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Chapter 6 – SYSTEMS EYE-SAFETY ANALYSIS 

6.1 GENERAL 

The methods developed for evaluating the hazards associated with the use of ground and airborne laser 
systems operating in the visible and near infra-red non-eye-safe portions of the spectrum is presented in this 
chapter. Particularly, safety issues of state-of-the-art Nd:YAG target designators (LTD) are thoroughly 
investigated, in order to identify operational procedures and limitations for employment of such equipment at 
the PILASTER range during execution of both test and training missions.  

Various mathematical algorithms are presented, developed for employment in the PILASTER mission 
planning tools that allow a complete verification of laser-safety for ground and airborne laser systems.  
A description of the laser-safety simulation programs developed, together with sample simulation results 
are given in the Chapter 10 of this thesis.  

Although the results presented were originally developed for airborne/ground pulsed laser target designators, 
they also apply to other non-eye-safe laser systems including pulsed range finders and beam riders operating 
in the visible and near-infrared portions of the electromagnetic spectrum. 

6.2 LASER SAFETY STANDARDS 

The methodology to be used in laser safety assessments is prescribed by various NATO and national laser 
safety standards [1]-[8], including the STANAG 3606, the SMD-W-001 Italian military standard, the JSP 
390 British military standard, etc. However, none of these standards focuses on Airborne Laser Systems 
(ALSs), and only generic suggestions are given on how to apply the various proposed safety areas 
calculation routines to the case of highly dynamic platforms, such as airborne designation systems. 
Furthermore, also in the cases of Ground Laser Systems (GLSs), the deterministic approaches described in 
the NATO/national standards often lead to safety areas calculations exceeding the dimensions of most 
existing test ranges. The alternative statistic approaches proposed in the standards, on the other hand, are 
based on several assumptions/system models and imply a clear definition of risk levels (e.g., maximum 
probability of eye injury), which in various NATO countries (and in Italy as well) are not jet available. 
Therefore, new algorithms and procedures were developed which, respecting all necessary safety criteria, 
lead to practical laser safety areas for both ALS and GLS systems. These newly developed algorithms and 
procedures, which represented an important integration of the existing NATO/Italian standards, are being 
used at the PILASTER range in Sardinia, during execution of both test and training missions. 
Furthermore, following the results of this research, some actions are now being taken by the Italian 
Ministry of Defence in order to propose modifications/integrations to the existing STANAG 3606 and 
related national documents.  

6.3 OCULAR HAZARD DISTANCE 

According to NATO STANAG 3606 and the Italian SMD-W-001 military laser safety standard 
(developed in accordance with the STANAG 3606 and quite similar to the JSP 390 British military 
standard), the Ocular Hazard Distance (OHD) is required for calculating all laser hazard areas.  

The factors affecting the OHD are: 
a) Design characteristics of the laser system; 
b) Atmospheric attenuation; 
c) Atmospheric scintillation; 
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d) Use of laser protective eyewear; 

e) Viewing through magnifying optics; 
f) Near-field effects; and 
g) Use of beam attenuating filters. 

In this paragraph, only the most important equations necessary to calculate the OHD for pulsed ALS/GLS 
due to the factors a) – g) are presented. More detailed information about the various models presented 
here, together with additional equations accounting for different systems/scenarios may be found in the 
literature (see, for guidance, the Laser Safety Standards listed in the references).  

The key system-related parameters to be taken into account for calculation of the OHD are the Maximum 
Permissible Exposure (MPE) and the Nominal Ocular Hazard Distance (NOHD). The MPE, generally 
expressed in J/cm2 or J/m2, is a function of the Exposure Time (TE). For example, considering a point laser 
source with a wavelength of 1064 nm and a pulse length of 20 nsec, the MPE for a single pulse obtained 
from the JSP 390 standard, is 5 × 10-2 J/m2. Knowing the MPE for a single pulse, the MPE for a train of 
pulses can be calculated as follows: 
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where: 
MPEP =  maximum permissible exposure (single pulse); 
MPET  =  maximum permissible exposure (train); 
f =  pulse repetition frequency; and 
TE =  time of exposure. 

There are various expressions used to calculate the value of the NOHD, depending on the characteristics 
of the laser (pulsed/CW, single-pulse/train of pulses, Gaussian or non-Gaussian beam, etc.), and the 
location of the observer (direct illumination or diffuse reflection). A form of the NOHD equation valid for 
direct vision of pulsed lasers with Gaussian beam distributions, is the following: 
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where: 
Q = output laser pulse peak energy; and 
a = output beam diameter. 

According to the Italian Safety Standard SMD-W-001, for non-Gaussian beams, Q in equation (6.2) 
should be multiplied by a factor of 2.5. The cumulative OHD arises from the full or partial application of 
correction factors to the NOHD allowing for near-field effects, magnifying optics, atmospheric extinction, 
atmospheric scintillation, beam attenuating filters and protective laser eyewear.  

If the laser radiation is viewed through magnifying optical instruments, the NOHD will increase to a 
distance called the Extended Ocular Hazard Distance (EOHD), which can be calculated using the 
following equation: 

 KNOHDEOHD ⋅=  (6.3) 
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where K is a factor depending on the laser wavelength and the viewing conditions (refer to SMD-W-001 
or JSP 390 for details about calculation of K).  

Both SMD-W-001 and JSP 390 include the following equation for calculating the reduction of the hazard 
distance due to atmospheric attenuation:  

 
NOHD.e

NOHDOHD
⋅−−

= γγ 502
 (6.4) 

where γ is the atmospheric attenuation coefficient. Both standards also refer to the following model for 
calculating the atmospheric extinction coefficient for laser wavelengths between 400 and 2000 nm: 

 
A

V
.







⋅






⋅= −

λ
γ 55091310 3  (6.5) 

where:  

V = meteorological range (km); 

λ = laser wavelength (nm); and 

A =  exponent varying with V and given by 3305850 .V. ⋅ . 

It is evident that eq. (6.5) is one of the equations already used in the ESLM empiric model (see Chapter 3) 
to determine the scattering coefficient without rain. It is obvious that, using only eq. (6.5) for calculating 
the atmospheric extinction coefficient would lead to underestimated γ values for most weather conditions 
and at most wavelengths of practical interest, which is acceptable for eye-safety calculations but implies a 
simplifying conservative assumption (i.e., absorption is neglected).  

Because the meteorological conditions can change rapidly, any allowance for atmospheric attenuation should 
be applied with caution. For practical reasons, it is suggested that γ is taken to be zero if a reliable estimate of 
V cannot be made. 

Together with attenuation, when a laser beam propagates in the atmosphere (especially with slant-paths 
close to the ground) its radiance may be modified by focusing (scintillation) or defocusing effects caused 
by turbulence (see Chapter 3). In the first case (scintillation), the values of the beam irradiance may be 
significantly greater than the MPE, and therefore it is prudent to make some allowance for this effect. 
According to the SMD-W-001 safety standard, when scintillation is likely to occur at the range (e.g., due 
to high measured or predicted Cn values), NOHD should be modified as follows:  

 NOHD.OHDS ⋅= 6622  (6.6) 

A better approach to this problem is presented in the JSP 390 British (Military) safety standard (1998 
Edition). In this document, the following analysis is presented to correct the NOHD for atmospheric 
scintillation. 

If Nl is less than the parameter Nmax, where: 
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Then, to take account of scintillation, Nl is modified to obtain OHDS using the following equation: 

 ( ) l
N/N

S N.OHD max1662=  (6.8) 

where Nl is either the NOHD or the cumulative OHD arising from the full or partial application of factors 
allowing for near-field effects, magnifying optics, beam attenuating filters, atmospheric extinction and 
laser protective eyewear. 

If Nl ≥ Nmax, or if it is not possible to determine Cn, then OHDS is given by: 

 lS N.OHD 662=  (6.9) 

Both the JSP 390 British safety standard and the Italian SMD-W-001 safety standard present the following 
equations for correcting the Nl parameter (i.e., the NOHD or the cumulative OHD calculated taking into 
account a part or all other correction factors) due to laser protective eyewear (OHDPE), near-filed effects 
(OHDNF), and beam attenuating filters (OHDAF): 

 210 /OD
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 τlAF NOHD =  (6.12) 

where: 

OD = eyewear optical density; 

RN = ‘near-field’ range of the laser; and 

τ = transmittance of the beam attenuating filter at the laser wavelength. 
 

6.4 ALS STUDY ANALYSIS 

During test range and training operations with non-eye-safe airborne laser systems, it is essential to 
determine the hazards associated with the use of the systems, taking into account the factors directly or 
indirectly affecting eye-safety. These factors include the geometry of the attack (i.e., aircraft manoeuvres), 
the horography of the area around the target, the probabilities of inadvertent laser activation, the presence 
of reflecting materials in the area illuminated (or potentially illuminated) by the laser, and so on. It is 
therefore meaningful to take into account the mission profiles of typical self-designation attacks illustrated 
in Figure 6-1 (the co-operative attack geometry can be considered a sub-case of this, where laser 
designation is performed by a companion of the attacking aircraft). 

 
 
 
 
 
 
 



SYSTEMS EYE-SAFETY ANALYSIS 

RTO-AG-300-V26 6 - 5 

 

 

 

Figure 6-1: LTD/LGW Mission Profile (Self-Designation). 

Designation is initiated in the final portion of the bomb trajectory, and it is generally performed at a 
considerable range from the target (comparable to the visual range). This means that, normally, the grazing 
angle to the target can be very small, and the ground area effectively illuminated by the laser during the 
attack can be quite large. Moreover, once designation has initiated, there is a further hazard related either 
with the inherent pointing accuracy of the laser designation system and the probability of inadvertent rotation 
of the designator line-of-sight during laser firing. Finally, we must consider that also the simple carriage of 
the system by the a/c may be dangerous to people on the ground if the probability of inadvertent activation is 
too high and the a/c is flying lower than the OHD.  

6.4.1 ALS Hazard Areas 
A dedicated analysis was required in order to define the models for defining and modelling the laser 
hazard areas associated with airborne systems. Particularly, the following areas where identified: 

• ALS Beam Hazard Area (A-BHA), defined as the area which may be illuminated by the laser 
beam in the event of inadvertent firing. 

• ALS Buffer Zone (A-BZ), given by the sum of the area directly illuminated by the laser beam 
during the firing (a function of beam output diameter and divergence) and the area around the 
laser beam that may be inadvertently illuminated considering the overall pointing accuracy of the 
LTD, the reaction time of the aircrew and the probability of failure of the system. 
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• ALS Extended Buffer Zone (A-EBZ), defined as the area which may be illuminated due to 
specular reflection within the A-BZ. The existence of an EBZ can be prevented by removing all 
possible reflectors laying within the BZ (e.g., residues of previous bomb drops, metal objects).  

For air-to-ground LTD operations, the A-BHA is given by the intersection with the ground of a sphere 
with centre at the aircraft location in space and a radius equivalent to the OHD (Figure 6-2). Therefore,  
the radius of the A-BHA (RBHA) is given by the following equation: 

 22 zOHDRBHA −=  (6.13) 

where z is the AGL aircraft altitude.  

 

Figure 6-2: ALS Beam Hazard Area (A-BHA) Geometry. 

From the definition given above, it appears evident that, in the practical case of an airborne LTD (A-LTD), 
the actual existence of an A-BHA is related with the following factors: 

•  Inadvertent activation of the laser in the various modes of the LTD; and 

•  Inadvertent rotation of the LOS during commanded laser activation.  

Therefore, it is acceptable to calculate the A-BHA using the OHD for exposition to a single pulse (since the 
airborne LTD is in continuous motion, it is extremely improbable that an observer is illuminated by a train  
of pulses during accidental laser activation or LOS rotation). As an example, we consider the probabilities 
given in Table 6-1 for a typical airborne A-LTD system (entire system operational life). 
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Table 6-1: Hazard Probabilities in the Various A-LDT Modes 

A-LTD Mode Hazardous Event Probability 

OFF Inadvertent Activation 0 

ON Inadvertent Activation 5E-16 

SLAVE/TRACK Inadvertent Activation 8E-9 

Laser Arm Inadvertent Activation 3E-4 

Laser Fire 
(SLAVE/TRACK) 

Inadvertent LOS Rotation 2E-6 

The data in Table 6-1 must be linked to the reliability data of the aircraft avionics systems connected with 
the LTD. In our example, we assume that the A-LTD system is commanded by the Weapon Systems 
Operator (WSO) through a cockpit control panel with a SAFE and an ARM position (i.e., a stand-by mode 
in which the laser cavity is powered but the laser beam is not emitted), and that the laser emission (laser 
FIRE mode) is commanded by the WSO with a dedicated hand control (also used for manual target 
tracking). In this case, the probability of inadvertent laser activation (PSAFE→FIRE) is given by: 

 FIREARMARMSAFEFIRESAFE PPP →→→ ×=  (6.14) 

Assuming that the probability of inadvertent activation of the ARM mode from the SAFE condition 
(PSAFE→ARM) referred to the entire A-LTD operational life is 7E-4, and that the probability of inadvertent 
activation of the FIRE mode from the ARM condition (PARM→FIRE) is 1 for missions in which the WSO acts 
on the cockpit commands (i.e., simulated or real attack missions) and 1E-2 in missions were the WSO 
does not act on the cockpit commands (e.g., ferry flights), then the overall probabilities of inadvertent 
laser activation (with the A-LTD in SAFE mode) are given in Table 6-2.  

Table 6-2: A-LTD Risk Levels with Laser SAFE 

 LTD Mode Mission PSAFE→FIRE 

ON/SAFE Ferry Flight 7E-6 

ON/SAFE Test/Training 7E-4 

The A-BZ is given by the sum of the area directly illuminated by the laser beam during the firing  
(a function of beam output diameter and divergence) and the area around the laser beam that may be 
inadvertently illuminated considering the overall pointing accuracy of the LTD system, the reaction time 
of the aircrew and the probability of failure of the system. In other terms, at any instant, the A-BZ shape 
can be approximated by an ellipse where the target occupies one of the foci.  

With reference to Figure 6-3, the dimensions of the A-BZ can be calculated for any given location of the 
aircraft in space by using the following equations: 
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where: 

ϕ = angle between LOS and horizontal in the plane containing the LOS; and 

δ = pointing error plus safety margin. 

 

Figure 6-3: ALS Buffer Zone (A-BZ) Geometry. 

The last area to be determined is the ALS Extended Buffer Zone (A-EBZ), defined as the area which may be 
illuminated due to specular reflection within the A-BZ. The existence of an A-EBZ can be prevented by 
removing all possible reflectors laying within the A-BZ (e.g., residues of previous bomb drops, metal 
objects). However, while evacuation of people can be performed quite easily, removal of all reflecting 
materials from the A-BZ can be a very demanding task for a test range and often it is impracticable. 
Therefore, in general, we must consider the A-EBZ as the laser hazard area to be evacuated. Determination 
of the A-EBZ area is not an easy task, since its dimension and shape are dependant upon the aircraft position 
in space and its angular velocity with respect to the reflection points located in the A-BZ (varying 
continuously during a mission). This is true because the hazard to the naked human eye is a function of the 
exposure time (TE) and TE to a specularly reflected laser beam varies with aircraft relative velocity. It is 
therefore necessary to implement a simulation tool in order to calculate the aircraft envelope limitations due 
to a certain pre-defined maximum evacuation area or, conversely, the dimension of the evacuation area 
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required with a certain pre-defined mission profile. Figure 6-4 gives an idea of the various geometric and 
physical parameters involved.  
 

 
 

Figure 6-4: ALS Extended Buffer Zone (A-EBZ) Geometric Elements. 

The algorithms needed to calculate the A-EBZ given a certain aircraft flight envelope (or the envelope 
restrictions to be applied for a certain pre-defined ground evacuation area), is given in the following 
paragraph. 

6.4.2 Safety Verification Algorithm  
In a Cartesian reference frame centred at the point of intersection of the LOS with the ground (point A in 
Figure 6-5), the velocity vector of the aircraft ( v ) can be expressed as: 

 rv ×= Ω  (6.18) 

where: 

Ω   = the aircraft angular velocity vector; and 

r  = aircraft position vector. 

Therefore, the module of the angular velocity of the laser beam with respect to the reflection point on the 
ground, is given by:  

 αΩ sin
r
v
⋅=  (6.19) 

where α is the angle between the aircraft position and the velocity vector. This is given by: 
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Therefore, knowing the vectors v  and r  at any point in space it is possible to calculate the corresponding 
value of Ω . This value can then be compared with the minimum sweep velocity admitted for the 

reflected laser beam, which is a function, at any point on the ground, of beam dimension (i.e., output area 
and divergence) and maximum permissible exposure time TE (MAX). 
 

 

Figure 6-5: ALS Extended Buffer Zone (A-EBZ) Geometry.  

In other terms, since the actual exposure time of an observer to the reflected laser radiation is a function of 
the angular velocity Ω , of the beam divergence and of the distance between the observer and the point A, 
knowing the effective time of exposure (and therefore the effective OHD), it is possible to verify the 
safety of a scenario, taking into account the elements listed below: 

• aircraft position and velocity; 

• observer position; 

• reflection point; 

• laser characteristics; 

and comparing the effective NOHD with the sum of the distances observer-point A and point A-aircraft.  
The procedure described is illustrated in Figure 6-6. 
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Figure 6-6: ALS Safety Verification Algorithm. 

Knowing the dimensions of the BZ, it is possible to verify the observer’s safety, using the procedure 
described in Figure 6-6 in an iterative manner for the entire BZ area. Therefore, simulation is required in 
order to determine the flight envelope restrictions due to eye-safety (or, conversely, the ground evacuation 
requirements for a given aircraft flight profile). Details about the simulation program are given in Chapter 
14 of this report.  

6.5 GLS SAFETY ANALYSIS 

In order to allow a safe use of Ground Laser Systems (GLS) at the range, it is essential to perform 
dedicated safety studies with the aim of defining the operational conditions best matching both the test/ 
training requirements and the constrains imposed by laser safety standards. One problem often 
encountered is due to the fact that state-of-the-art GLS are characterised by very high output energy and 
very low beam divergence. These parameters, associated to the operational need of executing test/training 
missions with both representative geometries and co-operative scenarios, determine laser hazard areas that 
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in most cases are not compatible with the range size. In the following paragraphs, the general criteria for 
GLS laser safety are identified and various alternative methods for satisfying the SMD-W-001 Italian 
national safety standard are described. Furthermore, an innovative approach is proposed (not currently 
contemplated by the SMD-W-001 standard) allowing to perform in fully safe conditions (also with GLS 
systems with high output energy and low divergence), test/training operations at the PILASTER range, 
with scenarios representative of real operational tasks. These include Forward Air Controllers (FAC) 
training missions and combined employment of Ground Laser Target Designators (GLS) and Laser Guided 
Weapons (LGW) from tactical aircraft.  

6.5.1 GLS Laser Hazard Area 
As in the case of ALS, the overall Laser Hazard Area (LHA) associated to GLS such as a LRF or a LTD, 
is given by the sum of three different areas: 

• GLS Beam Hazard Area (G-BHA), which exists even in the absence of commanded laser firing, 
and takes into account the maximum distance where the laser can be dangerous to the naked 
human eye (OHD), of the beam divergence and of possible events of accidental laser activation;  

• GLS Buffer Zone (G-BZ), existing only in the event of laser firing, which accounts for the system 
pointing errors and for possible uncontrolled movements of the system Line of Sight (LOS) 
during laser firing; and 

• GLS Extended Buffer Zone (G-EBZ), which is due to possible reflections of the laser beam 
within the buffer zone. 

6.5.2 GLS Beam Hazard Area 
In general, the G-BHA is a spherical sector with the system pointing direction as the geometrical axis,  
the laser beam divergence as the sector semi-aperture and a radius given by the sum of the OHD and a 
distance b calculated taking into account the laser beam output diameter a (see Figure 6-7).  



SYSTEMS EYE-SAFETY ANALYSIS 

RTO-AG-300-V26 6 - 13 

 

 

 
 

Figure 6-7: GLS Beam Hazard Area (G-BHA) Geometry. 

6.5.3 GLS Buffer Zone 
The G-BZ is the area which may be directly illuminated by the laser beam when the system is aimed at the 
target, taking into account the total GLS pointing error budget and possible events of uncontrolled LOS 
movements during a commanded laser activation. Therefore, also the G-BZ can be represented by a 
spherical sector with the system pointing direction as the geometrical axis, and with an aperture (α) given 
by the sum of the beam divergence (Φ), the GLS Pointing Error (PE) and the Safety Margin (SM) defined 
by the applicable laser safety standard (e.g., SMD-W-001); and whose radius is given by the sum of the 
GLS OHD and the distance c calculated taking into account the output diameter of the laser beam (a),  
as shown in Figure 6-8. 
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Figure 6-8: GLS Buffer Zone (G-BZ). 

Obviously, the shape and dimension of the effective G-BZ (BZE) vary depending on the GLS position 
relative to the target, and also depending on the relative dimensions of the target with respect to the 
incident laser beam (also affected by the GLS-target relative geometry). These aspects are illustrated in 
Figure 6-9.  
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Figure 6-9: GLS Effective G-BZ (BZE) Geometry. 

6.5.3.1 BZE for Single Axis LOS Misalignment  

For a generic distance d ≤ OHD of the GLS from the target, the BZE is a spherical sector if the target 
dimensions are inferior to the G-BZ orthogonal section at the target location (at the specified distance and 
laser beam incidence angle), and is a conical section if the dimensions of the target are greater than the 
corresponding G-BZ orthogonal section. In the case of a laser beam normal to the target surface, the G-BZ 
orthogonal section is a circle with radius (r) given by: 

 ( )[ ] 2/aSMPEtandr +++⋅= Φ  (6.21) 

Therefore, since SMPE ++=Φα , we can write: 

 ( ) 2/atandr +⋅= α  (6.22) 

When the GLS LOS is not aligned in elevation (γ) and/or in azimuth (β) to the target normal, the G-BZ 
footprint on the target surface is elliptical. Determination of the dimension and orientation of this Elliptical 
Footprint of the G-BZ (EF-BZ) is essential in order to perform GLS safety studies. 

Let us consider first the two cases of horizontal (β ≠ 0 and γ = 0) or vertical (β = 0 and γ ≠ 0) LOS 
misalignment. Figure 6-10 shows the geometry relative to the horizontal misalignment (to simplify our 
analysis, all geometric elements are shown except the output beam diameter a that will be discussed later). 
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Figure 6-10: Geometry for EF-BZ Calculation. 

From Figure 6-10, we notice that: 

 ε = 90 - α - β  (6.23) 

 δ = 90 - α + β  (6.24) 

Therefore, we can write: 
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With reference to Figure 6-11, the dimensions of the EF-BZ (not considering the output beam diameter), 
for the case of horizontal LOS misalignment only, are given by: 
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 αtand2r2 ⋅⋅=  (6.28) 



SYSTEMS EYE-SAFETY ANALYSIS 

RTO-AG-300-V26 6 - 17 

 

 

 

Figure 6-11: Geometry of the EF-BZ with Horizontal LOS Misalignment Only. 

Obviously, in the case of vertical LOS misalignment only (β = 0 and γ ≠ 0), we have: 

 αtand2r1 ⋅⋅=  (6.29) 
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Let us now consider the GLS laser beam output diameter (a). Adopting the geometry in Figure 6-12, we can 
write: 

 
βcos

aC =  (6.31) 
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Figure 6-12: Projection of the GLS Output Beam Diameter on the Target. 

Neglecting the difference between the segments B and B’ (in Figure 6-10 and Figure 6-12 respectively), 
since the projection C is an additive element to the lengths r1 and r2 in Figure 6-12 (as well as to the 
lengths A and B in Figure 6-10), the equations for the EF-BZ with horizontal or vertical LOS 
misalignment can be written in the form: 

Horizontal LOS Misalignment (β ≠ 0 and γ = 0)____________________________________ 
  

 ( ) ( ) ββαβα
α

coscos
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cos
1sin1
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
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 atand2r2 +⋅⋅= α  (6.33) 

 
Vertical LOS Misalignment (β = 0 and γ ≠ 0)________________________________________ 
 
 atand2r1 +⋅⋅= α  (6.34) 
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6.5.3.2 BZE for Double Axis LOS Misalignment  

In order to extend our results to the case of simultaneous azimuth and elevation LOS misalignment we 
must define the conditions for the validity of equations (6.32) and (6.35), also when β ≠ 0 and γ ≠ 0.  
To facilitate the operational use of the models developed, we shall express these conditions as 
mathematical functions of parameters readily measurable with the instrumentation already available at the 
test/training range (i.e., GPS systems, theodolites and LRF). These parameters include the distance d of 
the GLS from the target (which, for instance, can be measured directly by the GLS) the azimuth angle β 
(which can be determined using GPS or theodolite measurements) and the relative height of the GLS 
system with respect to the target. 

Let us consider, first of all, that the dimensions of the EF-BZ on the target surface do not vary if the GLS 
laser aperture is positioned along the perimeter of a circle laying on a plane parallel to the target surface. 
With reference to Figure 6-13, the EF-BZ dimensions are the same for any position of the GLS 
corresponding to the points of the circle with radius BE  (only varies the EF-BZ orientation). Similarly, 
the dimensions of the EF-BZ would be unaltered if the GLS was positioned along the perimeter of the 
circle with radius BC . The angle MAXδ  in Figure 6-13 represents the maximum misalignment in azimuth 
or in elevation admitted at a given distance (d) of the GLS from the target. This angle can be calculated 
using equation (12) or (15), taking into account the dimensions of the target. Particularly, writing this 
equation: 

 ( ) ( ) MAXMAXMAX
MIN

adr
δδαδα

α
coscos

1
cos

1sin +







+

+
−

⋅⋅=  (6.36) 

the value of MAXδ  can be calculated using the minimum dimension of the illuminated target surface (rMIN). 
 

 

Figure 6-13: GLS-Target Geometry with Horizontal and Vertical LOS Misalignment. 
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From Figure 6-13 we observe that a condition sufficient to avoid that the EF-BZ exceeds the target 
dimensions is the following:  

 BCBE ≤  (6.37) 

therefore: 

 MAXtanABBE δ⋅≤  (6.38) 

 MAXtanBEdBE δ2222
⋅


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 −≤  (6.39) 
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In order to express BE  as a function of the known parameters, we can write: 
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and then: 
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From the (6.42), setting: 
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we obtain: 
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where MAXh  is the maximum altitude difference admitted between the GLS and the target, with the GLS 
positioned at a known slant-range (d) from the target and with a known LOS azimuth (β); while MAXβ  is 
the maximum admitted horizontal LOS misalignment of the GLS with respect to the target normal, with 
the GLS positioned at a known slant-range (d) from the target and with an altitude difference GLS-target 
(h) also known. As already mentioned, the G-BZ can be represented by a tri-dimensional geometric figure 
(i.e., spherical sector or conical section). Therefore, depending on the GLS position and angular 
displacement with respect to the target, and the characteristics of the natural and man-made obstacles 
existing in the range area, there will be different requirements for both the Ground Evacuation Areas 
(GEA) and the Hazard Air Space (HAS). Particularly, while the GEA is clearly defined by the G-BZ 
intersection with the ground surface, the HAS exists only if the G-BZ is not entirely limited by natural/ 
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man-made obstacles (including the target), or if the GLS/target are located in a position higher than the 
possible air traffics. The concepts illustrated are summarised in Figure 6-14.  

No Hazard

No Hazard

BZE = HAS

HAS

GEA

BZE

 

Figure 6-14: Ground Evacuation Area (GEA) and Hazard Air Space (HAS). 

6.5.4 Extended Buffer Zone 
As already seen in the case of ALS systems, when reflecting objects are present in the G-BZ, it is 
necessary to consider another hazard area, called Extended Buffer Zone (G-EBZ). According to the SMD-
W-001 laser safety standard, the dimensions of the G-EBZ are calculated in different ways, depending on 
the type of reflector (i.e., specular or diffuse) present in the G-BZ. In general, however, in the case of 
diffuse reflection (e.g., reflection from a target suitably built and painted to maximise the Lambertian 
reflection component), the G-EBZ usually is so small that they can be neglected. On the other hand, in the 
worst case of a specular reflection in the G-BZ, the G-EBZ will in general determine the existence of an 
Extended GEA (EGEA) and/or Extended HAS (EHAS), with dimensions and geometries affected by the 
ground altitude profile, by the obstacles and by the GLS position relative to the target (similarly to ALS, 
the EGEA/EHAS for GLS are bounded by a surface generated by a vector centred at the reflection point, 
whose intensity is such that the sum of the distance GLS-reflector with the vector length itself is equal to 
the OHD). Obviously, removal of reflecting objects in the GEA prevents the existence of an EGEA.  

6.5.5 Range Safety Procedures 
According to laser hazard areas calculations results, appropriate procedures can be defined for 
implementation at the laser range, in order to guarantee a safe and practical employment of GLS. These 
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procedures, have to follow, in general, the national safety regulations and standards (e.g., SMD-W-001 or 
JSP 390). However, in many real cases the calculated laser hazard areas for the required mission 
geometries, are not be compatible with the range size. This is mainly due to the very high energy output 
and low divergence of state-of-the-art GLS. Therefore, there are cases where additional criteria have to be 
adopted in order to allow a safe execution of test/training tasks with representative mission geometries and 
co-operative scenarios.  

6.5.5.1 Procedures in Accordance with SMD-W-001  

The Safety Margin (SM) to be adopted for G-BZ calculations is defined by the applicable laser safety 
standards (e.g., STANAG 3606 and SMD-W-001). Referring to the STANAG 3606 and to the Italian 
SMD-W-001 national standard, the SM to be adopted for ground systems is 10, 5 or 2 mrad depending on 
the stability of the system LOS. Furthermore, the following procedures have been developed in 
accordance with the GLS safety analysis concepts previously illustrated and with the safety standards 
recommendations.  

Procedure N° 1________________________________________________________________________ 

• A target should be used with shape and dimensions adequate to contain the entire EF-BZ at the 
defined GLS-target slant-ranges and GLS LOS incidence angles. The G-BZ has to be calculated 
taking into account the output diameter of the laser beam (a), the beam divergence (Φ), the 
pointing error (PE) of the GLS, and the additional safety margin (SM) contemplated by the 
applicable safety standards (e.g., STANAG-3606 and SMD-W-001). The target has to be free 
from fenditures or apertures and to be characterised by a diffuse reflectivity. 

• Access in the G-BZ should be prohibited to unprotected personnel. 

• Intersection of the G-BZ with the ground and natural/man-made obstacles should be avoided. 

• The GLS operator should verify, before activating the laser, that the LOS of the GLS is aimed at 
the centre of the selected target (GLS operator).  

• The use of magnifying optical instruments not suitably filtered should be prohibited in the entire 
laser range.  

Procedure N° 2________________________________________________________________________ 

If it is not possible to use a target with the characteristics previously mentioned, the following actions 
should be implemented: 

• Remove all reflecting objects present in the GEA. 

• Prohibit access of unprotected personnel in the GEA. 

• Prohibit flying into the HAS without suitable aircrew protection. 

• Prohibit the use of magnifying optical instruments not suitably filtered in the laser range.  

Procedure N° 3________________________________________________________________________ 

If it is not possible to remove reflecting objects in the GEA, it is required to: 

• Prohibit access of unprotected personnel in the EGEA. 

• Prohibit flying into the EHAS without suitable aircrew protection. 

• Prohibit the use of magnifying optical instruments not suitably filtered in the laser range.  
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6.5.5.2 PILASTER GLS Safety Procedure  

An additional option was conceived in order to allow a safe execution of test/training tasks at the 
PILASTER laser range, with representative mission geometries (i.e., GLS-target slant-ranges, height 
differences and LOS incidence angles). An essential pre-requisite for implementation of this procedure is a 
dedicated test activity aimed at determining the GLS LOS pointing accuracy (PEeff) and the effective beam 
divergence (Φeff), by measuring the GLS laser spot position/diameter on the target surface. Both 
parameters may in fact be significantly different from those predicted by calculations or quoted in the 
technical documentation provided by the manufacturer. Using the experimental data the EF-BZ can be 
calculated with effeff PE+=Φα  (i.e., without considering any additional SM), and the following 
procedure can be implemented.  

Procedure N° 4________________________________________________________________________ 

• A target is used with shape and dimensions adequate to contain the entire EF-BZ at the defined 
GLS-target slant-ranges and GLS LOS incidence angles. The G-BZ has to be calculated taking 
into account the output diameter of the laser beam (a), the effective beam divergence (Φeff) and 
the effective pointing error (PEeff) of the GLS. The target has to be free from fenditures or 
apertures and to be characterised by a diffuse reflectivity. 

• Access in the G-BZ is prohibited to unprotected personnel. 

• Intersection of the G-BZ with the ground and natural/man-made obstacles has to be avoided. 

•  The GLS operator verifies, before activating the laser, that the LOS of the GLS is aimed at the 
centre of the selected target (GLS operator). 

•  The laser spot is monitored in real-time by using the PILASTER NIR cameras, in order to 
continuously verify that during laser firing the entire spot is on the illuminated target surface.  
The GLS laser is immediately deactivated if the laser spot deviates from the target centre 
(significantly exceeding the PEeff) or if the spot is not entirely on the target surface.  

• The use of magnifying optical instruments not suitably filtered is prohibited in the entire laser 
range.  

6.5.5.3 Operational Considerations 

There are important operational considerations to be done about the procedures previously described. 
Although in theory all of them are possible options for GLS safe operation at the range, for reasons of 
practicality the Procedures N° 2 and N° 3 are not commonly implemented. The removal of reflecting 
objects in the GEA, imposed by procedure n° 2, is in fact extremely difficult (if not impossible) to be done 
at a test/training range. Procedure N° 3, on the other hand, may determine an EGEA with dimensions 
exceeding the size of the laser range ground area. Furthermore, implementation of both Procedures N° 2 
and N° 3 determine the existence of no-flying areas (HAS and EHAS respectively) which, in some cases, 
may exceed the dimensions of the range controlled air-space. Therefore, only the Procedures N° 1 and  
N° 4 are to be considered viable options in most cases of practical interest. However, the Procedure N° 1 
has the disadvantage of requiring the adoption of a SM in the EF-BZ calculations (following the safety 
standards recommendations), which determines considerable limitations in the GLS-target slant-range, 
relative height and angular displacement envelopes. Therefore, the Procedure N° 4, developed during this 
research for employment at the PILASTER range, is the option best matching both the eye-safety 
requirements and the need of executing test/training missions in a variety of conditions (GLS-target 
geometry, terrain profiles, co-operative tasks, guided weapons deliveries, etc.) representative of the real 
operational scenarios. 
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