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1. INTRODUCTION
In our previous studies [1-6] various radiative 
processes that accompany the cavitation of  
liquid jet exiting under pressure from a narrow 
channel were considered. At the time of  these 
studies we have observed non-trivial physical 
processes during the interaction of  this jet 
with the target. In particular the excitation of  
shock waves in this target and generation of  
pulsed X-ray and high-frequency (in the range 
70-90 MHz) radiations from the opposite 
surface of  the target have been observed. 

High-frequency radiation were recorded by 
an acoustic sensor at a distance of  2 m from 
the target. This fact is paradoxical since it is 
well known that the absorption coefficient of  
hypersound in air in normal conditions is
δ(ω) ≈ 10-12 ω2sm-1         (1)
and in this frequency range is equal to a very 
large value δ(ω) ≈ 104 cm-1, while the path length 
does not exceed a few microns. In addition 
as a sensor wideband acoustic detector with 
a resonant frequency of  1-2 MHz was used, 
which sensitivity in the hypersound range 
ω >> 1MHz is low. Herewith we had taken 
every precaution to make it impossible any path 
of  signal from source to detector, except the 
direct propagation in the air. Further analysis 
has shown that the registered radiation is not 
the hypersound, but the thermal (temperature) 
radiation, which has a non-damped character. 
The physical mechanism of  excitation and 
propagation of  such waves is discussed below.
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2. THE THERMAL DIFFUSIVITY 
EQUATION AND ITS SOLUTIONS FOR 
SYSTEMS WITH MEMORY
Let’s consider the background, rationale, and 
"weak" places of  the classical heat equation, the 
solution of  which leads to the thermal waves.

For decades in the analysis of  heat conduction 
problem the classical Fourier hypothesis was used, 
according to which the non-stationary heat flow 

( , )q r t   is proportional to the temperature gradient
( , ) ( ( , )),q r t grad T r tλ= −
    (2)

and extends in the direction of  reduction of  this 
gradient (eg., [7-9]). Here, λ is the coefficient of  
thermal conductivity.

If  we combine (2) with the energy conservation 
law for the local area (the continuity equation) in a 
medium with a volume density ρ  and heat capacity cv

( , ) ( , ),v
T r tc divq r t

t
ρ ∂

=
∂



 

 (3)
we can get a classic parabolic equation for the 
temperature field

( , ) { [ ( , )]}.v
T r tc div grad T r t

t
ρ λ∂

=
∂





 (4)
In the one-dimensional case the solution of  

this equation is a superposition of  colliding plane 
waves 
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Here, / vG cλ ρ=  – thermal diffusivity 

coefficient
This solution shows that the temperature 

waves, produced on the basis of  the system of  
equations (2-4) are characterized by a very strong 
damping with a factor / 2 ,Gδ ω=  which is exactly 
equal to the wave number κ .

It is obvious that the solution (5) with such ratio 
of  wave number and the absorption coefficient 
at which virtually complete absorption of  wave 
occurs on a spatial interval of  the wavelength can 
be called wave only with great approximation.

Such "standard" solutions are well known. 
They, in particular, are regarded as illustrations 
in any textbook on mathematical physics and 
are used for solving of  some applications (in 
particular, the problem of  propagation of  
extremely low-frequency temperature wave in soil, 

which is caused by seasonal temperature variations 
with a period of  1 year). Analysis of  the initial 
equations (2)-(4) shows that at least two important 
conditions are used there: the principle of  local 
thermodynamic equilibrium and the principle of  
locality. The principle of  locality allows to use 
the energy conservation equation in differential 
(local) form instead of  the conservation of  energy 
equation in integral form. The principle of  local 
thermodynamic equilibrium justifies the possibility 
of  describing of  non-equilibrium system, in which 
there is a temperature gradient, concentration 
gradient, etc., through the introduction of  local 
equilibrium states of  smaller subsystems. These 
very important principles are valid only for slow 
processes, when the relaxation time of  subsystems 
to equilibrium state τ is much shorter than the 
characteristic time of  the process (eg, the duration 
of  the heat front for pulse impact or oscillation 
period for harmonic thermal effects).

In the 50s of  the 20th century in the works 
of  Cattaneo and Vernotte attempts to consider 
non-stationary heat transfer processes have 
been made, which has led to the hyperbolic 
equation for the temperature field [10, 11]. 
Hyperbolic and nonlinear parabolic models of  
heat transfer for the purpose of  the analysis 
of  the new heat transfer modes, including the 
mode with escalation were also considered [12]. 
Unfortunately, these and similar "incomplete" 
methods and models do not allow to use the 
thermal processes for the efficient processing of  
the experimental data, related to the interaction 
of  fast particles with the environment (for 
example, crystalline targets).

This issue is discussed in details in our works 
[13-16]. Methods discussed below show that more 
correct and adequate is the revision of  the basic 
ratios and initial concepts, which are used without 
limits of  obtaining the "standard" initial relations 
(2-4). The main of  them relates to the hypothesis 
of  the use of  locally equilibrium (thermalized) 
environment for the receiving of  these relations. 
To make this circumstance correct we need to 
evaluate a real time of  thermal relaxation in 
different environments [17, 18].
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In plasma the time of  formation of  equilibrium 
(Maxwellian) distribution within the electronic 
subsystem in a small area equals

( ) 3/2 4( ) / 4 ,ee
e B e em k T n eτ π≈ Λ  (6)

where ne, me, Te – respectively, the electron 
concentration, mass of  electron and electron 
temperature, Λ ≈ 15 – "coulomb" logarithm.

For the ionic subsystem in plasma the relaxation 
time equals ( ) ( )/ii ee

i em mτ τ≈ .
Close to this value relaxation time, which 

determines the "maxwellization" of  electron gas 
on the levels of  energy in the conduction band, 
adjacent to the Fermi level, approximately equals  
τ ≈ 10-14-10-12 seconds.

In the air the relaxation time τ ≈ (1.5-2)·10-8 sec 
is defined as by the duration of  "maxwellization" 
process of  gas translational degrees of  freedom 
τmaxv as by the much longer relaxation time of  
molecules vibrational and rotational degrees of  
freedom. With the change of  temperature and, 
especially, density and composition of  the air (e.g., 
at the presence of  water vapor), the value of  τ can 
vary within a wide range (τ ≈ 10-7-10-8 s).

It is also evident that the relaxation time has 
to depend on the intensity of  the thermal wave 
and on the temperature of  medium in which the 
wave propagates. The solution of  such nonlinear 
problem is an extremely difficult problem.

It is obvious that for thermal processes, which 
occurr slowly than the given values τ, taking into 
account of  relaxation is negligible because for the 
description of  such processes it is always possible 
to use equilibrium characteristics.

The simplest account of  the temperature 
relaxation process (without nonlocality and time 
heterogeneity of  the process of  temperature 
formation) can be carried out using a modified 
equation of  continuity

( , ) ( , ),v
T r tc divq r t

t
τρ ∂ +

= −
∂



 

 (7a)
corresponding to the integral relation

( , ) ( , ) ,T
V S

W r t dV q r t ndS
t

τ∂
+ = −

∂ ∫ ∫
   

 (7b)
which has been obtained by integration of  the 
differential relation (7a) using the Gauss formula.

Here ( , ) ( , )T vW r t c T r tτ ρ τ+ = +
 

 – the volume 
density of  the thermal energy; n – normal vector 
to the surrounding the volume V surface.

Formula (7b) shows that the change in the total 
heat energy at time t + τ in the small volume V 
is determined by the energy flow ( , )q r t 

 via the 
surface S, the bounding this volume, corresponding 
to the previous point of  time t.

Substituting equation (2) to (7a), we obtain the 
thermal diffusivity equation with delay τ, which 
is in one-dimensional case in a homogeneous 
medium has the form

2

2

( , ) ( , ) .T x t T x tG
t x

τ∂ + ∂
=

∂ ∂  (8)
The solution of  equation (8) is determined by 

the superposition of  temperature waves

( ){ }
( ){ }

cos( , , ) exp exp 1 sin
1 sin

cosexp exp 1 sin ,               (9)
1 sin

cos 0, / 2 ,

T x t A x i t x

B x i t x

G

ω

ω

ωτω κ ω κ ωτ
ωτ

ωτκ ω κ ωτ
ωτ

ωτ κ ω

 = − − + + + 
 + + + + 

≥ =

obtained for the first time in [13-16]. Each of  
these waves is fundamentally different from the 
temperature waves, corresponding to "standard" 
solution (5).

For waves determined by solution (9), the 
damping coefficient

cos cos/ 2
1 sin 1 sin

Gωτ ωτδ κ ω
ωτ ωτ

= =
+ +  (10a)

depends both on the coefficient thermal diffusivity 
G = λ/ρcv, so and on the time of  delay τ and the 
wave frequency ω. At extremely low values of  
ωτ << 1 from (10a), we can find

/ 2 (1 / 2).Gδ ω ωτ≈ −  (10b)
At τ = 0 the solutions (5) and (10a,b) coincide.

In Figure 1 the frequency dependences of  
the absorption coefficient of  the "conventional" 
thermal waves in a medium with no delay (at 
τ = 0) and the same wave with a delay (τ ≠ 0) (10) 
are presented. The absorption coefficient has a 
physical sense only when δ/κ ≥ 0 (in the upper 
half-plane of  Fig. 1). For graphics (1) the value 
of  τ is a formal parameter, which is needed for 
comparison of  (1) and (2) within the same scale.

It can be seen that for an arbitrary value τ the 
absorption coefficient of  thermal waves in an 
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environment with a delay τ ≠ 0 is always less than 
a medium without such delay. From the analysis 
of  the solution (9) follows that heat waves can 
exist only if  cosωτ ≥ 0, which corresponds to 
the physical result – the wave in the medium is 
damped in the propagation direction. Excitation of  
temperature waves with a frequency corresponding 
to the condition cosωτ < 0 in the equation (9) is 
impossible, since the existence of  such waves 
is contrary to the principle of  causality – their 
amplitude increases in the propagation direction.

To the waves with frequencies
ωn = (n + 1/2)π/τ, n = 0, 1, 2...    (11)
which correspond to conditions cosωnτ = 0, 
wave numbers 2n nk κ= ±  are real and damping 
coefficient δ (10a) is zero, and the general solution 
of  equation (9) in this case has the form of  a 
superposition of  the direct and inverse undamped 
temperature waves

( ){ }
( ){ }

( , , ) exp 2

exp 2 ,

/ 2 .

n

n

n n n

n n

n n

T x t A i t x

B i t x

G

ω

ω

ω ω κ

ω κ

κ ω

= − +

+ +

=  (12)
The physical mechanism of  formation of  

these waves is connected with the influence of  
the thermal relaxation on phase conditions, which 
determine the energy dissipation of  the thermal 
motion.

Excitation of  these waves is possible in 
different ways.

The most optimal one is connected with 
a possible use of  local periodic heating at a 
frequency (11), which correspond to one of  such 
waves. Such system can be based, for example, 
on the process of  interaction of  high-frequency 
electromagnetic wave with a frequency ωn with 
an absorbing surface. Such surface is a source of  
undamped thermal waves. It is also possible to use 
waves with a carrier frequency essentially higher 
than ωn (e.g., laser radiation), which are modulated 
by this frequency.

Another simpler case is connected with action 
on the border between the air and condensed 
matter by short acoustic pulses with duration 
Δt less than the time τ of  relaxation of  thermal 
excitation in the air. In this case in the spectrum 
of  the local thermal waves generated in the area 
of  the local heating, which is formed by the action 
of  these pulses, non-absorbing thermal waves with 
frequencies corresponding to the condition (11) 
are present. Such case is realized in the experiments 
discussed below.

3. REGISTRATION AND STUDY OF 
UNDAMPED TEMPERATURE WAVES IN 
CAVITATION EXPERIMENTS
The research of  the propagation in the air of  
waves, which are not electromagnetic or acoustic, 
and the formation of  which was stimulated on the 
target surface by very short mechanical shocks, 
connected with cavitation phenomena in liquids, 
was carried out on the basis of  several systems 
used by us during the experiments on cavitation 
water jets [1, 4, 5, 17, 18].

The sceme of  such system is shown in 
Figure 2.

In this system water under pressure of  250 atm 
was pumped through channel and through nozzle 
of  small diameter into a cavitation chamber. At the 
output of  the channel cavitation cloud of  bubbles 
appeared, which was  formed by the process of  
growth of  cavitation bubbles in a moving jet water. 
The action of  this jet on the inner surface of  the 
metal target caused the formation of  intensive 
shock waves. The inner surface of  metal target is 
at a distance of  14 mm from the channel outlet 

DETECTION AND INVESTIGATION OF 
ANOMALOUS (UNDAMPED) TERMAL WAVES

Fig. 1. The frequency dependence of  the normalized absorption 
coefficient of  the temperature wave: 1 - a solution (5) of  the 
"classical" thermal diffusivity equation (4), corresponding to τ = 
0; 2 - solution (10) of  the thermal diffusivity equation (8) with an 

arbitrary delay τ.
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opening, while the space between this surface and 
the nozzle formed the cavitation chamber.

For the registration of  thermal waves in the air 
on the outer border of  the metal target broadband 
acoustic piezoceramic receiver PZT-19 with a 
diameter of  20 mm and a resonant frequency of  
1 MHz was used.

In first experiments the receiver moved along 
the installation axis in the interval from 5 mm to 
21 cm from the outer surface of  the metal target. 
Measurements were made every 1 cm. For control 
measurements the receiver was turned by 0, 20, 
90 and 180 degrees relative to the axis of  the 
experimental setup. In the experiments tungsten 
and molybdenum targets were used.

Figure 3 shows the form of  signal, detected by 
the receiver at different distances from a tungsten 
target. It can be seen that in the space behind the 
target (in the air) both low-frequency (LF) and 
high frequency (HF) signals were recorded, whose 
frequencies changed with the distance weakly.

A simple analysis shows that low-frequency 
signal with a frequency ωLF ≈ 8.3-8.9 kHz 
corresponds to a spatial acoustic resonance 
inside the cavitation chamber. This resonance 
correspond to "positive feedback loop" during 
the sequential motion of  the shock wave from the 
target through the walls of  cavitation chamber to 
the nozzle channel and corresponding modulation  
parameters of  this nozzle, affecting the speed of  
formation of  cavitation bubbles in the jet water. 
This resonance contributed to the formation of  
the regime of  periodic synchronized cavitation of  
jet liquid, in which the cavitation bubbles are arise 

and formed not sporadically, but as synchronized 
groups.

Such system is similar to the classical electron 
Van der Pol generator. A small variation of  this 
frequency can occur due to a reverse action of  
low-frequency acoustic waves reflected from the 
receiver towards the target.

The amplitude of  the low-frequency signal by 
removing the receiver from the target decreases 
and is characterized by an approximate coefficient 
of  effective wave attenuation δLF ≈ 0.05 cm-1. 
Such damping agrees good enough with the laws 
of  acoustics and is determined by the combined 
action of  two factors: a) "usual" linear damping 
of  low-frequency sound wave; b) diffractive 
extension of  the low-frequency wave front, which 
is generated by a source of  limited aperture.

Fundamentally different situation corresponds 
to the process of  registration of  the HF signal, the 
amplitude of  which increases with the increasing 
of  distance of  HF wave at removal from the target 
synchronously with a decrease of  amplitude of  the 
LF wave! These results are presented in Figure 4.

A possible explanation for this surprising 
phenomenon may be connected with a hypothetical 
transfer of  heat energy from one wave to another 
(damping and relaxation of  low-frequency 
thermal excitation leads to the generation of  high-
frequency thermal wave). The mechanism of  this 
process has not been determined.

At great distances from the target the saturation 
of  amplitude is observed. The maximum value 
of  the amplitude of  this wave corresponds to 
the distance of  21 cm. It is necessary to point 

Fig. 2. Schematic picture and photo of  setup for generating of  X-rays at cavitation of  water jet in closed chamber.

NON-LINEAR THERMODYNAMICSVLADIMIR I. VYSOTSKII, ALLA A. KORNILOVA, ANTON O. VASILENKO, 
MIKHAIL V. VYSOTSKYY, EFIM I. HAIT, NAILIA A. VOLKOVA

  

X-Ray radiationе 

Evolution of cavitating 
bubble 
 

 Target   Nozzle of channel 
 

Wall of the cavitation 
chamber 
 



201

RENSIT | 2016| VOL. 8 | No. 2

out that both signals (both low frequency and 
high frequency) decreased in amplitude when 
the receiver was turned in vertical and horizontal 

DETECTION AND INVESTIGATION OF 
ANOMALOUS (UNDAMPED) TERMAL WAVES

Fig. 3. Low-frequency (left, ωLF ≈ 8.3-8.9 kHz) and high-frequency (right, ωHF ≈ 80-85 MHz) signals recorded by an acoustic receiver, which 
is located in the air at different distances L from the target. The amplitudes of  the recorded signals ΔU are presented near the respective plots.

planes. It proves that signals were emitted by the 
target and they were not the background.

It should be noted that the registration of  the 
acoustic signal with a frequency of  to ~ 80-85 MHz 
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at a distance of  L = 10-20 cm from the outer 
surface of  the target (opposite to the direction 
of  water jet falling in the state of  cavitation) is a 
paradox which cannot be explained on the basis 
of  "standard" acoustics. This conclusion follows 
directly from the expression for sound attenuation 
coefficient for gases and liquids (eg., [19])

2

3

4 1 1( ) ( ) ,
32 { ( )} V P

T T
c cc T

ωδ η ξ λ
ρ

   = + + −   
      (13)

where c(T) ≈ (331.3 + 1.21T°)·102 cm/sec – the 
speed of  sound, ρ – air density, cp = 1000 (J/kg·K) 
and cv = 717 (J/kg·K) – specific heat capacity of  
air at room temperature and normal pressure at 
constant pressure and volume, η = 1.9·10-5(Pa·sec) 
and ξ = 17.2·10-6 (Pa·sec) – coefficients of  the shear 
and bulk viscosity of  air, T° – the temperature in 
Celsius.

From this formula follows that the hypersound 
with the frequency ω ≈ 80-85 MHz propagation 
in the air at room temperature corresponds to a 
very large damping coefficient δ(T) ≈ 10000 cm-1. 
Path lenght of  such wave in the air is less than 
<l> ≈ 1-2 μm, which is in 10000 times (!) less than 
the experimental results.

This result becomes even more paradoxical 
taking into account that the resonant frequency 
of  the acoustic detector used was 1 MHz, which 
is 85 times lower than the frequency of  the 
detected signal and indicates a rather low detection 
efficiency. So it is evident that the real amplitude 
of  HF signal in the  location of  acoustic detector 
was very great.

The second paradox is connected with the 
discussed above effect of  spatial increas of  
amplitude of  the HF wave, which is synchronized 
with a corresponding decrease of  the amplitude 
of  the LF wave.

These paradoxes can be solved if  we assume 
that the HF wave is not the acoustic wave but the 
undamped temperature wave, which discussed 
above.

The frequency of  this wave is in good 
agreement with results of  calculation.

In the air the relaxation time is defined as by 
the duration of  the process of  "maxwellisation" 
τmax v, as by longer processes of  internal and mutual 
relaxation of  vibrational and rotational states of  
N2 and O2 molecules. The value tmaxv depends on 
the average cross-section 22 Dσ π≈  of  elastic 
scattering of  similar size molecules N2 and O2 (their 
diameter can be taken as D ≈ 3Å), which are basic 
molecules in the air, on the average velocity of  gas 
molecules 3 /v kT m=  ≈ 4.6·104 cm/s and the 
total concentration of  molecules n ≈ 3·1019 cm-3. 
Under normal conditions (normal pressure and 
room temperature) we can find

max 10 / ( ) 10 / 3 / 2 .n v v m kT n nsντ σ σ≈ < >≈ < >≈  (14)
Accounting of  the relaxation of  the rotational 

and vibrational states of  molecules allows 
to characterize the time of  local relaxation 
τ ≈ 15- 20 ns, which corresponds to the evaluation 
of  the minimum frequency of  undamped 
temperature wave in the range of  ω0 ≈ 70-90  MHz 
and varies with variations of  pressure and humidity.

Another series of  research has been carried out 
using similar experimental equipment, based on the 
installation of  the KMT setup, considered in [17, 
18]. The schematic diagram of  this setup is similar 
to setup presented in Fig. 2, and the difference is 
only in the direction of  free outlet of  water jet. 
The purpose of  this research was to examine the 
possibility of  extending the temperature waves at 
substantially greater distances.

Figure 5 shows a fragment of  panoramic 
spectrum of  registered waves in frequency range 
up to 300 MHz when L = 18.5 cm, as well as 
fragments of  registered signal at a distance 
L = 18.5 cm and L = 198 cm from the place of  

0

0,5

1

1,5

2

2,5

3

0 5 10 15 20 25

L, cm

U, mV

ω=8.3−8.9 kHz

ω=80−85 ΜHz

Fig. 4. Synchronous change amplitudes of  low and high frequency 
thermal waves in the air when it changes of  the distance from the 

source to the place of  registration.
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formation of  these waves (the outer surface of  the 
tube, through which a water jet passed). A similar 
panoramic spectrum was registered and at other 
distances from the emitting surface (0.5, 18.5, 100 
and 198 cm).

The frequencies of  the signals registered by 
the acoustic detector with a resonant frequency 
of  1 MHz, are respectively ω0 ≈ 74 MHz and 
ω1 ≈ 225 MHz, and are in good agreement with 
the formula (11), which determines the spectrum 
of  undamped temperature waves. The difference 
between the lowest frequency of  these waves from 
the frequency ω ≈ 80-85 MHz, registered in the 
previous experiment, can be connected with  the 
fact that these frequencies are determined by the 
thermal relaxation time (14), which varies with the 
density, temperature of  air and air composition 
Since in this experiment a jet of  water after the 
generation of  shock waves came out into the 
free space, it has led to high humidity in the 
space around the experimental setup and, as a 
result, could change a little relaxation time (from 

τ = πω0/2 ≈ 18.4-19.6 ns at ω0 ≈ 80-85 MHz to 
τ = πω0/2 ≈21 ns at ω0 ≈ 74 MHz). It is obvious 
that similar reason (in particular, a small change of  
air temperature near the experimental equipment, 
which has worked for a long time of  the experiment 
that lasted several hours with concomitant 
rearrangement and fixing of  the detector at 
different distances, and a corresponding change 
in concentration of  molecules) explains a slight 
difference of  wave frequencies ω0 ≈ 80-85 MHz 
registered at different distances.

Despite the fact that these waves are detected 
at substantially different distances from the place 
of  formation (L = 18.5 cm and L = 198 cm), their 
amplitudes at the output of  the registration system 
were identical and were equal to Umax ≈ 1 mV, that 
confirms the absence of  their damping in the air.

4. CONCLUSION
Conducted experiments demonstrate the 
registering of  unknown before our work 
phenomenon – the generation and propagation of  
undamped HF thermal (temperature) waves with 
frequency ω0 ≥ 75-85 MHz, which are registered 
by acoustic detector at a great distance (up to 2 
meters) from the source.

It should be noted that this distance is limited 
only by the size of  the laboratory, and it is expected 
that such waves will propagate without attenuation 
at a much greater distances. These waves are 
fundamentally different from the "classic" 
hypersonic waves of  megahertz range, which can 
not propagated in the air and are damped at a very 
small distance (a units and tens of  microns) from 
the place of  excitation.

These undamped thermal waves can be excited 
and propagated only in environments with a finite 
(non-zero) time of  the local thermodynamic 
relaxation and their frequency is determined 
completely by this time.

It was shown that the frequency of  these 
waves depends on the propagation environment 
parameters (in this case – the air). Condition of  
excitation of  such waves is connected with the 
obvious requirement that in the spectrum of  
thermal excitation the spectral components at 
these frequencies were present. This condition 

DETECTION AND INVESTIGATION OF 
ANOMALOUS (UNDAMPED) TERMAL WAVES

Fig. 5. Part panoramic spectrum signals recorded by acoustic 
detector that located at a distance L = 18.5 cm from the outer 
surface of  the target, and the fragments detected signal at a distance 

L = 18.5 cm and L = 198 cm.
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These waves have a very small speed of  
propagation, which is according to estimates much 
smaller than the speed of  normal sound and does 
not exceed 50-100 m/s.

Finally it is possible to note one more potentially 
possible factor of  pulse generation of  thermal 
waves at the output (outer) surface of  screen or 
tube the inner surface of  which is affected by 
acoustic shock waves caused by cavitation of  
jets of  water. Earlier we considered the process 
of  internal reflection of  shock waves from the 
surface with the corresponding sharp "shaking" 
and the ionization of  surface atoms as the main 
mechanism of  excitation of  thermal waves near 
the outer surface (the right surface of  the target in 
Fig. 2), that leads to the generation of  soft X-ray 
radiation and very rapid heating of  the subsurface 
layer of  air.

Recent results show that there is another 
mechanism of  such pulsed heating, which is 
connected with peculiarities of  shock pulse impact 
on atoms.

In [20-22], it was shown that at rapid (pulse) 
reversible deformation of  the nonstationary 
harmonic oscillator the formation of  coherent 
correlated states of  particles takes place, when 
these particles are in nonstationary parabolic 
field of  this oscillator. The peculiarities of  this 
state leads to the synchronization of  quantum 
fluctuations in the superposition state and to the 
formation of  a giant fluctuations of  momentum 
and kinetic energy, which are on many orders of  
magnitude greater than the average values. The 
result of  this process is the sharp increase of  
the probability of  chemical and nuclear reactions 
between particles in a parabolic field and particles 
that form this field, and pulsed energy release. In 
particular, in these works it have been shown that 
under such modulating action the fluctuations of  
kinetic energy of  particles (in particular atomic 
nuclei) may reach 10-50 keV at medium thermal 
(room) energy of  target kT ≈ 0.025 eV!

Simple analysis shows that the process of  
shock wave motion through the condensed 
substance agrees with this scenario of  intensified 
energy release. During the motion of  the shock 
wave through such medium a strong compression 

limits the parameters of  thermal pulses – their 
duration should be small enough so that the needed 
frequencies were presented in the spectrum.

Used method of  excitation of  thermal waves by 
shock waves of  cavitation satisfies these conditions 
because the minimum duration of  the leading 
edge of  shock wave is equal Δtmin ≈ Δl/ vSW, where 
Δl ≈ 10d the length of  the shock wave front, which 
is determined by the average distance d between 
atoms or molecules, vSW – the speed of  the shock 
wave, that is defined by the Mach number and the 
speed of  sound in this medium.

In metals and other condensed media 
vSW ≈ (2-5)·105 cm/s, d ≈ (1.5-2)Å and Δtmin ≈ 
(0.3-0.8)·10-13 s. So in the air at normal pressure 
vSW ≈ (0.5-1)·105 cm/s, 1/3

aird n−≈ ≈ 30Å and 
Δt(air)min ≈ 10-12 s.

From these estimations follow that under 
optimal conditions corresponding to the formation 
of  shock waves the maximum frequency of  
undamped thermal waves in the air can reach 
ωmax ≈ 1/Δt ≈ 1GHz. This estimation is in very 
good agreement with the results of  the experiment 
discussed above. In Figure 6 a high-frequency 
part of  the general panorama of  the spectrum of  
registered thermal waves is presented, the low-
frequency part of  it was shown above in Fig. 5.

From the form of  this spectrum follows 
that the maximum frequency of  the undamped 
thermal waves at this method of  excitation reaches 
ωmax ≈ 1GHz, which coincides with the results of  a 
theoretical estimations.

Fig. 6. The high-frequency part of  the panoramic spectrum of  
signals recorded by acoustic detector that located at a distance 

L  = 18.5 cm from the outer surface of  the target.
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of  matter at its leading edge and the extension 
at the trailing edge takes place. For each atoms 
of  the medium, which is surrounded by close 
neighbors, that is equivalent to the unsteady pulsed 
deformation of  the harmonic oscillator, field of  
which is formed by nearest neighbors.

Such effect, which leads to the formation of  
coherent correlated states, plays the main role 
at the outside (output) surface of  the cavitation 
chamber, where the reflection of  shock waves 
from the border of  dense material of  the chamber 
and air takes place. Indirect confirmation of  
such mechanism of  the energy release consist in 
the   detection of  foreign chemical elements on 
the outer chamber surface. These elements were 
absent before the exposure on the target with the 
water jet with cavitation bubbles. Such elements 
may be a result of  pulsed nuclear reactions between 
the nuclei of  the target and the nuclei of  the atoms 
of  the air. Such process is extremely short and its 
duration is determined by the time of  existence of  
coherent correlated state [20-22].

We plan to explore this scenario doing 
additional and longer experiments.
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