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Analysis of the application of lasers for counter-UAV purposes
Abstract. From the dawn of human history, mankind has always made efforts to
create more effective tools for combating other creatures, including fellow people.

Thus, the utilisation of different species of animals, the creation of new weapons and
other means of human progress have always led to new developments, aimed at
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emulating, replacing or combating these innovations. The development of unmanned
aerial vehicles has prompted the need to develop alternative and innovative
countermeasures. These methods may range from the usage of interceptor drones to
the application of concentrated energy beams. This paper examines the progress and
known uses of laser technology in the context of combating unmanned aerial vehicles.
In order to deepen and systematize knowledge about the development of laser
applications in the military field, a systematic bibliographic analysis of scientific
papers and popular publications on the development of both laser technologies and
unmanned aerial vehicles over the past century was conducted. The study focused on
developments that were built (at least as a prototype) and tested against various
unmanned aerial vehicles. The results were then compared with a number of articles
that separately focused on the history, prospects, and current issues in the development
of laser weapons and unmanned aerial vehicles. At the same time, due to the fact that
laser technology is one of the most rapidly and comprehensively developing areas of
scientific progress, it was decided to use a periodic classification model, the main
criterion of which was the focus of laser technology development on countering
unmanned aerial systems. The issue of determining the cause-and-effect relationship
that links the development of unmanned aerial vehicle technologies and designs with
the shift in the focus of laser weapons development to counteract them was considered.
It is noted that, due to the high requirements for human and financial capital, the
direction and pace of development of laser weapons depend not only on technological
limitations, but also on the vision of military strategy and possible threats at a given
time. As a conclusion, a variant of periodization of the history of the development of
laser weapons as a means of combating unmanned aerial vehicles was proposed.
Keywords: laser; laser emission; technological development; laser weaponry;
unmanned aerial vehicle; Counter Unmanned Aircraft Systems (C-UAS)

Introduction.

From the ancient Greeks' wars with the Persian Achaemenid Empire to modern
armed conflicts, armed conflict has been an integral part of human history. These
conflicts have left their mark on humanity in many ways. One of the dimensions of this
impact has been represented by weapons development. Since the first battle between
tribes of primitive people, humanity has been striving to create more effective tools to
fight other creatures, including other people. In different historical periods, the creation
of new, more advanced weapons, as well as the development of methods for their
production, gave one party of the conflict a significant advantage on the battlefield and
contributed to their victory (Hacker, 1997). The emergence of such innovations on the
part of one of the belligerents gave it an indisputable advantage over their opponent.
However, the creation and use of innovative weapons has always triggered the
emergence of new developments in both weapons and techniques designed to combat
these weapons in a qualitative and cost-effective manner. This phenomenon is
sometimes called an “arms race”. There are many developments of weapons that are
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considered to be milestones: from bronze swords and Macedonian sarissas to tanks,
combat aircraft and nuclear weapons. However, the scientific and historical community
has paid less attention to the methods of countering these weapons that have been
developed throughout history. There are several explanations for this, ranging from the
fact that countermeasures were often as much of a development milestone as their
predecessor; and the fact that these developments were often defeated through the use
of tactics, strategy and cunning. For example, during the Battle of Isandlwana (1879),
Zulu forces, armed mainly with spears and leather shields, defeated the British army,
armed with breech-loading rifles, machine guns and artillery, through trickery and
skilful strategy (Beckett, 2023). However, in general, history shows that technological
superiority provides a dramatic advantage. An extreme example of such an advantage
occured during the next battle of the Anglo-Zulu War — the defence of the hospital in
Rorke's Drift, where only 140 British soldiers stopped and repelled the attack of
4000 Zulus, armed not only with traditional spears but also with captured British
weapons. The first use of tanks during the World War | did not change the course of
the war immediately; however, it did manage to cause a certain amount of panic in the
ranks of the Reichswehr command, which in turn launched programmes to both build
their own tanks and create weapons specifically designed to combat tanks. These
weapons became known as anti-tank rifles. In general, the development of tanks and
combat aircraft are good modern examples of such an arms race and methods of
countering them, since with the advancement of these types of weapons to a new level,
the development of methods of countering these updated weapons would commence
immediately (Salminen, 1992). Thus, the first tanks of the World War |, named so
because of their visual resemblance to cisterns (which was used by British
counterintelligence to create a legend that the project itself was not intended to create
armoured vehicles, but to create a mechanised tank for the needs of the Entente armies
(Fuller, 1920), turned into medium and heavy tanks of the World War 11, and then into
the main battle tanks of the Cold War. At the same time, anti-tank rifles have evolved
into anti-tank guns, and subsequently into anti-tank missile systems (ATGM’s).

Over the last 30 years, we can observe a transition to a new round of such an "arms
race” (Salminen, 1992; Hacker, 1997). The development of the latest stealth
technologies, the development and use of the first hypersonic weapons; the increasing
use of the Internet and space satellites for tracking of enemy actions as well as
coordination of own units (GPS, Starlink, etc.), along with other innovations, provide
a new set of challenges for weapons designers.

One of these weapon developments are unmanned aerial vehicles. With the
overall development of various technologies, due to a variety of factors, a new ‘round’
of UAV development has taken place (Fuhrmann & Horowitz, 2017; Babak et al.,
2021; Ajakwe, Kim, & Lee, 2023) These factors include:

a. Advances in materials science, including the development of new durable

carbon fibre composites, as well as non-metallic composite materials, both of
which have significantly reduced aircraft weight and increased payload.
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b. Development of computer technology (miniaturisation of processors and other
controller boards as well as an increase in their computing power) through the
development of the semiconductor industry and IT technologies.

c. The development of design and theoretical calculation tools is directly related
to the growth of the computer industry. The widespread adoption of computer
software (CAD programs and mathematical modelling packages) makes it
possible to quickly create structures of more complex shapes and more
efficiently calculate any number of models required to confirm their
effectiveness.

d. The development of the battery industry, namely the development of small-
sized, high-capacity Li-ion batteries, has reduced their weight and dimensions
by a factor of several times.

At the same time, the number of areas and types of work that can be performed
with UAVSs is growing rapidly every day. However, these also pose security risks,
especially when used for espionage, smuggling, or military purposes. As a result,
advanced anti-drone technologies have been developed to counter UAV threats.
Military UAVs pose significant threats to various objects and infrastructure (Kim,
Choi, & Kwon, 2024), as their capabilities expand from surveillance to direct attack
roles (Liu, Zhang, L., Wang, Meng, & Zhang, B., 2024). Here are some key targets
military UAVs can threaten and countermeasures to mitigate their impact:

1. Critical Infrastructure. UAVs can attack power plants (Mohsan, Khan, Noor,
Ullah, & Alsharif, 2022), oil refineries (Chamola, Pavan, Aayush, Naren, Navneet, &
Mohsen, 2021), water treatment facilities, and communication hubs. A successful
attack could cause widespread outages, disrupt essential services, or create
environmental hazards.

2. Military Bases and Personnel (Kratky, Minafik, Sustr, & Ivan, 2020). UAVs
can be used for reconnaissance or launching missile strikes against troops, equipment,
and military installations. They can carry bombs, missiles, or act as kamikaze drones,
directly targeting high-value military assets.

3. Government Buildings. UAVs can be deployed for espionage, capturing
sensitive information, or even direct attacks on key government sites such as command
centers, embassies, or defense ministries.

4. Transportation Infrastructure. UAVSs pose threats to airports, ports, bridges, and
highways. Attacks on these facilities can paralyze logistics, hinder troop movements,
and disrupt supply chains.

5. Nuclear Facilities. UAVs can be used to attack nuclear power plants or weapons
facilities, risking catastrophic consequences like radiation leaks or the destruction of
nuclear materials.

6. Civilian Population and Public Events. UAVs can target densely populated
areas or major public events, resulting in mass casualties and creating widespread
panic, especially in cases of terror attacks.
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7. Industrial and Economic Targets (Lykou, Moustakas, & Gritzalis, 2020). UAVs
can disrupt factories, financial centers, or major corporations, causing economic
instability by damaging production lines, data centers, or financial infrastructure.

8. Naval and Maritime Assets. Drones can threaten ships, ports, or offshore oil
rigs, using surveillance to monitor naval movements or deploying explosives to cause
physical damage.

As UAV technology advances, so too must the tactics and technologies designed
to combat them. However, to understand them, we first must understand their
development cycle throughout history.

The first real-world application of this type of weapon is generally considered to
be German developments from the World War 1l, namely the V-1 projectile aircraft
(Palik & Nagy, 2019), as well as the US Operation “Aphrodite” plane-bombs (Boyne,
2010). Afterwards, UAVs became an integral part of the arsenal of countries around
the globe, performing reconnaissance and auxiliary tasks (such as target aircraft), and
since the early 2000s, strike missions. At the same time, the rather large size of this
generation of unmanned aerial vehicles made them vulnerable to traditional air defence
methods, and therefore did not require the development of special countermeasures.
Nevertheless, the events of the last decade have shown a rapid paradigm shift in this
regard. Smaller combat drones are becoming an increasingly integral part of the
modern battlefield. At the same time, the skilful use of Bayraktar TB-2 UAVSs during
the Azerbaijani-Armenian conflict in 2020 and at the beginning of the Russian-
Ukrainian war in 2022 showed that classical methods of using air defence systems were
ineffective against these vehicles. However, due to their rather massive size, traditional
air defence equipment was still able to fight this class of drones, so over time, methods
of fighting these UAVs were developed, and due to the high rate of losses, Bayraktars
were transferred to the Black Sea maritime patrol duties.However, the main
technological breakthrough in the field of combat UAVs was the use of smaller UAVs
such as the Sha'ed, Orlan, and later - even more miniaturised drones such as the DJI
Mavic as well as various FPV drones. Here, it is worth noting that there are currently
several classifications of UAVs used for military purposes. Two classifications are
mainly used: the NATO classification (STANAG 4670), shown in Table 1, and the
Pentagon classification (DOD-USRM-2013), shown in Table 2.

Their size made the use of existing air defence systems virtually impossible,
forcing both sides of the conflict to adapt and develop methods to counter drones of
this size. The Israeli-Palestinian conflict of 2024 deserves special attention, during
which Israeli air defence systems were able to overcome waves of Iranian attack drones
by using multi-echelon air defence systems such as the Patriot and Iron Dome.
However, while the cost of one Iranian attack drone is 50 thousand dollars, the cost of
a Petriot interceptor missile is 4 million dollars. It is interesting to note that this issue
has been on the agenda of the Israeli military for some time, as the first documented
and proven use of laser weapons as an interceptor of flying objects (UAVs and
missiles) was recorded during the same conflict.
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Table 1. UAV classification according to NATO standards (NATO, 2019).

Normal Normal Normal Primary supported
Class | Category operating - . y supp
employment altitude mission radius commander
Strike/ Strategic/ Up to 20000 Unlimited Theater
Combat National m (BLOS)
Class 111 Strategic/ Up to 20000 Unlimited
(>600 | HALE National m (BLOS) Theater
kg)
Operational/ | Up to 14000 Unlimited .
MALE Theatre m (BLOS) Joint Task Force
Class II Tactical
(150— | Tactical = . Up to 5500 m | 200 km (LOS) Brigade
ormation
600 kg)
Small . . Up to 50 km . .
(>15 kg) Tactical Unit | Up to 1500 m (LOS) Batallion, regiment
Tactical
Class I Mini Subunit Up to 25 km Company, platoon,
(<150 | (<15kg) | (manual or Up 10 900 m (LOS) squad
kg) hand launch)
Tactical
Micro Subunit Upto 5 km Platoon, squad
(<66 J) (manual or Upto60m (LOS)
hand launch)

Table 2. US DOD classification of UAVs (Department of Defense, 2013).

. Maximum gross Normgl .
Class Size takeoff weight Ope_ratlng Airspeed
altitude

1 Small under 9 kg <300 m <190 kph
2 Medium 9.5-25kg <1000 m <460 kph
3 Large up to 600 kg <6000 m <460 kph
4 Larger over 600 kg <6000 m Any airspeed
5 Largest over 600 kg >6000 m Any airspeed

Modern countermeasures to mitigate UAV threats are extremely varied and can
be divided into several categories (Ajakwe, Kim, & Lee, 2023; Shaohui et. al., 2023;
Liu, Zhang, L., Wang, Meng, & Zhang, B., 2024):
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1. Electronic warfare. Electronic warfare systems operate by disrupting or
blocking communication between the operator and the UAV or interfering with GPS
navigation. The main methods of electronic warfare include:

1.a. Jamming. Systems that emit signals that jam or interrupt the drone's control,
disabling it. This is one of the most common methods for neutralizing commercial and
military UAVs.

1.b. Spoofing. A technology that transmits fake GPS or radio signals to a drone,
fooling its navigation systems and forcing it to change course or land.

1.c. Communication jamming. Used to cut off communication between a UAV
and its operator, making the drone uncontrollable and often leading to a crash.

2. Kinetic destruction systems. These systems involve physical damage or
destruction of UAVs using conventional or specialized weapons:

2.a. Surface-to-Air Missile systems. Used to destroy drones at long distances. For
example, Patriot or S-400 systems can intercept drones at high altitude or range.

2.b. Anti-aircraft guns: specialized artillery systems, such as CIWS or ZSU-23-4
Shilka systems, that can effectively destroy low-flying drones with rapid-fire cannons.

2.c. Combat interceptor drones: specially equipped drones that can shoot down or
intercept other UAVSs in the air by striking or physically engaging them.

By combining these defensive measures, nations and organizations can effectively
counter the threats posed by military UAVS, ensuring the protection of both critical
infrastructure and civilian populations.

Recently, the interest in the use of laser systems to combat UAVs has grown
significantly, as evidenced by a large amount of information from various sources, such
as news, official statements, expert comments, as well as scientific research and
technical reports. The use of the latest technologies to combat these threats, namely
small-sized drones and, in the future, drone swarms, is one of the most pressing issues
in modern armaments development. The main developments focus on technologies
such as the use of electromagnetic weapons of directed action, as well as the use of
laser radiation. The use of laser radiation as a weapon has been one of the fundamental
issues for weapons scientists since the 1970s (Hecht, 2010), but due to the development
of laser technologies, the creation of lasers capable of fighting aircraft at distances
comparable to the destruction distances of traditional (artillery and missile) anti-aircraft
systems has only become close to being a reality in recent years. The main advantages
of laser weapons are the high speed of the laser beam (travelling at the speed of light,
since the laser is a directed stream of light), the low cost per shot, measured in units of
dollars per shot, and the fact that laser radiation can completely destroy its target, not
just disable its electronics, as is the case with electromagnetic weapons (Cheng, 2006;
Lykou, Moustakas, & Gritzalis, 2020).

The development of science and technology has profoundly transformed modern
society, driving progress in nearly every aspect of life. Innovations in fields such as
manufacturing (Zavdoveev et al., 2022; Halchuk et al., 2023; Shevchenko et al., 2024;
Stoyan, et al., 2024), processing of materials (\Voinarovych et al., 2017; Balitskii, et al.,
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2022; Demchenko et al., 2022; Pliuhin, Tsegelnyk, Plankovskyy, Aksonov, &
Kombarov, 2023) have significantly improved the quality of life and expanded human
capabilities. One such groundbreaking advancement is the development of laser
technology, which has had a wide array of applications, ranging from medicine and
telecommunications to industrial manufacturing and scientific research. Lasers have
revolutionized numerous industries due to their precision and versatility. In medicine,
lasers are used for delicate surgeries, vision correction, and even cancer treatments. In
communication, fiber optic networks powered by laser technology have enabled high-
speed internet and global connectivity. Industrial applications include cutting, welding,
additive manufacturing (3D printing), and others, which have enhanced production
efficiency and accuracy (Goncharuk, Zhuk, Kaglyak, Dzhemelinskyi, & Lesyk, 2018;
Shelyagin et al., 2018; Bernatskyi, Sydorets, Berdnikova, Krivtsun, & Chinakhov,
2020; Berdnikova et al., 2021). Lasers also play a vital role in scientific research,
enabling high-resolution imaging and experiments at the quantum level.

While science and technology have brought immense benefits, their development
also introduces significant challenges and ethical dilemmas. One of the most
concerning issues is the use of advanced technologies, including lasers, for military
purposes. High-energy laser systems are increasingly being developed as weapons
capable of targeting drones, missiles, and even satellites with unparalleled precision.
This raises the risk of escalating arms races and the proliferation of destructive
capabilities, potentially destabilizing global security.

The development of science and technology, particularly laser and related
innovations, exemplifies humanity's potential to solve complex problems and improve
lives (Bernatskyi & Khaskin, 2021; Lyubomir, Edmunds, & Risham Singh, 2021;
Tsybulenko, 2022). However, it also highlights the need for careful consideration of
the ethical, social, and environmental implications of these advancements, ensuring
that progress serves as a force for good rather than harm.

The relevance of this paper is argued by the need to consider the historical stages
of creation, implementation, first applications, review of the reasons for the rapid
development and prospects for the use of lasers to combat UAVSs.

The purpose of this study is to identify the patterns of interaction between
scientific progress and its integration into military affairs through a multifaceted
analysis of the processes of development, testing and adoption of laser technologies by
countries around the world as a countermeasure to the development and spread of the
use of unmanned aerial vehicles. This analysis focuses on the development of laser
technologies in the context of countering unmanned aerial vehicles. With this in mind,
the article will focus on the use of lasers as a countermeasure to UAVS, as well as on
the development of UAVs and laser weapons in armaments in chronological order.

Research Methods.
In order to study the history and the current state of development of laser
technologies for countering UAVS, a bibliometric and literature review of scientific
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papers published over the past 10 years was conducted. The dynamics of the scientific
community's interest in this topic was also analysed by analysing the scientometric
databases Google Scolar and Scopus, as well as Google and Microsoft search engines.
Bing!” for queries related to the terms “C-UAS laser”, “anti-drone laser”, etc. The total
number of references for each query in different databases over the past 10 years was
compared; the dynamics of changes in the number of scientific papers by year; and the
countries of authors of articles with dynamics by year.

Research in this area can be divided into several main areas:

a. announcements and popular science articles in the press (Abott, 2023;
Rtx.Com, 2023) — — in general, such articles simply confirm the fact of one of
the stages of development or testing of weapons systems (Abott, 2023;
O'Rourke, 2024), but they often contain a small amount of technical
information that does not appear in other sources;

b. various publicly available reports of parliaments, ministries of defence and
other government agencies of different countries are broadly analytical in
nature with sufficient references to scientific review and scientific and practical
articles (O'Rourke, 2024);

c. scientific review articles (Chamola, Pavan, Aayush, Naren, Navneet, &
Mohsen, 2021), as well as scientific (Kim, Choi, & Kwon, 2024; Mohsan,
Khan, Noor, Ullah, & Alsharif, 2022) (theoretical, experimental and combined,
containing both theoretical and experimental components) articles devoted to
the development of individual components of such complexes (Lyu & Zhan,
2022).

The Research and its Results.

To determine the extent to which this topic has been studied in the modern
scientific community, a bibliometric analysis of scientometric databases over the past
10 years was conducted.

Table 3. Papers on C-UAS, published in scientometric bases over the last 10 years.

Keywords Scopus Google Scholar
Laser Counter Drone 21 17500
Laser C-UAS 6 802
Laser Anti-drone 8 990
Laser anti UAV 44 16500

It is necessary to emphasise the small number of articles on this topic in rigorously
peer-reviewed scientometric databases. This can be explained by the closed nature of
data in many countries, in which a large number of works on the development of laser
anti-drone weapons are being carried out (as evidenced by practical results in the form
of prototypes of laser systems), as well as the overwhelming majority of works,
presented by the Chinese scientific community. This alone demonstrates the relevance
of this topic and the importance of its proper study in different contexts.
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Despite the numerous advantages of laser systems for UAV countermeasures,
such as high accuracy and speed of response, they also have important limitations.

The main advantages of laser anti-UAV systems include:

1. Speed of action. Lasers operate at the speed of light, which makes them an
almost instantaneous means of defeating targets. As soon as a drone is detected and
brought into view, the system can immediately activate the laser beam to neutralize it.
This is especially important when dealing with high-speed or maneuverable UAVSs.

2. High accuracy. The lasers of an anti-UAV system are usually equipped with
target detection and tracking systems that can accurately target critical drone
components such as the engine, electronics, or cameras. This makes it possible to
quickly disable the drone without causing its complete physical destruction. Accuracy
Is also important to avoid collateral damage in areas with civilian infrastructure or on
a battlefield with close proximity to your own units.

3. Unlimited number of shots. Laser weapons do not require physical ammunition
such as missiles or bullets. This means that it can be used continuously as long as there
Is power supply. This autonomy makes laser systems cost-effective in prolonged
conflicts or in situations with a large number of attacking drones.

4. Minimization of collateral damage. Laser engagement systems are highly
accurate and can operate at certain distances without risking surrounding infrastructure
or people. This makes them ideal for use in densely populated areas or when protecting
critical facilities such as airports, power plants, or military bases.

5. Mobile platforms. Many laser systems can be installed on mobile platforms
such as cars, ships, or even airplanes. This allows for rapid deployment of the laser
system in different environments and provides high maneuverability. For example,
military lasers are already being integrated into vehicles to protect against drone attacks
on the battlefield.

Laser-based anti-UAV systems are gaining popularity as an innovative means of
neutralizing drones in various military and civilian situations. Due to their high
accuracy, rapid response time, and lack of ammunition requirements, lasers have the
potential to become a key component of air defense systems in the near future.
Technological developments in this area continue to improve these systems, expanding
their capabilities for use in real-world combat situations.

Laser anti-UAV systems have significant advantages, such as high accuracy,
instant response, and no need for ammunition. However, like any other technology,
they have a number of disadvantages that affect their effectiveness and application in
real-world conditions.

The main disadvantages of laser anti-UAV systems:

1. High power requirements. Laser systems require a significant amount of energy
to operate efficiently. The laser power must be sufficient to quickly heat up and damage
the materials from which the UAVs are made. This means that laser systems require a
reliable power supply, which can be challenging for mobile platforms or for extended
operations in remote areas.
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2. Limited range. Although lasers can operate over long distances, their
effectiveness decreases with distance due to beam energy dissipation. The further away
the target is, the more energy is lost due to atmospheric factors. In real combat
conditions, especially at long distances, this can significantly reduce the effectiveness
of lasers.

3. Vulnerability to weather conditions. Laser radiation is very sensitive to weather
conditions. Rain, fog, snow, dust, or even extreme heat can scatter or absorb some of
the laser beam energy, making the system less efficient. This is a serious limitation for
using lasers in difficult weather conditions or in certain climatic zones.

4. Reflection and absorption of materials. The materials from which UAVs are
made can have reflective or absorptive properties, which reduces the efficiency of the
laser. For example, metal surfaces or special coatings can partially reflect laser
radiation, making it difficult to destroy the drone. In addition, heat-resistant materials
may require more power or longer laser exposure times to damage them.

5. Cooling of the laser system. High-power laser operation generates a large
amount of heat, so the system needs a reliable cooling system to maintain optimal
temperature. This adds complexity to the design and can limit the amount of continuous
laser operation. Inadequate cooling can lead to overheating and reduced system
efficiency or even damage.

6. High cost of development and implementation. Laser systems are an emerging
technology that requires significant investment in research, development, and
manufacturing. Although they can reduce ammunition costs in the long run, the initial
costs of developing laser systems are high. This may limit the widespread adoption of
such systems, especially for countries with limited defense budgets.

7. Ability to counter lasers. Over time, methods of countering laser systems are
evolving. For example, the use of drones with reflective surfaces or special coatings
can make it more difficult to destroy them with lasers. In addition, there is a growing
likelihood that UAVs will be made of materials resistant to high temperatures or with
low thermal conductivity, which will make them more difficult to damage with a laser.

8. Limitations in multi-target operations. Although lasers have a fast response and
can destroy targets almost instantly, there are certain limitations to the simultaneous
destruction of multiple objects. A laser beam can only focus on one target at a given
time, which creates a problem with simultaneous attacks by a large number of drones
(flock attacks), when several UAVs attack an object at the same time,

High energy requirements, dependence on weather conditions, vulnerability to
special materials and coatings, and high implementation costs are key drawbacks that
require further improvement and research. However, the development of technology
and engineering solutions can gradually reduce these shortcomings and make lasers
more effective in real-world combat.

In this context, research on the development of a methodology for determining
the impact of laser radiation parameters on the destruction of materials from which
UAYV parts are made is becoming increasingly relevant.
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Lasers can be used for interdiction of UAVs in many ways: from using laser
radiation as an alternative to radio waves to detect drones at long distances (utilizing
the LIDAR principle), using a laser beam to guide a more traditional Kinetic or
explosive munition, to direct laser interaction with the drones themselves. In terms of
direct engagement, laser radiation can interact with its target in many ways. The
simplest is to blind the sensors, as it does not require great amounts of laser radiation
energy to disable cameras and infrared targeting heads. However, there is still a chance
that the enemy drone will reach its target with the help of redundant secondary control
systems.

When directly engaging a drone, there are a large number of variables and
problems associated with the principles of laser propagation in the atmosphere: from
atmospheric aberration to thermal blooming and airborne defocus effects. Weather
conditions also play a significant role in determining the required laser power.

It should also be noted that the type of material used to make a UAV plays a major
role in its ability to be affected by laser emission. For example, a plastic UAV requires
several times less energy to destroy than a UAV, made out of metal. At the same time,
there are various options for the results of the interaction between laser radiation and
individual parts of unmanned aerial vehicles.

The development of laser weapons has a number of problems and challenges that
are directly related to the conditions associated with the design and the environment in
which they operate (Garcia & Herz, 2016; Zabunov & Mardirossian, 2020;
Tsybulenko, 2022; Yang, Wang, Chen, & Yan, 2024). It is evident that the design and
characteristics of the laser directly determine its effectiveness against certain materials
at certain distances; the calculation of optimal parameters for combating different UAV
types at different distances is one of the most pressing tasks in the development of laser
weapons. At the same time, much depends on the design conditions of the laser system:
mobile, and even more so, portable systems have significantly more restrictions on
their characteristics, as well as a radically different approach to use. At the same time,
the environment, in which a particular laser system is used, dictates its own conditions,
which is why, for example, for marine applications of lasers, there is a complex
problem of the specifics of using laser weapons in marine conditions, since for proper
operation it is necessary not only to meet the conditions present in any atmosphere
(mass concentration, humidity and wind speed), but also marine issues in the form of
a different composition of sea water and their vapours; problems of splashing and
oscillations generated by waves; the problem of operation in the environment At the
same time, for land-based laser applications, there are similar complex problems
associated with the greater prevalence of dust, soil, diverse flora and fauna, as well as
weather factors that cannot be reproduced in marine conditions.

The development of powerful lasers emitting invisible infrared rays led to a
number of impressive technological demonstrations, especially in the United States and
the former Soviet Union in the 1970s (Hecht, 2010). For example, the first case of
UAVs being shot down by laser radiation is considered to be the MIRACL (Mid-
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Infrared Advanced Chemical Laser), which was tested in 1978 as part of the US Navy's
Joint Program, successfully intercepting and destroying a BQM-34 Vandal unmanned
aerial vehicle in flight (Appell, 1997). Since then, the United States and the Soviet
Union have conducted various efforts to destroy missiles or supersonic reconnaissance
drones in flight. The PRC joined this ‘race’ to develop laser weapons in the mid-1980s,
although due to limited access to Chinese documentation, it is currently impossible to
determine the exact date (Qiwan, Zhixiang, & Chuanfu, 1998; Cheng, 2006; Bernatskyi
& Sokolovskyi, 2022). Similar developments took place in the United Kingdom, which
not only developed a laser shipboard system for blinding aircraft pilots under the
‘Raker’ and ‘Shingle’ codenames, but also deployed a ship with a prototype of this
system in the flotilla that participated in the Falklands conflict in 1982 (Garcia & Herz,
2016; Zohuri, 2016, p. 45; Lyubomir, Edmunds, & Risham Singh, 2021). However, it
iIs worth noting that there is no verified data on the use of this weapon during the
hostilities against Argentinian forces.

At the same time, technological advances have led to the deepening and
development of unmanned aerial vehicles in various directions — from the USSR's
turbojet reconnaissance drones (such as the Tu-141) to barraging drones such as the
american RQ-1\2, which used a small turboprop engine (Figure 1).

Figure 1. Tu-141 — a typical unmanned aerial vehicle from the end of the Cold War
(Rogoway, 2022).

However, the completion of the first working laser designs coincided with the
beginning of dramatic changes in the vision of the armed conflicts' future. With the end
of the Cold War and the collapse of the USSR, laser weapons development began to
be re-profiled, and in some ways has continued in these countries and their successors
to this day.
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In the modern sense, ‘anti-drone’ laser weapons began to develop in the early
2010s, after the introduction of small UAVs (DJI Enterprise, n. d.), shown in Fig. 2, by
armies and illegal armed groups as reconnaissance vehicles. Moreover, there is
evidence that most developed countries are interested in this topic for various reasons,
from airport security to military operations. Thus, tracking the years of the first publicly
known developments of laser weapons allows us to conclude that the development of
a laser system requires years and expertise in optics and physics of interaction of
concentrated energy flows. The first laser to be developed and tested against modern
unmanned aerial vehicles is the United States' Navy AN/SEQ-3 LaWsS, which began
development in 2010 and was first installed on a naval installation in 2014 (Zabunov &
Mardirossian, 2020). This system is currently being upgraded to the AN/SEQ-4 ODIN
(O'Rourke, 2024), which will specialise in protecting ships from unmanned aerial
systems.

Figure 2. A typical modern UAV, also known as a ‘drone’ (pictured — DJI Mavic 3
Enterprise) (DJI Enterprise, n. d.).

Two other systems have been developed at approximately the same time: the
Chinese “Silent Hunter” with a power of 10 and later 30 kW (Lyu & Zhan, 2022;
Gruszczak & Kaempf, 2023), and the French High Energy Laser for Multiple
Applications (HELMA-P) with a power of 5 kW see Fig. 3 (Michau & Védrenne,
2024): both were presented in 2017 and are currently among the available offers on the
market. It should be noted that they are fundamentally similar, as these lasers are
among the first examples of modern fibre lasers being used to combat UAVS.

The next generation of anti-UAV laser systems, designed to counter UAV threats,
Is a family of Raytheon HELWS laser systems (Sanyal, Bevington, & Brigham, 2017;
Lyu & Zhan, 2020, 2022; Rtx.Com, 2023). This family of lasers, designed to be used
as a mobile installation and protect against short-range aerial threats for both the US
Air Force in the form of the 10-kilowatt Raytheon H4 (Fig. 4), as well as a 15-kilowatt
laser system on a British Wolfhound, developed in 2021 duringed Ministry of
Defence's Land Demonstrator programme (Rtx.Com, 2023).
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“”Figu re 4. American anti-UAV laser system Raythéén H4 (Rtk.éorﬁ, n. d.).

It could be considered that Raytheon UK is a continuation of the success of
previous U.S. investment, since a total of eight high-energy laser weapons have been
delivered to the U.S. military (Grigoras & Musat, 2024). Over the years of testing and
usage, these systems are claimed to have defeated more than 400 targets over 25,000
operational hours (Lyu & Zhan, 2020; Rtx.Com, n. d.).
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One of the most developed systems at the moment is the American DE M-
SHORAD, which currently exists in a number of designs. All variants of this system
use solid-state fibre lasers with a power of 25 to 50 kW and are planned to be used by
the US Army on the basis of the Stryker armoured personnel carrier in the coming

years. During tests in 2022, a variant of this system from Raytheon (Fig. 5) successfully
shot down a Class 3 UAV (Rtx.Com, n. d.).

Figure 5. yeo-SODie sy rlals tx.C, n.d.).

At the same time, the system from Leonardo (Figure 6) has proven itself as a

combined air defence system that uses a 25 kW fiber laser to destroy UAVs at a
distance of more than 2 km.

: : = w LI st SRR
Figure 6. Leonardo DE S air-defense system on trials (Leonardo US Inc.,

2024).
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One of the most closely monitored laser systems is the Israeli Iron Beam (Ross,
2023; Gruszczak & Kaempf, 2023; Neice & Wostenberg, 2024), which began
development in 2010 and is due to be commissioned in October 2025. It is considered
the culmination of 15 years of work on this system. Unconfirmed reports indicate that
this system has already been used during the current Israeli-Palestinian conflict, which
would make it the only "battle-proven™ system (Neice & Wostenberg, 2024).

These and other indicators make it possible to understand that the creation of a
laser system for destruction of UAVSs requires a large expenditure of human resources
and finances. For example, the production of the AN/SEQ-3 prototype cost the US $40
million, and the programme to upgrade it to the AN/SEQ-4 level costs the US Navy
$1.1 billion in the first year alone. At the same time, the US Army's multi-year
programme to develop a combined ground laser system based on existing equipment
that would be capable of engaging a variety of targets, including UAVS, is estimated
to cost about $1.3 billion (O'Rourke, 2024).

Discussion.

From the analysis of papers that study the history and prospects of laser weapons,
it can be noted that most articles positively consider the prospects of using laser
weapons to combat unmanned aerial vehicles. For example, Steinwal (2021) notes in
his work that “Unmanned aerial vehicles (UAV:s) have become an increasing threat
in both civilian and military arenas. ...The criminal world has quickly realized how
UAV:s can be used to smuggle weapons or drugs, for example. Militarily, UAV:s are
established for reconnaissance, fire control and electronic warfare operations etc.
Laser-guided weapons from a UAV, is an example of a widely used system for precision
operations during later conflicts... The laser can be used as a support sensor to others
like radar or IR to detect end recognise and track the UAV and it can dazzle and destroy
its optical sensors. A laser may also be used to sense the atmospheric attenuation and
turbulence in slant paths, which are critical to the performance of a high power laser
weapon aimed to destroy the UAV.” It is difficult to disagree with this point of view,
as the statistics provided by Lykou, Moustakas, & Gritzalis (2020) and Kudzai (2021)
indicate a large increase in the usage of UAVs in no-fly zones, while the experience of
modern conflicts suggests that the issue of combating UAVSs is becoming critical for
the international community.

However, when considering the sources that examined the development of laser
technologies from a more historical perspective (Hecht, 2010;), it can be concluded
that in the past, most authors considered laser weapons as ‘promising weapons of the
next generations’. However, more recent articles (Ahmed, Mohsin, Ali, 2021; Ajakwe,
Kim, & Lee, 2023; Gruszczak & Kaempf, 2023) indicate that the use of lasers to
counter UAVs in a military environment may occur in the next 5-10 years. This point
of view is confirmed by the large number of laser anti-UAV systems that have been
developed in the last decade and are already undergoing military trials (such as Iron
Beam and DE M-SHORAD) (Bernatskyi & Sokolovskyi, 2022; Hengyu, Xingwen,
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Xinyi, & Yu, 2024; He et al., 2024). This difference in perspective is attributed to the
authors' view of slower development of laser technologies, especially fibre and diode
lasers, which can provide high-quality (single-mode) laser radiation of sufficient power
with relatively small installation sizes.

At the same time, it should be noted that the development of laser weapons with
the primary function of countering unmanned aerial vehicles is directly related to the
development of UAVs (Sanyal, Bevington, & Brigham, 2017; Lyubomir, Edmunds, &
Risham Singh, 2021; Ross, 2023; Yang, Wang, Chen, & Yan, 2024) and their
proliferation (Fuhrmann & Horowitz, 2017)). In his work, Fuhrmann & Horowitz
(2017) notes that due to technological advances, UAVs are expected to become one of
the most influential and rapidly developing weapon types. In the current context, it is
hard to disagree with this point of view. In modern conflicts, individual companies use
dozens of drones per day, whilst kamikaze strike drones are often used instead of
bombers and bombs. Therefore, it is important to understand how the development of
laser weapons and unmanned aerial vehicles has affected the trajectory of their
development.

Based on this, the following scheme for periodising the focus of laser technology
development for combating UAVSs is proposed:

1. Development of lasers, where the counter-UAS aspect was considered a
secondary task, used to test lasers before testing installations in accordance with
their primary task of engaging cruise (and ballistic) missiles sharing the same
altitude and/or speed range. This period was characteristic of the Cold War and
ended with the curtailment of these laser weapons development programmes in
the mid-1990s and early 2000s.

2. The development of universal laser systems - this process was associated with
a change in the vision of warfare and current threats of the time, which focused
on the fight against irregular forces (threats of terrorism, piracy, etc.). UAVs of
the time were also developing in this direction, and therefore, despite the
decrease in speed, size, and visibility, classical air defence measures have
proven to be quite effective in countering such drones. For this reason, a mainly
anti-drone approach to the development of laser weapons was not adopted. This
period begins in the late 1990s and ends in the early to mid-2010s.

3. A sharp change in focus of the laser weapon development has occured in the
mid-2010s, which can be contributed on both the widespread use of drones and
UAVSs, which began to rapidly shrink in size due to the use of more modern
materials in their construction (carbon, aramid honeycomb, various
composites, etc.), on top of the reduction in weight and size of their batteries.
At the same time, the market for fibre lasers in that period has developed
rapidly, with several manufacturing facilities being established in all around the
world. This, among other factors, led to reduction in the cost of manufacturing
fibre lasers by a magnitude of several times, allowing for their widespread
usage during development of laser systems to counter UAVs. The use of
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miniaturised UAVs by ISIS, as well as their large-scale use in conflicts starting

from 20162018, has forced the scientific community to quickly look for

methods of specialised counteraction to small UAVS. In this regard, laser

radiation is poised to be one of the most promising areas for the possible

development of methods to counter such vehicles due to the multiple

possibilities of direct interaction with the UAV itself (including its possible
destruction), as well as the low cost of a shot.

Conclusions.

As aresult of the analysis of the available information on the development of laser
weapons in the context of counteracting the widespread use of unmanned aerial
vehicles and the development of their designs, the following periodization principle for
concentrating efforts aimed at developing laser weapons to combat UAVS was
proposed: the period when laser weapons were used against UAVs on an experimental
basis; the period when the fight against UAVs was considered one of the secondary
tasks, which was established by the general focus on the fight against the irregular
enemy; and a period of focus on countering UAVs due to their proliferation and
miniaturization. It was observed that the change in the main focus of laser weapons
development was driven not only by technological advances in laser technology, but
also by general technological developments in many fields, from materials science to
IT, as well as by the military-geopolitical situation and military planning “vision of the
upcoming war.”
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AHaJIi3 3acTOCyBaHHA Ja3epiB 1is1 00poTsou 3 BILJIA

Anomauisa. 3 camoco nouamky a00CbKOI icmopii, 1100Cm80 3a824#c0U NPUKIAOALO0
3ycuniisi 00 CMEOpeHHs Oinbul edeKmueHux IHCmpymeHmie OopomvoOu 3 IHWUMU
icmomamu, 8KOYaOYU U THWUX arooeu. Takum YuHoMm, CmeopeHts i BUKOPUCMAHHS
HOBUX B6UO0I8 MBAPUH, CMBOPEHHS HOB020 030POEHHA MA IHWI Memoou npozpecy
JII0OCMBA 3a84COU CNOHYKAIO 00 HOBUX PO3PODOOK, CNPAMOBAHUX HA eMYIAYIT0, 3AMIHY
abo Ona bGopomvoOu 3 Oanumu HoBuHKamu. Pozeumox 6e3ninomuux nimanbHuUx
anapamie cmeopue HeoOXiOHICMb V pO3poOYL AlbMEPHAMUBHUX MA HOBIMHIX MemOoOi8
npomuodii. IL]i memoou moocymv Oymu pisHUMU, 8I0 BUKOPUCMAHHA OPOHIB-
nepexonneayis, 00 BUKOPUCMAHHS KOHYEHMPO 8AHUX NOMOKI6 eHepeii. /lana poboma
NPUCBAYEHA BUBUEHHIO NPOSPeCy Ma BI0OMUX BUKOPUCMAHb NIA3EPHUX MEXHOJIO02IU Y
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KOHmMeKcmi 60pomvdu 3 Oe3niNomHuMU TIMarbHuMy anapamamu. /[ns noenuo.ienus
ma cucmemamu3ayii 3HAHb NPO PO3BUMOK 3ACMOCYBAHb 1A3€PI8 ) GIUCLKOBIU 2al) 31,
0Y10 nposedeHo cucmemamuzo8anuil 6ioioepaghivHull ananiz Haykosux pobim ma
HAYKOBO-NONYNAPHUX NYOIIKAYIU, U000 HANPAMKY PO3GUMKY SIK 1A3EPHUX MEXHONO02I,
maxKk i 0e3ninomHUx JIIMmAaibHUX anapamié Ha HNPOmsA3l OCMAHHLO2O CHMOPIYYSL.
Jocnioocenns ghokycysanoco na po3pookax, kKompi oyau axmuuno peanizosani ma
8UNPOOOBYBAUCH NPOMU DISHOMAHIMHUX Oe3ninomHux aimanvHux anapamis. Ilicas
Ybo2o, U020 pesynbmamu 0OYI0 NOPIBHAHO 3 pAOOM cmameu, KOmpi OKpemo
goxycysanuco Ha icmopii, NepCneKmueax ma HA2AIbHUX NUMAHHAX PO3GUMKY
J1a3epHo20 030pocHHs ma be3nitomuux nimanvHux anapamis. llpu yvomy, 3a60aKu
MOMY, WO JIA3epHi MEXHON02l € OOHUM 3 HAUubiIbW CMpPIMKO mMa 6CeOiUHO
PO36UBAIOYUXCSL HANPAMKIE HAYK0B8020 npozpecy, 0Y10 BUpiueHo GUuKopucmamu
nepiooudHy mooenb Kiacugixkayii, 20106HUM Kpumepiem saKoi 6y8 ¢hokyc po3pobox
JIA3epHUX MEXHON02IL HA NpOomuodito 6e3ninomHux JIimaivHux anapamam. byno
PO32NAHYMO NUMAHHS BUHAYEHHS NPUYUHHO-HACIIOK0B020 38 'A3KY, KOMPULL N08 53V€
PO3BUMOK  MEXHON02IL Ma KOHCMPYKYIU 0e3niiomHUKI6 3 3MIWEeHHAM @QOKYCY
PO3DOOKU 11a3epHO20 030POEHHA HA npomudilo Hum. Biosnaueno, wo uyepe3 ucoxi
nompeobu 8 100CbKOMY ma QiHaHco8oMy Kanimanii, HanPAMOK Ma MeMAU PO3GUMKY
J1a3epHo20 030POEHHS 3a7eHcamy He MIbKU 810 MEXHON02IUHUX 00MedHcenb, ane U 6i0
OaueHHs 8ilicbKOBOI cmpamezii ma MONCIUBUX 3A2PO3 8 MOU YU THUWUL MOMEHM YaC).
B pe3ynomami 6yno 3anpononosano eapiawm nepioousayii icmopii po3eumky
JIA3epHO20 030POEHHS 5K 3ac00) 6OpombOU 3 OE3NINOMHUMU TIMATbHUMU ANADAMAMU.

Kniwouosi cnoea: nasep; naszepre GUNPOMIHIOBAHHA, PO36UMOK MEXHIKU mMa
mexHon02ll; JaazepHa 30pos;,  Oe3nilomHull  AIMAIbHULL  anapam, Nnpomuois
Oe3NiIOMHUM ABIAYILHUM CUCEeMAM
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