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Depth of Formation of Specular Reflection of X—Rays and Neutrons
and its Relationship with the Group Delay Time
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Abstract: The problem of the connection of the group delay time (GDT) with the depth in the medium at
which the formation of specular reflection of X—rays and neutrons from a semi—infinite homogeneous
medium with an ideally sharp interface in the regions up to the threshold of the total external reflection
(TER) and above this threshold is discussed. The article has a discussion character and is based on
materials that are not included in the review [1].

1. Introduction

Using the example of reflection of a neutron pulse (wave packet) from two— and three—
layer planar structures in a review [1] it was shown that due to some time spent on penetrating
radiation deep into the medium and back, the reflection of the pulse occurs with some delay in
time with respect to the incident pulse. To a first approximation, this delay is determined by the
so—called group delay time (GDT), equal to the derivative in energy from the phase of the
amplitude reflection coefficient. The concept of group delay time was introduced into scientific
use by Eisenbud, Bohm, and Wigner [2-4] as a measure of the interaction time in quantum
mechanics.

In this paper, a seemingly simpler case (in comparison with [1]) is considered, namely,
specular reflection of X—rays and neutrons from a semi-infinite homogeneous medium. As is
known, the amplitude of specular reflection and the distribution of the field (or wave function) in
a medium in the entire range of angles and incidence energies is described by exact Fresnel
formulas. Fresnel formulas give exact expressions for the reflection amplitude, field structure,
and depth of radiation penetration into the medium, both below the threshold of total external
reflection (TER) and above this threshold, but they do not give any answer about the thickness of
the near—surface layer in which the reflected wave is formed.

The article discusses the problem of the connection between the GDT and the depth at
which the formation of specular reflection of X-rays and neutrons from a semi-infinite
homogeneous medium with an ideally sharp interface in regions up to the total external reflection
threshold and above this threshold occurs. Calculations show that in the region below the
threshold of the TER this formation depth is exactly equal to the penetration depth of the
exponentially decaying evanescent wave. However, in the region above the threshold of TER,
where the penetration depth of radiation increases significantly, the GDT and the depth of
reflection formation, on the contrary, are greatly reduced. Moreover, the GDT increases with
increasing absorption in the medium, while the penetration depth decreases.
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It will be shown below that various attempts to determine the relationship between the
depth of reflection formation and the GDT lead to some contradictions both in the physics of the
phenomenon and in the specific numerical values of this depth, especially in the region above the
threshold of the total external reflection. Moreover, a number of questions have not yet received
an exhaustive explanation. Our proposed method for estimating the depth of reflection formation
based on the first Born approximation in the scattering theory gives highly overestimated results
in comparison with direct calculations of the GDT and the reflection time of wave packets. In
conclusion, the possible causes of such a sharp discrepancy are briefly discussed.

2. Calculation method

Along with the Goos—Hinchen effect [5,6], which consists in the longitudinal
displacement of the reflected wave beam during its oblique incidence on the surface of the
medium (see also [7]), there is a phenomenon of time delay of the reflected pulse with amplitude
Ap(t) relative to the incident pulse W, (¢) = 4,,(¢)exp(—iwyt) with slowly varying complex—
valued amplitude 4,,(¢) (see, for example, the review [1] and references therein). In the

framework of the spectral approach, it is easy to show that the slowly varying amplitude of the
reflected pulse Ay (?) is described by the integral relation

Ap(1) = j R(w) 4, (Q)e ™ dQ (1)
where
1 i
4,(Q) :5[0 A, (e dt 2)

is the spectral amplitude of the incident pulse, R(®)= |R(a))|exp(i(0) is the amplitude reflection

coefficient of a plane monochromatic wave with a frequency @ from an arbitrary structure
uniform in a plane perpendicular to its surface, ¢(w) is the reflection phase, Q=w—q, is the

frequency offset, @, is the central radiation frequency of the incident pulse with the spectrum
4,(Q).

Consider the case when the modulus of the reflection coefficient |R(a))| varies rather
weakly within the spectrum 4, (€2). We represent the reflection phase as a decomposition
o(w, +Q) = p(w,)+(dp/dw)x €2 and substitute this expression into the integral (1). As a result,

up to insignificant phase factors, we obtain that the reflected pulse coincides in shape with the
incident pulse, but is time shifted by 7 :

A(1) =|R(e)| 4, (t =) G)

where the value 7 is called the group delay time and is determined by the ratio



_d_go_hd_qo @)

do  dE

If the derivative of the phase in relation (4) is positive, then the pulse is reflected with
some positive time delay 7 >0, which is quite natural, since the pulse spends some time on the
forward and backward propagation in the medium.

If the derivative (4) is negative, then we arrive at a physically impossible result 7 <0,
namely, the pulse is reflected (or begins to be reflected) even before the incident pulse falls on
the surface of the medium. Obviously, such a paradox arose due to the oversimplification of the
general formula (1) as a result of the expansion of the reflection phase ¢ () in a series accurate
to the first term in Q. In reality, the spectral dependences of the functions R(w) and A4,,(€2)
under the sign of the integral in (1) must be taken into account precisely. For this reason, the
GDT 7 (4) is only an approximate evaluation of the time shift of the reflected pulse.

In a number of examples, it was shown in [1] that, when neutron pulses are reflected
from layered structures of finite thickness, the GDT 7 can be either positive or negative, which,
however, does not contrary to the principle of causality. It turns out that in the case 7 <0 the
shape of the reflected pulse is distorted in such a way that the position of its maximum is actually
slightly ahead of the maximum of the incident pulse, but the condition A(¢) < 4,,(¢) is fulfilled
for all times 7 < 0.

In this paper, we consider the Fresnel (mirror) reflection of a wave from a homogeneous
amorphous semi—infinite medium. The wave functions (or fields) of the incident, reflected, and
transmitted radiation have the following form: W, =4, exp(ikr), W, = Apexp(ikzr) and
Y, = A, exp(iqr), respectively. In this case, for the complex amplitude reflection coefficient

R(w) = Ay / 4;, there is the following well-known exact solution:

k. —
R(w) =1 5)
k. +4q.

where k, and g, are the values of the z—projections of the wave vectors of the incident plane
monochromatic wave in vacuum and in the medium, respectively (the z axis is directed deep into
the medium perpendicular to the interface).

For X-ray radiation, the z—projection k, =ksin@, where k=w/c=2n/A is the
magnitude of the wave vector in vacuum,  is the frequency, A is the wavelength, 6 is the
gliding angle with respect to the surface, ¢. = g. +ig" = k(sin> @ + y)"/? is the z—projection of the
wave vector in the medium in the region z>0, y(w)=y'(w)+iy"(w) is the complex
polarizability of the medium, and the real value y'(w)<0 is negative.

For neutrons, by virtue of the potential dispersion law ¢* = k° —kg , one can restrict
oneself to the case of normal incidence. Here g =q'+iq", k(w)= MV /% is the wave number of
neutrons in vacuum, M is the neutron mass, V' is the velocity of incident neutrons with energy

E=ho=MV?*/2, ky, is the boundary (critical) value of the wavenumber of neutrons in the
9



medium, which is determined from the relation klf =4z Nb=2MU /h*, where N is the bulk

density of nuclei, b =5"—ib" is the complex length of coherent scattering, U =U'+iU" is the
effective complex potential of the medium. The neutron reflection coefficient can also be
represented in the following form, equivalent to expression (5):

N o

=|R|e” (6)

2, phase @(E), and GDT 7(F)

The shape of the specular reflection curve |R(E)

substantially depends on the energy of the incident neutron. In accordance with this, we will
distinguish two cases: 1) sub-barrier reflection, when k <k, (E<U'), and 2) over-barrier

reflection, for which k >k, (E>U").

The reflection phase is determined from the general relation tge = R"/R'. In the case of
E<U' and U'<<U' the phase ¢ = —arctg(x), where x = 2\/E(U'7—E) /(2E =U"). To calculate
the GDT 7 (4), we use the following simple relations: 7 =#(dg/dE) =h(de/dx)(dx/dE) and

do/dx = —d[arctg(x)]/dx = —1/(1+ x?). Taking into account these relations, after a series of

mathematical transformations, we obtain the following final expression for the GDT (see also
relation (12) in [1]):

P (7)
- JEWU'-E)

From formula (7) it follows that the GDT is maximum at energies £ — 0 and £ > U’.
In a real situation, of course, it is necessary to take into account the absorption, i.e. imaginary part
of the potential U ", which leads to the disappearance of the divergence, which is done on a
computer by numerically differentiating the reflection phase ¢(F).

3. Results and discussion

The Fig. 1 shows the dependencies of the reflection phase, the reflection coefficient
modulus, and its real and imaginary parts on the neutron energy. It should be noted that on the
scale adopted here it may seem that the phase of reflection is zero at an energy E > U’ above the
threshold of total external reflection (TER). In reality, this phase is simply very small, since in
this region the phase is determined by the imaginary part of the potential U" << U" (see also
formula (9) below).

The depth of radiation penetration into the medium is determined by the ratio
L, =1/Im(q,). In the region below of the threshold of TER for neutrons, i.e. at energy £ <U’',

the value L, is equal to the attenuation depth of the evanescent wave: L_ =1/(k;> —k*)"'?. From

the most general intuitive considerations, we can assume that the delay time is equal to
7,=2L./V . Here, the lower index z indicates that this delay time is obtained from the

10



assumption of the double passage of neutrons (deep into the medium and up to the interface) of
the near—surface layer with an effective thickness equal to the penetration depth L, .

1.5
1.0
0.5
0.0
-0.5
-1.0
-1.5
-2.0
-2.5
-3.0

0 100 200 300
E, neV
Fig. 1. The module of the amplitude reflection coefficient |R| (curve 1), the real R’ (curve 2) and

imaginary R" (curve 3) parts, as well as the reflection phase ¢ (curve 4) depending on the

energy of neutrons incident on a semi—infinite nickel medium. The inset shows the location and
orientation of the wave vectors of the incident, reflected and transmitted waves

The most surprising thing is that this estimated time 7, exactly coincides with the GDT
obtained from the exact relation 7 =d@/dw (1) (see curves 2 and 3 in Fig. 2). Indeed, taking
into account the relations E = #°k*/2M , U' = h’k;* /2M , and also ik = MV and L_=1/Im(q.)

from formula (7), it is easy to obtain that

oM 2 2L
T= = =—==1, 8)
nkJkp — k> VIm(g.) ¥

From this we can conclude that the depth of reflection formation L, coincides with the
depth of penetration into the medium, i.e. L, =L, . The reasons for this coincidence are
completely incomprehensible, since there is no backward wave ~exp(—iq.z) in a semi—infinite

medium (see the inset in Fig. 1), and the assumption that the neutron velocity is equal V' in the
medium and in the vacuum, and even in the field of total external reflection, does not correspond
to reality. In the field of TER, the z—projection of the wave vector is purely imaginary and it is
not entirely correct to talk about the neutron velocity.

Nevertheless, rigorous calculations show that the delay time 7, of the reflected pulse

Ap(¢) is in very good agreement with the GDT calculated by the formula 7 =d@/do (see

11



curves 2 and 3 in Fig. 2 in the region E <U"). At this scale in Fig. 2, it may seem that in the
region above the threshold of total external reflection the GDT 7 =0, but this is not so, although
indeed the group delay time is very short (see below for more details).

w —41.0
C.. 60 [~ |
l—’N |\\ ]
[0}
_g 40 \\\1—>
5 \\\ —40.5
é 20 ' \\\_
2,3 2
0 . 1 . L L 0.0
0 100 200 300

Neutron energy E, neV
Fig. 2. The dependence of the reflection coefficient modulus |R| (curve 1, right scale), GDT ¢

(curve 2) and the estimated time 7, =2L_/V (curve 3) on the neutron energy £ when they are
reflected from a semi—infinite nickel medium (Uy; =245neV ). Curve 3 is shown in the energy

region up to 245.1 neV, since then it increases very sharply

Similar results are also valid for X—ray radiation, for which in the region of total external

reflection (¢9<GC=|)(’|1/2) the group delay time 1is determined by the ratio

7=20 /[oo(¢9c2 —6?)"?1, and the depth of mirror reflection formation is equal to L_ = 7c/(2sin@)

In the region above the total external reflection threshold, the penetration depth L,
increases significantly, while the GDT and, consequently, the depth of reflection formation
Ly =tnV'/2, on the contrary, decrease significantly, where n =[1—(k,/ k)*1'? is the refractive
index (see Tables 1 and 2). Here, the lower index R means that the depth of formation L, in the
region above the TER threshold is determined according to the GDT r, i.e. derivative (4) of the
reflection coefficient phase R. Moreover, with a decrease in absorption, i.e. with a decrease in
the imaginary parts »” for neutrons and y" for X—rays, the depth L, of radiation penetration into
the medium increases, while the GDT decreases:

Mk;? b

T (E>U") 9)

X @) @
=24 >,
x() o
It can be seen from Tables 1 and 2 that in the region above the TER threshold, group
delay times 7 are much shorter than the period T of incident waves, and the corresponding
depths of mirror reflection formation are generally comparable or even much smaller than atomic

12
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sizes. In this regard, the interpretation of the results obtained above within the framework of
existing concepts based on the Fresnel formula, encounters certain difficulties.

Table 1. Group delay time 7 and the depth of formation of neutron reflection L, from nickel
depending on the energy E of incident neutrons (U’'=245neV,U"=0.024 neV, period
T =8ns).

Energy £, neV 200 240 244 250 270
GDT 7,ns 6.9 18.9 41.8 0.04 0.004
Depth L, A 215 642 1430 0.22 0.04

Table 2. Group delay time 7 and depth L, of formation of reflection of X—ray CuK_, —radiation

(1 =1.54A) from silicon depending on the angle of incidence @ (critical angle of TER
0. =13.4 arc.min, wave period 7 =0.5as).

Angle 6, arc.min 10 13 14 20 30
GDT 7, as 0.18 0.64 0.08 0.007 0.005
Depth Ly, A 95 264 28 1.8 0.8

IR(E)P, A, (E)
GDTrt, ns

1 1
200 220 240 260 280 300
Neutron energy E, neV

Fig. 3. I — reflection coefficient |R(E) g , 2 —spectrum of the incident neutron pulse 4,,(£) with

central energy £, =250 neV and spectral width AE =10 neV (pulse duration 7;, =66 ns), 3 —
dependence of the group delay time 7 =7#(d¢/dE) with a narrow sharp peak at energy E =U’
on energy (right scale), Uy; =245 neV

It is interesting to compare the real time shift As of the reflected pulse, calculated
according to the exact formula (1), with the value of the GDT 7 (4). It must be bome in mind

here that the calculation results depend not only on the central neutron energy E; , which can be

mn?
both above and below the threshold of total external reflection, but also on the duration of the
incident pulse 7;,. This is due to the fact that the pulse has a finite spectral width AE =7/7,,,

therefore, the “tail” of the spectrum 4;,(E) can penetrate into the total reflection region, in which

13



the group delay time 7 is relatively large, even if the energy of the incident pulse E;, >U’ is
higher than the threshold (see Fig. 3 and Fig. 4).

1.2

Q < -
e} 00 o

Intensity, arb. units
o
N

-100 -50 -0 50 100
Time, ns

Fig. 4. The intensity of the incident (curve /) and reflected (curve 2) pulses. The duration of the
incident pulse 7,, = 66 ns, the group delay time at the energy E;, =250neV is equal to
7 =0.044 ns, the real time shift Az =9.5 ns, which is much more than the GDT 7 (4)

For comparison, we note that in the region up to the threshold of total external reflection,
if E;,, =220neVand AE =10neV , then the real time shift Az=9.5ns, that is only a little more

than the GDT 7 =8.9ns. However, if E;,, =240neV and AE =10neV, then the real time shift
At=13.8ns, which is less than the GDT 7 =189 ns, is precisely because the “tail” of the

spectrum penetrate into the region above the TER threshold. With increasing pulse duration, i.e.
with a decrease in the width of its spectrum by 10 times, the values Ar and t are practically

compared (Af=32.9ns and 7 =30.4ns at energy E;, =243neV, spectral width AE =1neV,
and the pulse duration 7;, =660ns). In the case of a relatively short pulse, even at energy
E, =270neV >U\;=245neV and AE =10neV, a real time delay is equal to A¢=0.38ns,
which is almost two orders of magnitude larger than the GDT 7 =0.004 ns, despite the very
small amplitude of the spectrum 4,,(E) in the region below the TER threshold.

It is clear that to exclude the influence of the “tails” of the spectrum 4,,(E), especially
in the region below the TER threshold in the case when E;, >U’, it is necessary to use

sufficiently long pulses. However, this raises the problem of determining extremely small time
delays against the background of such long pulses.
Calculations of the group delay time 7 and the depth of reflection formation

Ly =1/(2k,) within the framework of the first Born approximation of the scattering theory in the
kinematic region above the TER threshold, where ¢q, ~k_, give highly overestimated results
compared to the depth L, obtained both from the GDT (4), (8)—(10), and with the calculation of
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the reflection time based on rigorous calculations of the amplitudes of the reflected pulses Az ()
(D).

It is possible that the role of a backward wave in a medium is played by a nonradiative
wave of delayed excitation in a dispersive medium characterized by a spectral refractive index
n(w). On the other hand, it is not entirely clear whether the macroscopic “bulk” and

“structureless” concepts of polarizability y(w), scattering length 5, and effective potential U

can be transferred to microscopic regions with thicknesses much smaller than the wavelength and
atomic sizes. It is possible that our a priori idea of the relationship between the reflection time,
the depth of formation of the reflected pulse and the velocity of wave propagation in matter may
also be incorrect.

This work was supported by the Russian Foundation for Basic Research (Grant No. 19—
02-00218).
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Investigation of the Diffraction Phenomena of Thermal Neutrons in
Single Crystals under the External Temperature Gradient
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Abstract: The reflection of thermal neutron beams from a quartz single crystal was investigated in the
Laue geometry under the external influences. The scattering of thermal neutrons in crystal is described by
the Schrodinger equation. The controllability of a neutron beam in space and time is analyzed and its
parameters are estimated (relative maximum intensity, the angular and energy distribution of obtained
beams etc.).
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1. Introduction

Thermal neutrons are used in the areas of local structural analyses, investigation of
magnetic characteristics of micro and nano structures, neutron absorption therapy, as well as in
the material science, biology and condensed matter physics. Nowadays thermal neutrons are
more successfully used in neutron absorption therapy by using the neutron sources of nuclear
reactors when the object is also radiated by the gamma rays. For decreasing the intensity of
gamma rays the beam coming out from a reactor is passed through a bismuth filter, but in this
case the intensity of the neutron beam significantly decreases too, that unfortunately requires
increasing the irradiation time. To achieve higher intensities and free from gamma radiation, it is
important to have a thermal neutron lens with controlled parameters. Theoretical and
experimental works on controllability of X-ray and neutron beam parameters in space and time
under external influences (temperature gradient and ultrasound) laid grounds for creation of basic
elements of thermal neutrons optics. First the effect of complete transfer of X-rays from a
transmission direction to the reflection one was observed in [1, 2] in the Laue geometry in quartz
single crystals under the influence of either a temperature gradient or ultrasonic vibrations. In [3,
4] it was shown both theoretically and experimentally that by means of acoustic field and
temperature gradient one can control the position of the focus of reflected radiation in space and
time, as well as to convert a spherical wave into a flat one. In [5, 6] it was shown that the angular
width of completely transferred X-ray radiation depends on the thickness of a test specimen and
operating parameters of external influences. In [7] a new scheme of high resolution X-ray
diffractometer based on acoustic monochromator was developed and realized. Later on a
complete transfer of thermal neutron beams from the primary direction to the reflection one from
atomic planes (1011) of quartz single crystals in the presence of temperature gradient was
experimentally obtained in [8] for the first time by diffraction in the Laue geometry. In [9] the
diffraction of a neutron beam in single crystals under external influences (acoustic vibrations and
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temperature gradient) was theoretically considered in the Laue geometry. The experimental
results were obtained to agree well with the theory.

In the present work the process of thermal neutron diffraction was investigated in the
Laue geometry under the presence of temperature gradient in single—crystals. The scattering of
thermal neutrons in crystal is described by the Schrodinger equation.

2. Diffraction of thermal neutrons from quartz crystal under the

external temperature gradient, results and discussion

Reflection of thermal neutrons beam from the Quartz single crystal in the Laue geometry
under the external influences was investigated theoretically. The scattering of thermal neutrons in
crystal is described by the Schrodinger equation

_ .\ 2mV (17 ) _
A‘P(F)Jrkz‘l’(r) = h—z‘P(r)

where ¥(r) — is the neutron wave function, V (r) — the interaction potential of neutron in
crystal, k and m — the wave number and mass of neutron, correspondingly, and 7 — the Plank
constant.

The potential for deformed crystals is as follows:

viir) =Sy e—zmiz,,,(f—if(f))
(7=,

where V,, —are the Fourier amplitudes of the potential, /4, —the vector of reciprocal lattice
and 7 the radius vector, U(r) is a function of atomic displacement in crystal from equilibrium
position.

We consider the diffraction of thermal neutrons on X-cut quartz crystal for the
symmetric Laue geometry under temperature gradient perpendicular to the reflecting atomic
planes (1011). In this case 4 has only Ax component and, hence, only Ux(x, z) component of
displacement function can be considered, and at definite distance from a heating face of crystal
Ux may be represented as

P —(t-2z)
8R

where 7 — is the crystal thickness, R — the radius of curvature of reflecting atomic planes.

U .=

Assuming that a plane monochromatic wave is incident on the crystal, the boundary
conditions on the front surface of crystal corresponding to z =0, will be:
¥, (x,0)="¥
¥, (x,0)=0

Using boundary conditions and displacement function, we finally have for ¥n(z)

inc.

)= By 24-1m(5, B;) 2 . To(s . .
¥, (2) 2O [exp[ Re(3,,) f(z2)=1Im(5,) Jexp(z[gp( )+ (2)+ f(2)])

mBA)=24 )
—exp[Wf(Z) Im(f,) Jexp( 9(2) +,(2)+ /( )])J

where
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p )_2Az+a—At+\/(2AZ+a—At)2+Re(ﬁhﬂh)
 a—dr+\[(a- 40 +Re(B,5;)

- 24z +a - A2 4z + a - A1) +Re(B, ;) — (a — A1)\J(a - 41)* +Re(B, ;)
p(2) = :
44

$,(2) =+(Re(B) +2a)z % A(zt—*), _zh

In Fig. 1 shows the intensity of reflected beam of 50 meV thermal neutrons versus
deformation parameter 4 (inverse proportional to the radius of curvature) of reflecting atomic
planes (1011) of quartz single crystals with thicknesses 1 cm, 3 cm and 5 cm. It is seen in the
figure that the intensity of reflected beam increases with decreasing curvature in reflecting atomic
planes, reaches the maximum value (i.e. the plane monochromatic beam of thermal neutrons
completely transfers to the reflection direction), and then slowly decreases.\

2R _ deformation parameter

1.0+

2(|)O 4(|)0 GfIJO I 860 l 10|00 A
Fig. 1. Intensity of reflected beam of thermal neutrons with energy of 50 meV vs the
deformation parameter of (1011) reflecting atomic planes for thicknesses of quartz single

crystal: 1) t=lcm, 2) t=3cm, 3) t=5c¢m

The calculated rocking curves of reflecting atomic planes (1011) of quartz single crystal
are given in Fig. 2 for different 4 parameters. As is seen in the figure, with increasing 4
(decreasing radius of curvature) the rocking curve is slowly widened, and the maximum value of
relative intensity is increased by reaching unity (case of complete transfer). The rocking curves
abruptly widen as the radius of curvature of reflecting plane further increases.
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-5 0 5

Fig.2. Rocking curves of reflecting atomic planes (1011) of 3 cm thickness quartz
single crystal for different values of A parameter: 1) A=0, 2) A=70, 3) A=250, 4) A=500, 5)
A=1000

The calculated rocking curves of reflecting atomic planes (1011) for different
thicknesses of quartz single crystal for the value of A = 10° (radius of curvature 10 m) for thermal
neutrons with an energy of 50 meV are given in Fig. 3. It is seen from the figure 3, that at a
certain value of A parameter the thicker is the crystal, the wider is the rocking curve, i.e., the
greater is the angular aperture of completely transferred beam of thermal neutrons. For example,
1 cm thickness quartz single crystal, the atomic planes of which have 10m curvature of camber,
completely reflects thermal neutrons with angular aperture ~6—7', and 5 cm thickness crystal
completely reflects ~30'. When the radius of curvature of reflecting atomic planes (1011) of the
quartz single crystal is ~1 m, completely reflected are thermal neutrons with angular aperture of
~3°.

1.0

0.8+
0.6+

0.4

Iy/Tins

0.2+

0.0+

1000 500 0 500 1000 @
Fig. 3. Rocking curves of reflecting atomic planes (1011) of quartz single crystal for the

value of A = 10° (radius of curvature 10 m) for thermal neutrons with an energy of 50 meV:
I)t=lcm, 2)t=3cm, 3)t=5cm
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3. Conclusion

Thus, with decreasing curvature of reflecting atomic planes (1011) of a quartz single

crystal, the intensity of reflected beam of thermal neutrons increases, and then reaching the

maximum value (i.e., a flat monochromaticity beam of thermal neutrons is completely transferred
to the direction of reflection) begins to slowly decrease. As the thermal neutrons are absorbed
much less as compared with X-rays (the absorption length ~50 cm), one can separate from a

primary beam a neutron beam with large spectral and angular width using a temperature gradient

or acoustic field, applied to several centimeters thickness quartz single crystal, and transfer that to

the reflection direction.

This work was supported by the RA MES State Committee of Science, in the frames of
the research project No 18T-1C395.
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Abstract: With a view to obtaining the basic elements of hard X-rays (>30 keV) with controllable
parameters, in the present work the principles and regularities of hard X-ray reflection in quartz single
crystals under the influence of temperature gradient were considered in the Laue geometry. It was
demonstrated that with the help of temperature gradient it is possible to separate a beam with large angular
and spectral width from the white beam, to transfer that to the reflection direction, to focus and change the
focal length, i. e., to control the beam parameters within wide limits. It was experimentally shown that in
the presence of temperature gradient in X—cut quartz single crystal it was possible to obtain a two—
dimensional bending of reflecting atomic planes (1011) depending on the position and shape of heater,
and thereby ensure the possibility of two—dimensional focusing of X—ray radiation at reflection from these
planes. It is noteworthy that the degree of bending depends on the thermal expansion coefficient in the
given direction. Consequently, in case of appropriate choice of crystal, of its cut and the family of
reflecting atomic planes, one can provide such a two—dimensional bending, at which a point focus of
reflected X—ray radiation is obtained. It is also shown that under these conditions the integrated intensity
of reflected X-ray radiation increases by several orders of magnitude, and the angular width in mutually
perpendicular directions is controllable.

Keywords: X-ray, focusing, temperature gradient, quartz

1. Introduction

The development and improvement of new methods for controlling the parameters of X—
rays is important for elaboration of new, more sensitive and universal X—ray optical elements
required for development of micro— and nanoresolution methods of the tomography of biological
objects, for determination of the perfection of micro— and nanostructures. One of the most
important tasks in controlling the parameters of X—rays is its focusing. The methods of X-ray
focusing are rapidly developed in connection with elaboration of X—ray sources and technologies
of preparation of focusing elements. The efforts on elaboration and production of focusing
elements were based on refraction, reflection, and diffraction phenomena. In some conventional
X-ray devices the focusing Fresnel-zone plates [1, 2], refracting elements [3] or the elements of
total internal reflection [4] were used. The boundaries of applicability of these elements are
determined by the refractive index of the materials, from which they are made. Utilized in some
focusing instruments are multilayer structures with variable thicknesses of layers [5] and curved
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single crystals [6—8], from which the diffracted X—rays are focused. As is commonly known, for
X-rays elements even of rough configuration devices an extremely high precision manufacturing
1s required.

An important requirement in present—day focusing systems is a precise control of the
position of focus, that may be realized with the help of controlled bending of crystal planes of
lenses (single crystals) under external influences (acoustic oscillations, temperature gradient) [9—
12]. It is known that with the help of temperature gradient applied perpendicular to (1011)
atomic planes of x—cut quartz single crystal, one can control the radius of curvature of atomic
plans [13] and the interplanar distances [14]. In these works one of the faces of a rectangular
parallelepiped of quartz parallel to atomic planes (1011) is heated, whereas the other faces freely
exchange heat with the environment (air). As was shown in [10—14], under these conditions the
reflected X—rays are focused only in the reflection plane, i. e., the atomic planes are bent about
the perpendicular axis of reflecting planes [15, 16].

The aim of the present work is to study the phenomenon of X-ray diffraction from
quartz single crystal in the presence of a temperature gradient that creates a two—dimensional
bending, that, in its turn, leads to the two—dimensional focusing of reflected X-ray radiation.

2. Experimental Part and Results

In this experiment the white spectrum of X-ray radiation from Ag BSV-29 X-ray tube
at 50 kV voltage and 4 mA anode current was used. The focal point of the tube is 0.4x0.8 mm2.
For two—dimensional collimation of X—ray radiation a slit of 0.5 mm in diameter was placed at 13
cm distance from the source. The tested sample was arranged at 19.5 cm distance from the slit.
Perpendicular to the direction of beam propagation at distances of 20 and 40 cm from the sample
a two—coordinate X-ray detector was installed, the matrix of which was 256x256 pixels, the size
of each pixel (resolution) being 55%55 um2. The experimental setup is given in Fig. 1. The
sample was 0.7 cm thick rectangular plate of x—cut quartz single crystal of 3x3 cm2 area. The
crystal sample was made in such a way that one of its ribs was parallel to the family of (1011)
atomic planes. As is seen in Fig. 1, 1 cm long cylindrical heater of 1 mm in diameter was
arranged in the central part of this rib, and all other ribs freely exchanged heat with air. Owing to
such a geometry, the heater not only produces in quartz single crystal a temperature gradient
perpendicular to reflecting (1011) atomic planes, but also provides temperature gradient from
the crystal center to other ribs, that is in directions of y— and z—axes.

X-ray source
N X

/(0 D

Heater - —— |

Sio (1011)

Fig. 1. Experimental setup
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In [17] it was shown that the normal component of temperature gradient to reflecting
atomic planes, coinciding with x—axis in Fig. 1, brings only to changes in interplanar distances,
and the tangential component — to bending of these atomic planes. As was noted above, in the
geometry of described experiment a temperature gradient is produced from the center of single
crystal along y— and z—axes. In our case these axes are parallel to reflecting (1011) atomic
planes, i. e., an appropriate condition for two—dimensional bending of these planes is formed. The
axis of heater is arranged parallel to z—axis, as a result of which the value of temperature gradient
along yaxis exceeds that along z—axis. This geometry was selected intentionally so that the radius
of curvature (inverse proportional to the value of temperature gradient) of reflecting atomic
planes (1011) to be less along y—axis, than that along z—axis. In experiments the heater
temperature changed from room temperature (18°C) to 400°C. The front distribution of the
intensity of reflected 40 keV X-ray radiation from reflecting atomic planes (1011) was recorded
at different distances from quartz single crystal for different values of heater temperature. During
the experiment a multiple increase in the integral intensity of reflected X-ray radiation was
observed depending on the increase in heater.
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Fig. 2. Intensity distribution of reflected 40 keV X—ray radiation in the reflection plane at
distances 20 cm (a, c, ) and 40 cm (b, d, f) from quartz single crystal for different values of
heater temperature: 400°C (a, b), 70°C (c, d), and 18°C (e, f) temperature. Figure 2 shows the
intensity distribution of reflected X—ray radiation along x—axis at various distances from quartz
single crystal for different values of heater temperature

Figure 3 shows the intensity distribution of reflected X-ray radiation along y—axis at
various distances from quartz single crystal for different values of heater temperature. Figure 4
shows the front distribution of the intensity of reflected X—ray radiation at distances of 20 and 40
cm from quartz single crystal for different values of heater temperature (18, 70, and 400°C).
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3. Discussion

As is seen from intensity distributions of reflected X-—ray radiation at 20 and 40 cm
distances from quartz single crystal in the absence of external influences (18°C) shown in Fig. 2,
the beam in the reflection plane is slightly diverging with the distance from the single crystal. In
Fig. 3 it is clearly seen that in the absence of external influences the reflected X-ray radiation in
the direction perpendicular to the reflection plane has significant divergence amounting to ~34'
due to the collimation of primary beam.
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Fig. 3. Intensity distribution of reflected 40 keV X-—ray radiation perpendicular to the reflection
plane at 20 cm (a,c,e) and 40 cm (b,d,f) distances from quarz single crystal for different values of

heater temperature: 400°C (a, b), 70°C (c, d), and 18°C (e, f).

It follows from Fig. 2 that when the heater temperature is 70°C, the intensity of reflected
beam increases almost twice as much and the intensity distribution at 20 cm distance is notably
changed (the central part grows much intensively than the lateral parts). This notwithstanding, the
cross—section of Xray beam does not change at 20 cm distance in the reflection plane, but at 40
cm distance it slightly decreases, i. e., in the reflection plane X-ray beam does not diverge. It
follows from Fig. 3 that in the direction perpendicular to reflection plane at heater temperature of
70°C respectively at 20 and 40 cm distances from the crystal, the cross—sections of X—ray beams
are almost unchanged compared with cases without of external influences.

When the temperature of heater reaches to 400°C, the intensity of reflected beam
increases by two orders of magnitude as it seen in Figs. 2 and 3. Along with that, at the distance
of 20 cm the curve of intensity distribution of reflected X—ray beam in the reflection plane is
narrowed almost two times as much, and at the distance of 40 cm is increased in comparison with
the case without external influences. It follows from Fig. 3 that at heater temperature of 400°C
the width of intensity distribution curve of X-ray beam does not change at the distance of 20 cm
in the perpendicular direction, and at 40 cm distance the curve narrows considerably compared
with the case without external influences and the X—ray beam does not diverge.
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It is much clearly demonstrated in Fig. 4, where the frontal intensity distributions at 20
and 40 cm distances from quartz single crystal are given at heater temperature of 18, 70 and
400°C.

Taking into account that the spatial resolution of detector in the horizontal and vertical
directions is 55 um, one can measure in these images the angular width of X—ray radiation in
mutually perpendicular directions with accuracy ~2'.

The values of the spatial width of reflected beam (as determined at half-height of the
intensity distribution) and angular widths in mutually perpendicular directions at 20 and 40 cm
distances for heater temperatures of 18, 70 and 400°C are given in Table 1. In the table Ax; and
Ax2 are the spatial widths of beam in the reflection plane, and Ay, and Ay> are the spatial widths
of beam in the perpendicular plane at 20 and 40 cm distances, respectively. In the last two
columns of the table the measured results of the angular widths of X-—ray radiation in mutually—
perpendicular directions Abx and Ay are given respectively. As is seen from the cited values, in
the absence of external influences the reflected X-—ray radiation has a divergence of ~5' in the
reflection plane, and ~30' in the plane perpendicular to that. The beam of X-rays is focused in the
reflection plane and the focus approaches the crystal as the heater temperature increases, and in
the perpendicular plane, where the divergence of beam is significant ~30', the angle of divergence
gradually decreases and at 400°C temperature it reduces to ~3'.
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Fig. 4. Frontal intensity distribution of reflected 40 keV X—ray radiation at 20 cm (a,c,e)
and 40 cm (b,d,f) distances from quartz single crystal for different values of heater temperature:
18°C (a,b), 70°C (c, d), and 400°C (e,f)

Keeping in mind that as the observed reflection is from the white spectrum of anode
radiation, it is evident that the focusing is geometrical and occurs due to the bending of reflecting
atomic planes. It is seen from Table 1 values of A6x and Afy, that the maximum difference of the
angular width of reflected X—ray radiation in the reflection plane changes less (~18"), than in the
perpendicular plane (~23"). This means that as was assumed at the start of experiment, the radius
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of curvature of atomic planes (10—-11) in the direction of y—axis, perpendicular to the reflection
plane, is less than along z—axis.

It is noteworthy that the degree of bending depends on the thermal expansion coefficient
in the given direction. Consequently, in case of appropriate choice of crystal, of its cut and the
family of reflecting atomic planes, one can provide such a two—dimensional bending, at which a
point focus of reflected X—ray radiation is obtained.

Table 1. Values of spatial and angular width of reflected beam at 20 cm and 40 cm
distances for different temperature of heater values

3 Ax, mm | Ay, mm | Ax;,mm | Ay, mm A, A8y,
X Y 2 Y2 angular min | angular min

18 1.265 2.97 1.54 4.62 4.73 28.36

70 1.045 2915 1.1 4.07 0.94 19.85

400 0.495 2.75 1.26 2915 13.15 2.84

4. Conclusions

It is noteworthy that the degree of bending depends on the thermal expansion coefficient
in the given direction. Consequently, in case of appropriate choice of crystal, of its cut and the
family of reflecting atomic planes, one can provide such a two—dimensional bending, at which a
point focus of reflected X—ray radiation is obtained. It is also shown that under these conditions
the integrated intensity of reflected X—ray radiation increases by several orders of magnitude, and
the angular width in mutually perpendicular directions is controllable.
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The team of authors represented by Saryan V.K., Nazarenko A.A., Ermakov V.V.,
Lyubushin A.A. and Meshcheryakov R.V. hard survives the death of our co—author, dear friend
and outstanding physicist, academician of the National Academy of Sciences of the Republic of
Armenia Alpik Rafaelovich Mkrtchyan. Once again, we express our sincere condolences to the
relatives and friends of A.R. Mkrtchyan, Director of IPPA Mkrtychyan A.G.— corresponding
member of NAS RA, the entire team of the [IPPF NAS RA, and we hope to continue those started
with A.R. Mkrtychyan works.

This article presents our recent collaboration with Mkrtchyan A.R.

Abstract: This article is a continuation of the topic with which Sarian V.K. and A.R. Mkrtchyan [7] spoke
at «International Conference on Electron, Positron, Neutron and X-Ray Scattering under External
Influences & International School named after G. A. Askaryan 16-22 October 2017» «Invitation to the
use of a powerful experimental ground created in the Russian Federation for monitoring the global
processes based on new information technologies».

The first point of the hybrid network was organized at the beginning of 2018 with the participation of
scientists and specialists of the Federal State Unitary Enterprise NIIR, GEOKHI RAS, IPE RAS, IAPP
NAS RA, ICS RAS and others at the field national center for complex environmental and biogeochemical
studies of the GEOHI RAS, which is located on a geological base Moscow State University in the village
N. Unal of North Ossetia (RF). The report will describe the measuring equipment used and discuss the
significance of the results of measurements for short—term, medium—term and long—term forecasts of
global processes, including emergency situations. The experiments will be continued from 2020 to 2021. It
is planned to expand the experiment in potentially seismic areas in Kamchatka and Armenia. Similar
experiments will be conducted at national training sites in the countries of the Asia—Pacific region in

“E — mail: sarian@niir.ru, ermakov@geokhi.ru, apn@niir.ru, lyubushin@yandex.ru, mrv@ipu.ru
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accordance with the decision of the 58th meeting of the Working Group on Telecommunications and
Information in the framework of the Asia—Pacific Economic Cooperation (APEC), which was held at the
end of 2018 in Taipei (Chinese Taiwan). Similar experiments will be carried out at national training sites
in the countries of the Asia—Pacific region in accordance with the decision of the 58th meeting of the
Working Group on Telecommunications and Information in the framework of the Asia—Pacific Economic
Cooperation (APEC), which was held at the end of 2018 in Taipei (Chinese Taiwan). At this meeting, the
authors made a keynote speeches.

In the future, on this basis, it is planned to establish an international interdisciplinary collaboration of
scientists and specialists on the formulation of development goals and regulations on the use of the
created global hybrid monitoring system for global processes of natural and technogenic origin.

The relevance of the presented work is very great, since Improving the adaptive
capabilities of a person in conditions of increasing technogenesis and increasing the risk of
human and material losses from emergencies of natural and technogenic origin is a vital task (the
task of survival) of modern civilization.

The article will consist of five sections:

1.  Tasks to be solved with the help of hybrid monitoring systems.

2. Developed solutions.

3.  Interdisciplinary research and international cooperation from 2016 to 2019.
Research results.

4. The world’s first experimental site of a hybrid monitoring system.

5. Further research plans (directions and scope).

1. Tasks to be Solved Using Hybrid Monitoring Systems

Statistics captures radical decrease in human and material losses from global
emergencies of natural origin (hereinafter — emergencies) in today's world.

Each year, various global emergencies of natural origin cause unjustifiably large
material and human losses in different parts of the Earth. These losses are equally high for both
developed and developing countries. According to statistics, the risks of losses due to emergency
situations, as a rule, increase annually in all countries of the world due to a noticeable increase in
the frequency of emergency situations (earthquakes, tsunamis, floods, landslides, etc.). The
situation seemed so bleak, that in 1997, a final and probably non—appealable sentence was passed
by seismologists: “earthquakes cannot be predicted — that’s the point.

But despite such a harsh verdict, these processes are so sensitive for all countries that in
many countries, large amounts of money are still being spent on research to develop a reliable
system of medium— and long—term forecasting, but their predictive potential is still so small that
these predictions do not yet have economic values, and they are completely ignored in all
countries. Indeed, all economic activity in the whole region (or megalopolis) will not be stopped
for an indefinite time on the grounds that, according to scientific observations in this region, there
may be an earthquake in the future.

Among the causes of increasing technogenesis should be attributed desynchronization
reduction between the pace and scale of the introduction of new technologies, urbanization
processes and other factors of increasing technogenesis and scientific research. The inevitable
consequence of the victory of the fourth industrial revolution (digitalization), which all countries
are striving for today, if not take urgent measures, will be a further increase in the environmental
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technogenesis. The diagram below illustrates the reasons for the increase in technogenesis
associated with globalization processes.

Transnational
corporations

Development of
new technology

New technology

5 Urbanization, etc

Scientific research

it

Fig.1. The decrease in desynchronization indicators

The decrease in desynchronization indicators is associated not only with the gap
between the pace and scale of the introduction of new technologies, but also with the processes of
urbanization and other factors of increasing technogenesis and scientific research. The
anthropogenic burden on nature is increasing due to growing trends in the concentration of the
population in megacities, the construction of smart cities, an increase in the pace of life and
mobility of the population (including the development of mass tourism), rapid changes in
technology, etc. Science is serious lags behind in studying the environmental impact of this
burden, especially in developing countries.

2. Developed solutions

Choosing solutions, we decided not to abandon the use of existing national and, for a
number of tasks, combined into global networks for monitoring earthquakes and other
emergencies, although at present they have extremely low predictive potential and record only
emerging emergencies. Today, the indicators are mainly used for scientific research of physical
processes in the bowels of the Earth, development of models of the Earth’s dynamics and internal
structure, study of Earth’s seismicity and earthquake source physics, seismic zoning,
development of theory and computer science, technology for interpreting geophysical data, etc.

We supplemented the existing solutions with new ones, implementing a new mass
service based on modern ICT, primarily Internet of things (IoT) technology — individualized
subscriber rescue management (ISRM) in the event of global emergencies (earthquakes, floods,
etc.) that reduce human and material losses of not less than 90%. We emphasize that this service
can be available to any user of an existing infocommunication network at any time and in any
place and provides individual rescue control in the event of any type of emergency.

These works are described in detail in [1, ..., 25].

A key point in the possibility of implementing such a service for any type of emergency
was the proposal to create a hybrid network for monitoring natural emergencies, which differs
from existing networks in that sensors based on the Internet of things are installed in the vicinity
of the existing measuring station of the existing network. The joint processing of the signals of all
sensors will make it possible to detect precursor signals, for example, earthquakes, before the

30



start of earthquakes, and thereby ensure the evacuation of people to a safe area before the start of
an emergency. In Fig. 2 is a block diagram of a hybrid monitoring network.

local item of existing
monitoring systems

Fig.2. The block diagram of a hybrid monitoring network

3. Interdisciplinary research and international cooperation from 2016

to 2019. Research results.

Global emergencies of technogenic and natural origin, for example, earthquakes, do not
recognize state borders and academic disciplines. Earthquake—related natural disasters needed to
reduce interdisciplinary and international research and collaboration. Therefore, from the very
first steps of our research, much attention is paid to probation proposals of technical decisions at
reputable international venues such as ITU, ESCAP (Economic and the Social Commission for
Asia and the Pacific), bringing together five regional commissions United Nations, APEC Forum.
These organizations, in accordance with the resolution adopted by the General Assembly on June
3,2015, the Sendai Framework for Disaster Risk Reduction 2015-2030, much attention is paid to
the study of the possibilities of using ICT to prevent natural and man—made disasters origin,
response to them and in the restoration of damage, calling for widespread international
cooperation. The same tasks are included in the program of achieving 17 goals. UN Sustainable
Development.

The following are the steps for forming an interdisciplinary team. Steps for forming an
interdisciplinary team

2016 — NIIR, RF + IPPF NAS RA, RA

2017 + IFZ RAS, RF + GEOKHI RAS + NIIR-Svyaz LLC, etc.

2018 + IPU RAS + Kyrgyz Academy of Sciences + Serbian Academy of Sciences

2017 — 2019 Scientists from the USA, India, China, the Republic of Korea, Japan,
Malaysia, Australia, and the Philippines also showed interest in this work.

We paid great attention to the wide testing of the proposed solutions at such
authoritative expert sites as ITU, APEC, ESCAP, articles were published in leading scientific and
technical journals, reports were made at international conferences in Atlanta, Brussels, Geneva,
Taipei, Moscow, and others. fragments of the system were demonstrated at international
exhibitions in Geneva, Hanover, Hong Kong, Moscow, etc. [25,...34]
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4. The world's first experimental site of a hybrid monitoring system

The APEC TEL 58 session in Taipei approved the decision to establish national pilot
sites in APEC countries. In Russia, such a site was created in 2019 in the North Caucasus.

The territory of the Unal depression is located in the mountainous region of North
Ossetia (Fig.3, 4.), where lead—zinc deposits are located and almost all the mining industry of the
republic is concentrated. It is a technogenic zone of increased environmental hazard. The main
sources of environmental pollution by lead, cadmium, copper, zinc are: Arkhon—Kholstinsky
dumps, Mizursky mining and processing plant (GOK) and the Unal tailing dump (pulp). The
content of heavy metals (HM) in soils, waters, and biota is markedly increased here relative to
their natural background, especially lead.

The world's first experimental site of a
hybrid monitoring network at the
geological base of Moscow State University
M.V. Lomonosov in with. Unal of North
Ossetia in 2019

Fig.3. The world's first experimental site of a hybrid monitoring system

The base is located in a highly seismic mountainous area at an altitude of 900 m above
sea level on the slopes of the Rocky Range. In the basin of the mountain rivers of North Ossetia,
avalanches, glaciers, landslides, mudflows, earthquakes and floods are frequent. To date, the base
has been used for the work of local geologists who control natural disasters. The territory of the
Unal depression is located in the mountainous region of North Ossetia, where lead—zinc deposits
are located and almost all the mining industry of the republic is concentrated. It is a technogenic
zone of increased environmental hazard. The main sources of environmental pollution by lead,
cadmium, copper, zinc are: Arkhon—Kholstinsky dumps, Mizursky mining and processing plant
(GOK) and the Unal tailing dump (pulp). The content of heavy metals (HM) in soils, waters, and
biota is markedly increased here relative to their natural background, especially lead.

The base is located in a highly seismic mountainous area at an altitude of 900 m above
sea level on the slopes of the Rocky Range. In the basin of the mountain rivers of North Ossetia,
avalanches, glaciers, landslides, mudflows, earthquakes and floods are frequent. To date, the base
has been used for the work of local geologists who control natural disasters.
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Fig.4. Area of work. Experimental sites.

Equipment of the experimental site:

a) Sensors,

b) Wireless equipment,

c¢) lonospheric station,

d) Addition of signals from sensors, including signals from sensors of the nearest
seismic station and joint processing to identify the synchronization effect.

a) Sensors.

Real-time monitoring of biogeochemical parameters using a system of existing sensors
and sensors, for example, such as Stevens Hydra Probe Field Portable soil monitoring system,
VAISALA GMT220 carbon dioxide sensor, RADEX MR107 radon indicator, UKR—-1MTs
mercury analyzer, 3000 IP mercury sensor, portable gas analyzer of mercury vapor in the air and
other gases, ORP sensor (Redox) — redox potential pH S406 DG, digital optical oxygen sensor
S423 / C/ OPT, etc.

b) Wireless equipment.

Due to the small number of installed sensors (six in total) on the territory of the
experimental site (Fig.5.), a local wireless network was used to transfer data from these sensors to
the addition device for joint processing, despite the fact that its parameters at the sensor
installation points were extremely unstable (temporary scheme) and require another solution that
is available in the Russian Federation.

GSM
Power suppl
A
Battery MR107

Fig.5. The temporary connecting diagrams of the geographically distributed sensors

CO, 15540
Sensor CO,

T3510
Temp and Humidity

sensor
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The two figures (Fig.6, 7) below show the results of real measurements.

Mezsuring point 10A/ 19 (Laft bank of the Unaldon River)
Date and period of measurement: 07.17.2019 fom 10:25t01132
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Fig.6. The results of real measurements. Date and period of measurement: 07.17.2019 from 10:25
to 11:32

1 Meaasurement point SA/ 19 (South edge of the tailings)
2 Date and period of measurement: 07/17/2019f0m 15:02 to 15:52
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Fig.7. The results of real measurements. Date and period of measurement: 07.17.2019 from 15:02
to 15:52

c¢) lonospheric station — Complex of sounding of the ionosphere "Rainbow", fully
domestic equipment.

The Rainbow vertical and oblique sounding ionosphere complex is designed for vertical,
oblique and radiotomographic sounding and real-time real-time determination of the ionosphere
parameters (Fig.8.), as well as the formation and continuous monitoring of the regional
ionosphere model and its correction according to sounding data.

The Rainbow ionosphere sounding complex is currently unique and one of the best in
the world, among similar equipment.

The uniqueness of the equipment lies in the high resolution, which allows you to record
the precursors of earthquakes at their initial occurrence in the ionosphere.
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The resolution of the equipment reaches 50 meters in the ionosphere and allows you to
continuously monitor the dynamics of changes in the total electronic content in different layers of
the ionosphere.

It should be noted that the Rainbow equipment also has the ability to record earthquake
precursors at a great distance (including over the ocean) due to oblique sounding of the
ionosphere over 3,000 kilometers. For this, equipment is located at intervals of up to 3,000 km
(including on the islands).

Fig.8. The block diagram of the Rainbow vertical and oblique sounding ionosphere complex

d)Addition of signals from sensors, including signals from sensors of the nearest seismic
station and joint processing to identify the synchronization effect.

This item will be implemented in the future.

In spite of this, the objectives of the first stage of work at the experimental site of the
hybrid monitoring system are to put together all the equipment and try to connect to the
communication networks and find out the compatibility of the interfaces of individual devices to
develop a user interface concept for such experimental sites. Ultimately, this is a step towards
designing and testing a software product for effective product interaction, which would be
delivered from the experimental section of the hybrid system to users: a) operators of situational
centers and b) subscribers of mass IUSA services.

In principle, the goals of the first stage, as all participants admittedly, have been
achieved.

5. Further research plans (directions and scope)

Briefly describe plans for further work:

— Introduce a new wireless network at the test site that fully meets all research
objectives.

Duplex based domestic networks universal service for inhabitants in sparsely populated
points of residence on the territory of the Russian Federation and the new low cost sustainable
telecommunication network for the countryside. These are entirely domestic development.
Created by the “Russian Communications Corporation", part of the state Rostec Corporation.
This development is protected by patents.
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In Fig. 9 a block diagram of a traditional and new wireless communication system is
shown. From a comparison of the block diagrams, it can be seen that the new system can provide
wireless access to objects even in sparsely populated areas, which makes it economically feasible
to use the information interaction of the remote center of the hybrid network and the loT—based
sensors located in the pilot area.
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Fig.9. Cellular network with capacity transfer principle

— Implement the function of adding signals from sensors, including signals from sensors
of the nearest seismic station, and ensure their joint processing to identify the synchronization
effect.

— Continue the work of the experimental site, transferring measurements to the round—
the—clock mode with remote multi—user control, including with foreign experimental sites, which,
according to the APEC decision, should be deployed at the end of this year or at the beginning of
the next in the Republic of Korea and Taipei.

— To expand the network of pilot sites in the country in Kamchatka, as well as in
Kyrgyzstan and Armenia. The beginning of such practical work in Armenia was dreamed by our
dear friend and co—author of this article, academician of the National Academy of Sciences of
Armenia Alpik Rafaelovich Mkrtychyan, and we are obliged to bring these plans to life.

Actively research the search for sensors based on loT-living (including humans) and
oblique objects located in the vicinity of the experimental site to identify sensitive sensors of
emergency precursors that are specific to this region.

— Embed services in new promising:

— communication systems, such as 5G and 2030 networks for providing individualized
subscriber rescue management (ISRM) anywhere and anytime, so that the proposed solution to
radically reduce the risk of emergency losses could be implemented on the whole planet;

— KVNO systems;

— e—medicine systems, etc.

— To increase the effectiveness of biogeochemical monitoring of ecosystems through the
widespread introduction of dynamic studies of processes occurring in ecosystems, including by
testing physiological sensors: vascular pulsation, muscle tremors, tension etc. in a large number
of animals and humans. These non—specific parameters may give a surge in case of emergency.
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— To expand our collaboration and set ourselves the goal — to achieve, no later than
2021, an international mega—grant for this work.
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Features of Radiation Generated by Bunches of Charged Particles
Passing Through the Centre of a Ball
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1 Akademika Kurchatova pl., Moscow, Russian Federation, 23182

Abstract: We investigate the radiation generated by a train of bunches crossing a ball. The expressions
for the spectral and angular distributions of the radiation energy is obtained for a general case of the
dispersion law for the material of the ball. The consideration is based on the corresponding exact
analytical solutions of Maxwell’s equations. The numerical results are given for a dielectric ball. The
possibility for the appearance of strong peaks in the spectral distribution of the radiation energy is
demonstrated. The wavelengths corresponding to these peaks are of the order of the ball radius. A visual
explanation of this phenomenon is provided.

1. Introduction

The presence of a medium may essentially influence on the characteristics of high—
energy electromagnetic processes, giving rise to new types of phenomena [1-6]. Well known
examples of this kind are the Cherenkov Radiation (CR) [1,2,7,8], the diffraction and transition
[3,4] types of radiations. The operation of a large number of sources for generation of the
electromagnetic radiation in various spectral ranges is based on the interaction of relativistic
electrons with matter [5]. In particular, the interfaces separating different media can be used for
the control of radiation fluxes emitted by various systems.

The Synchrotron Radiation (SR) of a charged particle rotating in a homogeneous
medium has been considered in [7] (see also [2,8]), where it has been shown that the interference
between SR and CR leads to nontrivial consequences. New features in the spectral-angular
distribution of the radiation intensity appear in the case of a charge rotation in an inhomogeneous
medium. Exactly solvable problems for the radiation from a charge rotating in spherically and
cylindrically symmetric media have been considered in a series of papers, started in [9,10] (see
also [11,12] and references therein).

The modern accelerators may generate relativistic and monoenergetic short bunches
with submillimeter length and with a relatively large number of electrons (> 10°). Such bunches
allow to generate high—power quasi—coherent terahertz radiation, that is of considerable interest
for applications in physics, chemistry and biology [13]. High intensity narrow—band and coherent
terahertz CR generated by a bunch passing through a hollow channel inside a waveguide filled
with a dielectric was directly observed in [14]. The use of a waveguide filled by dielectric plates
with given separations between them leads to the further increase of the output power [15].

*E — mail: levonshg@mail.ru
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The theory predicts another possibility for a significant increase in the CR intensity. It is
related to the fact that the recent accelerators allow to generate trains of bunches with
submillimeter separations. Tuning the distance between bunches, in [16] a powerful resonant (or,
so—called, parametric [17]) coherent terahertz CR has been observed on a single waveguide
mode. A different choice for the separation of bunches, allowing the generation of resonant CR
on a large number of neighboring waveguide modes, was proposed in [18]. A clear explanation of
this phenomenon is given in [18].

The radiation from a relativistic electron, crossing a ball (with an arbitrary dielectric
function &(w) and with magnetic permeability p =1) through its center, was studied in [19,20]
(see also the references therein). It was shown, that the spectral distribution of radiation generated
by the relativistic particle inside a ball at specified frequencies is strongly influenced by the ball-
vacuum boundary.

In the present paper, we investigate the radiation by a train of one—dimensional electron
bunches passing through the center of a ball made of a dielectric, a conductor, or a composite
material. The possibility for generation of quasi—coherent CR by a train of equidistant bunches of
relativistic electrons is shown. The radiation energy is evaluated for the case of a dielectric ball.

2. Problem setup and the radiation intensity
We consider a train of electron bunches flying through the center of a ball with dielectric
function &(w) and immersed in vacuum. The magnetic permeability for the material of the ball

will be assumed to be unity (non—-magnetic material). It is also assumed that there is an external
field (for example, electric), which supports the uniform motion of particles inside the ball.

—

n, v
@& @@ @@ @ —

b I—

d
Fig.1. A train of electron bunches flying through the center of a ball

In [9] a method is proposed for the evaluation of the Green function of the
electromagnetic field in a medium consisting of N >1 spherically-symmetric layers having a
common center and different dielectric permittivities. Based on this method, a formula is derived
for the energy of radiation from a charged particle moving along an arbitrary trajectory in such
medium. The special cases of a charged particle rotating around or inside a dielectric ball have
been investigated in [21,11] (see also the references given therein). Another example of a charged
particle uniformly moving along a straight line through the center of a ball with the radius », and

the dielectric permittivity &,, immersed in a homogeneous medium with permittivity &, is

discussed in [19] (see Fig. 2).
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Fig.2. A particle flying from a medium into a ball

Assuming that the trajectory of the particle is described by the equation z=vr, the
corresponding current density can be written as

;(’_;, )= qv { o(r —vt)o(0) for >0

Oo(r+vt)o(O0—r) for <0

where ¢ and v are the charge and velocity of the particle, and 6 is the polar angle of spherical

(1)

r?sin@

system of coordinates 7,6, @ . For the corresponding Fourier transform one has

- 1 > . qv L, —i—r
, W) =— e dt =—————[6(0)e " +5(0—-n)e ¥ 2
J(F.0) = [ j, 0™ dt =5 [5(©0)e " +5(0-m)e ] )

Expanding j(7,®) in spherical vectors X ) [22], we can evaluate the corresponding expansion

coefficients:
Ji(r) = [ @) X do. 3)
As a result we find

«lm 5}')1 2l + 1 IEV _igr -im -lm
el S e (e = =0 )
2nr 4r

Similarly, one can expand the vector potential A(7,®) of the electromagnetic field in spherical

N
vectors X In the Lorentz gauge the expansion coefficients AL’" are given by the expressions

Im
QL+ Der) | A" (r) u, + (1 +1u,,, , , P, +(+1)P,,
—t =| — - +y,[IB", =+ DB/ 1| = 5)
dr AV ()] WIAHED @ —u) | T I+ (P, — Py .

(for details see [9,11]). The magnetic type multipoles (u = 3) are not generated and A" (r) =0 .

Here
ulim (r)= J'Pﬁ (r, x)j]lm (x)xzdx
0

NoJ
1—X

i Ggr) [ 1 Qe ™ =(=D)' e Jdx+

n

B,”":q5mo 20+1
4 2 4
" . . (6)
+ AP () [ 7y Ggole ™ =(=1)'e ¥ 1dx)
0

with the notations
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1/¢, —1/¢ w 0]
7, e %2;\/5, ﬂ1=;\/8_1

TS

o= My (ﬂ’orb)hl(l)(ﬂ’lrb)/gl —AoJi (ﬂ’orb)hél)(ﬂ’lrb)/gb

; 0 ; M (7)
A Jo ot )y (M) = A Jy (Aory )Ry (A1)
and h"(y) = j,(y)+in,(y) (j,(¥) and n,(y) are the spherical Bessel and Neumann functions
respectively). In (6) the following notations are used
Ji(@) = f,@) [ )i (AT, )hl(l) (M) =24 J (A, )hl(l)l (A41)] ®)
and for the fields outside the ball (# > 7,) one has
Pl(r,rb):hl(l)(ﬂ“lr)jl(ﬂ“orb) )
From the relations
ix l .
WO (x) = (=) =, (0 = =sin(x—17/2), x>>1 (10)
X X

for the spherical Bessel and Hankel functions [23,24] it follows that at large distances from the

ball one has
iAr

m e
A, (r)z5m0aiﬂ+..., r— o (11)
Here
a]l — (_i)lq ZWH _(Z +1)WM al =0 (12)
a | e Jr@l+1) | NI+ D (W, +w,,) |, ’
and
w, =J, (Q)+idr [a;lm.},l (>)+a™H, |+7, i (zor,,)[lQﬂ —(+DQ,, ] (13)

In (13) the following notations are introduced

T =[5, —(=D'e ¥ ldx, J, ()= [j,(nle —(-1e * Jdx,
0

Ty

H, = [h'G0le =(-D'e " 1dv, O, =4, H, + 40 ()], (<) (14)
According to [9] the spectral-angular and spectral distributions of the radiation energy (during
the all time of the charge motion) are determined by the expressions

2
= — a X 15
dodQ [e Z o (2
and
dl, c 1|2
do \/;Zl:‘ 2‘
respectively.

We now tum to the study of the spectral distribution of energy emitted by a train of
electron bunches over the entire time of its movement:

[F(o)](w)dow = [I(w)do (17)
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Here, /,(w) is the spectral density of the energy emitted by a single electron and F(®) is the

structure factor of the train of electron bunches. In what follows we will assume that the
transverse size of the bunches is much smaller compared with the radius of the ball and with the
radiation wavelength.

The structure factor in (17) is presented in the form [25, 26]

F=n1- f(0)f, (@) In, +nf(0)n, f,(o) (18)
It is determined by the coherence factor of electrons inside the bunches:
f. =exp(-w’c*/v?) (19)

(we assume Gaussian distribution of electrons with standard deviation ¢ ), and by the coherence
factor for the radiation of bunches inside the train:

_sin’*(wdn, /2v)

" nlsin’(wd /2v)

Here, d is the distance between the bunches, n, is the number of electrons in the bunch, n, is

(20)

the number of bunches in the train. From (20) it follows that the train of bunches (with
characteristic size essentially smaller than the radiation wavelength: o << 2mc/w ) radiates

coherently f,(w)=1, f, (w)=1 on discrete frequencies

2
a)m=77wm, m=12... 21)

(the frequency of emitted electromagnetic waves is proportional to the repetition frequency), and
quasi—coherently f,(@w)~1, 0.5< f, (w) <1 near these frequencies with the bandwidth

w1 22)

Aw, =
" d-n, n,

3. Numerical results and their visual explanation. Ball made of melted
quartz

3.1. Radiation from a single electron

In this section we describe the features of the radiation for a ball made of melted quartz.
The corresponding dielectric permittivity is given by [27] ¢, =¢, +ig, =3.78(1+0.0001). In
Fig. 3 (see [19]) we display the spectral distribution of the radiated energy from an electron of the
energy 2 MeV, flying through the center of the ball with radius 7, = 4 cm (full curve).
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Fig.3. Spectral distribution of the radiated energy from an electron of energy 2 MeV flying
through the center of the ball of melted quartz (full curve). The dashed curve corresponds to the

motion of electron in a homogeneous medium with ¢, = &, provided the radiation is accumulated
over the length of the path 27, (ball diameter). The Cherenkov condition is satisfied (for the

graph in the upper left corner, see below)

Noteworthy is the fact that
1. sharp peaks are observed on certain “resonant” frequencies (for example, @, = 64.45

GHz) with the wavelength of the order 7, , whose height is almost an order of magnitude

higher than at neighboring frequencies. This circumstance indicates a strong effect of the
ball — vacuum interface on the CR generated by the particle in the ball material.
Numerical calculations show that
2. Taking into account the dielectric losses of the material of the ball has practically no
effect on the radiation intensity, with the exception of the vicinity of “resonant”
frequencies. In the vicinity of these selected frequencies, even small losses of radiation
energy in the material of the ball (as, for example, in melted quartz) noticeably reduce
the intensity of radiation. This fact is seen in the graph shown in the upper left corner of
Fig.3, where the dotted curve corresponds to the case of the absence of dielectric losses.
The foregoing can be explained by the fact that
3. the radiation amplification is caused by the constructive superposition of
electromagnetic waves, multiply reflected from the inner surface of the ball.

3.2. Radiation from a train of electron bunches

In Fig. 4 we have plotted the spectral distribution of the radiation energy generated by a
train of electron bunches flying through a dielectric ball made of melted quartz
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Fig.4. Spectral distribution of the radiation energy from a train of electron bunches of energy 2
MeV flying through the center of a ball of melted quartz, n, = 10°, n, =100, d = 2,8 cm. Other

parameters are the same as those for Fig.3

The power of quasi—coherent radiation generated by a train of bunches in the range
w, T Aw/?2 is given by

wy+Aw/2

P=> [F(o)l(@)do =AW n’-n ~1kw 23)
! wy—Aw/2 !
where
wy+Aw/2
AW = [L(odo~13-10%cV, ©,~6445GHz  (24)
wy—Aw/2

Aw~50MHz, n, = 10’ is the number of electrons in the bunch, n, =100 is the number of
bunches and / =n,d = 2,8m is the length of the train.

The emergence of powerful quasi—coherent radiation is related to the fact that:
a) for given choice of the values of system parameters, one of the resonant frequencies of the ball

2
is equal to the repetition frequency of the bunches, @, :77zv (compare with (21)). In this case,

the train of bunches will radiate coherently at this resonant frequency of the ball, with the highest
spectral density:

Hw,) = F(w,)](w,), where F(w,) = n;n; (25)
and
b) is quasi—coherent:

I(w) = F(w)l,(w), where F(w)>n’n} /2 (26)
in the entire frequency range w € [@, —Aw/2,w, + Aw/2], because

Aw<Aw, , ie. n, <av/dAw (27)

ny 2
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4. Conclusions

1.

We have investigated the possibility of generating quasi—coherent CR by a train of
equidistant one—dimensional electron bunches flying through the center of a ball
made of a dielectric, a conductor, or of a composite material.

In the case of a melted quartz ball, it was shown that with a special choice of the
distance between the bunches d = 2.8cm, the resonant quasi—coherent CR of 100

bunches is formed near the resonant frequency @, ~64.45GHz in a narrow

frequency band A@ = 50MHz

In a real situation (a) a train of three—dimensional bunches is generated instead of
one—dimensional ones, and (b) this train should move along a hollow channel cuted
through the ball (to reduce ionization losses). The influence of these factors will be
insignificant if the radius of the channel is much smaller than the wavelength of
radiation and larger than the transverse dimensions of the bunch.

It is proposed to use this phenomenon for the development of high—power and
narrow—band sources of electromagnetic waves in the giga—terahertz frequency
range.
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Abstract: The angular distribution of the radiation from a relativistic charged particle uniformly
rotating about a conductive ball in its equatorial plane is studied. The magnetic permittivity of
the ball is assumed to be one. The work is based on the corresponding exact analytic solutions of
Maxwell’s equations. The generalized Drude—Lorentz—Sommerfeld formula for the dielectric
function of the conductive ball is used in numerical calculations.

Earlier it was shown that localized and high—amplitude oscillations of the electromagnetic field
can be generated at a given harmonic inside the ball at a certain (resonant) particle rotation
frequency. Herewith, at large distances from the trajectory of the particle, these localized
oscillations are accompanied by intense radiation at the same harmonic, which is many times
more intense than the analogous radiation in the case when the ball is absent. The possibilities
of using this phenomenon to develop sources of quasi—-monochromatic electromagnetic radiation
in the range from giga— to terahertz frequencies are discussed.

1.Introduction

The presence of matter may essentially influence to the radiation of charged particle, which may
have important practical applications. For example, in the presence of flat interfaces between media
relativistic particle generates transition radiation [1,2]. Opportunities for radiation of a charged particle are
expanded at the transition from open (flat) to a half-closed (cylindrically symmetric) or closed
(spherically symmetric) boundary between two media.

It is important to mention that if the source of the field is moving near the boundary, in addition
to the volume waves also surface waves (SW) can be generated on the boundary. Moreover, the phase
velocity of the latter can be much smaller than that for the volume waves. This may have important
practical applications.

This work is devoted to this topic. The electromagnetic field of the charged particles rotating
around a metallic ball was studied in [3]. However, in [3] it was not investigated the possibility of SW
generation inside a conductive ball. In [4] the radiation of a charged particle uniformly rotating around a
conductive ball, in its equatorial plane has been investigated (see also [5]). The angular distribution of the
radiation from a charged particle rotating along an equatorial orbit around a dielectric ball is studied in [6].
In this work the angular distribution of the radiation from a relativistic charged particle uniformly rotating
about a conductive ball is studied.

*E — mail: levonshg@mail.ru
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2. The description of problem
Now consider the uniform rotation v = const of a relativistic electron in the equatorial plane of
a conductive ball in the magnetic field, in empty space (see Fig.1).

Fig.1. A relativistic electron rotating about a ball in its equatorial plane

The permittivity of medium is the following step function of radial coordinate 7:
e(r)=¢, +(1-¢,)0(r —r,) ey
where 7, is the radius of ball and &, =¢, +i€, is the complex valued permittivity of the ball material
and ®(x)—is the Heaviside step function. The magnetic permeability of the substance of the ball is taken
to be unity. The uniform rotation of electron (with speed v and orbital radius 7, ) entails radiation at some
discrete cyclic frequencies (harmonics) @, =kv/r, with the harmonic number k=123... It is
convenient to introduce the following dimensionless quantity:
W, /lho, =N, (2)
(the number of emitted quanta). Here W, is the energy radiated at cyclic frequency @, during
one period 7 =2nr,/v of electron gyration, and #Zw, is the energy of corresponding
electromagnetic wave quantum. Let us also introduce the angular distribution 7,(0) of the

number of emitted quanta determined by the equation
N, = j n, (0)d6 3)
0

where @ is the corresponding polar angle.
It is known [7,8] that if the space as a whole is filled with a transparent and
homogeneous substance (with constant dielectric permittivity ¢ ) then

NO 2 71 2 w0
N, (o0;v,6) = P 282, (2kB) + (B 1) ! J,, (x)dx] @)
n,(0;v,€) = Njg;k sin 0 x [ctg*(0)J (kB sin0) + B>J;* (kB sin 0)] %)

where N, =2me’/hc=0.0459, B = vile /c and J . (x) is the Bessel function of integer order. The

case ¢ =1 of these formulae corresponds to the synchrotron radiation in vacuum (see, e.g., [9,10]).
In [11-13] (see also [14,15]) the following expression was derived:
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2N,
k

for the number of quanta emitted by the electron during one revolution around a dielectric ball. In this case

N, (ball;v,x,¢,) =

03 (g () +] ay () [) ©

the angular distribution of the number of emitted quanta is determined by the equation

2
nk(9)=16ﬂTN°sin9-

2

D) Ta ()X 2, (0.0)+i - ayy (s) X0, (0,0)] (7)
s=0

where X ,(,f,‘ ) are spherical vectors of electric (u = 2 ) and magnetic ( £ =3) types, x = r,/r, <1 and

_ k (Z _k)! _
@i () = Kb () (O)\/ (ED IR EDIE f=kts

_ (@1 +1)1-k)1dB! ()| B
akH(S)—bl(H) Z(Z-I—l)(l-l—k)' dy |y:0, I=k+2s+1 (8)

are dimensionless amplitudes describing the contributions of electric (E) and magnetic (H) type multipoles

respectively, P*(y) are the associated Legendre polynomials and b,(E), b,(H) are the following

factors depending on k,v,x and &,:

By (E) = (1 + )b,y () = Iy () + 37U = )iy ity )+ oy ety YUy (1) + Iy )] ’gf?z’;_{'fﬁ,‘b)

e . {1, (xuy), J, (xu) _ _
b,(H)=iulj,(u) hl(u){jl(xub),h,(xu)}x]’ u=kvic, u,=kv,e,/c )

Here /,(y) = j,(»)+in,(y) and j,(»), n,(») are spherical Bessel and Neumann functions respectively.

In (9) we used the following notations:

ob O
{a(xa), b)), =a "= "b. () = £(0) /L Gau, ) G,
X Ox
- uj, (xu, )by (xu)e, —u, j, (xu,)h, (xu)
B uj, (xuy ) h,(xu) —u, j,(xu, )h, (xu)

In the absence of dielectric ball (&, = 1) the calculations by means of our formulae (6), (7) give

(10)

the same results as those obtained using the well-known synchrotron radiation theory formulae (4), (5)
where € =1.

The simple analytical function &,(w) often used to describe the dispersion law for the

substance of conductive ball has the form
2

a) ! - n
Sb(w)=30—w2+—';m=3b(a’)+l€b(a’) (11)

(the generalized Drude—Lorentz—Sommerfeld formula). This expression satisfactorily describes the
dielectric function of noble metals. For example, for gold [16]

" =9.84, ho)" =9.0leV, hy™ =0.072eV (12)
The effective parameter &, >1 describes the contribution of bound electrons, @, is the effective bulk

plasma frequency which is associated with effective concentration of free electrons, y is the

phenomenological damping constant of the electron motion.
We will consider electromagnetic oscillations in the frequency range for which

& (@)<0 (13)
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In this case, the generated electromagnetic oscillations inside the ball must be localized.

3. Numerical results in the gigahertz frequency range
We assumed that (a) the ball is made of a dielectric with a negligible mixture of gold, so that the
plasma frequency of the free charge carriers is

w,=3-10"Hz (14)
(co;1 “=1.4-10"Hz). In this case, (b) the dielectric should have a weak dispersion and should absorb
light slightly in the gigahertz (GHz) frequency range. For this purpose melted quartz can be used with the
dielectric permittivity of [17]

Esio, =3.78(1+0.00017) (15)
in the mentioned frequency range. The parameter &, in (11) we identified by &£, because of the small
concentration of gold in the substance of the ball. In numerical calculations, two estimated values of
parameter y /@, =1/125;1/500 have been used, where 1/125~ y /a);“ (the ball is entirely made of
gold).

Thus, the dielectric function &, (@) was calculated from formula (11) with the following values
of the parameters
gy~ Eg,  ©,=3-10"Hz, y/w,=1/125;1/500 (16)

The results of numerical calculations are shown in Figs. 2-5.

o, =a. GHz
15 12 125 13
|
r, =099 !
I
|
0.6 !
I
I
n |
1
N, :
J.3 I
0
-3 -25 -2 -15
& (@)

Fig.2. The number of quanta of the electromagnetic field N, emitted by the electron at the first harmonic
during its one revolution about the conductive ball. Along the axis of abscissa (a) the values of &, = @,
(the upper part of the figure) and (b) the values of the real part €, (®,) of the dielectric constant of the ball
(the lower part of the figure) are plotted. The radius of the electron orbitis 7, =1 cm, y /@, =1/125.

Near the curves, the values of radius of the ball are indicated

Comparing the course of the curves with 7, = 0.99, 0.8 and 0.6 cm in Fig. 2, we arrive at the

following conclusions:
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1) The electron generates very intense radiation (N, >> e*/ch) if it rotates about a
conductive ball at a certain (resonant) frequencies;

2) The resonant frequency @, with which an electron rotates about a conductive ball depends
on the ball radius 7;,;

3) As the radius of the conductive ball 7, (a) decreases, the maximum of the function N,
decreases rapidly and (b) the value of the real part of the dielectric function of the ball &,
corresponding to this maximum tends to —2.

In Fig.3 the dependence of angular distribution of the number of electromagnetic field quanta »,
generated by the electron during its one rotation around the ball, on the rotation cyclic frequency @, is

presented.

Fig.3. The angular distribution of the number of electromagnetic field quanta 7, generated by the electron

at the first harmonic (during its one rotation around the ball) as a function of rotation cyclic frequency @,

It can be seen from Fig.3 that the radiation intensity is just about evenly distributed in the region
n/4<0<m/2 andtends to zeroat 0 — 0.

Similar numerical calculations have been done for the second harmonic and for y /@, =1/500.

The results are presented in Figs. 4,5.
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Fig. 4. The same as in Fig.2 for the 2-nd harmonic, y /@, =1/500

Fig. 5. The same as in Fig.3 for the 2-nd harmonic, y /@, =1/500

Comparing Figs.4;5 with Figs.2;3, we arrive at the following conclusions:
4) For the second harmonic, the peaks are significantly narrower and at decreasing ball radius

7, , the maximum of the function N, decreases more rapidly (Fig.4).

5) The angular density of radiation intensity for the 2—nd harmonic is maximal for 6 =7/2
and rapidly tends to zero at € — 0.

4. Conclusions

The angular distribution of the intensive radiation of a charged particle uniformly rotating
around a conductive ball, in its equatorial plane has been investigated, taking into account the dispersion
of electromagnetic waves inside a conductive ball. It is shown that
1. Charged particle can generate powerful radiation if revolves around a conductive ball at a specific
resonant frequency. In [4] it was shown that generation of powerful radiation is due to the fact that at a
certain (resonant) particle rotation frequency, localized oscillations of a high—amplitude electromagnetic
field (Surface Plasma Waves (SPW)) can be generated inside the ball. Herewith, at large distances from
the trajectory of the particle, these localized oscillations are accompanied by intense radiation, which is
many times more intense than the analogous radiation in the case when the ball is absent.
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2. The angular density of this “resonant” radiation intensity is maximal for = 7 /2 and tends to zero at

0—-0.

3. The linear dimensions of the resonators for SPW may be many times smaller than the linear dimensions

of the cavities for the bulk electromagnetic waves. This fact may be used to develop powerful sources of

electromagnetic radiation of small sizes.
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Acoustoplasma State of Matter
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Abstract: In our experiments, it was shown that the modulation of the discharge by the current, which
contains a direct and variable component, leads to the transition of the plasma to a new state, which was
called acoustoplasmic. In this new state, many parameters of acoustoplasma differ from the parameters of
the plasma when it is supplied with direct current.

In the cold plasma of the positive glow discharge column, the electron concentration is determined by the
parameters of the external circuit and the modulation of the discharge current.

The modulation of the electron concentration leads not only to the modulation of the level populations, but
also to the disturbance of the relative equilibrium of the populations. Those, possible inversion of the
populations of individual states, which will lead to the appearance of anomalously strong lines in the
emission spectra.

In a non—equilibriumplasma, due to the multi-level energy structure of atoms and molecules, there are
dozens of mutually transforming neutral components with different levels of excitation. This property
generates various phase transitions (including cascade ones) and selection of some separate states of
atoms (including optical transitions).

From this chaos of states, acoustoplasmic structures are formed.

The report presents the experimentally obtained results of studies of acoustoplasma states. All the
diversity of the research is presented in the form of a nomogram.

1. Introduction

The concept proposed more than forty years ago by Academician of the National
Academy of Sciences of Armenia Alpik Mkrtchyan is as follows: acoustic fields lead to a
deformation of the characteristics of the medium and a small amount of acoustic energy due to
the collective action of many particles can lead to a significant change in the parameters of the
medium and the parameters of radiation with an energy that is much more than the energy of an
individual phonon.

In a plasma, an acoustic disturbance forms acoustic parameter superlattices.Plasma with
acoustic vibrations excited in it allows this approach to be treated as a new medium —
ACOUSTOPLASMA.

The parameters of the acoustoplasma (hereinafter AP) can significantly differ from the
parameters of the plasma without acoustic disturbance (hereinafter OP — ordinary plasma). In
particular, the behavior of some of the parameters of the AP becomes similar to the behavior of
the parameters of a condensed medium.

Most of the experiments cited correspond to the AP obtained by modulating the
discharge current in a long cylindrical tube.Those, the length of the tube is much larger than the
diameter.Modulation of the discharge current leads to the generation of an acoustic signal in the

*E — mail: arbell | @mail.ru
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tube, which interacts with the plasma created by the same discharge current.In addition, it should
be taken into account that the discharge tube itself is an acoustic resonator and acoustic modes
are possible in it, leading to the appearance of superlattices of parameters [1-4].

Figure 1 shows a diagram of the state of the medium and the main phase transitions
(PT).PT can also be in the solid state, for example, topological [5, 6]. First, we consider only the
basic thermodynamic transitions.

lonization
Gas ——— Plasma
=2
5 :
= a5
]
& 28
w | Acoustoplasma § g
Liguid|, Solid
slate Meilting slate

Condensed environment
Fig. 1. General diagram of the state of the medium and the main phase transitions (PT)

The first PT is melting. During melting, there can also be various cascade PT, but only the
main thermodynamic can be represented. The second PT is evaporation, the transition from liquid
to gas. The third PT is ionization, the transition from gas to plasma.

AP-PT
BKT-PT
T-PT

g =

2 E E

= # R2] T = =

PSM | & gflgd 5 | Liquid | 5 | Gaz [ & | Plasma
ate | s = =
= =
= Einlemai

Fig. 2. The hierarchy of PT. The regions of existence of PT are shaded as slanting lines. PSM —
the phase state of the matter, UST — ultra small temperatures, T-PT — thermodynamic phase
transitions, BKT—PT — topological phase transitions, AP—PT — acoustoplasma phase transitions

The interaction of acoustic waves with OP creates the state of AP. Standing acoustic
waves form parameter gratings, long—range order appears and the acoustoplasma medium
becomes similar to a condensed medium. We get the fourth PT — the acoustoplasmic one, the
transition from plasma without acoustic disturbance to the acoustoplasma state (OP—AP). Then
there are various PT in acoustoplasma. Those, it is possible PT of the OP—AP, and between
various acoustoplasmic states.
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Fig. 2 shows a diagram of PT, which shows in which areas there are thermodynamic PT
and non—thermodynamic PT.

The abscissa represents the values of the internal energy of the substance in relative
units. On the ordinate axis: PSM — the phase state of the substance in the standard representation,
UST — ultra small temperatures, T-PT — thermodynamic phase transitions, BKT-PT -
topological phase transitions (Nobel Prize in 2016), Berezinskiy—Kosterlitz—Thouless phase
transitions [5, 6], AP—PT — acoustoplasma phase transitions [7].

In Fig. 2, it is noted that PT are also possible in solids and liquids, and the regions of
existence of topological and acoustoplasma PT are also noted.

Both AP and OP are self-consistent environments. Adding new control parameters
(frequency and depth of modulation of the discharge current, as well as the shape of its variable
component) allows you to control almost all the parameters of the AP [3, 4].The depth of
modulation is the ratio of the amplitude of the variable component to the value of the constant
component.

This allows you to implement new types of devices based on acoustoplasma
interaction and to upgrade existing devices.

It is possible that in the future, AP will indeed be called the 5th state of matter. The fact
is that the behavior of some of the parameters of the AP is similar to the behavior of a condensed
medium. A further increase in energy in the AP also leads to quasi—melting of AP structures
(destruction of long—range order) and a return to gas. Even more energy will lead to complete
ionization. Those, as if the second coil of a spiral for Fig. 1. Thus, AP can exist only in the region
of low—temperature plasma.

2. Generally

Consider how AP differs from OP:
1. In the AP, parameter jumps and PT are possible, so the question arises about the
appropriateness of using the continuity formulas and the small increment method that are used for
OP;
2. Even the OP, as a self-consistent medium, is non—linear, but some equations can be linearized.
AP is a fundamentally non—linear medium and linearization will always lead to errors;
3. A direct current discharge creates a stationary plasma, which manages to reach its equilibrium
state.
A high—frequency discharge creates a dynamic plasma in which the characteristic times << of the
time of ionization—recombination processes. Quasi—stationary low—frequency discharge creates
an AP. A relatively slow restructuring of the regimes leads to the fact that the equilibrium point is
restored, but in different coordinate parameters. This is the meaning of PT from the state of OP to
state of AP. This is a necessary but not sufficient condition for the existence of the AP.
4. The Maxwell distribution is valid only for a homogeneous and isotropic medium. In OP the
Maxwell distribution can be applied with reservations. In AP, due to the strongest anisotropy of
the acoustic field in the plasma, the Maxwell distribution is unfair.
5. The OP usually considers pair collisions. In a highly nonequilibrium plasma, which is an AP,
collective effects far exceed the effect of pair collisions. Multiple collisions are treated as waves
in the plasma.
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6. In both OP and AP, ionization nonlinearly depends on concentration, but laws can be different
due to different relaxation times and inertia of processes.
7. At times > the period of plasma oscillations, the Debye screening has time to establish. But
with low—frequency modulation, the Debye screening receives low—frequency modulation along
the screening radius.
8. At low modulation frequencies, ~ 0.1 kHz, almost all processes are quasi—stationary. At
frequencies > 0.5-1 kHz, standing acoustic waves can occur along the length of the discharge
tube and the mechanical displacement is different and does not simultaneously change in phase at
all points of the discharge tube. Thus, in the AP, a situation arises when there is quasistationarity
in electrical parameters and not in terms of the acoustic parameters of the tube.
9. In AP, the mobility of ions depends more on mechanical vibrations than on modulation of the
electric field strength.
10. Instead of the forces of van der Waals in the OP and AP, the main role is played by the forces
of Coulomb. This can lead to the consideration of Coulomb acoustics and Coulomb
thermodynamics.
11. The non-isotropy velocity in the OP leads to instability. AP discharge stabilizes some
instabilities since reduces fluctuations of non—isotropy.
12. In the positive column of an acoustoplasma glow discharge, current modulation leads to
modulation of the electron concentration. Collisions of electrons with atoms in this case lead not
only to modulation of the level populations, but also to a violation of the relative equilibrium of
the populations. Those, inversion of the populations of individual states is possible, which will
lead to the appearance of abnormally strong lines in the emission spectra.
13. In a nonequilibrium low—temperature AP, due to the multilevel energy structure of atoms and
molecules, there are dozens of mutually transforming neutral components with different levels of
excitation. This property gives rise to various phase transitions (including cascade) and the
selection of some individual states of atoms (including optical transitions).
14. In a conventional mechanical system, forced oscillations of large amplitude with a frequency
different from the natural frequency of the system can lead to the suppression of own vibrations
or to the complex form of their interaction. In the case of AP, an external force can provoke
oscillations at other frequencies than the exciting one, and further parametric self-amplification
can support these oscillations.
15. In our experiments, acoustic fields in the discharge tube were formed upon modulation of the
discharge current, which leads to modulation of heat generation and momentum simultaneously
along the entire axis of the discharge. An acoustic wave is excited that is orthogonal to the axis of
the discharge. In the general case, this is a spiral wave, but if the modulation frequency is lower
than the frequency of existence of spiral waves, then only a longitudinal acoustic wave is excited
[8].Thus, in a tube with an AP discharge, acoustic fields orthogonal to the axis of the discharge
are much stronger than the acoustic fields along the discharge. This leads to the strongest
anisotropy of acoustic fields in the AP during modulation of the discharge current.

Of all this chaos of states, self—consistency of processes in AP leads to the formation of
acoustoplasma structures.

Below are the experimental results that were obtained under the direction of A.R.
Mkrtchyan at the Laboratory of Applied Problems of Cold Plasma at the Institute of Applied
Problems of Physics over the past 22 years.
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The whole variety of studies (40 phenomena, 80 experiments) is presented in the form of

a diagram in Fig. 3.

Acoustoplasma. Control static and dynamic parameters

Column l| Column 2 Column 3 ‘ Column 4 ‘ Column 5 | Column (_xl Column 7| Column Sl

HrowT] Hrowl] Hrowl] Hrowl] Hrowl] Hrowl] Hrowl] Hrowl]

L row4 | YHrow3] Y Tow 6 ] Yrows ] Yrowe] Yrows] Y Tow 7 ] Hrow7 ]

Fig. 3. Diagram of studies of the control of parameters and processes of

acoustoplasma states in a laboratory

For almost every element of this diagram, there is at least one publication.
In this diagram, one more column could be added for magnetized acoustoplasma. But

work in this area has begun recently.

Column 1. Change of geometric parameters (sizes and trajectories).

row
1-

changing the trajectory of discharges;
changing of contraction,;

acoustic turbulence;

soliton stopping;

Column 2. Change of optical parameters.

1- integrated brightness;

2- change of spectrum lines and bands;

3- generation of strong spectrum lines;

Column 3. Change of electrical parameters.

1- direct component of voltage and current;

alternate component of voltage and current;

phase shift between voltage and current;

resistance and conductivity;

distribution of charges in space and time;

change in time RCL—parameters of an equivalent circuit modeling the discharge;

Column 4. Change of acoustic parameters in the acoustoplasma medium.

1- amplification and attenuation of sound;

2- generation of sound;

3- change the speed of sound;

Column 5. Change the thermodynamic parameters.

1- temperature;

thermodynamic phase transition;
non—thermodynamic phase transition;
speed control of the plasma components;
control of acoustic streaming;
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1.

6— memory relaxation;

Column 6.Change in energy parameters.

efficiency;

energyinvestigation;

energy capacity;

luminous efficiency of light sources;

stabilization and variation of lasers and light sources;

Column 7. Implementation of new types of devices and processes based on acoustoplasma.

development and manufacture of measuring equipment and modernization of the existing
one;

new power sources for acoustoplasma devices;

acoustoplasma light sources;

acoustoplasma lasers;

acoustoplasma magnetrons;

acoustoplasma accelerators;

acoustoplasma controlling in plasma chemistry;

Column 8. Methods of processing the results that were used in the measurements.

1-

6-

creation of an online laboratory;
creation of a multi—channel measuring complex;
waveform processing techniques;
use of catastrophe theory to determine the presence of phase transitions and catastrophic
parameter jumps;5— the use of catastrophe theory in solving incorrectly posed inverse
problems;
the use of rectangular matrices containing several columns (according to the number of
measured parameters) and 120 rows for working with the obtained oscillograms;
new software products;

According to the results of the studies, more than 50 works were published, and 7 PhD

theses were defended by young laboratory staff and graduate students from 2005 to 2014. A

detailed description of all the results obtained far exceeds the possibility of publication in this

collection. A detailed description of all the results obtained far exceeds the possibility of

publication in this proceedings.

Some of the results obtained on the basis of the fundamental research are given below:

1.

A video clip has been created that clearly demonstrates the ability to control plasma
using acoustic fields.

Designed and manufactured specialized power supplies for gas—discharge devices for
operation in the AP mode.

. Acoustoplasma fluorescent lamps with high light efficiency have been developed. In

2009, Philips, with its Tomado lamp, achieved a luminous efficiency of 90 Lm /W. In
our laboratory, in a small series (several hundred lamps) in 1999, a luminous efficiency
of 100 Lm/W was obtained. (Luminous efficiency is considered by the total energy
consumption of the actual lamp bulb and electronic power circuit). At the same time, the
advantage of the bispiral design of fluorescent lamps during their operation in the AP
mode was substantiated. Today, almost all fluorescent lamps operate in AP mode, but no
one takes this into account.
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10.

I1.

12.

13.

14.

15.

The possibility of increasing the power of a serial CO laser during transition to the
acoustoplasma mode instead of supplying with direct current (by 25-30%) is shown.
When developing special AP lasers, the energy input into the discharge can be increased
several fold and the efficiency of converting the electric pump power to optical power is
almost 2 times higher.
The effect of one laser module on another in multimodular structures is investigated. It is
shown that it is possible to control the magnitude of the mutual influence of the
modules.
It is shown that in the AP mode of discharge power, it is necessary to measure the
current at the input to the anode of the discharge tube and at the exit from the cathode of
the discharge tube at the same time. If the current is measured at only one point, then the
average values will be correct, and the dynamics of the current will be erroneous. The
dynamics of charge changes in the tube will not be taken into account.
Designed, manufactured and patented acoustoplasma magnetrons for sputtering.
It was experimentally shown that after switching off the external acoustic exposure (only
the direct component of the current from the source remains), the AP remains, i.e. keeps
memory of his condition. It retains a small modulation of the current, although there is
no external modulation of the current. After a certain time (relaxation time, which can
reach several minutes), the AP returns to the OP state, i.e. current modulation disappears
completely.
It has been experimentally shown that in the energy intensity of AP significantly
(hundreds of times) exceeds the energy intensity of OP. When the acoustoplasma state is
destroyed, this energy can be released in the form of an explosion.
The possibility of the existence of phase transitions in the states of various parameters in
the AP is shown experimentally. In particular, in some parameters of the AP, the
medium after the phase transition becomes similar to a condensed medium.
The possibility of accelerating charged particles in an AP discharge is experimentally
shown. A mechanism is proposed for the formation of negative conductivity due to
acceleration.
It has been experimentally shown that during the modulation period in the AP not only
the magnitude of the negative charge in the tube changes, but also the electric capacity
of the discharge. Those, during the period of modulation in the AP discharge, the
electroneutrality of the positive column is almost always violated.
The possibility of acoustically controlling the movement of the current — voltage
characteristics of the AP discharge along the axes of current and voltage and changing
its shape is experimentally shown.
The possibility of a significant (tens and hundreds of times) increase in the intensity of
individual spectral lines in the AP regime was shown experimentally in molecular gases.
Moreover, these lines are highly monochromatic. Monochromatic sources are now being
developed on these strong lines.
The dependence of the generated acoustic pressure in the AP on the magnitude of the
discharge current, modulation frequency, pressure and type of gas or gas mixture is
investigated. A convenient empirical formula is obtained for determining the magnitude
of the generated acoustic pressure from the "specific generated acoustic pressure". For
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different gases and gas mixtures, the specific generated acoustic pressures (3—23 Pa/A
torr) were obtained at the frequency of the first acoustic resonance of the discharge tube.
With increasing frequency of modulation of the discharge current, the value of the
generated acoustic pressure increases.

16. In AP, both amplification and attenuation of sound are possible. Acoustic amplifiers and
acoustic screens that attenuate sound can be created on this principle.

17. 1t is experimentally shown that the AP discharge can be modeled by a parallel
oscillatory circuit. One branch is represented by resistance, or resistance, and part of the
inductance the other branch is series—connected by capacitance, inductance and
resistance. The resonant frequency of the AP discharge does not coincide either with the
lower acoustic resonances of the discharge tube or with the electric resonance of the
equivalent circuit.

18. A technique has been developed to study the possibility of phase transitions and jumps
in the parameters of an AP discharge using the mathematical theory of catastrophes and
solving incorrectly posed inverse problems.

This work was carried out using partly the grant Armenia—Belarus (AB-10, 2011), in a
small share by grant ISTC A-196-2.
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Minimagnetrons and Their Supply

A.S. Abrahamyan®, A.H. Mkrtchyan, R.Yu. Chilingaryan, A.S. Hakobyan

Institute of Applied Problems of Physics NAS of the Republic of Armenia,
25 Hrachya Nersissian Str., Yerevan, Republic of Armenia, 0014

Abstract: Today, magnetron sputtering installations use electrical power in kW or even hundreds of kW.
Uniform deposition, as a rule, is achieved by significant removal of the substrate from the sprayed
cathode. But as the distance between the sputtered cathode and the substrate increases, the degree of
clusterization of the particles increases, i.e. on the surface of the substrate sit clusters, rather than
individual atoms of the sprayed material. This is not always desirable.

In addition, difficulties arise in the deposition of multicomponent films. One of the ways to solve this
problem is to use partitioned cathodes, when inserts are made from other sprayed materials into the main
cathode material. However, the heterogeneity of the cathode leads to instabilities in the burning of the
discharge and the associated defect in the deposited layers.

It is more reasonable to use a mosaic of mini-magnetrons, each of which has its own independent power
supply, instead of a large—sized magnetron cathode.

The report presents the design of minimagnetrons and experimental research in this area.

1. Introduction

Magnetron ion sputtering systems are modern high—performance atomization systems.
One of'the first patents for a magnetron atomizer was obtained in the USA in 1988 [1].

This is a new technique on which modern new technologies are based in
microelectronics, nanoindustry, plasma chemistry and other areas of science and technology in
which thin—film coatings are used.

Today, magnetron sputtering plants use electric power units and even hundreds of kW.
The diameter of the sprayed cathodes is from 5 to 40 cm. Naturally, water cooling of both the
sprayed cathode and the substrate for sputtering is required. The sputtering rate can reach 15nm /
s or more.

2. Experiments and results

A single magnetron is a structure that is shown in Fig. 1. The principle of operation of
the magnetron is devoted to a large number of works [2—7].

A is the magnetron magnet system. Depending on the magnetic field strength, the
magnetron is called unbalanced when the magnetic field lines intersect the anode plane and
balanced when the magnetic field lines mainly close in the cathode region. B is sprayed cathode,
usually cooled. C is the luminous region of the plasma torus. In the region of the plasma torus, a
negative charge prevails [7]. D is the region of the positive column, electrical quasi—neutral. E is
the magnetron anode.

“E — mail: arbell ] @mail.ru

64



Fig. 1. The scheme of the magnetron for sputtering. 4 is the magnetic system, B is the atomized
cathode, C is the plasma in the form of a ring (torus), D is the positive column with magnetic
field lines, E is the anode

An important feature of the magnetron discharge is the spraying of the cathode material
as a result of bombardment by high—energy ions.

During operation of the magnetron, the surface of the anode is contaminated, which
requires a periodic shutdown of the spraying process for the cleaning of the anode. A dual
magnetron scheme was proposed, in which a separate anode is missed, Fig.2 [8]. Its role is
alternately played by the surfaces of two cathodes, combined into a dual structure. Each of the
cathodes is contaminated during the time when it works as an anode and is cleaned during the
time when it works as a cathode.

ATAVAYA

cathode cathode
S N N S N
S N sls N S

Fig. 2. The dual magnetron system

All of the above magnetrons give a nonuniform deposition. The cathode sputtering
diagram taken from [2] is shown in Fig. 3. The uniformity of sputtering is most often achieved by
removing the substrates from the sprayed cathode to such a distance that the entire sputtered area
is within the range of visible angles of + 30 — 40 angular degrees. This reduces the sputtering rate
and increases the loss of spray material.

65



30

-60

-90

Fig. 3. Sputtering diagram (in polar coordinates). The solid line corresponds to the particle energy
of 300 eV, and the dashed one to the energy of 100 eV

Difficulties arise when sputtering multicomponent films. For this, complex cathodes
with inserts from different sprayed materials are often used [9]. But each material has its own
sputtering speed and this makes it difficult to choose a spraying mode.

Instead of a large magnetron cathode, we propose using a mosaic of minimagnetrons,
each of which has its own independent power supply. In this case, for multi-component
sputtering on a substrate, different cathode materials can be used for different minimagnetrons,
and the possibility of using different sputtering modes makes it possible to obtain films with
controlled stoichiometry. In addition, minimagnetrons are easy to combine into dual — paired and
even quadrosystems.

Figure 4 shows the developed single minimagnetron with a cathode diameter <45 mm
and a plasma torus diameter of 18 mm. The ring—shaped anode had a diameter of 50 mm.

A patent was obtained for the operation of magnetrons in the acoustoplasma mode [10—
12].

Fig. 4. Single minimagnetron

Due to the small size of the anode ring, the focusing of ions by the anode ring is strongly
manifested. The sputtering diagram of such a magnetron is shown in Fig. 5 [12].
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Fig. 5. Sputtering diagram (in polar coordinates). Solid line for acoustoplasma operation; dashed
line for direct current. The distance between the cathode and the substrate is 4 cm

As follows from Fig. 5, the sputtering diagram of an individual magnetron has greatly
impaired. But the sputtering speed has increased significantly. For a power density applied to the
discharge of 90 W/cm? (calculated from the area of the plasma torus), the deposition rate of
copper at a distance between the cathode and substrate of 4 cm reached 10-13 nm/s. In
conventional magnetrons for copper, the deposition rate is 1-2 nm/s [6].

b)
Fig. 6. Rectangular planar minimagnetron. a) a picture of the magnetic system;
b) a luminous plasma ring in a working magnetron

Figure 6a shows the magnetic system of a rectangular minimagnetron. The external size
of a rectangular minimagnetron is 30x60 mm. Three cylindrical permanent magnets with a
diameter of 10 mm and a height of 10 mm are visible inside, the distance between the magnetic
columns is 5-6 mm. The outer part of the body is made of steel. Fig. 6b shows a working
magnetron, the dimensions of the plasma cord are 20x50mm, and the cord width is Smm. From
Fig.6 it can be seen that although the center is not a solid long magnet, but discrete—standing
columns, the shape of the plasma cord is the same. This improves the cooling of the magnetic
system.

Figure 7 shows an aluminum foil substrate with a deposited layer of copper (Fig. 7a) and
(Fig. 7b) a sputtering diagram in rectangular coordinates for a minimagnetron shown in Fig. 4.
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a) b)
Fig. 7. Suttered substrate (a) and sputtering diagram (b) in rectangular coordinates

As can be seen from Fig. 7, the deposition is nonuniform. But from such

minimagnetrons, rectangular or round, you can assemble a block of the required sizes.
Fig. 8 shows how, for a block of 10 minimagnetrons arranged in a line, the uniformity of

sputtering improves if each individual magnetron has a sputtering pattern shown in Fig. 7b.

Fig. 8. Uniformity of sputtering for a block of 10 minimagnetrons. The deposition nonuniformity
in the middle part can be 1-2%.

In addition, during collective work of minimagnetrons, the deposition rate increases. If
for a single minimagnetron the deposition rate was 10 nm/s, then for a team of magnetrons the

deposition rate was more than 20 nm/s.
Fig. 9 shows a block of 14 round minimagnetrons, the diameter of each minimagnetron

is 12 mm. The diameter of the plasma torus of each of the minimagnetrons is 10 mm. The
dimensions of the entire block are 60x80mm. The possibilities of interaction of minimagnetrons
with each other, the parameters of magnetic systems, and deposition processes were investigated.
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Figure 10a shows the regime when all cathodes have a common power supply and a
common anode ring. It can be seen that different minimagnetrons produce plasma rings of
different intensities, the operating mode is unstable, intense plasma rings can change their
location on the block surface. In Fig. 10b, only 2 neighboring magnetrons work, no power is
supplied to the remaining cathodes, even the distance between them is small and the common
anode is under potential. A similar regime can be realized in dual magnetrons. In this case, the
common anode can be excluded, or left to work in the primary ignition mode.

a) b)
Fig. 10. Work of assembly of round minimagnetrons. a) all cathodes and anodes have a common
power supply, b) power is supplied to two neighboring magnetrons

3. Conclusion

1. When sputtering, instead of one large magnetron, it is proposed to use a system of
minimagnetrons located close to each other.

2. Choosing the configuration of the block of minimagnetrons, we can obtain uniform
deposition over large areas.

3. The minimagnetron assembly can be located relatively close to the sputtered
surface, which is important if undesirable clustering occurs at short distances and if
it is necessary to reduce the loss of spray material.

4. Thermal loads on each cathode are reduced, which simplifies the cooling system.

5. The possibility of synthesis and sputtering of multicomponent compositions is
simplified. different cathodes can be made from different materials.
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New Magnetron Equipment

A.S. Abrahamyan’, A.H. MKkrtchyan, R.Yu. Chilingaryan,
H.T. Hovhannisyan, S.A. Mkhitaryan, S.M. Petrosyan

Institute of Applied Problems of Physics NAS of the Republic of Armenia,
25 Hrachya Nersissian Str., Yerevan, Republic of Armenia, 0014

Abstract: The report present the developed magnetron equipment for the study of sputtering processes and
plasma—chemical synthesis of nanoparticles and new materials.

In the developed equipment, it is possible to simultaneously study up to four different sputtering and
synthesis systems, as well as a comparison of different magnetrons (including new ones) under the same
conditions in one vacuum volume. The operation of magnetrons is provided with a direct current supply,
with high—frequency voltage supply, with a pulse supply and in acoustoplasma mode. The equipment has
the possibility to separate the working volume of each of the magnetrons under study from the rest of the
vacuum volume.

The possibility of parameters separate control of each of the magnetrons are provided. The diameter of the
vacuum chamber is 0.6 m and the volume is ~ 0.15 m’.

1t is envisaged to study systems with solid, liquid and gaseous plasma cathodes.

At the second stage of work, it is supposed to embed the systems for monitoring the thickness of the
sprayed layers, ion separator systems, mass spectrometers and other auxiliary devices into the vacuum
chamber.

1. Introduction

Today, on many sites, sputtering installations can be found for most of the arising tasks. But
most of the proposed installations, as a rule, are designed for a certain range of tasks. The
installation under development is intended for research purposes and testing new methods and
devices, many of which have not yet been studied, or cannot be carried out using serial
equipment.

Today, the installation is in the process of completion, so this publication can be considered
as an advance project.

2. Experimental setup
Figure 1 shows the appearance of the installation.
Installation dimensions 900x620x21000mm?®, together with a fully extended lead screw
installation height 2500mm. The vacuum bell rises and falls with the spindle (Fig. 2). The inner
diameter of the vacuum bell is 500mm, the height is 600mm, the vacuum volume is ~ 0.15m°.

“E — mail: arbell ] @mail.ru
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Fig. 2. Tﬁe node lifting the vacuum bell

In this installation, in one vacuum volume, 4 independent zones have been created in
which up to four different sputtering and synthesis systems can be studied. For example,
magnetron, arc and thermal. If necessary, you can transfer the same substrate from one zone to
another, performing all the necessary operations in one vacuum cycle.

Each zone has its own systems of gas inlet, pressure control, pumping and control. If
necessary, during one vacuum cycle operations, in each zone can be isolated from the others, and
at any time this isolation can be removed and the substrate can move from one zone to another.

It is possible to work with single magnetrons, dual ones, quadromagnetrons and blocks
of minimagnetrons [1]. The possibility of independent control of each of the magnetrons is
provided.
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The possibility of working with solid, liquid (including molten) and gaseous vapor—
plasma cathodes is provided.

Figure 3 shows the working surface of the lower part of the vacuum chamber. The
copper ring on which the rubber seal of the vacuum cap sits is clearly visible. All 4 working areas
are visible, they are highlighted by black circles.

Each of the zones contains 4-5 high—voltage inlets for vacuum, rated for voltages up to
20kV and 12 low—voltage inlets. There are also 3 fiber—optic bushings with a diameter of 1mm
quartz fiber core. This allows you to enter and output light fluxes of low intensity for
spectroscopic control of spraying and powerful light fluxes for processing and forming the
necessary structures.

The total number of high—voltage vacuum inlets is 18.

V

Fig. 3. The working surface of the lower part of the vacuum chamber

In order to make working zones more visible, the central stock with mechanisms for
moving the substrates is removed. Creating a good vacuum in the entire vacuum bell volume is
difficult and time consuming. Creating a good vacuum in a small area using additional small caps
greatly simplifies the task. One of the zones is wearing a small insulating cap. The experiments
showed that such a cap made of thin plastic quite well decouples the volume of the small zone
and the large vacuum volume.

On the left, the magnetic system of a magnetron with a diameter of 120 mm is visible.

The vacuum system consists of a foreline pump and diffusion pumps made on specially
designed magnetrons.

Water cooling of units with low—voltage potential and intra—vacuum oil cooling of high—
voltage units are provided. During oil cooling, one of the heat exchangers removes heat from the
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object, the other heat exchanger transfers heat to the water cooling system. Small-sized
centrifugal pump for oil cooling system was tested for work in vacuum.

The possibility of using heat pipes for cooling is being considered.

Tests were carried out to work inside the vacuum volume of small-sized video and
WEB cameras and the necessary devices for this.

The operation of magnetrons is provided for when powered by direct current, with high—
frequency and microwave power, with pulse power and acoustoplasma operation.

The vacuum work of micromotors, stepper motors and intra—vacuum hydraulics in
vacuum oil for the necessary movements of the substrates and the tool is studied.

All signal circuits are made with shielded cable RK—75, if necessary additional shielding
1s made.

At the second stage of the work, it is planned to integrate into the vacuum chamber
control systems for the thickness of the sputtered layers, ion separator systems, mass
spectrometers, and other auxiliary devices.

3. Conclusion
A unique research facility for the study of various processes of deposition and synthesis
is described.
Today, the installation is in the process of installation and commissioning, so this
publication can be considered as an advance project. Some of the nodes are not described,
because they are at the patenting stage.
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Bilateral Measurements in Electrical Circuits with Gas—Discharge
Devices

A.S. Abrahamyan®, R.Yu. Chilingaryan, Q.G. Sahakyan

Institute of Applied Problems of Physics NAS RA
25 Hr. Nersissian Str., Yerevan, Republic of Armenia, 0014

Abstract: If the electrical circuit is unbranched, then usually the current that flows through the circuit is
measured only at one point of such a series circuit. If there are LC elements in the circuit, the currents in
these elements are considered phase—shifted. When working with gas—discharge devices, and especially if
they have a variable component of the discharge current, the situation changes completely. When the
current in a low—temperature plasma changes, the degree of ionization and the speed of motion of
charged particles change simultaneously.

In addition, in the acoustoplasma mode, the motion of neutral particles follows to the laws of acoustics,
while the movement of ions follows simultaneously both the laws of acoustics and of electrostatics.

The movement of electrons is directly follows the laws of electrostatics, but due to the quasi—neutral
nature of the plasma, the movement of electrons is also associated with the movement of ions, i.e.
indirectly obeys the acoustic movement of ions. Since the mass of the ion is much larger than that of the
electron, the effect of the electron on the movement of the ion can be very often (but not always) neglected.
Therefore, in gas—discharge devices, when powered by a current that contains a variable component, it is
necessary to simultaneously measure current both from the anode side and from the cathode side.

Dynamic processes will be very different from the average for the period of change in the discharge
current. The experimental results of such measurements and a comparison with current measurements at
one point in a series circuit with a gas—discharge device are present, for example, not only a change in the
dynamic resistance of the discharge, but also a dynamic change in the electrical capacitance of the
discharge.

1. Introduction

Let’s consider electrical circuits for gas discharge. In electrical engineering, there are
two main ways to connect the load to the power source: the circuit of the "voltage generator" and
the circuit of the "current generator" [1].

We consider both the main circuit to power the discharge tube.

The circuit of the "voltage generator" is shown in Fig. 1a. The constant resistance R and
the voltage—controlled variable resistance R, form a voltage divider. The voltage from the
midpoint of this divider through the ballast resistance Ry is supplied to the discharge tube with an
active resistance R4. Moreover, R1, R2 << Rp.

If the resistance R is controlled by a constant voltage, then the resistance Ry is selected
so that its value is slightly larger than the differential resistance Rqdirof the discharge. In this case,
it is necessary to observe the condition of the circuit of the "voltage generator" Ri, R << (R4 +
Ry).

*E — mail: arbell | @mail.ru
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Fig. 1. Schemes for connecting the discharge tube to a power source. Rqis the active resistance of

the discharge. a) voltage generator circuit; b) current generator circuit

Recall that, Radir = AUt / Altub, where U is the voltage between the anode and cathode
of the discharge tube, lw is the current flowing through the discharge tube. For a gas—discharge
low—temperature plasma, when the discharge is supplied with direct current, the differential
resistance of the discharge is always negative and therefore the positive ballast resistance Ry must
be greater than the maximum possible discharge differential resistance, otherwise the unstable
operation mode will begin in the circuit.

As a controlled resistance R», a high—voltage generator lamp was used. If it is controlled
by a sinusoidal alternating voltage, then the voltage at the midpoint of the divider will contain a
sinusoidal variable and a constant components — this is the acoustoplasma discharge mode [2, 3].

In the acoustoplasma mode, due to the difference in the shape of the current and voltage
from the sinusoidality and phase shift between the current and voltage on the discharge tube, its
differential resistance varies significantly. During one period of modulation, the differential
resistance of an acoustoplasma discharge can vary from several kOhm to several MOhm, and can
be either positive or negative. Ry, is usually ~ 100-200 kOhm [4-6]. In this case, the ballast
resistance 1s chosen larger than the differential resistance value <Raif>, averaged over the
modulation period, {Rb > (<Rqdit>)}. It is assumed that during the modulation period the unstable
regime will not have time to develop.

Fig. 2 shows the behavior of the differential resistance of the discharge tube with the
plasma during one period of modulation of the discharge current. It can be seen from Fig. 2 that
the behavior of Radir depends on the frequency of the modulation of the discharge voltage and
reaches 400-500 kOhm at certain times.
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Fig. 2. The change in the differential resistance of the discharge tube during the modulation
period for the voltage generator circuit. Gas CO2: No: He = 1: 1: 8, Po = 25torr. a) /= 0.1kHz; o =
20mA; I~ = 6mA; b) f= 1kHz; I = 15mA; I~ = 3mA; c¢) f= 15kHz; [y = 1 1mA; I~ = 9mA

During the modulation period, both the active and reactive discharge resistances can
vary significantly. Our experiments showed that the active resistance of the discharge can vary
from 50 to 250 kOhm [4-6].

When the “voltage generator” is turned on at those times when the discharge resistance
becomes much less than the ballast resistance, the discharge current is entirely determined by the
ballast resistance and therefore coincides in phase with the supply voltage. At those times when
the discharge resistance becomes greater than the ballast resistance, the discharge current should
drop sharply. It was experimentally obtained that if a discharge tends to make a jump due to a
phase transition, then its resistance will increase sharply, turning into an analog of a condensed
medium. But in this case, the discharge current will also drop sharply. As a result, the phase
transition either will not occur or will be so blurred that it may not even be noticed. The phase of
the discharge current measured at the grounded cathode will repeat the phase of the input voltage.

Fig. 1b shows a diagram of a "current generator". The controlled ballast resistance Ry
changes its value depending on the control voltage. In order to match the current generator
circuit, the average values for the period are (<Ry>) > (<R¢s>). The ballast resistance on the
electron tube is assembled in such a way that when replacing the discharge tube with an active
resistance equal to (<R¢>) when the sinusoidal control voltage is applied, the current in the circuit
is also sinusoidal. The electronic circuit is assembled in such a way that, even when the discharge
resistance changes during the modulation period, the discharge current is maintained in the form
that is set by the voltage supplied to the control R,. Those if the control voltage is sinusoidal, then
the current will be sinusoidal. In addition to variable ballast resistance, a constant protective
ballast resistance, which is small in comparison with Rq, is connected in series with the tube, this
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leads to the fact that the discharge tube itself can be powered by not quite sinusoidal voltage and
current.

Despite the apparent simplicity, it is much more difficult to implement the circuit of Fig.
1b than the circuit of Fig. la. It is advisable to ground the circuit on the side of the controlled
ballast resistance, in this case both electrodes of the discharge tube are under high voltage
potential, and the voltage of the audio frequencies containing constant and variable components.
This greatly complicates the work and measurements on such an installation.

When the discharge tube is turned on according to the “current generator” scheme, the
power supply seeks to maintain the current that sets the control signal. In those moments when
the discharge resistance drops, the voltage on the discharge should also fall. But if this moment
coincides with an increase in the discharge current, then the voltage drop will be insignificant, or,
even, the voltage may increase. Those, voltage tends to repeat the phase of the modulating
current. At those moments when the discharge resistance increases simultaneously with an
increase in current, the voltage at the discharge will increase sharply. If, together with an increase
in resistance, the current drops, then at such moments the voltage at the discharge will also drop,
or slightly increase, i.e. in the general case, the voltage at the discharge repeats the phase of the
modulating current.

In addition, with an increase in the voltage at the discharge, the ionization conditions
change, an increase in voltage increases the ionization and, therefore, reduces the resistance of
the discharge. All these effects, together with the self-consistency of the plasma, lead to well—
defined phase transitions. Therefore, to study jumps and phase transitions in acoustoplasma, it is
advisable to use the “current generator” scheme.

2. Experimental setup

In the experiments described above, the discharge current was measured at one point in
the series circuit containing the discharge tube. This is a commonly used method, but for an
acoustoplasma discharge this can give erroneous results.

In our experiments on the study of discharge parameters, we used a more complex
“current generator” circuit shown in Fig. 3.

1 2 3 4

(S}
T =
1

Fig. 3. The discharge tube power scheme used in the experiments

Us

Voltmeter 3 measures the constant high voltage voltage Ui, which is generated by
source 1 on the filter capacitor 2. Ballast 4 is protective and limits the maximum current in the
circuit, it can be significantly less than the differential resistance of the discharge tube.
Milliammeter 5 shows the value of current I1 (or /) that flows into the anode of the discharge
tube 6. Milliammeter 7 shows the value of current > (/) that flows from the cathode of the
discharge tube 6. Voltmeter 8 shows the voltage U> (or Uwb) at the anode—cathode gap discharge
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tube. The variable resistance 9 determines the current that flows from the cathode of the
discharge tube. The variable resistance 9 is assembled on a high—voltage electron lamp and
allows receiving a current close to sinusoidal at the cathode of the discharge tube 6. The filter
capacitor 2, a large capacity, provides a short circuit of the alternating current component in a
serial circuit, in the entire frequency range of the modulation of resistance 9.

Using special electronic devices, the instantaneous currents measured by milliammeters
5 and 7 and voltmeter 8 were fed to double-beam oscilloscopes, which made it possible to
measure the waveforms of currents and voltages. The difference between the discharge current
and voltage on the tube from the sinusoidal is due to the processes inside the discharge tube.
They are the subject of research.

3. Results of experiment

With direct current in an unbranched electrical circuit, only one point can be measured,
i.e. the current /; of the milliammeter 5, which flows into the anode of the discharge tube, is
considered equal to the current /> of the milliammeter 7, which flows from the cathode of the
discharge tube. I, = I. = Io = <Iww>, Where Iy is a direct current, <[> is the direct component of
the discharge current in a discharge with a modulated current.

__10
2 — Utub 1

a 5
5?. [ Utub?2
0 ‘ ' Utub 3

0 5 10 15 20 )
Utub 4
Itub(mA)

Fig. 4. Designed dynamic current-voltage characteristics when using current-voltage
characteristics on a direct current. U1 = Ut (A@ = 0); Uibz = Ut (Ap =7/ 4); Urnz = Uy (A
=7/2); Uws= U (Ap=37/4)

If there are L or C elements in the circuit and an alternating sinusoidal current flows
along the circuit, then the currents /; and /> are phase shifted. In this case, the current — voltage
characteristic will have the form of Lissajous figures (Fig. 4). The dynamic current—voltage
characteristics (CVC) would also look if the CVC, which were obtained for direct current, could
be used.

In gas discharge devices, everything is much more complicated.
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Fig. 5. Dynamic CVC of an acoustoplasma discharge. a) f= 0.1kHz, b) f= 0.3kHz, ¢) f = 1kHz,
d) f= 15kHz. ===«— CV characteristic of a direct current

It can be seen from Fig. 5 that the dynamic CV characteristics of an acoustoplasma
discharge depend on the frequency and differ greatly from the Lissajous figures.

When the discharge current is modulated in a low—temperature plasma, the quantity and
speed of charged particles also change simultaneously, in addition, the voltage at the discharge
can change for other reasons. Therefore, the parameters of the dynamic processes in the plasma
and especially in the acoustoplasma will be very different from the average for the period of
modulation. It should be noted that both plasma and acoustoplasma are nonlinear media.
Therefore, even if one of the first current has a sinusoidal shape, then, due to the nonlinearity of
the plasma, the second one will have harmonics. And finally, when the discharge current changes
in the plasma, an additional charge can accumulate or dissolve, in this case it is natural that
during the modulation period the current values flowing into the tube and flowing out of the tube
will differ. All this leads to the fact that in gas—discharge devices, especially when powered by a
current that simultaneously contains both constant and variable components, it is necessary to
simultaneously measure both the current that flows into the anode and the current that flows from
the cathode.

Those, we have not only a change in the dynamic resistance of the discharge, but also a
dynamic change in the electric capacitance of the discharge, electron charges and its other
parameters.
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Fig. 6. Change in current values measured from the anode side (/,) and the cathode side (/)
during the modulation period

Figure 6 shows the measured current values of the variable component of currents /. and
I,. Moreover, the direct component of the discharge current o = <[,> = <[> = 12mA; The depth
of modulation of the current measured from the side of the cathode Mi. = 0.83, the depth of
modulation of the current measured from the side of the anode Mi. = 0.5. The modulation depth
M 1is the ratio of the amplitude of the variable component of the discharge current / ~ to the value
of the direct component of the discharge current (M =1~/ Iy).

Note that in wires and milliammeters, the current is due only to the movement of
electrons, and in the anode—cathode gap the current in the plasma is due to the movement of
charges of both signs, and effects similar to those that arise in Gunn diodes and avalanche—span
diodes described in [7] are possible.

From Fig. 6 it is difficult to say how much the curves 7, and /. differ from each other.

Table 1 shows the Fourier spectrum of the amplitudes of harmonics 7, and /..

From table 1 it is seen that the second harmonic of the current measured from the
cathode side is approximately 6 times greater than that measured from the anode side. Those. in
the plasma inside the discharge tube, some processes occur, characterized by a second harmonic.
Usually this is a parametric pumping process [1].

Table 1. The Fourier spectrum of the amplitudes of the harmonics of the signals shown in Fig. 5.

n 1 2 3 4 5 6
I.(mA) 7,95 1,28 0,66 0,53 0,63 0,86
I,(mA) 5,39 0,23 0,22 0,33 0,51 0,33
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Fig. 7. A family of difference values of simultaneously measured instantaneous values of currents
I, and [, for different modulation frequencies

Figure 7 shows the difference in instantaneous values (/:—/c) for different modulation
frequencies. In order to be able to compare the curves for different modulation frequencies along
the abscissa axis, the values are plotted in radians. It can be seen from Fig. 7 that the difference in
instantaneous values (l.—/;) has a complex form. But this difference (/i—I:) shows the
instantaneous change in charge in the tube during the modulation period. Since we already
measure the current in conductors that are connected to the anode and cathode, the electron
velocities can be considered the same and large in both conductors and not take into account the
change in the electron velocity in the plasma.

Further, by solving direct and inverse problems, we can determine many parameters of
the acoustoplasma, which for some reason we could not directly measure.

4. Conclusion

It has been shown that in acoustoplasma discharges and in discharges with alternating
current, measuring the discharge current at only one point in the series circuit leads to errors,
since this does not take into account the change in charge in the discharge tube itself.

It is necessary to simultaneously measure the current that flows into the anode of the
discharge tube and the current that flows from the cathode of the discharge tube.
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The aim of the study was to obtain numerical values of such dynamic parameters, as
orientation relaxation time and ordering, which would offer new technical solutions that would
expand the field of practical applications of liquid crystals (LC).

In this paper, we managed to obtain high mobility of molecules in binary systems of
nematogens in the solid phase.

Nematic LCs satisfying the below mentioned conditions have been chosen as research
objects for this study:

a) the molecules of the studied compounds should have electron—donor—acceptor,
strongly polar end groups;

b) the molecules of the selected compounds must have long alkyl chains to reveal the
role of lateral interactions and steric factors in the mechanism of induction of the smectic phase
[1];

¢) in binary systems, compounds must be unlimitedly mutually soluble;

d) the selected objects should be of interest in terms of practical application.
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Fig. 1. Structural Formula of Nitroxyl Radical

The mobility (rotatory diffusion) and ordering of molecules were investigated by electron
spin resonance (ESR) technique with the help of spin probe (Fig.1) in such crystals, as 4-—n—
buthyl-4-n-heptanoiloxyazoxybenzene {I}; n—cyanophenil ether of n—heptylbenzoic acid {II};
n—cyanophenil ether of n—hexylbenzoic acid {III}, (which possess nematic phase falling in the
temperature range of 35-76°C; 44-58°C; and 44-56°C, accordingly) (Fig.2,3). Their systems:
{Iy/{11} ; {I}/{lll} with different concentration of components were also studied with the
abovementioned technique. ESR measurements were carried out in the temperature range of —
27°C — +70°C, which is far beyond LC—Crystal transition point.
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The use of a spin probe is based on the analysis of changes in the line widths of the
ESR spectra caused by rotational and translational diffusion of radicals. As we know from [2—4],
the mobility of a radical depends on the mobility of environmental molecules. Therefore, the
radical is a kind of molecular sensor of structural and dynamic information about the local
environment. The paramagnetic resonance spectra of nitroxyl radicals are sensitive not only to
the molecular movements, but also to the nature of the medium in which they are dissolved. In
this connection, the magnetic parameters of the radical are very sensitive functions of the
electronic distribution in the molecule, and therefore they are affected by perturbations from the
environment. These perturbations become especially strong in polar solvents due to the specific
interaction of such solvents with a lone pair of electrons on the oxygen atom of the nitroxyl
radical.

ESR measurements were carried out on a radio spectrometer P9-1301 in a microwave
region of 9 GHz. To avoid the distortion of line shape, the amplitude of the high frequency
modulation was set to be several times smaller than the line width, and the microwave power was
chosen to be so small that the ESR signal was far from saturation. The magnetic parameters were
measured with an accuracy of £0,4 G. To minimize line broadening, due to the dipole — dipole
interaction between the molecules of the spin probe, the concentration of the radical was
determined to be as low as ~ 10 *mol / L.

The samples under study were prepared by thoroughly mixing the LC components in
the isotropic phase to obtain a homogeneous solution of the system. Uniformly oriented samples
were obtained by the application of a sufficiently strong magnetic field ~ 3000 G. During the
experiment, the samples were heated by a hot air stream, blowing through a quartz tube passing
through the resonator of the spectrometer. At low temperatures (from ambient temperature to —
27°C) spectra were recorded by blowing liquid nitrogen vapor through the resonator. The
accuracy of temperature measurement was +0,1°C.

As known, the position and hyperfine splitting of the resonance lines of the spin are
associated with the ordering of molecules of investigated objects and their dynamic properties
related to the width and shape of these lines. Our analyses of the ESR spectra is based on well—
developed theory of spin relaxation [5-7]. According to this theory the width of spectra T (m)~!
is defined by the equation [5, 8]:
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T(m) =L+ Bm+ Cm? (1)
where, m = —1,0,+1 —is nuclear quantum number characterizing the hyperfine splitting
component; parameters L, B, C depend on the magnitude of magnetic anisotropy and the rate of
molecular reorientation.

To simplify the analysis of ESR spectra, it is assumed that the rotational diffusion tensor
is axially symmetric. The laboratory coordinate system (X, Y, Z) is chosen so that the Z — is the
axis of symmetry and is directed by director. X, Y— axes are in the plane perpendicular to the Z—
axis. The main values of the hyperfine splitting constant tensor: Ay, = Ay, = A, , A,, = Aj.

A, — is the value of the hyperfine splitting constant of the experimental spectrum when
magnetic field is normal to the Z axis; A — is the value of the hyperfine splitting constant of the
experimental spectrum when magnetic field is directed along the Z axis. The molecular
coordinate system (X, Y, Z,) relates to radical fragment as shown on Fig.1. In this coordinate
system A and § tensors can be considered diagonal [9]. 4vv=31G, 4,y =52G, A-»=52G
— are the main values of the hyperfine splitting constant of radical in the molecular coordinate
system.

For further calculations it is necessary to establish the orientation of Z— axis on the
molecular coordinate system (X, Y, Z,). The idea of solving this problem is to compare the
theoretically calculated ratio B/C with the experimentally derived (based on the analysis of line
width) value (B/C)exp. The B/C calculation results and their corresponding (B/C)exp €xperimental
values are shown in Tablel. (B/C)exp. is observed to best coincide with the corresponding
calculated value for the case when the Z—axis of the rotational diffusion tensor coincides with the

'~ axis of the molecular coordinate system. Small deviations between these quantities,
apparently, are associated with various fluctuations, leading to a non—strict coincidence of Z— and

'~ axes .Thus, the radical in the LC medium is oriented in such way that the Y~ axis of the
molecular coordinate system becomes parallel to the Z— axis of the laboratory coordinate system.

Table 1. Calculation results of the B/C for the binary systems with different orientations of the
rotational diffusion tensor in the molecular coordinate system

B/C cal B/C ca B/C cal
Mol% °C B/C)oy | O | BOw  BOw
7=X' 7=Y' =7
35 029 0,54 0,29 024
40 1,75 1,04 1,18 233
100%11}
48 113 1,10 1.40 2,49
60 028 095 035 030
35 1,00 1,93 1,09 -
40 039 048 0,43 -
85% {11}/15%11}
45 1,14 1,02 1,19 -
55 425 048 412 -
70%1{11}/30% {1} 30 0,40 050 042 0,34
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50 0,34 0,35 0,32 0,36
60 1,97 1,15 1,81 _—
35 0,53 0,51 0,53 0,64
50%{I1}/50% {1} 50 0,61 0,56 0,63 0,64
60 0,50 0,43 0,64 0,63
35 0,39 — 0,35 0,43
25%{11}/75%{1} 45 0,58 — 0,53 0,63
60 1,21 _— 1,19 2,40
35 0,43 0,37 0,42 0,34
40 1,13 1,05 0,11 2,40
100% {11}
50 5,23 1,07 5,33 3,03
60 0,49 0,51 0,44 0,64

The degree of ordering S and the angle 8 between Z'- axis and the direction of
magnetic field, were calculated using the following expressions [10]:

S=(<A>-A)/[(A,, —A,)cos? 0+ A, —A] )

[(Ax'x'_A)(<g>_g)_(gx'x'_g)(<A>_A)] (3)
[(9,,=9,3)(<A>=A)~(<g>-9)(A4,,~A, )]

c0s? 60 =

where A= g(Axrxr +A,, +4,,), g= i(gx/x/ + Gyy + Gr), <A>and <g> - are
experimental values of the hyperfine interaction constants and g—factor in a liquid crystal
medium.

As follows from Table 2, at a given temperature in the nematic phase the degree of
ordering in {I} is greater than that in {II} and {III}. At the same temperature in the nematic phase
the degree of ordering in {I}/{II} and {I}/{III} systems is greater than that in pure {II} and {III}.
In the range of temperatures when the systems {I}/{II} and {I}/{IIlI} are in the smectic phase
their degree of ordering is less than that in pure {II} and {III}.

87




Table 2. Calculated values of the ordering parameter S.

Mol % °C S
100% {11} 50 0,56
100% {111} 50 0,54
85% {11} /{1} 45 0,58
70% {11} /30% {1} 40 0,45
70%{11}/30% {1} 50 0,61
70%{111}/30% {1} 40 0,50
70%{111}/30% {1} 50 0,59
50%{11}/50% {1} 40 0,38
50%{11}/50% {1} 60 0,45
50%{111}/50% {1} 40 0,41
50%{111}/50% {1} 60 0,46
25% {11} /75%{1} 40 0,11
25% {11} /75%{1} 50 0,16
25% {111} /75%{1} 40 0,14
25% {111} /75%{1} 50 0,18
100% {1} 50 0,68
320 ' 7380 ' 3340 H,, Gs
332r0 : 33180 : 34110 H,. Gs
Fig.4. ESR spectrum of {I} at +19°C Fig.5. ESR spectrum of {II} at +21°C
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Fig.6. ESR spectrum of {III} at +18°C Fig.7. ESR spectrum of {I} at +2°C

ESR spectra of the mentioned systems in the liquid state represents a well-resolved
triplet (Fig.4,5,6). The analyses of ESR spectra shape and width showed that the rotatory
diffusion correlation time was 107! <1, < 107 sec in the liquid state. It was determined that the z.
changes in the same way as the rotational anisotropy, depending on the system.

Remarkable reduction in the rotatory diffusion rate parallel to the decreasing
temperature was observed in the abovementioned {I}, {II}, {Ill} LCs. The ESR spectra
component, corresponding to m=—I, almost completely disappeared at the LCs’ freezing
temperature (Fig.7, 8, 9).

1 1 1 1 1
1 1 1 1 1 -
3320 1380 3440 .. Gs 3320 3380 3440 H,. Gs

Fig.8. ESR spectrum of {II} at +6°C Fig.9. ESR spectrum of {III} at—13°C

At the same time, this rate was found to be considerably changed when {I} was added
to {II} or {Ill}. In these systems the ESR spectra component, corresponding to m=—1I, was
clearly observed during freezing. In frozen systems, high molecular mobility of — 7. = 107 sec
was found to be preserved up to t=—20°C (Fig. 11). Such a high mobility of molecules far beyond
the LC—Crystal transition point indicates that in the solid phase these systems are either in the
gas crystalline or glassy state, where the anisotropic rotation around the long axes of the
molecules is preserved.
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Fig.10. ESR spectrum of 54%/{1}/46% {11} Fig.11. ESR spectrum of 54%/{1}/46% {11}
at +19°C at—19°C

The mechanism of de—association and the formation of new associates presented in [11]
makes the understanding of the “longevity” of the rotational degrees of freedom in the {II}/{I}
system possible. This “longevity” is caused by the structural features of component molecules
that lead to an increase in system polarity. The change in the splitting constant depending on the
concentration of {I} (splitting constant increases with the increase of the number of the {I}
molecules in system {II}/{I}[11]) serves as a confirmation of the increase in the system polarity.
Changes in the activation energy for rotational motion can reflect the changes in the dynamic
molecular structure experienced by the probe molecule as the LC undergoes phase transitions.
According to [12, 13], the pair interaction energy in {II} {II} is greater than in {II}{I}. Indeed,
the de—associative effect of {I} leads to the fact that the paired associates of {II} molecules are
destroyed, and the activation energy of rotation in this system is significantly reduced before the
new mixed associates are formed. These are equilibrium processes depending on the
concentration of various types of the components of a LC system. This substantially complicates
the pattern of the relationship between the splitting constant of the ESR spectra and the factors
affecting it.
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Abstract: The work is dedicated to the studies of the acoustic properties of some lakes and reservoirs
located in the territory of the Republic of Armenia (RA). The acoustic properties of multilayer structures
and reservoirs and the influence of the location and shape of the layers on these properties are
investigated. The resonant frequencies of reservoirs with various configurations and the coefficients of
transmission of acoustic waves through layered structures with different orders of arrangements of layers
are found. The parameters of the reverberation patterns are determined depending on the size and form of
the reservoir and the nature of the underlying stratums of the earth. The experiments on recording of
signals from artificial and natural sources were carried out on Sevan and Parz Lich lakes. In order to
record these acoustic vibrations unique acoustic devices have been developed. In parallel, measurements
were made by using the SV-5 vertical seismograph. The characteristic background noise and the resonant
frequencies of Sevan and Parz Lich lakes were determined. The time and amplitude spectra from different
sources of acoustic vibrations were recorded. Analyzes of the obtained data are submitting that lakes and
water cavities in areas with a certain geological structure can be used as super sound acoustic antennas
allowing to record weak signals in the frequency range from 0.01 Hz to 200 Hz and to determine the type
and range of the source of these signals. Currently, the works are ongoing in the field of more detailed
studies of the influence of the configuration of water basins on their acoustic properties and the
possibilities of suppression reduction of the natural noise in the low—frequency range.

1. Introduction

One of actual problems of modern science and technology is identifications of influence
of super weak distortions on the processes proceeding in medium on the assumption of coherent
interaction. In this area of investigations on development and creation of registration systems of
the acoustic waves propagating in stratified medium with rather small amplitude are of special
interest. Since 1980 at Institute of applied problems of physics of NAS RA scientific and
technical researches in this area are conducted. Under the leadership of the academician of NAS
RA of A.R. Mkrtchyan new approach to solve this problem by utilizing some methods of
AcustaPhysics was formed. During the investigation unique experimental and theoretical results
were obtained. Theoretical approach and bases of the technique of the experiment for the solution
of this problem are given in papers [1-7]

“E — mail: amktychyan@sci.am
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2. Experimental setup

Various types of seismic receivers and hydrophones are utilized for registration of super
weak low—frequency acoustic waves in water environments and caves. However they have the
number of deficiency, such as the dependence of sensitivity of hydrophones on temperature,
small frequency range, absence of reconfiguration of characteristic frequency, small term of
operation, small sensitivity, etc.

For the exception of deficiencies in the IAPP of NAS RA unique acoustic detectors
operating on the basis of the phenomenon of modulation of Messbauer radiation under the
influence of external acoustic fields were developed.

Opening for pressire equalization
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Fig. 1. Schematic view of modulated Messbauer radiation phenomenon based detector.

The schematic view of the Messbauer acoustic detector is presented on Figure 1. The
Messbauer acoustic detector consists of the following principal components: a membrane — 1 on
which the gamma of quanta Messbauer source Co®’ — 2 is fixed, rigidly fixed Messbauer absorber
— a foil from stainless stegl — 3 and the detector of gamma quanta — 4.

The principle of operation of the detector can be explained as follows: variation of the
energy of gamma quanta as a result of acoustic vibrations influence on the condition of gamma—
resonant absorption and, therefore, variation of the intensity of the quanta radiations registered by
the detector.

Gamma the quanta emitted by the Messbauer source fall on the Messbauer absorber and
are absorbed by the Messbauer nucleus. The gamma quanta which passed through the absorber
are registered with the gamma quanta detector. The intensity the gamma quanta emitted by
motionless source and absorbed by the motionless absorber are constant. The influences of
acoustic wave on the membrane are originated vibrations with characteristic frequencies and the
gamma quanta source fixed on it is vibrating. Due to the Doppler effect the energy of the gamma
quanta fell on the absorber is changed. The resulting output of the Messbauer acoustic detector
after preliminary amplification and discrimination is directed to specially designed
communications unit, which is connected with the computer where obtained experimental data
are saved and analyzed.

By means of registration of the temporal dependence of the variation of the intensity of
gamma quanta the main characteristics of acoustic waves causing this variations can be
determined:
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where N(t) is the number of resonant gamma quanta depending on time t, NO is the number of

N(@)=N,(1-
(Ax +

gamma quanta out of the resonance, VO is the maximum speed of the absorber movement, Ax — is
the energy shift between the resonance emission and absorption, § — the effective thickness of the
absorber.

The developed by us Messbauer acoustic detector allows to register acoustic waves in
the frequency range up to 10* Hz, with sensitivity on vibrational speed — 10°+ 107> cm/sec., in
the dynamic range of 80 dB. Characteristic frequency of the Messbauer acoustic detector is
tunable.

The amplitude—frequency characteristic of the Messbauer detector defined during the
researches is presented in Figure 2.
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Fig. 2. The amplitude—frequency characteristic of the Messbauer detector.

The experimental setup also included temporary gamma acoustic spectrometer — GAS
which is developed on the basis of the microprocessor with signal discrete processing, providing
registration of weak non—periodic and periodic acoustic waves. The spectrometer registered
signals in real time and at connection with the computer can operate in the mode of accumulation
and information processing. Automatic control of the registration system GAS provides three—
channel registration of periodic and non—periodic acoustic vibrations in three directions at the
same time that gives the chance to utilize the spectrometer as a vector sensor, for the purpose of
measurement of three—dimensional component of the vibration parameters that is very important
in the acoustics and hydrophysics researches.

For carrying out underwater measurements in JAPP NAS RA sensitive sonar systems
registering the acoustic waves propagating in liquid mediums are developed and created. As main
elements of the hydrophones radially polarized piesoceramic spheres from barium titanium are
utilized. Such design of the receiver in comparison with flat and package piezo — converters
allows to increase sensitivity at the expense of coefficient of electromechanical transformation.
These detectors have good phase identity and stability.

For calibration of utilized acoustic sensors underwater and land low—frequency radiators
with controlled output power were developed and created.
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On the basis of results of laboratory researches and the carried—out theoretical
calculations necessary optimal conditions for conducting experimental studies in field conditions
were revealed. It should be noted that for conducting experimental field studies the following
experimental conditions were provided:

1. The reservoir must have a certain configuration and must be located where geological
layers under its bottom met conditions of accumulation and amplification of acoustic
energy,

2. Underwater devices for measurement of amplitude, form and duration of an acoustic
response of the resonant system must operate independently at certain depth,

3. For comparative analysis of the obtained results land measurements with vertical and
horizontal seismic sensors and underwater measurements with developed registration
systems in parallel must be carried out.

Taking into account upper mentioned conditions and the fact that the resonant systems
of corresponding theoretical models must have accumulating and amplifying characteristic of
acoustic waves propagating through the multi stratum system containing heterogeneity of certain
geometrical forms some natural and artificial reservoirs located in territories of Armenia were
chosen. Thus, for carrying out experimental field researches to register weak and super weak
acoustic vibrations Lakes Sevan, Parz—lich, etc. were chosen.

The Lake Sevan chosen as the seismic hydroacoustic antenna is water basin of 1150 km?
surface with maximum depth of 72 m, located at height ~ 1900 m above sea level. Bottom
stratums of the lake have schistous structure consisting of basalt, clay and volcanic rocks. The
measurements were carried out in the deep—water part of the lake.

3. The results of experimental investigations

Experimental investigations to solve the main objectives and to confirm our proposition
on utilization of certain water reservoirs and caves as supersensitive antennas of acoustic
vibrations were conducted according to the following scheme (Figure 3).
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Fig. 3. The scheme of the experimental setup: 1 — center of obtained data collations; 2 — seismic
sensor; 3 — Messbauer acoustic detector; 4 — hydrophone; 5 — feed cable; 6 — buoy.

Seismic sensors SM—3 (2) for registration of horizontal and vertical components of
vibration process were placed on the shore of the Lake Sevan on the concrete pedestal having
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surface area of 52x52 cm2. Sensors are attached by the protected cable with multichannel
recording unit and with the personal computer.

Hydrophones (4) were placed in the lake in suspension and are kept by buoy (6) under
water in vertical position. Such installation of hydrophones provides homogeneous contact with
the surrounding medium and free from the strayes originated by the surface waves.

The Messbauer acoustic detector (3) is placed in the lake together with hydrophones and
by means of special cable enclosed under water is connected to GAS and to personal computer
which provides saving, processing and interpretation of registered temporary and modulated
Messbauer spectra of hydro acoustic signals.

Simultaneously registration of acoustic vibrations by means of the seismic detectors
located on the shore of the lake and under water at depths of 5 and 15 meters by means of
hydrophones and the modulation Messbauer sensor were conducted.

During the experimental investigations the main characteristics of the utilized detectors
of'acoustic vibrations were defined and are presented in Table 1.

Table 1
The main characteristics of the utilized acoustic sensors

Type of sensor Frequency range Dynamic range Characteristic

frequency
Hydrophones 0.1+1 KHz 70 dB 10Hz, 100Hz,
250Hz, e.t.c.

Seismic sensor 0.5+0.03 KHz 60 dB 100Hz
Messbauer acoustic detector 0.0+10 KHz 80 dB 7,5Hz*

* The characteristic frequency of the Messbauer acoustic detector tunable.

To determine the characteristic frequency of the resonant antenna system — the Lake
Sevan, measurements in the presence of artificially excited hydroacoustic vibrations of different
forms, amplitude and frequency were conducted. Measurements were conducted for the
frequency range of 0.1 + 30 Hz under identical conditions of excitation. In the frequency
spectrums registered by the hydrophone increase in the relation of signal to noise around 7.5 Hz
(Figure 4) is observed. This frequency matches the calculated characteristic frequency of the
Lake Sevan. In this range the maxima corresponding to frequencies of artificially excited
hydroacoustic vibrations from the underwater acoustic radiator with frequency of 15 Hz and the
land radiator with frequency of 30 Hz are also observed.
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Fig. 4. The characteristic frequency distribution spectra of the noise of the Lake Sevan registered
by the hydrophone.

The temporal spectra of acoustic vibrations from the underwater acoustic radiator of
different frequency registered by the hydrophone are given in Figure 5. From the drawing it is
visible that at registration in the temporary mode on ranges sinusoidal forms of artificially excited
acoustic vibrations are allocated.

S T Rl e

Fig. 5 The temporal spectra from artificial source initiating of acoustic vibrations of a sinusoidal
form of different frequencies.

It should be noted that in the frequency distribution spectra registered by seismic sensors
located on the shore maximums corresponding to the characteristic frequency of the Lake Sevan
and the underwater calibrating radiator was not observed (Figure 6). This sensor registered only
the presence of the land calibration radiator and other artificial sources of acoustic low—frequency
vibrations. Apparently from comparison of this spectra with the similar specters received by
means of hydrophones and Messbauer acoustic detectors in the lower frequency range there are
no maxima around the frequencies of 7.5 Hz and 15 Hz. This circumstance, first, can be
explained with the technical parameters of the sensor determined during the experimental studies
and specified in Table 1, secondly, it means that the water reservoir entirely is a resonant antenna
system for registration of super week acoustic signals.
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Fig. 6. The characteristic frequency distribution spectra of registered by the seismic sensor
located on the shore of the Lake Sevan.

In all frequency distributions specters registered by Messbauer acoustic detectors and
hydrophones maxima in the range about 7.5 Hz corresponding to the characteristic frequency of
the Lake Sevan and the calibration maxima caused by the excited artificial sources of acoustic
vibrations of different frequency, amplitude and form are presented.

One of the features registered during the experimental studies is the phenomenon of
reverberation of acoustic signals in the resonant antenna system — the Lake Sevan. Due to
utilization of artificial underwater and surface sources of acoustic vibrations of certain temporal
and frequency characteristic in the registered temporary and modulation specters repeated
excitations of primary vibration frequency and lowered amplitude is observed. The temporal
specter registered by the hydrophone with observed phenomenon is visually presented in Figure
7.

Fig. 7. The temporary spectra registered by hydrophone including the phenomenon of
reverberation of acoustic vibration.

Researches on registration of frequency—amplitude characteristics of noise and
determination of characteristic frequency of the Lake Parz—Lich were also conducted. These
researches showed that the characteristic frequency of the Lake Parz—Lich is 18.2 Hz, and the
level of noises in different frequency ranges 1.5-1.7 times are less, than on the Lake Sevan.
During the experimental investigations which are carried out on the Lake Parz-Lich, the
reverberation phenomena were not observed.

The analysis of characteristics of the frequency amplitude spectrums of noises of Lakes
Sevan and Parz—Leitch based on the measurements of acoustic vibrations by Messbauer acoustic
detectors, hydrophones and seismic sensor shows that frequency range is separated into three
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main ranges. In the first range: 0 + 5 Hz, generally noises from the surface of the lakes carried in
main contribution to frequency distribution spectra of the lakes. In the range of 5 + of 20 Hz
generally the responses corresponding to microseismic and resonance characteristics of the
spreading stratums and lakes are observed. In higher than 20 Hz frequency range in frequency
distribution specters maximums which were caused by existence of artificial sources of acoustic
vibrations are observed.

In the first frequency range registered specters almost do not changed. In the second
range there irregular separate peaks at various frequencies which can be explained with variation
of seismic, biological, structural and resonance characteristics of the area of registration were
observed. In the upper range both irregular and regular variations are observed.

By the aim to determine the unknown irregular and regular sources of low—frequency
vibrations the area of registration was monitored. Analyzing the registered frequency
distributions specters it was established that some regular changes in frequency and temporary
specters match frequency of trains passing near the area of registration, the frequency and the
amplitude changes due to the characteristics of the trains.

The temporary characteristic specter of the acoustic vibrations originated from the cargo
train and registered by the Messbauer acoustic detector is given in Figure 8.a, and the temporary
characteristic specter of the same cargo train at the same time registered by the hydrophone is
given in Figure 8.b.

During the conducted researches on definition of unknown irregular sources of acoustic
vibrations temporary specters from the compressor (Figure 9.a), the moving truck (Figure 9.b)
and the floating boat (Figure 9.c) were registered.

On separate specters sharply allocated signals with frequency about 10 Hz are observed
(Figure 10). These signals as showed further researches were corresponding to supersonic
airplanes upon transition of the sound barrier. In registered specters also the maximums
corresponding to flights of passenger airplanes on the horizon over the lake are observed.
Different intensity of signals from supersonic airplanes with frequency ~ 10 Hz are explained by
the different height and distance at which there is transition of the sound barrier.

Fig. 8. The temporal frequency spectra of the cargo train registered by the Messbauer acoustic
detector (a) and hydrophone (b).
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Fig. 9. The temporary specters of the compressor (a), truck (b) and boat (c) registered by the
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Fig. 10. The characteristic frequency distribution specter of upon transition by airplane of a sound
barrier registered by the Messbauer detector.

We also have conducted experiments on registration of hydro acoustic waves originated
from the artificial sources located at distances ~ 10 km and ~ 20 km from the area of registration.
Artificial sources were located at depth of 20 m and 50 m. The frequency distribution specter of
registered by Messbauer acoustic detectors is given in Figure 11. It is also possible to separate the
specter into three ranges where maxima corresponding to the characteristic frequency of the Lake
Sevan, the maximums of calibration radiators at 15 Hz and 30 Hz, and the maximums
corresponding to acoustic vibrations from artificial sources are allocated. Time slots between the
beginnings the first and second strips are made ~ by 5 sec., and between the beginnings the first
and third strips — ~ 8 sec. The front two ranges can be interpreted as longitudinal (P) and
transverse (S) component of the wave, propagating through the lower basalt stratum with speeds
Vr =4000 m/sec and Vs = 3100 m/s respectively, and the third range as the longitudinal
component of the wave passing through the top clay stratum with speed V, = 2000 m/sec (the
transverse component of the wave in clay stratum is strongly absorbed).
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Fig. 11. The frequency distribution spectra from artificial source registered in the Lake Sevan.

Acoustic signals from the artificial sources were registered also on the Lake Parz—Lich.
Unlike Sevan, on the specters the third range is absent, and the time slice between introductions
of two ranges makes ~ 6 sec. The observed propagated acoustic wave speed corresponding to the
first and second spectral ranges were Vi = 4000m/sec. and V> = 3100m/sec. These speeds
correspond to the longitudinal and transverse component of the waves passing through basalt
stratum. The absence of the third range in the specter can be explained with absence of the clay
stratum under the Lake Parz—Lich that it is confirmed also by geological data. Reverberation
effect on the Lake Parz—Lich also was not observed.

The similar specters were observed at registration by hydrophones.

The obtained results of seismic and hydroacoustic signal from the artificial sources
registered by seismic sensors, hydrophones and Messbauer detector showed that the ratio
signal/noise for the seismic sensor is 2.5 times less, than for the hydrophone, and for the last is
2.5 times less in comparison with the Messbauer detector that is explained by higher sensitivity
of Messbauer method of registration.

4. Conclusion

The results of experimental studies confirm the possibilities of utilization of lakes, water
reservoirs and cavities in areas with certain geological structure as sensitive receivers and
accumulating systems for registration of super week acoustic vibrations. The developed new
acoustic detectors can be utilized for registration of acoustic vibrations excited from natural and
artificial sources.
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Abstract: Experimental researches in the field of development of new generation of detectors for
registration of the elementary charged particles based on the physical phenomena births, drift and
multiplication of delta electrons, originated due to interaction of the charged particles with the
synthesized composite mediums of different density in the presence of external accelerating field, were
conducted. To carry out of experimental researches on the matrix of high ordered silicon composite
mediums (S)1(CsJ)u(Ag)ur of different thickness and relative density have been synthesized. On the basis
of the synthesized mediums laboratory samples of registering systems of the charged fundamental
particles have been developed and created. By the aim to explain the physical processes for charged
elementary particles with some correctives the theoretical model developed for gamma quanta has been
applied [8, 9]. As shown in the paper, the developed approach provided good coordination with the
obtained experimental results. The preliminary analysis of the obtained experimental results confirms
expediency of utilization of the phenomenon of the secondary electron emission, as operating basis of the
new generation of detectors.

1. Introduction

In previous years’ improvement of the methods of registration of the elementary charged
particles was restricted to difficulties of the basic character which do not allow to achieve the
velocity of account more than 10® particles per second and the dead time
necessary for restoration of the registration ability of the detector less 107 second [1-4]. All these
difficulties are caused by the properties of the physical phenomena based on which appropriate
registering systems have been developed. Therefore investigations on development of essentially
new methods of registration based on other physical phenomena, have an actual importance.
From this point of view practical interest represents investigation of the phenomena of the
secondary electron emission [5].

A series of laboratory samples of detectors of gamma quanta, with supplied electronic
and software, operating on the basis of the phenomena birth, drift and multiplication of delta
electrons in porous mediums were developed and created by our group. Detectors were included
in the experimental setups for conducting various experimental researches in order to detect
gamma quanta in the energies range 1+600keV and have passed corresponding approbation,
having shown unique registering properties. The results of experimental investigations have
confirmed the possibility of utilization of the synthesized porous layers as basic media for gamma
quantum registration systems with high performance in a wide range of energies [6—10].
Investigations of the physical phenomena of birth, drift and multiplication of delta electrons in
the synthesized mediums has shown that under certain conditions with application of an exterior
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accelerating electric field it is possible to control the secondary electron emission coefficient. It
has experimentally been shown that the cross section of delta electrons birth with the
characteristic time of the order 10 '%sec. and localization area round the point of passage of
charged particle 10>cm, depends on value of applied accelerating electric field.

2. Experimental setup

By the aim to elicit the possibilities of utilization of the phenomena of the birth, drift and
multiplication of delta electrons as basis of functioning of registering systems of the charged
particles composite medium (Si)i(CsJ)u(Ag)m of different relative density and ordering degrees
were synthesized. For synthesizing these environments a special vacuum experimental setup was
developed. During the process of synthesis of working layers from porous medium various
methods of vacuum evaporation of corresponding materials under certain conditions (pressure,
speed of rotation of the substrate etc.) in atmosphere of dry inert gases or hydrogen were applied.
Composite porous mediums were synthesized on the matrix of high ordered silicon with usage of
alkaline—haloids compound CsJ and with supplement of silver in various relative proportions.
Depending on the value of residual pressure in the vacuum chamber porous composite mediums
with relative density from 0,3 % to 10 % were synthesized.

The detectors used in experimental researches consist of two grids of plane—parallel
cathode electrodes the space between which is filled by the synthesized porous material. In the
central plane of the cathodes the grid of anode electrode is located. The detector by operating
principle is similar to the gas—discharge chamber with that difference that instead of gas as
working substance the synthesized porous mediums were utilized. Now not all physical processes
originating at interaction of the elementary charged particles with porous mediums can be
described theoretically. Nevertheless, already now it is possible to deduce some aprioristic
parities helping understanding of physical bases of operating principle of created detectors and
allowing to optimize their parameters.

To carrying out the experimental researches universal vacuum installation in which the
tested detectors were placed was developed and created. By applying electric voltage on the grid
of electrodes of the detectors an accelerating electric field was originated. The yielded output
impulses proceeding from the anode wire electrodes were registered with specially developed
electronic device. On all path of experimental setup the vacuum of an order 10-%torr was ensured.
During the researches sources of alpha particles with energy 5MeV and electrons with energy
IMeV were used.

The schematic view of the experimental setup is given in Figure 1.

The bunch of charged particles, passing through systems of collimators (K) and magnets
(M) placed in the vacuum chamber, falls on registering system with a working porous layer (RS).
Due to interaction with a porous layer the charged particles stimulated surface ionization and
yielded primary delta electrons, which were accelerating in porous of the porous layer under the
influence of external electric field originated by applying electric voltage on contacts GA and
GK. The born delta electron after acceleration interacted with the porous medium and yielded in
the working layer new delta electron. This process repeated continually and leaded to avalanche
reproduction of the delta electrons, which is accompanied with origination of corresponding pulse
currents depending on energy delta electrons. Under the standard electric scheme the pulse
current was transformed to voltage and on the output of registering system the analogue pulse
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signal with duration ~10%sec is formed. The analogue pulse signal from registering system was
directed to the developed high—speed SHF—HF shaper—converter, and then to the input of the
analogue—digital converter, which is attached to the personal computer. The obtained data were
processed and accumulated in the computer with specially developed software.

Fig. 1. The schematic view of experimental setup: S — source of the charged particles;
K — collimator; M — magnetic system; RC — registering system; PL — porous layer;
GA - grid of anodes; GK — grid of cathode; HV'S — high voltage source; AS — amplifier—shaper;
ADC — analogue—digital converter; PS — personal computer.

3. Experimental results and their discussion
All researches were conducted on experimental setups developed and created in IAPP
NAS RA. Experimental researches were conducted under the scheme presented in paragraph 2.

3.1. Experiments on registration of alpha particles

Registration of alpha particles with energy of 5 MeV was carried out by utilization of
detector with working composite porous materials (Si)i(CsJ)u(Ag)m with relative density from
0,5 % to 5 %. As have shown theoretical calculations, ionization losses of energy of alpha
particles in substance of the detector of an order of 1,5 MeV. In Figure 2 values of registration
efficiencies N, depending on submitted working voltage U for the detector with relative density
of medium of 2 % are presented. Similar pictures of dependences registration efficiencies also
were obtained for other samples of detectors. Apparently from the Figure 2, with the increase of
submitted accelerating electric voltage (U) efficiency of registration monotonously increases. At
value of accelerating electric voltage (U) 780B efficiency of registration reaches almost 95 %. In
the range of values of accelerating electric voltage from 780B to 1200B the efficiency of
registration fluctuates within 95-100 %. The increase in value of submitted accelerating electric
voltage from above 1200B leads to breakdowns in substance of the detector owing to what, the
alpha particle, which trajectory pass through this area, are not registered that leads to reduction of
the value of efficiency of registration of the detector.

Thus, utilization of the given type of detectors of the alpha particle allows to detect
alpha particles with energy 5 Mev with efficiency of registration 1 up to 98 %, hence they can
register with the same efficiency all other charged particles, which ionization losses of energy in
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substance of the detector not less 1,5 MeV. To achieve the efficiency of registration of 100 % it is
necessary to synthesize porous mediums with less smaller values of ionization losses of energy of

the charged particles.
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Fig. 2. Dependence of efficiency registration of alpha particles on value

of the applied accelerating field.

3.2. Experiments on registration of electron

According to the formula of Bette— Blokh, ionization losses of electrons have a
minimum in the field of distribution of energy Ee=0,9—1,1 MeV. Hence, electrons with energy
IMeV can be registered with 100 % efficiency, i.e. almost all charged particles in the given range
of energy also can be registered with identical efficiency. In Fig. 3 results of investigation of
efficiency of registration of electrons with energy 1 MeV with various developed by us
laboratory samples of detectors are presented, the only difference between them in the thickness
of working substance. Other parameters of the detectors were the same, as well as at registration
of alpha particles. Squares, mugs and triangles designate the curves, measured efficiency of
registration of the detectors with thickness of 200mkm, 250 mkm and 500 mkm, accordingly. At
comparison of the curves of the dependence of efficiency of registration of alpha particles (Fig.
2) with the curves of the dependences of efficiency of registration of electrons (Fig. 3) it is
possible to observe shift on the axis of value of working voltage of the detector. This shift is
caused due to difference of ionization energy losses in substance between the alpha particles and
electrons. Thereof, for reception of identical number of delta electrons in substance, it is
necessary to increase the value of accelerating electric field. Due to the shift on the value of
accelerating electric field, detectors get good selective ability, from fig. 3 it is visible that the
relation ne/nq is an order of 3 % at U=850V, i.e. with the detector of the given type it is possible
to carry out accurate registration of high ionized components of the radiation on the background
of gamma and relativistic particles. From the figure 3 also it is visible that almost 100 %-—s'
registration of electrons becomes possible only at the thickness of the working layer of the
detector in 500mkm. As show the calculations, ionization energy losses of electrons with
minimum ionizing ability in the detector with the thickness of 500 mkm are almost 3 keV, hence,
the lower energy range for almost 100 %—s' registration of the light charged elementary particles
has value of order of 3 keV.

Approximately the same pictures of the dependence of the efficiency of registration of
electrons were obtained for other developed detectors.

106



100

A
X g0 i , o ° ©° ©
-
N 2 o 4 O 5 g O
2 3
§ 60 o ®
3 o
5 .
§ 40 o ° a
g
3 5
Y]
& 20 o .
m] © A
§00 1000 1200 1400 1600

Value of the applied accelerating field U, V
Fig. 3. Dependence of efficiency of registration of electrons on the value of applied electric
field for detectors with different thickness of working substance (o — 200p, o —250u, A —500p).

4. Conclusion

The experimental and theoretical investigations have shown that utilization of the
phenomena of the birth, drift and multiplication of the delta electrons in the synthesized
composite porous mediums can provide possibility to create a new generation of detectors of
alpha particles and electrons with surpassing in all parameters to existing analogous.

Further we are planning to carry out investigations on synthesis of new composite
mediums with different ordering degree and relative density that will allow to develop new
systems of registration of elementary particles with the improved characteristics.
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Abstract: The present paper is devoted to investigations in the field of development of new detectors of
thermal neutrons. This research is based on the investigations of the phenomenon of birth, drift and
multiplication of delta electrons originated due to interaction of thermal neutrons with the synthesized
new composite mediums (Si)(LiF)u(CsJ)m(Ag)v under the influence of external accelerating electric
field. These investigations are continuation of the cycle of researches [1-5] in which the possibility of
utilization of the above mentioned phenomena as operating bases of more effective detectors of elementary
particles were explored. Experimental data of the conducted investigations and the results of comparative
analysis with theoretical calculations are presented.

1. Introduction

At the present time investigations to improve the methods of registration of thermal
neutrons are conducting. However more important are investigations on development of
essentially new methods of registration. In this respect major practical interest is represented by
the phenomena of birth, drift and multiplication of delta electrons in porous mediums due to
interaction with elementary particles under the influence of external electric field. Investigations
of these phenomena have shown that under certain conditions it is possible to control the cross
section of these phenomena. On the basis of these physical phenomena detectors of gamma
quanta with fine temporary—spatial properties and high energy resolution were developed [1-5].

The efficiency of registration of neutrons mainly depends from three factors: probability
of interaction of neutron with substance of the radiator, probability of exit of the formed fission
products from substance of the radiator and efficiency of registration of these yields. Registration
of fission products usually does not represent major work. Depending on energy of neutrons,
methods of their recording essentially differ. Till now there are no highly effective methods of
registration of fast neutrons and consequently their registration occurs only after moderation of
neutrons to thermal energies. In this field of energy, porous composite mediums reveal essentially
new possibilities for highly effective registration.

For registration of thermal neutrons usually utilize either capture reactions, or fission
reactions which with very high cross section occurs on some nucleus—radiators of neutrons. As a
radiator the substances containing nucleus of helium (He), lithium (Li), boron (B) are most
suitable and consequently response yields mainly are o — particles and protons. The thickness of
radiator simultaneously should satisfy two requirements: to be potentially thick and to allow the
formed charged particles exit substance of the radiator. In view of last requirement for each type
of radiator, there is a critical thickness and magnification of thickness of the radiator at quantity
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major, than critical though increments probability of uptake of neutrons, but is not reflected in
efficiency of registration. However, if the radiator is porous and an accelerating electric field is
applied then the requirement for bounden exit of charged particles from substance of the porous
radiator becomes inessential as effective drift of electrons of ionization can be achieved and
secondary electronic emission will result. Thus depth of the exit of electrons is not restricted the
porous radiator has no critical thickness.

Exothermic reactions (n, p) and (n, o) are most convenient for registration of slow
neutrons by capture reactions, which occur with high cross section on some light nuclides:

n+’ He— p+ H+Q~0,78MeV
n+’Li »* He+’ H+Q~4,78MeV (1a,1b,1B)
n+°B—>* He+ Li+Q~2,78MeV

where Q — energy of reaction. Till energies of neutrons of ten KeV the cross section of these
reaction ¢ is proportional E, *°, where E, is kinetic energy of neutron. Energy of capturing Q is
proportioned between the formed charged particles, which in inverse proportion to their masses.
For example, in reaction (10) Esn/Eane~ Mane/Msn. It must be mentioned, that even at very small
energy of the neutron, the originated charged particles, possessing energy of reaction Q, form
considerable ionization effect. So, in the same reaction (16) E3sp~2,7MeV, Esne~2Mev. In this is
consisting conveniences of exothermic reactions for registration of neutrons. Taking account
above mentioned facts among alkaline— haloids only suitable are compounds containing atoms of
Li (LiF, LiCl, LiBr, Lil). Among these compounds good secondary electron emission properties
have compound LiF.

On figure 1 dependence of absorption efficiency of thermal neutrons with energy
E:=0.025e¢V from the thickness of LiF and LiJ is given. With magnification of energy to
E=10KeV absorption efficiency falls as 1/\E.
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Fig. 1. Dependence of absorption efficiency of thermal neutrons on the thickness of operating
porous layers LiJ and LiF
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2. Experimental setup

For conducting the experimental investigation the laboratory sample of detectors of the
thermal neutrons operating on the basis of the phenomenon of birth, drift and multiplication of
secondary electrons in synthesized porous composite mediums (Si)1 (LiF)u(CsJ)m(Ag)v has been
developed. Providing certain requirements (pressure, velocity of rotation of substrate etc.) and
utilizing of different methods of vacuum deposition composite mediums (Si) 1 (LiF) n (CsJ) m
(Ag) v with relative density of 0,2 %—10 % and different percentage correspondence of chemical
combinations have been synthesized.

“““ [d=2mm
""" # g Reflector
\n/\> /x=30mm [ !

e

Detector

b)
Fig. 2. a) Schematic view of the detector of thermal neutron and
b) schematic view of the experimental setup

In figure 2a the schematic view of the detector from a porous medium (2) placed in
special vacuum chamber from stainless steel (5) with the vacuum tight window (1) from special
material is given. By applying voltage on grid electrodes (4) and (3) the necessary accelerating
electric field is created. Originated impulses which have proceeded from anodic wire electrodes,
are registered by expressly developed electronic units.

On the construction, the developed registering systems can be compared to the
proportional chamber with those odds that instead of gas as operating medium the synthesized
medium serves. However on the performance characteristics and principles of operation they
strongly differ that testifies to absolutely different processes occurring in gases and in
multilayered composite mediums.

For carrying out the experimental researches a special experimental setup has been
developed and created. The experimental setup schematic view is given in Figure 2b.

Utilization of new types of neutron monochromators gives the chance to determine with
high accuracy the energy of thermal neutrons and to make calibration of the detector.

Passing through the system of collimation and monochromators, the neutron beam fell
on the developed detector. By means of expressly developed electronic device the registered data
are transmitted to accumulation and processing system.
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3. Experimental results

To measure the efficiency of registration of neutrons, on either side of the cathodic
electrodes of the detector, collateral to them, apart from them 5000u the additional electrodes
which are under a high voltage of the negative polarity in relation to the cathodic electrodes have
been located. The space between additional and cathodic electrodes has been charged by
substance of the radiator from LiF with relative density of 10 %, and in the central part composite
medium (S1)(LiF)n(Cs))m(Ag)v different relative density. At passage of neutrons through the
detector perpendicularly to the cathodic electrodes the quantity of substance of the radiator taking
into account relative density was 10°n. Meanwhile =100 % efficiency of registration was
provided. On figure 3 the detector count characteristic at registration of neutrons with energy E,
=0,025eV depending on the voltage U applied on radiator is given. Operating voltage
corresponded to 100 %-—s' efficiency of registration of the secondary electrons injected from the
radiator. From the Figure 3 it is visible that with magnification of accelerating electric field U the
count rate of the detector is incremented and in the rage of the value U=4000V reaches plateau.
Above U=4500V breakdowns occurred in the radiator.
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Fig. 3. The detector’s count rate characteristic dependence on operating voltage

The behavior of the curve in the range of values up to Up=4000V is caused by
magnification of number of secondary electrons n., injected from the radiator. When the median
number of the injected electrons n. reached quantities of registration with 100 %-—s' efficiency, its
further growth is not reflected any more in efficiency of recording that leads to plateau
occurrence on the curve. Due to fluctuation ne, value 7,at which 100 %-s' efficiency of

registration is reached, is set by a relation: 17, =1 — e~ whence follows that7, ~ 5.

The plateau presence in count rate characteristics of the detector testifies about =100 %—
s' efficiency of registration of neutrons. It also proves to be true calculations of geometry of
measuring and passport data of performances of the neutron source.
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4. Conclusion
Preliminary experimental and theoretical investigations have shown that utilization

phenomenon of birth, drift and multiplication of secondary electrons in the new porous mediums

synthesized by us can yield jolt in sphere of development of neutron detectors as new generation

which surpass all existing similar detectors in the all explored parameters. Necessity of conducted
of the further investigations in this field are advisable and actual.
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Abstract: The stress partitioning between phases, phase stress relaxation as well as origins of
Al/SiC, composite strengthening are studied in the present work. In this aim, the measurements
of lattice strains by neutron diffraction were performed in situ during tensile test up to sample
fracture. The experimental results were compared with the results of elastic—plastic self—
consistent model. It was found that thermal origin phase stresses relax in the beginning of plastic
deformation of AIl/SiC, composite. The evolution of lattice strains in both phases can be
correctly simulated by the elastic—plastic self-consistent model only if the relaxation of initial
stresses is taken into account. A major role in the strengthening of the studied composite plays a
location of stresses in the SiC, reinforcement, however the hardness of Al metal matrix is also
important.

1. Introduction

Metal Matrix Composites (MMC) are an interesting alternative to classical alloys. Their
superior mechanical properties — in comparison to classical alloys — are their unique stiffness,
high specific strength and/or ductility, as well as improved wear resistance. The strengthening
mechanism of the MMC is obtained by: the addition of reinforcement which possess definitely
superior mechanical properties than the matrix and by locking dislocation movement which
depends on the mechanical properties, geometry and space distribution of the constituents [1].

The Al/SiC, composite studied in this work consists of the Al2124 aluminium alloy
matrix with silicon carbide particles reinforcement. Aluminium is a material of relatively low
density and high ductility, but the limitation for its application is caused by relatively low

"E — mail: andrzej.baczmanski@fis.agh.edu.pl
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strength, hardness, stiffness and tribological properties [2,3]. However, strength and hardness of
aluminium can be improved by alloying and heat treatment leading to precipitation or age
hardening by the phases precipitated in a solid state reaction, as is in the case of the classical Al—
Cu or Al-Cu—Mg alloys, or by the strengthening by particles insoluble during the powder
compaction technology, as in the case of the composites reinforced by silicon carbide particles.

In the present work the mechanical behaviour of the Al/SiC, composite was studied
using neutron diffraction. The advantage of diffraction methods is that the mechanical behaviour
of different phases of polycrystalline material can be independently studied during sample
loading [cf. 4 — 10]. This method enables measuring of the lattice strains/stresses selectively for
Al-matrix and SiC, — reinforcement constituents, only for the crystallites contributing to the
recorded diffraction peaks [cf. 11 — 14]. The results of neutron experiment are usually analysed
and interpreted using elastic—plastic models.

The elastic—plastic behaviour of Al/SiC, composites have already been studied using the
Finite Element Method (FEM) [15—18] and the influence of the SiC, reinforcement on the overall
elastic—plastic properties including stress relaxation during reinforcement fraction [17] and
decohesion processes [18] were predicted. The Eshelby type models [19] were also applied to
calculate the stress in the ellipsoidal reinforcement inclusion and in the metal matrix [20-24]. The
results of the Elastic—Plastic Self-Consistent (EPSC) model were sucesfully compared with
diffraction measurements in which the lattice strains in both phases were determined during the
bending test [24]. It was shown that the se EPSC model correctly predicts the behaviour of the
particle reinforced MMC and the stress partitioning between phases in the case of relatively low
content of the reinforcement. Both the diffraction method as well as the self-consistent model
provide statistical information concerning the mean strains/stresses for groups of crystallites and
phases, but the spatial heterogeneities of these quantities in the matrix, around the reinforcement
particles are not visible in a diffraction experiment performed for a large sample volume.

The lattice strains in both phases of Al/SiC, composite were already measured in situ
during heat treatment [25], during elastic—plastic loading [14, 24] and evolution of residual
stresses was determined after thermal or mechanical treatments [13, 26]. A significant influence
on stress partitioning between phases was also determined using diffraction during damage
process [27, 28]. The interpretation of the diffraction data using Eshelby type models (including
self—consistent method) showed that important mismatch stresses are induced during composite
cooling due to the difference in thermal expansion coefficient of the phases [29]. These stresses
can be significantly modified by plastic deformation [30] or combination of thermal and
mechanical treatments [31] long before damage of the material. The release/modification of the
residual phase stresses is of vital importance due to their influence on fatigue cracking process in
MMC [32].

The aim of this work was the study of mechanical behaviour of both components of
AV/SiC, composite using neutron diffraction in situ during tensile test. The interpretation of the
experimental results was done by comparing the measured lattice strains and overall mechanical
composite behaviour with the prediction of a self-consistent model. The focus of the present
investigation was put mainly on the evolution of phase stresses during external loading of the
sample, including process of stress relaxation. The neutron diffraction measurements analysed
with help of EPSC model were used to determine a value of tensile sample strain for which
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hydrostatic thermal stresses were released. Finally, the mechanical properties of the matrix and
reinforcement and their influence on the strengthening of the composite were determined.

2. Experiment and model prediction

2.1. Materials

Materials tested in this work are the Al2124 alloys (Table 1) either unreinforced or
reinforced with SiC particles. The Al/SiC, composite produced by powder metallurgy route was
provided by Materion Aerospace Metal Composites, Farnborough, Hampshire, UK. This
technique is based on blending and compaction of mixed aluminium and SiC powders. The
amount of the reinforcement particles in the composite is 17.8% by volume and the particle
average size is 0.7 pm.

Table 1. Chemical composition of the Al2124 alloy (mass fraction, %).
Cu Mg Mn Ti Zn Cr Fe Si Al
4.18 1.46 0.52 0.15 0.25 0.1 0.3 0.2 balance

Two sorts of the material with different heat treatments were studied. The first one was
subjected to the T6 heat treatment (i.e. solution treatment at 491 °C for 6 h and then cold water
quenching to produce a supersaturated solid solution, and finally artificial aging for 4 h at
191 °C. This treatment resulted in the hardening of the Al2124 alloy by semi—coherent Cu—Al-
Mg precipitates [33]. The second sort of the composite was subjected to the T1 heat treatment,
consisting in the natural aging with a calm air cooling directly after 6 h annealing at 491 °C. In
this work, the composite specimens subjected to the heat treatments T6 and T1 are marked
respectively Al/SiCy—T6 and AI/SiC,—T1, while the unreinforced aluminium alloy sample
subjected to T6 treatment is labelled as A12124-Té6.

In Fig. 1, the SEM image of the examined Al/SiC, specimen is presented. A significant
dispersion of the particles size around the nominal value 0.7 um and their not perfectly uniform
spatial distribution can be observed. However, in the case of the large relative gauge volume in
the diffraction experiment, a macroscopically homogeneous material was assumed in this study.

Fig. 1. The microstructure of the Al/SiC, composite — SEM image. Some particles of SiC were separated
from the Al2124 matrix during surface preparation by etching
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The crystal structure and crystallographic texture of the composite phases were
determined on the Panalytical Empyrean diffractometer using Cu K alpha X-ray radiation. The
Rietveld analysis of the experimental results showed that the 6H polytype with hexagonal
structure is dominant (content of ca. 80%) in the investigated SiC powder, while the aluminium
alloy Al2124 has a face centred cubic structure. No significant crystallographic texture was found
in both phases of the composite.

2.2. Neutron diffraction measurements

The lattice strains in the studied materials were measured using a time of flight (TOF)
neutron diffraction method on the EPSILON-MDS and FSD diffractometers [34, 35] installed at
the IBR-2 pulsed reactor in the JINR in Dubna (Russia). On the FSD diffractometer the evolution
of crystal structure and coefficient of thermal expansion in the temperature range 20°C-500 °C
were investigated for the SiC powder and the Al2124 alloy [36]. The main experiments were
performed on the EPSILON-MDS diffractometer (at ambient temperature) using two
configurations presented in Fig. 2. The first configuration (Fig. 2a) with two detectors L2 and L&
(other detectors were shaded by the tensile rig) was applied during the in situ tensile test for the
dog-bone shaped samples having a square cross section 4 mm x 4 mm and a gauge length of 15
mm.

The applied loads were measured in situ by load cell and the macroscopic strain was
determined ex situ by an extensometer connected to an identical sample subjected to the same
loads. To obtain satisfactory counting statistics, the diffraction measurements through the whole
cross section of the sample were done using the wide incident beam with an aperture of 10 mm.
The diffraction measurements were performed for constant grip positions (corresponding to given
sample strains), after stabilisation of the applied load, which decreased over a period of about %2
hour. Both composite samples (Al/SiC—T1 and Al/SiC—T6) fractured very close to macroscopic
strain of £;; = 3% and in such a case the last diffraction measurement was done on one part of the
broken sample. Consequently, the last measurement of unreinforced alloy Al2124-T6 was also
performed after the sample unloading at £;; = 3%.

incide:; rgemmﬂ nine detectors around incident beam at Bragg angle
L5 26=90°
scattering / applied L4 L6
vector load diaphragm
scattering |
diffracted

_\/e/ct|m‘/ neutron beam L3
left right
detector :l:F detector L2

diffracted sample neutron
neutron beam bgams
X. \I L1 diffracted L9
s . X on the
applied sample
X X, Bragg angle  load X
- o X.
laboratory system 20 = 90 -um::g:;: y Sy n(?,l’.’.‘
a) b)

Fig. 2. A schematic view of the experimental setup at the EPSILON-MDS diffractometer
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The relative lattice strains in direction of the load (&;1)¢ni;y and in the transverse
direction (&5 )¢k} Were calculated using Eq. 1:

{dLp ){thl}—(dLD )?hkl} {drp ){thl}_(dTD )?hkl}

(511>{hkl} = and (522>{hkl} = (1)

{dLD )?hkl} (dTD)?hkl}

where (d){zhkl} and (d)p,,;y are the interplanar spacings determined for the loaded (for given

applied stress X;; ) and non—loaded sample (initial, i.e. for X;; = 0 ); the <...>;u; brackets
denote an average over the diffracting grains volume for given reflection 4kl. Indices LD and TD
mean that the interplanar spacing were measured in the direction of the applied load and in the
transverse direction, respectively.

Additionally, the ex situ diffraction measurements were performed for the initial as well
deformed/fractured samples using the second configuration with nine detector banks arranged
around the sample at the EPSILON-MDS diffractometer (L/ — L9) as shown in Fig. 2b [34]. In
this case the tensile machine was removed and the measurements were performed for two sample
positions, the first at the orientation shown in Fig. 2 and the next after rotation by 90° around the
sample long axis. In principle, the measurements of the interplanar spacings for the 18
orientations enable determining of the stress tensor for each phase if the strain free parameters are
known.

2.3. Elastic-plastic self-consistent model

In this work, the prediction of stresses evolution during elastic and elastic—plastic
processes was done using the EPSC model proposed by Lipinski and Berveiller [37, 38] and
applied to two phase materials by Baczmanski et al. [7, 24]. This model is based on the
interaction of the grains with the surrounding matrix described by Eshelby tensor [19]. The
model predictions were performed for a set of 2000 spherical grains representing 17.8% volume
fraction of SiC reinforcement (356 grains) and 82.2% of the Al matrix (1644 grains). Because of
weak crystallographic textures, the orientations of grain lattice were randomly generated and
corresponding single crystal elastic constants were assigned to the grains of both phases (cf.
Table 2). The spherical inclusions and zero residual stresses were assumed for the particles of
SiC reinforcement and for the Al2124 matrix. The elastic—plastic deformation with slip systems
<110> {111} were assumed for aluminium, while only elastic deformation was assumed for SiC
grains. In the case of the tensile tests, calculations were performed for various values of the
critical resolved shear stress (CRSS, 7.) and the hardening parameter (H) of the Al2124 matrix
[37,38,7,24] (assuming linear and isotropic work hardening process for small deformations
considered in this work). The optimal values of 7, and H were determined by comparing the
experimental and theoretical lattice strain evolutions for all the measured reflections, as well as
macroscopic dependence of overall stress vs. sample strain. The same procedure of experimental
data analysis was carried out for the AI2124-T6 alloy, but in this case the single phase
polycrystalline aggregate consisting of 2000 aluminum grains was considered.
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Table 2. Single crystal elastic constants and coefficient of thermal expansion for SiC and Al2124

alloy at room temperature.

Material Single crystal elastic constants (GPa) [37, 38] CTE (10K
cfif cfif cfif 3 ciif 137.39]
6H SiC 501 111 52 553 163 22.9-24.7
Al 105.8 60.4 60.4 28.3 28.3 4.0-4.9
3. Results

3.1. Macroscopic behaviour of the Al/SiC, composite and AlI2124 alloy

Firstly, the dependence of the applied stress vs. sample strain was analysed in order to
choose the best model parameters. In Fig. 3a the macroscopic plots obtained in the tensile test for
the Al2124-T6 alloy and Al/SiCp—T6 composite are compared with the prediction of the EPSC
model. The values of 7, and H for slip system <110> {111} were adjusted in order to fit the
theoretical macroscopic stress—strain plot to the experimental one obtained for the Al2124-T6
alloy. A very good convergence of the model and experimental plots both in the elastic and
plastic ranges of deformation was obtained for the elastic constants given in Table 2 and plastic
slip system parameters shown in Table 3. Next, the properties of the unreinforced Al2124-T6
alloy were assumed for the matrix of the Al/SiC,—T6 composite (cf. the T6 treatment in Table 3),
and the tensile test was predicted for this composite, using elastic constant of the 6H-SiC
polytype given in Table 2. It was found that the EPSC model correctly predicts elastic and plastic
deformation of the studied composite at a macroscopic scale (Fig. 3a), when the CRSS and
hardening parameter determined for Al2124-T6 alloy (Table 3) are used for the matrix.

Using the model prediction, the role of SiC, in the hardening of Al/SiC, was also
studied. To do this, the evolution of von Mises stress calculated for each phase within the
Al/SiCy—T6 composite as well as for the Al2124-T6 alloy are shown in Fig. 3b. It was found that
this stress changes almost identically in the Al2124-T6 alloy (without reinforcement) and in this
alloy being a matrix in the Al/SiC,—T6 composite, i.e. the theoretical curves representing
aluminium overlap and agree with the experimental ones obtained for the unreinforced Al2124—
T6 alloy. This means that the SiCp particles do not cause significant hardening of the aluminium
matrix. The overall macrostress for the composite is much higher comparing with Al2124-T6
alloy only due to large stress accumulated in elastically deformed SiC, reinforcement, as shown
in Fig. 3b. It should be emphasized, however, that until now no experimental information on the
state of stresses in SiC, is provided, therefore the stress partitioning between the composite
phases is shown in section 3.3.
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Fig. 3. Overall stress vs. sample strain (a) and von Mises stresses in phases (b) in the tensile test

performed for the Al2124-T6 alloy without reinforcement and the Al/SiCp,—T6 composite (T6).

The experimental results are compared with EPSC prediction for single crystal elastic constants
given in Table 2 and plastic parameters presented in Table 3

AIISiCp -T6and T1
650
600 S
550 T
500 -
450 L
400 ./
350 ’
300 /
250
200 —=== model: T =120 MPa, H= 50 MPa
150 — model: T =82 MPa, H= 50 MPa
100 = experiment Al/SiC, - T6

50 o experiment AISIC, - T1

%, (MPa)

0.00 0.01 0.02 0.03
E11
Fig. 4. Macroscopic dependence of macroscopic stress (after stabilisation) vs. macroscopic strain
for the Al/SiC, (T1 and T6) composite subjected to tensile tests. The experimental results are
compared with EPSC prediction for single crystal elastic constants given in Table 2 and plastic

parameters presented in Table 3

The analysis of the macroscopic stress vs strain dependence was performed also for the
Al/SiCy—T1 composite. It was found that the value of the CRSS determined from the EPSC
model adjustment to the macroscopic curves (Fig. 4) is much lower for the T1 treatment in
comparison with that for the T6 treatment, while the hardening parameter H is similar for both
treatments (cf. Table 3). The macroscopic stress vs strain plots (Fig. 4) showed an important
influence of the matrix state on the overall mechanical behaviour of the composite, which is
much softer after the T1 treatment than after the T6 treatment.
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Table 3. Value of critical resolved shear stress 7. and hardening parameter H determined for
studied composites and Al2124 alloy.

) Sample CRSS (t,) Hardening parameter (H)
M 1
ateria treatment (MPa) (MPa)
Al2124 T6 120 50
T6 120 50
Al/SiC
e Tl 82 50

3.2. Relaxation of thermally induced stresses

Here, the analysis of phase stresses in the initial and fractured composite specimens is
presented (based on results of the ex situ measurement with nine detectors, Fig. 2b). Data
analysis was performed with the Kroner—Eshelby model used for calculation of the X-ray elastic
constants (XECs) for each phase separately [39]. In the case of 6H-SiC, the diffraction peaks for
006/102, 108/110 and 116/202 reflections were measured, while for the Al2124 matrix — 111,
200, 220, 311 and 220 reflections were taken into account. The stress values were calculated on
the basis of experimental data using the least square method in which the tree principal stress
components were adjusted, while the shear stresses were neglected due to symmetry of the sheet
from which the samples were cut. The measurements at elevated temperatures up to 500°C (FSD
diffractometer) performed for 6H—SiC powder showed that the structure of SiC, did not change
during T1 and T6 heat treatments. Therefore the stress free interplanar spacings were measured
for the same powder that was used as the composite reinforcement. However, the accurate value
of a stress free lattice parameter (a, ) for the aluminium alloy was not available due to a
differences in the precipitation solution process at elevated temperatures occurring in the Al2124
alloy (or powder) and in this alloy creating the Al2124 matrix of the composite [36]. The stress
analysis was based on the decomposition of the stress tensor into two parts, containing the
hydrostatic component (p) and deviatoric components (q, 7, S):

0 oy 0]=]0 p Ol+|0 r 0| and p = (014 + 0y +033)/3 )
0 0 033 0 0 p 0 0 S

The deviatoric stresses were correctly determined for both phases because they do not
depend on the values of the stress free lattice parameters. Also, the value of hydrostatic stress p
for SiC, reinforcement, based on the lattice parameters determined for SiC powder, can be
determined. However, the hydrostatic stress in the aluminium matrix subjected to the given heat
treatment should be deduced from the mixture law for the case of non—loaded sample:

(1—foA + foSi¢ =0 for non—loaded sample, (3a)
(1-fod + fos€ =% for sample under load with macroscopic stress ¥ (3b)

where /= 0.178 is a volume fraction of SiC, and the above law is fulfilled for all stress
components as well as for deviatoric and hydrostatic stresses.
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In the stress analysis performed for aluminium matrix, an approximated value of a, was
temporarily assumed. Then, the determined hydrostatic stresses were adjusted by shifting p by the
same value simultaneously for the results obtained for the initial and fractured samples in order to
fulfil Eq. 3a. This correction corresponds to the adjustment of a, value for both states (initial and
fractured), subjected previously to the same heat treatment. The so—obtained stresses for all
specimens examined during the tensile test and for both phases are presented in Tables 4 and 5,
for the Al/SiC—T1 and AI/SiC,—T6 specimens, respectively. It was found that the mean stresses
calculated for p values, according to Eq. 2, are approximately equal to zero within the uncertainty
range, simultaneously for the initial and deformed samples. This condition is fulfilled for both
materials subjected to the treatments T6 and T1 (cf. the first column in Tables 4 and 5). An
evolution of the hydrostatic stresses during deformation was also calculated from relative
changes of interplanar spacings for the deformed sample with respect to the initial one. Although
the latter method does not allow for calculating the absolute values of the hydrostatic stresses,
however in the calculations of the relative changes of these stresses (Ap) the values of a, are not
required. As shown in the second columns of Tables 4 and 5, the Ap values are very close to the
differences between the hydrostatic stresses p for the deformed and initial samples (cf. the first
columns). Moreover, the mixture law (Eq. 3) applied to the Ap values gives the mean value close
to zero (within uncertainty range), i.e. the equilibrium condition is fulfilled. Therefore, it can be
concluded that the values of the hydrostatic stressesp and their changes Ap are correctly
determined.

Table 4. Stress state in both phases in the initial and deformed Al/SiC (T6) specimen. The mean
stresses are calculated according to the mixture law given by Eq. 3.

Specimen p (MPa) | Ap (MPa) | q (MPa) | r (MPa) | s (MPa)
state
Initial 122 £ 18 29 +17 -37+20 8+ 18
Al2124-T 96 £ 1
12124-T6 Deformed 33+11 9615 ~73 +£21 29 +£25 44 £23
Initial —614+115 143 + 89 —6+93 | -136+93
SiC 512+2
’ Deformed | —103 %55 ® 306+51 | 18256 | —124257
Mean Initial -10£25 13413 49 £21 32423 | -18 £22
Eq.3 Deformed 10+12 —6+20 -9+23 14 +£21
Table 5. Stress state in both phases in the initial and deformed Al/SiC, (T1) specimen. The mean
stresses are calculated according to the mixture law given by Eq. 3.
Specimen state | p (MPa) | Ap (MPa) | q (MPa) | r (MPa) | s (MPa)
Initial 126 £ 18 26+7 —9+7 ~18+7
Al2124-T1 74 £ 1
12124 Deformed 59+11 ! > -75+9 42+9 34+9
Initial —647 + 85 75+73 44+77 | -119£77
SiC 403 £2
’ Deformed | 20049 | "0 %27 [Ti83145 | 68=51 | —115£51
Mean Initial —11 £21 1 £13 35+15 015 -37+15
Eq.3 Deformed 125+ 13 29+11 22+12 7+12
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It was found that the large hydrostatic compressive stress in SiC, reinforcement and
tensile stress in aluminium matrix were generated during T1 or T6 treatment. This effect is
caused by a difference in coefficient of thermal expansion (CTE) for the composite components
(Table 2), leading to larger volume contraction for aluminium matrix comparing with particles of
SiC,, during the cooling process. On the other hand, small deviatoric stresses in the initial sample
are caused by possible temperature gradients in the heat treated sheets as well as plastic
deformation during sample machining. Also, it should be stated that the equilibrium condition
(Eq. 3) is not strictly fulfilled for the components of deviatoric stresses in the initial samples,
probably due the relatively large experimental uncertainties, comparing to small values of these
stresses. More pronounced deviatoric stresses, resulting from phase interaction during plastic
deformation, were measured after tensile test. The components of the latter stresses in some
approximation fulfil equilibrium condition.

Analysing the results presented in Tables 4 and 5, it can concluded that an important
decrease in hydrostatic compressive stress occurred in the SiC, reinforcement corresponding to
the relaxation of initially large thermal stress. Also, the decrease in the hydrostatic part of the
mean tensile stress in the Al2124 matrix has been observed as a consequence of stress relaxation
around the SiC, inclusions. The process of stress relaxation has been studied post factum for the
already fractured sample, but it is interesting to determine when this phenomenon start to occurs.
To solve this problem, it is necessary to follow the evolution of the stresses and lattice strains
measured in situ during the deformation tests.

3.3. Evolution of lattice strains in the Al/SiC, composite and Al alloy

The lattice strain evolutions in the Al and SiC, phases along the direction of applied load
(€11)nkry and in the perpendicular direction (&2;)qniy (Eq. 1) were determined in situ using
configuration with two detectors shown in Fig. 2 a and compared with EPSC model (Figs. 5-7).
Model calculations were performed up to the maximum sample strain before fracture/unloading
(i.e. E;1 = 3%) for the CRSS (z.) and hardening parameter (H), determined previously for the
studied samples on the basis of the mechanical curves (Table 3). In the case of fractured
composite samples the experimental macrostrain was unknown, therefore the experimental lattice
strains for broken samples were inserted close to simulated macroscopic strain after unloading.

A very good result of the experiment — model comparison was found for the relative
lattice strains (cf. Eq. 1) measured for the Al2124-T6 specimen under the tensile load both in the
elastic and elastic—plastic range of deformation up to £;; = 3%. The model predicted values of
lattice strains are slightly overestimated during the tensile test, but for the unloaded sample the
modelling calculations hit the experimental points correctly (Fig. 5). The lattice strain evolution
for different Akl reflections confirms that the EPSC model correctly predicts the partitioning of
stresses between the grains in the Al2124-T6 alloy [42, 43] and well reproduces the anisotropy of
plastic deformation for the different groups of grains.

To solve the problem of stress partitioning between phases, the lattice strains measured
in situ in the SiC, and in Al2124 constituents of the composite during the tensile test were
analysed. The important influence of the evolution of mean values of lattice strain along loading
direction measured for reflections 200, 111, 220, 311 in aluminium and for reflections 006/102,
108/110, 202/116 in SiC are shown in Fig. 6. In this figure, the results for the sample subjected to
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the treatments T6 and T1 are shown. The experimentally measured relative lattice strains were
determined using Eq. 1 and then the strains caused by initial stresses (cf. Tables 4 and 5) were
superimposed. Subsequently, the lattice strains were calculated using the EPSC model with two
assumptions, i.e. accounting for the initial stresses given in Tables 4 and 5 or setting zero stresses
for both phases.

Analysing Fig. 6, it was found that for the elastic deformation, a good agreement
between the experiment and model was obtained taking into account the initial stresses, while for
the further elastic—plastic deformation much better accordance was observed with zero initial
stress assumption (cf. Fig. 6). Therefore, it can be concluded that the initial phase stresses relax at
very small tensile deformation (ca. 0.2— 0.8 % ), and consequently do not influence further stress
partitioning and mechanical behaviour of the composite phases. The residual lattice strains in
both phases are also well predicted by the model, assuming zero initial stresses. This results well
agree with previous works showing relaxation and complete exchange of stress state in the
Al/SiC, composite and also in other materials subjected to plastic deformation [11, 13, 30, 31].

Al2124-T6 . t =120 MPa, H= 50 MPa

0.008 0.008
. Al (200) exp.
| . Al (220) exp.
0.006 0.006 Al (311) exp.
——— AI(200) mod.
0.004 0.004 —— AI(220) mod.
. . Al (311) mod
z £
A_ 00021 £ o AI(200)exp AL 0.002
- o AI(111) exp. o *
Vv / +  AI(220) exp. " \ -
0.000 &=—— Al (311) exp. - 0.000 s ~
—— AI(111) mod. 4 = 3
——— AI(200) mod. ‘%
-0.002 ——— AI(220) mod. -0.002
Al (311) mod.
-0.004 -0.004
0.00 0.01 0.02 0.03 0.00 0.01 0.02 0.03

E

1 b)

Fig. 5. Lattice strains measured for different reflections %kl (points) during tensile test are

1 a)

compared with the EPSC modelling (lines) performed for the parameters given in Tables 2 and 3.
The lattice strains in loading direction (a) and perpendicular direction (b) are presented as
functions of macrostrain
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Fig. 6. The experimental and model mean lattice strains along the loading direction (&1 )mean i
both phases of Al/SiC—T6 and AI/SiC-T1 samples, calculated as the average over 200, 111, 220,
311 reflections in Al and over 006/102, 108/110, 202/116 reflections in SiC. The model results
were computed for parameters given in Tables 2 and 3, starting from initial stresses or assuming
zero initial stresses

The new finding of the present work is that the stress relaxation occurs very early i.e. for
a small elastic—plastic deformation, close to the yield point of the matrix. Finally, in Fig. 6 the
lattice strains for individual reflections 4kl in both phases of Al/SiC—T6 sample measured along
applied load and in the transverse direction are shown. The experimental results agree with the
model prediction if in the calculation the initial stresses are taken into account for the beginning
of deformation (up to about £;; = 0.2% of sample strain), and zero initial stress is assumed for
further deformation (above about E;; = 0.8% of sample strain). This can be explained due to
discussed above relaxation of hydrostatic stress in the beginning of plastic deformation.

4. Conclusions

The diffraction method combined with crystallographic models are an important tool in
the study of the mechanical behaviour of polycrystalline materials at the scale of phases or
particular grains. In this work a complete study of the mechanical behaviour of the Al/SiC,
composite containing 17.8% of SiC reinforcement with a grain size of 0.7 um was performed
using neutron diffraction and EPSC model. Based on the results of in situ measurements during
the tensile test the following conclusions can be formulated:

1) The thermal stresses relax during tensile deformation only at the beginning of plastic
strain and a new stress state is created.
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2)

3)

4)

3)

The strain/stress partitioning between the composite phases during the tensile test can be
well predicted by the EPSC model, except for the thermal stress relaxation, which must
be introduced into the model at the yield point.

Anisotropy of plastic incompatibility stresses occurs during and after plastic
deformation, both for the unreinforced and reinforced aluminium alloy and this effect is
approximately predicted by EPSC model.

Strengthening of the Al/SiC, composite results mainly from the localisation of high
stress in the reinforcement, while the hardening of the matrix by the SiC, particles is
insignificant.

Using two different thermal treatments for the initial material, it was shown that the
overall strength of the composite depends on the hardness of the Al2124 matrix, which
can be increased through appropriate treatment.
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Fraunhofer diffraction of a plane electromagnetic wave on an aperture in an opaque screen located
between two media with different refractive indices, as well as between vacuum and refractive material
medium, in the presence and absence of birefringence is considered. The angular distribution of the
intensity of diffracted radiation is determined.

The case of an anisotropic medium is also considered. Some peculiarities of diffraction in this formulation
are revealed, in particular, the nonreciprocity phenomenon.

It is shown that the intensity of the diffracting wave, depending on the wavelength, depends on the
refractive index of the medium into which electromagnetic radiation penetrates, which leads to the
possibility of creating new optical elements, the scope of which, in particular, can be the creation of
alternative schemes of the light energy storage devices. An experimental study of the nonreciprocity
phenomenon was carried out.

1. Introduction

The diffraction of an electromagnetic wave on an infinite screen with a slit or a round
hole is known to be considered in optics in the case when a vacuum is located in front of the
screen and also after the screen [1,2]. In material media diffraction phenomenon is usually
considered in situations when it is caused not by the limitation of the wave front (diffraction from
the edges of slits or openings), but mainly by the periodicity of the inhomogeneities of the
medium in which the wave propagates [ 3—-5].

In [6], the Fraunhofer diffraction of a plane wave by an infinite slit was considered,
when on both sides of the screen with a slit there is not a vacuum, but a medium with different
values of the refractive index (one of which may be a vacuum). It was shown, in particular, that
in such a situation there is a nonreciprocity of the passage of an electromagnetic wave through a
slit. This phenomenon is of great practical importance in the creation of optical systems that have
nonequivalence of mutually opposite directions of transmission of electromagnetic waves [7-8].

In the present work, we consider diffraction by a rectangular slit and circular hole in a
metal screen, on both sides of which there are media with different values of the refractive index.

"E — mail: alalayan@ysu.am

130



2. The intensity of an electromagnetic wave diffracted from air into a
dielectric medium through a slit in the screen

Let us consider the normal incidence of an electromagnetic wave on an opaque screen
with a slit width a (Fig. 1). Then the wave intensity in the interval 6 + 6 + d0 is determined by
the formula [9] :

ar=to sin* (ka®)

2 )’ d (kad)

(1)
where Iy — is the intensity of the incident wave, 8 — is the angle of deviation from the direction
: )

of the normal to the screen of the diffracted wave and &k =—n.
C
I0
l v l
P
ARY
\_/\\\\
6 \\ \\
\\J\\
\\ \\
do

Fig. 1. Scheme of diffraction of an electromagnetic wave on a round hole

The total intensity / of the diffracted wave is equal to:

I, 2 sin® (kad)
=0 x [ 22222 d (ka®
! 2n _J;T (kab)* (fa) ®)
2

where '5 and 5 are the boundaries of the 0.

In expression (2), the integral is not analytically solved. Figure 2 shows the dependence

of 7 on k, obtained by numerical methods, showing that with increasing k the intensity of the
wave behind the slit also increases.
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Fig. 2. The dependence of the integral (2) on £ at a fixed frequency ®

The increase in intensity with an increase in the refractive index is understandable: for
the shorter wavelength, the more intensity passage through a narrow gap (commensurate with 1).
Mathematically, an increase in the intensity I with an increase in the refractive index can be
understood as a result of a broadening of the integration interval in formula (2) with an increase
in the value of the refractive index.

: 2
sin“ (0
Indeed, Fig. 3 shows the dependence of the function 02( ) on 6. The value of the

integral over this function is equal to the hatched area.
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Fig. 3, The dependence of the integrand P on 6

T
With an increase in the refractive index, the integration limits are equal to S and 5

O) T[ O) T[ . . . . . . .
and become — ;”615 and ;”615 , that is, with an increase in n, the integration region

grows, which leads to a change in the value of the integral.
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3. The experimental part.

We experimentally investigated the diffraction passage of an electromagnetic wave
through a narrow slit cut in a metal plate mounted between two dielectric plates of two different
materials with different refractive indices. For the convenience of measurements, an
electromagnetic radiation source in the range 40-50 GHz was used. The experimental design is
shown in Fig. 4. A metal slit 3 with a width of 5 mm was made of a metal (brass) plate 1 mm
thick, plates 2 and 4 of teflon (polytetrafluoroethylene) and plexiglas ( polymethylmethacrylate )
of the same thickness (equal to 3.5 mm), which have different values of the refractive index were
attached to this metal plate from different sides, Directly at the output of such a three—layer
structure, a radiation detector 5 was placed. Next, the analog signal from the detector was
converted to digital by means of ADC 6 and entered into a computer.

:
e

-

234 5

Fig. 4, The scheme of the experimental setup. 1 — electromagnetic radiation generator, 2 and 4 —
plates of dielectric material, 3 — metal plate with a rectangular slit, 5 — radiation detector, 6 —
ADC, 7 — computer

Note that the range of refractive indices of amorphous polymers is much smaller than
that of traditional optical glasses and reaches up to n = 1.70 [7]. Accordingly, the n value for
PMMA is 1.51. For polymeric materials, a significant decrease in the refractive index is possible
by introducing fluorine atoms into the molecule of the initial monomer. Fluorinated polymers
have the lowest refractive indices (n < 1.4) [8]. In the case of teflon that used in the experiment, n
is of the order of 1.35-1.38 [9].

For a slit of Smm wide, the measurements showed the difference in the amplitude of the
transmitted signal depending on arrangement of the teflon and plexiglas plates (Fig. 5).
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Fig. 5. Dependence of the amplitude of the transmitted signal on the change in the arrangement
of teflon and plexiglas plates relative to the slit. a: plexiglass—slit-teflon, b: teflon—slit—
plexiglass, microwave generator frequency was 41 GHz, slit width was 5 mm

As can be seen from the figure, for the case of radiation passing in the teflon—slit—
plexiglas system, the amplitude of the recorded signal is 2.5 times different from the amplitude
for the reverse sequence of the same dielectric plates, which experimentally confirms the
nonreciprocity of the passage of the electromagnetic wave through the gap in the described
optical system.

4. Diffraction on the round hole
The calculation of the influence of the refractive index of the medium where diffracted
radiation penetrates at the round hole is based on the well-known formula [9]

J2 (ako)
dl =1, 16—2d6 3)

where Iy is the intensity of the incident wave, 6 is the angle of deviation from the direction of
the normal to the screen of the diffracted wave, J2 — first-order Bessel function, df — solid

angle at which rays propagate in the direction interval 6 +6 +df

Unlike to the case when there is a vacuum behind the screen, in the case of a material
medium, the modulus of the wave vector k changes in formula (3), and accordingly, the value of
the refractive index m also changes.

Note that in expression (3), the integral is not analytically calculated. Fig. 6 shows the
dependence of / on a given in the wavelength /1 obtained by numerical methods, which
demonstrates that with increasing radius of the hole, the wave intensity behind the slit increases,
and the shape of this curve depends on the value of the refractive index n.
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Fig. 6. Dependence of the intensity of the diffracted wave / on the radius of the circular hole a.
Curve 1 corresponds to the case n = 1, curve 2 to the case n =2

From the form of expression (3), one should also expect a change in the angular
distribution of the intensity of the diffracted wave with a change in the value of the refractive
index. Fig. 7 shows the calculated dependences of the angular distribution of the intensity of the
diffracted wave for various values of the refractive index, in the case when the medium behind
the hole is an isotropic medium.
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Fig. 7. Angular distribution of the diffracted wave intensity:
for the (a) n=1 and forthe (b)n=2
As can be seen from the figure, a noticeable change in the angular distribution of the
intensity of the diffracted wave is observed with a change in the refractive index. Based on the
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obtained result, it can be noted that in the case of placing a demonstration screen behind the hole,
it will be possible to observe the well-known diffraction pattern consisting of a set of diffraction
rings, however, in contrast to the standard situation of air (vacuum) with n = 1 on both sides of
the hole, in the considered case, the distance between the interference rings and the intensity
distribution between them will already depend on the value of the refractive index of the medium.
As can be seen from the figure, a noticeable change in the angular distribution of the intensity of
the diffracted wave is observed with a change in the refractive index.

Another case of diffraction is also of undoubted interest when a uniaxial anisotropic
medium with an optical axis parallel to the plane of the screen is placed behind the screen with an
aperture. In this case, at small diffraction angles, formula (3) must be written separately for the
ordinary and extraordinary waves when the change in the refractive index of the extraordinary
wave upon deviation of the diffracted extraordinary ray from the perpendicularity to the optical
axis can be neglected.

®
Jf(agnoﬁ)

dly = 1,,——&——do
4)
Jf(agneﬂ)
dl,=1,—5 —do

02

Thus, in this case, when the demonstration screen is located behind the hole, it will be
possible to observe a complex diffraction pattern consisting of two sets of diffraction rings
formed separately by ordinary and unusual waves. As a result, detailed photometry of the
obtained diffraction pattern makes it possible to analyze the optical anisotropy of various media
using a simple optical scheme. Note that the study and analysis of anisotropic media using
standard refractometers is a rather complicated technical task.

5. Conclusion

Our assumption on the nonreciprocity of diffraction of an electromagnetic wave by a
aperture between two media with different refractive indices is experimentally confirmed. This
experiment was carried out for the millimeter range; polytetrafluoroethylene (teflon) and
polymethylmethacrylate (plexiglass) were used as dielectric media on different sides of the slit.
Numerical calculations also confirm the presence of nonreciprocity in such an optical system.
The phenomenon of optical nonreciprocity considered in this work can be used to develop new
optical elements, as well as the storage of electromagnetic energy.

In the present work, the phenomenon of diffraction by a round hole in a screen located
between two media differing in their refractive indices is also studied. A numerical calculation of
the intensity of the diffracted wave in this optical system is carried out. The peculiarities of the
diffraction pattern are studied depending on the refractive index of the medium, including the
case of a birefringent medium.
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A.M. Yegiazaryan®, A K. Atanesyan

Institute of Applied Problems of Physics NAS RA,
25 Hrachya Nersissian Str., Yerevan, Republic of Armenia, 0014

Drawing on the phenomenon of optical Fourier synthesis, Lawrence Bragg in 1929
received a visible image of the atoms of the diopside crystal [1,2,3]. The unit cell of a diopside
crystal has a centrosymmetric structure, in the center of which a heavy atom is located.

In the Fraunhofer region of X-ray diffraction on a crystal, an X-ray diffraction pattern
of a crystal is recorded.

The spatial distribution of the intensity of the diffracted wave, in this region, is
determined by the Fourier transform of the electron density distribution in the crystal cell. Bragg
chose a crystal of such a structure that the Fourier transform of the electron density distribution
turned out to be a real positive function. Then, under these conditions, the amplitude of the
diffracted X-ray wave is uniquely determined by the recorded intensity. This means that when
recording the wave intensity, we do not lose information about the phase of the wave.

After registering the diffracted X—ray wave and processing the X-ray topographic
picture of the crystal, Bragg proposed a method for obtaining a similar wave in the visible region
of radiation. This means that the wave obtained in the visible region of the radiation contains
exactly the same amplitude and phase information as the diffracted X-ray wave.

To this end, the author, on an impervious plate for visible light, opens gaps, the
geometry of which coincides with the geometry of the location of diffraction peaks. The size of
the slit is directly proportional to the peak intensity. After passing through such a plate, visible
light acquires such amplitude and phase information as the X-ray diffracted on the crystal. The
resulting light wave passes through a collecting lens. The spatial distribution of the wave
amplitude after the lens is determined by the Fourier image of the distribution of the amplitude of
the wave incident on the lens. In this two—step process, after a double Fourier transform, a three—
dimensional image of the atomic cell of the crystal lattice is obtained in the region of visible
light. For crystals of any structure, the Bragg X-ray microscope method is incorrect. However,
this method proved to be the basis for Denes Gabor at the discovery of Holography in 1948 [4].

Holography is a two—stage method of complete registration and restoration scattered on
the subject of a wave. Full wave registration or registration of the amplitude and phase
information of the object wave is carried out by the corresponding modulation of the recorded
intensity. Such modulation occurs when the interference of the object wave with the reference
wave. The recorded interference pattern, after processing, is illuminated with a similar reference
wave. When the reference wave is scattered, on the modulation of the intensity of the interference
pattern or hologram, the object wave is restored, which creates a three—dimensional image of the
object.

E — mail: artaky mail@yahoo.com
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Optical holography developed rapidly after the discovery of optical lasers as light
sources with high spatial and temporal coherence. The latter is essential for the implementation of
the holographic method.

In the X-ray region of the spectrum, there are no quantum generators. However,
estimates show that the diffraction collimation of X—ray beams in single—crystal monochromators
significantly increases the spatio—temporal coherence parameters of these beams. From this point
of view, the actual task of performing X-ray short-wave holography according to the axial
registration scheme [5, 6]. The rapid development of optical holography in the eighties led to the
development of new areas of applied physics such as holographic interferometry, holographic
microscopy, holographic cinema, etc.

X-ray interferometry also developed during this period. X-ray interferometric patterns
with high contrast were recorded in single—crystal interferometers [7,8]. The high contrast of
these patterns uniquely determines the degree of spatiotemporal coherence of the interfering
X-ray beams. Proceeding from this, an interferometric method and corresponding schemes for
performing X—ray short—wave holography were proposed in [9, 10, 11].

For example, in a multi—unit interferometric system of single crystals, two beams of
X-rays interfere. If the interferogram represents the same stripes of parallel bands, then the
interfering beams are plane, monochromatic waves, then the interferogram represents the
simplest X—ray short—-wave hologram recorded outside the axial holographic pattern.

Suppose that one of the interfering beams, passing through some crystalline
inhomogeneity, acquires additional amplitude and phase information, becomes an object wave.
The spatial frequencies of the object wave, which lie in the angular transmission region of the
single crystal, pass through the next single—crystal block.

Estimates show that from the point of view of acquiring an additional phase, beams
passing through the single crystal and air are not distinguished in this angular region.
Consequently, the Fourier transform of the inhomogeneity of the electron density of a single
crystal determines the complex amplitude of the object wave in the far diffraction region.

An interferogram recorded in this region represents an off—axis shortwave X-ray
hologram of a single crystal inhomogeneity. Suppose restoration of a subject wave is made by a
plane monochromatic wave of visible light. In the region of visible light, we obtain an objective
wave that contains the same amplitude and phase information as an X-ray diffracted on
crystalline inhomogeneities. When such an object wave passes through a collecting lens, we
obtain a visible, three—dimensional image of the inhomogeneities of the single crystal.
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Abstract: Laboratory X—ray microtomography is a convenient method of studying the three—dimensional
structure of objects of different types. Modern laboratory microtomographs allow us to carry out
measurements with submicron resolution. The laboratory sources of X-ray radiation used in such
microtomographs have low intensity, so the recorded tomographic projections are noisy. This often leads
to the situation when the reconstructed tomographic images are also noisy and artefacts may appear on
them (objects of a characteristic shape, which are absent in the real object). In this work, we describe the
methods of noise suppression in tomographic reconstructions at all stages of data processing: reducing
noise in the original projection images; inclusion of regularizing members in the tomographic
reconstruction procedure; filtering of reconstructed data. The reduction of noise and artefacts on
tomographic data allows not only to reconstruct the internal structure of the objects under study but also to

make a step towards temporal resolution and spectral tomography on laboratory sources.

1. Introduction.

Laboratory X-ray microtomography [1] is used to study the three—dimensional structure
of the objects in a nondestructive way. Modern microtomographs allow us to carry out
measurements with the resolution up to 1 nanometer [2, 3]. The spatial resolution of the
tomographic method can be increased in various ways, for example, using a submicron probe in
scanning schemes or applying optical schemes with magnification. However, an increase in
spatial resolution inevitably leads to a decrease in the number of quanta collected by a detector
cell per unit of time. At the same time, increasing the exposure time is not always possible, since
the dose deposited in the sample increases proportionally. This can lead to degradation of the
sample until its destruction. The conclusion suggests itself that it is necessary to develop the
methods of working with tomographic data that are able to work in conditions of a poor signal—
to—noise ratio [4, 5]. In this work, we present the methods of noise suppression in tomographic
reconstructions at all stages of data processing: reducing noise in the original projection images;
inclusion of regularizing members in the tomographic reconstruction procedure; filtering of
reconstructed data.

How to work with tomographic projections.

*. .
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Since all reconstruction methods are based on assumptions about the ideal hardware of
the tomograph and the ideal implementation of the measurement scheme, any deviations from
these assumptions introduce artifacts into the result of reconstruction. Let’s describe the model of
the experiment, which we use further to analyze the sources of error. The source and detector are
stationary. The specimen under study is mounted on the holder. The sample holder is reinforced
on the goniometer, allowing circular rotation of the sample with a given accuracy.

As was demonstrated [6] the source is not stable during the tomographic measurement.
Measurement time can range from a few minutes to a few days. If the instability is not
compensated, it can lead to slur (motion aberration) of different areas on the reconstructed
image. The approach to correct the effect of thermal instability of the spot position is described
[7].

Different detector cells have different quantum output. Miss calibration of the shells
produces the rings on the reconstructed image ( Fig. 1) due to vertical lines on the sinograms
(Fig.2). In Fig.1 (left image) unfiltered sinogram was used to reconstruct the sample. Coaxial
circles are well pronounced. There are different approaches to filter the lines. In [8] it was
proposed to use one—dimensional low—pass filtering of the sums in Fourier space. The sum of all
grey values of each column of a sinogram is calculated before the filtering. The filtering in
sinogram space is evaluated in [9, 10].

0 100 200 300 400 500 600 700 600 0 100 200 30 400 00 600 700 800

0000 0001 0.002 0.003 0004 0005 0000 0.001 0.002 0003 0004 0.005

Fig.1. Left: Reconstruction without orthotropic artifacts removing. Right:
Reconstruction after sinogram filtering.

0 200 400 600 800 1000 1200 1400

Fig.2. Up: Sinogram with orthotropic artifacts of image registration. Down: Result after
filtering.
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The tilt of the rotation axis, which causes the measurement geometry of all but the center
layer of the object to be disturbed, is the next problem. One of the approaches to solving the
problem of 'aligning' geometry on the basis of the analysis of neighboring projections is presented
in[11, 12].

2. Regularization—based reconstruction to reduce the noise influence

After all corrections of the measurement results (tomographic projections), they transfer
to the reconstruction. There are different approaches to reconstruct the images. The most
frequently the integral approaches based on the inverse Radon transform are used. However, they
produce not acceptable results in the presence of a high level of noise. To decrease the noise
influence on the reconstruction result the tomography inverse task is presented as a linear system
of equations and it is solved by a non—linear optimization algorithm. In Fig.3 the result of the
phantom reconstruction from the sinogram with high—level noise by algebraic approach is
presented. To compare the reconstruction performed by different approaches, we present the
cross—section of the phantom at the same Fig.3 on the right. Gray color corresponds to
reconstruction by algebraic method and black one corresponds to Filtered Back Projection
reconstruction.

16
14
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6 8 10 12 14 16 6 8 10 12 14 16

Fig. 3. Left: Reconstruction of the phantom from the sinogram with high level

noise.Right: Cross—section of the phantom.

The optimizing expression in algebraic approach is a linear combination of two parts.
The first one is a quadratic discrepancy in the tomographic projections space. The second term is
a regularization part. In Fig.4 one tomographic projection of baby tooth with Pb inclusion inside
from the set, collected in the “Crystallography and Photonics” Federal Researcher Centre of the
Russian Academy of Science [13], is presented.
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Fig.4. Tomographic projection and sinogram (corresponds to the green line on the
projection) of the baby tooth.

An X-ray tube with Mo anode as a radiation source and a vacuum gauge for intensity
stability reasons we used. The projections were collected with a XIMEA—xiRay 11 Mpix
detector. The measurement parameters are — the tube was 40 kV voltage, 20 mA current and 5 s
acquisition time per frame. The object-source distance was 1.2 m and the object—detector
distance was 0.05 m. No filters were used. Every rotational scan consisted of 400 projections
with an angular constant step size of 0.5 deg. The detector pixel resolution was 9 um. In Fig.5 we
present the reconstruction of the cross—section from the sinogram presented in Fig.4. On the left
the cross section reconstructed by the Filtered Back projection method is presented. Pb inclusion
has very white border that does not correspond to the real case. The algebraic method was used to
reconstruct the central and right images.

Fig.5. Cross—section reconstruction by FBP (left) and SIRT with different coefficients in linear
combination.
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3. Conclusion.

We presented an overview of methods for noise suppression in tomographic reconstructions at
all stages of data processing: noise reduction in the original projection images; usage the
additional regularizing terms in the optimized expression on reconstruction step; filtering of
reconstructed data. However, to suppress the noise completely is not possible. The filtering back—
projection procedure applied to the image of the residual error built in the sinogram space will
allow you to select the most dubious areas on the restored image [14]. It is a way to delegate to
the end customers (for example, to the doctors) 2 images: final reconstruction result (like Fig. 6b)
and the reconstruction from residual error (like Fig. 6b) as a criterion of the truthfulness of the
reconstruction result.
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Fig.6. a — Phantom, b— reconstruction result, c— reconstruction from residual error.

The presence of an image containing the distribution of the remaining error reduces the odds of
wrong decision when a doctor diagnoses or rejects products formed during a multi—step
manufacturing procedure.

This work was supported by the Russian Foundation for Basic Research, project
No. 19-01-00790 (reconstruction algorithms development) and project No. 18-29-26036
(tomography measurements) and by the Ministry of Science and Higher Education within the
State assignment FSRC «Crystallography and Photonics» RAS (tomography reconstruction
calculations)
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The Study of MF Electromagnetic Waves Radiation Caused by the
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Abstract: This work proposed research of the emission of electrons born from the outside of spacecraft
under the influence of solar radiation. The results can be used to combat harmful noises, which can lead to
the failure of devices. On the other hand, these results can be used to create new devices for studying solar
activity.

1. Preliminary results

The work goal is to study the radiation of electron caused by solar rays in the Earth's
magnetic field.

The work done in this field last year’s [1-4] give justification to assert that the radiation
of electron’s electromagnetic waves caused in the Earth atmosphere in Earth magnetic field is
quite interesting and could have wide applied interest. It is of specific interest MF
electromagnetic waves registered by DEMETR spacecraft, which is caused due to solar rays. The
purpose of the work is to study this problem, discover the reasons of causes and reveal the
possibility of influence of this effect on electronic equipment.

The object of the study is the radiation of 1-2 MHz frequency registered by French
spacecraft DEMETR. The radiation frequency changes depending on the geographical latitude
from 1.2MHz to 1MHz and again to 1.2MHz (see Fig.1a,b.). Near the poles where the magnetic
field is relatively strong the radiation frequency is bigger than on the equator where the magnetic
field is weak. As can be seen from Fig.1a,b such radiation appears only on the sunny side. In the
shadow side, such radiation is absent. This indicates that such radiation is associated only with
the sun.

According to the preliminary estimated the frequencies of these radiations rather well
coincide with the frequency of electron radiation (cyclotron radiation). The preliminary
evaluations have been done with the following formula.

v, = eH (1)

27 m,c

where v, — cyclotron frequency, eand m,—accordingly electron charge and mass, /7 — the Earth

magnetic field in the given point and c— the light speed.
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Fig.2. The spectrogram registered by French spacecraft DEMETR. As it is seen, the radiation
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frequency changes depending on the geographical latitude. White dotes are indicated with the
cyclotron radiation frequencies calculated by DEMETR spacecraft measured value of the
magnetic field.

On Fig.2 the spectrogram registered by French spacecraft DEMETR. As it is seen, the
radiation frequency changes depending on the geographical latitude. White dotes are indicated
with the cyclotron radiation frequencies calculated by (1) accordance with DEMETR spacecraft
measured value of the magnetic field. As can seen from Fig.2, there are quality matches.
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Cavity Magnetron Spectra

A.S. Abrahamyan”

Institute of Applied Problems of Physics NAS of the Republic of Armenia,
25 Hrachya Nersissian Str., Yerevan, Republic of Armenia, 0014

Abstract: It was experimentally investigated in the visible radiation range from the inner cavity of a
cylindrical magnetron. Helium acoustoplasma in the absence of a magnetic field was used. Helium
pressure in the discharge chamber was 0.1 torr. To create an acoustoplasma, the magnetron was fed with
a modulated current, which contained a constant and a variable component. DC component of discharge
current was 100mA. The depth of current modulation M is the ratio of the amplitude of the variable
component to the value of the constant component varied from zero to unity. As the modulation depth
increases from M = 0 to M = 0.5, the intensity of the spectral lines increases. At M = 1, the intensity of the
spectral lines drops sharply. A significant fraction of the energy in the visible part of the spectrum is
concentrated in the lines of molecular helium, which is formed in the discharge. The experimentally
obtained spectra are presented.

1. Introduction

Fig. 1. a) Conventional magnetron for generating electromagnetic waves, b) Inverted magnetron
for generating elecrtomagnetic waves, ¢) Magnetron for sputtering. 1 — magnet, 2 — anode, 3 —
resonator, 4 — cathode, 5 — trajectory of slow electrons that accelerates in an electric field and

reaches the anode, 6 — trajectory of fast electrons

A conventional magnetron is shown in Fig. 1a. The electric field is applied in the plane
of the figure, the magnetic field is orthogonal to the plane of the figure. An electron emerging
from the cathode in a magnetic field spirals toward the anode. Due to the resonators, the electric
field in the anode—cathode gap is modulated and therefore the spiral path is distorted.

The design of a reversed magnetron is known when the cathode is located around a
circle, and in the center there is an anode with a system of resonators (Fig. 1b).

For sputtering systems, it is advisable to use a magnetron with a reverse inclusion (Fig.
Ic). Those, in the center is an anode, usually a cylindrical rod, and around it at a certain distance

“E — mail: arbell ] @mail.ru

151



is a cathode in the form of a cylinder, ring, cone or other shape. The magnetic field is again
orthogonal to the plane of the figure. Electric field is in the plane of the figure. In the case of
using magnetrons for sputtering, a resonator system is not necessary, since the generation of
electromagnetic radiation is parasitic for the sputtering process.

For sputtering, magnetron systems are used in which the cathode material is sprayed. In
this case, a region is formed between the cathode and the anode where electrons ionize the buffer
gas and the cathode material vapors, some of the ions from this region bombard the cathode with
high energy, and new atoms, electrons and ions are knocked out of the cathode. Some ions and
neutral atoms leave the anode—cathode region and are deposited directly on the substrate, or form
clusters. Slow electrons accelerated in an electric field in the region of the anode—cathode again
ionize part of the neutral atoms.

The magnitude of the electric and magnetic fields is selected so that fast electrons 6
emitted from the cathode 4 are wrapped in a magnetic field and again bombard the cathode,
knocking out new electrons, neutrals and ions. Slow electrons 5 gain energy when the anode—
cathode moves in an electric field. But because of the magnetic field, they move along spiral
paths and along the way, almost all of the accumulated energy is wasted on ionizing the buffer
gas and vapor of the cathode material, which fill the space between the cathode and anode.

The result is an effective ion source of the sprayed material, which flies orthogonal to
the plane of the picture. By varying the potential of the substrate, the deposition rate can be
changed. At an accelerating potential, the ionic component can bombard the substrate with such
energy that instead of sputtering, the surface will be cleaned and not only the cathode, but also
the substrate will be sprayed.

In the case of using a cylindrical anode and cathode, the region between the anode and
cathode is a cavity. Because of this, the magnetron was called cavity.

2. Experimental setup

In the work, radiation in the visible region of the spectrum from such a magnetron cavity
was studied. A copper cylindrical cathode and an aluminum cylindrical anode with a copper
coating were used. Helium was used as a buffer gas.

The operation of such a magnetron in the DC power mode and in the acoustoplasma
mode, when the discharge current has a direct and variable component, i.e. modulated discharge
[1-4].

The acoustoplasma mode can also be obtained by supplying the discharge with direct
current due to pulsations of the space charge in the gap between the anode and cathode in case of
violation of quasi—neutrality.

The radiation from the magnetron cavity was fed through the fiber to the ISP-51
spectrograph, which was converted into a computer spectrograph and showed the spectrum under
study on a computer display.
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3. Results and discussion
Figure 2 shows one of the obtained spectra.

640HMm 578HMm A65HM 430HM

Fig. 2. Spectrum from the cavity of a working magnetron

Green lines are the lines of self-reversed transitions of copper 510 and 578 nm (the lines
of the copper laser). True, pulsed copper lasers operate at the trailing edge of nanosecond pulses,
and in our case, the modulation frequency is 1 kHz. The remaining copper lines are very weak, or
not observed at all.

Strong blue (465nm), red—orange (640nm) and one of the red lines belong to the
molecular helium He», which is formed in the discharge.

The remaining lines are not identified and may belong to atomic helium and magnetron
construction materials [S]. The spectral lines for copper are taken from [6].

It can be seen that molecular helium lines dominate in the spectrum, i.e. in the discharge,
almost all helium is in a molecular state.

Figure 3 shows the change in the spectra with a change in the acoustoplasma operating
mode.

640 578 510 465 430nm

1.He; 0,1torr, DC(l~-=0), lo=80mA
2.He: 0, 1tarr; DC, lo=100mA

3.He: 0 1torr; DC. lo=120mA

4 He; f=1kHz:lo=100mA; M=(I~/lo)=0.3
5. He:0 1tom f=2kHz: lo=100m&; M=0_3
6.He:0 1torr f=10kHz; lo=100m&; M=0,3

T .He: 0 1torr f=10kHz: lo=100md;
=0.7

Fig. 3. Changes in the spectra in the acoustoplasma mode

It can be seen from Fig. 3 that, when the magnetron discharge is supplied with direct
current, the spectral lines of copper are very weak, and the spectral lines of He, are practically
invisible.

When operating in the acoustoplasma mode, the strongest spectral lines of copper and
He; are obtained at a modulation frequency of 1 kHz. Further, with an increase in the modulation
frequency, the intensity of the spectral lines decreases.
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Figure 4 shows the intensities of the spectral lines (in relative units) for different frequencies and
depths of modulation of the discharge current. The spectra presented correspond to spectrograms
2,4,5, 6 of Fig. 3.

He;0,1torr;|~=0; lo=100mA; Intensity a.u. He; o,1torr; f=1kHz; lo=100mA; M={I~/lo}=0,3; Intensity
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Fig. 4. Intensity of spectral lines for different frequencies and depth of modulation of the
discharge current, for spectrogram of Fig. 3: a) for spectrogram 2 direct current supply, b)
acoustoplasma mode for spectrogram 4, ¢) for spectrogram 5, d) for spectrogram 6

A comparison of Figs. 4a and 4b shows that the He; 465 nm line in the acoustoplasma
mode at a modulation frequency of 1kHz is 550 times stronger than the same line, but when the
magnetron is supplied with direct current, the 510 nm copper line increases only 2 times.

Figure 5 shows the possibility of tuning the blue spectral line of molecular helium in the
wavelength range 450—467 nm with a change in the modulation frequency.
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Fig. 5. Changing of the spectral line in the acoustoplasma mode

4. Conclusion
The spectrum of the helium discharge in the magnetron cavity, in the gap between the

anode and cathode, is investigated. The anode and cathode are copper. The design of a reversed

magnetron was used, i.e. a cylindrical tubular cathode inside which is located a rod anode.

1.

We studied the mode of supply of a magnetron with direct current and the
acoustoplasma mode.

In the emission spectrum from the magnetron cavity is dominated by lines of
molecular helium (blue 465 nm and red—orange 640 nm) and copper lines (510 and
578 nm).

Copper lines are characteristic of a copper laser. However, in a laser, they are
generated only at the trailing edge of nanosecond pulses. In this setup, operating in
the acoustoplasma mode, the modulation frequency of the discharge current was
0.1-10 kHz.

A sharp increase in the intensity of spectral lines in the acoustoplasma mode was
obtained experimentally in comparison with the spectrum of a direct current
discharge. For molecular helium, the line intensity of 640 nm in the acoustoplasma
mode can be 550 times stronger than for a direct current discharge.

The possibility of tuning the 465 nm line with a change in the modulation frequency
of the discharge current is shown.
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Abstract: When compiling a long discharge tube from separate series—connected discharge modules, the
question of the stability of such a multimodule tube becomes relevant. In this case, it is important to
investigate when the instability arise in one of the modules how it will affect the other ones. This is
especially important when acoustoplasmic supply power is connected to at least one of the modules. In
this case, we create periodic instability in time and space, which will lead to acoustopolasma mode of the
operation. The experiment was conducted with a discharge tube composed of two series—connected
modules that were in a common optical resonator. One of the modules was connected to a constant
current and the other one to a modulated variable current, which contain constant and variable
components and worked in acoustoplasma mode. The depth of current modulation that occurs in a DC-
powered module due to the influence of a modulated current is measured. It is experimentally shown that
the choice of the value of the constant components of the discharge current in each module and the
modulation frequency of the variable components of the discharge current in acoustoplasma module one
can manage the degree of influence of acoustoplasmic module to the DC power module.

1. Introduction

Laser radiation power can be increased in three ways:

1. An increase in the discharge cross section;

2. Parallel connection of discharge tubes;

3. By increasing the length of the discharge tube or by connecting the discharge tubes in

series.

With an increase in the discharge cross section, conventional electric discharge power is
not possible due to contraction of the discharge; therefore, large—diameter electron beam
pumping or ultraviolet preionization is used. We will not consider this option.
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Fig.1. Diagrams of multisectional (modular) tube lasers with diffusion cooling [1]; a — serial

connection of modules, 1 — discharge tubes, 2 — deaf mirror, 3 — rotary mirrors, 4 — translucent
output mirror, 5 — output beam; b — parallel connection of the discharge tubes into the optical
resonator, 1 — discharge tubes, 2 — deaf mirror, 3 — translucent output mirror, 4 — output rays, 5 —
focusing lens

The literature describes the construction of serial connection of discharge tubes [1]. To
reduce the length of the discharge tube, it is folded, as shown in Fig. 1a. The length of individual
tubes is about 1 m and each tube is powered by a separate power supply. Another way to increase
the total laser power is to parallelly incorporate the discharge tubes into a common cavity as
shown in Fig.1b. Parallel beams from different laser tubes are focused by a large—diameter lens.
For example, the TL—6 multibeam CO- laser had 124 tubes and a radiation power of 6 kW [1].

Another way to combine the beams of different lasers in parallel is shown in Fig. 2.

Fig.2. Parallel connection of lasers with individual resonators and power supplies

2. Experimental setup

Figure 3 shows a laser circuit with a series connection of modules and a common
resonator [2].

Each of the discharge modules 3 with its own water cooling jacket had its own
electrodes 5 and a power supply 6. The modules were interconnected by bellows 2. Mirrors 1 and
4 created an optical resonator common to all modules. A translucent mirror 1 with an adjustment
mechanism was hermetically attached to the first discharge module through a bellows 2, a blind
mirror 4 was glued to the end of the last discharge module. The appearance of the manufactured
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modular laser is shown in Fig.4a. The appearance of the bellows assembly of the modules is
shown in Fig.4b.

VW
N

L e | [ 6 | [ & |
Fig.3. Laser circuit with series switching of modules and a common resonator; 1 —
semitransparent flat mirror with an alignment mechanism, 2 — bellows, 3 — bit tubes, 4 — deaf
spherical mirror, 5 — electrodes, 6 — power supplies

Fig. 4. The appearance of a modular laser. a) general view, b) module bellows assembly

When compiling a long discharge tube from separate series—connected or parallel-
connected modules, the issue of the stability of such a multi-module tube becomes relevant. The
question arises how the instability that accidentally occurred in one of the modules will affect the
other modules. This is especially important with the acoustoplasma power mode of at least one of
the modules. In this case, we ourselves create instabilities that are periodic in time and space,
which lead to the acoustosplasma mode of operation [3, 4]. The experiment was carried out with
a discharge tube composed of two series—connected modules (Fig. 5), which were located in a
common optical resonator. One of the modules was powered by direct current, and the other was
fed by modulated alternating current, which contained constant and variable components and
worked in the acoustoplasma mode [5].
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Fig.5. Scheme with sequential inclusion of two modules. 1-flat translucent mirror, 2—anode tube
module with DC power, 3—module with DC power, 4—cathode, 5—bellows, 6—cathode, 7—module
with acoustoplasma power mode, 8—anode, 9— blind mirror, 10-DC power supply, 1 I-module
power supply with acoustoplasma mode

The effect of the module with acoustoplasma mode on the module powered by a direct
current source was measured. This effect led to the fact that in the module powered by a direct
current source there was a modulation of the supply voltage.

3. Results and discussion

Fig. 6 shows the dynamic characteristic of the influence of a module with acoustoplasma
power on a module with DC power. The abscissa axis represents the current voltage value
between the anode and cathode in the tube with an acoustoplasma power mode, with voltage
modulation according to a law be alike to sinusoidal. The ordinate represents, respectively, at the
same time, the current voltage value between the anode and cathode in the module powered by a
direct current source. If there was no interaction, then they would have a straight line parallel to
the abscissa axis.
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Fig.6. Dynamic characteristics of the interaction of modules. 1 — f= 1kHz, lsc = 10mA,;
2 — f=1kHz, I4c = 6mA; 3 — f= 5kHz, I3c = 6mA
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Since both modules have both constant and variable components of the supply voltage,
the curves are above the zero point.

When assessing voltage modulation it is convenient to introduce the concept of
modulation depth M, i.e. the ratio of the amplitude of the variable component to the value of the
constant component.

It can be seen from Fig. 6 that for the first case, at a modulation frequency of /=1 kHz
and a depth of voltage modulation in the acoustoplasma module Map1 = 1 for a module powered
by a direct current source due to the appearance of induced modulation M4 = 0.03. For the
second case, at f = 1kHz, Map1 = 1 and less direct current we obtain Mgy = 0.15. For the third
case, at Myp1 = 0.75 My1= 0.3. Thus, by choosing the magnitude of the constant component of the
discharge current or voltage in each of the modules and the modulation frequency of the variable
component of the discharge current in the module with acoustoplasma power, one can control the
degree of influence of the acoustoplasma module on the module with direct current power.

It is especially important to note the first mode of Fig. 6. In this mode, the
acoustoplasma module has almost no influence on the DC—powered module, despite the fact that
the discharge tubes are connected by a common volume.

Mw
0.6}
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04F
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0.1F

02 04 loe 08 10 1% Ml

Fig.7. Dependence of the modulation depth of the laser radiation power M on the modulation
depth of the shot current M;

Figure 7 shows the dependence of the modulation depth of the power Mu of the
acoustoplasma CO; laser radiation on the modulation depth of the discharge current M; at a
modulation frequency of 0.1 kHz. It can be seen from Fig. 7 that the depth of modulation of the
laser radiation power nonlinearly depends on the modulation depth of the discharge current and
has a threshold character. With a current modulation depth M;< 0.5, the power modulation My is
close to zero, i.e. there is almost no modulation of radiation power. With a depth of modulation of
the discharge current M;= 0.8, the depth of modulation of the power reaches a maximum value of
My = 0.6. At the maximum depth of current modulation M;= 1.2, there is almost no modulation
of radiation power again. This, at first glance, paradoxical result is explained by the fact that with
such a large modulation depth, the acoustoplasma mode is destroyed and at the same time a large
number of harmonics are present in the discharge tube in the variable component of the discharge
current, as a result, the radiation power is averaged.

161



W watt

0‘ :
o)
74

.
Fig.8. Three—dimensional surface of the dependence of the laser radiation power in the
acoustoplasma mode (when modulating the discharge current at a frequency of 0.1kHz) on the
modulation depth and the current value of the discharge current

Figure 8 shows a 3—D dependence of the instantaneous laser radiation power on the
modulation depth and the current value of the discharge current (instantaneous during the
modulation period). The X axis shows the depth of modulation of the discharge current, the Y
axis represents the instantaneous value of the discharge current during the modulation period, and
the Z axis represents the laser radiation instantaneous power. A laser mixture of COz: Na: He = 1:
1: 8 was used.

It is clearly seen from Fig.8 that, at a large depth of modulation of the current, the laser
radiation power very weakly depends on the instantaneous value of the discharge current during
the modulation period.

Fig.9 shows the manufactured discharge modules. Four tandem modules have a rigid
connection (glass junction or long tube). Outside, water shirts are visible, separate for each
module. The electrode leads from each module come out in the gaps between the water jackets.

From such modules, it is possible to assemble both tandem tubes (connecting the
modules using bellows) and parallel circuits, where each such tube is a separate laser.

Fig.9. Discharge modules
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4. Conclusion

1. The effect of modules on each other in a two—module serial design with a common
vacuum volume was studied, one of the modules was supplied with direct current, and the other
worked in the acoustoplasma mode (it had direct and alternating components of the discharge
current).

2. It is shown that the interaction of the modules depends on the frequency of the
current modulation in the module with acoustoplasma power. You can select such a frequency
that the module with modulation of the discharge current has almost no influence on the module
with DC power.

3. By choosing the optimal depth of modulation of the discharge current, especially
when overmodulating (M> 1), the output optical power of the laser is practically not modulated.
Those, in this mode, the mutual influence of the modules in optical power will be minimal.
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Abstract: A laboratory device for generation of monodisperse particles (droplet and solid particles) of
variable size and generation frequency is presented. The solid particles are formed by drying of droplets of
different solutions in the glass tube. Experimental investigation has been performed in order to create
periodical structures using these micro crystals. For focusing and “trapping” thermophoretic force affect
on particles trajectory is applied.

1. Introduction

Monodisperse aerosol particles (droplets and solid particles with the narrow size
distribution) with a known size and chemical composition are used in different applications such
as instrument calibration, fundamental aerosol research applications, creation of artificial periodic
structures (known as photonic crystals). Different methods for generating of monodisperse
droplets are known [1]. The generation of droplets is based on the phenomenon of formation of
satellite droplets in capillary breakup [5] of vibrating meniscus in the space between two identical
capillary nozzles. The solid particles are formed as a result of drying of initial droplets of water
solvable crystals (NaCl, LilO3) in the glass tube with the controllable conditions of evaporation
process and crystal particle formation. The droplets and particle were sized by using both direct
microscope measuring and the diffraction patterns obtained by the superposition of diffraction
patterns from the large number of single particles of uniform size chaotically distributed on the
glass plate. The size range of droplets is 10 to 100 mcm in diameters and 2 to 25 mcm for solid
particles (solid particle size depends on solution concentration). Experimental investigation has
been performed in order to create periodical structure using these micro crystals. For focusing
and “trapping” the particles thermophoretic force affect on particle trajectory is applied.

2. Generation of monodisperse droplets

Fig. 1. Generator of monodisperse droplets
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The principle of droplets generation is shown schematically in Fig.2 Generator includes
a reservoir 1 for the liquid, an atomizer 3 and a source 2 of mechanical vibrations. The atomizer
is made in the form of two L—shaped capillary nozzles 3 disposed towards each other in a small
variable distance. The generator is also equipped with an elastic membrane 4 mounted above the
surface of the liquid and connected to the source of mechanical vibrations 2. The output ends of
the capillary tubes 3 are cut off at an angle 6.

The source of mechanical vibrations 2 by means of the elastic membrane 4 creates
periodically changing pressure on the surface of the liquid, which leads to the periodic
coalescence and breakup of the menisci formed at the output ends of the capillary tubes 3. (Fig. 2.
a,b,c,d,e). With the reverse flow of liquid through the capillary tubes 3 the meniscus decreases
and a filament is formed (Fig.2.d) which breaks up in the zones of instability .The liquid filament
(satellite droplet) due to the surface forces takes a spherical form and falls at a certain initial
velocity depending on the cutting angle. The droplet size dependence on the distance between
atomizer nozzles for capillary diameter D=600mcm and generation frequency =15 is shown in
the graph in Fig.3.

(8]
(8]

Fig.2. Principle of droplets generation
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Fig.3. The droplet size (d) dependence on the distance (L) between atomizer nozzles

3. Solid particles

To obtain solid particles (micro crystals), various solutions ofwater—soluble crystals
(NacCl, LiIO3, KDP, etc.) are used.

Crystallization of the generated droplets is carried out usingthe dry technology by
evaporation [2] of the initial droplets in the crystallization chamber (a glass tube with controllable
conditions of relative humidity and temperature inside).

The process of sold particles formation from the initial droplets is schematically shown
in Fig .3. (a—¢)

Inside the glass tube the particles move vertically with the sedimentation velocity.
Simultaneously the evaporation of the solvent (water) takes place until the saturation of droplet
solution is achieved after which the process of formation of crystal particle begins. Due to the
droplet motion the evaporation intensity becomes higher in the front zone of droplet since the
relative humidity is lower here that means that the concentration of solution is higher in this zone
and the nucleation starts (most probably) just in the front zone of the droplet and the crystal
particle grows [6] in the shape illustrated In Fig.4.e.The photographs of crystal particles of NaCl
and LiJO3 are shown in Fig4 a,b.

e

Fig.4. Schematic of solid particle (NaCl) formation
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Fig.5 a,b Photographs of crystal particles NaCl and LiJO3

4. Particle size measuring

The diffraction pattern observed on the screen (Fig. 6) is the result of a superposition of
diffraction from the large number of individual obstacles (micro crystals) chaotically spread on
the glass plate. The nature of the intensity distribution in each ring depends on the diameter of the
beam, the size of the micro crystals, and their bulk shape.

Since the laser beam has a negligible small angle of divergence, we can assume that the
plate is illuminated by a practically parallel beam of light.

If a large number N of micro crystals enters the beam region, the intensity of diffracted
light is N times greater than the intensity created by a single particle. Since the diameter of the
laser beam is very small, all particles that are in this region give very close—up diffraction
patterns on the screen, a system of alternating wide light and dark concentric rings.

In the case of Fraunhofer diffraction the calculation formula for determining the particle
size d can be written as

Particles

Gluss plate

Screen
Laser

Fig.6. Diffraction pattern Fig.7. Particle size determining scheme
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where Di notes the diameter of i—th ring, b is the distance between sample and screen, A— light
wavelength, & takes the values 1.22;2.22; 3.24 — for odd dark rings (i=1,3,5) and 1,64; 2.70;
3.72 — for even light rings (i = 2,4,6), respectively.

5. Periodic structures

In order to create periodic distribution of particles on the substrate, masks with different
size and periods of holes were used (Fig. 8) Masks are mounted directly on the surface of the
glass plate, and particles (micro crystals) passing through the holes are distributed on the
substrate along the corresponding micro—holes. However, the role of the mask is not limited only
to the function of mechanical separation of particles. They are also used to create a temperature
gradient inside the micro holes (by heating), and the particle falling into the hole region, under
the influence of thermophoretic forces [3] moves to the central region of the cell. The mask is
heated by a diode laser beam. Photographs (Fig. 9 and Fig. 10 ) show the results of applying of
the mask. Laser beam diffraction pattern from this structure is shown in Fig.11.

Fig.8. Fig.9. Fig.10.

Fig.11. Difraction pattern from the periodic structure in Fig.10
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Abstract: In the work, the structural changes of the lamellar liquid—crystal phase of the sodium dioctyl
sulfosuccinate (Aerozol-OT(AOT))—water system were studied by the method of X-ray analysis. The
concentration of AOT in the system was from 23 to 98%. It was established that in this concentration
range, the lamellar “smooth” phase is realized. The characteristic parameters and structural features of
this phase are revealed.

Keywords: x—ray analysis, lyotropic liquid crystal, mesomorphism, models of biomembranes, lamellar
phase.

1. Introduction

Numerous studies show that lyotropic liquid crystals are typical representatives of
biological phospholipid membranes, and the use of the latter as models of biomembrane
organization has been proven.

Our task is to consider membranes as liquid crystal systems and to clarify
mesomorphism in these systems.

To solve the main task of this work in terms of analyzing the structural rearrangements
that underlie the shifts from the amorphous—crystalline properties of model membranes, the
method of X—ray diffraction at small angles was used.

1.1. Experiment

X-ray structural studies to explore the dynamic behavior of molecules in liquid crystal
systems require predetermined solutions of a number of technical and methodological problems.
Sampling was carried out on the SURS-60 and URS-2 X-ray installations with cameras of the
type KRON, RKSO intended for shooting on flat film, which were modified to study small
angles at distances of samples from films in the range 0.05-0.1 m. The converted camera provide
an opportunity to get reflexes in the range of angles from 1 to 45°. Schematic images of the
camera are shown in Picture 1
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Fig. 1. Schematic images of the camera

X-rays coming out of the focus of the X-ray tube 2 pass through the nickel filter 3,
diffraction 4 and collimator 5 and fall onto sample 6. The diameter of the aperture opening is
1x10*m, the length of the collimator 8x10°m, the diameter of its opening at 1x10~*m. Such
collimation provides fairly good accuracy.

Diffracted at large angles, the rays are recorded on an X—ray film placed in the cassette
7. The latter has an opening 8 in the middle through which the transmitted rays are fixed on the
film placed in the cassette 9. The primary beam is absorbed by the absorber 10. The modified
camera makes it possible to record reflexes within the angles 1 — 45°(the small angle part is 1 —
5°).

Tubes of the types BSV-24, BSV-11 with an anticatode from Cu, producing radiation in
the region of relatively long waves were used. The Ka lines of copper were distinguished using
nickel filters with a thickness of 0.015 mm. Anode voltage is 40kv, anode current is 20ma. The
exposure time was chosen 4 hours. It was used films type RTG-B company of Primax Berlin
Germany. Quartz thin—walled capillaries (made in Germany) with a wall thickness of 0.01 mm
and a diameter of 0.4—1mm were used to prepare the sample. Absorption of rays and the
appearance of the background on radiographs when using these capillaries is almost absent.

The X-ray diffraction method that we redesigned will allow us to obtain information on
the size, shape, and compactness of the colloidal formations.

2. Samples

The structures of mesophases obtained on the basis of Aerosol-OT (AOT) and water are
studied in this paper.

Production description — production name —Dioctylsulfosuccinatesodiumsalt, formula —
C20H37Na0O7S, molecular weight of formula — 444.56 g / mole, color — white, appearance—hard,
analysis (according to USP) — purity 97.0 — 103.0%, water (according to Karl Fischer) — 2%,
manufactured by,, Sigma—Aldrich,, USA, website — www.sigmaaldrich.com.
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Fig.2. The structural formula of the AOT molecule.

Quartz capillaries with a wall thickness of 1x 10°m and a diameter of 0.4 x107 to 1x
10°m were used to prepare the samples.

X-ray diffraction samples were prepared according to the following method: heat
treatment was carried out — the specimen was kept at a temperature of 353K before taking
radiographs for half an hour, after which an isotropic melt of the corresponding concentration
was introduced into the capillary, sealed on both sides and cooled to room temperature. The
finished sample was examined immediately after processing, as well as at certain intervals.
Studies were conducted in the temperature range of 293 — 300K.

The orientation of the samples in the absence of water was carried out using mechanical
stretching. Radiographs of the stretched “anhydrous” specimens, made in the form of cylinders,
with a diameter of 0.4 — Imm, were taken without a capillary. Orientations of concentrated
aqueous solutions were carried out by drawing the solution into the capillary.

3. Results

On X-raygrams, the reflexes were obtained, having the form of homogeneous circles,
indicating the presence in the sample of randomly arranged relative to each other domains, within
which the AOT molecules are arranged in order, forming liquid crystal mesophases. Samples
were taken with concentrations from 23 to 93% and “dry” solutions, which were obtained with
open—length aging. In the latter samples, only reflexes of hydrated water remained. “Dry”
samples were taken without a capillary.

Interplanar distances and relative intensities at various concentrations of AOT—water
solutions are given in Table 1[6].
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Table 1. Interplanar distances and relative intensities of the AOT—water system

N | AOT concentrations in % e Interplanar distances dv A | Relative intensities
1 26 29 58 4

2 31 22 50 5

3 38 16 514; 22 9

4 42 14 382; 23 9

S 48 1.1 38.5; 22 6; 5

6 50 1 35; 21 7; 5

7 59 0.7 30; 28; 15.6 6; 4; 2
8 60 0.66 24.7 8

9 64 0.56 246; 21 5; 7

10 70 0.43 25; 22 6; 8

1 75 0.33 22 8

12 84 0.19 21.5; 46; 3.6 9; 5; 3
13 91 0.09 22; 4.6; 39; 3.6 9;5; 3; 4
14 94,7 0.05 21; 4.6;39;36 10; 5; 2; 5

In the presence of a forced mechanical orientation — (by pulling the sample into the
capillary), there is a mutual orientation of the domains. The X-raygram of samples of the
oriented domains is shown in Fig. 3.

B BT

Fig. 3. X-raygram of the orientated sample with 75% AOT concentration.
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With prolonged exposure of the samples, without changing the concentration, the circles
on the X-raygram become grainy (Fig. 4).

Fig. 4. The X-raygram of AOT—water sample with 75% concentration of AOT.

On X-raygrams of the concentrated samples, thin reflections at large angles are
revealed. In the circumference, which characterizes the lamellar phase, intensity blobs appear in
the form of a six—gram (Fig. 5).

Fig. 5. The X—raygram of the concentrated sample of AOT— water.

4. Discussion

AOT molecules possess high amphiphilic properties, as a result of which they form
micelle solutions and liquid crystal mesophases. Due to the amphiphilicity of AOT molecules,
their lyotropic mesomorphism is manifested. The peculiarities of their behavior in the aquatic
environment are determined by the balance of hydrophilic and hydrophobic interactions, which
ensure, on one side, the maximum contact of polar groups of molecules with water, and on the
other — the contact of hydrocarbon sections mainly with each other. At low concentrations, AOT
in water forms micellar solutions and, beginning with 23%, lyotropic liquid—crystal “smooth”
phases are formed with intradomain lamellar structures, i.e. there is an alternation of parallel
layers of AOT mono— (L2) and bimolecular (L1) thickness and water layers [2,4]. In lyotropic
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mesophases, at higher concentrations of AOT, the structure stability and the presence of long—
range order are detected. With the help of X—ray diffraction, the ordering of the long-range order
and the dimensions of the diffracting cell of LCC [5] are determined. On X-raygrams revealed
reflexes, having the form of homogeneous circles. They indicate the presence in the samples of
domains randomly located relative to each other, within which the AOT molecules are arranged
in an ordered manner. Besides these lines there are two fuzzy diffuse halos, characteristic of
“liquid” paraffins and water.

The presence of halos on X-raygrams indicates that there are areas with unoriented
molecules in the sample and hydrocarbon tails are in the “liquid” state. Under certain external
influences, orientation order may be lost in lamellae. Even in the orientational state, due to the
presence of rotational and oscillatory motions around the axis of the molecule, identical carbon
atoms located in different molecules can be located in different planes passing through the axis of
the AOT molecule at any given moment. Since a large number of molecules are involved in the
appearance of a reflex during X-ray, the “average” or “statistical” molecule will have a look of
cylinder (Fig. 2). The X-ray reflexes due to the dynamic state of the AOT molecules in the
lamellae are poorer compared to the case when carbon atoms located in different molecules, have
a certain spatial arrangement. The latter state is average between the crystalline and gel state, i.c.
represents “coagel”. AOT “coagel” is found starting from an AOT concentration of 84%. High—
angle, thin reflexes that show up at large angles indicate an orderly packing of AOT molecules at
the AOT—water interface. Based on the obtained X—raygrams, we construct the dependence of the
interplanar distance d on the ratio of water concentration (Cy) to AOT concentration (C) (Fig. 6).

65
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Fig. 6, Dependence between distance d and Cvw/C.

175



As can be seen from the figure, with an increase in the concentration of water, a linear
increase in d from C,, / C occurs. At an AOT concentration of less than 23%, only diffuse halo of
water is present on X-raygrams. As the concentration increases, a second diffuse halo appears,
which is characteristic of “liquid” paraffins. With an increase in the concentration of AOT, the
reflexes become thin and clear. An analysis of the registration data revealed that a “smooth”
lamellar phase appears in the AOT—water sample over time. Extrapolation of direct from C/C to
zero water content, according to the data in Fig.6, the lamella thickness is determined: di = 17.5A.
This value corresponds to the length of a monomolecular lamella. The difference d — d; = dvw is
the minimum thickness of the interlamellar water layer, that is the amount of water bound to the
lamella surface. This value is 4.5A (Fig.6.). As can be seen from the figure, at high AOT
concentrations, the interplanar distances remain unchanged. When C,/C < 0.3, it does not depend
on the concentration of water. This indicates that “bound” water (hydrated water) remains in the
interlamellar space. At the same time, the “coagel” phase is realized in the system, as evidenced
on X—raygrams by the appearing reflexes at large angles.

According to the method developed by Luzati, one can determine the changes in the
interplanar distances (d) from concentration of amphiphilic substance [4]. For the lamellar phase,
this formula has the form:

d=di(1+pCw/pwC) (1)

where d = di+dw, dw and di respectively the thickness of the water layer and lamella. p, pw density
of lamellae and water, C and C,, concentration of AOT and water. Equation (1) makes it possible
to determine the density of a lamella without hydrated water, which is a measure of the structural
organization of the hydrophobic core of the lamella. From the slope of the straight line d from
Cw/C for the density of the AOT lamellae, obtained at Cw/C =0.3, p = 0.938pw = 1.0323g/cm;
at Cw/C=0.25 p=1.276pw=1.404;

Since a measure of the compactness of the location of AOT molecules in a lamella, in
addition to density, is also the specific surface S, i.e. the size of the area on the surface of the
lamella, coming to the polar group of one AOT molecule, then, having determined the values of
the density and thickness of the lamella, we obtain values for 75% of the solution SZS&&Z, and
for 80% of the solution S = 64.5A2.

The presence of homogeneous circles in X-raygrams proves a chaotic location of
domains in the sample. But in X-raygrams also present cresent-like circles (Fig. 3). This takes
place at presence of forced mechanical stretching and extrusion of the sample in capillary. It may
be assumed that an orientation of domains and consequently lamells as well takes place. The
angle of inclination of molecules axis can be determined directly from analyzing the intensity
distribution relative to equator (for the equator direction it is taken the direction parallel to the
plane of lamella multilayer plane) in X-raygram diffraction image (6) from orientated samples
according to intensity bunches (sycles) in Fig.3, that corresponds to results 38° (1).

While long keeping the samples in AOT—water system, the orientation of domains takes
place. This proves by the grainity of circles in the X—raygrams (Fig.4). For more concentrated
solutions the circles become intermittent. In X—raygrams of concentrated samples during further
long drying while containing only hydrated water in a “dry” sample it was revealed an ordered
hexagon, which enables to assume about the reorientation of lamellas parallel to the walls of the
capillary (Fig. 5). In the “coagel” state of a complex two—deminsional hehagonal packing of AOT
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moleculae, it must correspond to the following Brague distancs ratio: 1:V3/2:1/2...., that is
weakly seen in X—raygram — 4,5; 3,8;2,25 A....

Thus in the Aerosol OT—water system when water concentration more than 23%,
“smooth” liquid—crystal mesophasa with lamella single-molecular thickness is realized. The
molecules in lamellas are bent at angle 38° to the surface of separation lipid—water phase. In the
system the liquid—crystal “gel” phase is realized that when lipid concentration is high is turned
into the “coagel” phase. In the AOT sample when only hydrate water is present the “coagel” state

is realized.
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Abstract: The method of X—ray analysis was used to study the structural changes of a multicomponent
liguid crystal of sodium pentadecyl sulfonate—polyethylene glycol-water in the lamellar liquid crystal
phase under the influence of temperature. Studies were carried out at concentrations in the system from
23 to 98% at different contents of polyethylene glycol. The concentration interval of the lamellar
“smooth” phase is established. The characteristic parameters and structural features of this phase and
the influence of temperature on them in the range from 293-353 K are revealed.

Keywords: radiography, multicomponent liquid crystal, lyotropic liquid crystal, biomembrane
models, lamellar phase.

1.Introduction

The formation and stability of lyotropic liquid crystals (LLC) is due to the balance of
hydrophilic-hydrophobic interactions in a system of molecules [1, 2]. Just this determines the
ability to control the structure and properties of LLC through the influence of non—mesogenic
additives that can effectively change the interaction forces between the matrix molecules and the
included components, therefore, there should be significant differences in the nature of the effects
of various non—mesogenic substances on the structure of LLC . From this point of view, it is of
interest to study multicomponent models of biomembranes based on lyotropic liquid crystals.

Under certain conditions, biomembrane lipid suspensions can form aggregates of various
structures, that is lipids have the property of polymorphism. Polymorphic transformations were
also found in biological membranes [3—11]. Structural thermal rearrangements in eukaryotic
membranes containing relatively many cholesterol or membrane proteins found by various
physicochemical methods indicate that they are the result of structural rearrangements affecting
the lipid and protein components of membranes [12] The question arises whether structural
rearrangements are caused observed in the region of 283-303K, crystallization of membrane
lipids or polymorphic transformations of a gel-liquid crystal.

Each of the biomembrane models was studied in order to understand and explain some
of the facts observed in the study of membranes. But not one of them is able to explain
satisfactorily all the data accumulated by science.
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Thus, the question of the nature of the occurring thermal and lyotropic rearrangements
remains open.

In this work, we studied the effect of temperature on a model system of biomembranes
containing macromolecular non—mesogenic additives and mesomorphic transformations
depending on their characteristic parameters.

Since LLC is determined by the equilibrium of hydrophilic hydrophobic interactions of
molecules, it can be assumed that the introduction of a new component into the system effects the
structure of LLC through the impacked on the balance of hydrophilic and lipophilic interactions.
In this case, LLC can act as a matrix for the orientation of molecules that do not have the ability
to independently form a liquid crystal phase. To this aim, the influence of temperature on the
system of sodium pentadecyl sulfonate (PDSN) —polyethylene glycol (PEG) —water capable of
effectively changing the interaction forces between the molecules of the matrix and the
macromolecule at different temperatures was studied.

The choice of PEG as a macromolecular additive is due to its widespread use in light
industry, in the food industry, in the cosmetics industry, and is used to restore and preserve wet
wood, in archaeological finds, and to model underwater eruptions. Based on PEG, lubricants,
cutting fluids, and solvents are produced. PEG is also used for the manufacture of biomembranes,
water—soluble films, and drugs. With the help of PEG, the Italian neurosurgeon Sergio Canavero
expects to connect the nerve cells responsible for transmitting vital impulses from the brain to
organs and limbs. PEG is also capable of repairing a damaged membrane, facilitating the fusion
of two damaged cells into one large nerve cell.

Thus, a set of methods, including a key component — PEG was used in practice.
However, more work remains to be done to make its application reliable and to ensure confidence
in the correct selection of many variables that are important for a successful outcome.

2. Experiment

To study LLC, it is necessary to consider the phases of not individual molecules, but of
structural elements, which are supramolecular formations. The nature of the symmetry of the
structural element is determined by the symmetry of the arrangement of the molecules that form
it — the bilayer, cylinder, sphere. Polymorphic transformations relate to objects consisting of
many structural elements [13, 14].

Our task is to create experimental conditions for studying the structural elements of both
molecular and supramolecular formations, for which requires a preliminary solution of a number
of technical and methodological problems.

The following requirements are imposed on the experiment: X-ray collimation, slit
width, small-diameter holes, focusing, exposure, sample size and preparation, X-ray radiation
wavelength, data recording methods, effects arising from small-angle X-ray scattering, diffuse
scattering, results obtained and their discussion. Samples were taken on URS—60 and URS-2 X—
ray installations with KRON and RKSO cameras intended for shooting on a flat film and
modified for studying simultaneous scattering at large and small angles of reflexes in the range of
angles from 30 to 850 at sample—film distances 0.05—0.3 m. A schematic image of the camera is
shown in Fig. 1.
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Fig. 1 Schematic picture of the camera

X-rays coming out of the focus of the X—ray tube 2 pass through a nickel filter 3, the
diaphragm 4 and the collimator 5 and fall onto the sample 6. The diameter of the aperture is
1x10™* m, the length of the collimator is 8x10~* m, the diameter of its hole at the exit is 0.8x10~
“m The improvement in the beam collimation consisted in the optimal reduction of the width of
the slit placed in the beam path. The main advantage of small-hole collimation is the absence of
distortion in the X-ray diffraction patterns when studying oriented samples. The main
disadvantage is associated with a rather long exposure time necessary for obtaining undistorted
paintings. Such collimation provides a fairly good accuracy.

Diffracted at large angles, the rays are recorded on an x—ray film placed in the cassette 7.
The latter has a hole in the middle 8 through which the transmitted rays are fixed on the film
placed on the cassette 9. The primary beam is absorbed by the absorber 10. The modified camera
makes it possible to register reflections within the angles 1-45° (the small-angle part is 1-5°).

We used tubes of the BSV-24, BSV-25, and BSV-11 types with a Cu cathode that
emits radiation in the region of relatively long waves. Copper Ka lines were extracted using
nickel filters 1.5 x 107 m thick. The voltage at the anode is 40kV, the anode current is 20mA.
The exposure time was selected 4 hours. Films of the RTG-B type from Primax Berlin Germany
were used. To prepare the sample, quartz thin—walled capillaries (manufactured by Germany)
with a wall thickness of 1x10°m and a diameter of 0.4x10m to 1x10°m were used. Absorption
of rays and the appearance of the background on radiographs when using these capillaries are
practically absent.

The reconstructed method of x—ray diffraction allows us to obtain information about the
size, shape, compactness of the location of colloidal formations.

3. Samples
The structures of simplified three—component models of liquid crystal systems, obtained
on the basis of highly concentrated aqueous solutions of the surfactant PDSN - ( C,,H,,SO,Na)

and PEG, are studied.
The mid-range PDS product of Veb Leuna contains the following impurities:

The main subsStance .........ccoovveiiiiieiiinnnn... n/m 98%
Sodium chloride .......ovviiiiiiiiiiiiiiin, n/a 1.4%
Sodium sulfate ......oooeveeiiii, n/a 0.1%



Neutral 01lS «oovvveeeieiee e n/a 0.1%

WALET e n/a 0.2%
Sodium hydroxide ...............coovviiiiininn.n. n/a 0.1%
TEON oo n/a 0.5%

At room temperature, the studied sample has the appearance of a dull white paste
containing 6% hydrated water. The spatial structure of the PDSN molecule can be represented as

shown in Figure 2.
b, . PR
i il

Fig. 2. Schematic structure of the PDSN molecule and its arrangement in the lamella

PEG with a molecular weight of 2000g/mol was used as a high molecular weight
additive. PEG with a mass of up to 2000g/mol — highly—shaped flakes or cream—colored powder.
The structural formula has the following form:

HO H
)

n

HO-(CH,-CH, —O)n — H , rational formula — C,, H,, ,O, ., density 1,1 —12g/cm’.

4n+2"n+l >

For the preparation of samples, quartz capillaries with a wall thickness of 1x 10~ m and
a diameter of 0,4x10m to 1x10~°m were used.

Samples for X-ray diffraction were prepared by the following method: heat treatment
was carried out — until the X—ray diffraction patterns were taken, the sample was kept at a 353K
temperature for half an hour, after which an isotropic melt of the corresponding concentration
was introduced into the capillary, hermetically closed on both sides and cooled to room
temperature.The finished sample was examined immediately after processing, as well as at
certain intervals. The studies were carried out in the temperature range fr om 293 to 353 K.

The orientation of the samples in the absence of water was carried out using mechanical
tension. X-ray diffraction patterns of stretched “anhydrous” samples made in the form of
cylinders with a diameter of 0.4—1 mm were taken without a capillary. Orientations of
concentrated aqueous solutions were carried out by drawing the solution into the capillary.
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4. Results

The studies were carried out at a PEG content of 9% in the PDSN—PEG system in the
“smooth” phase. The control image of an 86% sample of the PDSN—water system revealed the
lamellar structure of PDSN molecules of a monomolecular layer 27.5 A thick. On radiogram
revealed a reflex in the form of a uniform circle. When a 67% sample of the PDSN-PEG—water
system is added to the PEG system in an radiogram with a PEG content of 9%, the reflex
becomes clear and slightly grainy. By evaporation of the sample up to 86% at room temperature,
the reflex in the radiogram remains clear and oriented, sickle—shaped with an inclination angle of
42°. When the sample is heated to 308K, the tilt angle increases to 68°, at a temperature of 313K
—80° and at 318K — 90°. Further heating to 333K leads to the disappearance of the sickle—shaped
reflex. Pictures of samples at temperatures of 343 and 353K give clear and uniform circles on the

radiogram.
) o
Y &

Fig. 3. The radiogram of 86% samples of the PDSN-PEG—water system with the
content 9% PEG at temperatures of 308, 313, 353K.

A sample heated to a temperature of 353 K was cooled to room temperature. In this case,
monocrystallism and reflexes appear at large angles.

Fig.4. The radiogram of an 86% sample of the PDSN-PEG—water system, when
PEG 9%, heated to 353K and cooled to room temperature.

The texture is also preserved after two days of taken radiogram. When reheating the
same sample to 353K, on the the radiogram only traces of monocrystallinity remain, but a clearly
defined circle preserved.

With an increase in the concentration of PEG to 36% in the PDSN—PEG—water system
at room temperature, a characteristic circle with an interplanar distance of 24.7 A appears on the
x—ray in a 54% sample. With increasing temperature, the interplanar spacing decreases. The
results are shown in table 1
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Table 1. Temperature dependence of the 54% PDSN-PEG—water system

Temperature in K Interplanar distance in A

295 27.5
308 27

313 24.7
318 24

333 23.8
343 235
353 225

On the radiograms of a 70% sample at a PEG content of 36% at room temperature show
a crescent circle. The latter is formed when the concentrated solution is drawn into the capillary.
With a further increase in concentration, the intensity of reflexes characteristic of the lamellar
structure increases and thin weak reflexes appear at large angles. When the sample is completely
dry, when it contains only hydrated water, a number of distinct reflexes are revealed at large
angles. Interplanar distances and relative intensities of the “dry” sample are shown in table 2.

a | b
Fig.5. The radiograms of samples of the PDSN-PEG—water system, with a PEG content of 36%
a) a concentration of 86%, b) a “dry” sample with a content of hydrated water.
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Table 2. Interplanar distances and relative intensities of a highly concentrated sample of the
PDSN-PEG-water system at a PEG content of 36%.

N Interplanar distance in A Relative intensity
1 274 10

2 6.6 1

3 6.2 2

4 53 3

5 4.8 9

6 43 5

7 3.96 8

8 35 4

Studies were also conducted to determine the effect of temperature on highly
concentrated PDSN-PEG—water systems with a PEG content of 36%. Samples were taken at
temperatures of 308, 313, 318, 333, 343, 353K. Under the influence of temperature, the intensity
of reflections at large angles gradually decreased, and at a temperature of 343K, they completely
disappeared. But at the same time, the reflex with an interplanar distance of 27.4 A was split into
two thin, clearly defined reflexes with interplanar distances of 27.4 A and 24.7 A. The latter was
also revealed at a temperature of 353K.

5. Discussion

To decipher the obtained X-ray diffraction patterns, we schematically represent the
possible intra—domain structures of the lyotropic liquid crystal “smooth” phase (Fig. 6).
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Fig.6. Arrangement of molecules in the “smooth” phase: a—lamellae of monomolecular thickness;
b—lamella of bimolecular thickness; c— chaotic arrangement of the heads of the molecules; d—
rectangular centered packing of heads.

We found that in the “smooth” phase, in the absence a little water content, an
intradomain lamellar structure is realized, there is an alternation of PDSN parallel layers of
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monopolymer and bimolecular thicknesses and water layers. In lamellae, surfactant active
molecules can orient themselves at an angle to the lamella—water interface or perpendicular to it.
Remaining oriented, the molecules in the lamellae can be located randomly relative to each other
or in a certain order. The trans structure of the hydrocarbon skeleton of the PDSN molecule is
shown in Fig. 2.

When 9% PEG is added to the system in the “smooth” phase, the reflex appears more
distinct, slightly granular, characteristic of a layered structure with alternating layers of PDSN
and water. It can be assumed that PEG is located in the water layer and leads to the strengthening
of the layers. With an increase in the concentration of the sample — by evaporation, the
interplanar spacing decreases, and starting from a concentration of 60% it equals 27.4A and does
not change with further evaporation. But with a further increase in concentration, the reflex with
an interplanar distance of 27.4 A becomes sickleshaped. This indicates that the PDSN molecules
in the layers are inclined to the lamella—water interface. It can be assumed that this is the effect of
PEG, which, located in the water layer of “bound” water, compresses the lamella, tilting the
molecules. In a 86% sample at room temperature, the PDSN molecules are tilted at an angle of
42° to the interface.

By heating the sample, the tilt angle increases and already at 318K equals 90°. This can
be explained by the fact that an increase in temperature leads to partial loosening of the structure
and a decrease in the thickness of “bound” water: since the interplanar distance remains
unchanged — equal to 27.4A. A further increase in temperature to 353K does not change the
structural parameters. This states that the PEG shields the lamellar structure of the PDSN,
ensuring its strength and stability with respect to water and temperature.

After cooling to room temperature in a heated sample, the “smooth” phase is retained in
the sample but the crystallinity of the system increases. The PDSN molecules, remaining
perpendicular to the surfactant PDSN — water interface, are compressed, and their heads are
oriented on the surface. Clumps of surfactant PDSN molecules are detected in the system,
forming monocrystals. It can be assumed that the domains in the system are located randomly
relative to each other, but in the domains there is a partial crystallization of the system. A mixed
phase “gel” — “coagel” is formed. The resulting phase does not change over time. Upon repeated
heating of the same sample to 353K, crystallinity decreases, but the formed phase is preserved.

With a further increase in the concentration of the system at room temperature, the
molecules in the layers orient themselves in a “dry” image, where only hydrated water is
contained, the heads of the molecules on the surface of the surfactant-water are distributed in an
orderly manner, as evidenced by reflexes at large angles in X-ray diffraction patterns. The
interplanar distances and relative intensities of highly concentrated samples of the PDSN-PEG—
water system at a PEG content of 36% are shown in table 2.

The effect of temperature on highly concentrated systems leads to a decrease in the
crystallization of the system. The intensity of reflexes at large angles gradually decreases and at a
temperature of 343K they completely disappear. This is because hydrocarbon chains become
“liquid”. The ordering of the molecular heads on the lipid—water phase interface also disappears.
But two types of ordering coexist in the system: lamellae of monomolecular thickness with
interplanar spacings of 27.4 A and 24.7 A. This can be explained by the fact that at high
concentrations in the system, the possibility of PEG penetrating into the aggregate is limited and
an inhomogeneity is formed. In lamellae with an interplanar distance of 24.7 A, PEG, penetrating
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the interlamellar water layer, compresses the layers, leading to compaction, and in lamellas with
an interplanar distance of 27.4 A, the effect of PEG is not very pronounced.

Thus, the study found that the effect of PEG on the liquid crystal structure of models of
biomembranes based on PDSN—water leads to the compaction of the system, penetrating into
interlamellar water layers, spreads on the surfaces of the heads, compresses the layers by tilting
the hydrocarbon chains at an angle to the lipid—water interface . The influence of temperature
reduces the compactness of the system, but the liquid crystal mesophase is retained.

An increase in the PEG content leads to a phase transition from the “gel” to the
“collagen”. Under the influence of temperature, the reverse process takes place: the “coagel”
turns into a “gel” phase. The liquid crystal “smooth” phase is retained in the system with the
coexistence of different types of lamellae. The influence of temperature leaves a residual effect
on the system, but the liquid crystal phase is retained. Thus, PEG, being introduced into the liquid
crystal structure of biomembrane models, provides its strength and stability with respect to water
and temperature.
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Parallel X-ray Beams with Controllable Quantity and Distances under
the External Acoustic Fields in Quartz Crystals
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V.R. Kocharyan

Institute of Applied Problems of Physics NAS RA
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Abstract: The possibility of obtaining parallel X—ray beams and controlling their quantity and distances in
a wide range has been experimentally considered. To implement this experiment, a three—crystal scheme
was assembled. The first crystal is set to monochromatize an X—ray beam, which provides high resolution.
The second quartz crystal with AT — cut is used to obtain parallel X—ray beams with different distances
and quantities using the effect of bulk acoustic waves with different frequencies. And the third quartz
crystal with asymmetric reflection is used to control the distances of parallel beams in a wide range (from
50 um to 1 mm). Thus it is shown that, using such a three—crystal scheme, it is possible to obtain any

number of parallel X-ray beams and control their distances in wide ranges.
Keywords: X—ray radiation, quartz single crystal, volume acoustic waves.

1. Introduction

The requirement for creation of more sensitive and universal research methods in
different fields of science and technique stimulates the development of new methods for
obtaining monochromatic beams of X-rays with parameters controlled in space and time, as, e.
g., the angular divergence, spatial distribution and monochromaticity. X-ray diffractometry in the
presence of external influences is one of such methods. For instance, the presence of external
acoustic fields or temperature gradient in crystal monochromators enables one to control the
parameters of diffracted X—rays in space and time [1-3]. The possibilities of controlling the
parameters of reflected X—rays from different atomic planes (1011) of single quartz crystal with
different bends in the presence of volume acoustic waves up to 10 MHz have studied in [4—10].
The phenomenon of the full transfer of X-rays from the transition direction to the reflection
direction in quartz single crystal in the Laue geometry under the influence of ultrasonic
oscillations was first observed in [4]. Since the dependence of the intensity of the reflected X-ray
radiation on the parameters of the external acoustic fields or temperature gradient it possible to
obtain controllable X-ray beams both in time and space, numerous studies were subsequently
carried out to study the various characteristics (angular divergence, spatial distribution, energy
dispersion) of the reflected X—rays [5—7]. In [8, 9], the diffraction of X—ray radiation on various
reflecting atomic planes of a quartz single crystal with an AT cut in the Laue geometry was
experimentally studied when volume acoustic waves were excited in the crystal. Certain
reflecting atomic planes are curved and have periodicity along the thickness of the crystal, which
is equal to n x A / 2, where n is an odd number and corresponds to the order of the resonant
frequency, and A is the wavelength of acoustic waves. It is shown that volume acoustic waves
lead to spatial modulation of diffracted beams, that is, bands appear in the frontal section, which
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perpendicular to the diffraction vector. The number of bands depends on the order of the
harmonic of the excited acoustic field. The intensity of the emerging bands depends on the
amplitude of the acoustic waves excited in the crystal. It was shown in [10] that a spatially
modulated beam formed from the quartz single crystal with an AT cut of excited acoustic waves
can be completely pumped in the direction of reflection at a certain value of the temperature
gradient applied to the second crystal while preserving the spatial distribution of the beam.

In this work, the possibility of controlling the distances of the obtained parallel X—ray
beams in a wide range has been experimentally considered.

2. Experiment

In experiment the spectrum of X-rays produced from Mo BCB-29 X-ray tube under
voltage of 30 kV and 10 mA anode current was used. The size of the focal spot of the source is
0.2x10 mm?. The three—crystal scheme was used to control the distances of the obtained parallel
X-ray beams in a wide range (Fig. 1). The first quartz crystal was located in a reflective position
of atomic planes (1011) Bragg geometry for monochromatization of X-ray radiation with an
energy of 17.48 keV (MoKal), which provides high resolution. The second quartz crystal with
AT — cut was located in a reflective position of atomic planes (1011) Laue geometry for the
obtained of parallel X—ray beams with different distances and quantities using the effect of bulk
acoustic waves with different frequencies. Acoustic vibrations with frequencies of 2.979, 4.890,
6.933 and 8.836 MHz were excited to the second quartz crystal, and X-ray parallel beams were
recorded using photographic film (Phl). And the third quartz crystal with X — cut was located in
a reflective position of atomic planes (1120) Bragg geometry with asymmetric reflection is used
to control the distances of parallel beams in a wide range (from 50 um to 1 mm). After third
crystal the X—ray parallel beams were recorded using photographic film (Ph2).

$i02(1011)

Fig.1 Experimental scheme
The experiments showed that the intensity of the reflected beam increases with the

increase of the amplitude of the electromagnetic field applied to the second crystal with a
resonant frequency (Fig.2).
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Fig. 2. The intensity of the reflected beam depending of the amplitude of the electromagnetic
field applied to the crystal with a resonant frequency of 4.89MHz

Increasing amplitude of the electromagnetic field, applied to the crystal with a resonant
frequency, means that the amplitude of the acoustic wave exciting in the crystal increases.
Acoustic wave leads to the curvature of the reflecting atomic planes (1011) of the crystal. The
experiments showed that starting at a certain value of the amplitude of the acoustic waves (the
curvature of the reflecting atomic planes) at the nodes of the standing wave, the Bragg condition
is violated. However, from antinodes the intense reflected X-rays are formed. As a result, the
reflected X—ray beam splits, and narrow beams are visible in the cross section of the reflected
beam (Fig.3), the number of which is equal to the number of antinodes of the standing acoustic

wave.

R

Fig. 3 The formation

[ R GO REE

4V

v
o

b

i
AR

: &
)
| i
.

of narrow x—ray beams from a crystal under the excitation of the standing

acoustic wave at a fifth—order resonant frequency.

Experiments show that with an increase in the order of the resonant frequency, the
number of narrow X—ray beams also increases (Fig.4).
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Fig.4. Narrow X-ray beams formed from a crystal under excitation of a standing acoustic wave

with the different order of resonant frequency

The formation of parallel X-ray beams in the frontal section from the second “splitter”
crystal, falling on an asymmetric crystal, is reflected and their distance increases more than 20

times (Fig.5).
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3. Conclusion
Thus it is shown that, using such a three—crystal scheme, it is possible to obtain any
number of parallel X—ray beams and control their distances in wide ranges.

This work was supported by the RA MES State Committee of Science and Russian
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X-Ray Diffraction Method of Investigation of Imperfections in
Crystals Based on Interpretation of Sectional Topogram
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Abstrakt: To increase the resolution of X—ray diffraction methods, a new method is proposed in the work,
which is theoretically proven and with which thin structures of diffraction images are experimentally
observed. The X—ray interference pattern obtained by X-ray diffraction in a system consisting of a two—
crystal system with a narrow gap and a thick absorbing crystal was studied. The theoretical period of the
interbranch scattered bands obtained from this system is calculated. It is shown that the presence of a thick
plate makes it possible to increase the period of the bands by about 5 to 10 times. For the first time, two
dynamic effects were simultaneously observed: on one topogram, interbranch scattering bands and moire
patterns formed in a two—crystal system were observed.

Keywords: fine structures of X—ray interference patterns, two—crystal system, interbranch band scattering.

1. Introduction

X-ray diffraction methods, which are widely used in detecting structural imperfections
in crystalline materials, have limited capabilities due to insufficient resolution, in particular, it is
impossible to detect the fine structure of X—ray diffraction patterns or section topograms. The
unambiguous interpretation of X—ray topographic images of crystal imperfections is sometimes
greatly complicated, on the one hand, due to the overlapping of various dynamic and kinematic
effects and their superimposition on imperfections, on the other.

It is known [1-5] that the image of defects depends on the thickness of the crystal, on
the divergence and spectral composition of the primary incident beams, on the orientation of the
reflecting families of planes relative to the defect, on the location of the defect in the crystal —
on the input, output surface, or in the bulk of the crystal and on the degree deformation of the
surface layer. The image of imperfections also essentially depends on whether the scattering of
x-rays by these defects is kinematic or dynamic. Sometimes an inhomogeneous intensity
distribution (splitting into separate components) appears in the diffracted beam, which can be a
manifestation of both crystal defects and dynamic scattering effects in perfect crystals.

A number of works [6—9] have been devoted to X—ray studies of the influence of these
factors on the intensity of scattering of X—rays in crystals, and it would seem that all questions of
the influence of these factors on the scattering intensity of X-rays have been thoroughly
investigated and clarified. However, new experimental data, such as sectional topograms
obtained from a two—block crystalline system with a narrow air gap and from a thick absorbing
ideal crystal in the reflection position, show that it is necessary to conduct special studies to
elucidate the nature of the influence of the above factors on the intensity of X-ray scattering.
Therefore, a further more detailed study of these issues is important both for the development of

E — mail: drm—henrik@mail.ru
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X-ray diagnostic studies and for the unambiguous interpretation of X-ray diffraction patterns
using the interpretation of a section topogram, which the present work is devoted to.
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Fig. 1. A system consisting of a two—unit Fig. 2. The components of the amplitude of the
interferometer and a magnifying crystal incident wave after diffraction in the first, second
blocks and in the magnifier block

Obviously, the higher the resolution of the X-ray diffraction methods, the greater the
visibility of the fine structure of the X-ray diffraction patterns, therefore, the more information
received from these patterns is about the structural imperfections of crystalline materials.

We, in order to increase the resolution of X-ray diffraction methods, propose a new
method, which is theoretically proven, and with the help of which we experimentally observed
displacement lines, moire bands, pendulum bands and other fine structures of diffraction images
that are not observed by conventional methods. So, it is known [10] that, during X-ray diffraction
in crystals, a strong angular increase in the beam occurs, which is expressed by the formula:

v _ dn _ Kcoslp

1

de  Rcose M
where ds — is the angle of convergence of the incident beam, 4y —is the angle of divergence of
the incident beam in the crystal, #, —is the Bragg angle, r—is the radius of the dispersion
surface, x —is the wave number (K =1/1).

As can be seen from (1), a crystal is a powerful magnifier: when MK, emitting and

(250) reflecting silicon, & has an order of magnitude 10% This effect of angular magnification

can be used to obtain linear magnification, which makes it possible to increase the resolution of
X-ray diffraction patterns, which is the aim of the present work. This goal is achieved by the fact
that a beam containing information about structural defects of the studied sample or moire
patterns obtained from a two or three-block interferometer is passed through an ideal thick
crystal in the reflection position.
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Thus, the aim of this work is to study the imperfections of crystalline substances on the
basis of revealing the fine structure of X-ray diffraction patterns during dynamic X-ray
scattering, using the interpretation of the obtained sectional topograms.

2. Theoretical Analysis
Let a spatially inhomogeneous wave packet with amplitude ¥ fall on a crystalline

system consisting of a two—block system with a narrow gap and a thick absorbing crystal (Fig. 1).
The third block (thick block) is located so far from the first two that the beams diffracted in the
first two do not overlap each other on the input surface of this block, i.e. the third block plays the
role of a magnifier.

After diffraction in the first crystal, the incident beam is decomposed into two
components: the transmitted wave with amplitude After diffraction in the first crystal, the
incident beam is decomposed into two components: the transmitted wave with amplitude ¥, and

diffracted with amplitude ¥, (Fig.2). After diffraction in a two—block system with a narrow gap
(after the second block), the beam decomposes into four components with amplitudes ¥,,, ¥,,.
v,, and ¥, (Fig.2).

Let us consider the diffraction of waves with amplitudes ¥,, and ¥, in the third thick
plate (the beams v,, and ¥, do not differ from the considered ones in the nature of
interference). In the third thick plate, the beams v¥,, and ¥, form four beams, with ¥,,, and
¥, interfering in the direction of reflection, and v¥,,, and ¥, in the direction of incidence. To
find the distribution of interference fringes, we need to know the phase value @, of the
interfering beams, which are determined by the expression:

v, = |¥/q |exp(id5q)
These phases can be easily found from the Takagi equation [11], using the stationary

phase method [12,13] and omitting the terms corresponding to strongly absorbed wave modes. In
the symmetric Laue case for the phases of the bundles ¥,,, and ¥,,, we obtain the following

expressions:
= (z2+2,+2, 1P +2x
4 4
. @)

By = —Al(z +Z,+Z, )1 -P3)!? e
0

where A, — is the real part of the extinction length, Z — is the thickness of the thick plate, Z; and
Z>— are the thicknesses of the first and second crystals of the two—crystal system, the parameters
P =1gs,/tgh, P, =1gs,/tgf characterize the directions of energy fluxes, and 6— is the Bragg

angle.
The ¥,,and ¥,, bundles will not be considered, because by the nature of the

interference, they are similar with the bundles ¥,,, and ¥,,, .

From (2) for the phase difference A® =, - ®, , we obtain

T PdpP
4, (I-P°)
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where P=(B+P)/2 and dP=P,—PF calculated for the case of strong absorption, i.e.
calculations are made for the central part of the topogram. Interfering rays, which make up the
angles ¢ and ¢, with the normal of the input surface, satisfy the condition:
2Z,  2Z,tg0

Z+7Z,+7,=
T ap tge, —1ge;

G)

where z, —is the width of the air gap (non—diffracting zone).

Combining the last expression with the condition of the maxima of the interference
bands A® =2mn, where n=123.... you can get the coordinates of the surfaces (bands) of
maximum intensity:
n-4,-1g0

X, =% 2 91/2
Z[1+(ndy1Zy )]

n

(z+2,+7,).

The direction of the X coordinate axis is shown in Fig. 1. In the central part of the
topogram, without making a big mistake, we can assume that (nAO /Z g)4 <<1, then for the period
value of these bands we get:

3 3 3
R ASAS AL l_énz(ﬁJ _z,{ﬁj _i(ﬁj @

< 2 Z, 2\ Z, 2\ Z,

Since Z,<<Z, and Z,<<Z,, we get a family of parallel planes perpendicular to the
scattering plane, the intersection of which with the photographic plate is a family of straight lines
[14—17], and the general character of the decay of the period of the bands with an increase in their
order n can be noted.

When operating without a thick crystal, displacement bands are obtained with a period

3 3 3
A':(Zl+zz)dotg9 l—én{ﬁj _ér{ﬁj _l{ﬁj (5)

Z, 2 Z, 2\ Z, 2\ Z,

Comparing the values of periods (4) and (5), we can conclude that the presence of a
magnifying crystal makes it possible to obtain interference fringes with the following linear
increase coefficient in the direction of the diffraction vector:

D=1+

Z,+7, (6)
This increase is interference in nature and, as can be seen, depends on the thickness of
the thick plate. When choosing a rather large value of Z, one can achieve an increase of up to 10
or more times and observe experimentally interference fringes with a large period and resolution.
However, an excessive increase in the thickness of a thick plate is impractical because with
increasing thickness, absorption increases and the intensity of reflected beams decreases.
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3. Experimental Part

Fig. 3. A system consisting of two thin, closely spaced blocks and a magnifying block

To confirm the validity of the above reasoning, experimental studies were carried out
using a highly perfect single—crystal two—block system with a narrow air gap and from a thick
absorbing ideal crystal in the reflection position (Fig.3).

Thickness of thin blocks of a two—crystal system Zz, =420um, Z, =1315um, a thick perfect

crystal Z=5550um, width of a non—diffracting zone Z, =290um, radiation M K, , reflection (250) ,
width of a collimated beam 80 .

The system shown in fig. 3 is schematically shown in fig. 4, where a narrow X-ray
beam, passing through a collimator with a diaphragm, falls on a two—block system consisting of
crystals 1 and 2. The diffracted beam falls on a perfect thick crystal 3, which is in the reflection
position, and the transmitted beam is delayed by the screen 4. The diffracted beam containing
moire patterns, passes through a thick crystal, which without changing the character of moire,
increases this moire pattern. In fig. 4a shows a moire pattern formed by a dual—crystal system.

12 5| 3 g
T
]
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Fig. 4. An increase in X—ray moire patterns obtained using a dual—crystal system. 4a moire
pattern formed by a dual—crystal system; 4b — moiré pattern 4a after enlargement

This image was obtained on a photographic plate 5 placed between the second and third
blocks (Fig. 4). In fig. 4b shows the same moire pattern on film 6, located after the third block.
As can be seen from these figures, after the second block, the moire on the film is almost
invisible, and only after the third block, i.e. after enlargement, moire stripes are clearly visible.
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4. Results and its Discussion

In a similar way, one can obtain an increase in interference patterns obtained from
interferometers of an arbitrary type, and also increase the resolution of X-ray topographic
methods.

This effect can be applied in areas of physical research, such as X-ray diffraction of
microdefects, X—ray spectroscopy, X—ray interferometry, precision X-ray diffraction analysis,
and also for studies of the fine structure of interference patterns.

It may seem that the interference patterns observed after the magnifier (an ideal thick
crystal) did not exist before it and formed in it, that is, the last crystal does not play the role of the
magnifier, but participates in the formation of these patterns. The fact that the last thick crystal
only increases the linear dimensions of the diffraction pattern and does not introduce any
additional information into the interference pattern can be verified on the basis of the following
theoretical considerations (reasoning) and experimental facts:

1) The magnifying crystal is thick and ideal, therefore, the field having a large absorption
coefficient completely disappears, and inside the crystal the distribution of the field having a
period equal to the interplanar distance of the reflecting planes is not stored outside the
crystal. Further, since the magnifier crystal is perfect and defects are not observed on its
topogram, it follows from what was said in this section that the magnifier crystal does not
change the nature of the intensity distribution in the beam passing through it.

2) It can be seen from Figs. 4a and 4b that, after thin plates, the interference pattern is not
observed (Fig. 4a), but after a thick crystal it is observed (Fig. 4b), and the primary moire
pattern (Fig. 4a) and its enlarged pattern (Fig. 4b) differ only in dimensions in the scattering
plane.

3) We can verify that this interference pattern is not created by a thick crystal, but by the
superposition of waves on the second crystal obtained in the first thin crystal as a result of
splitting of the primary wave. Indeed, if one of these thin plates is removed or the distance
between them is increased, then the interference pattern observed after the thick crystal
disappears. Consequently, the interference pattern observed after the thick crystal arose in
the subsystem of two thin crystals and became visible after magnification.

5. Conclusion
The results of our research form the basis for stating the following:

1. The crystal-magnifier does not introduce new information into the interference
pattern, but only increases its angular dimensions in the scattering plane.

2. The magnifier crystal does not change the nature of the intensity distribution in the
beam passing through it.

3. The crystal-magnifier reduces the overall intensity without changing the
interference pattern.

4. An increase in D depends on the relative thicknesses of the magnifier Z and the

total thickness of the thin plates (Z; +Z,): with an increase in Z and a decrease in

the sum of (Z, +Z,), this parameter increases.
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5.

With an increase in the sum (Z; +Z,), the magnification in the thick crystal D
decreases and tends to unity, i.e., the thick crystal ceases to play the role of a
magnifier. But, as expression (6) shows, for large 7z, and Z,, the interference
pattern is increased by these plates themselves and the need for an additional
magnifier disappears.
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Abstrakt: The process of promising ferroelectric LiNb -yTaxOj3 crystals growing by Czochralski method is
studied. For the first time LiNbossTap.1203 crystals were grown. The composition of the crystals was
determined by the method of ion mass spectrometry with inductively coupled plasma. Curie temperature
Tc=1102 °C was measured by the method of differential scanning calorimetry. The parameters of the
crystal unit cell were measured using high—resolution X-ray diffraction. The crystal unit cell parameters a
and ¢ occupy an intermediate position between the corresponding values in LiNbO3 and LiTaOjs crystals.
The use of scanning electron microscopy and high—-resolution X—ray diffraction allowed to measure the
velocity of surface acoustic waves.

1. Introduction

Ferroelectric LiNbO3 and LiTaOs crystals are widely used in acoustoelectronics and
acoustooptics due to the high values of the piezoelectric modules. These crystals were first grown
by the Czochralski method in the mid—sixties of the last century. Crystals have the same structure
and belong to the class of symmetry 3m, but have a significant difference in melting point and
Curie temperatures. So in crystals LiNbO3 and LiTaOj3 the Curie temperature 7¢ makes 1190 °C
and 650 °C, and melting temperature 7,, makes 1240 °C and 1650 °C, accordingly.

LiNDbOs crystal has the higher values of piezoelectric modules, while the LiTaOs crystal
has the good temperature stability, but lower values of piezoelectric modules. Therefore, in the
middle of the 70's there was an idea to grow LiNb(xTaxO3 crystals, which would combine the
best properties of LiNbO3 and LiTaOs crystals (high values of piezoelectric modules and good
temperature stability). In this direction, a large number of studies have been carried out, but so far
attempts to grow LiNbq xTaxO3 crystals have been fruitless [1-3]. The growth processes of
LiNbOs and LiTaOs crystals differ only in temperatures in the process of the crystals growth at
the same speed of rotation and pulling the crystals out of the melt. The use of the parameters of
LiNbOs3 and LiTaOs crystal growth process did not allow to grow LiNb(—xTaxO3 crystals. In [4]
it was shown that the use of the conventional Czochralski method does not allow to grow LiNbi-

"E — mail: rochtch@iptm.ru
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0 Tax03 crystals because of the wide separation between the solid and liquid phase lines in the
phase diagram of the LiNbO3—LiTaOs system (Fig. 1).

All attempts to grow LiNb xTaxOs crystals ended to grow crystals with a large number
of pores. It has been demonstrated in [2] that for growing LiNbg-TaxOs3 crystals by the
Czochralski method it is necessary to reduce the rate of pulling the crystal out of the melt.
Decrease in crystal speed allowed to grow a small crystal of LiNbg.oTao.1O3 composition without
pores. The small size of the crystal did not allow to investigate the physical properties of the
crystal.
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Fig. 1. phase diagram of the LiNbOs—LiTaO3 system [4].

This paper presents the results on the successful growth of the LiNb(1_xTaxO3 crystals by
the Czochralski method and the study of their structural and physical properties.

2. LiNba-xTaxOs crystal growth by Czochralski method

The study of LiNbu-TaxOs crystal growth process by Czochralski method was
performed on a NIKA-3M growth machine. For growing LiNb(xTaxO3 solid solution the
recrystallization method was used, i.e. at the initial stage congruent LiNbO3 and LiTaOs3 crystals
were grown. Then the corresponding proportions of LiNbO3 and LiTaOs crystals were used to
grow LiNbogsTao.1203 crystals. The crystals were grown along axis Z. The use of standard
parameters of LiNbO3 and LiTaOs conventional crystal growth process allows to grow crystals
with a large number of pores (Fig. 2).

Fig. 2. LiNbossTao.1203 crystal grown by Fig. 3. LiNbo.ssTao.1203 crystal grown by
conventional Czochralski method. Czochralski method with a very low pulling
rate.

201



Reduction of the crystal pulling rate from the melt by 4 times (~0.5 mm/h) allowed to
grow crystals with a diameter of 2 cm (Fig. 2). Several crystals of LiNboggTa0.1203 solid solution
were grown, which allowed to carry out a complex study of this material.

3. Investigation of crystal composition, Curie temperature and crystal

lattice parameters

Inductively coupled plasma atomic spectrometry was used to study the composition of
the grown crystals. This method allowed us to determine the composition of the grown crystal in
mass percentages: Li — 3.0+0.1 mass %, Nb — 48.2+0.5 mass %, Ta — 13.4+0.2 mass %.
Conversion of mass % into atomic % allowed to determine the composition of the grown crystal:
LiNbogsTao.1203. The composition of the grown crystal was studied at the top, in the middle and
at the bottom of the grown crystal and showed the same results.

Differential Scanning Calorimetry has been used to measure the temperature of the
Curie, i.e. to determine the temperature of the ferroelectric—paraelectric phase transition. Fig. 4
shows the curve of heat flow versus heating temperature of the grown crystal LiNbossTao.120s.
The fracture of the heat flow curve is observed at the temperature of 1102 °C. This fracture
corresponds to the Curie temperature 7c=1102 °C of these crystals. The measured temperature
above Curie temperature of LiTaOs crystal, but below Curie temperature of LiNbOs3 crystal.

-0.075 8000 —
70004 e
_-0.080 2 6000
[ =
£ Z s000
£ £ 5000
. -0.085 1 g
o S 4000
@ =
= £ 3000 g =
-0.090 & =] E g 8 &
T=1102°C 5 2000 T |3
009050 1100 1150 .
T(¢C) 0 3= 7 T T 7 7 i
20 30 40 50 60 70 80
200)
Fig. 4. Change of heat flow versus the crystal Fig. 5. XRD spectra of a LiNbo.gsTao.1203
heating temperature. crystal.

High—resolution X-ray diffraction was used to study the structure of the grown crystal
using the 4—circles Bruker D8 DISCOVER X-ray diffractometer. The powder diffraction method
in the scheme of a double—crystal X-—ray diffractometer was used to measure the XRD spectrum
of LiNbo.ssTao.1203 crystal (Fig. 5). The elementary crystal unit cell parameters were calculatyed
from measured interplanar spacings. The comparison of parameters of the elementary crystal unit
cells in LiNbO3, LiNbogsTao.1203 and LiTaOs3 crystals presents in Table 1. It is seen from Table 1
that parameters of the elementary crystal cells ¢ and ¢ in LiNbogsTao.1203 crystal occupy an
intermediate position between corresponding values in LiNbO3 and LiTaOs crystals.
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Table 1. Parameters of the elementary crystal unit cell

N Crystal a () c(A)

1. LiNbOs 5.1502 13.8653
2. LiNbossTao.1203 5.1510 13.8164
3 LiTaOs 5.2135 13.7694

4. Acoustic properties of a LiNbo.gsTao.1203 crystal

To study the acoustic properties the grown crystal was preliminarily subjected to the
monodomenization process, because the ferroelectric domain structure is formed in the process of
growth of congruent ferroelectric crystal. During the process of monodomenization, the crystal is
heated to Curie temperature, an external electric field is applied to crystal along the polar axis Z,
and after crystal is slowly cooled down in the conditions of external electric field application to
the crystal. After the monodomenization process, the substrates of the YZ—cut were cut out of the
crystal. These substrates are the most used cuts in acoustoelectronics for surface acoustic wave
(SAW) devices.

The SAW delay time lines with the structures of interdigital transducer (IDT) were
designed on the crystal surface for surface acoustic wave excitation with wavelengths of A=60
um and A=4 pm. The process of the SAW excitation and propagation on the crystal surface was
studied using different experimental methods. The process of the SAW propagation with
wavelength of A=60 um was studied using measurement of amplitude—frequency response and
scanning electron microscopy.
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Fig. 6. Amplitude—frequency response of the Fig. 7. SEM microphotograph of the SAW
SAW delay time line with SAW wavelength of propagation in the YZ—cut of a LiNbossTa0.1203

A=60 crystal. A=60 um, f5=57.33 MHz, V=3440 m/s.

Fig. 6 display the amplitude—frequency response of the delay line based on the YZ—cut of

a LiNboggTao.1203 crystal. The resonance excitation frequency of the SAW is crystal is fo0=57.33

MHz at the SAW wavelength of A=60 pum, which corresponds to the SAW velocity of V=Ax

f0=3440 m/s. The process of the SAW propagation on the surface of the YZ-cut of a

LiNbogsTao.1203 crystal was visualized by scanning electron microscopy method [5]. This

method in the low—energy secondary electrons emission mode allows to visualize the acoustic
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wave fields on the surface of piezoelectric crystals, as the low—energy secondary electrons with
energy of ~1 eV are sensitive to the electric field that accompanies the SAW propagation in
piezo— and ferroelectric crystals. Fig. 7 shows the microphotograph of the SAW with wavelength
of A=60 um on the surface of the YZ—cut of a LiNbossTao.1203 crystal. The SAW propagates
along polar axis Z with a velocity of =3440 m/s.

YZ—cut of a LiNbogsTao.1203 crystal modulated by SAW with wavelength of A=4 um
was studied at synchrotron radiation source BESSY II in the scheme of X-ray double axis
diffractometer schematically shown in Fig. 8 [6]. The energy of X—ray radiation £=10 keV was
selected by a double Si(111)-monochromator. X-ray radiation was collimated by primary and
secondary slits of 1 mm and 50 pm, respectively. X-ray radiation diffracts on an acoustically
modulated crystal. SAW propagates in crystal and causes the sinusoidal modulation of the crystal
lattice, which acts as a diffraction grating. X—ray radiation diffracts on the acoustically modulated
crystal, which leads to the appearance of diffraction satellites on the rocking curve on the both
sides of the Bragg peak. The angular divergence between the diffraction satellites is determined
by the wavelength of the SAW, and the number of the diffraction satellites and their intensity are
determined by the amplitude of the SAW. In the first approximation, the amplitude of the SAW
can be determined as ~~md/2n, where m is the number of the diffraction satellites on the rocking
curve, d is the interplanar spacing. Diffracted X-ray radiation was recorded by standard
scintillation detector Nal.

To study the diffraction process, the reflection from the planes (300) in the acoustically
modulated YZ—cut of a LiNbo.gsTao.1203 crystal was used. At the SAW wavelength of A=4 pm,
the resonant excitation frequency of SAW was f0=860 MHz, which corresponds to the SAW
velocity of =3440 m/s. Fig. 9 shows the rocking curve of acoustically modulated crystal, on
which a large number of diffraction satellites can be observed. The rocking curve was measured
at amplitude of the input high—frequency signal on an IDT of U=10 V. Taking into account the
interplanar spacing d=1.487 A for reflection (300) and the number of diffraction satellites on the
rocking curve m=19, we obtain the value of the SAW amplitude of 1~4.5 A.
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Fig. 8. X—ray double axis diffractometer at Fig. 9. Rocking curve of a LiNbossTa0.1203
synchrotron radiation source BESSY II. crystal modulated by SAW with wavelength of
A=4 um. SAW amplitude 4~4.5 A, reflection
(300).
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The investigations by scanning electron microscopy and X-ray diffraction methods
allowed to determine the SAW velocity in the YZ—cut of LiNbogsTao1203 crystal. Table 2
presents comparison of SAW velocities in LiNbO3, LiNbo.ssTao.1203 and LiTaOs crystals. Table 2
shows that the SAWt velocity in the YZ—cut of a LiNbogsTao 1203 crystal occupies an
intermediate position between the corresponding values of the SAW velocity in the LiNbO3 and
LiTaOs crystals.

Table 1. SAW velocity in YZ—cut

N Crystal V (m/s)
1. LiNbO3 3488
2. LiNbog.3sTa0.1203 3440
3 LiTaOs 3250

5. Conclusion

For the first time the solid solution of ferroelectric LiNbg ssTao.1203 crystals were grown
by the Czochralski method. The measured temperature of the ferroelectric phase transition in the
crystal was Tc=1102 °C. X-ray powder diffraction method was used to measure the parameters
of the elementary crystal unit cell, which were a=5.1510 A and ¢=13.8164 A. Methods of X-ray
high—resolution X-ray diffraction and scanning electron microscopy allowed to determine the
SAW velocity in the YZ—cut of LiNbo.ssTao.1203 crystal, which was V=3440 m/s.
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Abstact: In the framework of this work a general theory for description of a wave packet evolution in the
field of an one—dimensional potential is developed. Based on the method of counter propagating waves it
is shown the evolving wave can be presented as a sum of three terms. The first item corresponds to the
wave motion on the positive direction and the second one describes the wave motion on the negative
direction. The last third item defines the interference between the counter propagating waves. It is proofed
that when the center of the carrier energy of the wave packet equals to the resonant tunneling energy then
the motions of counter propagating waves separately take place.

In this work we consider a time evolution of a wave process in the field of the one—
dimensional potential. It is well known that any process of matter waves is described by means of
the time dependent Schrodinger equation [1];

oD(x,t) -
in 22D _ fyny (1)
ot
where H is the system Hamiltonian, which for an one—dimensional potential has the form of:
. n o
H=-h— +U(x 2
PRt 2)

where U(x) — potential energy. Due to the present of the first derivation of time the initial
condition for equation (1) is given by mean of a one function:
B (x,0) = B, (x) 3)
Below we consider the wave packets constricted on the base of so called contra
propagating waves which are the solutions of the one dimensional Schrédinger equation;

k0+A/\' )
. . k'h
o= | v(k)[a(x,k)e”‘x+b(x,k)e"”"‘]exp(—l—t] dk (4)
ko—Ak 2m
where the functions a(x,k) and b(x,k) are the solutions of the following set of differential

equations [2]:

dafjxxa b__ "“2(;) a(x, k) —%b(x, k)exp{~i2kx} 5)
db(x,k) _ iu(x) u(x) :
= bk = = atx k) explidke) (6)
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It can be checked that the function

v (x, k) = a(x, k)e™ +b(x,k)e ™ (7)
is the solution of'the stationary Schrodinger equation;
dzl// (xa k) 2
dx—2+(k —u(x))l,//(x,k)—O 8)
where
k=~2mE | b, u(x)=2mU(x)/ h* )

It is important to note that in Eq. (7) the wave function y (x,k) is given as the sum of
two depend functions. It means that separately the function a(x,k)exp{ikx} or the function
b(x,k)exp{—ikx} is not the solution of the stationary Schrédinger equation. The solution is their

sum only. In accordance with the above mentioned in general case the wave propagation in the
positive direction a(x,k)exp{ikx} generates the wave propagation in the negative direction

b(x,k)exp{—ikx}. The converse is also true, i.e. the wave b(x,k)exp{—ikx} provokes the wave

propagating in the positive direction. We also note that the derivative of the wave function
written by means of amplitude functions a(x,k) and b(x,k) has the form:

dy(x,k) . o —ikx
—— = =ikl a(x,k)e™ —b(x,k)e”" 10
” [ a(x.k)e™ —b(x, ke ™ | (10)
The functions a(x,k) and b(x,k) have to satisfy to asymptotic conditions:
a(-o < x,k)=a,, b(x—+x,k)=b, (11)

where a,, b, are constants, which represent the problem statement and define the normalization

of'the wave function of the continues spectrum [3];
jw(x,k)w*(x,k')dx =27 (ayay +byby ) (k—k') (12)

Note, that ifq, =1, b, =0, when the wave function is the wave function of the left

scattering problem (y (x,k) =y, (x,k) ), which has the asymptotic behavior form of

,(x,k) N (13)

where T'(k), R(k) are the transmission and reflection amplitudes of the left scattering problem. It

| {e"* +R(k)e ™, x — —oo,

T(k)e™,x — 4o,

is easy to see that
a(x — +90,k) = a,(x = +90,k) = T(k), b(~0 < x,k) = b,(~0 < x,k) = R(k) (14)
If the constantsa,, b, are chosen a a,=0, b, =1, when the function y (x,k) is the
wave function of the right scattering problem (v (x,k) =y . (x,k));

| {S(k)e"’ ,X —> —o0 1s)

v, (x,k) :E

where S(k), P(k) are the transmission and reflection amplitudes of the right scattering problem

e+ P(k)e™,x - +o0

and
a(x = +mo,k) = a,(x > +0,k) = P(k), b(—0 <« x,k)=b (-0 < x,k) = S(k) (16)
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The following relations between the scattering amplitudes of the left and right scattering
problems exist [4]:

T(k)=S(k) , R(k)=—-P (k)T(k)/ T (k) (17)
and T(K)T" (k) + R(ER' (k) =1, S(k)S" (k) + P(k)P" (k) =1.
Let us present the amplitude functions a(x,k), b(x,k)and the spectral functions v(k)
(see (4)) in the form of
a(x, k) =|a(x, k)| explif, (x, k)], b(x,k) =|b(x, k)| explif, (x, k)], v(k) = |v(k)|explif, (k)].  (18)
and f (x,k), f,(x,k), f (k) are modules and phases of

where

corresponding functions. Considering Ak <<k, the expressions (18) can be written:

(olna(x, k, )| | Ot (ok ))

a(x,k) = a(x,k,) exp m o 0 J(k—ko) (19)

[ o1n|b(x, k)| JILYACS ky))

b(x,k) = b(x,k,)exp ” o J (k—k,) (20)

v(k) =v(k,)exp

21

(Onlv(k,) +ialnfv(k0)\(k_k0)}
ok Ok J

Rerating k* = (ko + (k- ko))2 ~ k; +2k,(k—k,) the exponential time factor of Eq. (4) can

be considered as:

exp[_ik h ] :exp(_ikoht_iko(k—ko)h l} @)

2m 2m m

Using (19) — (22) for the wave packet (4) one can get:

q)(x’t) _ Zv(kO)Ak[a(x,ko)weiku(x—upht) ( X, 0) Slnfb(x t) —1kU(x+u at) J (23)

Sa(X,0) ACH)
where
E,(e0) =/ u, +, (k) =i, (x. k) — ) u, Ak (24)
E,(xky) = (x/u, +7,(x. k) — 7, (x. k) + ), Ak 25)
and
Oln(f, (x, k) f, (k, ol ko vk
k=t n(f,(x. k)1, (k) k=L nla(x,k,)v(k,) 26)
. Ok U, ok
1 Oln(f,(x, k)T, (k,) 1 Oln|b(x,k,)v(k,)
T, (X, k) =— ( ) T, (x k)— | | 27)
. Ok U, ok
In Egs. (24) - (27) u,, , u, are the phase and group velocities:
y LB ko 1dE(k,) _ Tk, 28)
oh ok, 2m ¢ h dk m

As it can be seen from Eq. (23), the wave function is the sum of two terms, the first of
them describes the wave motion from left to right, and the second from right to left. Both terms
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are products of three functions, namely, the amplitude function with a value on the carrier wave
number £k, a rapidly oscillating function and also concentration functions of the form:

siné/ & (29)

It is known, that this function takes its greatest value at & =0. If we formally imagine

that in the both terms of Eq. (23) the concentration functions are equal to unity, then it is easy to
see that up to the factor 2v(k,)Ak the wave packet function (23) in its form repeats the wave

function of the continuous spectrum for the value of the wave number £ ;

.72

koh iky (x—u —iky (x+u
l//(x,ko)eXp(_ 120 IJ:a('x’k@)ekﬂ( ph)[+b(x’k0)e ko ( o)t
m

It should be noted that, in contrast to the concentration function of wave packets
composed of the base of de Broglie waves where the variable ¢ takes only real values, for the
wave packet (23) it can also take complex values (see (24), (25)).

sin(&, + &) (30)
gl + ng
where &, &, are real quantities.
Using (23) for the square module one can write:

o0 =|0, 0] +|@, 0|+, 0 31)

The first item corresponds to the wave motion on the positive direction:

. . * t
@, (e, = 4v2 (kg )AR? |a(x, k)| S,(r0sing, (x1) (32)
S (%008, (x,1)
The second one describes the wave motion on the negative direction:
. . * t
@, () = 4v2 (kg AR? [b(x, &, ) 2 &p(x,1)sing, (%) (33)
Sy (x,1)5, (x,7)
And the last third item defines the interference between the counter propagating waves:
. . ,t‘ . * ,t )
[, (e =82 (k) AR Re| a(x. k)b (x, k) e XSG, (1) ot (34)
&, (x,t)sin&, (x,1)

Note, that calling |CI>ab (x,1) ? as the interference term one should mention that here the

overlap between the interconnected or generating each other wave motions takes place.

2, (I)b(x,t)2 and |<I)ab(x,t)2 on the

Below we will investigate the functions |<Da(x,t)
problem of maximum. It means that for any fixed value of x we define the time moment, when

these functions take the maximum values. One can show that in a point x the functions |CI>a(x,t)|2

and |<D »(X,1) ? achieve their mean maximums for the following time moments:
t,=x/u, +7,(x,ky) (35)
ty=x/u, +7,(x,k;) (36)

209



What is about the maximum od the function ? it contains the product of two

D, (x,1)

concentration functions. It means that this function can observably differ from zero if
&, (x,t) =&, (x,t) only. The last equality leads to the conditions:
t,=t, ort, (x,k,)=1,(x,k,) (37)
Now we consider the situation when the spectral center of the packet center £,
equals to value of the wave number corresponding to the resonant tunneling. It means that
|T'(ky)| =1 and R(k,) = P(k,) =0 (38)
In accordance with the scattering matrix method [4, 5]
(a(x > 0,k) \ (T(k) Pk)\(a(x—> —wn,k))
Lbx = —0,0) "\ R(k) 700 Lb(x = 400,k
For the resonance tunneling (see (38)) from Eq. (39) one can find:
la(x — o0,k )| =|a(x — —o,ky)| and [b(x — 00,k, )| = |p(x — —o0,k,)| (40)

As it follows from this result the propagation of the wave packet from a one—

(39)

dimensional potential takes place without reflecting.
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On Role of Energy Transmission in Mechanisms of Nonradiative
Energy Relaxation in Massiv of Quantum Dots

ALG. Aleksanyan®

Institute of Applied Problems of Physics NAS RA
25 Hr. Nersissian Str., Yerevan, Republic of Armenia, 0014

On the basis of dipole—dipole interaction the role of energy transmission in mechanisms
of nonradiative energy relaxation in quantum dots is considered.

The use of QD arrays, including vertically coupled (VCQD), as the active region of an
injection semiconductor laser, made it possible to create lasers with unique characteristics (high
temperature stability of the threshold current density, high value of the excess inversion
parameter, giant specific amplification factors, etc. )

One of the main parameters determining the gain is the relaxation time to the ground
state of the QD. Experimental estimates of the rate of inter—level relaxation have shown that
relaxation to the ground state of QDs occurs faster if the energy distance between the ground and
excited states is equal to an integer number of LO phonons. At the same time, the fact of the
presence of effective relaxation was also found for nonresonant charge carriers; moreover, the
relaxation rate increases in structures with SCIT.

Nonradiative interlevel transitions in QDs, most likely, are mainly determined by the
interaction of two types. The first is the electron—phonon interaction leading to energy transfer
between different states in a separate QD. The second is the interaction between active QDs,
leading to the transfer of energy between different points. Indeed, with an increase in the
concentration of quantum dots, which is always desirable to increase the gain, we believe that the
role of energy transfer in the mechanisms of energy relaxation in quantum dots will increase.

Thus, all this predetermines the problem of revealing the role of the transfer of excitation
energy in effective relaxation for non resonance (partial frequencies differ, but are within the
spectral lines of interacting QDs) of charge carriers.

Because a two—level quantum system with a finite upper—level lifetime can be likened to
a classical oscillator with damping [1], then to evaluate the energy transfer process, we take as
the initial one the model of two coupled QD oscillators described by the following system of
differential equations [2]

.. . 2
Z 2y 2t wgz) = X502,
(1)

.. . 2
Zy+2y,2, T 0pZy = X127
where 2y, and 2y, are the relaxation rates of the oscillators, y,, and y,, is the connection

between them. For the problem under consideration, the most interesting case is when the excited
state of the QD oscillator, let it be the second, quickly relaxes, i.e., the resonance conditions are
precisely satisfied for this QD. In the framework of the adopted model, this means that for the

“E — mail: alalbert@inbox.ru
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attenuation included in (1), y,>>1y, is satisfied. The solution of system (1) is well studied in the

theory of oscillations and shows that the presence of a connection between the oscillators

increases the attenuation of the first oscillator, with the following relation
2

X 75
4602;/2 A’ + 7/22

Vo =T )

i 2—
where A=®),—®y, » X =X12X21 -

Further, to determine the right-hand side of equations (1), which include the amplitudes
of the corresponding QD oscillators, we will take into account the quantum nature of the QD.

If the z axis is chosen in the direction connecting the centers of the vertical] stacked
QDs, then the matrix elements of the interaction energy will have the form

<nl Wi my >=— (<] x\m ><n xn, >+<nl|y|m ><nllyyln, >2<nllz/n ><nljz,n >) (3)

&’

where the R—distance between the QDs, ni and n; are sets of quantum numbers characterizing the

stationary states of non—interacting QDs, &— the dielectric constant of the matrix medium, < |zl| >

and < |zz| > similar terms are the matrix elements of the first and second QDs.

To calculate the matrix elements of the dipole moment, we choose a QD with a limiting
potential in the form of an impermeable flattened ellipse. In this case, in the adiabatic
approximation, the wave functions corresponding to the lower part of the spectrum have the form

W (69,2 = U (7) (S 7Qub(p)2 N p, ) exp(—%) (2 sin "(m“)ggb(")/ 2] )

where  b(p)=2by/l-p*/a; , p<<a, , P=X+Y’ , P,= {% , a, and bj—are the
Tim+1)r

semiaxes of the ellipsoid, Hy is the Nth order Hermite polynomial, U (r) is the modulating
factor of the Bloch function, €, is the unit cell volume of the QD material, m and N are

quantum numbers for the fast and slow subsystems, respectively.
Using the orthogonality properties of wave functions (4), we obtain

h 4(m’ +1)(m+1)

/
. 1. == / / 5
< nz |Zl|nl > m*bia)mm/ (m/ _m)(m/ +m+ 2) m' -m, 2k +1 5NN ( )
h
<n|pfn >:—[\/N+1 Sy yu YN 5N/’N_]]5mm/ (6)

m*p 0@y
where m" —is the effective mass of the charge carrier, i = 1,2.
Note that when calculating the integrals (5) and (6), we assumed that b=2b, . From (5) it

is seen that inter—level transitions in the fast subsystem can occur with a fixed quantum number
of'the slow subsystem.
Further, considering transitions between the ground (m=0,N=0)and excited

(m=1, N=0) states with allowance for (5), for (3) we have
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6,3e’b,b,

<0,0;1,0v]0,1;0,0>=-—2——L
T ER

(7

L8]

F,
Since the right-hand sides of (1) ¥, -z, =—2 , X,z =—=, E,and E,the forces
m

and acting on the side of each oscillator on the other, are found from (7), then for %> we have

2 40e*
X R ®
Substituting (8) into (2), for the selected QD model, we find the effective relaxation rate.
Note that the influence of the shape of the limiting potential is likely to affect the
numerical value of the coefficient in (8). So, for example, for spherical-shaped QDs, when

considering transitions between the ground [1,0,0> and excited

2.1,0> states, only <|z|> matrix

elements are preserved. Naturally, the calculation of the integrals in (3), with other envelope
functions, will only lead to a change in the value of the numerical coefficient.

In conclusion, we note that along with the dipole — dipole mechanism in the VCQD,
tunneling exchange of charge carriers is also possible. In this case, the first QD is in the ground
state, and the second in the excited state for which resonance conditions are already satisfied.
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Transition Radiation of Electron Bunches on Acoustic Superlattices

IA.R. Mkrtchyan|, V.V. Parazian®, A.A. Saharian

Institute of Applied Problems of Physics NAS RA
25 Hr. Nersissian Str., Yerevan, Republic of Armenia, 0014

Abstract: We investigate the transition radiation from a bunch intersecting a dielectric
plate excited by acoustic waves. The latter generate a super lattice the characteristics of
which are controlled by tuning the amplitude and the wavelength of the acoustic field.
Within the framework of quasiclassical approximation, a formula is given for the
spectral and angular distributions of the radiation intensity in the forward direction in the
general case of distribution function of electrons in the bunch. The coherence effects are
discussed for several special cases of the longitudinal distribution function. It is shown
that the presence of the acoustic filed gives rise to new peaks in both the spectral and
angular distributions of the radiated energy. The heights and the widths of these peaks
are controlled by the thickness of the plate and by the parameters describing the acoustic
super lattice.
Work of A.A.R. was supported by the RA Science Committee, in the frames of the
research project Nel8T—-1C395. A.A.S. was supported by the RA Science Committee, in the
frames of the research project Ne18T—-1C397.

1. Introduction

Transition radiation is produced when a relativistic particle traverses an inhomogeneous
medium. Such radiation has a number of remarkable properties and at present it has found many
important applications. In particular, transition radiation can be fruitfully exploited for energy
detection or mass identification of high energy particles. The detectors based on the transition
radiation have been used and are currently being used in a wide range of accelerator based
experiments and in astroparticle and cosmic ray experiments. The intensity of the transition
radiation can be increased considerably by using the interference effects in periodic structures
(for a review see [1]-[5]). The corresponding emission, called resonant transition radiation,
results from constructive interferences between the waves emitted by each element of the
periodic structure. In experiments, incident electrons cross stacks of thin foils and the transition
radiation is formed at the interfaces between the material and vacuum. For the generation of high
frequency transition radiation periodical structures with a small period is needed and the
fabrication of this kind of radiator is a difficult task. In addition, irregularities in the spacing
between the foils can rapidly destroy the constructive interference. In Ref. [6] it was suggested to
generate the periodic radiator for the X—ray transition radiation by using acoustic waves. The
parameters of this type of radiator are easily controlled by tuning the wavelength and the
amplitude of the acoustic wave. The radiation from a charged particle for a semi-infinite
laminated medium has been recently considered in [7]. The optical transition radiation in an

"E — mail: vparazian@gmail.com
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ultrasonic super lattice excited in a finite thickness plate is considered in [8] under normal
incidence of a relativistic electron and in [9] the results are generalized for the oblique incidence.
It is shown that the acoustic waves generate new resonance peaks in the spectral and angular
distributions. The heights and the location of these peaks can be controlled by choosing the
parameters of the acoustic wave. In the papers given above the transition radiation from a single
particle is considered. From the point of view of the experimental observation it is an important
step to investigate the radiation from particle beams. Here we consider the forward transition
radiation generated by a monoenergetic electron bunch in a dielectric plate in presence of
ultrasonic waves.

2. Electromagnetic field and the radiation intensity
Consider the transition radiation emerging in the forward direction when a
monoenergetic bunch

of N particles moves at constant velocity v =vn_ along the z —axis, enters normally

into a plate whose surfaces coincide with planes z=—-/ and z=0 . We assume that longitudinal
ultrasonic vibrations are excited in the plate along the normal to its surface (along the axis z ),
that form a super lattice. The dielectric permittivity inside the plate we shall take in the form

e(z)=¢,+Aecos(kz+mt+¢) (1)
for -/1<z<0 .In (1), o, k, are the cyclic frequency and the wave number of the
ultrasound, ¢ is the initial phase. Under the condition v //v <1, with v, =@, /(27), during the

transit time of the electron the dielectric constant in the super lattice is not notably changed. For
relativistic electrons and for the plate thickness / <lcm this leads to the constraint v, < 10" Hz .

In the discussion below we shall assume that the plate is immersed in a homogeneous medium
with dielectric permittivity &, .

Here we are interested in the radiation with frequencies @ satisfying the condition
w>kc. The presence of small parameter kc/w@ allows one to use the quasi—classical

approximation for the evaluation of the radiation field. The current density will be taken in the
form

]:evz.ij(x—)(j)é(y—Y_I.)cs(z—Zj)ﬁz 2)
In the Lorentz gauge, the vector potential of the electromagnetic field for j—th particle can be
written as ;1_/ =AY )ﬁz. This condition determines the radiation polarization. The magnetic field
intensity is perpendicular to the plane containing 7. and the photon wave vector. For the j—th
particle in the bunch one has Z(./) (t)=—l+v(t—té-’)). Assuming that |Ag| <1, the Fourier

transform of the vector—potential in the region z >0 is presented as
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() 0
g ig\) i1 ®/v—k; 1
- _ leel S —iwZ;/v=ik X ;-ik,Y; e ( ) -1 ia sin(p(/) k3( )81
A kL ,,Z | = PRI e . +e FON
27 cky” = 2i(a)/v—k3( )) ky'g,

sm(l(a)/v k )/2) ®

w/v—k

3m

v z J zm(p( —zl(a)/v k( )

where and in what follows &, =(k,.k,), Z, =Z,(0), J, (x) is the Bessel function of the first
kind, &) =" +mk, , and

3m

k3(i) zwla)zg, /c? —kz, i=0,1, go(j) :go—(ZA +Z)a) v,

¢(./) - (k§° k )/l+2a1 s1n(k Z/Z)COS( -k 1/2) a, = szg/(zczkykf)) v

The spectral-angular density of the radiation intensity during the electron transit time in the
forward direction (z >/ ) , averaged over the phase ¢, is given by the formula

2

I (0,0,¢)=2m¢" a)—:sin3 6 cos’ QT dgo‘A (la, o, Z)‘ (5)
¢ 0

where 0 is the angle between the z—axis and the wave vector of the radiation,
=(w/c) e, sinfcosg, ky=(a)/c)\/;sin93in¢ (6)
with ¢ being the azimuthal angle for the radiation direction. By taking into account the

expression (3), we get

e ﬂ Sln 9 —2iq o/ oy—ik X ;;—k,Y; <
0 — " AU B (6,
(a) ¢ 27'[ \/_ //zl { m,m'z:—oo " ( gD)

X [UBmy (9, a)) Jm—m' (201 sin q_[/' ) ei(m’_"’)(ks1_”)/2ei(""+"7)q/7'

+%Jm,(bl)e2 " sin| (K @/ V)1 124 (' = m)k 1124 m' 12 )
U i w,B(0,0) 1+Jm(2b1 sinq_[/,)—2cos[(k3(0)—a)/v)l}JO (b,)
+
m—s 1= cosO 4(1-p, cos@)2

where B, =v\[g, /c, U, =U,~U,, q, =(2,-Z,)o,/2v, b =2a,sin(k/2) ,and

Bm(e,w)zJ(al)w, Wm=W+mv%, W=1-5 /i—O—sinze (8)
m 1

Now one has £\” =(@/c)\/g, — & sin* 0,

172
a = wAg UZL g cosf/g, ] ©)

2ck |, — € sin” O ’ &,/ €& —sin’ 6

For N =1 the expression (7) reduces to the one derived in [8].
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3. Averaging over the coordinates of particles
For the radiation intensity averaged over the coordinates of particles in the bunch we get
I, (0,0,¢)=NI (0,0)+ N(N-1)I.(0,0,9) (10)
where the contribution of the coherent effects is given by the second term on the right-hand side
with

1 (0,0,4)= jd3R jd3 1 (0,0,0) f(R)f(R), ' =) (11)

(Note that the formula (10) is valid for various types of radiation processes, including the
transition radiation, the diffraction radiation and the synchrotron radiation (see [10]).) We assume

that the distribution function is normalized in accordance with jd3Rj f (Rj):l . In (11),

J2r?

1, (co,@) is given by the expression (7) if we remove the summation sign and R, = (X Y.Z. )
Assuming that f(Rj) = f. (Xj )ﬁ (Yj )f(Zj ) , with the functions f, (Uj) separately normalized
2

with u =x, y,z, we find

_+w dasf, (S) e

to 1, and introducing the notation F, ()=

202 ;.3
I (0,0, :MF k U 9 UB 0 0
c(a) ¢) 27_[20\/5 X( ( ) MmZ:_OO (0} [ ( a)) - (a) )
COS(”@ e ]— T (@) oren (Br) [@W +rZ _ij (w)} (12)
2 1-p, cos 2y 2
—Ui Wme,(H,a))Fz(w/v) [1-2cos(laW /v)J,(b)]F,(w/v)+2F (0,0)
m=—o0 1_ﬂ1 cos@ (1 ﬂ] COSQ)

In (12) the following notations are introduced:

F,.(0,0)= I dtG(7)J,., (2a1 sin(
0

ool o 3o
- J . (w0, £, (0)= [ e (e)cos((2m0, )

= I drG(t)cos(w7 /v)J, (2b sin (o, /2v))
0 (13)

Note that we can write F,(u) in terms of the functionG(z):
Fz(u)=2J‘0 dtG(7)cos(ur).

Note that the dominant contribution in the integrals for the form—factors in (13) comes
from the region of the integration 7 < L_, where L_ is the longitudinal size of the bunch. Now
one has tw, /v<2m(L /A )(v,/v), where A and v, are the wavelength and the velocity for the
acoustic wave. If L <A one has tw, /v<1 for relativistic electrons. In this case the form—
factor F (a),Q) is small for m = m’ and the main contribution in the corresponding part in (12)

mm'

comes from the term m =m' with F,, (0,0)~F, ,(®). We also have F(®,0)~ F.(w/v)/2.1f

mm
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in addition, m is not too large, so mw, < w, we see that F, (o)~ F, (w/v)/2. In this case the

summation over m' in the second term in the square brackets of (12) is done explicitly by using
the addition theorem for the Bessel function and one finds

I, (0,0,4)~F,(k)F,(k,)F.(0/v)](,0.9) (14)
Hence, under the conditions L <A and mw, < w the influence of the bunch structure

is separated in the form of the form—factor F (k )F (ky )F (w/v).

y
The general formula (12) is further simplified for large values of the plate thickness. Introducing
the quantity /7 (@,0)=1lim,_,, I (w,0)/1, from (12) we get

+00

) eBw gsin’Ocosd W

@V, (@)s(m,)  A5)
o o129 e (P ()20

with &(x) being the Dirac delta function and C,(@)=F,, (®,0). This expression for the

I7 (0.0,8)=F,(k,)F,(k

y y

radiation intensity is valid under the condition /> 2zv /v, where v =w/ (27r). Note that one has

v>v_ and this condition does not contradict the condition I _ v/vs (see the paragraph after
formula (1)) we have assumed before. In (15), the term with m =0, which we denote by

17, (a),0,¢), describes  the radiation which propagates along the direction
0, = arcsin(,/s0 / g, sin 9@) , O, =arccos(1/B,) is the Cherenkov angle in the medium with

permittivity &,. This term corresponds to the Cherenkov radiation in the plate which propagates
in the region z > 0 after the refraction at z = 0. Integrating over € we find

e’ 2\ 2
— F,(k,)F,(k,)Co(0)(1-B7)Js (a,) (16)

17, (0,0) = [ 617, (0,0,4) =
0

where now a, = wovAe/ (ZCZkS) and in the expressions (6) one has 6 =0, .

Now we consider the terms with m = 0. For a given m, the frequency for the radiation
propagating along the direction @ is given by the relation @ =mvk /W ,where m >0 for W >0

and m <0 for W < 0. After the integration over w, for 17 _ (6,¢)= jdwlf’ (0,0,¢4) we find

e’ B’k sin’ O cos O
= 2 E(

17, (0,¢)= F.(k)F (k, )C, (mvk, /Wm*J. (a (17)
o (0-9) 271'80\/80/81—Si1’129|W|3mW>0 ) (}) ( ) (@)

x y

where in the expressions (6) the substitution @ =mvk /W should be made.

4. Example of a micro bunched beam

As an example of a micro bunched beam we consider a beam with Gaussian distribution
functions in x and y with modulated Gaussian distribution in the longitudinal direction:

o /(207) -22/(202)

£, ()= N ,u=x,y, f.(z)=

e

dneink,.z (1 8)
2X0, n—o

where £, is beam modulation wave number and d , =d;, d, =1. For these functions one has
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2
F; (ku ) = e—auzkuz , U=X, ), FZ (u) = z dne—af(nk,‘w)z/z (19)
For the function G(r) one gets the expression
—12/(463) » .,
G(r)= 2\/;0_2 h(ko.,7/(20.)), h(xu)= nq;w dd.e"" " cos [(n — n')xu] (20)
With the use of (20), the expression for the function F, () takes the form:
—-(2mo,-w 20—;2 *© —(n2+n ,?‘7722 2
F, (a)):%e (el > dde e cos{(n—n’)(Zma)s ~o)k, =B } 1)
n,n'=—n A%

In the simple case d, =0, n=12,%3,..., defining d, = dbei/’ , the distribution function is given by

722/(263)

fi(2)=5 [1+2d, cos(k,z)+ ] (22)
2ro,
For the function /(x,u) we find
h(x,u)=1+2d? cos(2xu)+4d,e™ " cos B cos (xu)+2d2e™ cos(2)3) (23)

For the numerical example we consider large values of the plate thickness. For the angular
density of the number of quanta radiated at a given frequency @, =mvk /W , per unit trajectory

of the particle, one has
NN,m (9’¢):N]vl,m(99¢)+N(N_l)Nc,m (9’¢) (24)

For large values of the plate thickness, for the coherent part N7, (6,¢)=1lim,_ N, (0.9)//,
from (17) one gets

N7, (6 ¢)—i &k, sin’ 0 cosd
c,m ’ hC 80\/80 _81 Sin2 9W2

We consider the electron distribution function having the asymmetric Gaussian form

1.(2) =#:p)bz{exp(—%j9(—2)+exp(—zz—b;jQ(Z)} (26)

For the coherent part one gets

m

F.(k)F,(k,)C,(o,)|m| ]} (a) (25)

Y aw’e*V sin® (0)cos
NC(aG) (6)= : ( ) (

) f:dTW(T,p)
drc’e, £ _sin? (9) (1 + pz)
&

1

3 J2| a sin %T Ccos b—zr mo, — o
m 1 2V V s
m=—o (27)

where
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W(r p)=exp —i erfc m +exp —i erfc ﬂ
’ 4 2 4p* 2p

_L ) —(—1+p2)’[+(1+p2)|’['| o (—1+p2)r+(1+p2)|r|

\/1+p2

+

28
p determines the degree of bunch asymmetry, b, the correspond characteristic sizes of(the)
bunch.
In figure 1 we have plotted the quantity (25) for m =—1 as a function of ok, and 6 for the
electron energy 17.5 MeV and for the longitudinal distribution function (22) with d, =0.5,
B=0, o.=3x10"cm. We assumed that the plate is made from fused quartz and &, =1. For the
velocity of the acoustic wave one has v, =5.6x10°cm /s and we have taken Ag =0.02. For the

left plot 0.k, =5 and for the right one o_k =10. For the transverse part of the distribution
function we have taken F. (k, )F (ky)zl. With increasing ok, the separation between the

y
peaks and the height of the right peak increase. In addition, the right peak exhibits microstructure.
We have numerically checked that the contributions of the higher harmonics m =-2,-3,... are
small compared to the one for m =—1.

In figure 2 graphics shows that for asymmetric bunch the coherent part of the radiation can be
essentially larger than for symmetric case.
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Fig. 1. Coherent part in the number of the radiated quanta, 108N;’f’m (see (25)) at a given harmonic

corresponding to m =—1.
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N, (0
Fig. 2. Coherent part in the number of the radiated quanta 10° M

2
b

at a given harmonic

corresponding to m = —1, electron energy 17.5 MeV , b. =3x107cm, ag =0.02, ag =0.02,

5. Conclusion

In the present paper we have considered the coherence effects in the transition radiation
of a microbunched electron beam on an acoustic superlattice excited in a finite thickness
dielectric plate. Assuming that the amplitude of the modulation for dielectric permittivity is
small, the spectral-angular density of the radiation intensity in the forward direction is given by
formula (7). After averaging over the coordinates of particles in the bunch, it is presented as (10),
where for the contribution of coherent effects one has the expression (12). Under the conditions
L <A and mo, < o, the influence of the bunch structure on the radiation intensity is separated

in the form of the form—factor (see (14)). For a thick plate, the general formula is further
simplified to (15). In this formula, the m = 0 term corresponds to the Cherenkov radiation in the
plate which propagates in the region z >0 after the refraction at the plate boundary. As an
application of the general expression for the transition radiation intensity, in section 4 we have
considered a beam with Gaussian distribution functions in transverse directions and with
modulated Gaussian distribution in the longitudinal direction. The spectral-angular distribution
of the radiation intensity can be controlled by tuning the parameters of two periodic structures:
the beam modulation wave number k. and the acoustic wave number £, .
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Abstract: The technique of diagnosing of malignancies, in particular sarcomas like S—180, in biological
objects (mice) utilizing the new contactless method of diagnostics developed on the basis of modulation
acoustic spectroscopy which is carried out by scanning of objects by acoustic field formed by package of
the modulated electromagnetic waves of different frequency is offered. Comparative analysis of the
amplitude—frequency distributions of acoustic responses of the studied healthy and sick objects received
as result of scanning gives the chance of detection and determination of prevalence of malignancies.

1. Introduction

Medical diagnostics represents a complex of researches permitting to conclude about
existence or probability of existence of a certain disease in an organism. Discovery new methods
and improvement of the existing methods of medical diagnostics are the most important fields of
investigation of modern sciences and technology. Diagnostics of oncological diseases at early
stages of evolution is one of the most important problems of medicine, as it is important for
forehanded and successful treatment of these diseases. The problem of forehanded detection of
oncological diseases is directly connected with the existence of high—precision unique equipment
and the possibility to develop new techniques of definition of existence of malignancies.

The existing diagnostic resources of oncological diseases [1-4] based generally on
ultrasonic and x—ray techniques are not always safe as they can lead to emergence of side effects
on organism and, besides, not all areas of organism can be explored thus because of impossibility
of penetration of the corresponding radiations through certain types biological fabrics. Thus
development of more comprehensive and safe systems of diagnosing at an early stage of disease
based on use of ultrasonic waves is relevant.

Utilization of ultrasonic waves for diagnosing of the malignancies is based on property
of their rectilinear distribution in organism and diverse reflection from the borders of biological
fabrics of various density and internal structures depending on biomechanical characteristics of
fabrics: density, structures, elasticity and viscosity.

The organism represents an anisotropic object with various internal structures. In healthy
fabrics the anisotropy prevails, accurately there are reactions of dissymmetry [5.6]. The
anisotropy defines dependence of properties of fabrics on the direction in an organism. The
dissymmetry is the property of biological systems which is shown at the macroscopic and
molecular levels to synthesize substance in one of two possible spatial configurations. At
pathology in fabrics, in varying degree, properties of anisotropy and dissymmetry are broken.
Cancer cells unlike healthy have pronounced property of an isotropy therefore ultrasonic waves
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interact with them differently, than with healthy. If the frequency of physical impact of standing
acoustic waves on bodies and body tissues matches their natural frequency, then there is a
phenomenon of a resonance which is understood as increase in the response of biological system,
i.e. increase in processes of life activity of biological systems. The result of this influence is the
response of system, which can be fixed by means of the registration unit.

Thus, the problem of diagnosing by means of standing acoustic waves, consists in
definition of responses of biological fabrics depending on their state that will give the chance of
differentiation of healthy fabrics from malignancies by comparison of their responses. The
amplitude—frequency characteristic specter of responses of structures of body tissues bears
information on interior and the condition of structure of fabrics. Registering variation of
responses of while passing through fabrics or reflection from the relevant structures, it is possible
to judge their functional state and to carry out diagnosing of malignancies.

This problem, is similar to the problem of propagation of ultrasonic waves in multilayer
isotropic mediums with heterogeneous of certain type and geometrical form, which was
successfully solved at Institute of applied problems of physics of NAS RA [14]. Utilizing some
registration technique and methods of Acoustaphysics a new method of diagnostics of
malignancies biological objects was developed [7.8].

2. Experimental setup

To carry out the experimental investigation an unique experimental setup was developed
[8]. The schematic view of the experimental setup is presented in Figure 1.

Special high precision tunable generators of acoustic wave of 0.1+ 30 x 10° Hz
frequency rage and low noise linear amplifier for the same was frequency range were developed (
Figure 1 2,34 ). A unique unit providing double modulation of acoustic fields was also
developed ( Figure 1 5)

By the aim to register the acoustic response of all presented in biological object
anatomic parts a special high precision low noise registration unit with feedback was developed (
Figure 1 8).

The measurements were conducted in specially designed experimental chamber ( Figure 1
7 ), which have appropriate possibility for connection with electronic units.

A
— 1

Fig. 1. Schematic view of the experimental setup. 1- Power supply, 2, 4 — fine tunable acoustic

generators, 3 — linear low noise amplifier, 5 — special modulator, 6 — accelerating power supply,
7 — experimental chamber, 8 — registration unit, 9 —PC
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As biological objects laboratory white mice were used.

Sarcoma C—180, as one of the most aggressive malignancies of the biological object was
tested.

To obtain the amplitude—frequency characteristic specters of the studied biological object
scanning in a frequency range 100+ 30 x 10° Hz with step of 100 Hz was made. To gain more
information about the state of organism of the studied biological object step of scanning was
decreased up to 1 Hz.

3. The results of experimental investigations

To carry out the experimental investigation healthy and infected biological object were
placed in the chamber of the experimental setup and by making scan in above mentioned
frequency rage corresponding to the studied biological objects amplitude—frequency
characteristic specters were obtained.

A series of experimental meserments on several groups of healthy and sick biological
objects at various stages of disease were conducted. Obtained during each subsequent experiment
on the same group of infected biological objects the amplitude—frequence characteristic specter of
containing the acoustic responses of the biological object differed from early the obtained
specters.

Relative analysis the amplitude—frequence characteristic specters obtained for the healthy
and infected biological object yields the accurate information on the disease stage. Taking into
account the temporary factor it is possible to elicit the dynamics of the pathology of disease.

In Figure 2 an amplitude—frequency characteristic specter for healthy biological object is
presented.

40 1 |, mA

30

20

10

20 fmHz
Fig. 2. Amplitude—frequency characteristic specter of healthy biological object

In Figure 3 an amplitude—frequency characteristic specter for healthy (a) and infected (b)
biological object are presented. At the relative analysis of these spectrums changes caused by
presence malignant formations in biological object are accurately observed. Depending on the
stage of the disease the variations in amplitude—frequency charateristic specters become more
valuable.
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Fig. 3. Amplitude—frequency characteristic specters of healthy (a) and infected (b) biological

objects.

At the last stage of disease sharp modification of relative amplitude—frequency
characteristic specter of the responses (Fig. 4), which can be explained by detected high energy
emission from the biological object.
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Fig. 4. Relative aamplitude—frequency characteristic specter of acoustic responces of the

biological objects.

4. Conclusion
The developed method have a series advantages in comparison with existing ones [6,9]:
e possibility to make not only reliable, but also differential diagnostics of the pathological
violations in tissues, by means of the analysis of spectrums of acoustic responses;
e possibility to conduct periodical safe diagnosing of malignant growths;
e possibility of achiving high accuracy diagnostics by reduction the step of scanning.
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Utilization of the developed method gives the chance by means of exterior super week

double modulated acoustic fields to carry out diagnostics of pathological violations in tissues of
biological object. Experimental investigation in this field will be continued further on various
biological objects by applying other malignant formations.
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Abstract. We investigate the radiation of surface polaritons by a charged particle rotating around a
dielectric waveguide embedded in a homogeneous medium. A formula is derived for the spectral distribution
of the radiation intensity for surface—type modes. It is shown that the corresponding waves are radiated on
the eigenmodes of the dielectric cylinder. The number of radiated quanta for surface polaritons of a given
harmonic can be essentially larger than that for guiding modes.

1. Introduction

The surface plasmon polaritons (SPPs, for reviews see [1]-[4]) are evanescent
electromagnetic waves propagating along a metal-dielectric interface as a result of collective
oscillations of electron subsystem coupled to electromagnetic field. They exist in frequency
ranges where the real part of the permittivity undergoes a change of the sign at the interface.
SPPs have been a powerful tool in the wide range of investigations including surface imaging,
surface—enhanced Raman spectroscopy, data storage, biosensors, plasmonic waveguides, light—
emitting devices, plasmonic solar cells, etc. Remarkable properties of SPPs include the possibility
of concentrating electromagnetic fields beyond the diffraction limit of light waves and enhancing
the local field strengths by orders of magnitude [1,2]. Depending on the dielectric properties of
the active medium, other forms of surface polaritons may exist. In particular, other materials
besides metals, such as semiconductors, organic and inorganic dielectrics, ionic crystals, can
support surface polariton type waves. An important direction of recent developments is the
extension of plasmonics to the infrared and terahertz ranges of frequencies. This can be done by a
suitable choice of the active medium such as doped semiconductors and artificially constructed
materials (metamaterials) by using various structures [5,6].

From the point of view of an understanding of the fundamental properties and practical
applications, of particular interest is the investigation of the effects induced by the curvature of
the interface on the generation and propagation of surface polaritons. In the present report we
consider the generation of surface polaritons by a charge circulating around a cylindrical
waveguide. We are interested in the electromagnetic fields and in the intensity of the radiated
surface polaritons.

For a charged particle rotating around a dielectric cylinder, the spectral and angular
distribution of the radiation intensity at large distances from the cylinder has been investigated in
[7,8]. It was shown both analytically and numerically that if the Cherenkov condition for
permittivity of the cylinder and for the velocity of the particle image on the cylinder surface is
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obeyed then strong narrow peaks appear in the angular distribution of the radiation intensity on a
given harmonic. At these peaks the radiated energy density may exceed the corresponding value
for the radiation in the absence of the cylinder by several orders of magnitude. Similar features
for the radiation from a charge moving along a helical trajectory around a cylinder have been
discussed in [9]. The radiation of surface waves on the eigenmodes of a dielectric cylinder by a
charge circulating around the cylinder is discussed in [10]. The interference effects between the
synchrotron and Smith—Purcell radiations from a charge rotating around a cylindrical grating
have been studied in [11]. In all these investigations it has been assumed that the dielectric
functions for both the cylinder and surrounding medium are positive and, hence, the cylinder
modes corresponding to surface polaritons are absent. The present paper aims to consider the
radiation intensity on those modes.

2. Radiation fields for surface—type modes

Consider a point charge ¢ circulating around a cylinder with dielectric permittivity &,.
The cylinder is embedded in a homogeneous medium with permittivity &,. The radii of the
rotation orbit and cylinder will be denoted by 7, and r,, respectively. According to the problem

symmetry we will use cylindrical coordinates (r,¢,z). In the absence of the cylinder, for a

charge rotating in a homogeneous medium we would have two types of radiations: synchrotron
radiation and Cherenkov radiation (if the corresponding condition is satisfied). The presence of
the cylinder gives rise to new types of radiations propagating inside the cylinder (guiding modes)
and along the surface (surface modes).

In the present report we are interested in the radiation of the surface polaritons. The
corresponding intensity is expressed in terms the work done by the radiation field on the charged
particle:

) 2 0 |
L, =—j0 drjo d¢j_wder-E“ (1)
Here, the only nonzero components of the current density j is along the azimuthal direction,

i=(0,j,,0), given by

Jo = Tv8(r=r)3(@~@0)5(2) @)
where v is the velocity of the charge and @, =v/r, is the corresponding angular velocity. In (1),
E" is the electric field corresponding to surface polaritons. In the problem at hand the azimuthal
component E;,") of the radiation field is required only. For the electric field E(r,7) we can write

the Fourier expansion

© y p s :
Ern-2re| 3 € [* dk_e"E, (k..,r) G)
n=0
where the prime on the summation sign means that the term n=0 should be taken with an
additional coefficient 1/2.

The Fourier components E (k_,r) can be found by using the corresponding Green

function (see [7]). Outside the cylinder, » > 7, for the azimuthal component one gets
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E,(k.,r) = Ey) (k.,r)+ Eyy) (k.,r) “4)
The part E,,)(k.,r) presents the field for a charge rotating in a homogeneous medium with

permittivity &, and the part E}ﬁ;)(kz,r) is generated by the presence of the cylinder. Omitting the

arguments, the separate contributions are presented

2 2
v LN,
EQ=- q > (1—20 51+kzzjfn+_,-p(iqu)Hn+p(M)
8nwye, ,574 c
©)
] 2_ 2
E(C):—L 'na)Og +k2 (C?H ,
" drnw,e, p;I J 2 TN P wep (A1)

where in the first expression it is assumed that » >, . The corresponding expression for E,ﬁg) in
the region r <r, is obtained by the replacements J &= H . In (5), J,(x) is the Bessel function
and H, (x)=H'"(x) is the Hankel function of the first kind. Here and in what follows we define

/1/2 = nza)jsj /et —kX, j=0,1 (6)
. C) .
The coefficients B;’ , are given by
84 J. (Ar) < H, , (Ar
B,(,C; :_le-p(Aqu) n;—]p +pﬂ'0']n(ﬂ’0r;) n+p(HO(,) n+l(Hl q) (7)
’ 2l I/n+p 2r;an I/n+p I=+1 I/I’H—[
where for /' =J,H we use the notation
VnF = j‘1Jn (/’]'Orc)Fn’(/llrc)_AOFn(ﬁ'lrc)Jr;(ﬁ'Orc) ()
and «, is defined as
£, A H, ,(Ar)
a, = ——=J (Ar J— o 9
n 81_80 2 n( 0(‘); I/ni][ ( )

The eigenmodes of the cylinder is determined from the equation &, =0. The integration range in
(3) is divided into two parts. The first one corresponds k? <n’we, /c* and it describes the
radiation propagating at large distances from the cylinder, »>r, . For the second one,
k> >wle /c*, one has A =i|A | and the corresponding Hankel functions are reduced to the
Macdonald function K, (x). The respective electromagnetic fields are exponentially small at
large distances from the cylinder. The modes with k> >w’g, /c¢* are further subdivided into

guiding modes with A >0 and surface-type modes with A; <0. We are interested in the

radiation fields for the second subclass.

For the evaluation of the radiation intensity (1) we must separate the radiation field
corresponding to surface—type modes. The exponent in (3) has no stationary points and for large
values of z and for fixed » and the radiation field is determined by the contributions from the
poles of the integrand. These poles correspond to the zeros of the function ¢, . For the surface—

type modes 2,12 < 0 and the corresponding expression is presented as

U (k o U, U
a, (k)= 2 (3)22) oy u =0 "1 (10)
(g _50)(Vn —nu ) U, U
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with the notations

I K\ n'‘e] rik 2
UP(k)=V"| g 2 —gu,—= |-—2>-=(g,—¢ 11
n(z) n 01ln 10Kn o ugulz(l 0) ( )
and
oyl K
vy :”12_”0 K (12)
Here I, =1,(u,), K, =K, (u,), I,(x) is the modified Bessel function and
u, = rc\/kz2 —n‘wye, /¢’ (13)
The expression for the functions Vnﬁ'p 1s presented as
Vni’p :£Knln (Vn(s) n pnu(s)) (14)
Ty,

We note that the product —i Vni’p is always positive and the function V" , has no zeros.
Consequently, the only poles of the integrand in (3) correspond to the zeros of ¢, . As seen from
(10), the equation «,(k,) =0 is reduced to the equation

U (k) =0 (15)
This equation coincides with the equation for surface—type modes (on features of propagation and

radiation of surface polaritons in cylindrically curved geometries of the interface see, for
instance, Refs. [12]-[19] and references therein). From (15), as necessary condition for the

presence of the surface—type modes with /1/2 <0, we get ¢ /¢g,<0. Hence, in order to have
surface—type modes the dielectric permittivities of the cylinder and the surrounding medium must

have opposite signs. This condition is the same as that for surface—type modes on a planar
interface between two media.

We will denote by k. ==k, , k, >0, the roots of (15) with respect to k_, where s

enumerates the roots for a given . In the presence of the poles k_ = *k, , we need to specify the

n,s

integration contour in (3). That is done by noting that in physically realistic situations one has
g(w,)= 8_'/(a)n)+is_; (w,). By taking into account that in physically realistic situations
;= e/ +l'8_; , with g/ (w)>0 for >0, we can see that the contour should overcome the poles
k. =k, from below and the poles k. =-k,  from above. For the radiation fields in the region
z>0 we close the integration contour by a semicircle with large radius in the upper complex
plane and the integral is expressed in terms of the residues of the integrand. The azimuthal
component of the radiation field outside the cylinder is presented in the form

E(V)(r l) — N qvr, z ﬂ,’f?y) ZZKM-I(A’;}.ZG)
e = 2nwe, T ILK o, (kn,_v)lzil Ve +nu®

(16)
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z p( n,s ] C2 J I/n(s) +jpnu(” ( ¢ n,s 0 )
where V) and u" are defined by Eq. (12) with u, =r,A.”

n,s 2

1,=1,1), K,=K,(A"r.), and

n,s'c n,s'c
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A0 =2, (k, )= \/kf’s —nwie, (17)

The expression (16) corresponding to the surface—type modes is valid for all values of z > 0.

3. Radiation intensity
Having the radiation field (16), the radiation intensity is evaluated by using (1) with (2).

The latter is presented as the sum of the intensities on separate harmonics /g, = ZI(SP)n . After

n=l1

transformations, for the radiation intensity on a given harmonic n we get

2.2 (0)2 m
qr,r.a, A s K, (Ar)

2 ’ ’

I K
Loy, =— : nlyd |02 j0 2 18
P n(e —¢,) Z;:Ol,; (kn,s)Kj L_Zﬂ Ve + nu® } ( T K ] (18)

n n

For a given @, , the radius of the orbit enters in the form 'K (A{r,). From here it follows that
at distances from the cylinder surface, 7, —r,, much larger that the radiation wavelength the
radiation intensity is suppressed by the factor exp[-24.(r, —r,)]. For values of &, close to —g,

the roots £, are large. The leading term in the radiation intensity is presented as

I(SP)n ~ (812 _5()2)rq3a)n exp| —2 c m (19)

and, hence, the radiation intensity tends to zero in the limit &, — —¢,. In the limiting case

&, < —¢, the surface polariton type modes are present for the main harmonic n =1 only. In this

range the roots for k_ are close to the limiting value a)n\/g /¢ and one gets

: &
Iy = qcle |(I”q2 /7 _1)2 exp[_u] (20)

5/2_2
2e07T, &V,

and the radiation intensity vanishes in the limit & — —oo. For n>1 and £, —)a)n\/g_l /c, the

dielectric permittivity of the cylinder, determined from the mode equation for surface polaritons,
tends to a finite limiting value, g, — &/ . Consequently, the quantity A" in (18) tends to the

O

finite limit (@, / c)\/&,+ ¢, | . The radiation intensity [, approaches a finite limiting value.

(SP)n
In Fig. 1 we have plotted the number of the radiated quanta in the form of surface
polaritons on a given harmonic n per period of the charge rotation T =27/ @,,

I
N(SP)n =7-= (21)

hno,

as a function of g, for & =1, r,/r,=0.95. The numbers near the curves correspond to the

values of v/c and the full (dashed) curves correspond to n=1 (n=2). For the critical values of
the cylinder dielectric permittivity in the case n=2 one has g, *-1.52 for v/c=0.5 and

&, ®—3.44 for v/c=09.
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Fig. 1. The number of the radiated quanta in the form of surface polaritons versus the dielectric
permittivity of the cylinder. The graphs are plotted for v/¢=10.5,0.95 (numbers near the curves)

and for n=1,2 (full and dashed curves, respectively).

In Fig. 2 we have plotted the dependence of the number of the radiated surface
polaritons on the dielectric permittivity of the cylinder for v/c=0.5 and for higher harmonics
n=3,5,10 (numbers near the curves). Again we see the presence of critical values of the

dielectric permittivity for the radiation of surface polaritons on the harmonics with n>1. The
critical value increases with increasing n. For n=3,5,10 one has ¢,, ~—-1.37,-1.29,-1.26,

respectively. In these cases the critical values ¢, coincide with the limiting values ¢&!.
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Fig. 2. The same as in Fig. 1 for v/¢=0.5 and n=3,5,10 (numbers near the curves).

It is of interest to compare the radiation intensity for surface polaritons with the radiation
for guiding modes (A’ <0< A;) from a charge rotating around a cylinder having dielectric
permittivity ¢,>0 in a given spectral range. The intensity for the part of the corresponding

radiation propagating in the region outside the cylinder has been investigated in [10] (the
radiation of guiding modes by a charge circulating inside the dielectric cylinder has been
discussed in [20]). The numerical results were presented for a cylinder made of quartz. Note that
for guiding modes, with increasing harmonic number n the number of roots &, increases for

some critical values of the harmonic. For the example considered in [10], the number of roots
was | for 1<n<7,2 for 8<n<12, and 3 for 13<n<16. For the corresponding number of the
quanta radiated on the guiding modes per period of the rotation by an electron of energy 2 MeV
and for r./r,=0.99 one has N gy, < 0.25¢° / (hc). The numerical data for these values of the

energy and the ratio 7, /7, similar to those depicted in Fig. 1, show that for -5<¢; <0 the

number of the radiated surface polaritons is essentially larger. For example, in the case of n=1
one gets N, ® 4.23q° / (hc) for &, =—3 and Npyn = 45.49q° / (he) for g, =-1.5.

4. Conclusion

We have investigated the radiation of surface polaritons by a charge rotating around a
dielectric cylinder with permittivity &,. For the corresponding waves the component of the wave
vector along the cylinder axis obey the condition k’>w.¢, /¢ and they are radiated on the
eigenmodes of the cylinder, determined by the zeros of the function ¢, (k,) for a given harmonic.

For the existence of solutions to this equation the dielectric permittivities for the cylinder and
surrounding medium should have opposite signs. We have considered the case ¢, <0<g,. The

radiation intensity for surface waves on a given harmonic » is given by Eq. (18). For the main
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harmonic n=1, the surface polaritons are radiated for all values of the cylinder dielectric
function in the range ¢, <—¢,. For higher harmonics n>1, there exists a critical value ¢&,, with

the absence of surface polariton radiation in the range &, <-¢,,. The radiation wavelength
increases with approaching ¢, to the limiting value —¢, . In that range, the wavelength of surface

polaritons is much smaller that the wavelength of electromagnetic radiation in free space with the
same frequency. We have also demonstrated that, for a given harmonic, the number of radiated
quanta for surface polaritons can be essentially larger than that for guiding modes of the cylinder.
For the problem under consideration, in addition to the radiation of surface polaritons, there is
also radiation propagating at large distances from the cylinder. The latter corresponds to
synchrotron radiation modified by the presence of the cylinder. For the respective

electromagnetic fields one has k> < w’¢, /¢* and their radial dependence is given by the Hankel
functions H,, ,(4r) with positive 4,. The features of synchrotron radiation for a cylinder made

of material with negative dielectric permittivity have been investigated in [21]. It has been shown
that the radiation intensity on a given harmonic, integrated over the angles, can be essentially
amplified by the presence of the cylinder.
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Fermionic Condensate in Two—Dimensional Rings
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Abstract. We investigate the fermionic condensate induced by an external magnetic flux in a two—
dimensional circular ring. Both the irreducible representations of the Clifford algebra are considered. On
the ring edges the bag boundary conditions are imposed for the field operator. The fermionic condensate
is decomposed into the boundary—free and boundary—induced contributions. Both these contributions are
even periodic functions of the magnetic flux with the period equal to the flux quantum.

1. Introduction

There has been a growing interest in recent years in models formulated on backgrounds
with the number of spatial dimensions D >3. Aside from their role as simplified models in
particle physics, field theories in lower dimensions serve as effective theories describing the
long—wavelength properties of a number of condensed matter systems [1,2]. Examples for the
latter are high—temperature superconductors, d—density—wave states, Weyl semimetals, graphene
(and graphene related materials) and topological insulators. For these systems, the long—
wavelength dynamics of excitations is formulated in terms of the Dirac—like theory living in
(2+1)—dimensional space-time where the role of the velocity of light is played by the Fermi
velocity. In topological insulators, 2D massless fermionic excitations appear as edge states on
the surface of a 3Dtopological insulator. (2+1)-dimensional models also appear as high
temperature limits of 4—dimensional field theories.

Among interesting features in (2+1)—dimensional models are flavor symmetry breaking,
parity violation, fractionalization of quantum numbers, the possibility of the excitations with
fractional statistics. Important new possibilities appear in gauge theories. In particular, the
topologically gauge invariant terms in the action provide masses for the gauge fields. This leads
to a natural infrared cutoff in the theory and to the solution for the infrared problem without
changing the physics in the ultraviolet range [3]. A possible mechanism for the generation of
gauge invariant topological mass terms is provided by quantum corrections [4]. The
corresponding theories provide a natural framework for the investigation of the quantum Hall
effect. Among the most interesting topics in the studies of (2+1)-dimensional theory is the parity
and chiral symmetry—breaking. In particular, it has been shown that a background magnetic field
can serve as a catalyst for the dynamical symmetry breaking [5, 6]. In addition, the background
gauge fields give rise to the polarization of the ground state for quantum fields with the
generation of various types of quantum numbers [4, 7]. In particular, charge and current densities
are induced [8—11].

In a number of field theoretical models, including the ones describing the condensed
matter systems at large length scales, additional boundary conditions are imposed on the field
operator. These conditions can have different physical origins. For example, in graphene

“E — mail: saharian@ysu.am
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nanotubes and nanoloops, because of the compactification of one or two spatial dimensions, the
Dirac equation is supplemented by quasiperiodicity conditions along compact dimensions with
phases depending on the wrapping direction (chirality of the nanotube). Another type of graphene
made structures in which additional boundary conditions are imposed on the field wave functions
are graphene nanoribbons, geometrically terminated single layers of graphite (see, for instance,
[12]). The edge effects play a crucial role in electronic properties of nanoribbons. In particular,
depending on the boundary conditions, a nonzero band gap may be generated. An important new
thing is the possibility for the appearance of dispersive edge states.

For charged fields, among the most important characteristics of the ground state are the
expectation values of the charge and current densities. Similarly, to the vacuum energy and
stresses, the VEVs of these quantities are influenced by the change of spatial topology or by the
presence of boundaries. The vacuum currents in spaces with nontrivial topology and with
quasiperiodic boundary conditions on the field operator along compact dimensions have been
investigated in [13] for the at background geometry and in [14] and [15] for locally de Sitter and
anti—de Sitter backgrounds. For the special case D =2, the general results were applied to
cylindrical and toroidal graphene nanotubes, within the framework of the effective Dirac theory.
The influence of additional boundaries on the vacuum currents along compact dimensions has
been discussed in [16] and [17] for locally Minkowski and anti—de Sitter backgrounds.

2. Fermionic modes on the ring

We consider a quantum fermionic field (x) in (2+1)-dimensional space—time in the
presence of a classical gauge field A4,. The corresponding dynamics is described by the Dirac
equation

(i;/“D# —sm)t//(x)=0 (1)
where the gauge extended covariant derivative is defined as Dﬂ =0,+I", +ied,, p=0,1,2, with
", being the spin connection and e is the charge of the field quanta. For a background geometry

with the metric tensor g, the Dirac matrices y*“ obey the anticommutation relations

{7/“ ,7/"} =2g"". In the irreducible representation of this Clifford algebra y* are 2x2 matrices.

In odd number of space—time dimensions, the Clifford algebra has two inequivalent irreducible
representations and the parameter s in Eq. (1), with the values s =+1 and s=-1, corresponds to
two different representations. With these representations, the mass term violates both the parity
(P_ ) and time-reversal (T_) invariances. In the long wavelength description of the graphene, s

labels two Dirac cones corresponding to K, and K valleys of the hexagonal lattice.

In the present paper the geometry is at and in the polar coordinates x* = (t,r,¢) one has

8 = diag(l,—l,—rz) . For the Dirac matrices we will use the representation
0 {1 0 J e @)
yo= > V= N
0 -1 (-1)7e* 0
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for /=1,2. The corresponding spin connection vanishes, I', =0. We assume that the field
7 (x) is localized in the spatial region bounded by two concentric circles having radii a and b,

a<b (two—dimensional ring). On the edges the field operator obeys the MIT bag boundary
conditions

(1+in#;/")t//(x) 3)
with 7, being the outward pointing unit vector normal to the boundaries. In the region a <r <b
one has n, =n,6, forthe boundary at  =u with

n,=-1n, =1 4)

From the conditions (3) it follows that 7, 1,177/”1,// =0, where 1/7 =y 'y° is the Dirac adjoin

and the dagger denotes Hermitian conjugation. This means that the normal component of the
fermionic current vanishes on the edges and the boundaries are impenetrable for the fermionic
field. The boundary condition of the type (3) was used in the bag model of hadrons for the
confinement of quarks [18]. The analog boundary condition in graphene physics is referred as the
infinite mass boundary condition. It has been employed in (2+1)—dimensional Dirac theory for
the breaking of time—reversal symmetry without magnetic fields [19].

For the vector potential we will consider a configuration corresponding to the presence
of a magnetic flux located in the region » <a. In the region under consideration, a <r <b, for

the covariant components in the coordinates (z,r,¢) one has A, =(0,0,4,). Note that the
physical azimuthal component for the vector potential is given by A4,=-4,/r and for the

magnetic flux threading the ring we have ¢ =-274,. Though the magnetic field strength
vanishes, the magnetic flux enclosed by the ring gives rise to Aharonov—Bohm-like effects on
physical observables. In particular, the vacuum fluctuations of the field gu(x) in the region
a <r<b are influenced by the magnetic flux and the VEVs of physical quantities depend on the
ux. Here we are interested in the fermionic condensate, defined as the VEV

W) =0ly (x)v (x)]0) )
Expanding the field operator in terms of the complete set of the positive— and negative—energy

fermionic modes {1//((:) (x) ,1//((;)} and using the commutation relations for the annihilation and

) == kXL (2l (x) ™)

Here o corresponds to a set of quantum numbers specifying the solutions. The expression in the
right-hand side of (7) diverges. In the problem under consideration the background space—time is
at and in the region a <r<b the field tensor for the external electromagnetic field is zero. As a
consequence, the divergences at the points outside the boundaries are the same as those in
Minkowksi space—time in the absence of the magnetic flux and the renormalization is reduced to
the subtraction of FC corresponding to the latter geometry.

For the problem under consideration the mode functions are presented in the form
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—ig/2

8,5, (va,yr)e

v (x)=Ce | o ®)

ejye g/} B+ (761,77’)
kE +sm = PP
where E =y’ +m”, g;=lfor j>-a, ¢ =1for j<-a,and
B, =li+al-¢,/2, a=ed,=—¢/4¢, ©)

with ¢, =27 /e being the flux quantum. In (8), for the Bessel and Neumann functions J, (x)
and

Y (x) we have defined

v

g5, (5:3) =1 (), () =5 ()X, () (10)

with the notation
fﬁ(j') (x) = fﬂ'/ (x)+[nu (k\/xz +m +smu)—8jﬂj}fﬁ/ (x)
=n, (kaz +m +sm)fﬁ/ (x)—e_jxfﬂ/+g/ (x)

foru=a,b,Y f=J,Y,andmu=mum, =mu.

(1)

The eigenvalues for y are determined from the boundary conditions (3) and in the

region a <r <b are the roots of the equation
Cy, (mya)=J;) (va)Yy" (yb)=J (vb) ;" (ya) =0 (12)
with n =b/a . The positive roots with respect to ya will be denoted by zI, /=1,2,..., z,<z,,.
For the eigenvalues of ¥ one has y =y, =z, /a. In this way, the mode functions are specified by
the quantum numbers o = (l ,J ) Note that, the roots z, depend on the value of j as well. In order
to simplify the expressions below we do not write this dependence explicitly. For the energy one

has E =,/y} +m’ . The normalization coefficient is given by the expression

2 mz, E+ksm
G == (n.:2) (13)
where
-1
Ty (.2) = Z[Dbjgj>2 (2)/ 75" (nz) _Da}
3 (14)
p, =2 Ehsm {E[E+kn —8'/ﬁ/j+knu £ ksm}
E u 2u
3. Fermionic condensate
Substituting the mode functions (8) into the mode—sum formula (7) we get
W)= =5 2 2 AT (1) h (=) (15)
NRaFTHE=E 7
h(z)= %[(E + ksm)gzi’ﬂi (zozr/a)—(E —ksm)géi’ﬂ/%,j (z,zr/ a)] (16)
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with E=~/z>/a>+m” . In (15), the eigenvalues zl are given implicitly, as roots of (12), and this
representation is not convenient for the further evaluation of the VEV. Another disadvantage of
the representation (15) is that the separate terms in the series are highly oscillating for large
values of the quantum numbers.

These difficulties are overcome by using for the summation over 1 the Abel-Plana—type
formula

N 4% h(z 2 h(z)HY (nz
zh Zl Tab 77 Zl 2J‘dz(a)2(—)(a)2——ReS ( ) 'B’l(a )
= i o Jp (Z)+Yﬂ/ T G, (nz)Hﬁ/ (nz2)

B;
el (17)
[ h(ze 2 JK,(BIZ”) (nz)/K,(B‘j”) (z)
——\dz
AR w1 R )
where H/(;/) (x) and H/(;) are the Hankel functions. In (17), we have introduced the notation
fﬁ(f'p) (x)= xfﬁ', (x)+{nu [k (xepm/z )2 +m +smu}—gjﬁj}fﬁj (x) (18)

with f=1,K for the modified Bessel functions Iﬁ,(x) and Kﬁ,(x). Note that

fﬂ(m(z) = fﬂ(”_'_) (z) for z<m,. The summation formula (17) is obtained from the generalized

Abel-Plana formula [20] (see also [21]).
Applying the formula (17) to the series over | in (15), the FC is decomposed as

sm
W)=y, +— = jdxx{z—

2

X —m
xRe |:Qa,[3,» (ax,bx)(ngi/ (ax,rx)— G/(;lgzﬁgj )J (19)
—Im |:Qa,[3,» (ax,bx)(ng?zj (ax, rx)+Gﬁ )ﬁ, e, )J
where
_ 1 % )
. d 20
<lr//l//> 87'[612 Zkzl'([ z Jgj ‘37)2 (Z) )

The notations used in (19) are defined as

Q,, (ax,bx)= 4 4 21

o L) = T ) 100 (b)) () KD () @
and

6, (5.9) =K (x)1, ()~ (1) 19 () K, () @)

with u = a,b. Here for the modified Bessel functions f; (2 (z)=1 (z)
fﬁj’ (z):zfﬁ'/(z)+[ (z 22 —m] +sm }
:5/.zfﬁ/+g ( )+n (11/2 —m. +sm )fﬁ/(
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B, |15 (2)

J

2)
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where 6, =1 and 6, =—
Let us present the parameter « in the form

a=N+a,, |a|<1/2 (24)

where N is an integer. Redefining the summation variable ; in accordance with j+ N — j we

see that the charge density does not depend on the integer part N . Then, separating the
summations over negative and positive values of ;j, making the replacement j; — —; in the part

with negative jand introducing a new summation variable n = j—1/2, the FC is presented as

<‘l/‘l/> <‘l/ll/> + ZZJ.dxx{\/T

n=0 p==% (25)
xRe [Qanp (ax,bx)(G,EZ?jp (ax,rx)- G,EZEPH (ax,rx))}
with
n,=n,+ pa, (26)

and now the notation (23) in the definitions (21) and (22) for Q,, (ax,bx) and G}EZ?# (ax,rx) is
specified to

fn(p") (z) =0,z 0l (z)+nu (smu +iyz?—m] )fn[ (z) 27)

for f'=1,K . The representation (25) explicitly shows that the last term is an odd function of the
fractional part ¢,. The property that the VEVs do not depend on the integer part of the flux, in

units of the flux quantum, is a general feature in the Aharonov—Bohm effect and is a consequence
of that the flux enters through the phase of the wave function.
In order to clarify the physical meaning of the separate terms in (25) we note that in the

limit b — oo the last term vanishes. This shows that the part (1;1;/>a presents the FC in the region

r > a for the geometry of a single boundary at » =a . It can be further decomposed as

W), =), + )V (28)
where
— xr)+Jﬂ e, (xr)
= d , 29
and
_ K; (x)-K;,, () 1\ (ax)
(b) d 'BI 'B/ Jj R ﬂj
wy),” = 27 2 ;[ x { sm N {K/(;j)(ax) "

[K; (m)+K,.. (%) |im 1)
L5 () K ()]

K (ax)

with the notations (23). For the representation s =1, this expression for a single boundary—
induced
part coincides with the one given in [22].
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In order to give a physical interpretation of the separate terms in Eq. (28) let us consider
the limit @ —0. Note that the radius of the magnetic flux should also be taken to zero. For
j+a #0 one has

I/(;j) (ax) X —m’ e sm 2(ax/2)2‘j+a‘

K (ax) x r*(|j+a|+1/2)

G

and, hence, the part (30) vanishes as a”** . For half-odd integer values of «, the exceptional
case
corresponds to the mode with j=-a . For thismode 3, =1/2, ¢, =—1, and we get

Iﬂ‘j)(ax) ~zi\/x2 —m’ —sm

K9(a) 7« (32)
Note that for this special value of S,, in (30) the coefficient of the term with the imaginary part
of (32) vanishes.
Hence, if o is not a half-odd integer one has
lim(yy), = (wy), (33)

In this case, the part (30) in the FC is induced by the presence of the boundary at » = a, whereas
<l;l[/>0 gives the FC in the boundary—free geometry with a point like magnetic flux at »=0. For

a being a half-odd integer one gets

0 2 —2mr«[y2+1
.= — m e
lim(yy), = ), ——- [ dy>——— (34)
a—0 Tr 0 % +1
For a massless field, taking the limit m — 0 we find
.= — 1
lim(yw), =Wv)o -5 (35)

The boundary—induced contribution (30) does not depend on the integer part N in (24).
Redefining the summation variable in (30), this contribution is rewritten in the form

_ 1 & o
<WV/>EJb) gy z z Idxx

n=0 p=—,+

K2 ()= K2, (rx) { 1) (ax)
P P Re P

X4 Sm

(36)

\/xz—m2

- [Kﬁ:) (rx)+ K}EZ)H (rx)} Im {n"a—

with n, given by (26). This explicitly shows that the single boundary—induced charge density is

an odd function of ¢, . The real and imaginary parts in (36) are explicitly given by the relation

IEZ)(Z) Wn(p“)(z)—z'iilnll—mj/Z2

K(2) 2K, (2)-K (2)]-25mmK, (2)K, .(2)

(37)
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with u = a,b and with the function
Wv(”) (z) = Z[[v (Z)Kv (Z) -1, (Z)Kv+l (2)]
+n,sm, [ 1,,,(2)K,(z)-1,(2)K,,(z)]

Note that for z>m, the denominator in (37) is positive. For a massless field and at large

(38)

distances
from the boundary, r > a, the dominant contribution to the boundary—induced part (36) comes

~2letg|

from the term 7 =0 and this part decays as (a/r)3 with the sign sgn(a0)<j°>ff) /e<0.For

a massive field and for v > a,m™1, the dominant contribution in (36) comes from the region near
the lower limit of the integration and the boundary—induced charge density is suppressed by the

factor e ™ /1.

From the consideration above it follows that, if |a0| #1/2, the part <l;l[/>0 can be

interpreted as the charge density in boundary—free two—dimensional space with a special type of
boundary condition on the magnetic flux line at » =0. Namely, we impose the bag boundary
condition at finite radius which is then taken to zero. Consequently, the part (36) is interpreted as
the contribution induced in the region a <r <o by the boundary » =a . The last term in (25) is
the contribution in the charge density induced when we add the boundary at » =5 to the
geometry with a single boundary at »=a. In this sense, this part can be termed as the second
boundary—induced contribution.

The expression (29) for the boundary—free part can be further simplified. The first terms

in the brackets of the coefficients of the functions J; (xr)and J;

contributions coming from the positive— and negative—energy modes. For the remaining part we
get

(xr) are canceled for the

xr) + Jﬁ e, (xr)

W), == Zjdx -

(39)
¥ +m?
The corresponding renormalized VEV is presented in the form
— _smsin(7e,) sinh x sinh (2c,x)
o = dx 40
<l//l//>0,/en 271_ ’ J. COSh2 2mrc0shx ( )

0
This expression with s=1 was obtained in [22]. Similarly, to the boundary—induced
contributions,

this part is an even function of the parameter ¢, . In the limit o, —1/2 one gets

1)

smT sinh’x 1
r

<l//l//>0,ren == 271_2

2mrcoshx

. cosh’xe

For a massless field the boundary—free contribution in the FC vanishes for » #0. In the case of a

3/2

massive field, at large distances, the charge density (;°), falls off as e /7**, whereas at the

origin it diverges as 1/r. At large distances, the decaying factor for a massive field is the same
as that for the boundary—induced contribution (36).
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4. Conclusion

Among the most important local characteristics of the fermionic vacuum is the FC. We

have investigated the FC in two dimensional ring with the bag boundary conditions on its edges.

The eigenvalues of the radial quantum number are roots of the equation (12). The mode sum for

the FC contains series over those eigenvalues. For the summation we applied Abel-Plana type

formula (17) that allowed to extract from the vacuum expectation value the edge induced

contributions. In the corresponding integral representation explicit knowledge of the eigenvalues

is not required. The FC is an even periodic function of the magnetic flux enclosed by the ring

with the period equal to the flux quantum. It is decomposed as (25), where the first term in the

right-hand side corresponds to the FC in the geometry with a single edge at » =a . The last term

is induced by the external edge. The single edge part is further decomposed as (28) with the

extracted boundary—free part. The renormalized boundary—free part is given by (40).
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Abstract. We investigate the radiation from a charged particle rotating around a dielectric cylinder with a
negative real part of dielectric permittivity. A formula is derived for the angular density of the radiation
intensity on a given harmonic. Compared with the case of a cylinder with positive real part of the
permittivity, new interesting features arise in the nonrelativistic limit and for the radiation at small angles
with respect to the cylinder axis. Another feature is the appearance of sharp narrow peaks in the angular
density of the radiation intensity for large harmonics. We show that the radiation intensity on a given
harmonic, integrated over the angles, can be essentially amplified by the presence of the cylinder.

1. Introduction

The presence of medium may essentially influence the physical characteristics of
radiation processes by charged particles moving through or near the medium. As a result of the
interaction of the charge with medium, under certain conditions, new types of radiations appear.
Examples are Cherenkov, diffraction and transition radiations. New interesting features in the
radiation processes appear in spectral ranges where the real part of the dielectric permittivity of
material becomes negative (for general consideration concerning the existence of a negative
dielectric constant see [1]). For example, the metals exhibit a negative permittivity from the
visible to microwave frequencies. Another example of material with negative real part of the
dielectric permittivity is provided by doped semiconductors [2—4]. Compared to the metals, an
advantage of the doped semiconductors is related to the possibility of small losses at infrared and
longer wavelengths. In addition, the corresponding plasma frequency can be controlled by tuning
the free carrier densities.

At interfaces between two media with positive and negative real parts of the dielectric
permittivity new types of surface waves arise called surface polaritons. In particular, the surface
plasmon polaritons (SPPs) have found a wide range of applications (see, for example, [5-8] and
references therein). SPPs are evanescent electromagnetic waves propagating along a metal—
dielectric interface as a result of collective oscillations of electron subsystem coupled to
electromagnetic field. The surface polaritons can be excited by electron beams moving parallel or
perpendicularly to the interface (see [9-14]). The radiation of surface polaritons by a charged
particle rotating around a cylindrical dielectric waveguide recently has been considered in [15]. It
has been shown that the radiation intensity for surface polaritons of a given harmonic can be

“E — mail: saharian@ysu.am
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essentially larger than that for guiding modes of the cylinder (the radiation on guiding modes for
a cylinder with positive dielectric permittivity is investigated in [16,17]).

For the problem considered in [15], in addition to the radiation of surface—type modes
(surface polaritons) and guided modes, where will be radiation propagating at large distances
from the cylinder. That corresponds to the synchrotron radiation influenced by the presence of the
cylinder. For a cylinder with positive dielectric permittivity, in [18,19] it has been shown that
under the Cherenkov condition for the velocity of the charge image on the cylinder surface and
for the cylinder dielectric permittivity, strong narrow peaks may appear in that distribution
(similar features for the radiation from a charge circulating around a dielectric ball were
discussed in [20,21]). In the present report we consider the features for the radiation from a
charge rotating around a dielectric cylinder in the frequency range with negative real part of
dielectric permittivity of the cylinder material.

2. Electromagnetic fields in the exterior region
Let a particle with charge ¢ moves along a circular trajectory of radius 7, around a

cylinder with radius 7, and with dielectric permittivity &,. For generality we assume that the

cylinder is embedded in a homogeneous medium with real and positive dielectric permittivity &, .

For the material of the cylinder the general case of frequency dependent complex permittivity,
g, =&,(w)+ig, (), will be considered. In the cylindrical coordinate system (r,4,z), with the

axis z along the cylinder axis, the components of the current density are written as
Ji= %v5,¢5(r—rq)5(¢ —o)3(2), 1=r$,2, @.1)

where v is the particle velocity and @, =v/7, is its angular velocity. We are interested in the

radiation from the charge at large distances from the cylinder in the frequency range where
g,(@) < 0. There are two types of radiations: the radiation propagating at large distances from the
cylinder and the radiation of surface—type modes localized near the cylinder surface. The first
type of radiation corresponds to the synchrotron radiation influenced by the cylinder and by the
host medium and the surface—type modes correspond to SPPs.
The electric, E(r,?), and magnetic, H(r,?), fields, created by the current density (2.1),
are expanded in the Fourier series
F(r,)= Y "™ [ dk.e"F,(k.,r) 2.2)
with @, =nw, and F=E,H. For the Fourier components one has F  (k_ ,r)=F, (-k_,r), with
the star being the complex conjugate, and in what follows we will assume that n>0. The n=0
term in Eq. (2.2) is time independent and will not contribute to the radiation fields. The Fourier
components of the fields can be found by using the Green function from [18] in a way similar to
that presented in Refs. [18,19,22] for a cylinder with positive dielectric permittivity and in what
follows we will present only the main steps.
Denoting the cylindrical components as F, = F,,(k,,r), with [ =r,¢,z, for the magnetic

field in the region r > 7, one gets
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.2—0,
i%qvk -1 qvi
o =L SBH  (Ar)i=rg, H =-L25 pB H (Ar 23
= p;p ey A= 1 H, == — Z,lp o, (23)
where o, =1, 0,=2, H,(x)= H\"(x) is the Hankel function of the first kind and
MV =wle -kl 2.4)

The coefficients B, , are given by the formula

J

i n W . nl,r) L.,010) < H, (A1)
B =—J _ (Ar)-—H,_ (Ar L+ o tes TP [ . 2.5
n,p 2[ n+p( q) 2[ n+p( q) an[zp p 2]/'Can an[:p lzzi; W;:{[ ( )
Here, J, (x) and [ (x) are the Bessel and modified Bessel functions, and we have defined
n'=k>-wke,/c’ (2.6)

The other notations in (2.5) are defined as

&, nl (mr)~ H,,,(Ar,)
o = _ n c n+ c 27
" g —g, 2 [; wh @)

n+l

and

W..,=pAL,.,r)F,(Ar) —nF,, ,(Ar)L,@r) 2.8)
for the Bessel and Hankel functions F,(x)=J, (x),H (x). The components for the electric field
are found from (2.3) by using the Maxwell equation. In the region r >, one gets

-1-0,

P .
Enl = l 7 Z po/ |:(Z); 81 +k22jB’l,p _ﬂ’an,—p:|H”+p (ﬂ“r)’ Enz =M Z B"»I’H’l (/17") (29)

47'[&)”81 p=tl1 n®1 p=tl

where, as before, /[ =r,¢ .
The integration range in (2.2) can be divided into two parts. The radiation fields at large
distances from the cylinder correspond to the range k> <w’g, /c*, where A is real. In the range

k> >w’e, / ¢* the quantity (2.4) is purely imaginary and the fields induced by the cylinder depend

on the radial coordinate through the Macdonald functions K, (JA|r). These parts are

n+p
exponentially small at large distances from the cylinder. For a cylinder with a negative real part
of &, they correspond to the surface-type modes. For the latter the eigenvalues of k_ are the roots
of the equation ¢, =0. In what follows we are interested in the radiation at large distances from

the cylinder.

3. Radiation intensity

The radiation propagating in the exterior medium at large distances from the cylinder
correspond to the integration range in (2.2) with A* >0. The average energy flux per unit time
through the cylindrical surface of radius » >7,, coaxial with the dielectric cylinder, is presented

as

* dl
I = dQ—= 3.1
;j o 3.1)
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where dQ =sin0d0d¢ is the solid angle element and 6, 0<60 <7 is the angle between the
wave vector of the radiated photon and the cylinder axis. For the angular density of the radiation
intensity on a given harmonic »n one gets
dl, _q’vo,s
dQ - 2n°c? [
In the expression (2.5) for the functions B, , we should take

2
Bn,l _Bn,—l‘ +

B, +B,_ ‘2 cos’ 9] (3.2)

A=2 [e sin0, (3.3)

c
and

nzw"w/e:l cos’0—¢g,. 34)

c
Formula (3.2) is valid for a general case of dispersion ¢, = ¢,(®,) of the cylinder material with
complex permittivity.

The general expression (3.2) is rather complicated and we its asymptotic in limiting
regions of the parameters. For nonrelativistic velocities, under the condition nf <<1, the main

contribution comes from the terms with B, _, and we get

2
a, 2o 12" ()

1+cos® @ )sin* 0, 3.5
dQ 71(11!)2513/2rq2 2a, ( ) ©¢.3)
Where for n>2
2 2 2
L L LSl R ) (3.6)
2¢-¢, 8n\n+l n-1
and for n=1
le+e, 7’ 2 2
r——1— < AnIn(Ar, /2)+ 17 |. 3.7
1231—3016[77(6)] G.7)

Compared to the radiation on the main harmonic 7 =1, the radiation on higher harmonics n>2
is suppressed by the factor B2"*. In formula (3.5) the part with the first term in the expression
under the absolute sign corresponds to the radiation in a homogeneous medium with permittivity
& .

For positive ¢ we can keep the leading order terms and in (3.5)
a, = (sl +30)/[2(51 —¢,)]. In this case, in the expression under the sign of modulus in (3.5) the

contribution of the term induced by the cylinder is smaller than the one corresponding to the

22 A new

radiation in a homogeneous medium and the radiation intensity behaves as f;
qualitatively different feature arises for negative values of ¢, and for small ¢, . In this case,
under the assumption | ¢, + &, |,&, < B, we see that a, oc B for n>2 and o, « B In(f,) . Now,

the dominant contribution to the radiation intensity (3.5) comes from the part induced by the
cylinder and one has dI, / dQ oc B3 for n>2 and dI, / dQ oc1/In*(B,).
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For small values of the angle € and for fixed values of the other parameters, assuming
that
Ar, =nfsin6 <<1, (3.8)

for cylinder functions with the arguments Ar, and Ar, we use the expansions for small
arguments. For the function ¢, to the leading order we get
-1
21
- PR AL R L A (9)
&~ & 2¢&-¢, nr.t,(mr.)

where n>2 and nr, = n(w,r. / c)\/&, —¢, . In the limit & —0, one gets dI, / dQoc1/In(sin@) for

n=1 and dI /dQ o« sin® 7?0 for n>2. For small 6, assuming that &, <sin@, in the leading
terms (3.9) we can replace &, by &,. In this case, an interesting situation arises for & +¢&, <0
and n>2 when the leading term in (3.9) (with the replacement &, — &,) may become zero. For
given n and w7, \/5—1 /¢, that condition can be considered as an equation for the corresponding
value of the ratio &,/¢,. In this case the next—to—leading term should be kept in the asymptotic
expansion of ¢, over sin@ and ¢, . Near that specified value of &,/ ¢, the decay of dI, /dQ in

the limit 6 — 0 is slower.

Another new qualitative feature in the radiation intensity, induced by the cylinder, is the
possibility for the appearance of strong narrow peaks for large values of the radiation harmonic at
specific values of the angle 6. For a transparent cylinder with a positive dielectric permittivity,
this feature has been discussed in Refs. [19,22]. Here we consider the frequency range with
&, <0. The contribution of the first term in the right-hand side of (2.5) (corresponding to the

radiation in a homogeneous medium) is suppressed by the factor ¢ ™ **"” where
1+41-3°
awzm——;il—l—f (3.10)

—n[2¢ (Ar./n)=C (Ar,/n)

The contribution of the second term is suppressed by e I By taking into account

that for y >0 we have {(4r, /n) < (4r,/n), the suppression of the second term is stronger than
that for the first one. Let us denote by «'” the function that is obtained from «, replacing the
Hankel functions H ,,(Ar,) by the Neumann functions Y ,(Ar,). For angles 6 not too close to
the ones determined by the zeros of «'”, the function @, is of the order of one and the

contribution of the third term in (2.5) is of the same order as that for the second term. In this case
the first term in (2.5) is dominant and the radiation intensity is close to the one for a
homogeneous medium. The situation is essentially different for the radiation angles close to the

ones determined by the zeros of «'”. For these angles one has o, oc e '™ and the

contribution of the last term in (2.5) is of the order ¢"“*"”. Hence, the angular density of the

2ng (B,

radiation intensity for the peak at 6 =6, is proportional to e %) For the peak in the region

z>0 (0<6,<nm/2) the height increases with decreasing 6,. The angular width A6, of the
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peak is of the order exp[-2nl(B,(r,/r,)pB,sin6,)]. With increasing height of the peak the

corresponding width decreases.
In the numerical investigation we evaluate the angular density for the number of the
quanta radiated on a given harmonic per period of the particle rotation:
aN, _ T dl, (3.11)
dQ ho, dQ
In Fig. 1 we have plotted this quantity (in units of ¢ /%c) versus @ for a transparent
cylinder (g, =0) with dielectric permittivity &, =—3 in the vacuum (& =1). The graphs are
plotted for 7, /7, =0.95, n=10 and the numbers near the curves correspond to the values of v/c
. For the cases v/c =0.9,0.99 we see the presence of the peaks described above analytically. For

the angular locations of the peaks one has 8=0.96 for v/c=0.9 and 8~0.75 for v/c=0.99.
With increasing v/c, the angular location of the peak in the region 0<60 <7 /2 is shifted to
smaller angles. For the solution of the equation a” =0 in the region 0<@<7x/2 one has

0~0.965 for v/c=0.9 and 6=0.75 for v/c=0.99. In agreement with the analysis given
above, these roots coincide with the locations of the peaks in the radiation intensity with good

accuracy.
8 _l 1 I I I I I ]
: 0.99
6 L .
<
Q
% T 4} ]
&y | \ 0.9
ol 0.8 ]
; )

0.0 0.5 1.0 1.5 2.0 2.5 3.0

&
Fig. 1. The angular density of the number of the radiated quanta per rotation period versus the

radiation angle @ for a cylinder with permittivity &, =—3 in the vacuum. The numbers near the
curves correspond to the values of the ratio v/ ¢ and the graphs are plotted for 7, /7, =0.95,

n=10.

To see the effect of the cylinder on the radiation intensity, in Fig. 2 we display the
corresponding quantity for the radiation intensity in the absence of cylinder (&, =¢,;) for the

same values of the other parameters. As seen, the presence of the cylinder may lead to an
essential increase in the angular density of the radiation intensity.
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Fig. 2. The same as in Fig. 1 for the radiation of a charge in the vacuum (¢, = ¢, =1).

It is also of interest to see the influence of the cylinder on the total radiated energy on a
given harmonic, obtained from (3.2) by integration over the angles € and ¢ . Figure 3 presents

the total number of the radiated quanta per period of charge rotation, N, = IdQ(dNn /dQ) (red

circles), versus the number of the harmonic n, for v/c¢=0.8 and for the same values of the
parameters as in Fig. 2. The blue points present the same quantity for the radiation in the vacuum.
As seen from Fig. 3, the radiation intensity on a given harmonic, integrated over the angles, can
be essentially amplified by the presence of the cylinder. For large harmonics, n>>1/{(v/c) the
radiation intensity tends to the one for the radiation in vacuum. Physically, the latter feature is
related to the fact that for those harmonics the Fourier components of the charge field are
strongly localized near the particle trajectory and the corresponding polarization of the cylinder is
week.

(/lg?)N,

il H[IIIH;;

5 10 15

&

n
Fig. 3. The total number of the radiated quanta as a function of the harmonic n for v/c=0.8.
The values for the remaining parameters are the same as those in Fig. 2.
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4. Conclusion

We have investigated the features of the synchrotron radiation from a charged particle
rotating around a cylinder in the spectral range where the real part of the dielectric permittivity is
negative. At large distances from the cylinder the angular density of the radiation intensity on a
given harmonic is given by (3.2). Compared to the case of a cylinder with positive dielectric
permittivity, a qualitatively new feature appears in the nonrelativistic limit when the real part of
the permittivity is sufficiently close to —g,. In this region the angular density of the radiation

intensity behaves as B> for radiation harmonics n>2 and like 1/In*(B,) for n=1. For
| g, +¢&, [>> B the angular density decays as B"** for n>1. Similar differences from the case of

a cylinder with positive dielectric permittivity arise in the behavior of the radiation intensity for
small values of the angle 6. An interesting feature in the influence of the cylinder on the
radiation at large distances from the cylinder is the possibility for the appearance of strong
narrow peaks in the angular distribution of the radiation intensity on large harmonics. They are
located in the angular region sin€ <1/ 3., with B_ being the velocity of the charge image on the

cylinder surface. With decreasing values of the angle 6 in the range 0 <6 < /2 the height of
the peak increases, whereas the width decreases. Similar behavior takes place with increasing
number of the radiation harmonic.

Acknowledgement
A.A.S., L.Sh.G. and H.F.Kh. were supported by Grant No. 18T—1C397 from the Science
Committee of the Ministry of Education and Science of the Republic of Armenia.

References.

1. O.V. Dolgov, D.A. Kirzhnits, and E.G. Maksimov, Rev. Mod. Phys. 53, 81 (1981).

2. P.R. West, S. Ishii, G.V. Naik, N.K. Emani, V.M. Shalaev, and A. Boltasseva, Laser
Photonics Rev. 4,795 (2010).

3. G.V. Naik and A. Boltasseva, Phys. Status Solidi RRL 4, 295 (2010).

4. D.M. Mittleman, Nat. Photonics 7, 666 (2013).

5. V.M. Agranovich and D.L. Mills (Editors), Surface Polaritons: Electromagnetic
Waves at Surfaces and Interfaces (North—Holland Pub. Co., Amsterdam, 1982).

6. K. Welford, Optical and Quantum Electronics 23, 1 (1991).

7. S.A. Maier, Plasmonics: Fundamentals and Applications (Springer, 2007).

8. S. Enoch and N. Bonod (Editors), Plasmonics: From Basics to Advanced Topics
(Springer, 2012).

9. H. Raether, Surface Plasmons on Smooth and Rough Surfaces and on Gratings
(Springer—Verlag, Berlin, 1988).

10. F.J.G. de Abajo, Rev. Mod. Phys. 82,209 (2010).

11. M.V. Bashevoy, F. Jonsson, A.V. Krasavin, N.I. Zheludev, Y. Chen, and M.L
Stockman, Nano Lett. 6, 1113 (2006).

12.S. Liu, P. Zhang, W. Liu, S. Gong, R. Zhong, Y. Zhang, and M. Hu, Phys. Rev.
Lett. 109, 153902 (2012).

255



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

S. Liu, C. Zhang, M. Hu, X. Chen, P. Zhang, S. Gong, T. Zhao, and R. Zhong,
Appl. Phys. Lett. 104, 201104 (2014).

S. Gong, M. Hu, R. Zhong, X. Chen, P. Zhang, T. Zhao and Sh. Liu, Optics Express
22, 19253 (2014).

A.S. Kotanjyan, A. R. Mkrtchyan, A. A. Saharian, and V.Kh. Kotanjyan, Phys. Rev.
Accel. Beams. 22, 040701 (2019).

A.S. Kotanjyan, A.R. Mkrtchyan, A.A. Saharian, and V.Kh. Kotanjyan, JINST 13,
C01016 (2018).

A.A. Saharian, A.S. Kotanjyan, and V.Kh. Kotanjyan, J. Contemp. Phys. 54, 111
(2019).

L.Sh. Grigoryan, A.S. Kotanjyan, and A.A. Saharian, Izv. Nats. Akad. Nauk Arm.,
Fiz. 30, 239 (1995) (Engl. Transl.: J. Contemp. Phys.).

A.S. Kotanjyan, H.F. Khachatryan, A.V. Petrosyan, and A.A. Saharian, Izv. Nats.
Akad. Nauk Arm., Fiz. 35, 115 (2000) (Engl. Transl.: J. Contemp. Phys.).

L.Sh. Grigoryan, H.F. Khachatryan, and S.R. Arzumanyan, Izv. Nats. Akad. Nauk
Arm., Fiz. 33, 267 (1998) (Engl. Transl.: J. Contemp. Phys.).

L.Sh. Grigoryan, H.F. Khachatryan, S.R. Arzumanyan, and M.L. Grigoryan, Nucl.
Instr. Methods B 252, 50 (2006).

A.A. Saharian and A.S. Kotanjyan, J. Phys. A 42, 135402 (2009).

256



Variety of Physical Vacuum or Worldwide. Interaction Form in a
New Strengthening Space

A.M. Sedrakyan®

National Polytechnic University of Armenia
105 Teryan St., Yrevan, Republic of Armenia, 0009

AbstractIn the work a new type of space is offered which may be exists in the atomic systems and cosmic
space. The new environment (vacuum) where strong interaction of the charged particles occurs than in the
ordinary vacuum is called TeppArt environment. For such an environment where strong interactions

between accurate charges occur, we have written the law of Coulomb in this way:
I 9,4,
&

’_,.'
Fropare (1) = k== exp(m/r)—.
r r

1. Introduction.

As you know, the force acting on a charged point particle or material point (the concept
of a point charge or material point is a physical abstraction in science) is called central if it
depends only on the distance to the field source and is directed along the straight line connecting
the material point to the field source. In a general form, the central force can be written in the

form, F=F (r)l ., where F (r)is the projection of the force onto a straight line connecting the
r

material point to the field source.
One of the most common types of central forces is a force whose projection is inversely

proportional to the square of the distance from the field source to the material point 7 (r) = % ,
-

where « is a constant, and depends on the nature of the interaction. An example of a central force
of this kind is the Coulomb force [1, 2] or the gravitational interaction of two bodies by masses
and when one of them acts as a field source for the other. In a physical vacuum (world ether), the

P

2
7

Coulomb law is expressed in the form F (r) = k r , and in a liquid and gaseous medium with
r

a dielectric constant, which characterizes the electrical properties of the medium — (since the
interaction depends on the physical properties of the medium). It shows how many times the
interaction force of two point stationary charges in a vacuum is greater than their interaction

forces in amedium g = ,, /F, . Based on the concept of world ether or physical vacuum, below

peda *
we will consider such media in which the interaction force between two charged particles
increases compared to the interaction between the same particles at the same conditions in a
vacuum about which we have a view, as well as we feel and can conduct experiments.

The concept of “ether” arose even in the days of the ancient Greeks: according to their
mythology, this is the highest, cleanest and most transparent layer of air, the place where the gods
stay. Aristotle (a student of Plato), in addition to the four elements — Fire, Water, Air, Earth,

"E — mail: asedrakyan.phys@gmail.com
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introduced the fifth (the essence of all things) —a ether. Thus, the concept of “world ether” has
entered into physics — a universal medium that fills all space, including the gaps between atoms
and molecules in bodies. That is, we assume that the new ether, or physical vacuum, has such a
physical property that enhances electromagnetic interaction between two charged particles
without taking into account the polarization of the medium. Similarly, amplifying active media
exist in optoelectronics and are used to enhance weak rotations forthe polarization plane angle of
electromagnetic waves. In [3, 4], the mechanisms for amplifying the rotation of the plane of
polarization of electromagnetic waves using various amplifying material media were theoretically
investigated and compared.

2. Setting goals.

According to the general theory of relativity, space is unthinkable without ether.
Suppose that a physical vacuum is an active medium with newphysicochemical properties, where
an amplification of the interaction of charged particles takes place, and differs from the active
media of electromagnetic waves. Such among the ambiguous, and physical interaction occurs in
different ways. Therefore, in the model under consideration, we will conditionally call TerrArt a
medium (a new medium in the space of world ether) in this model of active medium. In this
work, we considered such media where the interaction gain is greater than in ordinary vacuum,

and we do not consider the question of the polarization of the vacuum (g = F,,,./F,,.. >0) at

strong interaction, as in [5]. By changing the input parameters in the law of Coulomb, have been
obtained different types of physical vacuum.

3. The force of interaction of charged particles in a Ter Art medium.

Let us consider the interaction of two charged particles in active amplifying media. The
Coulomb law for strong interactions in a vacuum in this problem, we present the equation in the
form

> 7
Frona(r) = kL% exp(m/r) = (1)
Er r
where the exponent in the equation (1) is a dimensionless quantity having a dimension

of'length. The gain coefficient (the ratio of the force of interaction of two media) is equal to
The potential energy is equal to the force of interaction.

UG =—[ F () =k D% [EPI gy ot =1 @)
& r
U(r)= ke exp(m/r)+const 3)
m

Since the electric field acts on the charged particles in it (see equation(1)), it does work
when the charge moves in the electric field.

9.9
A(riry) = k=22

exp(m/r,) — exp(m/r2 )] “4)
m

Since the motion of the charge in the new space does not depend on the type of
trajectory along which the charge moves, only the position of the starting and ending points of the
path is determined.
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As can be seen from the laws of the presented equations and general reasoning, the
physical vacuum or type of world ether [6] where physical phenomena (material-energy
processes) occur is ambiguous, the interaction force and other physical parameters strongly
depend on the value of m in the exponent. The number m indicates the intensity of the
interaction of the force (1), or potential energy (see (2)).We assume that the medium about what
we discussed may exist in interatomic as well as in outer space. They also have the properties of
matter and are continuable and transparent for the light. From this point of view, the physical
vacuum in quantum physics is understood as the lowest energy state of a quantized field, which
has zero momenta and angular momentum and other quantum numbers, etc. In mathematical
modeling of the quantum—mechanical phenomenon in the description of the Hamiltonian
equation, which in the simplest cases represents the energy (#=7+U) of a physical system, the

term of the potential energy included in it is expressed by the expression (3).

4. Conclusions.

In the considered media, well-known and generally understood parameters are
introduced. When analyzing the results of this paper, it is clear for the concept of the ambiguity
of the void or vacuum (in the space where it exists), similar to a multi—channel radio station. For
example, we can say that in atomic systems there can be several different types of vacuums,
based on equation (1). For different values of the number, different spaces are obtained in one
system with different properties. This says that in the void, the boundary between two physical
vacuums with different properties can be represented, and the void in this case is a
superconducting layer between two media and the motion of two layers of vacuums (or ethers
with different parameters) and can be independent in some stationary cases. Within the
framework of this model, it is possible to explain some physical phenomena that entered into
physics as a postulate (the Hartmann paradox) [6,7]. — the speed of light does not depend on the
speed of the source in full accordance with Einstein's second postulate, there are existing
problems of field space and ether in physics.

I thank to my co—author of the book, Professor Artie D Alexander, for valuable advice
and support in carrying out this work.
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