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ABSTRACT

LASER PROPERTIES AND EYE HAZARDS

CBJECTIVE

To describe izser radiation parameters and possible causative factors
in eye injury.

RESULTS

The relation between laser output properties and eye in)1ry are de-

scribed. Laser eye injury data is reviewed and aspects of laser safety
are discussed.

CONCLUSIONS

Laser radiation can present a hazard to the eye. Users of lasers and
personnel likely to be involved in laser safety programs should be
familiar with some characteristics of laser radiation and the pribleimse
of laser safety.
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INTRCDUCTION

Eye injury is a well recognized hazard of intense visible and near in-
frared electromagnetic radiation (1, 2), The potential of laser radia-
tion to produce injury to the eye was recognrized at almost the outset

of laser development (3, 4). Active research on laser hazards as well
as on potential uses of lasers in biology and medicine has been in prog-
ress for more than five years (5, 6). As a consequence, the literature
is replete with articles covering 2lmcst every aspect of the biological
effects of laser radiation. It is ‘ften difficult for those not involved in
the research, but interested in its findings, to interpret correctly the
reported results. The profusion of specialized language, particularly
that describing lasers, can cause difficulty if not understood and can
produce utter confusion if misunderstood. It is recognized that optom-
etrists may play an increasing role in assessing laser hazards and/or
screening {or laser injury. It is important that they, and others who
seek a fuller comprechension of laser effects, hazards particularly,
recognize the significant parameters of lasers that relate to hazards.

The purpose of this report is to describe the basic properties of lasers K
and laser racdiation that are important in eye hazards. We wish also to
describe how lasers affect the eye and to mention experimental injury
findings and some aspects of laser safety.

LASER PARAMETERS

From a practical point of view, lasers may be considered simply as in-
tense sources of monochromatic, optical radiation (4a). It is not perti-
nent to this discussion to have a detailed knowledge of the inner mech-
anisms of laser action, rather, it is important to know which laser
parameters are significant in terms of injury and how they can vary
from one laser system to another. 3

The important laser output parameters in relation to eye injury are:

a., Wavelength of the radiation,
b. Time properties of the laser beam, and

c. Beam geometry. FEE
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The output properties of several common laser systems, including
these three, are listed in Table One (page 16). The relevance of
these properties is described below:

1.  Wavelength.

There are more than 700 different laser wavelengths be-
tween the near ultraviolet at 0.2358 y (235. 8 nm) and the far infrared
at 377 p (377,000 nm) (7-12). Many of these wavelengths can be pro-
duced from the same laser medium but in practice, with the exception
of the ionized noble gas lasers, only one wavelength is emitted from a
given laser system. The electromagnetic wavelength span in which
lagsers operate is several orders of magnitude greater than the visible
wavelength region (yet it 1s still referred to as the optical region). In
addition to the many basic wavelengths available, non-linear optical
techniques can shift a given laser output to either shorter or longer
wavelengths.

Many laser wavelengths are possible and since the trans-
mission of the eye and absorption of light in the tissues of the eye de-
pend on wavelength, it is an important parameter in understanding
laser hazards.

The site of laser injury in the eye is dependent upon the
laser wavelength because radiation must be absorbed in order to pro-
duce any change (13). The relative absorption characteristics of a
given tissue determine its sensitivity to radiation at different wave-
lengths since a certain amount of absorbed energy is required to pro-
duce injury. Threshold exposure levels for laser eye injury thus vary
with laser wavelength, Over rather narrow wavelength spanu these
differences are small, usually less than a factor of ten for comparable
exposure times,

2. Time properties.

In addition to the number of laser wavelengths available,
laser outputs can be classified in terms of their tirre properties or
time mode of operation. There are two basic type: —continuous and
pulsed outputs. Pulsed lasers can be classified further into long
pulse and short pulse (Q-switched) types, and into those with both
high and low pulse repctition rates. Throughout the visible and in-
frared wavelength region it is generally accepted that the primary
mechanism underlying laser injury to tissue is the fact that the ra-
diation is absorbed and causes local heating (14). Thermal injury
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mechanisms are dependent on the rate at which the energy is absorb-
ed, thus making injury thresholds a function of the time and peak pow-
er density properties of a laser beam incident on tissue (15, 16). At
low power densities and long pulse lengths, heat dissipation via therm-
al conduction in the tissue will limit the local temperature rise, where-
as for short pulses the heat cannot escape from the site of absorption
and less total absorbed energy is required to produce corresponding
temperature increases, and thus injury (15-18)., For a given laser
wavelength and a given tissue, the threshold dose is different for con-
tinuous and pulsed exposures, Also, the threshold dose can vary for
different pulse lengths, depending on the relative absorption proper-
ties of the tissue.
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3. Laser beam geometry.

The radiation output from a laser is usually contained in a
narrow beam. ‘lI'he internal optical properties of the laser and, in
some cases, additional external optics, restrict the beam spread to
very small divergence angles. This property of laser radiation is one
of the major sources of its potential to produce injury at great distances,
particularly to the retina.

Figure One (page 19) illustrates the basic geometry of laser
beam divergence. The beam diverges, as stated above, with some
characteristic arigle § or half angle ei =4 g. The half angle is re-
lated to the beam radius at a distance®Z from the laser by:

tan ei =y/Z, ory=Z tan ei
and R, the beam radius at Z is:

R=r+Ztane§

Laser divergences are typically less than 10 mr and for small angles
the tangent is approximately equal to the angle, or R=r + 2 e& .

If the laser output is pulsed and has a total energy E (or is

continuous with a power output P), the energy density {power density)
at a distance Z from the laser is written as:

E (or P)

Eg (or Pgy) = d
4%t Td n(r +2 0y)2

PN
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At large distances, Z 85 is much greater than r and the equation may
be avproximated by:

E (or P) joules (watts)

Eg (orPy) =
d d T z2 62 unit area

3

It can be seen readily that this is an expression of th~ famil-
iar inverse-square law.,

It is the magnitude of the incident power density or energy
density of a laser, operating with a given time duration, which deter-
mines whether or not an injury is produced. Thus, the output beam
energy (or power), the distance to the intera :tion site, and the beam
divergence angle are the factors that constitute the exposure condi-
tions. In many cases, the incident power or energy density is the
only factor required to determine hazardous conditions. The relation

between energy and power and the various units for each are discussed
in the Appendix.

It must be pointed out that we have not used cornmon 'laser-
ology' terms such as '"coherence' and "stimulated emission." Al-
though these terms are often used when discussing lasers, they are
not necessary for understanding laser hazards.

To summarize briefly, there are three basic parameters
which characterize a given laser or laser system, and which are im-
portant in understanding laser eye hazards. They are:

a. Laser output wavelength, This determines the tissues
of the eye that can be injured. Threshold injury doses are different
for different laser wavelengths,

b. Time characteristic of the output. The threshold doses
are dependent on whether the laser output is continuous or pulsed.
Pulse length and pulse repetition rate are also important.

c. Beam divergence argle. This determines the amount of
power density or energy density that a laser can deliver at a given dis-
tance fromthe system.

LASER EFFECTS ON THE EYE
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1., General.

The transmission of the human ocular media, as a function
of wavelength, has been measured by Geeraets et al (19) and Boettner
and Wolter (20) and others., These results show that not only do sub-
stantial amounts of light in the visible region (350 nm to 750 nm) reach
the retina, but that significant fractions of radiation in the near infra-
red, to wavelengths slightly longer than 1300 nm, are transmitted
through the ocular media to the retina. At longer wavelengths, through-
out the rest of the infrared, the absorption of radiation by water mole-
cules is the dominant factor in determining the optical transmission of
the eye. Since the absorption by water is very high in the infrared, ra-
diation at these wavelengths is absorbed in the anterior segment, for
the most part in the cornea (21).

Although there are laser systems that operate in the near
ultraviolet portion of the spuictrum (i.e., at wavelengths shorter than
350 nm), we are not including any consideration of this wavelength
region, This is because, with the exceptions of the pulsed nitregen
laser at 337.1 nm, and the continuous Neon Ion laser, at 332.4 nm,
ultraviolet systems at present are not generally available. Ultraviolet
lasers are not in widespread use, and there have not been any studies
of ultraviolet laser eye injury reported,

2. Corneal injury.

In the infrared region at wavelengths longer than about 1300
nm, there is only one common laser system which operates at output
power levels that are distinctly hazardous. This is the CO; laser
which can be operated either continuously or pulsed at high repetition
ratzs. Its output is in the mid-infrared at approximately a wavelength
of 10.6 y (10, 600 nm). Since this wavelength is in the region of very
high absorption for water, the interaction site in the eye is the cornea
and more particularly the corneal epithelium (22). Radiation at this
wavelength does not penetrate to the retina, since the equivalent opti-
cal density of the ocular media at 10.6 |, is in exce:s of 600,

Clinically, a lesion produced by CO3 laser radiation is a
thermal burn of the cornea. The extent of injury, whether limited to
the epithelium or involving the stroma to the point of corneal blister-
in;,. charring and perforation, depends on the incident dose (23), that
is, the combination of power density incident on the cornea and the du-
ration of exposure. Mild corneal burns involving only the corneal epi-
thelium and appearing as a minimally observable change in the

5
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epithelium, are reversible and constitute what is generally called the
threshold injury (24, 25).

At doses below those required to produce clinical threshold
injury there is streng evidence that a heat sensation in an irradiated
cornea can give a cue to exposure (26). At low power densities, which
require a relatively long exposure time to produce an injury, this heat
sensation couldinduce a personto avoid injury by blinking or by moving.
However, at high power densities, where the exposure time required
to produce a lesion is equal to or less than the blink reflex time, a
person cannot expect to avoid injury unless prior protective measures
have been taken. Table Two (page 17) contains some experimental COp
laser threshold doses as reported in the literature.

3. Retinal injury.

The majority of other laser systems in widespread use oper-
ate at wavelengths in the visible and those portions of the near infra-
red spectrum which can affect the retina bec. use of the transmission
of the ocular media. The retinal injury from laser :adiation is gen-
erally considered to be due to the heating that results from the absorp-
tion of radiation in the retinal pigment epitheliumand choroid (14a, 15a,
17a, 27). At dose levels in excess of threshold, the clinical lesion can
be as severe as an intraocular hemorrhage wit'h retinal tear (28, 29).
At lower dose levels, approaching threshold, the lesion is usually char-
acterized as a white or white patchy area. Due to the focusing of the
eye, lesions of the threshold variety can be very small in diameter
and correspondingly difficult to observe and identify. Supra-threshold

lesions, soon after exposure, have been shown to affect visual acuity
ard field (30).

The size of the retinal image of th. laser beam plays a very
large role in determining the incident dose 2 .ne cornea that is cap-
able of producing a retinal lesion. The energy ‘density or power dens-
ity at the retina is increased over that at the entrance pupil of the eye
by the optics of the eye (4b). This is due to the fact that the image
formed is usually smaller than the pupillary aperture, thereby increas-
ing the energy or power per unit area., The relation between incident
energy density (or power density) at the plane of the pupil and the cor-
responding quantity at the retina is simply given by the inverse ratio
of the respective areas. This can be written in terms of the relative
diameters squared, that is:

e
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E4 (pupil) - rD (retina) 2
Eq (retina) LD (pupil)

where D (retina) is the image diameter at the retina, D (pupil) is the
diameter of the pupil, and absorption in the ocular media has been
neglected. If the eye is locatedfar enoughaway fromthe laser source,
so that the laser appears as a point source, the retinal image formed
will be very small, on the order of 10 y in diameter, essentially the
point spread function (31). In such situations, the energy density mag-

nification represented in the above equation can, with an 8 mm pupil,
be as high as 600,000,

If the eye is nearer to the laser output aperture, so that the
aperture no longer appears as a point source, two possibilities exist.
First, if the laser beam divergence angle is less than the visual angle
subtended by the output aperture at the eye, the image size on the ret-
ina is still of minimum size. Second, if the laser beam divergence
angle is greater than the visual angle of the aperture, then the image
on the retina is the usual one determined by ray optics for an iliumi-
nated object. In the first case, the laser beam is essentially colli-

mated, whereas in the second case it is diverging more significantly
(4c).

D (pupil) ] 2

The large dose magnification factor, [D (retina) ] ? is pri-
marily responsible for the sensitivity of the eye to retinal injury from
visible and near infrared laser radiation, For example, consider the
case where the retinal energy density dose for threshold injury from
a short pulse visible laser is 0.1 joulos/cmz. This retinal dose
could be produced by an incident dose to the surface of the eye of ap-
proximately 1.6 x 10-7 joules/cmz. A laser with an output full beam
divergence angle (8) of 2 mr {0.002 r) and a pulsed energy of 0. 5 joules
can produce 1.6 x 10-7 joules/cm2 at 2 distance of 10,000 meters.
These conditions are not significantly altered in a non-turbuient rela-
tively clear atmosphere (32, 33).

Table One lists the output capabilities of some visible and near
infrared lasers. As can be seen from this table, 0.5 joules is a rel-
atively low output from either a Ruby or Neodymium Q-switched laser.

Table Three (page 18) lists some of the threshold doses re-
quired to produce minimum clinical injury to the retina. Most of the
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reported data have been obtained using animal eyes as noted and are
expressed in terms of calculated retinal energy or power density. In-
cluded in the table are corneal doses which are calculated from the
experimental retinal values on a worst case basis. It must be empha-
sized that both sets of numbers are data calculated from the actual ex-
perimental data and are subject to many possible errors. The actual
measured quantity in the experiments is the dose incident on the sur-
face of an animal eye. The size of the retinal area exposed is meas-
red by indirect mzans and the retinaldoses are calculated from these
two measurements, We have converted the reported retinal values to
corneal values using the approximate energy density magnification fac-
tor of 600,000, In the practical situation one is interested in protect-
ing humans from eye injury. This requirement demands a dose that
can be measured, or calculated, in terms of incident radiation on the
surface of the eye. Thus, one is faced with extrapolating, by calcula-
tion, the animal results to humans, in order to obtain values useful
in practice.

Precise extrapolation of animal data to humans is very com-
plex and is beyond the scope of this report. The topic of safety fac-
tors, however, is different. Generally, an ad hoc value of 10 or 100
below the threshold for clinical injury is chosen as a safety factor
(34, 35). This is probably a reasonable choice when the injury mech-
anism is somewhat obscure. For example, the injury mechanism in
Q-switched laser retinal injury is thermal in nature, but its exact
mode of operation is not yet clear (15b, 36, 37, 38). At longer expo-
sure times, and lower power densities, retinal injury is most likely
due to local tissue heating (27a, 39) and temperature dependent de-
naturation of proteins (15¢, 40). Safety factors based on allowable

temperature increases seem to be more meaningful and realistic
(18a, 41, 42).

4. Injury to other portions of the eye.

There have been studies of laser injury to the lens and iris
(23a, 43, 44). However, in the practical situation, neither injury ap-
pears as a significant hazard. In terms of corneal irradiance, the
reported doses necessary to produce damage to the iris or lens from
visible radiation are much higher, more than 100, 000 times the dose
required to injure the retina (44a, 45). So, in the practical case
where the entire eye is irradiated with visible or near infrared ra-
diation, injury to the retina willoccur at doses much lower thanthose
required to injure the iris or lens.

8
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In the mid infrared, at 10.6 p, injury to the lens has been
shown to occur. However, this occurs as a consequence of laser
heating of the cornea and at doses in excess of the ccrneal injury
threshold (23b), Thus, even in this case, lenticular damage is not
a primary hazard.

SAFETY AND PROTECTIVE MEASURES

In a laboratory environment, safe laser operating procedures must
be maintained. This is best accomplished through the establishment
of a safety program and appropriate controls (46, 47). Outside the
laboratory, safety and control procedures are even more necessary,
since the chances of accidental exposure are higher.

The general common sense rule of safety with laser beams is: "Don't
Look'" (48). If this cannot be followed there are many safety goggles
which otfer varying degrees of protection at specific laser wave-
lengths. Table Four (page 19) contains a list of available safety eye-
wear and their properties. ™ Some of the disadvantages of present
safety eyewear in addition to those noted in the table are: vision is
usually reduced; the visual field is restricted; and visible laser beams
become invisible when viewed through goggles, thus making their loca-
tion not as readily identifiable,

SUMMARY

Laser hazards are important for laser users and those charged with
safety responsibilities. We have presented a basic discussion of laser
output properties in the context of eye injury. The retina is sensitive
to radiation in the visible and in portions of the near infrared. The
cornea is the primary site of injury from laser radiation throughout
the rest of the infrared region. In terms of delivered dose, the eye
is far more sensitive to visible and near infrared laser radiationthan
it is to radiation which is absorbed by the cornea. The optics of the
eye account for this sensitivity and the result is that visible and near
infrared laser radiation is the major source of laser hazards. Ac-
cidental exposure to visible laser radiation can be hazardous even at
great distances from low to moderate output devices.

'Data compiled by Mr. W, J. Schreibeis, Bell Telephone Labora-
tories (to be published--American Industrial Hygiene Association
Journal).
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APPENDIX

Power and Energy

The total output energy, per pulse, of a pulsed laser is usually given
in joules, while the output power of continuous lasers is given in watts.
There are fundamental relationships between the units of energy and
power, and there are several unit systems used for each.

Basically, energy is a measure of work, that is, the equivalent of a
force acting through a distance. In terms of thermal energy, heat is

a measure of work, The unit of thermal energy in centimeter, gram,
second (cgs), units is the gram-calorie or calorie. The correspond-
ing unit of mechanical or radiant energy, in cgs units, is the erg, and,
in mks (meter, kilogram, second) units, the joule or watt-second. The
conversion factors relating these different units are:

1 calorie = 4. 18 joules
1 joule = 107
joule = 10° ergs

Power is the rate at which work is done. Mathematically, this is
written as:

1) b= dE
dt
t

(2) orE=/ P dt
(o}

In the simplified case, where the power is not an explicit function of
time, that is, when the power is a constant, the latter equation may
be written as:

(3) E=Pt

The mks unit for power is the watt. Thus, a continuous laser operat-
ing at 10 watts constant power output will deliver an output energy of

1 joule in 0.1 seconds, 10 joules in 1 second, 100 joules in 10 seconds,
etc.
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On the other hand, a pulsed laser output is described in terms of
energy in a pulse. An output pulse of energy E and length t has a

maximum rate of energy output or peak power output given approxi-
mately by:

(4) P=E/t

The assumption is made that the pulse is flat-topped, that is, that
the output power is constant during the pulse. Thus, a 1 joule laser
pulse with a 1 millisecond pulse length has an approximate peak pow-
er of 103 watts, whereas a 1 joule pulse of 10-8 seconds pulse length
has a peak power of 108 watts or 100 megawatts.

The average power output of a continuous laser is obviously equal to

its constant power output. The average power output of a pulsed las-
er on the other hand, depends on the number of pulses per second, or
the pulse repetition rate. Thus, a pulsed laser of 1 joule output with
a pulse repetition rate of one pulse per second has an average power

output of 1 watt, irrespective of the pulse length.

The conversion factors for different units of power are identical to
those for energy, that is:

1 calorie/sec = 4. 18 watts

1 watt = 107 ergs/sec
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