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SECTION II, 2.10  Laser Exposure:
Principles of operation

A basic insight into how a laser works helps in understanding the hazards incurred when a laser emitter is used.  As shown in Figure 1-1, electromagnetic radiation is emitted whenever a charged particle (e.g., an electron) gives up energy.  This happens every time an electron drops from a higher energy state, Q1, to a lower energy state, Q0, in an atom or ion.

The frequency, or wavelength of the radiation, determines the color of light, i.e., shorter wavelengths are the ultraviolet (UV) and the longer wavelengths are the infrared (IR).  The smallest particle of light energy is described as a photon.  The energy in joules, E, of a photon is determined by its frequency, ( in hertz (Hz), and Planck's constant, h (6.63 x 10-34 J(s), as follows:
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The velocity of light in a vacuum, c, is 3 x 108 meters per second (m/s).  The wavelength, (, of light is related to the frequency as follows:
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The difference in energy levels across which an excited electron drops determines the wavelength of the emitted light.  As the energy increases, the wavelength decreases.
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Figure 1-1.
Emission of radiation from an atom by transition of an electron from a higher energy state to a lower energy state

As shown in Figure 1-2, the three basic components of a laser are:

Lasing medium (crystal, gas, semiconductor, dye, etc,)

Pump source (adds energy to the lasing medium, e.g., xenon flash lamp, electrical current to cause electron collisions, radiation from another laser, etc.)

Optical cavity (typically bound by reflectors to act as the feedback mechanism for light amplification)
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Figure 1-2.
Diagram of solid state laser

Electrons in the atoms of the lasing medium normally reside in a steady-state lower energy level.  When energy from a pump source is added to the atoms of the lasing medium, the majority of the electrons are excited to a higher energy level, a phenomenon known as population inversion.  This phenomenon must occur in order to achieve light amplification.

The excited state is an unstable condition for these electrons.  They will stay in this state for a short time and then decay back to their original energy state.  This decay can occur in two ways – spontaneously or by stimulation.  If, before an excited electron spontaneously decays, it is hit with a photon with a certain wavelength, the electron will be stimulated into decay and will emit a photon of the same wavelength and in the same direction as the incident photon.  If the direction of this reaction is parallel to the optical axis of the cavity, the emitted photons travel back and forth in the cavity stimulating more and more transitions and releasing more and more photons – all in the same direction and with the same wavelength.  The light energy is therefore amplified.  Since one of the mirrors is a partial reflector, part of the amplified energy is emitted as a laser beam.

In practice, it is very difficult to obtain a population inversion when utilizing only one excited energy level.  Electrons in this situation have a tendency to decay to their ground state very quickly.  As shown in Figure 1-3, a lasing medium typically has at least one excited (metastable) state where electrons can be trapped long enough (microseconds to milliseconds) to maintain a population inversion so that lasing can occur.  Although laser action is possible with only two energy levels, most lasers have four or more levels. 
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Figure 1-3.
Diagram of three level laser energy

Types of LASERS

There are a number of methods used in producing laser energy.  Common methods include the use of semiconductor, liquid dye, solid state, gas, and metal vapor.  Although the technology behind each type can be quite different, the resulting laser energy has the same basic characteristics.

In recent years, the semiconductor laser (laser diode) has become the most prevalent laser type.  The laser diode is a light emitting diode (LED) with an optical cavity to amplify the light emitted from the energy band gap that exists in semiconductors.

Lasers can operate continuously (continuous wave or CW) or may produce pulses of laser energy. Pulsed laser systems are often repetitively pulsed.  The pulse rate or pulse repetition frequency (PRF) as well as pulse duration and peak power are extremely important in evaluating potential biological hazards.  Due to damage mechanisms in biological tissue, repetitively pulsed lasers can often be more hazardous than a CW laser with the same average power.

Table 1-1.
 Examples of common lasers

	LASING MEDIUM
	LASER METHOD
	SPECTRAL REGION
	WAVELENGTH

	Argon Fluoride
	Gas
	UV
	193 nm

	Xenon Chloride
	Gas
	UV
	308 nm

	Helium Cadmium
	Gas
	UV

Blue
	325 nm

442 nm

	Argon
	Gas
	Blue
Green
	488 nm
514 nm

	Krypton
	Gas
	Blue
Green
Yellow
Red
	476 nm
528 nm
568 nm
647 nm

	Copper Vapor
	Metal Vapor
	Green
Yellow
	510 nm
578 nm

	Frequency-Doubled Nd:YAG
	Solid State
	Green
	532 nm

	Helium Neon
	Gas
	Green
Yellow
Orange
Red
Near IR
	543 nm
594 nm
612 nm
633 nm
1.15 (m

	Rhodamine 6G
	Liquid Dye
	Visible
	550-650 nm

	Gold Vapor
	Metal Vapor
	Red
	628 nm

	Gallium Aluminum Arsenide
	Semiconductor
	Visible - Near IR
	670-830 nm

	Ruby
	Solid State
	Red
	694 nm

	Alexandrite
	Solid State
	Near IR
	700-815 nm

	Gallium Arsenide
	Semiconductor
	Near IR
	840 nm

	Titanium Sapphire
	Solid State
	Near IR
	840-1100 nm

	Nd:YAG
	Solid State
	Near IR
	1.06 (m

	Erbium:Glass
	Solid State
	Mid IR
	1.54 (m

	Erbium:YAG
	Solid State
	Mid IR
	2.94 (m

	Carbon Dioxide
	Gas
	Far IR
	10.6 (m


beam properties

Lasers either emit continuously or produce discrete pulses of optical radiation.  When dealing with continuous wave (CW) lasers, beam power is used.  Beam energy is used for single pulse lasers.  However, when dealing with repetitively pulsed lasers, either parameter can be used.  Care must be taken to ensure that the correct parameter is considered when comparisons with safety thresholds are made.

Laser power is the rate with which laser energy is emitted.  This means that at any given instant, a laser can produce a certain quantity of laser power.  Laser energy is a measure of the amount of optical radiation received in a given period of time (such as a single laser pulse).  Power is typically given in watts (W) and energy is typically given in joules (J).  They are mathematically related as follows:
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With the exception of what is absorbed by the atmosphere, the amount of energy available at the output of the laser will be the same amount of energy contained within the beam at any point downrange.  Figure 1-4 illustrates a typical laser beam with a sampling area smaller than the beam cross sectional area.  The amount of energy available within the sampling area will be considerably less than the amount of energy available within the total beam.  Irradiance describes the power per unit area and radiant exposure describes the energy per unit area of a laser beam.
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Figure 1-4.
Illustration of irradiance

Laser beams can have complex patterns and shapes.  The optical power distribution within a laser beam (called the laser mode) is typically expressed with either a single bell-shaped (Gaussian) power density profile, or a combination of multiple bell-shaped profiles.  The ideal laser is considered to have a single Gaussian profile for most laser applications.  This mode is often assumed so as to simplify laser hazards analyses.

Since a Gaussian distribution has no mathematical beginning or ending (see Figure 1-5), defining the diameter of a laser beam can be difficult.  To solve this dilemma, one can define the diameter of a laser beam by determining the diameter of an aperture that would allow only a certain percentage of the total beam output to pass through.  The 1/e beam diameter is defined as the size of an aperture that would block 36.8% (1/e) of the beam output (allowing 63.2% to pass).  This is the method most often used for laser safety evaluations.  Some laser manufacturers will specify their laser beam diameters assuming an aperture that blocks 13.5% (1/e2) of the output (allowing 86.5% to pass).  The 1/e beam diameter is equal to the 1/e2 beam diameter divided by the square root of 2 (1.414).
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Figure 1-5.
Beam diameter

Light from a conventional light source is extremely broadband (containing wavelengths across the electromagnetic spectrum). If one were to place a filter that would pass only a very narrow band of wavelengths (e.g., a green filter) in front of a white or broadband light source, only that color or wavelength region would be seen exiting the filter (see Figure 1-6).
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Figure 1-6.
Laser linewidth.

Light from the laser is similar to the light seen from the line filter with a broadband source.  However, instead of a narrow band of wavelengths, none of which is dominant as in the case of the filter, there is a much narrower bandwidth about a dominant center frequency emitted from the laser.  The color or wavelength of light being emitted depends on the type of lasing material being used.  For example, if a Neodymium:Yttrium Aluminum Garnet (Nd:YAG) crystal is used as the lasing material, light with a wavelength of 1064 nm will be emitted.  Certain materials and gases are capable of emitting more than one wavelength.  The wavelength of the light emitted in such a case is dependent on the optical configuration of the laser.

Light from a conventional light source diverges (spreads rapidly) as illustrated in Figure 1-7.  The power or energy per unit area may be large at the source, but it decreases rapidly as an observer moves away from the source.  In contrast, the output of the laser shown in Figure 1-8 has a very small divergence and the beam irradiance or radiant exposure at shorter distances is almost the same at the observer as at the source.  Thus, within a narrow beam, relatively low power lasers are able to project more energy than can be obtained from much more powerful conventional light sources.
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Figure 1-7.
Divergence of conventional light beam
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Figure 1-8.
Divergence of laser beam

The divergence, (, of a laser beam used in laser safety calculations is defined as the full angle of the beam spread measured between those points which include laser energy or irradiance equal to 1/e of the maximum value.  As a laser beam propagates through space, it produces a profile as shown in Figure 1-9.  The beam diameter, DL, is a function of range, r, from the exit port or beam waist and can be calculated as:




where a is the 1/e beam diameter at the exit port or beam waist.




Figure 1-9.
Geometry of laser beam

characteristics of materials

Materials can reflect, absorb, and transmit light rays.  A mirror best illustrates reflection of light.  If light rays strike a mirror, almost all of the energy incident on the mirror will be reflected.  Figure 1-10 illustrates how a plastic or glass surface will act on an incident light ray.  The sum of energy transmitted, absorbed, and reflected will equal the amount of energy incident upon the surface.

A surface is specular (mirror-like) if the size of surface imperfections and variations are much smaller than the wavelength of incident optical radiation.  When irregularities are randomly oriented and are much larger than the wavelength, then the surface is considered diffuse.
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Figure 1-10.
Light ray incident to a glass surface

A flat specular surface will not change the divergence of the incident light beam significantly.  Curved specular surfaces, however, will change the beam divergence.  The amount that the divergence is changed is dependent on the curvature of the surface. Figure 1-11 demonstrates these two types of surfaces and how they will reflect an incident laser beam.  The value of irradiance measured at a specific range from the reflector will be less after reflection from the curved surface than after reflection from the flat surface, unless the curved reflector focuses the beam near or at that range.
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A diffuse surface will reflect the incident laser beam in all possible directions.  The beam path is not maintained when the laser beam strikes a diffuse reflector.  A surface that would be a diffuse reflector for a visible laser beam might be a specular reflector for an infrared laser beam.  As illustrated in Figure 1-12, the effect of various curvatures of diffuse reflectors makes little difference on the reflected beam.  The phenomenon known as scatter is the diffuse reflection from very small particles in the air.
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Refraction is the deflection of a ray of light when it passes from one medium into another.  If light is incident upon an interface separating two transmitting media (such as air and glass), some light will be transmitted while some will be reflected from the surface.  If no energy is absorbed at the interface, T+R = 1.00 where T and R are the fractions of the incident beam intensity that are transmitted and reflected.  T and R are called the transmission and reflection coefficients, respectively.  These coefficients depend not only upon the properties of the material and the wavelength of the radiation, but also upon the angle of incidence.

The angle that an incident ray of radiation forms with the normal (perpendicular) to the surface will determine the angle of refraction and the angle of reflection (the angle of reflection equals the angle of incidence).  The relationship between the angle of incidence (() and the angle of refraction ((') is:

n sin (() = n' sin ((')

where n and n' are the indices of refraction of the media that the incident and transmitted rays move through, respectively (see Figure 1-10).

Since refraction can change the irradiance or radiant exposure, it can either increase or reduce a laser hazard.

As light propagates through the atmosphere or any medium, its total power or energy is attenuated by absorption and scattering.  After propagating a distance, r, through the atmosphere, intensity, I, is given by:
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where Io is the initial intensity, and ( is the atmospheric attenuation coefficient.  The units of ( must be the inverse that of r, that is, if r is represented in cm, then ( must be represented in cm1 so that the term (r is dimensionless.

This equation shows that the intensity falls off exponentially as a function of the distance from the laser source.  The attenuation coefficient is dependent on the wavelength of the laser.  Because of the combination of absorption and scattering effects, the attenuation coefficient is a complex function of wavelength having a large value at some wavelengths and a small value at others.

Scintillation is caused by random variations in the index of refraction of the atmosphere through which the beam is passing.  These index variations are caused by localized temperature and pressure fluctuations.  This results in a focusing effect which creates hot spots in the beam pattern, most pronounced at long ranges.  Scintillation of a laser beam creates a flickering pattern of light similar to what one might expect at the bottom of a swimming pool when the water surface is not calm and the sun shines into it.

Classification of LASERS according to the FDA

Background

The purpose of a laser hazard evaluation is to minimize the potential for injury to personnel from a laser emitter.  As part of this evaluation, the accessible emission level (AEL), laser classification, nominal ocular hazard distance (NOHD), and optical density (OD) required for personnel protection are determined.  In addition, engineering and administrative control measures should be considered.

The retina is especially sensitive to laser light beams for two reasons:

Irradiance from a conventional source, such as a light bulb, is reduced with increasing distance from the source according to the inverse square law, i.e., the irradiance is reduced as a function of the square of the distance from the source.  Since a laser beam is collimated it does not follow the inverse square law and its irradiance for a given power output is usually far greater at a given distance than that from a conventional light source.

If light from a conventional source is focused by means of a reflecting surface, as in a searchlight, the irradiance downrange of the source is greater than would be expected according to the inverse square law.  However, it is not possible to collimate conventional light energy.  For a given power output a conventional light source cannot, therefore, produce a light beam which has an irradiance similar to that of a laser beam.

Collimated light rays reaching the eye are focused by the cornea and lens onto a very small area of the retina similar to the way parallel light rays from the sun can be focused by a magnifying glass into a spot of sufficient irradiance to burn paper.  A laser beam can have an irradiance, which exceeds that of the sun, even if the laser is of relatively low power (e.g., 5 milliwatt) and the observer is at a considerable distance from the source.  In this context, the focusing ability of the eye is very important.  Laser light passing through a pupil of 7 mm diameter can be focused into a spot on the retina only 2-20 (m big.  It can be calculated that the irradiance of collimated light is increased up to 100 000 times from the cornea to the retina.

accessible emission limit (ael)

The AEL is defined as the maximum accessible emission power or energy permitted within a particular class.  The class 1 AEL is the value to which laser output parameters are compared.  The class 1 AEL is calculated by multiplying the maximum permissible exposure (MPE) by the area of the limiting aperture.

Maximum Permissible Exposure (MPE)

The maximum permissible exposure is a function of wavelength, exposure time, and nature of exposure (intrabeam, diffuse reflection, eye or skin).  MPE values are determined from biological studies and are published in regional, national (e.g., American National Standards Institute ANSI Z136.1.) and international (e.g., International Electrotechnical Commission IEC 60825-1) laser safety standards.

MPE values are expressed in terms of irradiance or radiant exposure and are given in W/cm2 or J/cm2 (W/m2 or J/m2).  They represent the maximum levels to which a person can safely be exposed without incurring biological damage.  However, sub-damage threshold effects may be significant at exposure levels below the MPE.

Limiting Aperture (Df)

The limiting aperture (Df) is the maximum diameter of a circle over which irradiance or radiant exposure can be averaged.  It is a function of wavelength and exposure duration.  These values are provided in national and international laser safety standards.  The limiting aperture is a linear measurement and is thus expressed in terms of cm or mm.

The MPE for eye exposure in the 400 to 1400 nm band (retinal hazard region) is based upon the total energy or power collected by the night-adapted human eye, which is assumed to have an entrance aperture 7 mm in diameter.  This diameter is the limiting aperture.  To determine the potential hazard, the maximum energy or power that can be transmitted through this aperture must be determined.  This amount is compared to the class 1 AEL.  For lasers with wavelengths outside the retinal hazard region and for the skin, other limiting apertures may apply.

laser hazard classification

Laser hazard classifications are used to indicate the level of laser radiation hazard inherent in a laser system and the extent of safety controls required.  These range from class 1 lasers, which are safe for direct beam viewing under most conditions, to class 4 lasers, which require the strictest controls.

Classification is based only on unaided and 5 cm aided viewing conditions.  This means that the power or energy that can pass through the limiting aperture (known as the effective power or energy) is compared to the appropriate AEL when determining hazard classification.  The laser classification system is summarized below (for a full description reference should be made to the applicable national or international standard).

Class 1 Lasers

Class 1 lasers are lasers which cannot emit radiation in excess of the class 1 AEL (based on the maximum possible duration inherent in the design or intended use of the laser), or which have adequate engineering controls to restrict access to the laser radiation from an embedded higher class of laser.  This does not, however, necessarily mean that the system is incapable of doing harm.  Since only unaided and 5 cm aided viewing conditions are considered, hazards may still be posed when viewing optics with a greater optical gain than 7.14 (5 cm optics) are used or if access to the interior of the laser emitter is possible.

Class 2 Lasers

Class 2 lasers are low-power visible (400 to 700-nm wavelength) lasers and laser systems which can emit an accessible output exceeding the class 1 limits, but not exceeding the class 1 AEL for a 0.25 second exposure duration.  The class 1 AEL for a 0.25 second exposure duration is 1 mW.  Invisible lasers cannot be class 2.

Class 3 Lasers

Class 3 is sub-divided into 3a and 3b (3A and 3B in international standards).  Class 3a lasers are medium-power lasers with an output between 1 and 5 times the class 1 AEL (class 2 AEL for visible lasers) based on the appropriate exposure duration.  All other lasers at any wavelength not classified as class 1 or class 2 with a power less than 500 mW and unable to produce more than 125 mJ in 0.25 seconds are defined as class 3b (3B).  The International Electrotechnical Commission (IEC) international standard also has a limit on irradiance for class 3A lasers of 25 W m-2 (2.5 mW cm-2).

Class 4 Lasers

Class 4 lasers are high power lasers including all lasers in excess of class 3 limitations.  These lasers can often be fire hazards.  Both specular and diffuse reflections are likely to be hazardous.

nominal ocular hazard distance (nohd)

The NOHD is the maximum range at which the power or energy entering the limiting aperture can exceed the class 1 AEL.  This value expresses the minimum safe distance from which a person can directly view a laser source without a biological damage hazard.  The class 1 AEL is calculated by multiplying the MPE by the area of a circle with a diameter of the limiting aperture (Df).
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The following equation describes the relationship between energy through a limiting aperture, Qf, (effective energy) to total energy, Q0, of a Gaussian laser beam, given the 1/e beam diameter, DL, the aperture diameter, Df, and neglecting atmospheric losses.
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When including the effects of atmospheric attenuation, divergence, and viewing aids this equation becomes:
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where G represents the effective optical gain and ( represents the transmission of viewing aids.

If the class 1 AEL (the maximum safe level of exposure) is substituted for Qf (the actual exposure that could be received), the range, r, becomes the nominal ocular hazard distance (NOHD).  Making these substitutions and solving for NOHD results in the following:
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optical density

Since some lasers or laser systems may produce energy or power millions of times that of the class 1 AEL, the use of logarithms is the preferred method to express personnel protection requirements.  To fully specify the eye protection requirements for a particular laser system, unaided and aided optical density, OD, values are calculated.

To determine the OD of eyewear required to protect personnel from incident laser radiation, the ratio of the effective energy, Qf, to the class 1 AEL is used as shown:
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To consider the effects of binoculars or other viewing aids, the change in the effective energy will produce different OD values and must be considered if those viewing conditions are possible.  However, the maximum OD will never be more than:
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This equation assumes that all laser energy is concentrated into the limiting aperture with no transmission loss through optics.  This is the worst case condition.

other factors

In performing a laser hazard evaluation, other issues must be considered.  Things such as critical task impairment, properly working safety interlocks, standard operating procedures, and signs and labels are integral factors in establishing a safe environment for laser operation.  The significance of specific control measures depends upon the laser hazard classification.  A startup delay, for example, should not be necessary for a class 2 laser device.  Applicable national or international laser safety standards list the control measures required for each laser hazard class.

Classification of LASERS according to affected airspace

With outdoor lasers, a buffer zone should be established and utilized for each laser system.  A buffer zone is a conical volume centered on the laser's line-of-sight with its apex at the laser aperture using a specified buffer angle.  The laser system’s buffer zone depends on the aiming accuracy and boresight retention of the laser system.  Typically, the laser system’s buffer zone is equal to five times the system's aiming accuracy.  The typical buffer angles for lasers used outdoors are 10 mrad for hand-held lasers and 5 mrad for lasers on a stable platform. 

Nominal Hazard Zone (NHZ)

The volume of space defined by all locations capable of exceeding the class 1 AEL (including the buffer zone) is known as the nominal hazard zone (NHZ).  Anyone outside the NHZ is considered to be safe from laser hazards.  Either procedural safeguards or personnel protection equipment (e.g., laser safety eyewear) should protect anyone within the NHZ.  Small specular reflectors in the laser beam bath can create unwanted beams and should be considered in determining the NHZ.

Sensitive, Critical, & Laser-Free Zones

Biologically safe exposure of the eye to a visible laser beam can create unwanted effects that can reduce or destroy the ability of a person to perform a task.  These effects can be very hazardous if the task is safety critical (e.g., landing an aircraft).  Three visual interference levels have been defined.  These values are as follows:

	Sensitive Level
	100 (W/cm2

	Critical Level
	5 (W/cm2

	Laser-Free Level
	50 nW/cm2


The sensitive level approximates the level at which a person could experience severe, lingering after-effects from exposure to a laser beam.  The critical level approximates the level to which a person could experience significant loss of vision during exposure to a laser beam and some residual, lingering after-effects.  The laser-free level approximates the level at which a person would receive distracting glare, but no after-effects.  The sensitive, critical, and laser-free zones are the respective volumes of space where levels above these are prohibited.

Determining the distances associated with these visual interference levels is done the same way as when evaluating the NOHD values.  The values in the table above are substituted for the appropriate MPE, new AEL values are determined, and the range is recalculated.  Note that these values are only relevant to visible laser beams.  These values have no meaning for wavelengths outside the visible spectrum (400 nm - 700 nm).

Ancillary Hazards

Although the laser radiation is the most obvious hazard associated with laser systems, many other hazards should be considered in a laser hazard evaluation.  These are known as ancillary hazards.  A study of these hazards is beyond the scope of this paper.

Mechanisms of biological damage due to LASERS

introduction
The development of the laser and the industrial application of laser technology are some of the most significant scientific contributions of the 20th century.  Presently, lasers are found virtually everywhere, from supermarkets and schools to satellites and operating rooms, and have become fundamental components in consumer products and complex industrial devices, including sophisticated weapon systems.  The accessibility of the technology and the significant reduction in cost places lasers at virtually everyone’s disposal.  Furthermore, the application of laser technology into modern society is still emerging and its future potential appears boundless.

However, if used improperly, laser energy also poses a significant biohazard.  Consequently, even the most innocuous laser pointer can become a safety hazard, either through direct bioeffects or by causing a disruption of critical performance tasks in hazardous situations.

Not surprisingly, as lasers proliferate, an ever-increasing number of laser beam related incidents, some from misadventure and others caused by intentional misuse, have been reported.  A significant number of these incidents involve aircraft operations, both civil and military.  Low flying helicopters, as used by police and for medical evacuation, are particularly vulnerable, not only because of their proximity to the ground but also because of their proximity to ground-based lasers.  In some aviation environments, even the most trivial of laser beams have the potential to become a lethal threat, e.g., by distraction of aircrew during a critical phase of flight.  This portion of the course will only serve to be an overview of the bioeffects of lasers and how they relate to aircraft operations.

the hazard

The spectrum of electromagnetic radiation ranges from the shortest of cosmic rays at 10-5 nm to very long waves in the order of 1014 nm (100 km), as associated with communications and power sources.  Each of these wavelengths is associated with photons of varying energy.  The shorter the wavelength, the higher the energy associated with the photons at that specific wavelength.  For tissue interactions at the atomic level, the higher the level of energy associated with these photons, the higher the risk for biological effects.  Therefore, radiation of shorter wavelengths has the greatest potential to be biologically hazardous.

The sun is the source for most of the natural electromagnetic radiation reaching the earth.  Fortunately, the atmosphere protects the surface of the earth from many of these wavelengths and their associated hazards, but a significant portion of the electromagnetic spectrum still penetrates this protective barrier to become an environmental biohazard.  In addition, industrial sources can create hazardous radiation in any environment.

The optical radiation portion of the electromagnetic spectrum can interact with the human eye and skin.  Optical radiation extends from the shortest ultraviolet wavelength, at 100 nm, through the visible spectrum, up to and including longer infrared wavelengths around 1 mm (106 nm), such as those associated with radar.  The optical radiation portion of the electromagnetic spectrum can be a biohazard when associated with visible and invisible laser beams.

The International Commission on Illumination (CIE) has divided the optical radiation portion of the spectrum into the bands listed in Table 3-1, which include, infrared (IR), visible (VIS), and ultraviolet (UV) wavelengths:

Table 3-1.  Optical Radiation Spectral Bands
	Spectral Band
	Wavelength (nm)

	UVC
	100-280

	UVB
	280-315

	UVA
	315-400

	VISIBLE
	400-700

	IRA
	700-1400

	IRB
	1400-3000

	IRC
	3000 – 1000000


The atmospheric contents normally shield the surface of the planet from most UVC radiation.  Wavelengths below 180 nm are completely blocked by the atmosphere.  Without this protection, biological life on the planet would not be possible.  Although not a naturally occurring biological threat, any of these wavelengths can be artificially generated and exploited by means of laser-based technology.
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Figure 3-1

biological tissue damage mechanisms

In order for phototoxic damage to occur in a biological tissue, some molecular constituent of that biological tissue must absorb radiation.  However, most molecules have the ability to absorb at least some portion of the electromagnetic spectrum.  It is possible to plot, for any given tissue, those ranges of radiation (wavelengths) to which that individual tissue is sensitive.  That tissue plot represents a summation of the individual sensitivities of all of its constituent molecules and is known as the action spectrum.  In many cases, the action spectra of different individual tissues have been precisely calculated and they are associated with very specific wavelengths.  Most action spectra have been well described for the different tissue types.  A classic example of this is the action spectrum for photokeratitis (inflammation of the cornea), which is related to excessive ultraviolet exposure.

In the radiation source the Grotthus-Draper Law states that photons must be absorbed by a molecule before a photochemical effect can occur.  The Stark-Einstein Law states that only one photon has to be absorbed by a molecule to cause an effect.  If a photon is absorbed, then biological damage may occur as a consequence of one of three main damage mechanisms or any combination thereof: a. photochemical (photolytic); b. thermal (photocoagulative); and c. acoustico-mechanical.  Within any given biological tissue, the amount of damage that occurs represents a summation of all these mechanisms as well as other propagated local tissue effects.  Therefore, tissue damage will usually extend beyond the immediate confines of individual molecular locations.  In some cases, tissue damage can be induced at considerable distances from the location of the absorbing molecule(s), e.g., from edema or vascular disruption.

Photochemical Damage: Photochemical (photolytic) damage occurs when the energy of an incoming photon is high enough to break (lyse) existing chemical bonds within individual molecules.  The effect of this is to alter or destroy the absorbing molecules and to transform them into unwanted free radicals.  A large portion of an organism’s ability to resist the long-term consequences of tissue free radicals that are generated on a daily basis involves many chemical mediators that repair this damage and remove these free radicals from individual tissues in order to neutralize their potential negative effects.  When these damage repair mechanisms or mediators cannot compensate for the rate of free-radical generation, acute and chronic diseases are known to follow.  Examples of these include cataracts, macular degeneration, corneal degeneration, and a variety of degenerative skin conditions, from loss of elasticity (wrinkles) to skin cancers.

The shorter the wavelength, the higher the energy associated with those particular photons.  High-energy photons, for example UVC, have sufficient energy to break carbon-to-carbon bonds, which are some of the strongest biochemical bonds in living tissue.  This is why atmospheric UVC absorbers, such as oxygen, ozone, water, carbon dioxide, and other atmospheric constituents, are critically linked to human survival on earth.  Thus, it is the energy associated with these shorter UV wavelengths that accounts for a significant portion of the photochemical damage seen in both the skin and the eye.  In fact, wavelengths shorter than 320 nm are regarded as the active actinic ultraviolet range.  Lasers can provide a concentrated source of photons at virtually any wavelength and thus are quite efficient at causing photochemical damage, either from low intensity long exposures or high intensity short exposures.

Thermal Damage: When an inorganic or organic molecule absorbs a photon, this additional new energy drives the molecule into one of several types of unstable excited states, the most unstable of which is often referred to as a triplet state.  The newly acquired level of excess energy is usually shed quickly and these states therefore are of extremely short duration.  In some cases, the release of energy occurs visibly by re-radiation of the energy as light at another wavelength, either as phosphorescence or fluorescence.  Generally, however, this energy is released by giving off heat.  Depending on the amount of heat generated and the thermal sensitivity of the surrounding tissues, if normal thermal dissipating mechanisms fail to compensate or are overloaded, this thermal process will then induce thermal damage.  Thus, this heat can damage surrounding proteins and other tissues even well beyond the immediate surrounds of the absorbing molecule(s).  This explains why the visual effects of a retinal burn from a laser beam can be disproportionately much larger than the overall visible spot size of the lesion itself.

Acoustico-mechanical Damage:  Acoustico-mechanical damage occurs as a consequence of high energy, short duration exposures to laser beams.  This damage mechanism consists of several sub-processes.  These include acoustic shock waves induced by the impact of the laser beam itself or several consequences of the beams.  For example, ultra-fast elevations of tissue temperature can generate steam bubbles in the tissue.  Mechanically, this can either destroy surrounding tissue as a function of being a space-occupying lesion or by inducing additional shock waves, which then propagate into and through various neighboring tissues inducing even further structural damage.  In addition, the ability of radiation to create a highly ionized state of matter (plasma) in combination with this steam generating process can result in a formation of bubbles that can further disrupt delicate tissue structures.  Such effects may affect areas up to 200 times larger than the thermal damage area.  This cavitation process, also called an optical breakdown, can be used quite effectively, e.g., by a Nd:YAG laser, to create a mechanical pulse in clear media without the need for tissue absorption.  This effect is used clinically by ophthalmic practitioners as a tissue knife, or “disrupter”, to cut through opacifications of the posterior capsule of the lens formed after extracapsular crystalline lens extraction, to lyse tissue bands deeper in the eye, and to create holes in the iris (iridotomy) to treat glaucoma.

The types of bioeffects and related tissue damage induced by a laser beam in either the skin or the eye is dependent on many variables, including the physical characteristics of the laser emitter itself, the environmental setting, and the biological characteristics of the target tissue and its surrounding confines.

The most important physical characteristics related to the laser emitter are:

wavelength

initial beam size

power and power density

beam divergence

output mode (pulsed or CW)

pulse properties (PRF, pulse width, etc.)

The ability of any given laser beam to induce bioeffects and generate damage can be tempered or enhanced by environmental factors.  Such environmental factors include:

ambient luminance (which determines the level of light adaptation)

distance from laser source

atmospheric conditions

angle of incidence

intervening optical interfaces 

viewing conditions (unaided or with magnification device)

The individual sensitivity of any biological tissue to any given radiation can be artificially increased (damage threshold decreased) by the use of certain photosensitizing agents or medications.  There is a large and growing list of assorted pharmaceutical agents, both topical and systemic, that can make an individual more vulnerable to biological damage in some tissues in any given setting.  In some cases, this can elevate tissue sensitivity to such a degree that a known non-damaging level of a particular radiation can suddenly and unexpectedly become a significant biohazard.  A list of some common photosensitizers is provided in Table 3-2.
Table 3-2: Common Photosensitizing Agents

	Antibiotics (tetracyclines)
	Oestrogens/progesterones 

	Chlordiazepoxide (Librium®)
	Phenothiazines 

	Chlorthiazides
	Porphyrins (porphyria) 

	Cyclamates 
	Sulfonamides 

	Furocoumarins (psoralens)
	Sulfonylurea 

	Griseofulvin
	Tretinoin (retinoic acid, vitamin A acid,  Retin-A®) 

	Nalidixic Acid
	Triacetyldiphenolisatin (laxative)


the skin

The wavelength sensitivity range of the skin and the eye from optical radiation is generally very similar.  While the likelihood of a skin injury is statistically higher because the skin has a much larger vulnerable surface area than the eye, the operational consequences of such skin effects are generally trivial.  This vulnerability of the skin can easily be diminished by simple protective measures, such as covering the exposed areas with garments or chemical blocking agents.  Nonetheless, when exposed to optical radiation the skin can suffer the consequences, both acute and chronic, of all three biological tissue damage mechanisms.  The typical acute skin injury is likely to be a surface burn and may require medical management.  Cumulative effects manifest themselves later in life as chronic conditions, such as wrinkles, skin folds, and skin cancers.  It is estimated that 80% of the lifetime carcinogenic exposure to UV radiation occurs before age 21-years.  Proper UV protection should be diligently followed from the earliest possible age.

It is also possible to disrupt skin and entire organisms with more powerful lasers, such as those developed for military, industrial and scientific use. It is, however, unlikely that acute skin damage from a laser beam will disable aircrew, either physically or psychologically, and thus play a role in the disruption of safe air operations.  Unnecessary exposure to radiation, particularly UV, should be avoided to reduce potential toxic cutaneous effects, both acute and chronic.  The amount of UV radiation increases with altitude, as a general rule increasing 3-4% for every 1000 feet gain in altitude.

the eye

It is the disruption in visual performance and the potential of laser beams to induce ocular damage that is of paramount importance to aircrew in the performance of their duties and a threat to flight safety.

Optical radiation can be divided into two general regions with respect to the potential of a laser beam to cause damage: the retinal hazard region and the non-retinal hazard region.  The retinal hazard region includes the visible and near infrared band and represent those wavelengths that are transmitted through the optical media of the eye (cornea, aqueous humor, lens, and vitreous body) and are generally focused on the retina.  This band includes the entire visible range between 400 and 700 nm, up through and to the end of the near infrared (IR-A) range at 1400 nm.  The non-retinal hazard region refers to those wavelengths that are mostly absorbed by anterior ocular tissues (cornea and lens) without significant transmission on to the retina.  This band includes UV and the longer IR bands, those greater than 1400 nm (IR-B and IR-C).  Although some of the non-retinal hazard radiation can be transmitted through some ocular tissues, the vast majority of it is normally absorbed before it reaches the retina.  This absorption process can also have acute and chronic effects on the absorbing tissues themselves, especially if normal repair capabilities are exceeded.  An example is the crystalline lens, which is the final tissue barrier to UV radiation.  It absorbs virtually all of the residual UV radiation that passes through the cornea and the aqueous humor.  This absorption process induces changes within the lens, such as yellowing, which makes it a more effective blue-wavelength and UV filter.  But the absorption may also result in increasing opacification of the lens in the form of a nuclear-sclerotic cataract (senile cataract) that eventually disrupts overall visual performance.  Once the lens is removed surgically, this normal barrier to UV radiation is also removed and thus retinal tissue is now exposed to higher levels of UV that normally would have been absorbed by the crystalline lens.  This necessitates additional sun protection even in individuals with implanted intraocular lenses (IOL) containing UV radiation absorbing additives, because such lenses do not reliably protect the retina against UV radiation.

The characteristics of each ocular tissue with respect to optical radiation are discussed in more detail.  Figure 3-2 is provided to facilitate the discussion.

1.  Cornea 

The multi-layered cornea is a clear ocular structure, which contributes the majority of the light bending power (refractive power) of the eye as it naturally focuses incoming light rays on the retina.  The cornea can absorb virtually 100% of UV wavelengths shorter than 280 nm (UVC).  This is usually of little importance as the atmosphere already absorbs almost all of the natural UVC, even at the highest flight levels.  The overall absorption of the UV radiation band by the cornea declines as the wavelength increases, so that more and more UV radiation is gradually passed on through the aqueous humor to the lens.  At 360 nm, the cornea absorbs about 34% of the UV radiation.  On the other hand, the cornea absorbs very little of the visible and near-infrared portions of the spectrum, passing over 95% of this range on to the retina as a more concentrated or focused beam.

Absorption of excessive UV radiation by the cornea can cause corneal tissue damage as a function of its action spectrum.  The classic example of this is photokeratitis associated with arc-welding, artificial sun tanning or exposures to high levels of environmental UV radiation, such as that typical of snow and water activities.  UV radiation has also been identified as causing several types of corneal degenerations.  Damage repair mechanisms and the replicating nature of the corneal epithelium generally limit such effects to only a temporary condition but a painful one.  However, with very high intensity laser beams, it is possible to induce stromal damage deep in the cornea.  This would cause formation of a permanent corneal scar with the potential loss of vision depending on its location.  Fortunately, such powerful UV radiation laser emitters are not readily available.

UV radiation induced corneal injury is usually superficial, temporary, and reversible.  Nonetheless it can be very disabling and painful.  A severe acute corneal lesion could render aircrew visually incapacitated.
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Figure 3-2.  The Anatomy of the Eye

2.  The Aqueous Humor

The aqueous humor is a transparent fluid with very few floating cellular elements.  It does absorb some of the UV radiation that gets through the cornea, but not in any appreciable quantities.  Similarly, it passes infrared and visible radiation virtually unattenuated through to the lens.

3.  The Lens 

The crystalline lens provides the final focusing element of the optical structures of the eye.  While it provides substantially less refractive power than the cornea, it is the only dynamic focusing element with the ability to refine the final focus on the retina.  It does so automatically and almost instantaneously.  It is also the last effective tissue barrier to any of the UV radiation that penetrates the cornea and aqueous humor.  The lens absorbs increasing amounts of UV radiation above 300 nm (UVB), such that it absorbs approximately 50% of UV radiation at 360 nm (UVA).  As addressed earlier, the consequences of providing this final barrier of UV radiation protection for the retina is increasing yellowing and other changes that eventually result in lens opacification and cataract formation.

The UV radiation absorption capability of the anterior segment of the eye results in virtually no UV radiation shorter than 300 nm being passed into the vitreous body and only about 1-2% of UVB and UVA passing through the lens.  A unique window of UV radiation transmission has been identified in the lens through which a disproportionate amount of UV radiation at 320 nm (UVA) is transmitted.  This is of some interest, but does not represent a significant vulnerability.  Since the lens is an avascular and encapsulated structure, its ability to dissipate heat and other damage effects is very limited, a factor, which contributes to cataract formation later in life.  The lens transmits visible and near IR radiation virtually unattenuated, but with some scatter.  However, the lens will absorb mid-infrared energy (IRB) such that it is possible to induce lenticular damage with levels of infrared energy that are not high enough to induce corneal damage.  The lens will also absorb increasing amounts of short visible wavelengths (violet and blue) as it yellows with age.

4. The Vitreous Humor

The vitreous humor or vitreous body (corpus vitreum) is an optically clear structure composed of gelatinous and aqueous material with few structural fibres and cells.  It does, however, have some very limited ability to absorb UV radiation and by design passes visible and near infrared radiation to the retina virtually without attenuation.

5.  The Retina

The retina contains the neural elements and photoreceptors (rods and cones) of the visual system and it is the prime concern with respect to phototoxic damage induced by any optical radiation.  Retinal susceptibility to photolytic damage increases as the wavelength decreases.  Furthermore, the absorption of the retinal pigment epithelium is higher in the near UV range than in the visible range.  Therefore, thermal retinal damage can occur if UV reaches the retina in significant amounts.  While normally protected from UV by the anterior segment of the eye, the retina is vulnerable to UV exposure, especially from 320 nm radiation.  The retinal sensitivity to UVA radiation has also been demonstrated in aphakic eyes.

The retina is uniquely configured to respond to the narrow band of solar radiation that typically reaches the surface of the planet, namely the visible spectrum.  As mentioned previously, that spectrum generally extends from 400 to 700 nm, but the retina is particularly more sensitive to certain wavelengths within that range.  That sensitivity peaks at approximately 555 nm (yellow-green) due to cone sensitivity under photopic conditions (daylight), but shifts downward slightly towards the green at approximately 510 nm, which coincides with the peak rod sensitivity under scotopic conditions (night).  This shift between cone sensitivity and rod sensitivity is known as the Purkinje Shift.

As mentioned previously, the potential for any given laser beam to induce bioeffects is not only a function of the physical characteristics of the laser beam itself, but also of assorted environmental or atmospheric conditions present at the time.  To these variables, certain biological characteristics of the eye must be added that also mediate damage thresholds in the eye.  These include:

pupil size

age

photosensitivity level

tissue vascular supply

clarity of the ocular media (transmission and scatter)

level of light adaptation

type of tissue exposed

Ocular Laser Beam Damage Terminology

There are specific terms relevant when addressing laser beam damage in an eye.  These are:

A.
Maximum Permissible Exposure (MPE): The MPE is that level of laser beam energy below which exposure to a laser beam is not expected to produce adverse biological damage.  There are differences in MPE calculations, depending on whether the laser beam is pulsed or continuous. MPEs for the skin and eye for any laser beam and exposure condition are available in the American National Standards Institute ANSI Z136-1-2000, the International Electrotechnical Commission (IEC) 60825-1: 1998, and other related international documents.

B.
Nominal Ocular Hazard Distance (NOHD): The NOHD is the distance from a laser beam beyond which the MPE is not exceeded.  Within the NOHD, the MPE may be exceeded and biological damage may be expected.  It therefore defines the “safe range” from any given laser emission.  That “safe range” relates to actual biological damage and not necessarily to disruptions in visual performance. 

C.
Minimal Ophthalmoscopically Visible Lesion (MOVL): The MOVL can be defined as the minimal lesion caused by a laser beam exposure, which can be seen by direct ophthalmoscopy.  Tissue damage may not be immediately apparent and it may take over 24 hours for a lesion to become visible.  In general, the energy required to produce an MOVL increases as a function of distance from the fovea on the retina.  Radiant exposure and irradiance thresholds capable of creating MOVLs have been determined for most common laser beam wavelengths.

Laser Beam Bioeffects

The range of potential bioeffects associated with laser beam illumination is a continuum of reversible and irreversible histological damages dependent on the physical laser beam characteristics, environmental factors, and vulnerability of the tissue.

It is therefore possible to define a broad range of potential bioeffects, involving the optical radiation range, that include both pathological damages and performance impacts, all of which represent a threat to safe air operations (Figure 3-3).  This ranges from distraction, glare and dazzle  through flash-blindness, assorted after-images and residual scotomas, to retinal burns, retinal hemorrhages and even an ocular hole.  It also includes physical and psychological phenomena that may further disrupt visual and cognitive function during a particular task.  Consequently, it is not necessary for the MPE to be exceeded or the NOHD to be violated, before a potentially significant effect will occur.  

At the very minimum, any visible laser beam can be potentially distracting and psychologically disruptive.  During a critical phase of flight, even a low-powered laser beam could prove lethal to crew and passengers while not having the power to cause any biological tissue damage.
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Figure 3-3. Ranges of Laser Beam Bioeffects

A single exposure to a laser beam may induce several effects at the same time.  Such an exposure can be distracting (on occasion even terrifying), induce glare or dazzle effects, cause flash-blindness, and create after-images and scotomas, as well as being capable of creating a retinal burn or hole or inducing an intraocular hemorrhage.

A laser beam capable of inducing a retinal burn will also induce a surrounding area of edema and other related biological tissue damage or bioeffects, that will encompass a much broader area beyond the confines of the actual visible lesion itself.  The MOVL refers to the smallest laser beam induced lesion that is ophthalmoscopically visible.  Specialized equipment is needed to see areas of microscopic damage induced by a laser beam exposure.  However, it can be anticipated that these changes are part of the tissue bioeffect continuum and are invariably present in and around any discrete laser beam induced focal lesion.  This collateral damage is primarily due to other tissue damage mechanisms, such as distal effects from occlusion of proximal blood supply or edema that disrupts adjacent cell structures and compresses local blood vessels.

Generally, the susceptibility of the human eye to actual damage is also a function of the environmental luminance and level of light adaptation at the time of exposure.  For example, any given laser beam would have to be significantly more powerful to induce similar photopic (daylight) bioeffects, such as flash-blindness, glare, dazzle, and distraction, than such an illumination under mesopic (twilight) or scotopic (night) conditions.  For the same average power, a pulsed laser beam will have a higher peak power and is therefore more hazardous than a CW laser beam.  However, when it comes to many of the potential bioeffects common to all laser beams, the clinical and subjective difference between pulsed and CW beams is irrelevant.

Due to their collecting capability, viewing aids, such as periscopes, telescopes, and binoculars, have a potential to increase the amount of laser radiation entering the eye, thus increasing the hazard.  This would increase the NOHD and OD requirements for eye protection.  When the beam diameter is made 50% smaller, the power density of the beam is quadrupled.

Imaging devices that do not provide direct viewing of a laser beam, such as Night Vision Goggles (NVG) or Forward Looking Infrared (FLIR) sensors, do not transmit the incoming laser photons directly to the human eye.  These devices use visible photons that have been newly generated and then multiplied using photosensitive materials.  The output of these devices is not a laser beam.  The new photons emitted out of the viewing port of such devices are considerably different from those that actually enter the light gathering device.  Consequently, although such sensors and their data can be disturbed or destroyed by a laser beam, they do provide a significant level of laser beam eye protection along their line-of-sight.

laser beam bioeffects and air operations

Laser bean bioeffects can affect air operations.  These bioeffects include:

Distraction

Glare (also referred to as dazzle)

Flash-blindness

After-images

Scotomas

Retinal Burns

Retinal Hemorrhages

Globe Rupture

Other 

1.  Distraction

When a person sees a bright light, particularly at night, the natural reaction is to look at it.  While in flight, aircrews are particularly sensitive to unexpected bright lights.  Such a light may be perceived as representing a potential threat, such as the prospect of a collision with another aircraft or a ground obstacle.  Pilots, because of their extensive training in combination with normal biological reflexes, instinctively diverts their attention toward any new unexpected light in order to assess its significance.  A distraction that occurs during a critical phase of flight could have serious consequences unrelated to the light source’s ability to induce actual ocular damage.  If the light is a laser beam illumination that exceeds the MPE, then even a brief direct visualization of the laser beam before a compensatory blink occurs could result in irreversible biological damage, as well as acute disturbances in visual performance.  Due to the strobe effect of some pulsed laser beams, they can be more distracting than CW laser beams of the same average power. 
If the light proves to only be a minor distraction, attention can be rapidly refocused back to the aeronautical task at hand, with little more than an inconsequential time penalty.  However, if the light is bright enough, residual psychological and visual bioeffects can prevent resumption of normal visual and cognitive function and related performance tasks.

When a suspected laser beam exposure occurs, experience has shown that there will be an immediate psychological reaction as a direct consequence and reaction to what may be initially perceived as a serious eye injury, especially if the light is strong enough to induce persistent visual effects.  The resulting mind-set will persist until some functional vision returns, but will not completely dissipate until it resolves completely or assurances are given that no permanent damage has occurred.  Therefore, there may be a period of time during which the exposed aircrew member(s) may be functionally disabled, visually and/or psychologically.  Reactions to such events are an unpredictable aspect of human nature, but experience has taught us that significant exposures to laser beams under these conditions can result in serious psychological disruptions, inciting panic and necessitating transfer of control of the aircraft to the other crewmembers. 

2. Glare and Dazzle

Glare and dazzle are two terms often used interchangeably that refer to temporary disruptions in visual function without biological damage.  Glare can be caused by any light and is particularly disruptive under scotopic viewing conditions, especially when the eyes are fully dark-adapted.  However, any glare source in the cockpit is undesirable.  Glare is regarded to be a source fixed effect, meaning that as the position of gaze shifts away from the light source, glare effects are diminished.  The length of time during which glare is in affect is not only a function of how long the light is viewed, but also the dark adaptation state and pupil size in the target eye.  Glare can be divided into discomfort glare and disability glare.  Discomfort glare refers to glare from high illumination that forces the viewer to turn away.  Discomfort glare tends to be exacerbated when the overall ambient illumination is low.  Disability glare refers to the inability to see an object because of the light.  Veiling glare represents the ability of glare to reduce visualization of structures around the glare source beyond the actual size of the glare source itself and is a functional representation of the true level of visual performance degradation.

Disability glare from an external light can be reduced by any intervening interfaces, such as windscreens or canopies, other optical media (spectacles, contact lenses), as well as the cornea and crystalline lens.  However, the more scatter that occurs from these intervening interfaces, the greater the visual effect from veiling glare. 

Some interface materials can also reradiate at different wavelengths, thus an invisible laser beam can cause reradiation at a visible wavelength.  This effect is not likely to be significant outside the NOHD for the invisible laser beam.

It has been shown that glare sensitivity increases with age.  It is a function of age-related changes in the optical media, particularly the crystalline lens.  In general, a visible laser beam is a very bright light that can be an extremely effective cause of disability glare.  Laser beam induced glare can be initiated by both CW and pulsed laser beams, although it tends to be more of a concern with a CW laser beam source.  It also appears that within the visual spectrum, all wavelengths have approximately the same scattering characteristics.  Consequently, all colors have the capacity to induce glare.

3. Flash-blindness 

Flash-blindness is a visual interference effect caused by a bright light that persists after the light is terminated.  Flash-blindness persists while an eye attempts to recover from an illumination.  The ability of a light source to induce flash-blindness is directly related to the brightness of the light and the level of dark adaptation in the target eye at the time of the exposure.  It can be shown that the brighter the environmental luminance levels to which an eye is adapted at the time of the exposure, the brighter the light needed to induce flash-blindness.  The corollary to this is that the brighter the light in any given situation, the longer the ensuing flash-blindness period.  This directly relates to the ability of the eye to recover from bleaching of the photosensitive pigments caused by the new bright extrinsic light.  During the period of recovery, the luminance conditions of the object(s) being viewed will also determine how long it takes to functionally recover from the flash-blindness.  If the visual task being undertaken at the time of exposure is well illuminated, recovery times will be shorter than recovery from poorly illuminated visual tasks.  These recovery times reflect differences between the photochemical rejuvenation rate of rods and that of cones.

Flash-blindness can last from several seconds to several minutes and has been shown to be more prolonged in older individuals, largely based on the speed and efficiency of recovery mechanisms and richness of vascular supply available in the target ocular tissue. CW and pulsed laser beams are equally adept at inducing flash-blindness.

4. After-images

After-images refer to perceptions, which persist following illumination with a bright light.  They are often described as light, dark or colored spots following exposure.  Such after-images are essentially a type of flash-blindness, although after-image effects may last for more prolonged periods of time, often well beyond recovery of the ability to perform visual tasks required while in the cockpit.  After-image effects may include color distortion that represents selective cone pigment depletion similar to those induced with flash-blindness.  However, after-images may persist for much longer periods than flash-blindness and can persist from several minutes to hours or even days.  They can also have different effects depending on the characteristic of the background under observation.  Like flash-blindness, after-images also tend to last longer in older individuals.  Their intensity, density, and duration are in direct proportion to the intensity of the illumination source.  

After-images can occur following illumination with both visible and invisible radiation.  The latter reflects normal retinal sensitivity to some of these wavelengths, i.e., to some limited UV or IR bands, or it is an expression of actual biological damage.

5. Scotomas

A scotoma is an after-effect, which is either temporary (reversible) or permanent.  A scotoma in its most benign form represents a resolving residual after-image.  However, it can also be permanent and may reflect the earliest sign of permanent biological tissue damage.  Scotomas typically follow flash-blindness and are a consequence of normal biochemical recovery of photosensitive pigments in both rods and cones.  The typical scotoma can be caused by exposure to a bright light, but can also be caused by some non-visible wavelengths.

A permanent scotoma can be either relative or absolute.  A relative scotoma means that certain target sizes or targets brightness of certain size or color may be seen within the area of damage, while others may not.  This is a function of the degree of residual sensitivity and visual efficiency remaining in the neural and cellular components of the retina in that location.  Thus, it is a reflection of the degree of tissue damage in the immediate area or to its vascular supply at a more distant location.

An absolute scotoma is a more pronounced manifestation of visual damage and essentially represents an area where no target, regardless of size, color or luminance, is visible.  In effect, it is an area where there is no longer any functioning neural retina remaining as a result of direct localized tissue damage or disruption of vascular supply or neural pathways elsewhere.

The visual performance ramifications of such scotomas are related to their size and location.  Even the smallest of absolute scotomas can have devastating visual consequences if it occurs directly in the fovea (central vision), as opposed to a parafoveal or peripheral retinal lesion.

Retinal cones mediate fine visual acuity and are maximally concentrated in and around the fovea, achieving their densest population in a specialized area called the foveola.  Here the visual acuity is maximal.  This highest level in cone-mediated visual acuity at that location is known as central vision.  Cone population density, however, quickly drops off as a function of distance from the fovea, especially outside a 10-degree radius from the fovea.  This cone distribution accounts for the fact that 20/20 or better visual acuity occurs within the central one degree of the fovea, in the foveola.  By five degrees away, visual efficiency has dropped off to approximately 20/40 to 20/60 and by 10 degrees away, visual degradation reaches 20/60 to 20/80.  Vision outside the fovea is referred to as peripheral vision, which typically degrades to 20/100 to 20/200 levels as cones become less common and more widely spaced (Note Fig 3-4). 
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FIGURE 3-4.  Visual Acuity as a Function of Cone Distribution

Therefore, it is the precise location of any permanent ocular damage relative to the fovea that will determine the resulting level of functional visual acuity.  Permanent scotomas are usually associated with observable retinal lesions, but the area of scotoma may be much larger than the size of the lesion due to collateral histological damage in surrounding tissue.  

6. Retinal Burns

A retinal burn represents a significant and permanent damage induced by intense radiation and is characteristic of laser beam induced phototoxic damage.  A laser beam focused on the retina is more likely to cause injury than a non-focused beam.  The ability of a laser beam to induce such damage has been augmented for use as a surgical tool to treat certain ophthalmological disorders, such as retinal tears or diabetic retinopathy.  In the latter case, approximately 1500 deliberate retinal burns are created with an argon laser beam to reduce the risks of retinal neovascularization that occurs in about 5% of diabetes cases.  

It is the ability of a laser beam to induce a retinal burn that is one of the most ominous unwanted effects in a normal eye, and any resultant visual consequences will be a direct function of the size and location of the lesion.  Direct viewing of a high-powered laser beam on the visual axis will cause burns that have greater visual ramifications than off-axis burns.  The retina can sustain many small burns in the periphery without any obvious physiological consequence.  These peripheral lesions, while not usually symptomatic, indicate the presence of a significant laser beam exposure in the given operational environment.  In addition, a laser beam has the ability to remain quite powerful even after reflection from shiny surfaces, so that those whose visual attention are directed away from the primary laser beam may still receive an on-axis reflection from an unexpected quadrant of gaze.  In some cases, certain reflective sources, such as concave mirrors, may concentrate the laser beam even further.  Other observations that are related to the ability of a laser beam to induce a retinal burn reveals that the energy requirements to induce such a lesion generally increase as the distance from the fovea increases.  Similarly, it has been shown that repetitive subthreshold exposures in any given area may reduce the threshold for inducing biological damage at that location.  This further supports the need to redirect gaze immediately away from any laser beam that enters the eye.

7. Hemorrhages

A hemorrhage will occur if a laser beam disrupts a blood vessel in the eye.  The characteristics of that hemorrhage will depend on the depth of the blood vessel within the retina when disrupted, its distribution, and the orientation of the cell structure at the disruption site.  Hemorrhages involving superficial retinal vessels will tend to follow the nerve fibre layer and assume a flame-shaped configuration as the blood follows the nerve fibres out radially from the optic nerve.  Hemorrhages aligned with deeper retinal elements, such as the rods, cones or other cellular components will tend to be dot or blot shaped.  This blood can originate from deeper vascular supplies, such as from the choroid (middle layer) of the eye.  It is also possible to disrupt a vessel or vascular plexus to the extent that a large intraocular bleed occurs.  This blood may either collect on the retinal surface as a preretinal hemorrhage or diffuse into the vitreous cavity.  Blood that enters the vitreous body will tend to either remain localized, particularly in younger individuals, but with increasing age, the jelly-like vitreous body liquefies and will allow blood to diffuse throughout the entire vitreous cavity.  This change in the vitreous body with age is a normal aging process known as vitreal liquefaction, but it may also occur as a result of other pathological processes such as trauma.

A hemorrhagic event can have significant visual impact.  Recovery will depend on the location of the bleed and other induced cellular disruptions, as well as the rate of reabsorption of the blood.  In general, blood in the vitreous cavity will take approximately 6-12 months to resolve spontaneously.  In many cases, removal of the cloudy vitreal contents will be required surgically (vitrectomy) to restore a clear ocular medium within the vitreous cavity.  In some cases, blood in the vitreous body will fibrose into localized areas of vitreal opacification or induce fibrous strands that can be problematic to the retina later in life.

8. Globe Rupture

It is possible with a laser beam to disrupt tissue to such an extent that neither a burn nor a hemorrhage occurs, but rather a tear in the tissue is caused.  This can be from exposure to high peak power laser beams of certain wavelengths.  This phenomenon can also be used therapeutically to disrupt unwanted membranes or traction bands within the eye.  Such tissue disruption may be complete, either extending through an entire tissue layer, such as the retina and choroid or, with more powerful laser beams, to create a tear or hole in the entire outer coat of the eye, the sclera - globe rupture.  Such laser beams would need to be very powerful to retain that capability at considerable distances and are not likely to be associated with laser beams routinely encountered in civil aviation.  Furthermore, lasers of this peak power at extended ranges are likely to have other much more significant effects that would overshadow the eye and vision considerations. 

9. Other

In addition to the psychological and ocular effects associated with laser beam exposures, there are other effects that need to be addressed.  It is common in response to a perceived bright light, particularly if it induces symptoms or a lesion, for those affected to rub their eyes.  This can induce mechanical trauma to the cornea and conjunctiva that is unrelated to the biological damage mechanisms of laser beams.  For example, excessive rubbing can induce conjunctival hemorrhages and superficial epithelial lesions of the cornea or even corneal abrasions that can induce further symptoms and discomfort that are unrelated to, but often attributed to the laser beam itself.  This can become even more problematic if the rubbing occurs over contact lenses, especially lenses made from rigid materials.

As a result, best corrected visual acuities and any ocular damage must be carefully recorded in the medical record so that a determination can be made, either by on-scene medical examiners or subject matter experts who later review such cases, as to cause and effect.  A corneal and retinal drawing should always be made to show the precise location and configuration of any lesions related to the event.  This is extremely important since these events invariably become medical, occupational, legal, and political controversies at some point.

Beyond the description of biological damage mechanisms and related bioeffects associated with laser beams, consideration should be given to the visual performance ramifications of this damage from a different perspective.  Those categories of visual performance that are related to either temporary or permanent laser beam effects include: central visual acuity, peripheral visual acuity, color perception, contrast sensitivity, and stereopsis.  Therefore, the consequences of specific laser beam induced lesions must also be viewed with regard to their ability to impact on these other areas of visual performance.  In many cases, these categories will be represented by medical surveillance tests used to assess the level of impact from established baselines, as well as to monitor recovery from such an event.  It should also be kept in mind that in some cases, such as with color perception, that these physiological indicators may help reveal phototoxicity from radiation that may be more sensitive to and precede those that will be picked up either on Amsler grid or Snellen visual acuity testing.  This ability to identify phototoxic events with color vision screening has been shown to exceed the ability of the Amsler grid to identify the presence of an actual laser beam related injury.  Therefore, color vision testing (red/green and blue/yellow) remains a significant tool to assess the level and degree of potential damage related to any light or laser beam exposure.

Individual variations in affected eyes make it virtually impossible to predict recovery patterns with any accuracy.  However, the closer the lesion is to the macula, the greater the likelihood and the severity of effect on visual performance.  But the prognosis for visual recovery is often difficult to make on appearance alone.  While it can be stated that an obvious focal retinal burn will have some level of visual impairment associated with it, related symptoms are highly variable and recovery from that lesion is individual in nature.  Even some non-visible lesions can have visual consequences that seem to be an exaggeration of what is or is not actually visible on retinal examination.  This undoubtedly reflects disruption at a histological or cytological level.  Similarly, the location and level of healing following a corneal injury will determine the final visual outcome.  For example, even a small lesion located in the central cornea could have significant visual effects as compared to a peripheral corneal lesion.

the future

Although much is known about laser beam bioeffects, the proliferation of laser technology mandates continued research as new laser beam wavelengths and laser characteristics are developed.  Several areas of concern related to laser beam exposure remain to be defined such as cumulative effects as a result of repetitive low intensity exposures and age-related sensitivities.

Another area of interest is neuroprotective drugs.  While no effective neuroprotective agents have yet been identified, several types are being pursued in the hopes of eliminating or decreasing retinal sensitivity to injury from a laser beam exposure.

On the other hand, the increasing use of a variety of medications can potentially photosensitize the skin and the eyes, increasing their susceptibility to phototoxic damage.  Research in this area remains difficult.  It is expensive, complicated, time consuming, and would need to encompass a huge and ever-expanding list of drugs.

medical evaluation of laser beam incidents

It is extremely important that every effort is made to promptly record all relevant details of the exposure at the earliest opportunity as this may have critical occupational, medical, legal, and operational value to all parties concerned.  Experience shows that in many such exposures, damage attributed to laser beam illuminations has in fact another cause.  The following report gives an example of this.

On 29 November 1996, at about 6:50 p.m. local time, the captain of an Embraer 120 sustained an eye injury when hit by a laser beam during approach to Los Angeles, California (United States).  The aircraft was at 6 000 feet MSL in VMC on right base for a visual approach to runway 24R.  The captain was looking for other traffic through the right window of the cockpit when he was struck in his right eye by a bright blue beam of light.  As the flight continued, it became more difficult for the captain to see with his right eye because of increasing pain and tearing.  By the time the aircraft was established on final approach, the captain was in so much discomfort that he relinquished the control to the co-pilot who completed the landing.  The captain requested immediate medical attention, and examination at a local hospital revealed multiple flash burns to this right cornea.  The captain was also examined by specialists at Armstrong Laboratory, Brooks AFB, San Antonio, Texas.  This examination revealed no evidence of permanent effects from the exposure.  Investigators from the FDA attempted without success to identify the source of the laser beam.  There were no NOTAMs in effect for laser light activity in the Los Angeles area at the time of the incident.  (Summary of NTSB Full Narrative Report LAX97IA056) 

In this report, the initial diagnosis of corneal damage (“multiple flash burns to his right cornea”) cannot be directly attributed to a visible laser beam because light passes through the cornea without affecting it.  The damage to the cornea was most likely caused by rubbing of the eye in response to the light beam exposure.

The inability of some examiners to correctly diagnose an injury following laser beam exposure can be attributed to a lack of understanding of the significance of the events involved and inadequate experience with this kind of injuries.  It is common for people to vigorously rub their eyes in response to an insult they may have received, whether it was from radiation or particulate matter.  They often do so instinctively, sometimes in a state of panic and in such a coarse way that they induce ocular damage to the conjunctiva and cornea.  This damage can be misconstrued as caused by the laser beam itself when in fact it was not, but rather a self-induced mechanical trauma after the event.  It is therefore critical, when such events occur, that these patients be examined by those with adequate experience and knowledge of laser beam injury patterns and source characteristics.  Only such experts can definitively establish whether or not such events are related to a laser beam exposure.  

Preventive methods and countermeasures

background

An increasing incidence of in-flight laser beam illuminations of flight crew personnel has been reported in recent years.  Incidents have occurred primarily near airports located in close proximity to large cities, resort destinations and entertainment venues.  Such illuminations have resulted in aversion responses (blinking, squinting, head movement), temporary visual impairment, temporary vision loss, a variety of psychological effects, and evasive actions.

There are two situations where outdoor laser operations may compromise aviation safety.  The first is where the maximum permissible exposure (MPE) is exceeded and physical injury to the eye can occur.  The second is the situation where the MPE is not exceeded but where there is a potential for functional impairment, such as flash-blindness, after-image, and glare that can interfere with the visual tasks of the pilots during critical phases of flight. 

There are obvious flight safety risks associated with laser beam illumination during critical phases of flight (especially procedures requiring steady state turns).  These are caused by ocular, vestibular, and psychological effects which individually or combined may lead to loss of situational awareness.  Temporary visual impairment (TVI) leaves the pilot reliant upon other sensory input, which may provide inadequate but compelling information, resulting in incorrect decisions.  TVI can lead to startle, distraction, disruption, disorientation, and in extreme cases, complete incapacitation.

Pilots receive most of their flight information visually and in order to maintain situational awareness in a dynamic environment; they rely on frequent reference to their instruments.  This reliance is greater at night and becomes total in instrument meteorological conditions (IMC). 

It is important to understand how trained pilots interpret, integrate and process information without visual reference to the outside world.  Thorough instrument flight training is a prerequisite for maintaining normal task performance, information integration and situational awareness when operating under instrument flight rules (IFR).
Pilots use a visual scan technique of glancing at, rather than dwelling upon, the flight instruments.  Pilots construct mental images of their position in space from information provided by the flight instruments.  Spatial orientation is maintained through the brain's comparison of visual inputs with a pre-existing mental model.  When conditions permit, this model is continually updated with reference to the outside world for comparison and processing.

situational awareness

Situational awareness (SA) is the accuracy by which a person's perception of his environment mirrors reality. SA is determined by several factors.  Anything that leads to a loss of SA can create a flight safety hazard.  One of the most critical factors, and the one most likely to be affected by laser beam illumination, is spatial orientation.

Loss of spatial orientation is called spatial disorientation (SD). It can be classified into three types: 
Type I (unrecognized SD) occurs when a person is unaware of being disorientated. 

Type II (recognized SD) occurs when a person is aware of being disorientated and is able to compensate for it.

Type III (incapacitating SD) occurs when a person is aware of being disorientated but is unable to compensate for it.

A laser beam illumination may cause all three types of spatial disorientation but is most likely to cause types II and III.

orientation in flight

Orientation in flight is determined primarily by cues provided by the following four senses: 

Sight (vision): This is the single most important sense for maintaining spatial orientation during flight. When vision is impaired, spatial orientation is degraded because motion and position cues, provided by other senses, are not reliable during flight.

Vision can be divided into peripheral and central vision.  Peripheral vision provides low resolution but is highly sensitive to movement and light.  It is primarily concerned with the question of “where”, thus supporting spatial orientation.  Central vision provides high resolution and color perception but is less sensitive to light.  It is primarily concerned with the question of “what”.  With the loss of visual orientation cues, inadequate but compelling information from other senses cause a variety of illusions, sometimes leading to overwhelming spatial disorientation.

Vestibular Sense (sense of equilibrium): The vestibular apparatus provides information from the inner ear about motion and balance.  In addition, the middle ear provides information about ambient pressure changes.  Normally, visual input will suppress input from other senses.  Because flight motion is different from that of everyday activities, the loss of visual input is critical, as vestibular information alone may result in illusory perception of flight attitude and motion.  For example, to stimulate the inner ear an angular acceleration of 0.5 to 2.2 degrees per second is required.  When the angular acceleration ceases, such as when a constant rate turn has been established, the vestibular apparatus is no longer able to detect the turn.  If visual input is absent, pilots will not recognise that the aircraft continues to turn. 

Proprioception (kinesthetic sense): A variety of sensory nerve endings in the skin, the capsules of joints, muscles, ligaments and deeper supporting structures are stimulated mechanically and hence are influenced by the forces acting on the body.  These proprioceptive mechano-receptors provide useful equilibrium information based on sensation of position and movement.  The kinesthetic sense is better known to pilots as “seat-of-the-pants”.  Alone, the kinesthetic perception of an aircraft's attitude in space is unreliable, but can easily be overcome by more vital sensory input.

Hearing (audition): The auditory system provides information about sound level, pitch and direction. Pilots learn to recognize certain sounds during flight.  For example, airflow over the windscreen during acceleration and deceleration of the aircraft and the change in pitch as the engine power setting changes can be detected.

Loss of visual references caused by a laser beam illumination, coupled with inadequate information from the vestibular apparatus, the proprioceptive mechano-receptors and the auditory system, may result in spatial disorientation (often referred to by pilots as “vertigo”), which can lead to accidents.  Disorientation demonstration courses and laser awareness training are therefore recommended.

preventative methods

Pre-flight procedures:

NOTAMS should be consulted for location and operating times of laser activities and alternate routes should be considered; and

Aeronautical charts should be consulted for permanent laser activities (theme parks, research facilities, etc.).

In-flight procedures prior to entering airspace with known laser activity:

Exterior lights should be turned on to aid ground observers in locating and identifying aircraft;

The autopilot should be engaged; 

One pilot should stay on instruments to minimize the effects of a possible illumination; and

Flight deck lights should be turned on.

In-flight procedures during and after laser beam illumination of the cockpit:

If a pilot is exposed to a bright light suspected to be a laser beam, the following are recommended to reduce the risk, unless the specific action would compromise flight safety:

Look away from the light source;

Shield eyes from the light source;

Declare visual condition to other pilot(s); 

Transfer control of the aircraft to another pilot;

Switch over to instrument flight;

Engage autopilot;

Maneuver or position the aircraft such that the laser beam no longer illuminates the flight deck;

Assess visual function, e.g., by reading instruments or approach charts;

Avoid rubbing eyes; and

Notify air traffic control of a suspected in-flight laser beam illumination and, if necessary, declare an emergency

Upon landing, the pilot should notify the appropriate authorities and provide details about suspected in-flight laser illumination the incident, then seek immediate medical evaluation, preferably by a qualified vision specialist. 

airspace safety countermeasures

airspace restrictions

To protect the safety of aviation in the vicinity of airports, heliports and certain other areas such as low-level VFR corridors, it is necessary to protect the affected airspace against hazardous laser beams.  For non-visible laser beams, the nominal ocular hazard distance (NOHD) value is the sole consideration.  For visible laser beams, in addition to the NOHD, visual disruption must also be considered.

Airspace should be designated as normal flight zones, sensitive flight zones, critical flight zones, and laser-beam free zones, in order to prevent visible laser beams from interfering with a pilot's vision, even if the maximum permissible exposure (MPE) is not exceeded.  The beam from a visible laser must not enter any zone, when the irradiance is greater than the corresponding visual interference level, unless adequate protective means are employed to prevent personnel exposure.  Lasers with beam irradiances less than the MPE, but exceeding the sensitive level or critical level may be operated in the sensitive zone or critical zone, respectively, if adequate countermeasures are used to prevent aircraft from entering the beam path. 

laser-beam free flight zone (lffz).

The LFFZ is airspace in the immediate proximity to the airport, up to and including 600 m (2,000 feet) AGL, extending four kilometers (two nautical miles [NM]) in all directions measured from the runway centerline, plus a 5.5 km (3 NM) extension, 750 m (2,500 feet) on each side of the extended runway centerline of each useable runway.  Within this zone, the intensity of laser light is restricted to a level that is unlikely to cause any visual disruption.

a)
Parallel runways are measured from the runway centerline toward the outermost edges, plus the airspace between runway centerlines.

b)
Within this airspace, the irradiance is not to exceed 50 nW/cm2 unless some form of mitigation is applied.  The level of brightness thus produced is indistinguishable from background ambient light.

c)
To allow laser operations below the arrival path, a 1:40 slope may be applied to the 5.5-km (3 NM) extensions.  This slope is calculated from the runway threshold. 
critical flight zone (cfz).

The CFZ is airspace within 19 km (ten NM) of the aerodrome reference point (ARP), from the surface up to and including 3050 m (10,000 feet) AGL.  This zone may have to be adjusted to meet air traffic requirements.  Within this airspace the irradiance is not to exceed 5 μW/cm2 unless some form of mitigation is applied.  Although capable of causing glare effects, this irradiance will not produce a level of brightness sufficient to cause extended flash-blindness or after-image effects.

sensitive flight zone (sfz).

The SFZ is airspace outside the LFFZ and CFZ where the irradiance is not to exceed 100 μW/cm2 unless some form of mitigation is applied.  The SFZ need not necessarily be contiguous with the other zones.  The level of brightness produced may produce flash-blindness or after-image effects of short duration; however, it will provide protection from serious effects.

normal flight zone (nfz). 

The NFZ is airspace not defined by the LFFZ, CFZ, or SFZ, but which must be protected from laser radiation capable of causing biological damage to the eye.

Figures 5-1 through 5-3 define the zones established for aircraft in navigable airspace.
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Figure 5-1. Airspace Flight Zones

 

2NM

 

2NM

 

2NM

 

2NM

 

50

00

 

’

 

5NM

 

5NM

 

2NM

 

3NM
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control measures

Physical, procedural, and automated control measures established to ensure that aircraft operations will not be exposed to levels of illumination greater than the respective maximum irradiance levels (MILs) considered acceptable should meet one or more of the descriptions listed below:

A)
ATC Control Measures

NOTAM

Voice advisory (e.g., ATIS, pilot/controller communications)

Airspace restrictions

B)
Operator Control Measures

The laser beam may be physically blocked (terminated beam) to prevent laser light from being directed into protected volumes of airspace.

The laser beam divergence and output power or pulse energy emitted through the system aperture may be adjusted to meet appropriate exposure levels.

Beams can be directed in a specific area. 

Manual operation of a shutter or beam termination system can be used in conjunction with airspace observers.  Observers should be trained and able to see sufficient airspace surrounding beam paths to terminate the beam prior to illumination of aircraft.

Scanning the laser beam may reduce the level of illumination, however, it may increase the potential risk of illumination.

Automated systems designed to detect aircraft and automatically terminate or redirect the beam or shutter the system may be used.  

The following examples are NOTAMs on laser activity:
format of temporary laser activity

laser light demonstration will be conducted at (place, city, province or state), (navaid id, type, radial) radial (dist.) nautical miles, (lat./long). beams from site projecting (direction) between radials (xxx-xxx), on (dates), between (time/utc). laser light beams may be injurious to pilots/aircrew and passengers eyes within (nominal ocular hazard distance) vertically and/or (nominal ocular hazard distance) laterally of the light source. flash-blindness or cockpit illumination may occur beyond these distances.
laser research will be conducted at (place, city, province or state, lat./long), on/from (dates), between (times/UTC), at an angle of (degree), from the surface, projecting up to (height) msl avoid airborne hazard by (nm). this laser light beam may be injurious to pilots/aircrew and passengers eyes.

airborne to ground laser activity will be conducted on (dates), between (lat./long, altitude) and below. avoid airborne hazard by (nm). this laser beam may be injurious to pilots/aircrew and passengers eyes.

airborne laser activity will be conducted on/from (dates), at/from (times/utc), between (navaid id, type, radial) radial (dist) autical miles, (lat./long.), and (navaid id, type, radial) radial (dist) nautical miles, (lat./long.), between (altitude)msl and(altitude)msl(or the surface). avoid airborne hazard by (nm).  the laser light beam may be injurious to pilots/aircrew and passengers.

format of a permanent laser site

(place, city, province or state).

until further notice a laser light demonstration will be conducted nightly between sundown and dawn at the (place, city, province or state) (NAVAID ID, type radial) radial at lat./ long. random beams illuminating (directions indicated) quadrants. the beam may be injurious to eyes if viewed within (NOHD dist) vertically and (NOHD dist) laterally of the light source. flash-blindness or cockpit illumination may occur beyond these distances.
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Figure 1-11.	Specular-Reflectors





Figure 1-12.	Diffuse Reflectors
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Figure 5-1. Airspace Flight Zones







Figure 5-2. Multiple Runway Laser Beam Free Flight Zone
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Figure 5-3. Airspace Flight Zones
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