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1 ‘ ³ ·¸±¨° ´ Í¨μ´ ²Ó´Ò° ¨¸¸²¥¤μ¢ É¥²Ó¸±¨° Ê´¨¢¥·¸¨É¥É

¨³.  ± ¤. ‘. 
. Šμ·μ²¥¢ , ‘ ³ · , �μ¸¸¨Ö

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

‚ÒÎ¨¸²¥´Ò ¶μ¶· ¢±¨ ´  ¸É·Ê±ÉÊ·Ê Ö¤·  ¢ ¸¢¥·ÌÉμ´±μ³ · ¸Ð¥¶²¥´¨¨ Ê·μ¢´¥°
Ô´¥·£¨¨ ¢ ³Õμ´´ÒÌ ¨μ´ Ì ²¨É¨Ö, ¡¥·¨²²¨Ö ¨ ¡μ· . “ÎÉ¥´Ò ¢±² ¤Ò ¤¢ÊÌËμÉμ´´ÒÌ
μ¡³¥´´ÒÌ  ³¶²¨ÉÊ¤, ¢±²ÕÎ Ö ÔËË¥±É ¶μ²Ö·¨§ Í¨¨ ¢ ±ÊÊ³ , ¨ μ¤´μËμÉμ´´μ°  ³¶²¨-
ÉÊ¤Ò, ±μÉμ·Ò¥ ¤ ÕÉ ¶μ¶· ¢±¨ ´  ¸É·Ê±ÉÊ·Ê Ö¤·  ¨ μÉ¤ ÎÊ ¶μ·Ö¤±  α5 ¨ α6. �·μ¢¥¤¥´μ
¸· ¢´¥´¨¥ Î¨¸²¥´´ÒÌ ·¥§Ê²ÓÉ Éμ¢ ¤²Ö · §²¨Î´ÒÌ ¶ · ³¥É·¨§ Í¨° Ô²¥±É·μ³ £´¨É´ÒÌ
Ëμ·³Ë ±Éμ·μ¢.

Nuclear structure corrections to the hyperˇne splitting (HFS) of energy levels in
muonic ions Li, Be, B are calculated. The contributions of two photon exchange ampli-
tudes including vacuum polarization effect and one photon interaction amplitude which
give nuclear structure and recoil corrections of order α5 and α6 are calculated. A com-
parison of numerical results for different parametrizations of electromagnetic form factors
is presented.
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Šμ²² ¡μ· Í¨Ö CREMA (Charge Radius Experiments with Muonic Atoms)
¶μ²ÊÎ¨²  ¢ ¶μ¸²¥¤´¨¥ £μ¤Ò ´μ¢Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ, ±μÉμ·Ò¥
¶μ§¢μ²¨²¨ ¶μ-´μ¢μ³Ê ¢§£²Ö´ÊÉÓ ´  ¢ÒÎ¨¸²¥´¨¥ Ê·μ¢´¥° Ô´¥·£¨¨ ³Õμ´´ÒÌ
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 Éμ³μ¢, ¶μ¸É ¢¨²¨ ´μ¢Ò¥ É¥μ·¥É¨Î¥¸±¨¥ ¢μ¶·μ¸Ò, É·¥¡ÊÕÐ¨¥ ¤μ¶μ²´¨É¥²Ó-
´μ£μ ¨§ÊÎ¥´¨Ö [1]. �¤´  ¨§ § ¤ Î ¡Ê¤ÊÐ¨Ì Ô±¸¶¥·¨³¥´Éμ¢ CREMA ¸¢Ö§ ´  ¸
³Õμ´´Ò³¨ ¨μ´ ³¨, ¸μ¤¥·¦ Ð¨³¨ ²¥£±¨¥ Ö¤·  ²¨É¨Ö, ¡¥·¨²²¨Ö ¨ ¡μ· . „²Ö
É ±¨Ì ³Õμ´´ÒÌ ¨μ´μ¢ μ¶¨¸ ´¨¥ Ô²¥±É·μ³ £´¨É´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ³´μ£μ´Ê-
±²μ´´μ° ¸¨¸É¥³Ò ¨³¥¥É ¢ ¦´μ¥ §´ Î¥´¨¥, ¨, ¸²¥¤μ¢ É¥²Ó´μ, ·μ²Ó ÔËË¥±Éμ¢
Ö¤¥·´μ° Ë¨§¨±¨ ³μ¦¥É ¡ÒÉÓ ¨§ÊÎ¥´  ¡μ²¥¥ ÉμÎ´μ. Œμ¦´μ ´ ¤¥ÖÉÓ¸Ö, ÎÉμ
μ£·μ³´Ò° ¨´É¥·¥¸, ±μÉμ·Ò° Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ CREMA ¢Ò§¢ ²¨
§  ¶μ¸²¥¤´¨¥ £μ¤Ò, ³μ¦¥É ¢ ±μ´¥Î´μ³ ¨Éμ£¥ ¶·¨¢¥¸É¨ ± §´ Î¨É¥²Ó´μ³Ê Ê²ÊÎ-
Ï¥´¨Õ É¥μ·¨¨ · ¸Î¥É  Ô´¥·£¥É¨Î¥¸±¨Ì Ê·μ¢´¥° ³Õμ´´ÒÌ  Éμ³μ¢.

�����‚Šˆ �� ‘’�“Š’“�“ ˆ �’„�—“ Ÿ„��

�μ¶· ¢±¨ ´  ¸É·Ê±ÉÊ·Ê Ö¤·  ¨³¥ÕÉ ¢ ¦´μ¥ §´ Î¥´¨¥ ¤²Ö ¶·¥Í¨§¨μ´´μ£μ
¨§ÊÎ¥´¨Ö ¸¢¥·ÌÉμ´±μ° ¸É·Ê±ÉÊ·Ò (‘’‘) ³Õμ´´μ£μ Li, Be ¨ B. �¸´μ¢´μ° ¢±² ¤
¶μ·Ö¤±  α5 ¢ ‘’‘ ¤ ÕÉ ¤¢ÊÌËμÉμ´´Ò¥ μ¡³¥´´Ò¥  ³¶²¨ÉÊ¤Ò. �´ ¢Ò· ¦ ¥É¸Ö
Î¥·¥§ Ô²¥±É·¨Î¥¸±¨° GE(k2) ¨ ³ £´¨É´Ò° GM (k2) Ëμ·³Ë ±Éμ·Ò:

ΔEhfs
str = EF

2μZα

π

∫
dk
k4

[
GE(k2)GM (k2)

GM (0)
− 1

]
. (1)

„²Ö · ¸Î¥É  ¶μ¶· ¢±¨ ‡¥³ Ì  (1) ¨¸¶μ²Ó§μ¢ ²¨¸Ó · §²¨Î´Ò¥ ¶ · ³¥É·¨§ Í¨¨
Ëμ·³Ë ±Éμ·μ¢ (£ Ê¸¸μ¢  GG

E(k2), ¤¨¶μ²Ó´ Ö GD
E (k2) ¨ μ¤´μ·μ¤´μ § ·Ö¦¥´´Ò°

Ï · GU
E(k2)):
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,

GU
E(k2) =

3
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(2)

R =
√

5rN/
√

3 Å § ·Ö¤ Ö¤· , Λ2 = 12/r2
N . �´ ²¨É¨Î¥¸±μ¥ ¨´É¥£·¨·μ¢ ´¨¥

¢ (1) ¤ ¥É

ΔEhfs
str,G = −EF

72√
3π

μZαrN , ΔEhfs
str,U = −EF

72
√

5
35

√
3
μZαrN . (3)

‚ ¸²ÊÎ ¥ Ö¤¥· ¸¶¨´  3/2 ¤¢ÊÌËμÉμ´´Ò¥ μ¡³¥´´Ò¥  ³¶²¨ÉÊ¤Ò ¨³¥ÕÉ
¢¨¤ [2,3]
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v̄α(p2)Oασρ(p2, p2 + k)(−p̂2 − k̂ + m2)×

×
[
gστ − 1

3
γσγτ − 2

3m2
2
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3m2
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]
Oτβλ(p2, p2 + k)vβ(q2),

£¤¥ Oμ
αβ Å ¢¥·Ï¨´´Ò° μ¶¥· Éμ· Ö¤·  ¸¶¨´  3/2:
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. (5)

‚ ·¥§Ê²ÓÉ É¥ ¢¥²¨Î¨´  ‘’‘ μ¶·¥¤¥²Ö¥É¸Ö ¸²¥¤ÊÕÐ¥° Ëμ·³Ê²μ°:
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. (6)

ŒÒ ¨³¥¥³ ¢ (6) ¶μ¶· ¢±Ê ‡¥³ Ì  ¨ ¶μ¶· ¢±Ê ´  μÉ¤ ÎÊ. ”μ·³Ë ±Éμ·Ò Fi(k2)
¢Ò· ¦¥´Ò Î¥·¥§ § ·Ö¤μ¢Ò° GE0, Ô²¥±É·¨Î¥¸±¨° ±¢ ¤·Ê¶μ²Ó´Ò° GE2, ³ £´¨É-
´Ò° ¤¨¶μ²Ó´Ò° GM1 ¨ ³ £´¨É´Ò° μ±ÉÊ¶μ²Ó´Ò° GM3 Ëμ·³Ë ±Éμ·Ò, ¤²Ö ±μ-
Éμ·ÒÌ ¤ ²¥¥ ¨¸¶μ²Ó§Ê¥É¸Ö £ Ê¸¸μ¢  ¶ · ³¥É·¨§ Í¨Ö. ‡´ Î¥´¨Ö Ëμ·³Ë ±Éμ·μ¢



762 „���•�‚ �. …. ˆ „�.

¢ ´Ê²¥ · ¢´Ò

GE0(0) = 1, GM1(0) =
m2μN

mpZ
,

GE2(0) = m2
2Q, GM3(0) =

m2

mpZ
m2

2Ω.
(7)

� · ³¥É·Ò Ö¤¥· (7) ¨¸¸²¥¤μ¢ ²¨¸Ó ¢ Ô±¸¶¥·¨³¥´É Ì ¶μ · ¸¸¥Ö´¨Õ Ô²¥±É·μ-
´μ¢ [4]. …Ð¥ μ¤´  ¶μ¶· ¢±  ¶μ²ÊÎ¥´  ¶·¨ · §²μ¦¥´¨¨ ³ £´¨É´μ£μ Ëμ·³-
Ë ±Éμ·  ¢ ¶¥·¢μ³ ¶μ·Ö¤±¥ ’‚ ¨ Ô²¥±É·¨Î¥¸±μ£μ Ëμ·³Ë ±Éμ·  ¢μ ¢Éμ·μ³
¶μ·Ö¤±¥ ’‚ [5].

‡�Š‹�—…�ˆ…

‚ ¤ ´´μ° · ¡μÉ¥ ³Ò ¢ÒÎ¨¸²Ö¥³ ¶μ¶· ¢±¨ ´  ¸É·Ê±ÉÊ·Ê Ö¤·  ¢ ‘’‘ ¸¶¥±-
É·  ³Õμ´´ÒÌ ¨μ´μ¢ Li, Be ¨ B. �μ²ÊÎ¥´Ò ¸²¥¤ÊÕÐ¨¥ ¶μ²´Ò¥ §´ Î¥´¨Ö ¶μ-
¶· ¢μ±: Ä111,43 ³Ô‚ (1S) (63Li); Ä14,59 ³Ô‚ (2S) (63Li); Ä405,04 ³Ô‚ (1S)
(73Li); Ä52,75 ³Ô‚ (2S) (73Li); 345,75 ³Ô‚ (1S) (94Be); 46,42 ³Ô‚ (2S) (94Be);
Ä1402,52 ³Ô‚ (1S) (105 B); Ä186,77 ³Ô‚ (2S) (105 B); Ä2345,05 ³Ô‚ (1S) (115 B);
Ä312,46 ³Ô‚ (2S) (115 B). �É¨ ·¥§Ê²ÓÉ ÉÒ ¢±²ÕÎ ÕÉ ¶μ¶· ¢±¨ ´  ¸É·Ê±ÉÊ·Ê
Ö¤·  ¸ ÔËË¥±É ³¨ �‚ ¨ · ¤¨ Í¨μ´´Ò³¨ ÔËË¥±É ³¨ [5].

� ¡μÉ  ¢Ò¶μ²´¥´  ¶·¨ ¶μ¤¤¥·¦±¥ ��” (£· ´É º18-12-00128).
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