
Frequency shift at interaction of 
waves with accelerating object

Frank Laboratory of Neutron Physics, JINR
frank@nf.jinr.ru

A. Frank

24 October 2019 A.I.Frank. PSI 2019.

PSI 2019, October 20-25, 2019  



Frequency shift at interaction of 
waves with accelerating object

Frank Laboratory of Neutron Physics, JINR
frank@nf.jinr.ru

A. Frank

24 October 2019 A.I.Frank. PSI 2019.

PSI 2019, October, 20-25, 2019  

(New view at the concept of Accelerating Matter Effect)

Physics Uspechi, DOI: 10.3367/UFNe.2019.07.038639 



The equivalence principle 
and 

Accelerating Matter Effect
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n – refraction index

Accelerating sample and the equivalence principle
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1. In both cases the energy, measured by the detector, must be the same
due to the equivalence principle

2. Introduction of the refracting slab does not change the energy   due to 
the energy conservation law (see left fig.)

3. Delay time due to refraction is ∆τ

During this delay time the detector will continue to 
accelerate

v a∆ = ∆τ



Accelerating sample and the equivalence principle
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If time delay ∆τ is the only effect related 
with sample, then introducing of 
(accelerating) sample would result in 
change of detected energy what contradicts 
to the equivalence principle 

v a∆ = ∆τ

Consequently for the validity of the equivalence 
principle it is necessary that time delay time ∆τ
due to refraction must be accompanied by the 
change of energy 

A.I. Frank, P.Geltenbort, G.V.Kulin, et al, Phys. At. Nuclei, 71 (2008) 1656.



Accelerating Matter Effect in neutron and light optics

24 October 2019 A.I.Frank. PSI 2019. 6

Light

( )2 1ad n
c
ω

∆ω ≅ −

( )nd d d n 1
c c c

∆τ = − = −

a
c c
∆ ∆τ

∆ω ≈ ω = ω
v

K. Tanaka.  Phys. Rev. A., 25, 385 (1982)

− ∆τ =  
 

d 1 n
nv

1 1E mad
n

 ∆ ≅ − 
 

Neutrons

E m∆ = ⋅∆v v

a∆ = ∆τv

F. V. Kowalski.Phys. Lett. A.,182, 335 (1993)

V.G. Nosov and A.I.Frank. Phys. of At. Nucl., 61, 613 (1998)



Physical explanation of the 
AME as an optical 

phenomenon –
differential Doppler effect at 

refraction. 
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Refraction of a wave at the border of the moving matter
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Massive particle (neutron)
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A.I.Frank and V.A.Naumov. Phys. of Atom. Nuc., 76,1423 (2013)
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Transmission of a wave through the moving sample 
(constant velocity)
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When the wave enters into the sample from free space, the 
frequency of the wave suffers frequency shift. When the 
wave comes out of the medium into free space, the 
frequency of the wave suffers an inverse frequency shift.
For the constant-velocity motion, these two frequency 
shifts cancel each other.  

V ( )i ii k x te −ω
n

( )0 0i k x ti (V)e e −ϕ ω( )00i k x te −ω

V=const



Transmission of a wave through the moving sample 
(accelerated motion)

For the accelerated motion, two frequency shifts do not 
cancel because the velocity of the medium is not constant. 
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Observation of the AME in the 
experiments with UCN

(2006-2008) 
and thermal neutrons

(2014-2017)
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Principle of the AME experimental observation with UCN
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∆E ≈ (2-5)×10-10 eV

Periodically variation of the neutron energy, 
caused by the sample acceleration, leads to the 
periodical oscillation of the count rate 
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Experimental observation of AME with UCNs (1)

2a A sin t≅ − Ω Ω
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A.I. Frank, P.Geltenbort, G.V.Kulin, et al, Phys. At. Nuclei, 71 (2008) 1656.
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Experimental observation of the AME with UCNs (2)
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V.V. Voronin et al., JETP letters, 100, 497 (2014) 
Yu. P. Braginetz et al.,Phys.At. Nucl. 80, 32 (2017)

Diffraction experiment of the PNPI group

Change of the energy was observed but 
interpretation of the effect is debatable
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AME was predicted for light, neutrons, and neutrinos though 
was observed only for neutrons.

Soon after its observation we concluded that AME is very 
general optical effect because the concept of the refraction 
index must be introduced for any particles.

It is enough only that media contains any scattering center

2
2
0

41 0 0n Nf( )
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But it is  really only optical effect?



Accelerating sample and the equivalence principle
again
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v a∆ = ∆τ

We concluded that for the validity of the equivalence principle
it is necessary that time delay time ∆τ due to refraction must 
be accompanied by the change of energy 

It is not correctly to associate the delay time  ∆τ
only with refraction



Accelerating sample and the equivalence principle
again
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v a∆ = ∆τ

We concluded that for the validity of the equivalence principle
it is necessary that time delay time ∆τ due to refraction must 
be accompanied by the change of energy 

It is not correctly to associate the delay time  ∆τ
only with refraction.

All interactions necessary related with time delay. 

Group delay time 
(Bohm,  Wigner, 1952-55)



Accelerating sample and the equivalence principle
again
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E mv v∆ = − ⋅∆
S

a=g

n

L

Detector

v a∆ = ∆τ

We concluded that for the validity of the equivalence principle
it is necessary that time delay time ∆τ due to refraction must 
be accompanied by the change of energy 

It is not correctly to associate the delay time  ∆τ
only with refraction.

All interactions necessary related with time delay.

ka∆ω = ∆τGeneral equation

Group delay time (Bohm,  Wigner, 1952-55)

Any device which is transmitting signals always doing that with a delay
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Microscopic accelerating 
objects 
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Group delay time at neutrons scattering at atomic nucleus
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The energy transform at the neutron scattering at the 
nucleus moving with acceleration
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In the case of surface acoustic waves 
the acceleration of the near-surface 
region of matter is of the order

10 11 210 10 /cm s÷ 135 10E eV−∆ ≈ ⋅For UCN
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Since the neutron energy changes during scattering by accelerating nuclei, 
the concept of a constant effective potential is not entirely true for the case 
of neutron interaction with accelerating matter.
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Macroscopic accelerating 
object
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The frequency of the wave, emitted by a transceiver
moving with acceleration differs from an initial one

f+∆t
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Detector &
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Conclusion

Any devices that receive and then emit a wave 
shift its frequency if they move with acceleration

Interaction of particle with an accelerating object results 
in the change in its energy
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Conclusion

Any devices that receive and then emit a wave 
shift its frequency if they move with acceleration
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Interaction of particle with an accelerating object results 
in the change in its energy
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Conclusion

Any devices that receive and then emit a wave 
shift its frequency if they move with acceleration
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Interaction of particle with an accelerating object results 
in the change in its energy

Thank you for your attention!
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