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Abstract: Introduction: Although aviation is considered the safest mode of transportation, the annual
number of pilots blinded by laser light cannot be understated. An analysis of the available statistics
indicates that it is a widespread phenomenon. The stories told by the pilots show the consequences
of these incidents, ranging from temporary sight loss to months of vision problems. The article also
describes the current penalties for dazzling a pilot by laser light. Moreover, limited research has
been conducted on the intensity of laser light of different wavelengths passing through the fairing
and through standard glasses used by pilots. Understanding the effects of laser glare on pilots can
help reduce adverse events and improve the ability of safety managers to develop safety procedures.
Correctly designed transport systems enable effective route planning and order processing. Meth-
ods: Two types of easily available laser pointers, drawn at different distances from the aircraft, were
analyzed and the intensity of the transmitted light was examined. Results: The results showed that
the intensity decreases with distance and that the intensity is too low to harm the eye. In addition, it
should not be forgotten that the light propagates in a cone which strengthens the illumination effect
in the cabin and causes pilots to lose orientation. Practical application of the findings: They enable
the identification of areas around the airport where the use of lasers should be prohibited. Practical
Application: The possibility of determining the transition of laser light through the windscreen of the
aircraft as well as its intensity under near real-life conditions.

Keywords: safety of transport system; laser lighting intensity; pilot dazzling; laser pointers

1. Introduction

Although flight safety is constantly increased by new procedures, training and making
pilots aware of the dangers in the air and at the airport, there is still a risk of aviation
incidents or disasters [1]. This happens because there are dangers that do not arise from
the poor preparation of pilots for air operations, but from the ignorance of people not
associated with aviation. The motivation for this paper are the increasingly frequent
incidents of pilots being dazzled by laser beams. Most people who “play” in this way do
not realize the consequences of their actions. A Polish Air Rescue Doctor, who is recovering
from retinal damage, has found out just how dangerous a laser pointed at a flying aeroplane
or helicopter can be [2]. Even if the laser does not cause direct injury, it may distract the
pilot and consequently lead to an accident. The importance of the problem has also been
noticed by the EASA (European Union Aviation Safety Agency) by qualification of the
aircraft illumination by laser category mitigated for the years 2021–2025 [3]. The authors of
the report underline that laser effects may pose significant flight safety hazards in critical
phases of flight during approach and landing near airports. In this flight phase the aircraft
is at a low altitude, which increases the probability of even an accidental shot. This situation
is particularly dangerous if laser shows are performed in the neighborhood of the approach
path, especially concerts or festivals where the laser power can reach up to 5000 mW [4].
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Therefore, special safety rules should be respected when using lasers, either professional or
amateur, especially if it might affect the safety of a transport system or endanger others.

One such danger is dazzling pilots and, as a consequence, the loss of control over
aircraft. The trend of this problem is increasing all over the world. In most cases, the perpe-
trators are unaware of their actions. The consequences of such actions can be tragic from
dazzling and distracting the pilot’s attention to even eye damage. There are no commonly
used laser beam safeguards in aviation, for example, protective goggles, although their cost
is similar to the cost of good sunglasses. Due to the lack of good protection, engineers are
working on material that can protect the aircraft crew against lasers [5–7].

The main contributions of this paper can be summarized as follows:

• Showing that even as the energy of lasers increases, the likelihood of eye harm in-
creases, but still eye harm from lasers commonly is unlikely, the bigger problem is
pilot dazzling;

• To propose, carry out, and describe the results of an experiment allowing the passage
of light through the windscreen to be measured in a simple way;

• The use of in-service aircraft in the experiment;
• As a prevention solution, an example of demarcation of an area where laser use should

be prohibited due to the possibility of dazzling the pilot.

The paper is structured as follows: In the theoretical part, a mathematical model of
light intensity fading with distance from its source is provided, whereas in the experimental
part the measurement of light intensity as a function of varying distance is demonstrated.
The presented results are summarized with a statement that such measurements allow
determining zones around the airport where lasers should be prohibited. Additionally, the
results show that even if the laser does not cause direct injury, it may distract the crew and
consequently lead to an accident.

2. Research Background
2.1. Safety in Aviation

Safety in air transport is understood as the property of a system to operate under
given environmental conditions without accidents and unexpected actions [8,9]. A few
years ago, the aircraft’s safety was strictly related to the behavior of people associated with
aviation [10]. Just as the aviation system is complex and interrelated, so is aviation safety.
Aviation safety involves designing aircraft and airports, training ground personnel [11]
and flight crew members, maintenance of aircraft [12], airfields, en route and terminal
area navigation and communication facilities defining and implementing air traffic control
procedures of the Federal Aviation Regulations (FARs) [13], and much more [14,15]. In
addition, it is important to be aware that in addition to the factors mentioned above, the
environment, such as people playing with a laser, plays an important role.

The study of the safety status of systems can most generally be reduced to an analysis
of factors such as [16]:

• The risk of security threats that arise in the transport system and its environment;
• The possibility of counteracting the existing threats and their effects by external rescue

systems;
• Mutual relations between the security threat and the effectiveness of counteracting

and mitigating the effects of the events that occur.

It should also be mentioned that the human and organizational factors play significant
roles in the occurrence of civil aviation accidents and incidents. Many statistical studies have
proved that human errors led to 70–80% of civil and military aviation accidents [17–19].

2.2. Laser Incidents in Aviation

Laser attacks on aircraft have been on record since the mid 1990s, however, official
reporting of laser incidents really only began in the mid 2000s [19]. Fortunately, instances
of laser eye damage caused by incidental contact are rare. There were no significant or
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permanent eye injuries due to exposure to lasers. Temporary symptoms have been observed
in both red (650 nm) and green (532 nm) laser pointer exposures, but these cases have
always been in cases of intentional, direct ocular, overexposure (10 s–15 min) and have
healed in 10 weeks [20]. In other incidents outdoor lasers have illuminated commercial
air carrier crews. In two specific cases, an October 30 1995 incident involving a Southwest
Airlines plane departing McCarran Airport in Las Vegas, and a 29 November 1996 inci-
dent of a Skywest aircraft arriving at Los Angeles International Airport, the pilot of the
aircraft experienced symptoms so severe that control of the aircraft was transferred to the
copilot [21].

A UK data report showed that about 2300 cases of laser pointer light exposure were
reported in 2011. None of these cases were associated with significant ocular injury or an
aviation mishap. The Federal Aviation Administration (FAA) reported 5352 exposures in
2015 [22].

In the other publication [23], the case when an airline pilot was complaining of a
dazzle spot in the upper left area of his visual field in the right eye following exposure to a
blue laser beam during the landing is described. At an altitude of approximately 396 m, his
right eye was hit by a blue laser and he noticed immediate flash dazzles and pain. During
an eye coherence tomography scan, a lesion was observed in the eye, specifically a retinal
lesion that looked like a laser burn.

The number as well as the consequences of the aircraft illuminated with laser pointers
had been described by Nakagawara and Montgomery [24]. In their report, the cases from
January 1996 to July 1999 in the west-Pacific FAA Region have been studied. They identified
more than 150 incidents in which low-flying aircraft were illuminated by lasers. Laser
pointers were used in the majority of these incidents, and there were several occurrences
of visual impairment to the pilot. Representative examples of documented reports are
presented that involve the illumination of civilian flight crewmembers using these handheld
devices [25]. The authors concluded that laser pointers have caused ocular injury and
may compromise aviation safety when used to illuminate aircraft in critical phases of
flight. The proper selection and use of these devices can minimize the threat of temporary
incapacitation and eye injury [26].

2.3. Statistics of Laser Dazzling of Aircraft Pilots

Temporary impairment of human performance caused by visible wavelength laser
light can increasingly be observed in both civilian and military flights. This is due to the
intentional targeting of aircraft by high-powered lasers, which can cause visual disturbances
for pilots at long distances [27]. Since 2010, the number of reported laser events in the USA
has increased 148% [28]. The American statistics reported by the FAA [28] are summarized
in Table 1. It can be noticed from the Table 1 that in recent years there has been an increase
in the number of cases of aircraft being illuminated with higher power lasers. The lack of
cases with eye damage in the years 2010–2014 may also be due to changes in the reporting
of such cases, unfortunately this information is not available in official statistics. It can also
be noticed that the number of eye injuries is generally higher when the eye is exposed to a
more energetic green or blue laser than in the case of a red laser, for which the eye hazard
distance is shorter [29].

The Polish statistics of laser dazzling of aircraft pilots are 524 cases from 2009 to 2015.
In 2009—12 cases; 2010—36 cases; in 2011—57; in 2012—89; in 2013—90; in 2014—130; in
2015—110. After the confirmed case of temporary green laser dazzling of the pilot. all cases
are now treated as incidents (Polish Register of Military Aviation Authorities) [30].

The differences in rate of incidents for Poland is most likely related to two factors:
the reporting method, because in the USA there is a special system set up for reporting of
incidents by pilots as well as a significantly lower number of flights on Polish territory.

Number of laser incidents normalized to the number of flights is presented in Figure 1.
It can be observed that the trend is similar for the USA and Poland.



Energies 2022, 15, 6226 4 of 18

Table 1. Number of incidents, percentage of incidents for lasers of different wavelengths, and percentage
of injuries caused by lasers of different wavelengths. Own elaboration based on data from [28].

Year Number of Incidents
Incidents (%) Injury (%)

Green Blue Red Others Total Green Blue Others

2021 9723 86.28 8.24 1.05 4.53 0.48 0.40 0.04 0.04
2020 6852 85.33 9.20 0.85 4.63 0.29 0.29 0.32 0.32
2019 6136 87.21 8.15 1.16 3.49 0.72 0.71 0.60 1.40
2018 5663 90.48 5.35 1.08 3.09 0.44 0.45 0.66 0.00
2017 6754 90.97 3.66 1.32 4.05 0.42 0.39 0.00 1.47
2016 7398 91.05 2.83 1.26 4.86 0.35 0.37 0.48 0.00
2015 7332 93.03 1.64 1.04 4.30 0.74 0.73 0.83 0.95
2014 3894 94.09 2.44 0.98 2.49 0
2013 3960 90.96 2.35 1.79 4.90 0
2012 3482 92.45 1.64 1.44 4.50 0
2011 3591 93.18 0.86 1.81 4.15 0
2010 2837 90.31 0.53 1.48 7.68 0
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Figure 1. Ratio of the number of incidents with the laser to the total number of flights in the USA and
Poland. Own elaboration based on data from [29,30].

Despite the marginal number of pilot injuries from laser illumination, the importance
of the problem has been recognized by the ICAO (International Civil Aviation Organization),
which has published a document on how a pilot should behave during a laser attack [31].

2.4. Factors Affecting Lasers in Aviation

The main factors that can affect lasers in aviation [32] are as follows:

• Weather: clouds inhibit laser beams.
• Time of day: the eyes adapt to the darkness separately, and it may take up to 30 min.

When the adapted eye is hit by light, it loses its adaptation and, in turn, it takes several
seconds for the eye to adapt to bright light. During this adaptation phase, vision is
distracted. This is why the problems with lasers occur mainly during darkness [33].

• The power of the laser: the more powerful the laser the more distraction and damage
it can cause.

• Color of the laser beam: the retina is most sensitive to green light wavelengths.
• Distance and relative angle of the laser and aircraft: the closer the laser is to the

aircraft the more powerful it is and the lower the relative angle of the beam the more
dangerous it is (a laser beam from straight ahead is the worst case).

• Speed of the aircraft: the higher the aircraft’s speed, the more difficult it is for the
perpetrator to hit the aircraft, reducing the exposure risk.

• Exposure time: the longer the exposure time, the more dangerous it is. Fortunately,
the aircraft speed and the fact that most of the laser pointers are handheld will reduce
the exposure time.
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2.5. Laser Damage to Eyesight

The laser device generates a light beam, which, unlike ordinary light, is monochrome,
unidirectional, coherent, and minimally divergent [34]. The consequence of this is that such
a device can focus most of its radiation power on very small areas, even at considerable
distances. The radiation of near-infrared and visible light in the electromagnetic spectrum
is focused by the refractive media of the eye on an image of a retina with a diameter
of approximately 5–30 µm [35]. This focus increases the intensity of retinal irradiation
by a factor greater than 10,000 above the allowable irradiation of the cornea. Since no
other organ of the human body concentrates light radiation, so intensely, the retina is the
tissue the least resistant to laser damage. Another consequence of this point in energy
accumulation is that even small amounts of energy generated by relatively low power laser
devices can negatively affect the retina [36]. Such lasers are commonly used in the army
and laboratories and emit energy in the order of tens of µJ for pulsating lasers or hundreds
of µW for continuous wave lasers. Since high powered lasers are rarely used in these
instances injuries are uncommon [37]. A similar conclusion can be deduced from Table 1.
In the period 2015–2021, under 1% of all laser glares resulted in eye damage. However, if
the laser power is high enough, the nerve fiber layer could be damaged. This could result
in a scotomoa, a blind spot or partial loss of sight [38].

The susceptibility to damage may depend on the pupil diameter and pigmentation
of the retina [23]. If the pupils are dilated, then more energy falls on the cornea of the eye,
so the damage caused by the laser occurring at night or in other dark conditions will be
greater than in daylight. The more pigmented the retina and choroid of the eye, the more
energy they absorb [39].

Interestingly, the refractive state of the eye at the time of laser damage will reduce the
extend of eye damage, because in the case of entropy, the beam will gather in front of or
behind the retina and will spread over the larger “blur circle” of the retina. The energy
density that hits the spot will drop. A 1 diopter reduction of eye diopter power leads to a
10-fold increase in the size of the retinal spot, while irradiance decreases by two orders of
magnitude [40].

It is impossible to investigate the effect of laser light on damage to the human eye
during laser illumination of aircraft, because of the risks involved. Therefore, a camera
reflecting the functioning of the human eye could be a solution during such tests. This
idea has been proposed by Korber and Eberle [41]. The authors presented the efforts of
designing and planning their human eye camera but the prototype is still not completed.

2.6. Laser Eye Dazzle

Last but not least, it should be mentioned that the laser light propagation has been
described in many valuable journals and articles. It is not possible to mention all of them,
but some important aspects described in them should be noted. Some of them were
specially dedicated to the investigation of the behavior of laser light passing through the
windscreen. One of them is the work of Korber et al. [42], in which the authors describe
the assessment of dazzle effects originating from light scattering at an aircraft windscreen
by comparing the images of two cameras: one outside and one inside the canopy. The
general findings showed that the canopy, which had been used previously on an aircraft,
substantially affected the dazzle pattern in the camera within the canopy as compared to
the camera outside.

The study investigates the extent to which the windscreen affects the severity of laser
eye dazzle experienced by the human eye, which has also been examined by Williamson
et al. [43]. In contrary to the experiment presented in this paper, they concentrated on the
measurements of windscreen scatter.

A simple model of laser eye glare together with calculations for laser safety appli-
cations based on newly defined maximum glare exposure (MDE) and nominal eye glare
distance (NODD) values are presented in [44]. In this study, an intraocular scattering model
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was combined with a contrast threshold detection model to quantify the effects of laser
glare on human functioning.

Analogous enabling studies as for the eye dazzle effect were conducted for camera
sensors [45].

Summarizing, the impact of laser light on both flight safety as well as on the health
of the vehicle operator is widely investigated. Research is unfortunately hampered by the
impossibility of performing tests under real conditions.

3. Methods
3.1. Mathematical Model

When describing lighting intensity and light intensity, a luminous flux was used. It
refers to the power emitted from a given light source that can create a visual impression
in the eye of the observer. The energy stream, unlike light, contains the radiation power
outside the visible range of the eye. The luminous flux can be described by the Equation (1).

Φv = Km

∫ λ=830

λ=380
ΦeV(λ)dλ (1)

where:
Φv—luminous flux;
Km—photometric radiation equivalent;
Φe—energy stream;
V(λ)—photopic spectral luminous efficiency curve;
λ—wavelength.
The photopic spectral light efficiency curve was adopted by the Lighting Committee

in 1924 and is valid today. The maximum curve value is for a wavelength equal to 555 nm.
For this value, the human eye is the most sensitive

The variation in the beam diameter in the beam waist region can be defined by
equation [46]:

w(z) = w0

√
1 +

(
λz

πw02

)2
(2)

where:
w0—the beam waist;
z—distance from the laser to the aircraft.
The illuminance depends on the luminous intensity, the distance of the surface from

the light source, and the angle between the normal to the illuminated surface and the
direction of light propagation:

E =
I

r2 cosα (3)

where:
E—illuminance (lx);
I—luminous flux of light source (cd);
r—distance of the light source from the surface (m);
α—angle between normal and the direction of the luminous intensity (rad).
The measured illuminance can be used to determine the “CIE General Disability Glare

Equation” [47]:

Lv = E

[
10
θ3 +

[
5
θ2 +

0.1p
θ

]
·
⌈

1 +
(

A
62.5

)4
⌉]

+ 0.0025p (4)

where:
θ—the angle between the glare source and the line of sight (0.1◦ < θ < 100◦);
A—the age of the individuals (for example, the pilot);
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p—an eye pigmentation factor (p = 0 for black, 0.5 for brown, 1.0 for light, 1.2 for very
light eyes).

In [48], the authors indicated that this equation overestimates laser eye dazzle and
in [44] two calibration factors, S1 and T1, were proposed; once applied, Equation (4) becomes:

Lv = E S1LT1
b

[[
10
θ3 +

[
5
θ2 +

0.1p
θ

]
·
⌈

1 +
(

A
62.5

)4
⌉]

+ 0.0025p

]
(5)

where:
Lb—background luminance (cd·m−2);
S1, T1—calibration factors 0.9239 and 0.6795, respectively.

3.2. Experimental Setup

Two experimental systems were used to carry out the measurements. The first system
consisted of a laser attached to a tripod, DA-20 windscreen, and a lux meter or camera
(Figure 2). The laser was positioned to ensure that the beam passing through into the
cockpit of the aircraft was constant (see Figure 3a). The same steps were taken for the lux
meter to set its position and ensure that the laser beam was perpendicular to the measuring
surface (see Figure 3b). The lux meter was positioned behind the windscreen at the pilot’s
head height. The laser was placed in the front of the windscreen and focused on the
lux meter. Due to the experiment’s configuration, the lux meter only measured the light
scattered by the windscreen. The measurement was performed every 20 m, because it was
the maximum allowed distance from the tape.
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Figure 3. Telescopic tripod with a laser (a) and placement of the photometric sensor head in the
aircraft cockpit (b).

For technical reasons, not the aircraft but the windscreen itself was used for the night
measurements. The second (night) system consisted of a laser attached to a tripod, a piece
of acrylic thermoplastic (windscreen), glasses, and the lux meter. Unlike the first system,
the laser beam had to be positioned only along a straight road and did not have to hit a
specific place in the cockpit.
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The laser parameters are summarized in Table 2.

Table 2. Comparison of laser parameters.

Red Laser Green Laser

Wavelength 650 ± 10 nm 532 ± 10 nm
Maximum power 5 mW 10 mW

Class of laser II III

The lux meter L-50 [49] was used to measure the illumination of the laser beam. The
selected lux meter did not required additional corrections. Due to the very good adaptation
of the detector spectral characteristics of the spectral distribution of the eye sensitivity
for photopic vision, it was not necessary to use color correction factors to calculate the
actual luminance value for radiation sources other than incandescent light sources. The
photometric camera was equipped with a very good angular correction system, matching
the directional characteristics to the cosine curve.

The DA-20 aircraft was used for the research. It is one of the basic aircraft used by
the Academic Aviation Training Center in Deblin, Poland. It is a two-seater aircraft with a
four-cylinder piston engine. The fuselage has a half-shell composite structure. However,
the most important part is the fairing. It is made of acrylic glass and has a thickness of 4 mm.
The angle at which it is profiled in individual places was not provided by the manufacturer.

4. Data Collection
Configuration of the Experiment

The collected data can be divided according to the color of the laser and the time
of day/night when the measurements were taken. The following sets of data can be
distinguished:

Setup 1—red laser/day;
Setup 2—green laser/day;
Setup 3—red laser/night;
Setup 4—green laser/night.
The equipment used in Setup 1 and Setup 2 made it impossible to perform tests in the

dark conditions. In this way the values were read from the lux meter consisting of sun rays
and a laser beam. The device calibration was required before each measurement, which
could generate additional measurement error. The sun’s rays differed in the cabin, which is
why even the minimal head movements changed the value on the lux meter. Calibration
values were recorded before the measurement when the photometric camera was placed at
the height of the pilot’s head. The camera was then placed in the laser beam, which was
not always at the same height as the average height of the pilot’s head.

However, the tested system reflects the real situation when the aircraft is in the take-off
or alignment phase. This also shows a real situation where the pilot is temporarily blinded
with a laser beam. The perception of a laser beam affects the distribution of attention on
on-board instruments. The use of aircraft for testing eliminates problems associated with
the reflection of the fairest of the aircraft.

5. Results
5.1. Setup 1—Red Laser during the Day

METAR reported a total cloudy sky with a cloud base of 300 ft at Deblin Airport on
the measurement day. The air temperature was 1 ◦C. The experiments were carried out in
November.

The intensity of illumination falling on the head should decrease when the distance
increases (3). As the distance increased, the beam widened and only part of it fell on
the head, hence, it cannot be assumed that the light is constant. However, assuming that
as the distance increases, the light decreases linearly and the light intensity is inversely
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proportional to the square of the distance, it can be concluded that the chart should take the
shape of a hyperbola. Only four measurements were carried out due to the low power of the
red laser (Figure 4). It was because after 80 m, the red laser was not visible in the cockpit.
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Two types of models are presented in the Figure 3, one which both constant a and
power are fitted, allowing the determination of whether the shape obtained is consistent
with Equation (3). For the case under consideration, the obtained value of k agrees with
the theoretical value within the error. The second model is a distribution with a fixed
coefficient. In the case of Setup 1, no significant differences were observed.

Additionally, it should be mentioned that the calibration value for all measurements
varied between 1.1 and 1.2 klx, which agrees with daylight values on a cloudy day.

5.2. Setup 2—Green Laser during the Day

Tests for the second laser were carried out on a different day than for the red laser.
METAR for the Deblin Airport on the measurement day reported cloudiness 37. 5 ÷ 50% at
2000 ft and 62. 5 ÷ 87. 5% at 20,000 ft. The air temperature was 5 ◦C.

Due to measurement errors related to changing light intensity of sunlight, there was
difficulty in setting the lux meter with the laser beam at right angles and hitting various
parts of the windscreen. It should be added that the sun light illuminance was changing
from 0.94 klx to 5.5 lkx, and it was measured for every distance point. The equation of the
trend line is y = 681.31x−1.34. The trend line with a fixed coefficient was fitted below the
measured data.

By analyzing Figures 4 and 5, it can be concluded that it is practically impossible to
hit the pilot’s eye with a red laser at such close distances. It took about 4 min to aim at the
photometric head placed in the cockpit from a distance of 200 m. In addition, the plane did
not move, and a tripod was used for accurate aiming. When the plane is moving, hitting
the pilot’s eye may occur. However, the exposure time will last for milliseconds, which
should not disturb the pilot’s work. In addition, the laser beam is not wide enough to
cover the entire cockpit with its light at such short distances, which allows it to be avoided
efficiently by moving the head. Comparing the values obtained from the measurements of
the red laser and the green laser, it can be concluded that the green laser is more dangerous
for the pilot due to the reason that it usually is more powerful than the red one and the
human eye is more sensitive for the light wavelength 532 nm than for 650 nm.

5.3. Setup 3—Red Laser at Night

Before the measurement, the lux meter indicated 0 klx due to the new moon phase and
the cloudy sky. The temperature was near 0 ◦C. Measurements were made up to 400 m.
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Figure 6 shows the dependence of the luminance on the distance from the red laser at
night. The equation of the trend line is y = 750.48 x−1.59. It means that the intensity of the
light source stream falling on the meter at the maximum distance decreased and agrees
within the expected errors “−2”. Based on the results, there can be noticed a measurement
error between the theoretical value and the obtained results. It can be assumed that this
was due to the meter errors and the fact that the position of the windscreen and the meter
were not fixed together.
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5.4. Setup 4—Green Laser at Night

Measurements were carried out on the same night as for the red laser. The weather
conditions did not change.

Figure 7 presents the dependence of the luminance on the distance of the green laser at
night. The equation of the trend line is y = 10911.87x−1.69. Measurements were performed
at 1100 m. This means that the intensity of the light source stream falling on the meter at
the maximum distance decreased by a significant amount. This means that the trend line
created from the measurements is correct and the measurement values are well matched
to it.

The results presented in the figures are summarized in Table 3.
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Table 3. Summary of the experimental results.

Setup 1 Setup 2 Setup 3 Setup 4

Color of laser Red Green Red Green
Time of day Day Day Night Night

a (kcd) 1826.99 ± 4174.89 681.31 ± 798.63 750.48 ± 420.03 10,911.9 ± 2073.8
k −2.19 ± 0.59 −1.34 ± 0.23 −1.59 ± 0.11 −1.69 ± 0.03

By analyzing the results of the measurements made, the light intensity value fades as
expected. A great difficulty in measurements made during the day was the changing value
of sunlight. The lack of sunlight during the measurements caused the luminance value to
decrease almost inversely proportional to the square of the distance. This is due to the solid
angle of the laser and the non-increasing surface area of the photometric head. It is not
possible to draw the appropriate conclusions for the red beam, because the measurement
was made up to 80 m during the day. During daytime measurements, the intensity of the
light source stream did not decrease significantly because the whole beam illuminated the
photometric camera even at the maximum distance. Hence, the exponent of the trend line
is almost equal to −2. It can also be noticed that the coefficient of determination in night
measurements was greater than in daytime for each laser.

The illuminance significantly varies depending on daily conditions. For example, at
20 m, the values for measurements taken at night are seven times higher than during the
day. The difference decreases as the distance increases. At about 150 m, the values of
measurements at night are twice as high as those taken during the day. This leads to the
conclusion that the laser beam carries the greatest danger at night. Considering that the
human eye is more sensitive to light at night, this may result in other visual sensations.
More specifically, the green laser pointer in scotopic vision will affect the eye more than in
photopic vision. However, in the case of the red laser pointer a beam with a wavelength
of 650 nm will affect the eye more effectively during the day than at night. However, it
is worth remembering that adaptation from night to day vision conditions takes a few
seconds. Light rays irritate our eyes, but this feeling passes. However, this is not the case
with the laser beam.

In addition, the illuminance reduction factor was measured for the green laser at night
when sunglasses were placed between the windscreen and the lux meter. It was determined
that the light, after additionally passing through the glasses, has an illuminance equal to
14% of the initial value.
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5.5. Critical Illuminance Level

High-intensity light has an impact on human vision, especially in low ambient light
conditions. Safety zones have therefore been adopted for laser lights for critical tasks
(e.g., flying an aircraft). Such values are defined in the ANSI Standard Z136.6 as threshold
laser exposure levels (W/cm2) for visual interference at dusk or night. For application to
high-intensity broadband lights, the relevant measure is illuminance (lx). Threshold levels
of laser irradiance relevant to various effects of visual interference can be converted to
threshold levels of lasers. It should be noted that this conversion is based on the hypothesis
that photopic vision applies. This is a reasonable assumption for pilots, as an aviator’s eyes
are usually not completely adapted to seeing in the dark at night due to ambient lighting,
such as illuminated cockpit gauges and ground lights.

Additionally, it can be concluded that the highest illuminance value from all conducted
experiments was around 70 klx from 20 m at night, assuming the beam is aimed directly at
the pilot’s eye. This value significantly exceeds the illuminance threshold for eye damage,
which is 17 klx [50]. It should be noted, however, that hitting a flying aircraft from 20 m
is practically unrealistic. Nevertheless, after reviewing the values obtained during the
measurements, flash blindness (illuminance threshold of 0.68 klx [50]) is a very probable
scenario.

It can also be noticed that when the distance is greater, it is harder to avoid laser light
entering the cockpit. Although, the intensity of the luminous flux decreases with increasing
distance and is not large enough to cause serious damage to the eye with a short exposure
time. Despite the low probability of eye damage, a major problem is pilot glare, especially
(as remarked by pilots) during landing.

5.6. Size of the Beam

The dimensions of the laser beam were not measured during the conducted experiment.
However, given that the physical characteristics of the changing laser beam at a certain
distance from the source are well known, its approximate dimensions can be estimated.
For a Gaussian laser beam, the divergence angle is equal to wavelength divided by (spot
radius times pi). For example, when the green light has a wavelength of 532 nm, the spot
radius is 1 mm. The diameter of the beam at 2000 m is going to be 0.69 m. The example
impression of sizes seen from the distances of 100 and 1100 m is presented in Figure 8.
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Although the distance increases, the beam width makes it easier to hit the cockpit
of the plane, this task does not become simpler due to more difficult aiming. Minimal
movement in each plane will move the laser beam a greater distance, depending on the
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distance of the laser pointer from the object (Figure 9). However, due to the difficulty in
aiming and retaining the beam, it will penetrate through the canopy of the aircraft in a
pulsating manner without a specified period. This will cause an even greater distraction
for the pilot.
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Finally, it should be mentioned that even if, fortunately, eye damage is rare, the sight
of the laser beam illuminating the cockpit can still disturb operations. Figure 10 shows
the visibility of the red beam from the distance of 400 m as well as the green one from the
distance of 1110 m.
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5.7. Contrast Reduction

The perception of light penetrating an aircraft windscreen depends on a wide range of
factors that modify the apparent visual contrast. Factors include light scattering, reflections,
and birefringence. In addition, the material used can be micro-damaged.

When the aircraft is illuminated by a laser, the pilot may experience a significant
reduction in visual contrast due to obstructive glare. If the source were in front of the eyes,
the pilot would perceive the source of the glare in his central field of vision, and the main
source of contrast reduction will be light scattered internally in his eyes (disability glare).
In a situation where the beam is directed to the side of the aircraft, accidental damage to
the eye may occur after the laser beam enters between the eye and, for example, the goggle.
A second possible scenario is that the front windscreen will shine, introducing a veil of
light that will further reduce the visibility of objects both inside and outside the aircraft.

C =
Lo − Lb

Lb
.
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When an aircraft is illuminated by a laser beam, both the background radiation and
the target increase in value by the veiling luminance, causing the Webber contrast standard
to take the form:

C =
Lt − Lb
Lb + Lv

=
LbCorig

Lb

One may notice that veiling glare causes a decrease in contrast with the factor Lb/(Lb + Lv).

5.8. Maximum Dazzle Exposure

Fundamental to the simplicity of calculating the effects of laser glare is the concept
of Maximum Dazzle Exposure (MDE). Laser eye glare results in part of the visual field
becoming obscured by the appearance of a “glare field”—a bright, saturated area of vision.
The MDE is the intensity of laser radiation in the eye above which an object cannot be
visually detected by this glare field. When the laser irradiance is higher than the MDE, the
glare field prevents the observer from detecting the object, whereas when the irradiance is
lower than the MDE, the observer is able to detect the object. The MDE is analogous to the
established concept of maximum permissible exposure (MPE), which defines the limit of
laser irradiance above which there is a risk of permanent eye damage [27].

The value of MDE is strongly dependent on the eye scattered function [44]:

feye(θ, A, p, Lb) = S1LT1
b

[[
10
θ3 +

[
5
θ2 +

0.1p
θ

]
·
⌈

1 +
(

A
62.5

)4
⌉]

+ 0.0025p

]
, (6)

which is the part of veiling luminance, Lv. The dependence of MDE for scatter angle, θ, is
presented in Figure 11. The intended values in this analysis were below 2 degrees.
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The authors of the manuscript [27] point out one more very important aspect related
to the determination of MDE values. They postulate that they should be scaled according to
the laser wavelength considered, corresponding to the photopic sensitivity of the eye V(λ).
The eye is less sensitive to blue (e.g., V(450 nm) = 0.0647) and red (e.g., V(650 nm) = 0.1193)
wavelengths compared to green (e.g., V(532 nm) = 0.8783). In other words, the MDE values
are expected to be higher for wavelengths with lower sensitivity, as higher irradiance is
required to achieve the same effect. All MDE values in this case must then be divided by
V(λ) for the laser wavelength to obtain the corresponding MDEs.

The values calculated in the conducted experiment, for example, for a green laser
during the day, are in the range 12.86 − 1.02

[
Wm−2

]
. This means that the values are

smaller than irradiance threshold level [50].
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6. Safety Improvements
Safety Procedures

As the results of the experiment demonstrated, the intensity of the laser light is so low
that damage to the eye is unlikely, and the danger of the pilot being blinded. Therefore,
during their training they are prepared for such incidents by showing material from such
events and outlining guidelines for dealing with such situations. Above all, the pilot should
not panic. In addition, when an airplane is illuminated by a laser, it is a standard procedure
for pilots to alert Air Traffic Control (ATC) and for ATC to then broadcast warnings to
other pilots in the area. This takes up valuable communication bandwidths, burdening the
system, and potentially leading to miscommunications or airplane mis-haps [51].

Subjective perceptions during laser glare measurements confirm that proper piloting
of the aircraft in such situations can be hampered. This means danger for the entire flight
crew and the passengers on board the aircraft. To effectively overcome the effects of the
glare, the light flux through the pilot’s pupil must be reduced as quickly as possible. The
simplest way to reduce it is to turn the head away from the source of the laser beam.
However, this can be undertaken if the other pilot is not blinded and is able to operate the
aircraft. In addition, turning the head away from the source of the laser beam should also
be understood as starting to navigate according to the instruments, not directing the gaze
towards the laser source.

In the absence of protective glasses, it is nevertheless advisable to wear sunglasses
for safety reasons. It should be remembered that sunglasses with a UV filter are no
substitute for protective glasses of the LGP type, which do not transmit light only of
a given wavelength. This means that a pilot wearing LGP glasses, despite the higher
protection (light transmission of a given wavelength is reduced to almost 0%), will see his
surroundings better than with sunglasses. They can reduce the illumination. Furthermore,
the majority of pilots, even novice pilots, carry such goggles in their aviation equipment.
Reducing the sensation of glare is extremely important for a pilot to be able to continue
a flying task safely. Pilot training is an extremely time-consuming process, especially for
pilots of combat aircraft. In incidents involving laser glare, the pilot of the aircraft may
suffer damage to his eyesight. This may exclude him from performing air operations for a
certain period of time, or even prevent him from continuing to fly the aircraft in the case of
vision loss. The problem of laser blindness of pilots should be taken seriously. Protective
goggles should be provided in both military and civil aviation organizations.

7. Strengths and Limitations

Having a laser pointer targeted at an aircraft poses a serious safety risk to pilots,
passengers, and those on the ground. Such laser attacks are illegal and can result in
significant fines and even imprisonment. The strong point of this paper is the description
of aircraft that are in daily operation for research. Additionally, it should be noted that this
is a low-cost experiment but unfortunately was difficult to conduct due to restrictions on
access to both an airport and aircraft. These factors make the experiment unique despite its
simplicity. In our opinion, it is an advantage to conduct the experiment in conditions close
to reality. It would be too dangerous to carry out the experiment under real conditions
and could directly endanger the lives of the pilots. In parallel, we are aware of the low
precision of the measurements. However, from the point of view of flight safety, this is
not a deficiency. The experiment was undertaken to show with which intensity of laser
light that pilots come into contact. Additionally, we revealed that the main threat to pilot
health and precision of performing flight operations is being dazzled and not the radiation
intensity.

As previously mentioned, our main limitation was the precision of the measurements.
However, we intentionally did not build an experimental setup that would allow us to
increase the precision of hitting the sensor with a laser. It would also be an interesting
result to measure the intensity of laser light emitted from different angles and preferably to
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an aircraft located at a certain height, which could be a direction in which research should
be extended in the future.

8. Conclusions

The study showed the problem of pilots being dazzled by a laser. This is especially im-
portant due to the growing number of events and the lack of implementation of preventive
measures.

The measurements performed in the first system were not satisfactory, so it was
decided to change systematically. This forced measurements at night to eliminate the effect
of solar lighting.

Taking into consideration the light intensity during these illumination incidents, fortu-
nately, the risk of permanent damage to the eye is very small; however, when the event
occurs at low altitude it can be extremely dangerous because of the glare, flash blindness,
and after images. It is important to furtherer elucidate how the effects of glare from laser
can be minimized, either by behavioral responses or by protective filters or glasses.

This work and the results obtained can be used as educational material for adept pilots
and experienced pilots. It shows ignorance of the dazzling perpetrators and easy access to
laser pointers. Appropriate steps are needed to reduce the number of such incidents. This
will result in increased flight safety, which is the most important during flight operations.

Taking into consideration that military pilots may have light-enhancing devices in
their eyes, the likelihood of damaging the vision may be even greater. Additional research
should be conducted not only on the intensity of the laser light with distance, but also
on the pilot’s reaction to the glare and appropriate training on how to behave in such a
situation.

The next phase of the study will be to measure luminosity as a function of scattering
angle. In addition, more sensors should be installed to check how the laser light propagates
through the cockpit. In contrast to the well-known models of laser light scattering, this
research is still important due to the lack of knowledge of the exact structure and shape of
the windscreen, the wide range of lasers (large energy range of lasers), the different angle,
and distance of incidence.

9. Practical Applications

The possibility of determining the transition of laser light through the windscreen
of the aircraft and its intensity under near real-life conditions, the ability to determine
the passage of laser light through an aircraft windscreen, and its intensity under near
real-world conditions will allow, in conjunction with laboratory measurements and com-
puter simulations, to determine how different shapes and types of windscreens allow for
increased safety of cabin occupants.
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