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We study a process of the photodisintegration of some Borromean light nuclei into three clusters. This
study is performed within a three-cluster microscopic model. In Reference [1] this model was applied to
obtain parameters of resonance states in °Be and °B and to establish their nature. Main aim of the present
investigations is to describe the dipole transition probability from the ground state of °Be to the states of
three-cluster a+o+n continuum by using the same model. That model exploits the hyperspherical
harmonics basis (HHB) and thus reduces many-channel Schrodinger equation to the algebraic matrix
(AM) form. The dipole transitions from the ground 3/2- state to the 1/2+ states of three-cluster continuum
were studied in detail. The role of resonance states in three-cluster continuum to this process is
investigated in detail. The dominant channels with the maximal dipole strength due to the coupling
between the ground and scattering states are discovered.

Key words: light nuclei, three-cluster microscopic model, hyperspherical harmonics basis, algebraic matrix, dipole

transition.
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1 Introduction

We consider the photodisintegration of some
light nuclei into three fragments. This process is
considered for nuclei with distinguished three-
cluster features, or, in other words, nuclei which
have the lowest three-cluster decay threshold. Such
nuclei are also called the Borromean nuclei. In the
present paper we will concentrate on the nucleus
°Be, which considered as a three-cluster
configuration a+o+n. These investigations are also
aimed at clarifying the existence and properties of
the 1/2" resonance state in *Be.

All investigations are carried out within a
microscopic three-cluster model. For this model we
will use an abbreviation AMHHB which indicates
that the model exploits the hyperspherical
harmonics basis (HHB) and thus reduces many-
channel Schrodinger equation to the algebraic
matrix (AM) form. The key elements of the
AMHHB were formulated in Reference [2] and then
applied to study the three-cluster continuum in light
nuclei.

4

In a set of publications [3, 4, 5, 6, 7, 8] the
photodisintegration of’Be into two alpha-particles
and a neutron has been considered within the
orthogonality condition model (OCM) which make
uses the Gaussian basis and the complex scaling
method (CSM) to locate resonance states. In these
papers the 1/27 excited state was shown to be a
virtual state situated a very close to the two-cluster
8Be+n threshold. It was also shown that a huge peak
of the photodisintegration cross section is created by
the virtual state in the two-body channel *Be (0")+n.

The three-cluster photodisintegration also
attracts numerous experimental studies. The recent
experimental measurements of the photodisinteg-
ration cross section are presented in References [9,
10, 11].

2 AMHHB
methodology

and coupled channels

In this section we present the main ideas of the
AMHHB method. Basic ideas of the method were
formulated in Reference [2]. In the present paper we
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will the same notations as in recent publications [1,
12, 13].

Any microscopic model is based on a
microscopic Hamiltonian, which includes a nucleon-
nucleon interaction and the Coulomb forces, and on
form of a fully-antisymmetrized wave function.

Within a three-cluster model, a wave function of
compound system with a partition A = A; + Ay + Az
is

{[cp (4,5

)(Ds(AvSS)]S
(1)

DI il

bl

SINACIAIS }

All notations are the same as in Reference [1].
We also refer to Reference [1] for explanation of
details of all parts of the wave function (1), quantum
numbers and the Jacobi vectors x and y.

By using hyperspherical coordinates

JM,

X = pcosé,
y=psinb, 2)
Qz{eﬂﬁﬁy})

the wave function (1) is represented as
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where K is the hypermomentum, Y, , , (Q) is a

hyperspherical harmonic. A set of quantum numbers
Z{K,II,ZZ,L}, “)

numerates channels of the three-cluster continuum.
The hyperspherical harmonics allow us to

employ the rigorous methodology coupled channels.

In this case the many-particle Schrédinger equation

transforms in a set of coupled equations for a
column vector of hyperradial functions:

V.
xp=|" |, (5)

Components ¥/, ( p) of the wave function (5)

are subject for boundary conditions, which were
discussed in detail in Reference [12]. The total
many-particle Hamiltonian A is split onto the

channel Hamiltonians H.. and [:[05 (¢c#c) for
coupling between channels. Both channel

Hamiltonians and coupling Hamiltonians contain
local and non-local componentsdue to the
antisymmetrization. In the channel Hamiltonians,
the local part consists of the kinetic energy operator
and the folding (or direct) potentials. On other hand,
the coupling Hamiltonians contains the local part
consisting of the folding (or direct) potentials only.
It means that there are contributions from the
interaction only, but not from the kinetic energy
term.

and PA[C&
obtained by sandwiching of the total Hamiltonian
between the  corresponding  hyperspherical
harmonics Y, and Y,

Hamiltonians H (c#c) are

(Afo0.0. | A{o0.0¥))

and integrating over all hyperangels and over those
Jacobi coordinates describing the internal structure
of interacting clusters. If we assume that the

antisymmetrization operator A= 1, we obtain the
local form of the Hamiltonians /7,

It is important to underline, that within the
coupled channel methodology, if we have Ne, open
channels then for each energy we have N
independent solutions (wave functions) which
describe all possible elastic and inelastic processes.
It is well known (see for instance, chapter 6 of book
[14] and Reference [15]) that the first wave function
is obtained by assuming that there is an incoming
wave in the first channel and outgoing waves appear
in all channels, the second wave function contains
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the incoming wave in the second channel, and so on.
Thus these functions can be marked by the channel c
which possesses both incoming and outgoing waves.
Thus, considering a photo- or electro-disintegration
of Borromean nuclei we automatically obtain N
cross sections of the process.

Suppose we obtained wave function of a bound

state 'V, ,
spectrum state with energy E; measured from the
three-cluster threshold. Then we can -calculate

probability of the dipole A=1 transition from bound
to continuous states

B(EAE,J, = E,.J,)=
1

T 2J +1

and wave function W £, of continuous

2 (6)

(5.9 Jo))
where

A 4] .,

Qﬂ.y :ZIE(l—i_TIZ)}/; Yly (r[)’ (7)
vector T, (T, =rT,) is a coordinate of the /" nucleon.
It is important to note that wave functions ¥,

and W, of bound and scattering states,
A

respectively, are normalized by the following
conditions
<lPE,-,J, ‘\PE,,J, > =1, ®)
<\PE/,J/. \PEf,j_/>=5(k_k)= )
where
2mE -~ [2mE

In this section we defined all necessary
quantities to perform the theoretical analysis of the
dipole transitions from the bound state of the
Borromean nucleus ’Be to its continuous spectrum
states.

3 Three-cluster photodisintegration *Be

In this nucleus, the 1/2" resonance state is a
mysterious state which is seen in one set of
experiments, but does not observed in other set of
experiments. Such a situation is also observed with
different theoretical models. It was shown in
References [1] and [16] that the AMHHB model
confirms the existence of the 1/2" resonance state.
These results were obtained with the modified
Hasegawa-Nagata potential [17, 18] in Reference
[1] and the Minnesota potential [19, 20] in
Reference [16]. Energies of resonance states in ‘Be
are determined from the three-cluster o+a+n
threshold.

In Table 1 we show the input parameters of
calculations for “Be and the energy of the ground
state, and energies and widths of the 1/2" resonance
states. These results are obtained in Reference [1]
with the MHNP and in Reference [16] with the MP.
Both potential creates at least two resonance states,
one of which is close to the three-cluster threshold
(E=0.248 MeV and E=0.338 MeV) and other lies at
energy E=1.664 MeV and E=1.432 MeV. Energies
of resonance states obtained with two different
nucleon-nucleon potential are close, however their
widths are quite different.

In Table 2 we display two-body threshold
energies of *Be(0")+n and *He(3/2")+a, as they play
an important role in the photodisintegration of °Be.
These energies are measured from the three-cluster
threshold and they include energies of the 0F
resonance state in *Be and the 3/2" resonance state in
*He, respectively.

Table 1 — Energy of the °Be ground state and parameters of the 1/2" resonance states

Input parameters Jm=3/2- J=1/2*
Potential b (fm) u/m E (MeV) E (MeV) I' (keV) E(MeV) I' MeV)
MP 1.285 0.9280 -1.555 0.248 15 1.664 1.520
MHNP 1.317 0.4389 -1.574 0.338 168 1.432 0.233
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Table 2 — Parameters of resonance states in two-cluster subsystem of °Be

Channel 8Be(0%)+n SHe(3/2)+a

Potential E (MeV) I' (keV) E (MeV) I' (MeV)
MP 0.172 0.748 1.059 1.116

MHNP 0.859 958.40 0.385 0.209

Let us turn our attention to the dipole transitions.
In Figure 1 we display the dipole transition
probability from the 3/2° ground state to the 1/2°
continuous spectrum states of’Be. The bar plots
indicate energy (the centre of the bar) and with of
the 1/2" resonance states. In Figure 1 we show the
dipole transition probability for three wave

functions of continuous spectrum state. These
functions are distinguished by the entrance channel
K =0, K =2 and K = 4. As one can see, the first
wave function is dominant-channel in the present
region of energy. Besides the first 1/2" resonance
state is created in this channel, the dipole transition
probability is very small.

1.0
n — =)
F— K = 2
= 08} :
=1 | - K=4
£ wzzzzza F =().338, ' =168
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Figure 1 — Distribution of the dipole transition probability over continuous spectrum states of *Be.
The bars present the energy (in MeV) and width (in keV) of the 1/2* resonance states.

It is interesting to note that shape of the function
B(El; 3/2° Ex=>1/2'E) is similar to the weight
of the internal part of the scattering 1/2+ wave
function.

The latter is displayed in Figure 2 for three

dominant wave functions of the 1/2" state generated
by the entrance channels with K=0, K =2, and K =
4, respectively.
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Figure 2 — Weights Wk(E) of the internal part of the many-channel wave function describing
three-cluster scattering in the state J*= 1/2%,

Contribution of the first 1/2" resonance state to  as for the second 1/2° resonance state. This
the dipole transition is shown in Figure 3. is a result of a kinematical factor that suppresses
One can see that the contribution of the first the dipole transition at the low-energy
1/2° resonance state is not as prominent  region.
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Figure 3 — The distribution of the dipole transition in *Be
around the first 1/2* resonance state.
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4 Conclusions

We have considered the photodisintegration of
the nucleus °Be. The consideration has been
performed within a microscopic three-cluster model
ata+n. The model employs the full set of six-
dimension oscillator functions to describe relative
motion of clusters. Oscillator functions are nume-
rated the quantum numbers of the hyperspherical
harmonics method. The hyperspherical harmonics
are very suitable for implementing the boundary
conditions for wave functions of three-cluster
continuous states. The dipole transitions from the
ground 3/2° state to the 1/2" states of three-cluster
continuum were studied in detail. We demonstrated
that the low-lying 1/2" resonance state weakly
contributes to the dipole transition probability, while

the second 1/2" resonance state has strong impact on
the dipole transition probability.
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Here we present time variations data of radon emanations in the surface layer of the atmosphere,
measured from January 2016 to June 2018. By means of spectral analysis method, we have analyzed time
variations and showed the presence of existing natural variations, mechanisms of which were described
by the authors in previous works. Authors measured the activity of natural beta-active radionuclides of
radon’s daughter decay products (DDP) in the surface layer of the atmosphere. The measurements were
performed with a beta-spectrometer “Progress” scintillation detector, which is located on the third floor of
the Faculty of Physics and Technology at al-Farabi Kazakh National University (KazNU). Measurements
of beta spectra were carried out with an exposure of at least for 2000 seconds and during the day up to 10
beta spectra were recorded. The built up time dependence of the integral values of the spectra shows that
seasonal variations of natural beta-active radionuclides are manifested on the background of diurnal
fluctuations. Thus, 1 day, 4 day, 7 day, 16 day and 30 day variations were found.

Key words: variations in time of radon; natural beta active radionuclides; coagulation; atmospheric radioactive

nanoparticles.
PACS number: 23.60

1 Introduction

The study of spatial topologies of radon
emanations in the atmospheric surface layers is
extremely topical, primarily due to the direct effect of
radon on human health [1]. The Earth's crust from the
initial moment of its formation contains natural
radioactive elements, creating a natural radiation
background. Radioactive isotopes of potassium-40,
rubidium-87 and members of three radioactive
families originating from uranium-238, uranium-235
and thorium-232 are present in rocks, soil,
atmosphere, waters, plants and tissues of living
organisms. The only gaseous product that is produced
during the decay of three families of natural
radionuclides is radon. 39 radon isotopes are known
(all are radioactive), three of which are natural: '""Rn,
20Rn and ?*Rn. Under normal conditions, there is
7*%10° g of radon in 1 m® of air [2].

Despite the fact that the oncological danger of
radon is known and studied for a long time [3-9], no
country in the world established standards for the
maintenance of radon and its daughter products in
premises until 1980. There was a need for rationing
doses to the population by radon isotopes. In the
Republic of Kazakhstan, these standards were also
introduced [10].

2 Experimental procedure and methodology

The measurements were carried out by
"RAMON-02A", an electronic radon radiometer and
its daughters, developed in the Republic of
Kazakhstan [11]. For stationary location in a room
or in a specially installed radio-ecological
observation station, it is intended for automatic
monitoring of the content of equivalent equilibrium
volumetric activity (EEVA) of radon Rn-222 in air

11
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in residential and industrial premises, as well as in
atmospheric air. The device measures radon’s
EEVA in the range 4-5 *10° Bq/m>. It uses an alpha-
spectrometric method of measurement based on
surface-barrier semiconductor detectors, and an
absorbent tape, designed for at least three thousand
measurements, is installed as a filter material, from
which the accumulated alpha activity of radon is
read.

The territories of Almaty are characterized by
the existence of extensive zones of tectonic faults.
World literature data show that elevated levels of
radon emanations are associated with existing
tectonic faults. On this reason, an object located in
the tectonic fault zone was selected for the study.

This work is a continuation of [12]. To measure
the time topology of the radon isotopes emanation in
a continuous mode in buildings and premises, we
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have selected room, located on the third floor at the
Faculty of Physics and Technology at al-Farabi
KazNU.

In order to increase the effect, i.e., to register
more powerful emanations of radon isotopes, a
stationary installation was installed near the large
Almaty tectonic fault, on one of its branches at the
campus of the university. To measure the equilibrium
and nonequilibrium components of radon isotope
emanation, two measuring instruments were placed in
the room with positions at a height of 1 m from the
floor level. The measurements were carried out for 10
months with a periodicity of 2 hours. The instrument
is automated to collect measurement results into a
common database, with which measurement results
were copied to a PC every 5 days. Figure 1 shows the
time dependence of radon activity in the first half of
2018.
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Figure 1 — The results of measurements in the experimental room using
a radiometer “Ramon-02A” for the first half of 2018
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3 Analysis of experimental data

Variations in the emanation of radon, as it was
shown in [13-21], depend on a rather large number
of factors exerting their influence. In Figure 2 there
are measurements of radon activity over a long
period.

In addition, the time topology of the experimental
data was analyzed by the method of spectral analysis,

—
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which is one of the main ones in the study of time
signals and allows us to characterize the frequency
composition of the measured complex spectrum. The
Fourier transform is a mathematical framework that
relates the time signal to its representation in the
frequency domain. An important role in spectral
analysis is played by statistical methods, since the
signals are usually random or noisy during
propagation or measurement.

1 January 2016 1 July 2016 30 December 2016

30 June 2017 29 December 2017

Figure 2 — The results of measurements in the experimental room using
a radiometer “Ramon-02A” for the period from 2016 to the first half of 2018

Mathematically, a signal with a duration of T
seconds is some function f (x) defined on the
interval {0, T} (where X is time). Such signals can
always be represented as the sum of harmonic
functions (sine or cosine):

+00 :
flx) = % + kz A cos (21!%36 +9k) (D
=1

where £ is the number of the trigonometric function
(the number of the harmonic component, the

flx) = % + Z laj cos(Zn%;\:) + by, sin(2n§x)]

k=1

number of the harmonic); 7 is the length of time in
which the function is defined (signal duration); 4y is
the amplitude of the k£-th harmonic component, 6; is
the initial phase of the k-th harmonic component.
This series can also be written in another form:

+oo -
flx)=Y fre™ =" )
k=—cc
where /i k| k-i complex amplitude, or
3)

13

29 June 2018
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The relationship between the coefficients (1) and (3) is expressed by the following formulas:

_ 2 2
Ak—wak+bk,

Note that all these three representations of the
Fourier series are completely equivalent. The
amplitude spectra were built up by the results of a
theoretical analysis of the time variations. Figure 3
presents the amplitude spectrum, which was
obtained on the basis of the description by formulas
(3, 4) of experimental data for the first half of
2018.

In the Figure 3, circles indicate the variations
that were identified in the experimental data. It is
known that the mechanism of radon emanation to
the surface of the Earth is complex [19-21]. In

100 1

b
O0r=arctg— 4)

k
ar

particular, from the inner surfaces of the Earth's
crust radon is transported due to the diffusion of
aerosols to the surface, to which due to electrostatic
attraction the radon atoms coagulate. The authors
carried out an areal measurements of soil samples of
the surface layer of the earth for the content of beta-
active radionuclides of radon daughters [22-25],
taken at different points of the city of Almaty.
According to these data, a map of the distribution of
the content of beta-active radionuclides of radon
daughters in the soil of the surface layer of the earth
was constructed.

Ak
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0,1 BN S S S S a— Pt
|
18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50

harmonics

Figure 3 — Amplitude spectrum to describe experimental data
on radon activity in the first half of 2018

Due to the fact that measurements of radon
emanation are quite complex and the results oftenly
depend on subjective factors effecting them,
measurements of the activity of beta-active
radionuclides of radon daughters in the surface layer of
the atmosphere at various points in time were
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performed. Measurements of beta spectra were carried
out with an exposure time of at least 2000 seconds and
during the day up to 10 beta spectra were recorded. A
typical beta spectrum of the radiation background is
shown in Figure 4. We have also built up a time
dependence of the integral values of the beta spectra.
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Figure 4 — Typical beta spectrum of radiation background

Figure 5 shows the integral values of the spectra active radionuclides is traced against the background of
(points) and values averaged over two days (solid line). diurnal fluctuations. This variation correlates quite well
It is clear that the seasonal variation of natural beta- with the variation of radon activity.
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Figure 5 — Time variations of natural beta active radionuclides.
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4 Conclusions

The paper presents experimental data of the
radon activity for the period from January 2016 to
June 2018. The analysis of time variations was
carried out by the method of spectral analysis,
which showed the presence of existing natural
variations, the mechanisms of which were described
by the authors in previous works [12, 19-25]. The
authors measured the activity of natural beta-active
radionuclides of radon daughters in the surface layer
of the atmosphere. The measurements were
performed with a beta-spectrometer with a
“Progress” scintillation detector, which was located
on the third floor of the Faculty of Physics and

Technology, al-Farabi KazNU. The time
dependence of the integral values of the spectra
showed that seasonal variations of natural beta-
active radionuclides are manifested on the
background of diurnal fluctuations. 1 day, 4 day, 7
day, 16 day and 30 day variations were found.
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Nuclear states observed around threshold energies provide us with interesting problems associated with
the nuclear cluster structure [1, 2, 3, 4]. The first excited J* = 1/2" state of °Be [5], which is an o+ o + #
Borromean nucleus, is one of the typical examples in light nuclei. This state of °Be has been observed as a
sharp peak above the ®Be + n threshold energy in the photo-disintegration cross section of y+*Be— a + a
+ n [6, 7]. The strength of the peak has a strong influence on the reaction rate of the °Be synthesis. We
performed the calculations using an o + o + n three-body model [8, 9] and the complex scaling method
(CSM), which well reproduces the observed photo-disintegration cross section. However, the result
indicates that the 1/2* state shows the s-wave virtual-state character of 8Be+n. In addition to this problem,
we discuss a mirror state problem of the first excite 1/2* state in °B.

Key words: cluster model, photo-disintegration cross section, virtual state.

PACS numbers: 21.60.Gx, 25.20.-x, 26.20.Np

1 Introduction

Nuclear states observed around threshold
energies provide us with interesting problems
associated with the nuclear cluster structure [1, 2, 3,
4]. Most of them are also interesting astrophysically
from the viewpoint of nucleosyntheses. The first
excited J* = 1/2" state in *Be [5], which is an o + o +
n Borromean nucleus, is one of the typical examples
in light nuclei.

The reaction rate of the “He(an, y)’Be reaction is
crucial to understand the productions of heavy
elements. In the a(an, y)’Be reaction, a sequential
process, *He(a, Y) Be(n, Y) ‘Be, has been
considered as a dominant one. However, owing to
the short life-time of the *Be ground state (~ 107'°
s), a direct measurement of the *Be(n, y)’Be reaction
is impossible. For an alternative way, the cross
section of its inverse reaction, 9Be(y, n)*Be, has
been measured to deduce the cross section of *Be(n,
v)’Be.

The low-lying 1/2" state have a impact on the
reaction rate of *Be(n, y)’Be in stellar environments.

18

This state of “Be has been observed as a sharp peak
above the ®Be + n threshold energy in the photo-
disintegration cross section of y + "Be— o + o + n
[6, 7]. The strength of the peak has a strong
influence on the reaction rate of the °Be synthesis.
From a theoretical side, it is interesting to answer
how the low-lying 1/2" state of *Be contributes to
the *Be(n, v)’Be reaction.

We perform the calculations using an o + o + n
three-body model [8, 9] and the complex scaling
method (CSM) [10, 11]. Applying the three-cluster
potential, we show that the observed photo-
disintegration cross section [6, 7] is well
reproduced. And, the result indicates that the 1/2°
state shows the s-wave virtual-state character of *Be
+n.

In this report, we explain our results of the first
excite 1/2" state in *Be in comparison with those of
other previous studies [12 - 17], because it has been
a long-standing problem whether the 1/2" state is a
resonant or virtual state. In addition to this problem,
we discuss a mirror state problem of the first excite
1/2" state in °B.
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In the next section, we will briefly explain the a
+ o + n three-body model [8, 9], and show the
results of the photo-disintegration cross section. In
Sec. 3, the result of the complex scaling method for
the 1/27 state is discussed to show no resonance
solutions for °Be. In Section 4, the 1/2" state in ’B is
shown to be obtained as a resonant state, and the
comparison of energy levels for *Be and °B is
discussed. Finally, summary is given in Section 5.

2 Photo-disintegration of *Be

To understand the origin of a low-energy peak
in the photo-disintegration cross section just above
the ®Be + n breakup threshold energy in *Be, we
investigate the E1-transition strength using an o + o
+ n three-body model [8, 9]. The Hamiltonian for
the relative motion of the a + a + n three-body
system for *Be is given as

3
H = ti - Tcm +

i=1
+ X1 Van (§) + Voo + Vor + V3, (1)
where t; and T.n are kinetic energy operators for
each particle and the center of mass of the total
system, respectively. The interactions between the
neutron and the a particle is given as V,,, (&;), where
&, is the relative distance between them. We here
employ the KKNN potential [18] for Van. For the
a-a interaction V., we employ a folding potential of
the effective NN interaction [19] and the Coulomb
interaction:

4 2
Voo (1) = voexp(—ar?) + %erf(Br), 2)

where vy = —106.09 MeV, a = 0.2009 fm 2, and p =
0.5972 fm™'. The pseudo-potential Vpp = A|@pr ) (

Vpe| with A = 10° MeV is expressed by the
projection operator to remove the Pauli forbidden
states ®@pr from the relative motion of a-o and o-n.

In the Hamiltonian of Equation (1), two-cluster
potentials V4, and V, are fixed so as to reproduce
the observed scattering data of an and a-o,
respectively. Since the antisymmetrization effects
are taken into account by the Pauli-potential Vpr but
a three-cluster exchange effect is not included
explicitly in this calculation, we introduce the
phenomenological three-cluster potential Vi3 to
investigate the photo disintegration of °Be by
reproducing the breakup threshold energy into o +a
+n. The explicit form of V3 is given by

Vs = vsexp(—up?), (3)

where p is the hyper-radius of the o + a + n system.
The hyper-radius is defined as

8
p?=2r?+ 5RZ, 4

where r is the distance between two a-particles and
R is that between the neutron and the center of mass
of the a + o subsystem.

In Figure 1, calculated photo-disintegration cross
sections are shown. The dashed and dotted lines are
results with and without the three-body potential of
vy = 1.10 MeV and g = 0.02 fm. The black solid
line represents the cross section calculated by using
an attractive three-body potential with v; = —1.02
MeV. The experimental data below E, = 2.2 MeV
are taken from References [6, 7]. The arrow
indicates the threshold energy of the *Be(0") + n
channel.

The result calculated with an appropriate
strength v3 of the three-cluster interaction well
reproduces the cross section peak observed just
above the *Be(0") + n threshold.
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Figure 1 — Calculated photo-disintegration cross sections
in comparison with experimental data.

3 The virtual-state property of *Be (1/27)

For the problem that the first excited 1/2" state
in °Be is resonant or virtual state, we have many
studies so far [12 - 17]. To see whether the peak of
the photo-disintegration cross section is due to
resonances or not, we apply the complex scaling
method to the a+ o + n model and search for the
1/2°  resonant states. The complex-scaled
Schrodinger equation is given as

HOW,(0)=E¥,(6), )
where J is the total spin of the a+a+n system. The
complex-scaled Hamiltonian and wave function are

HY = UO)HU~1(0),

(6)
w,(60) = U(O)Y,,

20

respectively. The complex scaling U(6) with a real
parameter 0 < 0 < 45¢ transforms the relative
coordinates as

u®); r-re, R— Re'?, @)

The calculated eigenvalue distribution of the
1/27 states is shown in Figure 2. The result indicates
no resonance solutions for 8 = 15°. Although there
may exist a resonance solution with a large width,
which cannot be solved with 8 = 15°, it is not
consistent with observed data of the width I' =
217410 KeV [5]. And we could not find such a
resonant state by the analytical continuation for the
three-cluster potential strength [8].

On the other hand, we obtain the resonant
solution for the 1/2" state in the mirror nucleus °B,
where the same Hamiltonian (Equation (1)) for the o
+ o + p model with the
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Figure 2 - Energy eigenvalue distribution of 1/2* states of 9Be measured from the
o+a+n threshold with scaling angle 6 = 15°. The solid, dashed, and dotted lines represent
the branch cuts for ata+n, $Be(0%) + n, and He(3/27) + a continua, respectively.

Coulomb interaction for the proton p are used.  reproduced by the Coulomb interaction between the
In Figure 3, the 1/2" resonant state is shown with a  valence proton and two a clusters, which does not
circle. This resonance solution is understood to be  exist in the a + a + n system.
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Figure 3 — Energy eigenvalue distribution of 1=2+ states of 9B measured from the
a + o + p threshold with scaling angle 8 = 15°. The solid, dashed, and dotted lines represent
the branch cuts for a+ a + p, $Be(0") + p, and °Li(3/27) + o continua, respectively

The virtual state property of the 1/2" state in “Be  potential. Furthermore, it is shown that we cannot
was studied in detail by using the *Be+n model [20-  distinguish virtual state from resonant state in the
30]. It is confirmed that the virtual state of the neutron  shape of the cross section peak, when the resonance
s-wave is embedded in the continuum without a barrier ~ appears at a very small energy from the threshold.
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4 Mirror States in °Be and °B [9]. The energy levels of °Be are presented in Figure 4

together with experimental results [5]. The first excited

In addition to the 1/2" state, low-lying states of "Be ~ 1/2" state does not have correspondence in the present

are calculated within the o+ o + n model. The calculation, and the 3/25 state is predicted to be about

observed photo-disintegration cross sections [6, 7] are 1 MeV lower than the experiment. However, other
shown to be well explained over a wide energy region  states are well reproduced.
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Figure 4 — Energy levels of °Be. The present calculation is compared
with the experimental data taken from Ref.[5]

In Figure 5, we show the present result of states, are well reproduced except for the first
energy levels for B in comparison with observed  excited 1/2° state. The calculated state is rather
data [5]. The low-lying states, which are all resonant  higher than the experimental one.
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Figure 5 — Energy levels of °B. The present calculation is compared
with the experimental data taken from Ref. [5]
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This state of °B is the mirror of the virtual state
in °Be, which is understood to have the s-wave
configuration of the neutron around the *Be (= a-+a)
core. The Thomas-Ehrman effect [23] suggests that
the s-wave proton of the mirror nucleus has a weak
effect from the Coulomb interaction. Then the
energy shift of the s-wave proton configuration is
expected to be smaller than those of other states.
Thus, the present result shows an inverse tendency
of the energy relation between the 1/2" states in *Be
and °B.

5 Summary

It has been a long standing problem that the peak
of the photo-disintegration cross section observed just
above the *Be+n threshold in ’Be causes from the
1/2" resonant state or a neuron s-wave virtual. The
complex scaled a + a + n model shows to reproduces
the observed peak of the 1/2° state due to a neuron s-
wave virtual state of ®Be(0") + n. We discussed a
gnirror state problem of the first excite 1/2" state in
B.
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Many problems of numerically solving the Schrodinger equation require that we choose asymptotic
distances many times greater than the characteristic size of the region of interaction. The problems of
resonance diffraction for composite particles or the problem of nucleon scattering by nonspherical atomic
nuclei are examples of the need to use a large spatial domain for calculations. If the solution to one-
dimensional equations can be immediately chosen in a form that preserves unitarity, the invariance of
probability (in the form of, e.g., fulfilling an optical theorem) is a real problem for two-dimensional
equations. An addition that does not exceed the discretization error and ensures a high degree of unitarity
is proposed as a result of studying the properties of a discrete two-dimensional equation.

The problem for scattering of rigid molecules by the disks was successfully solved using an improved
sampling scheme that provides the correct asymptotic behavior. Corresponding diffraction scattering

curves are of a pronounced resonance nature.

Key words: Numerov’s method, resonance diffraction, Babine’s principle.

PACS numbers 2.60.—x, 03.65.Nk, 34.50.—s

1 Introduction

In numerically solving problems whose
mathematical notation is expressed in terms of the
two-dimensional Schrodinger equation, there is the
problem of a loss of accuracy for finite difference
schemes. It is associated with the need to travel long
distances relative to the characteristic size of the
potential range. Such situations arise in the
scattering of slow particles at long scattering
distances or with the scattering of fast particles with
pronounced diffraction when we need to go beyond
the region of the diffraction shadow in the
calculations.

The problems of resonance diffraction for
composite particles [1, 2] or the problem of nucleon
scattering by nonspherical atomic nuclei are
examples of the need to use a large spatial domain
for calculations. Expansion in spherical functions in
this case loses both physical and mathematical
meaning because of the non conservation of the

angular momentum in the scattering process. The
standard approach, which uses amplitude notation in
an explicitly unitary form, thus becomes an
inoperative tool. We can, of course, choose a
solving scheme based on some averaging of the
nonspherical potential (by, e.g., means of folding
[3]) and leaving the error of the means of solving
without any possibility of analysis. This problem
arises not only in the two examples given above,
and it is solved in different ways for specific cases
in theoretical physics, nanostructure physics, and
related fields of chemistry, medicine, and atomic
interferometry [4-8].

2 Material and methods

Let us write the Schrodinger equation in a two-
dimensional axially symmetric case for a scattering
problem (here and below, we use a system of units
in which the Planck constant and the Boltzmann
constant are 1 in analogy with [4])
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AY(7)-V (F)(F) =—k>¥(7),
(D)
_ & 28,1 1 98

0
R W T M ST

Here, k> =2mE is a wave parameter,E is the
energy of the system, and W(7)=¥(r,9)is the
wave function. Note that the energy in the selected
system of units ismeasured in ones that are inverse
to the square of thelength. The potential is limited in
some area V' =0with r>r,. The asymptotic form

of the wave functionin a region greater than some
asymptotic radius 7, : ¥ > 71, >> 1y,

¥ (7)o +f(9)£(1+0(1jj,

r r

determines scattering amplitude f(:$), which obeys
optical theorem [9]

o= 2nﬂf(9)\2 sin(9)d9 = 4k—“1mf(0),
0

where o is the total cross section. This ratio (the
conditionfor invariance of probability) can be used
as acriterion of accuracy for the numerical solution
to theproblem.We must choose a sufficiently high
value of parameter 7cthat determines the region of
the asymptoticsolution in the numerical solution to
the scatteringproblem. Asymptotic distances several
hundred unitsof the problem’s length for
characteristic values 1, =1 — 3and k < 30must

extend beyond shadow region 7, >, (kr,)in the

problem of the quantum scattering of particles on a
nonspherical potential [1].

The limiting accuracy of calculations for such
distancesis determined by the ignored asymptotic
term (i.e., it can be a fraction of a percent). The form
of potential V' (7)requires the use of asmall

parameter for the sampling step. This ensuresthe
accuracy of the solution, but considerably
extendsthe estimated time. Two sampling steps are
used toadvance the calculations for continuing
quantum  scatteringstudies on  nonspherical

potentials [1,2]. Forr <7, =7, we choose fairly

small step Ar =0.001, which guarantees sufficient
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accuracy 0((Ar)2)in the range of potentials, and
Ar, =2"Arwith  n~4-5for
However, this choice results in as much as10%

deviation in fulfilling the optical theorem.
Thesedeviations are much larger than the sampling

step r>r,.

error O((Ar2 )z)for finding the wave function. Such
anerror in the phase of asymptotic wave function
neverthelessresults in considerable deviation from
theoptical theorem.

The importance of loss of accuracy can
beexpressed in a one-dimensional example. Let us
considera one-dimensional free equation for
@ =rY and its finite difference approximation

o(r+ Ar)=2¢(r)+ ¢d(r—Ar) N
(ar)’
+kg(r)+0((ar)') =0

d—22¢+ K¢(r)=0—>
dr

Replacing the value of the function at points
¢@(r £ Ar) with a Taylor expansion, we obtain

& (Ar) &*
P+ o

s o(r)+ K p(r)+0(ar) ) =0

The solutions to this equation have the form

oxp ﬁ\/—3+«/9—3(Ark)2r

Ar

Expanding the exponent in a series with respect
toAr, we obtain

ikr + 214 ikr(Ark ) + O(AFY) . (2)

Since this expression is in the exponent, the
secondterm can be ignored only if it is small in
1
comparison to unity (ﬂkr(Ark)z << IJ. This
inequality is certainlynot satisfied for very large r.

For example, phase term 214kr(Ark)2 =0.05543r

at Ar=0.016, k£ =+/300, and becomes equal to
5.5 when r=100. The problem ofthe loss of
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accuracy is thus due to the incongruity ofthe exact
asymptotic form and the asymptotic behaviorwhen
solving the equation in finite differences.The same
result can be obtained in general form.Let us find
the solution to finite difference equation

$(r+Ar) = 29(r) + $(r—Ar) |
(ar)
+h2g(r) =0

y e 3)

by substituting function ¢ = exp(ik,;r) in it.
Thisleads to the equation for keff :

4sin’ (kengrJ =i (Ar) .

The finite difference equation thus has an
exponentialsolution with wave parameter ke/f :

kAr) ) kAr)
(1 + ( 12) jexp(zkeffAr) — 2(1 + (12)

J + (1 + (klA;)z] exp(—ikeﬁ,Ar)

k= 2arcsin(wj/Ar.

Expanding £, 7 In a series with respect to Ar,

we obtain
k= kt k(KA +—k(kAr) +
i 24 640

+%k(kAr)6 +0((kar)')

As expected, the first terms of the series
coincidewith Eq. (2).In a similar manner, we can
obtain the value of k, for more complicated
problems, e.g., for two-dimensionalSchrodinger
equation (1), sampled usingNumerov’s method to an
accuracy of O (Ar)4 . Wemust in this case solve
the following finite difference equation

(ary

It yields
3kAr

. 36+ 3(kar))
g Ar

2arcsin

without quadratic terms with respect to Ar as a
series expansion

1

by =k KB +o(ary)

eff

)

The deviation of the correct asymptotic behavior
fromthe solution to Eq. (4) thus occurs at much
greater distanceswhen using Numerov’s scheme.

1
For example, the value M;’mk(A rk)4 at T =

100 is 0.02, determiningan error of 2% in the
unitarity condition whenusing the problem
parameters Ar =0.016, k =+/300.Such a scheme

can be used for a two-dimensionalequation with
twice differentiable interaction potentials.

+k°=0,... 4)

Unfortunately, it does not work when using
potentials with sharp boundaries. We propose

(karY

introducing small term — k? 1 into Eq. (3). On

the one hand, this term has a low degree
ofdiscretization error in the range of potentials; on
theother, it is the compensating term for the free
equationand brings its discretization error down to

o(ar):

o(r+Ar)=2¢(r)+ ¢(r — Ar) N
(ary

. (kAry ~
+k [1——12 J¢(r)—0.

j—;¢+ Ké(r)=0—

In this case, we obtain for £, the equation

2arcsin(klA2r 36+ 3(kAr)’ )

ko=
@ Ar

b
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whose series expansion

1

=k— K (ar) +olary).

k.

has a numerical factor in front of (A r)4 that is even
less than in expansion (5), ensuring 99-97%
unitarity withthe most stringent parameters of the
problem.

The computational error does not exceed 0.5% in
testreductions of the sampling step (down to

Ar=0.008 ).

3 Results and discussions

The problem of the scattering of a rigid
diatomicmolecule on a thin disk was solved by
using the correctasymptotic behavior. The barrier
potential of a disk in cylindrical coordinates
p=rcosJand z=rsinis written in the form

Parameters V,adetermine the disk size. In
analogy with the problem of a rigid moleculepassing
through a barrier [4], the potential in Eq. (1) for the
model of a rigid molecule has the form

V(p,z+d/2)+V,(p,z—d/2),

where parameter dcorresponds to the size of a
scatteredrigid molecule.The difference between the
scattering of a moleculeand a point particle equal to
its mass is best seen inbackscattering, so not only
the scattering cross sectionsof the molecule but also
the backscattering cross section for a particle with a
mass equal to that of twoatoms are shown in the
figures below. This cross sectionmust have the form
of monotonic energy and rapidlyshrink at energies
above that of potential barrier(the disk potential).
Barrier height Vpoin the abovecalculations was
assumed to be 333.2A72(4000 K fora hydrogen
molecule). The figures show the total crosssections
along with those into the front and rear
hemispheres.The cross section into the front (rear)

Vi p< RH‘ Z‘ <al2, hemisphereis detennined ip t.he same way as the
v, = total crosssection, but the limits of integration over
0: p>Rum ‘Z‘ >al2. the angle arefrom 0 to 1t/2 (from /2 to ).
o, A2
40 1
30 = =01 = = -
A el A
20 o R
01— PR
TN e A 4
0 -t N L I — l_ — T — T L [ T l T l T l
0 100 200 300 .. 400 500 600
E,A?

Figure 1 — The scattering cross sections of the hydrogen molecule

onthediskatR=3A.1-0,2-053

— o», 4 — backward scattering cross section

for a particle with a doubled hydrogen atom mass
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Figure 1 shows the results from calculating
thedependence of the total scattering cross section of
rigidhydrogen molecule H, by a thin disk with a
radius of 3 A and a width of 0.2 A on the energy.
Parameter dis0.7416 A for hydrogen [10]. It can be
seen that the backscatteringcross section of the
molecule generallyrepeats the pattern of the
scattering cross section for anunstructured particle,
but it has characteristic resonance deviations.

The diffraction scattering cross sections of
rigidberyllium molecule Be,are given for comparison
in Figure 2. Parameter d is 2.47 A [11, 12]. The

2

o, A

greater numberof quasi-bound states are due to the
greater distancebetween atoms that is observed on the
cross section by a large number of resonances. The
main dips inthe cross section (resonances) coincide
with the positionsof the energy levels in a rectangular
one-dimensionalwell with a width of d, just as in the
pattern forthe resonant passage of a rigid molecule
[4]. This leadsto the differences between the
scattering of hydrogenand beryllium molecules
observed in the figures. Thenumber of minima in the
total scattering cross sectionof a rigid beryllium
molecule is much higher.

I LIS P POy R i v \ o : : 3
20 st s 2 e B 4
0 T T y T T T J T '- - -'.I-l_ ) T
0 100 200 300 .. 400 500 600
E A"

Figure 2 — The scattering cross sections of the Beryllium molecule
on the disk at R = 3 A. Numerical line are liked one in Figure 1.

The calculation of two-dimension scattering at
non-symmetrical center can be used for problem
of scattering at holes in infinity wall. The

Babinet's principle [13] has been used for it.
The numerical example is presented by
Figure 3.

29



Asymptotic behavior of numerical solutions ... Phys. Sci. Technol., Vol. 6 (No. 1), 2019: 25-32

50
40 |\
30
< :
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Figure 3 — Comparison of beryllium atom scattering at an energy
of 100 A2 R3 is the scattering on a disk of 3 A, R1 is scattering on
a disk of 1 A, Ring is scattering on a ring 3 A wide with a hole of 1 A.
It can be seem, that calculated scattering on the The calculation of scattering on hole is
disk with big radius is equivalent a sum of scattering  presented at Figure 4.
on ring with external radius which equal big disk’s It can seem that the resonance structure is exist
one and little disk with radius which equal hole’s  here too.

one.
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Figure 4 — Diffraction of beryllium on hole R=2 A.
Numerical line are liked one in Figure 1

4 Conclusions problem length E were determinedby the interaction
parameters. A femtometer (fm) isconveniently
chosen as units of length in problems ofnuclear

physics. The proposed way of correcting for

The problem for scattering of rigid molecules
bythe disks was successfully solved using an

improvedsampling scheme that provides the correct
asymptotic behavior. The result could be useful for
analogical topics of investigation [14-22].
Corresponding diffraction scattering curves are of a
pronounced resonance nature. The units of the

thewave parameter in asymptotic behavior can thus
beapplied in different areas that study diffraction
using two-dimensional differential equations (e.g.,
in studyingparticle scattering by nonspherical
atomic nuclei).
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The fundamental equation of the field theory in De Sitter pulse 5-dimensional space is obtained. The
wave function, subordinated to this equation in usual space-time, doubles. One of these functions,
probably to consider as the candidate on “the Phantom field” responsible for expansion of the Universe
with acceleration. The cross sections of e"e” > e"e™ , e et - e e’ and e"et - u u* processes at
high energies calculated taking into account polarized initial and final particles. Is estimated contribution
FM to cross-section sections. Some experimental consequences are predicted. In all these calculations the
polarization of particles be taken into account. The Lagrangian of quantum electrodynamics with the
fundamental mass is chosen as an effective interaction Lagrangian. All the calculations are made in the
Euclidian space, the transfer to the ordinary pseudoeuclidian space is established in the final expressions
only. The approach has been based on the assumption that the momentum space possesses the geometric
structure of a de Sitters pace of constant curvature. A key role has been be assigned to this constant radius

of curvature.

Key words: field theory, De Sitter pulse, cross sections, quantum field theory.
PACS numbers: 10, 04.20.-q, 03.67.Lx, 04.62. + V, 02.30.1x

1 Introduction

This work continues earlier researches of the
academician of Kadyshevsky V.G. and its pupils
[1,2] towards constructing a consistent new
Quantum Field Theory (QFT) with fundamental
mass (FM) M, defining a hypothetical but universal
scale in the region of ultrahigh energies. From a
theoretical point of view the fundamental mass M
and corresponding the fundamental length ¢ =
h/Mc are supposed to play a major role such as
Planck's constant #, the speed of light ¢ or Newton's
gravitational constant . The existence of so-called
ultra-violet divergences, i.e., infinitely large values,
arising as a result of direct application of equations
QFT in area of very small space-time distances, or
equivalently, to the region of very high energies and
pulses is one of lacks of standard QFT. There were
ideas about presence of a new universal constant
dimension of mass or length in nature [3.4,5,6],
which would fix the certain scale in the field of high
energies or on small space-time distances because of
the purpose to give the decision of this problem in

the most various contexts. They testify only that the
modern high-energy physics still far will defend
from that boundary behind which can be shown new
geometrical properties of space-time. From a
position of today it is represented to many theorists
rather probable, that the “true” theory of the field,
capable to give the adequate description of all
interactions of elementary particles, will be at least
renormalized by Lagrange theory having local
gauge supersymmetry. It is asked, whether such
scheme can contain such a parameter as the
fundamental length? The future experiments can
give the answer to this question only. However,
numerous attempts to construct more general QFT,
proceeding from such parcels, did not give essential
results. This failure is probable speaks that for today
the mathematical theory of spaces which geometry
only “in small” differs from (pseudo) Euclidean
geometry is not developed almost and, especially, in
similar kinds of spaces the mathematical device
adequate to requirements QFT is not advanced. But,
the output from the created situation is prompted by
QFT. As it is known, within the framework of this
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theory space-time description is completely equal in
rights with the description in terms pulse-power
variables. If the theory is formulated in pulse
representation fields, sources, Green's functions and
other attributes of the theory appear certain in four-
dimensional (pseudo) Euclidean p-space. This
modified quantum field theory has an elegant
geometrical basis: in momentum representation one
faces a momentum space corresponding to de Sitter
space of curvature radius [1,2,7,8]. The approach
developed earlier has been based on the assumption
that the momentum space possesses the geometric
structure of a de Sitters pace of constant curvature.
A key role has been be assigned to this constant
radius of curvature.

2 Theory

Experimental Detection of the new fundamental
scale testifying to existence specific atoms of space-
time, would mean, that in knowledge of a nature the
new step, commensurable on the value with opening
quantum properties of a matter is made. According
to modern data, if the constant € also exists then if
submits to restriction £ < 1071% cm. This boundary
still extremely far will defend from “Planck lengths”
Cpianck~10733 cm, determining spatial scales of
effects of quantum gravitation. And, certainly, it is
impossible to exclude, that in process of overcoming
an enormous interval 10719 — 10733 cm will be
open the new physical phenomena and laws,
associate with new “scale of a nature”
fundamental length #.

In the papers cited [9], the key role was played
by the following geometric idea: to construct QFT
providing an adequate description of particle
interactions at super high energies, one should write
down the standard field theory in the momentum
representation, and then pass it from the Minkowski
p-space to the de Sitter p-space with a large enough
radius.

The de Sitter space has a constant curvature.
Depending on its sign there are two possibilities

ps — pi —p5 —p5 +pé = g¥iPeP, = M?; (1)
K,L=01235
00 _

11 — _ 422 —

(positive curvature: g -9 -9 =

_g33 — gSS — 1)

ps — i —p5 —p3 —pé = gXPPeP, = —-M?% (2)

34

K,L=0,1235

(negative curvature: g°- = —g
_g33 — _955 — 1)

The non-Euclidean Lobachevsky imaginary 4-
space (2) is also called the Lobachevsky imaginary
4-space. It is natural that QFT based on momentum
representation of the form (1)-(2) must predict new
physical phenomena at energies E > M. In
principle, the parameter may turn out to be close to
the Planck mass

hc
MPlanck = \/; =~ 1019 GeV.

Then, the new scheme should include quantum
gravity. The standard QFT corresponds to the
“small” 4-momentum approximation
Ipol, 1Bl « M, p° = g>ps =M,
which formally can be performed by letting M — oo
(flat limit). Such features of the considered
generalization of the theory as geometricity and
minimality are intriguing. This is due to the fact that
the Minkowski momentum 4-space having a
constant zero curvature is a degenerate limiting form
of each of the spaces with constant nonzero
curvature (1)-(2).
If we substitute in (2) standard

Pu= o
and

receive the quantum version of the de Setter
equations (2) in five-dimensional field equation

M2c?
hz

92 92

dxHdx,  OxZ

d(x,x%) =0, 3)

©=012,3.

We deliberately use in (3) the normal units to
emphasize those three universal constants A, ¢ and
M are grouped into one parameter-fundamental
length £ = h/Mc. Eq. (3) may be considered as the
“fundamental” equation of motion. It is natural to
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extend the term “fundamental” to eq. (3) itself (for
short f.e.). All the fields independent of their tensor
(or spinor) character must obey eq. (3) since similar
universality is inherent in the “classical” prototype,
i.e. — de Sitter p-space (2). As applied to scalar,
spinor, vector and other fields we shall write down
the five-dimensional wave function ®(x, x°) in the
form @(x,x°), Py (x,x°), A,(x,x°),.. . The field
theory based on fe. (3) turns out to be more
consistent and more general than the scheme
developed in the de Sitter p-space (2). Thus, by
virtue of (2) the 4-momentum components should
obey the constraint

which does not follow from eq. (3). Indeed, passing
in (3) to a mixed (p, x°) representation we get the
equation

2
P2+ M2+ |o@a®) =0, @
X5
having a solution at all p? including the region p? +

M? < 0. Consequently, p°> = /p? + M2 now takes
both real and pure imaginary values. For further

application let us define this

generalized function

quantity as a
p° =yp?+m?2+i0 =

Jp2+ M2, if p2+ M2 >0
={ (%)

iyp2+ M2, if p2+ M2 <0

with (5) one can easily write down the general
solution of (4)

®(p,x°) = cos (xS\/p2 + m? + iO) D(p,0) +
+ sin(x51/p2+m2+i0) D (p,0)

p2+m2+i0) x5 ©)

where the “initial data” of ®(p,0) and a‘I;iPS.O)

determined at all values of 4-momenta. The Fourier
transformation of (6), results in the formal solution
of fundamental equation (3)

d(x,x%) = ! e~ PX d4pd(p,x°) = 1 e~ PXd4p x
2n)3/? ’ (2m)3/2

. sin(x°y/p2+m2+i0) g (p.0
X {cos(xSW/p2 +m? + 10) ®(p,0) + E/p2+m2+i0) ) agfs ) (7)
To compensate growing terms 92 9% 2
iaxMaxM axZ M ]CD(x X ) 0, ®)

ch(y/—p? — M2x®) and sh(y/—p?% — M2x")

and thus to give the meaning to integral (7), the

(p)

arbitrary function ®(p, 0) an should obey at

least the exponential conditions of decreasing in the
region

p2+ M? <0asp — oo.

9P (p,0)

x5 °

In other words, ®(p,0) and
the above criterion, form a class of functions which
admits a correct formulation of the Cauchy problem
for f.e. (3) with respect to the variable x°

satisfying

P06 o_y = Gz ) e PO, 0%, )

2 5 _
dx5 O, x )|x5=0 B

_ 1 —ipx 0P(p,0)
“a) T e A,

(10)

It should be noted that if we would develop the
Euclidean version of QFT, the f.e. would have the
form

2+ 2+ M2 o5 =0 11
ox2 = oxZ XX7) =0, (1)
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n=1234

the region p2 > M?, would be an analog to p? +
M? <0 and the condition of correctness of the
relevant Cauchy problem for f.e. (10) would require
the initial data in the p-representation, ®(p,0) and
92(p,0)
ax
p2 = M?. Thus, the fundamental mass M in some
sense should play the role of the cutoff parameter in
the ultraviolet region.

, to decrease exponentially outside the sphere

3 Results and discussion

Let us explain why one should pose the Cauchy
problem for f.e. with respect to the coordinate x>
and just in the correct formulation. The point is that

the Cauchy date ®(p,0) and ——— i (p 9 are the fields

defined in the four- dlmensmnal Space—tlme. Their
number depends on the order of the differential
equation (8) with respect to the variable x°. If the
Cauchy problem (8-10) is correct, the f.e. solution is
given by the Fourier integral (7), being unique by
construction. Consequently, there is a one-to-one
correspondence

5 D(x,0)
d(x,x°) © (6CI>(x,0)/6x5)

(12)

In other words, the statement that to each field
in the 5-space there corresponds its wave function
®(x, x°), obeying f.e. (3), implies that each of these
fields in the usual space-time is described by the
wave function with a doubled number of
components

(sotrornns) = (o2) (13)

We should like to note that having placed the
Cauchy problem equation (3) for with respect to the
coordinate x> and just in the correct formulation in
the basis of QFT, in fact, we have introduced a new
concept of the field, which is not equivalent to the
notion of the field developed in the theory with
constant curvature momentum space.

From here we see that fields are doubled. It
appears the field ®,(x) participates only in
interactions. Due to it there are new members in
diagrams. Then, it is natural to assume that the
initial data obey the Lagrangian equations of motion
following from the action principle

36

S=[d*xL [Cb(x 0), D, 0)].

(14)

The basic problem of the new theory was is to
construct explicit expressions for the Lagrangians

L [CD( 0) 6<D(x0)

clarify the meanmg of additional field variables and
to extract new physical effects in the region of
super-high energies E > M. Partially, this problem
has been solved earlier [3-6, 17-20]. Thus, a
doubled number of field degrees of freedom specific
of the new scheme disappears as M — co. Hence,
specifically,

] in physically interesting cases, to

6¢(x 0)

im L[ 0. 5552 (15)
Moo = L[<I>(x, 0)]
Certainly, if in formulating the Cauchy problem
we imposed the initial conditions at an arbitrary
fixed value

x° = const,

then all our conclusions would be the previous ones
and the formulae would undergo trivial changes. For

instance, there would appear the following
expression for the action
_ 4 5y 9P(xx5)
S=fg e, AL [q>(x,x ), 22 (16

Thus, we receive actions for scalar, Dirac and
vector fields. Basically symmetry of the equation of
motion-simultaneously is the symmetry of action.
Therefore it is satisfied

0S/0x° = 0.

Let's consider for a neutral scalar field ®(x, x%)
particles with zero mass. According to

d(x, x%) =~ eM°d(x, 0),

in the limit M — oo

@(x, x5) = e™M* @(x, 0). (17)

The choice of a solution of f.e. in the form of
(13) corresponds to the following initial data (5,6)

@(x,x%) = @(x),
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i 0(xx®)
M xS

= X(x).

We can conclude that of the two field functions

0(x) = ¢(x,0) and X(x) = -, 2452
new formalism to describe a massless neutral scalar
field only the first ¢(x) is physical since only it has
a fully adequate equation of motion. The field 4(x)

is pure auxiliary. It has no its own equation of

1
Ef d4x

used in the

S =

dx,, dx,,

_ 1] gy [2e) 2000
T2 f d”x [ Oxy

This expression satisfies the correspondence
principle with the standard theory since at M — oo

by virtue of @(x, x%) = eM*°p(x, 0)

g (x,x>) dp(x, x>)* N

motion and its values fully depend on its values of

the field @(x).
Maybe, in future X(x) = v will be

interpreted as a candidate on the “Phantom field”,
responsible for acceleration of expansion the
Universe.

Thus, the action for the field of no interacting
neutral scalar particles with zero mass has in our
approach the following form:

2
5)]:

i dp(x,0)

— Mo(x,x

acp(xx)
a 5

+ M2 (X(x) — 9())]. (18)

4y Ap(x) dp()+

S = Zfd % ox (19)

The action of the free Dirac field can be written
also in the configuration 5-space:

M 0x

S = 1fd‘*x {P(x,x)(id+ M) (——.i‘}’(x x )) + (—iisll’(x,ﬁ)) (id+M)¥(xx%) —

-M ( e S‘P(x x5))< EP SLP(xx ))—‘T’(x,x5)(M+

where the spinor field P(x,x>) satisfies fie. (3).
According to our general concept, Y(p) and @(p)
are Fourier transforms of the initial data

Y(x,0) =¥(x), — o S‘P(x 0) = X(x)

M

sufficiently decreasing in the region

(i9)?

R dCEDRE (20)

p2+ M? < 0as |p| — .

The same procedure, we applied in the scalar
and spinor cases, leads to the following total action
integral of the electromagnetic field in QFT with the
fundamental mass

Fip (o, x®)FXE (x, —x®) +

1
S=——fd4x M( s 25 512 (21)
4 +2 |—‘“ a(;;x ) _ iMAg(x, x5) — —"A;(;;x )
where
ad _i ad i
Fr (x, x5) = (’)x_K(e lMxSAL(x,xS)) - m(e lMxSAK(x,xS)) LK =01235. 22)

37



The fundamental equation of the field theory...

Phys. Sci. Technol., Vol. 6 (No. 1), 2019: 33-39

The Lagrangian density in (21) is not a pure
local expression in the configurational 5-space but a
quantity invariant under local gauge transformations
of the 5- potential

e~ IM*° Ay (x, x%) = eTM¥ A (x, x°) —

9 (e—i /@’f“st(x' xS))

T axK

(23)

K =10,1,2,3,5.

where the function A(x,x%), like Ag(x,x>), obeys
f.e. (3). Naturally as usual,

9S/0x° = 0.

Could the advanced theory be free from ultra-
violet divergences? At the present we do not have
the final answer what this issue is concerned,
however, we can calculate effective cross sections

of some processes which are in good agreement
with experiments, and this allows to estimate the
contribution of fundamental mass. Research in
building consecutive new QFT with fundamental
weight are resulted also in publications [13, 14, 15,
16].

4. Conclusions

Further, we investigated the phenomenological
(experimental) consequences of such a quantum
field theoretical model [17,18,19,20]. Calculations
of cross sections corresponding to various basic
processes are executed to the second order. On the
basis of the QFT with FM, calculations of cross
sections for processes such as e e” = e e ,
e"et - e7et and e"et > M M' have been
carried out by taking into account the polarization of
particles. Is estimated contribution FM to cross-
section sections. Some experimental consequences
are predicted. In all these calculations the
polarization of particles can be taken into account.
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Obtaining of aluminum nano-powders
by thermal treatment
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It is known that the formation of a dispersed phase under extreme conditions (high temperatures and
process speed) leads to the formation of a non-equilibrium structure of particles. Therefore, the first to
attract attention are technologies based on pulsed processes with high rates of change in the thermodynamic
parameters of the system. One of these promising methods for obtaining a wide range of nano-powders of
inorganic materials is the technology based on the process of electrical explosion of a conductor (EVP, EVP
technology) [1-5]. Unfortunately, this method is not applicable on industrial scales. In this thesis, production
of Al nanoparticles by hydrogen reduction of metal chlorides in gas phase was studied. Nanoparticles have
unique properties not found in bulk or micron-scale materials. These enable new products or reduced use
of raw materials. Metal nanoparticle production has been studied widely, but especially for coated metal
particles, research of coating mechanisms and economic production methods is still needed. The used
method combines a high yield, a high production rate, low production costs, high particle quality, and a
good range of available particle number average diameters and other properties. Control of the product
parameters has been carried out by using a special quenching system and plasma reactor configuration.
Highly hydrogen enriched Al nanopowder were collected in metal form and tested for different applications.

Key words: RF plasma, hydrogen, nano-aluminum, quenching.

PACS numbers: 52.77.—j, 82.33.X]

1 Introduction

Metals, such as aluminum have high combus-
tion energies and have been employed as energetic
additives in propellant and explosives [6-9]. Ultra-
fine aluminum powder with the size range of 300 to
15000 Angstroms may be produced by electrical ex-
plosion of aluminum wire in the hydrogen and argon
containing media. Mass spectroscopy and thermal
desorption analytical methods of powder produced
from wires showed that aluminum powder consisted
of spherical particles with distorted crystal lattice,
and contained amorphous phase, surface gases, and
gases inside of particle volume of about 5 to 7% mass
[10]. Those results are in agreement with our results.
However, the electrical explosion procedure of Al
powder is not applicable for industrial production
of such powder. Different chemical processes and
properties of metals saturated with argon and hydro-
gen and aluminum hydrides are described in litera-
ture [11-16]. The properties of chemical aluminum

40

hydride, AlH, (calorific value of about 9500 kcal/
kg) are well known. The drawback of conventional
materials is their low stability when exposed to the
atmospheric air and poor temperature stability, tend-
ing to dissociate at temperature above 105 C°. The
powder produce by using RF plasma process has a
similar size range, but narrower particle size distribu-
tion. The plasma process of saturation of aluminum
powder with hydrogen is not well known and the ef-
forts have been made to increase the calorific value
and stability of the product [17-20].

2 Experimental set up

The RF plasma system used for this experiment
consist five major parts: inductive plasma torch, reac-
tor, feeder, quenching device and powder collector.
The plasma torch include gas forming block, water-
cooled copper discharge chamber, exit nozzle and is
mounted on the top of the reactor. Plasma gas sys-
tem is capable to mix argon and hydrogen at differ-
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ent ratio starting from pure argon and ending by pure
hydrogen. Exit nozzle is combined together with the
powder input device. High purity aluminum powder
(average particle size of 5 um) is feeding into plasma
stream by quartz feeder and water cooled probes with
the controller and carrier gas system. The following
quenching units were used: 28 mm diameter and 92
mm diameter cylinder type quench devices; spraying
liquid argon directly into the reactor and a quench
system combining liquid argon spraying and a heat
exchanger consisting of a 40 turn coil. Calorific value
was determined using a Parr Model 1261 calorime-
ter; the unburned aluminum was determined by so-
lution with sodium hydroxide on the residue in the
calorimeter using and analyses by Perkin Elmer ICP
3000. The hydrogen was determined using a LECO
CHN 1000 instrument.

3 Calculation and theoretical predictions

The following parameters were calculated: sur-
face area of the quenching components, quenching
rate of the product on water-cooled surfaces, quench-
ing rate of the product with liquid argon spray in
the reactor, thickness of the collected powder on the
quenching surfaces and cartridge filter. Variable pa-
rameters are: initial Al powder rate, argon-hydrogen
ratio of plasma gas, Al powder quality, RF discharge
power, plasma gas flow rate, carrier gas flow rate, and
quenching rate. Plasma processed aluminum powder
can contain approximately 2.2 times more hydrogen
than chemically obtained AIH, [11]. Oxidation of
this hypothetical substance is as follows:

2(AIH, ) +4.850, = ALO, + 6.7 H,0

The thermal effect of this reaction is 1435
kcal/mol or 21300 kcal/kg. Molecular hydrogen
is absorbed on the surface of the melted aluminum
particles. The hydrogen then dissociates into
atoms and diffuses into the depth of the metal.
The atomic nature of hydrogen diffusion in metals
was experimentally verified during the research of
hydrogen diffusion in a deuterium mixture. Having
diffused into the metal, the gas is distributed among
atoms of metal. The absorption of hydrogen by
aluminum is endothermic. This is why the amount
of absorbed hydrogen increases with the increase of
temperature and reaches a peak at 2000 to 3000 K.
Thus, hydrogen absorbed by aluminum is present in
various states, such as:

1. Dissolved in the metal,

2. Segregated of imperfections of the crystal
structure,

3. Absorbed on the surface of micro-cavities and
on the particles of secondary phases,

4. Accumulated in micro-cavities in molecular
form,

5. Creates metal hydrides,

6. Interact with secondary phases,

7. Dissolved in hydride of metal,

8. Dissolved in amorphous metal,

9. Dissolve in amorphous hydride of metal.

Hydrogen may exist in various states inside ultra-
fine aluminum powder. However, it is the atomic
hydrogen that provides the greatest improvement in
available power. A hydrogen saturated aluminum
powder with the formula of (AIH, ), has a theoretical
Specific Calorific Power (SCP) above 20000 kcal/
kg. Quantum theory restricts the degree of saturation
of crystalline aluminum with hydrogen above AlH.,.
These restrictions are removed by the transition of
aluminum into an amorphous state through thermal
treatment of Al powder in hydrogen RF plasma at
atmospheric pressure.

4 The process and experimental results

The technology is based on direct vaporization
of powdered aluminum in an RF hydrogen plasma
discharge at atmospheric pressure. The resulting
matrix is rapidly quenched into ultra-fine aluminum
powder. SCP is not directly measured in bomb
calorimeter. Standard procedure includes the burning
of samples and measurement of temperature increase.
The coefficient of bomb calorimeters and accurate
weight of samples are taken into consideration to
calculate the SCP. If the weight of incombustible
components is deducted from the total weight of
the sample, the SCP of combustible component
can be obtained. Of course, the more content of
incombustible component in the samples such as
oxides, the grater the difference between SCP of
sample and SCP of combustible component. One
of the typical plasma sample (FM2-1) content: Al =
51.4%; Total Al = 69.5%; free carbon = 2.15%. SCP
presents the total calorific value for both combustible
(0.64 gr.) and incombustible (0.36 gr.) components in
1 gram of sample: 3799 (Al) + 168 cal (C) + 2995 cal
(H,) = 6962 cal. The combustible components should
include: 0.514g (Al) + 0.0215g(C) + 0.1045g (H,) =
0.64 g. The content of H, is calculated based on SCP
of the sampleFM2-1. SCP of 1 gram of combustible
components in the sample FM2-1 based on
experimental data: 6962: 0.64 =10878 cal/g = 19577
BTU/Ib. The composition of combustible components
in sample FM2-1 is 80.31% (Al) + 3.3% (C) +
16.33% (H,) = 100%. The gross formula for produced
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combustible components is A1*5.5H,*0.08C. In case
the hydrogen in the sample FM2-1 is in atomic state,
the 0.037g of H would provide the same 2995 cal as
0.1045 g of molecular hydrogen. The combustible
components would include: SCP for all combustible
components in 1 gram of sample: 3799 cal (Al) +168
cal(C) + 2995 cal (H) = 6962 cal. The combustible
components would include: 0.514g (Al)+0.0215g(C)
+ 0.037g (H) = 0.5725 g. The composition of
combustible components in sample FM2-1 would be:
89.8% (Al) + 3.75 %( C) + 6.45% (H) = 100 %. SCP
for all combustible components for sample FM2-1
assuming the atomic state of Hydrogen would be:
6962: 0.5725 = 12160 cal/g = 21888 BTU/Ib.

There are several stages of Aluminum powder
processing in plasma reactor:

Stage I (Heating process) includes:

a — heating of solid particles from T to T__;

b — melting of particles;

¢ — heating of the melted particles from T_ to

bmhag— evaporation of Al particles;

¢ — heating of Al vapor from T, to T acones

f -dissociation of Al molecules/clusters;

and g — ionization of Al atoms.

Stage II (cooling process) includes:

a — bulk or volume recombination of Al ions;

b — association of Al atoms in Al molecules;

¢ — formation of clusters and nucleation in

amorphous states;

d — capture of Hydrogen by Al particles both on
its surface and in its body;

e — increase of the particle size in amorphous
state;

f— increase of hydrogen content;

g — formation of crystal lattice of Al particles;

h — stopping the increase of the Al particle size in
crystal form;

i —release of most captured hydrogen

and j — final cooling of the solid particles.

In order to produce Al particles saturated with
hydrogen and interrupt the increase of particle
size (i.e. to fix the particle in its meta-stable
form) the quenching procedure is required. The
A-type samples were obtained as a consequence of
quenching of Al powder on cooled surface after
stage II-f (see above) and before stage II-g. The
B-type samples were obtained by volume liquid
Argon quenching of Al particles after stage Il-c
and before stage 1I-d. The quality of the plasma
processed aluminum depends of quenching
procedure. The quenching rate has a decisive
importance for retention of captured hydrogen.
The volume quenching procedure is widely used in
plasma-chemical processes. Most plasma-chemical
products have meta-stable form, which is achieved
by rapid quenching.

104 \ K’\

Liquid Argon

Acetone with Dry CO2

Quenching Rate, C/sec

102

10° - <[,
Water

Powder Layer thickness, microns

100 1000

Figure 1 — Quenching Rates for the Liquid Cooled Reactor using: liquid Argon,
acetone with dry CO, and water
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Rapid solidification can be achieved by imposing
a high cooling rate (103 — 109 C%sec) for the layer
thickness not more than 10 microns. When the
powder layer thickness becomes more than 10
microns, the quantity of produced powder per surface
unit is increased, but the quenching rate goes down to
103 C%sec (see Figure 1 and Figure 2) and the upper
layers of powder on the well cooled metallic surface
release the captured Hydrogen. Brushing off the 100
microns thick layer led to a mixture of a high quality
10 microns layer with a “bad” quality 90 microns
upper layer powder in the same sample. We apply
this quenching procedure to the RF plasma method
of saturation Al powder with Hydrogen and fixation

of saturated Al powder in its meta-stable state. The
quenching rate for three different types of cooling
substances is shown in Figure 1. The following
tests were performed on each sample: Aluminum
content, % mass (indicate the efficiency of the
Aluminum Hydrogen reaction); Hydrogen content,
% mass (indicate how much Hydrogen is trapped
in Aluminum particles); Carbon content, % mass
(indicate impurities from other sources); Oxygen
content, % mass (indicate the stability of the product)
and Specific calorific power (SCP), kcal/kg (indicate
the quality of the product) and Nitrogen content, %
mass. As a result, the average quantity of captured
Hydrogen in was about 1 % to 3.2% (see Table 1).

Figure 2 — SEM of aluminum — hydrogen saturated powder

Typical SEM of the sample is shown in Figure
2. Average particle size is 250 nm. Surface area is
approximately 40 m?*/g (based on BET analysis). It
is important to know the stability of the hydrogen
saturated aluminum powder. The experiment was
performed in special calorimeter, which could
control the gas extraction depends of the sample
temperature. The temperature was increased by 10
degrees per minute. Typical hydrogen release curve

is shown in Figure 4. The material is very stable up to
the temperature of 600 C°.

The degree of the saturation of Al particles by
Hydrogen depends of the quenching rate and is
shown in Figure 3.

The best technique for the scale up to industrial
production was determined. The necessary plasma
power for Al powder (initial particle size 1 to 10
microns) rate equal of 1 g/sec will be in the range
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of 16 to 18 kW. Taking in account that the total
efficiency of RF generator, RF torch and the heat

transfer from plasma to the solid-liquid Al particles  of 160 to 175 kW.

Table 1 — Experimental data on the amount of elements for different samples.

is about 10%, we have determined that RF power
output of the production system could be in the range
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Name FM2-11 FM2-12 FM2-13 FM2-14
Calorific Value, BTU/Ib 11884 11259 11922 12855
Total Aluminum, %wt 96.76 97.85 96.31 98.05
Unburned Aluminum, % wt 5.46 3.52 2.44 2.30
Hydrogen, % wt. 3.18 0.86 0.78 0.44
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Figure 3 — The degree of the hydrogen saturation vs
quenching rate for FM2-11, FM2-12 and FM2-13
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Figure 4 — Typical Hydrogen release curve
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5 Conclusions

The technology to produce a new high energy
hydrogen saturated aluminum powder using RF
plasma process at atmospheric pressure is successfully
demonstrated. Standard methods of product analysis
such as bomb calorimeter, derivatograph and differential
scanning calorimeter (DSC) need to be modified to
provide adequate analysis for meta-stable Al powder.

The measured quantity of captured Hydrogen was 3.18%
wt. Heat of combustion for combustible components of
produced Al powder was in the range of 10878 to 12160
cal/g. This value overcome the SCP of chemical AIH,
and can be increased up to 20000 cal/g. The optimum
processing conditions were ascertained, and the best
techniques for scale up to industrial production of 8
Ibs/Hr of AIH* powder at 160 to 175 kW RF plasma
system were determined.
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Analysis and identification of platinum-containing nanoproducts
of plasma-chemical synthesis in a gaseous medium
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This article studies a nanoproduct that is formed by simultaneous plasma-chemical evaporation of
graphite and platinum. It was shown that the resulting deposits under different synthesis conditions have
a similar and well-defined structure and consist of two main parts (core and enclosing bark). The structure
of both parts is investigated at the micro- and nanoscale levels. The products of synthesis and similar
products obtained without the use of platinum has been compared. The distribution of platinum in synthesis
products is studied. It is proved that the atoms of the platinum catalyst influence the process of formation
of the deposit. Namely, it stimulates the formation of a deposit where the deposit core containing platinum-
containing bundles of CNT exists as an independent core that does not have a strong connection with the
deposit shell. It is found that differential-thermal analysis of CNM in air by the methods of TG, DTG, DTA
allows to reveal insignificant differences in the heat resistance of different carbon nanostructures, and thus
it can be used for their identification. Such studies are of great importance for the synthesis of platinum-
containing catalysts for fuel cells and other chemical industries.

Key words: plasma-chemical synthesis, platinum nanostructures, deposit, CNTs.

PACS numbers: 61.48.De, 52.40.Hf.

1 Introduction

Platinum-containing carbon nanostructures can
now be used not only in the design of fuel cells,
but also allows in finding solutions to the problem
of effective hydrogen storage [1]. It is possible that
in the future the fullerit-metal-hydrogen system can
boldly compete with modern advanced structures
for storage of hydrogen — the environmentally clean
energy source [2-6].

To date, the synthesis of CNTs as well as the
CNM is carried out by different methods: laser
action on metal-graphite electrodes; plasma-
chemical evaporation of graphite in a gas [7-14] and
liquid medium in the presence of catalysts [15-24];
pyrolysis of hydrocarbon structures on catalysts;
pyrolysis of benzene in the presence of organometallic
compounds (ferrocene and metal phthalocyanides);
the dissolution of carbon monoxide on catalysts.

The method of plasma-chemical evaporation of
graphite in an inert gas environment is relatively
common, productive and quite effective due to the
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fact that it allows to obtain both soluble [25-26]
and insoluble CNM [27-28]. But only the plasma-
chemical evaporation of the anode in a gas medium
can guarantee the synthesis of fullerene particles.
In this case, the method makes it possible to easily
change the synthesis modes, use a different gas
medium and, most importantly, achieve a high yield
of CNM with different structure and morphology.

However, for today, the oxidation of the CNM
deposit (products formed on the cathode) obtained by
the plasma chemical method in the gaseous medium
which allow the identification of new nanofibers of
carbon has not been studied enough.

2 Experimental

To obtain platinum-containing nanoproducts,
a plasma chemical plant was used to evaporate the
electrodes in a gaseous medium (Figure 1). During
the synthesis, electrodes made of high-grade graphite
of'the PGM-7 grade were used. Also, hollow graphite
electrodes containing platinum were used which was
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evaporated in a plasma at a pressure of 0.02-0.09 MPa
in an inert helium medium.

In a vertical reactor the consumable anode
electrode remained stationary and the non-
consumable cathode electrode moved along the
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axis of the reactor. Thus, a uniform distribution of
soot over the entire surface of the reactor walls was
observed, and relatively the same thermodynamic
conditions were obtained for the condensation of the
synthesis products.

Figure 1 — General view of the set up, diagram of a cylindrical reactor for plasma-chemical synthesis of nanostructures
in a gaseous medium: 1 — plasma; 2 — cathode; 3-anode; 4 — helium-containing medium; 5 — platinum-containing
carbon black; 6 — deposit; 7 — non-consumable electrode; 8 — the core of the deposit containing MNT; 9 — consumable
electrode; 10 — wire catalyst fixed with graphite dust; 11 — the external layer of the deposit; 12 — reactor wall.

A hollow graphite anode containing platinum in
the form of a wire was used to introduce the platinum
catalyst into the plasma-chemical synthesis zone, the
catalyst in the anode cavity was fixed with graphite
dust. The cavity of the anode electrode is located
along the axis of the atomized part of the anode
(Figure 2).

In a number of plasma-chemical syntheses, the
anode was evaporated from pure graphite, and also the
anode doped with a platinum catalyst (Table 1). The
time of plasma-chemical synthesis in the presence
of a platinum catalyst lasted more by 40 minutes,
considering that the length of the anode doped with
platinum (18 cm) was less than the length of a pure
graphite anode (21.1 cm). In addition, the evaporation
of the platinum platinum-containing electrode was
accompanied by fluctuations in the current (175-

225 A) and 35-37 V, while the evaporation of the
graphite anode was relatively quiet (current strength
185-200 A, voltage 30-33 V). This effect can be
explained by the higher evaporation temperature of
the platinum-containing anode.

At the end of the evaporation of the platinum-
containing anode, the mass of the synthesis product
(Deposit and Wall soot) exceeds the mass of the
product multiple times when the graphite anode
evaporates, both along the wall soot and along the
mass of the deposit. The large mass of Wall soot
suggests that in the process of plasma-chemical
synthesis, most of the platinum atoms in the process
of synthesis of CNM move to the zone of lower
pressures and temperatures, namely toward the
periphery of the synthesis zone until they cool down
on the reactor wall.
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Figure 2 — Anode which contains
platinum and carbon dust.

3 Results and Discussion

The length (5 cm) and therefore the mass (44.990 g)
of the platinum deposit significantly exceeds the
parameters of the deposit obtained by evaporation of
the graphite electrode (length 2.1 cm, weight 7.5 g)

Figure 3 — Appearance of the platinum-
containing deposit on the cathode.

(Table 1). This suggests that the atoms of platinum
reorganize carbon atoms in the process of plasma-
chemical synthesis which makes it possible to accelerate
the formation of ONS having resistance to plasma
precursor temperatures, and also having sufficient
electrical conductivity to form an electric arc.

Table 1 — Conditions and results of plasma-chemical synthesis

Graphite (C) C-Pt
The anode contains Only graphite Graphite and Pt
Length of cathode 8.4 cm 8.4 cm
" Length of anode 21.1 cm 18 cm
:é Catalyst (length * width) - 11*0.1 cm
g Current strength 185-200 A 175-225 A
> Voltage 30-33V 35-37V
Vacuum gauge 0.190-0.174 atm 0.70-0.13-0.33 atm
Temperature of cooled reactor jacket 31°C 25°C
The synthesis medium Helium Helium
Soot 10.400 g 24.690 g
Deposit 7.500 g 44.990 g
% Chips 4700 g 8.495 g
I~ Anode Remainder 6.6 cm 1.8 cm
Length of deposit 2.1 cm 5cm
Synthesis time 120 minutes 160 minutes
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Deposit

In the course of synthesis, when a platinum-
containing anode was evaporated on a non-
consumable electrode (cathode), a build-up called a
deposit was formed during the synthesis (Figure 3).
The deposit consists of two parts: a loose core
formed by multiwalled nanotubes (MNTs) having
a minimum number of structural defects (Figure 4),

and a strong crust formed by layered graphite-like
structures containing in their volume a smaller
amount of MNT.

The shell (crust) of the deposit formed, as in the
case of syntheses in the presence of other catalysts,
consisted of layered structures located perpendicular
to the deposit axis (Fig. 5), densely packed in a single
structure.

Figure 4 — Loose-core deposit core: (a) — general view of core conglomerates;
(b) — a conglomerate consisting of bundles of NT; (c) — bundles of nanotubes constituting conglomerates.

The core is porous and loose (Figure 4 (a)), a
deposit consisting of conglomerates (Figure 4 (b))
oriented along the deposit axis and formed of carbon-

like carbon nanotubes (Fig. 4 (c)). The bundle-like
structures are joined by multiwalled carbon nanotubes
in diameter from 4 to 25 nm (Figure 6).

Figure 5 — Dense crust of deposit, formed by layered graphite-like structures.
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Figure 6 — Carbon nanotubes constituting the core of the deposit,
obtained by the simultaneous evaporation of a graphite electrode doped
with platinum.

Upon evaporation of a graphite electrode doped
with platinum, a core is formed which has a much
denser structure than that obtained by a non-catalytic
method. Forming columnar structures are oriented
parallel to the deposit axis and have a diameter of
100 — 150 um (Figure 7 (a), (b), (c)). They are also
formed from beam-like carbon nanotubes (CNTs)
(Figure 6), in diameter 4-25 nm.

In the plasma-chemical synthesis of platinum-
containing carbon nanostructures, not only hollow
carbon nanotubes (CNTs) are formed, but also tubes
having various structural anomalies. Nanotubes
have a rougher outer surface and some inclusions.
As shown by the X-ray microanalysis in the core,
the content of platinum turned out to be negligible,
reaching hundredths of a percent. X-ray diffraction
analysis also recorded hexagonal graphite with an
admixture of the rhombohedral phase in all parts of
the deposit (core and shell).

However, studies of the platinum-containing
deposit showed that, unlike similar plasma-chemical
syntheses in the gaseous medium, the core of the
platinum-containing deposit is well separated from
the deposit shell (bark) mechanically and can exist
as a single rod.

Thus, a platinum catalyst in plasma-chemical
synthesis in a gaseous medium allows the creation of
centimeter rods made of beam-like carbon nanotubes
(CNTs) that withstand super high temperatures
(12000 K) [29].

The possibility of separating the deposit core,
consisting of bundles of CNTs, from the deposit
crust allows us to consider depositary parts (core and
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core) as independent products of plasma-chemical
synthesis. Moreover, the possibility of separating
deposited CNTs from graphite-like bark increases
the purity of deposit CNTs and consequently reduces
their cost price. Since earlier deposits were crushed
to separate the ONS from graphite-like structures. A
platinum-containing graphite -like bark (shell) can
be used to produce graphite already enriched with
platinum.

Platinum-containing CNTs and graphite-like
structures, as the final product of processing a
platinum-containing deposit, can be key elements
of fuel cells which is relevant to this day. Platinum-
containing CNTs and graphite-like structures, as the
final product of processing a platinum-containing
deposit, can be key elements of fuel cells which is
relevant to this day.

Thus, itshould be noted that during the evaporation
of a graphite electrode doped with platinum in an
electric arc in an inert helium medium, the bulk of the
metal participates in all plasma-chemical reactions
and is redistributed among different products.

Most of it moves in the flow of condensate to
the walls of the reactor. According to the emission
spectral analysis, the largest amount of platinum is
in the wall soot (more than 1 % by mass). A small
fraction of platinum is less than 1 wt.% In the cationic
state, under the influence of a strong electric field,
together with the carbon vapor moves to the cathode,
forming a platinum-containing deposit. Despite the
high temperature in the deposit formation zone which
exceeds the boiling point of platinum (3800°C),
platinum was present in the deposit.
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Figure 7 — Morphology of the core of a platinum-containing deposit (SEM) formed by the
simultaneous evaporation of a graphite electrode doped with platinum: (a), (b), (c), (d) — core
blocks; (e) — block morphology; (g) — is the boundary between the shell and the core; (f), (h) — are
the structures of the boundary layer.
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As a result of studying the chemical composition
of the parts of the platinum-containing deposit, it
was determined that the Pt atoms in the deposit are
distributed unevenly. Most of the deposit Pt is less
than 1 % concentrated in the bark of the deposit
itself. We believe that in the case of an electric arc,
the flow of electrons passing through the forming
deposit that heats it not only affects the formation
of the structure of the carbon part of the deposit, but
also exerts various processes for the separation of
platinum atoms. It settles only in the low-temperature
part which is the crust of the deposit.

The presence of platinum explains the
higher thermal stability of the platinum deposit

crust.  Differential-thermal  analysis (DTA),
thermogravimetric (TG) and differential
thermogravimetric (DTG) analyzes confirm these
findings. Thus, the temperature at which the platinum-
containing bark begins to interact with oxygen in the
air (680°C) (Table 2, item 2) exceeds the temperature
of interaction with the pure carbon bark (T. =575°C)
(Table 2, item 1) (Figure 8 (a), (b)).

The DTA curve (Figure 8 (b)) marks the
biphasic nature of the deposit crust containing
platinum. Apparently, in addition to the graphite-
like component, this sample contained multi-walled
nanotubes, the growth of which initiated the presence
of platinum in the cortex.
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Figure 8 — Investigation of the thermal stability of the shell of deposits of plasma-chemical synthesis in a gaseous
medium: (a) — the crust of the deposit, obtained during the uncatalyzed synthesis;
(b) — the bark of the deposit containing Pt.

Table 2 — Thermal stability of parts of platinum-containing deposits of plasma-chemical synthesis in a gaseous medium.

No Material Interaction interval, DTG DTA
¢ Tlmax’ °C Tlmax’ °C TZmax’ °C
1 Shell without catalyst 575-980 840 840
2 Shell with catalyst (Pt) 680->1000 865 825 990
3 Core with catalyst (Pt) 690-965 865 800 910
4 Core without catalyst 575-990 870 850 960
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The core of the deposit formed from carbon-like
carbon nanotubes where a scanty platinum content
is found also shows a higher thermal stability than
the core of the deposit obtained from uncatalculated
plasma-chemical synthesis in a gas medium (575°C).
The beginning of the reaction with oxygen of air is
690°C.

Thermal analysis showed that in the core of the
deposit synthesized in the presence of a platinum
catalyst, there are two phases that react with air
oxygen at 800°C and 910°C (Table 2).

Wall-mounted soot

A mixture of condensate formed on the
walls of the reactor and in the gas phase
forms a walled carbon black. It contains both
a fullerene-like and an insoluble fraction in
liquid hydrocarbons.

At the micro level, the layer of walled soot has the
structure shown in Figure 9. The layer of wall soot
was previously subjected to sonication in alcohol.
The nanostructures that make up it have different
geometric shapes and structures (Figure 10).

Figure 9 — Wall-mounted soot. Surface morphology after ultrasound treatment in ethanol:
((a), (b), (c), (d), (e), (f) — SEM photo with varying degrees of magnification).
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Figure 10 — Photographs of nanoscale particles composing platinum-containing wall soot (TEM).

4 Conclusions

When analyzing the chemical composition of
the platinum-containing deposit, it turned out that
the Pt atoms in the deposit structure are distributed
unevenly. The central part of the deposit (the core)
contains trace amounts of platinum that is confirmed
by the results of emission spectral analysis and by
the X-ray microanalyzer of the core shear surface.
The bulk of the platinum in the deposit focuses on
the deposit shell. We believe that a large flow of
electrons passing through the emerging deposit
and plasma temperatures have a significant effect
on the formation of the deposit structure as well as
the separating effect on the atoms, molecules and
particles that make up the synthesis zone.

It is proved that the atoms of the platinum
catalyst influence the process of formation of the
deposit. Namely, it stimulates the formation of a
deposit where the deposit core containing platinum-
containing bundles of CNT exists as an independent
core that does not have a strong connection with
the deposit crust. The possibility of separating the
deposit core consisting of bundles of CNTs from
the deposit crust allows one to consider depository
parts (core and shell) to be independent products of
plasma-chemical synthesis.

It is established that differential-thermal analysis
of CNM in air by the methods of TG, DTG, DTA
allows to reveal insignificant differences in the heat
resistance of different carbon nanostructures, and
therefore, it can be used for their identification.
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In classical thermodynamics, the velocity distribution function of particles is always Maxwell distribution
for any density. This is due to the fact that the dependences on the pulses and coordinates in the
expression for the total energy are separated. Integration over coordinates leads to the appearance of a
configuration integral, and the remaining part is divided into the product of Maxwell distribution
functions. In the case of formation of bound states (molecules) in an atomic gas, the full phase space of
the relative motion of two particles is divided into two parts. The first corresponds to negative energies of
relative motion (molecular component), and the second to positive (free atoms). The velocity distribution
function remains Maxwellian, if we ignore the fact of separation of the phase space. It can be assumed
that for free atoms the velocity (kinetic energies) distribution may be different from Maxwell. For
plasmas, the assumption of the non-Maxwellian velocity distribution function of free electrons was made.
The influence of the non-Maxwell electron distribution function on the recombination coefficient is

estimated.
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Introduction

The velocity distribution function of particles is
always Maxwellian for any density in classical
thermodynamics [1]. This is because the
dependences on the pulses and coordinates in the
expression for the total energy are separated.
Integration over coordinates leads to the appearance
of a configuration integral, and the remaining part is
divided into the product of Maxwell distribution
functions. Hill [2] drew attention to the fact that in
the case of formation of bound states (molecules) in
an atomic gas, the full phase space of the relative
motion of two particles is divided into two parts.
The first corresponds to negative energies of relative
motion (molecular component), and the second to
positive (free atoms). The velocity distribution
function remains Maxwellian, if we ignore the fact
of separation of the phase space. It can be assumed
that for free atoms the velocity (kinetic energies)
distribution may be different from Maxwell. For

atomic plasmas, the assumption of the non-
Maxwellian velocity distribution function of free
electrons was first made in [3].

Following [3], we illustrate the above with the
example of an atomic plasma, where the formation
of bound states (atoms) occurs and there are free
particles (electrons and ions). Considering the ions
as massive particles, we write the Boltzmann

distribution function for momenta P and
coordinates 7, considering the interaction potential
to be Coulomb:

V(r):—ez/r

1 p> €
Fpr)= oy [dpdrexp(-BC == )

where 7 is the Planck constant, p is the inverse
temperature, ” is the mass, € is electron charge.

Let us determine the phase space €2 for free
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electrons in a Wigner-Seitz cell of radius ¢ in order
not to burden yourself considering the effect of
Debye screening.

2 2 2
Q=fr<af -S5-%
2m r a
2)
dra® (
n =1

3 1
We introduce dimensionless values and
variables: /' = pela,x=pp?2m, y= ﬂez/r‘
Integrating over the coordinates in (1), for the

distribution function of the kinetic energy we
obtain:

f0,7) = A /x exp(-x)H (x,7), (3

where

X+
€
H(x, }/) = J. X)Ijgy) dy .

4

“4)

In (3) A7) normalization constant determined

from the condition

Tf(x,}/)dle.

)

Maxwell distribution in our variables is

2

Sur () =[x exp(~x).

Jz

Figure 1 shows the distribution

calculated by the formulas (3) and (6) for

0.5
0.4

0.3f
FNM(x, 1)

FM (%)

0.2 .:

0.1 ..

Figure 1 — The distribution function of edekronov on speeds:
the solid line — Maxwell (6); dashed — nonmaxwell (3).
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It can be seen that the non-Maxwell effect
manifests itself quite noticeably, especially at high
kinetic energies. When confirming this effect, we
can expect a noticeable modification of various
kinetic coefficients, in the calculation of which it is
necessary to perform velocity averaging.

The papers [4-20] is devoted to the study of the
non-Maxwell configuration effect, in which the
molecular dynamics method considered the
relaxation of the Coulomb system, which allows the
formation of bound states, to equilibrium. A similar,
but pure quantum effect was considered in (see [5]
and references therein), where the non-Maxwell
effect was discovered by quantum statistics methods
due to quantum broadening. The influence of the
deviation from the Maxwell distribution on the
speed of wvarious kinetic processes was also
considered. In this paper, a direct measurement of
the distribution function of free electrons by kinetic
energies was performed using the numerical
simulation method [6] of a model Coulomb system,
provided that about half of the electrons are in
bound states. The non-Maxwell effect is shown
explicitly.

In the present work based on the application of
the molecular dynamics method:

the relaxation of the distribution function of
free electrons in the course of transition to an
equilibrium state is investigated;

b) equilibrium configurations of particles are
calculated and the correlation function of the
model Coulomb system is determined;

using statistical averaging, its thermodynamic
functions are calculated.

for the first time at the microscopic level, the
dynamics of the formation of bound complexes
consisting of a different number of initial particles
can be traced, which makes it possible to model
clustering processes in the system.

Calculation of parameters of the charge-
symmetric model system

Consider a model Coulomb system consisting of
particles of the same mass. Choose the model
potential of interaction between particles in the
form:

ez/GI:(O'/V)IZ —(O'/}’)j|, in +- interaction,

V=1
e / r, in + +, -- interaction.

Its asymptotic behavior for opposite charges at
small distances r has the character of repulsion, and
with r—o0 it is attractive and coincides with the
Coulomb potential 1/r. For intermediate values of r,
the potential has a well and allows the formation of
classical bound states. The choice of the model
potential in the form of (7) is due to the need to
eliminate the Coulomb potential feature at r—0,
which makes it impossible to integrate the equations
of motion of particles. At such a potential, bound
states are formed in the system. The thickness of the
soft wall ¢ can always be chosen equal to the
diameter of the ion core. In the present work, the
choice of potential parameters: ¢ and g=e2/c — the
depth of the potential well was carried out in such a
way as to realize the required values of the
nonideality parameter I" and the degree of ionization
o (6 = 2 A). The latter was estimated by the
classical Saha formula with the potential 12-1 (7).

The temporal evolution of the system was
modeled using the multi-particle dynamics method
(DMP) [4, 6, 16-20]. The trajectories of N positive
and N negatively charged ions were determined by
numerical solution of Newton's

. 2n
r=F /m,F =Y f,k=12,.2N, ®

1#k
2
e(r,—n)
I —nf

Ju= )

¢’(r,— 1) (“J m ’
n-nfol\r) \r
where rk is the radius vector of the particle number
k; mk is it’s mass (the mass of protons was taken); e
is electron charge.

At the initial time t=0 the coordinates and
velocities of the particles were set using a random
number generator. The coordinates are in
accordance with the uniform distribution, and the
speed in accordance with the Maxwell distribution

for the initial temperature T0. Maxwell distribution
was defined as follows:

V.=—-2V*Iné *cos(27E,)
V, =-2V*Iné *sin(27¢,)
V. =-2V21né, *cos(27E,)

(7)
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§e (0,1
— (10)
V =kT/m

The particles were in a cube with thermostatic
walls. The length of the cube edge was chosen such
as to ensure the desired density of particles.
Particles reaching the walls returned to the cube
with an equilibrium distribution of kinetic energy
corresponding to the wall temperature Tst.

In the calculations, the algorithm [4] was used to
reduce computer time. Let at the time t0 be known
all coordinates rk(t0) and velocities vk(t0) of
particles. The procedure for determining the
quantities rk(t0+At) and vk(t0+At), where At — a step
in time, is as follows.

a). The coordinate values rOk(t0+At/2),
corresponding to the rectilinear motion of the
particles, are calculated.

b). The values of the forces acting on the
particles are calculated:

2N
Fe(t,+At/2)= Z L2 =1").

I#£k

(11)

c). Each particle is determined by the two
nearest neighbors of the particles of each sign and
the distance to them.

d). The force acting on a particle is calculated as
the sum of two forces

F=F+F;

where F; due to the interaction with the nearest

neighbors of a given particle, F,” — interaction with

all other particles.
e). Newton's equations are integrated according
to the fourth-order Runge-Kut scheme with a step

T =At/Nr,

60

where Nt is the number of internal steps.
In the course of integration, only interaction
with the nearest particles is considered temporary.

F()=F (t,+At/2)+
(12)

+FF(t),t, <t<t,+At,

After determining the values rk(t0+At) and
vk(t0+At) the condition of the particles leaving the
cube boundary is checked. Particles that go beyond
the cube bound are returned back to the cube with
an equilibrium distribution of kinetic energy
corresponding to the wall temperature Tst.

The following values were used in the
calculations:

At=0.05 tei, Nt =10,
where tei is the mean time interparticle distance.
The simulation results and discussion

At the first stage, the relaxation of a system of
charges of equal mass to an equilibrium state was
studied, which was fixed by the temperature and
ionization degree to equilibrium values.

Figure 2 shows the dependence of the number of
bound states on time. A system of 400 negative and
the same number of positive ions is considered.
External parameters: density nk=1020 cm-3 and
temperature T=1200 K. The degree of ionization,
calculated according to the classical Saha formula,
was about 0.5. The exit of the system to ionization
equilibrium is clearly visible. The wave-like nature
of relaxation can be associated with the reflection of
a diffusion flow of bound particles from the bottom
of a potential well. Such a relaxation pattern is
observed in all the considered modes. The relaxation
time increases with decreasing of density. For
nk=1019 cm-3 time to equilibrium is about 2500tei.
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Figure 2 — The dependence of the number of bound states on time
(ne=1020 cm-3 and T=1200 K)

Figure 3 shows the particle temperature
relaxation (two thirds of the average kinetic energy)
for the same mode as in Figure 1. The previous
stage can be considered as preparation for the
process of measuring equilibrium characteristics. In
the equilibrium region, the particle distribution

200007k

18000 -

16000 -

14000 -

12000 -

function was measured by kinetic energy and
distances to the nearest ion. Averaging was
performed over several dozens of equilibrium
configurations. Measurements were carried out both
for free particles and for particles bound into
atoms.

10000 \ \ \
0 200 400 600

800 1000

1200 1400 16007

Figure 3 — Particle temperature relaxation (ne=1020 cm-3 and temperature T=1200 K).

Figures 4 a), b), c) show the measured
distribution  functions of free negatively
charged ions by kinetic energies (¢ — is the

dimensionless kinetic energy related to
temperature) for the three regimes in density and
temperature.
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Figure 4 — The distribution function of free negatively charged ions by kinetic energy:
a). ne=1019 cm-3 and T=8000 K, b). ne=1020 cm-3 and T=12000 K, c¢). ne=1021 cm-3 and T=18000 K.
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Solid smooth lines correspond to the function of
the form:

f(e)= %\/;az exp(— ag).

with the values of the parameter a, indicated in the
figures. The deviation of the equilibrium
distribution function of free particles from the
Maxwell distribution is quite clearly seen. With
increasing nonideality, these deviations increase. At
low energies, there is a shortage, and at high
energies, an excess of free ions. Qualitatively, this
behavior corresponds to the results of [3]. It is
noticed that in the system with the formation of
bound states there appear molecules consisting of
more than two particles. The following connectivity

(13)

criterion was chosen: a pair of particles is connected
if the total energy of their relative motion is less
than the interaction energy at an average distance.
All bonds in the system were considered and the
molecular composition was analyzed. After that,
averaging was performed over several dozens of
equilibrium configurations.

Figure 5 shows how many molecules of each
type are represented in the system; Nar is the
number of particles in a molecule. It can be seen
from the figure that as the density increases, the
specific gravity of the pairs decreases, and more and
more heavy molecules appear. Numerical
calculation shows that the lifetime of molecules
consisting of more than four particles does not
exceed 20 characteristic times, whereas the average
lifetime of pairs is about 100 characteristic times.

120 -
100
80 -
60 -
40 -
20 -
0 T T . .\. == T 1 ' T T T N 1
0 2 4 6 8 10 12 14 16 18 f 20
______ —ne=1019 cm-3
—— —ne=1020 cm-3
—ne=1021 cm-3

Figure 5 — The average number of polyatomic complexes in the system

Figure 6 shows the charge distribution of
molecules. It can be seen that the highest number is
represented by singly charged molecules.

We also measured the average energy of the
interaction of a free electron with the system. It was
taken into account that some heavy molecules were
charge carriers, which had an additional effect on
the motion of free particles. The obtained data are
presented in Figure 7. Solid thick line — the energy

of the interaction of particles at a medium distance,
the dashed line and the double dashed line are the
Debye theory in the large and small canonical
ensemble, respectively, the data of molecular
dynamics calculations are shown by dots. It can be
seen that the measured average interaction energy of
a free electron with the entire system turns out to be
close to the interaction energy of particles at an
average distance, but slightly exceeds the latter.

63



On distribution function of free and bound electrons... Phys. Sci. Technol., Vol. 6 (No. 1), 2019: 57-67

20

15

10

______ -ne=1019 cm-3
——— -1e=1020 cm-3
-ne=1021 cm-3

Figure 6 — The distribution of polyatomic complexes on charges
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Figure 7 — The average energy of the interaction of a free electron with free particles
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The relaxation of model Coulomb systems is
studied by the molecular dynamics method in papers
[7-9] and the recombination coefficient in a
nonideal plasma is calculated. The flux in the energy
space is calculated in [7], and in [8] the increase of
the number of bound states is analyzed, which are
determined by the number of revolutions of the
electron around the ion. In the present work, we
evaluated the role of non-Maxwell in the
recombination coefficient. In accordance with
Thomson's theory, the recombination frequency is
proportional to the velocity of the incident electron,
the scattering cross section, and the cube of the
Landau length, which leads to the dependence

792
The correction factor was calculated by the
formula

2\92 (14)
P
2m
Non Max
where in the numerator averaging was performed

with the Maxwell distribution function (6), and in
the denominator with (3).

Using the expression for the Thomson
recombination coefficient &
AU
a=2.07 (15)

Jm T

we get Ay = aK(y ). Figure 8 presents theoretical

: a . .
dependencies & and ~™ from 7 in coordinates

an,/®,,y , as well as numerical simulation data
[7,8] and [9].

4 Conclusions

This paper investigates the relaxation of a
charge-symmetric system of Coulomb particles to
an equilibrium state. It is shown that in the system
with the selected interaction potential (7) bound
states arise. The temperature relaxation process
coincides in time with the establishment of
ionization equilibrium between bound and free
states. A direct “measurement” of the distribution
function of free particles by the kinetic energy in the
equilibrium state was carried out. Its deviation from
Maxwellian, due to a decrease in the configurational
space of free particles, was recorded. The free
charge subsystem turned out to be “hotter” than all
the charges in general. The kinetic energy
distribution of the entire set of charges (bound and
free) remains Maxwellian.

The influence of the non-Maxwell of the
electron distribution function on the recombination
coefficient is estimated.

The relaxation of the radial distribution function
of all particles is investigated in the approximation
of the nearest neighbor. At equilibrium, the radial
distribution function measured in this way coincides
with the theoretical one within the error of
averaging.

The measured average interaction energy of a
free electron with the entire system is close to the
interaction energy of particles at an average
distance, which indicates the saturation of the
Coulomb nonideality in the system of free charges.
In the subsystem of bound particles with increasing
density, along with paired particles, polyatomic
complexes are also formed, i.e. there is a clustering
process.
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Thus, the main effect of nonideality in the  formation of composite complexes, while the
system with increasing density is associated with the  interaction energy of free charges grows slightly.
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Present work presents calculations and experimental studies on the formation and dynamics of plasma on
the “plasma focus” set up. Physical conditions were determined and critical parameters were calculated
for estimating the neutron yield for kilojoule and megajoule set ups. The results of plasma diagnostics and
flow formation in the CPA-30 and PF-4 set ups are also shown. A comparison of calculated data and
experimental values is performed. The value of the neutron yield parameter is justified and the possible
cause of the appearance of saturation is indicated. The rationale for the development of further research in
the direction of creating conditions for thermonuclear fusion in installations of the plasma focus type is
given. The neutron flux was observed on high-voltage gas discharges with a specific geometry of the
electrodes. The result of measuring the anisotropy of the neutron yield along the axial z and radial ¢
directions was equal to Yu(z)/Yn(@)~ 2 + 3, which contradicts the thermonuclear mechanism.

Key words: neutron yield, plasma focus, maximum discharge current, electrode, silver and indium foils.
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1 Introduction

The tasks of creating powerful sources of
neutron fluxes and X-ray radiation are relevant for a
number of industries of production and medicine,
but the problem of solving the problem of
thermonuclear fusion is even more acute [4-5]. One
of the new developing approaches in the creation of
thermonuclear installations is the method based on
plasma generation in installations of the plasma
focus type. Plasma focus (PF) is a pulsed unsteady
clotof hightemperature dense hot plasma. When
using deuterium as working gas, the PF is a
localized source of neutrons and hard radiation.
However, when using other materials, such as
boron, the synthesis reaction may be without a
neutron yield, but in this case, the energy yield of
the reaction will be different. Therefore, the study of
the possibilities of using plasma focus in
thermonuclear energy is very important.

The phenomenon of "plasma focus" was
discovered in the middle of the twentieth century,
independently to each other by N.V. Filippov
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(USSR) [1] and J. Mather (USA) [2] in studies
conducted under the program of controlled
thermonuclear fusion. PF attracted interest by
researchers, when the working chamber of the PF
was filled with a rarefied isotope of hydrogen
with deuterium, a powerful short impulse of fast
neutrons and X-rays is generated inside the
chamber of the discharge current. The discharge
current usually measured in hundreds of kilo
Amperes [3,4]. The first PF installations had an
energy reserve of 50 kJ. In this case, the neutron
yield achieved at these facilities was ~10°
neutrons per pulse. The neutron pulse duration of
the PF is t ~ 100 ns. From the practical point of
view, installations with PF are used as sources of
neutrons and hard radiation for solving a number
of scientific and technical problems: materials
science and Dblanket tests for controlled
thermonuclear fusion; neutron therapy; pumping
laser media; interactions of powerful beams with
plasma, etc. In recent years, the direction of
creating devices that are more compact has been
developing [5, 6].
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There is more than a dozen PF set up in the
world: the PF-1000 set up (Warsaw, Poland) has a
capacity of 1 MJ, the Tulip plasma set up with
power from 4 kJ to 0.4 MJ (Moscow, Russia), and
others [7-8]. Previously, the authors conducted
experiments on a pulsed plasma accelerator PF-30.
The power of the CPA-30 set up is 35 kJ, the
discharge current is 450 kA, and the duration is 7
us. On this set up we have formed dense, discharge
plasma clots, and studied their dynamics, as well as
the basic laws of plasma beam focusing [9]. In
particular, it has been shown that the dynamics of
light and dense plasma flows differ significantly not
only in flow rate but also in the role of ions in
plasma acceleration and the whole structure of the
plasma flow [10].

The use of focus plasma in thermonuclear
reactors was considered in [11-12]. With an
adequate level of understanding of these processes,
new perspectives are emerging for the creation of a
fusion reactor based on new data. Therefore, it is
necessary both to study the possibility of creating an
alternative type of thermonuclear reactor at the
plasma focus installations and to conduct
experiments on existing installations. In this paper,
the problem is posed to theoretically calculate the
parameters of the neutron yield and then compare it
with the experiment.

2 Theoretical part.

A feature of the plasma focus-type installations
is the dependence of the neutron yield on the energy
E stored in a capacitor battery, and accordingly on
the magnitude of the discharge current at the
moment of pinching I,:

Y =10E’ (1)
Y, =101 2)

The PF set up of the kilojoule range, the
inductance of the discharge chamber and the plasma
column can be neglected, and then the discharge
inductance will be determined by the inductance of
the battery and lead wires. The value of the
maximum discharge current for these installations is
found by the formula (2), taking into account the
energy stored in the capacitor battery is equal to:

2F
I ==

Expressing the energy from equation (6), and
substituting the resulting expression into equation
(3), we obtain

Y,=2,5-T*L “)

From equation (6) it follows that the neutron
yield for installations with kilojoule power is
determined by the magnitude of the maximum
discharge current.

The practical evaluation of formula (4), was
calculated the neutron yield value for the PF-30
experimental setup. The capacitor battery consisted
of 9 to 18 capacitors, each with a capacity of 3 pF
and an inductance of 10”7 H.The maximum battery
voltage is 30 kV. The maximum neutron yield for an
installation with a capacitor battery with a capacity
of 27 uF (9 capacitors) was 1.5-10° neutrons/pulse,
and for a battery with a capacity of 54 pF (18
capacitors) consist 5.9-10° neutron/pulse.

The electron concentration can be found using
the following expression for the electrodynamic
model:

_fomt 5
ne—m ( )

Where [ — current, f) — frequency, uy - magnetic
constant, » — the distance between the electrode, ¢ —
ionization energy. From equation (5) it follows that
the concentration of electrons depends on the
current and the distance between the electrodes,
which is illustrated in Figure 1. One can see that the
electron concentration decreases with increasing
anode radius. The change in the current of the
circuit also affects n, it is clear that an increase in
the electron temperature is affected by an increase in
the current, but at the same time, the pulse time
decreases. If the maximum current value is 1 MA,
the electron temperature will take its maximum
value of 126 eV, and the pulse time will be a
minimum of 1 ps. More accurate determination of
the maximum electron temperature is necessary to
calculate the optimum ratio of the anode and
cathode [19]. The obtained data allows us to
determine the values of the electron temperature when
the anode radius varies from 0.25 cm to 2.25 cm.
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Figure 1- Changes in the concentration of electrons from the distance between
the electrodes for different values of current

Thus, the maximum temperature and electron
concentrations were 2.5-10' cm™ and 126 eV, and
the neutron yield for the PF-30 installation may be
5.9-10° neutron/pulse.  Calculations on the
electrodynamic model show that the electron
concentration decreases with increasing anode
radius.At the same time, an increase in current leads
to an increase in concentration. In addition, it was
found that an increase in the electron temperature is
influenced by an increase in the current, but at the
same time, the pulse time is reduced.

3 Measurement of neutron yield

To register a short duration neutron emission
from Plasma Focus type pulsed sources at the
P.N. Lebedev Physical Institute of Russian
Academy of Sciences, a special detection system
was developed, which is described in detail in [15-
16]. The task was to develop equipment for the
registration of neutron radiation of the DD reaction
for PF type set ups of relatively low intensity
(5:10°-2-10" neutrons per discharge) under
conditions of powerful fluxes of electromagnetic
plasma radiation in the presence of intense electrical
and magnetic interference, the calibration of this
system. Measurement of neutron fluxes in these
conditions can be successfully carried out using
activation detectors. Activation detectors allow it
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possible to make measurements with a shift in time
with respect to the moment of plasma generation
after extinguishing of electromagnetic radiation and
the cessation of interference [16-19]. Measurements
produce on standard equipment and with greater
accuracy than the accuracy achieved indirect
measurements of the amplitude of the neutron pulse.

The halogen Geiger counters CTC-5 (CTC-6)
used as sensors in these detectors (Figure 2) were
wrapped with indium (or silver) foil and placed in
the center of the cylindrical moderator box. The type
of sensor used has a relatively large “dead time”
(~100 ps). Therefore, when measuring large neutron
yield, it is also important not to have an excessively
large number of samples on the recording
equipment in order to minimize the errors of the
recording system due to the relatively large
resolution time of the system on the counting input.

The activation detector variant with the CTC-5
sensors are characterized by lower sensitivity as
compared to activation detectors of similar types, as
the detector has a relatively small container —
moderator and the CTC-5 sensor itself has small
dimensions compared, for example, the CTC-6
sensor with similar propertieswith, respectively,
fewer counting on the measuring equipment.
Measurements of neutron fluxes under these
conditions can be successfully carried out using
activation detectors [7, 14, 15, 16].
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1 —battery power supply of the electric circuit; 2 — electrical diagram of the activation counter;
3 —halogen Geiger counter CTC-5 (CTC-6); 4 — cylindrical block of activation counter retarder;
5 — the layer of cadmium; 6 — activated foil (InorAg).

Figure 2 — Neutron detector developed in P.N. Lebedev Physical Institute
of Russian Academy of Sciences.

Let the detector be irradiated with fast (2.5
MeV) neutrons from a constant source of intensity |
(neuter./sec.) located at the point from which the
detector is visible at a solid angle Q. Thermal

4

neutrons (after the process of slowing down fast
neutrons) inside the moderator block activate foils
that wrap the sensor. In general, the absolute
neutrons yield:

N+AN-NY = I[g)[g’T'(l e je_%(l - e%j +g”T”(1 o )e_%"(l e ﬂ ©6)

The indices “one stroke” and “two strokes” refer
respectively to the parameters for indium isomers
In'" and In'"™ or the isotopes Ag'® and Ag''’.
Description of other parameters in the formula (6) is
given in [8, 9].

The results of experiments on measuring the
neutron yield at the PF-4 installation [7] are shown
in Figures 3 and 4 for indium and silver foil
respectively, used as a fast neutron moderator.
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Figure 4 — PF-4 neutron yield with silver foil.
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4 Conclusions

The results of calculations and experiments
shown that for installations like plasma focus PF-30
and PF-4 it is possible to obtain discharge currents
of hundreds of kiloamperes and current rise rates up
to ~ 10'" A/s.The current data determined from the
experiments and the plasma parameters agree with
the calculated values given above. At the same time,
the neutron yield was calculated on the basis of the
thermodynamic model, i.e. a priori assuming its
thermonuclear origin. But a review of the
experimental facts suggests that neutron emission
may be associated with other conditions and is not
characteristic only of “plasma focus”. For example,
the neutron flux was also observed on high-voltage
gas discharges with a specific geometry of the
electrodes, creating field strength sufficient for
“runaway of electrons” [13]. In this case, the typical
times of processes are counted in hundreds of
nanoseconds, which are also observed for a plasma
focus.

Previously reported experimental work that
when using deuterium gas in the PF, neutron yield is
observed with the energy distribution along the axis
of the system and energy of 2.45 MeV.Neutron
radiation had an isotropic distribution and its
duration was of the order of tens of nanoseconds.It
was assumed that these neutrons are of
thermonuclear origin, which leads to isotropic
neutron radiation. However, the result of measuring
the anisotropy of the neutron yield along the axial z
and radial ¢ directions was equal to
Yu(z)/Yu(p) ~ 2 =+ 3, which contradicts the
thermonuclear mechanism. In addition, the average
energy of neutrons in the axial direction was greater
than the energy of thermonuclear neutrons (2.45
MeV). This fact indicates that it is worth
considering the non-thermal mechanism of neutron
emission.

Thus, today, both thermonuclear and beam
emission options are possible, but the details and
mechanism of ion acceleration still need to be
clarified.
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The ionization calorimeter “Adron-55”, located at an altitude of 3340 meters above sea level, is part
of the unified registration system for the shower installation of the Tian-Shan high-mountain station. The
“Hadron-55" installation is a 2-tier ionization calorimeter consisting of a shower system, a gamma block
and a hadron block located under it with a vertical air gap of 2.2 meters. The calorimeter consists of 6
layers of ionization chambers with 144 chambers in each layer and a spatial resolution of the WAS
structure equal to 11 cm. The total area of the calorimeter is 55 square meters with an absorber thickness
of 1150 g / cm?. The calorimeter also contains helium counters for recording the neutron component. The

2

central shower calorimeter system contains 30 scintillation detectors with an area of 400 m* and 8
peripheral Sc-detectors at a distance of up to 100 m. The total area of the entire recording system is ~
30000 m?. Over 4 years of operation, more than 120,000 events with energies above 10'> ¢V have been
recorded. Currently, the processing and analysis of the data being obtained are performed.

Key words: detector, hadron, calorimeter, installation, ionization.

PACS numbers: 13.30.Eg, 29.40.Cs

1 Introduction

Quite often forgotten that particle physics has
originated from cosmic ray physics. After splendid
results of particle physics thanks to accelerator
technique advances we are again witnessing some
interest to super high energy cosmic ray studies due
to some new effects observed at energy range above
10" eV which are hard to explain within the
conventional processes governed by Standard
Model. These new phenomena observed in cosmic
ray experiments can be accounted for by production
of new particles or by new interaction mechanisms.
The main types of the unusual phenomena in cosmic
rays at energies greater than 10'° eV are as follows:

* the problem of the PCR energy spectrum
"knee" at energy Eo~3-10" eV;

* the cut-off of the primary cosmic ray spectrum
at energy Eo~ 310" eV;

» the appearance of so-called Centauro- and
Anti-Centauro types of events with abnormal ratio
of charged and neutral hadrons out of conventional
statistical fluctuations;

* the abnormally high fraction of so-called
"halo" events observed with XRECs which contain a
diffuse  macroscopic spots on X-ray films
characterized by high energy flux (~20 TeV/mm?);

* the alignment of super high energy
(3 Evisible>700 TeV) gamma-ray-hadron families
characterized by an alignment of tracks of the most
energetic particles along a straight line;

* the so-called long-flying particles with
abnormally weak hadronic absorption violating
conventional exponential dependence.
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It is worth noting that some indications to
existence of the alignment effect, first observed in
the Pamir XREC experiment [1], were recently
obtained at collider experiments, i.e., RHIC and
LHC, where so-called "ridge" effect manifesting
strong azimuth anisotropy was discovered [2].

Thus, at present, an interesting situation has
been created in cosmic rays at energies above 10"
eV. On the one hand, a certain number of
phenomena are observed mainly in the region of
the trunk (center) of a wide air shower (EAS),
which do not fit into the framework of traditional
ideas about the nuclear-cascade process in the
atmosphere. On the other hand, so far no serious
deviations from the accepted Standard Model have
been found in experiments on accelerators. If we
recall that a trunk region with a radius of up to 10
meters at a distance of 20-30 km from the point of
the first interaction of a particle that produced an
EAS, belongs to the pseudo-fastness region (n~12)
that is not available on accelerators, then the study
of the trunk is a good addition to accelerator
experiments.

SC-detector

It is also possible that unusual particles can be
present in the cosmic-ray flux at energies above 10"
eV, which are the primary cause of the observed
anomalous phenomena in experiments with cosmic
radiation and which, due to their properties, are not
observed in accelerator experiments. The
installation “Hadron-55” is aimed at solving a
number of astrophysical and nuclear physics
problems: the study of interactions of high-energy
hadrons in the central part of EAS trunks; search for
sources of high-energy cosmic rays [3].

2 Installation geometry

Figure 1 shows a schematic plan for the
installation of the Hadron-55, consisting of the
central and peripheral parts. The central part
consists of an ionization calorimeter, a scintillation
carpet and a muon hodoscope located in the building
of the Physicotechnical Institute. The peripheral part
consists of 8 SC-detectors located in circles 40 and
100 m. The geographical coordinates of the
installation center are: N: 43°2°32”; E: 76° 56°45”.
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Figure 1 — Schematic plan of the location of the installation
"Hadron-55" consisting of a — peripheral and b — central parts.

3 The HADRON-5S setup design

The installation is a two-tier ionization
calorimeter (IC) with an area of 55 m” and a
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thickness of 1150 g/cm? (see Figure 2) located on
the periphery of the installation both inside and
outside the building of scintillation detectors
covering an area of over 30,000 m?.
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The tiers are spaced vertically by 2.2 meters.
The upper deck contains a standard XREC (socalled
G-block) and two rows of ionization chambers (IC)
under it, which are arranged in mutually
perpendicular directions. Beneath them, there is a
target lead block 22 cm thick in which hadrons of
cosmic radiation interact effectively with lead
nuclei. The design of the upper tier installation
makes it possible to determine the energy of
electron-photon component and, in conjunction with
the lower tier ("hadron" block) enables
experimentalists to reconstruct the particle
trajectories.

There are also 24 scintillation detectors 0.25 m2
each which are spread over an area of 324 m? at the
level of the upper tier.

The lower tier combines the XREC and the
underlying ionization calorimeter, which consists of
iron absorber with gaps where IC, neutron and
Geiger counters are placed. This unit is used to
measure the energy of the charged cosmic ray
component as well as to determine the particle
trajectories. The specific feature of the HADRON-
55 setup is that it represents a set of different
detectors thus allowing a much more detailed study
of characteristics of cosmic ray particle interactions.

According to [3] and our calculations [4] the
error in determination of interaction energy in an
ionization calorimeter of 1,000 g/cm® thick
containing six levels of registration is about 10%.
Therefore the design of the calorimeter has 9 rows
of detectors and the total thickness of the absorber is
1033 g/cm2 that is sufficient for a correct
determination of the primary particle energy Eo with
a reasonable accuracy. Scintillation detectors
measure the coordinates of the passage of EAS with

an accuracy of ~0.5 m, ionization chambers 10 cm.
The particle energies are determined with an
accuracy of AE/E~10%.

It is envisaged that, in the nearest future, the
HADRON-55 setup will work as a part of a new
shower array which is now under construction at
TSRS. This array represents a network of
scintillation detectors located on an area of about
two km’. Thus, measurements of the primary
particle energy Eo and determination of their mass
be carried out more reliably that makes it possible to
solve the problems planned.

4 Tonization chambers used in the IC

The upper tier of the IC (i.e., G-block) consists
of two rows of IC arranged in mutually
perpendicular directions. The first row contains 100
ICs and the second one comprises 144 chambers of
size 300x11x6 cm® each. The signal read-out of
each IC is performed with in-house electronic
recording channel developed and fabricated in
TSRC. Figure 3 presents a schematic block diagram
of a recording channel of the ionization chamber
employing the 544UD1 chips of operational
amplifiers and the SMP04 cell of analog memory.
At the input of the amplifier, there are diodes D1
and D2, which limits the input voltage and partially
compress the input range to a logarithmic scale. In
the feedback circuit of the output cascade of the
amplifier at the 544UD2 chip, a diode is also
installed which provides a quasi-logarithmic transfer
characteristic of the amplifier. The amplifier of
ionization chamber makes it possible to boost
signals from 100pV up to 100 V that means that it
has a dynamic range (gain) of 10°.
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Figure 3 — A schematic block diagram of the logarithmic amplifier
of an IC recording channel
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Figure 4 shows the calibration characteristic of a

error is less than 10%, and for signals from 10 mV

logarithmic amplifier. The graph shows that for to 100 V, the measurement error is less
signals from 100 pV to 10 mV, the measurement than 1%.
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Figure 4 — Transfer function of the amlifier of ionization chamber.

5 Scintillation detectors used in the IC

To detect electron EAS component, the
HADRON-55 setup uses scintillation detectors
fabricated on the basis of solid plastic scintillators
which contain luminescent substances emitting light
when charged particles pass through them. The light
pulses are recorded by a photomultiplier tube (PMT-
110 in our case). Figure 5 shows the structure of the
scintillation detector.

A light-tight casing of the scintillator is made of
an aluminum sheet of 1 mm thick and is covered
inside with white reflective paint. In the lower part
of the casing, there is horizontally mounted plastic
block of 50x50 c¢cm? in size and 5 cm thick. The
upper part of the body has the shape of a pyramid on
top of which a photomultiplier is mounted together
with a voltage divider for dynodes and a PMT signal
amplifier. At present, 24 scintillation have been
installed and are already under operation.
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Figure 5 — The design of the scintillation detector

6 Neutron detectors of the IC

The method of energy measuring based on the
detection of evaporated neutrons from the nuclei
splitting produced by cascade particles was
proposed about 30 years ago [5] and is used in
analyzing the data of the world network of neutron
monitors [6]. However, neutron calorimeters
have not yet been widely used. Our project by using
a two-tiered IC combines two different
methods of particle energy measuring, i.e., the
ionization calorimeter method and that of the
neutron one. The informativeness of such a
combined calorimeter is substantially higher as
compared with ionization and neutron calorimeters
individually [7]. Indeed, in addition to determining
the energy of two independent methods, IC is able
to separate gamma rays, electrons and hadrons in the
mixed flux of particles due to the fact that the
relative neutron yield in electromagnetic cascades as
compared with nuclear ones is not more than 5—
10% [8,9]. When neutron moderation to thermal
energies is used for neutron detection, the design of
the IC is practically the same as of common
calorimeters. In this case, the signals from the
neutrons will be delayed with respect to the
ionization signal to tens or hundreds of
microseconds because of thermalization and
diffusion processes in the material of the moderator
and, thus, the detection of ionization and neutron
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signals can be carried out by the same detectors,
such as gas proportional neutron counters, with
some time shifting .

The IC has two rows of neutron detectors. The
first one is between the third and fourth
registration rows, and the second one is just after the
9th row (see Figure 2). This arrangement of
neutron detectors allows to determine independently
the primary particle energy [10], number of
neutrons and their lateral distribution function in the
calorimeter.

7 The trigger and the readout systems

The HADRON-55 setup trigger system assumes
selection of events by several EAS parameters: total
ionization, density of charged component, position
of the EAS axis (hitting parameters), etc. The event
registration is done by recording detector signals in
a computer memory according to a special control
(trigger) signal which is generated in a special
electronic unit of the setup. It is supposed that the
triggers system of the setup will have four different
modes. However, nowadays we use only the Ist
mode of trigger system operation based on the
circuit processing the sum of ionization in two
detection levels (rows) of the G-block. The readout
system includes a computer and a software package
of management, control and processing. The
program manages the readout process through the
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computer’s LPT parallel port, then through the
CAMAC data controller which transfers data to the
computer memory from the ADC modules installed
in the CAMAC crate. With the accumulation of
events in the computer memory, the database is
formed.

8 Search for structures in the distribution of
particles from the central area of EAS

For illustration, was used event Ne 9, which
occurred on January 1, 2019 at 2 hours 24 minutes
49 seconds. It was registered in six rows of the
ionization calorimeter and in 18 scintillation
detectors, see Figure 1 and 2.

first level

P EENLLED

7 third level

-

B akE e E

s =& 8

In the first and second rows of the gamma block,
the ionization chambers are located in mutually
perpendicular directions. This allows you to
determine the direction and energy of the showers
passing through this layer, which forms the first
level of the ionization calorimeter. The third and
fourth, fifth and sixth rows of the ionization
calorimeter, forming the second and third levels, are
considered in a similar way. In fig. 6 shows three
levels of ionization calorimeter. The X and Y axis
shows the location of the ionization chambers. On
the Z axis, the amount of ionization during the
passage of charged particles. For this event, the
zenith angle is 7°, azimuth angle is 205°. The energy
of the primary particle is 2,4-10"° eV.

Figure 6 — Illustration of the position of the axes of EAS event Ne9
in the plane of the "carpet" of the ionization calorimeter
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9 Results

In order to verify the correct operation of the
entire electronics of the calorimeter, the adequacy of
programs and methods for calculating the energy of
primary particles, we calibrated the setup by
determining the flux of particles of cosmic rays with
an energy of Eg > 3-10'2eV. It is known that the flux
of cosmic particles at a given height is a fairly stable
and well studied quantity. Therefore, a comparison
of the experimentally measured flux values on a
new installation with the results obtained on already
well-tested plants that have worked stably for a long
period allows us to estimate the accuracy of
measurements on our plant. It was logical to
compare our data with the results of the work of the
ionization calorimeter of the Tien-Shan plant of LPI
of Russia, located on the same site with our
calorimeter. According to their data of [11], the total

particle flux at an altitude of 3340m is I(>1T>B)=0,8
parts/m?ster-h. The particle flux obtained in our
experiment is equal to 1(=3T»>B)=0,15+0,01 part
m-ster-h. To compare flows, it is necessary to bring
them to the same threshold energy. If we bring our
value to the energy of 1 TeV, then we get (=3
TeV)=(0.82+0.04) parts/m*ster-h, which well
coincides with the data of [11]. Thus, all the systems
of the created installation "Adron-55" work
correctly and in a steady mode.

Currently, the facility operates: eight rows of
ionization chambers or four levels; twenty-five
scintillation detectors inside the building; four
scintillators outside the building located at a
distance of 40 meters from the center of the
calorimeter. In 2019, about six thousand events with
energies greater than 2:10" eV were recorded. The
interactions when the share of primary energy is
transferred only to the neutral component is 6%.
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Andrey Stepanovich Drobysheyv, scientist
who developed cryophysics in Kazakstan, obituary
(11.09.1950 - 20.12.2018)

Andrey Stepanovich Drobysheyv,

physicist,
doctor of physical and mathematical sciences,
professor at al-Farabi Kazakh National University
and chief researcher of the Institute of Experimental
and Theoretical Physics (IETP) and Natoinal

Nanotechnological Laboratory of Open Type
(NNLOT). He was a remarkable man and a great
developer of the scientific direction of “Cryophysics”
in the Republic of Kazakhstan. He has passed away
on 20th December, 2018 at the age of 68.

Andrey S.Drobyshev was born on September 11,
1950 in the village of Lukyanovka, Omsk Region.
In 1959, his family moved to Kazakhstan and in
1967 he graduated from high school and entered the
Department of Physics at S.M. Kirov Kazakh State
University. In 1973 he graduated from the university
with the qualification of "physicist, teacher of physics
in German" and was distributed to the Department of
Physical Hydrodynamics (later, the Department of
Thermal Physics), which is still in operation.
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Since 1975, he has been actively involved in
research work, being the executor, and subsequently,
the head of large contractual issues, commissioned
by enterprises of the Ministry of General Engineering
of the USSR. The main directions of the work that
he carried out were space modeling in ground-
based test facilities and thermal vacuum testing of
materials and components of products intended for
work in space conditions. The results of these studies
became the basis of his PhD thesis: “Growth rate,
density and thermal conductivity of cryocondensate
gases”, which was defended in 1984, in the specialty
“Thermal Physics and Molecular Physics”.

In March 1987, Drobyshev A.S. established a
“Laboratory of Cryophysics and Cryotechnologies”.
He was the head of this Laboratory until the last days
of his life. In addition to the continuation of applied
research, an important focus of the his Laboratory is
the performance of fundamental researches related
to the study of gas-solid phase transitions at low



temperatures and the properties of cryovacuum gas
condensates.

In 1991, Drobyshev A.S. became a member
of the initiative group headed by Academician
Kozhamkulov T.A., which was engaged in the
development of regulatory documents on the creation
of research institutes at the university. As a result, in
1992, based on the Faculty of Physics at al-Farabi
Kazakh National University (KazNU) the Research
Institute of Experimental and Theoretical Physics
(IETP), was established. A.S. Drobyshev became the
deputy director of this institute, and later a director
between 1993 and 1996.

In 1997 he defended his Doctoral thesis on the
topic of “Growth kinetics, structure and properties
of real cryocrystals”, in the specialty “Solid State
Physics”.

Professor Drobyshev continued research works
in the field of low-temperature physics, as a head
of scientific projects in a number of fundamental
research programs of the National Academy of
Sciences of Kazakhstan. At the same time, Laboratory
of Cryophysics and Cryotechnologies carried out
researches and production activities, introducing
low-temperature technologies at enterprises in
Kazakhstan. He also was engaged in activity related
with establishment of close scientific, industrial and
pedagogical relationships with leading universities in
the former Soviet space and far abroad. Among them
Institute of Solid State Physics (Russia), Physical-
Technical Institute of Low Temperatures (Ukraine),
M.V. Lomonosov Moscow State University, Texas
Christian University (USA), Autonomous University
of Madrid (Spain), University of Manchester
(England), Munich Polytechnic Institute (Germany).

Some of the professional activities of the
professor Drobyshev A.S were related to the
preparation of new scientific and pedagogical stuff

in physical specialties. In 2000, he became a head
of a creative team for the development of the State
Standard in the specialty “Technique and Physics
of Low Temperatures”. In the same year, the first
enrollment in this specialty is carried out at the
Department of Physics at al-Farabi KazNU. He
has prepared and read the basic special courses on
these specializations: “Cryophysics”, “Technique
and Physics of Low Temperatures”, “Experimental
Physics”, “Cryophysics of the Condensed State”,
“Physics of Cryocrystals”, etc. He has supervised
graduation and dissertations of bachelors and masters
of the faculty. Under his leadership, have been
defended PhD dissertations.

For several years, Drobyshev A.S. was a
member of the academic council of the al-Farabi
KazNU and the Faculty of Physics and Technology,
a member of the dissertation council for defending
doctoral dissertations, a member of the scientific and
technical council of the IETP at Al-Farabi KazNU,
an expert of the Ministry of Education and Science
of the Republic of Kazakhstan. Since 2011, he was
a member of the Council of the Institute of Oil and
Gas of Kazakhstan. According to the materials of
scientific research, more than 80 articles have been
published in major international scientific journals,
which reflect the main scientific results obtained by
the group of professor Drobyshev.

Al-Farabi Kazakh National University,
Faculty of Physics and Technology

Institute of Experimental and
Theoretical Physics

National Nanotechnological Laboratory
of Open Type
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