
LASER 
AND LED 
EYE 
HAZARDS: 
SAFETY 
STANDARDS 

Guidelines for the safe use of lasers have evolved considerably since 

initially issued by defense research organizations in the 1960s. 

Today, very mature safety standards and regulations exist worldwide. 

A graduate student in a physical chemistry labo
ratory is aligning a Nd:YAG pumped OPO 
laser beam, directing it into a gas cell to 
study photodissociation parameters for a 
particular molecule. Leaning over a beam 
director, he glances down at an upward, 
secondary beam and 
approximately 80 μJ 
enters his left eye. The 
impact produces a microscopic hole in 
his retina and a small hemorrhage over 
his central vision; he sees only red. 
Within an hour he is rushed to an eye 
clinic where an ophthalmologist tells 
him he now has only 20/400 vision. 

In another university, a physics 
graduate student attempts to realign 
the internal optics of a Q-switched 
Nd:YAG laser system—a procedure 
normally performed by a service 
representative that the student has 
witnessed several times. A "weak" 
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secondary beam reflecting upward from a Brewster win
dow enters his eye, producing a similar hemorrhagic 
retinal injury with a severe loss of vision (see Fig. 1). 

Similar accidents occur each year, but frequently 
receive no publicity because of litigation or administra
tive reasons.1 -4 Scientists and engineers working with 
open-beam lasers need to realize that almost all such 
lasers pose a very severe hazard to the eye, if protection 
is not worn and/or other safety measures are not 
observed.2-4 

Despite the current safety standards, accidents still 
occur, with the most serious eye injuries happening in 
R&D labs. Laboratory staff needs to alert students and 
newcomers to the real risks of working with lasers. 
Instructing students in laser safety does not have to be a 
boring presentation of safety rules. Behind the safety 

standards are many interesting questions in physiological 
optics, vision, and the biophysics of laser-tissue interac
tions. For example, the roles of involuntary eye move
ments and moving retinal images in visual processing 
and in reducing retinal injury hazards; the impact ofreti
nal heat flow on retinal injury; and the competing retinal 
damage mechanisms: photochemical (t > 10 sec), thermal 
coagulation (10 µsec < t < 10 sec), thermo-acoustic (nsec 
regime), and possible nonlinear effects in the femto- and 
pico-second time regimes. Current laser safety research 
focuses almost exclusively on deriving retinal thresholds 
for sub-nanosecond exposures. Setting limits in this tem
poral region has been difficult, since there are conflicting 
data sets and limited data to extrapolate to other spectral 
regions. These topics, as well as a brief history of laser 
safety standards, will be discussed in this article. 

Figure 1. (a) Retinal injury results from direct ocular exposure to secondary beam from beam director prism, (b) Retinal injury results 
from ocular exposure to a "weak" secondary beam from Brewster window while protective housing is open. 
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Accident probability 
The common attitude behind most laser laboratory 
accidents is "I know where the laser beams are; I do not 
place my eye near the beams; safety goggles are uncom
fortable; therefore, I don't need to wear them." In virtu
ally all accidents, eye protectors were available but not 
worn. Since the probability that a small beam will inter
sect the 3-5 mm pupil of an eye is minimal, injuries do 
not always happen when eye protectors are not worn, 
however, it is worthwhile to consider the following anal
ogy. Working on a laser without eye protection is like 
being placed in a 16 square meter, stainless steel room, 
without heavy clothing or eye protection and told to fire 
100 BBs from an air rifle in any direction. 

Worldwide laser safety standards group all lasers into 
four general hazard classes (see Table 1) and provide 
safe measures for each class.4 - 5 U.S. Federal regulations 
require all commercial laser products to have a label 
indicating the hazard class. The safety measures recom
mended in these standards are quite obvious (e.g., beam 
blocks, shields, baffles, and eye protectors) once one 
understands and recognizes the hazards. It is the ocular 
hazards that are generally of primary concern. 

Hazards to the eye 

The very high radiance or brightness of a laser [MW and TW/(cm2-sr)] that makes it valuable for materials 
processing and laser surgery is also what makes it haz
ardous to the eye (see Fig. 2). A small HeNe alignment 
laser is typically 10 times brighter than a xenon arc lamp 
or the sun (see Fig. 3), and a collimated beam entering a 
relaxed human eye experiences an increased irradiance 
of about 105, (i.e., 1 W/cm 2 at the cornea becomes 
100 kW/cm 2 at the retina). 

Of course the retinal image size is only about 10-20 
µm, considerably smaller than the diameter of a human 

hair. So you may wonder: "What does it matter if I have 
such a small lesion in my retina? I have millions of cone 
cells. So what if I lose a few?" Because retinal injuries are 
always larger due to heat flow and acoustic transients, 
even a small disturbance of the retina can be significant. 
This is particularly important in the area of central 
vision, referred to by eye specialists as the macula lutea 
(yellow spot) or simply the "macula." The central region 
of the macula—the fovea centralis—is responsible for 
detailed, 20/20 vision. Damage to this extremely small 

(about 150 µm in 
diameter) area can 
result in severe vision 
loss even if 95% of 
the retina is still 
unscathed. While the 
region surrounding 
the macula is useful 
for movement detec
tion and other tasks, 
it possesses little acu
ity. (This is why your 
eye moves across a 
line of print. Your 
detailed vision is a very small angular subtense of the 
retina.) In addition to the retina, the cornea and even 
the lens can be damaged by a laser beam (see Fig. 4, 
page 34). 

Safety standards—a brief history 
Concerned about the potential eye hazards recognized 
within a year after the demonstration of the first laser, 
military agencies issued the earliest laser safety guide
lines in the 1960s,1 and the first laser safety goggles 
(with BG-18 glass) were recommended in 1962.2 The 
first laser safety guideline was issued in 1966 by the U.S. 

Table 1. Laser c l a s s e s 1 - 4 def ined. 

Figure 2. The very high radiance of lasers expla ins their 
hazard. The Law of C o n s e r v a t i o n of R a d i a n c e 

limits focal i rradiance from convent ional s o u r c e s . 

Figure 3. Ret inal i rradiance for a variety of s o u r c e s . The retinal image 
area inf luences the hazard a s d o e s the source rad iance . Note that the 

brightest L E D s are c o m p a r a b l e to tungsten f i l aments . C o m f o r t a b l e 
b r i g h t n e s s e s c o r r e s p o n d to about 1 0 - 4 0 µW/cm2 at the retina 

(adapted f rom Sliney and W o l b a r s h t ) . 4 
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Army Medical Department, but limited to the Q-
switched ruby laser used in prototype military 
rangefinders. Shortly after that, limits for long-pulse 
and cw lasers were issued. 

The American Conference of Governmental Indus
trial Hygienists (ACGIH) issued the first laser threshold 
limit values (TLVs) in 1968. At that time, there were 
simply three values: an exposure limit for Q-switched 
lasers, an exposure limit for long-pulse lasers (of the 
order of one msec duration), and an exposure limit for 
cw lasers. (Of course in the 1960s, ruby, Nd, HeNe, and 
C O 2 lasers were the only ones commonly in use.) 

Biomedical research, which laid the foundation for 
exposure limits (ELs) during the 1960s and 70s, was 
supported almost exclusively by the Army and Air Force 
medical departments. By 1973, basic limits were pretty 
well determined for visible and near-infrared lasers; 
American National Standards Institute (ANSI) and 
ACGIH values for minimal image, intrabeam viewing 
conditions have hardly changed since that time. Dealing 
with sub-nanosecond lasers, lengthy exposures, and 
large image sizes have created difficulties and complexi
ties in updating standards for the 1980s and 1990s.3-10 

Today's standards, for example, ANSI Z136.1-1993, 
The Safe Use of Lasers, have evolved since 1973 through 
several renditions. Maximum permissible exposure 
(MPE) limits are now provided as sliding scales for 
wavelengths from 180 nm to 1 mm and for exposure 
durations of 1 nsec to 30 ksec (8 hour workday). Health 
and safety specialists want the simplest expression of the 
limits, while some mathematically inclined scientist and 
engineer standards committee members argue for 
sophisticated formulas to express the limits (which belie 
the real level of biological uncertainty). 

The International Electrotechnical Commission 
(IEC) IEC Standard 825-1 (1993) grew out of an amal
gam of the ANSI standard for user control measures, the 
World Health Organization (WHO) endorsed exposure 
limits of ACGIH and ANSI, and the U.S. Federal Regula
tions product classification regulation. The Internation
al Commission on Nonionizing Radiation Protection 
(ICNIRP) has a special relationship with W H O in 

developing criteria documents and recommending 
exposure limits for laser radiation.11 

In the standards arena, concentrated efforts have 
focused on product classification and attempts to 
resolve the eternal question of "How safe is safe?" Recent 
efforts to revise safety standards do not always take into 
account the historical rationale for the MPEs and forget 
that factors are already placed into the limits, thereby 
making further safety factors for product safety testing 
quite unnecessary. However, studies of accidents do 
raise the question of whether our approaches to eye 
protection and enclosures are adequate, and whether 
individual standards and guidelines are needed for dif
ferent applications. 

Several evolving issues are worthy of note: 
Deriving exposure limits for sub-nanosecond pulses 
and updating MPE limits for exposure durations 
greater than 10 seconds in the visible and near 
infrared, where two competing mechanisms (photo
chemical and thermal) determine the retinal injury 
threshold; 
Resolving the controversy in the IEC on whether 
light emitting diodes (LEDs) should be treated as 
incoherent lamp sources or as lasers; 
Achieving international consensus on realistic risk 
assessment; and 
Providing realistic guidelines for testing laser eye pro
tectors and more informative labeling of laser safety 
products. 

Sub-nanosecond exposure limits 
To date, there have been very conservative interim 
guidelines for human exposure to laser radiation for 
pulsed durations of less than 1 nsec. With the prolifera
tion of lasers with pulse durations measured in pico- or 
femto-seconds, the need for ultra-short pulse duration 
ELs is widely recognized and research is underway.1 0 - 1 2 

The development of ELs for the sub-nanosecond 
time domain is very difficult because of the interaction 
mechanisms of laser radiation and biological tissues. 
Nonlinear damage mechanisms do not scale in the same 
way with wavelength, pulse duration, and retinal image 

Figure 4. Laser-induced ocular injuries lead to vision loss: (a) Off-axis illumination from a visible or near-infrared (400-1300 nm) laser 
causes retinal injury away from the critically important central retina; (b) Direct irradiation of the cornea by a far-infrared (> 1400 nm) 

laser produces a corneal burn and probable scar. 
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size as do thermal and thermal acoustic damage mecha
nisms. For this reason, it has been necessary to perform 
a number of damage mechanism studies.13 Likewise, the 
range of effects that occur at sub-visible threshold levels 
has to be studied by histological techniques and the 
consequences of exceeding the threshold—i.e., supra
threshold effects—must be understood prior to setting 
ELs. Fortunately, we are nearing the point where a con
sensus of understanding of damage mechanism is evolv
ing (see Fig. 5). 

Recently, it has also become clear that a major flaw 
exists in the expression of long-term (t > 10 sec) laser 
retinal ELs in all present standards. Because of compet
ing retinal damage mechanisms, i.e., photochemical ver
sus thermal effects, the use of a single formulation to 
cover all laser pulse durations and wavelengths between 
400-1400 nm, for all possible retinal spot sizes, has led 
to some extremely conservative MPE values.9 The MPEs 
for extended-source visible laser exposures and some 
near-infrared lasers can be a factor of 10 or more too 
conservative. New MPEs for purely thermal effects are 
now proposed that would be similar to the 701-nm 
wavelength and an additional wavelength-dependent EL 
for short-wavelength lasers and the 400-550 nm band 
would be a second limit. The user would therefore have 
to test against both of these criteria and choose the most 
conservative of the two. 

How to handle LEDs 
LED safety is dealt with in ANSI/IESNA RP27.3-1996, 
Recommended Practice for Photobiological Safety for 
Lamps—Risk Group Classification & Labeling. LEDs are 
not treated by any ANSI committees or by the CIE as if 
they were lasers for safety purposes with one excep
tion—LEDs used in any optical fiber communication 
system are treated in the same manner as diode lasers. 
ANSI Standard Z136.2 (1988), Safe Use of Lasers in Opti
cal Fiber Communications Systems (OFCS), soon to be 
issued as ANSI Z136.2 (1997), applies to LEDs used in 
this special application since optically aided viewing 
with a microscope or eye loupe happens in realistic ser
vicing conditions, and the instrumentation to distin
guish the narrow bandwidth of the laser from the wider, 
nominal 50 nm bandwidth of the LED is a needless bur
den. It was clear to the ANSI Committee that LEDs were 
not as hazardous as diode lasers because of a limited 
radiance, but it was considered appropriate in this spe
cial application to simplify safety evaluations and pro
tective procedures by including LEDs. 

The IEC Committee TC76 on Laser Equipment took 
a different approach in this decade and LEDs are includ
ed in the scope in the 1993 edition (but not in the title, 
to the great consternation of LED manufacturers who 
discovered the broadened scope after publication). A 
new provision adds one or two sentences to include 
LEDs as if they were lasers. Thus, requirements for a 
laser safety officer (LSO) can now be read as require
ments for an LED Safety Officer. Unfortunately, this was 
done without real consideration of the wide ranging 
possible geometries of LED products; the inclusion of 

LEDs in this standard "at the 11th hour" was largely to 
treat infrared LEDs incorporated as laser diodes in opti
cal fiber communication systems. It was probably a mis
take to include LEDs, since all current LEDs have a max-

Figure 5. Retinal injury t h r e s h o l d s in pr imates are c o m p a r e d to M a x i m u m Per
miss ib le Exposure Limits (MPEs) s h o w n a s sol id l ines. Note that 1 0 6 4 - n m near-

infrared th resho lds a s c i rc les , are greater by a factor of 5 - 1 0 than visible thresh
o lds represented a s t r iangles, and the M P E s follow this d ist inct ion. Data points 
represent more than 2 5 years of ef fort . Newer s u b - n a n o s e c o n d threshold d a t a 1 4 

are be ing u s e d to modify the current , overly c o n s e r v a t i v e (dashed- l ine) ANSI 
safety g u i d a n c e . 
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imum radiance of about 2 W/(cm2-sr) and can in no 
way be considered hazardous (see Fig. 3, page 33). Some 
observers of the IEC accuse the group of having the 
ulterior motive of providing test houses and safety dele
gates with greater business! 

The IEC decision also did not adequately recognize 
that the overly simplified measurement methods in 
IEC825-1 had been developed 
for laser sources and inherently 
assumed certain highly conser
vative, "worst-case" viewing 
conditions (see Fig. 6). Addi
tionally, because the spectral 
output bandwidth of LEDs is 
much greater than lasers, it is 
also questionable whether 
LEDs should not be treated as 
other incoherent optical 
sources, for which exposure 
limits are not so conservative. 
Occupational exposure limits 
for the eye and skin have been 
standardized for lasers for 
many years, and today most 
standards and guidelines are 
reasonably in agreement 
world-wide.4 - 8 , 1 1 However, 
since laser and incoherent 
guidelines differ because of the 
need for a greater safety factor 
for laser sources, one must first 
consider whether laser or inco
herent limits are more applicable to LEDs.5 That a 
greater safety factor was used in deriving laser ocular 
exposure limits was the concern about very narrow
band biologic effects.12 

Risk assessment 
The problem of practical risk assessment comes up again 
and again with respect to the certainty of control mea
sures, the definitions of a Class 1 laser and of "human 
access," setting the time basis of safety classification, and 
deriving the measurement criteria. Internationally, there 
are those of a very conservative philosophy who argue 
for "zero risk." However, those who have had to face safe
ty judgments in many areas of product safety argue for a 
more pragmatic approach that considers most cases, but 
not the barely imaginable risk scenario. It is clear that 
cultural differences exist among different nations and 
regions with regard to determining acceptable risk. At 
least one European delegation to IEC Technical Com
mittee TC76 has been particularly insistent that Class 1 
meant "inherently safe." Indeed, it has been stated that a 
German (DIN) standard defined Class 1 in this way. The 
problem became particularly difficult with regard to 
whether viewing with eye loupes, magnifiers (for diverg
ing beams), and telescopes (collimated beams), was real
istic for all applications. The U.S. approach has tradition
ally been to consider these unusual viewing conditions 
only if such sources are expected, whereas the German 

concept has been that a hazard could exist from optically 
aided viewing, making a source dangerous, and this 
could never be completely precluded. The IEC standard 
incorporates this view and all optically "collectable" 
energy is measured for classification. 

Eye protection standards 
The cultural differences in 
dealing with risk also applies 
to eye protection. ANSI 
Z136.1 provides general guid
ance to the user, considering 
such factors as comfort, fit, 
filter damage threshold, and 
periodic inspection, as well as 
wavelength and optical densi
ty specifications. However, 
there is no detailed U.S. stan
dard marking and laboratory 
proofing (testing) of a filter's 
specifications. By contrast, the 
approach in Germany (with 
DIN standards) and more 
recently in Europe (with CEN 
standards), has been to mini
mize the decision making by 
the user and place heavy 
responsibility upon the eye
wear manufacturer to design, 
test, and follow standardized 
marking codes to label the eye 
protector. Indeed, manufac

turers have been required to use a third-party test 
house—at considerable expense—to test eyewear. More 
recently, European manufacturers can self-certify a gog
gle as meeting the CEN standard. Each approach has 
merit, and it would appear that in the U.S. we need to 
consider standardized testing requirements and, most 
importantly, standardized marking. 

What testing is really needed? 
The European emphasis on filter burn-through and 
damage thresholds has never found much interest in the 
U.S. laser safety community, since the scenario of a laser 
burning through goggles over a period of seconds with 
the wearer stabilizing his head as flames and smoke 
shoot from a plastic lens annoys the pragmatic LSO.15 

Indeed, it seems quite absurd to demand that laser pro
tective filters have damage resistant irradiance values far 
exceeding skin damage thresholds. Since ordinary poly
carbonate eye protectors can withstand irradiances of 
about 100 W/cm2 (1 MW/m2) for several seconds of illu
mination at the 10.6 µm wavelength, many have ques
tioned the need for any damage testing of this sort. A far 
more reasonable test protocol would be to require testing 
of the optical density (OD) under cw and Q-switched 
irradiation conditions for saturable absorption. 

Informative labeling 
The intelligible marking of laser eye protection to assure 

Figure 6. Optical ly a ided viewing of d iverging b e a m s 
from a d iode laser or an L E D . Eye loupes and magnif iers 

c a n redirect the diverging b e a m but only a sma l l a m o u n t 

of energy in tercepted by the pupil actual ly en ters the 
eye and can be f o c u s e d on the retina (top); or the ener

gy is s p r e a d safely over the retina when the b e a m is 
f o c u s e d into the pupil (bottom). The IEC s tandard now 
m a n d a t e s co l lect ing all l a s e r power enter ing a 5 0 m m 

aper tu re . A l imited revision is underway. 
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that users will not misunderstand and select the wrong 
goggle is the most serious and pressing issue in laser safe
ty today. Unfortunately, I do not currently see an ideal 
solution. In the past few years, several eye injuries appear 
to have been caused by someone choosing the wrong 
protector. These accidents are most likely to occur in 
environments where lasers of different wavelengths are in 
use. Clearly, technical markings such as "D46.L2" serve 
no purpose other than as manufacturer certification. 
Markings such as "OD 5.6 @ 1064 nm" are clearly intelli
gible to optical physicists or well-trained LSOs, but sel
dom understandable to physicians and industrial work
ers. Such a serious matter cannot be left to "adequate 
training of all laser users." That is unrealistic. Color cod
ing to laser consoles and more elaborate wording have 
been tried with some success. The best assurance against 
misuse of eyewear has been the application of customized 
labeling, for example: "Use only with the Green Laser, 
Model 12A," "Use only for alignment of Mode-Locked 
YAG," or "Use only for port-wine stain laser." Such cau
tions supplement the more technical marking. 

The terms "ruby," "Nd," "CO2," etc., in addition to 
wavelength, should be required unless such wording 
would lead to real confusion, as with a multi-wavelength 
laser. Although simple markings such as "WG8," indicat
ing welding goggle shade 8, are reasonable markings for 
welding helmets, simple markings have a different 
impact for lasers. If a welder chooses too light a goggle 
shade, he or she will be dazzled by the visible portion of 
the broadband arc and therefore will automatically 
select a darker one based upon comfort. The welder 
cannot be injured as long as the recommended practice 
to select a comfortable shade number is followed. With 
lasers, however, if someone misunderstands the code on 
the eyewear, severe injury can result since there is no 
dazzling brightness to which the eye responds—or if 
there is, as in the case of pulsed laser flash, the warning 
occurs too late. Similarly, if the wrong goggle is chosen, 
one could be wearing a goggle that protects against one 
laser emission line, but not another. Unfortunately, we 
must recognize that there is no perfect solution to eye
wear marking, but improved, standardized marking is 
certainly reasonable. 

Laser safety diligence 
The use of open-beam Class 3 and 4 lasers, typically 
found in many laboratories, places responsibilities of 
safe use upon all concerned. Laboratory management 
must recognize the need for a laser safety program, 
including safe use training for all who come in contact 
with the lasers. The appointment of one person (and 
LSO) to look after the safety program is required by the 
ANSI standards. However, convincing users to wear the 
appropriate eye protection is still the biggest challenge. 
But if the challenge is not met, severe eye injuries, 
including loss of vision, are possible with blame fre
quently attached to laboratory supervisors and/or the 
university or research organization. Thus, it is best to 
follow the ANSI standard, available from the Laser Insti
tute of America or from ANSI.16 
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