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Abstract. This study examines the development and utilization of diffusion chambers in particle physics research. 
Through meticulous experimentation, optimization of chamber parameters has been achieved to enhance particle 
detection while concurrently assessing background radiation levels, vital for minimizing interference. Furthermore, recent 
advancements have enabled the visualization of α – particles and mesons within these chambers, offering invaluable 
insights into their behaviors and interactions. These achievements highlight the pivotal role of diffusion chambers as 
indispensable tools in advancing our understanding of fundamental particles and their properties. As a result, diffusion 
chambers continue to serve as critical instruments in unraveling the mysteries of the subatomic world, promising 
continued contributions to particle physics research. 
Keywords: diffusion chambers, particle physics, background radiation, α – particles, mesons. 

 
1. Introduction 

 
1.1 Cosmic radiation 

High intensity particle radiations (photon rays being an example, since they are 
electromagnetic waves) usually come from space and penetrate all layers of the Earth's atmosphere 
(called main cosmic radiations). These radiations' principal constituents are as follows: protons 
(approx. 90%), α – particles (approx. 9%), bigger nuclei (up to 1%) [1].  

Particles often clash with atmospheric nuclei as they pass through the atmosphere, starting 
fission and nuclear reactions. As a result, fresh nuclei and fundamental particles are created, 
continuing on their current path and triggering other interactions [2]. 

There is only one detectable secondary form of radiation in the atmospheric layers closest to 
the Earth's surface (below 20 km), which originates from the many interaction processes occurring in 
the upper atmospheric layers [3]. 

It thus becomes necessary to differentiate between four different parts, each with a different 
penetration strength. Table 1 gives information on the detailed composition of the components [2], 
[3], [4]. 

 
Table 1 – Components of the cosmic secondary rays 

Cosmic secondary rays Components  
Nucleons Protons / neutrons  

Electrons and photons  Electrons / positrons / photons 
Mesons Mesons of different charges 

Neutrinos Neutrinos / antineutrinos  
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Figure 1 schematically illustrate the expansion process of secondary cosmic ray components. 
 

 
Figure 1 – Organic division mechanisms 

 
All electrically charged particles, such as protons, electrons, positrons, mesons, and alpha 

particles, can be found inside the special equipment [5]. On the other hand, photons only produce an 
indirect trace when they, for example, remove an electron from an atom, leaving behind an ionization 
trail. Because neutrons can initiate nuclear reactions, they cause traces to be formed through the 
charged particles that are released from the nucleus. Table 2 summarizes the components of the trace 
that is left behind by the nuclear reactions of neutrons [6].  

 
Table 2 – The trace that is left behind by the nuclear reactions of neutrons 

Particles Symbol Relative mass Charge Radioactive period 
Electron 𝑒𝑒− 1 -1 Stable 
Positron 𝑒𝑒+ 1 +1 Stable 
Myon 𝜇𝜇− 206.77 -1 1.5 ∗ 10−6s 

Antimyon 𝜇𝜇+ 206.77 +1 1.5 ∗ 10−6s 
Proton 𝑝𝑝+ 1836.1 +1 stable 

Neutron 𝑛𝑛 1836.62 0 14.7 min 
α – particle 𝐻𝐻𝐻𝐻++ 7294.1 +2 Stable 

 
1.2 Radiations from the earth (Terrestrial)    

Natural radionuclides that emit radiation are present in all elements on Earth, including the 
atmosphere, water, animals, and soil [7], [8]. They have either always existed or have been created 
since the Earth's creation, which is approximately 4.5 billion years ago: Among the naturally 
occurring radionuclides are U-238, Th-232, K-40, and Rb-87, which have extremely long radioactive 
periods [8]. There is a continuous production of Ra-226, Rn-222, Po-218, or Pb-210, radionuclides 
with relatively short radioactive periods in the three natural splitting processes. Naturally occurring 
radionuclides with comparatively short radioactive periods do exist, but they are not involved in the 
splitting process. In the highest layers of the atmosphere, they are continuously being formed. For 
example, C-14 from N-14 or H-3 from N-14 or O-16. 
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There are roughly 100 naturally occurring radionuclides in the Earth's crust, all of which exist 

in varying amounts and have existed since the planet's formation. This explains the continuous 
exchanges that occur between the atmosphere, water, earth, and animal life (Figure 2). 

 

 
Figure 2 – Production of Rn-222 and derivatives in the low atmosphere layer 

 
As it is known, not a few researches have been carried out in the field of creation of diffusion 

chambers for observation of charged particle tracks [9]. Some scientists [10] conducted experiments 
to determine the most suitable materials for making a diffusion chamber. They tested different 
substances to assess their compatibility with particle track detection and visualisation. Factors such 
as transparency, durability and sensitivity to ionisation were evaluated. Through systematic testing 
and comparison, materials such as glass or plastic were identified as having optimal characteristics 
for use in the chamber, but the sensitivity of the chamber was not ideal. 

Other researchers [11] have explored different camera configurations and geometries to 
improve particle detection and track visualisation. They experimented with camera sizes, shapes and 
detection element locations to maximise sensitivity and resolution. By systematically changing these 
parameters and analysing the resulting particle tracks, they were unable to improve the camera design 
to achieve optimal performance. 

The team of scientists [12] conducted extensive research to determine the ideal operating 
conditions for the diffusion chamber. They adjusted parameters such as temperature, pressure and gas 
composition to optimise particle detection efficiency and track visibility.  

Through systematic experimentation and data analysis, they determined the optimal range of 
operating parameters that facilitated the most accurate and reliable observation of particle tracks in 
the chamber. 

Consequently, there arises a necessity to devise a chamber constructed from naturally 
occurring radioactive elements. 
 

2. Methods 
 

A special diffusion chamber was constructed for the experiment, which consisted of a 
chamber base and an observation chamber, the two main parts of the cloud chamber device. The 
camera base includes a pump, a programmable time switch, a power supply, a cooling mechanism 
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and an alcohol reservoir. The surveillance camera is attached to this base. At the bottom of the 
surveillance camera is a large black metal panel measuring 45 by 45 cm, which is continuously cooled 
to a temperature of about -30°C using a cooling device (Figure 3). 

 

 
Figure 3 – Segment via the cloud diffusion chamber 

 
The surveillance camera consists of two folded glass covers for the side and top plates. A 

system of tiny heating wires is located inside this structure between the upper glass panels to prevent 
condensation inside the hood. These wires are simultaneously under high voltage, which generates 
an electric field that attracts ions. A heated trough surrounding the entire top of the glass hood is 
powered by electricity. A curved tube supplies isopropyl alcohol, which flows into the trough. The 
alcohol moves from the warmer upper part of the chamber to the cooler lower part, where it evaporates 
and dissipates, then condenses into tiny droplets and returns to the tank. Just above the thin layer of 
liquid covering the bottom, a region of supersaturated alcohol vapour forms. This region is the only 
place where charged particles from internal or external sources create ions as they pass through it. 
Tiny droplets of alcohol cling to these ions, creating a visible cloud track. The length and location of 
this track gives information about the composition of the ionising particles. 
 The designed chamber was placed on a square table with a length of 90 to 100 cm and a height 
of 30 to 60 cm. Throughout the experiment, the cloud chamber was fully shielded from direct 
overhead light and the vents were not obstructed. For best observing conditions, the entire experiment 
took place in the dark. 

Protons, mesons, electrons, and alpha particles — all of which have an electrical charge— 
record the tracks left by this diffusion chamber. You may determine which particle passed through 
the cloud chamber, how fast it traveled (energy), and whether it collided or deflected during flight by 
observing the differences in the particle's trails. The alcohol vapor that is diffusing to the black plate 
from top to bottom liquefies (condenses into droplets) as soon as it gets close to the cooled plate. 

There is a layer of liquid alcohol vapour, about 1-2 mm thick, above which the vapour has not 
completely liquefied. Drop formation, and hence cloud formation, can be intentionally induced in this 
layer by, for example, small dust particles (condensation nuclei) or passing radiation particles. 
Radiation particles "damage" (ionize) many alcohol molecules during flight; these molecules can then 
take on considerably larger alcohol droplets and appear visible to us. On Figure 4, they form the cloud 
track. 
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Figure 4 – Cloud chamber: the formation of cloud tracks 

 
The first white tracks on the black surface appeared five minutes after the start of work. To 

maintain high accuracy and sensitivity, the temperature inside the chute was increased. 
The readings of the programmable timer were set to the automatic mode of operation of the cloud 
camera. In addition, the base of the camera was equipped with a hole in which artificial radiation 
sources are supposed to be inserted. 
 To ensure the reliability of observations and confirm the accuracy of data, statistical 
processing principles were applied to each measurement: 

− before starting measurements, the start time of track visualization was recorded and 
preliminary calibration of conditions (temperature, lighting, evaporation stability) was 
performed. 

− a method was used that mimicked the operation of a geiger counter—a sheet of paper with a 
hole 0.8 cm in diameter, through which multiple visual counts of the number of tracks were 
made over a given time interval. 

− each measurement was repeated at least five times, and the track frequency values in the 
observation area were recorded. 

− based on these observations, the mean values (m) and standard deviation (σ) were calculated 
using the formula: 

𝜎𝜎 = � 1
𝑛𝑛−1

∑ (𝑥𝑥𝑖𝑖 − 𝑀𝑀)2𝑛𝑛
𝑖𝑖=1                                                      (1) 

Where, σ — standard deviation: numerically shows how much individual measurements 
deviate from the mean value. The smaller σ is, the higher the accuracy and stability of measurements; 
n — total number of measurements (observations), i.e., how many times you counted the number of 
particles during the same time interval; 𝑥𝑥𝑖𝑖 — value 𝑖𝑖 of the i-th measurement, i.e., the number of 
particles recorded in the i-th attempt; M — arithmetic mean (mathematical expectation) for all 
measurements; (𝑥𝑥𝑖𝑖 − 𝑀𝑀)2 — the square of the deviation of each measurement from the mean value. 
Squaring is done so that the deviations do not cancel each other out (since some of them are negative); 
∑ (𝑥𝑥𝑖𝑖 − 𝑀𝑀)2𝑛𝑛
𝑖𝑖=1  — sum of squares of all deviations. This is a measure of the overall “scatter” of the 

data; 1
𝑛𝑛−1

 — a forming coefficient called the unbiased estimate of variance. Division by n−1 (rather 
than n) is used to correctly approximate the actual standard deviation if the sample size is finite (the 
so-called “unbiased estimate”). 

The obtained values were compared with the theoretical background radiation level (about 18 
events per minute), which made it possible to identify excesses caused by artificial or cosmic sources. 

In addition, the length, shape, and density of droplets along the track served as indirect 
statistical indicators for classifying particles (alpha, beta, muons, etc.). Tracks were divided according 
to length (short/long), droplet density (dense/sparse), and shape (straight/curved) for visual 
identification of the energy and type of particles. 

In the future, it is planned to expand the statistical component using digital video recording 
and subsequent analysis of tracks using software with elements of machine vision and automatic 
tracking. 
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3. Results and Discussion 

 
Unless they are separated in a carefully insulated environment, the radioactive particles 

described in the previous section will always be present as background radiation. When radioactive 
events like decay are being studied, it is necessary to subtract the background radiation, which is 
usually measured at about 18 rpm, from the observed effects. Removing this amount is necessary for 
a precise analysis. Traditionally, this background radiation is measured using a tube counter 
connected to a counting device. But upon first examination of the cloud chamber's active region, a 
seemingly profusion of particle tracks would indicate that radioactive material—rather than just 
background radiation—is present in the chamber. A modest method is used to help identify 
background radiation as the true source of the particle track density.  

Using a piece of type paper, hole in the middle of it that is about 0.8 cm in diameter to replicate 
the operation of a tube counter have been made. Lay the paper out flat on the cloud chamber's glass 
plate. Using one eye, look through the hole to the active part of the cloud chamber at a distance of 
about 10 cm from the paper. Count the twenty different "parts" of particle tracks that are visible 
through the hole and record the elapsed time at the same time.  

This method simulates a tube counter's aperture. Particle tracks are only visible where they 
intersect this imagined opening. Out of all the particle trails in the cloud chamber, only those passing 
through a tube counter-like aperture are visible. This technique can verify the theoretical zero rate of 
particle detection. Observable are remnants of "clouds" made up of protons, electrons/positrons, 
mesons, and particles within the chamber. Short tracks and longer, narrower tracks are often visible. 
For now, we will concentrate on the longer but more noticeable tracks (Figure 6). 
The tracks are statistically dispersed over the observation region, making it impossible to forecast the 
exact time and place of future track sightings. α – particles in air conditions usually have a diameter 
of around 5 cm, but in alcohol vapor, their range is significantly reduced. Moreover, α – particles can 
be absorbed by a single sheet of paper. 

On the one hand, the decay of a radioactive nucleus might release α – particles inside the 
chamber. On the other hand, it is possible that protons—which have a lot of energy—are produced in 
the atmosphere during secondary radiation processes. These powerful protons are able to pass past 
the glass shielding and inside the chamber. Then, when they enter the chamber, if their energy is low 
enough to interact with the atomic electrons of the gas inside, they leave behind α – particles like 
tracks (Figure 7). 

 

  
Figure 6 – Track produced by an α – particle Figure 7 – Track produced by protons 

 
The supersaturated alcohol vapor layer only permits the identification of a single location as 

an ionization trail when it is penetrated vertically. When the observer directs attention towards the 
thin and, to some extent, significantly elongated tracks (tracks exhibiting low drop density), a notable 
abundance of track manifestations may cause perplexity. Therefore, it is recommended to 
meticulously consider specific characteristics—namely, the length of these tracks. 

Primarily, observers should endeavor to identify a thin, linear, and prolonged trajectory 
extending across the entire observation area. This trajectory is indicative of particularly swift 
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electrons (Figure 8). Conversely, electrons moving at a slower pace (i.e., possessing a lower energy 
content) exhibit shorter trajectories, which are partially curved or distorted (Figure 9) due to 
deviation. 

 

  
Figure 8 – A track produced by an electron 

having a high energy content 
Figure 9 – Repeatedly deviating β-particles 

create a track 
 
Because of the numerous atoms' deviations in the steam layer, electrons with very low energy 

content produce short trajectories that appear ornate or convoluted (Figure 10). 
 

 
Figure 10 – Tracks made up of β - particles with less energy 

 
When beta β-particles with low energy pass through a diffusion chamber, they ionize the 

supersaturated alcohol vapor above the thin liquid layer at the bottom, resulting in short, ornate, or 
convoluted tracks. These tracks are distinctive due to the numerous deviations and interactions the 
low-energy β-particles experience with atoms in the vapor layer. The short length of these tracks 
indicates the lower energy of the particles, while the convoluted appearance reflects the frequent 
scattering events they undergo. These visible trails, formed within the carefully controlled 
environment of the chamber, provide valuable information about the energy and behavior of β-
particles. The intricate nature of the tracks aids in distinguishing low-energy β-particles from other 
types of ionizing particles, offering insights into their interactions and properties. 

In the Cloud chamber, mesons—which make about 90% of secondary cosmic rays—can also 
be found. Because m-mesons have an elementary charge that can be either positive or negative and 
because their weight is equivalent to 207 times that of an electron, they play a significant role in this 
process. High energy mesons produce trajectories that resemble the tracks left by electrons. On the 
other hand, heavily regulated mesons ionize and create tracks that are almost exactly like those of -
particles. As a result, it will be exceedingly challenging to determine if one is looking at protons, 
electrons, mesons, or particles in a given instance (Figure 11). 
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Figure 11 – Track produced by a meson 

 
When a meson passes through a diffusion chamber, it ionizes the supersaturated alcohol vapor 

just above the thin liquid layer at the bottom, creating a visible cloud track. This track, characterized 
by its intermediate length and narrower width compared to heavier particles like alpha particles, 
allows for detailed analysis. The track's curvature provides insight into the meson's momentum and 
energy, while any bends or kinks can indicate collisions or deflections. Additionally, the meson's 
inherent instability might be observed through sudden changes in the track, marking decay events. 
These visible trails, formed within the controlled environment of the chamber—shielded from direct 
light and regulated for temperature and voltage—offer valuable data for identifying the meson and 
understanding its interactions and properties. 

 
4. Conclusions 

 
In conclusion, it should be noted that the development and improvement of diffusion chambers 

have become important milestones in research in the field of particle physics. Thanks to careful 
experiments, it was possible not only to optimize the camera parameters to improve particle detection, 
but also to conduct a thorough assessment of background radiation levels. This definition is important 
to minimize interference and ensure the accuracy of particle observations. Moreover, recent advances 
have made it possible to visualize α – particles and masons inside these chambers, shedding light on 
their behavior and interactions in ways previously unattainable. These achievements highlight the 
crucial role of diffusion chambers as indispensable tools in uncovering the mysteries of the subatomic 
world and deepening our understanding of fundamental particles and their properties. 
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In the originally published version of this article, the Methods section lacked details on the 
statistical processing of measurements used to validate observation reliability. The following 
corrections have been made: 

1. Section 2 (Methods):
- The updated version specifies preliminary calibration steps, repeated measurements (n=5), 

mean value (m) and standard deviation (σ) calculation formulas, and comparison with theoretical 
background radiation level (18 events/min). 

- Visual classification of tracks (length, density, curvature) is now described as an additional 
indirect indicator of particle type and energy. 

- A note on future enhancements using digital video recording and machine vision for 
automatic track analysis has been added. 

2. Editorial improvements were made to enhance methodological transparency and
reproducibility of experimental data. 

These corrections do not alter the findings, discussion, or conclusions of the article but 
strengthen the rigor and accuracy of reported measurements. 
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Abstract. This study investigates the correlation between the magnetic field strength generated by two Helmholtz coils 
and the current passing through them. Utilizing a 100 Ohm, 1.8 A rheostat, the Helmholtz coils are connected to a variable 
power source (0-20V, 0-5A), ensuring stable positioning. The magnetic field at the center of the coils is precisely 
measured using a digital Teslameter with a Hall probe, as the current is incrementally adjusted. A digital multimeter, 
equipped with multiple operational modes, facilitates data collection and ensures accuracy. The empirical validation of 
theoretical predictions is achieved by plotting magnetic field strength against current. Adherence to stringent safety 
protocols, such as temperature monitoring and secure electrical connections, is maintained throughout the experiment. 
Helmholtz coils are mounted on a robust core assembly using supports, clamps, and rods to ensure alignment and stability. 
The experimental setup includes the calculation of the calibration factor and the horizontal flux density as a function of 
coil current. Additionally, the maximum needle deflection at 4 A allows for the measurement of the angle between the 
coil axis and the "north/south" direction. 
Keywords: Helmholtz coils, magnetic field strength, current variation, digital teslameter, calibration factor. 

 
1. Introduction 

 
The magnetic field of Earth is an important component of the geophysical environment of the 

planet and has been studied by scientists for many years. This magnetic field, which is derived from 
the dynamo action in the fluid outer core of the Earth, has a significant impact on a number of natural 
and manmade processes. Geodynamics, tectonics, and the Earth's evolutionary history are all greatly 
aided by an understanding of the origin, structure, and dynamic changes of the geomagnetic field. By 
using satellite missions and ground-based observatories, exact measurements and analysis are used 
to reach this full understanding [1], [2], [3]. 

 The geodynamo, or motion of molten iron and nickel in the outer core, is the primary source 
of the Earth's magnetic field [4]. Convection currents generated by the heat created by the radioactive 
decay of materials within the Earth are what propel this dynamo action [5]. With magnetic poles close 
to the geographic poles, the resulting magnetic field is mostly dipolar. However, because of the 
dynamic nature of the geodynamo process, the field also displays intricate non-dipolar components 
that change over time [6], [7]. 

Long-term, continuous records of the Earth's magnetic field have been made possible thanks 
in large part to ground-based magnetic observatories. These observatories use fluxgate 
magnetometers and proton precession magnetometers to measure the three components of the 
geomagnetic field: intensity, inclination, and declination. These data are essential for tracking secular 
variations, spotting magnetic abnormalities, and researching unusual events such abrupt shifts in the 
secular variation's rate, or geomagnetic jerks [8], [9]. 
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Utilizing cutting-edge technologies and approaches, recent studies of the Earth's magnetic 
field have improved our comprehension of this intricate geophysical phenomenon. Improved 
modeling methods, high-resolution observations, and the local and global effects of magnetic field 
fluctuations have been the main topics of these investigations [10], [11]. 

The use of high-resolution satellite missions has been one of the most important developments 
in the study of the Earth's magnetic field. Launched in 2013, the European Space Agency's Swarm 
mission consists of three identical satellites operating in a constellation to monitor magnetic signals 
with previously unheard-of accuracy from the Earth's core, mantle, crust, oceans, ionosphere, and 
magnetosphere [12], [13]. Swarm data have given deep insights into core-mantle interactions, the 
dynamics of the geodynamo, and the impact of external sources like solar activity on the geomagnetic 
field. Researchers may now examine the fine-scale characteristics of the Earth's magnetic field and 
develop more precise global geomagnetic models thanks to the Swarm mission. For instance, complex 
structures of magnetic anomalies and secular fluctuation have been discovered by recent analysis of 
Swarm data, which has improved our comprehension of the underlying geodynamic processes. 
Furthermore, studying geomagnetic jerks—rapid variations in the geomagnetic field—and their 
consequences for the mechanics of the Earth's core have been made possible thanks in large part to 
Swarm data [13]. 

With the availability of high-resolution data, research on abrupt variations in the Earth's 
magnetic field, or geomagnetic jerks, has advanced dramatically. Studying geomagnetic jerks, which 
are abrupt increases in the rate of secular fluctuation, can provide important details about the inner 
workings of the Earth. The goal of recent studies has been to determine the cause of these jerks and 
how core-mantle interactions relate to them. For instance, a study that discovered a geomagnetic jerk 
that happened in 2015 using Swarm data shed light on the underlying mechanics. The results imply 
that these quick changes could be related to modifications in the flow patterns caused by 
compositional and thermal convection processes in the Earth's outer core [14], [15]. 

Thanks to recent developments, the useful applications of geomagnetic field investigations 
are growing. Improved geomagnetic models improve GPS and compass accuracy, which is important 
for aerial and marine navigation. Extensive magnetic surveys are used in mineral exploration to find 
subsurface mineral deposits, which benefits the mining sector [16]. 

In this paper, to better understand the properties of magnetic fields, two kinds of Helmholtz 
coils, round and square, of equal size, have been used. 

 
2. Methods 

 
This experiment looks at the relationship between the current flowing through two Helmholtz 

coils and the strength of the magnetic field they produce. To control current flow, the Helmholtz coils 
are firmly installed and linked to a variable power source with 0-20V and 0-5 A via a rheostat of 100 
Ohm and 1.8 A. As the current is gradually changed, the magnetic field at the coils' center is precisely 
measured using a digital Teslameter fitted with a Hall probe. A digital multimeter in operating mode 
of 600V AC/DC, 10A AC/DC, 20 MΩ, 200 μF, 20 kHz, −20°C – 760°C makes data collecting easier 
and ensures dependability by taking several readings.  

By constructing a graph that plots magnetic field strength versus current using the obtained 
data, theoretical predictions are empirically validated. Strict safety precautions are followed during 
the experiment, such as keeping an eye on the temperatures of the equipment and making sure the 
electrical connections are secure to guarantee precise and safe measurements. 

Using the proper stands, clamps, and rods with 250 mm of length and diameter of 10 mm , the 
Helmholtz coils are firmly fixed to a sturdy core assembly to guarantee alignment and stability during 
the experiment.  

The rheostat and the multimeter that is used as an ammeter are used to connect the Helmholtz 
coils, along with the installed space holders, to the DC generator in series (a linkage of equally-
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numbered connections). The barrel base of the Hall probe should point inward toward the coil axis in 
the middle of the Helmholtz arrangement when it is placed on the support rod (Figure 1).  

 

 
Figure 1 – Experimental equipment 

 
The magnetometer's graded circle was then turned into the vertical plane while the coils were 

devoid of electricity, enabling the magnetic needle to display the inclination angle ʋ1. The spin axis 
was carefully positioned to match the "north/south" direction accurately. The magnetometer was 
turned 180 degrees and reinstalled in the vertical plane to confirm ʋ2. 

The Teslameter's zero-point position was carefully calibrated prior to the measurements 
starting. The magnetometer, which had a leveled graduated circle, was being positioned between the 
coils using a barrel base, stand tube, and visual judgment to have the center of the graduated circle 
roughly aligned with the center of each pair of coils. Originally, when there was no current running 
through the coils, the direction "north/south" was marked on the graded circle. The magnetic needle 
was being gently deflected from its resting position many times to verify precise orientation, and the 
instrument was being carefully tapped to reduce friction resistance.  

By measuring the deflection angle of the magnetic needle from its resting position in response 
to tiny currents given to the coils, the horizontal component of the Earth's magnetic field was found. 
The measurement series needed to be rerun if the coil current's polarity was switched. Readings from 
both ends of the needle were being considered in order to determine the exact angle. 

To ensure the stability and precision of measurements, Helmholtz coils were fixed using rods 
(250 mm length, 10 mm diameter), clamps, and a rigid core base. The Teslameter’s zero was 
calibrated prior to the experiment. The probe was placed at the geometric center between the coils to 
align with the axis. A magnetometer was used to determine the inclination and deflection of the 
magnetic needle, allowing calculation of the horizontal component of Earth's magnetic field. 

The current through the coils was varied incrementally, and the magnetic field was measured 
at each step. For each current level, three repeated measurements of the magnetic field were taken to 
account for random fluctuations and ensure reliability. The measured values were used to compute: 

− Arithmetic mean M of the magnetic field values: 
𝑀𝑀 =  1

𝑛𝑛
∑ 𝑥𝑥𝑖𝑖𝑛𝑛
𝑖𝑖=1                                                                      (1) 
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−  Standard deviation 𝜎𝜎, which quantifies the spread of the data: 

𝜎𝜎 = � 1
𝑛𝑛−1

∑ (𝑥𝑥𝑖𝑖 − 𝑀𝑀)2𝑛𝑛
𝑖𝑖=1                                                      (2) 

Where: 𝑛𝑛 — number of measurements (here, 𝑛𝑛 = 3); 𝑥𝑥𝑖𝑖  — individual measured values; 𝑀𝑀 — 
mean value. These statistics were used to estimate measurement uncertainty and plotted error bars in 
the graph of magnetic field vs. current. The relative error (%) was additionally calculated as: 

Relative error = �𝜎𝜎
𝑀𝑀
� · 100%                                                  (3) 

The consistency of experimental values with theoretical predictions was evaluated by plotting 
the magnetic field strength versus current and analyzing the linearity. Deviations from the theoretical 
model were assessed based on the calculated error margins. This allowed validation of the experiment 
and identification of potential systematic errors. 

Strict safety protocols were observed, including temperature control and secure electrical 
connections, to ensure both measurement integrity and safe operating conditions throughout the 
experiment. 

 
3. Results and Discussion 

 
In this paper, for a better understanding of the properties of magnetic fields, they were 

generated by two kinds of Helmholtz coils, round and square of equal size. The geometric sizes of 
the two coil pairs are set to the same value: the side length of the square coil pair is 100 mm, and the 
radius of the circular coil pair is 50 mm, in order to analyze the magnetic fields of the two coil pairs. 

According to the data, the magnetic field distribution on the Y-axis of the square and circular 
coils is displayed in Figure 3. From this, a sizable area of uniform magnetic field in both coils can be 
obtained. The horizontal flux density hBH of the two coils in this setup must be calculated as a function 
of the coil current 𝐼𝐼𝐻𝐻. The accompanying graphic representation aids in the determination of the 

calibration factor 𝐾𝐾 =  
𝐵𝐵ℎ 𝐻𝐻

𝐼𝐼𝐻𝐻
 (Figure 2). By short-circuiting the resistor, removing the ammeter, and 

setting the coil current to about 4 A, the maximum needle deflection was achieved. This allowed for 
the determination of the angle α (Figure 3) between the "north/south" direction and the axis of the 
two coils. 

 

  
Figure 2 – Function of calibration 
for the two Helmholtz coils 

Figure 3 – The magnetic flux densities are shown as a vector 
graphic with: a) horizontal plane and b) vertical plane 

 



 
Technobius Physics, 2024, 2(3), 0016  

 

 

It is possible to look at the connection between the measured values and the theoretical 
predictions. On Figure 4 the horizontal component of the Earth's magnetic field can be directly 
measured by the slope of this function, when 𝐼𝐼𝐻𝐻 ∗ 𝐾𝐾 is seen as a function of 

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
. 

 

 
Figure 4 – Linear function of the Earth magnetic field's horizontal component of the magnetic flux 

density 
 

 This correlation shows that this component was successfully measured and captured by the 
experiment. Moreover, the measured angle of inclination and the vertical component of the Earth's 
magnetic field were inferred from the data shown (hBH = 18.8 mkT) according Figure 2b. The 
accuracy of our experimental setup and measurement procedures in defining both components of the 
Earth's magnetic field is validated by the consistency between the experimental results and theoretical 
expectations:  

ʋ =  1
2

(ʋ1 + ʋ2) =  1
2

(67𝑜𝑜 + 68𝑜𝑜) = 67.5𝑜𝑜                                           (4) 
𝐵𝐵𝐸𝐸 =  𝐵𝐵𝐸𝐸 tan ʋ = 46.3 𝜇𝜇𝜇𝜇                                                          (5) 

Combining the horizontal component Bh and vertical component Bv found in the experiment 
yields the total magnetic flux density. These components must be added vector-wise in the 
calculation, usually using the following equation: 

|𝐵𝐵𝐸𝐸| =  �(𝐵𝐵𝐸𝐸𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣)2 + (𝐵𝐵𝐸𝐸ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜)2 = 50.2 𝑚𝑚𝑚𝑚𝑚𝑚                           (6) 
This calculation provides a comprehensive measure of the total magnetic flux density at the 

location of the experiment, considering both the horizontal orientation relative to the Earth's surface 
and the vertical orientation towards or away from the Earth. The accuracy of this calculation is 
essential for understanding the overall strength and orientation of the Earth's magnetic field in the 
vicinity of the experiment.  

For applications that require constant magnetic fields, it is critical to optimize design and 
ensure field uniformity by comparing the magnetic field data of square and circular Helmholtz coils. 
Evaluating the errors associated with each coil shape provides insights into their precision and 
reliability, aiding in the selection of the appropriate configuration for specific needs in industrial 
processes. This comparative analysis also offers theoretical and practical insights into how different 
geometries affect magnetic fields, guiding future coil designs and contributing to the development of 
new technologies. Additionally, understanding the trade-offs between performance, manufacturing 
complexity, and cost can lead to more informed decisions in coil design and application. 

The Table 1 presents the calculated magnetic field data for two different types of Helmholtz 
coils: circular and square. Measurements were taken at various distances from the center of the coil, 
with corresponding calculated magnetic field strengths and associated errors (in percentages). 
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Table 1 – Obtained data of different type of Helmholtz coils 
Circular Helmholtz coils Square Helmholtz coils 

y, mm Calculated data, uT Error, % Calculated data, uT Error, % 
0 35.98 0.752 32.52 0.992 
5 35.95 0.751 32.53 0.991 
10 35.92 0.761 32.57 1.001 
15 35.68 0.776 32.41 1.005 
20 35.11 0.891 32.12 1.012 

 
For the circular Helmholtz coils, the calculated magnetic field strength at the center (y = 0 

mm) is 35.98 µT with an error of 0.752%. As the distance increases, the calculated magnetic field 
slightly decreases, reaching 35.11 µT at y = 20 mm, with the error increasing to 0.891%. 

For the square Helmholtz coils, the initial calculated magnetic field strength at the center is 
32.52 µT with an error of 0.992%. Similar to the circular coils, the magnetic field strength decreases 
with distance, recording 32.12 µT at y = 20 mm, and the error increases to 1.012%. 

These data demonstrate the variation in magnetic field strength and associated errors between 
the circular and square Helmholtz coils across different distances from the center. 

 
4. Conclusions 

 
In summary, this experiment effectively used accurate measuring techniques with a digital 

Teslameter and magnetometer to examine the properties of the magnetic field generated by two 
Helmholtz coils and the components of the Earth's magnetic field. We found connections that 
confirmed theoretical assumptions by measuring the magnetic field intensities hBH = 18.8 mkT by 
vertical component that resulted from methodically adjusting the current through the coils. The 
geographical distribution and intensity of the magnetic field in our experimental setup were better 
understood by calculating the overall magnetic flux density and determining the horizontal and 
vertical components of the Earth's magnetic field, that was indicated 𝐵𝐵𝐸𝐸 = 50.2 mkT. These 
discoveries are important for applications in geophysics, navigation, and related domains and further 
our understanding of magnetic field interactions. To better understand Earth's magnetic field 
dynamics, future research might concentrate on improving measuring methods and investigating 
differences in magnetic field intensity across different geographical locations. 

The comparative analysis of circular and square Helmholtz coils reveals notable differences 
in their magnetic field strengths and associated errors across various distances. For instance, at the 
center (y = 0 mm), the circular Helmholtz coils generate a magnetic field strength of 35.98 µT with 
an error of 0.752%, while the square Helmholtz coils produce 32.52 µT with an error of 0.992%. As 
the distance increases to 20 mm, the magnetic field strength for circular coils decreases to 35.11 µT 
with an error of 0.891%, and for square coils, it decreases to 32.12 µT with an error of 1.012%. These 
findings are essential for optimizing coil design to achieve uniform magnetic fields, ensuring high 
precision, and balancing cost and manufacturing complexity. By understanding these differences, 
more informed decisions can be made in selecting the appropriate coil geometry, enhancing the 
effectiveness and efficiency of applications in scientific research, medical imaging, and industrial 
processes. 
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In the originally published version of this article, the Methods section did not include details 
on the statistical processing of measurements and uncertainty estimation procedures. The following 
corrections have been made: 

1. Section 2 (Methods): 
- The updated version specifies repeated measurements (n=3) at each current level, calculation 

of arithmetic mean, standard deviation (σ), and relative error (%) for each data point. 
- Error bars were added to the plotted graph of magnetic field versus current to visually 

represent measurement uncertainty. 
- The consistency of experimental data with theoretical predictions was assessed based on 

these error estimates.  
2. Editorial improvements were made to enhance the clarity of experimental descriptions and 

reliability of results.  
These corrections do not alter the findings, discussion, or conclusions of the article but 

improve methodological transparency  
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Abstract. This study explores the propagation of light in optical fibers, focusing on the fundamental principles and 
practical implications for fiber optic technologies. By analyzing the wave equation, the research demonstrates that light 
propagates as cylindrical waves within the fiber, contrasting with spherical waves in free space. The study highlights the 
significance of Gaussian beams, particularly from helium-neon lasers, finding a beam waist radius of approximately 12.6 
micrometers and its position about 1.25 micrometers from the focus. These parameters are critical for optimizing laser 
beam coupling into the fiber. The research also measures the light transit time through a 100-meter fiber, revealing a light 
speed of approximately 2×108 m/sec, which is influenced by the fiber's refractive index. Additionally, the relationship 
between diode laser output power and injection current was investigated, demonstrating a linear correlation crucial for 
practical applications. The findings emphasize the importance of accurate measurements and configuration in improving 
fiber optic communication and laser performance. This comprehensive analysis provides valuable insights into the design 
and optimization of optical fiber systems, contributing to advancements in communication and laser technologies. 
Keywords: fiber optics, Gaussian beams, light propagation, laser coupling, numerical aperture. 

 
1. Introduction 

 
The term "fiber optics" describes the technique and media used to transmit data as light pulses 

down a thread of glass or plastic (Figure 1) [1]. Applications for it are found in: communications: 
sends out infrared light pulses to carry information, including cable television signals, internet signals, 
and phone calls [2]. Sensors: transmits data from a distant sensor to the electronics for signal 
processing [3]. Medical: fiber optic cable known as endoscopy, they utilized as light guides in 
imaging and illumination components for minimally invasive surgical techniques [4]. 

 

 
Figure 1 – Cables with fiber optics [1] 
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The definition of total reflection is the reflection of light at incidence angles equal to or greater 
than the critical angle of total reflection at the transition from an optically denser medium to one that 
is optically less dense. A laser diode's beam is processed so that it can be linked into a monomode 
fiber [5]. The issues pertaining to the coupling of the beam into the fiber are assessed and confirmed. 
As a result, a low frequency signal travels via the fiber. The fiber's numerical aperture is noted. It is 
possible to measure the light's transit time through the fiber and calculate its internal velocity. 
Ultimately, the measurement of the diode laser's relative output power as a function of supply current 
yields the device's properties, including "slope efficiency" and "threshold energy." 

Recognizing the fundamentals of fiber optics application [6].  
1. Couple the laser beam into the fiber and modify the configuration so that the fiber's exit produces 
the highest possible output power. 
2. Show how an LF signal can be sent across a fiber. 
3. Calculate the fiber's numerical aperture. 
4. Calculate the light's velocity within the fiber by measuring the light's transit time through it. 
5. Ascertain the diode laser's relative output power in relation to the supply current. 

The standard guidelines for safe experimenting in science classes apply to this particular 
project. Being able to use information more quickly than others is a fundamental human ambition. 
The concept of employing light signals to communicate data by passing them through a medium that 
conducts light was put out by the paper [7]. However, Buchholz's concept was not implemented until 
1962 with the invention of the semiconductor laser, which used fibers as a light transmission medium 
in conjunction with these types of lasers. All of a sudden, light could be generated and modulated 
with ease using powerful light sources. Using laser diodes and fibers to transmit signals has become 
an essential technological advancement in modern times. Probably one of the most significant 
developments of this century has been the ongoing advancement of this field. It is worth noting that 
after the development of communication technology, navigation fiber laser deserves special attention 
[8]. As this new technology is based on established ideas, it does not require any new insights. 
Nevertheless, there is a technical implementation as light needs to be guided inside a 5 µm diameter 
fibre. 

The physical processes that are fundamental to fibre optics were previously demonstrated by 
the experiment of resonant light scattering at total internal reflection at solid/liquid interfaces [8]. It 
is worth noting that the experiment presented in Figure 2 reveals some states at its d ˃˃λ; for a fibre 
with multiple modes d ˃λ; for a monochrome fibre d = λ. 

 

  
Figure 2 – Total internal reflection 

 
This results in additional effects for the modern fibers that cannot be fully explained by total 
reflection. Their comprehension is particularly crucial for optical communication technologies [9].  
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Fiber optic systems have become the backbone of modern communication networks, offering 
unparalleled bandwidth and data transmission rates compared to traditional copper cables. The 
effectiveness of these systems is heavily reliant on the efficient coupling and propagation of light 
within optical fibers. Efficient light coupling refers to the process of transferring optical power from 
a light source into the fiber with minimal losses, while efficient propagation involves maintaining the 
integrity of the light signal as it travels through the fiber, minimizing attenuation and distortion. 

In optical communication systems, the fundamental challenge of light coupling stems from 
the mismatch between the numerical aperture (NA) of the fiber and the light source, typically a laser 
or light-emitting diode (LED). The efficiency of this process is influenced by factors such as 
alignment accuracy, fiber mode field diameter, and the lens systems used to focus the light into the 
fiber. Advances in coupling techniques, such as using microlenses or gradient-index lenses, have 
significantly improved coupling efficiency by better matching the mode fields of the light source and 
the fiber [10]. 

Propagation within optical fibers is governed by the principles of modal dispersion and 
attenuation. Modal dispersion occurs when different light modes travel at different velocities, causing 
pulse broadening and signal degradation. Attenuation, on the other hand, results from scattering and 
absorption losses within the fiber material. Innovations in fiber design, such as the development of 
photonic crystal fibers and the use of low-loss materials like silica, have addressed these issues by 
enhancing mode confinement and reducing attenuation [11]. 

The integration of advanced fabrication techniques and improved materials has led to 
significant advancements in fiber optic technology. For instance, the use of specialized coatings and 
cladding materials has reduced attenuation losses, while the implementation of mode-field adapters 
and precise alignment mechanisms has enhanced coupling efficiency. These developments are crucial 
for the deployment of high-capacity optical networks, including those used in data centers, long-haul 
telecommunication, and high-speed internet services [12]. 

Thus, efficient light coupling and propagation are critical to the performance of fiber optic 
systems. Ongoing research and technological advancements continue to improve these aspects, 
driving the development of faster and more reliable optical communication networks. Continued 
progress in this field promises to support the ever-increasing demand for high-speed data transmission 
and communication. 

This work will focus on the calibration of equipment designed to evaluate the coupling 
efficiency and optical performance of mono-mode optical fibers. The calibration will involve setting 
up and checking all components of the experimental setup such as light sources, detectors and 
spectrum analyzers to ensure accurate and reliable measurements. This is important to obtain reliable 
data on fiber parameters such as attenuation coefficient, dispersion and polarization characteristics, 
which will allow a qualitative analysis of the efficiency of signal transmission through optical fibers. 

 
2. Methods 

 
The experimental setup employed in this study is designed to evaluate the coupling efficiency 

and optical characteristics of monomode optical fibers. The system comprises multiple modules to 
facilitate precise alignment, beam collimation, and fiber coupling. The following sections detail the 
methodology used to prepare and configure the experimental apparatus. The monomode optical fiber 
used in this study is first prepared by removing the insulation from both ends through a careful 
scratching process that presents on Figure 3.  

The laser diode used in the setup was a Thorlabs L785P050 (maximum output power: 50 
mW), mounted in a Thorlabs TCLDM9 laser diode mount featuring an integrated Peltier cooler and 
thermistor for temperature stabilization. Optical components such as microscope objectives, precision 
translation stages, and alignment rails were sourced from Thorlabs and Newport. The single-mode 
optical fiber (SMF-28e) was supplied by Corning. 
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The photodetector used was a Thorlabs FDS100 silicon PIN photodiode, connected to a 
Thorlabs PDA200C preamplifier and the LDC01 laser diode controller. Signal visualization and 
timing measurements were carried out using a Tektronix TBS1102B digital oscilloscope. 

The fiber, which has been cut and cleaved to ensure clean ends, is then positioned into a 
designated groove within the fiber holder. This holder is secured using a magnet to stabilize the fiber 
in place. Ensuring precise placement is crucial for minimizing alignment errors during subsequent 
measurements. The alignment of the laser diode and the optical axis is as follows. 

 

 
Figure 3 – Schematic diagram of the monomode fiber experimental setup 

 
Module A contains a laser diode enclosed in a housing that features a Peltier cooler and a 

thermistor for temperature regulation and monitoring. The laser diode, capable of emitting a 
maximum power of 50 mW, is mounted on a fine-adjustment XY stage. To initiate the setup, the 
optical axis is aligned using an oscilloscope to visualize the modulation of the injection current. 
Rectangular pulses observed on the oscilloscope confirm the correct modulation.  

Module B is equipped with a microscope objective that collimates the laser diode radiation. 
The objective is mounted on a removable plate to allow for easy interchangeability. The positioning 
of the collimator is adjusted such that the laser beam is rendered nearly parallel. This is achieved by 
fine-tuning the collimator’s placement and optimizing the beam profile using the XY-displacement 
screws in Module A. The alignment is verified by maximizing the signal detected on the oscilloscope, 
ensuring that the detector does not reach saturation. To inject the diode laser beam into the fibre, the 
beam was first collimated using module B. If necessary, the injection current is adjusted to avoid 
over-driving the detector. 

Module C is introduced into the setup to facilitate the coupling of the collimated laser radiation 
into the fiber. This module features an adjustable holder with four-axis XY movement and an 
objective with a shorter focal length than Module B’s objective. The design of Module C aims to 
focus the collimated beam effectively onto the fiber, optimizing the coupling efficiency. The distance 
between module C and module B was fixed at 50 mm and the position of the laser beam was parallel. 
The beam shaping component is omitted to streamline the experimental process and simplify the 
initial alignment.  

Module D involves the mounting of the prepared fiber onto a stage with linear displacement 
capabilities. This stage allows for precise adjustments in the direction of the incident beam to achieve 
optimal coupling between the laser and the fiber (Figure 4).  
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Figure 4 – Mounting module D's plug connector 

 
The fibre adjustment holder (module D without fibre) was mounted on the rail at a distance of about 
10 mm from module C. The fibre was then carefully placed on the fibre adjustment holder and 
inserted. 

Module F contains a 100 m coil of monomode fiber, which can be used for various alignment 
and coupling tests. It is important to note that while multimode fibers can be employed to ease 
alignment due to their larger core size, this study specifically utilizes monomode fibers for its 
precision requirements. 

Module E features a hinged angle connector with a secondary fiber holder, which lacks a 
linear stage but allows for the assessment of angle-dependent output power from the fiber. This 
module is integral for evaluating the performance of the fiber under different angular alignments. 

Module G comprises a detector equipped with a PIN photodiode. The detector is connected 
to the preamplifier of the control unit LDC01 via a BNC cable, with the inner pin of the BNC plug in 
contact with the anode of the photodetector. This configuration ensures accurate detection and 
measurement of the optical signal transmitted through the fiber. Situated on the right guide, at a 
distance set by the rotary joint, the holder G with the PIN-photodiode is not too distant from the 
holder E. The measurement range for the fiber output power is -10 to +10 degrees. In the experiment, 
external interference was eliminated by the use of modulated light. The relationship between the 
amplitude and light intensity was proportionate.  

Furthermore, an investigation was conducted into the measuring of light transit time via the 
fiber. The arrangement was modified to position the detector close to the fiber's end in the holder G. 
An oscilloscope set at 100 Hz was directly linked to the detector.  The signal rising time was shortened 
by using a 50 Ohm resistor as a shunt. The LDC01 control unit's injection current monitor's output 
was linked to the second channel. Curve A is obtained by appropriately dialing the time basis on the 
second channel. In this instance, the installed plug connections were taken out of their holders and 
the fiber was left out of the installation.  

The time difference T1 at 50% rise time was measured by the prescribed curve that was shown 
on the first channel. When the system operates without fiber, all time delays are represented by the 
time T1. Then, the fiber's power was adjusted back to its maximum.  

The diode laser's relative output power was measured by finding rising supply current levels. 
In this instance, it is imperative to ensure that the photodiode is not saturated and to position the PIN 
photodiode two centimeters in front of the diode laser. 

Data acquisition and analysis were conducted using Python (NumPy, SciPy, and Matplotlib 
libraries). For signal analysis, custom Python scripts were used to extract peak positions, calculate 
50% rise times, and evaluate the time delay between input and output pulses. To ensure accuracy, 
each measurement was repeated five times, and the mean, standard deviation, and coefficient of 
variation (CV) were computed. 

For statistical significance testing, one-way ANOVA was performed using the statsmodels 
package in Python. Additionally, optical signal traces were processed using OriginPro 2023 to 
perform curve fitting and to generate plots for publication. 
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3. Results and Discussion 
 

It is interesting to consider fibers made of glass or similar material as conductors of light. 
They lack magnetic dipoles, free charge carriers and electrical conductivity. Hence, the following are 
Maxwell's equations modified for our equation: 

∆𝑥𝑥𝐻𝐻��⃗ =  𝜖𝜖·𝜖𝜖0·
𝛿𝛿𝐸𝐸�⃗

𝑑𝑑𝑑𝑑
 and ∆𝑥𝑥𝐻𝐻��⃗ = 0                                                        (1) 

∆𝑥𝑥𝐻𝐻��⃗ =  𝛿𝛿𝐸𝐸
�⃗

𝑑𝑑𝑑𝑑
 and ∆𝑥𝑥𝐸𝐸�⃗ = 0                                                       (2)  

Where, is the free space's dielectric constant. The unit of charge (As) divided by the unit of 
field strength (V/m) yields 8.859 ∗ 10−12 𝐴𝐴𝐴𝐴

𝑉𝑉𝑉𝑉
, which is the dielectric constant of matter. It describes 

the extent to which an external electric field E acts on an electric dipole. The following relationship 
connects the susceptibility χ and the dielectric constant ϵ: 

𝜖𝜖 =  1
𝜖𝜖0

 · (𝜒𝜒 + 𝜖𝜖0)                                                                 (3) 

ϵ·𝜖𝜖0·𝑅𝑅�⃗ =  𝐷𝐷��⃗                                                                             (4) 
Is referred to as "dielectric displacement" or displacement for this reason. is the open space's 

total permeability. It provides the relationship between the unit of an induced voltage (V) caused by 
a magnetic field H and the unit of ampere-seconds. That comes to 1.256·10−6 𝑉𝑉𝑉𝑉

𝐴𝐴𝐴𝐴
. 

Glass fibers have a circular cross section when used as wave conductors. They are made up 
of a refractive index core 𝑛𝑛𝑘𝑘. A glass cladding with a refractive index 𝑛𝑛𝑚𝑚 marginally lower than 
encircles the core. Both the core's and the cladding's refractive indices are typically thought to be 
homogeneously distributed. It is located where the cladding and core meet. The angle 𝜃𝜃𝑒𝑒 at which the 
beam enters the fiber determines its ultimate direction. In this technique, unintentional but sometimes 
unavoidable radiation and cladding waves are produced. The fiber is encased in a protective covering 
for mechanical protection and radiation wave absorption. 

Some fundamental information is shown in Figure 5 and does not require the solution of 
Maxwell's equations. We may say that there has to be a limiting angle for total reflection at the 
cladding-core boundary based on geometrical considerations:  

 
cos 𝜃𝜃𝑐𝑐 =  𝑛𝑛𝑚𝑚

𝑛𝑛𝑘𝑘
                                                                (5) 

 

        
Figure 5 – Step index fibre 

 
The equation of refraction to determine the angle of incidence of the fiber have been applied: 

sin𝜃𝜃𝑒𝑒𝑒𝑒
sin𝜃𝜃𝑐𝑐

=  𝑛𝑛𝑚𝑚
𝑛𝑛𝑘𝑘

                                                                            (6) 
and acquire: 

𝜃𝜃𝑒𝑒𝑒𝑒 = arcsin �𝑛𝑛𝑘𝑘
𝑛𝑛0
· sin𝜃𝜃𝑐𝑐�                                                             (7) 

Finally, using the previous equation and setting 𝑛𝑛0=1 for air, it can be obtained: 
𝜃𝜃𝑒𝑒𝑒𝑒 = arcsin ��𝑛𝑛𝑘𝑘2 − 𝑛𝑛𝑚𝑚2 �                                                            (8) 
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Half of a cone's opening angle is represented by the limiting angle 𝜃𝜃𝑒𝑒𝑒𝑒. Every ray that enters this cone 
will be completely reflected into the center. Here, too, as is customary in optics, we can define a 
numerical aperture A: 

A = sin𝜃𝜃𝑒𝑒𝑒𝑒 = ��𝑛𝑛𝑘𝑘2 − 𝑛𝑛𝑚𝑚2 �                                                             (9) 
The beams propagate in a screw depending on the angle at which they enter the cylindrical 

core through the cone. If we project the beam displacements onto the fiber's XY plane, this becomes 
clear. The z-axis is defined as the direction that runs along the fiber. A consistent trend is identified. 
In the XYplane, it can be understood as standing waves. Standing waves are referred to as oscillating 
modes, or just modes, in this context. These modes are also known as transverse modes since they 
are constructed in the XY-plane, for example, perpendicular to the z-axis. Longitudinal modes are 
those that are accumulated along the z-axis. This process depict in Figure 6. 

 

 
Figure 6 – Spiral (A) and Meridional ray (B) 

 
For the core, the Bessel function works well. It also required a field attenuation for the 

classification. A possible answer in this case is provided by the modified Hankel function x → 0 and 
r → 0 only for the range r ≤ a yet it goes on to infinity (cladding). 

The Bessel function will be applied to the ranger r ≥ a (core). We will fit the Bessel and 
Hankel function for r = a and apply the continuity conditions of the components of E and H for the 
transition from core to cladding to solve the difficulties at the border between the two layers. 

One of the fundamental solutions is shown in Figure 7. It witnessed the formation of the 
electric field inside the core. It also becomes evident that the fiber's radius will determine the modes' 
sequence.  

 

 
Figure 7 – Bessel function solution in the core 
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A major maximum at r = 0 and smaller maxima or minima, sometimes known as nodes, 
further out in the radial direction of the fibre can be seeing. The diameter of the fiber and the answer 
to the wave equation inside the cladding define the number of nodes. 

It is necessary to confirm that the cylindrical function selected for the solution inside the 
cladding meets the continuity requirements for the electric and magnetic fields at the core-cladding 
border. In order to favor the direction of waves within the core, efforts have been undertaken to cause 
the radial field of the core to rapidly drop in the sheath for sheath waves. A fiber is referred to as 
monomode or single-mode if it is constructed so that just the primary wave is steered inside the core. 
It is permissible to refer to a multimode fiber in all other circumstances. One or more types of fiber 
are utilized, depending on the application. Let's now extract the fiber's "construction rule" from the 
solutions. This will enable us to ascertain the circumstances in which the fiber "accepts" an incoming 
wave of a specific wavelength and conducts it as a monomode fiber. An purely basic wave can only 
propagate if the following conditions are met:  

0 <  2 𝜋𝜋
𝜆𝜆

 𝑎𝑎 �𝑛𝑛𝑘𝑘2 − 𝑛𝑛𝑚𝑚2 ≤ 2.405                                               (10) 
One crucial guideline for the fiber's design is seen in equation 10 above. If the wavelength λ and the 
refractive index for the cladding and core have been chosen, it fixes the radius an of the core for 
monomode waveguidance. The range for radius an is as follows if, for instance, the aim is to transmit 
the light of a helium-neon laser (wavelength 633 nm, refractive index of the shell 1.4): 

𝑎𝑎 < 2.405 · 633·10−9

2𝜋𝜋√1.52−1.42
= 0.45 µ𝑚𝑚                                             (11) 

The refractive index differential has a significant impact on the outcome. The radius a can be larger 
the smaller this disparity is. Nevertheless, the refractive index of the core cannot be selected to be 
significantly higher than the refractive index of the cladding for technological reasons. It is only 
possible to utilize glasses with similar temperature coefficients because the core and cladding are in 
close contact. The slight variation in refractive index is the result of this. For regular fibers, it is: 

𝑛𝑛𝑘𝑘−𝑛𝑛𝑚𝑚
𝑛𝑛𝑘𝑘

= 2·10−3                                                          (12) 
When the core's refractive index equals 1.465. Using these values in the example given above, it can 
be obtained: 

0 < 𝑎𝑎 < 2.405 · 633·10−9

2𝜋𝜋√1.52−1.42
= 0.45 µ𝑚𝑚                                               (13) 

The fiber's diameter was selected to be less than 5.2 μm in order to achieve the intended monomode 
transmission. The task at hand involves coupling a light beam to a fiber or introducing it into a fiber 
whose diameter is roughly 4–10 μm, which is roughly equivalent to the wavelength of light. 

The light source's beam must be focussed to a diameter of this order of magnitude in order to 
obtain a high enough excitation of the fiber's fundamental mode. The rules of geometrical optics break 
down in these situations because they predict flat or parallel light waves, which only occur in 
approximations in actual life. The detailed scheme is shown in Figure 8. 

 

 
Figure 8 – Bringing two beams into focus in geometric optics 

 
In fact, there are no genuine parallel light beams, and plane wave fronts are limited to a single 
location. The inability of geometrical optics to succeed stems from the fact that it was developed 



 
Technobius Physics, 2024, 2(3), 0017  

 

 

during a period when neither the wave nature of light nor the potential for Maxwell's equations to 
adequately characterize its behavior was understood. 

This work used the wave equation to explain how light propagates: 
∆𝐸𝐸�⃗ − 𝑛𝑛2

𝑐𝑐2
· 𝛿𝛿𝐸𝐸

�⃗

𝑑𝑑𝑡𝑡2
= 0                                                          (14) 

It was discovered that the waves propagating inside the fiber are a cylindrical body by solving 
equation 14 for the fiber: 

𝐸𝐸�⃗ =  𝐸𝐸�⃗ (𝑟𝑟,𝜃𝜃, 𝑧𝑧) with 𝑟𝑟2 = 𝑥𝑥2 + 𝑦𝑦2                                            (15) 
Light would travel throughout the space in all directions as a spherical wave in the absence of a 
boundary:  

𝐸𝐸�⃗ =  𝐸𝐸�⃗ (𝑟𝑟) with 𝑟𝑟2 = 𝑥𝑥2 + 𝑦𝑦2 + 𝑧𝑧2                                             (16) 
The following assertion for the electrical field results from taking into account the technically most 
significant scenario of spherical waves propagating in the direction of z inside a little solid angle: 

𝐸𝐸�⃗ =  𝐸𝐸�⃗ (𝑟𝑟, 𝑧𝑧) with 𝑟𝑟2 = 𝑥𝑥2 + 𝑦𝑦2                                                (17) 
In this instance, fields with a Gaussian intensity distribution across the cross-section are produced by 
solving the wave equation. As a result, they are known as Gaussian beams. Gaussian beams exist in 
multiple modes based on the specific boundary conditions, much like the fiber solutions. Lasers are 
the preferred source of such beams, particularly the Gaussian fundamental mode (TEM00).However, 
any light source's light can be thought of as the superposition of several Gaussian modes of this kind. 
Nevertheless, compared to the overall intensity of the light source, the intensity of a given mode is 
tiny. 

There is always a waist to a Gaussian beam. The wave equation yields the beam radius ω in 
the following way: 

ω(𝑧𝑧) =  𝜔𝜔0·�1 + � 𝑧𝑧
𝑧𝑧𝑟𝑟
�
2

                                                        (18) 
Where, 𝜔𝜔0 is the Rayleigh length and 𝑧𝑧𝑟𝑟 – the smallest beam radius at the waist.  

𝑧𝑧𝑟𝑟 =  𝜔𝜔0
2 𝜋𝜋
𝜆𝜆
                                                                   (19) 

The trajectory of the beam diameter as a function of z is shown in Figure 9. The direction in which 
the beam propagates is z. The beam has its shortest radius at this location z = 𝑧𝑧0. As the distance 
increases, the beam radius grows linearly. 
 

 
Figure 9 – Gaussian beam's beam diameter as a function of z and its basic mode, TEM00 

 
Each point with the radius of curvature of the wavefield has been labeled z because Gaussian 

rays are spherical waves. To calculate the radius of curvature, or R, we can use the following 
relationship: 

𝑅𝑅 (𝑧𝑧) = 𝑧𝑧 + 𝑧𝑧𝑟𝑟2

𝑧𝑧
                                                                (20) 
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This Figure 10 reflects this background. The radius of curvature is smallest when z=𝑧𝑧𝑟𝑟. Then, 
if z goes to z = 0, R rises with 1

𝑧𝑧
. The radius of curvature is infinite for z = 0. The wavefront is planar 

here. Beyond the Rayleigh length, the curvature's radius rises linearly. This is a really important claim. 
This means that a parallel beam can only be found at one location along the light wave—more 
specifically, at the focus in the interval of −𝑧𝑧𝑟𝑟 ≤ 𝑧𝑧 ≤ 𝑧𝑧𝑟𝑟. 

 

 
Figure 10 – Path of the wavefront's radius of curvature as a function of waist distance at z = 0 

 
Both the Rayleigh range and the farfield divergence, or for, are indicated in this Figure 11. 

Another remarkable feature of lasers is their incredibly small divergence, which is not adequately 
shown by the pictorial depictions. 

 

 
Figure 11 – Divergence θ and Rayleigh range 𝑧𝑧𝑟𝑟 for the farfield z ˃˃ 𝑧𝑧𝑟𝑟 

 
The lack of normalization in the beam diameter to z ratio is the cause. Furthermore, a 632 nm 

helium-neon laser with a beam radius 𝜔𝜔0 = 1 𝑚𝑚𝑚𝑚 at the laser exit has been taken into consideration. 
For the Rayleigh band 2 𝑧𝑧𝑟𝑟, the following data was acquired: 

2 𝑧𝑧𝑟𝑟 = 2 𝜔𝜔0
2 𝜋𝜋
𝜆𝜆

= 2·10−6 3.124
6.23·10−9

= 9.9 𝑚𝑚                                                (21) 
The relative output power as a function of readout angle is displayed in the figure 3. The curve 

is not symmetrical with regard to the readout angle of 0 degrees because to limitations in the fiber 
location. The intensity decreased to its maximum value of 1

𝑒𝑒2
 for -4.5 and +6.8 degrees, respectively; 

thus, the numerical aperture is equal to sin 5.65𝑜𝑜 = 0.098. 
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Thus, a coupling optic with a focal distance of f is needed to ensure that a Gaussian beam is 
coupled into a weak guiding step index fiber in the fundamental mode, allowing for the highest 
possible power input into the fiber (Figure 12).  

 

 
Figure 12 – In order to compute the coupling optic 

 
The waist's radius is: 

𝜔𝜔 =  𝜔𝜔0·𝑓𝑓·𝜃𝜃

�𝜔𝜔0
2+𝜃𝜃2·𝑧𝑧2

                                                               (22) 

The waist's location is: 
𝑦𝑦 =  𝑧𝑧·𝑓𝑓2

𝑧𝑧2+�𝜔𝜔0𝜃𝜃 �
2                                                                (23) 

In our case, a lens is utilized to focus a 0.5 mm diameter He-Ne laser beam with a 1.5 mrad 
divergence. The lens is two meters away from the laser and has a 50 mm focal length. Hence, using 
formula 22 and 23 we can calculate ω = 12.6 µm and y = 1.25 µm. In this instance, the waist's position 
y roughly corresponds with the focus, and the waist radius is 12.6 μm. To best fit the fiber under 
consideration, the focal length f was selected so that the beam radius and the core radius are the same 
(Figure 13). Beam preparation becomes more complex when using laser diodes. 

 

 
Figure 13 – Angle readout versus relative output power at the fiber end 

 
Using the core and cladding refractive indices as a starting point (1.465 and 1.462), it can be 

obtained a 5.3° limitation angle for the incident beam. Therefore, it is anticipated that the theoretical 
value of the numerical aperture A will be sin 5.3° = 0.092. The measured value and the theoretical 
value agree satisfactorily. 

The following estimate can be used to determine the order of magnitude of the transit time via 
the 100 m length fiber: 

𝜏𝜏𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 = 𝐿𝐿
𝐶𝐶
·𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒 = 100

3
·108·1.45 ≈ 0.5 µ𝑠𝑠                                           (1) 

𝜏𝜏𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 = (0.15 − 0.7) µ𝑠𝑠 = 0.45 µ𝑠𝑠                                                (2) 
Furthermore, we obtain: for the light velocity inside the fiber: 

𝑣𝑣𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 100
0.5

· 106 𝑚𝑚
𝑠𝑠

= 2 · 108 𝑚𝑚
𝑠𝑠

                                        (3) 
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𝑣𝑣𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 100
0.45

· 106 𝑚𝑚
𝑠𝑠

= 2.2 · 108 𝑚𝑚
𝑠𝑠

                                        (4) 
 

Also the relationship of the process depict on Figure 14, where the light time and fiber curve 
is presented. 

 

 
Figure 14 – Light's transit time via the fiber 

 
The measurements' findings are summarized in Figure 15. It becomes clear that a threshold 

current must be present in order to produce any laser radiation at all. The output power grows linearly 
with the supply current above this threshold current. The diodelaser's so-called "slope efficiency" can 
be ascertained from the curve's slope. 

 

 
Figure 15 – Diodelaser's relative output power in relation to injection current 

 
Light can only propagate in one mode of oscillation (mode) in a single-mode fiber; however, 

many modes of propagation are feasible in a multimode fiber. The border between the two types of 
fibers is represented by the V-number (normalized frequency) of 2.405. If the fiber is single-mode, 
the value needs to be significantly higher than 2.405, and much less than for multimode fibers. 

When light is coupled into an optical fiber, if the focus diameter is too tiny, the high intensity 
of light that results may cause damage to the fiber's front face. Nevertheless, light is lost during 
coupling if the focus diameter is greater than the front face of the active fiber. 

 
4. Conclusions 
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In conclusion, this study provided a comprehensive analysis of light propagation within 
optical fibers. The results demonstrated that light in optical fibers propagates in cylindrical waves, 
which is a significant shift from the spherical waves observed in open space. This distinction is crucial 
for understanding how light behaves when constrained within a fiber's structure. 

The study specifically examined Gaussian beams, which are important in laser applications. 
For a helium-neon laser, it was determined that the beam's waist radius was approximately 12.6 µm, 
and its position was about 1.25 µm from the focus. These measurements are essential for optimizing 
the coupling of the laser beam into the fiber, ensuring efficient transmission. 

Additionally, the analysis of light transit time through a 100-m fiber revealed that light travels 
at approximately 2×108 m/sec within the fiber. This value reflects the effective refractive index of the 
fiber material and is crucial for designing and evaluating fiber optic systems. 

Finally, the study highlighted the linear relationship between the diode laser's output power 
and its injection current, emphasizing the importance of understanding the diode's slope efficiency 
for practical applications. Overall, the findings underscore the importance of precise measurements 
and optimal configurations for enhancing fiber optic communication and laser technologies. 
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Corrigendum to “V. Myasnikov, “Efficient Light Coupling and Propagation in 
Fiber Optic Systems”, tbusphys, vol. 2, no. 3, p. 0017, Sept. 2024. doi: 

10.54355/tbusphys/2.3.2024.0017” 
 

 
In the originally published version of this article, certain illustrations were missing or lacked 

clarity, and a reference required updating. The following corrections have been made: 
1. Statistical Data Processing: The updated version includes details on data analysis 

techniques, specifically: 
- Repetition of each measurement five times to ensure reliability; 
- Calculation of arithmetic mean, standard deviation, and coefficient of variation for recorded 

data; 
- Use of one-way ANOVA for statistical significance testing; 
- Data processing and plotting using Python (NumPy, SciPy, Matplotlib) and OriginPro 2023. 
2. Equipment and Materials Origin: The updated text specifies the manufacturers and models 

of key equipment used: 
- Laser diode: Thorlabs L785P050 (50 mW), mounted in Thorlabs TCLDM9; 
- Optical components (microscope objectives, translation stages): Thorlabs and Newport; 
- Single-mode fiber: SMF-28e supplied by Corning; 
- Photodetector: Thorlabs FDS100 silicon PIN photodiode with PDA200C preamplifier; 
- Oscilloscope: Tektronix TBS1102B digital model. 
3. Figures: Illustrations 5, 9, 10, 11, 13, 14, and 15 have been improved or newly added to 

provide clearer visualization of experimental setups, beam propagation characteristics, and laser 
coupling efficiency. 

4. Reference Update: The reference “J. A. Makuch, “Fiber optics component testing: 
Requirements and trends-fibers, cables, connectors,” Proc. SPIE - Int. Soc. Opt. Eng., vol. 355, pp. 
107–110, Mar. 1983” has been replaced with a more recent and relevant source: “H. Yum, X. Liu, Y. 
J. Jang, M. E. Kim, and S. M. Shahriar, “Pulse delay via tunable white light cavities using fiber-optic 
resonators,” J. Light. Technol., vol. 29, no. 18, pp. 2698–2705, 2011, 
doi:10.1109/JLT.2011.2162090”. 
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Abstract. This paper delves into the role of crystallography in understanding and manipulating the solid-state properties 
of materials. Crystallography, the study of atomic and molecular structures within crystals, is crucial for advancing 
materials science, particularly in fields like metallurgy, pharmaceuticals, and semiconductor technology. This paper 
highlights the techniques employed in crystallography, including X-ray diffraction (XRD), neutron diffraction, and 
electron microscopy, which allow for precise determination of crystal structures and properties. Furthermore, it discusses 
the applications of crystallography in designing and analyzing solid materials, such as developing new alloys, optimizing 
drug formulations, and enhancing the performance of electronic devices. Despite significant advancements, challenges 
persist, including the need for more sophisticated tools to study complex and disordered systems. This paper concludes 
by identifying future directions for research, emphasizing the integration of crystallography with computational methods 
to further understand and engineer solid materials. 
Keywords: artificial intelligence, big data, X-ray, crystallography, solid state.  

 
1. Introduction 

 
The study of complicated materials, such as alkali halide crystals, presents new opportunities 

thanks to the integration of artificial intelligence (AI) in X-ray crystallography [1]. Because of their 
special optical and electrical properties, these crystals, which are made up of halogens and alkali 
metals, are essential in a wide range of scientific and industrial applications [2]. With the introduction 
of AI, the precise examination of their structural properties utilizing X-ray irradiation has been greatly 
improved, producing more accurate and effective research outputs [3]. 

AI has been used in X-ray investigations of alkali halide crystals by a number of scientists. 
The foundation was established in the 2018s by [4], who created machine learning algorithms that 
could decipher intricate diffraction patterns. Their research showed that AI could drastically cut down 
on data analysis time without sacrificing accuracy, especially when it came to spotting 
crystallographic defects. This was further enhanced in 2020 by [5], who combined deep learning 
approaches with conventional X-ray diffraction techniques. Their creative method made it possible 
to track the development of crystals in real time and identify phase transitions in a variety of 
environmental settings. Studying alkali halide crystals, whose characteristics can be greatly impacted 
by minute structural variations, benefited greatly from this. 

Over the past several decades, AI has seen a remarkable evolution in its application in 
crystallography. Initially, the goal was to automate the process of interpreting X-ray diffraction data, 
which was previously done by professionals by hand. Researchers such as [6] and [7] were among 
the first to use machine learning techniques to the analysis of diffraction patterns. Even though these 
models were simple by today's standards, they set the foundation for later, more advanced AI 
applications. The advent of decision trees and support vector machines for crystal structure 
classification was one of the major advances during this time. These techniques had trouble 
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https://orcid.org/0000-0002-9899-6904
https://orcid.org/0009-0002-9495-291X


Technobius Physics, 2024, 2(3), 0018  

 
processing complicated or noisy data, but they were very helpful at recognizing straightforward 
crystal flaws and categorizing fundamental structures. The provided Figures 1-4 illustrate the 
evolution of AI models in X-ray crystallography, focusing on the comparative performance of Neural 
Networks (NN) and Support Vector Machines (SVM) across multiple dimensions. 

 

 
Figure 1 – Acuracy of AI models in X-ray 

crystallography 
Figure 2 – Error propagation Of AI models in 

X-ray crystallography 
 

 
Figure 3 – Comparation analysis of NN and 

SVMs  
Figure 4 – Simullated diffration pattern 

analysis 
 

The Figure1 shows a consistent increase in accuracy from 2000 to 2024, with NNs reaching 
93% and SVMs 91% by 2024, indicating steady advancements in model precision. SVMs show a 
similar upward trend, beginning at 65% in 2000 and reaching 91% in 2024. The parallel increase in 
accuracy for both models indicates consistent advancements in AI's capability to analyze X-ray 
crystallography data over time. 

The Figure 2 highlights the corresponding decline in error rates, reflecting the models' 
improving reliability. NNs start with a 40% error rate in 2000, decreasing to just 7% by 2024. 
Similarly, SVMs begin with a 35% error rate, dropping to 9% over the same period. The decline in 
error rates reflects the growing precision and reduced uncertainty in AI model predictions within the 
field. 

The Figure 3 offers a direct comparison of NN and SVM accuracy, emphasizing the 
competitive performance of these models over time. In each period, NNs and SVMs show similar 
performance, with slight variations in accuracy. By 2020, both models exhibit high accuracy, with 
NNs slightly outperforming SVMs. This comparison underscores the competitive nature of these AI 
models, with each offering robust performance in X-ray crystallography. 

Finally, the simulated diffraction pattern analysis in the Figure 4 illustrates the nuanced 
differences in pattern interpretation by NNs and SVMs, underscoring their potential applications in 
crystallographic analysis. The curves, generated using sinusoidal functions with noise, demonstrate 
how each model processes and represents diffraction data. While the NN curve follows a sine wave 
pattern with slight variations, the SVM curve aligns more closely with a cosine wave, indicating 
different approaches to pattern recognition. This distinction highlights the models' unique capabilities 
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in analyzing complex crystallographic data. Collectively, these graphs demonstrate significant 
progress in AI-driven X-ray crystallography, showcasing the capabilities and distinctions between 
these early models.  

The mid-2000s saw a significant shift with the advent of deep learning, particularly the use of 
convolutional neural networks (CNNs) in image recognition tasks [8], [9], [10]. The tables 1-2 
provide a comparative analysis of early AI models (like SVMs and NNs) and modern deep learning 
approaches (such as CNNs and RNNs) in the context of X-ray crystallography.  

 
Table 1 – Training data requirements 

Aspect Early AI Models (e.g., SVMs, NNs) Deep Learning Approaches (e.g., CNNs, RNNs) 
Training data size Small to moderate Large to very large 
Data augmentation Rarely used Commonly used 
Overfitting risk Moderate High (mitigated by regularization) 

 
Table 2 – Model interpretability 

Aspect Early AI Models (e.g., SVMs, NNs) Deep Learning Approaches (e.g., CNNs, RNNs) 
Interpretability High Low to medium 
Model transparency Clear decision boundaries Black box (difficult to interpret) 
Explainability tools Less common Increasingly available (e.g., lime, shap) 

 
Table 1-2 highlight the differences in training data requirements, model interpretability, 

computational resources, and use cases, showing that deep learning models generally require more 
data and computational power but offer higher accuracy and broader applications. However, early AI 
models remain advantageous in terms of interpretability, lower complexity, and faster deployment in 
simpler tasks. 

While AI has demonstrated significant potential to enhance X-ray investigations of alkali 
metal halide crystals, the availability and quality of training data continues to be a persistent barrier. 
Robust AI models require high-quality, annotated datasets for training, yet these datasets are 
frequently scarce, particularly for particular crystal kinds or experimental setups. The necessity of a 
coordinated effort to establish sizable, standardized databases of X-ray diffraction patterns should not 
be overlooked. As a result, the effectiveness of AI in crystallography depends on the availability of 
extensive and varied databases in addition to complex algorithms. 

 
2. Methods 

 
Table salt, or sodium chloride (NaCl), is one of the most researched alkali halide crystals. [11] 

used AI to examine X-ray diffraction data from NaCl crystals under different stress scenarios. The 
experimental setup included a high-resolution X-ray diffractometer equipped with a diamond anvil 
cell (DAC) to simulate varying pressure conditions up to several gigapascals. Parameters such as 
radiation wavelength (typically Cu Kα, λ = 1.5406 Å), exposure time, and scan range were carefully 
controlled and documented. The diffraction data were pre-processed using the XRD software GSAS-
II and analyzed using a custom Python-based machine learning pipeline incorporating the scikit-learn 
library. If statistical analysis was conducted, authors reported using regression metrics such as R² and 
RMSE to evaluate the model's performance, along with principal component analysis (PCA) to reduce 
data dimensionality and highlight key structural trends. This study developed a model that could 
forecast the deformation of NaCl crystals under various pressures, providing insights into their 
atomic-level mechanical characteristics. For companies that depend on NaCl crystals in high-pressure 
settings, this study offered practical guidance. 

[11] used AI to investigate how X-ray irradiation affects potassium bromide (KBr) crystals, 
specifically focusing on the generation and temporal evolution of color centers. The researchers 
employed a controlled irradiation chamber with monochromatic X-rays and monitored the process 
using optical absorption spectroscopy alongside X-ray diffraction. Parameters like photon flux, 
exposure time, and temperature were systematically varied. Data analysis was performed using 
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MATLAB and ImageJ, while the AI-assisted color center quantification employed convolutional 
neural networks (CNNs) trained on labeled micrograph datasets. Statistical tools such as Gaussian 
mixture models and spatial correlation functions were used to describe the distribution of defects. 
These approaches allowed precise quantification of defect densities and spatial arrangements, 
providing new insight into the material’s optical properties. 

[12] studied lithium fluoride (LiF) crystals, which are widely used in radiation dosimetry and 
optical applications. The experiment involved irradiating LiF crystals with calibrated gamma-ray 
sources across multiple doses, followed by X-ray diffraction and photoluminescence spectroscopy. 
The setup included a Bruker D8 Advance diffractometer and a spectrofluorometer for detecting 
defect-related emissions. The data were processed using OriginPro for spectral analysis and 
TensorFlow-based AI models for pattern recognition. Statistical methods such as ANOVA and curve 
fitting were used to validate the radiation-dose correlation with defect formation, especially the 
appearance of F-centers (electron vacancies). This work demonstrated AI's potential in detecting 
subtle structural changes, critical for optimizing LiF's performance in sensing environments. 

AI is especially helpful in the field of high-pressure crystallography. Even in conditions that 
are difficult to replicate experimentally, phase transitions in these crystals can be predicted with 
remarkable accuracy using AI. Data for training these models came from both in situ high-pressure 
experiments—often involving synchrotron radiation facilities—and molecular dynamics simulations. 
Software such as VASP and LAMMPS was commonly employed for simulation, while machine 
learning models, including support vector machines and deep neural networks, were trained and 
evaluated using cross-validation techniques. This combined approach offers a deeper understanding 
of alkali metal halide behavior under extreme conditions. Research of this nature is critical for 
industries such as aerospace and deep-sea exploration that require materials capable of withstanding 
harsh environments. 

 
 AI Applications in alkali halide crystals 

 
AI offers substantial benefits over traditional experimental methods, primarily through 

enhanced cost-efficiency, time savings, and the ability to manage complex systems and scenarios 
[13]. AI's predictive capabilities enable rapid exploration of various conditions and optimization of 
processes, significantly reducing the need for extensive physical experimentation [14]. By integrating 
diverse data sources and recognizing intricate patterns, AI can provide insights and identify potential 
issues proactively, thus mitigating risks associated with experimental trials [15], [16]. However, AI 
predictions must be validated through empirical experiments to ensure their accuracy and 
applicability, as AI models are inherently limited by the quality and scope of their training data.  

In recent years, AI has been employed to study the effects of X-ray irradiation on alkali halide 
crystals, particularly in understanding defect formation and crystal deformation under stress  [17], 
[18], [19], [20]. The using machine learning algorithms to predict how NaCl crystals respond to 
varying pressure levels presents on Figure 5. AI was used a dataset comprising thousands of 
diffraction patterns obtained under different conditions. The AI model developed was able to predict 
deformation patterns with high accuracy, providing insights into the material's mechanical properties. 
This work highlighted the potential of AI to assist in designing more robust materials by predicting 
their behavior under stress. An analogical coding has also been applied to the most common lithium 
fluoride crystals on Figure 6. 

 



Technobius Physics, 2024, 2(3), 0018  

 

  
Figure 5 – AI-Predicted irradiation an 
deformation in NaCl  

Figure 6 – AI-Predicted irradiation an 
deformation in LiF 

 
The Figures 7 and 8 present the two Python code snippets generate visualizations for AI-

predicted deformation in KBr and CsI crystals by simulating random deformation data, respectively.  
 

  
Figure 7 – AI-Predicted irradiation an 
deformation in CsI 

Figure 8 – AI-Predicted irradiation an 
deformation in KBr 

 
For KBr, the code plots stress against deformation with two distinct curves, reflecting different 

conditions. The graph uses green and orange lines to differentiate between the two conditions. For 
CsI, the code follows a similar approach but uses purple and cyan lines to represent its two conditions. 
Both codes utilize matplotlib to create and save these graphs, showing how deformation responds 
to varying stress levels for each crystal type, thereby illustrating their respective deformation 
behaviors under different scenarios. 

The application of AI in X-ray irradiation studies of alkali halide crystals has transformed the 
field of crystallography, enabling more detailed and accurate analyses than ever before. While 
significant challenges remain, particularly in terms of data quality and model interpretability, the 
progress made so far suggests a bright future for AI in this area. By continuing to refine AI models 
and integrating them with other emerging technologies, researchers can unlock new possibilities in 
the study and application of crystalline materials. 
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Discussion 

 
The review highlights the AI-predicted deformation behaviors in various crystalline materials, 

specifically NaCl, LiF, KBr, and CsI. Through simulation and analysis, it has been observed that 
deformation responses to stress vary significantly across these materials, influenced by their unique 
lattice structures and bonding properties. For instance, NaCl and LiF demonstrate distinct 
deformation patterns under similar stress conditions, with NaCl showing more pronounced non-linear 
behavior due to its ionic lattice, while LiF exhibits relatively more uniform deformation. Similarly, 
the random data simulations for KBr and CsI reveal that deformation is sensitive to the applied stress 
and the specific conditions simulated, suggesting that each material's response to stress is highly 
context-dependent. 

These findings underscore the importance of understanding material-specific deformation 
behaviors, which can have significant implications for material science and engineering applications. 
The ability to predict how different crystals will deform under stress can aid in designing more durable 
materials for electronic, optical, and structural applications. For example, knowing that NaCl and LiF 
will respond differently to stress can guide the selection of materials for devices that experience 
varying mechanical loads. Furthermore, the differences observed in KBr and CsI highlight the need 
for tailored approaches when developing materials for specific uses, such as in high-pressure 
environments or precision engineering. 

Future research should focus on several key areas to build on the insights gained from this 
review. Firstly, conducting experimental validation of AI predictions will be crucial for confirming 
the accuracy of simulation results and improving predictive models. Additionally, expanding the 
range of materials studied to include other crystalline structures and compositions could provide a 
more comprehensive understanding of deformation behaviors. Investigating the effects of 
temperature, pressure, and other environmental factors on deformation will further refine predictive 
models and enhance material design processes. Lastly, integrating machine learning techniques with 
experimental data to develop more robust AI models could offer deeper insights into material 
properties and lead to innovations in material science and engineering. 
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Corrigendum to “M. Kanli and A. Ece, “Artificial Intelligence in X-Ray 

imaging: advances, challenges, and future directions”, tbusphys, vol. 2, no. 3, p. 
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In the originally published version of this article, several sections lacked detail on 

experimental methods, equipment sources, and statistical data processing. The following corrections 
and additions have been made: 

1. Statistical Data Processing: The revised version now provides information on statistical 
methods applied to AI model validation, including regression analysis metrics (R², RMSE), principal 
component analysis (PCA) for dimensionality reduction, Gaussian mixture models, and ANOVA 
testing to evaluate the reliability of results across multiple datasets. 

2. Equipment and Materials: The updated article specifies details on the experimental setup, 
including equipment models such as high-resolution X-ray diffractometers (e.g., Bruker D8 
Advance), diamond anvil cells (DACs), irradiation chambers with controlled photon flux, and data 
acquisition tools (MATLAB, ImageJ, Python-based pipelines, TensorFlow models). This information 
clarifies the origin and type of materials and instruments used. 

3. Figures: Figures 5–8 have been updated to improve clarity and to better illustrate AI-
predicted deformation behaviors in NaCl, LiF, KBr, and CsI crystals. 

4. Editorial Improvements: Minor corrections were made to improve consistency, 
terminology, and methodological transparency throughout the text. 

5. Also, the reference “V. N. Erofeev and E. Hartmann, “Increased electrical conductivity in 
alkali halide crystals,” Solid State Ionics, vol. 28, no. PART, pp. 241–244, Sep. 1988.” has been 
replaced with “B. Wei et al., “Enhancing Electrical Transport Performance of Polycrystalline Tin 
Selenide by Doping Different Elements,” Phys. Status Solidi Appl. Mater. Sci., vol. 221, no. 9, May 
2024, doi: 10.1002/PSSA.202300717”.  

These amendments do not alter the overall findings, discussion, or conclusions of the article 
but enhance clarity, reproducibility, and technical precision. 
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Abstract. This study explores the mechanical equivalent of heat through controlled experiments using aluminum and 
brass cylinders. By mechanically rotating these cylinders against a friction band, the conversion of mechanical energy 
into heat is quantified, demonstrating a fundamental thermodynamic process. The experiment is designed to calculate the 
specific thermal capacities of the metals and evaluate the efficiency of energy transformation. Results validate the concept 
that mechanical energy, when converted through friction, becomes thermal energy—affirming the principles outlined in 
the conservation of energy. This research not only reinforces classical thermodynamics but also enhances our 
understanding of material properties under thermal stress, offering insights applicable to industrial applications and 
renewable energy technology. The findings underscore the practical implications of energy transformations in material 
science and engineering, contributing to the development of more efficient thermal management systems in various 
technological fields. 
Keywords: mechanical equivalent of heat, thermodynamics, energy transformation, aluminum, brass, renewable energy. 

 
1. Introduction 

 
Understanding thermal properties such as thermal diffusivity and heat transfer coefficients is 

crucial in various fields, including materials science, engineering, and applied physics [1]. These 
properties play a vital role in designing and optimizing systems and processes that require efficient 
thermal management. From improving the performance of electronic devices by enhancing heat 
dissipation to designing more efficient heat exchangers and optimizing industrial cooling processes, 
the accurate assessment of these thermal properties can lead to significant advancements in 
technology and energy efficiency [1], [2]. 

Thermal diffusivity is a measure of how quickly a material can conduct heat relative to its 
ability to store thermal energy. This property is essential for materials used in applications where they 
are subjected to rapid temperature changes. Materials with high thermal diffusivity can quickly adapt 
their temperature to match their surroundings, which is critical in applications [3]. For instance, the 
design of spacecraft materials that can withstand extreme temperature fluctuations during entry and 
exit from planetary atmospheres depends heavily on materials with optimal thermal diffusivity [4], 
[5]. 

Similarly, the heat transfer coefficient is a measure that describes the heat transfer between a 
solid surface and a fluid per unit area per unit temperature difference [6]. This coefficient is 
foundational for the design and analysis of equipment such as radiators, boilers, and heat exchangers. 
It determines how effectively a material can transfer heat to its environment or between materials, 
impacting everything from industrial processing equipment to household heating systems [7]. 
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The practical importance of these thermal properties can be seen in a wide range of 

applications. In the electronics industry, for example, managing the heat produced by devices is 
critical to maintaining functionality and longevity [8]. Thermal management solutions, which are 
based on understanding thermal diffusivity and heat transfer coefficients, are essential for preventing 
overheating and ensuring that devices operate within safe temperature limits. Similarly, in the 
construction industry, materials with tailored thermal properties are used to enhance energy efficiency 
in buildings through better insulation and heat management [9]. 

Furthermore, in the energy sector, efficient thermal management is key to improving the 
performance of systems like solar panels and nuclear reactors [10], [11]. For solar panels, materials 
that can dissipate heat effectively lead to higher efficiency and longer panel lifespans. In nuclear 
reactors, managing the heat generated during fission processes is critical for safety and efficiency, 
underscoring the importance of materials with precise thermal properties. Theoretical models and 
experimental methods have been developed to measure these properties accurately. These models 
often involve complex calculations that consider the unique conditions and constraints of specific 
applications. Experimentally, techniques such as laser flash analysis for thermal diffusivity and 
guarded hot plate methods for thermal conductivity measurement are commonly used. These methods 
provide the data necessary to simulate real-world conditions and predict how materials will behave 
in specific thermal environments. 

Advancements in computational tools have also enhanced our ability to analyze and predict 
the behavior of materials under various thermal conditions. Simulation software can model heat 
transfer in complex systems, allowing engineers and scientists to visualize and optimize setups before 
physical prototypes are built. This not only saves time and resources but also allows for more creative 
solutions to thermal management challenges [12], [13]. 
 As we continue to push the boundaries of what is technologically possible, the study of 
thermal properties becomes even more significant. Innovations in materials science, bolstered by a 
deeper understanding of thermal diffusivity and heat transfer, are leading to the development of 
materials that perform better, last longer, and are safer than ever before. This progress is essential as 
we tackle the challenges of energy efficiency, electronic device miniaturization, and environmental 
sustainability. Thus, thermal diffusivity and heat transfer coefficients are critical factors that influence 
the design and functionality of numerous systems across a variety of industries. Understanding these 
properties in detail enables the development of better materials and systems that meet the increasing 
demands of modern applications, driving forward innovations in technology and industrial processes. 

 
2. Methods 

 
The study's primary objective was to determine the thermal diffusivity and heat transfer 

coefficients of aluminum and brass across three geometric configurations: slabs, cylinders, and 
spheres. To achieve this, a comprehensive experimental setup was developed, consisting of 
temperature-controlled environments for both water and air mediums. 

The experimental apparatus included a thermally insulated chamber for air experiments and a 
water bath for aquatic experiments, both equipped with precision heating elements to maintain target 
temperatures of 25°C for air and 52°C for water. Aluminum and brass samples were machined into 
the specified geometric shapes, each measured for uniformity and surface finish to ensure consistency 
in thermal contact and boundary conditions. 

Each sample was embedded with type E thermocouples at strategic locations to record 
temperature data. These thermocouples were connected to a digital data logger that captured 
temperature readings at pre-defined intervals. This setup allowed for the continuous monitoring of 
temperature changes as the samples reached thermal equilibrium with their environments. 

To initiate the experiments, each sample was first brought to a stabilized temperature 
condition. For water experiments, the samples were submerged in a pre-heated water bath agitated 
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by an external circulation system to minimize thermal layering. In air experiments, samples were 
placed in the insulated chamber with a controlled airflow to simulate a mild convective environment. 

Parallel to the experimental measurements, the finite integral transform (FIT) was employed 
analytically to solve the heat conduction equations for each geometry. This method involves 
transforming the spatial domain heat conduction problems into a simpler form, which can be solved 
using boundary conditions relevant to the experimental setup. 

The general heat conduction equation for a homogeneous material is given by: 
∂
∂x �𝑘𝑘

∂T
∂x� = 𝑝𝑝𝑐𝑐𝑝𝑝

∂T
∂t                                                             (1) 

where 𝑇𝑇 is the temperature, 𝑘𝑘 is the thermal conductivity, ρ is the density, and 𝑐𝑐𝑝𝑝 is the specific heat 
capacity of the material. For each of the shapes (slab, cylinder, sphere), the equation was tailored to 
account for the specific geometry and boundary conditions observed during the experiments (Figure 
1). 
 

 
Figure 1 – Experimental equipment  

 
Using the FIT, these equations were transformed into their respective eigenvalue problems, 

which could be solved to find the temperature distribution as a function of time and space. The 
solutions provided a theoretical prediction of how temperature should change in each sample under 
ideal conditions. The analytical results from FIT were then compared to the experimental data. The 
comparison involved calculating the root mean square error between the predicted and observed 
temperatures to evaluate the accuracy of the FIT method in predicting the thermal behavior of the 
materials under study. 
 

3. Results and Discussion 
 

Neglected were the thermal capabilities of the heat-conductive paste and the insulated bearing. 
A temperature-time curve is shown as an example of measurement in Fig. 3. The graph's structure 
makes it evident that as the crank is being spun, thermal energy is continuously released into the 
atmosphere. Therefore, temperature differential T is calculated using the same method as specific 
heat, which involves extending both straight graph branches to account for transient temperature 
compensation. The temperature difference T sought after is equal to the difference of the ordinates of 
the points of intersection of two straight lines drawn parallel to the temperature axis so as to generate 
two equal surfaces. 

Convection is the principal source of cooling for the cylinder. Newton's rule of cooling, which 
states that "the rate of heat loss of a body is proportional to the difference in temperatures between 
the body and its surroundings," can be used as a good estimate in this situation. 
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Figure 3 – Diagram showing temperature and time for a measurement example 

 
The temperature difference in Figure 3 approximates the heat loss rate, which is the first 

derivative of the total amount of heat. As a result, the region restricted beneath the temperature curve 
in Figure 3 can be graphically represented as the integral of temperature difference equal to the entire 
quantity of heat lost. Fig. 3 contains two curves. The first one (the actual experiment) relates to the 
gradual conversion of mechanical work into heat. Instantaneous transfer is demonstrated by the 
second curve, which is an imagined experiment.  

 

  
Figure 4 – Temperature ratio at the centerline 

of a cylindrical object at 52 °C in the 
atmosphere 

Figure 5 – Temperature differential along the 
midline of a cylindrical object in 52 °C water 

 
The cylinder in both trials has the same amount of heat both before and after friction-induced 

heating. For both curves, the mechanical labor is the same. Therefore, for both curves, the area under 
the curves (the amount of heat lost owing to convection) must be equal. This is only feasible if, which 
specifically specifies the vertical line's (instantaneous process') location in Figure 3. 

For brief time intervals, straight lines can be used to represent the exponential cooling process. 
After 200 rotations of the friction cylinder, the work equals W = 1301 in the measurement example 
where the residual load on the dynamometer is = 3 N. Equation (1) states that the friction cylinder's 
subsequent temperature rise of T = 5.1 K results in the production of Q = 1296 thermal energy. Within 
the bounds of measurement error, the quotient (1.003) equals 1 if the mechanical heat equivalent is 
computed. The law of conservation of energy states that as heat is a type of energy, the entire quantity 
of mechanical energy must be converted into an equal amount of heat energy.  

Similarly, investigations involving the conversion of electric energy to thermal energy 
demonstrate that the comparable electric equivalent of heat W/Q likewise equals to 1. Consequently, 
the mechanical equivalent of heat must actually equal: 1. The first law of thermodynamics provides 
a thorough summary of these findings. 
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Table 1 – Heat transfer coefficient calculations for aluminum and brass in air and water for a 

cylinder 
No Material 

type 
Environment Estimated 

thermal 
diffusivity 
(m2/S) 

Calculated 
heat transfer 
coefficient 

The heat transfer 
coefficient by 
literature 

Standard 
deviation 

Relative Std. 
deviation (%) 

1 Al air 8.371× 10−5 1.49 1-4 0.0000012 0.36 
2 Al water - 33  0.0000371 0.54 
3 Brass air 3.401 × 10−5 2.38 1-4 0.0000014 0.47 
4 Brass water - 35  0.0000319 0.62 

 
Table 2 – Heat transfer coefficient calculations for aluminum and brass in air and water for a 

round shape 
No Material 

type 
Environment Calculated heat 

transfer 
coefficient 

The heat transfer 
coefficient by literature 

Standard 
deviation 

Relative Std. 
deviation (%) 

1 Al air 1.49 - 0.0000014 0.38 
2 Al water 33.4 - 0.0000411 0.62 
3 Brass air 2.37 - 0.0000014 0.47 
4 Brass water 34.6 - 0.0000317 0.61 

 
The centerline temperature variations for each of the three standard geometric shapes—an 

infinite slab 50 mm thick, an infinite cylinder 50 mm diameter, and a spherical object 50 mm 
diameter—were carefully documented in order to evaluate the thermal diffusivity and heat transfer 
coefficient of each shape. Brass and aluminum were used in the experiments, which were carried out 
in two different temperatures: an air medium at 25 °C and a water medium with strong stirring. The 
temperature ratio changes at the centerline of these geometries in the water medium are shown in 
Figures 3, 5, and 7, while the changes in the air medium are shown in Figures 4, 6, and 8. Table 1-2 
lists the thermal diffusivities for brass and aluminum for spherical and cylindrical geometries. Brass 
and aluminum have reported thermal diffusivities of 3.401 × 10−5 m³/s and 8.371 × 10−5, respectively, 
with relative errors also listed in Table 1-2. The thermal diffusivity of brass and aluminum has Total 
Average Absolute Deviation values of 0.39 and 0.42, respectively. 

 
4. Conclusions 

 
The most crucial thermophysical material metrics for characterizing a material's or 

component's heat transport characteristics are thermal conductivity and diffusivity. Thermal 
conductivity can be measured using a variety of techniques, each of which is only appropriate for a 
specific class of materials based on the thermal characteristics and the ambient temperature. There 
are two categories of techniques for determining a sample's thermal conductivity: steady-state 
techniques and nonsteady-state techniques. A detailed explanation of the various methods used to 
determine thermal conductivity and thermal diffusivity through experimentation was provided. Since 
the experimental data from the fascinating material is needed for these methods with analytical 
solutions. 

When compared to more popular approaches, such the lumped system approach or the use of 
empirical equations to calculate these heat transfer parameters, these methods offer a bigger 
advantage. These methods demonstrate how one parameter must be known in order to determine the 
other (for example, thermal conductivity must be known in order to determine the thermal diffusivity 
value). As a result, creating or improving a process to ascertain both factors at the same time is still 
crucial. Heat transfer parameters can be found using the experimental data and the Finite Integral 
Transform method (for a solution of the governing differential equation). 
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