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‚ µ¡§µ·¥ µ¡¸Ê¦¤ ¥É¸Ö ¸¢Ö§Ó ³¥¦¤Ê ¸·¥¤´¨³ ±¢ ¤· Éµ³ ¢´ÊÉ·¥´´¥£µ § ·Ö¤µ¢µ£µ · -
¤¨Ê¸  ´¥°É·µ´  〈 rE, in

2  〉N ¨ ¨§³¥·Ö¥³µ° ¢ ´¥°É·µ´´µ° Ë¨§¨±¥ ´¨§±¨Ì Ô´¥·£¨° ¤²¨´µ°
· ¸¸¥Ö´¨Ö ́ ¥°É·µ´  ́   Ô²¥±É·µ´¥ ane. �¡· Ð ¥É¸Ö ¢´¨³ ´¨¥ ́   ̧ ¶· ¢¥¤²¨¢µ¸ÉÓ Ëµ·³Ê-
²Ò ”µ²¤¨, ¤ ÕÐ¥° É ±ÊÕ ¸¢Ö§Ó. �µ± § ´µ, ÎÉµ Ëµ·³Ê²Ê ”µ²¤¨ ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¤¢Ê³Ö
· §´Ò³¨ ¸¶µ¸µ¡ ³¨. �·¨¢µ¤¨É¸Ö É ¡²¨Í  · §²¨Î´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ, ¶µ-
²ÊÎ¥´´ÒÌ ¢ 1947Å1997 ££., ¶µ§¢µ²ÖÕÐ¨Ì µ¶·¥¤¥²¨ÉÓ ¢¥²¨Î¨´Ê ane. ˆ³¥ÕÐ¨¥¸Ö Ô±¸-
¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¤¥²ÖÉ¸Ö ´  ¤¢¥ £·Ê¶¶Ò: 〈ane 〉 = −1,30(3)⋅10−3 Ë³
(〈 rE, in

2  〉N > 0), ¨ (¢±²ÕÎ Ö ·Ö¤ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ · ¡µÉ ‹�”) 〈ane 〉 =
= −1,58(3)⋅10−3 Ë³ (〈 rE, in

2  〉N < 0). �¡¸Ê¦¤ ÕÉ¸Ö ¨¸ÉµÎ´¨±¨ ¢µ§³µ¦´ÒÌ ¸¨¸É¥³ É¨Î¥¸-
±¨Ì ¶µ£·¥Ï´µ¸É¥° ¢ ¶·µ¢¥¤¥´´ÒÌ Ô±¸¶¥·¨³¥´É Ì. ‚ Î ¸É´µ¸É¨, · ¸¸³ É·¨¢ ¥É¸Ö ¢µ¶-
·µ¸ µ ¢²¨Ö´¨¨ ´  ¨§³¥·Ö¥³ÊÕ ¢¥²¨Î¨´Ê ane ·¥§µ´ ´¸´µ£µ Ö¤¥·´µ£µ · ¸¸¥Ö´¨Ö. �·µ-
¢µ¤¨É¸Ö ¸· ¢´¥´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ·¥§Ê²ÓÉ Éµ¢ ¶µ ¨§³¥·¥´¨Õ ane ¢ ´¥°É·µ´´µ°
Ë¨§¨±¥ ´¨§±¨Ì Ô´¥·£¨° ¸ É¥µ·¥É¨Î¥¸±¨³¨. �µ± § ´µ, ÎÉµ ¥¸²¨ ¤ ´´Ò¥, ¢¥¤ÊÐ¨¥ ±
〈 rE, in

2  〉N > 0, ¸¶· ¢¥¤²¨¢Ò, Éµ ¸µ¢·¥³¥´´Ò¥ É¥µ·¥É¨Î¥¸±¨¥ ¶·¥¤¸É ¢²¥´¨Ö µ ¸É·Ê±ÉÊ·¥
´¥°É·µ´  (¢±²ÕÎ Ö ́  ¨¡µ²¥¥  ¤¥±¢ É´ÊÕ ³µ¤¥²Ó ‘‚Œ) ̧ ²¥¤Ê¥É ̧ ÊÐ¥¸É¢¥´´Ò³ µ¡· §µ³
¨§³¥´¨ÉÓ.

The connection of the neutron mean square intrinsic charge radius 〈 rE, in
2  〉N and the

neutron-electron scattering length ane obtained by low energy neutron physics is discussed.
One pay attention to the validity of the Foldy's formula setting such connection. Two
different methods of obtaining the Foldy's formula is also discussed. The experimental data
table of the values ane for period of time 1947Å1997 is presented. The experiments can be
divided into two groups: 〈ane 〉 = −1,30(3)⋅10−3 fm (〈 rE, in

2  〉N > 0) and (including Dubna's
data) 〈ane 〉 ≡ −1,58(3)⋅10−3 fm (〈 rE, in

2  〉N < 0). The sources of possible systematic
uncertainties of carried out experiments are discussed. In particular it is shown that for an
even-even nucleus the influence of the neutron resonance scattering to ane is very small.
The comparison of the experimental results of the ane with modern theory is made. It is
shown that if the experimental value of 〈 rE, in

2  〉N > 0 is really true the modern theoretical
ideas of the neutron structure has to be changed seriously.
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ˆ¸¸²¥¤µ¢ ´¨Ö ¢´ÊÉ·¥´´¥£µ (intrinsic) § ·Ö¤µ¢µ£µ · ¤¨Ê¸  ´¥°É·µ´ 

〈 rE, in
2  〉N

1 6 2 , c¢Ö§ ´´µ£µ  ¸ ¤²¨´µ° · ¸¸¥Ö´¨Ö ane ´¥°É·µ´   ´  Ô²¥±É·µ´¥

(ne-¢§ ¨³µ¤¥°¸É¢¨Ö), ¢ µ¡² ¸É¨ ´¨§±¨Ì Ô´¥·£¨° ´¥°É·µ´µ¢ ¢¥¤ÊÉ¸Ö ¢ ‹ ¡µ· -
Éµ·¨¨ ´¥°É·µ´´µ° Ë¨§¨±¨ ¨³. ˆ.Œ.”· ´±  �ˆŸˆ ¸ ¸¥·¥¤¨´Ò 60-Ì £µ¤µ¢.
ˆ§ÊÎ¥´¨¥ ÔÉµ£µ Ö¢²¥´¨Ö Å ¥¤¨´¸É¢¥´´Ò° ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ´ ¤¥¦´Ò° ¸¶µ-
¸µ¡ µ¶·¥¤¥²¥´¨Ö ¢¥²¨Î¨´Ò ¨ §´ ±  ¢´ÊÉ·¥´´¥£µ · ¤¨Ê¸  · ¸¶·¥¤¥²¥´¨Ö
Ô²¥±É·¨Î¥¸±µ£µ § ·Ö¤  ¢ ´¥°É·µ´¥ Å ËÊ´¤ ³¥´É ²Ó´µ° Ì · ±É¥·¨¸É¨±¨,
¸²Ê¦ Ð¥° ¢ ¦´Ò³ ¨ ´ ¤¥¦´Ò³ É¥¸Éµ³ ¸µ¢·¥³¥´´ÒÌ É¥µ·¥É¨Î¥¸±¨Ì ¶·¥¤-
¸É ¢²¥´¨° µ ´¥°É·µ´¥. „µ¸É¨£´ÊÉ Ö ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ÉµÎ´µ¸ÉÓ ¨§³¥·¥´¨°
¢ ´¥°É·µ´´µ° Ë¨§¨±¥ (¢ ¶·µÉ¨¢µ¶µ²µ¦´µ¸ÉÓ Ô²¥±É·µ´´µ³Ê · ¸¸¥Ö´¨Õ ¢
Ë¨§¨±¥ ¢Ò¸µ±¨Ì Ô´¥·£¨°) ¶µ§¢µ²Ö¥É ¸¤¥² ÉÓ ¢Ò¢µ¤Ò µ ¢¥²¨Î¨´¥ ¢±² ¤  ¢
ane ¤ ´´µ£µ · ¤¨Ê¸ . � ¤¥Õ¸Ó, ÎÉµ ´ ¸ÉµÖÐ¨° o¡§µ· ¶µ³µ¦¥É Ê¸É· ´¥´¨Õ

´¥¤µ· §Ê³¥´¨°, ¢µ§´¨± ÕÐ¨Ì ¨´µ£¤  ¢ ¤¨¸±Ê¸¸¨ÖÌ, ¶µ¸¢ÖÐ¥´´ÒÌ ¨´É¥·¶·¥-
É Í¨¨ ·¥§Ê²ÓÉ Éµ¢ ¨§³¥·¥´¨°.

‚ ¶¥·¢µ³ · §¤¥²¥ ¶µ± § ´µ, ÎÉµ ·¥²ÖÉ¨¢¨¸É¸±µ¥ ¤·µ¦ ´¨¥ Î ¸É¨Í,
¶µ¤Î¨´ÖÕÐ¨Ì¸Ö Ê· ¢´¥´¨Õ „¨· ± , Ö¢²Ö¥É¸Ö ´¥µÉÑ¥³²¥³Ò³ ¸¢µ°¸É¢µ³
É¥µ·¨¨ „¨· ± . � ¸¸³ É·¨¢ ¥É¸Ö ¶·¥¤²µ¦¥´´Ò° ”µ²¤¨ ¶µ¤Ìµ¤ ± µ¶¨¸ ´¨Õ
Ô²¥±É·µ³ £´¨É´µ° ¸É·Ê±ÉÊ·Ò ´¥°É·µ´  ¨ ¶µ²ÊÎ¥´´ Ö ¨³ Ëµ·³Ê² , ¸¢Ö§Ò¢ -
ÕÐ Ö ¨§³¥·Ö¥³ÊÕ ¢ µ¶ÒÉ¥ ¤²¨´Ê · ¸¸¥Ö´¨Ö ´¥°É·µ´  ´  Ô²¥±É·µ´¥ ane ¨

±¢ ¤· É ¢´ÊÉ·¥´´¥£µ § ·Ö¤µ¢µ£µ · ¤¨Ê¸  ´¥°É·µ´  〈 rE, in
2  〉N.

‚µ ¢Éµ·µ³ · §¤¥²¥ · ¸¸³ É·¨¢ ¥É¸Ö · ¸¸¥Ö´¨¥ Î ¸É¨Í, ¨³¥ÕÐ¨Ì ¢´ÊÉ-
·¥´´ÕÕ ¸É·Ê±ÉÊ·Ê, ¢¢µ¤¨É¸Ö ¶µ´ÖÉ¨¥ Ëµ·³Ë ±Éµ·µ¢ ¨ £µ¢µ·¨É¸Ö µ¡ ¨Ì
µ¸´µ¢´ÒÌ ¸¢µ°¸É¢ Ì, ¢±²ÕÎ Ö ´ £²Ö¤´ÊÕ ¨´É¥·¶·¥É Í¨Õ ¢ ¸¨¸É¥³¥ ±µ-
µ·¤¨´ É �·¥°É , ¸µ¢¶ ¤ ÕÐ¥° ¶·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ ¸ ¸¨¸É¥³µ° ±µµ·¤¨´ É

¶µ±µÖÐ¥£µ¸Ö ´Ê±²µ´ . � ¸¸³ É·¨¢ ¥É¸Ö É ±¦¥ ¢µ¶·µ¸ µ §´ ±¥ 〈 rE, in
2  〉N.

‚ É·¥ÉÓ¥³ · §¤¥²¥ ¶µ± § ´µ, ÎÉµ Ëµ·³Ê²Ê ”µ²¤¨ ³µ¦´µ ¶µ²ÊÎ¨ÉÓ É ±-
¦¥, ¶µ²Ó§ÊÖ¸Ó ¶µ´ÖÉ¨¥³ Ëµ·³Ë ±Éµ·µ¢ ¨ ¸ ±¸µ¢¸±¨³ µ¶·¥¤¥²¥´¨¥³ § ·Ö¤µ-
¢µ£µ Ëµ·³Ë ±Éµ·  ´Ê±²µ´ . ‘¤¥² ´ ¢Ò¢µ¤ µ Éµ³, ÎÉµ Ëµ·³Ê²  ”µ²¤¨ ¸¶· -
¢¥¤²¨¢  ¨ ¥Õ ³µ¦´µ ¶µ²Ó§µ¢ ÉÓ¸Ö ¶·¨ ¸· ¢´¥´¨¨ Ô±¸¶¥·¨³¥´É  ¸ É¥µ·¨¥°.

‚ Î¥É¢¥·Éµ³ · §¤¥²¥ µ¶¨¸ ´Ò  Ô±¸¶¥·¨³¥´É ²Ó´Ò¥  ³¥Éµ¤Ò ¨§ÊÎ¥´¨Ö ne-
¢§ ¨³µ¤¥°¸É¢¨Ö. � ¸¸³ É·¨¢ ¥É¸Ö ¨Ì ¨¸Éµ·¨Ö, ´ Î¨´ Ö ¸ ¶¥·¢µ°, É¥¶¥·Ó Ê¦¥
¤ ²¥±¨Ì 40-Ì ££. · ¡µÉÒ ”¥·³¨ ¨ Œ ·Ï ²². �¡· Ð ¥É¸Ö ¢´¨³ ´¨¥ ´  Éµ,
ÎÉµ Ê¦¥ ¢ ±µ´Í¥ 60-Ì ££. ¨§ ´¥°É·µ´´ÒÌ Ô±¸¶¥·¨³¥´Éµ¢ ¡Ò²µ ¨§¢¥¸É´µ ¤¢ 
§´ Î¥´¨Ö ¤²¨´Ò · ¸¸¥Ö´¨Ö ´¥°É·µ´  ´  Ô²¥±É·µ´¥. �¤´µ ¨§ ́ ¨Ì ¶·¨ ¨¸¶µ²Ó-

§µ¢ ´¨¨ Ëµ·³Ê²Ò ”µ²¤¨ ¤ ¥É ¶µ²µ¦¨É¥²Ó´Ò° §´ ± 〈 rE, in
2  〉N, ¤·Ê£µ¥ Å

µÉ·¨Í É¥²Ó´Ò°. �É³¥Î ¥É¸Ö, ÎÉµ §´ Î¥´¨¥ 〈 rE, in
2  〉N > 0 ´ Ìµ¤¨²µ¸Ó ¢
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¶·µÉ¨¢µ·¥Î¨¨ ¸ ¸ÊÐ¥¸É¢ÊÕÐ¥° ¨ ¶µ¶Ê²Ö·´µ° ¢ Éµ ¢·¥³Ö É¥µ·¥É¨Î¥¸±µ°
¸É É¨Î¥¸±µ° ³µ¤¥²ÓÕ ´¥°É·µ´ . „ ²¥¥ · ¸¸³ É·¨¢ ¥É¸Ö ¶·¥¤²µ¦¥´´Ò° ¢
‹�” �ˆŸˆ ³¥Éµ¤ ¨§³¥·¥´¨Ö ¢¥²¨Î¨´Ò ane ¸ ¶µ³µÐÓÕ ¤¨Ë· ±Í¨¨ ´¥°É·µ-

´µ¢ ´  ³µ´µ±·¨¸É ²²¥ ¢µ²ÓË· ³ -186. ˆ§³¥·Ö¥³Ò° ne-ÔËË¥±É ¢µ§· ¸É ¥É
¶·¨ ̈ ¸¶µ²Ó§µ¢ ´¨¨ ¶·¥¤²µ¦¥´´µ£µ ³¥Éµ¤  ¶·¨³¥·´µ ¢ 15 · §, ̈  ¢ ·¥§Ê²ÓÉ É¥

¶·µ¢¥¤¥´´ÒÌ ¢ ‹�” Ô±¸¶¥·¨³¥´Éµ¢ ¶µ²ÊÎ¥´µ §´ Î¥´¨¥ 〈 rE, in
2  〉N < 0. �¶¨¸Ò-

¢ ÕÉ¸Ö É· ´¸³¨¸¸¨µ´´Ò¥ Ô±¸¶¥·¨³¥´ÉÒ, ¶·µ¢¥¤¥´´Ò¥ £² ¢´Ò³ µ¡· §µ³ ¸
µ¡· §Íµ³ ¸¢¨´Í -208 £·Ê¶¶µ° Š¥¸É¥·  (ƒ ·Ì¨´£, ƒ¥·³ ´¨Ö) ¸µ¢³¥¸É´µ ¸
‹�”,  ¢¸É·¨°¸±µ- ³¥·¨± ´¸±µ° £·Ê¶¶µ° (‚¥´  Å �± �¨¤¦), Ë¨§¨± ³¨

‹�” ¢ „Ê¡´¥. �¥§Ê²ÓÉ ÉÒ ¶¥·¢ÒÌ ¤¢ÊÌ £·Ê¶¶ ¶·¨¢¥²¨ ± 〈 rE, in
2  〉N > 0, ¤Ê¡-

´¥´¸±¨¥ Ô±¸¶¥·¨³¥´ÉÒ £µ¢µ·ÖÉ µ Éµ³, ÎÉµ §´ Î¥´¨¥ 〈 rE, in
2  〉N < 0 ¢¸¥-É ±¨

¡µ²¥¥ ¶·¥¤¶µÎÉ¨É¥²Ó´µ. �·¨¢µ¤¨É¸Ö É ¡²¨Í  ·¥§Ê²ÓÉ Éµ¢ ¨§³¥·¥´¨° ane ¢

1947Å1997 £µ¤Ò.
‚ ¶ÖÉµ³ · §¤¥²¥ · ¸¸³ É·¨¢ ÕÉ¸Ö ¨¸ÉµÎ´¨±¨ ¢µ§³µ¦´ÒÌ ¸¨¸É¥-

³ É¨Î¥¸±¨Ì ¶µ£·¥Ï´µ¸É¥° ¢ µ¡¸Ê¦¤ ¥³ÒÌ ¢ÒÏ¥ Ô±¸¶¥·¨³¥´É Ì. �¤´¨³ ¨§
´¨Ì ³µ¦¥É ¡ÒÉÓ ¢²¨Ö´¨¥ · ¸¸¥Ö´¨Ö ´¥°É·µ´µ¢ ´  ³ ²Ò¥ Ê£²Ò ¢ É· ´¸-
³¨¸¸¨µ´´ÒÌ Ô±¸¶¥·¨³¥´É Ì ¶·¨ ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨ÖÌ ³¥¦¤Ê µ¡· §Íµ³ ¨
¤¥É¥±Éµ·µ³.

‚ Ï¥¸Éµ³ · §¤¥²¥ ¨¸¸²¥¤Ê¥É¸Ö ¢²¨Ö´¨¥ ³¥¦·¥§µ´ ´¸´µ° ¨´É¥·Ë¥·¥´Í¨¨
´  É· ´¸³¨¸¸¨µ´´Ò¥ Ô±¸¶¥·¨³¥´ÉÒ. �¡· Ð ¥É¸Ö ¢´¨³ ´¨¥ ´  Éµ, ÎÉµ ¢²¨Ö-
´¨¥³ ·¥§µ´ ´¸´µ£µ · ¸¸¥Ö´¨Ö ´  µ¶·¥¤¥²Ö¥³ÊÕ ¢¥²¨Î¨´Ê ane ³µ¦´µ ¶·¥´¥¡-

·¥ÎÓ ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ¢ Ô±¸¶¥·¨³¥´É Ì µ¡· §Í  208Pb ¨²¨ ¤·Ê£¨Ì Î¥É´µ-
Î¥É´ÒÌ Ö¤¥·. �µ± § ´µ, ÎÉµ ¢ ÔÉµ³ ¸²ÊÎ ¥ ·¥§Ê²ÓÉ ÉÒ £·Ê¶¶Ò Š¥¸É¥·  ¤µ²¦-

´Ò ¶·¨¢µ¤¨ÉÓ ± §´ Î¥´¨Õ 〈 rE, in
2  〉N < 0.

� ±µ´¥Í, ¢ ¸¥¤Ó³µ³ · §¤¥²¥ ¶·µ¢¥¤¥´µ ¸· ¢´¥´¨¥ ·¥§Ê²ÓÉ Éµ¢ Ô±¸-
¶¥·¨³¥´Éµ¢ ¸ É¥µ·¥É¨Î¥¸±¨³¨ ¶·¥¤¸± § ´¨Ö³¨ ̈  ¶µ± § ´µ, ÎÉµ ̧ µ¢·¥³¥´´Ò¥
É¥µ·¥É¨Î¥¸±¨¥ ¶·¥¤¸É ¢²¥´¨Ö µ ´Ê±²µ´¥ ¶·µÉ¨¢µ·¥Î É ·¥§Ê²ÓÉ É ³ ·Ö¤  Ô±¸-

¶¥·¨³¥´Éµ¢, ¢¥¤ÊÐ¨Ì ± ¶µ²µ¦¨É¥²Ó´µ³Ê §´ ±Ê 〈 rE, in
2  〉N.

1. ®ZITTERBEWEGUNG¯

�¥²ÖÉ¨¢¨¸É¸±¨° ÔËË¥±É ¤·µ¦ ´¨Ö (Zitterbewegung) ¤¨· ±µ¢¸±¨Ì Î ¸-
É¨Í, É.¥. Î ¸É¨Í ¸ ¶µ²ÊÍ¥²Ò³ ¸¶¨´µ³, ¨´ Î¥ ´ §Ò¢ ¥³ÒÌ Ë¥·³¨µ´ ³¨, ¸²¥-
¤Ê¥É ¨§ É¥µ·¨¨ „¨· ±  [1]. „¥°¸É¢¨É¥²Ó´µ, ¢ É¥µ·¨¨ ¶·µ¥±Í¨Ö ¸±µ·µ¸É¨,
´ ¶·¨³¥·, ¸¢µ¡µ¤´µ£µ ¨²¨ ´ Ìµ¤ÖÐ¥£µ¸Ö ¢ Ô²¥±É·µ³ £´¨É´µ³ ¶µ²¥ Ô²¥±É·µ-
´  ´  µ¸¨ ±µµ·¤¨´ É, ¢¸¥£¤  ¨³¥¥É ¸µ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö, · ¢´Ò¥ ¸±µ·µ¸É¨
¸¢¥É  ± c.
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Š § ²µ¸Ó ¡Ò, ¨§³¥·¥´¨¥ ¶·µ¥±Í¨° ¸±µ·µ¸É¨ Ô²¥±É·µ´  É ±¦¥ ¤µ²¦´µ
¶·¨¢µ¤¨ÉÓ ¢¸¥£¤  ± ·¥§Ê²ÓÉ ÉÊ ± c. �¤´ ±µ ´ ¡²Õ¤ ¥³Ò¥ ¢ µ¶ÒÉ¥ Ô²¥±É·µ´Ò
µ¡ÒÎ´µ ¨³¥ÕÉ ¸±µ·µ¸É¨ ³¥´ÓÏ¥ ¸±µ·µ¸É¨ ¸¢¥É , ¨ ³µ¦¥É ¶µ± § ÉÓ¸Ö, ÎÉµ
³Ò ¨³¥¥³ ¶·µÉ¨¢µ·¥Î¨¥ É¥µ·¨¨ ¸ Ô±¸¶¥·¨³¥´Éµ³. ‚ ¤¥°¸É¢¨É¥²Ó´µ¸É¨ É¥µ-
·¥É¨Î¥¸± Ö ¸±µ·µ¸ÉÓ ¥¸ÉÓ ¸±µ·µ¸ÉÓ ¢ µ¶·¥¤¥²¥´´Ò° ³µ³¥´É ¢·¥³¥´¨, ́  ¡²Õ-
¤ ¥³Ò¥ ¦¥ ¸±µ·µ¸É¨ ¢¸¥£¤  Ö¢²ÖÕÉ¸Ö ¸·¥¤´¨³¨ ¸±µ·µ¸ÉÖ³¨ ¶µ ´¥±µÉµ·µ³Ê
±µ´¥Î´µ³Ê ¨´É¥·¢ ²Ê ¢·¥³¥´¨.

„ ²Ó´¥°Ï¥¥ É¥µ·¥É¨Î¥¸±µ¥ · ¸¸³µÉ·¥´¨¥ ¶µ± §Ò¢ ¥É, ÎÉµ ¶·µ¥±Í¨Ö

¸±µ·µ¸É¨ ´  µ¸Ó ±µµ·¤¨´ É ¸µ¸Éµ¨É ¨§ ¤¢ÊÌ Î ¸É¥°: ¶µ¸ÉµÖ´´µ° c2p1H
−1 ¨

µ¸Í¨²²¨·ÊÕÐ¥° 16 2ichα1
0 exp (−2iHt6 h), Î ¸ÉµÉ  ±µÉµ·µ° · ¢´  ω =

= 2H 6 h ≥ 2mc2 6 h. ‚ ¶·¨¢¥¤¥´´ÒÌ ¸µµÉ´µÏ¥´¨ÖÌ H Å ·¥²ÖÉ¨¢¨¸É¸±¨° µ¶¥-

· Éµ· ƒ ³¨²ÓÉµ´ , p1 Å ¨³¶Ê²Ó¸ Î ¸É¨ÍÒ,   α1
0 µ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³

α1 = α1
0 exp (−2iHt6 h), £¤¥ αm Å ³ É·¨ÍÒ „¨· ± . �µ¸ÉµÖ´´ Ö Î ¸ÉÓ ¸µµÉ-

¢¥É¸É¢Ê¥É ´ ¡²Õ¤ ¥³µ° ´  µ¶ÒÉ¥ ¸±µ·µ¸É¨ Î ¸É¨ÍÒ v, ¢ Éµ ¢·¥³Ö ± ±

µ¸Í¨²²¨·ÊÕÐ Ö ̧  Î ¸ÉµÉµ° ¶µ·Ö¤±  2mc2 6 h ̧ ±µ·µ¸ÉÓ ́ ¥ ³µ¦¥É ́  ¡²Õ¤ ÉÓ¸Ö
¢ ¶·Ö³µ³ µ¶ÒÉ¥, ¶µ¸±µ²Ó±Ê ¨§³¥·¥´¨¥ ¤ ¥É ¸·¥¤´ÕÕ ¸±µ·µ¸ÉÓ §  ¨´É¥·¢ ²
¢·¥³¥´¨, §´ Î¨É¥²Ó´µ ¶·¥¢ÒÏ ÕÐ¨° ¶¥·¨µ¤ ±µ²¥¡ ´¨° 2π 6 ω =
= πh6 (mc2) = 4⋅10−21 c. ˆ³¥´´µ µ¸Í¨²²¨·ÊÕÐ Ö Î ¸ÉÓ ¨ ¶·¨¢µ¤¨É ± Éµ³Ê,
ÎÉµ ³£´µ¢¥´´ Ö É¥µ·¥É¨Î¥¸± Ö ¸±µ·µ¸ÉÓ µ± §Ò¢ ¥É¸Ö · ¢´µ° ± c.

„·µ¦ ´¨¥ ÉµÎ¥Î´µ° ¤¨· ±µ¢¸±µ° Î ¸É¨ÍÒ, ¨³¥ÕÐ¥° Ô²¥±É·¨Î¥¸±¨° § -
·Ö¤ e (´ ¶·¨³¥·, Ô²¥±É·µ´ ), ¢ ¶·¨¸ÊÉ¸É¢¨¨ ¢´¥Ï´¥£µ ³ £´¨É´µ£µ ¶µ²Ö ¢Ò-
§Ò¢ ¥É É ±µ¥ ¶µ¢¥¤¥´¨¥ Î ¸É¨ÍÒ, ± ± ¥¸²¨ ¡Ò µ´  ¨³¥²  ´µ·³ ²Ó´Ò°
³ £´¨É´Ò° ³µ³¥´É eh6 (2mc) (¢ ¸²ÊÎ ¥ ¤¨· ±µ¢¸±µ£µ Ô²¥±É·µ´  · ¢´Ò°
µ¤´µ³Ê ³ £´¥Éµ´Ê �µ· ). ’ ±µ° ³µ³¥´É ¢µ§´¨± ¥É ¨§ Î¨¸Éµ ÉµÎ¥Î´µ£µ Ì -
· ±É¥·  § ·Ö¤  e ¨ Ö¢²¥´¨Ö ¥£µ ¤·µ¦ ´¨Ö ¢ µ¡² ¸É¨ ¶µ·Ö¤± 

h6 (mc) ≈ 4⋅10−11 ̧ ³.

„·Ê£¨³ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ Ö¢²¥´¨¥³, ¸¢Ö§ ´´Ò³ ¸ ¤·µ¦ ´¨¥³ ÉµÎ¥Î´µ-
£µ § ·Ö¤  e Ô²¥±É·µ´ , Ö¢²Ö¥É¸Ö, ´ ¶·¨³¥·, ¸³¥Ð¥´¨¥ Ô´¥·£¥É¨Î¥¸±¨Ì Ê·µ¢-
´¥° s-Ô²¥±É·µ´  ¢  Éµ³¥ ¢µ¤µ·µ¤ . „¢¨¦¥´¨¥ ÉµÎ¥Î´µ£µ § ·Ö¤  ¶·µ¨¸Ìµ¤¨É
¶µ¤µ¡´µ ¤¢¨¦¥´¨Õ § ·Ö¤ , · ¸¶·¥¤¥²¥´´µ³Ê ¶µ ±µ´¥Î´µ³Ê µ¡Ñ¥³Ê. ‚
É¥µ·¨¨ „¨· ±  ÔÉµÉ ÔËË¥±É µ¶¨¸Ò¢ ¥É¸Ö Î²¥´µ³, ¶·¥¤²µ¦¥´´Ò³ „ ·¢¨´µ³
¥Ð¥ ¢ 1928 £µ¤Ê.

‘²¥¤Ê¥É § ³¥É¨ÉÓ, ÎÉµ ¢ ´¥¤ ¢´µ µ¶Ê¡²¨±µ¢ ´´µ° · ¡µÉ¥ [2] ¥Ð¥ · §
¶µ¤Î¥·±´ÊÉµ, ÎÉµ ®Zitterbewegung¯ Å ´¥µÉÑ¥³²¥³µ¥ ¸¢µ°¸É¢µ É¥µ·¨¨
„¨· ± .

Œ¥¦¤Ê ´¥°É·µ´µ³ ¨ Ô²¥±É·µ´µ³ ³µ¦¥É ¸ÊÐ¥¸É¢µ¢ ÉÓ ¨´É¥·¥¸´Ò° ¢¨¤
¢§ ¨³µ¤¥°¸É¢¨Ö. �´ ¢µ§´¨± ¥É ± ± ¸²¥¤¸É¢¨¥ ³¥§µ´´µ° É¥µ·¨¨ Ö¤¥·´ÒÌ ¸¨².

ˆ§-§  ¢¨·ÉÊ ²Ó´µ° ¤¨¸¸µÍ¨ Í¨¨ ´¥°É·µ´  ´  ¶·µÉµ´ ¨ π−-³¥§µ´ ´¥°É·µ´
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µ±·Ê¦¥´ ³¥§µ´´µ° ®ÏÊ¡µ°¯ · §³¥·µ³ ¶µ·Ö¤±  h 6 (mπc), ¨ ¢ ´¥¶µ¸·¥¤¸É¢¥´-

´µ° ¡²¨§µ¸É¨ µÉ ´¥°É·µ´  ³µ¦¥É ¶·¨¸ÊÉ¸É¢µ¢ ÉÓ Ô²¥±É·¨Î¥¸±µ¥ ¶µ²¥. �·¨
¤µ¸É ÉµÎ´µ ̧ ¨²Ó´µ³ ̧ ¡²¨¦¥´¨¨ ́ ¥°É·µ´  ̧  Ô²¥±É·µ´µ³ ³¥¦¤Ê ́ ¨³¨ ¤µ²¦´Ò
¢µ§´¨± ÉÓ Ô²¥±É·µ¸É É¨Î¥¸±¨¥ ¸¨²Ò ¢§ ¨³µ¤¥°¸É¢¨Ö. �É¨ ¸¨²Ò ¡Ê¤ÊÉ ¢²¨ÖÉÓ
´  ¤²¨´Ê · ¸¸¥Ö´¨Ö ´¥°É·µ´  ´  Ô²¥±É·µ´¥ ane.

’ ±¨³ µ¡· §µ³, ¥¸²¨ Î ¸É¨Í  ¨³¥¥É ¢´ÊÉ·¥´´ÕÕ Ô²¥±É·µ³ £´¨É´ÊÕ
¸É·Ê±ÉÊ·Ê, Éµ ¨§³¥·Ö¥³Ò¥ ´  µ¶ÒÉ¥ § ·Ö¤ ¨ ¶²µÉ´µ¸ÉÓ · ¸¶·¥¤¥²¥´¨Ö Éµ± 
¡Ê¤ÊÉ ¸µ¸ÉµÖÉÓ ± ± ¨§ ÔÉµ° ¢´ÊÉ·¥´´¥° Î ¸É¨, É ± ¨ ¨§ ¤µ¶µ²´¨É¥²Ó´µ£µ
¢±² ¤ , ¸¢Ö§ ´´µ£µ ¸ ¤·µ¦ ´¨¥³. �µ¸±µ²Ó±Ê ´ ¨¡µ²ÓÏ¨° ¨´É¥·¥¸ ¶·¥¤¸É ¢-
²Ö¥É ̧ µ¡µ° ̈ ³¥´´µ ¶¥·¢ Ö Î ¸ÉÓ, Éµ ́ ¥µ¡Ìµ¤¨³µ Ê³¥ÉÓ · §¤¥²¨ÉÓ ÔÉ¨ ¢±² ¤Ò.

�µ²¥¥ Î¥³ 45 ²¥É Éµ³Ê ´ § ¤ ”¥Ï¡ Ìµ³ ¡Ò²µ ¶µ± § ´µ [3], ÎÉµ ¶·¨
· ¸¸¥Ö´¨¨ Ö¤· ³¨ Ô²¥±É·µ´µ¢ ¸ Ô´¥·£¨¥° ¶µ·Ö¤±  ´¥¸±µ²Ó±¨Ì ¤¥¸ÖÉ±µ¢ ³¥-
£ Ô²¥±É·µ´¢µ²ÓÉ (ÉµÎ´¥¥, ¶·¨ qR << 1, £¤¥ q = 2k sin θ6 2 Å ¢µ²´µ¢µ¥ Î¨¸²µ
µÉ¤ Î¨,   R Å · ¤¨Ê¸ Ö¤· ) ¥¤¨´¸É¢¥´´Ò³ ¨§³¥·¨³Ò³ ¶ · ³¥É·µ³, Ê± §Ò¢ -
ÕÐ¨³ ´  · §³¥· Ö¤· , Ö¢²Ö¥É¸Ö ¸·¥¤´¥±¢ ¤· É¨Î¥¸±¨° · ¤¨Ê¸ Ö¤· .

‚ ¸²ÊÎ ¥ · ¸¸¥Ö´¨Ö µÎ¥´Ó ³¥¤²¥´´ÒÌ ´¥°É·µ´µ¢ ´   Éµ³ Ì ¶µ¤µ¡´ Ö
§ ¤ Î  ¡Ò²  ·¥Ï¥´  ¢¶¥·¢Ò¥, ¢¨¤¨³µ, ”·¨¤µ³ [4] ¨ ¡µ²¥¥ ¶µ¤·µ¡´µ ”µ²¤¨
[5] ¢ 50-Ì £µ¤ Ì. ”µ²¤¨ ¶µ± § ², ÎÉµ ¨§³¥·Ö¥³µ¥ ´  µ¶ÒÉ¥ ¢§ ¨³µ¤¥°¸É¢¨¥
³¥¦¤Ê ´¥°É·µ´µ³ ¨ Ô²¥±É·µ´µ³, ¢ Î ¸É´µ¸É¨, ¤²¨´  · ¸¸¥Ö´¨Ö ´¥°É·µ´  ´ 
Ô²¥±É·µ´¥, ̧ µ¸Éµ¨É ̈ § ¤¢ÊÌ Î ¸É¥°: ³ £´¨É´µ£µ Î²¥´ , ̧ µ¤¥·¦ Ð¥£µ  ´µ³ ²Ó-
´Ò° ³ £´¨É´Ò° ³µ³¥´É ´¥°É·µ´  (ÔÉµÉ Î²¥´ ³µ¦¥É ¡ÒÉÓ É¥µ·¥É¨Î¥¸±¨
· ¸¸Î¨É ´ ´  µ¸´µ¢¥ Ö¢²¥´¨Ö ¤·µ¦ ´¨Ö), ¨ ¢´ÊÉ·¥´´¥£µ Î²¥´ , ¢µ§´¨± ÕÐ¥-
£µ ¢¸²¥¤¸É¢¨¥ ¶·µ¸É· ´¸É¢¥´´µ£µ · ¸¶·¥¤¥²¥´¨Ö Ô²¥±É·¨Î¥¸±µ£µ § ·Ö¤  ́ ¥°-
É·µ´ , µ¡Ê¸²µ¢²¥´´µ£µ ¢¨·ÉÊ ²Ó´µ° ¤¨¸¸µÍ¨ Í¨¥° ´¥°É·µ´  ´  ¶·µÉµ´ ¨

π−-³¥§µ´.

‡ ¤ Î  · ¸¸¥Ö´¨Ö ´¥°É·µ´  ´  ¸² ¡µ³, ³¥¤²¥´´µ ³¥´ÖÕÐ¥³¸Ö Î¨¸Éµ
Ô²¥±É·µ¸É É¨Î¥¸±µ³ ¶µÉ¥´Í¨ ²¥ ϕ(r) ¡Ò²  ·¥Ï¥´  ”µ²¤¨ ´  µ¸´µ¢¥ ¸²¥¤ÊÕ-
Ð¥£µ µ¡µ¡Ð¥´´µ£µ Ê· ¢´¥´¨Ö „¨· ± :

γµ 



 
∂Ψ
∂xµ

 

 + 

Mc
h

 Ψ − 
1
hc

  ∑ 
m = 0

∞

 






 εm γµ tu

 mAµ + 
1
2
 µm γµ γν tu

 m 






 
∂Aµ
∂xν

 − 
∂Aν
∂xµ

 






 






 = 0,

(1)
£¤¥ Ô²¥±É·µ³ £´¨É´µ¥ ¶µ²¥ µ¶¨¸Ò¢ ¥É¸Ö Î¥ÉÒ·¥Ì³¥·´Ò³ ¢¥±Éµ·-¶µÉ¥´Í¨ -
²µ³ Aµ(x) ≡ A((r,t); iϕ(r,t)), x ≡ (r,it), γµν Å ³ É·¨ÍÒ „¨· ± , tu =

= 4 − 1 6 (c2)∂2 6 ∂t 2 Å µ¶¥· Éµ· „ ² ³¡¥· , ¨ ±µÔËË¨Í¨¥´ÉÒ εm ¨ µm Ì -

· ±É¥·¨§ÊÕÉ ¢´ÊÉ·¥´´ÕÕ Ô²¥±É·µ³ £´¨É´ÊÕ ¸É·Ê±ÉÊ·Ê ´¥°É·µ´ . ‚ Î ¸É-
´µ¸É¨, ε

0
 Å ¶µ²´Ò° Ô²¥±É·¨Î¥¸±¨° § ·Ö¤ ´¥°É·µ´  ¨ µ

0
 Å ¥£µ  ´µ³ ²Ó-

´Ò° ³ £´¨É´Ò° ³µ³¥´É. „·Ê£¨¥ Î²¥´Ò (m = 1,2,3...) µ¶¨¸Ò¢ ÕÉ ¡µ²¥¥ ¢Ò-
¸µ±¨¥ · ¤¨ ²Ó´Ò¥ ³µ³¥´ÉÒ · ¸¶·¥¤¥²¥´¨Ö ¢´ÊÉ·¥´´¥£µ Ô²¥±É·¨Î¥¸±µ£µ
§ ·Ö¤  Î ¸É¨ÍÒ.
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�·¨ m = 0 Ê· ¢´¥´¨¥ (1) ¸¢µ¤¨É¸Ö ± Ê· ¢´¥´¨Õ „¨· ±  ¸ Ô²¥±É·µ-
³ £´¨É´Ò³¨ ¶µÉ¥´Í¨ ² ³¨, ¶µ¸²¥¤´¨¥ ¤¢  Î²¥´  ±µÉµ·µ£µ ¨³¥ÕÉ ¢¨¤

−µneh 6 (2Mc)(σH) − i µneh 6 (2Mc)((αH). (2)

�¥·¢Ò° Î²¥´, ¸µ¤¥·¦ Ð¨° H, ¶·¥¤¸É ¢²Ö¥É ̧ µ¡µ° Ô´¥·£¨Õ ¢§ ¨³µ¤¥°¸É¢¨Ö
³ £´¨É´µ£µ ³µ³¥´É  ´¥°É·µ´  µneh6 (2Mc) ¸ ³ £´¨É´Ò³ ¶µ²¥³ H ¨ µ¶¨¸Ò-

¢ ¥É ³ £´¨É´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥. ‚Éµ·µ° Î²¥´, ´ §Ò¢ ¥³Ò° ¢§ ¨³µ-
¤¥°¸É¢¨¥³ ”µ²¤¨, ¶µÖ¢²Ö¥É¸Ö ¢¸²¥¤¸É¢¨¥ ¤·µ¦ ´¨Ö ´¥°É·µ´ , ¨³¥ÕÐ¥£µ
³ £´¨É´Ò° ³µ³¥´É µneh6 (2Mc).

‚ ¶¥·¢µ³ ¡µ·´µ¢¸±µ³ ¶·¨¡²¨¦¥´¨¨ ¨§ Ê· ¢´¥´¨Ö (1) ³µ¦´µ ¢ÒÎ¨¸²¨ÉÓ
¤²¨´Ê · ¸¸¥Ö´¨Ö ´¥°É·µ´  ´  Ô²¥±É·µ´¥. �·¨ ³ ²ÒÌ ¶¥·¥¤ ´´ÒÌ ³µ³¥´É Ì
²¨ÏÓ Î²¥´Ò c m = 0 ¨ m = 1 ¢ ¦´Ò, ¨ ¢ ¶¥·¢µ³ ¡µ·´µ¢¸±µ³ ¶·¨¡²¨¦¥´¨¨
 ³¶²¨ÉÊ¤Ò ne-· ¸¸¥Ö´¨Ö, µ¶·¥¤¥²Ö¥³Ò¥ ¨§ Ê· ¢´¥´¨Ö (1), ¨³¥ÕÉ ¢¨¤

f
0
(k) = − 

Mε
0

2πh2
  ∫ exp (−i kr) φ (r) dr, (3)

f
1
(k) = − 

M

2πh2
 



 ε

1
 + 

h
2Mc

 µ
0
 + 

1
2
 

 

h
2Mc

 


2

ε
0
 



 exp (−i kr)∇2ϕ(r)dr. (4)

�µ¸±µ²Ó±Ê ¤²Ö ´¥°É·µ´  ε0 = 0 ¨ µ0 = µneh 6 (2Mc), Éµ ¶·¨ k → 0 ¤²¨´ 

· ¸¸¥Ö´¨Ö ´¥°É·µ´  ´  Ô²¥±É·µ´¥ ¡Ê¤¥É ¨³¥ÉÓ ¢¨¤

ane = 2Me6 (h2)[ε
1
 + µne(h6 (2Mc))2]. (5)

‚ ÔÉµ³ ¸µµÉ´µÏ¥´¨¨ ε
1
 µ¶¨¸Ò¢ ¥É · ¤¨ ²Ó´ÊÕ ¶·µÉÖ¦¥´´µ¸ÉÓ · ¸¶·¥¤¥-

²¥´¨Ö ¢´ÊÉ·¥´´¥£µ Ô²¥±É·¨Î¥¸±µ£µ § ·Ö¤  ¢ ´¥°É·µ´¥. —²¥´ ¸ µn ¶·¥¤¸É ¢-

²Ö¥É ¸µ¡µ° ¢±² ¤ ”µ²¤¨, ¶µÖ¢²ÖÕÐ¨°¸Ö ¢¸²¥¤¸É¢¨¥ ¤·µ¦ ´¨Ö Î ¸É¨ÍÒ ¸
 ´µ³ ²Ó´Ò³ ³ £´¨É´Ò³ ³µ³¥´Éµ³ µn.

‡ ³¥É¨³, ÎÉµ ‚ °¸±µ¶Ë ¶·¥¤²µ¦¨² ¤µ¢µ²Ó´µ ¨§ÖÐ´Ò° ¢Ò¢µ¤ Ëµ·³Ê²Ò
(5), ÊÎ¨ÉÒ¢ ÕÐ¥°  ´µ³ ²Ó´Ò° ³ £´¨É´Ò° ³µ³¥´É ´¥°É·µ´  (¸³., ´ ¶·¨³¥·,
[6]). ’· ¥±Éµ·¨Ö ·¥²ÖÉ¨¢¨¸É¸±¨-¤·µ¦ Ð¥£µ ¤¢¨¦ÊÐ¥£µ¸Ö ´¥°É·µ´  ¶·¥¤-
¸É ¢²Ö¥É ¸µ¡µ° ¸¶¨· ²Ó, · ¤¨Ê¸ ±µÉµ·µ° µ± §Ò¢ ¥É¸Ö ¶µ ¶µ·Ö¤±Ê ¢¥²¨Î¨´Ò
· ¢´Ò³ ±µ³¶Éµ´µ¢¸±µ° ¤²¨´¥ ¢µ²´Ò ´¥°É·µ´  R ' h 6 (Mc). �¥°É·µ´
¤¢¨¦¥É¸Ö ¸µ ¸±µ·µ¸ÉÓÕ ¸¢¥É  ¶µ ÔÉµ° ¸¶¨· ²¨. �·¨ ÔÉµ³ Ï £ ¸¶¨· ²¨ µ± -
§Ò¢ ¥É¸Ö É ±¨³, ÎÉµ ¶µ¸ÉÊ¶ É¥²Ó´µ¥ ¤¢¨¦¥´¨¥ ´¥°É·µ´  Ì · ±É¥·¨§Ê¥É¸Ö
¸±µ·µ¸ÉÓÕ v, ´ ¡²Õ¤ ¥³µ° ´  µ¶ÒÉ¥. …¸²¨ ´¥°É·µ´ ´ Ìµ¤¨É¸Ö ´  · ¸¸Éµ-
Ö´¨¨ ¶µ·Ö¤±  R µÉ Ô²¥±É·µ´  (É.¥. µÉ ÉµÎ¥Î´µ£µ § ·Ö¤ ), Éµ ¨³¥¥É ³¥¸Éµ
³ £´¨É´µ¥ ¸¶¨´-µ·¡¨É ²Ó´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ Ô²¥±É·µ´´µ£µ Éµ±  ¸ ³ £´¨É-
´Ò³ ³µ³¥´Éµ³ ´¥°É·µ´ . �Éµ ¨ ¥¸ÉÓ ¢§ ¨³µ¤¥°¸É¢¨¥ ”µ²¤¨, ¢±² ¤ ±µÉµ·µ£µ
¢ ¤²¨´Ê · ¸¸¥Ö´¨Ö µÉ· ¦ ¥É ¢Éµ·µ° Î²¥´ ¸µµÉ´µÏ¥´¨Ö (5).
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�·µ¢¥¤¥´´Ò° ”µ²¤¨  ´ ²¨§ ´µ¸¨É, ±µ´¥Î´µ, Ë¥´µ³¥´µ²µ£¨Î¥¸±¨° Ì -
· ±É¥·. ‚¥²¨Î¨´Ò ε ¨ µ ¢¢µ¤ÖÉ¸Ö ± ± ´¥±µÉµ·Ò¥ ±µÔËË¨Í¨¥´ÉÒ, µ §´ -
Î¥´¨ÖÌ ±µÉµ·ÒÌ ³µ¦´µ ¸Ê¤¨ÉÓ ²¨ÏÓ ¶µ ·¥§Ê²ÓÉ É ³ Ô±¸¶¥·¨³¥´É .

…¸²¨ e Å § ·Ö¤ Î ¸É¨ÍÒ, Éµ ³µ¦´µ ¢¢¥¸É¨ · §²¨Î´Ò¥ ³µ³¥´ÉÒ · ¸¶·¥-
¤¥²¥´¨Ö ÔÉµ£µ § ·Ö¤ :

χn = ∫ r2nρ(r)dV = 4π ∫ r2n+2ρ(r)dr, (6)

£¤¥ ρ(r) Å ¸Ë¥·¨Î¥¸±¨-¸¨³³¥É·¨Î´ Ö ¶²µÉ´µ¸ÉÓ § ·Ö¤  (¢ ¸²ÊÎ ¥ · ¢´µ-

³¥·´µ · §³ § ´´µ£µ § ·Ö¤  ρ = e6 (46 3πR3) = const, £¤¥ R Å · ¤¨Ê¸

Î ¸É¨ÍÒ), dV = 4πr2dr Å Ô²¥³¥´É µ¡Ñ¥³ .

�µ²´Ò° § ·Ö¤ ¸¨¸É¥³Ò (n = 0) e = ∫ ρ(r)dV = 4π ∫ r2ρ(r)dr (¢ ¸²ÊÎ ¥ ´¥°-

É·µ´  e = 0). ‚ · ¡µÉ¥ ”µ²¤¨ ε1 ¶·µ¶µ·Í¨µ´ ²¥´ ¢Éµ·µ³Ê · ¤¨ ²Ó´µ³Ê ³µ-

³¥´ÉÊ (n = 1) · ¸¶·¥¤¥²¥´¨Ö ¢´ÊÉ·¥´´¥£µ Ô²¥±É·¨Î¥¸±µ£µ § ·Ö¤  ¨²¨ ¸·¥¤´¥-

±¢ ¤· É¨Î¥¸±µ³Ê ¢´ÊÉ·¥´´¥³Ê § ·Ö¤µ¢µ³Ê · ¤¨Ê¸Ê 〈 rE,in
2  〉:

ε
1
 ~ 16 6 ∫ r2ρ

in
(r)dV = e6 6 〈 rE,in

2  〉, (7)

£¤¥ ρ
in

(r) Å ¶²µÉ´µ¸ÉÓ ¢´ÊÉ·¥´´¥£µ Ô²¥±É·¨Î¥¸±µ£µ § ·Ö¤ . Š ± ¶¨Ï¥É

”µ²¤¨, ¶µ¸²¥ ε
1
 ¢ (7) ¸Éµ¨É ®...§´ ± ¶·µ¶µ·Í¨µ´ ²Ó´µ¸É¨,   ´¥ §´ ± · ¢¥´-

¸É¢ , É.±. ¸ÊÐ¥¸É¢Ê¥É ´¥±µÉµ· Ö ´¥µ¤´µ§´ Î´µ¸ÉÓ ¢ ¸¢Ö′ §¨ ·¥²ÖÉ¨¢¨¸Éc±¨Ì
±µÔËË¨Í¨¥´Éµ¢ ¸ Ë¨§¨Î¥¸±¨ ¶·µÉÖ¦¥´´Ò³ ¸É É¨Î¥¸±¨³ · ¸¶·¥¤¥²¥´¨¥³
§ ·Ö¤ . “± § ´´µ¥ µ¡µ§´ Î¥´¨¥, ¶µ-¢¨¤¨³µ³Ê, ´ ¨¡µ²¥¥ Í¥²¥¸µµ¡· §´µ¯.

�·¨´¨³ Ö (7) ¸µ §´ ±µ³ · ¢¥´¸É¢ , ¨§ (5) ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¤²Ö ´¥°É·µ´ 

〈 rE,in
2  〉N = 3h26 (Me2)(ane − aF), (8)

£¤¥ aF = µne
2 6 (2Mc2) = −1,468⋅10−3 Ë³ Å ¤²¨´  · ¸¸¥Ö´¨Ö, ¸µµÉ¢¥É¸É¢ÊÕ-

Ð Ö ¢§ ¨³µ¤¥°¸É¢¨Õ ”µ²¤¨. ‘µµÉ´µÏ¥´¨¥ (8) ³µ¦´µ ¶µ²ÊÎ¨ÉÓ É ±¦¥ ´¥-
¸±µ²Ó±µ ¨´Ò³ ¸¶µ¸µ¡µ³, ´¥ ¶·¨¡¥£ Ö ± (7),   ¶µ²Ó§ÊÖ¸Ó ¶µ´ÖÉ¨¥³ Ëµ·³-
Ë ±Éµ·µ¢.

2. ”��Œ”�Š’��›

ˆ§¢¥¸É´µ, ÎÉµ ¶µ¤ ¸É·Ê±ÉÊ·µ° µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö  Éµ³  µ¡ÒÎ´µ
¶µ´¨³ ÕÉ ¶·µ¸É· ´¸É¢¥´´µ¥ · ¸¶·¥¤¥²¥´¨¥ ¢ ´¥³ Ô²¥±É·µ´µ¢, ¨ µ¶¨¸Ò¢ ¥É-
¸Ö µ´µ ¢µ²´µ¢µ° ËÊ´±Í¨¥° µ¸´µ¢´µ£µ ̧ µ¸ÉµÖ´¨Ö. �²µÉ´µ¸ÉÓ Ô²¥±É·¨Î¥¸±µ£µ
§ ·Ö¤  ¢ µ¸´µ¢´µ³ ¸µ¸ÉµÖ´¨¨, ´ ¶·¨³¥·,  Éµ³  ¢µ¤µ·µ¤  ¢ ÉµÎ±¥ x, · ¢´ 
e ρ(x), £¤¥ ρ(x) Å ¶²µÉ´µ¸ÉÓ ¢¥·µÖÉ´µ¸É¨ ´ °É¨ Ô²¥±É·µ´ ¢ ÉµÎ±¥ x.
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„²Ö Ö¤¥· · ¸¶·¥¤¥²¥´¨¥ Ô²¥±É·¨Î¥¸±µ£µ § ·Ö¤  Ê¦¥ ´¥ ¡Ê¤¥É ¨¤¥´É¨Î´µ
· ¸¶·¥¤¥²¥´¨Õ ³ ¸¸Ò Ö¤· . „²Ö µÉ¤¥²Ó´µ ¢§ÖÉµ£µ ´Ê±²µ´ , ±·µ³¥ Éµ£µ,
¢µ§´¨± ¥É ¤µ¶µ²´¨É¥²Ó´ Ö É·Ê¤´µ¸ÉÓ: ¶·¨ · ¸¸¥Ö´¨¨ ´  ´¥³ ± ±µ°-²¨¡µ
Î ¸É¨ÍÒ ´Ê±²µ´ ¨¸¶ÒÉÒ¢ ¥É ¸¨²Ó´ÊÕ µÉ¤ ÎÊ ¨ ¢ÒÎ¨¸²ÖÉÓ · ¸¶·¥¤¥²¥´¨¥
Ô²¥±É·¨Î¥¸±µ£µ § ·Ö¤  ¢ ´¥³ ¨§ µ¶ÒÉµ¢ ¶µ · ¸¸¥Ö´¨Õ ¶· ±É¨Î¥¸±¨ ´¥¢µ§-
³µ¦´µ. �µÔÉµ³Ê ̧ É·Ê±ÉÊ·Ê ´Ê±²µ´ ,   É ±¦¥ ̈  Ö¤¥·, µ¶¨¸Ò¢ ÕÉ ¶·¨ ¶µ³µÐ¨
Ëµ·³Ë ±Éµ·µ¢.

…¸²¨ ¶ ¤ ÕÐ Ö Î ¸É¨Í  ¸ § ·Ö¤µ³ ze ¨ ±¨´¥É¨Î¥¸±µ° Ô´¥·£¨¥° E ¨
Î ¸É¨Í -³¨Ï¥´Ó ¸ § ·Ö¤µ³ Ze ¡¥¸¸¶¨´µ¢Ò¥ ¨ ´¥ µ¡² ¤ ÕÉ ¸É·Ê±ÉÊ·µ° (É.¥.
ÉµÎ¥Î´Ò¥),   Î ¸É¨Í -³¨Ï¥´Ó ´¥ ¨¸¶ÒÉÒ¢ ¥É µÉ¤ Î¨, Éµ ¢ ¡µ·´µ¢¸±µ³
¶·¨¡²¨¦¥´¨¨, ±µ£¤  ¶·¥¤¶µ² £ ¥É¸Ö, ÎÉµ ¶ ¤ ÕÐÊÕ ¨ · ¸¸¥Ö´´ÊÕ Î ¸É¨ÍÒ

³µ¦´µ µ¶¨¸ ÉÓ ¶²µ¸±¨³¨ ¢µ²´ ³¨ (¶·¨ Zze2 6 (hc) ≤ 1), ¸¶· ¢¥¤²¨¢  ´¥·¥-
²ÖÉ¨¢¨¸É¸± Ö Ëµ·³Ê²  �¥§¥·Ëµ·¤  ¤²Ö ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ÔËË¥±É¨¢´µ£µ
¸¥Î¥´¨Ö · ¸¸¥Ö´¨Ö:

(dσ6 dΩ)
Ruth

 = z2Z 2e4 6 (16E 2sin4θ6 2). (9)

…¸²¨ Î ¸É¨Í -³¨Ï¥´Ó ´¥ Ö¢²Ö¥É¸Ö ÉµÎ¥Î´µ°,   ¨³¥¥É ¶·µ¸É· ´¸É¢¥´´µ¥
¸Ë¥·¨Î¥¸±¨-¸¨³³¥É·¨Î´µ¥ · ¸¶·¥¤¥²¥´¨¥ ¶²µÉ´µ¸É¨, Éµ ³µ¦´µ ¶µ± § ÉÓ,
ÎÉµ Ëµ·³Ê²  ¤²Ö ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ÔËË¥±É¨¢´µ£µ ¸¥Î¥´¨Ö · ¸¸¥Ö´¨Ö ¡Ê-
¤¥É ¨³¥ÉÓ ¢¨¤ [7]:

(dσ6 dΩ) = (dσ6 dΩ)
Ruth

 F(q2)2, (10)

£¤¥ F(q2) ´ §Ò¢ ¥É¸Ö Ëµ·³Ë ±Éµ·µ³,   q2 Å ±¢ ¤· É ¶¥·¥¤ ´´µ£µ Î¥ÉÒ·¥Ì-

³¥·´µ£µ ¨³¶Ê²Ó¸ : q2 = (pf − pi)
2 = (pfe − pie)

2, £¤¥ pi, pf, pie, pfeÅ ´ Î ²Ó´Ò¥

¨ ±µ´¥Î´Ò¥ Î¥ÉÒ·¥Ì³¥·´Ò¥ ¨³¶Ê²Ó¸Ò ¶·µÉµ´  ¨ Ô²¥±É·µ´ . �·µ¸É· ´¸É-
¢¥´´Ò¥ ±µ³¶µ´¥´ÉÒ Î¥ÉÒ·¥Ì³¥·´µ£µ ¨³¶Ê²Ó¸  ¸µ¢¶ ¤ ÕÉ ¸ ¨³¶Ê²Ó¸µ³
Î ¸É¨ÍÒ p,   ¢·¥³¥´´ Ö ±µ³¶µ´¥´É  · ¢´  iE6 c, £¤¥ E Å Ô´¥·£¨Ö Î ¸É¨ÍÒ.

„²Ö ¸²ÊÎ Ö Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö Ô²¥±É·µ´  ´  ´Ê±²µ´¥ q2 < 0 (µ¡² ¸ÉÓ ¶·µ-

¸É· ´¸É¢¥´´µ¶µ¤µ¡´ÒÌ §´ Î¥´¨° q2).
‚ 1950 £. �µ§¥´¡²ÕÉµ³ ¡Ò²  ¶µ²ÊÎ¥´  [8] ¨§¢¥¸É´ Ö Ëµ·³Ê² , µ¶¨¸Ò¢ -

ÕÐ Ö ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö Ô²¥±É·µ´  ´  Î ¸É¨Í¥
¸µ ¸¶¨´µ³ 1/2, ±µ´¥Î´Ò³¨ · §³¥· ³¨, ³ ¸¸µ° M, Ô²¥±É·¨Î¥¸±¨³ § ·Ö¤µ³ e
¨  ´µ³ ²Ó´Ò³ ³ £´¨É´Ò³ ³µ³¥´Éµ³ µk:

dσ6 dΩ = (dσ6 dΩ)
0
{(F

1
 2 − (q6 2Mc)2[2(F

1
 + µkF2

)2 tg2(ϕ6 2) + µk
2F

2
 2]},   (11)

£¤¥ (dσ6 dΩ)
0
 Å ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö Ô²¥±É·µ-

´  ´  ÉµÎ¥Î´µ³ § ·Ö¤¥ (¶µ¸±µ²Ó±Ê Î ¸É¨ÍÒ ¨³¥ÕÉ µÉ²¨Î´Ò° µÉ ´Ê²Ö ¸¶¨´,

Éµ (dσ6 dΩ)
0
 ≠ (dσ6 dΩ)

Ruth
), F

1
(q2) Å ¤¨· ±µ¢¸±¨° Ëµ·³Ë ±Éµ·, µ¶¨¸Ò¢ -

ÕÐ¨° ¶·µ¸É· ´¸É¢¥´´µ¥ · ¸¶·¥¤¥²¥´¨¥ § ·Ö¤  ¨ ¸¢Ö§ ´´µ£µ ¸ ´¨³ ´µ·-
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³ ²Ó´µ£µ ³ £´¨É´µ£µ ³µ³¥´É , F
2
(q2) Å Ëµ·³Ë ±Éµ· � Ê²¨, ¸¢Ö§ ´´Ò° ¸

¶·µ¸É· ´¸É¢¥´´Ò³ · ¸¶·¥¤¥²¥´¨¥³  ´µ³ ²Ó´µ£µ ³ £´¨É´µ£µ ³µ³¥´É  ¨

q2 Å ±¢ ¤· É ¶¥·¥¤ ´´µ£µ Î¥ÉÒ·¥Ì³¥·´µ£µ ¨³¶Ê²Ó¸ . ‡ ³¥É¨³, ÎÉµ
ËÊ´±Í¨¨ F

1
 ¨ F

2
 ¨³¥ÕÉ Ö¸´Ò° Ë¨§¨Î¥¸±¨° ¸³Ò¸².

�µ§¤´¥¥, ¢ 1962 £., ‘ ±¸µ³ ¡Ò²¨ ¢¢¥¤¥´Ò [9] ¤²Ö Ê¤µ¡¸É¢  µ¡· ¡µÉ±¨
Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ²¨´¥°´Ò¥ ±µ³¡¨´ Í¨¨ Ëµ·³Ë ±Éµ·µ¢ F1 ¨ F2:

§ ·Ö¤µ¢Ò° Ëµ·³Ë ±Éµ·

GE(q2) = F
1
(q2) + µk(qh 6 2Mc)2F

2
(q2) (12)

¨ ³ £´¨É´Ò° Ëµ·³Ë ±Éµ·

GM(q2) = F
1
(q2) + µkF2

(q2). (13)

�µ¸±µ²Ó±Ê (12) ¨ (13) Ö¢²ÖÕÉ¸Ö ²¨´¥°´Ò³¨ ±µ³¡¨´ Í¨Ö³¨ F
1
 ¨ F

2
, Éµ

´¥¢µ§³µ¦´µ ¤µ± § ÉÓ, ± ±µ° ´ ¡µ· ¡µ²¥¥ ËÊ´¤ ³¥´É ²¥´ Å Fi ¨²¨ Gi.

�¤´ ±µ Ëµ·³Ê²  �µ§¥´¡²ÕÉ  § ¶¨¸Ò¢ ¥É¸Ö ¡µ²¥¥ ¶·µ¸Éµ Î¥·¥§ Ëµ·³Ë ±-
Éµ·Ò Gi, Î¥³ Î¥·¥§ Fi, ¢ ´¥° µÉ¸ÊÉ¸É¢Ê¥É ¶¥·¥±·¥¸É´Ò° Î²¥´ ³¥¦¤Ê GE ¨

GM, ¶µ¤µ¡´µ F
1
F

2
 (¸³. (11)). Š·µ³¥ Éµ£µ, ¢Ò¡· ´   É ± Ö  ±µ³¡¨´ Í¨Ö

Ëµ·³Ë ±Éµ·µ¢ F
1
 ¨ F

2
, ±µÉµ· Ö ¢Ò¤¥²Ö¥É ¶µ²´Ò¥ Ô²¥±É·¨Î¥¸±ÊÕ ¨

³ £´¨É´ÊÕ Î ¸É¨. ’ ±¨³ µ¡· §µ³, GE ¨ GM ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° µ¶¨¸ ´¨¥

· ¸¶·¥¤¥²¥´¨Ö ¶µ²´µ£µ § ·Ö¤  ¨ ¶µ²´µ£µ ³ £´¨É´µ£µ ³µ³¥´É .

�±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¤²Ö GEN(q2) ´¥°É·µ´ , ¶µ²ÊÎ¥´´Ò¥ ¨§ µ¶ÒÉµ¢

¶µ · ¸¸¥Ö´¨Õ Ô²¥±É·µ´µ¢ ´  ¤¥°É·µ´ Ì, ¶·¨¢¥¤¥´Ò ´  ·¨¸.1, ¢§ÖÉµ³ ¨§
±´¨£¨ [10]. ‚¨¤´µ, ÎÉµ ¢¥²¨Î¨´  GEN ¡²¨§±  ± ´Ê²Õ.

•µÉÖ ¤²Ö µ¶¨¸ ´¨Ö ´ ¡²Õ¤ ¥³ÒÌ Ö¢²¥´¨° ¤µ¸É ÉµÎ´µ Ëµ·³Ë ±Éµ·µ¢,
¢¢¥¤¥´´ÒÌ ± ± Ë¥´µ³¥´µ²µ£¨Î¥¸±¨¥ ËÊ´±Í¨¨ ±¢ ¤· É  ¶¥·¥¤ ´´µ£µ ̈ ³¶Ê²Ó-
¸ , ¶µ²¥§´µ ¸ Î¨¸Éµ ¨²²Õ¸É· É¨¢´µ° ÉµÎ±¨ §·¥´¨Ö ¤ ÉÓ ÔÉ¨³ Ëµ·³Ë ±Éµ· ³

�¨¸.1. �±¸¶¥·¨³¥´É ²Ó´ Ö § -
¢¨¸¨³µ¸ÉÓ § ·Ö¤µ¢µ£µ Ëµ·³-

Ë ±Éµ·  ´¥°É·µ´  µÉ q2. �¶Ò-
ÉÒ ¶µ Ê¶·Ê£µ³Ê ed-· ¸¸¥Ö´¨Õ
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´¥±µÉµ·ÊÕ ´ £²Ö¤´ÊÕ ¨´É¥·¶·¥É Í¨Õ. �Éµ ¢µ§³µ¦´µ ¢ É ± ´ §Ò¢ ¥³µ°
¸¨¸É¥³¥ ±µµ·¤¨´ É �·¥°É , ±µÉµ· Ö § ¤ ¥É¸Ö É·¥¡µ¢ ´¨¥³ · ¢¥´¸É¢  ´Ê²Õ
¶·µ¸É· ´¸É¢¥´´ÒÌ ±µ³¶µ´¥´É Î¥ÉÒ·¥Ì³¥·´µ£µ ¢¥±Éµ·  pi + pf ; ¢ É ±µ°

¸¨¸É¥³¥ É·¥Ì³¥·´Ò¥ ¨³¶Ê²Ó¸Ò ´ Î ²Ó´µ£µ ¨ ±µ´¥Î´µ£µ ¶·µÉµ´µ¢ · ¢´Ò ¶µ
§´ Î¥´¨Õ ¨ ¶·µÉ¨¢µ¶µ²µ¦´Ò ¶µ ´ ¶· ¢²¥´¨Õ,   ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ Ô´¥·£¨¨
µ¤¨´ ±µ¢Ò. ‚ ¸¨¸É¥³¥ �·¥°É  Ëµ·³Ë ±Éµ· GE ¨´É¥·¶·¥É¨·Ê¥É¸Ö ± ± ËÊ·Ó¥-

µ¡· § ¶·µ¸É· ´¸É¢¥´´µ£µ · ¸¶·¥¤¥²¥´¨Ö ¶²µÉ´µ¸É¨ Ô²¥±É·¨Î¥¸±µ£µ § ·Ö¤ 

ρ(r) = e 6 (2π)3 ∫ GE(q2) exp (−iqr)d q (14)

¨²¨

GE(q2) = 16 e ∫ ρ(r) exp (iqr)d r. (15)

�·¨ ÔÉµ³ ³µ¦´µ £µ¢µ·¨ÉÓ µ ¶·µ¸É· ´¸É¢¥´´µ³ µ¡· §¥ ´Ê±²µ´ , ¥£µ Ô²¥±É-

·µ³ £´¨É´µ° ¸É·Ê±ÉÊ·¥. …¸²¨ GE(q2) = const, Éµ ¨§ (14) ¸²¥¤Ê¥É, ÎÉµ

ρ(r) ~ eδ(r), £¤¥ δ(r) Å ¤¥²ÓÉ -ËÊ´±Í¨Ö. ‡ ¢¨¸¨³µ¸ÉÓ GE µÉ q2 Ì · ±É¥·¨§Ê-

¥É µÉ±²µ´¥´¨¥ · ¸¶·¥¤¥²¥´¨Ö § ·Ö¤  µÉ ÉµÎ¥Î´µ£µ. ‡ ³¥É¨³, µ¤´ ±µ, ÎÉµ
ρ(r) ´¥ Ö¢²Ö¥É¸Ö ËÊ´±Í¨¥°, § ¤ ´´µ° ¢ Ë¨±¸¨·µ¢ ´´µ° ¸¨¸É¥³¥ ±µµ·¤¨´ É.
Š ¦¤µ³Ê §´ Î¥´¨Õ q ¸µµÉ¢¥É¸É¢Ê¥É ¸¢µÖ ¸¨¸É¥³  µÉ¸Î¥É , ¶µÔÉµ³Ê µ¶·¥¤¥-
²¥´´ Ö Ëµ·³Ê² ³¨ (14) ¨ (15) ¶·µ¸É· ´¸É¢¥´´ Ö ¸É·Ê±ÉÊ·  ´Ê±²µ´  ´µ¸¨É,
¢µµ¡Ð¥ £µ¢µ·Ö, ¤µ¢µ²Ó´µ Ê¸²µ¢´Ò° Ì · ±É¥·. �´  ¶·¨µ¡·¥É ¥É ¢¶µ²´¥
µ¶·¥¤¥²¥´´Ò° ¸³Ò¸² · ¸¶·¥¤¥²¥´¨Ö § ·Ö¤  ²¨ÏÓ ¢ ´¥·¥²ÖÉ¨¢¨¸É¸±µ³ ¸²Ê-

Î ¥ ³ ²ÒÌ ¶¥·¥¤ ´´ÒÌ ¨³¶Ê²Ó¸µ¢ (h2q2 << M2c2), ±µ£¤  ¨§³¥´¥´¨¥³
Ô´¥·£¨¨ ¶µ±µÖÐ¥£µ¸Ö ´Ê±²µ´  ³µ¦´µ ¶·¥´¥¡·¥ÎÓ. ‚ ÔÉµ³ ¸²ÊÎ ¥ ¸¨¸É¥³ 
±µµ·¤¨´ É �·¥°É  ¸µ¢¶ ¤ ¥É ¸ ¸¨¸É¥³µ° ±µµ·¤¨´ É ¶µ±µÖÐ¥£µ¸Ö ´Ê±²µ´ ,
  Ëµ·³Ë ±Éµ· GE ¨³¥¥É ´ £²Ö¤´ÊÕ ¨´É¥·¶·¥É Í¨Õ ± ± ËÊ·Ó¥-µ¡· § ¶·µ-

¸É· ´¸É¢¥´´µ£µ · ¸¶·¥¤¥²¥´¨Ö ¶²µÉ´µ¸É¨ ¶µ²´µ£µ Ô²¥±É·¨Î¥¸±µ£µ § ·Ö¤ .

�µ¸±µ²Ó±Ê ¶µ²´Ò° § ·Ö¤ Î ¸É¨ÍÒ Q = ∫ ρ(r)d r,  Éµ ¨§ (14) ¸²¥¤Ê¥É, ÎÉµ

Q = eGE(0).  „²Ö ¶·µÉµ´  GEP(0) = 1 ¨ F1P(0) = 1 , ¤²Ö ´¥°É·µ´  GEN(0) = 0 ¨

F1N(0) = 0. …¸²¨ Ê Î ¸É¨ÍÒ ´¥É § ·Ö¤ , Éµ ÔÉµ µ§´ Î ¥É ²¨ÏÓ, ÎÉµ GE(0) = 0.

’ ± Ö Î ¸É¨Í  ¸¶µ¸µ¡´  ¨¸¶Ê¸± ÉÓ ¢¨·ÉÊ ²Ó´Ò¥ ËµÉµ´Ò ¨ µ¡² ¤ ¥É · ¸¶·¥-
¤¥²¥´¨¥³ § ·Ö¤ . — ¸É¨Í  ¨¸É¨´´µ ´¥°É· ²Ó´ , ±µ£¤  Ëµ·³Ë ±Éµ·Ò · ¢´Ò

´Ê²Õ ¶·¨ ¢¸¥Ì §´ Î¥´¨ÖÌ q2.

‚ ¶·¥¤¥²Ó´µ³ ¸²ÊÎ ¥ ´¨§±¨Ì Ô´¥·£¨° (³ ²ÒÌ ¶¥·¥¤ ´´ÒÌ ¨³¶Ê²Ó¸µ¢)

¸µµÉ´µÏ¥´¨¥ (15) ³µ¦´µ · §²µ¦¨ÉÓ ¢ ·Ö¤ ¶µ ¸É¥¶¥´Ö³ q2 ¨, ´µ·³¨·ÊÖ ρ(r)
Ê¸²µ¢¨¥³ ∫ ρ(r)4πr2dr = e, ¶µ²ÊÎ¨ÉÓ GE(q2) = 1 − 16 6⋅ 〈 rE

2 〉 q2 + ...,   · §³¥·

Î ¸É¨ÍÒ µÌ · ±É¥·¨§µ¢ ÉÓ ¸·¥¤´¨³ ±¢ ¤· Éµ³ · ¤¨Ê¸  · ¸¶·¥¤¥²¥´¨Ö ¶µ²-
´µ£µ Ô²¥±É·¨Î¥¸±µ£µ § ·Ö¤ 
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〈 rE
2 〉 = 16 (e) ∫ ρ(r)4πr2dr = 6(dGE6 dq2)q2

 = 0
(16)

¨²¨

〈 rE
2 〉 = 6(dF

1
6 dq2)q2

 = 0
 + 36 2µk(h 6 Mc)2. (17)

‚Éµ·µ° Î²¥´ ¢ (17) ¶µÖ¢²Ö¥É¸Ö ¢¸²¥¤¸É¢¨¥ ¤·µ¦ ´¨Ö Î ¸É¨ÍÒ, ¨³¥ÕÐ¥°
 ´µ³ ²Ó´Ò° ³ £´¨É´Ò° ³µ³¥´É µk ¨ ¶µ¤Î¨´ÖÕÐ¥°¸Ö Ê· ¢´¥´¨Õ „¨· ± 

(Î²¥´ ”µ²¤¨). �¥·¢Ò° Î²¥´ ¢ (17) ¢µ§´¨± ¥É ¢¸²¥¤¸É¢¨¥ ´ ²¨Î¨Ö Ê ´Ê±²µ-
´  ¢´ÊÉ·¥´´¥° ¸É·Ê±ÉÊ·Ò ¨ ¸¢Ö§ ´ ¸ ¶µ¢¥¤¥´¨¥³ Ëµ·³Ë ±Éµ·  „¨· ±  ± ±

ËÊ´±Í¨¨ q2. �¡µ§´ Î¨¢ 〈 rE,in
2  〉N ¸·¥¤´¨° ±¢ ¤· É Ô²¥±É·¨Î¥¸±µ£µ · ¤¨Ê¸ ,

¸¢Ö§ ´´µ£µ ¸ ¢´ÊÉ·¥´´¥° ¸É·Ê±ÉÊ·µ° ´Ê±²µ´ , ¨²¨, ± ± ¥£µ ¥Ð¥ ´ §Ò¢ ÕÉ,
¤¨· ±µ¢¸±¨° · ¤¨Ê¸, ³µ¦´µ § ¶¨¸ ÉÓ, ÎÉµ

〈 rE,in
2  〉N = 6(dF

1
6 dq2)q2

 = 0
. (18)

ˆ§ (17) ¨ (18) ¸²¥¤Ê¥É, ÎÉµ ¶µ²´Ò° ¸·¥¤´¨° ±¢ ¤· É Ô²¥±É·¨Î¥¸±µ£µ
· ¤¨Ê¸  Î ¸É¨ÍÒ

〈 rE
2 〉 = 〈 rE,in

2  〉 + 〈 rF
2 〉), (19)

£¤¥ 〈 rF
2 〉 = 3 6 2µk(h 6 Mc)2 Å Î²¥´ ”µ²¤¨. „²Ö ¶·µÉµ´  〈 rF

2 〉P = 0,1189 Ë³2,

¤²Ö ´¥°É·µ´  〈 rF
2 〉N = − 0,1268 Ë³2.

‡ ³¥É¨³, ÎÉµ §´ ± ¸·¥¤´¥£µ ±¢ ¤· É  Ô²¥±É·¨Î¥¸±µ£µ · ¤¨Ê¸  ¢ Í¥²µ³
´¥°É· ²Ó´µ°, ´¥ ¨³¥ÕÐ¥° § ·Ö¤  Î ¸É¨ÍÒ, ¢ ¶·¨´Í¨¶¥, ³µ¦¥É ¡ÒÉÓ ± ±
¶µ²µ¦¨É¥²Ó´Ò³, É ± ¨ µÉ·¨Í É¥²Ó´Ò³. ‚ Î ¸É´µ¸É¨, ¶·¨ µÉ¸ÊÉ¸É¢¨¨ Î²¥´ 
”µ²¤¨ (´ ¶·¨³¥·, ¢ ¸É É¨Î¥¸±¨Ì ³µ¤¥²ÖÌ ´Ê±²µ´ , ±µ£¤  M → ∞, µ Î¥³ ¸³.

´¨¦¥) Ê ´¥°É·µ´  §´ ± 〈 rE
2 〉 = 16 (e) ∫ ρ(r)r2dr = 〈 rE,in

2  〉 µ¶·¥¤¥²Ö¥É¸Ö §´ ±µ³

§ ·Ö¤ , · ¸¶µ²µ¦¥´´µ£µ ´  ¶¥·¨Ë¥·¨¨. �µ¸±µ²Ó±Ê ÔÉµ π−-³¥§µ´, Éµ §´ ±

〈 rE
2 〉 ¤µ²¦¥´ ¡ÒÉÓ µÉ·¨Í É¥²Ó´Ò³.

‚µ¸¶µ²Ó§µ¢ ¢Ï¨¸Ó ¸µµÉ´µÏ¥´¨Ö³¨ (16)Å(18) ¨ (8), ³µ¦´µ ¶µ²ÊÎ¨ÉÓ,
ÎÉµ

(dGE6 dq2)q2
 = 0

 = 14,41ane, (20)

£¤¥ ane ¢ Ë³. ’ ±¨³ µ¡· §µ³, ¨§ÊÎ¥´¨¥ ne-· ¸¸¥Ö´¨Ö ¤ ¥É ¨´Ëµ·³ Í¨Õ µ

¶·µ¨§¢µ¤´µ° (dGE6 dq2)q2
 = 0

. �´ ²µ£¨Î´ÊÕ ¨´Ëµ·³ Í¨Õ µ (dGE6 dq2)q2
 = 0

(  É ±¦¥ ¨ µ 〈 rE,in
2  〉) ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¨§ µ¶ÒÉµ¢ ¶µ · ¸¸¥Ö´¨Õ Ô²¥±É·µ´µ¢

´  ¤¥°É·µ´ Ì (¸³. ·¨¸.1), µ¤´ ±µ ¶µ£·¥Ï´µ¸É¨ Ô±¸¶¥·¨³¥´É  ́ ¥ ¶µ§¢µ²ÖÕÉ
ÔÉµ ¸¤¥² ÉÓ ¸ ¤µ¸É ÉµÎ´µ° ÉµÎ´µ¸ÉÓÕ.
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ˆ´µ£¤  Ê¤µ¡´µ ¨³¥ÉÓ ¤¥²µ ¸ ¨§µ¸± ²Ö·´µ° GE
 S ¨ ¨§µ¢¥±Éµ·´µ° GE

V ±µ³-

¡¨´ Í¨¥° GE:

GE = GE
 S + τZ GE

V , (21)

£¤¥ τZ = 1 ¤²Ö ¶·µÉµ´  ¨ τZ = −1 ¤²Ö ´¥°É·µ´ . ’µ£¤  ¨§ (21) ¸²¥¤Ê¥É ¤²Ö

´¥°É·µ´ 

GEN = GE
 S − GE

V , (22)

¤²Ö ¶·µÉµ´ 

GEP = GE
 S + GE

V . (23)

�µ¸±µ²Ó±Ê GEN ¡²¨§µ± ± ´Ê²Õ (¸³.·¨¸.1), Éµ

GE
 S ≈ GE

V . (24)

3. ”��Œ“‹� ”�‹„ˆ

�µ²ÊÎ¨³ É¥¶¥·Ó ¸µµÉ´µÏ¥´¨¥ (8), ´¥ ¶·¨³¥´ÖÖ ¤²Ö ÔÉµ£µ ¶µ¤¢¥·£ ÕÐÊ-
Õ¸Ö ¢ ¶µ¸²¥¤´¥¥ ¢·¥³Ö ¸µ³´¥´¨Õ (¸³., ´ ¶·¨³¥·, [11]) Ëµ·³Ê²Ê (7), ¸¢Ö§Ò-
¢ ÕÐÊÕ §´ ±µ³ · ¢¥´¸É¢  ¢¢¥¤¥´´Ò° ”µ²¤¨ ¶ · ³¥É· ε1 ¨ ¸·¥¤´¨° ±¢ ¤· É

§ ·Ö¤µ¢µ£µ · ¤¨Ê¸  ́ ¥°É·µ´ . „²Ö ÔÉµ£µ ¢µ¸¶µ²Ó§Ê¥³¸Ö ¸µµÉ´µÏ¥´¨Ö³¨ (17),
(18), ¶µ-¢¨¤¨³µ³Ê, ´¥ ¢Ò§Ò¢ ÕÐ¨³¨ ¸µ³´¥´¨° ¶·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ.

�·¥¤¶µ²µ¦¨³, ÎÉµ ³ ¸¸  ¸É ²±¨¢ ÕÐ¥°¸Ö Î ¸É¨ÍÒ (Ô²¥±É·µ´ ) ³´µ£µ
³¥´ÓÏ¥ ³ ¸¸Ò ´Ê±²µ´  ¨ ´Ê±²µ´ ¤µ ¨ ¶µ¸²¥ ¸µÊ¤ ·¥´¨Ö ¶µ±µ¨É¸Ö. �·¥¤¶µ-
²µ¦¨³ É ±¦¥, ÎÉµ ¶²µÉ´µ¸ÉÓ Ô²¥±É·¨Î¥¸±µ£µ § ·Ö¤  ´Ê±²µ´  ¸Ë¥·¨Î¥¸±¨-
¸¨³³¥É·¨Î´ . ’µ£¤  ¶µÉ¥´Í¨ ²Ó´ Ö Ô´¥·£¨Ö ¢§ ¨³µ¤¥°¸É¢¨Ö Ô²¥±É·µ´  ¨
´Ê±²µ´  ¢ ÉµÎ±¥ r, £¤¥ ´ Ìµ¤¨É¸Ö Ô²¥±É·µ´, ¡Ê¤¥É ¢±²ÕÎ ÉÓ ¢ ¸¥¡Ö ¢±² ¤Ò µÉ
¢¸¥Ì Î ¸É¥° ´Ê±²µ´ :

U(r) = −e2 ∫  ρ(r′′)dV ′′
r′′ − r  , (25)

£¤¥ r′′ − r Å · ¸¸ÉµÖ´¨¥ µÉ ÉµÎ±¨ r′′, £¤¥ · ¸¶µ²µ¦¥´ § ·Ö¤ ρ(r′′)dV, ¤µ
ÉµÎ±¨ ´ ¡²Õ¤¥´¨Ö r.

�µ¤¸É ¢²ÖÖ U(r) ¢ ¨§¢¥¸É´ÊÕ Ëµ·³Ê²Ê ¡µ·´µ¢¸±µ£µ ¶·¨¡²¨¦¥´¨Ö ¤²Ö
 ³¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö

f(ϕ) = −M 6 (2πh2) ∫ U(r) exp (i Kr)dV, (26)

£¤¥ K = kn
0
 − n, n

0
 Å ¥¤¨´¨Î´Ò° ¢¥±Éµ· ¢ ´ ¶· ¢²¥´¨¨ ¶ ¤ ÕÐ¥£µ ¶ÊÎ-

± ,   n Å ¢ ´ ¶· ¢²¥´¨¨ ¢¥±Éµ·  r, ¨, ¸²¥¤µ¢ É¥²Ó´µ, K = 2k sin ϕ6 2, ¶µ-
²ÊÎ¨³ ¤²¨´Ê · ¸¸¥Ö´¨Ö Ô²¥±É·µ´  ´  ´¥°É·µ´¥ ane:
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ane = Me2 6 (2πh2) ∫ exp (iKr)dV ∫ ρ(r′′)6 (r′′ − r)dV ′′. (27)

�·µ¢µ¤Ö ¢ÒÎ¨¸²¥´¨Ö (¸³., ´ ¶·¨³¥·, [5,12]), ¶µ²ÊÎ¨³

ane = 8πM(e6 hk)2 ∫ sin Kr6 (Kr) ρ(r)r2dr, (28)

¨²¨ ¶·¨ ³ ²ÒÌ Kr, ¶µ¸±µ²Ó±Ê 〈 rE
2 〉 = 4π 6 (e) ∫ ρ(r)r4dr · ¢´µ ¸Ê³³¥ ¤¢ÊÌ

Î²¥´µ¢ (¸³. Ë-²Ò (17) ¨ (18)),   ¤²Ö ´¥°É·µ´  4π ∫ ρ(r)r2dr = 0:

ane = 2Me 6 (h2)[e6 (6) 〈 rE,in
2  〉N + µne(h6 (2Mc))2], (29)

µÉ±Ê¤  ´¥¶µ¸·¥¤¸É¢¥´´µ ¸²¥¤Ê¥É Ëµ·³Ê²  (8). ˆ§ ¸· ¢´¥´¨Ö (5) ¨ (29) ¢¨¤-

´µ, ÎÉµ ε
1
 = e 6 (6) 〈 rE,in

2  〉N , ¨ ¨³¥´´µ §´ ± · ¢¥´¸É¢ ,   ´¥ ¶·µ¶µ·Í¨µ´ ²Ó-

´µ¸É¨. �Éµ § ±²ÕÎ¥´¨¥ ¸²¥¤Ê¥É, ¢ ¸ÊÐ´µ¸É¨, ¨§ ¸ ±¸µ¢¸±µ£µ µ¶·¥¤¥²¥´¨Ö
§ ·Ö¤µ¢µ£µ Ëµ·³Ë ±Éµ·  GE (¸³. (12)). ’ ±¨³ µ¡· §µ³, ¸µµÉ´µÏ¥´¨¥ (7),

¢¢¥¤¥´´µ¥ ”µ²¤¨ ¨ ¢§ÖÉµ¥ ¸µ §´ ±µ³ · ¢¥´¸É¢ , ¢¸¥-É ±¨ ¸¶· ¢¥¤²¨¢µ ¨
³µ¦¥É ¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´µ ¶·¨ ¸· ¢´¥´¨¨ Ô±¸¶¥·¨³¥´É  ¸ É¥µ·¨¥°.

‡ ³¥É¨³ É ±¦¥, ÎÉµ ¨´Ëµ·³ Í¨Õ µ 〈 rE,in
2  〉N ³µ¦´µ ¶µ²ÊÎ¨ÉÓ, §´ Ö Ô±¸-

¶¥·¨³¥´É ²Ó´ÊÕ § ¢¨¸¨³µ¸ÉÓ GEN(q2) (´ ¶·¨³¥·, ¨§ µ¶ÒÉµ¢ ¶µ · ¸¸¥Ö´¨Õ

Ô²¥±É·µ´µ¢ ´  ´Ê±²µ´ Ì). �¤´ ±µ ¨³¥ÕÐ¨¥¸Ö ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö µÏ¨¡±¨
¨§³¥·¥´¨° ´¥ ¶µ§¢µ²ÖÕÉ ÔÉµ ¸¤¥² ÉÓ ¤²Ö ´¥°É·µ´  (¸³. ·¨¸.1).

4. �Š‘�…�ˆŒ…�’�‹œ�›… Œ…’�„› ˆ‡“—…�ˆŸ 
ne-‚‡�ˆŒ�„…‰‘’‚ˆŸ

�¥·¢Ò¥ ¶µ¶ÒÉ±¨ µ¡´ ·Ê¦¨ÉÓ ne-· ¸¸¥Ö´¨¥ ¡Ò²¨ ¸¤¥² ´Ò ¥Ð¥ ¢ 1932 £.,
µ¤´ ±µ ¡µ²¥¥  ±±Ê· É´Ò¥ ¨§³¥·¥´¨Ö ane, ´ Î ²µ ±µÉµ·Ò³ ¡Ò²µ ¶µ²µ¦¥´µ

”¥·³¨, µÉ´µ¸ÖÉ¸Ö ± ̧ ¥·¥¤¨´¥ 40-Ì £µ¤µ¢ ¨ ¡µ²¥¥ ¶µ§¤´¥³Ê ¶¥·¨µ¤Ê ¢·¥³¥´¨.
ƒ² ¢´Ò³ µ¡· §µ³, µ´¨ µ¸´µ¢ ´Ò ²¨¡µ ´  ´ ¡²Õ¤¥´¨¨  ¸¨³³¥É·¨¨ · ¸¸¥Ö-
´¨Ö É¥¶²µ¢ÒÌ ´¥°É·µ´µ¢  Éµ³ ³¨, ²¨¡µ ´  ¨§ÊÎ¥´¨¨ § ¢¨¸¨³µ¸É¨ µÉ Ô´¥·-
£¨¨ ¶µ²´µ£µ ¸¥Î¥´¨Ö ¢§ ¨³µ¤¥°¸É¢¨Ö ´¥°É·µ´µ¢ ¸  Éµ³ ³¨ ¢ Ô²¥±É·µ´¢µ²ÓÉ-
´µ° µ¡² ¸É¨ Ô´¥·£¨°. �µ²Ó§ÊÖ¸Ó Ëµ·³Ê²µ° (8), ³µ¦´µ ¨§ ¨§³¥·¥´´µ£µ §´ -

Î¥´¨Ö ane ¶µ²ÊÎ¨ÉÓ §´ Î¥´¨¥ ¨ §´ ± 〈 rE,in
2  〉N . �¤´ ±µ, ¶µ¸±µ²Ó±Ê ane ¨ aF Å

¢¥²¨Î¨´Ò µ¤´µ£µ ¶µ·Ö¤± , ¤²Ö µ¶·¥¤¥²¥´¨Ö 〈 rE,in
2  〉N ´Ê¦´Ò µÎ¥´Ó ÉµÎ´Ò¥

¨§³¥·¥´¨Ö. ’ ±¨¥ ¨§³¥·¥´¨Ö ¢µ§³µ¦´Ò ¶·¨ ¨§ÊÎ¥´¨¨ ¢§ ¨³µ¤¥°¸É¢¨Ö ´¥°É-
·µ´µ¢ ́ ¨§±¨Ì Ô´¥·£¨° ̧  ÉÖ¦¥²Ò³¨  Éµ³ ³¨. „¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ±µ-
£¥·¥´É´µ£µ · ¸¸¥Ö´¨Ö  Éµ³µ³ ³¥¤²¥´´ÒÌ ´¥°É·µ´µ¢ ¸ ¤²¨´µ° ¢µ²´Ò ¶µ·Ö¤-
±  · §³¥·µ¢  Éµ³  µ¶¨¸Ò¢ ¥É¸Ö ¸µµÉ´µÏ¥´¨¥³
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σ(θ) = a + Zf(sin θ6 λ)ane
2, (30)

£¤¥ a Å ¤²¨´  ±µ£¥·¥´É´µ£µ Ö¤¥·´µ£µ · ¸¸¥Ö´¨Ö, θ = ϕ6 2, ϕ Å Ê£µ² · ¸-
¸¥Ö´¨Ö,   f(sin θ6 λ) Å  Éµ³´Ò° Ëµ·³Ë ±Éµ·. �Í¥´±¨ ¶µ± §Ò¢ ÕÉ, ÎÉµ
µÉ´µÏ¥´¨¥ ¢Éµ·µ£µ Î²¥´  ± ¶¥·¢µ³Ê ¸µ¸É ¢²Ö¥É ¤²Ö ÉÖ¦¥²ÒÌ  Éµ³µ¢
¶·¨¡²¨§¨É¥²Ó´µ 1%,   ¶µÔÉµ³Ê ¢e²¨Î¨´  ane ¶µ¤¤ ¥É¸Ö ¨§³¥·¥´¨Õ.

‘ÊÐ¥¸É¢ÊÕÉ ¤¢  ¸É ·ÒÌ ³¥Éµ¤  ¨§ÊÎ¥´¨Ö ne-¢§ ¨³µ¤¥°¸É¢¨Ö. �¤¨´ ¨§
´¨Ì [13], ¢¶¥·¢Ò¥ ¶·¨³¥´¥´´Ò° ”¥·³¨ ¨ Œ ·Ï ²² ¢ 1947 £., µ¸´µ¢ ´ ´ 
´ ¡²Õ¤¥´¨¨ µÎ¥´Ó ´¥¡µ²ÓÏµ°  ¸¨³³¥É·¨¨ · ¸¸¥Ö´¨Ö É¥¶²µ¢ÒÌ ´¥°É·µ´µ¢,
µ¡Ê¸²µ¢²¥´´µ° § ¢¨¸¨³µ¸ÉÓÕ f µÉ θ. ’¥¶²µ¢Ò¥ ´¥°É·µ´Ò ¨³¥ÕÉ ¤²¨´Ê ¢µ²-
´Ò ~ 2Å, ÎÉµ ¶µ ³¥´ÓÏ¥° ³¥·¥ ¢ 104 · § ¡µ²ÓÏ¥ · §³¥·µ¢ Ö¤· . ‚¸²¥¤¸É¢¨¥
ÔÉµ£µ ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸ É¥¶²µ¢Ò¥ ´¥°É·µ´Ò ¤µ²¦´Ò · ¸¸¥¨¢ ÉÓ¸Ö
Ö¤· ³¨ ¸Ë¥·¨Î¥¸±¨-¸¨³³¥É·¨Î´µ. �É±²µ´¥´¨Ö µÉ ¸¨³³¥É·¨¨ · ¸¸¥Ö´¨Ö ³µ-
£ÊÉ ¡ÒÉÓ µ¡Ê¸²µ¢²¥´Ò, ¶µ³¨³µ ne-¢§ ¨³µ¤¥°¸É¢¨Ö, ´ ¶·¨³¥·, ¢§ ¨³µ¤¥°¸É-
¢¨¥³ ³ £´¨É´µ£µ ¶µ²Ö, µ¡· §Ê¥³µ£µ Ô²¥±É·µ´´Ò³¨ Éµ± ³¨ ¢´ÊÉ·¨  Éµ³ , ¸
³ £´¨É´Ò³ ³µ³¥´Éµ³ ´¥°É·µ´ . ‚µ ¨§¡¥¦ ´¨¥ ÔËË¥±Éµ¢ É ±µ£µ ·µ¤  ¸²¥¤Ê-
¥É ¨¸¶µ²Ó§µ¢ ÉÓ  Éµ³Ò, ¢ ±µÉµ·ÒÌ § ¶µ²´¥´Ò ¢¸¥ µ¡µ²µÎ±¨. Œµ£ÊÉ ¡ÒÉÓ ¨
¤·Ê£¨¥ ¶·¨Î¨´Ò, ¶·¨¢µ¤ÖÐ¨¥ ±  ¸¨³³¥É·¨¨ · ¸¸¥Ö´¨Ö: ¨´É¥·Ë¥·¥´Í¨Ö
¢µ²´, · ¸¸¥¨¢ ¥³ÒÌ · §²¨Î´Ò³¨  Éµ³ ³¨, É¥¶²µ¢Ò¥ ±µ²¥¡ ´¨Ö  Éµ³µ¢ ¨ É.¶.
‚ · ¡µÉ¥ ”¥·³¨ ¨ Œ ·Ï ²² ¨ ¢ ¤·Ê£¨Ì  ´ ²µ£¨Î´ÒÌ Ô±¸¶¥·¨³¥´É Ì ´ ¡²Õ-
¤ ²µ¸Ó · ¸¸¥Ö´¨¥ É¥¶²µ¢ÒÌ ´¥°É·µ´µ¢, ¨³¥ÕÐ¨Ì ³ ±¸¢¥²²µ¢¸±µ¥ · ¸¶·¥¤¥-
²¥´¨¥ ¶µ ¸±µ·µ¸ÉÖ³, ¶µ¤ Ê£² ³¨ ϕ = 45Æ ¨ 135Æ. —Éµ¡Ò ¨§¡¥¦ ÉÓ ¢²¨Ö´¨Ö
³ £´¨É´µ£µ · ¸¸¥Ö´¨Ö ̈  ³µ²¥±Ê²Ö·´µ° ¤¨Ë· ±Í¨¨, ¢ ± Î¥¸É¢¥ · ¸¸¥¨¢ É¥²¥°
¡Ò²¨ ¨¸¶µ²Ó§µ¢ ´Ò µ¤´µ Éµ³´Ò¥ ¡² £µ·µ¤´Ò¥ £ §Ò, ¨³¥ÕÐ¨¥ § ¶µ²´¥´´Ò¥
Ô²¥±É·µ´´Ò¥ µ¡µ²µÎ±¨, ¢ Î ¸É´µ¸É¨, ±¸¥´µ´ (Z = 54). � §´¨Í  ³¥¦¤Ê
f(45Æ) = 0,78 ̈  f(135Æ) = 0,52 µ¡Ê¸²µ¢²¨¢ ¥É  ¸¨³³¥É·¨Õ ne-· ¸¸¥Ö´¨Ö, ¶·µÖ¢-
²ÖÕÐÊÕ¸Ö ´  Ëµ´¥ ¸¨²Ó´µ£µ ¨§µÉ·µ¶´µ£µ Ö¤¥·´µ£µ · ¸¸¥Ö´¨Ö. ‚ ¨§³¥·¥´-
´µ¥ §´ Î¥´¨¥  ¸¨³³¥É·¨¨ ¸²¥¤Ê¥É ¢´¥¸É¨ ¶µ¶· ¢±Ê ´  ´¥µ¤¨´ ±µ¢Ò¥ £¥µ-
³¥É·¨Î¥¸±¨¥ ¶ · ³¥É·Ò ¤¥É¥±Éµ·µ¢ ¨ ÊÎ¥¸ÉÓ  ¸¨³³¥É·¨Õ, ¢Ò§¢ ´´ÊÕ É¥¶²µ-
¢Ò³ ¤¢¨¦¥´¨¥³  Éµ³µ¢ £ § , ¢ ´¥¸±µ²Ó±µ · § ¶·¥¢ÒÏ ÕÐÊÕ ¨¸±µ³Ò°
ÔËË¥±É. „²Ö  Éµ³µ¢ ¸ § ¶µ²´¥´´Ò³¨ Ô²¥±É·µ´´Ò³¨ µ¡µ²µÎ± ³¨ ³ £´¨É´µ£µ
¢§ ¨³µ¤¥°¸É¢¨Ö ¶·¨ · ¸¸¥Ö´¨¨ ´¥°É·µ´µ¢ ¢ ¶¥·¢µ³ ¶·¨¡²¨¦¥´¨¨ ´¥ µ¦¨¤ -
¥É¸Ö. ‚µ ¢Éµ·µ³ ¶·¨¡²¨¦¥´¨¨ ³µ¦´µ µ¦¨¤ ÉÓ ¶µÖ¢²¥´¨Ö ¢§ ¨³µ¤¥°¸É¢¨Ö
³ £´¨É´µ£µ ³µ³¥´É  ´¥°É·µ´  ¸ Éµ± ³¨, ¢µ§´¨± ÕÐ¨³¨ ¢ ¢¨·ÉÊ ²Ó´ÒÌ ¢µ§-
¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨ÖÌ  Éµ³  ¡² £µ·µ¤´µ£µ £ § . �ËË¥±É É ±µ£µ ·µ¤  ¡Ò²
· ¸¸³µÉ·¥´ ¢ · ¡µÉ¥ ”¥·³¨ ̈  Œ ·Ï ²², ̈  ¡Ò²µ ¶µ± § ´µ, ÎÉµ µ´ ̧ µ¸É ¢²ÖeÉ
µÎ¥´Ó ³ ²ÊÕ ¤µ²Õ µ¸´µ¢´µ£µ ne-¢§ ¨³µ¤¥°¸É¢¨Ö.

Š·µ³¥ Éµ£µ, · ¸¸³ É·¨¢ ²µ¸Ó ¢²¨Ö´¨¥ Ï¢¨´£¥·µ¢¸±µ£µ · ¸¸¥Ö´¨Ö. Š ±
¶µ± § ²¨ µÍ¥´±¨, ¥£µ ¢²¨Ö´¨¥ É ±¦¥ ´¨ÎÉµ¦´µ, ¶µ¸±µ²Ó±Ê Ï¢¨´£¥·µ¢¸±µ¥
· ¸¸¥Ö´¨¥ ¸¢Ö§ ´µ ¸µ ¸¶¨´µ³ ¨ ¶· ±É¨Î¥¸±¨ ´¥ ¨´É¥·Ë¥·¨·Ê¥É ¸ Ö¤¥·´Ò³
· ¸¸¥Ö´¨¥³, ¥¸²¨ ´¥°É·µ´Ò ´¥ ¶µ²Ö·¨§µ¢ ´Ò. �¸´µ¢´Ò³ ´¥¤µ¸É É±µ³ µ¶Ò-
Éµ¢ Ö¢²Ö¥É¸Ö ́ ¥µ¡Ìµ¤¨³µ¸ÉÓ ¢¢¥¤¥´¨Ö ¡µ²ÓÏµ° ¶µ¶· ¢±¨ ́   ÔËË¥±É, ¢Ò§¢ ´-
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´Ò° É¥¶²µ¢Ò³ ¤¢¨¦¥´¨¥³  Éµ³µ¢ £ § . ƒ² ¢´Ò° ¢±² ¤ ¢ ¶µ¶· ¢±Ê ¢´µ¸ÖÉ
´¥°É·µ´Ò, ̈ ³¥ÕÐ¨¥ ¡µ²ÓÏÊÕ ¤²¨´Ê ¢µ²´Ò ± ± · § ¢ Éµ° µ¡² ¸É¨, ¢ ±µÉµ·µ°
³µ¦´µ ¦¤ ÉÓ µÉ±²µ´¥´¨° µÉ ³ ±¸¢¥²²µ¢¸±µ£µ · ¸¶·¥¤¥²¥´¨Ö. �Éµ ³µ¦¥É
¶·¨¢¥¸É¨ ± ´¥¶· ¢¨²Ó´µ³Ê ¢ÒÎ¨¸²¥´¨Õ ¶µ¶· ¢±¨. ‚ ´ ¨¡µ²¥¥ ÉµÎ´ÒÌ Ô±¸-
¶¥·¨³¥´É Ì ¶µ¶· ¢±Ê µ¶·¥¤¥²Ö²¨ ´  µ¸´µ¢ ´¨¨ ¨§³¥·¥´¨° ¸  ·£µ´µ³ ¨ ´¥-
µ´µ³, ¤²Ö ±µÉµ·ÒÌ ne-· ¸¸¥Ö´¨¥ ´¥§´ Î¨É¥²Ó´µ.

‘²¥¤Ê¥É ̈ ³¥ÉÓ ¢ ¢¨¤Ê, ÎÉµ ¤ ¦¥ ¢ Ô±¸¶¥·¨³¥´É Ì ̧  µ¤´µ Éµ³´Ò³¨ £ § ³¨
¢µ§³µ¦´µ ¶µÖ¢²¥´¨¥ ´¥¡µ²ÓÏµ°  ¸¨³³¥É·¨¨ · ¸¸¥Ö´¨Ö, ±µÉµ· Ö ¸¢Ö§ ´  ¸
¨´É¥·Ë¥·¥´Í¨¥° ¢µ²´, · ¸¸¥Ö´´ÒÌ · §²¨Î´Ò³¨  Éµ³ ³¨ £ § . �  ÔÉµ
µ¡· É¨²¨ ¢´¨³ ´¨¥ �Ì¨¥§¥· ¨ �µ³¥· ´ÎÊ± [14]. ˆ´É¥·Ë¥·¥´Í¨Ö ¢µ§´¨± ¥É
¢¸²¥¤¸É¢¨¥ ±µ··¥²ÖÍ¨¨ ¢µ ¢§ ¨³´µ³ · ¸¶µ²µ¦¥´¨¨  Éµ³µ¢, µ¡Ê¸²µ¢²¥´´µ°
É¥³, ÎÉµ · ¸¸ÉµÖ´¨¥ ³¥¦¤Ê Í¥´É· ³¨ ¤¢ÊÌ ¸µ¸¥¤´¨Ì  Éµ³µ¢ ´¥ ³µ¦¥É ¡ÒÉÓ
³¥´ÓÏ¥ Ê¤¢µ¥´´µ£µ  Éµ³´µ£µ · ¤¨Ê¸ . �·µ¢¥¤¥´´Ò¥ ¢ÒÎ¨¸²¥´¨Ö ¶µ± § ²¨,
ÎÉµ µÉ´µÏ¥´¨¥ ¨´É¥´¸¨¢´µ¸É¥° · ¸¸¥Ö´´ÒÌ ´  Ê£²Ò ϕ1 ¨ ϕ2 ´¥°É·µ´µ¢

µ¶¨¸Ò¢ ¥É¸Ö ¸²¥¤ÊÕÐ¥° Ëµ·³Ê²µ°:

ε = 
1 + 4π(2R)nf (ϕ

1
)

1 + 4π(2R)nf (ϕ
2
) , (31)

£¤¥ f(ϕ) = cos η6 η2 − sin η6 η3; η = (8πR6 λ) sin (ϕ6 2); R Å · ¤¨Ê¸  Éµ³ ;
n Å ¶²µÉ´µ¸ÉÓ £ § . ‚ÒÎ¨¸²¥´¨Ö ¶µ Ëµ·³Ê²¥ (31) ¶µ± § ²¨, ÎÉµ ¶·¨  É-
³µ¸Ë¥·´µ³ ¤ ¢²¥´¨¨ £ §  ¶µ¶· ¢±  ´  ¨´É¥·Ë¥·¥´Í¨Õ ¸µ¸É ¢²Ö¥É ~ 3,5%
¨§³¥·Ö¥³µ£µ ÔËË¥±É  ne-¢§ ¨³µ¤¥°¸É¢¨Ö.

�·¥Í¨§¨µ´´Ò¥ ¨§³¥·¥´¨Ö ¶µ ³¥Éµ¤Ê ”¥·³¨ ¨ Œ ·Ï ²² ¶·µ¢µ¤¨²¨¸Ó
Š·µ´µ³ ¨ �¨´£µ [15] ¢ �·£µ´´¸±µ° ² ¡µ· Éµ·¨¨ (‘˜�) ¢ 1965Å1973 ££.
ˆ§³¥·¥´¨Ö ¶·µ¢µ¤¨²¨ ´  ±¸¥´µ´¥, ±·¨¶Éµ´¥ ¨  ·£µ´¥, ´¥µ´ ¡Ò² ¨¸¶µ²Ó§µ-
¢ ´ ¤²Ö ¶·µ¢¥·±¨ ¶· ¢¨²Ó´µ¸É¨ · ¸Î¥É  ´   ¸¨³³¥É·¨Õ · ¸¸¥Ö´¨Ö, ¢Ò§¢ ´-
´ÊÕ É¥¶²µ¢Ò³ ¤¢¨¦¥´¨¥³ £ § . ‡´ Î¥´¨¥ ÔÉµ° ¶µ¶· ¢±¨ ¶·¥¢ÒÏ ²µ ¨¸±µ-
³Ò° ÔËË¥±É ¤²Ö ±¸¥´µ´  ¢ 4, ¤²Ö ±·¨¶Éµ´  ¢ 10 ¨ ¤²Ö  ·£µ´  ¢ 18 · §. ˆ§
Ëµ·³Ê²Ò (30) ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¢ ¶·¨¡²¨¦¥´¨¨ ¢Éµ·µ£µ ¶µ·Ö¤±  ¶µ ane 6 a:

R = 1 + 8π (aane 6 σs) Z ∆ f (1 + δ), (32)

£¤¥ R = σ(ϕ
1
)6 σ(ϕ

2
) Å ¨§³¥·¥´´ Ö  ¸¨³³¥É·¨Ö · ¸¸¥Ö´¨Ö ¸ ÊÎ¥Éµ³ ¶µ¶· -

¢µ±; a = ∑ aj nj ; aj  Å ¤²¨´  Ö¤¥·´µ£µ · ¸¸¥Ö´¨Ö j-£µ ´Ê±²¨¤ ; nj Å ±µ´-

Í¥´É· Í¨Ö j-£µ ´Ê±²¨¤  ¢ ¨§µÉµ¶¨Î¥¸±µ° ¸³¥¸¨; σs Å ¸¥Î¥´¨¥ · ¸¸¥Ö´¨Ö;

∆ f = 〈 f(θ
1
) − f(θ

2
) 〉 Å Ê¸·¥¤´¥´´ Ö ¶µ ¸¶¥±É·Ê ´¥°É·µ´µ¢ · §´µ¸ÉÓ  Éµ³-

´ÒÌ Ëµ·³Ë ±Éµ·µ¢; ϕ
1
 = 2θ

1
 = 45Æ; ϕ

2
 = 2θ

2
 = 135Æ;

δ = 
ane

2a∆ f
 〈 f 2(θ

1
) − f 2(θ

2
) 〉 − 

8πaane

σs
 〈 f(θ

2
) 〉 . (33)
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‡´ Î¥´¨Ö ¤²¨´Ò · ¸¸¥Ö´¨Ö a ¤²Ö ±¸¥´µ´  ¨ ±·¨¶Éµ´  ¡Ò²¨ µ¶·¥¤¥²¥´Ò
¶ÊÉ¥³ ¨§³¥·¥´¨Ö ±·¨É¨Î¥¸±¨Ì Ê£²µ¢ ¶µ²´µ£µ µÉ· ¦¥´¨Ö ´¥°É·µ´µ¢ µÉ ¶µ-
¢¥·Ì´µ¸É¥° ¸¦¨¦¥´´ÒÌ £ §µ¢, ±·µ³¥ Éµ£µ, §´ Î¥´¨¥ ¤²Ö ±¸¥´µ´  ¡Ò²µ ¶µ²Ê-
Î¥´µ ̈ § µ¶ÒÉµ¢ ¶µ ¤¨Ë· ±Í¨¨ ́ ¥°É·µ´µ¢ ́   XeF4. ‘¥Î¥´¨Ö · ¸¸¥Ö´¨Ö ¡² £µ-

·µ¤´ÒÌ £ §µ¢ ¨§³¥·Ö²¨¸Ó ¢ ¸¶¥Í¨ ²Ó´µ ¶µ¸É ¢²¥´´ÒÌ µ¶ÒÉ Ì µÉ´µ¸¨É¥²Ó´µ
¸¥Î¥´¨Ö · ¸¸¥Ö´¨Ö ´¥µ´ , ¶·¨´ÖÉµ£µ §  ÔÉ ²µ´. �Ò²¨ ¶·¨´ÖÉÒ ¸¶¥Í¨ ²Ó´Ò¥
³¥·Ò ¤²Ö µÎ¨¸É±¨ £ §µ¢ µÉ ¶·¨³¥¸¥°, µ¸µ¡¥´´µ ²¥£±¨Ì, ¶µ¸±µ²Ó±Ê ¤ ¦¥ ¨Ì
´¥¡µ²ÓÏ¨¥ ¤µ¡ ¢±¨ ³µ£ÊÉ ¸¨²Ó´µ ¨¸± §¨ÉÓ ·¥§Ê²ÓÉ ÉÒ Ô±¸¶¥·¨³¥´É . ˆ§³¥-
·¥´¨Ö ¶·µ¢µ¤¨²¨ ¶·¨ · §´ÒÌ ¤ ¢²¥´¨ÖÌ £ § -· ¸¸¥¨¢ É¥²Ö. �·¨ ¨§³¥´¥´¨¨
¤ ¢²¥´¨Ö µÉ 0,4 ¤µ 1,2  É³ ± ±¨Ì-²¨¡µ ¨§³¥´¥´¨° ¢  ¸¨³³¥É·¨¨ · ¸¸¥Ö´¨Ö ¢
¶·¥¤¥² Ì ¶µ£·¥Ï´µ¸É¨ ´¥ ´ ¡²Õ¤ ²µ¸Ó. ‚ ·¥§Ê²ÓÉ É¥ ¶µ¸²¥ ¢¢¥¤¥´¨Ö ¶µ-
¶· ¢±¨ ´  Ï¢¨´£¥·µ¢¸±µ¥ · ¸¸¥Ö´¨¥ ¶µ²ÊÎ¨²¨

ane = (−1,33 ± 0,03)⋅10−3 Ë³. (34)

�·¨Î¨´Ò ¢µ§³µ¦´ÒÌ ¤µ¶µ²´¨É¥²Ó´ÒÌ ¸¨¸É¥³ É¨Î¥¸±¨Ì ¶µ£·¥Ï´µ¸É¥°
³µ£ÊÉ § ±²ÕÎ ÉÓ¸Ö ¢ ¸²¥¤ÊÕÐ¥³:

1) µÎ¥´Ó ³ ² Ö ´ ¡²Õ¤ ¥³ Ö  ¸¨³³¥É·¨Ö · ¸¸¥Ö´¨Ö ´  Ëµ´¥ ¸¨²Ó´µ£µ
¸¨³³¥É·¨Î´µ£µ Ö¤¥·´µ£µ · ¸¸¥Ö´¨Ö (¢ · ¡µÉ¥ [15] ¢¸¥£µ ²¨ÏÓ 0,5%, ¨ ¨§³¥-
·Ö¥É¸Ö µ´  ¸ ¶µ£·¥Ï´µ¸ÉÓÕ ± 2,5%);

2) Ô±¸¶¥·¨³¥´É Éµ· ¤µ²¦¥´ ¡ÒÉÓ  ¡¸µ²ÕÉ´µ Ê¢¥·¥´ ¢ µÉ¸ÊÉ¸É¢¨¨ ¶µ¡µÎ-
´ÒÌ ÔËË¥±Éµ¢ (´ ¶·¨³¥·, ¢Ò§¢ ´´ÒÌ ¶·¨¸ÊÉ¸É¢¨¥³ ´¥¨§¢¥¸É´ÒÌ ´¥°É·µ´-

´ÒÌ p-·¥§µ´ ´¸µ¢ (¸ Ï¨·¨´µ° ¶µ·Ö¤±  10−8 Ô‚), ¶·¨³¥¸¥° ²¥£±¨Ì £ §µ¢
¨ ¤·.);

3) ¡µ²ÓÏ Ö ¢¢µ¤¨³ Ö ¶µ¶· ¢±  ´   ¸¨³³¥É·¨Õ · ¸¸¥Ö´¨Ö, ¢Ò§¢ ´´ÊÕ
É¥¶²µ¢Ò³ ¤¢¨¦¥´¨¥³ £ §  (¤²Ö ±¸¥´µ´  ¢Î¥É¢¥·µ ¶·¥¢ÒÏ ÕÐ Ö ¨¸±µ³Ò°
ÔËË¥±É).

OÍ¥´¨³, ´ ¶·¨³¥·,  ¸¨³³¥É·¨Õ · ¸¸¥Ö´¨Ö É¥¶²µ¢ÒÌ ´¥°É·µ´µ¢, ¢Ò-
§¢ ´´ÊÕ ¢µ§³µ¦´Ò³ ¶·¨¸ÊÉ¸É¢¨¥³ ¸² ¡µ£µ p-·¥§µ´ ´¸  Ê ±¸¥´µ´  ¢ µ¡² ¸É¨
Ô´¥·£¨° ´¥°É·µ´µ¢ ¶µ·Ö¤±  0,1 Ô‚. �³¶²¨ÉÊ¤  · ¸¸¥Ö´¨Ö, µ¡Ê¸²µ¢²¥´´ Ö
É ±¨³ p-·¥§µ´ ´¸µ³ ¤²Ö µ¡² ¸É¨ É¥¶²µ¢ÒÌ Ô´¥·£¨°, ±µ£¤  ¶µÉ¥´Í¨ ²Ó´µ¥
p-· ¸¸¥Ö´¨¥ ´¥¸ÊÐ¥¸É¢¥´´µ, ¨³¥¥É ¢¨¤ [16]:

fp ≈ 
3Γn(E − E

0
)

2k[(E − E
0
)2 + Γ26 4]

 cos ϕ, (35)

£¤¥ Γn  = Γn
0(kR)2E1 6 2. ‚¥²¨Î¨´Ê Γn

0 ³µ¦´µ µÍ¥´¨ÉÓ ¨§ µ¦¨¤ ¥³µ£µ §´ -

Î¥´¨Ö p-¸¨²µ¢µ° ËÊ´±Í¨¨ ±¸¥´µ´  Γn
0 6 D ≈ 2⋅10−4 [17]. ’ ±µ¥ §´ Î¥´¨¥

¶·¨¢µ¤¨É ± Γn ≈ 1,42⋅10−9 Ô‚ ¨ fp ≈ 4,1⋅10−4 Ë³, ÎÉµ, ¢ ¸¢µÕ µÎ¥·¥¤Ó, ¶µ§¢µ-

²Ö¥É µÍ¥´¨ÉÓ ²µ¦´ÊÕ  ¸¨³³¥É·¨Õ · ¸¸¥Ö´¨Ö ¢¶¥·¥¤-´ § ¤, · ¢´ÊÕ
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





 
b
coh

 + fp cos ϕ
1

b
coh

 + fp cos ϕ
2

 







2

 − 1 = 2⋅10−4. ‘µµÉ¢¥É¸É¢ÊÕÐ Ö ¢¥²¨Î¨´ , µ¡Ê¸²µ¢²¥´´ Ö

ne-· ¸¸¥Ö´¨¥³, ¸µ¸É ¢²Ö¥É 6⋅10−4, ¨ ¶·¨¢µ¤¨³ Ö  ¢Éµ· ³¨ · ¡µÉÒ [15] ¶µ£-
·¥Ï´µ¸ÉÓ ¶·¨ µ¶·¥¤¥²¥´¨¨ ane ¤µ²¦´  ¡ÒÉÓ ¶µ ±· °´¥° ³¥·¥ Ê¤¢µ¥´ . ‚

¤¥°¸É¢¨É¥²Ó´µ¸É¨ ¸¨ÉÊ Í¨Ö ³µ¦¥É ¡ÒÉÓ £µ· §¤µ ¡µ²¥¥ ¸¥·Ó¥§´µ°, É.±. Γn
0

³µ¦¥É ¶·¥¢ÒÏ ÉÓ ¶·¨´ÖÉµ¥ ´ ³¨ §´ Î¥´¨¥ ¢ ´¥¸±µ²Ó±µ · §. ‡ ³¥É¨³, ÎÉµ

·¥§µ´ ´¸ ¸ ´¥°É·µ´´µ° Ï¨·¨´µ° ¤ ¦¥ ¶µ·Ö¤±  10−7 Ô‚ ¢·Ö¤ ²¨ ¤µ ¸¨Ì ¶µ·
³µ£ ¡ÒÉÓ § ³¥Î¥´ ¢ ¶µ²´µ³ ¸¥Î¥´¨¨ ¢ µ¡ÒÎ´ÒÌ µ¶ÒÉ Ì ¶µ ³¥Éµ¤Ê ¶·µ¶Ê-
¸± ´¨Ö. ‘¶¥Í¨ ²Ó´Ò¥ ¶µ¨¸±¨ ¸² ¡ÒÌ p-·¥§µ´ ´¸µ¢ ¶µ± §Ò¢ ÕÉ, ÎÉµ ·¥§µ-

´ ´¸Ò ¸ ´¥°É·µ´´Ò³¨ Ï¨·¨´ ³¨ 10−7 Ô‚ µ¡´ ·Ê¦¨¢ ÕÉ¸Ö ²¨ÏÓ ¶·¨ Éµ²-

Ð¨´¥ µ¡· §Íµ¢ ≥ 1023 Ö¤¥·/¸³3, ÎÉµ ¤µ¸É¨¦¨³µ ¤²Ö £ §µµ¡· §´µ£µ ±¸¥´µ´ 
¢ µ¡· §Í Ì ¤²¨´µ° ~ 1 ³ ¨ ¶·¨ ¤ ¢²¥´¨¨ ~ 50  É³.

‚Éµ·µ° ³¥Éµ¤ ¨¸¸²¥¤µ¢ ´¨° ¡Ò² ¢¶¥·¢Ò¥ ¶·¨³¥´¥´ •¥¢¥´¸µ³, � ¡¨ ¨
�¥°´ÊµÉ¥·µ³ [18]. �´ § ±²ÕÎ ¥É¸Ö ¢ ´ ¡²Õ¤¥´¨¨ § ¢¨¸¨³µ¸É¨ ¶µ²´µ£µ ¸¥-
Î¥´¨Ö · ¸¸¥Ö´¨Ö µÉ ¤²¨´Ò ¢µ²´Ò ´¥°É·µ´  ¢¡²¨§¨ λ ≈ 1 Å (E ≈ 0,08 Ô‚).
„²¨´  Ö¤¥·´µ£µ · ¸¸¥Ö´¨Ö ¤µ²¦´  µ¸É ¢ ÉÓ¸Ö ¶µ¸ÉµÖ´´µ°, ¢ Éµ ¢·¥³Ö ± ±
 Éµ³´Ò° Ëµ·³Ë ±Éµ· Ö¢²Ö¥É¸Ö ¶·¨Î¨´µ° ¨§³¥´¥´¨° ¶µ²´µ£µ ¸¥Î¥´¨Ö ¢ § -
¢¨¸¨³µ¸É¨ µÉ λ. ‚ ± Î¥¸É¢¥ · ¸¸¥¨¢ É¥²¥° ¨¸¶µ²Ó§µ¢ ²¨ ¦¨¤±¨¥ ¸¢¨´¥Í ¨
¢¨¸³ÊÉ. �µ²´µ¥ ¸¥Î¥´¨¥ ¨§³¥·Ö²µ¸Ó ¢ ¤¨ ¶ §µ´¥ λ = 0,3 ÷ 1,3 Å. ‚ ÔÉµ³ ¨´-
É¥·¢ ²¥ ¤²¨´ ¢µ²´ ¨§³¥´¥´¨¥ ¶µ²´µ£µ ¸¥Î¥´¨Ö ¨§-§  ne-¢§ ¨³µ¤¥°¸É¢¨Ö ¸µ-
¸É ¢²Ö¥É 0,1 ¡. ‚ ·¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨° ¸²¥¤Ê¥É ¢´¥¸É¨ ¶µ¶· ¢±¨ ´  ¤·Ê£¨¥
ÔËË¥±ÉÒ. ’ ±, ¶µ¶· ¢±  ´  ³¥¦ Éµ³´Ò¥ ¨´É¥·Ë¥·¥´Í¨µ´´Ò¥ Ö¢²¥´¨Ö ¸µ-
¸É ¢²Ö¥É ¢ Ê± § ´´µ³ ¤¨ ¶ §µ´¥ ¤²¨´ ¢µ²´ 0,2 ¡. �¥µ¡Ìµ¤¨³µ ¢´¥¸É¨ É ±¦¥
¶µ¶· ¢±Ê ́   ÔËË¥±É µÉ´µ¸¨É¥²Ó´µ° ̧ ±µ·µ¸É¨, µ¡Ê¸²µ¢²¥´´µ° É¥¶²µ¢Ò³ ¤¢¨-
¦¥´¨¥³  Éµ³µ¢ ³¨Ï¥´¨,   É ±¦¥ ÊÎ¥¸ÉÓ ¢²¨Ö´¨¥ § Ì¢ É  ´¥°É·µ´µ¢ ¢ ¨¸¸²¥-
¤Ê¥³µ³ ¢¥Ð¥¸É¢¥ ¨ ¶·¨³¥¸ÖÌ. �µ§¤´¥¥ ¡Ò²µ ¶µ± § ´µ [19], ÎÉµ ¢¢µ¤¨ÉÓ ¶µ-
¶· ¢±¨ ´   £·¥£ É´µ¥ ¸µ¸ÉµÖ´¨¥ ¢¥Ð¥¸É¢  ¶·¨ Ô´¥·£¨ÖÌ ´¥°É·µ´µ¢ ´¨¦¥
1 Ô‚ ³µ¦´µ, ± ± ¶· ¢¨²µ, ²¨ÏÓ ¸ ¡µ²ÓÏµ° ´¥µ¶·¥¤¥²¥´´µ¸ÉÓÕ. ‚¸¥ ÔÉµ
¶·¨¢µ¤¨É ± Éµ³Ê, ÎÉµ, ´¥¸³µÉ·Ö ´  ¢Ò¸µ±ÊÕ ¸É É¨¸É¨Î¥¸±ÊÕ ÉµÎ´µ¸ÉÓ ¤ ´-
´µ£µ ³¥Éµ¤ , µ¡Ð Ö ÉµÎ´µ¸ÉÓ ¥£µ, ¢¨¤¨³µ, ´¥¢¥²¨± . � ¨¡µ²¥¥ ÉµÎ´µ¥ §´ -
Î¥´¨¥, ¶µ²ÊÎ¥´´µ¥ ¤ ´´Ò³ ³¥Éµ¤µ³ ¶·¨ Ô´¥·£¨ÖÌ ´¥°É·µ´µ¢ ³¥´ÓÏ¥ 1 Ô‚:

ane = (−1,56 ± 0,05)⋅10−3 Ë³, (36)

¡Ò²µ ´ °¤¥´µ ¢ · ¡µÉ¥ Œ¥²±µ´¨ ´  ¨ ¤·. [20] ¢ 1959 £. ¢ ‘˜�.

’ ±¨³ µ¡· §µ³, Ê¦¥ ¢ ±µ´Í¥ 60-Ì ££. ¨§ Ô±¸¶¥·¨³¥´Éµ¢ ¡Ò²µ ¨§¢¥¸É´µ
¤¢  §´ Î¥´¨Ö ¤²¨´Ò · ¸¸¥Ö´¨Ö ane. Š ÔÉµ³Ê ¢·¥³¥´¨ ¡Ò²  ¨§¢¥¸É´  ¨ Ëµ·-

³Ê²  ”µ²¤¨ (8), ¸¢Ö§Ò¢ ÕÐ Ö ne-ÔËË¥±É ¸ ¢´ÊÉ·¥´´¨³ § ·Ö¤µ¢Ò³ · ¤¨Ê¸µ³
´¥°É·µ´ . ‘µ£² ¸´µ ÔÉµ° Ëµ·³Ê²¥ ¶·¨ ¶¥·¢µ³ §´ Î¥´¨¨ ane (¸³.(34)) ¶µ²Ê-
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Î ¥É¸Ö 〈 rE,in
2  〉N > 0, ¢Éµ·µ¥ ¦¥ §´ Î¥´¨¥ (¸³.(36)) ¤ ¥É 〈 rE,in

2  〉N < 0. Š ÔÉµ³Ê

¦¥ ¢·¥³¥´¨ —Ê ¨ ‹µÊ ³ É¥³ É¨Î¥¸±¨ ¸Ëµ·³Ê²¨·µ¢ ²¨ ¨¤¥¨ �± ¢Ò, ¤ ¢
Ê¤µ¢²¥É¢µ·¨É¥²Ó´µ¥ ±µ²¨Î¥¸É¢¥´´µ¥ Éµ²±µ¢ ´¨¥ Ô±¸¶¥·¨³¥´Éµ¢ ¶µ ËµÉµ-
·µ¦¤¥´¨Õ π-³¥§µ´µ¢ [21],   É ±¦¥ ¨ ¶µ ¨Ì ´¨§±µÔ´¥·£¥É¨Î¥¸±µ³Ê

(E << Mc2 = 0,95 ƒÔ‚) · ¸¸¥Ö´¨Õ [22]. �·¨¡²¨¦¥´´µ ¡Ò²¨ · ¸¸Î¨É ´Ò É ±-
¦¥ ¢¥²¨Î¨´Ò ³ £´¨É´ÒÌ ³µ³¥´Éµ¢ ¶·µÉµ´  ¨ ´¥°É·µ´  [23,24]. ‚ É¥µ·¨¨ —Ê
¨ ‹µÊ ´Ê±²µ´ · ¸¸³ É·¨¢ ²¸Ö ± ± ¶·µÉÖ¦¥´´Ò° ¨¸ÉµÎ´¨± ¢¨·ÉÊ ²Ó´µ£µ ³¥-

§µ´´µ£µ ¶µ²Ö. ‚¨·ÉÊ ²Ó´Ò° ¶·µÍ¥¸¸ n → p + π− ¤ ¢ ² µÉ·¨Í É¥²Ó´Ò°
®Ì¢µ¸É¯, É.¥. ¢´¥Ï´ÕÕ ¶¨µ´´ÊÕ µ¡µ²µÎ±Ê · ¸¶·¥¤¥²¥´¨Ö Ô²¥±É·¨Î¥¸±µ£µ
§ ·Ö¤  ´¥°É·µ´ , ¸ Ì · ±É¥·´Ò³ · §³¥·µ³ h 6 (mπc) ≈ 1,4 Ë³. �Ê±²µ´ · ¸-

¸³ É·¨¢ ²¸Ö ¡¥¸±µ´¥Î´µ ÉÖ¦¥²Ò³, É ±¨³ µ¡· §µ³, µÉ¤ ÎÊ ¢ ¢¨·ÉÊ ²Ó´ÒÌ
¶·µÍ¥¸¸ Ì ³µ¦´µ ¡Ò²µ ¢ ¶¥·¢µ³ ¶·¨¡²¨¦¥´¨¨ ´¥ ¶·¨´¨³ ÉÓ ¢µ ¢´¨³ ´¨¥.
�µ¤µ¡´ Ö ¸É É¨Î¥¸± Ö ³µ¤¥²Ó ¤µ²¦´  ¶·¨¢µ¤¨ÉÓ ± µÉ·¨Í É¥²Ó´µ³Ê §´ ±Ê
±¢ ¤· É  ¢´ÊÉ·¥´´¥£µ § ·Ö¤µ¢µ£µ · ¤¨Ê¸  ´¥°É·µ´ . ’ ±¨³ µ¡· §µ³, §´ Î¥-

´¨¥ ane = −1,33(3)⋅10−3 Ë³ (34) ´ Ìµ¤¨²µ¸Ó ¢ ¶·µÉ¨¢µ·¥Î¨¨ ¸ É¥µ·¨¥°,   §´ -

Î¥´¨¥ ane = −1,56(5)⋅10−3 Ë³ (36) Å ¢ ¸µ£² ¸¨¨. ‚´ÊÉ·¥´´ÖÖ ¦¥ Î ¸ÉÓ ´Ê±²µ-

´  ¢ É¥ £µ¤Ò, ¶µ ¸ÊÐ¥¸É¢Ê, ´¥ ¡Ò²  ¶µ´ÖÉ  ¨ ¥¥ ¸¢µ°¸É¢  ´¥ ¶µ¤¤ ¢ ²¨¸Ó
· ¸Î¥ÉÊ. ‹¨ÏÓ ¸¶Ê¸ÉÖ ¡µ²¥¥ 20 ²¥É ±¢ ·±µ¢Ò¥ ¶·¥¤¸É ¢²¥´¨Ö µ ́ Ê±²µ´¥ ¶·µ-
Ö¸´¨²¨ ¸¨ÉÊ Í¨Õ: ¢´ÊÉ·¥´´µ¸ÉÓ ´Ê±²µ´  ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ³¥Ïµ±, § ¶µ²-
´¥´´Ò° É·¥³Ö ±¢ ·± ³¨.

’·¥ÉÓ¨³ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ ³¥Éµ¤µ³ ̈ §ÊÎ¥´¨Ö ne-¢§ ¨³µ¤¥°¸É¢¨Ö Ö¢²Ö-
¥É¸Ö ³¥Éµ¤ ±µ³¶¥´¸ Í¨¨ ¤²¨´ Ö¤¥·´µ£µ · ¸¸¥Ö´¨Ö ¶·¨ µÉ· ¦¥´¨¨ ́ ¥°É·µ´µ¢
µÉ §¥·± ² . �ÉµÉ ³¥Éµ¤ ¡Ò² ¶·¨³¥´¥´ �§µ³ ¨ ¤·. [25]. ˆ§¢¥¸É´µ , ÎÉµ ¶µ± -
§ É¥²Ó ¶·¥²µ³²¥´¨Ö ¢¥Ð¥¸É¢  ¤²Ö ´¥°É·µ´µ¢ ¸ ¤²¨´µ° ¢µ²´Ò λ ¸¢Ö§ ´ ¸
¤²¨´µ° ±µ£¥·¥´É´µ£µ · ¸¸¥Ö´¨Ö ¸µµÉ´µÏ¥´¨¥³ (¶·¨ µÉ¸ÊÉ¸É¢¨¨ ³ £´¨É´µ£µ
· ¸¸¥Ö´¨Ö ´¥°É·µ´µ¢):

n2 = 1 − (λ2 6 π) ∑ aj Nj , (37)

£¤¥ Nj Å Î¨¸²µ Î ¸É¨Í É¨¶  j ¢ 1 ¸³3 ¢¥Ð¥¸É¢ , aj Å ¤²¨´  ±µ£¥·¥´É´µ£µ

· ¸¸¥Ö´¨Ö ´¥°É·µ´µ¢ Î ¸É¨Í ³¨ É¨¶  j. „²Ö ¶·¥Í¨§¨µ´´µ£µ µ¶·¥¤¥²¥´¨Ö
¶µ± § É¥²Ö ¶·¥²µ³²¥´¨Ö ¤¢ÊÌ ¢¥Ð¥¸É¢ ¨§³¥·ÖÕÉ ±·¨É¨Î¥¸±¨° Ê£µ² ϕ

cr

¶µ²´µ£µ µÉ· ¦¥´¨Ö ´  ¨Ì £· ´¨Í¥, ¶·¨Î¥³

ϕ
cr
2  = nA

2 − nB
2  (¤²Ö  ϕ

cr
 << 1), (38)

£¤¥ nA ¨ nB Å ¶µ± § É¥²¨ ¶·¥²µ³²¥´¨Ö ¤¢ÊÌ ¢¥Ð¥¸É¢.

„²Ö ¦¨¤±µ£µ ±¨¸²µ·µ¤  ¨ ¢¨¸³ÊÉ , ¨¸¶µ²Ó§µ¢ ¢Ï¨Ì¸Ö ¢ [25], ¨§ (37) ¨
(38) ¸²¥¤Ê¥É, ÎÉµ

(π 6 λ2) ϕ
cr
2  = N

Bi
a
Bi
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(39)
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(¶µ¸±µ²Ó±Ê ·¥ÎÓ ¨¤¥É µ · ¸¸¥Ö´¨¨ ´  ³ ²Ò¥ Ê£²Ò (¢¶¥·¥¤),  Éµ³´Ò° Ëµ·³-

Ë ±Éµ· · ¢¥´ ¥¤¨´¨Í¥). �É´µÏ¥´¨¥ 
N

O
a
O

N
Bi

a
Bi

 = 1,024, ¢ Éµ ¢·¥³Ö ± ±

N
Bi

Z
Bi

N
O
Z

O

 ≈ 7. ‚¸²¥¤¸É¢¨¥ ÔÉµ£µ ¨§³¥·¥´´µ¥ §´ Î¥´¨¥ ±·¨É¨Î¥¸±µ£µ Ê£²  ϕ
cr

¶·¨³¥·´µ ¢ · ¢´µ° ¸É¥¶¥´¨ µ¶·¥¤¥²Ö¥É¸Ö ´¥¸±µ³¶¥´¸¨·µ¢ ´´Ò³ Ö¤¥·´Ò³
· ¸¸¥Ö´¨¥³ ¨ ne-¢§ ¨³µ¤¥°¸É¢¨¥³. �ÉµÉ Ê£µ² ¸µ¸É ¢²Ö¥É ´¥¸±µ²Ó±µ ³¨´ÊÉ.
„²¨´Ò · ¸¸¥Ö´¨Ö a

O
 ¨ a

Bi
 (¨²¨, ÉµÎ´¥¥ £µ¢µ·Ö, a

Bi
 ¨ µÉ´µÏ¥´¨¥ a

O
6 a

Bi
)

¡Ò²¨ µ¶·¥¤¥²¥´Ò ¢ Ô±¸¶¥·¨³¥´É¥ ¶ÊÉ¥³ ̈ §³¥·¥´¨Ö ¸¥Î¥´¨Ö · ¸¸¥Ö´¨Ö ̧ ¢µ-
¡µ¤´ÒÌ  Éµ³µ¢ ¶·¨ Ô´¥·£¨¨ ´¥°É·µ´µ¢ ¶µ·Ö¤±  10 Ô‚. �·¨ ÔÉµ° Ô´¥·£¨¨
ne-¢§ ¨³µ¤¥°¸É¢¨¥ ´¥ ¶·µÖ¢²Ö¥É¸Ö, É ± ± ± Ëµ·³Ë ±Éµ· ¶· ±É¨Î¥¸±¨
· ¢¥´ ´Ê²Õ. „²Ö ¶¥·¥Ìµ¤  ± ¤²¨´ ³ ±µ£¥·¥´É´µ£µ · ¸¸¥Ö´¨Ö a

O
 ¨ a

Bi
 ´¥-

µ¡Ìµ¤¨³µ µ¶·¥¤¥²¨ÉÓ ¸¥Î¥´¨¥ ´¥±µ£¥·¥´É´µ£µ · ¸¸¥Ö´¨Ö ¢¨¸³ÊÉ . �Éµ ¡Ò-
²µ ¸¤¥² ´µ ¶·¨ ¶µ³µÐ¨ ¤µ¶µ²´¨É¥²Ó´ÒÌ µ¶ÒÉµ¢ ¸ ´¥°É·µ´ ³¨ ¡µ²ÓÏ¨Ì
¤²¨´ ¢µ²´, ±µ£¤  ¨³¥¥É ³¥¸Éµ ²¨ÏÓ ´¥±µ£¥·¥´É´µ¥ · ¸¸¥Ö´¨¥.

ˆ§³¥·¥´´Ò° ¢ Ô±¸¶¥·¨³¥´É¥ [25] ±·¨É¨Î¥¸±¨° Ê£µ² µ± § ²¸Ö · ¢´Ò³
3,66 Ê£²µ¢ÒÌ ³¨´ÊÉ. ‚ ·¥§Ê²ÓÉ É¥

ane = (−1,39 ± 0,13)⋅10−3 Ë³. (40)

Œ¥Éµ¤ µÉ· ¦¥´¨Ö µÉ §¥·± ²  µ¡² ¤ ¥É ¶·¥¨³ÊÐ¥¸É¢µ³ ¶¥·¥¤ µ¸É ²Ó-
´Ò³¨, ¶µ¸±µ²Ó±Ê ¨§³¥·Ö¥³Ò° ÔËË¥±É ¢ §´ Î¨É¥²Ó´µ° ¸É¥¶¥´¨ µ¶·¥¤¥²Ö¥É¸Ö
¸ ³¨³ ne-¢§ ¨³µ¤¥°¸É¢¨¥³. O¤´ ±µ ±µ´¥Î´Ò° ·¥§Ê²ÓÉ É µ¶ÒÉ  �§ 
µ¶¨· ¥É¸Ö ´  ¶·¥¤¶µ²µ¦¥´¨¥, ÎÉµ ¢ µ¡² ¸É¨ Ô´¥·£¨° µÉ 10 Ô‚ ¤µ É¥¶²µ¢µ°
¤²¨´  · ¸¸¥Ö´¨Ö, ´¥ ¸¢Ö§ ´´µ£µ ¸ ne-¢§ ¨³µ¤¥°¸É¢¨¥³, ´¥ ³¥´Ö¥É¸Ö. Œ¥¦¤Ê
É¥³, ± ± µÉ³¥É¨² • ²¶¥·´ [26], ¶·¨ Ô´¥·£¨ÖÌ ¶µ·Ö¤±  10 Ô‚ ´   Éµ³ Ì
¢¨¸³ÊÉ  ¨ ±¨¸²µ·µ¤  ³µ¦¥É ¶·µ¨¸Ìµ¤¨ÉÓ § ³¥É´µ¥ ´¥Ê¶·Ê£µ¥ · ¸¸¥Ö´¨¥.
…¸²¨ ÔÉµ É ±, Éµ §´ Î¥´¨Ö aO ¨ aBi ¡Ê¤ÊÉ µÉ²¨Î ÉÓ¸Ö µÉ §´ Î¥´¨°, ¶·¨´ÖÉÒÌ

¢ [25], ÎÉµ, ¸µµÉ¢¥É¸É¢¥´´µ, ¨§³¥´¨É ¨ ±µ´¥Î´Ò¥ ·¥§Ê²ÓÉ ÉÒ µ¶ÒÉ . „µ²¦´ 
¡ÒÉÓ É ±¦¥ Ê¢¥·¥´´µ¸ÉÓ ¢ µÉ¸ÊÉ¸É¢¨¨ ± ±µ£µ-²¨¡µ ¢²¨Ö´¨Ö ·¥§µ´ ´¸µ¢ ¢
Ê± § ´´µ° µ¡² ¸É¨ Ô´¥·£¨°.

�µ¸±µ²Ó±Ê ¨¸±µ³Ò° ne-ÔËË¥±É ¸µ¸É ¢²Ö² ¢ ´ ¨¡µ²¥¥ ÉµÎ´ÒÌ Ô±¸-
¶¥·¨³¥´É Ì ¢¸¥£µ ²¨ÏÓ ¢¥²¨Î¨´Ê ¶µ·Ö¤±  1%, ¡Ò²µ ¡Ò µÎ¥´Ó ¨´É¥·¥¸´µ
´ °É¨ ³¥Éµ¤ ¨¸¸²¥¤µ¢ ´¨Ö, ¢ ±µÉµ·µ³ ¨§³¥·Ö¥³Ò° ÔËË¥±É, É ± ¦¥, ± ± ¨ ¢
· ¡µÉ Ì �§ , ¡Ò² ¡Ò ¡µ²¥¥ §´ Î¨É¥²Ó´Ò³. ‚ ¶·¥¤Ò¤ÊÐ¨Ì · ¡µÉ Ì ¢¸¥£¤ 
¸ÊÐ¥¸É¢µ¢ ²  µ¶ ¸´µ¸ÉÓ ¢²¨Ö´¨Ö ´  ·¥§Ê²ÓÉ ÉÒ ± ±µ£µ-²¨¡µ ´¥ÊÎÉ¥´´µ£µ
ÔËË¥±É . ’ ±, ´ ¶·¨³¥·, ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ³¥Éµ¤  ¨§³¥·¥´¨Ö ¶µ²´µ£µ ¸¥-
Î¥´¨Ö ¦¨¤±µ£µ ¸¢¨´Í  ¨²¨ ¢¨¸³ÊÉ  ¢ ¨´É¥·¢ ²¥ Ô´¥·£¨° 0 ÷ 10 Ô‚ ¨§³¥-
´¥´¨¥ ¸¥Î¥´¨Ö Ö¤¥·´µ£µ · ¸¸¥Ö´¨Ö ¢¸¥£µ ´  0,1% ¢Ò§Ò¢ ¥É ¨§³¥´¥´¨¥ ¨¸±µ-
³µ°  ³¶²¨ÉÊ¤Ò ne-· ¸¸¥Ö´¨Ö ´  10%.
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ˆ§ Ëµ·³Ê²Ò (30) ¸²¥¤Ê¥É, ÎÉµ µÉ´µ¸¨É¥²Ó´µ¥ §´ Î¥´¨¥ ¤µ¶µ²´¨É¥²Ó´µ£µ
¢±² ¤  ¢ ¸¥Î¥´¨¥ · ¸¸¥Ö´¨Ö µ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³ ∆ σne6 σ =
= 2Z ∆ fane6 a. ‚ Ô±¸¶¥·¨³¥´É Ì, ¶·µ¢µ¤¨³ÒÌ ¶µ ³¥Éµ¤Ê ”¥·³¨ ¨ Œ ·Ï ²²,

∆ f ¸µ¸É ¢²Ö²µ ¢¸¥£µ ²¨ÏÓ 0,26. ’ ± ± ± Ëµ·³Ë ±Éµ· Å ËÊ´±Í¨Ö µÉ´µ-
Ï¥´¨Ö sin θ 6 λ, ¤²Ö Ê¢¥²¨Î¥´¨Ö ∆ f ¸²¥¤Ê¥É ¢¥¸É¨ ¨§³¥·¥´¨Ö ¶·¨ ³¥´ÓÏ¨Ì λ,
µ¤´µ¢·¥³¥´´µ § Ì¢ ÉÒ¢ Ö µ¡² ¸ÉÓ Ê£²µ¢ ³¥´¥¥ 45Æ, ¨²¨ ¶·µ¢µ¤¨ÉÓ Ô±¸-
¶¥·¨³¥´É ¶µ ³¥Éµ¤Ê ¢·¥³¥´¨ ¶·µ²¥É  ¶·¨ Ë¨±¸¨·µ¢ ´´µ³ Ê£²¥ θ ¢ Ï¨·µ±µ³
¤¨ ¶ §µ´¥ §´ Î¥´¨° λ. Š·µ³¥ Éµ£µ, ¨ ÔÉµ ¡µ²¥¥ ¸ÊÐ¥¸É¢¥´´µ, ¸²¥¤Ê¥É ´ °É¨
¶µ¤Ìµ¤ÖÐ¥¥ ¤²Ö ¨§³¥·¥´¨° Ö¤·µ ¸ µÎ¥´Ó ³ ²Ò³ §´ Î¥´¨¥³ ¤²¨´Ò Ö¤¥·´µ£µ
· ¸¸¥Ö´¨Ö. ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ¢ ‹ ¡µ· Éµ·¨¨ ´¥°É·µ´´µ° Ë¨§¨±¨ �ˆŸˆ ¢
1965Å1966 £µ¤ Ì ¡Ò²¨ ¶·¥¤¶·¨´ÖÉÒ ¶µ¨¸±¨ ÉÖ¦¥²µ£µ Ö¤·  ¸ ³ ²µ° ¤²¨´µ°
Ö¤¥·´µ£µ · ¸¸¥Ö´¨Ö. ’ ±µ¥ Ö¤·µ ¡Ò²µ ´ °¤¥´µ ¸´ Î ²  É¥µ·¥É¨Î¥¸±¨, § É¥³
Ô±¸¶¥·¨³¥´É ²Ó´µ. ˆ³ µ± § ²¸Ö ¢µ²ÓË· ³-186, Ö¤¥·´ Ö ¤²¨´  · ¸¸¥Ö´¨Ö
´¥°É·µ´µ¢ ±µÉµ·µ£µ ¢ µ¡² ¸É¨ Ô´¥·£¨° ´¥°É·µ´µ¢ µÉ ´Ê²Ö ¤µ ´¥¸±µ²Ó±¨Ì
Ô²¥±É·µ´¢µ²ÓÉ ³ ²  (¶·¨³¥·´µ ¢ ¤¥¸ÖÉÓ · § ³¥´ÓÏ¥, Î¥³ ¥¸É¥¸É¢¥´´µ£µ ¢µ²Ó-
Ë· ³ ) ¨§-§  ¨´É¥·Ë¥·¥´Í¨¨ ¶µÉ¥´Í¨ ²Ó´µ£µ ¨ ·¥§µ´ ´¸´µ£µ · ¸¸¥Ö´¨°.
�´  ¨³¥¥É ¢¨¤ [27]:

a = R − 
βΓn

2k
0
E

0

 

 1 + 

E
E

0

 

 + aneZf 


 
sin θ

λ  

 , (41)

£¤¥ Γn Å ´¥°É·µ´´ Ö Ï¨·¨´  ¶¥·¢µ£µ ·¥§µ´ ´¸  (E
0
 = 18,83 Ô‚) 186W; R

ÊÎ¨ÉÒ¢ ¥É ¶µÉ¥´Í¨ ²Ó´µ¥ · ¸¸¥Ö´¨¥, ¢±² ¤ ¶·¨³¥¸¥°,   É ±¦¥ ´¥§´ -
Î¨É¥²Ó´Ò° ¢±² ¤ µ¸É ²Ó´ÒÌ ·¥§µ´ ´¸µ¢ ¢µ²ÓË· ³ ; β Å ¸µ¤¥·¦ ´¨¥ ¨§µ-

Éµ¶  186W ¢ ¸³¥¸¨. �¥§Ê²ÓÉ ÉÒ ¶µ¨¸±µ¢ ¢¶¥·¢Ò¥ ¡Ò²¨ ¤µ²µ¦¥´Ò [27] ´ 
¸¥³¨´ ·¥ ¶µ Ô²¥±É·µ³ £´¨É´Ò³ ¢§ ¨³µ¤¥°¸É¢¨Ö³ ¢ Ö¤¥·´ÒÌ ·¥ ±Í¨ÖÌ ¢
1966 £. ¢ „Ê¡´¥,   § É¥³ µ¶Ê¡²¨±µ¢ ´Ò ¢ · ¡µÉ¥ [28]. ‚ ¤µ±² ¤¥ [27] ¡Ò²µ
¶·¥¤²µ¦¥´µ ¶·¨³¥´¨ÉÓ ³µ´µ±·¨¸É ²² ¨§ ¨§µÉµ¶  ¢µ²ÓË· ³ -186 ¤²Ö
¨§³¥·¥´¨Ö ne-¢§ ¨³µ¤¥°¸É¢¨Ö ¶µ¸·¥¤¸É¢µ³ ¨§ÊÎ¥´¨Ö ¤¨Ë· ±Í¨¨ ´¥°É·µ-
´µ¢ ¢ É ±µ³ ±·¨¸É ²²¥. �·¨ ÔÉµ³ ³µ¦´µ ¤µ¸É¨£´ÊÉÓ ¢µ§· ¸É ´¨Ö ¨§³¥·Ö¥-
³µ£µ ne-ÔËË¥±É  ¤µ ´¥¸±µ²Ó±¨Ì ¤¥¸ÖÉ±µ¢ ¶·µÍ¥´Éµ¢. ˆ§³¥´ÖÖ ±µ´Í¥´É-

· Í¨Õ ¨§µÉµ¶  186W ¢ ̧ ³¥¸¨, ³µ¦´µ ¨§³¥´ÖÉÓ  ¡¸µ²ÕÉ´µ¥ §´ Î¥´¨¥ ̈  §´ ±
¤²¨´Ò · ¸¸¥Ö´¨Ö.

�·¥Í¨§¨µ´´Ò¥ ̈ §³¥·¥´¨Ö ¤²¨´Ò · ¸¸¥Ö´¨Ö ́ ¥°É·µ´µ¢ ̧  ¶µ³µÐÓÕ ̧ ³¥¸¨

¨§µÉµ¶µ¢ ¢µ²ÓË· ³ , ¸µ¤¥·¦ Ð¥° 90,7% 186W, ¡Ò²¨ ¢Ò¶µ²´¥´Ò ´  ¶ÊÎ±¥
Ìµ²µ¤´ÒÌ ´¥°É·µ´µ¢ (λ ≈ 15 Å) ³¥Éµ¤µ³ Ë¨²ÓÉ·µ¢ Š·¨¸É¨ ´¸¥´  [29]. � 
Ìµ·µÏµ ¸±µ²²¨³¨·µ¢ ´´µ³ ¶ÊÎ±¥ ´¥°É·µ´µ¢ (· ¸Ìµ¤¨³µ¸ÉÓ ¢ £µ·¨§µ´É ²Ó-
´µ° ¶²µ¸±µ¸É¨ ´¥ ¶·¥¢µ¸Ìµ¤¨É 2Å3′) Ê¸É ´ ¢²¨¢ ²¸Ö É ± ´ §Ò¢ ¥³Ò°
Ë¨²ÓÉ· Š·¨¸É¨ ´¸¥´ , ¶·¥¤¸É ¢²ÖÕÐ¨° ¸µ¡µ° ¢¥·É¨± ²Ó´ÊÕ ¶µ²µ¸ÉÓ, ³¥¦-
¤Ê ¸É¥±²Ö´´Ò³¨ ¶² ¸É¨´ ³¨ ±µÉµ·µ° § ¸Ò¶ ´ ¶µ·µÏµ± ¨§ ¨¸¸²¥¤Ê¥³µ£µ ¢¥-
Ð¥¸É¢ . ’µ²Ð¨´  ¶µ²µ¸É¨ ¢ ´ ¶· ¢²¥´¨¨ ¶ÊÎ±  ´¥¸±µ²Ó±µ ³¨²²¨³¥É·µ¢,  

� ‡��Š… ˆ ‚…‹ˆ—ˆ�… Š‚�„��’�  91



¶µ Ï¨·¨´¥ µ´  ¶µ²´µ¸ÉÓÕ ¶¥·¥±·Ò¢ ¥É ¶ÊÎµ±. �·µ¸É· ´¸É¢µ ³¥¦¤Ê
±·Ê¶¨´± ³¨ ¶µ·µÏ±  § ¶µ²´Ö¥É¸Ö ¶µµÎ¥·¥¤´µ · §²¨Î´Ò³¨ ¦¨¤±µ¸ÉÖ³¨ ¸
¨§¢¥¸É´Ò³¨ ¶µ± § É¥²Ö³¨ ¶·¥²µ³²¥´¨Ö ´¥°É·µ´µ¢. �µ§ ¤¨ Ë¨²ÓÉ·  ´  · ¸-
¸ÉµÖ´¨¨ ´¥¸±µ²Ó±¨Ì ³¥É·µ¢ ´  µ¸¨ ¶ÊÎ±  Ê¸É ´ ¢²¨¢ ¥É¸Ö ¤¥É¥±Éµ· É ±µ°
Ï¨·¨´Ò, ÎÉµ ¢ ́ ¥³ ³µ£ÊÉ ·¥£¨¸É·¨·µ¢ ÉÓ¸Ö ́ ¥°É·µ´Ò, · ¸¸¥Ö´´Ò¥ Ë¨²ÓÉ·µ³
´  Ê£²Ò ¤µ ~ 0,5Æ ¢ £µ·¨§µ´É ²Ó´µ° ¶²µ¸±µ¸É¨. ˆ§³¥·¥´¨Ö § ±²ÕÎ ÕÉ¸Ö ¢
´ ¡²Õ¤¥´¨¨ ¨´É¥´¸¨¢´µ¸É¨ ³ ²µÊ£²µ¢µ£µ · ¸¸¥Ö´¨Ö ´¥°É·µ´µ¢ Ë¨²ÓÉ·µ³
¶·¨ ´¥¸±µ²Ó±¨Ì §´ Î¥´¨ÖÌ ¶µ± § É¥²Ö ¶·¥²µ³²¥´¨Ö ¦¨¤±µ¸É¨ (´ ¶·¨³¥·,

¶·¨ · §²¨Î´ÒÌ ¸³¥¸ÖÌ ÉÖ¦¥²µ° (NaD
2
O = (63,399 ± 0,005)⋅109 16 ¸³2) ¨ ²¥£-

±µ° (NaH
2
O = (−5,61 ± 0,03)⋅109 16 ¸³2) ¢µ¤Ò). � ¸Ï¨·¥´¨¥ ¶ÊÎ±  §  ¸Î¥É ³ -

²µÊ£²µ¢µ£µ · ¸¸¥Ö´¨Ö ¶·µ¶µ·Í¨µ´ ²Ó´µ λ 6 a0, £¤¥ a0 Å · §³¥·Ò ±·Ê¶¨´µ±

¶µ·µÏ± . ‚ ¶·¨´Í¨¶¥, ³ ²µÊ£²µ¢µ¥ · ¸¸¥Ö´¨¥ ¤µ²¦´µ ¶µ²´µ¸ÉÓÕ µÉ¸ÊÉ¸É¢µ-
¢ ÉÓ, ±µ£¤  ¶µ± § É¥²Ó ¶·¥²µ³²¥´¨Ö ¦¨¤±µ¸É¨ nL · ¢¥´ ¶µ± § É¥²Õ ¶·¥²µ³-

²¥´¨Ö ¢¥Ð¥¸É¢  ¶µ·µÏ±  nP, ¨ ¶µÖ¢²ÖÉÓ¸Ö ¶·¨ ´ ·ÊÏ¥´¨¨ ÔÉµ£µ Ê¸²µ¢¨Ö.

�·¨ ÔÉµ³ ¢ ´¥±µÉµ·µ³ ¤¨ ¶ §µ´¥ ¨§³¥´¥´¨Ö nL ¨´É¥´¸¨¢´µ¸ÉÓ · ¸¸¥Ö´¨Ö

I ~ (nP − nL)2 ~ [(Na)L − (Na)P]
2.

„²Ö ·¥£¨¸É· Í¨¨ Éµ²Ó±µ · ¸¸¥Ö´´ÒÌ ´¥°É·µ´µ¢ ¶¥·¥¤ ¤¥É¥±Éµ·µ³ Ê¸É -
´ ¢²¨¢ ¥É¸Ö ± ¤³¨¥¢Ò° ¶µ£²µÉ¨É¥²Ó, ¶µ²´µ¸ÉÓÕ ¶¥·¥±·Ò¢ ÕÐ¨° ¶ ¤ ÕÐ¨°
¶ÊÎµ± ¨ ´¥ ³¥Ï ÕÐ¨° · ¸¸¥Ö´´Ò³ ´  ³ ²Ò¥ Ê£²Ò ´¥°É·µ´ ³. �É¸ÊÉ¸É¢¨¥
³ ²µÊ£²µ¢µ£µ · ¸¸¥Ö´¨Ö µ§´ Î ¥É, ÎÉµ (Na)L = (Na)P, µÉ±Ê¤  µ¶·¥¤¥²Ö¥É¸Ö

´¥¨§¢¥¸É´µ¥ §´ Î¥´¨¥ aP. ‚ ·¥§Ê²ÓÉ É¥ ¶·µ¢¥¤¥´´ÒÌ ¨§³¥·¥´¨° ¤²Ö ¤²¨´Ò

±µ£¥·¥´É´µ£µ · ¸¸¥Ö´¨Ö ¶µ·µÏ±  ¢µ²ÓË· ³  (90,7% 186W) ¶µ²ÊÎ¥´µ
a = (−0,466 ± 0,006) Ë³ [30].

„²Ö ¶·µ¢¥¤¥´¨Ö ´¥°É·µ´µ£· Ë¨Î¥¸±¨Ì Ô±¸¶¥·¨³¥´Éµ¢ ¡Ò²¨ ¨¸¶µ²Ó§µ¢ -
´Ò ¤¢  ³µ´µ±·¨¸É ²² -Ï ·¨±  ¤¨ ³¥É·µ³ 5 ³³ ¨§ ¤¢ÊÌ · §´ÒÌ ¨§µ-

Éµ¶¨Î¥¸±¨Ì ¸³¥¸¥°. �¤´  ¸µ¤¥·¦ ²  90,7% 186W (a = −0,466 Ë³), ¢Éµ· Ö
(a = +0,267 Ë³) ¡Ò²  ¶·¨£µÉµ¢²¥´  ¨§ ¶¥·¢µ° ¤µ¡ ¢²¥´¨¥³ 14% ¥¸É¥¸É¢¥´-
´µ£µ ¢µ²ÓË· ³ . �¸´µ¢´Ò¥ ¨§³¥·¥´¨Ö [31] ¶·µ¢µ¤¨²¨¸Ó ¢ 1968Å1969 ¨
1973 ££. ´  Ê¸É ´µ¢± Ì ¸É Í¨µ´ ·´µ£µ ·¥ ±Éµ·  Ë¨²¨ ²  ”¨§¨±µ-Ì¨³¨Î¥¸-
±µ£µ ¨´¸É¨ÉÊÉ  ¨³. Š ·¶µ¢ , ¨³¥ÕÐ¨Ì ±·¨¸É ²²¨Î¥¸±¨¥ ³µ´µÌ·µ³ Éµ·Ò
¤²Ö ¢Ò¤¥²¥´¨Ö ´¥°É·µ´µ¢ ¸ ¤²¨´µ° ¢µ²´Ò λ = 1,17 Å. Œµ´µÌ·µ³ Éµ·µ³
µ¤´µ° ¨§ Ê¸É ´µ¢µ± ¸²Ê¦¨² ±·¨¸É ²² ³¥¤¨ ¸ ³µ§ ¨Î´µ¸ÉÓÕ ≈ 40′. ˆ¸¶µ²Ó§µ-
¢ ²µ¸Ó µÉ· ¦¥´¨¥ (331). “£µ² ¸±µ²Ó¦¥´¨Ö ³µ´µÌ·µ³ Éµ·  ¸µ¸É ¢²Ö²
θM = 45Æ, Ê£µ² · ¸É¢µ·  ¶¥·¢¨Î´µ£µ ±µ²²¨³ Éµ·  α0 = 30′. �·¨³¥¸Ó ´¥°É·µ-

´µ¢ ¸ ¤²¨´µ° ¢µ²´Ò λ 6 2 ´¥ ¶·¥¢ÒÏ ²  5%, ∆λ6 λ ≈ 2%. �µ¸²¥ µÉ· ¦¥´¨Ö
µÉ ³µ´µÌ·µ³ Éµ·  ¶ÊÎµ± ¶·µÌµ¤¨² Î¥·¥§ ¸É ²Ó´µ° ±µ²²¨³ Éµ· ¸ Ê£²µ¢Ò³
· ¸É¢µ·µ³ α1 = 40′ ¨ ¶µ¶ ¤ ² ́   ̈ §ÊÎ ¥³Ò° ³µ´µ±·¨¸É ²². Œµ§ ¨Î´µ¸ÉÓ ³µ-
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´µ±·¨¸É ²²  ¡Ò²  µ±µ²µ 40′. „¨Ë· £¨·µ¢ ´´Ò¥ ´  ³µ´µ±·¨¸É ²²¥ ́ ¥°É·µ´Ò

·¥£¨¸É·¨·µ¢ ²¨¸Ó ¶·µ¶µ·Í¨µ´ ²Ó´Ò³ ¸Î¥ÉÎ¨±µ³, ´ ¶µ²´¥´´Ò³ 3He ¤µ ¤ ¢-
²¥´¨Ö 10  É³. ‘Î¥ÉÎ¨± ´ Ìµ¤¨²¸Ö ´  · ¸¸ÉµÖ´¨¨ 40 ¸³ µÉ µ¡· §Í  ¨ ¨³¥²
±µ²²¨³ Í¨µ´´µ¥ µ±´µ · §³¥·µ³ 20Ì30 ³³. ‚¸¥ ¨§³¥·¥´¨Ö ¶·µ¢µ¤¨²¨¸Ó ³¥-
Éµ¤µ³ θ − 2θ. �¶¥·ÉÊ·  ¤¥É¥±Éµ·  ¨ · §³¥·Ò ±µ²²¨³ Í¨µ´´µ° ¸¨¸É¥³Ò
¡Ò²¨ ¢Ò¡· ´Ò É ±¨³ µ¡· §µ³, ÎÉµ¡Ò Ê¤µ¢²¥É¢µ·¨ÉÓ Ê¸²µ¢¨Ö³, ¶·¨ ±µÉµ·ÒÌ
¨§³¥·Ö¥É¸Ö ¶µ²´ Ö ¨´É¥£· ²Ó´ Ö ¨´É¥´¸¨¢´µ¸ÉÓ ¶·¨ ¢¸¥Ì µÉ· ¦¥´¨ÖÌ. ‚Ò-
¶µ²´¥´¨¥ ÔÉ¨Ì Ê¸²µ¢¨° ±µ´É·µ²¨·µ¢ ²µ¸Ó. ’ ±, ¤²Ö ¶¥·¥¤´¨Ì ¨ § ¤´¨Ì ·¥Ë-
²¥±¸µ¢ Ô±¸¶¥·¨³¥´É ²Ó´µ µ¶·¥¤¥²Ö²¨¸Ó · §³¥·Ò µÉ· ¦¥´´µ£µ µÉ ±·¨¸É ²² 
¶ÊÎ± . �É¨ · §³¥·Ò µ± § ²¨¸Ó §´ Î¨É¥²Ó´µ ³¥´ÓÏ¥ Ê£²µ¢µ£µ · ¸É¢µ·  ¤¥É¥±-
Éµ·  ± ± ¶µ £µ·¨§µ´É ²¨, É ± ¨ ¶µ ¢¥·É¨± ²¨.

’ ±¦¥ Ô±¸¶¥·¨³¥´É ²Ó´µ ¡Ò² ¨¸¸²¥¤µ¢ ´ ¢µ¶·µ¸ µ ¢µ§³µ¦´µ³ ¶¥·¥³¥-
Ð¥´¨¨ µÉ· ¦¥´´µ£µ ¶ÊÎ±  ¶µ µ±´Ê ¤¥É¥±Éµ·  ¶·¨ ¤¢¨¦¥´¨¨ µ¡· §Í  ¨ ¤¥-
É¥±Éµ· . � °¤¥´µ, ÎÉµ ÔÉ¨ ¶¥·¥³¥Ð¥´¨Ö ´¥ ¶·¥¢ÒÏ ²¨ ´¥¸±µ²Ó±¨Ì
³¨²²¨³¥É·µ¢, ¸²¥¤µ¢ É¥²Ó´µ, µÉ· ¦¥´´Ò° ¶ÊÎµ± ´¥ ³µ£ ¢ÒÌµ¤¨ÉÓ §  ¶·¥¤¥-
²Ò µ±´ . �µ¤É¢¥·¦¤¥´¨¥³ ¶· ¢¨²Ó´µ¸É¨ ¨§³¥·¥´¨° ¶µ²´ÒÌ ¨´É¥£· ²Ó´ÒÌ
¨´É¥´¸¨¢´µ¸É¥° µÉ· ¦¥´¨° Ö¢²Ö¥É¸Ö ¸µ¢¶ ¤¥´¨¥ Ê£²µ¢µ° § ¢¨¸¨³µ¸É¨ ÔÉ¨Ì
¨´É¥´¸¨¢´µ¸É¥° ¸  ´ ²µ£¨Î´Ò³¨ ¨§³¥·¥´¨Ö³¨ ´  ¢Éµ·µ° Ê¸É ´µ¢±¥, ¨³¥Õ-
Ð¥° ¸²¥¤ÊÕÐ¨¥ ¶ · ³¥É·Ò: ³µ´µÌ·µ³ Éµ· Pb ¶·¨ µÉ· ¦¥´¨¨ (110),
λ = 1,145 Å, θM = 11Æ, α0 ≈ 2,5Æ, α1 ≈ 30′,   É ±¦¥ ´  ¤¨Ë· ±Éµ³¥É·¥ �ˆŸ”.

�É¨ Ê¸É ´µ¢±¨ ¸¨²Ó´µ µÉ²¨Î ²¨¸Ó ¶µ ¸¢µ¨³ ¶ · ³¥É· ³, É¥³ ´¥ ³¥´¥¥ ·¥-
§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨° ¶µ²´µ¸ÉÓÕ ¸µ¢¶ ¤ ²¨.

�·¨ Ë¨±¸¨·µ¢ ´´µ° ¤²¨´¥ ¢µ²´Ò ¨§³¥·Ö²¨¸Ó ¨´É¥£· ²Ó´Ò¥ ¨´É¥´¸¨¢-
´µ¸É¨ I(hkl) ¢µ¸Ó³¨ µÉ· ¦¥´¨°: (110), (200), (220), (310), (400), (330), (420),

(510). �µ¸±µ²Ó±Ê ¢µ²ÓË· ³ Å ¶ · ³ £´¥É¨±, µ¦¨¤ ²µ¸Ó, ÎÉµ ³ £´¨É´µ¥ · ¸-
¸¥Ö´¨¥ ´¥ ¤µ²¦´µ ¤ ¢ ÉÓ ¢±² ¤  ¢ ¡·Ô££µ¢¸±¨¥ µÉ· ¦¥´¨Ö, ¨ ¨´É¥£· ²Ó´ Ö
¨´É¥´¸¨¢´µ¸ÉÓ ¤¨Ë· ±Í¨µ´´µ£µ ¶¨±  [31]:

I(hkl) = C(a + Zfane)
2A(hkl) 

exp [−2B(sin θ6 λ)2]
sin 2θ  , (42)

£¤¥ C Å ±µ´¸É ´É , A(hkl) Å Ë ±Éµ· ¶µ£²µÐ¥´¨Ö, exp [−2B(sin θ6 λ)2] Å
Ë ±Éµ· „¥¡ ÖÅ‚ ²²¥· , ÊÎ¨ÉÒ¢ ÕÐ¨° ¢²¨Ö´¨¥ É¥¶²µ¢ÒÌ ±µ²¥¡ ´¨°  Éµ-
³µ¢, θ Å Ê£µ² �·Ô££ . ” ±Éµ· ¶µ£²µÐ¥´¨Ö · ¸¸Î¨ÉÒ¢ ²¸Ö, ¨§³¥´¥´¨Ö ÔÉµ-
£µ Ë ±Éµ·  µÉ µÉ· ¦¥´¨Ö (110) ± µÉ· ¦¥´¨Õ (510) ´¥ ¶·¥¢ÒÏ ²¨ 4%.
�µ¸±µ²Ó±Ê ¢ ²¨É¥· ÉÊ·¥ ¨³¥²¨¸Ó µÎ¥´Ó ¶·µÉ¨¢µ·¥Î¨¢Ò¥ ¸¢¥¤¥´¨Ö µ §´ -
Î¥´¨¨ B ¤²Ö ¢µ²ÓË· ³ , ¡Ò²¨ ¶·¥¤¶·¨´ÖÉÒ ¶µ¶ÒÉ±¨ · ¸¸Î¨É ÉÓ ÔÉµÉ Ë ±-
Éµ·,   É ±¦¥ µ¶·¥¤¥²¨ÉÓ ¥£µ Ô±¸¶¥·¨³¥´É ²Ó´µ. � ¸Î¥ÉÒ ¶·µ¢¥¤¥´Ò ´  µ¸-
´µ¢¥ ¨´Ëµ·³ Í¨¨ µ É¥¶²µ¥³±µ¸É¨ ¢µ²ÓË· ³  ¨ ¥£µ Ëµ´µ´´µ³ ¸¶¥±É·¥.

�´¨ ¤ ²¨ §´ Î¥´¨Ö B = 0,162 Å2 ¨ B = 0,167 Å2 [32]. ˆ§³¥·¥´¨Ö B ¶·µ¢µ-
¤¨²¨¸Ó ´  Éµ³ ¦¥ ³µ´µÌ·µ³ Éµ·¥, ´  ±µÉµ·µ³ ¸´¨³ ²¨¸Ó ´¥°É·µ´µ£· ³³Ò
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³µ´µ±·¨¸É ²²µ¢-Ï ·¨±µ¢ 186W. Œ¥Éµ¤¨±  § ±²ÕÎ ² ¸Ó ¢  ´ ²¨§¥ Ê£²µ¢µ°
§ ¢¨¸¨³µ¸É¨ ¨´É¥£· ²Ó´µ° ¨´É¥´¸¨¢´µ¸É¨ ¤¨Ë· ±Í¨µ´´ÒÌ ¶¨±µ¢, ¢µ§´¨-
± ÕÐ¨Ì ¶·¨ · ¸¸¥Ö´¨¨ ´¥°É·µ´µ¢ ´  ¸¶·¥¸¸µ¢ ´´µ³ ¶µ·µÏ±¥ ¥¸É¥¸É¢¥´-
´µ£µ ¢µ²ÓË· ³ . �É¨ ¨§³¥·¥´¨Ö, ¶·µ¢¥¤¥´´Ò¥ ¶·¨ T = 293 K, ¤ ²¨ §´ -

Î¥´¨¥ B = (0,19 ± 0,02) Å2. �µ³¨³µ ÔÉµ£µ, ´  ¨³¶Ê²Ó¸´µ³ ·¥ ±Éµ·¥ ˆ��-30
�ˆŸˆ ³¥Éµ¤µ³ ¢·¥³¥´¨ ¶·µ²¥É  ¨§³¥·Ö²¨¸Ó ¨´É¥£· ²Ó´Ò¥ ¨´É¥´¸¨¢´µ¸É¨
¤¨Ë· ±Í¨µ´´ÒÌ ¶¨±µ¢ ¶·¨ É¥³¶¥· ÉÊ· Ì T = 293 ¨ 80 Š. ˆ§ ¨§³¥·¥´¨° ¸µ
¸¶·¥¸¸µ¢ ´´Ò³ ¶µ·µÏ±µ³ ¥¸É¥¸É¢¥´´µ£µ ¢µ²ÓË· ³  ¡Ò²µ ¶µ²ÊÎ¥´µ

B = (0,17 ± 0,02) Å2,   ¸ Í¨²¨´¤·¨Î¥¸±¨³ ³µ´µ±·¨¸É ²o³ 186W B =
= (0,15 ± 0,01) Å2. ‚ ¤ ²Ó´¥°Ï¥³ ¶·¨ µ¡· ¡µÉ±¥ ·¥§Ê²ÓÉ Éµ¢ ¨§³¥·¥´¨°

¡Ò²µ ¶·¨´ÖÉµ B = 0,17 Å2.
ˆ§ ¢Ò· ¦¥´¨Ö (42) ¸²¥¤Ê¥É, ÎÉµ § ¢¨¸¨³µ¸ÉÓ







 I(hkl) 

sin 2θ exp [2B(sin θ 6 λ)2]
A

hkl
C

 







1 6 2

 = a + Zfane (43)

µÉ Zf ¤µ²¦´  ¡ÒÉÓ ²¨´¥°´µ°, ¨ ´ ±²µ´ ¶·Ö³µ° µ¡Ê¸²µ¢²¥´ ¢¥²¨Î¨´µ° ane.

�¤´ ±µ ¨§ ¶µ²ÊÎ¥´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´ÒÌ [31] ¸²¥¤µ¢ ²µ, ÎÉµ
µ¶¨¸ ÉÓ ÔÉ¨ ¤ ´´Ò¥ ¤²Ö ¤¢ÊÌ · §´ÒÌ ¨§µÉµ¶¨Î¥¸±¨Ì ¸³¥¸¥° ¢µ²ÓË· ³  ¸
µ¤´¨³ §´ Î¥´¨¥³ ¢¥²¨Î¨´Ò ane ´¥¢µ§³µ¦´µ (¸³. ·¨¸.2). ‚¥²¨Î¨´Ò ane

µÉ²¨Î ²¨¸Ó ¶·¨³¥·´µ ¢¤¢µ¥. �µ²¥¥ ¤¥É ²Ó´µ¥ · ¸¸³µÉ·¥´¨¥ ¶µ± §Ò¢ ¥É,
ÎÉµ É ±µ¥ µ¶¨¸ ´¨¥ ¶µ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ Éµ¢ ²¨´¥°´µ° § ¢¨¸¨³µ¸ÉÓÕ ¢µ-

µ¡Ð¥ ´¥Ê¤µ¢²¥É¢µ·¨É¥²Ó´µ (χ2 ≈ 65). ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ¡Ò² · ¸¸³µÉ·¥´ ·Ö¤
¶·¨Î¨´, ¶·¨¢µ¤ÖÐ¨Ì ± ¶µ¤µ¡´µ° ¸¨ÉÊ Í¨¨, ¢ Î ¸É´µ¸É¨, ¢²¨Ö´¨¥
Ô±¸É¨´±Í¨¨ ¨ É¥¶²µ¢µ£µ ¤¨ËËÊ§´µ£µ · ¸¸¥Ö´¨Ö (’„�). ‚¢¨¤Ê ³ ²µ¸É¨ ¸¥-
Î¥´¨Ö · ¸¸¥Ö´¨Ö ¢²¨Ö´¨¥³ Ô±¸É¨´±Í¨¨ ³µ¦´µ ¶·¥´¥¡·¥ÎÓ, É.±. ¨§¢¥¸É´Ò°
±·¨É¥·¨° Éµ´±µ£µ ±·¨¸É ²²  [33] ¢ ´ Ï¥³ ¸²ÊÎ ¥ ¶¥·¥¢Ò¶µ²´¥´ ¢ 250 · §.
Š ± ¶µ± § ²¨ · ¸Î¥ÉÒ, ¢±² ¤ µÉ ’„� ¢ ¤¨Ë· ±Í¨µ´´Ò¥ ¶¨±¨ ´¥ ¶·¥¢ÒÏ -
¥É 1,5%. Š·µ³¥ Éµ£µ, ¨§¢¥¸É´µ, ÎÉµ ¢±² ¤ ’„� ¶·µ¶µ·Í¨µ´ ²¥´ É¥³¶¥· ÉÊ-

·¥ µ¡· §Í  ¨ µ¡· É´µ ¶·µ¶µ·Í¨µ´ ²¥´ λ3. �·¨ ¸ÊÐ¥¸É¢¥´´µ³ ¢²¨Ö´¨¨
’„� ÔÉ¨ ÔËË¥±ÉÒ ¡Ò²¨ ¡Ò § ³¥Î¥´Ò ¢ Ô±¸¶¥·¨³¥´É Ì ¶µ µ¶·¥¤¥²¥´¨Õ
Ë ±Éµ·  „¥¡ ÖÅ‚ ²²¥·  ¶·¨ · §´ÒÌ É¥³¶¥· ÉÊ· Ì,   É ±¦¥ ¶·¨ ¸· ¢-
´¥´¨¨ ·¥§Ê²ÓÉ Éµ¢ ¨§³¥·¥´¨° ´  · §´ÒÌ Ê¸É ´µ¢± Ì.

�µ¸²¥ ¶µ¨¸±  ¶·µ¸ÉÒÌ ¶·¨Î¨´, µ¡ÑÖ¸´ÖÕÐ¨Ì · ¸Ìµ¦¤¥´¨¥ ³¥¦¤Ê
É¥µ·¨¥° ¨ Ô±¸¶¥·¨³¥´Éµ³,  ¢Éµ·µ³ ¸µ¢³¥¸É´µ ̧  ˆ£´ Éµ¢¨Î¥³ ¡Ò²  ¢Ò¤¢¨´Ê-
É  £¨¶µÉ¥§  [34] µ ¤µ¶µ²´¨É¥²Ó´µ³ · ¸¸¥Ö´¨¨, ¤ ÕÐ¥³ ¢±² ¤ ¢ ¡·Ô££µ¢¸±¨¥
¶¨±¨. �´µ µ¡Ê¸²µ¢²¥´µ · ¸¸¥Ö´¨¥³ ´¥°É·µ´µ¢ ´  ¸ÊÐ¥¸É¢ÊÕÐ¨Ì ¢ ¨¸¸²¥¤Ê-
¥³µ³ ¢µ²ÓË· ³¥ µ¡² ¸ÉÖÌ Ê¶µ·Ö¤µÎ¥´¨Ö ³ £´¨É´ÒÌ ³µ³¥´Éµ¢. �µ§¤´¥¥ ÔÉ 
£¨¶µÉ¥§  ¶µ²ÊÎ¨²  Ô±¸¶¥·¨³¥´É ²Ó´µ¥ ¶µ¤É¢¥·¦¤¥´¨¥ ¢ ¤·Ê£¨Ì µ¶ÒÉ Ì, ¶·µ-
¢¥¤¥´´ÒÌ ¢ ‹�” �ˆŸˆ ¸µ¢³¥¸É´µ ¸ �ˆŸ” (ƒ ÉÎ¨´ ) ¨ ¸ ˆŸ” (�¦¥¦,
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—¥Ì¨Ö) (· ¸¸¥Ö´¨¥ ´¥°É·µ´µ¢ ´  µ¡· §Í Ì 186W ´  ³ ²Ò¥ Ê£²Ò ¸ ¤¥¶µ-
²Ö·¨§ Í¨¥° ´¥°É·µ´µ¢ [35], ¤¥¶µ²Ö·¨§ Í¨Ö ´¥°É·µ´µ¢ ¶·¨ ¤¨Ë· ±Í¨¨ ´ 
186W [36]). �±É¨¢ Í¨µ´´Ò°  ´ ²¨§ ¶µ± § ², ÎÉµ ¨¸¸²¥¤Ê¥³Ò° ¢µ²ÓË· ³ ¸µ-
¤¥·¦¨É ³¨±·µ¶·¨³¥¸Ó ±µ¡ ²ÓÉ . ‚µ±·Ê£  Éµ³µ¢ ±µ¡ ²ÓÉ  µ¡· §ÊÕÉ¸Ö
³ £´¨É´Ò¥ ±² ¸É¥·Ò ¨§ ¡µ²ÓÏµ£µ Î¨¸²  (¶µ·Ö¤±  ¸µÉ¥´)  Éµ³µ¢ ¢µ²ÓË· ³ .
’ ±¨³ µ¡· §µ³, ¢ ‹�” ¡Ò²  µ¡´ ·Ê¦¥´  ¢µ§³µ¦´µ¸ÉÓ ¸ÊÐ¥¸É¢µ¢ ´¨Ö ¢
¢µ²ÓË· ³¥ £¥É¥·µË §´µ£µ ¸µ¸ÉµÖ´¨Ö, É.¥. ¸µ¸ÉµÖ´¨Ö, µ¡² ¤ ÕÐ¥£µ µ¤´µ¢·¥-
³¥´´µ ¸¢µ°¸É¢ ³¨ ¸¨³³¥É·¨¨ ¤¢ÊÌ Ë § Å ¶ · ³ £´¨É´µ° ¨ Ë¥··µ³ £´¨É-
´µ°. ̂  ÌµÉÖ ̈ ¸¸²¥¤µ¢ ´¨¥ £¥É¥·µË §´ÒÌ ̧ µ¸ÉµÖ´¨° ¸É ²¨ ¢ ́  ¸ÉµÖÐ¥¥ ¢·¥³Ö
µ¤´¨³ ¨§ ´ ¶· ¢²¥´¨° Ë¨§¨±¨ (¸³., ´ ¶·¨³¥·, [37Å39]), ¤²Ö ¸µÉ·Ê¤´¨±µ¢
‹�” ÔÉµ ¡Ò²µ µ¤´µ° ¨§ ³¥Éµ¤¨Î¥¸±¨Ì É·Ê¤´µ¸É¥°, ´  ¶·¥µ¤µ²¥´¨¥ ±µÉµ·µ°

�¨¸.2. �±¸¶¥·¨³¥´É ²Ó´ Ö § ¢¨¸¨³µ¸ÉÓ ¤²¨´ ±µ£¥·¥´É´µ£µ · ¸-
¸¥Ö´¨Ö ́ ¥°É·µ´µ¢ ¤²Ö ¤¢ÊÌ · §´ÒÌ ̈ §µÉµ¶¨Î¥¸±¨Ì ̧ ³¥¸¥° ¢µ²Ó-

Ë· ³  µÉ Zf, 
bA

A + 1
 = a + Zf(sin θ6 λ)ane
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ÊÏ²µ ´¥¸±µ²Ó±µ ²¥É. �´ ²µ£¨Î´Ò¥ ÔËË¥±ÉÒ ´ ¡²Õ¤ ²¨¸Ó ¤·Ê£¨³¨ ¨¸¸²¥¤µ-
¢ É¥²Ö³¨ [40Å42], ´ ¶·¨³¥· ¢ ¶ ²² ¤¨¨, ¸µ¤¥·¦ Ð¥³ ¶·¨³¥¸¨ ±µ¡ ²ÓÉ 
¨²¨ ¦¥²¥§ , ¢ ¶ · ³ £´¨É´µ³ ¦¥²¥§¥ ¨ ¢ ´¥±µÉµ·ÒÌ ¤·Ê£¨Ì ¸¨¸É¥³ Ì. ‡ -
³¥É¨³, ÎÉµ ´ ²¨Î¨¥ ³ £´¨É´ÒÌ ¶·¨³¥¸¥° ´¥ Ö¢²Ö¥É¸Ö ´¥µ¡Ìµ¤¨³Ò³ Ê¸-
²µ¢¨¥³ µ¡· §µ¢ ´¨Ö £¥É¥·µË §´µ£µ ¸µ¸ÉµÖ´¨Ö. ‚ ¦´ÊÕ ·µ²Ó ¶·¨ ÔÉµ³ ¨£· -
ÕÉ £¥É¥·µË §´Ò¥ Ë²Ê±ÉÊ Í¨¨, ¸ÊÐ¥¸É¢ÊÕÐ¨¥ ¢ µÎ¥´Ó Ï¨·µ±µ° µ¡² ¸É¨ É¥³-
¶¥· ÉÊ· [37,38].

‘ ÊÎ¥Éµ³ µ¡· §µ¢ ´¨Ö ³ £´¨É´ÒÌ ±² ¸É¥·µ¢ Ëµ·³Ê²  (42) ¶·¨´¨³ ¥É
¢¨¤, ¸µµÉ¢¥É¸É¢ÊÕÐ¨° µ¶¨¸ ´¨Õ ¸µ¢³¥¸É´µ£µ Ö¤¥·´µ£µ ¨ Ë¥··µ³ £´¨É´µ£µ
· ¸¸¥Ö´¨Ö [31,33]:

I(hkl) = C [(a + Zfane)
2 + p2] A(hkl) 

exp [−2B(sin θ6 λ)2]
sin 2θ  , (44)

£¤¥ p2 = (26 3) f³
 2a³

2; f³ ¨ a³ Å Ëµ·³Ë ±Éµ· ¨ ¤²¨´  ³ £´¨É´µ£µ · ¸¸¥Ö´¨Ö.

‘ ÊÎ¥Éµ³ Ö¢²¥´¨Ö µ¡· §µ¢ ´¨Ö ³ £´¨É´ÒÌ ±² ¸É¥·µ¢ ¢ ‹�” ¡Ò²µ ´ °-
¤¥´µ [31,35] §´ Î¥´¨¥

ane = (−1,60 ± 0,05)⋅10−3 Ë³, (45) 

  § ¢¨¸¨³µ¸ÉÓ ¤²¨´ ±µ£¥·¥´É´µ£µ · ¸¸¥Ö´¨Ö ¤²Ö ¤¢ÊÌ ¨§µÉµ¶¨Î¥¸±¨Ì ¸³¥-

¸¥° ¢µ²ÓË· ³ , ¶µ²ÊÎ¥´´ Ö ¸ ÊÎ¥Éµ³ p2 (¸³. (44)) ¶·¨¢¥¤¥´  ´  ·¨¸.3. �µ-

¸±µ²Ó±Ê µÉ´µÏ¥´¨¥ p2 6 (a + Zfane)
2 ¤ ¦¥ ¤²Ö 186W µ± §Ò¢ ¥É¸Ö ²¨ÏÓ

¶µ·Ö¤±  10Å20%, ´ ¡²Õ¤ ÉÓ ¶·µÖ¢²¥´¨¥ p2 ¢ µ¶ÒÉ Ì ¸ ¥¸É¥¸É¢¥´´Ò³
¢µ²ÓË· ³µ³ ¶· ±É¨Î¥¸±¨ ´¥¢µ§³µ¦´µ.

�¥§Ê²ÓÉ ÉÒ · ¸¸³ É·¨¢ ¥³ÒÌ ´¨¦¥ Ô±¸¶¥·¨³¥´Éµ¢ ¶µ µ¶·¥¤¥²¥´¨Õ ane

³µ¦´µ µ¡· ¡ ÉÒ¢ ÉÓ, ¶µ²Ó§ÊÖ¸Ó ¤¢Ê³Ö ³¥Éµ¤ ³¨. �¡  ³¥Éµ¤  ¡ §¨·ÊÕÉ¸Ö ´ 
¨§³¥·¥´¨ÖÌ Ô´¥·£¥É¨Î¥¸±µ° § ¢¨¸¨³µ¸É¨ σtot(E) ¢ ¨´É¥·¢ ²¥ Ô´¥·£¨° µÉ 1Ô‚

¨ ¢ÒÏ¥ (¢¶²µÉÓ ¤µ ´¥¸±µ²Ó±¨Ì ±¨²µÔ²¥±É·µ´¢µ²ÓÉ) ¨, ± ± ¶· ¢¨²µ, ´  ¨§³¥-
·¥´¨ÖÌ ¤²¨´ ±µ£¥·¥´É´µ£µ · ¸¸¥Ö´¨Ö ´¥°É·µ´µ¢ ¶·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ (λ
¶µ·Ö¤±  ´¥¸±µ²Ó±¨Ì  ´£¸É·¥³). „²Ö µ¶·¥¤¥²¥´¨Ö ¢¥²¨Î¨´Ò ane ¢ ¶¥·¢µ³ ³¥-

Éµ¤¥ ¶·µ¢µ¤¨É¸Ö µ¡· ¡µÉ±  § ¢¨¸¨³µ¸É¨ σtot µÉ Ô´¥·£¨¨, ¢±²ÕÎ ÕÐ¥° ¢ ̧ ¥¡Ö

Í¥²Ò° ·Ö¤ ´¥¨§¢¥¸É´ÒÌ ¶ · ³¥É·µ¢: · ¤¨Ê¸ Ö¤· , ·¥§µ´ ´¸´µ¥ · ¸¸¥Ö´¨¥,
ne-¢§ ¨³µ¤¥°¸É¢¨¥ ¨ ¤·. ‘ ¶µ³µÐÓÕ ¶µ¤µ¡´µ° ³¥Éµ¤¨±¨ µ¡· ¡ ÉÒ¢ ²¨¸Ó
¤ ´´Ò¥ · ¡µÉ [43Å45] ¨ ·Ö¤  ¤·Ê£¨Ì. �¤´µ° ¨§ ´ ¨¡µ²¥¥ ¸ÊÐ¥¸É¢¥´´ÒÌ ¨
É·Ê¤´µ µ¶·¥¤¥²Ö¥³ÒÌ ¶µ¶· ¢µ± ¢ ÔÉ¨Ì Ô±¸¶¥·¨³¥´É Ì Ö¢²Ö¥É¸Ö ·¥§µ´ ´¸´µ¥
· ¸¸¥Ö´¨¥, ÊÎ¥É ±µÉµ·µ£µ § É·Ê¤´¨É¥²¥´, ¶µ¸±µ²Ó±Ê µÉ¸ÊÉ¸É¢Ê¥É ¶µ²´ Ö
¨´Ëµ·³ Í¨Ö µ ¶ · ³¥É· Ì ·¥§µ´ ´¸µ¢, µ¸µ¡¥´´µ ¢ µ¡² ¸É¨ µÉ·¨Í É¥²Ó´ÒÌ
Ô´¥·£¨° ´¥°É·µ´µ¢.

‚Éµ· Ö ³¥Éµ¤¨±  µ¡· ¡µÉ±¨, · §· ¡µÉ ´´ Ö ¨ ¢¶¥·¢Ò¥ ¶·¨³¥´¥´´ Ö ¢
„Ê¡´¥ ¢ · ¡µÉ¥ [46], § ±²ÕÎ ¥É¸Ö ¢ ¨¸¶µ²Ó§µ¢ ´¨¨ Ëµ·³Ê²Ò, ¸µ£² ¸´µ ±µÉµ-
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·µ° µ¡· ¡ ÉÒ¢ ÕÉ¸Ö · §´µ¸É¨ ¨§³¥·¥´´ÒÌ ¢¥²¨Î¨´ (¸³. ´¨¦¥ Ë-²Ê (53)).
„ ´´ Ö Ëµ·³Ê²  ´¥ ¸µ¤¥·¦¨É · ¤¨Ê¸ Ö¤· ,   ¢²¨Ö´¨¥ ·¥§µ´ ´¸´µ£µ · ¸¸¥-
Ö´¨Ö ¸ÊÐ¥¸É¢¥´´µ ³¥´ÓÏ¥, Î¥³ ¢ ¶¥·¢µ³ ³¥Éµ¤¥. Š ± ¡Ê¤¥É ¶µ± § ´µ ´¨¦¥,

¤²Ö Î¥É´µ-Î¥É´ÒÌ Ö¤¥· (´ ¶·¨³¥·, ¤²Ö Ö¤·  208Pb) ·¥§µ´ ´¸´µ¥ · ¸¸¥Ö´¨¥
¶· ±É¨Î¥¸±¨ ´¥ ¸± §Ò¢ ¥É¸Ö ´  ·¥§Ê²ÓÉ É Ì µ¶·¥¤¥²¥´¨Ö ane.

‚ 1976Å1995 ££. ¸ Í¥²ÓÕ ¨§ÊÎ¥´¨Ö ne-· ¸¸¥Ö´¨Ö,   É ±¦¥ Ô²¥±É·¨Î¥¸-
±µ° ¶µ²Ö·¨§Ê¥³µ¸É¨ ´¥°É·µ´ , Š¥¸É¥· ¸ ¸µÉ·Ê¤´¨± ³¨ (ƒ ·Ì¨´£, ƒ¥·³ ´¨Ö)
¨ ¢ ¸µÉ·Ê¤´¨Î¥¸É¢¥ ¸ ‹�” �ˆŸˆ [43,44,47-49] ¶·µ¢µ¤¨² ¨§³¥·¥´¨Ö ¤²¨´
±µ£¥·¥´É´µ£µ · ¸¸¥Ö´¨Ö ́ ¥°É·µ´µ¢ ́   ̧ ¢¨´Í¥, ¢¨¸³ÊÉ¥ ̈  ̈ §µÉµ¶¥ ̧ ¢¨´Í -208
´  £· ¢¨É Í¨µ´´µ³ ·¥Ë· ±Éµ³¥É·¥ ´¥°É·µ´µ¢ (¸³., ´ ¶·¨³¥·, [10]),   É ±¦¥
³¥Éµ¤µ³ · ¸¸¥Ö´¨Ö ´¥°É·µ´µ¢ ´  ³ ²Ò¥ Ê£²Ò ¸ ¶µ³µÐÓÕ Ë¨²ÓÉ·µ¢
Š·¨¸É¨ ´¸¥´ . �µ²ÊÎ¥´´Ò¥ ¤ ´´Ò¥ ¸µ¶µ¸É ¢²Ö²¨¸Ó ¸ ¤ ´´Ò³¨ µ ¶µ²´ÒÌ ¸¥-
Î¥´¨ÖÌ ´¥°É·µ´µ¢ ´  É¥Ì ¦¥ ¢¥Ð¥¸É¢ Ì ¶·¨ Ô´¥·£¨ÖÌ ´¥°É·µ´µ¢, ¸µµÉ¢¥É¸É-
¢ÊÕÐ¨Ì ·¥§µ´ ´¸ ³ ·µ¤¨Ö (1,26 Ô‚), ¸¥·¥¡·  (5,19 Ô‚), ¢µ²ÓË· ³  (18,8 Ô‚)
¨ ±µ¡ ²ÓÉ  (132 Ô‚). ˆ§³¥·¥´¨Ö ¶·µ¢µ¤¨²¨¸Ó ´  ·¥§µ´ ´¸´µ³ ¤¥É¥±Éµ·¥ ´¥-
¶·¥·Ò¢´µ£µ ¤¥°¸É¢¨Ö, ¶·¥¤¸É ¢²ÖÕÐ¥³ ¸µ¡µ° ¢· Ð ÕÐ¨¥¸Ö ¤¨¸±¨, ¨§£µÉµ¢-

�¨¸. 3. �±¸¶¥·¨³¥´É ²Ó´ Ö § ¢¨¸¨³µ¸ÉÓ ¤²¨´ ±µ£¥·¥´É´µ£µ · ¸¸¥Ö´¨Ö
´¥°É·µ´µ¢ ¤²Ö ¤¢ÊÌ · §´ÒÌ ¨§µÉµ¶¨Î¥¸±¨Ì ¸³¥¸¥° ¢µ²ÓË· ³  µÉ Zf,
¶µ²ÊÎ¥´´ Ö ¶µ¸²¥ ÊÎ¥É  p2
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²¥´´Ò¥ ¨§ Ëµ²Ó£ ·¥§µ´ ´¸´ÒÌ ¶µ£²µÉ¨É¥²¥°. ‚ ¢¥·Ì´¥° Î ¸É¨ ¤¨¸±¨
 ±É¨¢¨·µ¢ ²¨¸Ó ¢ ¶ÊÎ±¥ ´¥°É·µ´µ¢,   ¢ ¤¨ ³¥É· ²Ó´µ ¶·µÉ¨¢µ¶µ²µ¦´µ°
Î ¸É¨  ±É¨¢´µ¸ÉÓ ·¥£¨¸É·¨·µ¢ ² ¸Ó ¸ ¶µ³µÐÓÕ ¸Î¥ÉÎ¨±µ¢ β-¨§²ÊÎ¥´¨Ö. �µ-
¤µ¡´µ¥ Ê¸É·µ°¸É¢µ µ¡¥¸¶¥Î¨¢ ²µ ¢Ò¸µ±ÊÕ ¸É É¨¸É¨Î¥¸±ÊÕ ÉµÎ´µ¸ÉÓ ¶·µ-
¢µ¤¨³ÒÌ ¨§³¥·¥´¨°. �µ§¤´¥¥ ¶·µ¢µ¤¨²¨¸Ó ¨§³¥·¥´¨Ö ¥Ð¥ ¢ ¤¢ÊÌ Ô´¥·-
£¥É¨Î¥¸±¨Ì ÉµÎ± Ì: 1,97 ¨ 143 ±Ô‚. �¥°É·µ´Ò ¸ É ±¨³¨ Ô´¥·£¨Ö³¨ ¡Ò²¨
¶µ²ÊÎ¥´Ò ¸ ¶µ³µÐÓÕ É¥Ì´¨±¨ ¤¢µ°´µ£µ ·¥§µ´ ´¸´µ£µ · ¸¸¥Ö´¨Ö ¨ Ë¨²ÓÉ·µ¢
´¥°É·µ´´ÒÌ ¶ÊÎ±µ¢ (¸³., ´ ¶·¨³¥·, [47]). �¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨° σtot ¤²Ö

Ô´¥·£¨¨ ´¥°É·µ´µ¢ 143 ±Ô‚ ¶·¨¢¥¤¥´Ò ¢ [50]. ‚ ÔÉµ° ¦¥ · ¡µÉ¥ µÉ³¥Î¥´µ,
ÎÉµ ¶·¨ ¤ ´´µ° Ô´¥·£¨¨, ¶µ-¢¨¤¨³µ³Ê, ̈ ³¥¥É¸Ö ¤µ¶µ²´¨É¥²Ó´Ò° ¢±² ¤ ·¥§µ-
´ ´¸´µ£µ · ¸¸¥Ö´¨Ö, ´¥ ÊÎÉ¥´´µ£µ ¶·¨  ´ ²¨§¥ ·¥§Ê²ÓÉ Éµ¢ Ô±¸¶¥·¨³¥´É .
—Éµ¡Ò µÉ ¶µ²´ÒÌ ¸¥Î¥´¨° ¶¥·¥°É¨ ± ¸¥Î¥´¨Ö³ Ê¶·Ê£µ£µ p ¸¸¥Ö´¨Ö ¨ Ô±¸É· -
¶µ²¨·µ¢ ÉÓ ̈ Ì ¢ µ¡² ¸ÉÓ É¥¶²µ¢ÒÌ Ô´¥·£¨°, ́ ¥µ¡Ìµ¤¨³µ ¢´¥¸É¨ ¢ ·¥§Ê²ÓÉ ÉÒ
¨§³¥·¥´¨° ¶µ¶· ¢±¨ ´  Ê¶·Ê£µ¥ ´¥±µ£¥·¥´É´µ¥ · ¸¸¥Ö´¨¥, ÔËË¥±ÉÒ, ¸¢Ö§ ´-
´Ò¥ ¸  £·¥£ É´Ò³ ¸µ¸ÉµÖ´¨¥³ ¢¥Ð¥¸É¢ , Ï¢¨´£¥·µ¢¸±µ¥ · ¸¸¥Ö´¨¥ ¨ Ô´¥·-
£¥É¨Î¥¸±ÊÕ § ¢¨¸¨³µ¸ÉÓ · ¸¸¥Ö´¨Ö, µ¡Ê¸²µ¢²¥´´ÊÕ ·¥§µ´ ´¸ ³¨. �¡· ¡µÉ± 
·¥§Ê²ÓÉ Éµ¢ ¨§³¥·¥´¨° ¤ ² 

ane = (−1,32 ± 0,03)⋅10−3 Ë³. (46)

�¤´ ±µ §´ Î¥´¨¥ (46), ¶µ-³µ¥³Ê, ´¥ ³µ¦¥É ´¥ ¢Ò§Ò¢ ÉÓ ¸µ³´¥´¨°. „¥²µ
¢ Éµ³, ÎÉµ ÊÎ¥É Ô´¥·£¥É¨Î¥¸±µ° § ¢¨¸¨³µ¸É¨ · ¸¸¥Ö´¨Ö µÉ ¢±² ¤  ´¥¨§¢¥¸É-
´ÒÌ ·¥§µ´ ´¸µ¢ ¨ ·¥§µ´ ´¸µ¢ ¸ µÉ·¨Í É¥²Ó´µ° Ô´¥·£¨¥° ¢ ¶µ²´µ¥ ¸¥Î¥´¨¥
¢Ò¶µ²´Ö²¸Ö ¢ ƒ ·Ì¨´£¥ ¢ · ¡µÉ¥ [44] ¨ Î ¸É¨Î´µ ¢ ¨Éµ£µ¢µ° · ¡µÉ¥ [49] ´ 
µ¸´µ¢¥ §´ ´¨Ö ¸·¥¤´¨Ì ¶ · ³¥É·µ¢ s-· ¸¥Ö´¨Ö [17]: ¸¨²µ¢µ° ËÊ´±Í¨¨

s0 = Γn
0 6 D0, · ¢´µ°, ´ ¶·¨³¥· ¤²Ö ¢¨¸³ÊÉ , 0,65 ± 0,15 [17], ¨ ¸·¥¤´¥£µ · ¸-

¸ÉµÖ´¨Ö ³¥¦¤Ê Ê·µ¢´Ö³¨ 〈 D0 〉 = (4,5 ± 0,6) ±Ô‚ (É ±¦¥ ¤²Ö ¢¨¸³ÊÉ  [17]).

�·¨ ÔÉµ³ ³µ¦´µ ²¥£±µ µÏ¨¡¨ÉÓ¸Ö, É.±. ·¥§µ´ ´¸ (¨²¨ ´¥¸±µ²Ó±µ ·¥§µ´ ´-
¸µ¢) ¶·¨ E0j < 0, ´ ¶·¨³¥·, ³µ¦¥É ²¥¦ ÉÓ ´  · ¸¸ÉµÖ´¨¨ E0j < 〈 D0 〉 µÉ
ÉµÎ±¨ E = 0. Š·µ³¥ Éµ£µ, ¶µ£·¥Ï´µ¸É¨ ¨§¢¥¸É´ÒÌ §´ Î¥´¨° s0 ¨ 〈 D0 〉 ¤µ-

¢µ²Ó´µ ¡µ²ÓÏ¨¥ (¤²Ö ¢¨¸³ÊÉ  ¤µ 23%).

�µ²¥¥ ·¥ ²¨¸É¨Î´Ò³ ¶·¥¤¸É ¢²Ö¥É¸Ö ·¥§Ê²ÓÉ É, ¶µ²ÊÎ¥´´Ò° ¢ ‹�” ¢
1985 £µ¤Ê ¨§ ¨§³¥·¥´¨° ¶µ²´µ£µ ¸¥Î¥´¨Ö ¢¨¸³ÊÉ  ¢ ¨´É¥·¢ ²¥ Ô´¥·£¨°
1 ÷ 130 Ô‚ ´  ¶ÊÎ±¥ ¨³¶Ê²Ó¸´µ£µ ·¥ ±Éµ·  ˆ��-30 ¶µ ³¥Éµ¤Ê ¢·¥³¥´¨ ¶·µ-
²¥É  [46]. ‚µ§³µ¦´µ¸ÉÓ ̧ µ¢³¥¸É´µ£µ µ¶¨¸ ´¨Ö Ö¤¥·´µ£µ, ne-· ¸¸¥Ö´¨Ö ¨ · ¸-
¸¥Ö´¨Ö, µ¡Ê¸²µ¢²¥´´µ£µ ¢²¨Ö´¨¥³ Ô²¥±É·¨Î¥¸±µ° ¶µ²Ö·¨§Ê¥³µ¸É¨ ´¥°É·µ´ ,
¶·¨ ÔÉ¨Ì Ô´¥·£¨ÖÌ ¡Ò²  É ±¦¥ · ¸¸³µÉ·¥´  ¢ · ¡µÉ Ì ‹�” [10,46,51,52].
‚µ¸¶µ²Ó§Ê¥³¸Ö Ëµ·³ ²¨§³µ³ [16], µ¡ÒÎ´µ ¶·¨³¥´Ö¥³Ò³ ¶·¨ · ¸¸³µÉ·¥´¨¨
§ ¤ Î¨ · ¸¸¥Ö´¨Ö Î ¸É¨ÍÒ ´  ¸Ê³³¥ ±µ·µÉ±µ- ¨ ¤ ²Ó´µ¤¥°¸É¢ÊÕÐ¥£µ ¶µÉ¥´-
Í¨ ²µ¢. ‘Ê³³ ·´ÊÕ  ³¶²¨ÉÊ¤Ê ft · ¸¸¥Ö´¨Ö ´¥°É·µ´µ¢ ´   Éµ³¥ ³µ¦´µ ¢Ò-
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· §¨ÉÓ Î¥·¥§ Ë §Ò δl Å Ö¤¥·´µ£µ, ηl Å ne- ̈  εl Å ¶µ²Ö·¨§ Í¨µ´´µ£µ · ¸¸¥Ö-

´¨°:

ft = 
1

2ik
  ∑ 

l

(2l + 1){Sl exp [2i,(ηl + εl)] − 1} Pl(cos ϕ), (47)

£¤¥ Sl Å ³ É·¨Í  Ö¤¥·´µ£µ · ¸¸¥Ö´¨Ö. ‚ ± Î¥¸É¢¥ ³ É·¨ÍÒ Ö¤¥·´µ£µ · ¸-

¸¥Ö´¨Ö ³µ¦´µ ¢§ÖÉÓ ¢ ¶¥·¢µ³ ¶·¨¡²¨¦¥´¨¨ µ¡Ð¥¶·¨´ÖÉÊÕ

Sl = 






 1 − ∑ 

i

 
i Γni

∆Ei + i Γi 6 2
 






 exp (2i δl), (48)

£¤¥ ∆Ei = E − Ei, Ei Å Ô´¥·£¨Ö i-£µ ·¥§µ´ ´¸ , Γni , Γi Å ´¥°É·µ´´ Ö ¨ ¶µ²-

´ Ö Ï¨·¨´Ò i-£µ ·¥§µ´ ´¸ .

‚ ̧ ²ÊÎ ¥ ́ ¨§±¨Ì Ô´¥·£¨°, ±µ£¤  ¤²Ö Ö¤·  ̧ ÊÐ¥¸É¢¥´´µ ²¨ÏÓ s-· ¸¸¥Ö´¨¥,
¢Ò· ¦¥´¨¥ (47) ³µ¦´µ ¶·¨¢¥¸É¨ ± ¢¨¤Ê:

ft = 
1

2ik
 (S

0
 − 1) exp [2i (η

0
 + ε

0
)] +

+ 
1
k
  ∑ 

l

(2l + 1) sin (ηl + εl) exp [i (ηl + εl)] Pl(cos ϕ). (49)

� ¸¸³µÉ·¨³ ¸´ Î ²  ¸²ÊÎ ° ¶µÉ¥´Í¨ ²Ó´µ£µ · ¸¸¥Ö´¨Ö (¡¥§ ÊÎ¥É  ·¥§µ-
´ ´¸µ¢). …¸²¨ ¤²Ö µ¶·¥¤¥²¥´¨Ö ne- ¨ ¶µ²Ö·¨§ Í¨µ´´µ£µ (fn(ϕ)) · ¸¸¥Ö´¨°

¢µ¸¶µ²Ó§µ¢ ÉÓ¸Ö ¶¥·¢Ò³ ¡µ·´µ¢¸±¨³ ¶·¨¡²¨¦¥´¨¥³, Éµ ¶µ²ÊÎ¨³

ft = 
1

2ik
 [exp (2i δ

0
) − 1] exp [2i (ε

0
 + η

0
) + fn(ϕ) + Zf (sin ϕ6 λ) ane, (50)

£¤¥ f(sin ϕ6 λ) Å  Éµ³´Ò° Ëµ·³Ë ±Éµ·, ε
0
= Mαn(Ze6 h)2(k6 R − π k2 6 3) +...

Å Ë §  ¶µ²Ö·¨§ Í¨µ´´µ£µ · ¸¸¥Ö´¨Ö [10],  αn Å ±µÔËË¨Í¨¥´É

Ô²¥±É·¨Î¥¸±µ° ¶µ²Ö·¨§Ê¥³µ¸É¨ ´¥°É·µ´ , η
0
 = kane6 2 ∫ 

0

π

f(sin ϕ6 λ) sin ϕdϕ

Å Ë §  ne-· ¸¸¥Ö´¨Ö [10]. ˆ§ (50) ¸²¥¤Ê¥É, ÎÉµ

Re ft = sin δ
0
 cos [δ

0
+ 2(η

0
+ ε

0
)]6 k + fn(ϕ) + Zf (sin ϕ6 λ)ane =

= −b
coh

A6 (A + 1), (51)

Im ft(0) = sin δ
0
 sin [δ

0
 + 2(η

0
 + ε

0
)]6 k = k σ

tot
6 (4π). (52)
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‚Ò· ¦¥´¨Ö (51) ¨ (52) ¸µ¤¥·¦ É ´¥¨§¢¥¸É´Ò¥ δ
0
, ane ¨ αn, ±µÉµ·Ò¥ ³µ¦´µ

´ °É¨, ¶µ¤¸É ¢¨¢ ¢ (51) ¨ (52) Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö b
coh

 ¨ σ
tot

,

¶µ²ÊÎ¥´´Ò¥ ¶·¨ ´¥¸±µ²Ó±¨Ì Ô´¥·£¨ÖÌ.

‘ ÊÎ¥Éµ³ ·¥§µ´ ´¸µ¢ Ê· ¢´¥´¨Ö (51) ¨ (52) ¨³¥ÕÉ ¢¨¤

Re ft = 
1
k
 









 sin δ0cos [δ0+ 2(η0+ ε0)] − 

1
2
 cos 2(δ0+ η0+ ε0) ∑ 

i

g Γni ∆Ei

∆Ei
 2+ Γi

26 4)
 −

− 
1
2
 sin 2(δ

0
+ η

0
+ ε

0
) ∑ 

i

Γni Γi6 2

(∆Ei
 2 + Γi

2 6 4)
 






 ≈ δ

0
6 k − 

1
2k

 ∑ 
i

g Γni ∆Ei

(∆Ei
 2 + Γi

2 6 4)
,       (51′)

Im ft(0) 6 k = σtot 6 4π =

= 
1

k2
 









 sin δ0 sin [δ0+ 2(η0+ ε0)] − 

1
2
 sin 2(δ0+ η0+ ε0) ∑ 

i

 
g Γni ∆Ei

(∆Ei
 2+ Γ1

2 6 4)
 +

+ 
1
4
 cos 2(η

0
+ ε

0
) ∑ 

i

g Γn
2

(∆Ei
 2+ Γi

2 6 4)
 + 

1
4
 cos 2(η

0
+ ε

0
) ∑ 

i

g Γni Γγ

(∆Ei
 2+ Γi

2 6 4)
 






 ,        (52′)

µÉ±Ê¤  ³µ¦´µ ¶µ²ÊÎ¨ÉÓ Ëµ·³Ê²Ê, ¸ ¶µ³µÐÓÕ ±µÉµ·µ° µ¡· ¡ ÉÒ¢ ²¨¸Ó
Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥, ¶µ²ÊÎ¥´´Ò¥ ¢ [46]:

y = σtot(E′) 6 4π − bcoh
2 A 6 (A + 1) = ane

2 (Z − F)2 − 2anebcohA(Z − F) 6 (A + 1) −

− f 2 + 2ane fF + 26 3πk′Rf bcoh(A 6 (A + 1) −

− (Σ1 − Σ)[bcohA6 (A + 1) − ane(Z − F) + πk′Rf 6 3] +

+ (Σ
1
)26 4 − Σ

1
 Σ 6 2 + Σ

2
6 4 + σ

abs
(E′)6 (4π), (53)

£¤¥ f = 
Mαn

R
 


 
Ze
h

 


2
 Å  ³¶²¨ÉÊ¤  · ¸¸¥Ö´¨Ö, µ¡Ê¸²µ¢²¥´´ Ö Ô²¥±É·¨Î¥¸±µ°

¶µ²Ö·¨§Ê¥³µ¸ÉÓÕ ´¥°É·µ´ , F = 
Z
2
  ∫ 

0

π

f(sin θ 6 λ) sin θ d θ Å ¶·µ¨´É¥£·¨·µ-

¢ ´´Ò° ¶µ Ê£² ³  Éµ³´Ò° Ëµ·³Ë ±Éµ·, E ¨ E ′ Å Ô´¥·£¨¨ ´¥°É·µ´µ¢, ¶·¨

±µÉµ·ÒÌ ¨§³¥·¥´Ò b
coh

 ¨ σ
tot

, σ
abs

(E ′) = 
π
k′2

  ∑ 
i

 
gi Γni

 ′  Γγi

(∆Ei
 ′2 + Γi

 ′2 6 4)
 Å ¸¥Î¥´¨¥
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¶µ£²µÐ¥´¨Ö, Ei, Γni, Γγi Å Ô´¥·£¨Ö, ´¥°É·µ´´Ò¥ ¨ γ-Ï¨·¨´Ò i-£µ ·¥-

§µ´ ´¸ ,

Σ1 = ∑ 
i

 
gi Γni ∆Ei

k(∆Ei
 2 + Γi

2 6 4)
 ,

Σ = ∑ 
i

 
gi Γni

 ′  ∆Ei
 ′

k′(∆Ei
 ′2 + Γi

 ′2 6 4)
 , (54)

Σ2 = ∑ 
i

 
gi Γni

 ′2

k′2(∆Ei
 ′2 + Γi

 ′2 6 4)
 .

„²Ö ¢¨¸³ÊÉ  ¡Ò²µ ´ °¤¥´µ y ≈ 0,015 ÷ 0,020 ¡/¸·.
�·¨ Ê¸²µ¢¨ÖÌ E << Ei ¨ Γi << ∆Ei Î²¥´Ò, ¸µ¤¥·¦ Ð¨¥ ·¥§µ´ ´¸Ò, ³µ¦´µ

¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥ · §²µ¦¥´¨° ¢ ·Ö¤ ¶µ E6 Ei ¨ ¶µ²ÊÎ¨ÉÓ [46]:

p
1
 = Σ

1
 − Σ ' E ′ 

k′ σ
abs

(E ′)

π 〈 Γγ 〉
(55)

¨

p
2
 = 

1
4
 (Σ

1
)2 − 

1
2
 Σ

1
Σ + 

1
4
 Σ

2
 ' 

1
4
 ∑ 

i

 
gi Γni

2

ki
2Ei

 2
 − 

1
4
 






 ∑ 

i

gi Γni

ki Ei
 







 2

(56)

(¡¥§ ÊÎ¥É  ³¥¦·¥§µ´ ´¸´µ£µ ¨´É¥·Ë¥·¥´Í¨µ´´µ£µ ¢±² ¤  σ
int
6 (4π)).

‚±² ¤ Î²¥´  pi ¢ ¢¥²¨Î¨´Ê y ³µ¦´µ µ¶·¥¤¥²¨ÉÓ, ¶µ¤¸É ¢¨¢ ¢ (55) Î¨¸-

²¥´´Ò¥ §´ Î¥´¨Ö σabs(E) ¨ 〈 Γγ 〉, ¨§¢¥¸É´Ò¥ ¨§ ²¨É¥· ÉÊ·Ò (¸³., ´ ¶·¨³¥·,

[17]). ’ ±, ´ ¶·¨³¥·, ¤²Ö ¢¨¸³ÊÉ  ¶·µ¨§¢¥¤¥´¨¥ p1bcoh = 5,12⋅10−4 ¡/¸· ¶·¨

Ô´¥·£¨¨ ´¥°É·µ´µ¢ 10 Ô‚. —Éµ ± ¸ ¥É¸Ö Î²¥´  p2, ÊÎ¨ÉÒ¢ ÕÐ¥£µ ¢±² ¤ ·¥§µ-

´ ´¸µ¢,   É ±¦¥ ³¥¦·¥§µ´ ´¸´µ£µ ¨´É¥·Ë¥·¥´Í¨µ´´µ£µ Î²¥´ , Éµ ¥£µ ¢±² ¤
¢ y, ± ± ¶µ± §Ò¢ ÕÉ µÍ¥´±¨, ¸µ¸É ¢²Ö¥É ¤²Ö ¢¨¸³ÊÉ  ´¥¸±µ²Ó±µ ¶·µÍ¥´Éµ¢,
µ¤´ ±µ µ¶·¥¤¥²¨ÉÓ ÉµÎ´µ¥ ¥£µ §´ Î¥´¨¥ ´¥ ¶·¥¤¸É ¢²Ö¥É¸Ö ¢µ§³µ¦´Ò³ ¨§-§ 
µÉ¸ÊÉ¸É¢¨Ö ̈ ´Ëµ·³ Í¨¨ µ¡ Ê·µ¢´ÖÌ ̧  µÉ·¨Í É¥²Ó´µ° Ô´¥·£¨¥°. ‡´ Î¥´¨¥ ¥£µ
¸²¥¤Ê¥É ¢ ·Ó¨·µ¢ ÉÓ, ÎÉµ ¨ ¡Ò²µ ¸¤¥² ´µ ¢ · ¡µÉ¥ [46], ¨ ¢Ò¡¨· ÉÓ, ¨¸Ìµ¤Ö
¨§ ²ÊÎÏ¥£µ µ¶¨¸ ´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ (µ¡  ´ ²¨É¨Î¥¸±µ³ µ¶·¥-
¤¥²¥´¨¨ p2 + σint6 (4π) ¸³. ´¨¦¥).

ˆ§³¥·¥´¨Ö ¢ · ¡µÉ¥ [46] ¶·µ¢µ¤¨²¨¸Ó ´  60-³¥É·µ¢µ° ¶·µ²¥É´µ° ¡ §¥
± ± ¸ · ¸¶² ¢²¥´´Ò³, É ± ¨ ¸ É¢¥·¤Ò³ µ¡· §Íµ³ ¢¨¸³ÊÉ  Éµ²Ð¨´µ° 18 ³³.
“·µ¢¥´Ó Ëµ´ , ¨§³¥·¥´´µ£µ ¸ ¶µ³µÐÓÕ ¶µ³¥Ð¥´¨Ö ¢ ¶ÊÎµ± ¶² ¸É¨´ ·µ¤¨Ö,
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¸¥·¥¡·  ¨ ¢µ²ÓË· ³  (Ô´¥·£¨¨ ·¥§µ´ ´¸µ¢ 1,26; 5,19 ¨ 18,83 Ô‚), ¡Ò² ´¨§-
±¨³ (¶·¨ Ô´¥·£¨ÖÌ 1÷6 Ô‚ µ´ ¸µ¸É ¢²Ö² 0,3÷0,4% ¨ ´¥ ¶·¥¢ÒÏ ² 1,5% ¶·¨
Ô´¥·£¨¨ ¶µ·Ö¤±  20 Ô‚). „¥É¥±Éµ·µ³ ¸²Ê¦¨² ´ ¶µ²´¥´´Ò° £ §µ³ ¤µ ¤ ¢-

²¥´¨Ö 8  É³ 3He-¸Î¥ÉÎ¨±. �µ¶· ¢±  ´  ³¥·É¢µ¥ ¢·¥³Ö ¡Ò²  ´ °¤¥´  ¶ÊÉ¥³
¶·µ¶Ê¸± ´¨Ö ´¥°É·µ´µ¢ Î¥·¥§ ¸¢¨´Íµ¢Ò¥ ¶² ¸É¨´Ò · §²¨Î´ÒÌ Éµ²Ð¨´. �´ 
´¥ ¶·¥¢ÒÏ ²  1,5%. � ¸¸ÉµÖ´¨¥ ³¥¦¤Ê ¤¥É¥±Éµ·µ³ ¨ µ¡· §Íµ³ (¶µ·Ö¤± 
2 ³) ¨¸±²ÕÎ ²µ ¢µ§³µ¦´µ¸ÉÓ ¢²¨Ö´¨Ö ´  Ô´¥·£¥É¨Î¥¸±¨° Ìµ¤ σtot · ¸¸¥Ö´¨Ö

´¥°É·µ´µ¢ ´  ³ ²Ò¥ Ê£²Ò (µ¡ ÔÉµ³ ÔËË¥±É¥ ¸³. ´¨¦¥). �´¥·£¥É¨Î¥¸± Ö § -
¢¨¸¨³µ¸ÉÓ ¶µ²´µ£µ ¸¥Î¥´¨Ö ¢§ ¨³µ¤¥°¸É¢¨Ö ́ ¥°É·µ´µ¢ ¸ ¢¨¸³ÊÉµ³, ¶µ²ÊÎ¥´-
´ Ö ¢ · ¡µÉ¥ [46], ¶·¨¢¥¤¥´  ́   ·¨¸.4. �·¥¤¢ ·¨É¥²Ó´µ ¢ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥
¤ ´´Ò¥, µ¡· ¡µÉ ´´Ò¥ ¢ ¨´É¥·¢ ²¥ Ô´¥·£¨° 1÷20 Ô‚, ¢´µ¸¨²¨¸Ó ¶µ¶· ¢±¨,
¢Ò§¢ ´´Ò¥ Ï¢¨´£¥·µ¢¸±¨³ · ¸¸¥Ö´¨¥³ ¨  £·¥£ É´Ò³ ¸µ¸ÉµÖ´¨¥³ µ¡· §Í .
„²Ö ¢¨¸³ÊÉ  µ´¨ ´¥ ¶·¥¢ÒÏ ²¨ 0,8% µÉ ¶µ²´µ£µ ¸¥Î¥´¨Ö. �  Éµ³ ¦¥ ·¨¸Ê´-
±¥ ¶·¨¢¥¤¥´Ò §´ Î¥´¨Ö σtot(E), ¨§³¥·¥´´Ò¥ ¢ £ ·Ì¨´£¸±µ° ² ¡µ· Éµ·¨¨

(ŒÕ´Ì¥´) [43,44,53]. �´¨ ¡Ò²¨ ¨¸¶µ²Ó§µ¢ ´Ò ¤²Ö µ¶·¥¤¥²¥´¨Ö  ¡¸µ²ÕÉ´ÒÌ
§´ Î¥´¨° σtot, ¶µ²ÊÎ¥´´ÒÌ ¢ · ¡µÉ¥ [46]. Œ¥¦·¥§µ´ ´¸´Ò° ¨´É¥·Ë¥·¥´-

Í¨µ´´Ò° Î²¥´ ¡Ò² ¶µ²ÊÎ¥´ ¸ ¶µ³µÐÓÕ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ³ É·¨Í · ¸¸¥Ö´¨Ö
(¸³. ´¨¦¥). „²Ö ¨§¢¥¸É´ÒÌ ·¥§µ´ ´¸µ¢ ¢¨¸³ÊÉ  µ´ ¸µ¸É ¢²Ö² ¶·¨ Ô´¥·£¨¨

´¥°É·µ´µ¢ 10 Ô‚: ∆σint = 0,108⋅10−24 ¸³2, ÎÉµ ¶·¨¡²¨§¨É¥²Ó´µ ¢ 90 · § ³¥´Ó-

Ï¥ ¶µ²´µ£µ ¸¥Î¥´¨Ö ¢¨¸³ÊÉ . �·¨ Ô´¥·£¨ÖÌ ³¥´¥¥ 50 Ô‚ ¤²Ö ¢¨¸³ÊÉ  ¥£µ
³µ¦´µ ¸Î¨É ÉÓ ¶· ±É¨Î¥¸±¨ ´¥ § ¢¨¸ÖÐ¨³ µÉ Ô´¥·£¨¨ ´¥°É·µ´µ¢.
‚¸²¥¤¸É¢¨¥ ÔÉµ£µ ¤µ¡ ¢²¥´¨¥ ± Î²¥´Ê p2 (¸³. Ë-²Ê (56)) ¤µ¶µ²´¨É¥²Ó´µ£µ

¢±² ¤  ∆σint ´¥ ³µ¦¥É ¨§³¥´¨ÉÓ ·¥§Ê²ÓÉ É µ¶·¥¤¥²¥´¨Ö ane ¢ · ¡µÉ¥ [46],

�¨¸.4. ‡ ¢¨¸¨³µ¸ÉÓ σtot µÉ

Ô´¥·£¨¨ ´¥°É·µ´µ¢ E: (� ) Å
¤ ´´Ò¥ ‹�” [46]; (�) ¨ (×)
Å ¤ ´´Ò¥ £ ·Ì¨´£¸±µ° ² ¡µ-
· Éµ·¨¨ [43,44,53]
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ÌµÉÖ, ±µ´¥Î´µ, ¨§³¥´¨É  ´ ²¨É¨Î¥¸±µ¥ ¢Ò· ¦¥´¨¥ p2. ‚ · ¡µÉ¥ [46] Î²¥´

p2 ¸Î¨É ²¸Ö ´¥¨§¢¥¸É´Ò³ ¨ ¢ ·Ó¨·µ¢ ²¸Ö, ÎÉµ¡Ò ¤µ¸É¨£´ÊÉÓ ²ÊÎÏ¥£µ

µ¶¨¸ ´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ Ëµ·³Ê²µ° (53). �±¸¶¥·¨³¥´É ²Ó´Ò¥
¤ ´´Ò¥ µ¡· ¡ ÉÒ¢ ²¨¸Ó ³¥Éµ¤µ³ ´ ¨³¥´ÓÏ¨Ì ±¢ ¤· Éµ¢. ‡´ Î¥´¨¥ Î²¥´ 
p2 ¡Ò²µ ´ °¤¥´µ · ¢´Ò³ Ä0,0023 ¡/¸·. ‘ É ±¨³ §´ Î¥´¨¥³ p2 ¡Ò²¨ µ¡· ¡µ-

É ´Ò µÉ¤¥²Ó´µ ¤ ´´Ò¥ · ¡µÉ £ ·Ì¨´£¸±µ° £·Ê¶¶Ò [43,44,53]. �¥§Ê²ÓÉ ÉÒ µ¡-
· ¡µÉ±¨ ¶·¨¢¥¤¥´Ò ¢ É ¡².1.

’ ¡²¨Í  1

�±¸¶¥·¨³¥´É ane, Ë³

ƒ ·Ì¨´£ [43,44,53] (−1,57 ± 0,10)⋅10−3

„Ê¡´  [46] (−1,55 ± 0,11)⋅10−3

’ ±¨³ µ¡· §µ³, ¶µ¸²¥ µ¡· ¡µÉ±¨ ·¥§Ê²ÓÉ Éµ¢ £ ·Ì¨´£¸±µ£µ Ô±¸¶¥·¨³¥´-
É  ¸ ÊÎ¥Éµ³ µ¶·¥¤¥²¥´´µ£µ ¢ · ¡µÉ¥ [46] §´ Î¥´¨Ö p2 ¢¨¤´µ Ê¢¥²¨Î¥´¨¥  ¡-

¸µ²ÕÉ´µ£µ §´ Î¥´¨Ö ane, ¶·¨¢¥¤¥´´µ£µ ¢ É ¡².1, ¶·¨³¥·´µ ¢ 1,2 · §  ¨

〈 rE,in
2  〉N < 0. �µ²ÊÎ¥´´Ò¥ ¤ ´´Ò¥ µ §´ Î¥´¨¨ ane ¸µ£² ¸ÊÕÉ¸Ö ¸ ¤ ´´Ò³¨

¤¨Ë· ±Í¨µ´´ÒÌ ¨§³¥·¥´¨° ¢ „Ê¡´¥ [31], ¶·µ¢¥¤¥´´ÒÌ ¸ ³µ´µ±·¨¸É ²² ³¨
¢µ²ÓË· ³ .

‚ 1994Å1995 ££. ¢ ‹�” �ˆŸˆ É ±¦¥ ¶µ²ÊÎ¥´ [54] ¥Ð¥ µ¤¨´ ·¥§Ê²ÓÉ É
¨§³¥·¥´¨Ö ¤²¨´Ò · ¸¸¥Ö´¨Ö ´¥°É·µ´  ´  Ô²¥±É·µ´¥. ˆ§³¥·¥´¨Ö ¶µ²´µ£µ
´¥°É·µ´´µ£µ ¸¥Î¥´¨Ö ¶·µ¢µ¤¨²¨¸Ó ´  µ¡· §Í¥ ¸¢¨´Í , ¸µ¤¥·¦ Ð¥£µ 98,3%

¨§µÉµ¶  208Pb ¨ ¨³¥ÕÐ¥£µ Î¨¸ÉµÉÊ 99,98%. �¡· §¥Í ¶·¥¤¸É ¢²Ö² ¸µ¡µ° ³¥-
É ²²¨Î¥¸±¨° Í¨²¨´¤· ¤¨ ³¥É·µ³ 15 ³³ ¨ Éµ²Ð¨´µ° 20,8 ³³. „¨ ³¥É· ´¥°-
É·µ´´µ£µ ¶ÊÎ±  ¸µ¸É ¢²Ö² 11 ³³ ´  ¶µ¢¥·Ì´µ¸É¨ µ¡· §Í . ˆ§³¥·¥´¨Ö ¶·µ-
¢µ¤¨²¨¸Ó ´  70-³¥É·µ¢µ° ¶·µ²¥É´µ° ¡ §¥ ¡Ê¸É¥·  ˆ��-30 ¶µ ³¥Éµ¤Ê ¢·¥-
³¥´¨ ¶·µ²¥É . �¥°É·µ´´Ò° ¤¥É¥±Éµ· ¶·¥¤¸É ¢²Ö² ¸µ¡µ° Í¨²¨´¤· ¤²¨´µ°

20 ¸³ ¨ ¡Ò² ´ ¶µ²´¥´ 3He ¤µ ¤ ¢²¥´¨Ö 10  É³. „¥É¥±Éµ· Ê¸É ´ ¢²¨¢ ²¸Ö ´ 
· ¸¸ÉµÖ´¨¨ 1 ³ µÉ µ¡· §Í , ¨ ¶·¨ Ô´¥·£¨ÖÌ ´¥°É·µ´µ¢ µÉ 1 Ô‚ ¤µ 24 ±Ô‚,
É ±¨³ µ¡· §µ³, ¨¸±²ÕÎ ²µ¸Ó ¢µ§³µ¦´µ¥ ¢²¨Ö´¨¥ · ¸¸¥Ö´¨Ö ´  ³ ²Ò¥ Ê£²Ò
´  Ô´¥·£¥É¨Î¥¸±¨° Ìµ¤ ¸¥Î¥´¨Ö ¸¢¨´Í  (µ¡ ÔÉµ³ ¢²¨Ö´¨¨ ¸³. ´¨¦¥). —Éµ¡Ò
Ê§´ ÉÓ ¢±² ¤ Ëµ´  ¢ ¨§³¥·Ö¥³µ¥ ¶µ²´µ¥ ¸¥Î¥´¨¥ ¸¢¨´Í  ¶·¨ Ô´¥·£¨¨ ´¥°É-
·µ´µ¢ ¤µ 100 Ô‚, ¶·¨³¥´Ö²¨¸Ó ®Î¥·´Ò¥¯ Ë¨²ÓÉ·Ò ¨§ Cd, Ag, W ¨ Co. ‚Éµ-
·µ° ¤¨ ¶ §µ´ Ô´¥·£¨¨ ´¥°É·µ´µ¢ 3÷8 ±Ô‚ ¢Ò¤¥²Ö²¸Ö ¢ ¤µ¶µ²´¥´¨¥ ± ³¥Éµ¤Ê
¢·¥³¥´¨ ¶·µ²¥É  Î¥ÉÒ·¥Ì¸ ´É¨³¥É·µ¢Ò³ Ë¨²ÓÉ·µ³ ¨§ Na2CO3 (·¥§µ´ ´¸
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23Na ¶·¨ Ô´¥·£¨¨ 2,85 ±ÔB) ¨ ¤¥¸ÖÉ¨¸ ´É¨³¥É·µ¢Ò³ Ë¨²ÓÉ·µ³ 60Ni, ¨³¥Õ-
Ð¥£µ ¸¨²Ó´µ¥ ¨§³¥´¥´¨¥ ¸¥Î¥´¨Ö µÉ 0,01 ¤µ 200 ¡ ¢ ¨´É¥·¢ ²¥ Ô´¥·£¨° ´¥°-
É·µ´µ¢ 4÷12 ±Ô‚. � ±µ´¥Í, É·¥É¨° ̈ ´É¥·¢ ² ¢ · °µ´¥ 24 ±Ô‚ ¤µ¶µ²´¨É¥²Ó´µ
¢Ò¤¥²Ö²¸Ö ¸ ¶µ³µÐÓÕ Ë¨²ÓÉ·µ¢ ¦¥²¥§  (24 ¸³) ¨  ²Õ³¨´¨Ö (10 ¨²¨ 20 ¸³).

�¤´µ° ¨§ ¸ÊÐ¥¸É¢¥´´ÒÌ ¶µ¶· ¢µ±, ¢´µ¸¨³ÒÌ  ¢Éµ· ³¨ · ¡µÉÒ ¶·¨
µ¶·¥¤¥²¥´¨¨  ¡¸µ²ÕÉ´µ£µ §´ Î¥´¨Ö σtot, ¡Ò²  ¶µ¶· ¢±  ´  ³¥·É¢µ¥ ¢·¥³Ö

Ô²¥±É·µ´´µ° ¸¨¸É¥³Ò (¢±²ÕÎ Ö ¤¥É¥±Éµ·). �µ£·¥Ï´µ¸ÉÓ ¢ ¨§³¥·¥´¨¨ σtot

¶·¨ ¢´¥¸¥´¨¨ É ±µ° ¶µ¶· ¢±¨ ¤µ¸É¨£ ²  §´ Î¥´¨Ö ¶µ·Ö¤±  ∆σtot ≈ ±7 ³¡.

�¤´ ±µ, ¶µ¸±µ²Ó±Ê ¢¥²¨Î¨´  ane § ¢¨¸¨É £² ¢´Ò³ µ¡· §µ³ µÉ Ô´¥·£¥É¨Î¥¸±µ-

£µ Ìµ¤  ±·¨¢µ° σtot(E), ¢¢¥¤¥´¨¥ ¶µ¶· ¢±¨ ´  ³¥·É¢µ¥ ¢·¥³Ö ¢·Ö¤ ²¨ ¸¨²Ó´µ

¸± ¦¥É¸Ö ´  µ¶·¥¤¥²Ö¥³µ° ¢¥²¨Î¨´¥ ane. ‘¥Î¥´¨¥ · ¸¸¥Ö´¨Ö σs ¡Ò²µ ¶µ²Ê-

Î¥´µ ̈ § σtot ¶µ¸²¥ ¢ÒÎ¨É ´¨Ö ¸¥Î¥´¨Ö § Ì¢ É , ¢±² ¤  É¢¥·¤µÉ¥²Ó´ÒÌ ÔËË¥±-

Éµ¢ ¨ ¸¥Î¥´¨Ö Ï¢¨´£¥·µ¢¸±µ£µ · ¸¸¥Ö´¨Ö. � ±µ´¥Í, ̧ ¥Î¥´¨¥ ¶µÉ¥´Í¨ ²Ó´µ£µ

· ¸¸¥Ö´¨Ö ´¥°É·µ´µ¢ σpot
208 ´  ¨§µÉµ¶¥ ¸¢¨´Í -208 µ¶·¥¤¥²Ö²µ¸Ó ¨§ σs. �·¨

ÔÉµ³ ÊÎ¨ÉÒ¢ ²¸Ö ¢±² ¤ µ¸É ²Ó´ÒÌ ¨§µÉµ¶µ¢ ¨ s-¢µ²´µ¢ÒÌ ·¥§µ´ ´¸´ÒÌ ÔË-

Ë¥±Éµ¢ ´Ê±²¨¤  208Pb.

�µ² £ Ö σpot
208 = (4π6 k2) sin2δ0, £¤¥ δ0 = −k(R + aneZF + apQ) Å ¸Ê³³ ·´ Ö

Ë §  · ¸¸¥Ö´¨Ö, R = R0 − hE, h ÊÎ¨ÉÒ¢ ¥É ¢±² ¤ ´¥¨§¢¥¸É´ÒÌ ·¥§µ´ ´¸µ¢

208Pb, ap Å  ³¶²¨ÉÊ¤  · ¸¸¥Ö´¨Ö, µ¡Ê¸²µ¢²¥´´µ£µ Ô²¥±É·¨Î¥¸±µ° ¶µ²Ö·¨§Ê-

¥³µ¸ÉÓÕ ´¥°É·µ´ , Q = 1 − (5π 6 18)kRN + Á, F Å ¶·µ¨´É¥£·¨·µ¢ ´´Ò° ¶µ

Ê£² ³  Éµ³´Ò° Ëµ·³Ë ±Éµ·, ¶·µ¢µ¤¨²¨ Ë¨É¨·µ¢ ´¨¥ ¶ · ³¥É·µ¢ R0, h, ane

¨ ap. ‚ ·¥§Ê²ÓÉ É¥ ¤²Ö ane ¡Ò²µ ¶µ²ÊÎ¥´µ

ane = (−1,67 ± 0,16)⋅10−3 Ë³ (57)

¶·¨ §´ Î¥´¨¨ χ2 ¶·¨³¥·´µ ¢¤¢µ¥ ³¥´ÓÏ¥, Î¥³ ¶·¨ ane = −1,32⋅10−3 Ë³.

�¤´ ±µ ¨§³¥·¥´¨Ö [54], ¶·µ¢¥¤¥´´Ò¥ ¢ ‹�”, ´¥ ¤µ¸É¨£²¨ ¶µ±  ´Ê¦´µ°
ÉµÎ´µ¸É¨, ÎÉµ¡Ò ¤¥² ÉÓ Ê¢¥·¥´´Ò¥ ¢Ò¢µ¤Ò µ ¢¥²¨Î¨´¥ ane.

ˆ§ ¨³¥ÕÐ¨Ì¸Ö ± ´ ¸ÉµÖÐ¥³Ê ¢·¥³¥´¨ Ô±¸¶¥·¨³¥´Éµ¢ § ¸²Ê¦¨¢ ÕÉ
¢´¨³ ´¨Ö ·¥§Ê²ÓÉ ÉÒ ¸µ¢³¥¸É´µ°  ¢¸É·¨°¸±µ- ³¥·¨± ´¸±µ° · ¡µÉÒ, ¢Ò¶µ²-
´¥´´µ° ¢ 1992Å1995 ££. ¢ �±-�¨¤¦¥ ´  ¨³¶Ê²Ó¸´µ³ ´¥°É·µ´´µ³ ¨¸ÉµÎ´¨±¥
ORELA [45]. �±¸¶¥·¨³¥´ÉÒ ¢ µ¸´µ¢´µ³ ¡ §¨·µ¢ ²¨¸Ó ́   ¶µ¤Ìµ¤¥, ¶µ²µ¦¥´-
´µ³ ¢ µ¸´µ¢Ê ¡µ²¥¥ · ´´¨Ì ¨§³¥·¥´¨° [20]. �¤´ ±µ ¡Ò² ¸¤¥² ´ Í¥²Ò° ·Ö¤
¸ÊÐ¥¸É¢¥´´ÒÌ Ê¸µ¢¥·Ï¥´¸É¢µ¢ ´¨°. ‚ µ¸´µ¢´µ³ µ´¨ § ±²ÕÎ ÕÉ¸Ö ¢ ̧ ²¥¤ÊÕ-
Ð¥³. ˆ¸¶µ²Ó§µ¢ ´¨¥ ³¥Éµ¤  ¢·¥³¥´¨ ¶·µ²¥É  ¶µ§¢µ²¨²µ §´ Î¨É¥²Ó´µ ¡µ²¥¥
±µ··¥±É´µ µ¶·¥¤¥²ÖÉÓ Ô´¥·£¨Õ ´¥°É·µ´µ¢, Î¥³ ÔÉµ ¤¥² ²µ¸Ó  ¢Éµ· ³¨ · ¡µ-
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ÉÒ [20], ¨¸¶µ²Ó§ÊÕÐ¨³¨ ±·¨¸É ²²¨Î¥¸±¨° ¸¶¥±É·µ³¥É· (Ô´¥·£¨¨ 0,1, 0,28,

1,0 ¨ 4 Ô‚). �·¨³¥¸Ó ´¥°É·µ´µ¢ ¨´ÒÌ Ô´¥·£¨° µÉ ¡µ²¥¥ ¢Ò¸µ±¨Ì ¶µ·Ö¤±µ¢

µÉ· ¦¥´¨°, ¨³¥¢Ï Ö¸Ö ¢ · ¡µÉ¥ [20], É ±¨³ µ¡· §µ³, ¡Ò²  Ê¸É· ´¥´ . �·¨

¶·µ¢¥¤¥´¨¨ ¨§³¥·¥´¨° ¶µ ³¥Éµ¤Ê ¢·¥³¥´¨ ¶·µ²¥É  ´¥ ´Ê¦´µ ¡Ò²µ ¨§³¥´ÖÉÓ

£¥µ³¥É·¨Õ Ô±¸¶¥·¨³¥´É . �´  µ¤´  ¨ É  ¦¥ ¤²Ö ¢¸¥Ì Ô´¥·£¨° ´¥°É·µ´µ¢

¶ ¤ ÕÐ¥£µ ¶ÊÎ± , ¢ Éµ ¢·¥³Ö ± ± ¢ · ¡µÉ¥ [20] ¸²¥¤µ¢ ²µ ¨§³¥´ÖÉÓ Ê£µ²

· ¸¸¥Ö´¨Ö ±·¨¸É ²²¨Î¥¸±µ£µ ¸¶¥±É·µ³¥É· . �² £µ¤ ·Ö Ê¢¥²¨Î¥´¨Õ Éµ²Ð¨´Ò

µ¡· §Í  ÎÊ¢¸É¢¨É¥²Ó´µ¸ÉÓ ¤ ´´µ° · ¡µÉÒ ± ¨§³¥·Ö¥³µ³Ê ne-ÔËË¥±ÉÊ ¡Ò² 

¢ÒÏ¥, Î¥³ ¢ ¶·¥¦´¥³ Ô±¸¶¥·¨³¥´É¥ [20]: ¨§³¥´¥´¨¥ ¶·µ¶Ê¸± ´¨Ö µ¡· §Í 

¨§-§  ne-¢§ ¨³µ¤¥°¸É¢¨Ö ̧ µ¸É ¢²Ö²µ ≈ 3% ¶·¨ ̈ §³¥´¥´¨¨ Ô´¥·£¨¨ ́ ¥°É·µ´µ¢

µÉ 0,1 ¤µ 2 Ô‚ (¢ [20] µ´µ ¡Ò²µ µ±µ²µ 1,4%).

’ ¡²¨Í  2

�¢Éµ·Ò Œ¥Éµ¤ Œ¨Ï¥´Ó ‚¥²¨Î¨´  ÔËË¥±É  ane⋅10+3, Ë³

‚.• ¢¥´¸ ¨ ¤·.,
[18] 1947Å1951 ££.

�´¥·£¥É¨Î¥¸± Ö
§ ¢¨¸¨³µ¸ÉÓ

¶µ²´µ£µ ¸¥Î¥´¨Ö

‘¢¨´¥Í ¨
¢¨¸³ÊÉ

∆ σne6 σtot ≈ 1,5% 1,91 ± 0,36

„.�§ ¨ ¤·.,
[25] 1952Å1953 ££.

�É· ¦¥´¨¥
´¥°É·µ´µ¢

‡¥·± ²µ
O2ÅBi

∆ θ6 θ ≈ 50% 1,39 ± 0,13

….Œ¥²±µ´ÓÖ´ ¨ ¤·.
[20] 1959 £.

�´¥·£¥É¨Î¥¸± Ö
§ ¢¨¸¨³µ¸ÉÓ

¶µ²´µ£µ ¸¥Î¥´¨Ö

‚¨¸³ÊÉ ∆ σne6 σtot ≈ 1,5% 1,56 ± 0,05

‚.Š·µ´, ƒ.�¨´£µ,
[15] 1966Å1973 ££.

�¸¨³³¥É·¨Ö
· ¸¸¥Ö´¨Ö

�² £µ·µ¤´Ò¥
£ §Ò

∆ σne6 σtot ≈ 0,5% 1,33 ± 0,03

‹.Še¸É¥· ¨ ¤·.
[43,44,47,49]

1976Å1995 ££.

�´¥·£¥É¨Î¥¸± Ö
§ ¢¨¸¨³µ¸ÉÓ

¶µ²´µ£µ ¸¥Î¥´¨Ö
¨ ¨§³¥·¥´¨¥

¤²¨´ · ¸¸¥Ö´¨Ö

‚¨¸³ÊÉ, ¸¢¨´¥Í
¨ ¸¢¨´¥Í-208

∆ σne6 σtot ≈ 1,2% 1,32 ± 0,03

�.�²¥±¸ ´¤·µ¢ ¨ ¤·.
[46] 1985 £.

�´¥·£¥É¨Î¥¸± Ö
§ ¢¨¸¨³µ¸ÉÓ

¶µ²´µ£µ ¸¥Î¥´¨Ö

‚¨¸³ÊÉ ∆ σne6 σtot ≈ 1,2% 1,55 ± 0,11

‘.Šµ¶¥Í±¨° ¨ ¤·.
[45,63] 1994Å1995 ££.

�´¥·£¥É¨Î¥¸± Ö
§ ¢¨¸¨³µ¸ÉÓ

¶µ²´µ£µ ¸¥Î¥´¨Ö

‘¢¨´¥Í (72,5%
208Pb)

∆ σne6 σtot ≈ 1,2% 1,31±0,03±0,04

’.…´¨± ¨ ¤·.
[54] 1995 £.

�´¥·£¥É¨Î¥¸± Ö
§ ¢¨¸¨³µ¸ÉÓ

¶µ²´µ£µ ¸¥Î¥´¨Ö

‘¢¨´¥Í-208 ∆ σne6 σtot ≈ 1,2% 1,67 ± 0,16

�.�²¥±¸ ´¤·µ¢ ¨ ¤·.
[31,35] 1974Å1985 £.

„¨Ë· ±Í¨Ö
´¥°É·µ´µ¢

‚µ²ÓË· ³-186,
³µ´µ±·¨¸É ²²

∆ σne6 σtot ≈ 20% 1,60 ± 0,05
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„¥É¥±Éµ· ¶·¥¤¸É ¢²Ö² ¸µ¡µ° ²¨É¨¥¢µ¥ ¸É¥±²µ ¨ ¡Ò² · ¸¶µ²µ¦¥´ ´  · ¸-
¸ÉµÖ´¨¨ 18,8 ³ µÉ ´¥°É·µ´´µ£µ ¨¸ÉµÎ´¨± . � ¸¸ÉµÖ´¨¥ µÉ ¨¸ÉµÎ´¨±  ¤µ µ¡-
· §Í  ¨ ·¥§µ´ ´¸´ÒÌ Ë¨²ÓÉ·µ¢ ¤²Ö µ¶·¥¤¥²¥´¨Ö Ëµ´  ¸µ¸É ¢²Ö²µ 5, 9 ¨
10 ³. ‚ ¨´É¥·¢ ²¥ ´¥°É·µ´´ÒÌ Ô´¥·£¨° µÉ 0,1 ¤µ 100 Ô‚ µÉ´µÏ¥´¨¥ Î¨¸² 
¶µ²¥§´ÒÌ µÉ¸Î¥Éµ¢ ± Ëµ´Ê ¤µ¸É¨£ ²µ 1500. Œ¥·É¢µ¥ ¢·¥³Ö ¸¨¸É¥³Ò ¸µ¸É ¢-
²Ö²µ ³¥´¥¥ 0,5% ¤²Ö ´¥°É·µ´´µ£µ ¶ÊÎ±  ¡¥§ µ¡· §Í  ¨ ¶µ·Ö¤±  0,1% ¸ µ¡-
· §Íµ³.

�·µ¶Ê¸± ´¨¥ ¶ÊÎ±  ´¥°É·µ´µ¢ Î¥·¥§ µ¡· §¥Í: 

T(E) = exp [−σ
tot

(E)N], (58)

£¤¥ N = 0,154  Éµ³/¡ Å Éµ²Ð¨´  ¨¸¶µ²Ó§Ê¥³µ£µ µ¡· §Í .
�µ²´µ¥ ´¥°É·µ´´µ¥ ¸¥Î¥´¨¥

σ
tot

(E) = σ
coh

(E)S
coh

(E) + σ
inc

(E)S
inc

(E) + σ
abs

(E), (59)

£¤¥ S
coh

(E) ¨ S
inc

(E) Å ËÊ´±Í¨¨, µ¶¨¸Ò¢ ÕÐ¨¥ ¶µ¶· ¢±¨, µ¡Ê¸²µ¢²¥´´Ò¥

 £·¥£ É´Ò³ ¸µ¸ÉµÖ´¨¥³ µ¡· §Í .

ˆ§µÉµ¶¨Î¥¸±¨° ¸µ¸É ¢ ̈ ¸¶µ²Ó§Ê¥³µ£µ ̧ ¢¨´Íµ¢µ£µ µ¡· §Í  72,54% 208Pb,

1,65% 207Pb, 25,82% 206Pb ¨ 0,5% 204Pb o¡¥¸¶¥Î¨¢ ² µÎ¥´Ó ´¥¡µ²ÓÏµ¥ ¸¥-
Î¥´¨¥ § Ì¢ É  ´¥°É·µ´µ¢ σabs (¶·¨ 1 Ô‚ ¶µ·Ö¤±  3 ³¡). �¡· §¥Í ´ Ìµ¤¨²¸Ö

¢ ¦¨¤±µ³ ¸µ¸ÉµÖ´¨¨ ¶·¨ É¥³¶¥· ÉÊ·¥ ~ 625 K.
‘¥Î¥´¨¥ ±µ£¥·¥´É´µ£µ · ¸¸¥Ö´¨Ö (¢ ¶¥·¢µ³ ¡µ·´µ¢¸±µ³ ¶·¨¡²¨¦¥´¨¨)

σ
coh

(E) = 4π{a
coh

(E)+ aR(E)− aneZ [1− f (sin θ6 λ)]+ ap(E)}2+ σ
Sch

(E), (60)

£¤¥ a
coh

(E) Å ¤²¨´  Ö¤¥·´µ£µ ±µ£¥·¥´É´µ£µ · ¸¸¥Ö´¨Ö, aR(E) Å ¤²¨´  ·¥-

§µ´ ´¸´µ£µ Ö¤¥·´µ£µ · ¸¸¥Ö´¨Ö, ap(E) Å ¤²¨´  · ¸¸¥Ö´¨Ö, µ¡Ê¸²µ¢²¥´´ Ö

Ô²¥±É·¨Î¥¸±µ° ¶µ²Ö·¨§Ê¥³µ¸ÉÓÕ ´¥°É·µ´ , σ
Sch

(E) Å ¸¥Î¥´¨¥ Ï¢¨´£¥·µ¢-

¸±µ£µ · ¸¸¥Ö´¨Ö.
�µ²ÊÎ¥´´Ò¥ ¨§ Ô±¸¶¥·¨³¥´É  ¤ ´´Ò¥ ¶µ ¶·µ¶Ê¸± ´¨Õ µ¡· ¡ ÉÒ¢ ²¨¸Ó

¶µ ³¥Éµ¤Ê ´ ¨³¥´ÓÏ¨Ì ±¢ ¤· Éµ¢. ‚ ·Ó¨·µ¢ ² ¸Ó ¢¥²¨Î¨´  ane ¨ ´µ·³¨·µ-

¢µÎ´Ò° ¶ · ³¥É· (Ö¤¥·´ Ö ±µ£¥·¥´É´ Ö ¤²¨´  · ¸¸¥Ö´¨Ö ¢¨¸³ÊÉ ) ¢ ̈ ´É¥·¢ -
²¥ Ô´¥·£¨° 0,1 ÷ 360 Ô‚. ‚ ·¥§Ê²ÓÉ É¥ µ¶·¥¤¥²¥´

ane = (−1,31 ± 0,03 ± 0,04)⋅10−3 Ë³, (61)

µÉ±Ê¤  ¸²¥¤Ê¥É ¸µ£² ¸´µ (16) ¨ (20)

〈 rE
2 〉 = (−0,113 ± 0,003 ± 0,004) Ë³2 (62)

¨²¨ 〈 rE,in
2  〉 > 0 (¸µ£² ¸´µ (19)). �¥·¢ Ö ¶µ£·¥Ï´µ¸ÉÓ ¢ (61) ¨ (62) Å

¸É É¨¸É¨Î¥¸± Ö, ¢Éµ· Ö Å ¸¨¸É¥³ É¨Î¥¸± Ö. ƒ² ¢´Ò³ µ¡· §µ³, ¶µ£·¥Ï-
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´µ¸É¨ (ÉµÎ´¥¥, ≈ 75%) ¢Ò§¢ ´Ò ´¥ÉµÎ´µ¸ÉÖ³¨ ¶·¨ ¢ÒÎ¨¸²¥´¨¨ ¶µ¶· ¢µ±,
µ¡Ê¸²µ¢²¥´´ÒÌ  £·¥£ É´Ò³ ¸µ¸ÉµÖ´¨¥³ ¢¥Ð¥¸É¢ . �¸É ²Ó´Ò¥ 25% ¶µ£·¥Ï-
´µ¸É¨ ¢Ò§¢ ´Ò ´¥ÉµÎ´µ¸ÉÖ³¨ ¶·¨ µ¶·¥¤¥²¥´¨¨ Ëµ´ , ¢±² ¤  ·¥§µ´ ´¸´µ£µ
· ¸¸¥Ö´¨Ö ¨ ³¥·É¢µ£µ ¢·¥³¥´¨ ¸¨¸É¥³Ò.

‘²¥¤Ê¥É § ³¥É¨ÉÓ, ÎÉµ, ¶µ¸±µ²Ó±Ê ¶µ¶· ¢µÎ´Ò¥ ËÊ´±Í¨¨ Scoh(E) ¨

Sinc(E) ̧ ¨²Ó´µ ¢µ§· ¸É ÕÉ ¶·¨ Ê³¥´ÓÏ¥´¨¨ Ô´¥·£¨¨ ́ ¥°É·µ´µ¢, Ë¨É¨·µ¢ ´¨¥

¤ ´´ÒÌ ¶µ ¶·µ¶Ê¸± ´¨Õ ¶·µ¢µ¤¨²µ¸Ó ¤²Ö · §²¨Î´ÒÌ Ô´¥·£¥É¨Î¥¸±¨Ì ¨´É¥·-
¢ ²µ¢ ´¥§ ¢¨¸¨³Ò³ µ¡· §µ³. ‚ ¦´µ µÉ³¥É¨ÉÓ É ±¦¥, ÎÉµ ¢¥²¨Î¨´  ane
§ ¢¨¸¨É ²¨ÏÓ µÉ Ô´¥·£¥É¨Î¥¸±µ° § ¢¨¸¨³µ¸É¨ σtot(E), ´µ ´¥ µÉ  ¡¸µ²ÕÉ´µ£µ

§´ Î¥´¨Ö σtot.

�¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨° ¤²¨´ ne-· ¸¸¥Ö´¨Ö, ¶·µ¢µ¤¨¢Ï¨Ì¸Ö ¢ ¶¥·¨µ¤
1947Å1995 ££., ¶·¨¢¥¤¥´Ò ¢ É ¡².2.

Š ± ¢¨¤´µ ¨§ É ¡².2, ÎÉµ¡Ò ¢ÒÖ¢¨ÉÓ ¢±² ¤ ane − aF = (Me2 6 3h2) 〈 rE,in
2  〉N,

É.¥. ¨§³¥·¨ÉÓ ¢´ÊÉ·¥´´¨° § ·Ö¤µ¢Ò° · ¤¨Ê¸ ´¥°É·µ´  〈 rE,in
2  〉N

16 2 , ´Ê¦´µ

Ê¢¥²¨Î¨ÉÓ ÉµÎ´µ¸ÉÓ ¨§³¥·¥´¨°. ‚¸¥, ÎÉµ ³µ¦´µ ¶µ±  ¸± § ÉÓ µ §´ Î¥´¨¨

〈 rE,in
2  〉N

1 6 2 Å ÔÉµ Éµ, ÎÉµ µ´µ ³ ²µ ¨, ¢¨¤¨³µ, ´¥ ¶·¥¢ÒÏ ¥É 0,1 Ë³.

ˆ´É¥·¥¸´µ µÉ³¥É¨ÉÓ, ÎÉµ, ¥¸²¨ ¡Ò ´¥°É·µ´ ¨³¥² §´ Î¥´¨¥ 〈 rE,in
2  〉N

1 6 2

É ±µ¥ ¦¥, ± ± Ê ¶·µÉµ´  (0,83 Ë³), Éµ ane  ¨³¥²µ ¡Ò §´ Î¥´¨¥ ¶µ·Ö¤± 

10−2 Ë³, É.¥. ¶·¨³¥·´µ ¢ 6Å8 · § ¡µ²ÓÏ¥ §´ Î¥´¨°, ¶·¨¢¥¤¥´´ÒÌ ¢ É ¡²¨Í¥.
ˆ§ É ¡²¨ÍÒ É ±¦¥ ¸²¥¤Ê¥É, ÎÉµ ¨³¥ÕÉ¸Ö ¤¢¥ £·Ê¶¶Ò Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ

·¥§Ê²ÓÉ Éµ¢: 〈 ane 〉= −1,30(3)⋅10−3 Ë³ (〈 rE,in
2  〉N > 0) ¨ 〈 ane 〉= −1,58(3)⋅10−3 Ë³

(〈 rE,in
2  〉N < 0). Šµ··¥±É´µ¥ ̧ µ£² ¸µ¢ ´¨¥ ¤¢ÊÌ £·Ê¶¶ ·¥§Ê²ÓÉ Éµ¢ ¨ ¢ÒÖ¸´¥´¨¥

¶·¨Î¨´ · ¸Ìµ¦¤¥´¨Ö ¡Ò²µ ¡Ò µÎ¥´Ó ¢ ¦´Ò³ ¤²Ö É¥µ·¨¨ [10,55].

5. ‚��‘ˆŒ›… ‚ �Š‘�…�ˆŒ…�’› �����‚Šˆ.
ˆ‘’�—�ˆŠˆ ‚�‡Œ�†�›• ‘ˆ‘’…Œ�’ˆ—…‘Šˆ• 

��ƒ�…˜��‘’…‰

�¶·¥¤¥²¥´¨¥ ¤²¨´Ò · ¸¸¥Ö´¨Ö ane ¡ §¨·Ê¥É¸Ö ´  ¶·¥Í¨§¨µ´´ÒÌ ¨§³¥-

·¥´¨ÖÌ ¶µ²´ÒÌ ´¥°É·µ´´ÒÌ ¸¥Î¥´¨° ¨ ¤²¨´ · ¸¸¥Ö´¨Ö (∆ σtot6 σtot= ∆a6 a≈

≈ 10−3÷10−4). �·¨ ¤µ¸É¨¦¥´¨¨ É ±¨Ì ÉµÎ´µ¸É¥° ´¥µ¡Ìµ¤¨³µ ¢´¥¸É¨ Í¥²Ò°
·Ö¤ ¶µ¶· ¢µ±, ±·µ³¥ Éµ£µ, ¢µ§´¨± ÕÉ É·Ê¤´µ¸É¨ ¢ µ¡´ ·Ê¦¥´¨¨ ¨ Ê¸É· -
´¥´¨¨ ¢µ§³µ¦´ÒÌ ¨¸ÉµÎ´¨±µ¢ ¸¨¸É¥³ É¨Î¥¸±¨Ì ¶µ£·¥Ï´µ¸É¥° (¸³.,
´ ¶·¨³¥·, [56]).

1. �¥µ¡Ìµ¤¨³µ · ¸¶µ² £ ÉÓ ´ ¤¥¦´Ò³¨ ³¥Éµ¤ ³¨ µ¶·¥¤¥²¥´¨Ö Ëµ´ .
Š ± ¶· ¢¨²µ, Ëµ´ ´¥ ¤µ²¦¥´ ¶·¥¢ÒÏ ÉÓ 1Å2% µÉ ¨§³¥·Ö¥³µ° ¶µ²¥§´µ°
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¨´É¥´¸¨¢´µ¸É¨. �´ ´¥ ¤µ²¦¥´ ·¥§±µ ³¥´ÖÉÓ¸Ö ¢ § ¢¨¸¨³µ¸É¨ µÉ ¢ ·Ó¨·Ê¥³µ-
£µ ¢ Ô±¸¶¥·¨³¥´É¥ ¶ · ³¥É·  (´ ¶·¨³¥·, Ô´¥·£¨¨ ´¥°É·µ´µ¢ ¨²¨ Ê£²  · ¸¸¥-
Ö´¨Ö).

2. �·¨ ¨§³¥·¥´¨¨ ¶µ²´ÒÌ ¸¥Î¥´¨° ´¥µ¡Ìµ¤¨³µ ¸¢¥¸É¨ ± ³¨´¨³Ê³Ê ¶µ-
¶· ¢±Ê ´  ¶·µ¸Î¥ÉÒ ¤¥É¥±Éµ·  ¶·¨ ¡µ²ÓÏ¨Ì ¨³¶Ê²Ó¸´ÒÌ § £·Ê§± Ì. Š ±
¶· ¢¨²µ, ³¥·É¢µ¥ ¢·¥³Ö ¤¥É¥±Éµ·  ¨ É· ±É  Ô²¥±É·µ´¨±¨ ¤µ²¦´µ ¡ÒÉÓ ´¥
¡µ²¥¥ 0,5 ³±¸.

3. ‘²¥¤Ê¥É ¡ÒÉÓ µÎ¥´Ó ¢´¨³ É¥²Ó´Ò³ ± ÔËË¥±É ³, ¨¸± ¦ ÕÐ¨³ ´¥¶µ-
¸·¥¤¸É¢¥´´µ ¨§³¥·Ö¥³Ò¥ ¢¥²¨Î¨´Ò. ’ ±, ¶·¨ ¨§³¥·¥´¨¨ ¶µ²´ÒÌ ¸¥Î¥´¨° ´ 
¡µ²ÓÏ¨Ì ¶·µ²¥É´ÒÌ ¡ § Ì (¸³., ´ ¶·¨³¥·, [45]) ¶·¨ ³ ²µ³ É¥²¥¸´µ³ Ê£²¥
¤¥É¥±Éµ·  Ô´¥·£¥É¨Î¥¸±¨° Ìµ¤ ¸¥Î¥´¨Ö ³µ¦¥É ¨¸± §¨ÉÓ¸Ö ¢¸²¥¤¸É¢¨¥ · ¸¸¥Ö-
´¨Ö ´¥°É·µ´µ¢ ¢ µ¡· §Í¥ ´  ³ ²Ò¥ Ê£²Ò. �·¨ ¤µ¸É ÉµÎ´µ ¡µ²ÓÏµ³ É¥²¥¸´µ³
Ê£²¥ ³ ²µÊ£²µ¢µ¥ · ¸¸¥Ö´¨¥ ´¥°É·µ´µ¢ ¢¸¥£¤  ²¥¦¨É ¢´ÊÉ·¨ ¶²µÐ ¤¨ ¤¥É¥±-
Éµ·  ¨ ´¥ µ± §Ò¢ ¥É ¢²¨Ö´¨Ö ´  ¨§³¥·¥´¨¥ ¶·µ¶Ê¸± ´¨Ö ¶·¨ · §²¨Î´ÒÌ
Ô´¥·£¨ÖÌ, ÌµÉÖ · ¸¸¥Ö´¨¥ ´  ³ ²Ò¥ Ê£²Ò ¸¨²Ó´µ ³¥´Ö¥É¸Ö ¸ Ô´¥·£¨¥° ´¥°É-
·µ´µ¢. Œ ²µÊ£²µ¢µ¥ · ¸¸¥Ö´¨¥ µÌ¢ ÉÒ¢ ¥É ¤¨ ¶ §µ´ Ê£²µ¢ · ¸¸¥Ö´¨Ö µÉ
µ¤´µ° Ê£²µ¢µ° ¸¥±Ê´¤Ò ¤µ ´¥¸±µ²Ó±¨Ì £· ¤Ê¸µ¢ ¶·¨ ¤²¨´¥ ¢µ²´Ò ´¥°É·µ´ 
µÉ 1 ¤µ 20 Å. ”µ·³Ê²Ê ¤²Ö ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö · ¸¸¥Ö´¨Ö ´¥°É·µ-
´µ¢ ´  ³ ²Ò¥ Ê£²Ò ³µ¦´µ ´ °É¨ ¢ Í¥²µ³ ·Ö¤¥ µ¶Ê¡²¨±µ¢ ´´ÒÌ · ¡µÉ, ¢
Î ¸É´µ¸É¨, ¢ [57,58]. „²Ö ¨³¥ÕÐ¨Ì¸Ö ¢ µ¡· §Í¥ ¸Ë¥·¨Î¥¸±¨Ì ´¥µ¤´µ·µ¤´µ-
¸É¥° · ¤¨Ê¸  R (µ¡ÒÎ´µ R ≈ 20÷40 Å), ¸¥Î¥´¨¥ ¨³¥¥É ¢¨¤

σsa(θ) = Na2 exp (κ2R2 6 5), (63)

£¤¥ κ = 2k sin (θ 6 2) ≈ k θ, a Å ¤²¨´  · ¸¸¥Ö´¨Ö, N Å Î¨¸²µ · ¸¸¥¨¢ ÕÐ¨Ì
 Éµ³µ¢ ¢ ± ¦¤µ° ´¥µ¤´µ·µ¤´µ¸É¨. Œ ²µÊ£²µ¢µ¥ · ¸¸¥Ö´¨¥ ´¥°É·µ´µ¢
¶·µ¨¸Ìµ¤¨É ´  µÉ¤¥²Ó´ÒÌ ´¥µ¤´µ·µ¤´µ¸ÉÖÌ, ¢¸²¥¤¸É¢¨¥ Î¥£µ ¶µÖ¢²Ö¥É¸Ö
¤µ¶µ²´¨É¥²Ó´ Ö ¸µ¸É ¢²ÖÕÐ Ö · ¸¸¥Ö´´µ£µ µ¡· §Íµ³ ´¥°É·µ´´µ£µ ¶ÊÎ± .
‘¥Î¥´¨¥ σsa(θ) ¶·¨ θ = 0, É.¥. ¢¶¥·¥¤, ³µ¦¥É ¡ÒÉÓ µÎ¥´Ó §´ Î¨É¥²Ó´Ò³,

µ¤´ ±µ µ´µ ¡Ò¸É·µ ¸¶ ¤ ¥É ¸ ·µ¸Éµ³ Ê£²  · ¸¸¥Ö´¨Ö.

�·¨Î¨´Ò, µ¡Ê¸²µ¢²¨¢ ÕÐ¨¥ · ¸¸¥Ö´¨¥ ´  ³ ²Ò¥ Ê£²Ò, · §´µµ¡· §´Ò
(±² ¸É¥·Ò ¤¥Ë¥±Éµ¢ ̧ É·Ê±ÉÊ·Ò, ³ £´¨É´Ò¥ £¥É¥·µË §´Ò¥ Ë²Ê±ÉÊ Í¨¨ ̈  É.¶.).
‘²¥¤Ê¥É § ³¥É¨ÉÓ, ÎÉµ £¥É¥·µË §´Ò¥ Ë²Ê±ÉÊ Í¨¨ ³µ£ÊÉ ´µ¸¨ÉÓ ¤¨´ ³¨-
Î¥¸±¨° Ì · ±É¥·, É.¥. Î¨¸²µ ¨ · §³¥· ¨Ì ³µ£ÊÉ ³¥´ÖÉÓ¸Ö ¸µ ¢·¥³¥´¥³.
Œ¨±·µ¸±µ¶¨Î¥¸±µ¥ µ¶¨¸ ´¨¥ ¨Ì ¨¸¸²¥¤Ê¥É¸Ö £·Ê¶¶µ° É¥µ·¥É¨±µ¢ �ˆŸˆ
(¸³., ´ ¶·¨³¥·, [37,38]).

„²Ö Ô±¸¶¥·¨³¥´É ²Ó´µ£µ ¨§ÊÎ¥´¨Ö · ¸¸¥Ö´¨Ö ´¥°É·µ´µ¢ ´  ³ ²Ò¥ Ê£²Ò
¢ ³¨·¥ ¸µ§¤ ´µ ¡µ²ÓÏµ¥ Î¨¸²µ Ê¸É ´µ¢µ±. �¤´  ¨§ ´¨Ì ¸ÊÐ¥¸É¢Ê¥É ¢ �ˆŸ”
(ƒ ÉÎ¨´ ). � ¸¸¥Ö´¨¥ ´¥°É·µ´µ¢ ´  ³ ²Ò¥ Ê£²Ò µ¡· §Íµ³ ¢µ²ÓË· ³ -186
[35] ¨§ÊÎ ²µ¸Ó ¨³¥´´µ ´  ÔÉµ° Ê¸É ´µ¢±¥. ‘²¥¤Ê¥É § ³¥É¨ÉÓ, ÎÉµ, ± ±
¶· ¢¨²µ, ¶µÎÉ¨ ´  ¢¸¥Ì É¢¥·¤ÒÌ ¢¥Ð¥¸É¢ Ì · ¸¸¥Ö´¨¥ ´¥°É·µ´µ¢ ´  ³ ²Ò¥
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Ê£²Ò ¨³¥¥É ³¥¸Éµ. �  Ê¸É ´µ¢±¥ �ˆŸ” µ´µ ¡Ò²µ µ¡´ ·Ê¦¥´µ ¤ ¦¥ ´ 
± ¤³¨¨ (¶·¨ λ ≈ 8,8 Å) [35].

‘¨¸É¥³ É¨Î¥¸±¨¥ ¶µ£·¥Ï´µ¸É¨ ³µ£ÊÉ ¢µ§´¨±´ÊÉÓ É ±¦¥ ¶·¨ ́ ¥¤µ¸É ÉµÎ-
´µ ±µ··¥±É´µ° µ¡· ¡µÉ±¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ, ¢ Î ¸É´µ¸É¨, ¶·¨
ÊÎ¥É¥ ·¥§µ´ ´¸´µ£µ Ö¤¥·´µ£µ · ¸¸¥Ö´¨Ö. �·¨  ´ ²¨§¥ ¤ ´´ÒÌ ¶µ ¶µ²´Ò³
¸¥Î¥´¨Ö³ ´¥µ¡Ìµ¤¨³µ ÊÎ¨ÉÒ¢ ÉÓ ¢²¨Ö´¨¥ ·¥§µ´ ´¸µ¢, · ¸¶µ²µ¦¥´´ÒÌ ¤ ²¥-
±µ µÉ ¨¸¸²¥¤Ê¥³µ£µ Ô´¥·£¥É¨Î¥¸±µ£µ ¨´É¥·¢ ² . …¸²¨ ¤²Ö Ê·µ¢´¥° ¸
¶µ²µ¦¨É¥²Ó´µ° Ô´¥·£¨¥° É ±ÊÕ ¶·µÍ¥¤Ê·Ê, ¢ ¶·¨´Í¨¶¥, ³µ¦´µ ¶·µ¢¥¸É¨ ¤²Ö
¢¸¥Ì ¨§¢¥¸É´ÒÌ ·¥§µ´ ´¸µ¢, Éµ ¤²Ö Ê·µ¢´¥° ¸ µÉ·¨Í É¥²Ó´µ° Ô´¥·£¨¥° µ´ 
´¥¢µ§³µ¦´  ¨§-§  ¸±Ê¤µ¸É¨ ¨´Ëµ·³ Í¨¨ µ É ±¨Ì Ê·µ¢´ÖÌ. �µ¤µ¡´Ò¥ ´¥±µ·-
·¥±É´µ¸É¨ ¶·¨  ´ ²¨§¥ ¶µ²ÊÎ¥´´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¡Ò²¨ ¤µ¶Ê-
Ð¥´Ò, ´ ¶·¨³¥·, ¢ · ¡µÉ Ì [44,49].

‚ ·Ö¤¥ · ¡µÉ (¸³., ´ ¶·¨³¥·, [54]) ¢²¨Ö´¨¥ ¤ ²¥±¨Ì µÉ ¨¸¸²¥¤Ê¥³µ°
µ¡² ¸É¨ Ô´¥·£¨° ·¥§µ´ ´¸µ¢ (¢ Éo³ Î¨¸²¥ ¨ ¶·¨ µÉ·¨Í É¥²Ó´ÒÌ Ô´¥·£¨ÖÌ
´¥°É·µ´µ¢) ÊÎ¨ÉÒ¢ ²µ¸Ó ¶ÊÉ¥³ ¤µ¡ ¢²¥´¨Ö ± · ¤¨Ê¸Ê · ¸¸¥Ö´¨Ö ¤µ-
¶µ²´¨É¥²Ó´µ£µ Î²¥´  hE, £¤¥ h Å ¶ · ³¥É·, ¶µ²ÊÎ ¥³Ò° ¶·¨ · §²µ¦¥´¨¨ ¢
·Ö¤ ¶µ E 6 Ei ¶¥·¢µ£µ ·¥§µ´ ´¸´µ£µ Î²¥´  ¢ Ê· ¢´¥´¨¨ (52′):

h = −2276(A + 1) 6 (A) Σ g Γh
0 6 Ei

 2 Ë³ 6 Ô‚. (64)

� · ³¥É· h ³µ¦´µ µÍ¥´¨ÉÓ É ±¦¥, ¨§³¥·ÖÖ Ô´¥·£¥É¨Î¥¸±ÊÕ § ¢¨¸¨³µ¸ÉÓ ¢

Ï¨·µ±µ³ ¨´É¥·¢ ²¥ Ô´¥·£¨°. �µ¤µ¡´ Ö · ¡µÉ  ¤²Ö 208Pb ¡Ò²  ¶·µ¢¥¤¥´  ¢
¨¸¸²¥¤µ¢ ´¨¨ [59]. ‡¤¥¸Ó ¢ ¦´µ µÉ³¥É¨ÉÓ É ±¦¥, ÎÉµ ¶·¨ µ¡· ¡µÉ±¥ · §-

´µ¸É¨ y = σ
tot
6 4π − b

coh
2  ¤²Ö Î¥É´µ-Î¥É´ÒÌ Ö¤¥· (´ ¶·¨³¥·, 208Pb) ·¥§µ´ ´¸-

´µ¥ · ¸¸¥Ö´¨¥ ¶· ±É¨Î¥¸±¨ ´¥ ¸± §Ò¢ ¥É¸Ö ´  ·¥§Ê²ÓÉ É Ì o¶·¥¤¥²¥´¨Ö
¢¥²¨Î¨´Ò ane (¸³. · §¤.6)

4. ‚ Ô²¥±É·µ´¢µ²ÓÉ´µ³ ¨´É¥·¢ ²¥ Ô´¥·£¨° ¸²¥¤Ê¥É ÊÎ¥¸ÉÓ ¶µ¶· ¢±¨,
µ¡Ê¸²µ¢²¥´´Ò¥ ± ± ¨´É¥·Ë¥·¥´Í¨µ´´Ò³ ÔËË¥±Éµ³ µÉ Ö¤¥·, ¸µ¸¥¤´¨Ì ¸ · ¸-
¸³ É·¨¢ ¥³Ò³ Ö¤·µ³, ¢´¥¤·¥´´Ò³ ¢ ±·¨¸É ²²¨Î¥¸±ÊÕ ·¥Ï¥É±Ê, É ± ̈  É¥¶²µ-
¢Ò³ ¤¢¨¦¥´¨¥³  Éµ³µ¢ (ÔËË¥±É „µ¶²¥· ). „ ´´Ò¥ ¶µ¶· ¢±¨ ¡Ò²¨ · ¸¸³µÉ-
·¥´Ò ¢ ·Ö¤¥ · ¡µÉ [60Å62]. �¡¥ ¶µ¶· ¢±¨ Ê³¥´ÓÏ ÕÉ¸Ö ¸ ·µ¸Éµ³ Ô´¥·£¨¨
´¥°É·µ´µ¢, ¨ Ê¦¥ ¶·¨ E ≥ 1 Ô‚ ³µ¦´µ ¢µ¸¶µ²Ó§µ¢ ÉÓ¸Ö ¨´É¥·Ë¥·¥´Í¨µ´´Ò³
Î²¥´µ³ ¢¨¤  [60]:

∆ σ6  = I λ26 (8πV
0
 2 6 3), (65)

£¤¥ I Å ±µÔËË¨Í¨¥´É, · ¢´Ò° ¤²Ö ¦¨¤±µ£µ ¸¢¨´Í  ¨ ¢¨¸³ÊÉ  2,885,   V
0

Å µ¡Ñ¥³  Éµ³ . „µ¶²¥·µ¢¸± Ö ¶µ¶· ¢±  µ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³ [61]:

σ6 σ
free

 = 1 + 
kBT

2E
 
m
M

 , (66)
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£¤¥ m Å ³ ¸¸  ´Ê±²µ´ , M Å ³ ¸¸   Éµ³ , kB Å ±µ´¸É ´É  �µ²ÓÍ³ ´ ,

T Å É¥³¶¥· ÉÊ·  µ¡· §Í  ¢ £· ¤Ê¸ Ì Š¥²Ó¢¨´ .

�´ ²µ£¨Î´Ò¥ Ëµ·³Ê²Ò ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¨ ¨§ ¤ ´´ÒÌ [63], ¢ ·¥§Ê²ÓÉ É¥
¨³¥¥³

S
coh

(E) = 1 + 
kBT

2E
 
m
M

 − 
C(T)
E

(67)

¨

S
inc

(E) = 1 + 
kBT

2E
 
m
M

 . (68)

‚¥²¨Î¨´  C(T) § ¢¨¸¨É ± ± µÉ ³ É¥·¨ ²  µ¡· §Í , É ± ¨ µÉ ¥£µ É¥³¶¥· -
ÉÊ·Ò. ‚ · ¡µÉ¥ [63] µ´  ¡Ò²  µ¶·¥¤¥²¥´  ¤²Ö ¨´É¥·¢ ²  Ô´¥·£¨° ´¥°É·µ´µ¢
0,001 ÷ 500 Ô‚ ¤²Ö ¦¨¤±µ£µ ¸¢¨´Í . �¥§Ê²ÓÉ ÉÒ ¶·¨¢¥¤¥´Ò ¢ É ¡².3.

’ ¡²¨Í  3

’¥³¶¥· ÉÊ· , K 603 623 673 763

C(T), 10−3 Ô‚ 0,963 0,952 0,935 0,931

I λ2 6 (8πV0
 26 3)E, 10−3 Ô‚ 0,966 0,966 0,966 0,966

�µ£·¥Ï´µ¸ÉÓ ¶·¨ µ¶·¥¤¥²¥´¨¨ C(T) ´¥ ¶·¥¢ÒÏ ¥É 5%. 

5. ‚ ¶µ²ÊÎ¥´´Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¸²¥¤Ê¥É ¢´¥¸É¨ ¶µ¶· ¢±Ê
´  Ï¢¨´£¥·µ¢¸±µ¥ · ¸¸¥Ö´¨¥, ¢Ò§¢ ´´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥³ ¤¢¨¦ÊÐ¥£µ¸Ö
³ £´¨É´µ£µ ³µ³¥´É  ´¥°É·µ´  ¸ ±Ê²µ´µ¢¸±¨³ ¶µ²¥³ Ö¤· . �³¶²¨ÉÊ¤ 
Ï¢¨´£¥·µ¢¸±µ£µ · ¸¸¥Ö´¨Ö, ± ± ¨§¢¥¸É´µ, ¨³¥¥É ¢¨¤ [10]:

f
shv

(ϕ) = 
i
2
 (σn) µn




 

h
Mc

 

 



 
Ze2

hc
 



 [1 − f(q)] ctg ϕ

2
 , (69)

£¤¥ f(q) = 
4π
Z

 ∫ 
0

∞

 
sin(qr)

qr
 ρ(r)r2dr Å  Éµ³´Ò° Ëµ·³Ë ±Éµ·, Ìµ·µÏµ ¨§¢¥¸É´Ò°

¨§ É¥µ·¨¨ · ¸¸¥Ö´¨Ö ·¥´É£¥´µ¢¸±µ£µ ¨§²ÊÎ¥´¨Ö  Éµ³ ³¨, q = 2k sin (ϕ6 2),
eρ(r) Å ¶²µÉ´µ¸ÉÓ Ô²¥±É·¨Î¥¸±µ£µ § ·Ö¤  ¢ ÉµÎ±¥, σ Å ¸¶¨´µ¢ Ö ³ É·¨Í ,

¢¥±Éµ· n ¸¢Ö§ ´ c k ¨ k
0
 ¸µµÉ´µÏ¥´¨¥³ [k ⋅ k

0
] = nk2 sin ϕ, £¤¥, ¢ ¸¢µÕ

µÎ¥·¥¤Ó, k ¨ k
0
 Å ±µ´¥Î´Ò° ¨ ´ Î ²Ó´Ò° ¢µ²´µ¢Ò¥ ¢¥±Éµ·Ò · ¸¸¥Ö´¨Ö.

�·¨ ¨§³¥·¥´¨¨ ¶·µ¶Ê¸± ´¨Ö Ï¢¨´£¥·µ¢¸±µ¥ · ¸¸¥Ö´¨¥ ¸²¥¤Ê¥É ÊÎ¨ÉÒ-
¢ ÉÓ ¸µ£² ¸´µ Ëµ·³Ê²¥:
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σ
shv

 = 
π
2
 µn

2 

 

h
Mc

 


2


 
Ze2

hc
 




2

 ∫ 
ϕ

0

π

 [1 − f(q)]2 ctg2 
ϕ
2
 sin ϕdϕ, (70)

£¤¥ Ê£µ² · ¸¸¥Ö´¨Ö ϕ
0
 ¢Ò¡¨· ¥É¸Ö, ¨¸Ìµ¤Ö ¨§ £¥µ³¥É·¨¨ Ô±¸¶¥·¨³¥´É .

�·¨³¥·Ò Î¨¸²¥´´ÒÌ §´ Î¥´¨° ¢¢µ¤¨³ÒÌ ¢ σtot ¶µ¶· ¢µ± ¤²Ö ̧ ¢¨´Í -208

¢ § ¢¨¸¨³µ¸É¨ µÉ Ô´¥·£¨¨ ´¥°É·µ´µ¢ ¶·¨¢¥¤¥´Ò ¢ É ¡².4.

’ ¡²¨Í  4

�´¥·£¨Ö, Ô‚
�µ¶· ¢±¨ ± ¨§³¥·¥´´Ò³ ¶µ²´Ò³ ¸¥Î¥´¨Ö³ (¢ ¡ ·´ Ì)

Scoh ∆ σ = σexp(1 − Scoh)
(σexp = 11 ¡)

˜¢¨´£¥·µ¢¸±µ¥
· ¸¸¥Ö´¨¥ (σshv, ¡)

1,26 0,9993436 0,0072 0,0029

5,19 0,9998407 0,0018 0,0046

10,1 0,9999181 0,0009 0,0055

6. ‘²¥¤Ê¥É ¡ÒÉÓ ¢´¨³ É¥²Ó´Ò³ ¶·¨ ¢¢¥¤¥´¨¨ ¢ ¸¥Î¥´¨¥ ¶µ¶· ¢±¨, ÊÎ¨-
ÉÒ¢ ÕÐ¥° ¢²¨Ö´¨¥ p-¢µ²´µ¢µ£µ · ¸¸¥Ö´¨Ö. �Í¥´±¨ ¶µ± §Ò¢ ÕÉ, ÎÉµ ̧ ¥Î¥´¨¥

p-¢µ²´µ¢µ£µ · ¸¸¥Ö´¨Ö (σ1 = 4π 6 (k2) 3sin2δ1) ¸µ¸É ¢²Ö¥É ~ 0,5% µÉ s-¢µ²´µ-

¢µ£µ (σ = 4π 6 (k2) sin2δ0) ¶·¨ Ô´¥·£¨¨ ´¥°É·µ´µ¢ ¶µ·Ö¤±  20 ±Ô‚. „²Ö Éµ£µ

ÎÉµ¡Ò ÊÎ¥¸ÉÓ p-¢µ²´µ¢µ¥ · ¸¸¥Ö´¨¥, ´Ê¦´µ µ¶·¥¤¥²¨ÉÓ Ë §Ê δ1. ‚ ¸²ÊÎ ¥

´¥°É·µ´µ¢ ³µ¦´µ ¢µ¸¶µ²Ó§µ¢ ÉÓ¸Ö ¸µµÉ´µÏ¥´¨Ö³¨, µ¶Ê¡²¨±µ¢ ´´Ò³¨
¢ [64]:

exp (2i δl) = 
Gl(R) − iFl(R)

Gl(R) + iFl(R) , (71)

£¤¥ R Å · ¤¨Ê¸ ± ´ ²  Gl(R) = −√ π k R 6 2 Nl + 1 6 2
(kR), Fl(R) =

= −√ πkR6 2 Jl+1 6 2
(kR). �·¨ ³ ²ÒÌ Ô´¥·£¨ÖÌ (kR << 1) ¨§ (71) ³µ¦´µ ¶µ-

²ÊÎ¨ÉÓ ¨§¢¥¸É´µ¥ ¶·¥¤¥²Ó´µ¥ ¢Ò· ¦¥´¨¥:

δl ≈ 
−(kR)2l + 1

(2l − 1)!!(2l + 1)!! (72)

¨²¨ δ
1
 = −(kR)3 6 3. ‚ÒÎ¨¸²¥´¨Ö [65], ¶·µ¢¥¤¥´´Ò¥ ˆ.ƒÊ¸¥¢µ° (�ˆŸ”,

ƒ ÉÎ¨´ ), ¶µ± § ²¨, ÎÉµ · §´¨Í  ³¥¦¤Ê §´ Î¥´¨Ö³¨ σ
1
 ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨

(71) ̈  (72) ¸µ¸É ¢²ÖeÉ 10% ¶·¨ E = 24 ±Ô‚, 25% ¶·¨ E = 45 ±Ô‚ ¨ 40% ¶·¨
E = 145 ±Ô‚. „ ´´Ò° ·¥§Ê²ÓÉ É µ§´ Î ¥É, ÎÉµ ¶·¨ µÍ¥´± Ì ¸²¥¤Ê¥É ¶µ²Ó§µ-
¢ ÉÓ¸Ö ¢Ò· ¦¥´¨¥³ (71). —Éµ ± ¸ ¥É¸Ö Ô±¸¶¥·¨³¥´É , Éµ ¸²¥¤Ê¥É ´ °É¨,
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¥¸²¨ ÔÉµ ¢µ§³µ¦´µ, Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¶ÊÉ¨ ¤²Ö µ¶·¥¤¥²¥´¨Ö p-¢µ²´µ¢µ£µ
· ¸¸¥Ö´¨Ö, ÎÉµ ¨ ¡Ò²µ ¸¤¥² ´µ, ´ ¶·¨³¥·, ¢ · ¡µÉ¥ [66].

7. ‘²¥¤Ê¥É § ³¥É¨ÉÓ [56], ÎÉµ ¢ ·Ö¤¥ · ¡µÉ (´ ¶·¨³¥·, [67,68]), ¨¸¶µ²Ó-
§ÊÕÐ¨Ì ¶·¨ µ¡· ¡µÉ±¥ ·¥§Ê²ÓÉ Éµ¢ ¨§³¥·¥´¨° Ë¨É¨·µ¢ ´¨¥ · §²µ¦¥´¨Ö
¶µ²´µ£µ ¸¥Î¥´¨Ö ¶µÉ¥´Í¨ ²Ó´µ£µ · ¸¸¥Ö´¨Ö ¶µ ¸É¥¶¥´Ö³ ¢µ²´µ¢µ£µ ¢¥±Éµ-
·  k:

σs(k) = σs(0) + ak + bk2 + ck3 + dk4 + Á, (73) 

µÉ¸ÊÉ¸É¢Ê¥É, ¢ Î ¸É´µ¸É¨, Î²¥´, ¶·µ¶µ·Í¨µ´ ²Ó´Ò° k3. ‚Ò· ¦¥´¨¥ (73),
µ¤´ ±µ, ³µ¦´µ ¶µ²ÊÎ¨ÉÓ, · §² £ Ö ¢ ·Ö¤ ¸µµÉ´µÏ¥´¨¥, µ¶¨¸Ò¢ ÕÐ¥¥ ¸¥-

Î¥´¨¥ ¶µÉ¥´Í¨ ²Ó´µ£µ · ¸¸¥Ö´¨Ö σs = 4π6 (k2) sin δ
0
 sin (δ

0
 + 2η

0
) (¸³.(52)).

�·¨ ÔÉµ³ ¢ Ê· ¢´¥´¨¨ (73) Î²¥´, ¶·µ¶µ·Í¨µ´ ²Ó´Ò° k3, ¤µ²¦¥´ ¶·¨¸ÊÉ¸É-
¢µ¢ ÉÓ. �É´µÏ¥´¨¥ ¤ ´´µ£µ Î²¥´  ± Î²¥´Ê, ¶·µ¶µ·Í¨µ´ ²Ó´µ³Ê ¢µ²´µ¢µ³Ê

¢¥±Éµ·Ê k, ¸µ¸É ¢²Ö¥É 2(kR)2 6 3 ¨ · ¢´µ 7% ¶·¨ Ô´¥·£¨¨ 20 ±Ô‚, 10% ¶·¨
Ô´¥·£¨¨ 40 ±Ô‚ ¨ 20% ¶·¨ Ô´¥·£¨¨ 145 ±Ô‚. ‘²¥¤µ¢ É¥²Ó´µ, Î²¥´, ¶·µ-

¶µ·Í¨µ´ ²Ó´Ò° k3, ´¥µ¡Ìµ¤¨³µ ÊÎ¨ÉÒ¢ ÉÓ ¶·¨ µ¡· ¡µÉ±¥ Ô±¸¶¥·¨³¥´É ²Ó-
´ÒÌ ¤ ´´ÒÌ. �¸µ¡¥´´µ ÔÉµ ¢ ¦´µ ¶·¨ ¶·µ¢¥¤¥´¨¨ ¨§³¥·¥´¨° ¶·¨ ¸· ¢-
´¨É¥²Ó´µ ¡µ²ÓÏ¨Ì Ô´¥·£¨ÖÌ (¢ ±¨²µÔ²¥±É·µ´¢µ²ÓÉ´µ³ ̈ ´É¥·¢ ²¥ Ô´¥·£¨°),
´ ¶·¨³¥·, ¶·¨ ¶µ¶ÒÉ± Ì [67,68] ¨§³¥·¥´¨Ö Ô²¥±É·¨Î¥¸±µ° ¶µ²Ö·¨§Ê¥³µ-
¸É¨ ´¥°É·µ´ . ‘²¥¤Ê¥É § ³¥É¨ÉÓ É ±¦¥, ÎÉµ Ëµ·³  § ¶¨¸¨ ¸¥Î¥´¨Ö · ¸¸¥Ö-
´¨Ö ´¥°É·µ´  ¶µ ¸É¥¶¥´Ö³ ¥£µ ¢µ²´µ¢µ£µ Î¨¸²  £µ¤¨É¸Ö ²¨ÏÓ ¢ Éµ³ ¤¨ ¶ -
§µ´¥ §´ Î¥´¨° Ô´¥·£¨°, £¤¥ § ±µ´´µ ¢Ò¶µ²´¥´¨¥ · ¢¥´¸É¢  sin δ

0
 ≈ δ

0
, É.¥.

´¥ ¡µ²¥¥ Î¥³ ¤µ ´¥¸±µ²Ó±¨Ì ¥¤¨´¨Í ±¨²µÔ²¥±É·µ´¢µ²ÓÉ. ‚ ¶·µÉ¨¢´µ³ ¸²Ê-
Î ¥ ¸²¥¤Ê¥É ÊÎ¥¸ÉÓ É ±¦¥, ÎÉµ Ë §  · ¸¸¥Ö´¨Ö ¸Éµ¨É ¥Ð¥ ¨ ¶µ¤ §´ ±µ³
±µ¸¨´Ê¸ .

6. “—…’ Œ…†�…‡����‘��‰ ˆ�’…�”…�…�–ˆˆ

�É¸ÊÉ¸É¢¨¥ ¢ ¢Ò· ¦¥´¨¨ ¤²Ö ¸¥Î¥´¨Ö · ¸¸¥Ö´¨Ö ³¥¦·¥§µ´ ´¸´ÒÌ ¨´É¥·-
Ë¥·¥´Í¨µ´´ÒÌ Î²¥´µ¢ Ö¢²Ö¥É¸Ö ¸²¥¤¸É¢¨¥³ µ¶·¥¤¥²¥´´µ£µ ¢¨¤  ±µ³¶µ´¥´É
S-³ É·¨ÍÒ, ÎÉµ µ¶·¥¤¥²Ö¥É  ¤¤¨É¨¢´µ¸ÉÓ ¢±² ¤µ¢ µÉ¤¥²Ó´ÒÌ ·¥§µ´ ´¸µ¢ ¢
³ É·¨ÍÊ · ¸¸¥Ö´¨Ö. ’ ±µ¥ µ¶¨¸ ´¨¥ Ö¢²Ö¥É¸Ö ¶·¨¡²¨¦¥´´Ò³. �¤´ ±µ Ê¦¥
¤µ¢µ²Ó´µ ¤ ¢´µ ¨§¢¥¸É´Ò S-³ É·¨ÍÒ, ÊÎ¨ÉÒ¢ ÕÐ¨¥ Ö¢²¥´¨¥ ³¥¦·¥§µ´ ´¸-
´µ° ¨´É¥·Ë¥·¥´Í¨¨ ¶·¨ · ¸¸¥Ö´¨¨ ´¥°É·µ´µ¢ Ö¤· ³¨ (¸³., ´ ¶·¨³¥·, [69Å
Å71]). �¤´  ¨§ ´¨Ì ¨³¥¥É ¢¨¤ [71]:

Snn = 






 1 − i ∑ 

i

 
αnj + i βnj

E − µj + ivj
 






 exp (2i δ

pot
), (74)
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£¤¥ Σ (αnj + i βnj) = Σ Γnj , Σ βnj = 0, µj = Re E
~

j , νj = Im E
~

j , E
~

j Å ±µ³¶²¥±¸´ Ö

Ô´¥·£¨Ö j-£µ ·¥§µ´ ´¸  (¶·¨ βnj = 0 E
~

j = Ej + i (Γj6 2)). �·¨ βnj = 0 σ
tot

 ¶·¥¤-

¸É ¢²Ö¥É ¸µ¡µ° ¸Ê³³Ê ¡·¥°É-¢¨£´¥·µ¢¸±¨Ì Î²¥´µ¢, ÊÎ¨ÉÒ¢ ÕÐ¨Ì ²¨ÏÓ
¨´É¥·Ë¥·¥´Í¨Õ ³¥¦¤Ê ¶µÉ¥´Í¨ ²Ó´Ò³ ¨ ·¥§µ´ ´¸´Ò³ · ¸¸¥Ö´¨¥³. �·¨
ÊÎ¥É¥ ¢¸¥Ì ·¥§µ´ ´¸´ÒÌ Ê·µ¢´¥° ¢Ò· ¦¥´¨Ö (74) · ¸Î¥É σ

tot
 ¶µ Ëµ·³Ê²¥

σ
tot

 = 2πg(1 − Re Snn) 6 k2 (75)

¤µ¢µ²Ó´µ ¸²µ¦¥´. ‚ ±´¨£¥ [72] ¨§ ¢Ò· ¦¥´¨° (74) ¨ (75) ¶µ²ÊÎ¥´  ¤¢ÊÌ-
Ê·µ¢´¥¢ Ö Ëµ·³Ê²  ¤²Ö σ

tot
, ± Î¥¸É¢¥´´µ ¨´É¥·¶·¥É¨·ÊÕÐ Ö ¢¸¥ µ¸´µ¢´Ò¥

µ¸µ¡¥´´µ¸É¨ ±µ··¥²ÖÍ¨° ³¥¦¤Ê §´ Î¥´¨Ö³¨ ·¥§µ´ ´¸´ÒÌ ¶ · ³¥É·µ¢
Ê·µ¢´¥°. �´  ¨³¥¥É ¢¨¤

σ
tot

 = σ
pot

 + 
2πg

k2
 






 
G

1
ν
1
 + H

1
(µ

1
 − E)

(µ
1
 − E)2 + ν

1
2

 + 
G

2
ν
2
 + H

2
(µ

2
 − E)

(µ
2
 − E)2 + ν

2
2

 






 , (76)

£¤¥

G1 = α1n cos 2δpot − βn sin 2δpot,       G2 = α2n cos 2δpot − βn sin 2δpot,

H1 = βn cos 2δpot − α1n sin 2δpot,       H2 = − βn cos 2δpot − α2n sin 2δpot

α1n + i βn = Γ
~

1n                            α2n + i βn = Γ
~

2n

2E
~

1,2 = E1 − i Γ16 2 + E2 − i Γ2 6 2 ‡ [(E2 − i Γ2 6 2 − E1 + i Γ1 6 2)2 − Γ12
2 ]1 6 2,

Γ
~

1n = Γ1n cos
2ϕ + Γ2n sin

2ϕ + Γ1n
1 6 2 Γ2n

1 6 2 sin 2ϕ,

Γ
~

2n = Γ2n cos
2ϕ + Γ1n sin

2ϕ − Γ1n
1 6 2 Γ2n

1 6 2 sin 2ϕ,

B = i Γ12[(E2 − E1 − i Γ2 6 2 + i Γ1 6 2)2 − Γ12
2 ]−1 6 2,

ϕ = arcsin (B6 2), Γ
12

 = (Γ
1
Γ

2
)1 6 2, ¢ ´ Ï¥³ ¸²ÊÎ ¥ Γ

12
2  << (E

2
 − E

1
)2. �¥§Ê²Ó-

É ÉÒ ¢ÒÎ¨¸²¥´¨Ö ³¥¦·¥§µ´ ´¸´ÒÌ ¨´É¥·Ë¥·¥´Í¨µ´´ÒÌ Î²¥´µ¢ ∆ σ
int

 ¶·¨

¨¸¶µ²Ó§µ¢ ´¨¨ Ëµ·³Ê²Ò (75) ¤²Ö ¢¨¸³ÊÉ  (·¥§µ´ ´¸´Ò¥ Ô´¥·£¨¨

E
1
 = 800 Ô‚ ¨ E

2
 = 2310 Ô‚) ¨ 208Pb (·¥§µ´ ´¸´Ò¥ Ô´¥·£¨¨ E

1
 = 507 ±Ô‚ ¨

E
2
 = 1735 ±Ô‚) ¶·¨¢¥¤¥´Ò ¢ É ¡².5.

‡´ ±¨ ∆ σint µ¶·¥¤¥²ÖÕÉ¸Ö ¢Ò¡µ·µ³ §´ ±µ¢ ¶¥·¥¤ §´ Î¥´¨Ö³¨ ±¢ ¤· É-

´ÒÌ ±µ·´¥° ¨§ Γ1n, Γ2n, B ¨ Γ12. ˆ§ É ¡².5 ¸²¥¤Ê¥É, ÎÉµ ¢¤ ²¨ µÉ ·¥§µ´ ´¸-

´ÒÌ Ô´¥·£¨° §´ Î¥´¨Ö ∆ σint ¶· ±É¨Î¥¸±¨ ´¥ § ¢¨¸ÖÉ µÉ Ô´¥·£¨¨ ¨ ¸µ¸É ¢²Ö-
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ÕÉ ³¥´¥¥ ¤µ²¨ ¶·µÍ¥´É  µÉ ¢¥²¨Î¨´Ò σtot (0,2% σtot ¤²Ö ¢¨¸³ÊÉ  ¨ 0,04%

σtot ¤²Ö 
208Pb).

’ ¡²¨Í  5

‚¨¸³ÊÉ
(E1 = 800 ±Ô‚, E2 = 2310 ±Ô‚)

‘¢¨´¥Í-208
(E1 = 507 ±Ô‚ ¨ E2 = 1735 ±Ô‚)

�´¥·£¨Ö, Ô‚ 1 16 50 1000 25000

∆ σint, 10−3 ¡ ±20,7 ±20,0 ±20,5 ±4,9 ±4,2

„·Ê£ÊÕ Ëµ·³Ê²Ê ¤²Ö S-³ É·¨ÍÒ ³µ¦´µ ¢§ÖÉÓ, ´ ¶·¨³¥·, ¨§ · ¡µÉ
[69,70]:

Scc′ = exp (i δ
pot,c + i δ

pot,c′) 



 δcc′ + i ∑ 

λλ′
(Γλ,c)

1 6 2(Γλ′,c′)
1 6 2Aλλ′ 




, (77)

£¤¥ δcc′ Å ¤¥²ÓÉ -ËÊ´±Í¨Ö,   ³ É·¨Í , µ¡· É´ Ö ³ É·¨Í¥ Aλλ′:

(A−1)λλ′ = (Eλ − E) δλλ′ − i 6 2 ∑ 
c

(Γλc)
1 6 2(Γλ′c)

1 6 2.

ˆ¸¶µ²Ó§ÊÖ ¢Ò· ¦¥´¨Ö (75) ¨ (77), ³µ¦´µ ¶µ²ÊÎ¨ÉÓ

∆ σint ≈ 
g+

4k2
 













 ∑ 
i

Γni ∆Ei 

∑ 
i ≠ j

Γj 6 ∆Ej

∆Ei
 2 + 

1
4
 

 Γi + ∆Ei ∑ 

j ≠ i

Γj6 ∆Ej 




2
 













 +

+  ¶µ¤µ¡´Ò° Î²¥´ ¤²Ö ¤·Ê£µ£µ ¸¶¨´  (g−). (78)

„²Ö ¤¢ÊÌ Ê·µ¢´¥° ¢¨¸³ÊÉ  (E1 = 800 Ô‚ ¨ E2 = 2310 Ô‚) ¢ÒÎ¨¸²¥´¨Ö ¶µ

Ëµ·³Ê²¥ (78) ¤ ÕÉ ·¥§Ê²ÓÉ ÉÒ, ¸µ¢¶ ¤ ÕÐ¨¥ ¶· ±É¨Î¥¸±¨ ¸ ¤ ´´Ò³¨, ¶·¨-
¢¥¤¥´´Ò³¨ ¢ É ¡².5. �·¨ ÊÎ¥É¥ ¦¥ ¢¸¥Ì ¨§¢¥¸É´ÒÌ ·¥§µ´ ´¸µ¢ ¸ Ô´¥·£¨¥°
Ej > 0 (0 < Ej < 265 ±Ô‚ [17]) ³¥¦·¥§µ´ ´¸´Ò° ¨´É¥·Ë¥·¥´Í¨µ´´Ò° Î²¥´ ̧ µ-

¸É ¢²Ö¥É ∆ σint = 0,108 ¡ ¤²Ö ¢¨¸³ÊÉ  ¶·¨ Ô´¥·£¨¨ ¶µ·Ö¤±  10 Ô‚ (¶µ²´µ¥

¸¥Î¥´¨¥ ¢¨¸³ÊÉ  ¶·¨ ÔÉµ° Ô´¥·£¨¨ σtot = 9,3 ¡, É.¥. ¢ 90 · § ¡µ²ÓÏ¥). 

�Î¥´Ó ¢ ¦´µ, µ¤´ ±µ, ÎÉµ ¢¤ ²¨ µÉ ·¥§µ´ ´¸µ¢ ∆ σint ¤²Ö ¢¨¸³ÊÉ  ¶· ±-

É¨Î¥¸±¨ ́ ¥ § ¢¨¸¨É µÉ Ô´¥·£¨¨. �µ¤É¢¥·¦¤¥´¨¥ ÔÉµ³Ê ³µ¦´µ ´ °É¨ ¢ É ¡².5,
  É ±¦¥  ´ ²¨§¨·ÊÖ ¢Ò· ¦¥´¨¥ (78), µÉ±Ê¤  ¸²¥¤Ê¥É, ÎÉµ ¢¤ ²¨ µÉ ·¥§µ´ ´-
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¸µ¢ ∆ σint ~ Γnj Γj + 1 6 k2 ≈ const. �´ ²µ£¨Î´µ¥ ÊÉ¢¥·¦¤¥´¨¥ µÉ´µ¸¨É¸Ö É ±¦¥

± · ¡µÉ¥ [73], µÉ³¥Î ÕÐ¥° ´¥µ¡Ìµ¤¨³µ¸ÉÓ ÊÎ¥É  ³¥¦·¥§µ´ ´¸´µ° ¨´É¥·Ë¥-

·¥´Í¨¨, £¤¥ ¶·¨ γ2 = Γn 6 (2kR) 

∆σ
int

 = R2 ∑ ∑ 
γi
2 γj

2

(E − Ei)(E − Ej)
 ≈ const. (79)

�¤´ ±µ ¸¶µ¸µ¡ ¶µ²ÊÎ¥´¨Ö ∆σ
int

 ¢ ÔÉµ° · ¡µÉ¥ ¢Ò§Ò¢ ¥É ¡µ²ÓÏ¨¥ ¸µ³´¥´¨Ö

[74].
‚ · ¡µÉ¥ [46] ¤²Ö µ¶·¥¤¥²¥´¨Ö ¢¥²¨Î¨´Ò ane  ´ ²¨§¨·µ¢ ²µ¸Ó §´ Î¥´¨¥

y = σtot(E) 6 4π − bcoh
2 , £¤¥ bcoh Å ¤²¨´  ±µ£¥·¥´É´µ£µ · ¸¸¥Ö´¨Ö. ‚Ò· ¦¥´¨¥

¤²Ö y ¸µ¤¥·¦¨É, ¢ Î ¸É´µ¸É¨, ´¥ § ¢¨¸ÖÐ¨° µÉ Ô´¥·£¨¨ Î²¥´ p2, ±µÉµ·Ò°

¢ ·Ó¨·Ê¥É¸Ö, ÎÉµ¡Ò ¤µ¸É¨£´ÊÉÓ ´ ¨²ÊÎÏ¥£µ µ¶¨¸ ´¨Ö ¶µ²ÊÎ¥´´ÒÌ Ô±¸-
¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ. ’ ± ± ± p2 ´¥ § ¢¨¸¨É µÉ Ô´¥·£¨¨, ¢¢¥¤¥´¨¥ ¢ ¢Ò-

· ¦¥´¨¥ σtot É ±¦¥ ¶µ¸ÉµÖ´´µ£µ Î²¥´  ∆ σint ́ ¥ ³µ¦¥É ¶µ¢²¨ÖÉÓ ́   ·¥§Ê²ÓÉ É

µ¶·¥¤¥²¥´¨Ö ane ¢ · ¡µÉ¥ [46], ÌµÉÖ, ±µ´¥Î´µ, ́ ¥¸±µ²Ó±µ ̈ §³¥´¨É  ´ ²¨É¨Î¥-

¸±µ¥ ¢Ò· ¦¥´¨¥ p2.

‘ ÊÎ¥Éµ³ (56) ³µ¦´µ ¶µ²ÊÎ¨ÉÓ [75,76] Ëµ·³Ê²Ê ¤²Ö ¸Ê³³Ò p2 ¨ ³¥¦·¥-

§µ´ ´¸´µ£µ ¨´É¥·Ë¥·¥´Í¨µ´´µ£µ Î²¥´  (78):

p2 + ∆σint6 4π = 
g+ g−

4
 






 ∑ 

+

Γni

ki Ei
 − ∑ 

−

Γni

ki Ei
 







 2

 + 
g+

4k2
 ∑ 

i

Γni

∆Ei
  ∑ 

j ≠ i

 
Γγ j
∆Ej

 +

+  ¶µ¤µ¡´Ò° Î²¥´ ¤²Ö ¤·Ê£µ£µ ¸¶¨´  (g−). (80)

‚Éµ·µ° ¨ É·¥É¨° Î²¥´Ò ¢Ò· ¦¥´¨Ö (80) ³µ£ÊÉ ¡ÒÉÓ µÉ·¨Í É¥²Ó´Ò³¨. ̂ Ì
§´ ±¨ § ¢¨¸ÖÉ µÉ · ¸¶µ²µ¦¥´¨Ö ·¥§µ´ ´¸µ¢, ̈ Ì ̧ ¨²Ò ̈  Ô´¥·£¨¨, ¶·¨ ±µÉµ·µ°
¶·µ¢µ¤ÖÉ¸Ö ¨§³¥·¥´¨Ö. ’ ±¨³ µ¡· §µ³, ¸ÊÐ¥¸É¢Ê¥É ¢µ§³µ¦´µ¸ÉÓ ¤²Ö
p2 + ∆ σint6 4π ¡ÒÉÓ µÉ·¨Í É¥²Ó´Ò³, ÎÉµ ¨ ¡Ò²µ ¶µ²ÊÎ¥´µ ¤²Ö ¢¨¸³ÊÉ  ¢

· ¡µÉ¥ [46].
„²Ö Î¥É´µ-Î¥É´ÒÌ Ö¤¥· (g+ = 1, g− = 0):

p
2
 + ∆ σ

int
6 4π = 

1

4k2
 ∑ 

i

Γni

∆Ei
  ∑ 

j ≠ i

 
Γγ j
∆Ej

 . (81)

„²Ö 208Pb ¶·¨ Ô´¥·£¨¨ ´¥°É·µ´µ¢, · ¢´µ° 1 Ô‚, p
2
 + ∆ σ

int
6 4π ≈

≈ 6,3 ⋅10−6 ¡/¸· ¨ ¶·¨ Ô´¥·£¨¨ 1970 Ô‚ p
2
 + ∆ σ

int
6 4π ≈ 1,4⋅10−7 ¡/¸·, ¥¸²¨ ¢

· ¸Î¥É Ì ÊÎ¨ÉÒ¢ ÕÉ¸Ö ²¨ÏÓ ¨§¢¥¸É´Ò¥ ·¥§µ´ ´¸Ò ¶·¨ 507 ¨ 1735 ±Ô‚.
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“Î¥É ´ °¤¥´´µ£µ ¢ · ¡µÉ¥ [54] ·¥§µ´ ´¸  ¶·¨ µÉ·¨Í É¥²Ó´µ° Ô´¥·£¨¨ ´¥°-

É·µ´µ¢, · ¢´µ° Ä1900 ±Ô‚, ¨ Γn
(0) = 2,3 ±Ô‚ ¶· ±É¨Î¥¸±¨ ´¥ ³¥´Ö¥É ¸¨ÉÊ-

 Í¨Õ. ‚±² ¤ ¤ ´´µ£µ ·¥§µ´ ´¸  ¢ p
2
 + ∆ σ

int
6 4π ¶·¨ Ô´¥·£¨¨ ´¥°É·µ´µ¢

1970 ±Ô‚ ´¥ ¶·¥¢ÒÏ ¥É 3⋅10−7 ¡/¸·.
—Éµ ± ¸ ¥É¸Ö ¢¥²¨Î¨´Ò p1bcoh, Éµ ¥¥ §´ Î¥´¨¥ (¸³.(53) ¨ (55)) ¤ ¦¥ ¶·¨

Ô´¥·£¨¨ 1970 Ô‚ ´¥ ¶·¥¢ÒÏ ¥É 3⋅10−4 ¡/¸·.

’ ±¨³ µ¡· §µ³, ¢²¨Ö´¨¥³ ·¥§µ´ ´¸´µ£µ · ¸¸¥Ö´¨Ö ´  µ¶·¥¤¥²Ö¥³ÊÕ

¢¥²¨Î¨´Ê ane ¤²Ö µ¡· §Í  208Pb ¶·¨ Ô´¥·£¨¨ ´¥°É·µ´µ¢ ¤µ 1970 Ô‚ ³µ¦´µ

¶·¥´¥¡·¥ÎÓ (y = σtot6 4π − bcoh
2 A2 6 (A + 1)2 ≈ 0,01 ¡/¸·). ”µ·³Ê²  (53) ¤²Ö

µ¶·¥¤¥²¥´¨Ö ane Ê¶·µÐ ¥É¸Ö ¨ ¶·¨ αn ≈ 0 (¸µ£² ¸´µ ¶µ¸²¥¤´¨³ Ô±¸¶¥·¨³¥´-

É ²Ó´Ò³ ¤ ´´Ò³ αn ´¥ ¶·¥¢ÒÏ ¥É 0,5⋅10−3 Ë³3, ¸³., ´ ¶·¨³¥·, [49]) ¨³¥¥É

¢¨¤

y = σ
tot
6 4π − b

coh
2 A2 6 (A + 1)2= (Z − F)2ane

2 − 2anebcoh
(Z − F)A6 (A + 1),  (82)

µÉ±Ê¤  ¸²¥¤Ê¥É, ÎÉµ σ
tot
6 4π = [b

coh
A 6 (A + 1) − ane(Z − F)]2 ¨²¨

√σ
tot
6 4π  = b

coh
A 6 (A + 1) − ane(Z − F). (83)

ˆ§ (83) ¸²¥¤Ê¥É, ÎÉµ

ane = 16 √ 4π  [√ σ
tot

(E
1
) − √ σ

tot
(E

2
) ]6 [F(E

1
) − F(E

2
)]. (84)

�¡· ¡ ÉÒ¢ Ö ¸ ¶µ³µÐÓÕ (84) ·¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨° ¨Éµ£µ¢µ° · ¡µÉÒ
Š¥¸É¥·  ¨ ¤·. [49], ³µ¦´µ ¶µ²ÊÎ¨ÉÓ (¶µ¸²¥ ¢¢¥¤¥´¨Ö ¢ σ

tot
 ¶µ¶· ¢µ±,

µ¡Ê¸²µ¢²¥´´ÒÌ  £·¥£ É´Ò³ ¸µ¸ÉµÖ´¨¥³ ¢¥Ð¥¸É¢  ¨ Ï¢¨´£¥·µ¢¸±¨³
· c¸¥Ö´¨¥³) ¤²Ö Ô´¥·£¨° ´¥°É·µ´µ¢ E

1
= 1,26 Ô‚ ¨ E

2
= 5,19 Ô‚: ane =

= (−1,58 ± 0,30) ⋅10−3 Ë³; ¤²Ö E
1
= 1,26 Ô‚ ¨ E

2
= 1970 Ô‚: ane = (−0,26 ±

± 0,15)⋅10−3 Ë³ ¨ ¤²Ö E
1
 = 5,19 Ô‚ ¨ E

2
 = 1970 Ô‚: ane= (+0,10±0,29)⋅10−3 Ë³.

ˆ§ ¶µ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ Éµ¢ ´ ¶· Ï¨¢ ¥É¸Ö ¢Ò¢µ¤ µ Éµ³, ÎÉµ ¢¥²¨Î¨´ 
σ

tot
 ¶·¨ Ô´¥·£¨¨ E

2
 = 1970 Ô‚ µ¶·¥¤¥²¥´  ¢ · ¡µÉ¥ [49] ´¥¶· ¢¨²Ó´µ. …¸²¨

¶·¨´ÖÉÓ, ÎÉµ σ
tot

(1970), · ¢´µ 11,525 ¡ (¢³¥¸Éµ 11,479 ¡, ¢ [49]), Éµ ³µ¦´µ

¶µ²ÊÎ¨ÉÓ ane = (−1,59 ± 0,15)⋅10−3 Ë³ (¤²Ö E
1
 = 1,26 Ô‚ ¨ E

2
 = 1970 Ô‚) ¨

ane = (−1,61 ± 0,29)⋅10−3 Ë³ (¤²Ö E
1
 = 5,19 Ô‚ ¨ E

2
 = 1970 Ô‚), ÎÉµ, ¶µ-¢¨¤¨-

³µ³Ê, ¡²¨§±µ ± ¨¸É¨´¥.
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7. � ‘��‚�…�ˆˆ �Š‘�…�ˆŒ…�’�‹œ�›• „���›• 
‘ ’…��ˆ…‰

Šµ´¥Î´µ, ¸ ÉµÎ±¨ §·¥´¨Ö Ô±¸¶¥·¨³¥´É Éµ· , ¢µ¶·µ¸ µ ¤²¨´¥ · ¸¸¥Ö´¨Ö
ane Å ÔÉµ ¢µ¶·µ¸ Ô±¸¶¥·¨³¥´É . �¤´ ±µ ¨³¥ÕÐ¨¥¸Ö Ô±¸¶¥·¨³¥´É ²Ó´Ò¥

¤ ´´Ò¥ ¢¸¥ ¦¥ ¸²¥¤Ê¥É ¸µ¶µ¸É ¢¨ÉÓ ¸ ´¥±µÉµ·Ò³¨ ¸µ¢·¥³¥´´Ò³¨ ¨¤¥Ö³¨ µ
¢´ÊÉ·¥´´¥° ¸É·Ê±ÉÊ·¥ ´¥°É·µ´ . ’ ±¨¥ ¨¤¥¨, ± ± ³´¥ ± ¦¥É¸Ö, ´ ¨¡µ²¥¥
Ìµ·µÏµ · §¢¨ÉÒ ¢ ±¢ ·±µ¢ÒÌ ³µ¤¥²ÖÌ, µ¸´µ¢Ò ±µÉµ·ÒÌ § ²µ¦¥´Ò ¢ ¸É ·µ°
³¥§µ´´µ° É¥µ·¨¨ �± ¢Ò. “¦¥ ¨§ ÔÉµ° É¥µ·¨¨ ¸²¥¤Ê¥É, ÎÉµ ¢¨·ÉÊ ²Ó´Ò°

¶·µÍ¥¸¸ n → p + π− ¤ ¥É µÉ·¨Í É¥²Ó´Ò° Ì¢µ¸É ¢ · ¸¶·¥¤¥²¥´¨¨ Ô²¥±É·¨Î¥¸-
±µ£µ § ·Ö¤  ¢ ´¥°É·µ´¥ (¸³. ·¨¸.5). �¤´ ±µ ¢µ ¢¸¥Ì ¸É ·ÒÌ ¸É É¨Î¥¸±¨Ì
¶·¥¤¸É ¢²¥´¨ÖÌ µ ´Ê±²µ´¥ ´¥ ¡Ò²µ Ö¸´µ, ÎÉµ ¸µ¡µ° ¶·¥¤¸É ¢²Ö¥É Í¥´É· ²Ó-
´ Ö Î ¸ÉÓ ´Ê±²µ´ . �É  ¶·µ¡²¥³  ¡Ò²  ·¥Ï¥´  ²¨ÏÓ ¢ · ³± Ì ¸µ¢·¥³¥´´ÒÌ
¨¤¥° µ ́ Ê±²µ´¥. ‚ 70-Ì £µ¤ Ì ¡Ò²  ̧ µ§¤ ´  ±¢ ´Éµ¢ Ö Ì·µ³µ¤¨´ ³¨±  (Š•„)
Å ±¢ ´Éµ¢µ-¶µ²¥¢ Ö É¥µ·¨Ö ¸¨²Ó´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ±¢ ·±µ¢ ¨ £²Õµ´µ¢.
Š•„, ¢ Î ¸É´µ¸É¨, µ¡µ¡Ð¨²  ¨³¥ÕÐ¨¥¸Ö ¶·¥¤¸É ¢²¥´¨Ö µ ¸É·Ê±ÉÊ·¥  ¤·µ-
´µ¢. “· ¢´¥´¨Ö Š•„, ¢ µÉ²¨Î¨¥ µÉ Ê· ¢´¥´¨° Œ ±¸¢¥²² , µ± §Ò¢ ÕÉ¸Ö
´¥²¨´¥°´Ò³¨. ‚ É¥Î¥´¨¥ ¶µ¸²¥¤´¨Ì ´¥¸±µ²Ó±¨Ì ²¥É ¶·¥¤¶·¨´¨³ ²¨¸Ó
¶µ¶ÒÉ±¨ ·¥Ï¨ÉÓ Ê· ¢´¥´¨Ö Š•„. ‚ µÉ¸ÊÉ¸É¢¨¥ ÉµÎ´ÒÌ ·¥Ï¥´¨° ¥¸É¥¸É¢¥´-
´µ ¢µ¸¶µ²Ó§µ¢ ÉÓ¸Ö Ë¥´µ³¥´µ²µ£¨Î¥¸±¨³¨ ³µ¤¥²Ö³¨, µÉ· ¦ ÕÐ¨³¨ ¸¢µ°¸É-
¢  Š•„. �¤´µ° ¨§ É ±¨Ì ³µ¤¥²¥° Ö¢²Ö¥É¸Ö ‘‚Œ (Cloudy Bag Model), ¶·¥¤-
²µ¦¥´´ Ö ¨ · §¢¨É Ö ’µ³ ¸µ³ ¨ ¤·. [77]. ‡ ³¥É¨³, ÎÉµ µ¸´µ¢Ò ±¢ ·±µ¢ÒÌ
³µ¤¥²¥° ´Ê±²µ´µ¢-³¥Ï±µ¢ ¡Ò²¨ § ²µ¦¥´Ò ¢ · ¡µÉ Ì É¥µ·¥É¨±µ¢ �ˆŸˆ
(„Ê¡´ ), ¢Ò¶µ²´¥´´ÒÌ ¢ ̧ ¥·¥¤¨´¥ 60-Ì £µ¤µ¢. ‚¨¤¨³µ, �.�.�µ£µ²Õ¡µ¢ ¢¶¥·-
¢Ò¥ µ±µ´Î É¥²Ó´µ ¸Ëµ·³Ê²¨·µ¢ ² ¢ 1967 £. [78,79] ³µ¤¥²Ó ®¤Ê¡´¥´¸±µ£µ
³¥Ï± ¯, ¶·¥¤¸É ¢²ÖÕÐÊÕ ¸µ¡µ° ¸¨¸É¥³Ê ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¡¥§³ ¸¸µ¢ÒÌ ±¢ ·-
±µ¢, ¤¢¨¦ÊÐ¨Ì¸Ö ¸¢µ¡µ¤´µ ¢´ÊÉ·¨ ¸Ë¥·¨Î¥¸±µ£µ µ¡Ñ¥³ . „ ²Ó´¥°Ï¥¥
· §¢¨É¨¥ ¤Ê¡´¥´¸±¨Ì ¨¤¥° ¶·¨¢¥²µ ± ¸µ§¤ ´¨Õ ±¢ ·±µ¢µ° (Massachusetts
Institute of Technology) MIT-³µ¤¥²¨, £² ¢´Ò¥ ¸¢µ°¸É¢  ±µÉµ·µ° ¡Ò²¨ § É¥³
¶µ²µ¦¥´Ò ¢ µ¸´µ¢Ê ‘‚Œ. �¤´¨³ ¨§ ¸ÊÐ¥¸É¢¥´´ÒÌ
´¥¤µ¸É É±µ¢ ŒI’-³µ¤¥²¨ Ö¢²Ö²µ¸Ó Éµ, ÎÉµ ¢ ´¥° ´ -
·ÊÏ ² ¸Ó ±¨· ²Ó´ Ö ¸¨³³¥É·¨Ö. „²Ö Ê¸É· ´¥´¨Ö
ÔÉµ£µ ¶µÉ·¥¡µ¢ ²µ¸Ó ¢±²ÕÎ¨ÉÓ ¢ ³µ¤¥²Ó ¢§ ¨³µ-
¤¥°¸É¢¨e ±¢ ·±µ¢ ¸ ¶¨µ´´Ò³ ¶µ²¥³ ´  ¶µ¢¥·Ì´µ¸É¨
³¥Ï± . �µ¤µ¡´ Ö £¨¡·¨¤´ Ö ³µ¤¥²Ó ±¨· ²Ó´µ£µ
³¥Ï±  (³µ¤¥²Ó ‘‚Œ), ± ± Ê¦¥ µÉ³¥Î ²µ¸Ó, ¡Ò² 
· §¢¨É  ’µ³ ¸µ³ ¨ ¤·. ‚ ÔÉµ° ³µ¤¥²¨ ´Ê±²µ´
¸µ¸Éµ¨É ¨§ ¸Ë¥·¨Î¥¸±µ° ¸É É¨Î¥¸±µ° ¶µ²µ¸É¨

�¨¸.5. �¦¨¤ ¥³µ¥ · ¸¶·¥¤¥²¥´¨¥ Ô²¥±É·¨Î¥¸±µ£µ § ·Ö¤  ¢
´Ê±²µ´¥:  ) ¶·µÉµ´; ¡) ´¥°É·µ´
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· ¤¨Ê¸  R, § ¶µ²´¥´´µ° É·¥³Ö ¢ ²¥´É´Ò³¨ ¡¥§³ ¸¸µ¢Ò³¨ ±¢ ·± ³¨. ‚µ±·Ê£
³¥Ï±  ¸ÊÐ¥¸É¢Ê¥É µ¡² ±µ µÉ·¨Í É¥²Ó´ÒÌ ¶¨µ´µ¢, ±µÉµ·Ò¥ ³µ£ÊÉ ¶µ£²µ-
Ð ÉÓ¸Ö ¨ ¨¸¶Ê¸± ÉÓ¸Ö ¶µ¢¥·Ì´µ¸ÉÓÕ ³¥Ï± . �É·¨Í É¥²Ó´Ò¥ ¶¨µ´Ò
¶·µ¸É¨· ÕÉ¸Ö ´  · ¸¸ÉµÖ´¨¥ ¶µ·Ö¤±  h6 (mπc) > R. ’ ±¨³ µ¡· §µ³, ¢ ‘‚Œ

´Ê±²µ´ ´¥ Ö¢²Ö¥É¸Ö ÉµÎ¥Î´µ° Î ¸É¨Í¥°. Œµ¤¥²Ó ‘‚Œ ¤µ¸É ÉµÎ´µ Ê¸¶¥Ï´µ
µ¶¨¸Ò¢ ¥É ¸É É¨Î¥¸±¨¥ ¸¢µ°¸É¢  ´Ê±²µ´µ¢: ³ £´¨É´Ò¥ ³µ³¥´ÉÒ, Ëµ·³Ë ±-
Éµ·Ò, § ·Ö¤µ¢Ò¥ · ¤¨Ê¸Ò ¨ É.¶. ‚ÒÎ¨¸²¥´¨Ö ¶·µ¢µ¤ÖÉ¸Ö ¨³¥´´µ ¢ ¸É É¨Î¥¸-
±µ³ ¶·¥¤¥²¥ (M → ∞), ´Ê±²µ´ ¸Î¨É ¥É¸Ö ¶µ±µÖÐ¨³¸Ö,   ¶µ¶· ¢±¨, ¸¢Ö§ ´-
´Ò¥ ¸ µÉ¤ Î¥° ´Ê±²µ´ , ¢¢µ¤ÖÉ¸Ö ¶µ§¤´¥¥. �¤´ ±µ µ´¨ ¤µ¢µ²Ó´µ ¸² ¡µ
¢²¨ÖÕÉ ´  ¶µ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ (¢ [80], ´ ¶·¨³¥·, µ´¨ ¨§³¥´ÖÕÉ
¢ÒÎ¨¸²¥´´Ò° § ·Ö¤µ¢Ò° · ¤¨Ê¸ ´¥°É·µ´  ´¥ ¡µ²¥¥ Î¥³ ´  6%).

�¥Ï ÕÐÊÕ ·µ²Ó ¶·¨ ¢ÒÎ¨¸²¥´¨¨ · ¤¨Ê¸  ´Ê±²µ´  ¨£· ¥É ¢§ ¨³µ¤¥°-
¸É¢¨¥ ±¢ ·±µ¢ ̧  ¶¨µ´´Ò³ ¶µ²¥³. ’ ±, ¤²Ö ́ ¥°É·µ´  ¢ ŒI’-³µ¤¥²¨, £¤¥ ¶¨µ´-
´µ£µ ¶µ²Ö ´¥É, ¢ÒÎ¨¸²¥´´Ò° · ¤¨Ê¸ · ¢¥´ ´Ê²Õ. ‘²¥¤Ê¥É § ³¥É¨ÉÓ, ÎÉµ ¢
‘‚Œ ¢ÒÎ¨¸²Ö¥É¸Ö ¨³¥´´µ ±¢ ¤· É ¢´ÊÉ·¥´´¥£µ § ·Ö¤µ¢µ£µ · ¤¨Ê¸  ´¥°É·µ-

´  〈 rE,in
2  〉N ¸µ£² ¸´µ ¸µµÉ´µÏ¥´¨Õ:

〈 rE,in
2  〉N = 16 (e) ∫ ρN(r)r2d r, (85)

£¤¥ ρN(r) = ρN
0 (r) + ρN

π(r). �¥·¢Ò° Î²¥´ ¢ ¶µ¸²¥¤´¥° Ëµ·³Ê²¥ µ¶¨¸Ò¢ ¥É

±¢ ·±µ¢ÊÕ § ·Ö¤µ¢ÊÕ ¶²µÉ´µ¸ÉÓ, ¢Éµ·µ° Å ¶¨µ´´ÊÕ. �µ¸±µ²Ó±Ê ¢ÒÎ¨¸-
²¥´¨Ö ¢¥¤ÊÉ¸Ö ¤²Ö ¶µ±µÖÐ¥£µ¸Ö ³¥Ï± -´Ê±²µ´  (M → ∞), ¢ÒÎ¨¸²Ö¥³ Ö ¢
‘‚Œ ¢¥²¨Î¨´  (85) ´¥ ¤µ²¦´  ¸µ¤¥·¦ ÉÓ Î²¥´ ”µ²¤¨ (¸³.[80]), µ¡Ê¸²µ¢-
²¥´´Ò° Ö¢²¥´¨¥³ ®Zitterbewegung¯ ¨, ±·µ³¥ Éµ£µ, µ¡· Ð ÕÐ¨°¸Ö ¢ ´Ê²Ó
¶·¨ M → ∞. Ÿ¸´µ É ±¦¥, ÎÉµ ¢¥²¨Î¨´  (85) ¤µ²¦´  ¡ÒÉÓ µÉ·¨Í É¥²Ó´µ°,
É.±. µ¡² ¸ÉÓ r > R, £¤¥ ´ Ìµ¤ÖÉ¸Ö µÉ·¨Í É¥²Ó´Ò¥ ¶¨µ´Ò, ¤ ¥É ¢ ¨´É¥£· ²
(85) µÉ´µ¸¨É¥²Ó´µ ¡µ²ÓÏ¨° ¢±² ¤, Î¥³ ¶·¨ r < R. �µ²µ¦¨É¥²Ó´ Ö ¢¥²¨-

Î¨´  〈 rE,in
2  〉N ¸µ£² ¸´µ (85) ¶µ²ÊÎ¨ÉÓ¸Ö ¶·µ¸Éµ ´¥ ³µ¦¥É, ÎÉµ ¸²¥¤Ê¥É ¨§

· ¸¶·¥¤¥²¥´¨Ö Ô²¥±É·¨Î¥¸±µ£µ § ·Ö¤  ¢ ´¥°É·µ´¥. �µÔÉµ³Ê Ô±¸¶¥·¨³¥´-
É ²Ó´Ò¥ ¤ ´´Ò¥ Š·µ´  ¨ �¨´£µ, £·Ê¶¶ Š¥¸É¥·  ¨ Šµ¶¥Í±µ£µ (¸³. É ¡².2)
¶·µÉ¨¢µ·¥Î É ¸µ¢·¥³¥´´Ò³ ´ ¨¡µ²¥¥ · §¢¨ÉÒ³ ¶·¥¤¸É ¢²¥´¨Ö³ µ ¸É·Ê±ÉÊ-

·¥ ´¥°É·µ´  (¸³. É ±¦¥ [10,75,76,81]). �µ²µ¦¨É¥²Ó´µ¥ §´ Î¥´¨¥ 〈 rE,in
2  〉N

¶·µÉ¨¢µ·¥Î¨É ´¥ Éµ²Ó±µ ‘‚Œ, ´µ ¨ ¤·Ê£¨³ É¥µ·¨Ö³ ´Ê±²µ´  [82-84], ±µ-
Éµ·Ò¥ É ±¦¥ ¡ §¨·ÊÕÉ¸Ö ´  É¥µ·¨¨ �± ¢Ò. �· ±É¨Î¥¸±¨ ´¥¢µ§³µ¦´µ ¶µ-

²ÊÎ¨ÉÓ 〈 rE,in
2  〉N > 0, ¸²¥¤ÊÖ ¸µ¢·¥³¥´´Ò³ É¥µ·¥É¨Î¥¸±¨³ ±µ´Í¥¶Í¨Ö³.

ˆ´µ£¤  ¢µ§´¨± ¥É ¢µ¶·µ¸: ¸ Î¥³ ¸· ¢´¨¢ ÉÓ ·¥§Ê²ÓÉ ÉÒ É¥µ·¥É¨Î¥¸±¨Ì

¢ÒÎ¨¸²¥´¨°: ¸ 〈 rE,in
2  〉N ¨²¨ ¦¥ ¸ 〈 rE,in

2  〉N + 36 (2) µn(h6 Mc)2? �ÉµÉ ¢µ¶·µ¸

µ¡¸Ê¦¤ ²¸Ö ¥Ð¥ ¢ ±µ´Í¥ 50-Ì Å ´ Î ²¥ 60-Ì £µ¤µ¢ ¢ · ³± Ì ³µ¤¥²¨ —Ê ¨
‹µÊ. �µ¸±µ²Ó±Ê ¢¸¥ ¢ÒÎ¨¸²¥´¨Ö · ¤¨Ê¸µ¢ ´Ê±²µ´µ¢ ¤¥² ÕÉ¸Ö ¢ ¶·¨¡²¨¦¥-
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´¨¨ ´¥¶µ¤¢¨¦´µ£µ (¡¥§ µÉ¤ Î¨) ÉÖ¦¥²µ£µ ´Ê±²µ´  (M → ∞) ¨ ¢ ÔÉµ³ ¸²ÊÎ ¥,

(∂GEN6 ∂q2)q2
 = 0 → 〈 rE,in

2  〉N 6 6, ¶·¥¤¸É ¢²Ö¥É¸Ö ±µ··¥±É´Ò³ ¸· ¢´¨¢ ÉÓ ·¥-

§Ê²ÓÉ ÉÒ ¸ 〈 rE,in
2  〉N, É.¥. ¢ÒÎ¨É ÉÓ ¨§ ¨§³¥·¥´´µ£µ §´ Î¥´¨Ö ane  ³¶²¨ÉÊ¤Ê

”µ²¤¨.

‡�Š‹�—…�ˆ…

�¶¨¸ ´´Ò¥ ¢ÒÏ¥ ̈ ¸¸²¥¤µ¢ ´¨Ö, ¸¢Ö§ ´´Ò¥ ¸ Ô²¥±É·µ³ £´¨É´µ° ¸É·Ê±ÉÊ-
·µ° ´¥°É·µ´ , ¢¥¤ÊÉ¸Ö Ê¦¥ ¡µ²¥¥ 50 ²¥É. �¥¸³µÉ·Ö ´  ÔÉµ µÉ¸ÊÉ¸É¢Ê¥É ¶µ²-
´ Ö Ö¸´µ¸ÉÓ ¤ ¦¥ ¢ É ±µ°, ± § ²µ¸Ó ¡Ò, ´ ¤¥¦´µ ¨ ¸· ¢´¨É¥²Ó´µ ¶·µ¸Éµ
¨§³¥·Ö¥³µ° ¢ ´¥°É·µ´´µ° Ë¨§¨±¥ ´¨§±¨Ì Ô´¥·£¨° ¢¥²¨Î¨´¥ ¤²¨´Ò · ¸¸¥Ö-
´¨Ö ´¥°É·µ´  ´  Ô²¥±É·µ´¥. ‚ ¸ÊÐ´µ¸É¨, ¨³¥ÕÉ¸Ö ¤¢  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ

§´ Î¥´¨Ö ÔÉµ° ¢¥²¨Î¨´Ò: 〈ane 〉 = −1,58(3)⋅10−3,Ë³ ¨ 〈ane 〉 = −1,30(3)⋅10−3 Ë³,

ÌµÉÖ ¢ µ¡§µ·¥  ¢Éµ· ¶ÒÉ ²¸Ö ¶·¨¤¥·¦¨¢ ÉÓ¸Ö ÉµÎ±¨ §·¥´¨Ö, ÎÉµ ¶¥·¢µ¥ §´ -
Î¥´¨¥ ane ¡µ²¥¥ ¶·¥¤¶µÎÉ¨É¥²Ó´µ. …¸²¨ ¸¶· ¢¥¤²¨¢  Ëµ·³Ê²  ”µ²¤¨ (8) (  ¢

ÔÉµ³, ¢µµ¡Ð¥ £µ¢µ·Ö, ¤µ¢µ²Ó´µ É·Ê¤´µ ¸µ³´¥¢ ÉÓ¸Ö), Éµ ¶¥·¢µ¥ §´ Î¥´¨¥
ane ¢¥¤¥É ± µÉ·¨Í É¥²Ó´µ³Ê §´ ±Ê ±¢ ¤· É  ¢´ÊÉ·¥´´¥£µ § ·Ö¤µ¢µ£µ · ¤¨Ê¸ 

´¥°É·µ´  〈 rE,in
2  〉N ¢ µ¡² ¸É¨ ´¨§±¨Ì Ô´¥·£¨°, ÎÉµ ¶µ¤É¢¥·¦¤ ¥É ̧ µ¢·¥³¥´´Ò¥

É¥µ·¥É¨Î¥¸±¨¥ ¶·¥¤¸É ¢²¥´¨Ö µ ´¥°É·µ´¥, ¥£µ ¸É É¨Î¥¸±¨¥ ³µ¤¥²¨, ¶·¨
M → ∞. …¸²¨ ¦¥ ¶· ¢¨²Ó´µ ¢Éµ·µ¥ Ô±¸¶¥·¨³¥´É ²Ó´µ¥ §´ Î¥´¨¥

〈 ane 〉 = −1,30(3)⋅10−3 Ë³, Éµ£¤  〈 rE,in
2  〉N > 0, ¨ ¸²¥¤Ê¥É Î¥É±µ ¶µ´¨³ ÉÓ, ÎÉµ ¢

´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ´¥ ¸ÊÐ¥¸É¢Ê¥É É¥µ·¥É¨Î¥¸±¨Ì ¶·¥¤¸É ¢²¥´¨°, ¸¶µ¸µ¡´ÒÌ
µ¡ÑÖ¸´¨ÉÓ ¤ ´´Ò° Ë ±É. ‚ ÔÉµ³ ¸²ÊÎ ¥ ¸²¥¤Ê¥É ²¨¡µ Ö¸´µ ¸± § ÉÓ µ Éµ³, ÎÉµ
¸µ¢·¥³¥´´µ¥ É¥µ·¥É¨Î¥¸±µ¥ µ¶¨¸ ´¨¥ ¸É·Ê±ÉÊ·Ò ´¥°É·µ´  ¶·¨ ´¨§±¨Ì
Ô´¥·£¨ÖÌ µÎ¥´Ó ¤ ²¥±µ µÉ ¸µ¢¥·Ï¥´¸É¢  ¨ ´¥ ¸µ£² ¸Ê¥É¸Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó-
´Ò³ §´ Î¥´¨¥³ ane, ²¨¡µ, ÌµÉÖ ÔÉµ ¨ ´¥¤µ¸É ÉµÎ´µ ±µ··¥±É´µ, ¶·µ¸Éµ

¨£´µ·¨·µ¢ ÉÓ ¨ ´¥ · ¸¸³ É·¨¢ ÉÓ ¤ ´´Ò° ¢µ¶·µ¸, ÎÉµ ¨ ¤¥² ¥É¸Ö ¢ ¶µ¸²¥¤-
´¥¥ ¢·¥³Ö ¢ ´¥±µÉµ·ÒÌ · ¡µÉ Ì (´ ¶·¨³¥·, ¢ [45]).

‚ ¤ ´´µ³ µ¡§µ·¥ ¢ µ¸´µ¢´µ³ ¨§²µ¦¥´  ÉµÎ±  §·¥´¨Ö  ¢Éµ·  ´  ¨³¥ÕÐÊ-
Õ¸Ö ¶·µ¡²¥³Ê ¢´ÊÉ·¥´´¥£µ § ·Ö¤µ¢µ£µ · ¤¨Ê¸  ´¥°É·µ´ . �´  µ¶Ê¡²¨±µ¢ ´ 
¨³ ¢ ·Ö¤¥ ¦Ê·´ ²µ¢ (Phys.Rev., Rev.Mexicana de Fizica, Neutron News,
Z.Phys. ¨ ¤·.), ¤µ²µ¦¥´  ´  ³¥¦¤Ê´ ·µ¤´ÒÌ ±µ´Ë¥·¥´Í¨ÖÌ (� ±¸É ¶¥±
(Œ¥±¸¨± ), ‘ ´É  ”¥ (‘˜�), ’·¨¥¸É (ˆÉ ²¨Ö), „Ê¡´  ¨ ¤·.) ¨ ¶µ¤¤¥·¦ ´ 
³´µ£¨³¨ Ë¨§¨± ³¨. �¸É ¥É¸Ö ´ ¤¥ÖÉÓ¸Ö, ÎÉµ ´µ¢Ò¥ ¨§³¥·¥´¨Ö ¨ ¡µ²¥¥  ±±Ê-
· É´ Ö µ¡· ¡µÉ±  Ê¦¥ ¶µ²ÊÎ¥´´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ·¥Ï É ¤ ´-
´ÊÕ ¶·µ¡²¥³Ê µ±µ´Î É¥²Ó´µ.

A¢Éµ· ¡² £µ¤ ·¥´ ƒ.‘.‘ ³µ¸¢ ÉÊ §  ¶µ²¥§´Ò¥ µ¡¸Ê¦¤¥´¨Ö.

� ‡��Š… ˆ ‚…‹ˆ—ˆ�… Š‚�„��’�  119



‘�ˆ‘�Š ‹ˆ’…��’“�›

1.„¨· ± �.�.Œ. Å �·¨´Í¨¶Ò ±¢ ´Éµ¢µ° ³¥Ì ´¨±¨. Œ.: ”¨§³ É£¨§, 1960.
2.‚µ´¸µ¢¸±¨° ‘.‚., ‘¢¨·¸±¨° Œ.‘. Å �—�Ÿ, 1997, É.28, ¢Ò¶.1, ¸.162.
3.Feshbach H. Å Phys.Rev.,1951,v.84, p.1206.
4.Fried B.D. Å Phys. Rev., 1952, v.88, p.1142.
5.Foldy L. Å Rev. Mod. Phys., 1958, v.30, p.471.
6.�±¸¶¥·¨³¥´É ²Ó´ Ö Ö¤¥·´ Ö Ë¨§¨± , �µ¤ ·¥¤. �.‘¥£·¥, É.2, ¸.213, Œ.: ˆˆ‹,

1955.
7.”· Ê¥´Ë¥²Ó¤¥· ƒ., •¥´²¨ �. Å ‘Ê¡ Éµ³´ Ö Ë¨§¨± . Œ.: Œ¨·, 1979.
8.Rosenbluth M.N. Å Phys. Rev., 1950, v.79, p.615.
9.Sachs R.G. Å Phys. Rev., 1962, v.B126, p.2256.

10.�²¥±¸ ´¤·µ¢ �.�. Å ”Ê´¤ ³¥´É ²Ó´Ò¥ ¸¢µ°¸É¢  ´¥°É·µ´ . ˆ§¤.3, Œ.: �´¥·£µ-
 Éµ³¨§¤ É, 1992 (Fundamental Properties of the Neutron, Oxford Clarendon Press,
1992).

11.Bunatian G.G., Nikolenko V.G., Popov A.B. et al. Å Z. Phys. A, 1997, v.359,
p.337.

12.�²µÌ¨´Í¥¢ „.ˆ. Å �¸´µ¢Ò ±¢ ´Éµ¢µ° ³¥Ì ´¨±¨. ˆ§¤.5., Œ.: � Ê± , 1976.
13.Fermi E., Marshall L. Å Phys. Rev., 1947, v.72, p.1139.
14.�Ì¨¥§¥· �.ˆ., �µ³¥· ´ÎÊ± ˆ.Ÿ. Å †�’”, 1949, É.19, ¸.558.
15.Krohn V., Ringo G. Å Phys. Rev., 1973, v.D8, p.1305.
16.‹ ´¤ Ê ‹.„., ‹¨ËÏ¨Í ….Œ. Å Š¢ ´Éµ¢ Ö ³¥Ì ´¨± . ˆ§¤.3, Œ.: � Ê± , 1974.
17.Mughabghab S.V., Divadeenam M., Holden N.E. Å Neutron Cross Section, v.1,

N.Y.: Academic Press, 1981;
McLane V., Dunford C.L., Rose P.F. Å Neutron Cross Section, v.2, N.Y.:
Academic Press, 1988.

18.Havens W., Rabi I., Reinwater L. Å Phys. Rev., 1947, v.72, p.634; 1951, v.82,
p.345.

19.Binder K. Å phys.stat.sol., 1970, v.41, p.767.
20.Melkonian E., Rustad B.M., Havens,Jr.,W.W. Å Phys. Rev., 1959, v.114, p.1571.
21.Chew G.F., Low E.E. Å Phys. Rev., 1956, v.101, p.1576.
22.Chew G.F., Low E.E. Å Phys. Rev., 1956, v.101, p.1570.
23.Friedman M. Å Phys. Rev., 1955, v.97, p.1123.
24.Miyazawa H. Å Phys. Rev., 1956, v.101, p.1564.
25.Hughes D.J., Harvey J.A., Goldberg M.D., Stafne M.J. Å Phys. Rev., 1953, v.90,

p.497.
26.Halpern O. Å Phys. Rev., 1964, v.B133, p.579.
27.�²¥±¸ ´¤·µ¢ �.�. Å �ˆŸˆ 3-3442, „Ê¡´ , 1967, ¸.112.
28.�²¥±¸ ´¤·µ¢ �.�., � ² £Ê·µ¢ �.Œ., Œ ²¨Ï¥¢¸±¨ �. ¨ ¤·. Å Ÿ”, 1969, É.10,

¸.328.
29.Koester L., Ungerer H. Å Z.Phys., 1969, v.219, p.300.
30.Alexandrov Yu.A., Koester L., Samosvat G.S. Å JINR, E3-5371, Dubna, 1970.
31.�²¥±¸ ´¤·µ¢ �.�., Œ Î¥Ì¨´  ’.�., ‘¥¤² ±µ¢  ‹.�., ”Ò±¨´ ‹.…. Å Ÿ”, 1974,

É.20, ¸.1190. 
32.�²¥±¸ ´¤·µ¢  �.�.,  � ² £Ê·µ¢  �.Œ.,  ‘ ³µ¸¢ É  ƒ.‘.,  ”Ò±¨´  ‹.…. Å �ˆŸˆ

�14-5358, „Ê¡´ , 1970.

120  �‹…Š‘��„��‚ �.�.



33.�Ô±µ´ „¦. Å „¨Ë· ±Í¨Ö ´¥°É·µ´µ¢. Œ.: ˆ‹‹, 1957.
34.Alexandrov Yu.A., Ignatovich V.K. Å JINR, E3-6294, Dubna, 1972.
35.�²¥±¸ ´¤·µ¢ �.�., ‚ ¢·  Ÿ., ‚· ´  Œ. ¨ ¤·. Å †�’”, 1985, É.89, ¸.34.
36.�²¥±¸ ´¤·µ¢ �.�., ‚ ¢·  Ÿ., ‚· ´  Œ. ¨ ¤·. Å �¨¸Ó³  ¢ †�’”, 1985, É.42,

¸.200.
37.˜Ê³µ¢¸±¨° �.‘., �± ²µ¢ ‚.ˆ. Å „�� ‘‘‘�, 1980, É.252, ¸.581.
38.˜Ê³µ¢¸±¨° �.‘., �± ²µ¢ ‚.ˆ. Å �—�Ÿ, 1985, É.16, ¢Ò¶.6, ¸.1274.
39.�²¥±¸ ´¤·µ¢ �.�. Å �ˆŸˆ �3-85-681, „Ê¡´ , 1985.
40.Glow G., Holden T.M. Å Proc. Phys. Soc., 1966, v.89, p.119.
41.Brown P.J., Cappelman H., Deportes J. et al. Å Journ. Magnetism and Magnetic

Mater., 1982, v.30, p.243.
42.Madhav Rao L. Å IV Œ¥¦¤. Ï±µ²  ¶µ ´¥°É·. Ë¨§¨±¥, �ˆŸˆ, „3,4-82-704, „Ê¡-

´ ,1984.
43.Koester L., Nistler V., Waschkovski W. Å Phys. Rev. Lett., 1976, v.36, p.1021.
44.Koester L., Waschkovski W., Meier J. Å Z. Phys. A, 1988, v.329, p.229.
45.Kopecky S., Riehs P., Harvey J.A., Hill N.W. Å Phys.Rev.Lett., 1995, v.74,

p.2427.
46.�²¥±¸ ´¤·µ¢ �.�., B· ´  Œ., Œ ´·¨±¥ ƒ ·¸¨  •., Œ Î¥Ì¨´  ’.�., ‘¥¤² ±µ¢ 

‹.�. Å Ÿ”, 1986, É.44, ¸.1384.
47.Koester L., Waschkovski W., Meier J. Å Z. Phys. A, 1990, v.337, p.341.
48.Alexandrov Yu.A., Koester L., Samosvat G.S., Waschkovski W. Å JINR Rapid

Communic., No.6[45]-90, p.48, Dubna, 1990.
49.Koester L., Waschkovski W., Mitsyna L. et al. Å Phys.Rev.C, 1995, v.51, p.3363.
50.Prokofyevs P., Tambergs J., Krasta T. et al. Å ISINN-2, E3-94-419, Dubna, 1992,

p.220.
51.�²¥±¸ ´¤·µ¢ �.�. Å Ÿ”, 1983, É.37, ¸.253.
52.�²¥±¸ ´¤·µ¢ �.�. Å Ÿ”, 1983, É.38, ¸.1100.
53.Triftshause W. Å Z. Phys., 1965, v.186, p.23.
54.Enik T.L., Mitsyna L.V., Nikolenko V.G. et al. Å ISINN-3, E3-95-307, Dubna,

1995, p.238.
55.Alexandrov Yu.A. Å Neutron News, 1994, v.5, No.1, p.20. 
56.Alexandrov Yu.A. Å Rev. Mex. de Fis., 1996, v.42, p.283.
57.�µ§¨± �.‡., �§¥·µ¢ �.�., •¥´´¨£ Š. Å ‘É·Ê±ÉÊ·´ Ö ´¥°É·µ´µ£· Ë¨Ö, Œ.:

�Éµ³¨§¤ É, É.1, 1979.
58.‘¢¥·£Ê´ „.ˆ., ”¥°£¨´ ‹.�. Å �¥´É£¥´µ¢¸±µ¥ ¨ ´¥°É·µ´´µ¥ ³ ²µÊ£²µ¢µ¥ · ¸¸¥-

Ö´¨¥. Œ.: � Ê± , 1986.
59.Horen D.J., Johnson C.H., Fowler J.L. et al. Å Phys. Rev. C, 1986, v.34, p.429.
60.Placzek G. Å Phys. Rev., 1951, v.82, p.392.
61.Placzek G. Å Phys. Rev., 1952, v.86, p.377.
62.Granada J.R. Å Z. Naturforch., 1984, v.39a, p.1160. 
63.Kopecky S., Riehs P., Harvey J.E., Hill N.W. Å Proc. Intern. Conf. on Nucl. Data

for Sci. and Technol., Gatlinburg, USA, May 9Å13, 1994, v.1, p.233.
64.�² ÉÉ „¦., ‚ °¸±µ¶Ë ‚. Å ’¥µ·¨Ö  Éµ³´µ£µ Ö¤· . Œ.: ˆ‹, 1954.
65.ƒÊ¸¥¢  ˆ.‘. Å �·¥¶·¨´É ‹ˆŸ”-1969, NP-27-1994, ƒ ÉÎ¨´ , 1994.
66.�²¥±¸ ´¤·µ¢ �.�., ‘ ³µ¸¢ É ƒ.‘., ‘Ô·ÔÔÉÔ· †., ‘µ· –.ƒ. Å �¨¸Ó³  ¢ †�’”,

1966, É.4, ¸.196.

� ‡��Š… ˆ ‚…‹ˆ—ˆ�… Š‚�„��’�  121



67.Schmiedmayer J., Riehs P., Harvey J.E., Hill N.W. Å Phys.Rev.Lett., 1991,
vol.66, p.1015.

68.Riehs P., Kopecky S., Harvey J.E., Hill N.W. Å Proc. Intern. Conf. on Nucl. Data
for Sci. and Technol., Gatlinburg, USA, May 9Å13, 1994, v.1, p.236.

69.Wigner E.P. Å Phys. Rev., 1946, v.70, p.606.
70.Vogt F. Å Phys. Rev., 1958, v.112, p.203.
71.Adler D.V., Adler F.T. Å Proc. Conf. Breeding in Fast Reactor, Argonne, 1963,

ANL-6792, p.695.
72.‹Ê±ÓÖ´µ¢ �.�. Å ‘É·Ê±ÉÊ·  ´¥°É·µ´´ÒÌ ¸¥Î¥´¨°, Œ.: �Éµ³¨§¤ É, 1978.
73.Nikolenko V.G., Popov A.B. Å Z. Phys. A, 1992, v.341, p.365.
74.Alexandrov Yu.A. Å Z. Phys. A, 1992, v.344, p.219.
75.Alexandrov Yu.A. Å Phys. Rev. C, 1994, v.49, p.R2297.
76.Alexandrov Yu.A. Å Rev. Mex. de Fis., 1996, v.42, p.263.
77.Thomas A.W. Å Adv. Nucl. Phys., 1984, v.13, p.1.
78.�µ£µ²Õ¡µ¢ �.�. Å �ˆŸˆ, �2-3115, „Ê¡´ , 1967.
79.Bogoliubov P.N. Å Ann. Institute Henri Poincare, 1968, sec.A, v.VIII, p.163.
80.Thomas A.W., Theberge S., Miller G.A. Å Phys. Rev. D, 1981, v.24, p.216.
81.Alexandrov Yu.A. Å Neutron News, 1994, v.5, No.4, p17. 
82.Skyrme T.H. Å Nucl. Phys., 1962, v.31, p.556.
83.Nambu J., Jona-Lasinio G. Å Phys. Rev.,1961, v.122, p.345.
84.Bijker R., Iachello F., Leviatan A. Å Ann. of Phys. (NY), 1994, v.236, p.69.

122  �‹…Š‘��„��‚ �.�.


