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NOTE TO READERS OF THE CRI TERI A DOCUMENTS

Wil e every effort has been nade to present information in the
criteria docunents as accurately as possible wi thout unduly
del aying their publication, m stakes m ght have occurred and are
likely to occur in the future. 1In the interest of all users of the
environmental health criteria docunents, readers are kindly
requested to comruni cate any errors found to the Division of
Envi ronnmental Health, Wrld Health O gani zati on, Ceneva,
Switzerland, in order that they may be included in corrigenda which
wi || appear in subsequent vol unes.

In addition, experts in any particular field dealt with in the
criteria docunents are kindly requested to nake available to the
WHO Secretariat any inportant published infornmation that may have
i nadvertently been omitted and which may change the eval uation of
health risks from exposure to the environnental agent under
exam nation, so that the informati on may be considered in the event
of updating and re-evaluation of the conclusions in the criteria
docunent s.

A detailed data profile and a legal file can be obtained from
the International Register of Potentially Toxic Chenicals, Palais
des Nations, 1211 Geneva 10, Switzerland (Tel ephone no., 988400 -
985850)

ENVI RONVENTAL HEALTH CRI TERI A FOR LASERS AND OPTI CAL RADI ATl ON

Further to the recomrendati ons of the Stockholm United Nations
Conf erence on the Human Environnent in 1972, and in response to a
nunber of World Health Assenbly resol utions (WHA23. 60, WHA24. 47,
WHA25. 58, WHA26.68) and the recommendation of the Governing Counci
of the United Nations Environment Programe, (UNEP/ GC/ 10,

3 July 1973), a programre on the integrated assessnent of the
health effects of environmental pollution was initiated in 1973.
The programme, known as the WHO Environnental Health Criteria
Programme, has been inplenmented with the support of the Environnent
Fund of the United Nations Environnent Progranme.

A joint WHO | RPA Task Group on Environmental Health Criteria
for Lasers and Optical Radiation nmet in Paris from 1-5 June 1982.
Dr E.I. Komarov, Division of Environnental Health, WHO opened the
neeting on behalf of the Director-General, and Dr H Janmet,
Chai rman of | RPA/I NI RC nade sone introductory comments. The Task
G oup reviewed and revised the draft criteria docunment, made an
eval uation of the health risks of exposure to |asers and optica
radi ati on, and consi dered rationales for the devel opnent of
exposure limts.

In Novenber 1971, the WHO Regi onal O fice for Europe convened a

Wor ki ng Group neeting in The Hague which reconmended, inter alia,
that protection of man from | aser radiation hazards should be
considered a priority activity in the field of non-ionizing

radi ati on protection. To inplenent these recomendations, the

Regi onal O fice has prepared a publication on "Nonionizing

radi ati on protection”, which includes a chapter on |l aser radiation
(Suess, ed., 1982). In Cctober 1974, the Regional Ofice convened
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a Working Group in Dublin, hosted by the Governnent of Ireland, to
di scuss | aser radiation hazards. This provided one of the first
opportunities for the exchange of information on the biologica
effects of laser radiation and threshold data, at an internationa
| evel .

The International Radiation Protection Association (|RPA)
becane responsible for NIR activities in 1974 by form ng a Wrking
Group on Non-1onizing Radi ati on whi ch became the International Non-
loni zing Radiation Conmittee (IRPA/INIRC) at the IRPA neeting in
Paris in 1977 (I RPA, 1977). Dr M Faber, Dr J. Marshall,

M D. Sliney (nmenbers of IRPA/INIRC) and Dr L. Court, all acting as
VWHO tenporary advi sers, prepared the draft criteria docunent on

| asers and optical radiation during 1980-81, and revised it after
receiving conments fromthe national focal points for the

Envi ronnmental Health Criteria Programre and individual experts. Dr
Marshall and M Sliney were responsible for the final scientific
editing. The Secretariat gratefully acknow edges the work of these
experts wi thout whose hel p the docunent could not have been
conpl et ed.

The docunent is based prinmarily on original publications |listed
in the reference section. Additional information was obtained from
a nunber of general reviews, nonographs, and proceedi ngs of
symposi a including: Urbach, ed. (1969), Goldman & Rockwel | (1971),
Wl barsht (1971, 1974, 1977), Sliney & Freasier (1973), Fitzpatrick
(1974), Magnus (1976), Rubin (1977), Parrish et al. (1978), Lernan
(1980a), Pratesi & Sacchi, ed. (1980), Sliney & Wl barsht (1980),
WIllians & Baker, ed. (1980), Goldman, ed. (1981), and Gol dman et
al. (1982). Radionetric terns, units, and spectral band
designations used in this criteria docunment are in accordance wth
the SI reconmendati ons (Lowe, 1975) and those reconmended by the
Conmi ssion Internationale de |'Eclairage (CIE, 1970).

Modern advances in science and technol ogy have changed nan's
envi ronment, introduci ng new factors which, besides their intended
beneficial uses, may al so have untoward side effects. Both the
general public and health authorities are aware of the dangers of
pollution by chemicals, ionizing radiation, and noise, and of the
need to take appropriate steps for effective control. The rapid
growt h of electro-optics and | aser technol ogy and the increasing
use of electro-optical devices and | asers, including optica
scanni ng equi pnent, high-intensity |anps, welding arcs, and W
phot o- curi ng equi prent, alignnment |asers, and nedical |asers have
i ncreased the possibility of hunan exposure to optical radiation
and, at the same time, concern about health effects.

Thi s docunent provides information on the physical aspects of
el ectromagnetic radiation in the optical spectrum within the
wavel ength range of 100 nm- 1 mm Optical radiation includes
ultraviolet radiation (UVR) from approximately 100 nmto 400 nm
light (visible radiation) fromapproximtely 400 nmto 760 nm and
infrared radiation fromapproximtely 760 nmto 1 nm Each of
these spectral regions can be arbitrarily divided into subregions.
Lasers are capabl e of producing optical radiation in all three
maj or divisions of the optical spectrum A brief survey of |asers
and ot her man-made sources of optical radiation is presented. It
is known that optical radiation interacts with biological systens
and a summary of knowl edge on bi ol ogical effects and health aspects
has been included in this docunent. 1In a few countries, concern
about occupational and public health aspects has led to the
devel opment of radiation protection guides and the establishnment of
exposure limts for laser radiation and UVR.  Several countries are
considering the introduction of reconmendations or |egislation
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concerned with protection against untoward effects from non-
ionizing radiation in the optical spectrum |In others, efforts are
bei ng made to revise and update existing standards. It is hoped
that this criteria document may provide useful information for the
devel opnment, at a national |evel, of protection neasures agai nst
non-ioni zi ng radiation

Details of the WHO Environnental Criteria Programme, including
definitions of sone of the terns used in the docunments, nmay be
found in the general introduction to the Environmental Health
Criteria Progranme, published together with the environnental
health criteria docunent on nercury ( Environnmental Health Criteria

| - Mercury, Geneva, Wrld Health Organization, 1976), now avail abl e

as a reprint.
1. SUMVARY AND RECOVVENDATI ONS FOR FURTHER STUDI ES
1.1. Summary

1.1.1. Scope

The potential hazards of optical radiation fromwave-| engths
between 100 nmand 1 mm i.e., ultraviolet radiation (UVR), visible
light, and infrared radiation (IR) are considered in this docunent,
and known adverse health effects, standards, and control neasures
are reviewed. Enphasis is placed on the health risks of |aser
radi ati on, but those of other sources are also covered. The health
effects of UVR are discussed only briefly, as UVR has already been
considered in depth in the WHO Environnental Health Criteria 14
(1979). Risks to the general popul ation are considered as well as
t hose of occupational exposure.

The clinical treatnent of different disorders or non-nedica
probl enms, such as cosnetic surgery, where risk versus benefit nust
be addressed, is outside the scope of the docunent. However, it
shoul d be enphasi zed that the doses used in such exposures are
entirely the responsibility of the persons authorized to give such
treat nent.

Al though a certain anount of light is necessary for hunan
heal th, this docunment does not attenpt to determ ne a | ower
exposure limt or whether certain wavel engths are nore necessary
t han ot hers.

1.1.2. Optical radiation exposure

Despite the great increase in the use of man-made optica
sources, the sun remains the principal source of optical radiation
exposure for man. Though the devel opnent of the laser in 1960
aroused great interest in the potential hazards of optica
radi ati on, many other artificial sources pose sinilar hazards. It
is often nore difficult to evaluate the risks of non-laser sources
since, typically, they emt over a broad band of wavel engths. When
broad- band sources enit in all parts of the optical spectrum each
of the potential hazards nmust be considered separately, as well as
col l ectively.

Beneficial effects of sunlight and UVYR for man have been
reported in the literature and are treated in the WHO Envi ronnent al
Health Criteria 14, U traviolet Radiation. The reported beneficial
effects of nedical and environnental exposure are inportant to
public health, but a careful benefit versus risk analysis nmust be
carried out.

Page 8 of 106



Lasers and optical radiation (EHC 23, 1982)

Because optical radiations are not very penetrating, the eye
and the skin are the organs of concern. The main acute effects are
phot okeratitis and thermal and photochem cal retinal injury for the
eye, and erythema and burns for the skin. Delayed effects include
cat aract ogenesi s and possi bl e retinal degeneration for the eye, and
accel erated agi ng and cancer for the skin.

The biol ogical effects of all optical radiation can be divided
into three major categories: thermal (including therno-
mechani cal ), photochemical, and direct electric field effects. At
threshold |l evel s, the predom nant nechani sm depends on naxi nal
exposure rates, total exposure, and on wavel ength regi mes. The
thermal effects are characteristic of the IR region extending into
the visible. The photochem cal effects are mainly characteristic
of the ultraviolet region, but also occur in the visible. Acoustic
and ot her anonal ous effects depend on acute thermal inpulses of
nanoseconds (ns) duration, which may induce acoustic or nechanica
transi ents, damaging the tissue. For sub-ns exposures, direct
electric field (non-linear) interactions wth biological nolecules
appear to play a major role in the mechani smof injury.

Sources of optical radiation exposure nmay be categorized as:
(a) sunlight (natural illumnation);

(b) | anps;

(c) lasers;

(d) other incandescent (warm body) sources.

In industry, in addition to |lasers, there are continuous
optical radiation sources, such as conpact arc lanps (as in solar
simul ators), quartz-iodide-tungsten | anps, gas and vapour discharge
tubes, electric welding units, and pul sed optical sources such as
flash [ anps used in |laser research and photol ysis, exploding wres,
and super-radiant light. Conmmon |asers and their applications are
listed in Table 1 and some sources of optical radiation exposure
and potentially exposed popul ations in Table 2. In nost
appl i cati ons, maintenance and eval uati on workers nmay be exposed.
The general popul ation may al so be exposed on occasion, and it is
the responsibility of the operator to mnimze this exposure.

Until the advent of the laser, the principal hazard recognized
in the use of optical sources was the potential for injury of the
skin and eye from exposure to UVR at wavel engths of |ess than 320
nm The spectral band of less than 320 nmis often called the
"actinic ultraviolet" and consists principally of the 2 bands known
as W-B and U/-C. The high attenuation afforded by nmany optica
materials, such as glass in the spectral range 100 - 300 nm
generally resulted in the enpirical safety approach in which
optical sources were enclosed in glass, plastic, or sinilar
materials to absorb this actinic radiation. |If injurious effects
were noted, the thickness of the material enclosing the source or
the filter protecting the eye was increased.

The wi despread use of sources that enmit high levels of U/-C/' B
in industry has been the cause of nany corneal injuries. The WR-
rich industrial sources circunvent the natural defences of the body
by all owi ng direct exposure of the cornea at normal angles of
i nci dence, unshielded by the brow or eyelids. In nany cases, the
hazards of these UVR-rich sources are greater as they are
incorporated into optical systens, the el enents of which are
selected for either high transm ssion or high reflection in the
UWR Welding is a prine exanple of potentially hazardous

i ndustrial exposure. The presence of possible photosensitizers
makes the use of UVR in the chenical industry for the manufacture
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of photosetting plastics potentially nmuch nore dangerous.

Until recently, it was felt that chorioretinal injury would not
result from exposure to visible light in industrial operations.
I ndeed, this is still largely true, since the normal aversion
response to high brightness light sources (the blink reflex and
noverment of the head and eyes away fromthe source) provides
adequat e protection agai nst nost bright visual sources. However,
the recent increased use of high intensity, high radiance optica
radi ati on sources with output characteristics that differ
significantly fromthose seen in the past nmay present a serious
potential for chorioretinal injury. The recent findings of
phot ochemi cal | y-i nduced retinal injury, following long-term
exposures, reinforce this concl usion

Si nce organi c macronol ecul es absorbing the radi ant energy woul d
have broad spectral absorption bands, the nonochromatic nature of
| aser radiation would not be expected to create any different
effects fromthose of radiation enmtted by conventional sources;
this conclusion is strongly supported by experinental evidence.
The coherence of laser radiation is also considered not to affect
the hazard potential for thernmal or photochemical chorioretina
injury. Though a speckle pattern resulting fromthe interference
effects of laser light at the retina does exist, the very fine
gradations in retinal irradiance resulting fromthis effect
(Consi di ne, 1966; Fried, 1981) would certainly be |lost, as soon as
the pul se duration was greater than a few microseconds (us). Both
thermal conduction and ocul ar trenor would snmooth out the
distribution of light and localized tenperature el evations
resulting fromthe 1-10 pm gradati ons of the speckle pattern and
these non-uniformities would be blurred. Chorioretinal injury from
either a laser or a non-laser source should not differ, therefore,
if image size (retinal irradiance distribution), exposure duration
and wavel ength are the sane.

1.1.3. Present health and safety standards

Because of wi despread concern regardi ng | aser hazards,
substanti al progress has been nade towards the devel opnent of both
product performance standards and human (both occupational and
general popul ati on) exposure linmts. Separate environmenta
qual ity standards are unnecessary. Several national standards have
been pronul gated and substantial progress has been made towards
i nternational agreenent in these areas, since there appear to be
only mnor differences between the nost recent national standards.
The | aser exposure limts are conplex functions of wavel ength,
exposure duration, and view ng conditions and cannot be summari zed,
wi t hout the use of conplex tables. Based on present know edge,
nost of these extensive sets of |aser standards appear adequate for
the protection of the health of those potentially exposed. Severa
areas of concern still exist regarding exposure limts for
ul trashort pul se, repetitive pulse, long-term and nultiwavel ength
exposur es.

Table 1. Common | aser devices and applications

Type Wavel engt h(s) Appl i cations
argon (Ar) 458- 515 nm i nstrunent ation;
+ 350 nm hol ogr aphy;

retinal photocoagul ation
ent ert ai nnent
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carbon di oxi de (CQG,) 10. 6 pm mat eri al processing;
optical radar/ranging;
i nstrunent ati on;
surgery techni ques

dye(s) variabl e 350 nm instrunentation
1 pm
exci ner | asers 180- 250 nm | aser punpi ng;

spect r oscopy

gal li um arseni de (GAs) 850- 950 nm i nstrunment ati on rangi ng;
i ntrusion detection;
communi cat i ons;
t oys

hel i um cadm um ( HeCd) 325, 442 nm al i gnment ;
surveyi ng

hel i um neon (HeNe) 632.8 nm al i gnnent ;
surveyi ng;
hol ogr aphy;
rangi ng;
i ntrusion detection;
conmuni cati ons;
ent ertai nnent

neodym um gl ass 1. 06 pm mat eri al processing;
(Nd- gl ass) i nstrunent ati on
neodym um yttrium optical radar/ranging;
al um ni um gar net (Nd- YAG surgery
r uby 694. 3 nm mat eri al processing;
hol ogr aphy;
phot ocoagul ati on;
rangi ng

Table 2. Sonme exanples of optical radiation exposure

Sour ces Princi pal wave- Pot ent i al Potentially exposed
| engt h bands ef fects popul ati ons
of concern

sunl i ght ultraviolet (W), skin cancer; out door workers
vi si bl e cataract; (e.g., farners,
near-infrared sunbur n; construction
accel erated wor kers); sun-
ski n agi ng; bat hers; genera

solar retinitis popul ation

arc | anps WV, visible, phot okeratitis; printing plant
(Xe, Xe-Hg, near-i nfrared eryt hens; canmera operators
Hg) ski n cancer; optical laboratory

retinal injury wor ker s
entertainers

ger mi ci dal actinic, far W eryt hens; hospi tal workers

(1 ow pressure phot okeratitis; workers in sterile
Hg) ski n cancer | aboratories

medi um UV- A and bl ue retinal injury street |anp

pressure I'i ght r epl acenent

Hg- HI D | anps personnel ; gymasi um
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actinic UVA

He- Ne | asers visible
(0.5-5.0 nmy
argon | aser vi sible
1-20 W
nmetal halide near W, visible
UV- A | anps
sunl anps ultraviol et,
bl ue Iight
Table 2. (contd.)
Sour ces Princi pal wave-

ruby or
neodyni um

| aser

rangefi nders

i ndustri al
infrared
sour ces

| engt h bands
of concern

ul travi ol et
and bl ue |ight

vi si bl e
near-infrared

infrared

phot okeratitis;
eryt hema

phot okeratitis;

eryt hema
retinal injury
retinal injury,

| ocal i zed skin-
bur ns

cat aract;

phot osensitive
skin reactions;
retinal injury

phot okeratitis;
eryt hems,

accel erat ed
skin agi ng;
ski n cancer

Pot ent i al
effects

phot okeratitis;
eryt hema

WV cataract;
retinal injury

retinal injury

radi ant heat
stress;
infrared
cat ar act

users; general
popul ati on

certain | aboratory
wor kers; search |ight
operators

constructi on workers;
users of alignment

| asers; sone nenbers

of general popul ation

observers and operators
of laser |ight shows;

| aboratory workers;

nmedi cal personne

printing plant

mai nt enance wor kers;
integrated circuit
manuf act uri ng wor kers

sunt an- par | our
custoners; hone users

Potentially exposed
popul ati ons

wel der s’
wel der s

hel pers;

scientific
i nvestigators;
mlitary personne

steel m |l workers;
foundry workers;
wor kers using

i nfrared drying
equi pnent

Heal th and safety standards for |anps and other non-|aser
Sone exposure limts have been
and near-infrared radiation, but

sources are al nbst non-existent.
proposed for ultraviolet,
these are quite tentative
nmeasured and wei ght ed agai nst several

anal ysis - a conpl ex process.

vi si bl e,
The spectrum of the source nust be

action spectra for risk

Progress has been nade,

in several

towar ds product performance safety standards for

specific lanmp products such as high intensity discharge (H D

countries,
| anps, sunl anps, and germ cida
1.2. Recommendations for Further

| anps.

St udi es
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The foll owi ng corments cannot hope to be conprehensive in an
area of such rapidly expandi ng technol ogy and whilst nmany of the
listed problens may be currently of inportance or under
i nvestigation in various research |aboratories, others hitherto
unsuspected nmay assune paranount inportance. Current problens are
di scussed in the same order as the list of contents of this
criteria docunment, beginning after the background information
sections 1 - 5; the order does not assert priority ratings.

(a) Radionetric and photonetric measurenent

Furt her devel opnent of sinplified, inexpensive |aser or broad-
band survey instruments is desirable for nonitoring the health
ri sks of optical radiation.

(b) The eye

The transm ssion characteristics of the ocular nedia are based
on averaged data fromrelatively few eyes. The variations with
age, in transm ssion and absorption in individual ocular
conmponents, have not been clearly defined. Present understanding of
the effects of UVR on the cornea and the lens is poor, particularly
of the role, if any, of UW-A in the exacerbation of cataracts.
Further studies, especially in the field of epidemiology, are
needed to establish the possible invol vemrent of short-wavel ength
optical radiation in accelerating senile degenerative conditions in
the retina. The special problens of the aphakic (lens-1less) eyes
or eyes with intraocular lens inplants require attention in
relation to the increased retinal exposure to UVA and short -
wavel ength visible radiation, particularly in the elderly. Sone
further work is required concerning the spectral dependence of both
reti nal damage and changes induced in the vitreous between 750 and
950 nm It would also be of benefit to obtain a better
understanding of the role of the choroid in both the absorption of
optical radiation and production of damage and its involvenent in
the healing process. 1In conclusion, further studies nust be
undertaken on the quantification of the upper linmts of flash
bl i ndness and persistent after-inmage production and the | ower
limts for oedema and irreversi bl e damage

(c) The skin

The optical properties of the skin require further study on the
rel ati onshi p between penetration depth and absorptivity and
wavel ength, skin pignentation, and the angle of incident radiation
Epi dem ol ogi cal studi es should be undertaken to further clarify the
i nvol venent and wavel engt h dependence of chronic exposure to
optical radiation in the induction of skin cancers. Such studies
shoul d be encouraged in areas where direct conparison can be nade
bet ween negroi d i ndi genous and Caucasi an i nmi grant popul ations in
tropi cal and sub-tropical countries. Wrk is also required on the
possi bl e additive or synergistic effects of different wavebands,
for exanple UVB, and UVB plus WA. Finally a better understanding
is required of the additional protective factors that nust be
applied to counteract the effects of specific photosensitizers
(WHO, 1979).

(d) Exposure linits (ELS)

To date, the exposure limts and vari ous recomended standards
have been based mainly on enpirical studies of acute effects on
ani mal s and extrapol ation of linited epidem ol ogical information
Wil e these figures represent the best current know edge, it should
be enphasi zed that standards should be sufficiently flexible to
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enabl e the rapid incorporation of new data. Information is |acking
in many fields, especially with regard to the long-termhealth
ri sks associated with the adoption of present standards.

Further information on chronic effects is required and shoul d
be obtained fromnulticentre epidem ol ogi cal studies. Such studies
could be either retrospective or prospective but should clearly
i solate ethnic, environnental, sociological, and age-rel ated
variations within participating popul ations. The systemic effects
of optical radiation have not been adequately studied. These
i nvestigations should al so take into account the effects of
progressively increasing exposure to artificial sources in industry
and the home. Active liaison is required between architects,
illum nation engineers, and health physicists to establish exposure
l[imts and recomended lighting levels in relation to a variety of
vi sual tasks.

The | arge nunber of variable parameters associated with
repetitively pul sed exposures neans that present ELs have been
established in relation to a limted nunber of research studies.
Further studies are needed and should include the problens of
repeat ed exposures to a single systemand repeated exposures to
several sources within a relatively short period, i.e., a working
day.

The difficulties involved in nmeasurenment of ultra-short,
(sub-ns) pul ses have resulted in few bioeffect studies being
undertaken and thus a | arge degree of extrapolation in establishing
ELs. More work is required and a better understanding is needed of
the bioeffects related to non-linear optical effects.

(e) Evaluation and control measures

In many countries, nore than one executive office has sone
responsibiities for regulating optical radiati on exposure and
optical sources. Lack of clearly defined division of
responsi bilities between different agenci es has created confusion
for manufacturers and users of |lasers and | anp sources. Nationa
agenci es shoul d nake every effort to work towards uniform and
conpatible standards. Cear-cut criteria are needed to define
condi ti ons under which | asers can be used in public places.

Current efforts to achieve international harnonization of |aser
classification and control of health risks should be encouraged and
ext ended.

Radi ati on product performance and user standards shoul d be
devel oped for lanps and |ighting systens.

(f) Laser accidents

Wth the exception of a few published cases, nedical and
bi ophysical details relating to | aser accidents are difficult to
obtain. It would be helpful if individual countries established
nati onal accident-reporting protocols together with a centra
referral agency, in order to provide statistical evaluation of
probl enms in safety procedures

(g) Eye protection

The investigation of new types of eye protection filters should
be undertaken and further attenpts should be nmade to standardize
existing filters on an international basis (e.g., welding filters,
| aser safety goggles).
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(h) Medical surveillance and epi dem ol ogi cal studies

Qccupati onal medi cal surveillance of workers may be necessary
in certain cases; of great inportance is the need for
epi dem ol ogi cal studies on workers exposed for |ong periods to UVR
and visible radiation. A study of central visual function and
colour vision in conparison with an age-matched control group woul d
be very informative. An epidem ol ogical study of workers exposed
over long periods to infrared radiation is al so needed.

(i) Education

Since control measures for unenclosed |asers rely largely on
the | aser operator, training progranmres nust be instituted for such
i ndi viduals. Education of the general population is also required
both to allay unwarranted fears of accidental |aser exposure and to
gi ve sonme background infornation agai nst which elective optica
radi ati on exposures (nedi cal and paramedical, e.g., cosnetic) may
be assessed.

2. DEFI NI TIONS OF OPTI CAL RADI ATI ON
2.1. The El ectromagnetic Spectrum

El ectromagnetic radiati on consists of oscillating electric and
magnetic fields. Radio frequency (including mcrowave), infrared,
visible (light?), ultraviolet, X, and gamma radiation are all
el ectronagnetic radiation and are propagated in both free space and
matter. Collectively, this electromagnetic radiation forns the
el ectronmagneti ¢ spectrum when arranged according to frequency or
wavel ength. A chart of the spectrumis shown in Fig. 1.

1 mm = 0% nm
10 mm =1 cm
100 crim = 1 Fisible
IMicrowrawes spectrum
i Rav
Rudic\,."TV Infra-red Ultrawiolet
fregquency Gamnroo
T T T T T T T T T T T T T T T T T
1% m lm 1 cm 0.1 amn  10% nm 1 nm 1078 nm 10~% nm Wawvelength
zx10? 7210% a0l zagplt zautnlt za10l? zapl? 72102l Fregquency
{Hz)
1.24x107° 1.24x107% 1zasan™? 1zesn™® 1i2e 1oz4m10® 1 zasao® 1.24x10° Photon
Energy (el

The spectrum of electromagnetic radiation.

Equation 1 can be nodified for el ectromagneti c radiation by
giving the velocity of the radiation the value of the velocity of
light, usually witten as c. |n a vacuum

Co = lanbda nu Equation (1)

The velocity rho, has been set as 299792458 nmi's or about 3 x 108
ms = 3 x 10*° cm's.

The ratio of the velocity of light ¢, in a vacuumto the
velocity c in a nediumis terned the refractive index n of that
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medium (n = co/c). Equation 1 can al so be expressed as

| anbda = c/nu, or nu = c/lanbda Equation (2)

& Light by definition is visible radiation; hence, it is incorrect
(but common) to speak of "ultraviolet light" or "infrared
l'ight".

The inverse rel ationship between frequency and wavel ength is
clearly evident in Fig. 1. |If nis constant at all points within
the medium then the nediumis called optically honobgeneous; if n
i s independent of direction, the nediumis terned isotropic. If n
i s considered i ndependent of the anplitude or intensity of the
optical field, the interaction with the nediumis terned "linear"
if not, it is "non-linear".

As the frequency increases fromm crowave radi ation through the
optical radiations to gamma radiation, the wavel ength becones
shorter and shorter. The el ectromagnetic radiations have a
characteristic energy associated with each photon and t he photon
energy increases with an increase in frequency. Reference to one
regi on or another as the "gamma-radi ation regi on" or the "m crowave
region" is arbitrary and no internationally accepted set of terns
exi st for specifying all of the spectral regions.

The spectral bands represent wavel ength intervals within which
a common state of the art and technol ogy exists in sources,
detectors, or in nodes of interaction with matter. The upper and
lower limts of the entire el ectromagnetic spectrum have not been
defined at present. The units used to describe energy, wavel ength,
and frequency often differ between spectral regions, as a matter of
conventi on.

Utraviolet, visible (light), and infrared radi ation
collectively known as optical radiation are described in terns of
wavel ength. Sonetines, the spectral region of wavel engths shorter
than approximately 100 nmis terned ionizing radiation, and
wavel engt hs | onger than 100 nm are placed in the non-ionizing
radi ation spectrum These terns are useful for those who wish to
di stinguish between the biological effects of different types of
radi ati on, but divisions between adjacent spectral bands vary
according to different disciplines. For the physicist, the optical
spectrum general ly consists of 5 decades of wavel engths between
10 nmand 1 mm On the other hand, photobiol ogists and health
speci al i sts, who are not concerned about vacuum ultraviol et
radi ati on, begin at approximately 180 - 200 nm (which is the
approxi mat e | ong-wave edge of the vacuumultraviolet) and go to
far-infrared radiation at 1 mm The Conmission Internationale de
|"Eclairage (CIE) Committee on Photobi ol ogy has provi ded spectra
band designations that are quite convenient in discussing
bi ol ogi cal effects. Three common schenes of dividing the optica
spectrumare given in Table 3 (CIE, 1970).

2.2. Interaction of Electronmagnetic Radiation with Matter

El ectromagnetic radiation interacting with matter is absorbed,
transmtted, reflected, scattered, and diffracted. |In nost
i nstances, one of these effects dominates, alnost to the exclusion
of others. However, all effects are always present to sone extent.
For instance, if a beamof |ight passes through a sheet of
transparent glass, at least 4% of the incident light is reflected
fromeach surface. On the other hand, only a very small percentage

Page 16 of 106



Lasers and optical radiation (EHC 23, 1982)

(less than 1% is usually absorbed within the clear glass, even

when marked refraction or bending of the light takes place.
Simlar effects occur in all spectral regions including the
radi of requency and ganme-radi ati on bands.

2.2.1. Interaction at an interface

2.2.1.1. Reflection

Refl ection takes place at an interface. There are two basic
types of reflections that are of interest, i.e., specular (mrror-
like) and diffuse. Specular reflection is sonetines referred to as
regul ar reflection. Wth specular reflection froma mrror or
ot her very smooth surface, |ight obeys the Iaw of reflection, which
states that the angle of reflection equals the angle of incidence.

Several schenes for dividing the optical spectrum

Physical No. 1 Physi cal No. 2 Phot obi ol ogi cal (CIE)*?

extrene UVR vacuum or extrene WR UV-C

(1-10 nmto 100 nm

far UVR
(200 nmto 300 nm

near UVR
(300 nmto 400 nm

l'i ght
(380 nmto 760 nm

near IR
(760 nmto 4000 nm

mddle IR
(4 pmto 14 um

far IR
(14 pmto 100 um

submillinmetre
(100 pumto 1 mMm

(1-10 nmto 180 nm

m ddl e UVR
(180 nmto 300 nm

near UVR
(300 nmto 400 nm

I'i ght
(400 nmto 700 nm

near IR
(700 nmto 1200 nm

mddle IR
(1.2 pmto 7 pm
far IR

(7 pmto 1 M)

(100 nmto 280 nm

Uv- B
(280 nmto 315 nm

Uv- AP
(315 nmto 380-400 nm

li ght
(380-400 nmto 760-780 nm

IR-A
(760-780 nmto 1400 nm

IR-B
(1.4 pmto 3 um

IRC
(3 umto 1 MM

of Standards in the 1930s.

but may be taken as 315 nm
315 nmis used unl ess ot herw se stated.

Specul ar reflection can occur,

Based on the recomendati on of the Committee on photobiol ogy of the
Conmi ssion Internationale de |'Eclairage (CIE, 1970).
was originally proposed by WW Coblentz of the US Nati onal

The schene
Bur eau

The dividing line between UW/-B and U/-A is often taken as 320 nm
For the purposes of this docunent,

when the size of surface

irregularities or roughness is |l ess than the wavel ength of the
Thi s description of specular reflection is

i nci dent radiation.

i nportant to keep in mnd.

D ffuse reflection occurs, when the

surface irregularities are randomy oriented and are nuch greater

than the wavel ength of the incident
light is reflected fromchalk or a rough granite surface.

di ffuse refl ecti on obeys Lanbert's Law,

Ref | ecti on.

A usef ul

radi ation; for exanple, when

Per f ect

., the Cosine Law of

formula in radionetry is:
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E = phi rho x cos theta/pi r4? Equation (3)

where E is the irradiance reflected fromthe surface at angle theta
relative to the surface's normal, phi, the optical beam power upon
the surface, rho, the diffuse reflection coefficient of the surface
for the wavel ength, r! the distance fromthe beam spot on the
diffuse target to the detector, and phi equals 3.14159.

It is inmportant to renenber that diffuse and specul ar
reflections are strongly dependent on wavel ength. A given surface
may produce a reflection that is specular at one wavel ength but may
or may not be specular at a different wavel ength.

The fraction of incident radiation specularly reflected from
the surface of a transparent nedi um depends on the index of
refraction, the polarization of the incident beam and the angle of

incidence. This is illustrated for glass in Fig 2.
100 T T T T
anl !
g =
|
g I
~ |
b [
-1 I
1}
1] |
g
a8 &0
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o
T}
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w5l .
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N lizht
a 40| i
=
!
3
l'.l':; 30 Polarizing ]

angle
20
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1 1 1 1 . 1 1
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The specular reflectance for plate glass. Specular reflectance depends on the
polarization of the incident light and the angle of incidence. Light with the
electric wector polarized perpendicularly {a} to the plane of incidence is

reflected more than light that is polarized parallel {¢} to the plane of
incidence. Curwve {b)} refers to unpolarized light. The curves are for both
surfaces of clear glass with an index of refraction of 1.5

2.2.1.2. Refraction

Refraction al so takes place at an interface. Refraction
occurs, whenever a beamof |ight passes fromone transmtting
medi umto anot her having a different refractive index (n). For
exanpl e, refraction is the bending of light at air-water and air-
glass interfaces. The |law of refraction, which is also known as
Snell's Law, states that the angle of incidence (theta;) and the
angle of refraction (thetay) are related by the equation

sin theta;/sin theta, = ny/ ng Equation (4)
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where n; and n, are the indices of refraction of the first nedi um and
the second nedi um respectively.

Lenses and prisns are optical conponents that depend
principally on the phenonenon of refraction. The variation in the
i ndex of refraction with wavelength is terned dispersion. Thus a
simple prismbends blue light and red light differently for the
same angl e of incidence, the two angles of refraction differ, and
blue Iight can be separated fromred light. |In lenses, this effect
is called chromatic aberration. It can be reduced by choosing a
glass with very little dispersion or by conbining tw | enses that
have conpl ementary di spersion characteristics.

2.2.2. Interaction with a medi um

2.2.2.1. Transm ssi on

The nature of transmtted light that energes froma medi um
depends on the phenonena of absorption and scattering and al so on
the reflection of sone of the light at the interfaces between
nedia. The transmttance of a nmediumis usually represented by tau
and specified at a certain wavelength and for a certain path length
at normal incidence. The transmttance of nost materials varies
mar kedly across the optical spectrum

2.2.2.2. Attenuation

The absorption and transm ssion of a beam of optical radiation
in any homogenous, isotropic mediumis expressed in ternms of the
foll owi ng equati on:

phi = phi .e (al pha+r ho) x=phi ,e™** Equation (5)

where phi is the radiant power (radiant flux) |eaving the nedi um
phio, the initial radiant power in the beamentering the absorbing
nmedi um x the thickness of the nedium (path length of the bean)
al pha the absorption coefficient, rho the scattering coefficient,
and p (Greek "mu") the attenuation coefficient of the absorbing
medi um

In the Exponential Law of Absorption (Beer's Law), the constant
al pha is the absorption coefficient. The |aw shows that the
radi ant power dim nishes exponentially with distance during
transm ssion through a uniformy absorbing medium For a

scattering nedium the sane approach may be applied with the
absorption coefficient alpha being replaced by a scattering
coefficient sigma. The attenuation coefficient varies with

wavel ength as does the scattering coefficient sigma. Equation 5 is

only an approximation for weak scattering. It can be rewitten to
the base 10 instead of to the base e of natural logarithns and the
constants Y, rho, and alpha will then be different. "Attenuation

dept h" and "absorption depth"” are useful terms to describe
attenuati on and absorption in tissue. The nost popul ar convention
is to define this depth as the distance into the tissue at which
the incident irradiance is reduced to 1/e (37% of its initial

val ue. Another convention sets the value at 1/10.

Absorption in all substances is strongly dependent on the
wavel ength of the incident radiation. Atons or nol ecul es becone
excited when they absorb a quantum of radiant energy. Follow ng
absorption, this energy may be released in a variety of ways. Wen
the energy is released as nore photons of radiant energy, it is
known as | um nescence.
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At very high irradi ances, non-linear effects can occur as a
result of the direct interaction of the high electric-field
intensities with matter. Saturable absorption and enhanced
absorption are exanples that alter the absorption coefficient.

2.2.3. Interference, diffraction, and scattering effects

2.2.3. 1. Interference and diffraction

When considering interference and diffraction effects, it is
convenient to use the wave description of light. The bending or
spreadi ng of waves after passing an edge or passing through a snal
aperture is a wave phenonenon terned diffraction. The diffraction
effects result fromthe constructive and destructive interference
of adj acent waves. Wen the size of the barrier is conparable or
smaller in size than the incident wavel ength, the wave is bent
around the barrier considerably. Thus, particles diffract |ight
nost dramatically, when they are approximately the size of the
wavel ength of the incident radiation. |In this case, the sum of the
diffraction effects is known as scattering.

In the treatnent of plane waves inpinging on an aperture such
as a circular aperture, Huygens principle may be enployed. Each
point within the area of the aperture is regarded as a source of
wavel ets to explain the interference effects that produce a
diffraction pattern on a screen sone distance away.

2.2.3.2. Scattering

Smal | particles, the size of which approaches that of a
wavel ength of light, scatter light, as do atons, and nolecules. |If
the particles are nuch snaller than the wavel ength of light (e.g.
gas nol ecul es), Rayl eigh scattering takes place. For Rayleigh
scattering, the fraction of scattered radiation froma beamis
inversely proportional to the fourth power of the wavel ength of the

radiation. That is to say, that this type of scattering increases
dramatically for shorter wavel engths. Rayleigh scattered, non-

pol ari zed Iight goes in all directions and becones polarized to
some extent. If light is scattered by particles the size of the
order of the wavelength of |ight or greater, this strong wavel ength
preference is not seen in the scattered light. The type of |arge-
particle scattering is termed Me scattering. Unlike Rayleigh
scattering, Me scattering is strongly directional. Normally, the
forward conmponent of Me scattered radiation is nmuch greater than
the backscatter.

The scattering of a beam of |ight passing through a honbgeneous
nmedi um can be expressed in terns of the exponential function
(Equation 5).

3. SOURCES OF RADI ATI ON

Sources of optical radiation can be grouped according to the
type of emtting material, the type of apparatus, or the manner in
whi ch the radiation originates.

| ncandescent bodi es are probably the nbost comon sources of
optical radiation. Wen the tenperature of a body is el evated,
nore photons are emtted. |f the tenperature of the body is
approxi mately that of the human body (37 °C or 310 K), nobst of the
em tted photons have wavelengths in the far infrared, in the
vicinity of 10 um If a nmaterial body is heated to incandescence,
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e.g., to 2000 K, the material may be described as "red hot". The
hi gher the tenperature, the greater the percentage of high energy
photons released. But, in all cases, a w de range of photon
energies is associated with the emtted i ncandescent radiation. A
theoretically perfect incandescent source has a characteristic

"bl ack- body" spectrum Fig. 3 shows the bl ack-body spectra for
several different tenperatures. 1In practice, no material actually
emits a perfect black-body spectrum but sonme materials such as
solid tungsten or nolten netals approach this distribution
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wavelength with change in temperature.
From: 5S5liney & Wolbarsht, 1980

The ratio of the theoretically possible spectral enmittance to
the actual enmittance of a grey body is the emissivity. For
i nstance, the em ssivity of tungsten throughout the visible is
approxi mately 0. 4.

A useful relation for black-body sources is the Stefan-
Bol t zmann Law, which states that the radiant exitance Wintegrated
over all wavel engths of a black body is proportional to the fourth
power of the absolute tenperature of the body, i.e.

W= sigmaT*
3. 1. Mol ecul ar and Atom ¢ Transitions

O her sources of |ight such as carbon arcs, gas-filled arc
| anps, or gas discharge | anps, depart wi dely from bl ack-body
characteristics, i.e., vary greatly with the wavelength in the
visible region. 1In these cases, a streamof electrons flow ng
through a gas induces an em ssion of photons, characteristic of
that particular gas. |If gas has a | ow pressure and the current is
not great, a line spectrumis emtted. Line spectra are the result
of atomic transition. As the gas pressure and the current density
i ncrease, the gas tenperature increases and a continuous spectrum
appears. At high current densities and gas pressures, this type of
em ssion (a continuun) predom nates.
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The energy Q, of a single photon, emtted because of an atomic
transition, is determned by the frequency of the enmtted radiation
as defined by the condition:

Q =xi1 - Xi2 =hnu Equation (6)

where xi; and xi, are energies corresponding to the initial and

final energy states, h is the Plank constant (6.625 x 1034 x s),
and nu is the frequency of radiation (in Hz).

Energy transitions in nolecul ar systens can result in a
radi ati on emi ssion according to rules sinmlar to those that apply
to atom c systens. The energies (0.001-0.1 eV) of nol ecul ar
vibrational or rotational transitions are, typically, |less than
those characteristic of electron transitions in atons or nol ecul es
(1-100 eV). In addition to the electron "orbital" potential and
ki netic energies, part of the energy of nolecular systens is
associated with rotational and vibrational nodes. Enissions of
this type occur in the infrared and m crowave regions of the
el ectromagnetic spectrum Heat is the vibrational energy of
nol ecul ar syst ens.

4. LASERS

Al lasers have three basic conponents: (a) a |l aser (active)
medi umy (b) an energy source (pumping system); and (c) a resonant
optical cavity. Lenses, nmirrors, shutters, saturable absorbers,
and ot her accessories may be added to the systemto obtain greater
power, shorter pul ses, or special beam shapes, but only the three
basi ¢ conponents (a, b, and c) are necessary for |aser action

4.1. The Laser Medium

Laser action depends on the ability of the laser (active)
nmedi um to undergo popul ation inversion (i.e., nore atons or
nol ecules in the excited state than in the lower state). Once
popul ation inversion occurs, an aval anche of photons can be
generated by stinulated emission. Initial, spontaneously enitted
photons stinulate other excited atons to enit photons of the sane
energy in phase with one another. This process is Light
Amplification by Stinulated Em ssion of Radiation, with the
acronym LASER

Fig. 4 shows a sinplified 3-1evel energy diagramfor a |aser
material. This is just one of the many possible systens of energy
| evel s. Though | aser action is possible with only 3 energy |evels,
nmost such actions involve 4 or nore |evels.
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of a set of atoms is produced by pumping electrons from a lower energy

state

to a higher energy state, so that the higher state has more electrons {larger
population) than the lower state.

4.2. The Punping System

Punpi ng systens are necessary to raise electrons to a higher
energy level in lasers. These systens punp energy into the |aser
material, increasing the nunmber of atons or nolecules trapped in
the netastable energy level, until a population inversion exists

| arge enough to make | aser action possible (Fig. 4). Severa
di fferent punping systens are avail abl e including optical, electron
col l'i sion, and chemnical reaction

In optical punping, a strong source of light is used, such as a
xenon fl ashtube or another |aser (e.g., an argon or nitrogen
| aser), generally of a shorter wavelength than that enmitted by the
medi um

El ectron collision punping is acconplished by passing an
electric current through a |l aser nedium usually a gas (e.g.
hel i um neon | aser) or a sem conductor junction (e.g., gallium
arseni de laser), or by accelerating electrons in an electron gun to
i mpact on the laser material, as in some semiconductor or gas
| asers.

Chemi cal punping is based on energy rel eased in the maki ng and
breaki ng of chemi cal bonds. For exanple, sone hydrogen fluoride
(HF) or deuteriumfluoride (DF) lasers are punped in this manner

4.3. The Resonant Optical Cavity

A resonant optical cavity is fornmed by placing a mirror at each
end of the laser nmediumso that a beamof UVR Ilight, or IR
radi ati on may be reflected fromone mrror to the other. Lasers
are constructed in this way so that the beam passes through the
| aser nmedium one or nore tinmes and the nunber of enitted photons is
anplified at each passage. One of the mirrors is only partially
reflecting and pernits part of the beamto be transnmitted out of
the cavity at each reflection (Fig. 5). The alignnent, curvature,
and separation distance of the mrrors deternine the shape (node
structure) of the emtted | aser beam
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Schematic of "solid-state® ruby laser with o xenon flash tube as
optical pump. A rotating prism serves both as o mirror and as a

"O-switch®. {(From: Sliney & Wolbarsht, 1980).

4.4. Types of Lasers

Lasers can be categorized in a variety of ways, e.g., according
to the active nmediumor tenporal node of operation

4.4.1. Active nedia

Lasers are often designated according to the type of |aser
medi um as foll ows:

(a) Solid-state lasers: a glass or crystalline nedium
into which active atons are introduced

(b) Gas lasers: a nediumof pure gas or a nixture of
gases; this category al so includes netal vapour
| asers;

(c) Sem -conductor |asers: a nediumof n-type and p-type
sem conducting el enent material ;

(d) Liquid lasers: a liquid nediumcontaining an active
material, such as an organic dye, in solution or
suspensi on.

Optical punping (both coherent and incoherent) is usually used
in the production of solid-state and liquid |asers while collision
punping is usually enployed to produce gas |asers. However
chem cal -reaction punping is also used for sonme types of liquid
and gas |l asers. Sem conductor |asers nmay be optically punped by an
electric current, another |aser beam or electron-collision froman
el ectron beam Table 4 provides an abbreviated |ist of
commercially avail abl e | aser wavel engt hs.

4.4. 2. Tenporal nodes of operation

Sone | asers operate continuously, and are terned continuous
wave (cw). In this type of operation, the peak power is equal to
the average power output; that is, the beamirradi ance i s constant
with time. Many |asers that appear to be cw nmay actually have a
temporal structure that can only be resolved with very
sophi sticated systens of neasurenent.
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The different tenporal nodes of operation of a laser are
di stinguished by the rate at which energy is delivered. In
general, lasers operating in the normal pulse (or "long pul se")
termporal nmode have pul se durations of a fewtens of pus to a few ns
(Desconps, 1981).

Pul sed | asers can be operated to produce repetitive pul ses.
The pul se repetition frequency of a |laser is the nunber of pul ses
that a particular |laser produces per unit tinme duration. Lasers
are now avail able with pul se repetition frequencies as high as
several mllion pulses per s (Miz).

Table 4. Common | asers

ClE band Wavelength (nn) Medium Typi cal operation
Exci mer WC + B Xed , XeFl, etc. pul sed

UV- A 325 He- Cd cw

Uv- A 337 Ni t rogen pul se train

Uv- A 350 Ar gon cw

Li ght 441. 6 He- Cd cw

Li ght 458, 488, 514.5 Argon cw

Li ght 458, 568, 647 Krypt on cw

Li ght 530 or 532 Nd frequency-doubled pulsed

Li ght 632.8 He- Ne cw

Li ght 694. 3 Ruby pul sed/ @ pul sed

Li ght 560- 640 Rhodam ne 6G dye cw pul sed

IR-A 850 GaAl As pul se train

IR-A 905 GaAs pul se train

IR-A 1060 Nd: gl ass pul sed/ @ pul sed
IR-A 1064 Nd: YAG cw pul sed/ @ pul sed
IR-C 5000 CO cw pul sed

IR-C 10 600 Co, cw pul sed

The resonant quality of the optical cavity of a |laser can be
altered by rotating one mirror or by placing a shutter between the
mrrors. The shutter nmay be active (e.g., pockels cell) or passive
(a saturabl e absorber). This enables the beamto be turned on and
off rapidly and normally creates pulses with a duration of a few ns
to a few pus. This operation is normally called Q sw tching (or
Q spoiling or giant pulsing) (Fig. 6). The "Q refers to the
resonant quality of the optical cavity. A Qswitched |aser usually
emts | ess energy than the sane |aser enitting nornmal pul ses, but
the energy is emitted in a nmuch shorter period of tine. Thus,

Q switched | asers are capable of delivering very high peak powers
of several negawatts or even gigawatts. Fig. 6 shows a variety of
oscill oscope traces including a nornal pulse and a Q sw tched

pul se.

When t he phases of a nunmber of oscillating nodes in a |aser
resonator are forced to maintain a fixed relation to one anot her
through a non-linear absorber placed in the resonator, the |aser
out put observed is a train of regularly spaced ultra-short pul ses.
This is terned a node-locked laser. |In a train of pulses, each
pul se has a duration of a few picoseconds (ps) to a fewns. A
node- | ocked | aser can deliver higher peak powers than the sane
| aser when Q switched (Dautray & Watteau, 1980). Fig. 6 also shows
a node-| ocked pulse train froma pul sed Nd- YAG | aser.
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Oscilloscope traces of a long—pulse {normal-pulse) laser {A), a
Q-switched pulse {B), and mode-locked laser outputs {C and D}

{From: Sliney & Wolbarsht, 1980). HNote changes in time scales
in each trace {1 ms = 106 ns).

4.5. Spatial (TEM Modes

A cross-sectional wave pattern is characteristic of all Iaser
beam geonetries (transverse el ectromagneti c wave or TEM. These
wave patterns across the beamare identified with TEM node
notation. Fig. 7 illustrates how sone of the nore commopn nodes
woul d appear in cross section. The TEMy; node is simlar to the
TEM node rotated through 90°.

TEM;, TEM, TEM;;

Typical transverse electromagnetic {TEM) mode patterns as revealed in

the beam cross—sectional patterns at some distance {i.e. in the far field)}
from a He—Ne laser. {Adapted from: Eogelnick % Li, 1966).

Longi tudinal (or axial) nbdes do not influence the energent
beam profile, but influence the degree of coherency of the spatial
and the tenporal frequency spectrumand are, therefore, of no great
significance in the consideration of biological effects (unless
they are intentionally or accidentally node-locked to produce ps
pul ses).

4.6. Beam Characteristics
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4.6.1. Beam di aneter

The beam di aneter of a | aser operating in the TEMy node has
been variously defined as the circle where the irradi ance or

radi ant exposure is 1/2, 1/e, 1/e? or 1/10 of the maxi num (Fig. 8).

In alnost all discussions in the health and safety literature, the
edge of the beamis defined as 1/e or 0.37 of the nmaxi num whereas
the beam dianmeter is al nost always defined at 1/e? points in the

| aser industry.

o Scanning
detector
\ 5
i1 /
B TT ) L
ang_le
I
Y
Y
B s |
d [a] Bearn diameter
— vl —h 2 .
I at 1/e2 povwrer point
|
Bearnprofile

Goaussian profile of a single—-mode laser beam
plotted by scanning across the centre of the beam

pattern abowe. The beam divergence of a laser
should be expressed at the full-angle and not at
the half angle. {From: Sliney & Wolbarsht, 1980).

4.6.2. Beam divergence

The wave nature of |ight prevents |lasers from producing
perfectly collinmted beans. However, the divergence or beam
spreading is much smaller than that of a searchlight or other
conventional sources of optical radiation

4.6.3. Beamirradi ance versus range for a circular beam

To define potential exposure conditions, it is necessary to
characterize the beamenitted froma |laser. The beanis
characteristics may be required near the output of the |laser or at
sonme consi derabl e distance fromthe | aser, after it has been

collimated or focused. The optical radiation emtted by nost

| asers is confined to a rather narrow beamthat slowy diverges or
fans out as the beam propagates. The beam di aneter DL increases
froman initial dianeter a at the |aser exit port as a result of

t he di vergence phi

DL = a + r phi Equation (7)
where r is the range (distance fromthe | aser).

Wth the beam di ameter defined as a function of distance from
the laser, it is a sinple matter to derive a fornmula to estimate
the beamirradi ance or radi ant exposure at any distance r. The
beamirradiance E (in Wnf or Wcnf) would be the total power ph
in the beam (in watts) divided by the area of the cross section of
the beam (usual |y expressed in nf or cnf). For health risk
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assessnent, a defining aperture of irradiance neasurenent is
normal |y specified (e.g., 7-mmcircul ar aperture).

The effect of atnospheric attenuation may becone a nmajor factor
in evaluating the irradiance or radiant exposure at distances
greater than a few kilonmetres. This attenuation is the result of
three effects: (a) Me (or large particle) scattering; (b)
Rayl ei gh (or nolecul ar) scattering; and (c) absorption by gas
nol ecul es. Rayl eigh scattering is the nost wavel ength dependent;
shorter wavel engths are predomnantly scattered. The atnospheric
attenuation nmay best be expressed by an exponential function. The
attenuation of optical radiation could be described by a term (e")
where pis termed the attenuation coefficient of the medium It is
the sum of scattering coefficients and absorption coefficients of
the nmedi um t hrough which the | aser beam propagates. One equation
that is a close approximation for calculating the axial beam
i rradi ance is:

E = 1.27 phi e"/(a + r phi)? Equation (8)

and a correspondi ng equation for radi ant exposure H froma pul sed
| aser of output energy Qis:

H=1.27 Q*/(a + r phi)? Equation (9)

These equations can be adjusted for other beam profiles using
sinmple geonetry. The emergent beam di aneter term a, nay be
dropped at distances where a << rphi. Equations 7, 8, and 9 are
cl ose approximations to rigorous formul ati ons of Gaussian optics.

4.6.4. Hot spots

Hot spots are defined as areas of the beam where the localized
beamirradiance is much greater than the average across the beam
As the irradi ance of hot spots may be many tines higher than the
average beamirradi ance, they are of considerable concern in
relation to health. There are several sources of hot spots:

i nhomogeneities in the laser cavity or areas of the active nedi um
where nore energy is emtted than in other areas; inperfections in

the mirrors and | enses of the | aser system and changes caused by
at nospheric conditions. Atnmospheric inhonbgeneities along the beam
pat h produce lenticular effects (scintillation) that are
responsi bl e for atnospheric hot spots. Fog, rain, snow, dust,
snmoke, or haze absorb and/or scatter the |aser beam but do not
cause hot spots. Such scattering reduces the severity of hot

spot s.

4.6.5. Coherence

Two types of coherence are characteristic of laser |ight:
spatial and tenporal. The term spatial coherence indicates that
the optical radiation is spatially in phase, i.e., electromagnetic
waves at different points in space oscillate in synchronism Laser
speckl e is a consequence of spatial coherence. Tenporal coherence
indicates that the radiation is strictly nonochromatic (of one
wavel ength). No light source is either totally coherent or totally
i ncoherent; the differences between individual |asers and, for that
matter, non-laser sources are nerely a matter of degree. The term
"coherence length" is used to describe the degree of spati al
coher ence.

5.  RADI OVETRI C CONCEPTS
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5.1. Radionetric and Photonetric Term nol ogy

Two systens of quantities and units are used to describe
optical radiation. One is a physical systemcalled the radionetric
system The other, the photonetric system attenpts to describe
the optical radiation in terns of its ability to elicit the
sensation of light by the eye. Table 5 gives the nost commonly
used quantities and the preferred units for each system There are
general |y anal ogous units in each of the 2 systens. The table is
arranged to illustrate these simlarities. Though the radionetric
system of units may be used across the entire spectrum the
photonetric systemis limted to describe light (i.e.
el ectromagnetic radiation that is visible) fromapproxi mately
380 - 400 nmto 760 - 780 nm

It is inportant to renenber that sone terns refer only to
ext ended sources (e.g., radiance) and other terns (e.g., radiant
intensity) refer only to "point" sources.

5.2. Extended Sources Versus Point Sources

Lasers are often treated as "point" sources, whereas nost
conventional |ight sources are considered to be extended sources,
at | east at close distances. An extended source is one that
appears to have some angul ar extent as seen by the viewer. The
noon i s an extended source; a star is a "point" source. Apart from
| asers, a |light source can be considered a point source only at a
great distance, or if a pinhole diaphragmis placed in front of the
light source. Al other light sources are considered to be
ext ended sources.

5.3. Inverse Square Law

The inverse square |aw for calculating the irradiance or
radi ant exposure at a distance froma source applies only to a
poi nt source. For exanple, the ratio of irradiance E;, at one
di stance r; to E; at another distance r, is:

E =r,? Equation (10)

For practical purposes, extended sources can be considered as
"point" sources at a distance many times greater than the source

di mension. Both r; and r, should be at |east as great as 10 source
dianeters for a diffuse |lanbertian source. This also applies to
equation 3. The irradiance E at a distance r froma point source
is:

E=1/r? Equation (11)
Thi s equation applies to collinated extended sources (e.g.

searchlights) or lasers, only at considerable distances fromthe
sour ce.

Table 5. Useful CIE radionetric and photometric quantitities and units®P®

RADI QVETRI C
Term Synbol Def i ni ng equation Quantity Sl units &
appl i cabl e® abbreviati or
Radi ant energy Q S, R joule (J)
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Radi ant ener gy dQ F joul e per ct
density W W = dV metre (J/nt)
Radi ant power dQ S, R watt (W
(radiant flux) phieP phie = dt

Radi ant d phi, S watt per sqt
exi tance M M = dA metre (W nf)

I rradi ance or watt per sqt

flux density Ee E. = dA metre (W nf)
(dose rate in
phot obi ol ogy)
Radi ant d phie S watt per
intensity | e |l = d onega st eradi an
(Wsr?)
Radi ance ¢ d?phi ¢ S, F, R watt per
------------------------ steradi an al
Le 1l = d onega x dA x cos theta per square n
(W sr/nf)
Radi ant dQ R joul e per sc
exposur e He H = dA metre (J/nf)
(dose in
phot obi ol ogy)
Radi ant P S unitless
ef ficiency® et ae eta. = P
(of a source)
Opti cal De D. = -1 090t aue R uni tl ess
Table 5. (contd.)
PHOTOVETRI C
Term Synbol Def i ni ng equation Sl abbrevi ati on:
& units
Quantity of Qu Qu = / phi pdt | unren- second
l'i ght (Imx s)
Lum nous dGQw | unen-second per
energy density Wy Wy = dV cubic nmetre
(Imx s/ )
Lum nous fl ux phi ny d phie [unmen (I m
phi,, = 680 / d |l andaV(Il anda)d | anda
Lum nous d phi ny | unen per square
exi t ance M My = dA metre (I nfnf)
= /ln X cos phi x d onega
[I'lum nance d phi py | unen per square
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(1 um nous Enu En = dA metre (I nf)
density)
Lum nous d phi py | unen per
intensity I nu l oo = dr steradian (Imx ¢
(candl epower) or candela (cd)
Lum nance ¢ Lnu d?phi ¢ candel a per squa

----------------- metre (cd/ nf)

Ly = dr x dA x cos theta
Li ght exposure dQuw | ux-second
Hhu Hw = dA (I'x x s)
- /Enudt
Lum nous phi ny [ unen per watt
efficacy (of K K = phig (Imw
radi ation)
Lum nous K K unitless
efficiency V(*) V(*) =/ Ky= 680
(of a broad
band radi ation)
Lum nous phi ny [ unen per watt
efficacy® et any etapn, = P (Imw
Table 5. (contd.)
PHOTOVETRI C
Term Synbol Def i ni ng equation S| abbrevi ation:
& units
Opt i cal unitless
density' Dhy D = -10g*¥taun,
Reti nal Troland (td) =
illum nance E EE = Lw X S | um nance of 1 cd
(in trol ands) nt times pupil
area in mt

the termis preceded by the word spectral,
wavel ength and the synbol has a subscript

The quantities may be altered to refer to narrow spectral bands, in which case
and the unit is then per unit of
For exanpl e, spectral

-

i rradi ance Hamga has units of W(nf x m) or nore often, W(cnf x nm.

While the nmetre is the preferred unit of length, the centinetre is still the
nost comonly used unit of length for many of the above terns and the nmor pm
are nost commonly used to express wavel engt h.

Sone radionmetric quantities refer only to the source, field, or receiver. Thiscs
noted in this col um.

At the source, dM ; at a receptor, dE
L = d onega x cos theta L d onmega x cos the!

P, is electrical input power in watts.
tau is the transm ssion; D, is also abbreviated as O. D.

RADI OVETRI C AND PHOTOVETRI C MEASUREMENT
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6.1. Introduction

Rel i abl e radi ometric techniques and instrunents are avail able
that make it possible to analyse risks for the skin and eye from
exposure to lasers and ot her sources of optical radiation
However, the cost of accurate equi pnent renains relatively high
conpared with that of survey equi pment now avail able to eval uate
many ot her environnental risks. Radionetric fornulae and
manuf acturers' specifications of lasers will often be an adequate
substitute for measurenent.

There are nmany types of neasurenents for defining conditions or
characterizing a source's output. The types of neasurenents
considered in this section fall under the broad term of
"radiometric". For characterizing a conventional |ight source,
radi ance is generally the nost useful. For |aser output
nmeasur enents, radi ant power and radi ant energy are by far the nost
important. Irradiance and radi ant exposure are of greater
i mportance in defining hazardous exposure conditions from al
optical sources.

I n any di scussion of the neasurenent of |aser radiation for
pur poses of evaluating health risks, it is inportant first to
clarify the conditions and requirenents for such neasurenents.

I ndustrial and environmental health specialists and health
physicists usually rely heavily on instrunents to detect or
estimate a chem cal or physical agent that their own human senses
cannot detect. The presence of a | aser beam can generally be
detected by the human eye or through the use of an inmge converter
thus raising the question "Wiy should the | aser beam be neasured?”
It soon becones evident that, in nost cases, even routine
nonitoring of either a work area or an individual by
instrunmentation is a hopeless task. A nore |ogical approach to

ri sk assessnment is to develop a neans of anal ysing the potenti al
risk of a laser, based on the laser's output paraneters.

As a general rule, present standards require only neasurenent
of the | aser-output characteristics for laser risk classification
Routine nonitoring is sel dom consi dered necessary and all
neasurenents are normally performed only once, by (or for) the
manuf acturer of the | aser equipnent. Periodic neasurenents nmay be
considered worthwhile for certain |lasers that are near the
borderline between two classes in the hazard classification and
field nmeasurenents of outdoor |aser propagation paths have often
been found useful. Unlike nobst noxi ous agents, a hi gh-powered
| aser beamis al nbost always hazardous for a consi derabl e distance
and its hazard generally exceeds exposure lints by orders of

magni tude. Di agnostics of the beam profile and neasurenent of beam

di vergence have been di scussed.

The eval uati on of nore conventional broad-band sources is nore
compl ex, since spectral characteristics and source size nust be
considered. To evaluate a broad-band optical source, it is
normal |y necessary to determnmine the spectral distribution of
optical radiation emtted fromthe source at the point or points of
human access. The spectral distribution of the accessible
em ssion, which is of interest for a lighting system may differ
fromthat actually being emitted by the | anp al one because of
apertures or filtration by any optical elements in the |ight path.
Secondly, the size, or projected size, of the source nust be
characterized in the retinal hazard spectral region. Thirdly, it
may be necessary to determine the variation of irradi ance and
radi ance with di stance. The necessary neasurenents are normally
compl ex. The spectrumof an arc | anp, a gas discharge lanp, or a
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fluorescent |anp consists of both line structure and a conti nuum
Significant errors can be introduced in the representation of the
spectrum and in the weighting of the spectrum agai nst a bi ol ogi cal -
or a safety-action spectrum if the fraction of energy in each line
is not properly added to the continuum

6. 2. Measur enent | nstrunentation

The radionetric instrunents of interest in this discussion
general ly consist of detectors that produce a voltage, a current, a
resi stance change, or an electronic charge, one of which is
neasured by a sensitive electronic neter. The type of read-out
neter for the radionmetric instrument is not nornmally of great
concern and sel dom determ nes the sel ection of the instrument.
There are both advantages and di sadvant ages associ ated with each
type of detector and each has certain characteristics that nmay be
useful for nmeasuring a specific level of optical radiation in a
wavel ength range of interest. No single detector is best for
measuring all wavel engths and radi ant powers of optical radiation.
A very sensitive detector can be readily damaged or its response
distorted by a high-powered | aser beam whereas a detector designed
to neasure very high-powered | aser radiation is nornmally
insensitive to | owpower radiation. Narrow band detectors have the
advant age of being insensitive to extraneous radiation, though
their usefulness is limted to measurement of |asers operating in
that particular spectral band.

In many countries, national physical standards |aboratories
exist, which offer calibration services for sone radionetric
instruments. Exanples are: Laboratoire National d' Essais (France);
Nati onal Physical Laboratory (United Kingdom; Assistance Conmittee
for Measures and Standards (USSR); National Bureau of Standards
(UsA); and Physi kal i sch- Techni sche Bundesanstalt (Federal Republic
of Gernmany).

6.2.1. Thermal detectors

Thernal detectors are nainly used for neasuring the out put
power or energy of l|lasers and total irradi ances from broad-band
optical sources, in particular infrared sources. Sone of these
detectors are particularly useful for absol ute nmeasurenents.

Ther nopi | es, bol oneters, disc calorineters, and pyroel ectric
detectors are characterized by a relatively flat response as a
function of wavel ength. The spectral response of these detectors
is dictated by the "black" absorbers that are normally used to coat
the detector's metal or crystalline substrate. As optical energy
falls on the detector, the tenperature increases. The tenperature
rise in the substrate is then converted into an electrical voltage
or current. Because of the thermal mass of the metal, the tine
required to heat or cool the detector elenent limts the response
time of the instrument. The absorber in a disc calorineter may be
a bl ack painted disc or a glass volune absorber (Janes, ed. 1976).
In recent years, the response tine of thernopiles has been
shortened by using thin-filmtechniques. Low powers (typically
0.01 - 100 MmN can be neasured and the response tine reduced.

Pyroel ectric detectors neasure the rate of tenperature change in a
crystalline material rather than the final tenperature elevation in
a nmetal. Radionetric calorinmeters can be used to nmeasure cw

radi ati on over the power range froml mWto over 1 kW dependi ng on
the detector and wavel ength. Pul sed radi ant energy can be neasured
over the range from10 mJ] to 10 kJ.

The detector may be covered by a window, which linmts spectral
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response. Quartz wi ndows are necessary for UVR, but there is
probably no wi ndow material that is universally flat from 200 to
20 000 nm

6.2.2. Quantum detectors

Quantum detectors operate nornmally at roomtenperature and
offer by far the nbst sensitive neans of neasuring optica
radi ation, therefore, their principle use is in spectroradi oneters
and detectors required for the neasurenment of |ower powers and
i rradi ances or for tenporal resolution of pulses. The spectra
sensitivity of photoem ssive detectors depends on the photocat hode
mat eri al used in vacuum phot odi odes or photonultiplier tubes, or
in the characteristics of (doped) silicon. Al detectors that
operate by neans of the photoelectric effect have a characteristic
cut of f wavel ength. At wavel engths greater than this cutoff,
photons are largely ineffective in producing photoel ectrons and the
resul ting photocurrent.

Because of the strong spectral dependence of the photodiode,
these instruments are often not direct reading and the neter
reading may have to be nultiplied by one of several calibration
factors.

Sinple silicon-detector instrunents can be quite useful, when
the natural spectral response of silicon (approx 200 - 1100 nn) is
changed by an appropriate input filter to yield a flat spectra
response from 450 to 950 nm (Marshal |, 1980).

6.2.3. Detectors to resolve short pul ses

A variety of techni ques have been devel oped to resol ve the
temporal behavi our of short |aser pulses. An ultrafast
oscilloscope with a solid-state silicon detector or biplanar vacuum
phot odi ode is nost often used to display the pul se shape of a
Qswitched (1.0 - 100 ns) pulse. For tenporal domains of |ess than
1 ns, streak caneras and some non-linear optical techniques are
used to resolve the structure of a train of node-locked | aser
pul ses.

The techni ques used in photonmetry and radionetry are far too
nunerous and conplex to detail here (see for exanple: Gum&
Becherer, ed. 1979; Le Bodo, 1976; or Sliney & Wl barsht, 1980).

Di fferences in nmeasured values for the sane source from each of two
different |aboratories may arise through a problem of "geonetry" or
i ncorrect allowance for extraneous light.

6.2.4. Safety neters

At present, inexpensive, portable radionetric nmeasuring
instrunments that have been designed specifically for the risk
anal ysis of a great variety of lasers, are not available. Indeed,
it is unlikely that such instruments will be nade in the future,
because of the great variation in exposure criteria for different
wavel engt hs and different exposure durations. The sane holds true
for non-laser optical source survey instrunents. However, sone
relatively expensive, mcroprocessor-based instrunents have been
devel oped to cover a wi de range of neasurenents. Sinple
instruments are possible for the purpose of neasuring one type of
| aser or optical source.

Because of the great interest in photonetry, there are nmany

sati sfactory photoneters that neasure both | um nance and
illumnance and foll ow the CIE photopic function Vamga quite
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well. This is not always the case for the other weighting
functions. Direct reading UVR instrunents are a case in point.
The principal difficulty in developing a suitable UVR instrunment is

the rejection of unwanted wavel engt hs. It is difficult to nmeasure
only the UV-B and UV-C radiation with sufficient sensitivity, while
still rejecting all of the UV-A and visible |light.

6.2.5. Spectroradi oneters

As wel |l as broad-band neasurenents, it is often necessary to
neasure the spectrum of a conventional source. A grating or prism
nonochromator is used to resolve the spectrum

An inmportant part of neasuring the spectral distribution of a
broad-band | anp source or an arc process is the specification of
the desired bandwi dth, and the intervals at which data will be
recorded. One of the nost useful approaches is to scan through a
spectrum and record the detector output in anal ogue fashion on an
X-Y recorder, rather than to record digitized data.

An X-Y recorder can indicate the bandw dth of the nonochronator
and may quite often indicate the regions of the spectrumin which
problenms may arise fromstray |light or extraneous signals.

The required bandwi dth and sanpling interval are determ ned by
conmparing the so-called "slit function" of the nonochromator system
with the need for sufficient spectral resolution to make possi bl e
accurate wei ghting against action spectra used in risk anal ysis.

Two conmmon difficulties are encountered in obtaining an
accurate radionetric description of a broad-band, extended source.
The first problemis to achieve adequate rejection of unwanted
wavel engths fromthe passband of the nonochronmator (e.g., rejecting
"stray light"). The second is the proper definition of the actua
or effective source size of an arc or a discharge lanp. Severa
ot her special problem areas (such as background isol ation
wavel ength calibration, and the proper separation of |ine and
conti nuous val ues) are al so encountered in specific situations.

6.3. Biological Wighting of Spectroradionetric Data

Many of the calculations that are useful in risk anal yses
require weighting of the neasured spectrum agai nst a bi ol ogi ca
action spectrum There are several, including the erythemal and
the photokeratitic action spectra, the photopic response V | anbda
of the eye, and the retinal photochem cal injury action spectrumB
| anbda (Ham et al., 1976; ACA H, 1981; Sliney & Wl barsht, 1980)

(Fig. 9).
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7. BIOLOGE CAL EFFECTS

For biol ogical effects to take place, some of the incident
radi ati on nust be absorbed. This is known as Draper's Law (Snith,
1977).

The primary effects can be related to two general nechani sns,
thermal and photochemical injury. |In sone special instances (as
with ps pulses), non-linear effects related to the direct electric
field of photons nmay be inportant. The observabl e bi ol ogica
effects are the result of secondary events. Under certain
circunst ances, these effects can be changed in size and direction
A nunber of these nodifying factors are treated in the text such as
pi gment ati on, increased body tenperature, and photosensitizing
subst ances.

7.1. Thermal Injury

Thermal injury mechanisnms all require that sufficient radiant
energy is absorbed in a tissue, sufficiently fast, to create a
substantial increase above nornal tissue tenperature (typically
10 - 25 °C for short periods of a nmin or less). There is no
dependence on photon energy, though energy nust be absorbed. Heat
conduction away froman irradiated area is of great inportance
Thus, the presence of bl ood vessels and the size of the irradiated
vol ume, as well as spectral absorption, influence the threshold of
injury (Marshall, 1970).

For every short exposure, changes of state may occur so rapidly
that m cro-expl osi ons (Hanson & Fine, 1968) or therno-mnmechanica
ef fects may becone inportant (Vos, 1966a; Hamet al., 1970).

7.2. Photochem cal Injury

Signi ficant adverse effects have now been shown to result
initially froma photochenical reaction rather than through a
thermal damage mechani sm A photochem cal reaction takes place
when singl e photons have sufficient quantum energy to convert
i ndi vi dual nol ecul es to one or nore different chenical nol ecul es.
A phot ochemi cal injury mechanismis denonstrated, when a
reciprocity relation between irradi ance (dose-rate) and exposure
duration exists. That is, a constant radi ant exposure (dose) is
required to elicit the response over a wi de variation of exposure
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durations, up to durations at which biological repair cones into
play. An additional characteristic of any photochemi cal reaction
is a rather steep drop-off of the action spectrumin the |ong

wavel ength end. The yield of the photochemnical reaction products
is propotional to the photon flux and each photon nmust have the
anmount of energy required for the reaction. At the |Iong-wavel ength
end of the induced response (action spectrun), the energy of a
singl e photon coupled with available thermal energy is generally
insufficient to i nduce an effect.

Most phot ochenical effects of radiation are still not
understood in detail. The relative spectral effectiveness of
radiation in eliciting any particular biological effect is referred
to by photobi ol ogists as an "action spectrunf. The steep sl opes of
many ultraviol et action spectra denonstrate the inportance of not
routinely extrapol ating biol ogi cal data concerning injury occurring
at one wavel ength to anot her wavel ength, and of not assumi ng that
any snooth curve does not have fine structures.

There are sone instances where both photocheni cal and thermal
effects contribute to the final biological effect. |In general
they will enhance one anot her.

7.3. Threshold of Injury

Al thermal injury has a macroscopically apparent threshold.
I ndi vi dual photons in the | ong-wavel ength range do not have
sufficient energy, nornally, to cause nore than tenporary
bi ol ogi cal change at the nolecular level. Acute pathol ogica
changes can only be denonstrated, when a sufficient thermal photon
flux exists to cause tenperature rises so rapid that normal heat
di ssipation and nol ecul ar repair are overwhelned. In the case of
phot ocheni cal injury, individual photons nmay alter or damage an
i ndi vi dual nol ecule. However, it has been shown that many critica
bi onol ecul es have repair nechanisns to correct such danage (Smth,
1978). For very high photon flux densities the repair processes
may be overwhel ned and nacroscopi ¢ damage will be apparent.
Qccupati onal exposure limts can thus be set for any type of
radi ation in which the reciprocal relation of progressively |ower
power |evels and | onger exposure duration seens to show a narked
deviation fromlinearity (non-reciprocity). At this irradiance
| evel , any increases in the exposure duration may not be foll owed
by pat hol ogi cal changes in the exposed tissues. This would not be
accepted as a true threshold of injury by some investigators, since
it could always be argued that a repair nechanismcould fail
Thus, it nust be admtted that there may be sone finite, albeit
extrenely slight, risk of injury or delayed effects in a smal
popul ation (Sliney & Wl barsht, 1980).

7.3.1. Means of determining thresholds of injury

There are several different criteria that have been used in
studying potential injury in tissue (Beatrice & Vel ez, 1978).
Exanpl es are:

(a) direct observation of irradiated tissue at |ow
magni fi cati on
(i) wthout special techniques
(ii) with special visualization techniques such as
fundoscopy or fluorescein angi ography (eye)
(Borland et al., 1978);

(b) hi stol ogy
(i) light mcroscopy
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(ii) electron mcroscopy (EM
(iii) histochem cal studies;

(c) biochenical studies;

(d) el ectrophysiological tests (e.g., the eye) (Court et al.
1978) ;

(e) functional studies;
(f) epidemological studies (i.e., skin cancer).

In setting exposure limts, all of these studies nust be taken
into account. In studies of skin reaction to optical radiation
the first criteria of direct observation of erythema nainly has
been used, though histologi cal and histochem cal techniques have
been used in a few studies. The threshold criteria just |isted
will be discussed briefly, as they apply to studies of injury from
optical radiation.

8. EFFECTS OF OPTI CAL RADI ATI ON ON THE EYE

The attendant hazards of optical radiation vary greatly
depending on the type of the source and its application. GCenerally,
the effects of laser radiation are not different fromthe effects
of optical radiation froma conventional source with the sane
wavel engt h, exposure duration, and given irradi ance.

The effects of optical radiation on the eye vary significantly
wi th wavel ength. For this reason, the subject will be discussed in
three sections. First, the effects of U/R which are generally
phot ochemical, on the lens and cornea will be considered. The nain
discussion will relate to the retinal hazard region (the visible
and |R-A) where the eye is particularly vulnerable to injury,
because of its imaging characteristics. Finally, IR effects on the
anterior structures of the eye will be discussed.

There are nmany end points that can be used in establishing
injury. Damage to the retina of the eye fromvisible radiation can
appear as an altered light reflex or a white patch on the retina,

vi si bl e during opht hal nroscopi ¢ exam nation. This criterion has
been used in nmost injury studies. The end point could al so be any
hi stol ogi cal |l y-defined injury seen with the |light nicroscope; or

it could be consistently observed ultrastructural changes only
visible with an el ectron microscope (transm ssion or scanning EM.
Hi st ocheni cal techni ques can al so serve to docunent an end point
for injury. There is also the detection of functional alterations
in sensory (behavioural) responses of task-oriented anina

subj ects, e.g., visual acuity, colour vision, dark adaptation
Oten, these functional changes can al so be detected by

el ect rophysi ol ogi cal recordings of altered neural function within
the visual system A problemarises, when different investigators
define the "threshol d" for any one of these end points in different
ways. The nost neani ngful thresholds for health criteria are those
related to a persistent functional decrenent.

8.1. Anatony and Physiol ogy of the Human Eye

In the human eye, |ight passes through the various ocul ar
structures (Fig. 10) to fall on the retina, where it triggers a
phot ochemi cal process that evokes the neural inpulses that lead to
vision. The light first passes through the structures in the
anterior portion of the eye - the cornea, the aqueous hunor in the
anterior chanber, the pupil (and sonetinmes the iris), the somewhat
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pliable crystalline lens, then into the posterior part, the
vitreous hunor and the nunerous |ayers of the retina. Only the
three structures of the eye that are critical in relation to the
subj ect of optical radiation hazards will be discussed, i.e., the
cornea, the lens, and the retina.

8.1.1. The cornea

The cornea and the conjuctiva of the eye are exposed directly
to the environmental elenents. These structures are protected from
drying by the tear film which is 6 - 10 p in thickness.

Fupil

Agueous

Figrnent
Epithelinm

Vitreous

ptic Di=c

Macula Cptic Merwe

Diagraom of the eye chowing the principal
structures referred to in this text. This iz a
horizontal cross—section through a left eye

wiewed from the top of the head. {(Drowing
courtesy of J. Marshall, Institute of
Ophthalmology, London).

The cornea and conjuctiva are tissues rich in sensory receptors
and nerve endings serving as triggers of protective reflexes for
nmechani cal and thermal agents.

As the epithelial cells nust survive a harsh environnent, they

have a very short |ife span of approximately 2 - 5 days. |If the
cell death rate increases (as in photokerititis) and replacenent is
not in step with the loss, small erosions will develop that elicit

a pain sensation.

The corneal stroma is built in a very regular fashion, which
accounts for its transparency. |If this regularity is distorted,
i.e., by an oedema, the cornea will be |ess transparent or even
opaque. A disturbance of the epithelium or, nore inportant still,
of the inner cell layer of the cornea (the endothelium) will result
in an oedenma. Any scar formation will also alter the regular
construction and hence will result in an opaque cornea. Thus
serious visual handicap will be the result of irreversible cornea
damage.

8.1.2. The lens

The lens is a tissue built up fromcells that progressively
deformto produce the lens fibres. These are arranged in an onion-
like way and are covered with an elastic capsule. The capsule is
attached through fine ligaments to the cilary nuscle which alters
the shape of the Iens.
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As new cells are fornmed, older cells becone fibres and are
progressively displaced towards the centre of the lens. The nore
superficial fibres formthe cortex while the central fibres
constitute the nucleus.

The lens fibres are transparent, ribbon-like cells, each of
whi ch runs conpletely around fromthe front of the lens to the
back. Injury to any single fibre will, in time, extend throughout
the entire fibre cell and will be nmore apparent in the thicker
posterior part of the |lens (posterior subcapsular cataract).

The lens, like the cornea, is not optically honbgeneous but it
is transparent in the visible range of the spectrum However,
i ncreasi ng absorption of short-wavel ength |ight occurs with age
(Wl barsht et al., 1977). The transparancy is the result of a
precise relation of the various mnute, optically well ordered,
constituents. A disturbance of the cell elenments or the fibre wll
result in the hydration of the fibre. Danage to the |lens disturbs
this relation resulting in increased |light scattering. The lens
becones milky (a cataract).

8.1.3. The retina and choroid

The retina is divided into two maj or conponents - a pignmented
nonol ayer - the retinal pigmented epithelium (RPE) and a
multil ayered | am na of neural cells called the neural retina. The
light-sensitive cells are adjacent to the RPE. There are two types
of photoreceptor cells: rods and cones, naned according to the
shape of the distal (away fromthe synaptic end) extension of the
phot oreceptor cells. Light entering the eye nust first pass
through all of the neural retina before striking the receptor
cells. In the retina, there are probably 120 nillion rods
approximately 60 umlong and 2 uymin dianmeter and 6 mllion cones
approximately 50 umlong and 3 - 5 ymin dianeter. These receptor
cells are interconnected by other specialized cells. Rods are
mai nly concerned with vision at low light levels and are
predom nant in the periphery of the retina. Cones are responsible
for colour vision and high acuity visual tasks. They are nost
concentrated in a specialized central region of the retina, the
fovea. The fovea is responsible for central vision used for
readi ng. The anatomical aspects of the retinal pignent epithelium
(RPE) and adj acent |ayers are of particular inportance in a study
of retinal injury fromlight sources. The outer segnents of the
rods and cones (the light-sensitive section of the cell) are
i medi ately anterior to the RPE

There are very small protrusions (microvilli) of the RPE that
extend upward around the outer segnents (Fig. 11). As the cones do
not extend as near to the RPE as the rods, the microvilli extend
out further to the cone outer segnents. It is known that the RPE
plays a critical role in the retinal metabolismand photochem stry,
hence proper functioning of the REP is essential for normal vision
The outer segnments of both rods and cones contain a stack of coin-
i ke nmenbranes on which their visual pignments are oriented. These
discs are in a continuous state of flux. In rods, 10 - 30 new
di scs are made each day, while a sinilar nunber are phagocytized by
the RPE cells (Fig. 11); the rate of shedding is greatest in the
early norning. The life span of a disc is two weeks. The cone
| anel | ar nmenbranes do not form conplete discs and do not appear to
shed in the sane nanner as in the rods. The renewal activity of
the cones is slower than that of the rods and it occurs at night.

Bruch's nenbrane separates the RPE fromthe blood supply in the
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capillary layer of the choriocapillaries which is the innernost

| ayer of the choroid, and is where the snmallest vessels are found.
The choroid is an extremely vascul ar spongy tissue with many
pigmented cells scattered throughout it. The thickness is

vari abl e; the average is about 250 um The bl ood vessels
progressively increase in size towards the scleral surface. It has
been suggested by Ernest & Potts (1971) that the primary function
of the blood in the choroid is to keep the eye warm and at a
uniformtenperature. Because of this extreme vascularity, heat
fromlaser exposures introduced in this region under steady-state
conditions will do little to elevate the tenperature unless high
power | evels are used.

Motice the discs {made up of two
lamellar membroanes) stacked in
the outer segments of the rod. The
outermost discs are shed daily and
are consumed by the pigment
epithelinvm. The microvilla reach up
from the retinal pigment epithelinm
to assist in this process. {Drowing
by courtesy of J Marshall & M.
Rainor, Institute of Ophthalmology,
London}.

8.2. Spectral Properties of the Eye

To understand the biological effects of different optica
spectral bands on different ocular structures, it is first
necessary to consider the relative spectral absorption of the
different ocular nedia. Fig. 12 shows the spectral absorption for
each of the media.

Essentially all incident optical radiation at very short
wavel engths in the ultraviolet and | ong wavel engths in the infrared
is absorbed in the cornea. dearly an ocular structure cannot be
danmaged unl ess optical radiation is absorbed. 1In sone instances,
particularly in the W region, less than 1% of the total incident
radi ati on absorbed in a structure can be significant, if the
radi ati on contains critically effective wavel engt hs.
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The spectral absorption of the ocular media in the humaon
eye. Each portion of the ocular media, the cornea {——3,
the agqueous humor {_...), the lens {__} and the witreous
humor {-*-}, absorb different portions of the incident
optical roadiation at different wawvelengths Very little is
absorbed in the wisible region, hence, the break in the
curves. MNote the strong absorption of the lens in the near—
uliraviolet region and the absorption of the witreous in the

0.86-1.35 pm infrared region {From: Sliney % Wolbarsht,
1980).

8.3. Injury to the Anterior Portion of the Eye

The anterior structures of the eye are the cornea, conjunctiva,
aqueous hurnor, iris, and lens. The cornea, aqueous hunor, and | ens
are part of the optical pathway and, as such, nust be transparent
to light. Loss of transparency is serious. Because of the rapid
turnover of corneal epithelial cells, danage |limted to this outer
| ayer can be expected to be tenporary. Indeed, injury to this
ti ssue by exposure to U/-B and W-C, as occurs in a particular
keratoconjuntivitis, the ultraviol et photokeratitis or
phot oopht hal m a (known al so as "arc eye", or "welder's flash"),
sel dom | asts nore than one or two days. Unless deeper tissues of
the cornea are also affected, surface epitheliuminjuries are
rarely pernanent.

Near-ul traviol et and near-infrared radiation (U-A |IRA and
possibly IR-B) are strongly absorbed in the | ens of the eye.
Damage to this structure is of great concern in that the lens has a
very slow turnover of cells. A one-day exposure may result in
effects that will not becone evident for many years. This is
probably the case of glass-blower's or steel puddler's cataract and
in cataracts caused by ionizing radiation. Long-term exposure nay
also result in delayed effects (Tengroth et al., 1980).

8.3.1. Effects on the cornea

UW-B and W-C radi ation are absorbed in the cornea and
conjunctiva and sufficiently high doses will cause kerato-
conjunctivitis. The initial effect of UVR exposure is danage to,
or destruction of, the epithelial cells. Under normal conditions,
the corneal epithelial layer is conpletely replaced in a matter of
a day or so. After exposure, there is a latent period, generally
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shorter than 12 h, which varies inversely with the exposure dose
Heal ing of the corneal and conjuctival epitheliumtakes 1 - 2 days.
In severe exposures, damage to Bowran's nenbrane and the stroma may
occur and is commonly followed by scar formation (usually of a

m | ky appearance) and sonetines by invasion of the entire cornea by
bl ood vessels. Sone linted recovery of noderate danage nay occur
in nmonths or years.

The action spectrum and threshold dose for ultraviol et
keratoconjunctivitis (Fig. 13) have been generally agreed on by
several groups of investigators.
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Action spectra for photokeratitis by TOVER.
Data replotted from Pitts {1974} and
Cogan & Einsey {1946). The abscissa
shows the relative sensitivity of the

cornea to ultrawiolet injury for human
beings and monkeys. The sensitivities are
not significantly different for 270-300 nm.

The reciprocity or irradi ance and exposure duration probably
hold for time periods simlar to those for ultraviolet erythem
(reddening) of the skin. Specifically, it matters little whether
radi ant exposure of the cornea occurs in 1 us or in 2 h. The
product of the irradiance and the duration of exposure required for
the sane effect is a constant for periods up to several h

The cornea is quite transparent in the IRRA Inthe IRB
there are sone fairly narrow water absorption bands at 1430 nm and
1959 nm Above 2000 nm absorption is very high, making the cornea
very susceptible to far-infrared radiation. Thus, as m ght be
expected, the threshold for damage corresponds to the absorption
bands. Radiation in the IR C band can induce a burn on the cornea
simlar to that on the skin.

The nerve endings of the cornea are quite sensitive to al
tenperature el evations and an el evation of 10 °C causes a pain

response. Wth full-face exposure, a tenperature rise can be felt
bef ore corneal pain appears.
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Infrared | asers such as CO, lasers (10.6° um), HF, and DF
lasers (2.7 - 4.0 uym or CO lasers (5 un), having cw out put
i rradi ances of the order of 10 Wcnf or nore can produce cor neal
| esions by delivering at least 0.5 - 10 J/cnf, before the blink
reflex is operative (Fig. 14).
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Threshold for corneal injury from C0OZ2 laser radiatiom. The collected
data of Stuck and colleagues of the US Army {JLST}, much of it
unpublished, are compared with the published data of Gullberg et al
{1967}, Leibowitz et al. {1969}, Borland et al. {1971}, and Vassiliadis
{1971}. The range of scatter in the data for a specific exposure

duration is thought to be mainly due to the use of different corneal
image sizes, and the 2 lowest points are beliewed to be the result of
hot spots in the multimode laser irradiance pattern. {Collation of data
by courtesy of Mr Bruce Stuck, Lettermaoan Army Institute of BResearch,
USA).

8.3.2. WWR lenticular effects

The | ens has much the sane sensitivity to UVR as the cornea.
Wth exposure to UW-A, there is substantial transmission in the
cornea and high absorption in the lens (Fig. 12).

Acute exposures of the order of 10%° to 3 x 10°% J/nf (10 to
300 J/cnf) to radiation in the 320 - 400 nmregi on cause corneal
opacities, but only exposure to radiation in the UV-B region
appears to be strongly effective in causing lenticular opacities
under acute exposure conditions (Pitts et al., 1977; Zuchlich &
Kurtin, 1977) (Fig. 15). The lenticular opacity may only | ast for
a few days at | ow exposures.
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Action spectra for injury to the lens and
cornea by near—-UVR. Lower solid curwe is
the data of Pitts et al. {1977}, for
photokeratitis; upper dashed line is the data
for permanent lenticular opacities;

intermediate line with open sgquares is the
threshold for temporary lenticular opacities.
The open circles represent the threshold for
corneal epithelial injury by Zuchlich &
Eurtin {1977).

On the other hand, since |ong-termexposure to UVR at anbi ent
outdoor levels may be associated with a reduction in the ability of
the lens to transmit short-wavel ength |ight (Lerman, 1980b) and
with senile cataracts (Wale, 1982), the effects of UVR on the |ens
may be cummul ative. In addition, there is experinental evidence
that UV-A radiation can induce photosensitized oxidation of the
ocul ar lens (Zigler & Goosey, 1981).

8.3.3. Infrared cataract

As explained earlier, the ocular nedia absorb an increasing
amount of the radiant energy incident upon the cornea for
i ncreasi ng wavel engths in the near infrared (IR-A). For infrared
wavel engt hs greater than 1400 nm (IR-B and IR-C), the cornea and
aqueous absorb essentially all of the incident radiation, and,
beyond 1900 nm the cornea is considered to be the sol e absorber
(Fig. 12). This absorbed energy nmay be conducted to interior
structures of the eyes elevating the tenperature of the |lens, as
well as that of the cornea itself. Heating of the iris by
absorption of visible and near-infrared radiation is considered to
play a role in the devel opnent of opacities in the |lens, at |east
for short exposure tines (CGoldmann, 1933). Hence, it would be
expected that the spectral absorption and reflectance of the iris
woul d determ ne the action spectrumfor this effect, for such
exposure tinmes. However, radiation of the lens alone, at |ower
| evel s for | onger exposures induces cataracts in the part of the
| ens not covered by the iris (Vogt, 1919; Wl barsht, 1978b). Mbst
IR-B and I R-C | asers cause danmage only to the cornea (Andeev et
al ., 1978; Stuck et al., 1981).

8.4. Retinal Injury

The retina is particularly vulnerable to visible and near-
infrared radi ation, a spectral domain known as the retinal hazard
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region. |In nost real situations, the refractive power of the
cornea and lens leads to a dramatic increase in irradi ance between
the cornea and the retina. Wen an object is viewed directly, the
light forms an image on the fovea, the centre of the macul a, which
in man, is approximately 0.25 mmin dianmeter. The typical result

of aretinal injury is a blind spot (i.e., a scotoma) within the
irradiated area. A peripheral scotomm, unless very large, nmay go
unnoticed. However, if the scotoma results froma |esion |ocated
in the fovea, severe visual handicap results. A central scotoma
could result fromlooking directly at a hazardous source. The size
of the scotona depends on the irradiance relative to threshold, the
angul ar extent of the source, and the extent of accommopdati on

Laser lesions of the retina resulting fromexposures to |ight
cause many alterations in structure that can only be seen
hi stol ogically (Marshall, 1973). Fig. 16 shows two typical I|esions
in the macul a of a human bei ng.

The subjective | oss of vision associated with | aser-induced
retinal injury may be inmredi ate or nmay devel op progressively over a
peri od of hours or days (Gabel & Birngruber, 1981). The extent to
whi ch visual function recovers depends on the size of the initial
injury and the types of retinal cells involved, as well as the
presence and extent of retinal haenorrhages and their subsequent

degree of resorption (Boldry, et al., 1981). Retinal neurons do
not undergo cell division so repair by cell replacenment does not
occur. In snall lesions, recovery may result fromeither growth of

new parts of danmaged cells such as photoreceptor outer segnents, or
by mgration of viable cells into the danaged site. Severe damage
is irreversible and visual |oss is permanent.

Light micrograph of a histological cross—section

of human retina and choroids at the fovea, 14

h after irradiationi with both an argon (A} and

a krypton {Er) laser. Both laser exposures were
for 0.1-mm image size and a 0.2-s exposure
duration. The estimated ocular exposure power

at the cornea was 60 mW {A) at 438 nm and 110
mW (Er) at 647.1 nm. In both lesions, there is a
marked disturbance of the retinal pigmented
epithelinm (P} and receptor cells {B}. In the
argon—laser—-induced lesion, there is a region of
damage in the inner retinal layers (V) as a result
of absorption of the blue argon laser light by the
wellow macular pigment. The arrow shows the
direction of incoming laser light. {From: Marshall
& Bird, 1979).

Only an extrenely small fraction of UVR incident on the cornea
reaches the retina. Nevertheless, the fraction of a percent of
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UV- A that reaches the retina can have adverse effects, as has been
denonstrated by Zuchlich & Taboada (1978). Retinal |esions were
seen follow ng exposure to a He-Cd | aser at 325 nm Because of the
strong scattering of UV-A in the ocular nedia, it is difficult to
estimate the retinal exposure. Young rhesus nonkeys were used,
hence, the transm ssion of the ocular nedia was still relatively
hi gh (perhaps 1%, whereas, in adult human beings this transm ssion
is much | ess.

Aphaki cs (persons with the |l ens renmoved) are special exceptions
to this rule and woul d be expected to be extrenely susceptible to
W-A injury of the retina, particularly as their corrective | enses
will usually transmit UV-A radiation very well.

8.4.1. Deternining the retinal exposure

The optical properties of the eye play an inportant role in
determining retinal injury. Such factors as the image quality,
pupi | size, spectral absorption, and scattering by the cornea,
aqueous, lens, and vitreous, as well as the spectral reflectance of
the fundus and absorption and scattering in the various retina
| ayers, nust be known for a definitive description of retina
exposure. These factors will be considered separately.

8.4.1.1. Pupil size

The Iimting aperture of the eye deternines the anount of
radi ant energy entering the eye, and thus reaching the retina. It
is therefore proportional to the area of the pupil. For the
normal , dark-adapted eye, pupil sizes range from approximately 7 to
8 nmm for outdoor daylight, the nornmal pupil constricts to
approximately 1.6 - 2.0 mm The ratio of areas between a 2-mm and
an 8-mmpupil is: 1:16; hence, a 2-mmpupil permts the entry of
one-si xteenth of the light admtted by a 8-nmpupil. The angle
subt ended by the source also plays a role; thus a light source of a
gi ven size and | um nance causes a different pupil size, depending
on the viewi ng distance (i.e., the image area on the retina), and
the | um nance of the surrounding field.

The pupilonotor reflex will constrict the pupil on exposure to
a bright light source within a period of the order of 20 ns
(Davson, ed., 1962). Some nedications and drugs will create an
abnormal pupil size. Therefore, in a |arge popul ation, the pupi
size may vary greatly under the sanme environnmental exposure
condi tions.

8.4.1.2. Spectral transm ssion of the ocular nedia and spectra
absorption by the retina and choroid

The transm ssion of the ocul ar media between 300 nm and 1400 nm
has been studied by several investigators and results vary
(Ceeraets & Berry, 1968; Gabel et al., 1976). Fig. 17 shows a
representative spectral transnission of the human ocul ar nedi a.
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Optical spectral tronsmission of the tronsparent media of the buman eye and

absorption of light energy in the retino and choroid as a function of equal

corneal spectral irradiance. The upper curve of spectral transmission would

be used in calculating a retinal irrodiance. The lower curve would be used

to calculate retinal absorbed dose. {From: Geeraets % Berry, 1968).

There is considerable individual variability in these spectra
quantities and this must be renenbered when using the data in an
accurate calculation. The other factor that nust not be forgotten
is the shift of the short-wavel ength cutoff at 390 - 410 nmwith
age. The lens transmts less W-A and blue |ight with increasing
age as it yellows. Wth the above factors taken into account, it
is possible to multiply the spectral absorption data of the retina
and choroid by the spectral transm ssion data for the ocul ar nedi a
to arrive at an estinmate of the absorbed spectral exposure dose in
the retina and choroid, relative to the spectral radi ant exposure
at the cornea. This spectral effectiveness curve for retina
thermal injury is applicable, at least, to exposure durations of
| ess than approximately 10 s (Fig. 17).

8.4.1.3. Optical image quality

The retinal image size can be cal culated for nost extended
sources by geonetrical optics. As shown in Fig. 18, the angle
subt ended by an extended source defines the i mge size. The
effective focal length of the relaxed normal eye f. i s approx.
1.7 cm Wth fg known, the retinal inmage size dr can be
calculated, if the view ng distance r and the dinension of the
light source D are known:

d = Dfelr Equation (12)
Fromthis, the quantitative relation can be obtained of retina
irradiance E. to source radiance L (or retinal illumnance to
source |lum nance) for small angl es:
E = (pi x dp? L x tau)/4f¢?
= 0.27 dp? x L x tau(for d, in cm Equation (13)

where d, is the pupillary dianeter and tau is the spectra
transm ssion of the ocul ar nedia.
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From equation 13, it is possible to define a permi ssible
radi ance (lum nance) froma permssible retinal irradiance for any
source of known radi ance or |um nance, w thout taking into account
the viewi ng angle or view ng distance.

Each source point has a correspondi ng i nage point, hence, the
retinal irradiance in an increnental area of the inmage is related
to the radi ance of a corresponding increnental area of the source
(Hartman & Kl eman, 1980).

8.4.1.4. Small inmges

Equation 13 breaks down for very small inmmges (or for very
smal |l hot spots in an image), where the source or source elenment in
question subtends an angle of less than 10 m nutes-of-arc (i.e.

i mge size is less than 50 un.

Choroid  peotina
Lens
Iodal Point Fowen
L Iy it
L dr
Cornen
r }I{ 1.7 cm

The source angle at the eye. An extended source iz imaged at the
retina; the approximate size of the image is determined using the
simple geometric relation that both the object and image

subtended an angle { & } measured at the eye's nodal point
{approximately 1.7 cm in front of the retina. {From: Sliney %
Freasier, 1973).

The diffraction theory can be applied to estimte the m ninmal
retinal image size for viewing a point source such as a |aser
However, scattering in the ocular nedia and corneal aberations
l[imts this inage dianeter to approximately 10 - 20 pum (Sli ney,
1971).

It would be expected that, in the case of snall-sized imges
the retinal hazard would increase in proportion to the area of the
pupil. Therefore, night-time viewi ng of a point source would be
expected to be far nore dangerous than day-tinme view ng; however,
this is not the case, since the inmage blur increases with |arger
pupil sizes. It is worthwhile noting that the increase in
irradi ance fromcornea to retina, when the rel axed eye views a
poi nt source, is about 10° (100 000 tines) (Sliney & Freasier
1973). Alnost any directly viewed | aser can appear as a point
sour ce.

8.4.1.5. Retinal pignment epithelium (RPE) absorption

As previously indicated, visible and near-infrared radiation is
transmtted through the ocular nmedia and is absorbed principally in
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the retina. The radiation passes through the neural |ayers of the
retina before reaching the RPE and choroid. The visual pignents in
the rods and cones absorb only a small fraction of light to
initiate the visual response, perhaps only 5% of the total energy
entering the eye. The RPE absorbs a substantial fraction of the
light (about 50%in the green) and is optically the nopst absorbent

| ayer. As the absorption takes place in a highly concentrated

| ayer of nelanin granules approximately 3 - 6 umthick, the greatest

tenperature rise occurs in this layer (Bergquist et al., 1978;

Bi rngruber, 1978). The actual size, shape, distribution, and
physi cal characteristics of individual nelanin granules becone
quite inportant for a thernmal nbdel adequate to describe the
behavi our of this layer, during very short pul se exposures

(Wl barsht, et al., 1980). The granules nay be heated to

i ncandescence during Q switched exposures, and this incandescence
can be seen, if viewed during a 1064-nm (neodym um YAG | aser
experinment (Mieller & Ham 1980, private conmunication).

8.4.2. Chorioretinal thermal injury

The retinal injury nechanismis considered to be largely
thermal for accidental exposures fromarc |anps, cw |lasers, or
optically aided viewing of the sun, for durations of the order of
1 ms to ~10 s. Since injury appears to result principally from
protein denaturation and enzyme inactivation, the variation in
retinal tenperature during and followi ng the insult nust be
considered (Beatrice & Velez, 1975). Several efforts to devel op
mat hemati cal nodels for |ight absorption, heat flow, and the rate-
process injury nmechanisns within the conmplex structure of the
reti na have been noderately successful, over periods of exposure
lasting from1l ms to 10 s (Vos, 1966a; Miinster et al., 1970;

Al en, 1980).

The tissue surrounding the absorption site can nmuch nore
readi |y conduct away the absorbed heat for inages, 10 - 50 umin
dianmeter, than it can for large i mages of the order of 1000 pm
(1 m). Indeed, retinal injury thresholds for the sane tine range
of 0.1 - 10 s are very closely related to inage size, as would be
expected fromcal culations of heat flowin the retina. For
exanpl e, exposure to irradiances of 10-100 kWnt (i.e., 1-10 Wcnf)
results in a mnimal retinal injury threshold for a 1000-pum i nage,
whereas an irradi ance of 10 MW nf (1 kWcnf) is required to produce
the sanme type of threshold lesion in a 20-pminmge (Hamet al.
1970).

For short-pul se durations, the reason for the spot-size
dependence of the threshold is not clear (Frisch et al., 1971).
The expectation, when exposure durations are of the order of 1 ns,
is that injury will take place before there is significant heat
flow Indeed, the variation of threshold with pul se duration
itself is also rather puzzling, especially the increase in
threshold for 20-ns, Qswitched pul ses over those of 1-us duration
(Hansen & Fine, 1968; Harlen, 1978; Anderson, 1980b). GCbvi ously,
the Q@ switched pul se energy is being dissipated in sone nechani sm
such as a mechani cal displacenment of tissue (an acoustic
transient), which does not contribute to the normal thermal injury
process that determ nes the ninimumthreshol d.

In studi es conducted by Beatrice & Lund (1979) with imge
distributions that were non-circular, such as line inmages on the
retina, circular |esions were produced after |ong-term exposures.
This woul d be predicted by thermal injury and heat fl ow
cal culations. Very short, Qsw tched exposures with simlar |ine
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i mage di stributions produced | esions that were very el ongated, as,
again, would be predicted by a sinple thermal nodel or injury. It
m ght be thought that the contribution of acoustic transients from
such a short exposure woul d have been to enlarge the | esion

Phot oacoustic effects should certainly nake a considerabl e
contribution; but whether the acoustic transient adds to, or
subtracts fromthe injury nmechanismis not yet clear

For short-term exposures (< 1 pus) resulting from Q swi tched
| asers, exploding wires, super-radiant |ight, and node-| ocked
| asers, the exposure thresholds of injury are |lowest. Although it
is believed that, for a Q sw tched exposure, the injury nechani sm
is largely thermal, the effect of acoustic transients due to rapid
heating and thermal expansion in the imediate vicinity of the
absorption site (individual nmelanin granules) may play a role. For
still shorter durations of exposure, direct electric field effects,
Raman and Brillouin scattering, and multiphoton absorption could
play a role in the damage nmechani sm (G ei semann & Marti, 1978;
Rockerol | es, 1978).

8.4.3. Location of retinal burns

As previously explained, the different regions of the retina
play different roles in vision. Thus, the significance of
functional loss of all or part of any one of these regions, because
of retinal injury, varies. The |oss of foveal vision seriously
reduces visual perfornmance. Limted peripheral |oss could be
unnoti ced, subjectively (Kaufman, 1970; Hol zi nger et al., 1978).

8.5. Photochemical Retinal Injury

8.5.1. Very |long-term exposure

The human retina is normally subjected to irradi ances bel ow
1 Wnf (10* Wenf), as shown in Fig. 19, except for occasiona
nonentary exposure to the sun, welding arcs, and sinilar bright
sources. The retinal images resulting fromview ng such sources
are often quite small (for exanple 0.15 mmfor the sun) and the
duration of exposure is nornmally linmted to the duration of the
blink reflex (0.15 - 0.2 s). Natural aversion to bright |ight
usual ly limts further retinal exposures above 10 Wcnf. Unti
recently, few studies of adverse retinal effects existed for the
i rradi ance range of 1041 Wecnf. Studies in this range have
generally centred on flash blindness effects follow ng |ight
exposures lasting up to 1 s.

Exposure of large areas of the retina to noderately high
| um nance |light of the order of 10° cd/nf (~100 uWent, i.e.,
1 Wnt at the retina) for durations of one to several hours has
been investigated in experinmental animals. Generally, the light
sources enployed in these studies were fluorescent lanps. A
t hermal | y-enhanced phot ocheni cal nechanismof injury or a
phot ot oxi ¢ effect appears to be nost likely (Kuwabara, 1970; Noel
& Al brecht, 1971). More recently, simlar fluorescent |ight
exposure of rhesus nonkeys with dilated pupils showed that this

effect was not limted to nocturnal animals but could conceivably
be related to very lengthy direct-view ng by man (Sykes, et al.
1981). Collectively, the results of these studies suggest that

abnormal Iy high environnental levels of retinal illunination cause
retinal degeneration for any species. This is particularly marked
in albinos (LaVail, 1980). The effects are nost dramatic when the

normal, diurnal cycle of light and dark is elimnated by constant
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illumnation (WIlianms & Baker, 1980). The levels and durations of
these retinal exposures exceed those encountered during nornal
human behaviour. Only rarely have investigators reported that
conti nual exposure to high lum nance levels in the natura
environnent (or work environnent) has elicited significant
functional changes in the human retina (Livingston, 1932; Snith,
1944; Peckham & Harl ey, 1951; Medvedovskaja, 1970; Roger, 1973).
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It has been shown that short-wavel ength exposures are nost
ef fective in inducing photochem cal retinal injury (Hamet al.
1976, 1978; Lawwill et al., 1977). The adverse effect is normally
centralized in the pignent |ayer and adjacent outer receptor |ayer
QO her retinal layers may be affected, but this generally foll ows
changes in the RPE. The effect appears first where pignent is
| ocat ed.

Results of studies of photochenical retinal injury in
experimental rhesus nonkeys (Hamet al., 1978; Moon et al., 1978)
agree with clinical experience reviewed by Sliney (1978) concerning
the devel opnent of eclipse-burn photoretinitis after staring at the
sun. Until recently, it was generally accepted that solar retina
injury was permanent; however Hatfield (1970) and Penner & MNair
(1966) reported significant nunbers of patients who recovered
wi thin 30 days.

Repeat ed exposure of large retinal areas in trained nonkeys to
i ncoherent light at retinal irradi ances just above those
experienced in a bright natural outdoor environnent, showed a
per manent decrease in functional sensitivity to blue |ight
(Harwerth & Sperling, 1975). Exposure of the nonkeys to narrow
bands of wavel engths fromthe green to the red elicited a sinilar
but not lasting, reaction. These types of studies, repeated by
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Zwi ck & Beatrice (1978), showed nore dramatic changes w th coherent
light having a speckle pattern. Prolonged erythropsia (red vision)
i n aphaki cs has al so been reported follow ng exposure to |arge-
area, high-1lum nance sources with | arge anounts of ultraviol et such
as snow fields.

Fol | ow up studi es conducted during the 1940s showed the effects
on vision of the prol onged exposure of beach |ifeguards to bright
out door environments. Tenporary reductions in sensitivity for both
dayl i ght and night vision lasting for periods of several days were
reported (Peckham & Harl ey, 1951).

There is growi ng concern anong sone investigators, who have
studi ed the adverse retinal effects of intense |light sources, that
l'ife-1ong exposure to light plays a role in retinal aging
(Marshall, 1978). Certain age-degenerative retinal effects nay be
light-initiated. This opinion is pronpted by the strong simlarity
bet ween hi stol ogi cal and ultrastructural changes in aged retinae
and those in retinae exposed to intense |ight sources including
di sorgani zati on of the outer receptors; depignmentation of the RPE
and a decrease in the total nunber of receptors. Cearly,
considerably nore research will be required before this opinion can
be confi rned.

8.6. Flash Blindness

Fl ash blindness is a normal physiol ogi cal process, being a
transitory loss of visual function. This phenonenon is a function
of the preadaptive state of the subject, the nature of the visua
task (i.e., task lum nance, position in the visual field, and
acuity), and the lumi nance of the stinulating source. The
mechani smis conplex and not fully understood, as it involves both
bi ochem cal and neural processes. The recovery tine is a neasure
of the degree of flash blindness.

Fl ash blindness has been intensively investigated, both in
predicting functional |oss that m ght be expected froma given
exposure and in the design of protective devices. The response
times of present-day protective devices range froma few ns down to

several ps. Even within this long delay, great difficulty has been
encountered in producing a device that can attenuate the | uninance
of the source by a factor of nore than 1000.

In dealing with the data on flash blindness and attenpting to
relate it to retinal nmechanisns, it is well to keep in mind the
i deas originally expressed by Brown (1973), who showed t hat
recovery fromflash blindness did not involve a single, sinple
nmechanism It involves both dark adaptation and neurophysi ol ogi ca
effects not usually seen in studies of dark adaption

8.7. Disconfort dare

If a very bright light source is suddenly switched on after the
eye has adapted to a | um nance nuch | ower than that of the source
the viewer experiences disconfort, blinks, and tends to turn the
head or eyes. This effect is nmuch nore dramatic when the anbi ent
lum nance is low. Qut-of-doors, in full daylight, the |um nance of
a large extended source required to elicit this phenonmenon is of
the order of 100 000 cd/nf (10 cd/cnf or 29 000 foot-|anmberts);
however, the |um nance of this source nmust be far greater to elicit
a response, if the source subtends an angle of |ess than about 4.5
nrad (0.25 degree).
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8.8. Flashing Lights

Cl assi cal studies of vision suggest that a strobe operating at
10 Hz can appear subjectively brighter than a cw source of the sane
peak brightness, due to the Bartley Effect for flashing Iight
sources. Simlarly, the brightness of a single pul se appears
brighter than it really is; this phenonenon is terned the Broca-
Sul zer Effect (Cornsweet, 1966).

Strobe light sources produce little annoyance during daylight

hours. However, at night, if a strobe illum nates an area that
woul d otherwi se be dark, at a frequency of 5 - 10 Hz, the static
objects illum nated by the strobe appear to float around, because

of loss of a fixation point during off-periods of the Ilight.

The nedical literature suggests that epileptic seizures in
suscepti bl e individuals represent the only well-docunented health
hazard from exposure to lowfrequency internmttent light. The nost
sensitive frequency range is from8 to |6 Hz. Various estinates
indicate that approximately 1.0% of the epileptic popul ation, which
itself constitutes less than 1.0% of the general population, wll
experience these "flicker-induced" seizures.

9. THE SKIN
9.1. Anatony

The skin is normally of less interest than the eye as far as
optical radiation hazards are concerned. However, under certain
conditions, it may be nore vul nerable than the eye, which can be
protected by the blink reflex or by eye protectors.

The outernopst |ayer, the stratum corneum or horny |ayer
consists of flattened, epidermal cells. They originate in the
germ native layer (a single cell layer of collumar germnative
basal cells) at the bottomof the epiderm s, grow, and are
gradual |y pushed outward until they die and are flattened to forma
protective |layer over the living cells.

The stratum corneumis approxinmately 10 - 20 umthick over nost
parts of the body, except the soles of the feet and the pal ns of
the hand, where it is much thicker (500 - 600 pun.

The epidernmis is relatively uniformin thickness throughout the
body (50 - 150 um) and can be separated into a nunber of |ayers
with the growing cells in the | owest |evel toward the basa
menbr ane.

Mel anocyt es, specialized cells that produce nelanin pignent
granules, are located in the basal |ayer of the epiderms. The
nel anocytes send out dendritic processes that interdigitate within
the keratinocytes. Ml anosones (the pignent granules) are then
transferred into the keratinocytes. The pignent is thus
di stributed throughout the epidernis and stratum corneum by
m gration of the keratinocytes.

The derms, or corium is thicker than the epiderm s, and
consists largely of connective tissue which gives the skinits
elasticity and supportive strength. The sweat gl ands extend into
the corium
9.2. Body Heat Regul ation

The skin plays a major role in the thernoregul atory system of
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the human body. At incident irradiances |ess than those that cause
thermal skin burns, the body can be subjected to heat stress.
Several physical neans are enpl oyed by the skin for cooling
(conductive, convective, and radi ative cooling).

The sweat gl ands produce sweat, which permts evaporative
cooling as well as conductive cooling. The reflectance of human
skin in the far infrared is very lowwith a correspondi ngly high
em ssivity for wavelengths in the 8 - 13 pminfrared region. The
hi gh emi ssivity at these wavel engths permits highly efficient
radi ati ve cooling of the skin at body tenperature.

Conparison of the reflectance spectrumof the human skin wth
the solar em ssion spectrumshows a striking simlarity. The skin
reflects largely in the visible part and near-infrared parts of the
spectrum where solar radiation is greatest, and absorbs heavily in
the ultraviolet and far infrared, where there is very little solar
radi ati on. Any good radiator of infrared energy (a bl ack body)
must have very high absorption, hence very |low total reflection
The skin does indeed have low reflectance in the far infrared, and
seens well adapted to the natural environment. The skin both
reflects direct solar radiation and reradiates internally generated
infrared radiation with the greatest possible efficiency. However,
the human body is | ess capable of reflecting the infrared radiation
from man- made sources such as fire, or nore specifically from
nolten steel in a steel mll (Hardy, 1968; Sliney & Freasier, 1973;
Stolwjk, 1980).

9.3. Optical Properties

The stratum corneum strongly absorbs actinic UVR, which causes
sunburn. This layer also strongly absorbs far-infrared radiation
Mel anin granules are snmall (1 umdianeter) and not only protect the
derm s by absorption of UVR, but also by scattering optica
radiation. Melanin scatters rather than absorbs radiation in the
near-infrared region. For this and other reasons, near-infrared
radi ati on penetrates deeply into the tissue. Since the index of
refraction of the stratumcorneumis about 1.5, the Fresne
refl ective conponent is sonewhat sinmlar to that of glass (Fig. 2).
Optical radiation incident on the skin at grazing angl es of
incidence is hardly absorbed at all. The relative effectiveness of
optical radiation in penetrating the epidernis (and dermis) varies
approxi mately as the cosine of the angle of incidence. Since |light
penetrates the outernost |ayers of the skin, undergoes nultiple
scattering, and sone light is scattered back out of the skin, the
skin has an appearance that cannot easily be duplicated by a non-
transl ucent surface (Anderson & Parrish, 1981).

9.4. Penetration Depth and Reflection

Studies of the effects of pulsed visible and IR |l aser radiation
on pig skin, perforned in the 1960s, provided single-wavel ength
thresholds for injury for very short-term exposures of the order of
1 ns and 20 ns. For such short durations of exposure, the
i nfluence of heat flow fromthe absorbing site is not a najor
factor. For this reason, these studies aptly showed that the
threshold of injury depended on the reflectance of the skin and the
depth of penetration of the optical radiation into the skin (Fig.
20) .

The refl ectance of the skin also plays a role in deternining
how rmuch radi ati on can effectively be absorbed. The skin's
spectral reflectance varies with pignmentation and is significant
only in the visible and near-infrared spectrum The skin's
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refl ectance at wavel engths of |ess than 310 nm and above 2.5 pymis
| ess than 5%
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It nust be renenbered that snmall anmounts of optical radiation
penetrate deeply into the body, where it nay react with
photosensitive cells. This nay give rise to physiol ogica
reactions of great inportance, such as circadian rhythns and annua
rhythns. Artificial constant irradiation nay suppress the
circadian rhythns, giving rise to health problens.

9.4.1. Injury to the skin

Laser radiation injury to the skin is normally considered |ess
i mportant than injury to the eye, despite the fact that injury
thresholds for the skin and eye are conparable, except in the
retinal hazard region (400 - 1400 nm. In the IR C and U/-C
spectral regions, where optical radiation is not focused on the
retina, skin injury thresholds are approxi mately the sane as
corneal injury thresholds. The probability of exposure is greater
for the skin than for the eye, because of the skin's greater
surface area, and yet injury to the eye is still considered to be
of greater significance. For a conparable area of tissue
destruction, the functional | osses associated with the eye are nore
debilitating than with the skin. Threshold injuries resulting from
the short-term(i.e., less than 10 s) exposure of the skin to far-
infrared (IR-C) and W-C radiation are also very superficial and
may only involve changes to the outer dead |ayer - the "horny
| ayer" - of the skin cells. A tenporary injury to the skin nay be
pai nful, if sufficiently severe, but eventually it will heal, often
wi t hout any sign of the injury. Burns (thermal injuries) to larger
areas of skin are far nore serious, as they nay lead to serious
| oss of body fluids, toxaenia, and systenmatic infections.

Thermal injury of the skin has been the subject of nany studies
in this century. Hardy et al. (1956) found that severe pain could
al ways be induced in human skin tissue, when the tissue tenperature
was el evated to 45 °C. This tenperature also corresponds to an
injury threshold, if the exposure to optical radiation |asts for
many seconds.
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Skin injury resulting fromnmonentary but very intense exposures
to optical radiation are generally terned "flash burns". Flash
burns of the skin follow ng exposure to optical radiation in
industry are rare. Mst conventional sources such as open-arc
processes and industrial furnaces do not create significant
irradi ances in work areas where skin injury could occur
sufficiently fast to preclude a natural protective reaction to the
intense heat. The flash burns that do occur are nore often the
result of conductive heating of the skin by exceedi ngly hot gases
or steam Though the eye is protected fromnost flash burns, the
eye lid may be injured with resulting conplications in vision. The
threshol d depends on the area of irradiated tissue. Heat
conduction in tissue is far nore efficient for small than for
|l arger irradiated areas (e.g., 1 nnf) and exposure to higher |evels
of irradi ance woul d be possible before injury occurred. Wth
extensive irradiation, injury would occur at a far |ower |evel of
i rradi ance. Hazardous exposure of |arge areas of skin is unlikely
to be encountered in the normal work environnment, as the heat al one
froma source that coul d produce heat stress due to el evation of
deep body tenperature, would require protective neasures at | ower
i rradi ance |evels.

The threshold of injury obviously depends al so on the duration
of exposure. The previously nmentioned thresholds are for just one
exposure duration of 0.5 s. For exposures lasting less than 0.5 s
the irradiance required for an injury would significantly increase
as the duration of exposure decreased.

Studi es of the process of thermal injury in skin show that the
| onger the | ength of exposure, the |lower the tenperature required
to coagul ate proteins and destroy tissue by el evated tenperature.
Fig. 21 shows this tinme dependence of threshold for white-Ilight,
arc-source burns (upper curve), and for far infrared |aser
radi ati on (Il ower curve). The explanation for these threshold
differences lies in the fact that thernmal injury depends on energy
absorbed per unit volune (or mass) to produce a critica
tenmperature el evation. Skin reflectance and penetration greatly
i nfluence this absorption. Skin disorders are conmon and may
change the reaction of the skin to irradiation. Sonme disorders may
be aggravated while, in others, healing may be enhanced by optica
radi ation.
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9.4.2. The sensation of warnth and heat fl ow

The sensation of warnth, resulting fromthe absorption of
radi ant energy, normally provides adequate warning for avoiding
action to prevent thermal injury of the skin from al nost al
sources except the nuclear fireball and sone hi gh-powered, far-
infrared | asers. The spot size dependence of this sensation is
illustrated by irradiating human skin with a beam of CO-1| aser

radiation at 10.6 pm An irradiance of 0.1 Wcnf produces a
definite sensation of warnth for beamdianeters larger than 1 cm
On the other hand, one-tenth this level (0.01 Wecnf) can readily be
sensed, if the whole body or a larger portion of the body is
exposed. The dependence on the size of the irradiated area results
from conduction of heat away fromthe absorbing area, thus linitng
surface tenperature rise, the sensation of heat being a function
of temperature rise. As noted previously, the skin tenperature
elevation required to elicit persistent pain (as well as therma
injury after several s) is approxinately 45 °C (Hardy et al., 1956;
Har dy, 1968).

9.4.3. Thermal injury threshold for the skin

Fig. 22 presents data reported by Rockwell & Goldman (1974),
which illustrate that for sone wavel engths, the threshol d depends
on skin pignentation. |In the far-infrared, however, all tissue
absorbs heavily, not just nelanin pigment granules.
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9.4.4. Delayed effects

The possibility of adverse effects fromrepeated or long-term
laser irradiation of the skin is normally discounted, if scarring
does not occur (CGoldman et al., 1971). Only UWWR has been shown to
cause long-term delayed effects. These effects are accel erated
skin aging and skin cancer. It is difficult to quantitatively
evaluate the role of UVR in the induction of skin cancer. For
sol ar radiation, the high-risk wavel engths are around 310 nm Sone
attempts to cal culate the dose-effect rel ationship have now been
made (de Gruijl & van der Leun, 1980). At present, |aser safety
standards for exposure of the skin do attenpt to take into account
all of these adverse effects.

9.4.5. Anbient environment and heat stress

The tenperature of the anbient environnent can play a role in
adding to or subtracting from the tenperature rise through
conti nuous exposure of the skin to optical radiation, particularly
if full-profile exposure is possible. Though full-profile exposure
to laser radiation is uncommn, it is not inpossible. Just as
full-profile exposure to far-infrared radiation from furnaces can
cause heat stress, so also can exposure to far-infrared | aser
radi ati on. Radiant absorption is, however, only one factor in
defining heat stress (WHO Scientific Goup ..., 1969; Stolwjk
1980). Increased body tenperature due to fever or other causes
generally lowers the irradiance threshold of the effects of optica
radi ation.

Man in his natural environnent is already exposed to
significant optical radiation out-of-doors. The sun's irradiance
on a clear day may vary from0.5 to 1.1 kWn? (50 to 110 mWcn?f) at
m dday. The human body is well designed to reflect direct solar
radiation. In the far-infrared region of the spectrum the skin's
| ow refl ectance and high enissivity nake it possible for the body
to both radiate and strongly absorb 10-umradi ati on. The anbient
radi ant exitance of surrounding structures and the ground may vary
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from10 to 400 Wnt (1 to 40 mWcnf).

9.4.6. WUWVWR effects on the skin

UVR gives rise to acute and del ayed visible effects. The acute
effects are erythema (skin reddening), thickening of the stratum
corneum and pignmentation through nel anogenesi s (Van der Leun
1965). The del ayed effects are accel erated skin aging and
car ci nogenesi s (Urbach, 1980).

Threshold levels for the acute effects from UV-A are generally
of the order of 1000 times greater than those of UV-B or W-C. The
effects depend, to a large extent, on skin pignentation at the tine
of exposure. These subjects have been dealt with in detail in the
VWHO Environnmental Health Criteria document on ultraviolet radiation
(WHO, 1980).

9.4.7. Photosensitization

Li ght-i nduced damage to the skin in the presence of certain
chem cal s (photosensitizers) may be considered phototoxic if an

allergic mechanismis not ivolved. It can occur in any type of
skin exposed to UVR of the proper wavel ength and | ooks like a
normal erythena. In sone cases the reaction nmay be delayed, but in

general it will appear imediately after exposure. A nunber of
system c photosensitizers have been identified and exanples are
given in Table 6.

9.4.8. Photoallergy

Photoal lergy is an acquired altered capacity of the skin to
react to light (and UVR) alone or in the presence of a
phot osensitizer. This subject has been treated in detail in WHO
(1979).

Table 6. System c photosensitizers: Chenicals that induce
phot osensi tivity?

Uses Name

Antibacterial  nalidixic acid
Ant i convul sant car banmazepi ne

Anti mycotic gri seof ul vin

Table 6. (contd.)

Artificial sweeteners cycl amat es, cal ci um
cycl amat e sodi um
cycl ohexyl sul famat e

Broad spectrum anti biotic antibiotics
Chenot her apeutic, antibacteri al sul f onam des
Diuretics, antihypertensive chl ort hi azi des

Hypogl ycaem ¢ or antidiabetic drugs sulfonylurea
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In vitiligo for sun tol erance furocounmari ns
and i ncreased pignent formation

Laxative triacetyl di phenolisatin
Oral contraceptives estrogens and progest erones
Tranquillizer, nematode infestation phenothiazines

control urinary antiseptic,
anti hi stam ne

Tranquilizer, psychotropic chl ordi azepoxi de

& Adapted from Fitzpatrick et al. (1974).

10. LASER SAFETY STANDARDS: RATI ONALE AND CURRENT STANDARDS
10.1. Introduction

Laser safety standards nmay take several fornms. The standard
may be sinply a list of guidelines concerning |aser operation or
equi prent design with no nention of exposure linmits or a list of
personnel exposure limts (ELs) or product enmission limts. Today,
nost safety standards incorporate all of these aspects, to sone
extent. This section explains the scientific and phil osophica
probl emrs encountered in the devel opment of today's standards. The
di stinction between occupational exposure standards and equi pnent
performance standards will also be discussed.

Exposure limts may be applied in three general categories of
standards, i.e., occupational safety and heal th standards,
environmental quality standards and equi pnrent performance
standards. ELs for laser radiation for general popul ation and
occupati onal exposure were devel oped in many countries during the
| ate 1960s and throughout the 1970s. A general consensus for nany
of these limts can be found in the 1982 draft internationa
standard of the International Electrotechnical Conmission (IEC, in
preparation).

10.2. Laser Hazard C assification

It was recogni zed during the early devel opment of |aser safety
standards that some formof risk classification was necessary.
This resulted frommany conplaints fromresearch scientists in the
1960s that they were being needl essly constrained in their use of
smal |l He-Ne | asers by safety specialists, who were attenpting to
apply guidelines originally drafted for high-power ruby and
neodym um | asers.

Most recent |aser safety standards therefore include a hazard
classification schene to sinplify risk evaluation on which to base
control measures (Harlen, 1978).

The safety procedures necessary for any |aser operation vary
according to three aspects: (a) the laser hazard classification;
(b) the environnent in which the |aser is to used, and (c) the
peopl e operating or within the vicinity of the |laser beam Hazard
classification schenes differ only slightly, depending on which
standard is being followed; and a brief explanation of the nost
comonly used hazard classification system foll ows.

Class 1 lasers are the | owest powered |lasers. This group is
normally limted to certain galliumarsenide | asers or encl osed
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| asers. These |asers are not considered hazardous, even if the

out put | aser beam can be collected by 80-mmcollecting optics and
concentrated into the pupil of the eye. An infrared or ultraviolet
laser is Class 1 if the radiation concentrated on the skin or eye
will not cause injury within the nmaxi num exposure duration possible
during one day of |aser operation. Most lasers are not O ass 1,
however, when they are incorporated into consumer or office nachine

equi prent, the resulting system may becone Cass 1. |If a dass 1
system contai ns a nore dangerous | aser, the access panel to it nust
be interl ocked or contain a warning to alert the user of the
hazardous | aser radi ation that nmay be encountered, when the pane

i s renoved.

Class 2 lasers, often ternmed "l ow power" or "lowrisk" |aser
systens, are those that are only hazardous if the viewer overcones
the natural aversion response to bright Iight and stares
continuously into the source - an unlikely event. This could just
as readily occur by forcing oneself to stare at the sun for nore
than a minute or to stare into a filmprojector source for severa
m nutes. This hazard, though rare, is as real as eclipse
bl i ndness, hence C ass 2 |asers should have a caution |abel affixed
to indicate that purposeful staring into the |aser should be
avoi ded. Since the aversion response only occurs for light, the
Class 2 category is limted to the visible spectrumfrom 400 to
700 nm

Class 3 "noderate-risk" or "nedi umpower" |aser systens are
those that can cause eye injury within the natural aversion
response time, i.e., during the blink reflex (0.25 s). dass 3
| asers do not cause serious skin injury or hazardous diffuse
reflections under normal use. However, these nust have danger
| abel s and the safety precautions required are often considerable.

Class 4 | aser systens are the highest powered | asers and
present the greatest potential for injury or conmbustion of
flanmabl e materials. They may al so cause diffuse reflections that
are hazardous to view or induce serious skin injury fromdirect
exposure. NMbdre restrictive control nmeasures and additiona
war ni ngs are necessary (C evet & Mayer, 1980).

Fig. 23 summari zes the nost typical classification
schene. Sone standards further refine the above
classification schene to include special subclasses referred
to as Class 2a, Cass 3a, and Cass 4a. Relaxed restrictions
may apply to these subcl asses.
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11. EXPCSURE LIMTS
11.1. Rati onal e

Exposure limits for lasers and optical radiation cover a w de
range of wavel engths and exposure conditions, and bi ol ogi ca
effects may apply to both the eye and skin. For this reason, no
single rationale can apply to all of the specific ELs. It is first
i mportant to distinguish between acute and chronic (or del ayed)
effects. For acute effects, thresholds exist and statistica
(probit analysis) techniques can indicate this threshold with a
degree of uncertainty. The nmethod of assessing the acute effect
may not always be the nobst sensitive, but is often chosen for
reasons of sinplicity and repeatability. However, this approach is
feasi bl e only because the relationship between this assessnent
threshold and the onset of irreversible damage is known from nore
ri gorous studies using the nost sensitive techniques for danmage
assessnment. Wiile a threshold for nost chronic effects can be
expected on theoretical grounds, this threshold can best be
estimated from careful evaluation of epidemiological data. ELs are
set by considering both types of effects and the degree of
uncertainty in threshol ds.

Scientists working in the field of ionizing radiation are used
to the problens of cunul ative doses and total lifetime exposure.
In describing the adverse biol ogical effects of optical radiation
at wavel engths greater than 320 nm few scientists would argue that
a linear hypothesis applies with total integration of the lifetine
exposure.

Optical radiation is usually absorbed in a thin layer of tissue
and its effects are thermal in nature, except for the ultraviol et
and vi si bl e photocheni cal processes. For both of these acute
effects, there is a definite threshold; that is, an exposure |eve
exi sts bel ow which no adverse change will occur and no real risk
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exists. O course, the threshold can vary with the individual and
with environnental conditions. However, if the safety level is set
wel | bel ow these variations, then the exposure conditions are not
hazar dous.

To establish a rationale for devel opi ng exposure linits from
the biological data requires careful analysis of the spread of the
enpirical data. These include the variables influencing potential
for injury in exposed individuals, the increase in severity of
injury for suprathreshold exposure doses, and the degree of repair
of injury.

The accuracy of avail able nmeasuring instrunments and the desire
for sinplicity in expressing the limts have also influenced the
exposure limts. It is difficult to inter-relate all these
factors; however, nost specialists agree on the final linits, even
though they may have derived themin different ways.

Separate high risk occupational limts - in contrast to
exposure limts for the general popul ation - have not been
devel oped. Unlike ionizing radiation, there has been little debate
as to whether a threshold of injury actually exists. However,
there can be a debate concerning the exact "threshold val ues" for
speci fic wavel engt hs and exposure durations. UV-B and UV-C | aser
radi ation could, in theory, have del ayed effects with no rea
threshol d, but has neverthel ess been treated |ike | onger wavel ength
| aser radiation. Long-termeffects of |owlevel exposure have been
i ndicted as a possible contributing agents in senile degenerative
processes in the retina (Marshall, 1978; Young, 1981). |If true, a
simple threshold for these effects probably does not exist.

11.2. Assessnent of the "Safety Factor"

It is very difficult to decide on the margin that should be
i ntroduced, to account for individual variation in experinental
error, in deriving the ELs. This margin is sonetinmes | oosely
terned the safety factor; however, this is not correct. The
threshold of injury is actually the result of considering the
probit analysis of many data points.

The nost reliable statistical nethod for describing any
bi ol ogi cal threshold is probit analysis. One point on the curve,
the 50% damage probability, is often assigned a specia
significance. This point is known as the EDs; and is the exposure
dose required, for exanple, to produce an ophthal noscopically
visible (or an otherw se neasurable) lesion in 50% of the exposures
in a group of animals or in a single aninmal, where severa
exposures have taken place. The EDsg point has in the past been
terned a threshold point by some investigators, though clearly the
use of the termthreshold in describing a 50% probability of injury
seens rather inappropriate. |In toxicological studies of the
effects of chem cals on biological systens, the termthreshold has
often been used to define a 10% probability of a biol ogica
response.

Probit analysis is a powerful tool in determining safety
informati on but was not originally applied, e.g., to retinal damage
fromlaser exposure. 1In the early studies on retinal damage, the
experinental design was usually such as to facilitate cal cul ati ons
of only the EDsg point.

When the data are plotted on probit paper, a line results that
can easily be extrapolated to the clinical damage probability.
| ndeed, studi es should be designed to give the slope with nmaxinum
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precision. For this, two points at |ow and high probability, e.g.,
the 20% and 80% probability points are nore inportant than the EDso
point. Once this information is avail able together with the
criterion for injury and the accepted degree of safety, it is
possible to determ ne the exposure limt. Present-day |aser ELs
are typically a factor of 5 - 20 bel ow an EDsg for observabl e acute
injury, this ratio varying as a result of functional-Ioss,

hi st ol ogi cal , and suprat hreshol d-severity studi es.

11. 3. Envi ronnent al Consi der ati ons

Though | aboratory studies of the adverse effects of optica
radi ati on provide the basic insight into thresholds, |ocations, and
nmechani sns of tissue injury, it is difficult to extrapol ate these
findings to protection standards. O special inportance, is the
separation of acute tenporary effects fromthose | eading to del ayed
per manent detrinental effects.

In this regard, it will also be necessary to take the actua
exposure conditions of man into consideration - both fromnatura
environnental sources or fromartificial sources. It nust be
renmenbered, for instance, that terrestrial solar radiation changes,
both in total irradiance and in spectral distribution, throughout
the day. Furthernore, the direction of illumination is of great
i mportance because of the reflection fromthe cornea, as seen in
Fig. 24.

EReflection of illumination from the
cornea. Obligue rays of direct
sunlight are largely reflected from
the cornea and are not absorbed
significantly in comparison with
TUVER incident directly along the
wisual axis. This explains why
ultrawviolet photokeratitis occurs
wrhen the OV irradiation is nearly
normal to the wisual axis but not
wrhen far higher lewels originate
from the sun or lamps owverhead.
{From: Sliney, 1972).

11.4. Limting Apertures

One difficulty in developing ELs is the specification of the
[imting aperture over which the values nmust be either neasured or
cal cul ated. For the skin, where no self-focusing effect takes
pl ace, the smallest feasible aperture is nost desirable.
Unfortunately, the smaller the aperture, the higher the sensitivity
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required for the nmeasuring instrument and the greater the

i naccuracy that will result fromcalibration probl enms associ ated
with diffraction and other optical effects. Since various

bi ol ogi cal effects are influenced differently by the size of an
incident beam the limting aperture varies for different

condi tions.

11.4.1. The 1-nm aperture

A 1-mm aperture has been typically considered the small est
practical aperture size for specifying ELs. Under continuous
exposure conditions, heat flow and scattering within the | ayers of
the skin tend to elimnate any adverse effects from hot spots
smaller than 1 mmin dianeter.

11.4.2. The 11-mm aperture

Wavel engths greater than 0.1 nm present a further difficulty.
At these far-infrared, submllinmetre wavel engths, a 1-nmm aperture
creates significant diffraction effects and calibrati on becones a
problem Hot spots predicted by physical optics are larger than at
shorter wavel engths. For these reasons, a l-cmsquare, or 11-nmm
diameter (1 cnf) circular aperture has typically been chosen as the
[imting aperture for wavel engths between 0.1 mmand 1 nm

11.4.3. The 7-nm aperture

For ocular ELs in the "retinal hazard region", from
approxi mately 400 nmto 1400 nm the averaging (sanpling) aperture
is determned by the pupil of the eye. A pupil size of 7-mm has
been deci ded as typical, though not without a great deal of debate.

11.4.4. The 80-mm aperture

A still larger nmeasuring aperture of 80 nmis conventionally
used for power and energy neasurenents to account for intrabeam
viewi ng conditions with optical telescopes or binocul ars.

11.5. Spectral Dependence of Exposure Limts

Eye and skin injury thresholds vary considerably with
wavel ength. To establish the spectral dependence of ELs, it is
general ly accepted that the biol ogical data can only be foll owed
approximately. The ELs have been adjusted for variation in
wavel ength, but do not precisely follow the enpirical biologica
data. Fig. 25 shows an exanple of theoretical variation of
susceptibility modified to provide a spectral correction factor
useful for calculating the EL.

Fig. 25 provides the reciprocal of the product of the relative
spectral transm ssion of the ocular media with the retina
absorption (Fig. 17). This indicates the relative effectiveness of
different wavel engths for causing retinal thermal injury. However,
this curve still does not show the relative spectral hazard to the
I ens of the eye in the near infrared. Also plotted in this graph

is the spectral nodification factor used for pul sed retina

exposure limts in the American National Standards Institute
standard (ANSI, 1980). This nodification factor is used for other
limts for protection against thermal injury. Because of variation
of threshold with inage size and variation of inmage size with

wavel ength, a further increase in the ratio between IR A and
visible ELs is given in the ANSI Z-136.1 standard for IR-A
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wavel engt hs between 1050 nm and 1400 nm but only for durations of
exposure of |ess than 0.05 ns.
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BRetinal absorption (A)Y and the
spectral modifwing or correction
factor {Ma or Ca}. The upper
curwve is the reciprocal of the
retinal absorption {1/A) spectrum
relative to corneal irradiance. It
maoy also be thought of as the

reciprocal of the action spectrum
for retinal thermal injury. A
more useful spectral modifying
factor, Ma, is the lower function
composed of straight-line segments
to approximate (1A% {(Adapted
from: Suess, ed., 1982).

11.6. Repetitively Pul sed Laser Exposure

The values in the present standards for repetitive ocul ar
exposure have been based on limted data and devel oped from purely
enpirical extrapolations. The cunulative effect of repetitive
pul ses was considered to be a function of the duration of the
i ndi vidual pulse in a pulse train. For short pulses (duration |ess
than 10 ps), the EL for a single pulse was nultiplied by a
correction factor to provide a reduced exposure on a per-pul se
basis. This value was then conpared with the EL val ues for the
total energy and for a total exposure of the duration of the entire
train of exposures, to determine which limt would apply. For a

train of pulses, where the individual pulse duration exceeded 10
ns, a criterion based on total on-tine T, of the train of pulses
was applied to each individual pulse. This resulted in a reduced
EL for each pulse. However, all of these approaches were based
largely on studies in which the eye of the rhesus nonkey was
exposed to single pulses of "mninal inmage size"

More recent studies (Greiss et al., 1980) suggest that the

pul se thresholds add as a function of N for small inmge sizes,
but not for large image sizes. The letter Nrefers to the nunber
of pulses in the train.

11.7. Restrictions for Special Applications (O ass 3a)

The low risk of Class 2 lasers differs little fromthe [ ack of
risk of Class 1 lasers, in practice. Cass 2 lasers enmt a power
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of 0.4 pW- 1 mN a light level difficult to stare into because of
the aversion response. The risk increases significantly, when the
eye is unable to protect itself, as occurs when a visible |aser
beam i rradi ance exceeds 2.5 mWcnf (i.e., a total of 1 mWentering
the 7-mm pupil of the eye by either unaided or optically-aided
viewing). The laser classification denotes risk, when the laser is
vi ewed under worse-case conditions. In practice, if worst-case
conditions are sel dom experienced, further relaxations can be
applied for certain limted applications. An exanple of this is
the 5 mMWlint applied to the total power for surveying/ alignnent
of lasers. This recognizes that "noderate-risk" (Cass 3) |lasers
are sonetines needed in this application but that the benefit in
this application outweighs the noderate risk of the 1-5 nmnWvisible
| aser group (US DHEW 1979).

11.8. Present Standards of Exposure

11.8.1. Laser standards

A nunber of national and international standards have been
promul gated that show only mnor differences, sonme of which may be
partly resol ved, when future editions of the Anerican Nationa
Standards Institute (ANSI), British Standards Institute (BSI),
GOST, and the International Electrotechnical Comm ssion (IEC
appear.

Tabl es 7-11 present the nost recent set of occupational ELs,
those promul gated by the ANSI Z-136.1 Standard (ANSI, 1980) and the
threshold limt values (TLVs) of the American Conference of
CGovernmental Industrial Hygienists (ACAH, 1981), those given in
the draft International Electrotechnical Conm ssion standard (I EC,
in preparation), and the values nmentioned as "best available" in
Suess, ed. (1982).

11.8.1.1. Exposure linits

The tables and figures presented in this section are fromthe
ACA H bookl et Threshold limt values for chenmi cal substances and
physi cal agents in the workroom environnent with intended changes

for 1981 (ACA H, 1981). For this criteria docunent, the term
"exposure limt" is used.

Wil e the concept of an EL (or TLV) is that neither the genera
popul ati on nor workers should be intentionally exposed above the
[imt, accidental over-exposure nmay nhot always result in injury.

It is helpful to quote the TLV preanble given by ACAH "The
threshold limt values are for exposure to | aser radiation under
conditions to which nearly all workers may be exposed wi t hout
adverse effects. The val ues should be used as guides in the
control of exposures and should not be regarded as fine |ines
bet ween safe and dangerous |levels. They are based on the best
avail abl e information from experimental studies"

11.8.1.2. Repetitively pulsed | asers

Since the additive effects of nultiple pulses are not fully
under st ood, caution must be used in the evaluation of such
exposures. The exposure limts for irradiance or radi ant exposure
in nmultiple pulse trains have the following limitations:

(a) The exposure fromany single pulse in the trainis limted to
the exposure limt for a single conparable pulse;
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(b) The average irradiance for a group of pulses is linmted to the
EL (as given in Tables 7, 8, and 9) of a single pulse of the
same duration as the entire pul se group

(c) Wen the instantaneous Pul se Repetition Frequency (PRF) of any
pul ses within a train exceeds 1, the EL, applicable to each
pul se, is reduced by a factor (G, as shown in Fig. 26 for

pul se durations of less than 10°°> s. For pul ses of greater
duration, the EL of a pulse in the train is found by dividing
the EL of a longer pulse of duration Nt by N, where Nis the
nunber of pulses in the train, t is the duration of a single
pulse in the train, and the EL of Nt is the exposure linmt of
one pul se having a duration equal to Nt s. The "pul se"
duration Nt is known as the TOTP (total on tinme pulse), T; in
the ANSI standard. For a short group of N pulses, the reduced
EL will not be less than the single pulse EL divided by N

Repeat ed exposures at repetition rates of less than 1 Hz should
be considered additive over a 24-h peri od.

il:l w TTTT T T TTTTIT LI T T LI

[=]
—
T T TTT I
1

Eelative Dose per Fulse {Mp}*

0.0l Lol R I | Ll [ A
10 100 1000 10,000

Fulse Repetition Frequency | Hsz)

# IMF for PRF =1000 Hz is 0.06

Modifying foctor. Modification factor Cp {ordinate; line}
iz used for calculating the reduced single—-pulse EL of a
pulse in a train of pulses, if the pulse duration is less
than 10-3 s. Cp {so0lid line} is 0.06 for a PERF {F} greater

than 1 kHz. Experimental biological data for argon {e)
and neodymium {a} repetitive pulse trains for 0.5-s
total exposures by Skeen et al. {1972} are shown for
comparison.

Table 7. Exposure limts for direct ocul ar exposures (intrabeam vi ew ng)
froma | aser beam

Spectral Wavel ength Exposure tinme (t) Exposure linits
regi on seconds (s)
uvC 200 nmto 280 nm 10°° to 3 x 10* 3 mJ/ cnf
uvB 280 nmto 302 nm 10°° to 3 x 10* 3 ml/ cnf
303 nm 10°° to 3 x 10* 4 m)/ cnf
304 nm 10°° to 3 x 10% 6 ml/ cnt
305 nm 10°° to 3 x 10* 10 m)/ cnf
306 nm 10° to 3 x 10* 16 ml/cnf )
307 nm 10°° to 3 x 10* 25 m/ cnt )
308 nm 10° to 3 x 10* 40 mJ/cnf ) not to
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309 nm 10° to 3 x 10* 63 ml/cnf ) exceed
310 nm 10°° to 3 x 10* 100 mJ/cnf) 0.56t
311 nm 10° to 3 x 10* 160 m)/ cnf) J/cnf
312 nm 10°° to 3 x 10* 250 m)/ cnf)
313 nm 10°° to 3 x 10* 400 mi/ cnf)
314 nm 10° to 3 x 10* 630 mJ/ cnf)
315 nm 10°° to 3 x 10* 1.0 J/cnf)
315 nmto 400 nm 10°° to 10 0.56t Y4 J/cnf

UVA 315 nmto 400 nm 10 to 103 1.0 J/cnf
315 nmto 400 nm 10° to 3 x 10* 1.0 mWecen?

Spectral Wavel ength Exposure time (t) Exposure linits
regi on seconds (s)
Li ght 400 nmto 700 nm 10°to 1.8 x 10°° 5 x 10 7J/cnf
400 nmto 700 nm 1.8 x 10°° to 10 1.8(t/* "t) ml/cn?
400 nmto 549 nm 10 to 10% 10 m)/ cnt
500 nmto 700 nm 10 to T, 1.8(t/* "t) mi/cnf
550 nmto 700 nm T, to 10* 10Cz ml/ cn?f
400 nmto 700 nm 10* to 3 x 10* Cs pWent
| R-A 700 nmto 1049 nm 10°to 1.8 x 10° 5 Cy x 107 J/cn?
700 nmto 1049 nm 1.8 x 10°° to 10° 1.8Cy(t/%* "/t) mi/cnt
1050 nmto 1400 nm 10° to 5 x 104 5 x 10°% J/cn?
1050 nmto 1400 nm 5 x 10°% to 103 9(t/* "/t) mi/cnt
700 nmto 1400 nm 10° to 3 x 10% 320 Cy uWent
IRB&C 1.4 pmto 10° pm 10° to 107 102 J/cnt
1.4 pmto 10% um 10" to 10 0.56 * "/t) Jlcntf
1.4 pmto 10% um 10 to 3 x 10* 0.1 Wenf

The formula for Correction Factor Cy (Fig. 25) is

Ca = 1 for wavel ength (I anbda) of 400 nm- 700 nm
Ca = 10(0-002[lambda-700 nm}) ¢ o 700 nm < | anbda < 1050 nm and
Cy = 5 for 1050 < |l anbda < 1400 nm
G =1 for lanbda = 400 - 550 nm
Cg = 10(0-015[1ambda-5501) { or | anbda = 550 - 700 nm
T, = 10 s for g = 400 - 550 nm T, = 10 x 10(0-02(1ambda-5501) ¢ qop
| anmbda = 550 - 700 nm
For lanbda = 1.5 to 1.6 xi mincrease EL by 100 for periods of |ess
than 1 ys.
Table 8. Exposure limts for viewing a diffuse reflection of a

| aser beam or an extended source | aser

Spectral Exposure limts Wave- | engt h Exposure tine (t) (s)
region
w 200 nmto 400 nm 10° to 3 x 10* Same as Table 7
Li ght 400 nmto 700 nm 10°° to 10 10 % "t J/(cnf x sr)
400 nmto 549 nm 10 to 10% 21 J/ (cnf x sr)
550 nmto 700 nm 10 to T, 3.83 (t/ * "t) J/(cnf x sr)
550 nmto 700 nm T; to 10% 21/ Cs J/ (cnf x sr)
400 nmto 700 nm 10%* to 3 x 10* 2.1/Cs x 102 W{(cnf x sr)
| R-A 700 nmto 1400 nm 10° to 10 10Cs 2 "t J/(cnf x sr)
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700 nmto 1400 nm 10 to 10° 3.83Cxt/* "t)J/(cnf x sr)
700 nmto 1400 nm 10° to 3 x 10* 0.64Cy, W (cnf x sr)
IRB&C 1.4 umto 1 mm 10° to 3 x 10* Sane as Table 7

Spectral Wave-length Exposure time Exposure linits
regi on (t) (s)

w 200 nmto 400 nm 10° to 3x10* Same as Table 7
Light & 400 nmto 1400 nm 10°° to 1077 2Ca x 102 J/cnt

| R-A 400 nmto 1400 nm 10 to 10 1.1Cy ¥t Jlcnt

IRB&C 1.4 pmto 1 nm 10°° to 3 x 10* Sane as Table 6

Ca = 1.0 for lanbda = 400 - 700 nm see Fig. 25 for value at
greater wavel engt hs.

NOTE: To aid in the deternmination of ELs for exposure
durations requiring calculations of fractional powers,
Fig. 25 may be used.

Table 10. Additivity of effects on eye and skin fromdifferent spectral regions

W-C and W-B UV-A Visible and IRRA IR B and IR C
Spectral region 200- 315 nm 315-400 nm 400-1400 nm 1400- 10° nm
UW-C and UV-B eye
200-314 nm skin
UV- A eye eye
315 nm skin skin skin
Visible and IR-A eye
400- 1400 nm skin skin skin
IR-B and IR-C eye eye
1400- 10° nm skin skin skin
& Sone synergismis expected when 2 spectral bands illuninate the sane tissue

simul taneously. Exact fornmulae to treat these additive effects have not been
devel oped for nobst standards.

Table 11. Selected values of the mninumangl e of an extended

source that may be used for applying extended source ELs

Exposure duration Angle al pha

(s) (nrad)
10°° 8.0
1078 5. 43
107 3.72
1076 2.52
10°° 1.72
1074 2.2
1073 3.6
10°2 5.7
107! 9.2
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Exposure duration Angle al pha

(s) (nrad)
1.0 15
10 24
102 24
10° 24
10* 24

& For exposure durations of |ess
than 0.05 s al phayi, is |ess
for |anbda = 1050 to 1400 nm

11.8.1.3. Extended source | aser exposure

The ELs for "extended sources" apply to sources that subtend an
angl e greater than al phay, (Table 11), which varies with exposure
duration (t). This angle is not the beam divergence of the source
Limts expressed as either radiance or integrated radi ance may be
averaged over an angle as great as al phasn, or sanpled over a

source area as small as 1 mmin dianeter.

Tabl e 8 should be used to calculate the EL (as a bright ness)
for an extended source such as a hol ographic display or a screen
illuminated by a static or scanning | aser beam
Table 8 apply to viewing a diffuse reflection froma | aser beam
where a truly extensive retinal image occurs
are intentionally designed as diffuse sources (e.qg.
radi ate nonochromatic optical power and stil
ext ended source ELs of Table 8 apply to the direct output of the
| aser systemif the source is diffuse. As a further exanple,
| ow-qual ity sem conductor diode | aser or a semni conductor |aser
t he average radi ance

di ode array may be "extended". In this case,
of the diode array m ght be applied agai nst the extended source EL.
It nust be enphasized that, in alnost all instances,

is still a "point source” within definitions used by the standards.

To aid in determ ni ng when extended-source ELs are applicable,
the concept of al phasn, was invented. The value of al phay, is a
linear angle expressed in nrads and is the mninumview ng angle at
whi ch extended-source ELs apply. For view ng di stances beyond the
| ocati on where the source angle subtends an angle I ess than
al phannh, the source is considered froma safety standpoint to be a
"point source" and the intrabeamviewing criteria of Table 7 apply.
Because t he extended source ELs and the point source ELs do not
vary in exactly the same way as a function of pulse duration (or
exposure duration) (t), this limting angle al phay, varies with
exposure duration (Table 11). |Indeed al phay, is nothing nore than

The val ues in

Sone | aser devices
beacons) to
remain Class 1

al phasin = (4/pi) (EL [point source]/EL [extended source]) Equation (14)

11.8.1.4. Restriction on ELs

The ELs were devel oped for conditions of occupationa
and the underlying assunption is that nearly al
exposed to the | evels without adverse effects.
phot osensitive individuals may experience adverse effects at

| evel s for wavel engths of |ess than 500 nm

11.8.2. Standards for non-|aser sources

11.8.2.1. Introduction

wor kers nay be
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The nost commonly occurring hazardous effects fromarcs and
high-intensity lanps are ultraviol et erythema and photokeratitis.
Retinal injury fromsuch sources is seldomrecognized though it is
not unheard of. Considering that nuch was known about optica
radi ati on hazards prior to the devel opnment of the laser, it seens
sonmewhat surprising that ELs and safety standards for |anps and
arcs did not exist prior to | aser safety standards. Standards were
devel oped enpirically for eye protective filters for welders, but
were not based on ELs.

Bright sources emtting cwlight elicit a normal aversion or
pai n response that serves to protect the eye and skin frominjury.
Vi sual confort has often been used as an approxi nate hazard i ndex.
Eye protection baffles and other controls have been provi ded on
this basis. The determnination of shade nunber for wel ding goggles
is one exanple. The present standards for wel di ng goggl e
specifications were sinply based on a confort index for view ng the
arc. Since UVR and infrared radiati on were considered to be of no
value in view ng welding arcs, they were deliberately filtered out.
W and IR filtration factors exceeding those for |ight were
specified as the best that could be achieved with readily available
gl ass nmaterial s.

Quantitative guidance is often sought with regard to both eye
and skin safety in relation to new sources of radiation. Though
several safety limits for optical radiation have been proposed in
the literature within recent years, it is only for the ultraviol et
spectral region that there have been any wi dely accepted linits,
but even these have provoked controversy.

ELs applicable to broad-band sources such as open-arc
processes, arc |anps, incandescent |anps, and gas di scharge | anps
may differ considerably fromlaser ELs for two nain reasons. The
first is that the source normally emts in a broad spectral band.
Therefore, effects due to narrow wavel ength absorption or
coherence, which are potentially of concern with | aser exposure,
are not likely to have a substantial inpact on the hazards froma
broad- band source. All of the conposite optical spectral bands for
conventional sources nmust be eval uated separately. For instance,
ultraviolet hazard criteria differ conpletely fromlight hazard
criteria.

The second major difference between | aser and non-laser health
criteria results fromthe fact that nost hazardous | aser exposures

result fromview ng a point source, whereas hazardous | anps and
arcs are usually extended sources. 1In the devel opnment of a new

[ anp, any unwanted ultraviolet radiation should be filtered out by
the choice of an appropriately thick glass envel ope, based on
conputation, and assessnents of both acute and chronic risks and
actual UVR neasurenents. |In the past, nmanufacturers have watched
for acute effects in people exposed to prototype |anps.

The radi ance froma conventional source is generally physically
l[imted conpared with that of a | aser source. The exposure of an
i ndividual froma |anp source is seldomlikely to exceed that under
normal operating conditions. Laser output powers can change
enornously with slight changes in the |aser cavity.

11.8.2.2. WR Criteria

As previously noted, the health hazards associated with U/-B + C

exposure of the eye and skin are often considered separately from
those associated with UV-A
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In the devel opnent of health criteria for industrial UVR
exposure, the prine consideration nmust be ELs that would prevent
unwant ed acute and chronic effects. At the sane tinme, sinplicity
of measurenent and application are inportant. If a single
i nstrunment having a spectral response wei ghted agai nst the envel ope
action spectrumfor UV-B and W-C injury were devel oped, then a
di rect measurenent could be nmade of the UVR risk. Wthout a
spectrally integrating instrument, the spectral irradiance fromthe
source of interest can be neasured at the point of greatest concern
(normally the nearest point of access). This spectral irradiance
E amda 1S then weighted by the ACA H envel ope action curve S anda
(Fig. 27, Table 12 and 13) for wavel engths of |less than 320 nm

Irradionce {J.cm)

0.001 1 1 1 1 1 1
=00 BED 240 a0 280 300 320 40

Wawelength (nmmb

Threshold limit wvalues for OUVER.

Table 12. Relative spectra
ef fecti veness for sel ected wavel engt hs

Rel ative
spectra
Wavel engt h E anbda ef f ecti veness
(nm (m/cnf)  Siamda
200 100 0.03
210 40 0. 075
220 25 0.12
230 16 0.19
240 10 0. 30
250 7.0 0. 43
254 6.0 0.5
260 4.6 0. 65
270 3.0 1.0
280 3.4 0. 88
290 4.7 0.64
300 10 0.30
305 50 0. 06
310 200 0. 015
315 1000 0. 003

Table 13. ACA H ultraviolet exposure limts
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Duration of exposure Ef fective irradi ance,

per day Eerr (W cnf)
8 h 0.1

4 h 0.2

2 h 0.4
1h 0.8

30 min 1.7

15 mn 3.3

10 min 5

5 nmn 10

1 mn 50

30 s 100

10 s 300
1s 3000
0.5 s 6000
0.1 s 30 000

Al the preceding ELs for ultraviolet energy apply to sources
that subtend an angle | ess than 80°. Sources that subtend a
greater angle need to be neasured only over an angle of 80°

ACA H recommended val ues: The threshold limt values for
occupati onal exposure to UVR incident on skin or eye, where
i rradi ance val ues are known and exposure time is controlled, are as

foll ows:

1. For the near ultraviolet spectral region (320-400 nn,
total irradiance incident on the unprotected skin or eye
shoul d not exceed 1 mWcnf for periods greater than 10° s
(approximately 16 mn) and for exposure times |ess than
10% s shoul d not exceed one J/cnf.

2. For the actinic ultraviolet spectral region (200-315 nm,
radi ant exposure incident on the unprotected skin or eye
shoul d not exceed the values given in Table 10, within an
8- h peri od.

3. To determne the effective irradi ance of a broad-band
source wei ghted agai nst the peak of the spectra
ef fectiveness curve (270 nm, the follow ng weighting
formul a shoul d be used:
Eeir = SI GVA E anbda Sianbda del ta | anbda wher e

Eesif = effective irradiance relative to a nonochromatic
source at 270 nmin Went (J/s/cnf)

spectral irradiance in Wcnf/nm

E anbda

Samda = relative spectral effectiveness (unitless)
delta | anmbda = band width (nm

4. Perm ssible exposure tine in seconds for exposure to
actinic ultraviolet radiation incident on the unprotected
skin or eye may be conputed by dividing 0.003 J/cnf by
Eetr in Wenf. The exposure tine may al so be deternined
usi ng Table 13, which provi des exposure tinmes
corresponding to effective irradiances in pWcnf.
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Condi tioned (tanned) individuals can tolerate skin exposure in
excess of the TLV w thout erythemal effects. However, such
conditioning may not protect persons against skin cancer.

For the UV-A, ACGA H considered it reasonable to propose a
gui deline for ocul ar exposure so | ow that no conceivable thermal or
phot ochemi cal injury mechanisns were likely to be denonstrated. To
prevent thermal injury, it was assumed that, for exposure durations
of less than 100 s, the eye should be protected agai nst exposures
above 10 kJ/nf (1 J/cnf). Because of the |ack of adverse effects
reported in individuals working with ultraviolet "black Iight"
sources at levels of 1 mWcn?f (or above), it was presuned that a
| evel of 1 mWecnf, the approxi mate |evel of exposure of the eye to
UVA-A in outdoor reflected sunlight, would be a reasonabl e upper
l[imt for exposures lasting 1000 s or nore. The skin exposure limt
coul d presumably be increased by a factor of 5 for the |onger
exposure durations. To avoid thernmal effects at very short
exposure durations, the total UVR corneal irradi ance was al so
limted to 1 Wenf. It is now known that photochemnical effects
occur in both the eye and skin and that total daily doses of 20 -

100 J/cnf cause acute corneal opacities (Pitts et al., 1977
Zuchlich & Kurtin, 1977) and skin erythema fromthe UV-A (Parrish
et al., 1978). Hence, these UV-A criteria nust be applied with
great caution for conditions of very long (exceeding 4 h) exposure.

11.8.2.3. Retinal health criteria

Laser protection standards incorporate several sinplifications
that depend on the singl e-wavel ength and poi nt-source
characteristics of the laser. These standards nmay provide a too
conservative estimate of the real risk, if laser criteria are
applied to broad-band sources. No official standards exist for the
retinal risk evaluation of a broad-band source. Tentative
gui delines exist from ACG@H  To use these guidelines, both a blue-
light hazard function B | anbda and a retinal thermal injury
function R | anbda nmust be used. The source spectrum nay be wei ghted
to indicate conparative levels of risk fromthe two types of
retinal injury nechanisns. Using equation 13 (section 8.4.1.3), in
which the retinal irradiance E is directly proportional to the
radi ance L of the source, the square of the pupil dianmeter d, and
the transm ssion t of the ocular nedia. The retinal spectra
i rradi ance distribution can be calculated fromthe spectra
radi ance distribution Ljamnga and know edge of the spectra
transm ssion of the ocular nedia tauamda. | Nn the absence of a
radi ance standard, this approach can be used to calculate retina
| evels directly and to conpare themdirectly with threshol ds of
injury (Sliney & Freasier, 1973). However, the present approach is
to establish ELs for the spectrally wei ghted radi ances. These
safety weighting functions are given in Table 14. Spectral factors
wei ght ed agai nst the spectral radiance are then applied as shown in
sections 11.8.2.4 and 11.8.2.5.

Table 14. Spectral weighting functions for assessing
retinal risks from broad-band optical sources?

Bl ue- i ght Ther nal
Wavel engt h hazard function hazard function
(nm Bl anbda R anbda
400 0.10 1.0
405 0.20 2.0
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410 0. 40 4.0
415 0. 80 8.0
420 0.90 9.0
425 0.95 9.5
430 0.98 9.8
435 1.0 10
440 1.0 10
445 0. 97 9.7
450 0.94 9.4
455 0.90 9.0
460 0. 80 8.0
465 0.70 7.0
470 0. 62 6.2
475 0.55 5.5
Table 14 (contd.)

Bl ue-1i ght Ther mal
Wavel engt h hazard function hazard function
(nm B anbda R anbda
480 0. 45 4.5
485 0. 40 4.0
490 0.22 2.2
495 0.16 1.6
500- 600 10[ (450-1 anbda)/50] 1.0
600- 700 0. 001 1.0
700- 1049 0. 001 10[ ( 700- | anbda) / 500]
1050- 1400 0. 001 0.2

11.8.2.4. Retinal thermal risk evaluation

To protect against thermal retinal injury fromshort-term
exposures, the spectral radiance of the |anp wei ghted agai nst the
function R anbda (Table 14) should not exceed:

1400
SIGVA Ljamda Ramda delta |ambda L(Haz) = ~ t/(alpha t) W(cnf x sr)
400 Equati on (15)

where Liamda i S given in W(cnf x sr), t is the view ng duration
(or pulse duration if the lanp is pulse limted) which is linited
to 1l ns - 10 s, and alpha is the angul ar subtense of the source in
radi ans. The angle al pha should be limted to approximtely 0.1
radian. |If the lanp is oblong, alpha refers to the |ongest

di mension (1) that can be viewed. For instance, at a view ng

di stance (r) of 500 cmfroma tubular lanp 50 cmlong, the view ng
angle alpha is 1/r or 0.1 rad. Spectral radiance (Lanbda)
nmeasurements must be made at frequent wavel ength intervals (delta
| anbda) to preclude serious error. The delta |anbda should be |ess
than 5 nmin the W and blue end of the visible spectrum

11.8.2.5. Retinal blue-light risk evaluation

To protect against retinal injury fromblue-light exposure, the
i ntegrated spectral radiance of the |anp weighted with the bl ue-
light hazard function (Bjawga Of Tabl e 14) shoul d not exceed 100
J/cnf x sr for a duration of less that 10* or exceed 10 mW (cnf x
sr) for t > 10* s:
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1400

SIGVA Liambda X t X Biamda X delta lambda < 100 J/(cnf x sr) for t < 10* s

400 Equati on (16)
or

1400

SI GVA Liamvda X Biamda X delta |anbda < 10 W(cnf x sr) for t > 10* s

400 Equation (17)

and for a point source (al pha < 11 nrad)

1400

SI GVA Ejambda X t X Biamda X delta lambda < H(Haz) = 10 m)/cnf for t < 10* s

400 Equati on (18)

or

1400

SI GVA Ejampda X Biambda X delta lanbda < E(Haz) = 1 uWenf for t > 10* s

400 Equation (19)
These | evel s assune a constricted pupil, as would occur with

fixed view ng of any type of extended source with a radi ance

approaching the EL. For a spectrally weighted source radiance (L)

that exceeds 10 mW (cnf x sr) in the blue-light spectral region,

the perm ssible exposure duration tpa in s is sinmply:
1400

tmx = 100 J/(cnf x sr) [/ SIGVA Lianbda X Biamda X delta lanbda for t < 10* s
400 Equati on (20)

The extended-source limts are greater than the 198. ELs for a

440-nm | aser radi ation source given by either ANSI or ACAH, which

assune a 7-mm pupil rather than the 3-nmmused for the broad-band

source anal ysi s.

11.8.2.6. IR A risk analysis

The proposed ACGH EL also limted the IR-A and IR B infrared
radi ati on beyond 770 nmto 10 mWcnf to avoid possible
cat aract ogenesi s (the appearance of which nmay be del ayed). For an
infrared heat |lanp or other source that |acks a strong visual
stimulus, the radiance for wavel engths between 700 and 1400 nm for
| ong-termviewi ng should be limted to:

1400
SIGVA Ljamaa X delta |ambda < L(Haz) = [0.6/al pha] W (cnf x sr)
700 Equation (21)

This limt is also based on a 7-nmm pupil diameter.

NOTE: Equations 16 to 21 are enpirical and are not, strictly
speaki ng, dinmensionally correct. To nmake these fornul ae
correct, a dinmensional correction factor nust be inserted
into each formula. It is, therefore, inportant to use only
the units specified.

11.8.3. Infrared standards

There are no established non-laser, infrared (IR) health
standards. However, the laser ELs can be applied for broad-band
sources, if, in addition, the whole-body irradiation is eval uated.
Even irradi ances as | ow as 100 Wn? (10 mWcnf) can place an
unconfortable thermal |oad on the human body, especially when the
irradiation is not confined to one side of the body and this
radi ant heat | oad occurs along with high anbient air tenperatures.

In contrast, the IR laser EL for periods exceeding 10 s is 1 kWn?
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(100 mWcnf), assunming that the total irradiated area of the skin
or the eye will be small. For laser exposure the irradi ated area
is generally small, but this is not so likely when the body is
exposed to optical radiation fromnon-Ilaser sources; and heat
stress must be eval uat ed.

The determination of the wet-bul b-gl obe-tenperature (WBGT)
i ndex requires a conbination of a dry-bulb tenperature with a wet-
bul b (WB) tenperature (which involves humdity, air novenent, etc.)
and a bl ack-gl obe (BG tenperature (which includes the radi ant
(predominantly infrared) contribution). These three tenperatures
are weighted differently in two equations used for evaluating heat
stress - one for outdoor workers exposed to sunlight, another for
i ndoor workers exposed to infrared sources. The nature of the
skin's reflectance is such that much of the visible and IR-A are
reflected, whereas IR-B and IR-C are alnost totally absorbed. The
spectral reflectance of nost clothing is sonewhat simlar to that
of skinin the infrared. Qbviously the second formula would be
used in any IR risk evaluation. The ACAH fornula for indoor heat
stress is:

WBGT = 0.7 WB + 0.3 GT Equati on (22)

A heat-stress condition exists when this WBGI val ue exceeds 25 -
30 °C dependi ng on work | oad.

A major problemin any infrared safety standard concerned wth
wavel engt hs beyond 1.4 pmis anmbient IR C. The bl ack-body radi ant
exitance at 273 K (0 °C) is 32 mWcnt;, at 300 K (27.2 °C), it is 46
mVN cnf. A whol e-body irradiance of 20 - 50 mWcnf from radi ant
warners on a cold (0 °C) winter day is confortable; but the sane
irradi ance on a hot sumer day could bring on heat stress.
Therefore any IR safety standard shoul d di stinguish between all the
IR bands, and IR-Climts would have to vary with anbient
condi tions.

12. RI SK EVALUATI ON

There are three broad areas of concern for any potentially
hazardous optical source: (a) the potential of the source for
causi ng personal injury; (b) the environnent in which the |aser or
optical source is used; and (c) the individuals who operate and
those who are potentially at risk fromexposure to the enmtted
optical radiation. For both lasers and |anp systens, it is
possi ble to devel op a hazard classification schenme that would
greatly assist the health and safety professional in evaluating the
risk froman optical source in a particular environment (Anderson
1980a) .

It is inmportant to understand that the |laser classification
system was devel oped to aid the user in establishing a safety
programe for a particular |aser device to relieve the user and
al so the health and safety professional of the burden of detail ed
and often compl ex nmeasurenents or cal culations. The unique risks
and control neasures applicable to specific environnents depend on
the personnel potentially exposed and vary with each | aser
application. However, fortunately, nmany of the protection neasures
depend entirely, or to a great extent, on the |aser hazard
cl assification.

Since the control neasures required for Class 1 and Class 2
| aser systens are mninmal or nonexistent for the user, it is the
applications of Class 3 and Cass 4 lasers that require carefu
study of the risks, and the devel opnent of detailed contro
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neasures. There are several protective nethods, which can apply to
a Class 3 or a Class 4 |laser product. The total enclosure of the
source is certainly the nost desirable control mnmeasure. However,
since total enclosure with proper interlocks would result in a
Class 1 laser product, there is normally a reason why a | aser
systemwas not originally designed as a Cass 1 device. There are
a few instances where a specific enclosure nust be devel oped for
each application. Were the enclosure approach is feasible, this
solution is strongly reconmended.

Where the | aser beamis operated w thout being enclosed -
either indoors or out-of-doors - the |aser safety officer (a health
or safety professional or other special trained individual) has
great need of reference material and technical data. These data
include the reflective properties of materials found in the
envi ronment, attenuating properties of filters, w ndows, or other
encl osures, and a worki ng know edge of several aspects of optica
syst ens.

Several systemsafety itens should be considered for
i ncorporation in | aser system design, including:

beam att enuat ors;

i nterl ocks;

manual sw t ches;

t he encl osure;

em ssion indicators;
accidental laser firing;

beam di f f users;
mul ti pl e wavel engt hs;
node | ocki ng;
beam hot spot s.

12.1. Laser Hazard d assification

For the classification of a laser, the follow ng variables
concerned with output should be known: (a) the wavel ength or
wavel ength range; (b) the classification duration (i.e., in the
ANSI standard: how long is it possible for a person to be exposed
to an applicable EL); (c) average power output (for cw or
repetitively-pul sed lasers); and (d) total energy per pulse (or
peak power, pul se duration, PRF, and energent beam radi ant
exposures) for all pulsed |lasers. The |aser source radi ance or
i ntegrated radi ance and the nmaxi num vi ewi ng angul ar subtense is
required, if the source is an extended | aser source and is
operating in the retinal hazard region (400 - 1400 nm.

If the laser is nodified, after nanufacture, in a way that
coul d affect the hazard classification, then the user or the
i ndi vidual performng the nodification should reclassify the
nodi fi ed system

12.2. Environnental Considerations including Reflection and the
Probability of Exposure

Envi ronnment al consi derati ons probably play a greater role in
determning the control neasures for Cass 3 and C ass 4 |aser
systens, and these can only be evaluated by the user. These
envi ronnmental considerations include the possibility of reflections
(CGorodetski et al., 1968).

12.2.1. Reflections
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The three general types of reflection that nay be encountered
in many environnents are shown in Fig. 28. Diffuse reflections
normal ly greatly reduce the hazards of the primary beam though
for Class 4 visible and near-infrared | asers, hazardous diffuse
reflections are likely (Konorova et al., 1978). The dividing line
between Class 3 and Cass 4 visible and IR-A |l asers is defined by
di ffusely reflective hazard conditions. Reflections fromflat
mrrors produce substantial risks of hazardous exposure at
consi derabl e di stances fromthe reflector as can be seen in
Fig. 28. Were randomorientation of the reflectors can occur, the
potentialy hazardous area can be quite |large. Curved surface
specul ar reflections,on the other hand, are normally hazardous only
at relatively short distances of the order of nmagnitude of the
radi us of curvature fromthe reflector surface. Though specul ar
surfaces are of greatest concern in open |aboratory situations,
they are not unheard of in the outdoor use of lasers and in nedica
applications.

F = Diffuse
T Target

La=ser

= Flat
Laszer = Specular
Target

Curwed

Laser —é Specular

Reflections. Three general types of reflections are illustrated. Diffuse
reflections {top)} are generally not hazardous {except for Class 4), since
the collimated nature of the beam is destroyed. Specular reflections
{below)} are most dangerous, since the beam's collimation or point-source

character iz retained. {From: Suess, ed., 1982).

Absol ute val ues of spectral reflectance are relatively
uni nport ant because such values vary only by a factor of 10 - 20,
whereas the | aser beamirradi ance may exceed the applicable EL by
orders of magnitude above this factor

Most reported | aser accidents have occurred, when the
probability of exposure was very high. No discussion of reflection
hazards is therefore conplete without the consideration of the
probability of exposure. It nust be remenbered that the underlying
phi | osophy of the classification systemis that control neasures
shoul d increase with increasing risk of exposure as well as with
i ncreased severity of exposure.

12.2.2. Retroreflection

Sone materials exhibit a property known as retrodirective
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reflection. The reflection does not obey either the | aw of regular
(specul ar) reflection, or the cosine dependence of Lanbertian
reflection. A collimted indigent beammay remain collinmted and
be redirected along the original axis of propagation, regardl ess of
the angle of incidence at the retroflector. Corner cubes and sone
speci al i zed hi ghway signs are exanples of retroflectors.

12.2.3. Optically aided view ng

Nearly all |aser workers know that viewing a | aser source with
a tel escope may substantially increase the risk. This increase in
risk is nost dramatic for intra-beamview ng of a collinated

source. In this case, an increase in the power entering the eye is
possi bl e, because the dianeter of the objective (D,) of the

tel escope or binocular is much |arger than the pupil of the eye dp.
The actual increase in risk (G depends on whether the pupil of the
eye is larger or smaller than the exit pupil (D)) of the optica
system the spectral transmittance (tau amga) Of the optica
system at the | aser wavel ength(s), and the beam di aneter relative
to the objective (collecting aperture) dianeter.

When a bright object, larger than a point source, is viewed
through a wel |l -designed optical system the radi ant power reaching
the retina (visible and IR A) is theoretically increased by the
square of the instrument's magni fying power. However, since there
is a conmensurate increase in the area of the retinal inmage, the
retinal irradi ance remai ns unchanged, except for a slight reduction
because of reflective |oss and the absorption of light in the
optical system The retinal hazard in this case may increase in
sonme i nstances, since the thernal retinal injury threshold
decreases with increasing i mage si ze.

13. ACCI DENTAL | NJURI ES

At present, retinal injuries with |oss of sight foll ow ng
exposure to visible and IR A | aser radiation have been the nost
catastrophic of all effects fromlaser radiation (Boldry et al.
1981; Zhokov, 1981). Though the rel atively high-powered, far-
infrared | asers such as the cw, carbon-dioxide Iaser, have caused
numerous burns to the hands and cl othes, these are considered
i nconsequential in conparison with the serious retinal injuries.
One postal survey conducted several years ago (Rockwell & Gol dman
1974) appeared to indicate that there had been at |east 100
injuries to the eye fromlaser radiation in the USA. One
subj ective account in this regard was that of Decker (1977).

Despite such reports, surprisingly few serious injuries of the
eye have been reported in the last 15 years in relation to exposure
to pul sed lasers. This |ow accident rate cannot be accounted for
by assuming that the ocular ELs are too conservative. The
expl anation is probably that accidental exposure of the eye to a
collimted beamis nornally an extrenely renote possibility, if
precautions are taken to keep the eye out of the beam One of the
few situations in which the probability of hazardous exposure is
great is during work in the | aboratory and, each year, severa
retinal injuries are reported under these conditions. However, it
is difficult to ascertain the exposure conditions in sufficient
detail for useful threshold or injury data to be derived. Concern
may al so exi st regarding the potential bias in an individual's
description of the accidental exposure conditions to support a
claimof conmpliance with safety nmeasures. It is not clear whether
| aser exposures are always detected by the exposed individual, and
this may be a particular problemwith IR |lasers (Kasuba & Akifev,
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1977). 1t is known that retinal injury outside the nacula may have
little or no effect on everyday visual perfornmance and therefore
may not be detected subjectively.

14. CONTRCOL MEASURES

Ri sk control guidelines are not nmutually exclusive. Follow ng
one or two guidelines nmay reduce the risk to such an extent that
ot her recommended control mneasures, in that particular class, are
no | onger essential. For exanple, if the beampath of a Cass 4
| aser were enclosed, then it would hardly be necessary to renove
all glass objects, or other specular surfaces near the beam path
but outside the enclosure, nor would it seem necessary to wear eye
protectors. However, the eye protection m ght be necessary if the
encl osure were being nodified or during initial alignnent. The
decision to use any particular set of controls depends on use
condi ti ons and whether general popul ati on exposure is |ikely.

Tabl e 15 provides a brief list of the nost comonly reconmended
| aser control measures.

Table 15. Control neasures for general popul ation and occupati ona
exposure

|  Engineering control measures:

protective housing encl osure and servi ce panel requirenents;
interl ocks on the protective housing;

door interlocks and renote control connector
beam att enuator or beam shutter

key switch or padl ock over aperture cover
filtered view ng optics and wi ndows;

em ssi on delay (BRH);

warni ng |ights;

em ssion indicators (audible or visible);
encl osed area or room

beam encl osure;

renote firing and/ or nonitoring;

Il Personal protective equipnent:

eyewear;
cl ot hi ng;
gl oves;

[1l Administrative and procedural controls:

| aser safety officer

standard operating procedures (SOPs);
limtations on use by class;
education and training;

mai nt enance and servi ci ng nmanual s;
mar ki ng of protective devices;
war ni ng si gns and | abel s;

entry limtations for visitors, etc.
acci dent procedures.

Because of the risk associated with exposure to dass 4 high-
risk |asers, the safety precautions associated with these | aser
installations indoors, generally include the installation of door
interlocks to prevent exposure of unauthorized or transient
personnel entering the |aboratory, the use of baffles to terninate
the primary and any secondary beans, and the use of safety eyewear
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by personnel within the interlocked facility (Kl ost, 1971).

At one time, it was reconmended that ambient |ight |evels
shoul d be sufficient to constrict pupils. However, since a
constricted pupil provides only a snall safety factor, the
requi renment for good illumination, which renmains in present safety
standards, is related to good general visibility, as the wearing of
eye protectors reduces visual capabilities. Light-coloured, matt
surfaces in the roommninize glare, and thus pronote visibility.

In summary, the ability to analyse potential risks from any
| aser systemis enhanced by a broad know edge of optics, genera
| aser technol ogy, and the inmagi ng process of the human eye. A
| aser safety specialist should have a general background know edge
of optics with the basic know edge necessary to performa risk
analysis. It has been shown that the risk anal ysis depends on at
| east three aspects - the laser systemand its potential hazards,
the type of personnel who may be exposed, and, finally, the
reflective materials and other optically inportant materials in the
envi ronment that can influence the risk analysis.

15. HAZARDS OF LAVP SCURCES AND PRQIECTI ON SYSTEMS

The optical radiation emtted by a conventional |ight source,
either a bare lanp, a lumnaire, or a projection system can be
eval uated using the previously nmentioned tentative exposure lints
or gui delines.

Prior to exhaustive neasurenents and safety cal culations, it
may be worthwhile to deternine the need for a conprehensive risk
eval uati on. Many categories of |anps or other types of |ight
sources can be excluded fromall or several of the eval uations.
The following nmulti-step schene (Sliney & Wl barsht, 1980) nay be
useful in this regard
STEP 1 - Categorization of the lanp. Certain hazards are specific
for certain types of lanp or light source. The follow ng grouping
is useful:

(a) incandescent |anps and incandescent heating sources;

(b) | ow pressure discharge | anps;

(c) fluorescent |anps;

(d) high-intensity discharge (H D) | anps;

(e) short-arc (conpact arc) |anps;

(f) carbon arcs;

(g) solid-state sources (LEDs etc.);

(h) cathode-ray tubes (CRTs).

STEP 2 - Determination of the source envel ope. Any gl ass between
the actual source of radiation (e.g., the arc or tungsten filament)
and the point of access can greatly influence the potential hazard.
Soft (lime) glass of any reasonable thickness will greatly
attenuate UV-B and UV-C radiati on.

(a) Incandescent |anps, other than quartz-halide |anps,

normal |y have a sufficiently thick glass envel ope to
conmpl etely preclude a UVR hazard. The bl ue-Ilight
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hazard does not appear to be theoretically possible
at bl ack-body tenperatures bel ow 2000 K (Sliney &
Wl barsht, 1980), but nost filanments operate at

ef fective tenperatures exceedi ng 2000 K

(b) Low pressure discharge |anps. Low pressure discharge
| anps do not nornally present a retinal hazard,
because of the relatively | ow radiance. Only | anps
with quartz envel opes can transmt sufficient UV-B
and W-C to be of concern. O the comon | ow pressure

| anps,

only nmercury lanps can create a severe UVR

hazard. Many nmay be quite hot to the touch

(c) Fluorescent |anps. Low pressure tubular |anps in
al rost all cases have a thin glass envel ope, but
could often present a potential UVR hazard at the
surface. They do not represent a thernal retina
injury hazard and sel dom a bl ue-1ight hazard.

(d) HDIlanps. These |anps may present both bl ue-1light
and thermal retinal hazards, and possible UVR
hazards. Since nost |anp envel opes are glass, there
is little UVv-B | eakage. Nevertheless, the UV-B
| eakage may be of concern at very short distances
Quartz-nmercury H D lamps require a UVR ri sk
evaluation. |If the outer glass envelope of an H D
| anp breaks, hazardous WV levels will be emtted.
CGovernnental regulations in Canada and t he USA
require H D |anps to have a sel f-extingui shing
feature to preclude this hazard, unless the packagi ng
clearly warns agai nst use w thout adequate shiel ding.

(e) Short-arc lanps. O all the electric |anp categories,
this group will require the nost extensive risk
eval uation. Al potential hazards may be present
(UW-B/IC, W-A blue-light, retinal thermal injury,
and skin thermal injury). Because of the high
tenperature of the arc, a quartz envel ope (which
transmits UW-B and C) is characteristic. These |anps
are often used in WV photocuring processes in
i ndustry (Modss, 1980).

(f) Carbon arcs. Wiere a glass lens or filter plate does
not exi st between the open arc and a point of access,
the carbon arc, like the short-arc lanp, is
potentially injurious.

(g) Solid-state lanps (e.g., LEDs). The present solid-
state | anmps including LEDs, which enmt visible
radi ation, do not present any health risk, regardl ess
of the type of envel ope.

(h) Cathode-ray tubes (CRTs). Present CRTs enit optica
radiation at | evels that could pose a potenti al
heal th hazard (Wl barsht et al., 1980).

STEP 3 - The obtaining of avail abl e manufacturers' radionetric and
photonetric data and | anp descriptions. Any radionetric or
photonetric specification may be of value either for cal culation or
for direct interconparison with neasurenents. Spectral data are

nost useful .

The di nensions of the emtting area of the lanp wil

be required for retinal hazard eval uation.

STEP 4 - Conparison of lanp specifications with those of previously
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eval uated |l anps. Fromexperience, it is often possible to conplete
the risk evaluation with this step

STEP 5 - Perfornmance of detail ed spectroradi onetric neasurenents,
when necessary. |In addition, where feasible, neasurenents of

| um nance, illum nance, and total irradiance should be perforned.
These will provide confirmation of the spectroradionetric
neasurenents. The pul se duration nust be neasured for a pul sed
sour ce.

STEP 6 - Determination of the source di nensions. A photograph and

m crodensi tonmeter scan of the negative nay be necessary for a non-
uni form source. The maxi mum angul ar subtense al pha of the source

shoul d be cal cul ated at the point of human access or at 15 cm from
the source, whichever is closer.

STEP 7 - Estimation of the exposure and conparison with the
exposure limts to determ ne the degree of risk

STEP 8 - Consideration of potentially hazardous failure nodes. For
exanpl e, breakage of the outer envel ope of sone high-intensity

di scharge (HID) |lanps can create a serious UVR hazard (Anderson
1980b) .

16. PROJECTI ON OPTI CS

Br oad- band sources invol ving projection optics are nost
difficult to evaluate. Besides the problens encountered in
eval uati ng exposed | anps, the projected beam and proj ected source
size nmust be characterized. When viewing a collimted |ight source
fromwithin the beam (other than a | aser), a nagnified view of the
actual source will be seen. The source is generally a high-
brightness lanp. The brighter the |anp, the greater the naxinal
irradiance in the projected beam This is a consequence of the Law
of Conservation of Brightness (Radiance) (see, for exanple, Kline,
1970; or Sliney & Wl barsht, 1980). Sone usually safe | anps becone
hazardous to vi ew through projection optics, despite the fact that
the optics cannot nake the | anp brighter. The risk increases
because of the dependence of retinal injury on inmage size. Besides
the obvi ous projection sources - such as spotlights, searchlights,
slide projectors, and filmprojectors - solar concentrators and
ot her non-imaging light collectors nmay al so require risk
eval uation. Fromthe Law of Conservation of Radiance, it is
possible to evaluate the retinal risks from projector systens.
Collimating optics may consist of refracting elenents (Ilenses),
reflecting elements (curved mrrors), or both

17. SAFETY GUI DELI NES FOR HI G4 | NTENSI TY SOURCES

Since lanp or arc sources may be hazardous from severa
aspects, it may be hel pful to develop a safety classification
schene, simlar to the one applied to | aser products. The
foll owi ng scheme of Sliney & Wl barsht (1980) illustrates this
approach to evaluate the retinal risks from projector systens.

Both | anps and total |ighting systens could be included. The
categories could be as foll ows:

Safety G oup 1: Saf e sources. These |anps are considered
safe to view throughout the day. No warning |abel would be
required. Exanples: a frosted 15-Wfilanent lanp or a
TV-di spl ay, cathode-ray tube

Safety G oup 2: Lowri sk sources. These lanps are safe
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for monentary 0.25-s, unintentional view ng. Exanples:
nost spotlights and filmprojector |anp bulbs. A caution
| abel should be required on the | anp base, and possibly on
the projection systemitself. No ultraviolet or infrared
hazard woul d exi st at distances of nore than 10 cm from
the lanp or projected beam

Safety Group 3: Moder ate-ri sk sources. These |anps woul d
be unsafe to view at cl ose range, even nonentarily.
Presumably, skin injury could also occur fromultraviol et
radi ation as fromgermcidal |anps, sun |anps, and high
intensity UV-A | anps. A danger-label, clearly visible on
the equi prent, could be required. A comon |anp that mn ght
fit into this category would be a 600-1000- Wt ungst en-

hal ogen [ anp wi thout a Fresnel lens, such as is used for a
horme cine filmspot lanp. The energent beamirradi ance is
far in excess of that required to ignite paper within half
a netre of the source. Cbviously, the basis for the
determ nati on of a hazard classification would differ
according to whether the hazard classification criteria
were based on retinal or skin injury. Each neasurenent for
classification would be for a specified accessible
approach di stance, using a standard aperture and solid
angl e of acceptance. The m ni num approach di stance coul d
vary with application. Qher exanples that m ght be
included in this category are some very high intensity,
short-pul se, laser flash tubes, and 20 kW xenon-arc
searchlights.

Safety Group 4: Hi gh-ri sk sources. These sources would
cause skin burns and/or erythema within a standardi zed
peri od of exposure (e.g., within 10 s) at a standardi zed
di stance at which the effective W irradi ance woul d exceed
3 Wnt (0.3 mWecnf), or the total irradiance across the

entire spectrumwoul d exceed 2 kWn? (0.2 Wcnf). Exanpl es
of such sources are an open carbon-arc spotlight or an

open 1-kWnercury lanmp. |1t may be that safety groups 3 and
4 are so simlar in degree of risk, that they could be
conbi ned.

18. VELDI NG ARCS

The nost comon high-intensity arc is probably the welding arc.
These arcs vary in brightness and in UVR content, primarily
according to the arc current, type of shielding gas, and the netals
bei ng wel ded.

The greatest popul ati on exposed to intense sources of optica
radi ation are welders and their assistants. The Anerican Wl di ng
Society estimated that there may be as many as 500 000 wel ders in
the USA al one (Emrett & Horstman, 1976). The two broad categories
of wel di ng equi pment are gas (acetyl ene) wel di ng equi pnrent and
el ectric-arc wel ding equipnment. A gas welding torch or cutting
torch has a | um nance not nuch greater than a candle flane,
typically ranging from 10 to 200 kcd/nf (1-20 cd/cnf), and the UWR
emssion is quite small. The optical radiation hazards of such
torches are virtually nonexistant. Wlding filter goggl es used
with such torches are to reduce glare, and are little darker than
very dark sungl asses having a shade nunber of the order of 3 - 5
(visual transmittance of 5 - 15 %9. On the other hand, electric
wel ding arcs may be 1000 tinmes brighter than gas torches and enit
UVR at proportionately higher levels (Sutter et al., 1972).

Protective shields, curtains, screens for bystanders, and
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wel ders' goggles are the standard protective equi pnent used in

wel ding (Mayer et al., 1979; Sliney et al., 1981). Protective
procedures and protective equi prent for the wel der have been

devel oped enpirically over the last three-quarters of a century.
Only very recently have detail ed nmeasurenents of the radionetric
out put of welding arcs been available. Wen these neasurenents
were carefully conpared with exposure linmts being devel oped for
protection against bright |ight sources, it was shown that the
enpirically-devel oped protective equi pnent standards were adequate.

19. EYE AND SKI N PROTECTI ON
19.1. Laser Safety Eyewear

From a safety point of view, the nost desirable |aser hazard
control measure is conplete enclosure of the laser or |aser system
however, this may not al ways be practical and | aser eye protectors
are generally the best alternative. Though nost industrial |aser
applications do not require the use of eye protectors, this is not
al ways true for laser applications in the research |aboratory. Eye
protectors provide the sinplest solution to the |laser safety
problem for a constantly changi ng experinental arrangenent. Severa
factors play a role in determ ning whether eyewear is necessary in
any situation. At |east three output paraneters of the |aser nust
be known: maxi num exposure duration, wavel ength, and out put power
(or output irradiance, or radi ant exposure, or energy), as well as
the applicable safe corneal radiant exposure. In addition, sone
know edge of such environnmental factors as anbient lighting and the
nature of the |laser operation may al so be required.

Laser eye protection generally consists of a filter (often
conposed of several individual filter plates) which selectively
attenuates at specific | aser wavel engths, but el sewhere transmts
as nmuch visible radiation as possible (Swpe & Koester, 1965;
Schrei beis, 1968; Scherr et al., 1969; Swope, 1969, 1970; Straub
1970; Sliney, 1974). Eyewear is available in several designs -
spect acl es, coverall types with opaque side-shields, and coveral
types with sonewhat transparent filter side-shields. The selection
of appropriate |aser protective eyewear may be conplex (Envall &
Murray, 1979). Active electronic inmaging devices have al so served
an additional role, as eye protection

19.2. Welders' Filters

Eye protection filters, which were originally devel oped for
wel ders, were based nore on available materials than on know edge
of ocul ar protection requirements. The first organized study of
glass filter materials was carried out by Sir WIliam Crookes
(1914) in England. Optical transm ssion characteristics are now
standardi zed as "shades" and specified for particular applications
(Coblentz et al., 1931; Stair, 1948; ANSI, 1978). Though maxi num
transmttances for ultraviolet and infrared radiation are specified
for each shade, the nmean photopic visual transmittance tau,, or
visual optical density D,, has traditionally been used to define
t he shade nunber S:

S=(7/3) Db +1=-1Intau, +1 Equation (23)
or D,=(3/7) (S- 1) Equation (24)
wher e D, = -1 0910 tauy Equati on (25)

19.3 Eye Protection for Furnace Radi ation
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As well as protective clothing and equi pnent, nmany industri al
net hods now used probably reduce the | evel of glass furnace
radiation to which the eye is exposed. For instance, the openings
to higher tenperature furnaces are a great deal smaller than they
have been in past years; this would reduce the total irradi ance of
the eye frominfrared radiation. There are sufficient data and
cases of a very specific formof cataract in workers to suggest
that infrared does, indeed, cause gl ass-blower's or furnaceman's
cataract (Duke-El der, 1972).

19.4. Eye Protection Filters for Solar Radiation

Direct viewing of the sun, for whatever reason, requires
protection agai nst several different portions of the spectrum A
yel l owi sh or reddish filter generally protects against ultraviolet
radi ati on. Protection against intense visible rays should be
weighted to filter out nore of the blue-light than the rest of the
visible spectrum It is generally found that a shade 12 or 13
welder's filter is quite adequate to protect against ultraviolet
radiation, infrared, and visible radiation. The protection
afforded against the IR, however, is far greater than necessary.

The use of darkened coloured slides is not advisable, since
these slides (usually nmade by devel opi ng unexposed colour filn) use
organi c dyes that transmt in the near-infrared (IR-A) spectra
band.

19.5. Skin Protecting Agents for UVR (Sunscreens)

A number of topical, physical, and chenical screening agents
have been devel oped that provide nearly total or partial filtration
of ultraviolet radiation. Since actinic UV-B and UV-C radiation
are the nost hazardous, efforts to devel op topical agents have
concentrated primarily on filtering out this type of radiation. The
chem cal agents in these "sunscreens" include para-amn nobenzoic
acids (PABA) and its esters, salicylates, and cyanamates. These
materials are mixed in solution with substances that have good
substantivity (i.e., adhere to the skin) (Dahling et al., 1970;
Fitzpatrick et al., 1974).

19.6. Protective Grnments

Al um ni zed fabrics were greatly inproved during vari ous nmanned
space programres (Stoll & Chiantra, 1971). Such fabrics, when used
in thernmal protective garnents, have been shown to offer equival ent
or superior reflective and nechani cal properties conpared with
conventional alum nized asbestos garments (Wen et al., 1977).

Al umi ni zed rayon (basket weave) and certain al um nized cottons were
shown to allow the | east transm ssion of infrared radiation

20. MEDI CAL SURVEI LLANCE ( RATI ONALE)

In the past two decades, many enpl oyees working routinely with
| asers have been subjected to preplacenent, periodic, and end- of -
job eye exam nations in order to obtain sufficient information
concerning the risk of retinal damage. Many of these studies
i ndi cated that periodic eye exanmi nations rarely located hitherto
unsuspected retinal damage. |n general, published reports of
opht hal m ¢ acci dents have been those in which the acute over-
exposure was sufficient to subjectively alert the individua
(Hat haway et al., 1977). Thus, many authorities (Suess, ed., 1982)
suggest that ophthal m ¢ exam nati ons are unnecessary for
i ndividuals routinely working with ass 1 and 2 lasers, and that,
if requested, the exami nations should be confined to those working
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with Cass 3 or 4 systens only.

An examination is required within 24 - 48 h of any event in
whi ch the worker suspects, or knows, that the eye m ght have been
exposed. Laser |esions change in appearance and may even tend to
di sappear within the heterogeneous appearance of the fundus wthin
a period of tine, so that ophthal m c exam nations, sone tinme after
exposure, may be difficult to interpret.

21. FORMAL TRAI NI NG FOR LASER WORKERS

It is necessary to establish a safety programme that assures
the safe use of |asers and other radiation sources. To assure
know edge of, and conpliance with, applicable standards, a certain
amount of formalized teaching is often necessary.

At work places, a specific individual should be assigned to
mai ntain and enforce the safety programe (in sone countries this
individual is ternmed a | aser safety officer (LSO).

Al'l workers occupied with, or working near, the radiation
source should be included in the teaching programe.

The object is to nake workers and work | eaders aware of the
risks of lasers, howto avoid the hazards, the proper use of
protective devices, and how to realize when overexposure has taken
pl ace.
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GLOSSARY

ACQUSTI CO- OPTIC: involving the interaction of |ight and an acoustic
wave. Acoustico-optic devices such as Q switches and nodul ators
are used in nmanipul ating | aser beans.

ACTIVE MEDIUM the atom c or nol ecul ar species which can provide
gain for laser oscillation. Also called |aser nmedium |asing
medi um or active material.

ANGSTROM (A): a non-SI unit equal to 107! nmetre. |Its use as a
unit of optical wavel ength has largely been supplanted in recent

years by the nanometre (10°° netre).

ARC LAMP: an electric lanp in which current passes through the
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ioni zed air between two el ectrodes, giving off light. Applications
i ncl ude | aser excitation.

ATOM C LASER a gas laser in which the active material is an atonic
speci es rather than a nol ecul e.

ATTENUATION: reduction in intensity that results when optica

radi ati on travel s through an absorbing or scattering nmedium |In
optical fibre, attenuation (in decibels) equals 10 log ( P/ Piyn),
where P, is the power at the output end of the fibre and P, is
the power launched into the fibre.

AVERAGE POVER: in a repetitively pulsed |aser, the energy per pul se
times the repetition rate. Wen the energy per pulse is expressed
in joules and the repetition rate in hertz, the average power is
expressed in watts.

BEAM DI AVETER: the di stance between the two opposing points at
which the irradi ance or radiant exposure is a specified fraction
(typically 1/e or 1/e? of the irradiance or radiant exposure of
the emtted radiation.

BEAM DI VERGENCE: the increase in beamdiameter with distance from
the laser's exit aperture. Measured in milliradians at specified
points, usually where irradiance or radiant exposure is 1/e or 1/e?
t he maxi mum val ue, and expressed as the "full-angle" divergence.

BOLOVETER a type of detector which neasures infrared radiation by
the tenperature-induced change of resistance in a netal foi
exposed to the radiation and heated by it.

BREWSTER ANCLE: the angl e between an incident beamof |ight and a
dielectric reflecting surface at which none of the |ight polarized
in the plane of incidence is reflected. Brewster's angle is

tan'! ny n;, where n;, and n, are the indexes of refraction of the
first and second media respectively. A w ndow nounted at
Brewster's angle with respect to an incident beamis often used as
a window in | aser cavities.

CALORI METER. a type of detector that neasures heat produced by
absorption of radiation.

CHEM CAL LASER: a type of laser in which the population inversion
is produced directly by an "elenentary" chenical reaction (a
collision process in which one or nore nol ecul es undergo changes in
their chem cal bonds).

COHERENCE: a fixed phase rel ationship anong various points of an
el ectromagnetic wave in space (spatial coherence) or in tine
(tenporal coherence).

COLLI MATOR: an optical device for converting a diverging or
convergi ng beamof light into a collimated or parallel beam or for
expandi ng or reducing the cross-sectional area of an incident
collimted beam A target collimator projects a parallel beamfrom
its own light source such that, viewed fromany di stance, the |light
source appears to be at infinity.

CONTI NUOUS WAVE (cw) LASER OPERATI ON: | aser operation in which
radiation is enmtted continuously.

CORE: the central region of an optical fibre. The core nust have a

hi gher refractive index than the cladding for light to be
transmtted through the fibre via total internal reflection
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CORNER CUBE: an optical conponent with three nutually perpendicul ar
faces and a hypotenuse face. Because light entering through the
hypotenuse is totally internally reflected at each perpendicul ar
face, the cube acts as a retroreflector. Also known as corner

refl ector.

CRYSTAL LASER. a type of laser in which the active nediumis an
atomi c species in a crystal such as ruby, YAG (yttrium al um ni um
garnet), or YALO (yttrium alum nate).

DETECTOR: see PHOTODETECTOR

DI FFRACTI ON: devi ation of light rays fromthe paths predicted by
geonetical optics.

Dl CDE LASER: see SEM CONDUCTOR LASER

DI SPERSI ON: variation of the refractive index of an optica

material with change in wavelength, as in a prism in an optica
fibre, the tenporal spreading of a light pulse due to the fibre's
di fferent propagation speeds for different wavel engt hs and nodes of
light. Such spreading limts the fibre's information-carrying
capacity of bandwi dth.

DI VERGENCE: see BEAM DI VERGENCE

DYE LASER a type of laser in which the active nediumis an organic
dye, generally in solution with the liquid either flow ng or
encapsul ated within a cell. Experinental solid and gas dye | asers
al so have been built. Also called organic-dye, tunable-dye or
['iquid | aser.

ELECTRON- BEAM SUSTAI NED LASER: a nol ecul ar-gas | aser in which the
el ectrical discharge is sustained with a beam of high-energy
electrons. Usually injected transversely to the |aser cavity's
optical axis, the electron beampermts |aser operation at
pressures and cross-section-to-length ratios higher than possible
wi th an unsustai ned discharge. This technique is often used in
commer ci al carbon-di oxide lasers with very high continuous-wave
out put power.

ELECTRO OPTI C. applying to nodul ators, Q switches and ot her beam
mani pul ati ng devices in which operation relies on nodification of a

material's refractive indices by an applied electrical field. 1In a
Kerr cell the index change is proportional to the square of the
electrical field, and the material is usually a liquid. 1In a

Pockel s cell the material is a crystal whose index change is |inear
with the electric field.

EM SSIVITY: ratio of radiant exitance of a thermal radiator to that
of a full radiator (black body) at the same tenperature - (1SO
31/ VI 1980).

EXCI MER LASER: a laser in which the active mediumis an exciner, a
nol ecul e which is chemcally unstable except in its excited state.
The termoften is applied to lasers in which the active nediumis a

rare-gas halide (or nonohalide) excimer such as KrF or XeF .

GAS LASER a type of laser in which the active nediumis a gas.

The category is subclassified according to the active nediuminto
atomi ¢ (such as heliumneon), nolecular (carbon dioxide, hydrogen
cyani de and water vapour), ionic (argon, krypton, xenon, and the
met al - vapour types such as helium cadm um and hel i um sel eni un), and
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exciner (typically rare-gas halides). Loosely applied, "ion

argon and krypton.

neans

GLASS LASER a type of solid-state laser in which the active medi um
is a glass rod doped with rare-earth atonms, usually neodym um

HERTZ (Hz): the SI unit of frequency of periodic phenonena. It
repl aces the non-SlI unit "cycles per second". The nunber of pul ses
per second that a | aser can produce may be expressed in hertz.

HOLOGRAM a recording of the interference of coherent |ight

refl ected froman object with light direct fromthe sane source or
reflected froma mrror. |Illumnation of the hol ogram reproduces
the object's three-di nensional inmage.

| MAGE CONVERTER: an el ectron tube which produces a visual replica
of an image formed on its cathode by sone form of el ectronagnetic
radiation. In an inmage converter canera, the imge forned by the
el ectron tube is focused on to photographic filmfor a permanent
record.

| NFRARED: el ectromagnetic radiation with wavel ength between 0.76
mcronetre and about 1 mllinetre. Wavel engths at the shorter end
of this range are frequently called "near" infrared, and those

| onger than about 20 micronetres, "far" infrared.

| NTEGRATED OPTI CS: devices in which several optical conponents are
"integrated" on to a single substrate; analogous to integrated
electronic circuits. Although still in the research phase,
integrated optics has potential for use in optical signa
processing and in fibre-optic comunications.

| NTERFERENCE FI LTER: an optical conponent which depends on
interference in a series of thin filns deposited on a substrate to
[imt transmi ssion to a desired spectral band.

| ON LASER: a type in which the active elenent is an ionized gas,
general |y argon or Kkrypton

| RRADI ANCE ( E): radiant flux per unit area, expressed in watts per
square centinetre.

LASER: acronym for "light anplication by stinmulated enission of
radi ation." A device which generates or anplifies el ectronagnetic
oscillations at wavel engths between the far infrared
(submlIlinetre) and ultraviolet. Like any electromagnetic
oscillator, a laser oscillator consists of two basic elenents: an
anplifying (active) mediumand a regeneration or feedback device
(resonant cavity). A laser's anplifying nediumcan be a gas,

sem conductor, dye solution, etc; feedback is typically fromtwo
mrrors. Distinctive properties of the el ectromagnetic
oscillations produced include nonochromaticity, high intensity,
smal | beam di vergence, and phase coherence. As a description of a
device, "laser" refers to the active nediumplus all equipnent
necessary to produce the effect called |asing.

LASER DI ODE: see SEM CONDUCTOR LASER.

LED: abbreviation of light-emtting diode. A seniconductor
emtting incoherent light into a broad field of view, used in | ow
speed or short-haul fibre-optic links. WMst LEDs used in fibre-
optic applications enmit in the near infrared.

LI DAR: acronym for "light detection and ranging," a system
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enpl oying a | aser beamto gather ranging infornation as well as
intelligence on reflection and scattering of |ight by clouds and
at nospheri c pol |l utants.

LI QUI D LASER: a type in which the active elenent is either an
organi ¢ dye or an inorganic liquid. See also DYE LASER

MULTI MODE: emi ssion at several frequencies sinultaneously,
generally cl osely spaced, each frequency representing a different
node of |aser oscillation inthe resonant cavity.

Nd- GLASS: neodym um doped gl ass, used in sone solid state | asers.
The neodynmium atons are the active nedi um

Nd- YAG neodynmi um doped yttriumal unmi ni umgarnet (YAG, a crysta
which is used in sone solid state |asers. The neodym um atons are
the active medi um

NEUTRAL DENSITY FILTER a filter which reduces the intensity of
light without affecting its spectral character

NONLI NEAR EFFECTS: changes in a mediumtransnmitting el ectromagnetic
waves that are proportional to the second, third or higher powers
of external electric field. Nonlinear optical effects include

har moni ¢ generation and the electro-optic effect. See electro-
optic.

OPTI CALLY PUMPED LASER: a | aser whose active nediumis excited by
another light source to produce a popul ation inversion. For solid-
state and sone dye |lasers this source usually is an incoherent type
such as a flash- or arc-lanp. For gas and other dye | asers,
coherent | aser sources generally provide such optical punping.

PARAMETRI C OSCI LLATOR: a nonlinear device, usually a crystal, which
produces tunable | aser oscillations at the sumor difference
frequency of mxed | aser beans. Al so called tunable paranetric
oscillator or optical paranmetric oscillator. Loosely applied to
the conplete instrunent containing the punp |laser and the tuning
crystal.

PHOTCDETECTOR: any devi ce which detects light, generally producing
an electronic signal with intensity proportional to that of the
i nci dent 1ight.

PHOTON: a nmassl ess "particle" of electromagnetic radiation, with
energy equal to hc/lanbda where h is Planck's constant (6.6 x 10 3
joul e second) and c/lanbda is the frequency of the radiation (speed
of light divided by wavel ength).

POLARI ZER: an optical conponent which only transmits |ightwaves
that oscillate in a given plane.

POPULATI ON | NVERSI ON: a condition in which nost atons of a species
are in an excited, nmetastable state. Collision of a photon wth
such an atom causes the atomto relax to a | ower energy state, and
to enmit a second photon, anplifying the Iight signal. Population
inversion is required for lasing to occur.

PULSELENGTH: the duration of the burst of energy enmitted by a
pul sed or @ switched | aser. Expressed in seconds and usually
nmeasured at the half-power (half the full height of a voltage or
current pulse). Also called pul sew dth.

PULSED LASER: a laser that emits light in pul ses rather than
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conti nuously.

PUWP: the energy source (such as flashlanmp, electron beam or
current supply) that drives the anplification in the active medi um
of a laser by creating a popul ation inversion

PYRCELECTRI C CRYSTAL: a type of crystal that shows el ectrica
effects when its tenperature is changed; these effects are used to
detect infrared radiation.

Q SWTCH: essentially a "shutter" which prevents | aser em ssion
until opened. Q stands for "quality factor" of the laser's
resonant cavity. "Active" Qswitching is achieved with a rotating
mrror or prism Kerr or Pockels cell, or acoustico-optic device;
"passive" Qswitching is achieved with a saturable absorber such as
a gas or dye. In a pulsed laser a Q switch increases pul se power
by shortening pul se duration while not significantly decreasing the
energy; in a continuous wave | aser the device provides shorter and
nore intense pul ses at a higher repetition rate than could be

achi eved by pulsing the laser directly.

RADIANCE ( L): At a point of a surface and in a given direction

the radiant intensity of an el enent of the surface, divided by the
area of the orthogonal projection of this elenent on a plane

per pendi cul ar to the given direction (I1SO 31/6-1980). Expressed in
watts per steradian square centinetre.

RADI ANT FLUX: the rate of flow of radiant energy, neasured in
watts.

RADI OVETER: an instrument for measuring incident radiation in
radionetric units (watts). Radionmetric nmeasurenents can be nade at
any wavel ength, but the spectral range of a particular instrunent
may be limted to a narrow range

RADI OVETRIC UNITS: units defined for measurenent of the intensity
of electromagnetic radiation; the basic unit is the Sl unit watt.

RAMAN EFFECT: the appearance of additional weak lines in the
spectrum of light that has been scattered by a transparent
substance. The extra lines result fromrotational or vibrationa
transitions of the nolecules in the scattering medium |If the
mediumis illuminated with laser light of sufficient intensity, the
em ssion at the Raman frequencies is anplified, exhibiting
characteristics of stinulated enmission (i.e., stinulated Ranan
effect.).

REFLECTANCE: the ratio of wave energy reflected froma surface to
the wave energy incident on a surface.

SEM CONDUCTOR LASER: a type in which the active material is a
sem conductor, either a diode or honogeneous. Conmerci al
types are generally diodes in which lasing occurs at the
junction of n-type and p-type sem conductors, usually gallium
arseni de or galliumalunniumarseni de. Honbgeneous types are
nmade of undoped sem conductor material and are punped by an

el ectron beam

SCLI D- STATE LASER a type the active nmedi umof which is an atomic
species in a glass or crystal. The atonic species may be added to
the glass or crystal, as neodymumis added to glass, or nmay be
instrinic, as chromumis in ruby. This termis generally not
applied to sem conductor | asers.
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SUPER- RADI ANT: applying to coherent optical anplification of
spont aneous em ssion that occurs w thout relaxation processes.
Commonl y used to describe a | aser whose gain is high enough to
permit amplification without mrrors; exanples are nitrogen and
nol ecul ar hydrogen. Beamquality of a super radiant laser is
generally inferior to that of a laser with a conplete optica
cavity. "Super-fluorescent" has been proposed as a nore precise
description of this type of |aser.

TEA LASER: acronym for transversely excited, atnospheric pressure
|aser. A gas laser in which excitation of the active nediumis
transverse to the flow of the medium Because of shorter breakdown
I ength, this type operates in a gas-pressure range higher than that
for longitudinally excited gas |lasers (but not necessarily

at nospheric) and offers a potentially higher power output per unit
vol umes because of a greater density of |asing nolecules.

TUNABLE LASER. a | aser or a paranetric oscillator whose em ssion
can be varied across a broad spectral range.

ULTRAVI CLET: el ectronmagnetic radiation with wavel engt hs between
about 40 and 400 nanonetres. Radiation between 40 and 200 nmis
ternmed "vacuumul traviolet" because it is absorbed by air and
travels only through a vacuum The "near" ultraviol et has

wavel engths close to those of visible light; the "far" ultraviol et
has shorter wavel engt hs.

YAG yttriumalum niumgarnet, a crystal host which can be doped
with an active |laser nedium usually neodym um

YALO. yttrium alum nate (YA103), a crystal host doped with an
active | aser nmedium usually neodym um

YLF: yttriumlithiumfluoride, a crystal host which can be doped

with an active laser ion, usually hol m um

See Al so:
Toxi col ogi cal Abbrevi ations
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