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‚. ˆ.Šμ·μ¡μ¢ ∗

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

�¡¸Ê¦¤ ¥É¸Ö ¶·μ¡²¥³  § ·Ö¤μ¢μ£μ · ¤¨Ê¸  ¶·μÉμ´ , ¥£μ ±μ··¥²ÖÍ¨Ö ¸ ±μ´¸É ´Éμ°
�¨¤¡¥·£ , ¸²μ¦´μ¸É¨ μ¶·¥¤¥²¥´¨Ö ±μ´¸É ´ÉÒ �¨¤¡¥·£  ¨§ ¸¶¥±É·μ¸±μ¶¨¨  Éμ³  ¢μ-
¤μ·μ¤ , ¶¥·¥μ¶·¥¤¥²¥´¨¥ ËÊ´¤ ³¥´É ²Ó´ÒÌ ±μ´¸É ´É ¢ ´μ¢μ° ·¥¤ ±Í¨¨ CODATA18.
„ ²¥¥ · ¸¸³ É·¨¢ ÕÉ¸Ö É¥μ·¥É¨Î¥¸±¨¥ ¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥  ¸¶¥±ÉÒ ¶·¥Í¨§¨μ´´μ°
¸¶¥±É·μ¸±μ¶¨¨ ³μ²¥±Ê²Ö·´μ£μ ¨μ´  ¢μ¤μ·μ¤  HD+. �μ± § ´μ, ÎÉμ ´μ¢Ò¥ Ô±¸¶¥·¨-
³¥´ÉÒ ¶μ§¢μ²ÖÕÉ Ê¡· ÉÓ ¤μ¶²¥·μ¢¸±μ¥ ÊÏ¨·¥´¨¥ ¸¶¥±É· ²Ó´ÒÌ ²¨´¨° ¨ ¤μ¸É¨ÎÓ μÉ-
´μ¸¨É¥²Ó´μ° ¶μ£·¥Ï´μ¸É¨ ∼10−11 ¶·¨ ¨§³¥·¥´¨¨ Î ¸ÉμÉÒ ¶¥·¥Ìμ¤ . ‘· ¢´¥´¨¥ ÔÉ¨Ì
¤ ´´ÒÌ Ô±¸¶¥·¨³¥´Éμ¢ ¸ É¥μ·¥É¨Î¥¸±¨³¨ · ¸Î¥É ³¨ ¶·¨¢μ¤¨É ± μ¤´μ§´ Î´μ³Ê ¢Ò-
¢μ¤Ê μ Éμ³, ÎÉμ § ·Ö¤μ¢Ò° · ¤¨Ê¸ ¶·μÉμ´  ¤μ²¦¥´ μ¶·¥¤¥²ÖÉÓ¸Ö ¨§ Ô±¸¶¥·¨³¥´É  ¶μ
³Õμ´´μ³Ê ¢μ¤μ·μ¤Ê,   ±μ´¸É ´É  �¨¤¡¥·£  Å ¨§ 1SÄ2S-¶¥·¥Ìμ¤  ¢  Éμ³¥ μ¡ÒÎ´μ£μ
¢μ¤μ·μ¤ . ’μ²Ó±μ ¢ ÔÉμ³ ¸²ÊÎ ¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨ É¥μ·¥É¨Î¥¸±¨¥ ¤ ´´Ò¥ ¢ HD+

· §Ê³´μ ¸μ£² ¸ÊÕÉ¸Ö.

The problem of the proton charge radius, its correlation with the Rydberg constant,
the difˇculties of determining the Rydberg constant from the spectroscopy of a hydrogen
atom, and the redeˇnition of fundamental constants in the new edition of CODATA18
are discussed. Further, theoretical and experimental aspects of the precision spectroscopy
of the molecular hydrogen ion HD+ are considered. It is shown that new experiments
make it possible to remove the Doppler broadening of spectral lines and achieve a relative
uncertainty of ∼ 10−11 in the transition frequency. Comparison of these experiments with
theoretical calculations leads to the unambiguous conclusion that the proton charge radius
should be determined from muon hydrogen experiment, and the Rydberg constant Å from
1SÄ2S transition in an ordinary hydrogen atom. Only in this case the experiment and
theory in HD+ reasonably agree with each other.

PACS: 14.20.Dh
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‚¸Ö ÔÉ  ¨¸Éμ·¨Ö ´ Î ² ¸Ó ¸ Ô±¸¶¥·¨³¥´É  ¶μ ¨§³¥·¥´¨Õ ²Ô³¡μ¢¸±μ£μ
¸¤¢¨£  ¢ ³Õμ´´μ³  Éμ³¥ ¢μ¤μ·μ¤  [1, 2]. …¸²¨ ¢¥·¨ÉÓ É¥μ·¨¨ [3Ä6], Éμ ¢¥²¨-
Î¨´  ²Ô³¡μ¢¸±μ£μ ¸¤¢¨£  ¢ ³Õμ´´μ³ ¢μ¤μ·μ¤¥ · ¢´ 

ΔEth
L = E2P1/2 − E2S1/2 = 206,0573(49)− 5,2262r2

p + 0,0347r3
p ŒÔ‚. (1)
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�¨¸. 1. �±¸¶¥·¨³¥´É ¶μ ²Ô³¡μ¢¸±μ³Ê ¸¤¢¨£Ê ¢ ³Õμ´´μ³  Éμ³¥ ¢μ¤μ·μ¤ 

ˆ§ ¶μ²ÊÎ¥´´μ° Ëμ·³Ê²Ò ¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ [1, 2] ¸²¥¤Ê¥É, ÎÉμ
§ ·Ö¤μ¢Ò° · ¤¨Ê¸ ¶·μÉμ´  ´Ê¦´μ ¶·¨´ÖÉÓ · ¢´Ò³ rp = 0,84184(67) Ë³,
ÎÉμ μÉ²¨Î ¥É¸Ö ´  5σ μÉ §´ Î¥´¨Ö rp = 0,8768(69) Ë³, ·¥±μ³¥´¤μ¢ ´´μ£μ
CODATA06 [7] ¢ 2006 £.

‘Ì¥³  ¶¥·¢μ£μ Ô±¸¶¥·¨³¥´É  [1] ¨ ¸¶¥±É· ²Ó´ Ö ²¨´¨Ö ¶¥·¥Ìμ¤  2SF=1
1/2 →

2PF=2
3/2 ¶μ± § ´Ò ´  ·¨¸. 1. �¥ ²¨§ Í¨Ö Ô±¸¶¥·¨³¥´É  ¤μ¸É ÉμÎ´μ ¸²μ¦´ . ‚μ-

¶¥·¢ÒÌ, ³Õμ´´Ò¥  Éμ³Ò Ö¢²ÖÕÉ¸Ö ±μ·μÉ±μ¦¨¢ÊÐ¨³¨ (¢·¥³Ö ¦¨§´¨ ³Õμ´ 
∼ 2,2 ³±¸), ³Õμ´Ò μ¸É ´ ¢²¨¢ ÕÉ¸Ö ¢ ³¨Ï¥´¨ ¸ · §·¥¦¥´´Ò³ £ §μ³ H+

2 ,
μ¡· §ÊÖ pμ- Éμ³Ò ¢ ¢μ§¡Ê¦¤¥´´μ³ ¸μ¸ÉμÖ´¨¨ (n ≈ 14), ¨ ¡Ò¸É·μ ¤¥¢μ§¡Ê-
¦¤ ÕÉ¸Ö, ¶¥·¥Ìμ¤Ö ¢ μ¸´μ¢´μ¥ 1S-¸μ¸ÉμÖ´¨¥ ³Õμ´´μ£μ  Éμ³ . ‚³¥¸É¥ ¸ É¥³
¢ Ô±¸¶¥·¨³¥´É¥ ¤μ²¦¥´ ¨´¤ÊÍ¨·μ¢ ÉÓ¸Ö ² §¥·´Ò° ¶¥·¥Ìμ¤ ¨§ 2S-¸μ¸ÉμÖ´¨Ö
 Éμ³ , ÎÉμ É·¥¡Ê¥É μÎ¥´Ó ÉμÎ´μ° ´ ¸É·μ°±¨ ¶ · ³¥É·μ¢ ³¨Ï¥´¨ (¤ ¢²¥´¨Ö,
É¥³¶¥· ÉÊ·Ò, · §³¥·μ¢ ± ³¥·Ò), ÎÉμ¡Ò μ¡¥¸¶¥Î¨ÉÓ ¸ÊÐ¥¸É¢μ¢ ´¨¥ ®¤μ²£μ¦¨-
¢ÊÐ¨Ì¯ 2S-¸μ¸ÉμÖ´¨° ¢ ´¥μ¡Ìμ¤¨³μ³ ±μ²¨Î¥¸É¢¥ (∼ 1 %) ¨ ¸ ¤μ¸É ÉμÎ´Ò³
¢·¥³¥´¥³ ¦¨§´¨ (∼ 1 ³±¸). ˆ§´ Î ²Ó´μ ¸¨£´ ² ¤μ²£μ¥ ¢·¥³Ö ´¥ ¡Ò² ¢¨¤¥´,
É ± ± ± ¥£μ ¶μ¨¸±¨ ¢¥²¨¸Ó ¢ μ¡² ¸É¨ Î ¸ÉμÉ, μ¶·¥¤¥²Ö¥³ÒÌ ¨§ ¸¶¥±É·μ¸±μ¶¨¨
μ¡ÒÎ´μ£μ  Éμ³  ¢μ¤μ·μ¤  ¨ ¤ ´´ÒÌ · ¸¸¥Ö´¨Ö Ô²¥±É·μ´  ´  ¶·μÉμ´¥. ‚ Éμ
¦¥ ¢·¥³Ö ¶μ²ÊÎ¥´¨¥ ¶·μË¨²Ö ¸¶¥±É· ²Ó´μ° ²¨´¨¨, ±μÉμ·Ò° ¶μ§¢μ²¨² ¸ ¢Ò¸μ-
±μ° ÉμÎ´μ¸ÉÓÕ Ë¨É¨·μ¢ ÉÓ Ê§±¨° ¶¨± ¸¶¥±É·  ¸¨£´ ²  ¨ μ¶·¥¤¥²¨ÉÓ Î ¸ÉμÉÊ
¶¥·¥Ìμ¤ , ´¥ μ¸É ¢²Ö¥É ¸μ³´¥´¨° ¢ §´ Î¨³μ¸É¨ ¶μ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ Éμ¢.

1. ‡��Ÿ„�‚›‰ ��„ˆ“‘ ���’��� ˆ Š��‘’��’� �ˆ„�…�ƒ�

�·¥¦¤¥ Î¥³ ¶¥·¥°É¨ ± ¤ ²Ó´¥°Ï¥³Ê μ¡¸Ê¦¤¥´¨Õ, ´¥μ¡Ìμ¤¨³μ · ¸¸³μÉ-
·¥ÉÓ ¶·¨Î¨´Ò, ¶μ·μ¤¨¢Ï¨¥ ¶ · ¤μ±¸ ¸ § ·Ö¤μ¢Ò³ · ¤¨Ê¸μ³ ¶·μÉμ´ . Š ± Ê¦¥
μÉ³¥Î ²μ¸Ó ¢ÒÏ¥, § ·Ö¤μ¢Ò° · ¤¨Ê¸ ¶·μÉμ´  μ¶·¥¤¥²Ö²¸Ö · ´¥¥ ¨§ ¶·¥Í¨-
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�¨¸. 2. �¶·¥¤¥²¥´¨¥ ±μ´¸É ´ÉÒ
�¨¤¡¥·£  ¨§ ¸¶¥±É·μ¸±μ¶¨¨
 Éμ³  ¢μ¤μ·μ¤ 

§¨μ´´μ° ¸¶¥±É·μ¸±μ¶¨¨  Éμ³  μ¡ÒÎ´μ£μ ¢μ-
¤μ·μ¤ . ‘ ÔÉ¨³¨ Ô±¸¶¥·¨³¥´É ³¨ ¸¢Ö§ ´  ¥Ð¥
μ¤´  ËÊ´¤ ³¥´É ²Ó´ Ö ±μ´¸É ´É   Éμ³´μ° Ë¨-
§¨±¨ Å ±μ´¸É ´É  �¨¤¡¥·£ . ‘Ì¥³  Ô±¸¶¥·¨-
³¥´Éμ¢ ¶·¥¤¸É ¢²¥´  ´  ·¨¸. 2, μ¤´ ±μ ¶·¨
± ¦ÊÐ¥°¸Ö ¶·μ¸ÉμÉ¥ ¨§³¥·¥´¨Ö ¶¥·¥Ìμ¤μ¢ ¢
 Éμ³¥ ¢μ¤μ·μ¤  ¸²¥¤Ê¥É ÊÎ¨ÉÒ¢ ÉÓ ÉμÉ Ë ±É,
ÎÉμ · ¤¨ Í¨μ´´μ¥ ¢·¥³Ö ¦¨§´¨ ¢μ§¡Ê¦¤¥´´ÒÌ
¸μ¸ÉμÖ´¨° μÎ¥´Ó ³ ²μ (∼ 10 ´¸ ¤²Ö 2P -¸μ-
¸ÉμÖ´¨Ö) ¨ ²¨ÏÓ μ¤¨´ ¶¥·¥Ìμ¤ 1S1/2 → 2S1/2

¨³¥¥É ±μ´¥Î´μ¥ ¢μ§¡Ê¦¤¥´´μ¥ ¸μ¸ÉμÖ´¨¥ ¸μ
¢·¥³¥´¥³ ¦¨§´¨ 1/7 ¸, μ¶·¥¤¥²Ö¥³Ò³ ¤¢ÊÌ-
ËμÉμ´´Ò³ · ¸¶ ¤μ³. �μ ÔÉμ° ¶·¨Î¨´¥ Éμ²Ó±μ
ÔÉμÉ ¶¥·¥Ìμ¤ ¡Ò² ¨§³¥·¥´ ¢ Ô±¸¶¥·¨³¥´É¥ ¸
Ê²ÓÉ· ¢Ò¸μ±μ° ÉμÎ´μ¸ÉÓÕ [8]:

ν(1S1/2 − 2S1/2) =
= 2 466 061 413,187 035(10) ŒƒÍ. (2)

�μ, ± ± ¨§¢¥¸É´μ, ¨§ μ¤´μ£μ Ê· ¢´¥´¨Ö ´¥²Ó§Ö μ¶·¥¤¥²¨ÉÓ ¸· §Ê ¤¢¥ ´¥¨§-
¢¥¸É´Ò¥ ¢¥²¨Î¨´Ò. ‘¨ÉÊ Í¨Õ ¸ ¤·Ê£¨³¨ ¶¥·¥Ìμ¤ ³¨ Ìμ·μÏμ ¨²²Õ¸É·¨·ÊÕÉ
¸²¥¤ÊÕÐ¨¥ ¤¢  ´¥¤ ¢´¨Ì Ô±¸¶¥·¨³¥´É .

1. �±¸¶¥·¨³¥´É ¢ ˆ´¸É¨ÉÊÉ¥ ±¢ ´Éμ¢μ° μ¶É¨±¨ �¡Ð¥¸É¢  ¨³. Œ ±¸  �² ´-
±  (ƒ ·Ì¨´£) [9]. �¥·¥Ìμ¤ 2SÄ4P (·¨¸. 3). ˜¨·¨´  ¸¶¥±É· ²Ó´μ° ²¨´¨¨
20 ŒƒÍ, ÉμÎ´μ¸ÉÓ ¨§³¥·¥´¨Ö 3 ±ƒÍ, Î¥ÉÒ·¥ ¶μ·Ö¤±  ¶μ μÉ´μÏ¥´¨Õ ± Ï¨·¨´¥
²¨´¨¨. �¸´μ¢´Ò¥ ¢Ò¢μ¤Ò:

±μ´¸É ´É  �¨¤¡¥·£ 

R∞ = 10973731,568076(96) ³−1,

�¨¸. 3. �¥·¥Ìμ¤ 2SÄ4P . � ¡²Õ¤ ¥³ Ö Ï¨·¨´  ²¨´¨° ∼ 20 ŒƒÍ. ‡ Ö¢²¥´´ Ö ÉμÎ´μ¸ÉÓ
¨§³¥·¥´¨Ö Î ¸ÉμÉÒ ¶¥·¥Ìμ¤  3 ±ƒÍ
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�¨¸. 4. �¥·¥Ìμ¤ 1SÄ3S. � ¡²Õ¤ ¥³ Ö Ï¨·¨´  ²¨´¨° 1,35 ŒƒÍ. ‡ Ö¢²¥´´ Ö ÉμÎ´μ¸ÉÓ
¨§³¥·¥´¨Ö Î ¸ÉμÉÒ ¶¥·¥Ìμ¤  2,6 ±ƒÍ

· ¤¨Ê¸ ¶·μÉμ´ 
rp = 0,8335(95) Ë³.

2. �±¸¶¥·¨³¥´É ¢ ‹ ¡μ· Éμ·¨¨ Š ¸É²¥· Ä	·μ¸¸¥²Ö (� ·¨¦) [10]. �¥·¥-
Ìμ¤ 1SÄ3S (·¨¸. 4). ˜¨·¨´  ¸¶¥±É· ²Ó´μ° ²¨´¨¨ 1,34 ŒƒÍ, ÉμÎ´μ¸ÉÓ ¨§³¥-
·¥´¨Ö 2,6 ±ƒÍ. �¸´μ¢´Ò¥ ¢Ò¢μ¤Ò:

±μ´¸É ´É  �¨¤¡¥·£ 

R∞ = 10973731,56853(14) ³−1,

· ¤¨Ê¸ ¶·μÉμ´ 
rp = 0,877(13) Ë³.

Š ± ¢¨¤´μ, ´¥¸³μÉ·Ö ´  ¢Ò¸μ±¨° ¶·μË¥¸¸¨μ´ ²¨§³ μ¡¥¨Ì £·Ê¶¶ Å ¶·¨-
§´ ´´ÒÌ ²¨¤¥·μ¢ ¢ ¶·¥Í¨§¨μ´´μ° ¸¶¥±É·μ¸±μ¶¨¨  Éμ³  ¢μ¤μ·μ¤ , ·¥§Ê²ÓÉ ÉÒ
´ Ìμ¤ÖÉ¸Ö ¢ ¶·Ö³μ³ ¶·μÉ¨¢μ·¥Î¨¨ ¤·Ê£ ¸ ¤·Ê£μ³. ˆ ± ± ¢¨¤´μ ¨§ ¶·¨¢¥¤¥´´ÒÌ
¤ ´´ÒÌ, £² ¢´μ¥ ¶·¥¶ÖÉ¸É¢¨¥ Å μÉ¸ÊÉ¸É¢¨¥ Ê§±¨Ì ·¥§μ´ ´¸μ¢.

2. CODATA14 ˆ CODATA18

ƒ·Ê¶¶  CODATA ¡Ò²  ¸μ§¤ ´  ¤²Ö ¢Ò· ¡μÉ±¨ ·¥±μ³¥´¤ Í¨° ¶μ ¸μ£² -
¸μ¢ ´´μ³Ê ´ ¡μ·Ê §´ Î¥´¨° ËÊ´¤ ³¥´É ²Ó´ÒÌ Ë¨§¨Î¥¸±¨Ì ±μ´¸É ´É [11] ¤²Ö
¨¸¶μ²Ó§μ¢ ´¨Ö ´ ÊÎ´Ò³ ¨ É¥Ì´μ²μ£¨Î¥¸±¨³ ¸μμ¡Ð¥¸É¢ ³¨ ¢μ ¢¸¥³ ³¨·¥. � -
¡μÎ Ö £·Ê¶¶  ¶Ê¡²¨±Ê¥É ¸¢μ¨ μÉÎ¥ÉÒ · § ¢ Î¥ÉÒ·¥ £μ¤ , ¶μ¸²¥¤´¨° μ¶Ê¡²¨±μ-
¢ ´´Ò° μÉÎ¥É [12] ¸μ¤¥·¦¨É ·¥±μ³¥´¤ Í¨¨ 2014 £.

‚ ¶·¥¦´¨¥ £μ¤Ò CODATA ¶·¨¤¥·¦¨¢ ² ¸Ó ¸É·μ£μ ±μ´¸¥·¢ É¨¢´μ° ¶μ²¨-
É¨±¨ ¶·¨ ¢Ò¡μ·¥ Ô±¸¶¥·¨³¥´Éμ¢ ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ´μ¢ÒÌ ·¥±μ³¥´¤μ¢ ´´ÒÌ §´ -
Î¥´¨° ±μ´¸É ´É, ¸É · Ö¸Ó ¨§¡¥£ ÉÓ Ô±¸¶¥·¨³¥´Éμ¢, ¢Ò¶ ¤ ÕÐ¨Ì ¨§ μ¸´μ¢´μ£μ
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’ ¡²¨Í  1. �¥·¥μ¶·¥¤¥²¥´¨¥ ËÊ´¤ ³¥´É ²Ó´ÒÌ ±μ´¸É ´É  Éμ³´μ° Ë¨§¨±¨ £·Ê¶¶μ°
CODATA ¢ 2018 £. ‚¥·Ì´¥¥ §´ Î¥´¨¥ ¸μμÉ¢¥É¸É¢Ê¥É μ¶·¥¤¥²¥´¨Õ CODATA14, ´¨¦-
´¥¥ Å CODATA18

‚¥²¨Î¨´  ‡´ Î¥´¨¥ �μ£·¥Ï´μ¸ÉÓ

‡ ·Ö¤μ¢Ò° · ¤¨Ê¸ ¶·μÉμ´  rp 0,8751(61) · 10−15 ³ 7,0 · 10−3

0,8414(19) · 10−15 ³ 2,2 · 10−3

Šμ´¸É ´É  �¨¤¡¥·£  R∞ = α2mec/2h 10 973 731,568 508(65) ³−1 5,9 · 10−12

10 973 731,568 160(21) ³−1 1,9 · 10−12

�É´μÏ¥´¨¥ ³ ¸¸ ¶·μÉμ´  1836,152 673 89(17) 9,5 · 10−11

¨ Ô²¥±É·μ´  μ = mp/me 1836,152 673 43(11) 6,0 · 10−11

É·¥´¤ , ±μÉμ·Ò¥ ¶·¥¢ÒÏ ÕÉ §´ Î¥´¨¥ Ê¸É ´μ¢²¥´´μ£μ ¶· ¢¨² ³¨ CODATA
¶μ·μ£ . �·¨ ÔÉμ³ ¢ ¶μ¸²¥¤´¥³ μ¡´μ¢²¥´¨¨ CODATA18 ¶·μ¨§μÏ²¨ ¸ÊÐ¥-
¸É¢¥´´Ò¥ ¨§³¥´¥´¨Ö, ¸¢Ö§ ´´Ò¥ ¸ § ³¥´μ° ±·¨É¥·¨Ö ¢Ò¡μ·  ®§´ Î¨³μ¸É¨¯
·¥§Ê²ÓÉ Éμ¢ Ô±¸¶¥·¨³¥´Éμ¢,   ¨³¥´´μ: Î¥³ ÉμÎ´¥¥, É¥³ ²ÊÎÏ¥. �Éμ ¨³¥²μ
¢¥¸Ó³  ¸¥·Ó¥§´Ò¥ ¶μ¸²¥¤¸É¢¨Ö ¤²Ö ¶·¥Í¨§¨μ´´μ° Ë¨§¨±¨. …¸²¨ ¢ CODATA14
§ ·Ö¤μ¢Ò° · ¤¨Ê¸ ¶·μÉμ´  μ¶·¥¤¥²Ö²¸Ö ¨§ Ô±¸¶¥·¨³¥´Éμ¢ ¶μ ¸¶¥±É·μ¸±μ¶¨¨
μ¡ÒÎ´μ£μ  Éμ³  ¢μ¤μ·μ¤  ¨ Ô±¸¶¥·¨³¥´Éμ¢ ¶μ · ¸¸¥Ö´¨Õ Ô²¥±É·μ´  ´  ¶·μ-
Éμ´¥,   Ô±¸¶¥·¨³¥´É ¸ ³Õμ´´Ò³ ¢μ¤μ·μ¤μ³ ¶·μ¸Éμ μÉ¡· ¸Ò¢ ²¸Ö, Éμ ¢ ´μ¢μ°
·¥¤ ±Í¨¨ §  μ¸´μ¢Ê ¡Ò² ¶·¨´ÖÉ ¶·¥¦¤¥ ¢¸¥£μ Ô±¸¶¥·¨³¥´É ¶μ ¸¶¥±É·μ¸±μ¶¨¨
³Õμ´´μ£μ  Éμ³  ¢μ¤μ·μ¤ ,   ±μ´¸É ´É  �¨¤¡¥·£  ´ Ìμ¤¨² ¸Ó ¨§ ¸· ¢´¥´¨Ö
¸ ¶·¥Í¨§¨μ´´Ò³ ¨§³¥·¥´¨¥³ 1SÄ2S-¶¥·¥Ìμ¤  (Ê· ¢´¥´¨¥ (2)) ¢ μ¡ÒÎ´μ³ ¢μ-
¤μ·μ¤¥ c ¨¸¶μ²Ó§μ¢ ´¨¥³ ´μ¢μ£μ §´ Î¥´¨Ö § ·Ö¤μ¢μ£μ · ¤¨Ê¸  ¶·μÉμ´  ± ±
¨§¢¥¸É´μ° ¢¥²¨Î¨´Ò. ˆ, ´ ±μ´¥Í, ¶μ¸²¥¤´¥¥ ¨ É ±¦¥ μÎ¥´Ó ¢ ¦´μ¥ ¨§³¥´¥´¨¥
¸¢Ö§ ´μ ¸ ³ ¸¸μ° ¶·μÉμ´ , ±μÉμ· Ö ¢Ò¡¨· ² ¸Ó ¨§ ¶·¥Í¨§¨μ´´μ£μ Ô±¸¶¥·¨-
³¥´É  [13] ¶μ ¨§³¥·¥´¨Õ Í¨±²μÉ·μ´´μ° Î ¸ÉμÉÒ ¶·μÉμ´  ¢ ²μ¢ÊÏ±¥ �¥´-
´¨´£ :

mp = 1,007 276 466 583(32)u.

�μ£·¥Ï´μ¸ÉÓ ¨§³¥·¥´¨Ö ¢ ÔÉμ³ Ô±¸¶¥·¨³¥´É¥ ¢ É·¨ · §  ³¥´ÓÏ¥ §´ Î¥´¨Ö,
·¥±μ³¥´¤μ¢ ´´μ£μ CODATA14, μ¤´ ±μ ¢¥²¨Î¨´  ³ ¸¸Ò ¶·μÉμ´  μÉ²¨Î ¥É¸Ö
´  3σ μÉ ¸É ·μ£μ §´ Î¥´¨Ö!

�¥§Ê²ÓÉ ÉÒ ¶μ²ÊÎ¥´´ÒÌ ¨§³¥´¥´¨° ¶·¨¢¥¤¥´Ò ¢ É ¡². 1, ¨§ ±μÉμ·μ° Ìμ-
·μÏμ ¢¨¤´μ, ÎÉμ ´μ¢Ò¥ §´ Î¥´¨Ö ´¥ Éμ²Ó±μ ´¥ ¸μ£² ¸ÊÕÉ¸Ö ¢ ¶·¥¤¥² Ì 3σ
¸ ¶·¥¤Ò¤ÊÐ¨³¨, ´μ ¨ ¨³¥ÕÉ ¶μ£·¥Ï´μ¸É¨ ·¥±μ³¥´¤μ¢ ´´ÒÌ §´ Î¥´¨° ¸ÊÐ¥-
¸É¢¥´´μ ´¨¦¥, Î¥³ ¢ ¶·¥¤Ò¤ÊÐ¥³ ¢Ò¶Ê¸±¥ CODATA.

3. ��…–ˆ‡ˆ����Ÿ ‘�…Š’��‘Š��ˆŸ HD+

3.1. —¨¸Éμ ·μÉ Í¨μ´´Ò° ¶¥·¥Ìμ¤: (N = 0, v = 0) → (1, 0). —¨¸Éμ ·μ-
É Í¨μ´´Ò° ¶¥·¥Ìμ¤ ¢ ³μ²¥±Ê²¥ ·¥ ²¨§Ê¥É¸Ö ¡¥§ ¢μ§¡Ê¦¤¥´¨Ö ¢¨¡· Í¨μ´´μ£μ
±¢ ´Éμ¢μ£μ Î¨¸²  ¨ ¢ ¸²ÊÎ ¥ ¸ ¨μ´μ³ HD+ ¨³¥¥É Î ¸ÉμÉÊ ¶¥·¥Ìμ¤  ¶μ·Ö¤± 
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�¨¸. 5. �¥ ²¨§ Í¨Ö ·¥¦¨³  ‹Ô³¡ Ä„¨±±¥ ¢ ¨μ´´μ° ²μ¢ÊÏ±¥. ˆμ´Ò HD+ μÌ² ¦¤ -
ÕÉ¸Ö ¨μ´ ³¨ ¡¥·¨²²¨Ö (sympathetic cooling), ²μ± ²¨§ÊÕÉ¸Ö ¢ ¶·μ¸É· ´¸É¢¥ ²μ¢ÊÏ±¨ ¸
¶μ¶¥·¥Î´Ò³ · §³¥·μ³ 17 ³±³ ¨ μ¡²ÊÎ ÕÉ¸Ö ² §¥·μ³ ¸ ¤²¨´μ° ¢μ²´Ò 228 ³±³

1,3 ’ƒÍ (¤²¨´  ¢μ²´Ò 228 ³±³). ‚ ÔÉμ³ ¸²ÊÎ ¥ ¢μ§³μ¦´  ·¥ ²¨§ Í¨Ö ·¥-
¦¨³  ‹Ô³¡ Ä„¨±±¥ [14], ¶·¨ ±μÉμ·μ³ · §³¥· ²μ¢ÊÏ±¨ ³´μ£μ ³¥´ÓÏ¥ ¤²¨´Ò
¢μ²´Ò ² §¥·´μ£μ μ¡²ÊÎ¥´¨Ö (·¨¸. 5), ¨ ¨μ´Ò ¢ ²μ¢ÊÏ±¥ ¨³¥ÕÉ ±¢ ´Éμ¢μ¥ ¶μ-
¢¥¤¥´¨¥: ¤¨¸±·¥É´Ò° ¸¶¥±É· ¢μ§¡Ê¦¤¥´¨Ö ¤¢¨¦¥´¨Ö ¨μ´ . �Éμ ¶·¨¢μ¤¨É ±
Éμ³Ê, ÎÉμ Ï¨·μ±¨° ¸¶¥±É· ¤μ¶²¥·μ¢¸±μ£μ ÊÏ¨·¥´¨Ö ¶¥·¥Ìμ¤¨É ¢ ²¨´¥°Î ÉÒ°
¸¶¥±É·, ¢ ±μÉμ·μ³ ¸ É¥²²¨É´Ò¥ ²¨´¨¨ É¥³ ¤ ²ÓÏ¥ ¤·Ê£ μÉ ¤·Ê£ , Î¥³ ³¥´ÓÏ¥
· §³¥·Ò ²μ¢ÊÏ±¨ ¶μ μÉ´μÏ¥´¨Õ ± ¤²¨´¥ ¢μ²´Ò. �·¨ ÔÉμ³ Ï¨·¨´  ²¨´¨¨
¶¥·¥Ìμ¤  § ¢¨¸¨É μÉ ¨´É¥´¸¨¢´μ¸É¨ ² §¥·´μ£μ μ¡²ÊÎ¥´¨Ö, ÎÉμ Ìμ·μÏμ ¢¨¤´μ
´  ·¨¸. 6. ‚·¥³Ö ¦¨§´¨ ¢¥·Ì´¥£μ ·μÉ Í¨μ´´μ-¢μ§¡Ê¦¤¥´´μ£μ ¸μ¸ÉμÖ´¨Ö Å
¶μ·Ö¤±  100 ¸.

�ÉμÉ Ô±¸¶¥·¨³¥´É ¡Ò² ·¥ ²¨§μ¢ ´ ¢ „Õ¸¸¥²Ó¤μ·Ë¸±μ³ Ê´¨¢¥·¸¨É¥É¥
¨³. ƒ. ƒ¥°´¥ [15]. 	Ò²μ ¨§³¥·¥´μ Ï¥¸ÉÓ ²¨´¨° ¸¢¥·ÌÉμ´±μ° ¸É·Ê±ÉÊ·Ò ¶¥-
·¥Ìμ¤  ¸μ ¸É É¨¸É¨Î¥¸±μ° ¶μ£·¥Ï´μ¸ÉÓÕ ¶μ·Ö¤±  30 ƒÍ, ¨§ ´¨Ì ¸ ¨¸¶μ²Ó§μ-
¢ ´¨¥³ ¢§¢¥Ï¥´´μ° ¸Ê³³Ò ¢¸¥Ì ¶¥·¥Ìμ¤μ¢, ³¨´¨³¨§¨·ÊÕÐ¥° ¶μ£·¥Ï´μ¸ÉÓ,
¡Ò²  ¢Ò¤¥²¥´  ¸¶¨´-Ê¸·¥¤´¥´´ Ö Î ¸ÉμÉ  ¶¥·¥Ìμ¤ :

νexp
sp-av = 1 314 925 752 889(17) ƒÍ.

3.2. —¨¸Éμ ¢¨¡· Í¨μ´´Ò° ¶¥·¥Ìμ¤: (N = 3, v = 0) → (3, 9). ‚Éμ·μ°
Ô±¸¶¥·¨³¥´É ¶·μ¢μ¤¨²¸Ö ¢ �³¸É¥·¤ ³¥ [16]. ‚ ÔÉμÉ · § ¤²Ö ·¥Ï¥´¨Ö ¶·μ-
¡²¥³Ò ¤μ¶²¥·μ¢¸±μ£μ ÊÏ¨·¥´¨Ö ¨¸¶μ²Ó§μ¢ ² ¸Ó ¤¢ÊÌËμÉμ´´ Ö ¸¶¥±É·μ¸±μ-
¶¨Ö, ±μ£¤  ³¨Ï¥´Ó μ¡²ÊÎ ¥É¸Ö ¢¸É·¥Î´Ò³¨ ² §¥·´Ò³¨ ¶ÊÎ± ³¨ μ¤¨´ ±μ¢μ°
(¨²¨ ¶μÎÉ¨ μ¤¨´ ±μ¢μ°) Î ¸ÉμÉÒ (·¨¸. 7). — ¸ÉμÉ  ¢¨¡· Í¨μ´´μ£μ ¶¥·¥Ìμ¤  Å
415 ’ƒÍ, Ï¨·¨´  ¸¶¥±É· ²Ó´μ° ²¨´¨¨ Å 7,6 ±ƒÍ, ¶μ£·¥Ï´μ¸ÉÓ ¨§³¥·¥´¨Ö Å
1 ±ƒÍ, μÉ´μ¸¨É¥²Ó´ Ö ¶μ£·¥Ï´μ¸ÉÓ ¨§³¥·¥´¨Ö Å 2,4 · 10−12. �¶·¥¤¥²¥´Ò ¤¢¥
²¨´¨¨ ¸¢¥·ÌÉμ´±μ° ¸É·Ê±ÉÊ·Ò ¶¥·¥Ìμ¤ , ¶μ²ÊÎ¥´  ¸¶¨´-Ê¸·¥¤´¥´´ Ö Î ¸ÉμÉ 
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�¨¸. 6. —¨¸Éμ ·μÉ Í¨μ´´Ò° ¶¥·¥Ìμ¤ (N = 0, v =0) → (1, 0) ¢ HD+. a) ‡ ¢¨¸¨³μ¸ÉÓ
Ï¨·¨´Ò ¸¶¥±É· ²Ó´μ° ²¨´¨¨ μÉ ¨´É¥´¸¨¢´μ¸É¨ ² §¥·´μ£μ ¨§²ÊÎ¥´¨Ö. ¡) ‡¥¥³ ´μ¢¸±μ¥
· ¸Ð¥¶²¥´¨¥ ¶¥·¥Ìμ¤  ¸ Ï¨·¨´μ° ¸¶¥±É· ²Ó´μ° ²¨´¨¨ 40 ƒÍ

¶¥·¥Ìμ¤ :

νexp
sp-av = 415 264 925 498,8(1,0) ±ƒÍ.

�¥§Ê²ÓÉ ÉÒ μ¡¥¨Ì · ¡μÉ ¶·¥¤¢ ·¨É¥²Ó´Ò¥, ¶μÔÉμ³Ê ¢ Ëμ·³Ê² Ì ¨¸¶μ²Ó§Ê-
ÕÉ¸Ö ·¥§Ê²ÓÉ ÉÒ Ê¸·¥¤´¥´¨Ö ¶μ ¸¶¨´μ¢Ò³ ¶¥·¥³¥´´Ò³, ¶μ²ÊÎ¥´´Ò¥  ¢Éμ·μ³
· ¡μÉÒ [16], ¨ μ´¨ ³μ£ÊÉ μÉ²¨Î ÉÓ¸Ö μÉ μ±μ´Î É¥²Ó´ÒÌ ·¥§Ê²ÓÉ Éμ¢. � ¡μÉÒ
´ ¶· ¢²¥´Ò ¢ ¦Ê·´ ²Ò ®Nature¯ („Õ¸¸¥²Ó¤μ·Ë) ¨ ®Science¯ (�³¸É¥·¤ ³).

3.3. ‘· ¢´¥´¨¥ ¸ É¥μ·¨¥°. �μ¸²¥¤μ¢ É¥²Ó´μ É¥μ·¨Ö ¸¶¥±É·  ³μ²¥±Ê²Ö·-
´ÒÌ ¨μ´μ¢ ¢μ¤μ·μ¤  H+

2 , HD+ ¨ ¤·. · §¢¨¢ ² ¸Ó ´ ³¨ ¢ ¸¥·¨¨ · ¡μÉ [17Ä20]:
´ Î¨´ Ö ¸ ´¥·¥²ÖÉ¨¢¨¸É¸±¨Ì Ê·μ¢´¥° Ô´¥·£¨¨, c ¨¸¶μ²Ó§μ¢ ´¨¥³ Ëμ·³ ²¨§³ 
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�¨¸. 7. —¨¸Éμ ¢¨¡· Í¨μ´´Ò° ¶¥·¥Ìμ¤: (N = 3, v = 0) → (3, 9). a) ‘Ì¥³  ¤¢ÊÌ-
ËμÉμ´´μ° ¸¶¥±É·μ¸±μ¶¨¨ ¡¥§ ¤μ¶²¥·μ¢¸±μ£μ ÊÏ¨·¥´¨Ö. ¡) �·μË¨²Ó ¸¶¥±É· ²Ó´μ°
²¨´¨¨ ¸ Ï¨·¨´μ° ¶¨±  7,6 ±ƒÍ

´¥·¥²ÖÉ¨¢¨¸É¸±μ° Š�„ ¶μ¸²¥¤μ¢ É¥²Ó´μ ¢ÒÎ¨¸²Ö²¨¸Ó ¢¸¥ ¶μ¶· ¢±¨ ± Ô´¥·-
£¨Ö³, ¢±²ÕÎ Ö ¸¢¥·ÌÉμ´±μ¥ · ¸Ð¥¶²¥´¨¥ Ê·μ¢´¥°, ¢ ¶μ·Ö¤± Ì R∞α2, R∞α3 ¨
¢ÒÏ¥ Å ¢¶²μÉÓ ¤μ R∞α6. �·¨ ÔÉμ³ ¢ ¢Ò¸Ï¨Ì ¶μ·Ö¤± Ì ¨¸¶μ²Ó§μ¢ ²¸Ö  ¤¨ -
¡ É¨Î¥¸±¨° ¶μ¤Ìμ¤, ±μ£¤  ¶μ¶· ¢±¨ ± Ô´¥·£¨¨ ¸¢Ö§ ´´μ£μ Ô²¥±É·μ´  ¢ÒÎ¨¸²Ö-
²¨¸Ó ¢ ¶·¨¡²¨¦¥´¨¨ ¢´¥Ï´¥£μ ¶μ²Ö § ¤ Î¨ ¤¢ÊÌ Í¥´É·μ¢ [18, 19]. �μ¸²¥¤´¥¥
¸ÊÐ¥¸É¢¥´´μ Ê¶·μ¸É¨²μ ¨Ì ¢ÒÎ¨¸²¥´¨¥, É ± ± ± ¶μ¶· ¢±¨ ´  ±μ´¥Î´ÊÕ ³ ¸¸Ê
Ö¤¥· μ± § ²¨¸Ó ¶·¥´¥¡·¥¦¨³μ ³ ²Ò ¤²Ö Í¥²¥¢μ° ÉμÎ´μ¸É¨ μÉ´μ¸¨É¥²Ó´μ° ¶μ-
£·¥Ï´μ¸É¨ 10−12. �¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ¨ ¨Ì ¸· ¢´¥´¨¥ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨
¤ ´´Ò³¨ ¶·¥¤¸É ¢²¥´Ò ¢ É ¡². 2, 3 ¨ 4, 5.
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’ ¡²¨Í  2. —¨¸Éμ ·μÉ Í¨μ´´Ò° ¶¥-
·¥Ìμ¤ (N = 0, v = 0) → (1, 0)
¢ HD+. ’¥μ·¥É¨Î¥¸±¨¥ · ¸Î¥ÉÒ ¸
ÊÎ¥Éμ³ ¢±² ¤μ¢ ¢Ò¸Ï¨Ì ¶μ·Ö¤±μ¢
¶μ α (¢ ±¨²μ£¥·Í Ì), ¨¸¶μ²Ó§ÊÕÉ¸Ö
·¥±μ³¥´¤Ê¥³Ò¥ CODATA18 §´ Î¥-
´¨Ö ±μ´¸É ´É

ΔEnr 1 314 886 776,526
ΔEα2 48 416,268
ΔEα3 Ä9 378,125
ΔEα4 Ä65,631(2)
ΔEα5 3,923(3)
ΔEα6 Ä0,070(18)

ΔEtot 1 314 925 752,896(18)

’ ¡²¨Í  3. —¨¸Éμ ·μÉ Í¨μ´´Ò° ¶¥·¥-
Ìμ¤ (N = 0, v = 0) → (1, 0) ¢
HD+. ‘· ¢´¥´¨¥ · ¸Î¥Éμ¢ ¸ CODATA14
¨ ¢±² ¤Ò ¢ Ô´¥·£¨Õ, ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥
¨§³¥´¥´¨Õ ±²ÕÎ¥¢ÒÌ ±μ´¸É ´É (¢ £¥·-
Í Ì). �É´μ¸¨É¥²Ó´ Ö É¥μ·¥É¨Î¥¸± Ö ¶μ-
£·¥Ï´μ¸ÉÓ ur(ν) = ur(μ) = 1,35 · 10−11

CODATA14 1 314 925 752 620(18)

Ry Ä42
rp 104
mp 213

CODATA18 1 314 925 752 896(18)

�±¸¶¥·¨³¥´É 1 314 925 752 889(17)

’ ¡²¨Í  4. —¨¸Éμ ¢¨¡· Í¨μ´´Ò°
¶¥·¥Ìμ¤ (N = 3, v = 0) → (3, 9)
¢ HD+. ’¥μ·¥É¨Î¥¸±¨¥ · ¸Î¥ÉÒ ¸
ÊÎ¥Éμ³ ¢±² ¤μ¢ ¢Ò¸Ï¨Ì ¶μ·Ö¤±μ¢
¶μ α (¢ ±¨²μ£¥·Í Ì), ¨¸¶μ²Ó§ÊÕÉ¸Ö
·¥±μ³¥´¤Ê¥³Ò¥ CODATA18 §´ Î¥-
´¨Ö ±μ´¸É ´É

ΔEnr 415 260 910 672,1
ΔEα2 5666 221,6
ΔEα3 Ä1640449,4
ΔEα4 Ä11 666,7(4)
ΔEα5 731,2(5)
ΔEα6 Ä14,8(3,1)

ΔEtot 415 264 925 496,1(3,1)

’ ¡²¨Í  5. —¨¸Éμ ¢¨¡· Í¨μ´´Ò° ¶¥·¥Ìμ¤
(N = 3, v = 0) → (3, 9) ¢ HD+. ‘· ¢-
´¥´¨¥ · ¸Î¥Éμ¢ ¸ CODATA14 ¨ ¢±² ¤Ò
¢ Ô´¥·£¨Õ, ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¨§³¥´¥´¨Õ
±²ÕÎ¥¢ÒÌ ±μ´¸É ´É (¢ ±¨²μ£¥·Í Ì). �É-
´μ¸¨É¥²Ó´ Ö É¥μ·¥É¨Î¥¸± Ö ¶μ£·¥Ï´μ¸ÉÓ
ur(ν) = 7,5 · 10−12

CODATA14 415264 925 467,0(3,1)

Ry Ä13,2
rp 18,2
mp 24,0

CODATA18 415264 925 496,1(3,1)

�±¸¶¥·¨³¥´É 415 264 925 498,8(1,0)

‡�Š‹	—…�ˆ…

‚ § ±²ÕÎ¥´¨¥ ¸Ëμ·³Ê²¨·Ê¥³ É·¨ μ¸´μ¢´ÒÌ ¢Ò¢μ¤ , ±μÉμ·Ò¥ ¸²¥¤ÊÕÉ
¨§ ·¥§Ê²ÓÉ Éμ¢ ¶·¥Í¨§¨μ´´μ° ¸¶¥±É·μ¸±μ¶¨¨ ³μ²¥±Ê²Ö·´ÒÌ ¨μ´μ¢ ¢μ¤μ·μ¤ 
HD+, · ¸¸³μÉ·¥´´ÒÌ ¢ ¤ ´´μ° · ¡μÉ¥.

‚μ-¶¥·¢ÒÌ, ¨§³¥´¥´¨Ö, ±μÉμ·Ò¥ ¡Ò²¨ ¶·¥¤²μ¦¥´Ò ¢ ¶μ¸²¥¤´¥° ·¥¤ ±Í¨¨
·¥±μ³¥´¤Ê¥³ÒÌ §´ Î¥´¨° CODATA18, ¢Ò£²Ö¤ÖÉ μ¶· ¢¤ ´´Ò³¨. ‚μ-¢Éμ·ÒÌ,
¶·μ¡²¥³  § ·Ö¤μ¢μ£μ · ¤¨Ê¸  ¶·μÉμ´ , ÉμÎ´¥¥, ¶·μÉ¨¢μ·¥Î¨Ö ¢ ¤ ´´ÒÌ · §²¨Î-
´ÒÌ Ô±¸¶¥·¨³¥´Éμ¢ · §·¥Ï ÕÉ¸Ö ¡¥§ ¶·¨¢²¥Î¥´¨Ö ´μ¢μ° Ë¨§¨±¨ §  ¶·¥¤¥² ³¨
‘É ´¤ ·É´μ° ³μ¤¥²¨. ˆ, ¢ É·¥ÉÓ¨Ì, ¶·¥¤¸± § ´¨Ö ±¢ ´Éμ¢μ° Ô²¥±É·μ¤¨´ ³¨±¨
¢ ¸¥±Éμ·¥ É·¥ÌÎ ¸É¨Î´ÒÌ ¸¢Ö§ ´´ÒÌ ±Ê²μ´μ¢¸±¨Ì ¸¨¸É¥³ ¶μ¤É¢¥·¦¤ ÕÉ¸Ö ¸
¢Ò¸μ±μ° μÉ´μ¸¨É¥²Ó´μ° ÉμÎ´μ¸ÉÓÕ Å ¶μ·Ö¤±  10−11.

� ¡μÉ  ¶μ¤¤¥·¦ ´  �μ¸¸¨°¸±¨³ ´ ÊÎ´Ò³ Ëμ´¤μ³ (£· ´É º18-12-00128).
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