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• Ultracold Antihydrogen quantum reflection 

• Gravitational states above material surface 

• Magnetic field induced transitions 

• Gravitational mass of antihydrogen 

Plan of the talk 



H Wall


ANNIHILATION ?

A.Yu. Voronin, P. Froelich and V.V. Nesvizhevsky, “Gravitational 

quantum states of antihydrogen”, Phys. Rev. A 83, 032903 (2011) 



Quantum reflection= 

    Reflection from the abruptly changing attractive potential                               
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J. E. Lennard-Jones, Trans. Faraday Soc. 28, 333 1932. 



CASIMIR-POLDER POTENTIAL
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van der Waals

Retardation

123 10  eV

1 .a.usz  300 a.u. (16 nm)vdWz 

𝑎 = −0,0028 − 𝑖0,027𝜇𝑚 



0.1cm  77% 

1cm  45% 

10cm  14% 

0.1cm  89% 

1cm  73% 

10cm  32% 

10mm  97% 

10mm  97% 

From which height can we drop antihydrogen? 

Reflection coefficient as a function of incident energy 



Discovered for neutrons by V. Nesvizhevsky et al. . Nature 415, 297 (2002) 
 

Gravitational states 
Antihydrogen bouncing on a surface 
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Idea- to induce transitions between 
gravitational states with alternating 

magnetic field 

E 

Z, mm 13.7 

ℏ𝜔 

24.0 

𝜔12=254,54 Hz  

𝜔13=463,77 Hz  

𝜔14=648,12 Hz  

𝑧1 = 13.7 𝜇𝑚 

𝑧2 = 24.0 𝜇𝑚 

𝑧3 = 32. 4𝜇𝑚 

𝑧4 = 39.8 𝜇𝑚 

Developed for neutrons by V. Nesvizhevsky, S. Baessler, G. Pignol, K. Protassov, A.Voronin 

𝜔15=815,20 Hz  

𝜔16=972,11 Hz  

𝜔17=1119,99 Hz  

𝑧5 = 46.6 𝜇𝑚 

𝑧6 = 52.9 𝜇𝑚 

𝑧7 = 58.9 𝜇𝑚 



Principe of observation 

dB/dz(t) 

1. State n<<N preparation 
2. Resonance transition 1->N 

3. Detection of high N state 

To measure flux of annihilation events at height of Nth state as a function of frequency  

𝜔1𝑁 

𝑣~1
𝑚

𝑠
, ℎ1~30𝜇𝑚, ℎ2~150𝜇𝑚, 𝐿~30𝑐𝑚 
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Antihydrogen in Magnetic Field 

𝑇 𝑧 +𝑀𝑔𝑧 + 𝐻 𝑐 +
𝛼𝐻𝐹

2
(𝑭2 −

3

2
) + 𝑩(𝑧, 𝑡)(𝜇𝐵 𝒔  

𝑒 
+𝜇𝑝  𝒔  

𝑝 
) + 𝐻 𝑠𝑡 

Center-of-mass fall Coulomb HF splitting 
 Field-magnetic 

moment 
interaction 

E 

B 

a 
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𝛼𝐻𝐹 

F=0, M=0 

F=1, M=-1 

F=1, M=0 

F=1, M=1 

𝛼𝐻𝐹
ℏ

≅ 1420 𝑀ℎ𝑧 

𝜀𝑔𝑟𝑎𝑣 ≪ 𝜇𝐵 ≪ 𝛼𝐻𝐹 

Effective Stark-effect 



Magnetic Field 

• 𝐵(𝑡, 𝑧, 𝑥) = (𝐵0𝑧+𝛽𝑧 cos (𝜔𝑡))𝑒𝑧 − 𝛽𝑥 cos (𝜔𝑡))𝑒𝑥 

 
𝑑𝑖𝑣𝐵 = 0 

𝑊𝑒 𝑛𝑒𝑒𝑑  
𝐵0𝑧 ≫ 𝛽 𝐿 

𝜔~103𝐻𝑧 

𝐸𝑎 ≅ −𝛼𝐻𝐹
3

4
−
|𝐵(𝑡, 𝑧, 𝑥) 𝜇𝐵 − 𝜇𝑝 |2

4𝛼𝐻𝐹
 

 

𝐸𝑐 ≅ 𝛼𝐻𝐹
1

4
+
|𝐵(𝑡, 𝑧, 𝑥) 𝜇𝐵 − 𝜇𝑝 |2

4𝛼𝐻𝐹
 

 

𝐸𝑏 ≅ 𝛼𝐻𝐹
1

4
−
|𝐵(𝑡, 𝑧, 𝑥) 𝜇𝐵 + 𝜇𝑝 |

2
 

 

𝐸𝑑 ≅ 𝛼𝐻𝐹
1

4
+
|𝐵(𝑡, 𝑧, 𝑥) 𝜇𝐵 + 𝜇𝑝 |

2
 



Transitions between states 

•
𝑒2𝑚𝑒

ℏ2
≫ 𝛼𝐻𝐹 ≫ 𝜇𝐵𝐵 ≫ 𝜀𝑔  adiabaticity 

• 𝑖ℏ
𝜕Ψ 𝑧,𝒓,𝑡

𝜕𝑡
= 𝐻Ψ 𝑧, 𝒓, 𝑡  

• Ψ 𝑧, 𝒓, 𝑡 =  𝐶𝛼,𝑖 𝑡 𝑔𝑖 𝑧 𝜑𝛼 𝒓, 𝑧, 𝑡 exp (−𝑖𝜀𝑖𝑡𝛼,𝜄 − 𝑖𝐸𝛼,0𝑡)  

• 𝐻 𝑐 +
𝛼𝐻𝐹

2
𝑭2 −

3

2
+ 𝑩 𝑧, 𝑡 (𝜇𝐵  𝒔  

𝑒 
+𝜇𝑝  𝒔  

𝑝 
) − 𝐸𝛼(𝑧, 𝑡) 𝜑𝛼 𝒓, 𝑧, 𝑡  

• = 0 

• 𝑖ℏ
𝜕𝐶𝛼,𝑖

𝜕𝑡
=  𝐶𝛼𝑘 < 𝑔𝑖|𝐸𝛼(𝑡, 𝑧)|𝑔𝑘 >

𝑁
𝑘=1 exp (−𝑖𝜔 𝑖𝑘𝑡) 

  2 2 2 2
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Transition amplitudes 

Time of observation t=0.1 s 

Transition probability as a function of frequency. Transitions 1->9,1->10,1->11 
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Guiding field  

1 → 10 

Transition probability as a function of guiding field B0z 
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Spectral line 

1 → 10 

∆≅ 20 𝐻𝑧 

𝑧10 = 75.29 𝜇𝑚 
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Time, space, gravitational mass 

𝜔𝑖𝑘 =
ℏ2𝑀2𝑔2

2𝑚

3

𝜆𝑘 − 𝜆𝑖 → 𝑀 =
2𝑚𝜔𝑖𝑘

3

𝑔2ℏ2 (𝜆𝑘 − 𝜆𝑖)
3

 

ℏ𝜔𝑖𝑘

𝑧𝑘 − 𝑧𝑖
= Mg 𝑀 = 𝑚 →

𝜔𝑖𝑘

(𝜆𝑘−𝜆𝑖) 
3/2

=
𝑔

2(𝑧𝑘−𝑧𝑖)
 

3

3

1 10

3
;  10  

2

 10   

H

H

N
N




 




 





Conclusions 

• Resonance transitions induced by alternating 
field enable us to measure energy spacing 
between gravitational quantum states and 
extract gravitational mass M 

• Typical parameters: field gradient dB/dz~30 
Gs/m, guiding field Bz~100 Gs 

• Time of life limitation for the line-width  

• Preferred transitions 1->N with N maximum 
accessible (N easy~ 10; N resolved ~300) 

∆≅ 20 𝐻𝑧 


