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Pick up a book and drop it on the floor. As thelbteaves your hand, it speeds up until, at the nmrehits
the floor, it is traveling over 9 miles per hoBANG! It hits the floor with a resounding crash as iergy of
motion is converted into heat and noise energys €hergy of motion, as we all know, comes from igyathe
force that extends throughout space to hold theeuse together.

But there is another, much more powerful, force cvhoperates over much shorter distances. Thises th
electromagnetidorce, which holds material objects togetherslivery much stronger than gravity, which is
why it is easy for the electromagnetic force thatde my hand (and the book) together to overconee th
gravitational attraction on the book of tweole earth!

But this force can be made to extend far into sfigcmoving the particles that it affects. If yoursp magnet,

in a generator or magneto, you generate a powknfceg that can charge your car battery, make &spagive
you a painful shock. If you move electrons in adwoetor such as a wire, you can drive a motor drt laglight
bulb. Because the movement of magnets or eleamri@iet produces this energy, it is calleléctromagnetic
energy Connect a source of electricity to the wire filmh in a light bulb, and the electromagnetic energy
produced is so powerful that you can actually sekfael it. The part that we can see is calledtjitite part we
feel is called heat.

Electromagnetic energy radiates out from the solikee waves in a pond, which is why such wavescatied
electromagnetic wave3.he distance between the crest of one wave anariberight behind it is called the
wavelengthLight and heat are two forms of electromagnetawves that differ only in their wavelength. Radio
waves, TV transmissions, microwaves, x-rays andngamays are all examples of electromagnetic waves
which differ fundamentally only in their wavelengthLight has a wavelength of from 400 to #0llionths of a
meter; heat has a wavelength of from about onestnmith of a meter to a little less than one mithoaf a
meter. Radio, TV transmissions and radar have \eagths of a few millimeters to over a kilometenuore.

Electromagnetic energy exists in nature in all viewgths because the sun generates it. Most ofetiesgy
does not reach the surface of the earth becausariasphere is opaque to it. But the atmospherelasively
transparent to visible light, which is why livingimgs have evolved receptors for light waveleng8wshine
consists of white light, which is a mixture of #ie various wavelengths, oolors to which the atmosphere is
transparent. In addition, heat exists in harmfteémsities in forest fires, which is why animals,iethhave the
ability to run away, have evolved receptors fos ttadiation as well. Since excessive temperatiapsde very
harmful, heat receptors have the capability to pcedan attention-getting and motivating responsanimals
known as pain.
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Albert Einstein demonstrated that electromagnetaweg can be thought of as individual packets ofggne
called photons.The photon is the medium of transmission of eteotignetic energy from the source to the
receptor. The energy of each photon is an invarsetibn of its wavelength. The shorter the wavelkenthe
higher the photon energy. Naturally, the wavesjangbled or chaotic, much like the waves formed ouy
throw a handful of pebbles into a pond. Visualiasdhotons, the individual photons are like peapke crowd
running from an explosion; some go one way and sanwher, in different directions and with diffeten
energies. The movement is generally away from tberce of the disturbance, but it is disordered.
Electromagnetic waves of this type are catled-coherent.

Luminous objects, such as the sun, can be seendeetize light that they emit impinges on the viseakptors
on the eye. When all visible wavelengths are presetine same intensity, the light appears whitégfeBences
in the amount of light observed at different wanelis gives rise to the sensation of color. Lidjat ttonsists
of a single wavelength is said to b®nochromaticiand the color observed is one of the spectralrsolo
Rainbows consist of a gradation of visible speatmors from red to violet. Combinations of wavej#rs in
various proportions produce non-spectral colore &ar interprets several simultaneous wavelendtesund
as separate notes, but, unlike the ear, the hunsamlvapparatus cannot distinguish chords; it wilérpret
several reflected wavelengths as a single coloe. ddtors brown and pink, for example, are blenddiibérent
wavelengths. In spite of the many browns and pinksature, there are no single wavelengths corredipg to
these colors. That aspect of color which makeshgecbto appear to be one color rather than anaghierown
as itshue.Hues are not defined for white, grays or black.

Objects that produce light, such as a light butbk, @lored according to the wavelengths that thegyrce in
the visible spectrum. Since animals differ in theevelengths to which they are sensitive, they peeceolors of
light as hues different from those perceived bypbedWVhere the visual spectrum is beyond that ofidms, the
animal will perceive hues that a human being casgeetat all, but even within the human speciest wblar
something appears to be will depend upon differehetween individuals, environmental factors, anehehe
individuals' emotional states. The condition ofcadled color blindness causes the victim to peeeis the
same hue wavelengths that most individuals wouttgeize as different hues. There are different «iotl
color blindness, according to which hues the irdirgl cannot distinguish.

When any kind of electromagnetic radiation strileas object, it is reflected, transmitted, and absdyrkn
various proportions, depending on the impinging éergths and the characteristics of the objects Thwhat
allows non-luminous objects to be seen. Portionhefambient light falling upon the object will beflected
into the eye of the observer. If the object refiebetter at some wavelengths than at others, tleetolill

appear to have the hue that is associated witlwthelength(s) most strongly reflected. A green chjéor
example, reflects green more strongly than otheshu

For each specific non-spectral color that is rédlddy an object, there iscamplementargpectral color that is
absorbed. Complementary colors of spectral coloesedither spectral or non-spectral. The complenmgnta
colors of the spectral colors of red, green ane lle, respectively, cyan, magenta and yellow.



Additive Colors Subtractive Colors
{Lights) (Pigments)

Since what hue an object appears to be dependseamavelengths perceived by the viewer, what huebgect
actually is can be defined either with respecthe wavelength(s) reflected or the wavelength(spdiesl.
Pigments and dyes are substances that absorbncedlars and therefore cause the object to whiely tre
applied to appear as the complementary hue. Irtiaddicertain dyes have a property calfeebrescenceby
which they actually produce light, and thereforaseathe object to take on the color that they predu

Fluorescent dyes or other sources that producé difgharious colors will make the object appeahtey when
they are added because the eye receives more @ightbinations of red, green and blue lights produbége,
so when red and green lights are combined, thétirgghue is yellow, which is the complementaryaadf the
missing blue. Similarly, mixtures of red and blights produce magenta, which is the complementaiyr of
the missing green, and mixtures of green and hiylg produce cyan, which is the complementary & th
missing red.

Because pigments absorb light, combinations of pigs1will make an object appear darker than eitimer
alone. The complementary colors of those that preduhite light are cyan, magenta and yellow. Tloresf
pigments which produce these hues (and which apsespectively, red, green and blue), can be mixed
produce the additive colors. This is why the inkscolor printer cartridges are cyan, magenta aridwe If
cyan and magenta pigments or inks are mixed in leppogortions, they will absorb both red and green,
producing a blue hue, the color of the light nat@bed by the mixture. Blue paint is therefore &60nixture
of cyan and magenta. Similarly, equal mixtures ydrcand yellow inks will result in a green hue, @i
reflects only green, while equal mixtures of magesutd yellow will allow only red light to be refed from
the resulting red hue. Finally, if equal amountydn, magenta and yellow pigments are mixed tegetl
the red, green and blue light falling on it will bbsorbed, which makes the paint black. Color erinbften
have a separate cartridge of black ink becausenkhmanufacturer can produce a truer black mixtaen the
printer can, and the use of a separate ink fomtbet printing, which is black on white paper, comes the
expensive colored ink for color printing.

In addition to its characteristic hue, any indivatlgolor is also characterized by sisturationor chroma which
refers to the degree to which it is monochromatet is, to the degree to which it contains onlgirgle
wavelength. Monochromatic light has a saturatioclopma of 100%, and is said to segturated White light,
which contains equal intensities of all wavelengties a saturation of zero. Colors with a satunadidless than
100% contain some white light and are thereforkedainsaturatectolors.

Finally, light of any given combination of hue asdturation can have a varialieightness(also called
intensity or valug which depends on the total amount of light engrggsent. When we say that something is
bright or dark, we are referring to its intensBjack has zero intensity; lighter grays have highensity, and
what we perceive as absolute white has an inteasit(0%.
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Animal eyes, including the human eye, are senstveon-coherent light in intensities found in rratuwhich
illuminates objects of interest to them. For examplgles and other raptors at their flying alesidre able to
see small prey animals on the ground that woulddrapletely beyond the observational range of ground
predators. Nocturnal predators are able to seemmubonlight or starlight, whereas daytime huntae best in
sunlight. Insects are sensitive to ultraviolet tjgivhich is invisible to humans, because ultravidight has
better resolving power in the micro world in whitie insects live. Climbing animals, which must jedg
distances accurately, have evolved stereoscopigrvier this purpose, while animals which must jadbhe
ripeness of fruits and vegetables, such as mamatdesto distinguish subtle differences in hue.yRarimals
have eyes on both sides of their heads for allratowatchkeeping. Generally, terrestrial animalsncan
tolerate light that is much brighter than brighhshine, and are essentially blind in levels oftlilgiss intense
than starlight. Plants, which need only to track& threction of the sun, have light receptors théfillf this
purpose. We see, then, that living things havevegbto use the light that exists in nature.

Lasers produce light that doest exist in nature. A stimulus, such as a chemicattien, an electric current or
intense light, is input into the laser and lasghiicomes out. However, the laser light is very mddferent
from sunlight or starlight. Laser light is esseltyid00% saturated, which means that it is all vagy pure hue.
Put another way, all the waves have the same wagthleor all the photons have the same energy.hlige
may be in the visible spectrum, in which case we e it, or it may be of higher or lower waveléngh
which case we cannot. The heat receptors in our wil alert us to impingement of laser radiationheat
wavelengths. If the heat radiation is sufficientiyense, it will register as pain. In addition,inivisible laser
radiation is intense enough to cause rapid chencitahges in the skin, the pain receptors will alsrto the
rate of damage in a last-ditch effort to protectrosn a danger we cannot otherwise perceive.

Another characteristic unique to laser light isttisathat it iscoherent This means that all the wavelengths are
in step with each other, like perfect waves radgutward from a stone thrown in a pond withogpash.
Unlike the people in a panicked crowd, the photareslike soldiers marching in a parade, all goimg $ame
direction in synchrony with each other. Coheren@kes laser light much more dangerous than non-eaher
light of the same wavelength and intensity, as aadl see. For this reason,



NEVER LOOK AT AN ENERGIZED LASER

As noted, the color of an object is due to the dedgo which it absorbs and reflects incident raaiatMost

surfaces have a certain roughness, which causesefleeted portion of incident light to be scattgrer

reflected in different directions. This will caude object as a whole to reflect essentially a ausiip of the
incident light on it, so that it's hue will be theerage of the hues of all incident light rays, ified further by

the surface pigment. If the surface is extremelpatm, with irregularities approaching the waveléngt the

incident light (400-700 nanometers), each ray ghtliwill be reflected at an angle equal to the angi

incidence in a plain normal to the surface, andshdace will appear shiny. Such a surface is knasma
specularsurface. If the irregularities are smaller thaa wavelength of the light, all the rays will beleeted in

this way and the surface is callednaror. If the mirror surface preferentially absorbs certaavelengths, the
reflected light will have the associated hue. Mmstrors today consist of aluminum or silver spugteionto

glass, which makes them almost perfect reflecibetescope mirrors often have the glass behinddfiecting

surface to eliminate effects of the light passimgpugh the glass. The glass is on the outside moiwercial and
residential mirrors to protect the reflecting sugan the back.

At this point we should note that a surface whiemot specular at visible wavelengths may be speail
longer wavelengths. Brushed aluminum, for instarggears dull in visible light, but it is almostparfect
mirror at infrared wavelengths. This is becausestiméace irregularities are larger than visible alangths, the
longest of which is about 700 nanometers, but @mahan infrared wavelengths, which can be over a
millimeter long.

Perhaps the simplest optical instrument is theelairror, in which essentially all the light raysilang the

mirror are reflected back from it at an angle tmatches the angle of incidence. This produces dhanwnly

observed effect of objects in front of the mirr@paaring to be behind it. If the mirror is curvéide objects
will appear to be distorted in proportion to thevaiure of the mirror. The mirror can be curvedluksiately to
focus the light in the desired direction, includiogjlecting it at a point. Because the reflectingify of most
popular mirrors is essentially independent of tlavelength (at least within the visible spectrurhg tolors of
reflected objects will appear to be unchanged hagbsition where an object appears to be wilhdependent
of its hue.
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If the radiation is transmitted through an objgbe object will appear transparent, but not invesitMost
transparent materials transmit some wavelengtheritan others, so objects seen through themapgear to
be tinted with the hue of the favored wavelengtig the intensity of the transmitted light will bensewhat
lower. But even a perfectly transparent object wat disappear. A clear pane of glass is a goodthpla In
outer space, all wavelengths of light travel atgsame speed, about 186,300 miles per second. jéesi soften
abbreviated "c," is the upper speed limit for angtenial object. Nothing can travel faster than tlighfree

space.

When it is transmitted through a transparent objemivever, light slows down slightly. The exactuetion is a
function of the wavelength of the light and the enal of which the object is composed. This effisctalled
refraction and is measured by thedex of refraction or refractive indexof the material at a specified
wavelength. The refractive index is the ratio & #peed of light in free space divided by the speiéain the
material. For this reason, the refractive indekeé space is exactly equal to 1.
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For yellow light, the refractive index of air is@lt 1.0002; water, 1.333; crown glass, 1.517; déingeglass,
1.655; and diamond, 2.417. The practical effegebffaction is the bending of incident light, whiishsaid to be
refracted A ray of light entering at an angle to the suefaall be bent toward the normal so that the sihthe
refracted angle (with respect to the normal togtidace) is equal to the sine of the incident amgleded by
the refractive index. An entering ray will be bdotvard the normal, an exiting ray will be bent away
Refraction is the cause of fish not being wherey thppear to be in water and for an object embedded
transparent plastic to appear to be in differeatgs as viewed through the different faces.
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Refraction can be used to bend light in a contdofteanner. The simplest refracting instrument ispithem, in
which light passing through it is bent at each axef If the surfaces are parallel, the bendinggbtt lat one
surface will be canceled by bending at the otheras object observed through the prism will appeabe
essentially in the same place that it actuallyfishe faces are not parallel, the location of &@jeot observed
through the prism will appear to be displaced byaamount proportional to the angle between the faces
Continuous curvature of a refracting medium resutisa lens which distorts the image in a manner
characteristic of the geometry of the surfacesupowhich the light passes. Lenses can be usedke @an
image appear to be larger or smaller or distomed specified manner, including displacement. Tt¢ey also
spread incoming light or focus it to a point orelinLens surfaces can be cylindrical, sphericakane(y) other
shapes. In addition, the surfaces can be at amgllesach other, which results in a prism effedhgeadded to
the lens. Perhaps the most popular lenses are ith@yeglass spectacles, the curvatures of whietspecified

in terms of the addition of spherical, cylindri@add prismatic curvatures. A single lens can alse ltafferent
proportions of these curvatures specified at dffieiplaces.
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Since refraction takes place on the surface ohsg, lmarked curvature, which would make the lenggsively
thick and heavy, can be duplicated in small increimen an otherwise flat surface, resulting iarasnel lens
named after its inventor. Augustin-Jean Fresndfrésnel lens can be thought of as an aggregatecégof a
thicker lens, with the thickness reduced to anayewalue across the lens. Fresnel lenses are caynfoand
in overhead projectors.

The index of refraction is dependent upon the wength, so for unsaturated colors the effect wiltdbspread
the light into a characteristic spectrum. The safpam of white light into the visible spectrum byefracting

glass prism was the method used by Sir Isaac Netotaolemonstrate that colors do not consist of nnegof

white and black, as people believed previouslysTéfiect is seen in the color fringes around objesgten
through inexpensive optical devices (in which itceled chromatic aberratioh the rainbow, the glittering
colors of chandeliers and leaded glass doors andomis, and the fiery brilliance of diamonds, whak cut to

enhance this effect.

The cutting of diamonds to cause them to sparktk different colors takes advantage of a phenomeadiad
total internal reflection If a light ray inside a refractive material appcbes the surface at or greater than the
arc sine of the ratio of the outside refractiveexdo the inside one, the exit angle will be gre#ttan or equal
to 90 degrees. This means that the ray will be bexk into the material. The smallest angle at Wwhias
occurs is called theritical angle and is different for different colors. Exit anglgreater than the critical angle
will result in the interface surface becoming esisdlig a perfect mirror, and the light ray will weflected back
into the material. In a diamond, multiple internaflections take place, causing the different clorincident
light to appear to come from different directionghin the diamond. If the light ray is introducado a glass
rod such that the exit angle is greater than thiearangle, the ray will be contained inside tiogl. The tube
can then be used adight pipe which will deliver almost all the light deliveradto one end out of the other,
even many miles away.
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Index of refraction of glass =n
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refraction B = critical angle total internal reflection

TOTAL INTERNAL REFLECTION

Light within the pipe will not escape out the sigi@less the pipe is bent into a radius that makesritident
angle less than the critical angle. This radiuthesefore proportional to the diameter of the ligige. Light
pipes of very small diameter are therefore desgabbt only to reduce cost, but to make them flexiBuch
light pipes can be made very thin, and are cadlgiical fibers Where the energy of the light is too large for a
single optical fiber to carry it, several fibersndae put in parallel to preserve their individulaixfbility. The
assembly is calledféber bundleor fiber optic cable



To understand how a laser operates, one has tastadeé the basic structure of matter. The ancigreks,
operating purely on logic, reasoned that, when lamywn substance is broken apart, the pieces areaime
material as the original substance. But there rbest point, they concluded, when a substance camot
divided further without changing it into somethielge. This smallest part of a substance they célédmos,”
meaning "not divisible." Our word "atom" is theregaf Greek origin.

The Greeks also noticed that a piece of ambergtifipd tree sap (the stuff they got the mosquatbem in
"Jurassic Park") would attract dust when rubbednagsly. They suspected that rubbing the amberedbb
something off that caused it to attract the dust,tbey didn't know what that something was. We homow
that what is rubbed off is electrons. "Electronthe Greek word for amber.

Early experimenters with electricity, including Bamin Franklin, suspected that it consisted ofipka$. But
they had no way of observing them directly untg ihvention of the vacuum pump. This made it pdesib
evacuate most of the air from sealed vessels. S8es$els are called vacuum tubes (even if the vadanin
perfect). Sir William Crookes used glass vacuumesulbo study electricity by passing an electric eoir
through them. The current produced a glow very miikalh modern electric signs, which are long, skinny
vacuum tubes. The glass allowed this glow insidettibe to be seen by the scientists outside. Redsaar
found that the glow was caused by charged parfislesie of which were later identified akectrons The
electron has a negative electric charge and a thasss almost negligible when compared to the atath
which it is associated.

Further experiments discovered that all materig¢aib consist of atoms composed of a dense colieddhe
nucleus surrounded by one or more spherical clouds olissbé electrons. Most of the atom is empty space,
just like the solar system. The nucleus is likegte and the electrons orbit around it somewhattlie planets.

In the solar system, the planets orbit in a plaeirad the sun. Unlike the planets, however, theteda paths
form a cloud composed of spherical shells aroumdnificleus. The innermost shell has one or two relest
The second shell has from one to eight electrdwesthird has from one to eight, the fourth has toneighteen,
and so on. An electron can remain in any givenl simdy if all the lower shells are filled. Atoms thithe same
configuration in their outer shells tend to papate in chemical reactions in a similar manner. ibal

reactions between atoms involve the exchange amghaf electrons in their outer shells. This exuipa can
take place between atoms of the same element @tdines of different elements. Materials in whichotlons
are exchanged or shared between different elenagatsalled compounds. All of the materials in natare
built up of elements and compounds.

Most elements and compounds can exist in threesstablid, liquid and gas. When a liquid conderisea
solid, it generally forms arystal in which the atoms are arranged in a regularetidienensional array. The
structure and characteristics of the crystal aterdened by the arrangement of the electrons irotlier shells
of the atoms of which it is composed. The enerthes the electrons have are measured in electrts, \and
are determined by the nature of the material. Tdreycalledpermitted energy levelén electron can have only
these permitted energies, but not energies betwlezrpermitted levels. For this reason, the eneeygls
between permitted levels are calfecbidden levels

The energy band of the outer electrons is called/éitence bandecause thealenceof an atom is a measure
of the way in which the outer electrons participgtehemical reactions. If the valence electronshim outer
shell are loosely bound to the parent atoms, th&tarwill be a goodtonductorof heat and electricity. Many of
the outer electrons will have enough energy to nfowa one atom to the next. Metals are good exasnpfe
this characteristic. The atoms in a metallic crystan be thought of as being immersed in a "sealaftrons,
in which the electrons move freely among the atofine range of energies that these electrons hawallex
the conduction bandecause these electrons can contribute to theuctind of heat and electricity. At room
temperature, the electrons in the valance ban@od gonductors are also in the conduction band.



In contrast, atoms of materials that are very mmmductors (and therefore good insulators) havetreles that
are very tightly bound to their atoms. At room tesrgiure, good insulators have virtually no eledronthe
conduction band. The valance band and conductiod bee separated by a latgend gapof forbidden energy
levels known as #orbidden bandEven under the influence of a very large voltagey few electrons can be
made to cross the forbidden band to the condudtéord to conduct an electric current. Thereforenevken
subjected to high voltage, the electric currenbtigh an insulator is extremely small.

Between the materials which are good conductorstiose that are good insulators are seeniconductors
They are so called because the valance band amldiciion band are very close together. The condudiand
is close enough to the valance band that electande moved from the valance band to the condubtiamd
by an outside force, such as light, heat or el@tgriNormally, most of the electrons are in therpeted levels
of the valance band, and the material behaves assafator. At sufficiently high voltages, howevéarge
numbers of electrons are moved to the conductiod b@nd the material becomes a good conductoffdatea
semiconductor can be switched from an insulatas tionductor by the application of an external \g#tar
current. Transistors and integrated electronicudiscoperate on this principle.

Absorbing a photon in a semiconductor can raiselectron from one permitted level to another. Tleeteon
will radiate a photon when it drops from a highermitted level to a lower one. The energy thatgheton will
have, measured in electron volts, will be the défee between the two levels.

If an electric current is passed through a gas,esofithe atoms will lose their electrons to therent flow.
These atoms will subsequently capture other elestrohe captured electrons will radiate their exaasergy,
which will result in fluorescence at wavelengthdedained by the change in energy levels. The astati
colors of the radiation will therefore be charastsr of the composition of the gas and its pressur addition,
the electrons patrticipating in the current flow Iwihpart random energies to the atoms of the coimigic
medium. This will cause it also to radiate energyavelengths that are a function of the tempeeat8olids
and liquids conducting an electric current alsoiated in a temperature-dependent manner. The relativ
intensities of the electromagnetic radiation atfeddnt wavelengths define theolor temperatureof the
conducting medium. Light from incandescent soufolews a color temperature sequence from infrdredt
wavelengths through saturated red, saturated oramgmturated yellow to white and finally to unsated
bluish white for an infinite temperature. Visibl¢ais have these colors because their surfaces thave
associated temperatures.

In addition to incandescent radiation, transpamaterials can also emit light due to electron titars
between permitted energy levels. The trivalent chouon atom provides an example of this phenomenaoa in
crystal of aluminum oxide; this is the colorantttbeovides the red color of the ruby gemstonehindark, all
the electrons will be in the lowest energy stabey tcan occupy, which are collectively called ¢gneund state
If the ruby is illuminated by white light, some tife outer electrons of the chromium atoms will ltebly
incoming photons. Those that have sufficient enéogyise them to one of two levels; one at 2.2teda volts,
plus or minus a small increment due to thermal@neand another at about 3.0 electron volts, valabsorbed.
These energies correspond to green-yellow andtJiglg, respectively, so the ruby will absorb thght. The
resulting light transmitted through the ruby cotssisf the white light minus the absorbed wavelesgtihich
results in a weak blue and strong red part of geetsum. This makes the transparent ruby a deepaled with
a slight purple tint.

The electron that has absorbed the photon now Y@ese energy. In this condition the electron isl $aibe
excited It can spontaneously return to the ground stiateugh transitions to one of two permitted energy
levels. One of the transitions will emit a photonthe infrared part of the spectrum, which will regke ruby
slightly warmer. The second transition to the gbgtate will emit a photon of red light, which wiake the
ruby fluoresce in the red part of the spectrum. fiéu color of ruby is therefore due to absorptibrg@en-
yellow and violet light, and generation of red ligh



An emerald results when beryllium and silicon addeal to the crystal structure of a ruby. The benylland
silicon modify the permitted energy levels so ttiet emerald absorbs red light, resulting in theegreolor of
the emerald. However, the intermediate energy lev@lot changed, so that the emerald fluoresceds thi
same red color as that of the ruby. In ultravidigt in an otherwise dark room, a green emeraldl agpear
red.

The mechanisms of absorption and fluorescenceeaponsible for the operation of a laser. The rsby good
example. When white light illuminates a ruby, soofi¢he red light will be absorbed and will raise #lectrons
that absorb it into the associated excited enetatg.sThese electrons will eventually spontaneousiyrn to
the ground state by the emission of a photon oflighd. If the photon emitted interacts with anatlescited
electron, that electron will immediately returnttee ground state with the emission of a secondgohoft the
same energy that it absorbed. It will also reledwse original incoming photon. In other words, thecited
electron will be stimulated to release its energytliie emission of a second photon. This effectaited
stimulatedemission.

Under normal conditions, stimulated emission fromlay will last only a fraction of a second, thed it takes
for light to pass through the ruby and stimulate é@mission of photons from excited electrons. Thwted
electrons will then return to the ground stateraftey have emitted these photons. Energy will Glsdost by
conductive heating and non-stimulated fluoresce@m@e can make this process continuous by contyuall
supplying the ruby with energy of the same or sfrosavelengths, a process knowmamping As the ruby is
pumped, it will continue to emit light by stimuldtemission and other mechanisms at wavelengthsnietd

by its internal structure and temperature.

If two parallel mirrors are placed on either sidetlee ruby, the emitted light will be reflected Baato the
ruby, and will stimulate any excited electrons ttexhain to emit their excess energy and returieoground
state. In effect, the light exiting the ruby wik lamplified by being passed multiple times throtlghruby and
stimulating other electrons to release photons. ribg rod in this case is said la@se If one of the mirrors is
only partially silvered, it will allow some of thadiation to escape, thus losing energy. If thegnes replaced
by pumping, the emission of radiation will increasdil a steady state is reached in which the oatenergy
loss by stimulated emission of radiation and otheses equals the rate of energy input by pumgihg. light
exiting the ruby through the partially silvered roir will be monochromatic and coherent, the two
characteristics of laser radiation. The tdaseris an acronym foLight Amplification by Stimulated Emission
of Radiation

The earliest lasers were made of synthetic rulizerform of thin rods. This geometry provides géanumber
of excited electrons in the long direction to hienstated, and a short distance in the transversetibn for the
light from the pumping source, usually a stroboscdgmp in the form of a helix, to penetrate andiexthe
electrons. It also provides a large area to be saghdo the pumping light. Even today, pulsed ruty lasers
are popular high-powered sources of monochromatidight at 694.3 nanometers, which is the charstie
wavelength of ruby laser radiation.

In a semiconductor junction, such as those betweerystalline electrodes in a diode or transjdtwere is an
abrupt change across the junction in the energgideassociated with the valence and conduction arike
flow of electrons across the junction provides arse of excited electrons that can return to theugd state
and emit energy in the form of light. This lightriearly monochromatic but not coherent becauseirtiigsion
of each photon is due to a spontaneous transifian electron to the ground state and not by sttt by the
absorption of a photon. A popular application as tprinciple is found in théght emitting diodeor LED, in

which gallium with carefully controlled impurities used as the emitting medium. The added impasritalled
dopants give the LED its characteristic colors of redeem, orange, and yellow by slightly altering thergy

states that the excited electron can occupy. Rigeilicon carbide has been used as a dopantaduge blue
LEDs. The combination of red, green and blue LE®Dsingle packages or in arrays makes it possibkltb
light colors to produce all visible hues in a sendkevice or in a solid state display screen.



An LED can be constructed so that the junctions/beh the elements of the circuit are cut alongtatysanes.

This produces two very small partially transpamairrors of excellent quality. In this case, someha photons
emitted at the junctions of the device will be eefed back into the emitting medium where theystanulate

electrons still in the excited state to emit radiat In this case, the light emitting diode willopluce coherent,
monochromatic light. Such solid stdteser diodesare popular sources of low power laser radiatiecabse
they are compact and inexpensive to manufacture.
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Laser action is not restricted only to solid matksti A number of liquids and gasses can be matsséoif they
are suitably pumped by an external energy sourbe.most convenient method of power input for liguisl
usually intense light from a source around a tubehich the liquid is contained. This results isifay activity
similar to that in the ruby laser. For gassess ibften convenient to supply the pumping energp&gsing an
electric current through the gas. Chemical reastiman also provide the pumping energy, so thaacion in a
gas container having opposing parallel mirrors gayduce an intense pulse of laser light. Physieattions,
such as the rapid cooling of hot gas by expansian,also provide this energy. Rapid cooling of oartioxide
gas has produced lasers as powerful as 30 kilowatts
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Lasers have become valuable tools in medicine. Hisy have important uses in a number of othersaiges
for example, communications. Laser light can caoice messages and digitally encoded informatiah Gan
do so in large amounts because of its high frequeBgcept in satellite-to-satellite communicatiotesser
beams are transmitted via optical fibers. The speidd which the focal spot of a narrow laser beamn be
controlled makes it suitable for a variety of apations in information processing--e.g., use inagptscanners,
optical disc storage systems, and certain type®wiputer printers. Compact disk and CD-ROM readsesa
solid state laser to read the information codedhos disk as a series of indentations on the serfatese
indentations are cut on the master disk by a meeliaser beam.

The coherent nature of laser light allows it tofbeused very precisely for measuring purposes.s&rldeam
can be projected onto a reflecting surface an@ctftl back to a sensor precisely to determine igtante to
the reflector. Combined with a sensor array to @®wa correcting signal to move the laser so thiat always
pointing directly at the target provides a meansieasure angular as well as linear motion.



Such a system constitutes a very precise opticasarement device. The reflecting surface doeset te be
very good; the actual surface of a part to be nredsworks quite well. If the laser is made to sthae
reflecting surface, it can detect a depressionisgodtinuity in the surface and provide a corregtagnal to
follow such a discontinuity as it moves past thensing beam. This system can be made to move angeld
torch precisely to follow a previous weld bead ears. It can also be used to guide an artilleryl sited bomb
toward a laser-illuminated target.

Because the light from a laser is monochromaticait be used to illuminate a surface that is ajresy
bright. A monochromatic filter that only lets theser light through can filter out the unwantedniloation. The
laser light can then be viewed directly or, ifstnot within the visible spectrum, it can then hewed by a
suitable camera that provides an image on an apptepisplay. For example, a laser illuminator banused
to observe a weld being made in real time. The igldrc light can be filtered out, leaving the laag the only
source of illumination. Using a high speed camsugh a laser illumination system can record theadhyos of
an explosion or the burning process of rocket faell play the recording back at a speed slow enonigh
observe the processes involved.

A highly intense laser beam can instantly vapattieesurface of a target. When laser pulses arecodrated on
frozen deuterium-tritium pellets, they can heainth& hot that they initiate nuclear reactions. Highvered
lasers can be used as space weapons to destroymagszance and communications satellites and pesdwagn
ballistic missiles. These same capabilities hadettéethe use of lasers in research as well asngesy The
laser microprobe is used for microanalysis of stefaomposition. Laser beams have been found to have
selective effect on cellular components, or orgasethose components that absorb light of the leagth of

the beam are destroyed, whereas transparent phrteeocells remain unaffected. Organelles such as
mitochondria, which are responsible for cell regfin, or chloroplasts, which are involved in plaetl
photosynthesis, can be separately studied in thiser.

An intense beam of laser light can be used for lsseale cutting, scribing, and welding in certandustrial
processes. Laser "pens" capable of producing suglrihtensity light beams have proved useful in the
assembly of various electronic components, suctoaguter memory and logic units consisting of indégd
arrays of microcircuit elements. If laser energn cat through a chip of silicon dioxide, it can te@nly cut
through your eyeball. For this reason...

NEVER LOOK AT AN ENERGIZED LASER

Rectus Medialis Srlers

Figment Epithelium
Fostetior Chamhber

Anterior Chamber

EES Farafovia

S A

Visual Mg — = Perifovia

Blind Spot

Iris Cptic Mene

L; \“- : Ligaments
Ciliary Body Retina

Limbus

Cra Serrata



The human eye is a roughly spherical organ thabtaiais its shape because of internal pressure peodoy a
jelly called thevitreous bodyabout 95 percent of which is a clear fluid calted agueous humorThis fluid
provides nourishment to those transparent parteeoeye which do not contain blood vessels. Thesparent
front of the eye, which allows light to enter, &lled thecornea It is kept clean and moist by thechrymal
gland which lies in the bony structure of the skull eddhe outer side of the eye. The cornea provitesita
70% of the resolving power of the eye due to thHtedince in its index of refraction and that of #dernal
medium, which is usually air. The index of refractiof the cornea is about the same as that of ywatech is
why the human eye cannot focus under water. Thgueppart of the eye, sometimes calledwihie of the eye
is thesclera It is attached at th@nbusto the cornea by thaliary body, which also connects to the fawctus
muscleswhich cause the eye to rotate up and down and fw®a to side. The sclera, ciliary body and the
cornea comprise the outer envelopeglobe of the eye.

The eye also has an inner envelope,uheg with a hole in the front called thmupil, which allows light to
enter the interior of the eye. A hole in the backlled theblind spof is the location at which the bundle of
nerves from the brain called tbptic nerveexits the eye. Surrounding the pupil is th®, a structure composed
of sphincter and dilator muscles which control éimeount of light entering the eye by adjusting tize ®f the
pupil. The iris is the colored part of the eye, ahddes the space between the cornea and theirlemsan
anterior chamberin front of the iris, and @osterior chambeibehind it. Surrounding the iris is tlodiary
musclethat connects biigamentsto thecrystalline lens The lens provides about 30% of the resolving powe
of the eye, and is the part able to change fochs.clliary muscle adjusts the shape of the leraltav the eye

to focus on near and distant objects. It is coretetd thechoroid, which forms the inner surface of the back of
the eye, at a junction called tbea serrata

The operation of the eye is fairly simple. Lighttenmng through the cornea passes through the unailis
focused by the cornea and lens onto an extensitimeodptic nerve called thretina, which covers the interior
of the choroid up to the ora serrata. The sizéefitnage formed on the retina is related to the sizhe object
being viewed in the same ratio as the focal lemdttine eye, 17 millimeters, to the distance of dbgct from
it. For example, an object one inch in diametea distance of 17 inches will project an image liméter in
diameter onto the retina.

The deepest layer of the retina is fiigment epitheliummwhich is a good absorber of visible light. On the
surface of it is a layer abds which are sensitive relatively equally to all veéngths of the visible spectrum,
interspersed witttones which discriminate color. The names of thesescellbased on their relative shape,
although they can both be shown to be composealyefs$ of folded membrane resembling a stack ofgdas
Above the layer of rods and cones is the connectetgiork ofbipolar cells which receive information from
the rods and cones and transmit it to the layeveltioat, theganglion cells These carry information out of the
eye through the optic nerve to the brain. The lihlat has passed through the layers of nerve eetigh are
only partially transparent, stimulates the rods emdes. These, in turn, produce the impulses thmukte the
nerves to create an impression of the visual tiedd is sent to the brain.

The most sensitive portion of the retina is theea centralis or foveg which has a much higher density of
cones than anywhere else on the retina. These eva@xceptionally thin, and are so densely pathathere
is no room for rods. The superstructure of nerdés ¢e also very thin over the fovea, which resuttsthe
formation of a depression, @wveal pit so that the cones in this area are able not tondiscriminate smaller
changes in light intensity, but also to operatéoater light intensities. This makes the region lo¢ fovea a
good receptor of visual information, including col@dhe feedback process that operates the rectuisibary
muscles will automatically move the eyeball andufbthe lens so that the image of an object of esteis
projected directly onto the fovea. If the imageaslarge that its image covers more or the retiaa the fovea,
the eye will move in a rapid scanning movemenigdalaccadic movemeno project all portions of the image
successively onto the fovea.



Surrounding the fovea is thgerifovea a ring of densely packed rods interspersed widgsa dense matrix of
cones. Because rods convey the sensation of itgemrsbrightness, whereas cones convey color indion,
this arrangement produces a receptor mechanisntellsathe brain how to move the eye to bring insagethe
edge of the fovea into focus on the fovea. A rifidess densely packed rods and cones, callepdhafovea
surrounds the perifovia. The concentric arrangenaérthe fovea, perifovia and parafovea, along wtie
integrating software in the brain, constitutes stewy by which the entire field of view is analyZedimages of
interest. Feedback is provided to the rectus magoldeing them into alignment on the fovea anthéociliary
muscles to adjust the lens to bring them into fodiualso provides a backup mechanism to allow iesatipat
cannot be resolved by the fovea in dim light tassben by looking to the side of the object to priojeonto the
perifovea.

In effect, this provides two separate but inteteglamaging systems, one of narrow view that resoleolor,
and one of wider view that provides a monochromagen In humans, this allows the person to condentna
objects of interest while simultaneously watchimg flanger. Since the perafovea is primarily seresito
movement in the visual field, it is particularlyabat watching for predators. This partially comgeges for the
reduction of the field of view that results froncédion of both eyes on the front of the face, whichecessary
for stereoscopic vision.

Although the process by which an image is formedtlanretina is simple, the process by which thenbra
recognizes the image as being representative @xternal object is extremely complex, and not catgby
understood. For every nerve fiber which goes tdotiaén, there are about 150 receptors in the resodhere is
some mechanism which goes on in the eye itself lwkalects the visual stimuli that will be transedttas
messages to the brain. The average distance betwvegess in the fovea is about 1.75 micrometers, kvhic
suggests that the smallest image that could bdvessavould be one that impinges on one cone buthnxe
surrounding it, that is, a circle of a diameteBd micrometers. Considering that this single caneld have a
chance of 1 in 150 of being connected to the basingle image would have to stimulate about Ee@ptors,
for a total area of 137 square micrometers (or@decof a diameter of 13 micrometers), to have ®G@hance
of being recognized. However, studies have showhamormal human being can reliably recognize enaxs
close together as 0.4 micrometers as being of gparate objects, and can recognize a single imagada
diameter of 7 micrometers. At a viewing distancel8finches, this corresponds to an object dianwdt&r4
thousandths of an inch (0.0074 inches) which, noidentally, is only slightly smaller than a singlixel on a
VGA computer display.

The process of seeing is automatic in sighted @edmuit it is a process that must be learned. Pdiiplé from
birth whose sight is suddenly restored often regogat difficulty in learning to interpret the satisn of sight
as having something to do with the world aroundrth&Vell-established optical illusions demonstrdtat t
emotional states and other physical and chemicatofa that affect the brain profoundly influencee th
sensations of color, continuity, shape, size, mamand the ability to see at all.

There are many mechanisms that protect the eyedemage. Chief among these is thbit, the circle of bone
in the skull that surrounds the eye. This providdsimper that protects the eye from blunt traumadidition,
the eye is held in place in the orbit by surrougdity tissue, which cushions it against shocke [Blchrymal
glandsprovide fluid for tears. They continuously batimel a&lean the surface of the eye, and provide napgess
nutrients and lubricants, while the eyebrows arelashes provide a filter from airborne dust, dird aain.

The blink reflex is an involuntary mechanism by @hhexcessively bright light, trauma, or irritatitmthe eye
results in the automatic closing of the eyelidptovide a protective cover. The time from the reicepof the
stimulus to the closing of the eye is on the omfeat quarter second. The iris opens to its maxindiameter of
7 millimeters only rarely; most of the time themigter is from 1 to 4 millimeters, which limits ligimput to the
eye and improves focus. In addition, muscles ardbaceyelids provide for a further reduction irhlignput by
squinting. The eye is designed to function in ageaaf intensities between bright sunshine andistaght, and
is not generally harmed by normal daily exposureigible light intensities in this range.



The human eye is a very effective imaging systemnt, ib is not perfect. Also, in addition to inherent
imperfections in the healthy visual mechanism, ageima and other factors impair its functioninghe point
where most people have a noticeable deteriorafitimetr sight by middle age.

The most obvious imperfection in the eye is inldes. Like other single lens systems, the humas serffers
from chromatic aberration, which results from th&edent indices of refraction of the lens for difént
wavelengths of visible light. This causes imagesvad in unsaturated light to be projected ontaré¢ti@a with
colored fringes, ohalos The different wavelengths of light are focusedlifferent distances from the lens, so
that only a single wavelength is actually in foarsthe retina at any one time. Normally, the brlits out
these distortions so that colored objects appebetm sharp focus when we are looking at thems Tk of
ability to focus white light provides a protectimeechanism in which only a portion of the energybaght
daylight is focused on the retina, thus limiting fiower input to it.

A further protective mechanism is provided by thetfthat the lens does not focus even a single leagth
accurately. For small pupil openings, that is, 2limeters or so, the focus is fairly sharp, as resp for
daytime hunting, climbing and food gathering. Bort the largest pupil diameter of 7 millimeters, afhioccur
only in very low light intensities, the image orettetina is slightly blurred. The result of thisnddion is that
more rods and cones are involved in resolving irmagdow light levels, making it possible to seerenthings
(although less clearly) than would be possiblééf lens were perfect.

Another condition, sometimes calldlbaters is caused by cellular debris in the interior bé teye. These
appear as black or gray spots that move with tleebey tend to lag somewhat behind eye movementially
everyone has them at one time or another, andiieegme more common due to normal cellular detdrara
with advancing age. These spots are generallycediie of the visual field by the brain, so thatytlaze often
not noticeable unless one is looking at a fairlyeth, featureless surface, such as the daytimes&ysheet of
blank paper. There does not appear to be any bassbciated with this condition, and there isingpte cure.

The most common visual defectrisfractive error in which the lens does not focus images propenthe

retina. The lens may be too thick or too thin,tanay be distorted in some other way. Refractiverezan be
corrected by spectacles or contact lenses thagtiieg with the imaging apparatus of the eye, forserges of
lenses that focus images properly. If the distartod the lens is not too severe, the correctionlmamade by
shaping the cornea as necessary. This can be garenientional surgery, as radial karatotomy or by laser
surgery that sculpts the eye by vaporizing unwarnigslie, a process calléaser in-situ keratomileusisr

LASIK

As the healthy lens ages, it loses its elastigtythat middle-aged persons have difficulty focgsim near
objects. This condition is callgatesbyopia In effect, the person requires one set of splagdor seeing near
objects, and (sometimes) another for seeing fagabhj Generally, two actual sets of lens shapesewéded, but
the common approach is to put the two correctine Ehapes together on a single piece of glassastigl one
for each eye, calletlifocals Sometimes the outline of the secondary lensesheaclearly distinguished, but
more modern practice is to blend the smaller lats the larger in a gradual transition so thatdab#ine of the
smaller lens disappears. Very elderly people mayire three or more different lens shapes, in wltiabes
their spectacles are calletfocals or multifocals

Heat, ionizing radiation, infection, metabolic diders or hereditary factors complicated by advaraggsl can
cause the lens to become opaque, a condition kraswataract The entire lens can be affected, or only the
periphery peripheral cataract or a few spotsplunctate cataragt Cataracts from various causes are the chief
cause of blindness throughout the world. Correctibthis disorder involves surgical removal of feas and
the use of spectacles, contact lenses, or, morenooiy, artificial implanted replacement lenses exdihtra
ocular lensesor IOL's. Trauma or infection of the cornea canse a similar loss of sight due to the formation
of scar tissue over the cornea. In this case,dhsea is no longer transparent and must be replaced



Another condition aggravated by agaglaucoma a rise of pressure of the aqueous humor in ttegian of the
eye. It is caused by injury to the mechanism thaind the aqueous humor. The increased pressutsténtine
flow of blood to the retina, resulting in atrophfytbe portions of the retina and overlying struetdeprived of
adequate blood supply. Treatment for glaucoma dedusurgical reconstruction of the drainage strastand
the use of drugs to control the production of aggdmumor, although any loss of sight caused by dartathe
retina is permanenMacular degeneratioms another disorder in which age-related lossi@iutation leads to
degeneration of the retina with progressive permafuss of sight. Early stages of the disease raadd by
drugs or changes of lifestyle which improve cirtiala generally, and by the use of magnifying spdetato
produce larger images on the retina.

A more serious condition is scotoma or blind spot, caused by damage to the retinamidly, the human
visual field has a blind spot outside the parafowt@re the nerves from the retina exit the uveauin the
bundle of nerve fibers of the optic nerve. The mraormally edits out this spot so that it is noticeable in
normal vision. However, any damage to the rodsamés in the fovea will result in a blind spot lre tvisual
field. Such damage is usually permanent.

This is what makes laser light so dangerous; thatefeats the protective devices of the eye andesau
permanent damage by a variety of means. That isywhyshould...

NEVER LOOK AT AN ENERGIZED LASER

First of all, there is no practical limit to thetemsity of laser emission. It is relatively easyctmstruct a laser
that is a million times brighter than the sun. Eiere, the eye can be exposed to overwhelming sitiefrom
even low power lasers before the blink reflex iteab protect it. A 100-watt incandescent lighpainful to
stare at from distances of less than a few feetlirtause it approximates raw sunlight, it triggarsomatic
responses such as blinking, squinting, tearing tamging of the head, all of which protect the eybese
involuntary reactions are called thgersion reflex A 100-watt visible laser, on the other hand, taally
blast a hole in the retina; by the time it takebltok, the damage is already done.

The reason for this is that the potential for h@sndetermined by the power densityimadiance in watts per
square centimeter. At a distance of a yard, thieaketrradiance of a 100 watt bulb is about .00C4ttwer
square centimeter. This is about the limit of dmidtely tolerable visible irradiance, and is theximum
permissible exposur@VPE) for visible radiation for short exposures180 watt laser, can produce irradiances
of 250 watts per square centimeter or more, twoaredhalf milliontimes the MPE. In most cases, the concern
is with the total energy delivered to the eye, thathe integrated irradiance over time. This paeter is called
theradiant exposurgand is measured in joules (watt-seconds) perrsqeentimeter. The MKS unit, joules per
square meter, is rarely used in describing ocudaatds.

The concept of MPE requires a little more explamatiThis term is used by the American National S&ads
Institute and defined in ANSI 136.1, 1993 as: "Ténel of laser radiation to which a person may keosed
without hazardous effect or adverse biological ¢gasnin the eye or skin." It may be considered synaus
with the American Conference of Government Indaktdygienists (ACGIH)Yhreshold limit value (TLV)the
WHO exposure limitsand the US Armyrotection standardsThe MPE is arrived at by a variety of different
methods and studies, and in some cases is integdaba extrapolated from limited data. PerhapsAG&IH
says it best in its preamble: "The threshold liw@tues are for exposure to laser radiation undaditions to
which nearly all works may be exposed without adgegffects. The values should be used as guiddeein
control of exposures and should not be regarddim@sines between safe and dangerous levels. @hepased
on the best available information from experimestatlies.” For this reason, ANSI supports the posthat in
an industrial organization, the laser safety offiteSO) can reclassify laser systems or establifardnt limits
based on unique circumstances.



Because laser light is monochromatic, it defeats defensive mechanism that results from chromatic
aberration. The natural tendency of the eye todaruimages in the visual field virtually guaramstéeat all the
visual input from a laser that reaches the len$ val focused exactly on the fovea. This abilityfécus is
further enhanced by the coherence of laser radialibe energy from even a low power laser can based to

an extremely small spot, with a power density haddrof times more than that necessary to burneihdhe
retina within the visual field of the fovea.

The energy of the laser can have a catastroplectefh areas of the eye other than the fovea. Bas®ff the
visual axis are generally less dangerous thanttliren the fovea because the brain tends, over, imedit off-
axis blind spots out of the visual image. Howewamage to a blood vessel can cause rupture andcgidrg
bleeding into the interior of the eye. This will keait impossible for that eye to see through thel @b blood
within it. Although the natural drainage of the ey# eventually get drain most of the blood, sobieod clots
and other debris may remain within the visual filglcever.

The irradiance of even invisible laser radiation easily be so high that it cooks the lens or chia@scornea.
These types of damage are often permanent, andrdgrbe alleviated by replacement of the damagets pa
from organ donors. Of course, such high densittesatso dangerous to the skin as well; a five-wdtared
laser, the emission of which is invisible, can gght through exposed skin and the muscle undenmngatght
down to the bone. Pulsed lasers can deliver enengingy in one pulse to cause exposed skin at tigetta
literally to explode!

Lasers are divided into four classes accordin@ea potential to cause injury. They are:

Class 1 - Essentially non-hazardous

Class 2* - Hazardous to the eye, but natural refeje.g. blinking) provide protection

Class 3** - So hazardous to the eye that natufedxes do not provide sufficient protection, buffuke
reflections is not hazardous. Not hazardous to ssgaskin.

Class 4 - More hazardous than the others.

*Class 2 is sometimes divided into class 2a (wlileedaser radiation is not intended to be viewe) @ass 2b
(otherwise).

**Class 3 is sometimes divided into class 3a (useda situation not normally hazardous) and class 3b
(otherwise).

Rationale for classification can perhaps best lmeahstrated by considering visible lasers.

The development of good optical telescopes in 8th &éentury allowed astronomers to reach the maldimit
of resolving power of individual stars seen throubk earth's atmosphere. Stars are point sourcéghof
having no discernible diameter. When highly maguifiindividual stars appear to be rings of lightl aark
surrounding a bright fuzzy spot in the center. Atigin astronomer, Sir George Airy, showed that image
was due to the wavelike nature of light, and wsnalamental limit of optical systems operatinghe visible
spectrum. The distinctive pattern formed by a peource is referred to as Ay disk and a point source that
is resolved to an Airy disk is said to B#fraction limited The diameter of an Airy disk is taken as the diten
of the first dark ring around the fuzzy spot.



DIAMETER
AIRY DISK

The resolving power of the fovea is diffraction ified in that the smallest spot that can be resoisede Airy
disk of a point source. This limitation occurs walpupil diameter of about 2.2 millimeters, whialydes the
sharpest focus. Pupil diameters larger than tlsslréen poorer focus because of the tendency ofahg to blur
the images for larger iris openings. The Airy ddikmeter of the smallest resolvable image on tivedas
about 7 micrometers, as previously noted. The kHttbe area of a circle of 2.2 millimeters diamédthe pupil)
to that of one 7 micrometers in diameter (the spotthe fovea) is about 100,000. This is the eféecti
amplification factorof the eye with a 2.2 millimeter pupil and a daition limited point source. Note that the
amplification factor depends upon pupil diameterisTmeans that power density (power per unit airgat
through the pupil (at the cornea) is amplified D0O, times where it hits the retina. Of course, raersely
bright spot would immediately trigger the blinklef, which would interpose the eyelids betweenléiser and
the cornea, shutting off the source of power ihi pupil within 250 milliseconds. With this spoteiand time
limitation, the retina can safely withstand an inpti250 microjoules of visible wavelength energy.

7 pm
Diameter

2.2mm
Diameter

This much energy will be supplied in 250 millisederby a 1 milliwatt source. Therefore, we needrtuotlthe

power input to the pupil to 1 milliwatt. If we donow what the potential is for intercepting thsdr radiation
at the cornea, we can conservatively assume that #ie laser power will enter the pupil and lintie total
laser power to 1 milliwatt. This is the dividingé between a class 2 and a class 3 laser.



We may also note that 250 microjoules over a sjzet of a diameter of 7 micrometers is a power dgredi
650 joules per square centimeter. Based on theifawapbn factor of 100,000, we would expect thia¢ tMPE

at the entrance of the pupil would be 650/100,0085-x 10° joules/square centimeter. The actual MPE for
intrabeam ocular exposure to a visible laser fome period of 1.8 x 1®to 10 seconds turns out to be L&t

x 10° joules/square centimeter, which, for 250 milliseds, is 0.636 x Idjoules/square centimeter. Although
this seems like a value ten times smaller thandhlaulated above, it is based on a 7 millimetggilpdiameter.
The actual power delivered to the retina with aipdigmeter of 7 millimeters would therefore be 866x 10°
joules/square centimetertkx (0.7/2¥ square centimeters = 245 microjoules at the spate retina. Pretty
close! (The MPE of 0.636 x %Q'oules/square centimeter may also be found inrEigy ANSI Z136.1, 1993,
but it may be hard to read.)

Since the power limit is based on the aversiorexefivhich doesn't work if you can't see the radmtclass 2
applies to only visibldasers. Note that this does not mean that thetdiegliation from a class 2 or diffuse
reflection of a class 3 laser won't hurt you; whameans is that natural reactions will save yaunirthe
radiation if you happen accidentally to glancetatfiyou intentionally stare at it, you may cookuy fovea.
Hence the rule:

NEVER LOOK AT AN ENERGIZED LASER

Of course, it is possible that the image will netliright enough to trigger an aversion reflex.His tase, the
laser power must be limited to what the eye cahstéind continuously. A safe limit would be thatieglent to

average outdoor daylight, which has a power demdigbout 13 microwatts per square centimeter. Usdeh

conditions the pupil contracts to a diameter ofudlid millimeters, which provides a pupil area 031416

square centimeters. The power actually deliverethéopupil would thus be power density times papéa,

which in this case would be 0.4 microwatts. Thithes dividing line between class 1 and class Dbiadasers.

Unfortunately, it's not quite that simple. Becausg/light consists of the entire spectrum, correcfiactors
must be applied for monochromatic light, which @ngewhat less hazardous at lower energies (wavéigngt
longer than 0.550 micrometers). The correctiondiat 10 to the power of 15 times the differenceveen the
actual wavelength of the laser, in micrometers, @&b0. Therefore the equation for the power limhibf a
class lvisiblelaser is:

P = 0.4 x G x 10° watts, where = 10" *®-959fgr )\ longer than 0.550 micrometerss € 1 otherwise.

For ultraviolet lasers, analysis is a little moaenplex. Retinal damage is not a concern, sincéetie aqueous
humor and cornea absorb UV, which therefore neets tp the retina. The problem is that the humas le
grows throughout the individual's lifetime, withllsgpresent at any given time being compressetiencenter
as new cells are added on the outside. Damagese tells that is not evident immediately can teachtaract
over time. Corneal damage is more painful, sineeetlare pain receptors in the cornea, but lesgd@zsa since
the cornea heals rather quickly. The painful aautey known assnow blindnessr welders' flashis caused by
UV injury to the cornea, but those affected usuatiynpletely recover. Because UV is invisible, clasdoes
not apply to it. The transition point between cldsgnon-hazardous) to class 3 (hazardous) is froén 9
nanowatts (!) for short wavelengths (UV-C) to 3.dllimatts for long wavelengths (UV-A). The short
wavelength radiation is sometimes cal&dinic, and is especially hazardous to the cornea.

Infrared lasers present a similar hazard. Absonpti@chanisms differ at different wavelengths s¢ thianear
infrared (IR-A), the hazard is primarily to theirgt, while the hazard for far infrared (IR-C) ismparily to the
lens because of the potential for cataract. In featiaract is a common chronic industrial injuryglassmaking
and steelmaking industries, both of which involxpa@sure to high intensities of infrared radiation.



The dividing points for IR-A between class 1 andssl 3 for a workday exposure are 128 microwatts 7t
micrometers up to 95 milliwatts 1 millimeter in seal steps. Wavelengths above one millimeter ansidered
radio frequency radiation, such as that in a mieawsvoven. There are established safety limits tmhs
radiation based on the excitation of water molexiiehe body.

Rather involved calculation indicates that, foriiude surfacethe reflected powempinging upon the eye is
safe up to an incident power input of about 500iwalts or 1/2 watt. This is the dividing line beten class 3
and class 4 for albsers. If the surface is shiny, there is a pdggilthat reflected energy would be greater than
calculations for diffuse surfaces would indicatbeflefore, where there is a possibility that therddseam could
be reflected from a shiny (specular) surface, timiihg values for direct exposure should be usadhiazard
calculations.

Actually, one does not have to be concerned abbmuthassification of lasers, except to know whiceoare
hazardous. Manufacturers of lasers are requirespéaify on the laser what the class is based omstwase
analysis. This classification is based on the erd@vice, or system, which contains the laserthwtaser itself.
For example, a class 2 laser system could contalass 4 laser with a window that limited all oétradiation
to that which produces an aversion response tdygteenjury. Sometimes such a system is sometirakbsdca
laserproduct A class 3 laser product should be treated aass d laser for the purposes of analysis.

An area where personnel could be exposed to hazsrtiser radiation must be controlled to preclude
accidental exposure. The American National Starsdémdtitute has established a uniform format fgnsi
warning of laser radiation. They must be postedSpicuously" around a controlled area to warn persbof

the hazards associated with class 2, 3 and 4 |aeese are five essential elements for these signs

Laser Symbol: The laser hazard symbol is a sunipatsérn consisting of two sets of radial spokediffiérent
lengths and one long spoke, calle@ig radiating from a common center, like this:

Signal words: Where the potential for exposureattiation is less than the MPE, the word CAUTION triues
used. The CAUTION sign is yellow with a black reajte behind the word CAUTION in yellow block letser
on top, and a red or black laser radiation symlsdbw. The word NOTICE is substituted outside area
containing a temporary hazard, such as during geriof service or test. In such cases, the apptepria
CAUTION or DANGER sign is still used to define tlmentrolled area. Where the hazard is potential for
exposure to radiation in excess of the MPE, thedWdANGER is used. The DANGER sign is white with a
black rectangle at the top. Superimposed on theklrlectangle is a red ellipse with a white bord#ithin the
ellipse is the word DANGER in white block lettef$e laser symbol is red.




CAUTION

LASER RADIATION IN USE
DO NOT STARE INTO BEAM

SEMICONDUCTOR LASER 633 nm
MAXIMUM QUTPUT 1 mw
CONTINUOQUS QUTPUT

CLASS 2 LASER PRODUCT

Hazard definition: The words LASER RADIATION appeabove the tail of the laser symbol. The word
LIGHT can be substituted for RADIATION for visibleasers. For all others, the word INVISIBLE appears
before the word LASER.

Precautionary instructions: The notice above tlserlaymbol tail also includes what precaution tetdor
class 2 and 3a lasers, the instruction is "Do NateSInto Beam or View with Optical InstrumentsgrRall
other class 3 lasers, "Avoid Direct Eye Exposumg.™Avoid Direct Exposure to Beam™ as appropridter
class 4, "Avoid Eye or Skin Exposure to Direct araBered Radiation.”" Additional instructions may be
included, such as "Knock before Entering,” "Do Eoter when Light is On," "Restricted Area,"” andoso

Specifications: Information about the laser suchyg®, wavelength, pulse width, power output, epgrgr
pulse, and so on is placed below the tail of tisedaymbol, followed by the classification of tlasédr. If class
applies to the system (possibly containing a higless laser within it), the classification is tbathe system.



INVISIBLE LASER RADIATION
AVOID DIRECT EYE EXPOSURE
WEAR PROTECTIVE EYEWEAR

SEMICONDUCTOR LASER 337.1 nm
MAXIMUM QUTPUT 160 pJ per pulse
REPETITION RATE 30 PPS
CLASS 3 LASER PRODUCT

Of course, the whole purpose of the signs is td pkople to the laser hazard, so that they...
NEVER LOOK AT AN ENERGIZED LASER

When analyzing an apparatus containing a lasercanessume that a class 1 or class 2 systemendafe for
situations in which people do not look intentiogatito the beam or use optical instruments thateaotrate the
radiation. For classes above class 2, or wheratiotgl observation or use of optical instrumestseiasonably
anticipated, one must determine theminal hazard zone (NHZ)h which exposure to laser radiation more
intense than the MPE is reasonably probable. WitheaNHZ, wearing of protective equipment (e. gela
goggles) is usually necessary.

A hazard analysis must also consider the exposuare. tSpecified values of the MPE are calculated for
durations up to 3 x f0seconds (8.33 hours), which is considered thet lahidaily industrial exposure. The
MPE for aversion response limited exposures is llystlee aversion response time (250 milliseconds)the
pulse duration for single pulsed lasers, whichévshorter.

For most analyses, the hazard is based on thentaskposure, the amount of energy that is deposiyethe
laser beam at the vulnerable site divided by tlea af that site, that is, in joules per squareioerier. The
areas of the vulnerable sites incorporated intdithiéing apertures specified in Table 8, ANSI Z1B61993, as
follows:

Summary of Table 8, ANS Z136.1, 1993
Limiting Aperturesof Hazard Evaluation and AEL Deter minations
. . Aperture  Diameter [Aperture Area
Spectral Region Duration (millimeters) (squar e centimeters)
(micrometers) (Seconds) - -
|Eye |Sk|n ]Eye |Sk|n
110°to 0.25 1.0 | 3.5 | 0.00785 | 0.096:

0.189 to 0.400

0.25t03x16 |35 13.5 | 0.0962 | 0.0962




0.400 to 1.400 | t03x12d 7.0 13.5 1 0.3848 | 0.0962

110°t0 0.3 11.0 | 3.5 | 0.00785 | 0.096:
1.400 to 16 0.3 to 10* |11.5%% |35 10.01767%"  {0.0962

110 to 3x 10 3.5 13.5 | 0.0962 | 0.0962
1107 to 10° 10°t03x1d  [11.0 111.0 | 0.95 | 0.95

* Under normal conditions these exposure duratieosld not be used for hazard evaluatjon.

Another consideration is whether the exposure ithiwithe beam, outside the beam, or to only a séfu
reflection. For direct exposure, the MPE is consdeto be within the beam (in which case the laser
considered point sourcg if the apparent angle of the source is smallanttine limitingapparent visual angle
or limiting angular subtenseand outside the beam (for amtended sourgeotherwise. The apparent visual
angle is the angle in milliradians that a sourcpeaps to subtend, and does not apply to invisibleedergy.
For invisible IR, this angle is the greatest dimen®f the exit aperture of the radiation sourcgp@sure within
the beam is known astrabeamviewing. Figure 3, ANSI Z136.1, 1993, is a gragthe angular subtense for
various wavelengths which constitutes the dividietween extended source and intrabeam viewingaoows
exposure times. This graph is summarized in tHeviahg table:

Limiting Angular Subtense (Apparent Visual Angle amin)
for Wavelengths between 0.4 and 1.4 micrometers

Exposure Duration |[Limiting Angular  Subtense

(Seconds) (Milliradians)
Less than 0.7 | 15
0.7 to 10 | 2
Greater than 10 |11

INOTE: tynay = 100

The problem here is that the exit angle of a l&s@ften so small that the beam cannot be seelh atlass it
impinges directly on the eye. This has resultegeople being injured by direct intrabeam exposweahbse
they thought the laser "looked like" it was off aihey "just took a peek" into the laser to makeesiihis is a
truly stupid thing to do. If you do it too often lfi¢h may be just once), it will make you go blirnd.other
words...

NEVER LOOK AT AN ENERGIZED LASER

Of course, there is always the possibility that some may glance at the laser accidentally or, itsqul lasers,
that the laser may be pulsed while someone is hapét it. While procedures for use of laser equipinskould
provide warnings before the laser is energizeddgmae suggests that the potential hazard shoutchhlgzed
for the intrabeam situation.

The MPE in radiant exposure (joules per squareiroeier) for intrabeam viewing of laser energy igegi in
Table 5 and Figures 4, 5, 6, and 7, ANSI Z136.B31for various wavelengths. The MPE is lower failvlie
wavelengths than it is for wavelengths in the irdcaportion of the spectrum. This is due to thelésrcy of the
eye to focus visible wavelengths onto the retirtee Teason the MPE is greater for larger exposoregtiis that
a given amount of energy deposited over a longee fprovides for more effective conduction of eneagsay
from the vulnerable site. For ultraviolet waveldmgtthere is an abrupt decrease in the MPE at eagtis
below about 0.315 micrometers. This is due to thehmgreater sensitivity of the lens to long-ternmdge
from actinic (UV-C) radiation.



Summary of Table 5, ANS Z136.1, 1983
Maximum Permissible Exposure (MPE) for Ocular
Exposures (Intrabeam Viewing)** to a Laser Beam
Spectral Wavelength |Exposure Duration [Maximum Per mitted
Region (Nanometer s) |t (seconds) Exposure
0.180 t0 302 | 18to 3 x 10 13 x 10° but not to exceed 0.58%J/cnf
1303 110° to 3 x 14 4 x 10° but not to exceed 0.58tJ/cnf
1304 110°to 3 x 1d 6 x 10° but not to exceed 0.58%J/cnf
305 110°to 3 x 1d 110 x 10° but not to exceed 0.58%J/cnf
306 110°to 3 x 14 116 x 10° but not to exceed 0.58%J/cnf
307 110° to 3 x 14 125 x 10° but not to exceed 0.58tJ/cnf
308 110°to 3 x 14 140 x 10° but not to exceed 0.58%J/cnf
Ultraviolet (309 110°to 3 x 1d 63 x 10° but not to exceed 0.58%J/cnf
1310 110°to 3 x 1d 0.1 but not to exceed 0.56'0/cnf
311 110°to 3 x 1d 0.16 but not to exceed 0.56' 0/cnf
312 110°to 3x 14 10.25 but not to exceed 0.56't/cnt
313 110°to 3 x 1d 0.40 but not to exceed 0.56' /cnf
314 110°to 3 x 1d 0.63 but not to exceed 0.56' t/cnf
1315t0 400 | 18to0 10 10.56%* Jicnd
315t0400 | 10to3x f0 1.0 but not to exceed 0.56't/cnt
400t0 700 | 18t0 18 x10° 0.5 x 10° J/end
400t0 700 | 18 x Ibto 10 | 1.8%'x 10° J/ent
400 to 550 | 10 to T0 110 x 10° J/ent
550 t0 700 | 10 toT 1.8 £ x 10° J/ent
550 to 700 | Tto 1¢f 110 G x 10° J/cnf
Visible andl400 to 700 | 1bto 3 x 1d Cq x 10° W/cnr*

Near Infrared700 to 1050 | 18to 18 x10°

0.5 G\ x 10° J/ent

700 to 1050 | 18 xIbto 1G°

1.8 G\ ¥ x 10° J/end

700 to 1050 | 1bto 3 x 14

1320 G\ x 10° W/cnt*

11050 to 1400|107 to 50 x 1¢P

5 Cc x 10° J/enf

11050 to 1400 | 50 x 1%to 10

9.0 Gt x 10° J/ent

11050 to 1400(10° to 3 x 10

1.6 G x 10° W/enr™

11400 to 1500 | 18to 10° 0.1 J/erf
11400 to 1500 | 16to0 10 10.56 Y J/cnf
11400 to 1500 | 10to 3 x 10 0.1 W/cnt*
Far Infrared {1500 to 1800 | 18to 10 1.0 Jickh
11500 to 1800| 10to 3 x 10 0.1 Wicni*
11800 to 2600 | 18to0 10° 0.1 J/c
11800 to 2600 | 16to 10 10.56%" J/cnd




11800 to 2600| 10to 3 x 10 0.1 Wicni*
2600t0 16  |10° to 10’ 0.01 J/erh
2600t0 16 10" t0 10 10.56 Y J/cnd
2600t0 16 [10t0 3 x 10 0.1 Wicni*
For Limiting apertures see, Tables 8 and 9
Summary of Table 6

Correction Factorsfor Table5

**The MPE for extended sources of solid angleor which subtend an angte such as diffuse reflections,
obtained by multiplying the corresponding MPEs abdoy the correction factor €€ which is defined ¢
follows:

Ce = 1 for a less than O min (the intrabeam viewing case)
Ce = a / Olmin for a between Olmin and 100 milliradians
Ce = a? / (200 Olmin) for a greater than 100 milliradians

Where the source represents a solid afigie steradiansy in radians is defined as= 2 Q/m)*?

Ca =1 forA =400 nm to 700 nm

Cp = 1000028700 nmlg5r 3 = 700 nm to 1050 nm

Ca = 5.0 forA = 1050 nm to 1400 nm

Cg =1 forA =400 nm to 550 nm

Cg = 1(0-0150-550nmg4, A = 550 nm to 700 nm
Cc=1.0,1=1050 nmto 1150 nm

Cc = 1018011504, N = 1150 to 1200

Cc =8 forA =1200 nm to 1400 nm

T, = 10 seconds foxr = 400 nm to 550 nm

T, = 10t * 0028350 M gacnnds foh = 550 nm to 700 nm

*Note that the MPE is given as an irradiance

\ExposureLimitsfor Skin Exposed to Direct Laser Beam
180t0314 | 18to3x 10 [Same as Direct Ocular Exposure

110° to 10 | Same as Direct Ocular Exposure
uv
31510400  [10to 10 1 J/cn but not to exceed 0.58%J/cnt
110°to 3x 10 |1 Wicnf but not to exceed 0.58tJ/cnt
110°t0 10" |2 Gy x 10% J/cnt
Visible and

400t0 1400 [10't010  [1.1 Gt J/cnf
110°to 3x 14 |0.2 Gy W/ent
110°to 10°  |0.01 J/crh

Far Infrared |1.4um to 1 mn10” to 10 10.56 Y J/cnd

Greater than 1[0.1 W/cnf*

\For Limiting apertures see, Tables 8 and 9

Near Infrared

If the apparent visual angle is within the extendedrce viewing region of Figure 3, then the salidjle (in
steradians) of the source must be taken into a¢cdilme relevant parameter here is tadiancemeasured in
watts per square centimeter per steradian. Foré¢ason, the MPE for extended sources is a spectigiance
in Figure 11. This graph is for viewing of visitd@d IR sources greater than the minimum angulaiessb.



Multiplying the values taken from Figure 11 by thalid angle of the extended source determinesatimmt
exposure MPE in watts per square centimeter.

Most lasers can be considered a point source,dodagers with an apparent source diameter grézern m,
defined above, or for diffuse reflections, a cotim@t factor may be applied to compensate for thu taat the
power will be distributed over a spot on the regneater than the diffraction limited Airy disk. &ltorrection
factor is G as defined in Table 6.

The accumulation of damage also decreases the MiPguUfsed or scanned lasers for multiple exposites.
ultraviolet radiation, (180 nm to 400 nm), the esyi@ dose is additive over a 24 hour period, rdgssdf the
repetition rate. For radiation in the range betw280 nm to 400 nm, the MPE for any 24-hour peried i
reduced by a factor of 2.5 times relative to tigla-pulse MPE, if exposures on succeeding days)gected
to approach the MPE.

The damage for wavelengths longer than this isalveys additive, that is, the MPE per pulse forasyse to a
train of two pulses is more than one half the MBEdine pulse. This is because energy will be corduaway
from the illuminated tissue and dissipated durimg period between pulses. The MPE per pulse dbleisind
infrared (400 nm to 1400 nm) energy is limitedtie MPE for a single pulse time&'H)y where n is the number
of pulses. For example, this calculation yieldsbug for the MPE per pulse for exposure to 10,006g% equal
to 1/10 of the MPE for a single pulse.

For visible radiation (400 nm to 700 nm), the MPé&r pulse for a pulse train over a duratiagpulis further
limited to the MPE for Tax divided by the number of pulses. This calculatyoeids a lower MPE per pulse
than the calculation above for lasers with a higitydcycle. For unintentional exposureqn.f will be 0.25
seconds, which is the aversion response time.

Where multiple pulses occur in a time frame of légms 18 microseconds for 400 nm to 1050 nm or tless
50 microseconds for 1050 nm to 1400 nm, calculatiare based on the assumption that the exposure is
continuous. This corresponds to pulse frequendi&$ &Hz and 20 kHz, respectively.

Put another way, ongulse can be fully one-tentts hazardous as ten thousg@utses, which makes even one
pulse very dangerous indeed. That's why one should.

NEVER LOOK AT AN ENERGIZED LASER

Since the greatest hazard from lasers is ocularyinpye protection is the most common equipmegatl dsr
protection against lasers. The following rules gplthe laser classes:

Class 1: Protective eyewear is not generally reguir

Class 2: Protective eyewear is not required urigbtcollecting optical instruments are used. licls a case, it
is necessary to determine the increase in hazeedalthe optical instrument. This is covered irokofving
discussion.

Class 3: Unless it can be demonstrated that do@dar exposure to a class 3 laser beam is notlp@ssder
any credible circumstance, including credible falwf provided protective devices, protective eyamwis
required. The requirement for the eyewear is dsedidelow.

Class 4: Protective eyewear is mandatory unlessbdan is totally enclosed. Protective clothing niey
required if there is a skin hazard.



Where optical instruments are involved, the pogritir increase in hazard due to the magnifying g@oof the
optics must be considered. Optical glass is esdbntpaque to far UV and near IR, but is transpauat
wavelengths between 320 to 700 and 1400 to 500@meters. The following analysis pertains to these
wavelengths.

The magnifying power P of an optical system is mdi as the diameter of the objective divided by the
diameter of the exit pupil, L But the amount of light energy collected and s¢raitted by the system is a
function of the_areaf the objective and the exit pupil. Thereforee #ttual radiant exposure due to the source
is increased by the ratio of aredsat is, by /D¢, the squareof the magnifying power of this system.
However, for this relationship to hold, the expasat the pupil of the eye must be constant ovesritse area,
that is, the pupil of the eye must be less thaegmal to the exit pupil of the instrument. The deden of the exit
pupil of the optical instrument, defined as theoraff the objective diameter divided by the magmifypower,
must be greater than or equal to the pupil of e fer the viewing condition under which the instrent is
used.

This is usually the case for instruments desigmelet used at night or where motion is encountexsdn a
vehicle or the deck of a ship. For example, "7 X B@riners' binoculars have an objective of 50 imiiters
(about 2 inches) and a magnifying power of 7. Tki¢ pupil diameter R is thus 50 millimeters / 7 = 7.1
millimeters, which is slightly greater than the ldadapted pupil, 7 millimeters, and mugheater than the
daylight-adapted diameter of 2 millimeters. On ¢figer hand, a high quality image-stabilized 15 >b#t®cular
has an exit pupil of 3 millimeters diameter, whitlay be smaller than the pupil of the eye under ligit
conditions. In this case, the gain G is definedhassquare of the ratio of diameter of the object divided
by the diameter of the pupil of the eye To recap:

G = D,/dS* for d greater than or equal ta;D

G = D,/D = P for d. less than D

b
\ &

G = Dp2idp2 because dg > Dp

G = Dp2DgZ = P2 because dg < Da

For an extended source (angular subtense greateal,), the increase in the radiant exposure of the emag
accompanied by an increase in spot area, so teaflBE is unchanged for magnification of extended ces
However, for a point source, the spot size is abudne minimum diffraction limited (Airy disk) conéin, so




that in such cases the hazard analysis must cornbiel@ctual exposure due to the laser at theatwitg optics
times the gain of the optical systas computed above. No allowance is made for lasste optical system,
which in theory would reduce the potential hazanhewhat.

To determine the potential hazard, it is necessargetermine the irradiance due to the laser sysethe
location of the eye. For most cases encounterbthd, the operator is fairly close to the laseryme versa, so
the irradiance is assumed to be the laser powatatiby the area of the beam at the exit. If tie@as A, then

A: = TD?4, where D is the diameter of the beam in cengmsetFor a power of P watts, the irradiance E in
watts per square centimeter is given by the equdtie P/A = P/(D,%/4) = 4P/fD?). In effect, the laser beam
is considered to be a cylinder of light of infinlegth and diameter;DThis estimate is sufficiently precise for
close up work. Since the distance from the las&sdwt appear in this equation, the radius of thiZ N6
assumed to be infinite, and therefore opaque bar(gich as laboratory walls or temporary opagueess)
must be erected to define its limits. The purpokéhe screens, of course, is to make sure thabsnding
people...

NEVER LOOK AT AN ENERGIZED LASER

LASER

The foregoing equation accurately defines the logaan irradiance only for a perfectly collimatedelabeam,
that is, one which has a constant area (the iefinibng cylinder). While this is a good assumptfon short
distances (within the laboratory, for example)s ihot sufficiently accurate for longer distandesthis case, we
must take the beam divergence into account. Insdéadcylinder of light, the beam will take the pbaof a
cone, the apex of which is behind the aperturdeflaser, and a base diameter equal;tplDs an increment,
D,. The cone of light will spread out so that the iiddal diameter is defined by the equation/D= R(tan
0/2). For small angles, tam = a, so the diameter of the addition to the crossi@ectue to divergence of the
beam is given by g2 = Ra/2 , or b = Ra. Therefore, the area of the circular cross seabiothe beam in
square centimeters is; A [t Dy + D»)?/4] = (D, + Ra)?/4. Since the irradiance is defined as the beamepow
divided by the area, the irradiance E at any desd® from the laser aperture is given by:

E = P/A = PI(D; + Ra)%4 = 4P/[(D; + Ra)?.

This will tell us the irradiance at any distanceardgrest. Since we are concerned with the distdmaedefines
the NHZ, that is, the distance at which E is theBylRe can solve the above equation for R as follows

E/4P = 1f(D; + Ra)?
NE/4P = 1/(Q + Ra)?
APfE = (D, + Ro)?

(4PME)"? =D, + Ra

(4PME)"?- D; = Ra



R = [(4PHE)"? - Di]/a

If E is the irradiance MPE of the source in watés pquare centimeter, then R defines radius ohtdminal
hazard zone, sometimes called tlmeninal ocular hazard distance (NOHD) centimeters, that is,

Rtz = [(4PMEwpe)'? - DiJ/a

If optical instruments are involved, the opticalrg® must be taken into consideration, so thapfmnt sources
only,

Rurz = [(4PGHEwpe) Y - D1)/a

This is sometimes called the "safe distance equdtit shorter distances, protective eyewear, aexhaps
protective clothing, is mandatory. However, evetsale the NHZ, one should...

NEVER LOOK AT AN ENERGIZED LASER

For extended sources, E would be the radiancen wéitts per square centimeter per steradian), phefti by
the solid angle subtended by the source, or RrvhereQ is in steradians. For small angles,AQ R?, so:

A=A+ A = (Q R + (MD,74) = Q R?)+ (MRa]%/4) = Q + To?/4)R%.
We note that

LQ = P/A, therefore A= P/LQ = (Q + To%/4)R? so

R? = P/LQ(Q + T™?/4), so

R = 2 [P/ILQ? + Qr?)] Y2

Rutz = 2 [P/Lupe(Q? + Q)] M2

Since the optical gain does not affect exposurextended sources, G does not appear in the abaadi@u
even if optical instruments are used.

At long viewing distances) approaches zero. The limit, @sgoes to zero, of As:

lim A; = AL + Ay = (Q R?) + (MD,%4) = (0 x R) + (MRa]%4) = (MRa]%4)

so that E = P/A= P/(M{Ra]%/4) = 4PH{Ra]? = 4PH(D; + Ra)?

Thus, E = 4Bt(Ra + Dy)>.

This, of course, is the equation for the limit bétnominal hazard zone for a point source. In thse, we
would have to multiply by the gain G of any optisgktem, such as a telescope, used to view the, lseafor

distant sources, neglecting any attenuation byrteevening atmosphere,

E = 4PGH(Ra)?, so (Rx)? = 4PGHE and therefore R = (4Pi)"’/a



This formula is for direct exposure to the lasearbebut it also applies to specular reflectionhsas that of a
mirror or a pane of window glass. Most surfacesydaer, are rough enough that the surface actspéena of
very small scattering sites that reflect the beana iradially symmetric manner. Such a surface ikec¢ta
Lambertiansurface. If such a surface is illuminated by @&iathe image will be a bright spot on the surface,
which will reflect a radiant intensity (power peamitisolid angle) at an angtgnormal to the surface equal to the
radiant intensity normal to the surface times tbeiree of@. In other words the maximum intensity of the
reflection will be normal to the surface, and therk be no reflection at all at right angles tethormal, that is,
along the surface, regardless of the location efidiser. The reflectivity of the surfage,is the ratio of incident
irradiance to reflected irradiance along the nortadhe surface, a dimensionless number alwayshessone.

Intensity of reflected heam
L=pPrcosé

[4

Incaming beam
rany angle)

Diffuse reflecting surface

It turns out that the radiance of a plane diffusenbertian surface is related to the irradiancedei upon it by
the equation L pE/tt Herep is the reflectivity, E is the incident irradianicewatts per square centimeter and
L is the radiance in watts per square centimetersperadian. Also, if the spot size on the surfecemall
enough that it can be considered a point sourae réfected irradiance varies as the distance R ftioe
reflecting surface as follows:

E (in watts per square centimeterpB(cos)/miR?

or, for pulsed lasers where Q is radiant energyofites) and H is the radiant exposure,

H = (in joules per square centimetpf)(cosq)/TiR?

where Q is the incident energy in joules for eagls@. If we solve these equations for R,

R = [pP(cos@)/TE]Y? for continuous exposures, and

R = [pQ(cos)/mH]*? for pulses.

If we desire to define the NHZ, we can use the MB&EE or H and assume the worst case ef0 so that cog
= 1. Therefore, for diffuse reflections:

Runz, or = [PPMEwpe Y

Rz, or = [pQ/mHwpe] 2



Diffuse Reflecting
Surface, reflectivity = p

LASER

If the spot on the surface is large enough to besidered an extended source, the spot size foausete
retina will be proportional to the source spot saeany distance, so that the retinal irradiarscedependent of
the distance from the surface. In such a casefoitiesed retinal irradiance; s given by the equation, E
pEsd,,2/4f2 watts per square centimeter. HegdHe incident irradiance on the surfapés the reflectivity of the
surface, dis the diameter of the pupil, (0.7 centimeters) &is the focal length of the eye, (1.7 centimgter

Solving the above equation fog, Bve get E= 4 Ef? /pdpz. (Photographers may note that,f/the focal length
divided by the aperture, is the f-number of the, eyleich is about 2.43 for a 7 millimeter pupil dietar.) If we
consider Eto be the MPE for irradiance and assym® be unity, the resulting Es will be the maximsafe
irradiance produced by the laser on any diffuséserin the view of unprotected personnel, or

Es (max= 23.6 EpE)

The effective angle subtended by a diffuse reftects related to the true size of the spot by tngagona =

arc tan [D(cosp)/R] where D is the actual diameter of the spots e distance from it, anglis the viewing
angle. For small values af, tana = a, soa = D(cos@)/R. The cutoff between point source and extended
source viewing occurs at the limiting apparent aisangle, or limiting angular subtensg,,. This angle
corresponds to the maximum viewing distangg_for which extended source MPE values apply. Bdyibis
distance, point source equations apply. Solvind=fgs,

Rmax = (D cos@)/dmin

At Rnax the maximum permitted corneal radiant exposurésHhe maximum permissible radiance times the
solid angle subtended by the area of the spot ttheeduration of exposure.

Finally, we must consider the intrabeam exposuse eghere the laser is combined with a lens. Indase, the
ratio of the exit beam diameter to the focal lengththe lens, Qf, will be the same as the ratio of the spot
diameter to the distance from the focugRDthat is, Q@f, = DJR, or D, = DR/f,. Normally, because the focal
length § is very much smaller than R, we assume that Reglistance from the exit pupil of the laser (whih
actually R +§).
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Since the area of the spot size A is equatld/4, and E = P/A, the irradiance at R from the exipil is given
by:

E = P/A = PIiD&/4) = 4APHDS? = 4P{2/TDSR?.
Solving for R to determine the limit of the NHZ,chassuming E =,
Rutizens) = 2o/ Dl P/MEmpe] 2

Compare this to the equation fog:2 without the lens, Rz = [(4PMEwee)*? - D1 /a. Using the reasonable
simplifying assumption that D= 0, RuHzgens) = K Runz where k =a fo/De. The quantity §De is the f-number of
the lens system. Sinae is likely to be quite small for any reasonablif, k is almost always less than 1,
which means that the radius of the NHZ for the Jendaser situation is generally less than thathef laser
system without the lens.

The foregoing discussion should have given the @sgion that calculation of the NHZ or the NOHD @& a
trivial exercise. Since Safety approval is requifed any laser installation on the facility anywaly,makes
sense to let the safety people figure out whatNH& or NOHD is and prescribe the necessary measarbe
taken. Actually, a determination of the limits b&tNHZ is necessary only if a large area is paaiptat risk of
exposure to the laser beam. This is rarely the.ddsanally, the laser will be used in a laboratoryother
enclosed area that can be controlled for the pego$ preventing unnecessary exposure. Even ifatiery,
the NHZ will normally be so large that it is predbte to erect opaque barriers around the area wheileser is
being used rather than to restrict access to an b&$&d on hazardous distance criteria.

In such cases, we assume that people are goirgyitotbe NHZ and must be protected. Normally skipasure
is not a concern, but exposure of the eye can benpally hazardous. In this case, protective eyews
necessary. Even with the protective eyewear, hokewe should...

NEVER LOOK AT AN ENERGIZED LASER

Where we can calculate the irradiance or radiapbsure, we can determine the MPE from calculatarthie
appropriate ANSI graphs and determine whether theahexposure is above or below the MPE. Thisirequ
that we know the relevant parameters of the laggtem, the position of the eyes potentially exposed the
appropriate equations or graphs to use. WithilNH&, the potential exposure will be greater tham MPE. In
such cases, protective eyewear having wavelengthifg@ation which includes the wavelength of theeda



radiation will be required, with aoptical densityequal to or greater than the common logarithmhefratio of
the worst case potential exposure to the MPE, or,

oD = |Og (E)/EMPE) or OD = |Og (WHMPE)

Protective spectacles or goggles with an OD ofllLretluce the irradiance by a factor of 10, thosinan OD

of 2 will reduce it by a factor of 100, and so éwtually, the protective filter could be put anywbdetween
the user on the source, but it is usually easien imything else to put it in front of the potelyi@xposed eye.
If the hazard is due to viewing with optical ingtrents, a filter of the required optical density t@nanywhere
in the optical train. ANSI compliant safety eyewealt have the optical density for each wavelenfgthwhich

it is effective imprinted, so it is a simple matterverify that the selected eyewear meets saégjyirements.

Normally, any given protective device will be effiee over a range of wavelengths. Filters for loWed)

wavelengths will appear green or blue, and thoséifgher wavelengths will appear red or orangeeFsl for

infrared or ultraviolet wavelengths may appear rcieavisible light, even with very large opticalrigties at the
invisible wavelengths for which they are required.

It would be nice if we could do this analysis ahe&time so the required eyewear would be availaldien the
laser arrives, but such is not usually the case.drbblem is that we often don't know anything dliba laser
until the user wants to fire it up. Even then, timéy parameter we are likely to know is the clakthe laser. In
that case, we can assume that class 1 and 2 ang tgobe safe when used by people who have beeedraot
to stare into the beam or view it with optical mshents. The worst case assumption is that a &daser
system will have a power output of 1/2 watt or léssve don't know the actual power output of assld laser,
the laser must be completely enclosed with appatginterlocks on the power supply to make it ingae for
the beam or its reflection to impinge on people.

If we know the power output P of the laser, we damde P by the limiting aperture to find the irradce, then,
if appropriate, multiply by the assumed worst cagposure duration to obtain the radiant exposure.céh
then compare the calculated radiant exposure tMPE given in Table 5, ANSI Z136.1, 1993, to deterenf

we have to provide protection or, alternately, & should provide some limitation of exposure dorati

A "quick and dirty" approach to determining theiogk density of required eyewear other than for €Nérgy is
to use Table 4, ANSI Z136.1, 1993. This may resutiptical densities greater than actually requitad it is
better to err on the side of safety than otherwise.

A summary of Table 4, ANSI Z136.1, 1993
Simplified Method for  Selecting Laser Eye Protection for Intrabeam  Viewing
(Wavelengths Between 400 nanometer s and 1.4 micrometers)

Continuous Wave Lasers Long-
Q-Switched Lasers Non Q-Switched Lasers Continuous Wave Lasers Term Staring [Attenuation

(Lessthan 1 hour)
M axi . . . . . . [Maximum

aximum Ma)qmum Beam |Maximum Laser Ma)qmum Beam |Maximum Maxn_num Beam |[Maximum Beam Attenuation  |Ontical

Output Energy |Radiant Output Energy |Radiant Power  Output |Irradiance Power Output Irradiance Factor Dgns't
(Joules) Exposure (J/cm?) |(Joules) Exposure (J/cm?) |(Watts) (W/ecm?) (Watts) Wiom?) y
110 120 1 100 | 200 | 1o 2x10* 100+  [200+ |1 |8
1.0 2.0 | 10 | 20 | 10,000* | 20,000* | 10+ | 20* | 40 |7
0.1 10.2 1.0 | 2.0 | 1,000+ | 2,000+ | 1.0 | 20 | °10 |6
0.01  |0.02 | 0.1 | 0.2 | 100+ | 2000 | 01 | 02 | °10 |5
0.001 [0.002 |[001 | 002 | 10 | 20 | 001 | 002 | “10 |4
0" 2x10" |0.001  [0.002 | 1.0 | 2.0 | 0.001 | 0002 | 10 |3




110° 2x10° [10* 2x10" |01 0.2 | 1d 2x10" 100 |2
110° 2x10° |10° 2x10°  [0.01 10.02 | 16 2x10° |10 1

In summary, there is a great deal of work requitedetermine what steps must be taken to keep peabé
from lasers. Although it is helpful for the user tmderstand what considerations are involved in the
guantification of the hazard, the definitive hazardlysis is done by the Safety Department, angitbiective
equipment required is whatever the Safety Departmpescribes. But no matter what the hazard isroeted

to be or what protective equipment is used, the still applies:

NEVER LOOK AT AN ENERGIZED LASER

But not looking at energized lasers is not the @dfety precaution that one must take with theme [Hser
itself, or its power supply, may be a source ohadéthigh voltage or stored energy in capacitorsg-aays in
circuits over 15 KV. There may be hazardous pumpadiation, hazardous chemicals in liquid lasevgict
chemical reaction products (for chemical laserahggrously high or low temperatures, or flying g if the
laser explodes! In addition, interaction with tlasdr and the target (intentional or accidental) ganerate
extremely high temperatures and hazardous reaptmstucts such as vapors or fumes at the targettarget
may be melted, vaporized, or set afire by the laser

All laser products involve some kind of electricafcuit, which produces potential electrical hazar@he
manufacturer builds the electrical system to compith federal standards for that class, but conaecto
existing power is usually a user function. As iry aither electrical installation, electrical work stilbe in
accordance with current national and local starslard

Designers must ensure that cables, including tbheseeen power supply and laser head, are propeldgted

and located. Both the capacitors and dischargeesyshust be properly safeguarded and discharged when
energization is not required. The placement of@rbuttons should be chosen to minimize the pakfdr
accidental activation.

Cables, connectors, cabinets and switches shouldndiatained in the proper working order to prevent
electrical shock and burns. Capacitors should behdrged before cleaning or repairing them or amnected
equipment. Operators must not leave equipment emded until all voltage is removed from the capmasit
Interlocking covers should be provided over higlitage circuits to prevent access to energized coems.
Suitable grounding methods should be used. Caldagelen the power supply and the laser head shauld b
corona-free and have an adequate dielectric stidngthe application for which they are to be used

The American National Standards Institute recomraghdt certain controls "shall" be employed forteealass
of laser, and others "should" be employed. Wheegethis no hazard, or where some other control gesvi
effective protection, there is no requirement (N/R)e following table summarizes these requirements

IControl Measuresfor the Four Laser Classes

|Contro| Measures ]CIassification

[Engineering Controls |1 | 2a | 2b | 3a | 3 | 4
Protective Housing | Shall | Shall| Shall| Shal| Shall alsh
\Without Protective Housing | LSO shall establishralage controls

lInterlocks on Protective Housing Note 1 | Notg 1 NbtzNote 1 | Shall | Shall

|
Service Access Panel | Note 1 | Notg1 Note1 Note lall Sh|Shall
IKey switch master | N/R | N'/R | N/R | N/R | Should Shall




\Viewing Portals | N/R | N/R | Note 2| Note2 NoteP Note
Collecting Optics | Note 2 | Note 2 Note 2 Note|2 NdtgNote 2
Totally Open Beam Path | N/R | N'/R| NR | NR | NHZ| NHZ
Limited Open Beam Path | N/R | N'/R| NR | NR | NHZ| NHZ
|Enc|osed Beam Path ] Not required if protective hayiss properly interlocked
IRemote Interlock Connector | N/R | N/R| N/R | NR| Shoylhals
IBeam Stop or Attenuator | N/R | N\J/R| NR | NR | Shoud Sha
/Activation Warning System | N/R | N/R | N/R | N/R | Should a8h
[Emission Delay | N/R | N/R | NNR | N/R | N/R | Shall
lIndoor Laser Controlled Area | N/R | N/R*| N/R*| N/R*| NHZ [NHZ
Class 3b Laser Controlled Area | NR | N/RY N/R* N/R* h&8 [NR
IClass 4 Laser Controlled Area | NR | N/RY N/R*| N/R*| R/ [Shall
|Outdoor Controls | N/R | N/R* | N/R* | N/R* | NHZ | NHZ
lLaser in Navigable Airspace | N/R | N/R*| N/R*| Should d8id |Should
Temporary Laser Controlled Area | Note2 | Notg2 NbtgNote2 [N/R | N/R
IRemote Firing & Monitoring | N/R | N/R | N/R | N/R | N/R | Shdu
LLabels Shall |Shall | Shall | Shall | Shall | Shall
|Area Posting | N/R | N/R* | N/R* | ShouldShall |Shall
IAdministrative Procedures and Controls
Standard Operating Procedures | N/R* | N/RF N/RY  N/RY ho8ld*|Shall
/Output Emission Limitation | N/R | N/R | N/R | LSO Deterration
IEducation and Training | N/R* | N/R* | ShoulgBhould*/Shall |Shall
|Authorized Personnel | N/R | N/R*| N/R*| N/R* | Shall | Shall
|Alignment Procedures | N/R | N/R | Shall| Shalll Shall $ha
Protective Equipment | N/R | N/R | N/R | N/R*| Shoul@hall
|Spectator Control | N/R | N/R* | N/R* | N/R* | ShoulgShall
Service Personnel Hg:gz 1“8:2 2]“8:22]“8%:218*]&” Shall
Note 2 (UV
Demonstration with the General Public and N/R* Shall |Shall | Shall | Shall
IR lasers only)
Laser Optical Fiber Systems Note 2* g*ote Note 2* [Note 2* |Shall | Shall
|Laser Robotic Installations ] N/R ] N/R ] N/R| N/R*] NHZ| H
[Eye Protection | N/R | NNR | N/R | NR* | NoteZ Note
Protective Windows | N/R | N'/R | N/R | N/R | NHZ | NHZ
Protective Barriers and Curtains | N/R | N/R| N/R| N/RY ho8ld*|Should*
Skin Protection | N/R | N/R | N/R | N/R | Note2 Note

|Other Protective Equipment

| Use may be required

\Warning  Signs and  Labels

(Des|N/R*

IN/R*

Should*|Should*|NHZ

INHZ

N




IRequirements) | | | | | |
Service and Repairs | LSO Determination
IModification of Laser Systems | LSO Determination

NOTE 1 - Shall if the system contains an embeddizssSb or 4 laser.
NOTE 2 - Shall if the MPE is exceeded.

NHZ - Nominal Hazard Zone Analysis Required

* Required bySafety Standard E-48ut not by ANSI

Lockheed Martin Michoud Space Systems at the Midnassembly Facility implement these requirements by
Safety Standard E-4.0aser Safetylhe following is a summary of these requiremeBtseryone working with
lasers should read and be familiar with this doaume

All of the lasers used at MAF are commercial modélst have protective housings, interlocks, and key
switches that meet ANSI and other commonly accedesign safety requirements. In the rare case wdere

user intends to use an any other kind of laser,efample, in an experimental application, the $afet

Department requires that he specify what alternagasures he intends to employ to provide equivaésmes

of safety. The burden of proving that the instadlatvon't fry someone is on him.

The requirement for viewing portals applies to stasof lasers embedded in a lower class laser girotine
viewing portal provides a filter of the requiredtiocpl density. Recommended practice is to mainvawing
portals and the optical train of optical instrungeat a sufficiently high optical density that thystem is a class
1 product regardless of what the class of the lamde actually is. If this is infeasible, whatewgewing is
required should be done by a closed circuit telemisystem. In any case,

NEVER LOOK AT AN ENERGIZED LASER

Whenever a hazardous beam path is open, contras Imuemployed to assure that people are keptfaut o
Unnecessary reflective material must not be placedhe beam path and good housekeeping must be
maintained. Situations in which this problem cobkl encountered are laser alignment systems in whieh
alignment is imaged as a spot on a screen, ouldser light show demonstrations, and laser beamd s
communication. ANSI Z136.1, 1993 has a number @tdies of barrier placements that provide adequate
safety. Objects capable of producing potentiallyandous reflections and personnel must be exclirdedthe
beam path at all points where the power/energyitjegsceeds the maximum permissible exposure leVdis
must be accomplished by a physical barrier, adtnatise controls, interlocks, or limiting the bedraverse.
Operation of a laser system so that its beam tsageoutdoor air must be done only if the radiaggposure
due to primary, scattered, or reflected radiat®rcontrolled so that exposure to the user and dogéneral
public will not exceed the permissible values. dsl¢he laser installation is a closed installatibmust be
constructed or arranged so that unauthorized osigat personnel must not be present while the laeeer
supply is energized or about to be energized.

For really high power (class 4) laser systems]dber energy must be isolated so that people dwveit have to
get close to the laser to turn it off. Remote iloigks that deenergize the laser if someone opelo®aor where
there is other potential for unauthorized accessequired. Beam stops capable of absorbing th@dwer of
the laser for an extended time, and which complettdp the beam, are required for class 4 laseisaem a
good idea for class 3 and hazardous class 2 |asémsn the laser beam is not confined within andcsuce or
apparatus, it must be terminated by material thabnspecular reflective and fireproof for the gyesr power
density involved. Where feasible, there should beam stop at the exit from the laser enclosur@ saould be
automatically interposed when the beam is not neteldesuch cases, a second stop, at the end dftdreded
beam path, is required.



Class 4 lasers require an activation warning sysseich as a flashing or rotating light, which wpeople that
the laser is or is about to be energiz8dfety Standard E-4.@quires that each controlled laser are must be
provided with an appropriate alarm system (visdne/or audible) to give warning to occupants ams$ehwho
may be entering, that the laser is energized outatmobe energized. An emission delay, preceded bgrn or
other attention-getting device, is a good ideacfass 4 lasers so people potentially exposed caougef the
way. Of course, hazardous lasers should alwaygpbeated within a controlled area, appropriatelyt@dsvith
warning signs, so that accidental exposure is ptede Warning signs or devices must be employethet
entrance designating the type of laser radiaticoh the protective eyewear required to be worn dutasgr
operation. Whenever practicable, the laser beamuldhbe confined with total enclosure. if this istno
practicable, adequate precautions should be emplmyprevent personnel from inadvertently intercepthe
direct beam or its reflection. Such areas shouleégiablished temporarily, when a laser is beingiced or
tested, since there may be potential hazards dstch times which are not present in normal opanatin
such cases, specially trained service personnetegigred to understand and mitigate the hazardguano
servicing or testing. Laser hazard labels are requon all potentially hazardous lasers and incihetrolled
area for class 4 lasers. Hazard warning signsasscB laser controlled areas are a good idea.

Administrative procedures and controls are requokall hazardous lasers. Standard operating proesd
such asSafety Standard E-4.0are required for class 4 laser installations arel a good idea for class 3
installations. A laser safety officer, or LSO, equired for class 3 and 4 laser installations taitoo and
control the use of these devic&afety Standard E-41@quires that all personnel working with laserseree a
safety briefing, and that operators of class 3 ardsers be certified as laser operators, in aearweal with
ANSI guidelines. Only personnel specifically auibred for the purpose should be potentially exposed
hazardous laser radiation, and alignment procedamesequired for class 2b and higher lasers twigeoa
method examined and approved ahead of time foniaigthe system. Aiming the laser by eye while lagk
along the axis of the beam must not be permittédsfpossible that permissible exposure will Beez=ded due
to reflections from the target material or objaentthe beam's path.

Although ANSI recommends eye protection for onlgssl 3b and 4 laserSafety Standard E-4@quires eye
protection to be worn "by all employees working twitnenclosed, non-visible lasers and with unendlose
visible lasers whose power rating is 1 milliwattgreater.” Protective gloves, clothing, and shietdsst be
used where indicated to guard against damage toskive When eyewear devices are used to provide
protection, they should be in proper condition mswee maintenance of adequate optical densityeati¢sired
wavelength. The optical density and the associaclength must be shown on the protective eyevitalso
requires controls for all demonstrations and fibptic systems of class 2 or greater. Work withraadiation
that can be focused by the lens of the eye mudbhe in a well lighted area. This is to constring pupils and
thus limit energy that may be focused on the retumdess it can be shown that such conditions fertemwith

the intended use of the laser.

At MAF, Approval of a laser or laser system for cg@n will be given only if the LSO is satisfieldat laser
hazard control measures are adequate. These inghadeal operating procedures for maintenance andce
operations within enclosed systems, and operationeplures for class 3 and 4 systems. The procedhilies
include adequate consideration to assure safaty éectrical hazards.

The LSO will assure that laser areas are inspeetediecessary. The LSO will also accompany regylato
agency compliance personnel, such as those represe@SHA, FDA/CDRH, state agencies, etc., and
document any discrepancies noted. The LSO willrasthat corrective action is taken where required.

The LSO must be responsible for assuring that klazantrol measures are prescribed, recommending or
approving substitute or alternate control measwte=n the primary ones are not feasible or practical

The LSO must approve standard operating procedaligagment procedures, and other procedures that@a
part of the requirements for administrative anccpdural control measures.



The LSO must recommend or approve protective egenpme., eye wear, clothing, barriers, screers, as
may be required to assure personnel safety.

The LSO must approve laser installation faciliteesd laser equipment prior to use. This also apphes
modification of existing facilities or equipment.

OSHA does not currently include laser protectioriténgeneral industry standards (29 CFR 1919),dmets
limit exposure to laser radiation in its constrantstandards (29 CFR 1926.54). This paragraph resaftdlows
except for the italics:

(a) Only qualified and trained employees shall §ggned to install, adjust, and operate laser ecgli.

(b) Proof of qualification of the laser equipmepeaator shall be available and in possession obpiezator at
all times.

(c) Employees, when working in areas in which aepbél exposure to direct or reflected laser lighgater
than 0.005 watts (5 milliwatts) exists, shall beypded with antilaser eye protection devices asifipd in
subpart E of this parfNote that 5 milliwatts is 5 times the Class 2 tifni

(d) Areas in which lasers are used shall be posittdstandard laser warning placards.

(e) Beam shutters or caps shall be utilized, orléiser turned off, when laser transmission is rattally
required. When the laser is left unattended fartstantial period of time, such as during lunchrhouernight,
or at change of shifts, the laser shall be turrféd o

(H Only mechanical or electronic means shall beduas a detector for guiding the internal alignnanthe
laser.

(9) The laser beam shall not be directed at emplaye

(h) When it is raining or snowing, or when therelist or fog in the air, the operation of lasettays shall be
prohibited where practicable; in any event, empésyshall be kept out of range of the area of scamcetarget
during such weather conditions.

(i) Laser equipment shall bear a label to indicagximum output.

() Employees shall not be exposed to light inteesiabove:

(1) Direct staring: 1 microwatt per square centeng®.5 times the Class 1 limit]

(2) Incidental observing: 1 milliwatt per squaretimeter;[Class 2 limit]

(3) Diffused reflected light: 2 1/2 watts per squaentimeter]5 times the Class 3 limit]

(K) Laser unit in operation should be set up alitbeeheads of the employees, when possible.

The following general precautions must be appligdhe user for radiation control unless it can bevé to
the satisfaction of the Safety Department that thieynot necessary for the protection of operadimg) other
personnel. Personnel must not look into the printe@gm or at specular reflections of the beam wiwevep or

energy densities exceed the maximum permissiblesxp levels. In other words,
NEVER LOOK AT AN ENERGIZED LASER



An appropriate medical examination with speciaémtibn given to the eye and skin must be givenr@goo
occupational exposure to laser radiation, perididichereafter, and immediately following suspectedactual
laser radiation exposure accident or incident. 3dugpe and frequency of the examination should ermeed
by the responsible physician. When it is known wspected that an individual has received an exposur
excess of the maximum permissible exposure levelust be reported to the Medical department imatety;,
and a Supervisor's First report of Injury initiatedthe responsible supervisor.

Although hazard analyses are normally the job ef $lafety Department, the user is usually the pensost
knowledgeable concerning the characteristics offs¢em and the circumstances under which it eyliko be
employed. Therefore, the user should be awareeo$titps in the hazard analysis so that he canedandlysis
himself or assist the Safety Department in doingadtthat the appropriate controls can be imposé@ T
following are the steps recommended by ANSI:

Step 1. Determine and evaluate the NHZ of all fpdsdieam paths. For many installations, the beaim gan
be assumed to be in any direction from the lased, the NHZ can be assumed to extend to anyone who
intercepts the beam.

Step 2. Determine the NHZ for specular reflections.

Step 3. Determine the extent of hazardous diffafleations and determine the NHZ if appropriate.

Step 4. Determine the probability for operatiommintenance personnel to be within the NHZ duriogmal
operation. A value of 1 is sometimes a reasonasamaption.

Step 5. Determine if other hazardous conditionsteguch as electrical, chemical, thermal and so on

Step 6. For each hazard discovered, establishitmeosontrol according to the following priority:

a. Eliminate the hazard.

b. Reduce the hazard to an acceptable level.

c. Provide positive, redundant safety devices.

d. Provide positive warning devices.

e. Establish, implement, and monitor the requiresér personal protective equipment.

The foregoing is probably more information than mpesople need to work with lasers safely. At MAF, a
combination of engineering and administrative colstrs used to provide adequate safety, but ndysaéatrol

is adequate if not used by careful, responsiblglgedf you take nothing else away from this coutage this:

NEVER LOOK AT AN ENERGIZED LASER!!!

Study Guide
The following questions are intended to prepare fgouhe laser operator examination. If want toshee you
know the correct answers then, you should makeysurdnow them now.

What is electromagnetic energy and how is it tratieaf?
What are the additive and subtractive colors?
What are irradiance and radiant exposure and hothelodiffer?



What is the relationship between energy and wagéén

How do the visual spectra of humans and insectsr@if

What is meant by monochromatic, by coherent?

What is hue? Saturation? Brightness?

Explain reflection, refraction, transmission andaiption.

How does wavelength affect the reflectivity of aface?

What is the difference between specular and diffafiection?

How does a mirror work?

How does a lens work?

How is laser light generated?

How does laser light differ from natural light?

How do conductors, insulators and semiconductdfer@iHow are they the same?
What is meant by color temperature?

How is the human eye constructed and what areiitsipal parts?
What does each part do?

What are the mechanisms and effects of damage tey?

Why is laser light more hazardous than naturaitigh

What are the classes of lasers and how are theyndieed?

What protective measures are appropriate for each?

What are the elements of laser warning signs arat imformation do they contain?
What is a point source? An extended source? Witheidifference?
What hazards are associated with pulsed lasers?

What is optical density? How is it calculated?

How do optical instruments affect the hazard o¢itdght?

What are the NOHD and NHZ? How are they calculated?
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