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�·¥¤²μ¦¥´ ³¥Éμ¤ ¶μ¸É·μ¥´¨Ö ±μ¢ ·¨ ´É´μ°  ³¶²¨ÉÊ¤Ò ¤¢ÊÌÎ ¸É¨Î´μ£μ ËμÉμ· ¸Ð¥¶²¥´¨Ö ´¥²μ-
± ²Ó´μ£μ ¶μ²Ö ³ É¥·¨¨, Ê¤μ¢²¥É¢μ·ÖÕÐ¨° É·¥¡μ¢ ´¨Õ ± ²¨¡·μ¢μÎ´μ° ¨´¢ ·¨ ´É´μ¸É¨, ÎÉμ Ö¢¨²μ¸Ó
¸²¥¤¸É¢¨¥³ ¸¢μ°¸É¢  ´¥μÉ¤¥²¨³μ¸É¨ Ô²¥±É·¨Î¥¸±μ£μ § ·Ö¤  μÉ ³ ¸¸Ò ¨ ¶·¨¢¥²μ ± ¸μ£² ¸μ¢ ´¨Õ
¤¥°¸É¢¨° § ±μ´μ¢ ¸μÌ· ´¥´¨Ö 4-¨³¶Ê²Ó¸  ¨ § ·Ö¤ . �μ± § ´μ, ± ± ¢±²ÕÎ¨ÉÓ ËμÉμ´ ¢μ ¢´¥Ï´¨¥
±μ´ÍÒ ®É·¥ÌÌ¢μ¸É±¨¯ ¨ ¸¨²Ó´μ¸¢Ö§ ´´ÊÕ ¢¥·Ï¨´Ê. �  ¶·¨³¥·¥ · ¸Ð¥¶²¥´¨Ö Ö¤·  3�¥ ¢ ¶·¥¤-
²μ¦¥´´μ³ ¶μ¤Ìμ¤¥ ¢Ò¶μ²´¥´ · ¸Î¥É ´ ¡²Õ¤ ¥³ÒÌ ¨ ¶·μ¢¥¤¥´μ ¸μ¶μ¸É ¢²¥´¨¥ ¸ Ô±¸¶¥·¨³¥´É ²Ó-
´Ò³¨ ¤ ´´Ò³¨. �·¥¤¸± § ´μ ¶μ¢¥¤¥´¨¥ Ô´¥·£¥É¨Î¥¸±μ° § ¢¨¸¨³μ¸É¨ Σ- ¸¨³³¥É·¨¨ ¤²Ö ¶·μÍ¥¸¸ 
γ + 3H → n + d ¶·¨ Ê£²¥ ¢Ò²¥É  ´¥°É·μ´  θn = 90◦.

A method is proposed for constructing a covariant amplitude of two-particle photodisintegration of
nonlocal matter ˇelds, satisfying the requirements of gauge invariance, which was a consequence of the
property of the inseparability of the electric charge from the mass and led to the harmonization of the
laws of conservation of 4-momenta and charge. It is shown how the photon is incorporated into the
outer ends of three-point function and strongly coupled top. Using an example of disintegration of 3He
in the proposed approach the observables have been calculated and compared with experimental data.
Behavior of the energy dependence of the Σ-asymmetry for the process γ + 3H → n + d at an angle of
neutron emission θn = 90◦ has been predicted.

PACS: 11.15.-q; 25.20.-x
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‚ ¸¶¥Í¨ ²Ó´μ° ²¨É¥· ÉÊ·¥ § ¤ Î¥ ¤¢ÊÌÎ ¸É¨Î´μ£μ ËμÉμ· ¸Ð¥¶²¥´¨Ö Ö¤¥· É·¨É¨Ö (3�)
¨ £¥²¨Ö-3 (3�¥) Ê¤¥²Ö¥É¸Ö ´¥ ³¥´ÓÏ¥ ¢´¨³ ´¨Ö, Î¥³ § ¤ Î¥ ËμÉμ· ¸Ð¥¶²¥´¨Ö ¤¥°É¥-
·¨Ö. ‚ μ¡μ¨Ì ¸²ÊÎ ÖÌ § ¤ Î  ¸μ¸Éμ¨É ¨§ ¤¢ÊÌ Î ¸É¥°. �¥·¢ Ö Î ¸ÉÓ § ¤ Î¨ ¸¢Ö§ ´  ¨¸-
±²ÕÎ¨É¥²Ó´μ ¸ ¸¨²Ó´Ò³ ¢§ ¨³μ¤¥°¸É¢¨¥³, ±μÉμ·μ¥ ¶·¥¤¸É ¢²Ö¥É ¸ ³μ¸ÉμÖÉ¥²Ó´Ò° ¨´É¥-
·¥¸ ¨ ±μÉμ·μ¥ ¢μ§´¨± ¥É ¢ ¸¢Ö§ ´´μ° ¸¨¸É¥³¥ ¶μ¸²¥ ¶¥·¥¤ Î¨ ¤μ¸É ÉμÎ´μ£μ Ô´¥·£¥É¨-
Î¥¸±μ£μ ¢μ§³ÊÐ¥´¨Ö, ¶·¨¢μ¤ÖÐ¥£μ ± ¥¥ · ¸Ð¥¶²¥´¨Õ. ‚Éμ· Ö Î ¸ÉÓ § ¤ Î¨ ¸¢Ö§ ´  ¸
Ô²¥±É·μ³ £´¨É´Ò³ (�Œ) ¢§ ¨³μ¤¥°¸É¢¨¥³. „¥²μ ¢ Éμ³, ÎÉμ Ô´¥·£¥É¨Î¥¸±μ¥ ¢μ§³ÊÐ¥´¨¥,
¢´μ¸¨³μ¥ ËμÉμ´μ³ ¢ ¸¨¸É¥³Ê, ´¥ § ¢¨¸¨É μÉ ¤¥É ²¥° ¸¨²Ó´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö, ¶·μ¨¸-
Ï¥¤Ï¨Ì ¢ ¸¨¸É¥³¥ ¶μ¸²¥ · ¸Ð¥¶²¥´¨Ö. Œ ² Ö ¢¥²¨Î¨´  ±μ´¸É ´ÉÒ �Œ-¢§ ¨³μ¤¥°¸É¢¨Ö

1E-mail: yukasatkin2007@ya.ru
2E-mail: kuznietsov@ukr.net



„¢ÊÌÎ ¸É¨Î´μ¥ ËμÉμ· ¸Ð¥¶²¥´¨¥ Ö¤¥· 3�¥ ¨ 3� ¢ ·¥²ÖÉ¨¢¨¸É¸±μ³ ¶μ¤Ìμ¤¥ 763

(α =
√

e2/4π = 1/137) ¶μ§¢μ²Ö¥É ´ ¤¥¦´μ μÉ¤¥²¨ÉÓ μ¤¨´ ¶μ·Ö¤μ± É¥μ·¨¨ ¢μ§³ÊÐ¥-
´¨° μÉ ¸²¥¤ÊÕÐ¥£μ ¨ É¥³ ¸ ³Ò³ ¶·μ¢¥¸É¨ ¨¸¸²¥¤μ¢ ´¨Ö ¸ ¤μ¸É ÉμÎ´μ° ¸É¥¶¥´ÓÕ ÉμÎ-
´μ¸É¨. �Éμ É·¥¡μ¢ ´¨¥ Ö¢²Ö¥É¸Ö ¶·μÖ¢²¥´¨¥³ ¸¢μ°¸É¢  ¨´¤¨ËË¥·¥´É´μ¸É¨ �Œ-¸¨² ¶μ
μÉ´μÏ¥´¨Õ ± ¤·Ê£¨³ ¢μ§³μ¦´Ò³ ¢§ ¨³μ¤¥°¸É¢¨Ö³. �²¥±É·μ³ £´¨É´Ò¥ ¢§ ¨³μ¤¥°¸É¢¨Ö
·¥ £¨·ÊÕÉ Éμ²Ó±μ ´  § ·Ö¤. ‚ ¶μ¤É¢¥·¦¤¥´¨¥ ÔÉμ£μ ¨§¢¥¸É¥´ Ô±¸¶¥·¨³¥´É ²Ó´Ò° Ë ±É,
±μÉμ·Ò° ¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ �Œ-¢§ ¨³μ¤¥°¸É¢¨Ö ´¥ ¨¸± ¦ ÕÉ¸Ö μ¤´μ¢·¥³¥´´Ò³ ¶·¨¸ÊÉ-
¸É¢¨¥³ ¤·Ê£¨Ì ¢¨¤μ¢ ¢§ ¨³μ¤¥°¸É¢¨°, É. ¥. �Œ-¢§ ¨³μ¤¥°¸É¢¨Ö ·¥ £¨·ÊÕÉ Éμ²Ó±μ ´  § ·Ö¤
¨ ¨´¤¨ËË¥·¥´É´Ò ¶μ μÉ´μÏ¥´¨Õ ± ¤·Ê£¨³ É¨¶ ³ ¢§ ¨³μ¤¥°¸É¢¨°. „¥°¸É¢¨É¥²Ó´μ, ¢ ¶·¨-
·μ¤¥ ´¥ ´ ¡²Õ¤ ²¨¸Ó ¢§ ¨³μ¤¥°¸É¢¨Ö ËμÉμ´  ¸ £²Õμ´μ³, ËμÉμ´  ¸ £· ¢¨Éμ´μ³. “ ÔÉ¨Ì
Î ¸É¨Í ´¥É Ô²¥±É·¨Î¥¸±μ£μ § ·Ö¤ , ¸μμÉ¢¥É¸É¢¥´´μ, ´¥É ¨ �Œ-¢§ ¨³μ¤¥°¸É¢¨°.

‘¤¥² ¥³ ¥Ð¥ μ¤´μ ¢ ¦´μ¥ μÉ¸ÉÊ¶²¥´¨¥, ±μÉμ·μ¥ ¢ ¤ ²Ó´¥°Ï¥³ ¡Ê¤¥É ´ ³ ´¥μ¡Ìμ¤¨³μ
¤²Ö ¶μ¸²¥¤μ¢ É¥²Ó´μ£μ ¶μ¸É·μ¥´¨Ö É¥μ·¨¨. ‚ · ³± Ì ‘É ´¤ ·É´μ° ³μ¤¥²¨ ËÊ´¤ ³¥´É ²Ó-
´Ò¥ Î ¸É¨ÍÒ Å ²¥¶Éμ´Ò ¨ ±¢ ·±¨ Å ³ ¸¸¨¢´Ò ¨ § ·Ö¦¥´Ò. –¥´É· ²Ó´μ¥ ³¥¸Éμ ¢ ÔÉμ³
ÊÉ¢¥·¦¤¥´¨¨ ¸¢Ö§ ´μ ¸ ¶μ´ÖÉ¨¥³ μ¡ Ô²¥±É·¨Î¥¸±μ³ § ·Ö¤¥ ¨ ¥£μ ´¥μÉ¤¥²¨³μ¸É¨ μÉ ¶μ´Ö-
É¨Ö ³ ¸¸Ò. ‚ ¶·¨·μ¤¥ Ô±¸¶¥·¨³¥´É ²Ó´μ ´¥ ´ ¡²Õ¤ ²¸Ö Ô²¥±É·¨Î¥¸±¨° § ·Ö¤ ¢´¥ ³ ¸¸Ò,
É. ¥. ± ± ¸ ³μ¸ÉμÖÉ¥²Ó´ Ö ¢¥²¨Î¨´  Ô²¥±É·¨Î¥¸±¨° § ·Ö¤ ´¥ ¸ÊÐ¥¸É¢Ê¥É. �ÉμÉ Ë ±É ¢
¤ ²Ó´¥°Ï¥³ ¡Ê¤¥³ Ëμ·³Ê²¨·μ¢ ÉÓ ± ± ¸¢μ°¸É¢μ ´¥μÉ¤¥²¨³μ¸É¨ § ·Ö¤  μÉ ³ ¸¸Ò. �¨¦¥
¡Ê¤¥É ¶μ± § ´μ, ÎÉμ ÔÉ¨ ¸¢μ°¸É¢  § ·Ö¤  Å ¨´¤¨ËË¥·¥´É´μ¸ÉÓ ¨ ´¥μÉ¤¥²¨³μ¸ÉÓ Å ¶·¨-
¢¥¤ÊÉ ± ¸μ£² ¸μ¢ ´¨Õ ¶·¨ 4-³¥·´ÒÌ É· ´¸²ÖÍ¨ÖÌ § ±μ´μ¢ ¸μÌ· ´¥´¨Ö Ô´¥·£¨¨-¨³¶Ê²Ó¸ 
¨ Ô²¥±É·¨Î¥¸±μ£μ § ·Ö¤ .

‚¥²¨Î¨´  § ·Ö¤  Ö¢²Ö¥É¸Ö ²μ·¥´Í-¨´¢ ·¨ ´Éμ³ ¨ ¶·¨´ ¤²¥¦¨É ±  ¤¤¨É¨¢´μ°  ²£¥¡·¥,
¸μÌ· ´ÖÖ ¸¢μ¥ §´ Î¥´¨¥ ¤μ ¨ ¶μ¸²¥ ¢§ ¨³μ¤¥°¸É¢¨Ö. ‡  ¢Ò¶μ²´¥´¨¥³ ÔÉμ£μ Ê¸²μ¢¨Ö ¨§´ -
Î ²Ó´μ ¢  ³¶²¨ÉÊ¤¥ μ¸ÊÐ¥¸É¢²Ö¥É¸Ö ±μ´É·μ²Ó ¸ ¶μ³μÐÓÕ É·¥¡μ¢ ´¨Ö ± ²¨¡·μ¢μÎ´μ° ¨´-
¢ ·¨ ´É´μ¸É¨. ”μÉμ´ Ö¢²Ö¥É¸Ö ·¥²ÖÉ¨¢¨¸É¸±μ° Î ¸É¨Í¥°, ÎÉμ ¶·¨¢μ¤¨É ± ·¥²ÖÉ¨¢¨¸É¸±¨-
¨´¢ ·¨ ´É´μ³Ê ¶μ¸É·μ¥´¨Õ ³ É·¨Î´μ£μ Ô²¥³¥´É  ¶·μÍ¥¸¸  ¢ Í¥²μ³.

‚ ¸¶¥Í¨ ²Ó´μ° ²¨É¥· ÉÊ·¥ Î Ð¥ ¢¸¥£μ ¶·¨¸ÊÉ¸É¢ÊÕÉ · ¸Î¥ÉÒ Ê± § ´´ÒÌ ·¥ ±Í¨°, ¢Ò-
¶μ²´¥´´Ò¥ ¢ · ³± Ì ´¥·¥²ÖÉ¨¢¨¸É¸±¨Ì ¶μ¤Ìμ¤μ¢, £¤¥ ¢´¨³ ´¨¥ Ê¤¥²Ö¥É¸Ö · ¸Î¥ÉÊ ¸¨²Ó-
´μ£μ ¡²μ± , ¢ ±μÉμ·μ³ ´  μ¸´μ¢¥ ¶·¨³¥´¥´¨Ö · §²¨Î´ÒÌ ±¢ §¨¶μÉ¥´Í¨ ²Ó´ÒÌ ¶μ¤Ìμ-
¤μ¢ ·¥Ï ÕÉ¸Ö § ¤ Î  ¢§ ¨³μ¤¥°¸É¢¨Ö ´Ê±²μ´  (¶·μÉμ´  ¨²¨ ´¥°É·μ´ ) ¸ ¤¥°É·μ´μ³ ¨ ¥¥
¶·¨²μ¦¥´¨¥ ± Ô´¥·£¥É¨Î¥¸±¨³ ¨ Ê£²μ¢Ò³ ¸¶¥±É· ³. �¸´μ¢Ê É ±¨³ · ¸Î¥É ³ μ¡¥¸¶¥Î¨²¨
· ¡μÉÒ Low (1958), Sakita (1962), Le Bellac, Renard, Tran Thanh Van (1964) ¨ ¤·Ê£¨Ì  ¢Éμ-
·μ¢ ¶μ ËμÉμ· ¸Ð¥¶²¥´¨Õ ¤¥°É·μ´  (¨ · ¤¨ Í¨μ´´μ£μ § Ì¢ É  ¶·μÉμ´  ´¥°É·μ´μ³). ‘·¥¤¨
· ¡μÉ Éμ£μ ¢·¥³¥´¨ μ¸μ¡μ ÌμÉ¥²μ¸Ó ¡Ò μÉ³¥É¨ÉÓ ¸É ÉÓÕ [1], ¢ ±μÉμ·μ°  ¢Éμ·Ò ¢ÒÏ²¨ § 
¶·¥¤¥² ¤¢ÊÌ´Ê±²μ´´ÒÌ Ö¤¥·. Š·μ³¥ ¤¥°É·μ´  · ¸¸³μÉ·¥´Ò ³¨Ï¥´¨ É·¨É¨Ö, £¥²¨Ö-3,
£¥²¨Ö-4, ¡μ²¥¥ Éμ£μ, · ¸Î¥ÉÒ ¢Ò¶μ²´¥´Ò ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ·¥²ÖÉ¨¢¨¸É¸±¨-¨´¢ ·¨ ´É´ÒÌ
 ³¶²¨ÉÊ¤, ´μ Í¥´μ° ¨¸±²ÕÎ¥´¨Ö ¸É·Ê±ÉÊ·Ò ¨§ ¸¨²Ó´ÒÌ Ö¤¥·´ÒÌ ¢¥·Ï¨´. ‚ ¶μ¸²¥¤ÊÕÐ¨Ì
· ¡μÉ Ì ¡Ò² Ê¸É· ´¥´ ÔÉμÉ ´¥¤μ¸É Éμ±, ¨ ¶μÖ¢¨²¨¸Ó ¸É ÉÓ¨, ¢ ±μÉμ·ÒÌ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³
· §´μμ¡· §´ÒÌ ¶μÉ¥´Í¨ ²Ó´ÒÌ ¶μ¤Ìμ¤μ¢ ¡Ò²¨ · ¸¸Î¨É ´Ò ´¥μ¡Ìμ¤¨³Ò¥ ¢μ²´μ¢Ò¥ ËÊ´±-
Í¨¨ (¶ ·¨¦¸± Ö, ¡μ´´¸± Ö ¶ · ³¥É·¨§ Í¨Ö ¢μ²´μ¢ÒÌ ËÊ´±Í¨° ¤¥°É·μ´ , ¨§¢¥¸É´  ·¥²Ö-
É¨¢¨¸É¸± Ö ¶ · ³¥É·¨§ Í¨Ö ƒ·μ¸¸  ¤²Ö É·¥Ì´Ê±²μ´´ÒÌ Ö¤¥· ¢ ´Ê¦´μ³ ´ ³ ± ´ ²¥ [2]).
�¤´ ±μ  ³¶²¨ÉÊ¤Ò, ±μÉμ· Ö Ê¤μ¢²¥É¢μ·Ö¥É É·¥¡μ¢ ´¨Ö³ ·¥²ÖÉ¨¢¨¸É¸±μ° ¨´¢ ·¨ ´É´μ¸É¨
¨ ¢ ±μÉμ·μ° ´¥·Ê±μÉ¢μ·´Ò³ μ¡· §μ³ ¢Ò¶μ²´¥´μ É·¥¡μ¢ ´¨¥ ± ²¨¡·μ¢μÎ´μ° ¨´¢ ·¨ ´É-
´μ¸É¨, ¶μ±  ´¥É. „ ²Ó´¥°Ï¥¥ · ¸¸³μÉ·¥´¨¥ ¶·μÍ¥¸¸  ËμÉμ· ¸Ð¥¶²¥´¨Ö Ö¤·  3He ´ Î´¥³
¸ ¢Ò¢μ¤  ± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´μ° ·¥²ÖÉ¨¢¨¸É¸±μ°  ³¶²¨ÉÊ¤Ò. �¸´μ¢´μ¥ ¢´¨³ ´¨¥
¶·¨ ÔÉμ³ ¸μ¸·¥¤μÉμÎ¨³ ´  μ¡¥¸¶¥Î¥´¨¨ ³¥Ì ´¨§³  ± ²¨¡·μ¢μÎ´μ° ¨´¢ ·¨ ´É´μ¸É¨ ¨ ¸μ-
£² ¸μ¢ ´¨¨ ¥£μ ¸ § ±μ´μ³ ¸μÌ· ´¥´¨Ö Ô´¥·£¨¨-¨³¶Ê²Ó¸ .
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�¨¸. 1. ‚¨·ÉÊ ²Ó´ Ö ®É·¥Ì-
Ì¢μ¸É± ¯

‡ ¡¥£ Ö ¢¶¥·¥¤, ¶·¥¤¸É ¢¨³ ¶μ²ÊÎ¥´´Ò° μÉ¢¥É. ”μÉμ-
· ¸Ð¥¶²¥´¨¥ Ö¤·  3�¥ ´  ¤¢  Ë· £³¥´É  ¸ μÉ´μ¸¨É¥²Ó-

´Ò³ 4-¨³¶Ê²Ó¸μ³ ks =
E2

w
p1 − E1

w
p2, w = E1 + E2,

³¥¦¤Ê ´¨³¨ (Ë· £³¥´É ³¨) ¤μ²¦´μ ¶·μ¨¸Ìμ¤¨ÉÓ ¢ ¸μ-
μÉ¢¥É¸É¢¨¨ ¸ É·¥¡μ¢ ´¨Ö³¨ ± ²¨¡·μ¢μÎ´μ° ¨´¢ ·¨ ´É´μ-
¸É¨. ˆÉμ£μ¢μ¥ ¢Ò· ¦¥´¨¥ ¤²Ö ±μ¢ ·¨ ´É´μ°  ³¶²¨ÉÊ¤Ò ¶μ-
¸²¥ ®¢±²ÕÎ¥´¨Ö¯ ËμÉμ´  ¢ ¸¨²Ó´μ¸¢Ö§ ´´ÊÕ ®É·¥ÌÌ¢μ¸É±Ê¯

(·¨¸. 1) ¶·¨³¥É ¢¨¤ Mtot = e
FμνJμ

polk
ν
s

qks
, £¤¥ Fμν = εμqν −

ενqμ Å É¥´§μ· �Œ-¶μ²Ö; Jμ
pol Å ¶μ²´Ò° �Œ-¶μ²Õ¸-

´Ò° Éμ± s-, t- ¨ u-± ´ ²μ¢. ‚μ§´¨± ÕÉ ¢μ¶·μ¸Ò: ¶μÎ¥³Ê
¢ μ±μ´Î É¥²Ó´μ¥ ¢Ò· ¦¥´¨¥ ¤²Ö  ³¶²¨ÉÊ¤Ò ¢Ìμ¤¨É ²¨ÏÓ
μÉ´μ¸¨É¥²Ó´Ò° ¨³¶Ê²Ó¸ Ë· £³¥´Éμ¢ ks, ¢ Î¥³ ¥£μ ¨§¡· ´-

´μ¸ÉÓ? …¸ÉÓ ²¨ ¸¨´£Ê²Ö·´μ¸ÉÓ ¢ ÔÉμ³ ¢Ò· ¦¥´¨¨ ¶μ ¶¥·¥³¥´´μ° qks? Š ± ¶μ²ÊÎ¨ÉÓ ÔÉμ
¢Ò· ¦¥´¨¥? —Éμ¡Ò ¶μ²ÊÎ¨ÉÓ μÉ¢¥ÉÒ ´  ¶μ¸É ¢²¥´´Ò¥ ¢μ¶·μ¸Ò, ´¥μ¡Ìμ¤¨³μ ¶·μ¤μ²¦¨ÉÓ
¤ ²Ó´¥°Ï¥¥ · ¸¸³μÉ·¥´¨¥.

�·¨ ¶μ¸É·μ¥´¨¨ É¥μ·¨¨ �Œ-· ¸Ð¥¶²¥´¨Ö ´¥²μ± ²Ó´ÒÌ ¶μ²¥° [3] ³ É¥·¨¨ ¢ μ£· ´¨-
Î¥´´μ° μ¡² ¸É¨ ¢§ ¨³μ¤¥°¸É¢¨Ö, μ¡· §ÊÕÐ¥£μ ¸É·Ê±ÉÊ·Ê Ö¤· , ´Ê¦´μ ÊÎ¨ÉÒ¢ ÉÓ ¶¥·¥· ¸-
¶·¥¤¥²¥´¨¥ ³ ¸¸Ò ¨ § ·Ö¤  ³¥¦¤Ê ¨¸Ìμ¤´Ò³ ¸¢Ö§ ´´Ò³ ¸μ¸ÉμÖ´¨¥³ ¨ ¥£μ Ë· £³¥´É ³¨.
�·¨ ¶¥·¥³¥Ð¥´¨¨ ¢ ¶·μ¸É· ´¸É¢¥ Œ¨´±μ¢¸±μ£μ ³ É¥·¨ ²Ó´μ£μ μ¡Ñ¥±É  ¤μ²¦¥´ ¢Ò¶μ²-
´ÖÉÓ¸Ö § ±μ´ ¸μÌ· ´¥´¨Ö Ô´¥·£¨¨-¨³¶Ê²Ó¸ . �·¨ É· ´¸²ÖÍ¨ÖÌ ´¥μ¡Ìμ¤¨³μ ¸μ£² ¸μ¢ ÉÓ
¤¥°¸É¢¨Ö § ±μ´μ¢ ¸μÌ· ´¥´¨Ö 4-¨³¶Ê²Ó¸  ¢ ¡ §μ¢μ³ ¶·μ¸É· ´¸É¢¥ ¨ § ·Ö¤  ¢ ¶·¨¸μ¥¤¨-
´¥´´μ³. �¡Ñ¥¤¨´¨ÉÓ ÔÉ¨ É·¥¡μ¢ ´¨Ö [4, 5] ¢ μ¤´μ³ ¢Ò· ¦¥´¨¨ ¶μ§¢μ²Ö¥É ¢¢¥¤¥´¨¥ ¶μ´Ö-
É¨Ö ¶·¨¸μ¥¤¨´¥´´μ£μ ¶·μ¸É· ´¸É¢ , ±μÉμ·μ¥ ¶μ μÉ´μÏ¥´¨Õ ± ¡ §μ¢μ³Ê Å ¶·μ¸É· ´¸É¢Ê
Œ¨´±μ¢¸±μ£μ Å ¢¢μ¤¨É¸Ö ´  μ¸´μ¢¥ ¶μ´ÖÉ¨Ö ®¶ · ²²¥²Ó´μ£μ ¶¥·¥´μ¸ ¯.

�Éμ ¸¢Ö§ ´μ ¸μ ¸¢μ°¸É¢μ³ ± ²¨¡·μ¢μÎ´μ£μ ¶μ²Ö ± ± ¸¢Ö§´μ¸É¨ £² ¢´μ£μ · ¸¸²μ¥´¨Ö
μ¡μ¡Ð¥´´μ£μ ±μ´Ë¨£Ê· Í¨μ´´μ£μ ¶·μ¸É· ´¸É¢ . ‘¢Ö§´μ¸ÉÓ ¶μ§¢μ²Ö¥É ¸μ£² ¸μ¢Ò¢ ÉÓ · §-
²¨Î´Ò¥ ¶·μ¸É· ´¸É¢¥´´μ-¢·¥³¥´´Ò¥ É· ¥±Éμ·¨¨ § ·Ö¦¥´´μ° Î ¸É¨ÍÒ ¸ ¨Ì ¶·μ¥±Í¨Ö³¨ ¢
¶·¨¸μ¥¤¨´¥´´μ³ ± ¸ É¥²Ó´μ³ ¶·μ¸É· ´¸É¢¥. ‚ ¸μμÉ¢¥É¸É¢¨¨ ¸ ÔÉ¨³ Ë ±Éμ³ μ¤¨´ ±μ¢Ò¥
§ ·Ö¦¥´´Ò¥ Î ¸É¨ÍÒ, ¶·¨ ¨Ì ¶¥·¥³¥Ð¥´¨¨ ¢ μ¤´Ê ¨ ÉÊ ¦¥ ¶·μ¸É· ´¸É¢¥´´μ-¢·¥³¥´´ÊÕ
ÉμÎ±Ê, ¨³¥ÕÉ · §²¨Î´Ò¥ ±μμ·¤¨´ ÉÒ ´  ®§ ·Ö¤μ¢μ°¯ μ¸¨ ¨²¨ ´ Ìμ¤ÖÉ¸Ö ´  · §²¨Î´ÒÌ ²¨-
¸É Ì ±μ³¶²¥±¸´μ£μ ¶·μ¸É· ´¸É¢  ¢ ¸²ÊÎ ¥ ¸μ¢¶ ¤¥´¨Ö ¨Ì ¢¥²¨Î¨´. ‡ ·Ö¤μ¢Ò¥ ±μμ·¤¨´ ÉÒ
μ¶·¥¤¥²ÖÕÉ¸Ö Ë §μ¢Ò³¨ Ô±¸¶μ´¥´Í¨ ²Ó´Ò³¨ ³´μ¦¨É¥²Ö³¨ ¸ ±·¨¢μ²¨´¥°´Ò³ ¨´É¥£· ²μ³
μÉ ¢¥±Éμ·-¶μÉ¥´Í¨ ²  �Œ-¶μ²Ö ¶μ · §²¨Î´Ò³ Î¥ÉÒ·¥Ì³¥·´Ò³ É· ¥±Éμ·¨Ö³. ‡ ·Ö¤μ¢Ò¥
±μμ·¤¨´ ÉÒ ®´¥¸ÊÉ¯ ¨´Ëμ·³ Í¨Õ μ ± ¦¤μ° ÉμÎ±¥ É· ¥±Éμ·¨¨, ¢¤μ²Ó ±μÉμ·μ° μ¸ÊÐ¥-
¸É¢²Ö¥É¸Ö ¶¥·¥³¥Ð¥´¨¥ § ·Ö¦¥´´μ° Î ¸É¨ÍÒ.

‚ μ¸´μ¢¥ ·¥ ²¨§ Í¨¨ ¸Ëμ·³Ê²¨·μ¢ ´´ÒÌ ¢ÒÏ¥ ¶μ²μ¦¥´¨° ¨¸¶μ²Ó§μ¢ ´μ ¶· ¢¨²μ ®¶ -
· ²²¥²Ó´μ£μ ¶¥·¥´μ¸ ¯ [4], ±μÉμ·μ¥ ¶μ§¢μ²Ö¥É ¸· ¢´¨¢ ÉÓ § ·Ö¦¥´´Ò¥ ¶μ²Ö ³ É¥·¨¨ § 
¸Î¥É ¸μμÉ´¥¸¥´¨Ö ¨Ì ¢ μ¤´Ê ¨ ÉÊ ¦¥ ³¨·μ¢ÊÕ ÉμÎ±Ê. �Éμ ¶· ¢¨²μ Ëμ·³Ê²¨·Ê¥É¸Ö ± ± É·¥-
¡μ¢ ´¨¥ · ¢¥´¸É¢  ´Ê²Õ ±μ¢ ·¨ ´É´μ° ¶·μ¨§¢μ¤´μ° μÉ ¶μ²¥¢μ° ËÊ´±Í¨¨ ¢ ´ ¶· ¢²¥´¨¨
± ¸ É¥²Ó´μ£μ ¶·μ¸É· ´¸É¢ , É. ¥. ¤μ¶μ²´¨É¥²Ó´μ ¢¢μ¤¨É¸Ö ¢ · ¸¸³μÉ·¥´¨¥ ®μ¡μ¡Ð¥´´ Ö
§ ·Ö¤μ¢ Ö¯ ±μμ·¤¨´ É  ψch(x) ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ Ê· ¢´¥´¨¥³

dxμ (τ)
dτ

Dμψch (x)
∣∣∣∣
x=x(τ)

=
dxμ (τ)

dτ
(∂μ + ieAμ)ψch (x)

∣∣∣∣
x=x(τ)

= 0, (1)
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£¤¥ τ Å ¥¸É¥¸É¢¥´´Ò° ¶ · ³¥É· ¤²¨´Ò É· ¥±Éμ·¨¨ xμ(τ); e Å Ô²¥±É·¨Î¥¸±¨° § ·Ö¤
Î ¸É¨ÍÒ; Aμ Å ¢¥±Éμ·-¶μÉ¥´Í¨ ² ¢´¥Ï´¥£μ �Œ-¶μ²Ö. �¥Ï¥´¨¥ Ê· ¢´¥´¨Ö (1) ¸ ÊÎ¥Éμ³
´ Î ²Ó´μ£μ Ê¸²μ¢¨Ö ψch(a) = 1 ¨³¥¥É ¢¨¤

ψch(x) = P exp

⎛
⎝−ie

x∫
a

Aν(ξ) dξν

⎞
⎠ ψ(a), (2)

£¤¥ P Å μ¶¥· Éμ· ¶·μ¸É· ´¸É¢¥´´μ-¢·¥³¥´´μ£μ Ê¶μ·Ö¤μÎ¥´¨Ö ¢¤μ²Ó É· ¥±Éμ·¨¨ xμ(τ).
�μ²´ Ö ¢μ²´μ¢ Ö ËÊ´±Í¨Ö ¢ μ¡μ¡Ð¥´´μ³ ±μ´Ë¨£Ê· Í¨μ´´μ³ ¶·μ¸É· ´¸É¢¥ μ¶·¥¤¥-

²Ö¥É¸Ö ¶·μ¨§¢¥¤¥´¨¥³ ¶·μ¸É· ´¸É¢¥´´μ-¢·¥³¥´´μ° ¸μ¸É ¢²ÖÕÐ¥° ¨ § ·Ö¤μ¢μ°:

ψ(x) → Ψ(x; A) = P exp

⎛
⎝−ie

x∫
a

Aμ(ξ) dξμ

⎞
⎠ψ(x). (3)

‚¥±Éμ·-¶μÉ¥´Í¨ ² ± ²¨¡·μ¢μÎ´μ£μ ¶μ²Ö ¢ ÔÉμ³ ¶·μ¸É· ´¸É¢¥ ¨£· ¥É ·μ²Ó ¸¢Ö§´μ¸É¨
£² ¢´μ£μ · ¸¸²μ¥´¨Ö ¨ μ¶·¥¤¥²Ö¥É ¶· ¢¨²μ ¸μ£² ¸μ¢ ´¨Ö É· ´¸²ÖÍ¨° ¶·μ¸É· ´¸É¢¥´´μ-
¢·¥³¥´´μ£μ ³´μ£μμ¡· §¨Ö ¸ Ë¨±¸¨·μ¢ ´´μ° ´ Î ²Ó´μ° ÉμÎ±μ° a ¸ ¨Ì ¶·μ¥±Í¨Ö³¨ ¢ ¶·¨-
¸μ¥¤¨´¥´´μ³ ¶·μ¸É· ´¸É¢¥.

�μ¸É·μ¥´¨¥ É¥μ·¨¨ �Œ-· ¸Ð¥¶²¥´¨Ö ´¥²μ± ²Ó´μ£μ ¶μ²Ö ³ É¥·¨¨ ´  Ë· £³¥´ÉÒ, ¶μ
¨§¢¥¸É´μ° ¶·¨Î¨´¥, ¡Ê¤¥³ μ¸´μ¢Ò¢ ÉÓ ´  É¥μ·¨¨ ²μ± ²Ó´μ° ±¢ ´Éμ¢μ° Ô²¥±É·μ¤¨´ ³¨±¨
(Š�„) ¨ ¥¥ ¥¸É¥¸É¢¥´´μ£μ μ¡μ¡Ð¥´¨Ö ¸ ¶μ§¨Í¨° £¥μ³¥É·¨Î¥¸±μ° ¨´É¥·¶·¥É Í¨¨ ± ²¨¡·μ-
¢μÎ´ÒÌ ¶μ²¥°. Š·μ³¥ Éμ£μ, ´¥μ¡Ìμ¤¨³μ¸ÉÓ É ±μ£μ Ï £  ¢Ò§¢ ´  É·¥¡μ¢ ´¨¥³ ¸μÌ· ´¥´¨Ö
¸¢μ°¸É¢  Ê´¨¢¥·¸ ²Ó´μ¸É¨ �Œ-¢§ ¨³μ¤¥°¸É¢¨° ¢ Ëμ·³ É¥ ³¨´¨³ ²Ó´μ° ¸¢Ö§¨, ÎÉμ ¢²¥Î¥É
¸μÌ· ´¥´¨¥ ¢ ´¥¨§³¥´´μ³ ¢¨¤¥ ¸É·Ê±ÉÊ·Ò £·Ê¶¶Ò ± ²¨¡·μ¢μÎ´μ° ¸¨³³¥É·¨¨. �Éμ Ê¸²μ¢¨¥
É¥¸´μ ¸¢Ö§ ´μ ¸ ¢μ§³μ¦´μ¸ÉÓÕ ´¥¶·¥·Ò¢´μ£μ μ¶¨¸ ´¨Ö ¨§³¥´¥´¨Ö �Œ-Ë §Ò ¢ ¶·μÍ¥¸¸¥
¢¸¥£μ ¢·¥³¥´¨ ¢§ ¨³μ¤¥°¸É¢¨Ö.

ˆ¸¸²¥¤Ê¥³, ± ± ±¨³ ¨§³¥´¥´¨Ö³ ¢ ²μ± ²Ó´μ° É¥μ·¨¨ ¶·¨¢¥¤¥É ¢¢¥¤¥´¨¥ μ¡μ¡Ð¥´´μ£μ
±μ´Ë¨£Ê· Í¨μ´´μ£μ ¶·μ¸É· ´¸É¢ . „²Ö ÔÉμ£μ ¶·μ¢¥¤¥³ μ¶¨¸ ´¨¥ É· ´¸²ÖÍ¨° § ·Ö¦¥´-
´μ£μ ¶μ²Ö ³ É¥·¨¨ ¢μ ¢´¥Ï´¥³ �Œ-¶μ²¥ ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ ¢Ò· ¦¥´¨¥³ (3) ¤²Ö ®§ ·Ö¤μ-
¢μ°¯ ±μμ·¤¨´ ÉÒ. ‘É·Ê±ÉÊ·  ±μ´Ë¨£Ê· Í¨μ´´μ£μ ¶·μ¸É· ´¸É¢  ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ²μ-
± ²Ó´μ¥ · §²μ¦¥´¨¥ ¢ ± ¦¤μ° ¶·μ¸É· ´¸É¢¥´´μ-¢·¥³¥´´μ° ÉμÎ±¥ ¢ ¶·Ö³μ¥ ¶·μ¨§¢¥¤¥´¨¥

�¨¸. 2. ‹μ± ²Ó´ Ö Ëμ·³  ¢§ ¨³μ¤¥°¸É¢¨Ö �Œ-¶μ²Ö ¸ ËÊ´¤ ³¥´É ²Ó´Ò³ ¶μ²¥³ Ô²¥±É·μ´ 
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¶·μ¸É· ´¸É¢¥´´μ-¢·¥³¥´´μ£μ ³´μ£μμ¡· §¨Ö ¨ ¶·¨¸μ¥¤¨´¥´´μ£μ ± ¸ É¥²Ó´μ£μ ¶·μ¸É· ´-
¸É¢  ¸ μ¶·¥¤¥²¥´´μ° ¢ ´¥³ ®μ¡μ¡Ð¥´´μ° § ·Ö¤μ¢μ°¯ ±μμ·¤¨´ Éμ°.

Š ± ¶μ± § ´μ ¢ [5Ä8], ¸É·Ê±ÉÊ·  ¶μ²¥¢μ° ËÊ´±Í¨¨ ¢ ¶·¥¤¸É ¢²¥´¨¨ (3) ¢μ¸¸É ´ -
¢²¨¢ ¥É ²μ± ²Ó´ÊÕ ± ²¨¡·μ¢μÎ´ÊÕ ¸¨³³¥É·¨Õ ² £· ´¦¨ ´μ¢ ¸¢μ¡μ¤´ÒÌ Ô²¥±É·μ´´μ£μ ¨
¸± ²Ö·´μ£μ ¶μ²¥° (·¨¸. 2):

Llocal(x; A = 0) = ψ̄(x)(iγμ∂μ − m)ψ(x) ⇒ Llocal(x; A) = Ψ̄(x; A)(iγμ∂μ − m)Ψ(x; A) =

= ψ̄(x) exp

⎛
⎝−ie

x∫
a

Aν(ξ) dξν

⎞
⎠ (iγμ∂μ − m) exp

⎛
⎝ie

x∫
a

Aν(ξ) dξν

⎞
⎠ ψ(x) =

= ψ̄(x)iγμ(∂μ + ieAμ(x))ψ(x) − mψ̄(x)ψ(x), (4)

Llocal(x; A = 0) = [∂μϕ(x)]+[∂μϕ(x)] − μ2ϕ(x)+ϕ(x) − λ

4
(ϕ(x)+ϕ(x))2 ⇒

⇒ Llocal(x; A) = [∂μΦ(x; A)]+[∂μΦ(x; A)]−μ2Φ(x; A)+Φ(x; A)−λ

4
(Φ(x; A)+Φ(x; A))2 =

=

⎡
⎣∂μ exp

⎛
⎝ie

x∫
a

Aν(ξ) dξν

⎞
⎠ ϕ(x)

⎤
⎦

+ ⎡
⎣∂μ exp

⎛
⎝ie

x∫
a

Aν(ξ) dξν

⎞
⎠ ϕ(x)

⎤
⎦− μ2ϕ(x)+ϕ(x)−

−λ

4
(ϕ(x)+ϕ(x))2 = [(∂+ieA)μϕ(x)]+[(∂+ieA)μϕ(x)]−μ2ϕ(x)+ϕ(x)−λ

4
(ϕ(x)+ϕ(x))2.

(5)

�¢·¨¸É¨Î¥¸±¨° ¶·¨´Í¨¶ ¢Ò¢μ¤  ² £· ´¦¨ ´  ¢§ ¨³μ¤¥°¸É¢¨Ö ¢ ²μ± ²Ó´μ° É¥μ·¨¨,
¸Ëμ·³Ê²¨·μ¢ ´´Ò° ¢ ¢¨¤¥ ®·¥Í¥¶É ¯ ¶μ § ³¥´¥ ¶·μ¨§¢μ¤´ÒÌ ¢ ±¨´¥É¨Î¥¸±μ° Î ¸É¨ ¸¢μ-
¡μ¤´μ£μ ² £· ´¦¨ ´  ´  ±μ¢ ·¨ ´É´Ò¥ ¶·μ¨§¢μ¤´Ò¥, ¢ μ¡μ¡Ð¥´´μ³ ¶·μ¸É· ´¸É¢¥ ´ ¶μ²-
´Ö¥É¸Ö Ë¨§¨Î¥¸±¨³ ¸μ¤¥·¦ ´¨¥³.

�μ¸É·μ¥´¨¥ Š�„ ¸ ¶·¨¢²¥Î¥´¨¥³  ¤¥±¢ É´μ£μ ±μ´Ë¨£Ê· Í¨μ´´μ£μ ¶·μ¸É· ´¸É¢  ´¥
¶·¨¢μ¤¨É ± ± ±¨³-²¨¡μ ¨§³¥´¥´¨Ö³ ·¥§Ê²ÓÉ Éμ¢, ±μÉμ·Ò¥ ¡Ò²¨ · ´¥¥ ¶μ²ÊÎ¥´Ò ¢ ²μ-
± ²Ó´μ° É¥μ·¨¨. �¡¥¸¶¥Î¥´  ¢μ§³μ¦´μ¸ÉÓ μ¶¨¸ ´¨Ö ´¥¶·¥·Ò¢´μ£μ ¨§³¥´¥´¨Ö �Œ-Ë §Ò,
¸μ£² ¸μ¢ ´´μ° ¸ ¶·μ¸É· ´¸É¢¥´´μ-¢·¥³¥´´Ò³¨ ¸¤¢¨£ ³¨, ÎÉμ ¶·¨¢μ¤¨É ¢  ³¶²¨ÉÊ¤¥ ± ¸μ-
£² ¸μ¢ ´¨Õ ¤¥°¸É¢¨° § ±μ´μ¢ ¸μÌ· ´¥´¨Ö 4-¨³¶Ê²Ó¸  ¨ § ·Ö¤ . �·¥¨³ÊÐ¥¸É¢μ ¶μ¸É·μ¥-
´¨Ö Š�„ ¸ ¶·¨¢²¥Î¥´¨¥³ μ¡μ¡Ð¥´´μ£μ ±μ´Ë¨£Ê· Í¨μ´´μ£μ ¶·μ¸É· ´¸É¢  ¨ ¢¢¥¤¥´¨¥³
±μ²¨Î¥¸É¢¥´´μ° Ì · ±É¥·¨¸É¨±¨, ¶μ§¢μ²ÖÕÐ¥° ·¥ £¨·μ¢ ÉÓ ´  ¨§³¥´¥´¨Ö ¶·¨ ¶¥·¥´μ¸¥
Ô²¥±É·¨Î¥¸±μ£μ § ·Ö¤  ¢ ¶·¨¸ÊÉ¸É¢¨¨ ¢´¥Ï´¥£μ �Œ-¶μ²Ö, ¸É ´μ¢ÖÉ¸Ö μÎ¥¢¨¤´Ò³¨ ¶·¨
μ¡μ¡Ð¥´¨¨ É¥μ·¨¨ ´  ´¥²μ± ²Ó´Ò¥ ¶μ²Ö [1] ³ É¥·¨¨ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¥¤¨´ÒÌ ¶·¨´Í¨-
¶μ¢ [5Ä7].

�μ¸É·μ¥´¨¥ ±μ¢ ·¨ ´É´μ°  ³¶²¨ÉÊ¤Ò ¶·μÍ¥¸¸  ËμÉμ· ¸Ð¥¶²¥´¨Ö ´¥²μ± ²Ó´μ£μ ¶μ²Ö
³ É¥·¨¨ (Ö¤·μ 3�¥), Ê¤μ¢²¥É¢μ·ÖÕÐ¥£μ É·¥¡μ¢ ´¨Õ ÉμÎ´μ£μ ¸μÌ· ´¥´¨Ö �Œ-Éμ± , ±μ£¤  ¢
¶·μÍ¥¸¸¥ ¸μ£² ¸μ¢ ´Ò ¤¥°¸É¢¨Ö § ±μ´μ¢ ¸μÌ· ´¥´¨Ö 4-¨³¶Ê²Ó¸  ¨ § ·Ö¤ , ¶·¥¤¸É ¢²¥´μ ¢
´ ¸ÉμÖÐ¥° · ¡μÉ¥. �·μ¢¥¤¥´μ ¸μ¶μ¸É ¢²¥´¨¥ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨, ¨ ¶·¥¤¸± -
§ ´μ ¶μ¢¥¤¥´¨¥ Ô´¥·£¥É¨Î¥¸±μ° § ¢¨¸¨³μ¸É¨ Σ- ¸¨³³¥É·¨¨ ¤²Ö ¶·μÍ¥¸¸  γ + 3H → n + d
¶·¨ Ê£²¥ ¢Ò²¥É  ´¥°É·μ´  θn = 90◦.
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‚¢¥¤¥´¨¥ μ¡μ¡Ð¥´´μ£μ ¶·μ¸É· ´¸É¢  ¶μ§¢μ²¨²μ  ¢Éμ³ É¨Î¥¸±¨ ²μ± ²¨§μ¢ ÉÓ ± ²¨-
¡·μ¢μÎ´ÊÕ ¸¨³³¥É·¨Õ ² £· ´¦¨ ´μ¢ ¸¢μ¡μ¤´ÒÌ Ô²¥±É·μ´´μ£μ ¨ ¸± ²Ö·´μ£μ ¶μ²¥°. ‘²¥-
¤ÊÕÐ¨° Ï £ ¡Ê¤¥É ´ ¶· ¢²¥´ ´  ¢±²ÕÎ¥´¨¥ ± ²¨¡·μ¢μÎ´μ£μ �Œ-¶μ²Ö ¢μ ¢§ ¨³μ¤¥°¸É¢¨¥
¸ ËÊ´¤ ³¥´É ²Ó´Ò³ ¶μ²¥³, É. ¥. ´  ¶μ²ÊÎ¥´¨¥ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¢¥·Ï¨´.

‚ μ¸´μ¢¥ ¶μ¸É·μ¥´¨Ö É¥μ·¨¨ ¨¸¶μ²Ó§ÊÕÉ¸Ö ¤¢ÊÌ- ¨ É·¥ÌÉμÎ¥Î´Ò¥ ´¥²μ± ²Ó´Ò¥ ËÊ´±-
Í¨¨ ƒ·¨´  (”ƒ) [5], ¢ ¸É·Ê±ÉÊ·¥ ±μÉμ·ÒÌ ¨¸¶μ²Ó§μ¢ ´Ò ¸¢μ°¸É¢  ´¥μÉ¤¥²¨³μ¸É¨ ¨ ¨´-
¤¨ËË¥·¥´É´μ¸É¨. �·¨´¨³ Ö £¥μ³¥É·¨Î¥¸±ÊÕ ¨´É¥·¶·¥É Í¨Õ ± ²¨¡·μ¢μÎ´ÒÌ ¶μ-
²¥° (1)Ä(3), § ¶¨Ï¥³ ¢Ò· ¦¥´¨Ö ¤²Ö ´¥²μ± ²Ó´ÒÌ ¤¢ÊÌ- ¨ É·¥ÌÉμÎ¥Î´ÒÌ ”ƒ:

Dnonloc(x, y; A) = i

〈
P

⎛
⎝ϕ(x) exp

⎛
⎝ie

x∫
y

Aρ(ξ) dξρ

⎞
⎠ϕ+(y)

⎞
⎠〉

,

(6)G(x, y, z; {A}) = i

〈
P

⎛
⎝ϕ(z) exp

⎛
⎝ie1

z∫
x

drρA
ρ(r)

⎞
⎠×

×ϕ+
1 (x) exp

⎛
⎝ie2

z∫
y

drσAσ(r)

⎞
⎠ ϕ+

2 (y)

⎞
⎠〉

.

�¥É·Ê¤´μ Ê¡¥¤¨ÉÓ¸Ö, ÎÉμ μ¶·¥¤¥²¥´´Ò¥ ¢ (6) ¢Ò· ¦¥´¨Ö ¨´¢ ·¨ ´É´Ò μÉ´μ¸¨É¥²Ó´μ
²μ± ²Ó´ÒÌ ± ²¨¡·μ¢μÎ´ÒÌ ¶·¥μ¡· §μ¢ ´¨°

ϕ(x) → ϕ(x) e−ieα(x), ϕ+
1 (y) → eieα(y)ϕ+

1 (y),

Aμ(ξ) → Aμ(ξ) + ∂μα(ξ), ϕ(z) → ϕ(z) e−ieα(z), ϕ+
1 (x) → ϕ+

1 (x) eie1α(x),

ϕ+
2 (y) → ϕ+

2 (y) eie2α(y), Aμ(r) → Aμ(r) + ∂μα(r)

(7)

¸ § ±μ´μ³ ¸μÌ· ´¥´¨Ö § ·Ö¤  e = e1 + e2 ¸μμÉ¢¥É¸É¢¥´´μ.
‘É·Ê±ÉÊ·Ê ¤¢ÊÌÉμÎ¥Î´μ° ± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´μ° ”ƒ ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ £· Ë¨-

Î¥¸±¨ (·¨¸. 3). ’μÎ±  μÉ¸Î¥É  a ¨¸ÉμÎ´¨±  ¢´¥Ï´¥£μ �Œ-¶μ²Ö (¶μ¸ÉμÖ´´μ£μ μ¤´μ·μ¤´μ£μ
¨²¨ ¶²μ¸±μ° ¢μ²´Ò) ¶·¨ Ëμ·³¨·μ¢ ´¨¨ ¡¨²¨´¥°´μ£μ ¢Ò· ¦¥´¨Ö ”ƒ ¨¸±²ÕÎ ¥É¸Ö ¨§
· ¸¸³μÉ·¥´¨Ö.

� ¶μ³´¨³, ÎÉμ ³´μ¦¥¸É¢μ · §²¨Î´ÒÌ ¶ÊÉ¥° ¨´É¥£·¨·μ¢ ´¨Ö η1(x, y) ¨ η2(x, y) ¢ (6),
¸μ¥¤¨´ÖÕÐ¨Ì ±μ´¥Î´Ò¥ ÉμÎ±¨, § ³¥´Ö¥³ ®¶·Ö³μ²¨´¥°´μ°¯ É· ¥±Éμ·¨¥° η(x, y),
¶μ¸±μ²Ó±Ê ±·¨¢μ²¨´¥°´Ò° ¨´É¥£· ² ¢ · ¸¸³ É·¨¢ ¥³μ³ ¸²ÊÎ ¥ ´¥ § ¢¨¸¨É μÉ ¥¥ Ëμ·³Ò,
  ¡² £μ¤ ·Ö ¸¢μ°¸É¢Ê ´¥μÉ¤¥²¨³μ¸É¨ μ´ ¸¨´Ì·μ´¨§¨·μ¢ ´ ¸ É· ´¸²ÖÍ¨¥° ³ ¸¸Ò.

‚ [5, 6] ¶μ± § ´μ, ÎÉμ ¢¸Ö ´¥μ¡Ìμ¤¨³ Ö ¨´Ëμ·³ Í¨Ö μ ¢§ ¨³μ¤¥°¸É¢¨¨ ËÊ´¤ ³¥´É ²Ó-
´ÒÌ ¶μ²¥° ¸ ÊÎ¥Éμ³ ¨Ì ¸É É¨¸É¨±¨ (¨²¨ Ê¸²μ¢´μ ²μ± ²Ó´ÒÌ ¶μ²¥°, Ê ±μÉμ·ÒÌ ¶μ¸²¥
¢§ ¨³μ¤¥°¸É¢¨Ö ´¥ ¶·μ¨¸Ìμ¤¨É ¶¥·¥· ¸¶·¥¤¥²¥´¨Ö ³ ¸¸Ò ¨ § ·Ö¤ , É. ¥. μ´¨ ¸μÌ· ´ÖÕÉ
¸¢μÕ ¨´¤¨¢¨¤Ê ²Ó´μ¸ÉÓ) ¸ �Œ-¶μ²¥³ ¢ ±μ³¶ ±É´μ³ ¢¨¤¥ ¸μ¤¥·¦¨É¸Ö ¢ ¤¢ÊÌÉμÎ¥Î´ÒÌ
± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´ÒÌ ”ƒ.

� ¸¸³μÉ·¨³ ËÊ´±Í¨μ´ ²Ó´ÊÕ ¶·μ¨§¢μ¤´ÊÕ ¶μ ¢¥±Éμ·-¶μÉ¥´Í¨ ²Ê Aμ(r) μÉ ¢Ò· ¦¥-
´¨Ö (6) ¤²Ö ¤¢ÊÌÉμÎ¥Î´μ° ”ƒ, ¨¸¶μ²Ó§ÊÖ ¸μμÉ´μÏ¥´¨¥ δAρ(r′)/δAμ(r) = gμρδ(r′ − r):

δ

δAμ(r)
Dnonloc(x, y; A)|A=0 = −e

x∫
y

dr′μδ(r − r′)〈P (ψ(x)ψ̄(y))〉. (8)
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�¨¸. 3. Š ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´ Ö ´¥²μ± ²Ó´ Ö ¤¢ÊÌÉμÎ¥Î´ Ö ”ƒ

�¶·¥¤¥²ÖÖ ®³¨´¨³ ²Ó´ÊÕ¯ É· ¥±Éμ·¨Õ, ¸μ¥¤¨´ÖÕÐÊÕ ÉμÎ±¨ x ¨ y ¸μ£² ¸´μ ¢Ò· -

¦¥´¨Õ r′(λ) = (1 − λ)y + λx ¨ ¶¥·¥Ìμ¤Ö ± ¨´É¥£·¨·μ¢ ´¨Õ ¶μ λ:
x∫
y

dr′μδ(r − r′) =

1∫
0

dλ
dr′μ(λ)

dλ
δ(r′(λ) − r) = (x − y)μ

1∫
0

dλδ(y − r + λ(x − y)), ¶μ²ÊÎ ¥³

δ

δAμ(r)
Dnonloc(x, y; A)

∣∣∣∣
A=0

= ie(x − y)μ

1∫
0

dλδ(y − r + λ(x − y))Dnonloc(x, y; 0). (9)

Š ± ¸²¥¤¸É¢¨¥ É· ´¸²ÖÍ¨μ´´μ° ¨´¢ ·¨ ´É´μ¸É¨ ¢ μÉ¸ÊÉ¸É¢¨¥ �Œ-¶μ²Ö ¢Ò¶μ²´Ö¥É¸Ö
Ê¸²μ¢¨¥ Dnonloc(x, y; 0) = D(x − y). �·¥μ¡· §Ê¥³ ËÊ´±Í¨μ´ ²Ó´ÊÕ ¶·μ¨§¢μ¤´ÊÕ (9) ¢
¨³¶Ê²Ó¸´μ¥ ¶·¥¤¸É ¢²¥´¨¥

∞∫
−∞

dx dy dr ei(qr+px−p′y) δ

δAμ(r)
Dnonloc(x, y; A)

∣∣∣∣
A=0

=

= ie

1∫
0

dλ

∞∫
−∞

dx dy dr ei(qr+px−p′y)(x − y)μδ(y − r + λ(x − y))D(x − y). (10)

‚¢¥¤¥´¨¥ ¢ ¢Ò· ¦¥´¨¥ (10) ¸É ´¤ ·É´ÒÌ ¶¥·¥³¥´´ÒÌ Å μÉ´μ¸¨É¥²Ó´μ° ±μμ·¤¨´ ÉÒ
ζ = x − y ¨ ±μμ·¤¨´ ÉÒ Í¥´É·  ³ ¸¸ X = (x + y)/2 Å ¶·¨¢μ¤¨É ± ¢¨¤Ê

∞∫
−∞

dx dy dr ei(qr+px−p′y) δ

δAμ(r)
Dnonloc(x, y; A)

∣∣∣∣
A=0

=

= (2π)4δ(q + p − p′) ie

1∫
0

dλ

∞∫
−∞

dζ eiζ(p+λq)ζμD(ζ),
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£¤¥ p = p′ − q. �·¨ ÔÉμ³ ÊÎ¨ÉÒ¢ Ö, ÎÉμ ζμ eiζ(p+λq) =
−i∂

∂(p + λq)μ
eiς(p+λq), μ±μ´Î É¥²Ó´μ

¶μ²ÊÎ ¥³

∞∫
−∞

dx dy dr ei(qr+px−p′y) δ

δAμ(r)
Dnonloc(x, y; A)

∣∣∣∣
A=0

=

= (2π)4δ(q + p − p′) e

1∫
0

dλ
∂Dnonloc(p + λq)

∂(p + λq)μ
. (11)

‚ ·¥§Ê²ÓÉ É¥ ¨³¥¥³ ¸É ´¤ ·É´Ò¥ ¢Ò· ¦¥´¨Ö ¤²Ö �Œ-¢¥·Ï¨´ ²μ± ²Ó´μ° Š�„,   ´¥²μ-
± ²Ó´ Ö ¸É·Ê±ÉÊ·  ¢Ò· ¦¥´¨Ö (6) ¶·μÖ¢²Ö¥É¸Ö ¢ Ëμ·³¥ ¸μ£² ¸μ¢ ´¨Ö ¢¥·Ï¨´ ¸ ¸μμÉ¢¥É-
¸É¢ÊÕÐ¨³¨ ”ƒ ¤μ ¨ ¶μ¸²¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ ËμÉμ´μ³:

δDnonloc(x, y; A)
δAμ(r)

∣∣∣∣
A=0

Aμ(r) → (2π)4δ(p + q − p′)eεμ

1∫
0

dλ
∂D(p + λq)
∂(p + λq)μ

=

= (2π)4δ(p + q − p′)D(p + q){−eεμ(p + p′)μ}D(p), (12)

£¤¥ ¶μ¤ ¨´É¥£· ²μ³ ¢ ²¥¢μ° Î ¸É¨ · ¢¥´¸É¢  (12) ¨¸¶μ²Ó§μ¢ ´μ ¢Ò· ¦¥´¨¥ ”ƒ ¸¢μ¡μ¤-
´μ° ¸± ²Ö·´μ° Î ¸É¨ÍÒ D(p) = 1/(p2 − m2 + i0). ‚Ò· ¦¥´¨¥ (12) ¸¶· ¢¥¤²¨¢μ ¨ ¤²Ö
¤·Ê£¨Ì ¸É É¨¸É¨±. ‘¨´Ì·μ´¨§ Í¨Ö É· ´¸²ÖÍ¨° ³ ¸¸ ¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¨³ § ·Ö¤μ¢ (¸¢μ°-
¸É¢μ ´¥μÉ¤¥²¨³μ¸É¨) ¶·¨¢μ¤¨É ± ¸μ£² ¸μ¢ ´¨Õ ¤¥°¸É¢¨° § ±μ´μ¢ ¸μÌ· ´¥´¨Ö 4-¨³¶Ê²Ó¸ 
¨ § ·Ö¤ . �Éμ ´ ¨¡μ²¥¥ Ö·±μ ¶·μÖ¢¨É¸Ö ´  É·¥ÌÎ ¸É¨Î´μ° ”ƒ (6) ¶·¨ ¶¥·¥Ìμ¤¥ ¢ ¨³-
¶Ê²Ó¸´μ¥ ¶·¥¤¸É ¢²¥´¨¥. �  ·¨¸. 4 (¶μ¸²¥ §´ ±  · ¢´μ) ¶μ± § ´μ, ± ± ¢±²ÕÎ¨ÉÓ �Œ-¶μ²¥
¢μ ¢´¥Ï´¨¥ ±μ´ÍÒ É·¥ÌÉμÎ¥Î´μ° ”ƒ ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ ¢Ò· ¦¥´¨¥³ (12). „μ¶μ²´¥´¨¥³ ±
¶·¥¤Ò¤ÊÐ¥³Ê · ¸¸³μÉ·¥´¨Õ Ö¢²Ö¥É¸Ö ¶·¨¸ÊÉ¸É¢¨¥ §¤¥¸Ó ¢¥·Ï¨´´μ° ËÊ´±Í¨¨ G, ±μÉμ· Ö
¶·¨¢¥²  ± ´¥Ô²¥±É·μ³ £´¨É´μ³Ê ¢¨·ÉÊ ²Ó´μ³Ê · §¢ ²Ê ¸μ¸É ¢´μ£μ ¶μ²Ö ¢ ÉμÎ±¥ z.

� ¸¸³μÉ·¨³ ¢±²ÕÎ¥´¨¥ ± ²¨¡·μ¢μÎ´μ£μ ¶μ²Ö ¢ ¸¨²Ó´μ¸¢Ö§ ´´ÊÕ ¢¥·Ï¨´´ÊÕ Î ¸ÉÓ
É·¥ÌÉμÎ¥Î´μ° ”ƒ (6), Ê ±μÉμ·μ° ¢´¥Ï´¨¥ ±μ´ÍÒ ¥¸ÉÓ ¤¢ÊÌÉμÎ¥Î´Ò¥ ”ƒ (´  ·¨¸. 5 ¢´¥Ï-
´¨¥ ±μ´ÍÒ Ê¤ ²¥´Ò). �·¥¤Ò¤ÊÐ¥¥ · ¸¸³μÉ·¥´¨¥ ¡Ò²μ ¸¢Ö§ ´μ ¸ ¢±²ÕÎ¥´¨¥³ ËμÉμ´  ¢
¤¢ÊÌÉμÎ¥Î´Ò¥ ”ƒ, ¶μÔÉμ³Ê ¸μ¸·¥¤μÉμÎ¨³ ´ Ï¥ ¢´¨³ ´¨¥ ´  ¸¨²Ó´μ¸¢Ö§ ´´μ° ¢¥·Ï¨´-
´μ° Î ¸É¨ ®É·¥ÌÌ¢μ¸É±¨¯. “¤μ¢²¥É¢μ·¥´¨¥ Ê¸²μ¢¨Ö³ ¸¨³³¥É·¨¨ (7) ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ
£· Ë¨Î¥¸±¨, ± ± ÔÉμ ¶μ± § ´μ ´  ·¨¸. 5 (μ¡² ¸ÉÓ ¸É·Ê±ÉÊ·μμ¡· §ÊÕÐ¥£μ ¢§ ¨³μ¤¥°¸É¢¨Ö

�¨¸. 4. �μ¸É·μ¥´¨¥ ± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´μ°  ³¶²¨ÉÊ¤Ò ¤²Ö ¤¢ÊÌÎ ¸É¨Î´μ£μ ¶·μÍ¥¸¸  ËμÉμ· ¸-
Ð¥¶²¥´¨Ö
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�¨¸. 5. ‘¨²Ó´μ¸¢Ö§ ´´ Ö É·¥ÌÉμÎ¥Î´ Ö ¢¥·Ï¨´´ Ö Î ¸ÉÓ

¨§μ¡· ¦¥´  ¸¥·Ò³ ±·Ê£μ³). � §²μ¦¨³ ¢Ò· ¦¥´¨¥ (6) ¤²Ö É·¥ÌÉμÎ¥Î´μ° ”ƒ ¢ ËÊ´±Í¨μ-
´ ²Ó´Ò° ·Ö¤ ‹μ· ´  ¶μ ¢¥±Éμ·-¶μÉ¥´Í¨ ²Ê Aμ(r) ¢¡²¨§¨ ÉμÎ±¨ A = 0.

‚ÒÎ¨¸²ÖÖ ±μÔËË¨Í¨¥´É ¶·¨ ¢¥±Éμ·-¶μÉ¥´Í¨ ²¥ Aμ(r) ¤²Ö ¢Éμ·μ£μ Î²¥´  ·Ö¤ ,
¶μ²ÊÎ ¥³

δ

δAμ(r)
G(x, y, z; {A})

∣∣∣∣
A=0

=

= ie1

z∫
x

dr′ρgρ
μδ(r′ − r)G(x, y, z; {0}) + ie2

z∫
y

dr′σgσ
μδ(r′ − r)G(x, y, z; {0}).

�μ¸²¥ ¥¸É¥¸É¢¥´´μ£μ ¢Ò¡μ·  ®³¨´¨³ ²Ó´ÒÌ¯ É· ¥±Éμ·¨°, ¸μ¥¤¨´ÖÕÐ¨Ì ³¨·μ¢Ò¥
ÉμÎ±¨ x ¨ y ¸ ÉμÎ±μ° z ± ± r′σ(λ) = (1 − λ)xσ + λzσ ¨ r′α(λ) = (1 − λ)yα + λzα,
¶¥·¥Ìμ¤Ö ± ¨´É¥£·¨·μ¢ ´¨Õ ¶μ λ, ´ Ìμ¤¨³

δG(x, y, z; {A})
δAμ(r)

∣∣∣∣
A=0

= i

⎧⎨
⎩e1(z − x)μ

1∫
0

dλδ(x − r + λ(z − x))+

+ e2(z − y)μ

1∫
0

dλδ(y − r + λ(z − y))

⎫⎬
⎭ G(x, y, z).

ˆ´É¥£·¨·ÊÖ ¶μ¸²¥¤´¥¥ ¢Ò· ¦¥´¨¥ ¶μ dr ¢ ¨³¶Ê²Ó¸´μ³ ¶·¥¤¸É ¢²¥´¨¨ ¸ ÊÎ¥Éμ³ É· ´¸-
²ÖÍ¨μ´´μ° ¨´¢ ·¨ ´É´μ¸É¨, ¶μ²ÊÎ ¥³

∞∫
−∞

dx dy dz dr ei(qr+pz−p1x−p2y) δG(x, y, z; {A})
δAμ(r)

∣∣∣∣
A=0

=

= i

1∫
0

dλ

∞∫
−∞

dx dy dz
[
e1(z − x)μ ei(qx+λq(z−x)+pz−p1x−p2y)+

+ e2(z − y)μ ei(qy+λq(z−y)+pz−p1x−p2y)
]
G(z − x, z − y).
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�Éμ ¢Ò· ¦¥´¨¥ §´ Î¨É¥²Ó´μ Ê¶·μÐ ¥É¸Ö ¶μ¸²¥ ¢¢¥¤¥´¨Ö μÉ´μ¸¨É¥²Ó´ÒÌ ±μμ·¤¨´ É
ζ = z − x, ξ = z − y ¨ ±μμ·¤¨´ ÉÒ Í¥´É·  ³ ¸¸ X = (z + (x + y)/2)/2 ¸ Ö±μ¡¨ ´μ³
¶¥·¥Ìμ¤ , · ¢´Ò³ 1 (x = X − 3/4ζ + 1/4ξ, y = X + 1/4ζ − 3/4ξ, z = X + (ζ + ξ)/4).
„²Ö Ê¶·μÐ¥´¨Ö § ³¥´ÖÖ λ ´  1 − λ, μ±μ´Î É¥²Ó´μ ¶μ²ÊÎ ¥³

Γμ(q, p, p1, p2) = (2π)4δ(q+p−p1−p2)

1∫
0

dλ

{
e1

∂G(p1 − λq, p2)
∂(p1 − λq)μ

+ e2
∂G(p1, p2 − λq)

∂(p2 − λq)μ

}
.

(13)
�Œ-¢¸É ¢±Ê ¢ É·¥ÌÉμÎ¥Î´ÊÕ ¢¥·Ï¨´Ê μ¶·¥¤¥²Ö¥³ ¢ÒÎ¨¸²¥´¨¥³ ËÊ´±Í¨μ´ ²Ó´μ° ¶·μ-

¨§¢μ¤´μ° μÉ ¢Ò· ¦¥´¨Ö (6) ¨, ¤¥°¸É¢ÊÖ  ´ ²μ£¨Î´μ, ± ± ¶·¨ ¢Ò¢μ¤¥ (12), ¶μ²ÊÎ ¥³ [5, 6]
¢ ¨³¶Ê²Ó¸´μ³ ¶·¥¤¸É ¢²¥´¨¨ ¢Ò· ¦¥´¨¥ ¤²Ö ·¥£Ê²Ö·´μ° Î ¸É¨ μ¡μ¡Ð¥´´μ° ¶μ²Õ¸´μ°
 ³¶²¨ÉÊ¤Ò:

δG(x, y, z; {A})
δAμ(r)

∣∣∣∣
A=0

Aμ(r) → εΓ(q, p, p1, p2) = Mreg =

= (2π)4δ(q + p − p1 − p2)εμ

1∫
0

dλ

{
e1

∂G(p1 − λq, p2)
∂(p1 − λq)μ

+ e2
∂G(p1, p2 − λq)

∂(p2 − λq)μ

}
, (14)

£¤¥ ei, pi, i = {1, 2}, Å § ·Ö¤Ò ¨ ¨³¶Ê²Ó¸Ò Ë· £³¥´Éμ¢ ¸μμÉ¢¥É¸É¢¥´´μ. —Éμ¡Ò μ¡Ð Ö
Ëμ·³Ê²  (14) ¸É ²  ¶·¨£μ¤´μ° ¤²Ö · ¸Î¥Éμ¢, ±μ´±·¥É¨§¨·Ê¥³ ¢¨¤  ·£Ê³¥´É  ¢ ¢¥·Ï¨´´μ°
ËÊ´±Í¨¨ G. ‚ ¤¥°¸É¢¨É¥²Ó´μ¸É¨ ¢¥·Ï¨´´ Ö ËÊ´±Í¨Ö § ¢¨¸¨É μÉ ±¢ ¤· É  μÉ´μ¸¨É¥²Ó´μ£μ

¨³¶Ê²Ó¸  ks =
E2

w
p1 −

E1

w
p2 = η2p1 − η1p2, £¤¥ ηi = Ei/w, i = 1, 2,   w = E1 + E2 Å

¶μ²´ Ö Ô´¥·£¨Ö. ‚ ¸¨¸É¥³¥ Í¥´É·  ¨´¥·Í¨¨ Ë· £³¥´Éμ¢ μÉ´μ¸¨É¥²Ó´Ò° 4-¨³¶Ê²Ó¸ ks =
(0; �p) ¶·μ¸É· ´¸É¢¥´´μ-¶μ¤μ¡¥´, p1 = (E1; �p), p2 = (E2;−�p).

� ¸¸³μÉ·¨³ ¶¥·¢μ¥ ¸² £ ¥³μ¥ ¶μ¤ ¨´É¥£· ²μ³, ¢ ±μÉμ·μ³ ¢μ¸¸É ´μ¢¨³ § ¢¨¸¨³μ¸ÉÓ μÉ
É¥±ÊÐ¥£μ §´ Î¥´¨Ö ±¢ ¤· É  μÉ´μ¸¨É¥²Ó´μ£μ ¨³¶Ê²Ó¸ :

εμ

1∫
0

dλ

{
e1

∂G(p1 − λq, p2)
∂(p1 − λq)μ

+ . . .

}
= εμ

1∫
0

dλ

{
e1

∂(k − λη2q)2

∂(p1 − λq)μ

∂G[(k − λη2q)2]
∂(k − λη2q)2

+ . . .

}
,

£¤¥  ·£Ê³¥´É (p1 − λq; p2) ¢¥·Ï¨´´μ° ËÊ´±Í¨¨ ¢ É¥·³¨´ Ì ±¢ ¤· É  μÉ´μ¸¨É¥²Ó´μ£μ ¨³-

¶Ê²Ó¸  k2
st(λ) = (η2(p1 − λq) − η1p2)2 = k2

s − 2λη2ks · q, k2
st(1) = k2

t , k2
st(0) = k2

s ,

μ¶·¥¤¥²¥´ ± ± G[(ks − λη2q)2]. �¥·¥¶¨Ï¥³ ¨´É¥£· ² ¸ ÊÎ¥Éμ³ μ¶·¥¤¥²¥´´μ£μ  ·£Ê-

³¥´É  εμ

1∫
0

dλ

{
e1

∂k2
st

∂(p1 − λq)μ

∂G[k2
st]

∂k2
st

+ . . .

}
. ‚ÒÎ¨¸²¨³ ¶·μ¨§¢μ¤´ÊÕ εμ

∂k2
st

∂(p1 − λq)μ
=

εμ
∂[η2(p1 − λq) − η1p2]2

∂(p1 − λq)μ
= 2(k−λη2q)βη2g

βμεμ = 2ε · kη2, £¤¥ ÊÎÉ¥´μ Ê¸²μ¢¨¥ ¶μ¶¥·¥Î-

´μ¸É¨ εq = 0. �¥·¢μ´ Î ²Ó´Ò° ¨´É¥£· ² ¶·¨μ¡·¥É ¥É ¢¨¤

εμ

1∫
0

dλ

{
e1

∂(k − λη2q)2

∂(p1 − λq)μ

∂G[(k − λη2q)2]
∂(k − λη2q)2

+ . . .

}
= ε · k

1∫
0

2η2dλ

{
e1

∂G[k2
st(λ)]

∂k2
st(λ)

+ . . .

}
.
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� §¤¥²¨³ ¨ Ê³´μ¦¨³ ÔÉμ ¢Ò· ¦¥´¨¥ ´  kq, Éμ£¤  ¨´É¥£·¨·μ¢ ´¨¥ ¶μ λ ¸¢μ¤¨É¸Ö ± ´μ¢μ°
¶¥·¥³¥´´μ° dλ2η2k · q = −dk2

st(λ). �±μ´Î É¥²Ó´μ ¶μ²ÊÎ ¥³

εk

1∫
0

2η2dλ

{
e1

∂G[k2
st(λ)]

∂k2
st(λ)

+ . . .

}
= −εk

qk

1∫
0

dk2
st(λ)

{
e1

∂G[k2
st(λ)]

∂k2
st(λ)

+ . . .

}
=

= −εks

qks
{e1G[k2

st(1)] − e1G[k2
st(0)]}.

‚ÒÎ¨¸²ÖÖ ¨´É¥£· ² ¶·¨ ¢Éμ·μ³ § ·Ö¤¥ e2 ¨ μ¡Ñ¥¤¨´ÖÖ ·¥§Ê²ÓÉ ÉÒ, ¸ ÊÎ¥Éμ³ § ±μ´  ¸μ-

Ì· ´¥´¨Ö § ·Ö¤  e = e1 + e2 ¶μ²ÊÎ ¥³ −(2π)4δ(p + q − p1 − p2)
εks

qks
{e1G[k2

t ] + e2G[k2
u]−

eG[k2
s ]}. ’μ£¤  ¢Ò· ¦¥´¨¥ (14) ¶·¨´¨³ ¥É ¢¨¤, Ê¤μ¡´Ò° ¤²Ö ±μ´±·¥É´ÒÌ · ¸Î¥Éμ¢:

Mreg = (2π)4δ(q + p − p1 − p2)εμ

1∫
0

dλ

{
z1

∂G(p1 − λq, p2)
∂(p1 − λq)μ

+ z2
∂G(p1, p2 − λq)

∂(p2 − λq)μ

}
=

= −(2π)4δ(p + q − p1 − p2)e
εks

qks
{z1G[k2

t ] + z2G[k2
u] − zG[k2

s ]}, (15)

£¤¥ ei = zi · e, i = {1, 2}, zi Å § ·Ö¤ ¢ ¥¤¨´¨Í Ì Ô²¥³¥´É ·´μ£μ § ·Ö¤ .
‚Ò· ¦¥´¨¥ (15) ´¥ ¸μ¤¥·¦¨É ±¨´¥³ É¨Î¥¸±¨Ì ¸¨´£Ê²Ö·´μ¸É¥° ¨ μ¶·¥¤¥²Ö¥É¸Ö ¸Ê³³μ°

®¸±μ·μ¸É¥°¯ ¨§³¥´¥´¨Ö ¸É·Ê±ÉÊ·Ò μ¡· §ÊÕÐ¥£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¢ ± ¦¤μ° ÉμÎ±¥ μ¡² ¸É¨
´¥²μ± ²Ó´μ¸É¨. �É¨³ ·¥§Ê²ÓÉ Éμ³ § ± ´Î¨¢ ¥³ ¶μ¸É·μ¥´¨¥ ± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´μ°
 ³¶²¨ÉÊ¤Ò ¤²Ö ¤¢ÊÌÎ ¸É¨Î´μ£μ ¶·μÍ¥¸¸  ËμÉμ· ¸Ð¥¶²¥´¨Ö (·¨¸. 4).

‚ Í¥²μ³ ¶μ²´ Ö  ³¶²¨ÉÊ¤  ¤¢ÊÌÎ ¸É¨Î´μ£μ ËμÉμ· ¸Ð¥¶²¥´¨Ö ´¥²μ± ²Ó´μ£μ ¶μ²Ö ´ 
¤¢  Ë· £³¥´É  ³μ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´  ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

M = e(εJpol) − e
(εks)
(qks)

(qJpol) = e
(εJpol)(qks) − (εks)(qJpol)

(qks)
= e

FμνJμ
polk

ν
s

qks
, (16)

Jpol = Js + Jt + Ju Å ¶μ²´Ò° ¸Ê³³ ·´Ò° �Œ-Éμ± ¶μ²Õ¸´ÒÌ ¤¨ £· ³³; Fμν = εμqν −
ενqμ Å É¥´§μ· �Œ-¶μ²Ö. �¥É·Ê¤´μ § ³¥É¨ÉÓ, ÎÉμ ¸¨´£Ê²Ö·´μ¸É¨ ¶μ qks = 0 ´¥É, ±μ£¤ 
· ¸¸¥Ö´¨¥ ¶·μ¨¸Ìμ¤¨É ¶·¨ Ê£²¥ ¢Ò²¥É  Ë· £³¥´É  ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸, · ¢´μ³ 90◦

(ÔÉμ ¶μ± ¦¥³ ¤ ²¥¥). „²Ö ¶μ²´μ°  ³¶²¨ÉÊ¤Ò (16) ¸ÊÐ¥¸É¢Ê¥É £· Ë¨Î¥¸±μ¥ ¶·¥¤¸É ¢²¥´¨¥
(·¨¸. 6).

�¨¸. 6. �μ²´ Ö ±μ¢ ·¨ ´É´ Ö  ³¶²¨ÉÊ¤  ¶·μÍ¥¸¸  ¤¢ÊÌÎ ¸É¨Î´μ£μ ËμÉμ· ¸Ð¥¶²¥´¨Ö ´¥²μ± ²Ó-

´μ£μ ¶μ²Ö. �¥·¢Ò¥ É·¨ ¤¨ £· ³³Ò μ¶·¥¤¥²ÖÕÉ ¶μ²Õ¸´ÊÕ Î ¸ÉÓ ¶·μÍ¥¸¸ ,   μ¸É ¢Ï Ö¸Ö Î ¸ÉÓ Å
·¥£Ê²Ö·´ Ö ¤¨ £· ³³  Å ¢μ§´¨±²  ¨§ É·¥¡μ¢ ´¨Ö ¸μÌ· ´¥´¨Ö ¶μ²´μ£μ �Œ-Éμ± 
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‚  ³¶²¨ÉÊ¤¥ (16) μ¡¥¸¶¥Î¥´  ´¥¶·¥·Ò¢´μ¸ÉÓ ¢ μ¶¨¸ ´¨¨ ¨§³¥´¥´¨Ö �Œ-Ë §Ò ´¥
Éμ²Ó±μ ´   ¸¨³¶ÉμÉ¨Î¥¸±¨Ì in- ¨ out-¸μ¸ÉμÖ´¨ÖÌ (¶μ²Õ¸´ Ö Î ¸ÉÓ μ¡μ¡Ð¥´´μ°  ³¶²¨-
ÉÊ¤Ò), ÔÉμ ¨§³¥´¥´¨¥ ¸μ£² ¸μ¢ ´μ ¸ μ¡² ¸ÉÓÕ ¤¥°¸É¢¨Ö ¸É·Ê±ÉÊ·μμ¡· §ÊÕÐ¨Ì ¸¨² (·¥£Ê-
²Ö·´ Ö ¸μ¸É ¢²ÖÕÐ Ö) ¨ § ±μ´μ³ ¸μÌ· ´¥´¨Ö § ·Ö¤ . …¸²¨ ¢ ·¥§Ê²ÓÉ É¥ �Œ-¢§ ¨³μ¤¥°-
¸É¢¨Ö ´¥ ¶·μ¨¸Ìμ¤¨É · ¸Ð¥¶²¥´¨Ö ¸¢Ö§ ´´μ£μ ¸μ¸ÉμÖ´¨Ö, Éμ ± ²¨¡·μ¢μÎ´ Ö ¨´¢ ·¨ ´É-
´μ¸ÉÓ μ¡¥¸¶¥Î¨¢ ¥É¸Ö ²¨ÏÓ ¶¥·¢Ò³ Î²¥´μ³ ¢ (16),   ±μ´É ±É´ Ö ¤¨ £· ³³  μÉ¸ÊÉ¸É¢Ê¥É.

ˆ¸¶μ²Ó§μ¢ ´¨¥ ÔÉμ° Ëμ·³Ê²Ò ¶μ§¢μ²Ö¥É § ¶¨¸Ò¢ ÉÓ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ · §²¨Î´ÒÌ
�Œ-¶·μÍ¥¸¸μ¢, ¸μÌ· ´ÖÖ ±μ¢ ·¨ ´É´μ¸ÉÓ ¶μ¤Ìμ¤ .

„‚“•—�‘’ˆ—��… ”�’���‘™…�‹…�ˆ… Ÿ„�� 3�¥ (3�)

‚ ± Î¥¸É¢¥ ¶·¨³¥·  · ¸Î¥É ´ ¡²Õ¤ ¥³ÒÌ (· §²¨Î´ÒÌ ¸¥Î¥´¨°, ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ±μÉμ-
·ÒÌ ¢μ¸¶μ²Ó§Ê¥³¸Ö · §¢¨ÉÒ³ ¶μ¤Ìμ¤μ³) ¶·μ¢¥¤¥³ ´  Ö¤·¥ 3�¥. ˆ´É¥·¥¸ ± Ô±¸¶¥·¨³¥´ÉÊ
¤¢ÊÌÎ ¸É¨Î´μ£μ · ¸Ð¥¶²¥´¨Ö Ö¤¥· £¥²¨Ö-3 ¨ É·¨É¨Ö ËμÉμ´ ³¨ ¢Ò§¢ ´ §¥·± ²Ó´μ° ¸¨³³¥-
É·¨¥° ¢ ¸É·Ê±ÉÊ·¥ § ·Ö¤μ¢ÒÌ ¸μ¸ÉμÖ´¨° ¢ ¸¨¸É¥³¥ ±μ´¥Î´ÒÌ Î ¸É¨Í. ‚ ¶¥·¢μ° ·¥ ±Í¨¨
§ ·Ö¤ ¶·¨¸ÊÉ¸É¢Ê¥É ´  ¶·μÉμ´¥ ¨ ¤¥°É·μ´¥ ¢ ±μ´¥Î´μ³ ¸μ¸ÉμÖ´¨¨, ¢μ ¢Éμ·μ° ·¥ ±Í¨¨
§ ·Ö¤ ¶·¨¸ÊÉ¸É¢Ê¥É Éμ²Ó±μ ´ μ¤´μ° ¨§ μ¡· §μ¢ ¢Ï¨Ì¸Ö Î ¸É¨Í Å ¤¥°É·μ´¥. …¸²¨ ¶·¥¤-
¶μ²μ¦¨ÉÓ, ÎÉμ Ö¤¥·´Ò¥ ¸¨²Ò § ·Ö¤μ¢μ-´¥§ ¢¨¸¨³Ò¥, Éμ ÔÉμ ¤μ²¦´μ ´ °É¨ μÉ· ¦¥´¨¥ ¢
É¥μ·¨¨. �¥§Ê²ÓÉ ÉÒ, ¶μ²ÊÎ¥´´Ò¥ ¤²Ö μ¤´μ° ·¥ ±Í¨¨, ´¥ ¤μ²¦´Ò ¸¨²Ó´μ μÉ²¨Î ÉÓ¸Ö μÉ
·¥§Ê²ÓÉ Éμ¢ ·¥ ±Í¨¨ ¢μ ¢Éμ·μ³ ¸²ÊÎ ¥. …¸É¥¸É¢¥´´μ, ¶μ¸²¥ § ³¥´Ò ¢ Ëμ·³Ê² Ì ¢¥²¨Î¨´
§ ·Ö¤μ¢, ³ ¸¸ ¨ ³ £´¨É´ÒÌ ³μ³¥´Éμ¢ ¸μμÉ¢¥É¸É¢¥´´μ.

„²Ö ´ ¶¨¸ ´¨Ö ³ É·¨Î´μ£μ Ô²¥³¥´É  ¶·¨³¥´¨³ ±μ¢ ·¨ ´É´Ò° ¶μ¤Ìμ¤, ¢ ±μÉμ·μ³ Ö¤·μ
· ¸¸³ É·¨¢ ¥É¸Ö ± ± Ô²¥³¥´É ·´ Ö Î ¸É¨Í . � ¡μ· ¤¨ £· ³³ μ¡μ¡Ð¥´´μ£μ ¶μ²Õ¸´μ£μ
·Ö¤  (·¨¸. 7) ¨³¥¥É ¢¨¤

M = eεμū(p)

⎛
⎝ ∑

i∈s,t,u,c

T (i)
μν

⎞
⎠ u(H)U∗ν(d),

T (s)
μν = Aν(−k2

s)γ5
�Ĥ ′ + mH

s − m2
H

F (H)
μ , T (t)

μν = F (p)
μ

� p̂′ + mp

t − m2
p

Aν(−k2
t )γ5,

T (u)
μν = Aα(−k2

u)γ5

−gαβ +
d′αd′β

d′2

u − m2
d

F
(d)
μνβ ,

T (c)
μν = −

ks
μ

qks
[zsAν(−k2

s) − ztAν(−k2
t ) − zuAν(−k2

u)]γ5,

(17)

£¤¥ ū(p) Å ¡¨¸¶¨´μ· ±μ´¥Î´μ£μ ¶·μÉμ´ ; U∗(d) Å ¢¥±Éμ· ¶μ²Ö·¨§ Í¨¨ ¤¥°É·μ´ ;

u(H) Å ¡¨¸¶¨´μ· ´ Î ²Ó´μ£μ Ö¤· . Aν = A(−k2
i )

(
γν +

√
H2 +

√
p2

d2
dν

)
+

B(−k2
i )

2m
×(

2pν +
d2 − H2 + p2

d2
dν

)
[2, 17, 18] Å ¢¥·Ï¨´  · §¢ ²  É·¥Ì´Ê±²μ´´μ° ¸¨¸É¥³Ò ´  ´Ê-

±²μ´ ¨ ¤¥°É·μ´.
’ ±μ° ¢¨¤ ¢¥·Ï¨´Ò ¶·μ¤¨±Éμ¢ ´ É·¥¡μ¢ ´¨¥³ μ·Éμ£μ´ ²Ó´μ¸É¨ ū(p)Aνγ5u(H)dν = 0.

�²¥±É·μ³ £´¨É´Ò¥ ¢¥·Ï¨´Ò ´  ¶·μÉμ´¥ ¨ £¥²¨¨-3 F
(p,H)
μ = z(p,H)γμ + μ(p,H)q̂γμ; F

(d)
μνβ =

−2zddμgνβ−2μd(gμνqβ−gμβqν); z(p,H), zd Å ¢¥²¨Î¨´Ò § ·Ö¤μ¢ Î ¸É¨Í ¢ ¥¤¨´¨Í Ì § ·Ö¤ 
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�¨¸. 7. „¨ £· ³³Ò ¶·μÍ¥¸¸μ¢ 3He (γ, p) 2H ¨²¨ 3H (γ, n) 2H

Ô²¥±É·μ´ ; μ(p,H), μd Å  ´μ³ ²Ó´Ò¥ ³ £´¨É´Ò¥ ³μ³¥´ÉÒ; ki Å ¶·μ¸É· ´¸É¢¥´´μ¶μ¤μ¡-
´Ò° μÉ´μ¸¨É¥²Ó´Ò° ¨³¶Ê²Ó¸ ¢¥·Ï¨´Ò ¸¨²Ó´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¤²Ö ¸μμÉ¢¥É¸É¢ÊÕÐ¥°
¤¨ £· ³³Ò. �¥É·Ê¤´μ § ³¥É¨ÉÓ, ÎÉμ ¢ ¢Ò· ¦¥´¨¨ ¤²Ö ±μ´É ±É´μ°  ³¶²¨ÉÊ¤Ò μÉ¸ÊÉ¸É¢Ê¥É
¸¨´£Ê²Ö·´μ¸ÉÓ, ±μ£¤  ¢ §´ ³¥´ É¥²¥ ksq → 0,   ¢¸¥ ¢Ò· ¦¥´¨¥ μ¶·¥¤¥²Ö¥É¸Ö ¶·μ¨§¢μ¤´μ°
μÉ ¢¥·Ï¨´´μ° ËÊ´±Í¨¨ ¸¨²Ó´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö Aν ¡² £μ¤ ·Ö § ±μ´Ê ¸μÌ· ´¥´¨Ö § ·Ö¤ 
¢ ·¥ ±Í¨¨ zs = zt + zu:

lim
ksq→0

(zt + zu)Aν(−k2
s) − ztAν(−k2

s + 2λη2ksq) − zuAν(−k2
s − 2λη1ksq)

ksq
=

= −2λ(η2zt − η1zu)
dAν(x)

dx

∣∣∣∣
x=−k2

s

.

Œ É·¨Î´Ò° Ô²¥³¥´É (17) ³μ¦´μ § ¶¨¸ ÉÓ ¢ ±μ³¶ ±É´μ° Ëμ·³¥:

Mtot = e
FμνJμ

polk
ν
s

qks
, Jpol

μ = ū(p)
∑

i=s,t,u

(T (i)
μν U∗ν(d))u(H). (18)

�³¶²¨ÉÊ¤Ê, ÊÎ¨ÉÒ¢ ÕÐÊÕ μ¡· §μ¢ ´¨¥ ¤¥°É·μ´  ¢ ¶·μ³¥¦ÊÉμÎ´μ³ 1S0-¸μ¸ÉμÖ´¨¨
¶·¨´¨³ ÉÓ ¢ · ¸¸³μÉ·¥´¨¥ ´¥ ¡Ê¤¥³ (¥¥ ³ É·¨Î´Ò° Ô²¥³¥´É ± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É¥´
∼ εμνρσεμqρUνdσ/m, ¨ ¢±² ¤ ¢ ¸¥Î¥´¨¥ ¸ μ¡· §μ¢ ´¨¥³ ¤¥°É·μ´  ¢ ÔÉμ³ ¸μ¸ÉμÖ´¨¨ ¶·¥-
´¥¡·¥¦¨³μ ³ ²). ‡ ³¥´ÖÖ ¢ ¢Ò· ¦¥´¨¨ ¤²Ö  ³¶²¨ÉÊ¤Ò ¸μμÉ¢¥É¸É¢¥´´μ ¢¥²¨Î¨´Ò § ·Ö¤μ¢,
³ ¸¸ ¨ ³ £´¨É´ÒÌ ³μ³¥´Éμ¢ ¨ ¨¸¶μ²Ó§ÊÖ ¤·Ê£ÊÕ ¶ · ³¥É·¨§ Í¨Õ ¤²Ö ¢¥·Ï¨´´μ° ËÊ´±Í¨¨
¸¨²Ó´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö Aν , ¶¥·¥Ìμ¤¨³ ± ·¥ ±Í¨¨ γ + 3H → n + d.

‘μ¶μ¸É ¢²¥´¨¥ · ¸Î¥Éμ¢ ¢ ´ ¸ÉμÖÐ¥³ ¶μ¤Ìμ¤¥ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¶·μ-
¢¥¤¥³ ´  ¶·¨³¥·¥ Ô´¥·£¥É¨Î¥¸±μ° § ¢¨¸¨³μ¸É¨ ¸¥Î¥´¨Ö ¶·¨ Ë¨±¸¨·μ¢ ´´μ³ Ê£²¥ ¢Ò²¥É 
´Ê±²μ´ . ‚ É¥μ·¥É¨Î¥¸±μ³ ¶² ´¥ ± ´ Ï¥³Ê ¶μ¤Ìμ¤Ê ¡²¨§±¨ · ¡μÉÒ [1, 9]. ‚ · ¡μÉ¥ [1]
¨¸¶μ²Ó§μ¢ ´ ¶μ¤Ìμ¤, ¢ ±μÉμ·μ³ μÉ¤ ´μ ¶·¥¤¶μÎÉ¥´¨¥ ±μ¢ ·¨ ´É´μ³Ê μ¶¨¸ ´¨Õ ¶·μÍ¥¸¸ ,
´μ Í¥´μ° ¨£´μ·¨·μ¢ ´¨Ö ¸É·Ê±ÉÊ·Ò ¸¨²Ó´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö. Šμ¢ ·¨ ´É´μ¥ · ¸¸³μ-
É·¥´¨¥ ¶·μÍ¥¸¸  ËμÉμ· ¸Ð¥¶²¥´¨Ö Ö¤·  3�¥ ¢ Ê± § ´´μ³ ± ´ ²¥ ·¥ ±Í¨¨ ¶·μ¢¥¤¥´μ ¢
¸É ÉÓ¥ [9, 10], ´μ ÊÎ¥É É·¥¡μ¢ ´¨Ö ± ²¨¡·μ¢μÎ´μ° ¨´¢ ·¨ ´É´μ¸É¨  ³¶²¨ÉÊ¤Ò, ¶μ ³´¥´¨Õ
 ¢Éμ·μ¢, μÉ²¨Î ¥É¸Ö μÉ ¶·¥¤²μ¦¥´´μ£μ ¢ ´ ¸ÉμÖÐ¥° · ¡μÉ¥. �  ·¨¸. 8 ¶μ± § ´  Ô´¥·£¥É¨-
Î¥¸± Ö § ¢¨¸¨³μ¸ÉÓ ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ ¸¥Î¥´¨Ö ´  Ö¤·¥ £¥²¨Ö-3 ¶·¨ Ê£²¥ ¢Ò²¥É  ¶·μÉμ´ 
¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸, · ¢´μ³ 90◦ [11]. ˜É·¨Ìμ¢ Ö ±·¨¢ Ö Å ´ Ï · ¸Î¥É. � · ³¥É·¨§ -
Í¨Ö ¢¥·Ï¨´Ò ¸¨²Ó´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¶·μ¢¥¤¥´  ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ · ¡μÉ ³¨ [2, 18]. Š ±
¢¨¤´μ, ´  ÔÉμ³ ·¨¸Ê´±¥ ´ ¡²Õ¤ ¥É¸Ö Ê¤μ¢²¥É¢μ·¨É¥²Ó´μ¥ ¸μ£² ¸¨¥ É¥μ·¥É¨Î¥¸±¨Ì ¤ ´´ÒÌ
¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¶·¨ Ô´¥·£¨¨ ËμÉμ´  μÉ ¶μ·μ£  · ¸Ð¥¶²¥´¨Ö ¤μ 60 ŒÔ‚.
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�¨¸. 8. ‡ ¢¨¸¨³μ¸ÉÓ ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ ¸¥Î¥´¨Ö (θp = 90◦) ¶·μÍ¥¸¸  γ + 3He → p + d μÉ Ô´¥·£¨¨
ËμÉμ´  ¢ ¨´É¥·¢ ²¥ μÉ ¶μ·μ£  ¤μ 60 ŒÔ‚. ˜É·¨Ìμ¢ Ö ±·¨¢ Ö Å ´ Ï · ¸Î¥É. �±¸¶¥·¨³¥´É ²Ó´Ò¥

¤ ´´Ò¥ ¨§ · ¡μÉÒ [11]

�¨¸. 9. ‡ ¢¨¸¨³μ¸ÉÓ ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ ¸¥Î¥´¨Ö (θn = 90◦) ¶·μÍ¥¸¸  γ + 3H → n + d μÉ

Ô´¥·£¨¨ ËμÉμ´  ¢ ¨´É¥·¢ ²¥ μÉ ¶μ·μ£  ¤μ 40 ŒÔ‚. ˜É·¨Ìμ¢ Ö ¨ ÏÉ·¨Ì¶Ê´±É¨·´ Ö ±·¨¢Ò¥ Å ´ Ï
· ¸Î¥É. ˜É·¨Ì¶Ê´±É¨·´ Ö ±·¨¢ Ö μÉ´μ¸¨É¸Ö ± ¶·μÍ¥¸¸Ê γ + 3He → p+ d (¶μÖ¸´¥´¨¥ ¸³. ¢ É¥±¸É¥).

�±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¨§ · ¡μÉ [12, 13]

�  ·¨¸. 9 ¶μ± § ´  É ± Ö ¦¥ § ¢¨¸¨³μ¸ÉÓ ¸¥Î¥´¨Ö, ´μ ¤²Ö ·¥ ±Í¨¨ γ + 3H → n + d Å
¶Ê´±É¨·´ Ö ±·¨¢ Ö. � · ³¥É·¨§ Í¨Ö ¢¥·Ï¨´´μ° ËÊ´±Í¨¨ ¸¨²Ó´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö É -
± Ö ¦¥, ± ± ¨ ¤²Ö ¶·¥¤Ò¤ÊÐ¥° ·¥ ±Í¨¨. „²Ö ¶·¨³¥·  ¶·¨¢¥¤¥´ · ¸Î¥É ´ ¸ÉμÖÐ¥° ·¥ ±Í¨¨
¢ É¥·³¨´ Ì ¶·¥¤Ò¤ÊÐ¥° ·¥ ±Í¨¨ (ÏÉ·¨Ì¶Ê´±É¨·´ Ö ±·¨¢ Ö). ‘¤¢¨£ ±·¨¢ÒÌ ¶μ £μ·¨§μ´-
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�¨¸. 10. �´¥·£¥É¨Î¥¸± Ö § ¢¨¸¨³μ¸ÉÓ ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ ¸¥Î¥´¨Ö ¶·¨ Ê£²¥ ¢Ò²¥É  ¶·μÉμ´ 
θp = 90◦ ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸ [14]. ’μ ¦¥, ÎÉμ ¨ ´  ·¨¸. 8, ´μ ¢ ¤·Ê£μ³ ¨´É¥·¢ ²¥ Ô´¥·£¨°

É ²¨ μ¡Ê¸²μ¢²¥´ μÉ²¨Î¨¥³ Ô´¥·£¨° ¸¢Ö§¨ Ö¤¥· £¥²¨Ö ¨ É·¨É¨Ö,   · §²¨Î¨¥ ¶μ ¢¥·É¨± ²¨
¢Ò§¢ ´μ μÉ²¨Î¨¥³ § ·Ö¤μ¢, ³ £´¨É´ÒÌ ³μ³¥´Éμ¢ ¨ ³ ¸¸ Î ¸É¨Í. ‚ ³ ±¸¨³Ê³¥ ¸¥Î¥´¨Ö ¤²Ö
μ¡μ¨Ì ¶·μÍ¥¸¸μ¢ ¶·¥¤¸É ¢²¥´Ò · §²¨Î´Ò³¨ ´ ¡μ· ³¨ ¤ ´´ÒÌ [12, 13], · §¡·μ¸ ±μÉμ·ÒÌ
¸μ¸É ¢²Ö¥É μÉ 80 ¤μ 125 ³±¡ · ¸·−1. �¡¥¸¶¥Î¥´¨¥ ²¨ÏÓ ÉμÎ´μ£μ ¢Ò¶μ²´¥´¨Ö ± ²¨¡·μ¢μÎ-
´μ° ¨´¢ ·¨ ´É´μ¸É¨ ¨ ¸μ£² ¸μ¢ ´¨¥ ¥¥ ¸ § ±μ´μ³ ¸μÌ· ´¥´¨Ö 4-¨³¶Ê²Ó¸  ¢  ³¶²¨ÉÊ¤¥ ¸
ÊÎ¥Éμ³ É·¥¡μ¢ ´¨Ö μ¡Ð¥±μ¢ ·¨ ´É´μ° ¸Ì¥³Ò ¶μ§¢μ²Ö¥É μ¶¨¸ ÉÓ μ¡  ¶·μÍ¥¸¸ .

�  ·¨¸. 10 ¶·¥¤¸É ¢²¥´  § ¢¨¸¨³μ¸ÉÓ ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ 3He+γ →
p + d ¢ ¡μ²¥¥ Ï¨·μ±μ³ ¨´É¥·¢ ²¥ Ô´¥·£¨°.

� ¶μ³´¨³, ÎÉμ · ¸Î¥ÉÒ ¶·μ¢¥¤¥´Ò ´  μ¸´μ¢¥  ³¶²¨ÉÊ¤Ò (17) ¸ ¢μ²´μ¢Ò³¨ ËÊ´±Í¨Ö³¨
¨§ · ¡μÉÒ [2] Å ¸¶²μÏ´ Ö ±·¨¢ Ö. ˜É·¨Ìμ¢ Ö ±·¨¢ Ö ¸μμÉ¢¥É¸É¢Ê¥É ¤·Ê£μ³Ê ¢Ò¡μ·Ê
³μ¤¥²¨ ‚”.

� §¢¥·´Ê¢ ¸¥Î¥´¨¥ ¶μ Ê£²Ê ¢Ò²¥É  ¶·μÉμ´  ¶·¨ Ë¨±¸¨·μ¢ ´´μ° Ô´¥·£¨¨ ËμÉμ´ , ³μ¦´μ
¶·μ¸²¥¤¨ÉÓ §  Ô¢μ²ÕÍ¨¥° Ëμ·³Ò ¸¥Î¥´¨Ö ¸ ·μ¸Éμ³ Ô´¥·£¨¨. �  ·¨¸. 11 ¶μ± § ´μ É ±μ¥
¤¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ ¶μ Ê£²Ê ¶·¨ Ô´¥·£¨¨ ËμÉμ´  245 ŒÔ‚ [9]. Š·¨¢μ° ¸ ¤²¨´´Ò³¨
ÏÉ·¨Ì ³¨ μÉ³¥Î¥´Ò ´ Ï¨ · ¸Î¥ÉÒ ¡¥§ ÊÎ¥É  ¢±² ¤  1S0-¸μ¸ÉμÖ´¨Ö. ‘³Ò¸² μ¸É ²Ó´ÒÌ
±·¨¢ÒÌ ¶·μ±μ³³¥´É¨·μ¢ ´ ¢ · ¡μÉ¥ [9]. Œμ¦´μ § ³¥É¨ÉÓ, ÎÉμ ¶·μÉμ´´Ò° ¶¨± ¶·¨ ÔÉμ°
Ô´¥·£¨¨ Ê¦¥ ¨¸Î¥§, ÌμÉÖ ´ Ï · ¸Î¥É (±·¨¢ Ö ¸ ¤²¨´´Ò³¨ ÏÉ·¨Ì ³¨) ´¥ ¶μ¤É¢¥·¦¤ ¥É
ÔÉμ£μ Ë ±É .

ˆ¸¸²¥¤Ê¥³ ÔÉμÉ ³μ³¥´É ¶·¨ ¡μ²¥¥ ´¨§±¨Ì Ô´¥·£¨ÖÌ. �·¨³¥·μ³ · ¸Ð¥¶²¥´¨Ö ¶·¨
¶·μ³¥¦ÊÉμÎ´ÒÌ Ô´¥·£¨ÖÌ ËμÉμ´μ¢ ³μ¦¥É ¸²Ê¦¨ÉÓ ·¨¸. 12 [15]. „²Ö ÔÉμ£μ · ¸¸Î¨É ¥³
¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ¶·¨ Ô´¥·£¨ÖÌ 52,5, 100, 140 ŒÔ‚. �  ÔÉμ³ ·¨¸Ê´±¥ ¶·¥¤¸É -
¢²¥´Ò § ¢¨¸¨³μ¸É¨ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨° ¶·¨ É·¥Ì Ë¨±¸¨·μ¢ ´´ÒÌ §´ Î¥´¨ÖÌ
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�¨¸. 11. “£²μ¢ Ö § ¢¨¸¨³μ¸ÉÓ ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ ¸¥Î¥´¨Ö ¶·¨ Ô´¥·£¨¨ ËμÉμ´  ¢ ² ¡μ· Éμ·´μ°
¸¨¸É¥³¥ 245 ŒÔ‚ [9]. Š·¨¢ Ö ¸ ¤²¨´´Ò³¨ ÏÉ·¨Ì ³¨ Å ´ Ï · ¸Î¥É

�¨¸. 12. ‡ ¢¨¸¨³μ¸ÉÓ μÉ Ê£²  ¤¨ËË¥·¥´Í¨ ²Ó-

´ÒÌ ¸¥Î¥´¨° ¤²Ö Ë¨±¸¨·μ¢ ´´ÒÌ Ô´¥·£¨° Ëμ-

Éμ´  ¢ ² ¡μ· Éμ·´μ° ¸¨¸É¥³¥ [15]

Ô´¥·£¨¨. Š ± ¢¨¤´μ, ¨¸Î¥§´μ¢¥´¨¥ ¶·μÉμ´-
´μ£μ ¶¨±  ´¥ ´ ¡²Õ¤ ¥É¸Ö. „²Ö ¶μ¤É¢¥·-
¦¤¥´¨Ö ÔÉμ£μ Ë ±É  μ¡· É¨³¸Ö ± ¸¶¥±-
É·Ê, ¶·μ³¥·¥´´μ³Ê ¶·¨ Ô´¥·£¨¨ ËμÉμ´ 
Eγ = 208 ŒÔ‚ ¢ ² ¡μ· Éμ·´μ° ¸¨-
¸É¥³¥ (·¨¸. 13,  ). ‘¶²μÏ´ Ö ±·¨¢ Ö Å ´ Ï
· ¸Î¥É.

�  ·¨¸. 13, ¡ ¶·¥¤¸É ¢²¥´Ò ´ ¡μ·Ò Ô±¸-
¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¤·Ê£¨Ì Í¥´É·μ¢,
¶μ²ÊÎ¥´´ÒÌ ¶·¨ Éμ° ¦¥ Ô´¥·£¨¨,   É ±¦¥
¶·μ¢¥¤¥´μ ¸μ¶μ¸É ¢²¥´¨¥ ¸ É¥μ·¥É¨Î¥¸±¨³¨
· ¸Î¥É ³¨. ‘¶²μÏ´ Ö ¨ ÏÉ·¨Ìμ¢ Ö ±·¨-
¢Ò¥ Å · ¸Î¥É Laget [15], ¢±²ÕÎ ÕÐ¨° ¤¢ÊÌ-
Î ¸É¨Î´Ò° ³¥Ì ´¨§³ (ÏÉ·¨Ìμ¢ Ö ±·¨¢ Ö) ¨
³¥Ì ´¨§³ ¶¥·¥· ¸¸¥Ö´¨Ö ³¥§μ´μ¢ (¸¶²μÏ´ Ö
±·¨¢ Ö) ¸μμÉ¢¥É¸É¢¥´´μ.

“£²μ¢μ¥ μ¶¨¸ ´¨¥ ÔÉ¨Ì · ¸Î¥Éμ¢ ´¥ μÉ-
· ¦ ¥É ¤¥°¸É¢¨É¥²Ó´μ£μ Ì · ±É¥·  ¶μ¢¥¤¥-
´¨Ö ´ ¡μ·μ¢ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨§³¥·¥-
´¨°. �μ-¢¨¤¨³μ³Ê, ¢ · ¡μÉ Ì [9, 15] ´ ·Ê-
Ï¥´ ¡ ² ´¸ ³¥¦¤Ê Ô²¥±É·¨Î¥¸±¨³¨ ¨ ³ £-
´¨É´Ò³¨ ¸μ¸É ¢²ÖÕÐ¨³¨ ¢  ³¶²¨ÉÊ¤¥, ÎÉμ
Ö¢²Ö¥É¸Ö ¸²¥¤¸É¢¨¥³ É·¥¡μ¢ ´¨Ö ± ²¨¡·μ-
¢μÎ´μ° ¨´¢ ·¨ ´É´μ¸É¨.

�  ·¨¸. 14 ¶μ± § ´  § ¢¨¸¨³μ¸ÉÓ Σ-
 ¸¨³³¥É·¨¨ ¶·¨ Ê£²¥ ¢Ò²¥É  ¶·μÉμ´  θp =
90◦ μÉ Ô´¥·£¨¨. „²Ö  ¸¨³³¥É·¨¨ ¨¸¶μ²Ó§μ-
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�¨¸. 13. ’μ ¦¥, ÎÉμ ¨ ´  ·¨¸. 12, ´μ ¶·¨ Ô´¥·£¨¨ ËμÉμ´ , · ¢´μ° 208 ŒÔ‚ [15]:  ) ¸¶²μÏ´ Ö
±·¨¢ Ö Å ´ Ï · ¸Î¥É; ¡) ¸¶²μÏ´ Ö ¨ ÏÉ·¨Ìμ¢ Ö ±·¨¢Ò¥ Å · ¸Î¥É Laget; ÏÉ·¨Ì¶Ê´±É¨·´ Ö Å

´ Ï · ¸Î¥É

�¨¸. 14. �´¥·£¥É¨Î¥¸± Ö § ¢¨¸¨³μ¸ÉÓ Σ- ¸¨³³¥É·¨¨ ¶·¨ Ê£²¥ ¢Ò²¥É  ¶·μÉμ´  θp = 90◦ [16]:

ÏÉ·¨Ì¶Ê´±É¨·´ Ö ±·¨¢ Ö Å ´ Ï · ¸Î¥É; ¸¶²μÏ´ Ö ±·¨¢ Ö Å ´ Ï · ¸Î¥É ¤²Ö ·¥ ±Í¨¨ ¤¢ÊÌÎ ¸É¨Î-
´μ£μ · ¸Ð¥¶²¥´¨Ö Ö¤·  É·¨É¨Ö γ + 3H → n + d (¶·¥¤¸± § ´¨¥)

¢ ´  Ëμ·³Ê²  Σ =
dσ(‖) − dσ(⊥)
dσ(‖) + dσ(⊥)

, £¤¥ ¢ Î¨¸²¨É¥²¥ ¤·μ¡¨ ´ Ìμ¤¨É¸Ö · §´μ¸ÉÓ ¸¥Î¥´¨°

ËμÉμ· ¸Ð¥¶²¥´¨Ö Ö¤·  ²¨´¥°´μ ¶μ²Ö·¨§μ¢ ´´Ò³¨ ËμÉμ´ ³¨ ¸ ¢¥±Éμ·μ³ ¶μ²Ö·¨§ Í¨¨
¶ · ²²¥²Ó´μ (dσ(‖)) ¨ ¶¥·¶¥´¤¨±Ê²Ö·´μ (dσ(⊥)) ¶²μ¸±μ¸É¨ ·¥ ±Í¨¨, μÉ´¥¸¥´´ÒÌ ± ¨Ì
¸Ê³³¥.

•μÎ¥É¸Ö μÉ³¥É¨ÉÓ μ¡Ð¨° ³μ³¥´É ¶·μ¢¥¤¥´´ÒÌ ¨¸¸²¥¤μ¢ ´¨°: ÊÎ¥É ¢¨·ÉÊ ²Ó´μ° Ô±§μ-
É¨±¨ Å ³¥§μ´´ÒÌ μ¡³¥´´ÒÌ Éμ±μ¢, ¸¶¨´-μ·¡¨É ²Ó´ÒÌ Éμ±μ¢, ±μ´¢¥±Í¨μ´´ÒÌ ¨ ¸¶¨´μ-
¢ÒÌ Éμ±μ¢ ¢ · §²¨Î´ÒÌ ±μ³¡¨´ Í¨ÖÌ Å Éμ²Ó±μ ÊÌÊ¤Ï ¥É μ¶¨¸ ´¨¥ ´ ¡²Õ¤ ¥³ÒÌ ¤²Ö
ÔÉμ° ·¥ ±Í¨¨ [16]. �¢Éμ· ³ · ¡μÉÒ [16], ÎÉμ¡Ò ¶μ± § ÉÓ ¢²¨Ö´¨¥ Ê± § ´´ÒÌ ³¥Ì ´¨§³μ¢
´  ¸¥Î¥´¨¥, ¶·¨Ï²μ¸Ó ¨§μ¡· §¨ÉÓ Ê£²μ¢μ° ¸¶¥±É· ¶·¨ Ô´¥·£¨¨ ËμÉμ´  208 ŒÔ‚ (·¨¸. 13)
¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ Î¥ÉÒ·¥Ì ¶μ·Ö¤±μ¢ ²μ£ ·¨Ë³¨Î¥¸±μ£μ ³ ¸ÏÉ ¡ . �Éμ ¸¤¥² ´μ ¤²Ö Éμ£μ,



„¢ÊÌÎ ¸É¨Î´μ¥ ËμÉμ· ¸Ð¥¶²¥´¨¥ Ö¤¥· 3�¥ ¨ 3� ¢ ·¥²ÖÉ¨¢¨¸É¸±μ³ ¶μ¤Ìμ¤¥ 779

ÎÉμ¡Ò Ô±¸¶¥·¨³¥´É ²Ó´μ¥ ¸¥Î¥´¨¥ ¸É ²μ ¢Ò£²Ö¤¥ÉÓ ¶μÎÉ¨ ¸² ¡μ´ ±²μ´´μ° ¶·Ö³μ° ²¨-
´¨¥° ¢ μ¤´μ³ ¶μ·Ö¤±¥,   μ¸É ²Ó´Ò¥ É·¨ ¶μ·Ö¤±  (¤¢  ¤μ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¨
μ¤¨´ ¶μ¸²¥) ¶μ´ ¤μ¡¨²¨¸Ó ¤²Ö Ê± § ´¨Ö · ¸¸μ£² ¸μ¢ ´¨Ö ¸ É¥μ·¥É¨Î¥¸±¨³ μ¶¨¸ ´¨¥³.
�μ¤μ¡´ Ö ¸¨ÉÊ Í¨Ö ¶·μ¸²¥¦¨¢ ¥É¸Ö ¶·¨ ¶μ¶ÒÉ±¥ ¸μ¶μ¸É ¢²¥´¨Ö É¥μ·¥É¨Î¥¸±¨Ì · ¸Î¥Éμ¢
¸ § ¢¨¸¨³μ¸ÉÓÕ Σ- ¸¨³³¥É·¨¨ μÉ Ô´¥·£¨¨ ËμÉμ´  ¢ ¨´É¥·¢ ²¥ μÉ ¶μ·μ£  · ¸Ð¥¶²¥´¨Ö
¤μ 300 ŒÔ‚.

‚Ò¡μ· ¶μ¤Ìμ¤ , ¢ μ¸´μ¢¥ ±μÉμ·μ£μ ¨¸¶μ²Ó§μ¢ ´  ·¥²ÖÉ¨¢¨¸É¸± Ö ¨´¢ ·¨ ´É´μ¸ÉÓ,  
¢±² ¤Ò Ô²¥±É·¨Î¥¸±¨Ì ¨ ³ £´¨É´ÒÌ ¶¥·¥Ìμ¤μ¢ § Ë¨±¸¨·μ¢ ´Ò ¢  ³¶²¨ÉÊ¤¥ ¸ ¶μ³μÐÓÕ
ÉμÎ´μ£μ ¢Ò¶μ²´¥´¨Ö É·¥¡μ¢ ´¨Ö ± ²¨¡·μ¢μÎ´μ° ¨´¢ ·¨ ´É´μ¸É¨, Ê¦¥ μ¡¥¸¶¥Î¨¢ ¥É Ê¤μ-
¢²¥É¢μ·¨É¥²Ó´μ¥ μ¶¨¸ ´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ [17]. �·¨¢²¥± Ö · §²¨Î´ÊÕ ¢¨·-
ÉÊ ²Ó´ÊÕ Ô±§μÉ¨±Ê ¤²Ö μ¶¨¸ ´¨Ö �Œ-¶·μÍ¥¸¸μ¢, ´Ê¦´μ ¶·¨ ÔÉμ³ ¶·μÖ¢²ÖÉÓ ¨§¢¥¸É´ÊÕ
μ¸Éμ·μ¦´μ¸ÉÓ. Š ± ³μ£ÊÉ ¢¨·ÉÊ ²Ó´Ò¥ Î ¸É¨ÍÒ ¶μ¢²¨ÖÉÓ ´  ±μ´±·¥É´Ò° ¶·μÍ¥¸¸? ‚¨·-
ÉÊ ²Ó´Ò¥ ¶·μÍ¥¸¸Ò, ¢μ§³μ¦´μ, Ê¦¥ ¶·μ¸Ê³³¨·μ¢ ´Ò (´¥¨§¢¥¸É´Ò³ ´ ³ ¸¶μ¸μ¡μ³) ¢ ¸¢Ö-
§ ´´μ³ ¸μ¸ÉμÖ´¨¨,   ·¥§Ê²ÓÉ É ¨Ì § Ë¨±¸¨·μ¢ ´ ¢ §´ Î¥´¨¨ ¢¥²¨Î¨´Ò Ô´¥·£¨¨ ¸¢Ö§¨. ®‚Ò-
É ¸±¨¢ ÉÓ¯ ¢±² ¤ ¢ ¸¥Î¥´¨¥ ´  μÉ¤¥²Ó´μ³ ¢¨·ÉÊ ²Ó´μ³ ³¥§μ´¥ ¨²¨ ¤·Ê£μ° ¢¨·ÉÊ ²Ó´μ°
Î ¸É¨Í¥ ¨ ÊÎ¨ÉÒ¢ ÉÓ ¥£μ ¢ ¸¥Î¥´¨¨ ¶·¨ ¢§ ¨³μ¤¥°¸É¢¨¨ ËμÉμ´  ¢ ±μ´±·¥É´μ³ ¶·μÍ¥¸¸¥ ¸
Ë¨±¸¨·μ¢ ´´Ò³ ¸μ¸É ¢μ³ Ë· £³¥´Éμ¢ ¢ ±μ´¥Î´μ³ ¸μ¸ÉμÖ´¨¨, ± ±μÉμ·μ³Ê ÔÉμÉ ³¥§μ´ ´¥
¨³¥¥É ´¨± ±μ£μ μÉ´μÏ¥´¨Ö, ¶μ ³´¥´¨Õ  ¢Éμ·μ¢, ´¥ Ö¢²Ö¥É¸Ö μ¡μ¸´μ¢ ´´Ò³.

‡�Š‹�—…�ˆ…

�·¥¤²μ¦¥´ ¶μ¤Ìμ¤ ¤²Ö μ¶¨¸ ´¨Ö ¶·μÍ¥¸¸μ¢ ¤¢ÊÌÎ ¸É¨Î´μ£μ ËμÉμ· ¸Ð¥¶²¥´¨Ö ´¥²μ-
± ²Ó´μ£μ ¶μ²Ö ´  Ë· £³¥´ÉÒ. ‘¢μ°¸É¢μ ´¥μÉ¤¥²¨³μ¸É¨ ¶μ´ÖÉ¨Ö μ¡ Ô²¥±É·¨Î¥¸±μ³ § ·Ö¤¥
μÉ ³ ¸¸Ò ¶·¨¢μ¤¨É ± ´¥μ¡Ìμ¤¨³μ¸É¨ μ¶¨¸ ´¨Ö ¸μ¢³¥¸É´μ£μ ¶¥·¥³¥Ð¥´¨Ö § ·Ö¤  ¨ ³ ¸¸Ò
¶·¨ É· ´¸²ÖÍ¨ÖÌ. �Éμ μ¡¥¸¶¥Î¨¢ ¥É ÉμÎ´μ¥ ¸μ£² ¸μ¢ ´¨¥ ¤¥°¸É¢¨° § ±μ´μ¢ ¸μÌ· ´¥´¨Ö
Ô´¥·£¨¨-¨³¶Ê²Ó¸  ¨ § ·Ö¤  ¢  ³¶²¨ÉÊ¤¥. ‘μÌ· ´¥´¨¥ �Œ-Éμ±  ¶·¨¢μ¤¨É ± ÉμÎ´μ° ¡ -
² ´¸¨·μ¢±¥ Ô²¥±É·¨Î¥¸±¨Ì ¨ ³ £´¨É´ÒÌ ¢±² ¤μ¢ ¢ ¸¥Î¥´¨¨. ’μÎ´μ¥ ¢Ò¶μ²´¥´¨¥ É·¥¡μ¢ -
´¨° ±μ¢ ·¨ ´É´μ¸É¨ ¨ ± ²¨¡·μ¢μÎ´μ° ¨´¢ ·¨ ´É´μ¸É¨ ¥¸ÉÓ ¥¤¨´¸É¢¥´´μ ¢¥·´Ò° ¶·¨§´ ±
(±·¨É¥·¨°) ¶· ¢¨²Ó´μ¸É¨ ¤¥°¸É¢¨° ¶·¨ ¨§ÊÎ¥´¨¨ Éμ£μ ¨²¨ ¨´μ£μ Ö¢²¥´¨Ö.

‘μ£² ¸μ¢ ´¨¥ ¤¥°¸É¢¨° § ±μ´μ¢ ¸μÌ· ´¥´¨Ö Ô´¥·£¨¨-¨³¶Ê²Ó¸  ¨ § ·Ö¤  ¢  ³¶²¨ÉÊ¤¥
¶μ¸·¥¤¸É¢μ³ ¶·¨¢²¥Î¥´¨Ö £¥μ³¥É·¨Î¥¸±μ° ¨´É¥·¶·¥É Í¨¨ ± ²¨¡·μ¢μÎ´ÒÌ ¶μ²¥° ¢ μ¡μ¡-
Ð¥´´μ³ ¶·μ¸É· ´¸É¢¥ ± ± ¸²¥¤¸É¢¨¥ ¸¢μ°¸É¢  ´¥μÉ¤¥²¨³μ¸É¨ Ô²¥±É·¨Î¥¸±μ£μ § ·Ö¤  μÉ
¥£μ ³ ¸¸Ò ¨ ¨´¤¨ËË¥·¥´É´μ¸É¨ �Œ-¸¨² μ¡¥¸¶¥Î¨²μ ´¥μ¡Ìμ¤¨³Ò¥ Ê¸²μ¢¨Ö ¤²Ö ¶μ¸²¥¤μ-
¢ É¥²Ó´μ£μ ¢¢¥¤¥´¨Ö ¢ É¥μ·¨Õ ± ± ²μ± ²Ó´ÒÌ, É ± ¨ ´¥²μ± ²Ó´ÒÌ ¶μ²¥° ³ É¥·¨¨. ‹μ-
± ²Ó´Ò° ¶·¥¤¥² ¸²¥¤Ê¥É, ¥¸²¨ ¢¥·Ï¨´´ Ö ËÊ´±Í¨Ö ¸¨²Ó´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸É ´μ¢¨É¸Ö
±μ´¸É ´Éμ°. ‚ ÔÉμ³ ¸²ÊÎ ¥ ·¥£Ê²Ö·´ Ö ¸μ¸É ¢²ÖÕÐ Ö ¶μ²´μ°  ³¶²¨ÉÊ¤Ò μ¡´Ê²Ö¥É¸Ö,  
± ²¨¡·μ¢μÎ´ Ö ¨´¢ ·¨ ´É´μ¸ÉÓ μ¡¥¸¶¥Î¨¢ ¥É¸Ö μ¸É ¢Ï¥°¸Ö ¶μ²Õ¸´μ° Î ¸ÉÓÕ.

�·¥¨³ÊÐ¥¸É¢μ ¶·¥¤²μ¦¥´´μ£μ ¶μ¤Ìμ¤  ¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ μ´ ´¥ ¨§³¥´Ö¥É ´¨ ¥¤¨´μ£μ
·¥§Ê²ÓÉ É , ¶μ²ÊÎ¥´´μ£μ · ´¥¥ ¢ · ³± Ì ²μ± ²Ó´μ° É¥μ·¨¨, ±μ£¤  ¢ ¶·μÍ¥¸¸¥ ¶·¨¸ÊÉ¸É¢ÊÕÉ
Éμ²Ó±μ �Œ-¢¥·Ï¨´Ò. ’μÎ´μ¥ ¸μÌ· ´¥´¨¥  ¤·μ´´μ£μ Éμ±  μ¡¥¸¶¥Î¨¢ ¥É ¢  ³¶²¨ÉÊ¤¥ ¸
¢¨·ÉÊ ²Ó´Ò³¨ ËμÉμ´ ³¨ ±μ´¥Î´Ò° ¶·¥¤¥² ¢ ËμÉμ´´ÊÕ ÉμÎ±Ê (¶μ ±¢ ¤· ÉÊ ¶¥·¥¤ ´´μ£μ
¨³¶Ê²Ó¸  q2 → 0), ÎÉμ ¸μ§¤ ¥É Ê´¨± ²Ó´Ò¥ Ê¸²μ¢¨Ö ¤²Ö ¨¸¸²¥¤μ¢ ´¨Ö ·μ²¨ μ¤´¨Ì ¨ É¥Ì
¦¥ ³¥Ì ´¨§³μ¢ ·¥ ±Í¨¨ ¢ ¶·μÍ¥¸¸ Ì ¸ Ô²¥±É·μ´ ³¨ ¨ ËμÉμ´ ³¨ μ¤´μ¢·¥³¥´´μ.

�¢Éμ·Ò ¸Î¨É ÕÉ ¶·¨ÖÉ´Ò³ ¤μ²£μ³ ¢Ò· §¨ÉÓ ¡² £μ¤ ·´μ¸ÉÓ �. „μ·μÌμ¢Ê §  ¶μ²¥§´μ¥
μ¡¸Ê¦¤¥´¨¥ ¨ ¸μ¤¥°¸É¢¨¥ ¢ μ¶Ê¡²¨±μ¢ ´¨¨ · ¡μÉÒ.
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