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  ˆ´¸É¨ÉÊÉ É¥μ·¥É¨Î¥¸±μ° ¨ Ô±¸¶¥·¨³¥´É ²Ó´μ° Ë¨§¨±¨ �ˆ– ®ŠÊ·Î Éμ¢¸±¨° ¨´¸É¨ÉÊÉ¯, Œμ¸±¢ 
¡ Œμ¸±μ¢¸±¨° Ë¨§¨±μ-É¥Ì´¨Î¥¸±¨° ¨´¸É¨ÉÊÉ, „μ²£μ¶·Ê¤´Ò°, �μ¸¸¨Ö

¢ �¡Ñ¥¤¨´¥´´Ò° ¨´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°, „Ê¡´ 
£ “´¨¢¥·¸¨É¥É ¨³. Ÿ.�. Šμ³¥´¸±μ£μ, 	· É¨¸² ¢ 

¤ ’¥Ì´¨Î¥¸±¨° Ê´¨¢¥·¸¨É¥É ¨³. ”¥¤¥·¨±μ ‘ ´É  Œ ·¨Ö, � ÊÎ´μ-É¥Ì´¨Î¥¸±¨° Í¥´É· ‚ ²Ó¶ · ¨¸μ,
‚ ²Ó¶ · ¨¸μ, —¨²¨

‚ ÔËË¥±É¨¢´μ° É¥μ·¨¨ ¶μ²ÊÎ¥´μ μ¡μ¡Ð¥´´μ¥ Éμ¦¤¥¸É¢μ “μ·¤  ¤²Ö ¢¥·Ï¨´´μ° ËÊ´±Í¨¨ ¸² -
¡μ£μ ¢¥±Éμ·´μ£μ Éμ±  (‘‚’) ´Ê±²μ´μ¢ ¸ ÊÎ¥Éμ³ ´ ·ÊÏ¥´´μ° ¨§μÉμ¶¨Î¥¸±μ° ¸¨³³¥É·¨¨. �  ³ ¸-
¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨ μ¡μ¡Ð¥´´μ¥ Éμ¦¤¥¸É¢μ “μ·¤  Ê¸É ´ ¢²¨¢ ¥É ¸¢Ö§Ó Ëμ·³Ë ±Éμ·  ¶·μ¤μ²Ó´μ°
±μ³¶μ´¥´ÉÒ ‘‚’ ¸ · §´μ¸ÉÓÕ ³ ¸¸ ¨ § ·Ö¤μ¢Ò³¨ · ¤¨Ê¸ ³¨ ¨§μÉμ¶¨Î¥¸±μ£μ ¤Ê¡²¥É . ‘μμÉ´μÏ¥-
´¨¥ ³μ¦¥É ¨¸¶μ²Ó§μ¢ ÉÓ¸Ö ¤²Ö μÍ¥´±¨ Ëμ·³Ë ±Éμ·  ± ± ´Ê±²μ´μ¢, É ± ¨ Ö¤¥· ¸μ ¸¶¨´μ³ J = 1/2
¨ ¨§μ¸¶¨´μ³ I = 1/2. „²Ö ¨§³¥·¥´¨Ö Ëμ·³Ë ±Éμ·  ´ ¨¡μ²¥¥ ¶¥·¸¶¥±É¨¢´Ò ·¥ ±Í¨¨ ¸ ¡μ²ÓÏ¨³
¶¥·¥¤ ´´Ò³ ¨³¶Ê²Ó¸μ³ ¸ ÊÎ ¸É¨¥³ ¨§μÉμ¶¨Î¥¸±¨Ì ¤Ê¡²¥Éμ¢, ¢ ±μÉμ·ÒÌ · ¸Ð¥¶²¥´¨¥ ³ ¸¸ ³ ±¸¨-
³ ²Ó´μ. „ ´Ò Î¨¸²¥´´Ò¥ μÍ¥´±¨ Ëμ·³Ë ±Éμ·  ¶·μ¤μ²Ó´μ° ±μ³¶μ´¥´ÉÒ ‘‚’ ´Ê±²μ´´μ° ¶ ·Ò ¨
¢μ¸Ó³¨ Ö¤¥·´ÒÌ ¨§μ¤Ê¡²¥Éμ¢.

The generalized Ward identity is derived for the vertex function of weak vector current of nucleons
in an effective ˇeld theory with account of isotopic symmetry breaking. The generalized Ward identity
establishes on the mass shell a relationship between the longitudinal form factor of weak vector current
and the mass difference and the charge radii of nucleons. This relation also applies to the longitudinal
form factors of nuclei with spin J = 1/2 and isospin I = 1/2. The most promising reactions to
measure these form factors are the reactions with large momentum transfer involving the spin-1/2
isotopic doublets with the maximum mass splitting. Numerical estimates of the longitudinal form
factors of weak vector current are given for nucleons and eight nuclear spin-1/2 isotopic doublets.

PACS: 11.40.-q; 13.40.Gp; 21.10.Ft

‘² ¡Ò° ¢¥±Éμ·´Ò° Éμ± (‘‚’) μ¡² ¤ ¥É É· ´¸Ëμ·³ Í¨μ´´Ò³¨ ¸¢μ°¸É¢ ³¨ ¨§μÉμ¶¨Î¥-
¸±μ£μ É·¨¶²¥É . …£μ É·¥ÉÓÖ ±μ³¶μ´¥´É  ¸¢Ö§ ´  ¸ Ô²¥±É·μ³ £´¨É´Ò³ Éμ±μ³. ‘‚’ ¢μ¸¸É -
´ ¢²¨¢ ¥É¸Ö ¨§ Ô²¥±É·μ³ £´¨É´μ£μ Éμ±  ¨§ ¸μμ¡· ¦¥´¨° ¸¨³³¥É·¨¨. ‘.‘. ƒ¥·ÏÉ¥°´μ³ ¨
Ÿ. 	. ‡¥²Ó¤μ¢¨Î¥³ [1] ¨ �. ”¥°´³ ´μ³ ¨ Œ. ƒ¥²²-Œ ´´μ³ [2] ¸ ¶μ³μÐÓÕ ¨§μÉμ¶¨Î¥¸±μ£μ
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¶μ¢μ·μÉ  ¡Ò²  ¶μ²ÊÎ¥´  É¥´§μ·´ Ö ±μ³¶μ´¥´É  ‘‚’, ¤ ÕÐ Ö ¢±² ¤ ¢  ³¶²¨ÉÊ¤Ê ¡¥É -
· ¸¶ ¤  ´Ê±²μ´μ¢. „ ´´ Ö ±μ³¶μ´¥´É  μ¶·¥¤¥²Ö¥É¸Ö · §´μ¸ÉÓÕ  ´μ³ ²Ó´ÒÌ ³ £´¨É´ÒÌ
³μ³¥´Éμ¢ ¨§μ¤Ê¡²¥É .

�  ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨, ±μ£¤  ³ ¸¸Ò ´ Î ²Ó´μ£μ ¨ ±μ´¥Î´μ£μ ¸μ¸ÉμÖ´¨° ¸μ¢¶ ¤ ÕÉ,
¢¥±Éμ·´Ò° Éμ± Î ¸É¨ÍÒ ¸μ ¸¶¨´μ³ J = 1/2 ¶ · ³¥É·¨§Ê¥É¸Ö ¤¢Ê³Ö Ëμ·³Ë ±Éμ· ³¨. ‚´¥
³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨ Éμ± ¨³¥¥É ¡μ²¥¥ ¸²μ¦´ÊÕ ¸É·Ê±ÉÊ·Ê. ‚ μ¡Ð¥³ ¢¨¤¥ ¶¥·¥´μ·³¨·μ-
¢ ´´ Ö ¢¥·Ï¨´´ Ö ËÊ´±Í¨Ö μ¶·¥¤¥²Ö¥É¸Ö ¤¢¥´ ¤Í ÉÓÕ Ëμ·³Ë ±Éμ· ³¨ [3,4]:

Γμ(p′, p) =
∑
κ′κ

Λκ′(p′)(γμFκ′κ
1 + iσμνqνFκ′κ

2 + qμ(p′2 − p2)Fκ′κ
3 )Λκ(p), (1)

£¤¥ ¨´¤¥±¸Ò κ′, κ ¶·¨´¨³ ÕÉ §´ Î¥´¨Ö ±1; q = p′ − p Å ¶¥·¥¤ ´´Ò° ¨³¶Ê²Ó¸;

Λκ(p) =
κp̂ + M

2M

Å ¶·μ¥±Í¨μ´´Ò¥ μ¶¥· Éμ·Ò ´  ¸μ¸ÉμÖ´¨Ö ¸ ¢¨·ÉÊ ²Ó´μ° ³ ¸¸μ° M =
√

p2, p̂Λκ(p) =
κMΛκ(p). ”μ·³Ë ±Éμ·Ò Fκ′κ

α Ö¢²ÖÕÉ¸Ö ËÊ´±Í¨Ö³¨ É·¥Ì ´¥§ ¢¨¸¨³ÒÌ ¶¥·¥³¥´´ÒÌ p′2,
p2 ¨ q2. “¸²μ¢¨¥ μÉ·¨Í É¥²Ó´μ° C-Î¥É´μ¸É¨ ¢¥·Ï¨´´μ° ËÊ´±Í¨¨

CT Γμ(p′, p)T C = −Γμ(p′, p), (2)

£¤¥ C = iγ2γ0, ¢¢¨¤Ê ¸μμÉ´μÏ¥´¨° γμ
C→−γμ, σμν

C→−σμν , (p′, p) C→(−p,−p′), ¶·¨¢μ¤¨É
± Ê¸²μ¢¨Ö³

Fκ′κ
α (p′2, p2, q2) = Fκκ′

α (p2, p′2, q2). (3)

„²Ö κ′ = κ Ëμ·³Ë ±Éμ·Ò Fκκ
α Ö¢²ÖÕÉ¸Ö ¸¨³³¥É·¨Î´Ò³¨ ËÊ´±Í¨Ö³¨ ¶¥·¢ÒÌ ¤¢ÊÌ

 ·£Ê³¥´Éμ¢.
‘²¥¤¸É¢¨¥³ ‘É ´¤ ·É´μ° ³μ¤¥²¨ Ö¢²Ö¥É¸Ö ¸μÌ· ´¥´¨¥ ‘‚’, ¢ ·¥§Ê²ÓÉ É¥ Î¥£μ ¤²Ö

¤¨· ±μ¢¸±μ£μ Ëμ·³Ë ±Éμ·  § ·Ö¦¥´´μ£μ Ë¥·³¨μ´  ¨³¥¥É ³¥¸Éμ ¸μμÉ´μÏ¥´¨¥ F++
1 (m2,

m2, 0) = 1. �Éμ Ê¸²μ¢¨¥ ¢¥¤¥É ± Ê´¨¢¥·¸ ²Ó´μ¸É¨ ‘‚’, ¶·μ¢¥·¥´´μ£μ ¸ ¢Ò¸μ±μ° ÉμÎ´μ-
¸ÉÓÕ [5]. „·Ê£¨³ ¸²¥¤¸É¢¨¥³ Ö¢²Ö¥É¸Ö ÔËË¥±É ®¸² ¡μ£μ ³ £´¥É¨§³ ¯ [1,2].

‘μÌ· ´¥´¨¥ ‘‚’ ¢¥¤¥É ± μÉ¸ÊÉ¸É¢¨Õ Éμ±μ¢ ¢Éμ·μ£μ ±² ¸¸  ¸ μÉ·¨Í É¥²Ó´μ° G-Î¥É-
´μ¸ÉÓÕ [6]. �·μ¤μ²Ó´ Ö ±μ³¶μ´¥´É  ¢¥·Ï¨´Ò ταΓμ(p′, p), £¤¥ τα Å ³ É·¨Í  � Ê²¨,
¨³¥¥É ¶μ²μ¦¨É¥²Ó´ÊÕ G-Î¥É´μ¸ÉÓ, ¥¸²¨ F++

3 (p′2, p2, q2) Å Î¥É´ Ö ËÊ´±Í¨Ö · §´μ¸É¨
p′2 − p2. ”μ·³Ë ±Éμ· F++

3 (p′2, p2, q2), É ±¨³ μ¡· §μ³, μÉ²¨Î¥´ μÉ ´Ê²Ö, μ¤´ ±μ ¢ ¶·¥-
¤¥²¥ ÉμÎ´μ° ¨§μÉμ¶¨Î¥¸±μ° ¸¨³³¥É·¨¨ ¥£μ ¢±² ¤ ¢ Ë¨§¨Î¥¸±¨¥  ³¶²¨ÉÊ¤Ò ´  ³ ¸¸μ¢μ°
¶μ¢¥·Ì´μ¸É¨ p′2 = p2 = m2 ¨¸Î¥§ ¥É ¨§-§  ³´μ¦¨É¥²Ö p′2 − p2.

ŒÒ ¶μ± ¦¥³, ÎÉμ ¸ ÊÎ¥Éμ³ ´ ·ÊÏ¥´¨Ö ¨§μÉμ¶¨Î¥¸±μ° ¸¨³³¥É·¨¨ ¶·¨ ³ ²ÒÌ ¶¥·¥-
¤ ´´ÒÌ ¨³¶Ê²Ó¸ Ì Ëμ·³Ë ±Éμ· ¶·μ¤μ²Ó´μ° ±μ³¶μ´¥´ÉÒ ‘‚’ ¶·μ¶μ·Í¨μ´ ²¥´ · §´μ¸É¨
³ ¸¸ ±μ´¥Î´μ£μ ¨ ´ Î ²Ó´μ£μ ¸μ¸ÉμÖ´¨° ¨ · §´μ¸É¨ ¨§μ¢¥±Éμ·´μ° Î ¸É¨ ¢¥±Éμ·´μ£μ ¨ ¸± -
²Ö·´μ£μ ¶μ £·Ê¶¶¥ ‹μ·¥´Í  § ·Ö¤μ¢ÒÌ · ¤¨Ê¸μ¢ Î ¸É¨ÍÒ. �ÉμÉ ¢Ò¢μ¤ ¶μ²ÊÎ¥´ ´  μ¸´μ¢¥
μ¡μ¡Ð¥´´μ£μ Éμ¦¤¥¸É¢  “μ·¤  ¤²Ö ´ ·ÊÏ¥´´μ° ¨§μÉμ¶¨Î¥¸±μ° ¸¨³³¥É·¨¨ ¢ ÔËË¥±É¨¢-
´μ° É¥μ·¨¨ ´Ê±²μ´μ¢, ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì §  ¸Î¥É σ- ¨ ω-³¥§μ´´μ£μ μ¡³¥´ , μ¤´ ±μ ´ 
³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨ ¸¢Ö§Ó μ± §Ò¢ ¥É¸Ö ¸¶· ¢¥¤²¨¢μ° ¢ μ¡Ð¥³ ¸²ÊÎ ¥. ‘ ¤ ´´μ° ÉμÎ±¨
§·¥´¨Ö ¶·μ¤μ²Ó´ Ö ±μ³¶μ´¥´É  ‘‚’ ¢ ¡¥É -· ¸¶ ¤¥ ¶¨μ´  · ¸¸³ É·¨¢ ² ¸Ó ¢ [7]. ‚ ´ -
¸ÉμÖÐ¥° · ¡μÉ¥ ¤ ´Ò μÍ¥´±¨ Ëμ·³Ë ±Éμ·  ¶·μ¤μ²Ó´μ° ±μ³¶μ´¥´ÉÒ ‘‚’ ¤²Ö Ö¤¥·´ÒÌ
¨§μ¤Ê¡²¥Éμ¢ J = I = 1/2 ¨ ¶·μ¢¥¤¥´ μÉ¡μ· ´ ¨¡μ²¥¥ ¶¥·¸¶¥±É¨¢´ÒÌ ¸ ÉμÎ±¨ §·¥´¨Ö
Ô±¸¶¥·¨³¥´É  Ö¤¥·, ¤²Ö ±μÉμ·ÒÌ Ëμ·³Ë ±Éμ· ³ ±¸¨³ ²¥´.
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� ¸¸³μÉ·¨³ ¸´ Î ²  ¸²ÊÎ ° · ¢´ÒÌ ³ ¸¸ mf = mi ≡ m. ’μ¦¤¥¸É¢μ “μ·¤  ´ ±² ¤Ò-
¢ ¥É μ£· ´¨Î¥´¨¥ ´  ¢¥±Éμ·´ÊÕ ¢¥·Ï¨´´ÊÕ ËÊ´±Í¨Õ

qμΓμ(p′, p) = S−1(p′) − S−1(p), (4)

£¤¥ S(p) Å ¶μ²´Ò° ¶·μ¶ £ Éμ·. „²Ö ¢¥·Ï¨´Ò (1) Éμ¦¤¥¸É¢μ “μ·¤  ¶·¨¢μ¤¨É ± ¸μμÉ´μ-
Ï¥´¨Ö³

Λκ′(p′)q2(p′2 − p2)Fκ′κ
3 (p′2, p2, q2)Λκ(p) =

= Λκ′(p′)(−q̂Fκ′κ
1 (p′2, p2, q2) + S−1(p′) − S−1(p))Λκ(p). (5)

�·¥¤¸É ¢¨³ μ¡· É´Ò° ¶¥·¥´μ·³¨·μ¢ ´´Ò° ¶·μ¶ £ Éμ· ¢ ¢¨¤¥

S−1(p) = p̂ − m − Σ. (6)

Œ ¸¸μ¢Ò° μ¶¥· Éμ· Σ ³μ¦´μ · §²μ¦¨ÉÓ ¶μ £ ³³ -³ É·¨Í ³:

Σ = (p̂ − m)Σ1 + Σ2, (7)

£¤¥ Σ1 ¨ Σ2 Å ¸± ²Ö·´Ò¥ ËÊ´±Í¨¨ p2 ¨ m. �  ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨ p2 = m2 ¨§
Ê¸²μ¢¨°, ÎÉμ m Å Ë¨§¨Î¥¸± Ö ³ ¸¸  ¨ ÎÉμ ¢ÒÎ¥É ¶μ p2 ¢ ¶μ²Õ¸¥ S(p) · ¢¥´ p̂ + m,
¸²¥¤Ê¥É

Σ1 = Σ2 =
∂

∂p2
Σ2 = 0. (8)

�μ¸²¥¤´¥¥ · ¢¥´¸É¢μ ¢Ò¶μ²´Ö¥É¸Ö, ¥¸²¨ Σ2 ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥ (p2 − m2)2Σ3, £¤¥ Σ3 Å
¶·μ¨§¢μ²Ó´ Ö ¸± ²Ö·´ Ö ËÊ´±Í¨Ö p2 ¨ m. ˆ§ ¤ ´´μ£μ ¶·¥¤¸É ¢²¥´¨Ö ¸²¥¤Ê¥É, ÎÉμ ´ 
³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨

∂

∂m
Σ2 = 0, (9)

¸μμÉ¢¥É¸É¢¥´´μ, ¶·¨ p2 = m2

Σ = 0, (10)

Λ+(p)
∂

∂m
Σ = 0, (11)

Λ+(p)
∂

∂m
S−1(p) = −Λ+(p). (12)

ˆ´É¥·¥¸ ¶·¥¤¸É ¢²Ö¥É ±μ³¶μ´¥´É  Éμ±  ¶¥·¥Ìμ¤  ¸ ¶μ²μ¦¨É¥²Ó´μ° Ô´¥·£¨¥°. �μ¤¸É -
¢²ÖÖ ¢Ò· ¦¥´¨¥ (6) ¢ (5), ¤²Ö κ = κ′ = +1 ´ Ìμ¤¨³

q2(M ′2 − M2)F++
3 (M ′2, M2, q2) = −(M ′ − M)F++

1 (M ′2, M2, q2) + M ′ − M−
− ((M ′ − m)Σ1(M ′2, m) + Σ2(M ′2, m)) + ((M − m)Σ1(M2, m) + Σ2(M2, m)). (13)

�·¨ M ′ = M Ê· ¢´¥´¨¥ ¢Ò¶μ²´Ö¥É¸Ö Éμ¦¤¥¸É¢¥´´μ. ‚μ§Ó³¥³ ¶·μ¨§¢μ¤´ÊÕ M ′ ¢ ÉμÎ±¥
M ′ = M = m. ‘ ÊÎ¥Éμ³ (8) ´ Ìμ¤¨³

F++
3 (m2, m2, q2) = −F++

1 (m2, m2, q2) − 1
2mq2

. (14)
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�·¨ ³ ²ÒÌ q2 Ëμ·³Ë ±Éμ· ³μ¦´μ · §²μ¦¨ÉÓ ¢ μ±·¥¸É´μ¸É¨ ´Ê²Ö. ‚ ÔÉμ³ ¸²ÊÎ ¥

F++
3 (m2, m2, 0) = − 1

12m
〈r2〉, (15)

£¤¥ 〈r2〉 Å ¢¥±Éμ·´Ò° ¶μ £·Ê¶¶¥ ‹μ·¥´Í  § ·Ö¤μ¢Ò° · ¤¨Ê¸ Î ¸É¨ÍÒ, ¨§³¥·¥´´Ò° ¢
¥¤¨´¨Í Ì § ·Ö¤  ¶·μÉμ´ .

‚ ¨§μÉμ¶¨Î¥¸±μ³ ¤Ê¡²¥É¥ ((A, Z + 1), (A, Z)) ¶μ¢ÒÏ ÕÐ Ö ±μ³¶μ´¥´É  ¸² ¡μ° ¢¥·-
Ï¨´´μ° ËÊ´±Í¨¨ 2τ+Γvμ(p′, p) ¨³¥¥É ²μ·¥´Í¥¢Ê ¸É·Ê±ÉÊ·Ê ¢¥·Ï¨´Ò (1). „²Ö Éμ£μ
ÎÉμ¡Ò ¶μ²ÊÎ¨ÉÓ Γvμ(p′, p), ¢ ÔÉμ° ¢¥·Ï¨´¥ ¸²¥¤Ê¥É ¸¤¥² ÉÓ ¶μ¤¸É ´μ¢±Ê Fκ′κ

α → Fκ′κ
αv

= (Fκ′κ
pα −Fκ′κ

nα )/2. �μ²μ¦¨É¥²Ó´μ-Î ¸ÉμÉ´Ò¥ ¨§μ¢¥±Éμ·´Ò¥ Ëμ·³Ë ±Éμ·Ò ´μ·³¨·μ¢ ´Ò
Ê¸²μ¢¨Ö³¨

2F++
1v (m2, m2, 0) = 1, (16)

2F++
2v (m2, m2, 0) = ΔμI3=+1/2 − ΔμI3=−1/2, (17)

−24mF++
3v (m2, m2, 0) = 〈r2〉I3=+1/2 − 〈r2〉I3=−1/2, (18)

£¤¥ ΔμI3 ¨ 〈r2〉I3 Å  ´μ³ ²Ó´Ò¥ ³ £´¨É´Ò¥ ³μ³¥´ÉÒ ¨ (¢¥±Éμ·´Ò¥) § ·Ö¤μ¢Ò¥ · ¤¨Ê¸Ò
±μ³¶μ´¥´É ¨§μ¤Ê¡²¥É  ¢ ¥¤¨´¨Í Ì § ·Ö¤  ¶·μÉμ´ . ‡ ³¥É¨³, ÎÉμ ¨§μ¸± ²Ö·´Ò° Ëμ·³-
Ë ±Éμ· ´μ·³¨·μ¢ ´ Ê¸²μ¢¨¥³ F++

1s (m2, m2, 0) = Z + 1/2, £¤¥ Z Å § ·Ö¤ ±μ³¶μ´¥´ÉÒ
I3 = −1/2. ‚ ¨§μ¢¥±Éμ·´μ³ ± ´ ²¥ ¸μμÉ´μÏ¥´¨¥ (14) ¶·¨´¨³ ¥É ¢¨¤

2F++
3v (m2, m2, q2) = −2F++

1v (m2, m2, q2) − 1
2mq2

. (19)

�·¥´¥¡·¥£ Ö ¤·Ê£¨³¨ ¨¸ÉμÎ´¨± ³¨ ´ ·ÊÏ¥´¨Ö ¨§μÉμ¶¨Î¥¸±μ° ¸¨³³¥É·¨¨, ±μÔËË¨-
Í¨¥´É ¶·¨ ¶·μ¤μ²Ó´μ° ¸μ¸É ¢²ÖÕÐ¥° ‘‚’ ¢  ³¶²¨ÉÊ¤¥ ¡¥É -· ¸¶ ¤  ¢ ¶¥·¢μ³ ¶μ·Ö¤±¥
¶μ · §´μ¸É¨ ³ ¸¸ ´ Î ²Ó´μ£μ ¨ ±μ´¥Î´μ£μ ¸μ¸ÉμÖ´¨° ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ± ±

gv

mμ
≡ (m2

I3=+1/2 − m2
I3=−1/2)2F++

3v (m2, m2, 0) =

= −
mI3=+1/2 − mI3=−1/2

6
(〈r2〉I3=+1/2 − 〈r2〉I3=−1/2), (20)

£¤¥ mμ Å ³ ¸¸  ³Õμ´ , ¢Ò¡· ´´ Ö ¤²Ö ´μ·³¨·μ¢±¨. ‡ ·Ö¤μ¢Ò¥ · ¤¨Ê¸Ò ¶·μÉμ´  ¨ ´¥°-

É·μ´  〈r2
E〉1/2

p = (0,877 ± 0,007) Ë³, 〈r2
E〉n = −(0,1161 ± 0,0022) Ë³2 [9] μ¶·¥¤¥²ÖÕÉ¸Ö

¶·μ¨§¢μ¤´Ò³¨ ¶·¨ q2 = 0 Ô²¥±É·¨Î¥¸±¨Ì Ëμ·³Ë ±Éμ·μ¢ ‘ ±¸ ; μ´¨ ¸¢Ö§ ´Ò ¸ ¤¨· ±μ¢-
¸±¨³¨ § ·Ö¤μ¢Ò³¨ · ¤¨Ê¸ ³¨, ¢Ìμ¤ÖÐ¨³¨ ¢ Ê· ¢´¥´¨¥ (20), ¸μμÉ´μÏ¥´¨¥³ [8]

〈r2〉I3 = 〈r2
E〉I3 −

3ΔμI3

m
. (21)

ˆ§ ÔÉμ£μ ¸μμÉ´μÏ¥´¨Ö ´ Ìμ¤¨³ 〈r2〉1/2
p = 0,806 Ë³, 〈r2〉n = 0,011 Ë³2 ¨ ¤ ²¥¥ gv =

3,7 · 10−4. �É²¨Î¨¥ 〈r2〉I3 μÉ 〈r2
E〉I3 ´¥ ¢¥²¨±μ ¨ Ê³¥´ÓÏ ¥É¸Ö ¸ Ê¢¥²¨Î¥´¨¥³ ³ ¸¸Ò.

‚ ¸²¥¤ÊÕÐ¨Ì ¤¢ÊÌ μÍ¥´± Ì ³Ò ¨³ ¶·¥´¥¡·¥¦¥³. „²Ö ¤Ê¡²¥É  (3He, 3H) § ·Ö¤μ¢Ò¥ · ¤¨Ê¸Ò

¸μ¸É ¢²ÖÕÉ 〈r2〉1/2
3He/

√
2 = (1,9661 ± 0,0030) Ë³ ¨ 〈r2〉1/2

3H = (1,7591 ± 0,0363) Ë³ [10].
“· ¢´¥´¨¥ (20) ¤ ¥É gv = 1,1 ·10−3. ‡ ·Ö¤μ¢Ò¥ · ¤¨Ê¸Ò ¨§¢¥¸É´Ò ¤²Ö ¤Ê¡²¥É  (19Ne, 19F):

〈r2〉1/2
19F/

√
9 = (2,8976 ± 0,0025) Ë³ ¨ 〈r2〉1/2

19Ne/
√

10 = (3,0082 ± 0,0040) Ë³ [10]. „²Ö
ÔÉμ° ¶ ·Ò Ö¤¥· ¢ Ê± § ´´μ³ ¶·¨¡²¨¦¥´¨¨ ¶¥·¥Ìμ¤´Ò° Ëμ·³Ë ±Éμ· gv = −2,2 · 10−2.
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’μ¦¤¥¸É¢μ “μ·¤  (4) ¢Ò¶μ²´Ö¥É¸Ö, ±μ£¤  ¸¨³³¥É·¨Ö Ö¢²Ö¥É¸Ö ÉμÎ´μ°. �·¨¢¥¤¥´´Ò¥
μÍ¥´±¨ ´¥ ÊÎ¨ÉÒ¢ ÕÉ ¢±² ¤ ¶μ¶· ¢μ±, ´ ·ÊÏ ÕÐ¨Ì ¨§μÉμ¶¨Î¥¸±ÊÕ ¸¨³³¥É·¨Õ ´  Ê·μ¢´¥
ÔËË¥±É¨¢´μ£μ ² £· ´¦¨ ´ . �£· ´¨Î¨³¸Ö ¶¥·¢Ò³ ¶μ·Ö¤±μ³ ¶μ · §´μ¸É¨ ³ ¸¸ δmfi =
mf − mi ¨ · ¸¸³μÉ·¨³ ¨§μ¢¥±Éμ·´ÊÕ ¢¥·Ï¨´Ê Γμ

fi(p
′, p), ¸¢Ö§ ´´ÊÕ ¸ ¶μ¢ÒÏ ÕÐ¥°

±μ³¶μ´¥´Éμ° ‘‚’. ‚ ¢¥·Ï¨´¥ ¨§³¥´Ö¥É¸Ö §´ Î¥´¨¥ ³ ¸¸Ò Ë¥·³¨μ´ . Š ± ¶μ± § ´μ ¢
¶·¨²μ¦¥´¨¨, ¤²Ö ¤μ¸É ÉμÎ´μ Ï¨·μ±μ£μ ±² ¸¸  ³¥§μ´-´Ê±²μ´´ÒÌ É¥μ·¨° ¸ ´ ·ÊÏ¥´´μ°
¨§μÉμ¶¨Î¥¸±μ° ¸¨³³¥É·¨¥° ¨³¥¥É ³¥¸Éμ μ¡μ¡Ð¥´´μ¥ Éμ¦¤¥¸É¢μ “μ·¤ :

qμΓμ
fi(p

′, p) = S−1
f (p′) − S−1

i (p) + δmfiΘfi(p′, p), (22)

£¤¥ Si(p) ¨ Sf (p′) Å ¶·μ¶ £ Éμ·Ò ´Ê±²μ´μ¢ ¸ ³ ¸¸ ³¨ mi ¨ mf ¢ ´ Î ²Ó´μ³ ¨ ±μ´¥Î-
´μ³ ¸μ¸ÉμÖ´¨ÖÌ; Θfi(p′, p) Å ¶μ¢ÒÏ ÕÐ Ö ±μ³¶μ´¥´É  ¸± ²Ö·´μ° ¢¥·Ï¨´´μ° ËÊ´±Í¨¨.
’μ¦¤¥¸É¢μ (22) ¸¶· ¢¥¤²¨¢μ ¢ ¶¥·¢μ³ ¶μ·Ö¤±¥ ¶μ ¸² ¡μ³Ê ¢§ ¨³μ¤¥°¸É¢¨Õ. � §²μ¦¨³
¸± ²Ö·´ÊÕ ¢¥·Ï¨´´ÊÕ ËÊ´±Í¨Õ ¶μ ¶·μ¥±Í¨μ´´Ò³ μ¶¥· Éμ· ³:

Θfi(p′, p) = 2
∑
κ′κ

Λκ′(p′)Fκ′κ
7v Λκ(p), (23)

¨ ¶·¥¤¸É ¢¨³ ¤ ²¥¥ ¢¥±Éμ·´ÊÕ ¢¥·Ï¨´´ÊÕ ËÊ´±Í¨Õ ¢ ¢¨¤¥

Γμ
fi(p

′, p) = 2(Γμ
v (p′, p) + Γμ

1 (p′, p)). (24)

‚ ¶¥·¢μ³ ¶μ·Ö¤±¥ ¶μ · §´μ¸É¨ ³ ¸¸ δmfi ´ ¨¡μ²¥¥ μ¡Ð¨° ¢¨¤ ¢Éμ·μ£μ ¸² £ ¥³μ£μ ¸²¥-
¤ÊÕÐ¨°:

Γμ
1 (p′, p) = δmfi

∑
κ′κ

Λκ′(p′)(γμ(p′2−p2)Fκ′κ
4v +iσμνqν(p′2−p2)Fκ′κ

5v +qμFκ′κ
6v )Λκ(p). (25)

�·¨ ¶¥·¥¸É ´μ¢±¥ ´ Î ²Ó´μ£μ ¨ ±μ´¥Î´μ£μ ¸μ¸ÉμÖ´¨° §´ ± δmfi ¨§³¥´Ö¥É¸Ö, ¶μÔÉμ³Ê ¶·¨
¢Ò¶μ²´¥´¨¨ Ê¸²μ¢¨° Fκ′κ

αv (p′2, p2, q2) = Fκκ′

αv (p2, p′2, q2) ¢¸¥ ¸² £ ¥³Ò¥ (25) ´¥¸ÊÉ ¶μ²μ-
¦¨É¥²Ó´ÊÕ G-Î¥É´μ¸ÉÓ. �  ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨ ¢±² ¤ Ëμ·³Ë ±Éμ·μ¢ Fκκ

4v ¨ Fκκ
5v ¢  ³-

¶²¨ÉÊ¤Ê ¨³¥¥É ¤μ¶μ²´¨É¥²Ó´ÊÕ ³ ²μ¸ÉÓ ¶μ δmfi ¨, ¸²¥¤μ¢ É¥²Ó´μ, ³μ¦¥É ¡ÒÉÓ μÉ¡·μÏ¥´.
‚ ¶¥·¢μ³ ¶μ·Ö¤±¥ δmfi μ¡μ¡Ð¥´´μ¥ Éμ¦¥¸É¢μ “μ·¤  (22) ¶·¨¢μ¤¨É ± Ê· ¢´¥´¨Õ

2Λκ′(p′)(q2Fκ′κ
6v (p′2, p2, q2) −Fκ′κ

7v (p′2, p2, q2))Λκ(p) =

= Λκ′(p′)
1
2

∂

∂m
(S−1(p′) + S−1(p))Λκ(p).

� ¸¸³μÉ·¨³ ¶μ²μ¦¨É¥²Ó´μ-Î ¸ÉμÉ´ÊÕ ±μ³¶μ´¥´ÉÊ ´  ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨ M ′ = mf ,
M = mi. ‘ ÊÎ¥Éμ³ (12) ´ Ìμ¤¨³

2F++
6v (m2

f , m2
i , q

2) =
2F++

7v (m2
f , m2

i , q
2) − 1

q2
. (26)

Š ± ¶μ± § ´μ ¢ ¶·¨²μ¦¥´¨¨, ¶·¨ q2 = 0 Ëμ·³Ë ±Éμ· F++
7v ´μ·³¨·μ¢ ´ ´  ¥¤¨´¨ÍÊ.

‘²¥¤μ¢ É¥²Ó´μ, ¶·¨ ³ ²ÒÌ ¶¥·¥¤ ´´ÒÌ ¨³¶Ê²Ó¸ Ì F++
6v μ¶·¥¤¥²Ö¥É¸Ö ¨§μ¢¥±Éμ·´Ò³ § -

·Ö¤μ¢Ò³ · ¤¨Ê¸μ³ ¸± ²Ö·´μ£μ É¨¶  ¶μ £·Ê¶¶¥ ‹μ·¥´Í .
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‚ ´¥·¥²ÖÉ¨¢¨¸É¸±μ° É¥μ·¨¨ ²μ·¥´Í¥¢  ¶·¨·μ¤  § ·Ö¤μ¢μ£μ · ¤¨Ê¸  ¸¢Ö§ ´´ÒÌ ¸μ¸ÉμÖ-
´¨° ´¥ ¸ÊÐ¥¸É¢¥´´  Å ¢¥±Éμ·´Ò° § ·Ö¤μ¢Ò° · ¤¨Ê¸ ¸μ¢¶ ¤ ¥É ¸μ ¸± ²Ö·´Ò³ § ·Ö¤μ¢Ò³
· ¤¨Ê¸μ³, ¨ ¤¢  ¢±² ¤  (19) ¨ (26) ¢ ¶·μ¤μ²Ó´ÊÕ ±μ³¶μ´¥´ÉÊ ‘‚’ ¶·¨ ³ ²ÒÌ q2 ¸μ±· -
Ð ÕÉ¸Ö. ‚ Ö¤· Ì ÔËË¥±É Ë¥·³¨-¤¢¨¦¥´¨Ö ´Ê±²μ´μ¢ ¨³¥¥É ³ ²μ¸ÉÓ (v/c)2, £¤¥ v Å ¸±μ-
·μ¸ÉÓ ´Ê±²μ´μ¢. ‚¥¤ÊÐ¨° ¢±² ¤ ¤ ÕÉ, μÎ¥¢¨¤´μ, § ·Ö¤μ¢Ò¥ · ¤¨Ê¸Ò ´Ê±²μ´μ¢, ¶μ¸±μ²Ó±Ê
´Ê±²μ´Ò ¸μ¤¥·¦ É ·¥²ÖÉ¨¢¨¸É¸±¨¥ ±¢ ·±¨.

‚ ³μ¤¥²¨ ³¥Ï±μ¢ MIT [12] ¢¥±Éμ·´ Ö ¨ ¸± ²Ö·´ Ö ¶²μÉ´μ¸É¨ ¡¥§³ ¸¸μ¢ÒÌ ±¢ ·±μ¢
´μ·³¨·μ¢ ´Ò Ê¸²μ¢¨Ö³¨

1 =
∫

dxψ†
i ψi, (27)

〈1s〉 =
∫

dx ψ̄iψi = 0,479. (28)

‚¥²¨Î¨´  〈1s〉 ¨§³¥·Ö¥É ¸± ²Ö·´Ò° § ·Ö¤ ´Ê±²μ´ . ‘μμÉ¢¥É¸É¢ÊÕÐ¨¥ § ·Ö¤μ¢Ò¥ · ¤¨Ê¸Ò
· ¢´Ò

〈r2〉 =
∑

i

ei

∫
dxψ†

i x
2ψi =

∑
i

ei · 0,531R2, (29)

〈r2
s〉 =

∑
i

ei

∫
dx ψ̄ix2ψi =

∑
i

ei · 0,182R2, (30)

£¤¥ R Å · ¤¨Ê¸ ³¥Ï± ; ei Å § ·Ö¤Ò ±¢ ·±μ¢ ¢ ¥¤¨´¨Í Ì § ·Ö¤  ¶·μÉμ´ . �μ·³¨·μ¢± 
´  § ·Ö¤μ¢Ò° · ¤¨Ê¸ ¶·μÉμ´  ¶·¨¢μ¤¨É ± R = 1,2 Ë³. ‚¥²¨Î¨´Ò 〈r2〉 ¨ 〈r2

s〉 ¢Ìμ¤ÖÉ ¢
· §²μ¦¥´¨¥ Ëμ·³Ë ±Éμ·μ¢ ¶·¨ ³ ²ÒÌ ¶¥·¥¤ ´´ÒÌ ¨³¶Ê²Ó¸ Ì. ‡´ Ö ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨
±¢ ·±μ¢, ³μ¦´μ ´ °É¨ ¢¥±Éμ·´Ò° ¨ ¸± ²Ö·´Ò° Ëμ·³Ë ±Éμ·Ò:

∑
i

τ+
i 2F++

1v =
∑

i

∫
dxψ†

i τ
+
i ψi eiqx, (31)

〈1s〉
∑

i

τ+
i 2F++

7v =
∑

i

∫
dx ψ̄iτ

+
i ψi eiqx. (32)

�μ·³¨·μ¢±  ¢¥±Éμ·´μ£μ Ëμ·³Ë ±Éμ·  (16) ¸μ£² ¸Ê¥É¸Ö ¸ ´μ·³¨·μ¢±μ° ±¢ ·±μ¢ÒÌ ¢μ²-
´μ¢ÒÌ ËÊ´±Í¨° (27), ¶μÔÉμ³Ê ¢ Ê· ¢´¥´¨¨ (31) ¸Éμ¨É §´ ± · ¢¥´¸É¢ . ‘± ²Ö·´Ò° Ëμ·³-
Ë ±Éμ· 2F++

7v É ±¦¥ ´μ·³¨·μ¢ ´ ´  ¥¤¨´¨ÍÊ, μ¤´ ±μ ¶· ¢ Ö Î ¸ÉÓ (32) ¶·¨ q2 = 0

· ¢´  〈1s〉
∑
i

τ+
i . ‚ ²¥¢ÊÕ Î ¸ÉÓ, ¸²¥¤μ¢ É¥²Ó´μ, ¤μ¡ ¢²¥´ ³´μ¦¨É¥²Ó 〈1s〉. �¥·¢Ò°

±μÔËË¨Í¨¥´É · §²μ¦¥´¨Ö 2F++
7v ¶μ ¸É¥¶¥´Ö³ q2 μ¶·¥¤¥²Ö¥É¸Ö ¸± ²Ö·´Ò³¨ § ·Ö¤μ¢Ò³¨

· ¤¨Ê¸ ³¨, ¨§³¥·¥´´Ò³¨ ¢ ¥¤¨´¨Í Ì 〈1s〉, É. ¥. μÉ´μÏ¥´¨¥³

〈r2
s〉/〈1s〉 =

∑
i

ei · 0,380R2. (33)

‚ ¸²ÊÎ ¥ ¨§μ¤Ê¡²¥É  ´Ê±²μ´μ¢ ¶μ²ÊÎ ¥³

gv+s

mμ
= −

mp − mn

6

[
(〈r2〉p − 〈r2〉n) − (〈r2

s〉p − 〈r2
s〉n)

〈1s〉

]
. (34)
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‚ ± Î¥¸É¢¥ μÍ¥´±¨ ¶·¨³¥³ 〈r2
s〉p − 〈r2

s〉n ≈ (〈r2〉p − 〈r2〉n) · 0,182/0,531. ˆ¸¶μ²Ó§ÊÖ ¤²Ö
§ ·Ö¤μ¢ÒÌ · ¤¨Ê¸μ¢ ´Ê±²μ´μ¢ §´ Î¥´¨Ö, ´ °¤¥´´Ò¥ ¸ ¶μ³μÐÓÕ Ê· ¢´¥´¨Ö (21), ¶μ²ÊÎ ¥³
gth

v+s ≈ 1,1·10−4. ‘± ²Ö·´Ò° ¢±² ¤ Ê³¥´ÓÏ ¥É Ëμ·³Ë ±Éμ· ¸ 3,7·10−4 ¤μ 1,1·10−4. ‚ ´¥-
·¥²ÖÉ¨¢¨¸É¸±μ° ±¢ ·±μ¢μ° ³μ¤¥²¨ μÉ²¨Î¨¥ ¸± ²Ö·´μ£μ § ·Ö¤μ¢μ£μ · ¤¨Ê¸  μÉ ¢¥±Éμ·´μ£μ
Ëμ·³ ²Ó´μ É ±¦¥ ¨³¥¥É ³ ²μ¸ÉÓ (v/c)2, μ¤´ ±μ Î¨¸²¥´´μ ¤ ´´Ò° ¶ · ³¥É· ´¥ ³ ².

�¤¤¨É¨¢´ Ö ±¢ ·±μ¢ Ö ³μ¤¥²Ó, ± ± ¨§¢¥¸É´μ, Ìμ·μÏμ μ¶¨¸Ò¢ ¥É ¸É É¨Î¥¸±¨¥ Ì · ±É¥-
·¨¸É¨±¨  ¤·μ´μ¢. �Éμ μ§´ Î ¥É, ÎÉμ ÔËË¥±É ¢§ ¨³μ¤¥°¸É¢¨Ö ±¢ ·±μ¢ Å Ê³¥·¥´´μ ¸² ¡Ò°.
‚§ ¨³μ¤¥°¸É¢¨¥ £¥´¥·¨·Ê¥É, ¢ Î ¸É´μ¸É¨, μÉ²¨Î´Ò° μÉ ´Ê²Ö § ·Ö¤μ¢Ò° · ¤¨Ê¸ ´¥°É·μ´ ,
±μÉμ·Ò° § ³¥É´μ ³¥´ÓÏ¥ § ·Ö¤μ¢μ£μ · ¤¨Ê¸  ¶·μÉμ´ .

Œ ±¸¨³ ²Ó´Ò° ÔËË¥±É ¶·μ¤μ²Ó´μ° ±μ³¶μ´¥´ÉÒ ‘‚’ μ¦¨¤ ¥É¸Ö ¢ ¶·μÍ¥¸¸ Ì ¸ ¡μ²Ó-
Ï¨³ ¶¥·¥¤ ´´Ò³ ¨³¶Ê²Ó¸μ³, ´ ¶·¨³¥· ¢ ³Õμ´´μ³ § Ì¢ É¥. � ¸¸³μÉ·¨³ ¨§μÉμ¶¨Î¥¸±¨°
¤Ê¡²¥É ((A, Z + 1), (A, Z)). ‚¥±Éμ·´Ò° ¨ ¸± ²Ö·´Ò° § ·Ö¤μ¢Ò¥ · ¤¨Ê¸Ò Ö¤·  (A, Z)
³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥

〈r2〉(A,Z) = Z〈r2〉p + (A − Z)〈r2〉n +
Z∑

i=1

〈r2
i 〉, (35)

〈r2
s〉(A,Z) = Z〈r2

s〉p + (A − Z)〈r2
s〉n + 〈1s〉

Z∑
i=1

〈r2
i 〉. (36)

‚ μ¡μ¨Ì ¸²ÊÎ ÖÌ ¶¥·¢Ò¥ ¤¢  ¸² £ ¥³ÒÌ μ¶¨¸Ò¢ ÕÉ ¢±² ¤ § ·Ö¤μ¢ÒÌ · ¤¨Ê¸μ¢ ´Ê±²μ´μ¢,
¶μ¸²¥¤´¥¥ ¸² £ ¥³μ¥ ÊÎ¨ÉÒ¢ ¥É ¸É·Ê±ÉÊ·Ê Ö¤· , ri Å · ¸¸ÉμÖ´¨¥ ¶·μÉμ´  i μÉ Í¥´É· 
ÉÖ¦¥¸É¨ Ö¤· . �μ¸±μ²Ó±Ê ´Ê±²μ´Ò ´¥·¥²ÖÉ¨¢¨¸É¸±¨¥, Ê¸·¥¤´¥´¨¥ r2

i ¶μ ¢¥±Éμ·´μ° ¨ ¸± -
²Ö·´μ° ¶²μÉ´μ¸É¨ ¶·¨¢μ¤¨É ± μ¤¨´ ±μ¢Ò³ ·¥§Ê²ÓÉ É ³. „²Ö ¸·¥¤´¥£μ §´ Î¥´¨Ö ³μ¦´μ
¶·¨´ÖÉÓ 〈r2

i 〉 = 3/5R2
A, £¤¥ RA = 1,2A1/3 Ë³ Å · ¤¨Ê¸ Ö¤·  [13]. �É²¨Î¨¥ ¸μ¸Éμ¨É ¢

Éμ³, ÎÉμ ¢¥±Éμ·´Ò° § ·Ö¤, ´  ±μÉμ·Ò° ¤ ²¥¥ Ê³´μ¦ ¥É¸Ö 〈r2
i 〉, ´μ·³¨·μ¢ ´ ´  ¥¤¨´¨ÍÊ

(¸·. (27)), ¢ Éμ ¢·¥³Ö ± ± ¸± ²Ö·´Ò° § ·Ö¤ (28) ´μ·³¨·μ¢ ´ ´  〈1s〉. �·¨ ¢ÒÎ¨¸²¥´¨¨ ¸± -
²Ö·´μ£μ § ·Ö¤μ¢μ£μ · ¤¨Ê¸ , ¸¢Ö§ ´´μ£μ ¸μ ¸É·Ê±ÉÊ·μ° Ö¤· , ¢ ·¥§Ê²ÓÉ É¥ ¨´É¥£·¨·μ¢ ´¨Ö
¶μ ±¢ ·±μ¢Ò³ ¶¥·¥³¥´´Ò³ ¢¥²¨Î¨´  〈1s〉 Ë ±Éμ·¨§Ê¥É¸Ö. ‚¥±Éμ·´Ò° ¨ ¸± ²Ö·´Ò° Ëμ·³-
Ë ±Éμ·Ò ¶·¨ ´Ê²¥¢μ³ ¶¥·¥¤ ´´μ³ ¨³¶Ê²Ó¸¥, ±μ£¤  μ´¨ ¢ÒÎ¨¸²ÖÕÉ¸Ö ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ´¥-
·¥²ÖÉ¨¢¨¸É¸±¨Ì ¢μ²´μ¢ÒÌ ËÊ´±Í¨° ´Ê±²μ´μ¢, ´μ·³¨·μ¢ ´Ò ´  Z ¨ Z〈1s〉 ¸μμÉ¢¥É¸É¢¥´´μ.

Š ± ¶μ± § ´μ ¢ ¶·¨²μ¦¥´¨¨, Ê· ¢´¥´¨¥ (34) ¸¶· ¢¥¤²¨¢μ ¢ Éμ³ Î¨¸²¥ ¤²Ö Ö¤¥·´ÒÌ
¨§μ¤Ê¡²¥Éμ¢ J = I = 1/2. ‚ μ¡Ð¥³ ¸²ÊÎ ¥

gv+s

mμ
= −

mI3=+1/2 − mI3=−1/2

6

[
(〈r2〉I3=+1/2 − 〈r2〉I3=−1/2)−

−
(〈r2

s〉I3=+1/2 − 〈r2
s〉I3=−1/2)

〈1s〉

]
. (37)

‘ ¶μ³μÐÓÕ ¸μμÉ´μÏ¥´¨° (35) ¨ (36) ´ Ìμ¤¨³, ÎÉμ ¢Ò· ¦¥´¨Ö ¢ ±¢ ¤· É´ÒÌ ¸±μ¡± Ì ¢
Ê· ¢´¥´¨ÖÌ (34) ¨ (37) ¸μ¢¶ ¤ ÕÉ. ‚ ´Ê²¥¢μ³ ¶μ·Ö¤±¥ ¶μ (v/c)2, £¤¥ v Å ¸±μ·μ¸ÉÓ ´Ê±²μ-
´μ¢, Ëμ·³Ë ±Éμ· gv+s μ¶·¥¤¥²Ö¥É¸Ö, ¸²¥¤μ¢ É¥²Ó´μ, § ·Ö¤μ¢Ò³¨ · ¤¨Ê¸ ³¨ ´Ê±²μ´μ¢ ¨
· §´μ¸ÉÓÕ ³ ¸¸ Ö¤¥· ¨§μ¤Ê¡²¥É .

„²Ö ¸¨¸É¥³Ò (3He,3 H) Ê· ¢´¥´¨¥ (37) ¤ ¥É gth
v+s = 4,3 · 10−5, ÎÉμ ´¥ ¶·μÉ¨¢μ·¥Î¨É

·¥§Ê²ÓÉ ÉÊ gexpt
v+s = −0,005± 0,040, ¶μ²ÊÎ¥´´μ³Ê ¨§  ´ ²¨§  ³Õμ´´μ£μ § Ì¢ É  ¢ 3He [11].

‘± ²Ö·´ Ö ¸μ¸É ¢²ÖÕÐ Ö Ê³¥´ÓÏ ¥É ¶μ  ¡¸μ²ÕÉ´μ° ¢¥²¨Î¨´¥ ÔËË¥±É ¸ 1,1 · 10−3 ¤μ



1026 Š·¨¢μ·ÊÎ¥´±μ M.ˆ., ˜¨³±μ¢¨Í ”., Šμ¢ ²¥´±μ C. ƒ.

”μ·³Ë ±Éμ· ¶·μ¤μ²Ó´μ° ±μ³¶μ´¥´ÉÒ ‘‚’ ¢  ³¶²¨ÉÊ¤¥ ¡¥É -· ¸¶ ¤  Ö¤¥·´ÒÌ ¨§μ¤Ê¡²¥Éμ¢
J = I = 1/2

I3 = −1/2 I3 = +1/2 Jπ Q, ±Ô‚ Δm, ±Ô‚ gth
v+s gexpt

v+s

1
0n1

1
1p0 1/2+ 782,354 (β−) 1293,353 1,1 · 10−4

3
1H2

3
2He1 1/2+ 18,591 (β−) 529,590 4,4 · 10−5 −0,005 ± 0,040

13
6C7

13
7N6 1/2− 2220,4 (EC) −2220,4 −1,8 · 10−4

15
7N8

15
8O7 1/2− 2753,9 (EC) −2753,9 −2,3 · 10−4

19
9F10

19
10Ne9 1/2+ 3238,4 (EC) −3238,4 −2,7 · 10−4

29
14Si15

29
15P14 1/2+ 4943,1 (EC) −4943,1 −4,1 · 10−4

31
15P16

31
16S15 1/2+ 5396,1 (EC) −5396,1 −4,5 · 10−4

33
15P18

33
16S

∗
17 1/2+ 284,5 (β−) −81,5 −6,7 · 10−6

69
30Zn39

69
31Ga∗38 1/2− 906,0 (β−) 1099,0 9,0 · 10−5

�·¨³¥Î ´¨¥. Q-¢¥²¨Î¨´Ò ¨ · §´μ¸É¨ ³ ¸¸ Ö¤¥· Δm = mI3=−1/2 − mI3=+1/2 ¶·¨¢¥¤¥´Ò
¢ ±μ²μ´± Ì 4 ¨ 5. „ ²¥¥ ¶·¥¤¸É ¢²¥´Ò É¥μ·¥É¨Î¥¸±¨¥ §´ Î¥´¨Ö gth

v+s. �±¸¶¥·¨³¥´É ²Ó´μ¥
§´ Î¥´¨¥ gexpt

v+s ¤²Ö (3He, 3H) ¢§ÖÉμ ¨§ · ¡μÉÒ [11]. 33S∗ ¨ 69Ga∗ Å ¢μ§¡Ê¦¤¥´´Ò¥ ¸μ¸Éμ-
Ö´¨Ö Ö¤¥·; ¶·¥¤¶μ² £ ¥É¸Ö, ÎÉμ μ´¨ Ö¢²ÖÕÉ¸Ö ±μ³¶μ´¥´É ³¨ ¨§μ¤Ê¡²¥Éμ¢. ‡  ¨¸±²ÕÎ¥´¨¥³
¶μ¸²¥¤´¨Ì ¤¢ÊÌ ¸É·μ±, ¢¸¥ ¶ ·Ò Ö¤¥· §¥·± ²Ó´Ò¥.

4,4 · 10−5. ‚ ¸²ÊÎ ¥ (3He, 3H) ¤²Ö ¶·μ¢¥·±¨ É¥μ·¥É¨Î¥¸±μ£μ ¶·¥¤¸± § ´¨Ö É·¥¡Ê¥É¸Ö
Ê¢¥²¨Î¥´¨¥ ÉμÎ´μ¸É¨ ¨§³¥·¥´¨° ± ± ³¨´¨³Ê³ ´  É·¨ ¶μ·Ö¤± . �´ ²μ£¨Î´ Ö μÍ¥´±  ¤²Ö
¶ ·Ò (19Ne, 19F) ¶·¨¢μ¤¨É ± ¢¥²¨Î¨´¥ gth

v+s = −2,7 · 10−4.
�±¸¶¥·¨³¥´É ²Ó´μ¥ ¨§³¥·¥´¨¥ ¶·μ¤μ²Ó´μ° ±μ³¶μ´¥´ÉÒ ‘‚’ ´ ¨¡μ²¥¥ ¶¥·¸¶¥±É¨¢´μ

¢ ·¥ ±Í¨¨ § Ì¢ É  ³Õμ´  ´  Ö¤· Ì J = I = 1/2 ¨ I3 = +1/2 ¸ ³ ±¸¨³ ²Ó´μ° · §´μ¸ÉÓÕ
³ ¸¸ ¢ ¨§μ¤Ê¡²¥É¥. ‘¶¨¸μ± Ö¤¥· ¸ ±¢ ´Éμ¢Ò³¨ Î¨¸² ³¨ J = I = 1/2 ¨ μÍ¥´±¨ ¢¥²¨-
Î¨´Ò gth

v+s, μ¸´μ¢ ´´Ò¥ ´  Ê· ¢´¥´¨¨ (37), ¶·¨¢¥¤¥´Ò ¢ É ¡²¨Í¥. „²Ö ·Ö¤  ¨§μ¤Ê¡²¥Éμ¢
Ëμ·³Ë ±Éμ· ¶·μ¤μ²Ó´μ° ±μ³¶μ´¥´ÉÒ ‘‚’ ´  ¶μ·Ö¤μ± ¡μ²ÓÏ¥, Î¥³ ¤²Ö (3He, 3H).

‘·¥¤¨ ¨§μ¸¶¨´μ¢ÒÌ ¤Ê¡²¥Éμ¢, ¨³¥ÕÐ¨Ì ¸¶¨´ J = 1/2, ¸ÊÐ¥¸É¢ÊÕÉ ¸μ¸ÉμÖ´¨Ö, μ¡· -
§μ¢ ´´Ò¥ ´Ê±²μ´ ³¨ ¶μ¢¥·Ì § ¶μ²´¥´´ÒÌ μ¡μ²μÎ¥± (A = 0, 4, 12, 16 . . .) ¨²¨ ´Ê±²μ´´Ò³¨
¤Ò·± ³¨.

Š ¶¥·¢μ³Ê É¨¶Ê μÉ´μ¸ÖÉ¸Ö:  ) ¶ ·  ´Ê±²μ´μ¢ (p, n) ´  μ¡μ²μÎ±¥ 0s1/2; ¡) Ö¤· 
(13C, 13N) ¸ μÉ·¨Í É¥²Ó´μ° P -Î¥É´μ¸ÉÓÕ, ¸μ¤¥·¦ Ð¨¥ ´Ê±²μ´Ò ´  μ¡μ²μÎ±¥ 1p1/2 ¶·¨
§ ¶μ²´¥´´ÒÌ μ¡μ²μÎ± Ì 0s1/2 ¨ 1p3/2; ¢) Ö¤·  (29Si, 29P) ¸ ´Ê±²μ´ ³¨ ´  μ¡μ²μÎ±¥ 1s1/2

¶·¨ § ¶μ²´¥´´ÒÌ μ¡μ²μÎ± Ì 0s1/2, 1p3/2, 1p1/2, 1d5/2.
Š Ö¤¥·´Ò³ ¨§μ¤Ê¡²¥É ³ ¢Éμ·μ£μ É¨¶  μÉ´μ¸ÖÉ¸Ö:  ) Ö¤·  (3He, 3H) ± ± ´Ê±²μ´´Ò¥

¤Ò·±¨ ´  § ¶μ²´¥´´μ° μ¡μ²μÎ±¥ 0s1/2; ¡) Ö¤·  (15N, 15O) ¸ μÉ·¨Í É¥²Ó´μ° P -Î¥É´μ¸ÉÓÕ
± ± ´Ê±²μ´´Ò¥ ¤Ò·±¨ ´  § ¶μ²´¥´´μ° μ¡μ²μÎ±¥ 1p1/2 ¶·¨ § ¶μ²´¥´´ÒÌ μ¡μ²μÎ± Ì 0s1/2

¨ 1p3/2; ¢) Ö¤·  (19Ne, 19F) ± ± ´Ê±²μ´´Ò¥ ¤Ò·±¨ ´  § ¶μ²´¥´´μ° μ¡μ²μÎ±¥ 1s1/2 ¶·¨
§ ¶μ²´¥´´ÒÌ μ¡μ²μÎ± Ì 0s1/2, 1p3/2, 1p1/2; £) Ö¤·  (31P, 31S) ± ± ´Ê±²μ´´Ò¥ ¤Ò·±¨ ´ 
§ ¶μ²´¥´´μ° μ¡μ²μÎ±¥ 1s1/2 ¶·¨ § ¶μ²´¥´´ÒÌ μ¡μ²μÎ± Ì 0s1/2, 1p3/2, 1p1/2, 1d5/2.

ˆ§μ¤Ê¡²¥ÉÒ A = 5, 11, 17, 27 ¨³¥ÕÉ ¸¶¨´, μÉ²¨Î´Ò° μÉ 1/2, ¶μÔÉμ³Ê §¤¥¸Ó ´¥ · ¸-
¸³ É·¨¢ ÕÉ¸Ö. „²Ö ³ ¸¸¨¢´ÒÌ Ö¤¥· μ¡μ²μÎ¥Î´ Ö ³μ¤¥²Ó · ¡μÉ ¥É ÌÊ¦¥, ¢ ÔÉμ° μ¡² ¸É¨
μÉμ¦¤¥¸É¢²¥´¨¥ ¨§μ¸¶¨´μ¢ÒÌ ¸μ¸ÉμÖ´¨° ¶·μ¢¥¸É¨ ´¥ Ê¤ ¥É¸Ö.
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‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ¢ · ³± Ì ÔËË¥±É¨¢´μ° É¥μ·¨¨ ¶μ²ÊÎ¥´μ μ¡μ¡Ð¥´´μ¥ Éμ¦¤¥¸É¢μ
“μ·¤  ¤²Ö ¶μ¢ÒÏ ÕÐ¨Ì ¨ ¶μ´¨¦ ÕÐ¨Ì ±μ³¶μ´¥´É ‘‚’ ´Ê±²μ´μ¢ ¸ ÊÎ¥Éμ³ ´ ·ÊÏ¥-
´¨Ö ¨§μÉμ¶¨Î¥¸±μ° ¸¨³³¥É·¨¨ ¨ ¤ ´  μÍ¥´±  ¶·μ¤μ²Ó´μ° ±μ³¶μ´¥´ÉÒ ‘‚’ ¢  ³¶²¨ÉÊ¤¥
¡¥É -· ¸¶ ¤  ´¥°É·μ´  ¨ ¢μ¸Ó³¨ Ö¤¥· ¸μ ¸¶¨´μ³ J = 1/2 ¨ ¨§μ¸¶¨´μ³ I = 1/2. „ ´´ Ö
±μ³¶μ´¥´É  μÉ²¨Î´  μÉ ´Ê²Ö ¨§-§  ´ ·ÊÏ¥´¨Ö ¨§μÉμ¶¨Î¥¸±μ° ¸¨³³¥É·¨¨. �¥§Ê²ÓÉ É ¶·μ-
¶μ·Í¨μ´ ²¥´ · §´μ¸É¨ ³ ¸¸ ±μ´¥Î´μ£μ ¨ ´ Î ²Ó´μ£μ ¸μ¸ÉμÖ´¨° ¨, ¶·¨ ³ ²ÒÌ ¶¥·¥¤ ´´ÒÌ
¨³¶Ê²Ó¸ Ì, · §´μ¸É¨ ¢¥±Éμ·´μ£μ ¨ ¸± ²Ö·´μ£μ ¶μ £·Ê¶¶¥ ‹μ·¥´Í  § ·Ö¤μ¢ÒÌ · ¤¨Ê¸μ¢
¨§μÉμ¶¨Î¥¸±μ£μ ¤Ê¡²¥É . „²Ö ¨§³¥·¥´¨Ö Ëμ·³Ë ±Éμ·  ¶·μ¤μ²Ó´μ° ±μ³¶μ´¥´ÉÒ ‘‚’ ¢
³Õμ´´μ³ § Ì¢ É¥ ´   Éμ³ Ì 31S, 29P, 19Ne, 15O ¨ 13N, £¤¥ ÔËË¥±É ³ ±¸¨³ ²¥´, É·¥¡Ê¥É¸Ö
Ê¢¥²¨Î¥´¨¥ ÉμÎ´μ¸É¨ ¨§³¥·¥´¨° ³¨´¨³Ê³ ´  ¤¢  ¶μ·Ö¤± .

��ˆ‹�†…�ˆ…

‚ ¶·¨²μ¦¥´¨¨ ¤μ± § ´μ μ¡μ¡Ð¥´´μ¥ Éμ¦¤¥¸É¢μ “μ·¤  (22), ¶μ²ÊÎ¥´μ ´μ·³¨·μ¢μÎ-
´μ¥ Ê¸²μ¢¨¥ ¤²Ö F++

7v ¨ ¤ ´ ´¥§ ¢¨¸¨³Ò° ¢Ò¢μ¤ Ê· ¢´¥´¨Ö (37), ´¥ μ¶¨· ÕÐ¨°¸Ö ´ 
μ¡μ¡Ð¥´´μ¥ Éμ¦¤¥¸É¢μ “μ·¤ .

‚ · ³± Ì ÔËË¥±É¨¢´μ° É¥μ·¨¨ ´Ê±²μ´´Ò¥ ¢¥·Ï¨´Ò ¸¢Ö§ ´Ò ¸ ³¥§μ´´Ò³ μ¡³¥´μ³.
‡¤¥¸Ó · ¸¸³μÉ·¥´  É¥μ·¨Ö ¸ ¢¥·Ï¨´ ³¨ ¸± ²Ö·´μ£μ ¶μ £·Ê¶¶¥ ‹μ·¥´Í  ¨§μ¸± ²Ö·´μ£μ

�¨¸. 1. „¨ £· ³³´μ¥ ¶·¥¤¸É ¢²¥´¨¥ ´Ê-

±²μ´´μ£μ ¶·μ¶ £ Éμ·  ¢ ÔËË¥±É¨¢´μ°

É¥μ·¨¨

É¨¶  (σ-³¥§μ´Ò) ¨ ¢¥±Éμ·´μ£μ ¶μ £·Ê¶¶¥ ‹μ·¥´Í 
¨§μ¸± ²Ö·´μ£μ É¨¶  (ω-³¥§μ´Ò). �  ·¨¸. 1 ¨§μ-
¡· ¦¥´  ¤¨ £· ³³ , ¢¸É ¢±  ¢ ±μÉμ·ÊÕ ¢´¥Ï´¥°
¸² ¡μ° ¢¥·Ï¨´Ò ¢¥¤¥É ± ¡¥É -· ¸¶ ¤Ê. ‘¶²μÏ-
´ Ö ²¨´¨Ö μ¶¨¸Ò¢ ¥É Ë¥·³¨μ´ (´Ê±²μ´), ¢μ²´¨-
¸ÉÒ¥ ²¨´¨¨ Å ³¥§μ´Ò. ‘² ¡ÊÕ ¢¥·Ï¨´Ê ³μ¦´μ
¤μ¡ ¢¨ÉÓ ¢ Ë¥·³¨μ´´ÊÕ ²¨´¨Õ ¸μ ¸¢μ¡μ¤´Ò³¨
±μ´Í ³¨, ¢ Éμ ¢·¥³Ö ± ± Ë¥·³¨μ´´Ò¥ ¶¥É²¨ ¢  ³-
¶²¨ÉÊ¤¥ ¡¥É -· ¸¶ ¤  ¢¸²¥¤¸É¢¨¥ ¨§μ¸± ²Ö·´μ¸É¨
¢¥·Ï¨´ ´¥ ³μ¤¨Ë¨Í¨·ÊÕÉ¸Ö. ‘¶²μÏ´μ° ²¨´¨¨
¸É ¢¨É¸Ö ¢ ¸μμÉ¢¥É¸É¢¨¥ ¢Ò· ¦¥´¨¥

H(p′, p; q1, . . . , qn) =
∑

σ(12...n)

1

p̂′ − m
[0]
i

On 1

p̂n−1 − m
[0]
i

On−1 · · ·O2 1

p̂1 − m
[0]
i

O1 1

p̂ − m
[0]
i

,

(�.1)
£¤¥ Oi = (gσ , gωγμi) Å ¢¥·Ï¨´Ò σ- ¨ ω-³¥§μ´μ¢ ¸ ´Ê±²μ´ ³¨ (¢ μ¡Ð¥³ ¸²ÊÎ ¥ Å
Ë¥·³¨μ´ ³¨ ¨§μÉμ¶¨Î¥¸±μ£μ ¤Ê¡²¥É ); p0 = p, pi = pi−1 + qi, pn = p′ Å ¨³¶Ê²Ó¸Ò ¢
Ë¥·³¨μ´´μ° ²¨´¨¨ ¸μμÉ¢¥É¸É¢¥´´μ ´  ¢Ìμ¤¥, ¢ ¶·μ³¥¦ÊÉ±¥ ³¥¦¤Ê ¢¥·Ï¨´ ³¨ ¸ ´μ³¥· ³¨

i ¨ i+1 ¨ ¢ ±μ´Í¥; m
[0]
i Å § É· ¢μÎ´ Ö ³ ¸¸  Ë¥·³¨μ´ . ‘μÌ· ´¥´¨¥ ¨³¶Ê²Ó¸  É·¥¡Ê¥É p =

p′ ¨
n∑

i=1

qi = 0. �  Ë¥·³¨μ´´μ° ²¨´¨¨ ¸ ¢´¥Ï´¨³¨ ±μ´Í ³¨ ¶·μ¢μ¤¨É¸Ö ¸Ê³³¨·μ¢ ´¨¥

¶μ n! ¶¥·¥¸É ´μ¢± ³ ¢¥·Ï¨´.
‚´¥¸¥³ ¢ Ë¥·³¨μ´´ÊÕ ²¨´¨Õ ¸² ¡ÊÕ ¢¥±Éμ·´ÊÕ ¢¥·Ï¨´Ê, Î¥·¥§ ±μÉμ·ÊÕ ¢Ìμ¤¨É

¨³¶Ê²Ó¸ qμ, ¨ ¸¢¥·´¥³ ²μ·¥´Í¥¢ ¨´¤¥±¸ ÔÉμ° ¢¥·Ï¨´Ò ¸ qμ. ‚ ¤μ¡ ¢²¥´´μ° ¢¥·-

Ï¨´¥ ¶·μ¨¸Ìμ¤¨É Ê´¨ÎÉμ¦¥´¨¥ Ë¥·³¨μ´  ³ ¸¸μ° m
[0]
i ¨ ·μ¦¤¥´¨¥ Ë¥·³¨μ´  ³ ¸-

¸μ° m
[0]
f . ’ ± Ö ¢¥·Ï¨´  ¸μμÉ¢¥É¸É¢Ê¥É ¶μ¢ÒÏ ÕÐ¥° ¨²¨ ¶μ´¨¦ ÕÐ¥° ±μ³¶μ´¥´É¥ ‘‚’.
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�¨¸. 2. „¨ £· ³³´μ¥ ¶·¥¤¸É ¢²¥´¨¥ qμHμ
fi. ‚¥±Éμ·´ Ö ¢¥·Ï¨´  q̂ ¶¥·¥¤ ¥É Ë¥·³¨μ´´μ° ²¨´¨¨

¨³¶Ê²Ó¸ qμ ¨ ¨§³¥´Ö¥É ³ ¸¸Ê Ë¥·³¨μ´ , ¶·μ¢μ¤¨É¸Ö ¸Ê³³¨·μ¢ ´¨¥ ¶μ ¢¸¥³ ¢¸É ¢± ³
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‚¸¥£μ ¸ÊÐ¥¸É¢Ê¥É n + 1 ¢μ§³μ¦´ÒÌ ¢¸É ¢μ±. �¥§Ê²ÓÉ É ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥

qμHμ
fi(p

′ + q, p; q, q1, . . . , qn) =

=
∑

σ(12...n)

[
1

p̂′ + q̂ − m
[0]
f

On 1

p̂n−1 + q̂ − m
[0]
f

On−1 · · ·O2 1

p̂1 + q̂ − m
[0]
f

O1 ×

×
(

1

p̂ + q̂ − m
[0]
f

q̂
1

p̂ − m
[0]
i

)
+

1

p̂′ + q̂ − m
[0]
f

On 1

p̂n−1 + q̂ − m
[0]
f

On−1 · · ·O2 ×

×
(

1

p̂1 + q̂ − m
[0]
f

q̂
1

p̂1 − m
[0]
i

)
O1 1

p̂ − m
[0]
i

+ . . . +
1

p̂′ + q̂ − m
[0]
f

On ×

×
(

1

p̂n−1 + q̂ − m
[0]
f

q̂
1

p̂n−1 − m
[0]
i

)
On−1 · · ·O2 1

p̂1 − m
[0]
i

O1 1

p̂ − m
[0]
i

+

+

(
1

p̂′ + q̂ − m
[0]
f

q̂
1

p̂′ − m
[0]
i

)
On 1

p̂n−1 − m
[0]
i

On−1 · · ·O2 1

p̂1 − m
[0]
i

O1 1

p̂ − m
[0]
i

]
.

ƒ· Ë¨Î¥¸±μ¥ ¶·¥¤¸É ¢²¥´¨¥ ¸Ê³³Ò ¤ ´μ ´  ·¨¸. 2. ‘¶· ¢  μÉ ¢¸É ¢±¨ ¸¶²μÏ´ Ö ²¨´¨Ö

¸μμÉ¢¥É¸É¢Ê¥É Ë¥·³¨μ´Ê ³ ¸¸μ° m
[0]
i , ¸²¥¢  μÉ ¢¸É ¢±¨ Å Ë¥·³¨μ´Ê ³ ¸¸μ° m

[0]
f . ‡´ ±

¸Ê³³Ò μ¡μ§´ Î ¥É ¸Ê³³¨·μ¢ ´¨¥ ¶μ n! ¶¥·¥¸É ´μ¢± ³ ¨¸Ìμ¤´ÒÌ ¢¥·Ï¨´. ‘ ÊÎ¥Éμ³ ´μ¢μ°
¤μ¡ ¢²¥´´μ° ¢¥·Ï¨´Ò ¨³¥¥É¸Ö ¢¸¥£μ (n + 1)! ¸² £ ¥³ÒÌ.

„²Ö ¶·¥μ¡· §μ¢ ´¨Ö ³´μ¦¨É¥²¥°, ¢Ò¤¥²¥´´ÒÌ ¢ ¸±μ¡± Ì, ¢μ¸¶μ²Ó§Ê¥³¸Ö Éμ¦¤¥¸É¢μ³

1

p̂ + q̂ − m
[0]
f

q̂
1

p̂ − m
[0]
i

= − 1

p̂ + q̂ − m
[0]
f

+
1

p̂ − m
[0]
i

+
1

p̂ + q̂ − m
[0]
f

δm
[0]
fi

1

p̂ − m
[0]
i

, (�.2)

£¤¥ δm
[0]
fi = m

[0]
f −m

[0]
i . „²Ö ¥£μ ¤μ± § É¥²Ó¸É¢  ¤μ¸É ÉμÎ´μ Ê³´μ¦¨ÉÓ · ¢¥´¸É¢μ ¸²¥¢  ´ 

p̂+q̂−m
[0]
f , ¸¶· ¢  ´  p̂−m

[0]
i ¨ ¶¥·¥£·Ê¶¶¨·μ¢ ÉÓ ¸² £ ¥³Ò¥. ‘ ÊÎ¥Éμ³ ¸μμÉ´μÏ¥´¨Ö (�.2)

¨¸Ìμ¤´μ¥ ¢Ò· ¦¥´¨¥ ¶·¥μ¡· §Ê¥É¸Ö ± ¢¨¤Ê

qμHμ
fi(p

′ + q, p; q, q1, . . . , qn) =

=
∑

σ(12...n)

[
1

p̂′ + q̂ − m
[0]
f

On 1

p̂n−1 + q̂ − m
[0]
f

On−1 · · ·O2 1

p̂1 + q̂ − m
[0]
f

O1 ×

×
(
− 1

p̂ + q̂ − m
[0]
f

+
1

p̂ − m
[0]
i

)
+

1

p̂′ + q̂ − m
[0]
f

On 1

p̂n−1 + q̂ − m
[0]
f

On−1 · · ·O2 ×

×
(
− 1

p̂1 + q̂ − m
[0]
f

+
1

p̂1 − m
[0]
i

)
O1 1

p̂ − m
[0]
i

+ . . . +
1

p̂′ + q̂ − m
[0]
f

On ×

×
(
− 1

p̂n−1 + q̂ − m
[0]
f

+
1

p̂n−1 − m
[0]
i

)
On−1 · · ·O2 1

p̂1 − m
[0]
i

O1 1

p̂ − m
[0]
i

+
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+

(
− 1

p̂′ + q̂ − m
[0]
f

+
1

p̂′ − m
[0]
i

)
On 1

p̂n−1 − m
[0]
i

On−1 · · ·O2 1

p̂1 − m
[0]
i

O1 1

p̂ − m
[0]
i

]
+

+
∑

σ(12...n)

[
1

p̂′ + q̂ − m
[0]
f

On 1

p̂n−1 + q̂ − m
[0]
f

On−1 · · ·O2 1

p̂1 + q̂ − m
[0]
f

O1 ×

×
(

1

p̂ + q̂ − m
[0]
f

δm
[0]
fi

1

p̂ − m
[0]
i

)
+

1

p̂′ + q̂ − m
[0]
f

On 1

p̂n−1 + q̂ − m
[0]
f

On−1 · · ·O2 ×

×
(

1

p̂1 + q̂ − m
[0]
f

δm
[0]
fi

1

p̂1 − m
[0]
i

)
O1 1

p̂ − m
[0]
i

+ . . . +
1

p̂′ + q̂ − m
[0]
f

On ×

×
(

1

p̂n−1 + q̂ − m
[0]
f

δm
[0]
fi

1

p̂n−1 − m
[0]
i

)
On−1 · · ·O2 1

p̂1 − m
[0]
i

O1 1

p̂ − m
[0]
i

+

+

(
1

p̂′ + q̂ − m
[0]
f

δm
[0]
fi

1

p̂′ − m
[0]
i

)
On 1

p̂n−1 − m
[0]
i

On−1 · · ·O2 1

p̂1 − m
[0]
i

O1 1

p̂ − m
[0]
i

]
.

�μ¤ ¶¥·¢Ò³ §´ ±μ³ ¸Ê³³Ò ¢Éμ·μ¥ ¸² £ ¥³μ¥ ¢ ±·Ê£²μ° ¸±μ¡±¥ ¢ ¸É·μ±¥ ¸ ´μ³¥·μ³
1, 2, . . . , n ¸μ±· Ð ¥É¸Ö ¸μμÉ¢¥É¸É¢¥´´μ ¸ ¶¥·¢Ò³ ¸² £ ¥³Ò³ ¢ ±·Ê£²μ° ¸±μ¡±¥ ¢ ¸É·μ±¥
2, 3, . . . , n +1. �¥·¢μ¥ ¸² £ ¥³μ¥ ¶¥·¢μ° ¸É·μ±¨ ¨ ¢Éμ·μ¥ ¸² £ ¥³μ¥ ¶μ¸²¥¤´¥° ¸É·μ±¨ ´¥
¸μ±· Ð ÕÉ¸Ö. �μ¤ ¢Éμ·Ò³ §´ ±μ³ ¸Ê³³Ò ¢ ± ¦¤ÊÕ Ë¥·³¨μ´´ÊÕ ²¨´¨Õ ¤μ¡ ¢²¥´  ¸± -

²Ö·´ Ö ¢¥·Ï¨´  δm
[0]
fi , ¶¥·¥¤ ÕÐ Ö Ë¥·³¨μ´Ê ¨³¶Ê²Ó¸ q. �¥§Ê²ÓÉ É ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ

¢ ¢¨¤¥

qμHμ
fi(p

′ + q, p; q, q1, . . . , qn) = Hi(p′, p; q1, . . . , qn)−
− Hf (p′ + q, p + q; q1, . . . , qn) + Gfi(p′ + q, p; q, q1, . . . , qn). (�.3)

‚ ¶· ¢μ° Î ¸É¨ Ê· ¢´¥´¨Ö Ë¥·³¨μ´´ Ö ²¨´¨Ö ¢ ¶¥·¢μ° ¸É·μ±¥ ´¥¸¥É ³ ¸¸Ê ´ Î ²Ó´μ£μ ¸μ-
¸ÉμÖ´¨Ö, ¢μ ¢Éμ·μ° ¸É·μ±¥ Å ³ ¸¸Ê ±μ´¥Î´μ£μ ¸μ¸ÉμÖ´¨Ö. ‘¢¥·É±  ¢¥·Ï¨´ ¸ ³¥§μ´´Ò³¨
¶·μ¶ £ Éμ· ³¨, ¸Ê³³¨·μ¢ ´¨¥ ¶μ Î¨¸²Ê ¢¥·Ï¨´, ¶μ É¨¶Ê ³¥§μ´μ¢, ¶μ ¶¥·¥¸É ´μ¢± ³ ³¥-
§μ´´ÒÌ ²¨´¨° ¨ ¨´É¥£·¨·μ¢ ´¨¥ ¶μ ¢´ÊÉ·¥´´¨³ ¨³¶Ê²Ó¸ ³ ¶¥É¥²Ó ¤ ÕÉ ¸μμÉ¢¥É¸É¢¥´´μ
¶μ²´Ò° Ë¥·³¨μ´´Ò° ¶·μ¶ £ Éμ· ¨ ¶μ²´Ò¥ ¢¥±Éμ·´Ò¥ ¨ ¸± ²Ö·´Ò¥ ¢¥·Ï¨´´Ò¥ ËÊ´±-
Í¨¨ ¤²Ö ¶μ¢ÒÏ ÕÐ¥° ¨²¨ ¶μ´¨¦ ÕÐ¥° ±μ³¶μ´¥´É Éμ±μ¢. ‚Ò¤¥²¨³ ¢μ ¢´¥Ï´¨Ì ²¨´¨ÖÌ
¢¥·Ï¨´ ¶μ²´Ò¥ ¶¥·¥´μ·³¨·μ¢ ´´Ò¥ Ë¥·³¨μ´´Ò¥ ¶·μ¶ £ Éμ·Ò:

Hμ
fi(p

′, p) = (Z2Sf (p′))(Z−1
1 Γμ

fi(p
′, p))(Z2Si(p)), (�.4)

Gfi(p′, p) = (Z2Sf (p′))(δmfiZ
−1
7 Θfi(p′, p))(Z2Si(p)), (�.5)

£¤¥ Z2 Å ±μ´¸É ´É  ¶¥·¥´μ·³¨·μ¢±¨ ¶·μ¶ £ Éμ·μ¢; Z1 ¨ Z7 Å ±μ´¸É ´ÉÒ ¶¥·¥´μ·³¨-
·μ¢±¨ ¢¥·Ï¨´, ±μÉμ·Ò¥ ´ Ìμ¤ÖÉ¸Ö ¨§ Ê¸²μ¢¨°

2F++
1v (m2

f , m2
i , 0) = 1, (�.6)

2F++
7v (m2

f , m2
i , 0) = 1. (�.7)
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ˆ§ ¸μμÉ´μÏ¥´¨Ö (�.3) ¶μ²ÊÎ ¥³

qμZ−1
1 Γμ

fi(p
′, p) = Z−1

2

(
S−1

f (p′) − S−1
i (p)

)
+ δmfiZ

−1
7 Θfi(p′, p). (�.8)

�μ¤¥°¸É¢Ê¥³ ¸²¥¢  ¨ ¸¶· ¢  ´  ÔÉμ ¸μμÉ´μÏ¥´¨¥ ¶·μ¥±Í¨μ´´Ò³¨ μ¶¥· Éμ· ³¨ Λ+(p′)
¨ Λ+(p):

q2(M ′2 − M2)Z−1
1 2F̃++

3v (M ′2, M2, q2) = −(M ′ − M)Z−1
1 2F̃++

1v (M ′2, M2, q2)+

+ (M ′ − M − δmfi)Z−1
2 − Z−1

2 ((M ′ − mf )Σ1(M ′2, mf ) + Σ2(M ′2, mf ))+

+ Z−1
2 ((M − mi)Σ1(M2, mi) + Σ2(M2, mi)) + δmfiZ

−1
7 2F++

7v (M ′2, M2, q2). (�.9)

”μ·³Ë ±Éμ·Ò ®¸ É¨²Ó¤μ°¯ F̃++
αv ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§ Ëμ·³Ë ±Éμ·Ò, μ¶·¥¤¥²¥´´Ò¥ ¢ Ê· ¢-

´¥´¨ÖÌ (24) ¨ (25):

F̃++
1v = F++

1v ,

F̃++
2v = F++

2v ,

F̃++
3v = F++

3v +
1

mf + mi
F++

6v .

F++
4v ¨ F++

5v μ¶ÊÐ¥´Ò, ¶μÉμ³Ê ÎÉμ ¨³¥ÕÉ ¡μ²¥¥ ¢Ò¸μ±¨° ¶μ·Ö¤μ± ³ ²μ¸É¨ ¶μ δmfi.
F++

2v ¨§ Ê· ¢´¥´¨Ö (�.9) ¢Ò¶ ¤ ¥É.
“· ¢´¥´¨¥ (�.9) μ¡μ¡Ð ¥É Ê· ¢´¥´¨¥ (13). � §²μ¦¨³ ¥£μ ¢ ·Ö¤ ¢ μ±·¥¸É´μ¸É¨

M ′ = M = m. ‡´ Î¥´¨¥ ¨ ¶¥·¢ Ö ¶·μ¨§¢μ¤´ Ö Ê· ¢´¥´¨Ö ¶μ · §´μ¸É¨ M ′ − M ¶·¨
M ′ = M = m ¢ ¶¥·¢μ³ ¶μ·Ö¤±¥ ¶μ δmfi c ÊÎ¥Éμ³ ´μ·³¨·μ¢±¨ (�.6) ¨ (�.7) ¤ ÕÉ

Z1 = Z2 = Z7. (�.10)

‘ ¶μ³μÐÓÕ ÔÉ¨Ì ¸μμÉ´μÏ¥´¨° ¨§ Ê· ¢´¥´¨Ö (�.9) ´ Ìμ¤¨³

2F̃++
3v (m2

f , m2
i , q

2) = −
2F̃++

1v (m2
f , m2

i , q
2) − 1

2mq2
+

2F++
7v (m2

f , m2
i , q

2) − 1
2mq2

. (�.11)

“· ¢´¥´¨¥ (�.8) Ô±¢¨¢ ²¥´É´μ Ê· ¢´¥´¨Õ (22).
�·¨¢¥¤¥³ ¤·Ê£μ° ¢Ò¢μ¤ ¸μμÉ´μÏ¥´¨Ö Z2 = Z7. ‚ ¶·¥¤¥²¥ ´Ê²¥¢μ£μ ¶¥·¥¤ ´´μ£μ

¨³¶Ê²Ó¸  É·¥ÉÓ¥ ¸² £ ¥³μ¥ ¢ Ê· ¢´¥´¨¨ (�.2) ¢ ¶¥·¢μ³ ¶μ·Ö¤±¥ ¶μ · §´μ¸É¨ ³ ¸¸ ¶·¨-
´¨³ ¥É ¢¨¤

1

p̂ − m
[0]
i

δm
[0]
fi

1

p̂ − m
[0]
i

= δm
[0]
fi

∂

∂m
[0]
i

1

p̂ − m
[0]
i

. (�.12)

‚ ²¥¢μ° Î ¸É¨ Å ¢¥·Ï¨´´ Ö ËÊ´±Í¨Ö Gfi(p′ + q, p; q) ´Ê²¥¢μ£μ ¶μ·Ö¤±  ¶μ ¢§ ¨³μ¤¥°-

¸É¢¨Õ ¤²Ö m
[0]
f = m

[0]
i , ¢ ¶· ¢μ° Î ¸É¨ Å ¶·μ¨§¢μ¤´ Ö ¶·μ¶ £ Éμ·  Hi(p, p) ´Ê²¥¢μ£μ

¶μ·Ö¤±  ¶μ ¢§ ¨³μ¤¥°¸É¢¨Õ, Ê³´μ¦¥´´ Ö ´  δm
[0]
fi . �μ¸²¥ ¢±²ÕÎ¥´¨Ö ¢§ ¨³μ¤¥°¸É¢¨Ö ¢

¶·¥¤¥²¥ ´Ê²¥¢μ£μ ¶¥·¥¤ ´´μ£μ ¨³¶Ê²Ó¸  ¤²Ö ÉμÎ´μ° ¨§μÉμ¶¨Î¥¸±μ° ¸¨³³¥É·¨¨ ¶μ²´ Ö
¸± ²Ö·´ Ö ¢¥·Ï¨´´ Ö ËÊ´±Í¨Ö ³μ¦¥É ¡ÒÉÓ ¶μ²ÊÎ¥´   ´ ²μ£¨Î´Ò³ μ¡· §μ³ ¤¨ËË¥·¥´Í¨-
·μ¢ ´¨¥³ ¶μ²´μ£μ ¶·μ¶ £ Éμ·  ¶μ § É· ¢μÎ´μ° ³ ¸¸¥ Ë¥·³¨μ´ , ¶μ¸±μ²Ó±Ê ¤¨ËË¥·¥´Í¨-
·μ¢ ´¨¥ ¶·μ¶ £ Éμ·  Ô±¢¨¢ ²¥´É´μ ¢¸É ¢±¥ ¢ ¶·μ¶ £ Éμ· ¸± ²Ö·´μ° ¢¥·Ï¨´Ò ¸ ´Ê²¥¢Ò³
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¶¥·¥¤ ´´Ò³ ¨³¶Ê²Ó¸μ³. ’ ±¨³ μ¡· §μ³,

(Z2Sf (p))(δmfiZ
−1
7 Θfi(p, p))(Z2Si(p)) = δm

[0]
fi

∂

∂m
[0]
i

(Z2Si(p)). (�.13)

‡ ³¥É¨³, ÎÉμ ¤¨ËË¥·¥´Í¨·μ¢ ´¨¥ ¶·μ¢μ¤¨É¸Ö ¶μ ³ ¸¸¥ Ë¥·³¨μ´  ¸μ ¸¢μ¡μ¤´Ò³¨ ±μ´-
Í ³¨. ”¥·³¨μ´´Ò¥ ¶¥É²¨ ´¥¸ÊÉ ´Ê²¥¢μ° ¨§μ¸¶¨´ ¨ ¢ ¶·μ¨§¢μ¤´ÊÕ ¢±² ¤  ´¥ ¤ ÕÉ. �Éμ°
μ¸μ¡¥´´μ¸ÉÓÕ μ¡² ¤ ¥É Éμ²Ó±μ ¨§μ¢¥±Éμ·´ Ö Î ¸ÉÓ ¶·μ¶ £ Éμ· , ±μÉμ· Ö ¶·¥¤¸É ¢²Ö¥É¸Ö
¢ ¢¨¤¥ · §´μ¸É¨ ¶·μ¶ £ Éμ·μ¢ ¸ ¨§μ¸¶¨´ ³¨ +1/2 ¨ −1/2. ˆ§ · ¢¥´¸É¢ 

∂

∂m
[0]
i

(Z2Si(p))(Z2Si(p))−1 = 0 (�.14)

¸²¥¤Ê¥É

δmfiZ
−1
7 Θfi(p, p) = −δm

[0]
fi

∂

∂m
[0]
i

(Z2Si(p))−1. (�.15)

ˆ§ ¸μμÉ´μÏ¥´¨° (12) ¨ δm
[0]
fi∂/∂m

[0]
i = δmfi∂/∂mi ¤ ²¥¥ ´ Ìμ¤¨³

Λ+(p)Z−1
7 Θfi(m2, m2, 0) = Λ+(p)Z−1

2 , (�.16)

£¤¥ p2 = m2. ‘ ÊÎ¥Éμ³ ´μ·³¨·μ¢±¨ Λ+(p)Θfi(m2, m2, 0) = Λ+(p) ¨³¥¥³ Z2 = Z7, ÎÉμ ¨
É·¥¡μ¢ ²μ¸Ó ¤μ± § ÉÓ.

�¡² ¸ÉÓ ¶·¨³¥´¨³μ¸É¨ ¤μ± § É¥²Ó¸É¢  μ£· ´¨Î¥´  ÔËË¥±É¨¢´Ò³¨ É¥μ·¨Ö³¨ ´Ê±²μ´μ¢
¸ σ- ¨ ω-³¥§μ´´Ò³ μ¡³¥´μ³. „ ´´μ¥ ¸¥³¥°¸É¢μ Ö¢²Ö¥É¸Ö ¤μ¸É ÉμÎ´μ μ¡Ð¨³, ± ´¥³Ê
μÉ´μ¸ÖÉ¸Ö É¥μ·¨¨ ¸·¥¤´¥£μ ¶μ²Ö, ±μÉμ·Ò¥ ¨¸¶μ²Ó§ÊÕÉ¸Ö ¤²Ö · ¸Î¥É  Ê· ¢´¥´¨° ¸μ¸ÉμÖ´¨Ö
Ö¤¥·´μ° ³ É¥·¨¨ ¨ ¸É·Ê±ÉÊ·Ò Ö¤¥·.

‚ ¤μ± § É¥²Ó¸É¢¥ ¸ÊÐ¥¸É¢¥´´ÊÕ ·μ²Ó ¨£· ¥É ¶·¥¤¶μ²μ¦¥´¨¥ μ Éμ³, ÎÉμ ¢±² ¤ ´Ê±²μ´-
´ÒÌ ·¥§μ´ ´¸μ¢ ¢ Ë¥·³¨μ´´ÊÕ ²¨´¨Õ ¸μ ¸¢μ¡μ¤´Ò³¨ ±μ´Í ³¨ ¶·¥´¥¡·¥¦¨³μ ³ ². Œ ¸¸ 
´Ê±²μ´´ÒÌ ·¥§μ´ ´¸μ¢ ¶·¥¢ÒÏ ¥É ³ ¸¸Ê ´Ê±²μ´μ¢ ´  ¸μÉ´¨ ŒÔ‚, ¶μÔÉμ³Ê ¥¸É¥¸É¢¥´´μ
¸Î¨É ÉÓ, ÎÉμ ¢ ·¥ ±Í¨ÖÌ ¡¥É -· ¸¶ ¤  ¨ Ô²¥±É·μ´´μ£μ § Ì¢ É , ¢ ±μÉμ·ÒÌ ¢Ò¤¥²Ö¥É¸Ö Ô´¥·-
£¨Ö ¶μ·Ö¤±  ŒÔ‚, μ´¨ ´¥ ¨£· ÕÉ § ³¥É´μ° ·μ²¨. ‚ ¸²ÊÎ ¥ § Ì¢ É  ³Õμ´μ¢ ¶·¥¤¶μ²μ¦¥´¨¥
μ ³ ²μ¸É¨ ¢±² ¤  ´Ê±²μ´´ÒÌ ·¥§μ´ ´¸μ¢ ³¥´¥¥ ¶· ¢¤μ¶μ¤μ¡´μ. �´¥·£¨Ö ¢μ§¡Ê¦¤¥´¨Ö Ö¤¥·
¨³¥¥É ¶μ·Ö¤μ± ¢¥²¨Î¨´Ò ŒÔ‚, ¶μÔÉμ³Ê ¢ ¸² ¡ÒÌ ¶·μÍ¥¸¸ Ì ¢μ§¡Ê¦¤¥´´Ò¥ ¸μ¸ÉμÖ´¨Ö Ö¤¥·
§ ¢¥¤μ³μ ¢ ¦´Ò. �μ ÔÉμ° ¶·¨Î¨´¥ § ³¥´  ´Ê±²μ´´μ° ¶ ·Ò ± ±¨³-²¨¡μ Ö¤¥·´Ò³ ¨§μ¤Ê-
¡²¥Éμ³ ¨³¥²  ¡Ò Éμ²Ó±μ Ëμ·³ ²Ó´Ò° ¸³Ò¸². ’¥³ ´¥ ³¥´¥¥ ¤²Ö μÍ¥´±¨ Ëμ·³Ë ±Éμ· 
¶·μ¤μ²Ó´μ° ±μ³¶μ´¥´ÉÒ ‘‚’ ¢ Ö¤· Ì ³Ò ¨¸¶μ²Ó§μ¢ ²¨ ¸²¥¤¸É¢¨¥ (37) μ¡μ¡Ð¥´´μ£μ Éμ-
¦¤¥¸É¢  “μ·¤ . �¶· ¢¤ ´¨¥³ ¸²Ê¦¨É Éμ μ¡¸ÉμÖÉ¥²Ó¸É¢μ, ÎÉμ ¸μμÉ´μÏ¥´¨Ö (34) ¨ (37) ´¥
§ ¢¨¸ÖÉ μÉ ¤¥É ²¥° ÔËË¥±É¨¢´μ° É¥μ·¨¨. �μ± ¦¥³ ÔÉμ.

‡ ¶¨Ï¥³ ¢¥±Éμ·´ÊÕ Î ¸ÉÓ  ³¶²¨ÉÊ¤Ò ¡¥É -· ¸¶ ¤  ´¥°É·μ´  ¢ ¢¨¤¥

〈p′, s′|J+
μ (0)|p, s〉 = 2ū(p′, s′)τ+(γμF̃++

1v +iσμνqνF̃++
2v +qμ(m2

f−m2
i )F̃++

3v )u(p, s), (�.17)

£¤¥ u(p, s) ¨ u(p′, s′) Å ¡¨¸¶¨´μ·Ò, μ¶¨¸Ò¢ ÕÐ¨¥ ´¥°É·μ´ ¨ ¶·μÉμ´; J+
μ (x) Å ¶μ¢Ò-

Ï ÕÐ Ö ±μ³¶μ´¥´É  ‘‚’. “³´μ¦ Ö μ¡¥ Î ¸É¨ (�.17) ´  qμ = (p′ − p)μ, ´ Ìμ¤¨³

〈p′, s′|(−i∂μJ+
μ (0))|p, s〉 = 2δmfi(F̃++

1v + q2(mf + mi)F̃++
3v )ū(p′, s′)τ+u(p, s). (�.18)
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ˆ§ ÔÉμ£μ ¸μμÉ´μÏ¥´¨Ö ¸²¥¤Ê¥É, ÎÉμ ±μ³¡¨´ Í¨Ö

F++
7v = F̃++

1v + q2(mf + mi)F̃++
3v

Ö¢²Ö¥É¸Ö ¸± ²Ö·´Ò³ ¶μ £·Ê¶¶¥ ‹μ·¥´Í  Ëμ·³Ë ±Éμ·μ³, ÎÉμ ¸μ£² ¸Ê¥É¸Ö ¸ Ê· ¢´¥´¨Ö³¨
(22) ¨ (26). � ¸±² ¤Ò¢ Ö Ëμ·³Ë ±Éμ·Ò ¨§μ¤Ê¡²¥É  (p, n) ¶μ q2 ¢¡²¨§¨ ´Ê²Ö,

1 +
1
6
(〈r2

s〉p − 〈r2
s〉n)/〈1s〉q2 + . . . = 1 +

1
6
(〈r2〉p − 〈r2〉n)q2 + . . . + q2(mf + mi)2F̃++

3v ,

´ Ìμ¤¨³

F̃++
3v = − (〈r2〉p − 〈r2〉n) − (〈r2

s〉p − 〈r2
s〉n)/〈1s〉

24m
, (�.19)

£¤¥ m = (mf + mi)/2 ¨, ¤ ²¥¥, ¢ ¸μ£² ¸¨¨ ¸ (34) ¨ (37),

gv+s

mμ
≡ (m2

f − m2
i )2F̃++

3v . (�.20)

„²Ö Ëμ·³Ë ±Éμ·  F++
3v ¨³¥¥É ³¥¸Éμ ¸μμÉ´μÏ¥´¨¥ (19), ¶μÔÉμ³Ê F++

6v = (〈r2
s〉p−

〈r2
s〉n)/(12〈1s〉), ÎÉμ ¸μ£² ¸Ê¥É¸Ö ¸ Ê· ¢´¥´¨¥³ (26) ¤²Ö ³ ²ÒÌ q2.
�´ ²μ£¨Î´Ò¥ ¸μμÉ´μÏ¥´¨Ö ¨³¥ÕÉ ³¥¸Éμ ¤²Ö ¸¨¸É¥³Ò (3He, 3H) ¨ ¤·Ê£¨Ì ¶ · Ö¤¥·

¸μ ¸¶¨´μ³ 1/2, ¢Ìμ¤ÖÐ¨Ì ¢ μ¤¨´ ¨§μ¤Ê¡²¥É. ‚¸Ö ¨´Ëμ·³ Í¨Ö μ ¢´ÊÉ·¥´´¥° ¸É·Ê±ÉÊ·¥
Ö¤¥· ¸μ¤¥·¦¨É¸Ö ¢ § ·Ö¤μ¢ÒÌ · ¤¨Ê¸ Ì ¨ · §´μ¸É¨ ³ ¸¸ ±μ³¶μ´¥´É ¨§μ¤Ê¡²¥É . „ ´-
´μ¥ ¸¢μ°¸É¢μ F̃++

3v ´¥ Ö¢²Ö¥É¸Ö ¨¸±²ÕÎ¨É¥²Ó´Ò³. �·¨ ´Ê²¥¢μ³ ¶¥·¥¤ ´´μ³ ¨³¶Ê²Ó¸¥
Ëμ·³Ë ±Éμ· 2F++

1v ´  ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨ · ¢¥´ ¥¤¨´¨Í¥ ¨ ´¥ § ¢¨¸¨É μÉ ¢´ÊÉ·¥´´¥°
¸É·Ê±ÉÊ·Ò Ö¤· . F++

2v μ¶·¥¤¥²Ö¥É¸Ö · §´μ¸ÉÓÕ  ´μ³ ²Ó´ÒÌ ³ £´¨É´ÒÌ ³μ³¥´Éμ¢ ±μ³¶μ-
´¥´É ¨§μ¤Ê¡²¥É  ¨ § ¢¨¸¨É, ¸²¥¤μ¢ É¥²Ó´μ, ± ± ¨ F̃++

3v , μÉ ¤¨´ ³¨±¨ ²¨ÏÓ ´¥±μÉμ·Ò³
¨´É¥£· ²Ó´Ò³ μ¡· §μ³.

‚ ¤ ´´μ³ ¶μ¤Ìμ¤¥, ±μÉμ·Ò° Ö¢²Ö¥É¸Ö ¢ ¸ÊÐ´μ¸É¨ ±¨´¥³ É¨Î¥¸±¨³, Ê¸²μ¢¨¥ ´μ·³¨-
·μ¢±¨ (�.7) ¢μ§´¨± ¥É ± ± ¸²¥¤¸É¢¨¥ ´¥¸¨´£Ê²Ö·´μ¸É¨ Ëμ·³Ë ±Éμ·  F̃++

3v ¶·¨ q2 = 0.
� ²¨Î¨¥ É ±μ° ¸¨´£Ê²Ö·´μ¸É¨ μ§´ Î ²μ ¡Ò ¶·¨¸ÊÉ¸É¢¨¥ ¢ É¥μ·¨¨ ¤ ²Ó´μ¤¥°¸É¢¨Ö, ÎÉμ ¢
¸² ¡ÒÌ ¢§ ¨³μ¤¥°¸É¢¨ÖÌ ¨¸±²ÕÎ ¥É¸Ö.
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