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ON THE MECHANISMS OF FORMATION OF DENSITY CAVITIES
UNDER INSTABILITYOF INTENSE LANGMUIR OSCILLATIONS IN A PLASMA'
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The paper considers the instability of intense Langmuir oscillations in nonisothermal (Zakharov's model) and cold (Silin's model) 1D
plasma. The main attention is paid to the formation of plasma density caverns in the hydrodynamic and hybrid (electrons are described
hydrodynamically, ions are described by model particles) representations. In the hydrodynamic representation, with a small number of
spectrum modes, large-scale plasma density caverns are observed, which rapidly deepen. This process is supported by the appearance
of small-scale perturbations, and phase synchronization of the Langmuir waves of the instability spectrum is observed. This phase
synchronization of the spectrum modes is quite capable of fulfilling the role that was previously proposed to be given exclusively to
the effect of extrusion of particles from the cavity by the field. In hybrid models, in the region of consideration, ions are described by
model particles, the number of which in the one-dimensional case 10* +5- 10" (which in the three-dimensional case corresponds to

the number of particles 10" +10"). The initial spectrum of perturbations is very wide and rather intense, which leads to an explosive
growth of perturbations in the Zakharov model and a rapid development of instability in the Silin model. In this case, in the developed
instability regime, the formation of many small-scale plasma density caverns is observed. It is the presence of this small-scale
modulation due to the Fermi effect that quickly forms the normal distribution of ions over velocities. In this case, the effect of particle
heating due to Landau damping loses its primacy. It is shown that the caverns practically do not change their position; phase changes
for the spectral components of the plasma density were not observed. Only individual small-scale caverns demonstrate dynamics similar
to the development of caverns in the hydrodynamic representation.

Keywords: intense Langmuir oscillations, description models by Zakharov and Silin, small-scale slow-moving plasma density caverns,
phase synchronization.

PACS: 52.35.+¢,52.65. +y

1. INTRODUCTION

The traditional idea of the dynamics of the development of instability of intense Langmuir oscillations (the
wavelength of which was assumed to be very significant, actually infinite) was associated by many authors of publications
on this topic with the idea expressed in [1] about the formation of deepening plasma density caverns filled with the field
of the short-wavelength Langmuir spectrum of instability. Indeed, during the development of the instability process, one
could see how the spectrum of instability was enriched with short-wavelength Legmuir oscillations. It could also be
assumed that the caverns deepened as a result of phase locking of the modes of the short-wavelength spectrum of
Langmuir waves. However, this synchronization mechanism itself was practically not discussed. For the reason for the
deepening of the plasma density caverns was considered the process of plasma extrusion by the short-wavelength field of
the Langmuir spectrum of instability.

In addition, it was assumed that, as a result of the development of instability, particle flows were formed, which took
away the energy of the field due to Landau damping. Field and numerical experiments confirmed the appearance of a
noticeable inhomogeneity of the plasma due to this instability and demonstrated the transfer of energy from the field to
plasma particles, to a greater extent to electrons.The quasi-hydrodynamic description of the process of instability of intense
Langmuir oscillations prevailing in many publications under conditions of a relatively narrow spectrum of initial
perturbations demonstrated the appearance of individual rapidly deepening plasma density caverns. Moreover, as noted
in [1-4], already in the three-dimensional case, the emerging regime with peaking (rapid growth of the short-wavelength
Langmuir spectrum with deepening of the caverns) was even called the collapse of Langmuir waves (although the Debye
screening limited the minimum size of the bottom of the caverns). Due to the difficulties in numerical simulation of quasi-
hydrodynamic models of plasma description [5], they turned to the so-called hybrid description models, where electrons
were still represented hydrodynamically as a continuous medium, and ions in a discrete form as particles. According to the
opinion expressed by V. E. Zakharov and his colleagues (see [3]), direct modeling of the phenomena of formation of cavities
in such problems by the particle method is “the most consistent.” It is clear that the number of modeling particles remained
much less than the real number of ions in in two-dimensional and even more so in three-dimensional cases, although in the
one-dimensional case, which is of academic interest, the number of modeling particles per unit length was already acceptable.

The use of hybrid models immediately showed the difference between the hydrodynamic description of all plasma
particles and the hybrid description, where ions were represented by particles. The discrete description of ions actually

7 Cite as: V.M. Kuklin, East Eur. J. Phys. 3, 6 (2022), https://doi.org/10.26565/2312-4334-2022-3-01
© V.M. Kuklin, 2022
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sharply enhanced the short-wavelength spectrum of initial perturbations and, most importantly, advanced this initial
spectrum into the region of perturbations up to the Debye radius of the ions.

This circumstance changed the conditions for the development of instability of intense Langmuir oscillations to such
an extent that the picture of the process became different. As is known [2], in the Zakharov model for a nonisothermal
plasma, where the electron thermal energy density exceeded the field energy density, the growth rate of perturbations
only increased with decreasing scale. In the Silin model of a cold plasma, where the field energy density was higher than
the thermal energy density of the plasma, the increment of such instability was significant for perturbations whose scale
was comparable to the amplitude of electron oscillations in the field of intense Langmuir oscillations [6, 7]. In these two
cases, with a large number of particles describing ions, the perturbation spectrum rapidly increased in the short-
wavelength region, forming many small density caverns [8]. Moreover, in the Zakharov model, the growth of the
instability spectrum occurred in an explosive manner.

In the hybrid model of Zakharov's nonisothermal plasma, the processes of formation of small-scale cavities
immediately dominated, and it was impossible to observe the formation of sharpening regimes - the deepening of only a few
large cavities, which was typical for the hydrodynamic description precisely because of the absence of a relatively intense
short-wavelength disturbance spectrum in the initial conditions. For it is precisely the discreteness of the description of ions
that generated such a wide initial spectrum in the short-wavelength region for the case of a hybrid description.

In Silin's cold plasma model, a decrease in the amplitude of intense Langmuir oscillations shifted the maximum
growth rate to the short-wavelength region of the initial spectrum of perturbations with a noticeable amplitude, which
arose due to the discreteness of the description of ions. However, this delay in the development of short-wave disturbances
allowed the formation of several large-scale caverns. However, their refinement then occurred, and the depth of small-
scale caverns turned out to be noticeably greater than in the case of nonisothermal plasma.

These processes of plasma density modulation could no longer be explained only by the displacement of plasma
particles from the resulting caverns by the high-frequency Langmuir field, so one should return to consideration of
phenomena of phase synchronization of waves of unstable spectra.

The presence of a significant small-scale modulation of the plasma field and density obviously led to the scattering
of ions by inhomogeneities and their rapid thermalization. Not only was the transfer of energy from the field to the ions
important, but also the formation of a normal energy distribution of the ions, which made it possible to speak about the
temperature of the ions. In addition, "tails" appeared - groups of energetic ions, and in cold plasma the energy of such
"tails" turned out to be comparable with the energy of ions within the formed normal distribution. It is clear that the role
of Landau damping during ion thermalization in hybrid regimes could hardly be dominant; rather, the Fermi scattering
mechanism on inhomogeneities manifested itself here [7, 9].

So, the appearance of large-scale deepening density caverns in plasma with instability of intense Lengyur oscillations
in the case of describing ions by particles (or, what is the same, in the presence of a sufficiently significant and wide
initial short-wavelength spectrum) apparently practically does not occur. Only at the initial stage of instability in a cold
plasma can one see such structures that, after grinding, disappear among the mass of small-scale cavities. Therefore, in
the presence of a wide intense initial spectrum, it is often impossible to observe peaking regimes in a few large caverns.
As it turned out, Landau damping could hardly be considered the cause of ion thermalization.

The aim of this work is a detailed consideration of the process of formation of the spatial modulation of the plasma
density. In addition, we will discuss the role of phase synchronization of Langmuir waves of an unstable spectrum in the
formation of spatial structures - plasma density caverns. Let us also consider the conditions for the formation of large-
scale deepening density caverns.

2. DESCRIPTION MODELS OF V.E. ZAKHAROV AND V.P. SILIN

Let us discuss hydrodynamical and hybrid models of Zakharov and Silin (hybrid models: electrons are represented
by quasi-hydrodynamic equations, and ions are represented by particles), descriptions of the instability of intense
Leggmuir oscillations in plasma. These models make it possible to see the formation of the Maxwellian velocity
distribution of ions and evaluate the efficiency of their heating [7, 9]. However, below we dwell on the consideration of
the dynamics of plasma stratification - on the formation of its density caverns.
Let us first consider the case of parametric instability of an external long-wavelength Langmuir field of high intensity for
a cold plasma, that is, under conditions when the energy density of the field exceeds the density of the thermal energy of

the medium W /n,T, =| E ' /Azn,T, > 1. The particles are in the field of an external wave, the length of which, for the sake
of simplicity of calculations, is set equal to infinity, oscillating with the ion speed is u,, =—(e, |E, |/m,®,)cos® . The

components of the field strength of the external wave are determined as follows
E,=—i- [|E0 |exp(iwyt +ig)—| E, |exp(—ia)0t—i¢)J /2. )]

For complex slowly varying components E ,E_, respectively, of the HF electric field, LF electric field of the excited

n?~n

short-wavelength instability spectrum, and also for the ion charge density v,, = en,

in

the following system of equations

can be written [9].
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Silin's hydrodynamic model (W / n,T, =| E ' /4zn,T, >1).

i n® 4 ,
aEn . wpe 0)0 E + 9 — En _ ﬂwpevm Jl (an ) . exp(z¢)—
ot 2w, ny, kon @)
. @ .
—i 2e1010 ;vm_m |: J,(a,.,)exp[2i¢)+E, - J,(a,, )] =0,
. v, l—J(f(an)+§J22(an )} ’;‘ B ya) B et B ]
V.
— = _sz > (3)
or L Sui(a,)- E, E+ ko Jy(a,)- Z(n—m)[E - E,- €¥+E, - E,- em:|
64rlen, 57 0N T T 6Anten, & e e
OE, . a, « .
(31‘0 - AE‘O == 26:[0 ;Vi:m : [Efm : JZ (am )exp[21¢]+Em : JO (am )i| : (4)
Hybrid Silin model (W / n,T, =| E | /47zn,T, >1).
2 6 4
ai_,-ME vo- L g TN g () explig) -
ot 2w, nM kyn 5)
—i 2“’0 DViin [E - J,(a,.,)exp[2ip)+E, - Jy(a,_, )] =0,
eny m
aab;o inf, =% Sy [, (a0, 2i6]4E, - Jy(a,)] ©)
When describing ions by particles, one can use the equations of motion
z E, - exp{ikonx,} . 7
where is the intensity of the slowly changing electric field
= 4ri 2 1 i . ;
En :[_E] Vin|:1_‘]02 (an)+§J22 (an):| +5J1(an)|: En - e ¢ _E—n . €¢:| —
ink, .
- J, E - E, - 8
167Z'en0 0 (an ); n-m —-m ( )
ik i . . ;
opr (@) M) B B gL

in

Here, the arguments of the Bessel functions a, =nekE,/mw,, ®=wyp+¢, and v, =en,,

=en, —j _”,;j‘,g exp —znkOxS (xo,t))afo0 are the components of the ion charge density, the HF field of the spectrum

E =exp{—imyt} ZE exp{ink,x} ,and the term 6- (n/n,, )6 E_ models the damping of the HF modes of the spectrum

by electrons, with n,, =20, A= ( L, — )/ 2@, . In addition, a dispersion term can be added to (2) and (5), which is

proportional to B =k;v;, /2@,, v;, =T,/m,, x, —the coordinate of the s-th particle simulating the ion. The expressions
proportional to J,(a,), correspond to slow motions, and the expressions proportional to J,, (an ) , are determined by the
contribution to the nonlinearity of the second harmonic, 7, is the unperturbed plasma density, 7, is the electron

temperature, and the ions are assumed to be cold at the initial moment.
Zakharov's hydrodynamic model (supersonic regime) under conditions ([2], see also [7,91) W /n,T, =| E [* /Azn,T, <1.

0E @), —w) +k’n’v;, 6
- _l = - : = En + 9 : n_6 En _l& n[nEO + Zninmem = O > (9)
ot 20)0 ny, 2}’!0 m#0

o'n kon’
= EE,+E,E  + i 10
atz 1672' |: m;n e —m} ( )
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——i— >n_E =0. 11
i S, v

Hybrid model of Zakharov under conditions W /n,T, = E [ /Azn,T, <1.

0E @, —w) +k’n’v;, 6
e 0 TR e b9 L B i | E, + 3 m, E, | =0, (12)
ot 2600 ny, 2”0 m#0
OE, .o,
—i—- )n =0. 13
ot 2n, ; o (13)
When describing ions by particles, one can use the equations of motion,
:—z E - exp zk nx, } (14)
where is the intensity of the slowly changing electrlc field
— ~  —ikynn, T —ik ne{
E, = —ikyn$, = ——"—+ EE,+EE" + . 15
n 0 ¢n eno 4m6() L m;n n— m m:| ( )
k ik
In this case, the ion density perturbations are n, =n, - 2—0 f exp[ —ink, - x_s_(xo,t)]- dx,, , where the term
T —7lky

0-E, - n / n{, in the equations (9) and (12) models the damping of the HF modes of the spectrum on electrons, and HF
field spectrum E = exp{—iw,t} ZE exp{ink,x} .

It is important to note that for the equations of the hydrodynamic model (2)—(4) and the hybrid model (5)—(8) of
Silin, taking into account the representation J, (a, )~ a, /2, Jy(a,)~1, J,(a,)~ a; /8, coincide with those obtained
for the nonisothermal plasma of the hydrodynamic model (7)—(9) and the hybrid model of Zakharov (10)-(13),
respectively, up to the detuning value and taking into account the replacements E, ——iE, and E, —E, .

From the results of the linear theory [2] (see also [7,9]), it follows that in the Zakharov model, the correction to the
frequency normalized to the Langmuir frequency can be written as

(¢ )2:@1 ﬁw(& )2, (16)

e 1B [
2M 47znOTe

of perturbations, reaching its maximum value at large values of the wave number. That is, the growth rate of plasma
density perturbations even increases with a decrease in their scale. In Silin's model, at detuning values

!
A =(m2M )U3 J? (an ), the relative increment reaches the values

Where B = . The increment (imaginary part & ) / @,,) increases with the growth of the wave number

, . L3 . 1/3
5 :i%(A ) :i%[%} T2 (a,). (17)

1/3
Here a, :n(ekOE0 /mea)(f) and k, =kyn,. At a, =1.84, 5 o :i0.44i[%J . As the instability develops, the

amplitude of the Langmuir wave decreases, and the increment maximum shifts to the short-wavelength region [7, 9].

It is useful to note that the values of the perturbation increments in the case of parametric instability in the Zakharov
model increase as their scale decreases. Moreover, in the Zakharov model, a decrease in the amplitude of the pump field
leads to a decrease in the increments in the entire region of instability. In the Silin model, such a pump depletion process
shifts the growth rate maximum to shorter wavelengths without decreasing its value (17). Thus, the process of energy
movement to the short-wavelength part of the spectrum in the two models is largely determined by the linear mechanisms
of the growth of perturbations.

3. FORMATION OF CAVITIES IN SYSTEMS WITH A SMALL NUMBER OF SPECTRUM MODES AND
PARTICLES SIMULATING IONS
In the case of a small number of spectrum modes in Zakharov's hydrodynamic model, several large-scale density
caverns are formed, which then deepen. This can be explained by the form of the initial spectrum, which is more clearly
represented by relatively long-wavelength perturbations that form the initial scale of the cavity. Since the growth rate of
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short-wave disturbances is larger, even under conditions of their small initial amplitude they grow rapidly and this leads
to their phase synchronization (which will be discussed below) under the action of the field of intense Langmuir
oscillations and deepening of the resulting cavity (that is, to the formation in some degree of aggravation). The process
of formation of deepening density caverns in Silin's hydrodynamic model develops in a similar way.

As the amplitude of the pump wave decreases, the increment maximum shifts towards larger wavenumbers without
changing its value. In addition, the pump wave contributes to phase synchronization of the growing modes of the
spectrum, thereby forming the spatial structure of the cavity. The distance between spatial modes (there are only 40 of
them here) in the spectrum is inversely proportional to the size of the region under consideration; therefore, only a few
caverns form in this region (this can be seen from the position of the spectrum maximum at the beginning of the process).
The gradual connection to the formation of cavities of synchronized short-wavelength modes of the spectrum leads to the
implementation of the peaking mode and to the deepening of the cavities (see Fig. 1).

N, . N, . N, 0
0.02f 02} 4
0.01} 01H 2t
W n n n
W
n n 2 n
saaf G e M e L 44T e
oFr . " . _. 0r o T 114 _'-._ o __""..." )
Y ey 1 |
10 20 30 40 N 10 20 30 40 n 10 20 30 40 N

Figure 1. The process of formation of a wave packet of Langmuir waves during instability [10]. One can see phase synchronization
(lower figures) and broadening of the spectrum N, =N, exp(iV¥,), E, =4zieN, / 2kyn ,where for time points 7=4; 7=7; r=8

In hybrid models, the presence of a large number of particles simulating ions leads to noticeable amplitudes of the
initial wide short-wavelength spectrum. Since the increments in the models of non-isothermal Zakharov plasma only
increase with moving to the short-wavelength region, it is not surprising that the process acquires an explosive character
(see, for example, [8]). It is clear that refinement of the spatial density structure occurs already at the initial stage of the
instability process. The appearance of larger-scale deepening caverns is difficult in this case (see Fig. 2).
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Figure 2. Phase plane (velocity, coordinate) and plasma density at different times for Zakharov's hybrid model. The number of spectrum
modes is 201, the number of particles simulating ions is 10,000 [11]

In a cold plasma described by Silin's models, the process of motion of perturbations along the spectrum also develops
rapidly at the initial stage of instability. In the Silin hybrid model, with a small number of modes and model particles, one
can see the formation of a large-scale deepening cavity and its destruction due to the intersection of particle
trajectories [5]. In the nonlinear regime, with a larger number of modes and particles, the caverns are reduced throughout
the entire volume of the plasma. Moreover, the scale of even deep caverns remains very small (see Fig. 3).
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Figure 3. Phase plane (velocity, coordinate) and plasma density at different times for Silin's hybrid model. The number of spectrum
modes is 201, the number of particles simulating ions is 10,000 [11]

4. FORMATION OF SPATIAL PLASMA DENSITY DISTRIBUTIONS IN SYSTEMS WITH A LARGE
NUMBER OF PARTICLES SIMULATING IONS
Generally speaking, it remains unclear whether the emerging caverns move in space. In other words, do the phases
of the amplitudes of charge density and ion density varying slowly with time v, =en,, and #,, . In addition to explaining

their dynamics, this circumstance, as shown below, affects the process of synchronization of the Langmuir spectrum of
instability. In the calculations, only the obvious condition »,_, = (n,,)* was assumed to be satisfied. However, as shown

by model calculations for a large number of spectrum modes (the number of which is 1001) and a large number of particles
simulating ions, equal to 50,000, phase changes for the spectral components of the plasma density were not noticed. The
caverns practically did not change their position, changing only their amplitude (see Fig. 4).

Ion density distribution in the
Zakharov model

Ion density distribution in the

Silin model

Ton density distribution in the
Zakharov model

Ton density distribution in the

Silin model
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Figure 4. Plasma ion density distribution in the Zakharov (a) and Silin (b) models,
the number of particles simulating ions is 50000, the number of spectra modes is 1001. Absorption in the system is 0.05. [11]

5. PHASE SYNCHRONIZATION MECHANISMS IN THE ZAKHAROV AND SILIN MODELS
The process of phase synchronization of short-wavelength Langmuir waves of the instability spectrum

E =E |- exp{i(pn} can be illustrated as follows. From equations (7), (10) at the initial stage of instability in the

Zakharov model, one can obtain a simple equation for the phase of an individual mode of the RF Langmuir spectrum
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o9,
W_Az:Rz' Cos{p—o,} (18)
@ —w’ + kv E
where A, =— 02 ™ and R, = % Obviously, in the absence of changes in the position of the caverns,
a)O nO n

and at a significant value of R, oc £,/ E, >>1, the phases of the RF spectrum modes are able to synchronize.
Accordingly, equations (2), (5) in the initial stage of instability for the phases of the RF modes of the Langmuir
spectrum E, =| E, |- exp{ip,} canbe written as

a n 1 19
i—AS=RS~Sm{¢—(/)n}’ (19)
Ot
), — )’ 47e,V, . .
where Ag Ry R :WJI (a,)«J (a,)/E,, and J(a,)/ E, >>1 for rapidly growing modes of the HF
0 0 n

spectrum allows the phases of the spectrum to be synchronized.

Despite the development of small-scale modulation of the plasma density in the Zakharov and Silin models, the
nature of the formation of cavities, even on small scales, is largely associated with mode locking. This process is illustrated
in Fig. 5, which shows the formation of small-scale caverns.

2

a b

Figure 5. Formation of small-scale plasma ion density caverns in the Zakharov (a) Silin (b) hybrid models. The upper fragments
illustrate the phase (velocity and coordinate of particles) space near the caverns, the lower fragments illustrate the particle density
distribution [11]

In Zakharov's model for a nonisothermal plasma, expression (13) is valid for the components of the low-frequency
field strength, and expression (8) is valid for Silin's cold plasma model. It is important to note that the right-hand sides of
these expressions contain terms, the number of which is significant for wide spectra of short-wave disturbances in hybrid
models. Therefore, the RF pressure is very high in this case, especially in the Silin model for cold plasma. Perhaps this is
why the formation of the small-scale cavity shown in Fig. 5b demonstrates such a dynamic character. In addition, the
particle extrusion mode is implemented here, which expands the cavity. It is also possible to switch to the mode of
intersection of particle trajectories, which destroys the cavity, as can be seen in [5].

6. CONCLUSION

The paper considers the instability of intense Langmuir oscillations in nonisothermal (Zakharov's model) and cold
(Silin's model) 1D plasma. The main attention is paid to the formation of plasma density caverns in the hydrodynamic
and hybrid (electrons are described hydrodynamically, ions are described by model particles) representations.

In the hydrodynamic representation, with a small number of spectrum modes, large-scale plasma density caverns
are formed, which rapidly deepen. This process is supported by the appearance of small-scale perturbations, and phase
synchronization of the Langmuir waves of the instability spectrum is observed (Section 5). This phase synchronization
of the spectrum modes is quite capable of fulfilling the role that was previously proposed to be given exclusively to the
effect of extrusion of particles from the cavity by the field.

In hybrid models, where ions in the region of consideration are described by model particles, the number of which in the

one-dimensional case 10* +5- 10* (which in the three-dimensional case corresponds to the number of particles 10> +10"*)
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the initial spectrum of perturbations is very wide and rather intense, which leads to an explosive growth of perturbations in the
Zakharov model [8] and a rapid development of instability in Silin's model. In this case, in the developed instability regime, the
formation of many small-scale plasma density caverns is observed. It is important to note that the caverns practically do not
change their position; phase changes for the spectral components of the plasma density were not observed. It is the presence of
this small-scale modulation due to the Fermi effect that rapidly forms the normal velocity distribution of ions [7]. In this case,
the effect of particle heating due to Landau damping loses its primacy [9]. Only individual small-scale caverns demonstrate
dynamics (see Fig. 5) similar to the development of caverns in the hydrodynamic representation.

Thus, the notions that plasma density caverns, which form during the instability of intense Langmuir oscillations,
first appear on a large scale and only then deepen due to the extrusion of particles by the HF field or due to the development
of energy motion along the spectrum are only partly true. In fact, when describing ions by particles due to the wide initial
spectrum (due to the discreteness of the ionic component), many small-scale cavities immediately appear and the
appearance of large deepening cavities becomes unlikely.
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PO MEXAHI3MU ®OPMYBAHHS KABEPH IIIJIBHOCTI NPU HECTIMKOCTI
IHTEHCUBHUX JEHI'MIOPIBCHKHUX KOJINBAHB V¥ IIJTIA3ZMI
B.M. KykJin
Xapxiecvkuil HayionanvHutl ynieepcumem imeni B.H. Kapasina, Xapxis, Ykpaina
nn. Ceoboou 4, Xapxis, Yrpaina, 61022
VY po6oTi pO3rIISIHYTO HECTIHKICTh IHTEHCHBHHUX JICHTMIOPIBCHKUX KOJHBAaHb Yy HEi30TepMiuHiil (Monenb 3axapoBa) Ta XOJIOJHIHM
(monens Cuitina) 1D mnasmi. OcHOBHa yBara npHiieHa npouecy (GopMyBaHHS KaBepH LIIIBHOCTI IUIA3MHU Y TiAPOTUHAMIYHOMY Ta y
ribpunHOMY (€JIEKTPOHHU OIMCaHi TiIAPOAWHAMIYHO, 10HM — MOJCNBPHHMH YaCTUHKaMH) MPEICTABICHHSAX. Y TiIpOAWHAMIYHOMY
MOJaHHI MPU HEBENMKiH KiNBKOCTI MOJ CHEKTPY CIIOCTEpPIralThcsl BEJIMKOMACIITAaOHI KaBEpHH MIUIBHOCTI IUIA3MH, SIKi HIBHAKO
nornmubmroroThes. Llel mpoiec miATpUMYETBCS IOSBOO IpiOHOMAcITAOHUX 00ypEeHb, MPUUOMY CIIOCTEPIraeThCcs CHHXPOHI3alis (a3
JICHTMIOPIBCHKUX XBHIIb CIIEKTpa HecTilkocTi. L[ cuHXpoHi3amis a3 MoJ CHEeKTPY WIJIKOM 37aTHa BUKOHATH Ty POJIb, Ky paHille
IIPOTIOHYBAJIH BIJIATH BUKIIIOYHO €(EeKTy BUIABIIIOBAHHS [10JIEM YACTHHOK 3 KaBEpHU. Y TiOPHIHNX MOJIEIAX Y 00JIacTi po3IiIsLy i0HU

ONMCaHi MOJIENFHUMM YaCTHHKAMH, YUCIIO AKUX y OHOBUMipHOMY Bumnaaky 10° +5- 10* (o y TpuBMMipHOMY BHNaKy Bimosizae

uncny wactunok 10 +10'). TlouatkoBuii ciekTp 06ypeHb Ayske UHPOKHiL i JOCHTh iHTEHCHBHMIA, 110 MPU3BOAMUTH 0 BUOYXOBOTO
3pocCTaHHs 30ypeHb y Mozeli 3axapoBa Ta IIBHIKOTO PO3BHUTKY HecTikocTi y Moxeni Cuina. [Ipy 1iboMy B pO3BHHEHOMY PeXHMI
HECTifKoCTi crocTepiraeTscst (opmyBaHHS Oe3miui ApiOHOMacmTaOHMX KaBepH IMUIBHOCTI Ia3Mu. Came HasBHICTH IIi€l
npidHOMacmTabHOT MOIYIIALIT 32 paxyHOK epekry Pepmi mBUIKO HOPMy€e HOPMATBEHHUN PO3IOLNT I0HIB 32 MIBUAKOCTSIMU. B ipomy
BUNAKY eeKT HarpiBaHHS YaCTHHOK 32 PaXyHOK 3racaHHs Jlangay BTpavae nepiuicts. [loka3aHo, 10 KaBEpHU MajIo 3MiHIOIOTE CBOTO
CTaHOBHIIA, (a30Bi 3MiHM IJIs CHEKTPAIbHUX KOMIOHEHTIB LIIJIBHOCTI IU1a3MK oMideHi He Oynu. Tipku okpemi napibHOoMaciutaGHi
KaBepHU IEMOHCTPYIOTh JUHAMIKY, TTOIOHY 10 pO3BUTKY KaBepH y TipOANHAMIYHOMY MPEICTABICHHI.

Ku1r040Bi ci10Ba: iHTEHCHBHI JIEHTMIOPIBCBKI KOJMBAaHHS, MOZETi onucy 3axapoBa Ta CuiiHa, ApiOHOMamabHi MaTopyXJIMBi KaBEepHU
LIUTEHOCTI TUTa3MH, CHHXPOHI3aIis das3.
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The paper considers the development of the process of superradiance of radiating oscillators interacting with each other by means of
an electromagnetic field. The interaction of oscillators occurs both with the nearest neighbors and with all other oscillators in the
system. In this case, the possibility of longitudinal motion of oscillators along the system, due to the action of the Lorentz force, is
taken into account. It is shown that, regardless of the motion of the oscillators, for example, due to their different masses, the maximum
attainable amplitude of the generation field changes little. However, the radiation efficiency depends on how this field is distributed in
the longitudinal direction. In the case of a shift of the field maximum towards the ends of the system, the radiation efficiency can
noticeably increase. In addition, the direction of the phase velocity of the external initiating field is important, which accelerates the
process of phase synchronization of the oscillators. This can also affect the ejection of particles outside the initial region, and here the
total number of ejected particles and their speed turn out to be important. It is discussed how the density of oscillators and the size of
the region occupied by oscillators will change.

Keywords: Superradiance of moving oscillators, shift of the field maximum in the volume, change in the density of oscillators.
PACS: 03.65.Sq

Interest in the processes of generation of oscillations in superradiance regimes began with the well-known work of
R.N. Dicke [1]. Superradiance is usually realized in open systems, when high-frequency energy is removed from the
system. To a certain extent, this energy output can be equivalent to dissipative processes of a distributed type.

Previously, dissipative regimes of excitation or generation of an electromagnetic wave in open waveguide resonator
systems such as a traveling wave lamp traditionally corresponded to the case of the interaction of the waveguide
electromagnetic field with emitter particles, most often with moving beam electrons (see, for example, [2]). Since the
system is open, the field leaves the waveguide, which for short systems is equivalent to losses or dissipative processes of
a distributed type. The field damping decrement in such a waveguide or resonator without emitters or oscillators for such
generation or amplification modes may be greater than the development increment of the generation process in the
presence of these active elements [3—5]. In particular, one could consider the case of the interaction of a system of fixed
oscillators with the field of an open resonator. In this case, the oscillators did not interact directly with each other, but
only through the resonator field common to the system. The superradiance regime (see, for example, [1, 6, 7]), on the
contrary, ensured precisely the interaction of oscillators with each other both with their nearest neighbours and with all
other oscillators in the system. Moreover, due to sufficiently large distances between the particles, the interaction between
them occurs only due to their own electromagnetic fields. The mechanism of phase synchronization of the radiation of
such oscillators was discussed in [8—10].

Attempts to discover the similarity between dissipative instability regimes and superradiance in open systems began
to be undertaken in [11, 12]. It is remarkable that the systems of equations describing the interaction of electron beams
rotating in a magnetic field with the fields of a waveguide at cyclotron resonances, when simplified, were reduced to the
descriptions of the interaction of oscillators considered in the above papers [13]. This circumstance indicated the existence
of a common phase synchronization mechanism for all these cases. A detailed comparison was made of the dissipative
mode of field generation in an open system, a resonator, with the superradiance mode in the same resonator uniformly
filled with immobile excited oscillators. The analysis showed that the increments of the processes and the maximum
achievable amplitudes of the field of these two regimes practically coincide [14].

If this resonator is filled with an active medium, a dissipative excitation regime is also possible, in which quantum
oscillators interact only with the resonator field, and there is no direct interaction between them. The regime of
superradiance in the same resonator, when quantum oscillators interact only with each other, is also discussed. It is
important to note that at a relatively low density of oscillators, their wave functions do not overlap [15]; therefore, they
can affect each other only by their own radiation fields. And here the increments of the processes and the maximum
achievable amplitudes of the field of these two regimes practically coincide [16].

In this paper, we consider the behavior of a system of oscillators similar to the case studied earlier [14], but we take
into account the possibility of longitudinal motion of oscillators along the resonator due to the action of the Lorentz force.
We will be interested in how the maximum achievable amplitude of the generation field will change, how this field will
be distributed in the longitudinal direction, how the density of oscillators and the size of the region occupied by oscillators
will change.

7 Cite as: E.V. Poklonskiy, and S.O. Totkal, East Eur. J. Phys. 3, 14 (2022), https://doi.org/10.26565/2312-4334-2022-3-02
© E.V. Poklonskiy, S.O. Totkal, 2022
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SYSTEM OF EQUATIONS TAKING INTO ACCOUNT THE MOTION OF OSCILLATORS
The paper [14] gives equations for slowly changing the amplitude of oscillators and their total field in the case when
the oscillators are stationary. Let us consider a system of oscillators [14], but take into account that the electric field

Ex(z,t), which arises when the oscillators oscillate, leads to the appearance of a magnetic field H, (z.1). (Al

designations correspond to [14]). As a result, the Lorentz force F, acts on the oscillator, moving the oscillators along the
longitudinal axis of the system:
OE, _ 10H, iw ¢ OE, v

——x =—H,6 H = , F=—e+H . )
Oz c Ot c 7’ Y i Oz c

The electric field of the oscillator (electron) at a point is equal to

E =2r-e A o ¢ e’i”’(eik(z'z°)- 0(z—z,)+e " 9(20—2)):27z~ e A w- e MR

Therefore, the magnetic field of this oscillator is

H, :%88% =27 e A - w-c' e (eik(z’z°)~ 0(z—z,)—e ™. «9(20—2)),

and for the system of oscillators, we obtain the magnetic field of the system
2 e-w- M .1 . e
Hy(z’t):&_ e—z(ut . _iAv (ezk(z—zd) . Q(Z_Z_y)—eﬂk(_ Z) | H(ZS—Z)),
C N
and the force acting on the oscillator at the point
2 2 * l ik(zj —zy) *ik(Zj*Z‘)
F,=-1 & K M- R{A, : NZAS(e 0(z,-z,) =" 0(z,-2,) )

In contrast to [14], the coordinates of the oscillators change. The equations of motion of oscillators under the action
of force (2) have the form

de- c et kz‘ M * 1 ik(z;—z, —ik(z;~z

dtj :_MTR{ A NZ:AS(ek(/ . H(ZJ—ZS)—e ke H(ZS—ZJ))}, 3
iy o
dt

Equation (3-4), together with the equation for changing the amplitude of the oscillator ([14], equation (19))
constitutes our system of equations.
In dimensionless form, the system takes the form

dav,, 4o « 1 1272, ~Z; ;

“ Ly ™)
dr 2z 27

here y=y;/58,=ne’M /me; E=eE/mwya,, A=Alay; kz=27Z; c=yt; 7, =nenlm=w, /4,

a =3kja;w /4y, f=m/m , M =b-n,, b -is the length of the considered space in the longitudinal direction, 7, is
the density of particles per unit volume, m, m, - are the masses of the electron and the oscillator, respectively, EO is the

amplitude of the external field traveling in the positive direction of the Z axis.
The intensity of the electric field of oscillator radiation in dimensionless units is written by the expression

E.(Z,7)= %2& expli2n|Z-Z, |} . )
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RESULTS OF NUMERICAL CALCULATIONS
In the article [14], the calculations were carried out with the number of particles N=3600 in the case of motionless
oscillators. For system (5-8) similar calculations were carried out (£ =0, fixed oscillators) at N=3600, N=10000,
N=20000. The results practically did not differ, therefore, all further calculations were carried out at N=10000.
The following options are selected. The number of particles N =10000, « =1, the amplitude of the additional external
field that initiates the superradiance process, Eq=0.02. At the initial moment of time, the oscillators are uniformly
distributed along the system, their velocities are equal to zero V,(0) =0, the amplitude modules of the oscillators are

equal to unity |A (0)| =1, their phases y . have random values in the range (—7, 7 ) , additional external field that initiates
j j g

the process of superradiance E¢=0.02.

The parameter f (the ratio of the mass of the charge to the mass of the oscillator) took the values 0, 0.1, 0.5, 1. Larger
values of the parameter B correspond to lighter and more mobile oscillators.

Figure 1(a,b,c,d) shows the time dependence of the modulus of the maximum value of the field in the system and
the field at the edges of the system (Z=0 and Z=1) and for different values of the parameter .
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Figure 1. Dependence of the field modulus in different parts of the system on time t
1- max|E |, 2 [E.(Z=1)],3- [E.(Z=0)|

As can be seen from these figures, taking into account the motion of oscillators does not affect the maximum field
strength in the system. At =0 (the oscillators are immobile) and at =0.1 (massive and slow-moving oscillators), the field
maximum is observed inside the system, which was observed in [14]. But at f=0.5 and =1, the field maximum is observed
at the end at the end of the system (Z=1).

Since the energy output from the system is determined by the value of the field at the ends, in the case when the
maximum amplitude is reached at the end, the radiation efficiency is the highest. The change in efficiency can be estimated
from the ratio of the squares of the field amplitude at the end to the corresponding value at the maximum. At =0 and
=0.1 this ratio is equal to 0.66, at f=0.5 and =1 this ratio is obviously equal to 1.
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Figure 2. Distribution in space of velocities V of oscillators
at p=1 at the moment 1=12.

Figure 3. Oscillator amplitude distribution |E| in space
at B=1 at the moment t=12.
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Figures 2 and 3 show the spatial distribution of velocities and amplitude modules for all particles at f=1 at the
moment of reaching the field maximum t=12.

As can be seen from the figures, the particles exit from both ends, and particles fly out to a greater distance in the
direction of the external field (the wave vector of the external field is oriented in the direction of the Z axis) from the end
of the system (Z>1), where the field is maximum, and the particles emitted at the beginning of the system (Z<0), are
located more compactly. By the time the field reaches its maximum, =12, the coordinate Z<0 for 15% of the particles
and Z>1 for 10% of the particles. Those. a larger number of particles flew out through the beginning of the system against
the external field. There is an expansion of the area occupied by oscillators and its shift.

Figures 4 and 5 show the time dynamics of particle expansion.

0.5 0.7
0.4
0.6
0.3
0.2 05
0.1
0 0.4
0 0 4 8 12 16 T
Figure 4. Time dependence of the fraction of particles emitted Figure 5. Time dependence of the fraction of particles
through the ends of the system, 1- departure through the in the first half of the system (Z<0.5).
beginning of the system (Z<0), 2- departure through the end of
the system (Z>1)

It follows from the figures that up to the moment t=8, the fraction of particles in the first half of the system decreases
(Fig. 5) and a greater number of particles leave through the end of the system, the particles move as a whole in the
direction of the external field. But from the moment t=8 the dynamics becomes opposite, the system of particles,
continuing to expand, shifts to the beginning against the direction of the external field.

It is important to note that, in the units under consideration, the average spontaneous emission amplitude of 10,000
oscillators is approximately equal to 0.01. On the other hand, the maximum amplitude of the induced emission of these
oscillators, whose phases would be completely correlated, would reach unity.

Therefore, the amplitude of the initiating field is only twice the level of spontaneous emission (E0=0.02). The
achieved field amplitude in the system is approximately 0.5.

In other words, the energy density of the initiating field is four times greater than the corresponding spontaneous
emission level of oscillators with a random phase distribution. The achieved level of radiation, in turn, is four times less
than the maximum value of the energy density of all these oscillators, if their phases were completely correlated.
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HAJIBUITPOMIHIOBAHHSA PYXOMUX OCHUJIATOPIB
Hoxkaonchkuii €.B., Torkan C.O.
Xapxiecvruil Hayionansrutl ynieepcumem imeni B.H. Kapaszina, Xapxis, Ykpaina
Csob00u na. 4, Xapxis, Yrpaina, 61022

Y poGOTi pO3TIISTHYTO PO3BUTOK MPOIECY HAJABUIPOMIHIOBAHHS OCIIJISATOPIB, IO B3aEMOJIIOTH 32 JOMIOMOTOI0 €1eKTPOMArHiTHOTO
TI0JIs MK c00010. B3aeMopist ocIiMIATOpiB BiNOYBAETHCS K 3 HAHOIIDKIIMU CyCiTaMH, TaK i 3 yciMa IHIIMMH OCIIIIITOPAMH B CHCTEMI.
IIpn npoMy BpaxoBaHO MOXIIMBICTH IIO3OBXHBOTO PYyXy OCHHJISATOPIB B3IOBXK CHCTEMH, 3yMOBIEHOro xi€io cuian JlopeHma.
[NokazaHo, 10 HE3aJEXHO BiJl PyXy OCLMJIATOPIB, HAIIPUKIAJ, Yepe3 iXHIO pi3Hy Macy, MaKCHMaJIbHO JOCSDKHA aMILIITyna IO
reHepanii 3MiHIOEeTbC Majo. OpHak, e(EeKTHUBHICTh BHIIPOMIHIOBAHHS 3aJISKUTh BiJ TOro, sIK Oyje ILie IojJe PO3IOALICHO B
MO3JJ0BXKHBOMY HANpsMKY. Y pa3i 3cyBy MakCUMyMy MOJISI IO TOPLIB CHCTeMH €(EeKTHBHICTh BHIIPOMIHIOBAHHS MOXE HMOMIiTHO
36inpuryBatucs. KpiM Toro, BayKIMBUM € HampsMOK (a30Boi MIBHIKOCTI 30BHIIIHBOTO iHII[IFOIOYOrO OIS, SIKE MPUCKOPIOE MPOLIEC
cuHXpOoHi3alii (a3 ocumnaTopiB. Lle Takok 3maTHE BIIMBATH HAa BHKHI YACTHHOK 3a MEXI MMOYATKOBOi 00JACTi, MPUIOMY TYT
BHSIBIISIETHCA BKJIMBUM 3arajibHa KiTbKICTh YaCTHHOK, IO BUXOZATH, i X MBUAKICTb. OOrOBOPIOETHCS AK 3MIHUTHCS LIUTBHICTH
OCILIIJIITOPIB Ta pO3Mip 00JacTi, 3alHATOI OCHMIIITOPaMH.

Koio4oBi c10Ba: HaIBUIIPOMIHIOBaHHS PyXOMHX OCIIHIIATOPIB, 3CyB MaKCUMYyMY IOJIS B 00'eMi, 3MiHa TYCTHHH OCIIHIIATOPIB
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Sourcing for alternative to liquid electrolyte in dye sensitized solar cells (DSSCs) have been the subject of interest in the photovoltaic
horizon. Herein, we reported by means of simulation, the performance of dye sensitized solar cell by replacing liquid electrolyte with
a copper (I) thiocyanate (CuSCN) hole conductor. The study was carried out using Solar Capacitance Simulation Software (SCAPS)
which is based on poisson and continuity equations. The simulation was done based on a n-i-p proposed architecture of
FTO/Ti02/N719/CuSCN/Pt. Result of the initial device gave a Power Conversion Efficiency (PCE), Fill Factor (FF), Short Circuit
Current Density (Jsc) and Open Circuit Voltage (Voc) of 5.71 %, 78.32 %, 6.23 mAcm2, and 1.17 V. After optimizing input parameters
to obtain 1x10° cm? for CuSCN/N719 interface defect density, 280 K for temperature, 1.0 pum for N719 dye thickness, 0.4 um for TiO2
thickness, Pt for metal back contact, and 0.2 um for CuSCN thickness, the overall device performance of 7.379 % for PCE, 77.983 %
for FF, 7.185 mAcm for Jsc and 1.317 V for Voc were obtained. When compared with the initial device, the optimized results showed
an enhanced performance of ~ 1.29 times, 1.15 times, and 1.13 times in PCE, Jsc and Voc over the initial device. The results obtained
are encouraging and the findings will serve as baseline to researchers involved in the fabrication of novel high-performance solid state
DSSCs to realize its appealing nature for industry scalability.

Keywords: ssDSSC, Copper thiocyanate, Hole Conductor, SCAPs

PACS: 41.20.Cv; 61.43.Bn; 68.55.ag; 68.55.jd; 73.25.+i; 72.80.Tm; 74.62.Dh; 78.20.Bh; 89.30.Cc

INTRODUCTION

Issues linked to energy have drawn much research interest due to environmental impact and use of resources that
cannot be replenished. Between 80 to 85 % of the global energy used today, comes from fossil fuels which its exploitation
results to emission of dangerous pollutants such as nitrous oxide, hydrofluorocarbon, sulfur hexafluoride, carbon dioxide
and volatile organic compounds, which has capacity to jeopardize future ecosystem. Photovoltaic has been seen as a
promising renewable energy technology that has the ability of converting energy from the sun into electricity with
enormous strength to solving problem connected to energy. Since after the report of O’Regan and Gritzel on efficient
DSSC [1] based on nanostructured TiO, and iodide/tri-iodide (I7/137) redox specie, it has continued to gained attention of
global researchers as a potential alternative to widely known silicon solar cell technology. This class of solar cell belongs
to the third generation of photovoltaics and has the advantages of simpler production techniques, used of eco-friendly
materials and cost effectiveness as compared with its counterpart [2,3].

The DSSC is made up of self-assembled mono-layer of dye in between the wide band gap, otherwise called the
electron transport layer and the liquid mediator called the electrolyte [4,5]. However, liquid electrolyte is violent to the
surrounding environment it operates which results to corrosive, photo-reactive, and highly volatile nature that affects the
sealing status of the DSSCs and consequently, the effect of short-term performance and poor durability of the device is
noticed [6]. Sourcing alternative to this liquid electrolyte have been the subject of interest in the photovoltaic horizon
[7-9]. The solution to the aforementioned challenges is to replace the liquid electrolyte with solid state p-type
semiconductor, this will take care of the leakage, heavy weight and architectural complexity.

The structure of a solid-state dye sensitized solar cell is depicted in Figure 1 [10], which shows its working
principle. The dye absorbs photon energy, and then promote electron to the conduction band of the dye, and
subsequently the electrons are transferred to the conduction band of the TiO,. The dye that has lost electron regenerates
through the process of hole injection from hole transport material. The electrons promoted to the TiO, conduction band
flow through the network and are collected at the FTO and the holes within the hole transport material are collected at
the counter electrode.
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© E. Danladi, M. Kashif, T. O. Daniel, C.U. Achem, M. Alpha, M. Gyan, 2022


https://portal.issn.org/resource/issn/2312-4334
https://periodicals.karazin.ua/eejp/index
https://doi.org/10.26565/2312-4334-2022-3-03
https://orcid.org/0000-0001-5109-4690
https://orcid.org/0000-0002-5176-9181

20
EEJP. 3 (2022) Eli Danladi, Muhammad Kashif, et al

The solid-state semiconductor which are used in solid state dye solar cells and serves as replacement of liquid
electrolytes evolved into three categories: organic, inorganic and carbonaceous. The three categories should have three main
features which include: (1) their highest unoccupied molecular orbital and lowest unoccupied molecular orbital levels should
be patterned in such a way as to match the highest occupied molecular orbital level of the dye and the conduction band of
the TiO; to enhance the ability of charge transport [11], (2) the nature of the HTM must be amorphous, this is because TiO»
pores filling is difficult with crystalline HTMs [11,12], (3) the mobility of the holes in the hole conductor should be high [13].
A quite number of p-type semiconductors have shown good ability to act as hole transport material in solar cell devices,
which include, silicon carbide (SiC), copper iodide (Cul), Nickel oxide (NiO), copper thiocyanate (CuSCN), gallium nitride

(GaN), 2,2"-7,7'-tetrakis (N,N-di-p-methoxyphenyl-amine) 9,9'-spirobifluorene (spiro-OMeTAD),
poly(3.4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT: PSS) to mention but a few [10,11,14,15].
Counter
FTO Dye HTM electrode
TiO, D* —_— | e e -3

—} j—
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Figure 1. Schematic of a solid-state dye sensitized solar cell [10]

However, among the listed of them all, CuSCN has shown good prospect due to its display of extraordinary stability
as a result of polymeric nature properties from the solid [15,16]. It was demonstrated by Perera and Tennakone [17], that
it is often difficult for CuSCN to decompose into SCN ™, and by means of stoichiometric, SCN-' does not result to surface
trapping in CuSCN, which makes devices developed with CuSCN has minimal recombination and high stability [18].

In this paper, a simulation studies on dye sensitized solar cell was carried out by replacing liquid electrolyte with
CuSCN inorganic salt as HTM. The results demonstrate that, CuSCN is an alternative to liquid based electrolyte and this
is projected to serve as a baseline for researchers involved in fabrication and design of high efficient dye-based solar cells
with durable properties.

SIMULATION USING SCAPS

We employed the use of Solar Cell Capacitance Simulator Software in one Dimension (SCAPS-1D) to model and
simulate the solid state dye sensitized solar cells. The software basically works on two basic semiconductor equations, which
include, the poisson equation and the continuity equation of electrons and holes under steady-state condition [19]. The
SCAPS-1D was used under the air mass (AM 1.5G) at 100 mWm 2 and temperature of 300 K to obtain the current-voltage
(J-V) photovoltaic characteristics of ssDSSCs. The planar heterojunction n-i-p cell structure was employed in the study with
architecture of FTO/Ti0,/N719/CuSCN/Pt as shown in Figure 2. The data used for the simulation were obtained from
literatures and listed in Table 1 with sources duly acknowledged. The front and back contacts are fluorine tine oxide and
platinium with work functions of 4.4 eV and 5.65 eV. The defect interface for the CuSCN/N719 are as shown in Table 2.

Direction of Illumination

Front Contact

TiO2

N719 dye

CuSCN

/!

Back Contact (Pt)

Figure 2. Device structure of the n—i—p solid state dye sensitized solar cell.
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Table 1. Parameters used for simulation of perovskite solar cell structures using SCAPS-1D [11,18,20],
Parameters FTO TiO2 N719 CuSCN
Thickness (um) 0.4 0.05 0.6 0.2
Band gap energy Eg (eV) 35 3.2 2.33 3.6
Electron affinity x (eV) 4.0 4.2 3.9 1.7
Relative permittivity e 9.0 10 30 10
Effective conduction band density Nc (cm™3) 2.2x10!8 2.2x1018 2.4x10%° 1x10%
Effective valance band density Nv (cm3) 2.2x1018 2.2x10!8 2.5x10%0 1x10%
Electron mobility pn (cm? V7' s71) 20 20 5.0 100
Hole mobility pp (cm? V'!'s™) 10 10 5.0 25
Donor concentration Np (cm ) 1x10" 1x10"7 0 0
Acceptor concentration Na (cm ™) 0 0 1x10Y7 1x10"7
Defect density Nt (cm™3) 1x10% 1x1013 1x1013 1x10%
Table 2. Parameters of interface layer [11,18]
Parameters CuSCN/N719 dye
Defect type Neutral
Capture cross section for electrons (cm?) 1x10°1°
Capture cross section for holes (¢cm?) 1x10°1°
Energetic distribution Single
Energy level with respect to Ev (eV) 0.1
Characteristic energy (eV) 0.650
Total density (cm™3) 1x1012

RESULTS AND DISCUSSIONS

Current-voltage and Quantum Efficiency Characteristics of initial device

The current voltage plot demonstrates the characteristic pattern that is often used for determination of photovoltaic
performance parameters of the power output of a solar device. The J-V plot of our simulated device under light

illumination is as shown in Figure 3(a).

The studies under standard photovoltaic performance results to Jsc of 6.23 mAcm™, Voc of 1.17 V, FF of 78.32 and
PCE of 5.71 %. As shown in Figure 3(b), the J-V characteristics without illumination is a diodic behavior, where no
current is flowing and demonstrates a rectifying characteristics.
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Figure 3. (a) J-V & P-V curve of initial device under illumination, (b) J-V & P-V curve of initial device in the dark, (c) QE curve
of the device with respect to wavelength and (d) Energy band diagram of the device
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The Voc of the ssDSSC device is the voltage through which current flows in the circuit when the polarities of the
device are not in touch. This is the favourable voltage generated by the ssDSSC device. The dependency relationship that
exist between Voc, Jsc is shown in equation 1. The Jsc here is the current generated by the ssDSSC device under
illumination when the device is short-circuited. The FF is the ratio between product of maximum current and voltage to
the product of Voc and Jsc of the ssDSSCs as shown in equation 2. The quality of the simulated ssDSSC is described in
terms of this parameter [20]. The PCE of the ssDSSC is obtained as the ratio of maximum power (Pmax) and incident
power (Pin) as expressed in equation 3.

Vi = ”KBTI{%H} M
q 0
J xV
FF — Pmax _ mp mp (2)
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When we compare our simulated result with obtained experimental result reported by Premalal et. al [21], using
same ETM, HTM and dye, there was improved performance in our result of ~ 1.81, ~ 1.88 and ~ 1.35 times in Voc, FF
and PCE (see Table 3). Their ssDSSC device gave a record value of PCE=4.24 %, Jsc=15.76, Voc=0.647 and
FF=41.60 %. The differences are due to low conductivity in CuSCN as a result of carbon paste as metal back contact as
against the Pt back contact reported in our study. There was also an overlap behaviour of hole diffusion in the bulk CuSCN
and charge transfer at the CuSCN/carbon interface which result to recombination at the TiO»/CuSCN interface. At the
CuSCN/Pt, charge transfer resistance is lowered and reactive surface area is extended [21]. Further comparison with
ssDSSC simulated with ZnO as ETM, N719 as dye, CuaSCN as HTM and Au as metal back contact gave photovoltaic
parameters close to those reported in our studies [18] as shown in Table 3.

Table 3. Photovoltaic parameters obtained from simulation compared to experimental data

Parameters Experimental [21] Simulated [18] Present Study
Jsc 15.760 8.563 6.23
Voc 0.647 0.885 1.17
FF 41.600 70.940 78.32
PCE 4.240 5.380 5.71

Quantum efficiency (QE) is one of the crucial characteristic of solar cell which is the ratio of the electron—hole pairs
collected to the number of striking photons [11,22]. QE is seen as a function of wavelength in nm or photon energy in
eV. Equation 4 expresses the relationship between QE and current density.

J. =q| ©(2)0E(2)da 4)

Where, ¢(A) is the energy intensity per wavelength (A ) bandwidth unit. Figure 3(c), shows the quantum efficiency

versus wavelength for the simulated ssDSSC device, which explains how photon energy is transformed into electricity as
a function of wavelengths [23]. The curve was within the wavelength range of 300-900 nm. The QE of the ssDSSC
increased from 30.42 % at 300 nm to a maximum of 96.2 % at 356 nm but gradually decreases to 0.16 % at a wavelength
value of 540 nm. As seen from our study, it is worthy of note to know that energy losses as a result of exiton quenching
is experienced beyond 540 nm. The device can absorb sufficient photon energy within visible region to be converted to
electricity, however at longer wavelength, the QE decreases gradually. Consequently, at ~ 540 nm, ssDSSC device
becomes weakly efficient to absorb photon energy due to limited ability to harvest photon energy at extended wavelength
due to high rate of carrier recombination [18]. Figure 3(d) shows the energy band structure of the device. The interface
conduction and valence band offset at the TiO»/N719 and N719/CuSCN interfaces are AEc=0.33 eV, AEv=1.22 eV and
AEc=2.08 eV, AEv=0.81 eV. The value of AEc at the TiO,/N719 interface prevents the flow of electrons from the TiO»
layer to N719 dye to avoid recombination. While the value of AEv at the N719/CuSCN interface denies the flow of holes
to the metal-back contact to prevent their recombination at the CuSCN layer. These values obtained are crucial in
determining high PCE by encouraging sufficient collection of charge carriers.

Effect of CuSCN/N719 defect
The interface defect density between the hole conductor CuSCN and the absorbing dye was varied from 10° cm? to
10" cm™ while keeping other parameters constant during the simulation. The PCE, Jsc and Voc were significantly
affected by increase in interface density. The PCE, Jsc and Voc decrease from 6.94 to 5.70 %, 6.87 to 6.22 mAcm™ and
1.31 to 1.17 V (see Table 4). Surprisingly, Voc remains constant above 10'?> cm™. Once such a threshold is attained,
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further increase in interface defect density does not affect the Voc because carrier generation occurs very close to that
point and shows maximum carrier saturation. This is in agreement with previous report by Devi et al. [24], that is linked
to high trapping sites and results to possible recombination with increase in defect density and also in accordance with
reported literatures [18,25]. We can speculate from our result that, interface defect density has an inverse relationship
with PV performance, which means that, increasing defect in the CuSCN/dye interface of ssDSSC results to reduction in
diffusion length [18]. Figure 4(a), (b) and (c), show the relationship that exist between current and voltage, QE and
wavelength and between power density and open circuit voltage. The QE rises steadily from 29.5 % at 300 nm to 99, 98,
97, 95 and 94 % with increase in interface defect density at 360 nm before it fell back with QE of 0.44 % at 540 nm. This
exhibits good agreement in conformity to similar studies by Korir et al. [18]. Figure 4(c) expresses the maximum power
ranging from 5.70 to 6.94 mWcm™.

Table 4. Photovoltaic parameters with varied CuSCN/dye defect interface

Interface defect PCE FF Jsc Voc

1x10° 6.94 77.03 6.87 1.31

1x1010 6.26 77.64 6.56 1.23

1x10M 5.80 78.08 6.29 1.18

1x10'2 5.71 78.32 6.23 1.17

1x1018 5.70 78.36 6.22 1.17
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Figure 4. (a) J-V plots with varied CuSCN/dye defect density, (b) QE versus wavelength with varied CuSCN/dye defect density and
(¢) P-V plots with varied CuSCN/dye defect density

Effect of Temperature
The temperature with which a given solar cell operates is crucial in determining the device output performance
[11,18]. The working temperature of the simulated ssDSSC device was varied from 270 K to 340 K with all other
parameters constant. As depicted in Table 5, the photovoiltaic performance of ssDSSC is affected by the temperature.
Increasing the temperature from 270 K to 340 K results to dramatic decrease in PCE and Voc. Similar trend was reported
by other researchers [11,18,26-29]. This could be attributed to the fact that, at higher temperature, the electrons in the
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device absorbs sufficient energy and quickly becomes unstable and subsequently result to recombination before they
reach the depletion region and thereby prompt the reduced solar PCE [11,27]. The decrease in PV parameters with
increasing temperature can be further explained thus: the band gap of semiconducting materials decreases when
temperature is high and Voc has a direct relationship with bandgap, so Voc decreases with increasing temperature, as
such, the efficiency also decreases simultaneously with increase in temperature [28,29]. Surprisingly, the fill factor and
Jsc were increased with temperature increase which demonstrates an inverse relationship between the parameters. The
Jsc gradually increase from 6.218 to 6.232 mAcm™, which is attributed to improved generation of charge carriers and
reduced bandgap which results to exitonic quenching of carriers at the heterojunction barrier when the thermal activation
energy increases [18,30,31]. Figure 5(a) shows the J-V characteristic curve with different temperature. The correlation
between PCE and FF and between Jsc and Voc is depicted in Figures 5(b) and (c). Table 5 summarized the photovoltaic
performance with varied temperature.
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Figure 5. (a) J-V curve with varied temperature, (b) PCE and FF correlation with temperature and (c) Jsc and Voc correlation with
temperature

Table 5. Photovoltaic parameters with varied temperature

Tempt (K) PCE FF Jsc Voc
270 5.74 76.86 6.218 1.20
280 5.74 77.40 6.221 1.19
290 5.73 77.90 6.224 1.18
300 5.71 78.32 6.227 1.17
310 5.68 78.64 6.229 1.16
320 5.62 78.67 6.230 1.15
330 5.58 78.82 6.231 1.14
340 5.51 78.74 6.232 1.13
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Effect of dye thickness
Photosensitizer is a crucial material in determining the metrics of ssDSSC. The dye used in this simulation study is
a N719 dye. The dye thickness was varied from 0.2 um to 1.0 um (see Figure 6(a)).
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Figure 6. (a) J-V curve with varied N719 dye thickness, (b) QE versus wavelength with varied N719 dye thickness

The N719 dye molecule harvest the energy from the sun and convert it into electrical energy at the junction
[18,31]. For the dye to meet its requirements in ssDSSC, it should be able to harvest light at the visible and near infra-
red region of electromagnetic spectrum [18,32,33]. The thickness of dye pigment has significant effect on metric
parameters (PCE, FF, Jsc and Voc) of the solar cell device. Table 6 shows the dependency of PCE, FF, Jsc and Voc
with N719 dye thickness.

Table 6. Photovoltaic parameters with varied N719 dye thickness

Thickness PCE FF Jsc Voc
0.2 3.076 68.367 3.601 1.117
0.3 3.805 71.285 4.757 1.138
0.4 4.634 74.361 5.407 1.153
0.5 5.252 76.835 5.879 1.163
0.6 5.710 78.319 6.230 1.170
0.7 6.062 79.372 6.493 1.176
0.8 6.344 80.180 6.697 1.181
0.9 6.566 80.716 6.858 1.186
1.0 6.743 81.082 6.987 1.190

All photovoltaic parameters increased drastically with increase in thickness of the N719 dye. The PCE was increased
from 3.076 % to 6.743 %, the FF improved from 68.367 to 81.082 %, Jsc increased from 3.601 mAcm™ to 6.987 mAcm™
and Voc increased from 1.117 V to 1.190 V. The increase observed in the parameters was as a result of generation of
many electron-hole (e-h) pairs due to sufficient dye adsorption on the surface of the TiO, nano material that promote
electron into conduction band of the semiconductor linked to the device [18,33]. When the thickness is low, there is
incomplete absorption of photons due to poor adsorption on the semiconductor surface, as a result, some of the unabsorbed
surface act as recombination centres leading to electron transport resistance which consequently leads to poor device
performance. Figure 6(b) shows the relationship between QE and wavelength. The QE increases gradually from 28.90 %
at 300 to 97.93 % at 356 nm and starts decreasing to 1.03 % at 540 nm. The sweeping is within the visible region which
is a satisfied condition for light harvesting material in our simulation. Figures 7(a-d), show the metric parameters
dependence with thickness of the dye. The optimum performance was with device with 1.0 um thickness, which
demonstrates a PCE of 6.743 %, FF of 81.082 %, Jsc of 6.987 mAcm™ and Voc of 1.190 V.

Effect of TiO: thickness

Several researchers have reported the influence of TiO, thickness on the performance of solar cells [11,34,35].
To show the influence of the TiO, thickness on PV parameters, we varied the thickness from 0.1 pm to 0.8 um. Figure 8
shows the J-V curve of the simulation with different thickness. Figures 9(a-d) show the correlation between the
performance parameters and the TiO, thickness. As shown in Table 7, the PCE increased from 5.705 to 5.743 % at
thickness of 0.1 um to 0.4 um. Beyond 0.4 pm, the device performance degrades which can be explained thus: the thicker
the TiO», the higher the surface adsorption between the dye and the semiconductor and the more its photon absorption
capability. Literature has reported a direct proportionality existing between dye adsorption of TiO and the TiO, thickness
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(i.e. the more the thickness of TiO,, the more the bonding formation it has with dye) [36]. The optimized thickness is
0.4 pm which gave a PCE value of 5.743 %. The Jsc was also higher at the same thickness. The improved Jsc
(6.121 mAcm™) was due to enhanced dye anchorage with the thicker TiO,. Beyond the 0.4 um thickness of TiO,, the
PCE and Jsc decreases, which is attributed to lower transmittance that limit solar radiance on the dye and it is in agreement
with previously reported document [37].

(a) P ]

76 4 E

£ 5 15 | ]
Y <
8 LLI|: 74 - -
72 -
4- 7 - -
70 -
34 4 68 - -
L) v L] M L) v L] M L] T v T v 1 v 1 v T
0.2 0.4 0.6 0.8 1.0 0.2 0.4 06 08 1.0
Thickness (um) Thickness (um)
7.5 T g T v T y T y T 1.20 ! Y ! i T T T ¥ T
1 (c) _— 1 1@ o
] . ] 1.18
6.5 /-/ . T /./' T
6.0 . ]
S 1 —~ 118
§5.5- 1=
4 1 Q
IS <]
= 5.0 p
5 =
. 1 1.14 J
4.5+ -
4.0 i
1 1.12 4 -
3.5+ i
T T T T T L) v L] M L) v L] M L]
0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0
Thickness (um) Thickness (um)

Figure 7. variation of (a) PCE, (b) FF, (c) Jsc and (d) Voc with thickness of N719 dye

7 e
—
5] '
< —s—0.1um
E4- —e—02pum .
:? 0.3 um 1
S 3 —v—0.4 um 1
2 0.5 um 1
c
o 2 —4— 0.6 um T
3 0.7 um T
14 —e—0.8 um T 1
0 T T v T T v 1 v L

—
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Voltage (V)

Figure 8. J-V curves with variation of thickness of TiO2



27

7.379 % Power Conversion Efficiency of a Numerically Simulated Solid-State... EEJP. 3 (2022)
. d
S (d)
- 1 —E—i—i—E—1—1—1&
w i
o
=
— 1 LI 1 1 1
N 6812 4
=
g 611 . (C)
E 610 |
3]
8 609 J
1 LI 1 1 1
802 ——m
— ——
< 800 -
ool ) (b)
I 798 {
1 LI 1 1 1
574 S p—
S 573 | - . (a)
o 572 | / N
e 571 ] \,
“r rrr©r1rrvrr T 1Tt T
0.0 01 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9
Thickness (um)
Figure 9. variation of (a) PCE, (b) FF, (c) Jsc and (d) Voc with thickness of TiO2
Table 7. Photovoltaic parameters with varied TiOx thickness
Thickness PCE FF Jsc Voc
0.1 5.7054 79.7597 6.112232 1.170321
0.2 5.7273 80.0494 6.112714 1.170455
0.3 5.7392 80.1239 6.119313 1.170540
0.4 5.7433 80.1602 6.120635 1.170592
0.5 5.7412 80.1719 6.117325 1.170621
0.6 5.7340 80.1680 6.109958 1.170634
0.7 5.7228 80.1539 6.099061 1.170634
0.8 5.7082 80.1334 6.085118 1.170626
Effect of back contact

The photovoltaic parameters of ssDSSC is influenced by the type of metal contact used. Several metal back contacts
have been reported in literatures [ 11,18, 30-38]. In our simulation, we made used of Ni, Au, Pd and Pt as the back contacts.
Surprisingly, from our investigation, the metal back contact has no effect on the performance output of our device. This
is because, by using CuSCN as hole conductor, the total internal resistances of the ssDSSCs remained unchanged as such
there is no further carrier generation. The interfacial resistance at the CuSCN/metal back contact was unaffected which
results to negligible ohmic contact. A report that shows negligible effect of metal contact on device was demonstrated by
Behrouznejad et al. [38] where a HTM and HTM-free devices were developed. The impact was negligible in devices with
HTM. Table 8 shows the comparison in the PV parameters.

Table 8. Photovoltaic parameters with different metal back contact

Parameter PCE FF Jsc Voc
Ni 5.71 78.32 6.23 1.17
Au 5.71 78.32 6.23 1.17
Pd 5.71 78.32 6.23 1.17
Pt 5.71 78.32 6.23 1.17
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Figures 10(a) and (b) show the J-V and QE curves with different metal contact. Figure 11 shows the PV parameters
with different back metal contact.
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Figure 10. (a) J-V curves and (b) QE curves with different metal back contact
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Effect of CuSCN thickness

The HTM is an important part of ssDSSCs which play a significant role in determining the performance of the
overall device through photo-thermal stabilities [18]. The thickness of CuSCN was varied from 0.1 um to 0.8 pm
(see Figure 12) and the parameters; FF, PCE, Voc and Jsc were evaluated under standard photovoltaic conditions. The
values of the parameters all remained unchanged throughout the simulation. The PCE =5.71 %, FF=78.32 %,
Jsc =6.23 mAcm? and Voc = 1.17 V. The results obtained here show that, the CuSCN HTM is efficient at all thicknesses
considered during the simulation and has the ability to effectively work in the proposed architecture in our simulation.
Figures 13(a-d) show the relationship between the performance parameters and the CuSCN thickness.
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Optimized device

The optimization was done by chosen the parameter that gave the optimum performance upon variation within a
selected range. For the CuSCN/N719 interface defect density, an optimum value of 1x10° cm™ was obtained, while 280 K
was optimum temperature, 1.0 um was optimum thickness for N719 dye, 0.4 um was optimum value for TiO> thickness,
Pt was still used as the back contact since the back contact is not affected in our simulation, and 0.2 pm for CuSCN
thickness. After putting the optimized values, an overall device performance of 7.379 % for PCE, 77.983 % for FF,
7.185 mAcm? for Jsc and 1.317 V for Voc were obtained. The optimized results showed an improved performance
of ~29.25 %, 15.36 %, and 12.56 % in PCE, Jsc and Voc over the initial device.

L)

o s i
§ ] —a— 0.1 um 5'\ J
£ 44 —+— 0.2 um -
> | 0.3 um J
-% 3 —v— 0.4 um 4
° | 0.5um |
PR —«— 0.6 um i
= 0.7 um J
©, —e—08pum N .

0 v 1 v T T M 1

—
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Voltage (V)

Figure 12. J-V curves with varied thickness of CuSCN
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CONCLUSION
We reported the performance of a solid state dye sensitized solar cell based on CuSCN as a hole conductor using
SCAPS-1D. The performance of the overall ssDSSC was achieved by optimizing the CuSCN/dye interface defect,
operating temperature, CuSCN thickness, TiO» thickness and N719 dye thickness through data variation. The optimized
device results to 7.379 % PCE, 77.983 % FF, 7.185 mAcm™ Jsc and 1.317 V Voc. This research suggests that, efficient
stable and durable dye sensitized solar cells can be achieved by replacing liquid electrolyte with CuSCN hole conductor
that is cost effective.
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7,379 % E®EKTUBHICTH NEPETBOPEHHS EHEPT'Ti YMCJIEHHO 3MOJIEJIbOBAHOI'O TBEPJIOI'O
COHSIYHOT'O EJIEMEHTY CEHCUBIIII30BAHOI'O BAPBHUKOM 3 TIOHIAHATOM MIJI (I)
Y AKOCTI JIPKOBOI'O ITPOBIAHUKA
Euxi Jannani?, Myxamman KamugP, Tomac O. Jlaniean®, Kpucrodep Y. Auem?, Merbio Anbga®, Maiika I'an’
“@izuunuil gpaxyromem, Pedepanvruil yrHigepcumem Hayk npo 300pog s, Omyxno, wmam benye, Hicepis
bIIIxona enexmpuunoi asmomamuzayii ma ingpopmayiiinoi inscenepii, Tanvyzincoruii ynisepcumem, Tanvyzine 300072, Kumaii
“@izuunuii paxyremem, Dedepanvruii ynisepcumem Anexca Exeyme, Hoygy Anixe, wumam Eooni, Hieepis
A Jenmp pozeumxy cynymnuxoeux mexnonoziti NASRDA, A6yooca, Hizepis
c@isuunuil paxynemem, Hieepiticokui apmiticokuil yHisepcumem, biy, wumam bopuo, Hieepis
T®izuunuii paxynemem, Oceimnuiti ynieepcumem, Binneba, I'ana

Ipemverom nocmimpkeHHsT OyB IOIIYK albTePHATHBH DPIAKOMY €IEKTPOJTITY B COHSYHMX €JIEeMEHTaX, CEHCHOLTI30BaHMX OapBHHKOM
(DSSC), mono ¢oToeaeKTpuuHUX BiIacTUBOCTEH. TyT NUISXOM MOJCIIOBAaHHA MM MOBIJIOMHIIM TMPO NPOJYKTHUBHICT COHSYHOTO
eJIEMEHTa, CEHCUO1II30BaHOr0 GapBHUKOM, 3aMiHUBIIN PIIKUI €IEKTPOJIT Ha IipKoBHi mpoBixHuK 3 MigHoro (I) Tionianatys(CuSCN).
JocimkeHHs MPOBOAMIOCS 3a AOMOMOIOI0 IPOrPaMHOro 3abe3neyeHHs yisi MozesoBanHs coHsaHoi emHocTi (SCAPS), sike 6a3yerbest
Ha piBHsHHAX [lyaccoHa Ta OesmepepBHOCTI. MojenioBaHHs TPOBOJMIOCS HAa OCHOBI 3alPONOHOBAHOI N-i-p apXiTEKTypH
FTO/TiO2/N719/CuSCN/Pt. Pe3ympTaT mOYaTKOBOIO HPHCTPOI0 JaB edheKTHBHICTH mneperBopeHHs noTyxHOcTi (PCE) - 78,32 %,
koedirient 3amosuennst (FF) - 5,71 %, mIibHICTs cTpyMy KOPOTKOTO 3aMuKaHHs (Js¢) - 6,23 MACM™, i HAalPyTy XOJNOCTOrO XOIy
(Voc) - 1,17 B. Iicis ontuMizanii BXiqHAX HapaMeTpiB 1yt orpuManHs 1109 ecm-2 mst miinsHocTi nedexris intepdeiicy CuSCN/N719,
280 K st remnepatypu, 1,0 MxMm jurst ToBmuHN 6apBHuKa N719, 0,4 MxM urst ToBmuau Ti02, Pt U1 3B0OPOTHOTO KOHTAaKTy METally Ta
0,2 Mxm m1st ToiHA CuSCN , GyJ10 OTPMMaHO 3arajibHy NPOyKTHBHICT NpucTpoio 7,379 % nns PCE, 77,983 % nna FF, 7,185 mAcm™
st Jsc a 1,317 V s Voc. Y opiBHSHHI 3 TOYaTKOBUM IPUCTPOEM, ONITUMI30BaHi pe3ysIbTaTH M0Ka3ald MOKpaleHy NPOIyKTHBHICTh
npubnu3Ho B 1,29 pasm, 1,15 pasu ta 1,13 pasu B PCE, Jsc i Voc mopiBHSIHO 3 MOYATKOBUM IpHCTpoeM. OTpuMaHi pe3ysbTaTH €
OoOHaMIIMBUMH, 1 OJep)KaHi JaHi MOXYTh MOCIY)KHTH 0a30i0 [UIsl JOCHIAHHKIB, $IKi OEepyTh y4acTh y BHTOTOBJCHHI HOBHX
BHCOKOIPOAYKTHUBHHX TBepaoTUIbHUX DSSC, 11106 3p03yMiTH iXHIO PUBabIMBICTb LT MacIITabOBAHOCTI B rajys3i.

Kurouosi cioBa: ssDSSC, tiouianar mifi, aipkosuii mpoBigauk, SCAPs
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In this study, the analytical solutions of the Schrodinger equation with the screened Kratzer potential model is solved using the well-
known Nikiforov-Uvarov method. The energy spectrum and the normalized wave function with the Greene-Aldrich approximation
to the centrifugal term are obtained. The energy spectrum is used to generate eigenvalues for X’s~ state of Nl and x's*
state of Scl molecules respectively. The calculated results agree excellently with the experimental data. This research finds
application in chemistry, industry, molecular physics and studies on magnetocaloric effect for several molecules. Our
findings also demonstrate that the approximation scheme is well suited for this potential.
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PACS: 31.15.-p

1. Introduction

The study of diatomic molecules and their positive ions with the Schrodinger equation (SE) over the years have
attracted the interest of both experimental and theoretical scientist because of its importance in chemistry and
physics [1,2]. This is because solutions of the SE contain information about the system [3]. The solutions of the SE with
different diatomic potential functions have been investigated by many authors [4-6]. Also, to obtain the SE solutions
different methods have been employed such as the Asymptotic iteration method (AIM) [7], Laplace transformation
method [8], supersymmetric quantum mechanics (SUSYQM) [9], the Nikiforov-Uvarov (NU) method [10-15], the
Nikiforov-Uvarov-Functional Analysis (NUFA) method [16], the series expansion method (SEM) [17,18], the analytical
exact iterative method (AEIM) [19], the WKB approximation method [20,21] and so on.

Recently, many authors have devoted interest in investigating bound states energy of countless diatomic molecules
(DMs) with a single potential function and a combined potential function [22-24]. For instance, Inyang et al. [25] used
Eckart and Hellmann potential function to study some selected DMs. Also, Obogo et al. [26], investigated some selected
DMs through the solution of SE with a combined potential using the NU method. Furthermore, Edet and Ikot [27] studied
some DMs with Deng-Fan plus Eckart potentials. Apart from the above studies, the energies for cesium molecule, sodium
dimer, nitrogen dimer, hydrogen molecules, and potassium with the improved Rosen-Morse, Morse, Tietz-Hua oscillator,
and improved Poschl-Teller oscillator potentials have been calculated and the results for each molecule was seen to agree
with the experimental data [28-31]. Motivated by the success of their reports, we seek to obtain the energies for X*X~
state of NI and X'Z" state of Scl molecules.

The screened Kratzer potential (SKP), proposed by Ikot et al. [32] is a molecular potential, which finds application
in molecular physics and many authors have employed in literature [33-35].

The aim of this study is to obtain the solutions to the SE with the SKP and apply it to calculate the energy eigenvalues
for X’ state of NI and X'>* state of ScI. The SKP is of the form [32]:

A . A

V(p)=-2"—s 5" 1
(r) . = (M

where 9 is the screening parameter. The letter 4, =2D,r, and 4, = D’

ee?

here D, is dissociation energy, p is radial

distance and 7, is the equilibrium bond length.

2. The solutions of the SE with SKP
In this research, the NU method is adopted and the details of the NU can be found in Ref. [14].

The SE characterized by a given potential ¥ ( p) reads [36]

-
[—ZV +V(19)J ¥, (p)=E, ¥, (p), @)

7 Cite as: E.P. Inyang, and E.O. Obisung, East Eur. J. Phys. 3, 32 (2022), https://doi.org/10.26565/2312-4334-2022-3-04
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where ¥ ,(p) is the Eigen functions, E,, is the energy, u is the reduced mass, 7 is the reduced Planck's constant and
p is radial distance.
Substituting Eq. (1) into Eq. (2) gives Eq. (3),

d’¥ ,(p) . 2uE,, . uze™ 2uZe 1(1+1)

v =0. 3
dp2 72 th thz pz a(P) ()

Equation (3), is solved with the approximation scheme (AS) proposed by Greene-Aldrich [37] to deal with the
centrifugal barrier. This AS is a good approximation to the centrifugal barrier which is valid for 9 <« 1, and its reads [38]

1 $
= ~ m 4)

Plugging Eq. (4) into Eq. (3), Eq. (§) is:

v, ( p)+ 2UE, 2udy9e  2uAFe”  Fll+])

=0. 5
v =) ey (eeny | ®
We set
y=e”. (©)
Differentiating Eq. (6), we have Eq. (7) as,
2 2
EVP) _go o YD) 2 dV0) -
dp dy dy
Putting Egs. (6) and (7) into Eq. (5) and after some simplifications, we have:
d*¥(y 1-y d¥(y 1
), Lov @), LT i) (2esm—n) v—(e+7)] ¥() =0, ®)
d  y(l-y) Ay Y (1-y)
where
2uUE, 214, 2uA
—e= 192;‘12]’ =g = h23’ y=I1(I+1);. 9)

Linking Eq. (8) and Eq. (1) of Ref. [14], we have:

1(y)=1-y; o(¥)=y(1-»); & (y)=1-2y, & (¥)=-2

5‘(y)=—(8+770)y2+(2£+7]0—771)y—(£+}/) (10
Inserting Eq. (10) into Eq. (11) of Ref. [14], gives:
n(y)z—%i\/(Bl—K)y2+(K+Bz)y+B3, (11)
where
BIZ[%+£+U0], B, =—(2e-n,-1n,), B3=(5+7)}. (12)

We take the discriminant of Eq. (11) under the square root sign and solve for K . Here, for bound state, the negative
root is taken as:
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K =—(B,+2B,)~2./B,\/JB, + B, + B,. (13)

Substituting Eq. (13) into Eq. (11), Eq. (14) is gotten as,

ﬁ(y)z—%—[(\/gh/&+B2+Bl)y—\/BT], (14)

Using Eq. (10) and Eq. (13), we obtain z(y) and 7'(y) as follows:
r(y)=1-2y-2B,y-2B, + B, + B,y +2./B,, (15)
o'(y)=-2[1+ B, + B, + B, + B . (16)

where T ’(y) is the first derivative of 7 (y) . Referring to Eq. (10) and Eq. (13) of Ref. [14], we have ln and A as

follows:

2, :n2+L1+2\/B—3+2,/BS+BZ+B]J n, (n=0,1,2,..), (17)
Az—%—@—,/BS+BZ+BI ~(B, +2B,)-2/B,\/B, + B, + B, (18)

When linking Egs. (17) and (18) and substituting Eq. (9), the energy equation for the SKP is gotten as:

2

2 2
L PRETEES B L
2 2 fi /)

2

o _IHIIs) g

nl
2u Bu 1 1)°  2uDr?
n+5+ l+5 +

19

The wave function ¢(y) and weight function ,o(y) is obtain by inserting the values of O‘( y), 7[( y), and 7 ( y)
given in Egs. (10), (14) and (15), respectively, into Eq. (3) and Eq. (9) of Ref. [14] as follows:

(3) =5 (1) 5], 20)
p(y):szE (17y)2‘/31+132+5, . (21)

Putting Egs. (10) and (21), into Eq. (2) of Ref. [14], the Rodrigues relation is written as

yn =Bny_2‘/8—3 (1_y)72«/m %[ yrz-¢-2\/b‘—J (1_y)n+2 Bs+Bz+Bx:| , (22)

where B is the Jacobi polynomial. Hence,
1
v, (y) =N, y\/@ (1 _ y)[5+~/3;+32+3|] Pn(z\/E,z B, +B,+B;) (l —Zy), (23)

where N . 1s the normalization constant, with the condition, we have:

2 2.B; @ 2
No L=y ] [ Lex )] emaeny } _
9[]( ZJ ( 2} [An (x)| dx=1, (24)

where
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X=1+2B,+B,+B,

(25)
X-1=2B,+B,+B,
Linking Eq. (26) with Eq. (37) of Ref. [39], we obtain:
J~1 = AV (1+x)" (A'SZ“’Z"’I) (a))z dp = 2T (u +n+ I)F(V +n+ 1). (26)
-1 2 2 n!uF(u+v+n+l)
Hereafter, the normalization constant is
1
n'2B, 9T(2/B, +2/B,+B, +B +n+2)|’
. . (24)
1 ZF(Z\/E+n+1)F(2 B3+Bz+Bl+n+2)
3. PERCENTAGE DEVIATION AND ERROR
The absolute percentage deviation is calculated using Eq. (28)
LUl y L (28)
M TRKR
where T, is the experimental data, 7, is the present results and M is the number of experimental data [40].
The percentage error is computed with Eq. (29)
> RD
err, = x100% (29)

RKR

4. RESULTS AND DISCUSSION

The energies for X'>* state of Scl and X°X~ state of NI using Eq. (19), as while as the relative deviation However
(RD) of the calculated results and the experimental data are given in Table 2. The experimental data is taken from [41]
as shown in Table 1. We note that the energies becomes larger as the quantum state increases for the two molecules,
the RD for X% state of NI are higher compared to the RD for X'>" state of ScI. We deduce that the Scl is more fitted
for the calculation compared to NI. Using Eq. (28), the percentage deviation (PD) for the molecules is calculated. We
note that the PD for Scl is 0.015% while that of NI is 0.021%. Also, with Eq. (29), we determine the percentage error (PE)
of the present results to the experimental data, the PE of the calculated result is computed and the results shows that for
Scl we have 0.12% while that of the NI is 0.21%. In Fig. 1, we plotted the energy spectra with the principal quantum
number for the selected molecules. It was observed that as the principal quantum number increase the energy spectra of
the molecules increases linearly.

Table 1. Molecular constants for electronic states of NI and ScI [41]

Molecule U State @, (cm™) D,(cm™) 4, (em™) 7, (A)
NI 12.6114. X2 604.70 0.3460 0.0031700 1.9653
Scl 33.1961 X'st 277.18 0.7467 0.0002834 2.6078

Table 2. Comparison of the calculated energies (cm™) for X'S* state of Sc/ and X°Y~ state of NI with the experimental data

Relative Relative
n Present work Scl [41] deviation (RD) Present work NI [41] deviation (RD)
0 138.4120 138.3 0.1120 301.2234 301.1 0.1234
1 414.7977 4139 0.8976 897.0135 896.6 0.9135
2 688.1130 687.7 0.4130 1482.6617 1482.3 0.6617
3 960.1402 959.9 0.2402 2060.5594 2058.8 1.7594
4 1231.1101 1230.4 0.7101 2625.9124 2625.9 0.9124
5 1500.6044 1499.3 1.3044 3185.1171 3183.6 1.5171
6 1767.1278 1766.5 0.6278 3732.8788 3731.9 0.9788
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Figure 1. Variation of Energy spectra with principal quantum a number for the selected diatomic molecules

CONCLUSION
In this research, the SE with the SKP is solved using the NU method. The energy spectrum and the wave function were
obtained with the Greene-Aldrich approximation to the centrifugal barrier. We then applied the energy spectrum to
calculate the energies of Scl and NI molecules. The results agreed excellently with the experimental data of the two
molecules. The PD shows that the SKP is fitted in the calculation of Scl than NI since the PD in Scl is lesser than that of
NI molecule. This research finds application in chemistry, industry, molecular physics and studies on magnetocaloric
effect for several molecules. Our findings also demonstrate that the approximation scheme is well suited for this potential.
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JOCIIIKEHHSA EJIEKTPOHHUX CTAHIB MOJIEKYJI NI TA ScI 3 EKPAHOBAHWM ITOTEHIIAJIOM KPATIIEPA
Erino I In’aur?, Ediionr O. Obicyur®
“@izuunuii paxynemem, Hayionanvnuii 6ioxpumuil yrnieepcumem Hieepii, /[ocabi, A6yooica, Hieepis
bDizuunuii paxynomem, Kanabapcvruil ynisepcumem, Kanabap, Hizepis
V upoMy JOCITiKEHHI 3a JOMOMOroro BigoMoro Merony HikidopoBa-YBapoBa ananiTuaHO po3B’si3yeThes piBHsHHA lpeninrepa 3
SKPaHOBAaHOIO TOTeHHiaNpbHOI Mojewto Kparnepa. OTpuMaHO eHEPreTHYHHI CHEKTP i HOPMOBaHY XBHJIbOBY (YHKIIO 3
HabmwKkeHHAM [ pina-Onapiva A7 BiAIEHTPOBOTO WwieHa. EHepreTHUHMIA CIIEKTp BUKOPUCTOBYETHCS IS TeHepallii BIIaCHUX 3HAYCHb
s X°Y cramy NI Ta X'S*crany wmomekyn Scl BimnosimHo. PospaxyHKoBi pesynbTaTH JI00pe  Y3TOMKYIOTHCA 3
eKCTIEPIMEHTATPHUMH JaHUMHU. Lle moci/KeHHs 3HAMIUIO 3aCTOCYBaHHS B XiMil, IMPOMHCIOBOCTI, MOJEKYJSIpHiA ¢i3umi Ta
JOCIIKEHHIX MarHiTOKAJIOPHYHOT0 eheKTy JUIs KiTbKOX MoJeKy1. Harui pe3ysibTaTi TakoK IeMOHCTPYIOTh, 110 CXeMa allpOKCUMAIIii
JOOpe MiXOIUTh IS HOTO TTOTEHITIANY.
Kurouosi ciioBa: pisusaus lpeninrepa; meron Hikidoposa-YBaposa; expanoBanuii motenuian Kparuepa; Moiekyiu
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In the present paper, we will review the methods to produce superposition of entangled coherent state using polarizing beam splitter and
Kerr non linearity. These coherent states have many attractive features and can be used in various schemes. Entanglement, refers to the
superposition of a multiparticle system and explains a new type of correlations between any two subsystems of the quantum system, which
is not existing in the classical physics. The present paper deals with the use of these states in quantum teleportation, entanglement diversion
and entanglement swapping schemes. Entanglement diversion and entanglement-swapping refers to a scheme which may entangle those
particles which had never interacted before. In the swapping scheme, two pairs of entangled state are taken. One particle from each pair is
subjected to a Bell-state-measurement. This would result in projection of the other two outgoing particles in an entangled pair. Quantum
Teleportation of two mode and three modes states is also studied with perfect fidelity. Minimum assured fidelity which is defined as the
minimum of the fidelity for any unknown quantum information of the states is also discussed. It is also shown how the success rate of
teleportation of a superposition of odd and even coherent states can be increased from 50% to almost 100%. The scheme suggested by van
Enk and Hirota was modified by Prakash, Chandra, Prakash and Shivani in 2007. We find that an almost teleportation, diversion and
swapping is possible by simply separating vacuum state from the even state. The present paper also deals with study of effect of
decoherence and noise on these states and the effect of noise on fidelity and minimum assured fidelity. It is also discussed that these
schemes can also be applied to the process of entanglement diversion and entanglement swapping.

Keywords: Entanglement, teleportation, fidelity, coherent state
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INTRODUCTION
The most important feature of the quantum optics is the study of the effects of the interaction between atoms and
laser fields, and most of the issues with a specific set of quantum states for the description of the area, as well as the
atoms[1,2]. They are referred to as coherent-states, and it can be used in the problem of the sub-areas of interaction. These
states are commonly referred to as the Glauber states [3-5], and in honor of that, the American scientist who is, for the
first time, we realized that in their good use for the description of optical phenomena. These proposals are currently being
intensively studied and applied to the quantum-optical problems. The explicit form of states in question is,

Lap "
|a>:Z;e2 %In) @)

where the Fock-states [6] | n) is eigen-state of the number operator N =a'a, ie.,N|n)=n|n) and a=a, +ia; is

complex number.

Sudarshan [7] and Glauber also provided a diagonal representation independently for the density operator of the
radiation in point of coherent-states. Coherent-state is a pure state and also it is not a non-diagonal state. Superposition
which includes the superposition of any two or more than two coherent-states are non-classical. Numerous possibilities
for generation of the non-classical-state of the electromagnetic field has also been presented [8, 9].

However, whenever we are considering the class of the states including the superposition of any two coherent-states
of an equal amplitude and are separated by phase of 180°, i.e. states takes the form

:L[ + ig|_ ] 2
o)=L 18127 -0) @
Here, the normalization constant /V, is given as,

N =2+2¢7#" cosd, 3)

For large | g | , states | g > and |—,[>7 > are very much macroscopically distinguishable. The and superposition state of the

form in equation (2) is termed as the Schrodinger’s-cat-states [10]. One of very initial treatments for producing this
superposition of the states were given by scientists Yurke & Stoler who demonstrated generation of a coherent-
superposition of the state of the form

7 Cite as: S.A. Kumar, S. Kanwar, and P. Shukla, East Eur. J. Phys. 3, 39 (2022), https://doi.org/10.26565/2312-4334-2022-3-05
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using a Kerr nonlinearity.

Tara et al. [11] showed generation of Schrodinger-macroscopic-quantum superposed states in an optical Kerr non-
linear medium. The authors also presented a scheme for generation of superposed squeezed-coherent-states. In 1996,
C.C. Gerry presented a scheme to generate Schrodinger-cat-states as well as the entangled-coherent-states by dispersive
interaction inside a trapped ion. The author demonstrated that the entangled-coherent-states may be produced which are
a general form of Schrodinger-cat-state giving some very strong correlations between different output modes.

In 1999, a famous researcher Gerry [12,13] presented a scheme to produce Schrodinger-cat-states. Recently, Kim &
Paternostro [12] also presented a method to generate superposed coherent-states with the help of small Kerr-non linearity
effect and single photon or even two entangled-twin-photons. However, both of the above-mentioned authors in the

references [11] and [12,13] had used cross Kerr nonlinearity whose evolution operator is shown as U K = exp(—i xn, ﬁb)

. This may affect the phase of the system which depends on the photon-numbers of the output two modes a & b. Here,
7, is termed as photon-number operator for the output mode b. If the mode a is in the coherent-state of its amplitude O
& the mode b is in the single photon state, then using the action of the cross Kerr-nonlinearity,

Uacla),|n), = @e*) [n),, )

here, the Fock state | n >b remains unaffected with interaction. However, the coherent state | a )a takes a phase shift

which is directly proportional to the photon-number 7, in the state | n >b .

Recently Hari Prakash and coauthors [14,15] presented a method for generating a general superposition of the
coherent-states | a’> and |—a> taking the action of Kerr effect into account. Their method involved two beams in

coherent-states, a single photon-beam and some linear optical devices such as polarization beam-splitter & mirrors. The
authors showed that, if a single photon beam is obtained in the output mode in a desired polarization state which is defined

by the angles 0 & ¢, the this results in a definite superposed coherent-states | @ ) and |—a ). If any photon is obtained

in any orthogonal state of polarization, this results in a superposition which is different from desired one.
These macroscopic superposition of coherent-states have been shown to possess various important non-classical
properties. For example, a Schrodinger cat state of the form

| l/l> =cl| aei'9>+cz| ae’i'9> (6)

is known to lead a squeezed state, normal 2" order squeezing, higher-order squeezing & sub-poissonian statistics and
other non-classical properties of the field.

Entanglement

Entanglement, is a simple name given for the superposition of a multiparticle system. It is one of a most important
aspects of quantum mechanics. It explains a new type of correlations between any two subsystem of the quantum system,
which is not existing in the classical physics. This word is the translation of a German word "Verschrénktheit". It is first
noted by Schrodinger in his paper. Both the words have notation of the word "contortedness", which demonstrates the
efforts of understanding such correlations in classical terms. However, from this point of view of the Quantum Theory,
such correlations very straightforward.

An entangled, composite quantum system is divided into separate sub-systems, which are closely related to each other,
even if they're far away from each other and do not interact with each other. If a measurement is carried out in one of the
sub-systems, it has an effect on the results of the measurements carried out in the other sub-system. This feature is in a
contradiction with local realism, i.e., the statement that the quantum states of spatially-separated, non-interacting particles
are independent of each other. This phenomenon has been discussed by Einstein-Podolsky-Rosen (EPR) in 1935, in their
initial paper. Their paper was the attempt to explain that quantum mechanics is an incomplete mechanics. EPR explained as
the starting point premises of “reality” and a “no-action-at-a-distance”. It is many times termed as locality. In their paper,
“local realism” is explained as a dual premise, in which both the realism as well as the locality is assumed. In this reply
Schrodinger introduced the concept of entangled quantum states, pointing to entanglement as a signature of states not
compatible with classic notions, such as local realism. Schrodinger’s reply is best known for his discussion of paradox of
macrospically-entangled state, a “cat” in a quantum superposition of “alive” or “dead” states.

COMPUTATIONAL DETAILS
In the present paper, we have studied various aspects of entanglement such as teleportation, entanglement diversion
and entanglement swapping. The success of teleportation is measured by calculating fidelity. This paper focusses on
fidelity also.
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Quantum Teleportation

Another important application of quantum entanglement, in correlation with quantum information processing, is
termed as “quantum teleportation”. In teleportation, an unknown quantum state is being transferred from one location to
another, which are widely separated. Quantum teleportation involves transferring complete information of one quantum
state from one location to another location with aid of long-range E-P-R correlations in an entangled-state. This state is
shared between the two parties which are known as the sender and the receiver. At first, the sender makes some
measurements with the information states and her/his shared part of the entangled state. In this process, the information
state disappears at the sender’s end and instantaneously appears at the receiver’s end. This is obtained when the receiver
makes some unitary transformation which depends on some result of the sender’s measurement which is received through
some classical channel. The process of teleportation somewhat resembles with the teleportation which had read in the
science fiction (Shaktimaan) where one person or an object disappears at the sender’s place while an exact replica of the
same person reappears at some other place. However, this replica is not generated instantaneously and that for making
replica a classical information is required.

Suppose transfer of an unknown qubit of some quantum information is required from one party, whom we call as
Alex, to another party called as Bobby. Alex and Bobby do not directly exchange any quantum system by any means
carrying any information. This means that they do not share any quantum channel which is common for both the parties.
Alex can try to find some qubit so as to obtain the classical information, which she will convey to Bobby via some
classical channel. Based on the information received from Alex, Bobby will then try to reconstruct the original state again.
Bennett and coauthors [16] proposed feleportation which allows Alex and Bobby to transfer a quantum state perfectly
from one point to another provided that both the parties share one-half part of an entangled pair of particles. Now Alex
would find the unknown qubit of her part of the entangled pair in a particular basis. She then conveys the outcome of her
measurement results to Bobby. After that, Bobby collects necessary information to again reconstruct the original state
from his share of the entangled pair.

Fidelity
The efficiency of teleportation is determined by measuring fidelity. The fidelity of the teleportation is defined by
overlap of the input information state with the (normalized) output teleported state. It also gives a measure of the quality

of the teleported state. By determining the overlap between the input information state | 1//) and the teleported output

state, p, i.e.
F=(¢|p|y) @)

If the output state is exactly same as the input information state, then the fidelity of the teleportation is equal to unity.

Fidelity is state dependent, i.e., the fidelity of the reconstructed state depends both on the quality of the teleporter
and on the class of input states from which the unknown state is picked. However, some authors have defined the fidelity
as

F=1v| p,.|0)o|] ®)

When p,,, is an exact replica of | 17 > ,then F =1, and when p,, is an imprecise copy of | 17 > , then F <1. Finally
when p,, is completely orthogonal to the state| go), the fidelity is zero and the teleportation is not possible. If | 1 >

represents the information state, to be teleported, and | T> represents the teleported copy of the initial information state

that Bobby has in his hand after application of the unitary transformation, then fidelity of the teleported state is calculated
by using, p,,, =|T)(T| which gives,

F=(T|I1)I1|T). ©)

In a paper van Enk and Hirota [17] gave a scheme to teleport one bit of quantum information contained in a
superposition of even and odd coherent-states. They used entangled-coherent-states, a beam splitter and two-phase
shifters. X. Wang [18,19] also presented a scheme of teleportation of 1 bit of information contained in bipartite superposed
entangled coherent state using a tripartite entangled coherent state, similar to the scheme of van Enk and Hirota.
N. Ba An [20] presented a scheme to teleport a single particle state using a four-partite state, a beam-splitter and two
phase-shifters.

Recently quantum teleportation has been demonstrated experimentally using parametric down conversion in
interferometric Bell state analyzers. Quantum teleportation of states with continuous degree of freedom has been
demonstrated both experimentally and theoretically. Teleportation of continuous variables can be described in two
different ways, one in terms of Wigner functions, the other in terms of discrete basis states. Also, the efficiency of
teleportation of discrete and continuous observable was tested directly with the help of Mach Zehnder interferometer.
These entangled-coherent-states play a very important role in teleportation. However, Fan and Lu An. [21-23] have used
the terminology “coherent entangled states” which is completely different from “entangled coherent state”.
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Entanglement Diversion

Another field in which entanglement plays a very important role is entanglement diversion which was originally
presented by C. Xin-Hua and coauthors [24]. He involved three remote parties, Alex, Bobby and Charlie. Out of these
three parties, Alex is connected to Bobby and Charlie both by sharing an entangled state involving two modes. Here, the
diversion scheme connects Bobby and Charlie which were not connected by sharing any entangled two mode state.

In recent years, however, entanglement has aroused much interest in the quantum information processing such as
quantum computation, quantum dense coding and quantum cryptography quantum-telecloning, entanglement-purification
and quantum-error-corrections.

Entanglement Swapping

A similar concept is entanglement-swapping. This is a scheme which may entangle those particles which had never
interacted before. In the swapping scheme, two pairs of entangled state are taken. One particle from each pair is subjected
to a Bell-state-measurement. This would result in projection of the other two outgoing particles in an entangled pair. This
scheme was first demonstrated by Zukowski and his coauthors [25]. In their scheme, the authors used two parametric-
down-converters, each of which emitted a photon pair. This resulted in entangling the other two initially independent
photons by coincident registration of idlers. the first experimental realization of entanglement swapping was reported by
Pan et al. [26, 27] and others.. The scheme was generalized to multiparticle system by Zeilinger et al. [28,29] and some
other authors, and Bose et al. [30]. Entanglement swapping scheme for multi-qudit system was first given by Bose and
his coauthors, and for continuous variables, it has been shown experimentally. It has also been demonstrated that in any
two partially entangled states, entanglement swapping yields the weaker entanglement of the two.

A scheme of teleporting a superposed coherent-states |a > and |—a > with the help of beam-splitter and two phase-

shifters was done. The authors obtained an near perfect teleportation for an appreciable mean photon-numbers. They also
calculated the minimum of the average fidelity and showed that for |af|2 =5, the minimum of the average fidelity is

0.9999. At the end they conclude that, the scheme leads to a near perfect successful teleportation for some appreciable
photons. The authors wrote coherent state | a ) in terms of the even and the odd coherent state [31-39],

[a)

> >

|-a
| EVEN / ODD,a) =
2(1+x%)

(10)

The authors separated | EVEN,a) as the superposition of vacuum state |0) and the non-zero -even photon state
| NZE,a ) [75-84] and wrote

|ta)= Jx |0)+2"(1-x)| NZE, a) + [(1/2)(1-x*)]"*| ODD, a), (11)
where
|NZE, a>:(|a> +|—a’>—2\/;|0>)/\/§(1—x). (12)

A scheme of teleporting bipartite entangled-coherent-states including tripartite entangled-coherent-states, beam-
splitters and phase-shifters was also presented. We concluded that a near-to-perfect teleportation may be obtained when
an appreciable mean-number of photons were present in the output. Here also we find the minimum of the average fidelity

and showed that it is 0.9999 even if |af|2 =5 . Thus, an almost perfect teleportation can be achieved even if mean number

of photons is quite low. We again discuss the impact of the noise (decoherence) on the fidelity in the scheme of the
teleportation in this context.

Another scheme of teleporting a superposition of the even and the odd coherent-states involving a 4-partite
entangled-coherent-states, and linear devices such as beam- splitters and phase-shifters. This scheme, was dealt with a
system comprising four partners: Alex, Bobby, Charlie and David. We calculated a near-to- perfect teleportation if an
appreciable mean-number of photons were found. Here also we calculated the minimum of the average-fidelity (MAF)
and find that it is 0.9999 for ||’ =5.

Entanglement-diversion is discussed between two entangled-coherent-states. This is a scheme in which the
entanglement of entangled-coherent-states is diverted. In this diversion scheme, there are any three distant partners named

as: Alex, Bobby and Charlie. Alex and Bobby are connected with each other by sharing a quantum channel |CD> ,; of the

state in mode 1 which is with Alex and the state in mode 3 which is with Bobby. Alex and Charlie are also connected
with each other by sharing another quantum channel |CD> ,, Of the state in the mode 2 which is with Alex and the state in

the mode 4 which is with Charlie. These connected partners may take the help of entangled-states of the shared quantum
channel. It may be used to teleport the quantum channel between them. Through entanglement-diversion-scheme, Bobby
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and Charlie will also develop a very direct connection between them. The authors, find that a near-to-perfect diversion
may be achieved if an appreciable mean-number of photons are present.

Entanglement-swapping between two imperfectly entangled-coherent-states. Our proposal involves a beam-splitter

and optical instruments like two-phase-shifters. A near-to-perfect swapping may be possible for an appreciable mean
number of photons.

RESULT AND DISCUSSION
Superposition of an entangled-coherent-states can be produced using the process of Kerr-nonlinearity. These

coherent-states play a very vital role in the quantum teleportation of entangled coherent state, whether it is single particle
system or a multiparticle system. They also can be used to produce the scheme of entanglement diversion and
entanglement-swapping schemes. By separating non zero even state from vacuum state, an almost perfect teleportation,
diversion or swapping can be achieved which can be verified by calculating the fidelity of the final achieved state.
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3IUTYTAHI KOTEPEHTHI CTAHM B TEJIEIIOPTAIIIT
usani A. Kymap, llledpani Kansap, [Ipamina Hlykaa
Inemumym npuknaonux nayx Amimi, Ynisepcumem Amimi, Hotioa, Inois

V wiit poboTi MU PO3IIITHEMO METOZM CTBOPEHHS CYNEPIO3HULIT 3ITyTAHOTO KOTEPEeHTHOrO CTaHy 3 BUKOPHCTaHHAM IOJISPU3ALiHOTO
po3ninroBaya my4ka ta HeminiHocTi Keppa. Li korepenTHi cTanu MaioTh 6arato npruBabIMBUX PUC i MOXKYTh OyTH BUKOPUCTaHI B Pi3HUX
cxemax. 3IUTyTaHIiCTh BiTHOCUTHCS 10 CYNEPIIO3ULI] 6araTouacTKOBOI CHCTEMH 1 TIOSICHIOE HOBUH THIT KOPEISALii Mk OyAb-sIKUMH IBOMA
TiIcKcTEMaMi KBaHTOBOI CHCTEMH, SIKUH He i1CHy€e B KJIacH4HiH (i3umi. Y 1iid poOoTi HAeThes Mpo BUKOPUCTAHHS IiX CTaHIB Y KBAHTOBIH
TeJIenopTarii, cxeMax BiIXIJIEHHS 3IUTyTaHOCTI Ta 3aMiHa 3aIUTyTyBaHHs. BiIXuneHHs 31Uy TaHOCTi Ta 3aMiHa 3aIUTyTyBaHHS BiZTHOCSTBCS
JI0 CXEMH, sIKa MOXKe 3IUTyTaTH Ti YaCTKH, SIKI HIKOJIM paHille He B3a€MOMISUTH. Y CXeMi 3IUTyTaHOCTI HAETHCS IPOo JBi MapH 3IUTyTaHOIO
crany. OJiHa JacTKa 3 KOXKHOI ITapyu MiJgaeThest BUMIpY crany bema. L{e Mojke npu3BecTH 10 BiIOMTTS y 3IUTyTaHil Hapi ABOX 1HIIMX
YacToK, sIKI BUXO/s1Th, KBaHTOBa Tesenopramisi JBO-PEKUMHHUX 1 TPhOX-PEKUMHHX CTaHIB TAKOXK BHBYAETHCS 3 1CATLHOIO TOYHICTIO.
Takox 0OrOBOPIOETHCSI MiHIMalIbHa rapaHTOBaHa TOYHICTb, KA BU3HAYAETHCS SIK MiHIMYM TOYHOCTI [U1sl Oy/1b-5IKOT HEBiJOMOT KBAHTOBOI
indopmarii npo cranu. Takoxk Moka3aHo, sSIK PiBEHb LIBUAKOCTI TEICHOPTALlii CyNeprno3uiil NapHUX i HEMApHUX KOTEPEHTHUX CTaHiB
Moxxe OyTu 36imbarena 3 50% o maibxe 100%. Cxema, 3anpononosana Ba Enkom 1 Xipototo, Oyma moaudikosana [Ipaxamem, Yanaporo,
Ipakamewm i IliBani y 2007 powi. Mu BUSABIIM, IO Maibke TIOBHA TEJIEHOPTALls, BIIXUIEHHSA Ta 3aMiHa MOXYTb OyTH 3AiHiCHCHUMHU
LUIIXOM IPOCTOT'0 BiTOKPEMJICHHSI CTaHy BaKyyMy BiJl TapHOTO CTaHy. Y Liif po60Ti TakoXk HAETHCS PO BIUIUB ACKOTEPEHTHOCTI Ta LIyMY
Ha 11i CTaHH, a TAKOX IIPO BILUIUB ILIyMY Ha TOYHICTH Ta MiHIMAJIbHY FapaHTOBaHY TOYHICTh. TaKoK 0OrOBOPIOETHCS, IO Li CXEMHU TaKOX
MOXXYTb OyTH 3aCTOCOBaHi /10 IPOLECY BIAXIICHH 3IUIYTAHOCTI Ta 3aMiHH 3aIlTyTyBaHHS.

KurouoBi ci10Ba: 311yTaHiCTh, TENENOPTALlis, TOYHICTb, KOTEPEHTHUI CTaH
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The problem of electromagnetic wave pressure on a thin conductive vibrator located in a rectangular waveguide is solved. Wave Hio
falls on the vibrator. The vibrator is located perpendicular to the wide wall of the waveguide. The current in the vibrator arising under
the action of the electric field of the wave is calculated. The current distribution along the vibrator is almost uniform. The current in
the microwave range depends little on the vibrator conductivity. Two components of the magnetic field - longitudinal and transverse
exist in the Hio wave. When these components interact with the current in the vibrator, forces arise, acting on the vibrator across the
waveguide and along it. The magnitude of the longitudinal force is greatest when the vibrator is located in the middle of a wide wall.
It is almost 2 times greater than the force acting on the vibrator in free space at the same average radiation intensity, When the vibrator
length is close to half the radiation wavelength, the force is maximum. The transverse force is determined by the interaction of the
current in the vibrator with the longitudinal component of the magnetic field in the waveguide. It is maximum when the vibrator is
located at the distance of Y4 of the length of the wide wall from its middle. If the length of the vibrator is less than half the wavelength
of the radiation, the force is directed towards the axis of the waveguide, otherwise - in the opposite direction. The possibility of using
microwave radiation pressure to create micromachines and to control the position of the vibrator in space has been evaluated. This
requires a radiation power of several watts.

Keywords: clectromagnetic wave, conducting vibrator, radiation pressure, waveguide, longitudinal force, transverse force.
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The pressure of electromagnetic radiation is one of the fundamental physical phenomena. Its use is an actual direc-
tion of modern optics, laser physics and electrodynamics.

The ability to control the movement of bodies using the pressure of light or other electromagnetic radiation was
recognized as possible after the experiments of P.N. Lebedev, in which he measured the pressure of light on solids and
gases. For a long time, it seemed that the smallness of the light pressure, in the words of J. Poynting "...excludes it from
consideration in earthly affairs". The situation has changed with the appearance of lasers. This is due to the possibility of
sharp focusing of the laser beam, when the diameter of the focal spot is comparable with the dimensions of the light
wavelength.

A. Ashkin, 2018 Nobel Prize winner, proved that the light pressure produced by a laser beam is sufficient to capture,
hold in a given place, levitate and move micron-sized particles [1]. The existence of a transverse force was also proved,
which pulls the particle into the center of the beam. Based on these works, devices were subsequently developed to control
the position and movement of microparticles — "laser tweezers" [2-4]. Technical applications of the ponderomotive action
of microwave and optical radiation in metrology and the design of ponderomotive microwave power meters are described
in the monograph [5].

Currently applied not only the pressure of the wave on the object, but also the occurrence of a torque in the case of
waves polarized in a circle. It was shown in [6] that the laser beam can rotate the microparticles.

In the microwave range, the operation of objects with the help of radiation pressure meets with great difficulties. This
is due to the fact that the diameter of the focal spot is comparable to the wavelength. In the microwave region, this size is
about 1 cm. Objects of this size are difficult to hold by radiation pressure. And small part of the beam energy falls on
small objects in the microwave beam, and therefore the mechanical action on them is weak. So, in order to obtain fields,
the magnitude of which is sufficient to operation objects, very large radiation powers are needed.

But in this range, thin vibrator wires can be used as targets. It was shown in [7-9] that the scattering, absorption and
pressure of electromagnetic radiation on conducting fibers, the diameter of which is much smaller than the wavelength,
are very large. Figure 1 shows the dependences of scattering (dashed line), absorption (thin solid line), and radiation
pressure (thick solid line) on the thickness of the nickel wire at a radiation wavelength of 10 cm. The abscissa axis shows
the values of the wire diameter in micrometers, the ordinate axis shows the values of the scattering efficiency factors Qsca,
absorption Qas, and radiation pressure Opr. These parameters are often used to characterize the interaction between elec-
tromagnetic radiation and objects [10, 11].

The force with which radiation presses on an object is determined by the formula:
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P
Fpr =;Qpr :

Here P is the power of the radiation that hit the object, c is the speed of light in the environment, O, is the radiation
pressure efficiency factor.
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Figure 1. Efficiency factors of scattering, absorption, and radiation pressure on a thin metal wire

For a fully absorbent surface 0, = 1, for an absolutely reflective surface O, = 2. Figure 1 shows that for a metal
wire with a diameter of about 1 pum, the radiation pressure efficiency factor can reach very large values — up to several
thousand. This can be used to levitate or move such objects in space.

Some new effects are observed in the interaction of electromagnetic radiation with vibrators of finite length. The
pressure of a plane electromagnetic wave on a thin metal vibrator in free space was theoretically studied in [12]. When
the length of the vibrator is close to half the wavelength of the radiation, resonance is observed, and the radiation pressure
on this vibrator increases compared to the pressure on an infinitely long conductor. Radiation pressure efficiency factor
increases with decreasing vibrator diameter.

The paper [13] describes an experiment on measuring the pressure of radiation with a wavelength of 8 mm on thin
copper vibrators located in free space.

A vibrator in free space is subjected to a longitudinal force in the direction of propagation of the incident wave. If the
vibrator is located in the waveguide, the configuration of the electric and magnetic fields near it is more complex than in free
space. The direction and magnitude of the forces acting on it are different. Therefore, it is of interest to study such a case.

LINEAR VIBRATOR IN A RECTANGULAR WAVEGUIDE
The geometry of the problem is shown in Figure 2. A vibrator with a length of 2L is located in a rectangular wave-
guide perpendicular to the wide wall. The wave type is H10, a and b are the lengths of the wide and narrow walls. The
electric field vector in the H10 wave is parallel to the vibrator axis, the magnetic field lines are perpendicular to it.

z

Figure 2. Vibrator in the waveguide

The fields in the waveguide are described by the following expressions:
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Here A, is the wavelength in the waveguide, A, is the critical wavelength.

kl

The power of the wave propagating in the waveguide:
1 . E,
P,=—Re| E H_dS=—"ab. 2
0 2 ,!; ) ¥ X 4 ZC ( )
Integration is performed over the cross-sectional area of the waveguide
The radiation intensity distribution along the x coordinate (wide wall of the waveguide) is as follows
2F, .
I(x) = Z0gin2 ™ 3)
ab a
The strength of the electric field in the middle of a wide wall is:

r - [FRZ W
ab

Along a narrow wall (the coordinate y) the intensity of the wave does not change.

Two magnetic field components, H, and H., exist in the waveguide with the Hio wave. Therefore, there are two
components of the force acting on the vibrator — F; and Fy.

In a waveguide with a wave Hio:

F=(JxB)- 2L =2Ly,

Force directed along the z-axis (longitudinal force):
F == Rels (s)- H:}ds, )
2% ’
Force directed along the x-axis (transverse force):

F :%Ji Re{J, (s)- H.}ds )

-L

Electric current in the vibrator
The current in the vibrator is determined by the strength of the electric field in the wave incident on it, regardless of
whether it is a plane wave in free space or an Hip wave in a waveguide. Therefore, to calculate the wave pressure on the
vibrator in the waveguide, we will use the method of calculating the magnitude of the current in the vibrator, described
in [12].
The current is determined by the following expression:

' - ink(s+L)+oP N
J(x,s):qlmF 1—cosk(s+L)—sm.k(S~+ )“?‘ (S)(l_cossz) Sin[“}. (7
kk sin 2L + oP* (L) a

It differs from the same expression in the work [12] by the factor sin(nx/ a) , which takes into account the change

in the electric field strength along the wide wall of the waveguide.
Here:
-ikR(s" L) e—ikR(.v' L)

scn_[| €
i (S)_Jl R(s' ,—L)+R(s' ,L)

1
o= is the small parameter (a<< 1),
2In| r/(2L) P ( )

E is the electric field of the incident wave at the location of the vibrator,

sin/g(s—s' )dsl >
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zi(s) is the linear resistance, Ohm/m,

Zg(s)=2mnrz,(s)/Z,, Zi:i’ 7 - /%(lﬂ'),

2nr

kzz_n,

Z, = \/E =377 Ohm is the wave impedance of free space, k, = k./g L, €, and b, are the relative dielectric
&

and magnetic permeability of the environment, 7\,W is the wavelength in the waveguide, o is the circular frequency. Values

E, k, Z are taken for the medium in the waveguide, €,=1, p,= 1.

Expression (7) is valid for vibrators with a length less than A. It is written in the Gaussian unit system.

Calculations were performed for the case when radiation with a frequency of 37.5 GHz propagates in a rectangular
waveguide (the wavelength in free space is 8§ mm). A thin copper vibrator is located in the waveguide perpendicular to the
wide wall.

The standard size of the cross section of such waveguide is:

a=72mm, b=3.4 mm.

The wavelength in the waveguide is 9.62 mm. Therefore, assuming that the largest length of the vibrator is 3 mm,
we can evaluate its properties for the largest relative length 2L/A, = 0.312.

In calculations, the transverse dimensions of the waveguide were taken as follows:
a="72mm, b= 10 mm.
Higher types of waves can arise in such waveguide. But if you take measures against the occurrence of these waves,

then you can evaluate the effect of the main type of wave on a vibrator with a relative length of up to 2L/, = 1.

Figure 3 shows the distribution real and imaginary parts of the current along the vibrator by power 1 W. A copper
vibrator with a diameter of 100 um and a length of 3 mm is located perpendicular to the wide wall. The current value in
amperes is shown for the case when the vibrator is located in the middle of a wide wall, at the maximum electric field.
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Figure. 3. The vibrator current
a —real part, b — imaginary part

The current distribution is uneven, with a maximum in the center. But the current changes are very small - in the
sixth place after the decimal point. The average value of the current along the length of the vibrator is

J, =0.042+0.055; 4

This current almost 2 times less than the current in the same vibrator and the same electric field in free space, where
it is equal
J, =0.071+0.052i 4

Figure 4 shows the dependences of the real and imaginary parts of the current in the vibrator on its length. The real
part of the current has a maximum when the length of the vibrator is close to half the wavelength of the radiation. The
imaginary part changes sign near the point 2L/, = 0.5. The resistance of a short vibrator is inductive, while that of a

long vibrator is capacitive.
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Figure 4. Dependence of the current in the vibrator on its length

Table 1 shows the current values in vibrators made of materials with different conductivity. Conductivity determines
the value of the surface resistance Z, the thickness of the skin layer 6 and current J.

Table 1. The dependence of the current in the vibrator on the conductivity of the material

Material o, 1/(Ohm-m) Z, Ohm/square 5, pm J, A
Copper 5.88-107 0.050 (1+5) 0.34 0.071+0.052i
Nickel 1.45-107 0.103 (1+5) 0.68 0.077+0.057i
Platinum 9.52-10° 0.125 (1+i) 0.84 0.078+0.057i
Graphite 1.4-10° 1.028 (1+i) 6.95 0.080+0.053i

It can be seen that the current is almost independent of conductivity, which differ by more than 400 times. This is
explained by the fact that with a decrease in conductivity, the surface resistance increases, which makes it difficult for the
current to flow. But the thickness of the skin layer increases, which facilitates its flow.

Longitudinal force acting on the vibrator
Substitution in formula (5) of expressions for current J(s) and the components of the magnetic field H, gives the
following expression for the longitudinal component of the force acting on the vibrator:

E, A X
F.(x)=—2—sin| — JiReJS ds . (8)
(x) 2c A\, GJ—L {()}
The form of the formula is almost the same as for the force acting on the vibrator in free space [12]. The difference
is in the presence of factors showing that the force depends on the x-coordinate and on the wavelength.
The current changes along the vibrator are very small. Therefore, the average value of the current can be used, so
that formula (8) becomes:

F.(x)= EOLisin(ﬂJ Re{J,} )
: c A, a i

Figure 5 shows the dependence of the force acting on the vibrator on its position in the waveguide. The calculations
were made for a copper vibrator with diameter of 100 um and length of 3 mm, located in waveguide with cross section
of 7.2x3.4 mm?. The radiation wavelength in free space is 8 mm, the radiation power is 1 W.

Radiation pressure is the greatest when the vibrator is located in the middle of the wide wall of the waveguide, where
the electric field strength is maximum, and it drops to zero near the narrow walls. The dependence of the force on the x
coordinate is close to the sin*c function. The force is directed in the positive direction of the z-axis, in the direction of

wave propagation.
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Figure 5. Dependence of the longitudinal force acting on the vibrator on its position in the waveguide

Figure 6 shows a graph of the efficiency factor of the radiation pressure on the vibrator as a function of its length.
The vibrator is copper, its diameter is 100 um. Curve 1 is shown for a vibrator in a waveguide with an H;o wave, which
is located perpendicular to the wide wall in its middle, curve 2 is for the same vibrator in free space. Parameter 2L/,
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plotted along the abscissa axis. In this parameter A, is the wavelength in the waveguide for curve 1, the wavelength in

free space for curve 2. It is remarkable that the efficiency factor of the radiation pressure on the vibrator in the waveguide
can be 2 times greater than on the vibrator in free space, and reach a value of 123. But for this, it is necessary that its
length be approximately half the wavelength in the waveguide. Thus, at a radiation frequency of 37.5 GHz (the wavelength
in free space is 8 mm, in the waveguide — 9.62 mm), the length of the vibrator should be 4.7 mm. This means that the
length of the narrow wall of the waveguide must be at least 5 mm instead of the standard value of 3.4 mm.

The arrow on the abscissa shows the radiation pressure efficiency factor for a vibrator 3 mm long, which can be
placed in a standard waveguide 7.2x3.4 mm?. It is equal to 18.2. This is much less than the maximum possible value.
Therefore, it is advisable to use waveguides with non-standard cross-sectional dimensions, with a large vertical wall b to
effectively use the radiation pressure.

The positions of the maxima of the radiation pressure efficiency factors on curves 1 and 2 do not coincide. For a
vibrator in free space the maximum is at 2L/ = 0.48, for a vibrator in a waveguide it’s located at 2L /% = 0.49.

The radiation pressure efficiency factor increases without limit, tending to infinity as the vibrator diameter decreases.

However, this does not mean that the force acting on the vibrator increases, since the power of the radiation that hit the
vibrator decreases in this case. The force acting on the vibrator decreases with a decrease in its diameter [12].
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Figure 6. Dependence of the radiation pressure efficiency factor on the vibrator on its length
1 - vibrator in the waveguide, 2 - vibrator in free space

Transverse force acting on the vibrator
We use formula (6) in this case. Substituting into it the expression for the H. component from formula (1), we obtain:

Fr(x)zf—z%cos(ﬂjr Im{J (s)} ds. (10)

o a )<
Taking into account the small change in the current value along the vibrator, we can write:

F.(x)= EOL%COS[HJ Im{J,}. (11)

c Ay, a

The results of calculations using this formula are shown in Figure 7. The transverse force is zero in the middle of
the waveguide and near its walls. The force maxima are located at x = a/4 and x = 3a/4. The force is always directed
towards the middle of the waveguide, i.e. the vibrator is drawn into the region of maximum field intensity.
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Figure 7. Dependence of the transverse force acting on the vibrator, on its position in the waveguide

Figure 8 shows the dependence of the transverse force on the length of the vibrator. The vibrator is located at the
maximum of the magnetic field (x = a/4). The maximum force is located at 2L/%, = 0.41. This value does not match
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either the value for the longitudinal force in free space 2L/, = 0.48), nor with the value for the longitudinal force in the
waveguide (2L/A, = 0.49), although it does not differ much from them.

The force changes sign at 2L/ = 0.475: the longer vibrator is pushed out of the region of high field intensity. The
maximum of buoyancy force is located at 2L/, = 0.56. It is approximately 3 times greater than the maximum of the positive
force. Further, the force decreases in magnitude, but it does not reach zero at 2L /A, = 1, as in the case of the longitudinal force.
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Figure 8. Dependence of the transverse force acting on the vibrator in the waveguide, on its length

Forces acting on the vibrator in waveguides of various sections
The forces acting on the vibrator in a waveguide with a cross section of 7.2x3.4 mm? were calculated above. It is of
interest to estimate the forces acting on a vibrator located in a waveguide with a different cross section at the same
radiation power for wavelengths corresponding to the waveguide cross section. There are two factors here:
1. The radiation pressure efficiency factor O, increases by increasing in the wavelength and the same vibrator diameter
so the force acting on the vibrator increases [12].
2. At the same radiation power in a waveguide with a larger cross section, the radiation energy density decreases, so
the force acting on the vibrator decreases.
We assume that the vibrator is made of copper, has a diameter of 100 um and a length equal to the length of the
short wall of the waveguide. Let's find the magnitude of the forces:
1. longitudinal force F: acting on a vibrator located in the middle of a wide wall at the maximum radiation intensity;
2. transverse force F acting on a vibrator located at the maximum of the magnetic field H. (for x = a/4 or x = 3a/4).
The power of radiation in the waveguide is equal Py =1 W. The results of calculations are shown in Table 2.

Table 2. Forces acting on a vibrator in a waveguide

Cross section of Wavelength, Longitudinal Transverse
waveguide, mm? cm force F--10'9 N force Fi' 1019 N
7.2x3.4 0.8 26.8 9.59
23x10 3 6.68 6.55
3.5 6.74 6.14
28x12 5 2.38 8.77
5.45 26.1 6.91
58%25 10 2.00 6.91
10.7 1.69 8.75
72%34 10 4.35 6.31

The forces in all waveguides are approximately the same, despite the large difference in the sizes of the latter.
This is explained by the presence of counteracting factors mentioned above.

On the possibility of manipulations with targets in the form of thin vibrators in the microwave range
Let us evaluate the possibility of manipulations on thin vibrators using microwave radiation pressure: their displace-
ment in space and levitation. Let us consider the case when the target is a copper vibrator, it diameter is 100 um and a
length of 3 mm. It is located in the waveguide with cross section of 7.2x3.4 mm?. Power of radiation is 1 W. Table 2
shows, that the longitudinal force acting on the vibrator is equal 26.8-1071° N, the transverse force is 9.59-10"1° N,
The mass of this vibrator is m = 1.65-107 kg. The acceleration of the target is:

a= r =0.0163 m/s%.

m

The target will move a distance of about 8§ mm in 1 s, when it move by this acceleration. This is quite a noticeable
distance. It can be seen that microwave radiation pressure can be used to move millimeter-sized wire targets.

The radiation power required to keep such a target on the weight (levitation) can be estimated from the expression
for the ponderomotive force
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P
F==0 .
c Qpr

Force required for levitation is equal F = mg = 1.62-10% N. This is the weight of the target. The radiation pressure
efficiency factor on a vibrator 3 mm long is O, = 18.2. The power required for levitation is approximately 27 watts. This
is a high power, but quite achievable in modern microwave technology.

CONCLUSION
A thin wire vibrator in the waveguide experiences radiation pressure.
There is a longitudinal component of the ponderomotive force directed towards the propagation of the wave and a
transverse component directed towards the middle of the waveguide cross section.
3. The forces depend little on the conductivity of the vibrator material and the size of the waveguide cross section.
4. The magnitudes of the ponderomotive forces acting on thin metal vibrators are sufficient to control their position
and move in space. Microwave radiation can be used to move such objects in space and keep them in a given place,
similar to how it is done in the optical range using lasers.
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TUCK EJEKTPOMATHITHOI'O BUIIPOMIHIOBAHHS HA TOHKHUMI JIHIAHUI BIBPATOP B XBUJIEBO/II
M.I'. Kokopiii, B.O. Katpuu, C.JI. Bepaauk, M.B. Hecrepenxko, B.O. Maciaos, 1.0. IIpus
Xapriecokuii nayionanvruil yrnieepcumem imeni B. H. Kapasina, ni. Ceoboou, 4, 61022, Xapxis, Ykpaina

Po3B’s3aH0 3a1a4y THCKY €IeKTPOMArHiTHOI XBUJIi HA TOHKHUI MPOBIJHUKOBUIT BiOpaTop y xBmieBoi 3 Mozoro Hio. Bibparop po3srario-
BaHMH NEPICHIUKYIISPHO J0 IUPOKOI CTIHKU XBIJIEBOAY. Po3paxoBaHO crily CTpyMy Y BiOpaTopi, SIKH BUHUKAE IIiJT €0 EIEKTPHYHOTO
oy xBwii. Po3noain ctpyMy B3moBxk BiOpaTtopa maiibke piBHOMipHHN. CTpyM y MIKpOXBHJIBOBOMY Jiara3oHi MaJlo 3a1€XKUTh Bif MPo-
BimHOCTI Bibparopa. Y xBmii Hio icHyI0Th B CKJIa[JOBI MAarHITHOTO TOJIS - TO3IOBXKHS 1 HorepeyHa. [Ipu B3aeMoii X KOMIOHEHTIB 31
CTPYMOM y BHHHKAIOTh CHIJIH, SIKi JIIOTH Ha BiOpAaTOp IOIEpEeK XBIJICBOAY 1 B3/IOBXK HHOTO. BelanunHa MO3IOBKHBOI CHIIM HalOLIbIIA,
KOJIM BiOpaTop po3TalloBaHUi MOCEpPEANHI HIMPOKOi CTiHU. BoHa Maibke B 2 pa3u IMepeBHIye CUITY, sIKa Ji€ Ha BiOpaTop y BiTbHOMY
MIPOCTOPI NPH Till Jke cepeHil IHTEeHCUBHOCTI BUNpOMiHIOBaHHS. Komu osknHa BibpaTopa O1r3bKa 10 MOJIOBUHH JOBXWHU XBUIIi BU-
MPOMIHIOBaHHSI, CHJIa MaKcUMaJibHa. TTonepeyHa cuiia BUHUKAE TIPU B3aEMOJIT CTpyMy y BiOpaTOpi 3 MO3I0BKHBOIO CKIIAJI0BOKO MarHiT-
HOT'O TOJIsL B XBUJICBOIi. BOHa MakcHMalibHa, KOJIM BiOpaTop pO3TAlllOBAaHUI Ha BiJCTaHI Y4 JTOBXHMHH IMUPOKOI CTIHU Bifl TI CEpEMHM.
SIkuio goBXKMHA BiOpaTopa MEHIIIE TOJIOBUHH JIOBXKUHHU XBHJII BUIIPOMiHIOBaHHSI, CHJIa CIIPSIMOBaHa B GiK OCi XBHJICBO/LY, IHAKIIIE - Y TIPO-
TunexHaui Oik. OuiHeHa MOXKIIMBICTh BUKOPHCTAHHS TUCKY MIKPOXBHIIBOBOTO BUIIPOMIHIOBAHHS LISl CTBOPEHHS MIiKPOMAIIIWH 1 YIpaB-
JIiHHS MTOJIO’KEHHM BiOpaTopa B mpocTtopi. i1 Iboro moTpiOHA MOTYKHICTH BUTIPOMIHIOBaHHS B KiJIbKa BaT.
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cua.





