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ABSTRACT

High-precision measurements of fundamental constants have an important role in modern physics and
technology. Uncertainty in measurements using classical methods is a major obstacle in improving the
accuracy and validation of physical theories. Quantum metrology, which makes use of the phenomenon
of quantum entanglement and superposition, offers a solution to overcome these limitations. This study
aims to evaluate the effectiveness of quantum metrology in improving the measurement accuracy of
fundamental constants, such as Planck's constant and Newton's gravity. The research was conducted
using an experimental design with quantum sensing-based devices, such as quantum interferometers and
ion traps. The data were analyzed to compare the level of measurement uncertainty between classical
methods and quantum metrology. Case studies were conducted in a microgravity environment to test the
reliability of this technology under extreme conditions. The results showed that quantum metrology
significantly reduced measurement uncertainty to two orders of magnitude compared to classical
methods. The technology has also proven to be effective in extreme conditions, providing flexibility for
applications outside of the laboratory. The conclusion of the study confirms that quantum metrology is
able to overcome the limitations of classical methods and has great potential to support the development
of global measurement standards in the future.
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INTRODUCTION

High-precision measurements have a very important role in understanding and
deciphering the basic laws of the universe. In physics, fundamental constants such as the
speed of light, Planck's constant, and electron charge are the key elements underlying
many scientific theories and models (Yang, 2022). The accuracy in determining the values
of these constants not only improves our understanding of the universe, but also supports
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the development of cutting-edge technologies that depend on the results of these
measurements (Gramegna, 2021).

Advances in high-precision measurements have allowed scientists to test the validity
of physical theories with an unprecedented degree of accuracy (Colombo, 2022).
Traditional methods used for these measurements are often limited by external
disturbances, such as environmental fluctuations and instrument uncertainty. In this
context, the emergence of quantum-based technologies offers revolutionary solutions to
improve the accuracy and reliability of measurements (Birrittella, 2021).

Quantum metrology, as a branch of quantum physics, offers a new approach in high-
precision measurements (Du, 2022). This technology takes advantage of the unique
properties of quantum mechanics, such as superposition and quantum windings, to reduce
uncertainty in measurements. By utilizing quantum principles, quantum metrology allows
for much more sensitive measurements compared to classical methods (Gietka, 2022).

The development of quantum metrology has paved the way for a wide range of
applications, including the measurement of time through atomic clocks, gravity through
quantum interferometers, as well as the measurement of fundamental constants (You,
2021). The main advantage of this approach is its ability to overcome the limitations of
classical measurement techniques, resulting in more accurate data. This is an important
foundation for improving the definition of basic units in the International System (SI)
(Ouyang, 2022).

High-precision measurements of fundamental constants also play an important role
in the testing of new theories in physics (Len, 2022). The incompatibility between the
measured constant values and theoretical predictions can be a clue to the existence of a
new physics that has not yet been revealed. Therefore, quantum metrology is not only
relevant in the context of metrology, but also in understanding more profound natural
phenomena (Mufioz, 2021).

The revolution in high-precision measurement through quantum metrology shows
that technological advances can push the boundaries of human knowledge (Gorecki,
2022). By continuing to develop these methods, scientists can broaden the horizons of our
understanding of the fundamental laws of the universe, opening up opportunities for
innovation in various fields of science and technology (Lemos, 2022).

Technological advances in high-precision measurements have not been able to fully
overcome the fundamental challenge of determining the value of fundamental constants
with absolute precision (Agarwal, 2022). Uncertainties stemming from environmental
disturbances, system fluctuations, and instrument limitations are still major obstacles to
achieving higher accuracy. Although the classical method has yielded significant results,
fundamental limitations on this measurement remain (Albarelli, 2022).

The limitations of traditional measurement methods make some fundamental
constants, such as Newton's gravitational constant, still have less precise values than other
constants (Shettell, 2021). The accuracy of these values is crucial for testing modern
theories of physics, including general relativity and quantum physics. This ambiguity in
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the measurement of constants can affect the interpretation of experimental data as well as
the development of new theories (Liu, 2022).

The application of the principles of quantum mechanics in metrology offers the
potential to overcome these constraints, but its practical implementation still faces major
challenges (Marciniak, 2022). The lack of a deep understanding of how quantum effects
can be optimally utilized for the measurement of fundamental constants is one of the gaps
in knowledge that needs to be filled. Existing experiments and theories have not been able
to fully explain how phenomena such as quantum entanglement or superposition can be
applied consistently in a variety of measurement conditions (Lin, 2021).

The development of quantum metrology also requires better integration between the
theory of quantum physics and the needs of practical metrology (Barbieri, 2022). There is
still a gap between theoretical concepts and practical applications that can be applied in
the laboratory or in the real world. This gap drives the need for further exploration to
bridge theory and experiment in the context of high-precision measurement (Chapeau-
Blondeau, 2021).

Uncertainty regarding the fundamental boundaries of quantum metrology in the
context of measuring fundamental constants is the main challenge that must be faced.
Answering this question will not only provide technical solutions, but it can also uncover
new insights into the limits of human knowledge in understanding the basic laws of the
universe (Zhu, 2022).

The use of quantum metrology for high-precision measurements of fundamental
constants is a strategic step to answer the challenges that exist in modern science. The
technology offers a unique advantage by taking advantage of the properties of quantum
mechanics, such as winding and superposition, that classical methods do not have. This
approach not only improves accuracy, but also opens up opportunities for new physics
explorations that have yet to be reached (Kerschbaumer, 2022).

Filling the knowledge gap in the measurement of fundamental constants through
quantum metrology has great potential to advance metrology and fundamental physics
(Jeffers, 2022). By understanding more deeply how quantum principles can be applied,
scientists can strengthen the validation of modern physical theories and identify the
possibility of new physics. This goal is particularly relevant to ensure that the models and
theories used in various technological and scientific applications have a solid foundation
(Y. Chen, 2022).

The development of quantum metrology is also driven by the practical need to
improve the reliability and consistency of measurements in various fields, including
communication technology, navigation, and energy. This research not only has theoretical
value, but also a significant practical impact in driving quantum-based technological
innovation (McKenzie, 2022).

RESEARCH METHODS
This study uses an experimental design with a quantitative approach to evaluate the
effectiveness of quantum metrology in high-precision measurements of fundamental
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constants. This method is designed to test the principles of quantum mechanics, such as
quantum winding and superposition, in improving measurement accuracy compared to
classical measurement methods. The experimental approach is carried out through
laboratory simulations and practical implementation using quantum-based metrology
devices (Mahendran et al., 2022).

The population in this study includes physical systems relevant for the measurement
of fundamental constants, such as Planck constants, electron charges, and gravitational
constants. The sample consists of a quantum-based measurement system developed using
quantum interferometer technology, cold atoms, and atomic clocks. Sample selection was
carried out purposively based on the relevance and ability of the system in implementing
the concept of quantum metrology (Jiulin et al., 2021).

The instruments used include quantum sensing devices, such as quantum winding-
based optical interferometers, ion traps, and high-precision lasers. The measurement
system is equipped with an environmental controller to minimize external interference, as
well as data analysis software to evaluate the level of accuracy and precision of the
measurement. All devices are calibrated using international standards to ensure the
validity and reliability of measurement results (Gill, 2020).

The research procedure begins with the design of an experiment to test the influence
of quantum phenomena on measurement results. The measurement system is operated
under tightly controlled conditions to ensure environmental stability (Ji et al., 2021). The
data obtained were analyzed using statistical methods to compare quantum-based
measurement results with classical methods. This procedure is repeated for various
fundamental constants to ensure consistency and generalization of research results (Han et
al., 2022).

RESULTS AND DISCUSSION

The results show that quantum metrology technology results in a significant
improvement in the accuracy of fundamental constant measurements compared to classical
methods. Statistical data show that the level of uncertainty in the measurement of the
Planck constant, which was previously in the range of 107, is reduced to reach 10°® using
a guantum-winding-based interferometer. Newton's measurement of the gravitational
constant also showed an increase in accuracy, with the relative uncertainty reduced from
150 ppm to 50 ppm.

Table 1 summarizes the results of fundamental constant measurements using
classical methods and quantum metrology. Each constant was measured in five
independent experiments, with the average result and standard deviation recorded. The
values generated by the quantum metrology method show a higher degree of consistency,
with a smaller standard deviation value compared to the classical method.

Constant  Classical Method (Uncertainty) Quantum Metrology (Uncertainty)
Planck (h) 10° 10°®
Gravity (G) 150 ppm 50 ppm
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Constant Classical Method (Uncertainty) Quantum Metrology (Uncertainty)
Elektron (e) 10°° 107

These results suggest that the application of quantum metrology can significantly
reduce uncertainty in the measurement of fundamental constants, which is an indicator of
the success of quantum-based technologies.

The reduction of uncertainty in the measurement of fundamental constants shows
that quantum metrology is able to overcome the limitations of classical methods. This
technology takes advantage of the unique properties of quantum mechanics, such as
quantum windings, which increases the sensitivity of measuring instruments to small
changes in the measurement system. Additionally, the use of quantum superposition
allows for more accurate data collection with a smaller number of samples.

The quantum-winding-based interferometer became a key instrument in achieving
these results, especially for the measurement of Planck's constant and the gravitational
constant. Quantum winding improves measurement resolution by reducing the noise
effects that typically occur in classical measurement systems. The device also allows
measurements to be made under more varied environmental conditions without loss of
accuracy.

These results support the theory that quantum metrology is beyond the limits of the
classical method's ability to measure very small or very sensitive systems. The reduction
of uncertainty in the measurement of fundamental constants is strong evidence that this
technology can be implemented in a wide range of scientific and technological
applications.

Additional data show that quantum metrology technology is also able to improve
precision in measuring time through atomic clocks. The uncertainty in quantum winding-
based atomic clock frequency measurements is in the range of 10'%, compared to the
classical atomic clock which has an uncertainty of 107'¢. These results demonstrate the
ability of quantum metrology to reach unprecedented levels of precision.

Measurement of electron charge using quantum-based ion traps also provides
consistent results with a very low level of uncertainty. Of the five independent
experiments, the resulting mean value had a relative variation of only 0.001%, compared
to a 0.01% variation in the classical method. This data shows the superiority of quantum
technology in reducing instrumental noise.

Additional tables showing the results of the measurements of time and electron
charge show high data consistency. These results are an important basis for better
understanding how quantum metrology can be applied in high-precision measurements for
a variety of other fundamental constants.

The increased precision in the measurement of electron time and charge supports the
development of new standards in the International System (SI). Quantum-based atomic
clocks, for example, allow the definition of a second to be more accurate, which has a
direct impact on the application of global communication and navigation technologies.
This advantage is very significant in the context of GPS systems and 5G technology.
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Quantum-based ion traps show that quantum phenomena can be harnessed to reduce
the effects of external disturbances on measurement systems. This phenomenon allows
measurements to be made in environments that are not entirely ideal, such as in
microgravity conditions or extreme temperatures. This opens up opportunities to perform
high-precision measurements outside the laboratory, such as in space research.

This data shows that quantum metrology not only provides high-precision results,
but also flexibility in its application. The ability to reduce dependence on environmental
conditions is one of the main factors that support the sustainability of this technology in
various fields.

The results of measurements of fundamental constants, time, and electron charges
show a strong relationship between the application of quantum mechanics and the
reduction of measurement uncertainty. Quantum winding and superposition are the two
main factors that contribute significantly to the increase in precision. Data from various
experiments show a consistent pattern, where the application of quantum technology
always results in lower uncertainty than classical methods.

Quantum interferometers and quantum entanglement-based ion traps show a direct
relationship between the degree of uncertainty and the sensitivity of the measuring
instruments used. The higher the degree of quantum winding applied, the lower the
uncertainty of the measurement results. This relationship supports a theoretical model that
states that quantum phenomena can be harnessed to improve measurement resolution.

The relationship between these data shows that quantum metrology can be a major
pillar in the development of future measurement technology. The integration between
various quantum devices provides the potential to measure fundamental constants with a
degree of precision never achieved before.

A case study was conducted to measure Newton's gravitational constant (G) using a
quantum interferometer under microgravity conditions. The experiment was carried out in
the environment of the space station to reduce the earth's gravitational disturbances that
usually affect the measurement results. The uncertainty in the measurement of the
gravitational constant is reduced from 150 ppm (classical method) to 10 ppm using this
technology.

The results of the case study also show that quantum interferometers are able to
process data faster and produce consistent results. In five independent measurements, the
average value of the gravitational constant obtained was close to the theoretical value with
a very small deviation. This data shows that quantum technology not only improves
accuracy, but also efficiency in data collection.

Table 2 summarizes the results of the case study, showing that quantum metrology
can be applied under extreme conditions. The success of this experiment is proof that
guantum metrology has the potential to answer the challenge of high-precision
measurements outside the conventional laboratory.

The case study shows that the application of quantum technology in extreme
conditions, such as microgravity, yields very promising results. This technology is able to
overcome environmental disturbances that are the main obstacle of the classical method.
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This advantage supports the theory that quantum metrology can function effectively in a
variety of conditions that were previously considered not ideal.

The success of experiments on the space station shows that quantum technology has
a high degree of flexibility in its application. In addition to reducing uncertainty, this
technology is able to generate faster data by utilizing more efficient devices. This
efficiency provides a great advantage in research that requires high-precision
measurements in a short period of time.

Data from this case study provide concrete evidence that quantum metrology can be
used for the measurement of fundamental constants outside of the laboratory. These
results show the great potential of this technology to support scientific exploration,
including research in space.

The results of the case study show a strong relationship between the application of
qguantum metrology and the improvement of precision under extreme conditions. The
lower uncertainty in microgravity measurements suggests that quantum technology can be
adapted for a variety of environments. This relationship supports the idea that quantum
metrology provides flexibility that classical methods do not have.

The results of the microgravity experiment also strengthened the relationship
between quantum winding and measurement accuracy. The higher the quality of the
quantum winding applied in the interferometer, the lower the level of uncertainty
produced. This relationship shows that quantum phenomena have a direct impact on the
accuracy of measurement results.

The relationship between the results of laboratory experiments and case studies
shows that quantum metrology has a wide range of applications. This technology is not
only relevant for measurements in controlled environments, but also in extreme
conditions, which makes a significant contribution to future scientific and technological
research.

The results show that quantum metrology significantly improves the accuracy of
fundamental constant measurements compared to classical methods. Uncertainty in the
measurement of Planck’s constant, Newton's gravity, and electron charge is drastically
reduced with the application of quantum winding-based technologies and superposition.
Quantum interferometers and ion traps are key devices in producing consistent and high-
precision data.

Atomic clocks based on quantum metrology also showed remarkable results, with
the level of frequency uncertainty being on the order of 107!, much better than traditional
methods. Case studies of gravitational constant measurements in microgravity
environments show that this technology remains effective in extreme conditions. This data
confirms the potential of quantum metrology to be applied in a variety of environments,
both in the laboratory and in space.

The application of quantum phenomena such as winding and superposition is the
main factor that supports the success of this research. The advantages in reducing noise
and increasing the sensitivity of measuring instruments make quantum metrology a
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revolutionary solution to the challenges of high-precision measurement. These results
provide a solid foundation for developing new standards in global metrology.

The results of this study are in line with previous studies that show the potential of
quantum metrology in improving measurement accuracy. Research such as those
conducted by Giovannetti et al. (2011) also highlighted that quantum entanglements can
significantly reduce measurement uncertainty. However, the study went a step further by
applying the technology to fundamental constants that are more difficult to measure, such
as Newton's gravitational constant.

The main difference from other studies lies in the experimental approach under
extreme conditions, such as microgravity. Previous research has generally been limited to
laboratories with highly controlled environments. The study shows that quantum
metrology remains effective even outside of the laboratory environment, providing a new
dimension to the application of this technology.

This study also shows the advantages of quantum metrology compared to classical
methods applied in traditional metrology research. With much lower uncertainty, the
results of this study provide evidence that quantum technology can replace conventional
methods in high-precision measurements. However, it should be acknowledged that the
practical implementation of quantum technology still needs further development to
achieve scalability.

The results of this study are a sign that a new era in metrology has begun with the
presence of quantum technology. The achievement of measurements with very low
uncertainty is evidence that fundamental limitations in classical methods can be overcome
by utilizing the properties of quantum mechanics. This success shows that science is now
able to explore the limits of precision that were previously unreachable.

The ability of quantum metrology to still provide accurate results in extreme
conditions, such as microgravity, is a sign that this technology has the potential to be
applied in hard-to-access environments. This opens up opportunities not only for research
in space, but also for measurements in unstable environments, such as weak gravitational
fields or environments with extreme temperatures.

These results are also a sign that global measurement standards need to be updated
to accommodate more precise results from quantum technology. The International System
(S1) can benefit from redefining basic units based on more accurate measurement results.
This step will encourage wider adoption of quantum technology in various fields
(Krishnakumar, 2021).

The implications of the results of this study are very broad, both in scientific and
technological contexts. In the field of metrology, the reduction of uncertainty in the
measurement of fundamental constants means that theories of physics can be tested with a
higher degree of accuracy. More precise measurements will allow the detection of small
anomalies that could be clues to a new physical phenomenon (Vida, 2021).

In the field of technology, quantum metrology will support the development of more
accurate and efficient devices, such as atomic clocks, navigation systems, and gravity
sensors. The increase in precision in this technology will have a direct impact on practical

213



Quantum Metrology for High-Precision Measurement of Fundamental Constants

applications, including global communications, space exploration, and energy
development. Quantum technology could also pave the way for innovation in other areas,
such as information security and supercomputers (Shi, 2022).

These results also have implications for international collaboration in the field of
metrology. With more accurate measurement standards, countries can improve
consistency in various technical areas, including trade, manufacturing, and research. The
development of quantum metrology can be a catalyst to drive global innovation in various
sectors (Eronen, 2022).

The results of the study showed a significant increase in accuracy due to the unique
properties of quantum mechanics utilized in quantum metrology. Quantum winding allows
for the reduction of noise effects that are often an obstacle in classical methods. Quantum
superposition allows measurements to be made on a much smaller scale, resulting in data
with higher sensitivity (Aaltonen, 2022).

Success in extreme conditions, such as microgravity, can be explained by the ability
of quantum-based devices to operate independently of environmental disturbances.
Technologies such as quantum interferometers are designed to make the most of quantum
effects, even in unstable environments. This makes quantum metrology more flexible than
classical methods (H. Chen, 2021).

Another factor that supports these results is the development of hardware and
software technologies that support the implementation of quantum metrology. The
measurement system used in this study is designed to harness the full potential of quantum
mechanics, while minimizing external disturbances. The combination of theory, devices,
and a controlled experimental environment contributed to the success of this research (Z.
Chen, 2022).

The next step is to expand the application of quantum metrology to various fields of
science and technology. Further studies are needed to test the ability of this technology to
measure other fundamental constants, as well as to develop more efficient and accessible
devices. Research should also focus on the scalability of quantum technology to ensure
that the results of the research can be widely applied (Wang, 2021).

The development of new international standards based on the results of quantum
metrology is a priority to ensure consistency in global measurements. Collaboration
between international metrology laboratories and research institutions is needed to
develop a framework that enables the adoption of this technology in the global
measurement system. The new standard will support innovation in a wide range of sectors,
including industry, technology, and scientific research (Liao, 2021).

Quantum metrology also needs to be integrated in education and training to build a
generation of scientists and engineers who are able to take advantage of this technology.
An increased understanding of quantum mechanics and its applications will be key in
driving the development and wider adoption of quantum metrology. With these steps,
guantum metrology could become a major foundation in high-precision measurements in
the future (Hasenstab-Dubeler, 2022).
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CONCLUSION

The most important finding of this study is that quantum metrology has been shown
to be able to significantly reduce uncertainty in the measurement of fundamental constants
compared to classical methods. Quantum-winding-based technology and superposition
enable unprecedented levels of accuracy, even in extreme conditions such as microgravity.
These results show that quantum metrology is not only an alternative, but also a
revolutionary solution to the challenge of high-precision measurement.

This research makes important contributions both in terms of concept and method.
From the conceptual side, this study proves that quantum mechanical phenomena can be
applied practically to improve fundamental limitations in measurement systems. In terms
of methods, this research develops an experimental approach that integrates quantum
sensing devices with advanced environmental control, paving the way for the application
of quantum technology in various fields.

The limitations of the research lie in the scalability of quantum metrology
technology which is currently still limited to specialized devices and controlled
environments. Further research needs to be focused on developing devices that are more
portable, efficient, and easy to apply in various conditions. Further exploration is also
needed to measure other fundamental constants that have not yet been studied using
quantum metrology, as well as integrate this technology with global measurement
systems.
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