Chapter 10 / Capitulo 10

SAP Superintelligence Series

ISSN: 3046-4463

Volume 3 - Intelligent automation, Al systems, and digital engineering in oil-gas-
chemical industries

ISBN of the complete work: 978-9915-9851-0-7

ISBN of this volume: 978-9915-704-05-0 ©2026 The authors. This is an open access article
DOI of the chapter: https://doi.org/10.62486/978-9915-9851-0-7_202641 distributed under the terms of the Creative
Pages: 167-183 Commons Attribution (CC BY) 4.0 License.

167


https://doi.org/10.62486/978-9915-9851-0-7_202641

Engineering Transformation at the Industrial-Quantum Interface: Opportunities for Topological
Superconductive Materials in Oil, Gas, and Chemical Systems

ORIGINAL

Engineering Transformation at the Industrial-Quantum Interface:
Opportunities for Topological Superconductive Materials in Oil, Gas,
and Chemical Systems

Transformacion de la ingenieria en la interfaz industrial-cuantica:
oportunidades para materiales superconductores topolégicos en sistemas de
petroéleo, gas y quimicos

S. Dhamotharan' <, M. Muthukrishnan? <, M. Bharath' 4, P. Mathankumar’ <, N. Ragavan' <,
P. Prabhu' <, Shafi Danyalov? <

'Department of Mechanical Engineering, KIT-Kalaignarkarunanidhi Institute of Technology, Kannampalayam. Coimbatore,
Tamil Nadu, 641 402, India.

2Department of Mechanical Engineering, Christ the King Engineering College, Karamadai. Coimbatore, Tamil Nadu, 641
104, India.

3Azerbaijan University of Architecture and Construction. Baku, Azerbaijan.

Corresponding Author: S. Dhamotharan >
ABSTRACT

The oil, gas, and chemical sectors are experiencing a fast technological change that is mainly
influenced by the increasing operational complexity, the strict environmental requirements,
and the rising demand for high-precision, data-centric engineering solutions. At the same
time, significant advances in condensed-matter physics, in particular, the identification and
characterization of topological superconductive materials, are leading to quantum technologies
that, in the future, may have extraordinary computational power, sensing accuracy, and
security. Topological superconductors, which essentially incorporate superconductivity with
nontrivial topological order to yield exotic quasiparticles like Majorana fermions, are among the
most intriguing quantum materials to be considered. Hence, these materials that interconnect
quantum computation with condensed matter physics, form a quantum information processing
platform that is compatible with fault-tolerance. If one assumes spin-orbit coupling, time-
reversal symmetry, and unconventional pairing as the basic ideas, topological superconductivity
can be discovered in an extremely wide variety of systems such can one as heavy-fermion metals,
non-centrosymmetric compounds, engineered heterostructures, and topological insulators. The
comprehension of topological phases and protected surface states has also been facilitated by
theoretical contributions of Kane, Qi, Zhang, and other researchers. Meanwhile, experimental
work on materials such as Cu-doped Bi2Ses, Sr2RuO4, and UTe2 has produced strong evidence of
unconventional pairing and symmetry breaking. The versatility of topological superconductivity
is further demonstrated by ongoing studies in Dirac and Weyl semimetals, superconducting
carbides, and hybrid nanowires.This paper examines the theoretical foundations, material
realizations, and potential quantum applications of topological superconductors.

Keywords: Topological Superconductors; Majorana Fermions; Quantum Computation; Spin-Orbit
Coupling; Unconventional Pairing; Topological Order.
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Dhamotharan S, et al.
RESUMEN

Los sectores del petroleo, el gas y la quimica estan experimentando una rapida transformacion
tecnologica, influenciada principalmente por la creciente complejidad operativa, los estrictos
requisitos ambientales y la creciente demanda de soluciones de ingenieria de alta precision
y centradas en datos. Simultaneamente, los avances significativos en la fisica de la materia
condensada, en particular la identificacion y caracterizacion de materiales superconductores
topologicos, estan dando lugar a tecnologias cuanticas que, en el futuro, podrian ofrecer
una potencia computacional, una precision de deteccion y una seguridad extraordinarias.
Los superconductores topoldgicos, que esencialmente incorporan superconductividad con
un orden topoldgico no trivial para producir cuasiparticulas exdticas como los fermiones de
Majorana, se encuentran entre los materiales cuanticos mas interesantes a considerar. Por lo
tanto, estos materiales, que interconectan la computacion cuantica con la fisica de la materia
condensada, conforman una plataforma de procesamiento de informacién cuantica compatible
con la tolerancia a fallos. Si se asume el acoplamiento espin-orbita, la simetria de inversion
temporal y el emparejamiento no convencional como ideas basicas, la superconductividad
topologica puede descubrirse en una amplia variedad de sistemas, como metales con fermiones
pesados, compuestos no centrosimétricos, heteroestructuras disefadas y aislantes topologicos.
La comprension de las fases topologicas y los estados superficiales protegidos también se ha
visto facilitada por las contribuciones teodricas de Kane, Qi, Zhang y otros investigadores.
Mientras tanto, el trabajo experimental en materiales como Bi2Ses dopado con Cu, Sr2RuQ4 y
UTe: ha producido evidencia sélida de emparejamiento no convencional y ruptura de simetria.
La versatilidad de la superconductividad topologica se demuestra alin mas mediante estudios
en curso sobre semimetales de Dirac y Weyl, carburos superconductores y nanocables hibridos.
Este articulo examina los fundamentos teoricos, las realizaciones materiales y las posibles
aplicaciones cuanticas de los superconductores topoldgicos.

Palabras clave: Superconductores Topoldgicos; Fermiones de Majorana; Computacion Cuantica;
Acoplamiento Espin-Orbita; Emparejamiento no Convencional; Orden Topolégico.

INTRODUCTION

The usual class of crystalline solids, magnets, and superconductors with specific unique
states fall within the category of quantum matter. By looking at their spontaneous symmetry
breaking, these states can be categorized. By disrupting this uniformity or reducing the number
of points of view invariance, symmetry breaking creates a more organised and unlikely state.
@ Topologyin math is the study of the shape and space. The characteristics of the space that
are still the same, if it is changed by the continuous transformations, like elongation, rotation
and folding, are what the work is about.® Topology is a concept in mathematics used to group
different shapes. The area of mathematics known as topology examines the characteristics of
shapes that are unaffected by deformations; in other words, a geometrical object maintains its
shape despite ongoing deformations. Sphere and 1-torus are well-known examples of objects
having non-trivial topology. It focuses on properties that do not change even when the shape
is distorted and is an important part of modern mathematics. Topology has applications in
fields such as physics, chemistry, economics, and computer science.® Unusual superconductors
with a bulk superconducting gap and in-gap Majorana states on the border are known as
topological superconductors (TSCs). For quantum processing, they could be used as topological
qubits.® Superconductivity is often explained by the Ginzburg-Landau(G-L) hypothesis. The
free energy, F, of a superconductor close to the superconducting transition can be expressed
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using the complex order parameter field, -r =|yrleip(r). Similar to a wave function in quantum
physics, the quantity |yr2| is a measure of the local density, and below a phase transition into
a superconducting state, yr is nonzero.” The free energy is shown as, assuming smallness of
and smallness of gradients:
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Where Fn is the normal phase free energy, a and B are phenomenological parameters, m* is
an electron’s effective mass, e* is its effective charge, A is the magnetic vector potential, and B
is the magnetic field. The Ginzburg-Landau equations are derived by minimizing the free energy
with respect to variations in the vector potential and order parameter. Ginzburg Landau (G-L)
theory may be used to identify this order parameters and provides a distinctive description of
these quantum states. However, since a quantum material with an order parameter creates a
new quantum state, topology transcends the conceptual framework of Ginzburg Landau Theory.
® In the 1980s, Von Klitzing discovered Quantum Hall (QH) states, a class of quantum states in
the 2-D system. This system features an insulating gap in the center and a conducting edge due
to the skipping orbits produced by the externally provided magnetic field.® These edge states
provide an electric current with a unidirectional, dissipation-free channel, which results in the
Quantized Hall Effect (QHE). Topological invariants are characteristics of topological phases that
do not affect the bulk energy gap in the surface states and are resistant to smooth deformation.
The unusual topological phases, which are also strongly influenced by the energy gap in bulk,
result in the creation of two new classes of quantum materials: Topological Insulators (TIs) and
Topological Superconductors (TSCs). """ Topological superconductivity is related with Majorana
fermions (MFs), which are quasiparticle excitations. In 1937, EttoreMajorana speculated that
there could be a particle that is its own antiparticle. In the quantum Hall effect, which is
observed in complex electron systems exposed to high magnetic fields and low temperatures,
Thouless, Kohmoto, den Nijs, and Nightingale developed a groundbreaking connection between
topological invariants and Hall conductivity.® The success of topological invariants in bulk
quantum solid state systems is followed by ongoing research on the Hall Effect and superfluid.
Topological invariants are topological space quantities that have discrete values (typically
normalised to be integer-valued) and do not change under continuous deformations of the
space. TheMajorana fermion is a hypothesised collective electronic state that behaves like an
antiparticle particle."™ Since Thouless, Kosterlitz, and Haldane received the 2016 Nobel Prize
in Physics for their groundbreaking discoveries in topological quantum matter and topological
phase transitions, the experimental signature of these peculiar phases of matter has been
established.® Since an MF is half of a normal fermion, a superposition of two geographically
separated MFs yields a fermionic state.(” This is usually only a mathematical operation with
no physical implications because the two MFs are physically situated close to one another,
greatly overlap, and cannot be handled independently.Such highly delocalized fermionic states
are resistant to local perturbations that impact only one of the Majorana components and are
resistant to the majority of kinds of decoherence.!"® The non-Nabelian statistics of MF, on the
other hand, imply that states can be transformed by physical exchanges, giving rise to the notion
of low-decoherence topological quantum computing.(® These industries (oil, gas, and chemical)
are moving into a time where the usual measurement and modeling tools cannot manage the
complexities of extraction, refining, and environmental compliance that are growing. The use
of advanced materials and nanoscale engineering is changing the industrial diagnostics area; to
illustrate, better nanoparticle synthesis and characterization have allowed structural analysis
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to be more accurate and predicting material performance in extreme conditions, as can be seen
in the studies that have been done recently on size-dependent XRD signatures in monodisperse
metal and oxide nanostructures.®® These changes highlight the increasing need for very detailed
measurements to be able to follow the process, evaluate the catalyst, and locate corrosion—
in other words, to increase slightly the measurement fidelity to have a significant result in
operational efficiency. At the same time, the quantum technology development is another
fundamentally different way to resolve the long-standing problems of sensing and computation
in energy systems. In particular, quantum-enhanced sensors have demonstrated the capability to
pick up very weak electromagnetic, thermal, and gas-phase signals with a sensitivity level that
is many times better than that of classical instruments. Hence, the door is open to new, timely,
and cost-effective ways of methane leak detection, structural-health monitoring of pipelines,
and early anomaly identification in refinery units.?"?? Quantum algorithms and hybrid quantum-
classical simulations are also considered as means to speed up subsurface modelling, materials
discovery, and process optimization in the energy sector.? The integration of these technologies
is additionally supported by the impetus of recent extensive assessments of methane emissions
that underline the necessity for accurate and continuous monitoring systems as a way to fulfill
regulatory and environmental commitments.?* In combination, these changes indicate a move
to an industrial-quantum convergence where nanoscale characterization, quantum sensing, and
quantum simulation might, by their interdependence, revolutionize the technological bases of
the oil, gas, and chemical industries.

METHOD
Majorana Fermions

Majorana fermions are topologically shielded, making them resistant to environmental
thermal or electrical disturbances. Majorana fermions promise zero-resistance information and
communications technology, addressing contemporary electronics’ contributing to more than 8
% global energy usage and providing a sustainable future for computing.® Moreover, topological
superconductors are the main potential materials for achieving topological quantum computing
due to the existence of Majorana zero-energy modes. %2 The scientific community is interested
in superconductivity in topological materials because of the presence of Majorana fermions,
which are conceptualized from quantized thermal conductivity, a zero-biased conduction peak,
and the anomalous Josephson Effect.®"

conventiona] Superconductor

Figure 1. Schematic Illustration of Proximity-Induced Superconductivity in a Spin-Orbit Coupled Material

S-wave topology as shown in figure 1 has one conducting channel, whereas P-wave topology
has two conducting channels. D-wave topology is characterised by four conducting channels.
15 The quantity of conducting channels and the electric current’s direction are the primary
distinctions. S-wave and P-wave topologies are employed for signal transmission, whereas
D-wave topology is utilised for power transmission.
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A superconducting metal and a semiconductor are frequently combined to form topological
superconductors and Majorana fermions, are produced through interactions between these
materials. Topological materials have gotten a lot of scholarly interest during the last few
decades. High-efficiency thermoelectrics, current-induced switching for spintronic applications,
energy-free electronic states like the quantum spin Hall effect and the quantum anomalous
Hall effect, topological dipoles for future photovoltaic and photodetectors, and other energy
conversion and storage techniques have all been shown at the lab scale.

TSC was classified as either weak or powerful. Superconductors with a superconducting gap
and topological features were considered weak TSCs. A complete superconducting gap with odd
parity pairing symmetry, non-conducting gapless surface states, and superconducting vortex
cores with Majorana Zero Modes (MZMs) were the three distinctive characteristics of the strong
TSC.

TSC can also be classified into two groups based on time-reversal symmetry: those that
preserve TRS and those that break it. Detailed classification can also be done based on whether
TRS is broken or preserved. A magnetic field inside superconductors with odd parity pairing is
involved in the breakdown of TRS in the former kind of TSC. Due to strong SOC, the TRS in the
subsequent class is preserved.®”

Figure 2. Schematic of a Hybrid Nanowire-Superconductor Device for Majorana Zero Mode Detection

In figure 2 Nanowire (yellow/green tube structure): this is a semiconducting nanowire,
often made from materials like InSb or InAs. It is a crucial platform for realizing topological
superconductivity.

Superconductor (green block): a superconducting material (commonly Al or NbTiN) is
deposited on part of the nanowire. Through the proximity effect, it causes the nanowire to
become superconductive.

Normal metal contacts (N, orange blocks): these are metallic leads used to inject and detect
electrons from the nanowire.

Gate electrode (grey base labeled “Gate”): used to control the chemical potential in the
nanowire, tuning its electronic properties.

Magnetic field (blue arrow labeled B”): applied perpendicular or parallel to the wire to
induce a topological phase transition necessary for the emergence of Majorana zero modes.

Majorana bound states (yellow spikes): these are localized zero-energy states at the ends of
the superconducting segment, characteristic of a topological superconductor. The symmetries
and topological characteristics of the system are used to categorize gapped topological phases of
matter. These classes have been studied in a variety of contexts, from two-dimensional systems
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to the recently discovered three-dimensional systems. The classification of gapped topological
phases and their corresponding topological invariants can be used to determine the nature
of the phase transition between different topological states. The symmetries and topological
characteristics of the system are used to categorize gapped topological phases of matter.?"
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Figure 3. Electronic Band Structure and Fermi Surface Signatures in Superconductors

In figure 3 Green Cone: labeled as the “Light” cone, representing the boundary beyond
which quasiparticles cannot escape due to relativistic constraints. Blue Paraboloid (Bulk band):
Represents the bulk electronic band structure of the material. It lies within the light cone,
signifying allowable electronic states.

TSC topological types and classifications of gapped topological phases of matter
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Figure 4. Key Ingredients and Pathways Toward Intrinsic Topological Superconductors
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First, a symmetry constraint can be used to categorize the (gapped) topological phases. The
kind of topological phase is determined by the symmetry of the Hamiltonian, which is connected
to the symmetry constraint. Additionally, there are other kinds of topological phases, including
topological crystalline insulators, topological superconductors, and topological insulators. The
time-reversal symmetry of the Hamiltonian gives rise to a distinct set of restrictions for the TSC
topological classes as shown in figure 4. Second, even-parity and odd-parity topological classes
of topological superconductors (TSCs) can be distinguished. (3

Materials for Topological Superconductors

The realization of TSC experimentally is only limited to a few candidate materials. The difficulty
is due to the materials having to be low-temperature superconductors and topological insulators,
a combination that is both rare and challenging to obtain. It has been quite a challenge to find the
right combination of materials. Researchers have been experimenting with different materials to
produce this special combination, but as yet there has been no success. Scientists are now looking
for newly discovered materials that can satisfy the requirements. TSCs can be either natural or
artificial. Natural TSCs may theoretically be the first TSCs to be exploited for the development
of TSC systems, as they offer a safe, inexpensive environment for research and development.
@ Furthermore, they may also serve as a source of providing a more localized approach to TSC
deployment and facilitating the creation of custom TSC solutions for specific purposes. However,
in order to produce artificial TSCs, 2D heterostructures or 1D wires with several constituent
components would need to be synthesized at low temperatures and with great crystallinity.
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Figure 5. Electronic Structure and Quantum Well States in Pb/TiBiSez and Pb/Si Heterostructures
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This is because these structures must be constructed layer by layer or by carefully regulating
the nanostructures’ composition and geometry. Low temperature synthesis techniques
like chemical vapor deposition or molecular beam epitaxy are the only ways to accomplish
this.The capacity of these materials to self-assemble and create intricate structures is the
reason behind this. They are also easily made in big quantities and are reasonably priced.®

In figure 5 (a) crystal structure model of the Pb/TIBiSez heterostructure along the (111)
direction, showing atomic layers of Pb, Tl, Bi, and Se. (b) Schematic of the surface Brillouin
zone (BZ) alignment between Pb (green) and TlBiSe: (red). (c-d) Measurements of bare TIBiSe:
using angle-resolved photoemission spectroscopy (ARPES): (c) The intensity surrounding the I
point on the Fermi surface map in momentum space. (d) Band dispersion along the -M direction
showing topological surface states (SS), Dirac point (DP), and conduction band (CB). (e-f) ARPES
results for Pb deposited on TIBiSez: (e) Fermi surface of Pb/TIBiSe:2. (f) Quasiparticle well
states (QWS) and subband formation in the Pb film due to confinement. (g-h) ARPES data for Pb
grown on Si substrate: (g) Fermi surface of Pb/Si. (h) Clear QWS subband structure similar to
Pb/TIBiSe:z, indicating confined electron behavior. Insets: Circular Fermi surface and schematic
band dispersions are shown to provide further context for electronic states.vColor scale:
Spectral intensity (yellow: high, red: low) representing electron occupancy.

Artificial Candidates

Temperature-stable capacitors (TSCs) are one of the energy storage devices, which can work
under extremely high or low temperatures. Besides being made to last longer and be more
energydense than regular capacitors, they also release more system reliability. Hence, the first
TSCs have been widely engaged as power units for e-mobility and green energy.

The hybridization of a superconductor and a semiconductor by coupling magnetic atoms with
a semiconductor nanowire to create a 1D topological superconductor (TSC) is the main result
of this research. The mix of these materials is crucial because it allows electrons to flow freely
between them and ultimately results in the creation of the superconducting state. A topological
superconductor is a minimal energy system comprising a semiconductor nanowire and magnetic
atoms that either form a chain or a superconductor. Because the nanowire can move electrons
considerably more quickly than conventional materials, scientists have shown that it may be
a less energy-consuming form of superconductivity than the present systems. To achieve the
best of both worlds, such a system hybridizes a semiconductor nanowire with a magnetic atom
chain or a superconductor. The nanowire is the one that carries the current, while the magnetic
atoms chain or superconductor provides the necessary magnetic properties for current control.
The different charge states can be switched through this device, which in turn allows energy
transfers to be more efficient.

This system’s indium arsenide (InAs) nanowire shows Zeeman splitting and significant spin-
orbit coupling (SOC), making it a prime candidate for a hybrid superconductor (SC) made up
of a chain of magnetic atoms and a semiconductor nanowire.Aluminum superconductor in the
proximity of the nanowire is, therefore, a relief from dissipation.® It turns out that MZMs are
anticipated to emerge at the two ends of the wire in such a system.

The MZMs that result from the proximity-induced superconductivity in the (InAs) nanowire
are responsible for this operation. When a little magnetic field is introduced along the wire, the
Zeeman splitting of the nanowire causes the MZMs to have different energies. Therefore, the
zero-bias conductance peak is an indication that the MZMs are tunneling from one end of the
wire to the other.®

Figure 6 scanning tunneling microscopy/spectroscopy (STM/STS) utilizes a superconducting
niobium (Nb) tip to locally measure the UTe: sample. Various steps of the experiment are
illustrated in the figure. Initially, in the left panel, the Nb tip is shown moving towards the UTe2
surface, and the tunneling process is depicted. The central panel represents spatial modulation
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of the Cooper pair density in UTez. Finally, the right panel demonstrates a modulation in the
CD. The relative phase between the pair density wave and the CDW is A¢ = m, which shows that
these two are in an antiphase relation.

105 !r:’-."O =Yg lo e o« ;“"" - ‘ - N ’,,

Figure 6. Visualization of Electron Pair and Charge Density Waves in UTez Using a Niobium Tip

2D TSC

Fu and Kane forecasted the creation of a two-dimensional topological superconductor from
an “s-wave superconductor-topological insulator (TSC) heterostructure”. Their theoretical work
led to a revival of interest in 2D topological superconductors and further research activities
followed.

Figure 7. Probing Superconductive Topological Surface States in a Topological Superconductor
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The investigation of the several potential uses of 2D topological superconductors, including
quantum computing, spintronics, and quantum sensing, was the result of these investigations.
Eventually, many scientists have discovered a way to induce superconducting pairing of the
Dirac fermions in a two-dimensional system thereby opening up numerous possibilities for future
technologies. This approach relied on the Bi2Se3/Nb heterostructure that allowed the helically
pairing of the Dirac fermions and the newly found pairing of the Dirac fermions can lead to
various practical applications of topological superconductors.® This material’s two-dimensional
characteristics make it ideal for quantum computing because they enable the creation of qubits
that can be controlled more effectively than is feasible with traditional three-dimensional
materials. Furthermore, the material is highly desirable for spintronics and quantum sensing
due to the topological feature of the Dirac fermions’ helical pairing, which may be used to
produce numerous spin states.?

The image illustrates how proximity coupling with the topological superconductor as shown
in figure 7 introduces superconductivity to the topological surface states of the topological
insulator:

The upper layer (blue grid): a superconducting topological surface band that develops on the
surface of a topological insulator when it is connected with a superconductor is shown in the
upper layer (blue grid).

Lower layer (red volume): depicts a topological superconductor, which injects Cooper pairs
by the proximity effect.

Green STMTip: could be scanning tunneling microscopy (STM) or spin-polarized measurements
that locally probe the superconducting surface state that is induced.

Spins & Arrows: depict spin-momentum locking and paired Majorana states at the interface
that are topical for topological superconductivity.

Dashed Lines & Colored Markers: show how the topological surface states match the
superconducting state underneath in terms of both space and energy.

Such a configuration is generally employed to image or electrically detect Majorana zero
modes (MZMs) or induced p-wave superconductivity on the Tl surface.

RESULTS AND DISCUSSION
Doped Topological Superconductors

These are materials that are composed of two distinct types of materials, one of which
is a superconductor and the other a topological insulator. The physical characteristics of the
resultant compound can be altered by doping both components, potentially resulting in the
creation of a novel material with unique qualities that can be used in various fields.

Cu atoms are introduced between Bi2Se3 quintuple layers due to the van der Waals gaps
in the Bi2Se3 structure. The intercalated Cu effectively acts as a link that binds the quintuple
layers, thus enabling the phenomenon of superconductivity. The gaps between the van der
Waals layers also offer room for other intercalants, i.e., Au, Pb, and Ag, all of which have
been found to induce superconductivity. In other words, the superconducting characteristics
of Bi2Se3 can be tuned by different doping agents. Consequently, the changed charge in the
material is due to an interaction between the Bi2Se3 and the Cu dopants. The formation of
Cooper pairs in the material as a result of this shift in the charge distribution is what makes
Bi2Se3 superconducting.These Cooper pairs can move in the material without any resistance,
hence, the superconductivity is the result.® Such superconductivity is also there in the case of
materials like NbSe2 and YBa2Cu307. The effect has been heavily researched, and the studies
have resulted in the discovery of the materials that can become superconductors at extremely
low temperatures. For this reason, they can be employed in devices such as MRI machines and
high-speed maglev trains.®
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SrxBi2Se3

Strong chemical bonds are formed when strontium (Sr) is intercalated in Bi2Se3, making the
substance more stable. One of the topological insulators is SrxBi2Se3, which has a conducting
surface but an insulating bulk. Strong electron-electron interactions and topological insulator
surface states in SrxBi2Se3 are thought to be responsible for the material’s superconductivity.
Thus, it turns out that SrxBi2Se3 is the one and only material making the diabolical duo of
insulator and superconductor, which has enthralled scientists all over the globe.® A conduction
band that is simultaneously conducting and insulating is believed to arise as a result of electron-
electron interactions and the surface states of the topological insulator. It can be explained
that this is why a superconductor becomes doable at much lower temperatures and higher
superconductivity of 91 % volume, which is more than that of CuxBi2Se3 has been achieved
so that it has become very attractive to scientists.”) Because of this, the performance of the
material is considerably enhanced, thereby making it perfect for, say, photovoltaic and electronic
applications. In addition, the bond between Sr and Bi2Se3 can also be ‘tuned’ depending on Sr
concentration, thus, allowing more control over the material’s intrinsic properties as shown in
figure 8. Tin-based superconductors (Sn1-xSbx, SnAs & Sn4As3).
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Figure 8. XRD pattern shows some satellite peaks of SnSb systems

Quantum Sensing Advantages for Oil & Gas Monitoring

A deep dive into cutting-edge material-science research over the past few years reveals how
crucial it is for nanoscale structures to be stable if the oil and gas industry wants to benefit
from quantum technologies." The papers mentioned show that a small change in the size
of a nanoparticle can affect the XRD peak shapes and make the diffraction patterns broader
to a large extent, thus pointing to the industrial materials being very sensitive to the small
changes in the crystal structure. In case oil and chemical processing apparatuses, which need
nanoparticle-based catalysts, corrosion-resistant coatings, or oxide interfaces, are exposed to
such structural changes, they may face significant consequences in their performance. The
revelations from this research constitute the ground reason why quantum-grade sensors and
instruments have to be made resistant to structural drift, temperature impact, and particle
size-related disorder. When reviewing quantum sensing platforms, one can hardly find any
comparison between them and traditional methods in terms of methane detection, pipeline
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integrity monitoring, or early-stage equipment failure identification. Thanks to their magnetic
and electromagnetic sensitivity, quantum sensors, e.g., NV-center devices and superconducting
magnetometers, are capable of detecting the lowest levels of a signal that cannot be reached
by classical systems. It has been reported that these sensors?” operate with high fidelity in noisy
industrial environments, which is a necessary condition for their use in the field of refinery units
and midstream pipeline corridors. As per the summary of conventional methane gas detection
methods,?" quantum-enhanced detectors can lead to leak identification at an earlier stage and

also facilitate continuous, high-resolution mapping of emissions.

Table 1. Quantum Sensing Advantages for Oil & Gas Monitoring

Parameter / Need Classical Technologies

Quantum-Enhanced Technologies

Methane leak detection Moderate; often ppm-level
threshold

Resistance to noise & Often limited by interference
harsh environments

Spatial resolution Meter-scale or larger

Response time Seconds to minutes

Suitability for continuous Limited by drift & calibration
monitoring

Ultra-sensitive; potential sub-ppm
capability

High robustness due to quantum
coherence properties

Centimeter- to sub-centimeter
mapping possible

Near real-time, rapid signal acquisition

Strong potential for persistent, stable
measurements

Industrial Challenges and Quantum Technology Opportunities

OIL—GAS INDUSTRIAL SYSTEM
(Pipelines, Refinieries, Reservoirs)

¥
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Figure 9. Conceptual Integration of Quantum Technologies in Oil-Gas Systems
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Studies on large-scale methane emissions make it clear that there is a strong need for
advanced detection capabilities. Methane release patterns are frequently changing and have a
high spatial and temporal variability - in such conditions many traditional monitoring devices
are inefficient. The implementation of quantum sensing in these processes might give operators
the opportunity to detect sudden, low-intensity leak events that have not yet become large.
@2 High-resolution measurement combined with real-time analytics can potentially lead to
less environmental impact and help energy companies comply with stricter global emissions
standards. Significantly, these discoveries illustrate that the difficulties in monitoring within the
oil and gas industry are perfectly compatible with the capabilities of quantum measurement
technologies.

Quantum computational tools can do more than just sensing; they have a promising potential
to be able to accelerate reservoir simulation, chemical-reaction modeling, and optimization
problems across the energy sector. The paper states that quantum algorithms®?® can solve high-
dimensional models more efficiently than classical solvers, especially in systems that involve
nonlinear coupling and uncertainty. Incorporating them in digital-twin frameworks for drilling,
production forecasting, and refinery optimization, quantum simulations can possibly aid in
lessening the computational delays and enhancing the predictive accuracy.®¥

As a result, the interplay of material science, quantum sensing, and quantum computation
points to a future industrial ecosystem where quantum technologies function alongside classical
methods, thus providing a tiered, high-precision approach to monitoring, modelling, and
decision-making in oil, gas, and chemical operations.

Table 2. Industrial Challenges and Quantum Technology Opportunities

. Limitation of Current Potential Quantum .

Industrial Challenge Methods Contribution Linked Reference
Methane  emissions Missing intermittent leaks Real-time, high-resolution Collins et al.®)
monitoring mapping

Pipeline integrity Low sensitivity to micro- Quantum magnetometry for Crawford et al.?"
assessment defects early crack detection

Catalyst performance Size-dependent variation in Quantum-precision materials Vorontsov et al.?
drift nanoparticles characterization

Reservoir simulation ~ Computational bottlenecks  Quantum-assisted subsurface Paudel et al.?

modeling

Detection of corrosive Slow response, low precision Quantum spectral sensors Aldhafeeri et al.®%
gas formation with faster detection
CONCLUSIONS

A unique environment where both superconductivity and topological order occur
simultaneously is provided by topological superconductors (TSCs), which represent a
groundbreaking convergence of condensed matter physics and quantum information theory. By
the apparition of Majorana fermions and other non-standard quasiparticles, TSCs offer a very
stable road to fault-tolerant quantum computing. Moreover, their inherent capability to shield
themselves from local disturbances makes them highly attractive for quantum technologies of
the future. Nevertheless, probing the microscopic aspects that lead to unconventional pairing
and phenomenon of symmetry-breaking is still a big puzzle to scientists.

In the very recent past, many experimental studies have singled out a variety of substances—
namely Cu-doped Bi:Ses, Sr2RuQO4, UTez, and transition metal pnictides—that demonstrate
unconventional superconducting properties. Hence, these revelations have paved the route
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for scientists to grasp the mechanisms by which spin-orbit coupling, symmetry principles, and
electronic correlations interplay to give rise to topological superconductivity. However, the
real challenge of making intrinsic TSCs in a lab is that it is only feasible under very stringent
low-temperature and high-purity conditions. To unveil novel TSCs, it is therefore a continued
challenge to perfect material synthesis methods like molecular beam epitaxy and hybrid
heterostructure fabrication.

Besides that, the creation of hybrid and artificial TSCs has been instrumental in providing
new possibilities for device-level integration. For instance, the combinations of semiconductor-
superconductor nanowire systems, 2D heterostructures, and doped topological insulators are
good demonstrations of how proximity-induced superconductivity may be controlled to achieve
specific topological characteristics. In turn, these developments offer the quantum world a
prospect of easily scalable architectures with applications in quantum computing, quantum
sensing, and spintronics. Unfortunately, the issues related to reproducibility, stability, and
fabrication on a large scale are still very difficult to overcome, thus delaying the inevitable
practical deployment of the technologies.

Furthermore, researchers from a variety of disciplines, including condensed matter physics,
materials science, and quantum engineering, must work together to develop topological
superconductors in the future. Forthcoming program may entail production of high-temperature
TSCs, in-depth investigation of non-centrosymmetric and moiré systems, as well as invention
of highly accurate instruments capable of detecting Majorana zero modes. Once these
breakthroughs get their fruits, the path will be cleared not only for the subsequent quantum
devices but also, by the change of the entire modern electronics world, to a new revolution in
technology to follow, with quantum technologies being super-efficient and thus computing and
energy being the domains of the next technology revolution.
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