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The effect of transformation of light on accelerated moving particles, which
follows from the ballistic theory of Ritz, is considered. The predicted effects of
wavelength conversion, pulse duration, and harmonic generation are compared with
the results of space observations and laboratory experiments with synchrotron
radiation and attosecond pulses. The schemes of installations for testing the Ritz
effect, spectrum transformation and laser pulse power are proposed.
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The effect of transformation of the duration of electromagnetic signals from
an accelerating source was predicted by W. Ritz in 1908 in his ballistic theory of light
[1]. As shown by the analysis [2–4], this theory does not contradict the known
experiments [5, 6]. According to Ritz's theory, in a vacuum, the source additionally
imparts its speed v to the light emitted relative to the source at the standard speed of
light c, and relative to the receiver at the speed c + v. With the accelerated motion of
the source to the receiver, the wavefronts, receiving ever higher velocities at the
moments of emission, catch up with each other, reducing the wavelength λ and the
pulse duration Δt. If the acceleration of the source is directed away from the receiver,
the crests of the light waves diverge, lengthening λ and Δt. Transformations Δt, λ,
instantaneous power P and field E of light pulses follow from kinematics and
conservation law [4]:
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where ar is the radial acceleration of the source, L is the light path. Effect (1) is called
the Ritz effect.
Usually the effect is small, since the denominator (1) is the square of the
speed of light. And at laboratory distances L ~ 1 m, even at extreme source
accelerations ar ~ 107 m/s2, when (λ'- λ) / λ ~ 10–10, effect (1) cannot be detected by
spectral methods. But it is registered by the Mössbauer effect - by the shift of the
frequency of γ-rays from accelerated sources [4–6].
The effect is more noticeable at cosmic distances L. Thus, in galaxies the
accelerations in the visible regions of the nuclei are directed away from us (ar > 0),
and the wavelengths λ' would grow in proportion to the distances L of the galaxies.
Effect (1) is similar to the Hubble's law of redshift λ' = λ(1 + LH/c). The measured
coefficient H = 74 (km/s)/Mpc (Hubble constant) is close to the calculated coefficient
ar/c ~ 70 (km/s)/Mpc, found from the accelerations ar = V2 / R of galaxies at their
typical circumferential velocities V ~ 200 km/s and core radii R ~ 0.002 Mpc [4].
As shown by J. Fox [2], from re-emission by the interstellar galactic gas with a
refractive index n, light loses its excess velocity and at a distance l = λ/2π(n – 1)
acquires the velocity of the re-emitting gas, the galactic rotation of which further sets
the magnitude of the effect (1). For different λ, the thickness of the re-emitting layer l
is different, and the radial acceleration of the gas ar = V2/(R + l) at different radii R + l
is decisive for them. This difference explains the revealed difference in redshifts in the
radio and optical ranges [7]. For different wavelengths λi of the optical spectrum
corresponding to the spectral lines of different elements, l is also different and
depends on the refractive index n of the corresponding gas. The total refractive index
n grows rapidly near the resonance frequencies f0i = c/λi of spectral lines:

,

(2)

and for them the re-emission lengths li = λi/2π(n – 1) are greatly reduced, and to
varying degrees, since in the interstellar gas the concentrations of Ni atoms of
different elements and the coefficients si, characterizing the masses, charges, and
strengths of the oscillators, differ. Therefore, the redshifts of the same galaxies,
estimated from different f0i lines of different elements, can differ significantly. The
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dependence of n on the element number and ionization potential also explains the
observed difference in the redshifts of galaxies in the lines of alkaline elements and

iron [8].
Fig. 1. Scheme of motion of a star in a circular orbit and its radial velocity curve vr(t) (dashed
line). Adding the star's speed v to the speed of light distorts the apparent motion and the vr(t) plot
(solid line). On the right is a typical vr(t) curve of exoplanets (ε = 0.25, ω* = 95°)

Historically, it was in space that the ballistic theory was tested first. So, for a
star with a circular orbit, the velocity v, imparted to light, will distort the apparent
motion and the sinusoid of the radial velocity graph vr(t), giving it a sawtooth shape,
in the first approximation similar to the graph vr(t) of an elliptical orbit extended to the
Earth (Fig. 1 ). In 1913, astronomers [9] revealed this distortion in the form of the
Barr effect, - the predominance of stars with orbits elongated to the Earth, with
periastron longitudes ω* near 90° [4]. The Barr effect is also noticeable in exoplanets,
the orbits of which cannot have high eccentricities ε and non-uniform distribution in
ω*. For example, exoplanets WASP-18b and WASP-33b are so close to their stars
that they should have ε = 0. Therefore, the vr(t) curves of these systems corresponding
to eccentricities ε = 0.01 and 0.174 are considered distorted, say, by tidal effects [10]
... The distortions are explained more simply by the Ritz theory, which predicted the
effects [9] discovered in WASP-18b and WASP-33b, where ω* ≈ 90° [10], and the
orbital velocities v are sufficient for distortions. Other anomalies of exoplanets have
also found a simple explanation in ballistic theory [11, 12].
The distorted radial-velocity curve corresponds to an elliptical orbit only in
the first approximation, and the deviations, as noted by E. Freundlich [9], have the
form of harmonics of the orbital period, actually revealed in binary stars and
exoplanetary systems. The latter interpret harmonics as the real existence of
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exoplanets with periods related to the main one as 1: 2, 1: 3, 1: 4, etc. According to
[13], half of the discovered planets are characterized by orbital resonance 1: 2. It is
theoretically possible, but rare, and the shape of the vr(t) graphs is easier to explain by
the modulation of the speed of light, which distorted the sinusoid of the radial velocity
graph and generated harmonics, as in the klystron, which modulates the electron
velocity.
In the laboratory, at distances L ~ 1 m, to change Δt, λ and P by times in (1),
~ ±1 and ar = ±c2/L ~ ±1017 m/s2 are required. This acceleration can be easily
communicated to electrons emitting or re-emitting light in synchrotrons, where a
similar distortion of the profile of an electromagnetic wave from an electron flying in
an orbit radius R, then emitting not only at the cyclotron frequency fc, but also at
multiple frequencies H fc, is possible (Fig. 2.a, b). The intensity and number H of
higher harmonics would grow with an increase in the speed v of the electron and the
path L of light in vacuum. The radiation powers at the frequency fc and its harmonics
are comparable when the electron acceleration a = v2/R reaches the threshold
a0 = с2/L ~ 1017 m/s2 (at L ~ R ~ 1 m), that is, at v ~ c. Indeed, at v ~ c, the electrons, in
addition to radiation of the frequency fc, generate its harmonics in the form of
synchrotron radiation. The signal-to-noise ratio of harmonics increases with radiation
output through vacuum channels, the length of which for visible radiation is L ~ 1 m,
and for hard X-ray radiation - L ~ 100 m [14], due to an increase in the numbers of H
and the power of harmonics with an increase in L.
Lar/c2

Fig. 2. Scheme of the formation of the spectrum of harmonics from distortion of the profile of the
wave emitted by particles in accelerators (a, b). On the right is a diagram of a frequency
converter of light scattered by electrons (c) and a diagram of the formation of synchrotron
radiation (d)
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Other properties of synchrotron radiation are also consistent with the Ritz
theory [4, 15, 16], based on classical mechanics, where there is no relativistic growth
of mass m and no velocity limit v. Therefore, in synchrotrons, the electron momentum
mv = eBR ≈ mγc, measured along the radius R of their orbits in a magnetic field B,
corresponds to the velocity v = eBR/m ≈ γc, where γ ≈ eBR/mc >> 1 is the measured
gamma factor [15]. When the electron velocity v is added to the velocity c of its
radiation (Fig. 2.d), it flies out along the vector v within the cone with a half opening
angle θ = arcsin(c/v) ≈ 1/γ [15, 16]. The radiation pulse corresponds to the passage of
the electron through the orbital segment d ~ Rθ ~ R/γ, from which the radiation enters
the detector at a distance L [14]. From the beginning A of interval d, the light will
reach in time tA = (d + L)/(c + v), from end B - in time tB = d/v + L/(c + v) after
radiation into A. Pulse length ΔT = tB –tA ≈ d/cγ2 ≈ R/cγ3, in agreement with [14].
Similarly, the duration of a radiation pulse from an undulator of length d will be
expressed as ΔT ≈ d/cγ2. Therefore, measurements of ΔT, say, in the FLASH setup,
where Δ T ≈ 25 фс ~ d/cγ2 [17], do not contradict the Ritz theory. That is, the
relativistic and ballistic theories predict similar characteristics θ(γ) and ΔT(γ) of
synchrotron radiation [14]. A choice between the theories can be made only by direct
measurements of the speed of particles from synchrotrons [4]. The ballistic theory is
also supported by their random motion in undulators, discovered by the synchrotron
radiation of electrons [18]. Ritz's theory has long predicted this "Brownian" motion of
charges under the impact of a kind of quanta of the electric field [1, 19].
Usually, the harmonics of synchrotron radiation are explained by the fact that
it is recorded in the form of short pulses of duration ΔT, which is why the spectrum
forms the harmonics Hfc, up to frequencies f ~ 1/ΔT ~ γ3c/R (Fig. 2.b). However, the
intensity of the higher harmonics is low. Taking into account the Ritz effect (1),
especially at ar = -с2/L, the profile of the pulse E(t) will be distorted, acquiring
features in the form of ledges and peaks, the higher they are, the closer they are to the
middle of the pulse and the smaller the angle φ of the point radiation, where ar = -a0
(Fig. 2.d). This will cause an increase in the intensity of harmonics and an unlimited
increase in their numbers H. The radial acceleration ar = -asinφ, where sinφ ~ sinθ ~
1/γ, and the condition ar = -с2/L of generation of hard radiation is realized at
L = R/γ2sinφ ~ R/γ ... Then, for small γ, hard radiation can be obtained by lengthening
the channel L or reducing the radius R, which is used in practice. Since the peak
increases with a decrease in φ <θ, a further increase in L = R/γ2sinφ increases the
intensities of higher harmonics.
In the synchrotron, the Ritz effect will make it possible to transform not only
the own radiation of electrons, but also the external laser radiation scattered by them.
Usually, laser pulses scattered by electrons are converted by the Compton effect at γ
>> 1 [20], which requires powerful accelerators and high energy consumption, that is,
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the transformation efficiency is low. The Ritz effect will make it possible to transform
radiation even at γ ~ 1 in low-power accelerators and storage rings with low
synchrotron losses, since even at v ~ c the acceleration of electrons is a ~ a0 ~ 1017
m/s2 (at L ~ R ~ 1 m). At γ ~ 1, the scattered radiation of an electron does not have a
sharp directivity of synchrotron radiation, and the degree of transformation by the Ritz
effect is maximum for radiation traveling along the acceleration vector a of the
electron.
Since at v ~ c the time τ ~ R/v of the electron bunch flight through the
irradiation region is of the order of a nanosecond, the duration of laser pulses is
required no more than: Δt ≤ τ. A convenient generator of picosecond laser pulses with
a repetition rate equal to the frequency of revolution of electron bunches (~ 10 MHz)
and the accelerating field in a synchrotron or electron storage ring (Fig.2c). Keeping
a ~ a0 (v2/R ~ с2/L), the dimensions of the installation can be reduced by
proportionally reducing L and R to centimeters. And by reducing the orbital radius R
to 0.1 mm, without changing the base L ~ 1 m, the electron velocity can be reduced to
v ~ с(R/L)1/2 ~ 0.01с (achievable in an electron gun), reducing the size and energy
consumption for acceleration electrons and the generation of a magnetic field. Since
during the period of the optical field (~ 1 fs) the radial acceleration of electrons in
orbit remains almost unchanged, the wave profile is not distorted, and no harmonics
are formed, and the pulse spectrum shifts as a whole over the frequency range.
The acceleration a0 ~ 1017 m/s2 can also be imparted to electrons by an
electric field E, which, if applied for a short time t ~ 1 ps, would accelerate the
electrons to velocities v << c at a low energy consumption [4]. In the field E, the
acceleration a = Ee/m of an electron (where e/m = 1.76·1011 C/kg) reaches 1017 m/s2
already at E ~ 106 V/m. The Ritz effect can be realized in a vacuum chamber, where
an electron beam in a field E gains an acceleration of ~ 1017 m/s2, and laser pulsed
radiation with a wavelength λ and a pulse duration Δt ~ 1 ps is focused on the beam
and re-emitted by electrons. Their light, flying in vacuum at a distance L ~ 1 m to the
light filter (blocking light of wavelength λ), enters the spectrometer or detector,
which, if the Ritz effect is valid, will register a signal of different durations Δt' and
wavelengths λ' (1). By changing L in such installations ([4] and Fig. 2.c), it will be
possible to smoothly tune the wavelength from optical to microwave, terahertz, IR,
UV, X-ray, or gamma ranges as easily as when tuning the wavelength to a radio
frequency generator.
In this case, the duration of the pulse Δt' can be compressed to zero during the
proportional compression of the oscillation period, the wavelengths of light, as in the
compression of the bellows of an accordion. That is, there are no spectral restrictions
on the duration Δt': it can be made arbitrarily small, and the power P' - arbitrarily
high. Then the impulse, retaining its energy, will degenerate into a delta function in
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the course of absolute phase focusing without fundamental restrictions [4]. Since the
compression of the pulse and the concentration of light go along the length L in a
vacuum, and not in a medium, then there are no material restrictions P' due to heating,
breakdown of the medium, absorption, and nonlinear effects.
Electrons, atoms and nanoparticles can also be accelerated by the pressure of
light p = 2I/c (Fig. 3). It gives a particle of radius r ~ 10–9 m, density ρ ~ 103 kg/m3
and mass M = 4πr3ρ/3, acceleration a = pπr2/M ~ I/ρcr ~ 1017 m/s2 already at intensity
I ~ 1016 W/cm2 attainable in femtosecond pulses capable of accelerating electrons by
ponderomotive force [20]. The laser light, accelerating the particles, would be reemitted by them, further transformed by the Ritz effect.

Fig. 3. Scheme of the formation of the spectrum of harmonics due to the distortion of the profile
of the wave E(t) re-emitted by accelerated moving particles

Usually, the pressure of light of a given intensity on a particle is considered
constant due to its averaging over time and the surface of macroobjects. But for
particles smaller than the wavelength λ, the force of the light pressure oscillates at
twice the frequency f of the oscillations of the light field. Variable pressure,
7

modulating the acceleration of the source and the magnitude of the Ritz effect (1), will
distort the profile of the emitted wave, forming odd harmonics f [21]. Harmonics
appear already at I << I0, and at I ~ I0 the powers contained in the harmonics Hf and
the initial radiation of frequency f are comparable. Harmonics are actually recorded in
attosecond pulse generators, where at the focus of a femtosecond laser, atoms and
nanoparticles under the action of light pressure receive giant accelerations, up to 1023
m/s2 [20]. It turns out that the attosecond X-ray pulses recorded in this case can also
be femtosecond optical pulses converted by the Ritz effect (1).
Consider the generation of harmonics in the field E(t) = E0sin(ω t) and
B(t) = B0sin(ω t) of a linearly polarized wave. Lorentz force of light pressure on a
particle of radius r and conductivity 
Fл(t) ~ r3j(t)B(t) = r3σ E0B0[1 – cos(2ω t)]/2

(3)

rapidly changes from oscillations of the field B(t) and current density j(t) = σ E(t) in
the particle, modulating its acceleration a = Fл(t)/M with a frequency of 2 M. Then the
profile of the wave re-emitted by the conduction electrons (Fig. 3, dashed line) will be
distorted, taking the shape of the “meander” type (Fig. 3, solid line):
E'(t) = E0[cos(ω t) – cos(3ω t)/3 + cos(5ω t)/5 – …]; and the wave re-emitted by
bound electrons has a “triangle” shape: E'(t) = E0[cos(ω t) + cos(3ω t)/9 +
cos(5ω t)/25 + …]. The spectrum is formed by odd harmonics of frequency f up to the
limiting fmax, which synthesizes the sharpest part of the profile.
In experiments, the spectrum of attosecond pulses formed by femtosecond
pulses in a gas jet and during surface ablation is formed precisely by odd harmonics
[20]. A sharp decrease in the power of the first harmonics is followed by a slow
decrease - a “plateau” similar to the asymptotic decrease of 1/H harmonics of a
“meander” with a cutoff at the frequency fmax. The implementation of this mechanism
can be checked by examining the dependence of the pulse spectrum on the distance L,
which increases the distortion E'(t). And pulse compression, increasing the intensity I,
will cause an increase in frequencies above the values of Hf from the constant
component a and the pressure force (3), averaged over time: Fл ~ r3σ E0B0/2 [4, 6].
Such an increase in the frequencies Hf upon pulse compression is actually discovered
[22]. When the laser beam hits the surface, the reflected light is scattered by the
evaporated ions, which are already vibrated by the electric field E(t) of the light wave
in the plane of incidence. The Coulomb force eE is much higher than Fл, and even at
I << I0, the efficiency of harmonic generation should be higher and depend on the
angle of incidence and polarization of the incident light.
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The calculation is performed for linearly polarized light. For circularly
polarized light, the pressure does not oscillate, creating a constant acceleration of
particles, i.e. Circularly polarized light does not create harmonics of frequency f, but
can only increase it according to the Ritz effect (1). Indeed, experience has shown that
harmonics are generated only linearly, and not circularly polarized light. But
circularly polarized radiation will make it possible to observe the frequency
conversion according to the Ritz effect in its pure form at I ~ I0 ~ 1016 W/cm2.
For particles less than a micron in size, the estimate of I0 should be clarified,
since a metal of this thickness is transparent to light, which transfers only a small part
of its momentum to the particle, which is proportional to the number of electrons in
the particle. The latter means that the light pressure Fл increases as r3, and a does not
depend on r: a = Fл/M ~ r3σ E0B0/ρ r3 ~ 2σ µ 0I/ρ, whence I0 ~ 1014 W/cm2 (for
a ~ a0). With an increase in the particle size r, the acceleration can even grow due to
the change in the properties of the substance on going from micro to macro scales.
This will explain the more efficient generation of harmonics upon irradiation of
nanoparticles rather than atoms, for example, of silver [22]. For particles with a size
of nanometers and this estimate of I0 is inaccurate: with a diameter of about ten atoms,
the discrete structure of matter affects, the edge effects and EMF of charges induced
by the field E(t) are large, and the Laplace pressure, compressing a particle, strongly
changes its conductivity σ and other properties ...
The main mechanism of generation of attosecond pulses can be clarified by
studying the dependence of the spectrum on the distance L and the acceleration ar
(depending on I) [4, 21]. Confirmation of the Ritz effect based on (1) will increase the
efficiency of radiation transformation.
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