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ʇʣʘʥ

Åɺʚʝʜʝʥʠʝ.

Åʄʝʪʦʜ ʤʘʛʥʠʪʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʦʡʩʧʝʢʪʨʦʩʢʦʧʠʠ 

ʩʠʣʴʥʦ ʟʘʧʨʝʱʝʥʥʳʭ ʧʝʨʝʭʦʜʦʚ

Åʆʙʦʙʱʝʥʥʳʝ ʩʭʝʤʳ ʈʘʤʩʠ 

Åɸʪʦʤʥʳʝ ʯʘʩʳ ʩ ʧʦʜʘʚʣʝʥʥʳʤ BBRʩʜʚʠʛʦʤ 

ʯʘʩʪʦʪʳ ïʤʝʪʦʜ ʩʠʥʪʝʪʠʯʝʩʢʦʡ ʯʘʩʪʦʪʳ

Åʆʧʪʠʯʝʩʢʠʝ ʩʪʘʥʜʘʨʪʳ ʥʘ ʦʩʥʦʚʝ 

ʤʘʛʥʠʪʦʜʠʧʦʣʴʥʳʭʧʝʨʝʭʦʜʦʚ ʚ ʤʥʦʛʦʟʘʨʷʜʥʳʭ 

ʠʦʥʘʭ

Åʗʜʝʨʥʳʝ ʯʘʩʳ

Åʉʦʚʨʝʤʝʥʥʳʝ ʩʪʘʥʜʘʨʪʳ ʯʘʩʪʦʪʳ ʚ ʀʃʌ ʉʆ ʈɸʅ



ʉʪʘʙʠʣʴʥʦʩʪʴ ʯʘʩʪʦʪʳ: y(t), ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʜʝʚʠʘʮʠʝʡ ɸʣʣʘʥʘ:

ʊʦʯʥʦʩʪʴ ʩʚʷʟʘʥʘ ʩ ʥʝʦʧʨʝʜʝʣʝʥʥʦʩʪʴʶ ʩʠʩʪʝʤʘʪʠʯʝʩʢʦʛʦ ʩʜʚʠʛʘ e

Q = 0˄ κҟ˄

S/N  -ʩʠʛʥʘʣ/ʰʫʤ ʟʘ 

1 ʮʠʢʣ ʠʟʤʝʨʝʥʠʷ

Tcïʚʨʝʤʷ ʮʠʢʣʘ

t- ʚʨʝʤʷ ʫʩʨʝʜʥʝʥʠʷ

S/N ~ (Nʘʪ)
1/2

ɸʪʦʤʥʳʝ ʯʘʩʳ (ʩʪʘʥʜʘʨʪʳ ʯʘʩʪʦʪʳ). ʆʩʥʦʚʥʳʝ ʧʨʠʥʮʠʧʳ.

ɼʝʣʠʪʝʣʴ ʯʘʩʪʦʪʳ 

(ʩʠʥʪʝʟʘʪʦʨ), 

ʩʯʝʪʯʠʢ ʠ ʜʠʩʧʣʝʡ -3

0

3

n(t)=n0(1+e+y(t))



ʇʨʠʤʝʥʝʥʠʝ ʘʪʦʤʥʳʭ ʯʘʩʦʚ

Åʅʘʚʠʛʘʮʠʷ 

GPS, ɻʃʆʅɸʉʉ, BeiDou, GALILEO, IRNSS ʠ ʜʨ.

Åʊʦʯʥʘʷ ʩʠʥʭʨʦʥʠʟʘʮʠʷ ʧʨʦʮʝʩʩʦʚ 

TAI ïʤʝʞʜʫʥʘʨʦʜʥʦʝ ʘʪʦʤʥʦʝ ʚʨʝʤʷ

ʉ 1967 ʛ. ʵʪʘʣʦʥ ʚʨʝʤʝʥʠ (ʩʝʢ.) ʠ ʯʘʩʪʦʪʳ (ɻʮ)

ʊʝʣʝʢʦʤʤʫʥʠʢʘʮʠʦʥʥʳʝ ʠ ʠʥʬʦʨʤʘʮʠʦʥʥʳʝ ʪʝʭʥ.

ʀʟʤʝʨʝʥʠʝ ʛʝʦʧʦʪʝʥʮʠʘʣʘïʈʝʣʷʪʠʚʠʩʪʩʢʘʷ ʛʝʦʜʝʟʠʷ

Åʇʨʦʚʝʨʢʘ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʬʠʟ. ʪʝʦʨʠʡ

ʊʝʦʨʠʷ ʦʪʥʦʩʠʪʝʣʴʥʦʩʪʠ (ʩʧʝʮʠʘʣʴʥʘʷ ʠ ʦʙʱʘʷ)

ʂʚʘʥʪʦʚʘʷ ʵʣʝʢʪʨʦʜʠʥʘʤʠʢʘ

ʇʦʠʩʢ ʠʟʤʝʥʝʥʠʡ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʬʠʟʠʯʝʩʢʠʭ 

ʢʦʥʩʪʘʥʪ

ʊʦʯʥʦʝ ʠʟʤʝʨʝʥʠʝ ʬʠʟʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ



ʎʝʟʠʝʚʳʝ ʘʪʦʤʥʳʝ ʯʘʩʳ ʧʫʯʢʦʚʦʛʦ ʪʠʧʘ

NIST-7: ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʨʘʤʩʝʝʚʩʢʠʤʠ 

ʟʦʥʘʤʠ ï1.53 ʤ; ʩʢʦʨʦʩʪʴ ï230 ʤ/ʩ;

ʰʠʨʠʥʘ ʣʠʥʠʠ ï77 ɻʮ; 

ʨʘʙʦʯʘʷ ʯʘʩʪʦʪʘ ï9.2 ɻɻʮ;

(ʥʝ)ʩʪʘʙʠʣʴʥʦʩʪʴ:  10-12 t-1/2;

(ʥʝ)ʪʦʯʥʦʩʪʴ: 5Ĭ10-15.

ʉʝʢʫʥʜʘ ʨʘʚʥʘ 9 192 631 770 ʧʝʨʠʦʜʘʤʠʟʣʫʯʝʥʠʷ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʧʝʨʝʭʦʜʫ 

ʤʝʞʜʫ ʜʚʫʤʷ ʩʚʝʨʭʪʦʥʢʠʤʠ ʫʨʦʚʥʷʤʠ ʦʩʥʦʚʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʘʪʦʤʘ ʮʝʟʠʷ-133.



ʎʝʟʠʝʚʳʝ ʘʪʦʤʥʳʝ ʯʘʩʳ ʬʦʥʪʘʥʥʦʛʦ ʪʠʧʘ

ʪʝʤʧʝʨʘʪʫʨʘ 5 ʤʢʂ;

ʰʠʨʠʥʘ ʣʠʥʠʠ 1 ɻʮ;

ʩʪʘʙʠʣʴʥʦʩʪʴ  10-14t-1/2

ʪʦʯʥʦʩʪʴ 2Ĭ10-16



ɸʪʦʤʥʳʝ ʯʘʩʳ ʦʧʪʠʯʝʩʢʦʛʦ ʜʠʘʧʘʟʦʥʘ.

Åʇʨʝʠʤʫʱʝʩʪʚʘ:

Åʇʨʠ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʦʜʠʥʘʢʦʚʦʡ ʘʙʩʦʣʶʪʥʦʡ 

ʧʦʛʨʝʰʥʦʩʪʠ ʯʘʩʪʦʪʳ, ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʪʦʯʥʦʩʪʴ ʤʦʞʝʪ 

ʙʳʪʴ ʫʣʫʯʰʝʥʘ ʥʘ ʥʝʩʢʦʣʴʢʦ ʧʦʨʷʜʢʦʚ.

Åʇʨʠ ʜʝʣʝʥʠʠ ʦʧʪʠʯʝʩʢʦʡ ʯʘʩʪʦʪʳ ʜʦ ʨʘʜʠʦʜʠʘʧʘʟʦʥʘ 

ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʪʦʯʥʦʩʪʴ ʩʦʭʨʘʥʷʝʪʩʷ.

Åʅʝʜʦʩʪʘʪʢʠ:

Åʇʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʯʘʩʪʦʪʝ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʚʣʠʷʥʠʝ ʵʬʬʝʢʪʘ 

ɼʦʧʣʝʨʘ ʠ ʵʬʬʝʢʪʘ ʦʪʜʘʯʠ  Ÿ ʫʤʝʥʴʰʘʶʪʩʷ ʩʪʘʙʠʣʴʥʦʩʪʴ ʠ 

ʪʦʯʥʦʩʪʴ.

Åɼʝʣʝʥʠʝ ʦʧʪʠʯʝʩʢʦʡ ʯʘʩʪʦʪʳ ʚ 105ʨʘʟ ïʪʝʭʥʠʯʝʩʢʠ 

ʥʝʪʨʠʚʠʘʣʴʥʳʡ ʧʨʦʮʝʩʩ.



ʆʜʠʥ ʠʟ ʧʝʨʚʳʭ ʦʧʪʠʯʝʩʢʠʭ ʩʪʘʥʜʘʨʪʦʚ ʯʘʩʪʦʪʳ 

(He-Ne/CH4ïʨʝʟʦʥʘʥʩʳ ʥʘʩʳʱʝʥʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ)

ʚ ʀʃʌ ʉʆ ʈɸʅ



ʇʝʨʚʘʷ ʩʠʩʪʝʤʘ ʜʝʣʝʥʠʷ ʦʧʪʠʯʝʩʢʦʡ ʯʘʩʪʦʪʳ 

ʚ ʨʘʜʠʦʜʠʘʧʘʟʦʥ (1981 ʛ.)



ʉʭʝʤʘ ʩʦʚʨʝʤʝʥʥʦʛʦ ʦʧʪʠʯʝʩʢʦʛʦ ʩʪʘʥʜʘʨʪʘ ʯʘʩʪʦʪʳ

ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʣʴʪʨʘʭʦʣʦʜʥʳʭʘʪʦʤʦʚ ʠʣʠ ʠʦʥʦʚ

(ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʥʝʦʧʨʝʜʝʣʝʥʥʦʩʪʴ 10-17-10-18)



ʆʧʪʠʯʝʩʢʠʝ ʩʪʘʥʜʘʨʪʳ ʯʘʩʪʦʪʳ ʥʘ ʫʣʴʪʨʘʭʦʣʦʜʥʳʭʘʪʦʤʘʭ ʠ ʠʦʥʘʭ

ɸʥʩʘʤʙʣʠ ʥʝʡʪʨʘʣʴʥʳʭ ʘʪʦʤʦʚ: 171Yb, 87Sr, 88Sr, 199Hg, 11Cdé 

87Sr     Dn/n= 2³10-18 , s = 4.8Ĭ10-17/(t)1/2(JILA, USA, 2015, 2019) 

87Sr     Dn/n= 7³10-18 (RIKEN, Japan, 2015)

87Sr     Dn/n= 1³10-17 (ɺʅʀʀʌʊʈʀ, 2022)

199Hg    Dn/n= 7³10-17 (RIKEN, Japan, 2015) 

169Tm    Dn/n= 5³10-18 (ʌʀɸʅ, 2018)

171Yb   Dn/n= 1.4³10-18 , s = 6Ĭ10-17/(t)1/2 (NIST, USA, 2018)

ʆʜʠʥʦʯʥʳʝ ʠʦʥʳ:  Hg+, Al+, Yb+, Sr+, Ca+, In+, Lu+é   

199Hg+Dn/n= 1.9³10-17 (NIST, USA, 2008)

88Sr+ Dn/n= 1.1³10-17 (NRC, Canada, 2017)

171Yb+Dn/n= 3.2³10-18 (PTB, Germany, 2016) (E3+HRS)

171Yb+ s = 6.5Ĭ10-15/(t)1/2 (ʀʃʌ ʉʆ ʈɸʅ, 2022) (E2)

171Yb+Dn/n= 4³10-17 (ʌʀɸʅ, 2022) (E2)

40Ca+ Dn/n= 3³10-18 (APM, China, 2021)

176Lu+Dn/n= 6.3³10-18 (CQT, Singapore, 2022) (HRS) 

27Al+ Dn/n= 9.4³10-19 (NIST, USA, 2019) (Quantum logic)

s = 1.2Ĭ10-15/(t)1/2



ʄʦʙʠʣʴʥʳʝ ʦʧʪʠʯʝʩʢʠʝ ʯʘʩʳ



ˠ̝̝̜̘̜̌̓̑́̒̓́̂̉̌̎̆́̒ ̒ ̠̅̃̔̍ ̠́̎̒́̍̂̌̍̉ 
̝̖̜̖̔̌̓̑́̏̌̏̅̎́̓̏̍̏̃ ɉLudlow et al.) 6ϼ10-17/t1/2



˜̗̑̆̉̈̉̏̎̎̏̆ ̉̈̍̆̑̆̎̉̆ ̗̄̆̏̐̏̓̆̎̉́̌́̒ 
̝̟̐̏̍̏̚ ̜̖̔̅́̌̆̎̎ ̖̜̖̒̉̎̑̏̎̉̈̏̃́̎̎ ̘́̒̏̃ 

(Katori et al.)



ʇʠʦʥʝʨʳ ʦʧʪʠʯʝʩʢʠʭ ʯʘʩʦʚ

ʉ.ʅ. ɹʘʛʘʝʚ , ɺ.ʇ. ʏʝʙʦʪʘʝʚ, 

ɼʞ. ʍʦʣʣ, ʊ. ʍʵʥʰ, (NP - 2005)

ɼ. ɺʘʡʥʣʵʥʜ(NP - 2012)



˸͔ͭͦ͒ ͎͙ͣ͊ͤͭͦ-͙ͤ͒ͯͼ͙͍͚ͪͦ͊ͤͤͦ
͔͙͙ͫͨͭͪͦͫͦͨ͟͟

˿͙͡Έͤͦ ͔͊ͨͪ͘΅͔ͤͤ·ͻ ͔͔ͨͪͻ͍ͦ͒ͦ 
ͯ͡Έͭͪ͊ͻͦͦ͒ͤ͡·ͻ͍͊ͭͦͣͦ ͍ 
͙ͦͨͭ;͔͙ͫ͟ͻ ͔ͪ΄͔ͭ͊͟ͻ



ɺʦʟʙʫʞʜʝʥʠʝ ʩʠʣʴʥʦ ʟʘʧʨʝʱʝʥʥʦʛʦ ʧʝʨʝʭʦʜʘ 1S0Ÿ
3P0

ʚ ʩʣʫʯʘʝ ʥʝʯʝʪʥʳʭ ʠʟʦʪʦʧʦʚ ʘʪʦʤʦʚ (ʧʦʣʫʮʝʣʳʡ

ʤʦʤʝʥʪ ʷʜʨʘ)

1
S0

3
P1

3
P2

3
P0

ɼʣʷ ʥʝʯʝʪʥʳʭ ʠʟʦʪʦʧʦʚ ʩʦʩʪʦʷʥʠʝ3P0ʩʦʜʝʨʞʠʪ ʤʘʣʫʶ ʧʨʠʤʝʩʴ ʩʦʩʪʦʷʥʠʷ 
3P1ʠʟ-ʟʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʤʦʤʝʥʪʦʤ ʷʜʨʘSn. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʧʝʨʝʭʦʜ
1S0Ÿ

3P0ʩʪʘʥʦʚʠʪʩʷ ʯʘʩʪʠʯʥʦ ʨʘʟʨʝʰʝʥʥʳʤ(ʝʩʪʝʩʪʚʝʥʥʘʷ ʰʠʨʠʥʘ ~ mHz).

ʄʳ ʤʦʞʝʤ  ʝʛʦ ʚʦʟʙʫʜʠʪʴ ʦʙʳʯʥʳʤ ʦʜʥʦʬʦʪʦʥʥʳʤ ʦʙʨʘʟʦʤ ʧʨʠ ʪʠʧʠʯʥʳʭ 

ʠʥʪʝʥʩʠʚʥʦʩʪʷʭ ʧʨʦʙʥʦʛʦ ʣʘʟʝʨʘ. ʏʘʩʪʦʪʘ ʈʘʙʠ~ 1 Hz/kW/cm2.

ʆʩʥʦʚʥʳʝ ʥʝʜʦʩʪʘʪʢʠ:

1. ʃʠʥʝʡʥʘʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʢ ʤʘʛʥʠʪʥʦʤʫ ʧʦʣʶ ʠʟ-ʟʘ ʤʦʤʝʥʪʘ ʷʜʨʘ ʠ 

ʩʤʝʰʠʚʘʥʠʷ ʩ ʩʦʩʪʦʷʥʠʝʤ3P1. ʊʨʝʙʫʝʪʩʷ ʵʢʩʪʨʝʤʘʣʴʥʦ ʩʠʣʴʥʦʝ 

ʵʢʨʘʥʠʨʦʚʘʥʠʝ ʠ ʢʦʥʪʨʦʣʴ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ ʫʨʦʚʥʝ ~mG, ʦʙʳʯʥʦ ʧʦʣʝ ʥʘ 

ʪʨʠ ʧʦʨʷʜʢʘ ʙʦʣʴʰʝ(~mG).

2. ʕʬʬʝʢʪʳ ʦʧʪʠʯʝʩʢʦʡ ʥʘʢʘʯʢʠ ʚ ʩʣʦʞʥʦʡ ʩʠʩʪʝʤʝ ʤʘʛʥʠʪʥʳʭ ʧʦʜʫʨʦʚʥʝʡ.

é
é

éé

F

F

ɺ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝF=Sn

ʉ ʤʝʪʨʦʣʦʛʠʯʝʩʢʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ʯʝʪʥʳʝ (Sn=0) ʠʟʦʪʦʧʳ ʚʳʛʣʷʜʷʪ ʣʫʯʰʝ.

Sn



ʅʘʰ ʤʝʪʦʜ ʤʘʛʥʠʪʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦʚʦʟʙʫʞʜʝʥʠʷ  

ʧʝʨʝʭʦʜʘ 1S0Ÿ
3P0ʜʣʷ ʯʝʪʥʳʭ ʠʟʦʪʦʧʦʚ

ɼʣʷ ʩʤʝʰʠʚʘʥʠʷ ʩʦʩʪʦʷʥʠʡ 3P1ʠ 
3P1ʤʳ ʧʨʝʜʣʦʞʠʣʠ

ʀʩʧʦʣʴʟʦʚʘʪʴ ʚʥʝʰʥʝʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ. 

ɿʜʝʩʴ ʧʝʨʝʭʦʜ 1S0Ÿ
3P0ʙʫʜʝʪ ʯʘʩʪʠʯʥʦ ʨʘʟʨʝʰʝʥʥʳʤ

ʀ ʝʛʦ ʤʦʞʥʦ ʚʦʟʙʫʜʠʪʴ ʦʜʥʦʬʦʪʦʥʥʳʤ ʦʙʨʘʟʦʤ

ʆʜʥʠʤ ʧʨʦʙʥʳʤ ʣʘʟʝʨʦʤ. ɺʝʨʦʷʪʥʦʩʪʴ ʧʝʨʝʭʦʜʘ 

ʢʦʥʪʨʦʣʠʨʫʝʪʩʷ ʚʝʣʠʯʠʥʦʡ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ.

1

2

3

w21

D32

w W; L

WBg

1
S0

3
P0

3
P1

ɺ ʧʨʦʙʥʦʤ ʧʦʣʝ Ee-iwt ʚ ʪʦʯʥʦʤ ʨʝʟ.-ʩʝʩ ʧʝʨʝʭʦʜʦʤ 
1S0Ÿ

3P0 (w=w21) ʵʬʬʝʢʪʠʚʥʘʷ ʯʘʩʪʦʪʘ ʈʘʙʠV12ʨʘʚʥʘ:

ʯʘʩʪʦʪʘ ʈʘʙʠʥʘ ʨʘʟʨʝʰʝʥʥʦʤ ʧʝʨʝʭʦʜʝ1S0Ÿ
3P1

ʤʘʪʨʠʯʥʳʡ ʵʣʝʤʝʥʪ ʤʘʛʥʠʪʦ-ʠʥʜʫʮʠʦʚʘʥʥʦʛʦʩʤʝʰʠʚʘʥʠʷ

ʥʘ ʧʝʨʝʭʦʜʝ3P1Ÿ
3P0

Eʚʝʢʪʦʨʥʘʷ ʘʤʧʣʠʪʫʜʘ ʧʨʦʙʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʧʦʣʷ;

Bʚʝʢʪʦʨ ʚʥʝʰʥʝʛʦ ʩʪʘʪʠʯʝʩʢʦʛʦ ʧʦʣʷ.

ʜʣʷ ʱʝʣʦʯʥʦʟʝʤʝʣʴʥʳʭ ʘʪʦʤʦʚ

3)/(22 32DW+­ B

Taichenachev, Yudin et al., PRL 96, 083001 (2006).



13106.2 ³º
FWHM

n

ɼʦʙʨʦʪʥʦʩʪʴ ʨʝʧʝʨʥʦʛʦʨʝʟʦʥʘʥʩʘ:

Z.W. Barber, C.W. Hoyt, C.W. Oates, L.W. Hollberg,

A.V. Taichenachev, and V.I. Yudin, PRL 96, 083002 (2006).

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʧʦʜʪʚʝʨʞʜʝʥʠʝ ʤʝʪʦʜʘ ʄʀʉ ʜʣʷ174Yb



Sr optical clocks.

H. Katori et al. 2011

24Mg ïLeibniz Univ Hanover, 2015
88Sr ïɺʅʀʀʌʊʈʀ, 2015
88Sr ïNPL, 2015(ʄʀʉ+ɻʠʧʝʨ-ʈʘʤʩʠ)



ʆʙʦʙʱʝʥʥʳʡ ʤʝʪʦʜ ʈʘʤʩʠ, 

ʨʘʟʥʝʩʝʥʥʳʭ 

ʦʩʮʠʣʣʠʨʫʶʱʠʭ ʧʦʣʝʡ

ˤ ͔ͨͪͼ͙͙͚ͦͤͤͦ͘ ͔͙͙ͫͨͭͪͦͫͦͨ͟͟ 
ͯ͡Έͭͪ͊ͻͦͦ͒ͤ͡·ͻ͍͊ͭͦͣͦ ͙ ͙͍ͦͤͦ



ʄʦʪʠʚʘʮʠʷ

ɼʣʷ ʥʝʢʦʪʦʨʳʭ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʘʪʦʤʥʳʭ ʯʘʩʦʚʳʭ ʩʠʩʪʝʤ, 

ʦʜʥʦʡ ʠʟ ʢʣʶʯʝʚʳʭ ʥʝʨʝʰʝʥʥʳʭ ʧʨʦʙʣʝʤ ʷʚʣʷʝʪʩʷ ʩʜʚʠʛ 

ʨʝʧʝʨʥʦʡʯʘʩʪʦʪʳʟʘ ʩʯʝʪ ʠʤʧʫʣʴʩʦʚ ʩʘʤʦʛʦ ʧʨʦʙʥʦʛʦ ʧʦʣʷ:

Åʄʀʉ ʩʠʣʴʥʦ ʟʘʧʨʝʱʝʥʥʳʭ ʧʝʨʝʭʦʜʦʚ1S0Ÿ
3P0. 

ɼʠʥʘʤʠʯʝʩʢʠʡ ʐʪʘʨʢ ʠ ʢʚʘʜʨʘʪʠʯʥʳʡ ɿʝʝʤʘʥ.

ÅɼʚʫʭʬʦʪʦʥʥʘʷʩʧʝʢʪʨʦʩʢʦʧʠʷSŸS ʠSŸD ʧʝʨʝʭʦʜʦʚ. 

ɼʠʥʘʤʠʯʝʩʢʠʡ ʐʪʘʨʢ.

ÅE3 ʧʝʨʝʭʦʜʳ(ʥʘʧʨʠʤʝʨ, 2S1/2 ï
2F7/2ʚ ʠʦʥʝ

171Yb+ʚ ʣʦʚʫʰʢʝ). 

ɼʠʥʘʤʠʯʝʩʢʠʡ ʐʪʘʨʢ.

Åɿʘʧʨʝʱʝʥʥʳʝ (M3, E4) ʧʝʨʝʭʦʜʳ ʚ ʤʥʦʛʦʟʘʨʷʜʥʳʭ ʠʦʥʘʭ.

ʕʪʠ ʩʜʚʠʛʠ ʤʦʛʫʪ ʦʢʘʟʘʪʴʩʷ ʧʨʝʧʷʪʩʪʚʠʝʤ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ 

ʫʨʦʚʥʷ (10-17ï10-18) ʚ ʵʪʠʭ ʩʠʩʪʝʤʘʭ.



ʇʦʣʝʚʳʝ ʩʜʚʠʛʠ ʚ ʤʝʪʦʜʝ ʄʀʉ.

ʇʦʣʥʳʡ ʩʜʚʠʛ ʝʩʪʴ ʩʫʤʤʘ:

Ipïʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʨʦʙʥʦʛʦ ʧʦʣʷ, Bïʚʥʝʰʥʝʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ.

ʂʘʢ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʵʪʠ ʩʜʚʠʛʠ?

ʉʪʘʥʜʘʨʪʥʳʡ ʧʦʜʭʦʜ:

ʊʦʯʥʦʝ ʦʧʨʝʜʝʣʝʥʠʝk ʠb, ʠ ʚʳʩʦʢʘʷ ʩʪʝʧʝʥʴ ʢʦʥʪʨʦʣʷ

ʧʦʣʝʡ IpʠB.

ʊʘʢʦʡ ʧʦʜʭʦʜ ʚʩʪʨʝʯʘʝʪ ʪʨʫʜʥʦʩʪʠ ʢʘʢ ʪʝʭʥʠʯʝʩʢʦʛʦ, ʪʘʢ ʠ 

ʧʨʠʥʮʠʧʠʘʣʴʥʦʛʦ ʭʘʨʘʢʪʝʨʘ.



ʉʧʝʢʪʨʦʩʢʦʧʠʷʈʘʤʩʠ(ʦʩʮʠʣʣʠʨʫʶʱʠʝʧʦʣʷ

ʨʘʟʥʝʩʝʥʥʳʝʚʦʚʨʝʤʝʥʠ)ʦʧʪʠʯʝʩʢʠʭʧʝʨʝʭʦʜʦʚ

ʫʣʴʪʨʘʭʦʣʦʜʥʳʭʘʪʦʤʦʚʠʠʦʥʦʚ.

ɸʣʴʪʝʨʥʘʪʠʚʥʳʡ ʧʦʜʭʦʜ (Yudin&Taichenachevet al., PRA, 2010):

ʉʜʚʠʛʠ ʧʨʠʩʫʪʩʪʚʫʶʪ ʪʦʣʴʢʦ ʚʦ ʚʨʝʤʷ ʜʝʡʩʪʚʠʷ ʠʤʧʫʣʴʩʦʚ. ɺʦ 

ʚʨʝʤʷ ʩʚʦʙʦʜʥʦʡ ʵʚʦʣʶʮʠʠ ʩʜʚʠʛʠ ʨʘʚʥʳ ʥʫʣʶ.

t
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ʄʘʢʩʠʤʘʣʴʥʳʡ ʢʦʥʪʨʘʩʪ 

ʮʝʥʪʨʘʣʴʥʦʛʦʨʝʟʦʥʘʥʩʘ(º1) ʧʨʠ

tW0=(2l+1)p/2 (l=0,1,2,...). ɼʣl̫=0 

(tW0=p/2 ) ʚʝʨʰʠʥʘ ʨʝʟʦʥʘʥʩʘ 

ʩʜʚʠʥʫʪʘ:

0

0

1

2 T
w x

p

D
D º

W

x~2.

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʮʝʥʪʨʘʣʴʥʳʡ ʨʝʟʦʥʘʥʩ ʩʫʱʝʩʪʚʝʥʥʦ ʩʜʚʠʥʫʪ

ʠ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʤʝʪʦʜʘ ʈʘʤʩʠ ʚʳʛʣʷʜʠʪ ʙʝʩʧʝʨʩʧʝʢʪʠʚʥʳʤ.

ʉʪʘʥʜʘʨʪʥʘʷ ʩʭʝʤʘ ʈʘʤʩʠ. ʇʨʦʙʣʝʤʳ.
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ʉʢʘʯʢʠ ʧʦ ʯʘʩʪʦʪʝ ʠ ʬʘʟʝ.

ʉʠʛʥʘʣ ʦʰʠʙʢʠ.

ʂʘʢ ʧʨʘʚʠʣʦ ʧʦʣʝʚʦʡ ʩʜʚʠʛ ʤʥʦʛʦ ʙʦʣʴʰʝ ʯʘʩʪʦʪʳ ʈʘʙʠ. 

ʇʨʦʩʪʦʝ ʨʝʰʝʥʠʝ: ʤʳ ʤʦʞʝʤ ʜʦʙʘʚʠʪʴ ʩʜʚʠʛ ʯʘʩʪʦʪʳ ʚʦ 

ʚʨʝʤʷ ʜʝʡʩʪʚʠʷ ʠʤʧʫʣʴʩʘ, ʯʪʦʙʳ ʢʦʤʧʝʥʩʠʨʦʚʘʪʴ ʩʜʚʠʛ:

ʉʢʘʯʢʠ ʬʘʟʳ (ʧʣʶʩïʤʠʥʫʩp/2) ʜʘʶʪ ʫʜʦʙʥʳʡ ʩʧʦʩʦʙ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʠʛʥʘʣʘ ʦʰʠʙʢʠ,ʢʦʪʦʨʳʡ ʦʙʨʘʱʘʝʪʩʷ ʚ 

ʥʫʣʚɹ ʪʦʯʢʝ ʧʨʠʚʷʟʢʠ:

W<D-D=D

W>>D

stepshift

shift

0),2/(),2/()( =--=D dpdpd PPE



ʆʙʱʘʷ ʪʨʝʭʠʤʧʫʣʴʩʥʘʷʨʘʤʩʝʝʚʩʢʘʷʩʭʝʤʘ 

ʩ ʢʦʤʧʦʟʠʪʥʳʤ ʚʪʦʨʳʤ ʠʤʧʫʣʴʩʦʤ

ʆʨʠʛʠʥʘʣʴʥʘʷ ʛʠʧʝʨïʨʘʤʩʝʝʚʩʢʘʷ (HR) ʩʭʝʤʘ[Yudin et al., PRA 

(2010)]:

.);2/(

;4;2/
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HR scheme. Excitation prob., error signal and shift.

The excitation probability depends on the phases of all the three 

pulses: )0,,2/()0,,2/()();,,( 431 ppppjjj --=D PPHREP



ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʨʝʘʣʠʟʘʮʠʷ ʤʝʪʦʜʘHR 

ʜʣʷ ʦʜʠʥʦʯʥʦʛʦ ʠʦʥʘ 171Yb+ʚPTB, ɻʝʨʤʘʥʠʷ

ʇʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʳ 

ʧʦʜʘʚʣʝʥʠʝ ʧʦʣʝʚʦʛʦ ʩʜʚʠʛʘ ʥʘ 

ʯʝʪʳʨʝ ʧʦʨʷʜʢʘ ʠ 

ʥʝʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʤʝʪʦʜʘ ʢ 

ʬʣʫʢʪʫʘʮʠʷʤ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʧʨʦʙʥʦʛʦ ʧʦʣʷ.





A Table of Generalized Ramsey methods
[Zanon-Wilette et al., Rep. Prog. Phys (2018) and other refs.]

Theory/Proposal Experimental realization

Hyper-Ramsey  (HR), Yudinet al., PRA 
(2010).

Huntemannet al., PRL (2012),  E3 in Yb+;
Best single-ion optical clock  - PRL (2016)

Modified HR, Hobson et al., PRA (2016) Hobson et al., PRA (2016), MIS in Sr-88

Generalized HR, Zanon-Willete et al., PRA 
(2016)

No

Synthetic frequency protocol in Ramsey 
and HR, Yudinet al., PRA (2016)

No

AutobalancedRamsey (ABR), Sanneret 
al., PRL (2018)

Sanneret al., PRL (2018), E3 in Yb+;
Boudotet al.APL (2018), Rb-87 CPT clock

Generalized ABR, Yudinet al., PR Applied 
(2018)

No

Combinederror signal Ramsey, Yudinet 
al., New J. Phys. (2018)

Shukeret al., APL (2019), cold Rb-87 CPT 
clock

Displaced frequency jump Ramsey,Shuker
et al., PRL (2019)

Shukeret al., PRL (2019), cold Rb-87 CPT 
clock
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ʉʜʚʠʛʟʘʩʯʝʪʠʟʣʫʯʝʥʠʷʯʝʨʥʦʛʦʪʝʣʘïBBR ʩʜʚʠʛʚʳʟʚʘʥ

ʪʝʧʣʦʚʳʤʠʨʘʚʥʦʚʝʩʥʳʤʠʬʦʪʦʥʘʤʠʩ ʩʧʝʢʪʨʘʣʴʥʦʡ

ʧʣʦʪʥʦʩʪʴʶʵʥʝʨʛʠʠ(ʬʦʨʤʫʣʘʇʣʘʥʢʘ):
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ʉʨʝʜʥʠʡ ʢʚʘʜʨʘʪBBR ʧʦʣʷ:
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Gallagher&Cooke, PRL 42, 835 (1979); Farley&Wing, PRA 23, 2397 (1981); 
Itano, Lewis, Wineland, PRA 25, 1233 (1982).



BBRʩʜʚʠʛʘʪʦʤʥʦʛʦʫʨʦʚʥʷaʠʟ-ʟʘʜʠʥ.ʵʬʬʝʢʪʘʐʪʘʨʢʘ:

|gð

|eð

clock transition

ʉʢʘʣʷʨʥʘʷʧʦʣʷʨʠʟʫʝʤʦʩʪʴʩʦʩʪʦʷʥʠʷʘ

(a=g,e) ʥʘʯʘʩʪʦʪʝw - ʩʫʤʤʘʧʦʚʩʝʤ

ʚʦʟʤʦʞʥʳʤʧʝʨʝʭʦʜʘʤʩʯʘʩʪʦʪʘʤʠwi

ɼʠʬʬʝʨʝʥʮʠʘʣʴʥʳʡBBR ʩʜʚʠʛʯʘʩʪʦʪʳ

ʨʝʧʝʨʥʦʛʦʧʝʨʝʭʦʜʘgð­|eðʠʤʝʝʪʚʠʜ:
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ʅʘʰʘʮʝʣïɹʦʪʥ. ʅʝʦʧʨʝʜʝʣʝʥʥʦʩʪʴʯʘʩʪʦʪʳ10-17-10-18 ʚ

ʘʪʦʤʥʳʭʯʘʩʘʭ. BBRʩʜʚʠʛïʦʜʥʦʠʟʛʣʘʚʥʳʭʧʨʠʧʷʪʩʪʚʠʡ.

ʆʮʝʥʢʠʦʪʥʦʩʠʪʝʣʴʥʦʛʦBBRʩʜʚʠʛʘʧʨʠ300ʂ:



ʊʨʠ ʧʦʜʭʦʜʘ ʢ ʧʨʦʙʣʝʤʝBBR ʩʜʚʠʛʘ:
1. ʀʩʧʦʣʴʟʦʚʘʪʴʢʨʠʦʛʝʥʥʫʶʪʝʭʥʠʢʫʠʧʦʜʘʚʠʪʴBBR ʜʦ

ʧʨʠʥʝʙʨʝʞʠʤʦʛʦʫʨʦʚʥʷ.
Levi, et al. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 57, 600 (2010);

Middelmannetal., IEEETrans. Instrum. Meas. 60, 2550(2011).

Katori etal. NaturePhotonics(2015).

2. ɺʪʦʨʦʡ ʧʦʜʭʦʜ ʦʩʥʦʚʘʥ ʥʘ ʚʳʙʦʨʝ ʘʪʦʤʘ ʠʣʠ ʠʦʥʘ, ʚ 

ʢʦʪʦʨʦʤ ʦʙʘ ʫʨʦʚʥʷ ʨʝʧʝʨʥʦʛʦʧʝʨʝʭʦʜʘ ʠʤʝʶʪ 

ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʦʜʠʥʘʢʦʚʳʝ BBR ʩʜʚʠʛʠ. ʅʘʠʙʦʣʝʝ ʫʜʘʯʥʳʡ 

ʚʘʨʠʘʥʪ - Al+. 
Winelandet al. Science 309, 749 (2005); Rosenbandet al. PRL 98, 220801 

(2007); Chou et al. PRL 104, 070802 (2010).

3. ʇʨʝʮʠʟʠʦʥʥʦʝʠʟʤʝʨʝʥʠʝʜʠʬʬ. ʧʦʣʷʨʠʟʫʝʤʦʩʪʠ(0.2%) ʠ

ʢʦʥʪʨʦʣʴʪʝʤʧʝʨʘʪʫʨʳ(0.1 K). Huntemannetal. PRL(2016).



Chou et al. PRL 104, 070802 (2010).
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|g 2ð

|e 2ð

clock 
transition2
u2

|g 1ð

|e 1ð clock 
transition1
u1

ʀʜʝʷ ʩʠʥʪʝʪʠʯʝʩʢʦʡ ʯʘʩʪʦʪʳ ʧʦʯʪʠ ʩʚʦʙʦʜʥʦʡ ʦʪBBR ʩʜʚʠʛʘ

ɻʣʘʚʥʘʷ ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴT4:                               
DBBR(T)=aT

4

ʈʘʩʩʤʦʪʨʠʤ ʯʘʩʪʦʪʳ ʠ BBR ʩʜʚʠʛʠ ʜʚʫʭ 

ʨʝʧʝʨʥʳʭʧʝʨʝʭʦʜʦʚ ʚ ʦʜʥʦʤ ʠ ʪʦʤ ʞʝ ʊɼ 

ʦʢʨʫʞʝʥʠʠ:

u1(T)=u1(0)+a1T
4;    u2(T)=u2(0)+a2T

4

ɺʚʝʜʝʤ ʢʦʵʬʬʠʮʠʝʥʪe12=a1/a2. 

ɺʠʜʥʦ, ʯʪʦ ʣʠʥ. ʢʦʤʙʠʥʘʮʠʷ u1(T)-e12u2(T) ʥʝ ʩʦʜʝʨʞʠʪ BBR ʩʜʚʠʛ:

u1(T)-e12u2(T) =u1(0)-e12u2(0) 

ʄʦʞʝʤ ʦʧʨʝʜʝʣʠʪʴ ʩʠʥʪʝʪʠʯʝʩʢʫʶ ʯʘʩʪʦʪʫ ʩʚʦʙʦʜʥʫʶ ʦʪBBR ʩʜʚʠʛʘ:

usyn=R(u1-e12u2)

ʛʜʝR ïʥʝʢʦʪʦʨʳʡʢʦʵʬʬʠʮʠʝʥʪ. ʏʘʩʪʦʪʘusyn ʤʦʞʝʪʙʳʪʠɹʩʧʦʣʴʟʦʚʘʥʘʚ

ʢʘʯʝʩʪʚʝʨʝʧʝʨʥʦʡʚ ʘʪʦʤʥʳʭʯʘʩʘʭ. ʂʦʵʬʬʠʮʠʝʥʪe12 ʤʦʞʝʪʙʳʪʴ

ʦʪʥʦʩʠʪʝʣʴʥʦʣʝʛʢʦʦʧʨʝʜʝʣʝʥʠʟɻ ʢʩʧʝʨʠʤʝʥʪʦʚ(ʥʝʥʫʞʥʘʢʘʣʠʙʨʦʚʢʘ

ʠʥʪʝʥʩʠʚʥʦʩʪʠ). [Yudin, Taichenachev, Bagayevetal. PRL,2011].



ʌʠʟʠʯʝʩʢʘʷʨʝʘʣʠʟʘʮʠʷʩʠʥʪʝʪʠʯʝʩʢʦʡʯʘʩʪʦʪʩr

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤʬʝʤʪʦʩʝʢʫʥʜʥʦʛʦʩʠʥʪʝʟʘʪʦʨʘʯʘʩʪʦʪ

ʩʪʘʙʠʣʠʟʠʨʦʚʘʥʥʦʛʦʧʦʜʚʫʤʨʝʧʝʨʥʳʤʯʘʩʪʦʪʘʤ:



ɺʦʟʤʦʞʥʳʝ ʚʘʨʠʘʥʪʳ ʨʝʘʣʠʟʘʮʠʠ ʩʠʥʪʝʪʠʯʝʩʢʦʡ ʯʘʩʪʦʪʳ:

1. ˮ ͦͤ 171Yb+

2. ˽ ͔͔ͪͻͦ͒· 1S0­
3P0͍ ΅͔ͦ͡;͔͔ͤͦͣ͘͡Έͤ·ͻ ό͙ ͨͦ͒ͦ͋ͤ·ͻύ ͊ͭͦͣ͊ͻ

(͙͔ͤ͊ͨͪͣͪ, Sr͙ Yb) ͍  ͙ͦͨͭ;͔͙ͫ͟ͻ ͔ͪ΄͔ͭ͊͟ͻ ͍ ͚ͦ͒ͤͦ ͙ ͚ͭͦ ͔͗ 
͍͚͊ͯͯͣͤͦ͟ ͔͔͊ͣͪ͟Φ

u1
u2



ʆʩʥʦʚʥʦʝ ʦʛʨʘʥʠʯʝʥʠʝ ʤʝʪʦʜʘ ʉʏ

DBBR(T)=aT
4+bT6+gT8...

2.44mm

V. I. Yudin, A. V. Taichenachevet al.,Phys. Rev. Lett. 
107, 030801 (2011).

2

0

( ) (2 3)! (2 4)(1/ )
K

k

i i

k

f k k fz
=

F º + +ä

4 6 8 10( / 300) ( / 300) ( / 300) ( / 300)quad a T b T c T d TnD º + + +

{ , , , } {-0.28255, -0.0321, -0.0034, -0.0006}Hza b c d =

4 6 8 10'( / 300) '( / 300) '( / 300) '( / 300)oct a T b T c T d TnD º + + +

-7 -9{ ', ', ', '} {-0.095577171, 0.000090867, 4.05 10 , 1.9 10 }Hza b c d = ³ ³

ʆʩʪʘʪʦʯʥʳʡBBR ʩʜʚʠʛ ʧʦʨʷʜʢʘ10-17ʠ 

ʤʦʞʝʪ ʙʳʪʴ ʩʥʠʞʝʥ ʜʦ ʫʨʦʚʥʷ ʥʠʞʝ 10-18

(ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʜʘʥʥʳʭ ʠ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʨʘʩʯʝʪʦʚ).





ɸʪʦʤʥʳʝ ʯʘʩʳ ʥʘ ʦʩʥʦʚʝ 

ʤʘʛʥʠʪʦʜʠʧʦʣʴʥʳʭ

ʧʝʨʝʭʦʜʦʚ ʤʥʦʛʦʟʘʨʷʜʥʳʭ 
ʠʦʥʦʚ

ʅʘ ʧʫʪʠ ʢ ʫʨʦʚʥʶ 10-19ï10-20ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʥʝʦʧʨʝʜʝʣʝʥʥʦʩʪʠ









Hyperfine transitions in

hydrogen- and lithium-like

highly-chargedions (Ne=1, 3)

with wavelengthslclock<3 mm.

Here we list stable isotopes

with nuclearspinIn=1/2.

Magneto-dipole optical hyperfine transition for hydrogen-

and lithium-like highly-charged ions (Ne=1 and 3)



Magneto-dipole fine transition 3P1/2­
3P3/2

for single valence  p-electron (Ne=5,13,31,63)

To suppressthe quadrupoleshift we should use isotopeswith nuclearspin

In=1,3/2.

The residual ion chargeZi is determinedby requiring thatlclock is in the

opticalregion. For example,for Al -like ions(numberof electronsNe=13) our

calculationsshow that for 20< Zi <30 lclock=0.5ï3 mm. For the 3P1/2­
3P3/2

transition the linear Zeemanshift can be eliminatedby averagingover two

clock transitionswith oppositemagneticquantumnumbersm, which are

shiftedoppositely.



Magneto-dipole fine transition 3P0­
3P1

for two valence  p-electron (Ne=6,14,32,64)

By choosingisotopeswith In=1/2, 1, 3/2 one may also either eliminate or

substantiallysuppressthe quadrupoleshift. Indeed,for the In=1/2 isotopesthe

proper choice of the clock transition would be |3P0,F=1/2ð­|3P1,F=1/2ðwith

identicallyvanishingquadrupoleshift. For the In=1 isotopesoneshouldusethe

|3P0,F=1ð­|3P1,F=0ð transition, and for the In=3/2 isotopes ï the

|3P0,F=3/2ð­|3P1,F=1/2ðtransition. Comparedto thesinglep-electroncase(see

previous page), an additional benefit of such HCIs is the simple single-

componentstructure of the ground state which simplifies the initial state

preparation.



͔̒͒ͪͤ·͔ ͙ͦͨͭ;͔͙͔ͫ͟ ;͊ͫ·

Å˻ ͍ͫͤͦͤ·͔ ͙͔͙͒ ͙ ͔ͣͭͦ͒·



˽͙͔͔ͦͤͪͫͦ͟ ͔͔͙͔ͨͪ͒ͦ͗ͤ͡
(E. Peik, Chr. Tamm, Europhys. Lett. 2003)

Å ʆʩʥʦʚʥʘʷ ʠʜʝʷ ï̫ ʜʨʦ ʠ ʧʝʨʝʭʦʜʳ ʤʝʞʜʫ ʷʜʝʨʥʳʤʠ ʵʥʝʨʛʝʪʠʯʝʩʢʠʤʠ 

ʫʨʦʚʥʷʤʠ ʛʦʨʘʟʜʦ ʤʝʥʝʝ ʯʫʚʩʪʚʠʪʝʣʴʥʳ ʢ ʚʥʝʰʥʠʤ ʧʦʣʷʤ ʠ ʠʭ ʬʣʫʢʪʫʘʮʠʷʤ, 

ʯʝʤ ʧʝʨʝʭʦʜʳ ʚ ʵʣʝʢʪʨʦʥʥʦʡ ʧʦʜʩʠʩʪʝʤʝ ʘʪʦʤʘ ʠʣʠ ʠʦʥʘ.

Å ʆʩʥʦʚʥʘʷ ʧʨʦʙʣʝʤʘ ï̫ ʜʝʨʥʳʝ ʧʝʨʝʭʦʜʳ, ʢʘʢ ʧʨʘʚʠʣʦ, ʣʝʞʘʪ ʚ ʛʘʤʤʘ

ʜʠʘʧʘʟʦʥʝ.

Å ɽʜʠʥʩʪʚʝʥʥʦʝ ʠʟʚʝʩʪʥʦʝ ʠʩʢʣʶʯʝʥʠʝ ï̫ ʜʨʦ Th-229, ʧʝʨʝʭʦʜ ʤʝʞʜʫ ʦʩʥʦʚʥʳʤ 

ʠ ʤʝʪʘʩʪʘʙʠʣʴʥʳʤ (ʠʟʦʤʝʨʥʳʤ) ʩʦʩʪʦʷʥʠʝʤ ʩ ʵʥʝʨʛʠʝʡ ~8.1 eV (153 ʥʤ).

Å ɺʦʟʤʦʞʥʦ ʧʨʷʤʦʝ ʚʦʟʙʫʞʜʝʥʠʝ ʫʣʴʪʨʘʩʪʘʙʠʣʴʥʳʤʣʘʟʝʨʦʤ ʠ ʣʘʟʝʨʥʦʝ ʞʝ 

ʜʝʪʝʢʪʠʨʦʚʘʥʠʝ ʧʝʨʝʭʦʜʘ ʧʦ ʠʟʤʝʥʝʥʠʶ ʚʝʣʠʯʠʥʳ ʩʚʝʨʭʪʦʥʢʦʛʦ ʨʘʩʱʝʧʣʝʥʠʷ.

229Th, 

I=5/2

229mTh, I=3/2

153 ʥʤ

M1-ʧʝʨʝʭʦʜ

t- 103-104ʩʝʢ.



˿͍͔͔ͦͪͣͤͤ·͚ ͍͙͊ͪ͊ͤͭ Ύ͔͒ͪͤ·ͻ ;͍͊ͫͦ ͙ ͦͼ͔ͤ͊͟ 
͎͔ͨͦͪ΄͔͚ͤͦͫͭ όKuzmichet al. PRL, 2012)

Å ɼʣʷ ʫʤʝʥʴʰʝʥʠʷ ʢʚʘʜʨʘʪʠʯʥʦʛʦ ʟʝʝʤʘʥʦʚʩʢʦʛʦ ʩʜʚʠʛʘ ʠ ʰʠʨʠʥʳ 

ʨʝʟʦʥʘʥʩʘ ʥʘʜʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʧʦʜʫʨʦʚʥʠ ʦʩʥʦʚʥʦʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ ʠʦʥʘ 229Th3+

ɺʦʟʤʦʞʥʦ ʜʦʩʪʠʞʝʥʠʝ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʥʝʦʧʨʝʜʝʣʝʥʥʦʩʪʠ ʯʘʩʪʦʪʳ 10-19



Experiment Munich -2016 with 229mTh
L. v. d. Wense, P. Thirolf et al., Nature 533, 47 (2016)

Detection of the decay 

of isomeric nuclei via 

electron conversion 

channel

çTheorem of 

existenceè



LMU

PTB

2% ʠʦʥʦʚ ʚ ʣʦʚʫʰʢʝ 

LMU ʥʘʭʦʜʷʪʩʷ ʚ 

ʠʟʦʤʝʨʥʦʤ ʩʦʩʪʦʷʥʠʠ

Using the Hyperfine structure 

spectroscopy :

The magnetic moment of the isomeric state 

ɛm = -0,37 (6) ɛN

Quadrupole moment of the isomeric state

Q0
m= 8.7 (3) eb



MEPhI -LPI : excitation of 229mTh nuclei in laser 

plasma by inverse electronic conversion

Pioneering work [V.F. Strizhovand E.V. Tkalya, Sov. Phys. JETP 72, 387 (1991)]

Whenintenselaserradiationis appliedto thorium-
containing targets, the electrons of the laser
plasma from states of the continuous spectrum
with energyE populate the levelsof the Th + ion,
that is, they enter the states of the discrete
spectrum with energy Eb. The nucleus is then
excited by a virtual photon, which is producedat
this transition. Theprocessin considerationis the
inverse of the processof decay of the isomeric
nuclear state through the internal electron
conversion channel of gamma rays and has an
extremelyhigh crosssectionascomparedto direct
excitationby electronsor plasmaphotons.

~ 108 229mTh nuclei
Per one laser shot





ʕʥʝʨʛʠʷ ʧʝʨʝʭʦʜʘ(ʠʟʤʝʨʝʥʥʘʷ ʷʜʝʨʥʳʤʠ ʬʠʟʠʢʘʤʠ)

1.T. Sikorsky et al., Phys. Rev. Lett. 

125, 142503 (2020).

2. R. G. Helmer and C.W. Reich, 

Phys. Rev. C 49, 1845 (1994).

3. Z. O. Guimar«es-Filho, Phys. 

Rev. C 71, 044303 (2005).

4. B. R. Beck et al., Phys. Rev. Lett. 

98, 142501 (2007).

5. B. R. Beck et al., Lawrence 

Livermore National Laboratory 

Report No. LLNL-PROC-415170 

(2009).

6. B. Seiferle et al., Nature 573, 243 

(2019).

7. A. Yamaguchi et al., Phys. Rev. 

Lett. 123, 222501 (2019).



˾͊ͪ͊͋ͦͭ͊͘͟ ͍͔͔ͫͦͪͣͤͤ·ͻ 
͙ͦͨͭ;͔͙ͫ͟ͻ ͍ͫͭ͊ͤ͒͊ͪͭͦ ;͊ͫͭͦͭ· 

͍ ˮ˶̅ ˿˻ ˾ˢ˹
˹͔͚ͭͪ͊͡Έͤ·͔ ͊ͭͦͣ· ͎͙ͣ͊ͤΎ ͙ 
͙ͦ͒ͤͦ;ͤ·͚ ͙ͦͤ ͙͔͙ͭͭͪ͋Ύ



ɸʪʦʤʳ ʤʘʛʥʠʷ ʷʚʣʷʶʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʜʣʷ ʩʦʟʜʘʥʠʷ

ʩʪʘʥʜʘʨʪʘ ʯʘʩʪʦʪʳ ʩ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʧʦʛʨʝʰʥʦʩʪʴʶ ʤʝʥʝʝ 10-16

Áʅʘʠʙʦʣʝʝ ʧʨʦʩʪʦʡ ʱʝʣʦʯʥʦ-ʟʝʤʝʣʴʥʳʡ ʘʪʦʤ, ʜʣʷ ʢʦʪʦʨʦʛʦ  

ʨʝʘʣʠʟʦʚʘʥʳ ʦʭʣʘʞʜʝʥʠʝ ʠ ʣʦʢʘʣʠʟʘʮʠʷ.

ʇʨʦʩʪʘʷ ʩʪʨʫʢʪʫʨʘ (1s2,2s2,2p6,3s2) ïʢʘʢ ʫ Al+  

3 ʠʟʦʪʦʧʘ- 24Mg (79%), 25Mg (10%), 26Mg (11%)

Áʋʟʢʠʡ  1S0 ->3P1 ʧʝʨʝʭʦʜ(36 ɻʮ)

Áʄʘʣʳʡ ɺɺR ʩʜʚʠʛ - -0.26 ɻʮ(300 K/T)4



Mg MOT

Nat ~ 106 -107 

Cloud diameter ~ 0.2 -0.5 mm

T ~ 3-5 mK



Laser systems for Mg frequency standard

Laser system for laser cooling 

based on dye laser/SHG  

ɚ=285 nm  P=100 mW

Clock laser system at 457 nm 

based on Ti:Sa/SHG

P=150 mW



ɔ<100 Hz

Q >5 1012 N=106 Tcycle=20 ms  ů (Ű) ~ 10-16 /Ű1/2 - QPN limit

Ramsey-Bordⱪresonances with Mg atoms in MOT

S/N=55
HWHM=2̋ː̗

3-rd derivative signal used

for frequency stabilization 


