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„ ¥É¸Ö μ¶¨¸ ´¨¥ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨° ” ¤¤¥¥¢  ¤²Ö ¸¨¸É¥³Ò É·¥Ì Î ¸É¨Í ¸ É¢¥·-
¤Ò³ ±μ·μ³. �·μ¢μ¤¨É¸Ö μ¡§μ· Î¨¸²¥´´ÒÌ ·¥§Ê²ÓÉ Éμ¢ ¶μ Ô´¥·£¨Ö³ ¸¢Ö§¨ É·¨³¥·μ¢ 4He3 ¨
3He4He2 ¨ Ê²ÓÉ· Ìμ²μ¤´Ò³ ¸Éμ²±´μ¢¥´¨Ö³  Éμ³μ¢ 3,4He ¸ ¤¨³¥·μ³ 4He2, ¶μ²ÊÎ¥´´ÒÌ ´  μ¸´μ-
¢ ´¨¨ ÔÉ¨Ì Ê· ¢´¥´¨°. �¥§Ê²ÓÉ ÉÒ, Ê¸É ´μ¢²¥´´Ò¥ ¸ ¶μ³μÐÓÕ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨°
” ¤¤¥¥¢  ¤²Ö ³μ¤¥²¨ É¢¥·¤μ£μ ±μ· , ¸· ¢´¨¢ ÕÉ¸Ö ¸  ´ ²μ£¨Î´Ò³¨ ·¥§Ê²ÓÉ É ³¨, ¶μ²ÊÎ¥´´Ò³¨
¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ¤·Ê£¨Ì ³¥Éμ¤μ¢.

We describe the Faddeev differential equations for a system of three particles with hard-core
interactions. Then we review the numerical results obtained with these equations on binding energies
of the 4He3 and 3He4He2 trimers as well as the ones on ultracold collisions of the 3,4He atoms with
the 4He2 dimers. The hard-core Faddeev results are compared with analogous results obtained within
different approaches.

PACS: 21.45.-v, 31.15.-p, 34.50.-s

1. ‚‚…„…�ˆ…

ˆ§ÊÎ¥´¨¥ É·¥Ì Éμ³´ÒÌ ¸¨¸É¥³, ¸μ¸ÉμÖÐ¨Ì ¨§  Éμ³μ¢ £¥²¨Ö, ¶·¥¤¸É ¢²Ö¥É
§´ Î¨É¥²Ó´Ò° ¨´É¥·¥¸ ¤²Ö · §²¨Î´ÒÌ μ¡² ¸É¥° Ë¨§¨Î¥¸±μ° Ì¨³¨¨ ¨ ³μ²¥±Ê-
²Ö·´μ° Ë¨§¨±¨. ’ ±, ¨¸¸²¥¤μ¢ ´¨Ö ¤¨³¥·  ¨ É·¨³¥·  4He Ö¢²ÖÕÉ¸Ö ¢ ¦´Ò³
Ï £μ³ ´  ¶ÊÉ¨ ± ¶μ´¨³ ´¨Õ ¸¢μ°¸É¢ ± ¶¥²Ó ¦¨¤±μ£μ £¥²¨Ö, ¸¢¥·ÌÉ¥±ÊÎ¥¸É¨
¢ ¶²¥´± Ì 4He ¨ É. ¤. (¸³., ´ ¶·¨³¥·, [1, 2]). 	μ²ÓÏμ° ¨´É¥·¥¸ ± ±² ¸É¥-
· ³, ¸μ¸ÉμÖÐ¨³ ¨§ ´¥¡μ²ÓÏμ£μ Î¨¸²   Éμ³μ¢ 4He, ¶μ·μ¦¤ ¥É¸Ö É ±¦¥ ´¥-
¶·¥±· Ð ÕÐ¨³¸Ö ¡Ê³μ³ ¢ ¨¸¸²¥¤μ¢ ´¨ÖÌ ¡μ§¥-Ô°´ÏÉ¥°´μ¢¸±μ° ±μ´¤¥´¸ Í¨¨
Ê²ÓÉ· Ìμ²μ¤´ÒÌ £ §μ¢ (c³., ´ ¶·¨³¥·, [3, 4]).

� ¶μ³´¨³, ÎÉμ £¥²¨° ± ± Ô²¥³¥´É ¶·¥¤¸É ¢²¥´ Éμ²Ó±μ ¤¢Ê³Ö ¸É ¡¨²Ó-
´Ò³¨ ¨§μÉμ¶ ³¨ Å 4He ¨ 3He. �·¨ ÔÉμ³  Éμ³Ò 4He Ö¢²ÖÕÉ¸Ö ¡μ§μ´ ³¨,
   Éμ³Ò 3He Å Ë¥·³¨μ´ ³¨. “²ÓÉ· Ìμ²μ¤´Ò¥ ³´μ£μ Éμ³´Ò¥ ¸¨¸É¥³Ò 4He
¨ 3He μ¡² ¤ ÕÉ ¸μ¢¥·Ï¥´´μ · §²¨Î´Ò³¨ ¸¢μ°¸É¢ ³¨. �·¨ É¥³¶¥· ÉÊ· Ì, ¤μ-
¸É¨¦¨³ÒÌ ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ¸μ¢·¥³¥´´μ° É¥Ì´¨±¨ ² §¥·´μ£μ μÌ² ¦¤¥´¨Ö,
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£¥²¨° 3He ¢¥¤¥É ¸¥¡Ö ± ± μ¡ÒÎ´ Ö ¦¨¤±μ¸ÉÓ. ‚ Éμ ¦¥ ¢·¥³Ö ¦¨¤±¨° £¥-
²¨° 4He ¶¥·¥Ìμ¤¨É ¢ ³ ±·μ¸±μ¶¨Î¥¸±¨ Ê¶μ·Ö¤μÎ¥´´μ¥ ¸μ¸ÉμÖ´¨¥, μ¡² ¤ ÕÐ¥¥
¸¢μ°¸É¢μ³ ¸¢¥·ÌÉ¥±ÊÎ¥¸É¨ [5]. Œ ² Ö ³ ¸¸   Éμ³μ¢ £¥²¨Ö,   É ±¦¥ ÉμÉ Ë ±É,
ÎÉμ ¶·¨ÉÖ£¨¢ ÕÐ Ö ±μ³¶μ´¥´É  ¢μ ¢§ ¨³μ¤¥°¸É¢¨¨ ³¥¦¤Ê ´¨³¨ Ö¢²Ö¥É¸Ö μÉ-
´μ¸¨É¥²Ó´μ ¸² ¡μ°, ¶·¨¢μ¤ÖÉ ± Éμ³Ê, ÎÉμ ¶·¨ ´μ·³ ²Ó´μ³  É³μ¸Ë¥·´μ³ ¤ -
¢²¥´¨¨ £¥²¨° μ¸É ¥É¸Ö ¦¨¤±¨³ ¤ ¦¥ ¶·¨ É¥³¶¥· ÉÊ·¥, · ¢´μ°  ¡¸μ²ÕÉ´μ³Ê
´Ê²Õ [6].

Š ± ¨§¢¥¸É´μ, ¸² ¡μ¥ ¢ ´-¤¥·-¢  ²Ó¸μ¢¸±μ¥ ¶·¨ÉÖ¦¥´¨¥ ³¥¦¤Ê ´¥°É· ²Ó-
´Ò³¨  Éμ³ ³¨ ¨ ³μ²¥±Ê² ³¨ ¢μ§´¨± ¥É ¡² £μ¤ ·Ö ¢§ ¨³μ¤¥°¸É¢¨Õ ³¥¦¤Ê ¶μ-
¸ÉμÖ´´Ò³¨ ¨/¨²¨ ´ ¢¥¤¥´´Ò³¨ Ô²¥±É·¨Î¥¸±¨³¨ ³μ³¥´É ³¨ (¤¨¶μ²Ó´Ò³¨, ±¢ -
¤·Ê¶μ²Ó´Ò³¨ ¨ É. ¤.). ‚¶¥·¢Ò¥ ´  ÔÉμ ¡Ò²μ Ê± § ´μ ¢ ´ Î ²¥ 1920-Ì ££., É. ¥.
¥Ð¥ ¤μ ¸μ§¤ ´¨Ö ±¢ ´Éμ¢μ° ³¥Ì ´¨±¨, ¢ ¶¨μ´¥·¸±¨Ì · ¡μÉ Ì „¥¡ Ö [7] ¨ Š¥-
¥§μ³  [8,9]. ‚ 1924 £. „¦μ´¸ [10] Ê¸É ´μ¢¨², ÎÉμ ¤²Ö μ£· ´¨Î¥´´μ¸É¨ ¢Éμ·μ£μ
¢¨·¨ ²Ó´μ£μ ±μÔËË¨Í¨¥´É  É·¥¡Ê¥É¸Ö, ÎÉμ¡Ò ¸¨²Ò ¢§ ¨³μ¤¥°¸É¢¨Ö ³¥¦¤Ê ³μ-
²¥±Ê² ³¨ · §·¥¦¥´´μ£μ £ §  Ê¡Ò¢ ²¨ ´  ¡μ²ÓÏ¨Ì · ¸¸ÉμÖ´¨ÖÌ r ³¥¦¤Ê ´¨³¨
´¥ ³¥¤²¥´´¥¥, Î¥³ r−4, ¨ ¢ ± Î¥¸É¢¥ ¶·μ¸É¥°Ï¥° ³μ¤¥²¨ ¤²Ö É ±¨Ì ¢§ ¨³μ-
¤¥°¸É¢¨° ¶·¥¤²μ¦¨² ¶μÉ¥´Í¨ ² ¢¨¤ 

V (r) = −λm

rm
+

λn

rn
, λm, λn � 0, (1.1)

¸ Í¥²Ò³¨ m, n � 3. ‚ ¤ ²Ó´¥°Ï¥³ ³μ¤¥²Ó (1.1) ¶·¨μ¡·¥²  ¡μ²ÓÏÊÕ ¨§-
¢¥¸É´μ¸ÉÓ ¨ ´ Ï²  ³´μ£μÎ¨¸²¥´´Ò¥ ¶·¨³¥´¥´¨Ö ¶μ¤ ´ §¢ ´¨¥³ ¶μÉ¥´Í¨ ² 
‹¥´´ ·¤ -„¦μ´¸ ∗. �·¨ ÔÉμ³ ¢ Ëμ·³¥ (m − n) ¨²¨ (m, n) Î ¸Éμ Ê± §Ò¢ ²μ¸Ó
´  Éμ, ± ±¨¥ ¸É¥¶¥´¨ m ¨ n ¢μ¢²¥Î¥´Ò ¢ ¶·¥¤¸É ¢²¥´¨¥ (1.1). �¡¸Ê¦¤¥´¨¥
¶μÉ¥´Í¨ ²  ‹¥´´ ·¤ -„¦μ´¸  ¨ ·¥§Ê²ÓÉ ÉÒ ¥£μ ¸· ¢´¥´¨Ö ¸ ¤·Ê£¨³¨ · ´´¨³¨
³μ¤¥²Ö³¨  Éμ³- Éμ³´ÒÌ ¨ ³¥¦³μ²¥±Ê²Ö·´ÒÌ ¸¨² ³μ¦´μ ´ °É¨ ¢ § ³¥Î É¥²Ó-
´μ³ μ¡§μ·¥ [11]. ‘· ¢´¥´¨¥ ¶μÉ¥´Í¨ ²  ‹¥´´ ·¤ -„¦μ´¸  (6Ä12) ¸ ¸μ¢·¥³¥´-
´Ò³¨  Éμ³- Éμ³´Ò³¨ ¶μÉ¥´Í¨ ² ³¨ ¤²Ö £¥²¨Ö ¶·μ¢μ¤¨É¸Ö ¢ [12].

‚¸¥ ËÊ´¤ ³¥´É ²Ó´Ò¥ ¢μ¶·μ¸Ò ¶μ ¶μ¢μ¤Ê ¶·¨·μ¤Ò ³¥¦ Éμ³´ÒÌ ¨ ³¥¦³μ-
²¥±Ê²Ö·´ÒÌ ¸¨² ¡Ò²¨ · §·¥Ï¥´Ò ¢¸±μ·¥ ¶μ¸²¥ ¸μ§¤ ´¨Ö ±¢ ´Éμ¢μ° ³¥Ì ´¨±¨
¨ ¢ÒÖ¸´¥´¨Ö Ô²¥±É·μ´´μ£μ ¸É·μ¥´¨Ö  Éμ³ . � ·Ö¤Ê ¸ ±Ê²μ´μ¢¸±¨³ ¢§ ¨³μ¤¥°-
¸É¢¨¥³ ³¥¦¤Ê Ô²¥±É·μ´ ³¨ ¨ Ö¤· ³¨ ¸¢μ°¸É¢  ÔÉ¨Ì ¸¨² μ¶·¥¤¥²ÖÕÉ¸Ö É¥³ Ë ±-
Éμ³, ÎÉμ Ô²¥±É·μ´Ò Ö¢²ÖÕÉ¸Ö Î ¸É¨Í ³¨ ¸μ ¸¶¨´μ³ 1/2 ¨ ¶μ¤Î¨´ÖÕÉ¸Ö ¸É É¨-
¸É¨±¥ ”¥·³¨. ƒ² ¢´μ° Í¥²ÓÕ É¥μ·¨¨  Éμ³- Éμ³´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° Ö¢²Ö¥É¸Ö
μÉ¤¥²¥´¨¥ Ô²¥±É·μ´´ÒÌ ¸É¥¶¥´¥° ¸¢μ¡μ¤Ò ¨ ¶μ¸É·μ¥´¨¥ É¥Ì ¨²¨ ¨´ÒÌ ÔË-
Ë¥±É¨¢´ÒÌ ¶μÉ¥´Í¨ ²μ¢, ¶μ§¢μ²ÖÕÐ¨Ì μ¶¨¸Ò¢ ÉÓ ¸¨²Ò, ¤¥°¸É¢ÊÕÐ¨¥ ³¥¦¤Ê
 Éμ³ ³¨, Éμ²Ó±μ ¢ É¥·³¨´ Ì · ¸¸ÉμÖ´¨° ³¥¦¤Ê ¨Ì Ö¤· ³¨. ‚ μ¡Ð¥³ ¸²ÊÎ ¥
ÔËË¥±É¨¢´Ò¥ ¶μÉ¥´Í¨ ²Ò ³μ£ÊÉ ¸μ¤¥·¦ ÉÓ § ¢¨¸¨³μ¸ÉÓ É ±¦¥ μÉ ¸¶¨´μ¢ÒÌ

∗�μ¸²¥ ¦¥´¨ÉÓ¡Ò ´  Š. ‹¥´´ ·¤ ¢ 1925 £. „¦.„¦μ´¸ ¶·¨¸μ¥¤¨´¨² ± ¸¢μ¥° Ë ³¨²¨¨ Ë ³¨-
²¨Õ ¦¥´Ò.
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¨ μ·¡¨É ²Ó´ÒÌ ¶¥·¥³¥´´ÒÌ (¸³., ´ ¶·¨³¥·, [13, · §¤. II.D]). �¡ÒÎ´μ ¶·¨
· ¸¸³μÉ·¥´¨¨  Éμ³- Éμ³´ÒÌ ¸Éμ²±´μ¢¥´¨° ¶·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ μ± §Ò¢ ¥É¸Ö
¤μ¸É ÉμÎ´Ò³ μ£· ´¨Î¨¢ ÉÓ¸Ö ¶·¨¡²¨¦¥´¨¥³ 	μ·´ Ä�¶¶¥´£¥°³¥·  [14,15]. ‚
¸ÊÐ´μ¸É¨, ¢ ¸μ¢·¥³¥´´ÒÌ ab initio · ¸Î¥É Ì  Éμ³- Éμ³´ÒÌ ¶μÉ¥´Í¨ ²μ¢ ¶μ¤
¢¥²¨Î¨´μ° V (r) ¶μÉ¥´Í¨ ²  V ¢ ÉμÎ±¥ r ¶μ´¨³ ¥É¸Ö · §´μ¸ÉÓ ³¥¦¤Ê ¶μ²´μ°
Ô´¥·£¨¥° μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö ¸¨¸É¥³Ò ¤¢ÊÌ ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì  Éμ³μ¢ ¶·¨
Ê¤ ²¥´¨¨ ¨Ì Ö¤¥· ´  · ¸¸ÉμÖ´¨¥ r ¤·Ê£ μÉ ¤·Ê£  ¨ ¸Ê³³μ° ¶μ²´ÒÌ Ô´¥·£¨°
μ¸´μ¢´ÒÌ ¸μ¸ÉμÖ´¨° É¥Ì ¦¥  Éμ³μ¢ (¸³., ´ ¶·¨³¥·, [16,17]). �¸´μ¢´Ò³ Ê¸²μ-
¢¨¥³ ´¥¶μ¸·¥¤¸É¢¥´´μ° ¶·¨³¥´¨³μ¸É¨ É ±¨Ì ¶μÉ¥´Í¨ ²μ¢ Ö¢²Ö¥É¸Ö  ¤¨ ¡ -
É¨Î´μ¸ÉÓ ¤¢¨¦¥´¨Ö Ö¤¥· ¶μ μÉ´μÏ¥´¨Õ ± Ô²¥±É·μ´ ³: ¸±μ·μ¸É¨ Ö¤¥· ¤μ²¦´Ò
¡ÒÉÓ ³´μ£μ ³¥´ÓÏ¥ ¸±μ·μ¸É¥° Ô²¥±É·μ´μ¢. �¡¸Ê¦¤¥´¨¥ ¢¥²¨Î¨´Ò ¨ ·μ²¨ · §-
²¨Î´ÒÌ ¶μ¶· ¢μ± ± ¶·¨¡²¨¦¥´¨Õ 	μ·´ Ä�¶¶¥´£¥°³¥·  ³μ¦´μ ´ °É¨, ´ ¶·¨-
³¥·, ¢ Ê¦¥ Ê¶μ³¨´ ¢Ï¥°¸Ö · ¡μÉ¥ [13].

�¥·¢Ò° ¶·¨¡²¨¦¥´´Ò° ±¢ ´Éμ¢μ-³¥Ì ´¨Î¥¸±¨° · ¸Î¥É ¢§ ¨³μ¤¥°¸É¢¨Ö
³¥¦¤Ê ¤¢Ê³Ö  Éμ³ ³¨ ´  ¡μ²ÓÏ¨Ì · ¸¸ÉμÖ´¨ÖÌ ¡Ò² ¢Ò¶μ²´¥´ ¢ 1927 £. ‚ ´-
£μ³ [18]. ‘μ¡¸É¢¥´´μ, Ê¦¥ ¢ ÔÉμ° · ¡μÉ¥ ¡Ò²μ ¶μ± § ´μ, ÎÉμ ¶μÉ¥´Í¨ ²
¶·¨ÉÖ¦¥´¨Ö  Éμ³μ¢ ¢μ¤μ·μ¤  ¤·Ê£ ± ¤·Ê£Ê ¤μ²¦¥´ Ê¡Ò¢ ÉÓ μ¡· É´μ ¶·μ¶μ·-
Í¨μ´ ²Ó´μ Ï¥¸Éμ° ¸É¥¶¥´¨ · ¸¸ÉμÖ´¨Ö r ³¥¦¤Ê ¨Ì Ö¤· ³¨. �¥·¢Ò¥ ±¢ ´Éμ¢μ-
³¥Ì ´¨Î¥¸±¨¥ ·¥§Ê²ÓÉ ÉÒ ¶μ ¢ ´-¤¥·-¢  ²Ó¸μ¢¸±μ³Ê ¢§ ¨³μ¤¥°¸É¢¨Õ ³¥¦¤Ê
 Éμ³ ³¨ £¥²¨Ö μÉ´μ¸ÖÉ¸Ö ± 1928 £., ±μ£¤  ‘²ÔÉ¥· ¶·μ¨§¢¥² μÍ¥´±Ê ÔÉμ£μ ¢§ -
¨³μ¤¥°¸É¢¨Ö ¢ ¸É ÉÓ¥ [19]. ‚ ¦´ÊÕ ·μ²Ó ¢ μ¡μ¸´μ¢ ´¨¨ Éμ£μ Ë ±É , ÎÉμ ¢
¸É ·Ï¥³ ¶μ·Ö¤±¥ ¶μÉ¥´Í¨ ² ¤¨¸¶¥·¸¨μ´´ÒÌ ¸¨², ¤¥°¸É¢ÊÕÐ¨Ì ³¥¦¤Ê  Éμ-
³ ³¨ ¡² £μ·μ¤´ÒÌ £ §μ¢, Ê¡Ò¢ ¥É ± ± r−6, ¸Ò£· ²¨ · ¡μÉÒ ‹μ´¤μ´  [20]
¨ ‹μ´¤μ´  ¨ �°§¥´Ï´¨Í  [21]. �É¨ · ¡μÉÒ,   É ±¦¥ · ¡μÉ  ‘²ÔÉ¥·  ¨
Š¨·±¢Ê¤  [22] ¨´¨Í¨¨·μ¢ ²¨ μ£·μ³´μ¥ ±μ²¨Î¥¸É¢μ ¶μ¸²¥¤ÊÕÐ¨Ì · ¸Î¥Éμ¢
 Éμ³- Éμ³´ÒÌ ¶μÉ¥´Í¨ ²Ó´ÒÌ ±·¨¢ÒÌ. ‘·¥¤¨ · ´´¨Ì ¶μÉ¥´Í¨ ²μ¢, μ¶¨¸Ò-
¢ ÕÐ¨Ì ¢§ ¨³μ¤¥°¸É¢¨¥ ³¥¦¤Ê  Éμ³ ³¨ £¥²¨Ö, ´ ¨¡μ²¥¥ Ê¤ Î´Ò³ ¸Î¨É ¥É¸Ö
¢ ·¨ ´É ¶μÉ¥´Í¨ ²  ‹¥´´ ·¤ -„¦μ´¸  (6Ä12), ¶·¥¤²μ¦¥´´Ò° ¢ 1938 £. ¤¥
	Ê·μ³ ¨ Œ °±¥²¸μ³ [23]. �ÉμÉ ¶μÉ¥´Í¨ ² Ìμ·μÏμ ¢μ¸¶·μ¨§¢μ¤¨² ¨§¢¥¸É-
´Ò¥ ¢ Éμ ¢·¥³Ö Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö ¢Éμ·ÒÌ ¢¨·¨ ²Ó´ÒÌ ±μÔËË¨-
Í¨¥´Éμ¢. �μ ³¥·¥ ´ ±μ¶²¥´¨Ö ¨ ¶μ¢ÒÏ¥´¨Ö ± Î¥¸É¢  Ô±¸¶¥·¨³¥´É ²Ó´μ£μ
³ É¥·¨ ²  Ê¸μ¢¥·Ï¥´¸É¢μ¢ ´´Ò¥ ¶μÉ¥´Í¨ ²Ó´Ò¥ ±·¨¢Ò¥ ¤μ²¦´Ò ¡Ò²¨ ¢μ¸-
¶·μ¨§¢μ¤¨ÉÓ, ´ ·Ö¤Ê ¸μ ¢Éμ·Ò³¨ ¢¨·¨ ²Ó´Ò³¨ ±μÔËË¨Í¨¥´É ³¨, ¨ ¨´Ò¥ Ô±¸-
¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥, ¤μ¸ÉÊ¶´Ò¥ ´  ³μ³¥´É ¶μ¸É·μ¥´¨Ö Éμ£μ ¨²¨ ¨´μ£μ
¶μÉ¥´Í¨ ² . Š É ±¨³ ¤ ´´Ò³ ³μ£²¨ μÉ´μ¸¨ÉÓ¸Ö ¸¥Î¥´¨Ö · ¸¸¥Ö´¨Ö ¢ ¶ÊÎ± Ì,
É· ´¸¶μ·É´Ò¥ Ì · ±É¥·¨¸É¨±¨ £ §μ¢, ¢ Î ¸É´μ¸É¨, ¨Ì ¢Ö§±μ¸ÉÓ ¨ É¥¶²μ¶·μ-
¢μ¤´μ¸ÉÓ,   É ±¦¥ ·¥§Ê²ÓÉ ÉÒ ¶μ Ö¤¥·´μ° ³ £´¨É´μ° ·¥² ±¸ Í¨¨ (¢ ¸²ÊÎ ¥
£ §  3He). ‚ ¶μ¸²¥¤´¨¥ 20Ä30 ²¥É ¸μ¢¥·Ï¥´¸É¢μ¢ ´¨Õ ³¥¦ Éμ³´ÒÌ ¶μÉ¥´-
Í¨ ²μ¢ ¸μ¤¥°¸É¢μ¢ ²μ μÎ¥´Ó ¡Ò¸É·μ¥ · ¸Ï¨·¥´¨¥ ¢ÒÎ¨¸²¨É¥²Ó´ÒÌ ¢μ§³μ¦-
´μ¸É¥°.

�É³¥É¨³, ÎÉμ ¶·¨ ¶·μ¢¥¤¥´¨¨ Î¨¸Éμ É¥μ·¥É¨Î¥¸±¨Ì ab initio · ¸Î¥Éμ¢ ¶μ-
É¥´Í¨ ²Ó´ÒÌ ±·¨¢ÒÌ ¨Ì  ¢Éμ·Ò, ± ± ¶· ¢¨²μ, μ£· ´¨Î¨¢ ÕÉ¸Ö ¶·¥¤ÑÖ¢²¥´¨¥³
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§´ Î¥´¨° ¶μÉ¥´Í¨ ²  ¢ É ¡²¨Î´μ³ ¢¨¤¥ (¸³., ´ ¶·¨³¥·, [24Ä26]). �¥§Ê²ÓÉ Éμ³
¶μ¤£μ´±¨ ¶ · ³¥É·μ¢ Éμ£μ ¨²¨ ¨´μ£μ Ë¥´μ³¥´μ²μ£¨Î¥¸±μ£μ ¨²¨ ¶μ²ÊË¥´μ-
³¥´μ²μ£¨Î¥¸±μ£μ ¶μÉ¥´Í¨ ²  μ± §Ò¢ ¥É¸Ö ¤μ¸É ÉμÎ´μ ¶·μ¸Éμ¥  ´ ²¨É¨Î¥¸±μ¥
¶·¥¤¸É ¢²¥´¨¥ (¸³., ´ ¶·¨³¥·, [27Ä29]). ‚¥¸Ó³  ¤¥É ²Ó´μ¥ ¨§²μ¦¥´¨¥ ¨¸Éμ-
·¨¨ Ë¨É¨·μ¢ ´¨Ö Ë¥´μ³¥´μ²μ£¨Î¥¸±¨Ì ¨ ¶μ²ÊË¥´μ³¥´μ²μ£¨Î¥¸±¨Ì ¶μÉ¥´Í¨-
 ²Ó´ÒÌ ±·¨¢ÒÌ,   É ±¦¥ É¥μ·¥É¨Î¥¸±¨Ì · ¸Î¥Éμ¢ ¶μÉ¥´Í¨ ²  ¢§ ¨³μ¤¥°¸É¢¨Ö
³¥¦¤Ê  Éμ³ ³¨ £¥²¨Ö ³μ¦¥É ¡ÒÉÓ ´ °¤¥´μ ¢ [24, 30Ä32]. ‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö
´ ¨¡μ²¥¥  ¤¥±¢ É´Ò³¨ ¸Î¨É ÕÉ¸Ö ¶μ²ÊË¥´μ³¥´μ²μ£¨Î¥¸±¨¥ ¶μÉ¥´Í¨ ²Ò, ¶μ-
¸É·μ¥´´Ò¥ �§¨§μ³ ¸ ¸μÉ·Ê¤´¨± ³¨ [27, 30, 33, 34], ¢ Î ¸É´μ¸É¨, ¶μÉ¥´Í¨ ²
LM2M2 ¨§ [34],   É ±¦¥ Î¨¸Éμ É¥μ·¥É¨Î¥¸±¨° ¶μÉ¥´Í¨ ² TTY Å ’ ´£ , ’μ-
¥´´¨¸  ¨ ‰¨Ê [35]. ‘²¥¤Ê¥É ¶μ¤Î¥·±´ÊÉÓ, ÎÉμ ¶μ¸²¥¤´¨° ¡Ò² ¶μ¸É·μ¥´ ´ 
μ¸´μ¢ ´¨¨ É¥μ·¨¨ ¢μ§³ÊÐ¥´¨°. �μÉ¥´Í¨ ² TTY ´¥ ¸μ¤¥·¦¨É ´¨ μ¤´μ£μ ¶μ¤-
£μ´μÎ´μ£μ ¶ · ³¥É·  ¨ μ¶¨¸Ò¢ ¥É¸Ö μÉ´μ¸¨É¥²Ó´μ ¶·μ¸ÉÒ³  ´ ²¨É¨Î¥¸±¨³
¢Ò· ¦¥´¨¥³. ‡´ Î¨É¥²Ó´Ò° ¨´É¥·¥¸ ¶·¥¤¸É ¢²Ö¥É É ±¦¥ É¥μ·¥É¨Î¥¸±¨° ¶μ-
É¥´Í¨ ² Šμ·μ´Ò ¸ ¸μÉ·Ê¤´¨± ³¨ [16], μÉË¨É¨·μ¢ ´´Ò° ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³
ËÊ´±Í¨μ´ ²Ó´μ° § ¢¨¸¨³μ¸É¨ ’ ´£ Ä’μ¥´´¨¸  ¨§ [32]. Ab initio ¶μÉ¥´Í¨-
 ²Ò Ÿ´Í¥´  ¨ �§¨§  ¨§ [30] ¶μ²ÊÎ¥´Ò ¶ÊÉ¥³ ³μ¤¨Ë¨± Í¨¨ ¶μÉ¥´Í¨ ²  [16],
¢¢μ¤ÖÐ¥° § ¶ §¤Ò¢ ´¨¥ ¢ ¤¨¶μ²Ó-¤¨¶μ²Ó´Ò° ¤¨¸¶¥·¸¨μ´´Ò° Î²¥´ ¸ r−6 ¨ ¶μ-
·μ¦¤ ÕÐ¥° ¢ ¨Éμ£¥ ´¥¸É ´¤ ·É´μ¥  ¸¨³¶ÉμÉ¨Î¥¸±μ¥ Ê¡Ò¢ ´¨¥ É¨¶  r−7 ¤²Ö
·¥§Ê²ÓÉ¨·ÊÕÐ¨Ì ¢§ ¨³μ¤¥°¸É¢¨°.

‚μ¶·μ¸ μ ¸ÊÐ¥¸É¢μ¢ ´¨¨ ¸¢Ö§ ´´μ£μ ¸μ¸ÉμÖ´¨Ö ¤¢ÊÌ  Éμ³μ¢ 4He ³´μ-
£¨¥ £μ¤Ò μ¸É ¢ ²¸Ö μÉ±·ÒÉÒ³. �¥±μÉμ·Ò¥ ¶μÉ¥´Í¨ ²Ó´Ò¥ ³μ¤¥²¨ [27, 36, 37]
¶·¥¤¸± §Ò¢ ²¨ ¸ÊÐ¥¸É¢μ¢ ´¨¥ É ±μ£μ ¸μ¸ÉμÖ´¨Ö, Éμ£¤  ± ± ¤·Ê£¨¥ [28, 38] Å
´¥É. �¤´ ±μ ¶· ±É¨Î¥¸±¨ ¢¸¥ ¡μ²¥¥ ¨²¨ ³¥´¥¥ ·¥ ²¨¸É¨Î¥¸±¨¥ ¶μÉ¥´Í¨-
 ²Ò ¶·¨¢μ¤¨²¨ ± μÎ¥´Ó ¡μ²ÓÏμ° ¤²¨´¥  Éμ³- Éμ³´μ£μ · ¸¸¥Ö´¨Ö ¶μ·Ö¤± 
90Ä100 
A ¨²¨ ¤ ¦¥ ¡μ²ÓÏ¥ (¸³. [31, É ¡². I]). �μ¸²¥¤´¥¥ μ¡¸ÉμÖÉ¥²Ó¸É¢μ ¶μ-
§¢μ²Ö²μ ¶·¥¤¶μ²μ¦¨ÉÓ, ÎÉμ ¸¨¸É¥³  É·¥Ì  Éμ³μ¢ 4He ³μ¦¥É μ¡² ¤ ÉÓ ÌμÉÖ ¡Ò
μ¤´¨³ ¸¢Ö§ ´´Ò³ ¸μ¸ÉμÖ´¨¥³ ¥Ë¨³μ¢¸±μ£μ É¨¶  [39, 40]. ‚¶¥·¢Ò¥ ÔÉμ ¶·¥¤-
¶μ²μ¦¥´¨¥ ¡Ò²μ ¢Ò¸± § ´μ ¨ μ¡μ¸´μ¢ ´μ ¢ [41]. �μÎÉ¨ ¢¸¥ ·¥ ²¨¸É¨Î¥¸±¨¥
HeÄHe-¶μÉ¥´Í¨ ²Ò, ¶μ¸É·μ¥´´Ò¥ ¢ ±μ´Í¥ 1970-Ì ££. ¨ ¶μ§¤´¥¥, Ê¦¥ ¶μ¤¤¥·-
¦¨¢ ²¨ ¤¨³¥· 4He2, ÌμÉÖ §´ Î¥´¨Ö ¥£μ Ô´¥·£¨¨ ³μ£²¨ · §²¨Î ÉÓ¸Ö ¢ ¤¥¸ÖÉ±¨
· § [24, 27, 42]. �μÉ¥´Í¨ ²Ò �§¨§  ¸ ¸μÉ·Ê¤´¨± ³¨ [30, 33, 34] ¨ ’ ´£ , ’μ-
¥´´¨¥¸  ¨ ‰¨Ê [35] ¶·¥¤¸± §Ò¢ ÕÉ ¸ÊÐ¥¸É¢μ¢ ´¨¥ ¤¨³¥·  4He2 c Ô´¥·£¨¥°
¶μ·Ö¤±  1,3Ä1,7 ³Š.

„¨³¥· 4He2 ¡Ò² μÉ±·ÒÉ ¢ ´¥§ ¢¨¸¨³ÒÌ Ô±¸¶¥·¨³¥´É Ì [43] ¨ [44]. � -
·Ö¤Ê ¸ ¤¨³¥·μ³ ¢ Ô±¸¶¥·¨³¥´É¥ [44] ¡Ò²μ Ê¸É ´μ¢²¥´μ ¸ÊÐ¥¸É¢μ¢ ´¨¥ É·¨³¥· 
4He3. �¥·¢ Ö Ô±¸¶¥·¨³¥´É ²Ó´ Ö μÍ¥´±  · §³¥·  ³μ²¥±Ê²Ò 4He2 ¡Ò²  ¶μ²Ê-
Î¥´  ¢ [45]. ‘μ£² ¸´μ ÔÉμ° μÍ¥´±¥ ¸·¥¤´¥¥ · ¸¸ÉμÖ´¨¥ ³¥¦¤Ê Ö¤· ³¨ 4He ¢
¤¨³¥·¥ 4He2 ¸μ¸É ¢²Ö¥É (62 ± 10) 
A. �¥¸±μ²Ó±¨³¨ £μ¤ ³¨ ¶μ§¦¥ ¤²¨´  ¸¢Ö§¨
¤¨³¥·  4He2 ¡Ò²  ¨§³¥·¥´  ¥Ð¥ · § ¢ [46]. ‘μ£² ¸´μ [46] ÔÉ  ¤²¨´  · ¢´ 
(52 ± 4) 
A. �Í¥´±¨ [45] ¨ [46] Ê± §Ò¢ ÕÉ ´  Éμ, ÎÉμ 4He2 Ö¢²Ö¥É¸Ö ¸ ³μ°
¶·μÉÖ¦¥´´μ° ¸·¥¤¨ ¨§¢¥¸É´ÒÌ ¤¢ÊÌ Éμ³´ÒÌ ³μ²¥±Ê² (· §Ê³¥¥É¸Ö, ·¥ÎÓ ¨¤¥É
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μ¡ μ¸´μ¢´ÒÌ ¸μ¸ÉμÖ´¨ÖÌ). �¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨Ö [46] ¶μ§¢μ²¨²¨ ¤ ÉÓ É ±¦¥
μÍ¥´±¨  Éμ³- Éμ³´μ° ¤²¨´Ò · ¸¸¥Ö´¨Ö (104+8

−18

A) ¨ Ô´¥·£¨¨ ¸¢Ö§¨ ¤¨³¥· 

(1,1+0,3
−0,2 ³Š).

�μ¸±μ²Ó±Ê Ô´¥·£¨Ö ¤¨³¥·  ¸Éμ²Ó ³ ² , ¸²¥¤Ê¥É μ¦¨¤ ÉÓ, ÎÉμ É·¨³¥· 4He3

¤¥°¸É¢¨É¥²Ó´μ μ¡² ¤ ¥É É¥μ·¥É¨Î¥¸±¨ ¶·¥¤¸± § ´´Ò³ ¸μ¸ÉμÖ´¨¥³ ¥Ë¨³μ¢-
¸±μ£μ É¨¶  (¸³. [41, 47Ä49]). ˆ³¥´´μ ÔÉμ ¸¢μ°¸É¢μ μÉ²¨Î ¥É  Éμ³Ò 4He μÉ
 Éμ³μ¢ ¤·Ê£¨Ì ¨´¥·É´ÒÌ £ §μ¢ ¨ ¤¥² ¥É ±² ¸É¥·Ò 4He μ¸μ¡¥´´μ ¨´É¥·¥¸´Ò³
μ¡Ñ¥±Éμ³ ¨¸¸²¥¤μ¢ ´¨°. ‚¢¨¤Ê ¢μ§³μ¦´μ£μ ¶·μÖ¢²¥´¨Ö ÔËË¥±É  …Ë¨³μ¢  [50]
É·¨³¥· 4He3 ¶·¥¤¸É ¢²Ö¥É ´¥¸μ³´¥´´Ò° ¨´É¥·¥¸ ¨ ¤²Ö ¸¶¥Í¨ ²¨¸Éμ¢ ¶μ Ö¤¥·-
´μ° Ë¨§¨±¥. ‚ 2000 £. ¡Ò²μ ¢Ò¸± § ´μ ¨´É¥·¥¸´μ¥ ¶·¥¤¶μ²μ¦¥´¨¥ [51] μ ¢μ§-
³μ¦´μ¸É¨ Ô±¸¶¥·¨³¥´É ²Ó´μ£μ μ¡´ ·Ê¦¥´¨Ö ¥Ë¨³μ¢¸±μ£μ ¸μ¸ÉμÖ´¨Ö Ê É·¨-
³¥·  4He3 ¶·¨ · ¸¸¥Ö´¨¨ ¶ÊÎ±  Ê²ÓÉ· Ìμ²μ¤´ÒÌ ±² ¸É¥·μ¢ 4He ´  ¤¨Ë· ±-
Í¨μ´´μ° ·¥Ï¥É±¥ ¸ ¤μ¸É ÉμÎ´μ ³ ²Ò³ Ï £μ³ (¶μ·Ö¤±  100 ´³ ¨²¨ ³¥´ÓÏ¥).
�· ±É¨Î¥¸± Ö ·¥ ²¨§ Í¨Ö [52] ÔÉμ£μ ¶·¥¤²μ¦¥´¨Ö ¶μ±  ´¥ ¶·¨¢¥²  ± Ö¢´μ³Ê
Ê¸¶¥ÌÊ, ¨ ´  ¤ ´´Ò° ³μ³¥´É (¸¥·¥¤¨´  2007 £.) ´ ¤¥¦´Ò¥ Ô±¸¶¥·¨³¥´É ²Ó-
´Ò¥ ¸¢¨¤¥É¥²Ó¸É¢  ¸ÊÐ¥¸É¢μ¢ ´¨Ö ¢μ§¡Ê¦¤¥´´μ£μ ¸μ¸ÉμÖ´¨Ö É·¨³¥·  4He3 ¢¸¥
¥Ð¥ μÉ¸ÊÉ¸É¢ÊÕÉ. ‚ Ô±¸¶¥·¨³¥´É¥ [52], μ¤´ ±μ, ¡Ò²  ¢¶¥·¢Ò¥ ¤ ´  μÍ¥´± 
· §³¥·μ¢ μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö ³μ²¥±Ê²Ò 4He3.

� ²¨Î¨¥ ·¥ ²¨¸É¨Î¥¸±¨Ì ÔËË¥±É¨¢´ÒÌ ³¥¦ Éμ³´ÒÌ ¶μÉ¥´Í¨ ²μ¢ ¶μ§¢μ-
²Ö¥É ¸¢¥¸É¨ ¨¸¸²¥¤μ¢ ´¨¥ ¸¨¸É¥³Ò É·¥Ì  Éμ³μ¢ £¥²¨Ö (¢±²ÕÎ ÕÐ¥° ¤¥¢ÖÉÓ
Î ¸É¨Í Å É·¨  Éμ³´ÒÌ Ö¤·  ¨ Ï¥¸ÉÓ Ô²¥±É·μ´μ¢) ± ¨§ÊÎ¥´¨Õ ¸¨¸É¥³Ò, ¸μ¸Éμ-
ÖÐ¥° ¢¸¥£μ ²¨ÏÓ ¨§ É·¥Ì ÉμÎ¥Î´ÒÌ ¡¥¸¸É·Ê±ÉÊ·´ÒÌ Î ¸É¨Í. ’ ±μ¥ μ¶¨¸ ´¨¥
¤μ²¦´μ ¡ÒÉÓ Ê¤μ¢²¥É¢μ·¨É¥²Ó´Ò³, ¶μ ±· °´¥° ³¥·¥, ¶·¨ ¤μ¸É ÉμÎ´μ ´¨§-
±¨Ì Ô´¥·£¨ÖÌ ¤¢¨¦¥´¨Ö  Éμ³μ¢. ‘¢¥¤¥´¨¥ § ¤ Î¨ É·¥Ì  Éμ³μ¢ £¥²¨Ö ± § ¤ Î¥
É·¥Ì ¡¥¸¸É·Ê±ÉÊ·´ÒÌ Î ¸É¨Í ¶μ¤· §Ê³¥¢ ¥É É ±¦¥, ÎÉμ ± ¥¥ ·¥Ï¥´¨Õ ³μ£ÊÉ
¡ÒÉÓ ¶·¨¢²¥Î¥´Ò Ìμ·μÏμ · §¢¨ÉÒ¥ ³¥Éμ¤Ò μ¡Ð¥° É¥μ·¨¨ ¸¨¸É¥³ ´¥¸±μ²Ó±¨Ì
Î ¸É¨Í [53], ¨¸¶μ²Ó§μ¢ ´¨¥ ±μÉμ·ÒÌ ´¥ É·¥¡Ê¥É ´¨± ±¨Ì ¤ ²Ó´¥°Ï¨Ì Ë¨§¨-
Î¥¸±¨Ì ¶·¨¡²¨¦¥´¨°. 	μ²¥¥ Éμ£μ, ¢ É ±μ° ¶μ¸É ´μ¢±¥ § ¤ Î  É·¥Ì  Éμ³μ¢
4He ³μ¦¥É · ¸¸³ É·¨¢ ÉÓ¸Ö ± ± ¶·¨³¥· ¶· ±É¨Î¥¸±¨ ¨¤¥ ²Ó´μ° ±¢ ´Éμ¢μ°
§ ¤ Î¨ É·¥Ì É¥², ¶μ¸±μ²Ó±Ê  Éμ³Ò 4He Ö¢²ÖÕÉ¸Ö Éμ¦¤¥¸É¢¥´´Ò³¨ ´¥°É· ²Ó-
´Ò³¨ ¡μ§μ´ ³¨ ¸ ´Ê²¥¢Ò³ ¸¶¨´μ³, ¨ É¥³ ¸ ³Ò³ ¥¥  ´ ²¨§ ´¥ μÉÖ£μÐ ¥É¸Ö ´¨
μÉ¤¥²¥´¨¥³ ¸¶¨´-¨§μ¸¶¨´μ¢ÒÌ ¶¥·¥³¥´´ÒÌ, ´¨ ÊÎ¥Éμ³ ±Ê²μ´μ¢¸±μ£μ ¢§ ¨³μ-
¤¥°¸É¢¨Ö. �¥¸³μÉ·Ö ´  ¢¸Õ ¸¢μÕ ®¨¤¥ ²Ó´μ¸ÉÓ¯, É·¨³¥· £¥²¨Ö 4He μÉ´μ¸¨É¸Ö
± É¥³ É·¥ÌÎ ¸É¨Î´Ò³ ¸¨¸É¥³ ³, ±μÉμ·Ò¥ ´ ¨¡μ²¥¥ É·Ê¤´Ò ¤²Ö ±μ´±·¥É´μ£μ
Î¨¸²¥´´μ£μ ¨¸¸²¥¤μ¢ ´¨Ö. ‚μ-¶¥·¢ÒÌ, ÔÉμ ¸¢Ö§ ´μ ¸ ³ ²μ¸ÉÓÕ Ô´¥·£¨¨ ¸¢Ö§¨
¤¨³¥·  εd, μ§´ Î ÕÐ¥°, ÎÉμ ¶·¨ ¶μ¨¸±¥ ¢μ§¡Ê¦¤¥´´μ£μ ¸μ¸ÉμÖ´¨Ö ¨ ·¥Ï¥´¨¨
§ ¤ Î · ¸¸¥Ö´¨Ö ´¥μ¡Ìμ¤¨³μ ¢±²ÕÎ ÉÓ ¢ · ¸¸³μÉ·¥´¨¥ ¢¥¸Ó³  ¶·μÉÖ¦¥´´Ò¥
μ¡² ¸É¨ ±μ´Ë¨£Ê· Í¨μ´´μ£μ ¶·μ¸É· ´¸É¢  ¸ Ì · ±É¥·´Ò³ · §³¥·μ³ ¢ ¸μÉ´¨
¨²¨ ¤ ¦¥ ÉÒ¸ÖÎ¨  ´£¸É·¥³. ‚μ-¢Éμ·ÒÌ, ¶·¨¸ÊÉ¸É¢¨¥ μÎ¥´Ó ¸¨²Ó´μ° μÉÉ ²-
±¨¢ É¥²Ó´μ° ±μ³¶μ´¥´ÉÒ ¢ ÔËË¥±É¨¢´μ³ ¶μÉ¥´Í¨ ²¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ³¥¦¤Ê
 Éμ³ ³¨ £¥²¨Ö ¶μ·μ¦¤ ¥É ¡μ²ÓÏ¨¥ ¶μ£·¥Ï´μ¸É¨ ¶·¨ ¸É ´¤ ·É´μ°  ¶¶·μ±¸¨-
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�¨¸. 1. ‡ ¢¨¸¨³μ¸ÉÓ §´ Î¥´¨° V ³¥¦ Éμ³´μ£μ HeÄHe-¶μÉ¥´Í¨ ²  LM2M2 [34] μÉ
· ¸¸ÉμÖ´¨Ö r ³¥¦¤Ê  Éμ³ ³¨

³ Í¨¨ É·¥Ì Éμ³´μ£μ £ ³¨²ÓÉμ´¨ ´  ´  ³ ²ÒÌ · ¸¸ÉμÖ´¨ÖÌ ³¥¦¤Ê  Éμ³ ³¨. ‚
± Î¥¸É¢¥ ¨²²Õ¸É· Í¨¨ ¶μ¢¥¤¥´¨Ö ÔËË¥±É¨¢´ÒÌ ¶μÉ¥´Í¨ ²μ¢ ´  ³ ²ÒÌ · ¸-
¸ÉμÖ´¨ÖÌ ³¥¦¤Ê  Éμ³ ³¨ £¥²¨Ö ³Ò ¶·¨¢μ¤¨³ ´  ·¨¸. 1 £· Ë¨± § ¢¨¸¨³μ¸É¨
μÉ · ¸¸ÉμÖ´¨Ö ¤²Ö μ¤´μ£μ ¨§ ´ ¨¡μ²¥¥ ¶μ¶Ê²Ö·´ÒÌ ·¥ ²¨¸É¨Î¥¸±¨Ì ³¥¦ Éμ³-
´ÒÌ HeÄHe-¢§ ¨³μ¤¥°¸É¢¨° Å ¶μÉ¥´Í¨ ²  LM2M2 ¨§ [34]. ‘²¥¤ÊÖ [24], ¶·¨
μÉμ¡· ¦¥´¨¨ §´ Î¥´¨° V ÔÉμ£μ ¶μÉ¥´Í¨ ²  ³Ò ¨¸¶μ²Ó§Ê¥³ ³ ¸ÏÉ ¡¨·ÊÕÐÊÕ
ËÊ´±Í¨Õ f(V ) = sign (V ) ln (1 + |V |).

�  ¶·μÉÖ¦¥´¨¨ ¶μ¸²¥¤´¨Ì É·¨¤Í É¨ ²¥É ¡Ò²μ ¶·μ¢¥¤¥´μ ³´μ¦¥¸É¢μ É¥-
μ·¥É¨Î¥¸±¨Ì · ¸Î¥Éμ¢ ¸¨¸É¥³Ò 4He3 ¸ · §²¨Î´Ò³¨ ·¥ ²¨¸É¨Î¥¸±¨³¨  Éμ³-
 Éμ³´Ò³¨ ¶μÉ¥´Í¨ ² ³¨. �·¨ ÔÉμ³ ´ ·Ö¤Ê ¸ É· ¤¨Í¨μ´´Ò³¨ ¤²Ö Ë¨§¨Î¥-
¸±μ° Ì¨³¨¨ ¢ ·¨ Í¨μ´´Ò³¨ ¶μ¤Ìμ¤ ³¨ (¸³., ´ ¶·¨³¥·, [6, 54Ä58]) ¶·¨³¥-
´Ö²¨¸Ó ³¥Éμ¤Ò, μ¸´μ¢ ´´Ò¥ ´  ¨¸¶μ²Ó§μ¢ ´¨¨ £¨¶¥·¸Ë¥·¨Î¥¸±¨Ì  ¤¨ ¡ É¨-
Î¥¸±¨Ì · §²μ¦¥´¨° [59, 60],   É ±¦¥ ¶μ¤Ìμ¤Ò, ¶·¥¤Ê¸³ É·¨¢ ÕÐ¨¥ ¶·Ö³μ¥
·¥Ï¥´¨¥ Ê· ¢´¥´¨° ” ¤¤¥¥¢  ± ± ¢ ¨´É¥£· ²Ó´μ° [47, 61], É ± ¨ ¢ ¤¨ËË¥-
·¥´Í¨ ²Ó´μ° Ëμ·³¥ [62Ä66]. •μÉÖ ±μ²¨Î¥¸É¢μ · ¡μÉ, ¶μ¸¢ÖÐ¥´´ÒÌ É¥μ·¥-
É¨Î¥¸±μ³Ê ¨¸¸²¥¤μ¢ ´¨Õ ¸¨¸É¥³Ò É·¥Ì  Éμ³μ¢ £¥²¨Ö, ¢¥²¨±μ, §´ Î¨É¥²Ó´ Ö
Î ¸ÉÓ μ¶Ê¡²¨±μ¢ ´´ÒÌ ·¥§Ê²ÓÉ Éμ¢ μÉ´μ¸¨É¸Ö Éμ²Ó±μ ± Ô´¥·£¨¨ μ¸´μ¢´μ£μ
¸μ¸ÉμÖ´¨Ö É·¨³¥·  4He3. ‚ μ¸μ¡¥´´μ¸É¨ ÔÉμ ± ¸ ¥É¸Ö · ¡μÉ, ¢Ò¶μ²´¥´´ÒÌ
¤μ ¸¥·¥¤¨´Ò 1990-Ì ££. ‚¢¨¤Ê É·Ê¤´μ¸É¥°, Ê¶μ³Ö´ÊÉÒÌ ¢ÒÏ¥, ¢μ§¡Ê¦¤¥´´Ò¥
¸μ¸ÉμÖ´¨Ö É·¨³¥·  4He3 ¨§ÊÎ ²¨¸Ó ²¨ÏÓ ¢ ¸· ¢´¨É¥²Ó´μ ´¥¡μ²ÓÏμ³ Î¨¸²¥
· ¡μÉ. �É´μ¸¨É¥²Ó´μ ´¥¤ ¢´¨° μ¡§μ· ·¥§Ê²ÓÉ Éμ¢ ¶μ Ô´¥·£¨Ö³ ¸¢Ö§¨ ¸¨¸É¥³Ò
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4He3 ¸μ¤¥·¦¨É¸Ö ¢ ¸É ÉÓ¥ [63]. ‘ÊÐ¥¸É¢¥´´ Ö Î ¸ÉÓ ÔÉμ£μ μ¡§μ·  ¢μ¸¶·μ¨§-
¢μ¤¨É¸Ö ´¨¦¥ ¢ · §¤. 4. “¦¥ Ê¶μ³¨´ ¢Ï¨°¸Ö Ô±¸¶¥·¨³¥´É [52] ¸ · ¸¸¥Ö´¨¥³
¶ÊÎ±μ¢ Ê²ÓÉ· Ìμ²μ¤´ÒÌ ±² ¸É¥·μ¢ 4He ´  ¤¨Ë· ±Í¨μ´´ÒÌ ·¥Ï¥É± Ì ¶μ± § ²,
ÎÉμ ¤²¨´   Éμ³- Éμ³´μ° ¸¢Ö§¨ ¢ μ¸´μ¢´μ³ ¸μ¸ÉμÖ´¨¨ É·¨³¥·  4He3 ¸μ¸É ¢²Ö¥É(
11+4

−5

)

A, ÎÉμ ¢¶μ²´¥ ¸μ£² ¸Ê¥É¸Ö ¸ ·¥§Ê²ÓÉ É ³¨ · ¸Î¥Éμ¢ Ô´¥·£¨¨ μ¸´μ¢´μ£μ

¸μ¸ÉμÖ´¨Ö, ¢Ò¶μ²´¥´´ÒÌ ¢μ ¢Éμ·μ° ¶μ²μ¢¨´¥ 1990-Ì Å ´ Î ²¥ 2000-Ì ££. ¸
¨¸¶μ²Ó§μ¢ ´¨¥³ ·¥ ²¨¸É¨Î¥¸±¨Ì ³¥¦ Éμ³´ÒÌ ¶μÉ¥´Í¨ ²μ¢ (¸³. É ¡². 2). ‚
Î ¸É´μ¸É¨, ¶μÉ¥´Í¨ ²Ò LM2M2 [34] ¨ TTY [35] ¤ ÕÉ ¤²Ö ÔÉμ° Ô´¥·£¨¨ ¢¥²¨-
Î¨´Ê μ±μ²μ 126 ³Š. �·¨ ÔÉμ³ Ô´¥·£¨Ö ¢μ§¡Ê¦¤¥´´μ£μ ¸μ¸ÉμÖ´¨Ö ¸μ¸É ¢²Ö¥É
¢¸¥£μ ²¨ÏÓ 2,28 ³Š (¸³. É ¡². 3). �¡  ¸¢Ö§ ´´ÒÌ ¸μ¸ÉμÖ´¨Ö μÉ´μ¸ÖÉ¸Ö ± ¸²Ê-
Î Õ, ±μ£¤  ¶μ²´Ò° Ê£²μ¢μ° ³μ³¥´É L É·¥Ì Éμ³´μ° ¸¨¸É¥³Ò 4He3 · ¢¥´ ´Ê²Õ.
�·¨ L � 1 ¸¢Ö§ ´´ÒÌ ¸μ¸ÉμÖ´¨° ´¥ μ¡´ ·Ê¦¥´μ [67,68].

—Éμ ± ¸ ¥É¸Ö ¶·μÍ¥¸¸μ¢ · ¸¸¥Ö´¨Ö ¢ ¸¨¸É¥³¥ É·¥Ì  Éμ³μ¢ 4He, Éμ · ¸Î¥ÉÒ
ÔÉ¨Ì ¶·μÍ¥¸¸μ¢ ´  μ¸´μ¢¥ ·¥ ²¨¸É¨Î¥¸±¨Ì  Éμ³- Éμ³´ÒÌ ¶μÉ¥´Í¨ ²μ¢ Ö¢²ÖÕÉ-
¸Ö ¤ ¦¥ ¡μ²¥¥ ·¥¤±¨³¨, Î¥³ · ¸Î¥ÉÒ ¢μ§¡Ê¦¤¥´´μ£μ ¸μ¸ÉμÖ´¨Ö. �Í¥´±¨ ´¥-
±μÉμ·ÒÌ Ì · ±É¥·¨¸É¨± · ¸¸¥Ö´¨Ö  Éμ³  4He ´  ¤¨³¥·¥ 4He2 ¶·¨ ´Ê²¥¢μ°
Ô´¥·£¨¨ ¨ ¤²¨´Ò 4HeÄ4He2-· ¸¸¥Ö´¨Ö ¡Ò²¨ ¸¤¥² ´Ò ¢ [55, 61]. � ¸Î¥ÉÒ Ë §
Ê¶·Ê£μ£μ 4HeÄ4He2-· ¸¸¥Ö´¨Ö ¡Ò²¨ ¢¶¥·¢Ò¥ ¶·μ¢¥¤¥´Ò ¢ · ¡μÉ Ì [62,63,69],
¶·¨Î¥³ ± ± ¢ÒÏ¥, É ± ¨ ´¨¦¥ ¶μ·μ£  · §¢ ²  ¸¨¸É¥³Ò ´  É·¨  Éμ³ . �·¨
ÔÉμ³ ¢ [62] ¶·μ¢μ¤¨²¨¸Ó É ±¦¥ · ¸Î¥ÉÒ  ³¶²¨ÉÊ¤ · §¢ ² . �μ§¤´¥¥ · ¸Î¥É
4HeÄ4He2-Ë § ´¨¦¥ ¶μ·μ£  · §¢ ²  ¡Ò² μ¸ÊÐ¥¸É¢²¥´ ¢ [70]. �¥¤ ¢´ÖÖ · -
¡μÉ  [71] ¸μ¤¥·¦¨É ·¥§Ê²ÓÉ ÉÒ · ¸Î¥É  4HeÄ4He2-Ë § ¤²Ö §´ Î¥´¨° ¶μ²´μ°
Ô´¥·£¨¨, ´ Ìμ¤ÖÐ¨Ì¸Ö ¢ ¡²¨¦ °Ï¥° μ±·¥¸É´μ¸É¨ ¤¢ÊÌÎ ¸É¨Î´μ£μ ¶μ·μ£  εd.
� ¨¡μ²¥¥ ´ ¤¥¦´Ò¥ ´  ¤ ´´Ò° ³μ³¥´É É¥μ·¥É¨Î¥¸±¨¥ ·¥§Ê²ÓÉ ÉÒ ¶μ
¤²¨´¥ 4HeÄ4He2-· ¸¸¥Ö´¨Ö ³μ¦´μ ´ °É¨ ¢ [70Ä72]. ‚ ¸²ÊÎ ¥ ¶μÉ¥´Í¨ ²μ¢
LM2M2 [34] ¨ TTY [35] ¢ÒÎ¨¸²¥´´Ò¥ §´ Î¥´¨Ö ÔÉμ° ¢¥²¨Î¨´Ò ´ Ìμ¤ÖÉ¸Ö ¢
¨´É¥·¢ ²¥ ³¥¦¤Ê 115 ¨ 116 
A. �É³¥É¨³, ÎÉμ ¶·¨ ¶·μ¢¥¤¥´¨¨ · ¸Î¥Éμ¢ Ì · ±-
É¥·¨¸É¨± ¸¨¸É¥³Ò 4He3 ¢ · ¡μÉ Ì [62, 63, 69Ä71] μÉ¶· ¢´μ° ÉμÎ±μ° Ö¢²Ö²¨¸Ó
¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ Ê· ¢´¥´¨Ö ” ¤¤¥¥¢  ¢ ±μμ·¤¨´ É´μ³ ¶·μ¸É· ´¸É¢¥ [73].

ŒÒ Ê¦¥ ±μ¸´Ê²¨¸Ó μ¸´μ¢´ÒÌ ¶·μ¡²¥³, ¤¥² ÕÐ¨Ì · ¸Î¥ÉÒ ¢μ§¡Ê¦¤¥´´ÒÌ
¸μ¸ÉμÖ´¨° ¨ · ¸¸¥Ö´¨Ö ¢ ¸¨¸É¥³¥ É·¥Ì  Éμ³μ¢ 4He μ¸μ¡¥´´μ É·Ê¤´Ò³¨. �¥·¢ Ö
¨§ ÔÉ¨Ì ¶·μ¡²¥³ Å μ¡¥¸¶¥Î¥´¨¥ ¢ÒÌμ¤  ´   ¸¨³¶ÉμÉ¨±Ê ¢μ²´μ¢μ° ËÊ´±Í¨¨
· ¸¸¥Ö´¨Ö Å ³μ¦¥É ¡ÒÉÓ ·¥Ï¥´  ²¨ÏÓ ¶ÊÉ¥³ ¢Ò¡μ·  ¸¥Éμ± ¸ ¤μ¸É ÉμÎ´μ
¡μ²ÓÏ¨³ · ¤¨Ê¸μ³ μ¡·¥§ ´¨Ö ¶μ ¶·μ¸É· ´¸É¢¥´´Ò³ ¶¥·¥³¥´´Ò³. �·¨ ÔÉμ³
´Ê¦´μ £ · ´É¨·μ¢ ÉÓ ¨ ¤μ¸É ÉμÎ´μ ¢Ò¸μ±ÊÕ ¶²μÉ´μ¸ÉÓ · ¸¶·¥¤¥²¥´¨Ö Ê§²μ¢.
‚ ¸¢μÕ μÎ¥·¥¤Ó, ¢Ò¡μ· ¡μ²ÓÏ¨Ì ¸¥Éμ± ´¥¨§¡¥¦´μ ¶μ¤· §Ê³¥¢ ¥É ¨¸¶μ²Ó§μ-
¢ ´¨¥ ¤²Ö ¢ÒÎ¨¸²¥´¨° ´ ¨¡μ²¥¥ ³μÐ´ÒÌ ¨ ¸μ¢·¥³¥´´ÒÌ ±μ³¶ÓÕÉ¥·μ¢, μ·£ -
´¨§ Í¨Ö ¤μ¸ÉÊ¶  ± ±μÉμ·Ò³ ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ°, ± ± ¶· ¢¨²μ, ´¥ ¸²¨Ï±μ³
¶·μ¸ÉÊÕ § ¤ ÎÊ. �¤´¨³ ¨§ ¸¶μ¸μ¡μ¢ ·¥Ï¥´¨Ö ¢Éμ·μ° ¶·μ¡²¥³Ò, ¸¢Ö§ ´´μ°
¸ ¶·¨¸ÊÉ¸É¢¨¥³ μÎ¥´Ó ¸¨²Ó´μ° μÉÉ ²±¨¢ É¥²Ó´μ° ±μ³¶μ´¥´ÉÒ ¢ ³¥¦ Éμ³´μ³
¢§ ¨³μ¤¥°¸É¢¨¨ ´  ³ ²ÒÌ · ¸¸ÉμÖ´¨ÖÌ, Ö¢²Ö¥É¸Ö  ¶¶·μ±¸¨³ Í¨Ö ÔÉμ° ±μ³¶μ-
´¥´ÉÒ ®¶μÉ¥´Í¨ ²μ³¯ É¢¥·¤μ£μ ±μ· . ’ ± Ö  ¶¶·μ±¸¨³ Í¨Ö ¤ ¥É ¢μ§³μ¦´μ¸ÉÓ
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¶·¨ ¨¸¸²¥¤μ¢ ´¨¨ ¸¨¸É¥³Ò 4He3 ¨¸¶μ²Ó§μ¢ ÉÓ ³ É¥³ É¨Î¥¸±¨ ¸É·μ£¨° ³¥-
Éμ¤ ·¥Ï¥´¨Ö § ¤ Î¨ ´¥¸±μ²Ó±¨Ì É¥² ¢ ³μ¤¥²¨ £· ´¨Î´ÒÌ Ê¸²μ¢¨°, · §¢¨ÉÒ°
¢ [74Ä77] ´  μ¸´μ¢ ´¨¨  ¶¶ · É  ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨° ” ¤¤¥¥¢ Ä
Ÿ±Ê¡μ¢¸±μ£μ. ‚ ¦´Ò³ ¶· ±É¨Î¥¸±¨³ ¶·¥¨³ÊÐ¥¸É¢μ³ ¤ ´´μ£μ ³¥Éμ¤ , · ¤¨-
± ²Ó´μ Ê³¥´ÓÏ ÕÐ¨³ ¢ÒÎ¨¸²¨É¥²Ó´Ò¥ ¶μ£·¥Ï´μ¸É¨, Ö¢²Ö¥É¸Ö ´¥μ¡Ìμ¤¨³μ¸ÉÓ
 ¶¶·μ±¸¨³¨·μ¢ ÉÓ ¢´ÊÉ·¨ μ¡² ¸É¥° ±μ·  ²¨ÏÓ μ¶¥· Éμ· ‹ ¶² ¸ ,   ´¥ ¸Ê³³Ê
² ¶² ¸¨ ´  ¨ £¨£ ´É¸±μ° μÉÉ ²±¨¢ É¥²Ó´μ° ¸μ¸É ¢²ÖÕÐ¥° ¶μÉ¥´Í¨ ² 
HeÄHe-¢§ ¨³μ¤¥°¸É¢¨Ö. ‚ [62,63,69] Ê± § ´´Ò° ¶μ¤Ìμ¤ ¡Ò² Ê¸¶¥Ï´μ ¶·¨³¥-
´¥´ ± ± ¶·¨ · ¸Î¥É Ì · ¸¸¥Ö´¨Ö, É ± ¨ ¶·¨ ¢ÒÎ¨¸²¥´¨¨ Ô´¥·£¨° μ¸´μ¢´μ£μ
¨ ¢μ§¡Ê¦¤¥´´μ£μ ¸μ¸ÉμÖ´¨° É·¨³¥·  £¥²¨Ö. ‚ · ¡μÉ¥ ‹ § Ê¸± ¸  ¨ Š ·¡μ-
´¥²Ö [71] ¶μ¤Ìμ¤, μ¸´μ¢ ´´Ò° ´  ³¥Éμ¤¥ [76, 77], ¶·¨³¥´Ö¥É¸Ö ¤²Ö · ¸Î¥É 
¸¢Ö§ ´´ÒÌ ¸μ¸ÉμÖ´¨° ¨ Ì · ±É¥·¨¸É¨± · ¸¸¥Ö´¨Ö ´¥ Éμ²Ó±μ ¢ É·¥Ì Éμ³´μ°
¸¨¸É¥³¥ 4He3, ´μ ¨ ¢ Î¥ÉÒ·¥Ì Éμ³´μ° ¸¨¸É¥³¥ 4He4. �·¨ Î¨¸²¥´´μ³ ¨¸¸²¥¤μ-
¢ ´¨¨ ¸¢μ°¸É¢ ¸¨¸É¥³Ò 4He3 ¢ [64,65,70] ¤²Ö ¶·¥μ¤μ²¥´¨Ö ¶·μ¡²¥³Ò ¸¨²Ó´μ£μ
μÉÉ ²±¨¢ ´¨Ö ³¥¦¤Ê  Éμ³ ³¨ £¥²¨Ö ´  ³ ²ÒÌ · ¸¸ÉμÖ´¨ÖÌ ¨¸¶μ²Ó§Ê¥É¸Ö ¸¶¥-
Í¨ ²Ó´Ò° É·Õ±, ¤μ¸É ÉμÎ´μ ¶·μ§· Î´μ μ¶¨¸ ´´Ò° ¢ [65]. �ÉμÉ É·Õ± ¸μ¸Éμ¨É
¢μ ¢¢¥¤¥´¨¨ ¢ ¶·μ³¥¦ÊÉμÎ´Ò¥ ³ É·¨Î´Ò¥ Ê· ¢´¥´¨Ö ´¥±μÉμ·μ£μ ¢¸¶μ³μ£ -
É¥²Ó´μ£μ ¶μÉ¥´Í¨ ²Ó´μ£μ Î²¥´ , ¸μÌ· ´ÖÕÐ¥£μ Ë¨§¨Î¥¸±¨° ¸¶¥±É· ¨¸Ìμ¤´μ°
§ ¤ Î¨, ´μ £ ¸ÖÐ¥£μ ÔËË¥±É É¢¥·¤μ£μ ±μ·  ¨ Ê¸±μ·ÖÕÐ¥£μ ¸Ìμ¤¨³μ¸ÉÓ ¨¸-
¶μ²Ó§Ê¥³μ£μ ¢ [64, 65, 70] ¨É¥· Í¨μ´´μ£μ  ²£μ·¨É³ , μ¸´μ¢ ´´μ£μ ´  ¸Ì¥³¥
�·´μ²Ó¤¨.

�μ¸±μ²Ó±Ê  Éμ³ 3He ¨³¥¥É ·μ¢´μ É ±μ¥ ¦¥ Ô²¥±É·μ´´μ¥ ¸É·μ¥´¨¥, ÎÉμ ¨
 Éμ³ 4He, ³¥¦ Éμ³´Ò¥ 3HeÄ3He- ¨ 3HeÄ4He-¢§ ¨³μ¤¥°¸É¢¨Ö ´¥ μÉ²¨Î ÕÉ¸Ö
μÉ ¢§ ¨³μ¤¥°¸É¢¨Ö ³¥¦¤Ê  Éμ³ ³¨ 4He. ‚¢¨¤Ê Éμ£μ, ÎÉμ ³ ¸¸   Éμ³  3He
´  Î¥É¢¥·ÉÓ ³¥´ÓÏ¥ ³ ¸¸Ò  Éμ³  4He, ·¥ ²¨¸É¨Î¥¸±¨¥ HeÄHe-¶μÉ¥´Í¨ ²Ò ´¥
¶μ¤¤¥·¦¨¢ ÕÉ ¸¢Ö§ ´´ÒÌ ¸μ¸ÉμÖ´¨° ´¨ Ê ± ±μ° ¨§ ¤¢ÊÌ Éμ³´ÒÌ ¸¨¸É¥³ 3HeÄ
3He ¨ 3HeÄ4He [59, 60]. ‚ Ô±¸¶¥·¨³¥´É¥ μÉ¸ÊÉ¸É¢¨¥ ¸¢Ö§ ´´μ£μ ¸μ¸ÉμÖ´¨Ö Ê
¸¨¸É¥³Ò 3HeÄ4He ¡Ò²μ Ê¸É ´μ¢²¥´μ ¥Ð¥ ¢ [43]. Š ± ¶μ± §Ò¢ ¥É · ¸Î¥É [78],
¸¢Ö§ ´´μ¥ ¸μ¸ÉμÖ´¨¥ ÔÉμ° ¸¨¸É¥³Ò ´¥ ¸ÊÐ¥¸É¢μ¢ ²μ ¡Ò, ¤ ¦¥ ¥¸²¨ ¡Ò ³ ¸¸ 
3He ¸μ¸É ¢²Ö²  94 % ³ ¸¸Ò  Éμ³  4He. ’ ±¨³ μ¡· §μ³, μ¡¥ ¸¨¸É¥³Ò 3HeÄ3He
¨ 3HeÄ4He μ± §Ò¢ ÕÉ¸Ö ¢¥¸Ó³  ¤ ²¥±¨³¨ μÉ μ¡· §μ¢ ´¨Ö ¸¢Ö§ ´´μ£μ ¸μ¸Éμ-
Ö´¨Ö ¨²¨ ¤ ¦¥ μ±μ²μ¶μ·μ£μ¢μ£μ ·¥§μ´ ´¸ . �μ ÔÉμ° ¶·¨Î¨´¥ ´¨ μÉ μ¤´μ°
¨§ É·¥Ì Éμ³´ÒÌ ¸¨¸É¥³ Å 3He4He2, 3He2

4He ¨ 3He3 Å ´¥ ¸²¥¤Ê¥É μ¦¨¤ ÉÓ
¶·μÖ¢²¥´¨° ÔËË¥±É  …Ë¨³μ¢  (¢ μÉ²¨Î¨¥ μÉ Ê¦¥ μ¡¸Ê¦¤ ¢Ï¥£μ¸Ö ¢ÒÏ¥ É·¨-
³¥·  4He3). ‘μ£² ¸´μ ¶·¥¤¸± § ´¨Ö³ [59, 60] ¸¨¸É¥³Ò 3He2

4He ¨ 3He3 ´¥
¨³¥ÕÉ ¸¢Ö§ ´´ÒÌ ¸μ¸ÉμÖ´¨° ¢μμ¡Ð¥,   ¸¨¸É¥³  3He4He2 μ¡² ¤ ¥É Éμ²Ó±μ μ¤-
´¨³ É ±¨³ ¸μ¸ÉμÖ´¨¥³. 	μ²¥¥ ¶μ§¤´¨¥ · ¸Î¥ÉÒ [78Ä81] Ê± §Ò¢ ÕÉ ´  Éμ, ÎÉμ
¢ ¸²ÊÎ ¥ ¶μÉ¥´Í¨ ²μ¢ LM2M2 ¨ TTY Ô´¥·£¨Ö ¸¢Ö§ ´´μ£μ ¸μ¸ÉμÖ´¨Ö 3He4He2

¸μ¸É ¢²Ö¥É μ±μ²μ 14 ³Š. �¥§Ê²ÓÉ ÉÒ · ¸Î¥É  Ë § ¨ ¤²¨´Ò · ¸¸¥Ö´¨Ö  Éμ³ 
3He ´  ¤¨³¥·¥ 4He2, ¶·μ¢¥¤¥´´μ£μ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¶μÉ¥´Í¨ ²  TTY [35],
¡Ò²¨ ¢¶¥·¢Ò¥ μ¶Ê¡²¨±μ¢ ´Ò ¢ [80]. Š · ¸Î¥ÉÊ [80] ¢¸±μ·¥ ¤μ¡ ¢¨²¸Ö · ¸-
Î¥É [78, 82] ¤²¨´Ò 3HeÄ4He2-· ¸¸¥Ö´¨Ö ¢ ¸²ÊÎ ¥ ¶μÉ¥´Í¨ ²  LM2M2 [34].
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‚ ¸É ÉÓ¥ [81] ¤²¨´Ò 3HeÄ4He2-· ¸¸¥Ö´¨Ö ¶·¥¤¸É ¢²¥´Ò Ê¦¥ ¤²Ö ¶ÖÉ¨ · §-
²¨Î´ÒÌ ·¥ ²¨¸É¨Î¥¸±¨Ì ³¥¦ Éμ³´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨°. ‚ ¸²ÊÎ ¥ ¶μÉ¥´Í¨ ²μ¢
TTY ¨ LM2M2 ¢ÒÎ¨¸²¥´´Ò¥ ¢ [78, 80, 81] §´ Î¥´¨Ö ÔÉμ° ¤²¨´Ò ´ Ìμ¤ÖÉ¸Ö ¢
¨´É¥·¢ ²¥ ³¥¦¤Ê 19,4 ¨ 21,2 
A. ’¥³ ¸ ³Ò³ ¤²¨´  · ¸¸¥Ö´¨Ö  Éμ³  3He ´  ¤¨-
³¥·¥ 4He2 μ± §Ò¢ ¥É¸Ö ¶μÎÉ¨ ¢ ¶ÖÉÓ · § ³¥´ÓÏ¥°, Î¥³  ´ ²μ£¨Î´ Ö ¤²¨´  ¤²Ö
 Éμ³  4He. �É³¥É¨³, ÎÉμ · ¸Î¥ÉÒ [78,80,82] μ¸´μ¢Ò¢ ²¨¸Ó ´  ¨¸¶μ²Ó§μ¢ ´¨¨
¤¢Ê³¥·´ÒÌ ¶ ·Í¨ ²Ó´ÒÌ ¨´É¥£·μ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨° ” ¤¤¥¥¢  ¤²Ö
¶μÉ¥´Í¨ ²μ¢ ¸ É¢¥·¤Ò³ ±μ·μ³ [62,77],   Î¨¸²¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ [81] ¶μ²ÊÎ¥´Ò
´  μ¸´μ¢ ´¨¨ É·¥Ì³¥·´ÒÌ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨° ” ¤¤¥¥¢  ¢ ¶·¥¤¸É -
¢²¥´¨¨ ¶μ²´μ£μ Ê£²μ¢μ£μ ³μ³¥´É  [83]. � ¤μ ¸± § ÉÓ, ÎÉμ Î¨¸²¥´´Ò¥ · ¸Î¥ÉÒ
´¥¸¨³³¥É·¨Î´μ° ¸¨¸É¥³Ò 3He4He2 ¢ ¨§¢¥¸É´μ³ ¸³Ò¸²¥ ¸ÊÐ¥¸É¢¥´´μ ¶·μÐ¥,
´¥¦¥²¨ · ¸Î¥ÉÒ ¸¨¸É¥³Ò 4He3, ¶μ¸±μ²Ó±Ê ¢ÒÌμ¤ ´   ¸¨³¶ÉμÉ¨±Ê ±μ³¶μ´¥´É
” ¤¤¥¥¢  ¶·μ¨¸Ìμ¤¨É ¶·¨ £μ· §¤μ ³¥´ÓÏ¨Ì §´ Î¥´¨ÖÌ £¨¶¥·· ¤¨Ê¸ .

‚ ´ ¸ÉμÖÐ¥³ μ¡§μ·¥ ³Ò ¸μ¢¸¥³ ´¥ ± ¸ ¥³¸Ö ·¥§Ê²ÓÉ Éμ¢ ¶μ ·¥±μ³¡¨-
´ Í¨μ´´Ò³ ¶·μÍ¥¸¸ ³ ¢ ¸¨¸É¥³¥ É·¥Ì  Éμ³μ¢ £¥²¨Ö, ÌμÉÖ μ´¨ μÎ¥´Ó ¢ ¦´Ò.
�¥±μ³¡¨´ Í¨Ö Ö¢²Ö¥É¸Ö μ¤´¨³ ¨§ μ¸´μ¢´ÒÌ Ë ±Éμ·μ¢ [84Ä87], Ê³¥´ÓÏ Õ-
Ð¨Ì §´ Î¥´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´μ ¤μ¸É¨¦¨³ÒÌ ¶²μÉ´μ¸É¥° ¡μ§¥-±μ´¤¥´¸ Éμ¢ ¨,
¡μ²¥¥ Éμ£μ, · §·ÊÏ ÕÐ¨Ì ¡μ§¥-±μ´¤¥´¸ ÉÒ. ‡¤¥¸Ó ³Ò μ£· ´¨Î¨¢ ¥³¸Ö ²¨ÏÓ
É¥³, ÎÉμ ¤ ¥³ ¸¸Ò²±¨ [88Ä92] ´  ·Ö¤ · ¡μÉ, ¶μ¸¢ÖÐ¥´´ÒÌ, ¢ Î¨¸²¥ ¶·μÎ¥£μ,
μ¶·¥¤¥²¥´¨Õ ¨ · ¸Î¥É ³ ±μÔËË¨Í¨¥´É  ·¥±μ³¡¨´ Í¨¨ ¢ ¸¨¸É¥³¥ É·¥Ì  Éμ-
³μ¢ 4He.

�¶¨Ï¥³ ¸É·Ê±ÉÊ·Ê ¸É ÉÓ¨. � §¤. 2 ¨ 3 ¶μ¸¢ÖÐ¥´Ò Ëμ·³Ê²¨·μ¢ ´¨Õ ±· ¥-
¢ÒÌ § ¤ Î ¤²Ö ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨° ” ¤¤¥¥¢  ¢ ¸²ÊÎ ¥ ¶μÉ¥´Í¨ ²μ¢ ¸
É¢¥·¤Ò³ ±μ·μ³. �·¨ ÔÉμ³ ¢ · §¤. 2 · ¸¸³ É·¨¢ ¥É¸Ö ¸¨¸É¥³  É·¥Ì ¡¥¸¸¶¨´μ¢ÒÌ
· §²¨Î¨³ÒÌ Î ¸É¨Í, Éμ£¤  ± ± ¢ · §¤. 3 Î ¸É¨ÍÒ ¸Î¨É ÕÉ¸Ö Éμ¦¤¥¸É¢¥´´Ò³¨
¡μ§μ´ ³¨ ¸ ´Ê²¥¢Ò³ ¸¶¨´μ³. ‚ Î¨¸²¥ ¶·μÎ¥£μ ¢ · §¤. 3 Ëμ·³Ê²¨·ÊÕÉ¸Ö ¶ ·Í¨-
 ²Ó´Ò¥ ¤¢Ê³¥·´Ò¥ ¨´É¥£·μ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ Ê· ¢´¥´¨Ö ” ¤¤¥¥¢ , Ê¤μ¡´Ò¥
¤²Ö ¶·μ¢¥¤¥´¨Ö Î¨¸²¥´´ÒÌ · ¸Î¥Éμ¢. � §¤. 4 ¸μ¤¥·¦¨É ¸¢μ¤±Ê Î¨¸²¥´´ÒÌ ·¥-
§Ê²ÓÉ Éμ¢ ¶μ ¸¢Ö§ ´´Ò³ ¸μ¸ÉμÖ´¨Ö³ É·¨³¥·  4He3. ‡¤¥¸Ó ¦¥ μ¶¨¸Ò¢ ¥É¸Ö
¸¥ÉμÎ´ Ö  ¶¶·μ±¸¨³ Í¨Ö ¶ ·Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨° ” ¤¤¥¥¢ . � §¤. 5 ¸μ¤¥·¦¨É
μ¶¨¸ ´¨¥ ¨ μ¡¸Ê¦¤¥´¨¥ ·¥§Ê²ÓÉ Éμ¢ ¶μ Ë § ³ ¨ ¤²¨´ ³ Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö
 Éμ³  4He ´  ¤¨³¥·¥ 4He2. ‚ · §¤. 6 · ¸¸³ É·¨¢ ÕÉ¸Ö ¤μ¢μ¤Ò ¢ ¶μ²Ó§Ê ÊÉ¢¥·-
¦¤¥´¨Ö μ Éμ³, ÎÉμ ¢μ§¡Ê¦¤¥´´μ¥ ¸μ¸ÉμÖ´¨¥ É·¨³¥·  4He3 ¨³¥¥É ¥Ë¨³μ¢¸±ÊÕ
¶·¨·μ¤Ê. ‚ § ±²ÕÎ¨É¥²Ó´μ³ · §¤. 7 ¤ ¥É¸Ö μ¡§μ· ·¥§Ê²ÓÉ Éμ¢ ¶μ Ô´¥·£¨¨ ¸¢Ö§¨
´¥¸¨³³¥É·¨Î´μ° ¸¨¸É¥³Ò 3He4He2. Š·μ³¥ Éμ£μ, ¢ ÔÉμ³ · §¤¥²¥ ¶·¨¢μ¤ÖÉ¸Ö
¢¸¥ ¨§¢¥¸É´Ò¥ ´  ¤ ´´Ò° ³μ³¥´É ·¥§Ê²ÓÉ ÉÒ ¶μ Ë § ³ ¨ ¤²¨´¥ · ¸¸¥Ö´¨Ö
 Éμ³  3He ´  ¤¨³¥·¥ 4He2. � ±μ´¥Í, ¢ ¶·¨²μ¦¥´¨¨ μ¶¨¸Ò¢ ÕÉ¸Ö ´¥¸±μ²Ó±μ
·¥ ²¨¸É¨Î¥¸±¨Ì ³¥¦ Éμ³´ÒÌ HeÄHe-¶μÉ¥´Í¨ ²μ¢, Ï¨·μ±μ ¨¸¶μ²Ó§ÊÕÐ¨Ì¸Ö
¶·¨ ¶·μ¢¥¤¥´¨¨ Î¨¸²¥´´ÒÌ · ¸Î¥Éμ¢ ¸¨¸É¥³Ò É·¥Ì  Éμ³μ¢ £¥²¨Ö.

“¸²μ¢¨³¸Ö μ ´¥±μÉμ·ÒÌ μ¡μ§´ Î¥´¨ÖÌ, ¨¸¶μ²Ó§Ê¥³ÒÌ ´  ¶·μÉÖ¦¥´¨¨ ¢¸¥°
· ¡μÉÒ. ‚ ¶·¥¤¶μ²μ¦¥´¨¨, ÎÉμ p ∈ R3, Î¥·¥§ p̂ μ¡ÒÎ´μ μ¡μ§´ Î ¥É¸Ö ¥¤¨´¨Î-
´Ò° ¢¥±Éμ· ¢ ´ ¶· ¢²¥´¨¨ p, p̂ = p/|p|. �´ ²μ£¨Î´μ, ¥¸²¨ P ∈ R6, Éμ ¸μμÉ¢¥É-
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¸É¢ÊÕÐ¨° ¥¤¨´¨Î´Ò° ¢¥±Éμ· μ¡μ§´ Î ¥É¸Ö Î¥·¥§ P̂ , P̂ = P/|P |. �¡μ§´ Î¥´¨¥
Sn−1 ¨¸¶μ²Ó§Ê¥É¸Ö ¤²Ö ¥¤¨´¨Î´μ° ¸Ë¥·Ò ¢ Rn. ‘± ²Ö·´μ¥ ¶·μ¨§¢¥¤¥´¨¥ ¢¥±-
Éμ·μ¢ p ¨ x ¨§ R3 μ¡μ§´ Î ¥É¸Ö Î¥·¥§ p · x. ‚¸Õ¤Ê ¶μ¤

√
z − λ, z ∈ C, λ ∈ R,

¡Ê¤¥É ¶μ´¨³ ÉÓ¸Ö £² ¢´ Ö ¢¥É¢Ó ËÊ´±Í¨¨ (z − λ)1/2.

2. „ˆ””…�…�–ˆ�‹œ�›… “��‚�…�ˆŸ ”�„„……‚�
„‹Ÿ ‘ˆ‘’…Œ› ’�…• —�‘’ˆ– ‘ ’‚…�„›Œ Š���Œ

�¤´¨³ ¨§ ÔËË¥±É¨¢´ÒÌ ³¥Éμ¤μ¢ ¨¸¸²¥¤μ¢ ´¨Ö ±μ´±·¥É´ÒÌ É·¥ÌÎ ¸É¨Î-
´ÒÌ ¸¨¸É¥³ Ö¢²Ö¥É¸Ö ¢ÒÎ¨¸²¨É¥²Ó´Ò°  ²£μ·¨É³ [73] (¸³. É ±¦¥ [53, 93]),
μ¸´μ¢ ´´Ò° ´  ¨¸¶μ²Ó§μ¢ ´¨¨ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨° ” ¤¤¥¥¢ . �ÉμÉ
³¥Éμ¤ ¶μ§¢μ²Ö¥É μÉ´μ¸¨É¥²Ó´μ ²¥£±μ ¢ÒÎ¨¸²ÖÉÓ ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨ · ¸¸¥Ö-
´¨Ö ¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥  ³¶²¨ÉÊ¤Ò ¤²Ö ¶·μÍ¥¸¸μ¢ 2 → 2, 3. � ¸¶·μ¸É· ´¥-
´¨¥ [94, 95] ¤¨ËË¥·¥´Í¨ ²Ó´μ° Ëμ·³Ê²¨·μ¢±¨ § ¤ Î¨ · ¸¸¥Ö´¨Ö 2 → 2, 3 ¢
μ¡² ¸ÉÓ ±μ³¶²¥±¸´ÒÌ Ô´¥·£¨° ¤ ¥É É ±¦¥ ¢μ§³μ¦´μ¸ÉÓ ¢ÒÎ¨¸²¥´¨Ö ·¥§μ´ ´-
¸μ¢ (¸³. [48,96,97]).

� ¶μ³´¨³, ÎÉμ ¢¶¥·¢Ò¥ ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ Ê· ¢´¥´¨Ö ” ¤¤¥¥¢  ¢ ¸¢μ¥°
¶·μ¸É¥°Ï¥° ¶ ·Í¨ ²Ó´μ° ¢¥·¸¨¨ ¶μÖ¢¨²¨¸Ó ¢ · ¡μÉ¥ �μ°¥¸  ¨ ”¨¤¥²Ó¤¥Ö [98].
„¥É ²Ó´μ¥ ¨¸¸²¥¤μ¢ ´¨¥ ¶μ²´μ° ¢¥·¸¨¨ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨° ” ¤-
¤¥¥¢  ¤²Ö ¸²ÊÎ Ö μ¡ÒÎ´ÒÌ ¡Ò¸É·μ Ê¡Ò¢ ÕÐ¨Ì ¶μÉ¥´Í¨ ²μ¢ ¡Ò²μ ¶·μ¢¥¤¥´μ
¢ ¸É ÉÓ¥ Œ¥·±Ê·Ó¥¢ , †¨´Õ ¨ ‹ ¢¥·´  [73]. ‚ Î¨¸²¥ ¶·μÎ¥£μ ¢ [73] ¸Ëμ·³Ê-
²¨·μ¢ ´Ò ¨ μ¡μ¸´μ¢ ´Ò ±· ¥¢Ò¥ § ¤ Î¨ ¤²Ö ÔÉ¨Ì Ê· ¢´¥´¨°, ¨³¥ÕÐ¨¥ ´¥¶μ-
¸·¥¤¸É¢¥´´Ò° Ë¨§¨Î¥¸±¨° ¸³Ò¸² ¨ ¶·¥¤¸É ¢²ÖÕÐ¨¥ ¨´É¥·¥¸ ¸ ÉμÎ±¨ §·¥´¨Ö
É·¥ÌÎ ¸É¨Î´μ£μ · ¸¸¥Ö´¨Ö. �μ¸²¥ ¢ÒÌμ¤  · ¡μÉÒ [73] ¶·μÏ²μ Ê¦¥ ¡μ²¥¥
É·¨¤Í É¨ ²¥É. ‚ É¥Î¥´¨¥ ¢¸¥£μ ÔÉμ£μ ¶¥·¨μ¤  ¶μ¶Ê²Ö·´μ¸ÉÓ ¤¨ËË¥·¥´Í¨ ²Ó-
´ÒÌ Ê· ¢´¥´¨° ” ¤¤¥¥¢  ²¨ÏÓ ´ · ¸É ² . ‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ÔÉ¨ Ê· ¢´¥´¨Ö
· ¸¸³ É·¨¢ ÕÉ¸Ö ± ± ´ ¨¡μ²¥¥ ÔËË¥±É¨¢´Ò° ¨ Ê¤μ¡´Ò° ¨´¸É·Ê³¥´É ¤²Ö ¶·μ-
¢¥¤¥´¨Ö Î¨¸²¥´´ÒÌ · ¸Î¥Éμ¢ · ¸¸¥Ö´¨Ö ¢ · §²¨Î´ÒÌ ±μ´±·¥É´ÒÌ É·¥ÌÎ ¸É¨Î-
´ÒÌ ¸¨¸É¥³ Ì. Œ É¥·¨ ² ¶μ ¤¨ËË¥·¥´Í¨ ²Ó´Ò³ Ê· ¢´¥´¨Ö³ ” ¤¤¥¥¢  ¤²Ö
¸²ÊÎ Ö μ¡ÒÎ´ÒÌ ¶μÉ¥´Í¨ ²μ¢ § ´¨³ ¥É ¢ ¦´μ¥ ³¥¸Éμ ¢ ¨§¢¥¸É´μ° ³μ´μ£· -
Ë¨¨ [53], ¢±²ÕÎ Ö μ¡μ¡Ð¥´¨Ö ´  É·¥ÌÎ ¸É¨Î´Ò¥ ¸¨¸É¥³Ò ¸ ±Ê²μ´μ¢¸±¨³¨
¢§ ¨³μ¤¥°¸É¢¨Ö³¨,   É ±¦¥ ´  ¸¨¸É¥³Ò ¸ ¶·μ¨§¢μ²Ó´Ò³ Î¨¸²μ³ Î ¸É¨Í (¤¨Ë-
Ë¥·¥´Í¨ ²Ó´Ò¥ Ê· ¢´¥´¨Ö Ÿ±Ê¡μ¢¸±μ£μ [99,100]).

‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ¤²Ö μ¶¨¸ ´¨Ö ¢§ ¨³μ¤¥°¸É¢¨° ³¥¦¤Ê Î ¸É¨Í ³¨ ´ -
·Ö¤Ê ¸ μ¡ÒÎ´Ò³¨ ¶μÉ¥´Í¨ ² ³¨ ³Ò ¡Ê¤¥³ ¨¸¶μ²Ó§μ¢ ÉÓ ³μ¤¥²Ó £· ´¨Î´ÒÌ
Ê¸²μ¢¨° (¸³., ´ ¶·¨³¥·, [101]),   ÉμÎ´¥¥, ¥¥ ¢ ·¨ ´É, ¨§¢¥¸É´Ò° ± ± ³μ¤¥²Ó
É¢¥·¤ÒÌ ¸Ë¥·. ‘¨´£Ê²Ö·´Ò¥ ¢§ ¨³μ¤¥°¸É¢¨Ö, ¶μ·μ¦¤ ¥³Ò¥ ÔÉμ° ³μ¤¥²ÓÕ,
μ¡ÒÎ´μ ´ §Ò¢ ÕÉ ¶μÉ¥´Í¨ ² ³¨ ¸ É¢¥·¤Ò³ ±μ·μ³. Œμ¤¥²Ó É¢¥·¤μ£μ ±μ·  ´¥-
·¥¤±μ μ± §Ò¢ ¥É¸Ö ¢¥¸Ó³  Ê¤ Î´Ò³ ¶·¨¡²¨¦¥´¨¥³ ¤²Ö ¢§ ¨³μ¤¥°¸É¢¨Ö ³¥¦¤Ê
Î ¸É¨Í ³¨ ´  ³ ²ÒÌ · ¸¸ÉμÖ´¨ÖÌ. ˆ³¥´´μ É ± μ¡¸Éμ¨É ¤¥²μ ¢ ¸²ÊÎ ¥ ·¥ -
²¨¸É¨Î¥¸±¨Ì  Éμ³- Éμ³´ÒÌ ¶μÉ¥´Í¨ ²μ¢ [27, 33Ä35], ¨³¥ÕÐ¨Ì Î·¥§¢ÒÎ °´μ
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³μÐ´ÊÕ μÉÉ ²±¨¢ É¥²Ó´ÊÕ ±μ³¶μ´¥´ÉÊ. ˆ³¥´´μ ¶μÔÉμ³Ê ¸´ Î ²  ³Ò ¶·¨¢μ-
¤¨³ Ë ±ÉÒ ¨ ÊÉ¢¥·¦¤¥´¨Ö, ± ¸ ÕÐ¨¥¸Ö ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨° ” ¤-
¤¥¥¢  ¤²Ö ¸¨¸É¥³Ò É·¥Ì Î ¸É¨Í ¸ É¢¥·¤Ò³ ±μ·μ³. �É³¥É¨³, ÎÉμ Ë·¥¤£μ²Ó-
³μ¢Ò ¨´É¥£· ²Ó´Ò¥ Ê· ¢´¥´¨Ö Ë ¤¤¥¥¢¸±μ£μ É¨¶  ¤²Ö ¸¨¸É¥³Ò É·¥Ì É¥² ¢
³μ¤¥²¨ £· ´¨Î´ÒÌ Ê¸²μ¢¨°,   É ±¦¥ ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ Ê· ¢´¥´¨Ö ” ¤¤¥¥¢ 
¤²Ö ÔÉμ° ³μ¤¥²¨ ¡Ò²¨ ´ °¤¥´Ò ¢ · ¡μÉ Ì [74, 75] (¸³. É ±¦¥ ¸É ÉÓÕ [77]
¨ μ¡§μ· [93]). �¡μ¡Ð¥´¨¥ ´  ¸²ÊÎ ° § ¤ Î¨ N É¥² Å ¢ Ëμ·³¥ ¤¨ËË¥·¥´-
Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨° Ÿ±Ê¡μ¢¸±μ£μ ¤²Ö ³μ¤¥²¨ £· ´¨Î´ÒÌ Ê¸²μ¢¨° Å ¤ ´μ
¢ ¸É ÉÓ¥ [76]. „¥É ²Ó´Ò°  ´ ²¨§ § ¤ Î¨ · ¸¸¥Ö´¨Ö ¤²Ö ¸¨¸É¥³Ò É·¥Ì É¥² ¢
³μ¤¥²¨ £· ´¨Î´ÒÌ Ê¸²μ¢¨° ¨ μ¡μ¸´μ¢ ´¨¥ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ±· ¥¢ÒÌ § ¤ Î
¤²Ö ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨° ” ¤¤¥¥¢  ¡Ò²¨ ¶·¥¤¸É ¢²¥´Ò ¢ [102]. �·¨
±· É±μ³ ¨§²μ¦¥´¨¨ ¢¸¥Ì ÔÉ¨Ì ·¥§Ê²ÓÉ Éμ¢ ³Ò ¡Ê¤¥³ ¢ ¸ÊÐ¥¸É¢¥´´μ³ ¸²¥¤μ¢ ÉÓ
· ¡μÉ¥ [62].

ŒÒ ´ Î¨´ ¥³ ¸ μ¶¨¸ ´¨Ö ¨¸¶μ²Ó§Ê¥³ÒÌ μ¡μ§´ Î¥´¨°. ‚¥±Éμ·Ò ¨§ R
3

¡Ê¤ÊÉ μ¡μ§´ Î ÉÓ¸Ö ¶μ²Ê¦¨·´Ò³ ±Ê·¸¨¢μ³, Éμ£¤  ± ± μ¡ÒÎ´Ò° ±Ê·¸¨¢ ·¥§¥·-
¢¨·Ê¥É¸Ö ¤²Ö ¤²¨´ ¢¥±Éμ·μ¢. �μ²μ¦¥´¨¥ ¸¨¸É¥³Ò É·¥Ì Î ¸É¨Í ¢ ±μ´Ë¨£Ê· -
Í¨μ´´μ³ ¶·μ¸É· ´¸É¢¥ ¡Ê¤¥É Ì · ±É¥·¨§μ¢ ÉÓ¸Ö ¶ · ³¨ ¶·¨¢¥¤¥´´ÒÌ μÉ´μ¸¨-
É¥²Ó´ÒÌ ¢¥±Éμ·μ¢ (±μμ·¤¨´ É Ÿ±μ¡¨) [53] xα, yα, α = 1, 2, 3, ¢Ò· ¦ ÕÐ¨Ì¸Ö
Î¥·¥§ · ¤¨Ê¸-¢¥±Éμ·Ò Î ¸É¨Í rα ∈ R3 ¨ ¨Ì ³ ¸¸Ò mα ¶μ Ëμ·³Ê² ³

xα =
(

2mβmγ

mβ + mγ

)1/2

(rβ − rγ),

yα =
(

2mα(mβ + mγ)
mα + mβ + mγ

)1/2 (
rα − mβ rβ + mγ rγ

mβ + mγ

)
,

(2.1)

£¤¥ α, β ¨ γ μ¡· §ÊÕÉ Í¨±²¨Î¥¸±ÊÕ ¶¥·¥¸É ´μ¢±Ê ¨´¤¥±¸μ¢ 1, 2, 3. „¢¨¦¥´¨¥
Í¥´É·  ³ ¸¸ ¡Ê¤¥É ¸Î¨É ÉÓ¸Ö Ê¦¥ μÉ¤¥²¥´´Ò³.

‚¥±Éμ·Ò Ÿ±μ¡¨ xα, yα § ¤ ÕÉ Ï¥¸É¨³¥·´Ò¥ ¢¥±Éμ·Ò X ≡ (xα, yα) ∈ R6.
Šμμ·¤¨´ ÉÒ xβ , yβ , μÉ¢¥Î ÕÐ¨¥ ¶·¨ β �= α Éμ³Ê ¦¥ ¢¥±Éμ·Ê X , ÎÉμ ¨ ¶ · 
xα, yα, ¶μ²ÊÎ ÕÉ¸Ö ¨§ xα, yα ¶·¥μ¡· §μ¢ ´¨¥³ ¶μ¢μ·μÉ (

xβ

yβ

)
=
(

cβα sβα

−sβα cβα

)(
xα

yα

)
,

£¤¥ ±μÔËË¨Í¨¥´ÉÒ cβα, sβα ¤ ÕÉ¸Ö Ëμ·³Ê² ³¨ (¸³., ´ ¶·¨³¥·, [53])

cβα = −
(

mαmβ

(mα + mγ)(mβ + mγ)

)1/2

, (2.2)

sβα = (−1)β−α sign (α − β)
(
1 − c2

βα

)1/2
. (2.3)
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�¨¸. 2. Šμ´Ë¨£Ê· Í¨μ´´μ¥ ¶·μ¸É· ´¸É¢μ (μ¡² ¸ÉÓ Ω) ¸¨¸É¥³Ò É·¥Ì μ¤´μ³¥·´ÒÌ Î ¸É¨Í
¸ ¶ ·´Ò³ ¢§ ¨³μ¤¥°¸É¢¨¥³, ¢±²ÕÎ ÕÐ¨³ É¢¥·¤Ò° ±μ·

’¥³ ¸ ³Ò³ ÔÉ¨ ±μÔËË¨Í¨¥´ÉÒ § ¢¨¸ÖÉ ²¨ÏÓ μÉ ³ ¸¸ Î ¸É¨Í, ¶·¨Î¥³

−1 < cβα < 0, s2βα = 1 − c2
βα,

cβα = cαβ ¨ sβα = −sαβ, β �= α.
(2.4)

„²Ö Î ¸É¨Í ¸ μ¤¨´ ±μ¢Ò³¨ ³ ¸¸ ³¨ cβα = −1/2,   sβα = (−1)β−αsign (α−
−β)

√
3/2.

Šμ´Ë¨£Ê· Í¨μ´´μ¥ ¶·μ¸É· ´¸É¢μ Ω ¸¨¸É¥³Ò É·¥Ì Î ¸É¨Í ¸ É¢¥·¤Ò³ ±μ-
·μ³ ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° Î ¸ÉÓ ¶·μ¸É· ´¸É¢  R6, ¢´¥Ï´ÕÕ (| xα| > cα) ¶μ
μÉ´μÏ¥´¨Õ ±μ ¢¸¥³ É·¥³ £¨¶¥·Í¨²¨´¤· ³ Γα, Γα = {X ∈ R

6 : X = (xα, yα),
| xα| = cα}, α = 1, 2, 3, £¤¥ cα, cα > 0, μ¡μ§´ Î ¥É ¢¥²¨Î¨´Ê | xα| ¶·¨ ±μ´É ±É¥
±�μ·μ¢ (É. ¥. ® ¡¸μ²ÕÉ´μ É¢¥·¤ÒÌ Ï ·μμ¡· §´ÒÌ ¸¥·¤Í¥¢¨´¯) Î ¸É¨Í, μÉ´μ¸Ö-
Ð¨Ì¸Ö ± ¶ ·¥ α. �μ¤· §Ê³¥¢ ¥É¸Ö, ÎÉμ ´μ³¥· ¶ ·Ò ¸μ¢¶ ¤ ¥É ¸ ´μ³¥·μ³
¤μ¶μ²´¨É¥²Ó´μ° Î ¸É¨ÍÒ. „²Ö Ê¤μ¡¸É¢  Î¨É É¥²Ö ´  ·¨¸. 2, § ¨³¸É¢μ¢ ´´μ³
¨§ [62], ¶·¥¤¸É ¢²¥´ ¤¢Ê³¥·´Ò°  ´ ²μ£ ±μ´Ë¨£Ê· Í¨μ´´μ£μ ¶·μ¸É· ´¸É¢  Ω,
μÉ¢¥Î ÕÐ¨° ¸¨¸É¥³¥ É·¥Ì Î ¸É¨Í, ¤¢¨¦ÊÐ¨Ì¸Ö ¢¤μ²Ó μ¤´μ° ¨ Éμ° ¦¥ ¶·Ö³μ°.
’·¥Ì³¥·´Ò° μ¡· § ÔÉμ£μ ¶·μ¸É· ´¸É¢  ¤²Ö ¸²ÊÎ Ö Î ¸É¨Í ¸ · ¢´Ò³¨ ³ ¸¸ ³¨
¤ ¥É¸Ö ´  ·¨¸. 3, É ±¦¥ § ¨³¸É¢μ¢ ´´μ³ ¨§ [62]. �  ¤ ´´μ³ ·¨¸Ê´±¥ ¨¸¶μ²Ó-
§ÊÕÉ¸Ö ±μμ·¤¨´ ÉÒ xα = | xα|, yα = | yα| ¨ ηα = x̂α · ŷα. –¨²¨´¤·Ò Γ1, Γ2 ¨
Γ3 ¶·¥¤¸É ¢²¥´Ò ´  ´¥³ ¶²μ¸±μ¸ÉÓÕ x1 = c ¨ ¶μ¢¥·Ì´μ¸ÉÖ³¨

1
4
x2

1 +
3
4
y2
1 −

√
3

2
x1y1η1 = c2 ¨

1
4
x2

1 +
3
4
y2
1 +

√
3

2
x1y1η1 = c2
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�¨¸. 3. ’·¥Ì³¥·´Ò° μ¡· § ±μ´Ë¨£Ê· Í¨μ´´μ£μ ¶·μ¸É· ´¸É¢  ¸¨¸É¥³Ò É·¥Ì Î ¸É¨Í
¸ · ¢´Ò³¨ ³ ¸¸ ³¨

¸μμÉ¢¥É¸É¢¥´´μ. �¡² ¸ÉÓ Ω Å- Î ¸ÉÓ ³´μ¦¥¸É¢  x1 > c, y1 > 0, −1 � η1 � 1,
μ£· ´¨Î¥´´μ£μ Γ2 ¨ Γ3. ‘ £¥μ³¥É·¨Î¥¸±μ° ÉμÎ±¨ §·¥´¨Ö ÔÉμÉ μ¡· § ±μ´Ë¨£Ê-
· Í¨μ´´μ£μ ¶·μ¸É· ´¸É¢ , ¶·¥¤¸É ¢²¥´´Ò° ´  ·¨¸. 3, Ö¢²Ö¥É¸Ö ¢¶μ²´¥ ÉμÎ´Ò³,
¶μ¸±μ²Ó±Ê μ¶ÊÐ¥´Ò Éμ²Ó±μ ±μμ·¤¨´ ÉÒ (´ ¶·¨³¥·, Ê£²Ò �°²¥· ), μ¶¨¸Ò¢ -
ÕÐ¨¥ ¢· Ð¥´¨¥ ¶²μ¸±μ¸É¨, ¢ ±μÉμ·μ° ´ Ìμ¤ÖÉ¸Ö Î ¸É¨ÍÒ. ‘²¥¤Ê¥É, μ¤´ ±μ,
μÉ³¥É¨ÉÓ, ÎÉμ ¶¥·¥Ìμ¤ μÉ ±μμ·¤¨´ É Ÿ±μ¡¨ ± ¶¥·¥³¥´´Ò³ xα, yα ¨ ηα ´¥ Ö¢²Ö-
¥É¸Ö ±μ´Ëμ·³´Ò³. ‚ ¸²ÊÎ ¥ ¶·μ¨§¢μ²Ó´ÒÌ (¢μ§³μ¦´μ, ´¥· ¢´ÒÌ) ³ ¸¸ Î ¸É¨Í
¢¥²¨Î¨´  Ê£²  ³¥¦¤Ê ¶μ¢¥·Ì´μ¸ÉÖ³¨ Γβ ¨ Γγ , β �= γ, ¢ ÉμÎ± Ì, ¶·¨´ ¤²¥¦ -
Ð¨Ì ¶¥·¥¸¥Î¥´¨Õ Γβ

⋂
Γγ , ¶·μ¡¥£ ¥É ¨´É¥·¢ ² ³¥¦¤Ê π/2−φβγ ¨ π/2+φβγ ,

φβγ = arcsin |cβγ |, ¨ ´¨±μ£¤  ´¥ ¶·¨´¨³ ¥É §´ Î¥´¨Ö 0 ¨²¨ π (¶μ¸±μ²Ó±Ê ¢
¸²ÊÎ ¥, ±μ£¤  Î ¸É¨ÍÒ ¨³¥ÕÉ ±μ´¥Î´Ò¥ ³ ¸¸Ò, ¢¸¥£¤  ¢Ò¶μ²´¥´μ |cβγ | < 1).

ƒ ³¨²ÓÉμ´¨ ´ ¸¨¸É¥³Ò É·¥Ì ¡¥¸¸¶¨´μ¢ÒÌ Î ¸É¨Í ¸ É¢¥·¤Ò³ ±μ·μ³ § ¤ -
¥É¸Ö ¢ L2(Ω) ¢Ò· ¦¥´¨¥³

Hf(X) =

(
−ΔX +

3∑
α=1

Vα

)
f(X) (2.5)

´  ³´μ¦¥¸É¢¥ ËÊ´±Í¨° f(X), f ∈ W 2
2 (Ω), Ê¤μ¢²¥É¢μ·ÖÕÐ¨Ì ´Ê²¥¢Ò³ Ê¸²μ-

¢¨Ö³ „¨·¨Ì²¥
f |∂Ω = 0 (2.6)
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´  £· ´¨Í¥ ∂Ω μ¡² ¸É¨ Ω. ŒÒ ¨¸¶μ²Ó§Ê¥³ §¤¥¸Ó ¸¨¸É¥³Ê ¥¤¨´¨Í ¸ � = 1.
�μÔÉμ³Ê ² ¶² ¸¨ ´ −ΔX ¢ R6 ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° μ¶¥· Éμ· ±¨´¥É¨Î¥¸±μ°
Ô´¥·£¨¨ Î ¸É¨Í. �μÉ¥´Í¨ ²Ò Vα, α = 1, 2, 3, ¸Î¨É ÕÉ¸Ö ¶ ·´Ò³¨. �μ¸²¥¤´¥¥
μ§´ Î ¥É, ÎÉμ ± ¦¤Ò° ¨§ μ¶¥· Éμ·μ¢ Vα ¤¥°¸É¢Ê¥É ´  ËÊ´±Í¨Õ f ¢ ¢Ò· ¦¥-
´¨¨ (2.5) ²¨ÏÓ ¶μ ¸μμÉ¢¥É¸É¢ÊÕÐ¥° ¶¥·¥³¥´´μ° xα, |xα| > cα. ŒÒ ¶·¥¤¶μ-
² £ ¥³, ÎÉμ ÔÉ¨ ¶ ·´Ò¥ ¶μÉ¥´Í¨ ²Ò Ö¢²ÖÕÉ¸Ö μ£· ´¨Î¥´´Ò³¨ ¸ ³μ¸μ¶·Ö¦¥´-
´Ò³¨ (Ô·³¨Éμ¢Ò³¨) μ¶¥· Éμ· ³¨. ˆÌ ¶ ·Í¨ ²Ó´Ò¥ ±μ³¶μ´¥´ÉÒ ¢ · §²μ¦¥´¨¨
¶μ ¸μ¡¸É¢¥´´Ò³ ËÊ´±Í¨Ö³ ¶ ·´μ£μ Ê£²μ¢μ£μ ³μ³¥´É  Ö¢²ÖÕÉ¸Ö μ¶¥· Éμ· ³¨
Ê³´μ¦¥´¨Ö ´  £² ¤±¨¥ ¢¥Ð¥¸É¢¥´´μ§´ Î´Ò¥ ËÊ´±Í¨¨ ¶¥·¥³¥´´μ° xα, ±μÉμ-
·Ò¥ ¤μ¸É ÉμÎ´μ ¡Ò¸É·μ Ê¡Ò¢ ÕÉ ¶·¨ xα → ∞. ƒ ³¨²ÓÉμ´¨ ´ H ¸ É ±¨³¨
¶μÉ¥´Í¨ ² ³¨ ¸ ³μ¸μ¶·Ö¦¥´, ¨ ¥£μ ¸¶¥±É· § ¢¥¤μ³μ Ö¢²Ö¥É¸Ö ¢¥Ð¥¸É¢¥´´Ò³.
„²Ö Î¨¸Éμ ²μ± ²Ó´ÒÌ ¶μÉ¥´Í¨ ²μ¢ ¡Ê¤¥³ ¶μ² £ ÉÓ, ÎÉμ

|Vα(xα)| � Cα(1 + xα)−3−ε, xα � cα, (2.7)

£¤¥ ±μ´¸É ´ÉÒ Cα > 0 ¨ ε > 0. ’ ±¨¥ ¦¥ Ê¸²μ¢¨Ö μ¡ÒÎ´μ ¶·¥¤¶μ² £ -
ÕÉ¸Ö ¢Ò¶μ²´¥´´Ò³¨ ¨ ¤²Ö Î ¸É´ÒÌ ¶·μ¨§¢μ¤´ÒÌ μÉ Vα(xα). �¥ ²¨¸É¨Î¥¸±¨¥
³¥¦ Éμ³´Ò¥ HeÄHe-¶μÉ¥´Í¨ ²Ò μ¡ÒÎ´μ ¶μ¤Î¨´ÖÕÉ¸Ö Ê± § ´´Ò³ Ê¸²μ¢¨Ö³
Ê¡Ò¢ ´¨Ö ¨ £² ¤±μ¸É¨.

‘¢Ö§ ´´Ò¥ ¸μ¸ÉμÖ´¨Ö. �·¥¤¶μ²μ¦¨³, ÎÉμ ¸¨¸É¥³  É·¥Ì Î ¸É¨Í, μ¶¨¸Ò-
¢ ¥³ Ö £ ³¨²ÓÉμ´¨ ´μ³ H , μ¡² ¤ ¥É ÌμÉÖ ¡Ò μ¤´¨³ ¸¢Ö§ ´´Ò³ ¸μ¸ÉμÖ´¨¥³.
�¡μ§´ Î¨³ Î¥·¥§ E Ô´¥·£¨Õ ÔÉμ£μ ¸μ¸ÉμÖ´¨Ö ¨ Î¥·¥§ Ψ Å ¢μ²´μ¢ÊÕ ËÊ´±Í¨Õ,
HΨ = EΨ. 	Ê¤¥³ ¶μ² £ ÉÓ, ÎÉμ ÉμÎ±  E, E < 0, · ¸¶μ²μ¦¥´  ´¨¦¥ ¶μ·μ£ 
´¥¶·¥·Ò¢´μ£μ ¸¶¥±É·  H . ”Ê´±Í¨Ö Ψ(X) μ¶·¥¤¥²¥´  ²¨ÏÓ ¶·¨ X ∈ Ω. ˆ§
Ëμ·³Ê²Ò ƒ·¨´  (¸³., ´ ¶·¨³¥·, [103]) ¸²¥¤Ê¥É, ÎÉμ ÔÉ  ËÊ´±Í¨Ö Ê¤μ¢²¥É¢μ·Ö¥É
Ê· ¢´¥´¨Õ ‹¨¶¶³ ´ Ä˜¢¨´£¥· 

Ψ(X) = −
∫

∂Ω

dσS G0(X, S; E)
∂

∂nS
Ψ(S)−

−
3∑

α=1

∫
Ω

dX ′ G0(X, X ′; E)(VαΨ)(X ′), (2.8)

£¤¥ Î¥·¥§ G0(X, X ′; z) μ¡μ§´ Î¥´  ¸¢μ¡μ¤´ Ö ËÊ´±Í¨Ö ƒ·¨´  ¸¨¸É¥³Ò É·¥Ì
Î ¸É¨Í, É. ¥. Ö¤·μ ·¥§μ²Ó¢¥´ÉÒ

G0(z) = (−ΔX − z)−1

μ¶¥· Éμ·  ‹ ¶² ¸  −ΔX ¢ L2(R6). � ¶μ³´¨³, ÎÉμ ËÊ´±Í¨Ö G0(X, X ′; z)
¢Ò· ¦ ¥É¸Ö Ö¢´μ Î¥·¥§ ËÊ´±Í¨Õ • ´±¥²Ö ¶¥·¢μ£μ ·μ¤  H

(1)
2

(
¸³., ´ ¶·¨-

³¥·, [104]
)
:

G0(X, X ′; z) =
iz

16π2

H
(1)
2 (

√
z|X − X ′|)

|X − X ′|2 .
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—¥·¥§ nS ¢ (2.8) μ¡μ§´ Î ¥É¸Ö ´ ¶· ¢²¥´´ Ö ¢ Ω ´μ·³ ²Ó ± ¶μ¢¥·Ì´μ¸É¨ ∂Ω
¨ Î¥·¥§ dσS Å ³¥·  (¶ÖÉ¨³¥·´ Ö ¶²μÐ ¤Ó) ´  ¶μ¢¥·Ì´μ¸É¨ ∂Ω.

�μ¸±μ²Ó±Ê ¢ μÉ²¨Î¨¥ μÉ Ψ(X) Ö¤·μ G0(X, X ′, E) § ¤ ´μ ¶·¨ ¢¸¥Ì X ∈
R6, X �= X ′, ¶· ¢ Ö Î ¸ÉÓ · ¢¥´¸É¢  (2.8) μ¶·¥¤¥²¥´  ´¥ Éμ²Ó±μ ¶·¨ X ∈ Ω,
´μ ¨ ¶·¨ X ∈ R6 \ Ω. �·¨ ÔÉμ³ ¨§ Ëμ·³Ê²Ò ƒ·¨´  ¸²¥¤Ê¥É, ÎÉμ

−
∫
∂Ω

dσS G0(X, S; E)
∂

∂nS
Ψ(S)−

−
3∑

α=1

∫
Ω

dX ′ G0(X, X ′; E) (VαΨ)(X ′) = 0, (2.9)

X ∈ R
6 \ Ω.

Šμ³¶μ´¥´ÉÒ ” ¤¤¥¥¢  ËÊ´±Í¨¨ Ψ ¢¢μ¤ÖÉ¸Ö Ëμ·³Ê² ³¨ (¸³. [76,77,93])

Fα(X) = −
∫

Γα
⋂

∂Ω

dσS G0(X, S; E)
∂

∂nS
Ψ(S)−

−
∫
Ω

dX ′ G0(X, X ′; E) (VαΨ)(X ′). (2.10)

”Ê´±Í¨¨ Fα(X), μ¶·¥¤¥²Ö¥³Ò¥ · ¢¥´¸É¢ ³¨ (2.10), ³Ò ¡Ê¤¥³ · ¸¸³ É·¨¢ ÉÓ
¶·¨ ¢¸¥Ì X ∈ R6 ± ± ¢´¥, É ± ¨ ¢´ÊÉ·¨ ¶μ¢¥·Ì´μ¸É¨ ∂Ω. �¥¶μ¸·¥¤¸É¢¥´´μ
¨§ (2.8) ¨ (2.9) ¢ÒÉ¥± ¥É, ÎÉμ

3∑
α=1

Fα(X) =
{

Ψ(X), X ∈ Ω,

0, X ∈ R6 \ Ω .
(2.11)

�μ¢¥·Ì´μ¸É´Ò° ¨´É¥£· ² ¢¨¤ ∫
Γα

dσS G0(X, S; z)μα(S), z ∈ C, (2.12)

¶·¨¸ÊÉ¸É¢ÊÕÐ¨° ¢ (2.10), ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ¶μÉ¥´Í¨ ² ¶·μ¸Éμ£μ ¸²μÖ [103],
¸μ¸·¥¤μÉμÎ¥´´μ£μ ¸ ¶²μÉ´μ¸ÉÓÕ μα ´  Í¨²¨´¤·¥ Γα. ‚ ¤ ´´μ³ ¸²ÊÎ ¥

μα(S) =

⎧⎨⎩
∂

∂nS
Ψ(S), ¥¸²¨ S ∈ Γα

⋂
∂Ω,

0, ¥¸²¨ S ∈ Γα \ ∂Ω.
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ˆ§ ·¥§Ê²ÓÉ Éμ¢ · ¡μÉ [74,75] ¸²¥¤Ê¥É, ÎÉμ ± ¦¤ Ö ¨§ ¶²μÉ´μ¸É¥° μα(S) Ö¢²Ö-
¥É¸Ö ´¥¶·¥·Ò¢´μ° ËÊ´±Í¨¥° ¶¥·¥³¥´´μ° S ∈ Γα ¢¸Õ¤Ê §  ¨¸±²ÕÎ¥´¨¥³ ³´μ-
¦¥¸É¢ , ¶μ ±μÉμ·μ³Ê ¸μμÉ¢¥É¸É¢ÊÕÐ¨° Í¨²¨´¤· Γα ¶¥·¥¸¥± ¥É¸Ö ¸ ¤¢Ê³Ö ¤·Ê-
£¨³¨ Í¨²¨´¤· ³¨ Γβ , β �= α. ‘²¥¤μ¢ É¥²Ó´μ, ¶μÉ¥´Í¨ ² ¶·μ¸Éμ£μ ¸²μÖ (2.12)
¶·¨ ¶¥·¥Ìμ¤¥  ·£Ê³¥´É  X Î¥·¥§ ¶μ¢¥·Ì´μ¸ÉÓ Γα ¢´¥ Ê¶μ³Ö´ÊÉμ£μ ³´μ¦¥¸É¢ 
¨§³¥´Ö¥É¸Ö ´¥¶·¥·Ò¢´μ [103]. …¸²¨ X �∈ Γα, Éμ ËÊ´±Í¨Ö (2.12) Ö¢²Ö¥É¸Ö
¡¥¸±μ´¥Î´μ ¤¨ËË¥·¥´Í¨·Ê¥³μ° ¨, ¡μ²¥¥ Éμ£μ,

(−ΔX − z)
∫
Γα

dσS G0(X, S; z)μα(S) = 0.

�μÔÉμ³Ê, ¤¥°¸É¢ÊÖ ´  μ¡¥ Î ¸É¨ · ¢¥´¸É¢  (2.10) ¢Ò· ¦¥´¨¥³ −ΔX − E ¨
¶·¨´¨³ Ö ¢μ ¢´¨³ ´¨¥ (2.11), ³Ò ¶·¨Ìμ¤¨³ ± ¸²¥¤ÊÕÐ¥° ¸¨¸É¥³¥ ¤¨ËË¥·¥´-
Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨° ¤²Ö ±μ³¶μ´¥´É Fα(X):

(−ΔX + Vα − E)Fα(X) = −Vα

∑
β �=α

Fβ(X), | xα| > cα, (2.13a)

(−ΔX − E)Fα(X) = 0, | xα| < cα, (2.13¡)

α = 1, 2, 3.

‘μ£² ¸´μ (2.11) ¸Ê³³  ËÊ´±Í¨° Fα(X) ¤μ²¦´  μ¡· Ð ÉÓ¸Ö ¢ ´Ê²Ó ´¥ Éμ²Ó±μ
´  ¶μ¢¥·Ì´μ¸É¨ ∂Ω, ´μ ¨ ¢´ÊÉ·¨ ´¥¥:

3∑
β=1

Fβ(X) ≡ 0, X ∈ R
6 \ Ω. (2.14)

‚³¥¸Éμ μÎ¥´Ó ¦¥¸É±¨Ì Ê¸²μ¢¨° (2.14), ¢ ÉμÎ´μ¸É¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ³μ¤¥²¨
É¢¥·¤μ£μ ±μ·  ¢ § ¤ Î¥ É·¥Ì Î ¸É¨Í, ¤μ¸É ÉμÎ´μ · ¸¸³ É·¨¢ ÉÓ £μ· §¤μ ¡μ²¥¥
¸² ¡Ò¥ Ê¸²μ¢¨Ö [74,77]

3∑
β=1

Fβ(X)
∣∣∣∣
|xα|=cα

= 0, α = 1, 2, 3, (2.15)

É·¥¡ÊÕÐ¨¥ μÉ ¸Ê³³Ò ±μ³¶μ´¥´É Fα(X) μ¡· Ð¥´¨Ö ¢ ´Ê²Ó ²¨ÏÓ ´  Í¨²¨´¤· Ì
Γα. �μ´ÖÉ´μ, ÎÉμ ¤²Ö § ¤ Î¨ ´  ¸¢Ö§ ´´Ò¥ ¸μ¸ÉμÖ´¨Ö ¤μ²¦´Ò ¢Ò¶μ²´ÖÉÓ¸Ö
É ±¦¥ Ê¸²μ¢¨Ö

Fα ∈ L2(R6), α = 1, 2, 3. (2.16)

Š ± ¨ ¢ ¸¨ÉÊ Í¨¨ [53], ±μ£¤  ¨³¥ÕÉ¸Ö ²¨ÏÓ ¢§ ¨³μ¤¥°¸É¢¨Ö, μ¶¨¸Ò¢ ¥³Ò¥
μ¡ÒÎ´Ò³¨ ¶μÉ¥´Í¨ ² ³¨,  ¸¨³¶ÉμÉ¨Î¥¸±μ¥ ¶μ¢¥¤¥´¨¥ Fα(X) (|X | → ∞)
¨³¥¥É Ô±¸¶μ´¥´Í¨ ²Ó´Ò° Ì · ±É¥·, Ëμ·³  ±μÉμ·μ£μ ¤μ¢μ²Ó´μ ¸²μ¦´ .
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“· ¢´¥´¨Ö (2.13), (2.15) ¨ (2.16) μ¶¨¸Ò¢ ÕÉ § ¤ ÎÊ ´  ¸¢Ö§ ´´Ò¥ ¸μ¸ÉμÖ-
´¨Ö ¤²Ö É·¥Ì Î ¸É¨Í, ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì ¶μ¸·¥¤¸É¢μ³ ¶μÉ¥´Í¨ ²μ¢ ¸ É¢¥·¤Ò³
±μ·μ³, ¨ Ö¢²ÖÕÉ¸Ö ¥¸É¥¸É¢¥´´Ò³ μ¡μ¡Ð¥´¨¥³ ¸É ´¤ ·É´ÒÌ ¤¨ËË¥·¥´Í¨ ²Ó-
´ÒÌ Ê· ¢´¥´¨° ” ¤¤¥¥¢  [53].

—¨¸²¥´´Ò¥ ¶·¥¨³ÊÐ¥¸É¢  ¶μ¤Ìμ¤ , μ¸´μ¢ ´´μ£μ ´  ·¥Ï¥´¨¨ § ¤ Î¨ (2.13),
(2.15), (2.16), ¢¨¤´Ò ´¥¶μ¸·¥¤¸É¢¥´´μ ¨§ ¸É·Ê±ÉÊ·Ò Ê· ¢´¥´¨° (2.13): ¶μ¸²¥
§ ³¥´Ò ¶μÉ¥´Í¨ ²  ¸ ¸¨²Ó´Ò³ μÉÉ ²±¨¢ ´¨¥³ ´  ³ ²ÒÌ · ¸¸ÉμÖ´¨ÖÌ ³μ¤¥²ÓÕ
É¢¥·¤μ£μ ±μ·  ¢³¥¸Éμ ¸Ê³³Ò ² ¶² ¸¨ ´  ¨ μ£·μ³´μ£μ ¶μÉ¥´Í¨ ²Ó´μ£μ Î²¥´ 
¢´ÊÉ·¨ μ¡² ¸É¨ ±μ·  μ± §Ò¢ ¥É¸Ö ´Ê¦´Ò³  ¶¶·μ±¸¨³¨·μ¢ ÉÓ Éμ²Ó±μ ¸ ³ ² -
¶² ¸¨ ´ −ΔX . �Éμ μ¡¸ÉμÖÉ¥²Ó¸É¢μ ¶·¨¢μ¤¨É ± §´ Î¨É¥²Ó´μ³Ê Ê³¥´ÓÏ¥´¨Õ
Î¨¸²¥´´ÒÌ μÏ¨¡μ±.

� ¸¸¥Ö´¨¥. �Ê¸ÉÓ Ψ[β,ξ]±(X, pβ) Å É·¥ÌÎ ¸É¨Î´ Ö ¢μ²´μ¢ Ö ËÊ´±Í¨Ö, ¸μ-
μÉ¢¥É¸É¢ÊÕÐ Ö ¶·μÍ¥¸¸Ê 2 → 2, 3, £¤¥ ¢ ´ Î ²Ó´μ³ ¸μ¸ÉμÖ´¨¨ ¸¢Ö§ ´  ¶ ·´ Ö
¶μ¤¸¨¸É¥³  β ¢ ¸μ¸ÉμÖ´¨¨ ψβ,ξ(xβ) ¸ Ô´¥·£¨¥° εβ,ξ, εβ,ξ < 0,   ¤μ¶μ²´¨-
É¥²Ó´ Ö Î ¸É¨Í   ¸¨³¶ÉμÉ¨Î¥¸±¨ ¸¢μ¡μ¤´  ¨ ¨³¥¥É μÉ´μ¸¨É¥²Ó´Ò° ¨³¶Ê²Ó¸
pβ , pβ ∈ R3. —¥·¥§ ξ ³Ò μ¡μ§´ Î¨²¨ ¸μ¢μ±Ê¶´μ¸ÉÓ ¢¸¥Ì μ¸É ²Ó´ÒÌ ±¢ ´Éμ-
¢ÒÌ Î¨¸¥², μ¶·¥¤¥²ÖÕÐ¨Ì ¸μ¸ÉμÖ´¨¥ ¤¢ÊÌÎ ¸É¨Î´μ° ¶μ¤¸¨¸É¥³Ò β. Šμ³¶μ-

´¥´ÉÒ ” ¤¤¥¥¢  [77,93] Fα(X) ≡ F
[β,ξ]±
α (X, pβ) ¢μ²´μ¢μ° ËÊ´±Í¨¨ · ¸¸¥Ö´¨Ö

Ψ[β,ξ]±(X, pβ),

Ψ[β,ξ]±(X) =
3∑

α=1

F [β,ξ]±
α (X),

¢ ³μ¤¥²¨ ¸ É¢¥·¤Ò³ ±μ·μ³ Ê¤μ¢²¥É¢μ·ÖÕÉ É¥³ ¦¥ ¤¨ËË¥·¥´Í¨ ²Ó´Ò³ Ê· ¢-
´¥´¨Ö³ (2.13) ¨ £· ´¨Î´Ò³ Ê¸²μ¢¨Ö³ (2.15), ÎÉμ ¨ ¢ § ¤ Î¥ ´  ¸¢Ö§ ´´Ò¥
¸μ¸ÉμÖ´¨Ö. �É¨ ±μ³¶μ´¥´ÉÒ ³μ¦´μ § ¶¨¸ ÉÓ ¢ ¢¨¤¥

F [β,ξ]±
α (X, pβ) = δαβχβ,ξ(X, pβ)+

+
∑
ξ′

ψα,ξ′(xα)U [β,ξ]±
α,ξ′ (yα, pβ) + U

[β,ξ]±
α,0 (X, pβ), (2.17)

£¤¥

χβ,ξ(X, pβ) = ψβ,ξ(xβ) exp (i pβ · yβ) (2.18)

Å ¶ ¤ ÕÐ Ö ¢μ²´ , ¸μ¸É ¢²¥´´ Ö ¨§ ¢μ²´μ¢μ° ËÊ´±Í¨¨ ¸¢Ö§ ´´μ£μ ¸μ¸ÉμÖ´¨Ö
ψβ,ξ ¶ ·Ò β ¨ ¶²μ¸±μ° ¢μ²´Ò, μ¶¨¸Ò¢ ÕÐ¥° ¸¢μ¡μ¤´μ¥ ¤¢¨¦¥´¨¥ ¤μ¶μ²´¨-
É¥²Ó´μ° Î ¸É¨ÍÒ.

‚ ¸²ÊÎ ¥, ±μ£¤  ¶μÉ¥´Í¨ ²Ò Vα(x) Ö¢²ÖÕÉ¸Ö £² ¤±¨³¨ ËÊ´±Í¨Ö³¨, Ê¡Ò-
¢ ÕÐ¨³¨ ¢³¥¸É¥ ¸ Î ¸É´Ò³¨ ¶·μ¨§¢μ¤´Ò³¨ ¶·¨ x → ∞ ´¥ ³¥¤²¥´´¥¥, Î¥³
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| x|−3−ε, ε > 0, Ë ±Éμ·Ò U
[β,ξ]±
α,ξ′ ¨ U

[β,ξ]±
α,0 ¢ (2.17) ¨³¥ÕÉ É ±μ¥ ¦¥  ¸¨³¶Éμ-

É¨Î¥¸±μ¥ ¶μ¢¥¤¥´¨¥ [102], ÎÉμ ¨ ¢ μ¡ÒÎ´μ° ¶μÉ¥´Í¨ ²Ó´μ° ³μ¤¥²¨ [53]. �
¨³¥´´μ,

U
[β,ξ]±
α,ξ′ (yα, pβ) =

yα→∞

e±i
√

E−εα,ξ′ |yα|

|yα|
[
a
[β,ξ]±
α,ξ′ (ŷα, pβ) + o(|yα|−1/2)

]
, (2.19)

U
[β,ξ]±
α,0 (X, pβ) =

X→∞

e±i
√

E|X|

|X |5/2

[
A[β,ξ]±

α (X̂, pβ) + o(|X |−1/2)
]
, (2.20)

£¤¥ E = εβ,ξ + p2
β Å ¶μ²´ Ö Ô´¥·£¨Ö ¸¨¸É¥³Ò. „²Ö E > εα,ξ′ ËÊ´±Í¨Ö

a
[β,ξ]±
α,ξ′ (ŷα, pβ) ¶·¥¤¸É ¢²Ö¥É  ³¶²¨ÉÊ¤Ê Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö (α = β, ξ′ = ξ)

¨²¨ ¶·μÍ¥¸¸  ¶¥·¥¸É·μ°±¨ (α �= β ¨²¨ ξ′ �= ξ). ”Ê´±Í¨¨ A
[β,ξ]±
α (X̂, pβ) ¶·¨

E > 0 ¢ ¸Ê³³¥ ¤ ÕÉ ¶μ²´ÊÕ  ³¶²¨ÉÊ¤Ê A[β,ξ]±(X̂, pβ) · §¢ ²  ¸¨¸É¥³Ò ´ 
É·¨  ¸¨³¶ÉμÉ¨Î¥¸±¨ ¸¢μ¡μ¤´Ò¥ Î ¸É¨ÍÒ:

A[β,ξ]±(X̂, pβ) =
3∑

α=1

A[β,ξ]±
α (X̂, pβ).

‘²¥¤Ê¥É ¶μ¤Î¥·±´ÊÉÓ, ÎÉμ ± ¦¤ Ö ¤¢ÊÌÎ ¸É¨Î´ Ö ¸μ¡¸É¢¥´´ Ö ËÊ´±Í¨Ö ψα,ξ(xα)
¶μ² £ ¥É¸Ö · ¢´μ° ´Ê²Õ ¢´ÊÉ·¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¥° ¶ ·´μ° μ¡² ¸É¨ ±μ· , É. ¥.
ψα,ξ(xα) ≡ 0 ¶·¨ |xα| � cα.

�μ¤·μ¡´Ò°  ´ ²¨§ μ¶¨¸ ´´μ° ±· ¥¢μ° § ¤ Î¨, ¢±²ÕÎ Ö Ëμ·³Ê²¨·μ¢±Ê ¨
μ¡μ¸´μ¢ ´¨¥  ¸¨³¶ÉμÉ¨Î¥¸±¨Ì £· ´¨Î´ÒÌ Ê¸²μ¢¨° ¤²Ö ¸μ¸ÉμÖ´¨° · ¸¸¥Ö´¨Ö,
  É ±¦¥  ´ ²¨§ ¤·Ê£¨Ì ±· ¥¢ÒÌ § ¤ Î ³μ¦´μ ´ °É¨ ¢ [102] (¸³. É ±¦¥ [93]).
‡¤¥¸Ó ³Ò ±μ·μÉ±μ μ¸É ´μ¢¨³¸Ö ²¨ÏÓ ´  μ¡¸Ê¦¤¥´¨¨ ¤¨¸±·¥É´μ£μ ¸¶¥±É· 
±· ¥¢μ° § ¤ Î¨ (2.13), (2.15), ¶μ¸±μ²Ó±Ê ¶μ ¸· ¢´¥´¨Õ ¸μ ¸¶¥±É·μ³ ¨¸Ìμ¤´μ£μ
£ ³¨²ÓÉμ´¨ ´  (2.5), (2.6) ÔÉμÉ ¸¶¥±É· ¶·¨μ¡·¥É ¥É ¤μ¶μ²´¨É¥²Ó´ÊÕ ¸μ¸É ¢²Ö-
ÕÐÊÕ, μÉ¢¥Î ÕÐÊÕ ¸μ¢μ±Ê¶´μ¸É¨ § ¤ Î „¨·¨Ì²¥ ¤²Ö μ¡² ¸É¥°, ¢μ§´¨± ÕÐ¨Ì
¶·¨ ¶¥·¥¸¥Î¥´¨¨ Í¨²¨´¤·μ¢ Γα.

‘´ Î ²  ¢¢¥¤¥³ μ¡μ§´ Î¥´¨Ö ¤²Ö ÔÉ¨Ì μ¡² ¸É¥°. �Ê¸ÉÓ Λ123 Å μ¡² ¸ÉÓ,
²¥¦ Ð Ö ¢´ÊÉ·¨ ¢¸¥Ì É·¥Ì Í¨²¨´¤·μ¢ Γα, α = 1, 2, 3, ¨ ¶Ê¸ÉÓ ∂Λ123 Å £· -
´¨Í  ÔÉμ° μ¡² ¸É¨ (¸³. ·¨¸. 2 ¨ 3). �μ¤ Λαβ ¡Ê¤¥³ ¶μ´¨³ ÉÓ Î ¸ÉÓ μ¡² ¸É¨,
μ£· ´¨Î¥´´μ° Í¨²¨´¤· ³¨ Γα ¨ Γβ , β �= α, ¢´¥Ï´ÕÕ ¶μ μÉ´μÏ¥´¨Õ ± Λ123.
�¡μ§´ Î¥´¨¥ Λα ¡Ê¤¥³ ¨¸¶μ²Ó§μ¢ ÉÓ ¤²Ö μ¡² ¸É¨, ²¥¦ Ð¥° ¢´ÊÉ·¨ Í¨²¨´¤· 
Γα, ´μ · ¸¶μ²μ¦¥´´μ° ¢´¥ ¤¢ÊÌ μ¸É ²Ó´ÒÌ Í¨²¨´¤·μ¢ Γβ, β �= α. � ±μ´¥Í,
Î¥·¥§ ∂Λαβ ¨ ∂Λα μ¡μ§´ Î¨³ £· ´¨ÍÒ μ¡² ¸É¥° Λαβ ¨ Λα ¸μμÉ¢¥É¸É¢¥´´μ.

Š ± ¶μ± § ´μ ¢ [102], ¤¨¸±·¥É´Ò° ¸¶¥±É· ±· ¥¢μ° § ¤ Î¨ (2.13), (2.15),
(2.16) ¢±²ÕÎ ¥É ´¥ Éμ²Ó±μ ¤¨¸±·¥É´Ò° ¸¶¥±É· σd(H) ¨¸Ìμ¤´μ£μ £ ³¨²ÓÉμ´¨-
 ´  H , ´μ ¨ ¤μ¡ ¢μÎ´μ¥ ³´μ¦¥¸É¢μ σaux

d , ¸μ¸ÉμÖÐ¥¥ ¨§ ¸μ¡¸É¢¥´´ÒÌ §´ Î¥´¨°
¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì μ¤´μ·μ¤´ÒÌ ¢´ÊÉ·¥´´¨Ì § ¤ Î „¨·¨Ì²¥ ¤²Ö μ¡² ¸É¥° Λ123,
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Λαβ ¨ Λα, α, β = 1, 2, 3, β �= α. � ¨³¥´´μ, ¢ σaux
d ¢Ìμ¤ÖÉ ¤¨¸±·¥É´Ò¥ ¸¶¥±-

É·Ò μ¶¥· Éμ·μ¢, § ¤ ¢ ¥³ÒÌ ´  W 2
2 (Λαβγ), W 2

2 (Λα) ¨ W 2
2 (Λαβ) ¢Ò· ¦¥´¨¥³

(2.5) ¨ ±· ¥¢Ò³¨ Ê¸²μ¢¨Ö³¨ f |∂Λαβγ
= 0, f |∂Λα = 0 ¨ f |∂Λαβ

= 0 ¸μμÉ¢¥É-
¸É¢¥´´μ. �·¨ ÔÉμ³ ¢ (2.5) ¸²¥¤Ê¥É ¸Î¨É ÉÓ, ÎÉμ (Vαf)(xα) ≡ 0 ¶·¨ xα < cα.
Š·¨É¥·¨¥³ μÉ¡μ·  ·¥Ï¥´¨° ¸¶¥±É· ²Ó´μ° § ¤ Î¨ (2.13), (2.15) ¨ (2.16), μÉ-
¢¥Î ÕÐ¨Ì Éμ²Ó±μ ¸¶¥±É·Ê £ ³¨²ÓÉμ´¨ ´  H , ¸²Ê¦¨É Ê¸²μ¢¨¥ Éμ¦¤¥¸É¢¥´´μ£μ
μ¡· Ð¥´¨Ö ¶μ²´μ° ¢μ²´μ¢μ° ËÊ´±Í¨¨ ¢ ´Ê²Ó ¢´ÊÉ·¨ ± ¦¤μ£μ ¨§ ¢¸¥Ì É·¥Ì
Í¨²¨´¤·μ¢ Γα:

Ψ(X) =
3∑

β=1

Fβ(X) ≡ 0 ¶·¨ xα < cα, α = 1, 2, 3.

‘²¥¤Ê¥É, μ¤´ ±μ, μÉ³¥É¨ÉÓ, ÎÉμ ´¨¦´ÖÖ £· ´¨Í  inf σaux
d ¸μ¢μ±Ê¶´μ£μ ¸¶¥±É· 

Ê¶μ³Ö´ÊÉÒÌ ¤μ¶μ²´¨É¥²Ó´ÒÌ ¢´ÊÉ·¥´´¨Ì § ¤ Î ²¥¦¨É § ¢¥¤μ³μ ¢ÒÏ¥ ´¨¦´¥°
£· ´¨ÍÒ ¸¶¥±É·  H . Š·μ³¥ Éμ£μ, ¶·¨ ¤μ¸É ÉμÎ´μ ³ ²ÒÌ cα §´ Î¥´¨¥ inf σaux

d

¶μ²μ¦¨É¥²Ó´μ ¨ ¢¥¤¥É ¸¥¡Ö ± ± 1/c2, £¤¥ c = max
α

cα.

�²¥³¥´ÉÒ ³´μ¦¥¸É¢  σaux
d ¶·¥¤¸É ¢²ÖÕÉ ¸μ¡μ° É¥ ÉμÎ±¨, ¢ ±μÉμ·ÒÌ ·¥-

Ï¥´¨¥ ±· ¥¢μ° § ¤ Î¨ (2.13), (2.15), (2.17)Ä(2.20) ´¥ Ö¢²Ö¥É¸Ö ¥¤¨´¸É¢¥´-
´Ò³ [102]. �¤´ ±μ ®¤ÊÌμ¢Ò°¯ ¸¶¥±É· σaux

d ¤¨¸±·¥É¥´, ¨ ´  ¶· ±É¨±¥ ¸μ-
¢¶ ¤¥´¨¥ Ô´¥·£¨¨ · ¸¸¥Ö´¨Ö E ¸ μ¤´μ° ¨§ ÉμÎ¥± ³´μ¦¥¸É¢  σaux

d ¸²¥¤Ê¥É · ¸-
¸³ É·¨¢ ÉÓ ± ± ¨¸±²ÕÎ¨É¥²Ó´Ò° ¸²ÊÎ °. 	μ²¥¥ Éμ£μ, ¨³¥¥É¸Ö ¶·μ¸Éμ° ¸¶μ¸μ¡
¨§¡¥¦ ÉÓ É ±¨Ì ¸μ¢¶ ¤¥´¨° ¶ÊÉ¥³ ¸¤¢¨£  ³´μ¦¥¸É¢  σaux

d . ’ ±μ° ¸¤¢¨£ ³μ¦¥É
¡ÒÉÓ Ê¸É·μ¥´, ´ ¶·¨³¥·, ¢ ·¥§Ê²ÓÉ É¥ § ³¥´Ò ´Ê²¥¢ÒÌ §´ Î¥´¨° ¶μÉ¥´Í¨ -
²μ¢ Vα ¢´ÊÉ·¨ μ¡² ¸É¥° ±μ·  ¶μ¤Ìμ¤ÖÐ¨³¨ ¶μ²μ¦¨É¥²Ó´Ò³¨ ±μ´¸É ´É ³¨.
‚ ¦´μ, ÎÉμ ÔÉ  § ³¥´  ´¨± ± ´¥ ¢²¨Ö¥É ´  §´ Î¥´¨Ö ¶μ²´μ° ¢μ²´μ¢μ° ËÊ´±-

Í¨¨ Ψ(X) =
∑

α

Fα(X) ¢ Ë¨§¨Î¥¸±μ° μ¡² ¸É¨, É. ¥. ¶·¨ X ∈ Ω.

3. ���–ˆ�‹œ�›… „ˆ””…�…�–ˆ�‹œ�›… “��‚�…�ˆŸ
”�„„……‚� „‹Ÿ ’�…• ’�†„…‘’‚…��›• ��‡���‚

‘ ’‚…�„›Œ Š���Œ

�·¥¤¶μ²μ¦¨³ É¥¶¥·Ó, ÎÉμ · ¸¸³ É·¨¢ ¥³Ò¥ Î ¸É¨ÍÒ Ö¢²ÖÕÉ¸Ö Éμ¦¤¥-
¸É¢¥´´Ò³¨ ¡μ§μ´ ³¨ ¸ ´Ê²¥¢Ò³ ¸¶¨´μ³, ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨³¨ ¶μ¸·¥¤¸É¢μ³
Í¥´É· ²Ó´μ£μ ¶μÉ¥´Í¨ ²  V , É. ¥ Vα(xα) = V (xα), α = 1, 2, 3. ‚ ÔÉμ³ ¸²ÊÎ ¥
¶μ²´ Ö ¢μ²´μ¢ Ö ËÊ´±Í¨Ö ¤μ²¦´  ¡ÒÉÓ ¨´¢ ·¨ ´É´μ° μÉ´μ¸¨É¥²Ó´μ ¶¥·¥¸É -
´μ¢±¨ Î ¸É¨Í ¢ ± ¦¤μ° ¶ ·¥ α, É. ¥. PαΨ = Ψ, α = 1, 2, 3, £¤¥ Pα Å μ¶¥· Éμ·
¶¥·¥¸É ´μ¢±¨. �Éμ μ§´ Î ¥É, ÎÉμ Ψ(−xα, yα) = Ψ(xα, yα), α = 1, 2, 3. �μ
Éμ£¤  ¨§ μ¶·¥¤¥²¥´¨Ö ±μ³¶μ´¥´É ” ¤¤¥¥¢  (2.10) ¸²¥¤Ê¥É, ÎÉμ

PαFα = Fα, (3.1)
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É. ¥.
Fα(−xα, yα) = Fα(xα, yα). (3.2)

Š·μ³¥ Éμ£μ, ¢¢¨¤Ê Éμ¦¤¥¸É¢¥´´μ¸É¨ ¡μ§μ´μ¢ ³Ò ³μ¦¥³ ¸Î¨É ÉÓ, ÎÉμ

Fβ = P+Fα, Fγ = P−Fα, (3.3)

£¤¥ P± Å μ¶¥· Éμ·Ò Í¨±²¨Î¥¸±μ° ¶¥·¥¸É ´μ¢±¨ Î ¸É¨Í, ¤¥°¸É¢¨¥ ±μÉμ·ÒÌ
§ ¤ ¥É¸Ö ¸μμÉ´μÏ¥´¨Ö³¨

P+(123) = (312), P−(123) = (231). (3.4)

“¸²μ¢¨Ö (3.3) μ§´ Î ÕÉ, ÎÉμ ¶μ²´ÊÕ ¢μ²´μ¢ÊÕ ËÊ´±Í¨Õ Ψ(X) ³μ¦´μ § ¶¨¸ ÉÓ
± ±

Ψ = (I + P+ + P−)Fα, (3.5)

£¤¥ I Å Éμ¦¤¥¸É¢¥´´Ò° μ¶¥· Éμ·. �·¨ ÔÉμ³ Ê· ¢´¥´¨Ö ” ¤¤¥¥¢  (2.13) ¨
£· ´¨Î´Ò¥ Ê¸²μ¢¨Ö (2.15) ¶¥·¥¶¨¸Ò¢ ÕÉ¸Ö ¢ ¢¨¤¥

(−ΔX + Vα − E)Fα(X) = − Vα(P+ + P−)Fα(X), xα > cα, (3.6)

(−ΔX − E)Fα(X) = 0, xα < cα, (3.7)

¨
Fα(X) = −(P+ + P−)Fα(X), xα = cα, (3.8)

£¤¥ c1 = c2 = c3 = c ¨, ¸± ¦¥³, α = 1. „ ²¥¥ ³Ò ¡Ê¤¥³ μ¶Ê¸± ÉÓ ¨´¤¥±¸ α ¨
¢³¥¸Éμ Fα ¶¨¸ ÉÓ ¶·μ¸Éo F .

’μ¦¤¥¸É¢¥´´μ¸ÉÓ ¡μ§μ´μ¢ ¶·¨¢μ¤¨É É ±¦¥ ± ³μ¤¨Ë¨± Í¨¨  ¸¨³¶ÉμÉ¨Î¥-
¸±¨Ì £· ´¨Î´ÒÌ Ê¸²μ¢¨°. � ¸¸³μÉ·¨³, ¢ Î ¸É´μ¸É¨, ¶·μÍ¥¸¸ · ¸¸¥Ö´¨Ö 2 →
2, 3 c  ¸¨³¶ÉμÉ¨Î¥¸±¨³ ´ Î ²Ó´Ò³ ¸μ¸ÉμÖ´¨¥³, ¢ ±μÉμ·μ³ ¤¢  ¡μ§μ´  ¸¢Ö§ ´Ò
¢ ¸μ¸ÉμÖ´¨¥ ψξ,   É·¥É¨° ¡μ§μ´ ¸¢μ¡μ¤¥´, ÎÉμ μ§´ Î ¥É, ÎÉμ ¶ ¤ ÕÐ Ö ¢μ²´ 
¨³¥¥É ¢¨¤

χξ(X, p) = ψξ(x) exp (i p·y). (3.9)

�μ¸±μ²Ó±Ê ¡μ§μ´Ò Éμ¦¤¥¸É¢¥´´Ò, ÔÉ  ¶ ¤ ÕÐ Ö ¢μ²´  ¤μ²¦´  ¶·¨¸ÊÉ¸É¢μ¢ ÉÓ
¢μ ¢¸¥Ì É·¥Ì Ë ¤¤¥¥¢¸±¨Ì ±μ³¶μ´¥´É Ì, ¨§ ±μÉμ·ÒÌ ¶μ²´ Ö ¢μ²´μ¢ Ö ËÊ´±-
Í¨Ö · ¸¸¥Ö´¨Ö Ψ(X) ≡ Ψξ±(X, p) ¸É·μ¨É¸Ö ¶μ Ëμ·³Ê²¥ (3.5), £¤¥ F (X) ≡
F ξ±(X, p). ‘²¥¤μ¢ É¥²Ó´μ, ¢ Í¥²μ³ ±μ³¶μ´¥´ÉÒ ” ¤¤¥¥¢  F ξ± ¤μ²¦´Ò ¨³¥ÉÓ
¢¨¤

F ξ±(X, p) = χξ(X, p) +
∑
ξ′

ψξ′(x)U ξ±
ξ′ (y, p) + U ξ±

0 (X, p), (3.10)

£¤¥ Î²¥´Ò U ξ±
ξ′ ¨ U ξ±

0 μ¡² ¤ ÕÉ  ¸¨³¶ÉμÉ¨±μ°,  ´ ²μ£¨Î´μ° (2.19) ¨ (2.20).
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�μ¸±μ²Ó±Ê ³Ò ¡Ê¤¥³ · ¸¸³ É·¨¢ ÉÓ Éμ²Ó±μ ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨ Ψξ+, ¨´-
¤¥±¸ ®+¯ ¢ μ¡μ§´ Î¥´¨ÖÌ Ψ ¨ F ¡Ê¤¥É μ¶Ê¸± ÉÓ¸Ö.

�μ¤μ¡´μ Ê· ¢´¥´¨Ö³ (2.13) ¨ (2.15) Ê· ¢´¥´¨Ö (3.6)Ä(3.8) Ï¥¸É¨³¥·´Ò.
„²Ö ¶μ´¨¦¥´¨Ö ¨Ì · §³¥·´μ¸É¨ ³μ¦´μ ¢μ¸¶μ²Ó§μ¢ ÉÓ¸Ö · §²μ¦¥´¨¥³ ¶μ ¸É ´-
¤ ·É´μ³Ê ¡¨¸Ë¥·¨Î¥¸±μ³Ê ¡ §¨¸Ê, ¸μ¸ÉμÖÐ¥³Ê ¨§ ËÊ´±Í¨°

YlλL(x̂, ŷ) =
∑

m+μ=M

〈Im λμ|LM 〉 Y m
l (x̂)Y μ

λ (ŷ), (3.11)

£¤¥ L Å ¶μ²´Ò° μ·¡¨É ²Ó´Ò° ³μ³¥´É ¸¨¸É¥³Ò; Y m
l (x̂) ¨ Y μ

λ (ŷ) Å ¸Ë¥·¨Î¥-
¸±¨¥ £ ·³μ´¨±¨ ¨ 〈Im λμ|LM 〉 Å ±μÔËË¨Í¨¥´ÉÒ Š²¥¡Ï Äƒμ·¤ ´ .

�μÉ¥´Í¨ ² V , ¡Ê¤ÊÎ¨ Í¥´É· ²Ó´Ò³, ¤¨ £μ´ ²¥´ ¢ ¡ §¨¸¥ (3.11) ¨ ¨³¥¥É
μ¤´¨ ¨ É¥ ¦¥ ¤¨ £μ´ ²Ó´Ò¥ Ô²¥³¥´ÉÒ ¢μ ¢¸¥Ì ¶ ·Í¨ ²Ó´ÒÌ ¢μ²´ Ì. �μ-
¸±μ²Ó±Ê μ¶¥· Éμ· ¶μ²´μ£μ Ê£²μ¢μ£μ ³μ³¥´É  L ¨ ¥£μ ¶·μ¥±Í¨Ö Lz ±μ³³ÊÉ¨-
·ÊÕÉ ¸ ² ¶² ¸¨ ´μ³ −ΔX ¨ ¸Ê³³μ° I + P+ + P−, ¨¸¸²¥¤μ¢ ´¨¥ ±· ¥¢ÒÌ
§ ¤ Î (3.6)Ä(3.8) ¸¢μ¤¨É¸Ö ± ¨Ì  ´ ²¨§Ê ¢ ¶μ¤¶·μ¸É· ´¸É¢ Ì, ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì
Ë¨±¸¨·μ¢ ´´Ò³ §´ Î¥´¨Ö³ ³μ³¥´É  L ¨ ¥£μ ¶·μ¥±Í¨¨ M.

‚ ´ Ï¥³ ¤ ²Ó´¥°Ï¥³ ¨§²μ¦¥´¨¨ ³Ò μ£· ´¨Î¨³¸Ö · ¸¸³μÉ·¥´¨¥³ ¸²ÊÎ Ö,
±μ£¤  L = 0. ‘μμÉ¢¥É¸É¢ÊÕÐ¨¥ Ëμ·³Ê²Ò ¤²Ö μ¡Ð¥£μ ¸²ÊÎ Ö L �= 0, ¶·¨Î¥³
¶·¨ ´ ²¨Î¨¨ ³´μ£¨Ì ¸¢Ö§ ´´ÒÌ ¸μ¸ÉμÖ´¨° Ê ¶ ·´ÒÌ ¶μ¤¸¨¸É¥³, ¶·¨¢¥¤¥´Ò
¢ [62, · §¤. 3]. Š·μ³¥ Éμ£μ, ³Ò ¡Ê¤¥³ ¸Î¨É ÉÓ, ÎÉμ

¤¢ÊÌÎ ¸É¨Î´ Ö ¶μ¤¸¨¸É¥³  μ¡² ¤ ¥É Éμ²Ó±μ μ¤´¨³ ¸¢Ö§ ´´Ò³
¸μ¸ÉμÖ´¨¥³, ¶·¨Î¥³ μ´μ μÉ¢¥Î ¥É ´Ê²¥¢μ³Ê §´ Î¥´¨Õ
¶ ·´μ£μ Ê£²μ¢μ£μ ³μ³¥´É , ¨³¥¥É Ô´¥·£¨Õ εd < 0
¨ μ¶¨¸Ò¢ ¥É¸Ö ¢μ²´μ¢μ° ËÊ´±Í¨¥° ψd(x).

(3.12)

	Ê¤¥³ ¶·¨´¨³ ÉÓ ¶·¨ ÔÉμ³, ÎÉμ ¢μ²´μ¢ Ö ËÊ´±Í¨Ö ψd(x) μ¡· Ð ¥É¸Ö ¢ ´Ê²Ó
¢´ÊÉ·¨ μ¡² ¸É¨ ±μ· , É. ¥. ψd(x) ≡ 0 ¶·¨ x � c.

ˆÉ ±, ¡Ê¤¥³ ¸Î¨É ÉÓ, ÎÉμ ±μ³¶μ´¥´É  ” ¤¤¥¥¢  F (X) Ö¢²Ö¥É¸Ö Ô²¥³¥´-
Éμ³ ¶μ¤¶·μ¸É· ´¸É¢  ´Ê²¥¢μ£μ ¶μ²´μ£μ Ê£²μ¢μ£μ ³μ³¥´É . ‡ ³¥É¨³, ÎÉμ ¥¸²¨
L = 0, Éμ ¢ ¢Ò· ¦¥´¨¨ (3.11) ³Ò ¨³¥¥³ M = 0 ¨ ´¥¶·¥³¥´´μ λ = l. ‘ ÊÎ¥Éμ³
·¥§Ê²ÓÉ Éμ¢ [73] (¸³. É ±¦¥ [53, 93]) · §²μ¦¥´¨¥ ËÊ´±Í¨¨ F ¶μ ¡¨¸Ë¥·¨Î¥-
¸±¨³ £ ·³μ´¨± ³ Yl l0(x̂, ŷ)

F (X) =
∑

l

Fl(x, y)
x y

Yl l0(x̂, ŷ), x = |x| ¨ y = |y|, (3.13)

¶μ§¢μ²Ö¥É ¸¢¥¸É¨ Ê· ¢´¥´¨Ö (3.6), (3.7) ± ¸²¥¤ÊÕÐ¥° ¸¨¸É¥³¥ ¶ ·Í¨ ²Ó´ÒÌ
Ê· ¢´¥´¨°:

(Hl − E)Fl(x, y) =
{
−V (x)Ψl(x, y), x > c,
0, x < c,

(3.14)
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£¤¥

Hl = − ∂2

∂x2
− ∂2

∂y2
+ l(l + 1)

(
1
x2

+
1
y2

)
. (3.15)

� ·Í¨ ²Ó´ Ö ±μ³¶μ´¥´É  Ψl(x, y) ¶μ²´μ° ¢μ²´μ¢μ° ËÊ´±Í¨¨ (3.5) ¸¢Ö§ ´  ¸
¶ ·Í¨ ²Ó´Ò³¨ ±μ³¶μ´¥´É ³¨ ” ¤¤¥¥¢  Fl(x, y) ¸μμÉ´μÏ¥´¨¥³

Ψl(x, y) = Fl(x, y) + 2
∑

l ′

+1∫
−1

dη hl l ′(x, y, η)Fl ′(x′, y′), (3.16)

£¤¥

x′ =

√
1
4

x2 +
3
4

y2 −
√

3
2

xyη, (3.17)

y′ =

√
3
4

x2 +
1
4

y2 +
√

3
2

xyη (3.18)

¸ η = x̂ · ŷ. Ÿ¤·  hl l ′(x, x′, η) ≡ h0
(1;l l)(2;l ′ l ′)(x, x′, η) ¶·¥¤¸É ¢²ÖÕÉ ¸μ¡μ°

Î ¸É´Ò° ¸²ÊÎ ° (μÉ¢¥Î ÕÐ¨° · ¢´Ò³ ³ ¸¸ ³ Î ¸É¨Í ¨ ´Ê²¥¢μ³Ê §´ Î¥´¨Õ
¶μ²´μ£μ Ê£²μ¢μ£μ ³μ³¥´É ) ¡μ²¥¥ μ¡Ð¨Ì Ê£²μ¢ÒÌ ËÊ´±Í¨°

hL
(α;lλ)(β;l ′λ′)(x, y, η) =

=
xy

xβα(η)yβα(η)
(−1)l+L (2λ + 1)(2l + 1)

2
[(2λ)!(2l)!(2λ′ + 1)(2l ′ + 1)]1/2 ×

×
kmax∑
k=0

(−1)k(2k+1)Pk(η)
∑

λ1+λ2=λ,

l1+l2=l

yλ1+l1xλ2+l2

[yβα(η)]λ[xβα(η)]l
(−1)λ1cβα

λ1+l2sβα
λ2+l1×

× [(2λ1)!(2l1)!(2λ2)!(2l2)!]
−1/2

∑
λ′′ l ′′

(2λ′′ + 1)(2l ′′ + 1)×

×
(

λ1 l1 λ′′

0 0 0

)(
λ2 l2 l ′′

0 0 0

)(
k λ′′ λ′

0 0 0

)(
k l ′′ l ′

0 0 0

)
×

×
{

l ′ λ′ L
λ′′ l ′′ k

}⎧⎨⎩
λ1 λ2 λ
l1 l2 l
λ′′ l ′′ L

⎫⎬⎭ , kmax =
l + λ + l ′ + λ′

2
, (3.19)
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£¤¥

xβα(η) =
√

c2
βαx2 + 2cβαsβαxyη + s2βαy,

yβα(η) =
√

s2βαx − 2cβαsβαxyη + c2
βαy,

  cβα ¨ sβα ¢ÒÎ¨¸²ÖÕÉ¸Ö ¶μ Ëμ·³Ê² ³ (2.2) ¨ (2.3) ¸μμÉ¢¥É¸É¢¥´´μ. Š·μ³¥
Éμ£μ, §¤¥¸Ó ¨¸¶μ²Ó§ÊÕÉ¸Ö ¸É ´¤ ·É´Ò¥ μ¡μ§´ Î¥´¨Ö [105] ¤²Ö 3Äj, 6Äj ¨ 9Äj
¸¨³¢μ²μ¢ ‚¨£´¥·  ¨ Î¥·¥§ Pk(η) μ¡μ§´ Î ÕÉ¸Ö ¶μ²¨´μ³Ò ‹¥¦ ´¤·  k-£μ ¶μ-
·Ö¤± . � ¶μ³´¨³, ÎÉμ ËÊ´±Í¨¨ hL

(α;lλ)(β;l ′λ′) ¥¸É¥¸É¢¥´´μ ¢μ§´¨± ÕÉ ¶·¨ ¢ÒÎ¨-
¸²¥´¨¨ ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ μ¶¥· Éμ·μ¢ Í¨±²¨Î¥¸±μ° ¶¥·¥¸É ´μ¢±¨ Î ¸É¨Í
P± ³¥¦¤Ê ¡¨¸Ë¥·¨Î¥¸±¨³¨ £ ·³μ´¨± ³¨ (3.13) (¸³. [53, §VII.2] ¨/¨²¨ [73,
¶·¨². II]). ‡ ³¥É¨³, ÎÉμ Ö¤·  hl l ′(x, x′, η) (É ± ¦¥, ± ± ¢ μ¡Ð¥³ ¸²ÊÎ ¥ Ö¤· 
hL

(α;lλ)(β;l ′λ′)(x, y, η)) § ¢¨¸ÖÉ μÉ £¨¶¥·Ê£²μ¢

θ = arctg
y

x
¨ θ′ = arctg

y′

x′ , (3.20)

´μ ¸μ¢¸¥³ ´¥ § ¢¨¸ÖÉ μÉ £¨¶¥·· ¤¨Ê¸ 

ρ =
√

x2 + y2 =
√

x′2 + y′2. (3.21)

�μ ÔÉμ° ¶·¨Î¨´¥ ¶·¨ Î¨¸²¥´´μ°  ¶¶·μ±¸¨³ Í¨¨ Ê· ¢´¥´¨° (3.14), (3.16)
¢¶μ²´¥ ¥¸É¥¸É¢¥´´Ò³ μ± §Ò¢ ¥É¸Ö ¨¸¶μ²Ó§μ¢ ´¨¥ ¶μ²Ö·´ÒÌ ±μμ·¤¨´ É ρ, θ.

�¥μ¡Ìμ¤¨³μ μ¸μ¡μ ¶μ¤Î¥·±´ÊÉÓ, ÎÉμ ¢ ¸²ÊÎ ¥ É·¥Ì Éμ¦¤¥¸É¢¥´´ÒÌ ¡μ§μ-
´μ¢ ¨§ Î¥É´μ¸É¨ (3.2) ËÊ´±Í¨¨ F (X) ¶μ μÉ´μÏ¥´¨Õ ± ¸μμÉ¢¥É¸É¢ÊÕÐ¥° ¶ ·-
´μ° Ö±μ¡¨¥¢¸±μ° ¶¥·¥³¥´´μ° x ¸²¥¤Ê¥É, ÎÉμ ¢¸¥ ±μ³¶μ´¥´ÉÒ Fl ¸ ´¥Î¥É´Ò³¨
§´ Î¥´¨Ö³¨ ¨´¤¥±¸  l ¤μ²¦´Ò ¡ÒÉÓ Éμ¦¤¥¸É¢¥´´μ · ¢´Ò³¨ ´Ê²Õ. �Éμ μ¡¸Éμ-
ÖÉ¥²Ó¸É¢μ ¶·¨¢μ¤¨É ± ¸ÊÐ¥¸É¢¥´´μ³Ê Ê³¥´ÓÏ¥´¨Õ ±μ²¨Î¥¸É¢  ¶ ·Í¨ ²Ó´ÒÌ
Ê· ¢´¥´¨°.

”Ê´±Í¨¨ Fl(x, y) Ê¤μ¢²¥É¢μ·ÖÕÉ ¸É ´¤ ·É´Ò³ ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ · §²μ-
¦¥´¨° ¶μ ¡¨¸Ë¥·¨Î¥¸±μ³Ê ¡ §¨¸Ê £· ´¨Î´Ò³ Ê¸²μ¢¨Ö³

Fl(x, y) |x=0 = 0 ¨ Fl(x, y) |y=0 = 0. (3.22)

� ·Í¨ ²Ó´Ò° ¢ ·¨ ´É £· ´¨Î´μ£μ Ê¸²μ¢¨Ö (3.8), μÉ¢¥Î ÕÐ¥£μ ´ ²¨Î¨Õ É¢¥·-
¤μ£μ ±μ· , ¶·¨μ¡·¥É ¥É Ëμ·³Ê Ψl(x, y) |x=c = 0, É. ¥.

Fl(c, y) +
∑

l′

+1∫
−1

dη hl l ′(c, y, η)Fl ′(x′, y′) = 0. (3.23)

„²Ö § ¤ Î¨ ´  ¸¢Ö§ ´´Ò¥ ¸μ¸ÉμÖ´¨Ö É·¥¡Ê¥É¸Ö, ÎÉμ¡Ò ËÊ´±Í¨¨ Fl(x, y)
¡Ò²¨ ±¢ ¤· É¨Î´μ-¨´É¥£·¨·Ê¥³Ò³¨ ¢ ±¢ ¤· ´É¥ R2

+ = {(x, y) ∈ R2
∣∣x � 0,
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y � 0}, É. ¥. μ´¨ ¤μ²¦´Ò Ê¤μ¢²¥É¢μ·ÖÉÓ Ê¸²μ¢¨Õ Fl ∈ L2(R2
+). ‚¥¸Ó³  ¶μ-

²¥§´Ò³ ¶·¨ ¢ÒÎ¨¸²¥´¨ÖÌ ¸¢Ö§ ´´ÒÌ ¸μ¸ÉμÖ´¨° Ö¢²Ö¥É¸Ö ¨¸¶μ²Ó§μ¢ ´¨¥ ¨Ì
 ¸¨³¶ÉμÉ¨±¨ ¶·¨ y → ∞ (¨ ρ → ∞). �μ¸²¥¤´ÖÖ ¶·¨ ¢Ò¶μ²´¥´¨¨ Ê¸²μ¢¨Ö
(3.12) ¨³¥¥É ¢¨¤

Fl(x, y) = δl0ψd(x) exp (i
√

E − εd y)
[
a0 + o

(
y−1/2

)]
+

+
exp (i

√
Eρ)

√
ρ

[
Al(θ) + o

(
ρ−1/2

)]
, (3.24)

£¤¥ E Å Ô´¥·£¨Ö ¸¢Ö§ ´´μ£μ ¸μ¸ÉμÖ´¨Ö. �³¶²¨ÉÊ¤Ò a0 ¨ Al(θ) μ¶¨¸Ò¢ ÕÉ
 ¸¨³¶ÉμÉ¨Î¥¸±¨¥ ¢±² ¤Ò ¢ ¶ ·Í¨ ²Ó´ÊÕ ±μ³¶μ´¥´ÉÊ ” ¤¤¥¥¢  Fl (  ¸²¥¤μ¢ -
É¥²Ó´μ, ¨ ¢ ¶ ·Í¨ ²Ó´ÊÕ ¢μ²´μ¢ÊÕ ËÊ´±Í¨Õ Ψl), μ¡Ö§ ´´Ò¥ ¸¢μ¨³ ¶·¨¸ÊÉ-
¸É¢¨¥³ ± ´ ² ³ ¸ ¤¢Ê³Ö ¨ É·¥³Ö Ë· £³¥´É ³¨ ¸μμÉ¢¥É¸É¢¥´´μ. �´¥·£¨Ö E ¨
· §´μ¸ÉÓ E − εd ¢ (3.24) μÉ·¨Í É¥²Ó´Ò. �μ¸²¥¤´¥¥ μ§´ Î ¥É, ÎÉμ ¶·¨ ¢¸Ö±μ³
θ ∈ (0, π/2) ËÊ´±Í¨Ö Fl(x, y) ¶·¨ ρ → ∞ Ê¡Ò¢ ¥É Ô±¸¶μ´¥´Í¨ ²Ó´μ.

‚ ¶·¥¤¶μ²μ¦¥´¨¨ (3.12)  ¸¨³¶ÉμÉ¨Î¥¸±¨¥ £· ´¨Î´Ò¥ Ê¸²μ¢¨Ö ¤²Ö ¶ ·-
Í¨ ²Ó´ÒÌ ±μ³¶μ´¥´É ” ¤¤¥¥¢  ¢μ²´μ¢μ° ËÊ´±Í¨¨ (2 → 2, 3)-· ¸¸¥Ö´¨Ö ¶·¨
X → ∞ ¨/¨²¨ y → ∞ ¸²¥¤ÊÕÉ ¨§ (3.10), (3.13). � ¨³¥´´μ, ¶·¨ E > εd

Fl(x, y; E) = δl0ψd(x)
{

sin(
√

E − εdy) + exp (i
√

E − εdy) ×

×
[
a0(E) + o

(
y−1/2

)]}
+

exp (i
√

Eρ)
√

ρ

[
Al(E, θ) + o

(
ρ−1/2

)]
. (3.25)

‡´ Î¥´¨¥ a0(E) (¶·¨ E > εd) ¤ ¥É ¶ ·Í¨ ²Ó´ÊÕ  ³¶²¨ÉÊ¤Ê Ê¶·Ê£μ£μ · ¸-
¸¥Ö´¨Ö. ”Ê´±Í¨¨ Al(E, θ) ¶·¨ E > 0 ¸ÊÉÓ ¶ ·Í¨ ²Ó´Ò¥ ±μ³¶μ´¥´ÉÒ ” ¤-
¤¥¥¢   ³¶²¨ÉÊ¤ · §¢ ²  · ¸¸³ É·¨¢ ¥³μ° ¸¨¸É¥³Ò ´  É·¨  ¸¨³¶ÉμÉ¨Î¥¸±¨
¸¢μ¡μ¤´Ò¥ Î ¸É¨ÍÒ. ‘μ¡¸É¢¥´´μ Ë¨§¨Î¥¸±¨¥ ¶ ·Í¨ ²Ó´Ò¥  ³¶²¨ÉÊ¤Ò · §-
¢ ²  Al(E, θ) ¢ÒÎ¨¸²ÖÕÉ¸Ö Î¥·¥§ ËÊ´±Í¨¨ Al(E, θ) ¶μ Ëμ·³Ê² ³

Al(E, θ) = Al(E, θ) + 2
∑

l ′

1∫
−1

dη hl l ′(x, y, η)Al ′(E, θ′), (3.26)

£¤¥ θ ¨ θ′ ¤ ÕÉ¸Ö · ¢¥´¸É¢ ³¨ (3.20).
� ·Í¨ ²Ó´ Ö ±μ³¶μ´¥´É  ³ É·¨ÍÒ · ¸¸¥Ö´¨Ö, μÉ¢¥Î ÕÐ Ö ± ´ ²Ê Ê¶·Ê-

£μ£μ (2 → 2)-· ¸¸¥Ö´¨Ö ¡μ§μ´  ´  ¸¢Ö§ ´´μ° ¶ ·¥ Éμ¦¤¥¸É¢¥´´ÒÌ ¡μ§μ´μ¢ ¶·¨
L = 0, ¤²Ö E > εd § ¤ ¥É¸Ö ¢Ò· ¦¥´¨¥³

S0(E) = 1 + 2ia0(E). (3.27)
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�·¨ ÔÉμ³ Ë §Ò Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö (2 → 2) ¢ÒÎ¨¸²ÖÕÉ¸Ö ¶μ Ëμ·³Ê²¥

δ0(p) =
1
2

Im ln S0(εd + p2), p > 0, (3.28)

£¤¥ ¶¥·¥³¥´´ Ö p ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° μÉ´μ¸¨É¥²Ó´Ò° ¨³¶Ê²Ó¸, ¸μ¶·Ö¦¥´´Ò°
± ¶¥·¥³¥´´μ° y. ‚ Éμ ¦¥ ¢·¥³Ö ¡μ§μ´-¤¨¡μ§μ´´ Ö ¤²¨´  · ¸¸¥Ö´¨Ö �sc ¤ ¥É¸Ö
¢Ò· ¦¥´¨¥³

�sc = −
√

3
2

lim
p→0

a0(εd + p2)
p

. (3.29)

� §Ê³¥¥É¸Ö, ¶·¨ ±μ´±·¥É´ÒÌ Î¨¸²¥´´ÒÌ · ¸Î¥É Ì ¶·¨Ìμ¤¨É¸Ö μ£· ´¨-
Î¨¢ ÉÓ¸Ö ²¨ÏÓ ±μ´¥Î´Ò³ Î¨¸²μ³ Ê· ¢´¥´¨° (3.14), ¶μ² £ Ö, ÎÉμ l � lmax,
£¤¥ lmax Å ´¥±μÉμ·μ¥ Ë¨±¸¨·μ¢ ´´μ¥ Î¥É´μ¥ Î¨¸²μ, lmax � 0. “¸²μ¢¨¥
0 � l � lmax · ¢´μ¸¨²Ó´μ ¶·¥¤¶μ²μ¦¥´¨Õ μ Éμ³, ÎÉμ ¶μÉ¥´Í¨ ² V (x) ¤¥°-
¸É¢Ê¥É ²¨ÏÓ ¢ ¶ ·´ÒÌ ¸μ¸ÉμÖ´¨ÖÌ ¸ l = 0, 2, . . . , lmax.

4. —ˆ‘‹…��›… �…‡“‹œ’�’›
�� 	�…�ƒˆŸŒ ‘‚Ÿ‡ˆ ’�ˆŒ…�� 4He3

� ¸Î¥ÉÒ ¸¢Ö§ ´´ÒÌ ¸μ¸ÉμÖ´¨° ¨ ¶·μÍ¥¸¸μ¢ · ¸¸¥Ö´¨Ö (2 → 2, 3) ¢ ¸¨¸É¥³¥
É·¥Ì  Éμ³μ¢ £¥²¨Ö 4He, ¶·μ¢¥¤¥´´Ò¥ ¢ · ¡μÉ Ì [49,62,63,69,72,96,106], μ¸´μ-
¢Ò¢ ²¨¸Ó ´  ¨¸¶μ²Ó§μ¢ ´¨¨ ¶ ·Í¨ ²Ó´ÒÌ ¨´É¥£·μ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥-
´¨° ” ¤¤¥¥¢  ¤²Ö ³μ¤¥²¨ É¢¥·¤μ£μ ±μ·  (3.14), (3.23). �·¨ ÔÉμ³ ¢ ± Î¥-
¸É¢¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ³¥¦¤Ê  Éμ³ ³¨ £¥²¨Ö ¨¸¶μ²Ó§μ¢ ²¨¸Ó É·¨ ¢¥·¸¨¨ ¶μ-
²ÊË¥´μ³¥´μ²μ£¨Î¥¸±¨Ì ¶μÉ¥´Í¨ ²μ¢, ¶μ¸É·μ¥´´ÒÌ ¢ · §²¨Î´μ¥ ¢·¥³Ö �§¨-
§μ³ ¨ ¥£μ ¸μÉ·Ê¤´¨± ³¨,   ¨³¥´´μ ¶μÉ¥´Í¨ ²Ò HFDHE2 [27], HFD-B [33]
¨ LM2M2 [34]. Š·μ³¥ Éμ£μ, ¨¸¶μ²Ó§μ¢ ²¸Ö É¥μ·¥É¨Î¥¸±¨° ¶μÉ¥´Í¨ ² TTY
’ ´£ , ’μ¥´´¨¸  ¨ ‰¨Ê [35]. ‚¸¥ ÔÉ¨ ¶μÉ¥´Í¨ ²Ò ¶·¥¤¸É ¢²¥´Ò ¢ ¶·¨²μ-
¦¥´¨¨. �·¨´¨³ ²μ¸Ó, ÎÉμ �2/m = 12,12 K · 
A2. Š ¦¤Ò° ¨§ Ê¶μ³Ö´ÊÉÒÌ
¶μÉ¥´Í¨ ²μ¢ ¶μ¤¤¥·¦¨¢ ¥É ¥¤¨´¸É¢¥´´μ¥ ¸² ¡μ¸¢Ö§ ´´μ¥ ¸μ¸ÉμÖ´¨¥ ¤¨³¥· .

�´¥·£¨Ö εd ÔÉμ£μ ¸μ¸ÉμÖ´¨Ö,   É ±¦¥ ¤²¨´   Éμ³- Éμ³´μ£μ · ¸¸¥Ö´¨Ö �
(2)
sc

¶·¥¤¸É ¢²¥´Ò ¢ É ¡². 1. �É³¥É¨³, ÎÉμ ¡μ²¥¥ ¶μ§¤´¨¥ ¶μÉ¥´Í¨ ²Ò LM2M2

¨ TTY ¤ ÕÉ ¶· ±É¨Î¥¸±¨ ¸μ¢¶ ¤ ÕÐ¨¥ ¤²¨´Ò · ¸¸¥Ö´¨Ö �
(2)
sc ¨ Ô´¥·£¨¨ ¤¨-

³¥·  εd. � ¸Î¥É ³¨ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¶μÉ¥´Í¨ ²μ¢ ¨§ [30] ³Ò ´¥ § ´¨³ ²¨¸Ó
μÉÎ ¸É¨ ¶μÉμ³Ê, ÎÉμ μ´¨ ¤μ¢μ²Ó´μ ¸¨²Ó´μ ¶¥·¥¸¢Ö§Ò¢ ÕÉ ¤¨³¥·. ’ ±, ¶·¥¤-
²μ¦¥´´Ò¥ ¢ [30] ¶μÉ¥´Í¨ ²Ò SAPT1 ¨ SAPT2 ¤ ÕÉ ¤²Ö εd ¸μμÉ¢¥É¸É¢¥´´μ
−1,733 ¨ −1,816 ³Š (¸³., ´ ¶·¨³¥·, [107]). ‚ ÔÉμ³ ¸³Ò¸²¥ μ´¨ μ± §Ò¢ -
ÕÉ¸Ö ¤ ¦¥ ÌÊ¦¥, Î¥³ ¶μ¸É·μ¥´´Ò° ¥Ð¥ ¢ 1987 £. ¶μÉ¥´Í¨ ² HFD-B �§¨§ ,
Œ ±-ŠÊ·É  ¨ ‚μ´£  [33].

„¥É ²Ó´μ¥ μ¶¨¸ ´¨¥ ¨¸¶μ²Ó§Ê¥³ÒÌ ´ ³¨ Î¨¸²¥´´ÒÌ ³¥Éμ¤μ¢ ¨ ¶μ¤Ìμ¤μ¢
¤ ´μ ¢ [62]. ‡¤¥¸Ó ³Ò Ê¶μ³Ö´¥³ ²¨ÏÓ μ¸´μ¢´Ò¥ ³μ³¥´ÉÒ ¢ÒÎ¨¸²¨É¥²Ó´μ°
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’ ¡²¨Í  1. 	´¥·£¨¨ ¤¨³¥·  εd, μ¡· É´Ò¥ ¢μ²´μ¢Ò¥ ¤²¨´Ò 1/κ(2) ¨ ¤²¨´Ò �
(2)
sc

· ¸¸¥Ö´¨Ö 4He−4He ¤²Ö ¨¸¶μ²Ó§Ê¥³ÒÌ ¶μÉ¥´Í¨ ²μ¢

�μÉ¥´Í¨ ² εd, ³Š 1/κ(2) , 
A �
(2)
sc , 
A

HFDHE2 −0,83012 120,83 124,65
HFD-B −1,68541 84,80 88,50
LM2M2 −1,30348 96,43 100,23
TTY −1,30962 96,20 100,01

�±¸¶. [46] 1,1+0,3
−0,2 Å 104+8

−18

¸Ì¥³Ò, ¶·¨³¥´Ö¢Ï¥°¸Ö ¤²Ö ·¥Ï¥´¨Ö ±· ¥¢ÒÌ § ¤ Î (3.14), (3.22), (3.23) ¨
(3.24) ¨²¨ (3.25), §´ ´¨¥ ±μÉμ·ÒÌ ´¥μ¡Ìμ¤¨³μ ¤²Ö ¶μ´¨³ ´¨Ö ·¥§Ê²ÓÉ Éμ¢
· ¸Î¥Éμ¢.

�·¥¦¤¥ ¢¸¥£μ μÉ³¥É¨³, ÎÉμ ¶·¨ ±μ´¥Î´μ-· §´μ¸É´μ°  ¶¶·μ±¸¨³ Í¨¨ ÔÉ¨Ì
§ ¤ Î ³Ò ¨¸¶μ²Ó§μ¢ ²¨ ¸¥É±Ê,  ¸¸μÍ¨¨·μ¢ ´´ÊÕ ¸ ¶μ²Ö·´Ò³¨ ±μμ·¤¨´ É ³¨
ρ ¨ θ. ‘¥É±  ¢Ò¡¨· ² ¸Ó É ±, ÎÉμ¡Ò ÉμÎ±¨ ¶¥·¥¸¥Î¥´¨Ö ¤Ê£ ρ = ρi, i =
= 1, 2, . . . , Nρ, ¨ ²ÊÎ¥° θ = θj , j = 1, 2, . . . , Nθ, ¸ £· ´¨Í¥° μ¡² ¸É¨ ±μ· 
x = c  ¢Éμ³ É¨Î¥¸±¨ Ö¢²Ö²¨¸Ó ¥¥ Ê§² ³¨. ‡´ Î¥´¨¥ ¶ · ³¥É·  c (¤¨ ³¥É· 
±μ·  Î ¸É¨Í) ¢Ò¡¨· ²μ¸Ó É ±, ÎÉμ¡Ò ¶·¨ ¥£μ Ê³¥´ÓÏ¥´¨¨ Ô´¥·£¨Ö ¸¢Ö§¨ É·¨-
³¥·  4He ¶· ±É¨Î¥¸±¨ ´¥ ¨§³¥´Ö² ¸Ó. 	Ò²μ Ê¸É ´μ¢²¥´μ, ÎÉμ ¢Ò¡μ· §´ Î¥´¨°
c ¢ ¨´É¥·¢ ²¥ 0,7Ä1,3 
A μ¡¥¸¶¥Î¨¢ ¥É ¸É ¡¨²Ó´μ¸ÉÓ Ô´¥·£¨¨ ¸¢Ö§¨ ¤¨³¥·  εd ¢

¶·¥¤¥² Ì Ï¥¸É¨ §´ Î Ð¨Ì Í¨Ë·. �·¨ ÔÉμ³ Ô´¥·£¨Ö E
(0)
t μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö

É·¨³¥·  μ¸É ¥É¸Ö ¸É ¡¨²Ó´μ°, ¶μ ±· °´¥° ³¥·¥ ¢ É·¥Ì §´ ± Ì. �·¨Î¨´  É ±μ°
¸É ¡¨²Ó´μ¸É¨ ¶·μ¸É : ¤ ¦¥ · ¤¨Ê¸ ¢ 2 
A ´ Ìμ¤¨É¸Ö ¢´ÊÉ·¨ μ¡² ¸É¨ μÎ¥´Ó ¸¨²Ó-
´μ£μ μÉÉ ²±¨¢ ´¨Ö ³¥¦ Éμ³´μ£μ HeÄHe-¶μÉ¥´Í¨ ²  (¸³. ·¨¸. 1). � ¶·¨³¥·,
¢ ¸²ÊÎ ¥ ¶μÉ¥´Í¨ ²  LM2M2 ¥£μ ¢¥²¨Î¨´  ¤²Ö ÔÉμ£μ · ¤¨Ê¸  · ¢´  538 K,
  ¶·¨ 1,5 
A μ´  ¤μ¸É¨£ ¥É §´ Î¥´¨Ö 5590 K. ‚¸¥ ÔÉμ ¶μ§¢μ²Ö¥É § Ë¨±¸¨·μ-
¢ ÉÓ §´ Î¥´¨¥ c ¤¨ ³¥É·  ±μ·  · ¢´Ò³ 1,0 
A. …¸²¨ ´¥ μ£μ¢ ·¨¢ ¥É¸Ö μ¸μ¡μ,
¶·¨¢μ¤¨³Ò¥ ¢ ÔÉμ³ · §¤¥²¥ ´ Ï¨ ·¥§Ê²ÓÉ ÉÒ (μ´¨ ¢§ÖÉÒ ¢ μ¸´μ¢´μ³ ¨§ [63])
¸μμÉ¢¥É¸É¢ÊÕÉ ¨³¥´´μ ÔÉμ³Ê §´ Î¥´¨Õ c.

‡´ Î¥´¨Ö ρi ¢Ò¡¨· ÕÉ¸Ö ¸μ£² ¸´μ Ëμ·³Ê² ³

ρi =
i

N
(ρ)
c + 1

c, i = 1, 2, . . . , N (ρ)
c ,

ρ
i+N

(ρ)
c

=
√

c2 + y2
i , i = 1, 2, . . . , Nρ − N (ρ)

c ,

£¤¥ N
(ρ)
c Å Î¨¸²μ ¤Ê£, ´ Ìμ¤ÖÐ¨Ì¸Ö ¢´ÊÉ·¨ μ¡² ¸É¨ ±μ· ,  

yi = f(τi)
√

ρ2
Nρ

− c2, τi =
i

Nρ − N
(ρ)
c

.
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�¥²¨´¥°´ Ö ³μ´μÉμ´´μ ¢μ§· ¸É ÕÐ Ö ËÊ´±Í¨Ö f(τ), 0 � τ � 1, Ê¤μ¢²¥É¢μ-
·ÖÕÐ Ö Ê¸²μ¢¨Ö³ f(0) = 0 ¨ f(1) = 1, ¢Ò¡¨· ¥É¸Ö ¢ ¢¨¤¥

f(τ) =
{

α0τ, τ ∈ [0, τ0],
α1τ + τν , τ ∈ (τ0, 1]. (4.1)

‡´ Î¥´¨Ö α0, α0 � 0, ¨ α1, α1 � 0, μ¶·¥¤¥²ÖÕÉ¸Ö Î¥·¥§ τ0 ¨ ν ¨¸Ìμ¤Ö ¨§
Ê¸²μ¢¨Ö ´¥¶·¥·Ò¢´μ¸É¨ ËÊ´±Í¨¨ f(τ) ¨ ¥¥ ¶·μ¨§¢μ¤´μ° ¢ ÉμÎ±¥ τ0. �¡ÒÎ´μ
³Ò ¢Ò¡¨· ²¨ §´ Î¥´¨Ö τ0 ³¥¦¤Ê 0,1 ¨ 0,2. ‘É¥¶¥´Ó ν ¨§³¥´Ö² ¸Ó ¢ ¨´É¥·¢ ²¥
μÉ 2 ¤μ 4 ¢ § ¢¨¸¨³μ¸É¨ μÉ · ¤¨Ê¸  μ¡·¥§ ´¨Ö ρmax = ρNρ , ¢¥²¨Î¨´  ±μÉμ·μ£μ
¶·¨´¨³ ²  ¢ ´ Ï¨Ì · ¸Î¥É Ì §´ Î¥´¨Ö ³¥¦¤Ê 50 ¨ 4100 
A.

“§²Ò θj ¶·¨ j = 1, 2, . . . , Nρ − N
(ρ)
c μ¶·¥¤¥²ÖÕÉ¸Ö Ëμ·³Ê²μ° θj =

= arctg (yj/c). �¸É ²Ó´Ò¥ θj , j = Nρ − N
(ρ)
c + 1, . . . , Nθ, ¢Ò¡¨· ÕÉ¸Ö · ¢-

´μμÉ¸ÉμÖÐ¨³¨ ¤·Ê£ μÉ ¤·Ê£ . �¶¨¸ ´´Ò° ¢Ò¡μ· ¸¥É±¨ μ¡Ê¸²μ¢²¥´ ´¥μ¡Ìμ-
¤¨³μ¸ÉÓÕ μ¡¥¸¶¥Î¨ÉÓ ¥¥ ¡μ²¥¥ ¢Ò¸μ±ÊÕ ¶²μÉ´μ¸ÉÓ ¢ μ¡² ¸É¨, £¤¥ ËÊ´±Í¨¨
Fl(x, y; z) ¨§³¥´ÖÕÉ¸Ö ´ ¨¡μ²¥¥ ¡Ò¸É·μ, É. ¥. ¶·¨ ³ ²ÒÌ ρ ¨/¨²¨ x. ‚  ¸¨³-
¶ÉμÉ¨Î¥¸±μ° μ¡² ¸É¨ ¸¥É±  ³μ¦¥É ¡ÒÉÓ £μ· §¤μ ³¥´¥¥ ¶²μÉ´μ°. �·¨ ¶·μ¢¥¤¥-
´¨¨ · ¸Î¥Éμ¢ [63] ³Ò ¨³¥²¨ ¢μ§³μ¦´μ¸ÉÓ ¨¸¶μ²Ó§μ¢ ÉÓ ¸¥É±¨ · §³¥·´μ¸ÉÓÕ
Nθ = Nρ = 500Ä800. ‚ ¤ ²Ó´¥°Ï¥³ (´ ¶·¨³¥·, ¢ [72]) ¡² £μ¤ ·Ö ¶μÖ¢²¥´¨Õ
¤μ¸ÉÊ¶  ± ¡μ²¥¥ ³μÐ´Ò³ ±μ³¶ÓÕÉ¥· ³ · §³¥·´μ¸ÉÓ ¸¥Éμ± ¡Ò²  ¥Ð¥ ¡μ²¥¥

Ê¢¥²¨Î¥´  (¤μ Nθ = Nρ = 2000Ä3000). —¨¸²μ Nθ − (Nρ − N
(ρ)
c ) Ê§²μ¢ ¸¥É±¨

¶μ θ ¢ μ¡² ¸É¨ ±μ·  ´  ¶μ¸²¥¤´¥° ¤Ê£¥ μ¡ÒÎ´μ ¡Ò²μ · ¢´μ N
(ρ)
c = 5.

Š ± Ê¦¥ ¡Ò²μ μÉ³¥Î¥´μ ¢ÒÏ¥ (¸³. § ±²ÕÎ¨É¥²Ó´ÊÕ Î ¸ÉÓ · §¤. 3), Éμ²Ó±μ
±μ³¶μ´¥´ÉÒ Fl ¸ Î¥É´Ò³ l ³μ£ÊÉ ¡ÒÉÓ μÉ²¨Î´Ò μÉ Éμ¦¤¥¸É¢¥´´μ£μ ´Ê²Ö.
‘²¥¤μ¢ É¥²Ó´μ, Î¨¸²μ Ê· ¢´¥´¨°, ±μÉμ·Ò¥ ³Ò ¤μ²¦´Ò ·¥Ï¨ÉÓ, · ¢´μ Ne =
lmax/2 + 1, £¤¥ lmax Å ³ ±¸¨³ ²Ó´ Ö ¢¥²¨Î¨´  ¶ ·´μ£μ Ê£²μ¢μ£μ ³μ³¥´É ,
¶·¨´¨³ ¥³ Ö ¢μ ¢´¨³ ´¨¥. Šμ´¥Î´μ-· §´μ¸É´ Ö  ¶¶·μ±¸¨³ Í¨Ö Ne Ê· ¢´¥-
´¨° (3.14) ¸¢μ¤¨É § ¤ ÎÊ ± ¸¨¸É¥³¥ NeNθNρ ²¨´¥°´ÒÌ  ²£¥¡· ¨Î¥¸±¨Ì Ê· ¢-
´¥´¨°. Šμ´¥Î´μ-· §´μ¸É´Ò¥ Ê· ¢´¥´¨Ö, μÉ¢¥Î ÕÐ¨¥ ¤Ê£¥ i = Nρ, ¶¥·¢μ´ -
Î ²Ó´μ ¸μ¤¥·¦ É ´¥¨§¢¥¸É´Ò¥ §´ Î¥´¨Ö ¨¸±μ³ÒÌ ËÊ´±Í¨° Fl(x, y; z) ´  ¤Ê£¥
i = Nρ + 1. —Éμ¡Ò ¨¸±²ÕÎ¨ÉÓ ÔÉ¨ ´¥¨§¢¥¸É´Ò¥, ³Ò ¢Ò· ¦ ¥³ ¨Ì Î¥·¥§
¢¥²¨Î¨´Ò Fl(x, y; z) ´  ¤Ê£ Ì i = Nρ ¨ i = Nρ − 1, ¨¸¶μ²Ó§ÊÖ  ¸¨³¶ÉμÉ¨Î¥-
¸±¨¥ Ëμ·³Ê²Ò (3.24) ¨²¨ (3.25) É ±, ± ± ÔÉμ μ¶¨¸ ´μ ¢ § ±²ÕÎ¨É¥²Ó´μ° Î ¸É¨
¶·¨²μ¦¥´¨Ö A ¸É ÉÓ¨ [62]. Œ É·¨Í  ·¥§Ê²ÓÉ¨·ÊÕÐ¥° ¸¨¸É¥³Ò Ê· ¢´¥´¨°
μ¡² ¤ ¥É ¡²μÎ´μ-É·¥Ì¤¨ £μ´ ²Ó´μ° Ëμ·³μ°. Š ¦¤Ò° ¡²μ± ¨³¥¥É · §³¥·´μ¸ÉÓ
NeNθ × NeNθ ¨ ¸μ¤¥·¦¨É ±μÔËË¨Í¨¥´ÉÒ Ê· ¢´¥´¨° ¸¨¸É¥³Ò ¶·¨ ¨¸±μ³ÒÌ
§´ Î¥´¨ÖÌ ËÊ´±Í¨¨ Fl(x, y; z) ¢ Ê§² Ì ¸¥É±¨, ¶·¨´ ¤²¥¦ Ð¨Ì μ¶·¥¤¥²¥´´μ°
¤Ê£¥ ρ = ρi. ƒ² ¢´ Ö ¤¨ £μ´ ²Ó ³ É·¨ÍÒ ¸¨¸É¥³Ò ¸μ¸Éμ¨É ¨§ Nρ É ±¨Ì ¡²μ±μ¢.

� Î¨´ Ö ¸ · ¡μÉÒ [63], ¶·¨ ·¥Ï¥´¨¨ ¡²μÎ´μ-É·¥Ì¤¨ £μ´ ²Ó´ÒÌ ¸¨¸É¥³
²¨´¥°´ÒÌ Ê· ¢´¥´¨° ³Ò ¨¸¶μ²Ó§Ê¥³ ³¥Éμ¤ ³ É·¨Î´μ° ¶·μ£μ´±¨ (¸³., ´ ¶·¨-
³¥·, [108]). �ÉμÉ ³¥Éμ¤ ¶μ§¢μ²Ö¥É ¨§¡¥¦ ÉÓ Ì· ´¥´¨Ö ¡μ²ÓÏ¨Ì ¶·μ³¥¦ÊÉμÎ-
´ÒÌ ³ ¸¸¨¢μ¢ ¤ ´´ÒÌ ´  ¦¥¸É±μ³ ¤¨¸±¥ ¨ ¤ ¥É ¢μ§³μ¦´μ¸ÉÓ ¶·μ¢μ¤¨ÉÓ ¶μÎÉ¨



“‹œ’��•�‹�„�›… ‘’�‹Š��‚…�ˆŸ ‚ ‘ˆ‘’…Œ… ’�…• �’�Œ�‚ ƒ…‹ˆŸ 423

’
 ¡

²¨
Í 

2.
�

¡¸
μ²

Õ
É´

Ò
¥

§´
 Î

¥´
¨
Ö

Ô´
¥·

£¨
¨

(¢
³
Š

)
μ¸

´
μ¢

´
μ£

μ
¸μ

¸É
μÖ

´
¨
Ö

É·
¨
³
¥·

 
4
H

e 3
,¶

μ²
ÊÎ

¥´
´
Ò

¥
· 

§²
¨
Î´

Ò
³
¨

³
¥É

μ¤
 ³

¨

�
μÉ

¥´
Í
¨
 ²

l m
a
x

“
· 

¢´
¥´

¨
Ö

”
 ¤

¤¥
¥¢

 
‚
 ·

¨
 Í

¨
μ´

´
Ò
¥

³
¥É

μ¤
Ò

�
¤¨

 ¡
 É

¨
Î¥

¸±
¨
¥

¶
μ¤

Ìμ
¤Ò

[6
3]

[1
09

]
[4

7]
[6

1]
[7

1]
[6

4]
[6

6]
[1

07
]

[5
4]

[5
5]

[7
9]

[5
6]

[6
]

[5
7]

[5
8]

[5
9]

[6
0]

0
82

,3
82

92
98

,1
1

H
F
D

H
E
2

2
11

2,
4

10
7

11
0

4
11

6,
7

11
7,

1
11

7,
3

0
94

,2
96

H
F
D

-B
2

12
7,

7
13

0
4

13
2,

5
13

3,
0

13
3,

0
13

3
12

9
13

1
11

9,
3

0
89

,1
10

6,
1

L
M

2M
2

2
12

1,
3

4
12

5,
9

12
6,

39
12

6,
4

12
6,

2
12

6,
36

12
5,

5
12

6,
39

12
5,

2
0

89
,0

T
T
Y

2
12

1,
2

4
12

5,
8

12
6,

4
12

6,
2

12
6,

4
12

6,
1

12
6,

4
12

6



424 Š�‹ƒ���‚� ….�., Œ�’�‚ˆ‹�‚ �.Š., ‡��„•�‘ ‚.

’ ¡²¨Í  3. �¡¸μ²ÕÉ´Ò¥ §´ Î¥´¨Ö Ô´¥·£¨¨ E(1)
t ¢μ§¡Ê¦¤¥´´μ£μ ¸μ¸ÉμÖ´¨Ö É·¨³¥· 

4He3 (¢ ³Š)

�μÉ¥´Í¨ ² lmax [63] [47] [61] [107] [55] [59] [71] [60] [64]

0 1,46 1,46 1,04 1,517
HFDHE2 2 1,65 1,6

4 1,67 1,665

0 2,45
HFD-B 2 2,71

4 2,74 2,734

0 2,02 2,118
LM2M2 2 2,25

4 2,28 2,265 2,19 2,268 2,269 2,271

0 2,02
TTY 2 2,25

4 2,28 2,277 2,280

¢¸¥ μ¶¥· Í¨¨ ´¥¶μ¸·¥¤¸É¢¥´´μ ¢ μ¶¥· É¨¢´μ° ¶ ³ÖÉ¨ ±μ³¶ÓÕÉ¥· . �·¨ ÔÉμ³
¢·¥³Ö ¢ÒÎ¨¸²¥´¨° ´  μ¤¨´ ±μ¢ÒÌ ¸¥É± Ì ¸μ±· Ð ¥É¸Ö ¶μ ¸· ¢´¥´¨Õ ¸ [62]
¶μÎÉ¨ ´  ¶μ·Ö¤μ±.

� Ï¨ ·¥§Ê²ÓÉ ÉÒ ¤²Ö Ô´¥·£¨¨ E
(0)
t μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö É·¨³¥·  4He3,

¢§ÖÉÒ¥ ¨§ [63],   É ±¦¥ ·¥§Ê²ÓÉ ÉÒ, ¶μ²ÊÎ¥´´Ò¥ ¤·Ê£¨³¨  ¢Éμ· ³¨, ¶·¥¤¸É -
¢²¥´Ò ¢ É ¡². 2. �É³¥É¨³, ÎÉμ ¶·¨ ¢ÒÎ¨¸²¥´¨ÖÌ [63] ¨¸¶μ²Ó§μ¢ ² ¸Ó ¸¥É±  ¸μ
¸²¥¤ÊÕÐ¨³¨ ¶ · ³¥É· ³¨: Nθ = Nρ = 555, τ0 = 0,2, ν = 3,6 ¨ ρmax = 250 
A.
Š ± ¢¨¤´μ ¨§ É·¥ÉÓ¥° ±μ²μ´±¨ É ¡². 2, ´ ¨¡μ²ÓÏ¨° ¢±² ¤ ¢ Ô´¥·£¨Õ μ¸´μ¢-
´μ£μ ¸μ¸ÉμÖ´¨Ö ¢´μ¸ÖÉ ¶ ·Í¨ ²Ó´Ò¥ ± ´ ²Ò l = 0 ¨ l = 2, ¶·¨Î¥³ ¶μ¸²¥¤´¨°
¤ ¥É ÎÊÉÓ ¡μ²¥¥ 30%, ¨ ¢¥²¨Î¨´  ÔÉμ£μ ¢±² ¤  ¶·¨³¥·´μ μ¤´  ¨ É  ¦¥ ¤²Ö ¢¸¥Ì
¨¸¶μ²Ó§Ê¥³ÒÌ ¶μÉ¥´Í¨ ²μ¢. ‚±² ¤ ¶ ·Í¨ ²Ó´μ° ¢μ²´Ò ¸ l = 4 ¨³¥¥É ¶μ·Ö¤μ±
3Ä4 % (¸·. ¸ [109]). ‚±² ¤ ¡μ²¥¥ ¢Ò¸μ±¨Ì ¶ ·Í¨ ²Ó´ÒÌ ± ´ ²μ¢ ¸μ¸É ¢²Ö¥É,

¶μ-¢¨¤¨³μ³Ê, ³¥´¥¥ 1%. ‚¨¤´μ, ÎÉμ §´ Î¥´¨Ö Ô´¥·£¨¨ E
(0)
t , ¢ÒÎ¨¸²¥´´Ò¥

¢ [63] ¶·¨ lmax = 4, ´ Ìμ¤ÖÉ¸Ö ¢ Ìμ·μÏ¥³ ¸μ£² ¸¨¨ c ·¥§Ê²ÓÉ É ³¨ ¤·Ê£¨Ì
 ¢Éμ·μ¢.

�¥§Ê²ÓÉ ÉÒ, ¶μ²ÊÎ¥´´Ò¥ ¢ [63] ¤²Ö Ô´¥·£¨¨ E
(1)
t ¢μ§¡Ê¦¤¥´´μ£μ ¸μ¸ÉμÖ-

´¨Ö É·¨³¥· ,   É ±¦¥ ·¥§Ê²ÓÉ ÉÒ, ¤μ¸ÉÊ¶´Ò¥ ¨§ ²¨É¥· ÉÊ·Ò, ¶·¥¤¸É ¢²¥´Ò ¢
É ¡². 3. ‡ ³¥É¨³, ÎÉμ ¢ · ¸Î¥É Ì [63] ¨¸¶μ²Ó§μ¢ ²¨¸Ó ¸²¥¤ÊÕÐ¨¥ ¶ · ³¥É·Ò
¸¥É±¨: Nθ = Nρ = 805, τ0 = 0,2, ν0 = 3,6 ¨ ρmax = 300 
A. „²Ö Éμ£μ ÎÉμ¡Ò
¶·μ¨²²Õ¸É·¨·μ¢ ÉÓ ¸Ìμ¤¨³μ¸ÉÓ ´ Ï¨Ì ·¥§Ê²ÓÉ Éμ¢, ³Ò ¶μ± §Ò¢ ¥³ ¢ É ¡². 4

§ ¢¨¸¨³μ¸ÉÓ E
(1)
t μÉ ¶ · ³¥É·μ¢ ¸¥É±¨ ¢ ¸²ÊÎ ¥ ¶μÉ¥´Í¨ ²  TTY (´¥³´μ£μ

· ¸Ï¨·¥´´ÊÕ ¢¥·¸¨Õ ÔÉμ° É ¡²¨ÍÒ ³μ¦´μ ´ °É¨ ¢ [63]).
ˆ§ É ¡². 3 ¢¨¤´μ, ÎÉμ ¶ ·Í¨ ²Ó´ Ö ±μ³¶μ´¥´É  ¸ l = 0 μ¡¥¸¶¥Î¨¢ ¥É μ±μ²μ

71 % ¢¥²¨Î¨´Ò Ô´¥·£¨¨ ¢μ§¡Ê¦¤¥´´μ£μ ¸μ¸ÉμÖ´¨Ö. ‚±² ¤ ¢ E
(1)
t μÉ ¶ ·Í¨ ²Ó-
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’ ¡²¨Í  4. 	´¥·£¨Ö E(1)
t (³Š) ¢μ§¡Ê¦¤¥´´μ£μ ¸μ¸ÉμÖ´¨Ö É·¨³¥·  4He3, ¢ÒÎ¨¸²¥´´ Ö

´  · §²¨Î´ÒÌ ¸¥É± Ì ¸ ¶μÉ¥´Í¨ ²μ³ TTY

lmax
Nθ = Nρ = 252 Nθ = Nρ = 652 Nθ = Nρ = 805 Nθ = Nρ = 1005

ρmax = 250 
A ρmax = 300 
A ρmax = 300 
A ρmax = 300 
A

0 −2,108 −2,029 −2,024 −2,021
2 −2,348 −2,258 −2,253 −2,248

´μ£μ ± ´ ²  ¸ l = 2 ¨³¥¥É ¶μ·Ö¤μ± 25Ä26%, Éμ£¤  ± ± l = 4 ¤ ¥É 3Ä4 %.
’ ±¨³ μ¡· §μ³, ¢¥²¨Î¨´Ò ÔÉ¨Ì ¢±² ¤μ¢ ¶·¨³¥·´μ ¸μ¢¶ ¤ ÕÉ ¸  ´ ²μ£¨Î´Ò³¨
¢¥²¨Î¨´ ³¨ ¤²Ö μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö. � ±μ´¥Í, ¨§ É ¡². 3 ³Ò § ±²ÕÎ ¥³,
ÎÉμ ´ Ï¨ ·¥§Ê²ÓÉ ÉÒ ¤²Ö E

(1)
t ´ Ìμ¤ÖÉ¸Ö ¢ Ìμ·μÏ¥³ ¸μ£² ¸¨¨ ¸ ´ ¨²ÊÎÏ¨³¨

·¥§Ê²ÓÉ É ³¨, ´ °¤¥´´Ò³¨ ¢ ²¨É¥· ÉÊ·¥ [60,64,107].

5. ”�‡› ˆ „‹ˆ�� ��‘‘…Ÿ�ˆŸ �’�Œ� 4He
�� „ˆŒ…�… 4He2

” §Ò Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö  Éμ³  4He ´  ¤¨³¥·¥ 4He ¡Ò²¨ ¢ÒÎ¨¸²¥´Ò ¢¶¥·-
¢Ò¥ ¢ · ¡μÉ Ì [62,69,106]. �¥±μÉμ·μ¥ ¢·¥³Ö ¸¶Ê¸ÉÖ ¢ [63] ¡Ò²μ μ¸ÊÐ¥¸É¢²¥´μ
¶μ¢Éμ·´μ¥ ¢ÒÎ¨¸²¥´¨¥ Ë § ´  ¸ÊÐ¥¸É¢¥´´μ ¡μ²¥¥ ³μÐ´ÒÌ ¸¥É± Ì ¨ ¤²Ö ¡μ²Ó-
Ï¥£μ ´ ¡μ·  He−He-¶μÉ¥´Í¨ ²μ¢. ‘É ÉÓÖ [63] ¸μ¤¥·¦¨É, ¢ Î ¸É´μ¸É¨, ¶μ¤·μ¡-
´Ò¥ É ¡²¨ÍÒ Ë § 4HeÄ4He2, ¢ÒÎ¨¸²¥´´Ò¥ ¸ ¶μÉ¥´Í¨ ² ³¨ HFD-B, LM2M2 ¨
TTY ¤²Ö Ô´¥·£¨° E = EÍ³ ¨§ ¨´É¥·¢ ² , § ±²ÕÎ¥´´μ£μ ³¥¦¤Ê ¶ ·´Ò³ ¶μ·μ-
£μ³ εd ¨ ¢¥·Ì´¨³ §´ Î¥´¨¥³ ¢ 2,45 ³Š. ’¥³ ¸ ³Ò³ ¡Ò²¨ · ¸¸³μÉ·¥´Ò Ô´¥·-
£¨¨, ²¥¦ Ð¨¥ ± ± ´¨¦¥, É ± ¨ ¢ÒÏ¥ ¶μ·μ£  · §¢ ²  ¸¨¸É¥³Ò ´  É·¨ Î ¸É¨ÍÒ.
‚ÒÎ¨¸²¥´¨Ö ¡Ò²¨ ¶·μ¢¥¤¥´Ò ¶·¨ §´ Î¥´¨ÖÌ lmax, · ¢´ÒÌ 0, 2 ¨ 4. ‚ÒÖ¸´¨-

²μ¸Ó, ÎÉμ ¶μ¸²¥ ¶¥·¥Ìμ¤  ± ² ¡μ· Éμ·´μ° ¸¨¸É¥³¥ Ë §Ò δ
(lmax)
0 , ¶μ²ÊÎ¥´´Ò¥

¤²Ö ¶μÉ¥´Í¨ ²μ¢ HFD-B, LM2M2 ¨ TTY ¤²Ö μ¤¨´ ±μ¢ÒÌ lmax, ¶· ±É¨Î¥¸±¨
¸μ¢¶ ¤ ÕÉ, ¢ μ¸μ¡¥´´μ¸É¨ ÔÉμ μÉ´μ¸¨É¸Ö ± ¶μÉ¥´Í¨ ² ³ LM2M2 ¨ TTY. � §-
²¨Î¨¥ ³¥¦¤Ê δ

(2)
0 ¨ δ

(4)
0 ¸μ¸É ¢²Ö¥É ¢¸¥£μ ²¨ÏÓ 0,5 %. �μÔÉμ³Ê ¸¥°Î ¸ ³Ò

μ£· ´¨Î¨¢ ¥³¸Ö É¥³, ÎÉμ ¶·¨¢μ¤¨³ ·¨¸. 4, § ¨³¸É¢μ¢ ´´Ò° ¨§ [63]. �  ÔÉμ³
·¨¸Ê´±¥ ¶·¥¤¸É ¢²¥´Ò £· Ë¨±¨ Ë § 4HeÄ4He2-· ¸¸¥Ö´¨Ö Éμ²Ó±μ ¤²Ö ¶μÉ¥´-
Í¨ ²μ¢ HFD-B ¨ TTY. �·¨ ¶μ¸É·μ¥´¨¨ ÔÉ¨Ì £· Ë¨±μ¢ ¡Ò²  ¨¸¶μ²Ó§μ¢ ´ 
´μ·³¨·μ¢± , μÉ¢¥Î ÕÐ Ö É¥μ·¥³¥ ‹¥¢¨´¸μ´ : δ0(0) − δ0(∞) = nπ, £¤¥ n Å
±μ²¨Î¥¸É¢μ ¸¢Ö§ ´´ÒÌ ¸μ¸ÉμÖ´¨° É·¨³¥·  (¢ ¤ ´´μ³ ¸²ÊÎ ¥ n = 2).

� ³ ¨§¢¥¸É´μ ²¨ÏÓ μ ¤¢ÊÌ  ²ÓÉ¥·´ É¨¢´ÒÌ É·¥ÌÎ ¸É¨Î´ÒÌ · ¸Î¥É Ì Ë §
Ê¶·Ê£μ£μ 4HeÄ4He2-· ¸¸¥Ö´¨Ö, ¢ ±μÉμ·ÒÌ ¨¸¶μ²Ó§μ¢ ²¨¸Ó ·¥ ²¨¸É¨Î¥¸±¨¥ ³¥¦-
 Éμ³´Ò¥ ¶μÉ¥´Í¨ ²Ò. �Éμ ´¥¤ ¢´¨° · ¸Î¥É ‹ § Ê¸± ¸  ¨ Š ·¡μ´¥²Ö [71],  
É ±¦¥ ¡μ²¥¥ · ´´¨° · ¸Î¥É �Ê¤´¥¢  [70], μ¡  ¢Ò¶μ²´¥´´Ò¥ ´  μ¸´μ¢ ´¨¨ ¤¨Ë-
Ë¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨° ” ¤¤¥¥¢ . ‚ [71] Ë §Ò 4HeÄ4He2-· ¸¸¥Ö´¨Ö ¡Ò²¨
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�¨¸. 4. S-¢μ²´μ¢Ò¥ Ë §Ò · ¸¸¥Ö´¨Ö δ0(E²¸)  Éμ³  4He ´  ¤¨³¥·¥ 4He2 ± ± ËÊ´±Í¨¨
Ô´¥·£¨¨ E²¸ = (3/2)(E + |εd|) ¢ ² ¡μ· Éμ·´μ° ¸¨¸É¥³¥. ˆ¸¶μ²Ó§μ¢ ²¨¸Ó ³¥¦ Éμ³´Ò¥
¶μÉ¥´Í¨ ²Ò HFD-B ¨ TTY. �¨¦´ÖÖ ±·¨¢ Ö μÉ¢¥Î ¥É lmax = 0,   ¢¥·Ì´ÖÖ Å lmax = 2

¢ÒÎ¨¸²¥´Ò ²¨ÏÓ ¤²Ö §´ Î¥´¨° E = EÍ³, ´ Ìμ¤ÖÐ¨Ì¸Ö ¢ ¸ ³μ° ¡²¨¦ °Ï¥°
μ±·¥¸É´μ¸É¨ ¤¢ÊÌÎ ¸É¨Î´μ£μ ¶μ·μ£  εd, Éμ£¤  ± ± ·¥§Ê²ÓÉ ÉÒ · ¸Î¥É  [70] ¶μ-
±·Ò¢ ÕÉ ¶· ±É¨Î¥¸±¨ ¢¥¸Ó ¨´É¥·¢ ² Ô´¥·£¨°, § ±²ÕÎ¥´´Ò° ³¥¦¤Ê Ô´¥·£¨¥°
¤¨³¥·  εd ¨ ¶μ·μ£μ³ É·¥ÌÎ ¸É¨Î´μ£μ · §¢ ²  E = 0. ‚ μÉ²¨Î¨¥ μÉ [63], ³¥Éμ¤
·¥Ï¥´¨Ö ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨° ” ¤¤¥¥¢ , ¶·¨³¥´Ö¢Ï¨°¸Ö ¢ [70], ´¥
¶μ§¢μ²Ö¥É ¶·μ¢μ¤¨ÉÓ · ¸Î¥ÉÒ · ¸¸¥Ö´¨Ö ¢ÒÏ¥ É·¥ÌÎ ¸É¨Î´μ£μ ¶μ·μ£ . �¥§Ê²Ó-
É ÉÒ ¶μ 4HeÄ4He2-Ë § ³, ¶μ²ÊÎ¥´´Ò¥ �Ê¤´¥¢Ò³ [70], Ìμ·μÏμ ¸μ£² ¸ÊÕÉ¸Ö ¸
·¥§Ê²ÓÉ É ³¨ ¨§ [63] (·¨¸. 5).

�É³¥É¨³, ÎÉμ ·¥§Ê²ÓÉ ÉÒ, ¶μ²ÊÎ¥´´Ò¥ ¢ · ¸Î¥É Ì [63] ¸ ·¥ ²¨¸É¨Î¥¸±¨³¨
 Éμ³- Éμ³´Ò³¨ ¶μÉ¥´Í¨ ² ³¨,  ±É¨¢´μ ¨¸¶μ²Ó§ÊÕÉ¸Ö ± ± ¨´¸É·Ê³¥´É ¤²Ö Ë¨-
É¨·μ¢ ´¨Ö ¶ · ³¥É·μ¢ ¨/¨²¨ ¶·μ¢¥·±¨ ¶·¥¤¶μ²μ¦¥´¨° ¢ · §²¨Î´ÒÌ ³μ¤¥²Ó-
´ÒÌ · ¸Î¥É Ì (¸³., ´ ¶·¨³¥·, [91,110Ä112]).

�¥¶μ¸·¥¤¸É¢¥´´Ò° ¨´É¥·¥¸ ¶·¥¤¸É ¢²Ö¥É É ±¦¥ ¸É·Ê±ÉÊ·  ¸ ³¨Ì ¶ ·Í¨-
 ²Ó´ÒÌ ±μ³¶μ´¥´É ” ¤¤¥¥¢  Fl(x, y; E) ¨ ¶ ·Í¨ ²Ó´ÒÌ ¢μ²´μ¢ÒÌ ËÊ´±Í¨°
Ψl(x, y; E), μÉ¢¥Î ÕÐ¨Ì ¶·μÍ¥¸¸ ³ · ¸¸¥Ö´¨Ö 2 → 2, 3. ‚ ± Î¥¸É¢¥ μ¤´μ£μ ¨§
¢μ§³μ¦´ÒÌ ¶·¨³¥·μ¢ ³Ò ¶μ¸É·μ¨²¨ ¢ [62, 69] £· Ë¨±¨ ³μ¤Ê²¥° ËÊ´±Í¨° Fl

¨ Ψl ¤²Ö l = 0, 2 ¢ ¸²ÊÎ ¥ · ¸¸¥Ö´¨Ö  Éμ³  4He ´  ¤¨³¥·¥ 4He2 ¶·¨ Ô´¥·£¨¨
E = 1,4 ³Š, · ¸¶μ²μ¦¥´´μ° ´¥³´μ£μ ¢ÒÏ¥ ¶μ·μ£  · §¢ ²  ¸¨¸É¥³Ò ´  É·¨
μÉ¤¥²Ó´ÒÌ  Éμ³ . ‚ÒÎ¨¸²¥´¨Ö ¢¥²¨Î¨´ Fl(x, y; E) ¨ Ψl(x, y; E), ´¥μ¡Ìμ¤¨³ÒÌ
¤²Ö ¶μ¸É·μ¥´¨Ö ÔÉ¨Ì £· Ë¨±μ¢ (·¨¸. 6Ä13), ¶·μ¨§¢μ¤¨²¨¸Ó ¶·¨ lmax = 2 ´ 
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�¨¸. 5. ‡ ¢¨¸¨³μ¸ÉÓ S-¢μ²´μ¢ÒÌ Ë § · ¸¸¥Ö´¨Ö δ0(E)  Éμ³  4He ´  ¤¨³¥·¥ 4He2 μÉ
Ô´¥·£¨¨ E = EÍ³ ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸. ˆ¸¶μ²Ó§μ¢ ²¸Ö ¶μÉ¥´Í¨ ² TTY. ‘¶²μÏ´ Ö
±·¨¢ Ö ¶·¥¤¸É ¢²Ö¥É ·¥§Ê²ÓÉ ÉÒ · ¸Î¥É  [63], ¢Ò¶μ²´¥´´μ£μ ¶·¨ lmax = 4. ’μÎ±¨
¸μμÉ¢¥É¸É¢ÊÕÉ ·¥§Ê²ÓÉ É ³ ¨§ [70]

¸¥É±¥, §´ Î¥´¨Ö ¶ · ³¥É·μ¢ ±μÉμ·μ° Nρ = Nθ = 320 ¨ ρmax = 400 
A ¢¶μ²´¥
¤μ¸É ÉμÎ´Ò ¤²Ö μ¡¥¸¶¥Î¥´¨Ö · §Ê³´μ° ÉμÎ´μ¸É¨ ¢¨§Ê ²¨§ Í¨¨. �É³¥É¨³, ÎÉμ
£· Ë¨±¨ ³μ¤Ê²¥° ¶ ·Í¨ ²Ó´ÒÌ ±μ³¶μ´¥´É ” ¤¤¥¥¢  (·¨¸. 6, 7, 10 ¨ 11) ¡Ò²¨
¢¶¥·¢Ò¥ μ¶Ê¡²¨±μ¢ ´Ò ¢ [62],   £· Ë¨±¨ ³μ¤Ê²¥° ¶ ·Í¨ ²Ó´ÒÌ ±μ³¶μ´¥´É
¢μ²´μ¢μ° ËÊ´±Í¨¨ (·¨¸. 8, 9, 12 ¨ 13) Å ¢ [69].

�¡· É¨³ ¢´¨³ ´¨¥ ´  ·¨¸. 6. �  ´¥³ ¶·¨ y � 100 
A μÉÎ¥É²¨¢μ ¢¨¤´  ¶ ¤ -
ÕÐ Ö ¢μ²´  Å ¸¨´Ê¸μ¨¤  sin (

√
E − εdy) (ÉμÎ´¥¥, ¥¥  ¡¸μ²ÕÉ´ Ö ¢¥²¨Î¨´ ),

®¶·μ³μ¤Ê²¨·μ¢ ´´ Ö¯ Ô±¸¶μ´¥´Í¨ ²Ó´μ ¸¶ ¤ ÕÐ¥° ¢μ²´μ¢μ° ËÊ´±Í¨¥° ¤¨-
³¥·  ψd(x). …¸É¥¸É¢¥´´μ, ÎÉμ ¢¨¤´  ´¥ ®Î¨¸É Ö¯ ¸¨´Ê¸μ¨¤  sin (

√
E − εdy)×

ψd(x),   ·¥§Ê²ÓÉ É ¥¥ ¸²μ¦¥´¨Ö ¸ · ¸¸¥Ö´´μ° ¢μ²´μ° a0 exp (i
√

E − εdy) ×
ψd(x) ¨ ¸μ¡¸É¢¥´´μ É·¥ÌÎ ¸É¨Î´Ò³¨ ¸² £ ¥³Ò³¨. ˆ³¥´´μ ¶μ¸²¥¤´¨¥ ¶μ·μ¦¤ -
ÕÉ ¢  ¸¨³¶ÉμÉ¨±¥ ¶·¨ ¡μ²ÓÏ¨Ì ρ ¸Ë¥·¨Î¥¸±ÊÕ ¢μ²´Ê Al(θ) exp(i

√
Eρ)/

√
ρ,

μ¶¨¸Ò¢ ÕÐÊÕ · §¢ ².

�μ¸²¥ μ¡· §μ¢ ´¨Ö ¨§ F0(x, y; E) (  É ±¦¥ ¨§ F2(x, y; E)) ¶μ Ëμ·³Ê²¥
(3.16) ¶ ·Í¨ ²Ó´μ° ¢μ²´μ¢μ° ËÊ´±Í¨¨ Ψ0(x, y; E) ¶ ¤ ÕÐ Ö ¢μ²´  ¢³¥¸É¥ ¸μ
¸² £ ¥³Ò³, μ¶¨¸Ò¢ ÕÐ¨³ Ê¶·Ê£μ¥ · ¸¸¥Ö´¨¥, ¶·μÖ¢²ÖeÉ ¸¥¡Ö Ê¦¥ ¨ ¢ μ¡² ¸É¨,
£¤¥ ¡²¨§±¨ ¤·Ê£ ± ¤·Ê£Ê  Éμ³Ò ¨§ ¤¢ÊÌ ¤·Ê£¨Ì ¶ ·, É. ¥. ¢ μ±·¥¸É´μ¸É¨ ²ÊÎ ,
μÉ¸ÉμÖÐ¥£μ ´  30◦ μÉ μ¸¨ x. ˆ³¥´´μ ÔÉμ° ¶·¨Î¨´μ° μ¡ÑÖ¸´Ö¥É¸Ö ´ ²¨Î¨¥
´  ·¨¸. 8 ¢Éμ·μ£μ Ì·¥¡É  ¸ ¸¨´Ê¸μ¨¤ ²Ó´Ò³ ¶·μË¨²¥³, · ¸¶μ²μ¦¥´´μ£μ ¢¤μ²Ó
Ê¶μ³Ö´ÊÉμ£μ ²ÊÎ .
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�¨¸. 6. �μ¢¥·Ì´μ¸ÉÓ £· Ë¨±  ³μ¤Ê²Ö ¶ ·Í¨ ²Ó´μ° ±μ³¶μ´¥´ÉÒ ” ¤¤¥¥¢  F0(x, y;E),
μ¶¨¸Ò¢ ÕÐ¥° ¶·μÍ¥¸¸ 4HeÄ4He2-· ¸¸¥Ö´¨Ö ¶·¨ Ô´¥·£¨¨ E = EÍ³ = 1,4 ³Š ¢ ¸²ÊÎ ¥,
±μ£¤  ¢§ ¨³μ¤¥°¸É¢¨¥ ³¥¦¤Ê  Éμ³ ³¨ 4He μ¶¨¸Ò¢ ¥É¸Ö ¶μÉ¥´Í¨ ²μ³ HFD-B. ‡´ Î¥´¨Ö
Ö±μ¡¨¥¢¸±¨Ì ¶¥·¥³¥´´ÒÌ x ¨ y ¤ ´Ò ¢ 
A

�¨¸. 7. ”· £³¥´É ¶μ¢¥·Ì´μ¸É¨ |F0(x, y; E)|, ¶μ± § ´´μ° ´  ·¨¸. 6

‚  ¸¨³¶ÉμÉ¨±¥ (3.25) ±μ³¶μ´¥´ÉÒ F2(x, y; E) Î²¥´ ¸ ¸¨´Ê¸μ¨¤ ²Ó´μ° ¶ -
¤ ÕÐ¥° ¢μ²´μ° μÉ¸ÊÉ¸É¢Ê¥É. �μÔÉμ³Ê Ê £· Ë¨±  |F2(x, y; E)| (¸³. ·¨¸. 10)
´¨± ±¨Ì Ì·¥¡Éμ¢ ´¥É. �¤´ ±μ Ê ¶μ¢¥·Ì´μ¸É¨ ³μ¤Ê²Ö ¶ ·Í¨ ²Ó´μ° ¢μ²´μ¢μ°
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�¨¸. 8. �μ¢¥·Ì´μ¸ÉÓ £· Ë¨±  ³μ¤Ê²Ö ¶ ·Í¨ ²Ó´μ° ±μ³¶μ´¥´ÉÒ Ψ0(x, y; E) ¶μ²-
´μ° ¢μ²´μ¢μ° ËÊ´±Í¨¨, μ¶¨¸Ò¢ ÕÐ¥° ¶·μÍ¥¸¸ 4HeÄ4He2-· ¸¸¥Ö´¨Ö ¶·¨ Ô´¥·£¨¨
E = EÍ³ = 1,4 ³Š ¢ ¸²ÊÎ ¥, ±μ£¤  ¢§ ¨³μ¤¥°¸É¢¨¥ ³¥¦¤Ê  Éμ³ ³¨ 4He μ¶¨¸Ò¢ -
¥É¸Ö ¶μÉ¥´Í¨ ²μ³ HFD-B

�¨¸. 9. ”· £³¥´É ¶μ¢¥·Ì´μ¸É¨ |Ψ0(x, y;E)|, ¶μ± § ´´μ° ´  ·¨¸. 8

ËÊ´±Í¨¨ |Ψ2(x, y; E)| ¸¨´Ê¸μ¨¤ ²Ó´Ò° Ì·¥¡¥É ¢¸¥ ¦¥ ¢μ§´¨± ¥É Å μ´ ¶μ¶·μ-
¸ÉÊ ¶μ·μ¦¤ ¥É¸Ö ¢±² ¤μ³ ¢ ¶· ¢ÊÕ Î ¸ÉÓ ¢Ò· ¦¥´¨Ö (3.16) ¤²Ö Ψ2(x, y; E)
μÉ Î²¥´μ¢ ¸ sin (

√
E − εdy) ¨ exp (i

√
E − εdy) ¢  ¸¨³¶ÉμÉ¨±¥ ±μ³¶μ´¥´ÉÒ

” ¤¤¥¥¢  F0(x, y; E) ¤²Ö ´Ê²¥¢μ£μ ¶ ·Í¨ ²Ó´μ£μ ± ´ ² .
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�¨¸. 10. �μ¢¥·Ì´μ¸ÉÓ £· Ë¨±  ³μ¤Ê²Ö ¶ ·Í¨ ²Ó´μ° ±μ³¶μ´¥´ÉÒ ” ¤¤¥¥¢  F2(x, y;E),
μÉ¢¥Î ÕÐ¥° ¶·μÍ¥¸¸Ê 4HeÄ4He2-· ¸¸¥Ö´¨Ö ¶·¨ Ô´¥·£¨¨ E = EÍ³ = 1,4 ³Š ¢ ¸²ÊÎ ¥,
±μ£¤  ¢§ ¨³μ¤¥°¸É¢¨¥ ³¥¦¤Ê  Éμ³ ³¨ 4He μ¶¨¸Ò¢ ¥É¸Ö ¶μÉ¥´Í¨ ²μ³ HFD-B

�¨¸. 11. ”· £³¥´É ¶μ¢¥·Ì´μ¸É¨ |F2(x, y; E)|, ¨§μ¡· ¦¥´´μ° ´  ·¨¸. 10

‘²¥¤Ê¥É ¶μ¤Î¥·±´ÊÉÓ, ÎÉμ ¸É·μ¥´¨¥ ËÊ´±Í¨°

F0(x, y; E), F2(x, y; E), Ψ0(x, y; E) ¨ Ψ2(x, y; E)

¢ μ¡² ¸É¨ ρ < 15 
A (¸³. ·¨¸. 7, 9, 11 ¨ 13) ¢ ¸ÊÐ¥¸É¢¥´´μ³ ´¥ § ¢¨¸¨É μÉ E,
¶μ ±· °´¥° ³¥·¥, ¶μ±  E ¨§³¥´Ö¥É¸Ö ¢ · ¸¸³ É·¨¢ ¢Ï¥³¸Ö ´ ³¨ ¨´É¥·¢ ²¥
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�¨¸. 12. �μ¢¥·Ì´μ¸ÉÓ £· Ë¨±  ³μ¤Ê²Ö ¶ ·Í¨ ²Ó´μ° ±μ³¶μ´¥´ÉÒ Ψ2(x, y; E) ¶μ²-
´μ° ¢μ²´μ¢μ° ËÊ´±Í¨¨, μ¶¨¸Ò¢ ÕÐ¥° ¶·μÍ¥¸¸ 4HeÄ4He2-· ¸¸¥Ö´¨Ö ¶·¨ Ô´¥·£¨¨
E = EÍ³ = 1,4 ³Š ¢ ¸²ÊÎ ¥, ±μ£¤  ¢§ ¨³μ¤¥°¸É¢¨¥ ³¥¦¤Ê  Éμ³ ³¨ 4He μ¶¨¸Ò¢ -
¥É¸Ö ¶μÉ¥´Í¨ ²μ³ HFD-B

�¨¸. 13. ”· £³¥´É ¶μ¢¥·Ì´μ¸É¨ |Ψ2(x, y;E)|, ¨§μ¡· ¦¥´´μ° ´  ·¨¸. 12

Ô´¥·£¨° εd < E � 2,4 ³Š. ‚ ÔÉμ° μ¡² ¸É¨ ËÊ´±Í¨¨ Fl(x, y; E) ¨ Ψl(x, y; E)
¶·μ¶μ·Í¨μ´ ²Ó´Ò ¸μμÉ¢¥É¸É¢ÊÕÐ¨³ ¶ ·Í¨ ²Ó´Ò³ ±μ³¶μ´¥´É ³ ” ¤¤¥¥¢  ¨
¶ ·Í¨ ²Ó´Ò³ ¢μ²´μ¢Ò³ ËÊ´±Í¨Ö³, μ¶¨¸Ò¢ ÕÐ¨³ μ¸´μ¢´μ¥ ¸μ¸ÉμÖ´¨¥ É·¨-
³¥·  (¸·., ´ ¶·¨³¥·, ·¨¸. 7 ¸ ·¨¸. 2 ¨§ ¸É ÉÓ¨ [109]).
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’ ¡²¨Í  5. „²¨´  · ¸¸¥Ö´¨Ö �sc (¢ 
A)  Éμ³  4He ´  ¤¨³¥·¥ 4He2 ¢ ¸²ÊÎ ¥ ¶μÉ¥´Í¨ ² 
TTY ¤²Ö lmax = 0 ± ± ËÊ´±Í¨Ö ¶ · ³¥É·μ¢ ¸¥É±¨ ρmax ¨ N =Nρ = Nθ

ρmax
N

1005 1505 2005 2505 3005

600 162,33 159,80 158,91 158,61 158,31
700 164,13 159,99 158,57 157,99 157,65
800 167,15 160,98 158,90 158,03 157,46
900 171,19 162,52 159,66 158,40 157,66

Ÿ¸´μ, ÎÉμ Î¥³ ¡²¨¦¥ Ô´¥·£¨Ö · ¸¸¥Ö´¨Ö E ¶μ¤Ìμ¤¨É ± ¶ ·´μ³Ê ¶μ-
·μ£Ê εd, É¥³ ¡μ²ÓÏ¨³¨ μ± §Ò¢ ÕÉ¸Ö · ¸¸ÉμÖ´¨Ö ¢ÒÌμ¤  ±μ³¶μ´¥´É ” ¤¤¥¥¢ 
Fl(x, y; E) ´   ¸¨³¶ÉμÉ¨±Ê (3.25). �μÔÉμ³Ê, ¢ ¸· ¢´¥´¨¨ ¸ Ô´¥·£¨Ö³¨ ¸¢Ö§¨
¨ Ë §μ¢Ò³¨ ¸¤¢¨£ ³¨, ¤²¨´  He Ä He2-· ¸¸¥Ö´¨Ö �sc μ± §Ò¢ ¥É¸Ö ¢¥²¨Î¨´μ°,
§´ Î¨É¥²Ó´μ ¡μ²¥¥ ÎÊ¢¸É¢¨É¥²Ó´μ° ± Ê·μ¢´Õ ± Î¥¸É¢  ¢Ò¡¨· ¥³ÒÌ ¸¥Éμ±, ¢
μ¸μ¡¥´´μ¸É¨ ± ¢¥²¨Î¨´¥ · ¤¨Ê¸  μ¡·¥§ ´¨Ö ρmax. „²Ö Éμ£μ ÎÉμ¡Ò ¨¸¸²¥¤μ¢ ÉÓ
¸É¥¶¥´Ó ÔÉμ° ÎÊ¢¸É¢¨É¥²Ó´μ¸É¨ (¸³. [72]), ³Ò ¢Ò¡· ²¨ ¶μ¸²¥¤μ¢ É¥²Ó´μ¸ÉÓ ¢μ§-
· ¸É ÕÐ¨Ì §´ Î¥´¨° · ¤¨Ê¸  μ¡·¥§ ´¨Ö ρmax. �¤´μ¢·¥³¥´´μ ¸ ·μ¸Éμ³ ρmax

¶μ¢ÒÏ ² ¸Ó ¨ · §³¥·´μ¸ÉÓ ¸¥É±¨ N = Nθ = Nρ ¸ Éμ° Í¥²ÓÕ, ÎÉμ¡Ò ²μ± ²Ó´μ
¸μÌ· ´Ö²¸Ö ¥¥ Ï £ ¶μ ¶¥·¥³¥´´Ò³ ρ ¨ θ. � §Ê³¥¥É¸Ö, ¶·¨ ¶·μ¢¥¤¥´¨¨ É ±μ£μ
 ´ ²¨§  ¡Ò²μ ¤μ¸É ÉμÎ´μ μ£· ´¨Î¨ÉÓ¸Ö · ¸¸³μÉ·¥´¨¥³ ¸²ÊÎ Ö lmax = 0. �¥-
§Ê²ÓÉ ÉÒ ¶μ ¤²¨´¥ · ¸¸¥Ö´¨Ö �sc, ¶μ²ÊÎ¥´´Ò¥ ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ¶μÉ¥´Í¨ ² 
TTY, ¶·¨¢¥¤¥´Ò ¢ É ¡². 5. Š·μ³¥ Éμ£μ, μ´¨ ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 14. �ÉμÉ ·¨-
¸Ê´μ± ¤¥³μ´¸É·¨·Ê¥É, ÎÉμ ¶·¨ Ê¢¥²¨Î¥´¨¨ · §³¥·´μ¸É¨ ¸¥É±¨ N ¸Ìμ¤¨³μ¸ÉÓ
¤²¨´Ò 4HeÄ4He2-· ¸¸¥Ö´¨Ö μ± §Ò¢ ¥É¸Ö ¢ ¸ÊÐ¥¸É¢¥´´μ³ ¤μ¸É¨£´ÊÉμ°, μ¤´ ±μ
· §²¨Î´Ò³ ρmax μÉ¢¥Î ÕÉ · §²¨Î´Ò¥ ¶·¥¤¥²Ó´Ò¥ §´ Î¥´¨Ö �sc. �Éμ ´ ¡²Õ¤¥-
´¨¥ ± ¸ ¥É¸Ö, ¢ Î ¸É´μ¸É¨, ¶¥·¥Ìμ¤  μÉ ρmax = 600 
A ± ρmax = 700 
A, Éμ£¤ 
± ± ¶¥·¥Ìμ¤ μÉ 800 ± 900 
A ´¥ ¤ ¥É ¶μÎÉ¨ ´¨± ±¨Ì ¨§³¥´¥´¨°.

� ¡μÉ Ö ¢¸¥£¤  ´  ®³ ±¸¨³Ê³¥¯ ¤μ¸ÉÊ¶´ÒÌ ´ ³ ±μ³¶ÓÕÉ¥·´ÒÌ ³μÐ´μ-
¸É¥°, ¢ ¸É ÉÓÖÌ [62,63] ¨ [72,113] ³Ò ¶μ¸²¥¤μ¢ É¥²Ó´μ Ê²ÊÎÏ ²¨ ± Î¥¸É¢μ ´ -
Ï¨Ì ·¥§Ê²ÓÉ Éμ¢ ¶μ �sc. � Ï¨ ²ÊÎÏ¨¥ ´  ¤ ´´Ò° ³μ³¥´É ·¥§Ê²ÓÉ ÉÒ [72,113]
¤²Ö �sc ¢ ¸²ÊÎ ¥ ¶μÉ¥´Í¨ ²μ¢ LM2M2, TTY ¨ HFD-B ¶·¥¤¸É ¢²¥´Ò ¢ É ¡². 6.
�É¨ ·¥§Ê²ÓÉ ÉÒ ¶μ²ÊÎ¥´Ò ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ¸¥É±¨ ¸ ¶ · ³¥É· ³¨ Nρ =
Nθ = 2005 ¨ ρmax = 700 
A.

�É³¥É¨³, ÎÉμ ¸ ÊÎ¥Éμ³ ¤ ´´ÒÌ, ¶·¥¤¸É ¢²¥´´ÒÌ ¢ É ¡². 5 ¨ ´  ·¨¸. 14,
¢Ò¡μ· ρmax = 700 
A ¶·¨ ¶¥·¥Ìμ¤¥ μÉ lmax = 0 ± lmax = 2 ¨ 4 ³μ¦¥É · ¸-
¸³ É·¨¢ ÉÓ¸Ö ± ± ¤μ¸É ÉμÎ´μ μ¶· ¢¤ ´´Ò°. � Ï¨ ¶·¥¤Ò¤ÊÐ¨¥ ·¥§Ê²ÓÉ ÉÒ ¶μ
¤²¨´¥ HeÄHe2-· ¸¸¥Ö´¨Ö ¡Ò²¨ μ¶Ê¡²¨±μ¢ ´Ò ¢ [63], £¤¥, ¢¢¨¤Ê ´¥¤μ¸É ÉμÎ-
´ÒÌ ±μ³¶ÓÕÉ¥·´ÒÌ ¢μ§³μ¦´μ¸É¥°, ³Ò ¡Ò²¨ ¢Ò´Ê¦¤¥´Ò μ£· ´¨Î¨ÉÓ¸Ö ¢Ò¡μ-
·μ³ ρmax = 460 
A ¨ Nρ = Nθ = 605. Œμ¦´μ ¶μ² £ ÉÓ, ÎÉμ ¶μ ¸· ¢´¥´¨Õ
¸ [63] ¢ · ¡μÉ¥ [72] ³Ò ¤μ¸É¨£²¨ ¶·¨³¥·´μ 10%-£μ Ê²ÊÎÏ¥´¨Ö ·¥§Ê²ÓÉ Éμ¢
¤²Ö �sc, ´  ÎÉμ Ê± §Ò¢ ¥É ¨ É¥´¤¥´Í¨Ö, μ¡´ ·Ê¦¨¢ ÕÐ Ö¸Ö ´  ·¨¸. 14.
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�¨¸. 14. „²¨´  · ¸¸¥Ö´¨Ö �sc  Éμ³  4He ´  ¤¨³¥·¥ 4He2 ¶·¨ lmax = 0 ¢ ¸²ÊÎ ¥
¶μÉ¥´Í¨ ²  TTY ± ± ËÊ´±Í¨Ö · §³¥·´μ¸É¨ ¸¥É±¨ N ≡ Nρ = Nθ

’ ¡²¨Í  6. „²¨´  · ¸¸¥Ö´¨Ö �sc (¢ 
A)  Éμ³  4He ´  ¤¨³¥·¥ 4He2

�μÉ¥´Í¨ ² lmax [72] [55] [70] [91] [111]

0 158,2
LM2M2 2 122,9

4 118,7 126 115,4 114,25 113,1

0 158,6
TTY 2 123,2

4 118,9 115,8 114,5

0 159,6
HFD-B 2 128,4

4 124,7 121,9 120,2

’ ¡². 6 ¸μ¤¥·¦¨É É ±¦¥ ·¥§Ê²ÓÉ ÉÒ ¨§ · ¡μÉ [55] ¨ [70], ¶μ²ÊÎ¥´´Ò¥
¶·¨ · ¸Î¥É Ì ¸ ·¥ ²¨¸É¨Î¥¸±¨³¨ ³¥¦ Éμ³´Ò³¨ ¶μÉ¥´Í¨ ² ³¨. �μ¤Ìμ¤ [55]
μ¸´μ¢ ´ ´  ¨¸¶μ²Ó§μ¢ ´¨¨ ±μ³¡¨´ Í¨¨ ³¥Éμ¤  Œμ´É¥-Š ·²μ ¨ £¨¶¥·¸Ë¥·¨-
Î¥¸±μ°  ¤¨ ¡ É¨±¨. ‚ ¸É ÉÓ¥ [70] ¨¸¶μ²Ó§μ¢ ²¨¸Ó É·¥Ì³¥·´Ò¥ ¤¨ËË¥·¥´Í¨-
 ²Ó´Ò¥ Ê· ¢´¥´¨Ö ” ¤¤¥¥¢  ¢ ¶·¥¤¸É ¢²¥´¨¨ ¶μ²´μ£μ Ê£²μ¢μ£μ ³μ³¥´É . � Ï¨
·¥§Ê²ÓÉ ÉÒ ¤²Ö �sc ¨§ [72], ¶·¨¢¥¤¥´´Ò¥ ¢ É ¡². 6, ¸μ£² ¸ÊÕÉ¸Ö ¸ ÔÉ¨³¨  ²Ó-
É¥·´ É¨¢´Ò³¨ · ¸Î¥É ³¨ ¤μ¸É ÉμÎ´μ Ìμ·μÏμ.
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•μ·μÏ¥¥ ± Î¥¸É¢μ ´ Ï¨Ì ·¥§Ê²ÓÉ Éμ¢ ¤²Ö �sc ¶μ¤É¢¥·¦¤ ¥É¸Ö É ±¦¥ Ô±¸-
É· ¶μ²ÖÍ¨¥° ±·¨¢ÒÌ ´  ·¨¸. 14. ‘μ£² ¸´μ ÔÉμ³Ê ·¨¸Ê´±Ê ¤²¨´  · ¸¸¥Ö´¨Ö
�sc, · ¸¸³ É·¨¢ ¥³ Ö ± ± ËÊ´±Í¨Ö ¶¥·¥³¥´´μ° N , ¶·¨ N ∼ 3000 ¢ ¸ÊÐ¥-
¸É¢¥´´μ³ ¢ÒÌμ¤¨É ´  ¸μμÉ¢¥É¸É¢ÊÕÐÊÕ £μ·¨§μ´É ²Ó´ÊÕ  ¸¨³¶ÉμÉÊ. �¤´ ±μ
¶μ²´ Ö ¸É ¡¨²¨§ Í¨Ö ¶·¨ N ∼ 3000 ¢¸¥ ¦¥ ¥Ð¥ ´¥ ´ ¸ÉÊ¶ ¥É. „²Ö Éμ£μ ÎÉμ¡Ò
¶·μ¨§¢¥¸É¨ μÍ¥´±Ê  ¸¨³¶ÉμÉ¨Î¥¸±¨Ì §´ Î¥´¨° �sc, ¢ [72] ³Ò ¨¸¶μ²Ó§μ¢ ²¨
 ¶¶·μ±¸¨³ Í¨Õ ±·¨¢ÒÌ ´  ·¨¸. 14 ¶μ¸·¥¤¸É¢μ³ ËÊ´±Í¨¨ ¢¨¤ 

�sc(N) = α +
β

N − γ
. (5.1)

�Î¥¢¨¤´μ, �sc(∞) = α. Šμ´¸É ´ÉÒ α, β ¨ γ Ë¨±¸¨·ÊÕÉ¸Ö §´ Î¥´¨Ö³¨ �sc

¶·¨ N = 1005, 2005 ¨ 3005. ’ ±¨³ μ¡· §μ³ ¶·¨ ρmax = 600, 700, 800 ¨
900 
A ³Ò ¶μ²ÊÎ ¥³  ¸¨³¶ÉμÉ¨Î¥¸±¨¥ §´ Î¥´¨Ö �sc(∞) = 157,5, 156,4, 155,4
¨ 154,8 
A ¸μμÉ¢¥É¸É¢¥´´μ. ‘μ¶μ¸É ¢²¥´¨¥ ¸ É ¡². 5 ¶μ± §Ò¢ ¥É, ÎÉμ μÉ²¨Î¨¥
ÔÉ¨Ì  ¸¨³¶ÉμÉ¨Î¥¸±¨Ì §´ Î¥´¨° μÉ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¢¥²¨Î¨´ �sc ¶·¨ N =
3005 ²¥¦¨É ¢ ¶·¥¤¥² Ì μÉ 1 ¤μ 3 
A.

‚ ¸²ÊÎ ¥ lmax = 4 ¨ ρmax = 700 
A ¤²¨´  · ¸¸¥Ö´¨Ö ¤²Ö ¶μÉ¥´Í¨ ² 
LM2M2 ¢ÒÎ¨¸²Ö² ¸Ó ¶·¨ N = 1005, 1505 ¨ 2005. ˆ¸¶μ²Ó§μ¢ ´¨¥ Ô±¸É· ¶μ-
²ÖÍ¨μ´´μ° Ëμ·³Ê²Ò (5.1) ¸ ¶ · ³¥É· ³¨ α, β ¨ γ, μ¶·¥¤¥²¥´´Ò³¨ ¶μ ÔÉ¨³
É·¥³ ÉμÎ± ³, ¶·¨¢μ¤¨É ± §´ Î¥´¨Õ �sc(∞) = 117,0 
A. ’ ±¨³ μ¡· §μ³, μÉ²¨Î¨¥
¤²¨´Ò · ¸¸¥Ö´¨Ö, ¶μ²ÊÎ¥´´μ° ¶·¨ N = 2005, μÉ ·¥§Ê²ÓÉ É  Ô±¸É· ¶μ²ÖÍ¨¨
¸μ¸É ¢²Ö¥É 1,7 
A. �μ-¢¨¤¨³μ³Ê, ¶·Ö³Ò¥ · ¸Î¥ÉÒ �sc ¤²Ö ¡μ²¥¥ ¢Ò¸μ±¨Ì N ¨
lmax ¤μ²¦´Ò ¶·¨¢¥¸É¨ ²¨ÏÓ ± μÎ¥´Ó ´¥¡μ²ÓÏμ° ³μ¤¨Ë¨± Í¨¨ ÔÉμ£μ ·¥§Ê²Ó-
É É . �¶¨· Ö¸Ó ´  É ±ÊÕ  ·£Ê³¥´É Í¨Õ, ³Ò § ±²ÕÎ ¥³, ÎÉμ ¨¸É¨´´μ¥ §´ Î¥´¨¥
�sc ¢ ¸²ÊÎ ¥ ¶μÉ¥´Í¨ ²μ¢ LM2M2 ¨ TTY ³μ¦¥É ²¥¦ ÉÓ ¢ ¨´É¥·¢ ²¥ ³¥¦¤Ê
115 ¨ 116 
A. �Éμ § ±²ÕÎ¥´¨¥ ¶μ¤¤¥·¦¨¢ ¥É ·¥§Ê²ÓÉ ÉÒ, ¶μ²ÊÎ¥´´Ò¥ �Ê¤´¥¢Ò³
¢ [70]. ‚ ´¥¤ ¢´¥° · ¡μÉ¥ ‹ § Ê¸± ¸  ¨ Š ·¡μ´¥²Ö [71] ¤²Ö ¸²ÊÎ Ö ¶μÉ¥´Í¨ ² 
LM2M2 ´ °¤¥´μ §´ Î¥´¨¥ �sc = 115,2 
A. �É³¥É¨³, ÎÉμ · ¸Î¥ÉÒ ¢ [71] ¡Ò²¨
¶·μ¢¥¤¥´Ò ´  μ¸´μ¢ ´¨¨ ¤¨ËË¥·¥´Í¨ ²Ó´μ° Ëμ·³Ê²¨·μ¢±¨ § ¤ Î¨ · ¸¸¥Ö´¨Ö
¤²Ö ¸¨¸É¥³Ò ´¥¸±μ²Ó±¨Ì Î ¸É¨Í ¸ É¢¥·¤Ò³ ±μ·μ³, · §· ¡μÉ ´´μ° ¢ [76,77] ¨
¶·¥¤¸É ¢²¥´´μ° ¤²Ö É·¥ÌÎ ¸É¨Î´μ£μ ¸²ÊÎ Ö ¢ · §¤. 2.

‘²¥¤Ê¥É Ê± § ÉÓ ´  Éμ, ÎÉμ ±·μ³¥ ¡¥§³μ¤¥²Ó´ÒÌ · ¸Î¥Éμ¢ [55, 63, 70Ä72]
¨ ¤·., μ¸´μ¢ ´´ÒÌ ´  ¨¸¶μ²Ó§μ¢ ´¨¨ ·¥ ²¨¸É¨Î¥¸±¨Ì ¶μÉ¥´Í¨ ²μ¢, ¶·μ¢μ-
¤¨²¨¸Ó ¨ ³μ¤¥²Ó´Ò¥ ¢ÒÎ¨¸²¥´¨Ö ¤²¨´Ò �sc, ·¥§Ê²ÓÉ ÉÒ ±μÉμ·ÒÌ ¶·¨¢¥¤¥´Ò
¢ ¤¢ÊÌ ¶μ¸²¥¤´¨Ì ±μ²μ´± Ì É ¡². 6. � ¸Î¥ÉÒ [91] μ¸´μ¢Ò¢ ²¨¸Ó ´  ¨¸¶μ²Ó-
§μ¢ ´¨¨ ¶μÉ¥´Í¨ ²  Ÿ³ £ÊÎ¨, ¶·¨¢μ¤ÖÐ¥£μ ± ²¥£±μ ·¥Ï ¥³Ò³ μ¤´μ³¥·´Ò³
¨´É¥£· ²Ó´Ò³ Ê· ¢´¥´¨Ö³ ¢ ¨³¶Ê²Ó¸´μ³ ¶·μ¸É· ´¸É¢¥. ‚ ¸ÊÐ´μ¸É¨, ¶μ¤-
Ìμ¤ [111] (¸³. É ±¦¥ ¸É ÉÓÕ [114] ¨ ¸μ¤¥·¦ Ð¨¥¸Ö ¢ ´¥° ¸¸Ò²±¨) ¶·¥¤¸É -
¢²Ö¥É ¸μ¡μ° ³μ¤¥²Ó ¶μÉ¥´Í¨ ²μ¢ ´Ê²¥¢μ£μ · ¤¨Ê¸  ¸ μ¡·¥§ ´¨¥³ ¶μ ¡μ²ÓÏ¨³
¨³¶Ê²Ó¸ ³, ¤¥² ÕÐ¨³ ¸μμÉ¢¥É¸É¢ÊÕÐ¥¥ μ¤´μ³¥·´μ¥ Ê· ¢´¥´¨¥ ‘±μ·´Ö±μ¢ Ä
’¥·-Œ ·É¨·μ¸Ö´  [115] Ìμ·μÏμ μ¶·¥¤¥²¥´´Ò³. � · ³¥É· μ¡·¥§ ´¨Ö ¢ [111,
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114] ¨ ÔËË¥±É¨¢´Ò° · ¤¨Ê¸ ¶μÉ¥´Í¨ ²  Ÿ³ £ÊÎ¨ ¢ [91] Ö¢²ÖÕÉ¸Ö ¶μ¤£μ´μÎ-
´Ò³¨ ¶ · ³¥É· ³¨ ³μ¤¥²¥°. ˆÌ §´ Î¥´¨Ö ¶μ¤¡¨· ÕÉ¸Ö É ±, ÎÉμ¡Ò ¢μ¸¶·μ-
¨§¢μ¤¨² ¸Ó Ô´¥·£¨Ö μ¸´μ¢´μ£μ ¨²¨ ¢μ§¡Ê¦¤¥´´μ£μ ¸μ¸ÉμÖ´¨Ö É·¨³¥·  4He3,
¶μ²ÊÎ¥´´ Ö ¢ · ¸Î¥É Ì ¸ ·¥ ²¨¸É¨Î¥¸±¨³¨ ¶μÉ¥´Í¨ ² ³¨. „·Ê£¨³¨ ¸²μ¢ ³¨,
¶μ¤Ìμ¤Ò [111] ¨ [91] Ì · ±É¥·¨§ÊÕÉ¸Ö § ³¥Î É¥²Ó´μ° ¶·μ¸ÉμÉμ°, ´μ ¶·¨ ¶μ²Ê-
Î¥´¨¨ ´  ¨Ì μ¸´μ¢¥ ±μ´±·¥É´ÒÌ ·¥§Ê²ÓÉ Éμ¢ ´¥¨§¡¥¦´μ ¶·¨Ìμ¤¨É¸Ö μ¶¨· ÉÓ¸Ö
´  ·¥§Ê²ÓÉ ÉÒ ¡¥§³μ¤¥²Ó´ÒÌ É·¥ÌÎ ¸É¨Î´ÒÌ · ¸Î¥Éμ¢. � ¤μ ¸± § ÉÓ, ÎÉμ ¸¢μ¨³
Ê¸¶¥Ìμ³ ³μ¤¥²Ó´Ò¥ ¢ÒÎ¨¸²¥´¨Ö μ¡Ö§ ´Ò Éμ³Ê μ¡¸ÉμÖÉ¥²Ó¸É¢Ê, ÎÉμ ¢ Ê¸²μ¢¨ÖÌ
¡²¨§μ¸É¨ ÔËË¥±É  …Ë¨³μ¢  ³μ¦´μ £μ¢μ·¨ÉÓ μ ¸ÊÐ¥¸É¢μ¢ ´¨¨ Ê´¨¢¥·¸ ²Ó´ÒÌ
§ ±μ´μ³¥·´μ¸É¥° ¢ ¶μ¢¥¤¥´¨¨ É·¥Ì¡μ§μ´´ÒÌ ¸¨¸É¥³. �  ´ ²¨Î¨¥ É ±¨Ì § -
±μ´μ³¥·´μ¸É¥° Ê± §Ò¢ ²μ¸Ó, ¢ ¸ÊÐ´μ¸É¨, ¥Ð¥ ¸ ³¨³ …Ë¨³μ¢Ò³ [39, 40, 50].
�¡¸Ê¦¤¥´¨¥ · §²¨Î´ÒÌ ¢μ¶·μ¸μ¢, ¸¢Ö§ ´´ÒÌ ¸ ¶·μÖ¢²¥´¨Ö³¨ Ê´¨¢¥·¸ ²Ó´ÒÌ
§ ±μ´μ³¥·´μ¸É¥° ¢ ¸¨¸É¥³ Ì ´¥¸±μ²Ó±¨Ì Î ¸É¨Í ¸ ¡μ²ÓÏ¨³¨ ¶ ·´Ò³¨ ¤²¨-
´ ³¨ · ¸¸¥Ö´¨Ö,   É ±¦¥ ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¸¸Ò²±¨ ³μ¦´μ ´ °É¨ ¢ ´¥¤ ¢´¥³
μ¡§μ·¥ [110].

6. � …”ˆŒ�‚‘Š�‰ ��ˆ��„…
‚�‡�“†„…���ƒ� ‘�‘’�Ÿ�ˆŸ ’�ˆŒ…�� 4He3

�ËË¥±É …Ë¨³μ¢  ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° § ³¥Î É¥²Ó´μ¥ Ö¢²¥´¨¥, ± ± ´¥-
²Ó§Ö ²ÊÎÏ¥ ¨²²Õ¸É·¨·ÊÕÐ¥¥ · §´μμ¡· §¨¥ ¢μ§³μ¦´μ¸É¥° ¶·¨ ¶¥·¥Ìμ¤¥ μÉ
§ ¤ Î¨ ¤¢ÊÌ É¥² ± § ¤ Î¥ É·¥Ì É¥². •μ·μÏμ ¨§¢¥¸É´μ (¸³., ´ ¶·¨³¥·, [116,
· §¤. XIII.3]), ÎÉμ ²Õ¡ Ö ¸¨¸É¥³  ¤¢ÊÌ Î ¸É¨Í ¸ ¤μ¸É ÉμÎ´μ ¡Ò¸É·μ Ê¡Ò¢ Õ-
Ð¨³ ¨ ´¥ ¸²¨Ï±μ³ ¸¨´£Ê²Ö·´Ò³ ¢§ ¨³μ¤¥°¸É¢¨¥³ V (x) μ¡² ¤ ¥É ´¥ ¡μ²¥¥
Î¥³ ±μ´¥Î´Ò³ Î¨¸²μ³ ¸¢Ö§ ´´ÒÌ ¸μ¸ÉμÖ´¨°. 	μ²¥¥ Éμ£μ, ¤²Ö Î¨¸²  N(V ) ¸¢Ö-
§ ´´ÒÌ ¸μ¸ÉμÖ´¨°, μÉ¢¥Î ÕÐ¨Ì ¶μÉ¥´Í¨ ²Ê V ¨ · ¸¸³ É·¨¢ ¥³ÒÌ ¸ ÊÎ¥Éμ³ ¨Ì
±· É´μ¸É¥°, ¸¶· ¢¥¤²¨¢  μÍ¥´±  	¨·³ ´ Ä˜¢¨´£¥·  [116, É¥μ·¥³  XIII.10]

N(V ) �
(

1
4π

)2 ∫
R3

dx
∫
R3

dy
|V (x)||V (y)|

|x − y|2 . (6.1)

„²Ö ±μ´¥Î´μ¸É¨ Î¨¸²  ¤¢ÊÌÎ ¸É¨Î´ÒÌ ¸¢Ö§ ´´ÒÌ ¸μ¸ÉμÖ´¨° ¤μ¸É ÉμÎ´μ ²¨ÏÓ
μ£· ´¨Î¥´´μ¸É¨ ¨´É¥£· ²  ¢ ¶· ¢μ° Î ¸É¨ (6.1). ‚ ¸²ÊÎ ¥ ¸¨¸É¥³Ò É·¥Ì Î -
¸É¨Í, ¤ ¦¥ ¸ £² ¤±¨³¨ Ë¨´¨É´Ò³¨ ¶ ·´Ò³¨ ¶μÉ¥´Í¨ ² ³¨, ¶·¨ μ¶·¥¤¥²¥´´ÒÌ
Ê¸²μ¢¨ÖÌ ·¥ ²¨§Ê¥É¸Ö ¶·Ö³μ ¶·μÉ¨¢μ¶μ²μ¦´ Ö ¸¨ÉÊ Í¨Ö: Î¨¸²μ ¸¢Ö§ ´´ÒÌ ¸μ-
¸ÉμÖ´¨° ³μ¦¥É μ± § ÉÓ¸Ö ¡¥¸±μ´¥Î´Ò³. ’ ± Ö ¸¶¥±É· ²Ó´ Ö ¸¨ÉÊ Í¨Ö ¨³¥¥É
³¥¸Éμ ¢ ¸²ÊÎ ¥, ±μ£¤  ´¨ μ¤´  ¨§ ¶ ·´ÒÌ ¶μ¤¸¨¸É¥³ ´¥ ¨³¥¥É ¸¢Ö§ ´´ÒÌ ¸μ-
¸ÉμÖ´¨°, ´μ ÌμÉÖ ¡Ò ¤¢¥ ¨§ ´¨Ì μ¡² ¤ ÕÉ ¡¥¸±μ´¥Î´Ò³¨ ¤²¨´ ³¨ · ¸¸¥Ö´¨Ö.
‚ ÔÉμ³ ¨ ¸μ¸Éμ¨É ÔËË¥±É …Ë¨³μ¢  [39, 40, 50]. „²Ö Ê± § ´´μ° ¸¨ÉÊ Í¨¨ ³ -
É¥³ É¨Î¥¸±¨ ¸É·μ£μ ¤μ± § ´μ, ÎÉμ ±μ²¨Î¥¸É¢μ N(E) ¸¢Ö§ ´´ÒÌ ¸μ¸ÉμÖ´¨° ¸
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Ô´¥·£¨Ö³¨, ²¥¦ Ð¨³¨ ´¨¦¥ ¢¥²¨Î¨´Ò E < 0, ²μ£ ·¨Ë³¨Î¥¸±¨ ¢μ§· ¸É ¥É ¶·¨
E → 0 ¨, ¡μ²¥¥ Éμ£μ, ¸ÊÐ¥¸É¢Ê¥É ±μ´¥Î´Ò° ¶·¥¤¥² [117] (¸³. É ±¦¥ [118])

lim
E↑0

N(E)
| ln |E|| = Υ > 0. (6.2)

�·¨ ÔÉμ³ ¢¥²¨Î¨´  Υ ´¥ § ¢¨¸¨É μÉ ±μ´±·¥É´μ£μ ¢¨¤  ¶ ·´ÒÌ (¡Ò¸É·μ Ê¡Ò-
¢ ÕÐ¨Ì) ¶μÉ¥´Í¨ ²μ¢ ¨ μ¶·¥¤¥²Ö¥É¸Ö ²¨ÏÓ ¸μμÉ´μÏ¥´¨Ö³¨ ³¥¦¤Ê ³ ¸¸ ³¨
Î ¸É¨Í. Š Î¥¸É¢¥´´Ò°  ´ ²¨§, ¶·μ¢¥¤¥´´Ò° ¸ ³¨³ …Ë¨³μ¢Ò³ [39,40], ¶μ§¢μ-
²Ö¥É · ¸¸Î¨ÉÒ¢ ÉÓ É ±¦¥ ¨ ´  ¸ÊÐ¥¸É¢μ¢ ´¨¥ ¶·¥¤¥² 

lim
n→∞

En+1

En
= exp

(
− 1

Υ

)
,

£¤¥ Î¥·¥§ En μ¡μ§´ Î¥´Ò Ô´¥·£¨¨ ¸¢Ö§ ´´ÒÌ ¸μ¸ÉμÖ´¨°, ¶·μ´Ê³¥·μ¢ ´´Ò¥
¢ ¶μ·Ö¤±¥ Ê¡Ò¢ ´¨Ö  ¡¸μ²ÕÉ´μ° ¢¥²¨Î¨´Ò. …¸²¨ Î ¸É¨ÍÒ Ö¢²ÖÕÉ¸Ö Éμ¦¤¥-
¸É¢¥´´Ò³¨ ¡μ§μ´ ³¨, ÔÉμ · ¸¸³μÉ·¥´¨¥ ¶·¨¢μ¤¨É ±  ¸¨³¶ÉμÉ¨Î¥¸±μ³Ê ¸μμÉ-
´μÏ¥´¨Õ

lim
n→∞

En+1

En
= exp

(
−2π

ω0

)
≈ 1

515,035
,

£¤¥ ω0, ω0 ≈ 1,0062378, Å ¥¤¨´¸É¢¥´´μ¥ ¶μ²μ¦¨É¥²Ó´μ¥ ·¥Ï¥´¨¥ É· ´¸Í¥´-
¤¥´É´μ£μ Ê· ¢´¥´¨Ö

1 − 8√
3

sh (πω/6)
ω ch (πω/2)

= 0, (6.3)

¢¶¥·¢Ò¥ ¶μÖ¢¨¢Ï¥£μ¸Ö ¥Ð¥ ¢ · ¡μÉ¥ „ ´¨²μ¢  [119] ¶·¨ ¨¸¸²¥¤μ¢ ´¨¨ Ê· ¢-
´¥´¨Ö ‘±μ·´Ö±μ¢ Ä’¥·-Œ ·É¨·μ¸Ö´  [115]. �¥±μÉμ·Ò¥ ÉμÎ´Ò¥ ÊÉ¢¥·¦¤¥´¨Ö
¶μ ¶μ¢μ¤Ê ¡μ²¥¥ ¤¥É ²Ó´μ£μ  ¸¨³¶ÉμÉ¨Î¥¸±μ£μ ¶μ¢¥¤¥´¨Ö ¥Ë¨³μ¢¸±¨Ì Ê·μ¢-
´¥° En ¸¨¸É¥³Ò É·¥Ì Éμ¦¤¥¸É¢¥´´ÒÌ ¡μ§μ´μ¢ ¶·¨ n → ∞ ³μ¦´μ ´ °É¨
¢ [120]. �´ ²¨§ [120] ¸²¥¤Ê¥É  ²ÓÉ¥·´ É¨¢´μ³Ê ¶μ¤Ìμ¤Ê ± μ¡μ¸´μ¢ ´¨Õ ÔË-
Ë¥±É  …Ë¨³μ¢ , ´¥§ ¢¨¸¨³μ ¶·¥¤²μ¦¥´´μ³Ê ” ¤¤¥¥¢Ò³ [121] ¨ �³ ¤μ ¨ �μ-
¡²μ³ [122, 123] ¢¸±μ·¥ ¶μ¸²¥ ¢ÒÌμ¤  · ¡μÉ [39] ¨ [40]. �ÉμÉ ¶μ¤Ìμ¤ μ¸´μ-

¢Ò¢ ¥É¸Ö ´  Ö¢´μ³ ¢Ò¤¥²¥´¨¨ ´¥Ë·¥¤£μ²Ó³μ¢μ° (¶·¨ �
(2)
sc → ∞) ±μ³¶μ´¥´ÉÒ

¨´É¥£· ²Ó´μ£μ μ¶¥· Éμ·  Ê· ¢´¥´¨° ” ¤¤¥¥¢  ¢ ¨³¶Ê²Ó¸´μ³ ¶·¥¤¸É ¢²¥´¨¨ ¨
¨¸¸²¥¤μ¢ ´¨¨ ¶μ·μ¦¤ ¥³μ£μ ¥Õ É·¥ÌÎ ¸É¨Î´μ£μ ¸¶¥±É·  (¸³. [53, c. 103Ä105]).
�É³¥É¨³, ÎÉμ ¶¥·¢μ¥ ¢¶μ²´¥ ¸É·μ£μ¥ ¤μ± § É¥²Ó¸É¢μ ÔËË¥±É  …Ë¨³μ¢ , ¤ ´-
´μ¥ ŸË ¥¢Ò³ ¢ [124], É ±¦¥ ¸²¥¤Ê¥É ¶μ¤Ìμ¤Ê [121Ä123].

‚¸¥ ¨§ÊÎ¥´´Ò¥ ±μ´±·¥É´Ò¥ ¤¢ÊÌÎ ¸É¨Î´Ò¥ ¸¨¸É¥³Ò (± ± Ö¤¥·´Ò¥, É ± ¨
 Éμ³´Ò¥) μ¡² ¤ ÕÉ ±μ´¥Î´Ò³¨ ¤²¨´ ³¨ · ¸¸¥Ö´¨Ö. �Éμ μ§´ Î ¥É, ÎÉμ ¶· ±-
É¨Î¥¸±μ¥ ´ ¡²Õ¤¥´¨¥ ®¶μ²´μ³ ¸ÏÉ ¡´μ£μ¯ ÔËË¥±É  …Ë¨³μ¢  (¸ ¢μ§´¨±´μ-
¢¥´¨¥³ ¡¥¸±μ´¥Î´μ£μ ´ ¡μ·  É·¥ÌÎ ¸É¨Î´ÒÌ ¸¢Ö§ ´´ÒÌ ¸μ¸ÉμÖ´¨°) ¢·Ö¤ ²¨
¢μ§³μ¦´μ. �¤´ ±μ μ£·μ³´Ò° ¨´É¥·¥¸ ¶·¥¤¸É ¢²ÖÕÉ ¨ ¸¨¸É¥³Ò, ¢ ±μÉμ·ÒÌ
ÔÉμÉ ÔËË¥±É ³μ¦¥É ¶·μÖ¢²ÖÉÓ¸Ö ²¨ÏÓ Î ¸É¨Î´μ. Š Î¥¸É¢¥´´Ò°  ´ ²¨§, ¶·μ-
¢¥¤¥´´Ò° …Ë¨³μ¢Ò³ ¢ [39,40] (¸³. É ±¦¥ μ¡§μ· ”¨²²¨¶¸  [125]), ¶μ± §Ò¢ ¥É,
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ÎÉμ ¥¸²¨ ¤¢ÊÌÎ ¸É¨Î´ Ö ¤²¨´  · ¸¸¥Ö´¨Ö �
(2)
sc ¢¥²¨±  ¶μ ¸· ¢´¥´¨Õ ¸ ÔËË¥±-

É¨¢´Ò³ · ¤¨Ê¸μ³ r0 ¶ ·´ÒÌ ¸¨², Éμ ¢ ¸¨¸É¥³¥ É·¥Ì Éμ¦¤¥¸É¢¥´´ÒÌ ¡μ§μ´μ¢

´  · ¸¸ÉμÖ´¨ÖÌ r0 � ρ � �
(2)
sc ¶·¨¸ÊÉ¸É¢Ê¥É ÔËË¥±É¨¢´μ¥ ¶·¨ÉÖ£¨¢ ÕÐ¥¥ ¢§ -

¨³μ¤¥°¸É¢¨¥ É¨¶  1/ρ2. �  ÔÉμ³ μ¸´μ¢ ´¨¨ ¤²Ö μ¡Ð¥£μ Î¨¸²  N ¸¢Ö§ ´´ÒÌ
¸μ¸ÉμÖ´¨° É·¥Ì¡μ§μ´´μ° ¸¨¸É¥³Ò ¤¥² ¥É¸Ö μÍ¥´±  [40]

N � ω0

π
ln

∣∣∣∣∣�(2)
sc

r0

∣∣∣∣∣ . (6.4)

“¦¥ Ëμ·³Ê²  (6.3) Ê± §Ò¢ ¥É ´  É¥¸´ÊÕ ¸¢Ö§Ó ÔËË¥±É  …Ë¨³μ¢  ¸ ÔËË¥±-
Éμ³ ’μ³ ¸  [126]. � ¶μ³´¨³, ÎÉμ ¸ÊÉÓ ¶μ¸²¥¤´¥£μ ¸¢μ¤¨É¸Ö ± ´¥¶μ²Êμ£· ´¨-
Î¥´´μ¸É¨ ¸´¨§Ê [127] μ¶¥· Éμ·  ˜·¥¤¨´£¥·  ¤²Ö ¸¨¸É¥³Ò É·¥Ì Î ¸É¨Í, ¢§ -
¨³μ¤¥°¸É¢¨Ö ¢ ±μÉμ·μ° μ¶¨¸Ò¢ ÕÉ¸Ö ¶μÉ¥´Í¨ ² ³¨ ´Ê²¥¢μ£μ · ¤¨Ê¸ , ¨ É¥³
¸ ³Ò³ ± ¢μ§³μ¦´μ¸É¨ ±μ²² ¶¸  ÔÉμ° ¸¨¸É¥³Ò ¨ ¶ ¤¥´¨Ö Î ¸É¨Í ´  ¥¥ Í¥´É·
³ ¸¸. ‚ ¸ÊÐ´μ¸É¨,  ¸¨³¶ÉμÉ¨Î¥¸± Ö μÍ¥´±  (6.4) μ¡¸²Ê¦¨¢ ¥É ¸· §Ê μ¡  ÔË-

Ë¥±É : ¶·¨ r0 �= 0 ¨ |�(2)
sc | → ∞ μ´  Ê± §Ò¢ ¥É ´  ±μ²¨Î¥¸É¢μ ¥Ë¨³μ¢¸±¨Ì

Ê·μ¢´¥°, Ô±¸¶μ´¥´Í¨ ²Ó´μ ´ ± ¶²¨¢ ÕÐ¨Ì¸Ö ± É·¥ÌÎ ¸É¨Î´μ³Ê ¶μ·μ£Ê, Éμ£¤ 

± ± ¶·¨ ±μ´¥Î´μ° ´¥´Ê²¥¢μ° �
(2)
sc ¨ r0 → 0 ÔÉ  μÍ¥´±  μ¶¨¸Ò¢ ¥É ±μ²¨Î¥¸É¢μ

Ê·μ¢´¥° Ô´¥·£¨¨ ¢ ÔËË¥±É¥ ’μ³ ¸ , ÊÌμ¤ÖÐ¨Ì ´  −∞. ’μÉ Ë ±É, ÎÉμ ÔËË¥±ÉÒ
…Ë¨³μ¢  ¨ ’μ³ ¸  ¶·¥¤¸É ¢²ÖÕÉ ¸μ¡μ° ¤¢¥ ¸Éμ·μ´Ò μ¤´μ° ³¥¤ ²¨, μÉ³¥Î ²¸Ö,
¢ Î ¸É´μ¸É¨, ¢ · ¡μÉ Ì [128,129]. ‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¢ ¸¢Ö§¨ c μ¡¸Ê¦¤¥´¨¥³
Ê´¨¢¥·¸ ²Ó´ÒÌ § ±μ´μ³¥·´μ¸É¥°, Ì · ±É¥·´ÒÌ ¤²Ö É·¥ÌÎ ¸É¨Î´ÒÌ ¸¨¸É¥³ ¶·¨
Ê²ÓÉ· ´¨§±¨Ì Ô´¥·£¨ÖÌ, ´ ¡²Õ¤ ¥É¸Ö É¥´¤¥´Í¨Ö (¸³., ´ ¶·¨³¥·, [130]) ¨¸¶μ²Ó-
§μ¢ ÉÓ ¥¤¨´Ò° É¥·³¨´ ®Ê·μ¢´¨ ’μ³ ¸ Ä…Ë¨³μ¢ ¯ ¤²Ö ¤¨¸±·¥É´μ£μ ¸¶¥±É· ,
¶μ·μ¦¤ ¥³μ£μ μ¡μ¨³¨ ÔËË¥±É ³¨.

„μ ¸¨Ì ¶μ· ³Ò £μ¢μ·¨²¨ ²¨ÏÓ μ¡ Ê¥¤¨´¥´´ÒÌ É·¥ÌÎ ¸É¨Î´ÒÌ ¸¨¸É¥³ Ì,
´¥ ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì ¸ ¢´¥Ï´¨³ ³¨·μ³. �¡ÒÎ´μ ¶·¥¤¶μ² £ ¥É¸Ö, Ö¢´μ ¨²¨
´¥Ö¢´μ (¸³., ´ ¶·¨³¥·, [84, 131, 132]), ÎÉμ μÍ¥´±¨ É¨¶  (6.4) ¨³¥ÕÉ ³¥¸Éμ
¨ ¢ ¸²ÊÎ ¥ É·¥Ì Éμ³´ÒÌ ¸¨¸É¥³, ´ Ìμ¤ÖÐ¨Ì¸Ö ¢μ ¢´¥Ï´¥³ ³ £´¨É´μ³ ¶μ²¥.
…¸²¨ ¸¨¸É¥³  É ±μ¢ , ÎÉμ ¶·¨ ¥¥ ¶μ³¥Ð¥´¨¨ ¢ ³ £´¨É´μ¥ ¶μ²¥ Ê ¶ ·´ÒÌ
¶μ¤¸¨¸É¥³ §  ¸Î¥É §¥¥³ ´μ¢¸±μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¢μ§´¨± ¥É Ë¥Ï¡ Ìμ¢¸±¨°
·¥§μ´ ´¸ [133], Éμ ¶μÖ¢²Ö¥É¸Ö ¨´¸É·Ê³¥´É ¤²Ö Ê¶· ¢²¥´¨Ö ¤¢ÊÌÎ ¸É¨Î´μ° ¤²¨-
´μ° · ¸¸¥Ö´¨Ö ¶ÊÉ¥³ ¢ ·Ó¨·μ¢ ´¨Ö ´ ¶·Ö¦¥´´μ¸É¨ ³ £´¨É´μ£μ ¶μ²Ö. �·¥¦¤¥
¢¸¥£μ ÔÉμ μÉ´μ¸¨É¸Ö ± ¸¨¸É¥³ ³, ¸μ¸ÉμÖÐ¨³ ¨§ Ð¥²μÎ´ÒÌ  Éμ³μ¢. ‚ 2006 £.
¡Ò²¨ μ¡ÑÖ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ Ô±¸¶¥·¨³¥´Éμ¢ [132, 134] ¶μ É·¥ÌÎ ¸É¨Î´μ° ·¥-
±μ³¡¨´ Í¨¨ ¢ Ê²ÓÉ· Ìμ²μ¤´μ³ £ §¥  Éμ³μ¢ Í¥§¨Ö, ±μÉμ·Ò¥ · ¸¸³ É·¨¢ ÕÉ¸Ö
 ¢Éμ· ³¨ ÔÉ¨Ì Ô±¸¶¥·¨³¥´Éμ¢ ± ± ¸¢¨¤¥É¥²Ó¸É¢μ ¢μ§´¨±´μ¢¥´¨Ö ¶μ ±· °´¥°
³¥·¥ μ¤´μ£μ ¥Ë¨³μ¢¸±μ£μ ¸μ¸ÉμÖ´¨Ö ¸¨¸É¥³Ò 133Cs3 ¶·¨ ¨§³¥´¥´¨¨ ´ ¶·Ö-
¦¥´´μ¸É¨ ³ £´¨É´μ£μ ¶μ²Ö. �¡¸Ê¦¤¥´¨¥ ¨ ¢ ·¨ ´ÉÒ ¨´É¥·¶·¥É Í¨¨ ·¥§Ê²Ó-
É Éμ¢ Ô±¸¶¥·¨³¥´Éμ¢ [132,134] ³μ¦´μ ´ °É¨ ¢ [130,135].

Œμ¦´μ ¸Î¨É ÉÓ Ê¦¥ μ¡Ð¥¶·¨´ÖÉÒ³, ÎÉμ ¢μ§¡Ê¦¤¥´´μ¥ ¸μ¸ÉμÖ´¨¥ É·¨³¥· 
4He3 ¨³¥¥É ¥Ë¨³μ¢¸±ÊÕ ¶·¨·μ¤Ê. �Éμ ¶·¥¤¶μ²μ¦¥´¨¥ ¡Ò²μ ¢Ò¸± § ´μ ¥Ð¥ ¢
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¸É ÉÓ¥ [41], ±μÉμ· Ö ¸μ¤¥·¦¨É ¶¥·¢Ò° · ¸Î¥É Ô´¥·£¨¨ ¢μ§¡Ê¦¤¥´´μ£μ ¸μ¸ÉμÖ-
´¨Ö ´  μ¸´μ¢ ´¨¨ ¨´É¥£· ²Ó´ÒÌ Ê· ¢´¥´¨° ” ¤¤¥¥¢ . “¡¥¤¨É¥²Ó´μ¥ μ¡μ¸´μ-
¢ ´¨¥ ¥Ë¨³μ¢¸±μ° ¶·¨·μ¤Ò ÔÉμ£μ ¸μ¸ÉμÖ´¨Ö ¡Ò²μ ¢¶¥·¢Ò¥ ¤ ´μ ¢ · ¸Î¥É Ì
Šμ·´¥²¨Ê¸  ¨ ƒ²ë±²¥ [47]. „¥¸ÖÉ¨²¥É¨¥ ¸¶Ê¸ÉÖ ¢Ò¢μ¤Ò [47] ¡Ò²¨ ¶μ¤¤¥·-
¦ ´Ò ¢ [59] ¨ [62]. �¥¸³μÉ·Ö ´  Éμ, ÎÉμ ¢ [47,59,62] ¨¸¶μ²Ó§μ¢ ²¨¸Ó ¢¥¸Ó³ 
· §²¨Î´Ò¥ ¢¥·¸¨¨ 4HeÄ4He-¶μÉ¥´Í¨ ²μ¢ �§¨§  [27, 33, 34], ¨Ì μ¸´μ¢´μ° ·¥-
§Ê²ÓÉ É ¶μ ¶μ¢μ¤Ê ¢μ§¡Ê¦¤¥´´μ£μ ¸μ¸ÉμÖ´¨Ö ¸μ¢¶ ¤ ¥É. � ¨³¥´´μ, ¢ [47,59,62]
¡Ò²μ Ê¸É ´μ¢²¥´μ, ÎÉμ ¶·¨ Ê³´μ¦¥´¨¨ ¶μÉ¥´Í¨ ²  ´  ¢μ§· ¸É ÕÐ¨° Ë ±Éμ·
λ > 1 · §´μ¸ÉÓ εd(λ) − E∗(λ) ³¥¦¤Ê Ô´¥·£¨¥° εd(λ) ¤¨³¥·  4He2 ¨ Ô´¥·-

£¨¥° ¢μ§¡Ê¦¤¥´´μ£μ ¸μ¸ÉμÖ´¨Ö É·¨³¥·  E∗ ≡ E
(1)
t ¸´ Î ²  Ê¢¥²¨Î¨¢ ¥É¸Ö, ´μ

§ É¥³ ¥¥ ¶μ¢¥¤¥´¨¥ · ¤¨± ²Ó´μ ³¥´Ö¥É¸Ö: ÔÉ  · §´μ¸ÉÓ ´ Î¨´ ¥É ³μ´μÉμ´´μ
Ê¡Ò¢ ÉÓ ¨ ¶·¨ λ ≈ 1,2 Ê·μ¢¥´Ó E∗ ¨¸Î¥§ ¥É. ˆ³¥´´μ É ±μ¥ ´¥¸É ´¤ ·É´μ¥
¶μ¢¥¤¥´¨¥ Ô´¥·£¨¨ E∗(λ) ¶·¨, ± § ²μ¸Ó ¡Ò, ¢¸¥ ¡μ²¥¥ Ê¸¨²¨¢ ÕÐ¥°¸Ö ¸¢Ö§¨
³¥¦¤Ê  Éμ³ ³¨ £¥²¨Ö Ê± §Ò¢ ¥É ´  ¥Ë¨³μ¢¸±ÊÕ ¶·¨·μ¤Ê ¢μ§¡Ê¦¤¥´´μ£μ ¸μ-
¸ÉμÖ´¨Ö É·¨³¥· . � μ¡μ·μÉ, ¶·¨ ¤μ¢μ²Ó´μ ¸² ¡μ³ Ê³¥´ÓÏ¥´¨¨ λ (¢¸¥£μ ²¨ÏÓ
´  2 %) Ê É·¨³¥·  ´ ¡²Õ¤ ¥É¸Ö ¢μ§´¨±´μ¢¥´¨¥ ¢Éμ·μ£μ ¢μ§¡Ê¦¤¥´´μ£μ ¸μ-

¸ÉμÖ´¨Ö E∗∗ ≡ E
(2)
t [47, 59]. ‚ ´¥¤ ¢´¨Ì · ¡μÉ Ì [136] ¨ [71] μ¡¸Ê¦¤¥´¨¥

¥Ë¨³μ¢¸±μ° ¶·¨·μ¤Ò ¢μ§¡Ê¦¤¥´´ÒÌ ¸μ¸ÉμÖ´¨° É·¨³¥·  4He3 ¢¥¤¥É¸Ö É ±¦¥
´  Ö§Ò±¥ ¤²¨´ · ¸¸¥Ö´¨Ö.

�μ-¢¨¤¨³μ³Ê, ´ ¨¡μ²¥¥ ¶μ¤·μ¡´μ¥ ¨¸¸²¥¤μ¢ ´¨¥ ¶·¨·μ¤Ò ¢μ§¡Ê¦¤¥´´μ£μ
¸μ¸ÉμÖ´¨Ö É·¨³¥·  4He3 ¡Ò²μ ¶·μ¢¥¤¥´μ ¢ ¸É ÉÓ¥ [48] (¸³. É ±¦¥ [96] ¨ [49]),
£¤¥ ¡Ò² ¤¥É ²Ó´μ ¨§ÊÎ¥´ ³¥Ì ´¨§³ ¢μ§´¨±´μ¢¥´¨Ö ´μ¢ÒÌ ¥Ë¨³μ¢¸±¨Ì ¸μ¸ÉμÖ-
´¨° ¨§ ·¥§μ´ ´¸μ¢ ¶·¨ Ê³¥´ÓÏ¥´¨¨ ¶μÉ¥´Í¨ ²μ¢ ¢§ ¨³μ¤¥°¸É¢¨Ö ³¥¦¤Ê  Éμ-
³ ³¨ £¥²¨Ö. �¤´μ° ¨§ £² ¢´ÒÌ Í¥²¥° [48] ¡Ò²μ ¢ÒÖ¸´¥´¨¥ ¸Ê¤Ó¡Ò ¢μ§¡Ê-
¦¤¥´´μ£μ ¸μ¸ÉμÖ´¨Ö ¶μ¸²¥ ¥£μ ¨¸Î¥§´μ¢¥´¨Ö ´  Ë¨§¨Î¥¸±μ³ ²¨¸É¥ ¶·¨ λ > 1,
  É ±¦¥ ¨§ÊÎ¥´¨¥ ³¥Ì ´¨§³  ¢μ§´¨±´μ¢¥´¨Ö ´μ¢ÒÌ ¢μ§¡Ê¦¤¥´´ÒÌ ¸μ¸ÉμÖ´¨°
¶·¨ λ < 1. ‚ [48] ¡Ò²μ μ¡´ ·Ê¦¥´μ, ¢ Î ¸É´μ¸É¨, ÎÉμ ¢ ¸²ÊÎ ¥ ¢§ ¨³μ-
¤¥°¸É¢¨° [33] ¨ lmax = 0 ¢μ§¡Ê¦¤¥´´Ò° Ê·μ¢¥´Ó É·¨³¥·  E∗(λ) ¸²¨¢ ¥É¸Ö ¸
¤¢ÊÌÎ ¸É¨Î´Ò³ ¶μ·μ£μ³ εd(λ) ¶·¨ λ ≈ 1,175 ¨ ¶·¨ ¤ ²Ó´¥°Ï¥³ Ê³¥´ÓÏ¥´¨¨
Ë ±Éμ·  λ ¶·¥¢· Ð ¥É¸Ö ¢ ¢¨·ÉÊ ²Ó´Ò° Ê·μ¢¥´Ó ¶¥·¢μ£μ ¶μ·Ö¤±  (¶·μ¸Éμ°
¢¥Ð¥¸É¢¥´´Ò° ¶μ²Õ¸  ´ ²¨É¨Î¥¸±μ£μ ¶·μ¤μ²¦¥´¨Ö ³ É·¨ÍÒ · ¸¸¥Ö´¨Ö) ´ 
´¥Ë¨§¨Î¥¸±μ³ ²¨¸É¥, ¸¢Ö§ ´´μ³ ¸ Ë¨§¨Î¥¸±¨³ ²¨¸Éμ³ ¶¥·¥Ìμ¤μ³ Î¥·¥§ ´¥-
¶·¥·Ò¢´Ò° ¸¶¥±É· ³¥¦¤Ê ¶μ·μ£ ³¨ εd(λ) ¨ 0. �μ¢Ò¥ ¢μ§¡Ê¦¤¥´´Ò¥ Ê·μ¢´¨
¶·¨ λ < 1 ·μ¦¤ ÕÉ¸Ö É ±¦¥ ¨§ ¢¨·ÉÊ ²Ó´ÒÌ Ê·μ¢´¥° ¶¥·¢μ£μ ¶μ·Ö¤± . �μ-
¸²¥¤´¨¥ ¶μÖ¢²ÖÕÉ¸Ö ¶ · ³¨. �μÖ¢²¥´¨Õ ¶ ·Ò ¢¨·ÉÊ ²Ó´ÒÌ Ê·μ¢´¥° ¶¥·¢μ£μ
¶μ·Ö¤±  ¶·¥¤Ï¥¸É¢Ê¥É ¸²¨Ö´¨¥ ¶ ·Ò ¸μ¶·Ö¦¥´´ÒÌ ·¥§μ´ ´¸μ¢ ¶¥·¢μ£μ ¶μ-
·Ö¤±  ¢ ¢¨·ÉÊ ²Ó´Ò° Ê·μ¢¥´Ó ¢Éμ·μ£μ ¶μ·Ö¤± . ‘²¥¤Ê¥É, μ¤´ ±μ, μÉ³¥É¨ÉÓ, ÎÉμ
Ê¶μ³Ö´ÊÉÒ¥ ·¥§μ´ ´¸Ò, ¢μμ¡Ð¥ £μ¢μ·Ö, ´¥ Ö¢²ÖÕÉ¸Ö ¨¸É¨´´Ò³¨ ·¥§μ´ ´¸ ³¨
É·¨³¥·  4He3, ¶μ¸±μ²Ó±Ê μ´¨ μ± §Ò¢ ÕÉ¸Ö · ¸¶μ²μ¦¥´´Ò³¨ §  ¶·¥¤¥² ³¨
Éμ° μ¡² ¸É¨ Ô´¥·£¨°, ¤²Ö ±μÉμ·μ° μ¡μ¸´μ¢ ´´  ¶·¨³¥´¨³μ¸ÉÓ ¨¸¶μ²Ó§Ê¥³μ£μ
¢ [48] ³¥Éμ¤  ¢ÒÎ¨¸²¥´¨Ö ·¥§μ´ ´¸μ¢.



“‹œ’��•�‹�„�›… ‘’�‹Š��‚…�ˆŸ ‚ ‘ˆ‘’…Œ… ’�…• �’�Œ�‚ ƒ…‹ˆŸ 439

’ ¡²¨Í  7. ‡ ¢¨¸¨³μ¸ÉÓ Ô´¥·£¨¨ ¸¢Ö§¨ εd ¤¨³¥·  4He2, Ô´¥·£¨° ¶¥·¢μ£μ, E∗, ¨
¢Éμ·μ£μ, E∗∗, ¢μ§¡Ê¦¤¥´´ÒÌ ¸μ¸ÉμÖ´¨° É·¨³¥·  4He3,   É ±¦¥ Ô´¥·£¨¨ Evirt ¢¨·-
ÉÊ ²Ó´ÒÌ Ê·μ¢´¥° É·¨³¥·  4He3 ¨ ¤²¨´ 4HeÄ4He- ¨ 4HeÄ4He2-· ¸¸¥Ö´¨Ö �(2)

sc ¨
�sc μÉ ¶μÉ¥´Í¨ ²Ó´μ£μ Ë ±Éμ·  λ. ‡´ Î¥´¨Ö Ô´¥·£¨° ¨ ¤²¨´ ¤ ´Ò ¢ ³Š ¨ 
A ¸μμÉ-
¢¥É¸É¢¥´´μ. �·μÎ¥·±¨ μ§´ Î ÕÉ μÉ¸ÊÉ¸É¢¨¥ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¸μ¸ÉμÖ´¨°. ˆ¸¶μ²Ó§μ-
¢ ²¸Ö ¶μÉ¥´Í¨ ² HFD-B [33]. ‚¸¥ É·¥ÌÎ ¸É¨Î´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶μ²ÊÎ¥´Ò ¶·¨ lmax = 0

λ εd εd − E∗ εd − Evirt εd − E∗∗ �sc �
(2)
sc

1,30 −199,45 Å 1,831 Å −61 11,4
1,20 −99,068 Å 0,01552 Å −340 14,7
1,18 −82,927 Å 0,00058 Å −1783 15,8
1,17 −75,367 0,0063 Å Å 8502 16,3
1,15 −61,280 0,0737 Å Å 256 17,7
1,10 −32, 222 0,4499 Å Å 152 23,1
1,0 −1, 685 0,773 Å Å 160 88,6
0,995 −1, 160 0,710 Å Å 151 106
0,990 −0, 732 0,622 Å Å 143 132
0,9875 −0, 555 0,573 0,222 Å 125 151
0,985 −0, 402 0,518 0,097 Å 69 177
0,982 −0, 251 0,447 0,022 Å −75 223
0,980 −0, 170 0,396 0,009 Å −337 271
0,9775 −0, 091 0,328 0,003 Å −6972 370
0,975 −0, 036 0,259 Å 0,002 7120 583
0,973 −0, 010 0,204 Å 0,006 4260 1092

—Éμ¡Ò ¶·μ¨²²Õ¸É·¨·μ¢ ÉÓ ¸± § ´´μ¥ ¢ÒÏ¥, ³Ò ¶·¨¢μ¤¨³ §¤¥¸Ó É ¡². 7,
§ ¨³¸É¢μ¢ ´´ÊÕ ¨§ [136] (¸²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ §´ Î¥´¨Ö ¸μ¤¥·¦ Ð¨Ì¸Ö ¢
ÔÉμ° É ¡²¨Í¥ Ô´¥·£¨° ¡Ò²¨ ¢ÒÎ¨¸²¥´Ò ¥Ð¥ ¢ [48]). Š ± ¢¨¤´μ ¨§ É ¡². 7, ¶·¨
0,9875 � λ � 1,17 Ê É·¨³¥·  4He3 ¨³¥¥É¸Ö ¢μ§¡Ê¦¤¥´´μ¥ ¸μ¸ÉμÖ´¨¥, ¶·¨Î¥³
Éμ²Ó±μ μ¤´μ (¸³. É·¥É¨° ¸Éμ²¡¥Í É ¡²¨ÍÒ). �·¨ λ � 1,18 ¢μ§¡Ê¦¤¥´´Ò¥ ¸μ-
¸ÉμÖ´¨Ö μÉ¸ÊÉ¸É¢ÊÕÉ, § Éμ ´ ²¨Î¥¸É¢Ê¥É ¢¨·ÉÊ ²Ó´Ò° Ê·μ¢¥´Ó ¸ Ô´¥·£¨¥° Evirt

(¸³. Î¥É¢¥·ÉÒ° ¸Éμ²¡¥Í É ¡²¨ÍÒ), ¶·¥¤¸É ¢²ÖÕÐ¨° ¸μ¡μ° ·¥§Ê²ÓÉ É ¶¥·¥Ìμ¤ 
Ô´¥·£¨¨ ¶¥·¢μ£μ ¢μ§¡Ê¦¤¥´´μ£μ ¸μ¸ÉμÖ´¨Ö ´  ´¥Ë¨§¨Î¥¸±¨° ²¨¸É.

Šμ£¤  λ Ê³¥´ÓÏ ¥É¸Ö ¶·¨³¥·´μ ¤μ 0,986, ´  ´¥Ë¨§¨Î¥¸±μ³ ²¨¸É¥ μ¡-
´ ·Ê¦¨¢ ¥É¸Ö ´μ¢Ò° ¢¨·ÉÊ ²Ó´Ò° Ê·μ¢¥´Ó (¸³. Î¥É¢¥·ÉÒ° ¸Éμ²¡¥Í É ¡². 7).
„²Ö Ô´¥·£¨¨ ÔÉμ£μ Ê·μ¢´Ö ³Ò ¨¸¶μ²Ó§Ê¥³ ¶·¥¦´¥¥ μ¡μ§´ Î¥´¨¥ Evirt. �·¨
¤ ²Ó´¥°Ï¥³ Ê³¥´ÓÏ¥´¨¨ ¶μÉ¥´Í¨ ²Ó´μ£μ Ë ±Éμ·  λ ¶·¨¡²¨§¨É¥²Ó´μ ¤μ 0,976
¢¨·ÉÊ ²Ó´Ò° Ê·μ¢¥´Ó Evirt ¶¥·¥Ìμ¤¨É ´  Ë¨§¨Î¥¸±¨° ²¨¸É ¨, É¥³ ¸ ³Ò³, ¢μ§-
´¨± ¥É ¢Éμ·μ¥ ¢μ§¡Ê¦¤¥´´μ¥ ¸μ¸ÉμÖ´¨¥ (¸³. ´¨¦´ÕÕ Î ¸ÉÓ ¶ÖÉμ£μ ¸Éμ²¡Í ),
Ô´¥·£¨Õ ±μÉμ·μ£μ ³Ò μ¡μ§´ Î ¥³ Î¥·¥§ E∗∗.

‚ μ¡μ¨Ì ¸²ÊÎ ÖÌ, ±μ£¤  ¶·¨ Ê³¥´ÓÏ¥´¨¨ λ ¶·μ¨¸Ìμ¤¨É ± Î¥¸É¢¥´´Ò°
¸± Îμ± ¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¥¥ ¢¨·ÉÊ ²Ó´μ¥ ¸μ¸ÉμÖ´¨¥ ¶·¥¢· Ð ¥É¸Ö ¢ ¸¢Ö§ ´´μ¥,
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�¨¸. 15. ‡ ¢¨¸¨³μ¸ÉÓ  Éμ³- Éμ³´μ° ¤²¨´Ò 4HeÄ4He-· ¸¸¥Ö´¨Ö �
(2)
sc (¸¶²μÏ´ Ö ±·¨¢ Ö)

¨ ¤²¨´Ò · ¸¸¥Ö´¨Ö �sc  Éμ³  4He ´  ¤¨³¥·¥ 4He2 (¶Ê´±É¨·´ Ö ±·¨¢ Ö) μÉ ¶μÉ¥´Í¨ ²Ó-
´μ£μ Ë ±Éμ·  λ

¤²¨´  · ¸¸¥Ö´¨Ö  Éμ³  ´  ¤¨³¥·¥ �sc ¨§³¥´Ö¥É §´ ± ¨ ¶·μÌμ¤¨É Î¥·¥§ ¶μ²Õ¸
(¸³. ¶·¥¤¶μ¸²¥¤´¨° ¸Éμ²¡¥Í É ¡². 7). �·¨ ÔÉμ³  Éμ³- Éμ³´ Ö ¤²¨´  · ¸¸¥Ö´¨Ö

�
(2)
sc ¨§³¥´Ö¥É¸Ö ´¥¶·¥·Ò¢´μ ¨ ³μ´μÉμ´´μ. �μ¢¥¤¥´¨¥ μ¡¥¨Ì ¤²¨´ · ¸¸¥Ö´¨Ö,

¶·¥¤¸É ¢²¥´´ÒÌ ¢ É ¡². 7, μÉμ¡· ¦¥´μ £· Ë¨Î¥¸±¨ ´  ·¨¸. 15. �É³¥É¨³, ÎÉμ,
± ± ¨ ¸ ³  É ¡²¨Í , ÔÉμÉ ·¨¸Ê´μ± ¢§ÖÉ ¨§ ¸É ÉÓ¨ [136].

7. ‘‚Ÿ‡���›… ‘�‘’�Ÿ�ˆŸ
ˆ ��‘‘…Ÿ�ˆ… ‚ ‘ˆ‘’…Œ… 3He4He2

‚ ´ ¸ÉμÖÐ¥³ · §¤¥²e ³Ò ¡Ê¤¥³ μ¡¸Ê¦¤ ÉÓ ®´¥¸¨³³¥É·¨Î´ÊÕ¯ ¸¨¸É¥³Ê,
μ¡· §μ¢ ´´ÊÕ ¤¢Ê³Ö  Éμ³ ³¨ 4He ¨ μ¤´¨³  Éμ³μ³ 3He. �·¨ ÔÉμ³ ¡Ê¤¥³
¸Î¨É ÉÓ, ÎÉμ  Éμ³ ³ 4He ¶·¨¸¢μ¥´Ò ´μ³¥·  1 ¨ 2, Éμ£¤  ± ± ´μ³¥· 3  ¸¸μ-
Í¨¨·Ê¥É¸Ö ¸  Éμ³μ³ 3He. „²Ö ¶·μ¸ÉμÉÒ ¡Ê¤¥³ ¶μ² £ ÉÓ, ÎÉμ ¢ Ö±μ¡¨¥¢¸±¨Ì
¶¥·¥³¥´´ÒÌ xα, § ¤ ¢ ¥³ÒÌ Ëμ·³Ê² ³¨ (2.1), · ¤¨Ê¸ É¢¥·¤μ£μ ±μ·  c Ö¢²Ö-
¥É¸Ö μ¤´¨³ ¨ É¥³ ¦¥ ¤²Ö ¢¸¥Ì É·¥Ì ¶ ·´ÒÌ ¶μ¤¸¨¸É¥³. ‘¨¸É¥³  3He4He2

μÉ²¨Î ¥É¸Ö μÉ ¸¨¸É¥³Ò É·¥Ì ¡μ§μ´μ¢, · ¸¸³μÉ·¥´´μ° ¢ · §¤. 3, ¶·¥¦¤¥ ¢¸¥£μ
É¥³, ÎÉμ Éμ¦¤¥¸É¢¥´´Ò³¨ Ö¢²ÖÕÉ¸Ö Éμ²Ó±μ ¤¢¥ Î ¸É¨ÍÒ Å ¡μ§μ´Ò 4He. �Éμ³
3He Ö¢²Ö¥É¸Ö Ë¥·³¨μ´μ³. �·¨ · ¸Î¥É Ì É·¥Ì Éμ³´μ° ¸¨¸É¥³Ò 3He4He2 ÔÉμÉ
 Éμ³ ³μ¦´μ ¸Î¨É ÉÓ ¸± ²Ö·´μ° Î ¸É¨Í¥°, ¶μ¸±μ²Ó±Ê ¢μ ¢§ ¨³μ¤¥°¸É¢¨¨ ¸ ¡μ-
§μ´ ³¨ 4He ¥£μ Ë¥·³¨μ´´Ò¥ ¸É¥¶¥´¨ ¸¢μ¡μ¤Ò ´¨± ± ´¥ ÊÎ ¸É¢ÊÕÉ. Š ± Ê¦¥
μÉ³¥Î ²μ¸Ó ¢μ ¢¢¥¤¥´¨¨, ¢§ ¨³μ¤¥°¸É¢¨Ö ³¥¦¤Ê  Éμ³ ³¨ 3He ¨ 4He ´¥ μÉ²¨-
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Î ÕÉ¸Ö μÉ ¢§ ¨³μ¤¥°¸É¢¨Ö ³¥¦¤Ê  Éμ³ ³¨ 4He. ‚¢¨¤Ê ¸ÊÐ¥¸É¢¥´´μ ³¥´ÓÏ¥°
³ ¸¸Ò  Éμ³  3He ¤¢ÊÌ Éμ³´ Ö ¸¨¸É¥³  3HeÄ4He ¸¢Ö§ ´´Ò³¨ ¸μ¸ÉμÖ´¨Ö³¨ ´¥
μ¡² ¤ ¥É [59,60].

� ¶μ³´¨³, ÎÉμ ¢ ¸²ÊÎ ¥ ¶μÉ¥´Í¨ ²μ¢ ¸ É¢¥·¤Ò³ ±μ·μ³ ±μ³¶μ´¥´ÉÒ ” ¤-
¤¥¥¢  Fα(X) μ¶·¥¤¥²ÖÕÉ¸Ö Î¥·¥§ ¶μ²´ÊÕ ¢μ²´μ¢ÊÕ ËÊ´±Í¨Õ ¶μ Ëμ·³Ê²¥
(2.10). ˆ´¢ ·¨ ´É´μ¸ÉÓ ¢μ²´μ¢μ° ËÊ´±Í¨¨ Ψ(X) ¸¨¸É¥³Ò 3He4He2 μÉ´μ¸¨-
É¥²Ó´μ ¶¥·¥¸É ´μ¢±¨ Î ¸É¨Í  Éμ³μ¢ 4He (Î ¸É¨Í 1 ¨ 2) μ§´ Î ¥É, ÎÉμ É ±μ°
¨´¢ ·¨ ´É´μ¸ÉÓÕ μ¡² ¤ ¥É ¨ ±μ³¶μ´¥´É  ” ¤¤¥¥¢  F3(x3, y3), É. ¥.

F3(−x3, y3) = F3(x3, y3). (7.1)

’μ¦¤¥¸É¢¥´´μ¸ÉÓ ¤¢ÊÌ  Éμ³μ¢ 4He μ§´ Î ¥É É ±¦¥, ÎÉμ ±μ³¶μ´¥´ÉÒ ” ¤¤¥¥¢ 
F1(x1, y1) ¨ F2(x2, y2) ¶¥·¥Ìμ¤ÖÉ ¤·Ê£ ¢ ¤·Ê£  ¶·¨ ¶μ¤Ìμ¤ÖÐ¥³ ¶μ¢μ·μÉ¥ ±μ-
μ·¤¨´ É´μ£μ ¶·μ¸É· ´¸É¢ . �μÔÉμ³Ê ¤μ¸É ÉμÎ´μ · ¸¸³ É·¨¢ ÉÓ Éμ²Ó±μ ¤¢¥ ´¥-
§ ¢¨¸¨³Ò¥ ±μ³¶μ´¥´ÉÒ ” ¤¤¥¥¢ . Šμ³¶μ´¥´É  F3(x, y) ¥¸É¥¸É¢¥´´Ò³ μ¡· §μ³
 ¸¸μÍ¨¨·Ê¥É¸Ö ¸ ¶μ¤¸¨¸É¥³μ° 4HeÄ4He. ‚Éμ· Ö ±μ³¶μ´¥´É , ¸± ¦¥³, F1(x, y)
μÉ¢¥Î ¥É ¸· §Ê ¤¢Ê³ ¶ ·´Ò³ ¶μ¤¸¨¸É¥³ ³ 3HeÄ4He. ‘ ÊÎ¥Éμ³ ¸± § ´´μ£μ
§ ±²ÕÎ ¥³, ÎÉμ ¤²Ö · ¸¸³ É·¨¢ ¥³μ£μ ¸¥°Î ¸ ¸²ÊÎ Ö ¸¨¸É¥³  Ê· ¢´¥´¨° ” ¤-
¤¥¥¢  (2.13) ³μ¦¥É ¡ÒÉÓ § ¶¨¸ ´  ¢ ¢¨¤¥

(−ΔX − E)Fα(xα, yα) =
{

0, |xα| < c,
−Vα(xα)Ψ(α)(xα, yα), |xα| > c,

(7.2)

Ψ(α)(xα, yα)
∣∣∣
|xα|=c

= 0, (7.3)

α = 1, 3,

£¤¥ ¨´¤¥±¸Ò 1 ¨ 3 Ê ¶μ²´μ° ¢μ²´μ¢μ° ËÊ´±Í¨¨ Ψ(X) μ§´ Î ÕÉ ¥¥ § ¶¨¸Ó ¢
É¥·³¨´ Ì ±μμ·¤¨´ É x1, y1 ¨ x3, y3 ¸μμÉ¢¥É¸É¢¥´´μ. ’μÎ´¥¥,

Ψ(1)(x1, y1) =F1(x1, y1)+
+ F1(c21x1 + s21y1,−s21x1 + c21y1)+
+ F3(c31x1 + s31y1,−s31x1 + c31y1)

¨

Ψ(3)(x3, y3) =F3(x3, y3)+
+ F1(c13x3 + s13y3,−s13x3 + c13y3)+
+ F1(c23x3 + s23y3,−s23x3 + c23y3).

�¡μ§´ Î¥´¨Ö V1 ¨ V3 ¨¸¶μ²Ó§ÊÕÉ¸Ö ¤²Ö μ¤´μ£μ ¨ Éμ£μ ¦¥  Éμ³- Éμ³´μ£μ ¶μ-
É¥´Í¨ ² , ´μ ¢ ¶¥·¢μ³ ¸²ÊÎ ¥ ¥£μ  ·£Ê³¥´É ¢Ò· ¦ ¥É¸Ö Î¥·¥§ Ö±μ¡¨¥¢¸±ÊÕ
¶¥·¥³¥´´ÊÕ x1, Éμ£¤  ± ± ¢μ ¢Éμ·μ³ Å Î¥·¥§ Ö±μ¡¨¥¢¸±ÊÕ ¶¥·¥³¥´´ÊÕ x3.
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�μ² £ Ö ¤ ²¥¥, ÎÉμ É·¥ÌÎ ¸É¨Î´ Ö ¸¨¸É¥³  3He4He2 ´ Ìμ¤¨É¸Ö ¢ ¸μ¸Éμ-
Ö´¨¨ ¸ ¶μ²´Ò³ Ê£²μ¢Ò³ ³μ³¥´Éμ³ L = 0, ¶·μ¢¥¤¥³ · §²μ¦¥´¨¥ ±μ³¶μ´¥´É
” ¤¤¥¥¢  F1 ¨ F3 ¢ ·Ö¤ ¶μ ¡¨¸Ë¥·¨Î¥¸±¨³ £ ·³μ´¨± ³ (3.11):

Fα(x, y) =
∑

l

F
(α)
l (x, y)

xy
Yl l 0(x̂, ŷ), α = 1, 3, (7.4)

£¤¥ x ≡ xα ¨ y ≡ yα ¶·¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¥³ §´ Î¥´¨¨ ¨´¤¥±¸  α. ‚¢¨¤Ê (7.1) Ê

ËÊ´±Í¨¨ F3 μÉ²¨Î´Ò³¨ μÉ ´Ê²Ö ¡Ê¤ÊÉ ²¨ÏÓ ¶ ·Í¨ ²Ó´Ò¥ ±μ³¶μ´¥´ÉÒ F
(3)
l ¸

Î¥É´Ò³¨ §´ Î¥´¨Ö³¨ ³μ³¥´É  l. � ¢ Í¥²μ³ ·¥§Ê²ÓÉ Éμ³ ¶·¥μ¡· §μ¢ ´¨Ö Ê· ¢-
´¥´¨° ” ¤¤¥¥¢  (7.2) ¨ ±· ¥¢ÒÌ Ê¸²μ¢¨° (7.3) μ± ¦¥É¸Ö ¸¨¸É¥³  ¶ ·Í¨ ²Ó´ÒÌ
¨´É¥£·μ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨°

(
− ∂2

∂x2 − ∂2

∂y2 + l(l + 1)
(

1
x2

+
1
y2

)
− E

)
F

(α)
l (x, y) =

=
{

0, x < c,

−Vα(x)Ψ(α)
l (x, y), x > c,

α = 1, 3, (7.5)

±μÉμ·Ò¥ ¤μ²¦´Ò · ¸¸³ É·¨¢ ÉÓ¸Ö ¸μ¢³¥¸É´μ ¸ £· ´¨Î´Ò³¨ Ê¸²μ¢¨Ö³¨

Ψ(α)
l (x, y)

∣∣∣
x=c

= 0, α = 1, 3. (7.6)

�·¨ ÔÉμ³ ¶ ·Í¨ ²Ó´Ò¥ ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨ Ψ(α)
l , α = 1, 3, ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§

¶ ·Í¨ ²Ó´Ò¥ ±μ³¶μ´¥´ÉÒ ” ¤¤¥¥¢  F
(α)
l ¶μ Ëμ·³Ê² ³

Ψ(1)
l (x, y) =F

(1)
l (x, y) +

∑
l ′

1∫
0

dη
[
h0

(1; l l)(2; l ′l ′)(x, y, η)F (1)
l ′ (x21(η), y21(η)) +

+ h0
(1; l l)(3; l ′l ′)(x, y, η)F (3)

l ′ (x31(η), y31(η))
]
,

Ψ(3)
l (x, y) =F

(3)
l (x, y) +

∑
l ′

1∫
0

dη
[
h0

(3; l l)(1; l ′l ′)(x, y, η)F (1)
l ′ (x13(η), y13(η)) +

+ h0
(3; l l)(2; l ′l ′)(x, y, η)F (1)

l ′ (x23(η), y23(η))
]
,

¸μ¤¥·¦ Ð¨³ Ê£²μ¢Ò¥ ËÊ´±Í¨¨ hL
(α;lλ)(β;l ′λ′)(x, y, η). �μ¸²¥¤´¨¥ § ¤ ÕÉ¸Ö · -

¢¥´¸É¢ ³¨ (3.19) ¶·¨ L = 0, λ = l ¨ λ′ = l ′.
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‘¢Ö§ ´´μ³Ê ¸μ¸ÉμÖ´¨Õ ¸¨¸É¥³Ò 3He4He2 μÉ¢¥Î ¥É  ¸¨³¶ÉμÉ¨Î¥¸±μ¥ £· -
´¨Î´μ¥ Ê¸²μ¢¨¥ (¸·. ¸ (2.17)Ä(2.20))

F
(α)
l (x, y) = δα3δl0ψd(x) exp (i

√
E − εd y)

[
a0 + o

(
y−1/2

)]
+

+
exp (i

√
Eρ)

√
ρ

[
A

(α)
l (θ) + o

(
ρ−1/2

)]
(7.7)

¶·¨ ρ =
√

x2 + y2 → ∞ ¨/¨²¨ y → ∞. Š ± ¨ ¢ · §¤. 3, §¤¥¸Ó ¨¸¶μ²Ó§Ê¥É¸Ö
ÊÉ¢¥·¦¤¥´¨¥ (3.12) μ Éμ³, ÎÉμ ¤¨³¥· 4He2 μ¡² ¤ ¥É Éμ²Ó±μ μ¤´¨³ ¸¢Ö§ ´-
´Ò³ ¸μ¸ÉμÖ´¨¥³ (¸ Ô´¥·£¨¥° εd ¨ ¢μ²´μ¢μ° ËÊ´±Í¨¥° ψd) ¨ ÔÉμ ¸μ¸ÉμÖ´¨¥
¸ÊÐ¥¸É¢Ê¥É ²¨ÏÓ ¶·¨ l = 0.

� ·Í¨ ²Ó´Ò¥  ¸¨³¶ÉμÉ¨Î¥¸±¨¥ Ê¸²μ¢¨Ö ¶·¨ ρ → ∞ ¨/¨²¨ y → ∞, μÉ¢¥-
Î ÕÐ¨¥ ¶·μÍ¥¸¸ ³ Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö  Éμ³  3He ´  ¤¨³¥·¥ 4He2 ¨²¨ · §¢ ² 
¸¨¸É¥³Ò ´  É·¨ Î ¸É¨ÍÒ, ¨³¥ÕÉ ¢¨¤ (¸·. ¸ (3.25))

F
(α)
l (x, y; E) = δα3δl 0ψd(x)

{
sin (

√
E − εdy) + exp (i

√
E − εdy)×

×
[
a0(E) + o

(
y−1/2

)]}
+

exp (i
√

Eρ)
√

ρ

[
A

(α)
l (E, θ) + o

(
ρ−1/2

)]
, (7.8)

£¤¥ a0(E) (¶·¨ E > εd) Å S-¢μ²´μ¢ Ö  ³¶²¨ÉÊ¤  Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö. �·¨
E > 0 ËÊ´±Í¨¨ Al(E, θ) ¶·¥¤¸É ¢²ÖÕÉ ¸μ¡μ° ¶ ·Í¨ ²Ó´Ò¥ ±μ³¶μ´¥´ÉÒ ” ¤-
¤¥¥¢  ¶μ²´μ°  ³¶²¨ÉÊ¤Ò · §¢ ² .

Š ± μ¡ÒÎ´μ, ¶·¨ ¶· ±É¨Î¥¸±μ³ ·¥Ï¥´¨¨ ¸¨¸É¥³Ò (7.5), (7.6) ¶·¨Ìμ¤¨É¸Ö
¥¥ μ¡·¥§ ÉÓ, μ£· ´¨Î¨¢ Ö¸Ó · ¸¸³μÉ·¥´¨¥³ ¶ ·Í¨ ²Ó´ÒÌ ±μ³¶μ´¥´É ” ¤¤¥¥¢ 

F
(α)
l ²¨ÏÓ ¶·¨ §´ Î¥´¨ÖÌ l � lmax, £¤¥ lmax Å ´¥±μÉμ·μ¥ ¶μ²μ¦¨É¥²Ó´μ¥

Í¥²μ¥ Î¨¸²μ.
„²¨´  · ¸¸¥Ö´¨Ö  Éμ³  3He ´  ¤¨³¥·¥ 4He2 ¢ÒÎ¨¸²Ö¥É¸Ö ± ± ¶·¥¤¥²

�sc = −1
2

√
1 + 2

m4He

m3He
lim

p→ 0

a0(εd + p2)
p

,

£¤¥ Î¥·¥§ m4He ¨ m3He μ¡μ§´ Î¥´Ò ³ ¸¸Ò  Éμ³μ¢ 4He ¨ 3He ¸μμÉ¢¥É¸É¢¥´´μ.
S-¢μ²´μ¢Ò¥ Ë §Ò · ¸¸¥Ö´¨Ö δ0(p) μ¶·¥¤¥²ÖÕÉ¸Ö ÉμÎ´μ ¶μ É¥³ ¦¥ Ëμ·³Ê-
² ³ (3.27) ¨ (3.28), ÎÉμ ¨ ¢ ¸²ÊÎ ¥ ¸¨³³¥É·¨Î´μ° ¸¨¸É¥³Ò 4He3. �É³¥É¨³, ÎÉμ
m3He/m4He = 0,753517.

‚ · ¡μÉ Ì [80, 82, 138] Ê· ¢´¥´¨Ö (7.5), · ¸¸³ É·¨¢ ¥³Ò¥ ¸μ¢³¥¸É´μ ¸
±· ¥¢Ò³¨ Ê¸²μ¢¨Ö³¨ (7.6) ¨  ¸¨³¶ÉμÉ¨Î¥¸±¨³¨ £· ´¨Î´Ò³¨ Ê¸²μ¢¨Ö³¨ (7.7)
¨²¨ (7.8), ¨¸¶μ²Ó§μ¢ ²¨¸Ó ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ¸μμÉ¢¥É¸É¢¥´´μ ¸¢Ö§ ´´μ£μ ¸μ¸ÉμÖ-
´¨Ö ¸¨¸É¥³Ò 3He4He2 ¨ Ì · ±É¥·¨¸É¨± · ¸¸¥Ö´¨Ö  Éμ³  3He ´  ¤¨³¥·¥ 4He2.
‚ [66, 81] ¤²Ö ÔÉμ° ¦¥ Í¥²¨ ¨¸¶μ²Ó§μ¢ ²¨¸Ó É·¥Ì³¥·´Ò¥ ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥
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’ ¡²¨Í  8. �¡¸μ²ÕÉ´ Ö ¢¥²¨Î¨´  Ô´¥·£¨¨ ¸¢Ö§¨ É·¨³¥·  3He4He2 (¢ ³Š)

�μÉ¥´Í¨ ² lmax [138] [60] [79] [81] [66]

HFD-B 17,06 16,0

0 7,30
LM2M2 2 13,15

4 13,84 13,66 14,21 13,3

0 7,25
TTY 2 13,09

4 13,78 14,165 14,17 13,2

Ê· ¢´¥´¨Ö ” ¤¤¥¥¢  [83], ±μÉμ·Ò¥ ¶μ²ÊÎ ÕÉ¸Ö ¨§ Ï¥¸É¨³¥·´ÒÌ Ê· ¢´¥´¨°
” ¤¤¥¥¢  (7.2) ¢ μÉ¸ÊÉ¸É¢¨¥ É¢¥·¤μ£μ ±μ·  (É. ¥. ¶·¨ c = 0) ¢ ·¥§Ê²ÓÉ É¥ μÉ-
¤¥²¥´¨Ö Ê£²μ¢ �°²¥· , Ë¨±¸¨·ÊÕÐ¨Ì ¶μ²μ¦¥´¨¥ Éμ° ¶²μ¸±μ¸É¨, ¢ ±μÉμ·μ°
´ Ìμ¤ÖÉ¸Ö Ö¤·   Éμ³μ¢.

’ ¡². 8 ¸μ¤¥·¦¨É ·¥§Ê²ÓÉ ÉÒ ¶μ Ô´¥·£¨¨ ¸¢Ö§¨ É·¨³¥·  3He4He2, ¤μ¸ÉÊ¶-
´Ò¥ ¨§ ²¨É¥· ÉÊ·Ò. � ·Ö¤Ê ¸ ¢¥²¨Î¨´ ³¨, ¢§ÖÉÒ³¨ ¨§ [81, 138] ¨ [66], ³Ò
¶·¨¢μ¤¨³ ·¥§Ê²ÓÉ ÉÒ, μ¶Ê¡²¨±μ¢ ´´Ò¥ ¢ ¸É ÉÓÖÌ [79] ¨ [60]. �·¨ ¢ÒÎ¨¸²¥-
´¨ÖÌ [79] ¨¸¶μ²Ó§μ¢ ²¨¸Ó ¢ ·¨ Í¨μ´´Ò° ¶μ¤Ìμ¤ ¨ ±¢ ´Éμ¢Ò° ³¥Éμ¤ Œμ´É¥-
Š ·²μ,   ¢ [60] ·¥Ï ²¨¸Ó ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ Ê· ¢´¥´¨Ö ” ¤¤¥¥¢  ¢ £¨¶¥·-
¸Ë¥·¨Î¥¸±μ³  ¤¨ ¡ É¨Î¥¸±μ³ ¶·¥¤¸É ¢²¥´¨¨.

‚ ´ Ï¥° · ¡μÉ¥ [138] ¶·¨ · ¸Î¥É Ì ¸¨¸É¥³Ò 3He4He2 ¨¸¶μ²Ó§μ¢ ²¸Ö ÉμÉ
¦¥ ³¥Éμ¤ [62] ¤¨¸±·¥É¨§ Í¨¨ ¶ ·Í¨ ²Ó´ÒÌ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨°
” ¤¤¥¥¢ , ÎÉμ ¨ ¢ ¸²ÊÎ ¥ ¸¨³³¥É·¨Î´μ° ¸¨¸É¥³Ò 4He3. �ÉμÉ ³¥Éμ¤ μ¶¨-
¸ ´ ¢ÒÏ¥ ¢ · §¤. 4. �¥§Ê²ÓÉ ÉÒ ¨§ [138], Ê± § ´´Ò¥ ¢ É ¡². 8, ¡Ò²¨ ¶μ²ÊÎ¥´Ò
´  ¸¥É±¥ ¸ Nρ = 600, Nθ = 605 ¨ ρmax = 200 
A. Œ ±¸¨³ ²Ó´μ¥ §´ Î¥´¨¥
lmax ¶ ·Í¨ ²Ó´μ£μ Ê£²μ¢μ£μ ³μ³¥´É  l ¤μ¸É¨£ ²μ §´ Î¥´¨Ö 4. Š ± ¢¨¤´μ ¨§
¢Éμ·μ° ¨ É·¥ÉÓ¥° ±μ²μ´μ± É ¡². 8, μ¸´μ¢´μ° ¢±² ¤ ¢ Ô´¥·£¨Õ ¸¢Ö§¨ É·¨³¥· 
3He4He2 ¢´μ¸ÖÉ ¶ ·Í¨ ²Ó´Ò¥ ± ´ ²Ò ¸ l = 0 ¨ l = 1, 2 Å μ±μ²μ 53 ¨ 42 %
¸μμÉ¢¥É¸É¢¥´´μ. ‘μ¢μ±Ê¶´Ò° ¢±² ¤ ± ´ ²μ¢ l = 3 ¨ l = 4 ¸μ¸É ¢²Ö¥É ¶·¨-
³¥·´μ 5 %, É. ¥. ¶·¨¡²¨§¨É¥²Ó´μ ÉÊ ¦¥ ¢¥²¨Î¨´Ê, ÎÉμ ¨ ¢ ¸²ÊÎ ¥ μ¸´μ¢´μ£μ
¨ ¢μ§¡Ê¦¤¥´´μ£μ ¸μ¸ÉμÖ´¨° ¸¨³³¥É·¨Î´μ° ¸¨¸É¥³Ò 4He3 (¸³. É ¡². 2 ¨ 3).
�·¨ ¢Ò¡μ·¥ ¡�μ²ÓÏ¨Ì lmax ¸²¥¤Ê¥É μ¦¨¤ ÉÓ ´¥¡μ²ÓÏμ£μ Ê¢¥²¨Î¥´¨Ö Ô´¥·£¨¨
¸¢Ö§¨ 3He4He2 ¨ ¥¥ ¸¡²¨¦¥´¨Ö ¸ ¸μμÉ¢¥É¸É¢ÊÕÐ¨³¨ ·¥§Ê²ÓÉ É ³¨ ¨§ [81].
Š ± ¢¨¤´μ ¨§ É ¡². 8, · §²¨Î¨¥ ·¥§Ê²ÓÉ Éμ¢, ¶μ²ÊÎ¥´´ÒÌ · §´Ò³¨ £·Ê¶¶ ³¨
¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ μ¤´¨Ì ¨ É¥Ì ¦¥ ³¥¦ Éμ³´ÒÌ ¶μÉ¥´Í¨ ²μ¢, ¤μ¸É ÉμÎ´μ ¢¥-
²¨±μ ¨ ³μ¦¥É ¤μ¸É¨£ ÉÓ 8 %. ‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ¢ [81] ¡Ò²¨ ¢ÒÎ¨¸²¥´Ò
§´ Î¥´¨Ö Ô´¥·£¨¨ ¸¢Ö§¨ ¸¨¸É¥³Ò 3He4He2 É ±¦¥ ¨ ¸ ¶μÉ¥´Í¨ ² ³¨ SAPT1 ¨
SAPT2 ¨§ [30]. �É¨ §´ Î¥´¨Ö · ¢´Ò ¸μμÉ¢¥É¸É¢¥´´μ 17,13 ¨ 17,66 ³Š.

’ ¡². 9, § ¨³¸É¢μ¢ ´´ Ö ¨§ [78], ¶μ± §Ò¢ ¥É, ± ± Ô´¥·£¨¨ ¸¢Ö§¨ ¤¨³¥· 
3He4He ¨ É·¨³¥·  3He4He2 § ¢¨¸ÖÉ μÉ ¨§³¥´ÖÕÐ¥°¸Ö ¢¥²¨Î¨´Ò ³ ¸¸Ò m3He
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’ ¡²¨Í  9. 	´¥·£¨Ö ¸¢Ö§¨ εd ¤¨³¥·  3He4He ¨ Ô´¥·£¨¨ μ¸´μ¢´μ£μ, E(0)
t , ¨ ¢μ§¡Ê-

¦¤¥´´μ£μ, E(1)
t , ¸μ¸ÉμÖ´¨° É·¨³¥·  3He4He2 (¢ ³Š) ± ± ËÊ´±Í¨¨ ¨§³¥´ÖÕÐ¥°¸Ö

³ ¸¸Ò  Éμ³  3He. ‚¸¥ ·¥§Ê²ÓÉ ÉÒ ¢§ÖÉÒ ¨§ [78]. �´¨ ¡Ò²¨ ¶μ²ÊÎ¥´Ò ¶·¨ lmax = 0
¸ ¶μÉ¥´Í¨ ²μ³ TTY ´  ¸¥É±¥ ¸ ¶ · ³¥É· ³¨ Nθ =155, Nρ = 150 ¨ ρmax =100 
A

m3He
/m4He

|εd| |E(0)
t | |E(1)

t | m3He
/m4He

|εd| |E(0)
t | |E(1)

t |

1,00 1,30962 92,5 2,12 0,95 0,00917 71,5 Å
0,99 0,85500 88,2 1,78 0,94 Å 67,4 Å
0,98 0,49197 83,9 1,54 0,90 Å 51,8 Å
0,97 0,22518 79,7 1,39 0,85 Å 34,0 Å
0,96 0,05951 75,6 1,32 0,80 Å 19,0 Å
0,955 0,01690 73,5 1,31 0,75 Å 7,8 Å

(¶·¨ Ë¨±¸¨·μ¢ ´´μ° Å Ë¨§¨Î¥¸±μ° Å ¢¥²¨Î¨´¥ ³ ¸¸Ò  Éμ³μ¢ 4He). •μÉÖ
ÔÉμ ¢ÒÎ¨¸²¥´¨¥, ¶·μ¢¥¤¥´´μ¥ ¸ ³¨´¨³ ²Ó´μ ¢μ§³μ¦´Ò³ Î¨¸²μ³ ¶ ·Í¨ ²Ó´ÒÌ
Ê· ¢´¥´¨° (7.5) ¨ ´  μÉ´μ¸¨É¥²Ó´μ ´¥¡μ²ÓÏμ° ¸¥É±¥, ¨³¥¥É Î¨¸Éμ ¤¥³μ´¸É· -
Í¨μ´´Ò° Ì · ±É¥·, μ´μ ¢¶μ²´¥ ¶¥·¥¤ ¥É ¸ÊÐ¥¸É¢μ ¤¥² . Š ± ¢¨¤´μ ¨§ É ¡². 9,
¶·¨ lmax = 0 ¢μ§¡Ê¦¤¥´´μ¥ ¸μ¸ÉμÖ´¨¥ É·¨³¥·  3He4He2 ¨ ¸¢Ö§ ´´μ¥ ¸μ¸ÉμÖ-
´¨¥ ¤¢ÊÌ Éμ³´μ° ¶μ¤¸¨¸É¥³Ò 3He4He ¢μ§´¨± ÕÉ ¶·¨ μÎ¥´Ó ¡²¨§±¨Ì §´ Î¥´¨ÖÌ
μÉ´μÏ¥´¨Ö ³ ¸¸  Éμ³μ¢ 3He ¨ 4He. ‚ μ¡μ¨Ì ¸²ÊÎ ÖÌ ÔÉμ μÉ´μÏ¥´¨¥ ²¥¦¨É
¢ ¨´É¥·¢ ²¥ 0,95 < m3He

/m4He
< 0,955. �Î¥¢¨¤´μ, ÎÉμ ¢μ§´¨± ÕÐ¥¥ É ±¨³

μ¡· §μ³ ¢μ§¡Ê¦¤¥´´μ¥ ¸μ¸ÉμÖ´¨¥ 3He4He2 ¨³¥¥É ¥Ë¨³μ¢¸±ÊÕ ¶·¨·μ¤Ê.
�¥§Ê²ÓÉ ÉÒ · ¸Î¥É  Ë § · ¸¸¥Ö´¨Ö  Éμ³  3He ´  ¤¨³¥·¥ 4�¥2 ¶·¥¤¸É ¢²¥-

´Ò Éμ²Ó±μ ¢ · ¡μÉ Ì, ¢Ò¶μ²´¥´´ÒÌ ´ Ï¥° £·Ê¶¶μ° [80,136,138]. �  ·¨¸. 16,
¢§ÖÉμ³ ¨§ [80], ¨§μ¡· ¦¥´Ò £· Ë¨±¨ § ¢¨¸¨³μ¸É¥° ÔÉ¨Ì Ë § μÉ Ô´¥·£¨¨ ¢
¸¨¸É¥³¥ Í¥´É·  ³ ¸¸. ‚ÒÎ¨¸²¥´¨Ö [80] ¶·μ¢μ¤¨²¨¸Ó ´  ¸¥É±¥ ¸ Nρ = 502,
Nθ = 500 ¨ ρmax = 460 
A. ’μÎ´μ É ± Ö ¦¥ ¸¥É±  ¨¸¶μ²Ó§μ¢ ² ¸Ó ¢ [63]
¤²Ö ¢ÒÎ¨¸²¥´¨Ö Ë § 4HeÄ4He2-· ¸¸¥Ö´¨Ö, ¶·¥¤¸É ¢²¥´´ÒÌ ´  ·¨¸. 4. Š ± ¨
¢ ¸²ÊÎ ¥ 4HeÄ4�¥2-· ¸¸¥Ö´¨Ö (¸³. · §¤. 5), ¶¥·¥Ìμ¤ μÉ lmax = 2 ± lmax = 4
¨§³¥´Ö¥É §´ Î¥´¨Ö 3HeÄ4�¥2-Ë § ´¥ ¡μ²¥¥ Î¥³ ´  0,5%. �·¨ ¢ÒÎ¨¸²¥´¨¨
Ë § · ¸¸³ É·¨¢ ²¨¸Ó Ô´¥·£¨¨ ± ± ´¨¦¥, É ± ¨ ¢ÒÏ¥ ¶μ·μ£  · §¢ ²  ¸¨¸É¥³Ò
´  É·¨  Éμ³ . ‘μ£² ¸´μ [137] ±·¨¢Ò¥ ¤²Ö 4HeÄ4He2-Ë §, ¢ÒÎ¨¸²¥´´ÒÌ ¶·¨
¨¸¶μ²Ó§μ¢ ´¨¨ ¶μÉ¥´Í¨ ²  LM2M2, ¶· ±É¨Î¥¸±¨ ¸μ¢¶ ¤ ÕÉ ¸ ¸μμÉ¢¥É¸É¢ÊÕ-
Ð¨³¨ ±·¨¢Ò³¨, ¶μ¸É·μ¥´´Ò³¨ ¢ ¸²ÊÎ ¥ ¶μÉ¥´Í¨ ²  TTY.

‚¸¥ ¨³¥ÕÐ¨¥¸Ö ± ´ ¸ÉμÖÐ¥³Ê ¢·¥³¥´¨ ·¥§Ê²ÓÉ ÉÒ ¶μ ¤²¨´¥ · ¸¸¥Ö´¨Ö
�sc  Éμ³  3He ´  ¤¨³¥·¥ 4He2, ¶μ²ÊÎ¥´´Ò¥ ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ¶μÉ¥´Í¨ ²μ¢
HFD-B, LM2M2 ¨ TTY,   É ±¦¥ ¶μÉ¥´Í¨ ²μ¢ SAPT1 ¨ SAPT2 ¨§ [30], ¶·¥¤-
¸É ¢²¥´Ò ¢ É ¡². 10. �É³¥É¨³, ÎÉμ ¶·¨¢¥¤¥´´Ò¥ ¢ ÔÉμ° É ¡²¨Í¥ §´ Î¥´¨Ö �sc

¨§ [138] (¢ ¸²ÊÎ ¥ TTY ¸³. É ±¦¥ [80]) ¡Ò²¨ ´ °¤¥´Ò ¶·¨ lmax � 4 ´  ¸¥É±¥ ¸
¶ · ³¥É· ³¨ Nρ = 600, Nθ = 607 ¨ ρmax = 200 
A. ‘²¥¤Ê¥É μ¦¨¤ ÉÓ, ÎÉμ ¶·¨
Ê¢¥²¨Î¥´¨¨ Î¨¸²  · ¸¸³ É·¨¢ ¥³ÒÌ ¶ ·Í¨ ²Ó´ÒÌ ¢μ²´ lmax ³μ¦¥É ¶·μ¨§μ°É¨
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�¨¸. 16. S-¢μ²´μ¢Ò¥ Ë §Ò δ0(E) Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö  Éμ³  3He ´  ¤¨³¥·¥ 4He2 ¢
¸²ÊÎ ¥ ¶μÉ¥´Í¨ ²  TTY ± ± ËÊ´±Í¨¨ Ô´¥·£¨¨ E ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸. �¨¦´ÖÖ ¨
¢¥·Ì´ÖÖ ±·¨¢Ò¥ μÉ¢¥Î ÕÉ ¸μμÉ¢¥É¸É¢¥´´μ lmax = 0 ¨ lmax = 2

’ ¡²¨Í  10. „²¨´  · ¸¸¥Ö´¨Ö  Éμ³  3He ´  ¤¨³¥·¥ 4He2 (¢ 
A)

�μÉ¥´Í¨ ² lmax [138] [81]

HFD-B 19,1

0 38,5
LM2M2 2 22,2

4 21,0 19,4

0 38,8
TTY 2 22,4

4 21,2 19,8
SAPT1 19,2
SAPT2 19,0

´¥±μÉμ·μ¥ ´¥¡μ²ÓÏμ¥ Ê¢¥²¨Î¥´¨¥ §´ Î¥´¨Ö �sc ¨ ¸¡²¨¦¥´¨¥ ¸μμÉ¢¥É¸É¢ÊÕ-
Ð¨Ì ·¥§Ê²ÓÉ Éμ¢ ¸μ §´ Î¥´¨Ö³¨ �sc ¨§ [81]. ˆ´É¥·¥¸´μ, ÎÉμ ¨¸¶μ²Ó§μ¢ ´¨¥
¶·μ¸É¥°Ï¥° Ô±¸É· ¶μ²ÖÍ¨μ´´μ° Ëμ·³Ê²Ò

�sc(lmax) = α +
β

lmax − γ
,

¶ · ³¥É·Ò α, β ¨ γ ¢ ±μÉμ·μ° Ë¨±¸¨·ÊÕÉ¸Ö §´ Î¥´¨Ö³¨ �sc ¶·¨ lmax = 0, 2
¨ 4, ¶·¨¢μ¤¨É ± μÍ¥´± ³ �sc(∞) = 19,6 
A ¢ ¸²ÊÎ ¥ ¶μÉ¥´Í¨ ²  LM2M2 ¨
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�sc(∞) = 19,8 
A ¢ ¸²ÊÎ ¥ ¶μÉ¥´Í¨ ²  TTY. �¥·¢ Ö ¨§ ÔÉ¨Ì μÍ¥´μ± μÉ²¨Î ¥É¸Ö
Éμ²Ó±μ ´  0,2 
A μÉ §´ Î¥´¨Ö �sc, ¶·¨¢¥¤¥´´μ£μ ¤²Ö ¶μÉ¥´Í¨ ²  LM2M2 ¢ [81]
(¸³. É ¡². 10). ‚Éμ· Ö ¦¥ μÍ¥´±  ¸μ¢¶ ¤ ¥É ¸μ §´ Î¥´¨¥³ �sc, ¶μ²ÊÎ¥´´Ò³
¢ [81] ¤²Ö ¸²ÊÎ Ö TTY.

�² £μ¤ ·´μ¸É¨. �¢Éμ·Ò ¢Ò· ¦ ÕÉ ¸¢μÕ £²Ê¡μ±ÊÕ ¶·¨§´ É¥²Ó´μ¸ÉÓ §  ¸μ-
É·Ê¤´¨Î¥¸É¢μ ¶·μË. ‰.Š.•μ ¨ ¶·μË.‘.�. ‘μË¨ ´μ¸Ê. �¢Éμ·Ò ¡² £μ¤ ·´Ò
É ±¦¥ ¶·μË. ‚. 	. 	¥²Ö¥¢Ê ¨ ¶·μË. •.’μ±¨ §  μ¡¥¸¶¥Î¥´¨¥ ¢μ§³μ¦´μ¸É¨ Î¨¸-
²¥´´ÒÌ · ¸Î¥Éμ¢ ´  ¸Ê¶¥·±μ³¶ÓÕÉ¥·¥ ˆ¸¸²¥¤μ¢ É¥²Ó¸±μ£μ Í¥´É·  Ö¤¥·´μ°
Ë¨§¨±¨ (RCNP) “´¨¢¥·¸¨É¥É  �¸ ±¨ (Ÿ¶μ´¨Ö). � ¡μÉ  ¢Ò¶μ²´¥´  ¶·¨ ¶μ¤-
¤¥·¦±¥ �μ¸¸¨°¸±μ£μ Ëμ´¤  ËÊ´¤ ³¥´É ²Ó´ÒÌ ¨¸¸²¥¤μ¢ ´¨°, �¥³¥Í±μ£μ ´ ÊÎ-
´μ-¨¸¸²¥¤μ¢ É¥²Ó¸±μ£μ μ¡Ð¥¸É¢  (DFG) ¨ ¶·μ£· ³³Ò ®ƒ¥°§¥´¡¥·£Ä‹ ´¤ Ê¯.
�¥·¢Ò°  ¢Éμ· (…. �.Š.) ¡Ò²  ¶μ¤¤¥·¦ ´  É ±¦¥ ”μ´¤μ³ �²¥±¸ ´¤·  Ëμ´ ƒÊ³-
¡μ²Ó¤É .

�·¨²μ¦¥´¨¥
Œ…†�’�Œ�›… HeÄHe-��’…�–ˆ�‹›

HFDHE2, HFD-B, LM2M2 ˆ TTY

‘É·μ¥´¨¥ ¶μ²ÊÔ³¶¨·¨Î¥¸±¨Ì ·¥ ²¨¸É¨Î¥¸±¨Ì ¶μÉ¥´Í¨ ²μ¢ HFDHE2 [27]
¨ HFD-B [33], ¶μ¸É·μ¥´´ÒÌ �§¨§μ³ c ¸μÉ·Ê¤´¨± ³¨, μ¶¨¸Ò¢ ¥É¸Ö Ëμ·³Ê²μ°

V (x) = ε Vb(ζ), (A.1)

£¤¥ ζ = x/rm,   Î²¥´ Vb(ζ) ¨³¥¥É ¢¨¤

Vb(ζ) = A exp (−αζ + βζ2) −
[
C6

ζ6
+

C8

ζ8
+

C10

ζ10

]
F (ζ),

¶·¨Î¥³ x ¢Ò· ¦ ¥É¸Ö ¢ É¥Ì ¦¥ ¥¤¨´¨Í Ì ¤²¨´Ò, ÎÉμ ¨ rm (¤²Ö · ¸¸³ É·¨¢ ¥-
³μ£μ ¸²ÊÎ Ö ÔÉμ  ´£¸É·¥³Ò). ”Ê´±Í¨Ö F (ζ) § ¤ ¥É¸Ö ¢Ò· ¦¥´¨¥³

F (ζ) =

{
exp

[
− (D/ζ − 1)2

]
, ¥¸²¨ ζ � D,

1, ¥¸²¨ ζ > D.

Š·μ³¥ Î²¥´  Vb(ζ) ¶μÉ¥´Í¨ ² LM2M2 [34] ¢±²ÕÎ ¥É ¤μ¡ ¢μÎ´μ¥ ¸² £ ¥³μ¥
Va(ζ):

V (r) = ε {Vb(ζ) + Va(ζ)} , (A.2)

£¤¥

Va(ζ) =

⎧⎨⎩Aa

{
sin

[
2π(ζ − ζ1)

ζ2 − ζ1
− π

2

]
+ 1

}
, ζ1 � ζ � ζ2,

0, ζ �∈ [ζ1, ζ2].

� · ³¥É·Ò ¶μÉ¥´Í¨ ²μ¢ HFDHE2, HFD-B ¨ LM2M2 ¶·¨¢¥¤¥´Ò ¢ É ¡². 11.
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’ ¡²¨Í  11. � · ³¥É·Ò ³¥¦ Éμ³´ÒÌ 4HeÄ4He ¶μÉ¥´Í¨ ²μ¢ HFDHE2, HFD-B ¨
LM2M2

� · ³¥É· HFDHE2 [27] HFD-B [33] LM2M2 [34]

ε, K 10,8 10,948 10,97
rm, 
A 2,9673 2,963 2,9695
A 544850,4 184431,01 189635,353
α 13,353384 10,43329537 10, 70203539
β 0 −2, 27965105 −1, 90740649
C6 1,3732412 1,36745214 1,34687065
C8 0,4253785 0,42123807 0,41308398
C10 0,178100 0,17473318 0,17060159
D 1,241314 1,4826 1,4088
Aa Å Å 0,0026
ζ1 Å Å 1,003535949
ζ2 Å Å 1,454790369

�μÉ¥´Í¨ ² TTY [35] ¨³¥¥É ¸²¥¤ÊÕÐÊÕ Ëμ·³Ê:

V (x) = A [Vex(x) + Vdisp(x)] ,

£¤¥ x μ¡μ§´ Î ¥É · ¸¸ÉμÖ´¨¥ ³¥¦¤Ê  Éμ³ ³¨ 4He, § ¤ ´´μ¥ ¢  Éμ³´ÒÌ ¥¤¨´¨-
Í Ì ¤²¨´Ò. (‘²¥¤ÊÖ [35], ¶·¨ ¶¥·¥¢μ¤¥ ÔÉ¨Ì ¥¤¨´¨Í ¢  ´£¸É·¥³Ò ³Ò ¨¸¶μ²Ó-
§μ¢ ²¨ Ë ±Éμ· 1 a. e. = 0,52917 
A.) ”Ê´±Í¨Ö Vex μ¶·¥¤¥²Ö¥É¸Ö · ¢¥´¸É¢μ³

Vex(x) = D xp exp (−2βx),

£¤¥ p = 7/2β − 1,   ËÊ´±Í¨Ö Vdisp ¨³¥¥É ¢¨¤

Vdisp(x) = −
N∑

n=3

C2n f2n(x)x−2n.

ŠμÔËË¨Í¨¥´ÉÒ C2n μ¶·¥¤¥²ÖÕÉ¸Ö ·¥±Ê··¥´É´Ò³¨ ¸μμÉ´μÏ¥´¨Ö³¨

C2n =
(

C2n−2

C2n−4

)3

C2n−6.

”Ê´±Í¨¨ f2n § ¤ ÕÉ¸Ö Ëμ·³Ê²μ°

f2n(x) = 1 − exp (−bx)
2n∑

k=0

(bx)k

k!
,

£¤¥

b(x) = 2β −
[

7
2β

− 1
]

1
x

.
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� · ³¥É·Ò ¶μÉ¥´Í¨ ²  TTY ¶·¨¢¥¤¥´Ò ¢ É ¡². 12.

’ ¡²¨Í  12. � · ³¥É·Ò ³¥¦ Éμ³´μ£μ 4HeÄ4He ¶μÉ¥´Í¨ ²  TTY

A, K 315766,2067∗ C6 1,461
β, (a. e.)−1 1,3443 C8 14,11
D 7,449 C10 183,5
N 12

∗‡´ Î¥´¨¥ ¶ · ³¥É·  A ¶μ²ÊÎ¥´μ ¨§ ¤ ´´ÒÌ,
¶·¥¤¸É ¢²¥´´ÒÌ ¢ [35], ¸ ¶μ³μÐÓÕ ¶¥·¥¢μ¤´μ£μ
±μÔËË¨Í¨¥´É  1 K = 3,1669 · 10−6 a. ¥.
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