
1

Maj Ed Kelly
711th Human Performance Wing

Airman Systems Directorate
Bioeffects Division

Optical Radiation Bioeffects Branch

Distribution A: Approved for public release; distribution unlimited. PA Case No: TSRL-PA-2016-0285

20160929_Presentation

Laser Eye Dazzling Research
Joint AFRL – Dstl (UK) Project

Principal Investigators: 
Dr Leon N. McLin

[USAF 711 HPW/RHDO]
Dr Craig A. Williamson

[Dstl Cyber and Information Systems Division]



2Distribution A: Approved for public release; distribution unlimited. PA Case No: TSRL-PA-2016-0285

Outline

• Overview of Laser Dazzle Effects
– What is it?
– Why is it important?

• Effects
• Mitigation
• Calculations
• Summary & Questions
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What is Laser Dazzling?

© Crown copyright 2016 Dstl

Presenter
Presentation Notes
What is laser eye dazzle?
It is the temporary impairment of human performance caused by light from visible* wavelength lasers
Sometimes referred to as disability glare or visual interference, visual disruption or visual obscuration
It includes both visual and non-visual effects
It can occur at irradiances far lower than those required to cause permanent eye damage
It is an issue of safety, as temporarily impairing human abilities can have serious consequences in many critical applications such as vehicle piloting or weapon aiming

* 400 – 700 nm
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Why is Laser Dazzling Important?

• Laser Striking Aircraft
– 1000s of airline pilots are experiencing laser eye

dazzle during fight every year
– In the US alone over 10 incidents occur each day

against commercial aviation
• Military security & police forces increasingly

deploy laser dazzle as a non-lethal option to
warn and determine intent
– Applications include checkpoint control, crowd

suppression, and anti-piracy
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Presenter
Presentation Notes
10.75 per day on average for 2013 and 2014
But increased dramatically through out the year for 2015.  For 200 15 the average per day was 21.1.
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Presenter
Presentation Notes
For Nov and Dec there were over 30 per day.  More than double the numbers in 2015 for Nov and Dec compared to 2014.
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On-line Laser Videos by Laser 
Enthusiasts

My homemade 40 W laser shotgun

“These babies are not your 
average laser pointer”

Power measured at over 1.5W

“It’s kind of like owning a gun”
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Online “Professional Laser 
Pointers”

Others listed:
- 6000 mW Laser Pointers 450 nm, $299.02
- 5000 mW green, $478.44, Save 61% 
- 3000 mW red 650 nm, $129.99
- 3000 mW, violet 405 nm, $139.99
- 1500 mW blue 473 nm, $99.99
- 1500 mW, multifunctional red 650 nm, 

blue and green 532 nm,$159.99
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Safety Standards

> 1,000 pages of international advice 
on laser safety includes only 1 
page to address laser eye dazzle
There is no established safety advice to 
describe, mitigate or quantify the visual 
effects of laser eye dazzle within existing 
standards such as ANSI Z136 and BS 
EN 60825

Safety guidance is urgently needed to:
1. Allow the impacts of laser eye dazzle to be understood and quantified
2. Inform the protection measures required for those at risk
3. Optimize the safety and effectiveness of laser dazzle devices
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Laser eye dazzle

Effects

Calculations

Mitigation

Safety Framework

*

Presenter
Presentation Notes
To address this gap in advice we have developed a safety framework for laser eye dazzle
3 main areas of this new framework:
Effects – Providing education about the effects of laser eye dazzle and the main contributing factors to its severity
Mitigation – Giving practical advice about how to deal with laser eye dazzle incidents
Calculations – Laying out a simple method for quantifying laser eye dazzle effects and specifying effective protection
Begin with an overview of the effects of laser eye dazzle and its contributing factors
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Effects

• Visual
– During exposure

Dazzle field
– After exposure

Afterimages

• Non-Visual
– Upon exposure

Aversion
– During exposure

Distraction

Presenter
Presentation Notes
Non-visual effects
Upon first exposure 
Likely to cause startle
Will possibly trigger an aversion response such as closing the eyes or looking away
Could negatively affect tasks where maintaining consistent attention is important such as during the landing of an aircraft
During laser exposure 
Likely to cause distraction from the task being undertaken (even if not that severe)
Consequences could be severe in high mental work load situations e.g. for pilots
The additional incident could cause mistakes to be made in the primary task
Visual effects
During laser exposure
Part of the visual scene may be obscured by the appearance of a dazzle ‘field’ – a bright, saturated region of vision – caused by scatter of the light within the eye
The size of the dazzle field represents the severity of the laser eye dazzle (larger field = ‘worse’ dazzle)
Can block vision across angles ranging from a few degrees out to tens of degrees from the laser
Could obstruct the view of important features in a scene and reduce the ability to successfully perform tasks
e.g. Limiting the view of a road would reduce the ability to continue driving down that road
After laser exposure 
Potential for continued visual effects in the form of afterimages (sometimes referred to as flashblindness or persistence), similar to those experienced after looking at a bright light.
May initially obscure parts of the visual field, but will fade over time
The severity of the laser eye dazzle event dictates the recovery time which could be seconds or even minutes in severe cases
Any disruption to vision could obscure important details in the scene which could impede task performance
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Contributors
• Dazzle field

– Ambient light
– Irradiance
– Wavelength

Presenter
Presentation Notes
So what are the contributors to how ‘bad’ a laser eye dazzle event actually is?
The visual extent of the dazzle field is strongly influenced by the following 3 factors:
Ambient light level
Laser eye dazzle is more readily achieved when the laser irradiance at the eye is large compared with the ambient stimulus to the eye
For equivalent laser irradiances the severity of dazzle is worse in dark conditions
Lower ambient light level = worse dazzle
Laser irradiance
The higher the laser irradiance incident upon the eye, the worse the dazzle (higher irradiance = worse dazzle)
The irradiance delivered to the eye from a laser primarily depends upon:
The power of the laser itself (higher power = worse dazzle)
The divergence of the laser (lower divergence = worse dazzle)
The range from the laser source (shorter range = worse dazzle)
Laser wavelength
The severity of laser eye dazzle is greater at wavelengths at which the eye has a higher response
Deep blue (~ 400 nm) and deep red (~ 700 nm) cause less dazzle effect for a given laser irradiance than wavelengths around the central green peak (~ 555 nm) of the eye’s response
Next, demonstrate these factors by showing some simulations of what laser eye dazzle actually looks like for different conditions
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How Much Irradiance
Impedes Vision

Distribution A: Approved for p
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Presenter
Presentation Notes
Here: See the difference that laser irradiance makes to the dazzle field
During the daytime only a tiny dazzle field is possible at an irradiance of 0.5 µW/cm2, while at 1,000 times this level there is a much more significant dazzle field
Now we can see how differences in ambient light level affect the size of the dazzle field
Looking at dusk ambient light levels, it can be seen that the laser dazzle field is greater for the same laser irradiance
Finally, at night it can be seen that significant scene obscuration is possible for relatively low irradiance levels – the effect of the 0.5 µW/cm2 exposure is greater than that for the 500 µW/cm2 irradiance during the daytime

0.5 μW/cm2 is roughly equivalent to a 500 mW laser pointer at a range of 5.6 km
500 μW/cm2 is equivalent to the same 500 mW laser at a range of around 180 m
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Wavelength Effects

Dusk
500 µW/cm2

Dusk
500 µW/cm2

Dusk
500 µW/cm2

532 nm 650 nm 445 nm

Presenter
Presentation Notes
Impact of laser wavelength on dazzle severity
Green, 532 nm, is near the eye’s peak sensitivity, so for the same irradiance we experience a much larger dazzle field than for red or blue exposures
In this example, our eyes are even less sensitive to blue 445 nm than red 650 nm, causing a much smaller dazzle field for the blue laser of the same irradiance

Other factors affect the severity of laser dazzle experienced:
Atmospheric turbulence can cause ‘hot spots’ that give brief flashes of higher irradiance and increase the dazzle field
The presence of other optical elements such as windshields and eyewear (if scratched, dirty, or of poor optical quality = worse dazzle)
Age of the observer (older = worse dazzle)
Eye color (lighter = worse dazzle)



15Distribution A: Approved for public release; distribution unlimited. PA Case No: TSRL-PA-2016-0285

Contributors
• Task difficulty

– Location
– Size/contrast
– Complexity

Presenter
Presentation Notes
Actual impact on human performance is linked to the task that is being performed in the first place
Important elements:
Location
Dazzle impact will reduce with increasing angular offset from the laser source itself
It will be more difficult to visually detect/identify objects the closer they are to the laser source
Visual task closer to the laser source = higher impact on performance
Size/contrast
It is easier to detect large, high contrast objects than small, low contrast ones (just as in everyday life with no dazzle)
Smaller/lower contrast object = higher impact on performance
Complexity
Dazzle impact is commensurate with the complexity of the task being performed
e.g.  exposing a pilot to laser eye dazzle during normal level flight may have little impact upon performance, but subjecting the same pilot to laser eye dazzle during the final stages of a landing approach in difficult weather conditions could have a more severe impact
More complex task = higher impact on performance
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Effects

Laser eye dazzle
safety framework

Calculations

Mitigation *

Presenter
Presentation Notes
How to deal with laser eye dazzle events
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Mitigation 
• During

exposure
– Wear LEP
– Manoeuvre
– Shield eyes
– Don’t rub
– Warn others

• Pre-exposure
– Training
– LEP

• Post-exposure
– Visual check
– Reporting

Presenter
Presentation Notes
The human performance impacts of laser eye dazzle can be minimized by a combination of actions which should take place before, during and after the exposure
Pre-exposure
Training
Understand the effects of laser eye dazzle and how they may impact upon performance
Improves confidence when dealing with a real-life event
Ideally, experience real laser exposures in a controlled environment
Include details of current threat levels, incident statistics, and recommended mitigation techniques (as outlined here)
Laser Eye Protection (LEP)
Issue individuals at risk of laser eye dazzle with appropriate laser eye protection (more later)
During exposure
Wear LEP if available and appropriate to the laser threat being encountered
Provides the strongest potential to reduce the laser eye dazzle effect and maintains visual abilities
Avoid the laser
If possible, look away from the beam (reducing the dazzle field and reducing the likelihood of after images)
Also if possible, get away from the laser source to reduce/remove the dazzle effect
Shield eyes
Blocking the bright light source with a hand or visor can greatly reduce its dazzling effect and may allow sufficient visibility to permit the continuation of activities
Don’t rub eyes
Rubbing will not improve vision and could cause damage to the cornea
Warn others
If possible, alert others nearby to the potential for a laser event
This will allow others to mentally and physically prepare for exposure e.g. by wearing LEP
Post-exposure
Visual checks
An eye examination should be sought as soon as possible to ensure that no permanent eye damage has occurred
Report the incident
Report the incident to the appropriate authority as soon as possible – Military has the Laser Hotline
Include useful information such as the location, time/date and duration of the incident, an estimated location of and range to the laser source, the extent of visual obscuration experienced, and the color of the laser
This information will allow the risk of permanent eye damage to be better assessed, as well as strengthening the overall intelligence picture 
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Laser Eye Protection (LEP) Impacts

No laser
No LEP

With laser
No LEP

No laser
With LEP

With laser
With LEP

Presenter
Presentation Notes
Just some further information on laser eye protection
See that LEP is doing a great job of suppressing the laser eye dazzle and allowing more of the visual field to be seen
However, a few words of caution on laser eye protection . . .
LEP wear will have penalties in the overall amount of light reaching the eye which can make performance of tasks more difficult
LEP can also introduce a coloration to the visual scene which could also make color tasks more challenging
It may be difficult to anticipate the laser wavelengths likely to be encountered due to the large variety of visible wavelength lasers on the market, meaning that a single pair of LEP may not mitigate all laser eye dazzle occurrences
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Effects

Laser eye dazzle
safety framework

Calculations

Mitigation

*

Presenter
Presentation Notes
Quantify laser eye dazzle effects and specify effective protection
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Laser

Comparing Damage to Dazzle
NOHD/MPE v. NODD/MDE

NOHD

NODD
Eye 

cannot 
detect 
object

Eye 
can 
detect 
object

MDE

Eye is
at risk of 
damage

Eye is 
safe from 
damage

MPE

Presenter
Presentation Notes
The new concepts that we are introducing here
As a laser beam propagates away from its source, its power is distributed over an ever-increasing area, giving a reduction in irradiance (power per unit area) with distance
At a particular point the irradiance is reduced to a level at which it is ‘eye safe’, known as the MPE – Maximum Permissible Exposure
An eye closer to the laser than this point is at risk of eye damage
The distance to this point is known as the NOHD – Nominal Ocular Hazard Distance
For a given laser system the NOHD is a calculation of the range at which the irradiance reaches the relevant MPE value
We are proposing a new value known as MDE – Maximum Dazzle Exposure
When the laser irradiance reduces to this level, a given object can be detected by the human eye
At closer points the irradiance is above the MDE and the object cannot be detected
The distance at which the irradiance of a given laser system matches the MDE is known as the NODD – Nominal Ocular Dazzle Distance
The MDE depends upon the viewing conditions as previously discussed, especially the ambient light level, the laser wavelength, and the angle of the object from the laser axis
The NODD depends upon the laser power and divergence, together with the calculated MDE
MDE and NODD are designed to complement existing MPE and NOHD calculations
We are also proposing some new definitions to establish the visual extent of the dazzle field . . .
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Dazzle Level
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Presenter
Presentation Notes
With the aim of introducing a common language for discussing laser eye dazzle effects, we propose a set of ‘Dazzle Levels’ 
These dazzle levels quantify the extent of visual obscuration experienced, ranging from:
Very Low (1° radius) where a laser can be seen but it only obscures a minor extent of the visual field, through to 
Low (5°), 
Medium (10°) and 
High (20°) which represent increasing extents of visual disruption
These dazzle levels can be combined with MDE calculations to give guidance for the maximum laser irradiance that can be tolerated before visual detection of a specified object cannot be achieved
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Defining New Terms

Laser irradiance above which an 
object cannot be detectedMDE

Maximum Dazzle Exposure

Distance beyond which the laser 
irradiance is below the MDENODD

Nominal Ocular Dazzle Distance

DL
Dazzle Level

Describing the size
of the dazzle field

Presenter
Presentation Notes
Summarizing the new language:
Dazzle Level
This describes the size of the dazzle field.  Effectively how ‘bad’ the laser dazzle actually is
Maximum Dazzle Exposure (MDE)
This is the laser irradiance above which an object cannot be detected.  Effectively the laser irradiance needed to cause a particular dazzle level.
Nominal Ocular Dazzle Distance (NODD)
This is the distance beyond which the laser irradiance is below the MDE.
Effectively it is the minimum distance for detection of an object
Now to use this new language to quantify dazzle effects, allowing them to be calculated with simple mathematics . . .
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Dazzle 
Level

MDE (µW/cm2) at
Night Dusk Day

V. Low

÷ kλ
Low

Medium

High

MDE µW/cm2

Maximum Dazzle Exposure

Dazzle 
Level

MDE (µW/cm2) at
Night Dusk Day

V. Low 0.002 0.3 20

÷ kλ
Low 0.1 15 1,000

Medium 0.3 60 4,000
High 1.0 250 16,000

Presenter
Presentation Notes
So for a given scenario, specify MDE values for each dazzle level and 3 different ambient light levels
Night (0.1 cd/m2), Dusk (10 cd/m2) and Day (1,000 cd/m2 - representative of cloudy daytime)
So each box shows the laser irradiance at the eye that would give the specified dazzle level during the specified ambient light condition
We also need to divide each value by a laser luminous efficiency factor, kλ, to account for the different sensitivity of the eye to different colors
The values shown will be the minimum, and dividing by kλ (which is always less than 1) will always make the MDE at a particular laser wavelength higher
The MDE for green will be lower than for blue, for example, meaning that more irradiance is needed in blue to cause the same effect
The values presented are the result of over 40,000 individual laser exposures and a model of laser eye dazzle that has been developed over several years
So here we have the numbers:
At night, just 1 µW/cm2 can cause a high dazzle level
At dusk it takes less than 1 µW/cm2 for very low dazzle, and 250 µW/cm2 for a high level of dazzle
During the day, very low dazzle can be achieved with around 20 µW/cm2
Greater levels of dazzle require irradiances exceeding 1,000 µW/cm2 – the MPE for an exposure duration greater than 10 seconds – i.e. the observer would be at risk of eye damage if exposed to these levels of dazzle.
The presented MDE values can be used as indicative values for those wishing to obtain a quick appreciation of laser eye dazzle effects
It fits well with existing laser safety standards that provide similar tables for MPE values
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Presenter
Presentation Notes
Here is a quick look at the laser luminous efficiency factor, kλ, to account for the different sensitivity of the eye to different colors
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Calculating the NODD

• P = laser power (W)
• d = laser divergence (mrad)
• MDE (W/m2)
• NODD (km)

NODD=
4 P

π d2 MDE

Presenter
Presentation Notes
Armed with an MDE, the NODD can be calculated from this equation
It is identical to the equation used in existing laser safety standards to calculate NOHD from an MPE
Effectively it works out the range at which a laser delivers a laser irradiance to match the MDE
At greater ranges the irradiance is below the MDE and the object can be successfully detected
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LEP Optical Density (OD)

• MDE (W/m2)
• U = laser irradiance at range R (W/m2)
• P = laser power (W)
• R = range to laser (km)
• d = laser divergence (mrad)

U =
P

π R d
2

2OD = − log MDE
U

Presenter
Presentation Notes
We can also use some short equations to specify effective laser eye protection to suppress dazzle to an acceptable level to continue the task
Again, these are the same as equations used in existing laser safety standards for protection against laser eye damage
U is the calculated laser irradiance at the eye for a given laser at a given range
OD calculates the laser protection required to reduce the laser irradiance at the eye down to the MDE – i.e. the OD required to ensure the object can be successfully detected
OD1 = 10% transmission at the laser wavelength, OD2 = 1%, OD3 = 0.1% etc.
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MDE for 532 nm kλ= 0.6998

Dazzle 
Level

MDE (µW/cm2) for 532 nm at
Night Dusk Day

V. Low 0.0029 0.43 29
Low 0.14 21 1,429*

Medium 0.43 86 5,716*
High 1.43 357 22,864*

Example Application

Presenter
Presentation Notes
So let us apply this MDE table and these equations to a real example
We have a green 532 nm laser, so divide the MDE values by 0.6998 which is the laser luminous efficiency value at 532 nm
This gives the MDE table as shown, with numbers around 40% greater than the previously shown table

* denotes values that exceed 1,000 µW/cm2 which is the MPE for an exposure duration greater than 10 seconds – i.e. the observer would be at risk of eye damage if exposed to these levels of dazzle

Now taking a particular laser system – 500 mW power, 2 mrad divergence
We can now use the NODD calculation to work out the range at which the MDE irradiance levels are delivered
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NODD for 500 mW, 2 mrad
Example laser: 532 nm, 500 mW, 2 mrad

Dazzle 
Level

NODD (km) at
Night Dusk Day

V. Low 74.6 6.1 0.75
Low 10.6 0.86 0.11*

Medium 6.1 0.43 0.05*
High 3.3 0.21 0.03*

Example Application

Presenter
Presentation Notes
Here are the calculated NODD values for the example laser: 532 nm, 500 mW, 2 mrad
At night, this laser can cause a low dazzle level out beyond 10 km and a high dazzle level at over 3 km from the laser source
During dusk conditions it can inflict a very low dazzle level at over 6 km, and high dazzle levels out to around 200 m from the laser
During daytime conditions a very low dazzle level is possible out beyond 700 m, but low or greater dazzle levels are only experienced if the laser is viewed at ranges closer than the 0.13km NOHD, where eye damage is the more important risk (denoted * in table)
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NODD (km)
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Visualizing NODD Effects
0.3 km

Presenter
Presentation Notes
Here is a way of visualising the resulting NODD data in graph format
For theoretical laser engagements this can be used to understand the dazzle level experienced
e.g. a police officer at 300 m from a rioter with this specific laser
There would be a very low (1º) dazzle level during the day
A medium (10º) dazzle level during dusk
A high (20º) dazzle level during the night
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LEP for viewing at 0.3 km
Example: 532 nm, 500 mW, 2 mrad, at 0.3 km
Dazzle 
Level

LEP requirement (OD) at
Night Dusk Day

V. Low 4.8 2.6 0.8
Low 3.1 0.9 –

Medium 2.6 0.3 –
High 2.1 – –

Example Application

Presenter
Presentation Notes
Now let’s look at that same scenario and consider someone is located at 300 m from the laser and wishes to detect objects at different angles from the laser axis
The OD represents the laser protection needed to reduce the dazzle field to the dazzle level indicated
High levels of protection (~ OD 5) are required for viewing in the most visually demanding conditions – detecting an object close to the laser source at only 1° angle during night time ambient light levels (i.e. reducing the dazzle field to a 1° Very Low dazzle level)
The OD requirement for this angle drops to around 2.6 during dawn/dusk and only around 1 during the day
At night time, OD 2.1 is still required to detect the given object out at 20° from the laser axis (i.e. to reduce the dazzle level to a 20° High Dazzle Level)
Where the viewing distance of 0.3 km is greater than the NODD value previously given, the object can be successfully detected without any laser eye protection.
The OD levels presented here are given as guidance for the preservation of visual abilities, but for any practical applications there will naturally be a compromise between the specified OD and the visual decrement introduced by the laser eye protection during normal operations (e.g. coloration and reduced transmission).
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Summary

Laser irradiance above which an 
object cannot be detectedMDE

Maximum Dazzle Exposure

Distance beyond which the laser 
irradiance is below the MDENODD

Nominal Ocular Dazzle Distance

DL
Dazzle Level

Describing the size
of the dazzle field
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Questions?
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