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PREFACE

It is with great pleasure that I present the latest edition of Physics Research Reports, the annual
compilation of outstanding M.Sc. physics projects. This publication is a testament to the
dedication, ingenuity, and intellectual curiosity of our students, who have ventured into diverse
realms of physics to explore, experiment, and contribute to the scientific community.

The projects featured in this volume reflect the breadth and depth of contemporary physics
research. From theoretical investigations to experimental breakthroughs, each report
encapsulates a unique journey of scientific discovery. These endeavours not only demonstrate
the students' mastery of complex concepts and methodologies but also highlight their ability to
tackle real-world problems through innovative solutions.

This year's edition includes an impressive array of topics, ranging from condensed matter
physics and non-linear optics to astrophysics and applied material science. Notably, there is a
growing interest in interdisciplinary research, where students have skilfully integrated
principles from various scientific domains to address multifaceted challenges. This trend
underscores the dynamic nature of modern physics and the importance of collaborative efforts
in advancing our understanding of the universe.

The compilation of these research reports is a collaborative effort. I extend my heartfelt
gratitude to the faculty members who have mentored and guided the students throughout their
research journeys. Their unwavering support and expertise have been instrumental in shaping
the scientific rigor and quality of these projects. Additionally, I acknowledge the invaluable
contributions of the reviewers and editorial team, whose meticulous work has ensured the high
standards of this publication.

As you delve into the pages of Physics Research Reports, I hope you find inspiration in the
innovative ideas and discoveries presented by our talented students. These reports are not just
academic exercises; they are the seeds of future advancements in science and technology. It is
my firm belief that the insights and knowledge shared in this volume will pave the way for new
avenues of research and ignite the spark of curiosity in the next generation of physicists.

Finally, I encourage our readers to engage with these projects, provide feedback, and foster a
vibrant scientific discourse. The pursuit of knowledge is a continuous journey, and through
collaborative efforts, we can collectively push the boundaries of what is known and achieve
new milestones in the fascinating world of physics.

Thank you for your continued support and interest in our annual publication.
Sincerely,

Dr. Sharafali A
Editor, Physics Research Reports
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Abstract

The specialized nature and potential applications of Photonic Crystal Fibers (PCFs)
have led to extensive research in the past decade. PCFs possess a variety of distinctive
capabilities which are achieved by modifying the structure of the PCF, allowing for
easy manipulation of the optical properties of the guided modes.In this project we
introduced a new design of soild core hexagonal PCF called as Void-Filled Photonic
Crystal Fiber(VFPCF) and it’s characteristics confinement loss and V-parameter are
studied. Through confinementloss study we determined improved design of VFPCF and
V-parameter characteristics study determined suitable A/A ratio for single mode VFPCF
of fixed air hole diameter and pitch for different void air hole diameters. Proposed model
can propagating pulses with minimum powerloss and it is suitable for communication
purpose.

Keywords: Photonic crystal fiber,Confinement loss,V-parameter,Void filled photonic crystal
fiber, COMSOL,Modelling

Introduction

Fiber optics has become an indispensable aspect of our daily lives, in communica-
tion systems, possess diverse applications in fields such as medicine, engineering,
robotics, and sensing. These slender and transparent strands, composed of either
glass or plastic, efficiently guide light through the principle of total internal reflec-
tion, a phenomenon initially demonstrated by John Tyndall. The contributions of
Charles K. Kao and George Hockham led to significant advancements in reducing
fiber attenuation to 20 dB/km, thereby enhancing their utilization in the realm of
communications|[ 1]
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In 1996, Philip Russell introduced photonic crystal fibers (PCFs), which exhibit
distinct structural and property disparities when compared to conventional fibers.
Initially consisting of a solid core, PCFs have evolved to encompass hollow-core
variants as well as other types such as single-mode and multimode fibers. These
PCFs find applications in mode filtering, sensors, interferometry, and fiber lasers.
Noteworthy properties of PCFs include the V-parameter, dispersion, numerical
aperture, confinement loss, and spot size. Here study focuses on a hexagonal silica-
based PCF, specifically examining the effects of different air hole diameters on
confinement loss and the V-parameter.

Optical fiber

In 1966, Charles Kao and George Hockham introduced fiber optics for data trans-
mission using light pulses[2]. These flexible glass or plastic cables, used in commu-
nication, illumination, imaging, sensors, and lasers, consist of a light-guiding core
surrounded by cladding for efhicient transmission through total internal reflection,
and a protective jacket.

Optical fibers are categorized by modes (single-mode for long distances, multi-
mode for short distances) and refractive index (step-index with constant refractive
index, graded-index with decreasing refractive index). Glass fibers are preferred for
their durability. Fiber optics have revolutionized many fields.

Photonic cryatal fiber

Photonic Crystal Fibers (PCFs), introduced in 1995, are specialized optical fibers
with a periodic arrangement of low-index materials (typically air holes) in a high-
index background [3]. Pioneered by Russell and colleagues, PCFs offer superior
performance over traditional optical fibers, with low confinement loss, high sen-
sitivity, and customizable dispersion. Advances in fabrication have led to various
PCEF structures, such as hexagonal, triangular, circular, square, octagonal, hybrid,
decagonal, and honeycomb designs, each optimized for specific applications by
adjusting lattice pitch and hole diameter[4]

PCFs use two guiding mechanisms: index-guiding (modified total internal
reflection within a solid core) and photonic bandgap guidance (light confinement
within a low-index core using cladding with different refractive indices). This dual
capability provides PCFs with enhanced versatility, greater design flexibility, and
superior nonlinear properties. PCFs are used in high-power delivery, ultra-wideband
transmission, sensing, and more.

Confinement loss in photonic crystal fibers (PCFs) is a result of the fiber’s
imperfect construction and the leaky nature of the modes, which is influenced by
the arrangement of air holes within the fiber. The reduction of this loss occurs when
the core size is small and surrounded by a minimum of six rings of air holes. The
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confinement loss can be calculated using the equation[5]

2
Confinement loss = (;) - 8.686 - Im(ng), (1)

where () represents the wavelength and Im(n,g) denotes the imaginary part of the
effective mode index.

The V-parameter, also known as the normalized frequency parameter, plays a
crucial role in determining the number of modes that a fiber can support. In the
case of PCFs, this parameter is adjusted due to their unique structure and can be
expressed as shown in equation2,

A
V =2n (7\) \/nIZ;M - ”I%SM‘ (2)

Here, A represents the pitch, A denotes the wavelength, npps signifies the effective
refractive index of the fundamental mode, and nggp; represents the refractive index of
the fundamental space filling mode. This parameter is instrumental in verifying the
continuous operation of a single mode in PCFs and estimating the cut-off frequency
for the second-order mode. It provides a single-mode cut-off value of 7t[5]

Void filled photonic crystal fiber

To design and model photonic crystal fibers (PCFs) using COMSOL Multiphysics
version 5.5, the process starts by creating the geometry of the fiber with air holes by
defining circles with the necessary parameters such as radius and pitch. The material
properties, specifically the refractive indices of silica and air, are then assigned to
the model. Using the Finite Element Method (FEM)[6], the fiber’s modes are
analyzed by solving Maxwell’s equations with appropriate boundary conditions.
The fundamental mode is identified based on the highest effective mode index, and
the confinement loss is calculated by considering the imaginary part of the effective
refractive index. The V-parameter, essential for understanding mode confinement
and guiding properties, is also calculated by determining the effective refractive
indices of the fundamental mode and the fundamental space-filling mode. This
comprehensive modeling approach ensures accurate simulation and analysis of PCF
characteristics such as confinement loss and mode distribution.

In order to minimize the loss of confinement in photonic crystal fibers (PCFs),
the voids between the circular air holes in the solid core H-PCF are substituted with
"void air holes." Initially, a single layer of these void air holes is introduced between
the first and second layers of air holes that surround the silica solid core, as illustrated
in Figure 1b. This particular arrangement is examined to assess its confinement
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loss and V-parameter, and the results are graphed against the wavelength for a
comprehensive analysis. To further enhance the performance, multiple layers of
void air holes are added until all the voids between the air holes are filled, as depicted
in Figure 1c. This multi-layered structure is also investigated for its confinement loss
and V-parameter using MATLAB, ensuring a meticulous analysis and an optimized

design for the fiber.

Airhole

> Silicamaterial

(a) Solid core hexagonal PCF (b) Single layer of void air holesin PCF  (c) Void-Filled Photonic Crystal Fiber

Figure 1. Different stages of designing VFPCF

Result

The study of Void-Filled Photonic Crystal Fiber (VFPCF) shows significant re-
ductions in confinement loss with the introduction of void air holes. Initially,
confinement losses were high across various wavelengths without void air holes.
Integrating a single layer of void air holes between regular air holes around the
solid silica core (as shown in Figure 2a) substantially decreased confinement loss.
Adding more layers of void air holes further reduced losses, reaching as low as 1070
dB/m in some cases. Additionally, larger void air hole diameters generally resulted
in lower losses, emphasizing the importance of design optimization. These results
highlight VFPCF’s potential to enhance light propagation efliciency for optical
communication and sensing applications.
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Figure 2. Confinement loss variation of VFPCF

In this study,We have also focused on Void-Filled Photonic Crystal Fiber (VF-
PCEF), the V-parameter’s behavior was thoroughly investigated with respect to void
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air hole diameter and wavelength, maintaining a fixed pitch and air hole diameter
of 0.8um and 1.2um respectively. The study investigated the single-mode cutoft for
VEPCEF, focusing on the A/A ratio. Figure 3a shows the influence of different void air
hole diameters (0.2um, 0.3um, and 0.4um) on the single-mode cutoff point(V,;,7)
for VEPCF with d/A ratios of 0.4pum and 0.6um. Notably, in figure 3b at a void air
hole diameter of 0.4um and d/A = 0.6um, the VFPCF achieves a single-mode cutoff
just above a A/A ratio of 1.2, underscoring the need for precise design to optimize
single-mode propagation for optical communication and sensing.

[=2]

——vd=0pm

— dIA=0.4pm
S5 ——vd=0.2um 3t —d/A=0.6um
—vd=0.3pm
4 —vd=0.4pm i i
§ n < 2t Multi-mode region |
D e Multi-mode region
/ Single-mode region
1 \ \ . L
1 12 14 16 18 2 % o1 0z 03 04 05
AlA Void air-hole diameter (um)
(a) V-parameter variation with d and Vewtoff (b) Single mode and multimode Cutoff region

Figure 3. V-parameter values for VFPCF

Additionally, the study compared pulse propagation through single-mode VE-
PCF and conventional single-mode PCF, demonstrating a significant reduction in
power loss in VFPCE.Specifically, conventional PCF exhibited a loss of 11.5 dB/m,
whereas VFPCF showed only 0.46 dB/m loss over the same distance. Figures 4a and
4b provide three-dimensional visualizations, highlighting VFPCF’s superior ability
to minimize pulse intensity loss compared to conventional PCF.

Delay (ps) 0

ce (m)
ol

0.0

: (b) Pulse propagation through single mode VFPCF
(a) Pulse propagation through single mode PCF shows in 3D
shows in 3D

Figure 4. V-parameter values for VFPCF
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Conclusion

In this project we designed a Photonic Crystal Fiber,called Void-Filled Photonic
Crystal Fiber(VFPCF) and studied it’s Confinement loss and V-parameter .Confine-
ment loss of VFPCEF is very less as compared to that of conventional photonic crystal
fiber. V-Parameter results proved VFPCF can enroll in single mode PCF which
have a major role in communication application. Cofinement loss decreased with
increasing air hole diameter. The lowest confinement loss is obtained for void filled
hexagonal PCFs with fixed 2 um lattice pitch and 1.2um diameter. The value of
the V-parameter increases as the void air hole size expands, and it also rises with the
increasing ratio of A/A. VFPCF with void air hole diameter shows endlessly single
mode in wide range of wavelength.Each VFPCFs can be performed as single mode
when made with suitable pitch and diameter of air holes with respect to propagation
wavelength.
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Abstract

Aerosol influence earth atmospheric radiative forcing equilibrium by scattering and
absorption incoming solar radiation. The optical properties of aerosol such as extinction
coefficient, Single Scattering Albedo(SSA),aerosol optical depth(AOD), defines the
direct aerosol- radiation interaction. In this work SSA of NaCl aerosol was found
by Broadband cavity enhanced extinction spectroscopy and its theoretical calculation
was done using Mie theory based computational analysis. Experimentally,IBBCEES
measures extinction by evaluating the attenuation of light beam transmitted through
a cavity. While aethalometer measures absorption by analysing attenuation of a light
beam transmitted through a filter paper that continuously collects aerosol sample. By
combining extinction and absorption measurements, the scattering coefhcient of various
aerosols is calculated. The single scattering albedo (SSA), determined from scattering
and extinction measurements, indicates the relative contributions of scattering and
absorption in the atmosphere. Inorder to theoretically find the Mie scattering and
absorption efficiencies, a Python code was written based on Mie theory and the SSA
was calculated. The value of single scattering albedo was found to be closely matching
with the experimental results and this validates the application of IBBCEES for studying
aerosol properties.
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Introduction

Atmospheric aerosols[3] have significant local, regional and global impacts. Word
Aerosol is used to describe mixture of small liquid and or solid particles dispersed
in a gaseous system such as air[1].Study of Optical Properties of Aerosols using
Incoherent Broadband Cavity Enhanced Extinction Spectroscopy and Theoretical
Calculation using Computational Methods Aerosols vary in their disparity. Radia-
tive forcing[2] is a concept to describe how various factors affect the balance of
energy in the Earth’s atmosphere.Any change in this balance between incoming
and outgoing energy described by Radiative forcing. Mainly two types- Positive
radiative forcing and Negative radiative forcing[2].Single scattering albedo (SSA)[4]
is a optical property of aerosol which measure used in atmospheric science and
optics to characterize the interaction of electromagnetic radiation with particles
suspended in the atmosphere, such as aerosols or cloud droplets. It represents the
ratio of scattering efficiency to extinction efficiency for a single scattering event. SSA
values range from 0 to 1, where: SSA = 0 indicates complete absorption of incident
light and SSA =1 indicates complete scattering of incident light[5].Scattering can be
described as When electromagnetic radiation interacts with this particle, the dipoles
within it begin to oscillate at the same frequency as the incident radiation. As a
consequence, the electromagnetic radiation scatters in various directions.

IBBCEES is a instrument used to measure the extinction coefficient of aerosol
material. By using the equation for minimum absorption coefhicient («),,;, can be

calculated[6].
1AL
o‘min=2 Ir:n(1_R) (1)

Theoretical Method

When light interacts with small particles, it can be scattered in various directions.
The amount and direction of scattering depend on the size of the particles relative
to the wavelength of the light. There are mainly three types of scattering.Rayleigh
scattering, Mie scattering[7], Non-selective Scattering.In Mie theory, the elec-
tromagnetic concept and Maxwell’s equations are used to derive the incident and
scattered fields. Vector spherical harmonics are employed to calculate the cross
sections, efficiency factors, and intensity distributions of the scattering particle under
consideration.By solving Mie Coefhcients are[7]:

_ V(i) - a(y)xa()

i (ELE) =W)X )
8
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2 () En(x) = () xu()
T Un(Enx) = bn()xn(x)

T () En(x) = Wuly)xn(x)”

By using Python code for finding Mie Coefhcient, Mie efficiencies, from there
fining value of SSA.

Instrumentation and Experimental procedure
Inchorent Broadband Cavity Enhanced Extinction Spectrometer(IBBCEES)|[8]
which measures the transmission of light intensity through a stable optical cavity
consisting of high reflectance mirrors (typically exceeding 99.9% reflectance). Here
we detect the Aerosol extinction coefhicient This technique utilizes incoherent
radiation sources such as Xenon arc lamps, LEDs, or Laser-driven light sources
(LDLS). Calibration of the IBBCEES system in laboratory settings often involves
the use of a lowloss optical window.IBBCEES allows for the direct retrieval of the
imaginary part of the refractive index based on the measured wavelength-dependent
aerosol extinction cross-section. Typically, wavelength selection of transmitted light
occurs post-cavity through dispersive interferometric means. Transmission signhal
strength in IBBCEES, akin to other cavity-enhanced spectroscopic techniques, is
assessed with and without the absorber present within the cavity. From the ratio of
wavelength-dependent transmitted intensities samples extinction coeflicient can be
measured by[8]

o= (o - L) o

Sensitivity in IBBCEES is optimized with larger mirror reflectivities and cavity path
lengths, with maximal efliciency achieved when the sample path length matches
the cavity length. IBBCEES can be employed in either open or closed path con-
figurations. In closed path setups, the sample passes through the cavity enclosed by
two highly reflective mirrors. Conversely, open path configurations, as utilized in
outdoor measurements, mitigate wall losses but face challenges in measuring trace
gas concentrations accurately, especially in the presence of high aerosol concen-
trations. Additionally, the lack of a clean air reference spectrum poses difficulties

9



for mirror reflectivity calibration and concentration measurements in open path
setups.IBBCEES setuo is shown in figurela

‘ DO‘

Fil N
fher Lens Sample Inlet

Lens  spectrometer

IR Fiter Optical cavity

(a) (b)

Figure 1. (a)IBBCEES setup (b) Aethalometer

Aethalometer-The Aethalometer model AE33[9] continuously collects aerosol
particles by drawing air through a filter tape. It analyzes these particles by mea-
suring light transmission through a sample portion of the tape compared to an
unloaded reference area. This analysis spans seven optical wavelengths from near-
infrared to near-ultraviolet. By calculating the rate of light attenuation through the
particle-laden filter, the Aethalometer determines the instantaneous concentration of
optically-absorbing aerosols. In the new AE33 model, two measurements are simul-
taneously obtained from sample spots with different accumulation rates, allowing
for compensation of particle light absorption and black carbon mass concentration.
The instrument provides continuous real-time data without operator intervention,
correcting for filter loading effects. figure of Aethalometer model AE33 is shown in
1b The experimental procedure for determining the aerosol extinction coefhicient
using Incoherent Broad Band Cavity Enhanced Extinction Spectroscopy (IBBCEES)
consists of four main steps:

1. Cavity Alignment

2. Calibration of Mirror Reflectivity

3. Aerosol Preparation

4. Determine the Aerosol Extinction Coefhcient

Observations and Results
Experimental result

Before determine the light extinction coefhcient, calibrate the IBBCEES. To
calibrate IBBCEES determine the mirror reflectivity. It is done by passing dry
air through optical cavity followed by NO, gas. The reflectivity curve is given
in figure2a.From the graph we can see that reflectivity of mirror is calibrated to
approximately value of 0.9975.
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Figure 2. (a)Mirror Reflectivity Calibration,(b)Intensity vs Time(530.469),(c)Extinction Coefficient of
NaCl aerosol,(d)Absorption Coefficient, (e)SSA of NaCl

The light extinction coefficient of NaCl aerosol is determined by passing NaCl
aerosol through cavity enhanced extinction spectrometer.The experiment was con-
ducted in using aerosols generated by NaCl in ambient laboratory conditions.
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SL. NO. TIME TYPE OF GAS OR AEROSOL
1. 13:10-13:14 NITROGEN GAS
2. 13:15-13:32 NaCl
3. 13.32-13.36 NITROGEN GAS

The intensity Vs time curve of light at wave length 530. 469 nm is given in
figure2b.While analysing the curve it is found that the intensity decreases suddenly
at NaCl enters to the cavity. Since NaCl have high absorption capacity.

Determine the aerosol extinction coefhicient by passing N2 gas then NaCl aerosol
through optical cavity.. Using the theory of IBBCEES, the extinction coefhcient is
calculated and plotted against the wavelength. It is seen that intensity decreases when
aerosol passing through the cavity, because light easily scattered in the presence of
aerosol.From figure 2cAerosol extinction coefficient approximately 4.35x1073 m in
522.19 nm.

The aethalometer provides absorption coefhicients at seven discrete wavelengths(370
nm, 470 nm, 520 nm, 590 nm, 660 nm, 880 nm, 950 nm). In this study the spectral
region of interest ranges from 400nm to 550 nm.The scattering coefhicient is found
by subtracting absorption coefhicient from extinction coefhicient. Which is shown
in figure 2d

Theoretical result
Here the Mie efficiencies was calculated for 500 nm wavelength.

Mie Coefhcients
Coefhicients of extinction

an=[4.06298457e—02-1.97424932e—01j 1.20275476e-04-1.09611667e-02) 8.57414278e-
08-2.88005583e-04) 6.13214987e-11-4.42035526e-06] 4.10813009¢e-13-4.38572574e-
08; 2.80368820e-15-3.03301296e-10; 1.41856757e—17—1.54369379e—12j]

Coefhcients of scattering

bn=[1.00370763e—03—3.16564405e—02j 7.16081427e-07-8.38187808e-04j 3.78021663e-
10-1.31445422e-05) 2.06236360e-12-1.32795539e-07j 1.42342256e-14-9.31314795e-
10y 7.29111603e-17-4.79221119e-12j 2.86029088e-19-1 .88549330e—14j]

Coefhcients of back-scattering
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u=[8.58111344e-01+2.71921 804e-02) 4.88530324e-01+4.06347941e-04j 3.02528080e-
01+4.98329026e-07) 1.91710867e-01-3.08249118e-06j 1.22601668e-01-2.54790176e-
06y 7.87717992e-02-1.99151429¢-00 5.074904536—02—1.50925203e-06j]

Coefhcients of absorption

dn=[9.0769996le—01+1.867915256—01j 4.94818661e-01+5.42074658e-03) 2.93668696e-
01+8.08059097e-055 1.83100347e-01-2.42431081e-06 1.16068499¢e-01-2.58169139¢-
06) 7.41483085e-02-1.98883763e-00 4.757579786—02—1.48947337e—06j]

Mie Efficiencies
Input:[np.real(m), np.imag(m), x, qext, qsca, qabs]
output: [1.541, 6.7e-06, 12.566, 0.00269875675183762, 0.002696796914695813,
1.95983714180699226—06]

SSA Of NaCl

scattering coefhicient=0.002696796914695813
extinction coefficient=0.00269875675183762

SSA = 0.002696796914695813
0.00269875675183762

= 0.99 (3)

Conclusion

The IBBCEES experiment was conducted using NaCl in ambient laboratory con-
ditions. The extinction coeff icient was found to be decreasing with increasing
wavelength. The amount of light absorbed by aerosols from sample was observed to
be less than the amount of light scattered. The single scattering albedo (SSA) was
determined from the scattering and extinction measurements. The SSA of aerosols
determines the relative contribution of scattering and absorption in the atmosphere.
NaCl have value of SSA near to 1 which predominantly scatter solar radiation back
to space, leading to a cooling effect on the climate. This technique is a powerful
tool to understand the effect of different aerosols on climate. The understanding
and quantification of aerosol effects on climate are active areas of research and in-
volve complex interactions that are challenging to model and predict accurately. By
using Python code for solving Mie efhiciencies,absorption efliciencies, scattering
efficiencies, SSA is found, which is exactly matching with the experimental result.
The instrument can be extended to ambient atmosphere, so it is a powerful tool
for obtaining the concentration of different particles present in the atmosphere.
Aerosol play an important role is earth’s climate. NaCl salt aerosol are most widely
seeing natural aerosol. Due to the increasing anthropogenic emission of aerosol
since the industrial revolution, they effect the global climate change. Also they play
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an important role in radiation budget of the earth.
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Abstract

This study investigates the structural properties of specific ionic liquids (ILs) and predicts
their toxicity using density functional theory (DFT) calculations. The study focuses
on examining the influence of size, symmetry, and electronegativity of anion and
cation on the structural properties and toxicity of ILs. A methodical investigation of
ILs is conducted by considering various combinations of cations and anions. Structural
features, including the highest occupied molecular orbital (HOMO), lowest unoccu-
pied molecular orbital (LUMO), and electronic descriptive parameters, are examined
using DFT calculations by Gaussian software. The analysis provides insights into the
electronic structure, stability, and reactivity of the ILs, with a particular emphasis on
understanding the impact of anion and cation properties. Subsequently, toxicity predic-
tion models for the ILs are developed based on the structural information obtained from
DFT calculations. Computational methods are employed to predict toxicity, with a
notable observation that toxicity effects are more pronounced when altering the anion
component compared to the cation component. By correlating electronic structure
descriptors with experimental toxicity data or established toxicity prediction method-
ologies, the toxicity of the investigated ILs is predicted. Additionally, reactivity orders
are determined using these descriptors to further elucidate the relationship between IL
structure and toxicity.

Keywords: Anion Toxicity,lonic Liquid,Daphnia Magna,Guassian Software, DFT
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Introduction

lonic liquids (ILs) are materials composed of large organic or inorganic cations
(e.g., imidazolium, pyridinium) and small anions (e.g., nitrate, tetrafluoroborate,
dicyanamide), which are liquid at or below 100°C. They possess unique properties
such as negligible vapor pressure, low flammability, high ionic conductivity, and ex-
cellent thermal and chemical stability, making them suitable for various applications,
including fuel cells, batteries, sensors, and pharmaceutical drug discovery [1] [2] A
critical application of ILs in pharmaceuticals is improving the solubility of poorly
soluble drugs, which is essential for their efficacy at target sites.[3]

Despite being considered green, some ILs can cause environmental pollution and
toxicity to organisms like fish, bacteria, and humans. Toxicity measurements are
crucial for ensuring safety, assessing environmental and health risks, and developing
greener [Ls[4]While experimental toxicity tests involve living organisms and provide
ECs values indicating toxicity levels, computational methods, such as density
functional theory, are preferred for their cost-effectiveness and efficiency.

Imidazolium and pyridinium-based ILs are particularly notable for their thermal
stability, high ionic conductivity, tunability, wide electrochemical window, and
amphoteric behavior. These properties make them suitable for a wide range of
applications, and their toxicity can be assessed computationally to support safer and
more sustainable use.

1. Theoretical Studies
1.1 Toxicity Representation
1.1.1 ECs VALUE:

The EC50 value, or "Effective Concentration 50%", indicates the concentration of
a substance needed to produce a specific effect in 50% of a test population. This
measure is crucial in toxicology, pharmacology, environmental science, and risk
assessment. The log [EC50], obtained by taking the base-10 logarithm of the EC50,
compresses a wide range of concentration values for easier analysis. For ionic liquids,
the log [EC50] value is an important indicator of toxicity, especially to aquatic
organisms like Daphnia magna, a common model organism in ecological and toxi-
cological research due to its sensitivity to contaminants. A lower log [EC50] value
signifies higher toxicity, indicating that a lower concentration of the substance ad-
versely affects 50% of the test organisms. This value helps quantify the acute toxicity
of ionic liquids to Daphnia magna and allows comparison with other substances
to assess relative hazards. The log [EC50] is also used in modeling equations for
toxicity prediction.
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1.2 Modelling of Equation

In this work, we used a model equation developed by Nu’Aim and Bustam to
determine the toxicity of selected ionic liquids (ILs). This model, based on multiple
linear regression (MLR) analysis, predicts toxicity (log [EC50]) by correlating it
with significant molecular descriptors. The descriptors analyzed were the highest
occupied molecular orbital energy (EHOMO), lowest unoccupied molecular orbital
energy (ELUMO), hardness (1), chemical potential (), electrophilicity index (w),
energy gap (AE), and electronegativity (x). The analysis identified EHOMO and
E; umo for both cation and anion, and the cation’s electrophilicity index (w) as
significant descriptors. This approach helps in predicting the toxicity of ILs to
Daphnia magna based on these molecular properties. .

The correlation is a linear equation as shown below

log[ECs50]= - 1.1263 - 0.00991(E ops0, cation) + 0.0039995(E; a0, cation) +
0.00005(w, cation)+ 0.00535(Egops0, anion) - 0.004511(E; a0, anion)

In the model equation for predicting the toxicity (log [EC50]) of ionic liquids to
Daphnia magna, five significant descriptors were identified: the electrophilicity index
of the cation, and the HOMO and LUMO energies of both the cation and anion.
These descriptors are estimated using density functional theory (DFT) in Gaussian
software. The structures of the chosen ionic liquids are drawn and optimized
using the DFT technique in Gaussian. The EHOMO and Ej 40 values for both
cations and anions are obtained from their optimized structures. Additionally,
other descriptors such as the energy gap, chemical potential, electronegativity, and
hardness are calculated using formulas involving the HOMO and LUMO values[4].

Table 1. Descriptors Calculation

Descriptors Formula
Ener
Gap (E}é) AE=Erumo - Eromo
Chemical

Potential (p) = (Eromo * ELumo) / 2

n=(ELumo - EHomo) / 2

Hardness
(ﬂ)” | 1 =(AE) /2
Elef:::loez}zlcg)aty w=(u2)/(2n)
Electro&e)gati"ity x = (- Ezomo - ELumo) /2

By obtaining the descriptor values, we can determine log [ECs] values of the
ionic liquid and determine its toxicity.
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2. Result and Discussion
2.1 Calculated Descriptors of ILs

Table 2. Calculated Descriptors of Pyridinium ILs

ol -2l -0.46855 -0.24952 021903 0.35904  0.109515 0.588532 -0.359035
pyridinium
2ol B -0.45502 -0.24562 0.2094 035032  0.1047  0.586075 -0.35032
pyridinium
3.1butyl3-methyl 1116 023843 020573 03413 0.102865 056619  -0.341295
pyridinium
al-butyl-d-methyl o )c079 023336 021743 034208 0.108715 0538175 -0.342075
pyridinium
Z ;r(ig?r:?l?:qymethyl) -0.45128 -0.25369 0.19759 0.35249  0.098795 0.628805 -0.352485

2.2 Reactivity Order of Imidazolium and Pyridinium Cation
* lower hardness and higher electrophilicity indicate higher reactivity.(Islam et al.,

n.d.)

* Imidazolium cation reactivity order:
1-ethyl-2,3-dimethyl imidazolium > 1,3-dimethyl imidazolium > 1-butyl-3-
methyl
imidazolium > 1-butyl- 2,3-dimethyl imidazolium > 1-ethyl-3-methyl imidazolium
* Pyridinium cation reactivity order:
1(carboxymethyl) pyridinium > 1-n-ethyl pyridinium > 1-n-butyl pyridinium >
1-butyl-3-methyl
pyridinium > 1-butyl-4-methyl pyridinium

* In drug discovery, understanding the reactivity of drug molecules is essential for
optimizing their efhicacy, safety. It helps in drug stability, to predict toxic formations.
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2.3 Analysing Toxicity Effect of Anion and Cation Part

Table 3. Anion Toxicity on Pyridinium based ILs

Pl I Log [EC50] Pyndlmum !L with Log [EC59] Alog[ECs
values different anion values values
1. 1-butyl-3-methyl 11238 1-butyl-3-methyl 11238 0.00032

pyridinium bromide pyridinium dicyanamide
1-butyl-3-methyl
pyridinium tetrafluoroborate
1-butyl-3-methyl
pyridinium diethyl phosphate
1-butyl-3-methyl
pyridinium thiocyanate
1-butyl-3-methyl
pyridinium hexafluorophosphate
1-butyl-3-methyl
pyridinium tetrafluoroborate
1-butyl-3-methyl
pyridinium diethyl phosphate
1-butyl-3-methyl
pyridinium thiocyanate
3. 1-butyl-3-methyl 119412 1-butyl-3-methyl
pyridinium tetrafluoroborate ’ pyridinium diethyl phosphate
1-butyl-3-methyl
pyridinium thiocyanate
1-butyl-3-methyl
pyridinium hexafluorophosphate
4. 1-butyl-3-methyl 11236 1-butyl-3-methyl
pyridinium diethyl phosphate ’ pyridinium thiocyanate
1-butyl-3-methyl
pyridinium hexafluorophosphate
5. 1-butyl-3-methyl 11237 1-butyl-3-methyl
pyridinium thiocyanate ’ pyridinium hexafluorophosphate
Average 0.000564

-1.1241 0.00014

-1.1236 0.0001

-1.1237 0.00001

-1.1247 0.00093

2. 1-butyl-3-methyl

pyridinium dicyanamide 11238

-1.1241 0.00046

-1.1236 0.00042

-1.1237 0.00031

-1.12366 0.00004

-1.1237 0.00015

-1.12473 0.00107

-1.1237 0.000111

-1.1247 0.00103

-1.1247 0.00092

Table 4. Cation Toxicity Effect on Pyridinium based ILs

Log [EC59]  Pyridinium IL with Log [EC5s9] Alog[ECs0]
values different cation values values
1-ethyl pyridinium

Pyridinium IL
1. 1-butyl-3-methyl

pyridinium bromide -1.1238 bromide eseh O
1-butyl pyridinium -1.1237 0.00008
bromide
1-but¥l-4-methyl pyridinium 112372 0.00009
bromide
1 carb.oxyme'thyl pyridinium -1.1237 0.00002
bromide
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2.1-ethyl pyridinium

1-butyl pyridinium

bromide -1.12361 bromide -1.1237 0.00012
1-butyl-4-methyl pyridinium 11237 0.00011
bromide
1 cart?oxymethyl pyridinium 11237 0.00018
bromide

3.1-bgtyl pyridinium 112373 1-butyl-4-methyl pyridinium 11237 0.00001

bromide bromide
1 carl:?oxymethyl pyridinium 11237 0.00006
bromide

4.-bu'Fyl-4-methyl pyridinium 11237 1 cart?oxymethyl pyridinium -1.12379 0.00007

bromide bromide

Average 0.000094

When substituting anions (dicyanamide, diethyl phosphate, thiocyanate, tetraflu-
oroborate, hexafluorophosphate) while keeping the cation constant (1-butyl-3-
methyl pyridinium), the average toxicity difference was 0.000564. Conversely,
when varying the cation (substituting 1-ethyl pyridinium, 1-butyl pyridinium, 1-
butyl-4-methyl pyridinium, 1-carboxymethyl pyridinium) while keeping the anion
constant (bromide), the average toxicity difference was 0.000094. This indicates
that changes in the anion component have a greater impact on IL toxicity compared
to changes in the cation component.

3. Conclusion

In conclusion, this study conducted a detailed investigation into the structural prop-
erties and toxicity prediction of certain ionic liquids (ILs) using density functional
theory (DFT) calculations. The analysis focused on the properties of cations and
anions, their toxicity representations, and reactivity orders. Key findings include in-
sights into the electronic structure and reactivity of ILs, highlighting their potential
toxicity and environmental and health risks. The study identified the reactivity order
of pyridinium and imidazolium cations, aiding in the selection of safer cations for
pharmaceutical applications. Notably, altering the anion component was found to
have a more significant impact on toxicity than changing the cation. These findings
offer valuable insights for designing safer ILs and have broader implications for fields
like environmental science, toxicology, and materials chemistry. Future research
should further investigate the mechanisms behind these toxicity differences and
explore the relationship between IL structure, toxicity, and environmental impact
to develop predictive models and guidelines for creating environmentally benign
ILs.
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Abstract

Copper oxide is a promising material with potential applications in electronics, catalysis,
and energy storage. Its unique size-dependent physical and chemical properties make it
ideal for its applications. This study investigates the structural properties of copper oxide
using hydrothermal route synthesis and X-ray diffraction and Raman spectroscopy. The
results show a monoclinic crystal structure with lattice parameter values comparable
to standard ones, with highly crystalline crystals. This method can be used to obtain
crystalline and well-formed CuO crystals with a slightly smaller lattice parameter
than conventional methods. Raman spectroscopy reveals characteristic active peaks,
which can help identify different crystal phases and defects within CuO. The study also
investigates the antibacterial activity of nanostructured polycrystalline CuO, finding
higher inhibition rates in E. coli (Gram positive) than Staphylococcus aureus (Gram
negative). This suggests CuO as a promising material for antimicrobial applications.
The extension of this study could lead to smart materials for specific applications in
healthcare and biotechnology.

Keywords: Copper oxide,X-ray diifraction, Raman spectroscopy, High resolution transmission
electron microscope, Antibacterial activity
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1. Introduction

Nanostructures of transition metal oxides are pivotal in catalysis, sensing, and biomed-
ical applications . Copper oxide (CuO), a p-type semiconductor with high thermal
conductivity and antimicrobial activity, shows promise in various fields including
catalysis, sensors, and healthcare . Synthesis techniques such as microwave-assisted,
co-precipitation, and hydrothermal methods are discussed for their role in tailor-
ing CuO nanoparticle properties, crucial for optimizing performance in various
technological applications. This study focuses on synthesizing CuO nanoparticles
via hydrothermal treatment, known for producing well-defined nanostructures
with controlled size and crystallinity. The 9-hour hydrothermal reaction yielded
small-sized CuO crystals in the monoclinic phase . Structural characterization using
X-ray diffraction (XRD), Raman spectroscopy, and high-resolution transmission
electron microscopy (HRTEM) confirmed the nanoparticles’ crystallinity, phase
purity, and morphology suitable for advanced applications . Antibacterial activity
of CuO nanoparticles was evaluated against Gram-positive (e.g., Staphylococcus
aureus) and Gram-negative bacteria (e.g., Escherichia coli) using agar diffusion
methods, showing significant inhibition of bacterial growth. The study aims to
elucidate the mechanism of interaction between CuO nanoparticles and bacteria.

2. Experimental techniques

2.1 Hydrothermal synthesis of copper oxide nanoparticles

Copper oxide nanoparticles were synthesized via hydrothermal treatment. CTAB
(7.52 g) and CuClL,2H,0 (7.0 g) were dissolved in 80.0 ml of deionized water.
NaOH (39.96 ml) and AH, (7.04 ml) in 400 ml of deionized water were added
dropwise. The solution was stirred for 9 hours, followed by settling and washing to
isolate CupO particles, which were annealed at 300°C and 250°C to obtain CuO
nanoparticles[1]

2.2 Antibacterial Study
a)Agar Well Diffusion

0.1% CuO nanoparticle solution was tested for antibacterial activity using agar
well diffusion on Muller Hinton agar plates. Escherichia coli and Staphylococcus
aureus cultures were spread on plates, and 6 mm wells were made. After incu-
bation at 37°C for 24 hours, inhibition zone diameters were measured to assess
effectivenesss[2]

b)Agar Disc Diffusion

Antibacterial efficacy was further evaluated using the agar disc diffusion method
with Ampicillin discs as controls. Test organisms were cultured on Muller Hinton
agar plates, and antibiotic discs were placed. After 24-hour incubation at 37°C,
inhibition zones around discs were measured for comparison.
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3. Result and Discussion

X-ray diffraction (XRD) analysis of CuO nanoparticles annealed at 250°C and 300°C
confirms a monoclinic crystal structure, evidenced by characteristic peaks at 26 val-
ues of 35.5%, 38.8°, and 48.8° corresponding to (-111), (111), and (-202) planes. The
crystallite sizes were determined to be 22.1 nm and 23.5 nm for the samples annealed
at 250°C and 300°C, respectively, using the Scherrer equation [3]Interplanar spac-
ings closely align with theoretical values, indicating the persistence of the monoclinic
phase.

Raman spectra of the samples exhibit characteristic peaks at 279¢m™1, 313 cm™1,
and 612 e¢m™1 for the 250°C annealed CuO, and 285 ™1, 333 cmi™ 1, and 621 cm™ 1
for the 300°C annealed CuO, corresponding toAg, B1g, and Bzgmodes [4]Minor
CupO peaks suggest the presence of phase impurities, while shifts in Raman modes
indicate structural modifications influenced by annealing temperature.
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Figure 1. XRD plot of CuO annealed at 250°C and 300°C temperatures
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Figure 2. Raman spectra of CuO annealed at 250°C and 300°C

High-resolution transmission electron microscopy (HRTEM) analysis of CuO
samples annealed at 250°C and 300°C revealed significant differences in crystal
sizes compared to X-ray diffraction (XRD). Specifically, HRTEM demonstrated
larger crystal sizes for the sample annealed at 250°C, indicating the presence of
larger particles or clusters that XRD, with its sensitivity to smaller crystals, could not
effectively resolve. Moreover, the detection of CuyO phase in this sample suggested
incomplete oxidation and a less crystalline structure, contributing to the observed
differences in crystal size measurements between HRTEM and XRD.
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Figure 3. SAED image of CuO annealed at 300°C and 250°C temperature

3.1 Antibacterial activity

When CuO nanoparticles are annealed at 250°C, they exhibit 10 mm and 15 mm
inhibition zones against S. aureus and E. coli, respectively. Annealing at 300°C
increases these zones to 16 mm for S. aureus and 16 mm for E. coli. This demonstrates
stronger antibacterial effects of CuO nanoparticles against E. coli compared to S.
aureus, with larger inhibition zones observed at both annealing temperatures.

ANTIBACTERIAL ACTIVITY OF COPPER OXIDE

Staphylococcus

E coli

Ampicilin 10meg CuO 300°C  CuO 250°C

Test Product

Figure 4. Bar diagram of antibacterial activity of CuO

Figure 5. E. coli and S. aureus bacterial colonies cultured on petri dishes, demonstrating the
antibacterial efficacy of CuO nanoparticles annealed at temperatures of 250°C and 300°C
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Figure 6. S. aureus and E. coli bacterial colonies cultured on petri dishes, demonstrating the
antibacterial efficacy of CuO nanoparticles annealed at temperatures of 250°C and 300°C .

Figure 7. S. aureus and E.coli colonies formed on petri dishes in the presence of control drug

3.1.1 Mechanism of antibacterial activity

Copper oxide nanoparticles (CuO NPs) exhibit potent antibacterial effects through
two main mechanisms: Firstly, their small size (20-30 nm) and high surface area-
to-volume ratio enable effective interaction with bacterial cell walls. The positively
charged surface of CuO NPs enhances this interaction via electrostatic attraction,
particularly effective against gram-negative bacteria with thinner cell walls. This
disrupts the peptidoglycan layer, compromising cell wall integrity and leading to
cell death.

Secondly, CuO NPs catalyze the generation of reactive oxygen species (ROS)
near bacterial cell walls. These ROS molecules, including free radicals and peroxides,
degrade peptidoglycan components, weakening the cell wall and causing cellular
damage, eventually leading to cell lysis and bacterial death.

Further research is needed to determine the dominant mechanism of bacte-
rial inhibition and optimize the application of CuO NPs. While promising as
antimicrobial agents, ongoing studies are crucial to enhance effectiveness, minimize
environmental impacts, and address safety concerns for human health [5]

4. Conclusion
CuO nanoparticles were synthesized via hydrothermal synthesis with capping, yield-
ing highly crystalline monoclinic crystals with slightly reduced lattice parameters
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due to negative stress. Characterization techniques including diffraction pattern anal-
ysis, Raman spectroscopy, and High-Resolution Transmission Electron Microscopy
(HRTEM) confirmed the crystal quality and structure.

Antibacterial tests demonstrated significant efficacy against both Gram-negative
E. coli and Gram-positive Staphylococcus aureus, with stronger inhibition ob-
served against E. coli even at low concentrations compared to standard antibiotics.
These results highlight CuO nanoparticles as promising candidates for antibacterial
applications in healthcare and biotechnology.

Further research into the primary mechanisms of bacterial inhibition will be
pivotal for optimizing the specificity and effectiveness of CuO nanoparticles in
practical applications. This study lays a solid foundation for future advancements in
utilizing CuO nanoparticles in biomedical and environmental contexts.
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Abstract

Gravitational lensing, a significant phenomenon in astrophysics, provides valuable in-
sights into the distribution of mass in the universe, including dark matter. Lenstronomy
is a versatile software package specifically developed for modeling strong gravitational
lensing. Scientists in the field of astronomy and astrophysics utilize this sophisticated
tool to accurately simulate, analyze, and interpret data related to gravitational lensing
events. This research focuses on simulating gravitational lensing phenomena and ana-
lyzing the resulting images using the lenstronomy package module within the Python
programming language. The practical examples outlined in this text illustrate the
diverse applications of lenstronomy, demonstrating its utility in research, data analysis,
and preparation for upcoming astronomical observations.Key components of this study
involve creating pixel grids to deconstruct the simulated image plane, incorporating
point spread functions (PSF) to replicate the blurring effects of telescope optics, and
employing numerical techniques for image generation and analysis. The simulation
outcomes are compared against observed data, with noise sources such as Poisson and
background noise included to enhance realism.Through minor adjustments to the
software, significant improvements in results can be achieved, enabling the generation
of simulations for each dataset input into the program. This research underscores the
importance of computational tools in modern astrophysics, enabling in-depth investiga-
tions into gravitational lensing phenomena that advance our understanding of cosmic
structure and evolution.
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Introduction

During the early 20th century, the scientific community was abuzz with innovative
ideas. One of the most groundbreaking concepts introduced during this time was
Albert Einstein’s theory of general relativity, which he unveiled in 1915[1]. This
theory revolutionized our comprehension of gravity by portraying it not as a force
that pulls objects together, but as a distortion of spacetime caused by mass and energy.
At the core of this theory lies the notion of gravitational lensing, where massive
celestial bodies such as stars and galaxies bend the light emanating from more distant
sources, resulting in phenomena like multiple images, arcs, and Einstein rings. This
paper explores the fundamental aspects of gravitational lensing and its three primary
categories: strong lensing, which generates striking effects such as multiple images
and arcs due to precise alignment; weak lensing, which induces subtle distortions in
the shapes of background galaxies that are valuable for studying dark matter; and
microlensing, which leads to temporary brightening of a background star when a
small object, such as a star or planet, passes in front of it, often leading to the discovery
of exoplanets. By employing Python and the lenstronomy package, this research
illustrates how to replicate these gravitational fields and lensing effects, establishing
a sturdy framework for deciphering intricate observational data and enhancing our
comprehension of the cosmos. The findings highlight the efficacy of gravitational
lensing in exploring the universe, providing insights into the distribution of dark
matter, the formation of galaxies, and the identification of distant exoplanets, thereby
making significant contributions to contemporary astrophysics and cosmology.

Gravitational Lensing

Gravitational lensing is a fascinating phenomenon that occurs when massive celestial
objects, such as galaxies or black holes, bend the light emitted by more distant
celestial bodies. This bending of light acts as a natural magnifying glass, allowing
us to observe objects that would otherwise be faint or distant. The concept of
gravitational lensing was predicted by Einstein’s general relativity and relies on
three essential components: a distant light source, a massive object that acts as the
lens, and an observer equipped with a telescope.

There are three main types of gravitational lensing: strong lensing, weak lensing,
and microlensing[3]. Strong lensing produces striking visual effects, such as multiple
images, arcs, or complete Einstein rings, when light passes close to an extremely
massive object. On the other hand, weak lensing results in subtle distortions of
background objects, which can be analyzed to map the distribution of dark matter.
Microlensing involves smaller objects, like stars, bending the light from another star
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located behind them. This technique is often employed to discover exoplanets and
other celestial objects.

The significance of gravitational lensing in the field of astronomy cannot be
overstated. It plays a crucial role in the study of distant galaxies by magnifying and
brightening them, allowing for detailed observation and analysis. Gravitational lens-
ing also provides valuable insights into the distribution of dark matter by examining
the distortions in light. Furthermore, microlensing serves as a valuable method
for the discovery of exoplanets, while the study of lensed images offers valuable
information about the properties of black holes and other massive objects. The
foundations of gravitational lensing can be traced back to the principles of general
relativity and Fermat’s principle[2], which describe how gravity affects the path
of light. Ultimately, gravitational lensing serves as a unique and powerful tool for
enhancing our understanding of the structure of the universe, the distribution of
matter, and the dynamics of cosmic expansion.

Simulation Tools

Python[4], developed by Guido van Rossum and released in 1991, is a high-level
programming language known for its readability, simplicity, and versatility. It
places a strong emphasis on code readability by utilizing significant indentation,
making it suitable for projects of varying scales. Supporting multiple programming
paradigms such as procedural, object-oriented, and functional programming, Python
features a dynamic type system and automatic memory management, simplifying
complex tasks. With a vast standard library and a wide array of third-party packages
accessible through PyPI, Python caters to a diverse range of applications, including
web development, data analysis, artificial intelligence, and scientific computing.
Notable libraries like NumPy, pandas, and TensorFlow have solidified Python’s
standing in the data science and machine learning communities. Its interoperability
with other languages and tools, combined with robust community support, ensures
its enduring popularity and continuous advancement, establishing it as a preferred
language among developers globally.

The lenstronomy package[5], an open-source Python library, is specifically
tailored for gravitational lens modeling. It enables the analysis and reconstruction
of mass distribution and surface brightness in strong lensing systems through for-
ward modeling. Lenstronomy supports a variety of analytic lens and light models,
allowing for the integration of different models for comprehensive analysis. The
package is utilized for tasks such as setting constraints on dark matter properties,
determining the expansion history of the universe via time-delay cosmography,
analyzing cosmic shear, and distinguishing between quasar and host galaxy light.
Essential libraries like NumPy and Matplotlib play pivotal roles within lenstronomy.
NumPy handles numerical computations, array operations, and linear algebra, en-
suring efliciency through optimized libraries. Meanwhile, Matplotlib aids in the
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creation of static, animated, and interactive visualizations, facilitating understanding
and communication.

Result and Discussion
Simulated lens model

Figure 1. simulation with standard data

Utilize the aforementioned tools to replicate a visual representation of the gravi-
tational field based on the provided standard data. Subsequently, generate multiple
models by adjusting the values within the given dataset. Finally, evaluate the out-
comes of the simulations.

The adjustment of the Einstein radius (6g) plays a significant role in gravi-
tational lensing, as it has a direct impact on the strength and size of the lensing
effect. Increasing the value of 0 amplifies the lensing effect, resulting in larger
lensed images while maintaining their spherical symmetry. This parameter is of
utmost importance as it directly correlates with the mass of the lensing object. A
larger O indicates a more massive lens, which in turn bends light more strongly.
Consequently, precise fine-tuning of 6 enables astronomers to accurately model
and analyze the magnification and distortion of celestial objects in the background
caused by the lensing mass.

Moditying the ellipticity parameters el and e2 brings about changes in the shape
and distribution of intensity in the lensed images. When el and e2 are set to equal
values, the gravitational lensing effect produces four distinct images of the back-
ground object, commonly referred to as a quadruple lens or an Einstein cross. On
the other hand, different values for el and e2 result in a more uniform and spherical
shape, thereby reducing the presence of distinct multiple images. Additionally, the
shear parameter y also influences the structure of the lensing. Lower values of y
introduce elliptical distortions and multiple images, while higher values lead to a
more spherical and intense lensing effect. Variations in gammal and gamma2 further
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refine the shape, positioning, and intensity of the lensing, underscoring the critical-
ity of precise parameter control in gravitational lens modeling. These adjustments
ensure the accurate representation of the intricate gravitational interactions between
lensing masses and the light emitted by distant objects, thereby facilitating detailed
astronomical observations and analyses.

Conclusion

Our research project, titled "Lens Modelling using Python to Simulate Gravitational
Fields," employs Python programming language along with the lenstronomy library
to create simulations and analyze the effects of gravitational lensing. By defining
lens and light models for source and lens galaxies, setting up pixel grids, establishing
point spread functions (PSF), and introducing noise to produce both clear and
noisy images, we are able to generate realistic simulations of lensed images. These
simulations play a crucial role in enhancing our comprehension of mass distribution,
including the presence of dark matter, within the universe. The project serves as a
practical demonstration of the application of lenstronomy in various aspects such as
research, data analysis, and preparation for astronomical observations, highlighting
the effectiveness of computational tools in investigating intricate gravitational lensing
phenomena.

Our analysis reveals that alterations in the Einstein radius (0 ) impact the strength
and size of gravitational lensing, with higher values of 0 resulting in increased
intensity and apparent size while maintaining a spherical form. Adjusting the ellip-
ticity parameters (el and e2) influences the shape and intensity distribution, where
equal values produce four distinct images and varying values lead to a more uniform,
spherical shape. The parameter y plays a significant role in shaping the lensing
structure, as lower values create elliptical shapes and multiple images, while higher
values produce more spherical and intense lensing effects. Center-x and center-y
parameters exhibit minimal influence on the lensing image, whereas adjustments in
gammal and gamma2 parameters impact the shape, positioning, and intensity of
lensing, underscoring the critical importance of precise parameter control in the
modeling process. The subsequent phase of our project involves the development of
a Python program aimed at generating accurate gravitational lens simulations based
on provided data, thereby advancing our understanding and modeling capabilities
of these phenomena.

32



Acknowledgement

[ express my sincere appreciation to the team led by Simon Birrer for their invaluable
contribution in developing the highly beneficial Python package, lenstronomy:Multi-
purpose gravitational lens modelling software package. This versatile software pack-
age is designed for gravitational lens modeling, enabling us to accurately simulate
and analyze gravitational fields.

References
[1] Renn, J., Sauer, T. (2003). Eclipses of the stars: Mandl, Einstein, and the early
history of gravitational lensing. In Revisiting the Foundations of Relativistic
Physics: Festschrift in Honor of John Stachel (pp. 69-92). Dordrecht: Springer
Netherlands.

[2] Meneghetti, M. (2016). Introduction to Gravitational Lensing—Lecture scripts.
researchgate. net/publication/310620466.

[3] Schneider, P., Kochanek, C., Wambsganss, J. (2006). Gravitational lensing:
strong, weak and micro: Saas-Fee advanced course 33 (Vol. 33). Springer
Science Business Media.

[4] Van Rossum, G. (2007, ]une). Python Programming Language. In USENIX
annual technical conference (Vol. 41, No. 1, pp. 1-36).

[5] Birrer, S., Amara, A. (2018). lenstronomy: Multi-purpose gravitational lens
modelling software package. Physic