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Transmission of electromagnetic waves throw a dielectric 
slab moving with acceleration. K. Tanaka, 1982

The work remained practically unknown for a long time.
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Amazing result!
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A thought experiment to test the principle of 
equivalence – the identity of the results in an 
inertial system in the presence of gravity and in a 
non-inertial system.

Inertia and gravity are indistinguishable

He founded a problem with the equivalence principle when 
calculated the problem but the effect of energy changes 
was predicted

F.W. Kowalsky. 1993
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A quasi-classical approach to the derivation of the Kowalski formula and the 

proposal of a possible experiment  (V.G. Nosov & A.I.Frank,1998)
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V.G.Nosov, A.I.Frank. Physics of Atomic Nuclei, 61, 613, 1998
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Assumptions:

1) Effective optical potential model is also 

valid in the case of accelerating matter

2) Quasi – classical approach is correct  
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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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Fresnel drag

A.I.Frank and V.A.Naumov. Phys. of Atom. Nuc., 76,1423 (2013)
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C. Yeh. J. Appl. Phys. 36, 3513 (1965)
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Transmission of a wave through the moving sample 
(constant velocity)

When the wave enters the sample from free space, its frequency changes. 

When the wave exit the medium into free space, the frequency of the wave 

also changes but this change has the opposite sign.  When moving at a 

constant speed, these two frequency shifts compensate for each other.  
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V=const
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For the accelerated motion, two frequency shifts do not compensate 

each other because the velocity of the medium is not constant. 

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

V=wt
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Differential Doppler effect and Accelerating Matter Effect 

in neutron optics

Assumptions:

1) Model of effective optical is also valid in 

the case of accelerating matter

2) Quasi – classical approach is correct  

Kowalski-Nosov-Frank
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UCN spectrometry with Fabry-Perot interferometers
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The principle of the AME experimental observation as it was 
proposed in 1998
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Periodically variation of the neutron energy, caused by the sample 

acceleration, leads to the periodical oscillation of the count rate 

m

s

a

Detector

NIF

11 October 2024 A. Frank  SRNS_2024



2a A sin t −  

15

0,000 0,005 0,010 0,015 0,020 0,025

0,90

0,95

1,00

1,05

1,10

Point 22.0

Measured 21July

Count rate 7.26 0.08

N
o

rm
a

liz
e

d
 c

o
u

n
t 
ra

te

Time (sec)

f (t) 1 Bsin( t )= +  −

Frequency f = 40, 60 Hz

Oscillation period 0.025,  0.017 sec

Time of flight 0.11 sec

0.2 neV

2 1
E mA L 1 sin t

n
K

 
  −  −  

  0 94 0 06K . .= 

A.I. Frank, P.Geltenbort, G.V.Kulin, et al, Phys. At. Nuclei, 71 (2008) 1656.
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First observation  of the effect of acceleration in neutron optics
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Observation of the weak time focusing due to AME
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A. I. Frank, P.Geltenbort, M. Jentschel, et al..  JETP Letters, 93 361, (2011)
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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 neutron energy at its transmission 
through  the accelerating crystal in the condition of 
the Bragg diffraction was detected

But interpretation of the effect is debatable

11 October 2024 A. Frank  SRNS_2024

The observed effect can be explained in 
the framework of differential Doppler 
shift at the boundary of a moving 
substance
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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 

During this delay time the detector will continue to 

accelerate

v w = 
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Accelerating sample and the equivalence principle

S

w=g

n

L

Detector
If time delay  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 w = 

Consequently, for the validity of the equivalence principle it is 

necessary that time delay time  due to refraction must be 

accompanied by the change of energy 
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E mv v = 
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The Accelerating Matter effect (AME) was predicted for light, neutrons and 

neutrinos, but was observed only for neutrons. 

We concluded that AME is a very general optical phenomenon, 

since the concept of the refractive index can be introduced for 

any particles. 

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

Experiment of V.V. Voronin et al. (2014) demonstrated the validity of this concept for the case 

when the difference between wave numbers in a vacuum and in a substance is due not to 

refraction but to diffraction
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We concluded that AME is a very general optical phenomenon, 

since the concept of the refractive index can be introduced for 

any particles. 

But is it really just an optical effect?



Once again concerning the accelerating sample and the 
equivalence principle
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E mv v = − S
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We have previously concluded that in order for the equivalence 

principle to hold, the time delay  resulting due to the difference in 

wave vectors in vacuum and sample must be accompanied by a 

change in energy

But why did we associate the time delay only with optical phenomena ?



Once again concerning the accelerating sample and the 
equivalence principle
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E mv v = − v w = 

We have previously concluded that in order for the equivalence 

principle to hold, the time delay  resulting due to the difference in 

wave vectors in vacuum and sample must be accompanied by a 

change in energy

But why did we associate the time delay only with optical phenomena ?

S

w=g

Detector



Any interaction is necessary associated with a time delay

kw = General relation
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Acceleration Effect

Any object which is scattering a wave or 
transmitting narrow-band signal shifts the 
frequency if it is moving with acceleration.

A. Frank  SRNS_2024

A.I. Frank. Interaction of a wave with an accelerating object and the equivalence 

principle. Physics-Uspeckhi, 63, 500-502 (2020)

The acceleration effect  (AE) is apparently as general as the Doppler effect. 

However, the frequency shift of the wave is determined not by the speed of the 

scatterer but by its acceleration
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The frequency of the wave, emitted by a transceiver

moving with acceleration, differs from an initial one

f+t

V wt=

Detector &
analyzer of
frequency 

Sound, radio waves,
light 

f f + f
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The acceleration effect  and Doppler effect

f+t

V wt=

In many cases, the acceleration effect can be 

interpreted as a differential Doppler effect, when 

the absorption of a wave and its emission are 

separated by a time interval during which the 

velocity of the object changes.
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The acceleration effect  and Doppler effect

f+t

V wt=

In many cases, the acceleration effect can be 

interpreted as a differential Doppler effect, when 

the absorption of a wave and its emission are 

separated by a time interval during which the 

velocity of the object changes.

But that is not true in quantum mechanics, where the process of interaction of a 

particle with an accelerating object (potential structure) can hardly be separated by 

absorption and radiation phases?
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The most important question is whether the concept 
of the universal Acceleration Effect in quantum 
mechanics is correct.

And if this is true, what should be taken as a measure of time delay?

Assumption: The time delay is determined by Group delay time (GDT)
 of Bohm-Wigner

Bohm D., Quantum Theory, Prentice-Hall, New York, 1951. 
Wigner E.P., Phys. Rev., 98, 145 (1955). 
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The Acceleration Effect when a wave packet (neutron) passes through a potential 
structure moving with acceleration. The case of a potential barrier and wheel
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Neutron reflection from a potential barrier moving with acceleration
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Tunneling of a neutron through a resonant potential structure 
moving with acceleration.

w  vFabry-Perot interferometer
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Acceleration effect that complements the Doppler effect, 

but does not depend on speed, but on acceleration, 

should take place in quantum mechanics 

M. A. Zakharov, G. V. Kulin, and A. I. Frank. Eur. Phys. J. D 75, 47 (2021). 

What follows from that for neutron optics ? 
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Group delay time at neutrons scattering by atomic nucleus
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Unsolved problems of the theory

1. The ratio we have adopted for the relationship between velocity changes and 
GDT during scattering on an atomic nucleus is hardly correct for such short 
periods of times. Should the acceleration effect exist in this case as well, and 
how to evaluate it?

2. If there is an acceleration effect when scattering on an accelerating nucleus, 
then what is the effect of multiple scattering in the case of a medium?

3. The assumption of an inelastic and probably not isotropic scattering pattern 
on a separate nucleus is in contradiction with the basic principles underlying 
the existing theory of neutron wave dispersion

( )w = v ?

( )
2




vm
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Possible experimental approaches

Using centripetal acceleration. Easily achievable 

accelerations 𝟏𝟎𝟓m/𝒔𝟐
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Conclusion

Any object that scatters a wave or receives and then emits a signal shifts its 
frequency if it is moving with acceleration

This conclusion is also true for quantum objects

We can talk about the Acceleration Effect as a general effect that complements 
the Doppler effect but differs from it in that the frequency shift is determined 
not by the speed of the object but by its acceleration.

It can be assumed that the acceleration effect should also take place in the 
case of neutron scattering on atomic nuclei of accelerating matter. This 
assumption raises a number of new questions for the theory
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Thank you for your attention!
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