö ³¨±·µ¸±µ¶¨Î¥¸±¨, ¨ ¢¥·µÖÉ-
´µ¸ÉÓ · ¸¶ ¤  ¢ ¥¤¨´¨ÍÊ ¢·¥³¥´¨ Λqf

Z

µ¶·¥¤¥²Ö¥É¸Ö Ëµ·³Ê²µ° Š· ³¥·¸ , ±µ£¤ 
¨§¢¥¸É¥´ ¡ ·Ó¥· ±¢ §¨¤¥²¥´¨Ö ± ± ËÊ´±-
Í¨Ö Z. �·¨³¥· · ¸Î¥É  § ·Ö¤µ¢µ£µ · ¸-

¶·¥¤¥²¥´¨Ö YZ(t0) = Λqf
Z

t0∫
0

PZ(t)dt, £¤¥

t0 Å ¢·¥³Ö ·¥ ±Í¨¨, ¶µ± § ´ ´  ·¨¸. 2 ¤²Ö
·¥ ±Í¨¨ 48Ca + 238U → 286112. ˆ§ ¶·µ-
¢¥¤¥´´ÒÌ ¢ÒÎ¨¸²¥´¨° ¸²¥¤Ê¥É, ÎÉµ t0 ≈
(3−4) · 10−20 c, ¨ ³µ¤¥²Ó ¤µ¸É ÉµÎ´µ Ìµ-
·µÏµ µ¶¨¸Ò¢ ¥É Ô±¸¶¥·¨³¥´É, ¤¥³µ´¸É·¨-
·ÊÖ ¢ ¦´µ¸ÉÓ ÊÎ¥É  ¸É·Ê±ÉÊ·Ò Ö¤¥· ¶·¨
· ¸¸³µÉ·¥´¨¨ ¤¨´ ³¨±¨ „Ÿ‘.
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5. „ˆ””“‡ˆ���›… ��„•�„› Š ��ˆ‘��ˆ� „Ÿ‘

�  µ¸´µ¢¥ µ¡Ð¥° Ëµ·³Ò ³ ¸É¥·-Ê· ¢´¥´¨Ö ¤²Ö µÉ±·ÒÉÒÌ ±¢ ´Éµ¢ÒÌ ¸¨-
¸É¥³ · ¸¸³µÉ·¥´µ ÉÊ´´¥²¨·µ¢ ´¨¥ Î¥·¥§ ¶µÉ¥´Í¨ ²Ó´Ò° ¡ ·Ó¥· [17, 18]. �µ-
²ÊÎ¥´µ ¶·µ¸Éµ¥ ¢Ò· ¦¥´¨¥ § ³±´ÊÉµ° Ëµ·³Ò ¤²Ö ¶µÉµ±  Î¥·¥§ ¶ · ¡µ²¨Î¥-
¸±¨° ¡ ·Ó¥· ¸ ¶µ³µÐÓÕ É¥Ì´¨±¨ ¨´É¥£· ²µ¢ ¶µ ¶ÊÉÖ³. ’Ê´´¥²¨·µ¢ ´¨¥ ¢
µÉ±·ÒÉÒÌ ±¢ ´Éµ¢ÒÌ ¸¨¸É¥³ Ì ¸¨²Ó´µ § ¢¨¸¨É µÉ ¸¢Ö§¨ ¸µ ¸·¥¤µ°. ŒÒ µ¡´ -
·Ê¦¨²¨, ÎÉµ ¶·¨ µ¶·¥¤¥²¥´´ÒÌ µ¡¸ÉµÖÉ¥²Ó¸É¢ Ì É·¥´¨¥ ¸¶µ¸µ¡¸É¢Ê¥É ÉÊ´´¥-
²¨·µ¢ ´¨Õ Î¥·¥§ ¡ ·Ó¥·, ´µ Ê³¥´ÓÏ ¥É ¶·µÌµ¦¤¥´¨¥ Î¥·¥§ ¡ ·Ó¥· ¤²Ö Ô´¥·-
£¨° ¢ÒÏ¥ ¡ ·Ó¥· . ‚ ± Î¥¸É¢¥ ¶·¨²µ¦¥´¨Ö · ¸¸Î¨É ´ · ¸¶ ¤ ³¥É ¸É ¡¨²Ó´µ£µ
Ö¤¥·´µ£µ ¸µ¸ÉµÖ´¨Ö.

‡�Š‹�—…�ˆ…

� ³¨ ¶µ²ÊÎ¥´Ò ¸²¥¤ÊÕÐ¨¥ ·¥§Ê²ÓÉ ÉÒ.
Å ‘µ§¤ ´  ¶·¨´Í¨¶¨ ²Ó´µ ´µ¢ Ö ³µ¤¥²Ó ¸²¨Ö´¨Ö Ö¤¥·, ±µÉµ· Ö Ìµ·µÏµ

µ¶¨¸Ò¢ ¥É Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¨ ¤¥³µ´¸É·¨·Ê¥É ·¥Ï ÕÐÊÕ ·µ²Ó ±¢ -
§¨¤¥²¥´¨Ö ¢ Ê³¥´ÓÏ¥´¨¨ ¸¥Î¥´¨Ö ¸²¨Ö´¨Ö ÉÖ¦¥²ÒÌ Ö¤¥·. � ¸¸Î¨É ´Ò ¸¥Î¥´¨Ö
µ¡· §µ¢ ´¨Ö ¸¢¥·ÌÉÖ¦¥²ÒÌ Ö¤¥· ¢ ·¥ ±Í¨ÖÌ Ìµ²µ¤´µ£µ ¨ £µ·ÖÎ¥£µ ¸²¨Ö´¨Ö.

Å �·¥¤²µ¦¥´ ³¥Éµ¤ ¤²Ö · ¸Î¥É  § ·Ö¤µ¢ÒÌ ¨ ³ ¸¸µ¢ÒÌ · ¸¶·¥¤¥²¥´¨°
¶·µ¤Ê±Éµ¢ ±¢ §¨¤¥²¥´¨Ö.

Å ˆ¸¸²¥¤µ¢ ´  § ¢¨¸¨³µ¸ÉÓ ¶·µ´¨Í ¥³µ¸É¨ ¡ ·Ó¥·  µÉ É·¥´¨Ö ¢ Ö¤¥·´ÒÌ
¸¨¸É¥³ Ì.

Å Œµ¤¥²Ó „Ÿ‘ Ê¸¶¥Ï´µ ¨¸¶µ²Ó§Ê¥É¸Ö ¢ µ¶¨¸ ´¨¨ ¸¨²Ó´µ¤¥Ëµ·³¨·µ¢ ´-
´ÒÌ Ö¤¥·´ÒÌ ¸µ¸ÉµÖ´¨° [19] ¨ µ±ÉÊ¶µ²Ó´ÒÌ ¢¨¡· Í¨°.
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�. ˆ. ’¨Éµ¢

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

‹ ¡µ· Éµ·¨Ö É¥µ·¥É¨Î¥¸±µ° Ë¨§¨±¨ ¨³. �. �. �µ£µ²Õ¡µ¢ 

„ ´ ±· É±¨° µ¡§µ· µ¸´µ¢´ÒÌ ´ ¶· ¢²¥´¨° ¨¸¸²¥¤µ¢ ´¨Ö Ë¨§¨±¨ ¢¥±Éµ·´ÒÌ ³¥§µ´µ¢. ‚
Î ¸É´µ¸É¨, µ¡¸Ê¦¤ ¥É¸Ö ³µ¤¨Ë¨± Í¨Ö ¸¢µ°¸É¢ ¢¥±Éµ·´ÒÌ ³¥§µ´µ¢ ¢ Ö¤¥·´µ° ¸·¥¤¥ ¢ Ê¸²µ¢¨ÖÌ
¢Ò¸µ±µ° É¥³¶¥· ÉÊ·Ò ¨ ¶²µÉ´µ¸É¨, ËµÉµ·µ¦¤¥´¨¥ φ-³¥§µ´µ¢ ¨ ¸±·ÒÉ Ö ¸É· ´´µ¸ÉÓ ¢ ´Ê±²µ´ Ì,
µ¡· §µ¢ ´¨¥ φ-, ω-³¥§µ´µ¢ ¨ ¶·µ¡²¥³  ´ ·ÊÏ¥´¨Ö ¶· ¢¨²  OZI ¢  ¤·µ´´ÒÌ ¶·µÍ¥¸¸ Ì, µ¡· §µ-
¢ ´¨¥ ω-³¥§µ´µ¢ ± ± ³¥Éµ¤ ¨¸¸²¥¤µ¢ ´¨Ö ¸¢µ°¸É¢ ´Ê±²µ´´ÒÌ ·¥§µ´ ´¸µ¢.

We give a brief review of the topical problems related the dynamics of vector meson. In
particular, we discuss in-medium modiˇcation of the vector meson properties in hot and nuclear
matter, photoproduction of the φ-mesons as a probe for hidden strangeness in a nucleon, φ-,
ω-production and OZI-rule violation, ω-production as a tool for studying the baryon resonance
properties.

1. �±ÉÊ ²Ó´µ¸ÉÓ ¨¸¸²¥¤µ¢ ´¨Ö ¶·µÍ¥¸¸µ¢ µ¡· §µ¢ ´¨Ö ¢¥±Éµ·´ÒÌ ³¥§µ´µ¢
¢ Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨ÖÌ ¨³¥¥É ·Ö¤ ËÊ´¤ ³¥´É ²Ó´ÒÌ  ¸¶¥±Éµ¢. �¤¨´ ¨§
´¨Ì ¸¢Ö§ ´ ¸ ´ ¤¥¦¤µ° ¶µ²ÊÎ¨ÉÓ Ö¸´Ò° ¸¨£´ ² µ ¢µ§³µ¦´µ³ ¢µ¸¸É ´µ¢²¥´¨¨
±¨· ²Ó´µ° ¸¨³³¥É·¨¨ ¢ Ö¤¥·´µ³ ¢¥Ð¥¸É¢¥ ¶·¨ ¢Ò¸µ±¨Ì É¥³¶¥· ÉÊ· Ì ¨ ¶²µÉ-
´µ¸ÉÖÌ. „¥²µ ¢ Éµ³, ÎÉµ ¶·¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¥³ ®±¨· ²Ó´µ³¯ Ë §µ¢µ³ ¶¥·¥Ìµ¤¥
¶·¥¤¸± §Ò¢ ¥É¸Ö ¸ÊÐ¥¸É¢¥´´µ¥ ¨§³¥´¥´¨¥ ¸¢µ°¸É¢ (³ ¸¸, Ï¨·¨´Ò · ¸¶ ¤µ¢)
¢¥±Éµ·´ÒÌ ³¥§µ´µ¢ [1, 2], ±µÉµ·Ò¥ ³µ¦´µ Ê¢¨¤¥ÉÓ ¢ ¸¶¥±É· Ì ¨´¢ ·¨ ´É´ÒÌ
³ ¸¸ Ô²¥±É·µ´-¶µ§¨É·µ´´ÒÌ ¶ ·, µ¡· §ÊÕÐ¨Ì¸Ö ¢ Ö¤¥·´ÒÌ ¸Éµ²±´µ¢¥´¨ÖÌ ¶·¨
¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ. �± § ²µ¸Ó, ÎÉµ ¤²Ö ±µ´±·¥É´µ° ·¥ ²¨§ Í¨¨ ÔÉµ°, ¤µ¢µ²Ó´µ
Ö¸´µ° ´  ¶¥·¢Ò° ¢§£²Ö¤, ¨¤¥¨ ¶µÉ·¥¡µ¢ ²µ¸Ó ·¥Ï¨ÉÓ ´¥¸±µ²Ó±µ ¢§ ¨³µ¸¢Ö§ ´-
´ÒÌ ¶·µ¡²¥³, ± ¦¤ Ö ¨§ ±µÉµ·ÒÌ ¨³¥¥É ¸ ³µ¸ÉµÖÉ¥²Ó´Ò° ´ ÊÎ´Ò° ¨´É¥·¥¸:
ÔÉµ ³¥Ì ´¨§³ µ¡· §µ¢ ´¨Ö ¢¥±Éµ·´ÒÌ ³¥§µ´µ¢ ¢ Ö¤¥·´µ° ¸·¥¤¥ [3Ä5], ¶·¨·µ¤ 
·¥§µ´ ´¸´ÒÌ ¨ ´¥·¥§µ´ ´¸´ÒÌ ¨¸ÉµÎ´¨±µ¢ ¨§²ÊÎ¥´¨Ö ¢¨·ÉÊ ²Ó´ÒÌ ¨ ·¥ ²Ó´ÒÌ
ËµÉµ´µ¢ ¢  ¤·µ´´ÒÌ ¨ Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨ÖÌ [6Ä10], ¸¢µ°¸É¢  ¶µ²Ö·¨§ Í¨-
µ´´ÒÌ µ¶¥· Éµ·µ¢ ¢¥±Éµ·´ÒÌ ³¥§µ´µ¢ ¢ ¸¨²Ó´µ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¥° ¸·¥¤¥ [11].
�¸µ¡µ¥ §´ Î¥´¨¥ ¨³¥¥É ¢Ò¡µ· ´ ¡²Õ¤ ¥³ÒÌ, ÎÊ¢¸É¢¨É¥²Ó´ÒÌ ± ÔËË¥±É ³ ¶µ-
²Ö·¨§ Í¨¨ ¢¥±Éµ·´ÒÌ ³¥§µ´µ¢ ¢ Ö¤¥·´µ° ¸·¥¤¥. �¤´  ¨§ É ±¨Ì ¶¥·¥³¥´´ÒÌ,
¸¢Ö§ ´´ Ö ¸ ¨§³¥·¥´¨¥³  ¸¨³³¥É·¨¨ · ¸¶ ¤  ρ → π+π−, ρ → e+e−, ¶·¥¤²µ-
¦¥´  ¢ [12]. �É¨ ¨¸¸²¥¤µ¢ ´¨Ö ¸¥°Î ¸ µ¸µ¡¥´´µ ¢ ¦´Ò ¢ ¸¢Ö§¨ ¸ ¶µ²ÊÎ¥´¨¥³
¶¥·¢ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ Ê± § ´¨° ´   ´µ³ ²¨¨ ¢ ¸¶¥±É· Ì ¨´¢ ·¨ ´É´ÒÌ
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³ ¸¸ ¤¨Ô²¥±É·µ´µ¢, µ¡´ ·Ê¦¥´´ÒÌ ¢ ±µ²² ¡µ· Í¨ÖÌ CERES (‘ERN) [13] ¨
HELIOS (BNL) [14], ¨ ¸±µ·Ò³ § ¶Ê¸±µ³ ¤¥É¥±Éµ·  HADES (GSI) [15].

2. �¸µ¡µ¥ ³¥¸Éµ ¢ Ë¨§¨±¥ ¢¥±Éµ·´ÒÌ ³¥§µ´µ¢ ¶·¨´ ¤²¥¦¨É ¶·µÍ¥¸¸ ³
µ¡· §µ¢ ´¨Ö φ-³¥§µ´µ¢, ±µÉµ·Ò¥ ³µ£²¨ ¡Ò ¶·µ²¨ÉÓ ¸¢¥É ´  ¶·µ¡²¥³Ê ¸±·ÒÉµ°
¸É· ´´µ¸É¨ ¢ ´Ê±²µ´ Ì. ˆ§¢¥¸É´µ, ÎÉµ φ-³¥§µ´ ¸µ¸Éµ¨É ¶·¥¨³ÊÐ¥¸É¢¥´´µ ¨§
ss̄-±¢ ·±µ¢. �·¨³¥¸Ó u-, d-±¢ ·±µ¢ Ê ´¥£µ ³ ²  ¨ ¶µ ¶µ·Ö¤±Ê ¢¥²¨Î¨´Ò · ¢´ 
sin2 ∆Θ, £¤¥ ∆Θ � 3, 7◦ ¥¸ÉÓ µÉ±²µ´¥´¨¥ µÉ ¨¤¥ ²Ó´µ£µ Ê£²  ωφ-¸³¥Ï¨¢ ´¨Ö.
�µÔÉµ³Ê ¥¸²¨ ¢ ´ Î ²Ó´µ³ ¸µ¸ÉµÖ´¨¨ ± ±µ£µ-²¨¡µ ¶·µÍ¥¸¸  µÉ¸ÊÉ¸É¢ÊÕÉ Î -
¸É¨ÍÒ ¸ µÉ±·ÒÉµ° ¸É· ´´µ¸ÉÓÕ, Éµ µ¡· §µ¢ ´¨¥ φ-³¥§µ´µ¢ ¤µ²¦´µ ¡ÒÉÓ ¶µ-
¤ ¢²¥´µ ¶µ ¸· ¢´¥´¨Õ ¸ µ¡· §µ¢ ´¨¥³ ω-³¥§µ´µ¢, ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ ¶· ¢¨²µ³
�±Ê¡µ, –¢¥°£ , ˆ¨§Ê±¨ (OZI). ’ ±, µÉ´µÏ¥´¨¥ ¢¥·µÖÉ´µ¸É¥° µ¡· §µ¢ ´¨Ö ω-
¨ φ-³¥§µ´µ¢ ¤µ²¦´µ ¡ÒÉÓ R2

ω/φ � ctg2∆θV � 2, 4 · 102. …¸²¨ ¢ · ¸¶ ¤ Ì
ω → πγ- ¨ φ → πγ-³¥§µ´µ¢ ÔÉµ µÉ´µÏ¥´¨¥ ¡²¨§±µ ± ´¥³Ê, Éµ ¢  ¤·µ´-
´ÒÌ ¶·µÍ¥¸¸ Ì, ´ ¶·¨³¥· πN → V N, NN → V NN p̄p → V . . . (V = ωφ),
µ´µ §´ Î¨É¥²Ó´µ ³¥´ÓÏ¥, ÎÉµ ³µ¦¥É ¡ÒÉÓ ¨´É¥·¶·¥É¨·µ¢ ´µ ± ± Ê± § ´¨¥ ´ 
¡µ²ÓÏÊÕ ¢¥²¨Î¨´Ê ¸±·ÒÉµ° ¸É· ´´µ¸É¨ ¢ ´Ê±²µ´ Ì. …¸²¨ ¶·¥¤¶µ²µ¦¨ÉÓ, ÎÉµ
¸±·ÒÉ Ö ¸É· ´´µ¸ÉÓ ¢ ´Ê±²µ´¥ ³µ¦¥É ¡ÒÉÓ ´  Ê·µ¢´¥ µ¤´µ£µ ¨²¨ ´¥¸±µ²Ó-
±¨Ì ¶·µÍ¥´Éµ¢, Éµ ¶·µ¡²¥³  ¶µ¨¸±  ¸±·ÒÉµ° ¸É· ´´µ¸É¨ · §¡¨¢ ¥É¸Ö ´  ¤¢ 
´ ¶· ¢²¥´¨Ö: ³µ¦´µ ²¨ (i) ¨§¢²¥ÎÓ ¨´Ëµ·³ Í¨Õ µ ¸±·ÒÉµ° ¸É· ´´µ¸É¨ ¨§
ËµÉµ·µ¦¤¥´¨Ö φ-³¥§µ´µ¢ ¨ (ii) ¶µ´ÖÉÓ ¶·¨Î¨´Ê ¸¨²Ó´µ£µ ´ ·ÊÏ¥´¨Ö ¶· ¢¨² 
OZI ¢  ¤·µ´´ÒÌ ¶·µÍ¥¸¸ Ì.

�¨¸. 1.

�¥·¢µ¥ ´ ¶· ¢²¥´¨¥ ¤¥É ²Ó´µ
¨¸¸²¥¤Ê¥É¸Ö ¢ · ¡µÉ Ì [16Ä19],
£¤¥ c ¨¸¶µ²Ó§µ¢ ´¨¥³ ·¥²ÖÉ¨¢¨¸É-
¸±µ° ±¢ ·±µ¢µ° ³µ¤¥²¨ · ¸¸³µÉ·¥´µ
µ¡· §µ¢ ´¨¥ φ-³¥§µ´µ¢ ¢ ¶·µÍ¥¸¸ Ì
¢Ò¡¨¢ ´¨Ö ss̄- ¨ uud-±µ´Ë¨£Ê· Í¨°
¨§ ´Ê±²µ´µ¢ (ss̄- ¨ uud-®knockout¯,
¸µµÉ¢¥É¸É¢¥´´µ, ¢ s- ¨ u-± ´ ² Ì).
Š·µ³¥ Éµ£µ, ¤¥É ²Ó´µ ¨¸¸²¥¤µ¢ ´Ò
 ³¶²¨ÉÊ¤Ò ¤·Ê£¨Ì (®´¥ ¸É· ´´ÒÌ¯)
¶·µÍ¥¸¸µ¢ Å ¶µ³¥·µ´´Ò° µ¡³¥´,
¢±² ¤ ³¥§µ´´ÒÌ ¤¨ £· ³³ ¨ É. ¤.
�  ·¨¸. 1 ¶·¨¢¥¤¥´ ¶·¨³¥· · ¸Î¥É 
¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö ·¥ ±-
Í¨¨ γp → φp [18]. ‘¶²µÏ´ Ö
±·¨¢ Ö Å ÔÉµ ¢±² ¤ ¢¸¥Ì Ëµ´µ¢ÒÌ
¶·µÍ¥¸¸µ¢, ÏÉ·¨Ìµ¢ Ö ¨ ÏÉ·¨Ì¶Ê´±-
É¨·´ Ö ±·¨¢Ò¥ ¸µµÉ¢¥É¸É¢ÊÕÉ µ¡· -
§µ¢ ´¨Õ φ-³¥§µ´µ¢ ¢ ¶·µÍ¥¸¸ Ì ¢Ò¡¨¢ ´¨Ö ss̄- ¨ uud-±µ´Ë¨£Ê· Í¨° ¸µµÉ¢¥É-
¸É¢¥´´µ, ¶·¨ Ê¸²µ¢¨¨, ÎÉµ ¢¥·µÖÉ´µ¸ÉÓ ¸±·ÒÉµ° ¸É· ´´µ¸É¨ ¢ ´Ê±²µ´¥ ¸µ¸É -
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�¨¸. 2.

¢²Ö¥É 1 %. ‚¨¤´µ, ÎÉµ ¶µ²´µ¥ ¸¥Î¥´¨¥ ¶· ±É¨Î¥¸±¨ ¶µ²´µ¸ÉÓÕ µ¶¨¸Ò¢ ¥É¸Ö
Ëµ´µ¢Ò³¨ ¶·µÍ¥¸¸ ³¨. ‘¨ÉÊ Í¨Ö ·¥§±µ ³¥´Ö¥É¸Ö, ±µ£¤  ³Ò ¶¥·¥Ìµ¤¨³ ± ¸¶¨-
´µ¢Ò³ ¶¥·¥³¥´´Ò³. ‚ ± Î¥¸É¢¥ ¶·¨³¥·  ´  ·¨¸. 2 ¶·¨¢¥¤¥´ · ¸Î¥É ¸¶¨´µ-
¢ÒÌ  ¸¨³³¥É·¨°: ¶ÊÎµ±Ä³¨Ï¥´Ó CBT

zz (·¨¸. 2,  ) ¨ ¶ÊÎµ±Ä´Ê±²µ´ µÉ¤ Î¨ CBR
zz′

(·¨¸. 2, ¡) ± ± ËÊ´±Í¨Ö µÉ Ê£²  µ¡· §µ¢ ´¨Ö φ-³¥§µ´ :

CBT,BR
zz′ =

dσ(↑↓) − dσ(↑↑)
dσ(↑↓) + dσ(↑↑) , (1)

£¤¥ ¸É·¥²±¨ Ê± §Ò¢ ÕÉ ´ ¶· ¢²¥´¨¥ ¸¶¨· ²Ó´µ¸É¥° ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì Î ¸É¨Í.
‘¶²µÏ´Ò¥ ±·¨¢Ò¥ ¶·¥¤¸± §Ò¢ ÕÉ  ¸¨³³¥É·¨Õ ¡¥§ ÊÎ¥É  ¸±·ÒÉµ° ¸É· ´´µ-
¸É¨, ÏÉ·¨Ìµ¢Ò¥ ¨ ÏÉ·¨Ì¶Ê´±É¨·´Ò¥ ¸µµÉ¢¥É¸É¢ÊÕÉ · ¸Î¥ÉÊ ¸ ÊÎ¥Éµ³ ¸±·ÒÉµ°
¸É· ´´µ¸É¨ ´  Ê·µ¢´¥ 0,25 ¨ 1 % ¸µµÉ¢¥É¸É¢¥´´µ. ‘¨³¢µ²Ò (±1,±1) ¸µµÉ-
¢¥É¸É¢ÊÕÉ Ë § ³ ¸¨´£²¥É´µ° ¨ É·¨¶²¥É´µ°  ³¶²¨ÉÊ¤ ss̄-±µ´Ë¨£Ê· Í¨° ¢ ´Ê-
±²µ´¥. ‚¨¤´µ, ÎÉµ ÊÎ¥É ¤ ¦¥ ´¥¡µ²ÓÏµ° ¶·¨³¥¸¨ ¸±·ÒÉµ° ¸É· ´´µ¸É¨ ¶·¨¢µ-
¤¨É ± ¡µ²ÓÏµ³Ê ÔËË¥±ÉÊ, µ¸µ¡¥´´µ ¶·¨ ³ ²ÒÌ Ê£² Ì µ¡· §µ¢ ´¨Ö φ-³¥§µ´µ¢,
É. ¥. É ³, £¤¥ ¸¥Î¥´¨¥ ³ ±¸¨³ ²Ó´µ. ’ ±¨³ µ¡· §µ³, ËµÉµ/Ô²¥±É·µ·µ¦¤¥´¨¥
φ-³¥§µ´µ¢ ³µ¦¥É ¡ÒÉÓ ·¥ ²Ó´Ò³ ¨´¸É·Ê³¥´Éµ³ ¨¸¸²¥¤µ¢ ´¨Ö ¸±·ÒÉµ° ¸É· ´-
´µ¸É¨ ¢  ¤·µ´ Ì ¨ Ö¤· Ì.

3. Š ± Ê¦¥ µÉ³¥Î ²µ¸Ó, ¥Ð¥ µ¤´µ° ¢ ¦´µ° ¶·µ¡²¥³µ° Ö¢²Ö¥É¸Ö µÉ´µ¸¨-
É¥²Ó´µ ³ ² Ö ¢¥²¨Î¨´  µÉ´µÏ¥´¨Ö ¢ÒÌµ¤  ω- ± φ-³¥§µ´ ³ ¢  ¤·µ´´ÒÌ ¶·µ-
Í¥¸¸ Ì ¢¡²¨§¨ ¶µ·µ£ . ‚ ± Î¥¸É¢¥ ¶·¨³¥·  ¶·¨¢¥¤¥³ ¶·µ¸É¥°ÏÊÕ  ¤·µ´´ÊÕ
·¥ ±Í¨Õ π−p → pV , V = φ, ω. ‡¤¥¸Ó ¨§³¥·¥´´µ¥ µÉ´µÏ¥´¨¥  ³¶²¨ÉÊ¤ µ¡· -
§µ¢ ´¨Ö ω- ¨ φ-³¥§µ´µ¢ Rω/φ = 8, 7±1, 8 ¶µÎÉ¨ ¢ ¤¢  · §  ³¥´ÓÏ¥ µ¦¨¤ ¥³µ£µ
ROZI

ω/φ = 15, 43. �¡ÑÖ¸´¥´¨¥ ÔÉµ£µ ÔËË¥±É  ¸µ¸Éµ¨É ¢ ¸²¥¤ÊÕÐ¥³ [20]. ‚  ³-
¶²¨ÉÊ¤Ê ¶·µÍ¥¸¸  ´ ·Ö¤Ê ¸ t-± ´ ²Ó´Ò³ ³¥§µ´´Ò³ µ¡³¥´µ³ ¤ ÕÉ ¢±² ¤ s- ¨
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�¨¸. 3.

u-± ´ ²Ó´Ò¥ µ¡³¥´Ò ´Ê±²µ´µ¢ ¨ ´Ê±²µ´´ÒÌ ·¥§µ´ ´¸µ¢. �³¶²¨ÉÊ¤Ò ³¥§µ´-
´µ£µ µ¡³¥´  § ¤ ÕÉ¸Ö ±µ´¸É ´É ³¨ ωπρ- ¨ φπρ-¢§ ¨³µ¤¥°¸É¢¨° ¨ ¨Ì µÉ´µ-
Ï¥´¨¥ ¡²¨§±µ ¶µ ¢¥²¨Î¨´¥ ± ROZI

ω/φ, É. ¥. ¥¸²¨ ¨£´µ·¨·µ¢ ÉÓ ¤¨´ ³¨Î¥¸±¨°
 ¸¶¥±É, ¸¢Ö§ ´´Ò° ¸ · §´¨Í¥° ³ ¸¸ ω- ¨ φ-³¥§µ´µ¢, Éµ ¸²¥¤µ¢ ²µ ¡Ò µ¦¨¤ ÉÓ,
ÎÉµ Rω/φ � ROZI

ω/φ. �± § ²µ¸Ó, ÎÉµ µÉ´µ¸¨É¥²Ó´Ò° ¢±² ¤ s- ¨ u-± ´ ²µ¢ ¢
 ³¶²¨ÉÊ¤Ê µ¡· §µ¢ ´¨Ö φ-³¥§µ´µ¢ ¤¨´ ³¨Î¥¸±¨ ¶µ¤ ¢²¥´, ¢ Éµ ¢·¥³Ö ± ± ¢
¸²ÊÎ ¥ ω-³¥§µ´µ¢ ¢¸¥ ± ´ ²Ò ¨³¥ÕÉ µ¤¨´ ¶µ·Ö¤µ± ¢¥²¨Î¨´Ò ¨ ¤¥¸É·Ê±É¨¢´µ
¨´É¥·Ë¥·¨·ÊÕÉ ³¥¦¤Ê ¸µ¡µ°.

�  ·¨¸. 3 ¶·¨¢¥¤¥´ ·¥§Ê²ÓÉ É · ¸Î¥É  ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¸¥Î¥´¨° ± ± ËÊ´±-
Í¨Ö ¶·¥¢ÒÏ¥´¨Ö ¶µ²´µ° Ô´¥·£¨¨ µÉ´µ¸¨É¥²Ó´µ ¶µ·µ£ . ˜É·¨Ì¶Ê´±É¨·´Ò¥,
ÏÉ·¨Ìµ¢Ò¥ ¨ ±µ·µÉ±¨¥ ÏÉ·¨Ìµ¢Ò¥ ²¨´¨¨ ¸µµÉ¢¥É¸É¢ÊÕÉ ¢±² ¤ ³ t-± ´ ²Ó´ÒÌ
³¥§µ´µµ¡³¥´´ÒÌ, s-, u-± ´ ²Ó´ÒÌ ´Ê±²µ´µ- ¨ ·¥§µ´ ´¸´µ-µ¡³¥´´ÒÌ ¢±² ¤µ¢
¸µµÉ¢¥É¸É¢¥´´µ, ¢§ÖÉÒÌ ¶µ µÉ¤¥²Ó´µ¸É¨. ‚ · ¸Î¥É¥ ¡Ò²¨ ÊÎÉ¥´Ò ¢¸¥ ¨§¢¥¸É-
´Ò¥ ·¥§µ´ ´¸Ò ¸ ³ ¸¸µ° MN∗ ≤ 1750 ŒÔ‚. ‚¨¤´µ ÎÉµ ¢ ·¥ ±Í¨¨ πN → ωN
¢±² ¤ ´Ê±²µ´´ÒÌ ·¥§µ´ ´¸µ¢ ¢¥¸Ó³  §´ Î¨É¥²¥´, ¢ Éµ ¢·¥³Ö ± ± ¢ ·¥ ±Í¨¨
πN → φN ¤µ³¨´¨·Ê¥É ³¥§µ´´Ò° µ¡³¥´. � ¸¸Î¨É ´´µ¥ µÉ´µÏ¥´¨¥ Rω/φ

¸µ¸É ¢²Ö¥É ¢¥²¨Î¨´Ê 7,5Ä10, ÎÉµ ¸µ£² ¸Ê¥É¸Ö ¸ Ô±¸¶¥·¨³¥´Éµ³. ˆ´É¥·¥¸´Ò³
¸²¥¤¸É¢¨¥³ · §²¨Î¨Ö ³¥Ì ´¨§³µ¢ µ¡· §µ¢ ´¨Ö ω- ¨ φ-³¥§µ´µ¢ Ö¢²Ö¥É¸Ö ¸¨²Ó-
´µ¥ · §²¨Î¨¥ ¢ Ê£²µ¢ÒÌ · ¸¶·¥¤¥²¥´¨ÖÌ e+e−, µ¡· §ÊÕÐ¨Ì¸Ö ¢ ·¥ ±Í¨ÖÌ
πN → Nω → Ne+e− ¨ πN → Nφ → Ne+e−. t-± ´ ²Ó´Òe ³¥§µ´µµ¡³¥´-
´Òe ¤¨ £· ³³Ò ¶·¨¢µ¤ÖÉ ±  ´¨§µÉ·µ¶´µ³Ê Ê£²µ¢µ³Ê · ¸¶·¥¤¥²¥´¨Õ, Éµ£¤ 
± ± N -, N∗-µ¡³¥´ ¤ ¥É ¨§µÉ·µ¶´µ¥ · ¸¶·¥¤¥²¥´¨¥. �Éµ · §²¨Î¨¥ ¶µ± § ´µ ´ 
·¨¸. 4, £¤¥ ¶·¨¢¥¤¥´ · ¸Î¥É ´µ·³¨·µ¢ ´´µ£µ ´  ¥¤¨´¨ÍÊ Ê£²µ¢µ£µ · ¸¶·¥¤¥²¥-
´¨Ö Ô²¥±É·µ´µ¢ ¶·¨ ´ Î ²Ó´µ° Ô´¥·£¨¨ 20 ŒÔ‚ ´ ¤ ¶µ·µ£µ³: ¢¨¤´µ  ´¨§µ-
É·µ¶´µ¥ · ¸¶·¥¤¥²¥´¨¥ ¢ πN → Nφ → Ne+e− ¨ ¶µÎÉ¨ ¶µ²´µ¸ÉÓÕ ¨§µÉ·µ¶-
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�¨¸. 4. �¨¸. 5.

´µ¥ ¢ ·¥ ±Í¨¨ πN → Nω → Ne+e−. �·¥¤¸± § ´´Ò° ÔËË¥±É ³µ¦¥É ¡ÒÉÓ
¨¸¸²¥¤µ¢ ´ Ô±¸¶¥·¨³¥´É ²Ó´µ ´  Ê¸É ´µ¢±¥ HADES ¢ ¡²¨¦ °Ï¥¥ ¢·¥³Ö.

4. ˆ, ´ ±µ´¥Í, µÉ³¥É¨³, ÎÉµ ¶·µ¡²¥³  ¨¸¸²¥¤µ¢ ´¨Ö ´Ê±²µ´´ÒÌ ·¥§µ-
´ ´¸µ¢ ¨³¥¥É £²Ê¡µ±¨° ¸ ³µ¸ÉµÖÉ¥²Ó´Ò° ¨´É¥·¥¸ ¨ §¤¥¸Ó ³µ¦¥É ¡ÒÉÓ ÔË-
Ë¥±É¨¢´µ ¨¸¶µ²Ó§µ¢ ´µ ËµÉµ/Ô²¥±É·µ·µ¦¤¥´¨¥ ω-³¥§µ´µ¢. ‚±² ¤ ·¥§µ´ ´¸µ¢
¨¤¥É ´  Ëµ´¥ ¸¨²Ó´µ° ®´¥·¥§µ´ ´¸´µ°¯ Î ¸É¨  ³¶²¨ÉÊ¤Ò, ¶µÔÉµ³Ê ¢Ò¤¥²¨ÉÓ
¥£µ ¨§ ¶µ²´ÒÌ ¸¥Î¥´¨° ¶· ±É¨Î¥¸±¨ ´¥¢µ§³µ¦´µ. �¤´ ±µ  ´ ²¨§ ¸¶¨´µ¢ÒÌ
¶¥·¥³¥´´ÒÌ ¶µ± §Ò¢ ¥É, ÎÉµ ¢ ·Ö¤¥ ¸²ÊÎ ¥¢ ·¥§µ´ ´¸´Ò° ± ´ ² ³µ¦¥É Ö·±µ
¶·µÖ¢¨ÉÓ ¸¥¡Ö. ‚ ± Î¥¸É¢¥ ¶·¨³¥·  ´  ·¨¸. 5 ¶·¨¢¥¤¥´ ¶·¥¤¸± § É¥²Ó´Ò° · ¸-
Î¥É  ¸¨³³¥É·¨¨ ¶ÊÎµ±Ä³¨Ï¥´Ó CBT ± ± ËÊ´±Í¨¨ ¶µ²´µ° Ô´¥·£¨¨ ¢ ¸¨¸É¥³¥
Í¥´É·  ³ ¸¸ W Å Ô´¥·£¨¨ ¶·¨ ´Ê²¥¢µ³ Ê£²¥ µ¡· §µ¢ ´¨Ö ω-³¥§µ´µ¢ [21].

‚ § ±²ÕÎ¥´¨¥ µÉ³¥É¨³, ÎÉµ ¢¸¥ ¶¥·¥Î¨¸²¥´´Ò¥ ¶·µ¡²¥³Ò ¢§ ¨³µ¸¢Ö§ ´Ò
¨ ¨³¥ÕÉ ¶·Ö³µ¥ µÉ´µÏ¥´¨¥ ±µ ³´µ£¨³ ¤·Ê£¨³ Ö¢²¥´¨Ö³ ¨ ¶·µÍ¥¸¸ ³ ¢ Ë¨§¨±¥
Î ¸É¨Í ¨ Ö¤· ,  ±É¨¢´µ ¨¸¸²¥¤Ê¥³Ò³ ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö.
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�¡Ñ¥¤¨´¥´´Ò° ¨´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨°, „Ê¡´ 

‹ ¡µ· Éµ·¨Ö É¥µ·¥É¨Î¥¸±µ° Ë¨§¨±¨ ¨³. �. �. �µ£µ²Õ¡µ¢ 

�µ¸É·µ¥´Ò Ö¢´Ò¥ ¶·¥¤¸É ¢²¥´¨Ö ¤²Ö  ´ ²¨É¨Î¥¸±µ£µ ¶·µ¤µ²¦¥´¨Ö ±µ³¶µ´¥´É ” ¤¤¥¥¢ 
É·¥ÌÎ ¸É¨Î´µ° T -³ É·¨ÍÒ ´  ´¥Ë¨§¨Î¥¸±¨¥ ²¨¸ÉÒ ·¨³ ´µ¢µ° ¶µ¢¥·Ì´µ¸É¨ Ô´¥·£¨¨. ‘µ£² ¸´µ
ÔÉ¨³ ¶·¥¤¸É ¢²¥´¨Ö³ T -³ É·¨Í  ´  ´¥Ë¨§¨Î¥¸±¨Ì ²¨¸É Ì ¢Ò· ¦ ¥É¸Ö ¢ É¥·³¨´ Ì ¥¥ ±µ³¶µ´¥´É,
µÉ´µ¸ÖÐ¨Ì¸Ö ²¨ÏÓ ± Ë¨§¨Î¥¸±µ³Ê ²¨¸ÉÊ. �  µ¸´µ¢¥ ¶·¥¤¸É ¢²¥´¨° ¤²Ö T -³ É·¨ÍÒ ¸Ëµ·³Ê²¨-
·µ¢ ´Ò  ´ ²µ£¨Î´Ò¥ ¶·¥¤¸É ¢²¥´¨Ö ¤²Ö  ´ ²¨É¨Î¥¸±µ£µ ¶·µ¤µ²¦¥´¨Ö ´  ´¥Ë¨§¨Î¥¸±¨¥ ²¨¸ÉÒ
É ±¦¥ ¨ ¤²Ö ³ É·¨Í · ¸¸¥Ö´¨Ö. ‘Ëµ·³Ê²¨·µ¢ ´ ¨  ¶·µ¡¨·µ¢ ´  ²£µ·¨É³ ´ Ìµ¦¤¥´¨Ö ·¥§µ´ ´¸µ¢
¢ ¸¨¸É¥³¥ É·¥Ì ±¢ ´Éµ¢ÒÌ Î ¸É¨Í ´  µ¸´µ¢e ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨° ” ¤¤¥¥¢ .

Explicit representations for the Faddeev components of the three-body T -matrix continued ana-
lytically into unphysical sheets of the energy Riemann surface are found. According to the representa-
tions, the T -matrix on unphysical sheets is explicitly expressed in terms of its components only taken
in the physical energy sheet. The representations for the T -matrix are then used to construct similar
representations for the analytic continuation of the three-body scattering matrices. An algorithm for
calculating three-body resonances based on the Faddeev differential equations is suggested and tested.

1. �¥§µ´ ´¸Ò ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° µ¤´µ ¨§ ¸ ³ÒÌ ¨´É¥·¥¸´ÒÌ Ö¢²¥´¨°,
´ ¡²Õ¤ ¥³ÒÌ ¢ · ¸¸¥Ö´¨¨ ±¢ ´Éµ¢ÒÌ Î ¸É¨Í. �¸´µ¢´Ò¥ ¶·µ¡²¥³Ò, ¸¢Ö§ ´´Ò¥
¸µ ¸É·µ£¨³ µ¶·¥¤¥²¥´¨¥³ ¶µ´ÖÉ¨Ö ·¥§µ´ ´¸ , ´ ¨¡µ²¥¥ µÉÎ¥É²¨¢µ µ¶¨¸ ´Ò ¢
µ¡§µ·¥ �. ‘ °³µ´  [1]. ‚ µÉ²¨Î¨¥ µÉ µ¡ÒÎ´µ£µ (¢¥Ð¥¸É¢¥´´µ£µ) ¸¶¥±É· , ·¥-
§µ´ ´¸Ò ´¥ Ö¢²ÖÕÉ¸Ö Ê´¨É ·´Ò³ ¨´¢ ·¨ ´Éµ³ ¸ ³µ¸µ¶·Ö¦¥´´µ£µ µ¶¥· Éµ· .
�µÔÉµ³Ê · ¸¸³µÉ·¥´¨¥ ·¥§µ´ ´¸µ¢ ¢¸¥£¤  Ö¢´µ ¨²¨ ´¥Ö¢´µ ¸¢Ö§ ´µ ¸ Éµ° ¨²¨
¨´µ° ³µ¤¥²ÓÕ, ¡µ²¥¥ ¨²¨ ³¥´¥¥ ±µ´±·¥É´µ° Ë¨§¨Î¥¸±µ° ¸¨¸É¥³µ° ¨ É. ¶.,
¶·¥¤¶µ² £ ÕÐ¨³¨ ¶·¨¸ÊÉ¸É¢¨¥ ´¥±µÉµ·ÒÌ ¢´¥Ï´¨Ì ¸É·Ê±ÉÊ· É¨¶  ®¸¢µ¡µ¤-
´µ£µ¯ ¨²¨ ®´¥¢µ§³ÊÐ¥´´µ£µ¯ £ ³¨²ÓÉµ´¨ ´ , ¶µ µÉ´µÏ¥´¨Õ ± ±µÉµ·Ò³ ¨
¶·µÖ¢²ÖÕÉ¸Ö ·¥§µ´ ´¸Ò (¸³. [1]).

�¡Ð¥¶·¨´ÖÉ Ö ¨´É¥·¶·¥É Í¨Ö ·¥§µ´ ´¸µ¢ ¢ ±¢ ´Éµ¢µ° ³¥Ì ´¨±¥ ± ± ±µ³-
¶²¥±¸´ÒÌ ¶µ²Õ¸µ¢ ³ É·¨ÍÒ · ¸¸¥Ö´¨Ö,  ´ ²¨É¨Î¥¸±¨ ¶·µ¤µ²¦¥´´µ° ¶µ Ô´¥·-
£¨¨ ´  ´¥Ë¨§¨Î¥¸±¨¥ ²¨¸ÉÒ ¥e ·¨³ ´µ¢µ° ¶µ¢¥·Ì´µ¸É¨, ¢µ¸Ìµ¤¨É ± ¨§¢¥¸É´µ°
· ¡µÉ¥ ƒ. ƒ ³µ¢  [2], ¶µ¸¢ÖÐ¥´´µ° µ¶¨¸ ´¨Õ α-· ¸¶ ¤ . ‚ · §²¨Î´ÒÌ ¢ ·¨-
 ´É Ì É¥µ·¨¨ · ¸¸¥Ö´¨Ö ¢¸¥£¤  ¶·µ¨¸Ìµ¤¨É ¸· ¢´¥´¨¥ ´ ¡²Õ¤ ¥³µ° ¤¨´ ³¨±¨
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±¢ ´Éµ¢µ° ¸¨¸É¥³Ò ¸ ´¥±µÉµ·µ° ¥e ®¸¢µ¡µ¤´µ°¯ ¤¨´ ³¨±µ°. ‘¶¥±É· ·¥§µ´ ´-
¸µ¢ ¶·µÖ¢²Ö¥É¸Ö ´  Ëµ´¥ ÔÉµ° ¤¨´ ³¨±¨ ¨, ¢µµ¡Ð¥ £µ¢µ·Ö, § ¢¨¸¨É µÉ ¥¥
¢Ò¡µ· . �¡§µ· · §²¨Î´ÒÌ Ë¨§¨Î¥¸±¨Ì ¶µ¤Ìµ¤µ¢ ± ¨¸¸²¥¤µ¢ ´¨Õ É·¥ÌÎ ¸É¨Î-
´ÒÌ ·¥§µ´ ´¸µ¢ ³µ¦´µ ´ °É¨, ´ ¶·¨³¥·, ¢ [3] ¨ [4].

�·¨ ¶·µ¢¥¤¥´¨¨ ±µ´±·¥É´ÒÌ · ¸Î¥Éµ¢ ·¥§µ´ ´¸µ¢ Î ¸Éµ ¨¸¶µ²Ó§Ê¥É¸Ö ³¥-
Éµ¤ ±µ³¶²¥±¸´µ£µ ¸±¥°²¨´£  [5] (¸³. É ±¦¥ [1, 6]). �ÉµÉ ³¥Éµ¤ ¶·¨³¥´¨³ ±
§ ¤ Î¥ ´¥¸±µ²Ó±¨Ì Î ¸É¨Í ¢ É¥Ì ¸²ÊÎ ÖÌ, ±µ£¤  ¶µÉ¥´Í¨ ²Ò ¢§ ¨³µ¤¥°¸É¢¨Ö
³¥¦¤Ê Î ¸É¨Í ³¨ Ö¢²ÖÕÉ¸Ö  ´ ²¨É¨Î¥¸±¨³¨ ËÊ´±Í¨Ö³¨ ±µµ·¤¨´ É. �·¨ ±µ³-
¶²¥±¸´µ³ ¸±¥°²¨´£¥ £ ³¨²ÓÉµ´¨ ´  ¸¨¸É¥³Ò ¥£µ ¤¨¸±·¥É´Ò° ¸¶¥±É· µ¸É ¥É¸Ö
´¥¶µ¤¢¨¦´Ò³, ¢ Éµ ¢·¥³Ö ± ± ´¥¶·¥·Ò¢´Ò° ¸¶¥±É· ¶µ¢µ· Î¨¢ ¥É¸Ö ¨ ¶·¨-
µÉ±·Ò¢ ÕÉ¸Ö µ¶·¥¤¥²¥´´Ò¥ ¸¥±Éµ·Ò ´  ´¥Ë¨§¨Î¥¸±¨Ì ²¨¸É Ì, ¸µ¸¥¤´¨Ì ¶µ
µÉ´µÏ¥´¨Õ ± Ë¨§¨Î¥¸±µ³Ê ²¨¸ÉÊ. �¥§µ´ ´¸Ò, ´ Ìµ¤ÖÐ¨¥¸Ö ¢ ÔÉ¨Ì ¸¥±Éµ-
· Ì, µ± §Ò¢ ÕÉ¸Ö Î ¸ÉÓÕ ¤¨¸±·¥É´µ£µ ¸¶¥±É·  ¶·¥µ¡· §µ¢ ´´µ£µ £ ³¨²ÓÉµ´¨-
 ´  [6], ¨ É¥³ ¸ ³Ò³ ¶·¨ µ¶·¥¤¥²¥´¨¨ ¨Ì ¶µ²µ¦¥´¨Ö µ± §Ò¢ ¥É¸Ö ¢µ§³µ¦´Ò³
¶·¨³¥´ÖÉÓ ¸É ´¤ ·É´Ò¥ ³¥Éµ¤Ò ¶µ¨¸±  ¤¨¸±·¥É´µ£µ ¸¶¥±É· . �· ±É¨Î¥¸±¨¥
¶·¨²µ¦¥´¨Ö ³¥Éµ¤  ±µ³¶²¥±¸´µ£µ ¸±¥°²¨´£  ± ±µ´±·¥É´Ò³ § ¤ Î ³ ³µ¦´µ
´ °É¨, ¢ Î ¸É´µ¸É¨, ¢ [7Ä9].

‚ [10,11] ´ ³¨ ¡Ò² · §· ¡µÉ ´ ¨´µ° ¶µ¤Ìµ¤ ± ¨¸¸²¥¤µ¢ ´¨Õ É·¥ÌÎ ¸É¨Î-
´ÒÌ ·¥§µ´ ´¸µ¢. �¸´µ¢µ° ÔÉµ£µ ¶µ¤Ìµ¤  Ö¢²ÖÕÉ¸Ö ¶·¥¤¸É ¢²¥´¨Ö ¤²Ö  ´ ²¨-
É¨Î¥¸±µ£µ ¶·µ¤µ²¦¥´¨Ö É·¥ÌÎ ¸É¨Î´µ° T -³ É·¨ÍÒ ¨ ³ É·¨Í · ¸¸¥Ö´¨Ö ´ 
´¥Ë¨§¨Î¥¸±¨¥ ²¨¸ÉÒ ¢ É¥·³¨´ Ì, µÉ´µ¸ÖÐ¨Ì¸Ö ²¨ÏÓ ± Ë¨§¨Î¥¸±µ³Ê ²¨¸ÉÊ. ‘
µ¤´µ° ¸Éµ·µ´Ò, ÔÉ¨ ¶·¥¤¸É ¢²¥´¨Ö · ¸±·Ò¢ ÕÉ ¸É·µ¥´¨¥ ¶·µ¤µ²¦¥´´ÒÌ T - ¨
S-³ É·¨Í. ‘ ¤·Ê£µ° ¸Éµ·µ´Ò, µ´¨ ¶µ§¢µ²ÖÕÉ Ê± § ÉÓ ÔËË¥±É¨¢´Ò° ¶· ±É¨-
Î¥¸±¨°  ²£µ·¨É³ ¢ÒÎ¨¸²¥´¨Ö ·¥§µ´ ´¸µ¢ ¢ ¸¨¸É¥³ Ì É·¥Ì Î ¸É¨Í, ¶µ ±· °´¥°
³¥·¥, ¤²Ö ¸²ÊÎ Ö, ±µ£¤  ¢§ ¨³µ¤¥°¸É¢¨Ö ³¥¦¤Ê Î ¸É¨Í ³¨ Ö¢²ÖÕÉ¸Ö ±µ·µÉ±µ-
¤¥°¸É¢ÊÕÐ¨³¨.

‘µ£² ¸´µ ¶·¥¤¸É ¢²¥´¨Ö³ [10, 11] (¸³. Ëµ·³Ê²Ê (1)), ³ É·¨Í  M(z) =
{Mαβ(z)}, α, β = 1, 2, 3, ±µ³¶µ´¥´É ” ¤¤¥¥¢  [12] µ¶¥· Éµ·  T (z), ¡Ê¤ÊÎ¨
¶·µ¤µ²¦¥´  ´  ÉµÉ ¨²¨ ¨´µ° ´¥Ë¨§¨Î¥¸±¨° ²¨¸É Πl Ô´¥·£¨¨ z, Ö¢´µ ¢Ò· -
¦ ¥É¸Ö Î¥·¥§ ¸ ³Ê ÔÉÊ ³ É·¨ÍÊ, ¢§ÖÉÊÕ ´  Ë¨§¨Î¥¸±µ³ ²¨¸É¥,   É ±¦¥ Î¥·¥§
´¥±µÉµ·µ¥ Ê¸¥Î¥´¨¥ Sl(z) ¶µ²´µ° É·¥ÌÎ ¸É¨Î´µ° ³ É·¨ÍÒ · ¸¸¥Ö´¨Ö S(z).
• · ±É¥· Ê¸¥Î¥´¨Ö µ¶·¥¤¥²Ö¥É¸Ö ¨´¤¥±¸µ³ (´µ³¥·µ³) l ±µ´±·¥É´µ£µ ´¥Ë¨§¨-
Î¥¸±µ£µ ²¨¸É .

�·¥¤¸É ¢²¥´¨Ö ¤²Ö  ´ ²¨É¨Î¥¸±µ£µ ¶·µ¤µ²¦¥´¨Ö ³ É·¨ÍÒ · ¸¸¥Ö´¨Ö S(z)
¸²¥¤ÊÕÉ ´¥¶µ¸·¥¤¸É¢¥´´µ ¨§ ¶·¥¤¸É ¢²¥´¨° ¤²Ö  ´ ²¨É¨Î¥¸±¨ ¶·µ¤µ²¦¥´´µ°
³ É·¨ÍÒ M(z).

�¤´¨³ ¨§ ¸²¥¤¸É¢¨° ¶µ²ÊÎ¥´´ÒÌ ¶·¥¤¸É ¢²¥´¨°, ¤µ¶Ê¸± ÕÐ¨³ ´¥¶µ¸·¥¤-
¸É¢¥´´Ò¥ ¶· ±É¨Î¥¸±¨¥ ¶·¨²µ¦¥´¨Ö, Ö¢²Ö¥É¸Ö ÉµÉ Ë ±É, ÎÉµ ± ± T -³ É·¨Í ,
É ± ¨ ³ É·¨Í  · ¸¸¥Ö´¨Ö ¨³¥ÕÉ ´¥É·¨¢¨ ²Ó´Ò¥ ¸¨´£Ê²Ö·´µ¸É¨ ´  ´¥Ë¨§¨-
Î¥¸±µ³ ²¨¸É¥ Πl ·µ¢´µ ¶·¨ É¥Ì §´ Î¥´¨ÖÌ Ô´¥·£¨¨ z, ¤²Ö ±µÉµ·ÒÌ ¸µµÉ¢¥É-
¸É¢ÊÕÐ Ö Ê¸¥Î¥´´ Ö ³ É·¨Í  · ¸¸¥Ö´¨Ö Sl(z) ¨³¥¥É ¸µ¡¸É¢¥´´µ¥ Î¨¸²µ ´Ê²Ó.
‚ ¦´µ, ÎÉµ ¶µ¸²¥¤´ÖÖ · ¸¸³ É·¨¢ ¥É¸Ö ¶·¨ ÔÉµ³ ²¨ÏÓ ´  Ë¨§¨Î¥¸±µ³ ²¨-
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¸É¥. ’ ±¨³ µ¡· §µ³, ¶µ¨¸± ·¥§µ´ ´¸µ¢ (¶µ²Õ¸µ¢ M(z) ¨ S(z)) ´  Éµ³ ¨²¨
¨´µ³ ´¥Ë¨§¨Î¥¸±µ³ ²¨¸É¥ Πl ³µ¦´µ ¢¥¸É¨, ¢¸¥ ¢·¥³Ö µ¸É ¢ Ö¸Ó ´  Ë¨§¨Î¥-
¸±µ³ ²¨¸É¥ ¨ ¢ÒÎ¨¸²ÖÖ ¶µ²µ¦¥´¨¥ ´Ê²¥° µ¶¥· Éµ·  Sl(z). „µ¸É ÉµÎ´µ ²¨ÏÓ
¨³¥ÉÓ ¶·µ£· ³³Ê, ¶µ§¢µ²ÖÕÐÊÕ ¢ÒÎ¨¸²ÖÉÓ ´  Ë¨§¨Î¥¸±µ³ ²¨¸É¥  ³¶²¨ÉÊ¤Ò
¶·µÍ¥¸¸µ¢, É·¥¡ÊÕÐ¨¥¸Ö ¤²Ö ¶µ¸É·µ¥´¨Ö Ê¸¥Î¥´´µ° ³ É·¨ÍÒ · ¸¸¥Ö´¨Ö Sl(z).

“¸²µ¢¨³¸Ö µ ´¥±µÉµ·ÒÌ µ¡µ§´ Î¥´¨ÖÌ. ‚¸Õ¤Ê ¤ ²¥¥ ¶µ¤
√

z − λ, z ∈ C,
λ ∈ R, ¶µ¤· §Ê³¥¢ ¥³ £² ¢´ÊÕ ¢¥É¢Ó ËÊ´±Í¨¨ (z − λ)1/2. —¥·¥§ p̂ µ¡µ§´ -
Î¨³ ¥¤¨´¨Î´Ò° ¢¥±Éµ· ¢ ´ ¶· ¢²¥´¨¨ p ∈ Rn, p̂ = p/|p|, ¨ Î¥·¥§ Sn−1 Å
¥¤¨´¨Î´ÊÕ ¸Ë¥·Ê ¢ Rn, p̂ ∈ Sn−1.

�µÉ¥´Í¨a²Ò ¢§ ¨³µ¤¥°¸É¢¨Ö ³¥¦¤Ê Î ¸É¨Í ³¨ ¸Î¨É ÕÉ¸Ö Ê¡Ò¢ ÕÐ¨³¨ ¢
±µµ·¤¨´ É´µ³ ¶·µ¸É· ´¸É¢¥ ´¥ ³¥¤²¥´´¥¥, Î¥³ Ô±¸¶µ´¥´Í¨ ²Ó´µ.

2. Œ É·¨Í  · ¸¸¥Ö´¨Ö, T -³ É·¨Í  ¨ ·¥§µ²Ó¢¥´É  £ ³¨²ÓÉµ´¨ ´  (ËÊ´±Í¨Ö
ƒ·¨´ ) ±¢ ´Éµ¢µ-³¥Ì ´¨Î¥¸±µ° ¸¨¸É¥³Ò ¦¥¸É±µ ¸¢Ö§ ´Ò ³¥¦¤Ê ¸µ¡µ°. �µ-
ÔÉµ³Ê ¢¸¥ ÔÉ¨ É·¨ µ¡Ñ¥±É , · ¸¸³ É·¨¢ ¥³Ò¥ ± ± ËÊ´±Í¨¨ Ô´¥·£¨¨, µ¡ÒÎ´µ
µ¡² ¤ ÕÉ µ¤´µ° ¨ Éµ° ¦¥ ·¨³ ´µ¢µ° ¶µ¢¥·Ì´µ¸ÉÓÕ. ‚µ ¢¸Ö±µ³ ¸²ÊÎ ¥, ¢
³ É·¨Î´µ° ³´µ£µ± ´ ²Ó´µ° § ¤ Î¥ ¸ ¡¨´ ·´Ò³¨ ± ´ ² ³¨ ¨ ¢ § ¤ Î¥ É·¥Ì
Î ¸É¨Í ¸ ¡Ò¸É·µÊ¡Ò¢ ÕÐ¨³¨ ¢§ ¨³µ¤¥°¸É¢¨Ö³¨ ¤¥²µ µ¡¸Éµ¨É ¨³¥´´µ É ±.
� ²¨Î¨¥ Ê ÔÉ¨Ì ¶µ¢¥·Ì´µ¸É¥° ÉµÎ¥± ¢¥É¢²¥´¨Ö (´  ¢¥Ð¥¸É¢¥´´µ° µ¸¨) ´ 
Ëµ·³ ²Ó´µ³ Ê·µ¢´¥ µ¡Ê¸²µ¢²¥´µ µ¤´µ° ¨ Éµ° ¦¥ ¶·¨Î¨´µ°,   ¨³¥´´µ ¶·¨¸ÊÉ-
¸É¢¨¥³ ¨´É¥£· ²µ¢ É¨¶  ŠµÏ¨ ¢ Ê· ¢´¥´¨¨ ‹¨¶¶³ ´ Ä˜¢¨´£¥·  ¨²¨ Ê· ¢´¥-
´¨ÖÌ ” ¤¤¥¥¢  [12]. ‚ ÔÉ¨Ì Ê· ¢´¥´¨ÖÌ, · ¸¸³ É·¨¢ ¥³ÒÌ ¢ ¨³¶Ê²Ó¸´µ³
¶·¥¤¸É ¢²¥´¨¨, ¨´É¥£· ²Ò É¨¶  ŠµÏ¨ ¶µ·µ¦¤ ÕÉ¸Ö ¸¨´£Ê²Ö·´Ò³¨ Ö¤· ³¨
δ(p − p′)(λ + p2 − z)−1, £¤¥ λ Å ¶µ·µ£¨ ± ´ ²µ¢,   p, p ∈ R

n Å ¸µµÉ¢¥É¸É¢Ê-
ÕÐ¨¥ ± ´ ²Ó´Ò¥ ¨³¶Ê²Ó¸´Ò¥ ¶¥·¥³¥´´Ò¥. ‚ ¸²ÊÎ ¥ ± ´ ²µ¢ (2 −→ 2, 3) ¢
§ ¤ Î¥ É·¥Ì Î ¸É¨Í ¨ ± ´ ²µ¢ ¸ ´¥Î¥É´µ° · §³¥·´µ¸ÉÓÕ n ¢ ³ É·¨Î´µ° ³´µ£µ-
± ´ ²Ó´µ° § ¤ Î¥ ¶µ·µ£¨ λ µ± §Ò¢ ÕÉ¸Ö ÉµÎ± ³¨ ¢¥É¢²¥´¨Ö ¢Éµ·µ£µ ¶µ·Ö¤± .
—¥É´µ³¥·´Ò¥ ± ´ ²Ò ¢ ³´µ£µ± ´ ²Ó´µ° § ¤ Î¥, É ± ¦¥, ± ± ¨ ± ´ ² (3 → 2, 3)
¢ § ¤ Î¥ É·¥Ì Î ¸É¨Í, ¶µ·µ¦¤ ÕÉ ²µ£ ·¨Ë³¨Î¥¸±¨¥ ÉµÎ±¨ ¢¥É¢²¥´¨Ö.

„²Ö Éµ£µ ÎÉµ¡Ò µ¶¨¸ ÉÓ · ¸¸³ É·¨¢ ¥³ÊÕ ´ ³¨ Î ¸ÉÓ É·¥ÌÎ ¸É¨Î´µ° ·¨-
³ ´µ¢µ° ¶µ¢¥pÌ´µ¸É¨, ¢¢¥¤¥³ ¢¸¶µ³µ£ É¥²Ó´ÊÕ ¢¥±Éµ·-ËÊ´±Í¨Õ

f(z) =
(
f0(z), f1,1(z), . . . , f1,n1(z), f2,1(z), . . . , f2,n2(z), f3,1(z), . . . , f3,n3(z)

)
¸ ±µ³¶µ´¥´É ³¨ f0(z) = ln z ¨ fα,j(z) = (z − λα,j)1/2, £¤¥ Î¥·¥§ λα,j µ¡µ-
§´ Î ÕÉ¸Ö Ô´¥·£¨¨ ¸¢Ö§ ´´ÒÌ ¸µ¸ÉµÖ´¨° ¢ ¶ ·´ÒÌ ¶µ¤¸¨¸É¥³ Ì α, α = 1, 2, 3,
j = 1, 2, . . . , nα, ´Ê³¥·Ê¥³Ò¥ ¸ ÊÎ¥Éµ³ ¨Ì ±· É´µ¸É¨. �·¥¤¶µ² £ ¥É¸Ö, ÎÉµ
nα < ∞. ‹¨¸ÉÒ Πl ·¨³ ´µ¢µ° ¶µ¢¥·Ì´µ¸É¨ R ¢¥±Éµ·-ËÊ´±Í¨¨ f(z) ´Ê³¥·Ê-
ÕÉ¸Ö ¶µ¸·¥¤¸É¢µ³ ³Ê²ÓÉ¨¨´¤¥±¸ 

l = (l0, l1,1, . . . , l1,n1 , l2,1, . . . , l2,n2 , l3,1, . . . , l3,n3),

£¤¥ lα,j = 0, ¥¸²¨ ²¨¸É Πl µÉ¢¥Î ¥É £² ¢´µ° ( ·¨Ë³¥É¨Î¥¸±µ°) ¢¥É¢¨ ±µ·´Ö
(z − λα)1/2. ‚ ¶·µÉ¨¢´µ³ ¸²ÊÎ ¥ ¶·¨´¨³ ¥É¸Ö lα,j = 1. ‡´ Î¥´¨¥ ¨´¤¥±¸ 
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l0 ¸µ¢¶ ¤ ¥É ¸ ´µ³¥·µ³ ¢¥É¢¨ ËÊ´±Í¨¨ ln z = ln |z| + i 2πl0 + iφ, £¤¥ φ =
arg z. „²Ö Ë¨§¨Î¥¸±µ£µ ²¨¸É , ±µÉµ·Ò° µÉ¢¥Î ¥É ¨´¤¥±¸ ³ l0 = lα,j = 0, α =
1, 2, 3, j = 1, 2, . . . , nα, ¨¸¶µ²Ó§Ê¥É¸Ö µ¡µ§´ Î¥´¨¥ Π0. ®‘±²¥°± ¯ ²¨¸Éµ¢ Πl

¶µ¢¥·Ì´µ¸É¨ R µ¸ÊÐ¥¸É¢²Ö¥É¸Ö ´  ¨´É¥·¢ ² Ì ³¥¦¤Ê ¸µ¸¥¤´¨³¨ ¶µ·µ£ ³¨ ¶µ
¡¥·¥£ ³ · §·¥§ , ¸¤¥² ´´µ£µ ¶µ ´¥¶·¥·Ò¢´µ³Ê ¸¶¥±É·Ê. �µ¤·µ¡´µ¥ µ¶¨¸ ´¨¥
¶µ¢¥·Ì´µ¸É¨ R ¸³. ¢ [11].

�µ¢¥·Ì´µ¸É¨ É¨¶  R ¡¥§ ¤µ¡ ¢µÎ´ÒÌ ÉµÎ¥± ¢¥É¢²¥´¨Ö ¢µ§´¨± ÕÉ Éµ²Ó±µ
¢ ³´µ£µ± ´ ²Ó´ÒÌ § ¤ Î Ì ¸ ¡¨´ ·´Ò³¨ ± ´ ² ³¨. ‘É·µ¥´¨¥ ¶µ²´µ° ·¨³ ´µ-
¢µ° ¶µ¢¥·Ì´µ¸É¨ Ô´¥·£¨¨ ¢ § ¤ Î¥ É·¥Ì Î ¸É¨Í Ö¢²Ö¥É¸Ö ¸ÊÐ¥¸É¢¥´´µ ¡µ²¥¥
¸²µ¦´Ò³. ’ ±, ´ ¶·¨³¥·, ´  ²¨¸É Ì Πl ¸ l0 = ±1 ¨³¥ÕÉ¸Ö ¤µ¶µ²´¨É¥²Ó´Ò¥
ÉµÎ±¨ ¢¥É¢²¥´¨Ö, µÉ¢¥Î ÕÐ¨¥ ·¥§µ´ ´¸ ³ ¢ ¤¢ÊÌÎ ¸É¨Î´ÒÌ ¶µ¤¸¨¸É¥³ Ì. � 
²¨¸É Ì Πl ¸ l0 = 0 ¶·¨¸ÊÉ¸É¢ÊÕÉ ¤µ¶µ²´¨É¥²Ó´Ò¥ ²µ£ ·¨Ë³¨Î¥¸±¨¥ ÉµÎ±¨
¢¥É¢²¥´¨Ö ±¨´¥³ É¨Î¥¸±µ£µ ¶·µ¨¸Ìµ¦¤¥´¨Ö.

— ¸ÉÓ R(3) ¶µ²´µ° É·¥ÌÎ ¸É¨Î´µ° ·¨³ ´µ¢µ° ¶µ¢¥·Ì´µ¸É¨, ¤²Ö ±µÉµ·µ°
¢ [10, 11] ¶µ²ÊÎ¥´Ò Ö¢´Ò¥ ¶·¥¤¸É ¢²¥´¨Ö, ¸µ¸Éµ¨É ¨§ ²¨¸Éµ¢ Πl ¶µ¢¥·Ì´µ¸É¨
R, ¨³¥ÕÐ¨Ì ¨´¤¥±¸ l0 = 0 (É ±¨¥ ´¥Ë¨§¨Î¥¸±¨¥ ²¨¸ÉÒ ´ §Ò¢ ÕÉ¸Ö ¤¢ÊÌ-
Î ¸É¨Î´Ò³¨), ¨ É·¥ÌÎ ¸É¨Î´ÒÌ ²¨¸Éµ¢, µÉ¢¥Î ÕÐ¨Ì l0 = ±1 ¨ lα,j = 1,
α = 1, 2, 3, j = 1, 2, . . . , nα. �É³¥É¨³, ÎÉµ R(3) ¢±²ÕÎ ¥É ¢¸¥ ´¥Ë¨§¨Î¥¸±¨¥
²¨¸ÉÒ, Ö¢²ÖÕÐ¨¥¸Ö ¸µ¸¥¤´¨³¨ ¶µ µÉ´µÏ¥´¨Õ ± Ë¨§¨Î¥¸±µ³Ê ²¨¸ÉÊ Π0.

�·µÍ¥¤Ê·  ¶µ¸É·µ¥´¨Ö Ö¢´ÒÌ ¶·¥¤¸É ¢²¥´¨° ¤²Ö T -³ É·¨ÍÒ ¸µ¸Éµ¨É ¨§
¸²¥¤ÊÕÐ¨Ì ÔÉ ¶µ¢. �  ¶¥·¢µ³ ÔÉ ¶¥ ¶·µ¢µ¤¨É¸Ö (¶µ´¨³ ¥³µ¥ ¢ ¸³Ò¸²¥ µ¡µ¡-
Ð¥´´ÒÌ ËÊ´±Í¨°)  ´ ²¨É¨Î¥¸±µ¥ ¶·µ¤µ²¦¥´¨¥ ´  ´¥Ë¨§¨Î¥¸±¨¥ ²¨¸ÉÒ ¸¢µ-
¡µ¤´ÒÌ Î²¥´µ¢ ¨ Ö¤¥· ¨´É¥£· ²Ó´ÒÌ Ê· ¢´¥´¨° ” ¤¤¥¥¢  ¤²Ö ¥¥ ±µ³¶µ´¥´É
Mαβ(z). Š ± ¸¢µ¡µ¤´Ò¥ Î²¥´Ò, É ± ¨ ÔÉ¨ Ö¤·  ¶µ¸²¥ ¨Ì ¶·µ¤µ²¦¥´¨Ö ¢Ò· ¦ -
ÕÉ¸Ö ¢ É¥·³¨´ Ì ¶ ·´ÒÌ T -³ É·¨Í ¨ ³ É·¨Í · ¸¸¥Ö´¨Ö, µÉ´µ¸ÖÐ¨Ì¸Ö ± Ë¨§¨-
Î¥¸±µ³Ê ²¨¸ÉÊ. ‚ ·¥§Ê²ÓÉ É¥ ¶·¥µ¡· §µ¢ ´¨Ö Ê· ¢´¥´¨° ” ¤¤¥¥¢  µ¡´ ·Ê¦¨-
¢ ¥É¸Ö, ÎÉµ ¶·µ¤µ²¦¥´´Ò¥ Ö¤·  Mαβ(P, P ′, z)|z∈Πl

Ö¢´µ ¢Ò· ¦ ÕÉ¸Ö ¢ É¥·³¨-
´ Ì ¸ ³¨Ì ÔÉ¨Ì Ö¤¥·, ¢§ÖÉÒÌ ´  Ë¨§¨Î¥¸±µ³ ²¨¸É¥ Π0 ¢ ¨Ì ¢´¥Ô´¥·£¥É¨Î¥¸±µ³
¨/¨²¨ ¶µ²ÊÔ´¥·£¥É¨Î¥¸±µ³ ¢ ·¨ ´É Ì. ‚ ¶µ¸²¥¤´¥³ ¸²ÊÎ ¥ ¶µ¤· §Ê³¥¢ ¥É¸Ö,
ÎÉµ ¶¥·¢Ò°  ·£Ê³¥´É P Ö¤¥· Mαβ(P, P ′, z)|z∈Πl

´ Ìµ¤¨É¸Ö ´  Ô´¥·£¥É¨Î¥¸±¨Ì

¶µ¢¥·Ì´µ¸ÉÖÌ |P |2 = z ¨²¨ |pα|2 = z − λα,j , j = 1, 2, . . . , nα. ŒÒ ¢µ¸¶µ²Ó-
§µ¢ ²¨¸Ó §¤¥¸Ó µ¡µ§´ Î¥´¨Ö³¨ P = {kα, pα}, £¤¥ kα, pα (α = 1, 2, 3) Å
¸É ´¤ ·É´Ò¥ ¶·¨¢¥¤¥´´Ò¥ µÉ´µ¸¨É¥²Ó´Ò¥ ¨³¶Ê²Ó¸Ò Ÿ±µ¡¨ [12].

�  ¢Éµ·µ³ ÔÉ ¶¥ ¶·µ¨§¢µ¤¨É¸Ö ¶¥·¥´µ¸ ¢¸¥Ì ¢´¥Ô´¥·£¥É¨Î¥¸±¨Ì Î²¥´µ¢ ¢
²¥¢ÊÕ Î ¸ÉÓ ¶µ²ÊÎ¥´´ÒÌ ¢Ò· ¦¥´¨° ¨ µ¡· Ð ¥É¸Ö ¢µ§´¨± ÕÐ¨° É ³ µ¶¥· -
Éµ·. ‚ ·¥§Ê²ÓÉ É¥ ¢µ§´¨± ¥É ¸¨¸É¥³  Ê· ¢´¥´¨° ¤²Ö ¶µ²ÊÔ´¥·£¥É¨Î¥¸±¨Ì ±µ³-
¶µ´¥´É Mαβ(P, P ′, z)|z∈Πl

. �É  ¸¨¸É¥³  ¤µ¶Ê¸± ¥É Ö¢´µ¥ ·¥Ï¥´¨¥, ¶·¨Î¥³ ¢
É¥·³¨´ Ì Éµ²Ó±µ Ë¨§¨Î¥¸±µ£µ ²¨¸É . �¥§Ê²ÓÉ Éµ³ ·¥Ï¥´¨Ö Ö¢²ÖÕÉ¸Ö ¶·¥¤¸É ¢-
²¥´¨Ö ¤²Ö ³ É·¨ÍÒ ±µ³¶µ´¥´É ” ¤¤¥¥¢  M(z) = {Mαβ(z)} , α, β = 1, 2, 3,
¶·µ¤µ²¦¥´´µ° ´  ²¨¸É Πl.
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„²Ö ¸²ÊÎ Ö ¡¥¸¸¶¨´µ¢ÒÌ Î ¸É¨Í ÔÉ¨ ¶·¥¤¸É ¢²¥´¨Ö ¨³¥ÕÉ ¸²¥¤ÊÕÐ¨° ¢¨¤:

M(z)|Πl
= M(z) − B†(z)A(z)LS−1

l (z)L̃B(z). (1)

Œ´µ¦¨É¥²Ó A(z) ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¤¨ £µ´ ²Ó´ÊÕ ³ É·¨ÍÊ:

A(z) = diag {A0(z), A1,1(z), . . . , A1,n3(z)},

µ¡· §µ¢ ´´ÊÕ ¨§ ËÊ´±Í¨° A0(z) = −πiz2 ¨ Aα,j = −πi
√

z − λα,j . �¡µ§´ Î¥-

´¨Ö L ¨ L̃ ¨¸¶µ²Ó§ÊÕÉ¸Ö ¤²Ö ¤¨ £µ´ ²Ó´ÒÌ Î¨¸²µ¢ÒÌ ³ É·¨Í, ´¥É·¨¢¨ ²Ó´Ò¥
Ô²¥³¥´ÉÒ ±µÉµ·ÒÌ Ö¢²ÖÕÉ¸Ö ¨´¤¥±¸ ³¨ ²¨¸É  Πl:

L = diag {l0, l1,1, . . . , l3,n3}, L̃ = diag {|l0|, l1,1, . . . , l3,n3}.

�µ¤ Sl(z) ¶µ´¨³ ¥É¸Ö Ê¸¥Î¥´¨¥ ¶µ²´µ° É·¥ÌÎ ¸É¨Î´µ° ³ É·¨ÍÒ · ¸¸¥Ö´¨Ö

S(z), S(z) : Ĝ → Ĝ, Ĝ = L2(S5)
3
⊕

α=1

nα⊕
j=1

L2(S2), µ¶·¥¤¥²Ö¥³µ¥ · ¢¥´¸É¢µ³

Sl(z) = Î + L̃
[
S(z) − Î

]
L,

£¤¥ Î Å Éµ¦¤¥¸É¢¥´´Ò° µ¶¥· Éµ· ¢ Ĝ. ŒÒ ¨¸¶µ²Ó§Ê¥³ É ±¦¥ µ¡µ§´ Î¥´¨Ö

B(z) =
(

J0ΩM
J1Ψ∗[ΥM + v]

)
, B†(z) =

(
M(z)Ω†J†

0 , [v + MΥ]ΨJ†
1

)
,

£¤¥ ³ É·¨Í  v = diag {v1, v2, v3} ¸µ¸É ¢²¥´  ¨§ ¶ ·´ÒÌ ¶µÉ¥´Í¨ ²µ¢ vα, α =
1, 2, 3. ‚ Éµ ¦¥ ¢·¥³Ö

Ω = (1, 1, 1), Υ =

 0 1 1
1 0 1
1 1 0

 , Ψ = diag {Ψ1, Ψ2, Ψ3},

£¤¥ Ψα (α = 1, 2, 3) Å µ¶¥· Éµ·Ò, ¤¥°¸É¢ÊÕÐ¨¥ ´  f = (f1, f2, . . . , fnα) ∈
nα⊕
j=1

L2(R3) ¶µ ¶· ¢¨²Ê

(Ψαf)(P ) =
nα∑
j=1

ψα,j(kα)fj(pα),

£¤¥, ¢ ¸¢µÕ µÎ¥·¥¤Ó, ψα,j Å ¢µ²´µ¢ Ö ËÊ´±Í¨Ö ¸¢Ö§ ´´µ£µ ¸µ¸ÉµÖ´¨Ö ¶ ·´µ°
¶µ¤¸¨¸É¥³Ò α, µÉ¢¥Î ÕÐ Ö Ê·µ¢´Õ λα,j . —¥·¥§ Ψ∗ µ¡µ§´ Î ¥É¸Ö µ¶¥· Éµ·, ¸µ-
¶·Ö¦¥´´Ò° Ψ. �¡µ§´ Î¥´¨¥ J0(z) ¨¸¶µ²Ó§Ê¥É¸Ö ¤²Ö µ¶¥· Éµ· , ·¥ ²¨§ÊÕÐ¥£µ
¸Ê¦¥´¨¥ ´  Ô´¥·£¥É¨Î¥¸±ÊÕ ¶µ¢¥·Ì´µ¸ÉÓ |P |2 = z. „¨ £µ´ ²Ó´ Ö µ¶¥· Éµ·´µ-
§´ Î´ Ö ËÊ´±Í¨Ö

J1(z) = diag {J1,1(z), . . . , J3,n3(z)}
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¸µ¸É ¢²¥´  ¨§ µ¶¥· Éµ·µ¢ Jα,j(z), µ¸ÊÐ¥¸É¢²ÖÕÐ¨Ì ¸Ê¦¥´¨¥ ´  Ô´¥·£¥É¨Î¥-

¸±¨¥ ¶µ¢¥·Ì´µ¸É¨ |pα|2 = z−λα,j . �¶¥· Éµ·Ò Ω†, J†
0 (z) ¨ J†

1 (z) ¶·¥¤¸É ¢²ÖÕÉ
¸µ¡µ° ®É· ´¸¶µ´¨·µ¢ ´´Ò¥¯ ³ É·¨ÍÒ Ω, J0(z) ¨ J1(z) ¸µµÉ¢¥É¸É¢¥´´µ.

�·¥¤¸É ¢²¥´¨Ö ¤²Ö ³ É·¨ÍÒ · ¸¸¥Ö´¨Ö ¨ ·¥§µ²Ó¢¥´ÉÒ ´  ´¥Ë¨§¨Î¥¸±¨Ì
²¨¸É Ì Ö¢²ÖÕÉ¸Ö ´¥¶µ¸·¥¤¸É¢¥´´Ò³ ¸²¥¤¸É¢¨¥³ ¶·¥¤¸É ¢²¥´¨° (1) ¤²Ö ³ -
É·¨ÍÒ M(z)|Πl

. ‘ ´¥±µÉµ·Ò³¨ µ£µ¢µ·± ³¨ (¸³. [11]) ¶·¥¤¸É ¢²¥´¨Ö ¤²Ö
³ É·¨ÍÒ · ¸¸¥Ö´¨Ö S(z) ¨³¥ÕÉ ¢¨¤

S(z)|Πl
= E(l)

{
Î + S−1

l (z)[S(z) − Î]e(l)
}
E(l). (2)

‡¤¥¸Ó E = diag {E0, E1,1, . . . , E3,n3}, £¤¥ E0 Å Éµ¦¤¥¸É¢¥´´Ò° µ¶¥· Éµ· ¢

L2(S5), ¥¸²¨ l0 = 0, ¨ E0 Å ¨´¢¥·¸¨Ö, (E0f)(P̂ ) = f(−P̂ ), ¥¸²¨ l0 = ±1.
�´ ²µ£¨Î´µ Eα,j Ö¢²Ö¥É¸Ö Éµ¦¤¥¸É¢¥´´Ò³ µ¶¥· Éµ·µ³ ¢ L2(S2) ¶·¨ lα,j = 0
¨ ¨´¢¥·¸¨¥° ¶·¨ lα,j = 1. �¡µ§´ Î¥´¨¥ e(l) ¨¸¶µ²Ó§Ê¥É¸Ö ¤²Ö ¤¨ £µ´ ²Ó´µ°
Î¨¸²µ¢µ° ³ É·¨ÍÒ e(l) = diag {e0, e1,1, . . . , e3,n3} ¸ ´¥É·¨¢¨ ²Ó´Ò³¨ Ô²¥³¥´-
É ³¨ eα,j = 1, ¥¸²¨ lα,j = 0, ¨ eα,j = −1, ¥¸²¨ lα,j = 1; ¢µ ¢¸¥Ì ¸²ÊÎ ÖÌ
e0 = 1.

‚ Î¨¸²¥ ¶·µÎ¥£µ ¢ [11] ´ °¤¥´Ò µ¡² ¸É¨ £µ²µ³µ·Ë´µ¸É¨ Ê¸¥Î¥´´ÒÌ ³ -
É·¨Í · ¸¸¥Ö´¨Ö Sl(z) ´  Ë¨§¨Î¥¸±µ³ ²¨¸É¥. �·¥¤¸É ¢²¥´¨Ö (1) ¨ (2) ¸¶· ¢¥¤-
²¨¢Ò ¢ É¥Ì ¦¥ µ¡² ¸ÉÖÌ.

3. ˆ§ ¶·¥¤¸É ¢²¥´¨° (1) ¨ (2) ¸²¥¤Ê¥É, ¢ Î ¸É´µ¸É¨, ÎÉµ ·¥§µ´ ´¸Ò (¶µ-
²Õ¸Ò M(z)|Πl

¨ S(z)|Πl
), ´ Ìµ¤ÖÐ¨¥¸Ö ´  ´¥Ë¨§¨Î¥¸±µ³ ²¨¸É¥ Πl, ¸ÊÉÓ É¥

ÉµÎ±¨ z = zres ´  Ë¨§¨Î¥¸±µ³ ²¨¸É¥, ¤²Ö ±µÉµ·ÒÌ ³ É·¨Í  Sl(z) ¨³¥¥É ¸µ¡-
¸É¢¥´´µ¥ Î¨¸²µ ´Ê²Ó. ’ ±¨³ µ¡· §µ³, ¢ÒÎ¨¸²¥´¨¥ ·¥§µ´ ´¸µ¢ ´  ´¥Ë¨§¨Î¥¸±µ³
²¨¸É¥ Πl ¸¢µ¤¨É¸Ö ± ¶µ¨¸±Ê ´Ê²¥° Ê¸¥Î¥´¨Ö Sl(z) ¶µ²´µ° É·¥ÌÎ ¸É¨Î´µ° ³ -
É·¨ÍÒ · ¸¸¥Ö´¨Ö S(z) ´  Ë¨§¨Î¥¸±µ³ ²¨¸É¥. „²Ö ¶· ±É¨Î¥¸±µ£µ ¶µ¨¸±  ÔÉ¨Ì
·¥§µ´ ´¸µ¢ ³µ¦´µ ¨¸¶µ²Ó§µ¢ ÉÓ ²Õ¡µ° ³¥Éµ¤, ¶µ§¢µ²ÖÕÐ¨° ¢ÒÎ¨¸²¨ÉÓ  ´ -
²¨É¨Î¥¸±µ¥ ¶·µ¤µ²¦¥´¨¥ ´  Ë¨§¨Î¥¸±¨° ²¨¸É  ³¶²¨ÉÊ¤ Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö,
¶¥·¥¸É·µ°±¨ ¨²¨ · §¢ ² , ´¥µ¡Ìµ¤¨³ÒÌ ¤²Ö ¶µ¸É·µ¥´¨Ö ³ É·¨ÍÒ Sl(z).

‚ · ¡µÉ Ì [13Ä16] ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ³ É·¨Í Sl(z) ¡Ò² ¨¸¶µ²Ó§µ¢ ´  ²£µ-
·¨É³, µ¸´µ¢ ´´Ò° ´  ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨ÖÌ ” ¤¤¥¥¢  ¤²Ö ±µ³¶µ´¥´É
¢µ²´µ¢µ° ËÊ´±Í¨¨ ¢ ±µ´Ë¨£Ê· Í¨µ´´µ³ ¶·µ¸É· ´¸É¢¥ (¸³. [12]), ¢ Éµ³ Î¨¸²¥
¨ ´  ¢¥·¸¨¨ ÔÉ¨Ì Ê· ¢´¥´¨° ¤²Ö ³µ¤¥²¨ £· ´¨Î´ÒÌ Ê¸²µ¢¨° [17, 18]. �·¨
¢ÒÎ¨¸²¥´¨¨  ³¶²¨ÉÊ¤ ¶·µÍ¥¸¸µ¢ ´  Ë¨§¨Î¥¸±µ³ ²¨¸É¥ ¶·¨Ìµ¤¨É¸Ö, µ¤´ ±µ,
· ¸¶·µ¸É· ´¨ÉÓ ¤¨ËË¥·¥´Í¨ ²Ó´ÊÕ Ëµ·³Ê²¨·µ¢±Ê § ¤ Î¨ · ¸¸¥Ö´¨Ö É ±¦¥ ¨
´  ±µ³¶²¥±¸´Ò¥ §´ Î¥´¨Ö Ô´¥·£¨¨ z. ‚ µ¡² ¸É¨ £µ²µ³µ·Ë´µ¸É¨  ³¶²¨ÉÊ¤ ÔÉ 
Ëµ·³Ê²¨·µ¢±  µ¸É ¥É¸Ö ¶µ-¶·¥¦´¥³Ê ±µ··¥±É´µ° [16].

Š ´ ¸ÉµÖÐ¥³Ê ¢·¥³¥´¨  ²£µ·¨É³ Î¨¸²¥´´µ£µ ·¥Ï¥´¨Ö ¤¨ËË¥·¥´Í¨ ²Ó-
´ÒÌ Ê· ¢´¥´¨° ” ¤¤¥¥¢  ¤¥É ²Ó´µ · §· ¡µÉ ´ Éµ²Ó±µ ¤²Ö · ¸Î¥Éµ¢ ¶·µÍ¥¸¸µ¢
(2 −→ 2, 3). „²Ö ¶· ±É¨Î¥¸±µ£µ ¢ÒÎ¨¸²¥´¨Ö µ± §Ò¢ ÕÉ¸Ö ¤µ¸ÉÊ¶´Ò³¨ ²¨ÏÓ
 ³¶²¨ÉÊ¤Ò Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö ¨ ¶¥·¥¸É·µ°±¨ ¢ ¶·µÍ¥¸¸ Ì (2 −→ 2),   É ±¦¥
 ³¶²¨ÉÊ¤  · §¢ ²  ¸¨¸É¥³Ò ´  É·¨ Î ¸É¨ÍÒ. ‡´ ´¨Ö ÔÉ¨Ì  ³¶²¨ÉÊ¤ ¤µ¸É ÉµÎ´µ
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¤²Ö ¢ÒÎ¨¸²¥´¨Ö É¥Ì Ê¸¥Î¥´¨° Sl(z) É·¥ÌÎ ¸É¨Î´µ° ³ É·¨ÍÒ · ¸¸¥Ö´¨Ö S(z),
´Ê²¨ ±µÉµ·ÒÌ ®µÉ¢¥Î ÕÉ¯ §  ·¥§µ´ ´¸Ò, ´ Ìµ¤ÖÐ¨¥¸Ö ´  ¤¢ÊÌÎ ¸É¨Î´ÒÌ ´¥-
Ë¨§¨Î¥¸±¨Ì ²¨¸É Ì, Éµ ¥¸ÉÓ É¥Ì ²¨¸É Ì ·¨³ ´µ¢µ° ¶µ¢¥·Ì´µ¸É¨ Ô´¥·£¨¨, ±Ê¤ 
³µ¦´µ ¶·µ¢¥¸É¨ ¸¶¥±É· ²Ó´Ò° ¶ · ³¥É· z, ¸µ¢¥·Ï Ö µ¡Ìµ¤Ò ²¨ÏÓ ¶ ·´ÒÌ
¶µ·µ£µ¢.

‚ [13] ¶·¥¤²µ¦¥´´Ò° ³¥Éµ¤ ¡Ò² Ê¸¶¥Ï´µ ¶·µÉ¥¸É¨·µ¢ ´ ´  ¶·¨³¥·¥ · ¸-
Î¥Éµ¢ ¢¨·ÉÊ ²Ó´µ£µ Ê·µ¢´Ö É·¨Éµ´  3H ¨ É· ¥±Éµ·¨° ·¥§µ´ ´¸µ¢ ¢ ³µ¤¥²Ó´µ°
¸¨¸É¥³¥ É·¥Ì ¡µ§µ´µ¢ ¸ ³ ¸¸ ³¨ ´Ê±²µ´ . ‚ [9] ¶·µ¢¥¤¥´µ ¸· ¢´¥´¨¥ · ¸¸³ -
É·¨¢ ¥³µ£µ ³¥Éµ¤  ¸ ³¥Éµ¤µ³ ±µ³¶²¥±¸´µ£µ ¸±¥°²¨´£ . �·µ¤¥³µ´¸É·¨·µ¢ ´µ,
¢ Î ¸É´µ¸É¨, ÎÉµ ¶¥·¢Ò° ¨§ ÔÉ¨Ì ³¥Éµ¤µ¢ ¢ ¸²ÊÎ ¥ Ö¤¥·´ÒÌ ¶µÉ¥´Í¨ ²µ¢ Ö¢²Ö-
¥É¸Ö ¸ÊÐ¥¸É¢¥´´µ ¡µ²¥¥ ÔËË¥±É¨¢´Ò³. ‚ [14Ä16] c ¶µ³µÐÓÕ ´ Ï¥£µ ³¥Éµ¤ 
¡Ò² ¤¥É ²Ó´µ ¨¸¸²¥¤µ¢ ´ ·¥§µ´ ´¸´Ò° ³¥Ì ´¨§³ ¢µ§´¨±´µ¢¥´¨Ö ¥Ë¨³µ¢¸±¨Ì
¸µ¸ÉµÖ´¨° ¢ ³µ²¥±Ê²Ö·´µ³ É·¨³¥·¥ £¥²¨Ö 4He3.

�¢Éµ· ¶·¨§´ É¥²¥´ ‰.-Š. •µ, …. �. Šµ²£ ´µ¢µ° ¨ ‘. �. ‘µË¨ ´µ¸Ê §  ¸µ-
É·Ê¤´¨Î¥¸É¢µ.
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�¡Ñ¥¤¨´e´´Ò° ¨´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨°, „Ê¡´ 

‹ ¡µ· Éµ·¨Ö É¥µ·¥É¨Î¥¸±µ° Ë¨§¨±¨ ¨³. �. �. �µ£µ²Õ¡µ¢ 

�¡¸Ê¦¤ ¥É¸Ö ¸¢¥·Ì¶·µ¢µ¤ÖÐ¥¥¥ ¸¶ ·¨¢ ´¨¥, µ¡Ê¸²µ¢²¥´´µ¥  ´É¨Ë¥··µ³ £´¨É´Ò³ µ¡³¥´-
´Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³ Ô²¥±É·µ´µ¢ (¤Ò·µ±) ¢ · ³± Ì ¤¢ÊÌ§µ´´µ° p-d-³µ¤¥²¨ • ¡¡ ·¤ . �µ²ÓÏ Ö
¢¥²¨Î¨´  Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö ¶·¨  ´É¨Ë¥··µ³ £´¨É´µ³ µ¡³¥´¥ Î ¸É¨Í ¨§ · §´ÒÌ Ì ¡¡ ·¤µ¢-
¸±¨Ì ¶µ¤§µ´ ¶µ¤ ¢²Ö¥É ÔËË¥±ÉÒ § ¶ §¤Ò¢ ´¨Ö, ÎÉµ ¶·¨¢µ¤¨É ± ¸¶ ·¨¢ ´¨Õ ¢¸¥Ì Î ¸É¨Í ¢ §µ´¥
¶·µ¢µ¤¨³µ¸É¨ ¸ ¢Ò¸µ±µ° É¥³¶¥· ÉÊ·µ° ¸¢¥·Ì¶·µ¢µ¤¨³µ¸É¨.

A superconducting pairing mediated by antiferromagnetic exchange of electrons (holes) is consid-
ered within the two-band p-d Hubbard model. Large excitation energy at antiferromagnetic exchange
of particles from different Hubbard subbands suppresses retardation effects that result in the pairing
of all the particles in the conduction band with high superconducting temperature.

�É²¨Î¨É¥²Ó´µ° µ¸µ¡¥´´µ¸ÉÓÕ ¢Ò¸µ±µÉ¥³¶¥· ÉÊ·´ÒÌ ³¥¤´µ-µ±¸¨¤´ÒÌ (±Ê-
¶· É´ÒÌ) ¸¢¥·Ì¶·µ¢µ¤´¨±µ¢ Ö¢²Ö¥É¸Ö ¸¨²Ó´µ¥  ´É¨Ë¥··µ³ £´¨É´µ¥ (�”Œ)
µ¡³¥´´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ (¸³., ´ ¶·¨³¥·, [1]). �¡³¥´´ Ö Ô´¥·£¨Ö ¸¢Ö§¨ ¤¢ÊÌ
¤Ò·µ± ¸µ ¸¶¨´µ³ 1/2 ´  ¨µ´ Ì ³¥¤¨ Cu(3d9) ¨ ±¨¸²µ·µ¤  O(2p5) ¸µ¸É ¢²Ö¥É
¢¥²¨Î¨´Ê ¶µ·Ö¤±  1 Ô‚,   ±µ¸¢¥´´µ¥ (Î¥·¥§ ¨µ´Ò ±¨¸²µ·µ¤ ) �”Œ-µ¡³¥´´µ¥
¢§ ¨³µ¤¥°¸É¢¨e ¤²Ö ¸¶¨´µ¢ ¤Ò·µ± ´  ¨µ´ Ì ³¥¤¨ Å ¶µ·Ö¤±  0,13 Ô‚. …¸²¨
¡Ò ±Ê¶· ÉÒ ¨³¥²¨ É·¥Ì³¥·´ÊÕ ¸¥É±Ê ¸¢Ö§¥° ¤²Ö ¸¶¨´µ¢ ³¥¤¨, Éµ �”Œ-É¥³-
¶¥· ÉÊ·  �¥¥²Ö ¢ ´¨Ì ³µ£²  ¡Ò ¤µ¸É¨£ ÉÓ ·¥±µ·¤´µ£µ §´ Î¥´¨Ö TN � 1500 K.
‚¢¨¤Ê ¦¥ ¤¢Ê³¥·´µ£µ Ì · ±É¥·  ¸¶¨´µ¢µ° ·¥Ï¥É±¨ ¢ ¶²µ¸±µ¸É¨ CuO2 É¥³¶¥-
· ÉÊ·  �¥¥²Ö µ± §Ò¢ ¥É¸Ö ³´µ£µ ³¥´ÓÏ¥: TN � 300−400 K. „²Ö ¸· ¢´¥´¨Ö
µÉ³¥É¨³, ÎÉµ ³ ±¸¨³ ²Ó´ Ö É¥³¶¥· ÉÊ·  �¥¥²Ö TN = 1040 K ´ ¡²Õ¤ ¥É¸Ö ¢
¸Ê²ÓË¨¤¥ ¢ ´ ¤¨Ö (VS).

‚¶¥·¢Ò¥ ´  µ¸µ¡ÊÕ ·µ²Ó �”Œ-µ¡³¥´´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ ±Ê¶· É Ì
µ¡· É¨² ¢´¨³ ´¨¥ �´¤¥·¸µ´ [2], ±µÉµ·Ò° ¶·¥¤²µ¦¨² É¥µ·¨Õ ·¥§µ´¨·ÊÕÐ¨Ì
¢ ²¥´É´ÒÌ ¸¢Ö§¥° ¢ · ³± Ì µ¤´µ§µ´´µ° t-J-³µ¤¥²¨. �¤´ ±µ ¨¸¶µ²Ó§µ¢ ´¨¥
¶·¨¡²¨¦¥´¨Ö ¸·¥¤´¥£µ ¶µ²Ö (�‘�) ¢ · ³± Ì É¥µ·¨¨ ¢¸¶µ³µ£ É¥²Ó´ÒÌ ¡µ-
§µ´µ¢ ¢ [2], ± ± ¨ ¤ ²Ó´¥°Ï¥¥ · §¢¨É¨¥ ¸¶¨´µ´-Ìµ²µ´´µ° É¥µ·¨¨ ´¥ ¤ ²µ
Ê¡¥¤¨É¥²Ó´ÒÌ ¤µ± § É¥²Ó¸É¢ ¢ ¶µ²Ó§Ê �”Œ-µ¡³¥´  ± ± ³¥Ì ´¨§³  ¢Ò¸µ±µ-
É¥³¶¥· ÉÊ·´µ° ¸¢¥·Ì¶·µ¢µ¤¨³µ¸É¨ (¸³. [3]). ‚¶µ¸²¥¤¸É¢¨¨ ¸¢¥·Ì¶·µ¢µ¤ÖÐ¥¥
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¸¶ ·¨¢ ´¨¥, µ¡Ê¸²µ¢²¥´´µ¥ �”Œ-µ¡³¥´µ³ ¢ · ³± Ì t-J-³µ¤¥²¨, · ¸¸³ É·¨-
¢ ²µ¸Ó ¢ ·Ö¤¥ · ¡µÉ (¸³. [4, 5] ¨ Í¨É¨·µ¢ ´´ÊÕ É ³ ²¨É¥· ÉÊ·Ê). ‚ ´ ¸ÉµÖÐ¥°
· ¡µÉ¥ ³Ò · ¸¸³µÉ·¨³ ¡µ²¥¥ µ¡ÐÊÕ ¤¢ÊÌ§µ´´ÊÕ p-d-³µ¤¥²Ó ¨ ¶µ± ¦¥³, ÎÉµ,
¤¥°¸É¢¨É¥²Ó´µ, ¸¶ ·¨¢ ´¨¥ ¶µ¸·¥¤¸É¢µ³ �”Œ-µ¡³¥´  ¨³¥¥É ·Ö¤ µ¸µ¡¥´´µ-
¸É¥°, ±µÉµ·Ò¥ ¶·¨¢µ¤ÖÉ ± d-¢µ²´µ¢µ³Ê ¸¶ ·¨¢ ´¨Õ ¸ ¢Ò¸µ±µ° Tc ¶·¨ ³ ²µ°
ÎÊ¢¸É¢¨É¥²Ó´µ¸É¨ ¥£µ ± ¶·¨³¥¸Ö³, ´¥ · §·ÊÏ ÕÐ¨³ �”Œ-±µ··¥²ÖÍ¨°.

‘¨²Ó´µ¥ �”Œ-µ¡³¥´´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ ¢ ±Ê¶· É Ì µ¡Ê¸²µ¢²¥´µ ¤¢Ê³Ö
Ë ±Éµ· ³¨: ¡µ²ÓÏµ° ¢¥²¨Î¨´µ° pdσ-£¨¡·¨¤¨§ Í¨¨, tpd � 1,5 Ô‚, ¤²Ö
3d-¸µ¸ÉµÖ´¨° ³¥¤¨ ¨ 2p-¸µ¸ÉµÖ´¨° ±¨¸²µ·µ¤  ¨ ´¥¡µ²ÓÏµ° Ô´¥·£¨¥° · ¸-
Ð¥¶²¥´¨Ö ¨Ì  Éµ³´ÒÌ Ê·µ¢´¥°, ∆pd � 3 Ô‚. ‚ Éµ ¦¥ ¢·¥³Ö ¸¨²Ó´Ò¥ ±Ê²µ-
´µ¢¸±¨¥ ±µ··¥²ÖÍ¨¨ ¤²Ö 3d-¸µ¸ÉµÖ´¨° ³¥¤¨, Ud � 8 Ô‚, §´ Î¨É¥²Ó´µ Ê¢¥²¨-
Î¨¢ ÕÉ Ô´¥·£¨Õ ¤¢Êx¤Ò·µÎ´ÒÌ 3d-¸µ¸ÉµÖ´¨°, §  ¸Î¥É Î¥£µ ¢µ§´¨± ¥É ¤¨Ô²¥±-
É·¨Î¥¸± Ö Ë §  ¢ ´¥²e£¨·µ¢ ´´ÒÌ ±Ê¶· É Ì,   ³¥É ²²¨Î¥¸± Ö Ë §  ¶µÖ¢²Ö¥É¸Ö
¶·¨ ²¥£¨·µ¢ ´¨¨ ¸¨´£²¥É´µ° p-d ¤Ò·µÎ´µ° §µ´Ò, ²¥¦ Ð¥° ´¨¦¥ É·¨¶²¥É´µ°
§µ´Ò. �É¨ µ¸µ¡¥´´µ¸É¨ Ô²¥±É·µ´´µ£µ ¸¶¥±É·  ¤Ò·µ± ¢ ¶²µ¸±µ¸É¨ CuO2 Å
µ¸´µ¢´µ£µ ¸É·Ê±ÉÊ·´µ£µ Ô²¥³¥´É  ±Ê¶· Éµ¢ ³µ¦´µ µ¶¨¸ ÉÓ ¢ · ³± Ì ¶·µ-
¸Éµ° p-d-³µ¤¥²¨ [6] ¤²Ö µ¤´µ¤Ò·µÎ´ÒÌ d- ¨ p-¸µ¸ÉµÖ´¨° ¸ · §´µ¸ÉÓÕ Ô´¥·£¨°
∆pd = εp − εd, ±Ê²µ´µ¢¸±µ° µ¤´µÊ§¥²Ó´µ° Ô´¥·£¨¥° (Ud � ∆pd) ´  Ê§² Ì
³¥¤¨ ¨ ¶ · ³¥É·µ³ £¨¡·¨¤¨§ Í¨¨ tpd. �µ¸±µ²Ó±Ê µ¤´µÊ§¥²Ó´ Ö £¨¡·¨¤¨§ Í¨Ö
¤µ¸É ÉµÎ´µ ¢¥²¨±  ¨ ³´µ£µ ¡µ²ÓÏ¥ ³¥¦Ê§¥²Ó´µ°, Vj=i = V0 � 2tpd � ∆pd �
|Vj=i±ax/y

� 0,14V0| , ´¥µ¡Ìµ¤¨³µ ¸´ Î ²  ¶·¨¢¥¸É¨ µ¤´µÊ§¥²Ó´ÊÕ Î ¸ÉÓ £ -
³¨²ÓÉµ´¨ ´  p-d-³µ¤¥²¨ ± ¤¨ £µ´ ²Ó´µ³Ê ¢¨¤Ê,   § É¥³ § ¶¨¸ ÉÓ ³¥¦Ê§¥²Ó-
´ÊÕ £¨¡·¨¤¨§ Í¨Õ Î¥·¥§ µ¶¥· Éµ·Ò ´µ¢ÒÌ (¶¥·¥´µ·³¨·µ¢ ´´ÒÌ) µ¤´µÊ§¥²Ó-
´ÒÌ ¸µ¸ÉµÖ´¨°. “Î¨ÉÒ¢ Ö ²¨ÏÓ ¤¢  ´¨§Ï¨Ì Ê·µ¢´Ö Ô´¥·£¨¨: µ¤´µ¤Ò·µÎ´µ¥
d-¸µ¸ÉµÖ´¨¥ ¸ ¶¥·¥´µ·³¨·µ¢ ´´µ° Ô´¥·£¨¥° ε̃d ¨ ¤¢Êx¤Ò·µÎ´µ¥ ¸¨´£²¥É´µ¥
d-p-¸µ¸ÉµÖ´¨¥, ³Ò ¶·¨Ìµ¤¨³ ± ¤¢ÊÌ§µ´´µ° ³µ¤¥²¨ • ¡¡ ·¤  [7]:

H = ε1
∑
i,σ

Xσσ
i + ε2

∑
i

X22
i +

+
∑

i�=j,σ

{
t11ij Xσ0

i X0σ
j + t22ij X2σ

i Xσ2
j + 2σt12ij (X2σ̄

i X0σ
j + h.c.)

}
. (1)

‡¤¥¸Ó ¢¢¥¤¥´Ò µ¶¥· Éµ·Ò • ¡¡ ·¤  Xnm
i = |in〉〈im|, µ¶¨¸Ò¢ ÕÐ¨¥ ¶¥·¥Ìµ¤Ò

³¥¦¤Ê µ¤´µ- ¨ ¤¢Ê±· É´µ § ¶µ²´¥´´Ò³¨ ¤Ò·µÎ´Ò³¨ ¸µ¸ÉµÖ´¨Ö³¨ n, m = |0〉,
|σ〉, |2〉 = | ↑↓〉, σ = ±1/2, σ̄ = −σ ¸ Ô´¥·£¨¥° ε1 = ε̃d−µ ¨ ε2 = 2ε1+∆ ¸µµÉ-
¢¥É¸É¢¥´´µ, £¤¥ ∆ = ε̃p−ε̃d, µ Å Ì¨³¨Î¥¸±¨° ¶µÉ¥´Í¨ ². � · ³¥É·Ò tαβ

ij µ¶·¥-
¤¥²ÖÕÉ ÔËË¥±É¨¢´Ò¥ ¨´É¥£· ²Ò ¶¥·¥´µ¸  ³¥¦¤Ê Ê§² ³¨ ·¥Ï¥É±¨ (i �= j) ¤²Ö
µ¤´µ¤Ò·µÎ´µ° ¶µ¤§µ´Ò d-É¨¶ , α = 1, ¨ ¤¢Êx¤Ò·µÎ´µ° ¸¨´£²¥É´µ° ¶µ¤§µ´Ò
p-d-É¨¶ , α = 2, ¨ ¨Ì £¨¡·¨¤¨§ Í¨Õ. Š ± ¶µ± §Ò¢ ÕÉ · ¸Î¥ÉÒ [7], ¨Ì §´ Î¥-
´¨Ö ´¥¢¥²¨±¨, É ± ÎÉµ ÔËË¥±É¨¢´ Ö Ï¨·¨´  ¶µ¤§µ´ W ¤²Ö ¤¢Ê³¥·´µ° ·¥Ï¥É±¨
µ± §Ò¢ ¥É¸Ö ³¥´ÓÏ¥ Ô´¥·£¨¨ ¨Ì · ¸Ð¥¶²¥´¨Ö W = 8teff � 2∆ ¨ £ ³¨²ÓÉµ-
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´¨ ´ (1) ¸µµÉ¢¥É¸É¢Ê¥É ¶·¥¤¥²Ê ¸¨²Ó´ÒÌ ±µ··¥²ÖÍ¨° ¢ ³µ¤¥²¨ • ¡¡ ·¤ . �·¨-
³¥´¥´¨¥ É¥Ì´¨±¨ µ¶¥· Éµ·µ¢ • ¡¡ ·¤ , Ê¤µ¢²¥É¢µ·ÖÕÐ¨Ì Ê¸²µ¢¨Ö³ ¶µ²´µÉÒ
X00

i +Xσσ
i +X σ̄σ̄

i +X22
i = 1 , ¶µ§¢µ²Ö¥É ¸É·µ£µ ÊÎ¥¸ÉÓ ±¨´¥³ É¨Î¥¸±µ¥ µ£· ´¨-

Î¥´¨¥ µÉ¸ÊÉ¸É¢¨Ö ¤¢Ê±· É´µ£µ § ¶µ²´¥´¨Ö ¸µ¸ÉµÖ´¨° ´  ²Õ¡µ³ Ê§²¥ ·¥Ï¥É±¨
i. ‚ ³¥Éµ¤¥ ¢¸¶µ³µ£ É¥²Ó´ÒÌ ¡µ§µ´µ¢ ÔÉ¨ µ£· ´¨Î¥´¨Ö µ¡ÒÎ´µ ÊÎ¨ÉÒ¢ ÕÉ¸Ö
¢ �‘�, ÎÉµ ¶·¨¢µ¤¨É ± ´¥±µ´É·µ²¨·Ê¥³µ³Ê ´ ·ÊÏ¥´¨Õ ¸É É¨¸É¨±¨ Î ¸É¨Í ¨
± ¶µÉ¥·¥ ±¨´¥³ É¨Î¥¸±µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ³¥¦¤Ê ´¨³¨.

‚ ¶·¥¤¥²¥ ¸¨²Ó´ÒÌ ±µ··¥²ÖÍ¨° ³¥¦§µ´´ÊÕ £¨¡·¨¤¨§ Í¨Õ ³µ¦´µ ¨¸-
±²ÕÎ¨ÉÓ ¢µ ¢Éµ·µ³ ¶µ·Ö¤±¥ ¶µ ¶ · ³¥É·Ê t12ij ¨ ¸¢¥¸É¨ £ ³¨²ÓÉµ´¨ ´ (1) ±
ÔËË¥±É¨¢´µ° µ¤´µ§µ´´µ° t-J-³µ¤¥²¨ [8] ¸ µ¡³¥´´Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³ Jij =
4(t12ij )2/∆. ‚ · ³± Ì ÔÉµ° ³µ¤¥²¨ ´¥É·Ê¤´µ ¶µ²ÊÎ¨ÉÓ ¸¨¸É¥³Ê Ê· ¢´¥´¨° ¤²Ö
´µ·³ ²Ó´µ° ¨  ´µ³ ²Ó´µ° ±µ³¶µ´¥´É µ¤´µÎ ¸É¨Î´µ° ËÊ´±Í¨¨ ƒ·¨´  ¢ �‘�
¨ ¢Ò¢¥¸É¨ Ê· ¢´¥´¨¥ ¤²Ö ¸¢¥·Ì¶·µ¢µ¤ÖÐ¥° Ð¥²¨ φσ(q) ¢ ¸¨´£²¥É´µ° ¶µ¤-
§µ´¥ [4]:

φσ(q) =
1

Nχ2

∑
k

J(k − q)〈X2σ̄
−kX2σ

k 〉 =

=
1
N

∑
k

J(k − q)
φσ(k)
2E2(k)

tanh
E2(k)

2T
, (2)

£¤¥ ±¢ §¨Î ¸É¨Î´ Ö Ô´¥·£¨Ö E2(k) = [Ω2(k)2+ |φσ(k)|2]1/2 ¨ Ω2(k) Å ¸¶¥±É·
¢ ´µ·³ ²Ó´µ³ ¸µ¸ÉµÖ´¨¨. � · ³¥É· χ2 = 〈X22

i + Xσσ
i 〉 = n/2 µ¶·¥¤¥²Ö¥É ¢¥¸

¸¨´£²¥É´µ° §µ´Ò ¢ § ¢¨¸¨³µ¸É¨ µÉ ±µ´Í¥´É· Í¨¨ ¤Ò·µ± n = 1 + δ.
‚ÒÌµ¤ §  · ³±¨ �‘� ¢ [5] ¶·¨ ÊÎ¥É¥ ¸µ¡¸É¢¥´´µ-Ô´¥·£¥É¨Î¥¸±¨Ì ¶µ¶· -

¢µ± ¢ ËÊ´±Í¨ÖÌ ƒ·¨´  ¶µ§¢µ²¨² ÊÎ¥¸ÉÓ ¤µ¸É ÉµÎ´µ ¸¨²Ó´µ¥ § ÉÊÌ ´¨¥ ±¢ -
§¨Î ¸É¨Î´µ£µ ¸¶¥±É·  ¢ t-J-³µ¤¥²¨ ¨ µ¡Ê¸²µ¢²¥´´µ¥ ¨³ ¶µ´¨¦¥´¨¥ Tc ¶µ
¸· ¢´¥´¨Õ ¸ �‘�. �·¨ ÔÉµ³ ¸¢¥·Ì¶·µ¢µ¤ÖÐ¥¥ ¸¶ ·¨¢ ´¨¥ µ¶·¥¤¥²Ö²µ¸Ó ´¥
Éµ²Ó±µ ³£´µ¢¥´´Ò³ µ¡³¥´´Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³, ± ± ¢ �‘�-Ê· ¢´¥´¨¨ (2),
´µ µ¡³¥´µ³ ¸¶¨´µ¢Ò³¨ Ë²Ê±ÉÊ Í¨Ö³¨, ±µÉµ·Ò¥ ¢µ§´¨± ÕÉ §  ¸Î¥É ±¨´¥³ É¨-
Î¥¸±µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢µ ¢Éµ·µ³ ¶µ·Ö¤±¥ ¶µ ¨´É¥£· ² ³ ¶¥·¥´µ¸  ¢ µ¤´µ°
¶µ¤§µ´¥. �·Ö³µ¥ Î¨¸²¥´´µ¥ ·¥Ï¥´¨¥ ¸¨¸É¥³Ò Ê· ¢´¥´¨° ¤²Ö Ð¥²¨ ¸ ÊÎ¥Éµ³
§ ¶ §¤Ò¢ ´¨Ö ¸¶¨´-Ë²Ê±ÉÊ Í¨µ´´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¶µ§¢µ²¨²µ µ¶·¥¤¥²¨ÉÓ
É¥³¶¥· ÉÊ·Ê Tc ¨ § ¢¨¸¨³µ¸ÉÓ ¸¢¥·Ì¶·µ¢µ¤ÖÐ¥° Ð¥²¨ µÉ Î ¸ÉµÉÒ ¨ ¢µ²´µ-
¢µ£µ ¢¥±Éµ· . �Ò²¨ ¶µ²ÊÎ¥´Ò ¤µ¸É ÉµÎ´µ ¢Ò¸µ±¨¥ Tc ¨ ¤µ± § ´  d-¢µ²´µ¢ Ö
¸¨³³¥É·¨Ö ¸¶ ·¨¢ ´¨Ö ¶·¨ ¸É ´¤ ·É´µ³ ¢ ¤ ´´µ° ³µ¤¥²¨ ¸µµÉ´µÏ¥´¨¨ ¶ · -
³¥É·µ¢.

�¤´ ±µ ¢ t-J-³µ¤¥²¨ �”Œ-µ¡³¥´ ¨£· ¥É ·µ²Ó ³£´µ¢¥´´µ£µ ¢§ ¨³µ¤¥°-
¸É¢¨Ö, ± ± ¨ ¢ ³µ¤¥²¨ � ·¤¨´ ÄŠÊ¶¥· Ä˜·¨ËË¥·  (�Š˜). “Î¥É ÔËË¥±Éµ¢
§ ¶ §¤Ò¢ ´¨Ö ¢ · ³± Ì ¡µ²¥¥ µ¡Ð¥° É¥µ·¨¨ �²¨ Ï¡¥·£  ¶µ± §Ò¢ ¥É, ÎÉµ ¶·¨-
ÉÖ¦¥´¨¥ Ô²¥±É·µ´µ¢, µ¡Ê¸²µ¢²¥´´µ¥ µ¡³¥´µ³ Ëµ´µ´ ³¨, ¤¥°¸É¢Ê¥É ²¨ÏÓ ¢ Ê§-
±µ³ ¸²µ¥ Ô´¥·£¨° ¶µ·Ö¤±  Ô´¥·£¨¨ Ëµ´µ´µ¢ ¢¡²¨§¨ ¶µ¢¥·Ì´µ¸É¨ ”¥·³¨. „²Ö
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¢ÒÖ¸´¥´¨Ö ÔËË¥±Éµ¢ § ¶ §¤Ò¢ ´¨Ö ¢ �”Œ-µ¡³¥´´µ³ ¢§ ¨³µ¤¥°¸É¢¨¨ ´¥µ¡Ìµ-
¤¨³µ · ¸¸³µÉ·¥ÉÓ ¨¸Ìµ¤´ÊÕ ¤¢ÊÌ§µ´´ÊÕ ³µ¤¥²Ó • ¡¡ ·¤  (1). �¡Ð¨¥ Ê· ¢´¥-
´¨Ö ¤²Ö ³ É·¨Î´µ° ËÊ´±Í¨¨ ƒ·¨´  µÉ 4-±µ³¶µ´¥´É´ÒÌ µ¶¥· Éµ·µ¢ • ¡¡ ·¤ 
X̂†

iσ = (X2σ
i X σ̄0

i X σ̄2
i X0σ

i ) ¡Ò²¨ ¢Ò¢¥¤¥´Ò ¢ · ¡µÉ¥ [9],   ·¥Ï¥´¨¥ ¨Ì ¶µ²Ê-
Î¥´µ ¢ [10]. �·¨¢¥¤¥³ §¤¥¸Ó µ¸´µ¢´Ò¥ ·¥§Ê²ÓÉ ÉÒ ÔÉ¨Ì ¨¸¸²¥¤µ¢ ´¨°.

ˆ¸¶µ²Ó§ÊÖ ¶·µ¥±Í¨µ´´ÊÕ É¥Ì´¨±Ê ¢ ³¥Éµ¤¥ Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö ¤²Ö ËÊ´±-
Í¨° ƒ·¨´ , ´¥É·Ê¤´µ ¶µ²ÊÎ¨ÉÓ ¢Ò· ¦¥´¨¥ ¤²Ö  ´µ³ ²Ó´ÒÌ ±µ··¥²ÖÍ¨µ´´ÒÌ
ËÊ´±Í¨°, µ¶¨¸Ò¢ ÕÐ¨Ì ÔËË¥±ÉÒ ¸¶ ·¨¢ ´¨Ö ¢ �‘�. � ¸¸³ É·¨¢ Ö ¤²Ö µ¶·¥-
¤¥²¥´´µ¸É¨ ¸²ÊÎ ° ¤Ò·µÎ´µ£µ ²¥£¨·µ¢ ´¨Ö n = 1 + δ > 1, ±µ£¤  Ì¨³¨Î¥¸±¨°
¶µÉ¥´Í¨ ² ²¥¦¨É ¢ ¸¨´£²¥É´µ° ¶µ¤§µ´¥ µ � ∆ ¨ E1 � E2 � −∆, ´ Ìµ-
¤¨³ Ê· ¢´¥´¨¥ ¤²Ö ¸¢¥·Ì¶·µ¢µ¤ÖÐ¥° Ð¥²¨ ¢ ¢¨¤¥ χ2φ

22
ij,σ = −2σt21ij 〈X02

i Nj〉,
£¤¥ µ¶¥· Éµ· Î¨¸²  Î ¸É¨Í Nj =

∑
σ Xσσ

j + 2X22
j . ‡ ¶¨¸Ò¢ Ö §¤¥¸Ó µ¶¥-

· Éµ· Ê´¨ÎÉµ¦¥´¨Ö ¶ ·Ò X02
i ¢ É¥·³¨´ Ì ¸É ´¤ ·É´ÒÌ Ë¥·³¨-µ¶¥· Éµ·µ¢

ciσ = X0σ
i + 2σX σ̄2

i , ³Ò ¶µ²ÊÎ ¥³ ¢Ò· ¦¥´¨¥ X02
i = X0↓

i X↓2
i = ci↓ci↑,

±µÉµ·µ¥ ¶µ± §Ò¢ ¥É, ÎÉµ ¢ �‘� ¸¶ ·¨¢ ´¨¥ ¶·µ¨¸Ìµ¤¨É ´  µ¤´µ³ Ê§²¥, ´µ ¢
· §´ÒÌ Ì ¡¡ ·¤µ¢¸±¨Ì ¶µ¤§µ´ Ì: 〈X02

i Nj〉 = 〈ci↓ci↑Nj〉. ‚ÒÎ¨¸²¥´¨¥  ´µ-
³ ²Ó´µ° ±µ··¥²ÖÍ¨µ´´µ° ËÊ´±Í¨¨ ¸ ¶µ³µÐÓÕ ¸µµÉ¢¥É¸É¢ÊÕÐ¥° ËÊ´±Í¨¨
ƒ·¨´  〈〈X02

i (t)|Nj〉〉 ¶·¨¢µ¤¨É ± Ê· ¢´¥´¨Õ

〈X02
i Nj〉 �

∑
m �=i,σ

2σt12im

∫ +∞

−∞

dω

1 − e−ω/T
×

× 1
π

Im

[
1

ω − E2 + iε
〈〈Xσ2

i X σ̄2
m |Nj〉〉ω+iε

]
. (3)

�·¨ ¨´É¥£·¨·µ¢ ´¨¨ ¶µ Î ¸ÉµÉ¥ ω §¤¥¸Ó ³µ¦´µ ¶·¥´¥¡·¥ÎÓ Ô±¸¶µ´¥´Í¨ ²Ó´µ
³ ²Ò³ ¢±² ¤µ³ ¶µ²Õ¸  ¶·¨ Ô´¥·£¨¨ E2 � −∆,   É ±¦¥ ¶·¥´¥¡·¥ÎÓ ÔËË¥±-
É ³¨ § ¶ §¤Ò¢ ´¨Ö, ¶µ² £ Ö ω − E2 � ∆. ‚ ·¥§Ê²ÓÉ É¥ ¤²Ö  ´µ³ ²Ó´µ° ±µ·-
·¥²ÖÍ¨µ´´µ° ËÊ´±Í¨¨ ¶µ²ÊÎ ¥³ 〈X02

i Nj〉 � −4(t12ij /∆)2σ〈Xσ2
i X σ̄2

j 〉, £¤¥ ³Ò
¢µ¸¶µ²Ó§µ¢ ²¨¸Ó ¤¢ÊxÊ§¥²Ó´Ò³ ¶·¨¡²¨¦¥´¨¥³, ±µÉµ·µ¥ µ¡ÒÎ´µ ¶·¨³¥´Ö¥É¸Ö
¢ t-J-³µ¤¥²¨, ¶µ² £ Ö m = j ¢ ¸Ê³³¥ ¢ (3), ¨ ÊÎ²¨ · ¢¥´¸É¢µ ¤²Ö Ì ¡¡ ·-
¤µ¢¸±¨Ì µ¶¥· Éµ·µ¢ X σ̄2

j Nj = 2X σ̄2
j . ‚ ÔÉ¨Ì ¶·¨¡²¨¦¥´¨ÖÌ ³Ò ¶·¨Ìµ¤¨³

± Ê· ¢´¥´¨Õ ¤²Ö ¸¢¥·Ì¶·µ¢µ¤ÖÐ¥° Ð¥²¨: χ2φ
22
ij,σ = Jij〈Xσ2

i X σ̄2
j 〉, ±µÉµ·µ¥

¸µ¢¶ ¤ ¥É ¸ Ê· ¢´¥´¨¥³ (2) ¤²Ö t-J-³µ¤¥²¨. �´ ²µ£¨Î´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶µ²ÊÎ -
ÕÉ¸Ö ¨ ¢ ¸²ÊÎ ¥ Ô²¥±É·µ´´µ£µ ²¥£¨·µ¢ ´¨Ö n = 1 + δ < 1, ±µ£¤  Ì¨³¨Î¥¸±¨°
¶µÉ¥´Í¨ ² ²¥¦¨É ¢ µ¤´µ¤Ò·µÎ´µ° ¶µ¤§µ´¥ µ � 0.

�·µ¸É¥°Ï Ö  ´ ²¨É¨Î¥¸± Ö µÍ¥´±  ¤²Ö ³ ±¸¨³ ²Ó´µ° É¥³¶¥· ÉÊ·Ò ¸¶ -
·¨¢ ´¨Ö ¢ Ê· ¢´¥´¨¨ (2) ¤ ¥É § ¢¨¸¨³µ¸ÉÓ É¨¶  �Š˜ [11]: Tc � EF (δ)×
exp (−1/λ), £¤¥ EF (δ) Å Ô´¥·£¨Ö ”¥·³¨ ²¥£¨·µ¢ ´´ÒÌ ´µ¸¨É¥²¥°. Šµ´¸É ´É 
¸¢Ö§¨ λ � JN(δ) § ¢¨¸¨É µÉ ´¥±µÉµ·µ° Ê¸·¥¤´¥´´µ° ¶²µÉ´µ¸É¨ ¤Ò·µÎ´ÒÌ ¸µ-
¸ÉµÖ´¨° N(δ) ¶·¨ ¨Ì ±µ´Í¥´É· Í¨¨ δ.



��’ˆ”…���Œ�ƒ�ˆ’�›‰ ��Œ…� Š�Š Œ…•��ˆ‡Œ 155

‚ ±Ê¶· É Ì, ¢¢¨¤Ê ¡µ²ÓÏµ° Ô´¥·£¨¨ µ¡³¥´´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö J �
0,13 Ô‚, ±µ´¸É ´É  ¸¢Ö§¨ ´¥ ¤µ²¦´  ¡ÒÉÓ µÎ¥´Ó ³ ²µ°. �µ² £ Ö, ´ ¶·¨³¥·,
λ � 0,3, ¶µ²ÊÎ¨³ ¤µ¸É ÉµÎ´µ ¢Ò¸µ±ÊÕ É¥³¶¥· ÉÊ·Ê ¸¶ ·¨¢ ´¨Ö Tc � 170 K
§  ¸Î¥É ¡µ²ÓÏµ° Ô²¥±É·µ´´µ° Ô´¥·£¨¨ EF � 0,35 Ô‚. —¨¸²¥´´µ¥ ·¥Ï¥´¨¥
¸ ³µ¸µ£² ¸µ¢ ´´µ° ¸¨¸É¥³Ò Ê· ¢´¥´¨° ¶·¨ ÊÎ¥É¥ ¸¶¨´-Ë²Ê±ÉÊ Í¨µ´´µ£µ ¸¶ -
·¨¢ ´¨Ö, ¶·µ¢¥¤¥´´µ¥ ¢ [5] ¸ ÊÎ¥Éµ³ ÔËË¥±Éµ¢ § ÉÊÌ ´¨Ö ¢ t-J-³µ¤¥²¨ ¨²¨
¢ [10] ¢ ³µ¤¥²¨ • ¡¡ ·¤  (1), ¶µ¤É¢¥·¦¤ ¥É ¸ÊÐ¥¸É¢µ¢ ´¨¥ ¢Ò¸µ±¨Ì Tc ¤²Ö
d-¢µ²´µ¢µ° ¸¨³³¥É·¨¨ ¸¶ ·¨¢ ´¨Ö.

’ ±¨³ µ¡· §µ³, ¶·µ¢¥¤¥´´Ò° · ¸Î¥É ¢ · ³± Ì ¤¢ÊÌ§µ´´µ° ³µ¤¥²¨ • ¡-
¡ ·¤  (1) ¶µ± §Ò¢a¥É, ÎÉµ ¶·¨ ¸¶ ·¨¢ ´¨¨ ¤¢ÊÌ Ô²¥±É·µ´µ¢ (¤Ò·µ±) §  ¸Î¥É
�”Œ-µ¡³¥´´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ÔËË¥±ÉÒ § ¶ §¤Ò¢ ´¨Ö ´¥ ¢ ¦´Ò, ¨ ¶µ-
ÔÉµ³Ê ¢ ¸¶ ·¨¢ ´¨¨ ³µ£ÊÉ ÊÎ ¸É¢µ¢ ÉÓ ¢¸¥ Î ¸É¨ÍÒ ¢ ¶·µ¢µ¤ÖÐ¥° ¶µ¤§µ´¥
¢¢¨¤Ê ¡µ²ÓÏµ° ³¥¦§µ´´µ° Ô´¥·£¨¨ ¢ ¸²ÊÎ ¥ ¸¨²Ó´ÒÌ ±µ··¥²ÖÍ¨°: ∆ � |tαβ

ij |.
�Éµ µ¡¸ÉµÖÉ¥²Ó¸É¢µ ¶·¨´Í¨¶¨ ²Ó´µ µÉ²¨Î ¥É µ¡³¥´´Ò° ³¥Ì ´¨§³ ¸¶ ·¨¢ ´¨Ö
µÉ ¸É ´¤ ·É´ÒÌ ¡µ§µ´´ÒÌ ³¥Ì ´¨§³µ¢, ¶·¨ ±µÉµ·ÒÌ ¸¶ ·¨¢ ´¨¥ µ£· ´¨Î¨-
¢ ¥É¸Ö Ê§±µ° µ¡² ¸ÉÓÕ Ô´¥·£¨° ¶µ·Ö¤±  Ô´¥·£¨¨ ¡µ§µ´  ¢¡²¨§¨ ¶µ¢¥·Ì´µ¸É¨
”¥·³¨. �µ¸±µ²Ó±Ê �”Œ-µ¡³¥´´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ Ö¢²Ö¥É¸Ö Ì · ±É¥·´µ° Î¥·-
Éµ° ³µÉÉ-Ì ¡¡ ·¤µ¢¸±¨Ì ¸¨¸É¥³ ¸ ¸¨²Ó´Ò³¨ Ô²¥±É·µ´´Ò³¨ ±µ··¥²ÖÍ¨Ö³¨ ¨
µÉ¸ÊÉ¸É¢Ê¥É ¢ Ë¥·³¨-¸¨¸É¥³ Ì (¸³. µ¡¸Ê¦¤¥´¨¥ ¢ [12]), ³µ¦´µ ÊÉ¢¥·¦¤ ÉÓ, ÎÉµ
¸¶¥Í¨Ë¨Î¥¸±¨° ³¥Ì ´¨§³ ¸¶ ·¨¢ ´¨Ö ¢ ±Ê¶· É Ì µ¡Ê¸²µ¢²¥´ �”Œ-µ¡³¥´µ³
¸  ´µ³ ²Ó´µ ¡µ²ÓÏµ° Ô´¥·£¨¥° ¢§ ¨³µ¤¥°¸É¢¨Ö.
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…. ‚. ˆ¢ Ï±¥¢¨Î, �. Œ. �µ¢µ²µÍ±¨°, ‚. �. �·¨¥§¦¥¢

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

‹ ¡µ· Éµ·¨Ö É¥µ·¥É¨Î¥¸±µ° Ë¨§¨±¨ ¨³. �. �. �µ£µ²Õ¡µ¢ 

C ¶µ³µÐÓÕ ³¥Éµ¤   ´§ Í  �¥É¥ ¶µ²ÊÎ¥´Ò ÉµÎ´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¤²Ö  ¸¨³³¥É·¨Î´µ£µ ² ¢¨´´µ£µ
¶·µÍ¥¸¸  ´  ±µ²ÓÍ¥. ‘·¥¤´ÖÖ ¸±µ·µ¸ÉÓ ¶µÉµ±  Î ¸É¨Í v ¶µ²ÊÎ¥´  ± ± ËÊ´±Í¨Ö ¢¥·µÖÉ´µ¸É¥° µ¸Ò-
¶ ´¨Ö ¨ ¶²µÉ´µ¸É¨ Î ¸É¨Í ρ. �·¨ Ê¢¥²¨Î¥´¨¨ ρ ¸¨¸É¥³  µ¡´ ·Ê¦¨¢ ¥É ¶¥·¥Ìµ¤ µÉ ¶·¥·Ò¢¨¸Éµ£µ
¶µÉµ±  ± ´¥¶·¥·Ò¢´µ³Ê,   v · ¸Ìµ¤¨É¸Ö ¢ ±·¨É¨Î¥¸±µ° ÉµÎ±¥ ρc ¸ Ô±¸¶µ´¥´Éµ° α = 2.

The Bethe ansatz method is used to obtain exact results for an asymmetric avalanche process on
a ring. The average velocity of particle �ow, v, is derived as a function of the toppling probabilities
and the density of particles, ρ. As ρ increases, the system shows a transition from intermittent to
continuous �ow, and v diverges at the critical point ρc with exponent α = 2.

1. ‚‚…„…�ˆ… ˆ ”��Œ“‹ˆ��‚Š� Œ�„…‹ˆ

‹ ¢¨´´ Ö ¤¨´ ³¨±  Å ÔÉµ µ¸´µ¢´µ° ¸Í¥´ ·¨° ·¥² ±¸ Í¨¨ ´¥¸É ¡¨²Ó´ÒÌ
¸µ¸ÉµÖ´¨° ¢ Ô±¸É·¥³ ²Ó´ÒÌ ¸¨¸É¥³ Ì, £¤¥ ± ¦¤Ò° ¶µ¤¢¨¦´Ò° Ô²¥³¥´É ´ Ìµ-
¤¨É¸Ö µ±µ²µ ¶µ·µ£  ¸É ¡¨²Ó´µ¸É¨. ’¨¶¨Î´µ¥ · ¸¶·¥¤¥²¥´¨¥ ² ¢¨´, ¨³¥ÕÐ¥¥
Ì · ±É¥·´µ¥ ¸É¥¶¥´´µ¥ Ê¡Ò¢ ´¨¥, ¢¥¤¥É ± ¢µ§´¨±´µ¢¥´¨Õ ¤¨¸¶¥·¸´µ£µ É· ´¸-
¶µ·É  Î ¸É¨Í, ¢µ¢²¥Î¥´´ÒÌ ¢ ² ¢¨´Ê [1]. Œ´µ£¨¥ Ë¨§¨Î¥¸±¨¥ Ö¢²¥´¨Ö, É ±¨¥
± ± · ¸¶·µ¸É· ´¥´¨¥ Ë·µ´Éµ¢ [2] ¨²¨ §¥³²¥É·Ö¸¥´¨Ö [3], ³µ£ÊÉ · ¸¸³ É·¨-
¢ ÉÓ¸Ö ¢ É¥·³¨´ Ì ² ¢¨´´µ° ¤¨´ ³¨±¨ [4]. �¤´ ±µ ´ ¨¡µ²¥¥ ¶µ¤Ìµ¤ÖÐ¨°
¶·¨³¥· Å £· ´Ê²Ö·´Ò¥ ¸¨¸É¥³Ò, ±µÉµ·Ò¥ ´¥¶µ¸·¥¤¸É¢¥´´µ ¶µ·µ¦¤ ÕÉ ¶·¥-
·Ò¢¨¸ÉÒ¥ ² ¢¨´Ò ¨, É ±¨³ µ¡· §µ³, Ô¢µ²ÕÍ¨µ´¨·ÊÕÉ ¢ ±·¨É¨Î¥¸±µ¥ ¸µ¸ÉµÖ-
´¨¥ [5]. ‚ · ¡µÉ¥ ¶·¥¤²µ¦¥´  ³µ¤¥²Ó  ¸¨³³¥É·¨Î´µ£µ ² ¢¨´´µ£µ ¶·µÍ¥¸¸ ,
±µÉµ·Ò° Ö¢²Ö¥É¸Ö ¨´É¥£·¨·Ê¥³Ò³ ¶·¨³¥·µ³ ¸¨¸É¥³, £¤¥ ¸¶µ´É ´´µ ´ Î¨´ Õ-
Ð¨¥¸Ö ² ¢¨´Ò µ¡¥¸¶¥Î¨¢ ÕÉ ¢µ§´¨±´µ¢¥´¨¥ ±·¨É¨Î¥¸±µ£µ §´ Î¥´¨Ö ¶²µÉ´µ-
¸É¨ Î ¸É¨Í, ¶·¨ ±µÉµ·µ³ É¥·³µ¶·¥¤¥²Ó´µ¥ §´ Î¥´¨¥ ¸·¥¤´¥° ¸±µ·µ¸É¨ ¶¥·¥-
´µ¸  µ± §Ò¢ ¥É¸Ö ¡¥¸±µ´¥Î´Ò³. ‚ µÉ²¨Î¨¥ µÉ ·¥Ï¥´¨° ¶µ¤µ¡´ÒÌ ³µ¤¥²¥° [6],
· ¸¸³ É·¨¢ ¢Ï¨Ì¸Ö ¢ É¥µ·¨¨ ¸ ³µµ·£ ´¨§µ¢ ´´µ° ±·¨É¨Î´µ¸É¨, ¶·¥¤² £ ¥³µ¥
ÉµÎ´µ¥ ·¥Ï¥´¨¥ ¸¢µ¡µ¤´µ µÉ ¶·¥¤¶µ²µ¦¥´¨° µ¡ µÉ¸ÊÉ¸É¢¨¨ ³¥¦Ê§¥²Ó´ÒÌ ±µ·-
·¥²ÖÍ¨°.
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� ¸¸³µÉ·¨³ ·¥Ï¥É±Ê L ¨§ N Ê§²µ¢ ¸ Í¨±²¨Î¥¸±¨³¨ £· ´¨Î´Ò³¨ Ê¸²µ¢¨-
Ö³¨ L = {i mod N : i ∈ Z}. ‚ Ê§² Ì ·¥Ï¥É±¨ ´ Ìµ¤ÖÉ¸Ö p < N Î ¸É¨Í.
‘µ¸ÉµÖ´¨¥ C ¸¨¸É¥³Ò ¢ ²Õ¡µ° ³µ³¥´É ¢·¥³¥´¨ § ¤ ¥É¸Ö ´µ³¥· ³¨ Ê§²µ¢,
§ ´ÖÉÒÌ Î ¸É¨Í ³¨, ±µÉµ·Ò¥ ³Ò ¢¸¥£¤  ¡Ê¤¥³ · ¸¶µ² £ ÉÓ ¢ ¶µ·Ö¤±¥ ¢µ§· -
¸É ´¨Ö C = {xk : k = 1, . . . , p ; x1 � x2 � . . . � xp}. �¢µ²ÕÍ¨Ö ¸¨¸É¥³Ò
¢µ ¢·¥³¥´¨ µ¶·¥¤¥²Ö¥É¸Ö ¸²¥¤ÊÕÐ¨³¨ ¤¨´ ³¨Î¥¸±¨³¨ ¶· ¢¨² ³¨. …¸²¨ ¢ ³µ-
³¥´É ¢·¥³¥´¨ t ¢ ²Õ¡µ³ Ê§²¥ ´ Ìµ¤¨É¸Ö ´¥ ¡µ²¥¥ µ¤´µ° Î ¸É¨ÍÒ, Éµ ± ¦¤ Ö
Î ¸É¨Í  ´¥§ ¢¨¸¨³µ ¸µ¢¥·Ï ¥É ´ ¶· ¢²¥´´µ¥ ¶Ê ¸¸µ´µ¢¸±µ¥ ¡²Ê¦¤ ´¨¥, É. ¥.
§  ³ ²Ò° ¨´É¥·¢ ² ¢·¥³¥´¨ dt Î ¸É¨Í  ¢ Ê§²¥ xk ¸ ¢¥·µÖÉ´µ¸ÉÓÕ dt ¶¥·¥Ìµ-
¤¨É ¢ Ê§¥² xk + 1. ’ ±µ° ³¥¤²¥´´Ò° ¶Ê ¸¸µ´µ¢¸±¨° ¶·µÍ¥¸¸ ¶·µ¤µ²¦ ¥É¸Ö
¤µ É¥Ì ¶µ·, ¶µ±  ¤¢¥ Î ¸É¨ÍÒ ´¥ § °³ÊÉ µ¤¨´ Ê§¥². …¸²¨ ÔÉµ ¶·µ¨§µÏ²µ,
Ê§¥² ¸É ´µ¢¨É¸Ö ´¥¸É ¡¨²Ó´Ò³ ¨ ´ Î¨´ ÕÉ ¤¥°¸É¢µ¢ ÉÓ ¶· ¢¨²  ¡Ò¸É·µ° ² -
¢¨´´µ° ¤¨´ ³¨±¨. ‹ ¢¨´  · §¢¨¢ ¥É¸Ö ¤¨¸±·¥É´Ò³¨ Ï £ ³¨ ¨ ¢ ³ ¸ÏÉ ¡¥
¶Ê ¸¸µ´µ¢¸±µ£µ ¢·¥³¥´¨ ¶·µ¨¸Ìµ¤¨É ³£´µ¢¥´´µ. …¸²¨ ´  ´¥±µÉµ·µ³ Ï £¥ ·¥-
² ±¸ Í¨µ´´µ£µ ¶·µÍ¥¸¸  ¢ Ê§²¥ i µ± § ²µ¸Ó n > 1 Î ¸É¨Í, ´  ¸²¥¤ÊÕÐ¥³ Ï £¥
·¥² ±¸ Í¨Ö ³µ¦¥É ¶·µ¨¸Ìµ¤¨ÉÓ ¤¢Ê³Ö ¸¶µ¸µ¡ ³¨:

1) ¸ ¢¥·µÖÉ´µ¸ÉÓÕ µn (0 � µn < 1) n Î ¸É¨Í ¶¥·¥Ìµ¤ÖÉ ¨§ Ê§²  i ¢ Ê§¥²
(i + 1);

2) ¸ ¢¥·µÖÉ´µ¸ÉÓÕ 1−µn (n−1) Î ¸É¨Í ¶¥·¥Ìµ¤ÖÉ ¨§ Ê§²  i ¢ Ê§¥² (i+1).
�Ò¸É·Ò° ·¥² ±¸ Í¨µ´´Ò° ¶·µÍ¥¸¸ ¶·µ¤µ²¦ ¥É¸Ö ¤µ É¥Ì ¶µ·, ¶µ±  ¢¸¥

Ê§²Ò ´¥ ¸É ´ÊÉ ¸É ¡¨²Ó´Ò³¨, É. ¥. ¢ ²Õ¡µ³ ¨§ ´¨Ì ¡Ê¤¥É ´¥ ¡µ²¥¥ µ¤´µ°
Î ¸É¨ÍÒ. ’ ±¨¥ ¤¨´ ³¨Î¥¸±¨¥ ¶· ¢¨² , ´¥¸³µÉ·Ö ´  ¸¢µÕ ¶·µ¸ÉµÉÊ, ¤µ-
¸É ÉµÎ´Ò ¤²Ö ¶µ²ÊÎ¥´¨Ö ´¥É·¨¢¨ ²Ó´µ° ² ¢¨´´µ° ¤¨´ ³¨±¨. �Ê ¸¸µ´µ¢¸±¨°
¶·µÍ¥¸¸ ¨£· ¥É ·µ²Ó É¥¶²µ¢µ£µ ·¥§¥·¢Ê ·  Å ¶µ¸É ¢Ð¨±  ³¨±·µË²Ê±ÉÊ Í¨°,
¢µ§¡Ê¦¤ ÕÐ¨Ì ³ ±·µ¸±µ¶¨Î¥¸±¨¥ ·¥² ±¸ Í¨µ´´Ò¥ ¶·µÍ¥¸¸Ò. ‚¥·µÖÉ´µ¸É¨
µn Å ÔÉµ ¢´¥Ï´¨¥ ¶ · ³¥É·Ò, Ì · ±É¥·¨§ÊÕÐ¨¥ ¢§ ¨³µ¤¥°¸É¢¨¥ ³¥¦¤Ê Î -
¸É¨Í ³¨.

2. �‘��‚��… Šˆ�…’ˆ—…‘Š�… “��‚�…�ˆ… ˆ ��‡�– �…’…

„²Ö ¢ÒÎ¨¸²¥´¨Ö ¸·¥¤´¨Ì Ì · ±É¥·¨¸É¨± ¸¨¸É¥³Ò É·¥¡Ê¥É¸Ö µ¶·¥¤¥²¨ÉÓ ¢¥-
·µÖÉ´µ¸É´ÊÕ ³¥·Ê ´  ¶·µ¸É· ´¸É¢¥ ¸µ¸ÉµÖ´¨° ¸¨¸É¥³Ò. �¡µ§´ Î¨³ P (C, t) ≡
P (x1, . . . , xp, t) ¢¥·µÖÉ´µ¸ÉÓ ±µ´Ë¨£Ê· Í¨¨ C = {x1, . . . , xp} ¢ ³µ³¥´É ¢·¥-
³¥´¨ t (¤ ²¥¥ § ¢¨¸¨³µ¸ÉÓ µÉ t ¢¥§¤¥ µ¶ÊÐ¥´ ). �¶¨¸ ´´Ò° ¤¨´ ³¨Î¥¸±¨°
¶·µÍ¥¸¸ ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ³ ·±µ¢¸±¨° ¶·µÍ¥¸¸ ¢ ´¥¶·¥·Ò¢´µ³ ¢·¥³¥´¨. �µ-
ÔÉµ³Ê, · ¸¸³ É·¨¢ Ö ²¨ÏÓ ¶¥·¥Ìµ¤Ò ³¥¦¤Ê ¸É ¡¨²Ó´Ò³¨ ¸µ¸ÉµÖ´¨Ö³¨ ¢¨¤ 
C = {xk : k = 1, . . . , p ; x1 < x2 < . . . < xp} ¨ ÊÎ¨ÉÒ¢ Ö ´¥¸É ¡¨²Ó´Ò¥
±µ´Ë¨£Ê· Í¨¨ ± ± ¶·µ³¥¦ÊÉµÎ´Ò¥, ³µ¦´µ § ¶¨¸ ÉÓ ¤²Ö ´¥£µ µ¸´µ¢´µ¥ ±¨´¥-
É¨Î¥¸±µ¥ Ê· ¢´¥´¨¥. �·¨ ÔÉµ³ ¢¥·µÖÉ´µ¸ÉÓ ±µ´Ë¨£Ê· Í¨¨, ¢ ±µÉµ·µ° ´¥É ´¨
µ¤´µ° ¶ ·Ò Î ¸É¨Í, § ´¨³ ÕÐ¨Ì ¸µ¸¥¤´¨¥ Ê§²Ò, ¡Ê¤¥É µ¶¨¸Ò¢ ÉÓ¸Ö µ¡ÒÎ´Ò³
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Ê· ¢´¥´¨¥³ ´ ¶· ¢²¥´´µ£µ ¤·¥°Ë , É. ¥.

∂tP (x1, . . . , xp) = eγ

p∑
i=1

P (. . . , xi − 1, . . . ) − pP (x1, . . . , xp). (1)

� ¸¸³µÉ·¨³ É¥¶¥·Ó ±µ´Ë¨£Ê· Í¨Õ, ¸µ¤¥·¦ ÐÊÕ µ¤´Ê ¶ ·Ê Î ¸É¨Í ¢ ¸µ-
¸¥¤´¨Ì Ê§² Ì. �¥·¥¶¨¸ ¢ Ëµ·³ ²Ó´µ Ê· ¢´¥´¨¥ (1), ³Ò ¶µ²ÊÎ¨³ Î²¥´
P (. . . , x, x, . . . ), ²¥¦ Ð¨° §  £· ´¨Í¥° · §·¥Ï¥´´µ° µ¡² ¸É¨. …³Ê ³µ¦´µ ¶·¨-
¤ ÉÓ ¸³Ò¸², § ¤ ¢ ¤²Ö ´¥£µ ·¥±Ê··¥´É´µ¥ ¸µµÉ´µÏ¥´¨¥

P (. . . , x, x, . . . ) = (1 − µ2)eγP (. . . , x − 1, x, . . . ) +

+ µ2e2γP (. . . , x − 1, x − 1, . . . ). (2)

‡¤¥¸Ó ´¥Ë¨§¨Î¥¸±¨° Î²¥´ P (. . . , x, x, . . . ) ¢Ò· ¦¥´ Î¥·¥§ Ë¨§¨Î¥¸±¨° Î²¥´
P (. . . , x − 1, x, . . . ) ¨ ´¥Ë¨§¨Î¥¸±¨° Î²¥´ P (. . . , x − 1, x − 1, . . . ), ±µÉµ·Ò°,
¢ ¸¢µÕ µÎ¥·¥¤Ó, ¢Ò· ¦ ¥É¸Ö Î¥·¥§ ÔÉÊ ¦¥ ·¥±Ê··¥´É´ÊÕ Ëµ·³Ê²Ê. �·¨³¥-
´ÖÖ ·¥±Ê·¸¨Õ ¤µ ¡¥¸±µ´¥Î´µ¸É¨, ³Ò ¶µ²ÊÎ¨³ ¡¥¸±µ´¥Î´ÊÕ ¸Ê³³Ê, ¸µ¸ÉµÖÐÊÕ
Éµ²Ó±µ ¨§ ¢¥·µÖÉ´µ¸É¥° ¸É ¡¨²Ó´ÒÌ ±µ´Ë¨£Ê· Í¨°. …¸²¨ ´  ·¥Ï¥É±¥ ¡µ²ÓÏ¥
Î¥³ ¤¢¥ Î ¸É¨ÍÒ, É·¥¡Ê¥É¸Ö ¸Ëµ·³Ê²¨·µ¢ ÉÓ ¶µ¤µ¡´Ò¥ £· ´¨Î´Ò¥ Ê¸²µ¢¨Ö ¤²Ö
¢¥·µÖÉ´µ¸É¨ É·¥Ì ¨ ¡µ²¥¥ Î ¸É¨Í, µ± § ¢Ï¨Ì¸Ö ¢ µ¤´µ³ Ê§²¥. �¤´ ±µ Ê¸²µ¢¨¥
¤¢ÊÌÎ ¸É¨Î´µ° ¶·¨¢µ¤¨³µ¸É¨, ´¥µ¡Ìµ¤¨³µ¥ ¤²Ö ¨´É¥£·¨·Ê¥³µ¸É¨ ±¨´¥É¨Î¥-
¸±µ£µ Ê· ¢´¥´¨Ö, É·¥¡Ê¥É, ÎÉµ¡Ò ¢¸¥ µ´¨ ¸¢µ¤¨²¨¸Ó ± ¤¢ÊÌÎ ¸É¨Î´µ³Ê (2).
�¥É·Ê¤´µ ¶·µ¢¥·¨ÉÓ, ÎÉµ ÔÉµ ¢µ§³µ¦´µ Éµ²Ó±µ ¢ ¸²ÊÎ ¥, ¥¸²¨ ¢¥·µÖÉ´µ¸É¨ µn

µ¶·¥¤¥²ÖÕÉ¸Ö ·¥±Ê··¥´É´Ò³ ¸µµÉ´µÏ¥´¨¥³

µ2 ≡ µ, µn = µ(1 − µn−1). (3)

‚¢¥¤¥´¨¥ ¢ Ê· ¢´¥´¨¥ ¤µ¶µ²´¨É¥²Ó´µ£µ Î²¥´  eγ ¶µ§¢µ²Ö¥É · ¸¸³ É·¨¢ ÉÓ
ËÊ´±Í¨Õ P (C) ± ± ¶·µ¨§¢µ¤ÖÐÊÕ ËÊ´±Í¨Õ ¸Ê³³ ·´µ£µ ¶ÊÉ¨ Y (t), ¶·µ°¤¥´-
´µ£µ Î ¸É¨Í ³¨ [7]. ’µ£¤  ¢¸¥ ¸¥³¨¨´¢ ·¨ ´ÉÒ ¶·µ°¤¥´´µ£µ ¶ÊÉ¨, ¢ Î ¸É´µ-
¸É¨ ¸·¥¤´ÖÖ ¸±µ·µ¸ÉÓ Î ¸É¨Í v, ¡Ê¤ÊÉ ¢Ò· ¦ ÉÓ¸Ö Î¥·¥§ ¶·µ¨§¢µ¤´Ò¥ ¶µ γ µÉ
³ ±¸¨³ ²Ó´µ£µ ¸µ¡¸É¢¥´´µ£µ §´ Î¥´¨Ö Λ(γ) ¢ ÉµÎ±¥ γ = 0:

v = lim
t→∞

〈Y (t)〉
t

=
1
p

dΛ
dγ

∣∣∣∣
γ=0

. (4)

„²Ö ·¥Ï¥´¨Ö ¶µ²ÊÎ¥´´ÒÌ Ê· ¢´¥´¨° ³Ò ¨¸¶µ²Ó§Ê¥³  ´§ Í �¥É¥ Å µ¡µ¡-
Ð¥´¨¥ ³¥Éµ¤  ”Ê·Ó¥ ´  ¸²ÊÎ ° ¸¨¸É¥³ ³´µ£¨Ì Î ¸É¨Í ¸µ ¢§ ¨³µ¤¥°¸É¢¨¥³ [8].
�Ê¤¥³ ¨¸± ÉÓ ·¥Ï¥´¨¥ ¢ ¢¨¤¥

P (x1, . . . , xp) = eΛt
∑

σ(1,... ,p)

A(zσ1 , . . . , zσp) z−x1
σ1

. . . z−xp
σp

. (5)
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‡¤¥¸Ó ¸Ê³³¨·µ¢ ´¨¥ ¶µ¤· §Ê³¥¢ ¥É¸Ö ¶µ ¢¸¥³ ¶¥·¥¸É ´µ¢± ³ σ(1,...,p) ¨´¤¥±-
¸µ¢ 1, 2, . . . , p. �µ¤¸É ´µ¢±  ·¥Ï¥´¨Ö ¢ Ê· ¢´¥´¨¥ (1) ¤ ¥É ¢Ò· ¦¥´¨¥ ¤²Ö
¸µ¡¸É¢¥´´µ£µ §´ Î¥´¨Ö

Λ(γ) = eγ
P∑

i=1

zi − p . (6)

‘µµÉ´µÏ¥´¨¥ (2) ¸µ¢³¥¸É´µ ¸ Í¨±²¨Î¥¸±¨³¨ £· ´¨Î´Ò³¨ Ê¸²µ¢¨Ö³¨ ¶·¨¢µ¤¨É
± ¸¨¸É¥³¥ ´¥²¨´¥°´ÒÌ  ²£¥¡· ¨Î¥¸±¨Ì Ê· ¢´¥´¨° �¥É¥

zN
k = (−1)p−1

p∏
j=1

1 − (1 − µ)eγzk − µe2γzjzk

1 − (1 − µ)eγzj − µe2γzjzk
. (7)

ˆ´É¥·¥¸ÊÕÐ¥¥ ´ ¸ µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥, ¸µµÉ¢¥É¸É¢ÊÕÐ¥¥ ³ ±¸¨³ ²Ó´µ³Ê ¸µ¡-
¸É¢¥´´µ³Ê §´ Î¥´¨Õ Λ(0) = 0, µÉ¢¥Î ¥É ·¥Ï¥´¨Õ ÔÉµ° ¸¨¸É¥³Ò, ¤²Ö ±µÉµ·µ£µ
¶·¨ γ → 0 ¢¸¥ ±µ·´¨ ¸É·¥³ÖÉ¸Ö ± ¥¤¨´¨Í¥: zj → 1.

3. “��‚�…�ˆŸ �…’… ‚ ’…�Œ�„ˆ��Œˆ—…‘Š�Œ ��…„…‹…

�µ¸²¥ § ³¥´Ò zk = (1−xk)/(1+µxk)e−γ ¨ ²µ£ ·¨Ë³¨·µ¢ ´¨Ö Ê· ¢´¥´¨Ö
(7) ¶·¨¢µ¤ÖÉ¸Ö ± ¢¨¤Ê

p0(xk) = −πi

N
(p − 1) +

1
N

p∑
j=1

Θ(xk/xj) + γ, (8)

£¤¥

p0(x) = ln
(

1 − x

1 + µx

)
, Θ(y/x) = ln

(
x + µy

y + µx

)
. (9)

Š ¦¤µ¥ ·¥Ï¥´¨¥ Ê· ¢´¥´¨° �¥É¥ ¸µµÉ¢¥É¸É¢Ê¥É µ¶·¥¤¥²¥´´µ³Ê ¢Ò¡µ·Ê ¢¥É¢¥°
²µ£ ·¨Ë³  ¢ ËÊ´±Í¨ÖÌ p0(x) ¨ Θ(x). ‚ Î ¸É´µ¸É¨, µ¸´µ¢´µ³Ê ¸µ¸ÉµÖ´¨Õ
¸µµÉ¢¥É¸É¢Ê¥É µ¶·¥¤¥²¥´¨¥ ÔÉ¨Ì ËÊ´±Í¨° ´  ±µ³¶²¥±¸´µ° ¶²µ¸±µ¸É¨ ¸ · §·¥-
§ ³¨, ÊÌµ¤ÖÐ¨³¨ ´  ¡¥¸±µ´¥Î´µ¸ÉÓ ¢¤µ²Ó ¢¥Ð¥¸É¢¥´´µ° µ¸¨, ´  ±· ÖÌ ±µÉµ-
·ÒÌ ³´¨³ Ö Î ¸ÉÓ ËÊ´±Í¨° ¶·¨´¨³ ¥É §´ Î¥´¨Ö 0 ¨ 2π. ‹¥£±µ Ê¡¥¤¨ÉÓ¸Ö, ÎÉµ
±µ·´¨ xj , ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ µ¸´µ¢´µ³Ê ¸µ¸ÉµÖ´¨Õ, ¶·¨ γ = 0 · ¢´µ³¥·´µ · ¸-
¶·¥¤¥²¥´Ò ´  µ±·Ê¦´µ¸É¨, · ¸¶µ²µ¦¥´´µ° ¢ ³ ²µ° µ±·¥¸É´µ¸É¨ ÉµÎ±¨ x = 0.
� ¸¸³µÉ·¥´¨¥ Î ¸É´µ£µ ¸²ÊÎ Ö µ = 0, N = 2p, ±µ£¤  Ê· ¢´¥´¨Ö �¥É¥ ¸¢µ-
¤ÖÉ¸Ö ± ±¢ ¤· É´µ³Ê Ê· ¢´¥´¨Õ, ¶µ± §Ò¢ ¥É, ÎÉµ ¶·¨ µÉ±²µ´¥´¨¨ γ µÉ ´Ê²Ö
µ±·Ê¦´µ¸ÉÓ ¤¥Ëµ·³¨·Ê¥É¸Ö ¢  ¸¨³³¥É·¨Î´Ò° ±µ´ÉÊ·. �·¨ ÔÉµ³ Ì · ±É¥·-
´Ò° · ¤¨Ê¸ ±µ´ÉÊ·  ´¥ ´ ²¨É¨Î´µ § ¢¨¸¨É µÉ γ É ±¨³ µ¡· §µ³, ÎÉµ ¢ ¶·¥¤¥²¥
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N → ∞, p → ∞, p/N = ρ §´ Î¥´¨Õ γ = +0 ¸µµÉ¢¥É¸É¢Ê¥É ±µ´ÉÊ· ±µ´¥Î´µ£µ
· §³¥· .

�¡µ¡Ð Ö ÔÉ¨ ¸¢µ°¸É¢  ´  ¸²ÊÎ ° ¶·µ¨§¢µ²Ó´ÒÌ µ ¨ ρ, ¶·¥¤¶µ²µ¦¨³, ÎÉµ
·¥Ï¥´¨Ö Ê· ¢´¥´¨° �¥É¥, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ µ¸´µ¢´µ³Ê ¸µ¸ÉµÖ´¨Õ, · ¸¶µ²µ-
¦¥´Ò ´  £² ¤±µ³ ±µ´ÉÊ·¥ Γ, ¸¨³³¥É·¨Î´µ³ µÉ´µ¸¨É¥²Ó´µ ·¥ ²Ó´µ° µ¸¨, ¸
¶²µÉ´µ¸ÉÓÕ R(x) = limN→∞ 1/(N(xk+1 −xk)) [9]. ’µ£¤ , ¶µ¸²¥ ¶¥·¥Ìµ¤  µÉ
¸Ê³³Ò ± ¨´É¥£· ²Ê ¢ Ê· ¢´¥´¨¨ (8), ³Ò ¶µ²ÊÎ¨³ ¨´É¥£· ²Ó´µ¥ Ê· ¢´¥´¨¥ ¤²Ö
¶²µÉ´µ¸É¨ ±µ·´¥°:

p0(x) = −iπρ + γ +
∫

Γ

Θ(y/x)R(y)dy. (10)

…¤¨´¸É¢¥´´Ò° ¸²ÊÎ ° Ê· ¢´¥´¨Ö (10), ¶µ¤¤ ÕÐ¨°¸Ö  ´ ²¨É¨Î¥¸±µ³Ê ·¥Ï¥-
´¨Õ, ¸µµÉ¢¥É¸É¢Ê¥É § ³±´ÊÉµ³Ê ±µ´ÉÊ·Ê Γ, ±µ´ÍÒ ±µÉµ·µ£µ x0 = x̄0 ²¥¦ É ´ 
µÉ·¨Í É¥²Ó´µ° Î ¸É¨ ¤¥°¸É¢¨É¥²Ó´µ° µ¸¨. ’µ£¤  Ê· ¢´¥´¨¥ (10) ¨³¥¥É ¥¤¨´-
¸É¢¥´´µ¥ ·¥Ï¥´¨¥,  ´ ²¨É¨Î¥¸±µ¥ ¢ µ±·¥¸É´µ¸É¨ x = 0, Ê¤µ¢²¥É¢µ·ÖÕÐ¥¥
Ê¸²µ¢¨Õ ´µ·³¨·µ¢±¨

∫
Γ

R(x) = ρ ¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¥¥ γ = 0:

R0(x) =
1

2πi

(
ρ

x
+

1
1 − x

)
. (11)

„²Ö Éµ£µ ÎÉµ¡Ò µÉµ°É¨ µÉ §´ Î¥´¨Ö γ = 0, ´¥µ¡Ìµ¤¨³µ · ¸¸³µÉ·¥ÉÓ
· §µ³±´ÊÉÒ° ±µ´ÉÊ· Γ, ±µ´ÍÒ ±µÉµ·µ£µ ¨³¥ÕÉ ³ ²ÊÕ ³´¨³ÊÕ Î ¸ÉÓ x0 =
|x0|ei(π−ε) [10]. �·¥¤¶µ² £ Ö · §²µ¦¨³µ¸ÉÓ R(x) ¢ ·Ö¤ ¶µ ε, ³µ¦´µ ·¥Ï ÉÓ
Ê· ¢´¥´¨¥ (10) ¶µ É¥µ·¨¨ ¢µ§³ÊÐ¥´¨°, ¨¸¶µ²Ó§ÊÖ ËÊ´±Í¨Õ (11) ± ± ´Ê²¥¢µ¥
¶·¨¡²¨¦¥´¨¥. ’µ£¤  ¢ ¶¥·¢ÒÌ É·¥Ì ¶µ·Ö¤± Ì ¶µ²ÊÎ¨³

R(x) = R0(x) +
1

2πi

(
ε2x0

6x

(1 + x0)
(1 − x0)3

+

+
ε3

3π(1 − x0)2

∞∑
s�=0,s=−∞

(x0

x

)s+1 s(−µ)|s|

1 − (−µ)|s|

)
, (12)

ÎÉµ ¤ ¥É ¢±² ¤ É·¥ÉÓ¥£µ ¶µ·Ö¤±  ¢ γ = −ε3x0/(3π(1−x0)2)+O(ε5). �·¨ ÔÉµ³
¤²Ö ¸ÊÐ¥¸É¢µ¢ ´¨Ö ·¥Ï¥´¨Ö ´¥µ¡Ìµ¤¨³µ ¢Ò¶µ²´¥´¨¥ Ê¸²µ¢¨Ö x0 = ρ/(ρ− 1),
µ¤´µ§´ Î´µ Ë¨±¸¨·ÊÕÐ¥£µ ¶µ²µ¦¥´¨¥ ±µ´Íµ¢ ±µ´ÉÊ·  Γ. �µ²Ó§ÊÖ¸Ó ¶µ²Ê-
Î¥´´Ò³ ¢Ò· ¦¥´¨¥³ ¤²Ö R(x), ³Ò ³µ¦¥³ ¢ÒÎ¨¸²¨ÉÓ ¸µ¡¸É¢¥´´µ¥ §´ Î¥´¨¥
Λ(γ) É ±¦¥ ¤µ É·¥ÉÓ¥£µ ¶µ·Ö¤±  ¶µ ε:

Λ(γ)
N

= −(µ + 1)
∫

Γ

xR(x)
1 + µx

dx =

= ε3
(µ + 1)x0

3π(1 − x0)2

(
x0

(1 + x0µ)2
−

∞∑
s=1

s(−µ)2s−1xs
0

1 − (−µ)s

)
, (13)
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¶µ¸²¥ Î¥£µ ¢ÒÎ¨¸²¥´¨¥ ¸±µ·µ¸É¨ ¸¢µ¤¨É¸Ö ± ¢§ÖÉ¨Õ ¶·¥¤¥²  v = lim
ε→0

Λ(γ)/γp:

v =
(1 − ρ)(1 + µ)
(1 − ρ(1 + µ))2

+
1 + µ

µρ

∞∑
s=1

sµ2s

1 − (−µ)s

(
ρ

ρ − 1

)s

. (14)

ˆ§ ¶µ²ÊÎ¥´´µ£µ ¢Ò· ¦¥´¨Ö ¤²Ö ¸·¥¤´¥° ¸±µ·µ¸É¨ ¢¨¤´µ, ÎÉµ ¸±µ·µ¸ÉÓ
¸É ´µ¢¨É¸Ö ¡¥¸±µ´¥Î´µ° ¶·¨ ¶·¨¡²¨¦¥´¨¨ ± ±·¨É¨Î¥¸±µ° ¶²µÉ´µ¸É¨

ρc =
1

1 + µ
. (15)

‘ ÉµÎ±¨ §·¥´¨Ö Ë¨§¨±¨ ´¥· ¢´µ¢¥¸´ÒÌ ±·¨É¨Î¥¸±¨Ì Ö¢²¥´¨° µ¸´µ¢´µ° ¨´-
É¥·¥¸ ¶·¥¤¸É ¢²Ö¥É §´ Î¥´¨¥ ±·¨É¨Î¥¸±¨Ì Ô±¸¶µ´¥´É, Ì · ±É¥·¨§ÊÕÐ¨Ì · ¸-
Ìµ¤¨³µ¸É¨ ¸·¥¤´¨Ì ¢ ¸¨¸É¥³¥, ¶·¨ ¶·¨¡²¨¦¥´¨¨ ¶ · ³¥É·  ¶µ·Ö¤±  ± ±·¨-
É¨Î¥¸±µ³Ê §´ Î¥´¨Õ. ˆ§ Ëµ·³Ê²Ò (14) ¢¨¤´µ, ÎÉµ ¸·¥¤´ÖÖ ¸±µ·µ¸ÉÓ ´¨¦¥
±·¨É¨Î¥¸±µ° ÉµÎ±¨ ¢¥¤¥É ¸¥¡Ö ± ±

v ∼ |ρ − ρc|−ν , ν = 2. (16)

Š·µ³¥ Éµ£µ, ¸·¥¤´ÖÖ ¸±µ·µ¸ÉÓ ² ¢¨´´µ£µ ¶·µÍ¥¸¸  ³µ¦¥É É· ±Éµ¢ ÉÓ¸Ö ± ±
¸·¥¤´¥¥ Î¨¸²µ Î ¸É¨Í, ¶¥·¥´µ¸¨³ÒÌ ² ¢¨´µ°. �µÔÉµ³Ê ¶µ²ÊÎ¥´´ Ö ±·¨É¨-
Î¥¸± Ö Ô±¸¶µ´¥´É  Ì · ±É¥·¨§Ê¥É § ±µ´ ¨§³¥´¥´¨Ö ¸·¥¤´¥£µ · §³¥·  ² ¢¨´Ò
¢¡²¨§¨ ±·¨É¨Î¥¸±µ° ÉµÎ±¨.
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ˆ´¸É¨ÉÊÉ ³µ²¥±Ê²Ö·´µ° ¨  Éµ³´µ° Ë¨§¨±¨, Œ¨´¸±, �¥²µ·Ê¸¸¨Ö

�. ƒ¥·² Ì

ˆ´¸É¨ÉÊÉ Ë¨§¨±¨, “´¨¢¥·¸¨É¥É „µ·É³Ê´¤ , ƒ¥·³ ´¨Ö

Œ. �. „§¥·µ

� Í¨µ´ ²Ó´ Ö ² ¡µ· Éµ·¨Ö ¢Ò¸µ±¨Ì ³ £´¨É´ÒÌ ¶µ²¥°,

“´¨¢¥·¸¨É¥É ”²µ·¨¤Ò, ’ ²² Ì ¸c¨, ‘˜�

Œ. �. ‘³µ´¤Ò·¥¢

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

‹ ¡µ· Éµ·¨Ö É¥µ·¥É¨Î¥¸±µ° Ë¨§¨±¨ ¨³. �. �. �µ£µ²Õ¡µ¢ 

� §¢¨É  ³µ¤¥²Ó, µ¶¨¸Ò¢ ÕÐ Ö ³´µ£µ¸²µ°´ÊÕ ¶² ´ ·´ÊÕ £¥É¥·µ¸É·Ê±ÉÊ·Ê ¢¨¤ 
GaAs/AlxGa1−xAs ± ± ÔËË¥±É¨¢´ÊÕ ¸·¥¤Ê, ÎÓ¨ ¸·¥¤´¨¥ Ì · ±É¥·¨¸É¨±¨ µ¶·¥¤¥²ÖÕÉ¸Ö Ê¸·¥¤-
´¥´¨¥³ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¶ · ³¥É·µ¢ ¸²µ¥¢ ¶µ ¢µ²´µ¢µ° ËÊ´±Í¨¨ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö.

A model is developed which describes a multilayered planar heterostructure GaAs/AlxGa1−xAs
as an effective medium. The mean characteristics of the medium are deˇned by averaging the
subsequent parameters of the layers over the ground state wave function.

‚‚…„…�ˆ…

Œ ²µ³¥·´Ò¥ ¸¨¸É¥³Ò Å ±¢ §¨¤¢Ê³¥·´Ò¥ ±¢ ´Éµ¢Ò¥ Ö³Ò, ±¢ §¨µ¤´µ³¥·-
´Ò¥ ±¢ ´Éµ¢Ò¥ ¶·µ¢µ²µ±¨ ¨ ±¢ §¨´Ê²Ó³¥·´Ò¥ ±¢ ´Éµ¢Ò¥ ÉµÎ±¨ Å ¶·¨¢²¥± ÕÉ
¢ ¶µ¸²¥¤´¥¥ ¤¥¸ÖÉ¨²¥É¨¥ µ£·µ³´µ¥ ¢´¨³ ´¨¥ ¨¸¸²¥¤µ¢ É¥²¥° ¡² £µ¤ ·Ö ¶µ-
Ö¢¨¢Ï¥°¸Ö ¢µ§³µ¦´µ¸É¨ ¨Ì ¶· ±É¨Î¥¸±µ£µ ¨¸¶µ²Ó§µ¢ ´¨Ö. ‚³¥¸Éµ ¨§ÊÎ¥´¨Ö
µ¡Ñ¥³´ÒÌ µ¡· §Íµ¢ ¸É ²µ ¤µ³¨´¨·µ¢ ÉÓ ¨¸¸²¥¤µ¢ ´¨¥ ³´µ£µ¸²µ°´ÒÌ ¶µ²Ê-
¶·µ¢µ¤´¨±µ¢ÒÌ £¥É¥·µ¸É·Ê±ÉÊ·. ‚µ§³µ¦´µ¸ÉÓ Ê¶· ¢²ÖÉÓ ¶µ ¦¥² ´¨Õ Ô²¥±-
É·µ´´Ò³¨ ¸¢µ°¸É¢ ³¨ ¶µ²Ê¶·µ¢µ¤´¨±µ¢ÒÌ ¶·¨¡µ·µ¢ ¸É¨³Ê²¨·µ¢ ²a ± ± ËÊ´-
¤ ³¥´É ²Ó´Ò¥ ¨¸¸²¥¤µ¢ ´¨Ö, É ± ¨ · §¢¨É¨¥ É¥Ì´¨Î¥¸±¨Ì ¶·¨²µ¦¥´¨°. �¥·¢Ò¥
³´µ£µ¸²µ°´Ò¥ µ¡· §ÍÒ ¶µÖ¢¨²¨¸Ó ¢ ´ Î ²¥ 70-Ì ££., ¨ ¢ [1] ³Ò ¶·¨¢µ¤¨³ ·Ö¤
· ¡µÉ ´  ÔÉÊ É¥³Ê. �¤´µ° ¨§ ´ ¨¡µ²¥¥ · ¸¶·µ¸É· ´¥´´ÒÌ £¥É¥·µ¸É·Ê±ÉÊ· Ö¢²Ö-
¥É¸Ö ±¢ ´Éµ¢ Ö Ö³ , £¤¥ ¸²µ° ¶µ²Ê¶·µ¢µ¤´¨±µ¢µ£µ ³ É¥·¨ ²  · §³¥Ð¥´ ³¥¦¤Ê
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¸²µÖ³¨ ¤·Ê£µ£µ ³ É¥·¨ ² . …¸²¨ Éµ²Ð¨´  ¢´ÊÉ·¥´´¥£µ ¸²µÖ É ±µ£µ ®¸Ô´¤¢¨-
Î ¯ (É¨¶¨Î´Ò¥ §´ Î¥´¨Ö Å ¢ ¨´É¥·¢ ²¥ 10÷ 1000 �A) ³´µ£µ ³¥´ÓÏ¥ Éµ²Ð¨´Ò
¢´¥Ï´¨Ì ¸²µ¥¢, ¶µ¸²¥¤´¨¥ ³µ£ÊÉ · ¸¸³ É·¨¢ ÉÓ¸Ö ± ± ¶µ²Ê¶·µ¸É· ´¸É¢¥´´Ò¥
µ¡Ñ¥³´Ò¥ µ¡· §ÍÒ. � §´¨Í  ¢ ¢¥²¨Î¨´¥ Ô´¥·£¥É¨Î¥¸±µ° Ð¥²¨ ³ É¥·¨ ²µ¢ Ö³Ò
¨ ¡ ·Ó¥·  ¶µ·µ¦¤ ¥É Ê¤¥·¦¨¢ ÕÐ¨° ¶µÉ¥´Í¨ ², § ¢¨¸ÖÐ¨° µÉ ±µµ·¤¨´ ÉÒ ¢
´ ¶· ¢²¥´¨¨ ·µ¸É  ¸²µ¥¢. ’¨¶¨Î´Ò¥ §´ Î¥´¨Ö ¢Ò¸µÉÒ Ô´¥·£¥É¨Î¥¸±¨Ì ¡ ·Ó¥-
·µ¢ ¸µ¸É ¢²ÖÕÉ ´¥¸±µ²Ó±µ ¸µÉ¥´ ³Ô‚. ” ´É ¸É¨Î¥¸±¨° ¶·µ£·¥¸¸ ¢ ¨§£µÉµ¢²¥-
´¨¨ £¥É¥·µ¸É·Ê±ÉÊ· ¶µ§¢µ²Ö¥É ¸¥°Î ¸ ¸µ§¤ ¢ ÉÓ ±¢ ´Éµ¢Ò¥ Ö³Ò ¨ ¶·µ¢µ²µ±¨
¸ ³ÒÌ · §´ÒÌ Ëµ·³ ¨ · §³¥·µ¢. �·¨³¥·Ò ¨§µ¡· ¦¥´¨° É ±¨Ì ³ ²µ³¥·´ÒÌ
¸É·Ê±ÉÊ· ³µ¦´µ ´ °É¨ ´  ¸ °É Ì [2].

–¥²Ó ´ ¸ÉµÖÐ¥° ¸É ÉÓ¨ Å ¨§²µ¦¥´¨¥ ·¥§Ê²ÓÉ Éµ¢, ¶µ²ÊÎ¥´´ÒÌ ¶·¨  ´ -
²¨§¥ § ¢¨¸¨³µ¸É¨ Ô´¥·£¨¨ Ô²¥³¥´É ·´µ£µ ¢µ§¡Ê¦¤¥´¨Ö µÉ Ï¨·¨´Ò ±¢ ´Éµ-
¢µ° Ö³Ò ¢ ¶² ´ ·´ÒÌ £¥É¥·µ¸É·Ê±ÉÊ· Ì. ŒÒ ¸µ¸·¥¤µÉµÎ¨³¸Ö ´  ¸¨¸É¥³ Ì ¸
Ô²¥±É·µ´-Ëµ´µ´´Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³, £¤¥ ¶·µ¸É¥°Ï¥¥ ¢µ§¡Ê¦¤¥´¨¥ Å Ô²¥±-
É·µ´, ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨° ¸ ±µ²¥¡ ´¨Ö³¨ ·¥Ï¥É±¨. …¸²¨ £¥É¥·µ¸É·Ê±ÉÊ·  ¸¤¥-
² ´  ¨§ ¶µ²Ö·¨§Ê¥³ÒÌ ³ É¥·¨ ²µ¢, Éµ Ô²¥±É·µ´-Ëµ´µ´´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥
¨§³¥´Ö¥É ¸¢µ°¸É¢  Ô²¥±É·µ´ . �²¥±É·µ´, µ±·Ê¦¥´´Ò° µ¡² ±µ³ ¢¨·ÉÊ ²Ó´ÒÌ
Ëµ´µ´µ¢, ¶·¥¢· Ð ¥É¸Ö ¢ ±¢ §¨Î ¸É¨ÍÊ Å ¶µ²Ö·µ´. �·¨ ÔÉµ³ ¨§³¥´Ö¥É¸Ö
¥£µ Ô´¥·£¨Ö ¨ ÔËË¥±É¨¢´ Ö §µ´´ Ö ³ ¸¸ . …¸É¥¸É¢¥´´µ, ÔÉ¨ ¨§³¥´¥´¨Ö § -
¢¨¸ÖÉ µÉ Ê¤¥·¦¨¢ ÕÐ¥£µ ¶µÉ¥´Í¨ ² . �·¥¤¸É ¢²Ö¥É ¨´É¥·¥¸ ¨§ÊÎ¥´¨¥ § ¢¨-
¸¨³µ¸É¨ Ì · ±É¥·¨¸É¨± ¶µ²Ö·µ´  µÉ ¶ · ³¥É·µ¢, §´ Î¥´¨Ö³¨ ±µÉµ·ÒÌ ³Ò
³µ¦¥³ Ê¶· ¢²ÖÉÓ (Ï¨·¨´  ±¢ ´Éµ¢µ° Ö³Ò, ¢Ò¸µÉ  ¶µÉ¥´Í¨ ²Ó´ÒÌ ¡ ·Ó¥·µ¢,
Ëµ·³  ¶µÉ¥´Í¨ ² ). —Éµ¡Ò ¶µ´ÖÉÓ ´  ± Î¥¸É¢¥´´µ³ Ê·µ¢´¥ ¶µ¢¥¤¥´¨¥ Ô´¥·-
£¨¨ ¸¢Ö§¨ ± ± ËÊ´±Í¨¨ Ï¨·¨´Ò L ¶µÉ¥´Í¨ ²Ó´µ° Ö³Ò, ¶·¥¤¸É ¢¨³ ¸¥¡¥
²µ± ²¨§µ¢ ´´Ò° ¢ ´¥° ±Ê²µ´µ¢¸±¨° Í¥´É·. �·¨ ¡µ²ÓÏµ° Ï¨·¨´¥ ¶µÉ¥´-
Í¨ ²Ó´µ° Ö³Ò Ô´¥·£¨Ö ¸¢Ö§¨ ¸É·¥³¨É¸Ö ± µ¡ÒÎ´µ³Ê §´ Î¥´¨Õ 1 Ry. …¸²¨
¶µÉ¥´Í¨ ²Ó´Ò° ¡ ·Ó¥· ¡¥¸±µ´¥Î´µ ¢Ò¸µ±, Éµ ¶·¨ ³ ²µ° Ï¨·¨´¥ Ö³Ò Ô´¥·-
£¨Ö ¸¢Ö§¨ ¸É·¥³¨É¸Ö ± ¸¢µ¥³Ê ¤¢Ê³¥·´µ³Ê ÉµÎ´µ³Ê ·¥Ï¥´¨Õ 4 Ry. …¸²¨
¦¥ ¢Ò¸µÉ  ¶µÉ¥´Í¨ ²Ó´µ£µ ¡ ·Ó¥·  ±µ´¥Î´ , Éµ ¸ Ê³¥´ÓÏ¥´¨¥³ L ¶¥·¢µ´ -
Î ²Ó´Ò° ·µ¸É Ô´¥·£¨¨ ¸¢Ö§¨ ¶·¥±· É¨É¸Ö, É ± ± ± ¸É ´¥É ¶·µÖ¢²ÖÉÓ¸Ö ÉÊ´-
´¥²¨·µ¢ ´¨¥ Î ¸É¨ÍÒ ¶µ¤ ¡ ·Ó¥·µ³. ‚ ·¥§Ê²ÓÉ É¥ Î ¸É¨Í¥ ¸´µ¢  ¸É ´¥É ¤µ-
¸ÉÊ¶´Ò³ ¢¸¥ ¶·µ¸É· ´¸É¢µ ¨ Ô´¥·£¨Ö ¸¢Ö§¨ ¢¥·´¥É¸Ö ± ¸¢µ¥³Ê É·¥Ì³¥·´µ³Ê
§´ Î¥´¨Õ 1 Ry. ‡´ Î¨É, ËÊ´±Í¨Ö E(L) ¡Ê¤¥É ¨³¥ÉÓ ¶¨± ¶·¨ ´¥±µÉµ·µ³
±µ´¥Î´µ³ §´ Î¥´¨¨ Ï¨·¨´Ò Ö³Ò. �Éµ, ¡¥§Ê¸²µ¢´µ, É ±, ¥¸²¨ ³ É¥·¨ ²Ò
±¢ ´Éµ¢µ° Ö³Ò ¨ ¡ ·Ó¥·  ¨³¥ÕÉ µ¤¨´ ±µ¢Ò¥ Ì · ±É¥·¨¸É¨±¨. ‚ ·¥ ²Ó´ÒÌ
¸É·Ê±ÉÊ· Ì µ´¨ µÉ²¨Î ÕÉ¸Ö, ¨ ¶·¨ ¡µ²ÓÏ¨Ì Ï¨·¨´ Ì Ö³Ò Ô´¥·£¨Ö ¸¢Ö§¨ ¸É·¥-
³¨É¸Ö ± §´ Î¥´¨Õ 1 Ryin,   ¶·¨ ³ ²ÒÌ Å ± §´ Î¥´¨Õ 1 Ryout, £¤¥ Ryin,
Ryout Å ¢¥²¨Î¨´  Ô´¥·£¨¨ �¨¤¡¥·£  ¤²Ö ³ É¥·¨ ²µ¢ Ö³Ò ¨ ¡ ·Ó¥·  ¸µµÉ¢¥É-
¸É¢¥´´µ. �µ¸±µ²Ó±Ê µ¡ÒÎ´µ Ryout > Ryin, ¢µ¶·µ¸ µ ¢Ò¦¨¢ ´¨¨ ¶¨±  Ô´¥·-
£¨¨ ¸¢Ö§¨ ´  ± Î¥¸É¢¥´´µ³ Ê·µ¢´¥ ´¥ ·¥Ï ¥É¸Ö. � Ï¨ ¨¸¸²¥¤µ¢ ´¨Ö Ô±¸¨Éµ-
´µ¢ ¢ ¶² ´ ·´µ° £¥É¥·µ¸É·Ê±ÉÊ·¥ [3] ¶µ± § ²¨, ÎÉµ ¶¨± Ô´¥·£¨¨ ¸¢Ö§¨ ¸ÊÐ¥-
¸É¢Ê¥É, ÎÉµ ¶µ¤É¢¥·¦¤ ¥É¸Ö Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ [4, 5]. �¥§Ê²ÓÉ ÉÒ
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®µÌµÉÒ¯ §  ¶¨±µ³ Ô´¥·£¨¨ ¸¢Ö§¨ ¨ ÔËË¥±É¨¢´µ° ³ ¸¸Ò ¶µ²Ö·µ´  ¨§²µ¦¥´Ò
´¨¦¥.

1. ”��Œ“‹ˆ��‚Š� Œ�„…‹ˆ

’µÎ´µ¥ ·¥Ï¥´¨¥ § ¤ Î¨ ¤µ²¦´µ ÊÎ¨ÉÒ¢ ÉÓ ´ ²¨Î¨¥ ±¢ ´Éµ¢ ´´ÒÌ Ëµ´µ´-
´ÒÌ ³µ¤ ¢ ± ¦¤µ³ ¸²µ¥, ¶µ¢¥·Ì´µ¸É´ÒÌ Ëµ´µ´´ÒÌ ³µ¤ ´  £· ´¨Í¥ ¸²µ¥¢
¨ ¶µ²Ê¶·µ¸É· ´¸É¢¥´´ÒÌ µ¡Ñ¥³´ÒÌ ³µ¤ §  ¶·¥¤¥² ³¨ ±¢ ´Éµ¢µ° Ö³Ò. ‘²¥-
¤Ê¥É ÊÎ¥¸ÉÓ É ±¦¥, ÎÉµ ± ¦¤Ò° ¸²µ° ¨³¥¥É ¸¢µ¨ §´ Î¥´¨Ö ¤¨Ô²¥±É·¨Î¥¸±¨Ì
¶µ¸ÉµÖ´´ÒÌ ¨ §µ´´ÒÌ ³ ¸¸ Ô²¥±É·µ´ , É ± ÎÉµ ¸ÊÐ¥¸É¢Ê¥É ¥Ð¥ ¨ ¶·µ¡²¥³ 
¸Ï¨¢ ´¨Ö ·¥Ï¥´¨°, ´ °¤¥´´ÒÌ ¤²Ö µÉ¤¥²Ó´ÒÌ ¸²µ¥¢.

�·¨ ¡µ²ÓÏµ³ Î¨¸²¥ ¸²µ¥¢ Î¨¸²¥´´µ¥ ·¥Ï¥´¨¥ § ¤ Î¨ ¸É ´µ¢¨É¸Ö ´¥¢µ§-
³µ¦´Ò³ ¤ ¦¥ ¤²Ö ¸µ¢·¥³¥´´ÒÌ ±µ³¶ÓÕÉ¥·µ¢. �µÔÉµ³Ê ³Ò ¶·¥¤²µ¦¨²¨ ¶·¨-
¡²¨¦¥´´ÊÕ ³µ¤¥²Ó ÔËË¥±É¨¢´µ° ¸·¥¤Ò [6]. ŒÒ · ¸¸³ É·¨¢ ¥³ ±¢ ´Éµ¢ÊÕ
Ö³Ê ¢ ´ ¶· ¢²¥´¨¨ z ·µ¸É  ¸²µ¥¢ GaAs/AlxGa1−xAs. • · ±É¥·¨¸É¨±¨ ¸·¥¤Ò
§ ¢¨¸ÖÉ µÉ ³µ²Ö·´µ° ±µ´Í¥´É· Í¨¨ x  ²Õ³¨´¨Ö (Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥
¡¥·ÊÉ¸Ö ¨§ [7]),   ¶µ¸²¥¤´ÖÖ § ¢¨¸¨É µÉ ±µ´¸É·Ê±Í¨¨ ±¢ ´Éµ¢µ° Ö³Ò, É. ¥. µÉ ±µ-
µ·¤¨´ ÉÒ z. �Éµ ¶·¨¢µ¤¨É ± § ¢¨¸¨³µ¸É¨ µÉ z §µ´´µ° ³ ¸¸Ò m(z) Ô²¥±É·µ´ ,
Î ¸ÉµÉÒ ω(z) µ¶É¨Î¥¸±¨Ì Ëµ´µ´µ¢ ¨ ±µ´¸É ´ÉÒ α(z) Ô²¥±É·µ´-Ëµ´µ´´µ£µ
¢§ ¨³µ¤¥°¸É¢¨Ö. “¤¥·¦¨¢ ÕÐ¨° ¶µÉ¥´Í¨ ² V (z), ¢µ§´¨± ÕÐ¨° ¨§-§  · §-
²¨Î¨Ö Ô´¥·£¥É¨Î¥¸±¨Ì Ð¥²¥° ¶·¨ ±µ´É ±É¥ · §´ÒÌ ³ É¥·¨ ²µ¢, ÊÎ¨ÉÒ¢ ¥É¸Ö
´ ³¨ ÉµÎ´µ. Œµ¤¥²Ó ¶·¥¤¶µ² £ ¥É, ÎÉµ ÔÉµÉ ¶µÉ¥´Í¨ ² ¤¥°¸É¢Ê¥É ¢ µ¤´µ·µ¤-
´µ° ÔËË¥±É¨¢´µ° ¸·¥¤¥ ¸µ ¸·¥¤´¨³¨ §´ Î¥´¨Ö³¨ ¶ · ³¥É·µ¢. …¸É¥¸É¢¥´´µ, ¢
É ±µ° ¸·¥¤¥ ¨³¥¥É¸Ö ²¨ÏÓ µ¡Ñ¥³´ Ö Ëµ´µ´´ Ö ³µ¤ , É ± ÎÉµ ¶µ²´Ò° £ ³¨²Ó-
Éµ´¨ ´ ¢ ´ Ï¥° ³µ¤¥²¨ Å ÔÉµ £ ³¨²ÓÉµ´¨ ´ ¶µ²Ö·µ´  �¥± · Ä”·¥²¨Ì . …£µ
Ô²¥±É·µ´´ Ö Î ¸ÉÓ ¨³¥¥É ¢¨¤

Hel = Hel,‖ + Hel,⊥ =
p 2
‖

2m
+

p 2
z

2m
+ V (z). (1)

‚Ìµ¤ÖÐ Ö ¸Õ¤  ¸·¥¤´ÖÖ §µ´´ Ö ³ ¸¸  m Ô²¥±É·µ´  µ¶·¥¤¥²Ö¥É¸Ö Ê· ¢´¥´¨Ö³¨

Hel,⊥ψ1 = E1ψ1,
1
m

=

∞∫
−∞

dz
|ψ1(z)|2
m(z)

, (2)

£¤¥ ψ1(z), E1 Å ¢µ²´µ¢ Ö ËÊ´±Í¨Ö ¨ Ô´¥·£¨Ö µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö ¤¢¨¦¥-
´¨Ö Ô²¥±É·µ´  ¢¤µ²Ó µ¸¨ z. �µ¸±µ²Ó±Ê ψ1 ¨ E1 § ¢¨¸ÖÉ µÉ m, ³Ò ¨³¥¥³,
´  ¸ ³µ³ ¤¥²¥, ¸¨¸É¥³Ê ¤¢ÊÌ Ê· ¢´¥´¨° (2) ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ¸·¥¤´¥° ³ ¸¸Ò
m Ô²¥±É·µ´ . �·¨´ÖÉÒ° ¸¶µ¸µ¡ Ê¸·¥¤´¥´¨Ö µ¡· É´µ° ³ ¸¸Ò ¶µ · §²¨Î´Ò³
¸²µÖ³ ³µ¦¥É ¡ÒÉÓ ³µÉ¨¢¨·µ¢ ´ ± ± Ê¸·¥¤´¥´¨¥ Éµ° Î ¸É¨ Ô´¥·£¨¨ Î ¸É¨ÍÒ
(p 2

‖ /2m), ±µÉµ· Ö ¸¢Ö§ ´  ¸µ ¸¢µ¡µ¤´Ò³ ¤¢¨¦¥´¨¥³ Ô²¥±É·µ´  ¢ ¶²µ¸±µ¸É¨
xy. �´ ²µ£¨Î´Ò³ µ¡· §µ³ ´ Ìµ¤ÖÉ¸Ö ¤·Ê£¨¥ Ì · ±É¥·¨¸É¨±¨ ÔËË¥±É¨¢´µ°
¸·¥¤Ò. ‡  ¤ ²Ó´¥°Ï¨³¨ ¤¥É ²Ö³¨ ³Ò µÉ¸Ò² ¥³ ± ¸É ÉÓ¥ [6].
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2. ��‘“†„…�ˆ… �…‡“‹œ’�’�‚

ŒÒ ¶·¨³¥´¨²¨ ´ ÏÊ ³µ¤¥²Ó ¤²Ö ¸¨¸É¥³ ¸ ´¨¦¥¸²¥¤ÊÕÐ¨³¨ Ê¤¥·¦¨¢ Õ-
Ð¨³¨ ¶µÉ¥´Í¨ ² ³¨.

1. �·Ö³µÊ£µ²Ó´Ò° ¶µÉ¥´Í¨ ² (¸²µ° GaAs ¢ µ¡±² ¤± Ì AlxGa1−xAs) ¸
µ¤¨´ ±µ¢Ò³¨ ³µ²Ö·´Ò³¨ ±µ´Í¥´É· Í¨Ö³¨ ¶µ µ¡¥ ¸Éµ·µ´Ò Ö³Ò):

V (z) =
{

0, |z| ≤ L/2
V0, |z| > L/2.

(3)

�ÉµÉ ¶µÉ¥´Í¨ ² ¨§ÊÎ ²¸Ö ¢ · ¡µÉ Ì [8,9],  ¢Éµ·Ò ±µÉµ·ÒÌ ¨¸¶µ²Ó§µ¢ ²¨ · §-
´ÊÕ ¶ · ³¥É·¨§ Í¨Õ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¨ · §´Ò¥ §´ Î¥´¨Ö ³µ²Ö·-
´µ° ±µ´Í¥´É· Í¨¨: £²Ê¡¨´  Ö³Ò V0 = 227,9 ³Ô‚ ¶·¨ x = 0,3 ¢ · ¡µÉ¥ [8] ¨
V0 = 199,6 ³Ô‚ ¶·¨ x = 0,25 ¢ [9]. �µÔÉµ³Ê ¶·Ö³µ¥ ¸µ¶µ¸É ¢²¥´¨¥ · ¸Î¥-
Éµ¢ ÔÉ¨Ì £·Ê¶¶ § É·Ê¤´¨É¥²Ó´µ, ´µ ¨Ì ³µ¦´µ ¸· ¢´¨ÉÓ ¸ ·¥§Ê²ÓÉ É ³¨ ´ Ï¥°
³µ¤¥²¨ (·¨¸. 1).

Š ± ¢¨¤´µ, ¸µ£² ¸¨¥ ¸ [8] ³µ¦´µ ¸Î¨É ÉÓ ¢¶µ²´¥ Ê¤µ¢²¥É¢µ·¨É¥²Ó´Ò³
(É¥³ ¡µ²¥¥ ÎÉµ ¶µ¤ ¢²¨Ö´¨¥³ ´ Ï¨Ì ·¥§Ê²ÓÉ Éµ¢ ¨ ±·¨É¨Î¥¸±¨Ì § ³¥Î ´¨°
 ¢Éµ·Ò [8] ¨¸¶· ¢¨²¨ µÏ¨¡±Ê ¨ ¶·µ¢¥²¨ ´µ¢Ò¥ · ¸Î¥ÉÒ, ±µÉµ·Ò¥ ¨ ¶·¥¤¸É -
¢²¥´Ò ´  ·¨¸. 1). � Ï  ³µ¤¥²Ó ´¥ ¢µ¸¶·µ¨§¢µ¤¨É ¸É·Ê±ÉÊ·Ê ¸ ¶¨±µ³ ¨ ¶·µ-
¢ ²µ³ ±·¨¢ÒÌ, ¢µ§´¨± ÕÐÊÕ ¨§-§  ¶·¨¸ÊÉ¸É¢¨Ö ´¥¸±µ²Ó±¨Ì Ëµ´µ´´ÒÌ ³µ¤.
�µ · §´¨Í  ³¥¦¤Ê ¶¨±µ³ ¨ ¶·µ¢ ²µ³, ´ °¤¥´´ Ö ¢ [8], ¸µ¸É ¢²Ö¥É ∼ 0,1 ³Ô‚
(3 %), ÎÉµ ´ Ìµ¤¨É¸Ö ¢ ¶·¥¤¥² Ì ÉµÎ´µ¸É¨ ´ Ï¥° ³µ¤¥²¨. …¤¢  ²¨ ¸Éµ²Ó ³ -
² Ö · §´¨Í  ³µ¦¥É ´ ¡²Õ¤ ÉÓ¸Ö ¢ Ô±¸¶¥·¨³¥´É¥. � §²¨Î¨¥ ¸ ·¥§Ê²ÓÉ É ³¨ [9]
¡µ²¥¥ ¤· ³ É¨Î´µ (¢µ§³µ¦´µ, ¨§-§  µÏ¨¡µ± ¢ ¶·µ£· ³³¥ Î¨¸²¥´´ÒÌ · ¸Î¥Éµ¢
ÔÉ¨Ì  ¢Éµ·µ¢).

2. �¸¨³³¥É·¨Î´Ò° ¶·Ö³µÊ£µ²Ó´Ò° ¶µÉ¥´Í¨ ² (¸²µ° GaAs ¢ µ¡±² ¤± Ì
AlxGa1−xAs ¸ · §´Ò³¨ ³µ²Ö·´Ò³¨ ±µ´Í¥´É· Í¨Ö³¨ ¶µ µ¡¥ ¸Éµ·µ´Ò Ö³Ò):

V (z) =


Vr, z ≥ L/2
0, |z| < L/2
Vl, z ≤ −L/2.

(4)

‚ ± Î¥¸É¢¥ ¶·¨³¥·  ³Ò ¨¸¶µ²Ó§Ê¥³ §¤¥¸Ó ¸²¥¤ÊÕÐ¨¥ §´ Î¥´¨Ö ³µ²Ö·´ÒÌ
±µ´Í¥´É· Í¨°  ²Õ³¨´¨Ö: xl = 0,42 (Vl = 346,6 ³Ô‚) ¢ ²¥¢µ³ ¡ ·Ó¥·¥ ¨
xr = 0,18 (Vr = 141,8 ³Ô‚) Å ¢ ¶· ¢µ³. �  ·¨¸. 2 ¶µ± § ´Ò ·¥§Ê²ÓÉ ÉÒ ´ Ï¨Ì
· ¸Î¥Éµ¢, ¶·¨Î¥³ ¢Ò¤¥²¥´Ò É ±¦¥ ¢±² ¤Ò ¤¨¸±·¥É´µ£µ (´¨¦´¨° ¨´¤¥±¸ ®dis¯)
¨ ´¥¶·¥·Ò¢´µ£µ (´¨¦´¨¥ ¨´¤¥±¸Ò ®con,V ¯ ¨ ®con,∞¯) ¸¶¥±É·µ¢. ƒ² ¢´µ¥
µÉ²¨Î¨¥ µÉ ¸²ÊÎ Ö ¸¨³³¥É·¨Î´µ£µ ¶µÉ¥´Í¨ ²  Å ¢Ò¸± ±¨¢ ´¨¥ Î ¸É¨ÍÒ ¨§
Ö³Ò ¶·¨ ´¥±µÉµ·µ³ ³ ²µ³ (¶µ·Ö¤±  16 �A ¢ ´ Ï¥³ ¶·¨³¥·¥) §´ Î¥´¨¨ Ï¨·¨´Ò
Ö³Ò. ‘´µ¢  ³Ò ´ Ìµ¤¨³ ¸ÊÐ¥¸É¢¥´´Ò¥ · §²¨Î¨Ö ¸ ·¥§Ê²ÓÉ É ³¨ · ¡µÉÒ [9].
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�¨¸. 1. ‘· ¢´¥´¨¥ ´ Ï¨Ì · ¸Î¥Éµ¢ [6] (¸¶²µÏ´Ò¥ ²¨´¨¨) ¤²Ö ¸¨³³¥É·¨Î´µ£µ ¶·Ö³µ-
Ê£µ²Ó´µ£µ ¶µÉ¥´Í¨ ²  ¸ ·¥§Ê²ÓÉ É ³¨ (ÏÉ·¨Ìµ¢Ò¥ ²¨´¨¨) · ¡µÉ [8] (a, ¡) ¨ [9] (¢, £).
�µ± § ´Ò ¸¤¢¨£ Ô´¥·£¨¨ ¶µ²Ö·µ´  (a, ¢) ¨ µÉ´µÏ¥´¨¥ ¸¤¢¨£  ÔËË¥±É¨¢´µ° ³ ¸¸Ò ± ¥¥
¸¤¢¨£Ê ¢ GaAs (¡, £)

3. �µÉ¥´Í¨ ² �µ§¥´ ÄŒµ·¸  (³´µ£µ¸²µ°´ Ö ¸É·Ê±ÉÊ·  ¸ ´¥¶·¥·Ò¢´µ ³¥-
´ÖÕÐ¥°¸Ö ³µ²Ö·´µ° ±µ´Í¥´É· Í¨¥°  ²Õ³¨´¨Ö) ¨³¥¥É ¢¨¤

V (z) = V0 tanh2

(
z

LRM

)
. (5)

‚ µ¡µ¨Ì ¶·¥¤Ò¤ÊÐ¨Ì ¸²ÊÎ ÖÌ ¨¸¶µ²Ó§µ¢ ² ¸Ó É¥µ·¨Ö ¢µ§³ÊÐ¥´¨° ¶µ ¸É¥-
¶¥´Ö³ ±µ´¸É ´ÉÒ ¸¢Ö§¨ α Ô²¥±É·µ´-Ëµ´µ´´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö. „²Ö ¶µÉ¥´-
Í¨ ²  �µ§¥´ ÄŒµ·¸  ¨§¢¥¸É´µ  ´ ²¨É¨Î¥¸±µ¥ ¢Ò· ¦¥´¨¥ ¤²Ö ËÊ´±Í¨¨ ƒ·¨´ 
[11, 12], £¤¥ Ê¦¥ ¢Ò¶µ²´¥´µ ¸Ê³³¨·µ¢ ´¨¥ ¶µ ¢¸¥³ ¢¨·ÉÊ ²Ó´Ò³ ¸µ¸ÉµÖ´¨Ö³.
„ ´´Ò° ¶µÉ¥´Í¨ ² ¸²Ê¦¨É ¶·¨³¥·µ³ ³´µ£µ¸²µ°´µ° £¥É¥·µ¸É·Ê±ÉÊ·Ò,   ¸· ¢-
´¥´¨¥ ¸ ·¥§Ê²ÓÉ É ³¨ ¤²Ö ¸¨³³¥É·¨Î´µ£µ ¶·Ö³µÊ£µ²Ó´µ£µ ¶µÉ¥´Í¨ ²  c Éµ°
¦¥ £²Ê¡¨´µ° ¨ ¸ É¥³ ¦¥ §´ Î¥´¨¥³ Ô´¥·£¨¨ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö ¸²Ê¦¨É ¤²Ö
¤µ¶µ²´¨É¥²Ó´µ° ¶·µ¢¥·±¨ É¥Ì´¨Î¥¸±µ° Î ¸É¨ · ¸Î¥Éµ¢. �¨¸Ê´µ± 3 ¤¥³µ´¸É·¨-
·Ê¥É ¡²¥¸ÉÖÐ¥¥ ¸µ¢¶ ¤¥´¨¥.
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�¨¸. 2. ‘· ¢´¥´¨¥ ´ Ï¨Ì ·¥§Ê²ÓÉ Éµ¢ [10] (¸¶²µÏ´Ò¥ ²¨´¨¨) ¸ · ¸Î¥É ³¨ · ¡µÉÒ [9]
(ÏÉ·¨Ìµ¢Ò¥ ²¨´¨¨) ¤²Ö ¸¤¢¨£  Ô´¥·£¨¨ ¶µ²Ö·µ´  ( ) ¨ µÉ´µÏ¥´¨Ö ¸¤¢¨£µ¢ ÔËË¥±É¨¢-
´µ° ³ ¸¸Ò (¡). ˆ´¤¥±¸µ³ ®dis¯ µ¡µ§´ Î¥´  ±·¨¢ Ö ¢±² ¤  ¤¨¸±·¥É´µ£µ ¸¶¥±É· , ¨´¤¥±¸
®con,V¯ ¸µµÉ¢¥É¸É¢Ê¥É ¢±² ¤Ê ¶µ²Êµ£· ´¨Î¥´´µ£µ ´¥¶·¥·Ò¢´µ£µ ¸¶¥±É·  (¤²Ö Ô´¥·£¨°
Vr ≤ E ≤ Vl), ¨´¤¥±¸ ®con,∞¯ µ¡µ§´ Î ¥É ¢±² ¤ ´¥¶·¥·Ò¢´µ£µ ¸¶¥±É·  ¤²Ö Ô´¥·£¨°
E ≥ Vl

�¨¸. 3. ‘· ¢´¥´¨¥ ·¥§Ê²ÓÉ Éµ¢ ¤²Ö ¶µÉ¥´Í¨ ²  �µ§¥´ ÄŒµ·¸  (¸¶²µÏ´Ò¥ ²¨´¨¨) ¨
Ô±¢¨¢ ²¥´É´µ£µ ¸¨³³¥É·¨Î´µ£µ ¶·Ö³µÊ£µ²Ó´µ£µ ¶µÉ¥´Í¨ ²  (ÏÉ·¨Ìµ¢Ò¥ ²¨´¨¨) ¸ É¥³
¦¥ §´ Î¥´¨¥³ Ô´¥·£¨¨ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö ¨ Éµ° ¦¥ £²Ê¡¨´Ò

‚ § ±²ÕÎ¥´¨¥ µÉ³¥É¨³, ÎÉµ ´ Ï  ³µ¤¥²Ó ¶µ§¢µ²Ö¥É ¶·µ¤µ²¦¨ÉÓ ®µÌµÉÊ
§  ¶¨± ³¨¯ ¢ ¤·Ê£¨Ì ±¢ §¨¤¢Ê³¥·´ÒÌ ¸¨¸É¥³ Ì: ¸¢Ö§ ´´ÒÌ ¶µ²Ö·µ´ Ì, ¡¨¶µ-
²Ö·µ´ Ì, D−-Í¥´É· Ì ¨ É. ¶. � §¢¨ÉÒ° ¶µ¤Ìµ¤ ¶·¨³¥´¨³ É ±¦¥ ± ¨§ÊÎ¥´¨Õ
¶µ¢¥¤¥´¨Ö ¶µ¤µ¡´ÒÌ ±¢ §¨Î ¸É¨Í ¢ ±¢ ´Éµ¢ÒÌ ¶·µ¢µ²µ± Ì ¨ ±¢ ´Éµ¢ÒÌ ÉµÎ-
± Ì. ˆ¸¸²¥¤µ¢ ´¨¥ ¶µ¤¤¥·¦ ´µ £· ´É ³¨ ¶·µ£· ³³Ò ƒ¥°§¥´¡¥·£Ä‹ ´¤ Ê ¨
®Deutsche Forschungsgemeinschaft, Graduiertenkolleg 50¯.
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�¡Ñ¥¤¨´e´´Ò° ¨´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨°, „Ê¡´ 

‹ ¡µ· Éµ·¨Ö Ö¤¥·´ÒÌ ·¥ ±Í¨° ¨³. ƒ. �. ”²¥·µ¢ 

‚ É¥Î¥´¨¥ ¶·µÏ¥¤Ï¨Ì ¶ÖÉ¨ ²¥É ¢ ‹ ¡µ· Éµ·¨¨ Ö¤¥·´ÒÌ ·¥ ±Í¨° (‹Ÿ�) ¡Ò²¨ ¸µ§¤ ´Ò Ê´¨-
± ²Ó´Ò¥ ¨¸¸²¥¤µ¢ É¥²Ó¸±¨¥ Ê¸É ´µ¢±¨: ±¨´¥³ É¨Î¥¸±¨¥ ¸¥¶ · Éµ·Ò, 4π-¸¶¥±É·µ³¥É·Ò § ·Ö¦¥´-
´ÒÌ Î ¸É¨Í, ¤¥É¥±Éµ·Ò ´¥°É·µ´µ¢ ¨ γ-±¢ ´Éµ¢. �¸´µ¢µ° Ô±¸¶¥·¨³¥´É ²Ó´µ° ¡ §Ò ¸É ²¨ ¨§µ-
Ì·µ´´Ò¥ Í¨±²µÉ·µ´Ò “-400 ¨ “-400Œ. �² £µ¤ ·Ö ¢Ò¸µ±µ° ÔËË¥±É¨¢´µ¸É¨ ¶µ²ÊÎ¥´¨Ö ¶ÊÎ±µ¢
48Ca ¡Ò²  ´ Î É  ´¥ ¨³¥ÕÐ Ö  ´ ²µ£µ¢ ¢ ³¨·¥ ¶·µ£· ³³  ¸¨´É¥§  ¸¢¥·ÌÉÖ¦¥²ÒÌ Ô²¥³¥´Éµ¢ ¢
· °µ´¥ ¶·¥¤¸± § ´´ÒÌ ¸Ë¥·¨Î¥¸±¨Ì µ¡µ²µÎ¥± Z ≈ 114 ¨ N ≈ 184. BÒ¶µ²´¥´Ò ¶¥·¢Ò¥ Ô±¸-
¶¥·¨³¥´ÉÒ ¶µ ¸¨´É¥§Ê Ö¤¥· ¸ Z = 112, 114 ¨ 116 ¢ ·¥ ±Í¨ÖÌ 48Ca + 238U, 48Ca + 242,244Pu
¨ 48Ca + 248Cm. ˆ¸¸²¥¤µ¢ ´¨¥ Ì¨³¨Î¥¸±¨Ì ¸¢µ°¸É¢ ´µ¢ÒÌ Ô²¥³¥´Éµ¢ Ö¢²Ö¥É¸Ö É· ¤¨Í¨µ´´Ò³
´ ¶· ¢²¥´¨¥³ ¶·µ£· ³³Ò ¨¸¸²¥¤µ¢ ´¨° ‹Ÿ�. �Ò²¨ ¶µ²ÊÎ¥´Ò ´µ¢Ò¥ ¤ ´´Ò¥ µ Ì¨³¨Î¥¸±¨Ì ¸¢µ°-
¸É¢ Ì Ô²¥³¥´Éµ¢ ·¥§¥·Ëµ·¤¨° ¨ ¸¨¡µ·£¨°. ‚ Ô±¸¶¥·¨³¥´É Ì ¶µ ¨¸¸²¥¤µ¢ ´¨Õ ¢Ò´Ê¦¤¥´´µ£µ
¨ ¸¶µ´É ´´µ£µ ¤¥²¥´¨Ö ¨§ÊÎ ²µ¸Ó ¢²¨Ö´¨¥ Ö¤¥·´ÒÌ µ¡µ²µÎ¥± ´  ¤¨´ ³¨±Ê ¶·µÍ¥¸¸  ¤¥²¥´¨Ö.
�·¨ ¶µ³µÐ¨ Ë· £³¥´É-¸¥¶ · Éµ·  ‘OMBAS ´  Ê¸±µ·¨É¥²¥ “-400Œ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¶ÊÎ±µ¢
12Ca ¨ 14N ¶·¨ Ô´¥·£¨¨ ¤µ 50 A·MÔ‚ ¨¸¸²¥¤µ¢ ²¨¸Ó ³¥Ì ´¨§³Ò ´Ê±²µ´-´Ê±²µ´´ÒÌ ¢§ ¨³µ-
¤¥°¸É¢¨°. ‚ Ô±¸¶¥·¨³¥´É Ì ¶µ Ê¶·Ê£µ³Ê · ¸¸¥Ö´¨Õ ¨ ¢ ·¥ ±Í¨ÖÌ ¶¥·¥¤ Î¨ 6He ´  ¢µ¤µ·µ¤¥ ¨
£¥²¨¨ ´  ¸¥¶ · Éµ·¥ �Š“‹ˆ�� ¡Ò²¨ µ¡´ ·Ê¦¥´Ò ¶·µÖ¢²¥´¨Ö ¸É·Ê±ÉÊ·Ò 6He. ˆ§ÊÎ ²¨¸Ó É ±¦¥
¶·Ö³Ò¥ ·¥ ±Í¨¨ 8He ¸ ¢µ¤µ·µ¤µ³. ‚Ò¶µ²´¥´Ò ¨§³¥·¥´¨Ö ³ ¸¸ ¨ ¨§ÊÎ ² ¸Ó ¸É·Ê±ÉÊ·  Ê·µ¢´¥°
´¥°É·µ´´µ-µ¡µ£ Ð¥´´ÒÌ ¨§µÉµ¶µ¢ ²¥£±¨Ì Ô²¥³¥´Éµ¢ 7−10He, 10,11Li, 13,14Be ¨ 16B. � §¢¨-
É¨¥ Ê¸±µ·¨É¥²Ó´µ° É¥Ì´¨±¨ ¢ ¶µ¸²¥¤´¨¥ £µ¤Ò ¢ µ¸´µ¢´µ³ ¡Ò²µ ¸¢Ö§ ´µ ¸ ·¥ ²¨§ Í¨¥° ¶·µ¥±É 
DRIBs Å ¶µ²ÊÎ¥´¨¥³ ¶ÊÎ±µ¢ · ¤¨µ ±É¨¢´ÒÌ ¨µ´µ¢ ´  Í¨±²µÉ·µ´ Ì ‹Ÿ�.

During the past 5 years a unique research base with modern set-ups (kinematic separators, 4π-
spectrometers of charged particles, detectors of neutrons and γ-quanta) has been created at the FLNR
on the basis of the U-400 and U-400M isochronous cyclotrons. Due to the high efˇciency of the
48Ca beam production a world-level competitive program on the synthesis of superheavy elements
in the region of predicted spherical shells with Z ≈ 114 and N ≈ 184 has been launched. First
experiments aimed at the synthesis of the nuclei with Z = 112, 114 and 116 have been carried out
using 48Ca + 238U, 48Ca + 242,244Pu and 48Ca + 248Cm reactions. The investigation of chemical
properties of new elements is one of the traditional FLNR research programs. New results on the
properties of Rf and Sg have been obtained. New evidence of the shell in�uence on the nuclear
ˇssion dynamics has been obtained in the research of spontaneous and induced ˇssion carried out
recently. A number of experiments devoted to the study of reaction mechanisms in nucleus-nucleus
collisions were carried out at a fragment-separator COMBAS using the 12Ca and 14N ion beams of
up to 50 A·MeV in energy at the U-400M cyclotron beam line. Manifestations of the 6He-nucleus
structure in elastic scattering and transfer reactions between 6He and hydrogen and helium nuclei
were observed. Direct reactions between the 26 A·MeV 8He beam and hydrogen have been also
studied at the separator ACCULINA. The mass measurements and the level structure studies of very
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neutron-rich isotopes of light elements 7−10He, 10,11Li, 13,14Be, 16B have been performed. The
development of the accelerator technique is connected with the realization of the project DRIBs Å
production of radioactive ion beams at FLNP cyclotrons.

”¨§¨±  ÉÖ¦¥²ÒÌ ¨µ´µ¢ ¢ ¶µ¸²¥¤´¨¥ ¤¥¸ÖÉ¨²¥É¨Ö Ö¢²Ö¥É¸Ö ´ ¨¡µ²¥¥ ¤¨-
´ ³¨Î´µ · §¢¨¢ ÕÐ¥°¸Ö µ¡² ¸ÉÓÕ Ö¤¥·´µ° Ë¨§¨±¨ ´¨§±¨Ì ¨ ¶·µ³¥¦ÊÉµÎ-
´ÒÌ Ô´¥·£¨°. ˆ³¥´´µ §¤¥¸Ó ¡Ò²¨ ¶µ²ÊÎ¥´Ò ´ ¨¡µ²¥¥ ¢¶¥Î É²ÖÕÐ¨¥ ·¥§Ê²Ó-
É ÉÒ. � ¶·¨³¥·, ¢ µ¡² ¸É¨ É· ´¸Ë¥·³¨¥¢ÒÌ Ô²¥³¥´Éµ¢ (Z > 100) §  ¶µ¸²¥¤-
´¨¥ Ï¥¸ÉÓ ²¥É ¡Ò²¨ µÉ±·ÒÉÒ ¶ÖÉÓ ´µ¢ÒÌ Ô²¥³¥´Éµ¢ ¨ ¸¨´É¥§¨·µ¢ ´Ò µ±µ²µ
É·¨¤Í É¨ ´µ¢ÒÌ ¨§µÉµ¶µ¢, µ¡´ ·Ê¦¥´µ ¸É ¡¨²¨§¨·ÊÕÐ¥¥ ¢²¨Ö´¨¥ ´¥°É·µ´-
´µ° ®¶µ¤µ¡µ²µÎ±¨¯ N = 162, ¶µ²ÊÎ¥´Ò Ê± § ´¨Ö ´  ¸ÊÐ¥¸É¢µ¢ ´¨¥ ®µ¸É·µ¢ 
¸É ¡¨²Ó´µ¸É¨¯ ¸¢¥·ÌÉÖ¦¥²ÒÌ Ô²¥³¥´Éµ¢ ¸ Z ≈ 114 ¨ N ≈ 184, ¶µ²ÊÎ¥´Ò
¤ ´´Ò¥ µ Ì¨³¨Î¥¸±¨Ì ¸¢µ°¸É¢ Ì Ô²¥³¥´Éµ¢ ¢¶²µÉÓ ¤µ Z = 108. ‚ µ¡² ¸É¨
²¥£±¨Ì Ö¤¥· (Z < 20) ¸¨´É¥§¨·µ¢ ´Ò µ±µ²µ ¶ÖÉ¨¤¥¸ÖÉ¨ ´µ¢ÒÌ ¨§µÉµ¶µ¢, ¸·¥¤¨
´¨Ì ´ ¡²Õ¤ ²¨¸Ó É ±¨¥ Ô±§µÉ¨Î¥¸±¨¥, ± ± 4H ¨ 5H,   É ±¦¥ ®¤¨´¥°É·µ´´ Ö¯
±µ´Ë¨£Ê· Í¨Ö 6He.

‚ ‹ ¡µ· Éµ·¨¨ Ö¤¥·´ÒÌ ·¥ ±Í¨° ¨³. ƒ. �. ”²¥·µ¢  ¨¸¸²¥¤µ¢ ´¨Ö É· ¤¨-
Í¨µ´´µ ¶·µ¢µ¤ÖÉ¸Ö ¶µ É·¥³ µ¸´µ¢´Ò³ ´ ¶· ¢²¥´¨Ö³ Ë¨§¨±¨ ÉÖ¦¥²ÒÌ ¨µ´µ¢.
�´¨ ¢±²ÕÎ ÕÉ Ô±¸¶¥·¨³¥´ÉÒ ¶µ ¸¨´É¥§Ê ÉÖ¦¥²ÒÌ ¨ Ô±§µÉ¨Î¥¸±¨Ì Ö¤¥·, ¨§Ê-
Î¥´¨¥ ³¥Ì ´¨§³  Ö¤¥·´ÒÌ ·¥ ±Í¨° ¨ · §¢¨É¨¥ Ê¸±µ·¨É¥²Ó´µ° É¥Ì´¨±¨. ‚ ¶µ-
¸²¥¤´¨¥ £µ¤Ò ¨´É¥´¸¨¢´µ · §¢¨¢ ¥É¸Ö ´µ¢µ¥ ´ ¶· ¢²¥´¨¥ Å ¨§ÊÎ¥´¨¥ ·¥ ±Í¨°
¸ · ¤¨µ ±É¨¢´Ò³¨ ¨µ´ ³¨.

‚ É¥Î¥´¨¥ ¶·µÏ¥¤Ï¨Ì ¶ÖÉ¨ ²¥É ¡Ò²¨ ¸µ§¤ ´Ò Ê´¨± ²Ó´Ò¥ ¨¸¸²¥¤µ¢ É¥²Ó-
¸±¨¥ Ê¸É ´µ¢±¨: ±¨´¥³ É¨Î¥¸±¨¥ ¸¥¶ · Éµ·Ò, 4π-¸¶¥±É·µ³¥É·Ò § ·Ö¦¥´´ÒÌ
Î ¸É¨Í, ¤¥É¥±Éµ·Ò ´¥°É·µ´µ¢ ¨ γ-±¢ ´Éµ¢. �¸´µ¢µ° Ô±¸¶¥·¨³¥´É ²Ó´µ° ¡ §Ò
¸É ²¨ ¨§µÌ·µ´´Ò¥ Í¨±²µÉ·µ´Ò “-400 ¨ “-400Œ, µ¸´ Ð¥´´Ò¥
�–�-¨¸ÉµÎ´¨± ³¨ ¨µ´µ¢.

ˆ¸¸²¥¤µ¢ ´¨Ö ¢Ò¶µ²´ÖÕÉ¸Ö ¢ Ï¨·µ±µ° ³¥¦¤Ê´ ·µ¤´µ° ±µµ¶¥· Í¨¨ ± ±
´  Ê¸±µ·¨É¥²ÖÌ ² ¡µ· Éµ·¨¨, É ± ¨ ¢ ¤·Ê£¨Ì ´ ÊÎ´ÒÌ Í¥´É· Ì.

‚ ÔÉµ³ ±· É±µ³ µ¡§µ·¥ ³Ò ´¥ ¶ÒÉ ¥³¸Ö ¶·¨¢¥¸É¨ ¶µ²´Ò° ¶¥·¥Î¥´Ó Ô±¸-
¶¥·¨³¥´Éµ¢, ¢Ò¶µ²´¥´´ÒÌ ¢ ‹ ¡µ· Éµ·¨¨ Ö¤¥·´ÒÌ ·¥ ±Í¨° ¢ ¶¥·¨µ¤ 1995Ä
2000 ££. �¸É ´µ¢¨³¸Ö ²¨ÏÓ ´  É¥Ì · ¡µÉ Ì, ±µÉµ·Ò¥, ± ± ³Ò ¶µ² £ ¥³, ¢
´ ¨¡µ²ÓÏ¥° ³¥·¥ ¨²²Õ¸É·¨·ÊÕÉ ¤µ¸É¨¦¥´¨Ö ² ¡µ· Éµ·¨¨.

‘ˆ�’…‡ ��‚›• 	‹…Œ…�’�‚

”Ê´¤ ³¥´É ²Ó´Ò³ ¸²¥¤¸É¢¨¥³ ³ ±·µ-³¨±·µ¸±µ¶¨Î¥¸±µ° É¥µ·¨¨ Ö¢¨²µ¸Ó
¶·¥¤¸± § ´¨¥ ®µ¸É·µ¢  ¸É ¡¨²Ó´µ¸É¨¯ ¸¢¥·ÌÉÖ¦¥²ÒÌ Ô²¥³¥´Éµ¢ ¢¡²¨§¨ Z =
114 ¨ N ≈ 184. �É  ¨´É·¨£ÊÕÐ Ö £¨¶µÉ¥§  ¡Ò²  ¶·¥¤²µ¦¥´  µ±µ²µ 35 ²¥É
´ § ¤ ¨ ¨´É¥´¸¨¢´µ · §¢¨¢ ² ¸Ó ¢ ¶µ¸²¥¤ÊÕÐ¨¥ £µ¤Ò.

‚ ¦´Ò³ ¤µ¸É¨¦¥´¨¥³ ² ¡µ· Éµ·¨¨ ´  ¶ÊÉ¨ ± ®µ¸É·µ¢Ê ¸É ¡¨²Ó´µ¸É¨¯
Ö¢¨²µ¸Ó Ô±¸¶¥·¨³¥´É ²Ó´µ¥ ¶µ¤É¢¥·¦¤¥´¨¥ §´ Î¨É¥²Ó´µ£µ ¶µ¢ÒÏ¥´¨Ö ¸É -
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¡¨²Ó´µ¸É¨ ¸¢¥·ÌÉÖ¦¥²ÒÌ Ö¤¥· ¶µ µÉ´µÏ¥´¨Õ ± ¸¶µ´É ´´µ³Ê ¤¥²¥´¨Õ ¢¡²¨§¨
´¥°É·µ´´µ° ¶µ¤µ¡µ²µÎ±¨ ¸ N = 162.

‚ · ³± Ì ¸µÉ·Ê¤´¨Î¥¸É¢  „Ê¡´ Ä‹¨¢¥·³µ· (‘˜�) ´  Ê¸±µ·¨É¥²¥ “-400
(‹Ÿ�) ¢ ·¥ ±Í¨¨ 22Ne + 248Cm ¡Ò²¨ ¸¨´É¥§¨·µ¢ ´Ò ¤¢  ´µ¢ÒÌ ¨§µÉµ¶  Ô²¥-
³¥´É  Sg (Z = 106) ¨ ¢ ·¥ ±Í¨¨ 34S +238U Å ´µ¢Ò° ¨§µÉµ¶ Ô²¥³¥´É  Hs
(Z = 108) ¸ A = 267. ‚ ·¥§Ê²ÓÉ É¥ Ô±¸¶¥·¨³¥´Éµ¢ ¶µ ¸¨´É¥§Ê Ô²¥³¥´É 
110 ¢ ·¥ ±Í¨¨ 34S + 244Pu ¡Ò² ¶µ²ÊÎ¥´ ¥£µ ¨§µÉµ¶ ¸ Î¨¸²µ³ ´¥°É·µ´µ¢
N = 163 [1]. ‚ ¸µ¢³¥¸É´ÒÌ Ô±¸¶¥·¨³¥´É Ì, ¢Ò¶µ²´¥´´ÒÌ ´  Ê¸±µ·¨É¥²¥
UNILAC (GSI, ”�ƒ), ¢ ·¥ ±Í¨ÖÌ Ìµ²µ¤´µ£µ ¸²¨Ö´¨Ö 62,64Ni + 208Pb,
64Ni +209Bi ¨ 70Zn +208Pb ¡Ò²¨ µÉ±·ÒÉÒ Ô²¥³¥´ÉÒ ¸ Z = 110, 111 ¨ 112
[2].

�É¨ ¨¸¸²¥¤µ¢ ´¨Ö ¶µ¤É¢¥·¤¨²¨ ¶·¥¤¸± § ´¨Ö ³ ±·µ-³¨±·µ¸±µ¶¨Î¥¸±µ°
É¥µ·¨¨ µ ¸ÊÐ¥¸É¢¥´´µ³ ¸É ¡¨²¨§¨·ÊÕÐ¥³ ¢²¨Ö´¨¨ ¤¥Ëµ·³¨·µ¢ ´´µ° ¶µ¤-
µ¡µ²µÎ±¨ ¢ ÉÖ¦¥²ÒÌ ¤¥Ëµ·³¨·µ¢ ´´ÒÌ Ö¤· Ì ¢¡²¨§¨ Z = 108, N = 162
¨ ¶µ± § ²¨, ÎÉµ ¢ ·¥ ±Í¨ÖÌ ´ ¨¡µ²¥¥ ÉÖ¦¥²ÒÌ ³¨Ï¥´¥° Pu ¨ Cm ¸ Ê¸±µ-
·¥´´Ò³¨ ¨µ´ ³¨ 48Ca ³µ¦´µ ¤µ¸É¨£´ÊÉÓ £· ´¨ÍÒ µ¡² ¸É¨, £¤¥ ¸É ´µ¢¨É¸Ö
§ ³¥É´Ò³ ¢²¨Ö´¨¥ µ¡µ²µÎ¥± Z = 114 ¨ N = 184.

ˆ¸¶µ²Ó§µ¢ ´¨¥ ¨µ´µ¢ 48Ca ¢ ± Î¥¸É¢¥ ¡µ³¡ ·¤¨·ÊÕÐ¨Ì Î ¸É¨Í ¤²Ö ¸¨´-
É¥§  ´ ¨¡µ²¥¥ ÉÖ¦¥²ÒÌ Ô²¥³¥´Éµ¢ ¶·¥¤¸É ¢²Ö¥É µ¸µ¡Ò° ¨´É¥·¥¸. ‡´ Î¨É¥²Ó-
´µ¥ µ¡µ£ Ð¥´¨¥ ´¥°É·µ´ ³¨ ÔÉµ£µ Ö¤·  ¶µ§¢µ²Ö¥É ¶µ²ÊÎ ÉÓ ¸µ¸É ¢´Ò¥ Ö¤·  ¸
Î¨¸² ³¨ ´¥°É·µ´µ¢, ´ ¨¡µ²¥¥ ¡²¨§±¨³¨ ± ¶·¥¤¸± § ´´µ³Ê ³ £¨Î¥¸±µ³Ê Î¨¸²Ê
N = 184. ‚ ¶·µÉ¨¢µ¶µ²µ¦´µ¸ÉÓ ·¥ ±Í¨Ö³ ®Ìµ²µ¤´µ£µ¯ ¸²¨Ö´¨Ö ¢ ·¥ ±Í¨ÖÌ
¸ ¨µ´ ³¨ ± ²ÓÍ¨Ö, ¢¸²¥¤¸É¢¨¥ §´ Î¨É¥²Ó´µ°  ¸¨³³¥É·¨¨ ¢µ ¢Ìµ¤´µ³ ± ´ ²¥
(Ap/At ≈ 0,2; Zp ·Zt ≈ 1880), ´¥ µ¦¨¤ ¥É¸Ö ¸ÊÐ¥¸É¢µ¢ ´¨Ö ¤¨´ ³¨Î¥¸±¨Ì § -
¶·¥Éµ¢ ´  ¸²¨Ö´¨¥ ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì Ö¤¥·. ‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ± ± ¸²¥¤¸É¢¨¥
§´ Î¨É¥²Ó´µ£µ ¤¥Ë¥±É  ³ ¸¸Ò 48Ca, Ô´¥·£¨Ö ¢µ§¡Ê¦¤¥´¨Ö ¸µ¸É ¢´µ£µ Ö¤·  ¶·¨
Ô´¥·£¨¨ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢¡²¨§¨ ±Ê²µ´µ¢¸±µ£µ ¡ ·Ó¥·  µ¦¨¤ ¥É¸Ö ∼ 30 MÔ‚.
�Éµ µ¡¸ÉµÖÉ¥²Ó¸É¢µ ¤µ²¦´µ § ³¥É´µ ¶µ¢Ò¸¨ÉÓ ¢¥·µÖÉ´µ¸ÉÓ ¢Ò¦¨¢ ´¨Ö ¸µ¸É ¢-
´ÒÌ Ö¤¥· ¢ ¸· ¢´¥´¨¨ ¸ ·¥ ±Í¨Ö³¨ ®£µ·ÖÎ¥£µ ¸²¨Ö´¨Ö¯.

�µ¸±µ²Ó±Ê µ¦¨¤ ¥³µ¥ ¸¥Î¥´¨¥ µ¡· §µ¢ ´¨Ö ¸¢¥·ÌÉÖ¦¥²ÒÌ Ô²¥³¥´Éµ¢ ¤ ¦¥
¢ ³ ±¸¨³Ê³¥ ËÊ´±Í¨¨ ¢µ§¡Ê¦¤¥´¨Ö ¤µ²¦´µ ¡Ò²µ ¡ÒÉÓ ¡²¨§±¨³ ± 1 ¶¡, ´¥¶·¥-
³¥´´Ò³ Ê¸²µ¢¨¥³ ¶·µ¢¥¤¥´¨Ö Ô±¸¶¥·¨³¥´Éµ¢ Ö¢²Ö²µ¸Ó ¶µ²ÊÎ¥´¨¥ ¸É ¡¨²Ó´ÒÌ
¢Ò¸µ±µ¨´É¥´¸¨¢´ÒÌ ¶ÊÎ±µ¢ ¨§µÉµ¶  48Ca ¶·¨ ³¨´¨³ ²Ó´µ³ · ¸Ìµ¤¥ ³ É¥-
·¨ ² . �µ¸²¥ ³µ¤¥·´¨§ Í¨¨ Ê¸±µ·¨É¥²Ö “-400 Ê¤ ²µ¸Ó µ¡¥¸¶¥Î¨ÉÓ ¸·¥¤´ÕÕ
¨´É¥´¸¨¢´µ¸ÉÓ ¶ÊÎ±  ¨µ´µ¢ 48Ca ´  ³¨Ï¥´¨ ≈ 3 · 1012 c−1 ¶·¨ · ¸Ìµ¤¥ · -
¡µÎ¥£µ ¢¥Ð¥¸É¢  ∼ 0,3 ³£/Î. ‚¶¥·¢Ò¥ ¢ Ô±¸¶¥·¨³¥´É Ì ¨¸¶µ²Ó§µ¢ ²¸Ö ·¥¦¨³
´¥¶·¥·Ò¢´µ£µ ¶ÊÎ± .

„²Ö ±µ³¶²¥±¸´µ£µ É¥¸É¨·µ¢ ´¨Ö �–�-¨¸ÉµÎ´¨±  ¨µ´µ¢, Ê¸±µ·¨É¥²Ö “-400
¨ ¸¥¶ · Éµ·µ¢ ¢ ¤²¨É¥²Ó´ÒÌ Ô±¸¶¥·¨³¥´É Ì, ´ Í¥²¥´´ÒÌ ´  ¸¨´É¥§ ´ ¨¡µ²¥¥
ÉÖ¦¥²ÒÌ Ô²¥³¥´Éµ¢, ¡Ò²¨ ¢Ò¡· ´Ò ·¥ ±Í¨¨ 206,208Pb(48Ca,xn). �  ¸¥¶ · -
Éµ·¥ ‚�‘ˆ‹ˆ‘� ¨§ÊÎ ²µ¸Ó µ¡· §µ¢ ´¨¥ ¨§µÉµ¶µ¢ No ¢ ¤¨ ¶ §µ´¥ Ô´¥·£¨¨
¡µ³¡ ·¤¨·ÊÕÐ¨Ì ¨µ´µ¢ 205÷235 ŒÔ‚. �µ²ÊÎ¥´´Ò¥ §´ Î¥´¨Ö ¸¥Î¥´¨° µ¡· -



172 ˆ’Šˆ‘ Œ. ƒ., �ƒ��…‘Ÿ� 
. –., ���…Š� �. ƒ.

�¨¸. 1. ‡ ¢¨¸¨³µ¸ÉÓ µÉ Ô´¥·£¨¨ ¸¥Î¥´¨Ö µ¡· §µ¢ ´¨Ö ¨§µÉµ¶µ¢ ´µ¡¥²¨Ö ¢ ·¥ ±Í¨ÖÌ
206Pb(48Ca, xn)254−xNo

�¨¸. 2. � ¸¶·¥¤¥²¥´¨¥ ¶µ²´µ° ±¨´¥É¨Î¥¸±µ° Ô´¥·£¨¨ µ¸±µ²±µ¢ ¤¥²¥´¨Ö 252No, µ¡· -
§µ¢ ¢Ï¥£µ¸Ö ¢ ·¥ ±Í¨¨ 206Pb(48Ca, 2n)

§µ¢ ´¨Ö ¶µ± § ´Ò ´  ·¨¸. 1. � ¸¶·¥¤¥²¥´¨¥ ¶µ²´µ° ±¨´¥É¨Î¥¸±µ° Ô´¥·£¨¨
µ¸±µ²±µ¢ ¤¥²¥´¨Ö 252No(s. f.) (·¨¸. 2) ¨§ÊÎ ²µ¸Ó ¢ ·¥ ±Í¨¨ 206Pb(48Ca, 2n) [3].

�² £µ¤ ·Ö ¢Ò¸µ±µ° ÔËË¥±É¨¢´µ¸É¨ ¶µ²ÊÎ¥´¨Ö ¨µ´µ¢ 48Ca ¡Ò²  ´ Î É  ´¥
¨³¥ÕÐ Ö  ´ ²µ£µ¢ ¢ ³¨·¥ ¶·µ£· ³³  ¸¨´É¥§  ¸¢¥·ÌÉÖ¦¥²ÒÌ Ô²¥³¥´Éµ¢.

�±¸¶¥·¨³¥´ÉÒ ¢Ò¶µ²´Ö²¨¸Ó ´  Í¨±²µÉ·µ´¥ ÉÖ¦¥²ÒÌ ¨µ´µ¢ ‹Ÿ� “-400 ¨
¸¥¶ · Éµ· Ì ‚�‘ˆ‹ˆ‘� ¨ ƒ�‘ ¢ · ³± Ì ¸µÉ·Ê¤´¨Î¥¸É¢  ¸ GSI („ ·³ÏÉ ¤É,
ƒ¥·³ ´¨Ö), LLNL (‹¨¢¥·³µ·, ‘˜�), RIKEN (‘ ¨É ³ , Ÿ¶µ´¨Ö), “´¨¢¥·¸¨É¥-
Éµ³ Šµ³¥´¨Ê¸  (�· É¨¸² ¢ , ‘²µ¢ ±¨Ö) ¨ “´¨¢¥·¸¨É¥Éµ³ Œ¥¸¸¨´Ò (ˆÉ ²¨Ö).

�¥§Ê²ÓÉ ÉÒ Ô±¸¶¥·¨³¥´Éµ¢ ¶·¥¤¸É ¢²¥´Ò ¢ É ¡². 1.

’ ¡²¨Í  1.

„ É  Œ¨- �´¥·£¨Ö ¢µ§¡. „µ§  ¶ÊÎ± , � ¡²Õ¤ae- ‘¥Î¥´¨¥,

Ï¥´Ó E∗, ŒÔ‚ 1018 ³µ¥ Ö¤·µ ¶¡

Œ ·É 1998 238U 31,0 3,5 283112 5
�µÖ¡·ÓÄ¤¥±. 1998 244Pu 35,0 5,2 289114 1
Œ ·É 1999 242Pu 33,5 7,5 287114 2,5
ˆÕ´ÓÄµ±É. 1999 244Pu 35,3 10 288114 1
ˆÕ´Ó 2000Ä¤¥±. 2001∗ 248Cm 33,1 23∗ 292116 0,7∗

ÅÅÅÅÅÅÅ
∗�±¸¶¥·¨³¥´É ¶·µ¤µ²¦ ¥É¸Ö.
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�¨¸. 3. �µ§¨Í¨µ´´µ-±µ··¥²¨·µ¢ ´´Ò¥ Í¥¶µÎ±¨ · ¸¶ ¤µ¢: a) 283112, µ¡· §ÊÕÐ¥£µ¸Ö ¢
·¥ ±Í¨¨ 48Ca + 238U; ¡) 289114, µ¡· §ÊÕÐ¥£µ¸Ö ¢ ·¥ ±Í¨¨ 48Ca + 244Pu; ¢) 287114,
µ¡· §ÊÕÐ¥£µ¸Ö ¢ ·¥ ±Í¨¨ 48Ca + 242Pu

�¥·¢Ò¥ ¶µ²µ¦¨É¥²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¡Ò²¨ ¶µ²ÊÎ¥´Ò ´  ¸¥¶ · Éµ·¥
‚�‘ˆ‹ˆ‘� ¢¥¸´µ° 1998 £. ¶µ¸²¥ µ¡²ÊÎ¥´¨Ö ³¨Ï¥´¨ 238U ¶µÉµ±µ³ ¨µ´µ¢
48Ca 3,5 · 1018 [4]. ‚ ÔÉµ³ Ô±¸¶¥·¨³¥´É¥ ´ ¡²Õ¤ ²¨¸Ó ¤¢  ¸µ¡ÒÉ¨Ö ¸¶µ´É ´-
´µ£µ ¤¥²¥´¨Ö ¸ ¶µ²´µ° Ô´¥·£¨¥° TKE, ¡²¨§±µ° ± 190 ¨ 212 ŒÔ‚. �É¨ ¸µ¡ÒÉ¨Ö
¡Ò²¨ ¶·¨¶¨¸ ´Ò · ¸¶ ¤Ê ´µ¢µ£µ ¨§µÉµ¶  Ô²¥³¥´É  112, µ¡· §µ¢ ¢Ï¥£µ¸Ö ¢ ·¥-
 ±Í¨¨ 238U(48Ca, 3n)283112 (¸³. ·¨¸. 3,  ) ¸ ¸¥Î¥´¨¥³ σ3n ≈ 5 ¶¡.

�¥·¢Ò¥ Ô±¸¶¥·¨³¥´ÉÒ ¸ Í¥²ÓÕ ¸¨´É¥§  ¸¢¥·ÌÉÖ¦¥²µ£µ Ö¤·  ¸ Z = 114 ¢
·¥ ±Í¨¨ 48Ca + 244Pu ¡Ò²¨ ¢Ò¶µ²´¥´Ò ¢ · ³± Ì ¸µÉ·Ê¤´¨Î¥¸É¢  ‹Ÿ�Ä� Í¨µ-
´ ²Ó´ Ö ²¨¢¥·³µ·¸± Ö ² ¡µ· Éµ·¨Ö ¨³. ‹µÊ·¥´¸  (‘˜�). �±¸¶¥·¨³¥´ÉÒ ¢Ò-
¶µ²´Ö²¨¸Ó ´  ¤Ê¡´¥´¸±µ³ £ §µ´ ¶µ²´¥´´µ³ ¸¥¶ · Éµ·¥. Œ¨Ï¥´Ó ¸µ¸ÉµÖ²  ¨§
µ¡µ£ Ð¥´´µ£µ ¨§µÉµ¶  244Pu (98,6 %). �´¥·£¨Ö ¡µ³¡ ·¤¨·ÊÕÐ¨Ì Î ¸É¨Í ¢
¸e·¥¤¨´¥ ³¨Ï¥´¨ ¡Ò²  ¢Ò¡· ´  · ¢´µ° 236 ŒÔ‚, ¶·¨ ÔÉµ³ Ô´¥·£¨Ö ¢µ§¡Ê¦¤¥-
´¨Ö ¸µ¸É ¢´µ£µ Ö¤·  ¤µ²¦´  ¡Ò²  ´ Ìµ¤¨ÉÓ¸Ö ¢ ¶·¥¤¥² Ì µÉ 34 ¤µ 38,5 ŒÔ‚.
‚ ÔÉ¨Ì Ê¸²µ¢¨ÖÌ ¡Ò²¨ ¢Ò¶µ²´¥´Ò ¤¢  Ô±¸¶¥·¨³¥´É .

‚ ¶¥·¢µ³ Ô±¸¶¥·¨³¥´É¥ [5] ¡Ò²  § ·¥£¨¸É·¨·µ¢ ´  Í¥¶µÎ±  ¶µ¸²¥¤µ-
¢ É¥²Ó´ÒÌ · ¸¶ ¤µ¢, ´ Î¨´ ¢Ï Ö¸Ö ¨³¶² ´É¨·Ê¥³Ò³  Éµ³µ³, § É¥³ ¸²¥¤µ-
¢ ²¨ É·¨ α-Î ¸É¨ÍÒ, ¨ § ± ´Î¨¢ ¢Ï Ö¸Ö ¸¶µ´É ´´Ò³ ¤¥²¥´¨¥³. ‚¸¥ ¸µ¡ÒÉ¨Ö
±µ··¥²¨·ÊÕÉ ¶µ ¶µ§¨Í¨Ö³ ¢ ¤¥É¥±Éµ·¥ (·¨¸. 3, ¡). ‚Ò¸µ±¨¥ ¸·¥¤´¨¥ Ô´¥·£¨¨
α-Î ¸É¨Í ¢³¥¸É¥ ¸ ¤²¨É¥²Ó´Ò³¨ ¨´É¥·¢ ² ³¨ ¢·¥³¥´¨ ³¥¦¤Ê · ¸¶ ¤ ³¨ ¨
¸¶µ´É ´´µ¥ ¤¥²¥´¨¥, § ¢¥·Ï ÕÐ¥¥ Í¥¶µÎ±Ê, Ê± §Ò¢ ÕÉ ´  · ¸¶ ¤ Ö¤¥· ¸ ¢Ò-
¸µ±¨³¨  Éµ³´Ò³¨ ´µ³¥· ³¨. •µ·µÏ¨³ ± ´¤¨¤ Éµ³ ¢ ± Î¥¸É¢¥ ¨¸Ìµ¤´µ£µ
Ö¤· , ¶µ·µ¤¨¢Ï¥£µ ÔÉÊ Í¥¶µÎ±Ê α-· ¸¶ ¤µ¢, Ö¢²Ö¥É¸Ö ¨§µÉµ¶ 289114, µ¡· -
§µ¢ ¢Ï¨°¸Ö ¢ 3n-¨¸¶ ·¨É¥²Ó´µ³ ± ´ ²¥ ¸ ¶µ¶¥·¥Î´Ò³ ¸¥Î¥´¨¥³ ∼ 1 ¶¡.
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�¨¸. 4. a) –¥¶µÎ±¨ · ¸¶ ¤µ¢ 288114, ´ ¡²Õ¤ ¢Ï¨¥¸Ö ¢ ·¥ ±Í¨¨ 244Pu(48Ca, 4n); ¡) ¶µ-
¸²¥¤µ¢ É¥²Ó´µ¸É¨ ¸µ¡ÒÉ¨°, ´ ¡²Õ¤ ¢Ï¨¥¸Ö ¢ Í¥¶µÎ± Ì · ¸¶ ¤  292116

‚µ ¢Éµ·µ³ Ô±¸¶¥·¨³¥´É¥ [6], ¶·µ¢¥¤¥´´µ³ ¢ ¨Õ´¥Äµ±ÉÖ¡·¥ 1999 £., ´ -
¡²Õ¤ ²¨¸Ó ¤¢¥ Í¥¶µÎ±¨ α-· ¸¶ ¤µ¢, § ¢¥·Ï ¢Ï¨Ì¸Ö ¸¶µ´É ´´Ò³ ¤¥²¥´¨¥³
(·¨¸. 4, a). �´¥·£¨Ö ¨µ´µ¢ ¶ÊÎ±  ¸µµÉ¢¥É¸É¢µ¢ ²  Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö ¸µ-
¸É ¢´ÒÌ Ö¤¥· 292114, · ¢´µ° Ex = (38 ± 2) ŒÔ‚. �·¨ ÔÉµ° Ô´¥·£¨¨ ´ ¨-
¡µ²ÓÏÊÕ ¢¥·µÖÉ´µ¸ÉÓ ¨³¥² ± ´ ² ¸ ¨¸¶ ·¥´¨¥³ 4 ´¥°É·µ´µ¢, ¶·¨¢µ¤¨¢Ï¨° ±
µ¡· §µ¢ ´¨Õ ¨§µÉµ¶  288114.

‚ ³ ·É¥Ä ¶·¥²¥ 1999 £. ³¨Ï¥´Ó 242Pu ¡Ò²  µ¡²ÊÎ¥´  ¨µ´ ³¨ 48Ca ´ 
¸¥¶ · Éµ·¥ ‚�‘ˆ‹ˆ‘� [7]. ‚ ÔÉµ° ·¥ ±Í¨¨ µ¦¨¤ ²µ¸Ó µ¡· §µ¢ ´¨¥ ¨§µÉµ¶ 
Ô²¥³¥´É  114 ¸ N = 173 Å 287114. �ÉµÉ ¨§µÉµ¶ ¤µ²¦¥´ ¨¸¶ÒÉÒ¢ ÉÓ α-· ¸¶ ¤,
¶·¨¢µ¤ÖÐ¨° ± µ¡· §µ¢ ´¨Õ ¤µÎ¥·´¥£µ Ö¤·  283112, ±µÉµ·µ¥ · ´¥¥ ¡Ò²µ ¸¨´-
É¥§¨·µ¢ ´µ ¢ ·¥ ±Í¨¨ 48Ca + 238U. “¸²µ¢¨Ö ¶·µ¢¥¤¥´¨Ö Ô±¸¶¥·¨³¥´É  ¡Ò²¨
¶· ±É¨Î¥¸±¨ ¨¤¥´É¨Î´Ò Ê¸²µ¢¨Ö³ ¶·µ¢¥¤¥´¨Ö Ô±¸¶¥·¨³¥´Éµ¢ ¶µ ¸¨´É¥§Ê ¨§µ-
Éµ¶  283112. �´¥·£¨Ö ¡µ³¡ ·¤¨·ÊÕÐ¨Ì ¨µ´µ¢ 48Ca ¸µ¸É ¢²Ö²  235 ŒÔ‚.
� ¡²Õ¤ ²¨¸Ó ¤¢¥ Í¥¶µÎ±¨ α-· ¸¶ ¤ , § ¢¥·Ï ¢Ï¨¥¸Ö ¸¶µ´É ´´Ò³ ¤¥²¥´¨¥³ ¸
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¶¥·¨µ¤µ³ ¶µ²Ê· ¸¶ ¤  Tα = 5,5+10
−2 c (·¨¸. 3, ¢). ‘¥Î¥´¨¥ µ¡· §µ¢ ´¨Ö ´µ¢µ£µ

¨§µÉµ¶  287114 ¸µ¸É ¢¨²µ ∼ 2 ¶¡.
‚ ¨Õ´¥ 2000 £. ¡Ò²  ´ Î É  ¸¥·¨Ö Ô±¸¶¥·¨³¥´Éµ¢ ¶µ ¸¨´É¥§Ê ¸¢¥·ÌÉÖ¦¥-

²µ£µ Ô²¥³¥´É  ¸ Z = 116 ¢ ·¥ ±Í¨ÖÌ 48Ca + 248Cm [8]. �·¥¤¶µ² £ ²µ¸Ó, ÎÉµ
¢ ·¥ ±Í¨ÖÌ ¶µ²´µ£µ ¸²¨Ö´¨Ö ¶µ¸²¥ ¨¸¶ ·¥´¨Ö 3 ¨²¨ 4 ´¥°É·µ´µ¢ ¨ ¶µ¸²¥¤ÊÕ-
Ð¥£µ α-· ¸¶ ¤  ¡Ê¤ÊÉ µ¡· §µ¢Ò¢ ÉÓ¸Ö Ê¦¥ ¨§¢¥¸É´Ò¥ ¨§µÉµ¶Ò 288114 ¨ 289114.
Š ¨Õ´Õ 2001 £. ¡Ò²¨ ¢Ò¶µ²´¥´Ò 4 ¸¥·¨¨ Ô±¸¶¥·¨³¥´Éµ¢ ¸ ¸Ê³³ ·´µ° ¤µ§µ°
¶ÊÎ±  2,3·1019 ¨µ´µ¢. ‚¸¥£µ ´ ¡²Õ¤ ²¨¸Ó É·¨ Í¥¶µÎ±¨ · ¸¶ ¤µ¢ (¸³. ·¨¸. 4, ¡).
�µ¸²¥ ¨³¶² ´É Í¨¨ ÉÖ¦¥²µ£µ Ö¤·  µÉ¤ Î¨ ´ ¡²Õ¤ ²µ¸Ó ¨¸¶Ê¸± ´¨¥ α-Î ¸É¨Í
¸ Eα 1 ≈ 10,5 MÔ‚, Ê¸±µ·¨É¥²Ó ¢Ò±²ÕÎ ²¸Ö ¨ ¸¨£´ ²Ò µÉ α2, α3 ¨ SF ·¥-
£¨¸É·¨·µ¢ ²¨¸Ó ¶· ±É¨Î¥¸±¨ ¢ ¡¥¸Ëµ´µ¢ÒÌ Ê¸²µ¢¨ÖÌ. ˆ§ ¸· ¢´¥´¨Ö ·¨¸. 4, a
¨ 4, ¡ ¢¨¤´µ, ÎÉµ ¶¥·¢Ò° α-· ¸¶ ¤ ¶·¨¢µ¤¨É ± ¶µ¸²¥¤µ¢ É¥²Ó´µ¸É¨ · c¶ ¤µ¢,
¸µµÉ¢¥É¸É¢ÊÕÐ¥° ¨§µÉµ¶Ê 288114, ÎÉµ ¶µ§¢µ²Ö¥É ¶·¨¶¨¸ ÉÓ ¨¸Ìµ¤´Ò¥ Í¥¶µÎ±¨
· ¸¶ ¤Ê ¨§µÉµ¶  292116.

‘¢µ°¸É¢  ´ ¨¡µ²¥¥ ÉÖ¦¥²ÒÌ ¨§µÉµ¶µ¢ Hs 292116 ¶·¥¤¸É ¢²¥´Ò ¢ É ¡². 2.

’ ¡²¨Í  2.

ˆ§µÉµ¶ ‚¨¤ · ¸¶ ¤  Eα, ŒÔ‚ TKE¨§³, MÔ‚ T1/2

277Hs SF 170 11 ³¨´
280110 SF 210 7,6 c
281110 α 8,83 1,1 ³¨´
283112 SF 190 3 ³¨´
284112 α 9,17 44,3 c
285112 α 8,67 11 ³¨´
287114 α 10,29 5 c
288114 α 9,83 2,6 c
289114 α 9,71 21 c
292119 α 10,56 52,5 ³c

�¡µ¡Ð Ö ·¥§Ê²ÓÉ ÉÒ Ô±¸¶¥·¨³¥´Éµ¢ ¸ ¶ÊÎ±µ³ 48Ca ¶µ¸²¥ ´ ¡µ·  ¨´É¥-
£· ²Ó´µ° ¤µ§Ò ≈ 5 · 1019 ¨µ´µ¢, ³µ¦´µ ¸¤¥² ÉÓ ¸²¥¤ÊÕÐ¨¥ § ±²ÕÎ¥´¨Ö [9]:

Å ·¥ ±Í¨¨ ¶µ²´µ£µ ¸²¨Ö´¨Ö 48Ca ¸  ±É¨´¨¤´Ò³¨ ³¨Ï¥´Ö³¨ ¶·¨ Ô´¥·-
£¨ÖÌ ¢¡²¨§¨ ±Ê²µ´µ¢¸±µ£µ ¡ ·Ó¥·  ¸ ´ ¨¡µ²ÓÏ¥° ¢¥·µÖÉ´µ¸ÉÓÕ ¶·µÉ¥± ÕÉ ¸
¨¸¶ ·¥´¨¥³ 3 ¨²¨ 4 ´¥°É·µ´µ¢, Ô³¨¸¸¨Ö § ·Ö¦¥´´ÒÌ Î ¸É¨Í (¶·µÉµ´µ¢ ¨ α)
¸¨²Ó´µ ¶µ¤ ¢²¥´ ;

Å ¤²Ö Í¥¶µÎ¥± ¶µ¸²¥¤µ¢ É¥²Ó´ÒÌ α-· ¸¶ ¤µ¢, § ¢¥·Ï ÕÐ¨Ì¸Ö ¸¶µ´É ´-
´Ò³ ¤¥²¥´¨¥³, Ô´¥·£¨¨ Qα ¨ ¶¥·¨µ¤Ò ¶µ²Ê· ¸¶ ¤  Tα ¸²¥¤ÊÕÉ ËÊ´¤ ³¥´-
É ²Ó´µ³Ê § ±µ´Ê ƒ¥°£¥· Ä�¥ÉÉµ²  ¨ Ê± §Ò¢ ÕÉ ´  · ¸¶ ¤ Ö¤¥· ¸ ¡µ²ÓÏ¨³¨
 Éµ³´Ò³¨ ´µ³¥· ³¨ (Z = 110 ÷ 116);

Å ¸¶µ´É ´´µ¥ ¤¥²¥´¨¥ ¸ TKE∼ 200 MÔ‚ ¸¢Ö§ ´µ ¸ · ¸¶ ¤µ³ ÉÖ¦¥²ÒÌ
¤µ²£µ¦¨¢ÊÐ¨Ì Ö¤¥· (TSF ∼ 10÷ 1000 ¸) ¨ Ö¤¥· ¸ Z ≥ 106, µ¡· §ÊÕÐ¨Ì¸Ö ± ±
¤µÎ¥·´¨¥ ¶·µ¤Ê±ÉÒ α-· ¸¶ ¤  ¡µ²¥¥ ÉÖ¦¥²ÒÌ Ö¤¥·;
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Å Ê¢¥²¨Î¥´¨¥ ¢·¥³¥´¨ ¦¨§´¨ Ê 281110 ¶µ ¸· ¢´¥´¨Õ ¸ ¨§¢¥¸É´Ò³ ¨§µÉµ-
¶µ³ 273110 ¡µ²¥¥ Î¥³ ¢ 5 ·105 · § ¨ Ê 285112 ¶µ ¸· ¢´¥´¨Õ ¸ ¨§¢¥¸É´Ò³ 277112
¡µ²¥¥ Î¥³ ¢ 1,4 · 106 · § Ö¢²Ö¥É¸Ö Ê± § ´¨¥³ ´  ´ ²¨Î¨¥ Ö¤¥·´µ° µ¡µ²µÎ±¨
¶·¨ ¥Ð¥ ¡µ²ÓÏ¨Ì Î¨¸² Ì ´¥°É·µ´µ¢;

Å ¶¥·¨µ¤ ¶µ²Ê· ¸¶ ¤  ¨§µÉµ¶  287114 µ± § ²¸Ö ±µ·µÎ¥, Î¥³ Ê ¡µ²¥¥ ÉÖ-
¦¥²ÒÌ ¨§µÉµ¶µ¢ 289114 ¨ 288114, É ± Ö É¥´¤¥´Í¨Ö µ¦¨¤ ¥É¸Ö ¶·¨ Ê³¥´ÓÏ¥´¨¨
Î¨¸²  ´¥°É·µ´µ¢ ¶µ ³¥·¥ Ê¤ ²¥´¨Ö µÉ § ³±´ÊÉµ° ´¥°É·µ´´µ° µ¡µ²µÎ±¨;

Å ¸· ¢´¨¢ Ö ¢·¥³¥´  ¦¨§´¨ 292116 (T1/2 = 33 ³¸) ¨ ¥£µ ¤µÎ¥·´¥£µ Ö¤· 
288114 (T1/2 = 1,8 ¸), ³µ¦´µ ¶·¥¤¶µ²µ¦¨ÉÓ, ÎÉµ Z = 114 Ö¢²Ö¥É¸Ö ¶·µÉµ´´µ°
µ¡µ²µÎ±µ°.

�µ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ Ö¢²ÖÕÉ¸Ö ¶·Ö³Ò³ Ê± § ´¨¥³ ´  ¸ÊÐ¥¸É¢µ¢ ´¨¥
®µ¸É·µ¢  ¸É ¡¨²Ó´µ¸É¨¯ ¸¢¥·ÌÉÖ¦¥²ÒÌ Ô²¥³¥´Éµ¢ ¢¡²¨§¨ Z = 114 ¨ N > 174.

„ ²Ó´¥°Ï¨¥ Ô±¸¶¥·¨³¥´ÉÒ ¡Ê¤ÊÉ ´ Í¥²¥´Ò ´  ¸¨´É¥§ Ö¤¥· ¸ Z = 110÷118
¢ ·¥ ±Í¨ÖÌ 232Th, 236,238U, 237Np, 242,244Pu, 241,243Am, 246,248Cm, 249Cf + 48Ca.
�¡¸Ê¦¤ ¥É¸Ö ¢µ§³µ¦´µ¸ÉÓ ¶·µ¢¥¤¥´¨Ö ¨¸¸²¥¤µ¢ ´¨° ¸ ¨µ´ ³¨ 36S, 50Ti, 58Fe
¨ · ¤¨µ ±É¨¢´Ò³¨ ¶ÊÎ± ³¨. �² ´¨·ÊÕÉ¸Ö Ô±¸¶¥·¨³¥´ÉÒ ¶µ µ¶·¥¤¥²¥´¨Õ
³ ¸¸ ¸¢¥·ÌÉÖ¦¥²ÒÌ Ö¤¥·, µ¡· §ÊÕÐ¨Ì¸Ö ¢ ·¥ ±Í¨ÖÌ 48Ca + 236,238U→
284,286112∗.

�·µ¤µ²¦ ÕÉ¸Ö · ¡µÉÒ ¶µ ³µ¤¥·´¨§ Í¨¨ £ §µ´ ¶µ²´¥´´µ£µ ¸¥¶ · Éµ· 
ƒ�‘ (Ô²¥±É·µ´´ Ö ¨ ¤¥É¥±É¨·ÊÕÐ Ö ¸¨¸É¥³Ò) ¨ ¸¥¶ · Éµ·  ‚�‘ˆ‹ˆ‘�
(Ê¸É ´µ¢±  ´µ¢µ£µ µÉ±²µ´ÖÕÐ¥£µ ³ £´¨É , Ô²¥±É·µ´´ Ö ¨ ¤¥É¥±É¨·ÊÕÐ Ö ¸¨-
¸É¥³Ò).

•ˆŒˆŸ ’���‘�Š’ˆ�ˆ„�‚

ˆ¸¸²¥¤µ¢ ´¨¥ Ì¨³¨Î¥¸±¨Ì ¸¢µ°¸É¢ ´µ¢ÒÌ Ô²¥³¥´Éµ¢ Ö¢²Ö¥É¸Ö É· ¤¨Í¨µ´-
´Ò³ ´ ¶· ¢²¥´¨¥³ ¶·µ£· ³³Ò ¨¸¸²¥¤µ¢ ´¨° ‹Ÿ�.

�  Ê¸É ´µ¢±¥ •ˆ�’ˆ ¸µ¢³¥¸É´µ ¸ Ì¨³¨± ³¨ ¨§ ˜¢¥°Í ·¨¨, ƒ¥·³ -
´¨¨ ¨ �µ²ÓÏ¨ ¡Ò²  ¢Ò¶µ²´¥´  ¸¥·¨Ö Ô±¸¶¥·¨³¥´Éµ¢ ¶µ ¨§ÊÎ¥´¨Õ ¸¢µ°¸É¢
·¥§¥·Ëµ·¤¨Ö. ‘· ¢´¨É¥²Ó´µ¥ ¨§ÊÎ¥´¨¥ (µ±¸µ)Ì²µ·¨¤µ¢ ¨ ¡·µ³¨¤µ¢ 261Rf
(T1/2 = 78 ¸), µ¡· §ÊÕÐ¨Ì¸Ö ¢ ·¥ ±Í¨¨ 248Cm(18O, 5n), ¨ 165Hf (T1/2 = 76 ¸)
¶·µ¢µ¤¨²µ¸Ó ³¥Éµ¤ ³¨ ¨§µÉ¥·³¨Î¥¸±µ° Ì·µ³ Éµ£· Ë¨¨. �Ò²µ ¶µ± § ´µ, ÎÉµ
¸µ¥¤¨´¥´¨Ö Rf ¡µ²¥¥ ²¥ÉÊÎ¨, Î¥³ ¸µ¥¤¨´¥´¨Ö Hf [10].

‘¨¸É¥³ É¨Î¥¸±¨ ¨§ÊÎ ²µ¸Ó ¶µ¢¥¤¥´¨¥ ±µ·µÉ±µ¦¨¢ÊÐ¨Ì ¨§µÉµ¶µ¢ Mo ¨ W,
 ´ ²µ£µ¢ Sg. ‘µ·µ±  Éµ³µ¢ Ô²¥³¥´É  106 ¡Ò²¨ ¢Ò¤¥²¥´Ò ¢ Ëµ·³¥ SgO2Cl2
³¥Éµ¤ ³¨ É¥·³µÌ·µ³ Éµ£· Ë¨¨ ¨ § ·¥£¨¸É·¨·µ¢ ´Ò ¶µ ¸¶µ´É ´´µ³Ê ¤¥²¥´¨Õ
´  ±¢ ·Í¥¢µ° ¶µ¢¥·Ì´µ¸É¨. “¸É ´µ¢²¥´µ, ÎÉµ Ì¨³¨Î¥¸±µ¥ ¶µ¢¥¤¥´¨¥ Ô²¥³¥´É 
106 ¨ ±µ·µÉ±µ¦¨¢ÊÐ¨Ì ¨§µÉµ¶µ¢ Mo ¨ W ¨¤¥´É¨Î´µ. ‘· ¢´¨É¥²Ó´Ò°  ´ ²¨§
¶µ²ÊÎ¥´´ÒÌ ¤ ´´ÒÌ ¨ ¤ ´´ÒÌ ¶µ Ì¨³¨¨ Sg ¶µ§¢µ²¨² Ê¸É ´µ¢¨ÉÓ Ëµ·³Ê²Ò
Ì¨³¨Î¥¸±¨Ì ¸µ¥¤¨´¥´¨° ÔÉµ£µ Ô²¥³¥´É  [11].
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‡´ Î¨É¥²Ó´Ò¥ ¢·¥³¥´  ¦¨§´¨ ¨§µÉµ¶µ¢ ¸ Z = 108 ÷ 114, ¸¨´É¥§¨·µ¢ ´-
´ÒÌ ¢ ·¥ ±Í¨ÖÌ ¸ 48Ca, ¶µ§¢µ²ÖÕÉ ¶² ´¨·µ¢ ÉÓ Ô±¸¶¥·¨³¥´ÉÒ ¶µ ¨§ÊÎ¥´¨Õ
Ì¨³¨Î¥¸±¨Ì ¸¢µ°¸É¢ ÔÉ¨Ì Ô²¥³¥´Éµ¢. �·µ¡²¥³  ³µ¦¥É ¡ÒÉÓ ¸Ëµ·³Ê²¨·µ¢ ´ 
¸²¥¤ÊÕÐ¨³ µ¡· §µ³: Ö¢²ÖÕÉ¸Ö ²¨ ÔÉ¨ Ô²¥³¥´ÉÒ £µ³µ²µ£ ³¨ ÉÖ¦¥²ÒÌ ³¥É ²-
²µ¢ Os÷Pb. •¨³¨Î¥¸±¨¥ ¸¢µ°¸É¢  ÉÖ¦¥²ÒÌ Ô²¥³¥´Éµ¢ µ¶·¥¤¥²ÖÕÉ¸Ö ·¥²ÖÉ¨-
¢¨¸Éc±¨³¨ ÔËË¥±É ³¨, ¨ ¨Ì ¨§ÊÎ¥´¨¥ µÉ´µ¸¨É¸Ö ± ËÊ´¤ ³¥´É ²Ó´Ò³ ¶·µ¡²¥-
³ ³ ¸µ¢·¥³¥´´µ° Ì¨³¨¨.

�·¥¤¶µ² £ ¥É¸Ö, ÎÉµ Ô²¥³¥´É 108 (Ì ¸¸¨°) ¡Ê¤¥É Ö¢²ÖÉÓ¸Ö £µ³µ²µ£µ³ Ru
¨ Os. �² £µ¤ ·Ö Ê´¨± ²Ó´µ³Ê £·Ê¶¶µ¢µ³Ê Ì¨³¨Î¥¸±µ³Ê ¸¢µ°¸É¢Ê Ru, Os ¨
Hs µ¡· §µ¢Ò¢ ÉÓ ²¥ÉÊÎ¨¥ ¸É ¡¨²Ó´Ò¥ É¥É·µ±¸¨¤Ò É¨¶  Os(Ru)O4, Ì ¸¸¨° ³µ-
¦¥É ¡ÒÉÓ Ê¸¶¥Ï´µ µÉ¤¥²¥´ µÉ  ±É¨´¨¤µ¢ ¨ É· ´¸ ±É¨´¨¤µ¢ ¸ Z < 108. ‚
³µ¤¥²Ó´ÒÌ µ¶ÒÉ Ì ¸ ±µ·µÉ±µ¦¨¢ÊÐ¨³¨ α- ±É¨¢´Ò³¨ ¨§µÉµ¶ ³¨ 171−174Os,
¶µ²ÊÎ ¢Ï¨³¨¸Ö ¢ ·¥ ±Í¨¨ 158Dy + 20Ne [12], ¶·¨ ¶µ³µÐ¨ ¸³¥¸¨ £ §µ¢ Å
´µ¸¨É¥²¥° Ar/O2 Å É¥·³ ²¨§µ¢ ´´Ò¥  Éµ³Ò µÉ¤ Î¨ ¶¥·¥´µ¸¨²¨¸Ó ¢ £µ·ÖÎÊÕ
ÖÎ¥°±Ê ±¢ ·Í¥¢µ° É¥·³µÌ·µ³ Éµ£· Ë¨Î¥¸±µ° ±µ²µ´±¨ Ê¸É ´µ¢±¨ KIT (·¨¸. 5).

�¨¸. 5. ‘Ì¥³  ³µ¤¥·´¨§¨·µ¢ ´´µ° Ê¸É ´µ¢±¨ KIT

�·¨ ¤µ¡ ¢²¥´¨¨ ¢ £ §  Ô·µ§µ²¥° ¸¢¨´Í  Ê¤ ¢ ²µ¸Ó ¶¥·¥´µ¸¨ÉÓ OsO4 ¢ ¶µ-
³¥Ð¥´¨¥ ¤²Ö ¨§³¥·¥´¨Ö  ±É¨¢´µ¸É¨ ´  · ¸¸ÉµÖ´¨¥ 10 ³¥É·µ¢ §  ´¥¸±µ²Ó±µ
¸¥±Ê´¤. �Ô·µ§µ²¨ ¢Ò¸ ¦¨¢ ²¨¸Ó ´  ²¥´ÉÊ, ±µÉµ· Ö ± ¦¤Ò¥ 20 ¸ ¶¥·¥³¥Ð ² ¸Ó
´  µ¤¨´ Ï £. �µ²´Ò° ¢ÒÌµ¤ ¨§µÉµ¶µ¢ 171−174Os, ¢±²ÕÎ Ö ¢Ò´µ¸ ¨§ ·¥ ±-
Í¨µ´´µ° ± ³¥·Ò, É· ´¸¶µ·É ¨ µ¸ ¦¤¥´¨¥, ¸µ¸É ¢¨² 50Ä60 %. „µ¸É¨£´ÊÉ Ö
ÔËË¥±É¨¢´µ¸ÉÓ  ¶¶ · ÉÊ·Ò ¤µ¸É ÉµÎ´  ¤²Ö ¶µ²´µ³ ¸ÏÉ ¡´ÒÌ Ô±¸¶¥·¨³¥´Éµ¢
¶µ Ì¨³¨¨ Ì ¸¸¨Ö.

‘ Í¥²ÓÕ ¶µ¨¸±  ¤µ²£µ¦¨¢ÊÐ¨Ì ¶·µ¤Ê±Éµ¢ · ¸¶ ¤  Ô²¥³¥´É  110 ¶·µ¢µ¤¨-
²¨¸Ó µ¡²ÊÎ¥´¨Ö Éµ·¨¥¢µ° ³¨Ï¥´¨ ¢´ÊÉ·¥´´¨³ ¶ÊÎ±µ³ ¨µ´µ¢ 48Ca. Œ¥Éµ¤ ³¨
¡Ò¸É·µ° Ì¨³¨¨ ¨§ µ¡²ÊÎ¥´´µ° ³¨Ï¥´¨ ¨§¢²¥± ² ¸Ó Ë· ±Í¨Ö, ¸µ¤¥·¦ ¢Ï Ö
Sg, ¨ ¢ ¶µ¸²¥¤ÊÕÐ¨Ì ¨§³¥·¥´¨ÖÌ ¶·µ¢µ¤¨²¸Ö ¶µ¨¸± α-· ¸¶ ¤  ¤µ²£µ¦¨¢Ê-
Ð¥£µ ¨§µÉµ¶  268Sg ¨ ¸¶µ´É ´´µ£µ ¤¥²¥´¨Ö 264Rf [13]. ‚ ÔÉ¨Ì ¨§³¥·¥´¨ÖÌ
¡Ò²¨ µÉ· ¡µÉ ´Ò ³¥Éµ¤Ò · §¤¥²¥´¨Ö µ¡· §ÊÕÐ¨Ì¸Ö ¨§µÉµ¶µ¢,   É ±¦¥ ¨§Ê-
Î¥´Ò Ëµ´µ¢Ò¥ Ê¸²µ¢¨Ö.
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ˆ§µÉµ¶ 283112 ¸ ¢·¥³¥´¥³ ¦¨§´¨ ∼ 3 ³¨´ µ¡· §Ê¥É¸Ö ¸ ¸¥Î¥´¨¥³ ¶·¨-
³¥·´µ 5 ¶¡. �²¥³¥´É 112 ¤µ²¦¥´ ¶·¨´ ¤²¥¦ ÉÓ ± £·Ê¶¶¥ IIB ZnÄCdÄHg,
¶µÔÉµ³Ê ¢ ± Î¥¸É¢¥ ¶¥·¢µ£µ Ï £  ¢ ÔÉµ³ ´ ¶· ¢²¥´¨¨ ¡Ò²¨ · §· ¡µÉ ´Ò ³¥-
Éµ¤¨±¨ ¢Ò¤¥²¥´¨Ö ¨ ¤¥É¥±É¨·µ¢ ´¨Ö Hg. „²Ö Ô±¸¶¥·¨³¥´Éµ¢ ¸ ±µ·µÉ±µ¦¨¢Ê-

�¨¸. 6. ‘Ì¥³  ¤¥É¥±Éµ·´µ° ± ³¥·Ò

Ð¨³¨ ¨§µÉµ¶ ³¨ ·ÉÊÉ¨ ´  Í¨±²µ-
É·µ´¥ “-400 ¡Ò²  · §· ¡µÉ ´  ¸¶¥Í¨-
 ²Ó´ Ö ¤¥É¥±É¨·ÊÕÐ Ö ¶·µÉµÎ´ Ö ± -
³¥·  (·¨¸. 6), ¢ ±µÉµ·µ° · ¸¶µ² £ ² ¸Ó
¶ ·  ¶·Ö³µÊ£µ²Ó´ÒÌ (2 × 2 c³) PIPS-
¤¥É¥±Éµ·µ¢.

�¥·¢Ò¥ Ô±¸¶¥·¨³¥´ÉÒ ¶µ Ì¨³¨-
Î¥¸±µ° ¨¤¥´É¨Ë¨± Í¨¨ Ô²¥³¥´É  112
¶·µ¢µ¤¨²¨¸Ó ´  Í¨±²µÉ·µ´¥ “-400
‹Ÿ� ¢ Ö´¢ ·¥ 2000 £. [14]. Œ¨Ï¥´Ó

¨§ 238U3O8 Éµ²Ð¨´µ° 2 ³£/c³2 ¸µ¤¥·¦ ²  É ±¦¥ µ±µ²µ 100 ³±£ ¥¸É¥¸É¢¥´´µ£µ
Nd. Œ¨Ï¥´Ó ¡Ò²  ´ ´¥¸¥´  ´  2-³±³ ¶²¥´±Ê ¸¶² ¢  HAVAR. �·¨ µ¡²Ê-
Î¥´¨¨ ³¨Ï¥´¨ Ö¤·  µÉ¤ Î¨ Éµ·³µ§¨²¨¸Ó ¢ Î¨¸Éµ³ £¥²¨¨ ¨ Î¥·¥§ ± ¶¨²²Ö·
¤²¨´µ° 25 ³ ¶¥·¥´µ¸¨²¨¸Ó ± ¤¥É¥±É¨·ÊÕÐ¥°  ¶¶ · ÉÊ·¥. ‚µ¸¥³Ó ¤¥É¥±É¨·ÊÕ-

�¨¸. 7. � ¸¶·¥¤¥²¥´¨¥ ·ÉÊÉ¨,  ¡¸µ·-
¡¨·µ¢ ´´µ° ¢ ¤¥É¥±Éµ·´ÒÌ ± ³¥· Ì

Ð¨Ì ¶·µÉµÎ´ÒÌ ± ³¥· · ¸¶µ² £ ²¨¸Ó ¶µ-
¸²¥¤µ¢ É¥²Ó´µ. �µ¢¥·Ì´µ¸É¨ ¤¥É¥±Éµ·µ¢ ¢
± ³¥· Ì 1Ä6 ¡Ò²¨ ¶µ±·ÒÉÒ Au,   ¢ ¶µ-
¸²¥¤´¨Ì ¤¢ÊÌ ± ³¥· Ì Å Pd. Š ³¥·Ò · ¸-
¶µ² £ ²¨¸Ó ¢´ÊÉ·¨ ¤¥É¥±Éµ·  ´¥°É·µ´µ¢.
�¡¸µ·¡Í¨Ö  Éµ³µ¢ Hg, µ¡· §ÊÕÐ¨Ì¸Ö ¢
·¥ ±Í¨ÖÌ Nd(48Ca; xn), ±µ´É·µ²¨·µ¢ -
² ¸Ó ¶µ α-Î ¸É¨Í ³ 185Hg (5,65 ŒÔ‚).

‡  10 ¤´¥° µ¡²ÊÎ¥´¨Ö ¡Ò²  ´ ¡· ´ 
¨´É¥£· ²Ó´ Ö ¤µ§  ¨µ´µ¢ 48Ca 6,9 · 1017.
� ¸¶·¥¤¥²¥´¨¥ Hg ¢ ¤¥É¥±Éµ·´ÒÌ ± ³¥-
· Ì ¶·¨¢¥¤¥´µ ´  ·¨¸. 7. ‘µ¡ÒÉ¨Ö ¸¶µ´-
É ´´µ£µ ¤¥²¥´¨Ö ´¥ ¡Ò²¨ § ·¥£¨¸É·¨·µ-

¢ ´Ò. �ÉµÉ Ô±¸¶¥·¨³¥´É ¶·µ¤¥³µ´¸É·¨·µ¢ ² ¢µ§³µ¦´µ¸ÉÓ ¨§ÊÎ¥´¨Ö Ì¨³¨Î¥-
¸±¨Ì ¸¢µ°¸É¢ Ô²¥³¥´Éµ¢, µ¡· §ÊÕÐ¨Ì¸Ö ¸ ¸¥Î¥´¨Ö³¨ ¢ ¤¨ ¶ §µ´¥ ´¥¸±µ²Ó±¨Ì
¶¨±µ¡ ·´. „²Ö ¸²¥¤ÊÕÐ¨Ì Ô±¸¶¥·¨³¥´Éµ¢ ³Ò ¶² ´¨·Ê¥³ ³µ¤¥·´¨§¨·µ¢ ÉÓ
¤¥É¥±É¨·ÊÕÐÊÕ ¸¨¸É¥³Ê ¸ Í¥²ÓÕ µ¡¥¸¶¥Î¥´¨Ö ¢µ§³µ¦´µ¸É¨ ·¥£¨¸É·¨·µ¢ ÉÓ
α- ±É¨¢´µ¸ÉÓ ¨ ¸¶µ´É ´´µ¥ ¤¥²¥´¨¥ ¢ £ §¥, ¶·µÏ¥¤Ï¥³ Î¥·¥§ ¢¸¥ ± ³¥·Ò,  
É ±¦¥ §´ Î¨É¥²Ó´µ Ê¢¥²¨Î¨ÉÓ ¤µ§Ê ¶ÊÎ± .

„…‹…�ˆ… ˆ Š‹�‘’…���Ÿ ��„ˆ��Š’ˆ‚��‘’œ

�µ¢Ò¥ ¢ ¦´Ò¥ Ë¨§¨Î¥¸±¨¥ ·¥§Ê²ÓÉ ÉÒ ¡Ò²¨ ¶µ²ÊÎ¥´Ò ¶·¨ ¨§ÊÎ¥´¨¨ ¸¶µ´-
É ´´µ£µ ¤¥²¥´¨Ö ¨ ¤¥²¥´¨Ö ¸² ¡µ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸É ¢´ÒÌ Ö¤¥·.
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�·¨ ¨¸¸²¥¤µ¢ ´¨ÖÌ ³ ¸¸µ¢ÒÌ ¨ Ô´¥·£¥É¨Î¥¸±¨Ì · ¸¶·¥¤¥²¥´¨° µ¸±µ²±µ¢
¸¶µ´É ´´µ£µ ¤¥²¥´¨Ö 244Cm ¨ ¤¥²¥´¨Ö ¸² ¡µ¢µ§¡Ê¦¤¥´´µ£µ ¸µ¸É ¢´µ£µ Ö¤· 
242mAm(n, f ) ¡Ò²  ¢ÒÖ¢²¥´  ±µ³¶ ±É´ Ö µ¡² ¸ÉÓ ¶µ¢ÒÏ¥´´µ£µ ¢ÒÌµ¤  µ¸±µ²-
±µ¢ ¢¡²¨§¨ Ë· £³¥´Éµ¢ ¸ ³ £¨Î¥¸±¨³ Î¨¸²µ³ ´¥°É·µ´µ¢ N = 50. � ¡²Õ¤ ¢-
Ï¥¥¸Ö Ö¢²¥´¨¥ ³µ¦¥É ¡ÒÉÓ ¸¢Ö§ ´µ ¸ ¸ÊÐ¥¸É¢µ¢ ´¨¥³ ¸¢¥·Ì¡Ò¸É·µ° Í¥¶µÎ±¨
· ¸¶ ¤µ¢ ´  É·¨ ±² ¸É¥·  ¶·¨³¥·´µ · ¢´µ° ³ ¸¸Ò ¨ ¸ Z = 31 ÷ 32 (2 · 10−5

µÉ ¶µ²´µ£µ Î¨¸²  ¤¥²¥´¨°) [15]. �´ ²µ£¨Î´ Ö ¸É·Ê±ÉÊ· , ±µÉµ· Ö, ¢µ§³µ¦´µ,
É ±¦¥ µ¶·¥¤¥²Ö¥É¸Ö ±² ¸É¥·´µ° ±µ´Ë¨£Ê· Í¨¥°, ´ ¡²Õ¤ ² ¸Ó ¨ ¶·¨ ¨§ÊÎ¥´¨¨
¸¶µ´É ´´µ£µ ¤¥²¥´¨Ö 252Cf ¶·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ ¢µ§¡Ê¦¤¥´¨Ö [16]. �É¨ ¤ ´-
´Ò¥ Ê± §Ò¢ ÕÉ ´  §´ Î¨É¥²Ó´µ¥ ¢²¨Ö´¨¥ µ¡µ²µÎ¥± ´  ¤¨´ ³¨±Ê ¸¶µ´É ´´µ£µ
¨ ¢Ò´Ê¦¤¥´´µ£µ ¤¥²¥´¨Ö.

‚ ¶µ¤§¥³´µ° ² ¡µ· Éµ·¨¨ ƒ· ´-‘ ¸¸µ (ˆÉ ²¨Ö) ¸ ¶µ³µÐÓÕ ¶µ²¨ÔÉ¨-
²¥´É¥·¥ËÉ ² É´ÒÌ É·¥±µ¢ÒÌ ¤¥É¥±Éµ·µ¢ ¨§ÊÎ ² ¸Ó ±² ¸É¥·´ Ö · ¤¨µ ±É¨¢-
´µ¸ÉÓ ¨ ¸¶µ´É ´´µ¥ ¤¥²¥´¨¥ 232Th. “¸É ´µ¢²¥´  ´¨¦´ÖÖ £· ´¨Í  ¶ ·Í¨ ²Ó-
´µ£µ ¶¥·¨µ¤  ¶µ²Ê· ¸¶ ¤  ¶·¨ Ô³¨¸¸¨¨ ´ ¨¡µ²¥¥ ¢¥·µÖÉ´µ£µ ±² ¸É¥·  26Ne:
T1/2cl > 5 · 1021 ²¥É. ˆ§³¥·¥´´Ò° ¶¥·¨µ¤ ¸¶µ´É ´´µ£µ ¤¥²¥´¨Ö ¸µ¸É ¢¨²:

T1/2sf = (1,2+0,5
−0,3) · 1021 ²¥É [17].

ˆ´É¥·¥¸ ± ¨§ÊÎ¥´¨Õ ¤¥²¥´¨Ö ¸¢¥·ÌÉÖ¦¥²ÒÌ Ö¤¥· ¢ ·¥ ±Í¨ÖÌ ¸ ÉÖ¦¥²Ò³¨
¨µ´ ³¨ ¸¢Ö§ ´, ¢ ¶¥·¢ÊÕ µÎ¥·¥¤Ó, ¸ ¢µ§³µ¦´µ¸ÉÓÕ ¶µ²ÊÎ¥´¨Ö ¨´Ëµ·³ Í¨¨,
´¥µ¡Ìµ¤¨³µ° ¤²Ö ¸¨´É¥§  ´µ¢ÒÌ Ô²¥³¥´Éµ¢ ¨ µÍ¥´±¨ ¸¥Î¥´¨Ö µ¡· §µ¢ ´¨Ö
±µ³¶ Ê´¤-Ö¤¥· ¶·¨ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö ≈ 15÷30 MÔ‚. Š·µ³¥ Éµ£µ, Ö¤·  ¨§
µ¡² ¸É¨ AtÄTh ¨ ¸¢¥·ÌÉÖ¦¥²Ò¥ Ö¤·  ¸ Z � 100 ¶·¥¤¸É ¢²ÖÕÉ §´ Î¨É¥²Ó´Ò°
¨´É¥·¥¸ ¤²Ö ¨§ÊÎ¥´¨Ö ¸µ¡¸É¢¥´´µ Ë¥´µ³¥´  ¤¥²¥´¨Ö.

„²Ö ¶µ²ÊÎ¥´¨Ö ¨´Ëµ·³ Í¨¨ µ Ì · ±É¥·¨¸É¨± Ì ¤¥²¥´¨Ö Ö¤¥· ¢ É·¥Ì µ¡² -
¸ÉÖÌ Å ¤µ ±É¨´¨¤´µ°, ¶·µ³¥¦ÊÉµÎ´µ° ¨ É· ´¸Ë¥·³¨¥¢µ° Å ¶·¨³¥´Ö²¸Ö
4π-¤¥É¥±Éµ· ´¥°É·µ´µ¢ DEMON ¨ É·¨££¥· µ¸±µ²±µ¢ ¤¥²¥´¨Ö CORSET [18].
‘¶¥±É·µ³¥É· ¶·¥¤´ §´ Î¥´ ¤²Ö ·¥£¨¸É· Í¨¨ µ¸±µ²±µ¢ ¤¥²¥´¨Ö ¢ ±µ··¥²ÖÍ¨¨ ¸
¶·¥¤- ¨ ¶µ¸²¥· §·Ò¢´Ò³¨ ´¥°É·µ´ ³¨ ¨ γ-±¢ ´É ³¨. Œµ¤¥·´¨§ Í¨Ö ¸¶¥±É·µ-
³¥É·  ¶µ§¢µ²¨²  ·¥ ²¨§µ¢ ÉÓ ³¥Éµ¤ ®´¥°É·µ´´ÒÌ Î ¸µ¢¯ ¤²Ö ¨§ÊÎ¥´¨Ö Ì · ±-
É¥·¨¸É¨± ¶·µÍ¥¸¸  µ¡· §µ¢ ´¨Ö ¨ · ¸¶ ¤  ¸¢¥·ÌÉÖ¦¥²ÒÌ Ö¤¥·, µ¡· §ÊÕÐ¨Ì¸Ö
¢ ·¥ ±Í¨ÖÌ ¸ ÉÖ¦¥²Ò³¨ ¨µ´ ³¨ [19]. ‘ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¥¤¨´µ£µ ¶µ¤Ìµ¤  ¡Ò²¨
¶µ²ÊÎ¥´Ò Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ µ ³ ¸¸µ¢ÒÌ ¨ Ô´¥·£¥É¨Î¥¸±¨Ì · ¸¶·¥-
¤¥²¥´¨ÖÌ, ¶·¥¤- ¨ ¶µ¸²¥¤¥²¨É¥²Ó´ÒÌ ´¥°É·µ´ Ì,   É ±¦¥ ±µ··¥²ÖÍ¨µ´´Ò¥
¸¶¥±É·Ò Ê£²µ¢ÒÌ ¨ Ô´¥·£¥É¨Î¥¸±¨Ì · ¸¶·¥¤¥²¥´¨° ´¥°É·µ´µ¢ ¢ ¸µ¢¶ ¤¥´¨ÖÌ
¸ µ¸±µ²± ³¨ ¢Ò¤¥²¥´´µ° ³ ¸¸Ò ¨ Ô´¥·£¨¨.

BÒ¶µ²´¥´  ¸¥·¨Ö Ô±¸¶¥·¨³¥´Éµ¢ ¶µ ¨§ÊÎ¥´¨Õ ¤¥²¥´¨Ö ¸µ¸É ¢´ÒÌ Ö¤¥·
220Ra, 226Th, 256No, 270Sg ¨ 286112, µ¡· §ÊÕÐ¨Ì¸Ö ¢ ·¥ ±Í¨ÖÌ ¸ ¨µ´ ³¨ 12C,
18O, 22Ne ¨ 48Ca ¶·¨ Ô´¥·£¨ÖÌ ¢µ§¡Ê¦¤¥´¨Ö ¢ ¤¨ ¶ §µ´¥ µÉ 12 ¤µ 60 MÔ‚
(·¨¸. 8) [20, 21].

�·µ¤¥³µ´¸É·¨·µ¢ ´ ³´µ£µ³µ¤µ¢Ò° Ì · ±É¥· ¤¥²¥´¨Ö ´¥°É·µ´µ¤¥Ë¨Í¨É-
´ÒÌ ¨§µÉµ¶µ¢ Th ¶·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ ¢µ§¡Ê¦¤¥´¨Ö. �·¨ ¶¥·¥Ìµ¤¥ µÉ 220Th
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�¨¸. 8. � ¸¶·¥¤¥²¥´¨¥ ³ ¸¸ µ¸±µ²±µ¢ ¤¥²¥´¨Ö ¢ ·¥ ±Í¨ÖÌ ¨µ´µ¢ 48‘ 

± 233Th ´ ¡²Õ¤ ²¸Ö ¶¥·¥Ìµ¤ µÉ ¸¨³³¥É·¨Î´µ£µ ±  ¸¨³³¥É·¨Î´µ³Ê ¤¥²¥´¨Õ.
�É¨ Ô±¸¶¥·¨³¥´ÉÒ ¢Ò¶µ²´Ö²¨¸Ó ¢ ¸µÉ·Ê¤´¨Î¥¸É¢¥ ‹Ÿ� ¸ INFN (ˆÉ ²¨Ö), ISN
(”· ´Í¨Ö), �·Õ¸¸¥²Ó¸±¨³ “´¨¢¥·¸¨É¥Éµ³, ’¥Ì ¸¸±¨³ “´¨¢¥·¸¨É¥Éµ³ ¨ ˆŸ”
(Š § Ì¸É ´).

ˆ¸¶Ê¸± ´¨¥ ´¥°É·µ´µ¢ ¨ γ-±¢ ´Éµ¢ ¢ ±µ··¥²ÖÍ¨¨ ¸ µ¸±µ²± ³¨ ¤¥²¥´¨Ö
¸¢¥·ÌÉÖ¦¥²ÒÌ ±µ³¶ Ê´¤-¸¨¸É¥³ ¶·¨ Ô´¥·£¨ÖÌ ¢µ§¡Ê¦¤¥´¨Ö ¢¡²¨§¨ ±Ê²µ´µ¢-
¸±µ£µ ¡ ·Ó¥·  ¤µ ´ ¸ÉµÖÐ¥£µ ¢·¥³¥´¨ ¶· ±É¨Î¥¸±¨ ´¥ ¨§ÊÎ ²µ¸Ó. �µ¤µ¡´Ò¥
¨¸¸²¥¤µ¢ ´¨Ö ³µ£ÊÉ ¡ÒÉÓ ¨¸±²ÕÎ¨É¥²Ó´µ ¶µ²¥§´Ò ¤²Ö ¨¤¥´É¨Ë¨± Í¨¨ ¶·µÍ¥¸-
¸µ¢ ¸²¨Ö´¨ÖÄ¤¥²¥´¨Ö ¨ ±¢ §¨¤¥²¥´¨Ö ¨ µ¶·¥¤¥²¥´¨Ö ¢±² ¤  ± ¦¤µ£µ ¨§ ÔÉ¨Ì
¶·µÍ¥¸¸µ¢ ¢ ¢ÒÌµ¤ µ¸±µ²±µ¢ ¤¥²¥´¨Ö. Š·µ³¥ Éµ£µ, §´ ´¨¥ ³´µ¦¥¸É¢¥´´µ¸É¨
´¥°É·µ´µ¢, ¨¸¶Ê¸± ¥³ÒÌ µ¸±µ²± ³¨ ¤¥²¥´¨Ö, ³µ¦¥É ¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´µ ¤²Ö
¨¤¥´É¨Ë¨± Í¨¨ ¸¢¥·ÌÉÖ¦¥²ÒÌ Ô²¥³¥´Éµ¢ ¢ Ô±¸¶¥·¨³¥´É Ì ¶µ ¨Ì ¸¨´É¥§Ê.

‚¶¥·¢Ò¥ ¢ ·¥ ±Í¨ÖÌ 204,208Pb(16O, f ) ¨ 208Pb(18O, f ) ¶·¨ Ô´¥·£¨ÖÌ ¢¡²¨§¨
±Ê²µ´µ¢¸±µ£µ ¡ ·Ó¥·  ¡Ò²¨ ¨§ÊÎ¥´Ò ³´µ£µ³¥·´Ò¥ ±µ··¥²ÖÍ¨¨ (³ ¸¸ ÄÔ´¥·-
£¨ÖÄÊ£µ²) ¤²Ö µ¸±µ²±µ¢ ¤¥²¥´¨Ö ¢ ¸µ¢¶ ¤¥´¨¨ ¸ γ-±¢ ´É ³¨ [22]. �´¥·£¨¨
¢µ§¡Ê¦¤¥´¨Ö ¸µ¸É ¢´ÒÌ Ö¤¥· 220,224,226Th ¢ ¸¥¤²µ¢µ° ÉµÎ±¥ ¨§³¥´Ö²¨¸Ó ¢ ¶·¥-
¤¥² Ì E∗

sp = 16 ÷ 40 ŒÔ‚. �·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ ¢µ§¡Ê¦¤¥´¨Ö ´ ¡²Õ¤ ²¨¸Ó
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¤¢¥ · §²¨Î´Ò¥ ³µ¤Ò ¤¥²¥´¨Ö: ¸¨³³¥É·¨Î´ Ö ¨  ¸¨³³¥É·¨Î´ Ö. „²Ö ÔÉ¨Ì ³µ¤
¤¥²¥´¨Ö ¡Ò²¨ µÍ¥´¥´Ò Ì · ±É¥·´Ò¥ ¢·¥³¥´  ±µ²²¥±É¨¢´µ£µ ¤¢¨¦¥´¨Ö. �±¸-
¶¥·¨³¥´É ²Ó´µ ¶µ²ÊÎ¥´´Ò¥ Ì · ±É¥·¨¸É¨±¨ µ± § ²¨¸Ó ¢ Ìµ·µÏ¥³ ¸µ£² ¸¨¨ ¸
¶·¥¤¸± § ´¨Ö³¨ ³ ±·µ-³¨±·µ¸±µ¶¨Î¥¸±µ° É¥µ·¨¨.

• · ±É¥·¨¸É¨±¨ ¢Ò´Ê¦¤¥´´µ£µ ¤¥²¥´¨Ö Ö¤¥· ¸ Z > 100 ¡Ò²¨ ¨§³¥·¥´Ò
¶·¨ ¢¥¸Ó³  ´¨§±¨Ì Ô´¥·£¨ÖÌ ¢µ§¡Ê¦¤¥´¨Ö, ¶·¨ ±µÉµ·ÒÌ ¸ÊÐ¥¸É¢¥´´ÊÕ ·µ²Ó
¨£· ÕÉ µ¡µ²µÎ¥Î´Ò¥ ÔËË¥±ÉÒ, ¶·¨¢µ¤ÖÐ¨¥ ± ´µ¢Ò³ ´¥µ¦¨¤ ´´Ò³ ¸¢µ°¸É¢ ³.
‚ ¦´µ µÉ³¥É¨ÉÓ, ÎÉµ ¶µ²ÊÎ¥´´Ò¥ ¤ ´´Ò¥ µ ³ ¸¸µ¢ÒÌ ¨ Ô´¥·£¥É¨Î¥¸±¨Ì · ¸-
¶·¥¤¥²¥´¨ÖÌ µ¸±µ²±µ¢ ¤¥²¥´¨Ö,   É ±¦¥ µ ¸¥Î¥´¨ÖÌ ¸²¨Ö´¨ÖÄ¤¥²¥´¨Ö Ö¤¥·
¶µ§¢µ²ÖÕÉ ¶·¥¤¸± §Ò¢ ÉÓ ¸¢µ°¸É¢  ¸¢¥·ÌÉÖ¦¥²ÒÌ Ö¤¥· ¨ ¡µ²¥¥ ÉµÎ´µ ¶² ´¨-
·µ¢ ÉÓ ¡Ê¤ÊÐ¨¥ Ô±¸¶¥·¨³¥´ÉÒ.

‚ ÔÉµ° ¸¢Ö§¨ ¢ ‹Ÿ� ¡Ò²¨ ¢Ò¶µ²´¥´Ò Ô±¸¶¥·¨³¥´ÉÒ ¶µ ¤¥²¥´¨Õ ÉÖ¦¥²ÒÌ
Ö¤¥· ¢ ·¥ ±Í¨ÖÌ 208Pb + 48Ca→ 256No, 238U + 48Ca→ 286112, 244Pu + 48Ca→
292114, 208Pb + 86Kr→ 294118 [23, 24]. ‚Ò¡µ· ÔÉ¨Ì ·¥ ±Í¨° ¡Ò² ¸¢Ö§ ´ ¸
Ô±¸¶¥·¨³¥´É ³¨ ¶µ ¸¨´É¥§Ê ¨§µÉµ¶µ¢ 283112, 287114, 289114 ¢ „Ê¡´¥ ¨ ¨§µÉµ¶ 
293118 ¢ �¥·±²¨ (‘˜�) [25].

�±¸¶¥·¨³¥´ÉÒ ¢Ò¶µ²´Ö²¨¸Ó ´  ¢Ò¢¥¤¥´´µ³ ¶ÊÎ±¥ ¨µ´µ¢ 48Ca ¨ 86Kr Í¨-
±²µÉ·µ´  “-400 ¸ ¶µ³µÐÓÕ ¢·¥³Ö¶·µ²¥É´µ£µ ¸¶¥±É·µ³¥É·  CORSET, 24 ³µ-
¤Ê²¥° ´¥°É·µ´´µ£µ ¸¶¥±É·µ³¥É·  DEMON ¨ 4-±·¨¸É ²²Ó´µ£µ ¸Í¨´É¨²²ÖÍ¨-
µ´´µ£µ ¤¥É¥±Éµ·  ³´µ¦¥¸É¢¥´´µ¸É¨ γ-±¢ ´Éµ¢.

�  ·¨¸. 9 ¶·¥¤¸É ¢²¥´Ò ¤¢Ê³¥·´Ò¥ ³ É·¨ÍÒ TKE-M ¤²Ö ¨¸¸²¥¤µ¢ ´´ÒÌ
·¥ ±Í¨° ¸ ¨µ´ ³¨ 48Ca ¶·¨ Elab = 233 MÔ‚ ¨ 86Kr ¶·¨ Elab = 453 MÔ‚,
±µÉµ·Ò¥ ¸µµÉ¢¥É¸É¢µ¢ ²¨ Ô´¥·£¨Ö³ ¢µ§¡Ê¦¤¥´¨Ö E∗ ≈ 33 MÔ‚ ¤²Ö ±µ³¶ Ê´¤-
Ö¤¥· 256No (a), 286112 (¡) ¨ 292114 (¢),   ¤²Ö Ö¤·  294118 (£) E∗ ≈ 15 MÔ‚.
ˆ§ ·¨¸Ê´±  Ìµ·µÏµ ¢¨¤´µ, ÎÉµ ³ É·¨Í  TKE-M ³¥¦¤Ê ¶¨± ³¨ Ê¶·Ê£µ£µ · ¸-
¸¥Ö´¨Ö ±µ·¥´´Ò³ µ¡· §µ³ ¨§³¥´Ö¥É¸Ö ¶·¨ ¶¥·¥Ìµ¤¥ µÉ 256No ± ¸¢¥·ÌÉÖ¦¥²Ò³
Ö¤· ³. „²Ö 256No µ´  ¨³¥¥É É·¥Ê£µ²Ó´ÊÕ Ëµ·³Ê, ±µÉµ· Ö Ì · ±É¥·´  ¤²Ö ¤¥-
²¥´¨Ö ¸µ¸É ¢´µ£µ Ö¤· , ¨ Éµ²Ó±µ ´  ±· ÖÌ ¢¨¤´Ò ¸µ¡ÒÉ¨Ö, ±µÉµ·Ò¥ ³µ£ÊÉ ¡ÒÉÓ
¶·¨¶¨¸ ´Ò ±¢ §¨¤¥²¥´¨Õ. �·¨ ¶¥·¥Ìµ¤¥ ± Ö¤·Ê 286112 ¶·µÍ¥¸¸ ±¢ §¨¤¥²¥´¨Ö
¸É ´µ¢¨É¸Ö ¤µ³¨´¨·ÊÕÐ¨³.

„²Ö Ö¤·  292114 ± ·É¨´  µ¶ÖÉÓ ¨§³¥´Ö¥É¸Ö. Œµ¦´µ ¢¨¤¥ÉÓ, ÎÉµ µÉ´µÏ¥´¨¥
¢ÒÌµ¤  Ë· £³¥´Éµ¢ ±¢ §¨¤¥²¥´¨Ö ¶µ µÉ´µÏ¥´¨Õ ± ¢ÒÌµ¤Ê µ¸±µ²±µ¢ ¢ µ¡² ¸É¨
¸¨³³¥É·¨Î´µ£µ ¤¥²¥´¨Ö ¸ÊÐ¥¸É¢¥´´µ µÉ²¨Î ¥É¸Ö µÉ ¨Ì µÉ´µÏ¥´¨Ö ¤²Ö 286112.
�É  É¥´¤¥´Í¨Ö ¡µ²¥¥ µÉÎ¥É²¨¢µ ¢¨¤´  ¢ ´¨¦´¥° Î ¸É¨ ·¨¸. 10, £¤¥ ¶µ± § ´Ò
¢ÒÌµ¤Ò ³ ¸¸ ¤²Ö ¤¢ÊÌ ·¥ ±Í¨°: 48Ca + 238U (a, ¢) ¨ 48Ca + 244Pu (¡, £).

‚ É ¡². 3 ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ ¨¸¸²¥¤µ¢ ´¨° ·¥ ±Í¨° ¸ 48Ca ¨ ·¥ ±-
Í¨¨ 86Kr + 208Pb.

‚ ¸²ÊÎ ¥ ·¥ ±Í¨¨ 86Kr + 208Pb ¢ µ¡² ¸É¨ ¸¨³³¥É·¨Î´µ£µ ³ ¸¸µ¢µ£µ · ¸-
¶·¥¤¥²¥´¨Ö (A/2±30) ¶·µÍ¥¸¸ ±¢ §¨¤¥²¥´¨Ö ¶·¥µ¡² ¤ ¥É. ‚ ÔÉµ³ § ±²ÕÎ ¥É¸Ö
±µ·¥´´µ¥ µÉ²¨Î¨¥ ·¥ ±Í¨¨ 86Kr + 208Pb µÉ ·¥ ±Í¨¨ 48Ca + 238U ¨ µ¸µ¡¥´´µ
µÉ 48Ca + 244Pu, ¢ ±µÉµ·ÒÌ ¢ Éµ° ¦¥ µ¡² ¸É¨ ³ ¸¸ ¶·¥µ¡² ¤ ¥É ¢±² ¤ ¤¥²¥´¨Ö
±µ³¶ Ê´¤-Ö¤· .
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�¨¸. 9. „¢Ê³¥·´Ò¥ ³ É·¨ÍÒ TKE-M ¤²Ö ¶·µ¤Ê±Éµ¢ Ê± § ´´ÒÌ ·¥ ±Í¨°

’ ¡²¨Í  3.

�¥ ±Í¨Ö Elab, MÔ‚ E∗, MÔ‚ σfis σfis/σcap , % 〈TKE〉, MÔ‚

48Ca + 208Pb 230 33 350 ³¡ 96 193
48Ca + 238U 232 33 6 ³¡ 3 215
48Ca + 244Pu 233,5 33 4 ³¡ 9 220
86Kr + 208Pb 486 28 ∼ 6 ³±¡ � 10−3 260
86Kr + 208Pb 453 15 � 500 ´¡ Å 260

�µ²ÊÎ¥´´Ò¥ · ¸¶·¥¤¥²¥´¨Ö ³ ¸¸ ÄÔ´¥·£¨Ö µ¤´µ§´ Î´µ Ê± §Ò¢ ÕÉ ´  ¶¥-
·¥Ìµ¤ µÉ ¸¨³³¥É·¨Î´µ£µ ¤¥²¥´¨Ö ±µ³¶ Ê´¤-Ö¤¥· 256No ± ¡µ²¥¥  ¸¨³³¥É·¨Î-
´µ³Ê ¤¥²¥´¨Õ Ö¤¥· 286112 ¨ 292114. �¸¨³³¥É·¨Ö ¤¥²¥´¨Ö ¸¢¥·ÌÉÖ¦¥²ÒÌ Ö¤¥·
³µ¦¥É ¡ÒÉÓ µ¡ÑÖ¸´¥´  µ¡µ²µÎ¥Î´Ò³¨ ÔËË¥±É ³¨ ¢ ²¥£±µ³ µ¸±µ²±¥. ‚ ¸²ÊÎ ¥
294118 ¶·µÍ¥¸¸ ±¢ §¨¤¥²¥´¨Ö ¶·¥¤¸É ¢²Ö¥É¸Ö ¶·¥µ¡² ¤ ÕÐ¨³ ¤ ¦¥ ¢ µ¡² ¸É¨
¸¨³³¥É·¨Î´µ£µ ¤¥²¥´¨Ö [26].
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�¨¸. 10. a, ¡) ˆ§¢²¥Î¥´´Ò¥ ±µ³¶µ´¥´ÉÒ ¤¥²¥´¨Ö ±µ³¶ Ê´¤-Ö¤· , ¶·¥¤¸É ¢²¥´´Ò¥ ¤¢Ê³Ö
£ Ê¸¸¨ ´ ³¨. ¢, £) M ¸¸µ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¶·µ¤Ê±Éµ¢ ·¥ ±Í¨°. ‘¢¥É²Ò¥ ±·Ê¦±¨ ¸µ-
µÉ¢¥É¸É¢ÊÕÉ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ ¤ ´´Ò³, É¥³´Ò¥ Å ¨§¢²¥Î¥´´Ò³ ±µ³¶µ´¥´É ³ ¶·¨
¤¥²¥´¨¨ ±µ³¶ Ê´¤-Ö¤· 

‘ ¨¸¶µ²Ó§µ¢ ´¨¥³ 4π-³Ê²ÓÉ¨¤¥É¥±Éµ·´µ£µ ¸¶¥±É·µ³¥É·  ´¥°É·µ´µ¢
DEMON ¨ É·¨££¥·  µ¸±µ²±µ¢ ¤¥²¥´¨Ö CORSET ¶² ´¨·Ê¥É¸Ö ¨§ÊÎ¨ÉÓ ¢ ¸µ¢¶ -
¤¥´¨¨ ¸ ´¥°É·µ´ ³¨ ¨ γ-±¢ ´É ³¨ ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ Ì · ±É¥·¨¸É¨±¨ ³ ¸-
¸µ¢ÒÌ ¨ Ô´¥·£¥É¨Î¥¸±¨Ì · ¸¶·¥¤¥²¥´¨° µ¸±µ²±µ¢ ¤¥²¥´¨Ö ±µ³¶ Ê´¤-¸¨¸É¥³
¸ Z = 102 ÷ 122, µ¡· §ÊÕÐ¨Ì¸Ö ¶·¨ ¶µ¤¡ ·Ó¥·´ÒÌ Ô´¥·£¨ÖÌ ¢ ·¥ ±Í¨ÖÌ ¸
¨µ´ ³¨ 22Ne, 40Ar, 48Ca, 50Ti, 58Fe ¨ 86Kr. �² ´¨·Ê¥É¸Ö É ±¦¥ ¶·µ¤µ²¦¨ÉÓ
¨§ÊÎ¥´¨¥ ¢²¨Ö´¨Ö µ¡µ²µÎ¥Î´ÒÌ ÔËË¥±Éµ¢ ´  ¤¨´ ³¨±Ê ¸¶µ´É ´´µ£µ ¤¥²¥´¨Ö
252Cf.

�…�Š–ˆˆ ��‹��ƒ� ‘‹ˆŸ�ˆŸ ˆ ��‘��„ ƒ��Ÿ—ˆ• Ÿ„…�

�  Ô²¥±É·µ¸É É¨Î¥¸±µ³ ¸¥¶ · Éµ·¥ Ö¤¥· µÉ¤ Î¨ ‚�‘ˆ‹ˆ‘� ¨¸¸²¥¤µ¢ -
²µ¸Ó ¨¸¶ ·¥´¨¥ ¶·µÉµ´µ¢, α-Î ¸É¨Í ¨ ¡	µ²ÓÏ¥£µ Î¨¸²  (¤µ 15) ´¥°É·µ´µ¢ ¨§
¸µ¸É ¢´ÒÌ Ö¤¥· ¸ Ô´¥·£¨Ö³¨ ¢µ§¡Ê¦¤¥´¨Ö ¤µ 160 ŒÔ‚. �µ²ÊÎ¥´  ¨´Ëµ·³ -
Í¨Ö µ ±µ´±Ê·¥´Í¨¨ · §²¨Î´ÒÌ ± ´ ²µ¢ · ¸¶ ¤  ¶·¨ É¥³¶¥· ÉÊ· Ì Ö¤¥· ¤µ
2,5 ŒÔ‚.

O¡´ ·Ê¦¥´  ¶µ¢ÒÏ¥´´ Ö ¸É ¡¨²Ó´µ¸ÉÓ ¸¨²Ó´µ¢µ§¡Ê¦¤¥´´ÒÌ Ö¤¥· ¶µ µÉ-
´µÏ¥´¨Õ ± ¸¶µ´É ´´µ³Ê ¤¥²¥´¨Õ. ’¥µ·¥É¨Î¥¸±¨°  ´ ²¨§ ¶µ± § ², ÎÉµ ± ´ ²Ò
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¨¸¶ ·¥´¨Ö Î ¸É¨Í ¤µ³¨´¨·ÊÕÉ (Γn,p,α/Γtot ≈ 0,8 ÷ 0,9) ¢ ¤¨ ¶ §µ´¥ Ô´¥·£¨°
¢µ§¡Ê¦¤¥´¨Ö µÉ 50 ¤µ 160 ŒÔ‚. „¥²¥´¨¥ ¢µ§¡Ê¦¤¥´´ÒÌ Ö¤¥· ´ Î¨´ ¥É ¶·¥-
µ¡² ¤ ÉÓ ²¨ÏÓ ¶·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ ¢µ§¡Ê¦¤¥´¨Ö. �ÉµÉ Ë ±É Ê± §Ò¢ ¥É ´ 
§´ Î¨É¥²Ó´µ¥ ¢·¥³Ö ¤¥²¥´¨Ö ¸¨²Ó´µ¢µ§¡Ê¦¤¥´´ÒÌ Ö¤¥·: τ ∼ (3 ÷ 6) · 10−20 ¸
[27, 28].

‚Ò¸µ± Ö ÎÊ¢¸É¢¨É¥²Ó´µ¸ÉÓ ¨ ¸¥²¥±É¨¢´µ¸ÉÓ ¸¥¶ · Éµ·  ‚�‘ˆ‹ˆ‘� ¶µ-
§¢µ²ÖÕÉ ¸¨´É¥§¨·µ¢ ÉÓ ¨ ¨¤¥´É¨Ë¨Í¨·µ¢ ÉÓ Í¥²Ò° ·Ö¤ ´¥°É·µ´µ¤¥Ë¨Í¨É´ÒÌ
¨§µÉµ¶µ¢ 213,214Pa, 219U, 228,229Pu ¨ µ¶·¥¤¥²¨ÉÓ Ì · ±É¥·¨¸É¨±¨ ¨Ì
α-· ¸¶ ¤  [29].

Ÿ„�� ‚�‹ˆ‡ˆ ƒ���ˆ–› ‘’��ˆ‹œ��‘’ˆ.
‘…����’�� COMBAS

�µ²´µ¸ÉÓÕ § ¢¥·Ï¨²¨¸Ó ¸¡µ·± , ´ ¸É·µ°±  ¨ ¨¸¶ÒÉ ´¨Ö Ë· £³¥´É-¸¥¶ -
· Éµ·  COMBAS (·¨¸. 11) ´  ¶ÊÎ±¥ Ê¸±µ·¨É¥²Ö “-400Œ. ‘¥¶ · Éµ· µ¸´ -
Ð¥´ ±µ³¶²¥±¸µ³ Ê¶· ¢²ÖÕÐ¥° ¨ ±µ´É·µ²Ó´µ°  ¶¶ · ÉÊ·Ò. ‚ ± Î¥¸É¢¥ ¤¥-
É¥±Éµ·  ¨¸¶µ²Ó§Ê¥É¸Ö ¶µ²Ê¶·µ¢µ¤´¨±µ¢Ò° ∆E1, ∆E2, ∆E3, ∆E4-É¥²¥¸±µ¶-
¸¶¥±É·µ³¥É· [30].

Šµ³¶²¥±¸´µ¥ É¥¸É¨·µ¢ ´¨¥ Ê¸É ´µ¢±¨ ¶·µ¢µ¤¨²µ¸Ó ¸ ¶ÊÎ± ³¨ ¨µ´µ¢ 12C
¨ 14N ¸ Ô´¥·£¨¥° ¤µ 50 A·ŒÔ‚. �Ò²¨ ¢Ò¶µ²´¥´Ò ¶¥·¢Ò¥ Ô±¸¶¥·¨³¥´ÉÒ
¶µ ¨§ÊÎ¥´¨Õ ¢ÒÌµ¤  ÉÖ¦¥²ÒÌ ¨§µÉµ¶µ¢ Be ¢ ·¥ ±Í¨¨ 18O(35 A·MÔ‚) + 9Be
(·¨¸. 12) [31].

‚ÒÌµ¤Ò ¨§µÉµ¶µ¢ ¢ ·¥ ±Í¨ÖÌ ¸·Ò¢  ´Ê±²µ´µ¢ ¸ ¡µ²ÓÏ¨³¨ µÉ·¨Í É¥²Ó-
´Ò³¨ §´ Î¥´¨Ö³¨ Qgg Ìµ·µÏµ µ¶¨¸Ò¢ ÕÉ¸Ö ¶·µ¸Éµ° Ô±¸¶µ´¥´Í¨ ²Ó´µ°  ¶-
¶·µ±¸¨³ Í¨¥° ¢ · ³± Ì Qgg-¸¨¸É¥³ É¨±¨ (·¨¸. 13). —¥·¥§ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥
ÉµÎ±¨, µÉ´µ¸ÖÐ¨¥¸Ö ± ´¥°É·µ´µ¨§¡ÒÉµÎ´Ò³ ¨§µÉµ¶ ³ 6He ¨ 8He, ¶·µ¢¥¤¥´ 
Ô±¸¶µ´¥´É , ¤²Ö ¨§µÉµ¶µ¢ ¸ 2 � Z � 10  ¶¶·µ±¸¨³ Í¨Ö ¶µ²ÊÎ¥´  ¸¤¢¨£µ³ Ô±¸-
¶µ´¥´ÉÒ ¤²Ö ¨§µÉµ¶µ¢ £¥²¨Ö. ˆ§³¥´¥´¨Ö ³¥Ì ´¨§³  ¶¥·¨Ë¥·¨Î¥¸±¨Ì ·¥ ±Í¨°
´¥ ¡Ò²¨ µ¡´ ·Ê¦¥´Ò ¶·¨ ¶·µ³¥¦ÊÉµÎ´ÒÌ Ô´¥·£¨ÖÌ ¢ ¸· ¢´¥´¨¨ ¸ ·¥ ±Í¨Ö³¨
¶·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ.

‚ ·¥ ±Í¨ÖÌ ³¥¦¤Ê 18O (35 A·MÔ‚), 9Be (²¥£± Ö ³¨Ï¥´Ó) ¨ 181Ta (ÉÖ-
¦¥² Ö ³¨Ï¥´Ó) ¨§³¥·Ö²¨¸Ó ¨´±²Õ§¨¢´Ò¥ ¢ÒÌµ¤Ò Ô±§µÉ¨Î¥¸±¨Ì ¨§µÉµ¶µ¢ 9Li,
11Li, 11Be, 12Be ¨ 14Be, ±µÉµ·Ò¥ ³µ£ÊÉ ¨¸¶µ²Ó§µ¢ ÉÓ¸Ö ± ± ¢Éµ·¨Î´Ò¥ · ¤¨µ-
 ±É¨¢´Ò¥ ¶ÊÎ±¨ Ö¤¥·, ¨³eÕÐ¨Ì ¸É·Ê±ÉÊ·Ê £ ²µ (É ¡². 4).

’ ¡²¨Í  4.

‚Éµ·¨Î´Ò¥ ¶ÊÎ±¨, ¸−1

9Li 11Li 11Be 12Be 14Be
5 · 105 6 · 103 3 · 105 3 · 105 5 · 102
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�¨¸. 11. ‘Ì¥³  ¸¥¶ · Éµ·  COMBAS

‚ ·¥ ±Í¨ÖÌ 22Ne + 9Be (181Ta) ¶·¨ Ô´¥·£¨ÖÌ ¢¡²¨§¨ £· ´¨ÍÒ ”¥·³¨
(45 A·MÔ‚) ¨§ÊÎ ²µ¸Ó µ¡· §µ¢ ´¨¥ ¨§µÉµ¶µ¢ ¸ ³ ¸¸ ³¨ 4 � A � 30 ¨  Éµ³-
´Ò³¨ ´µ³¥· ³¨ 2 � Z � 13 (·¨¸. 13). ‚ ÔÉ¨Ì Ô±¸¶¥·¨³¥´É Ì ´¥ ¡Ò²µ ´ °-
¤¥´µ Ê± § ´¨° ´  ± ±¨¥-²¨¡µ ¸¥·Ó¥§´Ò¥ ¨§³¥´¥´¨Ö ³¥Ì ´¨§³  ·¥ ±Í¨° ¶µ
¸· ¢´¥´¨Õ ¸ ·¥ ±Í¨Ö³¨, ¶·µÉ¥± ÕÐ¨³¨ ¢ ¤¨ ¶ §µ´¥ ³¥´ÓÏ¨Ì Ô´¥·£¨° (³¥´¥¥
20 A·MÔ‚) [32].

�µ± § ´µ, ÎÉµ ¢ ·¥ ±Í¨ÖÌ ²¥£±µ£µ ¨µ´  (22Ne), ± ± c ²¥£±µ° (9Be), É ±
¨ ¸ ÉÖ¦¥²µ° ³¨Ï¥´ÓÕ (181Ta), ¢ · °µ´¥ £· ´¨ÍÒ ”¥·³¨ ¶·¥µ¡² ¤ ÕÉ ·¥-
 ±Í¨¨ ¸·Ò¢ Ä¶µ¤Ì¢ É  ¨ µ¡³¥´  ´Ê±²µ´ ³¨. „²Ö ¨§µÉµ¶µ¢, ¡²¨§±¨Ì ± ²¨-
´¨¨ ¸É ¡¨²Ó´µ¸É¨, § ·¥£¨¸É·¨·µ¢ ´ § ³¥É´Ò° ¢±² ¤ µÉ ¶·µÍ¥¸¸µ¢ ¤¥¢µ§¡Ê-
¦¤¥´¨Ö. �±¸¶µ´¥´Í¨ ²Ó´ Ö  ¶¶·µ±¸¨³ Í¨Ö · ¸¶·¥¤¥²¥´¨° ¨§µÉµ¶µ¢ ¸ ¨¸-
¶µ²Ó§µ¢ ´¨¥³ Qgg-¸¨¸É¥³ É¨±¨ ¶µ¤É¢¥·¦¤ ¥É ¡¨´ ·´Ò° Ì · ±É¥· ·¥ ±Í¨° ¨
¶µ§¢µ²Ö¥É ±µ··¥±É´µ ¶·¥¤¸± §Ò¢ ÉÓ ¢ÒÌµ¤Ò ´¥¨§¢¥¸É´ÒÌ ¨§µÉµ¶µ¢ ´  £· ´¨Í¥
¸É ¡¨²Ó´µ¸É¨.
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�¨¸. 12. ‚ÒÌµ¤Ò ÉÖ¦¥²ÒÌ ¨§µÉµ¶µ¢ Be ¢ ·¥ ±Í¨¨ 18O(35 A·MÔ‚) +9Be

�¨¸. 13. ‚ÒÌµ¤Ò ¨§µÉµ¶µ¢ ¸ 2 � Z � 10 ¢ § ¢¨¸¨³µ¸É¨ µÉ ¢¥²¨Î¨´ Qgg. ‘É·¥²±¨
µ±µ²µ ÉµÎ¥±, ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¨§µÉµ¶ ³ O, F ¨ Ne, Ê± §Ò¢ ÕÉ ¶µ´¨¦¥´¨¥ ¢ÒÌµ¤µ¢.
–¨Ë·Ò µ±µ²µ ÉµÎ¥± µ¡µ§´ Î ÕÉ ³´µ¦¨É¥²¨ ¤²Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¢ÒÌµ¤µ¢



��‡‚ˆ’ˆ… ”ˆ‡ˆŠˆ ’Ÿ†…‹›• ˆ���‚ 187

�² ´¨·ÊÕÉ¸Ö ¨¸¸²¥¤µ¢ ´¨Ö ¢ÒÌµ¤µ¢ ¨ ¸¢µ°¸É¢ ÉÖ¦¥²ÒÌ ¨§µÉµ¶µ¢ ±¨¸²µ-
·µ¤  ¢ ·¥ ±Í¨ÖÌ 36S, 40Ar(20 ÷ 60 A·MÔ‚) +9Be, Ta. „²Ö ÔÉ¨Ì Í¥²¥° ¡Ê¤¥É
¨¸¶µ²Ó§µ¢ ´ É·¥±µ¢Ò° ¤¥É¥±Éµ· ´  ¡ §¥ ³´µ£µ¸²µ°´µ° ¶·µ¶µ·Í¨µ´ ²Ó´µ° ± -
³¥·Ò.

�…�Š–ˆˆ ‘ �“—Š�Œˆ ��„ˆ��Š’ˆ‚�›• ˆ���‚.
‘…����’�� �Š“‹ˆ��

„²Ö ·¥ ²¨§ Í¨¨ Ë¨§¨Î¥¸±µ° ¶·µ£· ³³Ò ¨¸¸²¥¤µ¢ ´¨° ·¥ ±Í¨° ¸ · ¤¨µ-
 ±É¨¢´Ò³¨ ¶ÊÎ± ³¨ ¡Ò² · §· ¡µÉ ´ ¨ ¸µ§¤ ´ ¸¥¶ · Éµ· �Š“‹ˆ�� [33].

‚Éµ·¨Î´Ò¥ ¶ÊÎ±¨ ¨µ´µ¢ 6,8He, 9,11Li, 12,14Be, 8B ¸ Ô´¥·£¨Ö³¨
25Ä35 ŒÔ‚/A ¶·µ¨§¢µ¤¨²¨¸Ó ¶·¨ ¶µ³µÐ¨ ¶¥·¢¨Î´ÒÌ ¶ÊÎ±µ¢ ¨µ´µ¢ 7Li, 11B,
13C, 15N ¨ 18O. �µ²ÊÎ¥´Ò ¨´É¥´¸¨¢´µ¸É¨ 1,5·106 ¨ 7·103 c−1, ¸µµÉ¢¥É¸É¢¥´´µ,
¤²Ö ¶ÊÎ±µ¢ 6He ¨ 8He ¸ Ô´¥·£¨¥° 25 ŒÔ‚/A ¶·¨ µ¡²ÊÎ¥´¨¨ ³¨Ï¥´¥° ¸ ¶²µ-
Ð ¤ÓÕ 0,3Ä0,5 c³2. ‚Éµ·¨Î´Ò° ¶ÊÎµ± ¨³¥² · §¡·µ¸ ¶µ Ô´¥·£¨¨ ´  Ê·µ¢´¥ 5 %
(FWHM).

‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö Ê¸É ´µ¢±  �Š“‹ˆ�� ¶µ²´µ¸ÉÓÕ Ê±µ³¶²¥±Éµ¢ ´  ·¥-
 ±Í¨µ´´Ò³¨ ± ³¥· ³¨, ¸¨¸É¥³ ³¨ ¤¨ £´µ¸É¨±¨ ¢Éµ·¨Î´ÒÌ ¶ÊÎ±µ¢, ±·¨µ£¥´-

�¨¸. 14. „¥É¥±É¨·ÊÕÐ Ö ¸¨¸É¥³ . Š ¦-
¤Ò° É¥²¥¸±µ¶ T1 ¨ T2 ¸µ¸Éµ¨É ¨§ 400-
¸É·¨¶µ¢µ£µ Si-¤¥É¥±Éµ·  Dx ¨ Dy ¨ Éµ²-
¸Éµ£µ ±·¨¸É ²²  CsI. �µ Ìµ¤Ê ¶ÊÎ± 
Ê¸É ´µ¢²¥´Ò: ³¨Ï¥´Ó (4), ¤¢¥ ³´µ-
£µ¶·µ¢µ²µÎ´Ò¥ ¶·µ¶µ·Í¨µ´ ²Ó´Ò¥ ± -
³¥·Ò (1, 3) ¨ ¶² ¸É¨±µ¢Ò¥ ¸Í¨´É¨²²Ö-
Í¨µ´´Ò¥ ¤¥É¥±Éµ·Ò (2, 5)

´µ° £ §µ¢µ° ³¨Ï¥´ÓÕ ¨ ¤¥É¥±É¨·ÊÕÐ¥°
¸¨¸É¥³µ° ¤²Ö ¢Ò¶µ²´¥´¨Ö Ô±¸¶¥·¨³¥´-
Éµ¢ ¸ · ¤¨µ ±É¨¢´Ò³¨ ¶ÊÎ± ³¨.

Œ´µ£µ¶·µ¢µ²µÎ´Ò¥ ¨µ´¨§ Í¨µ´´Ò¥
± ³¥·Ò, Ê¸É ´µ¢²¥´´Ò¥ ¢ ¶ÊÎ±¥, µ¡¥¸-
¶¥Î¨¢ ÕÉ ¶µ§¨Í¨µ´´µ¥ · §·¥Ï¥´¨¥
1,5 ³³ ¨ Ê£²µ¢µ¥ · §·¥Ï¥´¨¥ 0,15◦ ¢ ·¥-
¦¨³¥ ¤¥É¥±É¨·µ¢ ´¨Ö ± ¦¤µ° ´ ²¥É Õ-
Ð¥° Î ¸É¨ÍÒ ¢Éµ·¨Î´µ£µ ¶ÊÎ± . „¥É¥±-
É¨·ÊÕÐ Ö ¸¨¸É¥³  Ê¸É ´µ¢±¨ ¸Ì¥³ É¨-
Î¥¸±¨ ¶µ± § ´  ´  ·¨¸. 14.

‚Ò¶µ²´¥´Ò ¨§³¥·¥´¨Ö Ê£²µ¢ÒÌ
· ¸¶·¥¤¥²¥´¨° ¶·µ¤Ê±Éµ¢ ·¥ ±Í¨° ¶¥-
·¥¤ Î¨ ¨ Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö ¤²Ö ¸¨-
¸É¥³Ò 6He +p ¢ µ¡· É´µ° ±¨´¥³ É¨±¥ ¸
· ¤¨µ ±É¨¢´Ò³ ¶ÊÎ±µ³ 6He. �Éµ ·¥¤±µ
¢¸É·¥Î ÕÐ¨°¸Ö ¸²ÊÎ ° ¶·µÍ¥¸¸  ¶¥·¥-
¤ Î¨, ¢ ±µÉµ·µ³ ÊÎ ¸É¢ÊÕÉ Ö¤· , ¸µ¤¥·-
¦ Ð¨¥ ¨ ´¥ ¸µ¤¥·¦ Ð¨¥ ´¥°É·µ´´µ¥ £ ²µ. ˆ¸¶µ²Ó§ÊÖ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¤ ´-
´Ò¥ ¤²Ö ¸¨¸É¥³Ò 6Li +p, ³µ¦´µ ¸· ¢´¨ÉÓ ¢²¨Ö´¨¥ ¸É·Ê±ÉÊ·´ÒÌ ¶ · ³¥É·µ¢
´  ¨§ÊÎ ¥³Ò° ¶·µÍ¥¸¸. “£²µ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¶·µ¤Ê±Éµ¢ Ê¶·Ê£µ£µ · ¸¸¥Ö-
´¨Ö ¨ ¶·µ¤Ê±Éµ¢ ¶¥·¥¤ Î¨ 1n ¨ 2n ¡Ò²¨ ¶µ²ÊÎ¥´Ò ¶·¨ ¨§³¥·¥´¨ÖÌ Ô´¥·£¨°
¸µ¢¶ ¤ ÕÐ¨Ì ¶·µ¤Ê±Éµ¢ ·¥ ±Í¨¨ [34].
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�¨¸. 15. “£²µ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¶·µ¤Ê±Éµ¢ ·¥ ±Í¨° ¶¥·¥¤ Î¨ ¨ Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö
¤²Ö ¸¨¸É¥³Ò 6He + p: a) Ê¶·Ê£¨° ± ´ ²; ¡) 5He + d-± ´ ²; ¢) α + t-± ´ ²

O¡µ¡Ð¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ É·¥Ì ¸¥·¨° Ô±¸¶¥·¨³¥´Éµ¢ ¶·¥¤¸É ¢²¥´Ò ´ 
·¨¸. 15. “± § ´´Ò¥ ´  ·¨¸Ê´±¥ ¶µ£·¥Ï´µ¸É¨ ¢±²ÕÎ ÕÉ ¢ ¸¥¡Ö ¸É É¨¸É¨Î¥-
¸±¨¥ ¶µ£·¥Ï´µ¸É¨ ¨ ´¥ÉµÎ´µ¸É¨ ¢ µ¶·¥¤¥²¥´¨¨ É· ´¸³¨¸¸¨¨ Ê¸É ´µ¢±¨.

�·µÖ¢²¥´¨Ö ¸É·Ê±ÉÊ·Ò Ö¤·  6He ¨§ÊÎ ²¨¸Ó ¢ ¶·µÍ¥¸¸ Ì Ê¶·Ê£µ£µ · ¸¸¥-
Ö´¨Ö ¨ ¶¥·¥¤ Î¨ Ö¤¥· 6He ¸ Ô´¥·£¨¥° 150 ŒÔ‚ ´  Ö¤· Ì ¢µ¤µ·µ¤  ¨ £¥²¨Ö.
‚¶¥·¢Ò¥ ¡Ò²µ ¨§³¥·¥´µ ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö 6He
´  4He ¢ ¤¨ ¶ §µ´¥ Ê£²µ¢ 25 ÷ 160◦ ¢ ¸. Í. ³. [35]. �µ¤Ñ¥³ ¸¥Î¥´¨Ö, ´ ¡²Õ-
¤ ¢Ï¨°¸Ö ¶·¨ · ¸¸¥Ö´¨¨ ´ § ¤, ¡Ò² ¨´É¥·¶·¥É¨·µ¢ ´ ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ ¢µ²-
´µ¢Ò³¨ ËÊ´±Í¨Ö³¨ 6He, ¶·¥¤¸± §Ò¢ ¥³Ò³¨ ¸ÊÐ¥¸É¢ÊÕÐ¨³¨ É¥µ·¨Ö³¨. �É¨
¨¸¸²¥¤µ¢ ´¨Ö Ö¢¨²¨¸Ó ¶¥·¢Ò³ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ ¶µ¤É¢¥·¦¤¥´¨¥³ ®¤¨´¥°-
É·µ´´µ°¯ ±µ´Ë¨£Ê· Í¨¨ ´¥°É·µ´´µ£µ £ ²µ ¢ 6He, ¶·¥¤¸± § ´´µ° É¥µ·¨¥°.

‚¶¥·¢Ò¥ ¡Ò²¨ ¨§³¥·¥´Ò ¸¥Î¥´¨Ö Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö ¨ ·¥ ±Í¨° ¶¥·¥-
¤ Î¨ µ¤´µ£µ ¨ ¤¢ÊÌ ´¥°É·µ´µ¢ ¢ ¸¨¸É¥³¥ 6He +p ¶·¨ Ô´¥·£¨¨ ¢§ ¨³µ¤¥°¸É¢¨Ö
150 ŒÔ‚ ¢ ¤¨ ¶ §µ´¥ Ê£²µ¢ 40 ÷ 140◦ ¢ ¸. Í. ³. �¥§Ê²ÓÉ ÉÒ  ´ ²¨§¨·µ¢ ²¨¸Ó
¢ · ³± Ì É¥µ·¨¨ DWBA. ‚ÒÌµ¤´µ° ± ´ ² α + t ¶·¥¤¸É ¢²Ö¥É µ¸µ¡Ò° ¨´É¥-
·¥¸, ¶µ¸±µ²Ó±Ê µ¡  ¶·µÍ¥¸¸  Å ¶¥·¥¤ Î  2n ¨ t Å ¢´µ¸ÖÉ ¢±² ¤ ¢ ¶µ²´µ¥
¸¥Î¥´¨¥. �µ²ÊÎ¥´´Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶µ§¢µ²ÖÕÉ § ±²ÕÎ¨ÉÓ, ÎÉµ
 ³¶²¨ÉÊ¤  ¤¢ÊÌÉ·¨Éµ´´µ£µ ¸µ¸ÉµÖ´¨Ö ¢ 6He ¶·¥´¥¡·¥¦¨³µ ³ ² . �´ ²¨§ ¶µ± -
§Ò¢ ¥É ¢Ò¸µ±ÊÕ ¢¥²¨Î¨´Ê (¡²¨§±ÊÕ ± ¥¤¨´¨Í¥) ¸¶¥±É·µ¸±µ¶¨Î¥¸±µ£µ Ë ±Éµ· 
®¤¨´¥°É·µ´´µ°¯ ±µ´Ë¨£Ê· Í¨¨ ´¥°É·µ´´µ£µ £ ²µ ¢ 6He.

‡´ Î¨É¥²Ó´Ò° ¨´É¥·¥¸ ¶·¥¤¸É ¢²Ö¥É ¨§ÊÎ¥´¨¥ ·¥ ±Í¨° ¶¥·¥¤ Î ³¥¦¤Ê ´ -
²¥É ÕÐ¨³¨ Î ¸É¨Í ³¨ 6He ¨ 8He ¨ Ö¤· ³¨-³¨Ï¥´Ö³¨ Å ¢µ¤µ·µ¤µ³ ¨ £¥²¨¥³
[36]. ‚ ¸²ÊÎ ¥ Ö¤· -³¨Ï¥´¨ 4He ³µ£²  ¶·µ¨¸Ìµ¤¨ÉÓ ¶¥·¥¤ Î  ¤¢ÊÌ ¨²¨ Î¥ÉÒ-
·¥Ì ´¥°É·µ´µ¢ ¤²Ö 6He ¨ 8He, É. ¥. µ¡³¥´´Ò° ¶·µÍ¥¸¸, ±µÉµ·Ò° ³µ¦´µ ¡Ò²µ
¡Ò ´ ¡²Õ¤ ÉÓ ¢ ¸. Í. ³. ± ± Ê¶·Ê£µ¥ · ¸¸¥Ö´¨¥ ¢ µ¡· É´µ³ ´ ¶· ¢²¥´¨¨. �¥·¥-
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¤ Î  ¤¢ÊÌ ´¥°É·µ´µ¢ ³¥¦¤Ê Ö¤· ³¨ 6He ¨ 1H ³µ£²  ¡Ò ¡ÒÉÓ Ìµ·µÏ¨³ É¥¸Éµ³
¤²Ö É¥µ·¥É¨Î¥¸±¨Ì ¶·¥¤¸± § ´¨°, ¸¤¥² ´´ÒÌ ´  ¡ §¥ É·¥ÌÉ¥²Ó´µ° ³µ¤¥²¨ 6He.

“¸¶¥Ï´µ § ¢¥·Ï¨² ¸Ó ¸¥·¨Ö Ô±¸¶¥·¨³¥´Éµ¢, ´ ¶· ¢²¥´´ Ö ´  µ¡´ ·Ê¦¥-
´¨¥ ·¥§µ´ ´¸  5H (µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö) [37]. �¥§µ´ ´¸ 5H ¢µ§¡Ê¦¤ ²¸Ö ¢

�¨¸. 16. �´¥·£¥É¨Î¥¸±¨° ¸¶¥±É· ¶·µ-
¸É· ´¸É¢¥´´µ-±µ··¥²¨·µ¢ ´´ÒÌ ¤¢ÊÌ¶·µ-
Éµ´´ÒÌ ¶ ·, ¤¥É¥±É¨·Ê¥³ÒÌ ¢ ·¥ ±Í¨¨
6He +p →3H +2p+n+n ¶·¨ Ô´¥·£¨¨ 6He,
¸µ¸É ¢²ÖÕÐ¥° 36 A·ŒÔ‚

·¥ ±Í¨¨ 6He +p →5H +2p. “¸²µ¢¨Ö
¤¢ÊÌÎ ¸É¨Î´µ° ±¨´¥³ É¨±¨ ¢ ÔÉµ°
·¥ ±Í¨¨ ·¥ ²¨§ÊÕÉ¸Ö ¡² £µ¤ ·Ö ¢¨·-
ÉÊ ²Ó´µ³Ê ¢§ ¨³µ¤¥°¸É¢¨Õ ¤¢ÊÌ ¶·µ-
Éµ´µ¢. �¥§µ´ ´¸´µ¥ ¸µ¸ÉµÖ´¨¥, ±µÉµ-
·µ¥ ´ Ìµ¤¨É¸Ö ¶·¨³¥·´µ ´  2 ŒÔ‚
¢ÒÏ¥ ¶µ·µ£  · ¸¶ ¤  t + n + n,
¡Ò²µ µ¡´ ·Ê¦¥´µ ¢ ¸¶¥±É·¥ ¶µ²-
´µ° Ô´¥·£¨¨ ±µ··¥²¨·µ¢ ´´ÒÌ ¶·µ-
Éµ´µ¢, ¨¸¶Ê¸± ¥³ÒÌ ¢ ¢ÒÌµ¤´µ³ ± -
´ ²¥ ·¥ ±Í¨¨. ˜¨·¨´  ÔÉµ£µ ¶¨± ,
¢ µ¸´µ¢´µ³, µ¶·¥¤¥²Ö¥É¸Ö  ¶¶ · -
ÉÊ·´Ò³ · §·¥Ï¥´¨¥³. �¥ ²Ó´ Ö Ï¨-
·¨´  ·¥§µ´ ´¸  5H µÍ¥´¨¢ ¥É¸Ö ± ±
1/10 Î ¸ÉÓ µÉ Ï¨·¨´Ò ¶¨± , ¶µ± -
§ ´´µ£µ ´  ·¨¸. 16. � ¸¶·¥¤¥²¥´¨¥
µ¸É ²Ó´ÒÌ ¸µ¡ÒÉ¨° ¢´¥ ·¥§µ´ ´¸ 
Ìµ·µÏµ µ¡ÑÖ¸´ÖeÉ¸Ö ¢ É¥·³¨´ Ì Ë -
§µ¢µ£µ µ¡Ñ¥³ , µ¶¨¸Ò¢ ÕÐ¥£µ ·¥ ²Ó-
´ÊÕ ¤¥É¥±Éµ·´ÊÕ ¸¡µ·±Ê ¨ µ¡·¥§ Õ-
Ð¥£µ ¸¶¥±É· ¸ ¶· ¢µ° ¸Éµ·µ´Ò, ÎÉµ É ±¦¥ ¶µ± § ´µ ´  ·¨¸. 16.

‡ ¢¥·Ï¥´Ò Ô±¸¶¥·¨³¥´ÉÒ ¶µ ¨§ÊÎ¥´¨Õ ·¥§µ´ ´¸´ÒÌ ¸µ¸ÉµÖ´¨° ¢ 7He,
§ ¸¥²Ö¥³ÒÌ ¶·¨ ¶¥·¥¤ Î¥ µ¤´µ£µ ´¥°É·µ´  ´  6He µÉ ¤¥°É¥·¨¥¢µ° ³¨Ï¥´¨.
‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¤ ´´Ò¥  ´ ²¨§¨·ÊÕÉ¸Ö ¸ Í¥²ÓÕ ¨§¢²¥ÎÓ ¨´Ëµ·³ Í¨Õ µ
¸É·Ê±ÉÊ·¥ ·¥§µ´ ´¸  p3/2 ¢ µ¸´µ¢´µ³ ¸µ¸ÉµÖ´¨¨ 7He ¨, ¢µ§³µ¦´µ, µ ¤·Ê£µ³
·¥§µ´ ´¸¥ p1/2.

‚ ¸¥·¨¨ Ô±¸¶¥·¨³¥´Éµ¢ ¡Ò²¨ ¨¸¸²¥¤µ¢ ´Ò ¶·Ö³Ò¥ ·¥ ±Í¨¨, ¶·µÉ¥± ÕÐ¨¥
³¥¦¤Ê 8He ¨ ¢µ¤µ·µ¤µ³ ¶·¨ Ô´¥·£¨¨ 26 A·MÔ‚ [38]. ‘¥Î¥´¨Ö Ê¶·Ê£µ£µ
· ¸¸¥Ö´¨Ö, ¶¥·¥¤ Î¨ µ¤´µ£µ ¨ ¤¢ÊÌ ´¥°É·µ´µ¢ ´  µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥ 6He,
  É ±¦¥ ¶¥·¥¤ Î  ¤¢ÊÌ ´¥°É·µ´µ¢ ´  2+-¸µ¸ÉµÖ´¨¥ 6He ¡Ò²¨ ¨§³¥·¥´Ò ¢
¤¨ ¶ §µ´ Ì Ê£²µ¢ 35 ÷ 142◦, 33 ÷ 143◦, 15 ÷ 135◦¨ 13 ÷ 138◦ (·¨¸. 17).

‚ µÉ²¨Î¨¥ µÉ ¤·Ê£¨Ì ¸² ¡µ¸¢Ö§ ´´ÒÌ Ö¤¥·, Ê¶·Ê£µ¥ · ¸¸¥Ö´¨¥ 8He Ê¤µ¢²¥-
É¢µ·¨É¥²Ó´µ µ¶¨¸Ò¢ ¥É¸Ö ¢ · ³± Ì £²µ¡ ²Ó´µ° µ¶É¨Î¥¸±µ° ³µ¤¥²¨ ¡¥§ ± ±µ°-
²¨¡µ ¶µ¤£µ´±¨. „ ´´Ò¥, ¶µ²ÊÎ¥´´Ò¥ ¤²Ö ·¥ ±Í¨° ¶¥·¥¤ Î¨, ¡Ò²¨ ¶·µ ´ ²¨§¨-
·µ¢ ´Ò ³¥Éµ¤µ³ ¨¸± ¦¥´´ÒÌ ¢µ²´ DWBA. ’¥¸É¨·µ¢ ´¨Õ ¶µ¤¢¥·£²¨¸Ó ¸¶¥±-
É·µ¸±µ¶¨Î¥¸±¨¥  ³¶²¨ÉÊ¤Ò ¤²Ö 7He(3/2−)+n-, 6He(0+)+2n- ¨ 6He(2+)+2n-
±² ¸É¥·¨§ Í¨¨ 8He, ¶·¥¤¸± § ´´Ò¥ É· ´¸²ÖÍ¨µ´´µ° ¨´¢ ·¨ ´É´µ° µ¡µ²µÎ¥Î-
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´µ° ³µ¤¥²ÓÕ (TISM). �·¨ ÔÉµ³ ¡Ò²¨ ´ °¤¥´Ò ¶µÉ¥´Í¨ ²Ò µ¶É¨Î¥¸±µ° ³µ-
¤¥²¨ ¤²Ö · §²¨Î´ÒÌ ¢ÒÌµ¤´ÒÌ ± ´ ²µ¢. ‚ ¸²ÊÎ ¥ ¶¥·¥¤ Î¨ ¤¢ÊÌ ´¥°É·µ´µ¢,

�¨¸. 17. ‘¥Î¥´¨Ö ¤²Ö Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö 8He
(a), ¶¥·¥¤ Î¨ 1n, 2n ´  µ¸´µ¢´µ¥ ¸µ¸ÉµÖ-
´¨¥ 6He (¡), ¶¥·¥¤ Î¨ 2n ´  ¸µ¸ÉµÖ´¨¥ 2+

¢ 6He (¢)

¶·¨¢µ¤ÖÐ¥° ± ¸µ¸ÉµÖ´¨Õ 6He(2+),
¶µ²ÊÎ¥´´Ò¥ ¤ ´´Ò¥ Ê± §Ò¢ ÕÉ ´ 
¡µ²ÓÏµ° ¸·¥¤´¥±¢ ¤· É¨Î´Ò° (rms)
· ¤¨Ê¸ ¤²Ö ¤¢ÊÌÉ¥²Ó´µ° ¢µ²´µ¢µ°
ËÊ´±Í¨¨ 8He =6He(2+) + 2n, ±µ-
Éµ·Ò° ¶·¥¢µ¸Ìµ¤¨É ¸µµÉ¢¥É¸É¢ÊÕ-
ÐÊÕ ¢¥²¨Î¨´Ê, ¶·¥¤¸± §Ò¢ ¥³ÊÕ
COSMA-³µ¤¥²ÓÕ. � ¶·µÉ¨¢, ¢Ò-
Î¨¸²¥´¨Ö, ¢Ò¶µ²´¥´´Ò¥ ¶·¨ ³¨-
´¨³ ²Ó´µ³ Î¨¸²¥ ¸¢µ¡µ¤´ÒÌ ¶ -
· ³¥É·µ¢ ¨ co ¸¶¥±É·µ¸±µ¶¨Î¥-
¸±¨³¨  ³¶²¨ÉÊ¤ ³¨, ¨§¢²¥Î¥´´Ò³¨
¶·¨ ¶µ³µÐ¨ TISM, § ´¨¦ ÕÉ ¢¥-
²¨Î¨´Ê ¸¥Î¥´¨Ö ¢ÒÌµ¤´µ£µ ± ´ ² 
6He(0+) + t ¶µ ¸· ¢´¥´¨Õ ¸ Ô±¸-
¶¥·¨³¥´Éµ³. ˆ³¥ÕÐ¨¥¸Ö ¤ ´´Ò¥
Ê± §Ò¢ ÕÉ ´  ¢Ò¸µ±ÊÕ ¢¥·µÖÉ´µ¸ÉÓ
5H +t-±² ¸É¥·¨§ Í¨¨ ¢ 8He.

‚ ¤·Ê£µ° ¸¥·¨¨ Ô±¸¶¥·¨³¥´Éµ¢
¨§³¥·Ö²¨¸Ó Ê£²µ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö
¨µ´µ¢ 8He ¸ Ô´¥·£¨¥° 26 A·MÔ‚,
Ê¶·Ê£µ · ¸¸¥Ö´´ÒÌ ´  £ §µµ¡· §-
´µ° £¥²¨¥¢µ° ³¨Ï¥´¨ ¢ ¤¨ ¶ -
§µ´¥ Ê£²µ¢ ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸
20 ÷ 70◦ [39]. „ ´´Ò¥ ¶µ · ¸¸¥-
Ö´¨Õ ¢ ¶¥·¥¤´¨¥ Ê£²Ò  ´ ²¨§¨·µ-
¢ ²¨¸Ó ¶·¨ ¶µ³µÐ¨ ³¨±·µ¸±µ¶¨Î¥-
¸±µ° ¨ Ë¥´µ³¥´µ²µ£¨Î¥¸±µ° µ¶É¨-
Î¥¸±¨Ì ³µ¤¥²¥°. ‡´ Î¨É¥²Ó´ Ö ¢¥-
²¨Î¨´  ¶µ²´µ£µ ¸¥Î¥´¨Ö ·¥ ±Í¨¨,
¶µ²ÊÎ¥´´ Ö ¶·¨  ´ ²¨§¥, Ê± §Ò¢ ¥É
´   ´µ³ ²¨Õ ¢ ¸É·Ê±ÉÊ·¥ 8He.

„²Ö ¤¨ ¶ §µ´  Ê£²µ¢ ¢ ¸¨¸É¥³¥
Í¥´É·  ³ ¸¸ 130 ÷ 165◦ ¡Ò²¨ ¶µ-
²ÊÎ¥´Ò £· ´¨Î´Ò¥ ¸¥Î¥´¨Ö µÉ 5 ¤µ
0,8 ³±¡ · ¸·−1. �µ¸±µ²Ó±Ê ¤²Ö · ¸-

¸¥Ö´¨Ö ®¢ § ¤´¨¥ Ê£²Ò¯ ¶µ²ÊÎ¥´Ò ´¨§±¨¥ §´ Î¥´¨Ö £· ´¨Î´ÒÌ ¸¥Î¥´¨°, ³µ¦´µ
ÊÉ¢¥·¦¤ ÉÓ, ÎÉµ µ¤´µ· §µ¢ Ö ¶¥·¥¤ Î  4n ´¥ ´ ¡²Õ¤ ¥É¸Ö. ‚ÒÎ¨¸²¥´¨Ö ¸¥Î¥-
´¨° ·¥ ±Í¨°, ¢Ò¶µ²´¥´´Ò¥ ³¥Éµ¤µ³ ¨¸± ¦¥´´ÒÌ ¢µ²´, ¶·¥¤¸± §Ò¢ ÕÉ ¥Ð¥
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¡µ²¥¥ ´¨§±ÊÕ ¢¥·µÖÉ´µ¸ÉÓ ÔÉµ£µ ¶·µÍ¥¸¸ . �É¨ ¢ÒÎ¨¸²¥´¨Ö ¶µ± §Ò¢ ÕÉ, ÎÉµ
¤¢ÊÌ¸ÉÊ¶¥´Î É Ö ¶¥·¥¤ Î  ¤¢ÊÌ ´¥°É·µ´µ¢ ¡µ²¥¥ ¢¥·µÖÉ´ , Î¥³ µ¤´µ· §µ¢ Ö
¶¥·¥¤ Î  Î¥ÉÒ·¥Ì ´¥°É·µ´µ¢.

�¨¸. 18. ‘¥¶ · Éµ· �Š“‹ˆ�� ¶µ¸²¥ ³µ¤¥·´¨§ Í¨¨ ¤²Ö Ô±¸¶¥·¨³¥´Éµ¢ ¸ ±·¨µ£¥´´µ°
É·¨É¨¥¢µ° ³¨Ï¥´ÓÕ

�·¨ ·¥±µ´¸É·Ê±Í¨¨ ¸¥¶ · Éµ·  �Š“‹ˆ�� ¢ 2000 £. ²¨´¨Ö É· ´¸¶µ·É 
¶ÊÎ±  ¡Ò²  ¶·µ¤µ²¦¥´  §  ¤¢ÊÌ³¥É·µ¢ÊÕ ¡¥Éµ´´ÊÕ ¸É¥´Ê § ²  Ê¸±µ·¨É¥²Ö ±
´µ¢µ³Ê Ô±¸¶¥·¨³¥´É ²Ó´µ³Ê ¶ ¢¨²Óµ´Ê, £¤¥ ¡Ò²  ¸³µ´É¨·µ¢ ´  ·¥ ±Í¨µ´´ Ö
± ³¥·  ¸ ±·¨µ£¥´´µ° É·¨É¨¥¢µ° ³¨Ï¥´ÓÕ (·¨¸. 18). ‘¨¸É¥³  ³µ´¨Éµ·¨·µ¢ -
´¨Ö ¶ÊÎ±  ¨ ¤¥É¥±Éµ·Ò ¡Ò²¨ µ¶É¨³¨§¨·µ¢ ´Ò ¤²Ö Ê¸²µ¢¨° Ô±¸¶¥·¨³¥´É  ¶µ
¨§ÊÎ¥´¨Õ 5H ¢ ·¥ ±Í¨¨ t + t ¶·¨ Ô´¥·£¨¨ ¶ÊÎ±  É·¨Éµ´µ¢ 51 ŒÔ‚. ‚ ·¥-
 ±Í¨µ´´µ° ± ³¥·¥ ¡Ò²¨ ¸³µ´É¨·µ¢ ´Ò Ê¸µ¢¥·Ï¥´¸É¢µ¢ ´´Ò¥ É¥²¥¸±µ¶Ò ¤²Ö
¤¥É¥±É¨·µ¢ ´¨Ö ¶·µ¤Ê±Éµ¢ ·¥ ±Í¨°. „²Ö ·¥£¨¸É· Í¨¨ ´¥°É·µ´µ¢ Ê¸É ´µ¢²¥´Ò
³µ¤Ê²¨ ¤¥É¥±Éµ·  DEMON.

�¥§Ê²ÓÉ ÉÒ, ´ ±µ¶²¥´´Ò¥ ´  Ê¸É ´µ¢±¥ �Š“‹ˆ��, ¡Ê¤ÊÉ ¶·¨³¥´ÖÉÓ¸Ö
¤²Ö ¶µ²ÊÎ¥´¨Ö ¶ÊÎ±µ¢ · ¤¨µ ±É¨¢´ÒÌ ¨µ´µ¢ ´  Ê¸±µ·¨É¥²¥ “-400Œ.

„ˆ��ŒˆŠ� �…��‚��‚…‘�›• ���–…‘‘�‚

„²Ö ¨§ÊÎ¥´¨Ö Ì · ±É¥·¨¸É¨± Ö¤¥·´ÒÌ ·¥ ±Í¨° ¸µ ¸É ¡¨²Ó´Ò³¨ ¨ · ¤¨µ-
 ±É¨¢´Ò³¨ ¶ÊÎ± ³¨,   É ±¦¥ ¤²Ö ¨§ÊÎ¥´¨Ö Ô±§µÉ¨Î¥¸±¨Ì Ö¤¥·, µ¡· §ÊÕÐ¨Ì¸Ö
¢ ·¥ ±Í¨ÖÌ ¸ ¶ÊÎ± ³¨ · ¤¨µ ±É¨¢´ÒÌ ¨µ´µ¢, ¢ ¸µÉ·Ê¤´¨Î¥¸É¢¥ ¸ ‹Ÿ� �ˆŸˆ,
LAMPF (‘˜�)ÄIPN (—¥Ì¨Ö)ÄPI (�·³¥´¨Ö) ´  ¶ÊÎ±¥ Í¨±²µÉ·µ´  “-400Œ ¡Ò²
¸µ§¤ ´ ¸¶¥±É·µ³¥É· MULTI [40]. ‘¶¥±É·µ³¥É· (·¨¸. 19) ¸µ¸Éµ¨É ¨§ ³´µ£µ-
¸²µ°´ÒÌ ¸Í¨´É¨²²ÖÍ¨µ´´ÒÌ ¨ ¶µ²Ê¶·µ¢µ¤´¨±µ¢ÒÌ ¤¥É¥±Éµ·µ¢, ¶µ§¨Í¨µ´´µ-
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ÎÊ¢¸É¢¨É¥²Ó´ÒÌ ¶·µ¶µ·Í¨µ´ ²Ó´ÒÌ ± ³¥· ¨ BGO-¸Í¨´É¨²²ÖÍ¨µ´´ÒÌ £µ¤µ-
¸±µ¶µ¢ [41]. ‘¶¥±É·µ³¥É· µ¡² ¤ ¥É ¢Ò¸µ±¨³ ¢·¥³¥´´Ò³, ¶µ§¨Í¨µ´´Ò³ ¨
Ô´¥·£¥É¨Î¥¸±¨³ · §·¥Ï¥´¨¥³ ¨ ¸¶µ¸µ¡¥´ ·¥£¨¸É·¨·µ¢ ÉÓ Ì · ±É¥·¨¸É¨±¨ µ¤-
´µ¢·¥³¥´´µ ´¥¸±µ²Ó±¨Ì Î ¸É¨Í. �² £µ¤ ·Ö ÔÉ¨³ ¸¢µ°¸É¢ ³ ³µ£ÊÉ ¢Ò¶µ²´ÖÉÓ¸Ö
¸²µ¦´Ò¥ ±µ··¥²ÖÍ¨µ´´Ò¥ Ô±¸¶¥·¨³¥´ÉÒ ¶µ ¨§ÊÎ¥´¨Õ ·¥ ±Í¨° ¸ Ô±§µÉ¨Î¥-
¸±¨³¨ ¶·µÉµ´´µ-µ¡µ£ Ð¥´´Ò³¨ Ö¤· ³¨ 8B, 10Ne, 20Na ¨ ¤·.

�¨¸. 19. ‘Ì¥³  ¸¶¥±É·µ³¥É·  MULTI

�  Ê¸É ´µ¢±¥ MULTI ¡Ò²¨ ¶·µ¢¥¤¥´Ò ¶¥·¢Ò¥ Ô±¸¶¥·¨³¥´ÉÒ ¶µ ¨§ÊÎ¥´¨Õ
¶·µÉµ´´µ£µ £ ²µ ¢ Ö¤·¥ 8B. ‚ ·¥ ±Í¨¨ 14N(40 ŒÔ‚/n)+181Ta ¸ ¶µ³µÐÓÕ
¸Ë¥·¨Î¥¸±µ£µ BGO-¸¶¥±É·µ³¥É·  ¶µ²ÊÎ¥´Ò ´µ¢Ò¥ ¤ ´´Ò¥ µ ¢ÒÌµ¤ Ì ¢Ò¸µ±µ-
¢µ§¡Ê¦¤¥´´ÒÌ Ë· £³¥´Éµ¢ ¨ µ ¶µ¤¡ ·Ó¥·´µ° £¥´¥· Í¨¨ π-³¥§µ´µ¢ [42].

‚ ¸µ³¥¸É´ÒÌ ¸ GANIL Ô±¸¶¥·¨³¥´É Ì ´  ¸¶¥±É·µ³¥É·¥ MULTI ¸ ¨¸¶µ²Ó-
§µ¢ ´¨¥³ ¶ÊÎ±µ¢ 36S ¨ 48Ca ¡Ò²¨ ¨§³¥·¥´Ò ³ ¸¸Ò ¨ ¤¥Ëµ·³ Í¨¨ ¡µ²¥¥ Î¥³
20 Ö¤¥·, · ¸¶µ²µ¦¥´´ÒÌ ³¥¦¤Ê ´¥°É·µ´´Ò³¨ µ¡µ²µÎ± ³¨ N = 20 ¨ N = 28
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[43, 44]. �µ²ÊÎ¥´Ò ¤ ´´Ò¥ µ Ö¤¥·´µ° ´¥¸É ¡¨²Ó´µ¸É¨ 28O. ˆ§³¥·¥´Ò ¶¥·¨µ¤Ò
β-· ¸¶ ¤  Ö¤¥· 27,29F ¨ 30Ne.

‚ · ³± Ì ¶·µ¥±É  ŒULTI ¢ 2000 £. ¡Ò² ³µ¤¥·´¨§¨·µ¢ ´ ± ´ ² É· ´¸-
¶µ·É  ¶ÊÎ±  Ê¸±µ·¨É¥²Ö “-400Œ ¨ ´  ¥£µ µ¸´µ¢¥ ¸µ§¤ ´ Q4DQ-¸¶¥±É·µ³¥É·
(·¨¸. 20).

‚ ·¥ ±Í¨¨ 7Li + Be ¡Ò² ¶µ²ÊÎ¥´ ¶ÊÎµ± Ö¤¥· 6�¥ ¸ ¨´É¥´¸¨¢´µ¸ÉÓÕ
105· ¸−1 (¶·¨ ¨´É¥´¸¨¢´µ¸É¨ ¶ÊÎ±  7Li, · ¢´µ° 1 ³±A). „µ¸É¨£´ÊÉ  µÎ¨¸É± 
µÉ ¤·Ê£¨Ì ¶·µ¤Ê±Éµ¢ Ö¤¥·´ÒÌ ·¥ ±Í¨° 98 %. ‘ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¸¶¥±É·µ³¥É· 
Q4DQ ´  ¢Éµ·¨Î´ÒÌ ¶ÊÎ± Ì 6�¥ ¡Ò²¨ ¶·µ¢¥¤¥´Ò Ô±¸¶¥·¨³¥´ÉÒ ¶µ ¨§³¥-
·¥´¨Õ Ô´¥·£¥É¨Î¥¸±µ° § ¢¨¸¨³µ¸É¨ ¸¥Î¥´¨Ö ¤¥²¥´¨Ö ¸µ¸É ¢´µ£µ Ö¤·  215At,
µ¡· §ÊÕÐ¥£µ¸Ö ¢ ·¥ ±Í¨¨ 6�¥ + 209‚i. �Ò²  É ±¦¥ ¨§³¥·¥´  ËÊ´±Í¨Ö ¢µ§-
¡Ê¦¤¥´¨Ö ¤²Ö ± ´ ²  · ¸¶ ¤  ¸µ¸É ¢´µ£µ Ö¤·  ¸ ¨¸¶Ê¸± ´¨¥³ 4 ´¥°É·µ´µ¢
6He(209Bi, 4n)211At. �  ·¨¸. 21 ¶·¥¤¸É ¢²¥´Ò ËÊ´±Í¨¨ ¢µ§¡Ê¦¤¥´¨Ö ± ´ ² 
¤¥²¥´¨Ö ¸µ¸É ¢´µ£µ Ö¤·  215At ¨ ¨¸¶ ·¥´¨Ö 4 ´¥°É·µ´µ¢, ¨§³¥·¥´´Ò¥ ¢ ÔÉ¨Ì
Ô±¸¶¥·¨³¥´É Ì.

�¨¸. 20. Q4DQ-¸¶¥±É·µ³¥É· ¤²Ö ¶µ²ÊÎ¥´¨Ö ¢Éµ·¨Î´ÒÌ ¶ÊÎ±µ¢
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�¨¸. 21. ”Ê´±Í¨¨ ¢µ§¡Ê¦¤¥´¨Ö ·¥ ±Í¨° 209Bi(6He, f ), 209Bi(6He, 4n)211At, ¨§³¥·¥´´Ò¥
´  Q4DQ-¸¶¥±É·µ³¥É·¥, ¨ ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢

�µ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¤²Ö ¶ÊÎ±  6�¥ ¸· ¢´¨¢ ²¨¸Ó ¸  ´ ²µ£¨Î´Ò³¨ ·¥-
§Ê²ÓÉ É ³¨ ¤²Ö ± ´ ²µ¢ ¸²¨Ö´¨Ö ¨ ¤¥²¥´¨Ö ¸ ¨µ´ ³¨ 4�¥, ¨§ÊÎ¥´´Ò³¨ ¢ É¥Ì
¦¥ Ô±¸¶¥·¨³¥´É Ì. ˆ§³¥·¥´¨Ö ¶·µ¢µ¤¨²¨¸Ó ¢ Ï¨·µ±µ³ ¤¨ ¶ §µ´¥ Ô´¥·£¨¨
¡µ³¡ ·¤¨·ÊÕÐ¨Ì Î ¸É¨Í 20 � Eb(6He) � 170 ŒÔ‚. H ¡²Õ¤ ²µ¸Ó §´ Î¨É¥²Ó-
´µ¥ Ê¢¥²¨Î¥´¨¥ ¸¥Î¥´¨Ö ¤¥²¥´¨Ö ¢µ ¢¸¥° µ¡² ¸É¨ Ô´¥·£¨° ¤²Ö ¶ÊÎ±  6�¥ ¶µ
¸· ¢´¥´¨Õ ¸ 4�¥. �µ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¸· ¢´¨¢ ²¨¸Ó ¸ · ¸Î¥É ³¨, µ¸´µ¢ ´-
´Ò³¨ ´  ¸É É¨¸É¨Î¥¸±µ° ³µ¤¥²¨ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¶·µ£· ³³Ò ALICE-MP, ¢
· ³± Ì ±µÉµ·µ° ¢ ·Ó¨·µ¢ ²¨¸Ó ¶ · ³¥É·Ò · ¤¨Ê¸  r0 ¨ ±·¨É¨Î¥¸±¨Ì Ê£²µ¢ÒÌ
³µ³¥´Éµ¢ L. ‘ ¨¸¶µ²Ó§µ¢ ´¨¥³ ÔÉµ£µ ¦¥ ³¥Éµ¤  ¶·µ¢µ¤¨²¸Ö  ´ ²¨§ ¤ ´´ÒÌ
¶µ ËÊ´±Í¨Ö³ ¢µ§¡Ê¦¤¥´¨Ö ¢ ·¥ ±Í¨¨ 4He +209Bi, ¤²Ö ±µÉµ·µ° ¡Ò²¨ ¶µ²ÊÎ¥´Ò
§´ Î¥´¨Ö ¶ · ³¥É·µ¢ r0 = 1,29 Ë³ ¨ Lcr = 35. „²Ö ¶µ²ÊÎ¥´¨Ö ¸µ£² ¸¨Ö ¸
Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¢ ·¥ ±Í¨¨ 209Bi + 6He ´¥µ¡Ìµ¤¨³µ ¡Ò²µ Ê¢¥-
²¨Î¨ÉÓ §´ Î¥´¨Ö · ¤¨Ê¸µ¢ r0 = 1,5 Ë³ ¨ Lcr = 50−60. ’ ±µ¥ ¨§³¥´¥´¨¥
¶ · ³¥É·µ¢ ¶·¨ ¶¥·¥Ìµ¤¥ ± 6�¥ ³µ¦´µ µ¡ÑÖ¸´¨ÉÓ ¢²¨Ö´¨¥³ ¤·Ê£¨Ì ± ´ ²µ¢
·¥ ±Í¨¨ ´  ¶·µÍ¥¸¸ ¸²¨Ö´¨Ö.

ˆ§ÊÎ¥´¨¥ ¸É·Ê±ÉÊ·Ò ´¥°É·µ´µµ¡µ£ Ð¥´´ÒÌ Ö¤¥· 7−10He, 10,11Li, 13,14Be,
16B, ¢±²ÕÎ ÕÐ¥¥ ¨§³¥·¥´¨¥ ³ ¸¸Ò ¨ ¸É·Ê±ÉÊ·Ò Ê·µ¢´¥°, ¶·µ¢µ¤¨²µ¸Ó ¢ ¸µ-
É·Ê¤´¨Î¥¸É¢¥ ¸ ��– Šˆ (�µ¸¸¨Ö), HMI (ƒ¥·³ ´¨Ö) ´  Ê¸±µ·¨É¥²ÖÌ ‹Ÿ� ¨
HMI. ‚ ÔÉ¨Ì Ô±¸¶¥·¨³¥´É Ì ¡Ò²  ¨§³¥·¥´  ¤¥Ëµ·³ Í¨Ö ¨ £ ³³ -¶¥·¥Ìµ¤Ò
Ö¤¥· ¢ · °µ´¥ ´¥°É·µ´´µ° µ¡µ²µÎ±¨ N = 20 (31,32,33Mg, 34Si, 33,34Al) [45]
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¨ µ¡´ ·Ê¦¥´  ¸¨²Ó´ Ö ¤¥Ëµ·³ Í¨Ö (β ≈ 0,3) ÔÉ¨Ì Ö¤¥·. �µ²ÊÎ¥´´Ò¥ ¤ ´´Ò¥
¨¸±²ÕÎ¨É¥²Ó´µ ¢ ¦´Ò ¤²Ö ¶µ´¨³ ´¨Ö ±² ¸É¥·´µ° ¸É·Ê±ÉÊ·Ò, ¨¸¸²¥¤µ¢ ´¨°
´¥°É·µ´´µ£µ £ ²µ ¨ ¨¸¸²¥¤µ¢ ´¨° ¸É ¡¨²Ó´µ¸É¨ ´¥°É·µ´µµ¡µ£ Ð¥´´ÒÌ ²¥£-
±¨Ì Ö¤¥· [46].

‹�‡…���Ÿ ‘�…Š’��‘Š��ˆŸ ‚›‘�Š�ƒ� ��‡�…˜…�ˆŸ

‚ ² §¥·´µ° £·Ê¶¶¥ ¡Ò²¨ ¶·µ¢¥¤¥´Ò ¨§³¥·¥´¨Ö ¸¢¥·ÌÉµ´±µ£µ · ¸Ð¥¶²¥´¨Ö
µ¶É¨Î¥¸±¨Ì ²¨´¨° ¢  Éµ³´ÒÌ ¸¶¥±É· Ì ¨§µÉµ¶µ¢ Eu ¸ A = 151 ÷ 155 [47].
ˆ¸¶µ²Ó§µ¢ ²¸Ö ³¥Éµ¤ ·¥§µ´ ´¸´µ° ² §¥·´µ° Ë²Êµ·¥¸Í¥´Í¨¨ ¢ ¶ · ²²¥²Ó´µ³
¶ÊÎ±¥  Éµ³µ¢ Eu. ˆ§ ¶·µ¢¥¤¥´´ÒÌ ¨§³¥·¥´¨° µ¶·¥¤¥²¥´Ò ±µ´¸É ´ÉÒ ¸¢¥·Ì-
Éµ´±µ£µ · ¸Ð¥¶²¥´¨Ö ¨ ¶µ²ÊÎ¥´Ò §´ Î¥´¨Ö ³ £´¨É´µ£µ ¤¨¶µ²Ó´µ£µ ¨ Ô²¥±É·¨-
Î¥¸±µ£µ ±¢ ¤·Ê¶µ²Ó´µ£µ ³µ³¥´Éµ¢, ±µÉµ·Ò¥ ¶µ§¢µ²ÖÕÉ ¸Ê¤¨ÉÓ µ ´Ê±²µ´´ÒÌ
±µ´Ë¨£Ê· Í¨ÖÌ ¨ µ ±¢ ¤·Ê¶µ²Ó´µ° ¤¥Ëµ·³ Í¨¨ Ê± § ´´ÒÌ ¨§µÉµ¶µ¢ Eu.

‚ µ¶É¨Î¥¸±¨Ì ¸¶¥±É· Ì ¨§µÉµ¶µ¢ Eu ´ ¡²Õ¤ ² ¸Ó ¸¢¥·ÌÉµ´± Ö ³ £´¨É-
´ Ö  ´µ³ ²¨Ö Å µÉ±²µ´¥´¨¥ µÉ´µÏ¥´¨° ±µ´¸É ´É ¸¢¥·ÌÉµ´±µ£µ · ¸Ð¥¶²¥´¨Ö
µÉ µÉ´µÏ¥´¨° ³ £´¨É´ÒÌ ³µ³¥´Éµ¢ ¤²Ö ¸· ¢´¨¢ ¥³ÒÌ ¨§µÉµ¶µ¢. � ¨¡µ²Ó-
Ï¥¥ µÉ±²µ´¥´¨¥ (∼ 5 %) ´ ¡²Õ¤ ²µ¸Ó ¤²Ö ¶ ·Ò ¨§µÉµ¶µ¢ 151Eu ¨ 152Eu, ÎÉµ
Ê± §Ò¢ ¥É ´  ¸¨²Ó´µ¥ ¨§³¥´¥´¨¥ ´Ê±²µ´´µ° ¸É·Ê±ÉÊ·Ò ¶·¨ ¶¥·¥Ìµ¤¥ µÉ ¸Ë¥-
·¨Î¥¸±¨Ì Ö¤¥· (151Eu) ± ¤¥Ëµ·³¨·µ¢ ´´Ò³ (152Eu).

�·¨ ¶µ³µÐ¨ ³¥Éµ¤µ¢ ² §¥·´µ° ¸¶¥±É·µ¸±µ¶¨¨ ¢Ò¸µ±µ£µ · §·¥Ï¥´¨Ö ¡Ò²¨
¨§ÊÎ¥´Ò ¨§µÉµ¶´Ò¥ ¸¤¢¨£¨ µ¶É¨Î¥¸±¨Ì ¶¥·¥Ìµ¤µ¢ ¢ ¨§µÉµ¶ Ì Ti ¸ ³ ¸¸ ³¨
46 ÷ 50. ‚¶¥·¢Ò¥ ¡Ò²¨ µ¶·¥¤¥²¥´Ò · §´¨ÍÒ § ·Ö¤µ¢ÒÌ · ¤¨Ê¸µ¢ Ö¤¥·, · ¸-
¶µ² £ ÕÐ¨Ì¸Ö ³¥¦¤Ê § ³±´ÊÉÒ³¨ µ¡µ²µÎ± ³¨ 20 � Z, N � 28. ‘· ¢´¥´¨¥
§ ¢¨¸¨³µ¸É¥° § ·Ö¤µ¢ÒÌ · ¤¨Ê¸µ¢ µÉ Î¨¸²  ´¥°É·µ´µ¢ ¡Ò²µ ¢Ò¶µ²´¥´µ ¤²Ö
¨§µÉµ¶µ¢ Ti ¨ Ca. �Ò²µ Ê¸É ´µ¢²¥´µ, ÎÉµ ¢ ¶·µÉ¨¢µ¶µ²µ¦´µ¸ÉÓ Ca, £¤¥ ¶·¨
N = 24 ´ ¡²Õ¤ ¥É¸Ö ¨§²µ³ § ¢¨¸¨³µ¸É¨, ¢ ¸²ÊÎ ¥ ¨§µÉµ¶µ¢ Ti § ·Ö¤µ¢Ò¥
· ¤¨Ê¸Ò ¶² ¢´µ ¢µ§· ¸É ÕÉ ¶·¨ Ê¡Ò¢ ´¨¨ ³ ¸¸µ¢µ£µ Î¨¸²  [48].

Œ¥Éµ¤ ³¨ ·¥§µ´ ´¸´µ° Ë²Õµ·¥¸Í¥´Í¨¨ ¡Ò²¨ ¨§³¥·¥´Ò µÉ´µÏ¥´¨Ö ³ £-
´¨É´ÒÌ ¤¨¶µ²Ó´ÒÌ ³µ³¥´Éµ¢ ¤²Ö ¶ · ¨§µÉµ¶µ¢ ² ´É ´¨¤µ¢ ¨  ±É¨´¨¤µ¢. �µ²Ê-
Î¥´Ò ´µ¢Ò¥ ¤ ´´Ò¥ µ ¶·µ¸É· ´¸É¢¥´´µ³ · ¸¶·¥¤¥²¥´¨¨ Ô²¥±É·¨Î¥¸±¨Ì Éµ±µ¢.
‘·¥¤¨ ¨§ÊÎ¥´´ÒÌ ¨§µÉµ¶µ¢ ´ ¨¡µ²ÓÏ¥¥ · §²¨Î¨¥ µÉ´µÏ¥´¨° ³ £´¨É´ÒÌ ¤¨-
¶µ²Ó´ÒÌ ³µ³¥´Éµ¢ ´ ¡²Õ¤ ²µ¸Ó ¤²Ö ¶ ·Ò 233UÄ235U (≈ 1 %). �µ¤£µÉµ¢²¥´ 
´µ¢ Ö Ê¸É ´µ¢±  ¤²Ö ®on-line¯-Ô±¸¶¥·¨³¥´Éµ¢ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ² §¥·´µ£µ ¨§-
²ÊÎ¥´¨Ö.

”ˆ‡ˆŠ� ˆ ’…•�ˆŠ� “‘Š��ˆ’…‹…‰ ’Ÿ†…‹›• ˆ���‚

� ¤¥¦´ Ö · ¡µÉ  Ê¸±µ·¨É¥²¥° ‹Ÿ� Ö¢²Ö² ¸Ó ´¥¶·¥³¥´´Ò³ Ê¸²µ¢¨¥³
Ê¸¶¥Ï´µ£µ ¢Ò¶µ²´¥´¨Ö ¶·µ£· ³³Ò Ë¨§¨Î¥¸±¨Ì Ô±¸¶¥·¨³¥´Éµ¢ ¨ · §¢¨É¨Ö ´µ-
¢ÒÌ ³¥Éµ¤¨±.
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�¨¸. 22. ‘Ì¥³  ¨´¦¥±Í¨¨ ¶ÊÎ±  ¨µ´µ¢ ¨§ ¨¸ÉµÎ´¨±  �–�-4Œ ¢ Í¨±²µÉ·µ´ “-400

‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö Í¨±²µÉ·µ´Ò “-400 ¨ “-400Œ µ¸´ Ð¥´Ò �–�-¨¸ÉµÎ-
´¨± ³¨ ¨µ´µ¢ DECRIS-14-2 ¨ ECR4M, · ¡µÉ ÕÐ¨³¨ ´  Î ¸ÉµÉ¥ 14 ƒƒÍ [49].
�É¨ ¨¸ÉµÎ´¨±¨ Ô±¸¶²Ê É¨·ÊÕÉ¸Ö ¢ É¥Î¥´¨¥ É·¥Ì ²¥É, ¨ ¡² £µ¤ ·Ö ¨³ ¡Ò²
¤µ¸É¨£´ÊÉ ¸ÊÐ¥¸É¢¥´´Ò° ¶·µ£·¥¸¸ ¢ Ô±¸¶¥·¨³¥´É Ì ¶µ ¸¨´É¥§Ê ÉÖ¦¥²ÒÌ Ö¤¥·,
¶µ²ÊÎ¥´¨¨ ¢Éµ·¨Î´ÒÌ ¶ÊÎ±µ¢ ¨ ¶·¨±² ¤´ÒÌ ¨¸¸²¥¤µ¢ ´¨ÖÌ.
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�µ²ÊÎ¥´¨¥ ¶ÊÎ±µ¢ ¨µ´µ¢ 48Ca Ö¢²Ö¥É¸Ö, ¶µ-¢¨¤¨³µ³Ê, ±²ÕÎ¥¢µ° ¶·µ¡²¥-
³µ° ¸¨´É¥§  ¸¢¥·ÌÉÖ¦¥²ÒÌ Ö¤¥·. �Ò²µ ´¥µ¡Ìµ¤¨³µ ¶µ²ÊÎ¨ÉÓ ³ ±¸¨³ ²Ó´Ò¥
¨´É¥´¸¨¢´µ¸É¨ ¶ÊÎ±µ¢ ¶·¨ ³¨´¨³ ²Ó´µ³ · ¸Ìµ¤¥ ÔÉµ£µ ·¥¤±µ£µ ¨ ¨¸±²ÕÎ¨-
É¥²Ó´µ ¤µ·µ£µ£µ ¨§µÉµ¶ . „²Ö ·¥Ï¥´¨Ö ÔÉµ° § ¤ Î¨ ¢ 1995Ä1997 ££. ´  Í¨-
±²µÉ·µ´ Ì “-400 ¨ “-400Œ ¡Ò²¨ Ê¸É ´µ¢²¥´Ò ¨¸ÉµÎ´¨±¨ ¨µ´µ¢ �–�-É¨¶  ¨
¸¨¸É¥³Ò  ±¸¨ ²Ó´µ° ¨´¦¥±Í¨¨ (·¨¸. 22).

� ¨¡µ²¥¥ ¸É ¡¨²Ó´Ò¥ ¨ ¢Ò¸µ±µ¨´É¥´¸¨¢´Ò¥ ¶ÊÎ±¨ ¨µ´µ¢ ¡Ò²¨ ¶µ²ÊÎ¥´Ò
¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ³¥É ²²¨Î¥¸±µ£µ ± ²ÓÍ¨Ö. ˆ§ 1,4 · 1015  Éµ³µ¢ Ca, ¢¢¥¤¥´-
´ÒÌ ¢ ¨¸ÉµÎ´¨±, ¶µ²ÊÎ ¥É¸Ö µ±µ²µ 6·1013 ¨µ´µ¢ 48Ca5+ ¨§ ¨¸ÉµÎ´¨±  ECR4M.
‚ ·¥§Ê²ÓÉ É¥ ¶·¨ É ±µ³ ·¥¦¨³¥ · ¡µÉÒ ¨¸ÉµÎ´¨±  Ê¤ ¥É¸Ö µ¡¥¸¶¥Î¨ÉÓ µ±µ²µ
2500 Î ¸µ¢ µ¡²ÊÎ¥´¨Ö ³¨Ï¥´¨, ¨¸¶µ²Ó§ÊÖ 1 £ 48Ca. �–�-¨¸ÉµÎ´¨± ´  Í¨±²µ-
É·µ´¥ “-400 µ¡¥¸¶¥Î¨² Ê¢¥²¨Î¥´¨¥ ÔËË¥±É¨¢´µ¸É¨ ¨¸¶µ²Ó§µ¢ ´¨Ö · ¡µÎ¥£µ
¢¥Ð¥¸É¢  ¶·¨³¥·´µ ¢ 100 · § ¶µ ¸· ¢´¥´¨Õ ¸ ¨¸ÉµÎ´¨± ³¨ ¤·Ê£¨Ì É¨¶µ¢ [50].

ˆµ´Ò £ §µ¢ He, N2, 02 ¨ Ar Ê¸¶¥Ï´µ ¶·µ¨§¢µ¤ÖÉ¸Ö ¨¸ÉµÎ´¨±µ³
DECRIS-14-2 ¨ Ê¸±µ·ÖÕÉ¸Ö ´  Í¨±²µÉ·µ´¥ “-400Œ. �ÉµÉ ¨¸ÉµÎ´¨± ¶µ± -
§ ² ¢Ò¸µ±ÊÕ ¶·µ¨§¢µ¤¨É¥²Ó´µ¸ÉÓ, µ¸µ¡¥´´µ ¤²Ö ¨µ´µ¢ ¸·¥¤´¥° § ·Ö¤´µ¸É¨
(´ ¶·¨³¥·, 600 ³±A ¨µ´µ¢ Ar8+),   É ±¦¥ ´ ¤¥¦´ÊÕ · ¡µÉÊ ¢ ¤²¨É¥²Ó´ÒÌ
Ô±¸¶¥·¨³¥´É Ì.

�² £µ¤ ·Ö · §· ¡µÉ±¥ ¸¶¥Í¨ ²Ó´µ° ³¨±·µ¶¥Î¨ ¤²Ö ¨¸¶ ·¥´¨Ö É¢¥·¤ÒÌ ¢¥-
Ð¥¸É¢ ¸ ³ ±¸¨³ ²Ó´µ° É¥³¶¥· ÉÊ·µ° ¤µ 900 ◦C ¡Ò² ¤µ¸É¨£´ÊÉ ¸ÊÐ¥¸É¢¥´´Ò°
¶·µ£·¥¸¸ ¢ ¶µ²ÊÎ¥´¨¨ ¨µ´µ¢ ³¥É ²²µ¢. �É  ³¨±·µ¶¥ÎÓ ¢ ±µ³¡¨´ Í¨¨ ¸µ ¸¶¥Í¨-
 ²Ó´Ò³ É ´É ²µ¢Ò³ Ô±· ´µ³ ¶µ§¢µ²¨²  ¶µ²ÊÎ ÉÓ ¶ÊÎ±¨ ¨µ´µ¢ 7Li2+ ¨ 26Mg3+

¶·¨ Éµ± Ì ¤µ 200 ³±A.

“‘Š��ˆ’…‹œ�›‰ Š�Œ�‹…Š‘ „‹Ÿ ��‹“—…�ˆŸ �“—Š�‚
��„ˆ��Š’ˆ‚�›• ˆ‡�’���‚

„²Ö ¶µ²ÊÎ¥´¨Ö ´  Ê¸±µ·¨É¥²Ó´µ³ ±µ³¶²¥±¸¥ ÉÖ¦¥²ÒÌ ¨µ´µ¢ “-400Œ +
“-400 ¶ÊÎ±µ¢ ²¥£±¨Ì · ¤¨µ ±É¨¢´ÒÌ ¨µ´µ¢, É ±¨Ì ± ± 6,8He, ¨ ¶ÊÎ±µ¢ µ¸±µ²-
±µ¢ ¤¥²¥´¨Ö, ¶µ²ÊÎ ¥³ÒÌ ¢ ·¥ ±Í¨ÖÌ ËµÉµ¤¥²¥´¨Ö, ´  ³¨±·µÉ·µ´¥ Œ’-25
· §· ¡µÉ ´ ¨ Ê¸¶¥Ï´µ ·¥ ²¨§Ê¥É¸Ö ¶·µ¥±É DRIBs [51] (·¨¸. 23).

� ¡µÉÒ ¶² ´¨·Ê¥É¸Ö · §¤¥²¨ÉÓ ´  ¤¢¥ ¸É ¤¨¨, ¸ É¥³ ÎÉµ¡Ò ¶µ¸²¥ § ¢¥·-
Ï¥´¨Ö ¶¥·¢µ£µ ÔÉ ¶  ³µ¦´µ ¡Ò²µ ¶·¨¸ÉÊ¶¨ÉÓ ± Ô±¸¶¥·¨³¥´É ³ ¸ · ¤¨µ ±É¨¢-
´Ò³¨ ¶ÊÎ± ³¨ ¨ ¶ · ²²¥²Ó´µ ¶·µ¤µ²¦¨ÉÓ · ¡µÉÒ ¶µ ¤ ²Ó´¥°Ï¥³Ê · §¢¨É¨Õ
¢¸¥£µ ±µ³¶²¥±¸ .

I ¸É ¤¨Ö (2000Ä2001 ££.)
a) �µ²ÊÎ¥´¨¥ · ¤¨µ ±É¨¢´ÒÌ ¶ÊÎ±µ¢ ²¥£±¨Ì ¨§µÉµ¶µ¢ ¸ ¶µ³µÐÓÕ Ê¸±µ-

·¨É¥²Ö “-400Œ, ¨Ì ¸¥¶ · Í¨Ö ¨ É· ´¸¶µ·É ¶ÊÎ±µ¢ ´¨§±µ° Ô´¥·£¨¨ ¢ § ²
“-400, ¨´¦¥±Í¨Ö, Ê¸±µ·¥´¨¥, ¢Ò¢µ¤ ¨ É· ´¶µ·É¨·µ¢±  · ¤¨µ ±É¨¢´ÒÌ ¶ÊÎ-
±µ¢ ± Ë¨§¨Î¥¸±¨³ Ê¸É ´µ¢± ³. ‡ ¶Ê¸± Ê¸±µ·¨É¥²Ó´µ£µ ±µ³¶²¥±¸  ¡Ê¤¥É ´ Î É
¸ · ¤¨µ ±É¨¢´Ò³¨ ¶ÊÎ± ³¨ ¨µ´µ¢ 6He (13 MÔ‚/A) ¨ 8He (8 MÔ‚/A).
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�¨¸. 23. Šµ´Í¥¶Í¨Ö ¶µ²ÊÎ¥´¨Ö · ¤¨µ ±É¨¢´ÒÌ ¶ÊÎ±µ¢ ¢ ‹Ÿ�

¡) �µ²ÊÎ¥´¨¥ ´¨§±µÔ´¥·£¨Î´ÒÌ ¶ÊÎ±µ¢ µ¸±µ²±µ¢ ¤¥²¥´¨Ö 238U ¢ § ²¥
³¨±·µÉ·µ´  MT-25.

¢) ’¥Ì´¨Î¥¸±µ¥ ¶·µ¥±É¨·µ¢ ´¨¥ §¤ ´¨° ¨ Ê¸É ´µ¢µ±, ´¥µ¡Ìµ¤¨³ÒÌ ¤²Ö
¶µ²ÊÎ¥´¨Ö ´¨§±µÔ´¥·£¨Î´ÒÌ ¶ÊÎ±µ¢ µ¸±µ²±µ¢ ¤¥²¥´¨Ö ¨ ¨Ì Ê¸±µ·¥´¨Ö ´  Í¨-
±²µÉ·µ´¥ “-400.

‘· ¢´¨É¥²Ó´Ò¥ ¶ · ³¥É·Ò ¶ÊÎ±µ¢ ¨µ´µ¢ He ¨ 11B ¶·¨¢¥¤¥´Ò ¢ É ¡². 5.
Š ±µ´ÍÊ 2000 £. ¡Ò²¨ ¢Ò¶µ²´¥´Ò ¨¸¸²¥¤µ¢ ´¨Ö ¨ · §· ¡µÉ±¨ ¡µ²ÓÏ¨´-

¸É¢  ¸¨¸É¥³: ¡²µ±  ¶·µ¨§¢µ¤ÖÐ¥° ³¨Ï¥´¨, ¸¥¶ · Éµ·  ¨µ´µ¢ ´¨§±µ° Ô´¥·£¨¨,
± ´ ²µ¢ ¶ÊÎ±µ¢, ¢ ±ÊÊ³´µ° ¸¨¸É¥³Ò, ¸¨¸É¥³ Ê¶· ¢²¥´¨Ö ¨ ¤¨ £´µ¸É¨±¨. ‡ -
±µ´Î¥´µ ¨§£µÉµ¢²¥´¨¥ ¨ ´ Î ÉÒ ¨¸¶ÒÉ ´¨Ö �–�-¨¸ÉµÎ´¨±  · ¤¨µ ±É¨¢´ÒÌ
¨µ´µ¢ 6He ¨ 8He ¸ · ¡µÎ¥° Î ¸ÉµÉµ° 2,45 ƒƒÍ.

„²Ö ¶µ²´µ³ ¸ÏÉ ¡´µ£µ ³µ¤¥²¨·µ¢ ´¨Ö Ê¸²µ¢¨° ¶µ²ÊÎ¥´¨Ö ²¥£±¨Ì · ¤¨µ-
 ±É¨¢´ÒÌ ¨§µÉµ¶µ¢ ³¨Ï¥´¨ ¨§ ¡¥·¨²²¨Ö (550 ³£/c³2) µ¡²ÊÎ ²¨¸Ó ¨µ´ ³¨ ²¨-
É¨Ö ¶·¨ Ô´¥·£¨¨ 34 A·MÔ‚ [52]. �·¨ É¥³¶¥· ÉÊ·¥ 1700 K ¶· ±É¨Î¥¸±¨
100 % Ö¤¥· 6He Ê²¥ÉÊÎ¨¢ ²¨¸Ó ¨§ ³¨Ï¥´¨, Éµ·³µ§¨²¨¸Ó ¢ ¸¡µ·´¨±¥ ¨§ ± ·-
¡¨¤  É¨É ´  ¨ § É¥³ ¤¥É¥±É¨·µ¢ ²¨¸Ó ¢ ¢ ±ÊÊ³´µ° ± ³¥·¥. ‚ ¸¶¥Í¨ ²Ó´ÒÌ
Ô±¸¶¥·¨³¥´É Ì ¸ 8He ¡Ò²µ Ê¸É ´µ¢²¥´µ, ÎÉµ ¢·¥³Ö ¨§¢²¥Î¥´¨Ö ¨§µÉµ¶µ¢ £¥-
²¨Ö ¨§ ¡²µ±  ¶·µ¨§¢µ¤ÖÐ¥° ³¨Ï¥´¨ ¸µ¸É ¢²Ö²µ 50Ä100 ³¸. �Ò²¨ ¨§³¥·¥´Ò
Ô´¥·£¥É¨Î¥¸±¨¥, Ê£²µ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¨  ¡¸µ²ÕÉ´Ò¥ ¢ÒÌµ¤Ò 6He ¨§ Éµ²¸Éµ°
¡¥·¨²²¨¥¢µ° ³¨Ï¥´¨, ¡µ³¡ ·¤¨·Ê¥³µ° ¨µ´ ³¨ 7Li, 11B ¨ 15N ¸ Ô´¥·£¨Ö³¨
34, 32 ¨ 48 A·MÔ‚ ¸µµÉ¢¥É¸É¢¥´´µ.
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’ ¡²¨Í  5.

®On-line¯ ISOL

AŠ“‹ˆ�� DRIBs

RIB 1,5 · 106 c−1

25 ŒÔ‚/n
9 · 109 c−1

13 ÷ 8 ŒÔ‚/n

6He
�¥·¢¨Î´Ò°

¶ÊÎµ±

7Li; 5 Î ¸É. · ³±�
32 ŒÔ‚/n

7Li; 10 Î ¸É. · ³±�
32 ŒÔ‚/n

T1/2 = 808 ³¸ Œ¨Ï¥´Ó Be Be

RIB 2 · 104 c−1

28 ŒÔ‚/n
3 · 107 c−1

6 ÷ 8 ŒÔ‚/n

8He
�¥·¢¨Î´Ò°

¶ÊÎµ±

11B; 5 Î ¸É. · ³±�
34 ŒÔ‚/n

11B; 10 Î ¸É. · ³±�
34 ŒÔ‚/n

T1/2 = 119 ³¸ Œ¨Ï¥´Ó Be Be

RIB 9 · 104 c−1

36 ŒÔ‚/n
2 · 108 c−1

4 ÷ 16 ŒÔ‚/n

11Be
�¥·¢¨Î´Ò°

¶ÊÎµ±

13C; 3 Î ¸É. · ³±�
42 ŒÔ‚/n

13C; 10 Î ¸É. · ³±�
42 ŒÔ‚/n

T1/2 = 13,8 ³¸ Œ¨Ï¥´Ó Be Be

”¨§¨Î¥¸±¨¥ Ô±¸¶¥·¨³¥´ÉÒ ¶µ¸²¥ § ¢¥·Ï¥´¨Ö ¶¥·¢µ£µ ÔÉ ¶  ¶·µ¥±É  ¶² -
´¨·Ê¥É¸Ö ´ Î ÉÓ ¢ 2002 £.

II ¸É ¤¨Ö (2001Ä2002 ££.)
a) �µ²ÊÎ¥´¨¥ ¶ÊÎ±µ¢ ´¨§±µ° Ô´¥·£¨¨ ´  Ê¸±µ·¨É¥²¥ “-400Œ.
¡) �µ²ÊÎ¥´¨¥ ¶ÊÎ±µ¢ Ê¸±µ·¥´´ÒÌ µ¸±µ²±µ¢ ¤¥²¥´¨Ö ´  Ê¸±µ·¨É¥²¥ “-400

¨ ¨Ì É· ´¸¶µ·É¨·µ¢±  ± Ë¨§¨Î¥¸±¨³ Ê¸É ´µ¢± ³.
Š ´ ²Ò É· ´¸¶µ·É  ¶ÊÎ±µ¢ ¶·¥¤¸É ¢²¥´Ò ¸Ì¥³ É¨Î¥¸±¨ ´  ·¨¸. 23.
„²Ö ¢Éµ·µ° ¸É ¤¨¨ ¶·µ¥±É  ¨§³¥·¥´Ò ¢ÒÌµ¤Ò ¨§µÉµ¶µ¢ •¥ ¸ A = 137÷143

¶·¨ ËµÉµ¤¥²¥´¨¨ 232Th, 238U ¨ 244Pu. �±¸¶¥·¨³¥´ÉÒ ¶·µ¢¥¤¥´Ò ´  Éµ·³µ§-
´µ³ ¨§²ÊÎ¥´¨¨ ³¨±·µÉ·µ´  ‹Ÿ� ¶·¨ Ô´¥·£¨¨ Ê¸±µ·¥´´ÒÌ Ô²¥±É·µ´µ¢ 25 ŒÔ‚.
‚Ò²¥É¥¢Ï¨¥ ¨§ ³¨Ï¥´¨ µ¸±µ²±¨ ¤¥²¥´¨Ö Éµ·³µ§¨²¨¸Ó ¢  ·£µ´¥ ¨ ¶¥·¥´µ¸¨-
²¨¸Ó ¶µ ± ¶¨²²Ö·Ê £ §µ¢Ò³ ¶µÉµ±µ³ ¢ ±·¨µ¸É É, £¤¥ ¶·µ¨¸Ìµ¤¨²  ±µ´¤¥´¸ Í¨Ö
±¸¥´µ´ . ˆ¤¥´É¨Ë¨± Í¨Ö ³ ¸¸µ¢ÒÌ Î¨¸¥² ¨§µÉµ¶µ¢ •¥ µ¸ÊÐ¥¸É¢²Ö² ¸Ó ¶µ ¨Ì
γ-¸¶¥±É· ³ ¨ ¶¥·¨µ¤ ³ ¶µ²Ê· ¸¶ ¤ . �µ²ÊÎ¥´µ · ¸¶·¥¤¥²¥´¨¥ ´¥§ ¢¨¸¨³ÒÌ
¢ÒÌµ¤µ¢ µ¸±µ²±µ¢ •¥ ¶µ ¨Ì ³ ¸¸µ¢Ò³ Î¨¸² ³. � · ³¥É·Ò ÔÉµ£µ · ¸¶·¥¤¥²¥-
´¨Ö Å ¸·¥¤´¥¥ ³ ¸¸µ¢µ¥ Î¨¸²µ 139, ¤¨¸¶¥·¸¨Ö · ¸¶·¥¤¥²¥´¨Ö · ¸É¥É µÉ 1,48
¤²Ö 232Th ¤µ 1,60 ¤²Ö 244Pu. �É¨ ·¥§Ê²ÓÉ ÉÒ Ê± §Ò¢ ÕÉ ´  ¶¥·¸¶¥±É¨¢´µ¸ÉÓ
¶µ²ÊÎ¥´¨Ö ´¥°É·µ´µ¨§¡ÒÉµÎ´ÒÌ ¨§µÉµ¶µ¢ •¥ ¢ ·¥ ±Í¨¨ ËµÉµ¤¥²¥´¨Ö ¤²Ö ¨Ì
¶µ¸²¥¤ÊÕÐ¥£µ Ê¸±µ·¥´¨Ö ´  Í¨±²µÉ·µ´¥.

‚ · ³± Ì ¶·µ¥±É  DRIBs ³¥¦¤Ê ¸ÊÐ¥¸É¢ÊÕÐ¨³¨ §¤ ´¨Ö³¨ ‹Ÿ� º 101 ¨
131 ¶² ´¨·Ê¥É¸Ö ¸µ§¤ ÉÓ ² ¡µ· Éµ·¨Õ ¶µ ¨§ÊÎ¥´¨Õ Ö¤¥·´ÒÌ ¸¢µ°¸É¢ ¨ ¸¶¥±-
É·µ¸±µ¶¨¨ ´¥°É·µ´µ- ¨ ¶·µÉµ´µµ¡µ£ Ð¥´´ÒÌ ²¥£±¨Ì Ö¤¥· ¨ Ö¤¥· ¸·¥¤´¥°
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³ ¸¸Ò, ±µÉµ·Ò¥ ³µ£ÊÉ ¶µ²ÊÎ ÉÓ¸Ö ¢ ¶·Ö³ÒÌ ·¥ ±Í¨ÖÌ ¨²¨ ¢ ·¥ ±Í¨ÖÌ Ë· £-
³¥´É Í¨¨.

‚Éµ· Ö ¸É ¤¨Ö ¶·µ¥±É  Å ¶µ²ÊÎ¥´¨¥ Ê¸±µ·¥´´ÒÌ µ¸±µ²±µ¢ ¤¥²¥´¨Ö Å
¤µ²¦´  ¡ÒÉÓ ·¥ ²¨§µ¢ ´  ¢ 2002 £.

ˆ¸¸²¥¤µ¢ É¥²Ó¸±¨¥ ¶·µ£· ³³Ò ¶·¨ ·¥ ²¨§ Í¨¨ ¶·µ¥±É  DRIBs ¡Ê¤ÊÉ µ¸Ê-
Ð¥¸É¢²ÖÉÓ¸Ö ¶·¨ ÊÎ ¸É¨¨ ³´µ£¨Ì ¨´¸É¨ÉÊÉµ¢, · ¡µÉ ÕÐ¨Ì ¸ · ¤¨µ ±É¨¢´Ò³¨
¶ÊÎ± ³¨ ± ± ¢ µ¡² ¸É¨ Ë¨§¨±¨, É ± ¨ ¢ µ¡² ¸É¨ É¥Ì´µ²µ£¨¨.

�µ²¥¥ ¶µ¤·µ¡´µ ¶µ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ µ¶¨¸ ´Ò ¢ ´ ÊÎ´ÒÌ µÉÎ¥É Ì ‹Ÿ�
§  1995Ä1996 [53], 1997Ä1998 [54] ¨ 1999Ä2000 [55] ££.
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‚. ˆ. ”Ê·³ ´

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

‹ ¡µ· Éµ·¨Ö ´¥°É·µ´´µ° Ë¨§¨±¨ ¨³. ˆ. Œ. ”· ´± 

‚ ¶µ¸²¥¤´¨¥ £µ¤Ò µ¸´µ¢´Ò¥ Ê¸¨²¨Ö ¢ µ¡² ¸É¨ ´¥°É·µ´´µ° Ö¤¥·´µ° Ë¨-
§¨±¨ ¢ �ˆŸˆ ¡Ò²¨ ¸µ¸·¥¤µÉµÎ¥´Ò ´  ·¥ ²¨§ Í¨¨ ¶·µ¥±É  ´µ¢µ£µ ¨¸ÉµÎ´¨± 
·¥§µ´ ´¸´ÒÌ ´¥°É·µ´µ¢ (ˆ�…�) ¨ ´  · §¢¨É¨¨ ¨ ¨¸¶ÒÉ ´¨¨ ¶¥·¸¶¥±É¨¢´ÒÌ
³¥Éµ¤¨± ¤²Ö Ô±¸¶¥·¨³¥´Éµ¢ ´  ´¥³. �É¨ § ¤ Î¨ ·¥Ï ²¨¸Ó ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³
¸ÊÐ¥¸É¢ÊÕÐ¨Ì ´¥°É·µ´´ÒÌ ¨¸ÉµÎ´¨±µ¢ �ˆŸˆ Å ¡Ê¸É¥·  ‹“�-40 + ˆ��-30
¨ ·¥ ±Éµ·µ¢ ˆ��-2,   É ±¦¥ ¤·Ê£¨Ì ´¥°É·µ´´ÒÌ ¨¸ÉµÎ´¨±µ¢.

�µ É· ¤¨Í¨¨ ¨¸¸²¥¤µ¢ ´¨Ö ¶µ Ö¤¥·´µ° Ë¨§¨±¥ ¸ ´¥°É·µ´ ³¨ ¢ ‹�”
µÌ¢ ÉÒ¢ ²¨ Ï¨·µ±¨° ¸¶¥±É· § ¤ Î Å µÉ ¨§ÊÎ¥´¨Ö ´ ·ÊÏ¥´¨° ¸¨³³¥É·¨¨
ËÊ´¤ ³¥´É ²Ó´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ¢ Ö¤· Ì ¤µ ¶µ²ÊÎ¥´¨Ö  ±ÉÊ ²Ó´ÒÌ ¤²Ö É¥Ì-
´µ²µ£¨¨ Ö¤¥·´ÒÌ ¤ ´´ÒÌ. �µ Ô´¥·£¨¨ ´¥°É·µ´µ¢ Ô±¸¶¥·¨³¥´É ²Ó´ Ö ¶·µ-
£· ³³  ‹�” ¨³¥²  É ±¦¥ Ï¨·µ±¨° ¤¨ ¶ §µ´: µÉ Ê²ÓÉ· Ìµ²µ¤´ÒÌ ´¥°É·µ´µ¢
(En ∼ 10−9 Ô‚) ·¥ ±Éµ·µ¢ ILL (ƒ·¥´µ¡²Ó, ”· ´Í¨Ö) ¨ �ˆƒ� (‘ ·µ¢, �µ¸¸¨Ö)
¤µ ¡Ò¸É·ÒÌ (En ∼ 10 ŒÔ‚) ´¥°É·µ´µ¢ �¥±¨´¸±µ£µ Ê´¨¢¥·¸¨É¥É .

�¨¦¥ ¢ ¢¨¤¥ ±µ³¶ ±É´ÒÌ µ¡§µ·´ÒÌ ¸É É¥° ¶·¥¤¸É ¢²¥´Ò ´ ¨¡µ²¥¥ ¢ ¦-
´Ò¥ ·¥§Ê²ÓÉ ÉÒ, ¶µ²ÊÎ¥´´Ò¥ ¢ ‹�” §  ¶µ¸²¥¤´¨¥ £µ¤Ò. …¸É¥¸É¢¥´´µ, ÎÉµ
¡µ²ÓÏ¨´¸É¢µ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ · ¡µÉ ¡Ò²µ ¢Ò¶µ²´¥´µ, ± ± ÔÉµ Ö¢¸É¢Ê¥É ¨§
¸¶¨¸±  ²¨É¥· ÉÊ·Ò, ¢ É¥¸´µ° ±µ²² ¡µ· Í¨¨ ¸ ¨¸¸²¥¤µ¢ É¥²Ó¸±¨³¨ £·Ê¶¶ ³¨
¨§ Ö¤¥·´ÒÌ Í¥´É·µ¢ ¸É· ´-ÊÎ ¸É´¨Í ¨ ´¥ÊÎ ¸É´¨Í �ˆŸˆ. �Ö¤ ¸ÊÐ¥¸É¢¥´´ÒÌ
·¥§Ê²ÓÉ Éµ¢, µ¶Ê¡²¨±µ¢ ´´ÒÌ ´¥¤ ¢´µ ¢ �—�Ÿ (¸³., ´ ¶·¨³¥·, [1]) ²¨¡µ ¶² -
´¨·Ê¥³ÒÌ ± µ¶Ê¡²¨±µ¢ ´¨Õ ¢ ¡²¨¦ °Ï¥¥ ¢·¥³Ö [2], Ö¢²ÖÕÉ¸Ö ¥¸É¥¸É¢¥´´Ò³
· ¸Ï¨·¥´¨¥³ ´ ¸ÉµÖÐ¥£µ µ¡§µ· . �É¨ ·¥§Ê²ÓÉ ÉÒ ¤ ÕÉ Ìµ·µÏÊÕ ¶¥·¸¶¥±-
É¨¢Ê ¶·µ¤µ²¦¥´¨Ö ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¨¸¸²¥¤µ¢ ´¨° (´¥¸É É¨¸É¨Î¥¸±¨¥ Ö¢²¥-
´¨Ö ¢ ± ¸± ¤´µ³ £ ³³ -· ¸¶ ¤¥ ±µ³¶ Ê´¤-¸µ¸ÉµÖ´¨° [1] ¨ ¤ ´´Ò¥ ¶µ Ö¤¥·´Ò³
¸¥Î¥´¨Ö³ ¤²Ö  ¸É·µË¨§¨±¨ ´  ´¥¸É ¡¨²Ó´ÒÌ Ö¤· Ì-³¨Ï¥´ÖÌ [2]) ´  ¸µµ·Ê¦ -
¥³µ³ ¨¸ÉµÎ´¨±¥ ´¥°É·µ´µ¢ ˆ�…�.

ˆ§-§  µ£· ´¨Î¥´´µ£µ µ¡Ñ¥³  ¤ ´´µ£µ ¸¡µ·´¨±  ¢ ´¥£µ ´¥ Ê¤ ²µ¸Ó ¢±²Õ-
Î¨ÉÓ, ÎÉµ¡Ò ´¥ ¨¸± §¨ÉÓ ¨Ì ¸²¨Ï±µ³ ¸¦ ÉÒ³ ¨§²µ¦¥´¨¥³, ¢¥¸Ó³  ¨´É¥·¥¸´Ò¥
·¥§Ê²ÓÉ ÉÒ ¶µ ±¢ ´Éµ¢µ° µ¶É¨±¥ µÎ¥´Ó Ìµ²µ¤´ÒÌ ´¥°É·µ´µ¢, ¶µ²ÊÎ¥´´Ò¥ ¢
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¶µ¸²¥¤´¨¥ ¤¢  £µ¤  ´  ·¥ ±Éµ·¥ ILL,   É ±¦¥ ¶·¥¤¸É ¢¨ÉÓ ·¥§Ê²ÓÉ ÉÒ µÎ¥´Ó
¶µ¶Ê²Ö·´ÒÌ ¢ ¸É· ´ Ì-ÊÎ ¸É´¨Í Ì �ˆŸˆ ¨¸¸²¥¤µ¢ ´¨° ¶µ Ô±µ²µ£¨¨ Î¥²µ¢¥± 
¨ µ±·Ê¦ ÕÐ¥° ¸·¥¤Ò.

�Ö¤ ¢ ¦´ÒÌ · ¡µÉ ¶µ ¶·¨³¥´¥´¨Õ ³¥Éµ¤µ¢ ´¥°É·µ´´µ° Ö¤¥·´µ° Ë¨§¨±¨ ¢
¸³¥¦´ÒÌ µ¡² ¸ÉÖÌ ´ Ê±¨, ¢ Î ¸É´µ¸É¨, ¶µ ¸µ§¤ ´¨Õ ¢ ¸µÉ·Ê¤´¨Î¥¸É¢¥ ¸ ˆ´¸É¨-
ÉÊÉµ³ ±µ¸³¨Î¥¸±¨Ì ¨¸¸²¥¤µ¢ ´¨° (Œµ¸±¢ ) ·µ¸¸¨°¸±µ£µ ¤¥É¥±Éµ·  ´¥°É·µ´µ¢
�…ND ¤²Ö ·µ¸¸¨°¸±µ- ³¥·¨± ´¸±µ° ³¨¸¸¨¨ ´  Œ ·¸, É ±¦¥ ´¥ ´ Ï²¨ ¸¢µ¥£µ
µÉ· ¦¥´¨Ö ´  ¸É· ´¨Í Ì Õ¡¨²¥°´µ£µ ¢Ò¶Ê¸±  �—�Ÿ. �µ ¢ ÔÉµ³ ¸²ÊÎ ¥ ¶·¨-
Î¨´  ¤·Ê£ Ö Å ¤ ´´Ò° Ô±¸¶¥·¨³¥´É ¥Ð¥ ¶·µ¤µ²¦ ¥É¸Ö ¨ ¥£µ ´ ÊÎ´Ò¥ ¨Éµ£¨
¡Ê¤ÊÉ ¶µ¤¢¥¤¥´Ò ¶µ§¦¥.

�¤´ ±µ ¢ Í¥²µ³ ¶·¨¢¥¤¥´´Ò° ´¨¦¥ ³ É¥·¨ ² ¤ ¥É ·¥ ²¨¸É¨Î¥¸±¨° ¸·¥§
µ¸´µ¢´ÒÌ ´ ¶· ¢²¥´¨° ¨ ¤ ²Ó´¥°Ï¨Ì ¶¥·¸¶¥±É¨¢ ¨¸¸²¥¤µ¢ ´¨° ¶µ Ö¤¥·´µ°
Ë¨§¨±¥ ¸ ´¥°É·µ´ ³¨.

‘�ˆ‘�Š ‹ˆ’…��’“�›
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	. �. Šµ¶ Î, �. �. �µ¶µ¢, ‚. ˆ. ”Ê·³ ´,

‚. �. �²Ë¨³¥´±µ¢, ‹. ‹ ¸µ´Ó, ‹. �. �¨±¥²Ó´¥·

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

‹ ¡µ· Éµ·¨Ö ´¥°É·µ´´µ° Ë¨§¨±¨ ¨³. ˆ. Œ. ”· ´± 

�. �. ƒµ´¨´, ‹. Š. Šµ§²µ¢¸±¨°, „. ˆ. ’ ³¡µ¢Í¥¢

”¨§¨±µ-Ô´¥·£¥É¨Î¥¸±¨° ¨´¸É¨ÉÊÉ, �¡´¨´¸±

�. Œ. ƒ £ ·¸±¨°, ƒ. �. �¥É·µ¢, ‚. …. ‘µ±µ²µ¢

�¥É¥·¡Ê·£¸±¨° ¨´¸É¨ÉÊÉ Ö¤¥·´µ° Ë¨§¨±¨ ���, ƒ ÉÎ¨´ 

Š· É±µ ¨§² £ ¥É¸Ö ´µ¢Ò° ¶µ¤Ìµ¤ ± µ¶¨¸ ´¨Õ ¤¥²¥´¨Ö, ¶µ¤µ¡´Ò° µ¡ÒÎ´µ° É¥µ·¨¨ ·¥ ±Í¨°
¨ ¨¸¶µ²Ó§ÊÕÐ¨° ¶·¥¤¸É ¢²¥´¨¥ ¸¶¨· ²Ó´µ¸É¨ ¤²Ö ¢ÒÌµ¤´ÒÌ ¤¥²¨É¥²Ó´ÒÌ ± ´ ²µ¢. �ÉµÉ ¶µ¤Ìµ¤
¶µ§¢µ²¨² µ¡Ñ¥¤¨´¨ÉÓ ³´µ£µ³µ¤ ²Ó´ÊÕ ¸É·Ê±ÉÊ·Ê ¤¥²¥´¨Ö ¸ ±µ´Í¥¶Í¨¥° ¶¥·¥Ìµ¤´ÒÌ ¸µ¸ÉµÖ´¨°
�. �µ·  ¨ ¶µ²ÊÎ¨ÉÓ Ëµ·³Ê²Ò ¤²Ö ¶ ·Í¨ ²Ó´ÒÌ ¨ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨° ¤¥²¥´¨Ö, ±µÉµ·Ò¥
¡Ò²¨ ¨¸¶µ²Ó§µ¢ ´Ò ¤²Ö  ´ ²¨§  Ê£²µ¢µ°  ´¨§µÉ·µ¶¨¨ µ¸±µ²±µ¢ ¶·¨ ¤¥²¥´¨¨ ¢Ò¸É·µ¥´´ÒÌ Ö¤¥·
235U ·¥§µ´ ´¸´Ò³¨ ´¥°É·µ´ ³¨ ¨ P -Î¥É´ÒÌ Ê£²µ¢ÒÌ ±µ··¥²ÖÍ¨° µ¸±µ²±µ¢ ®¢¶¥·¥¤Ä´ § ¤¯ ¨
®¶· ¢µÄ²¥¢µ¯ ¨²¨ P -´¥Î¥É´ÒÌ ±µ··¥²ÖÍ¨°, µ¡Ê¸²µ¢²¥´´ÒÌ ¨´É¥·Ë¥·¥´Í¨¥° s- ¨ p-¢µ²´µ¢ÒÌ
´¥°É·µ´´ÒÌ ·¥§µ´ ´¸µ¢.

A new approach to the description of the ˇssion, similar to the well-known reaction theory
and based on the helicity representation for the exit ˇssion channels, was brie�y summarized. This
approach allowed one to connect the multimodal ˇssion representation with A. Bohr's concept of the
ˇssion transition states and to obtain formulas for the partial and differential ˇssion cross sections.
The formulas were used for analysis of the angular anisotropy of fragments in the neutron resonance
induced ˇssion of aligned 235U nuclei and of the P-even angular ®forward-backward¯ and ®right-
left¯ correlations of fragments or the P -odd correlations caused by the interference of s- and p-wave
neutron resonances.

��‚›… ’…��…’ˆ—…‘Šˆ… ��„X�„› ‚ ��ˆ‘��ˆˆ „…‹…�ˆŸ

�µ²¥¥ Î¥³ ¶ÖÉ¨¤¥¸ÖÉ¨²¥É´¨¥ ¨´É¥´¸¨¢´Ò¥ É¥µ·¥É¨Î¥¸±¨¥ ¨ Ô±¸¶¥·¨³¥´-
É ²Ó´Ò¥ ¨¸¸²¥¤µ¢ ´¨Ö ¶·µÍ¥¸¸  ¤¥²¥´¨Ö (± ± ¸¶µ´É ´´µ£µ, É ± ¨ ¢Ò´Ê¦¤¥´-
´µ£µ) ´¥ ¶·¨¢¥²¨ ¤µ ¸¨Ì ¶µ· ± ¤µ¸É ÉµÎ´µ ¶µ²´µ³Ê ¶µ´¨³ ´¨Õ ¤¨´ ³¨±¨
¨ ³¥Ì ´¨§³  ¤¥²¥´¨Ö,   É ±¦¥ ± ¸É·µ£µ³Ê ¨ µ¤´µ§´ Î´µ³Ê ³ É¥³ É¨Î¥¸±µ³Ê
µ¶¨¸ ´¨Õ · §´ÒÌ ¥£µ ÔÉ ¶µ¢. �·¨Î¨´µ° ÔÉµ£µ Ö¢²Ö¥ÉcÖ ¶·¥¦¤¥ ¢¸¥£µ Éµ, ÎÉµ



„…‹…�ˆ… ’Ÿ†…‹›• Ÿ„…� �…‡����‘�›Œˆ �…‰’����Œˆ 205

Ö¤¥·´µ¥ ¤¥²¥´¨¥ ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° µ¤´µ ¨§ ¸ ³ÒÌ ¸²µ¦´ÒÌ Ö¤¥·´ÒÌ ¶·¥-
¢· Ð¥´¨° ³´µ£µÎ ¸É¨Î´µ° ¸¨¸É¥³Ò, ¸¢Ö§ ´´µ¥ ¸ £²Ê¡µ±¨³ ¶¥·¥· ¸¶·¥¤¥²¥-
´¨¥³ ³ ¸¸Ò ¨ § ·Ö¤  ¨¸Ìµ¤´µ£µ Ö¤· , µ¡· §µ¢ ´¨¥³ ¸¨²Ó´µ¤¥Ëµ·³¨·µ¢ ´´ÒÌ
µ¸±µ²±µ¢, µ¡² ¤ ÕÐ¨Ì ¢Ò¸µ±¨³¨ ¸¶¨´ ³¨ ¨ Ô´¥·£¨Ö³¨ ¢µ§¡Ê¦¤¥´¨Ö. „·Ê£µ¥
¸ÊÐ¥¸É¢¥´´µ¥ µ¡¸ÉµÖÉ¥²Ó¸É¢µ ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ ¢ ¡µ²ÓÏ¨´¸É¢¥ Ô±¸¶¥·¨³¥´-
Éµ¢ Ö¤¥·´µ¥ ¤¥²¥´¨¥ ¨§ÊÎ ¥É¸Ö ¢ Ê¸²µ¢¨ÖÌ, ±µ£¤  ´¥¢µ§³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¨´-
Ëµ·³ Í¨Õ µ ¡ §¨¸´ÒÌ  ³¶²¨ÉÊ¤ Ì ¶·µÍ¥¸¸ , Ì · ±É¥·¨§ÊÕÐ¨Ì¸Ö Î¥É´µ¸ÉÓÕ
π, ¶µ²´Ò³ ¸¶¨´µ³ ¤¥²ÖÐ¥°¸Ö ¸¨¸É¥³Ò J ¨ ¥£µ ¶·µ¥±Í¨¥° ´  µ¸Ó ¤¥²¥´¨Ö K .

“¦¥ ¢ · ´´¨Ì ¶µ¤Ìµ¤ Ì ± µ¶¨¸ ´¨Õ ¤¥²¥´¨Ö É¥µ·¨Ö ¸É·µ¨² ¸Ó ´  ¶·¥¤¶µ-
²µ¦¥´¨ÖÌ µ ¸µÌ· ´¥´¨¨ ¸¶¨´  ¨  ±¸¨ ²Ó´µ° ¸¨³³¥É·¨¨ ¤¥²ÖÐ¥°¸Ö ¸¨¸É¥³Ò,
ÎÉµ ¨ ¤ ¢ ²µ ¢µ§³µ¦´µ¸ÉÓ µ¶¨¸Ò¢ ÉÓ ¶¥·¥Ìµ¤´Ò¥ ¸µ¸ÉµÖ´¨Ö É ±µ° ¸¨¸É¥³Ò
¢ É¥·³¨´ Ì ±¢ ´Éµ¢ÒÌ Î¨¸¥² JπK . ‚ ÉµÎ±¥ · §·Ò¢  Ö¤·µ ¶·¨ ¶¥·¥Ìµ¤¥ ¢
µ¸±µ²±¨ ¨³¥¥É ³´µ¦¥¸É¢µ ± ´ ²µ¢, µ¶¨¸Ò¢ ¥³ÒÌ ±¢ ´Éµ¢Ò³¨ Î¨¸² ³¨ cf ¨
Ì · ±É¥·¨§Ê¥³ÒÌ ¶µ²´µ° ±¨´¥É¨Î¥¸±µ° Ô´¥·£¨¥° TKE, µÉ´µ¸¨É¥²Ó´Ò³ µ·¡¨-
É ²Ó´Ò³ ³µ³¥´Éµ³ L ¨ ¸¶¨´µ³ ± ´ ²  F . � · ¤µ±¸ ¤¥²¥´¨Ö ¸µ¸Éµ¨É ¢ Éµ³,
ÎÉµ, ´¥¸³µÉ·Ö ´  ³´µ¦¥¸É¢µ ± ´ ²µ¢ cf , ´ ¡²Õ¤ ÕÉ¸Ö ¸¨²Ó´Ò¥ ¨´É¥·Ë¥·¥´Í¨-
µ´´Ò¥ ÔËË¥±ÉÒ ¢ ·¥§µ´ ´¸´µ° ¸É·Ê±ÉÊ·¥ ¨´¤ÊÍ¨·µ¢ ´´µ£µ ´¥°É·µ´ ³¨ ¸¥Î¥-
´¨Ö ¤¥²¥´¨Ö,   É ±¦¥ ¡µ²ÓÏ¨¥ Ë²Ê±ÉÊ Í¨¨ ¶ ·Í¨ ²Ó´ÒÌ ¨ ¶µ²´ÒÌ ¤¥²¨É¥²Ó-
´ÒÌ Ï¨·¨´ ´¥°É·µ´´ÒÌ ·¥§µ´ ´¸µ¢. �µ²ÓÏ¨¥ ¢ ·¨ Í¨¨ ¸ Ô´¥·£¨¥° ´¥°É·µ´µ¢
´ ¡²Õ¤ ÕÉ¸Ö ¢ Ê£²µ¢µ°  ´¨§µÉ·µ¶¨¨ µ¸±µ²±µ¢ ¶·¨ ¤¥²¥´¨¨ s-´¥°É·µ´ ³¨ ¢Ò-
¸É·µ¥´´ÒÌ Ö¤¥·,   É ±¦¥ ¢ Ê£²µ¢ÒÌ ±µ··¥²ÖÍ¨ÖÌ µ¸±µ²±µ¢, µ¡Ê¸²µ¢²¥´´ÒÌ
¨´É¥·Ë¥·¥´Í¨¥° s- ¨ p-¢µ²´µ¢ÒÌ  ³¶²¨ÉÊ¤ (n, f)-·¥ ±Í¨¨.

Š Î¥¸É¢¥´´µ¥ µ¡ÑÖ¸´¥´¨¥ Ë²Ê±ÉÊ Í¨° ¤¥²¨É¥²Ó´ÒÌ Ï¨·¨´ ¨ Ê£²µ¢µ°  ´¨-
§µÉ·µ¶¨¨ µ¸±µ²±µ¢ ¶·¨ ¤¥²¥´¨¨ ¢Ò¸É·µ¥´´ÒÌ Ö¤¥· ¡Ò²µ ¤ ´µ �. �µ·µ³. �´
¶·¥¤¶µ²µ¦¨², ÎÉµ ´ ¡²Õ¤ ¥³Ò¥ ¤¥²¨É¥²Ó´Ò¥ ± ´ ²Ò ¸¢Ö§ ´Ò ¸ ¶¥·¥Ìµ¤´Ò³¨
¸µ¸ÉµÖ´¨Ö³¨ Ìµ²µ¤´µ£µ ¸¨²Ó´µ¤¥Ëµ·³¨·µ¢ ´´µ£µ ¤¥²ÖÐ¥£µ¸Ö Ö¤·  ´  ¢¥·-
Ï¨´¥ ¡ ·Ó¥·  ¤¥²¥´¨Ö, ±µÉµ·Ò¥ Ì · ±É¥·¨§ÊÕÉ¸Ö ±¢ ´Éµ¢Ò³¨ Î¨¸² ³¨ JπK .
�·¥¤¶µ² £ Ö, ÎÉµ ¸µÌ· ´Ö¥É¸Ö  ±¸¨ ²Ó´ Ö ¸¨³³¥É·¨Ö Ö¤·  ¢ ¶¥·¥Ìµ¤¥ µÉ ¸¥¤-
²µ¢µ° ÉµÎ±¨ ± · §·Ò¢Ê ¨ ÎÉµ µ¸Ó ¤¥²¥´¨Ö ¢ ¶·µ¸É· ´¸É¢¥ ¸µ¢¶ ¤ ¥É ¸ µ¸ÓÕ ¤¥-
Ëµ·³ Í¨¨, �. �µ· Ê± § ² ¢µ§³µ¦´Ò° ¶ÊÉÓ ¤²Ö µ¶¨¸ ´¨Ö Ê£²µ¢ÒÌ · ¸¶·¥¤¥²¥-
´¨° µ¸±µ²±µ¢. �ÉµÉ ¶µ¤Ìµ¤ ¶µ§¢µ²¨² µ¶¨¸ ÉÓ ± Î¥¸É¢¥´´µ ¨¥· ·Ì¨Õ
¡ ·Ó¥·µ¢ ¤¥²¥´¨Ö ¸ · §´Ò³¨ JπK ¨ ¡µ²ÓÏ¨¥ Ë²Ê±ÉÊ Í¨¨ ¤¥²¨É¥²Ó´ÒÌ Ï¨·¨´
¢ ·¥§µ´ ´¸ Ì.

�·µ¡²¥³  ¸É ²  ¡µ²¥¥ ¤· ³ É¨Î´µ° ¶µ¸²¥ µÉ±·ÒÉ¨Ö ±² ¸É¥·¨§ Í¨¨ ¤¥²¨-
É¥²Ó´ÒÌ ± ´ ²µ¢, ´ §¢ ´´ÒÌ ³µ¤ ³¨ ¤¥²¥´¨Ö. ‘¨ÉÊ Í¨Ö ¢Ò£²Ö¤¨É É ±, ¡Ê¤Éµ
¤¥²ÖÐ¥¥¸Ö Ö¤·µ, ¶·¨¡²¨¦ Ö¸Ó ± ÉµÎ±¥ · §·Ò¢ , ³µ¦¥É ¤µ¸É¨ÎÓ Éµ²Ó±µ ¢¥¸Ó³ 
µ£· ´¨Î¥´´µ£µ ´ ¡µ·  ¶·¥¤· §·Ò¢´ÒÌ ±µ´Ë¨£Ê· Í¨°, ±µÉµ·Ò¥ Ëµ·³¨·ÊÕÉ, ¢
¸¢µÕ µÎ¥·¥¤Ó, ¶·µ¤Ê±ÉÒ ¤¥²¥´¨Ö, µÉ´µ¸ÖÐ¨¥¸Ö ± · §´Ò³ ³µ¤ ³ ¤¥²¥´¨Ö. ‘µ-
µÉ´µÏ¥´¨Ö ³¥¦¤Ê ¡µ·µ¢¸±¨³¨ ± ´ ² ³¨ ¨ ³µ¤ ³¨ ¤¥²¥´¨Ö ¸É ²¨ ¶·¥¤³¥Éµ³
´µ¢ÒÌ É¥µ·¥É¨Î¥¸±¨Ì ¨¸¸²¥¤µ¢ ´¨°. Šµ··¥²ÖÍ¨¨ ³¥¦¤Ê Ë²Ê±ÉÊ Í¨Ö³¨ ³ ¸¸µ-
¢ÒÌ TKE-· ¸¶·¥¤¥²¥´¨° ¨ Ê£²µ¢µ°  ´¨§µÉ·µ¶¨¥° µ¸±µ²±µ¢ ¡Ò²¨ · ¸¸³µÉ·¥´Ò
¢ [1]. �Ò²µ ¶µ± § ´µ, ÎÉµ ÔÉ¨ ±µ··¥²ÖÍ¨¨ ³µ¦´µ µ¡ÑÖ¸´¨ÉÓ, ¥¸²¨ ¶·¨´ÖÉÓ,
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ÎÉµ ¢µ²´µ¢ Ö ËÊ´±Í¨Ö ¶¥·¥Ìµ¤´µ£µ ¸µ¸ÉµÖ´¨Ö JπK Ö¢²Ö¥É¸Ö · §²µ¦¥´¨¥³
¶µ ¢µ²´µ¢Ò³ ËÊ´±Í¨Ö³ ¤¥²¨É¥²Ó´ÒÌ ³µ¤ ¸ ±µÔËË¨Í¨¥´É ³¨, § ¢¨¸ÖÐ¨³¨ µÉ
¤¥Ëµ·³ Í¨¨ ¤¥²ÖÐ¥°¸Ö ¸¨¸É¥³Ò.

�µ¸²¥¤´¥¥ ¢·¥³Ö · §¢¨¢ ¥É¸Ö ´µ¢Ò° ¶µ¸²¥¤µ¢ É¥²Ó´Ò° ¶µ¤Ìµ¤ ¤²Ö µ¶¨-
¸ ´¨Ö ¤¥²¥´¨Ö, ¢Ò§¢ ´´µ£µ ´¨§±µÔ´¥·£¥É¨Î¥¸±¨³¨ ´¥°É·µ´ ³¨ [2], ±µÉµ·Ò°
¶µ¤µ¡¥´ µ¡ÒÎ´µ° É¥µ·¨¨ ·¥ ±Í¨°. ‚ ¶·¨´Í¨¶¥ ÔÉµ ¶·¨¡²¨¦¥´¨¥ ¸µµÉ¢¥É-
¸É¢Ê¥É µ¶¨¸ ´¨Õ ¨´É¥·Ë¥·¥´Í¨µ´´ÒÌ ÔËË¥±Éµ¢ ¢ ¤¥²¥´¨¨ ´¥°É·µ´ ³¨ Ìµ-
·µÏµ · §¢¨ÉÒ³¨ ³¥Éµ¤ ³¨ É¥µ·¨¨ Ö¤¥·´ÒÌ ·¥ ±Í¨°. �¤´ ±µ ÔÉ¨ ³¥Éµ¤Ò ´¥
³µ£ÊÉ ´¥¶µ¸·¥¤¸É¢¥´´µ ¨¸¶µ²Ó§µ¢ ÉÓ¸Ö ¤²Ö µ¶¨¸ ´¨Ö ´ ¡²Õ¤ ¥³ÒÌ ¤¥²¨É¥²Ó-
´ÒÌ ¸¥Î¥´¨°. ‘É ´¤ ·É´µ¥ ¤²Ö É¥µ·¨¨ ·¥ ±Í¨° ¶·¥¤¸É ¢²¥´¨¥ ¸¶¨´  ± ´ ² 
{cf , F, L} ¶·¨¢µ¤¨É ± ¢Ò· ¦¥´¨Õ ¤²Ö ¸¥Î¥´¨Ö (n, f)-·¥ ±Í¨¨, ´¥¤¨a£µ´ ²Ó-
´µ³Ê ¶µ µ·¡¨É ²Ó´µ³Ê ³µ³¥´ÉÊ L. � ¡²Õ¤ ¥³µ¥ ¸¥Î¥´¨¥ (n, f)-¶·µÍ¥¸¸ 
Ö¢²Ö¥É¸Ö ¸Ê³³µ° ¶µ µ£·µ³´µ³Ê Î¨¸²Ê {cf , F, L}-± ´ ²µ¢. �µ¸±µ²Ó±Ê ´¨Î¥£µ
´¥ ¨§¢¥¸É´µ µ · ¸¶·¥¤¥²¥´¨ÖÌ ¢¥²¨Î¨´ F ¨ L ¢ ± ´ ² Ì cf , É¥³ ¡µ²¥¥ µ Ë -
§ Ì ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¤¥²¨É¥²Ó´ÒÌ  ³¶²¨ÉÊ¤, Éµ ¶·µ¢¥¸É¨ ¸Ê³³¨·µ¢ ´¨¥ ¶µ
´ ¡µ·Ê ±¢ ´Éµ¢ÒÌ Î¨¸¥² {cf , F, L} ¨, É ±¨³ µ¡· §µ³, ¶µ²ÊÎ¨ÉÓ Ö¢´µ¥ ¢Ò· ¦¥-
´¨¥ ¤²Ö ´ ¡²Õ¤ ¥³µ£µ (n, f)-¸¥Î¥´¨Ö µ± §Ò¢ ¥É¸Ö ´¥¢µ§³µ¦´Ò³. �É¨ É·Ê¤´µ-
¸É¨ Ê¤ ²µ¸Ó ¶·¥µ¤µ²¥ÉÓ, ¨¸¶µ²Ó§ÊÖ ¶·¥¤¸É ¢²¥´¨¥ ¸¶¨· ²Ó´µ¸É¨ ¤²Ö ¢ÒÌµ¤´ÒÌ
¤¥²¨É¥²Ó´ÒÌ ± ´ ²µ¢, ¢¢e¤¥´´µ¥ ¢¶¥·¢Ò¥ ‚. Œ. ‘É·ÊÉ¨´¸±¨³ [3]. ‚ ·¥§Ê²Ó-
É É¥ ¸É ²µ ¢µ§³µ¦´µ ¶·µ¢¥¤¥´¨¥ ¸Ê³³¨·µ¢ ´¨Ö ¶µ ´¥´ ¡²Õ¤ ¥³Ò³ ± ´ ² ³
¤¥²¥´¨Ö ¢ · ³± Ì ¸É ´¤ ·É´µ° R-³ É·¨Î´µ° ³µ¤¥²¨ Ö¤¥·´ÒÌ ·¥ ±Í¨°. �ÉµÉ
¶µ¤Ìµ¤ ¶µ§¢µ²Ö¥É µ¡Ñ¥¤¨´¨ÉÓ ¥¸É¥¸É¢¥´´Ò³ µ¡· §µ³ ³´µ£µ³µ¤ ²Ó´ÊÕ ¸É·Ê±-
ÉÊ·Ê ¤¥²¥´¨Ö ¸ ±µ´Í¥¶Í¨¥° ¶¥·¥Ìµ¤´ÒÌ ¸µ¸ÉµÖ´¨° �. �µ· .

�¨¦¥ ¶·¨¢µ¤ÖÉ¸Ö Ëµ·³Ê²Ò ¨§ ¸¥·¨¨ · ¡µÉ [2Ä4], ±µÉµ·Ò¥ ¡Ò²¨ ¨¸¶µ²Ó-
§µ¢ ´Ò ¤²Ö  ´ ²¨§  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ, ¶µ²ÊÎ¥´´ÒÌ ¢ ‹ ¡µ· Éµ·¨¨
´¥°É·µ´´µ° Ë¨§¨±¨ ¢ ¨¸¸²¥¤µ¢ ´¨ÖÌ Ê£²µ¢µ°  ´¨§µÉ·µ¶¨¨ µ¸±µ²±µ¢ ¶·¨ ¤¥²¥-
´¨¨ ¢Ò¸É·µ¥´´ÒÌ Ö¤¥· 235U ·¥§µ´ ´¸´Ò³¨ ´¥°É·µ´ ³¨ [5] ¨ P -Î¥É´ÒÌ Ê£²µ-
¢ÒÌ ±µ··¥²ÖÍ¨° µ¸±µ²±µ¢ ®¢¶¥·¥¤Ä´ § ¤¯ (´  ´¥¶µ²Ö·¨§µ¢ ´´ÒÌ ´¥°É·µ´ Ì)
¨ ®¶· ¢µÄ²¥¢µ¯ ¨²¨ P -´¥Î¥É´ÒÌ ±µ··¥²ÖÍ¨° (´  ¶µ²Ö·¨§µ¢ ´´µ³ ¶ÊÎ±¥) ¤²Ö
¤¥²ÖÐ¨Ì¸Ö Ö¤¥· 235U ¨ 233U [6,7]:

dσnf (E)
dΩf

=
1
4π

[
σ

(0)
nf (E) + σ

(1)FB
nf (E)(nfnk) + σ

(1)RL
nf (E)pn(nf [nkns]) +

+ σ
(2)
nf (E)f2P2(nfnI)

]
, (1)

£¤¥

σ
(0)
nf (E) = πλ̄2

∑
Jπ

gJ

∑
lj

∑
K

|SJ(ljE → Kπf)|2 =
∑
Jπ

σ
(0)Jπ

nf (E) (2)

¥¸ÉÓ ¶µ²´µ¥ ¸¥Î¥´¨¥ ¤¥²¥´¨Ö, ¢Ò· ¦¥´´µ¥ ¸Ê³³µ° ¸¶¨´-· §¤¥²¥´´ÒÌ ±µ³¶µ-
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´¥´É. „·Ê£¨¥ Î²¥´Ò (1) ¨³¥ÕÉ ¸²¥¤ÊÕÐ¨° ¢¨¤:

σ
(1)FB
nf = πλ̄2

∑
Jπ

∑
J′j

∑
K

√
gJgJ′(−1)

3
2−j

√
6(2j + 1) ×

× U

(
IjJ1, J ′ 1

2

)
CJ′K

JK10 Re
[
S∗

J′(1jE → K(−π)f)SJ

(
0
1
2
E → Kπf

)]
,

(3)

σ
(1)RL
nf (E) = πλ̄2

∑
Jπ

∑
J′j

∑
K

√
gJgJ′(−1)

3
2−j

√
6(2j + 1) ×

×U

(
IjJ1, J ′ 1

2

)
CJ′K

JK10 Im
[
S∗

J′(1jE → K(−π)f)SJ

(
0
1
2
E → Kπf

)]
βj

(4)

¨

σ
(2)
nf = πλ̄2G

∑
Jπ

∑
J′j

∑
K

√
gjgJ′U

(
1
2
IJ ′2, JI

)
×

× CJ′K
JK20S

∗
J′

(
0
1
2
E → Kπf

)
SJ

(
0
1
2
E → Kπf

)
, (5)

±µÉµ·Ò¥ µ¶¨¸Ò¢ ÕÉ Ê£²µ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö µ¸±µ²±µ¢. ‡¤¥¸Ó ±µÔËË¨Í¨¥´ÉÒ
βj = 1 ¤²Ö j = 1/2 ¨ βj = −0, 5 ¤²Ö j = 3/2, ¢¥²¨Î¨´Ò pn ¨ f2 Å
¶µ²Ö·¨§ Í¨Ö ´¥°É·µ´´µ£µ ¶ÊÎ±  ¨ ±µÔËË¨Í¨¥´É ¢Ò¸É·µ¥´´µ¸É¨ Ö¤¥· ³¨Ï¥´¨
¸µµÉ¢¥É¸É¢¥´´µ,

G =
15I2√

(2I − 1)I(I + 1)(2I + 3)
.

‚ · ³± Ì µ¶¨¸Ò¢ ¥³µ£µ ¶·¨¡²¨¦¥´¨Ö Î ¸ÉÓ ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö
¤¥²¥´¨Ö, µÉ¢¥É¸É¢¥´´ Ö §  ¢§ ¨³µ¤¥°¸É¢¨¥ ¸ ´ ·ÊÏ¥´¨¥³ ¶·µ¸É· ´¸É¢¥´´µ°
Î¥É´µ¸É¨, ¢Ò· ¦ ¥É¸Ö ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

dσPV
nf (E)
dΩf

=
1
4π

σ(1)PV nf (E)pn(nfns) , (6)

£¤¥

σ
(1)PV
nf (E) = πλ̄2

∑
J

gJU

(
IjJ1, J ′ 1

2

)
×

×
∑
K

CJ′K
JK10S

∗
J

(
0
1
2
E → K(−π)f

)
SJ

(
0
1
2
E → Kπf

)
. (7)
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�±¸¶¥·¨³¥´É ¶·µ¢µ¤¨²¸Ö ´  30-³¥É·µ¢µ° ¶·µ²¥É´µ° ¡ §¥ ¡Ê¸É¥· 
ˆ��-30 + ‹“�-40 [5]. ‚Ò¸É· ¨¢ ´¨¥ ¸¶¨´µ¢ ³¨Ï¥´¨ ¤µ¸É¨£ ²µ¸Ó µÌ² ¦¤¥-
´¨¥³ ³µ§ ¨±¨ ¨§ ³µ´µ±·¨¸É ²²µ¢ Ê· ´¨²-·Ê¡¨¤¨¥¢µ£µ ´¨É· É  ¤µ É¥³¶¥· -
ÉÊ·Ò ∼ 0, 2 K ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ·¥Ë·¨¦¥· Éµ·  ¸ · ¸É¢µ·¥´¨¥³ 3He − 4He.
�¥Ë·¨¦e· Éµ· µ¡¥¸¶¥Î¨¢ ² µ·¨¥´É Í¨Õ Ö¤¥· ¢ É¥Î¥´¨¥ ¤²¨É¥²Ó´µ£µ ¢·¥³¥´¨
(¡µ²¥¥ ¤¢ÊÌ ´¥¤¥²Ó) ¸ ¤µ¸É¨¦¥´¨¥³ ¢Ò¸É·µ¥´´µ¸É¨ f2 � 0, 15−0, 20. ˆ¸¶µ²Ó-
§µ¢ ²¨¸Ó µ¤´µ¢·¥³¥´´µ ¤¢¥ ³¨Ï¥´¨, ¨§ ±µÉµ·ÒÌ µ¸±µ²±¨ ·¥£¨¸É·¨·µ¢ ²¨¸Ó
±·¥³´¨¥¢Ò³¨ ¤¥É¥±Éµ· ³¨ ¶µ¤ Ê£² ³¨ 0◦, 45◦ ¨ 90◦ µÉ´µ¸¨É¥²Ó´µ µ¸¨ C
± ¦¤µ° ³µ´µ±·¨¸É ²²¨Î¥¸±µ° ³µ§ ¨±¨. ˆ§³¥·¥´¨Ö ¶·µ¢µ¤¨²¨¸Ó ¢ ¨´É¥·¢ ²¥
Ô´¥·£¨° ´¥°É·µ´µ¢ 0, 05 ÷ 100 Ô‚. � ¡²Õ¤ ¥³ Ö  ´¨§µÉ·µ¶¨Ö µ¸±µ²±µ¢ ¢
¸µµÉ¢¥É¸É¢¨¨ ¸ (1)Ä(5) µ¶¨¸Ò¢ ² ¸Ó Ëµ·³Ê²µ°

dσnf (E)
dΩ

=
σ

(0)
nf

4π
[1 + f2A2(E)P2(cos θ)],

  S-³ É·¨Í  ·¥ ±Í¨¨ ¡· ² ¸Ó ¢ ¢¨¤¥

SJ
nf = 2 e−ika

(
(I − K)−1

)
nf

,

£¤¥ ¤²Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ Kij ¨¸¶µ²Ó§µ¢ ²µ¸Ó ¢Ò· ¦¥´¨¥

Kij = −1
4

∑
λ

Γγλ

√
ΓiλΓjλ

dλ
+

i

2

∑
λ

(Eλ − E)
√

ΓiλΓjλ

dλ
,

dλ = (Eλ − E)2 + Γ2
γλ/4.

“¤µ¡´µ ¢¢¥¸É¨ W -³ É·¨ÍÊ:

W J
nf =

(
(I − K)−1

)
nf

. (8)

‚  ´ ²¨§¥ [8] ¨¸¶µ²Ó§µ¢ ²¨¸Ó ¤ ´´Ò¥ µ ¶µ²´µ³ ´¥°É·µ´´µ³ ¸¥Î¥´¨¨ ¨ µ
¶µ²´µ³ ¨ ¸¶¨´-· §¤¥²¥´´ÒÌ ¸¥Î¥´¨ÖÌ ¤¥²¥´¨Ö ¤²Ö 235U ¨§ ¡ ´±  NNDC [9].
‚ ·¥§Ê²ÓÉ É¥ Ë¨É¨·µ¢ ´¨Ö A2(E) ¸µ¢³¥¸É´µ ¸ ¤ ´´Ò³¨ µ ¸¥Î¥´¨ÖÌ, ±µÉµ-
·µ¥ ¶·µ¢µ¤¨²µ¸Ó ¸ ¶µ³µÐÓÕ ³µ¤¨Ë¨Í¨·µ¢ ´´µ° ¶·µ£· ³³Ò SAMMY [10]
¨²¨ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¸µ¡¸É¢¥´´µ° ¶·µ£· ³³Ò A2FIT, ¡Ò² ¶µ²ÊÎ¥´ (¶·¨ Ê¤µ-
¢²¥É¢µ·¨É¥²Ó´µ³ µ¶¨¸ ´¨¨ ¢¸¥° ¸µ¢µ±Ê¶´µ¸É¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ)
´µ¢Ò° ´ ¡µ· ·¥§µ´ ´¸´ÒÌ ¶ · ³¥É·µ¢, ¢±²ÕÎ ÕÐ¨° ¢ ¸¥¡Ö ¶ ·Í¨ ²Ó´Ò¥ ¤¥-
²¨É¥²Ó´Ò¥ Ï¨·¨´Ò ΓfJK . �·¨ Ë¨É¨·µ¢ ´¨¨ ± ¦¤Ò° ·¥§µ´ ´¸ λ µ¶¨¸Ò¢ ²¸Ö



„…‹…�ˆ… ’Ÿ†…‹›• Ÿ„…� �…‡����‘�›Œˆ �…‰’����Œˆ 209

Ï¥¸ÉÓÕ ¶ · ³¥É· ³¨: Eλ, Γλ
γ , γλ

n , γλ
f , φλ ¨ θλ. ’ ± Ö ¶ · ³¥É·¨§ Í¨Ö ¶µ§¢µ-

²Ö¥É ¢±²ÕÎ¨ÉÓ ¢ ¶µ¤£µ´±Ê ¤µ É·¥Ì ¤¥²¨É¥²Ó´ÒÌ ± ´ ²µ¢ ¤²Ö ± ¦¤µ£µ ·¥§µ-
´ ´¸ . � ·Í¨ ²Ó´Ò¥ ¤¥²¨É¥²Ó´Ò¥  ³¶²¨ÉÊ¤Ò ¢Ò· ¦ ²¨¸Ó Î¥·¥§ ³µ¤Ê²Ó ¶µ²-

´µ° ¤¥²¨É¥²Ó´µ°  ³¶²¨ÉÊ¤Ò γλ
f =

√
Γλ

f ¨ ¤¢  Ê£² , φλ ¨ θλ, ¢ ¸Ë¥·¨Î¥¸±µ°
¸¨¸É¥³¥ ±µµ·¤¨´ É:

γλ
f1 = γλ

f cos φλ sin θλ, γλ
f2 = γλ

f sin φλ sin θλ, γλ
f0 = γλ

f cos θλ.

� ¤¨ Í¨µ´´ Ö Ï¨·¨´  Γλ
γ Ë¨±¸¨·µ¢ ² ¸Ó · ¢´µ° 0, 039 Ô‚ ¤²Ö ¢¸¥Ì ·¥-

§µ´ ´¸µ¢, µ¸É ²Ó´Ò¥ ¶ · ³¥É·Ò ¢ ·Ó¨·µ¢ ²¨¸Ó. ‚  ´ ²¨§¥ ¸´ Î ²  ¶·¥¤¶µ² -
£ ²µ¸Ó, ÎÉµ ¤²Ö ·¥§µ´ ´¸µ¢ ¸µ ¸¶¨´µ³ J = 3 µÉ±·ÒÉÒ É·¨ ± ´ ²  (K = 0,
K = 1, K = 2),   ¤²Ö ·¥§µ´ ´¸µ¢ ¸ J = 4 µÉ±·ÒÉÒ ¤¢  ± ´ ²  (K = 1,
K = 2). ˆ§ µ¡Ð¨Ì ¸µµ¡· ¦¥´¨° ¸µ¸ÉµÖ´¨Ö JπK = 4−0 § ¶·¥Ð¥´Ò ¨
³µ¦´µ µ¦¨¤ ÉÓ µÉ¸ÊÉ¸É¢¨Ö ¨²¨ µÎ¥´Ó ³ ²µ£µ ¢±² ¤  ¸µ¸ÉµÖ´¨° ¸ ¢Ò¸µ±¨³¨ K
(JπK = 3−3, 4−3, 4−4), É. ±. £¥µ³¥É·¨Î¥¸±¨¥ Ë ±Éµ·Ò, µ¶·¥¤¥²ÖÕÐ¨¥ ±µÔË-
Ë¨Í¨¥´É  ´¨§µÉ·µ¶¨¨ ¤²Ö ÔÉ¨Ì ¸µ¸ÉµÖ´¨°, ¨³¥ÕÉ ¶µ²µ¦¨É¥²Ó´Ò° §´ ±, ¢ Éµ
¢·¥³Ö ± ± ´ ¡²Õ¤ ¥³Ò° ±µÔËË¨Í¨¥´É A2 µÉ·¨Í É¥²¥´ ¢µ ¢¸¥° ¨¸¸²¥¤µ¢ ´-
´µ° Ô´¥·£¥É¨Î¥¸±µ° µ¡² ¸É¨. � ·Ó¥·Ò ¤¥²¥´¨Ö ¤²Ö ÔÉ¨Ì ¸µ¸ÉµÖ´¨° ¤µ²¦´Ò
¡ÒÉÓ ¡µ²¥¥ ¢Ò¸µ±¨³¨, ¶µÔÉµ³Ê ¶·¥¤¶µ² £ ²µ¸Ó, ÎÉµ ¢±² ¤ ÔÉ¨Ì ± ´ ²µ¢ µÉ-
¸ÊÉ¸É¢Ê¥É. ˆ´É¥£· ²Ó´µ¥ · ¸¶·¥¤¥²¥´¨¥ ¶ ·Í¨ ²Ó´ÒÌ ¤¥²¨É¥²Ó´ÒÌ Ï¨·¨´ ¤²Ö
·¥§µ´ ´¸µ¢ ¸ J = 4, ¶µ²ÊÎ¥´´µ¥ ¶·¨ Ë¨É¨·µ¢ ´¨¨, ¢ É ±µ°  ¶¶·µ±¸¨³ Í¨¨ ´¥
¸µ£² ¸Ê¥É¸Ö ¸ ¶µ·É¥·-Éµ³ ¸µ¢¸±¨³ · ¸¶·¥¤¥²¥´¨¥³. �Éµ ¤ ¥É µ¸´µ¢ ´¨¥ ¤²Ö
¢±²ÕÎ¥´¨Ö ¤²Ö ·¥§µ´ ´¸µ¢ J = 4 É ±¦¥ ± ´ ²  JπK = 4−0. ‡ ³¥É¨³, ÎÉµ
§ ±²ÕÎ¥´¨¥ µ¡  ¡¸µ²ÕÉ´µ³ § ¶·¥É¥ ± ´ ²  4−0 µ¸´µ¢ ´µ ´  £¨¶µÉ¥§¥ �. �µ· 
¢ ¥¥ ¶·µ¸É¥°Ï¥³ ¢ ·¨ ´É¥. �µ²¥¥ ÉÐ É¥²Ó´µ¥ ¨§ÊÎ¥´¨¥ ¶·µ¡²¥³Ò [4] ¶µ± §Ò-
¢ ¥É, ÎÉµ ± ´ ² 4−0 ¨³¥¥É ¡µ²¥¥ ¢Ò¸µ±¨° ¶¥·¢Ò° ¡ ·Ó¥· ¤¥²¥´¨Ö ¨ µÉ´µ¸¨-
É¥²Ó´µ ´¨§±¨° ¢Éµ·µ° ¡ ·Ó¥· ¤²Ö  ¸¨³³¥É·¨Î´ÒÌ ³µ¤. ‘²¥¤µ¢ É¥²Ó´µ, ³µ¦´µ
µ¦¨¤ ÉÓ ¢ ´ Ï¥³ ¸²ÊÎ ¥, ÎÉµ ± ´ ² 4−0 ¡Ê¤¥É ÌµÉÖ ¡Ò Î ¸É¨Î´µ µÉ±·ÒÉÒ³.
�µÔÉµ³Ê ¡Ò² ¶·µ¢¥¤¥´ ¶µ¢Éµ·´Ò°  ´ ²¨§ ¢¸¥° ¸µ¢µ±Ê¶´µ¸É¨ Ô±¸¶¥·¨³¥´É ²Ó-
´ÒÌ ¤ ´´ÒÌ ¢ ¶·¥¤¶µ²µ¦¥´¨¨ µÉ±·ÒÉµ¸É¨ ¢¸¥Ì É·¥Ì ± ´ ²µ¢ ¤²Ö µ¡¥¨Ì £·Ê¶¶
·¥§µ´ ´¸µ¢ ¸ J = 3 ¨ J = 4.

�¥§Ê²ÓÉ ÉÒ µ±µ´Î É¥²Ó´µ£µ Ë¨É¨·µ¢ ´¨Ö A2(E) ¶µ± § ´Ò ´  ·¨¸. 1. (‚¸¥
¤·Ê£¨¥ ¤ ´´Ò¥ µ ¸¥Î¥´¨ÖÌ É ±¦¥ Ìµ·µÏµ ¢µ¸¶·µ¨§¢µ¤ÖÉ¸Ö.) ˜É·¨Ìµ¢ Ö ±·¨-
¢ Ö ¸µµÉ¢¥É¸É¢Ê¥É ´ ¡µ·Ê ·¥§µ´ ´¸´ÒÌ ¶ · ³¥É·µ¢ ¨§ ENDF/B-VI [9], ±µÉµ·Ò¥
¢¥¸Ó³  Ê¤µ¢²¥É¢µ·¨É¥²Ó´µ µ¶¨¸Ò¢ ÕÉ ¢¸¥ ¸¥Î¥´¨Ö, ´µ, ± ± ¢¨¤´µ ¨§ ·¨¸Ê´± ,
´¥ ¢µ¸¶·µ¨§¢µ¤ÖÉ Ô´¥·£¥É¨Î¥¸±ÊÕ § ¢¨¸¨³µ¸ÉÓ A2.

�  ·¨¸. 2 ¶µ± § ´Ò µÉ´µ¸¨É¥²Ó´Ò¥ ¢±² ¤Ò · §´ÒÌ K-±µ³¶µ´¥´É ¢ ¶µ²´µ¥
¨ ¸¶¨´-· §¤¥²¥´´Ò¥ ¸¥Î¥´¨Ö ¤¥²¥´¨Ö. Š ± ¨ µ¦¨¤ ²µ¸Ó, ´ ¡²Õ¤ ÕÉ¸Ö ¡µ²Ó-
Ï¨¥ Ë²Ê±ÉÊ Í¨¨ ¢¥¸µ¢ K-± ´ ²µ¢ ¤²Ö · §´ÒÌ ±µ³¶ Ê´¤-¸µ¸ÉµÖ´¨°, ±µÉµ·Ò¥
¶·¨¢µ¤ÖÉ ± ¸¨²Ó´Ò³ Ë²Ê±ÉÊ Í¨Ö³ ¢±² ¤µ¢ K-± ´ ²µ¢. ‘²¥¤Ê¥É µÉ³¥É¨ÉÓ §´ -
Î¨É¥²Ó´Ò° ¢±² ¤ ±µ³¶µ´¥´ÉÒ K = 0 ¢ ¸¶¨´-· §¤¥²¥´´Ò¥ ¨ ¶µ²´µ¥ ¸¥Î¥´¨Ö
¤¥²¥´¨Ö.
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�¨¸. 1. �¥§Ê²ÓÉ ÉÒ Ë¨É¨·µ¢ ´¨Ö A2(E). ˜É·¨Ìµ¢ Ö ±·¨¢ Ö ¢ÒÎ¨¸²¥´  ¸ ¨¸¶µ²Ó§µ¢ -
´¨¥³ ·¥§µ´ ´¸´ÒÌ ¶ · ³¥É·µ¢ ¨§ [9]

ˆ´É¥£· ²Ó´Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¶ ·Í¨ ²Ó´ÒÌ ¤¥²¨É¥²Ó´ÒÌ Ï¨·¨´ ·¥§µ´ ´-
¸µ¢ ¢ ¨´É¥·¢ ²¥ 0 ÷ 30 Ô‚ ¤²Ö ± ¦¤µ£µ JπK-± ´ ²  Ìµ·µÏµ ¸µ£² ¸ÊÕÉ¸Ö ¸
· ¸¶·¥¤¥²¥´¨¥³ �µ·É¥· Ä’µ³ ¸  ¸ µ¤´µ° ¸É¥¶¥´ÓÕ ¸¢µ¡µ¤Ò. � ¸¶·¥¤¥²¥´¨Ö
¶µ²´ÒÌ ¤¥²¨É¥²Ó´ÒÌ Ï¨·¨´ ¤²Ö µ¡µ¨Ì ¸¶¨´µ¢ É ±¦¥ ´ Ìµ¤ÖÉ¸Ö ¢ ¸µ£² ¸¨¨ ¸
· ¸¶·¥¤¥²¥´¨¥³ �µ·É¥· Ä’µ³ ¸  ¸ Î¨¸²µ³ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò ³¥¦¤Ê 2 ¨ 3.

‘·¥¤´¨¥ ¢±² ¤Ò · §´ÒÌ ¤¥²¨É¥²Ó´ÒÌ ± ´ ²µ¢, µ¶·¥¤¥²¥´´Ò¥ ± ±

WK =
1

Nλ

∑
λ

Γλ
f,K

Γλ
f

, (9)

±µÉµ·Ò¥ ³µ£ÊÉ ¸²Ê¦¨ÉÓ ³¥·µ° ¸É¥¶¥´¨ µÉ±·ÒÉµ¸É¨ ¤ ´´µ£µ ± ´ ² , ¶·¨¢¥¤¥´Ò
¢ É ¡²¨Í¥.

‘É¥¶¥´Ó µÉ±·ÒÉµ¸É¨ · §´ÒÌ ± ´ ²µ¢ (%)

‘¶¨´ K = 0 K = 1 K = 2

J = 3 25 39 35

J = 4 26 40 34

J = 3 + 4 26 40 34
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�¨¸. 2. � §²µ¦¥´¨¥ ¶µ²´µ£µ ¨ ¸¶¨´-· §¤¥²¥´´ÒÌ ¸¥Î¥´¨° ¤¥²¥´¨Ö ´  K-±µ³¶µ´¥´ÉÒ:
K = 0 Å ÉµÎ¥Î´ Ö ±·¨¢ Ö; K = 1 Å ¸¶²µÏ´ Ö; K = 2 Å ÏÉ·¨Ìµ¢ Ö. �  £· Ë¨±¥ £
¶µ± § ´µ ¶µ²´µ¥ ¸¥Î¥´¨¥ ¤¥²¥´¨Ö

‡ ³¥É¨³, ÎÉµ ¶µ²ÊÎ¥´´Ò° ´ ¡µ· ·¥§µ´ ´¸´ÒÌ ¶ · ³¥É·µ¢ ´¥ Ö¢²Ö¥É¸Ö µ¤-
´µ§´ Î´Ò³, É. ±. ·¥§Ê²ÓÉ ÉÒ Ë¨É¨·µ¢ ´¨Ö ¸µ¢µ±Ê¶´µ¸É¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
¤ ´´ÒÌ § ¢¨¸ÖÉ µÉ ¢Ò¡µ·  µÉ·¨Í É¥²Ó´ÒÌ ·¥§µ´ ´¸µ¢,   É ±¦¥ µÉ ¢±²ÕÎ¥´¨Ö
·¥§µ´ ´¸µ¢ ¸ ³ ²Ò³¨ ´¥°É·µ´´Ò³¨ ¨ ¡µ²ÓÏ¨³¨ ¤¥²¨É¥²Ó´Ò³¨ Ï¨·¨´ ³¨
(´¥ ¢²¨ÖÕÐ¨³¨ ´  µ¶¨¸ ´¨¥ ¸¥Î¥´¨°). �¤´ ±µ, ± ± ¶µ± § ²¨ · ¸Î¥ÉÒ, ¸·¥¤-
´¨¥ µÉ´µ¸¨É¥²Ó´Ò¥ ¢±² ¤Ò JπK-± ´ ²µ¢ ¸µÌ· ´ÖÕÉ¸Ö ¢ · §´ÒÌ ¢ ·¨ ´É Ì
¶µ¤£µ´±¨, ¨ ¶µ¸±µ²Ó±Ê ¶µ²ÊÎ¥´´Ò° ´ ¡µ· ¶ · ³¥É·µ¢ ¢±²ÕÎ ¥É ¢¸¥ ¢µ§³µ¦-
´Ò¥ K-± ´ ²Ò, µ´ ³µ¦¥É ¸²Ê¦¨ÉÓ ´ ¤¥¦´Ò³ ¡ §¨¸µ³ ¤²Ö ±µ²¨Î¥¸É¢¥´´µ£µ
 ´ ²¨§  ¨´É¥·Ë¥·¥´Í¨¨ s- ¨ p-·¥§µ´ ´¸µ¢. ‘µ¢³¥¸É´µ¥ ¨§ÊÎ¥´¨¥ ³ ¸¸µ¢ÒÌ ¨
TKE-· ¸¶·¥¤¥²¥´¨° µ¸±µ²±µ¢ ¢ § ¢¨¸¨³µ¸É¨ µÉ Ô´¥·£¨¨ ´¥°É·µ´  ¨ ±µÔËË¨-
Í¨¥´É  Ê£²µ¢µ°  ´¨§µÉ·µ¶¨¨ ¶µ§¢µ²¨É ¶µ²ÊÎ¨ÉÓ ´µ¢ÊÕ ¨´Ëµ·³ Í¨Õ µ ¸¢Ö§¨
¡µ·µ¢¸±¨Ì ± ´ ²µ¢ ¤¥²¥´¨Ö ¸ ³µ¤ ³¨ ¤¥²¥´¨Ö.
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‚¥¸Ó³  ¢ ¦´µ ¶µ²ÊÎ¨ÉÓ ¶·Ö³ÊÕ ¨´Ëµ·³ Í¨Õ µ § ¢¨¸¨³µ¸É¨ µÉ Î¥É´µ-
¸É¨ ¡ ·Ó¥·  ¤¥²¥´¨Ö ¤²Ö JπK-± ´ ²µ¢. “´¨± ²Ó´Ò¥ ¢µ§³µ¦´µ¸É¨ ¤²Ö ÔÉµ°
Í¥²¨ ¤ ¥É ¨§ÊÎ¥´¨¥ P -Î¥É´ÒÌ Ê£²µ¢ÒÌ ±µ··¥²ÖÍ¨° µ¸±µ²±µ¢ ¤¥²¥´¨Ö, ¢Ò-
§¢ ´´Òx ¨´É¥·Ë¥·¥´Í¨¥° s- ¨ p-·¥§µ´ ´¸´ÒÌ ¤¥²¨É¥²Ó´ÒÌ  ³¶²¨ÉÊ¤. ’ ±¨¥
Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨¸¸²¥¤µ¢ ´¨Ö ¢Ò¶µ²´¥´Ò ±µ²² ¡µ· Í¨¥° �ˆŸˆÄ�ˆŸ”
´  ¡Ê¸É¥·¥ ˆ��-30 + ‹“�-40 ¤²Ö 235U ¨ 233U [6,7] ¨ ¶·µ¢µ¤ÖÉ¸Ö ¸ 239Pu.

�µ²ÊÎ¥´Ò ·¥§Ê²ÓÉ ÉÒ ¤²Ö ¤¢ÊÌ É¨¶µ¢ Ô±¸¶¥·¨³¥´Éµ¢. ‚ ¶¥·¢µ³ (®¢¶¥·¥¤Ä
´ § ¤¯) ¨§³¥·¥´  Ô´¥·£¥É¨Î¥¸± Ö § ¢¨¸¨³µ¸ÉÓ Ô³¨¸¸¨¨ µ¸±µ²±µ¢ ¢¤µ²Ó ¨ ¶·µ-
É¨¢ ¨³¶Ê²Ó¸  ´¥¶µ²Ö·¨§µ¢ ´´ÒÌ ´¥°É·µ´µ¢:

αFB =
NF − NB

NF + NB
. (10)

‚µ ¢Éµ·µ³ (®¶· ¢µÄ²¥¢µ¯) ¨¸¸²¥¤µ¢ ´   ¸¨³³¥É·¨Ö Ô³¨¸¸¨¨ µ¸±µ²±µ¢ ¤¥²¥´¨Ö
¢ ¶²µ¸±µ¸É¨, µ¡· §µ¢ ´´µ° ¸¶¨´µ³ ¶µ²Ö·¨§µ¢ ´´µ£µ ´¥°É·µ´  ¨ ¥£µ ¨³¶Ê²Ó-
¸µ³:

αRL =
NR − NL

NR + NL
. (11)

ˆ¸¶µ²Ó§ÊÖ Ëµ·³Ê²Ò (1)Ä(5), ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¢Ò· ¦¥´¨Ö ¤²Ö ±µÔËË¨Í¨-
¥´Éµ¢ ±µ··¥²ÖÍ¨¨ αFB ¨ αRL, ±µÉµ·Ò¥ ¡Ò²¨ ¶·¨³¥´¥´Ò ¢  ´ ²¨§¥ Ô±¸¶¥·¨-
³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¤²Ö 235U:

αFB =
A

B
, (12)

£¤¥

A =
∑

J

√
gJgJ′

∑
K

∑
J′j

Z(JJ ′Kj)[cos ∆φ(Re W1 Re W0 +ImW1 Im W0)+

+ sin ∆φ(Im W1 Re W0 − Re W1 Im W0)]; (13)

B =
∑

J

gJ

∑
K

|W0(JK)|2, (14)

¨

αRL =
C

B
, (15)
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£¤¥

C = pn

∑
J

√
gJgJ′

∑
K

∑
J′j

Z(JJ ′Kj) ×

× βj [sin ∆φ(Re W1 Re W0 + Im W1 Im W0) +
+ cos ∆φ(Re W1 Im W0 − Im W1 Re W0)]. (16)

‡¤¥¸Ó Z(JJ ′Kj) Å ±µ³¡¨´ Í¨Ö £¥µ³¥É·¨Î¥¸±¨Ì ±µÔËË¨Í¨¥´Éµ¢; ∆φ =
φ1 − φ0, £¤¥ φ0 = ka ¨ φ1 = ka − arctg (ka); a Å · ¤¨Ê¸ ¶µÉ¥´Í¨ ²Ó´µ£µ
· ¸¸¥Ö´¨Ö ¢µ ¢Ìµ¤´µ³ ´¥°É·µ´´µ³ ± ´ ²¥; k = kn.

�¨¸. 3. �·µ¡´µ¥ Ë¨É¨·µ¢ ´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
§ ¢¨¸¨³µ¸É¥° αF B(E) (a) ¨ αRL(E) (¡) ¤²Ö 235U
¸ ¢±²ÕÎ¥´¨¥³ ¸¥³¨ p-·¥§µ´ ´¸µ¢. ’µÎ±¨ Å Ô±¸-
¶¥·¨³¥´É; ±·¨¢Ò¥ Å ·¥§Ê²ÓÉ É Ë¨É¨·µ¢ ´¨Ö

�·¨  ´ ²¨§¥ Ô±¸¶¥·¨³¥´-
É ²Ó´ÒÌ ¤ ´´ÒÌ ´¥µ¡Ìµ¤¨³µ
ÊÎ¨ÉÒ¢ ÉÓ ³ ²ÊÕ ¢¥²¨Î¨´Ê
p-¢µ²´µ¢µ£µ ¸¥Î¥´¨Ö ¤¥²¥´¨Ö:

σf1(E) =
4π

k2

∑
J

gJ ×

×
∑
Kj

|W1(JKj)|2 ≤ 0, 5 ¡.

(17)

S-³ É·¨Î´Ò¥ ¶ · ³¥É·Ò
¤²Ö s-¢µ²´µ¢µ£µ ¤¥²¥´¨Ö ¶·¨-
´¨³ ²¨¸Ó ± ± ·¥§Ê²ÓÉ É µ¶¨-
¸ ´´µ£µ ¢ÒÏ¥  ´ ²¨§  ¨ Ë¨±-
¸¨·µ¢ ²¨¸Ó. �´¥·£¥É¨Î¥¸± Ö
§ ¢¨¸¨³µ¸ÉÓ ±µÔËË¨Í¨¥´Éµ¢
αBF (E) ¨ αRL(E) ¨¸¶µ²Ó§µ-
¢ ² ¸Ó ¤²Ö ¨§¢²¥Î¥´¨Ö ¨´Ëµ·-
³ Í¨¨ µ ¶µ²µ¦¥´¨¨ ¨ ¶ · ³¥-
É· Ì p-·¥§µ´ ´¸µ¢. Š ± ¢¨¤´µ
¨§ ¢Ò· ¦¥´¨° (3), (4), · §-
³¥·´µ¸É¨ S-³ É·¨Í ¤²Ö s- ¨
p-¢µ²´µ¢µ£µ ¤¥²¥´¨Ö · §´Ò¥.
‚µ ¢Ìµ¤´ÒÌ ± ´ ² Ì · §³¥·-
´µ¸ÉÓ µÍ¥´¨¢ ¥É¸Ö ¸µ ¢¸¥°
µÎ¥¢¨¤´µ¸ÉÓÕ, ´µ ¤²Ö ¢ÒÌµ¤-
´ÒÌ ± ´ ²µ¢ ¸¨ÉÊ Í¨Ö ¸µ¢¸¥³
´¥ É·¨¢¨ ²Ó´ . ˆ´É¥·Ë¥·¥´-
Í¨µ´´Ò¥ Î²¥´Ò ¢ Ëµ·³Ê² Ì ¤²Ö αFB ¨ αRL ¨³¥ÕÉ É¥ ¦¥ ¸ ³Ò¥ ¶·µ¥±Í¨¨
K ¤²Ö s- ¨ p-¢µ²´µ¢µ£µ ¤¥²¥´¨Ö, ´µ ¶µ²´µ¥ p-¢µ²´µ¢µ¥ ¸¥Î¥´¨¥ ¤¥²¥´¨Ö ³µ-
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¦¥É ¢±²ÕÎ ÉÓ ¤µ¶µ²´¨É¥²Ó´Ò¥ JK-± ´ ²Ò, § ¶·¥Ð¥´´Ò¥ ¶µ § ±µ´Ê ¸µÌ· -
´¥´¨Ö Î¥É´µ¸É¨ ¤²Ö s-¢µ²´µ¢µ£µ ¤¥²¥´¨Ö. �µÔÉµ³Ê ¢ ¸²ÊÎ ¥ p-·¥§µ´ ´¸µ¢
¸µ ¸¶¨´ ³¨ J = 4 ¨ 5 · §³¥·´µ¸ÉÓ ¸¢Ö§ ´´ÒÌ S-³ É·¨Í ³µ¦¥É ¡ÒÉÓ ¢ÒÏ¥,
Î¥³ ¢ ¸²ÊÎ ¥ ¨´É¥·Ë¥·¨·ÊÕÐ¨Ì s-¢µ²´µ¢ÒÌ ±µ³¶ Ê´¤-¸µ¸ÉµÖ´¨°. �É¨ ¤µ¶µ²-
´¨É¥²Ó´Ò¥ ·¥§µ´ ´¸´Ò¥ ¶ · ³¥É·Ò ¸²¥¤µ¢ ²µ ¡Ò ¢±²ÕÎ ÉÓ ¢ Ë¨É¨·µ¢ ´¨¥
¤²Ö ¸µÌ· ´¥´¨Ö Ê´¨É ·´µ¸É¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¥° S-³ É·¨ÍÒ. „²Ö ¶µ´¨³ ´¨Ö
¢²¨Ö´¨Ö ¢¢µ¤¨³ÒÌ ¶ · ³¥É·µ¢ p-Ê·µ¢´¥° ´  ¢¥²¨Î¨´Ê ¨ Ô´¥·£¥É¨Î¥c±µ¥ ¶µ-
¢¥¤¥´¨¥ ±µÔËË¨Í¥´Éµ¢ ±µ··¥²ÖÍ¨¨ ¢Ò¶µ²´¥´Ò ³¥Éµ¤¨Î¥¸±¨¥ · ¸Î¥ÉÒ [11],
±µÉµ·Ò¥ ¶·¨¢¥²¨ ± ¢ ¦´Ò³ ¨ ¨´É¥·¥¸´Ò³ ·¥§Ê²ÓÉ É ³. �Ò²µ Ê¸É ´µ¢²¥´µ,
ÎÉµ ´  Ô´¥·£¥É¨Î¥¸±µ¥ ¶µ¢¥¤¥´¨¥ αFB ¨ αRL ¸¨²Ó´µ ¢²¨Ö¥É ¶·¨¶¨¸Ò¢ ¥³µ¥
p-·¥§µ´ ´¸Ê §´ Î¥´¨¥ ¸¶¨´  ¨ ÎÉµ ÔÉµ ¢²¨Ö´¨¥ ¶·µ¸É¨· ¥É¸Ö ´  ¡µ²ÓÏµ¥ Ê¤ -
²¥´¨¥ µÉ ¶µ²µ¦¥´¨Ö p-·¥§µ´ ´¸ . ‡ ¤ Î  µ¶¨¸ ´¨Ö §´ Î¥´¨° ¨ Ô´¥·£¥É¨Î¥¸±µ°
§ ¢¨¸¨³µ¸É¨ ´ ¡²Õ¤¥´´ÒÌ ±µÔËË¨Í¨¥´Éµ¢ ±µ··¥²ÖÍ¨¨ µ± § ² ¸Ó É·Ê¤´µ° ¤²Ö
¶µ¨¸±  µ¶É¨³ ²Ó´µ£µ ´ ¡µ·  p-·¥§µ´ ´¸µ¢ ¤ ¦¥ ¤²Ö ´ ¤¥¦´µ£µ ¡ §¨¸  ¶ · -
³¥É·µ¢ s-·¥§µ´ ´¸µ¢ ¨³¥´´µ ¢ ¸¨²Ê ³´µ£µ¶µ²Õ¸´µ£µ ¶·µÖ¢²¥´¨Ö ¢ αFB(E) ¨
αRL(E) ± ¦¤µ£µ ¢¢µ¤¨³µ£µ ¢ ¶µ¤£µ´±Ê p-·¥§µ´ ´¸ , ÎÉµ ¨ Ê¸²µ¦´Ö¥É ¤µ¸É¨-
¦¥´¨¥ µ¤´µ§´ Î´µ¸É¨ Ë¨É¨·µ¢ ´¨Ö. �  ·¨¸. 3 ¶·¨¢¥¤¥´ µ¤¨´ ¨§ ¢ ·¨ ´Éµ¢
Ë¨É¨·µ¢ ´¨Ö ¤²Ö ´ ¡µ·  ¨§ 7 p-·¥§µ´ ´¸µ¢, ¨³¥ÕÐ¨Ì ¸¶¨´Ò µÉ J = 2 ¤µ
J = 5. �´ ²¨§ ÔËË¥±Éµ¢ s-p-¨´É¥·Ë¥·¥´Í¨¨ ´  235U ¨ 239Pu ¶·µ¤µ²¦ ¥É¸Ö.

— ¸ÉÓ · ¡µÉÒ ¢Ò¶µ²´¥´  ¶·¨ ¶µ¤¤¥·¦±¥ £· ´É  INTAS 99-00229.
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ˆ´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨° ¨ Ö¤¥·´µ° Ô´¥·£¥É¨±¨, ‘µË¨Ö, �µ²£ ·¨Ö

�·¥¤¸É ¢²¥´  ³¥Éµ¤¨±  ¨ µ¸´µ¢´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨°, ¶·µ¢¥¤¥´´ÒÌ ´  ¨³¶Ê²Ó¸´ÒÌ
·¥ ±Éµ· Ì ˆ��-30 ¨ ˆ��-2. ‘ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¸Í¨´É¨²²ÖÍ¨µ´´ÒÌ ¤¥É¥±Éµ·µ¢ ¶·µ¢¥¤¥´Ò ¨§³¥-
·¥´¨Ö ¸¶¥±É·µ¢ ³´µ¦¥¸É¢¥´´µ¸É¨ £ ³³ -±¢ ´Éµ¢ ¨§ ·¥ ±Í¨¨ · ¤¨ Í¨µ´´µ£µ § Ì¢ É  ´  ¨§µÉµ¶ Ì
48Ti, 113,115In, 117Sn, 127J, 149Sm, 165Ho, 175Lu, 177Hf, 178Hf, 185Re, 187Re ¨ 232Th. ˆ¸-
¸²¥¤µ¢ ´´Ò¥ ¸¶¥±É·Ò ³´µ¦¥¸É¢¥´´µ¸É¨ µÉ ¶¥·¢µ° ¤µ ¤¢¥´ ¤Í Éµ° ±· É´µ¸É¨ ¨¸¶µ²Ó§µ¢ ²¨¸Ó
¤²Ö µ¶·¥¤¥²¥´¨Ö ¸¥Î¥´¨Ö · ¤¨ Í¨µ´´µ£µ § Ì¢ É  ¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ·¥§µ´ ´¸´ÒÌ ¶ · ³¥É·µ¢,
  É ±¦¥ ¤²Ö ¶µ²ÊÎ¥´¨Ö ¢¥²¨Î¨´Ò α ¨ ¨§ÊÎ¥´¨Ö ¥¥ ÔËË¥±É  ¡²µ±¨·µ¢±¨ ¢ ·¥ ±Í¨ÖÌ ¤¥²¥´¨Ö ´ 
Ö¤· Ì 235U, 239Pu ¤²Ö ·¥§µ´ ´¸´µ° µ¡² ¸É¨ Ô´¥·£¨° ´¥°É·µ´µ¢. ‘ ¶µ³µÐÓÕ HP-Ge-¤¥É¥±Éµ· 
µ¡Ñ¥³µ³ 80 ¸³3 ¶·µ¢¥¤¥´Ò ¨§³¥·¥´¨Ö ¸¶¨´µ¢ ·¥§µ´ ´¸µ¢ ¨§µÉµ¶µ¢ 113,115In, 117Sn, 185,187Re
¨ 235U ¶µ ³¥Éµ¤Ê § ¸¥²¥´´µ¸É¨ £ ³³ -±¢ ´É ³¨ ´¨§±µ²¥¦ Ð¨Ì Ê·µ¢´¥°,   É ±¦¥ µ¶·¥¤¥²¥´Ò
¢¥²¨Î¨´Ò α 235U ¢ µ¡² ¸É¨ É¥¶²µ¢ÒÌ Ô´¥·£¨° ´¥°É·µ´µ¢. ‘ ¶µ³µÐÓÕ ´¥°É·µ´´ÒÌ ¤¥É¥±Éµ-
·µ¢ ¨ (n, γ)-¤¥É¥±Éµ·  ¨§³¥·¥´Ò ËÊ´±Í¨¨ ¶·µ¶Ê¸± ´¨Ö ¨ ¸ ³µ¨´¤¨± Í¨¨ ´  µ¡· §Í Ì-Ë¨²ÓÉ· Ì
232Th, 237Np ¨ 238U ¶·¨ · §´ÒÌ É¥³¶¥· ÉÊ· Ì ¤²Ö µ¶·¥¤¥²¥´¨Ö ´¥°É·µ´´ÒÌ ¸¥Î¥´¨°, Ë ±Éµ·µ¢
·¥§µ´ ´¸´µ° ¡²µ±¨·µ¢±¨ ¨ ¤µ¶²¥·-ÔËË¥±É  ¢ ¤¨ ¶ §µ´¥ Ô´¥·£¨° ´¥°É·µ´µ¢ 1 Ô‚÷100 ±Ô‚.

‚ Ô±¸¶¥·¨³¥´É Ì ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¨µ´¨§ Í¨µ´´ÒÌ ± ³¥· ¨§³¥·¥´Ò ¸¥Î¥´¨Ö ¤¥²¥´¨Ö ³¨-
´µ·´ÒÌ  ±É¨´¨¤µ¢ 234U, 237Np ¨ 243Am ´¥°É·µ´ ³¨ ¸ Ô´¥·£¨Ö³¨ ´¨¦¥ ¡ ·Ó¥·  ¤¥²¥´¨Ö.

�  27-³¥É·µ¢µ° ¶·µ²¥É´µ° ¡ §¥ ¸ §¥·± ²Ó´Ò³ ´¥°É·µ´µ¢µ¤µ³ ¨ ³¥Ì ´¨Î¥¸±¨³ ¶·¥·Ò¢ -
É¥²¥³ ´¥°É·µ´µ¢ ´  ·¥ ±Éµ·¥ ˆ��-2 ¶·µ¢¥¤¥´Ò ¨§³¥·¥´¨Ö ¶µ²´µ£µ ¢ÒÌµ¤  ¨ ±·¨¢ÒÌ · ¸¶ ¤ 
§ ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·µ´µ¢ ¶·¨ ¤¥²¥´¨¨ 233,235U, 237Np É¥¶²µ¢Ò³¨ ¨ Ìµ²µ¤´Ò³¨ ´¥°É·µ´ ³¨.

∗�µ¸ÉµÖ´´µ¥ ³¥¸Éµ · ¡µÉÒ: ˆ´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨° ¨ Ö¤¥·´µ° Ô´¥·£¥É¨±¨, ‘µË¨Ö,
�µ²£ ·¨Ö.
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Methodical aspects and results of the main measurements, conducted on pulsed reactors IBR-
30 and IBR-2 are presented. Measurements of the multiplicity spectra of gamma-quanta from the
neutron capture reaction on the isotopes 48Ti, 113,115In, 117Sn, 127J, 149Sm, 165Ho, 175Lu, 177Hf,
178Hf, 185Re, 187Re, and 232Th had been done with scintillation detectors. These spectra with
multiplicity from one to twelve were used for determination of the capture cross-section and according
resonance parameters and for obtaining the alpha-value and study of its blocking effect in the ˇssion
of 235U, 239Pu in the resonance neutron energy area. With the aid of HP-Ge-detector, that has
the volume 80 cm3, the measurements were performed of resonance spins of isotopes 113,115In,
117Sn, 185,187Re, and 235U by the low-lying level population method in the thermal neutron energy
area. The transmission and self-indication functions of ˇlter samples 232Th, 237Np, and 238U were
measured with neutron and (n, γ) detectors with different temperatures for determination the neutron
cross-sections, resonance blocking factors and Doppler effect in the neutron energy range from 1 eV
to 100 keV. The ionization chambers were used as detector of ˇssion in the ˇssion cross-section
measurements of the minor actinides 234U, 237Np, and 243Am by the neutrons with energy below
the ˇssion barrier.

On the IBR-2 reactor on the channel with mirror neutron guide and neutron chopper the mea-
surements of total yields and decay curve of the delayed neutrons from ˇssion of 233,235U, 237Np
by thermal and cold neutrons were performed.

‚‚…„…�ˆ…

� §· ¡µÉ±  ´µ¢ÒÌ  Éµ³´ÒÌ ·¥ ±Éµ·µ¢ É¨¶  ��-800, ��…‘’ ¨ ¤·. É·¥-
¡Ê¥É ¶µ¢ÒÏ¥´¨Ö ÉµÎ´µ¸É¨ ´¥°É·µ´´ÒÌ ¸¥Î¥´¨° ¨ ¤·Ê£¨Ì Ö¤¥·´ÒÌ ±µ´¸É ´É
·¥ ±Éµ·´ÒÌ ³ É¥·¨ ²µ¢ ´  Ê·µ¢´¥ ¶µ£·¥Ï´µ¸É¨ 1Ä5 % ¤²Ö ¤¥²ÖÐ¨Ì¸Ö Ö¤¥·,
3Ä7 % ¤²Ö ±µ´¸É·Ê±Í¨µ´´ÒÌ ³ É¥·¨ ²µ¢ ¨ 5Ä15 % ¤²Ö ¶·µ¤Ê±Éµ¢ ¤¥²¥´¨Ö.
�µ¢ Ö ¨´Ëµ·³ Í¨Ö µ Ö¤¥·´ÒÌ ¤ ´´ÒÌ ´¥µ¡Ìµ¤¨³  É ±¦¥ ¤²Ö ¸µ¢¥·Ï¥´¸É¢µ-
¢ ´¨Ö É¥µ·¥É¨Î¥¸±¨Ì ³µ¤¥²¥° Ö¤¥·´ÒÌ ·¥ ±Í¨° ¨ ¸É·Ê±ÉÊ·Ò Ö¤¥·. Š·µ³¥
Éµ£µ, ÊÉµÎ´¥´¨¥ Ö¤¥·´ÒÌ ¤ ´´ÒÌ ¢ ¦´µ ¤²Ö ·¥ ²¨§ Í¨¨ · §²¨Î´ÒÌ ¶·µ¥±Éµ¢
É· ´¸³ÊÉ Í¨¨ · ¤¨µ ±É¨¢´ÒÌ µÉÌµ¤µ¢ ¨ ¶µ¢ÒÏ¥´¨Ö Ö¤¥·´µ° ¡¥§µ¶ ¸´µ¸É¨
Ô´¥·£¥É¨Î¥¸±¨Ì  Éµ³´ÒÌ ·¥ ±Éµ·µ¢. �É¨ § ¤ Î¨ ¸É¨³Ê²¨·µ¢ ²¨ ¢ ¶µ¸²¥¤´¨¥
£µ¤Ò Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨¸¸²¥¤µ¢ ´¨Ö ¶µ ÊÉµÎ´¥´¨Õ Ö¤¥·´ÒÌ ¤ ´´ÒÌ ´  ´¥°-
É·µ´´ÒÌ ¶ÊÎ± Ì ˆ��-30 ¨ ˆ��-2 ¢ ‹ ¡µ· Éµ·¨¨ ´¥°É·µ´´µ° Ë¨§¨±¨ �¡Ñ¥¤¨-
´¥´´µ£µ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨°.

�±¸¶¥·¨³¥´É ²Ó´Ò¥ · ¡µÉÒ ¢¥²¨¸Ó ¶µ ´¥¸±µ²Ó±¨³ ´ ¶· ¢²¥´¨Ö³ ¶·¨ · -
¡µÉ¥ ˆ��-30 ¢ ¡Ê¸É¥·´µ³ ·¥¦¨³¥ (¤²¨É¥²Ó´µ¸ÉÓ ´¥°É·µ´´µ° ¢¸¶ÒÏ±¨ ´ 
¶µ²Ê¢Ò¸µÉ¥ 4 ³±¸, Î ¸ÉµÉ  ¸²¥¤µ¢ ´¨Ö ´¥°É·µ´´ÒÌ ¢¸¶ÒÏ¥± 100 ƒÍ, ¸·¥¤´ÖÖ
É¥¶²µ¢ Ö ³µÐ´µ¸ÉÓ 10 ±‚É).

�  500- ¨ 121-³¥É·µ¢ÒÌ ¶·µ²¥É´ÒÌ ¡ § Ì ˆ��-30 ´  ¸¶¥±É·µ³¥É· Ì ®�µ-
³ Ï± ¯ ¸ 16 ±·¨¸É ²² ³¨ NaI(Tl) µ¡Ñ¥³µ³ 36 ² [1] ¨ ®� ·Ê¸¯ ¸ 16-¸¥±-
Í¨µ´´Ò³ ¦¨¤±µ¸É´Ò³ (n, γ)-¤¥É¥±Éµ·µ³ µ¡Ñ¥³µ³ 80 ² [8] ¶·µ¢µ¤¨²¨¸Ó ¨§³¥-
·¥´¨Ö ¸¶¥±É·µ¢ ³´µ¦¥¸É¢¥´´µ¸É¨ £ ³³ -±¢ ´Éµ¢ ¨§ ·¥ ±Í¨¨ · ¤¨ Í¨µ´´µ£µ
§ Ì¢ É  ´  ¨§µÉµ¶ Ì 48Ti, 113,115In, 117Sn, 127J, 149Sm, 165Ho, 175Lu, 177Hf,
178Hf, 185Re, 187Re ¨ 232Th. ˆ¸¸²¥¤µ¢ ´´Ò¥ ¸¶¥±É·Ò ³´µ¦¥¸É¢¥´´µ¸É¨ µÉ
¶¥·¢µ° ¤µ ¤¢¥´ ¤Í Éµ° ±· É´µ¸É¨ ¨¸¶µ²Ó§µ¢ ²¨¸Ó ¤²Ö µ¶·¥¤¥²¥´¨Ö ¸¥Î¥´¨Ö
· ¤¨ Í¨µ´´µ£µ § Ì¢ É  ¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ·¥§µ´ ´¸´ÒÌ ¶ · ³¥É·µ¢,   É ±¦¥
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¤²Ö ¶µ²ÊÎ¥´¨Ö ¢¥²¨Î¨´Ò α ¨ ¨§ÊÎ¥´¨Ö ¥¥ ÔËË¥±É  ¡²µ±¨·µ¢±¨ ¢ ·¥ ±Í¨¨
¤¥²¥´¨Ö ´  Ö¤· Ì 235U, 239Pu ¤²Ö ·¥§µ´ ´¸´µ° µ¡² ¸É¨ Ô´¥·£¨° ´¥°É·µ´µ¢.

‘ ¶µ³µÐÓÕ HP-Ge-¤¥É¥±Éµ·  µ¡Ñ¥³µ³ 80 ¸³3 [5] ¡Ò²¨ ¶·µ¢¥¤¥´Ò ¤¢ÊÌ-
³¥·´Ò¥ ¨§³¥·¥´¨Ö  ³¶²¨ÉÊ¤´ÒÌ ¨ ¢·¥³¥´´ÒÌ ¸¶¥±É·µ¢ ¤²Ö ¨§µÉµ¶µ¢ 113,115In,
117Sn, 185,187Re ¨ 235U ´  ¶·µ²¥É´ÒÌ ¡ § Ì 60, 123 ¨ 500 ³ ˆ��-30 ¨ ´ 
29-³¥É·µ¢µ° ¶·µ²¥É´µ° ¡ §¥ ˆ��-2 ¸ Í¥²ÓÕ µ¶·¥¤¥²¥´¨Ö ¸¶¨´µ¢ ·¥§µ´ ´-
¸µ¢ ¶µ ³¥Éµ¤Ê § ¸¥²¥´´µ¸É¨ γ-±¢ ´É ³¨ ´¨§±µ²¥¦ Ð¨Ì Ê·µ¢´¥°,   É ±¦¥ ¤²Ö
µ¶·¥¤¥²¥´¨Ö ¢¥²¨Î¨´Ò α 235U ¢ µ¡² ¸É¨ É¥¶²µ¢ÒÌ Ô´¥·£¨° ´¥°É·µ´µ¢.

‘ ¶µ³µÐÓÕ ´¥°É·µ´´ÒÌ ¤¥É¥±Éµ·µ¢ ¢ ¢¨¤¥ ¡ É ·¥° ¨§ 10B-,
3He-¸Î¥ÉÎ¨±µ¢ ¨ ¦¨¤±µ¸É´µ£µ 16-¸¥±Í¨µ´´µ£µ (n, γ)-¤¥É¥±Éµ·  ¨§³¥·¥´Ò
ËÊ´±Í¨¨ ¶·µ¶Ê¸± ´¨Ö ¨ ¸ ³µ¨´¤¨± Í¨¨ ´  µ¡· §Í Ì-Ë¨²ÓÉ· Ì 232Th, 237Np
¨ 238U ¶·¨ · §´ÒÌ É¥³¶¥· ÉÊ· Ì ¤²Ö µ¶·¥¤¥²¥´¨Ö ´¥°É·µ´´ÒÌ ¸¥Î¥´¨°, Ë ±-
Éµ·µ¢ ·¥§µ´ ´¸´µ° ¡²µ±¨·µ¢±¨ ¨ ¤µ¶²¥·-ÔËË¥±É  ¢ ¤¨ ¶ §µ´¥ Ô´¥·£¨° ´¥°-
É·µ´µ¢ 1 Ô‚÷100 ±Ô‚.

�  15- ¨ 60-³¥É·µ¢ÒÌ ¶·µ²¥É´ÒÌ ¡ § Ì ˆ��-30 ¨§³¥·¥´Ò ¸¥Î¥´¨Ö ¤¥²¥´¨Ö
³¨´µ·´ÒÌ  ±É¨´¨¤µ¢ 234U, 237Np ¨ 243Am ´¥°É·µ´ ³¨ ¸ Ô´¥·£¨Ö³¨ ´¨¦¥
¡ ·Ó¥·  ¤¥²¥´¨Ö ¸ ¶µ³µÐÓÕ ¨µ´¨§ Í¨µ´´ÒÌ ± ³¥·.

�  27-³¥É·µ¢µ° ¶·µ²¥É´µ° ¡ §¥ ¸ §¥·± ²Ó´Ò³ ´¥°É·µ´µ¢µ¤µ³ ¨ ³¥Ì ´¨-
Î¥¸±¨³ ¶·¥·Ò¢ É¥²¥³ ´¥°É·µ´µ¢ ¶·¨ · ¡µÉ¥ ˆ��-2 ´  ³µÐ´µ¸É¨ 1,5 Œ‚É,
Î ¸ÉµÉ¥ ´¥°É·µ´´ÒÌ ¢¸¶ÒÏ¥± 5 ƒÍ ¨ ¨Ì ¤²¨É¥²Ó´µ¸É¨ 240 ³±¸ ¶·µ¢¥¤¥´Ò
¨¸¸²¥¤µ¢ ´¨Ö ¶µ²´µ£µ ¢ÒÌµ¤  ¨ ±·¨¢ÒÌ · ¸¶ ¤  § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·µ´µ¢
¶·¨ ¤¥²¥´¨¨ 233,235U, 237Np É¥¶²µ¢Ò³¨ ¨ Ìµ²µ¤´Ò³¨ ´¥°É·µ´ ³¨. ‚ ± Î¥¸É¢¥
¤¥É¥±Éµ·  § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·µ´µ¢ ¨¸¶µ²Ó§µ¢ ² ¸Ó ¡ É ·¥Ö 3He-¸Î¥ÉÎ¨±µ¢
¢ § ³¥¤²¨É¥²¥.

�…‡“‹œ’�’› 	Š‘�…�ˆŒ…�’�‚

�¶·¥¤¥²¥´¨¥ ¸¶¨´µ¢. ‘¶¨´Ò ·¥§µ´ ´¸´ÒÌ ¸µ¸ÉµÖ´¨° ¡Ò²¨ ¶µ²ÊÎ¥´Ò ¢
µ¸´µ¢´µ³ ³¥Éµ¤µ³ ³´µ¦¥¸É¢¥´´µ¸É¨ £ ³³ -±¢ ´Éµ¢. ‚ ¶µ²ÊÎ¥´´ÒÌ ¸¶¥±É· Ì
· §´ÒÌ ±· É´µ¸É¥° k, £¤¥ k ³¥´Ö²µ¸Ó µÉ 1 ¤µ 8, µ¶·¥¤¥²¥´  ¶²µÐ ¤Ó ¶µ¤ ·¥§µ-
´ ´¸´Ò³¨ ¶¨± ³¨ ¨ ¶µ²ÊÎ¥´  ¤µ²Ö  ±Éµ¢ § Ì¢ É  pk = Sk/ΣkSk, ¸µµÉ¢¥É¸É¢Ê-
ÕÐ Ö µ¤´µ¢·¥³¥´´µ° ·¥£¨¸É· Í¨¨ ¤¥É¥±Éµ·µ³ k £ ³³ -±¢ ´Éµ¢, ¨ ¸·¥¤´¨¥
§´ Î¥´¨Ö ±· É´µ¸É¥° 〈k〉 = Σkkpk ¤²Ö ± ¦¤µ£µ ·¥§µ´ ´¸ . ’ ±¨³ µ¡· §µ³
µ¶·¥¤¥²¥´Ò ¸¶¨´Ò ¸µÉ¥´ ¢µ§¡Ê¦¤¥´´ÒÌ Ê·µ¢´¥° ¤²Ö Ö¤¥·, µÉ³¥Î¥´´ÒÌ ¢ÒÏ¥
[2Ä4]. �  ·¨¸. 1 ¶·¨¢µ¤ÖÉ¸Ö ·¥§Ê²ÓÉ ÉÒ ¤²Ö Ö¤·  149Sm.

„²Ö µ¶·¥¤¥²¥´¨Ö ¸¶¨´µ¢ ¶µ ³¥Éµ¤Ê § ¸¥²¥´´µ¸É¨ ´¨§±µ²¥¦ Ð¨Ì ¸µ¸ÉµÖ-
´¨° Ö¤·  ± ¸± ¤µ³ £ ³³ -±¢ ´Éµ¢ ¶·µ¢¥¤¥´Ò ¤¢ÊÌ³¥·´Ò¥ ¨§³¥·¥´¨Ö  ³¶²¨-
ÉÊ¤´ÒÌ ¨ ¢·¥³¥´´ÒÌ ¸¶¥±É·µ¢ ¸ ¶µ³µÐÓÕ HP £¥·³ ´¨¥¢µ£µ ¤¥É¥±Éµ·  ¤²Ö
µ¡µ£ Ð¥´´ÒÌ ¨§µÉµ¶µ¢ In (115In ¤µ 99,9 %, a 113In ¤µ 87,2 %) ¨ ¤²Ö ¥¸É¥¸É¢¥´-
´ÒÌ µ¡· §Íµ¢ In ¨ Re.
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�¨¸. 1. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¸·¥¤´¨¥ ±· É´µ¸É¨ 〈k〉 ¤²Ö ·¥§µ´ ´¸µ¢ 149Sm:  ) ¢ ¤¨ ¶ -
§µ´¥ Ô´¥·£¨° 20÷ 160 Ô‚; ¡) ¢ § ¢¨¸¨³µ¸É¨ µÉ Î¨¸²  ·¥§µ´ ´¸µ¢

’ ¡²¨Í  1. �É´µÏ¥´¨Ö ¨´É¥´¸¨¢´µ¸É¥° £ ³³ -²¨´¨° ¨ ¸¶¨´Ò ¤²Ö ·¥§µ´ ´¸µ¢ 115In

E, Ô‚ J R1 = I(273)/I(186,2) R2 = I(171/5)/I(186,2)

1,457 5 0,82 ± 0,01 0,40 ± 0,01
3,85 4 1,37 ± 0,05 0,75 ± 0,03
9,07 5 0,79 ± 0,03 0,42 ± 0,02
12,04 4 1,12 ± 0,10 0,91 ± 0,08
22,73 5 0,88 ± 0,08 0,61 ± 0,05
39,6 5 0,87 ± 0,06 0,55 ± 0,04

‚ ¸²ÊÎ ¥ 115In ¨§ÊÎ ²¨¸Ó µÉ´µÏ¥´¨Ö ¨´É¥´¸¨¢´µ¸É¥° £ ³³ -¶¥·¥Ìµ¤µ¢ ¤²Ö
Ô´¥·£¨° 186,2 ¨ 273,0 ±Ô‚ ¨ É·¨¶²¥É  171÷ 175 ±Ô‚, ¤²Ö ¨§µÉµ¶  113In ¡· -
²¨¸Ó µÉ´µÏ¥´¨Ö ¨´É¥´¸¨¢´µ¸É¥° £ ³³ -¶¥·¥Ìµ¤µ¢ ¸ Ô´¥·£¨Ö³¨ 287,4; 341;
307 ±Ô‚. �É´µÏ¥´¨Ö ¨´É¥´¸¨¢´µ¸É¥° ÔÉ¨Ì ²¨´¨° · §¤¥²ÖÕÉ¸Ö ´  ¤¢¥ £·Ê¶¶Ò
¢ § ¢¨¸¨³µ¸É¨ µÉ ¸¶¨´  ·¥§µ´ ´¸ , ÎÉµ ¢¨¤´µ ¨§ É ¡². 1 ¨ 2. ‚¶¥·¢Ò¥ µ¶·¥-
¤¥²¥´Ò ¸¶¨´Ò ¤²Ö ¨§µÉµ¶  113In [5].

�¶·¥¤¥²¥´¨¥ · ¤¨ Í¨µ´´ÒÌ Ï¨·¨´ ¨ ¤·Ê£¨Ì Ì · ±É¥·¨¸É¨±. �¤´µ¢·¥-
³¥´´Ò¥ ¨§³¥·¥´¨Ö ¸¶¥±É·µ¢ ¢·¥³¥´¨ ¶·µ²¥É  ¤²Ö · ¤¨ Í¨µ´´µ£µ § Ì¢ É  ¨
· ¸¸¥Ö´¨Ö ´¥°É·µ´µ¢ ¸ ¶µ³µÐÓÕ ¸¶¥±É·µ³¥É·  ®�µ³ Ï± ¯ ¤ ²¨ ¢µ§³µ¦´µ¸ÉÓ
µÍ¥´¨ÉÓ · ¤¨ Í¨µ´´Ò¥ Ï¨·¨´Ò ¤²Ö ³´µ£¨Ì ·¥§µ´ ´¸µ¢. Š ± ¨§¢¥¸É´µ, ¶²µ-
Ð ¤¨ ¶µ¤ ·¥§µ´ ´¸ ³¨ ¢ ¸¶¥±É· Ì · ¤¨ Í¨µ´´µ£µ § Ì¢ É  ¨ · ¸¸¥Ö´¨Ö ´¥°-
É·µ´µ¢ µ¶¨¸Ò¢ ÕÉ¸Ö Ëµ·³Ê² ³¨

Sγ = Π(E)εγAΓγ/Γ, (1)

Sn = Π(E)εnAΓn/Γ, (2)
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’ ¡²¨Í  2. �É´µÏ¥´¨Ö ¨´É¥´¸¨¢´µ¸É¥° £ ³³ -²¨´¨° ¨ ¸¶¨´Ò ¤²Ö ·¥§µ´ ´¸µ¢ 113In

E, Ô‚ J R1 = I(287,4)/I(307) R2 = I(341)/I(307)

1,80 4 2,52 ± 0,13 1,22 ± 0,08
4,70 5 1,2 ± 0,08 0,84 ± 0,05
14,6 5 1,88 ± 0,08 0,97 ± 0,05
21,55 4 2,31 ± 0,16 1,26 ± 0,08
24, 99 5 1,87 ± 0,11 0,82 ± 0,05
32,24 5 1,76 ± 0,11 1,04 ± 0,06
44, 71 Å Å Å
45,30 Å Å Å
70,29 4 2,69 ± 0,42 1,58 ± 0,15
91,59 5 1,78 ± 0,25 0,65 ± 0,04

£¤¥ Π(E) Å ¶µÉµ± ´¥°É·µ´µ¢ ¸ ·¥§µ´ ´¸´µ° Ô´¥·£¨¥° E ´  ¥¤¨´¨Î´Ò° ¨´-
É¥·¢ ² Ô´¥·£¨¨ §  ¢·¥³Ö ¨§³¥·¥´¨° ´  ¢¸Õ ¶²µÐ ¤Ó µ¡· §Í ; A Å ¶²µÐ ¤Ó,
¸µµÉ¢¥É¸É¢ÊÕÐ Ö ·¥§µ´ ´¸´µ³Ê ¶·µ¢ ²Ê ´  ±·¨¢µ° ¶·µ¶Ê¸± ´¨Ö; εγ , εn Å
ÔËË¥±É¨¢´µ¸ÉÓ ·¥£¨¸É· Í¨¨  ±Éµ¢ · ¸¸¥Ö´¨Ö ¨ § Ì¢ É  ´¥°É·µ´µ¢.

‡´ Ö §´ Î¥´¨Ö Sn/Sγ , εγ , εn ¨ Γn, ³µ¦´µ ¶µ²ÊÎ¨ÉÓ · ¤¨ Í¨µ´´Ò¥ Ï¨-
·¨´Ò. �ÉÊ ´µ¢ÊÕ ³¥Éµ¤¨±Ê µ¶·¥¤¥²¥´¨Ö Ï¨·¨´ ³µ¦´µ · ¸¸³µÉ·¥ÉÓ ´  ¶·¨-
³¥·¥ ¨§µÉµ¶  149Sm. �É´µÏ¥´¨¥ ÔËË¥±É¨¢´µ¸É¥° εγ/εn ¢ ¸²ÊÎ ¥ 149Sm · ¢-
´Ö²µ¸Ó 0,58 ± 0,08 ¨ ´ Ìµ¤¨²µ¸Ó ¨§ Ô±¸¶¥·¨³¥´É  ¶ÊÉ¥³ ¶·µ¢¥¤¥´¨Ö ´µ·³¨-
·µ¢±¨ ¶µ ¶ÖÉ¨ ´¨§±µ²¥¦ Ð¨³, Ìµ·µÏµ · §·¥Ï¥´´Ò³ ¨ ¸¨²Ó´Ò³ ·¥§µ´ ´¸ ³,
¤²Ö ±µÉµ·ÒÌ ¤µ¢µ²Ó´µ ÉµÎ´µ ¨§¢¥¸É´Ò Γn ¨ Γγ (¨Ì §´ Î¥´¨Ö µ¶·¥¤¥²Ö²¨¸Ó
¶µ ¤·Ê£µ° ³¥Éµ¤¨±¥ ¤²Ö ¡µ²ÓÏ¥° ÉµÎ´µ¸É¨). �·¨ ÔÉµ³ ¸Î¨É ²µ¸Ó, ÎÉµ ÔËË¥±-
É¨¢´µ¸É¨ ·¥£¨¸É· Í¨¨ £ ³³ -±¢ ´Éµ¢ εγ ¨ εn ¶· ±É¨Î¥¸±¨ ´¥ ³¥´ÖÕÉ¸Ö µÉ
·¥§µ´ ´¸  ± ·¥§µ´ ´¸Ê.

�·¨ µ¶·¥¤¥²¥´¨¨ ¶ · ³¥É·µ¢ ·¥§µ´ ´¸µ¢ ¢ §´ Î¥´¨Ö Sn ¨ Sγ ¢¢µ¤¨²¨¸Ó
¶µ¶· ¢±¨, ÊÎ¨ÉÒ¢ ÕÐ¨¥ ¢±² ¤Ò ·¥£¨¸É· Í¨¨  ±Éµ¢ § Ì¢ É  ¢ ± ´ ²¥ · ¸¸¥Ö´¨Ö
(4 %) ¨  ±Éµ¢ · ¸¸¥Ö´¨Ö ¢ ± ´ ²¥ § Ì¢ É  (µÉ 5 ¤µ 15 % ¢ § ¢¨¸¨³µ¸É¨ µÉ
Ô´¥·£¨¨ ´¥°É·µ´µ¢).

‡´ Î¥´¨Ö Ô´¥·£¨° ·¥§µ´ ´¸µ¢ ¨ · ¤¨ Í¨µ´´ÒÌ Ï¨·¨´ ¶µ²ÊÎ¥´Ò ¢ µ¡² ¸É¨
Ô´¥·£¨¨ ¤µ 270 Ô‚ [4]. “¤ ²µ¸Ó µ¶·¥¤¥²¨ÉÓ µ±µ²µ 40 · ´¥¥ ´¥¨§¢¥¸É´ÒÌ Ï¨-
·¨´. � ¡²Õ¤ ÕÉ¸Ö §´ Î¨É¥²Ó´µ ³¥´ÓÏ¨¥ Ë²Ê±ÉÊ Í¨¨ Ï¨·¨´ ¶µ ¸· ¢´¥´¨Õ
¸ ¤ ´´Ò³¨ ¨§ BNL-325, ¨ ´¥É ¸¨¸É¥³ É¨Î¥¸±µ° É¥´¤¥´Í¨¨ ·µ¸É  §´ Î¥´¨°
Ï¨·¨´ ¸ Ê¢¥²¨Î¥´¨¥³ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨°. Š·µ³¥ ¸¶¨´µ¢ ¨ · -
¤¨ Í¨µ´´ÒÌ Ï¨·¨´, µ¶·¥¤¥²Ö²¨¸Ó ¶µ ´¥µ¡Ìµ¤¨³µ¸É¨ ´¥°É·µ´´Ò¥ Ï¨·¨´Ò ¨
¸·¥¤´¨¥ Ì · ±É¥·¨¸É¨±¨ ·¥§µ´ ´¸´ÒÌ Ê·µ¢´¥°, É. ¥. · ¸¸ÉµÖ´¨Ö ³¥¦¤Ê Ê·µ¢-
´Ö³¨ ¨ ¸¨²µ¢Ò¥ ËÊ´±Í¨¨.

�¥§µ´ ´¸´Ò¥ ¶ · ³¥É·Ò µÉ³¥Î¥´´ÒÌ ¢ÒÏ¥ ¨§µÉµ¶µ¢ ¢±²ÕÎ¥´Ò ¢ ¸¶· -
¢µÎ´¨± Ö¤¥·´ÒÌ ¤ ´´ÒÌ [13].
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�¶·¥¤¥²¥´¨¥ ¢¥²¨Î¨´Ò α = σγ/σf . ‘¶¥±É·µ³¥É·¨Ö ³´µ¦¥¸É¢¥´´µ¸É¨ ¨§-
²ÊÎ¥´¨° ¶µ§¢µ²Ö¥É µ¤´µ¢·¥³¥´´µ ·¥£¨¸É·¨·µ¢ ÉÓ ´¥¸±µ²Ó±µ ¶·µÍ¥¸¸µ¢ ¢§ ¨-
³µ¤¥°¸É¢¨Ö ´¥°É·µ´µ¢ ¸ Ö¤· ³¨ (¤¥²¥´¨¥, · ¤¨ Í¨µ´´Ò° § Ì¢ É ¨ · ¸¸¥Ö´¨¥
´¥°É·µ´µ¢) ¨ ¢ ·Ö¤¥ ¸²ÊÎ ¥¢ · §¤¥²ÖÉÓ ¨Ì. ‚ ¶µ¸²¥¤´¨¥ £µ¤Ò ÔÉ  ³¥Éµ¤¨±  ¨¸-
¶µ²Ó§µ¢ ² ¸Ó ¤²Ö ¨§ÊÎ¥´¨Ö Ëµ·³Ò ¸¶¥±É·µ¢ ³´µ¦¥¸É¢¥´´µ¸É¨ £ ³³ -²ÊÎ¥° ¢
µÉ¤¥²Ó´ÒÌ · §·¥Ï¥´´ÒÌ ·¥§µ´ ´¸ Ì 239Pu ¨ 235U ¨ ¢ Ô´¥·£¥É¨Î¥¸±¨Ì £·Ê¶¶ Ì
¶·¨ ¨¸¸²¥¤µ¢ ´¨¨ ¶·µÍ¥¸¸µ¢ ¤¥²¥´¨Ö ¨ · ¤¨ Í¨µ´´µ£µ § Ì¢ É ,   É ±¦¥ ¤²Ö
µ¶·¥¤¥²¥´¨Ö ¨ ÊÉµÎ´¥´¨Ö ¢¥²¨Î¨´Ò α ´  ¸¶¥±É·µ³¥É· Ì ®�µ³ Ï± ¯ ¨ ®� -
·Ê¸¯. ˆ§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¢·¥³¥´´ÒÌ ¸¶¥±É·µ¢ ¶µ¸²¥ ¢ÒÎ¨É ´¨Ö Ëµ´µ¢ÒÌ
¸µ¸É ¢²ÖÕÐ¨Ì ¶µ²ÊÎ ²¨¸Ó ¨¸Ìµ¤´Ò¥ ¸¶¥±É·Ò ±· É´µ¸É¨ ¸µ¢¶ ¤¥´¨° µÉ 1 ¤µ
12 ±· É´µ¸É¥° ¤²Ö Ô´¥·£¥É¨Î¥¸±¨Ì £·Ê¶¶ ¢ ¤¨ ¶ §µ´¥ Ô´¥·£¨° 2,15÷ 2150 Ô‚,
¤²Ö 80 ·¥§µ´ ´¸µ¢ 239Pu ¢ µ¡² ¸É¨ Ô´¥·£¨° 7÷313 Ô‚ ¨ 165 ·¥§µ´ ´¸µ¢ 235U ¤µ
150 Ô‚ [1, 6Ä8]. „²Ö · §¤¥²¥´¨Ö ¨¸Ìµ¤´ÒÌ ¸¶¥±É·µ¢ ±· É´µ¸É¨ ´  § Ì¢ É´ÊÕ
¨ ¤¥²¨É¥²Ó´ÊÕ Î ¸É¨ ¨¸¶µ²Ó§µ¢ ²¨¸Ó ¸¶¥±É·Ò ±· É´µ¸É¨ · §·¥Ï¥´´ÒÌ ·¥§µ-
´ ´¸µ¢ ¸ ³ ²Ò³¨ ¨ ¡µ²ÓÏ¨³¨ ¤¥²¨É¥²Ó´Ò³¨ Ï¨·¨´ ³¨ ¸µµÉ¢¥É¸É¢¥´´µ. ˆ§
ÔÉ¨Ì ¸¶¥±É·µ¢ ±· É´µ¸É¨ Ëµ·³¨·µ¢ ²¨¸Ó ¸É ´¤ ·É´Ò¥ ¸¶¥±É·Ò § Ì¢ É  ¨ ¤¥-
²¥´¨Ö, ±µÉµ·Ò¥ ¶·¨³¥´Ö²¨¸Ó ¶·¨ · §¤¥²¥´¨¨ ¨¸Ìµ¤´ÒÌ ¸¶¥±É·µ¢ ±· É´µ¸É¥°.
� §¤¥²¥´¨¥ ¸Ê³³ ·´ÒÌ ¸¶¥±É·µ¢ ±· É´µ¸É¨ ´  ¤¢¥ Î ¸É¨ ¶µ§¢µ²Ö¥É µ¶·¥¤¥²¨ÉÓ
¢¥²¨Î¨´Ê α ¶µ Ëµ·³Ê²¥

α = σγ/σf = Nγεf/Nfεγ = ΣKiγεf/ΣKifεγ , (3)

£¤¥ σγ , σf Å ¸¥Î¥´¨Ö · ¤¨ Í¨µ´´µ£µ § Ì¢ É  ¨ ¤¥²¥´¨Ö; Nγ , Nf Å ¸Ê³³ ·-
´µ¥ Î¨¸²µ µÉcÎ¥Éµ¢ £ ³³ -±¢ ´Éµ¢ § Ì¢ É  ¨ ¤¥²¥´¨Ö; εf , εγ Å ÔËË¥±É¨¢´µ¸ÉÓ
·¥£¨¸É· Í¨¨ § Ì¢ É´ÒÌ ¨ ¤¥²¨É¥²Ó´ÒÌ £ ³³ -±¢ ´Éµ¢; Kiγ , Kif Å i-Ö ±· É-
´µ¸ÉÓ · ¤¨ Í¨µ´´µ£µ § Ì¢ É  ¨ ¤¥²¥´¨Ö. �µ£·¥Ï´µ¸É¨ ¢ ¢¥²¨Î¨´¥ α µ¶·¥¤¥-
²Ö²¨¸Ó ¢ µ¸´µ¢´µ³ µÏ¨¡± ³¨ ¶·¨ · §²µ¦¥´¨¨ ¨¸Ìµ¤´ÒÌ ¸¶¥±É·µ¢ ±· É´µ¸É¨
´  ¸µ¸É ¢²ÖÕÐ¨¥ Î ¸É¨ µÉ ¤¥²¥´¨Ö ¨ · ¤¨ Í¨µ´´µ£µ § Ì¢ É . �µ£·¥Ï´µ¸É¨
¨§-§  ´¥µ¶·¥¤¥²¥´´µ¸É¥° ¢ ÔËË¥±É¨¢´µ¸ÉÖÌ ·¥£¨¸É· Í¨¨ £ ³³ -²ÊÎ¥° ¸ÊÐ¥-
¸É¢¥´´µ ³¥´ÓÏ¥, ¶µ¸±µ²Ó±Ê µÉ´µÏ¥´¨¥ Q = εf/εγ ¡²¨§±µ ± ¥¤¨´¨Í¥. � 
·¨¸. 2 ¶·¨¢¥¤¥´Ò ¤²Ö ¶·¨³¥·  Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö ¢¥²¨Î¨´Ò α 239Pu,
£¤¥ ¤²Ö ¸· ¢´¥´¨Ö ¶·¨¢µ¤ÖÉ¸Ö É ±¦¥ · ¸Î¥É´Ò¥ ¤ ´´Ò¥, ¶µ²ÊÎ¥´´Ò¥ ¶µ ¶·µ-
£· ³³¥ ƒ�“Š�� ´  µ¸´µ¢¥ ¶µ¸²¥¤´¨Ì µÍ¥´µ± ±µ´¸É ´É 239Pu ¢ ¡¨¡²¨µÉ¥± Ì
BROND-2, ENDF/B-6, JENDL-3. � ¸Î¥É ¢¥²¨Î¨´Ò α ¡Ò² ¸¤¥² ´ É ±¦¥ ¨ ¢
³¥¦·¥§µ´ ´¸´ÒÌ Ô´¥·£¥É¨Î¥¸±¨Ì ¨´É¥·¢ ² Ì. Š ± ¢¨¤´µ ¨§ ·¨¸. 2, · ¸Î¥É´Ò¥
§´ Î¥´¨Ö α ¢ · §´ÒÌ ¡¨¡²¨µÉ¥± Ì µÉ²¨Î ÕÉ¸Ö ¤·Ê£ µÉ ¤·Ê£  ´  5 ÷ 30%,  
¢ µÉ¤¥²Ó´ÒÌ ·¥§µ´ ´¸ Ì Å ´  50 ÷ 100 %. �±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö α
µÉ²¨Î ÕÉ¸Ö µÉ · ¸Î¥É´ÒÌ ¶·¨ ³ ²ÒÌ ¨ ¡µ²ÓÏ¨Ì §´ Î¥´¨ÖÌ, ±µ£¤  ¢±² ¤ · -
¤¨ Í¨µ´´µ£µ § Ì¢ É  ¨²¨ ¤¥²¥´¨Ö ¢ ¸Ê³³ ·´µ³ ¸¶¥±É·¥ ±· É´µ¸É¨ ³ ²,   ´¥-
µ¶·¥¤¥²¥´´µ¸ÉÓ ¸¨²Ó´µ ¢µ§· ¸É ¥É ¶·¨ · §²µ¦¥´¨¨ ¸¶¥±É·  ´  ¸µ¸É ¢²ÖÕÐ¨¥
Î ¸É¨ ¶µ ¶·¨´ÖÉÒ³ ¸É ´¤ ·É´Ò³ ¸¶¥±É· ³. �É¨ ´¥µ¶·¥¤¥²¥´´µ¸É¨ Ê³¥´ÓÏ -
ÕÉ¸Ö ¶·¨ µ¶·¥¤¥²¥´¨¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨ · ¸Î¥É´ÒÌ §´ Î¥´¨° α ¢ Ï¨·µ-
±¨Ì Ô´¥·£¥É¨Î¥¸±¨Ì £·Ê¶¶ Ì (É ¡². 3) ¡² £µ¤ ·Ö ´ ²¨Î¨Õ ¡µ²ÓÏµ£µ ±µ²¨Î¥¸É¢ 
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�¨¸. 2. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨ · ¸Î¥É´Ò¥ §´ Î¥´¨Ö α. ‘¢¥É²Ò¥ ±¢ ¤· ÉÒ Å Ô±¸¶¥·¨-
³¥´É; ¸¶²µÏ´ Ö ±·¨¢ Ö Å ENDF/B-6; ÏÉ·¨Ìµ¢ Ö Å JENDL-3; ÉµÎ¥Î´ Ö Å BROND-2

’ ¡²¨Í  3. 	±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨ · ¸Î¥É´Ò¥ §´ Î¥´¨Ö α ¤²Ö Ô´¥·£¥É¨Î¥¸±¨Ì £·Ê¶¶
239Pu

Elim, Ô‚ αbl α BNAB BROND-2 ENDF/B-6 JENDL-3
(Ë¨²ÓÉ· 1 ³³) (¡¥§ Ë¨²ÓÉ· )

4,65−10 Å 0,88 ± 0,04 0,85 0,30 0,48 0,47
10−21,5 0,57 0,60 ± 0,03 0,68 0,57 0,84 0,80

21,5−46,5 1,07 1,45 ± 0,04 1,07 1,04 1,54 1,48
46,5−100 0,35 0,52 ± 0,02 0,57 0,44 0,50 0,48
100−215 0,53 0,80 ± 0,03 0,87 0,61 0,71 0,68
215−465 0,56 Å 0,93 0,84 0,82 0,79
465−1000 0,59 0,80 ± 0,04 0,83 0,97 0,88 0,87
1000−2150 0,69 0,72 ± 0,03 0,89 0,93 1,00 1,10

·¥§µ´ ´¸µ¢. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¶µ£·¥Ï´µ¸É¨ ¢¥²¨Î¨´Ò α ¢ µÉ¤¥²Ó´ÒÌ ·¥§µ-
´ ´¸ Ì ¸µ¸É ¢²ÖÕÉ 2 ÷ 12 %. ‚ Ô´¥·£¥É¨Î¥¸±¨Ì £·Ê¶¶ Ì ¶µ£·¥Ï´µ¸É¨ · ¢´Ò
3 ÷ 6 %.

ˆ¸¶µ²Ó§µ¢ ´¨¥ ¦¨¤±µ¸É´µ£µ ¤¥É¥±Éµ·  Ê¸É ´µ¢±¨ ®� ·Ê¸¯ ¤²Ö ¨§³¥·¥´¨Ö
¸¶¥±É·µ¢ ±· É´µ¸É¨ ¶µ§¢µ²¨²µ ¨¸¸²¥¤µ¢ ÉÓ ÔËË¥±É ·¥§µ´ ´¸´µ° ¡²µ±¨·µ¢±¨
¨ ¤µ¶²¥·-ÔËË¥±É ¢ ¢¥²¨Î¨´¥ α ¤¥²ÖÐ¨Ì¸Ö ¨§µÉµ¶µ¢. „²Ö ÔÉµ£µ ¶·µ¢¥¤¥´Ò ¨§-
³¥·¥´¨Ö ¢·¥³Ö¶·µ²¥É´ÒÌ ¸¶¥±É·µ¢ µÉ 1-° ¤µ 15-° ±· É´µ¸É¨ ¶·¨ ´ ²¨Î¨¨ ´ 
´¥°É·µ´´µ³ ¶ÊÎ±¥ µ¡· §Íµ¢-Ë¨²ÓÉ·µ¢ · §²¨Î´µ° Éµ²Ð¨´Ò. ŠµÔËË¨Í¨¥´É ·¥-
§µ´ ´¸´µ° ¡²µ±¨·µ¢±¨ α ¨ ¥£µ É¥³¶¥· ÉÊ·´ÊÕ § ¢¨¸¨³µ¸ÉÓ ³µ¦´µ µ¶·¥¤¥²¨ÉÓ
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¶µ Ëµ·³Ê²¥

αbl =
αfγ(θ)
ff (θ)

=
α

∞∫
0

Tγ(x)dx

∞∫
0

Tf (x)dx

=

∞∫
∆E

∫
0

σγe−σxdEdx

∞∫
∆E

∫
0

σf e−σxdEdx

, (4)

£¤¥ fγ , ff Å ±µÔËË¨Í¨¥´ÉÒ ·¥§µ´ ´¸´µ° ¡²µ±¨·µ¢±¨ ¢ ¸¥Î¥´¨ÖÌ § Ì¢ É 
¨ ¤¥²¥´¨Ö ¢¥²¨Î¨´Ò α; x Å Éµ²Ð¨´  µ¡· §Í -Ë¨²ÓÉ· ; Tγ , Tf Å ËÊ´±-
Í¨¨ ¸ ³µ¨´¤¨± Í¨¨ ¢ · ¤¨ Í¨µ´´µ³ § Ì¢ É¥ ¨ ¤¥²¥´¨¨; α Å ¢¥²¨Î¨´  ¶·¨
µÉ¸ÊÉ¸É¢¨¨ µ¡· §Í -Ë¨²ÓÉ·  ´  ´¥°É·µ´´µ³ ¶ÊÎ±¥; θ Å É¥³¶¥· ÉÊ·  µ¡· §Í -
Ë¨²ÓÉ· .

‚²¨Ö´¨¥ ·¥§µ´ ´¸´µ° ¡²µ±¨·µ¢±¨ ¤µ ¸¨Ì ¶µ· ¸² ¡µ ¨¸¸²¥¤µ¢ ´µ. ˆ§³¥-
·¥´¨Ö ¡²µ±¨·µ¢±¨ ¡Ò²¨ ¶·µ¢¥¤¥´Ò ¤²Ö ¤¢ÊÌ Éµ´±¨Ì ³¥É ²²¨Î¥¸±¨Ì ¤¨¸±µ¢
239Pu, µ¡µ£ Ð¥´´µ£µ ¤µ 99,9 %. �¡· §ÍÒ-Ë¨²ÓÉ·Ò Éµ²Ð¨´µ° 0,3, 0,5, 1 ¨
2,3 ³³ ¶µ µÎ¥·¥¤¨ ¶µ³¥Ð ²¨¸Ó ¢ ¶ÊÎµ± ´¥°É·µ´µ¢ ¶¥·¥¤ (n, γ)-¤¥É¥±Éµ·µ³.

‚ É ¡². 3 ¶·¨¢¥¤¥´Ò Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö ¢¥²¨Î¨´Ò α ¢ £·Ê¶¶ Ì
¤²Ö µÉ±·ÒÉµ£µ ¶ÊÎ±  ¨ ¶·¨ ´ ²¨Î¨¨ ¢ ¶ÊÎ±¥ µ¡· §Í -Ë¨²ÓÉ·  Éµ²Ð¨´µ° 1 ³³,
  É ±¦¥ · ¸Î¥É´Ò¥ §´ Î¥´¨Ö ¤²Ö µÉ±·ÒÉµ£µ ¶ÊÎ± , ¶µ²ÊÎ¥´´Ò¥ ´  µ¸´µ¢¥
µÍ¥´¥´´ÒÌ ¤ ´´ÒÌ · §´ÒÌ ¡¨¡²¨µÉ¥±.

Š ± ¢¨¤´µ ¨§ É ¡². 3, · ¸Î¥É´Ò¥ §´ Î¥´¨Ö α ¤²Ö · §´ÒÌ ¡¨¡²¨µÉ¥± µÉ-
²¨Î ÕÉ¸Ö ¤·Ê£ µÉ ¤·Ê£  ´  5 ÷ 60 %, ÎÉµ, ¶µ-¢¨¤¨³µ³Ê, µÉ· ¦ ¥É · §²¨Î¨Ö
Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¢ · §´ÒÌ · ¡µÉ Ì. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¶µ£·¥Ï-
´µ¸É¨ ¢¥²¨Î¨´Ò α ¸µ¸É ¢²ÖÕÉ 5 ÷ 10 %. � ¡²Õ¤ ¥É¸Ö ÔËË¥±É Ê³¥´ÓÏ¥´¨Ö
α ´  5 ÷ 40 % §  ¸Î¥É ·¥§µ´ ´¸´µ° ¡²µ±¨·µ¢±¨, ÎÉµ ³µ¦´µ µ¡ÑÖ¸´¨ÉÓ ¡µ²¥¥
¸¨²Ó´µ° ·¥§µ´ ´¸´µ° ¡²µ±¨·µ¢±µ° ´  Ê§±¨Ì, ¸µ ¸¶¨´µ³ J = 1 ·¥§µ´ ´¸ Ì
¸ ¡µ²ÓÏ¨³ §´ Î¥´¨¥³ α ¶µ ¸· ¢´¥´¨Õ ¸ Ï¨·µ±¨³¨ ¤¥²¨É¥²Ó´Ò³¨ ·¥§µ´ ´-
¸ ³¨ ¸µ ¸¶¨´µ³ J = 0 ¨ ¸ ³ ²Ò³¨ §´ Î¥´¨Ö³¨ α. „¥É ²¨ Ô±¸¶¥·¨³¥´É  ¨
·¥§Ê²ÓÉ ÉÒ ¶·¨¢µ¤ÖÉ¸Ö ¢ [8].

ˆ§ÊÎ¥´¨¥ ¸¥Î¥´¨° ¤¥²¥´¨Ö ³¨´µ·´ÒÌ  ±É¨´¨¤µ¢. ˆ§³¥·¥´¨Ö ¢·¥³Ö¶·µ-
²¥É´ÒÌ ¸¶¥±É·µ¢ ¶·µ¢µ¤¨²¨¸Ó ´  ¨³¶Ê²Ó¸´µ³ ¡Ê¸É¥·¥ ˆ��-30. ‚ ± Î¥¸É¢¥
¤¥É¥±Éµ·  µ¸±µ²±µ¢ ¤¥²¥´¨Ö ¨¸¶µ²Ó§µ¢ ²¨¸Ó ¨µ´¨§ Í¨µ´´Ò¥ ± ³¥·Ò · §²¨Î-
´µ° ±µ´¸É·Ê±Í¨¨, ¸µ¤¥·¦ Ð¨¥ µÉ 2,2 ³£ (243Am) ¤µ 1,5 £ (237Np) ¨¸¸²¥¤Ê¥-
³µ£µ ¨§µÉµ¶  ¨ µ¤´Ê ³¨Ï¥´Ó ¨§ 235U ¤²Ö ¨§³¥·¥´¨Ö ¶µÉµ±  ¨ ± ²¨¡·µ¢±¨ ¶µ
Ô´¥·£¨¨.

�µ²ÊÎ¥´´Ò¥ ¢ ¨§³¥·¥´¨ÖÌ ¢·¥³Ö¶·µ²¥É´Ò¥ ¸¶¥±É·Ò ¤¥²¥´¨Ö ¶·¥µ¡· §µ-
¢Ò¢ ²¨¸Ó ¢ § ¢¨¸¨³µ¸ÉÓ ¸¥Î¥´¨Ö ¤¥²¥´¨Ö µÉ Ô´¥·£¨¨ ´¥°É·µ´µ¢. Š·µ³¥ Éµ£µ,
¢ µ¡² ¸É¨ Ô´¥·£¨° ´¥°É·µ´µ¢, £¤¥ ¢·¥³Ö¶·µ²¥É´µ¥ · §·¥Ï¥´¨¥ ¡Ò²µ ¤µ¸É -
ÉµÎ´Ò³ ¤²Ö · §·¥Ï¥´¨Ö µÉ¤¥²Ó´ÒÌ ·¥§µ´ ´¸µ¢, µ¶·¥¤¥²¥´Ò ¶²µÐ ¤¨ σ0Γf ¨
¤¥²¨É¥²Ó´Ò¥ Ï¨·¨´Ò Γf ÔÉ¨Ì ·¥§µ´ ´¸µ¢. „²Ö 234U ÔÉ¨ ¶ · ³¥É·Ò µ¶·¥¤¥²Ö-
²¨¸Ó ³¥Éµ¤µ³ ¶²µÐ ¤¥°,   ¤²Ö 237Np ¨ 243Am Å ³¥Éµ¤µ³ Ëµ·³Ò. �µ¤·µ¡´µ
¶·µÍ¥¤Ê·  µ¡· ¡µÉ±¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ µ¶¨¸ ´  ¢ · ¡µÉ¥ [9].
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�¨¸. 3. ‘¥Î¥´¨¥ ¤¥²¥´¨Ö 237Np: ±·Ê¦±¨ Å · §·¥Ï¥´¨¥ 40 ´¸/³; É·¥Ê£µ²Ó´¨±¨ Å
· §·¥Ï¥´¨¥ 70 ´¸/³; ¸¶²µÏ´ Ö ²¨´¨Ö Å · ¸Î¥É

�¨¸. 4. ‘¥Î¥´¨¥ ¤¥²¥´¨Ö 243�m: ÉµÎ±¨ Å Ô±¸¶¥·¨³¥´É; ¸¶²µÏ´ Ö ²¨´¨Ö Å · ¸Î¥É

‘¥Î¥´¨Ö ¤¥²¥´¨Ö 234U µ¶·¥¤¥²¥´Ò ¢ ¤¨ ¶ §µ´¥ Ô´¥·£¨° 1÷ 1000 Ô‚ [10],
¤²Ö 237Np ¢ µ¡² ¸É¨ Ô´¥·£¨° 1 ÷ 60 Ô‚ (¸³. ·¨¸. 3). �µ£·¥Ï´µ¸É¨ µ¶·¥¤¥-
²¥´¨Ö ¸¥Î¥´¨Ö ¢ ·¥§µ´ ´¸ Ì ´¥ ¶·¥¢ÒÏ ÕÉ 4 % ¨ µ¡Ê¸²µ¢²¥´Ò ¢ µ¸´µ¢´µ³
¸É É¨¸É¨Î¥¸±µ° ÉµÎ´µ¸ÉÓÕ ± ²¨¡·µ¢µÎ´ÒÌ ¨§³¥·¥´¨°.

�  ·¨¸. 4 ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨° ¸¥Î¥´¨Ö ¤¥²¥´¨Ö 243Am
[11]. ’µÎ± ³¨ µ¡µ§´ Î¥´Ò ¸¥Î¥´¨Ö, ¶µ²ÊÎ¥´´Ò¥ ´¥¶µ¸·¥¤¸É¢¥´´µ ¨§ ¢·¥-
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³Ö¶·µ²¥É´µ£µ ¸¶¥±É· ,   ²¨´¨¥° Å ¢µ¸¸É ´µ¢²¥´´Ò¥ ¢ µ¤´µÊ·µ¢´¥¢µ³
¶·¨¡²¨¦¥´¨¨.

ˆ¸¸²¥¤µ¢ ´¨Ö § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·µ´µ¢. �  ¨³¶Ê²Ó¸´µ³ ·¥ ±Éµ·¥
ˆ��-2 ¶·µ¢¥¤¥´Ò ¨¸¸²¥¤µ¢ ´¨Ö Ì · ±É¥·¨¸É¨± § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·µ´µ¢
(‡�) [12]. ‚ ¨Ì Î¨¸²¥ ¨§³¥·¥´¨Ö µÉ´µ¸¨É¥²Ó´ÒÌ ¢ÒÌµ¤µ¢ ‡�, µ¡· §µ¢ ¢Ï¨Ì¸Ö
¢ ·¥§Ê²ÓÉ É¥ ¤¥²¥´¨Ö 233U, 239Pu ¨ 237Np É¥¶²µ¢Ò³¨ ´¥°É·µ´ ³¨,   É ±¦¥ ¶µ-
¸²¥ ¤¥²¥´¨Ö 233U, 235U ¨ 239Pu Ìµ²µ¤´Ò³¨ ´¥°É·µ´ ³¨. �·¨ ÔÉµ³ ¢ÒÌµ¤ ‡�
¢ ¤¥²¥´¨¨ 235U É¥¶²µ¢Ò³¨ ´¥°É·µ´ ³¨ ¨¸¶µ²Ó§µ¢ ²¸Ö ¢ ± Î¥¸É¢¥ ¸É ´¤ ·É .
�¸µ¡µ¥ ¢´¨³ ´¨¥ ¡Ò²µ Ê¤¥²¥´µ ¨§³¥·¥´¨Ö³ ¸ 237Np, ±µÉµ·Ò¥ ¶·µ¢¥¤¥´Ò ¢¶¥·-
¢Ò¥. �ÉµÉ ¨§µÉµ¶ ¶·¥¤¶µ² £ ¥É¸Ö ¨¸¶µ²Ó§µ¢ ÉÓ ¢ Ô´¥·£¥É¨Î¥¸±¨Ì Ê¸É ´µ¢± Ì
´µ¢µ£µ ¶µ±µ²¥´¨Ö. �·¨ ÔÉµ³ ¶·¨Ï²µ¸Ó ¶·¥µ¤µ²¥¢ ÉÓ §´ Î¨É¥²Ó´Ò¥ Ô±¸¶¥·¨-
³¥´É ²Ó´Ò¥ ¶·µ¡²¥³Ò, ¶µ¸±µ²Ó±Ê 237Np ¸µ§¤ ¥É ¢Ò¸µ±¨° ´¥°É·µ´´Ò° Ëµ´ ¢
·¥§Ê²ÓÉ É¥ (α, n)-·¥ ±Í¨¨,   ¸¥Î¥´¨¥ ¤¥²¥´¨Ö É¥¶²µ¢Ò³¨ ´¥°É·µ´ ³¨ ¸µ¸É -
¢²Ö¥É ¢¸¥£µ 20 ³¡ (¶µ¤¡ ·Ó¥·´µ¥ ¤¥²¥´¨¥).

ˆ§³¥·¥´¨Ö ¶·µ¢¥¤¥´Ò ³¥Éµ¤µ³ ¶¥·¨µ¤¨Î¥¸±µ£µ µ¡²ÊÎ¥´¨Ö µ¡· §Í  ¡¥§
¥£µ ¶¥·¥³¥Ð¥´¨Ö. �·¨ ÔÉµ³ µ¤´¨³ ¨ É¥³ ¦¥ ¤¥É¥±Éµ·µ³ ·¥£¨¸É·¨·ÊÕÉ¸Ö
³£´µ¢¥´´Ò¥ ¨ § ¶ §¤Ò¢ ÕÐ¨¥ ´¥°É·µ´Ò ¤¥²¥´¨Ö. �¸´µ¢´Ò³ ¶·¥¨³ÊÐ¥¸É¢µ³
ÔÉµ£µ ³¥Éµ¤  Ö¢²Ö¥É¸Ö Éµ, ÎÉµ ´¥µ¶·¥¤¥²¥´´µ¸É¨ ¢ ¨§³¥·¥´¨¨  ¡¸µ²ÕÉ´µ°
ÔËË¥±É¨¢´µ¸É¨ ¤¥É¥±Éµ· , ´¥°É·µ´´µ£µ ¶µÉµ± , ³ ¸¸Ò µ¡· §Í  ´¥ ¢²¨ÖÕÉ ´ 
ÉµÎ´µ¸ÉÓ µ¶·¥¤¥²¥´¨Ö ¢ÒÌµ¤  ‡�. �µ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶·¥¤¸É ¢²¥´Ò ¢
É ¡². 4.

’ ¡²¨Í  4. ‡´ Î¥´¨Ö β0 = νd/ν (¢ ¶·µÍ¥´É Ì) ¤²Ö · §²¨Î´ÒÌ Ô´¥·£¨° ´ ²¥É ÕÐ¨Ì
´¥°É·µ´µ¢ ¨ ¨Ì µÉ´µÏ¥´¨Ö (¢ ¸±µ¡± Ì) ± ¢¥²¨Î¨´¥ ¸É ´¤ ·É  β0[

235U(nth, f)] ¤²Ö
235U, 233U, 239Pu ¨ 237Np

ˆ§µÉµ¶ En = 0,003 Ô‚ En = 0,023 Ô‚

235U 0,683 ± 0,021 (1,004 ± 0,009) 0,680 ± 0,021 (1,000)
233U 0,274 ± 0,009 (0,403 ± 0,006) 0,267 ± 0,009 (0,393 ± 0,006)
239Pu 0,227 ± 0,011 (0,334 ± 0,013) 0,234 ± 0,008 (0,344 ± 0,004)
237Np Å 0,506 ± 0,030

‚¶¥·¢Ò¥ ¶·µ¢¥¤¥´Ò ¸ ·¥±µ·¤´µ° ÉµÎ´µ¸ÉÓÕ ¶·¥Í¨§¨µ´´Ò¥ ¨§³¥·¥´¨Ö ¨
 ´ ²¨§ ±·¨¢ÒÌ · ¸¶ ¤  ‡� ¤²Ö 235U ¨ 239Pu ¢ ¨´É¥·¢ ²¥ ¢·¥³¥´¨ ¶µ¸²¥ µ¡²Ê-
Î¥´¨Ö 5÷730 ³¸. ˆ§³¥·¥´¨Ö Ì · ±É¥·¨¸É¨± ‡� ¤·Ê£¨³¨ ³¥Éµ¤ ³¨ ¢ Ê± § ´´µ³
¨´É¥·¢ ²¥ ¶·¨¢µ¤ÖÉ ± ¡µ²ÓÏ¨³ ´¥µ¶·¥¤¥²¥´´µ¸ÉÖ³.
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�¡Ñ¥¤¨´e´´Ò° ¨´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨°, „Ê¡´ 

‹ ¡µ· Éµ·¨Ö ´¥°É·µ´´µ° Ë¨§¨±¨ ¨³. ˆ. Œ. ”· ´± 

�·¥¤¸É ¢²¥´ µ¡§µ· ´ ¨¡µ²¥¥ ¨´É¥·¥¸´ÒÌ · ¡µÉ ¶µ ¨§ÊÎ¥´¨Õ ¸ ³µµ·£ ´¨§ÊÕÐ¨Ì¸Ö ¸¨¸É¥³ ¨§
 ³Ë¨Ë¨²Ó´ÒÌ ³µ²¥±Ê² ¢ · ¸É¢µ· Ì, ¢Ò¶µ²´¥´´ÒÌ ¢ ¶µ¸²¥¤´¨¥ £µ¤Ò ´  Ê¸É ´µ¢±¥ ³ ²µÊ£²µ¢µ£µ
· ¸¸¥Ö´¨Ö ´¥°É·µ´µ¢ ´  ·¥ ±Éµ·¥ ˆ��-2. � ¸¸³µÉ·¥´Ò ¢µ¶·µ¸Ò ¶µ²ÊÎ¥´¨Ö ³¨±·µ¸±µ¶¨Î¥¸±¨Ì
É¥·³µ¤¨´ ³¨Î¥¸±¨Ì Ì · ±É¥·¨¸É¨± ³¨Í¥²²Ö·´ÒÌ µ¡· §µ¢ ´¨°,   É ±¦¥ ¸É·Ê±ÉÊ·´Ò¥ µ¸µ¡¥´´µ-
¸É¨ ¢¥§¨±Ê² Å § ³±´ÊÉÒÌ ± ¶¸Ê², ¶µ¢¥·Ì´µ¸ÉÓ ±µÉµ·ÒÌ µ¡· §µ¢ ´  ³¥³¡· ´´Ò³¨ ¡¨¸²µÖ³¨.
�¡¸Ê¦¤ ÕÉ¸Ö ¢µ¶·µ¸Ò ¶·¥¨³ÊÐ¥¸É¢ ´¥°É·µ´´µ£µ · ¸¸¥Ö´¨Ö ¤²Ö É ±¨Ì ¨¸¸²¥¤µ¢ ´¨°.

The review of most interesting recent results on the study of self-assembling aggregates formed
by amphiphylic molecules in solution using the small-angle neutron scattering spectrometer at IBR-2
reactor is presented. Possibilities to extract microscopic thermodynamic parameters of micellar aggre-
gates and structural peculiarities of vesicles Å closed surfactant membrane capsules, are discussed.
The particular advantages of neutron scattering method for such type of research are emphasized.

‘�Œ���ƒ��ˆ‡“�™ˆ…‘Ÿ ‘ˆ‘’…Œ›
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‘ÊÐ¥¸É¢Ê¥É µ¡Ï¨·´Ò° ±² ¸¸ É ± ´ §Ò¢ ¥³ÒÌ  ³Ë¨Ë¨²Ó´ÒÌ ³µ²¥±Ê², ±µ-
Éµ·Ò¥ ¸µ¸ÉµÖÉ ¨§ £¨¤·µË¨²Ó´µ° (¶·¨ÉÖ£¨¢ ÕÐ¥° ¢µ¤Ê) ¨ £¨¤·µËµ¡´µ° (µÉÉ ²-
±¨¢ ÕÐ¥° ¢µ¤Ê) Î ¸É¥°. �  ·¨¸. 1 ¶·¨¢¥¤¥´Ò ¶·¨³¥·Ò ¤¢ÊÌ ³µ²¥±Ê² Ê± § ´-
´µ£µ É¨¶ . Š ± ¶· ¢¨²µ,  ³Ë¨Ë¨²Ó´Ò¥ ³µ²¥±Ê²Ò ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° ¨µ´´ÊÕ
¨²¨ ¤¨¶µ²Ó´ÊÕ £·Ê¶¶Ê, ± ±µÉµ·µ° ¶·¨¸µ¥¤¨´¥´Ò µ¤´  ¨²¨ ¤¢¥ Ê£²¥¢µ¤µ·µ¤´Ò¥
Í¥¶µÎ±¨.

�³Ë¨Ë¨²Ó´Ò¥ ¢¥Ð¥¸É¢  ´ Ìµ¤ÖÉ Ï¨·µ±µ¥ ¶· ±É¨Î¥¸±µ¥ ¶·¨³¥´¥´¨¥ ¢
¶µ¢¸¥¤´¥¢´µ° ¦¨§´¨,   É ±¦¥ ¨£· ÕÉ ¢ ¦´ÊÕ ·µ²Ó ¢ ¸ ³µ³ ¶·µÍ¥¸¸¥ ¦¨§´¥-
¤¥ÖÉ¥²Ó´µ¸É¨ ¡¨µ²µ£¨Î¥¸±¨Ì ¸¨¸É¥³. �Éµ ¸¢Ö§ ´µ ´ ¶·Ö³ÊÕ ¨²¨ µ¶µ¸·¥¤µ-
¢ ´´µ ¸µ ¸¶µ¸µ¡´µ¸ÉÓÕ  ³Ë¨Ë¨²Ó´ÒÌ ³µ²¥±Ê² ¶µ´¨¦ ÉÓ ¶µ¢¥·Ì´µ¸É´µ¥ ´ ÉÖ-
¦¥´¨¥. �É¸Õ¤  ¶·µ¨¸Ìµ¤¨É ¤·Ê£µ¥ ´ §¢ ´¨¥ É ±¨Ì ³µ²¥±Ê² Å ¶µ¢¥·Ì´µ¸É´µ-
 ±É¨¢´Ò¥ ¢¥Ð¥¸É¢  ¨²¨ ¸Ê·Ë ±É ´ÉÒ. �·¨ ¶µ³¥Ð¥´¨¨  ³Ë¨Ë¨²Ó´ÒÌ ³µ²¥±Ê²
¢ ¢µ¤Ê ¢µ§´¨± ¥É Í¥²Ò° ±µ³¶²¥±¸ ¨´É¥·¥¸´ÒÌ Ë¨§¨±µ-Ì¨³¨Î¥¸±¨Ì Ö¢²¥´¨°
[1]. �·¨ ³ ²ÒÌ ±µ´Í¥´É· Í¨ÖÌ ³µ²¥±Ê² · ¸É¢µ· ¢¥¤¥É ¸¥¡Ö ± ± µ¡ÒÎ´Ò°
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¸¨²Ó´Ò° Ô²¥±É·µ²¨É. �µ ¶·¨ ¤µ¸É¨¦¥´¨¨ ´¥±µÉµ·µ° ±µ´Í¥´É· Í¨¨, ´ §Ò¢ ¥-
³µ° ±·¨É¨Î¥¸±µ° ±µ´Í¥´É· Í¨¥° ³¨Í¥²²µµ¡· §µ¢ ´¨Ö, ¢ ¸¨¸É¥³¥ ¶·µ¨¸Ìµ¤¨É
¶·µÍ¥¸¸ ¸ ³µµ·£ ´¨§ Í¨¨. �·¨ ÔÉµ³ ¶·µÍ¥¸¸ ´µ¸¨É ±µµ¶¥· É¨¢´Ò° Ì · ±É¥·.
‘¶µ´É ´´µ Ëµ·³¨·ÊÕÉ¸Ö ¤µ¸É ÉµÎ´µ ±·Ê¶´Ò¥ ±µ²²µ¨¤´Ò¥ µ¡· §µ¢ ´¨Ö, ´ -

�¨¸. 1. Mµ²¥±Ê²Ò µ±É¨²£²Õ±µ§¨¤  (a) ¨ Ëµ¸Ë -
É¨¤¨²Ìµ²¨´  (¡)

§Ò¢ ¥³Ò¥ ³¨Í¥²² ³¨ ¨ ¸µ-
¸ÉµÖÐ¨¥ ¨§ ¤¥¸ÖÉ±µ¢, ¸µÉ¥´
¨²¨ ÉÒ¸ÖÎ ³µ²¥±Ê². �·¨ ÔÉµ³
´ ¡²Õ¤ ÕÉ¸Ö  ´µ³ ²¨¨ ¢ ·Ö¤¥
Ë¨§¨Î¥¸±¨Ì ¸¢µ°¸É¢ ¸¨¸É¥³Ò:
Ô²¥±É·µ¶·µ¢µ¤´µ¸É¨, §´ Î¥´¨¨
±µÔËË¨Í¨¥´É  ¶µ¢¥·Ì´µ¸É´µ£µ
´ ÉÖ¦¥´¨Ö, ¢¥²¨Î¨´¥ µ¸³µÉ¨-
Î¥¸±µ£µ ¤ ¢²¥´¨Ö ¨ É. ¤. „ ²Ó-
´¥°Ï¥¥ ¶µ¢ÒÏ¥´¨¥ ±µ´Í¥´É· -
Í¨¨ ¸Ê·Ë ±É ´É  Ì · ±É¥·¨§Ê-
¥É¸Ö É¥³, ÎÉµ ¢¸¥ ¤µ¡ ¢µÎ´Ò¥
³µ²¥±Ê²Ò µ± §Ò¢ ÕÉ¸Ö ¢µ¢²¥-
Î¥´´Ò³¨ ¢ ¶·µÍ¥¸¸ ³¨Í¥²²µ-
µ¡· §µ¢ ´¨Ö,   µ¸É ÉµÎ´ Ö ±µ´-
Í¥´É· Í¨Ö ³µ´µ³¥·µ¢ ¢ · ¸-
É¢µ·¥ cÉ ´µ¢¨É¸Ö ¢ ¶¥·¢µ³ ¶·¨-
¡²¨¦¥´¨¨ ¶µ¸ÉµÖ´´µ°. ˆ´É¥-
·¥¸´µ, ÎÉµ ¶·µÍ¥¸¸ ¸ ³µµ·£ -
´¨§ Í¨¨ ¸¨¸É¥³Ò ´¥ § ± ´Î¨¢ -
¥É¸Ö ¶·¨ ¤µ¸É¨¦¥´¨¨ ¶·¥¤¥² 
· ¸É¢µ·¨³µ¸É¨ ¸Ê·Ë ±É ´Éµ¢ ¢
¢µ¤¥. ‚ÒÏ¥ ¶·¥¤¥²  · ¸É¢µ·¨-
³µ¸É¨ ¸¨¸É¥³  ¸É ´µ¢¨É¸Ö  ´¨-
§µÉ·µ¶´µ° ¨ ¢µ§´¨± ¥É Í¥² Ö ¶µ¸²¥¤µ¢ É¥²Ó´µ¸ÉÓ ¦¨¤±µ±·¨¸É ²²¨Î¥¸±¨Ì Ë §
´  Ë §µ¢µ° ¤¨ £· ³³¥ ±µ´Í¥´É· Í¨ÖÄÉ¥³¶¥· ÉÊ· .

‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ´¥ ¸ÊÐ¥¸É¢Ê¥É ¥¤¨´µ° µ¡Ð¥¶·¨§´ ´´µ° É¥µ·¨¨, µ¶¨-
¸Ò¢ ÕÐ¥° ¶·µÍ¥¸¸ ¸ ³µµ·£ ´¨§ Í¨¨. ˆ¸¶µ²Ó§Ê¥³Ò¥ ´  ¶· ±É¨±¥ ³µ¤¥²¨ ¶µ-
§¢µ²ÖÕÉ § Î ¸ÉÊÕ µ¡ÑÖ¸´¨ÉÓ ·Ö¤ Ô±¸¶¥·¨³¥´É ²Ó´µ ´ ¡²Õ¤ ¥³ÒÌ ¸¢µ°¸É¢ ¨
ÔËË¥±Éµ¢, ´µ ´¥ Ö¢²ÖÕÉ¸Ö Ê´¨¢¥·¸ ²Ó´Ò³¨ ¨ ´¥ ¢ ¸µ¸ÉµÖ´¨¨ µÌ¢ É¨ÉÓ ¢¸¥
· §´µµ¡· §¨¥ Ö¢²¥´¨°, ¶·µ¨¸Ìµ¤ÖÐ¨Ì ¢ ¸¨¸É¥³¥. „ ¦¥ É¥·³µ¤¨´ ³¨±  ³¨Í¥²-
²Ö·´ÒÌ ¸¨¸É¥³ ´¥ Ö¢²Ö¥É¸Ö ¤µ ±µ´Í  · §· ¡µÉ ´´µ°. „¥²µ ¢ Éµ³, ÎÉµ, ± ±
¨§¢¥¸É´µ ¨§ ¸É É¨¸É¨Î¥¸±µ° Ë¨§¨±¨, µÉ´µ¸¨É¥²Ó´Ò¥ Ë²Ê±ÉÊ Í¨¨ ´¥±µÉµ·µ°
Ë¨§¨Î¥¸±µ° ¢¥²¨Î¨´Ò f , Ì · ±É¥·¨§ÊÕÐ¥° ¸¨¸É¥³Ê ¨§ N Î ¸É¨Í, µ¡· É´µ
¶·µ¶µ·Í¨µ´ ²Ó´Ò

√
N . ‚ ·¥§Ê²ÓÉ É¥, ¥¸²¨ N ´¥ ¸²¨Ï±µ³ ¢¥²¨±µ, Éµ µÉ´µ-

¸¨É¥²Ó´Ò¥ Ë²Ê±ÉÊ Í¨¨ µ± §Ò¢ ÕÉ¸Ö ¡µ²ÓÏ¨³¨ ¨ ¸ ³µ ¶µ´ÖÉ¨¥ f ´Ê¦¤ ¥É¸Ö
¢ ´µ¢µ³ ¶µ¤Ìµ¤¥. „²Ö ³ ²ÒÌ ¸¨¸É¥³ ¸É ´¤ ·É´ Ö É¥·³µ¤¨´ ³¨±  ´¥ ¢¸¥£¤ 
¶·¨³¥´¨³  ¨ É ±¨¥ ¶µ´ÖÉ¨Ö, ± ± É¥³¶¥· ÉÊ· , Ô´É·µ¶¨Ö ¸¨¸É¥³Ò, É·¥¡ÊÕÉ
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¸¶¥Í¨ ²Ó´µ£µ µ¶·¥¤¥²¥´¨Ö. …¸²¨ ¤²Ö ¸¨¸É¥³ ¨§ ¡µ²ÓÏµ£µ Î¨¸²  Î ¸É¨Í Ë²Ê±-
ÉÊ Í¨¨ ´ Î¨´ ÕÉ ¨£· ÉÓ ¢ ¦´ÊÕ ·µ²Ó ¢ µ¸´µ¢´µ³ ¢¡²¨§¨ ±·¨É¨Î¥¸±¨Ì ÉµÎ¥±
Ë §µ¢ÒÌ ¶¥·¥Ìµ¤µ¢, Éµ ¤²Ö ³ ²ÒÌ ¸¨¸É¥³ ¤ ´´µ¥ ¶· ¢¨²µ ³µ¦¥É ´ ·ÊÏ ÉÓ¸Ö.
„ ¦¥ ¤µ¸É ÉµÎ´µ ¤ ²¥±µ µÉ ±·¨É¨Î¥¸±µ° ÉµÎ±¨ Ë²Ê±ÉÊ Í¨¨ ¢ ´¨Ì ³µ£ÊÉ ¡ÒÉÓ
¢¥²¨±¨. �É  ¶·µ¡²¥³  Ìµ·µÏµ ¨§¢¥¸É´ , ´ ¶·¨³¥·, ¢ Ö¤¥·´µ° Ë¨§¨±¥, ±µ-
£¤  · ¸¸³ É·¨¢ ¥É¸Ö ¸Éµ²±´µ¢¥´¨¥ ³¥¦¤Ê Ö¤· ³¨ ¨ ¤²Ö µ¶·¥¤¥²¥´¨Ö ¸É¥¶¥´¨
¢µ§¡Ê¦¤¥´¨Ö ¸µ¸É ¢´µ£µ Ö¤·  ¶·¨¢²¥± ¥É¸Ö ¶µ´ÖÉ¨¥ É¥³¶¥· ÉÊ·Ò.

‘Ëµ·³¨·µ¢ ¢Ï¨¥¸Ö ¢ ¢µ¤´µ³ · ¸É¢µ·¥  ³Ë¨Ë¨²Ó´ÒÌ ³µ²¥±Ê² ³¨Í¥²²Ò
´¥ Ö¢²ÖÕÉ¸Ö ¸É É¨Î¥¸±¨³¨ µ¡· §µ¢ ´¨Ö³¨. ‚ ´¨Ì ´ ¡²Õ¤ ÕÉ¸Ö Ë²Ê±ÉÊ Í¨¨
· §³¥·  ¨ Ëµ·³Ò, ¸·¥¤´¥¥ ¢·¥³Ö ´ Ìµ¦¤¥´¨Ö ³µ²¥±Ê²Ò ¢´ÊÉ·¨ ³¨Í¥²²Ò ¸µ-
¸É ¢²Ö¥É 10−5−10−7 ¸.

’ ±¨³ µ¡· §µ³, ³¨Í¥²²Ö·´Ò¥ ¸¨¸É¥³Ò µ¡² ¤ ÕÉ ·Ö¤µ³ Ì · ±É¥·´ÒÌ
¸¢µ°¸É¢: ¢§ ¨³µ¤¥°¸É¢¨¥ ³¥¦¤Ê Î ¸É¨Í ³¨ ³ ²µ, É¥¶²µ¢Ò¥ Ë²Ê±ÉÊ Í¨¨ ¢´Ê-
É·¨ ³¨Í¥²²Ò ¢¥²¨±¨,   ¢¸Ö ¸¨¸É¥³  Ì · ±É¥·¨§Ê¥É¸Ö µÎ¥´Ó ´¨§±¨³ §´ Î¥´¨¥³
³µ¤Ê²Ö Ê¶·Ê£µ¸É¨. „²Ö ¶µ´¨³ ´¨Ö ¸É·Ê±ÉÊ·´µ° ¨ ¤¨´ ³¨Î¥¸±µ° µ·£ ´¨§ Í¨¨
É ±¨Ì ¸¨¸É¥³ ´¥µ¡Ìµ¤¨³µ ¶·¨¢²¥Î¥´¨¥ ¶µ¤Ìµ¤µ¢, · §· ¡µÉ ´´ÒÌ ¢ Ì¨³¨¨,
Ë¨§¨±¥, ¡¨µ²µ£¨¨, Ë ·³ ±µ²µ£¨¨, ³ É¥·¨ ²µ¢¥¤¥´¨¨, £¥µ²µ£¨¨ ¨ ¨´¦¥´¥·´ÒÌ
´ Ê±ax. ‚ ·¥§Ê²ÓÉ É¥ µ± §Ò¢ ¥É¸Ö, ÎÉµ ¨§ÊÎ¥´¨¥ ³¨Í¥²² ´µ¸¨É ³¥¦¤¨¸Í¨¶²¨-
´ ·´Ò° Ì · ±É¥· ¸ ÉµÎ±¨ §·¥´¨Ö ± ± µ¸´µ¢ É¥µ·¨¨, É ± ¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
³¥Éµ¤µ¢ ¨¸¸²¥¤µ¢ ´¨Ö ¨ ¶· ±É¨Î¥¸±¨Ì ¶·¨²µ¦¥´¨°.

�¨¸. 2. �·¨³¥·Ò ´¥±µÉµ·ÒÌ ¢¨¤µ¢ ¸ ³µµ·£ ´¨§ Í¨¨  ³Ë¨Ë¨²Ó´ÒÌ ³µ²¥±Ê² ¢ · ¸É¢µ-
· Ì: a) ³¨Í¥²²  ±² ¸¸¨Î¥¸±µ£µ É¨¶ ; ¡) µ¡· Ð¥´´ Ö ³¨Í¥²² ; ¢) ¸Ë¥·¨Î¥¸±¨¥ ³¨-
Í¥²²Ò; £) Í¨²¨´¤·¨Î¥¸±¨¥ ³¨Í¥²²Ò; ¤) Ô²²¨¶¸µ¨¤´ Ö ³¨Í¥²² ; ¥) ¢¥§¨±Ê²Ò

�  ·¨¸. 2 ¶·¨¢¥¤¥´Ò ´¥±µÉµ·Ò¥ ¶·¨³¥·Ò ¸ ³µµ·£ ´¨§ Í¨¨  ³Ë¨Ë¨²Ó´ÒÌ
³µ²¥±Ê² ¢ · ¸É¢µ· Ì. ‚ § ¢¨¸¨³µ¸É¨ µÉ ±µ´Í¥´É· Í¨¨, É¥³¶¥· ÉÊ·Ò, ¤ ¢²¥-
´¨Ö, É¨¶  · ¸É¢µ·¨É¥²Ö µ¤¨´ É¨¶ ¸ ³µµ·£ ´¨§ Í¨¨ ³µ¦¥É ¸³¥´ÖÉÓ¸Ö ¤·Ê£¨³.
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�¤´¨³ ¨§ ´ ¨¡µ²¥¥ ÔËË¥±É¨¢´ÒÌ ³¥Éµ¤µ¢ ¨¸¸²¥¤µ¢ ´¨Ö  ³Ë¨Ë¨²Ó´ÒÌ
 £·¥£ Éµ¢ ¢ · ¸É¢µ· Ì Ö¢²Ö¥É¸Ö ³ ²µÊ£²µ¢µ¥ · ¸¸¥Ö´¨¥ ´¥°É·µ´µ¢ (Œ“��).
ˆ³¥´´µ ¡² £µ¤ ·Ö Œ“�� Ê¤ ²µ¸Ó µ¶·¥¤¥²¨ÉÓ Ëµ·³Ê ¨ · §³¥·Ò ³¨Í¥²² · §-
²¨Î´µ£µ É¨¶ , ¨¸¸²¥¤µ¢ ÉÓ Ì · ±É¥· ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ ±µ´Í¥´É·¨·µ¢ ´´ÒÌ
³¨Í¥²²Ö·´ÒÌ ¸¨¸É¥³ Ì, ¨§ÊÎ¨ÉÓ ¢²¨Ö´¨¥ É¥³¶¥· ÉÊ·Ò ¨ ¢´¥Ï´¥£µ ¤ ¢²¥´¨Ö
´   ³Ë¨Ë¨²Ó´Ò¥ · ¸É¢µ·Ò. ˆ§ÊÎ¥´µ ¶µ¢¥¤¥´¨¥  ³Ë¨Ë¨²Ó´ÒÌ ³µ²¥±Ê² ¢ · §-
²¨Î´ÒÌ ¦¨¤±µ¸ÉÖÌ, ¢ Éµ³ Î¨¸²¥ ¢¡²¨§¨ ±·¨É¨Î¥¸±¨Ì ¨ ¸Ê¶¥·±·¨É¨Î¥¸±¨Ì ¸µ-
¸ÉµÖ´¨°. ‘ ¶µ³µÐÓÕ ´¥°É·µ´µ¢ Ê¤ ²µ¸Ó ¨¸¸²¥¤µ¢ ÉÓ ¶µ¢¥·Ì´µ¸É´Ò¥ Ë²Ê±ÉÊ-
 Í¨¨ ¨ ¨Ì ¢²¨Ö´¨¥ ´  Ê¶·Ê£¨¥ ¸¢µ°¸É¢  ¢¥§¨±Ê², ±µ··¥²¨·µ¢ ´´Ò¥ ±µ²¥¡ ´¨Ö
² ³¥²²Ö·´ÒÌ Ë §  ³Ë¨Ë¨²µ¢, Ë §µ¢Ò¥ ¶¥·¥Ìµ¤Ò ¨ ³´µ£¨¥ ¤·Ê£¨¥ ¶·¨´Í¨¶¨-
 ²Ó´Ò¥ ¶·µ¡²¥³Ò.

‚ ‹ ¡µ· Éµ·¨¨ ´¥°É·µ´´µ° Ë¨§¨±¨ �ˆŸˆ · ¡µÉÒ ¶µ ¤ ´´µ° É¥³ É¨±¥
¢¥¤ÊÉ¸Ö ¢ É¥Î¥´¨¥ ·Ö¤  ²¥É ´  µ¸´µ¢¥ Ï¨·µ±µ£µ ¸µÉ·Ê¤´¨Î¥¸É¢  ¸ ¨´¸É¨ÉÊÉ ³¨
�µ¸¸¨¨, ¸É· ´-ÊÎ ¸É´¨Í �ˆŸˆ ¨ ¤·Ê£¨Ì ¸É· ´. �¨¦¥ ¶·¨¢µ¤ÖÉ¸Ö ´¥±µÉµ·Ò¥
´ ¨¡µ²¥¥ ¨´É¥·¥¸´Ò¥ ·¥§Ê²ÓÉ ÉÒ, ¶µ²ÊÎ¥´´Ò¥ ¢ · ³± Ì ÔÉµ£µ ¸µÉ·Ê¤´¨Î¥¸É¢ 
¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ³¥Éµ¤  ³ ²µÊ£²µ¢µ£µ · ¸¸¥Ö´¨Ö ´¥°É·µ´µ¢.

Œ…’�„ Œ�‹�“ƒ‹�‚�ƒ� ��‘‘…Ÿ�ˆŸ �…‰’����‚

Œ ²µÊ£²µ¢Ò³ ´ §Ò¢ ¥É¸Ö Ê¶·Ê£µ¥ · ¸¸¥Ö´¨¥ ´¥°É·µ´µ¢ ´  ´¥µ¤´µ·µ¤-
´µ¸ÉÖÌ ¢¥Ð¥¸É¢ , · §³¥·Ò ±µÉµ·ÒÌ ¸ÊÐ¥¸É¢¥´´µ ¶·¥¢ÒÏ ÕÉ ¤¥¡·µ°²¥¢¸±ÊÕ
¤²¨´Ê ¢µ²´Ò ´¥°É·µ´µ¢. ‘ ¶µ³µÐÓÕ É¥¶²µ¢ÒÌ ´¥°É·µ´µ¢ ¸ ¤²¨´µ° ¢µ²´Ò
1 ÷ 10 �A Ê¤ ¥É¸Ö ¨§ÊÎ ÉÓ ´¥µ¤´µ·µ¤´µ¸É¨ · §³¥·µ³ µÉ ¤¥¸ÖÉ±  ¤µ ÉÒ¸ÖÎ¨
 ´£¸É·¥³.

�·¨ · ¸¸³µÉ·¥´¨¨ ³ ²µÊ£²µ¢µ£µ · ¸¸¥Ö´¨Ö ´¥°É·µ´µ¢ ¢¢µ¤¨É¸Ö ¶µ´ÖÉ¨¥
¶·µ¸É· ´¸É¢¥´´µ£µ · ¸¶·¥¤¥²¥´¨Ö ¶²µÉ´µ¸É¨ ±µ£¥·¥´É´µ°  ³¶²¨ÉÊ¤Ò · ¸¸¥Ö-
´¨Ö:

ρ(r) = b̄Na(r).

‡¤¥¸Ó b̄ Å ¸·¥¤´ÖÖ ±µ£¥·¥´É´ Ö  ³¶²¨ÉÊ¤  · ¸¸¥Ö´¨Ö ´¥°É·µ´µ¢ ¨¸¸²¥¤Ê¥³Ò³
µ¡Ñ¥±Éµ³; Na(r) Å · ¸¶·¥¤¥²¥´¨¥  Éµ³´µ° ¶²µÉ´µ¸É¨ ¢ ¨¸¸²¥¤Ê¥³µ³ µ¡Ñ¥±É¥.
‚ ¶·¥¤¶µ²µ¦¥´¨¨ ¨§µÉ·µ¶´µ£µ · ¸¶·¥¤¥²¥´¨Ö ¨§ÊÎ ¥³ÒÌ ´¥µ¤´µ·µ¤´µ¸É¥° ¢
³ É·¨Í¥ ¢Ò· ¦¥´¨¥ ¤²Ö ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö · ¸¸¥Ö´¨Ö ´¥°É·µ´µ¢
µ¶¨¸Ò¢ ¥É¸Ö Ëµ·³Ê²µ° „¥¡ Ö:

〈 dσ

dΩ
〉 =

∫∫
V V ′

ρ(r)ρ(r′)
sin Q|r− r′|

Q|r − r′| dr dr′.

ˆ§ ÔÉµ° Ëµ·³Ê²Ò ¸²¥¤ÊÕÉ ´¥±µÉµ·Ò¥ µ¸´µ¢´Ò¥ ¸¢µ°¸É¢  ¸¥Î¥´¨Ö · ¸¸¥Ö´¨Ö.
�Ê¸ÉÓ ¨§ÊÎ ¥³Ò¥ ´¥µ¤´µ·µ¤´µ¸É¨ ¨³¥ÕÉ Ì · ±É¥·´Ò° · §³¥· L. ’µ£¤  ¤²Ö
QL � 1 sin QL/QL ≈ 1 ¨ ¸¥Î¥´¨¥ · ¸¸¥Ö´¨Ö µ± §Ò¢ ¥É¸Ö ¶·µ¶µ·Í¨µ´ ²Ó-
´Ò³ ρ2V 2, É. ¥. ´¥ § ¢¨¸ÖÐ¨³ ´¨ µÉ Ëµ·³Ò, ´¨ µÉ ¢´ÊÉ·¥´´¥£µ ¸É·µ¥´¨Ö
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¨§ÊÎ ¥³µ£µ µ¡Ñ¥±É . �·¨ QL � 1 µ¸Í¨²²¨·ÊÕÐ¨° Ì · ±É¥· ËÊ´±Í¨¨ sin x/x
¶·¨¢µ¤¨É ± ¡Ò¸É·µ³Ê § ÉÊÌ ´¨Õ ¸¥Î¥´¨Ö · ¸¸¥Ö´¨Ö ¸ ·µ¸Éµ³ Q, ±µÉµ·µ¥ ¢ µ¡-
Ð¥³ ¸²ÊÎ ¥ ¶·µ¶µ·Í¨µ´ ²Ó´µ (QL)−4. � ¨¡µ²¥¥ ¨´Ëµ·³ É¨¢´µ° µ± §Ò¢ ¥É¸Ö
µ¡² ¸ÉÓ QL ∼ 1,  ´ ²¨§ ±µÉµ·µ° ¶µ§¢µ²Ö¥É ¶µ²ÊÎ¨ÉÓ ¤ ´´Ò¥ µ Ì · ±É¥·´ÒÌ
· §³¥· Ì, Ëµ·³¥ ¨ ³µ²¥±Ê²Ö·´µ° ³ ¸¸¥ ¨§ÊÎ ¥³ÒÌ µ¡Ñ¥±Éµ¢.

‚ · ¸¸³ É·¨¢ ¥³µ³ ¸²ÊÎ ¥ · ¸É¢µ·µ¢  ³Ë¨Ë¨²Ó´ÒÌ ³µ²¥±Ê² ¨¸±µ³Ò³¨
´¥µ¤´µ·µ¤´µ¸ÉÖ³¨ ¡Ê¤ÊÉ ¸ ³µµ·£ ´¨§ÊÕÐ¨¥¸Ö  £·¥£ ÉÒ Å ³¨Í¥²²Ò, ¢¥§¨-
±Ê²Ò, ¡¨¸²µ¨. ˆ §¤¥¸Ó ´¥µ¡Ìµ¤¨³µ ¢¢¥¸É¨ ¢ ¦´µ¥ ¶µ´ÖÉ¨¥ ±µ´É· ¸É , ±µÉµ·µ¥
¨ ¤¥² ¥É ´¥°É·µ´´µ¥ · ¸¸¥Ö´¨¥ ¨¸±²ÕÎ¨É¥²Ó´µ ÔËË¥±É¨¢´Ò³ ³¥Éµ¤µ³ ¨¸¸²¥-
¤µ¢ ´¨Ö É ±¨Ì µ¡Ñ¥±Éµ¢. � ¸É¢µ·¨É¥²Ó, ¢ ±µÉµ·µ³ ´ Ìµ¤ÖÉ¸Ö ¸µ¸É ¢²ÖÕÐ¨¥
¶·¥¤³¥É ¨¸¸²¥¤µ¢ ´¨Ö ³µ²¥±Ê²Ö·´Ò¥  £·¥£ ÉÒ, ¶·¥¤¶µ² £ ¥É¸Ö µ¤´µ·µ¤´µ°
¨§µÉ·µ¶´µ° ¸·¥¤µ°, Ì · ±É¥·¨§Ê¥³µ° ¶µ¸ÉµÖ´´µ° ¶²µÉ´µ¸ÉÓÕ ±µ£¥·¥´É´µ£µ

· ¸¸¥Ö´¨Ö ρs =
1
Vs

∑
i

bs
i , £¤¥ Vs Å µ¡Ñ¥³ · ¸É¢µ·¨É¥²Ö,   ¸Ê³³  ±µ£¥·¥´É-

´ÒÌ  ³¶²¨ÉÊ¤ ¡¥·¥É¸Ö ¶µ ¢¸¥³  Éµ³ ³ · ¸É¢µ·¨É¥²Ö. ‚ ¢ÒÏ¥¶·¨¢¥¤¥´´µ³
¢Ò· ¦¥´¨¨ ¤²Ö Ëµ·³Ê²Ò „¥¡ Ö ´¥µ¡Ìµ¤¨³µ ρ(r) § ³¥´¨ÉÓ ´  ρp(r) − ρs, £¤¥
ρp(r) Å · ¸¶·¥¤¥²¥´¨¥ ¶²µÉ´µ¸É¨ ±µ£¥·¥´É´µ°  ³¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö ´¥°-
É·µ´µ¢ ¢ ¨§ÊÎ ¥³µ³  £·¥£ É¥. ‚¥²¨Î¨´  ¢±² ¤  ¸¥Î¥´¨Ö · ¸¸¥Ö´¨Ö ´¥°É·µ´µ¢
´  ¨§ÊÎ ¥³ÒÌ ´¥µ¤´µ·µ¤´µ¸ÉÖÌ ¢ ¶µ²´µ¥ ¸¥Î¥´¨¥ · ¸¸¥Ö´¨Ö Ì · ±É¥·¨§Ê¥É¸Ö
¢¥²¨Î¨´µ° ±µ´É· ¸É  ∆ρ, ±µÉµ·Ò° µ¶·¥¤¥²Ö¥É¸Ö ± ± · §´µ¸ÉÓ ³¥¦¤Ê ¸·¥¤-
´¥° ¶²µÉ´µ¸ÉÓÕ ±µ£¥·¥´É´µ£µ · ¸¸¥Ö´¨Ö µÉ ¨§ÊÎ ¥³µ£µ µ¡Ñ¥±É  ¨ ¶²µÉ´µ¸ÉÓÕ
±µ£¥·¥´É´µ£µ · ¸¸¥Ö´¨Ö µÉ · ¸É¢µ·¨É¥²Ö:

∆ρ = 〈ρp(r) − ρs〉 =
1
V

∫
V

[ρp(r) − ρs] dr = ρ̄ − ρs.

�·¨ ¡µ²ÓÏ¨Ì §´ Î¥´¨ÖÌ ∆ρ (¸¨²Ó´Ò° ±µ´É· ¸É) ¸¨£´ ² µÉ ¨§ÊÎ ¥³ÒÌ
µ¡Ñ¥±Éµ¢ ¡Ê¤¥É ¢¥²¨± ¶µ ¸· ¢´¥´¨Õ ¸ ¸¨£´ ²µ³ µÉ · ¸É¢µ·¨É¥²Ö. � µ¡µ·µÉ,
¶·¨ ρ̄ ≈ ρs ¸¨£´ ² µÉ ¨§ÊÎ ¥³ÒÌ µ¡Ñ¥±Éµ¢ ¡Ê¤¥É ¶· ±É¨Î¥¸±¨ ´¥µÉ¤¥²¨³ µÉ
¸¨£´ ²  µÉ · ¸É¢µ·¨É¥²Ö. ‚ ·¨ Í¨Ö ±µ´É· ¸É , Éµ ¥¸ÉÓ ¨§³¥´¥´¨Ö §´ Î¥´¨Ö
∆ρ, ±µÉµ·µ¥ ¢ ¸²ÊÎ ¥ · ¸¸¥Ö´¨Ö ´¥°É·µ´µ¢ ³µ¦´µ ·¥ ²¨§µ¢ ÉÓ §  ¸Î¥É ¨§µÉµ-
¶¨Î¥¸±µ£µ § ³¥Ð¥´¨Ö (´ ¶·¨³¥·, § ³¥´ÖÖ ²¥£±ÊÕ ¢µ¤Ê ´  ÉÖ¦¥²ÊÕ), ¸²Ê¦¨É
³µÐ´Ò³ ¨´¸É·Ê³¥´Éµ³ ¤²Ö ¶µ²ÊÎ¥´¨Ö ¨´Ëµ·³ Í¨¨ µ ¸É·Ê±ÉÊ·¥ ¨¸¸²¥¤Ê¥³ÒÌ
µ¡Ñ¥±Éµ¢.

�  ·¥ ±Éµ·¥ ˆ��-2 ¸µ§¤ ´  ¢Ò¸µ±µÔËË¥±É¨¢´ Ö Ê¸É ´µ¢±  ³ ²µÊ£²µ¢µ£µ
· ¸¸¥Ö´¨Ö [2], ±µÉµ· Ö ¶µ§¢µ²Ö¥É ¶·µ¢µ¤¨ÉÓ ¨¸¸²¥¤µ¢ ´¨Ö ¶µ Ï¨·µ±µ³Ê ±·Ê£Ê
¶·µ¡²¥³, ±µ£¤  É·¥¡Ê¥É¸Ö ¨§ÊÎ ÉÓ ¸É·µ¥´¨¥ µ¡Ñ¥±Éµ¢ ¸ Ì · ±É¥·´Ò³¨ · §³¥-
· ³¨ µÉ ¤¥¸ÖÉ±µ¢ ¤µ ´¥¸±µ²Ó±¨Ì ¸µÉ¥´  ´£¸É·¥³. ‘ ³µ³¥´É  ¸µ§¤ ´¨Ö Ê¸É -
´µ¢±  ´¥µ¤´µ±· É´µ ³µ¤¥·´¨§¨·µ¢ ² ¸Ó ¸ Í¥²ÓÕ · ¸Ï¨·¥´¨Ö ¥¥ ¢µ§³µ¦´µ¸É¥°
¨ ¶µ¢ÒÏ¥´¨Ö ÉµÎ´µ¸É¨ Ô±¸¶¥·¨³¥´Éµ¢. ‘µ¢·¥³¥´´ Ö ¸Ì¥³  ¸¶¥±É·µ³¥É·  ¶µ-
± § ´  ´  ·¨¸. 3.
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Š µÉ²¨Î¨É¥²Ó´Ò³ µ¸µ¡¥´´µ¸ÉÖ³ ¢·¥³Ö¶·µ²¥É´µ£µ ¸¶¥±É·µ³¥É·  ³ ²µ-
Ê£²µ¢µ£µ · ¸¸¥Ö´¨Ö ´¥°É·µ´µ¢ ´  ˆ��-2 µÉ´µ¸ÖÉ¸Ö  ±¸¨ ²Ó´µ-¸¨³³¥É·¨Î´ Ö
£¥µ³¥É·¨Ö ±µ²²¨³ Éµ·µ¢ ¨ ¤¥É¥±Éµ·µ¢ ´¥°É·µ´µ¢ ¸ Í¥´É· ²Ó´Ò³ µÉ¢¥·¸É¨¥³,
  É ±¦¥ ¨¸¶µ²Ó§µ¢ ´¨¥ ¸É ´¤ ·É´ÒÌ ¢ ´ ¤¨¥¢ÒÌ · ¸¸¥¨¢ É¥²¥°. �±¸¨ ²Ó´µ-
¸¨³³¥É·¨Î´ Ö £¥µ³¥É·¨Ö ¸ÊÐ¥¸É¢¥´´µ Ê¶·µÐ ¥É ÊÎ¥É ËÊ´±Í¨¨ · §·¥Ï¥´¨Ö
Ê¸É ´µ¢±¨. � ²¨Î¨¥ Í¥´É· ²Ó´µ£µ µÉ¢¥·¸É¨Ö ¢ ¤¥É¥±Éµ· Ì µ¡¥¸¶¥Î¨¢ ¥É ¢µ§-
³µ¦´µ¸ÉÓ µ¤´µ¢·¥³¥´´ÒÌ ¨§³¥·¥´¨° ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¸· §Ê É·¥Ì ¤¥É¥±Éµ·µ¢,
ÎÉµ ¶µ§¢µ²Ö¥É ¢ µ¤´µ³ ¨§³¥·¥´¨¨ ¶¥·¥±·ÒÉÓ Ï¨·µ±¨° ¤¨ ¶ §µ´ §´ Î¥´¨°
¢¥±Éµ·µ¢ · ¸¸¥Ö´¨Ö. ‚ ´ ¤¨¥¢Ò¥ ¸É ´¤ ·ÉÒ ¶µ§¢µ²ÖÕÉ ¸ ¢Ò¸µ±µ° ÉµÎ´µ¸ÉÓÕ
¨§¢²¥± ÉÓ §´ Î¥´¨¥ ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö · ¸¸¥Ö´¨Ö ¢  ¡¸µ²ÕÉ´ÒÌ ¥¤¨-
´¨Í Ì [3].

�¨¸. 3. ‘Ì¥³  ¸¶¥±É·µ³¥É·  ³ ²µÊ£²µ¢µ£µ · ¸¸¥Ö´¨Ö ´¥°É·µ´µ¢ ´  ·¥ ±Éµ·¥ ˆ��-2:
1 Å ·¥ ±Éµ· ˆ��-2; 2 Å ¢ ·Ó¨·Ê¥³Ò° ¶¥·¢¨Î´Ò° ±µ²²¨³ Éµ·; 3 Å ¢Éµ·¨Î´Ò° ±µ²-
²¨³ Éµ·; 4 Å ¨¸¸²¥¤Ê¥³Ò° µ¡· §¥Í; 5 Å ¸É ´¤ ·É´Ò¥ · ¸¸¥¨¢ É¥²¨; 6 Å ±µ²ÓÍ¥¢Ò¥
¤¥É¥±Éµ·Ò; 7 Å ¤¥É¥±Éµ· ¶·Ö³µ£µ ¶ÊÎ± 

���…„…‹…�ˆ… ’…�Œ�„ˆ��Œˆ—…‘Šˆ• ����Œ…’��‚
”��Œˆ��‚��ˆŸ Œˆ–…‹‹

�¤´µ° ¨§ Ê´¨± ²Ó´ÒÌ µ¸µ¡¥´´µ¸É¥° ³¥Éµ¤  ³ ²µÊ£²µ¢µ£µ · ¸¸¥Ö´¨Ö ´¥°-
É·µ´µ¢ Ö¢²Ö¥É¸Ö ¢µ§³µ¦´µ¸ÉÓ ´¥¶µ¸·¥¤¸É¢¥´´µ£µ ¨§³¥·¥´¨Ö ¶ · ³¥É·µ¢, Ì -
· ±É¥·¨§ÊÕÐ¨Ì · §³¥·Ò ¨ Ëµ·³Ê ³¨Í¥²². ‚ µÉ²¨Î¨¥, ´ ¶·¨³¥·, µÉ Ï¨·µ±µ
¨¸¶µ²Ó§Ê¥³µ£µ ³¥Éµ¤  · ¸¸¥Ö´¨Ö ¸¢¥É  ¶·¨ ¨´É¥·¶·¥É Í¨¨ ·¥§Ê²ÓÉ Éµ¢ Œ“��
´¥ É·¥¡Ê¥É¸Ö ¤¥² ÉÓ ´¨± ±¨Ì ¶·¥¤¶µ²µ¦¥´¨° µ ¶ · ³¥É· Ì ¢· Ð É¥²Ó´µ° ¤¨Ë-
ËÊ§¨¨ ³¨Í¥²² ¨ ¨Ì ÔËË¥±É¨¢´µ³ · ¤¨Ê¸¥. ‚ ·¥§Ê²ÓÉ É¥ Œ“�� µ± §Ò¢ ¥É¸Ö
´ ¨¡µ²¥¥ ¶·Ö³Ò³ ¨ ´ ¤¥¦´Ò³ ³¥Éµ¤µ³ ¨§ÊÎ¥´¨Ö £¥µ³¥É·¨Î¥¸±¨Ì Ì · ±É¥·¨-
¸É¨± ³¨Í¥²² ¨ ¨Ì ¨§³¥´¥´¨Ö ¶·¨ ¢´¥Ï´¨Ì ¢µ§¤¥°¸É¢¨ÖÌ. Š ± ¸²¥¤¸É¢¨¥, ¸
¶µ³µÐÓÕ · ¸¸¥Ö´¨Ö ´¥°É·µ´µ¢ ³µ¦´µ ¶µ²ÊÎ¨ÉÓ Í¥²Ò° ·Ö¤ ¢ ¦´ÒÌ É¥·³µ¤¨-
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´ ³¨Î¥¸±¨Ì ¶ · ³¥É·µ¢, µ¶·¥¤¥²ÖÕÐ¨Ì ¶·µÍ¥¸¸ ¸ ³µµ·£ ´¨§ Í¨¨ ³¨Í¥²²Ö·-
´ÒÌ ¸¨¸É¥³.

‚ · ¡µÉ Ì [4Ä6] ¨¸¸²¥¤µ¢ ² ¸Ó ¸ ³µµ·£ ´¨§ÊÕÐ Ö¸Ö ¸¨¸É¥³ , ¸µ¸ÉµÖÐ Ö
¨§ ³µ²¥±Ê² É¥É· ¤¥Í¨²¤¨³¥É¨² ³¨´µ±¸¨¤a (C14H29NO(CH3)2O), ¤ ²¥¥ ¸µ±· -
Ð¥´µ µ¡µ§´ Î ¥³ Ö TDMAO, · ¸É¢µ·¥´´ÒÌ ¢ ¢µ¤¥. „²Ö · ¸¸³ É·¨¢ ¥³µ° ¸¨-
¸É¥³Ò ¶·¨ ±µ³´ É´µ° É¥³¶¥· ÉÊ·¥ ±·¨É¨Î¥¸± Ö ±µ´Í¥´É· Í¨Ö ³¨Í¥²²µµ¡· -
§µ¢ ´¨Ö · ¢´  0,12 ³³µ²Ó. �·¨ ÔÉµ° ±µ´Í¥´É· Í¨¨ ¸¨¸É¥³  ¸ ³µµ·£ ´¨§Ê¥É¸Ö

�¨¸. 4. Œµ¤¥²Ó ¸Ë¥·µÍ¨²¨´¤·¨Î¥¸±µ° ³¨Í¥²²Ò,
Ëµ·³¨·ÊÕÐ¥°¸Ö ¢ · ¸É¢µ·¥ ³µ²¥±Ê² TDMAO
¢ ¢µ¤¥ ¶·¨ ±µ´Í¥´É· Í¨ÖÌ ¢ÒÏ¥ ±·¨É¨Î¥¸±µ°.
� ¤¨Ê¸ µ±µ´¥Î´ÒÌ ¶µ²Ê¸Ë¥· · ¢¥´ · ¤¨Ê¸Ê Í¨-
²¨´¤· . � ¤¨Ê¸ ¸Ë¥·¨Î¥¸±¨Ì ³¨Í¥²², µ¡· §ÊÕ-
Ð¨Ì¸Ö ¢ ÉµÎ±¥ ±·¨É¨Î¥¸±µ° ±µ´Í¥´É· Í¨¨ ³¨-
Í¥²²µµ¡· §µ¢ ´¨Ö, · ¢¥´ R = (18,5 ± 0,3) �A
¨ ´¥ ³¥´Ö¥É¸Ö ¶·¨ Ê¢¥²¨Î¥´¨¨ ±µ´Í¥´É· Í¨¨
TDMAO. �µ²´ Ö ¤²¨´  Í¨²¨´¤·¨Î¥¸±µ° ³¨-
Í¥²²Ò · ¢´  〈L〉 = l + 2R

¨ Ëµ·³¨·ÊÕÉ¸Ö ¶· ±É¨Î¥¸±¨ ³µ-
´µ¤¨¸¶¥·¸´Ò¥ ¸Ë¥·¨Î¥¸±¨¥ ³¨-
Í¥²²Ò ¸ · ¤¨Ê¸µ³ R = (18,5 ±
0,3) �A. �·¨ ÔÉµ³ ¸·¥¤´¥¥ Î¨-
¸²µ ³µ²¥±Ê² TDMAO, Ëµ·³¨·Ê-
ÕÐ¨Ì ³¨Í¥²²Ê, 〈N〉 = 55 ± 2.
�·¨ ¶µ¢ÒÏ¥´¨¨ ±µ´Í¥´É· Í¨¨
TDMAO ¸Ë¥·¨Î¥¸±¨¥ ³¨Í¥²²Ò
É· ´¸Ëµ·³¨·ÊÕÉ¸Ö ¢ ¸Ë¥·µÍ¨-
²¨´¤·¨Î¥¸±¨¥, ¶µ¤µ¡´Ò¥ ¶µ± -
§ ´´Ò³ ´  ·¨¸. 2, £. �·¨ ÔÉµ³ · -
¤¨Ê¸ Í¨²¨´¤·  µ¸É ¥É¸Ö ¶µ¸Éµ-
Ö´´Ò³ ¨ · ¢´Ò³ · ¤¨Ê¸Ê ¸Ë¥·¨-
Î¥¸±¨Ì ³¨Í¥²². M¨Í¥²²  ¸Ì¥³ -
É¨Î¥¸±¨ ¶µ± § ´  ´  ·¨¸. 4 [4].

�É¢¥É¨ÉÓ ´  ¢µ¶·µ¸, ¶µÎ¥³Ê
¨§´ Î ²Ó´µ Ëµ·³¨·ÊÕÐ¨¥¸Ö ¢

¤ ´´µ° ¸¨¸É¥³¥ ¸Ë¥·¨Î¥¸±¨¥ ³¨Í¥²²Ò É· ´¸Ëµ·³¨·ÊÕÉ¸Ö ¢ Í¨²¨´¤·¨Î¥¸±¨¥
¨ ¸ ·µ¸Éµ³ ±µ´Í¥´É· Í¨¨ ³¥´Ö¥É¸Ö Éµ²Ó±µ ¤²¨´  Í¨²¨´¤· ,   ¤¨ ³¥É· µ¸É ¥É¸Ö
¶µ¸ÉµÖ´´Ò³, ¶µ§¢µ²Ö¥É ³¥Éµ¤ ³ ²µÊ£²µ¢µ£µ · ¸¸¥Ö´¨Ö ´¥°É·µ´µ¢.

�·¨ · ¸¸¥Ö´¨¨ ´  µ¤´µ·µ¤´ÒÌ Î ¸É¨Í Ì ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ · ¸-
¸¥Ö´¨Ö ´¥°É·µ´µ¢ ¨³¥¥É ¢¨¤

dσ

dΩ
= 〈F 2〉(ρ − ρs)2V 2S(Q), (1)

£¤¥ V Å µ¡Ñ¥³ Î ¸É¨ÍÒ; ρ ¨ ρs Å ¶²µÉ´µ¸É¨ ¤²¨´Ò · ¸¸¥Ö´¨Ö ´¥°É·µ´µ¢
³¨Í¥²²µ° ¨ · ¸É¢µ·¨É¥²¥³ ¸µµÉ¢¥É¸É¢¥´´µ. ‚ ¸²ÊÎ ¥ ¸Ë¥·µÍ¨²¨´¤·¨Î¥¸±¨Ì
³¨Í¥²² ¸·¥¤´¥±¢ ¤· É¨Î´Ò° ¸É·Ê±ÉÊ·´Ò° Ë ±Éµ· · ¢¥´ [7]:

〈F 2〉 =

π/2∫
0

(
sin

(
QL

2

)
cos φ

)
/

(
QL

2
cos φ

)
×

× 2J1(QR sin φ)/(QR sin φ)2 sin φdφ, (2)
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£¤¥ φ Å Ê£µ² ³¥¦¤Ê µ¸ÓÕ ¸¨³³¥É·¨¨ Í¨²¨´¤·¨Î¥¸±µ° ³¨Í¥²²Ò ¨ ¢¥±Éµ·µ³
· ¸¸¥Ö´¨Ö Q; J1 Å Í¨²¨´¤·¨Î¥¸± Ö ËÊ´±Í¨Ö �¥¸¸¥²Ö ¶¥·¢µ£µ ·µ¤ ; L ¨ R Å
¤²¨´  ¨ · ¤¨Ê¸ ³¨Í¥²²Ò ¸µµÉ¢¥É¸É¢¥´´µ. ‡´ Î¥´¨¥ ¢¥±Éµ·  · ¸¸¥Ö´¨Ö |Q| ¢Ò-
Î¨¸²Ö¥É¸Ö ± ± Q = 4π sin θ/λ, £¤¥ λ Å ¤²¨´  ¢µ²´Ò ´¥°É·µ´µ¢; 2θ Å Ê£µ²
· ¸¸¥Ö´¨Ö. ‚ Ê¸²µ¢¨ÖÌ, ¶·¨ ±µÉµ·ÒÌ ¶·µ¢µ¤¨²¨¸Ó Ô±¸¶¥·¨³¥´ÉÒ ¶µ · ¸¸¥Ö-
´¨Õ ´¥°É·µ´µ¢, ¸ Ìµ·µÏ¨³ ¶·¨¡²¨¦¥´¨¥³ ³µ¦´µ ¶·¨´ÖÉÓ Ë ±Éµ· S(Q) = 1
[5], ¨ Éµ£¤  ¨§ ¨§³¥·¥´´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´µ §´ Î¥´¨° ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ
¸¥Î¥´¨Ö · ¸¸¥Ö´¨Ö dσ/dΩ ³µ¦´µ µ¶·¥¤¥²¨ÉÓ ¢¥²¨Î¨´Ê V 2〈F 2〉.

ˆ§¢¥¸É´µ, ÎÉµ ¤²¨´  Í¨²¨´¤·¨Î¥¸±¨Ì ³¨Í¥²² ¢ · ¸É¢µ·¥ ¶·¨ § ¤ ´´ÒÌ
¢´¥Ï´¨Ì Ê¸²µ¢¨ÖÌ ³µ¦¥É ¢ ·Ó¨·µ¢ ÉÓ¸Ö ¢ ¤µ¢µ²Ó´µ Ï¨·µ±¨Ì ¶·¥¤¥² Ì. �µ-
ÔÉµ³Ê ¤²Ö µ¶¨¸ ´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ  ¢Éµ· ³¨ · ¡µÉ [4Ä6] ¡Ò² 
¨¸¶µ²Ó§µ¢ ´  É ± ´ §Ò¢ ¥³ Ö ®¸ÉÊ¶¥´Î É Ö¯ ³µ¤¥²Ó [8, 9]. ‚ ¸µµÉ¢¥É¸É¢¨¨ ¸
¤ ´´µ° ³µ¤¥²ÓÕ · ¸¶·¥¤¥²¥´¨¥ ³¨Í¥²² ¶µ · §³¥· ³ (³µ²Ó´ Ö Ë· ±Í¨Ö ³¨-
Í¥²², ¸Ëµ·³¨·µ¢ ´´ÒÌ ¨§ N ³µ²¥±Ê² ¸Ê·Ë ±É ´É ) XN § ¤ ¥É¸Ö ± ±

XN = βN/K, (3)

£¤¥ N = N0, N0 + 1, N0 + 2, . . . ; N0 ¨ N Å  £·¥£ Í¨µ´´Ò¥ Î¨¸²  ¤²Ö
¸Ë¥·¨Î¥¸±µ° ¨ Í¨²¨´¤·¨Î¥¸±µ° ³¨Í¥²² ¸µµÉ¢¥É¸É¢¥´´µ.

‚¥²¨Î¨´  β = X1 exp (−δ/(kBT )) µ¶·¥¤¥²Ö¥É ¤¨¸¶¥·¸¨Õ ËÊ´±Í¨¨, µ¶¨-
¸Ò¢ ÕÐ¥° · ¸¶·¥¤¥²¥´¨¥ ³¨Í¥²² ¶µ · §³¥· ³. ” ±Éµ· �µ²ÓÍ³ ´ 
K = exp ((∆−N0δ/(kBT )) ¤ ¥É ¢¥²¨Î¨´Ê Ô´¥·£¥É¨Î¥¸±µ£µ ¢Ò¨£·ÒÏ  §  ¸Î¥É
· §´µ¸É¨ ¢ Ì¨³¨Î¥¸±µ³ ¶µÉ¥´Í¨ ²¥ δ ¶·¨ ¶µ³¥Ð¥´¨¨ ³µ²¥±Ê²Ò ¸Ê·Ë ±É ´É 
¢ Í¨²¨´¤·¨Î¥¸±ÊÕ Î ¸ÉÓ ³¨Í¥²²Ò (¸³. ·¨¸. 4) ¶µ ¸· ¢´¥´¨Õ ¸ Ì¨³¨Î¥¸±¨³
¶µÉ¥´Í¨ ²µ³ ∆/N0 ¤²Ö Éµ° ¦¥ ³µ²¥±Ê²Ò ¢ µ±µ´¥Î´ÒÌ ¶µ²Ê¸Ë¥· Ì. ‡´ Î¥´¨Ö
δ ¨ ∆/N0, ¢ ¸¢µÕ µÎ¥·¥¤Ó, µ¶·¥¤¥²ÖÕÉ ¢Ò¨£·ÒÏ ¢ ¢¥²¨Î¨´¥ Ì¨³¨Î¥¸±µ£µ ¶µ-
É¥´Í¨ ²  ¶·¨ ¶¥·¥Ìµ¤¥ ³µ²¥±Ê²Ò ¸Ê·Ë ±É ´É  ¨§ ¸µ¸ÉµÖ´¨Ö ³µ´µ³¥·  ¢ · ¸-
É¢µ·¥ ¢ ¸µµÉ¢¥É¸É¢ÊÕÐÊÕ Î ¸ÉÓ ³¨Í¥²²Ò. „²Ö Ëµ·³¨·µ¢ ´¨Ö Í¨²¨´¤·¨Î¥¸±¨Ì
³¨Í¥²² δ ¨ ∆ ¤µ²¦´Ò ¨³¥ÉÓ µÉ·¨Í É¥²Ó´Ò¥ §´ Î¥´¨Ö, ¨, ±·µ³¥ Éµ£µ, ´¥µ¡-
Ìµ¤¨³µ, ÎÉµ¡Ò ¸µ¡²Õ¤ ²µ¸Ó Ê¸²µ¢¨¥ |δ| > |∆|/N0. ‚ ¸²ÊÎ ¥, ±µ£¤  ¢¥²¨Î¨´ 
δ µ± §Ò¢ ¥É¸Ö ¸· ¢´¨³µ° ¸ ¢¥²¨Î¨´µ° ∆/N0, ¸·¥¤´¥¥  £·¥£ Í¨µ´´µ¥ Î¨¸²µ
(Î¨¸²µ ³µ²¥±Ê² ¸Ê·Ë ±É ´É , ¶·¨Ìµ¤ÖÐ¨Ì¸Ö ´  µ¤´Ê ³¨Í¥²²Ê) ¸É·¥³¨É¸Ö ±
N0 ¨ ¢ ¸¨¸É¥³¥ µ¡· §ÊÕÉ¸Ö ¸Ë¥·¨Î¥¸±¨¥ ³¨Í¥²²Ò. „¨¸¶¥·¸¨Ö · ¸¶·¥¤¥²¥´¨Ö,
µ¶¨¸Ò¢ ÕÐ¥£µ ¤²¨´Ê Í¨²¨´¤·¨Î¥¸±µ° ³¨Í¥²²Ò, µ¶·¥¤¥²Ö¥É¸Ö ±µ´±Ê·¥´Í¨¥°
³¥¦¤Ê Ô´¥·£¥É¨Î¥¸±¨³ ¢Ò¨£·ÒÏ¥³ ¶·¨ ¶¥·¥Ìµ¤¥ ³µ´µ³¥·  ¨§ · ¸É¢µ·  ¢ Í¨-
²¨´¤·¨Î¥¸±ÊÕ ¨ ¸Ë¥·¨Î¥¸±ÊÕ Î ¸É¨ ³¨Í¥²²Ò ¸µµÉ¢¥É¸É¢¥´´µ ¨ Ô´É·µ¶¨°´Ò³
¢±² ¤µ³, ±µÉµ·Ò° § ¢¨¸¨É µÉ µÉ´µ¸¨É¥²Ó´µ° ±µ´Í¥´É· Í¨¨ ³¨Í¥²² · §²¨Î´ÒÌ
· §³¥·µ¢.

ˆ¸¶µ²Ó§ÊÖ ³µ¤¥²Ó, µ¶¨¸ ´´ÊÕ ¢ÒÏ¥, ³µ¦´µ ¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´-
´ÒÌ ¶µ ¤¨ËË¥·¥´Í¨ ²Ó´µ³Ê ¸¥Î¥´¨Õ ³ ²µÊ£²µ¢µ£µ · ¸¸¥Ö´¨Ö ´¥°É·µ´µ¢ ¶µ-
²ÊÎ¨ÉÓ ËÊ´±Í¨Õ · ¸¶·¥¤¥²¥´¨Ö ³¨Í¥²² ¶µ ¤²¨´ ³ ¶·¨ § ¤ ´´ÒÌ ¢´¥Ï´¨Ì
Ê¸²µ¢¨ÖÌ, ¨¸¶µ²Ó§ÊÖ Ëµ·³Ê²Ò (2) ¨ (3). …¤¨´¸É¢¥´´Ò° ´¥¨§¢¥¸É´Ò° ¶ · ³¥É·
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β ¢ ÔÉ¨Ì Ëµ·³Ê² Ì µ¶·¥¤¥²Ö¥É¸Ö ¸ ¶µ³µÐÓÕ ¶µ¤£µ´±¨ ³¥Éµ¤µ³ ´ ¨³¥´ÓÏ¨Ì
±¢ ¤· Éµ¢ ³µ¤¥²Ó´µ£µ ¸¥Î¥´¨Ö · ¸¸¥Ö´¨Ö ± Ô±¸¶¥·¨³¥´É ²Ó´Ò³ ¤ ´´Ò³. ‡´ Ö
¸·¥¤´ÕÕ ¤²¨´Ê ³¨Í¥²², ´¥É·Ê¤´µ · ¸¸Î¨É ÉÓ ¸·¥¤´¥¥ Î¨¸²µ ³µ²¥±Ê² ¸Ê·Ë ±-
É ´É , ¶·¨Ìµ¤ÖÐ¨Ì¸Ö ´  µ¤´Ê ³µ²¥±Ê²Ê.

�¥§Ê²ÓÉ ÉÒ µ¡· ¡µÉ±¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶·¨¢¥¤¥´Ò ¢ É ¡². 1 ¨
´  ·¨¸. 5 [5].

’ ¡²¨Í  1. ‡ ¢¨¸¨³µ¸ÉÓ ¸·¥¤´¥° ¤²¨´Ò ³¨Í¥²²Ò 〈L〉, ¸·¥¤´¥£µ Î¨¸²  ³µ²¥±Ê² ¸Ê·-
Ë ±É ´É  ¢ µ¤´µ° ³¨Í¥²²¥ 〈N〉 ¨ ¶ · ³¥É·  β µÉ ±µ´Í¥´É· Í¨¨ c ³µ²¥±Ê² TDMAO
¢ D2O ¶·¨ É¥³¶¥· ÉÊ·¥ 24 ◦‘

c, ³³µ²Ó 〈L〉, ´³ 〈N〉 β

53,4 15 ± 2 315 ± 35 0,9961 ± 0,0004
27,7 11,0 ± 0,5 245 ± 10 0,9945 ± 0,0003
9,86 8,6 ± 0,6 178 ± 12 0,991 ± 0,0001
5,48 6,7 ± 0,3 144 ± 7 0,998 ± 0,0001
3,44 5,9 ± 0,2 126 ± 4 0,985 ± 0,0001
1,20 5,0 ± 0,2 108 ± 4 0,978 ± 0,0002

�¨¸. 5. ‡ ¢¨¸¨³µ¸ÉÓ ¸·¥¤´¥£µ Î¨¸²  ³µ-
²¥±Ê² ³µ´µ³¥·µ¢ ¸Ê·Ë ±É ´É  TDMAO
¢ D2O, ¶·¨Ìµ¤ÖÐ¨Ì¸Ö ´  µ¤´Ê ³¨Í¥²²Ê
¶·¨ 24 ◦‘. ˜É·¨Ìµ¢ Ö ²¨´¨Ö ¶µ± §Ò¢ ¥É
¶·¥¤¸± § ´¨¥ ®¸ÉÊ¶¥´Î Éµ°¯ ³µ¤¥²¨

’ ±¨³ µ¡· §µ³, ¶·¨ ±µ³´ É´µ°
É¥³¶¥· ÉÊ·¥ ¤²¨´  Í¨²¨´¤·¨Î¥¸±¨Ì
³¨Í¥²² ¢ ¸¨¸É¥³¥ TDMAO/D2O · -
¸É¥É ¸ Ê¢¥²¨Î¥´¨¥³ ±µ´Í¥´É· Í¨¨
TDMAO ¢ Ìµ·µÏ¥³ ¸µµÉ¢¥É¸É¢¨¨ ¸
¶·¥¤¸± § ´¨Ö³¨ ®¸ÉÊ¶¥´Î Éµ°¯ ³µ-
¤¥²¨. �¥ ¢¤ ¢ Ö¸Ó ¢ ¤ ²Ó´¥°Ï¨¥ ¤¥-
É ²¨  ´ ²¨§  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´-
´ÒÌ, ±µÉµ·Ò¥ ³µ¦´µ ´ °É¨ ¢ [5, 6],
µÉ³¥É¨³, ÎÉµ ¢ ¨Éµ£¥ Ê¤ ¥É¸Ö ¶µ²ÊÎ¨ÉÓ
§´ Î¥´¨¥ ¢Ò¨£·ÒÏ  ¢ ¢¥²¨Î¨´¥ Ì¨-
³¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ²  ¶·¨ ¶¥·¥Ìµ¤¥
³µ²¥±Ê²Ò ¨§ · ¸É¢µ·  ¢ Í¨²¨´¤·¨-
Î¥¸±ÊÕ Î ¸ÉÓ ³¨Í¥²²Ò ¶µ ¸· ¢´¥´¨Õ
¸ ¢¥²¨Î¨´µ° Ì¨³¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ² 
¶·¨ ¶¥·¥Ìµ¤¥ ³µ²¥±Ê²Ò ¨§ · ¸É¢µ·  ¢
µ±µ´¥Î´Ò¥ ¶µ²Ê¸Ë¥·Ò ³¨Í¥²²Ò:

∆µ = (∆ − N0δ)/kBT = 18,3 ± 0,1.

ˆ´É¥·¥¸´µ, ÎÉµ ¶·¨ Ë¨±¸¨·µ¢ ´´µ° É¥³¶¥· ÉÊ·¥ §´ Î¥´¨¥ ∆µ µ± §Ò¢ ¥É¸Ö
´¥§ ¢¨¸¨³Ò³ µÉ ±µ´Í¥´É· Í¨¨ TDMAO ¢ D2O.

‚ · ¡µÉ¥ [6] ¶·µ¤¥³µ´¸É·¨·µ¢ ´µ, ÎÉµ ¢ · ³± Ì ¶·¥¤²µ¦¥´´µ£µ ¶µ¤Ìµ¤ 
Ê¤ ¥É¸Ö ¶µ²ÊÎ¨ÉÓ ´¥ Éµ²Ó±µ §´ Î¥´¨¥ ∆µ, ´µ ¨ ¸ ³¨ ¢¥²¨Î¨´Ò Ì¨³¨Î¥¸±¨Ì ¶µ-
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É¥´Í¨ ²µ¢ ∆N0 ¨ δ,   É ±¦¥ ¨¸¸²¥¤µ¢ ÉÓ ¨Ì § ¢¨¸¨³µ¸ÉÓ µÉ É¥³¶¥· ÉÊ·Ò. „²Ö
ÔÉµ£µ ´¥µ¡Ìµ¤¨³µ §´ ÉÓ ±·¨É¨Î¥¸±ÊÕ ±µ´Í¥´É· Í¨Õ ³¨Í¥²²µµ¡· §µ¢ ´¨Ö ¶·¨
± ¦¤µ° É¥³¶¥· ÉÊ·¥, ±µÉµ· Ö ¨§¢¥¸É´  ¨§ · ´¥¥ ¶·µ¢¥¤¥´´ÒÌ Ô±¸¶¥·¨³¥´Éµ¢.
‚ ·¥§Ê²ÓÉ É¥ µ¡· ¡µÉ±¨ ¤ ´´ÒÌ  ¢Éµ·Ò [6] ¶µ²ÊÎ¨²¨ ·¥§Ê²ÓÉ ÉÒ, ¶·¨¢¥¤¥´´Ò¥
¢ É ¡². 2.

’ ¡²¨Í  2. ’¥³¶¥· ÉÊ·´ Ö § ¢¨¸¨³µ¸ÉÓ É¥·³µ¤¨´ ³¨Î¥¸±¨Ì ¶ · ³¥É·µ¢ ∆µ =
(∆ − N0δ), δ ¨ ∆ (¢ ¥¤¨´¨Í Ì kBT ) ¨ ±·¨É¨Î¥¸±µ° ±µ´Í¥´É· Í¨¨ ³¨Í¥²²µ-
µ¡· §µ¢ ´¨Ö (cmc) ¢ ¸¨¸É¥³¥ TDMAO/D2O

T , Š cmc, ³±³µ²Ó ∆µ δ ∆/N0

288 130 ± 2 15,9 ± 0,2 −12,44 ± 0,02 −12,15 ± 0,02
293 124 ± 2 16,9 ± 0,2 −12,72 ± 0,02 −12,41 ± 0,02
298 122 ± 2 18,2 ± 0,1 −12,95 ± 0,02 −12,61 ± 0,02
308 118 ± 2 20,0 ± 0,2 −13,45 ± 0,01 −13,09 ± 0,01
313 115 ± 1 21,0 ± 0,2 −13,70 ± 0,01 −13,31 ± 0,01

’ ±¨³ µ¡· §µ³, ¢ ·¥§Ê²ÓÉ É¥ ¶·µ¢¥¤¥´´ÒÌ Ô±¸¶¥·¨³¥´Éµ¢ ¡Ò²µ ¶µ± § ´µ,
ÎÉµ ¸·¥¤´ÖÖ ¤²¨´  〈N〉 Í¨²¨´¤·¨Î¥¸±¨Ì ³¨Í¥²² ¢ ¸¨¸É¥³¥ TDMAO/D2O · -
¸É¥É ¸ ±µ´Í¥´É· Í¨¥° TDMAO ¨ ¸ É¥³¶¥· ÉÊ·µ° ¢¶²µÉÓ ¤µ 340 Š. ‘ ¨¸¶µ²Ó-
§µ¢ ´¨¥³ ®¸ÉÊ¶¥´Î Éµ°¯ ³µ¤¥²¨ Ê¤ ²µ¸Ó ¶µ²ÊÎ¨ÉÓ ³¨±·µ¸±µ¶¨Î¥¸±¨¥ É¥·³µ-
¤¨´ ³¨Î¥¸±¨¥ Ì · ±É¥·¨¸É¨±¨ ¸¨¸É¥³Ò Å ¢Ò¨£·ÒÏ ¢ Ô´¥·£¨¨ δ ¶·¨ ¶¥·¥Ìµ¤¥
³µ²¥±Ê²Ò TDMAO ¨§ · ¸É¢µ·  ¢ Í¨²¨´¤·¨Î¥¸±ÊÕ Î ¸ÉÓ ³¨Í¥²²Ò ¨ ∆/N0 ¶·¨
¶¥·¥Ìµ¤¥ ÔÉµ° ³µ²¥±Ê²Ò ¢ µ±µ´¥Î´Ò¥ ¶µ²Ê¸Ë¥·Ò ³¨Í¥²²Ò (±µÉµ·Ò° ¸µµÉ-
¢¥É¸É¢Ê¥É Ì¨³¨Î¥¸±µ³Ê ¶µÉ¥´Í¨ ²Ê Ëµ·³¨·µ¢ ´¨Ö ¸Ë¥·¨Î¥¸±¨Ì ³¨Í¥²² ¶·¨
±·¨É¨Î¥¸±µ° ±µ´Í¥´É· Í¨¨ ³¨Í¥²²µµ¡· §µ¢ ´¨Ö ¢ ¨§ÊÎ ¥³µ° ¸¨¸É¥³¥).

„ ²Ó´¥°Ï¨¥ ¨¸¸²¥¤µ¢ ´¨Ö ¢ ¤ ´´µ³ ´ ¶· ¢²¥´¨¨, ¢±²ÕÎ Ö ¨§ÊÎ¥´¨¥ ¢²¨Ö-
´¨Ö ¤ ¢²¥´¨Ö ´  ¶ · ³¥É·Ò ³¨Í¥²²µµ¡· §µ¢ ´¨Ö [10], ¶µ§¢µ²ÖÕÉ ´ ¤¥ÖÉÓ¸Ö ´ 
¢µ§³µ¦´µ¸ÉÓ µ¶·¥¤¥²¥´¨Ö ¶·¨·µ¤Ò É ± ´ §Ò¢ ¥³ÒÌ ®£¨¤· É Í¨µ´´ÒÌ¯ ¢§ ¨-
³µ¤¥°¸É¢¨°,   É ±¦¥ ¨Ì Ô´É ²Ó¶¨°´µ° ¨ Ô´É·µ¶¨°´µ° ¸µ¸É ¢²ÖÕÐ¨Ì.

‡�‚ˆ‘ˆ’ ‹ˆ ‘’�“Š’“�� ‚�„› �’ ��‡Œ…�� ‚�„Ÿ��‰ Š��‹ˆ?

ˆ§¢¥¸É´µ, ÎÉµ ¢ µ¡ÒÎ´µ° ¢µ¤¥ ´  µ¤´Ê ³µ²¥±Ê²Ê H2O ¶·¨Ìµ¤¨É¸Ö µ¡Ñ¥³,
· ¢´Ò° 30 �A. �Ê¤¥É ²¨ ÔÉ  ¢¥²¨Î¨´  § ¢¨¸¥ÉÓ µÉ · §³¥·  ¢µ¤Ö´µ° ± ¶²¨?

‚ · ¡µÉ Ì [11, 12] ³¥Éµ¤µ³ ³ ²µÊ£²µ¢µ£µ · ¸¸¥Ö´¨Ö ´¥°É·µ´µ¢ ¨§ÊÎ ²¨¸Ó
µ¡· Ð¥´´Ò¥ ³¨Í¥²²Ò (¸³. ·¨¸. 2, ¡), µ¡· §µ¢ ´´Ò¥ ³µ²¥±Ê² ³¨ ¸Ê·Ë ±É ´É 
C20H37O7SNa (��’) ¢ ¤¥°É¥·¨·µ¢ ´´µ³ ¡¥´§µ²¥ (C6D6) ¨ ¤¥°É¥·¨·µ¢ ´´µ³
¤¥± ´¥ (C10D22). ‚ ¡¥´§µ²¥ ³¨Í¥²²  ¸µ¸Éµ¨É ¢ ¸·¥¤´¥³ ¨§ µ¤¨´´ ¤Í É¨ ³µ²¥-
±Ê² ��’,   ¢ ¤¥± ´¥ Å ¨§ ¤¢ ¤Í É¨ ¤¢ÊÌ. ‚ ¶µ²ÊÎ¥´´ÊÕ ¸¨¸É¥³Ê ¤µ¡ ¢²Ö² ¸Ó
¸³¥¸Ó ÉÖ¦¥²µ° ¨ ²¥£±µ° ¢µ¤Ò ¨ ¨¸¸²¥¤µ¢ ² ¸Ó § ¢¨¸¨³µ¸ÉÓ µ¡Ñ¥³ , ¶·¨Ìµ¤Ö-
Ð¥£µ¸Ö ´  µ¤´Ê ³µ²¥±Ê²Ê ¢µ¤Ò ¢´ÊÉ·¨ ¶µ²µ¸É¨ µ¡· Ð¥´´µ° ³¨Í¥²²Ò.
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‚ ¸µµÉ¢¥É¸É¢¨¨ ¸µ ¸É ´¤ ·É´µ° É¥µ·¨¥° ³ ²µÊ£²µ¢µ£µ · ¸¸¥Ö´¨Ö ´  ³µ-
´µ¤¨¸¶¥·¸´ÒÌ ¸Ë¥·¨Î¥¸±¨Ì Î ¸É¨Í Ì ¤²Ö ¸²ÊÎ Ö · §¡ ¢²¥´´µ° ¸¨¸É¥³Ò ¤¨Ë-
Ë¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ · ¸¸¥Ö´¨Ö ¨³¥¥É ¢¨¤

dσ

dΩ
= n(b − ρsV )2N2P (Q).

‡¤¥¸Ó n Å Î¨¸²µ ³¨Í¥²² ¢ ¥¤¨´¨Í¥ µ¡Ñ¥³  · ¸É¢µ· ; ρs Å ¶²µÉ´µ¸ÉÓ ±µ-
£¥·¥´É´µ£µ · ¸¸¥Ö´¨Ö · ¸É¢µ·¨É¥²Ö; V = VAOT + XVW Å ¶µ²´Ò° µ¡Ñ¥³,
§ ´¨³ ¥³Ò° µ¤´µ° ³µ²¥±Ê²µ° ¸Ê·Ë ±É ´É  ��’ (VAOT) ¨ X ³µ²¥±Ê² ³¨
¢µ¤Ò, ¶·¨Ìµ¤ÖÐ¨³¨¸Ö ´  µ¤´Ê ³µ²¥±Ê²Ê ��’ (XVW ); N Å ¸·¥¤´¥¥ Î¨¸²µ
³µ²¥±Ê² ��’ ¢ µ¤´µ° ³¨Í¥²²¥; P (Q) Å Ëµ·³Ë ±Éµ· ³¨Í¥²²Ò ¸ ´µ·³¨·µ¢-
±µ° P (0) = 1; b Å ¶µ²´ Ö ¤²¨´  ±µ£¥·¥´É´µ£µ · ¸¸¥Ö´¨Ö µ¤´µ° ³µ²¥±Ê²Ò
��’ ¨ X ³µ²¥±Ê² ¢µ¤Ò, ¶·¨Ìµ¤ÖÐ¨Ì¸Ö ´  ÔÉÊ ³µ²¥±Ê²Ê.

�µ µ¶·¥¤¥²¥´¨Õ

b = bAOT + X [ybD2O + (1 − y)bH2O] = bAOT + bW .

‡¤¥¸Ó bD2O ¨ bH2O Å ±µ£¥·¥´É´Ò¥ ¤²¨´Ò · ¸¸¥Ö´¨Ö ´¥°É·µ´µ¢ ³µ²¥±Ê-
² ³¨ ÉÖ¦¥²µ° ¨ ²¥£±µ° ¢µ¤Ò ¸µµÉ¢¥É¸É¢¥´´µ; y Å µÉ´µ¸¨É¥²Ó´ Ö ¤µ²Ö ÉÖ¦¥-

�¨¸. 6. ‡ ¢¨¸¨³µ¸ÉÓ µ¡Ñ¥³ , ¶·¨Ìµ¤ÖÐ¥-
£µ¸Ö ´  µ¤´Ê ³µ²¥±Ê²Ê ¢µ¤Ò, ¢ § ¢¨¸¨³µ-
¸É¨ µÉ ±µ²¨Î¥¸É¢  ¢µ¤Ò ¢ ¶µ²µ¸É¨ µ¡· -
Ð¥´´µ° ³¨Í¥²²Ò (³µ²Ö·´µ¥ µÉ´µÏ¥´¨¥)

²µ° ¢µ¤Ò ¢ ¸³¥¸¨ H2O/D2O.
‹¥£±µ ¢¨¤¥ÉÓ, ÎÉµ ±¢ ¤· É´Ò°

±µ·¥´Ó ¨§ ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥-
´¨Ö · ¸¸¥Ö´¨Ö, Ô±¸É· ¶µ²¨·µ¢ ´´µ£µ ±
§´ Î¥´¨Õ Q = 0, ¥¸ÉÓ ²¨´¥°´ Ö ËÊ´±-
Í¨Ö µÉ bW :[

dσ

dΩ

]1/2

Q=0

= n1/2N(bAOT − ρsV )+

+n1/2NbW .

‚ ·Ó¨·ÊÖ ¢¥²¨Î¨´Ê ±µ´É· ¸É  bAOT −
ρsV §  ¸Î¥É ¨§³¥´¥´¨Ö µÉ´µ¸¨É¥²Ó-
´µ° ±µ´Í¥´É· Í¨¨ ²¥£±µ° ¨ ÉÖ¦¥²µ°
¢µ¤Ò, ³µ¦´µ ¶µ¸É·µ¨ÉÓ £· Ë¨± § ¢¨-
¸¨³µ¸É¨ ÔÉµ° ËÊ´±Í¨¨ µÉ §´ Î¥´¨Ö
bW . �±¸É· ¶µ²¨·ÊÖ ¨¸±µ³ÊÕ § ¢¨¸¨-
³µ¸ÉÓ ± §´ Î¥´¨Õ [dσ/dΩ]Q=0 = 0,
²¥£±µ ¶µ²ÊÎ¨ÉÓ ¢Ò· ¦¥´¨¥ ¤²Ö µ¡Ñ-

¥³ , ¶·¨Ìµ¤ÖÐ¥£µ¸Ö ´  µ¤´Ê ³µ²¥±Ê²Ê ¢µ¤Ò ¢´ÊÉ·¨ µ¡· Ð¥´´µ° ³¨Í¥²²Ò:

VW =
(bAOT + bc)/ρs − VAOT

X
,

£¤¥ bc Å ¢¥²¨Î¨´  bW , µÉ¢¥Î ÕÐ Ö §´ Î¥´¨Õ [dσ/dΩ]Q=0 = 0.



Œ�‹�“ƒ‹�‚�… ��‘‘…Ÿ�ˆ… �…‰’����‚ 237

�  ·¨¸. 6 ¶µ± § ´  § ¢¨¸¨³µ¸ÉÓ µ¡Ñ¥³ , ¶·¨Ìµ¤ÖÐ¥£µ¸Ö ´  µ¤´Ê ³µ²¥±Ê²Ê
¢µ¤Ò, µÉ ±µ²¨Î¥¸É¢  ¢µ¤Ò ¢ ¶µ²µ¸É¨ µ¡· Ð¥´´µ° ³¨Í¥²²Ò.

ˆ§ £· Ë¨±  ¢¨¤´µ, ÎÉµ ¢ ¸²ÊÎ ¥ ¤µ¸É ÉµÎ´µ ¡µ²ÓÏµ° ¢µ¤Ö´µ° ± ¶²¨ (¡µ-
²¥¥ 20 ³µ²¥±Ê² ¢µ¤Ò ´  µ¤´Ê ³µ²¥±Ê²Ê ��’) µ¡Ñ¥³, ¶·¨Ìµ¤ÖÐ¨°¸Ö ´  µ¤´Ê
³µ²¥±Ê²Ê ¢µ¤Ò, ¸µ¢¶ ¤ ¥É ¸µ §´ Î¥´¨¥³ ¤²Ö ³ ±·µ¸±µ¶¨Î¥¸±µ£µ ·¥§¥·¢Ê · .
�¤´ ±µ ¶·¨ ³¥´ÓÏ¨Ì · §³¥· Ì ¢µ¤Ö´µ° ± ¶²¨ ÔÉµÉ µ¡Ñ¥³ ´ Î¨´ ¥É ·¥§±µ ¢µ§-
· ¸É ÉÓ, ¤µ¸É¨£ Ö 143 �A ¤²Ö X = 3. ‘µµÉ¢¥É¸É¢¥´´µ ³µ¦´µ ¶µ² £ ÉÓ, ÎÉµ ¨
¸¢µ°¸É¢  É ±µ° ®·ÒÌ²µ°¯ ¢µ¤Ò ¤µ²¦´Ò ¸ÊÐ¥¸É¢¥´´Ò³ µ¡· §µ³ µÉ²¨Î ÉÓ¸Ö µÉ
µ¡ÒÎ´µ°.

Š�Š “‘’��…�› ‚…‡ˆŠ“‹›

�¤´¨³ ¨§ ±²ÕÎ¥¢ÒÌ Ô²¥³¥´Éµ¢ ¸É·µ¥´¨Ö ¡¨µ²µ£¨Î¥¸±µ° ³¥³¡· ´Ò Ö¢²Ö-
¥É¸Ö ¡¨¸²µ°, ¸Ëµ·³¨·µ¢ ´´Ò° ¨§ ¸¶¥Í¨Ë¨Î¥¸±¨Ì ²¨¶¨¤´ÒÌ ³µ²¥±Ê² (¶µ¤µ¡-
´ÒÌ Éµ°, ÎÉµ ¶µ± § ´  ´  (·¨¸. 1, ¡). �¨µ³¥³¡· ´Ò ¨£· ÕÉ ¨¸±²ÕÎ¨É¥²Ó´µ
¢ ¦´ÊÕ ·µ²Ó ¢ · §²¨Î´ÒÌ ¶·µÍ¥¸¸ Ì ËÊ´±Í¨µ´¨·µ¢ ´¨Ö ¦¨¢µ° ±²¥É±¨ [13].
�¥ ¸²ÊÎ °´µ ¨§ÊÎ¥´¨Õ ¸É·Ê±ÉÊ·Ò ³¥³¡· ´ ¨ ¥¥ ¨§³¥´¥´¨Ö³ ¶·¨ ¢´¥Ï´¨Ì
¢µ§¤¥°¸É¢¨ÖÌ ¶µ¸¢ÖÐ¥´µ ³´µ¦¥¸É¢µ · ¡µÉ, ¢ ±µÉµ·ÒÌ ¨¸¶µ²Ó§Ê¥É¸Ö Ï¨·µ±¨°
±·Ê£ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ³¥Éµ¤¨± ¨ · §²¨Î´ÒÌ É¥µ·¥É¨Î¥¸±¨Ì ³µ¤¥²¥°. Œ -
²µÊ£²µ¢µ¥ · ¸¸¥Ö´¨¥ ´¥°É·µ´µ¢ ¨£· ¥É ¢ ÔÉµ³ ·Ö¤Ê µ¤´Ê ¨§ ±²ÕÎ¥¢ÒÌ ·µ²¥°.
’· ¤¨Í¨µ´´Ò° ¶µ¤Ìµ¤ ± ¨§ÊÎ¥´¨Õ ¸É·Ê±ÉÊ·Ò ³¥³¡· ´ ¸ ¶µ³µÐÓÕ · ¸¸¥Ö-
´¨Ö ´¥°É·µ´µ¢ µ¸´µ¢ ´ ´  ¶·¨£µÉµ¢²¥´¨¨ ³µ¤¥²Ó´ÒÌ µ·¨¥´É¨·µ¢ ´´ÒÌ ¡¨-
¸²µ¥¢ ²¨¶¨¤´ÒÌ ³µ²¥±Ê² ´  ¶µ¤²µ¦±¥ ¨ ¨§ÊÎ¥´¨¨ ¸É·Ê±ÉÊ·´ÒÌ ¸¢µ°¸É¢ É ±¨Ì
¸¨¸É¥³ ¢ § ¢¨¸¨³µ¸É¨ µÉ ¢² ¦´µ¸É¨, É¥³¶¥· ÉÊ·Ò ¨ ¤·Ê£¨Ì ¢´¥Ï´¨Ì Ê¸²µ-
¢¨°. �¤´ ±µ ·¥ ²Ó´ Ö ¡¨µ³¥³¡· ´  Ëµ·³¨·Ê¥É¸Ö ¨ ËÊ´±Í¨µ´¨·Ê¥É ¢ ¦¨¤±µ°
¸·¥¤¥, ¢ ¸¨²Ê Î¥£µ ¢¸¥£¤  µ¸É ¥É¸Ö ¢µ¶·µ¸ µ¡  ¤¥±¢ É´µ¸É¨ ¢Ò¢µ¤µ¢, ¶µ²ÊÎ¥´-
´ÒÌ ¶·¨ ¨¸¸²¥¤µ¢ ´¨ÖÌ ³µ¤¥²Ó´ÒÌ ¸¨¸É¥³.

�¤´¨³ ¨§  ²ÓÉ¥·´ É¨¢´ÒÌ ¶µ¤Ìµ¤µ¢ ± ¶·µ¡²¥³¥ ¸²Ê¦¨É ¨§ÊÎ¥´¨¥ ¸É·Ê±-
ÉÊ·Ò É ± ´ §Ò¢ ¥³ÒÌ ¢¥§¨±Ê² [14]. ‚¥§¨±Ê²Ò Å § ³±´ÊÉÒ¥ ± ¶¸Ê²Ò, ¸µ-
¸ÉµÖÐ¨¥ ¨§ µ¤´µ£µ ¨²¨ ´¥¸±µ²Ó±¨Ì ¢²µ¦¥´´ÒÌ ¤·Ê£ ¢ ¤·Ê£  ¶µ²ÒÌ µ¡Ñ¥±-
Éµ¢, ¶µ¢¥·Ì´µ¸ÉÓ ±µÉµ·ÒÌ µ¡· §µ¢ ´  ³¥³¡· ´´Ò³¨ ¡¨¸²µÖ³¨ (¸³. ·¨¸. 2, ¥).
…¸²¨ ¡¨¸²µ° ¸Ëµ·³¨·µ¢ ´ ¨§ ³µ²¥±Ê² Ëµ¸Ëµ²¨¶¨¤µ¢, Éµ ¢¥§¨±Ê²Ò ¶·¨´ÖÉµ
´ §Ò¢ ÉÓ ²¨¶µ¸µ³ ³¨. ˆ³¥´´µ ²¨¶µ¸µ³Ò µ¡² ¤ ÕÉ ·Ö¤µ³ ¢ ¦´ÒÌ ¡¨µ²µ£¨-
Î¥¸±¨Ì Ì · ±É¥·¨¸É¨±, ¢±²ÕÎ ÕÐ¨Ì ¸¶¥Í¨Ë¨Î¥¸±¨¥ ¢§ ¨³µ¤¥°¸É¢¨Ö ¸ ¡¨µ-
²µ£¨Î¥¸±¨³¨ ³¥³¡· ´ ³¨ ¨ ¦¨¢Ò³¨ ±²¥É± ³¨ µ·£ ´¨§³µ¢ [15]. ‚¥§¨±Ê²Ò ¨
²¨¶µ¸µ³Ò Ö¢²ÖÕÉ¸Ö É ±¦¥ Ìµ·µÏ¨³ ³µ¤¥²Ó´Ò³ µ¡Ñ¥±Éµ³ ¤²Ö ¨§ÊÎ¥´¨Ö Éµ¶µ-
²µ£¨Î¥¸±¨Ì ¶·µ¡²¥³ (¤¢Ê³¥·´Ò¥ Ô² ¸É¨Î´Ò¥ ¶µ¢¥·Ì´µ¸É¨ ¢ É·¥Ì³¥·´µ³ ¶·µ-
¸É· ´¸É¢¥), ±µ´Ëµ·³ Í¨µ´´ÒÌ ¶·¥µ¡· §µ¢ ´¨°, Ë²Ê±ÉÊ Í¨° Ëµ·³Ò, ¶·µ´¨-
Í ¥³µ¸É¨, ¸²¨Ö´¨Ö ¨ · §¤¥²¥´¨Ö ¡¨µ²µ£¨Î¥¸±¨Ì ³¥³¡· ´. �£·¥£ ÉÒ ²¨¶µ¸µ³-
´ÒÌ Î ¸É¨Í Ëµ·³¨·ÊÕÉ Ë· ±É ²Ó´Ò¥ ¸É·Ê±ÉÊ·Ò.
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ˆ¸±²ÕÎ¨É¥²Ó´µ µ¡Ï¨·´Ò ¨ ¶· ±É¨Î¥¸±¨¥ ¶·¨³¥´¥´¨Ö ¢¥§¨±Ê². ‘Õ¤  µÉ-
´µ¸ÖÉ¸Ö ¨ ´ ¶· ¢²¥´´Ò° ¶¥·¥´µ¸ ²¥± ·¸É¢¥´´ÒÌ ¸·¥¤¸É¢ ¢´ÊÉ·¨ µ·£ ´¨§³ ,
± É ²¨§, ¶·¥µ¡· §µ¢ ´¨¥ Ô´¥·£¨¨, · §¤¥²¥´¨¥ · ¸É¢µ·µ¢ ¨ É. ¤.

„²Ö ¶µ´¨³ ´¨Ö ³¥Ì ´¨§³  ¸ ³µµ·£ ´¨§ Í¨¨ ¨ ËÊ´±Í¨µ´¨·µ¢ ´¨Ö ¢¥§¨±Ê²
µ¤´¨³ ¨§ ±²ÕÎ¥¢ÒÌ ³µ³¥´Éµ¢ Ö¢²Ö¥É¸Ö ¨§ÊÎ¥´¨¥ ¨Ì ¸É·Ê±ÉÊ·´ÒÌ Ì · ±É¥·¨-
¸É¨±. ‘Õ¤  µÉ´µ¸ÖÉ¸Ö · §³¥· ¨ Ëµ·³  ¢¥§¨±Ê²Ò, Ì · ±É¥·¨¸É¨±¨ ¥¥ ¶µ¢¥·Ì´µ-
¸É¨ ¨ ¸É·µ¥´¨¥ µ¡µ²µÎ±¨ Å ²¨¶¨¤´µ£µ ¡¨¸²µÖ. …¸²¨ ¨³¥ÉÓ ¢ ¢¨¤Ê, ÎÉµ Ì · ±-
É¥·´Ò¥ · §³¥·Ò ¢¥§¨±Ê² ´ Ìµ¤ÖÉ¸Ö ¢ ¤¨ ¶ §µ´¥ µÉ 200 �A ¤µ 10 ³±³,   Éµ²Ð¨´ 
²¨¶¨¤´µ£µ ¡¨¸²µÖ É¨¶¨Î´µ ¸µ¸É ¢²Ö¥É ´¥¸±µ²Ó±µ ¤¥¸ÖÉ±µ¢  ´£¸É·¥³, Éµ ³¥Éµ¤
³ ²µÊ£²µ¢µ£µ · ¸¸¥Ö´¨Ö ´¥°É·µ´µ¢ µ± §Ò¢ ¥É¸Ö ¨¸±²ÕÎ¨É¥²Ó´µ ÔËË¥±É¨¢´Ò³
¤²Ö ¨Ì ¨§ÊÎ¥´¨Ö. „µ¶µ²´¨É¥²Ó´Ò¥ ¶·¥¨³ÊÐ¥¸É¢  ³¥Éµ¤Ê · ¸¸¥Ö´¨Ö ´¥°É·µ-
´µ¢ ¤ ¥É ÉµÉ Ë ±É, ÎÉµ ¢¥§¨±Ê²Ò ¸µ¸ÉµÖÉ ¨§ µ·£ ´¨Î¥¸±¨Ì ²¨¶¨¤´ÒÌ ³µ²¥±Ê²,
¸µ¤¥·¦ Ð¨Ì ¡µ²ÓÏµ¥ ±µ²¨Î¥¸É¢µ  Éµ³µ¢ ¢µ¤µ·µ¤ ,   Ëµ·³¨·ÊÕÉ¸Ö ¢¥§¨±Ê²Ò
¢ ¢µ¤¥ ¨²¨ ¢µ¤´ÒÌ · ¸É¢µ· Ì. ‚ ·¥§Ê²ÓÉ É¥ ¨³¥¥É¸Ö ¢µ§³µ¦´µ¸ÉÓ ÔËË¥±É¨¢´µ
¨¸¶µ²Ó§µ¢ ÉÓ ³¥Éµ¤ ¢ ·¨ Í¨¨ ±µ´É· ¸É  ¶ÊÉ¥³ ¶µ²´µ° ¨²¨ Î ¸É¨Î´µ° § ³¥´Ò
²¥£±µ° ¢µ¤Ò ´  ÉÖ¦¥²ÊÕ.

�¨¸. 7. � ¸¶·¥¤¥²¥´¨¥ ¶²µÉ´µ¸É¨ · ¸¸¥Ö´¨Ö ´¥°-
É·µ´µ¢ ¢ ´ ¶· ¢²¥´¨¨, ¶¥·¶¥´¤¨±Ê²Ö·´µ³ ¶µ-
¢¥·Ì´µ¸É¨ ¢¥§¨±Ê²Ò · ¤¨Ê¸  R. ρs Å ¶²µÉ´µ¸ÉÓ
· ¸¸¥Ö´¨Ö ´¥°É·µ´µ¢ ¢ · ¸É¢µ·¥ (D2O); ρh Å
¶²µÉ´µ¸ÉÓ · ¸¸¥Ö´¨Ö ´¥°É·µ´µ¢ ¢ £¨¤·µË¨²Ó´µ°
µ¡² ¸É¨ ¡¨¸²µÖ (¶µ²Ö·´Ò¥ £µ²µ¢±¨ ²¨¶¨¤ ); ρ Å
¶²µÉ´µ¸ÉÓ · ¸¸¥Ö´¨Ö ´¥°É·µ´µ¢ ¢ £¨¤·µËµ¡´µ°
µ¡² ¸É¨ ¡¨¸²µÖ (Ê£²¥¢µ¤µ·µ¤´Ò¥ Ì¢µ¸ÉÒ ¡¨¸²µÖ)

‚ · ¡µÉ¥ [16]  ¢Éµ· ³¨
¡Ò²  · §· ¡µÉ ´  ¨ ¶·¨³¥-
´¥´  ¤²Ö  ´ ²¨§  ¤ ´´ÒÌ ³µ-
¤¥²Ó, ±µÉµ· Ö ¢¶¥·¢Ò¥ ¶µ-
§¢µ²¨²  ¶·Ö³µ µ¶·¥¤¥²¨ÉÓ ´¥
Éµ²Ó±µ µ¡ÐÊÕ Éµ²Ð¨´Ê ²¨-
¶¨¤´µ£µ ¡¨¸²µÖ µ¡µ²µÎ±¨ ¢¥-
§¨±Ê²Ò, ´µ ¨ Éµ²Ð¨´Ê £¨-
¤·µËµ¡´µ£µ ¸²µÖ ¢´ÊÉ·¨ ÔÉµ°
µ¡µ²µÎ±¨, ¶µ¢¥·Ì´µ¸É´ÊÕ Ê¶ -
±µ¢±Ê ³µ²¥±Ê² ¨ Ì · ±É¥·´Ò¥
· §³¥·Ò £¨¤·µË¨²Ó´ÒÌ Î ¸É¥°
³µ²¥±Ê² ´  ¢´¥Ï´¥° ¶µ¢¥·Ì´µ-
¸É¨ ¢¥§¨±Ê², ±µ´É ±É¨·ÊÕÐ¥°
¸ ¢µ¤µ°. ˆ¸¸²¥¤µ¢ ²¨¸Ó ¢¥§¨-
±Ê²Ò, ¸Ëµ·³¨·µ¢ ´´Ò¥ ³µ²¥±Ê-
² ³¨ ²¨¶¨¤  ¶ ²Ó³¨Éµ¨²µ²¥µ²-
£²¨Í¥·µËµ¸ËµÌµ²¨´ (��”•) ¢
¶·¨¸ÊÉ¸É¢¨¨ ¸Ê·Ë ±É ´É  C12E4

¢ ÉÖ¦¥²µ° ¢µ¤¥ (D2O). �·¨
µ¡· ¡µÉ±¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
¤ ´´ÒÌ ¢¥§¨±Ê²  ³µ¤¥²¨·µ¢ -
² ¸Ó É·¥³Ö ±µ´Í¥´É·¨Î¥¸±¨³¨

¸Ë¥·¨Î¥¸±¨³¨ ¸²µÖ³¨, ¶µ³¥Ð¥´´Ò³¨ ¢ ÉÖ¦¥²ÊÕ ¢µ¤Ê. ‚ ÔÉµ³ ¸²ÊÎ ¥ · ¸-
¶·¥¤¥²¥´¨¥ ¶²µÉ´µ¸É¨ ±µ£¥·¥´É´µ£µ · ¸¸¥Ö´¨Ö ´¥°É·µ´µ¢ ¢¥§¨±Ê²µ° ρ(x) ¢Ò-
£²Ö¤¨É, ± ± ¶·¥¤¸É ¢²¥´µ ´  ·¨¸. 7.
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�µ¢¥·Ì´µ¸ÉÓ ¢¥§¨±Ê²Ò · ¤¨Ê¸  R · §¡¨É  ´  ±µ´Í¥´É·¨Î¥¸±¨¥ µ¡µ²µÎ±¨
¸ · ¤¨Ê¸ ³¨ ai = R− h− c, R− c, R, R + h, £¤¥ h Å Éµ²Ð¨´  £¨¤·µË¨²Ó´µ°
µ¡² ¸É¨ ³¥³¡· ´Ò; c Å Éµ²Ð¨´  £¨¤·µËµ¡´µ° µ¡² ¸É¨ ²¨¶¨¤´µ£µ ¡¨¸²µÖ.
‚´ÊÉ·¨ ± ¦¤µ° µ¡µ²µÎ±¨ ¶²µÉ´µ¸ÉÓ · ¸¸¥Ö´¨Ö ρ(x) = const. „²Ö µ¡µ²µ-
Î¥Î´µ° ³µ¤¥²¨ ¢¥§¨±Ê²Ò ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ³ ²µÊ£²µ¢µ£µ · ¸¸¥Ö´¨Ö
´¥°É·µ´µ¢ ¨³¥¥É ¢¨¤

dσ

dΩ
(Q) = n

(
4π

Q3

)2
{∑

i

∆ρi(Ai+1 − Ai)

}2

,

Ai = Qai cos (Qai) − sin (Qai),

£¤¥ ∆ρi = ρW − ρi Å ±µ´É· ¸É ¤²Ö i-° µ¡µ²µÎ±¨ µÉ´µ¸¨É¥²Ó´µ ¢µ¤Ò; ai Å
· ¤¨Ê¸ i-° µ¡µ²µÎ±¨.

�¨¸. 8. Š·¨¢ Ö ³ ²µÊ£²µ¢µ£µ · ¸¸¥Ö´¨Ö
´¥°É·µ´µ¢ ´  ¢¥§¨±Ê² Ì ��”• ¨ ³µ¤¥²Ó-
´ Ö ±·¨¢ Ö, ¶µ²ÊÎ¥´´ Ö ¶µ¤£µ´±µ° ¶ · -
³¥É·µ¢ ³µ¤¥²¨ ¸ ¶µ³µÐÓÕ Œ�Š. ‡´ Î¥-
´¨¥ ¢¥²¨Î¨´Ò ´¥±µ£¥·¥´É´µ£µ Ëµ´ , ¨¸-
¶µ²Ó§Ê¥³µ¥ ¢ ¢ÒÎ¨¸²¥´¨ÖÌ, · ¢´µ 4,5 ×
10−3 ¸³−1

� §¢¨É Ö ¢ · ¡µÉ¥ µ¡µ²µÎ¥Î´ Ö
³µ¤¥²Ó Ê¸²µ¦´¥´  ¤µ Ê·µ¢´Ö ³¥³-
¡· ´Ò, ¸µ¸ÉµÖÐ¥° ¨§ ¤¢ÊÌ ¡¨¸²µ¥¢. ’ -
±µ° ¶µ¤Ìµ¤ ¶µ§¢µ²Ö¥É ÊÎ¥¸ÉÓ ´ ²¨Î¨¥
¢ ¸¨¸É¥³¥ µ¤´µ¸²µ°´ÒÌ ¢¥§¨±Ê² ´¥-
±µÉµ·µ° Î ¸É¨ ¤¢ÊÌ¸²µ°´ÒÌ ¢¥§¨±Ê².
� ²¨Î¨¥ ¦¥ ¤¢ÊÌ¸²µ°´ÒÌ ¢¥§¨±Ê² ¶µ-
§¢µ²Ö¥É µ¶·¥¤¥²¨ÉÓ ¶¥·¨µ¤ ¶µ¢Éµ·Ö¥-
³µ¸É¨ ³¥³¡· ´Ò. �·¨³¥´¥´¨¥ µ¡µ-
²µÎ¥Î´µ° ³µ¤¥²¨ É·¥¡Ê¥É ¨§³¥·¥´¨Ö
¸¶¥±É·  ¢ Ï¨·µ±µ³ ¤¨ ¶ §µ´¥ ¢¥±Éµ-
·µ¢ · ¸¸¥Ö´¨Ö, ¶·¨ ÔÉµ³ ¨´Ëµ·³ Í¨Ö
µ ¢´ÊÉ·¥´´¥° ¸É·Ê±ÉÊ·¥ ³¥³¡· ´Ò ¸µ-
¤¥·¦¨É¸Ö ¢ µ¡² ¸É¨ ¡µ²ÓÏ¨Ì §´ Î¥´¨°
¢¥±Éµ·  · ¸¸¥Ö´¨Ö Q (¸³. ·¨¸. 8).

‚ É ¡². 3 ¶·¥¤¸É ¢²¥´Ò · ¸¸Î¨-
É ´´Ò¥ ¢ ·¥§Ê²ÓÉ É¥ ¶µ¤£µ´±¨ ³µ¤¥²¨
± Ô±¸¶¥·¨³¥´ÉÊ ³¥Éµ¤µ³ Œ�Š ¶ · -
³¥É·Ò µ¡µ²µÎ¥Î´µ° ³µ¤¥²¨ ¤²Ö ³¥³-
¡· ´Ò ��”•.

’ ±¨³ µ¡· §µ³, ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³
³¥Éµ¤  ³ ²µÊ£²µ¢µ£µ · ¸¸¥Ö´¨Ö ´¥°É·µ´µ¢ ¢¶¥·¢Ò¥ Ê¤ ²µ¸Ó ´¥ Éµ²Ó±µ µ¶·¥¤¥-
²¨ÉÓ Ì · ±É¥·´Ò° · §³¥· ¢¥§¨±Ê² ¨ Éµ²Ð¨´Ê ¨Ì µ¡µ²µÎ±¨, ´µ ¨ ¢Ò¤¥²¨ÉÓ Éµ²-
Ð¨´Ò £¨¤·µË¨²Ó´µ° ¨ £¨¤·µËµ¡´µ° Î ¸É¥° ÔÉµ° µ¡µ²µÎ±¨, ¤µ²Õ ¶µ¢¥·Ì´µ¸É¨
¢¥§¨±Ê²Ò, ¶·¨Ìµ¤ÖÐÊÕ¸Ö ´  µ¤´Ê ³µ²¥±Ê²Ê ²¨¶¨¤ ,   É ±¦¥ ±µ²¨Î¥¸É¢µ ³µ-
²¥±Ê² ¢µ¤Ò ´  ²¨¶¨¤´ÊÕ ³µ²¥±Ê²Ê. �É  ¨´Ëµ·³ Í¨Ö ¶µ§¢µ²Ö¥É ¸ÊÐ¥¸É¢¥´´µ
¶·µ¤¢¨´ÊÉÓ¸Ö ¢ ¶µ´¨³ ´¨¨ ¸É·Ê±ÉÊ·´µ° µ·£ ´¨§ Í¨¨ ¢¥§¨±Ê², ¨, ¢µ§³µ¦´µ,
µ´  ¸Ò£· ¥É ¸¢µÕ ·µ²Ó ¢ ´ ¶· ¢²¥´´µ³ ±µ´¸É·Ê¨·µ¢ ´¨¨ ¢¥§¨±Ê² ¸ § · ´¥¥
§ ¤ ´´Ò³¨ ¶ · ³¥É· ³¨.
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’ ¡²¨Í  3. �¥§Ê²ÓÉ ÉÒ ¢ÒÎ¨¸²¥´¨° ¶ · ³¥É·µ¢ ¢¥§¨±Ê²Ò ��”• ¶µ µ¡µ²µÎ¥Î´µ°
³µ¤¥²¨

dL, c, h, NW g, d, Iinc,

10−10 ³ 10−10 ³ 10−10 ³ % 10−10 ³ 103

44 ± 2 13 ± 1 15 ± 2 24 ± 2 35 ± 7 64 ± 2 4,4 ± 0,8

�·¨³¥Î ´¨¥. dL Å Éµ²Ð¨´  ¡¨¸²µÖ; c Å Éµ²Ð¨´  £¨¤·µËµ¡´µ° µ¡² ¸É¨ ³¥³¡· ´Ò; h Å
Éµ²Ð¨´  £¨¤·µË¨²Ó´µ° µ¡² ¸É¨ ³¥³¡· ´Ò; NW Å ±µ²¨Î¥¸É¢µ ³µ²¥±Ê² ¢µ¤Ò ¢ £¨¤·µË¨²Ó-
´µ° µ¡² ¸É¨ ´  µ¤´Ê ³µ²¥±Ê²Ê ��”•; g Å ¶·µÍ¥´É´µ¥ ¸µ¤¥·¦ ´¨¥ ¤¢ÊÌ¸²µ°´ÒÌ ³µ²¥±Ê²;
d Å ¶¥·¨µ¤ ¶µ¢Éµ·Ö¥³µ¸É¨; Iinc Å ¢¥²¨Î¨´  ´¥±µ£¥·¥´É´µ£µ Ëµ´ .

�¢Éµ· ¢Ò· ¦ ¥É ¨¸±·¥´´ÕÕ ¡² £µ¤ ·´µ¸ÉÓ �. ˆ. ƒµ·¸±µ³Ê, Œ. �. Š¨¸¥²¥-
¢Ê §  ¶µ³µÐÓ ¶·¨ ´ ¶¨¸ ´¨¨ µ¡§µ· . �¢Éµ· É ±¦¥ ¶·¨§´ É¥²¥´ �. ˆ. ƒµ·¸±µ³Ê
§  ±·¨É¨Î¥¸±µ¥ ¶·µÎÉ¥´¨¥ ·Ê±µ¶¨¸¨ ¨ ¸¤¥² ´´Ò¥ § ³¥Î ´¨Ö.
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Parity violation in p-wave neutron resonances has been studied by measuring the cross section
longitudinal asymmetries at neutron energies up to 300Ä2000 eV, depending on the target. The
measurements were performed by the TRIPLE collaboration using the polarization set-up at the pulsed
spallation neutron source of the Los Alamos Neutron Science Centre. Parity violations were observed
in 75 resonances of Br, Rh, Pd, Ag, Sn, In, Sb, I, Cs, Xe, La, Th, and U. Statistical methods were
developed to determine the weak interaction r.m.s. matrix elements and the corresponding spreading
widths Γw . The average value of Γw is about 1.8 ·10−7 eV. The individual weak spreading widths
are consistent with a constant or slowly varying mass dependence, but there is evidence for local
�uctuations.

� ·ÊÏ¥´¨¥ Î¥É´µ¸É¨ ¢ p-¢µ²´µ¢ÒÌ ·¥§µ´ ´¸ Ì ¨¸¸²¥¤µ¢ ´µ ¶µ¸·¥¤¸É¢µ³ ¨§³¥·¥´¨° ¶·µ-
¤µ²Ó´µ°  ¸¨³³¥É·¨¨ ÔËË¥±É¨¢´ÒÌ ¸¥Î¥´¨° Ö¤¥· ¤²Ö ´¥°É·µ´µ¢ ¸ Ô´¥·£¨¥° ¤µ 300 ÷ 2000 Ô‚
(· §²¨Î´µ° ¤²Ö · §´ÒÌ Ö¤¥·). ˆ§³¥·¥´¨Ö ¢Ò¶µ²´¥´Ò ±µ²² ¡µ· Í¨¥° TRIPLE ¸ ¶·¨³¥´¥´¨¥³
¶µ²Ö·¨§ Í¨µ´´µ° Ê¸É ´µ¢±¨ ´  ¨³¶Ê²Ó¸´µ³ ´¥°É·µ´´µ³ ¨¸ÉµÎ´¨±¥ ¢ ‹µ¸-�² ³µ¸¥. � ·ÊÏ¥´¨¥
Î¥É´µ¸É¨ µ¡´ ·Ê¦¥´µ ¢ 75 ·¥§µ´ ´¸ Ì Ö¤¥· Br, Rh, Pd, Ag, Sn, In, Sb, I, Cs, Xe, La, Th, U.
� §¢¨ÉÒ ¸É É¨¸É¨Î¥¸±¨¥ ³¥Éµ¤Ò ¨§¢²¥Î¥´¨Ö ¸·¥¤´¥±¢ ¤· É¨Î´ÒÌ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ¸² ¡µ£µ
¢§ ¨³µ¤¥°¸É¢¨Ö ¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì Ï¨·¨´ Γw . �µ²ÊÎ¥´  ¸·¥¤´ÖÖ ¶µ ¢¸¥³ Ö¤· ³ ¢¥²¨Î¨´ 
Γw = 1, 8 · 10−7 Ô‚. ‡´ Î¥´¨Ö Γw ¤²Ö ±µ´±·¥É´ÒÌ Ö¤¥· ¸µµÉ¢¥É¸É¢ÊÕÉ ±µ´¸É ´É¥ ¨²¨ ¸² ¡µ°
§ ¢¨¸¨³µ¸É¨ µÉ ³ ¸¸µ¢µ£µ Î¨¸²  ¶·¨ ´ ²¨Î¨¨ ²µ± ²Ó´ÒÌ Ë²Ê±ÉÊ Í¨°.

INTRODUCTION

Following the discovery of large parity violating effects for neutron reso-
nances made at the Joint Institute for Nuclear Research [1], the Time Reversal
Invariance and Parity at Low Energies (TRIPLE) Collaboration was formed to
study parity violation (PV) in compound nuclei. The high neutron �ux and good
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time-of-�ight resolution available at the Manuel Lujan, Jr. Neutron Scattering
Centre (MLNSC) at LANL were well suited for PV measurements in many res-
onances with the use of longitudinally polarized neutrons. A statistical ansatz
was adopted: the compound nucleus is considered to be a chaotic system and the
symmetry-breaking matrix elements are random variables. With this ansatz, the
ˇnal result of a PV experiment is the root-mean-square symmetry-breaking matrix
element MJ , which is obtained from a set of measured longitudinal asymmetries
{p} for individual resonances. The r.m.s. weak matrix element allows for the-
oretical interpretation without detailed information about the wave functions of
compound states.

The longitudinal cross section asymmetry p is deˇned by

p = (σ+
p − σ−

p )/(σ+
p + σ−

p ), (1)

where σ±
p is the p-wave resonance cross section for + and − helicities. The

cross sections are functions of the neutron energy E while the asymmetry p
is a constant quantity around the resonance. Due to the weakness of p-wave
resonances at low energies, the PV measurements are feasible only near the 3p
and 4p maxima of the p-wave neutron strength function. Parity nonconserving
(PNC) effects were observed for all but one of the many studied targets. For
targets with nonzero spin the analysis is complicated and requires the knowledge
of additional spectroscopic information for resonances besides their energies and
neutron widths. When such information was absent averaging was performed
over the various possibilities.

Results from the early measurements are discussed in reviews by Bowman
et al. [2], and Frankle et al. [3]. After the initial measurements we improved
the experimental system, repeated and improved the early measurements, and
carried out experiments with many targets. The most recent reviews are by
Mitchell, Bowman, and Weidenméuller [4] and by Mitchell, Bowman, Penttiléa and
Sharapov [5].

1. EXPERIMENTAL METHOD

Measurements of the longitudinal asymmetries were performed at the MLNSC
pulsed neutron source [6]. The apparatus developed by the TRIPLE Collaboration
for these measurements is described in a number of papers, including the original
experimental layout [7], the neutron monitor [8], the polarizer [9], the spin �ipper
[14], and the detectors [11, 12]. The layout of the polarized neutron beam line
for the latest PNC experiments is given in Ref. 13. The measurements were
performed on �ight path 2, which views a gadolinium-poisoned water moderator.
After the moderator the neutrons are collimated to a 10-cm diameter beam inside
a 4-m thick biological shield. The neutrons then pass through a �ux monitor and
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through a polarizer Å a dynamically polarized proton target. Here neutrons with
one of the two helicity states are preferentially scattered out of the beam, leaving
a beam of longitudinally-polarized neutrons with polarization fn � 70 %. Fast
neutron spin reversal (every 10 s) was accomplished by passing the neutron beam
through a spin �ipper consisting of a system of magnetic ˇelds. The neutron spin
direction was also changed by reversing the polarization direction of the proton
spin ˇlter approximately every two days.

For most of the targets the PNC effects were measured by transmitting the
neutron beam through samples located at the downstream part of the spin �ipper.
A large area 10B-loaded liquid scintillation neuton detector [11] was located
56.7 m from the neutron source. For small targets of separated isotopes the
samples were placed at the end of the �ight path, the neutron spin transport
system was extended to 60 m and the measurements were performed with a
4π CsI gamma-ray detector [12]. The data acquisition process is initiated with
each proton burst. The detector signals are linearly summed and ˇltered. An
ADC transient recorder digitally samples the summed detector signal 8192 times
in intervals determined by the dwell time. The +, − helicities data are stored
separately in a 30-minute ®run¯ for the subsequent analysis.

2. ANALYSIS

The shape analysis of time-of-�ight spectra was performed with the code
FITXS, which was written by Bowman, Crawford, Matsuda and Yen to analyze
the TRIPLE Collaboration data. The multilevel, multichannel formalism of Reich
and Moore was used for the neutron cross sections, which were convoluted with
the TOF resolution function as described by Crawford et al. [13]. The neutron
resonance parameters were obtained by ˇtting the unpolarized cross section σp =
(σ+

p + σ−
p )/2 and then held ˇxed while ˇtting separate helicity data for the

longitudinal asymmetry p.
The observed PNC effect in the µth p-wave resonance is due to contributions

from a number of neighboring s-wave resonance ν:

pµ = 2
∑

ν

V J
νµ

Eν − Eµ

gνgµ1/2

Γµn

, (2)

where gµ1/2 and gν are the neutron decay amplitudes of levels µ and ν (g2
µ =

g2
µ1/2

+ g2
µ3/2

≡ Γµn and g2
ν ≡ Γνn), Eµ and Eν are the corresponding resonance

energies, and V J
νµ is the matrix element of the PNC interaction between levels

µ and ν with spin J . Since, for each p-wave resonance, there are several
mixing matrix elements V J

νµ and one measured asymmetry, one cannot obtain the
individual matrix elements. However, if the weak matrix elements are random
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variables, then the asymmetry p is also a random variable. We assume that
asymmetries p have mean zero and are statistically independent. For targets with
Iπ = 0, the s-wave resonances have spins J = 1/2+; and the p-wave resonances,
spins 1/2− or 3/2−. Only the spin J = 1/2 resonances can mix and show
parity violation. From the {p} set of data one can infer the variance M2

J of
the individual matrix elements V J

νµ Å the mean square matrix element of the
PNC interaction. We are using the Bayesian likelihood analysis to obtain M2

J .
The likelihood function for several resonances is the product of their likelihood
functions each of which is deˇned by the probability density function for the
longitudinal asymmetry p

P (p | MJA) =
1√

2πMJA
exp

(
− p2

2M2
JA2

)
, (3)

with A2
µ =

∑
ν 4Γν/Γµ(Eν − Eµ)2. Here A2M2

J is the variance of p which,
according to Eq. (2), is a sum of Gaussian random variables V J

νµ each multiplied
by ˇxed coefˇcients.

The analysis for I �= 0 targets is more complicated, it is described in [14]. By
deˇnition, the weak spreading width is Γw = M2

J/2π, where DJ is the average
spacing for spin J levels.

3. RESULTS

The Table lists the parity violations observed by the TRIPLE Collaboration
and their relative sign. The TRIPLE Collaboration studied 20 different nuclides
and measured the longitudinal asymmetries for several hundred p-wave reso-
nances. Statistically signiˇcant PNC effects were found in 75 resonances. There
is a nonstatistical anomaly in 232Th, where the 10 longitudinal asymmetries ob-
served up to 250 eV all have the same sign. As reviewed in [27], theoretical
explanations of this effect led to unreasonably large values of the weak single
particle matrix element. The observation of PNC effects with the opposite sign
at higher energies in 232Th [28] support a local doorway of Feshbach type [29].

Results for the weak spreading widths are shown in the Figure. In order to
obtain at least an estimate of Γw for 81Br, 131Xe, and 139La, where only one
p-wave resonance (and parity violation) was observed, we determined the spread-
ing width for these nuclei assuming M � Vsp and using the appropriate level
spacing DJ . For 35Cl and 56Fe the MJ values from Bunakov's et al. [30] analysis
of thermal neutron PNC data are used. The least square analysis [5] of measured
spreading widths shows that although the complete set of data is not consistent
with one common value, the data set without 93Nb and 133Cs can be described
with a single value of Γw = 1.8+0.4

−0.3 · 10−7 eV.
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Table 1. Parity violations observed by TRIPLE

Target Reference All p+ p−
81Br [15] 1 1 0
93Nb [16] 0 0 0
103Rh [17] 4 3 1
104Pd [18] 1 0 1
105Pd [18] 3 3 0
106Pd [18, 19] 2 0 2
108Pd [18, 19] 0 0 0
107Ag [20] 8 5 3
109Ag [20] 4 2 2
113Cd [21] 2 2 0
115In [22] 9 5 4
117Sn [18] 4 2 2
121Sb [23] 5 3 2
123Sb [23] 1 0 1
127I [23] 7 5 2
131Xe [24] 1 0 1
133Cs [25] 1 1 0
139La [26] 1 1 0
232Th below 250 eV [27] 10 10 0
232Th above 250 eV [28] 6 2 4
238U [13] 5 3 2
Total 75 48 27
Total excluding Th 59 36 23

Fig. 1. Weak interaction spreading width Γw ver-
sus mass number A

The measured r.m.s. weak
matrix elements are qualitatively
consistent with calculations by
Rodin and Urin [31] and by Flam-
baum and Vorov [32]. The av-
erage weak spreading width of
1.8 · 10−7 eV agrees qualitatively
with theoretical expectations, e.g.,
with a result for 238U [33] in the
framework of the statistical spec-
troscopy approach. Globally the
weak spreading widths are consis-
tent with a constant value or with
a slowly varying mass dependence
and there is evidence for local �uc-
tuations.
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