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PART I

Long-time atom interferometry 

for precision measurements



Outline

1. Quantum sensors based on atom interferometry

‣ atom interferometers as accelerometers

‣ long-time interferometry

‣ microgravity platforms

2. Atomic lensing

3. Experiments with ultracold atoms in microgravity



Quantum sensors based on 
atom interferometry



• Exploit quantum features of atomic systems

• Interferometry with matter waves diffracted by laser beams 
 (reversed roles of matter and light)

104 atoms of 87Rb  
in asymmetric 
Mach-Zehnder 
interferometer 

H. Ahlers
Louis de Broglie



• Appealing properties of atomic sensors:

‣ atoms of the same element & isotope are identical 

(definition of metrological standards)

‣ neutral atoms in magnetically insensitive states 

 excellent inertial references

‣ superb control and manipulation capabilities using lasers



• Atomic clocks  (internal degrees of freedom)

‣ microwave transitions

‣ optical transitions

• Inertial sensors  (geophysics, geodesy, navigation)

‣ accelerometers / gravimeters

‣ gyroscopes  (Coriolis)

gradiometers

�⌫/⌫ ⇠ 10�18

�⌫/⌫ ⇠ 10�16

�g/g ⇠ 10�9

Applications to precision measurements:
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• Measurement of fundamental constants:

‣ fine-structure constant

‣ Newtonian gravitational constant

• Fundamental tests:

‣ universality of free fall (UFF) 
(weak equivalence principle)

‣ local Lorentz invariance (LLI)

• Searching for dark energy and dark matter.
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Atom interferometers as accelerometers
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The evolution of the wave packets can be decomposed 

into two independent aspects:

‣ expansion dynamics of a centered wave packet

‣ central position and momentum which follow classical 

trajectories including the kicks from the laser pulses



Atom interferometers as accelerometers
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Bragg diffraction

standing e.m. wave           periodic optical potential

analogous to Bragg diffraction of X rays off a crystal

roles of light and matter exchanged
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Bragg diffraction

standing e.m. wave           periodic optical potential

useful description in terms of Rabi oscillations
in an effectively two-state system

(adiabatic elimination of the excited internal state)
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|gi
<latexit sha1_base64="9NyDlqur33zqCauM7TkGcF3vtNU=">AAACEHicbVDLSsNAFJ3UV62v+FjpZrAIrkpaF7osuHHhogX7gCaUyWSSDp1MwsxEqDFf4M4vcKtf4E7EnX/gB7j3E5y0Irb1wIXDOfdyD8eNGZXKsj6MwsLi0vJKcbW0tr6xuWVu77RllAhMWjhikei6SBJGOWkpqhjpxoKg0GWk4w7Pc79zTYSkEb9So5g4IQo49SlGSkt9c+8W2iFSAxGmQQZtgXjASN8sWxVrDPhLqrOkXDebX2+X+3eNvvlpexFOQsIVZkjKXtWKlZMioShmJCvZiSQxwkMUkJ6mHIVEOuk4fQaPtOJBPxJ6uIJj9e9FikIpR6GrN/OkctbLxf+8XqL8MyelPE4U4XjyyE8YVBHMq4AeFQQrNtIEYUF1VogHSCCsdGGlqTeuGzEv073MtTBP2rVK9aRSa+qCLDBBERyAQ3AMquAU1MEFaIAWwOAGPIBH8GTcG8/Gi/E6WS0YPze7YArG+zcO+6Bo</latexit>

|ei
<latexit sha1_base64="UCDQ1TnkAj5OQhhq9Rl2bMf+NoI=">AAACEHicbVC7SgNBFJ2Nrxhf66PSZjAIVmETCy0DNhYWCZgHZEOYndwkQ2Znl5lZIa77BXZ+ga1+gZ2InX/gB9j7Cc4mIibxwIXDOfdyD8cLOVPacT6szMLi0vJKdjW3tr6xuWVv79RVEEkKNRrwQDY9ooAzATXNNIdmKIH4HoeGNzxP/cY1SMUCcaVHIbR90hesxyjRRurYe7fY9YkeSD+GBLuSiD6Hjp13Cs4Y+JcUZ0m+bFe/3i737yod+9PtBjTyQWjKiVKtohPqdkykZpRDknMjBSGhQ9KHlqGC+KDa8Th9go+M0sW9QJoRGo/Vvxcx8ZUa+Z7ZTJOqWS8V//Nake6dtWMmwkiDoJNHvYhjHeC0CtxlEqjmI0MIlcxkxXRAJKHaFJabeuN5Ae8mppe5FuZJvVQonhRKVVOQgybIogN0iI5REZ2iMrpAFVRDFN2gB/SInqx769l6sV4nqxnr52YXTcF6/wYLu6Bm</latexit>

ke↵ = k1 �k2
<latexit sha1_base64="m33nLdaoCpdQyeQ7clUfsxShVfk="></latexit>

k1<latexit sha1_base64="fBO+L0CFs8HXpWZ10sIFY/nogcQ=">AAACBnicdVDLSsNAFJ34rPVVdelmsAjiIiStxS4LblxWsA9oQplMJu3QyUyYmQgldO8XuNUvcCdu/Q0/wP9w0kZoRQ9cOJxzL/dwgoRRpR3n01pb39jc2i7tlHf39g8OK0fHXSVSiUkHCyZkP0CKMMpJR1PNSD+RBMUBI71gcpP7vQciFRX8Xk8T4sdoxGlEMdJG8rwY6XEQZZPZ0B1Wqq7tzAEdu9Fs1uoNQwrlx6qCAu1h5csLBU5jwjVmSKmB6yTaz5DUFDMyK3upIgnCEzQiA0M5ionys3nmGTw3SggjIc1wDefq8kWGYqWmcWA284zqt5eLf3mDVEdNP6M8STXhePEoShnUAuYFwJBKgjWbGoKwpCYrxGMkEdampvLKmyAQLJwt9/I/6dZst27X7q6qrcuioRI4BWfgArjgGrTALWiDDsAgAU/gGbxYj9ar9Wa9L1bXrOLmBKzA+vgG4xGZqw==</latexit>

k2<latexit sha1_base64="6HujJ45QZ1uxTNzvi4kh1/lZ4MY=">AAACEnicdVDLSsNAFJ34rPVVdekmWARxEZLUYpcFNy4V7AOaUGYmk3boZBJmJkIJ+Qtx6w/4Be7ErT/gB/gfTtoIbdEDFw7n3Mu5HJQwKpVtfxlr6xubW9uVneru3v7BYe3ouCvjVGDSwTGLRR9BSRjlpKOoYqSfCAIjxEgPTW4Kv/dIhKQxf1DThPgRHHEaUgyVljwvgmqMwmySD91hre5Y9gymbTVbLbfR1KRUfq06KLFy++0FMU4jwhVmUMqBYyfKz6BQFDOSV71UkgTiCRyRgaYcRkT62ez/3DzXSmCGsdDDlTlTFy8yGEk5jZDeLDLlqleIf3mDVIUtP6M8SRXheB4UpsxUsVmUYQZUEKzYVBOIBdW/mngMBcRKV1ZdikEoZkG+2NH/pOtaTsNy76/q7cuyrQo4BWfgAjjgGrTBLbgDHYBBAp7BC3g1now34934mK+uGeXNCViC8fkD8yCewg==</latexit>

|� ~ke↵/2i
<latexit sha1_base64="8OY0biB97mIQ6+DdC4pdhOeMeG8="></latexit>

|+ ~ke↵/2i
<latexit sha1_base64="2jsQeENtDY3zwYoT5S6kaY7L4B4="></latexit>

�~ke↵/2
<latexit sha1_base64="zwxKKL9QD57h1TSgSwuFl/xVins="></latexit>

~ke↵/2
<latexit sha1_base64="dqLhR/69yn/eBUZhAYv1G7CvgmQ="></latexit>

eikeff·X ei'
<latexit sha1_base64="SEsKXoinzyNBoo1IHgta5FxjvU4="></latexit>



Bragg diffraction

different frame where the initial wave packet is at rest

z
<latexit sha1_base64="nZ7LcPz38gQBvI7pHnitrjO22gY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48t2FZoQ9lsJ+3azSbsboQa+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMTqPqAaBZfYMtwIvE8U0igQ2AnGNzO/84hK81jemUmCfkSHkoecUWOl5lO/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVRrzctK3c3jKMIJnMI5eHAFdbiFBrSAAcIzvMKb8+C8OO/Ox6K14OQzx/AHzucP5SWM8A==</latexit>

t
<latexit sha1_base64="TlQcnRKEy6QR5TQVZ5EXHegNlcU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipaQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDWz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20a1XvqlprXlfqbh5HEc7gHC7Bgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8A3A2M6g==</latexit>

E
<latexit sha1_base64="6xHcvgtAbb4D7CF2XZRursGxN0E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCCB5bsLXQhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRW8epYthisYhVJ6AaBZfYMtwI7CQKaRQIfAjGNzP/4QmV5rG8N5ME/YgOJQ85o8ZKzdt+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia89jMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14l7VrVu6jWmpeVupvHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8flNGMuw==</latexit>

p
<latexit sha1_base64="nxnaqjwhYb3ThX5tyCOPLA8m3fU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipmQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jpp16reVbXWvK7U3TyOIpzBOVyCBzdQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4A1f2M5g==</latexit>

useful description in terms of Rabi oscillations
in an effectively two-state system

(adiabatic elimination of the excited internal state)

|gi
<latexit sha1_base64="9NyDlqur33zqCauM7TkGcF3vtNU=">AAACEHicbVDLSsNAFJ3UV62v+FjpZrAIrkpaF7osuHHhogX7gCaUyWSSDp1MwsxEqDFf4M4vcKtf4E7EnX/gB7j3E5y0Irb1wIXDOfdyD8eNGZXKsj6MwsLi0vJKcbW0tr6xuWVu77RllAhMWjhikei6SBJGOWkpqhjpxoKg0GWk4w7Pc79zTYSkEb9So5g4IQo49SlGSkt9c+8W2iFSAxGmQQZtgXjASN8sWxVrDPhLqrOkXDebX2+X+3eNvvlpexFOQsIVZkjKXtWKlZMioShmJCvZiSQxwkMUkJ6mHIVEOuk4fQaPtOJBPxJ6uIJj9e9FikIpR6GrN/OkctbLxf+8XqL8MyelPE4U4XjyyE8YVBHMq4AeFQQrNtIEYUF1VogHSCCsdGGlqTeuGzEv073MtTBP2rVK9aRSa+qCLDBBERyAQ3AMquAU1MEFaIAWwOAGPIBH8GTcG8/Gi/E6WS0YPze7YArG+zcO+6Bo</latexit>

|ei
<latexit sha1_base64="UCDQ1TnkAj5OQhhq9Rl2bMf+NoI=">AAACEHicbVC7SgNBFJ2Nrxhf66PSZjAIVmETCy0DNhYWCZgHZEOYndwkQ2Znl5lZIa77BXZ+ga1+gZ2InX/gB9j7Cc4mIibxwIXDOfdyD8cLOVPacT6szMLi0vJKdjW3tr6xuWVv79RVEEkKNRrwQDY9ooAzATXNNIdmKIH4HoeGNzxP/cY1SMUCcaVHIbR90hesxyjRRurYe7fY9YkeSD+GBLuSiD6Hjp13Cs4Y+JcUZ0m+bFe/3i737yod+9PtBjTyQWjKiVKtohPqdkykZpRDknMjBSGhQ9KHlqGC+KDa8Th9go+M0sW9QJoRGo/Vvxcx8ZUa+Z7ZTJOqWS8V//Nake6dtWMmwkiDoJNHvYhjHeC0CtxlEqjmI0MIlcxkxXRAJKHaFJabeuN5Ae8mppe5FuZJvVQonhRKVVOQgybIogN0iI5REZ2iMrpAFVRDFN2gB/SInqx769l6sV4nqxnr52YXTcF6/wYLu6Bm</latexit>

ke↵ = k1 � k2k1

k2

|0 ~ke↵i
<latexit sha1_base64="nzWflT/1wD2mkxVfNNkIa+S5szA="></latexit>

|~ke↵i
<latexit sha1_base64="t5Be/qa1ZGDQgml9yWQLmCqfdcQ="></latexit>

0 ~ke↵
<latexit sha1_base64="PEwXxiPet92hpkmelZEH1j/7FDA="></latexit>

~ke↵
<latexit sha1_base64="TYklFKU97at+YxfVf60adCPnLBI="></latexit>

eikeff·X ei'
<latexit sha1_base64="SEsKXoinzyNBoo1IHgta5FxjvU4="></latexit>



Atom interferometers as accelerometers

k1
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<latexit sha1_base64="czN0PniAXzRUAt27V6Y2mDmYjnE=">AAACInicbZDLSgMxFIYz9T7eRl0KEhTFC9SpLnQpuNGNtGBboR2GTCa1wUxmSM6IZZilOx/DJ3Al6BO4E1eCW1e+hGkr3n8IfPnPOZzkDxLBNbjus1UYGBwaHhkds8cnJqemnZnZmo5TRVmVxiJWJwHRTHDJqsBBsJNEMRIFgtWDs/1uvX7OlOaxPIZOwryInEre4pSAsXxn5chvAruA7DDHm3j167bxiYf5mu07S27R7Ql/Quk3LO3Zlwu3lbfLsu+8NsOYphGTQAXRulFyE/AyooBTwXK7mWqWEHpGTlnDoCQR017W+0+Ol40T4laszJGAe+73iYxEWneiwHRGBNr6d61r/ldrpNDa9TIukxSYpP1FrVRgiHE3HBxyxSiIjgFCFTdvxbRNFKFgIrR/rAmCWIS5yeVPCn+htlUsbRe3KiagddTXKJpHi2gVldAO2kMHqIyqiKIrdIPu0L11bT1Yj9ZTv7VgfczMoR+yXt4BbrumzQ==</latexit>

I
<latexit sha1_base64="BwqBcB4N5GFgJWbz/fp1WEDGyZ8=">AAACC3icbVC7SgNBFJ31GddX1FKQwUWwkLCJhXYGbLQzYB6SLGF2djYZMvtg5q4YlpSWVra2foDYiNj6EX6AlX6Ek0TFJB4YOJxzD/fOcWPBFdj2mzE1PTM7N59ZMBeXlldWs2vrFRUlkrIyjUQkay5RTPCQlYGDYLVYMhK4glXdznHfr14yqXgUnkM3Zk5AWiH3OSWgpYsGsCtIT3tmM2vZOXsA/Evy48Q6evi43noqfdZ+gs3se8OLaBKwEKggStXzdgxOSiRwKljPbCSKxYR2SIvVNQ1JwJSTDg7v4R2teNiPpH4h4IH6N5GSQKlu4OrJgEBbjXt98T+vnoB/6KQ8jBNgIR0u8hOBIcL9FrDHJaMgupoQKrm+FdM2kYSC7socWeO6kfD0P62JNiZJpZDL7+cKJdsq7qEhMmgTbaNdlEcHqIhO0BkqI4oCdIvu0L1xYzwaz8bLcHTK+M5soBEYr1/RgqAk</latexit>

II
<latexit sha1_base64="WzUn/FCUHrE91dKbvN7BE6csvRk=">AAACBHicbVDLSsNAFJ3UV62vqktBgkVwISWtC91ZcGN3LdgHtqFMJpN26GQSZm7EErLUL3CrX+BGRHDlf/gBrvQjnLYitvXAhcM593LvPU7ImQLLejdSc/MLi0vp5czK6tr6RnZzq66CSBJaIwEPZNPBinImaA0YcNoMJcW+w2nD6Z8N/cYVlYoF4gIGIbV93BXMYwSDli7bQK8hLpeTTCebs/LWCOYvKUyT3OnT583ua/Wr0sl+tN2ARD4VQDhWqlWwQrBjLIERTpNMO1I0xKSPu7SlqcA+VXY8ujgx97Ximl4gdQkwR+rfiRj7Sg18R3f6GHpq2huK/3mtCLwTO2YijIAKMl7kRdyEwBy+b7pMUgJ8oAkmkulbTdLDEhPQIWUm1jhOwN1E5zKTwiypF/OFo3yxauVKh2iMNNpBe+gAFdAxKqFzVEE1RJBAd+gePRi3xqPxbLyMW1PGz8w2moDx9g0HRpzd</latexit>



Atom interferometers as accelerometers
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<latexit sha1_base64="czN0PniAXzRUAt27V6Y2mDmYjnE=">AAACInicbZDLSgMxFIYz9T7eRl0KEhTFC9SpLnQpuNGNtGBboR2GTCa1wUxmSM6IZZilOx/DJ3Al6BO4E1eCW1e+hGkr3n8IfPnPOZzkDxLBNbjus1UYGBwaHhkds8cnJqemnZnZmo5TRVmVxiJWJwHRTHDJqsBBsJNEMRIFgtWDs/1uvX7OlOaxPIZOwryInEre4pSAsXxn5chvAruA7DDHm3j167bxiYf5mu07S27R7Ql/Quk3LO3Zlwu3lbfLsu+8NsOYphGTQAXRulFyE/AyooBTwXK7mWqWEHpGTlnDoCQR017W+0+Ol40T4laszJGAe+73iYxEWneiwHRGBNr6d61r/ldrpNDa9TIukxSYpP1FrVRgiHE3HBxyxSiIjgFCFTdvxbRNFKFgIrR/rAmCWIS5yeVPCn+htlUsbRe3KiagddTXKJpHi2gVldAO2kMHqIyqiKIrdIPu0L11bT1Yj9ZTv7VgfczMoR+yXt4BbrumzQ==</latexit>

I
<latexit sha1_base64="BwqBcB4N5GFgJWbz/fp1WEDGyZ8=">AAACC3icbVC7SgNBFJ31GddX1FKQwUWwkLCJhXYGbLQzYB6SLGF2djYZMvtg5q4YlpSWVra2foDYiNj6EX6AlX6Ek0TFJB4YOJxzD/fOcWPBFdj2mzE1PTM7N59ZMBeXlldWs2vrFRUlkrIyjUQkay5RTPCQlYGDYLVYMhK4glXdznHfr14yqXgUnkM3Zk5AWiH3OSWgpYsGsCtIT3tmM2vZOXsA/Evy48Q6evi43noqfdZ+gs3se8OLaBKwEKggStXzdgxOSiRwKljPbCSKxYR2SIvVNQ1JwJSTDg7v4R2teNiPpH4h4IH6N5GSQKlu4OrJgEBbjXt98T+vnoB/6KQ8jBNgIR0u8hOBIcL9FrDHJaMgupoQKrm+FdM2kYSC7socWeO6kfD0P62JNiZJpZDL7+cKJdsq7qEhMmgTbaNdlEcHqIhO0BkqI4oCdIvu0L1xYzwaz8bLcHTK+M5soBEYr1/RgqAk</latexit>

II
<latexit sha1_base64="WzUn/FCUHrE91dKbvN7BE6csvRk=">AAACBHicbVDLSsNAFJ3UV62vqktBgkVwISWtC91ZcGN3LdgHtqFMJpN26GQSZm7EErLUL3CrX+BGRHDlf/gBrvQjnLYitvXAhcM593LvPU7ImQLLejdSc/MLi0vp5czK6tr6RnZzq66CSBJaIwEPZNPBinImaA0YcNoMJcW+w2nD6Z8N/cYVlYoF4gIGIbV93BXMYwSDli7bQK8hLpeTTCebs/LWCOYvKUyT3OnT583ua/Wr0sl+tN2ARD4VQDhWqlWwQrBjLIERTpNMO1I0xKSPu7SlqcA+VXY8ujgx97Ximl4gdQkwR+rfiRj7Sg18R3f6GHpq2huK/3mtCLwTO2YijIAKMl7kRdyEwBy+b7pMUgJ8oAkmkulbTdLDEhPQIWUm1jhOwN1E5zKTwiypF/OFo3yxauVKh2iMNNpBe+gAFdAxKqFzVEE1RJBAd+gePRi3xqPxbLyMW1PGz8w2moDx9g0HRpzd</latexit>



Atom interferometers as accelerometers
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<latexit sha1_base64="czN0PniAXzRUAt27V6Y2mDmYjnE=">AAACInicbZDLSgMxFIYz9T7eRl0KEhTFC9SpLnQpuNGNtGBboR2GTCa1wUxmSM6IZZilOx/DJ3Al6BO4E1eCW1e+hGkr3n8IfPnPOZzkDxLBNbjus1UYGBwaHhkds8cnJqemnZnZmo5TRVmVxiJWJwHRTHDJqsBBsJNEMRIFgtWDs/1uvX7OlOaxPIZOwryInEre4pSAsXxn5chvAruA7DDHm3j167bxiYf5mu07S27R7Ql/Quk3LO3Zlwu3lbfLsu+8NsOYphGTQAXRulFyE/AyooBTwXK7mWqWEHpGTlnDoCQR017W+0+Ol40T4laszJGAe+73iYxEWneiwHRGBNr6d61r/ldrpNDa9TIukxSYpP1FrVRgiHE3HBxyxSiIjgFCFTdvxbRNFKFgIrR/rAmCWIS5yeVPCn+htlUsbRe3KiagddTXKJpHi2gVldAO2kMHqIyqiKIrdIPu0L11bT1Yj9ZTv7VgfczMoR+yXt4BbrumzQ==</latexit>

I
<latexit sha1_base64="BwqBcB4N5GFgJWbz/fp1WEDGyZ8=">AAACC3icbVC7SgNBFJ31GddX1FKQwUWwkLCJhXYGbLQzYB6SLGF2djYZMvtg5q4YlpSWVra2foDYiNj6EX6AlX6Ek0TFJB4YOJxzD/fOcWPBFdj2mzE1PTM7N59ZMBeXlldWs2vrFRUlkrIyjUQkay5RTPCQlYGDYLVYMhK4glXdznHfr14yqXgUnkM3Zk5AWiH3OSWgpYsGsCtIT3tmM2vZOXsA/Evy48Q6evi43noqfdZ+gs3se8OLaBKwEKggStXzdgxOSiRwKljPbCSKxYR2SIvVNQ1JwJSTDg7v4R2teNiPpH4h4IH6N5GSQKlu4OrJgEBbjXt98T+vnoB/6KQ8jBNgIR0u8hOBIcL9FrDHJaMgupoQKrm+FdM2kYSC7socWeO6kfD0P62JNiZJpZDL7+cKJdsq7qEhMmgTbaNdlEcHqIhO0BkqI4oCdIvu0L1xYzwaz8bLcHTK+M5soBEYr1/RgqAk</latexit>
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• Higher sensitivity long-time interferometry

• Natural compact set-ups in microgravity platforms 
(freely falling frame)

• Challenges:

‣ growing size of atom cloud BECs, atomic lensing

‣ rotations

‣ gravity gradients   (effects grow cubically with time)
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Microgravity platforms

QUANTUS (5-10 s) MAIUS (6 min) CAL / BECCAL
(several years)

drop tower in Bremen
(> 500 drops)

sounding rocket
(23 Jan 2017)

International Space Station
(2018–)

Status: MAIUS 

Stephan Tobias Seidel     19.10.2012 

�g ⇠ 10�5g – 10�6g
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FIG. 1: Sketch of our interferometry and DKC cooling
scheme. The atoms are prepared in a chip based Io↵e-
Prittchard trap. After releasing them from the trap, the cloud
expands for a time T0 which can be described by a shearing in
phase space (for simplicity, mean field conversion is not taken
into account here). For DKC we switch on the trap again for
a time tlense when a nearly linear correlation between posi-
tion and momentum is reached. Ideally, this extracts nearly
all kinetic energy from the system, leading to a cloud which
does not expand any further. This can be seen as a matter
wave lense. With the freely expanding or DK cooled atoms,
we then perform interferometry by means of optical Bragg
di↵raction.

cases the science section of the vacuum system.
Light needed for Bragg scattering is also produced by

a DFB laser diode, split into two beams with an AOM
each and directed to the vacuum chamber in two optical
fibres. Frequency, amplitude, timing etc. of the light
pulses can be controlled with a versatile DDS.

PREPARATION AND � KICK COOLING

The experimental sequence starts with laser cooled
87Rb atoms in a magneto-optical trap loaded from back-
ground vapor. After applying polarization gradient cool-
ing and optical pumping to the |F = 2,mF = 2i state,
the atoms are confined in a magnetic Io↵e-Prittchard
trap created by the atom chip, which allows for high field
gradients and thus fast rethermalization. After 1.7 s of
evaporative cooling in a X kHz trap an ultracold thermal
ensemble with a few 10k atoms or a BEC of typically 104

atoms is produced. The trap is ramped down and then
shut o↵, and the atoms are allowed to expand for a time
T0. Another magnetic trap which depends on T0 and ac-
counts for the distance the atoms have fallen during T0

is switched on for a time tlense. Hereafter, the atoms are
allowed to fall freely again and after a total time TEX

after the release from the trap an absorption image is
taken.

In Figure 2 we show the slowing of a thermal ensemble
as well as a Bose-Einstein condensate released from the
same trap (!r = XXX Hz, !x = XXX Hz) and delta
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FIG. 2: Expansion of kicked (circles) and free (triangles) en-
sembles in di↵erent regimes. (a) The expansion of a thermal
cloud (open symbols) and a BEC (closed symbols). Both are
released from a 350 Hz trap and expand freely for 6ms after
which a trap similar to the initial one is switched on again
for 300 µs. We depict the width of a 1D Gaussian fit in y
direction. Along z nearly the same slowing is observed. The
free case shows vast di↵erences of the expansion rate between
the condensate (10k atoms) and a thermal cloud (60k atoms,
300 nK) from the same trap configuration. For the kicked
case thermal and condensed atoms show comparable expan-
sion rates. (b) and (c) each show four absorption images taken
at the indicated time for the thermal ensemble.

kick cooled by an optimized trap configuration in time of
flight measurements. For both cases we can nearly stop
the expansion. In the BEC, the rms velocity is reduced
by a factor of a from x m/s to y m/s, corresponding to an
e↵ective temperature of bla nK. In the thermal ensem-
ble a reduction from x m/s to y m/s is reached, which
corresponds to a factor of b and an e↵ective temperature
of bla nK.
While a slower spreading of the wave packets can be

reached by opening the final trap to lower frequencies,
this process needs to be conducted adiabatically which
takes several seconds for traps in the Hz regime. Our
DKC scheme cirvumvents this by releasing the cloud from
a steeper trap and matching the DKC potential to the
spreading. This becomes especially interesting for BECs
which need a certain time to convert their mean field to
kinetic energy. By applying the DKC after a time when
most of the energy has been converted, one can over-
come phase shifts arising from the mean field in atom
interferometers, thus eliminating one important system-
atic e↵ect.

COHERENT BEAMSPLITTING

For the interferometer sequences, we use optical Bragg
di↵raction as depicted in Figure 1 by applying two coun-
terpropagating laser beams in lin||lin configuration with
a Gaussian profile (FWHM 10 mm) red detuned by
� = 800 MHz from the F = 2 ! F 0 = 3 transition of the
87Rb D2 line. The two beams have a frequency di↵erence
of �, thus creating a moving optical lattice. Adjusting the
laser power, the pulse timing and matching the detuning

• Need to minimize growing size of atom cloud 
(signal-to-noise at detection, systematics, noise, contrast loss)

• BECs have narrow momentum width, but nonlinear interaction 

energy converted into kinetic energy after release

• Atomic lensing Te↵ ⇡ 1 nK (0.3mm/s)

Te↵ ⇡ 50 pK (0.1mm/s) (2D)
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phase space (for simplicity, mean field conversion is not taken
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a time tlense when a nearly linear correlation between posi-
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does not expand any further. This can be seen as a matter
wave lense. With the freely expanding or DK cooled atoms,
we then perform interferometry by means of optical Bragg
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a DFB laser diode, split into two beams with an AOM
each and directed to the vacuum chamber in two optical
fibres. Frequency, amplitude, timing etc. of the light
pulses can be controlled with a versatile DDS.

PREPARATION AND � KICK COOLING

The experimental sequence starts with laser cooled
87Rb atoms in a magneto-optical trap loaded from back-
ground vapor. After applying polarization gradient cool-
ing and optical pumping to the |F = 2,mF = 2i state,
the atoms are confined in a magnetic Io↵e-Prittchard
trap created by the atom chip, which allows for high field
gradients and thus fast rethermalization. After 1.7 s of
evaporative cooling in a X kHz trap an ultracold thermal
ensemble with a few 10k atoms or a BEC of typically 104

atoms is produced. The trap is ramped down and then
shut o↵, and the atoms are allowed to expand for a time
T0. Another magnetic trap which depends on T0 and ac-
counts for the distance the atoms have fallen during T0

is switched on for a time tlense. Hereafter, the atoms are
allowed to fall freely again and after a total time TEX
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FIG. 2: Expansion of kicked (circles) and free (triangles) en-
sembles in di↵erent regimes. (a) The expansion of a thermal
cloud (open symbols) and a BEC (closed symbols). Both are
released from a 350 Hz trap and expand freely for 6ms after
which a trap similar to the initial one is switched on again
for 300 µs. We depict the width of a 1D Gaussian fit in y
direction. Along z nearly the same slowing is observed. The
free case shows vast di↵erences of the expansion rate between
the condensate (10k atoms) and a thermal cloud (60k atoms,
300 nK) from the same trap configuration. For the kicked
case thermal and condensed atoms show comparable expan-
sion rates. (b) and (c) each show four absorption images taken
at the indicated time for the thermal ensemble.

kick cooled by an optimized trap configuration in time of
flight measurements. For both cases we can nearly stop
the expansion. In the BEC, the rms velocity is reduced
by a factor of a from x m/s to y m/s, corresponding to an
e↵ective temperature of bla nK. In the thermal ensem-
ble a reduction from x m/s to y m/s is reached, which
corresponds to a factor of b and an e↵ective temperature
of bla nK.
While a slower spreading of the wave packets can be

reached by opening the final trap to lower frequencies,
this process needs to be conducted adiabatically which
takes several seconds for traps in the Hz regime. Our
DKC scheme cirvumvents this by releasing the cloud from
a steeper trap and matching the DKC potential to the
spreading. This becomes especially interesting for BECs
which need a certain time to convert their mean field to
kinetic energy. By applying the DKC after a time when
most of the energy has been converted, one can over-
come phase shifts arising from the mean field in atom
interferometers, thus eliminating one important system-
atic e↵ect.

COHERENT BEAMSPLITTING

For the interferometer sequences, we use optical Bragg
di↵raction as depicted in Figure 1 by applying two coun-
terpropagating laser beams in lin||lin configuration with
a Gaussian profile (FWHM 10 mm) red detuned by
� = 800 MHz from the F = 2 ! F 0 = 3 transition of the
87Rb D2 line. The two beams have a frequency di↵erence
of �, thus creating a moving optical lattice. Adjusting the
laser power, the pulse timing and matching the detuning

• Need to minimize growing size of atom cloud 
(signal-to-noise at detection, systematics, noise, contrast loss)

• BECs have narrow momentum width, but nonlinear interaction 

energy converted into kinetic energy after release

• Atomic lensing Te↵ ⇡ 1 nK (0.3mm/s)

Te↵ ⇡ 50 pK (0.1mm/s) (2D)
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a time tlense when a nearly linear correlation between posi-
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each and directed to the vacuum chamber in two optical
fibres. Frequency, amplitude, timing etc. of the light
pulses can be controlled with a versatile DDS.
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ground vapor. After applying polarization gradient cool-
ing and optical pumping to the |F = 2,mF = 2i state,
the atoms are confined in a magnetic Io↵e-Prittchard
trap created by the atom chip, which allows for high field
gradients and thus fast rethermalization. After 1.7 s of
evaporative cooling in a X kHz trap an ultracold thermal
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shut o↵, and the atoms are allowed to expand for a time
T0. Another magnetic trap which depends on T0 and ac-
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is switched on for a time tlense. Hereafter, the atoms are
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released from a 350 Hz trap and expand freely for 6ms after
which a trap similar to the initial one is switched on again
for 300 µs. We depict the width of a 1D Gaussian fit in y
direction. Along z nearly the same slowing is observed. The
free case shows vast di↵erences of the expansion rate between
the condensate (10k atoms) and a thermal cloud (60k atoms,
300 nK) from the same trap configuration. For the kicked
case thermal and condensed atoms show comparable expan-
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at the indicated time for the thermal ensemble.
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corresponds to a factor of b and an e↵ective temperature
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While a slower spreading of the wave packets can be
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this process needs to be conducted adiabatically which
takes several seconds for traps in the Hz regime. Our
DKC scheme cirvumvents this by releasing the cloud from
a steeper trap and matching the DKC potential to the
spreading. This becomes especially interesting for BECs
which need a certain time to convert their mean field to
kinetic energy. By applying the DKC after a time when
most of the energy has been converted, one can over-
come phase shifts arising from the mean field in atom
interferometers, thus eliminating one important system-
atic e↵ect.
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di↵raction as depicted in Figure 1 by applying two coun-
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• Need to minimize growing size of atom cloud 
(signal-to-noise at detection, systematics, noise, contrast loss)

• BECs have narrow momentum width, but nonlinear interaction 

energy converted into kinetic energy after release

• Atomic lensing Te↵ ⇡ 1 nK (0.3mm/s)

Te↵ ⇡ 50 pK (0.1mm/s) (2D)



x

p

2

FIG. 1: Sketch of our interferometry and DKC cooling
scheme. The atoms are prepared in a chip based Io↵e-
Prittchard trap. After releasing them from the trap, the cloud
expands for a time T0 which can be described by a shearing in
phase space (for simplicity, mean field conversion is not taken
into account here). For DKC we switch on the trap again for
a time tlense when a nearly linear correlation between posi-
tion and momentum is reached. Ideally, this extracts nearly
all kinetic energy from the system, leading to a cloud which
does not expand any further. This can be seen as a matter
wave lense. With the freely expanding or DK cooled atoms,
we then perform interferometry by means of optical Bragg
di↵raction.

cases the science section of the vacuum system.
Light needed for Bragg scattering is also produced by

a DFB laser diode, split into two beams with an AOM
each and directed to the vacuum chamber in two optical
fibres. Frequency, amplitude, timing etc. of the light
pulses can be controlled with a versatile DDS.

PREPARATION AND � KICK COOLING

The experimental sequence starts with laser cooled
87Rb atoms in a magneto-optical trap loaded from back-
ground vapor. After applying polarization gradient cool-
ing and optical pumping to the |F = 2,mF = 2i state,
the atoms are confined in a magnetic Io↵e-Prittchard
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300 nK) from the same trap configuration. For the kicked
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at the indicated time for the thermal ensemble.
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While a slower spreading of the wave packets can be
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this process needs to be conducted adiabatically which
takes several seconds for traps in the Hz regime. Our
DKC scheme cirvumvents this by releasing the cloud from
a steeper trap and matching the DKC potential to the
spreading. This becomes especially interesting for BECs
which need a certain time to convert their mean field to
kinetic energy. By applying the DKC after a time when
most of the energy has been converted, one can over-
come phase shifts arising from the mean field in atom
interferometers, thus eliminating one important system-
atic e↵ect.
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of �, thus creating a moving optical lattice. Adjusting the
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a time tlense when a nearly linear correlation between posi-
tion and momentum is reached. Ideally, this extracts nearly
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cloud (open symbols) and a BEC (closed symbols). Both are
released from a 350 Hz trap and expand freely for 6ms after
which a trap similar to the initial one is switched on again
for 300 µs. We depict the width of a 1D Gaussian fit in y
direction. Along z nearly the same slowing is observed. The
free case shows vast di↵erences of the expansion rate between
the condensate (10k atoms) and a thermal cloud (60k atoms,
300 nK) from the same trap configuration. For the kicked
case thermal and condensed atoms show comparable expan-
sion rates. (b) and (c) each show four absorption images taken
at the indicated time for the thermal ensemble.

kick cooled by an optimized trap configuration in time of
flight measurements. For both cases we can nearly stop
the expansion. In the BEC, the rms velocity is reduced
by a factor of a from x m/s to y m/s, corresponding to an
e↵ective temperature of bla nK. In the thermal ensem-
ble a reduction from x m/s to y m/s is reached, which
corresponds to a factor of b and an e↵ective temperature
of bla nK.
While a slower spreading of the wave packets can be

reached by opening the final trap to lower frequencies,
this process needs to be conducted adiabatically which
takes several seconds for traps in the Hz regime. Our
DKC scheme cirvumvents this by releasing the cloud from
a steeper trap and matching the DKC potential to the
spreading. This becomes especially interesting for BECs
which need a certain time to convert their mean field to
kinetic energy. By applying the DKC after a time when
most of the energy has been converted, one can over-
come phase shifts arising from the mean field in atom
interferometers, thus eliminating one important system-
atic e↵ect.

COHERENT BEAMSPLITTING

For the interferometer sequences, we use optical Bragg
di↵raction as depicted in Figure 1 by applying two coun-
terpropagating laser beams in lin||lin configuration with
a Gaussian profile (FWHM 10 mm) red detuned by
� = 800 MHz from the F = 2 ! F 0 = 3 transition of the
87Rb D2 line. The two beams have a frequency di↵erence
of �, thus creating a moving optical lattice. Adjusting the
laser power, the pulse timing and matching the detuning

2

FIG. 1: Sketch of our interferometry and DKC cooling
scheme. The atoms are prepared in a chip based Io↵e-
Prittchard trap. After releasing them from the trap, the cloud
expands for a time T0 which can be described by a shearing in
phase space (for simplicity, mean field conversion is not taken
into account here). For DKC we switch on the trap again for
a time tlense when a nearly linear correlation between posi-
tion and momentum is reached. Ideally, this extracts nearly
all kinetic energy from the system, leading to a cloud which
does not expand any further. This can be seen as a matter
wave lense. With the freely expanding or DK cooled atoms,
we then perform interferometry by means of optical Bragg
di↵raction.

cases the science section of the vacuum system.
Light needed for Bragg scattering is also produced by

a DFB laser diode, split into two beams with an AOM
each and directed to the vacuum chamber in two optical
fibres. Frequency, amplitude, timing etc. of the light
pulses can be controlled with a versatile DDS.

PREPARATION AND � KICK COOLING

The experimental sequence starts with laser cooled
87Rb atoms in a magneto-optical trap loaded from back-
ground vapor. After applying polarization gradient cool-
ing and optical pumping to the |F = 2,mF = 2i state,
the atoms are confined in a magnetic Io↵e-Prittchard
trap created by the atom chip, which allows for high field
gradients and thus fast rethermalization. After 1.7 s of
evaporative cooling in a X kHz trap an ultracold thermal
ensemble with a few 10k atoms or a BEC of typically 104

atoms is produced. The trap is ramped down and then
shut o↵, and the atoms are allowed to expand for a time
T0. Another magnetic trap which depends on T0 and ac-
counts for the distance the atoms have fallen during T0

is switched on for a time tlense. Hereafter, the atoms are
allowed to fall freely again and after a total time TEX

after the release from the trap an absorption image is
taken.

In Figure 2 we show the slowing of a thermal ensemble
as well as a Bose-Einstein condensate released from the
same trap (!r = XXX Hz, !x = XXX Hz) and delta
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sembles in di↵erent regimes. (a) The expansion of a thermal
cloud (open symbols) and a BEC (closed symbols). Both are
released from a 350 Hz trap and expand freely for 6ms after
which a trap similar to the initial one is switched on again
for 300 µs. We depict the width of a 1D Gaussian fit in y
direction. Along z nearly the same slowing is observed. The
free case shows vast di↵erences of the expansion rate between
the condensate (10k atoms) and a thermal cloud (60k atoms,
300 nK) from the same trap configuration. For the kicked
case thermal and condensed atoms show comparable expan-
sion rates. (b) and (c) each show four absorption images taken
at the indicated time for the thermal ensemble.

kick cooled by an optimized trap configuration in time of
flight measurements. For both cases we can nearly stop
the expansion. In the BEC, the rms velocity is reduced
by a factor of a from x m/s to y m/s, corresponding to an
e↵ective temperature of bla nK. In the thermal ensem-
ble a reduction from x m/s to y m/s is reached, which
corresponds to a factor of b and an e↵ective temperature
of bla nK.
While a slower spreading of the wave packets can be

reached by opening the final trap to lower frequencies,
this process needs to be conducted adiabatically which
takes several seconds for traps in the Hz regime. Our
DKC scheme cirvumvents this by releasing the cloud from
a steeper trap and matching the DKC potential to the
spreading. This becomes especially interesting for BECs
which need a certain time to convert their mean field to
kinetic energy. By applying the DKC after a time when
most of the energy has been converted, one can over-
come phase shifts arising from the mean field in atom
interferometers, thus eliminating one important system-
atic e↵ect.

COHERENT BEAMSPLITTING

For the interferometer sequences, we use optical Bragg
di↵raction as depicted in Figure 1 by applying two coun-
terpropagating laser beams in lin||lin configuration with
a Gaussian profile (FWHM 10 mm) red detuned by
� = 800 MHz from the F = 2 ! F 0 = 3 transition of the
87Rb D2 line. The two beams have a frequency di↵erence
of �, thus creating a moving optical lattice. Adjusting the
laser power, the pulse timing and matching the detuning

Te↵ ⇡ 1 nK (0.3mm/s)

Te↵ ⇡ 50 pK (0.1mm/s) (2D)



• Need to minimize growing size of atom cloud 
(signal-to-noise at detection, systematics, noise, contrast loss)

• BECs have narrow momentum width, but nonlinear interaction 

energy converted into kinetic energy after release

• Atomic lensing
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FIG. 1: Sketch of our interferometry and DKC cooling
scheme. The atoms are prepared in a chip based Io↵e-
Prittchard trap. After releasing them from the trap, the cloud
expands for a time T0 which can be described by a shearing in
phase space (for simplicity, mean field conversion is not taken
into account here). For DKC we switch on the trap again for
a time tlense when a nearly linear correlation between posi-
tion and momentum is reached. Ideally, this extracts nearly
all kinetic energy from the system, leading to a cloud which
does not expand any further. This can be seen as a matter
wave lense. With the freely expanding or DK cooled atoms,
we then perform interferometry by means of optical Bragg
di↵raction.

cases the science section of the vacuum system.
Light needed for Bragg scattering is also produced by

a DFB laser diode, split into two beams with an AOM
each and directed to the vacuum chamber in two optical
fibres. Frequency, amplitude, timing etc. of the light
pulses can be controlled with a versatile DDS.

PREPARATION AND � KICK COOLING

The experimental sequence starts with laser cooled
87Rb atoms in a magneto-optical trap loaded from back-
ground vapor. After applying polarization gradient cool-
ing and optical pumping to the |F = 2,mF = 2i state,
the atoms are confined in a magnetic Io↵e-Prittchard
trap created by the atom chip, which allows for high field
gradients and thus fast rethermalization. After 1.7 s of
evaporative cooling in a X kHz trap an ultracold thermal
ensemble with a few 10k atoms or a BEC of typically 104

atoms is produced. The trap is ramped down and then
shut o↵, and the atoms are allowed to expand for a time
T0. Another magnetic trap which depends on T0 and ac-
counts for the distance the atoms have fallen during T0

is switched on for a time tlense. Hereafter, the atoms are
allowed to fall freely again and after a total time TEX

after the release from the trap an absorption image is
taken.

In Figure 2 we show the slowing of a thermal ensemble
as well as a Bose-Einstein condensate released from the
same trap (!r = XXX Hz, !x = XXX Hz) and delta
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FIG. 2: Expansion of kicked (circles) and free (triangles) en-
sembles in di↵erent regimes. (a) The expansion of a thermal
cloud (open symbols) and a BEC (closed symbols). Both are
released from a 350 Hz trap and expand freely for 6ms after
which a trap similar to the initial one is switched on again
for 300 µs. We depict the width of a 1D Gaussian fit in y
direction. Along z nearly the same slowing is observed. The
free case shows vast di↵erences of the expansion rate between
the condensate (10k atoms) and a thermal cloud (60k atoms,
300 nK) from the same trap configuration. For the kicked
case thermal and condensed atoms show comparable expan-
sion rates. (b) and (c) each show four absorption images taken
at the indicated time for the thermal ensemble.

kick cooled by an optimized trap configuration in time of
flight measurements. For both cases we can nearly stop
the expansion. In the BEC, the rms velocity is reduced
by a factor of a from x m/s to y m/s, corresponding to an
e↵ective temperature of bla nK. In the thermal ensem-
ble a reduction from x m/s to y m/s is reached, which
corresponds to a factor of b and an e↵ective temperature
of bla nK.
While a slower spreading of the wave packets can be

reached by opening the final trap to lower frequencies,
this process needs to be conducted adiabatically which
takes several seconds for traps in the Hz regime. Our
DKC scheme cirvumvents this by releasing the cloud from
a steeper trap and matching the DKC potential to the
spreading. This becomes especially interesting for BECs
which need a certain time to convert their mean field to
kinetic energy. By applying the DKC after a time when
most of the energy has been converted, one can over-
come phase shifts arising from the mean field in atom
interferometers, thus eliminating one important system-
atic e↵ect.

COHERENT BEAMSPLITTING

For the interferometer sequences, we use optical Bragg
di↵raction as depicted in Figure 1 by applying two coun-
terpropagating laser beams in lin||lin configuration with
a Gaussian profile (FWHM 10 mm) red detuned by
� = 800 MHz from the F = 2 ! F 0 = 3 transition of the
87Rb D2 line. The two beams have a frequency di↵erence
of �, thus creating a moving optical lattice. Adjusting the
laser power, the pulse timing and matching the detuning
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FIG. 1: Sketch of our interferometry and DKC cooling
scheme. The atoms are prepared in a chip based Io↵e-
Prittchard trap. After releasing them from the trap, the cloud
expands for a time T0 which can be described by a shearing in
phase space (for simplicity, mean field conversion is not taken
into account here). For DKC we switch on the trap again for
a time tlense when a nearly linear correlation between posi-
tion and momentum is reached. Ideally, this extracts nearly
all kinetic energy from the system, leading to a cloud which
does not expand any further. This can be seen as a matter
wave lense. With the freely expanding or DK cooled atoms,
we then perform interferometry by means of optical Bragg
di↵raction.

cases the science section of the vacuum system.
Light needed for Bragg scattering is also produced by

a DFB laser diode, split into two beams with an AOM
each and directed to the vacuum chamber in two optical
fibres. Frequency, amplitude, timing etc. of the light
pulses can be controlled with a versatile DDS.

PREPARATION AND � KICK COOLING

The experimental sequence starts with laser cooled
87Rb atoms in a magneto-optical trap loaded from back-
ground vapor. After applying polarization gradient cool-
ing and optical pumping to the |F = 2,mF = 2i state,
the atoms are confined in a magnetic Io↵e-Prittchard
trap created by the atom chip, which allows for high field
gradients and thus fast rethermalization. After 1.7 s of
evaporative cooling in a X kHz trap an ultracold thermal
ensemble with a few 10k atoms or a BEC of typically 104

atoms is produced. The trap is ramped down and then
shut o↵, and the atoms are allowed to expand for a time
T0. Another magnetic trap which depends on T0 and ac-
counts for the distance the atoms have fallen during T0

is switched on for a time tlense. Hereafter, the atoms are
allowed to fall freely again and after a total time TEX

after the release from the trap an absorption image is
taken.

In Figure 2 we show the slowing of a thermal ensemble
as well as a Bose-Einstein condensate released from the
same trap (!r = XXX Hz, !x = XXX Hz) and delta
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FIG. 2: Expansion of kicked (circles) and free (triangles) en-
sembles in di↵erent regimes. (a) The expansion of a thermal
cloud (open symbols) and a BEC (closed symbols). Both are
released from a 350 Hz trap and expand freely for 6ms after
which a trap similar to the initial one is switched on again
for 300 µs. We depict the width of a 1D Gaussian fit in y
direction. Along z nearly the same slowing is observed. The
free case shows vast di↵erences of the expansion rate between
the condensate (10k atoms) and a thermal cloud (60k atoms,
300 nK) from the same trap configuration. For the kicked
case thermal and condensed atoms show comparable expan-
sion rates. (b) and (c) each show four absorption images taken
at the indicated time for the thermal ensemble.

kick cooled by an optimized trap configuration in time of
flight measurements. For both cases we can nearly stop
the expansion. In the BEC, the rms velocity is reduced
by a factor of a from x m/s to y m/s, corresponding to an
e↵ective temperature of bla nK. In the thermal ensem-
ble a reduction from x m/s to y m/s is reached, which
corresponds to a factor of b and an e↵ective temperature
of bla nK.
While a slower spreading of the wave packets can be

reached by opening the final trap to lower frequencies,
this process needs to be conducted adiabatically which
takes several seconds for traps in the Hz regime. Our
DKC scheme cirvumvents this by releasing the cloud from
a steeper trap and matching the DKC potential to the
spreading. This becomes especially interesting for BECs
which need a certain time to convert their mean field to
kinetic energy. By applying the DKC after a time when
most of the energy has been converted, one can over-
come phase shifts arising from the mean field in atom
interferometers, thus eliminating one important system-
atic e↵ect.

COHERENT BEAMSPLITTING

For the interferometer sequences, we use optical Bragg
di↵raction as depicted in Figure 1 by applying two coun-
terpropagating laser beams in lin||lin configuration with
a Gaussian profile (FWHM 10 mm) red detuned by
� = 800 MHz from the F = 2 ! F 0 = 3 transition of the
87Rb D2 line. The two beams have a frequency di↵erence
of �, thus creating a moving optical lattice. Adjusting the
laser power, the pulse timing and matching the detuning

Te↵ ⇡ 1 nK (0.3mm/s)

Te↵ ⇡ 50 pK (0.1mm/s) (2D)

Müntinga et al., PRL (2013) Kovachy et al., PRL (2015)



PART II

Fine-structure constant 

and atomic mass measurements

in the new SI units



Recoil measurements 
and the fine-structure constant



• The most precise measurement of the fine structure constant is 
based on atom interferometry:

• Comparison with measurement + theoretical calculation 
         highly precise tests of QED.

Fine structure constant & QED tests

R.H. Parker, C. Yu, W. Zhong, B. Estey, H. Müller, Science (2018)
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Recoil measurements and fine-structure constant

• Different kinetic energy along the two branches:

•  very well known in terms of the laser wavelengths 

 accurate determination of ~/mRb
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• Kilogram definition within revised S.I. of units (fixed ) 
   accurate measurement of microscopic masses

• Determination of the fine-structure constant:

• Comparable to results from anomalous magnetic moment: 
depolarization measurements + QED calculations

•  high-precision test of QED with atomic systems

~/mRb
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e�

↵2 =
2R1
c

mRb

me

h

mRb
�↵/↵ ⇡ 7⇥ 10�10

Bouchendira et al., PRL 106 080801 (2011) 



• Large momentum transfer + subtraction of conjugate interferometers 
for suppression of vibration noise.

splitters for the matter waves; these processes
increase the recoil energy by a factor of 25 rela-
tive to standard two-photon Raman processes (11).
To accelerate the atoms by up to another 800ℏk
(400ℏk up, 400ℏk down), we applied a matter-
wave accelerator: Atoms were loaded into an
optical lattice, a standing wave generated by two
laser beams, which was accelerated by ramping
the frequency of the lasers (Bloch oscillations)
(7, 12). Coriolis force compensation suppressed
the effect of Earth’s rotation. In addition, we ap-

plied ac Stark shift compensation (13, 14) and dem-
onstrated a spatial-filtering technique to reduce
sources of decoherence, further enhance the sen-
sitivity, and suppress systematic phase shifts. An
end-to-end simulation of the experimentwas run
(12) to help us identify and reduce systematic
errors and confirm the error budget. To avoid
possible bias, we adopted a blindmeasurement
protocol, which was unblinded only at the end.
Combining with precise measurements of the
cesium (15) and electron (16) mass, we found

a−1 = 137.035999046(27)

with a statistical uncertainty of 0.16 ppb and a
systematic uncertainty of 0.12 ppb (0.20 ppb total).
Our result is a more than threefold improve-
ment over previous direct measurements of a
(7). The measurement of h/mCs = 3.0023694721
(12) × 10−9 m2/s also provides an absolute mass
standard in the context of the proposed new defi-
nition of the kilogram (10). This proposed defini-
tion will assign a fixed numerical value to Planck’s
constant, to which mass measurements could then
be linked through measurements of h/mAt, such
as this one, via Avogadro spheres. Our result
agrees with previous recoil measurements (7)
within 1s uncertainty and has a 2.5s tension with
measurements (4–6) based on the gyromagnetic
moment.
Our matter-wave interferometer is based on

the one described in (12), in which cesium atoms
are loaded in a magneto-optical trap, launched
upward in an atomic fountain, and detected as
they fall back down—the interferometer sequence
occurs during the parabolic flight. Figure 2 shows
the trajectories of an atom wave packet in our
experiment, formed by impulses from pairs of
vertical, counterpropagating laser pulses on the
atoms. Each pulse transfers the momentum of
2n = 10 photons (where n is the order of Bragg
diffraction) with near 50% probability by multi-
photonBragg diffraction, acting as a beam splitter
for matter waves. Bragg diffraction allows for
large momentum transfer at each beam splitter,
creating a pair of atom wave packets that sep-
arate with a velocity of ~35 mm/s. After a time
interval T, a similar pulse splits the wave packets
again, creating one pair that moves upward and
one that moves down.
The third and fourth pulses recombine the

respective paths to form two interferometers.
Between the second and the third pulses, we
accelerated the atom groups further from one
another, using Bloch oscillations in accelerated
optical lattices, to increase the sensitivity and
suppress systematic effects. This transfers þ2Nℏk
of momentum to the upper interferometer and
"2Nℏk to the lower interferometer (N, num-
ber of Bloch oscillations) (13).
The phase difference between the interferom-

eter arms arises as a result of the kinetic energy
ðℏkÞ2=ð2mCsÞ that the atoms gain from the recoil
momentum of the photon-atom interactions and
from the phase transferred during the atoms’ in-
teraction with the laser beams. Taking the phase
difference between the two interferometers cancels
effects due to gravity and vibrations. In the absence
of systematic effects, the overall phase F of the in-
terferometer geometry shown in Fig. 2 is given by
(12, 17)

F ¼ Df1 " Df2 ¼ 16nðnþ NÞwrT " 2nwmT

where Df1;2 are the measured phases of the two
interferometers individually, wr ¼ ℏk2=ð2mCsÞ
is the photon recoil frequency, T is the time be-
tween the laser pulses, and wm is the laser fre-
quency difference we choose to apply between

Parker et al., Science 360, 191–195 (2018) 13 April 2018 2 of 5

Fig. 2. Simultaneous
conjugate atom interfer-
ometers. Solid lines
denote the atoms’ trajec-
tories; dashed lines repre-
sent laser pulses with
their frequencies indi-
cated. jni denotes a
momentum eigenstate
with momentum 2nℏk. BO,
Bloch oscillations. In this
figure, gravity is
neglected. A to D repre-
sent interferometer
outputs.

Table 1. Error budget. For each systematic effect, more discussion can be found in the listed
section of the supplementary materials. N/A, not applicable.

Effect Section da/a (ppb)

This study
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Laser frequency 1 –0.24 ± 0.03
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Acceleration gradient 4A –1.79 ± 0.02
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Gouy phase 3 –2.60 ± 0.03
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Beam alignment 5 0.05 ± 0.03
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Bloch oscillation light shift 6 0 ± 0.002
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Density shift 7 0 ± 0.003
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Index of refraction 8 0 ± 0.03
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Speckle phase shift 4B 0 ± 0.04
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Sagnac effect 9 0 ± 0.001
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Modulation frequency wave number 10 0 ± 0.001
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Thermal motion of atoms 11 0 ± 0.08
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Non-Gaussian waveform 13 0 ± 0.03
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Parasitic interferometers 14 0 ± 0.03
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Total systematic error All previous –4.58 ± 0.12
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Statistical error N/A ±0.16
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Other studies
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Electron mass (16) N/A ±0.02
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Cesium mass (6, 15) N/A ±0.03
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Rydberg constant (6) N/A ±0.003
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Combined result
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Total uncertainty in a N/A ±0.20
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

RESEARCH | REPORT

on M
ay 4, 2018

 
http://science.sciencem

ag.org/
D

ow
nloaded from

 

R.H. Parker, C. Yu, W. Zhong, B. Estey, H. Müller, Science (2018)

�↵/↵ ⇡ 2⇥ 10�10



The new SI units



Resolution 1

The General Conference on Weights and Measures (CGPM), at its 26th meeting,
considering

the essential requirement for an International System of Units (SI) that is
uniform and accessible world-wide for international trade, high-technology
manufacturing, human health and safety, protection of the environment, global
climate studies and the basic science that underpins all these,
that the SI units must be stable in the long term, internally self-consistent and
practically realizable being based on the present theoretical description of
nature at the highest level,
that a revision of the SI to meet these requirements was proposed in Resolution
1 adopted unanimously by the CGPM at its 24th meeting (2011) that laid out in
detail a new way of defining the SI based on a set of seven defining constants,
drawn from the fundamental constants of physics and other constants of
nature, from which the definitions of the seven base units are deduced,
that the conditions set by the CGPM at its 24th meeting (2011), confirmed at its
25th meeting (2014), before such a revised SI could be adopted have now been
met,

decides that, effective from 20 May 2019, the International System of Units, the SI,
is the system of units in which:

the unperturbed ground state hyperfine transition frequency of the caesium 133
atom 'QCs is 9 192 631 770 Hz,
the speed of light in vacuum c is 299 792 458 m/s,
the Planck constant h is 6.626 070 15 × 10�34 J s,
the elementary charge e is 1.602 176 634 × 10�19 C,
the Boltzmann constant k is 1.380 649 × 10�23 J/K,
the Avogadro constant NA is 6.022 140 76 × 1023 mol�1,
the luminous efficacy of monochromatic radiation of frequency 540 × 1012 Hz,
Kcd, is 683 lm/W,

On the revision of the International System of Units (SI)

Résolution 1
La Conférence générale des poids et mesures (CGPM), à sa 26e réunion,
considérant

qƵ͛il est essentiel de disposer d͛Ƶn Système international d͛ƵniƚéƐ (SI) uniforme
et accessible dans le monde entier, pour le commerce international, l͛indƵƐƚƌie
de haute technologie, la santé humaine et la sécurité, la protection de
l͛enǀiƌonnemenƚ͕ les études sur l͛éǀolƵƚion du climat, ainsi que la science
fondamentale qui étaye tous ces domaines,
que les unités du SI doivent être stables sur le long terme, auto-cohérentes et
réalisables dans la pratique, en étant fondées sur la description théorique
actuelle de la nature, au plus haut niveau,
qƵ͛Ƶne révision du SI visant à satisfaire ces exigences a été proposée dans la
Résolution 1 adoptée à l͛Ƶnanimiƚé par la CGPM à sa 24e réunion (2011), qui
expose en détail une nouvelle façon de définir le SI à partir d͛Ƶn ensemble de
sept constantes, choisies parmi les constantes fondamentales de la physique et
d͛aƵƚƌeƐ constantes de la nature, à partir desquelles les définitions des
sept unités de base sont déduites,
que les conditions requises par la CGPM à sa 24e réunion (2011), confirmées à sa
25e réunion (2014), pour procéder à l͛adopƚion d͛Ƶne telle révision du SI sont
désormais remplies,

décide qƵ͛à compter du 20 mai 2019, le Système international d͛ƵniƚéƐ͕ le SI, est le
système d͛ƵniƚéƐ selon lequel :

la fréquence de la transition hyperfine de l͛éƚaƚ fondamental de l͛aƚome de
césium 133 non perturbé, 'QCs, est égale à 9 192 631 770 Hz,
la vitesse de la lumière dans le vide, c, est égale à 299 792 458 m/s,
la constante de Planck, h, est égale à 6,626 070 15 × 10�34 J s,
la charge élémentaire, e, est égale à 1,602 176 634 × 10�19 C,
la constante de Boltzmann, k, est égale à 1,380 649 × 10�23 J/K,
la constante d͛Aǀogadƌo͕ NA, est égale à 6,022 140 76 × 1023 mol�1,
l͛efficaciƚé lumineuse d͛Ƶn rayonnement monochromatique de fréquence
540 × 1012Hz, Kcd, est égale à 683 lm/W,

Sur la r«Yision dX S\stªme international dÜXnit«s (SI)

Resolution 1

The General Conference on Weights and Measures (CGPM), at its 26th meeting,
considering

the essential requirement for an International System of Units (SI) that is
uniform and accessible world-wide for international trade, high-technology
manufacturing, human health and safety, protection of the environment, global
climate studies and the basic science that underpins all these,
that the SI units must be stable in the long term, internally self-consistent and
practically realizable being based on the present theoretical description of
nature at the highest level,
that a revision of the SI to meet these requirements was proposed in Resolution
1 adopted unanimously by the CGPM at its 24th meeting (2011) that laid out in
detail a new way of defining the SI based on a set of seven defining constants,
drawn from the fundamental constants of physics and other constants of
nature, from which the definitions of the seven base units are deduced,
that the conditions set by the CGPM at its 24th meeting (2011), confirmed at its
25th meeting (2014), before such a revised SI could be adopted have now been
met,

decides that, effective from 20 May 2019, the International System of Units, the SI,
is the system of units in which:

the unperturbed ground state hyperfine transition frequency of the caesium 133
atom 'QCs is 9 192 631 770 Hz,
the speed of light in vacuum c is 299 792 458 m/s,
the Planck constant h is 6.626 070 15 × 10�34 J s,
the elementary charge e is 1.602 176 634 × 10�19 C,
the Boltzmann constant k is 1.380 649 × 10�23 J/K,
the Avogadro constant NA is 6.022 140 76 × 1023 mol�1,
the luminous efficacy of monochromatic radiation of frequency 540 × 1012 Hz,
Kcd, is 683 lm/W,

On the revision of the International System of Units (SI)

Résolution 1
La Conférence générale des poids et mesures (CGPM), à sa 26e réunion,
considérant

qƵ͛il est essentiel de disposer d͛Ƶn Système international d͛ƵniƚéƐ (SI) uniforme
et accessible dans le monde entier, pour le commerce international, l͛indƵƐƚƌie
de haute technologie, la santé humaine et la sécurité, la protection de
l͛enǀiƌonnemenƚ͕ les études sur l͛éǀolƵƚion du climat, ainsi que la science
fondamentale qui étaye tous ces domaines,
que les unités du SI doivent être stables sur le long terme, auto-cohérentes et
réalisables dans la pratique, en étant fondées sur la description théorique
actuelle de la nature, au plus haut niveau,
qƵ͛Ƶne révision du SI visant à satisfaire ces exigences a été proposée dans la
Résolution 1 adoptée à l͛Ƶnanimiƚé par la CGPM à sa 24e réunion (2011), qui
expose en détail une nouvelle façon de définir le SI à partir d͛Ƶn ensemble de
sept constantes, choisies parmi les constantes fondamentales de la physique et
d͛aƵƚƌeƐ constantes de la nature, à partir desquelles les définitions des
sept unités de base sont déduites,
que les conditions requises par la CGPM à sa 24e réunion (2011), confirmées à sa
25e réunion (2014), pour procéder à l͛adopƚion d͛Ƶne telle révision du SI sont
désormais remplies,

décide qƵ͛à compter du 20 mai 2019, le Système international d͛ƵniƚéƐ͕ le SI, est le
système d͛ƵniƚéƐ selon lequel :

la fréquence de la transition hyperfine de l͛éƚaƚ fondamental de l͛aƚome de
césium 133 non perturbé, 'QCs, est égale à 9 192 631 770 Hz,
la vitesse de la lumière dans le vide, c, est égale à 299 792 458 m/s,
la constante de Planck, h, est égale à 6,626 070 15 × 10�34 J s,
la charge élémentaire, e, est égale à 1,602 176 634 × 10�19 C,
la constante de Boltzmann, k, est égale à 1,380 649 × 10�23 J/K,
la constante d͛Aǀogadƌo͕ NA, est égale à 6,022 140 76 × 1023 mol�1,
l͛efficaciƚé lumineuse d͛Ƶn rayonnement monochromatique de fréquence
540 × 1012Hz, Kcd, est égale à 683 lm/W,

Sur la r«Yision dX S\stªme international dÜXnit«s (SI)





Dependency

ALL CHANGE
Under the revised SI system, every 
unit will be defined in relation to a 
constant, whose value will become 
fixed. Many of the units will be 
defined in relation to each other: for 
example, definition of the kilogram 
requires Planck’s constant, and 
definitions of the second and metre.

B Y  E L I Z A B E T H  G I B N E Y

Revamped definitions of scientific units 
are on their way. In the biggest overhaul 
of the international system of units (SI) 

since its inception in 1960, a committee is set 
to redefine four basic units — the ampere, the 
kilogram, the kelvin and the mole — using 
relationships to fundamental constants, rather 
than abstract or arbitrary definitions. The 
International Bureau of Weights and Measures 
is reviewing the plans at a meeting near Paris 
from 16 to 20 October. Its recommendations 
will then go before the General Conference 
on Weights and Measures, which oversees the 

SI system, in November 2018. The changes 
would take effect in May 2019. 

The kilogram is currently defined as the 
mass of a chunk of metal in a vault in Paris. 
And an imaginary experiment involving the 
force between two infinite wires defines the 
ampere, the unit of electrical current. In the 
future, these units will be calculated in relation 
to constants — for example, the ampere will be 
based on the charge of an electron. 

Redefinition might not affect everyday 
measurements, but it will enable scientists 
working at the highest level of precision to do 
so in multiple ways, at any place or time and 
on any scale, without losing accuracy.

THE UNSTABLE KILOGRAM
The kilogram is currently defined by a lump 
of platinum-iridium, stored in a vault near 
Paris. Because objects can easily lose atoms 
or absorb molecules from the air, using one to 
define an SI unit is problematic. Compared to 
the prototype, some official copies have gained 
at least 50 micrograms over a century.

A QUESTION OF SCALE
When a unit is defined on a fixed scale, 
uncertainties grow larger the further 
scientists move away from that point. 
Currently, for example, measurements 
in milligrams have a minimum relative 
uncertainty 2,500 times that associated 
with the kilogram. The problem disappears 
under the proposed system, which relies on 
constants to define units. 

M E A S U R E M E N T  S Y S T E M S

New definitions of scientific 
units are on the horizon
Metrologists are poised to change how scientists measure the Universe.

THE PROBLEM

For measurements on conventional scales, 
existing definitions of SI units suffice. But 
they are poor tools for modern science at the 
extremes. And basing units on specific points 
or materials can be troublesome and inelegant, 
say metrologists. 
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The smaller the 
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measurement, 
the greater the 
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Measures: Time 
Requires: Hyperfine-
transition frequency of the 
caesium-133 atom 
Definition: Duration of 
9,192,631,770 cycles of 
the radiation corresponding 
to the transition between 
two hyperfine levels of 
caesium-133

SECOND (s)

KILOGRAM (kg)

CANDELA (cd)KELVIN (K)

METRE (m)
Measures: Length 
Requires: Speed of light  
Definition: Length of the path 
travelled by light in a vacuum 
in 1/299,792,458 seconds

Measures: Temperature 
Requires: Boltzmann’s 
constant  
Definition: equal to a change 
in thermal energy of  
1.380 649 x 10–23 joules

AMPERE (A)
Measures: Current 
Requires: Charge on  
the electron  
Definition: Electric current 
corresponding to the flow of 
1/(1.602 176 634 × 10−19) 
elementary charges per 
second

Measures: Mass  
Requires: Planck’s constant  
Definition: One kilogram is 
Planck’s constant divided by 
6.626 070 15 × 10–34 m–2s 

Measures: Luminous intensity  
Requires: Luminous efficacy of monochromatic 
light of frequency 540 ×1012 Hz  
Definition: Luminous intensity of a light source 
with frequency 540 ×1012 Hz and a radiant 
intensity of 1/683 watts per steradian

MOLE (mol)
Measures: Amount of 
substance  
Requires: Avogadro’s 
constant  
Definition: Amount of 
substance of a system that 
contains 6.022 140 76 ×1023  
specified elementary 
entities
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ALL CHANGE
Under the revised SI system, every 
unit will be defined in relation to a 
constant, whose value will become 
fixed. Many of the units will be 
defined in relation to each other: for 
example, definition of the kilogram 
requires Planck’s constant, and 
definitions of the second and metre.
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Revamped definitions of scientific units 
are on their way. In the biggest overhaul 
of the international system of units (SI) 

since its inception in 1960, a committee is set 
to redefine four basic units — the ampere, the 
kilogram, the kelvin and the mole — using 
relationships to fundamental constants, rather 
than abstract or arbitrary definitions. The 
International Bureau of Weights and Measures 
is reviewing the plans at a meeting near Paris 
from 16 to 20 October. Its recommendations 
will then go before the General Conference 
on Weights and Measures, which oversees the 

SI system, in November 2018. The changes 
would take effect in May 2019. 

The kilogram is currently defined as the 
mass of a chunk of metal in a vault in Paris. 
And an imaginary experiment involving the 
force between two infinite wires defines the 
ampere, the unit of electrical current. In the 
future, these units will be calculated in relation 
to constants — for example, the ampere will be 
based on the charge of an electron. 

Redefinition might not affect everyday 
measurements, but it will enable scientists 
working at the highest level of precision to do 
so in multiple ways, at any place or time and 
on any scale, without losing accuracy.

THE UNSTABLE KILOGRAM
The kilogram is currently defined by a lump 
of platinum-iridium, stored in a vault near 
Paris. Because objects can easily lose atoms 
or absorb molecules from the air, using one to 
define an SI unit is problematic. Compared to 
the prototype, some official copies have gained 
at least 50 micrograms over a century.

A QUESTION OF SCALE
When a unit is defined on a fixed scale, 
uncertainties grow larger the further 
scientists move away from that point. 
Currently, for example, measurements 
in milligrams have a minimum relative 
uncertainty 2,500 times that associated 
with the kilogram. The problem disappears 
under the proposed system, which relies on 
constants to define units. 
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New definitions of scientific 
units are on the horizon
Metrologists are poised to change how scientists measure the Universe.

THE PROBLEM

For measurements on conventional scales, 
existing definitions of SI units suffice. But 
they are poor tools for modern science at the 
extremes. And basing units on specific points 
or materials can be troublesome and inelegant, 
say metrologists. 
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THE FUTURE

AMPERE: THE SINGLE-ELECTRON PUMP
Used to measure the charge of an electron, an electron pump could 
become one tool for determining the ampere. By trapping individual 
electrons as they travel rapidly across a conductor, the pump can 
generate a measureable current by counting single electrons. 

KILOGRAM: THE WATT BALANCE
The Watt balance compares mechanical power with electromagnetic 
power using two separate experiments. First, a current is run through a 
coil in a magnetic field to create a force that counterbalances a known 
physical mass. Then, the coil is moved through the field to create a 
voltage. By measuring the speed as well as experimental values that 
relate the voltage and current to Planck’s constant, scientists can 
precisely determine the weight of a mass in kilograms.

MOLE: THE SILICON SPHERE
As the device that gives scientists Avogadro’s constant, this silicon sphere 
offers a state-of-the-art way to measure a mole. It would determine 
the precise number of atoms in a perfect sphere of pure silicon-28. 
Researchers do this by using lasers to measure the length of a unit of the 
sphere’s crystal lattice, and its mean diameter.  

KELVIN: ACOUSTIC THERMOMETRY
This technique could be used to derive precise temperature 
measurements. The speed of sound in a gas-filled sphere (which is 
proportional to the average speed of the atoms in it) can be determined 
at a fixed temperature, by analysing the frequency of sound waves that 
resonate within in it and measuring the sphere’s volume.

Experimental teams have been working for 
decades to agree on values for the constants on 
which the definitions will soon hinge. They had to 
meet strict conditions, which the kilogram teams 
fulfilled only in 2015. All groups submitted final 
figures by 1 July.  Under the new system, these 
constants will be stripped of their uncertainties 
and fixed as exact numbers in May 2019. Their 
former uncertainties will then be transferred to 
measurements that use the units defined by 
the constants. As a consequence, other, related 
constants, once expressed in the new units, will 
see their uncertainties reduced as well.

The loser will be the mass of the prototype 
kilogram in Paris. It currently has an uncertainty 
of zero — but that will soon rise to at least ten 
parts per billion.

THE TECHNIQUES

Under the revamped SI system, researchers will be able to use various experiments to relate constants to each of the units measured. 

Device is cooled to 
about 10 millikelvin.

Electron held
in island

Gate

Source Drain

Current of 
single electrons

The speed of movement is 
measured using a laser

Current creates a force to 
counterbalance a physical mass

MassCoil Electric
current Voltage

Laser

Perfect sphere of
pure silicon-28

The length of the unit cell of 
the crystal lattice is measured

Pressure
vessel

Gas

Microphone

Antenna

Resonator
shell

R
el

at
iv

e 
un

ce
rt

ai
nt

y 
(u

r ×
10

9 )

0.1

1

100

10

1,000

P
la

nc
k’

s 
co

ns
ta

nt

In
te

rn
at

io
na

l p
ro

to
ty

pe
of

 t
he

 k
ilo

gr
am

B
ol

tz
m

an
n’

s 
co

ns
ta

nt

Tr
ip

le
 p

oi
nt

 o
f w

at
er

Av
og

ad
ro

’s
 c

on
st

an
t

M
ol

ar
 m

as
s

of
 c

ar
bo

n-
12

El
em

en
ta

ry
 c

ha
rg

e

Jo
se

ph
so

n’
s 

co
ns

ta
nt

vo
n 

K
lit

zi
ng

’s
 c

on
st

an
t

El
ec

tr
on

 m
as

s

At
om

ic
 m

as
s 

co
ns

ta
nt

M
as

s 
of

 c
ar

bo
n-

12

M
ol

ar
 g

as
 c

on
st

an
t

Fa
ra

da
y’

s 
co

ns
ta

nt

P
er

m
ea

bi
lit

y
of

 fr
ee

 s
pa

ce

P
er

m
itt

iv
ity

of
 fr

ee
 s

pa
ce

Uncertainty increasing
Uncertainty decreasing
Zero uncertainty

1 9  O C T O B E R  2 0 1 7  |  V O L  5 5 0  |  N A T U R E  |  3 1 3

IN FOCUS NEWS

ǟ
ɥ
ƐƎƏƗ

ɥ
�!,(++�-

ɥ
�4 +(2'#12

ɥ
�(,(3#"Ʀ

ɥ
/�13

ɥ
.$
ɥ
�/1(-%#1

ɥ
��341#ƥ

ɥ
�++
ɥ
1(%'32

ɥ
1#2#15#"ƥ ǟ

ɥ
ƐƎƏƗ

ɥ
�!,(++�-

ɥ
�4 +(2'#12

ɥ
�(,(3#"Ʀ

ɥ
/�13

ɥ
.$
ɥ
�/1(-%#1

ɥ
��341#ƥ

ɥ
�++
ɥ
1(%'32

ɥ
1#2#15#"ƥ



THE FUTURE

AMPERE: THE SINGLE-ELECTRON PUMP
Used to measure the charge of an electron, an electron pump could 
become one tool for determining the ampere. By trapping individual 
electrons as they travel rapidly across a conductor, the pump can 
generate a measureable current by counting single electrons. 

KILOGRAM: THE WATT BALANCE
The Watt balance compares mechanical power with electromagnetic 
power using two separate experiments. First, a current is run through a 
coil in a magnetic field to create a force that counterbalances a known 
physical mass. Then, the coil is moved through the field to create a 
voltage. By measuring the speed as well as experimental values that 
relate the voltage and current to Planck’s constant, scientists can 
precisely determine the weight of a mass in kilograms.

MOLE: THE SILICON SPHERE
As the device that gives scientists Avogadro’s constant, this silicon sphere 
offers a state-of-the-art way to measure a mole. It would determine 
the precise number of atoms in a perfect sphere of pure silicon-28. 
Researchers do this by using lasers to measure the length of a unit of the 
sphere’s crystal lattice, and its mean diameter.  

KELVIN: ACOUSTIC THERMOMETRY
This technique could be used to derive precise temperature 
measurements. The speed of sound in a gas-filled sphere (which is 
proportional to the average speed of the atoms in it) can be determined 
at a fixed temperature, by analysing the frequency of sound waves that 
resonate within in it and measuring the sphere’s volume.

Experimental teams have been working for 
decades to agree on values for the constants on 
which the definitions will soon hinge. They had to 
meet strict conditions, which the kilogram teams 
fulfilled only in 2015. All groups submitted final 
figures by 1 July.  Under the new system, these 
constants will be stripped of their uncertainties 
and fixed as exact numbers in May 2019. Their 
former uncertainties will then be transferred to 
measurements that use the units defined by 
the constants. As a consequence, other, related 
constants, once expressed in the new units, will 
see their uncertainties reduced as well.

The loser will be the mass of the prototype 
kilogram in Paris. It currently has an uncertainty 
of zero — but that will soon rise to at least ten 
parts per billion.

THE TECHNIQUES

Under the revamped SI system, researchers will be able to use various experiments to relate constants to each of the units measured. 
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PART III

Gravitational measurements 

based on atom interferometry



Outline

1. Testing the universality of free fall

2. Measurement of the gravitational constant G

3. Recent breakthroughs



Testing the universality of free fall



• Universal gravitational acceleration of test masses, 
independent of the composition.

Tests of universality of free fall (UFF)



• Central to Einstein’s equivalence principle.

• Tests of UFF with macroscopic masses:

‣ free fall, lunar laser ranging (LLR)

‣ torsion balance (Ëotvös)

Tests of universality of free fall (UFF)
BEC.gr Why atoms?.

Why atoms ?

mi = mg

Inertial mass = 
Gravitational mass

⌘AB = 2
|gA � gB |
gA + gB

. 10�13 . . . 10�14
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( atom interferometers as accelerometers )
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Quantum Test of the Universality of Free Fall

D. Schlippert,1 J. Hartwig,1 H. Albers,1 L. L. Richardson,1 C. Schubert,1 A. Roura,2 W. P. Schleich,2,3

W. Ertmer,1 and E. M. Rasel1*
1Institut für Quantenoptik and Centre for Quantum Engineering and Space-Time Research (QUEST),

Leibniz Universität Hannover, Welfengarten 1, D-30167 Hannover, Germany
2Institut für Quantenphysik and Center for Integrated Quantum Science and Technology (IQST),

Universität Ulm, Albert-Einstein-Allee 11, D-89081 Ulm, Germany
3Texas A&M University Institute for Advanced Study (TIAS), Institute for Quantum Science and Engineering (IQSE)

and Department of Physics and Astronomy, Texas A&M University, College Station, Texas 77843-4242, USA
(Received 1 April 2014; published 22 May 2014)

We simultaneously measure the gravitationally induced phase shift in two Raman-type matter-wave
interferometers operated with laser-cooled ensembles of 87Rb and 39K atoms. Our measurement yields an
Eötvös ratio of ηRb;K¼ ð0.3# 5.4Þ × 10−7. We briefly estimate possible bias effects and present strategies
for future improvements.

DOI: 10.1103/PhysRevLett.112.203002 PACS numbers: 37.25.+k, 03.75.Dg, 04.80.Cc, 06.30.Gv

The universality of free fall (UFF) emerges [1] from the
equality of the inertial and the gravitational mass, which
Hertz [2] already in 1884 called a “wonderful mystery.” In
1915, Albert Einstein made this postulate into one of the
cornerstones of general relativity. Although UFF has been
verified in numerous tests [3,4], today different scenarios
reconciling general relativity and quantummechanics allow
a violation of the UFF. For this reason, more precise tests
are presently pursued [5–7] and new measurement tech-
niques are developed. One intriguing approach consists of
comparing the accelerations of different quantum objects to
a high precision. In this Letter, we report the first quantum
test of the UFF with matter waves of two different atomic
species.
We simultaneously compare the free-fall accelerations

gRb and gK of 87Rb and 39K measured by inertial-sensitive
Mach-Zehnder-type interferometers shown in Fig. 1
employing stimulated two-photon Raman transitions and
extract the Eötvös ratio

ηRb;K ≡ 2
gRb − gK
gRb þ gK

¼ 2
ðmgr

min
Þ
Rb

− ðmgr

min
Þ
K

ðmgr

min
Þ
Rb

þ ðmgr

min
Þ
K

: (1)

A UFF violation, that is, ηRb;K ≠ 0, yields a difference in
the inertial mass min and gravitational mass mgr of, or an
additional force coupling different to the two species.
There exist two types of quantum tests of UFF. (i) The

first one [8,9] compares the accelerations obtained by
measuring the gravitationally induced phase shift of freely
falling matter waves of neutrons [10] or atoms to the one
measured with classical gravimeters. (ii) The second one,
which is solely of quantum nature, compares this phase
shift for two types of matter waves such as different
rubidium isotopes [11–13] or strontium isotopes [14].
Today, there are numerous initiatives [15–22] on the

way to test the UFF with matter-wave interferometers both
on ground and in microgravity.
Matter-wave tests of the UFF differ from their classical

counterparts in several aspects. (i) The coherence lengths of
these quantum objects differ [23] by orders of magnitude as
compared to classical ones. (ii) Matter waves allow us to
perform both tests of the redshift and of the free fall using
the same species. (iii) Quantum tests are performed with
spin-polarized ensembles, a feature that is only available in
a few specific scenarios outside of matter-wave tests
[14,24–26]. (iv) Experiments with matter waves take
advantage of chemical species of highest istopic purity.
(v) Quantum tests enlarge the set of test-mass pairs
employed, for example, in torsion-balance experiments,

FIG. 1 (color online). Space-time evolution of the rubidium and
potassium atoms in a Mach-Zehnder-type interferometer posi-
tioned in a constant gravitational field pointing downwards.
Coherent Raman processes at t ¼ 0; T and 2T between the states
jFi ¼ 1; pi and jFi ¼ 2; pþ ℏkeff;ii, where i is either Rb or K
resulting from the π=2−, π−, and π=2 pulses allow for momen-
tum transfer in the downward (thick lines) and the upward (thin
lines) directions. The difference in the velocity change between
rubidium (black lines) and potassium (red lines) is not to scale.

PRL 112, 203002 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending
23 MAY 2014

0031-9007=14=112(20)=203002(5) 203002-1 © 2014 American Physical Society

- simultaneous differential measurement

- common mirror effect of vibration noise 
highly suppressed

- Eötvös parameter: 

improved bounds for dilaton models and SME

- Future plans on ground and in space:

⌘Rb,K < 5 · 10�7

87Rb 39K

⌘AB . 10�14 . . . 10�17
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equality of the inertial and the gravitational mass, which
Hertz [2] already in 1884 called a “wonderful mystery.” In
1915, Albert Einstein made this postulate into one of the
cornerstones of general relativity. Although UFF has been
verified in numerous tests [3,4], today different scenarios
reconciling general relativity and quantummechanics allow
a violation of the UFF. For this reason, more precise tests
are presently pursued [5–7] and new measurement tech-
niques are developed. One intriguing approach consists of
comparing the accelerations of different quantum objects to
a high precision. In this Letter, we report the first quantum
test of the UFF with matter waves of two different atomic
species.
We simultaneously compare the free-fall accelerations

gRb and gK of 87Rb and 39K measured by inertial-sensitive
Mach-Zehnder-type interferometers shown in Fig. 1
employing stimulated two-photon Raman transitions and
extract the Eötvös ratio
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A UFF violation, that is, ηRb;K ≠ 0, yields a difference in
the inertial mass min and gravitational mass mgr of, or an
additional force coupling different to the two species.
There exist two types of quantum tests of UFF. (i) The

first one [8,9] compares the accelerations obtained by
measuring the gravitationally induced phase shift of freely
falling matter waves of neutrons [10] or atoms to the one
measured with classical gravimeters. (ii) The second one,
which is solely of quantum nature, compares this phase
shift for two types of matter waves such as different
rubidium isotopes [11–13] or strontium isotopes [14].
Today, there are numerous initiatives [15–22] on the

way to test the UFF with matter-wave interferometers both
on ground and in microgravity.
Matter-wave tests of the UFF differ from their classical

counterparts in several aspects. (i) The coherence lengths of
these quantum objects differ [23] by orders of magnitude as
compared to classical ones. (ii) Matter waves allow us to
perform both tests of the redshift and of the free fall using
the same species. (iii) Quantum tests are performed with
spin-polarized ensembles, a feature that is only available in
a few specific scenarios outside of matter-wave tests
[14,24–26]. (iv) Experiments with matter waves take
advantage of chemical species of highest istopic purity.
(v) Quantum tests enlarge the set of test-mass pairs
employed, for example, in torsion-balance experiments,

FIG. 1 (color online). Space-time evolution of the rubidium and
potassium atoms in a Mach-Zehnder-type interferometer posi-
tioned in a constant gravitational field pointing downwards.
Coherent Raman processes at t ¼ 0; T and 2T between the states
jFi ¼ 1; pi and jFi ¼ 2; pþ ℏkeff;ii, where i is either Rb or K
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- simultaneous differential measurement

- common mirror effect of vibration noise 
highly suppressed

- Eötvös parameter: 

improved bounds for dilaton models and SME

- Future plans on ground and in space:

87Rb 39K

⌘AB . 10�14 . . . 10�17
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Measurement of 
the gravitational constant G



• By far the less accurately determined of all fundamental 
constants  (using macroscopic masses).

Measurement of Newton’s gravitational constant G
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layer, and the correction is reduced to less than 2 p.p.m. owing to the 
low density of Al.

Air density
In the AAF method, the source masses are located in air, outside the 
vacuum chamber. The volume of air displaced by the sphere introduces 
a negative gravitational torque at the signal frequency. The associated 
correction to G is ρair/ρsphere, where ρair ≈ 1.18 kg m−3 is the average 
air density, which is monitored by an air density measurement system, 
and ρsphere ≈ 7,965 kg m−3 is the average sphere density. The average  
correction is 148.50 p.p.m. with an uncertainty of less than 1.51 p.p.m. 
In each run, the correction for this effect is applied in real time accord-
ing to the measured air density. In the TOS method, both the pendulum 
and source masses are placed in the same vacuum chamber, thus no air 
density effect needs to be considered.

The thermal effect
In both methods, corrections were applied for thermal effects on all 
the geometrical parameters, such as the pendulum’s dimensions and 
the distance between the geometric centres of the spheres. The torsion  
spring constant of the fibre is also temperature-dependent owing to 
thermoelasticity34. For a small range of temperature variation, the 
spring constant of the fibre is linearly proportional to the temperature. 
The typical thermoelastic coefficient of the silica fibre used in this work 
was determined to be 101(1) × 10−6 °C−1 using a temperature modu-
lation experiment23,35,36. This coefficient is slightly different from fibre 
to fibre. According to the monitored temperature variation around the 
fibre, the correction for the thermoelastic effect was applied synchro-
nously for each run when extracting the oscillation frequency of the 
pendulum in the TOS method (Extended Data Table 5).

In the AAF method, the thermoelastic effect is negligible because the 
fibre does not twist. In addition, the temperature variation in the room 
was increased to about 1 °C, and the response coefficient of angular 
acceleration of the pendulum turntable was measured to be (2.2 ± 3.6) ×  
10−12 rad s−2 °C−1 (Extended Data Fig. 4). Considering that the  
temperature variation was less than 0.1 °C during each experimental 
run, it contributes an uncertainty of no more than 0.91 p.p.m.

The electrostatic effect
In the TOS method, the electrostatic disturbance was effectively 
reduced by the shield inserted between the pendulum and the source 
masses. During data acquisition, the pendulum, the shield and the 
source masses were all grounded. However, the fluctuation of the 
electrostatic potential difference between the shield and the pen-
dulum could change the effective spring constant of the fibre and 

affect the oscillation period. We measured the oscillation period of 
the pendulum for a varying voltage applied on the shield. The typical 
response coefficient of the period to the voltage was −28.6(1) ms V−1 
near 0 V, corresponding to an extra electrostatic spring constant of 
1.34(1) × 10−12 N m rad−1 per volt. When the spheres were exchanged 
between the ‘near’ and ‘far’ positions, the potential variation on the 
shield was measured by a digital multimeter to be less than 10 µV, 
which contributes an uncertainty of no more than 0.17 p.p.m. to the 
G value. We applied different voltages on the shield in the sequence 
ground, 0.1 V, −0.1 V, ground, and found that the period of the pen-
dulum changed correspondingly, but the period differences between 
the ‘near’ and ‘far’ positions were consistent with each other (Extended 
Data Fig. 5). This further confirms that the electrostatic effect on the G 
measurement with the TOS method is very small.

In the AAF method, a grounded vacuum chamber made of alumin-
ium alloy shields electrostatically the grounded pendulum from the 
source masses. We found no substantial influence of the pendulum 
oscillation on the noise spectrum when a 1-mHz square wave voltage 
with an amplitude of about 10 V was applied on the upper-layer spheres 
(Fig. 1b).

The magnetic effect
In the TOS method, the interaction between the local magnetic field 
and residual magnetic moment of the spheres produces an additional 
torque on the pendulum. The contribution of this effect to the uncer-
tainty of G was evaluated to be 2.08 p.p.m. (in TOS-I) and 0.71 p.p.m. 
(in TOS-II), following the method used in ref. 37. In the AAF method, 
the horizontal magnetic gradient generated by the source masses pro-
duces a periodic torque on the pendulum at a signal frequency of 2ωd. 
We measured this correction to be 24.2(1.4) p.p.m. when an increased 
gradient of 0.31(1) Gs m−1 is produced by a current coil placed on the 
source-mass position. Because the background gradient induced by the 
four spheres is about 0.05 Gs m−1, the contribution to the uncertainty 
of G is less than 3.98 p.p.m. in AAF-I and AAF-II. In AAF-III, three 
layers of Mu-metal shields were used to enclose the pendulum, and this 
error was reduced to less than 0.90 p.p.m.

Data acquisition and analysis
In the TOS method, all the data, including the pendulum twist, the tem-
perature, seismic disturbances and fluctuations of the air pressure, were 
taken at a regular intervals of 0.5 s triggered by a rubidium clock with 
a stability of 1 × 10−11 (at 1 s) and a frequency accuracy ≤1 × 10−10. 
The data taking procedure for all experimental runs was the same as 
that used in our previous experiments18,19. The acquisition time was 
three days for one position and the initial amplitude of the pendulum  

Fig. 3 | Comparison with previous results. G values obtained in this work 
compared with recent measurements (NIST-8239, TR&D-9640, LANL-9741, 
UWash-0015, BIPM-019, UWup-0242, MSL-0343, HUST-0516,17, UZur-0644, 

HUST-0918,19, JILA-1045, BIPM-1410,11, LENS-1447, UCI-1446) and the 
CODATA-2014 value4. All error bars denote 1σ confidence level.
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Gradiometry and measurements of G

Atom Interferometer Measurement of
the Newtonian Constant of Gravity
J. B. Fixler,1 G. T. Foster,2 J. M. McGuirk,3 M. A. Kasevich1*

We measured the Newtonian constant of gravity, G, using a gravity gradiometer based on atom
interferometry. The gradiometer measures the differential acceleration of two samples of laser-cooled
Cs atoms. The change in gravitational field along one dimension is measured when a well-characterized
Pb mass is displaced. Here, we report a value of G = 6.693 × 10−11 cubic meters per kilogram
second squared, with a standard error of the mean of ±0.027 × 10−11 and a systematic error of ±0.021 ×
10−11 cubic meters per kilogram second squared. The possibility that unknown systematic errors still
exist in traditional measurements makes it important to measure G with independent methods.

The weak coupling of gravity compared
with other forces makes precision gravity
experiments difficult. This is manifested

in the relatively poor knowledge of the Newto-
nian constant of gravity, G, compared with our
understanding of other fundamental constants
(1). The traditional torsion pendulum method for
measuring G involves a well-characterized
moving source mass that produces a torque on a
test mass attached to a long fiber. Measurement
of the test mass displacement, coupled with
knowledge of the mechanics of the pendulum
and of the source–test mass gravitational force,
determines G. Other recent methods make use of
a Fabry-Perot optical cavity (2), a flexure-strip
balance (3), or a falling corner-cube gravimeter
(4). The first direct precision measurement of G
(5) determined the value of G to 1.1 parts per
thousand (ppt), which remained the standard
definition until 1942 (6), when the precision was
increased to 0.45 ppt. During the past two
decades, a number of high-precision measure-
ments have been performed, but their discrep-
ancies were larger than their standard deviations.
Therefore, the accepted precision remained
relatively unchanged (7, 8). Recently, a few
experiments have claimed to reach to <100 parts
per million (ppm) (9–11).

The inherent difficulty of measuring G was
evident in the change of the Committee on Data
for Science and Technology (CODATA) defini-
tion from 1986 to 1998 (1, 8), increasing the un-
certainty to 1.5 ppt. Part of this increase came
from an 83-ppm measurement in 1996 (11)—
determined with the use of a dynamic fiberless
torsion balance—that differed by 42 standard
deviations from the CODATA value of G at the
time. Questions were raised about the accuracy of

other experiments as well. Also taken into
account in the CODATA decision was a dis-
covery of fiber twist anelasticity (12) in torsion
balance experiments. Not until recently were the
systematics of the experiment by Michaelis et al.
(11) understood (13), resulting in the treatment of
those results as outlier points.

We used quantum interference of atomic Cs
to directly probe the gravitational scalar potential.
The performance of instruments based on this
technique meets or exceeds that of other state-of-
the-art gravity (14) or gravity-gradient (15) de-

vices. In this work, we used a gravity gradiometer
to make a proof-of-principle measurement of
G. We measured the differential acceleration of
two laser-cooled ensembles of atomic Cs in-
duced by a 540-kg Pb source mass precisely
positioned between two vertically separated de
Broglie wave gravimeters. With accurate knowl-
edge of the atomic trajectories and the Pb source
geometry and composition, we calculated the
gravitationally induced phase shift in our atom
interferometer and extracted a value for G. The
accuracy was characterized with a thorough
study of systematics that might influence our
measurement. This method is loosely analo-
gous to that of Schwarz et al. (4), who used
macroscopic masses rather than interfering
atomic wavepackets.

Our gravity gradiometer consists of two gra-
vimeters that operate by the light-pulse atom
interferometry technique (Fig. 1) (16). The mo-
mentum recoil from the emission or absorption of
photons by a Cs atom is used to coherently split
and deflect the atomic wavepackets. A p/2
“splitter” pulse places an atom initially in the
ground state with momentum p into a superposi-
tion of ground and excited states, |g,p〉→ (|g,p〉 +
|e,p + ħk〉)/√2, with the excited state gaining a
photon recoil ħk relative to the ground state part
of the wavepacket (k = 2p/l). A “mirror” p pulse
drives an atom from the ground to the excited
state, |g,p〉 → |e,p + ħk〉, imparting a photon
recoil kick, or vice versa, which causes a
stimulated emission of a photon and reduction
of momentum. We applied a p/2-p-p/2 interfer-
ometer sequencewith a pulse separationT (Fig. 2).
The initial p/2 pulse separates the two wave-
packets because of the difference in their mo-
mentum. The p pulse redirects the wavepacket
momentum, causing the two components to over-
lap again at time 2T, when the final p/2 pulse
induces their interference. Momentum recoil
creates different trajectories for the wavepackets
that acquire a relative gravitationally induced
atomic phase shift during the interferometer,

REPORTS
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- differential measurement

- common-mode noise suppression

- determination of the gravity gradient

- changing position of well-characterized 
source mass measurement of
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Recent breakthroughs



• Tests of universality of free fall with atom interferometry.

• Recently demonstrated capability of reaching

• and surpassing best bounds on ground with macroscopic masses.

• Alternative determination of Newton’s gravitational constant  
based on atom interferometry.

• New approach that can potentially outperform currently best 
results with macroscopic test masses.

C. Overstreet et al., Phys. Rev. Lett. (2018)

⌘AB = 2
|gA � gB |
gA + gB

. 10�14

G. Rosi et al., Nature (2014)

G. D’Amico et al., Phys. Rev. Lett. (2017)

G. Rosi, Metrologia, (2018)

G

P. Asenbaum et al., Phys. Rev. Lett. (2020)



• Major challenge associated with gravity gradients: 
phase-shift dependence on the wave packet’s initial position and velocity.

• These recent breakthroughs relied on a very effective technique for 
overcoming this problem (gravity gradient compensation). 

Circumventing Heisenberg’s Uncertainty Principle in Atom Interferometry
Tests of the Equivalence Principle

Albert Roura
Institut für Quantenphysik, Universität Ulm, Albert-Einstein-Allee 11, 89081 Ulm, Germany

(Received 26 July 2016; published 17 April 2017)

Atom interferometry tests of universality of free fall based on the differential measurement of two
different atomic species provide a useful complement to those based on macroscopic masses. However,
when striving for the highest possible sensitivities, gravity gradients pose a serious challenge. Indeed, the
relative initial position and velocity for the two species need to be controlled with extremely high accuracy,
which can be rather demanding in practice and whose verification may require rather long integration times.
Furthermore, in highly sensitive configurations gravity gradients lead to a drastic loss of contrast. These
difficulties can be mitigated by employing wave packets with narrower position and momentum widths, but
this is ultimately limited by Heisenberg’s uncertainty principle. We present a promising scheme that
overcomes these problems by compensating the effects of the gravity gradients and circumvents the
fundamental limitations due to Heisenberg’s uncertainty principle. Furthermore, it relaxes the experimental
requirements on initial colocation by several orders of magnitude.

DOI: 10.1103/PhysRevLett.118.160401

The equivalence principle is a cornerstone of general
relativity and Einstein’s key inspirational principle in his
quest for a relativistic theory of gravitational phenomena.
Experiments searching for small violations of the principle
are being pursued in earnest [1] since they could provide
evidence for violations of Loretnz invariance [2] or for
dilaton models inspired by string theory [3], and they could
offer invaluable hints of a long sought underlying funda-
mental theory for gravitation and particle physics. A central
aspect that has been tested to highprecision is the universality
of free fall (UFF) for test masses. Indeed, torsion balance
experiments have reached sensitivities at the 10−13 g level [4]
and it is hoped that this can be improved 2 orders of
magnitude in a forthcoming satellite mission [5].
An interesting alternative that has been receiving increas-

ing attention in recent years is to perform tests of UFF with
quantum systems and, more specifically, using atom inter-
ferometry. Instead of macroscopic test masses these kinds of
experiments compare the gravitational acceleration experi-
enced by atoms of different atomic species [6–10]. They offer
a valuable complement to traditional tests with macroscopic
objects because a wide range of new elements with rather
different properties can be employed, so that better boundson
models parametrizing violations of the equivalence principle
can be achieved even with lower sensitivities to differential
accelerations [8,11]. Furthermore, given the different kind of
systematics involved, they could help to gain confidence in
eventual evidence for violations of UFF.
By using neutral atoms prepared in magnetically insensi-

tive states and an appropriate shielding of the interferometry
region, one can greatly suppress the effect of spurious forces
acting on the atoms, which constitute excellent inertial
references [12–14]. State of the art gravimeters based on

atom interferometry can reach a precision of the order of
10−9g in 1 sec [15] and aremainly limited by thevibrations of
the retroreflecting mirror. When performing simultaneous
differential interferometry measurements for both species
and sharing the retroreflecting mirror (as sketched in Fig. 1),
common-mode rejection techniques can be exploited to
suppress the effects of vibration noise and enable higher
sensitivities for themeasurement of differential accelerations
[7,16–19]. Thus, although tests of UFF based on atom
interferometry have reached sensitivities up to 10−8g so
far, there are already plans for future space missions that aim
at sensitivities of 10−15g [20,21] by exploiting the longer
interferometer times available in space and the fact that the
sensitivity scales quadratically with the time.

FIG. 1. Sketch of an atom interferometry setup for differential
acceleration measurements of two different atomic species.
The various laser beams driving the diffraction processes for
both species share a common retroreflection mirror so that
vibration noise is highly suppressed in the differential phase-
shift measurement.
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• Gravity gradients lead to open interferometers 

     loss of contrast and sensitivity to initial conditions 
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• Suitable adjustment of laser wavelength of 2nd pulse 

         compensation of unwanted gravity gradient effects 
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• Atomic fountain experiments in Stanford’s 10-meter tower : 

‣ gravity-gradient compensation scheme 

successfully implemented

‣ very effective in overcoming the 

initial-colocation problem

‣ key ingredient in efforts to test UFF 

with atom interferometry at level10�14

Overstreet et al., Phys. Rev. Lett. 120, 183604 (2018)

Tests of universality of free fall (UFF)

P. Asenbaum et al., Phys. Rev. Lett. 125, 191101 (2020)



• One can use the technique to cancel the effect of static 
gravity gradients in measurement of time-dependent ones.

• Also for measurements of static gravity gradients insensitive 
to initial position & velocity:

Gradiometry & determination of G

(application to determination of )G

G. D’Amico et al., Phys. Rev. Lett. 119, 253201 (2017)

vanishing gradiometry phase for
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the main systematic e↵ects. Finally, in section 5, conclu-
sions and prospects for experimental determination to-
wards 10�6 level are presented.

II. PRINCIPLE OF OPERATION

In figure 1 a sketch of the experimental apparatus is
reported.

FIG. 1. Sketch of the experiment. Two atomic samples are
trapped and cooled in a magneto-optical trap (MOT) and
sequentially launched towards the interferometric region. A
measurement of the local gravity gradient is performed by a
Raman interferometry scheme. When local gravity anomalies
are far enough (Far configuration, left side), the gravity accel-
eration profile given by the Earth is almost perfectly linear.
The same condition can be also realized by using a proper
shaped source mass that surrounds the atomic sensor (Close
configuration, right side). The value of the gravity constant
can be retrieved by measuring the corresponding modulation
of the gravity gradient.

Here we consider a gravity gradiometer that consists in
a pair of thermal clouds of 87Rb launched from a MOT
with standard moving molasses technique and simulta-
neously interrogated by a sequence of three counter-
propagating Raman pulses. Comprehensive description
of this well-established technologies can be found in lit-
erature [10, 11] and therefore we will not provide here
any experimental details about them. The motivation of
such instrument choice lies in the intention to keep the
system as simple as possible. Further e↵orts to improve
the atomic source may be spent to push the measurement
below the 10�5 limit.

The basic idea is to modulate the value of the gravity
gradient of the Earth (Figure 1, left side, “Far” config-
uration) with a properly designed source mass (Figure

1, right side, “Close” configuration). From the resulting
gravity gradient variation ��, evaluated with the zero
phase shift technique, it will be possible to retrieve the
value of G, in a similar way to what was done in [5].
Globally, Earth’s gravity gradient �E is expected to

be quite constant in function of the elevation h. Ac-
cording to the free-air correction formula, the second or-
der coe�cient is ' h/RT smaller then �E , where RT is
the Earth’s radius [12]. Locally, the acceleration profile
can be easily warped by nearby objects and local gravity
anomalies. However we can roughly set a requirement on
acceleration linearity according to our ability to control
the atomic sample vertical coordinate z. Let us suppose
to have a jittering �z ' 1 mm and to be in presence of a
spherical anomaly (radius R, density contrast �⇢) placed
below the instrument at distance r. It can be easily found
that

��

�E
' 5.4⇥ 10�4�⇢

R
3

r3

�z

r
(5)

imposing ��/�E = 10�5 and taking �⇢ = 2 ⇥ 103

kg/m3, we can set some upper limits on the anomaly
size. For instance, for r = 1, 5, 10 and 50 m we have
R = 0.2, 2, 4.5 and 38.6 m, while R ' r at r = 100
m. We can conclude that the apparatus must be placed
su�ciently far from underground structures and aquifers,
while regional scale anomalies can be ignored. A ground-
based gravity survey can also help to careful characterize
the area. It is interesting to point out that the largest
mass anomaly in the experiment could be represented by
the source mass itself, which must be vertically displaced
far enough from the interferometer area in order to actu-
ally realize the Far configuration.
In order to synthesize an additional linear gravity gra-

dient to probe, a proper source mass geometry must be
selected. Moreover, the shape should be as simple as
possible, in order to simplify the machining process. A
hollow cylinder produces along its vertical axis an accel-
eration profile with a good degree of linearity (see Figure
1, right part), once proper dimensions and material have
been selected. In the following we are going to define such
parameters, according to the requirements on statistical
and systematic errors.

III. STATISTICS

As mentioned before, the key point of the method relies
in determining the zero phase shift condition, at which
corresponds, according to equation 2 and 3, a given fre-
quency jump�⌫0 = c�ke↵,0/4⇡. A naive way to perform
such operation is to measure two gradiometric phases
�(�⌫ = 0) and �(�⌫) ' ��(0) for each source mass
configuration. It is straightforward to see that

�⌫0 =
�(0)

�(0)� �(�⌫)
�⌫ (6)
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PART IV

Searching for

dark energy and dark matter 

with atom interferometry



Search for certain kinds 
of dark energy fields



• Candidate dark-energy fields that become screened in presence 
of non-negligible matter density  (avoid standard tests of UFF):

Chameleon and symmetron fields
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This is sketched in Fig. 1. In an environment of homo-
geneous ρm, the effective potential is minimized at

ϕeq ¼
!
nMΛ4þn

ρm

" 1
nþ1

: ð7Þ

The mass of chameleon particles around this state, defined
as usual by m2ðϕeqÞ ¼ ∂2Veff

∂ϕ2 j
ϕ¼ϕeq

, is

m2
eq ¼

nðnþ 1ÞΛ4þn

ϕnþ2
eq

∼ ρ
nþ2
nþ1
m : ð8Þ

As the value of ρm increases, we see that ϕeq decreases,
while meq increases, as desired. This is sketched in Fig. 2.
More generally, to compute the chameleonic acceleration

on a test particle due to an arbitrary static distribution of
matter, we begin by solving for the ϕ profile:

~∇2
ϕ ¼ Veff;ϕ: ð9Þ

For general ρmð~xÞ, we must of course resort to numerical
integration. Given the resulting field profile ϕð~xÞ, the

acceleration on a test particle due to the chameleon
interaction readily follows from (3):

~a ¼ 1

M
~∇ϕ: ð10Þ

For the parameters of interest, we will see that the atoms in
the experiment behave as test particles to an excellent
approximation. Indeed, this is one of the virtues of using
atom interferometry to test chameleons. More generally, the
chameleon force on an extended body can be computed
borrowing a method developed by Einstein, Infeld, and
Hoffmann [58] in the context of General Relativity, as
nicely shown in Ref. [33].

B. Thin-shell approximate treatment

Before solving the chameleon equation of motion
exactly using numerical integration, it is helpful to gain
intuition on how the chameleon force is suppressed in the
presence of high ambient density by reviewing the approxi-
mate solution first presented in Refs. [2,3]. One of the main
goals of this paper is to assess to what extent the
approximate treatment works.
Consider a static, spherical source with radius R and

homogeneous density ρobj. For the moment, we imagine
that this object is immersed in a homogeneous medium
with density ρbg. (We will come back shortly to the case of
the vacuum chamber, where the ambient density is approx-
imately zero.) We denote by ϕobj and ϕbg the minima of the
effective potential at the object and ambient density,
respectively. The scalar equation of motion reduces to

ϕ00 þ 2

r
ϕ0 ¼ V;ϕ þ

ρmðrÞ
M

; ρmðrÞ ¼
#
ρobj r < R

ρbg r > R
:

ð11Þ

The boundary conditions are ϕ0ðr ¼ 0Þ ¼ 0, enforcing
regularity at the origin, and ϕ → ϕbg as r → ∞, which
minimizes the effective potential far from the source.
For a sufficiently large body—in a sense that will be

made precise shortly—the field approaches the minimum
of its effective potential deep in its interior:

ϕ≃ ϕobj; r < R: ð12Þ

Outside of the object, but still within an ambient Compton
wavelength away (r < m−1

bg ), the field profile goes approx-
imately as 1=r: ϕ≃ C

r þ ϕbg. One integration constant has
already been set to fulfill the second boundary condition
above. The other constant C is fixed by matching the field
value at r ¼ R, with the result

ϕ≃ −R
r
ðϕbg − ϕobjÞ þ ϕbg: ð13Þ

FIG. 1. Schematic of the effective potential felt by a chameleon
field (solid line), given by the sum of the bare potential of
runaway form, VðϕÞ (dashed line), and a density-dependent
piece, from coupling to matter (dotted line).

FIG. 2. Effective potential for low ambient matter density (left)
and high ambient density (right). As the density increases, the
minimum of the effective potential, ϕmin, shifts to smaller values,
while the mass of small fluctuations, mϕ, increases.
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• Atomic test mass in vacuum chamber        hardly screened
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Figure 1 | Cavity matter-wave interferometry. Left: experimental set-up. The acceleration acyl of caesium atoms towards a cylindrical tungsten source
mass suspended in ultrahigh vacuum is measured. The cylinder has mass mcyl =0.19 kg, height h and diameter d=h=2.54 cm. The axial through-hole has
radius 0.5 cm, and the slot has width 0.5 cm. Making a di�erential measurement isolates the e�ect of any interactions sourced by the tungsten mass.
Right: Mach–Zehnder interferometer based on Raman transitions in an optical cavity. Three laser pulses manipulate the caesium atoms during free fall.
The pulses split the atomic wavepacket along two di�erent trajectories, reflect the two trajectories near their apex, and then recombine and interfere the
matter waves to measure the phase di�erence accumulated between the two paths during the interferometer time of 2T = 110 ms. We obtain a
measurement of the acceleration experienced by the caesium atoms ensemble-averaged over ⇠105 atoms.

The ultraweak fields ' can be characterized by their mass m(')
and coupling to normal matter �('), which may both be functions
of the field itself. The acceleration of an object

a=�� (')

MPl
�ar' (1)

(in our case, an atom) caused by the field is highly sensitive to the
surrounding matter geometry22. Here, MPl = (}c/8⇡G)1/2 ⇡ 2.4⇥
1018 GeV is the reduced Planck mass, and 0�a  1 is a screening
function that depends on m, � and the object’s mass and size.
Moreover, �a ! 1 for a small and light test particle but �a ⌧ 1 for
macroscopic objects, where only a thin, outermost layer interacts
with the field. An atom in ultrahigh vacuum with a local miniature
sourcemassminimizes screening and is well-suited as a testmass for
such theories8. Prime examples of such scalar fields are chameleons
and symmetrons.

A chameleon scalar field23,24 is characterized by an e�ective
potential density

Ve�(')=V (')+Vint(') (2)

The self-interaction

V (')=⇤4 + ⇤4+n

'n
(3)

is characterized by an energy scale ⇤, which must be close to the
cosmological-constant scale, ⇤' ⇤0 = 2.4meV, if the chameleon
is to drive cosmic acceleration. The interaction with matter of
density ⇢m

Vint =⇢m'/M (4)

is characterized by an energy scaleM , which is expected to be below
the Planck mass. The chameleon profile due to an arbitrary static
distribution of matter ⇢m(x) is obtained by solving the nonlinear
Poisson equation:

r2'=@Ve�/@' (5)

Deep inside a large, dense object,r2''0 and ' rapidly approaches
a negligible value that minimizes Ve�('). Thus, the bulk of such
an object is largely decoupled from the field, except for a thin
outer shell, leading to screening. For general ⇢m(x), we must
resort to numerical integration22. Given the resulting field profile
'(x), the chameleon-mediated acceleration on an atom is given by
equation (1) with �cham =MPl/M .

A symmetron scalar field25,26 has an e�ective potential symmetric
under ' ! �'. The simplest models have a Higgs-like quartic
self-interaction

V (')= �
4!'

4 � µ2

2
'2 (6)

inwhich � is the self-coupling, andµ is the bare potentialmass scale.
The field couples to matter through an explicitly density-dependent
mass term,

Vint (')= ⇢m

2M 2
S

'2 (7)

The coupling is again characterized by an energy scaleMS. We focus
here on 1MeV<MS < 1 TeV, approximately the regime in which
the fifth force is screened in a typical laboratory apparatus. The
acceleration equation (1) in a constant-density region is roughly
characterized by �sym(') = 'MPl/M 2

S . The field ', and thus the
coupling �sym, is zero in high-density regions and nonzero at low
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[ See also Sabulsky et al., Phys. Rev. Lett. 123, 061102 (2019) ]



• Substantial improvement of the parameter bounds for this kind 
of models:

NATURE PHYSICS DOI: 10.1038/NPHYS4189 LETTERS
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Figure 3 | Constraints on screened scalar fields. a, Chameleon field: the shaded areas in the M–⇤ plane are ruled out at the 95% confidence level. MPl/M
gives the coupling strength to normal matter in relation to gravity; ⇤=⇤0 ⇡2.4 meV (indicated by the black line) could drive cosmic acceleration today. A
comparison is made to previous experiments: neutron interferometry28/neutron gravity resonance29, microsphere force sensing30, and torsion balance1,27.
b, Chameleon limits in the n–�cham plane with ⇤=⇤0, showing the narrowing gap in which basic chameleon theories could remain viable. n is the power
law index describing the shape of the chameleon potential; �cham ⌘MPl/M is the strength of the matter coupling. c, Symmetron fields: constraints by atom
interferometry complement those from torsion pendulum experiments10,11 (shown with µ=0.1 meV) for the range of µ considered. For µ< 10�1.5 meV, the
field vanishes entirely inside the vacuum (see Methods), leaving this parameter space unconstrained. The same e�ect produces the sharp cuto� in our
limits at low MS.

only a one order of magnitude range left for the coupling strength
M . Furthermore, for all ⇤>5.1meV, this gap is fully closed, ruling
out all such models. Our symmetron limits are complementary to
torsion pendula1,10,11 as well. We improve previous constraints on �
by two orders ofmagnitude throughout the entire range ofMS andµ
probed by our experiment. Our constraint is strongest in the regime
where the atom is screened,where forµ=0.1meVwe rule out�<1.

Tests of gravity in the ultraweak-field regimewith aminiature, in-
vacuum sourcemass probe screened field theories with the potential
to explain the accelerated expansion of our universe. In the future,
technologies such as lattice interferometry13 in our optical cavity and
large momentum transfer Bragg beam splitters will allow us to hold
quantum probe particles in proximity to a miniature source mass,
evading geometric constraints from the source mass’ small size,
and boosting sensitivity. With modest improvements, chameleon
fields at the cosmological energy density will be either discovered or
completely ruled out. This also will enable study of novel quantum
phenomena such as the gravitational Aharonov–Bohm e�ect12, and
provide even better resolution of atom–source mass interactions.

Methods
Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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Detection of 
ultralight dark matter fields



• Coupling of ultralight scalar field to the Standard Model sector 
leads to small oscillations of the energy of internal atomic states:Ultralight scalar dark matter

Ultralight dilaton DM acts as a background field (e.g., mass ~10-15 eV)
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• Oscillations of transition energies at Compton frequency.

• Gradiometry-like differential measurement with atom 
interferometers based on single-photon diffraction.

Figure 9. Space-time diagram of the operation of a pair of cold-atom interferometers based on single-photon

transitions between the ground state (blue) and the excited state (red dashed). The laser pulses (wavy lines)

travelling across the baseline from opposite sides are used to divide, redirect, and recombine the atomic de

Broglie waves, yielding interference patterns that are sensitive to the modulation of the light travel time caused

by DM or GWs (from [84]). For clarity, the sizes of the atom interferometers are shown on an exaggerated

scale.

quantum superposition of two paths and then recombining them. As in an atomic clock, the phase
shift recorded by each atom interferometer depends on the time spent in the excited state, which is
related directly to the light travel time across the baseline, namely L/c.

A single interferometer of the type described here, e.g., the interferometer at position x1 in Fig. 9,
would be sensitive to laser noise, but a crucial experiment has demonstrated [86] that this can be
substantially suppressed by the di↵erential measurement between the two interferometers at x1 and
x2 as suggested in [84]. The sensitivity of a single such interferometer could be substantially improved
in the two-interferometer configuration outlined here by measuring the di↵erential phase shift between
the widely-separated interferometers [84]. The GW (or DM) signal provided by the di↵erential phase
shift is proportional to the distance L between the interferometers, whereas the laser frequency noise
largely cancels in the di↵erential signal.

Based on this approach using two cold-atom interferometers that perform a relative measurement
of di↵erential phase shift, we propose a mission profile using a pair of satellites similar to that used
for atomic gravity gradiometers [87, 88], which is shown in Fig. 10. As the atoms serve as precision
laser frequency references, only two satellites operating along a single line-of-sight are required to
sense gravitational waves. The satellites both contain atom interferometers that are connected by
laser pulses propagating along the positive and negative z directions in the diagram, and the clouds of
ultracold atoms at the ends of the baseline of length L act as inertial test masses. There are intense
master lasers (M1 and M2) in the satellites, which drive the atomic transitions in the local atom
interferometers. After interaction with the atoms, each master laser beam is transmitted by the beam
splitter (BS) out of the satellite, and propagates towards the other satellite, and R1 and R2 are beams
from satellite 1 and 2, respectively, that play the roles of reference beams.

Intense local lasers LO1 and LO2 are used to operate the atom interferometers at each end
of the baseline. These otherwise independent local lasers are connected by reference laser beams

– 13 –

25

Clock gradiometer using single photon transitions

Two ways for phase to vary:

Gravitational wave

Dark matter

Each interferometer measures 
the change over time T

Laser noise is common-mode 
suppressed in the gradiometer

Excited state phase evolution:

Graham et al., PRL 110, 171102 (2013).
Arvanitaki et al., PRD 97, 075020 (2018).
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• Signal enhancement with LMT pulse sequences:

Φt1
t0 ≡

Z
t1

t0
dtΔωA cosðmϕtþ βÞ: ð8Þ

The signal phase Φs, is the difference between the phase
of an atom interferometer located at x1 ≃ 0 and that of one
at x2 ≃ L. For the setup in Fig. 1, this is approximately
equal to

Φs ≃ΦTþL
T−ðn−1ÞL −ΦnL

0 −Φ2TþL
2T−ðn−1ÞL þΦTþnL

T ; ð9Þ

where T is half the time between the two π=2 beam splitter
pulses, L ≃ x2 − x1 is the light travel time between the two
laser sources, and n is the number of large-momentum-
transfer (LMT) photon kicks each atom receives. In the
limits of mϕ → 0 and mϕ → ∞, Φs asymptotes to zero.
However, a nontrivial signal phase response does occur
when the period of the DM wave matches the total duration
of the interferometric sequence, namely 2π=mϕ ∼ 2T.

(By construction, T > nL, and T ≫ L for the setups under
consideration.) For example, in the optimally matched case
with a DM phase β ¼ 0 at the start of the interferometric
sequence, all of the terms in Eq. (9) are negative, because
terms 2 and 3 (1 and 4) are generated during positive
(negative) antinodes of the DM wave, yielding a signal
phase shift of order Φs ∼ −4ΔωAðnLÞ.
The signal amplitude of Eq. (9), Φ̄s≡ð2

R
2π
0 dβΦ2

s=2πÞ1=2,
for general mϕ is

Φ̄s ¼ 8
ΔωA

mϕ

×
!!!! sin

"
mϕnL
2

#
sin

"
mϕðT − ðn − 1ÞL

2

#
sin

"
mϕT
2

#!!!!:

ð10Þ

Since ΔωA ∝ 1=mϕ at fixed DM energy density [see below
Eq. (3)], we deduce that the effect decouples ∝ mϕ for
mϕ → 0 and ∝ 1=m2

ϕ for mϕ → ∞. The zero-frequency
limit above is consistent with the fact that in absence
of a reference scale the variation of a dimensionful
quantity such asΔωA (and thusme) becomes unobservable.
The phase shift Φs is a dimensionless observable that is
sensitive to fractional variation of the atomic transition
energy over different parts of spacetime and constitutes
a new, unique time-domain signature of light modulus
dark matter.
The experiment under consideration can be thought of as

a comparison of two atomic clocks. Here, the clocks are
spatially separated, which is what makes it a GW detector.
This also creates a difference in the effect of the scalar DM
on the two clocks, allowing a differential measurement to
cancel laser noise but not the DM signal. This observable
effect differs from that of other proposed experiments
searching for scalar DM using atomic-clock-based tech-
nology. For example, our proposal shows that the scalar
DM effect can be detected using a single species of atoms,
in contrast to the methods of Ref. [9]. This is because the
differential setup of Ref. [16] allows a comparison of the
response of two otherwise identical atomic clocks at different
points in time, which is kept by the phase evolution of the
DM wave.
The GW sensors of the type described in Ref. [16] have

two key advantages over searches with collocated atomic
clocks advocated in Ref. [9]. First, the differential measure-
ment under consideration is less susceptible to laser fre-
quency noise than a setup comparing two different atomic
transition energies with two separate lasers. Second, our
proposal exploits the time-domain response of the GW
sensor to a DM wave rather than the equivalence-
principle-violating nature of the DM couplings to atomic
transition frequencies, providing prime sensitivity to the dme

couplingwithout having to rely on comparatively less precise
hyperfine clock transitions. The recent GW detector design
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FIG. 1. Spacetime diagram of the light-pulse sequence on two
atom interferometers, illustrated for n ¼ 4 (i.e., maximum four
photon momenta transferred). A π=2 laser pulse (gray, wavy)
splits the wave function of atoms both at x1 and at x2 into the
ground state jgi (blue, solid) and the excited state jei (red,
dashed) with equal probabilities. Subsequent π laser pulses
(black, wavy) exchange jgi ↔ jei and typically only interact
with one branch of each wave function due to Doppler shifts. A
final π=2 pulse interferes the wave function of both interferom-
eters. Interaction points are indicated by gray squares (black dots)
for π=2 (π) pulses. For clarity, atomic separations are exagger-
ated; realistically, x1 ∼ x%1 ∼ L − x2 ∼ L − x%2 ≪ L.
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• Significant coverage of parameter space for ultralight scalar field 
as DM candidate:
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of Ref. [26] likewise reaps the benefits of this second
advantage since the same physical measurement is per-
formed and would have the same sensitivity as our proposal,
provided contributions from laser frequency noise can be
mitigated to below atomic shot noise levels.
Additionally, our proposal differs from the recent

Ref. [27], which also proposed atom interferometer GW
detectors for scalar DM detection. We consider the direct
effect of the scalar DM on the internal state of the atomic
ensemble, while Ref. [27] mainly relies on the DM effect
on the Earth’s gravitational field. Our proposal achieves
the best discovery potential in the most sensitive frequency
band of GW detectors, while Ref. [27] is sensitive only to
lower-frequency signals.

IV. EXPERIMENTAL SENSITIVITY

The scheme proposed in Ref. [16] can be realized in a
ground-based interferometer as well as in a space-based
satellite antenna. A terrestrial experiment could be operated
in a vertical shaft of length L ¼ 103 m with 10 m interfer-
ometers at the top and bottom, allowing free-fall times of
T ¼ 1.4 s.We restrict to a maximum number ofNmax ¼ 103

laser pulses in order to retain atom number, which in turn
limits the number of LMT kicks to n ¼ 250. We assume
shot-noise-limited sensitivity above f ¼ 10−1 Hz with a
noise spectral density

ffiffiffiffiffiffi
SΦ

p
≈ 10−5=Hz1=2, made possible

with an atomic flux of 1010=s, or with fewer atoms and
significant squeezing [28].
A space-based satellite experiment can exhibit a much

longer baseline length L and interrogation time T, because
the laser platforms can move on free-fall geodesics along
with the atoms. A GW antenna design using atom interfer-
ometry near satellites connected with heterodyne laser links
[29] has a proposed configuration with L ¼ 6 × 108 m,
T ¼ 160 s, and n ¼ 12. The baseline length and interrog-
ation time are limited by laser diffraction and atomic loss
due to scatteringwith background gas and light, respectively.
For this setup, we assume a shot-noise-limited sensitivity
of

ffiffiffiffiffiffi
SΦ

p
≈ 10−4=Hz1=2.

Given a DM signal bandwidth of Δfϕ ≃mϕv2vir=2π,
differential atomic phase oscillations with square amplitude
as small as δΦ2

s¼SΦt−1int maxf1;tintΔfϕg1=2 may be detected
at unit signal-to-noise ratio (SNR ¼ 1) after an integration
time tint ¼ 108 s. With the parameters for L, T, and n, and
the atomic transition (throughout assumed to be the 1S0 ↔
3P0 transition in Sr I), the discovery reach for DM couplings
can then be computed as a function mϕ with the aid of
Eqs. (7) and (10).
Atomic sensors provide extraordinary discovery reach,

with a potential to improve on existing constraints and
other proposals by many orders of magnitude over a wide
frequency band. In Fig. 2, we plot the sensitivity to the
electron coupling dme

(top panel) and photon coupling de
(bottom panel) for both the terrestrial (“AI-TB,” light blue)

and space-based proposals (“AI-SB,” dark blue). Analogous
curves for the Higgs portal coupling are plotted in Fig. 3. For
clarity, we used the approximation j sinðxÞj ∼minfx; 1=

ffiffiffi
2

p
g

for the power-averaged envelope of Eq. (10). We note that a
DM signal with frequency above the repetition frequency of
the interferometer sequence (typically about 1 Hz) will be
aliased to lower frequencies and can still be detected with the
same phase sensitivity over the parameter space of interest.
We show the reach of the space-based proposal up to
frequencies where the DM wave becomes spatially incoher-
ent (when mϕvvirL≳ 1) and down to frequencies where
gravity gradients are deemed to becomemore important than
shot noise, at f ≲ 10−4 Hz. For the ground-based proposal,
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matter mass mϕ. Blue curves depict the SNR ¼ 1 sensitivity
envelopes of the proposed atomic sensors: a terrestrial experiment
operated in broadband mode (“AI-TB”); a long-baseline, broad-
band, space-based antenna (“AI-SB”); and a shorter, resonant
satellite antenna (“AI-SR”). Also depicted are 95% C.L. con-
straints from searches for new Yukawa forces that violate/
conserve the equivalence principle (“EP=5F”, gray regions)
[32–34], atomic spectroscopy data in Dy and in Rb=Cs (light
and dark purple regions) [10,11], seismic data on the fundamental
breathing mode of Earth (red) [35], and a search for acoustic
excitations in the AURIGA resonant-mass detector (red band)
[36]. Green regions show natural parameter space for a 10-TeV
cutoff, and allowed parameter space for the QCD axion.
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of Ref. [26] likewise reaps the benefits of this second
advantage since the same physical measurement is per-
formed and would have the same sensitivity as our proposal,
provided contributions from laser frequency noise can be
mitigated to below atomic shot noise levels.
Additionally, our proposal differs from the recent

Ref. [27], which also proposed atom interferometer GW
detectors for scalar DM detection. We consider the direct
effect of the scalar DM on the internal state of the atomic
ensemble, while Ref. [27] mainly relies on the DM effect
on the Earth’s gravitational field. Our proposal achieves
the best discovery potential in the most sensitive frequency
band of GW detectors, while Ref. [27] is sensitive only to
lower-frequency signals.

IV. EXPERIMENTAL SENSITIVITY

The scheme proposed in Ref. [16] can be realized in a
ground-based interferometer as well as in a space-based
satellite antenna. A terrestrial experiment could be operated
in a vertical shaft of length L ¼ 103 m with 10 m interfer-
ometers at the top and bottom, allowing free-fall times of
T ¼ 1.4 s.We restrict to a maximum number ofNmax ¼ 103

laser pulses in order to retain atom number, which in turn
limits the number of LMT kicks to n ¼ 250. We assume
shot-noise-limited sensitivity above f ¼ 10−1 Hz with a
noise spectral density

ffiffiffiffiffiffi
SΦ

p
≈ 10−5=Hz1=2, made possible

with an atomic flux of 1010=s, or with fewer atoms and
significant squeezing [28].
A space-based satellite experiment can exhibit a much

longer baseline length L and interrogation time T, because
the laser platforms can move on free-fall geodesics along
with the atoms. A GW antenna design using atom interfer-
ometry near satellites connected with heterodyne laser links
[29] has a proposed configuration with L ¼ 6 × 108 m,
T ¼ 160 s, and n ¼ 12. The baseline length and interrog-
ation time are limited by laser diffraction and atomic loss
due to scatteringwith background gas and light, respectively.
For this setup, we assume a shot-noise-limited sensitivity
of

ffiffiffiffiffiffi
SΦ

p
≈ 10−4=Hz1=2.

Given a DM signal bandwidth of Δfϕ ≃mϕv2vir=2π,
differential atomic phase oscillations with square amplitude
as small as δΦ2

s¼SΦt−1int maxf1;tintΔfϕg1=2 may be detected
at unit signal-to-noise ratio (SNR ¼ 1) after an integration
time tint ¼ 108 s. With the parameters for L, T, and n, and
the atomic transition (throughout assumed to be the 1S0 ↔
3P0 transition in Sr I), the discovery reach for DM couplings
can then be computed as a function mϕ with the aid of
Eqs. (7) and (10).
Atomic sensors provide extraordinary discovery reach,

with a potential to improve on existing constraints and
other proposals by many orders of magnitude over a wide
frequency band. In Fig. 2, we plot the sensitivity to the
electron coupling dme

(top panel) and photon coupling de
(bottom panel) for both the terrestrial (“AI-TB,” light blue)

and space-based proposals (“AI-SB,” dark blue). Analogous
curves for the Higgs portal coupling are plotted in Fig. 3. For
clarity, we used the approximation j sinðxÞj ∼minfx; 1=

ffiffiffi
2

p
g

for the power-averaged envelope of Eq. (10). We note that a
DM signal with frequency above the repetition frequency of
the interferometer sequence (typically about 1 Hz) will be
aliased to lower frequencies and can still be detected with the
same phase sensitivity over the parameter space of interest.
We show the reach of the space-based proposal up to
frequencies where the DM wave becomes spatially incoher-
ent (when mϕvvirL≳ 1) and down to frequencies where
gravity gradients are deemed to becomemore important than
shot noise, at f ≲ 10−4 Hz. For the ground-based proposal,
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FIG. 2. Parameter space for the coupling dme
to electrons (top

panel) and de to photons (bottom panel), as a function of dark
matter mass mϕ. Blue curves depict the SNR ¼ 1 sensitivity
envelopes of the proposed atomic sensors: a terrestrial experiment
operated in broadband mode (“AI-TB”); a long-baseline, broad-
band, space-based antenna (“AI-SB”); and a shorter, resonant
satellite antenna (“AI-SR”). Also depicted are 95% C.L. con-
straints from searches for new Yukawa forces that violate/
conserve the equivalence principle (“EP=5F”, gray regions)
[32–34], atomic spectroscopy data in Dy and in Rb=Cs (light
and dark purple regions) [10,11], seismic data on the fundamental
breathing mode of Earth (red) [35], and a search for acoustic
excitations in the AURIGA resonant-mass detector (red band)
[36]. Green regions show natural parameter space for a 10-TeV
cutoff, and allowed parameter space for the QCD axion.
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Ultralight scalar dark matter
Ultralight dilaton DM acts as a background field (e.g., mass ~10-15 eV)
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Matter wave Atomic Gradiometer Interferometric Sensor

• 100-meter baseline atom interferometry in existing shaft at Fermilab

• Intermediate step to full-scale (km) detector for gravitational waves

• Clock atom sources (Sr) at three positions to realize a gradiometer

• Probes for ultralight scalar dark matter beyond current limits (Hz range)

• Extreme quantum superposition states: >meter wavepacket separation, 
up to 9 seconds duration
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MAGIS-100: GW detector prototype at Fermilab
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Figure 10 Space-time diagram of the operation of a pair of cold-atom interferometers based on
single-photon transitions between the ground state (blue) and the excited state (red dashed). The laser pulses
(wavy lines) travelling across the baseline from opposite sides are used to divide, redirect, and recombine the
atomic de Broglie waves, yielding interference patterns that are sensitive to the modulation of the light travel
time caused by DM or GWs (from [78]). For clarity, the sizes of the atom interferometers are shown on an
exaggerated scale

Figure 11 Possible experimental scheme. The beams of the two master lasers M1 and M2 are shown as
dotted and solid lines, respectively, together with the corresponding reference beams between the satellites,
R1 and R2. Two local oscillator lasers LO1 and LO2 (dashed lines) are phase-locked with R2 and R1,
respectively. Photodetectors PD1 and PD2 measure the heterodyne beatnote between the reference beams
R2 and R1 and the corresponding local lasers LO1 and LO2, respectively, providing feedback for the laser link.
Non-polarizing beam splitters are denoted by BS, and tip-tilt mirrors used for controlling the directions of the
laser beams are denoted by TTM. For clarity, small offsets between overlapping laser beams have been
introduced. Figure taken from [40]

that this can be substantially suppressed by the differential measurement between the two
interferometers at x1 and x2 as suggested in [78]. The sensitivity of a single such interfer-
ometer could be substantially improved in the two-interferometer configuration outlined
here by measuring the differential phase shift between the widely-separated interferome-
ters [78]. The GW (or DM) signal provided by the differential phase shift is proportional
to the distance L between the interferometers, whereas the laser frequency noise largely
cancels in the differential signal.

Based on this approach using two cold-atom interferometers that perform a relative
measurement of differential phase shift, we propose a mission profile using a pair of satel-
lites similar to that used for atomic gravity gradiometers [81, 82], which is shown in Fig. 11.
As the atoms serve as precision laser frequency references, only two satellites operating

J. Hogan and M. Kasevich, Phys. Rev. A 94, 033632 (2016)



PART V

Gravitational time-dilation

in macroscopically delocalized 

quantum superpositions



I

II

a
b

t

z t0iti

�

��

�

�

�

�

�

��

�

�

�

�

 

Gravitational Redshift in Quantum-Clock Interferometry
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The creation of delocalized coherent superpositions of quantum systems experiencing different
relativistic effects is an important milestone in future research at the interface of gravity and quantum
mechanics. This milestone could be achieved by generating a superposition of quantum clocks that follow
paths with different gravitational time dilation and investigating the consequences on the interference signal
when they are eventually recombined. Light-pulse atom interferometry with elements employed in optical
atomic clocks is a promising candidate for that purpose, but it suffers from major challenges including its
insensitivity to the gravitational redshift in a uniform field. All of these difficulties can be overcome with
the novel scheme presented here, which is based on initializing the clock when the spatially separate
superposition has already been generated and performing a doubly differential measurement where the
differential phase shift between the two internal states is compared for different initialization times. This
scheme can be exploited to test the universality of the gravitational redshift with delocalized coherent
superpositions of quantum clocks, and it is argued that its experimental implementation should be feasible
with a new generation of 10-meter atomic fountains that will soon become available. Interestingly, the
approach also offers significant advantages for more compact setups based on guided interferometry or
hybrid configurations. Furthermore, in order to provide a solid foundation for the analysis of the various
interferometry schemes and the effects that can be measured with them, a general formalism for a
relativistic description of atom interferometry in curved spacetime is developed. It can describe freely
falling atoms as well as the effects of external forces and guiding potentials, and it can be applied to a very
wide range of situations. As an important ingredient for quantum-clock interferometry, suitable diffraction
mechanisms for atoms in internal-state superpositions are investigated too. Finally, the relation of the
proposed doubly differential measurement scheme to other experimental approaches and to tests of the
universality of free fall is discussed in detail.

DOI: 10.1103/PhysRevX.10.021014 Subject Areas: Atomic and Molecular Physics,
Gravitation, Quantum Physics

I. INTRODUCTION

In this article, a general formalism describing relativistic
effects in atom interferometry for atoms propagating in
curved spacetime is developed. This formalism is then
exploited in Sec. VI to present a novel scheme for quantum-
clock interferometry, which is sensitive to gravitational-
redshift effects and whose experimental implementation
should be within reach of the 10-meter atomic fountains of
Sr and Yb atoms that will soon become available at
Stanford and HITec (Hannover), respectively.
Remarkable advances in atom interferometry have

enabled the creation of macroscopically delocalized

quantum superpositions with atomic wave packets sepa-
rated up to half a meter [1]. Nevertheless, in all cases
realized so far, the differences in the dynamics of the two
wave packets of the superposition can be entirely described
in terms of Newtonian mechanics. While the impressive
precision of atomic clocks based on optical transitions
enables the measurement of the gravitational redshift for
height differences as little as one centimeter, this result is
achieved by comparing two independent clocks. In con-
trast, creating delocalized coherent superpositions of quan-
tum systems experiencing different relativistic effects
remains an important milestone in future research at the
interface of gravity and quantum mechanics.
This result couldbe achievedbygenerating a superposition

of quantum clocks that follow paths with different gravita-
tional time dilation and investigating the consequences on the
interference signal when they are eventually recombined [2].
More specifically, the proper-time differences between the
two interferometer arms imprint which-way information on
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and DOI.
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