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0.5 升空气含 3 × 1022  个原子

包括 1 × 1015 个氪-83原子 (83Kr)

包括 1 × 104 个氪-81原子 (81Kr)





氪-83同位素
核稳定

36个电子

核：36 质子，47 中子

重量：83个氢原子

36个电子

核：36 质子，45 中子

重量：81个氢原子

氪-81同位素
核衰变，半衰期 23万年

氪-81同位素丰度 =
氪-81原子数目

氪-83原子数目
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2800 m
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and beyond



Radioactive Gas Isotopes for Dating
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Radioactive gas isotopes for tracing / dating

20 kyr – 1.5 Myr
t1/2 = 230 kyr

Leak check
t1/2 = 11 yr

Alpine ice
Ocean circulation

t1/2 = 302 yr

 Gas: Even distribution around the world
 Inert: Simple production, transport and deposition process 

85Kr, 39Ar, 81Kr:  Ideal isotopes for dating / tracing

t1/2 = 5.7 kyr
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 81Kr and 39Ar are ideal dating isotopes
-- Loosli & Oeschger, Earth Planet Sci. Lett. (1969)

 Analyses difficult due to extremely low 
isotopic abundances

Half-life Isotopic 
abundance

Atoms per 
liter of water

85Kr 11 yr 2 x 10-11 30,000

81Kr 230 kyr 6 x 10-13 1,000

39Ar 302 yr 8 x 10-16 8,000

Motivation and Challenges

Hans Oeschger
1927 – 1998

Hugo Loosli
1936 – 2021
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1）会有重大影响

2）原理上没问题，不违反任何基本物理定律

3）实践上不可能



Magneto-Optical Trap
Sodium, NIST, ~ 1990
Nobel Physics Prize, 1997 Photo credit: Mark Helfer, NIST



• Planck’s constant: 
6 × 10��� J·s

• Wavelength: 811 nm
• Single-photon recoil:

dv =  6 mm/s

• Transition rate: 107 /s

• Acceleration：
6 x 104 m/s2

• Stopping distance: 1 m

� =
ℎ
�Photon momentum:

Laser force on 
a neutral Kr atom"for development of methods 

to cool and trap atoms with 
laser light"



Atom Trap Trace Analysis (ATTA)

CCD image of 
a 81Kr atom

Ultrasensitive isotope trace analyses with a magneto-optical trap
C.Y. Chen, Y.M. Li, K. Bailey, T.P. O’Connor, L. Young, Z.-T. Lu. Science 286, 1139 (1999)

Argonne National Laboratory, U.S.

Sensitive: single-atom detection
Selective: immune to background from other species,

lowest detection level limited by count rate
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85Kr, 1x10-11

81Kr, 6x10-13

83Kr, 10%

Superb Selectivity: Repeated, Resonant Excitations

85Kr/Kr = 2 x 10-11

Nuclear industry

85Kr/Kr = 2 x 10-11

Nuclear industry

81Kr/Kr = 6 x 10-13

Cosmogenic

81Kr/Kr = 6 x 10-13

Cosmogenic

W. Jiang et al., Geochim. Cosmochim. Acta 91, 1 (2012)



81Kr dating: towards 100% efficiency and < 1 kg of ice

Nubiran Aquifer, Sahara Desert
Sturchio et al., Geophys Res Lett (2004)



Radioactive Gas Isotopes for Dating / Tracing

80Kr(n，γ)81Kr

Cosmic Ray

I0

Age of groundwater
Young Old

Gas  Uniform distribution 
in the atmosphere

Isotopic abundance I0

I0 / 2
I0 / 4



In collaboration with earth and environmental scientists

Google: ATTA Primer



Reika Yokochi
1975 – 2024

Radiokrypton unveils dual moisture 
sources of a deep desert aquifer

• Paleo-hydroclimate of Nubian 
Sandstone Aquifer in Negev Desert

• Resolved subsurface mixing and 
identified two distinct moisture 
sources of recharge: 

• Modern (< 38 ka)
• 360 ± 30 ka

2005  PhD, Lorraine, with B. Marty
2008 – 2024  Univ. Chicago

Yokochi et al., PNAS (2019)



81Kr dating of groundwater for assessment of 
deep geological repository in Japan

Ohta et al., Sci. Rep. 14, 15688 (2024)

• Groundwater ages 200 ~ 300 ka found under 700 m
• Two groundwater components identified
• Discrepancy among traditional dating methods resolved

Horonobe Underground 
Research Center Cl (mg L-1) 81Kr age (ka)
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Collaborations led by
International Atomic Energy Agency (IAEA) 国际原子能机构

CRP F33023: 2016 – 2023
--13 nations participated

CRP F33028: 2024 – 2027
--15 nations participating

Asia: Cambodia, China 
Australia: Australia
Africa: Algeria, Ethiopia,

Morocco, Tunisia 
Europe: Germany, Hungary, 

Switzerland, Turkiye
N. Am: Canada, USA
S. Am: Brazil, Argentina



81Kr dating: towards 100% efficiency and < 1 kg of ice

Christo Buizert et al.
shallow ice, 20 m
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81Kr dating: towards 100% efficiency and < 1 kg of ice

Ritterbusch et al. 
Nat. Comm. (2025)



短期预测过于乐观

长期预测过于悲观



ATTA Instrument at USTC
• Sensitive: for rare isotope, single-atom detection
• Fast: for primary isotope, trap loading rate ~ 1013 s-1

• Efficient: ~ 20%





All-Optical Production of Kr*

4p6 

5s[3/2]02

5p[3/2]2

819 nm

Metastable5s[3/2]01

124 nm VUV

Ground

VUV + IR optical excitation
• Develop VUV lamp, FEL
• Brightness: 1 mW in 1 GHz Optical excitation and trapping of 81Kr

Wang et al., PRL 127, 023201 (2021) 
Memory effect eliminated
• Kr outgassing reduced to 20 pL / hr



Florian Ritterbusch
Jie Wang

VUV lamp farm



Kr

100 nL STP

100 mL STP

Kr purification
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counting

Radio-krypton Dating Procedure

Gas 
extraction



• ERC Synergy Grant Project: When was Greenland green? – Perspectives 
from basal ice and sediments from ice cores (Green2Ice)

• 81Kr dating of basal ice: 
• GISP2,  Camp Century,  NEEM,  NGRIP,  Dye-3,  GRIP

When was Greenland Green?

G reenland’s O ldest Ice and Sedim ent
University of Verm ont
O ctober 22-25, 2019

Lead Scientist:
Dorthe Darl-Jesen

Niels Bohr Institute
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地下水：上百万年

核心科学目标:

为研究全球和区域水循环提供关键时间信息

洋流：上几千年

冰川：上百万年


