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Abstract: The article describes the way to calculate the
distances, defined by the U.S. Federal Aviation Adminis-
tration in the AC 70-1B document, essential for the flight
safety in the case of illumination of aircraft pilots by laser
radiation. FAA’s calculations and presented examples
are simplified for the most common cases of a single cir-
cular beam, or circular beams sharing the same power,
divergence and aperture. Proposed in this article calcu-
lation method was extended to multi-beam radiation
sources characterized by different wavelengths, different
divergences in two perpendicular planes and different
powers. The impact of ellipticity of the beams on the
calculated distances was shown. The presented analysis
may be a supplement to the AC 70-1B document and may
serve as a sample approach for those who need to deal
with such laser sources. Laser pointers characterized by
powers of up to 50 W as well as these with typical powers
of several mW were considered. It was shown that even
typical 1 mW laser pointers may still distract the aircraft
pilots during landing or take-off which may have adverse
consequences.

Keywords: aviation safety; laser hazard distance; laser
hazard distances in navigable airspace; laser illumination;
laser safety.

1 Introduction

Scientific and technological progress is becoming more
and more noticed by every person. More and more newly

developed devices reach the market very quickly and are
available to almost everyone. The price barrier that may
limit access to certain technological developments is
increasingly disappearing, in particular in rich, highly
developed countries. This phenomenon is also noticeable
in the field of laser devices. On the market, it is possible to
buy such devices emitting radiation of relatively high
powers for little money. Worth attention are laser pointers
emitting visible radiation in the green, blue and red
wavelength band [1–4]. Pointers of relatively low power,
reaching a few milliwatts, are intended to be used
by speakers as a pointing tool during lectures or pre-
sentations. However, their irrational use for entertain-
ment and fun purposes is more and more often noticed,
which in consequence may even lead to eye damage,
especially among children [5–14]. Each laser device
should be assigned to the appropriate safety class, which
should impose its appropriate handling, but this is not
always the case [15]. Recently, so-called laser pointers
with powers reaching several dozen Watts, which are
actually high power laser sources, have appeared [16].
Such sources, in particular, pose a very high risk to the
human eye.

Misuse of laser pointers to illuminate landing or
taking off aircraft deserves special attention. In recent
years, there are more and more reports of such use, which
can interfere with law enforcement and rescue missions,
and infrequently leads to a ‘go-around’ on a landing
attempt. In 2021, pilots reported 9,723 incidents related to
laser illumination to the U.S. Federal Aviation Adminis-
tration [17]. Therefore, as early as the 1990s, experts began
working to establish certain guidelines determining what
level of exposure to radiation is safe and how much
may pose a threat to safety. On the basis of some tests
done, with the help of volunteers, by G10T Laser Safety
Hazards Committee of Society of Automotive Engineers
(SAE), and somewhat by discussions and negotiations,
the experts defined three levels of exposure in the AS4970
standard [18]. These exposure levels were accepted and
published by the U.S. Federal Aviation Administration in
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its Advisory Circular 70-1 (revised Feb. 14 2022 to AC
70-1B1) [19]. The levels are:
– Greater than 100 μW/cm2 – an exposure that may

cause potential eye injury and temporary flashblind-
ness with resulting afterimages.

– From 5 μW/cm2 to 100 μW/cm2 –An exposure that may
cause veiling (obscuring) glare.

– From 50 nW/cm to 5 μW/cm2 – An exposure that does
not interfere with vision but which may cause
distraction.

Exposures of less than 50 nW/cm2 are not expected to be
brighter than most city or airport lights at night and thus
are not expected to cause distraction.

Moreover, in this document four different distances
from the source of laser radiation were defined:
– Nominal Ocular Hazard Distance (NOHD) – Beyond

this distance the beam is the Maximum Permissible
Exposure (MPE) or less. The beam is an eye hazard
from the laser source to this distance. The values of
MPE depends onwavelength and time of exposure and
are tabulated in well-known standards ANSI Z136.1
about safe use of lasers [20], and IEC 60825-1 about
safety of laser products [21].

– Sensitive Zone Exposure Distance (SZED) – Beyond this
distance, the beam irradiance is 100 μW/cm2 or less.
Between the NOHD and the SZED, the beam can cause
temporary flashblindness with resulting afterimages.

– Critical Zone Exposure Distance (CZED) – Beyond this
distance, the beam irradiance is 5 μW/cm2 or less.
Between the SZED and the CZED the beam may cause
veiling (obscuring) glare.

– “Laser-Free” Exposure Distance (LFED) – Beyond this
distance the beam irradiance is 50 nW/cm2 or less.
Between the CZED and the LFED the beam appears
brighter than most city or airport lights at night and
thus may distract a pilot. Beyond the LFED the beam is
not expected to cause distraction.

Following the law of most countries, any proponents
planning to conduct outdoor laser operations that may
affect aircraft operations should file a special notice with
the appropriate Aviation Agency such as FAA before the
planned event. All the above mentioned distances are
usually needed to be calculated and entered into this
notice. To calculate them may not seem to be tricky task,

especially that there are some examples in AC 70-1B aswell
as on some webpages [22]. However, FAA’s calculations
and presented examples are simplified for the most com-
mon cases of a single circular beam, or circular beams
sharing the same power, divergence and aperture. In the
new AC 70-1B FAA does provide examples of multi-beam
analysis, which was first proposed in [23]. However FAA
has always allowed proponents to submit a more complex,
alternative analysis as long as it is based on ANSI Z136 or
other establishedmethods, and as long as themethods and
calculations are documented. The aim of this article is to
describe how the standard, non-simplified NOHD calcula-
tion can be used for complex cases of multi-beam laser
radiation characterized by different wavelengths, different
divergences in two perpendicular planes and different
powers. Both FAA’s AC 70-1B and this paper assume that
the beam diameters at the exit aperture are relatively
small compared to the diameters at the exposure site. FAA
specifically states its simplified equations are valid for
diameters 1 cm or less at the output aperture [see footnote 5
on AC 70-1B page A-16].

2 Calculation of NOHD, SZED, CZED
and LFED for multi-beam
radiation

The values of NOHD, for a single beam of given power or
energy, divergence and diameter at the output aperture,
can be easily calculated using the well-known equation:

NOHD =
̅̅̅̅
4H

πMPE

√
− w

tg:
(1)

where:
H –power or energy of the beam,
:– divergence,
w – diameter of the beam at the output aperture
tg – tangent.

For many beams that can be emitted out of the same
aperture in the same direction, characterized by different
powers andwavelengths aswell as different divergences in
two perpendicular planes (elliptical cross-section), the
calculation becomes a little more complex. If the beams
don’t affect the same tissue they can be treated indepen-
dently and calculation can be carried out separately for
each of the beams. Then, the most relevant beam, from the
safety point of view, is the one for which the most restric-
tive results were obtained. However if the beams affect the

1 Throughout this paper, reference is made to FAA Advisory Circular
AC 70-1B. FAA is expected to issue a minor revision later in 2022, to fix
a few errors. Any references in this paper to AC 70-1Bwould also apply
to the revised version, to be called “AC 70-1B Change 1”.
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same tissue they can’t be treated independently. They
should be treated additively. In the case of visible radia-
tion, which is in the range of 400–700 nm, it affects the
same tissue (retina of the eye). Different beams from this
band contribute to the creation of a visual effect to an
extent proportional to the ratio of the exposure level to the
level necessary for creation of this effect for a given
wavelength. Thus, to create this visual effect the sum of
these ratios for all beams should be equal to 1. In the case of
n beams of different wavelengths the additivity effect can
be expressed in the following form:

El1
MPE1

+ El2
MPE2

+… + Eln
MPEn

= 1 (2)

where:
El – exposure level (expressed as power or energy per

area of exposed tissue).

In the above equation the MPE represents the exposure
level at which the risk of eye damage is increased for each
of the beams.

Going through some not complicated calculation
(presented inmore details in [24]), for beams with elliptical
cross-section (two different divergences in two planes) and
assuming that diameters of the beams at the exit aperture
are relatively small compared to the diameters at the
exposure site (which is the case for most cases), Eq. (2) can
be written as:

P1

πNOHD2 ⋅tg ϕx1
2 ⋅tg

ϕy1
2

MPE1
+

P2

πNOHD2 ⋅tg ϕx2
2 ⋅tg

ϕy2
2

MPE2
+… +

Pn

πNOHD2 ⋅tg ϕxn
2 ⋅tg

ϕyn
2

MPEn

≅ 1 (3)

where:
P – power of a beam,
ϕx – angle of divergence in x plane,
ϕy – angle of divergence in y plane.

In the above equation, instead of the power the energy of
the beam can be used, however in that case, the MPE
expressed in W/m2 should be changed into J/m2 for an
appropriate exposure time.

According to the standards [20, 21], the aversion
response, which takes into account closure of the eyelid,
eyemovements, pupillary constriction, ormovement of the
head to avoid an exposure to a noxious or bright light
stimulant, was agreed to be equal to 0.25 s, thus the eye
exposure time to visible radiation can be assumed to be
equal to this value. However it should also be noted that
there is some research that perhaps the 0.25 s aversion
response time should be re-evaluated [25]. Apart from this,

following the standards, MPE for radiation in the visible
wavelength band of 400–700 nm and exposure time of
0.25 s is the same. Thus, assuming that most laser sources
are characterized by small divergence (up to several
milliradians) Eq. (3) can be transformed to:

NOHD ≅

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
4

MPEπ
( P1

ϕx1ϕy1

+ P2

ϕx2ϕy2

+… + Pn

ϕxnϕyn
)√

(4)

Similar equations can be derived for SZED, CZED
and LFED. However, besides the change of MPE into
appropriate exposure levels defined for each of these
distances, the power of the beams has to be corrected by
multiplying it by Visual Correction Factor defined for
different wavelengths (VCF (λ)). The additivity of spectral
sensitivity of the eye for visible radiation can be here
assumed again, however it has not been firmly proven for
laser exposure [26, 27].

The values of VCF (λ) in the band of 400–700 nm were
tabulated inAC 70-1Bwith 5 nmstep (for 555 nmVCF (λ) = 1)
[19]. According to the guidelines included in the AC 70-1B,
if a wavelength falls between two table entries the con-
servative approach can be applied and thus the more
restrictive (larger) value of the two resulting VCF (λ) should
be used.

The values of VCF (λ), with smaller step of 0.1 nm,
were also published by The Color & Vision Research
laboratory based at the Institute of Ophthalmology,
which is part of University College London and were
adopted by International Commission on Illumination
(CIE) in its report CIE 170-1:2006 [28]. Its tabulated
values can be found in databases available online [29].
The values of VCF (λ) presented in these databases result
from research into human cone spectral sensitivities
and luminous efficiency. They provide a consistent set
of colorimetric and photometric data that can be used
to model and predict normal and dichromatic color
vision for standard target sizes of 2-deg or 10-deg in
diameter.

In Table 1 the exposure levels, defined for the analyzed
distances, are presented. The values of VCF (λ) accepted by
FAA and CIE (2-deg Luminous Efficiency Function) for

Table : Defined exposure levels [–].

Distance Value [W/m] Reference

NOHD . IEC -, ANSI Z.
. AC -B

SZED  AS, AC -B
CZED ·− AS, AC -B
LFED ·− AS, AC -B
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some wavelengths, that can be generated by most typical
laser sources, especially used as pointers, are shown in
Table 2. One can see some difference between the values
assumed by FAA and CIE. Generally they are lower for FAA.
Higher values for FAA may be achieved for wavelengths
that fall between two table entries defined in AC 70-1B as
a result of usingmore restrictive (larger) value of the two.
Also, a higher value is achieved for FAA at the wave-
length close to 555 nm because the VCF (λ) = 1 is assumed
to be at 556.1 nm for CIE. In most cases the differences
result in shorter distances calculated for FAA VCF (λ)
values.

For laser/aviation safety, the values of VCF (λ) as well
as exposure levels presented in AC 70-1B should be used, at
least in the U.S., since the law and regulation are based on
them. Subsequent calculations described in this article use
these values.

Applying the definedmaximumpermissible exposures
the respective distances can be determinedwith the help of
the following equations:

NOHD ≅ 0.2213 ·

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
P1

ϕx1ϕy1

+ P2

ϕx2ϕy2

+… + Pn

ϕxnϕyn

√
(5)

SZED≅ 1.128 ·

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
P1VCF(λ)1
ϕx1ϕy1

+P2VCF(λ)2
ϕx2ϕy2

+…+PnVCF(λ)n
ϕxnϕyn

√
(6)

CZED≅5.046 ·

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
P1VCF(λ)1
ϕx1ϕy1

+P2VCF(λ)2
ϕx2ϕy2

+…+PnVCF(λ)n
ϕxnϕyn

√
(7)

LFED≅50.46 ·

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
P1VCF(λ)1
ϕx1ϕy1

+P2VCF(λ)2
ϕx2ϕy2

+…+PnVCF(λ)n
ϕxnϕyn

√
(8)

One can see that only the NOHD and the SZED
needs to be calculated using Eqs. (5) and (6). Due to the
constants in the equations, the CZED will always be
around 4.473 times the SZED, and the LFEDwill always be
around 44.73 times the SZED. Such assumption is also
made in AC 70-1B.

3 Analysis of NOHD, SZED, CZED
and LFED for different laser
sources

The most common sources of radiation applied in laser
pointers are laser diodes that are characterized by many
useful features. One of them is the price that makes the
laser pointers available for almost everyone. Other features
worth mentioning are low weight, small dimensions as
well as rigid and compact design that makes the laser
pointers particularly resistant to temperature changes and
shocks. Moreover they are able to generate cw powers of up
to several watts from a structure embedded in a typical
TO9 housing. Good examples are those produced by
Nichia (emitting blue and green radiation) [30] and Ushio
(emitting red radiation) [31].

One of the main disadvantages of laser diodes is the
divergence of the laser beam they generate, which can
reach even several dozen degrees. Moreover, the power
distribution in cross-section of the beam is usually ellip-
tical. However, these disadvantages can be remedied in a
relatively simple manner by means of appropriately
designed optics. Applying laser diodesmany different laser
pointers as well as modules, with the possibility to be used
as laser pointers, were developed and released on the
market. In Table 3 some example laser pointers and laser
modules of relatively high power, with parameters defined
by their manufacturers, are shown. The first three positions
in the table are laser sources that can emit radiation of
three colors at the same time. The rest emit beams of single
wavelength.

For the above presented laser sources the distances
NOHD, SZED, CZED and LFED applying Eqs. (5)–(8) were
calculated. For the divergence not defined by the manu-
facturer the value of 1.5 mrad was assumed. The results of
the calculations are shown in Figures 1, 2, 3, 4, 5, and 6. For

Table : VCF (λ) values for several typical wavelengths [, ].

Wavelength [nm]       

VCF (λ) (CIE) . . . . . . .
VCF (λ) (FAA) . . . . . . .
Wavelength [nm]   .    

VCF (λ) (CIE) . . . . . . .
VCF (λ) (FAA) . . . . . . .
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lasers emitting in the visible range 400–700 nm, the values
of NOHD depend only on power and divergence of the
beam so for pointers of the same power and divergence
they are also the same and are equal to 1043 m for 50 W
pointers and 808 m for 30 W pointers. The values of SZED,
CZED and LFED strongly depend on wavelength therefore
they are so different for the pointers of the same power and
divergence. Analyzing the results shown in Figure 1 one
can see that even for powers as small as 100 mW all the
distances are relatively long. The highest values are ach-
ieved for wavelength of 520 nm reaching almost 9 km for
LFED. For wavelength of 650 and 450 nm the distances are
much shorter however they are still long enough to cause
problems for a pilot especially if the plane is landing. At a
distance up to several dozen meters the pilot would be

within the NOHD, although there are factors such as the
laser being handheld and the aircraft moving which make
injury much less likely than in a laboratory test setting.

Considering the additivity of the laser beams the rela-
tively highest increase in distance is for NOHD. For 50 W
pointer it reaches over 1.8 km for three beams while for a
single beam it is over 1 km. In the case of SZED, CZED and
LFED the increase is not so high in relation to the green
beam. It is mainly caused by the small values of VCF (λ) for
red and blue wavelengths. For 50 W pointers the LFED
distance increased by more than 33 km reaching almost
234 km.

Atmostwavelengths, for the same pointer, the shortest
distances are achieved for NOHD while they gradually in-
crease for SZED, CZED and LFED. Such behavior is caused

Table : Example laser pointers and laser modules.

Laser pointers and modules Wavelength
[nm]

Power
[W]

Divergence
x [mrad]

Divergence
y [mrad]

Ref.

RGB  colors laser pointer
LM-

 . – – [–]
 . – –
 . – –

RGB handheld laser pointer  . – – []
 . – –
 . – –

 W RGB laser module  . . . []
 

 

Laser pointer G   – – []
Laser pointer G   – – []
Laser pointer G   . . []
Laser pointer    – – []
Laser pointer G   . . []
Laser pointer G   . . []
Laser module R-SM  .   []
Laser module G-SM     []
Laser module B-CM   . . []

Figure 1: NOHD, SZED, CZED and LFED calculated for RGB 7 colors laser pointer LM-680.
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Figure 2: NOHD, SZED, CZED and LFED calculated for RGB handheld laser pointer.

Figure 3: NOHD, SZED, CZED and LFED calculated for 4 W RGB laser module.

Figure 4: NOHD, SZED, CZED and LFED calculated for laser pointers of 50 W output power.

Figure 5: NOHD, SZED, CZED and LFED calculated for laser pointers of 30 W output power.
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by the respective gradual decrease of the defined
maximum permissible exposures. However it is not always
the case.

For any visible wavelength less than 450.6 nm, or
greater than 667.4 nm, the values for the NOHD will be
higher than the values for the SZED. It means that for these
wavelength ranges, the SZED temporary visual impairment
of flashblindness/afterimage is accompanied by a poten-
tial for eye damage, e.g., being within the NOHD. Moreover
these wavelength ranges do not depend on the power or
divergence of the beam. The SZED will always be less
than the NOHD for ANY visible wavelength <450.6 nm
or >667.4 nm.

It is also possible for theCZED to be less than theNOHD
for any visible wavelength <412.8 nm. The values of LFED
will always be higher than the NOHD for the whole
spectrum of visible radiation. The values of NOHD, SZED
and CZED in function of wavelength for radiation source
emitting a beam with a power of 1 W and a divergence of

1.5 mrad in both perpendicular planes are shown in
Figure 7.

Considering the additivity of the beams, for some
configuration of the wavelengths, divergences and powers
the value of NOHD may also be higher than that of SZED
and CZED, however, again, the values of LFED will be
higher than that of NOHD for the whole spectrum of visible
radiation.

On the market most laser pointers are characterized by
relatively low power of around several mW. They are
usually used by speakers during presentation, so many
people tend to think that they are safe. To show the
potential hazard of using such laser pointers, the calcula-
tion of the NOHD, SZED, CZED and LFED as a function of
power up to 10 mW was done. The wavelength of 650, 532
and 405 nm, and a divergence of 1.5 mrad in both
perpendicular planes, which are typical for many laser
pointers, were assumed. The results of calculations are
shown in Figures 8, 9, 10, 11, 12, and 13.

Figure 6: NOHD, SZED, CZED and LFED calculated for laser modules R638-700SM, G520-1000SM and B445-4000CM.

Figure 7: NOHD, SZED and CZED in function of wavelength for radiation source emitting a beam with a power of 1 W and a divergence of
1.5 mrad in both perpendicular planes.
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Figure 8: NOHD, SZED, CZED and LFED as a function of beam power for 650 nm wavelength and divergence of 1.5 mrad.

Figure 9: Same as the previous figure, but zoomed in 10× on the distance scale, to better show the relationships of the NOHD, SZED and CZED.

Figure 10: NOHD, SZED, CZED and LFED as a function of beam power for 532 nm wavelength and divergence of 1.5 mrad.
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Figure 11: Sameas the previous figure, but zoomed in 10× on the distance scale, to better show the relationships of theNOHD,SZED andCZED.

Figure 12: NOHD, SZED, CZED and LFED as a function of beam power for 405 nm wavelength and divergence of 1.5 mrad.

Figure 13: Sameas the previous figure, but zoomed in 10× on thedistance scale, to better show the relationships of theNOHD,SZEDandCZED.
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Presented results show that the NOHD is identical for
the three wavelengths analyzed (650, 532 and 405 nm). For
the visual interference distances SZED, CZED and LFED,
the longest distances are obtained for the 532 wavelength.
This is because of the three wavelengths analyzed, the 532
wavelength is closest to 555 nm, the wavelength with the
highest VCF meaning it appears brightest to the human
eye. Class 2 lasers are defined as lasers emitting visible light
of up to1 mW power. These are generally considered safe
for an exposure of less than 0.25 s. However there is a risk of
eye damage. For example, theNOHD of a 1 mW laser with a
1.5 mrad divergence, for a 0.25 s exposure is 4.7 m. For any
power change, the NOHD will increase or decrease by the
square root of the power increase or decrease. For example,
increasing a laser’s power 10 times will increase the NOHD
by 3.16 times.

Contrasting this with an equivalent laser 10 timesmore
powerful (10 mW) one can see that it has an NOHD over
three times longer: 14.8 m. The distances SZED, CZED and
LFED for 532 nm are equal to around 22.7 m, 101.3 m,

1013.3m for 1mWand 71.6m, 320.4m, 3204.3m for 10mW.
This means that a 1 mW laser pointer emitting radiation
with a wavelength of 532 nm and a beam divergence of
1.5 mrad can cause distraction of the aircraft pilot at a
distance of around 1 km, while for 10 mW laser pointer this
distance reaches more than 3 km.

For the wavelength of 650 and 405 nm, the NOHD
distance is the same as for the 532 nm wavelength, while
the other distances are much smaller. Nevertheless, laser
pointers emitting such radiation can still pose a risk to
airplane pilots. For the wavelength of 650 nm, the LFED
distance is about 348m for a power of 1 mW and 1100m for
a power of 10 mW, while for the wavelength of 405 nm, the
LFED distance is about 30 m for a power of 1 mW and 95 m
for a power of 10mW. The values ofNOHD, SZED,CZED and
LFED for the beam with wavelength of 650 nm, 532 and
405 nm, divergences of 1.5 mrad in both perpendicular
planes and power of 1 and 10 mW are summarized in
Table 4.

The above analysis was carried out for beams with a
circular cross-section. To show the influence of ellipticity
on the distances appropriate calculations were carried out.
The analysis was performed for laser pointers of 50 W
output power and for low power laser pointers analyzed in
the previous paragraphs. The beam divergence was
assumed to be 1.5 mrad in perpendicular plane, and twice
as large in the other perpendicular plane, amounting to
3 mrad. Figure 14 shows the results of the analysis for laser
pointers of 50 W output power, and Table 5 for low power
laser pointers.

Comparing the results shown in Figure 4 with the re-
sults in Figure 14, it can be seen that the values of all

distances decreased 2̅
√

times. A similar situation occurs

when comparing Tables 4 and 5. The factor 2̅
√

results from
the analysis of formulas (5) – (8). Increasing the divergence

Table : NOHD, SZED, CZED and LFED for the beam with wavelength
of  nm,  and  nm, divergences of . mrad in both
perpendicular planes and power of  and  mW.

Power [mW] Distance [m] Wavelength [nm]

  

 NOHD . . .
SZED . . .
CZED . . .
LFED . . .

 NOHD . . .
SZED . . .
CZED . . .
LFED . . .

Figure 14: NOHD, SZED, CZED and LFED calculated for laser pointers of 50 W output power and divergences of 1.5 mrad in one perpendicular
plane and 3 mrad in the other perpendicular plane.
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n times in one perpendicular plane with a constanct
divergence in the other perpendicular plane reduces the
determined distances

̅̅
n

√
times. By increasing the diver-

gence in both perpendicular planes n times, the distances
are also shorter n times.

The influence of ellipticity ϵ ≅ ϕx/ϕy on the distances

was also analyzed. Figures 15, 16, and 17 show the
calculation results for a laser pointer with a wavelength of
532 nm and power of 1 mW. The beam divergence in one
perpendicular planeϕxwas assumed to be 1.5 mrad, while
in the other perpendicular plane ϕy varied from 1.5 to
10 mrad. A similar analysis was carried out for a system
consisting of three laser pointers of 50 W output power
analyzed in the previous paragraphs, emitting radiation
in one single beam. Also, the beam divergence in one
perpendicular plane was assumed to be 1.5 mrad, while in

the other it varied from 1.5 to 10 mrad. The results of these
calculations are shown in Figures 18, 19, and 20.

The presented characteristics show that the distances
decrease 1/ ε̅

√
times with decreasing ε.

4 Additional consideration

The presented analysis show the calculation of the dis-
tances essential for the safety of people especially those
traveling by planes. The proposed calculations show how
to determine these distances in the case of multi-beam
laser sources. In the case of green, red and blue wave-
lengths of equal power and divergence, the green beam is
characterized by the longest visual interference distances.
However, the red and blue beams should not be forgotten.
Even though their contributions to the calculated distances
in the case of multi-beam radiation are not very high the
presented calculation may be helpful if the accurate
determination of the distance is important especially in
court. It was shown that at wavelengths around 450.6 and
667.4 nm the values of SZED equal the values ofNOHD. For
shorter wavelengths than 450.6 nm and longer than
667.4 nm the SZED distance is shorter than NOHD, which
means that at some distance intervals eye damage may
occur before temporal vision impairment. The presented
analysis also showed that typical low power laser pointers
can cause safety concerns even for such powers as 1 mW.
The calculations show that 532 nm laser pointer with power
of 1 mW and divergence of 1.5 mrad may cause distraction
at the distance of over 1 km. It means that aircraft pilot can
be distracted during landing or taking off, which may have

Table : NOHD, SZED, CZED and LFED for the beam with wavelength
of  nm,  and  nm, power of  and mWand divergences
of . mrad in one perpendicular plane and  mrad in the other
perpendicular plane.

Power [mW] Distance [m] Wavelength [nm]

  

 NOHD . . .
SZED . . .
CZED . . .
LFED . . .

 NOHD . . .
SZED . . .
CZED . . .
LFED . . .

Figure 15: NOHD, SZED, CZED and LFED in function of ellipticity for laser pointer of 532 nm wavelength and 1 mW output power for long
distances.
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Figure 16: Same as the previous figure, but zoomed in 10× on the distance scale, to better show the relationships of the NOHD, SZED and
CZED.

Figure 17: Same as the previous figure, but zoomed in about then 4× on the distance scale, to better show the relationships of the NOHD and
SZED.

Figure 18: NOHD, SZED, CZED and LFED in function of ellipticity for system consisting of three laser pointers of 50 W output power for long
distances.
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adverse consequences. For a power of 10 mW the distrac-
tion distance reaches more than 3 km. Other typical laser
pointers operating in red or blue wavelength band may
also cause safety concerns. Calculations and examples
presented in the AC 70-1B document are simplified for the
most common cases of a single circular beam, or circular
beams sharing the same power, divergence and aperture.
To overcome this limitation the article proposed the stan-
dard, non-simplified calculation of the defined distances
that can be used for complex cases of multi-beam laser
radiation characterized by different wavelengths, different
divergences in two perpendicular planes and different
powers. It may serve as an supplement to the AC 70-1B
document and be a sample approach for dealing with such
radiation sources.

The proposed way of determining the distances is not
limited by the number of the beams that are considered.
However there are some limitations to the calculations.
First of all it was assumed that the beams travel in the same
direction and have common optical axis. Secondly the
intensity distribution in the cross-section of the beam
was assumed to be Gaussian. Moreover the atmospheric
attenuation was not taken into account. It can be expected
that in a real environment the distances would be some-
what shorter which means that the radiation would not
be so dangerous. However from the safety point of view
if the attenuation of the atmosphere is not exactly known
the best approach is to assume it be equal 0. Additionally,
the results presented in the article concerns only laser
sources that generate continuous wave (cw) radiation.

Figure 19: Sameas theprevious figure, but zoomed in 10×on thedistance scale, to better show the relationships of theNOHD,SZEDandCZED.

Figure 20: Same as the previous figure, but zoomed in about then 4× on the distance scale, to better show the relationships of the NOHD and
SZED.
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However the calculations of the distances can be expanded
to single pulse or repetitively pulsed sources. In the case of
the NOHD it can be done by applying appropriate values of
MPE for the right exposure time according to the standard
[20, 21]. In case of other distances the situation is not so
simple, however there are some guidelines in AC 70-1B [19]
that can be followed. Last but not least, it would be useful
to explore the vision impairment additivity assumption
experimentally, i.e. exploring whether the human percep-
tion of multiple lasers does actually equal the effect
calculated by simply adding the visually corrected power
of beams to appropriate exposure levels ratios, aswas done
in this article. The mentioned limitations may be the sub-
ject of further work on the problem of illumination of
aircraft pilots by laser radiation.
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