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Supersymmetry is one of the most important and indispensable ingredients of modern theoretical physics. However, the absence, at
least at the time of publishing this review, of experimental verification of supersymmetry in elementary particle/high-energy physics
casts doubt on the viability of this concept at the energies achievable at the LHC. The more unexpected are either already experimentally
verified or proposed for verification manifestations of supersymmetry at the level of low (condensed matter physics, quantum optics)
and medium (nuclear physics) energies where standard quantum mechanics works. Using examples of various systems from completely
different areas of physics, we discuss the isospectrality of quantum Hamiltonians, hidden and explicit supersymmetry, the advantages
of the supersymmetric quantum mechanics approach and its role in quantum engineering.
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1. INTRODUCTION

On July 3, 2025, we celebrate 100 years since the birth of Dmitry Volkov, academician of the National Academy of
Sciences of Ukraine, the founder of one of the scientific schools of the Kharkov Institute of Physics and Technology, one
of the inspirers of the creation of the O.I. Akhiezer Institute for Theoretical Physics of NSC KIPT. During his 45-year
activity at UFTI-KFTI-NSC KIPT [1] Volkov made a number of discoveries that completely overturned our understanding
of fundamental physics. Among them are: the Green-Volkov-Greenberg-Messiah parastatistics [2-5]; Volkov’s (jointly
with V.N. Gribov) discovery of the “Redge Pole Conspiracy” [6] and the subsequent development of dual models (see the
review [7] and references therein); phenomenological Lagrangians of fundamental interactions [8] (and Refs. therein); su-
persymmetry [9-13]; supergravity [14—16]; supersymmetric quantum mechanics [17-21], spontaneous compactification
of extra dimensions [22], twistor approach in supersymmetric theory of particles [23-25], strings [26] and branes [27,28].
Volkov’s scientific school members also played an important role in the above-mentioned works, but, of course, he himself
set the tone for the research.

Among the above-mentioned scientific inventions of D.V. Volkov, perhaps the main one is the discovery and develop-
ment of Supersymmetry — a symmetry of a new type, unifying in supermultiplets particles of the same quantum numbers,
but different statistics. In the end of 60th it was already known that a non-trivial unification of space-time symmetries
with gauge symmetries is forbidden within the formalism of the standard quantum field theory [29, 30]. Supersymmetry
(the historical retrospective of the discovery and development of supersymmetry is given in [31]) was one of the tools that
allowed to overcome this obstacle, which finally led to the appearance of supergravity as a unified theory of space-time
and internal (gauge) symmetries. Being a part (to be precise, a low-energy limit) of string theory, the development of su-
pergravity made it possible to take a different look at the Dual Models of strong interactions, and to make two superstring
revolutions on their basis (see [32] for a brief review). At present string theory, transformed into M-theory, is considered
the most probable candidate for building a unified theory of all fundamental interactions. Although, certainly, the program
of construction of the Theory of Everything is still far from its final completion.

It is usually accepted to consider that supersymmetry, growing from particle physics, has a relation to (ultra)high
energies, beyond the reachable energies of modern particle colliders. Indeed, the renormalizability property of supersym-
metric theories immediately attracted the attention of theorists in the field of high energy physics. But the absence of
experimental evidence of supersymmetry on the LHC energy scale clearly indicates a strong violation of supersymmetry.
The idea about spontaneous supersymmetry breaking on scales of TeVs is not new. In order to investigate the properties
of the supersymmetric vacuum and spontaneous supersymmetry breaking Witten [18, 19] initiated the development of
supersymmetric quantum mechanics [17], which was a significant step for the application of supersymmetry in low- and
medium-energy physics.

Nowadays Supersymmetry [9-13] plays an important role not only in the world of elementary particle physics,
but also in nuclear, solid states and condensed matter physics, quantum mechanics, quantum optics and many other
areas of contemporary physics. In this brief review we are aimed at pointing out some features of supersymmetry in
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the description of various physical systems, which favourably distinguish this approach from the conventional ones. To
recap supersymmetric quantum mechanics (SQM), the approach we promote to describe quantum objects, in Section
2 we recall main points of the construction of isospectral quantum-mechanical Hamiltonians within the standard and
extended schemes. In Section 3 we give examples of models from different areas of physics in which supersymmetry is
hidden. On the contrary, in Section 4 we consider the situation with exact supersymmetry of stationary Hamiltonians and
outcomes arising therefrom. The recently obtained non-trivial connection of CPT-invariant stationary and PT-invariant
non-stationary supersymmetric Hamiltonians is discussed in Section 5. Application of the SQM technique for open
quantum systems with mixed states and the Lindbladian dynamics of the density matrix is the subject of Section 6.
Conclusions contain a brief discussion on the results and further directions of studies.

2. A BRIEF RECAP OF SUPERSYMMETRIC QUANTUM MECHANICS

Let’s refine main steps in constructing supersymmetric Hamiltonians. We can follow the factorization method pro-
posed by Dirac and Schrodinger in the mid of 20th of the last century. For the sake of simplicity, we will apply the
Dirac-Schrodinger formalism to one-dimensional stationary Hamiltonians, when generally the Hamiltonian operator is
presented by

g2
Hy=~—5+V (). O]

According to the formalism, one presents the initial Hamiltonian (1) as
Hy=A"A+e, )
with an analog of the creation/annihilation operators

d d
A= +B(2),  A'=-—+p(x). 3)

The unknown function 3(z), entering eq. (3), can be found from the Riccati equation

L B(2)+ 5 (2) = Vi o) - @

Though this construction is general, and can be applied to any quantum-mechanical Hamiltonian, the general solution to
the Riccati equation is absent in the analytic form. Put it differently, one cannot resolve eq. (4) for an arbitrary potential
Vo(z), as well as the Schrodinger equation with Hamiltonian (1).

However, there is a set of quantum-mechanical potentials, for which the exact solutions to the Riccati equation exist.
These potentials are referred to as exactly-solvable potentials of Quantum Mechanics (QM). And in this case, we can
apply the factorization scheme and determine the operators (3) and the factorization energy e explicitly [33].

But it is not the end of the story. In 1984 Mielnik [34] proposed the way of constructing a new Hamiltonian from the
original one, if a particular solution to the Riccati equation has known (see [35]). If we denote this particular solution as
Bo(z), then the new Hamiltonian will receive the structure of

) d?
Hy = AA" + €= —— + Vi (a) (5)
dx
with the new potential
d
Vi (2) = Vo (2) + 2 Bo (). (6)

The new potential can be absolutely different in shape. However, the spectra of Hamiltonians H, and H; turn out to be
related to each other via the so-called intertwining relations:

HlA = AH(), H()A—;- = A‘Hl (7)

When the starting Hamiltonian Hj, is an exactly-solvable one, we can choose

_pe(x)

e(z)’

and the still arbitrary factorization energy € becomes a part of the spectrum of one of the paired Hamiltonians. Specifically,
as € < Ey (where Ej is the ground state energy of Hy), the factorization energy is the ground state energy of the new
Hamiltonian H;. As a result, the intertwined Hamiltonians H, and H; are (almost) isospectral; their spectra are different
just in the ground energy state (see Figure 1).

Bo = ®)

S
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Fgure 1. Schematic spectra of two intertwined Hamiltonians related by (7). Here H W= g H (2) < H,.

So far, we did not even mention Supersymmetry. However, there is a very close connection [18,36] between operators
Aand A" of (3) and the so-called supercharges ) and QJr forming the part of the minimal Supersymmetry algebra:1

(o'} =-m ©)

Then, the paired from the point of view of relations (7) Hamiltonians form the so-called supermultiplet. Since properties
of a (super)multiplet members have to be the same, it is not surprising that the spectra of the Hamiltonians-superpartners
are (almost) the same. It is important to note, the difference in the spectra of the superpartner Hamiltonians in the
ground state signals the exact supersymmetry. Restoring the complete equivalence between two spectra corresponds to
the supersymmetry breaking [18].

One may wonder, does the presence of Supersymmetry turn out to be so important? We know that experimentally
Supersymmetry is still a hidden symmetry of the Nature. However, the fact of absence of superpartners in the realm of par-
ticle physics tells us, first of all, about the breaking the Supersymmetry on the LHS action scale. So that, Supersymmetry
(SUSY) may be hidden, and this fact can be illustrated by several examples.

3. SYSTEMS WITH HIDDEN SUSY

First example of hidden isospectrality is borrowed from gravitational physics. It is well known that gravitational
waves are spin-2 fluctuations over a gravitational background. If, for simplicity, the non-trivial background is chosen to
be that of a Schwarzschild black hole, it is determined by the so-called red-shift factor f(r). In the linear approximation,
dynamics of spin-2 fluctuations h, over the Schwarzschild gravitational background is determined by a Schrodinger-type
equation [37,38]

a—2+w2—V(r) he =0 (10)
ors ° °

with the Wheeler coordinate r, € (—00,+00); s = *2. The effective potential of the axial perturbations over the
background metric (linearly polarized gravitational waves) comes as follows:

HOOI) )0

1) (11)

r

V+2 (7‘) =
For the circularly polarized gravitational waves the effective potential becomes

2f(r) OM® + 3 Mr® + ¢ (1 + ¢) r® + 9Mer I(1+1)
Voo (r) = , c= -1 (12)
r? (3M + cr)2 2

Apparently, in eqgs. (11)-(12) [ are integers, starting from [ = 2.

If we insert into eqs. (11) and (12) the red-shift factor for the Schwarzschild black hole, f (r) = 1 — r,[r, we
encounter the difference between the effective potentials from (11) and (12). However, the effective Hamiltonians are
(almost) isospectral, that can be find from the analysis of the effective potential shapes. (See Figure 2.) There are a lot of
debates on the origin of such an isospectrality. It is shown for simple backgrounds [40]; for more exotic configuration of
gravitational field the approach fails [41].

Another example of dealing with physical systems with hidden SUSY comes from Quantum Optics. Quantum
Optics by itself describes the natural interaction of bosonic (photons) and fermionic (electrons) subsystems of a medium.
In the space of parameters of the light-matter interaction it may arise the Bose/Fermi Duality, that transforms, under some

1We will return to the specifics of Supersymmetric Quantum Mechanics in Section 4 in more detail.
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Fgure 2. The shapes of effective potentials for axial and polar spin-2 perturbations over the Schwarzschild background. Borrowed
from Ref. [39].

specific conditions, into SUSY [42]. Following [42], let’s consider the generalized Rabi model, which is determined by
the following Hamiltonian describing a 2-level system interacting with a monochromatic wave:

i A i t
H=hwaa+§az+g1 (a 0_+a0+)+g2(a 0++ao_). (13)
In (13), A is the levels gap; w is the boson field frequencys; a' and a are the bosonic ladder operators; and, finally, g; o are
arbitrary constants of the light-matter interaction.

In framework of Quantum Optics, the generalized model with Hamiltonian (12) describes the dipole interaction
of a monochromatic wave with the bi-level emitter. In the limit of zero-valued constants of interaction, the considered
generalized model turns into the Jaynes-Cummings model. When two constants are the same, we get the Rabi model. If
one of the interaction constants is small (say, go — 0), the near-resonant consideration (at w ~ A) corresponds to the
rotating-wave approximation (RWA). In the strong interaction constants regime both interaction terms (co- and contra-
rotating) should be taken into account.

As it has been proved in [42], SUSY is a symmetry of the generalized Rabi model under the following condition:

Gi-gr=Aw (14)

Then, the supercharge is realized by 4 X 4 matrix

As usual for SUSY (cf. eq. (9)),
{Q.Q"} =1 (16)

For g1 = go, SUSY is realized with A = 0. And Hamiltonian (12) turns into the standard Harmonic Oscillator with a
shift.

The next example comes from Condensed Matter Physics. It turns out that SUSY is a hidden symmetry in a topo-
logical insulator with Josephson junctions [43]. Such a system can be described by the Bogoliubov-de Gennes equations,
which, after the appropriate simplifications (see [43] for details), can be reduced to the system of differential equations
(here and in what follows we use 9, = d/dx and a2 =d / dz”)

(B +iv0;) f(z) + A(z)¢(x)
(B = ivd,) () + A" (2) f(2)

In (17), E is the energy of moving with the velocity v in the positive 2 direction spinning mode; A(z) is the com-
plex energy gap. It is easy to transform this system of equations in the equation of Witten’s Supersymmetric Quantum
Mechanics [18]

© 17
0 (17)

E*y (x) = —v28§+W2(x)+wozavg—ff))w(w), az=(é 4 ) (18)
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where v(z) is the spinning mode state

v () = (f(x)) (19)

and the superpotential W(x) is given by
. A
W(z) = ( 0 (x)). (20)

This series of examples could be continued by notable systems with hidden SUSY in Quantum Mechanics [44], nuclear
physics [45] and mesoscopy [46].

4. EXACTLY-SOLVABLE MODELS OF SQM WITH MULTI-WELL POTENTIALS

In this part of the review, we will focus on the supersymmetric generalization of the Mielnik [34] construction and
its extension to N=4 Supersymmetric Quantum Mechanics [47—49].

First of all, let’s describe the technique behind the deformation of the potential shape. Looking at Figure 1, one may
notice that the original and the paired Hamiltonians are different in spectra by just one level. And if this new additional
level has the energy less than the ground state energy of the original Hamiltonian, it defines the vacuum state of the
paired Hamiltonian with new potential (6). To keep the coincident part of the both Hamiltonians spectra, the shape of
the new potential shall be changed. The level of deformation depends on the interplay between the unfixed parameters
that naturally arise in this scheme upon the definition of new, non-normalized, wave function ¢, (z), corresponding to the
new ground state with the factorization energy e. For instance, the Harmonic Oscillator potential describes the system
with one potential well; its deformation may potentially form another well. So that, by controlled adding an additional
level, we are able to get the (almost) isospectral quantum mechanical system with two-well potential. However, the clear
impact of Quantum Mechanics in this case will consists in possible funneling effects between the wells of the paired to
the Harmonic Oscillator potential. Further, by adding a new level, lower than the ground level of the Hamiltonian H7,
one can form another, paired to H;, Hamiltonian H, with another potential, the shape of which will be different from the
potential V. Here, the interplay between parameters of the solutions may result as in a two-well as well as in a three-well
potential of different (symmetric or asymmetric) shapes. In the latter case, one is able to study more complex tunneling
effects that provides a lot of possibilities to control quantum-mechanical processes.

Let us to be more specific and to consider the appearance of the controlling parameters from logic of the construction
of supersymmetric Hamiltonians.

Consider to this end the factorization of a static 1D Hamiltonian H, = —83 + V., () by two operators (supercharges)

QT, @ (analogs of operators A and A" in Section 2):
+ 1 1
Ho=Q'Q, Q' =-0,+50,W(z), Q=0,+50,W(a). 1)

The superpotential W () [18] (analog of the function 3(x) of Section 2) is determined from the Riccati equation

2
1 1

(anW(:r)) F 50, W (x) = Va(a), (22)

where V_ is the potential of the paired to H,, Hamiltonian H_ = =8> +V_(z) = QQ". The isospectrality of Hamiltonians

H. isrealized modulo the H, ground state (the spectrum of the H_ Hamiltonian begins with the first excited level of H.,)

Uo(z) = Noe 2" By =o0. (23)

Note, that the zero energy value in the ground state of the initial Hamiltonian is the hallmark of supersymmetry: any
of supersymmetric models have a non-negative energy. And if two paired by the supercharges Hamiltonians have the
spectrums different just by the ground state, the supersymmetry is exact.

Now, let’s figure out the appearance of a free additional parameter in the approach. Suppose to this end, there exists
the factorization of H_ by other supercharges

H-=QQ', Q=08,+f(z), Q =-0,+f(x) (24)

From H_ = —0> + V_(z) it comes

Po)+01(0) = (50.0(5) + 502w ).
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And if W (x) is known, f(x) is determined by [34,35]

-W(zx)

f(a) = 30,W(a) 0, () - (a), ©5)

At [Zdze W)
with ¢(z) to be a general solution, with an integration constant ), to the equation

8,0(x) = ¢*(x) + ()0, W (2) = 0. (26)

What will happen when we will construct the Hamiltonian H, = Qi Q? Explicitly,

~ e—W(x)

_ S P - _ 2 =
H,=Q'Q oy + Vi + 23$¢(l’)7 ¢(x) A+ J': d e—W(z)7

27

and we have constructed the new potential

Vi =V, +20,0(x). (28)

Apparently, H, # H, since the potential V. in no way equal to the potential V. However, the spectra of H, and H, are
the same modulo the ground state. ~

Indeed, by construction, the Hamiltonians H, and H, becomes (almost) isospectral, via their parent Hamiltonian
H_. Definitely, one can write

5 AT _(ATAYAT = AT (AAT) = A

7,Q"=(Q'Q)Q" = Q" (QQ") = Q'H_, (29)
and this relation is similar to the one of intertwining relations (7). According to (29), the eigenstates of H, are determined
by |1/~)§ +)) = QT |1ZJE_)), where |1/)z( _)) are the eigenstates of H_. So that, the energies (eigenvalues of H,) will be given

by E;, i =1,..., N (in the case of finite dimensional and discrete spectrum). However, the ground state Q|QZJ(()+)) =0
is absent in the spectrum of H, and has to be added by hands [34]. In the coordinate representation, the corresponding
wave function ¥y is

by = Ny e 2 W) o d=602), (30)

One may straightforwardly check that H, U, = 0. So that the spectra (eigenvalues) of H, and H, become identical after
adding the ground state U, ~ ~

The appearance of the integration constant A in the potential V, and in the ground state wave function ¥y becomes
important for engineering the potential shape. Indeed, by developing the above-mentioned method in the framework
of N=4 SQM, we can use both the ground state wave function and the whole spectrum of states in the construction of
isospectral Hamiltonians. Moreover, we can use for this purpose even non-normalized wave functions of the starting
Hamiltonian, which will correspond to addition of new levels with energies smaller than the ground state energy in the
starting Hamiltonian spectrum. (See [50-52] for details.) This leads to a change of ¢(x), and hence of the integration
constant A in (27). Different values of A define different shapes of the potential: one-well or multi-well, symmetric or
asymmetric with respect to the reflection operation. All these properties provide ample opportunities to study quantum
mechanical processes and even to control them [50-52].

As an example of such controlling let us present results of modelling a wave package behavior in a symmetric
and a non-symmetric two-well potentials for isospectal Hamiltonians, Figure 3 and Figure 4. Due to the difference in
probabilities of the ground and first and second excitation levels in different wells of symmetric and asymmetric potentials,
the probability flow of wave packages prepared with the corresponding energies essentially varies. It models the behavior
of a quantum diode.

When the number of wells in the isospectral Hamiltonian potential becomes equal to three, the situation becomes
more complicated. Here, with tunneling process, one can model properties of a quantum transistor, with different values
of “current” flow in different wells, see Figure 5.

One can generalized the description with adding the temporal dependence. For instance, it could be an external
periodic driving force that, in real devices, is reproduced by a laser EM field. The interplay of parameters in the extended
by the external field frequency set allows one to reach the phenomenon of the so-called Coherent Tunneling Destruction
(CTD) [53], when without changing the quantum character of the system it becomes possible to localize the initial wave
packet in one of the wells. As an illustration of the CTD, in Figure 6 we present the data of numerical simulations
borrowed from Ref. [52].

Hence, the formalism of Supersymmetric Quantum Mechanics turns out to be helpful in modelling different pro-
cesses such as tunneling, particles flow, diffusion and so on, in the controllable manner. The latter is achieved by the
exactly-solvable character of the models in hands, when the Green’s functions are constructed out the explicitly known
analytic expressions for the wave functions. Thus, evolution in such systems becomes, if not deterministic, then very
predictable.
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Fgure 3. The wave functions of the first three levels in different wells of a symmetric two-well potential; numeration starts with the
ground level. See Ref. [52] for details.

Fgure 4. The wave functions of the first three levels in different wells of an asymmetric two-well potential. See Ref. [52] for details.

5. CPT/PT-INVARIANT HAMILTONIANS CORRESPONDENCE

As we have noted in Section 2, the spectra of paired Hamiltonians are connected by the intertwining relations (7).
Their role becomes even more important for non-stationary Supersymmetric Quantum Mechanics, as well as in the case
of quantum description of open systems. The following section is devoted to the supersymmetric Lindbladian dynamics.
Here we focus on a non-trivial correspondence between CPT and PT invariant models.

First, let’s recall the generalization of the intertwining relations (29) to the non-stationary SQM:

(i0, - H.)Q = Q(i0, — H.). 31)

H_ is the paired to H, and H, Hamiltonian (cf. Section 4). For the non-stationary case, [, becomes the part of the
complete Schrodinger operator acting on a time-dependent wave function

(Hy —i0,) ' N a,t) =0,  H, = =0+ Vi(a,t). (32)

In the general case, the potential V, also depends on the time parameter. The way of [, factorization is implemented as in
eq. 21),H, = Q#Q, but supercharges () and QT now include a time-dependent superpotential W (z, ). The Hamiltonian
H_ isrealized as H_ = QQT.

Just as before (cf. equation (24)), we will require another factorization of H_ in terms of Q and QT supercharges,
which, as now required, must be [54-58]

Q=11)(0 + flwt)),  flat) = 30 W(x,t) = ola.t). (33)

The functions () and ¢(x,t) are generally complex-valued functions, and this fact will be important in what follows.
And the use of the intertwining relation (31) makes it possible to derive the relation [54, 55] between the new and the old
potentials, ~

Vi(z,t) = Vi(a,t) + 20,0(x,t) —i0, Inl(t). (34)

The function ¢(z, t) is restricted to satisfy

0, [ £ (2. t) = 0,f (1) = Vil 1) ] = 0, f (1) = 0, (35)
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Fgure 6. Numerical simulation of evolution of the Gaussian wave packet ®(x, T') in the external periodic driving force. We refer the
reader to [52] for details.

and, if we will require the real-valued spectrum of H.,, the following constraints should hold:
O,In|l(t))” = =40, [Imo(z,t)]  ~ O [Ime(z,t)] = 0. (36)

From the relations (36) it becomes clear that for a non-trivial [(#) it is required a complex-valued function ¢(x, t).

Now let us associate the stationary Hamiltonian (27) with its time-dependent cousin. Recall, we have an arbitrary
integration constant \ in the construction of H, (cf. eqs. (27)). However, changing the \ does not affect the spectrum,
affecting the potential and wave functions instead. Therefore, we can instantly change the A in its value, within its range,
determined by relation

A +I dze” V@) w0 (37)
x
and still have the steady spectrum. Hence, we can relate any instant A changing to some unique value of the time parameter.

Smooth changes will form a function of time \(¢) after that [59].
The so introduced time-dependence of A induces the time-dependence of qS(:E) function of (25) (see [59]):

e—W(a:)
x,t) = = . (38)
ol t) NOESN dze W(2)
Then, the time dependence of the H + ground state wave function,
Ty(a,t) = Noe 2V @) eJo d=o(0). (39)

can be treated as a time-dependent geometric phase, i.e.,

\ilo(x,t) = Noe_%w(w)e@(w’t), i®(z,t) = J dz ¢(z,t). 40)
0
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Wave functions with time-dependent geometric phase naturally appear in quantum systems with time-dependent boundary
conditions. (See, e.g., Ref. [60].) And interesting consequence of introducing time-dependent boundary conditions is
introducing the field-compensator in time direction (a vector field with one non-trivial component, to make the formalism
close to the standard theory of gauge fields).

To find the Hamiltonian H paired to a stationary Hamiltonian H .,

(H, —id,) ¢(z,t) =0,  H, = -8, +Vi(z), (41)

with the stationary wave functions 1(z,t) = e “"1).(z) and independent on time potential V. () in the situation with
time-dependent integration function \(t), one needs to form an analog of the covariant derivative in time direction: D; =
0; + A;. Then, the non-stationary Hamiltonian H, obeys the complete Schrodinger equation [59]

(H, -iD,)V(z,t) =0, H,=-0>+V.(x,t), (42)

and two (almost)isospectral potentials V, () and V. (x, ) are related to each other as

) 1O A
Vel t) = Vale) #2000 t) % S e O

(43)

The compensator field is given by
O (t)

At) = A(t) + [ dz | Wo(2) [

(44)

so that the paired non-stationary Hamiltonian H, becomes complex-valued! In general, the Hermitian condition is not
preserved, the energy is not conserved, so that such a Hamiltonian may be used for the description of either an open system
or a system with dissipation. (See [59] for a brief discussion on possible applications of complex-valued non-stationary
Hamiltonians, and Appendix therein.)

It is important to note that dealing with a real-valued potential to get real-valued eigenvalues of the Hamiltonian
is an excess requirement [61-63]. Instead, one may consider complex-valued Hamiltonians with real spectrum, which
after [62, 63] are called as PT-invariant Hamiltonians. The requirement to have a real-valued potential V. (x,t) leads to
the following relation between the function ¢(x, ¢) and the “compensator” field:

Red,(z, 1) = 20, (Im é(z,1)). 5)

Hence, in the case of PT-invariant Hamiltonians, ¢(z,¢) should be complex-valued to supply the non-triviality of the
compensator A;(z,t). This requirement essentially narrows the class of physical systems to describe. More on the
application of complex-valued potentials with complex-valued spectra can be found in Ref. [64].

6. SUPERSYMMETRIC QUANTUM MECHANICS FOR OPEN SYSTEMS

As we have noted in previous sections, the spectra of paired Hamiltonians and their potentials are connected by the
intertwining relations (7), (29), (31). They become main relations for the developed in [54-58] non-stationary SQM, as
well as in the polynomial (nonlinear, higher derivative) formulation of Supersymmetric Quantum Mechanics [65-68].
The latter approach has been used in extending the SQM to the description of open systems with exchanging the energy
with the environment. We have noted that complex-valued Hamiltonians can be potentially used to this end. The gold
standard in the description of open quantum systems is the application of the Franke-Gorini-Kossakowski-Lindblad-
Sudarshan [69-72] (FGKLS) equation. The supersymmetrization of the FGKLS equation was considered in Ref. [73],
and here we closely follow this approach.

The quantum states of an open system are mixed. Thus, one needs to use the density matrix formalism, in which the
density matrix operator of a sub-system evolves according to

Ip .
o = (Heffp - pHeTff) +L[p]. (46)

Here H.g is the effective Hamiltonian (which is not Hermitian in the case), and L[ p] is the so-called Lindbladian

L[p] = Z(Aij} - % [p,A}Aj]). 47)

J

The A; operators are unspecified, and they may be used to model the influence of the measurement devices on a quantum
system. The Lindbladian operator is introduced to evolve pure states into mixed states. So that A, operators are naturally
restricted to provide increasing the entropy

S =Tr(-plogp) (48)
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upon the evolution of the system.
To construct the supersymmetric version of the FGKLS equation (46), let’s introduce the supermultiplet of two

paired Hamiltonians
[ H., 0\ _[ -8+Vi(x) 0
* _( 0 H- )_( 0 —R+V.(z) ) “49)

Following [73] we suppose the super-Hamiltonian to be independent on time.
Isospectrality of H, and H_ follows from the intertwining relations (7) (replacing (H,, H,) with (H,, H_), re-
spectively)

AH, =H_.A, H,A"=A"H_ (50)

The supercharges ) and Q% are constructed out the A, A’ operators:

0 A 0 0
Q=(0 0 ) Q*=(A 0). (sD)

Then, the intertwining relations (50) reflect the conservation of supercharges during the evolution of the system:
[#.Q]=[H.Q"]=0. (52)
The full superalgebra is closed by adding the following anti-commutator of supercharges,
{Q.Q"} = P(n), (53)

where, in dependence on the realization of A and A" by first or higher order derivative operators, P(#) is a linear or
polynomial function of the super-Hamiltonian, respectively. (See [73] and Refs. therein for details.)
Similarly to the super-Hamiltonian # we can introduce the super-density matrix

p+ 0
= . 4
P ( 0 o ) (54)
Then, the Schrodinger-Liouville equation (for L[B] = 0) is
9 .
%m = _Z[H7q3]7 (55)

and we have to find the analog of intertwining relations (50) for super-partners p, and p_. We can use the standard
definition of the mean value to this end. For the super-Hamiltonian it becomes

(P(1)) = T (P(H)B) = T (VP()BP(H)) = TH(QP Q" + Q"% Q), (56)

and the proposed by the authors of Ref. [73] intertwining relations are

Q'RVPH) = VP(H)BQ, QR VP(H) = VPH)E Q. (57)

Analogous relations can be used for the Lindbladian operator with generally non-Hermitian A;. For the super-density

matrix the Hermiticity condition still holds: 5 = .
The generalization of (47) to the SQM is apparent: we have to introduce

Ay 0
m]:( g Aj_) (58)

and to form, by use of (54) and (58), the super-Lindbladian operator. The intertwining relations for linear and quadratic
in 2l; combinations (cf. (57)) are:

Q' W\PH)=VPH)A,Q", QA" \P(H)=\PH)A Q, (59)
Q" Y A2 \/P(u) = VP(H) Y A2 Q" Q@ Y WA P(H) = P(H) Y AaQ. (60)

Examples of the application of the formalism can be found in Ref. [73].
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7. CONCLUSIONS

In conclusion, let us recall the main advantages of Supersymmetry that make this approach preferable to others.

First, as it has been pointed out in one of the underlying work on Supersymmetry [15], supersymmetric models are
super-renormalizable ones: the UV divergency problem, actual for standard field theories including the Standard Model,
is completely absent for them. Unfortunately, our Universe is not supersymmetric; but this fact is about the energy scale
on which SUSY is broken.

Second, application of Supersymmetry as a tool to investigate various physical models in different regimes and on
different energy scales has shown its self-consistency and efficiency. We can just cite a few quotes from the modern
literature in favor of this claim. For instance, the authors of Ref. [42] write: “ ... optical and condensed matter systems
at the SUSY points can be used for quantum information technology and can open an avenue for quantum simulation of
the SUSY field theories.” In Ref. [74] one can read off: “ ... the atomic nucleus 195py represents an excellent example
of the dynamical U(6/12) supersymmetry. ... certainly the best documented example of the manifestation of dynamical
supersymmetry in atomic nuclei.” As it comes from reading Ref. [75], the potential of supersymmetry has not yet been
definitively revealed, since the author “... brings the attention to the role of supersymmetry in quantum computation and
quantum information more broadly, a subject much underexplored.” Furthermore, in our studies [S0-52] we have noticed
the advantages of using the SQM approach, such as full knowledge of the spectrum and explicit analytical expressions for
the wave functions, which makes studies of the evolution of quantum systems simple and straightforward, via the exact
Green’s function. The Coherent Tunneling Destruction and other tunneling effects in multi-well potentials require within
the SQM approach a finite number of states (of the order of ten), while the same numerical simulation for potentials
constructed by stitching a harmonic oscillator potential requires consideration of hundreds of states.

And finally, here we have shown the perspectives of applying the SQM formalism in studying quantum sytems.
Especially in cases closer to the real world [73]. Recently, we have extended the approach to include the temporal
dependence into the game [59], that made it possible to relate CPT-invariant stationary Hamiltonians to their PT-invariant
non-stationary partners. It opens new avenues in investigations of quantum-mechanical models with complex-valued
potentials, having more reach structure of physical phenomena, and being applicable to an essentially wide class of
physical systems, including open systems. We expect new non-trivial results along the way and will strive to contribute to
exciting intertwining Supersymmetry with quantum realm.
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Global efforts towards decarbonization are intensifying, but the transition to a green economy comes at a high cost, which some estimate
to amount to approximately $3.5 trillion dollars annual investment, most of which is upfront. This puts a strain on developing economies
that possess fossil natural resources, because in giving them up they become increasingly dependent on imported energy, which comes at
a high cost, in addition to costs incurred by their efforts to shift to renewable energy sources. Nuclear technology produces dispatchable
and uninterrupted hydrogen, heat and electricity that can cover the requirements for base load, and interest in its adoption is rising. Small
modular reactors (SMR) offer a number of advantages, particularly for countries with limited nuclear expertise. Here we briefly assess the
present state of SMR systems and consider their advantages and disadvantages with focus on their potential adoption in Greece. The review
discusses the history, present state and the possible future of including SMRs in the emerging Greek energy mix.
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1. INTRODUCTION

Following the devastating consequences of its first use in Hiroshima and Nagasaki, and its associated potential for
military uses, the first Atomic Era, in which nuclear power was to be deployed for civil purposes, such as the generation
of cheap and ample energy, was marked by the 1946 Atomic Energy Act and reinforced in the context of the Atoms for
Peace program in 1954. Since 1951, when the Experimental Breeder Reactor 1 (EBR-1) was used to generate electricity,
and until August 2023, the International Atomic Energy Agency (IAEA) reports 410 nuclear power reactors in operation
in 31 countries and 57 under construction [1]. We are now witnessing the beginnings of a second atomic era, hallmarked
by small modular reactors (SMRs), where nuclear power is more closely associated with critical and emerging
technologies and the fourth industrial revolution, and, moreover, the energy demanding fifth industrial revolution [2].

According to the World Nuclear Association [3] about 30 countries, ranging from developing nations to sophisticated
economies, are considering, planning, or starting nuclear power programs. It is expected that industrialization and
urbanization will grow substantially, especially in developing countries, forcing them to compete in order to gain access to
cheap, abundant and ‘green’ energy afforded by nuclear technology, while having limited or no nuclear expertise of their
own. The capacity of the grid, the population of the skilled workforce to operate such technology, and the standard of
infrastructure to support the nuclear supply chain are all contributing factors that will determine which of the developing
countries that are interested in nuclear power are more likely to receive design licensing and expertise from nuclear developed
nations, in order to realize their aspirations. Given the nonproliferation and safety concerns that nuclear technology raises,
an additional factor is the political and social stability of a country and its adherence with international rules and policy.

Greece is classified as a High-Income Country (HIC), the second largest in the Balkans and 53rd in the world, based
on gross national income, according to World Bank 2022 data. It has Uranium and Thorium deposits, and construction
and manufacturing industries that, with appropriate adjustment, could evolve into nuclear reactor component
manufacturing. Also, it has a well-established education system that produces professionals in various fields relevant to
nuclear energy, including engineering (across the full spectrum of electrical, mechanical, civil, chemical, but as yet not
nuclear engineering per se), computer science, materials, environmental science and so on. The Greek grid has been
undergoing substantial expansion in order to accommodate increasing numbers of renewable energy sources, and using
this experience, it is well positioned to undergo further expansion, in order to be able to accommodate nuclear energy
sources. Moreover, though in a dire state at the time, Greece strived to participate in the first atomic era, and at some
point, developed expertise and possessed human capital that could be used to drive its participation to the second atomic
era marked by SMRs.

We argue that the adoption of nuclear energy through SMRs in Greece could transform its industrial (and hence
economic) development, open opportunities for its participation in the global nuclear supply chain, and enable its
contribution to the global decarbonization effort. As Greece is representative of a class of similar countries (in terms of
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economic growth, grid condition, and supply chain capabilities) we hope that this case study will contribute to stimulate
further consideration of the adoption of nuclear energy by them, too, and perhaps inspire fruitful collaborations towards
this goal.

The rest of the paper is organized as follows: Section 2 expands on Small Modular Reactors and their position in the
evolution of nuclear technology. Section 3 focuses on the advantages and disadvantages of SMRs. Section 4 presents the
historical context within which Greece developed scientific infrastructure and human capital for nuclear technology.
Section 5 addresses the main concerns that have been raised for nuclear energy in Greece and outlines some of the positive
prospects. Finally in Section 6 we present our conclusions in summary.

2. TECHNICAL ASPECTS AND THE EVOLUTION OF SMALL MODULAR REACTORS

The understanding of the physical properties of materials is essential to improve energy related materials for
superconductor, fusion, fission, battery and fuel cell applications [4-18]. In most systems atomistic modelling techniques
can offer complementary perspectives to experimental work, thus accelerating progress [19-23]. In the present
environment where there is the requirement for a sustainable transition to net-zero CO, emissions by 2050 there is renewed
support to new technologies including nuclear fusion and fission. Nuclear fusion considered as the future energy source
is theoretically an infinite source of power with practically no CO, emissions, it is considered safe to operate, and a
resilient energy system. There are still significant technical issues that need to be tamed for nuclear fusion technology to
be in the energy mix by 2050. At the heart of the technology is magnetic confinement, which employs magnetic and
electric fields to heat and confine the hydrogen plasma. High temperature superconductor materials including cuprate
superconductors are essential in fusion technology as they are able to accommodate very high current densities in high
magnetic fields. This improved power density in turn is a prerequisite to optimize the limited space in a tokamak [12].

DEMO is the fusion reactor that is anticipated to produce energy at a reasonable rate and the optimistic forecasts is that
there will be required at least 25-30 years to reach this goal. The present state is a transition to renewables like solar and
wind with fossil fuels being gradually excluded from the energy mix. This leaves a difficult task for the stabilization of the
power grid and the required production of the base load. With batteries having a number of disadvantages (cost,
environmental impact for the extraction of lithium etc.) and limited water resources and infrastructure (dams) to pump water
in a higher potential energy state the only viable and low CO; emissions solution to produce the base load is nuclear power.

Uranium dioxide is the most common nuclear fuel. Xenon and helium in uranium dioxide have been studied for
decades as they can have an impact on the thermal conductivity and physical properties of the fuel and spent fuel. In
uranium-based nuclear fuels radioactive decay (i.e. alpha-decay) will lead to the production of helium. In prolonged time
periods helium is accumulated and the consequence of its presence in nuclear fuel has to be assessed. In particular, at the
end of use and in the disposal (or storage) stage of uranium dioxide-based fuels they will probably contain helium that
was formed during the radioactive decay of actinides produced in the irradiation process.

The size of nuclear power plants and the associated costs for their construction, maintenance and operation, led to
the development of SMRs, which are smaller in size, easier to site and license and can be constructed in a modular fashion
in one location and then shipped for installation and operation in another location. Although they can operate at various
power scales ranging from 50 MWe to several hundred MWe, typical SMR capacity is at 300 MWe per reactor, and their
modularity allows for streamlined design and adaptability, as components can be added incrementally to meet changing
energy demands. So far three SMRs are operational in Russia, China and India, three more are under construction, 65 are
in the design stage and 39 are in the conceptual design stage [24]. As SMRs are considered promising for effective,
widespread, and safer use of nuclear power for energy generation, with associated benefits for decarbonization and
economic development in poorer parts of the world, the IAEA has launched a special purpose portal to promote technical
cooperation, standardization and coordination of research projects [25]. Many regard SMRs as the hallmark of a new
atomic era, for example as part of the plan to reactivate France's nuclear program, as announced by President Macron in
February 2022, who plans €1 billion of investment to be allocated to the development of innovative small-scale reactors.

Nuclear reactors, irrespective of size, are generally categorized in generations, depending on their design as seen in

Figure 1 [26].
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Figure 1. Evolution of nuclear reactors from the early prototype reactors to SMR [26]

The majority of current nuclear reactors in operation are generation II (or Gen II) reactors. This is a design
characterization and refers to commercial reactors built until the end of the 1990s, which include pressurized water
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reactors (PWR), boiling water reactors (BWR), advanced gas-cooled reactors (AGR), water-water energetic reactors
(VVER), and so on. The Chornobyl and Fukushima reactors belong to this design classification, although Chornobyl was
an idiosyncratic dual-purpose reactor, called RBMK, which was intended for both military and civilian purposes, and
does not fully merit Gen II characterization.

Gen Il reactors were succeeded by Generation III (or Gen III) reactors cooled and moderated by water, also called light
water reactors (LWR), followed standardized designs that afford improvements, such as better fuel technology, higher
thermal efficiency, and passive nuclear safety. The improvements are said to render Gen III reactors “evolutionary designs”
with a longer operational life of 60 years, possibly extendible to 100 years, as opposed to Gen II reactors that were intended
for 40 years of operation, possibly extendible to 60 years. The first Gen III reactors have been operating in Japan since 1996.
Gen III reactors have solved the safety problem, especially addressing lessons learned from the Chornobyl and Fukushima
accidents and consolidating the “defense in depth” safety architecture of reactor protection systems.

The Gen IV International Forum for the development of Gen IV reactors, which are hailed as “revolutionary
designs”, was established in 2000, but there is still no concrete deployment of such a reactor. Six designs have been
selected, namely the gas-cooled fast reactor (GFR), the lead-cooled fast reactor (LFR), the molten salt reactor (MSR), the
sodium-cooled fast reactor (SFR), the supercritical-water-cooled reactor (SCWR) and the very high-temperature reactor
(VHTR) [27], of which the SFR is the most developed. Gen IV reactors are intended to solve the problem of economics,
that is, in addition to the safety achievements of Gen III, they focus on reducing the levelized costs of Gen IV reactors to
render them competitive with other power generation approaches, especially natural gas units. Additionally, some Gen
IV designs aim at high temperatures to facilitate the efficient production of hydrogen.

The requirement to reduce greenhouse gas emissions (Net Zero by 2050) has led to the use of renewable energy
sources (mainly solar and wind power) in synergy with nuclear units. Here nuclear can be deployed for baseload and grid
security purposes because it is fully dispatchable and in addition, nuclear reactors provide emissions-free power for
several years, generating not only electricity, but also, water, heat and hydrogen while ensuring grid stability and
resilience, thus contributing positively to both decarbonization and energy security goals.

In the past few years there is growing research and industrial interest in SMRs. This is driven by the innovative
nature of these reactors, their potential to be used in countries without civil nuclear power and their expected significant
role in the decarbonization of energy production providing countries an efficient route towards net zero. Because of their
smaller cost, in comparison to large nuclear power plants, and their versatility for integration they can become an essential
component in the energy mix providing grid stability, security, grid resilience and energy diversification.

3. ADVANTAGES AND DISADVANTAGES OF SMR

The emergence of renewed investment in nuclear power as an essential pathway to a “carbon free future”, led to a
growing interest in small and medium size modular reactors [28]. This interest in compact power units, as an alternative
to conventional plants, simpler in design, easier to site and license, and faster to build as well as to connect to the operating
electricity grid, aims at achieving for nth-of-a-type reactors levelized costs competitive with gas. The term ‘levelized
costs’ refers to the average cost of the energy produced over the lifetime of a generating unit. Nuclear units are very
capital intensive, requiring that nearly 80% of the total cost incurred (from inception to decommissioning) to be spent
upfront, that is before any power is generated. SMRs are expected to have significantly smaller licensing, siting and
construction costs (all incurred before energy is produced) and therefore lower investment risks. Importantly, SMRs
development involves innovative smart systems where, with the help of digitization and artificial intelligence (Al), the
financial burdens for operations and maintenance as well as security of nuclear materials are reduced [29].

In mid-level countries with respect to industrial and demographical considerations (such as Greece) that are
committed to the energy (or green) transition, decisions about the future energy mix (i.e., coal, oil, natural gas / liquefied
natural gas (LNG), renewables, hydro, nuclear, etc.) require multicriteria analysis. SMRs can be considered as an efficient,
cheaper and feasible alternative source of electricity (and fuel) generation technology (note: historically Greece has strived
to participate in the atomic age initiated by the Atoms for Peace Initiative in 1950s, refer to Section 4 below).

With simplified licensing, siting, construction, and digitization, SMRs are expected to have significantly lower total
investment costs compared to the conventional large nuclear stations and require reduced investment in the transmission
grid if built to replace retiring fossil fuel units. In the US, through the Inflation Reduction Act (IRA) of 2023 there are
strong incentives to convert retiring carbon producing coal plants with emissions-free SMRs to take advantage of existing
transmission lines.

SMRs are particularly attractive for new generation nuclear power technology for countries with land and natural risks,
which limit the potential for renewable energy (for example Japan). SMRs can have similar operating conditions and fuel
arrangements with most types of large nuclear power plants but reduced refueling needs (some types can operate for up to
30 years without replenishment of uranium). The small, modular, and factory-based construction and standardization of
components and systems, means reduced construction costs together with faster licensing and shorter installation times.

A further advantage of SMRs is the flexible cooling requirements and the flexibility to serve as a backup power
supply [30] as they can also be employed for applications such as water desalination, which can be particularly important in
islands or remote areas as well as highly interconnected smart grids operating through price-directed demand-side
management and in need of reliable local power sources ensuring proper and fast islanding to prevent cascading failures [31].
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Thorium dioxide and mixed fuels containing thorium can be adopted in SMRs. This is important as there is
increasing interest in alternative thorium-based nuclear fuels so as to benefit from the relatively abundant thorium
resources and the potential of a safer proliferation resistant fuel [32-35]. There is a regeneration of interest in thorium-
based fuels and this is also reflected in the research of their physical properties [36-39]. Thorium-based fuels have
advantages but require knowhow of the Th fuel cycle and hence an already developed nuclear industry. So this can be a
drawback for nuclear-emerging countries such as Greece.

The difficulty to store electricity efficiently has led to the consideration of alternative routes such as hydrogen
production. Hydrogen can be used in solid oxide fuel cells (SOFC) to produce electricity and power vehicles or industrial
facilities. The problem with hydrogen production is that it requires energy and high temperatures. An SMR can be used
in synergy with a hydrogen production facility (effectively a solid oxide electrolysis cell (SOEC)) to take advantage of
the heat and the excess off-peak electricity produced by the reactor. The process in the SOEC is effectively the reverse of
the SOFC and leads to the production of hydrogen. As the latter is also hard to store efficiently, chemical engineering
routes can be used to convert hydrogen to syn-gas or even liquid fuel that can then be used straight on in mobile and
industrial applications using existing infrastructure. Notably, the use of hydrogen apart from the difficulty to store poses
safety risks as it has a wide detonation range, it is difficult to detect, and can even cause embrittlement to steel containers.

There are still some technical issues (for example, on the ceramic electrolyte membranes) that need to be overcome,
but the production of syn-gas or liquid fuels taking advantage of nuclear resources is appealing, particularly if it is
combined with carbon capture. That is, if the carbon required in the process is captured then there will be very little net
CO, being produced, while the existing infrastructure will be maintained.

Workforce preparation is needed through credential-granting academic programs based on best international
practices properly implemented and accredited. A properly credentialed workforce is sine qua non for nuclear industry
and regulators, as this is an area firmly within national frames of responsibilities, and multilateral agreements for
frameworks of international collaboration, fully respecting nonproliferation and safety objectives. In addition, the
implementation of new licensing and siting criteria will require new expertise in nuclear safety regulatory bodies.

Last, but not least, we are aware that a “fleet” of smaller and distributed nuclear reactors is likely to present
substantial problems with public acceptance. This increased risk can be important in countries with seismic areas and
vulnerable to tsunamis. In addition to improvements in science education (STEM), to address the issue of public
acceptance, there has to be great openness and a public dialogue that fully respects the public’s right to know and choose
through democratic processes.

4. NUCLEAR IN GREECE
Having briefly presented the advantages and challenges posed by SMR technology, we now turn to consider how
realistic it is for Greece to adopt SMRs, and argue that, given its historical participation in the first atomic era, it is well-
positioned to participate actively in the current, new atomic era.

4.1. GRR-1: The First Research Reactor

The atomic era in Greece, as in many other developed and developing countries globally, began after Eisenhower’s
“Atoms for Peace Initiative”, announced at the United Nations in December 1953 [40, 41]. According to this Initiative,
first-generation nuclear facilities would be created as a result of cooperation between the United States Atomic Energy
Commission (USAEC) and other national authorities on atomic energy research and power projects, on a common legal
basis worldwide in the period 1950s — 1970s. In 1954, the US Congress provided the legal basis for “Atoms for Peace”
by enacting the Atomic Energy Act of 1954 [42].

In the geopolitical and geoeconomic backdrop of the first decades following WWII Greece was a major part of the
long-term development program “The Marshall Plan, authorizing the European Recovery Program” [43]; all energy
matters in Greece, including atomic energy research, education, safety, and cutting-edge applications were part of the
crucial international cooperation framework between the USA and Western Europe that led to an historically
unprecedented period of peace and prosperity in the whole continent. However, Greece’s integrated energy development
programme was idiosyncratic due, primarily, to the nine years that elapsed from the start of WWII in 1940 till the end of
the subsequent civil war and the establishment of the Greek Public Power Corporation (PPC/DEI) in 1950 [44].

During the 1950s and early 1960s, coal was the main natural source for electricity generation; indicatively, 64% of
electricity generation in 1958 was fuel by domestically available lignite [45] and this situation in the Greek energy system
persisted with similar quality characteristics during the following decades, mainly due to the political / economical
targeting to minimize the dependence of the energy system on oil imports (after the late 2000s, on both: oil and natural
gas) and the use of indigenous sources instead. Consequently, the share of lignite (coal) in electricity generation increased
from about 30% in 1973 (first oil crisis) and 47% in 1979 (second oil crisis), to 62% in 1983, 74% in 1989, 70% in 1998
and to about than 60% - 70% in 2000s (depending on the methodology). Indicatively in 2008-09 (global economic crisis),
the above indicator was 53% & 56% correspondingly.

It is in general accepted that this, had a negative impact to the efficiency of the country’s energy sector and economy
and specifically, during the first period we investigate in this study (until the 1980s), Greece was highly dependent on
imported fuels for the overall energy mix, while generating electricity from domestically available lignites [45, 46].
Nevertheless, this was also a period of atomic and nuclear research and the quest for uranium resources for a possible
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nuclear power plant in Greece [47]. In accordance with the principles and the financial and technical assistance
possibilities set by the international cooperation legal framework as a result of the “Atoms for Peace" US policy (1953-54),
and the aspirations, the persistent focus and vision of distinguished scientists and statesmen for the modernization of the
Greek economy through energy self-sufficiency and technology development [48] crucial steps were taken regarding the
participation of the Greek State in the United Nations International Atomic Energy Agency (UN-IAEA). Indicatively,
Greece is one of the founding members of CERN that was established in 1954 [49]. In 1954 also, the Greek Atomic
Energy Commission (GAEC/EEAE) was established and given authority over nuclear safety and regulation matters [50].

The GAEC with the assistance of the US Atomic Energy Commission (US-AEC), the predecessor of the current US
Department of Energy (DOE), and the Nuclear Regulatory Commission (NRC), founded the “Demokritos Nuclear
Centre” in 1959, featuring a research reactor (GRR-1) and a number of supplementary laboratories [51]. Six
fundamentally important years passed between the Research Agreement of GAEC with US-AEC in 1955 [52], followed
by the contract signed with the American firm “AMF Atomics” for the design and construction of the first 1 MW pool
Greek Research Reactor and its inauguration in 1961. GRR-1 achieved criticality for the first time on July 31st, 1961, its
operation at full power began in April 1964 and in July 1971 the reactor was operated at increased power of 5 MW.

The establishment of an atomic research center in Greece contributed to the growth of scientific research in the
region [53] and for decades thereafter the GRR-1 has been the main nuclear facility in Greece. It remained functional
until the eve of the Athens Olympic Games in 2004. In July 2004, it was put in a state of extended shut-down. All used
High Enrichment Uranium (HEU) fuel elements were returned to the USA in 2005, following the terms of fuel purchase
agreement between the U.S. Department of Energy and the Greek Government. During the period 2005-2010, the reactor
was shut-down for maintenance and preparation of the core conversion to Low Enrichment Uranium (LEU) [54]. Since
February 2019, all LEU fuel elements have been repatriated to North America. The current license granted to GRR-1 for
extended shutdown is due for renewal in October 2024 [55].

4.2. Greece’s Potential Nuclear Energy Programme

Importantly, Greece is a party to the 1968 Treaty on the Non-Proliferation of nuclear weapons (NPT), which it
ratified on 11 March 1970 [56] and the Additional Protocol which supplements the NPT. Civil nuclear energy was
considered back in the 1960°s and 1970s as one of the country's long term development program priorities [45, 48].
Several factors, such as public lectures by distinguished researchers and university professors [48], the subsequent PPC’s
plans and discussions to build nuclear power plants as an alternative source for electricity generation in 1963 [45], the
progress in nuclear technology, the political stability after the “Junta” period and the restoration of democracy [45, 48],
and the investment interest raised by the system for licensing on nuclear installations (legal framework regarding:
conditions and procedures for licensing on nuclear installation of the Public Electricity Corporation) in 1978 [57],
mobilized the scientific pool and policy makers in Greece and worldwide in investigating opportunities for designing and
building a nuclear power plant (NPP) in Greece. Despite the first and second oil crises in 1973 and 1979 respectively with
a strong energy impact in Greek economy [46, 58] and in spite of the government investment programme in oil & natural
gas fields & PPC's lignite mines after the 1979 oil crisis, some reports and pre-feasibility and site evaluation studies were
commissioned by the PPC, among them, the Ebasco’s study, in order to identify potential appropriate locations for the
installation of a Nuclear Plant (Table 1, Figure 2, Ref. 45 and references therein).

Table 1. Timeline of the atomic research and energy era in modern Greece.

YEAR Milestones

1950 Establishment of the Greek Public Power Corporation (PPC/DEI), (07.08.1950)

1954 Establishment of Greek Atomic Energy Commission GAEC / EEAE (26.02.1954)
CERN (Convention entered in force, 29.09.1954. Greece is one of the founder members)

1955 04.08.1955 Research Agreement between USAEC and Greece to construct a research
Reactor

1961 The GRR-1 achieved criticality for the first time 31.07.1961. "Opening" of the
Democritus Nuclear Centre / The inauguration of the reactor

1978 New Legislations about the establishment and operation of nuclear facilities. Conditions
and procedures for licensing on nuclear installation of the Public Electricity Corporation
(PPC)

1985 Administrative and operational separation of GAEC from the National Center of
Scientific Research "Demokritos"

1986 Chornobyl NPP accident (26.04.86)

2004 Since July 2004, the Research Reactor is in state of extended shut-down

2011 Fukushima NPP accident (11.03.2011)

New European Nuclear Safety Regulators Group [39] criteria, methodology and the
timeframe for carrying out the" stress tests"
2019 GRR-1. All used LEU fuel elements have been repatriated to USA since February 2019
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Figure 2. Nuclear power plants’ possible locations proposed in early 1980°s ([45] and references therein) in relation to the main
regions with operating thermal power plants (TPP) and the Prinos oil field (P). (1) near the city of Larissa, (2) Near the village
Mandudi, (3) Near the town Karystos, (4) Ilia Prefecture, (5) southwest of the city of Tripolis, (6) west of cape Maleas, (7) Near the
village Archagelos. GRR-1, is the Greek Research Reactor, situated in “Demokritos' ' Nuclear Centre, Athens, WMLC - West
Macedonia Lignite Centre, MLC — Megalopolis Lignite Centre.

4.3. The Consequences of Nuclear Accidents

The 26 April 1986 accident at the Chornobyl nuclear power plant in Ukraine (then USSR) had a decisive influence
on the development of international nuclear law over the following two decades. In Greece, preliminary NPP construction
plans froze. The then prime minister Andreas Papandreou moved on to cancel them. The abandonment of these plans
boosted exploitation of Greek lignite ores (from 54% as source for electricity generation in 1980-85, lignite ores rose to
69% in 1986-91 ([45] and references therein). After the Fukushima NPP accident (11.03.2011), new criteria, methodology
and the timeframe for carrying out the "stress tests" were introduced by the European Nuclear Safety Regulators
Group [59].

4.4. Uranium Deposits in Greece

The research / investigations (geological surveys) for Uranium ore deposits in Greece, began in the early 1950s by
American, English and French scientific teams and experts that collaborated with Greek researchers [45, 47, 48].

In the late 1970s, the Institute of Geological and Mining Research (IGME) carried out new surveys regarding
categories of uranium minerals and possible mining locations in Greece. The main Uranium raw material (ore) deposits
were being identified in North Greece’s regions ([45, 47, 48] and references therein). The geographical sites and the
quantities (of uranium mineral resources in N. Greece) are documented in [47], in “Red Books" [60], i.e., national reports,
published between 1973 and 2005, and in scientific investigations [61] and references therein). The estimated Greece
Uranium resources in earlier studies ([45, 47, 48, 60, 61) and in most recent estimations [62, 63] are summarized and
presented in Table 2.

Table 2. Estimated Uranium Resources in Greece in Tonnes U.

Identified Recoverable Resources / (Uranium, 2009, Uranium, 2022) 7000
Reasonably Assured Resources (RAR) 6000
Inferred Resources (IR) 1000
Undiscovered resources (prognosticated, cost range < USD 260/KgU) [62, 63] 6000
Unconventional resources (phosphate rocks, reported in Red Books 1965-1993) [62] 500
Indicated reserves of uranium (U308) [61] 1800
Identified in situ resources (RAR + IR, cost range < USD 260/KgU) [63] 9300

As shown in Table 2 the current estimations in both identified recoverable resources and undiscovered resources in
cost range < 260/KgU in Greece are more than 13 thousand tonnes U.
5. CONCERNS AND PROSPECTS
A main argument against the development of civil nuclear facilities in Greece has been seismic activity. It should
be stressed, however, that about 20% of nuclear power stations in the world are in seismically active areas and these
include facilities in the USA and Japan. Interestingly, neighboring countries with seismic activity such as Bulgaria [64]
and Turkey (Akkuju NPP) operate nuclear power stations. Greece has had strict building codes for many years and was



23
A Perspective on Small fodular Reactors: A Case Study for Greece EEJP. 2 (2025)

one of the first countries worldwide to enforce laws and codes for earthquake resistant buildings. The current building
code, established in 2000 and informed by international and local experience, is considered one of the strictest globally
and the reported damage in public buildings by earthquakes is very low. At any rate it is anticipated that there are areas
in Greece with limited seismicity, where nuclear power station(s) with appropriate earthquake engineering can be built.
From another viewpoint the rigorous and principled design of a nuclear structure will require substantial effort that could
also have a positive impact on the future design code, thus enhancing the safety of buildings and other structures.

Another argument against the development of civil nuclear facilities in Greece has been the prospect of exploiting
renewable energy sources, such as wind and solar power, which are considered safer than nuclear power, and relatively
abundant in the Greek region. However, there are several points that counter this argument. One of them concerns power
density [65] i.e., the average electrical power produced in one horizontal square meter of infrastructure: renewables take
up a lot of space, as wind turbines must be spaced out in large areas, and likewise solar panels are meaningless if they are
used only in small spaces. The power density for nuclear power is about 1000 W/m? compared with 2-3 W/m? for wind
and 100 W/m? for solar. Another point concerns dispatchable generation capacity and reliability: nuclear reactors can
generate power at a constant rate as opposed to wind farms and solar panels that rely on such volatile sources. This impacts
on the stability and, consequently, safety of the power grid. Various studies have examined the potential for competitive
large-scale renewable deployment and concluded that it is more difficult to accomplish than as many anticipate [66, 67].
However, the experience that has been acquired through efforts to increase the integration of renewables is valuable,
should one view them as proxies for SMR integration in the grid.

The adoption of SMR in Greece will have numerous positive consequences. In conjunction with the production of
electricity, SMRs may be used synergistically with electrolyzes to produce low-carbon hydrogen and hydrogen containing
fuel such as methanol or ammonia. In particular, the heat and power from the SMR can be employed for the production
of low-carbon hydrogen. Given SMRs flexible modular design they can be located near energy intensive industrial
processes including, but not limited to, cement factories, steel mills, oil refineries, shipbuilding facilities, cable, aluminum
and critical materials refineries, where emissions-free sources of hydrogen may be used to achieve carbon reduction
targets in industry as well as abet the production of peak electricity with fuel cells. Presently, only very limited amounts
of green hydrogen are produced and these cannot deliver the large quantities of clean hydrogen required to make a
difference in transport and industrial applications. Nuclear hydrogen production taking advantage of the SMR
technologies is a key component to produce low-cost hydrogen, which is critical to decarbonize and propel the economic
machinery of a country. For transport applications hydrogen has advantages but it is also problematic to store (metal
embrittlement, low temperatures) and handle (has a high detonation range, odorless). These problems can be overcome,
however, if the net aim is not to produce hydrogen as an end product, but rather use the hydrogen produced as an
intermediate step for the production of methanol, syngas and liquid fuels. This will be very beneficial environmentally, if
the carbon required for these processes is via carbon capture, but also because there will be no need to change all the gas
stations to hydrogen ones that will require substantial infrastructure and extensive training of the staff.

As an illustrative example, four 300 MWe SMRS can produce 10 GWh of electric energy annually, which is
approximately 20% of electricity consumption in Greece. By mid-century this number can quadruple, resulting in the
production of 40 GWh capable of fueling electric vehicles and, thus, replacing the current 25% of the total energy mix
which is used by internal combustion engines for transportation. Additional electricity from wind, solar, biomass and
hydro can result in an energy mix fully compliant with net zero targets. This can be considered a low growth scenario,
where the economy is in steady state, that is with less than 1% average annual growth.

A more aggressive high growth scenario has the economy growing annually by an average of at least 3%. In this
scenario, significant investment will be needed in nuclear power and the transmission/distribution system of electric
power. Tripling the overall electric energy output by mid-century, that is going from approximately 50 GWh per year to
150 GWh per year, can be abetted by having at least 50% of the electric power provided by nuclear sources. In such a
scenario the levelized cost of electricity is expected to be reduced to nearly 1/3 of current values extending benefits far
beyond energy generation.

Another important possibility afforded by SMRs concerns the production of marine fuel. This is key for the Greek
economy as one of the main pillars (arguably the strongest) of the shipping industry, which under new regulations will
need to become greener. Renewable energy solutions do not have the energy density to power the fleet, whereas changing
to alternative “greener” fuels will require changing the engines etc. A viable pathway may be hybrid engines burning
ammonia fabricated with nuclear-produced emissions-free hydrogen.

The construction of SMRs will create numerous job opportunities, contributing to overall employment and high
growth. Over 1,100,000 job-years of highly paid jobs will be added in the Greek economy under the low growth scenario.
On the other hand, under the high growth scenario, which is the more likely of the two, the adoption of SMRs to fuel up
to 5 GWe capacity may create in excess of 5,000,000 job-years. Nuclear power creates a substantial economic ecosystem
with numerous engineering, manufacturing, logistics and service jobs [68]. As an indication of such growth prospects,
consider that as early as in the 1970s Dr Karakalos conducted important radiographic work at NSCR Demokritos, which
led to the uncovering of the Antikythera Mechanism gear system [69, 70, 71], opening new opportunities for archacometry
and material science. The reactor was used to perform neutron radiography, a technique that involves the use of neutrons
to produce images of the internal structure of objects, through the layers of corrosion and other materials, without
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damaging the artifact. Neutron detector technology for materials’ defect inspection (e.g. weld analysis, concrete
inspection, radiation hardening) was estimated to be US$1.2 billion in 2023 and projected to US$3.8 billion in 2033.

6. CONCLUSIONS

In the present review the state of SMRs and their potential use in countries such as Greece was assessed. More than
six decades after the construction of the experimental nuclear facility in Demokritos there has been no civil nuclear power
station. Greece has relied heavily on domestic lignites and oil and gas imports; however, this is no longer sustainable or
economically viable under decarbonization with voluntary or binding targets in almost all economic activities including,
but not limited to, power generation, transportation, shipping, industry, agriculture and services.

In the present crossroads, SMRs for Greece make technical and economic sense. To keep the nuclear option open
Greece will have to rapidly invest in the development of the workforce and supply chain infrastructure. It is estimated that
nearly one million new nuclear technical and engineering positions will be needed globally by mid-century. Hence there is
an urgent need to invest in the academic sector for engineers and technicians with nuclear credentials, as have other countries
with more steady involvement in nuclear energy (for example the UK). Investments in three (3) SMR units of 1 GWe total
installed capacity are expected to create approximately 200,000 man-years of employment in high-paying engineering and
technical jobs. In addition, it is anticipated that the adoption of SMRs and participation in engineering workforce and supply
chain development will have a very positive impact on several high-value-added sectors including domestic refining and
transport, batteries, semiconductors and critical materials mining and processing. Of particular importance will be the use of
low temperature heat and off-peak electricity to produce hydrogen and liquid fuels.

Nuclear power adoption will be critical in decreasing oil/gas imports and increasing energy independence for Greece.
The cost of imported energy currently represents up to 10% of the GDP, and its reduction can tip the economy from
recession to growth. In recent years, in the context of increasing energy independence (while at the same time contributing
to the global effort for decarbonization) Greece has been investing heavily on renewables, which are volatile and harmful
for grid stability. However substantial expertise has been gained from the incorporation of renewables and the consequent
grid expansion required, as one might view them as proxies for SMRs.

Last, but not least, nuclear power adoption will necessitate further development of the education system, in order to
prepare highly qualified human capital, and perhaps contribute to repatriate human capital, as today most of the Greek
nuclear experts work abroad.
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BIpOBaKeHHs B ['pewii. B ol oOroBoproeThes icTOpisi, MOTOYHUM CTaH i MOXJMBe MaiOyTHe BKmouyeHHs SMR B HoBuit

eHepreTHyHuit koMmruiekc I pertii.
Kiro4oBi cnoBa: manuii MoOyibHUIl peakmop, amoMHa eHepeemuxa, mopii
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This paper investigates the dynamical behavior of hypersurface homogeneous spacetime cosmological models within the framework
of the scalar-tensor theory of gravitation formulated by Saez and Ballester (Phys. Lett. A, 113, 467 1986) in Lyra geometry. We
present two cosmological models derived from this theory by solving the field equations using: (i) Special law of variation for Hubble’s
parameter and (ii) the proportional relationship between the shear scalar o> and scalar expansion 6 as described by Collins et al. (Gen.
Rel. Grav. 12, 805 1980). For each model, we evaluate key dynamical parameters, including the equation of state (EoS) parameter, the
deceleration parameter, the statefinder parameter, and the total energy density parameter of dark energy. Additionally, we determine the
scalar field in both models. Our findings indicate that these models describe an accelerated expansion of the universe, with theoretical
results showing reasonable agreement with observational data.

Keywords: Hypersurface Homogeneous space-time; Holographic dark energy; Scalar-Tensor Theory of Gravitation
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1. INTRODUCTION

The recent observational studies have given evidence for the accelerated expansion of the universe [ 1, 2] and fluctuation
of Cosmic Microwave Background Radiation (CMBR) [3], Sloan Digital Sky Survey (SDSS) [4], Wilkinson Microwave
Anisotropy Probe (WMAP) [5], Large Scale Structure (LSS) [6], Baryonic Acoustic Oscillations [7], Gravitational Lensing
[8] etc. It has also been suggested that the main reason for this is an exotic negative pressure named as ’dark energy’. It
is surmised that the universe embedded of 68.3% dark energy as well as 26.8% dark matter. There have been numerous
other dark energy models proposed, including quintessence [9], phantom [10], quintom [11], tachyon [12], ghost [13],
K-essence [14], phantom [15], Chaplygin gas [16], polytropic gas [17] and holographic dark energy (HDE) [18] and many
more to explain the accelerated expansion of the universe. To explain this accelerated expansion of the universe two
different approaches have been advocated: to construct different dark energy candidates and to modify Einstein’s theory
of gravitation.

Very recently, a holographic dark energy model has been conjectured to explain the dark energy (Thomas [19],
Horaya and Minic [20]). Li [18] has constructed a viable holographic dark energy model based on the holographic
principle of the quantum gravity theory. Brans-Dicke (BD) [21] and Saez-Ballester (SB) [22] scalar tensor theories of
gravitations. Therefore, there have been several investigations of DE cosmological model in the above alternative theories
of gravitation to explain DE models by studying their dynamical aspects. In most of the above cases, the researchers
concentrated on the anisotropic Bianchi type DE models. Recently, Naidu et al., [24] discussed Kaluza Klein FRW dark
energy models in Saez-Ballester theory of gravitation. Oliveros et al., [25] investigated Barrow holographic dark energy
[26, 27] with Granda-Oliveros cutoff [30]. In this study, we focus on the scalar-tensor theory of gravity proposed by
Saez- Ballester. In the Saez-Ballester theory, a scalar field ¢ is introduced alongside the metric tensor field, modifying
gravitational interactions. This modification can lead to attractive or repulsive forces, depending on the form of the scalar
field and its coupling.. This inclusion aims to more fully incorporate Mach’s principle. Saez and Ballester later developed
a new scalar-tensor theory where the metric of spacetime is simply coupled with a dimensionless scalar field. However,
this theory includes an antigravity regime. The gravitational action was first introduced by Saez [23] and is given by:

I = /(L+GLm) v—gd*x )
z

where L,, is the matter Lagrangian. Varying this gravitational action, ¢/, leads to the field equations of the
Saez-Ballester scalar-tensor theory and Lyra geometry:

3 3 _ 1 .
G+ El//ilﬁj - Zgijlﬁkl//k =—(T;; + T;j) + wo" | $.id.j — 581‘j¢.k¢'k )

The scalar field ¢ satisfies the following equation:
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24" +n¢" ' p s =0 3)

Here, G;; = R;; — $Rgi;, R;; is the Ricci tensor, R is the Ricci scalar, ¢/ is displacement vector field of Lyra’s
geometry w is a dimensionless constant, and 7;; and 7;; are the energy-momentum tensor of matter and Barrow holographic
dark energy, respectively. Relativistic units 871G = ¢ = 1 are used in these equations.

2. BARROW HOLOGRAPHIC DARK ENERGY

A new proposal that has recently caught the attention of the community is the so-called Barrow holographic dark
energy (BHDE) [26], which has its roots in the idea introduced by Barrow [27], inspired by illustrations of the COVID-19
virus. Barrow proposed that quantum gravitational effects modify the black hole Bekenstein-Hawking entropy [28, 29]
by introducing a fractal structure for the geometry of the horizon. In this section, we delve into the theoretical framework
and cosmological implications of an interacting Barrow holographic dark energy (BHDE) model. The concept of BHDE
was introduced by Barrow, building upon the modification of black hole horizon entropy represented by:

A 1+5
Sg=|— ,0<A<] “)
(AO)
where A denotes the standard horizon area and Ay is the Planck area. The parameter A quantifies the effect of quantum
deformation on the structure of the horizon. In particular, A = 1 represents maximal deformation, whereas A = 0
corresponds to the simplest horizon structure, recovering the conventional Bekenstein-Hawking entropy. In the area of
cosmology, this modified entropy leads to a holographic dark-energy (HDE) model described by:

pp =CLA™2, S

where C is an unknown parameter with dimensions [L]~2~*. This formulation extends beyond the standard HDE scenario
(A = 0), where pp o« L™2. The BHDE model is thus a more comprehensive framework, particularly focusing on cases
where A > 0 and quantum deformation effects are significant. The energy density of BHDE, employing the Hubble
horizon (H™!) as the IR cutoff (L), is given by:

pp=CH™ (6)

The choice of the Hubble horizon as the IR cut-off is noteworthy because of its inherent relevance in cosmology.
Various models of HDE have explored different IR cut-off, each influencing cosmological dynamics differently. For
instance, Li demonstrated that selecting the future event horizon as the IR cut-off yields an accelerating universe in the
absence of interaction between dark matter (DM) and dark energy (DE), whereas the particle horizon leads to a decelerating
universe. Recent attention has been drawn to the BHDE model within the context of the Granda-Oliveros (G-O) cutoff
[30], which incorporates both the square of the Hubble parameter and its time derivative:

Lz = (aH? e
R=|Q +’}/H (7)

where a and 7y are arbitrary dimensionless parameters. Recent studies have further explored BHDE with the G-O length as
the IR cutoff, considering BHDE as a dynamical vacuum and accounting for interactions between matter and dark energy
sectors. We are implementing the BHDE density with the G-O IR cutoff, where the holographic DE density pp is given
by:

A\ 1-3
ps = 3M2 (aH2 + yH) ’ )

Here, « and 8 are parameters with dimensions [L] %, ensuring the correct dimensionality of pp.
Unlike the original HDE model where A = 0, the parameter C in equation (6) is replaced by 3M12,. The barotropic
equation of state pp = wppp, the equation of state HDE parameter is obtained as

2aHH +vH

3H (CKHZ + yH) 2

wp = —
The above discussion and investigations, we consider in this paper the minimally interacting holographic dark energy
model in hypersurface homogeneous spacetime within the framework of the SB scalar-tensor theory of gravitation. This
work is organized as follows: In Sect. 2, we derive the SB field equations with the help of a hypersurface homogeneous
spacetime metric in the presence of two minimally interacting fields: dark matter and holographic dark energy. Sect. 3 is
devoted to the solution of SB field equations with the help of a special law of variation for Hubble’s parameter proposed
by Berman [31] and using physically relevant conditions. In Sect. 4, physical and kinematical parameters of the model
are also computed and discussed. The last section contains some concluding remarks.
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3. METRIC AND FIELD EQUATIONS
We consider the hypersurface homogeneous space time as follows

ds® = —dt* + A*dx* + B* [dy* + 2*(y, k)dZ* (10)
where A and B are functions of time (¢) and X?(y, k) = siny, y,sinh y for k = 1,0, -1, respectively. T; ; and T;; are energy
momentum tensors for matter and holographic dark energy, respectively. which are defined as

Tij = pmuiu;
Tij = (pB + pB) uitt + gijPB
Here p,, and pj, are the energy densities of matter and barrow holographic dark energy and p p is the pressure of holographic

dark energy.
In a co-moving coordinate system, the field equation (2) for the metric (10), using equation (11) can be written as

(1)

%§+§+%+§ﬁz+%¢”q§2=—p3 (12)
2% + g—i + % - %/3’2 - %¢"¢52 = (pm + pB) (14)
é+¢(§+2§)+gi-i:0 (15)

where an overhead dot denotes differentiation with respect to . Now the average scale factor and the volume of the
universe are defined as

V = AB? (16)
Subtracting (12) from (13), we get

N N R AL S (17)

A B ¢ 1 k

——===+= — | Vdt 18

A B V V / [82] (18)
where A represents a constant of integration.

Taking k = 0, the equation (18) leads to

‘We obtain

A B C1
Z_Z == 1
A B 'V (19)
From equation (19), we obtain
14
A*=Lexp ( / ﬂdt) (20)
c Vv
The directional Hubble parameter in the direction of x, y, and z axes respectively are as follows
A B
szz,Hy=H2=§ 2n
The average Hubble parameter is
1(A _B
H=-|—+2= 22
(5 +23) @)
The expressions for the scalar expansion 6 and the shear scalar o2 are
6 =3H (23)

C;
WE
2 _ 2 2 2
o _Z(E_IHi SH) 24
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The average anisotropy parameter is

Ap =

3 AH,-)2
E —- (25)
i=1 ( H

Q| —

where AH; = H; — H,i = 1,2, 3 obtained as

Pm+pp+3H (pp+pp+pp)=0 (26)

The continuity equation of the matter is

Pm +3Hpy, =0 27

The continuity equation of the HDE is
P +3H (pp+pp) =0 (28)

4. SOLUTIONS AND THE MODEL

We have three equations (12)-(14) in four unknowns A, B, pp, pp. To solve the system completely, we need one extra
condition. We solve the field equations for following physical conditions.
1. Special law of variation for Hubble’s parameter;
2. Shear scalar proportional to expansion scalar.

4.1. Model Special law of variation for Hubble’s parameter
We consider the relation between H and a, which was proposed by Berman (1983)

1

H=nan (29)

where n > 0 are constants.
From equations (28) and (30) we obtain

1
g=—-1+-— (30)
n

Now, using Eq. (30) and Eq. (31), the solution of Eq. (28) gives the law of variation of the average scale factor of
the form

a(t) =(t+b)",n#0. 3D
Using equation (31), we get

V=d©)=(t+b)*" (32)

Now from equations (17), (21) and (32) we obtain

2 2C1 1-3
A(t) =ci(t+Db)" exp (—(l‘ +b) ") ,
2 3(1-3n) (33)
_ €1 1-3
B(l) = 6'2% (t+b)"exp (—m([+b) n)
Now from equation (33) in equation (15) we obtain the scalar field as
n2  (n+2 o) 1-3
2 = t+b) " 34
0% = (%57 |5 0 64)
where ¢¢ are constants of integration.
The directional and average Hubble parameter is
n 2cy 3
=——+ —@+b)™"
YU (t+b) 3 (35)

L VPR AST

H,=H. =
YUUE T (t+b) 3

And
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n

H=5n

(36)

The values of the directional parameters are infinite at # = 0 and tend to zero as t — co. The mean Hubble parameter

H — (0 ast — ooi.e. the rate of expansion of the universe is decreasing.
The scalar expansion 6 is

n
9_3(t+b)

The average anisotropy parameter is

3 2 2
1 Hi-H\" _2¢ 2-6n
Ap = Z;(—H ) =5 (t+b)

W

The shear scalar o2 is

2 ot 6
=—(@+b)™"
o= S+ )

It is found that ‘;—22 # 0 and the anisotropy parameter do not vanish except atn = 1.
Applying the conservation condition for the left-hand side of equation (2), we get

A
— +2—
A B

B):O.

B =pBo(t+b)™"

Using equation (32) in equation (28) we get the energy density of dark matter as

ﬁ@+ﬁ

From Eq. (43) by integrating, we have

Pm = pO(t + b)—Sn

where pg > 0 is a real constant of integration.
Using equation (36) in equation (28) the BHDE density is written as,

1-2
2 (nP(a@—ny)) ?
P =3Mp =7
(t+b)
14
1z
10
& 0.8
06
0.4
0z
00
0 10 20 30 40 50

(37

(38)

(39)

(40)

(41)

Figure 1. Plot of Density of Barrow HDE vs time, the energy density of Hypersurface homogeneous Barrow HDE model

in Granda-Oliveros cut-off decreases.

Using equations (32), (33) in equation (13) we get, the pressure of Barrow HDE as

2

n? 2nc; 3 a)¢2 c
=t |+ = t+b) "+ [ =22+ L+ b))
PE= b ( 4,30)( ) St g |th)

3

(42)
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0 2 4 & ] 10
Time (t)

Figure 2. Plot of pressure of BHDE vs time, the pressure p g of BHDE decreases with time and approaches zero as time
goes to infinity.

Using equations (41), (42) and the barotropic equation of state pp = wppp, the equation of state BHDE parameter
is obtained as

2= A)(2aHH + BH)

6H (eH? + BH) *3)

wp = —

EoS parameter is obtained as,

(2-4)
3n

From equation (44) shows (i) For small A and n : The dark energy behaves less like a cosmological constant and
more like matter or radiation, with wp greater than -1. (ii) For large A and n : The system behaves like a cosmological
constant with wp approaching -1. (iii) For intermediate values of A and n : wp transitions smoothly between matter-like
and dark energy-like behavior, offering a flexible model for the evolution of the universe.

This form of wp in the Barrow holographic dark energy model provides a way to model the evolution of dark energy
and its impact on the universe’s expansion, with flexibility to explain both early-time and late-time acceleration.

Matter density parameter €, and the holographic dark energy parameter Qp are given by

wp=-1+ (44)

_ Pm _ PB
Qm = ﬁ and QB = ﬁ (45)

Using equations (36), (40), (41) and (45) we get the overall density parameter as

Q=0Q, +Qp
3n2 1 w¢(2) SC% 3 6 ke 21— 2c _ (46)
- | -Y _ 1 - t b n —=(t b (1-n) — (¢ b 1-3n
(z+b)2+3n2( 7 v g | DT R (G b exp | s 5 (14 B)

From equation (46), the total energy density parameter of Hypersurface homogeneous Barrow HDE model in Granda-
Oliveros cut-off decreases below 1, indicating an open universe.

4.2. Model for Shear scalar proportional to expansion scalar
The shear scalar o2 is proportional to scalar expansion so that we can take (Collins et al., [32])

A=B" 47)

where n # 1 is a positive constant and preserves the isotropic character of the spacetime.
Using the equation (47) in the equation (17), we get

B B? k
— N—=—"_ 48
Ve = R (“48)
We get
. B2 2k
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equation (49) further reduces to

. k
B = —+CB "7 (50)
nc—1

where C is a constant of integration and for n = —2 we get

B = cosh ({1t + {’2)1/3

(5D
A = cosh (11 + £)"?
The spatial volume is given by
V = [cosh (11 + £2)] % (52)
The average Hubble parameter is
1(A _BY (n+2)
H==-[Z2+22)= . tanh
3 (A + B) 9 tan (fll‘ + 52) (53)

The values of the directional parameters are infinite at # = 0 and tend to zero as t — co. The mean Hubble parameter
H — 0 ast — ooi.e. the rate of expansion of the universe is decreasing.
Now using equations (51) in equation (15) we obtain the scalar field as

n+! 2 n+
¢TZ = (n Al ) SeChZ( 3 > (b1t + &) + ¢o 54)

where ¢¢ are constants of integration. Taking ¢o = 0, we have

n+ +2 n+2
22 (" )sech2(3 Lt + ) (55)
The scalar expansion 6 is
0 =3H = (n+2)tanh ({11 + £2) (56)
The shear scalar o2 is
2 3 0 _|(r-1) 2
o= EAH = [ 3 - tanh ({11 + 62) (57)
The average anisotropy parameter is
2(n—-1)>2
- 58
B (n+2)? (58)

It is found that ‘g—; # 0 and the anisotropy parameter do not vanish except at n = 1. We observe that at # = 0 the mean
anisotropy parameter is not zero i.e. in the early stage the universe found to be anisotropic. The shear scalar o = 0 ast —
oo i.e. at late time matter has no shear.

Using equation (52) in equation (27) we get the energy density of dark matter as

pm = po [sech (611 + 6)]F (59)

where po > 0 is a real constant of integration.
Using equation (54) in equation (8) we get, the density of Barrow HDE as

o>

n+2) fa(n+2) y4 2 y(n+2)0 =
=3M? — 2= | tanh? (611 — ) + —— 60
PB »| g 21 g |tan (bt -6) + 5 (60)

Using equations (51) and (52) in equation (13) we get
2 1-5
tanh® (G -+ £) + ko] 7 (1 - %) -2k, tanh (617 + &) k3
=-M

by P 222 tanh (617 + £,) (61)

_A
— [3ky tanh? (&4 + £) + 3ky]' 2
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Figure 3. Plot of Density of Barrow HDE vs time, the energy density of Hypersurface homogeneous Barrow HDE model
in Granda-Oliveros cut-off decreases.
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Figure 4. Plot of pressure of BHDE vs time, the pressure pp of BHDE decreases with time and approaches zero as time
goes to infinity.

where

_ PAS Ay — _ 2 .
k=" - . - ks ((1 tanh (€1t+£’2)) 51(

9
Using equation (53) in equation (43) the equation of state BHDE parameter is obtained as

n+2(a'(n+2) 751) L y(n+2)¢
-~ - o4 A 9 2_

(2 - A (2a"T+2 - 27) sech? (611 + 6)

wp=-1- - (62)
6o (572 ) tanh?® (61 + &) + (%52 sech? (611 + )]
Matter density parameter €, and the holographic dark energy parameter ), are given by
_ Pm _ PB
Q= 3z and Qp = =3 (63)
Using equations (53), (59), (60) and (63) we get the overall density parameter as
Q=Q, +Qp
nt2 n a(n 1-9
270 po [sech (01 + ()] "% [ (52 - 20 anh® (611 - ) + 220 (64)

(n +2)2tanh® (611 + &)

From equation (64) show how the density parameter evolves as a function of time. Here are the key features we
expect: 1. Early Evolution: When ¢ is small, Q2 may be larger than 1, indicating a matter-dominated or radiation-dominated
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Umegy,

Figure 5. Plot of EoS parameter versus cosmic time ¢

universe. 2. Transition Period: As time progresses, the function will likely show a smooth transition where the contribution
from dark energy becomes dominant. 3. Late Evolution: For large values of 7, Q2 might approach 1 , signifying that the
universe has reached a state dominated by dark energy or a cosmological constant, and the expansion is accelerating. From
figure (5) observed that the regime of the EOS parameter wp changes with A, transitioning from a phantom energy regime
wp < —1) for A < 2 to a vacuum energy regime (wg = —1) for A = 2 and then to a quintessence regime (wpg > —1)
for A > 2. The specific plots of wp against ¢ for different A values will illustrate these transitions and provide a visual
understanding of the behavior of the parameter in different cosmological regimes.

From equation (57), it is clear that the expansion scalar is decreasing function of time which approaches constant at
large time. The universe is expanding with constant rate at the present. Scalar expansion versus time. The scalar expansion
(0) and the shear scalar ( o2 ) diverge with t — 0. The parameters o> and 6 are a decreasing function of time ¢ and vanish
as t — oo. The deceleration parameter tends to be negative at t — oo, i.e. the universe is accelerating at present, which
is in accordance with the observational result. One can see that the mean anisotropic parameter is not zero i.e. the model
is anisotropic. In this regime, we also note that the anisotropy of the fluid does not act so as to increase the anisotropy of
the expansion. The density and the EoS parameter are dynamical quantities pg — 0, w — -1 as ¢ — oo. i.e. the model
represents a vacuum universe and is mathematically equivalent to cosmological constant.

5. CONCLUSIONS

In this paper we have investigated a hypersurface homogeneous space-time filled with two minimally interacting
fluids, dark matter and Barrow holographic dark energy in the Saez-Ballester scalar-tensor theory of gravitation in Lyra
gemetry. To obtain exact solutions of the Saez-Ballester field equations we use (i) models of the constant deceleration
parameter of the universe and (ii) the relation between the scalar field ¢ and the average scale factor. We have also
computed some of the physical and kinematical parameters of the model, and their cosmological significance is described.
It is found that Z—i # 0 and the anisotropy parameter do not vanish except at n = 1. The coincidence parameter is a
decreasing function of time. The spatial volume (V) of the universe increases with cosmic time so that there is a spatial
expansion of the universe with time t. The parameters H, 6, o2 all diverge at the initial epoch, i.e.at # = 0 and they all tend
to zero for infinite time. Also, the physical parameters p,,, pn, pp, ¢ diverge for + = 0 while they all vanish for infinite
time. Therefore, the model has a big bang singularity at + = 0. We can observe that Ap # 0 and this indicates that this
present model is anisotropic throughout the evaluation of the universe. The average anisotropy parameter and shear scalar
vanish for n = 1. This shows that the universe will become shear free and isotropic in finite time. It may be observed that
the EoS parameter turns out to be vacuum universe and mathematically equivalent to cosmological constant for A = 2.
Also, the average density decreases with time.
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Photometric observations of the CH Cyg symbiotic star were conducted using the Zeiss 600 telescope at the ShAO (Shamakhy
Astrophysical Observatory) between 06.07.2018 and 16.09.2018 over the course of 17 nights with the V-filter. The light curve for
this star was constructed based on our observations and data from the AAVSO (American Association of Variable Star Observers)
database. To analyze the nature of the variability, we performed statistical spectral Fourier analysis utilizing the Scargle method. Our
findings align perfectly with those of the AAVSO. The star’s light has increased during the observation period up to 2 stars size —
from 8.5™ to 6.5™. Continuous observations have shown that short-term flickering of the star occurs during the night up to 0.2-0.45
magnitude. We suppose that the cause of these flickering is the increase in the flow rate of matter from the Red Giant star to the
surface of the White Dwarf in the period close to the periastron.

Keywords: Symbiotic star;, CH Cyg,; Photometric variable; Flickering; Power spectrum, Observation, CDD photometry

PACS: 97.80.—d; 97.80 Fk; 97.80.Gm; 97.80.hn

1. INTRODUCTION

Symbiotic stars are interacting binary systems surrounded by cover. They consist of advanced Red Giant and hot
component — White Dwarf. The material source of the cloud is Red Giant which loses its substance by star wind and
pulsation, the energy source is the hot White Dwarf.

CH Cyg (HD 182917) is the brightest and closest one among the symbiotic stars. The distance to this symbiotic star
is about 244 parsecs according to data of Hippacros [1]. Its visual star size increased up to V=5.5" on 1982-1983 and
decreased down to minimum of V=10.5" in 1996. The brightness of the start in a still condition is mainly 7™.
Photometric observation of CH Cyg for more than 130 years is available, and it was studied comprehensively [2]. For
long time CH Cyg was known as a single giant star pulsating in 100 days period in a little amplitude. Previous to 1963,
CH Cyg showed no variable behavior and was actually used as a M6III spectral type calibrator. Since 1963 after
activation strong emission lines of blue continuum and hydrogen were seen. Since that time CH Cyg was accepted as a
symbiotic star — binary of M7 cold giant and accreting White Dwarf [3]. At that time, the spectrum of CH Cyg
resembled a symbiotic star. This phenomenon was observed again in 1965. Since then, there have been several such
outbursts of different durations: 19671970, 1977-1986, 1992—1995, 1998-1999, 2011-2012 and 2017-2018.

CH Cyg is one of the rare symbiotics flashing in minute time scale [4]. Flickering disappears, blue continuum gets
stronger and radiation lines are getting larger when jets are observed. Flickering reflects large spectral stochastic changes
of brightness in several minutes time scale up to 0.01™ to 1™ magnitude. Flickering activity has been observed only in 10
symbiotic stars: RS Oph, T GrB, MWC 560, V2116 Oph, CH Cyg, RT Cru, o Cet, V407 Cyg, V648 Car and EF Aql.

5-20 minutes of flickering has been observed in the spectrum of the symbiotic star of CH Cyg in the optical region
profiles of emission lines and in the spectrophotometric parameters [5].

Here we present photometric observations of the flickering of CH Cyg in 2018.

2. OBSERVATIONS AND RESULTS

Observations of CH Cyg star have been carried out in ZEISS-600 telescope of Shamakhy Astrophysics
Observatory during 72 days between 06.07.2018 — 16.09.2018 and 17 nights. The telescope was fitted with CCD photo
receiver of 4096x4096 pixel (1 pix= 9mic) size and with 17 arcmin of efficient visual area of photometer [6].

The data reduction was done using MaxIm DL following standard procedures for aperture photometry. A few
comparison stars from the list of Henden and Munari have been used, bearing in mind that V2365 Cyg (SAO 31628) is
an eclipsing binary [7, 8].

TYC 3551-1725-1 was selected as the comparison star, and V2365 Cyg (SAO 31628) was used as the check star.
To investigate the nature of the faster variations, continuous observations with high time resolution were carried out
over several nights using a single filter (V).

Table 1 presents the observation list, including the observation date, the number of images taken, the exposure
duration, the total observation period, as well as the average, maximum, and minimum brightness values, along with the
maximum variations observed.
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Table 1. Journal of observations.

date-obs exposures ob(sl.ncillllllrlil;i)on Vave Vmin Vimax AV
06.07.2018 5x10s 1.16 7.579 7.591 7.568 0.023
09.07.2018 15x5s 2.51 7.488 7.507 7.466 0.041
10.07.2018 59x3s 10 7.463 7.546 7.379 0.167
11.07.2018 79x3s 9+3* 7.301 7.388 7.269 0.119
14.07.2018 10x3s 2.36 7.187 7.211 7.17 0.041
18.07.2018 60x2s,15x3s 13 7.145 7.275 7.056 0.219
19.07.2018 700x3s,30x5s 148 7.012 7.143 6.846 0.297
06.08.2018 450x1s,15x2s, 11x3s 79 6.574 6.714 6.411 0.303
07.08.2018 120x2s 20.5 6.564 6.61 6.493 0.117
16.08.2018 174x1.5s, 150x2s 37+42% 6.623 6.796 6.424 0.372
22.08.2018 50x2s, 15x3s 10 6.669 6.727 6.589 0.138
30.08.2018 60x2s 8 6.777 6.808 6.74 0.068
03.09.2018 70x2s 17 6.471 6.626 6.358 0.268
06.09.2018 20x1.5s, 130x1s, 200x1s 43+27* 6.674 6.91 6.447 0.463
07.09.2018 160x1s 24 6.889 6.961 6.828 0.133
15.09.2018 100x1s 14 7.214 7.336 7.082 0.254
16.09.2018 950x2s, 500x2s 87+79% 7.199 7.336 7.087 0.249

*- observations have been conducted in the two sequential time intervals.

Observations have been conducted continuously within several nights. The most lasting observations have been

conducted in 19-07-2018 —

148 minutes, 06-08-2018 — 79 minutes and 16-09-2018 — 87 and 79 minutes. Continuity of

observations in the other nights have been: 10 minutes in 10/11-07-2018 and 22-08-2018, 13-14 minutes in 18-07-2018
and 15-09-2018, 20 minutes in 07-08-2018, 37 and 42 minutes in 16-08-2018.

Light curve in V filter has been given in the figure-1 based on our observations and AAVSO (American
Association of Variable Star Observers) database. As it is reflected in the figure, our results accord with the AAVSO
results. CH Cyg star was active during observation period and increased its brightness from 7.56™ to 6.47™.

6.00 |
CH Cyg
6.50 | %
7.00
5 OAAVSO @ ShAO
7.50
8.00 | '

o

8.50 Ll b b b b b b b b bl

305 310 315 320 325 330 335 340 345 350 355 300 365 370

JD (2458000+)

Figure.1. Comparison of the Light Curves of the CH Cyg Symbiotic Star for the period from 06-07-2018 =+ 16-09-2018.

0-AAVSO, e-ShAO.

3. FLICKERING

Photometric flickering of CH Cyg was identified by Wallerstein for the first time [9] and then have been comprehensively
studied by various authors [10,11,12,13]. Flickering was not observed in 2010-2013, was observed again starting from 2014 [11].
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Our observations also coincided to flickering time of the star. Nigh observations showed that several minutes lasting little
amplitude of flickering occurs in the symbiotic star of CH Cyg. Light curves of several nights reflecting flickering in V filter of CH
Cyg star are given in the figure 2. As it is reflected in the figure 2, character and amplitude of flickering was different from night to
night.

Maximum change of brightness was 0.16™ for 7 minutes in 10-07-2018, 0.12™ for 5 minutes in 11-07-2018, 0.22™ for 10
minutes in 18-07-2018, 0.3™ for 35 minutes in 19-07-2018, 0.3™ for 39 minutes in 06-08-2018, 0.21™ for 17 minutes in 16-08-2018,
in the first half of observation, 0.27™ for 39 minutes in the second half of observation, the amplitude of flickering during the night
was 0.36™. It was 0.14™ for 03 minutes in 22-08-2018, 0.14™ for 24 minutes in the first half of observation in 06-09-2018™, 0.16™ for
26 minutes in the second half of the observation, amplitude of flickering was 0.45™ during the night. 0.22™ for 3 minutes in the first
half of observation in 15-09-2018, 0.26™ for 8 minutes in the second half of observation, 0.14™ for 17 minutes in 16-09-2018 for the
first half and maximum amplitude of flickering was 0.25™.

Thus, changes in V brightness of CH Cyg symbiotic star with 0.1 m - 0.45 m amplitude in 1-30 minutes interval and 0.05 m -
0.06 m amplitude of changes happened in 10-30 seconds interval.
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Figure 2. Flickering of CH Cyg in V bands.
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4. PERIODICITY

Investigating the periodicity of flickering in the CH Cyg symbiotic star is challenging because our observations
did not cover a sufficiently long time period, except for a few nights. However, as shown in Figure 2, some periodic
variations were observed on certain nights. To explore the periodicity on a minute timescale, we applied spectral
Fourier analysis using the Scargle method to the results of all our observations. As an example, the power spectra for
the V-band on 06-08-2018, 16-08-2018, and 07-09-2018 are presented in figure 3.

In the figure 4 phase diagrams of brightness in V filter for the dates of 06-08-2018, 16-08-2018 and 07-09-2018
are given. Short time changes in brightness of CH Cyg star in V filter in dates of 06-08-2018 (79 minutes of
observation) and 16-08-2018 (200 minutes) demonstrated close periodic values — 67 minutes and 65 minutes. Period of
flickering was 12 minutes in 07-09-2018.
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Figure 3. Power spectrum within 0-0.3, 0-0.1, 0-0.8 frequency intervals according to value of V data massive. The highest peak
within the power spectrum accords with the value of frequency 0.0149, 0.0153, 0.0846 in the dates of 06-08-2018, 16-08-2018, 07-
09-2018. Periods respectively are 67 minutes, 65 minutes and 12 minutes.
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Figure 4. Phase diagrams for brightness of the start CH Cyg in V filter.

5. DISCUSSION

Red Giants are stars that have reached the necessary temperature for helium fusion in their cores. White Dwarfs,
on the other hand, are stars nearing the end of their life cycle and are highly compressed. These stars are so dense that,
despite having nearly the same mass as the Sun, their size is comparable to that of Earth. Due to their immense density,
being 200000 times heavier than Earth, they exert a very strong gravitational pull. As a result, they can accumulate
large amounts of matter from the companion cold giant, and in most symbiotic systems, an accretion disc forms around
the White Dwarf.[16]. This happens due to rotation of binary system. As a result of the rotation of the binary system,
the substance flowing from the Red Giant bends and falls on the White Dwarf due to its strong gravity. By causing
matter to rotate, it forms a disk around the White Dwarf.

White Dwarfs have such a strong gravitational field that they can pull matter from the other star in a symbiotic
system. This process is known as Roche Lobe Overflow. It occurs when a star expands to a point where its ability to
retain its outer layers diminishes, causing its size to exceed the Roche limit. As a result, the excess material flows onto
the binary system, forming a disc. Occasionally, this accretion leads to the formation of an ionized gas cloud around the
hot component.

Source of flickering in optical region in symbiotic stars are known to be a disc [15]. Researchers consider that
flickering disappears when accretion disc destroyed [11] or magnetic propeller gets activated [10]. Faster changes were
observed during flickering of stars. Changes in fluxes in U filter were 10-30% within several minutes. CH Cyg is
unique changing star and demonstrates complex alterations of different character in the light curve and large diapason
of spectrum. Observed long lasting alterations (variating in 10 years) are caused by orbital movements or increasement
of the dust cover. Several alterations of 95-100 days are related to pulsation of the giant [16]. Short term flickering
activity relates to accretion disc. Increasement of activity of flickering since 2014 can be related to acceleration of
processes in the disc as a result of increasement in amount of substance absorbed from the Red Giant while White
Dwarf moves through periastron in CH Cyg symbiotic system.
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6. CONCLUSION

The results of the analysis of observations in the V filter for the CH Cyg symbiotic star, made with the "Zeiss-600"
telescope at the ShAO from 06.07.2018 to 16.09.2018 (over a period of 72 days and 17 nights), are as follows:

The star's brightness increased by about 2 magnitudes during the observation period, rising from 8.5™ to 6.5™.

Continuous observations revealed that short-term flickerings in the star's brightness occur, ranging from 0.2 to
0.45 magnitudes. These flickering are likely caused by an increase in the rate of material flow from the Red Giant to the
White Dwarf near periastron.

Periodic variations of 67, 65, and 12 minutes were observed for the fluctuations on different nights.

We sincerely thank the observers worldwide who contributed variable star observations to the AAVSO (American Association of
Variable Star Observers) International Database, which were used in this research.
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OOTOMETPUYHE MEPEXTIHHSA CH CYG Y 2018 POLI
X.M. Mikaiinos?, P.T. Mamenos®®
“baxuncokutl [epacasnuii Ynieepcumem, baxy, AZ-1148, Azepbatioscan
bBamabamcoxa Acmpogpizuuna Obcepeamopia Minicmepcmea Hayxu i Oceimu Azepbatioscancoxoi Pecnybnixu,
Haxiueeann, AZ-7000, A3epbaiiodncan
¢Haxiuesancokuil /lepoicasnuti Yuisepcumem, Haxivesanv, AZ-7012, Azepbatioxncan

doromerpuuni croctepexxends cumbiornynoi 3ipku CH Cyg nposommsmcst Ha teneckomi Zeiss 600 B IIIAO (Illamaxunchka
Actpodiznana ObcepsaTopist) B inTepBani 06.07.2018-16.09.2018 npotsirom 17 Howelt 3 BukopucTanHsaM V-¢inbrpa. KpuBy Omucky
miei 3ipku OyJO BCTAaHOBIEHO HAa OCHOBI HAamMX cHocTepekeHb 1 0a3 maHmx AAVSO. Jnsg BUBUEHHS XapakTepy 3MIHH MH
3aCTOCYBaJM CTATHCTUYHHMA CHEKTpaibHuil aHamizs Pyp’e 3a meromom Ckapria. Hamii pe3ynbTaTd MOBHICTIO BiAMOBITAOTh
pesynsratam AAVSO. CBitiio 3ipku 301MbLIMIOCS 32 TEPioj CIOCTEpEeXeHb A0 po3Mmipy 2 3ipku — 3 8,5 1o 6,5. BesnepepsHi
CIIOCTEPEIKCHHsI IMOKa3aJld, 110 BHOYI BiAOYyBalOThCS KOpOTKouacHi MmepexTinHs 3ipku o 0,2-0,45 30psHOl BeanunmHu. Mu
MIPUITYCKAEMO, 10 TPUYUHOIO IIUX MEPEXTiHb € 30UTBIICHHS MIBUAKOCTI IIOTOKY PEYOBUHH Bifl 3IpKM YE€PBOHOTO TiraHTa J0 MOBEPXHi
0i10T0 KapJyuKa B Iepiof, ONMU3BKUH 10 IIepuacTpoHa.
Kurwuosi cioBa: cumbiomuuna sipka; CH Cyg; gpomomempuuna 3miHHA, MEPEXMIHHS, CREKMP NOMYNCHOCHI, CHOCMEPEHCCHHSL,
CDD ¢omomempisn
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The present study investigates the dynamical symmetries of even-even Se”*~78 Rul04106 and Mo106=108 jsotopes within the
framework of the Interacting Boson Model-1 (IBM-1). The analysis explores the three fundamental symmetry groups: SU(5)
(vibrational), O(6) (gamma-soft), and SU(3) (rotational). Energy levels were calculated using newly optimized Hamiltonian
parameterizations based on the U(6) unitary group structure in six dimensions, and the results were compared with experimental data,
demonstrating excellent agreement. A key finding of this study is that for each nucleus, the predominant Hamiltonian parameter can be

+
selectively adjusted to achieve an optimal theoretical-experimental match, particularly in relation to the % energy ratio. This approach
1

provides a systematic and efficient method for refining Hamiltonian parameterization, offering a standardized technique to enhance the
accuracy of nuclear structure studies. The findings contribute to a deeper understanding of nuclear collective motion and may serve as
a foundation for further advancements in theoretical nuclear physics.

Keywords: /BM-1; Dynamical symmetry, Hamiltonian parameterization; Energy levels; Se-isotopes; Ru-isotopes; Mo-isotopes
PACS: 21.60.Fw, 21.10.Re, 23.20.Lv, 27.60.+j, 27.50.+¢

INTRODUCTION

The Interacting Boson Model (IBM-1), developed by Arima and Iachello, revolutionizes the study of nuclear structure
by offering a simplified yet powerful framework rooted in group theory [1]. In the six-dimensional space governed by the
unitary group U(6), the IBM-1 model explains dynamical symmetry through its fundamental subgroups: SU(5) for
vibrational nuclei, SU(3) for rotational nuclei, and O(6) for gamma-soft nuclei [2].

Several studies have utilized the IBM-1 model to investigate the nuclear structure of various isotopes.
S.A. Abdulsahib et al. employed IBM-1 for even-even Se’®782 isotopes, considering them as O(6) shapes. Their study
focused on the impact of the O(6) dynamical symmetry group chain on the Hamiltonian parameterization, particularly on
(ao, @1, and as) [3]. Similarly, Yaseen, Mustafa T., et al. analyzed the Se”?~8° isotopes, primarily highlighting the dominance
of U(5) characteristics. They also noted a minor influence of the a» parameter, beginning from Se’* to Se®°. Their energy
ratios indicated that Se”? is the closest to a typical vibrational limit, while the Se”#~8° isotopes exhibit a gradual transition
toward the rotational region along the U(5)-SU(3) limit [4].

Beyond selenium isotopes, Sharrad, Fadhil I. et al. investigated Ru isotopes, demonstrating their U(5) dynamical
symmetry. They highlighted the significant influence of the € parameter in the IBM-1 Hamiltonian. Furthermore, the even-
even Rut%8112 jsotopes were classified as transitional nuclei, positioned between the U(5) spherical vibrator and SO(6) -
unstable rotor symmetries [6]. More broadly, several studies focus on refining the IBM-1 Hamiltonian to enhance its
applicability to these isotopes.

In addition, Berun et al. have carried out significant research on the nuclear structure of Mo isotopes, including
2%Mo [7], °°738Mo [8], and 99Mo [9], using the IBM-1 model. Their studies emphasized the vibrational nature of these
nuclei under SU(5) symmetry, highlighting the crucial role of four Hamiltonian parameters (e, ai, a3, and a4) in determining
their energy spectra. More recently, Ghafoor and Shwan (2024) explored the nuclear structure of 132Mo within the IBM-1
framework, analyzing the impact of the Hamiltonian parameters ao, a1, and a3. Their findings established a strong correlation
between these parameters and the O(6) dynamical symmetry group, which characterizes gamma-soft nuclei [10].

The objective of the current study is to systematically investigate the Hamiltonian parameters for constructing the

_ _ . . . Eat
104-106 " and Mo1°6~108 jsotopes. A particular focus is placed on the Ez_}f energy
1

ratio, which serves as a key indicator of nuclear dynamical symmetry. Furthermore, this study examines the specific
dynamical symmetries exhibited by these nuclei within the IBM-1 framework, refining the parameterization approach for
future nuclear structure studies.

96,98

energy levels of even-even Se”*~78, Ru

THEORETICAL BACKGROUND
The Hamiltonian, which establishes connections between the basis states, is formulated using the principles of
second quantization. As a result, it exclusively consists of combinations of the operators s, st d, and d*t. Such a
Hamiltonian operator (H) comprises both one-body and two-body operators [1].
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H=¢,s5"5+ ¢ Y,,d"d +V. )

The parameters &; and &4 represent the single-boson energies for the s- and d —bosons, respectively, and
m represents the magnetic quantum number of the dd-boson states, which range fromm = —2,—1, 0, 1, 2 corresponding
to the angular momentum quantum number L = 2. while V denotes the boson-boson interaction potential. The operators
st(§) function as creation and annihilation operators for the s-boson state, whereas df(d) serve as creation and
annihilation operators for the d-boson state. The most widely utilized formulation of the IBM-1 Hamiltonian [11], which
also provides the clearest insight into how each term influences the resulting nuclear structure, is known as the multipole
expansion. In this approach, different boson-boson interactions are categorized systematically, allowing the Hamiltonian
to be expressed in a structured form.

H=emg)+ay(P.P)+ay(L.L) +ay(Q.Q)+ a3 (T5.T3) + ay (T4 T4). )

A A A A oA oA oA

pairing, angular momentum, quadrupole, octupole, and hexadecapole operators, respectively. Additionally, n; denotes
the d-boson number operator.

RESULTS AND DISCUSSION
The first step in our calculations is to determine the total number of bosons. In the original IBM-1 model, there is
no distinction between protons and neutrons [12], and the valence number is always counted relative to the nearest closed
shells. To calculate the total boson count, we first determine the difference in proton or neutron numbers relative to the
nearest closed shell, divide this value by two, and then sum the resulting proton and neutron bosons. Following this
method, the total number of bosons for even-even isotopes is as follows: Se’*~78 has 8, 7, and 6 bosons, respectively;
Mo1967108 hag 11 and 12 bosons, respectively; and Ru'®4~1% has 8 and 9 bosons, respectively. In the present study

+
the ;Liratio was used in order to determine the dynamical symmetry region for isotopes. Table 1 provides the IBM-1
1

Hamiltonian parameters essential for calculating the low-lying positive parity energy levels of presented nuclei. In the
Interacting Boson Model-1 (IBM-1), the Hamiltonian plays a crucial role in describing nuclear structure by incorporating
different interaction terms that govern the behavior of bosons. To ensure accurate results, the IBM-1 Hamiltonian is
constructed and solved within the framework of dynamical symmetry regions. This approach allows for a systematic
understanding of nuclear shape transitions, whether vibrational (U(5)), rotational (SU(3)), or gamma-soft (O(6)).
The calculations are performed using the PHINT computer program [13], which efficiently handles the matrix
diagonalization and provides the energy eigenvalues necessary for analyzing nuclear excitations.

Table 1. IBM-1 Hamiltonian parameterization for description of presented nuclei

Hamiltonian Parameters (MeV)

Nucleus EPS PAIR ELL Q0 0CT HEX X 50(6)
se”* 0.2700 0.0070 0.0188 0.0000 0.0606 0.0850 0.0000 1.0000
Se7s 0.2670 0.0060 0.0188 0.0000 0.0506 0.0850 0.0000 1.0000
Se78 0.1600 0.1160 0.0108 0.0000 0.3406 0.0550 0.0000 1.0000

Rul%* 0.5000 0.0500 0.0105 -0.0080 0.0000 0.0000 -1.3200 1.0000

Rul% 0.4700 0.0500 0.0105 -0.0070 0.0000 0.0000 -1.3200 1.0000

Mo 0.4800 0.0500 0.0105 -0.0080 0.0000 0.0000 -1.3200 1.0000

Mo'%8 0.4800 0.0400 0.0120 -0.0080 0.0000 0.0000 -1.3200 1.0000
ELL 00Q

Where the Parameters are related to its coefficients such € = EPS,a, = 2 * PAIR ,a; = =503 = 5% OCT,

a, =5 * HEX [14] The low-lying positive parity energy levels of Se isotopes have been investigated, and the theoretical
results show strong agreement with experimental data [15-17], as illustrated in Figure 1.

The Hamiltonian parameters €, a; and a, play a crucial role in accurately reproducing the energy levels for Se”* due
to its SU(5) dynamical symmetry. However, in the case of Se”®, the sensitivity shifts towards a,, where even a slight
variation in a, yields the best agreement between theoretical and experimental values. This indicates that Se”® exhibits
characteristics intermediate between SU(5) and O(6) dynamical symmetries. On the other hand, Se’® predominantly
exhibits O(6)-like gamma-unstable behavior, with ay , a; and a; emerging as the most influential parameters in
determining its energy structure. Additional energy levels that are not explicitly shown in Figure 1 have also been
investigated, demonstrating strong agreement with experimental data. For Se”*, the calculated energy values for 23, 37,
67, 63, and 47 are 1.268 MeV, 1.0904 MeV, 2.294 MeV, 3.096 MeV, and 3.050 MeV, respectively. These results closely
match the corresponding experimental values [15] of 1.269 MeV, 1.884 MeV, 2.232 MeV, 2.986 MeV, and 3.078 MeV.
Similarly, for Se”®, the calculated energy levels for 23 and 43 are 1.216 MeV and 2.805 MeV, which align well with the
experimental values [16] of 1.230 MeV and 2.840 MeV. For Se”8, the calculated energy values for 23, 4%, 67, and 67,
are 1.308 MeV, 2.191 MeV, 2.546 MeV, and 3.140 MeV, respectively. These values show excellent agreement with the
experimental data [17], which are 1.378 MeV, 2.207 MeV, 2.464 MeV, and 3.123 MeV, respectively.
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The energy levels of Ru'® and Ru'®® are depicted in Figure 2 and compared with experimental data [18, 19],

demonstrating excellent agreement.
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Figure 1. IBM-1 calculated energy level schemes for Se isotopes compared with experimental data [15-17].

The O(6) dynamical symmetry is predominant in Ru

104

, making a, a highly sensitive parameter alongside as,.

104

However, variations in the € parameter can systematically alter the energy levels due to the vibrational nature of Ru"*,

which aligns closely with SU(5) symmetry. In contrast, Ru

104

also exhibits gamma-soft behavior, with O(6) symmetry

remaining dominant. However, it slightly deviates from the O(6) group chain, displaying characteristics that gradually
shift toward rotational motion. While maintaining the calibration of a, , a; and a5, minor adjustments to the a,, parameter
is necessary. Additionally, in Figure 2, several energy levels have been analyzed using the optimized Hamiltonian
parameterization. For Ru'%?, the calculated values for 23, 03, 03, 43, 4%, and 33 are 0.880 MeV, 0.899 MeV, 1.288 MeV,
1.451 MeV, 1.995 MeV, and 2.401 MeV, respectively, showing strong agreement with the experimental values [18] of
0.893 MeV, 0.988 MeV, 1.335 MeV, 1.502 MeV, 2.080 MeV, and 2.330 MeV, respectively. Similarly, for Rul%®, the
calculated energy levels for 23, 0Fand 43 are 0.702 MeV, 0.832 MeV, and 1.276 MeV, which align well with the
experimental data [19] 0of 0.792 MeV, 0.991 MeV, and 1.306 MeV, respectively.
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Figure 2. IBM-1 calculated energy level schemes for Ru isotopes compared with experimental data [18, 19].

The energy values of Mol% and Mo'%® are presented in Figure 3, demonstrating excellent agreement with
experimental data [19, 20]. For M0°®, the Hamiltonian parameters a, and a, exhibit the highest sensitivity, as the
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nucleus is close to the SU(3) dynamical symmetry. Additionally, the parameters a, and a; show minor sensitivity,
indicating the influence of O(6) dynamical symmetry. Consequently, Mo'%%s positioned within the O(6)-SU(3)
dynamical symmetry limit. On the other hand, M08 is highly sensitive to a; and a,, confirming its strong proximity to
SU(3) dynamical symmetry.

Furthermore, additional energy levels not listed in Figure 3 have been investigated. For Mo1°®, the 43, 63, and the
double gamma band state 77 are calculated as 1.105 MeV, 1.606 MeV, and 2.127 MeV, respectively, showing excellent
agreement with the experimental values [19] of 1.068 MeV, 1.563 MeV, and 2.127 MeV. Similarly, for M08, the 27,
47 and the two-phonon vibrational band state 97 are calculated as 0.644 MeV, 1.056 MeV, and 2.908 MeV, respectively,
aligning well with the experimental data [20] of 0.586 MeV, 0.978 MeV, and 2.883 MeV.
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Figure 3. IBM-1 calculated energy level schemes for Mo isotopes compared with experimental data [19, 20].

The energy ratio % plays a crucial role in diagnosing dynamical symmetry behavior. As previously mentioned, this
ratio serves as a key indicator of nuclear structure: it is 2.0 for SU(5)-like vibrational nuclei, 2.5 for O(6) gamma-soft
nuclei, and 3.33 for SU(3) rotational nuclei [21-24]. The calculated % values for the investigated nuclei are presented
in Figure 4. The figure reveals that these nuclei predominantly align with the SU(5) symmetry, deviating from the O(6)
limit and gradually approaching the SU(3) region. Furthermore, the energy ratio % provides insights into the evolution
of Hamiltonian parameters, highlighting which interactions dominate within each symmetry group.
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The energy ratlo 1s crucial because it directly measures the collective motion inside the nucleus, differentiating

between vibrational, gamma -soft, and rotational motions. Furthermore, it acts as a standard for verifying theoretical
nuclear models, assisting in parameter refinement and improving the ability to predict of nuclear structure predictions.

CONCLUSION

This study systematically investigated the energy levels of even-even Se ,and Ru isotopes
across the ground state, beta, and gamma bands using a specifically optimized IBM-1 Hamiltonian parameterization.
Based on group theoretical analysis, the examined nuclei were categorized into three primary dynamical symmetry
groups: SU(5) (vibrational), O(6) (gamma-soft), and SU(3) (rotational). The findings reaffirm that for SU(5) vibrational
nuclei, the Hamiltonian parameters €, a;, a3 and a, which correspond to the d-boson number, angular momentum,
octupole, and hexadecapolar operators, respectively—are the most influential in accurately reproducing the nuclear
energy spectra. In contrast, for O(6) gamma-soft nuclei, the dominant parameters are a, , a; and a;, which are associated
with pairing, angular momentum, and octupole interactions, respectively. Meanwhile, in the SU(3) rotational regime, the
a, and a, parameters, linked to angular momentum and quadrupole operators, play the most significant role in
Hamiltonian parameterization. This study highlights that € (d-boson number operator) is the most sensitive parameter for
vibrational nuclei, a, (pairing operator) is the key sensitivity factor for gamma-soft nuclei, and a, (angular momentum
operator) is the dominant parameter for rotational nuclei. These insights contribute to a deeper understanding of nuclear
structure and provide a refined approach for optimizing IBM-1 Hamiltonian parameterization in future nuclear physics

research.
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HOBA TAMLIJIbTOHOBA ITAPAMETPHU3AIIIS IBM-1 HA OCHOBI JINHAMIYHOI CAMETPIi
JJISI TAPHUX-TTAPHUX Se7#78, Ru!%4-106 TA Mo!06-108
Bepyn H. I'agyp
Daxynemem @izuxu, Iledazoziunuil konedc, Ynisepcumem Cyneiimani
V 1bOMy JOCIIiIKEHHI JOCIIIKYIOTECS AMHAMIYHI CHMMETPii napHo-napHux isoronis Se’* 78 Ru!%%1%6  Mo!0-198 y pamkax monmeni
B3aeMozirouoro 603ona-1 (IBM-1). Anani3 nocnimkye Tpu ocHoBHI rpynu cumetpii: SU(S) (Bibpauiitna), O(6) (ramma-m’ska) i SU(3)
(obepransHa). PiBHI eHeprii Oynu po3paxoBaHi 3 BUKOPHCTAHHSM HEIOAABHO ONTHUMIi30BaHHMX IaMUIBTOHIBCBKUX IapaMeTpu3amii,
3aCHOBaHMX Ha CTPYKTYypi yHiTapHOi rpynu U(6) y mecT BUMIipax, i pe3yJbsTaTH MOPIBHIOBAIMCS 3 €KCIIEPUMEHTAIBHUMH TaHUMU,
JEMOHCTPYIOUH YyJIOBY Y3TOUKEHICTh. KIIFOYOBMM BHCHOBKOM LIBOTO JOCIIDKEHHS € Te, IO A KOXKHOTO sipa INepeBaKarodnit

napamerp I'aminbToHa MOXKHa BHOIPKOBO PETYJIIOBATH Ul JIOCSATHEHHS ONTHUMAJIbHOTO TEOPETHUKO-EKCIIEPUMEHTAIBHOIO 30iry,
+

E4 .. ... . .
30KpeMa MIONO EZi chiBBigHOmeHHs eHeprii. Lleil miaxim 3abe3medye cucTeMaTHYHUN Ta €(EKTHBHUN METOH YTOYHEHHS
1

TaMiJBTOHIBCHKOI TMMapaMeTpu3allii, MPOIMOHYIYH CTAaHIAPTH30BaHy TEXHIKY ISl IIBUIICHHS TOYHOCTI JOCHIKEHb SICPHOT
cTpykrypu. OTpUMaHi pe3yabTaTd CIPHUSIOTh DIMOMIOMY PO3YMIHHIO KOJEKTHBHOTO SIIEPHOTO PYXY 1 MOXKYTh CTaTH OCHOBOIO JUIS
HOJAJIBIIIOTO IIPOTPECY B TEOPETUUHIN sAepHii (izuii.

KuarwuoBi cinoBa: [BM-1; ounamiuna cumempis, 2amiibmoHosa napamempusayis, pieni euepeii; Se-izomonu; Ru-izomonu; Mo-
izomonu
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The present study employs DWIA (Distorted Wave Impulse Approximation) framework, allows to investigate the influence of knock-
on exchange effects together with tensor force contributions while examining the charge exchange reactions. Here, the differential
cross-section and unit cross-section for (t, *He) charge-exchange reactions on '2C, 13C, 2Mg and ¥Ni targets have been computed. The
obtained results demonstrate that consideration of knock-on exchange terms substantially decreases the estimated cross-section.
Furthermore, the tensor forces contribution introduces an additional layer of complexity to the analysis of charge exchange reactions.
Depending on the target nucleus, the tensor forces contribution produces either constructive or destructive interference effects, which
leads to either increment or decrement in cross-section magnitude based on the target nucleus. The predicted unit cross-sections agree
with corresponding experimental data but show specific deviations because of tensor interactions which are most pronounced in 3¥Ni.
Keywords: Gamow-Teller transitions;, Charge Exchange Reaction; Tensor forces, Distorted Wave Impulse Approximation; Angular
Distribution; Unit cross-section

PACS: 25.55.-¢, 25.45.Kk, 25.70.Kk, 25.40.Kv

INTRODUCTION

Spin-isospin excitations within nuclei at intermediate energies have been extensively studied through hadronic
probe, involving (p, n) and (*He, t) charge-exchange (CE) reactions along with their inverse reactions, (n, p) and (t, *He),
during the past several decades [1]-[7]. Particularly, these reactions facilitate the exchange of nucleons (protons or
neutrons) between interacting nuclei such as (t, *He) reactions and same process followed by B*- decay shown below in
Figure 1, thereby inducing isospin transitions (AT = 1) with or without associated spin-flip processes (AS =1 or AS = 0).
This versatility has made them particularly effective for investigating Gamow-Teller (GT) transitions, Fermi (F)
transitions, and higher-order excitations such as spin-dipole and quadrupole transitions, which are often remains
inaccessible through conventional beta decay [8], [9].

i Charge Txchange Reaclion | ! B*-decay Process

o Prolon O Neulron

Figure 1. Illustration of (t, 3He) charge exchange reaction and - decay process

In recent decade, weak interaction research attracts the attention of scientists commonly around the globe, due to the
fact that these processes determine fundamental explanations for nuclear physics and astrophysical phenomena. The
mechanisms that control stellar evolution and initiate core-collapse supernovae remain governed by weak interaction
processes. Furthermore, weak interactions play a critical role in rare nuclear processes like neutrino-less double-beta
decay (0OvBp), which has deep implications for understanding the nature of neutrinos and the asymmetry between matter
and antimatter in the universe [10]-[13]. Additionally, weak interaction rates, particularly Gamow-Teller (GT) transition
strengths characterised by changes in isospin (AT = 1), spin (AS = 1), and angular momentum (AL = 0), are essential for
modelling neutrino-driven nucleosynthesis pathways that contribute to the formation of heavy elements in astrophysical
environments [14]-[17]. Charge exchange reactions like (t, *He) and (°*He, t) play a pivotal role in extracting these
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transition strengths due to their ability to probe high-excitation energy states beyond the Q-value limitations inherent to
B-decay, thereby allowing for comprehensive studies of weak interaction processes and their implications in stellar
environments [18], [19]. These reactions offer high-resolution measurements, providing critical data for validating
different theoretical models [20], [21].

As it is evident that at low momentum transfer, the differential cross-section measurements and GT transition
strengths exhibit a well-documented proportionality, which is commonly called the unit cross-section (657) [22], [23].
This relationship acts as an essential method for getting correct B(GT) values, which helps to validate theoretical models,
including the shell model and quasiparticle random phase approximation (QRPA) [24]-[26]. Moreover, the experimental
capabilities have been expanded through secondary triton beam developments to analyse GT strength distributions in
various medium-mass nuclei [27]. Zegers et al. showed that (t, *He) along with (*He, t) reactions provide effective GT

probes that give matching experimental data with low probe sensitivity. The unit cross-sections 6,7 show equivalent mass

dependency for nuclei having A > 12, while following the relationship 65 = Alo%. This relation persists despite

differences in beam energies between (t, *He) using 115 MeV/u and (*He, t) using 140 MeV/u [20].

The accurate determination of Gamow-Teller strengths depends heavily on precise evaluation of knock-on exchange
effects and tensor force interactions because due to approximate inclusion of these effects resulting in presence of
systematic uncertainties to charge-exchange (CE) reaction results [22], [28]. However, experimental data matches more
effectively with predications when antisymmetric DWIA models with precise knock-on exchange amplitudes are
employed [21], [29]. Further, consideration of tensor interactions creates additional difficulties during GT strength
measurements because it produces interference between the AL = 0 and AL = 2 multipoles. The interactions create
systematic uncertainties reaching 20% for weak transitions [26]. Comparative studies, by Zegers et al., confirm that both
(t, *He) and (*He, t) reactions reliably extract Gamow-Teller (GT) strengths for weak-interaction. However, some
inconsistencies arise due to consideration of higher multipole transitions (AL = 2) [29], systematic uncertainties from
variations in optical model potentials and reaction dynamics leading to normalization discrepancies of 10-20% [14], and
the pronounced impact of knock-on exchange effects requiring precise theoretical treatment for both the reaction [28].

Previously, we have examined (*He, t) reaction on various targets using Distorted Wave Impulse Approximation
(DWIA) at intermediate energy, wherein the importance of incorporation of knock-on exchange effects have been
discussed [30]. However, in current work, we have examined (t, *He) charge exchange reaction at low and medium-mass
nuclei at 140 MeV/nucleon for Gamow-Teller transitions. Both knock-on exchange effects and tensor force contributions
have been incorporated to extract clearer and more precise information from these reactions.

RESULTS AND DISCUSSION
DWIA approach have been used in current work, which has been discussed in detail in refs. [30]-[32]. However,
some important expressions used in calculations are discussed below. The differential cross-section may be computed by
using below expression.

tisiliklgmy, |2
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In above, u, and p, are the reduced mass of reactants in incoming and outgoing channel while the wave number in

o . : t15111 kL
incident and exit channel are accounted by k, and k;, respectively. (ocj;;’;,ll t

) is the expansion coefficient which is further
formulated in terms of Racah coefficient (W).

Currently, there is no exact method available for calculating charge-exchange reactions involving composite
particles. As a result, most calculations rely on pseudo-potential approximations whose accuracy can vary significantly
depending on the projectile energy and target mass. Therefore, to gain clearer insights into the influence of exchange term
and tensor force terms in distorted wave impulse approximation calculations, we present results for the differential cross-
section of (t, *He) reactions on 2C, 13C, 26Mg and *®Ni at a beam energy of 140 MeV/nucleon focusing on Gamow-Teller
(GT) transitions. The calculated differential cross-sections are illustrated in Figure 2 (a-d) for 2C, *C, Mg and *Ni
respectively. To extract the cross-section at 0°, the experimental differential cross-sections are fitted to the theoretical
predictions obtained using the DWIA framework with the DCP-2 code. These calculations focus on transitions to final
states with known GT strengths for the 17 ground state, as listed in Table 1. A key element in these calculations is the use
of an effective nucleon-nucleon interaction potential (V), which plays a crucial role in accurately modelling the reaction
dynamics and expressed as

V = [ dxydxydx;dx;pr(egx;)pp (s, X3) 15 (X1 X5, X1 X5). (2)

where, x; = (1;,0;,7;) stands for space, spin and iso-spin co-ordinate of i*" particle (i = 1,2) and x/ co-ordinate
denotes the x; after the exchange of nucleons ‘1’ and ‘2°. The interaction potential, expressed as v;,(x1x5, X1X,) =
x1x%5VPxix, + (=), P x1x3VEx x,, with P™ as exchange operator, is a combination of direct and exchange part of the
Love and Franey type effective interaction (V! (i = D) for direct and (i = E) for exchange) [33], [34].
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We also assume that the effective interactions contain both central and tensor terms. The tensor operator can be

. a N aNra 4 ~ A 2 oy PO
written as S;, = 3(6,.7)(6,.7) — (6,.6,) = Zq\/41r\/; Y4124, Where T, is a second rank tensor operator. The

Pr(xq,x1) and pp(x,, x3) respectively accounts the non-local densities for target and projectile. The value of B(GT)
[14], [22] and the optical model potentials parameters (OMP) that are extracted from *He elastic scattering data are taken
from refs. [35]-[38] while for outgoing channel (*H) same parameters are used except potential depth which is modulated
by multiplying with 0.85 [37]. The one body transition densities (OBTD’s) give weight factors for each 1p-1h excitations
and have been calculated using OXBASH code using sd-model space coupled with USD hamiltonian [39], while for
heavier mass like *¥Ni, the pf-model space along with GXPF1 interactions has been used [40]. In addition, the radial wave
functions used for the calculation of form factor are constructed with Woods-Saxon potential. The radial densities for the
projectile (*He) and ejectile (*H), are obtained from Variational Monte Carlo calculations [41].

Table 1. Initial and final states of various systems excited by reaction (t, *He). B(GT) values tabulated below are calculated by
employing method given in refs. [14], [22].

Initial (J7, E) Final (J7, E) B(GT)
2¢(0%,g.5.) 12B(1%,g.5.) 0.99
1~ 37
BCG ,g-5) BB ,g.5.) 0.711
%Mg(0*,g.s.) 2Ng(1%,0.08) 0.41
$BNi(0*, g.s.) 8Co(1*,1.87) 0.72

Figure 2 presents the differential cross-section of (t, *He) charge exchange reaction for '2C, 13C, 130, Mg, Ni
nuclei, focusing on their first Gamow-Teller (GT) states listed in Table 1.
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Figure 2. (Color online) The calculated differential cross-section for (t, *He) charge exchange reaction on '2C, 3C, 2Mg and ®Ni target
using DWIA at 140 MeV/nucleon. The solid (black) and dashed (red) line represents the direct and total (D+E) contribution without
tensor forces effect respectively. The dotted (green) and dash-dotted (blue) line represents the direct and total (D+E) contribution with
tensor forces effect respectively. The solid (black) circle represents the experimentally measured data
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For each target nucleus four sets of calculations were performed to evaluate the contributions of different interaction
terms, (i) direct terms contributions without exchange terms calculations represented by Direct (D) (ii) direct terms with
inclusion of knock-on exchange terms labelled as Total (D+E) (iii) while results obtained for tensor forces along with
direct terms contribution represent are shown by Direct (D) with tensor (iv) the total contribution with tensor forces
depicted by Total (D+E) with tensor. Quantitatively, the inclusion of exchange effects causes a significant reduction in
the differential cross-section, in magnitudes up to 20% - 60% for all the targets considered in this work. Generally,
calculations incorporating exchange terms effects, deviate from the experimental data, except for 2Mg. A similar trend
has been observed in earlier work performed with (*He, t) reaction.

Furthermore, it is noticed that the inclusion of tensor force terms creates noticeable changes to the cross-sections,
primarily in the forward scattering region. For >C and '*C, the inclusion of tensor terms leads to a slight increase (up to
10%) in the differential cross-section at forward angles, constructively enhancing the cross-section and improving
agreement with experimental data [22], [42]. In contrast, for 2Mg and **Ni, the tensor forces interact destructively with
the total (D+E) contributions. Although, for the case Mg, tensor interference leads to a 20% reduction in the cross-
section, narrowing the gap between theoretical predictions and experimental measurements [20]. For *®Ni, the tensor
contribution results in an even more pronounced reduction, up to 60%, which moves the theoretical predictions further
away from the experimental data [14].

The variations in differential cross-sections across different nuclei can be explained by the role of the tensor
component in the effective nucleon-nucleon interaction. This tensor force introduces interference between the AL =0 and
AL = 2 amplitudes, both contributing to AJ = 1 Gamow-Teller transitions. The nature of this interference is constructive
as well as destructive, varies depending on the target nucleus and specific reaction conditions. These factors significantly
influence the reaction mechanism and the degree of agreement between theoretical predictions and experimental data,
depending on the target nucleus involved. To further analyze the reaction dynamics and quantify these effects, unit cross-
sections have been calculated.

The unit cross-section 1 for charge-exchange (CE) reactions is determined using the relationship between the
Gamow-Teller (GT) transition strength and the differential cross-section at zero momentum transfer, expressed as

£2(q - 0) = GerB(GT) 3)

Calculating the unit cross-section typically requires known (B(GT) values, which are often obtained from 3-decay
measurements. In cases where such experimental data are unavailable, theoretical models must be employed to estimate
the unit cross-section. Another approach involves using empirical formulas such as those presented in Ref. [20]. However,
it is important to recognize that empirical methods have limited precision and theoretical calculations are generally
necessary for more accurate determinations. However, we have calcuated the unit cross-section for (t, 3He) charge
exchange reactions and shows its variations over different target nuclei '2C, '3C, Mg and **Ni.
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Figure 3. (Color online) (a) The calculated unit cross-section for (*He, t) Charge exchange reactions on targets '>C, 2Mg, ¥Ni and
1208n for GT transitions. (b) shows the ratio of the calculated and experimental unit cross-sections relative to the fitted cross-section
for Gamow-Teller transitions. In both figs., the solid square (black) and circle (red) shows direct and total (D+E) calculations without
incorporating tensor forces. While upward triangle (green) and downward triangle (blue) is showing the results after consideration
tensor forces in the calculation with direct and total (D+E) term respectively. The solid (black) line represents the unit cross-section
obtained through fitted empirical function

Figure 3 presents four distinct calculations for each target along with the results obtained through empirical relation,
6er,fie = 109 JA%55 which is a power fit to experimental data [14]. In Figures 3 (a) and 3(b), respectively the solid square
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(black) and circle (red) shows direct and total (D+E) calculations without incorporating tensor forces. While upward
triangle (green) and downward triangle (blue) is showing the results after consideration tensor forces in the calculation
with direct and total (D+E) term respectively. The solid (black) line in the figure corresponds to the unit cross-section
obtained through empirical formula. To evaluate the reliability of the conclusions drawn from the empirical relation
6er,fie = 109 JA%55 Figure 3 (b) shows the ratio of the calculated and experimental unit cross-sections relative to the
fitted cross-section for Gamow-Teller transitions. This comparison helps to validate the theoretical calculations, especially
in cases where experimental data is lacking.

In Figure 3 (a) it is evident that for '2C, '*C and **Ni nuclei, both the direct and total (D+E) calculations without
tensor forces underestimate the unit cross-section predicted by the empirical fit. Conversely, for Mg, the calculated
values overestimate the empirical data. Furthermore, when tensor forces are incorporated into the direct and total (D+E)
calculations, there is a noticeable reduction in the differential cross-section, by up to a factor of 2 for Mg and up to 4 for
*8Ni. In contrast, for '2C and '*C, the inclusion of tensor forces results in only a slight increase in the cross-section
magnitude compared to the results without tensor forces. Overall, the addition of tensor forces tends to align the calculated
results more closely with the empirical fit for '*C, '*C and Mg, improving the agreement between theory and experiment.
However, for *®Ni, the results further deviate from the empirical fit upon including tensor contributions. These variations
arise from the behavior of the tensor component in the effective nucleon-nucleon interaction, which eventually influences
the charge-exchange reaction results. Specifically, this tensor force induces interference between the AL = 0, AS =1
amplitudes (mediated by the 6t component) and the AL =2, AS = | amplitudes (mediated by the tensor-t component).
Since both of these transitions contribute to the AJ = 1 Gamow-Teller transitions, the nature of the interference can be
either constructive or destructive, depending on the specific nuclear system and reaction conditions.

SUMMARY AND CONCLUSION

In this work, (t, *He) charge-exchange reactions at 140 MeV/nucleon on '2C, *C, Mg and **Ni targets have been
examined. Differential cross-sections and unit cross-sections have been computed by incorporating both knock-on
exchange effects and tensor force components through DWIA approach with computer code DCP-2. Calculations shows
that knock-on exchange effects reduced the predicted cross-sections by 20% - 60%. Further, it has been also noticed that
the incorporation of exchange terms produces better predictions of experimental results for Mg nuclei. It is worth to
mention here that the inclusion of tensor force terms produces intricate patterns of destructive and constructive
interference between the AL = 0 and AL = 2 components. The destructive interference has been noticed in case of **Mg
and *®Ni which eventually causes to reduction cross-sections up to 60%. A good agreement between calculated unit cross-
sections and experimental data has been found for all the targets considered here except **Ni.
In conclusion, the study establishes fundamental understanding of (t, *He) process behavior while demonstrating the
requirement of considering advanced nuclear interactions for achieving accurate theoretical predictions.
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JOCJIKEHHSI PEAKIIA OBMIHY 3APSY (t,*He): BPAXYBAHHSI YJIEHIB OGMIHY BUBUBAHHSM
TA TEH30PHOI CUJTH
Amnkira, lapain Cinrx
Disuunuil paxyromem, Yuisepcumem nayku ma mexuonozii imeri [Jinbanoxy Yxomy Pama, Mypman, Coninam 131039, Xapvana, Inoia

VY upoMy JOCHiKeHHI BUKOPHCTOBYEThCs cTpykTypa DWIA (Distorted Wave Impulse Approximation), sika 103BOJISIE TOCIiIKYBaTH
BIUTHB ¢(eKTiB 0OMiHy BHOMBaHHSIM Pa3oM i3 BHECKAMHU TEH30PHOI CHJIM TIiJl Yac JOCIIKEHHS peakuiil oOMiny 3apsaoMm. Tyt Oyno
o0uucieno audepeHiianbauii nepepis i onuuuaHui nepepis s (t, *He) peakuiit o6miny 3apsaom Ha mimensx 2C, 13C, 26Mg i 33Ni.
OtpuMaHi pe3ynbTaTé IeMOHCTPYIOTh, 10 BpaxXyBaHHs yMOB OOMiHy CYTTEBO 3MEHIIYE PO3paxyHKoBUil mepepi3. Kpim Toro, BHECOK
TEH30PHUX CHJI BHOCHUTH JOJATKOBHII PiBEHb CKJIAJHOCTI B aHaJi3 peakuiid oOMiHy 3apsioM. 3alexHO BiJl LIILOBOTO SApa, BHECOK
TEH30pPHUX CHJI CTBOPIOE a00 KOHCTPYKTHBHI, a00 JecTpyKTHBHI edekTu inTepdepeHii, o npu3BoanTs ado 10 30inbieHHs, abo 10
3MEHIIICHHSI BEJIMYMHU IOIEPEYHOro Inepepily Ha OCHOBI LiIbOBOro siapa. [IporHo3oBaHi OAMHWYHI Hepepi3u y3TOMKYIOThCS 3
Bi/IMTOBIZITHUMHU €KCIIEPUMEHTAJIbHIUMH JaHUMH, aJle IEMOHCTPYIOTh celudidni BiIXUICHHS Yepe3 TeH30pHI B3aeMOIil, sKi HaitO1IbIn
Bupaxeni B **Ni.

KurouoBi cioBa: nepexoou Iamosa-Tennepa; peakyiss 0OMiHy 3apsady; MeH30pPHI CUn; AnpOKCUMAYis CHOMBOPEHO20 XGUNbOBO2O
iMRYTIbCY; KYMOGUIl po3Nnooii,; nonepeurull nepepiz
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The neutron - nucleus scattering process is considered to develop smooth functional forms for the real and imaginary parts of the
phenomenological optical potential using the formalism of coupled - channels analysis. We consider intermediate and heavy nuclear
targets and investigate the possibility of extending the model to the usually excluded case of light nuclei. Using our model, we
simultaneously predict elastic and inelastic angular distributions for neutron scattering from Li to 233U for various energies in the
range 100 keV < E < 30 MeV for which inelastic angular distributions data are available. We obtain smooth forms for the real and
imaginary depths of the volume and surface potential terms as functions of energy, mass number and the asymmetry between the proton
and neutron numbers in the target nucleus. The depths of the real and imaginary spin - orbit term, and all the geometry parameters of
the potential are fixed. Our predicted elastic and inelastic differential cross sections are in very good agreement with the measured data.
The calculated total elastic, total cross sections and the analyzing powers are in a fair overall agreement with the experimental values
particularly for the intermediate and heavy nuclei.

Keywords: Optical model potential; Elastic scattering; Inelastic scattering; Coupled channels; Differential cross section

PACS: 24.10.Eq, 24.10.Ht, 25.40.Dn, 25.40.Ep, 24.10.-i

1. INTRODUCTION

The optical model describes the complicated interaction between the projectile and target in terms of a complex
potential. This potential divides the reaction flux into a real part which corresponds to elastic scattering, and an imaginary
part that corresponds to all competing inelastic channels [1]. The main goal of the optical model is to determine potential
parameters that can reproduce smooth variations of the scattering differential cross section as a function of the energy
of the incident particle and nucleon number of the target nucleus. Although the scattering process may be complicated,
noticeable simplification may be achieved if one is only interested in the averaged properties, away from resonances and
excitation channels that can be reached by direct reactions. For example, local and also global optical potentials for
scattering of nucleons off spherical and approximately spherical nuclei were obtained for incident energies in the range
1 keV to 200 MeV, and target mass numbers that fall in the range 24 < A < 209, for which the appropriate experimental
data were available [2]. In addition, a global phenomenological optical potential for nucleon scattering off actinides for
incident energies up to 300 MeV was developed by considering experimental data for nucleon scattering from 2*>Th and
238U [3]. Nuclei with charge and mass numbers 89 < Z < 100 and 220 < A < 260 respectively were included in the study.
Furthermore, in Ref. [4], the authors developed optical potentials for medium- and heavy-weight nuclei from >*Fe to 233U
corresponding to nucleons incident with energies in the 1 keV to 200 MeV range. Using coupled-channels analysis, the
authors obtained smooth systematics for the potential parameters which have simple functional forms. Their results also
confirmed that coupled-channels analysis were indispensable to achieving a global description of experimental data for
wide ranges of energies and mass numbers 50 < A < 240. Other more recent works considered nucleon scattering from
light, intermediate and heavy nuclei using a velocity-dependent potential [8] - [11] that reproduced the elastic angular
distributions and polarization data to a very good extent, particularly the prominent large angle minima that correspond
to nucleon scattering off light 1p-shell nuclei. Other works modeled the nucleon - nucleus scattering process using the
nonlocal Perey and Buck (PB) potential [12] - [14]. The agreement between the predicted angular distributions and
experiment was found to be quite satisfactory. Although the PB potential is a nonlocal potential, it was shown that
nonlocality alone was not enough to completely describe the proton experimental data, and energy dependent parameters
were needed to improve agreement with experiment [15].

In this work, we employ the coupled - channel analysis to develop an optical potential for neutron scattering off
various nuclei from ®Li to 23¥U. This range includes light nuclei: °Li, '?C and '°0, which are usually excluded when
global optical potentials are developed. Their diffuse edges complicate the process of predicting their angular distributions
and total cross sections even when local optical potentials are attempted [16]. Despite such difficulties, in this work, we
examine the possibility of extending our model to the case of light nuclei. Therefore, in our calculations we consider
incident neutrons on nuclei with mass numbers that fall in the range 6 < A < 238. The considered nuclei, coupled energy
levels and best-fit deformation parameters are given in Table 1. Following the authors of Refs. [3] to [4] and [17], we fix
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the values of the geometrical parameters and the depths of the spin - orbit term. In addition, we parametrize the real and
imaginary parts of the potential as smooth functions of the incident neutron energy, mass number of the target nucleus and
the asymmetry between the number of protons and neutrons of the target.

This article is structured as follows. In Section 2 we outline the coupled channels formalism, while Section 3.1
describes the process of deriving our optimal set of parameters. We discuss our results in Section 4. Finally, we present
our conclusions in Section 5.

2. COUPLED REACTION CHANNELS FORMALISM

The coupled reaction channels (CRC) is essential for describing scattering processes. When the projectile interacts
with the target, the interaction can result in elastic scattering, transitions to excited-state exit channels, or even rearrangement
processes. The simplest case occurs when the spin of the target nucleus (/) is zero, which is true for even-even nuclei.
However, for an odd-A nucleus, I; is a half-integer, while for an even-A nucleus, I, is an integer. In elastic scattering,
the projectile and the target remain in their ground states after the reaction, and the corresponding Q-value is zero. In
this case, the total kinetic energy of the system is conserved in the center-of-mass (C.M.) frame. The scattering potential
merely redistributes the outgoing particles without any loss of incident flux. A clear example is:

p+1Mg — p+3Mg 1)

In inelastic scattering processes, the kinetic energy of the system is not conserved. Both the projectile and the
target retain their identities, but one or both may be excited to higher energy states. Part of the kinetic energy of the
relative motion is transferred to internal excitation energy. Inelastic scattering typically occurs when one or both nuclei
are deformed. An example of such a process is:

p+ Mg — p + Mg (1" = 2+,4%,6%,..) 2

The coupled-channel theory is a powerful method for incorporating inelastic channels, especially those arising from
collective excitations. The formalism was first introduced by Bohr and Mottelson [18], and was later applied by Margolis
et al. and Chase et al. [19]. Here, we provide a brief outline of the coupled-channel analysis. A more detailed description
can be found in Ref. [20]. In the center-of-mass frame (C.M.), the Schrodinger equation for a nucleon scattered by a target
nucleus takes the form:

T(r)+ H(E) +V(r, &) |Y(F. &) = EY(F, &), 3)

where r is the radial coordinate from the target to the projectile, and H(&;) is the Hamiltonian for the internal motion of the
target, while &; represents the internal coordinates of the target. The interaction potential, V (r, &) which can be expressed
as [20]

V(r7 gt) = Vdiag + Vcoupb (4)
where V44 is a scalar potential that simulates elastic scattering, while V.., represents the interaction that couples the

initial and final states and therefore takes care of inelastic scattering. Further, 7'(r) is the total kinetic energy, which may
be written as

. m_,
T(r)=—-=—V, 5
(N =-3.%; )
where y = n:'jf’:zt is the reduced mass of the projectile and target, and V? is the Laplacian operator. where, E is the total

energy, and W (7, &) is the wave function of the whole system. Now we shall expand ¥(7, &) in terms of the eigenstates
of the total angular momentum 7 M (7 £,) as follows [20]:

V(&) = D A yTM (R €, (6)

nJM
For each channel [(/,5) j, I,], where J is the total angular momentum of the whole system;

=3, +1. @)
such that jn =1, +§, where [, is the orbital angular momentum quantum number, s is the spin of the projectile and 7, is

the target’s spin, M is the projection of J in units of 7, and the factors A, are the amplitudes specifying how much of a
total angular momentum state is present. In addition, the parity of the whole system has the form:

m=(-D)nny, (8)
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where 7, is the parity of the target nucleus. Furthermore, we use the expansion
1
M= _ J IM  a
pio (&) = El 7Rr7:r<lns>jn1n(’) @;, ju1, (P €0, ®)

n(lys)jnin

The nuclear wave functions are defined as:

(" &)

D 2y <Iasmumg | jam, >< julumj,my, | IM >

mj, mrp, mp, Mg

iY" (F) X B (€ (10)

n]n

X

where RZIJ il (r) are the radial wave functions, while Yl:”"' (7) are the spherical harmonics. The matrix elements <
Lysmy,mg | jamj, > are the Clebsch-Gordon coeflicients for coupling /,/m;, and sm; to an intermediate angular momenta
Jnmj,, while the the elements < j,I,mj, mj, | JM > are the Clebsch-Gordon coefficients for coupling j,m , and I,m,
to a total of angular momentum JM for the whole system. Finally, ¢ I "M (&) and y}" are the wave functions for the target

and projectile, respectively. Now, by substituting Egs. (6), (9), and (10) into Eq. (3) and noting that

Ht(ft)%nln (&) = fn¢1n1" (&)s (11)
one obtains
> [T L+ V(&) ~E ]R,’:lf (O™ (7g) =0, (12)
Ny judn
where A 2 £ LU+
Tnl":w_n[_ﬁ t—a | (13)

Here, ¢, is the eigenenergies for the target, and E,, = E — ¢, is the external energy for a given excited state. Multiplying
Eq. (12) by [CI)Z ,15’1 il (7,&)]" from the left, and integrating over the internal coordinates except the radial variable r,

leads to the following partial wave coupled differential equations:

En - Tnln - Vdiag(r)]R:lijn]n (r) = Z <lnjnln|vcoupl|ln’jn’ln > R,’f»{ ’Jn'ln'( ) (14)
nly jur Ly

The matrix elements for the coupling potential are given by

<lnjn1n|Vcaupl|ln’jn’ln/> = <[«ylnjn (f) ® ¢In (ft)]ylvcoup” [~yln/j,,/ (f) ® ¢Inl (fz)]JM> . (15)

Nuclear structure deformations affect the matrix elements on the right-hand side of Eq. (14). For a non-deformed target
nucleus, the coupling potential vanishes, and the set of coupled differential equations reduces to that of the Schrodinger
equation for a single channel. Deformed nuclei can be described using either the vibrational or rotational models. In this
work, we use the optical model and coupled-channel analysis to couple the ground state to collective excited states of the
target nucleus.

This coupling introduces off-diagonal elements in the interaction potential matrix, allowing the incident neutron to
induce transitions from the ground state to inelastic states such as the 2 state at 4.44 MeV in '2C. These coupling potentials,
typically derived from nuclear deformation (e.g., using a deformation parameter £3), significantly affect observables such
as scattering cross sections and resonance structures. As a result, including channel coupling provides a more accurate
description of the reaction dynamics, especially for deformed nuclei like '>C.

3. THE OPTICAL POTENTIAL PARAMETERS
For nucleon-nucleus scattering, the phenomenological optical potential, V(r, E), can be expressed as [20]

V(r,E) = _(VV(E) + in(E))f(r’ Ry,a,)+ i4asWs(E)%f(r’ Ry, ay)
+ (v + iwm)(iﬁlif(r, Ryoraso)L - 5, (16)
myc’ rdr

where V,,(E) and Vj,, are the real components of the volume-central and spin-orbit potentials, respectively. In addition,
W, (E), W(E) and Wy, are the respective imaginary components of the volume, surface and spin-orbit potentials. E is
the energy of the incident particle in the laboratory frame. The Woods-Saxon potential has the well-known form:

1 .
R t) = s e —Rofa” =0 a7
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Deformed nuclei whose surfaces vibrate about an equilibrium shape are treated using the vibrational model. Here,
the dynamic nuclear radius R; is taken to be a function of the polar angles 6 and ¢ according to:

o u=4a
:|,

1+ Z Z @Yo (6, ¢)

A>1 u=-41

Ri(0,4) = riA3

(18)

where R;(0, ¢) is the distance from the center of the nucleus to a point at its surface subtending polar and azimuthal
angles (0, ¢). The spherical tensors a,,, are the spherical harmonics (Y, (0, ¢)) coefficients. However, some nuclei have
permanent deformations about a symmetry axis and are treated using the rotational model. In this case the nuclear radius
is expressed in the form:

Ri(0/) = r;AS

1+mem+ (19)
A

where, 6’ is the polar angle in the body - fixed frame and S, is the deformation parameter.

When the vibrational or rotational models are used, one has to determine which parts of the potential are to be
deformed. Since the nuclear force is a short range force the nuclear potential follows the shape of the nucleus. Therefore,
it is a common practice to deform the volume term of the potential. Deforming the imaginary - surface part, however, is
a matter of dispute. This issue has been discussed and arguments were presented in support and also against deforming
the imaginary surface part [22]. However, in a later work [23], the authors stated that *“ to describe the inelastic scattering
best, it is found necessary to deform the imaginary (as well as the real) part of the central potential”. Furthermore, in
Ref. [24] the authors used an optical model with channel coupling to analyze nucleon induced reactions. All parts of
the nuclear potential were deformed except the spin-orbit term. In Ref. [21] we examined the effect of channel coupling
on the variation of the potential parameters corresponding to nucleon scattering off light and heavy nuclei. We obtained
excellent angular distribution fits for the elastic and inelastic channels by deforming both the real volume and imaginary
surface terms. Therefore, in this work, we shall deform the surface imaginary term in addition to the real volume term.
We did not deform the spin - orbit term as the effects of its deformation on the calculated differential cross sections were
found to be insignificant [25].

3.1. Global Optical Potential Parameters

Following the parametrization of Refs. [3] and [17], we express the depths of the optical potential as functions of
incident energy, the target’s mass number and the asymmetry between the numbers of neutrons and protons (N — Z) in the
form:

) N-Z Z
VW(E) = vo+VviE+VvE +v3 +v4—,
3
N-Z7
WL(E) = Wo+WE+W,
W;(E) = W0+W|E+W2E2+W3 1; .

(20)

where N and Z are the neutron and proton numbers of the target nucleus, respectively, and E is the energy of the incident
nucleon in the laboratory frame. Using the SFRESCO code [26] we performed a least-square fit analysis to search for
best-fit parameters v;, W; and w; that best reproduce the elastic, inelastic and polarization data for each of the considered
nuclei. Following the works of Refs. [3], [4] and [17], we fixed the values of the radius and diffuseness parameters r; and
a; given in Eq. (17) in addition to the values of the real and imaginary depths of the spin-orbit term as follows:

ry = rg=120fm, a, = 0.65 fm, ay; = 0.60 fm
rso = 1.101m, dago = 0.60 fm
Vo = 6.0MeV, Wso = 0.5 MeV,

21

For each nucleus, we determined the values of the central volume and surface absorption depths for each incident
energy by fitting the available corresponding elastic and inelastic angular distributions in addition to the polarization data.
After determining the best values of the depths in Eq. (20), we used the OriginLab software to determine the optimum
values of v;, W; and w; that best describe the variation of the depths as a function of E, A and N — Z as follows:

N-Z V4
+0.0656 —,

53.54 — 0.102E — 0.00879E2 — 20 ;
A3

Vy(E)

N-Z
W,(E) = 0.6+0.14E — 7'4T’
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W,(E)

-7
1.697 + 0.303E — 0.0054E* + 7.4NT,

N-Z
We(E) = —1.303+0.303E — 0.0054E? + 74—, only for 12¢ and'®0,
(22)

The contribution of compound nucleus formation to the scattering process becomes important at low energies. In
addition, the low energy data is vital in testing the applicability of an optical potential. Therefore, we tested the accuracy of
our model’s predictions at low energies using the TALYS computer code [27], which accounts for the compound nucleus
formation, but with our values for all the optical potential parameters. As we shall see below, the agreement between our
predictions and the experimental data is quite reasonable at incident energies as low as 180 keV.

We note here that the deformation parameters 8 were included in the fitting procedure. The best fit values are shown
in Table 1. The initial values for the deformation parameters were taken from Refs. [23] and [29] to [33].

Table 1. The coupled energy levels and the corresponding best-fit deformation parameter for each considered nucleus.

Target | Coupled levels I”™ (Excitation energy in MeV) | deformation parameters
Lj 1* (g5 ), 3(2.186) B>=1.1006
2c 0" (g.5), 2%(4.438), B2 =0.655
160 0% (g.s), 37(6.129), 2*(6.917) B =0.364, B3=0.7243
Mg 0" (g.5),2%(1.368) B> =0.499
RIS 0% (g.s), 27(1.779), 4*(4.617) B2 = 0.40, 84=0.25
328 0" (g.5), 2%(2.230) B> =0.262
A0Ca 0" (g.5), 37(3.736) B3 =0.359
Sy I (g9),3 (0.982) Br =0.157
2Cr 0" (g.5), 2+(1.434) B> =0.223
SFe 0" (g.5), 2+(1.408) B> =0.176
S0Fe 0" (g.5), 2*(0.846), 4*(3.122) B,=0.243
3BNj 0" (g.5), 2*(1.454) B> =0.172
0N 0% (g.s), 2%(1.332) B> =0.192
$3Cu 27 (gs), 1 (1.327) B2 =0.231
5Cu 3 (g9), 5 (1481) B2 =0.228
76Se 0" (g.5), 2¥(0.559) B =0.256
80Se 0" (g.5), 2¥(0.666) B> =0.230
N7zr 0% (g.5), 2%(2.19) Br=0.111
27r 0% (g.s), 2%(0.935) B> =0.103
%Mo 0" (g.5), 2¥(0.871 MeV) Br=0.176
T6Sn 0" (g.5), 2¥(1.293) B> =0.10252
18Sn 0% (g.s), 2*(1.229) B> =0.111
208n 0" (g.5), 2*(1.171) B> =0.08448
208pp 0" (g.s), 37(2.615), 57(3.197) B3 =0.127, B5=0.06
28y 0" (g.5), 2¥(0.045 MeV), 47(0.148 MeV) B> =0.178 , B4=0.06

The functional forms for the central volume and imaginary surface terms lead to the usual energy dependence as
can be concluded by inspecting Fig. 1 that corresponds to neutron incident energy off °Fe. Clearly, the central potential
depth V,,(E) decreases with increasing incident energy, but the absorption term Wy which accounts for inelastic processes
increases with energy. This behavior is anticipated as more inelastic channels become available with increasing values of
E. In such a case, larger values of W are required to account for the increase in the flux that is removed form the elastic
channel. It is also worth noting that to improve the description of the experimental data for '>C, 1°0 we found it necessary
to shift Wy down by a constant compared to all the other considered nuclei as can be seen in Eq. (22).

One way to judge the quality of the fit to a given data set is by calculating the y? value, which quantifies the difference
between the theoretical angular distributions and the experimental data. For a given nucleus 7, the y? value can be defined
as:

2 do(0;); do(0;); 2

h exp
Wn,non Nn,non o-rtlon,i_a-nnn,i Wn,el Nn,()l 1 Nn,i ( ng : )lheo_( dgj d )exp
Jaon + Wnel 5 i (ol mag o

Np.n i=1 el Hi=l N, ; “j=1 do(6);
n,non n.e n,t A( 75 )

Wn,non + Wn,el
(23)
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Figure 1. (Color online) Plots of the volume and surface absorption depths as a function of incident energy, see Eq. (22),
corresponding to neutron scattering from >°Fe.

do(6;); do(6;); e . .
where ( Ud(Q’) )theo and ( Ud(Q’) )exp are the calculated and measured angular distributions corresponding to the 7" angular
momentum quantum number with the i*# incident energy. The subscripts ‘el’ and ‘non’ correspond to the elastic and
. e . o do(6;)i \ - . .
nonelastic angular distribution data sets respectively. In addition, (A%) is the corresponding error on the experimental

data, N, ; is the number of experimental data points for the n’ " nucleus at the i*" incident energy. Furthermore, N, ¢

and N, ,,, are the numbers of elastic and nonelastic scattering cross section data points for the n'" nucleus, while ay’l’;n ;

and a'rfj,’; ; are the calculated and measured nonelastic differential cross sections at the i'" incident energy, respectively,

and Ao-}fgr’: ; 18 the corresponding error on experimental data. Finally, W, ¢; and W, ;0 are the weights of the elastic

and nonelastic cross sections respectively. In addition, in this work, all the experimental data are assumed to be equally
reliable. Equation (22) gives our best-fit global neutron-nucleus potential parameters, that we determined by minimizing

the global value )(élobal which is defined as:

N
1
2 2
Xglobal = N Z Xns (24)
n=1
where N = 25 is the number of the target nuclei shown in Table 1.

Table 2. The y2 values calculated using Eq. (23) for the shown nuclei and the global x> value as defined in Eq. (24)

lobal
corresponding to our global potential set of parameters given in Eq. (22). ¢
Nucleus X2 Nucleus X2 Nucleus  x2
SLi 8.8 *Fe 224 92Zr 103
i2c 20.7 0Fe 22.2 %Mo 66
160 12.8 BNi 30.3 1165n 7
Mg 9.5 0Nj 22.3 1185n 27
28i 27 3Cu 5 1208n 12
329 28 %Cu 35 208pp 30
40Ca 90 76Se 18.8 3By 25
Sy 16 80Se 63
2Cr 9.2 0Zr 23.2
Xélobal 28.2

4. RESULTS AND DISCUSSION

In this work, we have used the coupled - channels formalism to obtain an optical potential optimized set of parameters
corresponding to neutron scattering from medium and heavy nuclei. We examined the applicability of the model to the case
of light nuclei. The experimental elastic and inelastic differential cross section data are obtained from the Experimental
Nuclear Reaction Data (EXFORE) [35] and the Computer Index of Nuclear Reaction Data (CINDA) [36]. As we mentioned
earlier, for the nuclei considered in this work, all the inelastic angular distribution data in the relevant nuclear data libraries
exist for incident neutron energies below 30 MeV, and has been fully used in this work. The only exception is for neutron
inelastic scattering from '>C at 94.8 MeV. Therefore, we limited our incident energy range to 100 keV < E < 30 MeV.

Using the SFRESCO code, we simultaneously predicted the elastic and inelastic angular distributions by using our
model parameters given in Eqgs. (22) for incident neutron energies in the range 10 MeV < E < 30 MeV. For permanently
deformed nuclei, the non-diagonal part of the optical potential couples the ground state to the inelastic excited states
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[20]. Consequently, we included the deformation parameters in the fitting the experimental data of the coupled channels
differential cross sections for collective excitation. Our obtained best-fit values are shown in Table 1 together with the
coupled excitation levels. Below 10 MeV, we used the TALYS code with our potential parameters given in Eq. (22) to
predict the experimental data as TALYS uses the Hauser - Feshbach theory [28] to account for compound nucleus formation.
To simplify the presentation we divide this section into two parts; the first deals with the results of the intermediate and
heavy nuclei and the second part deals with extending our model to the case of light nuclei.

4.1. Medium and heavy nuclei

Unlike light nuclei, in this section we consider coupling the elastic channel to one and two excited states simultaneously
for medium and heavy nuclei have skin thickness regions that form small part of the nuclear volume. Therefore, surface
effects which usually result in potential parameters that show large energy dependence are expected to play a reduced role.
For 24 < A < 238, a volume imaginary part W,,(E), as given in Eq. (22), resulted in a marked improvement in the overall
agreement between the predictions of our model and the experimental data. In particular, it improved the predictions of the
first elastic angular distribution minima especially for 33°Fe target nucleus. The volume term was also found important
in improving the elastic angular distribution fits corresponding to neutron scattering from 2°Pb [38].

Coupling the elastic to inelastic channels for the medium from >*Mg to % Cu nuclei

Here, For *Mg, the 0* ground state is coupled to the 2* (1.368 MeV) inelastic channel, For 28Si the 0* ground state
is coupled to the 2*(1.779), 4*(4.617 MeV), and 3~ (6.878 MeV) inelastic channels, For *S the 0* ground state is coupled
to the 2+(2.230 MeV), and 3~ (5.010 MeV) inelastic channels, For “°Ca the 0* ground state is coupled to the 37(3.736
MeV) inelastic channel. For 3!V the 7/2~ ground state is coupled to the 3/27(0.982 MeV) inelastic channel. For 32Cr the
0* ground state is coupled to the 2*(1.434 MeV) inelastic channel.

Our predictions for the elastic and inelastic differential cross sections are in very good agreement with the measured
data as can be seen in Figs. 2 to 3. We have considered even - even and odd A target nuclei. Depending on the availability
of the inelastic scattering data we have coupled the ground state to one, two and three inelastic excited channels. For low
incident neutron energies, we found the vibrational model to result in a slightly better agreement with experiment than the
rotational model. Also, For >*Fe, the 0* ground state is coupled to the 2* (1.408 MeV) inelastic channel, For 56Fe the O*
ground state is coupled to the 2*(0.846), 4*(3.122 MeV), and 37(4.51 MeV) inelastic channels, For 58N, the 0* ground
state is coupled to the 2*(1.454 MeV) inelastic channel, For %°Ni, the 0* ground state is coupled to the 2*(1.333 MeV), and
3~ (4.039 MeV) inelastic channels For *Cu the 3/2 ground state is coupled to the 7/27(1.327 MeV) inelastic channel,
For Cu the 3/2~ ground state is coupled to the 7/27(1.481 MeV) inelastic channel, Inspection of Figs. 4-9 shows that the
predicted angular distributions are in very good agreement with experiment. We particularly note that the predictions of
the first-order diffraction minima for *Fe and °Fe were significantly improved by introducing a volume imaginary term
as given in Eq. (22). In addition, since experimental polarization data is available, we used the optimized optical potential
parameters to calculate the analyzing power. As can be seen in Figs. 7 and 8 for >*Fe and *®Ni the theoretical predictions
are in very good agreement with the data.
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Figure 2. (Color online)Comparison between experimental angular distributions and results of OMP calculations with
coupled channles computations for neutron elastic and inelastic scattering from Mg (left), 28Si (middle), and 32S (right).
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Figure 4. (Color online) Comparison between experimental angular distributions and results of OMP calculations with
coupled channles computations for neutron elastic and inelastic scattering from *Fe.
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Figure 5. (Color online) Comparison between experimental angular distributions and results of OMP calculations with
coupled channles computations for neutron elastic and inelastic scattering from °Fe.
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Figure 9. (Color online) Comparison between experimental angular distributions and results of OMP calculations with
coupled channles computations for neutron elastic and inelastic scattering from °°Ni (left), ©3Cu (middle), and %3 Cu (right).

Coupling the elastic to inelastic channels for the heavy from 7°Se to >3¥U nuclei

In this section, for 7°Se, the 0* ground state is coupled to the 2* (0.559 MeV) inelastic channel, For 8Se the 0" ground
state is coupled to the 2*(0.666) MeV inelastic channel, For *°Zr the 0" ground state is coupled to the 2*(2.19 MeV)
inelastic channel, For ®2Zr the 0* ground state is coupled to the 2*(0.935 MeV) inelastic channel, For **Mo the 0* ground
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state is coupled to the 2*(0.871 MeV) inelastic channel. As for the previous nuclei, our theoretically calculated angular
distributions for neutron scattering off "6Se, 8Se, *°Zr, °2Zr, and **Mo nuclei are in good agreement with experimental
data as can be seen in Figs. 10 - 11. Also, For !16-118:1208n the 0* ground state is coupled to the 2* (1.293, 1.229, 1.171
MeV), and 3~ ( 2.266, 2.324, 2.400 MeV) inelastic channels respectively, For 2%8Pb the 0" ground state is coupled to the
37(2.615) MeV, 57(3.197 MeV) inelastic channels, For 233U the 0* ground state is coupled to the 2*(0.045 MeV), and
4* (0.148 MeV) inelastic channels, Inspection of Figs. 12-13 shows that our predicted angular distributions for neutron
scattering off 116:118.120g 208ppy and 238U nuclei are in good agreement with experiment.
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Figure 10. (Color online) Comparison between experimental angular distributions and results of OMP calculations with
coupled channles computations for neutron elastic and inelastic scattering from 76Se (left), 89Se (middle) , and *°Zr (ri ght).
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Figure 11. (Color online) Comparison between experimental angular distributions and results of OMP calculations with
coupled channles computations for neutron elastic and inelastic scattering from °>Zr (left) and **Mo (right).
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4.2. Extending the model to the case of light nuclei

In this section we test the applicability of our model to the light °Li, '>C and '°O target nuclei, which differ from the
intermediate and heavy ones in that the surface region makes up a large portion of the nuclear volume. For the n —° Li
scattering process, inelastic angular distribution data are available only for coupling the 1* ground state to the 3* (2.186
MeV) excited state. also we shall consider coupling the 0" ground state of '>C to the 2* (4.438 MeV) and 3~ (9.641 MeV)
excited states simultaneously. Similarly, the 0* ground state of the '°0 nucleus is simultaneously coupled to the 3~ (6.129
MeV) and 2* (6.917 MeV) excited states. This results in structural effects in the angular distributions that are manifested
as prominent minima in the elastic angular distributions, particularly, at large scattering angles. This has always resulted
in difficulties in predicting the experimental data even when developing local optical potentials [11] - [16]. As can be seen
in Eq. (22), the smooth functional forms corresponding to ®Li are the same as those for the intermediate nuclei. However,
for 12C and '°0 best predictions could only be obtained by shifting the imaginary surface absorption term by a constant
compared to the rest of the nuclei considered in this work as displayed in Eq. (22). Despite the difficulties encountered
when dealing with light nuclei, and taking into account that the spin - orbit depths and all the geometrical parameters are
fixed, figures 14 - 15 show that our predictions for the angular distributions, particularly the elastic ones, are in very good
overall agreement with the experimental data.
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Figure 14. (Color online) Comparison between experimental angular distributions and results of OMP calculations with
coupled channles computations for neutron elastic and inelastic scattering from SLi.
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5. TOTAL CROSS SECTIONS

In Figs. 16 and 17 we compare our predictions for the total and total elastic cross sections with the experimental
values. For the medium and heavy nuclei, our theoretical predictions for the cross sections are in good overall agreement
with the data. In general, the agreement becomes progressively better with increasing mass number of the target nucleus.
It is also worth noting that the introduction of a volume imaginary term W, (E) for the nuclei 6 < A < 238, as given
in Eq. (22), significantly improved our predictions. The attempt to include light nuclei in our analysis has been more
successful in predicting the angular distributions than predicting the total cross sections. For the light °Li nucleus, the
agreement between the theoretical and experimental values is better at energies above 10 MeV as can be seen in Fig. 16.
A similar behavior was also observed for the 2C and '°0 nuclei. As we mentioned above, this could be a consequence of
structural effects that play an important role in the nucleon scattering process from such light nuclei [21] and [37]. In fact,
in an earlier work, we developed local optical potential fits where all the potential parameters were allowed to vary with
energy and target mass number. The calculated total and total elastic cross sections for carbon and oxygen still showed
some discrepancy with experimental data [21]. Clearly, our attempted case of developing smooth functional forms for the
potential depths, keeping the geometrical parameters and spin -orbit term fixed is even more difficult. This difficulty is
confirmed by noting that the differential cross section for nucleon elastic scattering from 'O shows a minimum around
120° which could not be fitted despite many attempts using local and microscopic optical potentials [39]. Finally, the
measured data were taken from the Evaluated Nuclear Data File [ENDF] except the values of the total cross sections for
®Li and '2C which were obtained from [EXFOR].
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Figure 16. (Color online) Comparison of predicted neutron total cross sections and experimental data from Li to 233 U.
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Figure 17. (Color online) Comparison of predicted neutron elastic cross sections and experimental data from ®Li to 238U.

6. CONCLUSIONS

In this work we investigated neutron scattering from medium and heavy nuclei using an optical model with channel
coupling. We also tested the applicability of our model to the case of light nuclei. Therefore, we considered nuclear targets
from Li to 233U and incident neutron energies in the range 180 keV < E < 30 MeV. No higher energies were investigated
as there are no experimental inelastic angular distribution data for the nuclei studied in this work. We obtained smooth
functional forms for the real volume, imaginary volume and the imaginary surface depths as functions of energy, mass
number and the neutron - proton asymmetry of the target nucleus as given in Eq. (22).

Using our optimized set of parameters, we simultaneously predicted the elastic and inelastic angular distribution data.
As can be seen in Figs. 2 to 9 and 10 to 13, for the intermediate and heavy nuclei, our calculated values are in very good
overall agreement with the experimental data. The predicted polarization data are also in very good agreement with the
experimental values as can be seen in Figs. 7 and 8. Our model has also been extended to predict the elastic and inelastic
angular distributions for the light °Li, '2C and '°O nuclei which, unlike intermediate and heavy nuclei, have diffuse edges
and less uniform matter distributions that complicate the process of predicting the experimental data. Despite this, The
calculated angular distributions show a very reasonable overall agreement with the experimental data as can be seen by
inspecting Figs. 14 to 15.

In addition, we calculated total and total elastic cross sections. Our theoretical predictions are in good agreement
with the corresponding experimental values particularly for the intermediate and heavy nuclei. This agreement becomes
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increasingly better with increasing mass number of the target nucleus. In fact, the introduction of (i) an imaginary volume
term W, for the nuclei with mass numbers 6 < A < 238 and (ii) shifting the imaginary surface term by a constant for
light nuclei, as can be seen in Eq. (22), significantly improved the predicted angular distributions and total cross sections.
As for the light °Li, '?C and '°O nuclei, our calculations show better agreement for incident energies above 10 MeV. The
discrepancy below 10 MeV incident energy could be a result of structural effects playing an important role in the scattering
process [21] and [37]. For light nuclei, our model has been more successful in predicting the elastic and inelastic angular
distributions than total cross sections.
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IHOTEHIIIAJI ®EHOMEHOJIOT'TYHOI OIITUYHOI MOJEJII IVIOBAJIBHOTI'O 3B’ A3AHOI'O KAHAJTY
I HEUTPOHHO-SIAEPHOI'O PO3CIIOBAHHS BIJ °Li JIO 28U
Bauaig Casex Anpasini
Henapmamenm nayku, axyavmem oceimu, Yuieepcumem Canu, Cana, Emen

BBaxaeTbcs, 1110 MPOLieC HEUTPOHHO-AEPHOTO PO3CiIOBaHHS CTBOPIOE MMaJIKi (DyHKIIOHAIBHI (hOPMH ISl PeaibHOI Ta ysBHOI YaCTHH
(b€HOMEHOJIOTIYHOr0 ONTUYHOTO MOTEHIIaTy 3 BUKOPUCTAHHIM (bopMati3My aHali3y 3B’ s3aHUX KaHasliB. MU po3risiiaeMo MpoMixkHi
Ta BaXKi SIEPHI MillIeHI Ta JOCJIIKYEMO MOXJIMBICTh PO3UIMPEHHs MOJENi Ha 3a3BUYail BUKJIIOUEHUH BUIAJOK JIETKUX sijep. Bu-
KOPHCTOBYIOUH HaIly MOJEJb, MU OJHOYACHO TPOTHO3YEMO MpPYXKHi Ta HENpyXkHi KYTOBi PO3MOLIM po3ciloBaHHA HeiiTpoHis Bix °Li
10 238U nna pisHux ewepriit y miamasoni 100 keB < E < 30 MeB, a1a AKuX JOCTYIHI JaHi Ipo HENpyXHi KyTOBi posmogimu. Mu
OTPUMYEMO IIaIKi (GOPMH [Isl peasbHUX i YSBHUX [TMOMH 00’ EMHHMX 1 IOBEPXHEBUX MOTEHMIAMIB K (DYHKIIif eHeprii, MaCOBOr0 YKcIia
Ta acMMeTpii MiXk YMCJIaMM NPOTOHIB i HEUTPOHIB y sAApi-MilueHi. [MIMOUHKU peasbHOro Ta ySBHOTO CIiH-OpPOITAILHOrO 4JeHa Ta BCi
reoMeTpUyHi TapamMeTpy NnoTeHuiany ikcosaHi. Haii nporno3osani NpykHi Ta HeNpY:kHi AudepeHLiaibHI onepeyHi nepepisu 1y xe
Jo6pe y3roKyloThCs 3 BUMipsIHUME JaHUMHU. Po3paxoBaHi 3arasibHi Py kHi, 3arajbHi HOMEpeyHi Iepepi3u Ta aHali3yodi 31i6HOCTI B
1izloMy 106pe y3rogKyloThCs 3 eKCTIepIMEHTATbHIMI 3HAUSHHSIMH, OCOOJIMBO IJIs1 IPOMIKHUX 1 BaXKKHX SEP.
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nepepiz
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The nonlinear properties of the dust-electron-acoustic (DEA) solitary waves and their propagating behaviours are theoretically studied
in an unmagnetized relativistic plasma model. Such plasma is composed by the weakly relativistic electrons, nonextensive distributed
ions and negatively charged immobile dust particles. Staring from a set of unidirectional fluid equations for electrons and nonextensive
distribution for ions with Poisson equation, the Korteweg-de Vries (KdV) and modified KdV (mKdV) equations are determined by using
the reductive perturbation method technique and their soliton solutions, thus obtained, to analyse the existence regime and basic features
of small amplitude DEA solitons. The effects of physical parameters namely ion-to-electron number density ratio (), relativistic
streaming factor (vo/c) and ion nonextensive parameter (¢) on the dynamics of solitary formations are examined in detail. The result
shows the existence of both compressive and rarefactive DEA KdV solitons and only compressive DEA mKdV solitons in the range
-1 < g < 3, with various ¢ and vo/c in the plasma. Additionally, the influences of all the physical parameters on the propagation of
DEA solitary waves corresponding to the KdV and mKdV equations are numerically analysed within the paper. The results of this
study might help clarify the basic characteristics of nonlinear travelling waves propagating in both laboratory and space plasma as well
as astrophysical plasma environments.

Keywords: Dust-electron-acoustic solitary wave; KdV and mKdV equations; Reductive perturbation technique; q-nonextensive ions;
Relativistic plasma
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1. INTRODUCTION

One of the most interesting and fascinating laboratories of nonlinear structures in space is the study of solitary waves
in plasmas. Large dust grains in space plasma have a negative charge, while small grains have a positive charge. However,
the polarity of the dust grains might differ. An exceptionally low-frequency dust wave mode known as dust acoustic waves
(DAW) is produced by the new time scales connected to the slower dust component (larger).

It is found that the properties of plasma waves are significantly altered by the presence of dust charged particles. One
intriguing area of current research is the study of electrostatic solitary waves in dusty plasma. An intriguing field of recent
work has been the study of electrostatic solitary waves in dusty plasma.

The characteristics of plasma waves are discovered to be significantly altered by the presence of dust-charged particles.

Due to field emission, it is widely known that the presence of negatively charged dust particles with micrometer or
sub micrometer sizes can alter the properties of plasma waves in space. Dusty plasmas are common in a wide range of
astrophysical environments, including the interstellar medium, asteroid zones, cometary tails, planetary rings, the Earth’s
magnetosphere, and the vicinity of stars.

It’s an intriguing application to evaluate low-frequency noise enhancement seen by the Vego and Goitto space
missions in the dusty area of Haley’s Comet. Dust density, temperature, particle size, and charge are just a few of the
characteristics of dust grains that are reflected by the Cassini plasma spectrometer instrument over Saturn’s major A
and B rings. A wealth of knowledge regarding dusty plasmas can also be found in interstellar clouds in space. Many
researchers [1-16] have provided a wonderful explanation of the role and influence of dusty plasma in astrophysical
plasma and space environments. In dissipative plasma with superthermal electrons, Hanbaly et al. [17] studied nonlinear
electron acoustic waves. Singh and Lakhina [18] have investigated the generation of electron-acoustic waves (EAWs)
in the magnetosphere. Bansal et al. [19] have discussed the subject of oblique modulation of electron acoustic waves
in nonextensive plasma. The research paper titled Dust-electron-acoustic shock waves originating from changes in dust
charge was written by Mamun [20]. The relationship between electron-acoustic solitons in the auroral zone for an electron
beam plasma system has been investigated by Jahangir ef al. [21].

The relativistic effects are currently being incorporated into the research that is being done on solitary waves in
plasmas that contain several components [22-33]. There have been a multitude of papers written over the course of the
past few decades, each of which has a variety of compositions that cover a wide range of topics. The generation of weakly
relativistic ion acoustic solitons in magnetized plasma is facilitated by unidirectional relativistic electrons with inertia, as
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researched by Kalita and Choudhury [34]. Kalita & Kalita [35] have investigated the mild relativistic effects of electrons
and the implicit role of Cairns dispersed ions in the generation of dust acoustic waves in plasma. Moreover, Kalita and
Das [36] have studied in a comparative analysis of modified Korteweg-de Vries solitons and dust ion acoustic Korteweg-de
Vries solitons in dusty plasmas with different temperatures.

It is commonly known that the macroscopic ergodic equilibrium state is uniformly represented by the Maxwell
distribution for ions. Over the last few decades, Maxwellian particle distributions have been utilized by many researchers.
However, there has been a noticeable growth in interest in nonextensive statics, also known as Tsillis statistics, which
are based on the Boltzmann-Gibbs-Shannon (BGS) method for studying particle dispersion in plasma in recent years. In
the field of statistics, Renyi [37] and Tsallis [38] first introduced an appropriate nonextensive generalization of the BGS
entropy. In this system, the entropic index g represents the degree of non extensivity. Currently, numerous researchers
are examining the number density of particle plasma in the g—nonextensive distribution by referencing the following
sources: [39—47]. Numerous important aspects of conventional statistical mechanics are still present in nonextensive
statistics. Superextensivity is defined as having a composite system’s generalized entropy greater than the sum of the
entropies of its constituents; subextensivity is defined as having a composite system’s generalized entropy smaller than
the sum of its subsystems. A generalized particle distribution known as the g distribution function is the outcome of
Tsallis nonextensive statistical mechanics. When ¢ < —1 and the g-nonextensive distribution cannot be normalized, it
might be helpful. Once more, the distribution function reduces to the typical Maxwellian-Boltzmann velocity distribution
if g = 1. Dai et al. [48] investigated in nonextensive statistics the dust ion-acoustic instability with g-distribution.
Awady & Moslem [49] carried out numerical studies on a plasma that contained nonextensive electrons and positrons.
Amour & Tribeche [50] conducted research on Collisionless damping of dust-acoustic waves in a dusty plasma with
nonextensive ions that varies in charge. Thus, our aim is to study the formation and properties of DEA solitary waves in an
ummagnetized plasma in which electrons are relativistic and ions are nonextensive, in the presence of static dusts. Small
amplitude DEA solitons are studied using the reductive perturbation approach. Our results should help to understand the
basic features of nonlinear travelling waves propagating in dusty plasmas with relativistic and nonextensive particles. The
paper is organized as follows: Section-1 contains the formal introduction; Section-2 contains basic equations governing
the plasma model. The KdV and mKdV equations for DEA solitary waves has been derived respectively in Section-3 and
Section-4. Results and parametric discussions are made in Section-5, while Section-6 presents a summary of our results.

2. BASIC GOVERNING EQUATIONS

We consider an unmagnetized homogeneous warm dusty plasma system comprising of electrons with weak relativistic
effect, g—nonextensive ions and static dusts with negative charge. Also, the dust charge number z,4 is taken to be
constant [51], and their impacts of the dynamics of DEA waves is neglected. Therefore, in such a plasma system the
dynamics of nonlinear one-dimensional DEA waves motion is governed by the following unnormalized fluid equations:
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where N, V., and ® are respectively the electron number density , electron fluid velocity and electrostatic potential. To
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Here C, = \/KgT,/m, is the electron acoustic speed; wp. = \4nn.ge?/m, the electron plasma frequency and Ap =

VKT, [4rn.pe? the electron Debye length, and m,, T,, e, Kp are the electron mass, characteristic electron temperature,
— 1 2
y

electronic charge and the Boltzmann constant. Also, the relativistic factor for electrons y = ( - ~ 1 for

+ —_—
c? 2¢2°
weakly relativistic regime, ¢ (normalized with C,) speed of light. Moreover, we have defined yu = zgng9/neo and § =

nio/neo > 1. The overall charge neutrality condition that is n;g = neo + zgngo, gives =6 — 1.
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The presence of ion density is assumed through the g—nonextensive distribution function [52-54], which is one
dimensional equilibrium in nature and given as
2
m;v: e
1+(q—1){ i ——¢}

2, T

1
q-1

fvi) =Cqy (7

where the normalization constant C, indicated by

Here I is the well-known gamma function, the parameter ¢ measures the ion nonextensivity of the system and the remaining

parameters or variables maintain their usual meaning. As the gamma function is undefined for negative numbers, so for

g < —1, the function (7) cannot be normalized, and it is noted that the function (7) is the specific distribution which

optimizes the Tsallis nonextensive entropy and, as a result it follows to the laws of thermodynamics. Moreover, the

distribution (7) reduces to the standard Maxwell-Boltzmann velocity distribution due to the limiting case g — 1.
Integrating the distribution function (7), the expression for ion number density is obtained as

1,1
6‘¢ q-1"2
ni_nio[ _(q_ )_

Hence, the normalized form of ion number density is

ni=11-c(g-Dg]5D ®)

Here, ¢ is a real parameter that is higher than —1 and o = T, /T;. For ¢ < 1, expanding (8) upto the third order and
substitution of (6), gives
d%¢

—— =ne— 1+ ki — ko + k3> + ... ©)
O0x?
where
ki = 60(12+ q)
2 _
ky = 6o-(1 +g)(3 q) (10)
by = 370+ 9)B - )5 ~39)

48

3. THE KDV EQUATION AND ITS SOLUTION

To derive KdV equation for small amplitude DEA solitary wave, the reductive perturbation approach is used. In
resent times, reductive perturbation technique becomes very popular to study the nonlinear electrostatic waves of small
amplitude limit in the field of plasma. To investigate the DEA solitary waves propagating through KdV equation, stretching
and writing the independent variables as

fzel/z(x—Vt), r=¢e'% (1D

where € is a small dimensionless parameter and V the phase velocity of DEA waves. And the dependent variables are
expanded about the equilibrium states in power series of € as

Ne=14en +€e*n+eny+...

Ve = Vo + €V] +€2V2+63V3+... (12)
P=€p+EPr+EP3+ ...
Substituting, the transformation (11) and expression (12), into equations (4),(5) and (9), and then collecting the coefficients

of lowest order terms in €, and after integration with the boundary conditions: n; = 0, vi{ =0, ¢; = 0 at |£] — oo, we
obtain the first order terms as

n = —ki1¢1
vi = —ki1(V —vo)é } (13)
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along with the linear phase velocity expression for DEA waves,

1+ k1
V=v% 14
Vot 2 (14)
2
where A = 1 + 2—2. The positive and negative sign respectively refers to the fast and slow DEA mode. Although, we
¢
assumed the case of fast DEA mode in our numerical simulations, whereas the slow DEA mode is entirely ignored.
Again, collecting the coefficients of second higher order terms in €, we obtain the subsequent equations
0 0 0 0
_gOma [ Om Ova O(mve) (15)
o0& ot 0¢ 0¢
ovy vy ovy 0Onp 9y 0
~AS=— + A— + (A-2BS L _ ASn t—— - —Z = =0 16
Py 5.t )V1 § U T TR TR y: (16)
9?
m+kidy — kot~ S0 =0 a7

9

where S = V —vg and B = 3vo/2c?. Eliminating the terms 1, and v, from equations (15)-(17) and after utilizing (13) and
(14), the KdV equation for first order electrostatic potential ¢ (= ¢) is found as

c')ga (J") R
+Mp— N2 -0 18
ot 65 &3 (18)

with the constants M and N given by

1
2A5K>

1
[2("2) ki — AS?k? +2BS*k?| and N = (19)

=248k |7\ K

and called respectively nonlinear coefficient and dispersion coefficient of the KdV equation.

Equation (18) is a nonlinear partial differential equation, and is analytically solvable. To determine the stationary
solitary wave solutions (18), we take a new transformation y = & — Ct, where C is wave velocity in the linear y-space.
Using this variable, the KdV equation (18) can be integrated under the boundary condition: ¢ = 0, d ¢/d y = 0 and
d?> ¢/d x* = 0 as y — oo, to give the solitary wave solution as

© =@ sech? (%) (20)

where ¢ = 3C/M is the wave amplitude of the DEA soliton and it is proportional to the soliton speed C, and A = 24/N/C

is the width of DEA soliton and it is inversely proportional to VC.

It reveals from equation (19) that the nonlinear coefficients M depends on the plasma parameters g, o, ¢ and the
electron relativistic streaming factor vo/c. We find a compressive DEA solitary waves for M > 0, and while rarefactive
for M < 0. Based on the Fig.-[1], we find a critical composition value of g, (say) at a given value of parameters g, o, 0
and vg/c, for which M ~ 0. As the nonliearity becomes zero at that critical point/region, as a result the amplitude ¢ —
oo, thus the DEA solitary wave solution has infinite divergence. We can find the expression of g, by solving the equation
M = 0, given in (19) for ¢ and obtained as

—(a+6+1)x+8a+(6§+1)

gc = 2n
a

where a = 0°6%S%(A — 2BS). In this particular regime, the model is not adequately described by the KdV equation (18).
In order to study the propagation properties of DEA solitary waves in the critical point/region, we take the higher order
nonlinearity and proceed with modified KdV equation in the following section.

4. THE MODIFIED KDV EQUATION AND ITS SOLUTION

For the purpose of describing the system at or close to the critical nonextensive g, given in (21), to derive modified
KdV (mKdV) equation, for which we consider the same set of expression (9) but with different stretched coordinates as
follows:

E=e(x-Vi), =€t (22)

Therefore, Substituting (12) and (22) into equations (4),(5) and (9), and proceeding as in section-3, we obtain the same
first order terms in € as given in (13) and (14). For second order terms, collecting the coefficients of next higher order of
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€ and then integrating with the boundary conditions: n, = 0, v, =0, ¢, = 0 at |£|] — oo, we obtain after the use of first
order terms as

ny = ka¢? — kigps }
23
v =8 [(ka = kD)3 - kigh] @9
along with the condition as follows

k
2(k2) ki — AS?k} +2BS*k2 = 0 (24)
1

Finally, collecting the coefficients of third highest order in €, we find the following equations

0 on 0 0 d
ny  Om Ovs (n1v2) . (nav1)

S T Tae T oe 9e 0 *)
_AS‘Z_V; A% — ASn 1‘2—? 6(21;2) +An1vlaa—§l ASn zi—? —2356(21;2)

2Bv 286? —~2BSn mrz? 23052 %%—? - %3 a;’; a@‘? + %—r; =0 (26)

s + ki~ kags + ksgl — L0 @7)

Py

Eliminating the terms n3 and v3 from equations (25)-(27) and making use of the terms from (13), second-order terms from
(23) and the relations (14) and (24) as well, we get the following mKdV equation

W2 N Y
5.+ My §+N 653_0 (28)

where, ¢; =, N; = N and the higher order nonlinear coefficient M is given by

»
— W

1 35 ks
6AS%k ky — 3AS*k3 + 6BS k3 — 6BS k1 ky — +3 +k
2ASk, %2 ! ! R ¥) k)"

Now, using the same transformation and proceeding with the same procedure as given in section[3], we can determine the
solitary wave solution of the mKdV equation(28) as

M, = (29)

¥ = o sech (%) 30)

Where o = 4/6C /M| is amplitude and W = 4/N/C, the width of the of DEA solitary waves represented by the mKdV
equation(28) and C is the velocity of soliton.

5. RESULTS AND DISCUSSIONS

In this modal of dusty plasma, the dynamical properties of small amplitude DEA solitary wave have been studied in
the context of relativistic electrons and nonextensive distributed ions. The influences of various plasma parameters namely,
the ion-to-electron number density ratio J, relativistic electron streaming factor vy/c and the degree of ion nonextensive
parameter g on the DEA solitary waves are numerically analyzed. Throughout the graphical analysis, we have looked at
the case for o (= T, /T;) = 1.

The ion nonextensive parameter g have a notable effect over the nonlinear coefficient M and dispersion coefficient
N of KdV equation. Fig-[1] shows the sketch of M for two scenarios, that is for distinct values of (= 1.1, 1.3, 1.5, 1.7)
and vo/c(= 0.0, 0.3, 0.6, 0.9), as g increases in the range —1 < g < 3. Itis clear from both Fig-[1a] and Fig-[1b] that the
nonlinear coefficient M can have values that are both positive and negative, while the dispersion coefficient N is observed
to take always positive values (figures not included). This change of signs of the nonlinearity indicates the existence of
two kind of DEA solitary waves having a positive and a negative potentials. It is traced out that M ~ 0 at ¢ = g, whereas
M > 01in the range —1 < g < g, which is the parametric domain where compressive DEA solitons occur. Again, M < 0
in the range g, < g < 3, which is the parametric domain where rarefactive DEA solitons occur. Therefore, in the current
KdV model of plasma, both compressive and rarefactive DEA solitary structures can exist.

Now, we illustrate how the various physical parameters influences over the behavior of propagating DEA solitary
waves. It is seen from Fig.-[2a] that, when the ratio of ion-to-electron number density ¢ increases with fixed g =
0.5, vo/c = 0.3 and C = 0.005, the rarefactive DEA solitons, and both its amplitude and width of the negative potential
DEA solitary waves decreases. Here, it can predicted that the structure of rarefactive DEA solitary waves is broader when
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Figure 1. (a) The variation of M with ¢ for different 6 and 22 = 0.3 and (b) The variation of M with ¢ for different VC—O and 6 = 1.2. With o = 1.
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Figure 2. (a) The variation of KdV solitons for different & with % = 0.3 and (b) The variation of KdV solitons for different ? with § = 1.2. In both
the panels, g = 0.5(> g.), o =1and C = 0.005.

the population of ions and electrons are almost same in the present plasma. In Fig.-[2b], it is observed that when relativistic
electron streaming factor vo/c increases for fixed g = 0.5, § = 1.2 and C = 0.005, the DEA soliton is rarefactive and
the amplitude (width) of the negative potential DEA solitary waves increases (decreases). That means the energy of the
propagating DEA solitons enhances with increasing values of relativistic electron streaming factor in the present plasma.
For fixed parameters as § = 1.2, vg/c = 0.3 and C = 0.005, how the ion nonextensive parameter ¢ effects on the
propagating DEA solitary waves are shown in Fig.-[3]. The soliton type is observed to have changed from compressive
to rarefactive at ¢ depending on & and vo/c. With rising values of ¢ < ¢, the soliton is compressive (Fig.-[3a]) and
amplitude of positive potential DEA solitary waves increases notably while width decreases slightly. Conversely, for
increasing values of ¢ > ¢, the soliton is rarefactive (Fig.-[3b]) and decreases the pulse of negative potential DEA solitary
waves in both amplitude and width. Here, for 6 = 1.2, vo/c = 0.3 and ¢ = 0.5, we find from (18) that g. =~ 0.07.
Additionally, it is clear that M ~ 0 at g = g, as a result, the KdV equation fails and the system can not be described.
The change of second order nonlinear coefficient M| of mKdV equation (25) against g and vo/c for distinct values
of 6 have been shown in Fig.-[4] at g.. In both the cases the value of M| is found to be positive, which indicates only
compressive mKdV solitons can propagates at or near the critical point g, in the present plasma model. Fig.-[5] shows
the graph of solitary wave potential ¥ of mKdV equation against the linear parameters y, for various ¢, § and vo/c. It
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Figure 3. The variation of KdV solitons (a) for different ¢ < g, and (b) for different ¢ > g.. where ? =03, o=1, § =1.2and C =0.005.
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(a) (b)

Figure 4. The variation of higher order nonlinear term M, (a) with g, for ? = 0.3 and different 6 and (b) with VC—O for ¢ = 0.5 and different ¢ at g,
and o = 1.

is evident from Fig.-[5a] that, when the ratio of ion-to-electron number density ¢ increases with fixed other parameters,
the amplitude as well as width of the compressive modified DEA solitary waves to decrease. Moreover, rising value of
relativistic electron streaming factor vo/c and fixed other parameters, enhance the amplitude while decreases the width of
the compressive modified DEA solitary waves as shown in Fig.-[5b]. The change of modified DEA solitary wave pulses
are shown in Fig.-[6] for distinct values of ion nonextensive parameter g, with fixed other parameters. It is seen that the
amplitude of compressive DEA solitary waves increases while the width is not notably changes by the increasing values
of g.

0.0
0.3|7
0.6
0.9/

25

Figure 5. The variation of mKdV solitons (a) for different 5 with 2 = 0.3; and (b) for different 22 with 6 = 1.2; at .. where g = 0.5, o =1, C =
0.05.
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Figure 6. The variation of mKdV solitons for different ¢ with 6 = 1.2, VC—O =0.3 at g.. where oo =1, C =0.05.

6. CONCLUSION

In this manuscript, we have numerically analyzed the dynamical properties of the propagation of small amplitude
DEA solitary waves in an unmagnetized plasma model, consisting of relativistic electrons, nonextensive ions and negatively
charged static dust grains. Both the KdV and mKdV equations are determined using the reductive perturbation technique,
and their solitary wave solutions are obtained. The effects of physical parameters such as ion-to-electron number density
ratio &, relativistic electron streaming factor vo/c, and ion nonextensive parameter g over DEA solitary wave potentials
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represented by the KAV and mKdV equations are discussed numerically in the case when electron-to-ion temperature ratio

o = 1. The outcomes that have been noticed in this study can be contracted as follows:

1. In the present plasma model, two distinct sorts of wave modes are found to exist, namely fast DEA acoustic mode and
slow acoustic modes. But only fast DEA modes are considered in the extraction of KdV and mKdV equations.

2. First order nonlinear coefficient M in the KdV equation can be a positive and a negative quantity, while the second
order nonlinear coefficient M; of mKdV equation is a positive quantity, depending on the plasma parametric values.
Therefore, there exist both compressive and rarefactive KdV solitons in the present plasma system.

3. The change in the soliton types from compressive to rarefactive or vice-versa is predicting mainly through the variation
of ion nonextensive parameter ¢, depending on § and vo/c. It is seen that compressive and rarefactive solitons show
the range of ion nonextensivity —1 < g < g, and g, < g < 3 respectively.

4. At the critical g., we consider a second order nonlinearity and determine mKdV equation. Only compressive DEA
solitary wave structures are feasible in present plasma system.

5. The increasing of ion-to-electron number density ratio J in the plasma, lead to decrease both the amplitude and width
of the pulses of the propagating DEA solitons.

6. Moreover, with the rising values of relativistic electron streaming factor v(/c, enhances the energies of the propagating
DEA solitons.

Finally, we draw the conclusion that our present theoretical findings should be useful for better understanding the dynamical

nature of small but finite amplitude DEA solitons in both astrophysical and space contexts as well as in future laboratory

investigations in which the present plasma model are occurred.
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PEJIATUBICTChKUM BIIJINB HA INJIOBO-EJIEKTPOHHO-AKYCTUYHI CAMITHI XBUJII B
HEHAMATHIYEHIH I1JIAZMI 3 HEEKCTEHCUBHUMM IOHAMH
Pacpis Xanam?®, Catbenapa Harx Bapman®, Mykrapyn Paxvan®
¢ lenapmamenm mamemamury, Yuisepcumem Iayxami, I'yeaxami-781014, Accam, Indis
bp, Bopoa koneoc, I'ysaxami, Accam, Inois

TeopeTHyHO JOCIiAKEHO HEMiHiiHI BIACTUBOCTI MUJIOBO-EEKTPOHHO-aKycTHUHUX (DEA) OMMHOYHMX XBWIIb Ta MOBEIIHKY 1X MOIIMpe-
HHsI B MOJIeJli HeHaMarHiueHoi peJIsITUBICTChKOI M1a3Mu. Taka ria3Ma CKJIaIa€Thesl i3 C1abopessITUBICTChKHIX €IeKTPOHIB, HEBEJMKUX
PO3MO/IICHNX iOHIB i HEraTUBHO 3apsIIKEHNX HEPYXOMHUX YaCTHHOK NHTy. Buxopstun 3 HaGopy OAHOCTIPSIMOBAHKX PiBHSIHb PiAWHU AJIs
€JIGKTPOHIB 1 HEEKCTEHCUBHOIO PO3INOALTY /1 i0HIB 3 piBHAHHAM IlyaccoHa, piBHsaHHA Kopresera-ne ®piza (KdV) i moaudikosani
piBasiHAS KAV (mKdV) BU3HAUa0THCS 32 JOMOMOTOI0 METOAY PeAYKTHBHOTO 30YpeHHs Ta IX CONITOHHUX pillleHb, OTPUMAHUX TaKHM
YMHOM, JUISl QaHANII3y PeXNMY iCHyBaHHS Ta OCHOBHUX XapaKTepUCTHK coniToHiB DEA manoi ammutitynu. JIeTansHO po3IMIsSHYTO BILIUB
(i3MYHMX mapameTpiB, a caMe CIiBBiHOUIEHHS I'YCTUHHU iOHIB 10 €JIEKTPOHHOI KiIbKOCTI (), pelSTUBICTCHKOTO KOe(illiEHTa MOTOKY
(vo/c) Ta mapameTpa HEeKCTEHCUBHOCTI 10HIB (¢) Ha AMHAMIKY COJNITAPHUX YTBOPEHb. Pe3ynbTar nokasye icHyBaHHsI sIK CTUCIIMX, TaK i
po3pimkenux conitoniB DEA KdV i smme crucHytnx conmitonisB DEA mKdV B pianasoni —1 < g < 3, 3 pisHuMu 6 i vo/c y masmi. Kpim
TOrO, y CTAaTTi YMCEJIbHO [IPOAHAII30BAHO BILIMB YCiX (Pi3UYHMX [TapaMeTpiB Ha MOIMPEHHs OAUHOYHUX XBIIb DEA, 110 BiAnoBigaoTsb
piBastHHESIM KAV Ta mKdV. Pe3yibTat 11b0ro JOCIIIKEHHSI MOXYTh JOMOMOITH POSICHUTH OCHOBHI XapaKTePUCTHKH HETiHIITHUX a00
HeJHIMHUX G1KyYUX XBHIIb, IO MOIIMPIOIOTHCS SIK y TAOOPATOPHIH, Tak i B KOCMIYHIH I1a3Mi, a TAKOK Y acTpOo(hi3NIHOMY IIa3MOBOMY
CepeIOBHIII.

Karwuosi caoBa: nuno-enekmponno-axycmuuna oounouna xeuns;, pieusuns KdV i mKdV; mexnixa eionoenozo 30ypenns; q-
HeeKCMeHCUBHI IOHU; PeNsiMUBICINCLKA NAA3MA
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