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PREFACE 

The use cf non-ionizing radiation (NIR) sources in the scientific, 
medical, industrial and domestic areas is becoming increasingly widespread. 
Concern has been expressed of the increased possibility of exposure of 
employees and of the public to NIR. Regulatory authorities have the role of 
ensuring that all organisations using NIR sources keep the exposure of all 
persons below prescribed limits. 

The Australian Radiation Laboratory is frequently asked to provide expert 
advice on NIR devices in terms of radiation levels, hazard evaluations and 
personnel protection. To assist Radiation Protection Officers and personnel 
associated with regulatory authorities, hospitals and private organisations, 
ARL is offering a three day course on non-ionizing radiation measurement and 
protection. The course is designed with mornings devoted to lectures and 
afternoons to practical work. 

The lecture notes which are reproduced in this report draw together the 
basic information on NIR protection including essential quantities and units, 
biological interactions, protection standards, measurement techniques and 
personnel protection. 

The practical work is performed under the supervision of ARL staff and is 
directly related to topics covered in the lectures. A list of experiments and 
staff involved is included. 

The skill and patience of Miss Judy E\ans and Mrs Rhonda Austin in typing 
this report is gratefully acknowledged. 
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PRACTICAL SESSIONS 

Radiofrequency and Microwave Radiation 
(K.H. Joyner and M. Bangay) 

1. Broadband measurements of radiofrequency radiation: 
The use of broadband monitors for surveying microwave ovens, RF 
heaters and shortwave diathermy units will be investigated. 
Measurement errors and compliance with standards will be discussed. 

2. Spectral measurements of radiofrequency radiation: 
The spectrally resolved emission from a VDT will be determined using 
a calibrated spectrum analyser with E- and H-field detectors. 

Laser Radiation 
(M.A. Cornelius and V. Delpizzo) 

3. Measurement of the output of a pulsed and scanned lasers: 
Thermal and quantum detectors will be used to determine the safety 
classification of a high power, low repetition rate laser and of a 
lower power, cw scanned laser. 

4. Measurement of the output of a cw laser product: 
A thermopile will be used to determine the protective measures needed 
for a high power laser. Photographic techniques will be used to 
evaluate the infrared output from a fiber light guide coupled to a 
laser diode. 

Ultraviolet Radiation 
(H.P. Gies, G. Elliott, C.R. Roy and F.J. Wilkinson) 

5. Broadband measurements of ultraviolet radiation: 
Radiometry and the radiometer, optical filters, instrument 
calibration, measurement of ultraviolet radiation emissions, errors 
and compliance with standards. 

6. Spectral measurements of ultraviolet radiation: 
Spectroradiometry and the spectroradiometer, monochromator 
characteristics, measurement system calibration, spectral 
measurements of ultraviolet radiation emissions, errors, biological 
response weighting and compliance with standards. 



LECTURE 1 

N0N-I0NIZIN6 ELECTROMAGNETIC RADIATION 

M H Repacholi 

Royal Adelaide Hospital 

ABSTRACT 
Non-ionizing electromagnetic radiation (NIR) incorporates all radiations 

of the electromagnetic spectrum that do not normally have enough energy to 
produce ionization in matter. This radiation has an energy per photon less 
than 12.4eV, wavelengths longer than lOOnm and frequencies lower than 
3000THZ. Included in the NIR part of the spectrum are optical radiation 
(ultraviolet (UV), visible, infrared (IR), lasers), radiofrequency (RF) 
(including microwaves), extremely low frequency (ELF) fields and static 
electric and magnetic fields. 

This paper provides some basic information on the physical 
characteristics, mechanisms of interaction and biological effects of all NIR 
except lasers, which will be covered in a separate paper. With the imminent 
introduction of medical resonance imaging (MRI) into Australia, details will 
be provided on magnetic fields. 

INTRODUCTION 
Human and other life forms have evolved in a complex milieu of 

electromagnetic fields spanning the spectrum (see Figure 1) from near-zero 
frequency (atmospheric electric fields, geomagnetic fields) to high-energy 
regions associated with radiation occurring naturally in the environment 
(cosmic and ionizing radiation from natura'. radioisotopes). Man has long been 
aware of the role that radiation of visible and other optical radiations play 
in life processes. The effects of gamma, X, and ultraviolet radiation on 
genetic material are examples of phenomena in which the mechanisms of effect 
are direct and fairly well understood. In other parts of the NIR 
electromagnetic spectrum there is an incomplete understanding of the 
evolutionary necessity, the biological significance, and the mechanisms of 
Interaction of these fields with living matter. 
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Figure 1: The spectrum of non-ionizing electromagnetic radiation. 

Over the past few decades man has drastically altered the environmental 
electromagnetic fields so that both the likelihood and the level of exposure 
of many life forms have increased by many orders of magnitude. These 
increases have resulted from numerous sources in industry, commerce, medicine, 
research and the home. 

Questions have been raised as to whether adequate measures are being taken 
to guard the user and the general public from the possible adverse effects of 
NIR. In contrast to ionizing radiation, radiation of longer wavelengths is 
Intrinsically less energetic and usually interacts with human tissue primarily 
by generating heat. 

Nonionizing radiation pervades the entire environment but, except for the 
narrow spectrum of visible radiation, it is unperceived by any of the human 
senses unless its intensity becomes so great that it is felt as heat. 
Differences i;i wavelengths, even within a single type of radiation, are 
particularly Important when evaluating hazards from exposure to NIR. The 
ability of the radiation TO penetrate into the human body and the sites of 
absorption differ from one type of radiation to another. 



DIVISION OF THE NIR SPECTRUM 
The basic divisions of the NIR spectrum are shown in Table 1 (from WHO, 

1982). This table gives the ranges of frequency, wavelength and energy per 
photon of NIR. Many of the subdivisions are arbitrary, such as those for 
ultraviolet - extreme (vacuum), far and near. The terms far and near refer to 
subdivisions of UV and IR and are used to denote "distance" from the visible 
part of the spectrum. I t is common now to rerer to the UV-A, UV-B, UV-C and 
IR-A, IR-B and IR-C subdivisions where the "A" subdivision is closest to the 
visible region. 

TABLE 1 
RANGES OF FREQUENCY, WAVELENGTH AND ENERGY FOR SOME TYPE OF 

ELECTROMAGNETIC RADIATION (WHO, 1982) 

Typa of radiation Fraquancy ranga8. Wavatangth ranga* Enargy ranga par photon* * 

Ionizing > 3000 THz < 100 nm > 12.40 «V 

Ultravloltt (UV) (nonionizing Part) 3000 _ 750 THz 100 — 400 nm 12.40 - 3.10 aV 
axtrama (vacuum) 3 X 10' to 30000 — 1580 1 to 10 — 190 1240 to 124 — 6.53 
far .580 _ 1000 190 — 3 0 0 6.53 — 4.13 
naar 1000 — 750 3 0 0 — 4 0 0 4.13 — 3.10 
UV-C C 3000 — 1070 100 — 280 12.40 — 4.43 
UV-B C 1070 — 952 2 8 0 — 315 4.43 — 3.94 
UV-A C ("black light") 9 5 2 - 750 315 - 400 3.94 - 3.10 

Vitibla light'' 750 - 385 THz 4 0 0 - 780 nm 3.10 - 1.59 aV 

Infrarad (IR) 
IRA^ 

3 8 5 _ 0.3 THz 0.78 _ 1000 urn 1590 _ 1.24 ma V Infrarad (IR) 
IRA^ 385 _ 214 0.78 — 1.4 1590 — 386 
Ifl-B* 214 _ 100 1.4 — 3 886 — 413 
IR-C* 100 — 0.3 3 — 1000 413 — 1.24 
naar 385 _ 100 0.78 — 3 1590 — 413 
middla 100 _ 10 3 — 30 413 — 41.33 
far 1 0 _ 0.3 3 0 _ 1000 41 _ 1.24 

Littri 1500 — 15 0.2 _ 2 0 6200 — 6 2 
Clan 1 — non-rltk'aaar davicas 
ClMf 2 — low-rltk, low powar latar davicat 
Clata 3a -low-ritk, madium-powar latar lavicat 
Clatt 3o-modarata-riak, madlum-powar laiar davlcaa 
Class 4 -high-risk, hlgh-powar latar davicat 

Mlcrowava !MW| 3 0 0 _ 0.3 GHz 1 _ 1000 mm 1240 _ 1.24 uaV 
£HF (axtramal/ nlgn traquanclat) 3 0 0 _ 30 1 — 10 1240 — 124 
SHF (tupar-higr rraquanciat) 3 0 — 3 10 — 100 124 — 12.40 
UMF (ultra-high fraquanciat) 3 _ 0.3 100 — 1000 12 — 1.24 

Badtr 56 — 0.23 5.4 - 1300 230 - 0.95 

Radlofraquancy (RF) 300 - 0.1 MHZ 1 - 3000 m 1240 - 0.41 nmV 
VHF (vary high fraquanciat) 300 - 3 0 1 10 1240 - 124 
HF (high fraquanclat) 30 - 3 1 0 - 100 124 - 12.4 
MF (madium fraquanciat) 3 - 0.3 100 - 1000 12 - 1.24 

" Tha rangat glvan ara only approximation!, tinea no pracita limits can da daflnad. 
~ Tha flgurat givan iara hava ganarally baan roi ndad up or down to tha third significant digit 
'Radiation Dandt of biological tlgniflcanca datlgnatad by tha International Commiation on Illumination (CIE) 

Tha visibility limit! of tha human aya vary among individuals batwaan about 380-400 nm and 750-780 nm. 

Radiofrequency fields incorporate the microwave region and have been 
subdivided into frequency bands. I t should be noted that the divisions within 
the NIR spectrum have evolved by convention rather than with thought of 
different biological effects or interaction mechanisms. 
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QUANTITIES AND UNITS 

A detailed review of the concepts, quantities, units and terminology for 
NIR protection is given in INIRC/IRPA (1985). 

For optical radiation (UV, visible and IR) two systems of quantities and 
units are used, the radiometric and photometric systems. Table 2 (from 
WHO/IRPA, 1982) gives the most commonly used quantities and units in these 
systems. The radiometric system is used for all the optical radiations while 
the photometric system is limited to describing visible light. The more 
commonly used radiometric units are radiance and irradiance, and it is 
important to know the distinction between them. The radiance at a point on a 
surface and in a given direction is the radiation intensity of an element of 
the surface divided by the area of the orthogonal projection of this element 
on a plane perpendicular to the given direction. Radiance is expressed in 

2 watts per steradian per square metre (W/sr/m ). Irradiance is the radiant 
flux onto a unit area of surface and is expressed in watts per square metre 

2 
(W/m ). Other quantities that will be used in this course are the 
integrated radiance (i.e. radiance integrated over a given time interval, 
measured in joules per steradian per square metre), spectral radiance 
(radiance restricted to a narrow wavelength band), and integrated spectral 
radiance, (integrated radiance restricted to a narrow wavelength band). 

When radiofrequency (RF) energy is absorbed in a medium, the most obvious 
effect is heating, so the radiation intensity can be determined 
calorimetrically. In SI terminology this radiant intensity, irradiance or 
more commonly "power density" is expressed in watts per square metre 

2 (W/m ). The associated electric (E) and magnetic (H) field strengths can be 
equally valid expressions of radiant energy flow. Their units are volt per 
metre (V/m) and ampere per metre (A/m) respectively. In the far field (at 
distances generally greater than one wavelength from the source), either V/m 
or A/m can be used to describe the intensity of energy flow since there is a 

2 
constant phase relationship between E and H (E/H^120ir;. Their product VA/m 
may be expressed as W/m', or the power density derived from E /IẐ ir or 
2 

H x 120*. The source can be regarded as a point where the inverse square 
law holds. 

However, in the near field, at points normally less than one wavelength 
from the source, there is not a constant phase relationship between I and H 
and so both the electric and magnetic field strengths mu<;t De given to 
properly express the intensity of the field. In the near field, the inverse 
square law does not hold. 



TABLE 2 
USEFUL CIE RADIOMETRIC AND PHOTOMETRIC QUANTITIES AND UNITS (a.b) 

(WHO/IRPA, 1982) 

RADlOM£TIIIC 

Term Symbol Defining equation Quantity 
applicable! 

SI units » 
abbreviations 

Radiant e.iergy Q ( S, R joule (J) 

Radiant energy 
dens icy U c 

d Q e F 

Ut • dV 
joule per cubic 
metre (J/*») 

Radiant power 
(radiant (lux) a (P 

•*<>• S, * watt (U) 

Radiant 
exitance 

<"• . watt per aquare 
metre (U/o 1 ) 

• jL e'coa'dO 

Irradiance or 
flux denaity E e 

(dose rate in 
photobiology) 

U.2- watt per square 
•etre (»/«') 

Radiant 
ineensity 
(W/sr 1) 

"*e 
dfl 

watt per 
steradian 

Radiance i J'*e S. F. 
dll'dA'cos' 

watc per 
stcradian and 
per square metre 
(W/sr/m») 

Radiant 
exposure 
(dose in 
photobiology) 

dQe 
H. • dA 

joule per square 
metre (J/m 1) 

Radiant 
efficiency £ n, 
(of a source) 

unitless 

Optical D e " - l o*10 Te unitless 

PHOTOMETRIC 

Term Synbot Defining equation SI abbreviations 
t units 

Quantity of Q v 

light 
J»>lt lumen-second 

(lm-f) 

Luminous 
energy drnnicy W v 

JQv lumen-second per 
cubic metre 

Luminous flux * <»•. 
• v • 680 / d W ( l)dx 

lumen d m ) 

Luminous 
exitance H u 

_d* v lumen per iquarf 
metre (lm/m 1) 

• Jty'coaiVf) 

t\luminance 
(luminous E^ 
dent icy) 

E u • dA 
lumen per square 
met re (lm/m') 



TABLE 2 (Continued) 
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Luminous 
intensity 
(candlepower) 

I . I v - dr 
Kmen per 
tteradian ( l a i r ) 
or candela (cd) 

Luminance H. " V " ' • . candela per square " V 
L v • dr *dA "cos* M l r t (ed/m 1) 

Li(l>t exposure 
H„ 

• JMt 

lux-sec o..d 
( U t ) 

Luaiinoua 
efficacy (of 
radiation) 

K 
lumen per watt 
(lm/W) 

Luainous 
afficiancy 
(of a broad 
baud radiation] 

V(») 
K 

VC) - J * , -
K 

680 
uni t le ia 

Luminous 
efficacy * % 

lumen per watt 
(Im/W) 

Optical 
density 1 °v D„ - - l o t " T w 

unit ies* 

Retinal 
illuminance 
( in trolands) 

*t *t " l-«-Sp 
Troland (td) • 
luminance of 1 cd/ 
m" tistes pupil 
area in mm' 

The quantit ies nay be altered to refer to narrow spectral bands, in 
which case the rcrs i s preceded by the word spectral , and the unit is 
then per unit of vsvclength and the symbol hss a subscribe \. For 
example, spectral irradisnee Hi has units of W/U'm) or more 
often, W/Um'-nm). 

While the metre i s the preferred unit of length, the centimetre i s s t i l l 
the^swst commonly used unit of length for many of the above terms and 
the nm or urn arc most commonly used to express waveleigth. 

Some radiometric quantities refer only to the source, f i e l d , or 
receiver. This noted in th i s column. 

At the source, dH ; at a receptor, it 

L • dd'cos* L - defease 

P, i s e l ec tr i ca l input power in wat ts . 

T i s the transmission; D v i s s l so abbrevieterf as O.D. 

When dpscribing extremely low frequency (ELF) fields, with frequencies up 
to about 300Hz, the wavelengths are of the order of hundreds to thousands of 
kilometres, and so you are virtually always in the near f ield. Thus both the 
E and H fields must be given. 
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The fundamental vector quantities describing a magnetic field are the 

field strength (H) and the flux density (B) (or equivalently, the magnetic 
induction). B is defined in terms of the force F exerted on a charge q moving 
with a velocity v: 

E = q (Y. x B) 

where the term in the brackets is the cross product of the vectors y and B. B 
2 2 is expressed in tesla(T) where IT = lV.s/m = lWb/m . Wb is the symbol 

for the unit called the Weber. 

The relationship between B and H is given by 

\ B = „H 

\ 
where v = magnetic permeability of the medium. 

\ 
\ The CGS unit fhr magnetic field strength is oersted, and for magnetic 

induction is gauss\. The SI and C6S conversion factors are: 
\ \ \ 

Si \ CGS Term 
\ 3 lA/m = 4*/10 oersted field strength (H) 

IT = 16 gauss flux density (B) 

In the CGS system, for biological materials where the permeability in free 
space equals 1, B can be set numerically equal to H as a close approximation. 

BIOLOGICAL ACTION OF NIR 
A review of the biological effects and mechanisms of NIR interaction with 

living tissues has been ths subject of a number of reviews (WHO/IRPA), 1979, 
1981, 1982, 1984; WHO, 1982; NCRP, 1981, Repacholi, 1984). In this section, 
each of the NIR are dealt with separately and summaries of the interaction 
mechanisms, biological effects data and human hoalth risk are given. 

Optical Radiations 
The ability of optical radiation to damage the skin and eyes depends on 

their transmission and absorption in the critical organ. Figure 2 shows the 
penetration of the optical radiation into the skin and figure 3 shows the 
absorption of UV in the eye. 
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Figure 3: Absorption of UV radiation into the eye. 
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Mechanisms of Action 

The biological effects of exposure to all optical radiation are mainly .0 
the skin and eyes and can be divided into three major categories; thermal 
(including thermo-mechanical), photochemical, and direct electric field 
effects. 

The latter effect is a special case which relates to the exposure to 
picosecond (ps) pulses producing non linear effects in the tissue. It is 
believed that certain biological effects can be explained as an action of the 
direct electric field of the incident photons. This effect will not be dealt 
with further in this text. Most primary biological effects can be related to 
the thermal and photochemical mechanisms of injury. 

Thermal injury mechanisms require radiant energy to be absorbed by the 
tissue, sufficiently fast to create a substantial increase above normal tissue 
temperature (typically 10-25°C above normal temperature within periods of a 
minute or less). There is no dependence on the photon energy except that the 
energy must be absorbed - so the distribution of energy absorption will be 
wavelength dependent. Heat will be conducted away from the area, so presence 
of blood vessels and the size of the irradiated volume, as well as spectral 
absorption will influence the injury threshold. For very short, high 
intensity exposures, microexplosions or thermo-mechanical effects may become 
important. 

Photochemical reactions take place when single photons have sufficient 
quantum energy to convert individual molecules to one or more different 
molecules. This is demonstrated when a reciprocity relationship between 
irradiance (dose-rate) and exposure duration exists. That is, a constant 
radiant exposure (dose) is required to elicit the response over a wide 
variation of exposure durations. There are times for which biological repair 
comes into play. In some instances both photochemical and thermal mechanisms 
may contribute to the final biological effect, and may enhance one another. 

Biological Effects 
The principal injuries to the skin and eye from the various optical 

radiations are summarised in Table 3. Optical radiation effects on the eye 
vary significantly with wavelength. The effects of UV are generally 
photochemical, on the lens and cornea. Visible and IR-A present a hazard to 
the retina because of the imaging characteristics of the eye. 
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Table 3. Summary of injuries produced in humans 

exposed to optical radiations 

Radiation Skin Eye 

UV Erythema 
Aging 
Skin Cancer 
Photosensitive reaction 

Photokeratitis 
Conjunctivitis 
Cataract 
Corneal oedema 

Visible Photosensitive reactions Retinal injury 
Burn 

Near Infrared Burn 
Heat stress 

Cataract 
Retinal injury 
Corneal injury 

Far Infrared Burn 
Heat stress 

Corneal injury 

The cornea and conjunctiva are tissues with sensory receptors that serve 
as triggers of protective reflexes for mechanical and thermal agents. 
Epithelial cells have a life span of only 2-5 days. If this death rate 
increases (as with exposure to UV producing photokeratitis) and if replacement 
is not in step with the loss, small erosions will develop that elicit a pain 
sensation. Disturbances of the corneal epithelium, especially the inner call 
layer (endothelium) will result in oedema. This can reduce the transparency 
of the cornea or even make it opaque. 

UV-B and UV-C are absorbed 1n the cornea and conjunctiva and at 
sufficiently high doses will cause keratoconjunctivitis. The UV causes damage 
to the epithelial cells which would normally be repaired in a day or so. 
Severe exposures may cause scars, seen as a milky appearance, or sometimes 
induce an invasion of the cornea by blood vessels. High doses of IR-B and 
IR-C can also cause damage to the cornea. 
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The lens, like the cornea, is not optically homogeneous, but it is 

transparent in the visible range of the spectrum. Lens fibres or ribbon-like 
cells are quite sensitive to injury, as injury to any single fibre will, in 
time, extend throughout the entire fibre cell. 

A disturbance of cell elements or the fibre will cause hydration of the 
fibre, resulting in an increase in light scattering. Extensive damage of this 
nature will cause the lens to have milky appearance (a cataract). The lens 
has much the same sensitivity to UV as the cornea, although with exposure to 
UV-A, there is a substantial transmission in the cornea and higher absorption 
in the lens. UV-B appears strongly effective in causing lenticular opacities, 
although there is evidence that UV-A can induce photosensitized oxidation of 
the lens. 

The retina is particularly vulnerable to optical radiation in a special 
domain known as the "retinal hazard region". This region incorporates both 
visible and near infrared radiation. Because of the refractive power of the 
cornea and the lens to this radiation, there is a dramatic increase in 
irradiance between the cornea and the retina. Typically retinal injury 
results in a blind spot (a scotoma) within the irradiated area. If the 
scotoma is located in the fovea (most sensitive area of the retina for direct 
viewing), a severe visual handicap results. The size of the scotoma depends 
on the irradiance above a threshold level, the angular extent of the source, 
and the extent of accommodation. 

As shown in Table 3, injuries to the skin are wavelength dependent. At 
high enough intensities both visible and IR produce burns. IR can also 
produce whole body heat stress. Visible light can induce photosensitising 
reactions similar to those produced by UV. The main injuries caused by UV are 
accelerated aging and skin cancer. 

Erythema (e.g., the reddening of the skin in sunburn) is the most commonly 
observed effect on skin after exposure to UV. Erythema is a photochemical 
response of the skin normally resulting from overexposure to wavelengths in 
the UV-C and UV-B regions (180-315nm). Exposure to UV-A alone can produce 

5 2 erythema, but only at very high radiant exposures (>10 J/m ). UV-A 
exposure prior to UV-B exposure may slightly intensify the erythemal 
response. This additive effect is known as photoaugmentation. Erythema 
induced by the longer UV-B wavelengths (295-315nm) is more severe and persists 
for a longer period that induced by shorter wavelengths. 
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The Increased severity and time course of the erythema may result from the 

deeper penetration of these wavelengths Into the epidermis. In general It Is 
accepted that UV releases a number of diffusing mediators, which In turn carry 
the inflammatory effect Into deeper skin layers. Action spectra for different 
grades of erythema are quite different. For the most severe grade of erythema 
maximum sensitivity occurs between 290 and 300nm. The minimal erythema doses 

2 (MED) for untanned, lightly pigmented skin range from 60 to 300 J/m . Skin 
pigmentation and "conditioning" (thickening of the stratum corneum and 
tanning) may result in an increase of the NCO by at least one order of 
magnitude. 

Chronic exposure to sunlight, especially the UV-B component, accelerates 
the skin aging process and increases the risk of developing skin cancer. 
Exact quantitative dose-response relationships have not yet been established 
although fair-skinned individuals, especially of Celtic origin, are much more 
prone to develop skin cancer. Only a few quantitative studies have examined 
work populations chronically exposed to artificial sources of UV-B to 
determine whether there is an increased skin cancer risk in the occupational 
environment. Squamous cell carcinoma is the most common type. This is 
localized at exposed sites (e.g., hands and back of the neck). 

The use of certain drugs can enhance an individual's sensitivity to UV. 
This enhanced sensitivity is used successfully in the treatment of psoriasis; 
UV-A activates the molecules of psoralen, a drug ingested by the patient 
before exposure. This action leads to a reduction in skin-cell proliferation 
in the areas exposed to UV. However, an inadvertent increase in sensitivity 
to UV can occur with such drugs as 

sulfas, 
diuretics (drugs which rid the body of excess fluid) and drugs for 
the treatment of high blood pressure containing diuretics (e.g., 
hydrochlorothiazide), 
certain antibiotics (e.g., tetracyclines), 
estrogens (used for the treatment of menopause and other 
gynaecological problems), 
tranquilizers containing phenothlazlne derivatives, 
griseofulvin (for treatment of ringworm), and 
sulfonylurea-contalning drugs or oral hypoglycemic agents used in 
treatment of diabetes. 
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Cosmetic ingredients (in perfumes, deodorants, soaps) may react with UV to 

produce photoallergy or phototoxic effects (e.g., redness, itching, hives, 
blistering, or uneven pigmentation). It is wise not to apply these products 
to the exposed snin before tanning. 

Some fruits and vegetables, such as carrots and parsnips, also contain 
sensitizing chemicals. 

Human Health Risk 
The International Non-Ionizing Radiation Committee of the International 

Radiation Protection Assoriation has recently completed a review of the 
scientific literature on biological effects of optical radiation (WHO/IRPA, 
1982) and used this as a basis for the development of standards for UV and 
lasers (INIRC/IRPA, 1985a). Since there are wide variations in threshold 
values and exposure history (conditioning) among individuals, some margin of 
safety was incorporated in the IRPA guidelines (INIRC/IRPA, 1985a) for UV to 
protect all but the mcst sensitive individuals. However, the exposure limits 
may not provide adequate protection for photosensitive individuals or for 
normal individuals exposed concomitantly to chemicals, pharmaceuticals or 
photosensitizers, and special precautions must be taken for such cases. 

Compliance with the exposure limits in the IRPA guidelines should reduce 
the risk of chronic skin effects by preventing acute effects and limiting 
life-long UV exposure. 

In addition to the direct UV effects, very intense UV-C sources may also 
produce hazardous concentrations of ozone and nitrous oxides from the air and 
of phosgene gas in the presence of degreasers. 

Radiofrequencv and Microwaves 

Absorption of Energy 
When a biological organism is exposed to radiofrequency or microwave 

radiation, electric and magnetic fields are induced within it. A perfect 
dielectric absorbs no energy from the electromagnetic field, and the field is 
propagated through the medium unattenuated. A lossy dielectric, by 
definition, has finite conductivity and there is ration of free ions 
(conduction loss), and molecular rotation (dielectric loss). Both processes 
result in energy transfer from the field to the i,edium. This absorbed energy 



14 
will be the source of any work (electrical, mechanical, chemical, etc.) and a 
temperature rise results. 

The total power absorbed and its spatial distribution within a human body 
are functions of the following: 

(i) Electromagnetic field frequency, with the maximum total absorption in 
the whole body occurring at a certain ratio of the body dimensions to 
the wavelength; when the long body axis is parallel to the electric 
field, the maximum (resonant) absorption occurs for a ratio of body 
length to wavelength equal to about 0.4, while in other orientations 
(the long body axis parallel to the direction of propagation or the 
magnetic field) the maximum absorption is for a body length 
approximately equal to the wavelength. 

(ii) Field polarisation. 

(iii) Body to radiation source configuration; far-field versus near-field 
exposure conditions. 

(iv) Exposure environment; presence of other objects in the vicinity of 
the source and/or the exposed body. 

(v) Electrical properties (dielectric constant and conductivity) of the 
tissue. These depend critically on the water content and on relative 
amounts of free and bound water present. Higher absorption levels 
and lower penetration depths are found in biological media with a 
relatively high dielectric constant such as brain, muscle, skin and 
other tissue of high water content, whereas lower absorption levels 
and greater penetration depth are found in biological media with a 
low dielectric constant such as bone and fat. 

Knowing the electrical and geometrical characteristics of the irradiated 
body and the external exposure conditions, it 1s possible (in principle) to 
calculate the internal fields and the rate at which energy is absorbed 
throughout the interior of the irradiated tissue. An exact mathematical 
determination of the Internal fields is possible only for objects having a 
simple geometry such as a plane, sphere, or cylinder, exposed to incident 
radiation which can be well characterised. Power absorption can be estimated 
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in more realistic geometries by calculations using numerical methods. Even 
the best theoretic .1 models are relatively crude because of various 
limitations in the methods. Experimental measurements of the magnitude and 
distribution of the specific absorption rate (SAR, expressed in W/kg) in the 
bodies of exposed animals and models of man can be made. The total amount of 
energy absorbed by an exposed animal and the distribution of that energy 
within the animal will vary greatly (up to several orders of magnitude) 
depending on frequency, animal size, and orientation. 

Exposure of biological systems to radiofrequency or microwave energy leads 
to temperature elevation when the rate of energy absorption exceeds the rate 
of heat dissipation. Whether the resultant temperature elevation is to the 
whole body or confined to specific anatomical sites, depends on: 

(a) the distribution of the electric field (SAR) within the body, and 

(b) the passive and active thermoregulatory rcechanisms available to the 
particular biological entity. 

Passive thermoregulatory mechanisms consist of heat radiation, conduction, 
convection and evaporative cooling. In fur-bearing animals and clothed 
humans, heat loss by radiation and evaporative cooling is poor. The efficacy 
of heat convection between a body and its immediate environment is a function 
of the environmental conditions. By way of example, convective heat loss is 
less in still air than in an environment with moderate air flow. 

Active thermoregulatory mechanisms potentiate passive heat transfer 
mechanisms by employing internal circulating fluids (such as blood) to 
transfer heat from internal regions to external regions where passive heat 
radiation and convection are more effective. In some fur-bearing animals, an 
efficient mechanism is the movement of internally-warmed blood to the lungs; 
heat in the lungs is then transferred to the inspired air by convection and 
expired into the environment. Another mechanism (especially in man) is 
cutaneous vasodilation, resulting in the transfer of internal heat to the skin 
where it can be radiated and convected into the surrounding environment. 
Sweating from the skin of humans and the paws and snout of fur-bearing animals 
provides a means of heat transfer; evaporation of the fluid permits rapid heat 
loss into the environment. 
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The possibility of local internal 'hot spots' exists if: 

(a) the rate of energy absorption is relatively high compared to the 
vascular heat transfer capacity of the local region (i.e., lens of 
the eye, necrotic centre of tumour, etc.), and 

(b) the rate of energy absorption is relatively uniform throughout the 
region, but the vascular perfusion patterns are such that confluence 
or pooling occurs (i.e., venous system in the splanchnic region and 
above the spinal cord). 

In order to extrapolate observations in animals to predict results that 
might be obtained during human exposures, some method of scaling must be 
employed. The best method available at present, albeit fraught with 
over-simplifications, is frequency scaling. This scaling method has been used 
in the development of a number of exposure standards (INIRC/IRPA, 1984, ANSI, 
1982; Australia, 1985). This approach equates the biological response of 
exposure to shorter wavelengths (higher frequencies) for smaller animals and 
with longer wavelengths (lower frequencies) for larger animals. 

Biological Effects in Experimental Animals 
The exposure of animals to high levels of radiation has caused various 

injuries, ranging from local lesions and necrosis to gross thermal stress from 
hyperthermia. Death from hyperthermia was found to occur following exposure 
to power densities of a few hundred to several thousand watts per square metre 

2 (W/m ), depending mainly on the size of the animal and the radiation 
frequency. Lesions found in the internal organs of animals exposed for 
prolonged periods, during which there was no significant rise in rectal 
temperature, have been attributed to non-uniform energy deposition. 
Furthermore, such animals may not show any overt signs of distress. 

Acute exposures m&y cause injury to the eye. The cornea and crystalline 
lens are particularly susceptible to injury within the frequency range of 
1-300GHz. The cornea is at greatest risk between 10GHz and 300GHz and the 
crystalline lens between 1GHz and 10GHz. Exposure within the range of 1.5-2 
kW/m , lasting from a few hours to 24 hours, or for a few hours per day 
repeated for a few days per week, can induce cataract formation. The 
formation of retinal lesions is also possible. 
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Microwave and radiofrequency radiation exposures of animals can produce 

transient changes in hormone levels, probably as a result of thermal 
stimulation of a particular endocrine gland. Effects have also been reported 
on the blood-forming and immunocompetent cells. 

Genetic effects, effects on development, and teratogenic effects have been 
observed in animals and plants. Numerous reports have indicated that at 
sufficiently high intensities, microwave and RF exposure may induce 
chromosomal aberrations, and also disturbances in somatic cell division 
(mitosis), germ cell development (meiosis), and spermatogenesis. The 
intensity levels required to produce these effects seem to indicate that a 
thermal mechanism may be responsible. 

Probably one of the most sensitive effects that has been established is on 
behaviour. Work stoppage, work decrement, decreased endurance, and convulsive 
activity have been observed in small animals exposed to fields producing SARs 
above 4W/kg. Both the ANSI (1982) and INIRC/IRPA (1984) considered this 
behavioural sensitivity to be the "lower limit" of harm from exposure to 
radiofrequency fields and based their exposure limits on these effects. 

Health Effects in Man 
Studies on the health effects in man from microwave exposure are entirely 

inadequate. Surveys of the health status of personnel occupationally exposed 
to microwaves have been conducted, but their results are difficult to 
interpret because of the existence of one or more of the following 
shortcomings: insufficient numbers to obtain statistically significant 
results; lack of proper dosimetry to determine the exposure levels to which 
personnel have been subjected; and either the absence of a control group or 
the use of unmatched controls, thus preventing valid comparisons with effects 
found in the exposed group. 

Early studies conducted in Czechoslovakia, Poland, and the Soviet Union 
reported subjective complaints in individuals exposed to unspecified levels of 
microwaves. Such complaints consisted of headaches, irritability, sleep 
disturbance, weakness, decrease in sexual activity (libido), and generally 
poorly defined feelings of ill health. However, in later studies in Poland 
and the United States of America, in which better developed measurement 
techniques and epidemiology were used, no relationship was found between 2 occupational exposure (up to 60 W/m ) and the incidence of functional 
disturbances, morbidity, reproductive performance, and health in children. 
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Epidemiology surveys of lenticular effects in workers exposed to 

microwaves have been performed in a number of different countries; no 
statistically significant increases in the number of cataracts were observed 
in any of the surveys. Individuals having confirmed microwave-induced 

2 cataracts had been exposed to power densities exceeding (1 kW/m ), which is 
in agreement with the experimental data for rabbits. 

Following a detailed study of the literature and a health risk assessment, 
the International Non-Ionizing Radiation Committee of IRPA has published 
guidelines on limits of exposure to RF fields. The health risk assessment and 
exposure limits can be found in INIRC/IRPA (1984). The Australian Standard 
(Australia, 1985) was based on this standard. 

Extremely Low Frequency (ELF) 
An in-depth review of the interaction mechanisms, biological effects and 

health risk assessment of ELF electric fields has recently been published 
(WHO/IRPA, 1984). Other reviews have been made by Repacholi (1984, 1985). A 
brief sumrrary is given here. 

The most prevalent source of ELF electric fields in our environment is 
from power generation, distribution and use, at frequencies of 50 and 60Hz. 

Naturally occurring ELF electric fields arise from the electric charge 
occurring between the atmosphere and the ground. Variations in the intensity 
of the electric fields are due to atmospheric disturbances such as 
thunderstorms. At the power frequencies of 50 and 60Hz the natural electric 

-4 field is about 10 V/m. This is very weak compared to the fields introduced 
into the home by the current flowing through electric wiring and operation of 
various appliances. These fields can be between 10 - 10 stronger than 
the natural field*'. Under high voltage transmission lines and in high voltage 

a 
substations the electric fields can be of the order of 10 times stronger. 

Mechanisms of Action 
A human or animal body located in an ELF electric field causes 

perturbations of the field, resulting in an uneven distribution of the field 
around the body. Both the electric and magnetic fields induce electric 
currents in the exposed body. The electric fields at the body surface and 
currents induced in man and animals are quite different, even when exposed to 
the same unperturbed field strength. 
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In the region of strong ELF electric fields, three interactions are known 

to occur: 
(a) large surface fields are produced particularly at highly curved 

regions, and may stimulate surface body receptors, producing 
sensations; 

(b) small currents are induced in the body by the large surface electric 
fields; their magnitude is very small in comparison with the currents 
that flow when contact is made with charged conductors. The 

5 7 associated internal electric field is some 10 to 10 times 
smaller than the applied external electric field. 

(c) spark discharges occur when objects, at significantly different 
potentials, approach contact. 

The mechanisms by which a weak ELF fielu may interact with biomolecular 
systems and tissues are incompletely understood. However, from in vitro 
studies, there is now evidence of field-induced interactions, including the 
phenomena of ionic interactions within the cell and on membrane surface 
macromolecules, which appear to involve coupling of the cell interior to 
signals from neurotransmitters, hormones, antigens and antibodies. 

These studies have included examination of interactions using tissue 
culture methods, cell biochemistry, neurophysiology, and growth of bone 
tissue. Electric fields were reported to affect endocrine gland secretion, 
response to hormonal stimulation, brain calcium ion exchange, immunoreactivity 
of lymphocytes, electrical excitability of neuronal tissue, and tissue growth 
rates. 

Some of these studies have revealed ELF field effects occurring within 
certain "windows" in frequency and amplitude. That v. to say, only within a 
specific frequency range and certain field strengths, but not above or below. 

Studies in Animals 
ELF research on animals has focused predominently on effects involved with 

the central nervous system Including physiological, ultrastructural and 
biochemical alterations; changes in blood composition; behaviour; reproduction 
and development. Studies have been conducted almost exclusively on small 



20 
laboratory animals, except for a few studies carried out with cattle, 
miniature swine and monkeys. One of the most serious shortcomings of these 
studies on small animals results from the difficulty in making extrapolations 
to human beings because of uncertainty about applying the mechanisms proposed 
for the effects so far. In particular, it is difficult to cite equivalent 
human exposure because of vast differences in the distribution of surface 
electric field strengths and internal current densities between human beings 
and animals, and bee; se there are no data on the species dependency of 
effects. 

Studies with small animals exposed to electric fields up to lOOkV/m have 
revealed effects on components of the nervous system, including synaptic 
transmission, on circadian rhythms, and on the biochemical properties of brain 
tissue. Results of behavioural studies suggest that the nervous system may be 
affected by an ELF electric field that is far too weak to stimulate synaptic 
function or cell firing, although in vivo studies often do not exclude the 
possible role of tactile sensory phenomena. 

Field effects on peripheral blood compositions and biochemistry have been 
studied by numerous investigators, with inconsistent results. Generally, the 
changes in blood picture involve small deviations from individual norms, but 
the values usually remain within physiological norms. The majority of studies 
on the influence of ELF fields on immunocompetence in whole animals do not 
show any effect. Studies on swine exposed to 30kV/m and rodents exposed to 
65kv7m for up to 18 months have revealed evidence of teratological effects. 

These data are not conclusive and do not prove the teratogenic potential of 
ELF fields in general. Many studies on genetic effects and effects on 
cardiovascular functio; have been reviewed and the conclusion reached that 
such effects have not been convincingly demonstrated. 

Human Studies 
Existing surveys of the state of health of high voltace (HV) substation 

workers and HV line maintenance crews have been based on small populations and 
have produced conflicting results. Soviet authors noted an increased 
incidence of subjective complaints attributable to effects on the nervous 
system and shifts 1n blood biochemistry. Other authors have not reported such 
observations. Differences 1n method often make comparison difficult, 1f not 
impossible. Field strengths to which personnel were exposed were only 
estimated, and only approximate data on the duration of exposure to fields in 
a given strength range were available. 
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Some studies on volunteers exposed to electric fields up to 20kV/m for 

short periods (days), under laboratory conditions, confirmed the existence of 
slight changes (within the normal physiological range) in populations of 
peripheral blood cells and biochemistry, similar to those observeo in 
experimental animal studies. However, no other effects have been reported. 

Several recent epidemiological reports have presented data suggesting and 
increase in the incidence of cancer among children and adults living in homes 
exposed to magnetic fields from various types of electric power lines, 
transformers, or other electrical wiring configurations, and among workers in 
electrotechnical occupations. These studies have a number of deficiencies and 
do not establish a causal relationship between exposure to electric or 
magnetic fields and cancer induction. They indicate a need for further 
research in this area. 

Epidemiological studies have been performed on linemen and switch-yard 
workers, the groups considered to be subjected to the highest electric field 
exposure levels. However, the exposure levels to which these people are 
subjected have been found to be remarkably low. Slight increases in genetic 
defects or abnormal pregnancies have been reported in one study. However, the 
preliminary nature of the epidemiological findings, the small numbers 
contained within the studies, the low levels of exposure, and the relative 
small increment in the reported incidence of any effects, suggest that, though 
the epidemiological data cannot be dismissed, there must be considerable study 
before they can serve as useful inputs for risk assessment. 

No specific pathological effects resulting from ELF field exposure have 
been established. However, thresholds for perception, startle, let-go, 
respiratory tetany, and fibrillation due to contact currents (electric shocks) 
have been quantified. 

Conclusions on Health Risk 
Following a careful review of laboratory studies and analysis of results 

obtained on human subjects, the Task Group (WHO/IRPA, 1984) drew the following 
conslusions about the health risks of exposure to ELF electric fields. 

(i) Adverse human health effects from exposure to ELF electric fields 
normally encountered in the environment or the workplace have not 
been established. 
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(ii) Some human beings feel spark discharges in electric fields of about 

3kV/m and perceive the fields between 2-10kV/m. At present, there 
are no significant data that suggest that perceiving a field produces 
an adverse pathological effect. 

(iii) Whilst it would be prudent in the present state of scientific 
knowledge not to make unqualified statements about the safety of 
intermittent exposure to electric fields, there is no need to limit 
access to regions where the field strength is below about lOkV/m. 
Even at this field strength, some individuals may experience 
uncomfortable secondary physical phenomena such as spark discharge, 
shocks, or stimulation of the tactile sense. 

(iv) It is not possible from present knowledge to make a definitive 
statement about the safety or hazard associated with long-term 
exposure to sinusoidal electric fields in the range of 1-lOkV/m. In 
the absence of specific evidence of particular risk or disease 
syndromes associated with such exposures, and in view of experimental 
findings on the biological effects of exposure, it would be prudent 
to limit exposure, particularly for members of the general population. 

(v) In principle, electric and magnetic field interference with implanted 
cardiac pacemakers can lead to reversion to a fixed rate, but 
cessation of stimulation is possible. Direct interference has not 
been reported in fields below 2.5kV/m. Although body currents 
produced by contact with a vehicle in a weaker field may cause 
interference, the risk of pacemaker reversion is believed to be 
slight. 

Magnetic Fields 
A magnetic field is always linked to electric currents. A static magnetic 

field is formed 1n the case of direct current, and a time-varying magnetic 
field is induced 1n the vicinity of alternating current sources. The animal 
or human body does not appreciably affect an external magnetic field. Varying 
magnetic fields induce eddy currents within the body. 

The term "dosimetry"* is used to quantify exposure. Oue to a poor 
understanding of Interaction mechanisms, dosimetric concepts have not been 
developed for magnetic fields. In practical radiation protection it 1s useful 
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to consider time-varying and static magnetic field separately. For 
time-varying magnetic fields, the evaluation may be based on the electric eddy 
current density in critical organs. Derived protection limits may be 
expressed as exposure to external magnetic fields, whereby field strength, 
pulse shape and frequency, orientation of the body and duration of the 
exposure need to be specified. In case of static magnetic fields, the 
protection limits tend to be stated primarily in terms of the external field 
strength and the duration of exposure. 

Occupational exposure to magnetic fields is encountered predominantly in 
industrial processes involving high electric current equipment, in new 
technologies for energy production and storage, and in people near research 
facilities. Around various types of welding machines, furnaces, induction 
heaters etc, the magnetic flux densities at the operator location range from 
about ljiT to more than lOmT, depending on the magnetic field frequency and the 
distance from the coil. Compared to devices operating at high frequencies, 
lower frequency induction heaters expose operators to higher magnetic flux 
densities. At operator-accessible locations in industries using electrolytic 
processes, the mean field level is about lOmT. 

The static magnetic flux densities near systems used in thermonuclear 
magnetic fusion, magnetohydrodynamic systems etc., in areas accessible to 
operations personnel are up to 50mT. Near special research facilities, e.g., 
bubble chambers, similar field strengths occur. Typical values for the 
magnetic flux density at working ploaces near 50 or 60Hz overhead transmission 
lines and in power stations are 0.02 to 0.05mT. 

In medical practice, exposure to magnetic fields results mainly from the 
use of magnetic resonance (MR) imaging or spectroscopy methods for diagnostic 
purposes or from devices generating magnetic field pulses for therapeutic 
purposes. In MR-devices the patient is exposed to stationary magnetic fields 
with intensities -p to 2T and to time-varying magnetic fields of up to 20T/s 
during the examinations. Most patients however are not exposed to time 
varying fields exceeding 1.5T/S. 

The local exposure of the patient caused by therapeutic magnetic devices 
is of the order of 0.1 to 2.5pT. The increasing use of magnetic fields 
producing equipment in industrial processes, research facilities, energy 
production and distribution, new transportation technologies, consumer 
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products and medical practice, increases the possibility of human exposure to 
magnetic fields. Although up to now occupational and population exposure to 
magnetic fields was generally kept at low levels, some new technologies, e.g. 
magnetically-levitated trains, might result in exposure of the public to 
levels comparable to the highest ones now in some working environments. 
Therefore, new technologies involving the production of magnetic fields should 
be carefully evaluated with respect to their potential health risk. 

Interaction Mechanisms 
There are three established physical mechanisms through which static and 

ELF magnetic fields interact with living matter (Tenforde, 1984, 1985a,b). 

(i) Magnetic induction. This mechanism is relevant to both static and 
time-varying fields, and originates through the following types of 
interaction: 
Electrodynamic interactions with moving electrolytes where both 
static and time-varying fields exert Lorentz forces on moving ionic 
charge carriers, and thereby give rise to induced electric fields and 
currents. This interaction is the basis of magnetically-induced 
blood flow potentials that have been studied with both static and 
time-varying ELF fields. It is also the physical basis of the weak 
induced potentials that provide sensory directional cues to 
elasmobranch fish (sharks, skates and rays) as they swim through the 
static geomagnetic field. 

Time-varying magnetic fields induce currents in living tissues in 
accordance with the Faraday law of induction. Available evidence 
suggests that this mechanism may underlie the visuosensory 
stimulation that produces magnetophosphene. In addition, indirect 
evidence suggests that rapidly time-varying magnetic fields may exert 
effects on a variety of cellular and tissue systems of inducing local 
currents that exceed the naturally occurring levels. This effect may 
be the basis for the wide spectrum of biological perturbations that 
have been observed with pulsed magnetic fields such as those used 
clinically for bone fracture reunion. 



25 
(ii) Magnetomechanical effects. The two types of mechanical effects that 

a static magnetic field exerts on biological objects are the 
following: 

In a uniform static field, both diamagnetic and paramagnetic 
molecules experience a torque and orient in a configuration that 
minimizes their free energy within the field. This effect has been 
well studied for assemblies of diamagnetic macromolecules with 
differing magnetic susceptibilities along the principal axes of 
symmetry. Included among this class of macromolecules are the arrays 
of photopigments in retinal rod disc membranes. 

Spatial gradients of static magnetic fields produce a net force on 
paramagnetic and ferromagnetic materials that leads to translation 
motion. Because of the limited amount of magnetic materials in most 
living objects, the influence of this effect on biological functions 
is negligible. 

(iii) Electronic interactions. Certain classes of chemical reactions 
involve radical electron intermediate states in which the Zeeman 
interaction with a low-intensity static magnetic field produces an 
effect on electronic spin states. An example of this effect is the 
primary charge transfer reaction in bacterial photosynthesis, in 
which the yield of triplet state product is decreased in the presence 
of a static magnetic field. This magnetic field effect, however, 
occurs only when the ultimate electron acceptor molecules are 
chemically reduced thereby extending the lifetime of the radical 
electron intermediate state. Because this condition does not occur 
in nature, the effect of weak magnetic fields on electronic spin 
states under normal in vivo conditions has not been demonstrated. It 
is probable, however, that the usual lifetime of biologically 
relevant electron intermediate states is sufficiently short that 
magnetic field interactions exert only a small, and perhaps 
negligible, influence on the yield of chemical reaction products. 

In addition to the mechanisms of magnetic field interactions for 
which there is direct experimental evidence, other mechanisms have 
been proposed on theoretical grounds in an effort to explain various 
biological effects that have been reported to occur in static and ELF 
fields of very low intensity, but have not been subjected to direct 
experimental tests. 
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Biological Effects 

A number of low organisms and aquatic mammals have been demonstrated to 
posses sensitivity to static magnetic fields with low intensities comparable 
to that of the geomagnetic field (50jJ). Phenomena for which there is 
substantial experimental evidence of sensitivity to the earth's field include: 

direction finding by elasmobranch fishes; 
orientation and swimming direction of magnetotactic bacteria; 
kinetic movements of mollusks; 
migratory patterns of birds; and 
waggle dance of bees. 

In addition, a number of in vitro demonstrations have been made of magnetic 
orientation in assemblies of macromolecules, including retinal rod outer 
segments, muscle fibres, photosynthetic systems (chloroplast grana, 
photosynthetic bacteria, and Chore!la cells), halobacteria purple membranes, 
and various synthetic liquid crystals and gels. Certain classes of chemical 
reactions which involve a radical electron intermediate state may also be 
sensitive to static magnetic fields of moderate intensity (<10mT). 

The available experimental information on the response of higher 
organisms, including land-dwelling mammalian species, to static and ELF 
magnetic fields indicates that three biological effects can be regarded as 
established phenomena: 

the induction of electrical potentials within the circulatory system; 
magnetophosphene induction by pulsed and ELF magnetic fields with a 
time rate of change exceeding 2T/s; and 
the induction by time-varying fields of a wide variety of cellular 
and tissue alterations when the induced current density exceeds 

2 lOmA/m ; many of these effects appear to be the consequence of 
magnetic field Interactions with cell membrane components. 

Health Risk Assessment 
For static magnetic fields with flux densities less than 2T, there exists 

a significant body of experimental data which indicates the absence of any 
measurable effect on many major developmental, behavioural, and physiological 
parameters in higher organisms. Broadly summarized, the presently available 
evidence suggest that the following biological functions are not affected by 
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static magnetic fields at levels up to 2T; cell growth; reproduction; pre- and 
post-natal development; bioelectric activity of isolated neurons; behaviour; 
cardiovascular functions (acute exposures); vision; haematoiogy; immune system 
functions; physiological regulation and circadian rhythms. 

For time-varying magnetic fields in the ELF frequency range, fewer 
systematic studies have been carried out to define the threshold field 
characteristics for producing significant perturbations of biological 
functions. Nevertheless, the presently available evidence suggests that ELF 
magnetic fields must induce current densities in tissues and extracellular 

2 fluids that exceed lOmA/m in order to produce significant alterations in 
the development, physiology, and behaviour of higher organisms. 
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LECTURE 2 

LASERS AND LASER HAZARDS 

V Delpizzo 

Australian Radiation Laboratory 

INTRODUCTION 
The laser was only about four years old when it began to get a bad 

reputation for itself as spectators in movie theatres around the world saw it 
slice through a steel table and threaten James Bond's life in the movie 
"Goldfinger". Twenty years later the thin red light beam scans across milk 
cartons at the local supermarket, but at the same time there is talk of "star 
war" defence strategies. So the question is often asked: just how dangerous 
are lasers? The answer of course is: it depends. In fact it depends on so 
many factors that the laser protection standards that have been adopted in 
various countries, including Australia, are extremely complicated. 

TABLE 1 
COMMERCIAL LASERS AND THEIR AREAS OF APPLICATION* 
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The range of laser products potentially within reach of the public is 

enormous and Table 1 is only meant to give an example of common lasers and 
their applications. Lasers can be classified according to different criteria, 
e.g. the duration of their emission, the wavelength range, the engineering 
design. Each of these classes may entail different risks and require 
different protection measures. 

PRINCIPLES OF LASER OPERATION 
All lasers have three basic components: the active medium, the pumping 

system and the optical cavity: 

The active medium is the substance that is responsible for the 
emission of laser light. It usually gives the name to the laser (e.g. ruby 
laser, helium-neon laser etc.) and it determines most of the emission 
properties. For a substance to be suitable as a laser medium a particular 
electron energy level structure is required. The simplest possible model 
consists of a lower level and an upper level which must be metastable. This 
means that if the electron is brought to that level, it must remain in it for 
a relatively long time (a few milliseconds). 

The pumping system supplies the atoms (or molecules) of the active 
medium with the energy required to achieve laser action. This can be 
achieved, for example, by means of an electrical discharge through the active 
medium if this is a gas, or by irradiating the active medium with a strong 
light of a wavelength shorter than the desired laser wavelength. In some 
cases another laser is used. 

The optical cavity consists of two mirrors placed at either end of 
the active medium and facing each other. One of the mirrors is partially 
transmitting so that a fraction of the light generated by the active medium 
may leave the cavity (Fig. 1). 

To achieve laser action the pumping system must deliver energy to the 
active medium at a rate fast enough to have more molecules in the excited 
state then in the non-excited state. This condition is called "population 
inversion" because it is the opposite of the normal distribution of energy in 
the medium. A molecule in the excited state will release its excess energy by 
emitting a photon whose wavelength is inversely proportional *to the energy 
difference between the excited and the non-excited state. If the photon, as 
it travels through the medium, collides with a molecule in the non-excited 
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Figure 1: (a) laser medium; (b) totally reflecting mirror; 
(c) partially reflecting (output) mirror. The open 
dots represent atoms (or molecules) in the non-excited 
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Figure 2: (a) energy from the pump (arrows) raise most of the 
atoms to an excited metastable state (black dots); 
(b) excited atoms fall back to the ground state with 
the emission of photons: (l) spontaneous emission in 
a non-axial direction (lost); (2) spontaneous 
emission stimulating further emission in a non-axial 
direction (both lost); (3) spontaneous emission in 
the axial direction being absorbed by a non excited 
atom which subsequently emits a photon in a non-axial 
direction (lost); (4) spontaneous emission in the 
axial direction stimulating further emission. Part of 
this is reflected back to stimulate the emission of 
more photons in the axial direction; (5) and part 
emerge from the partially transparent mirror as part 
of the laser output. 
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state it is absorbed, (Fig. 2), but, if a population inversion has been 
achieved in the medium, it is more probable that the photon will collide with 
ar. excited molecule. In this case it will stimulate the emission of an 
identical photon. Host of the photons thus emitted will escape from the laser 
medium and be lost, but a few, travelling along the axis of the optical 
cavity, will hit one of the mirrors and be reflected straight back into the 
laser medium and will stimulate the emission of more photons, all identical, 
i.e. having the same wavelength, phase and direction of propagation. As one 
of the mirrors forming the optical cavity is only partially reflective, some 
of these photons travelling back and forth inside the laser escape in the form 
of a well collimated monochromatic beam. 

These two properties, collimation and monochromaticity, are also termed 
coherence. A coherent light wave exhibits a predictable correlation between 
the amplitude and phase of the wave at any one point and at any other point. 
Consider the analogy of a large group of marchers in a parade. Ideally, 
knowing the position of one marcher we can predict the presence of another one 
three feet ahead, one three feet to the right and so on. 

Consider now the case where each line of marchers followed its leader 
without taking into consideration the direction of march of the others. An 
observer standing at the side of the parade could still predict that a marcher 
would pass by him every two seconds, hut could not make any prediction on the 
positions of the marchers across the row. This is analogous to the situation 
of a monochromatic, non collimated beam where it is possible to correlate the 
amplitude and phase of a "ray" of light since all the photons have the same 
wavelength and phase, but no correlation is possible between different points 
of the wavefront. (Fig. 3). 

Figure 3: Non collimated, monochromatic light. 
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In this case the light (and the marchers) exhibit temporal coherence, but 

not spatial coherence. Note however that if the lines of marchers diverge not 
because of incompetence but in order to execute a well planned drill (Fig. 4) 
there would still be spatial coherence because the position of each 

* * * * * * * * * * * 
* * * * * * * 
* * * * * * * * * * 
* * * * * * . 
* * * * * * * * . 

* * * 

* * 

* 
Figure 4: Rows of marchers diverging but maintaining a 

predictable position with respect to each other. 

marcher along each row is still correlated to the position of the others by a 
precise rule. In the case of light this means that there is a major 
difference between lack of spatial coherence and divergence. A spherical 
wavefront can be easily collimated using a spherical lens (Fig. 5) while an 
incoherent beam cannot (Fig. 6). It follows that a coherent beam can be 
focussed to a diffraction limited spot. 

i I 
\ i 

I M ' 

Figure 5: A spatially coherent beam can be collimated and 
focussed to a diffraction limited spot. 

Figure 6 An incoherent beam cannot be well collimated and 

cannot be focussed to a diffraction limited spot. 
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A tollimated, spatially coherent beam containing photons of different 

wavelengths is not temporally coherent because there is no predictable 
correlation between the amplitude of a wave at a given point in space and that 
of the wave at the same point some time later. In our analogy this 
corresponds to the case where the marchers maintain a correct alignment but, 
because their steps are not of the same length, the rate at which they pass a 
particular spectator is not predictable. 

In practice the processes mentioned above may be achieved in a number of 
different ways depending on the properties of the laser medium and on the 
application for which the laser is intended. Population inversion is achieved 
with more or less difficulty depending, among other factors, on the position 
of the laser levels with respect to the other electron energy levels of the 
molecule. 

Cavity Modes 
So far we have regarded the laser light as consisting of photons; however 

to explain other properties of the laser beam it is necessary to take into 
consideration the wave nature of light. First we must emphasize that in 
practice the light emitted within the laser medium is not perfectly 
monochromatic. The light waves travelling back and forth between the two 
mirrors interfere with each other cancelling out when they are out of phase 
and reinforcing each other when they are in phase. This rapidly leads to the 
establishment of standing waves (Fig. 7). Only light whose half wavelength is 
an integer submultiple of the cavity length can exist between the two 
mirrors. The "permitted" wavelengths are called the longitudinal modes of the 
cavity. 

In addition to light propagating exactly along the axis of the cavity, 
i.e. perpendicularly to the surface of the mirrors, there will be a number of 
waves propagating in a slightly off-axis direction that may also re-enter the 
cavity upon reflection by one of the mirrors and be amplified a number of 
times, depending on the geometrical design of the laser. Therefore the 
complete wave pattern will consist of a superposition of a large number of 
waves, each travelling in a slightly different direction, but all 
approximately near-axial. Once again, all these waves will interfere with 
each other and the basic requirement for the waves to reinforce each other is 

There are several reasons for this. The interested reader is referred to 
lengyel (1971) pg 22 or other basic laser text books. 
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"permitted" (resonant)wavelength 

-. "forbidden" (non resonant) wavelength 

Figure 7: Only light whose wavelength is a semi integer 
submultiple of the cavity length will reinforce each 
other upon round trip reflection. 

that the wave distribution replicate itself upon round trip reflection by the 
mirrors. These wave patterns are called the transverse electromagnetic modes 
(TEM) of the cavity (the name is derived from microwave terminology). Unlike 
the case of the axial modes, unfortunately, it is not easy to determine these 
field distributions, but this can be done through an application of 
diffraction theory. However the transverse modes of a laser beam can be 
easily Identified experimentally by expanding the laser beam with a diverging 
lens. Different transverse modes will appear as different intensity 
distribution patterns (Fig. 8). The intensity distribution is an important 

Figure 8: Typical transverse electromagnetic (TEM) mode patterns 
as revealed 1n the beam cross-sectional patterns at 
some distance (I.e. 1n the far field) from a He-Ne 
laser (Adapted from: Kogelnik and Li, 1966). 
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factor in the determination of the safety hazards. Generally lasers are 
designed to operate in the 1tM_n mode which is characterized by a gaussian 
intensity distribution across the beam. In some cases it is also possible to 
achieve lasing in only one axial mode, thus producing an almost absolutely 
monochromatic and collimated beam. 

Temporal Properties of the Laser Output 
In many cases the "pumping" rate required to maintain population inversion 

is so high that the laser can only operate in short bursts. In the case of 
the ruby laser, for example, pumping is accomplished by discharging a 
capacitor through a flashlamp and this process only lasts a few milliseconds. 
During this time laser light is emitted in a series of spikes whose intensity 
and duration varies at random. This can be undesirable in many applications 
so two techniques are used to make the output more accurately repetitive: 
Q-switching and mode-locking. 

In Q-switching a shutter is placed inside the optical cavity. This stops 
photons from travelling back and forth, thus preventing further stimulated 
emission of light. Only when the population inversion is at its peak is the 
shutter opened. In this way lasing is attained more rapidly and much of the 
energy stored in the laser medium is released in one pulse whose peak power is 
orders of magnitude higher than that of the individual pulses emitted in the 
normal mode of operation. 

Mode-locking can be used only in lasers operating in more than one axial 
mode. This technique relies on the fact that the laser light is not perfectly 
monochromatic. As photons of slightly different wavelengths interfere with 
each other, the intensity of the output fluctuates slightly (Fig. 9 and 10). 
A saturable absorber is placed inside the cavity. This is a substance which 
absorbs weak light more than intense light. The light peaks, on the other 
hand, become further amplified as they are reflected back into the laser 
medium. The two effects combined deepen the troughs and augment the peaks of 
the laser output which then becomes a train of very short pulses of picosecond 
duration (Fig. lie). A single pulse can be isolated from the train using a 
fast electro-optic shutter (Fig. lid). 
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Figure 9: Interference of two light waves of slightly different 
wavelength (a and b - top) results in a wave whose 
amplitude varies with time (c) - The Intensity of the 
light (d) 1s proportional to the square of the 
amplitude. 
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Figure 10: Amplitude (top) and intensity (bottom) of a light wave 

resulting from the superimpositlon of four sine waves 
of slightly different wavelength. 
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A. NORMAL LONG PULSE B. Q-SWITCHED PULSE 
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Figure 11: Oscilloscope traces of a long-pulse (normal-pulse) 
laser (A), a Q-switched pulse (B), and mode-locked 
laser outputs (C and 0) (From: Sliney and Wolbarsht, 
1980). Note change in time scales in each trace 

6 (1 ms = 10 ns). 

Both Q-switching and mode-locking result in a loss of energy, but the 
pulse can then be amplified by passing it through an "amplifier" (Fig. 12) 
consisting of another laser without the mirrors (the first laser is then 
called an "oscillator"). The pumping system of the amplifier is timed to fire 
so that the population inversion is at a maximum when the pulse reaches the 
amplifier's laser medium. The pulse then stimulates the emission of a large 
number of photons in a single pass through the amplifier. Some laser systems 
use a large number of amplifiers of progressively larger size, producing laser 
pulses having both high peak power and high energy as well as being 
reproducible 1n terms of time and amplitude. 
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Figure 12: Q-switched laser with amplifier. 

In some lasers the pump energy can be delivered at a constant steady rate 
and the laser operates continuously. These are referred to as cw (continuous 
wave) lasers. 

LASER HAZARDS 
The biological effects induced by optical radiation are essentially the 

same for any given wavelength, exposure area and duration, regardless of the 
nature of the source. Laser light is not, intrinsically, different from light 
emitted by ordinary sources. If we wanted we could, in principle, generate a 
beam of light having the same properties of a laser beam using a conventional 
source, a pinhole aperture, a lens and a filter (Fig 13). However the beam 
obtained in this manner would contain only an extremely small fraction of the 
light emitted by the source. A laser is much more efficient. 

pinhole 

i I 

narrow band filter lens 

Figure 13: Use of a narrow band filter, a pinhole and a lens, to 
generate a monochromatic, collimated beam. 
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Hazards to the Eye 

The main reason why the laser is potentially dangerous lies in its 
exceptional brightness, i.e. the power emitted per unit area per unit solid 
angle. A common 1 mW He-Ne laser which is often used in classroom experiments 
is many times brighter than the sun! Of course the total power irradiated by 
the sun is infinitely more than 1 mW, but it is emitted in all directions and, 
even from this distance, the sun appaars to us as an extended source, forming 
an image on the retina approximately 155 microns in diameter. The He-Ne 
laser, on the other hand, has a typical divergence of only one milliradian and 
a source area (i.e. the cross section of the beam as it leaves the output 

2 mirror) of less than 0.8 mm . It is quite possible for a person within 
several metres of the laser to receive the full power of the beam through the 
pupil of the eye. The image on the retina would be 10-20 microns in diameter 
(it would be even smaller if not for scattering in the ocular media and 
corneal aberrations) and have a power density of the order of several hundreds 

2 of watts per square centimetre as opposed to less than 10 w/cm in the case 
of the sun. The heat generated in the tissues exposed to such an intense 
radiation could cause irreversible retinal damage in less than one second. 
The actual damage threshold is quite difficult to define, let alone 
determine. In fact what constitutes damage is not unequivocally obvious; 
some changes may not entail any functional alteration, although they may be 
visible upon an ophthalmic examination; others require histological 
examination under a microscope. Different researchers may define different 
threshold levels for each of these 'ypes of lesions and different subjects may 
exhibit r.lightly different responf-s to the same exposure. Therefore the 
dangerous exposure level is deterip led statistically using probit analysis 
(Fig. 14). The exposure which causes an ophthalmologically visible lesion in 
5 0 V o of the cases in an experimental animal (or group of animals) is termed 
the ED50 dose and is regarded as the minimum level at which a definite hazard 
exists. Exposure safety levels incorporate a considerable safety margin 
(typically one order of magnitude) (IRPA 1984). 

The mechanism of damage depends on the duration of the pulse. In the case 
of cw or long pulse lasers, heating originating in the region of highest 
irradlance spreads to surrounding tissues by conduction and the size of the 
damaged area increases progressively. The degree of peripheral spread due to 
conduction is also proportional to the image size as for small images blood 
circulation is more effective in keeping down the temperature of the 
irradiated area. 
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Figure 14: Determination of probability of retinal damage using 
probit analysis. (Adapted from Sliney and Wolbarsht, 
1980). 

Pulsed lasers in general may produce considerable damage even if the 
average power of the beam is low. Because of the very short duration of laser 
pulses, the peak power is, in many cases, sufficient to rapidly vaporize 
minute volumes of the liquid components of the irradiated tissue. The 
resulting pressure transient ruptures cells producing an annular blast area 
surrounding the burn centre and may even result in shearing damage to tissue 
remote from the absorbing layers by bulk physical displacement (Fig. 15). 

Very little data are currently available on the consequences of repeated 
long term (chronic) exposures and on the effects of multiple pulse exposures. 
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(c) In tent-pulse or C W 
User* the persistence of 
the thermal front gives 
rise to a progressively 
enlarging lesion 

(d)ln short pulse lasers 
the high power density 
gives rise to explosive 
rupture of cells end 
damage by physical dis
placement 

Mechanisms of laser-induced damage (From SAA, 1981) 

The retina is not the only organ susceptible to injury. It is the one 
most at risk because the focusing action of the lens of the eye increases the 
laser irradiance about 100,000 times from the cornea to the retina. But other 
parts of the eye can also variously sustain injury, depending on the 
wavelength of the laser light: 

Ultraviolet B and C is mainly absorbed by the cornea and conjunctiva 
and this may lead to conjunctivitis and photokeratitis (inflamation 
of the cornea). Because of the rapid turnover of the corneal 
epithelial cells damage limited to the outer layer of the cornea is 
generally temporary. 
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Near ultraviolet radiation (UVA) is strongly absorbed by the lens of 
the eye which is a tissue built up from ribbon-like, transparent 
cells running completely from the front to the back of ihe lens. The 
transparency is a result of a precise relation of the various cell 
constituents. Damage to any part of a lens fiber will in time extend 
to the whole fiber which is thicker in the back than in the front. 
Therefore an injury to the frontal area of the lens will appear to 
gradually progress to the posterior region and cause a greater visual 
disturbance as the transparency of the thicker part of the fiber is 
reduced. The lens cells have a very slow rate of repair and the 
possibility of damage to this organ must be regarded with great 
concern as the effects of exposure may not become apparent for many 
years. 

Hazard to the Skin 
The skin can tolerate a much greater exposure than the eye. However high 

power lasers may cause effects ranging from a mild erythema to severe 
blistering. It has also been suggested that under special conditions small 
regions of human tissue may be sensitized by repeated exposures with the 
result that the reaction in the tissue is more severe than for normal tissue. 

Associated Laser Hazards 
Beside having the potential for causing injury because of the peculiar 

qualities of its light output, the laser also poses some of the dangers often 
associated with the use of any complex instrument handling a large amount of 
energy. 

The greatest risk, which in fact has caused a disturbing number of 
reported fatalities, is that of electrocution. Almost all lasers have the 
potential of causing severe and possibly fatal electrical shock. The 
appropriate standards for electrical safety should be followed when lasers are 
installed and operated. Research and maintenance personnel are most at risk 
and should be made familiar with the safety guidelines to prevent electrical 
shock and with first aid procedures for shock victims. 

Chemical hazards arise from the use of toxic substances as the laser media 
(e.g. halogen gases in excimer lasers) or from the release of airborne 
contaminants during laser material processing (e.g. fumes produced by laser 
welding). 
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Cryogenic coolants used with some types of lasers may create an 

asphyxiating atmosphere as they evaporate displacing breathable oxygen. Some 
coolants also pose a fire or explosion hazard. 

Other hazards associated with the use of lasers include the following: 

* possibility of explosions at the capacitor bank or pumping system, 
* flying particles from the target area during laser welding, cutting 

or drilling, 
* high level noise resulting from capacitor discharge or dielectric 

failure and 
* production of ozone, uv or ionizing radiation. 

It also necessary to remember that eye injury may be caused by radiation 
emitted from unshielded flash lamps as well as from the laser itself. 



47 
REFERENCES 

1RPA (1984) Guidelines on limits of exposure to laser radiation of 
wavelengths between 180nm and 1 mw. (draft) - unpublished. 

Kogelnik, H. and Li, T. (1966). Laser beams and resonator;. In: 
Levine, A.K., ed Lasers. Dekker, New York. 

Lengyel, B. (1971). Lasers, second edition. J. Wiley and Sons, New York. 

Sliney and Wolbarsht (1980). Safety with lasers and other optical 
sources. Plenum Press, New York. 

Standards Association of Australia (1981). Australian Standard 2211 -
1981 - Laser Safety. 

Further Readings: 
- Lasers and Light. Readings from Scientific American. W.H. Freeman and 
Co. San Francisco, 1969. 

- Environmental Health Criteria 23. Lasers and optical radiation. World 
Health Organization - Geneva, 1982. 

- Mallow and Chabot. Laser Safety Handbook. Von Nostrand Reinhold, 
New York, 1978. 

f 



48 
LECTURE 3 

LASER PROTECTION PRINCIPLES 

V Delpizzo 

Australian Radiation Laboratory 

INTRODUCTION 
Many commercially available lasers are enclosed in a housing that may 

reduce the risk of exposure to dangerous levels of radiation. Therefore it is 
more useful to examine the safety characteristics of the 'laser product1, 
meaning a product incorporating a laser, rather than of the laser itself (the 
definition of laser product will be discussed in detail in lecture 8). The 
Australian Standard 2211 "Laser Safety" (SAA 1981), which together with that 
of Japan and a number of European countries is based on the International 
Electrotechnical Commission guidelines (IEC 1982), defines a system of hazard 
classification. 

Laser products are grouped into one of five categories: 

Class 1 laser products are those that are intrinsically safe either 
because of their low power or because of the safety features incorporated in 
their enclosure design. These products will not cause eye injury even if the 
laser output emerging from the product is collected by 80 mm diameter optics 
and focused into the eye or, in the case c' UV or IR lasers, will not cause 
harm to the eye or the skin at the maximum exposure duration possible during 
one day of laser operation. 

Class 2 laser products are not intrinsically safe but are 
nevertheless low risk products because sufficient protection is afforded by 
the natural aversion response to intense light. Obviously a laser product can 
fall Into this class only if the laser output 1s visible. 

Class 3A laser products are also low risk products. They differ from 
class 2 products in that they emit a higher power 1n a beam of larger cross 
section, so that when the output is directly viewed, the power of the beam 
entering the eye does not exceed that of a class 2 product (the pupil diameter 
is assumed to be 7 mm). If the beam is viewed through larger diameter optics 
(eg through binoculars) class 3A lasers pose a definite hazard. 
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Class 3B laser products are capable of causing eye injury either 

because their output is invisible and therefore aversion responses are not 
activated or because the beam power is such that damage is done in a time 
shorter than the blink reflect ( 0.25 s). However they are not capable of 
causing serious skin injury or dangerous diffuse reflections under normal use. 

Class 4 laser systems present a high risk of injury and can cause 
combustion of flammable materials. They may also cause diffuse reflection that 
are eye hazards and serious skin injury from direct exposure. 

SAFETY PRECAUTIONS 

Maximum Permissible Exposure 
The basic concept in laser protection is that of th» Maximum Permissible 

Exposure (MPE), that is, the maximum level of radiation to which the eye or 
skin can be exposed without suffering adverse effects. The MPE is related to 
the wavelength, the pulse duration or exposure time, the tissue at risk and, 
if applicable, the size of the retinal image. The MPEs for the eye and the 
skin can be calculated using the values and the methods given in Appendix A of 
AS2211. The values given therein are based on the best available published 
information and incorporate the collective knowledge generated worldwide by 
research and experience. Although the MPEs do not represent a clear threshold 
between safe and unsafe conditions they incorporate a comfortable margin of 
safety. The object of laser protection is to ensure that nobody is ever 
exposed to more than the applicable MPE. This can be accomplished either 
through the appropriate selection of the laser or by reducing the exposure (eg 
by using attenuating filters or by allowing the beam to expand thereby 
reducing the energy density) or by preventing access to the beam altogether. 

Laser Classification and Precautionary Measures 
We will assume that the laser product leaves the manufacturer's hands 

complying fully with the Australian Standard, that is, it has been classified 
and bears the appropriate warning signs. The following precautions must be 
used for the safe use of laser systems: 

Class 1 
no precautions are necessary, provided that the product is not 
modified or tampered with, as the accessible emission level is below 
the MPE. 
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Class 2 
(a) lasers should preferably be rigidly mounted when they are in use 
(b) the laser must not be directed towards the eye of any person for 

longer than 0.25 s: this implies that it is permissible to have 
a class 2 laser beam scanning an area at eye level provided that 
the scanning rate is such that the beam can move across the 
diameter of the human pupil (7mm in the worst case) in no more 
than a quarter of a second. 

(c) an area warning sign must be displayed. The sign must at least 
contain the same information displayed on the warning sign 
affixed to the product. The sign details are specified in the 
Standard. 

(d) the beam must be terminated at the end of its useful path (eg 
with a cardboard screen) unless the power density of the beam 
has fallen to a value below the MPE, due for example, to the 
normal divergence of the beam. 

(e) a responsible person must be appointed as a Laser Safety Officer 
to assess and implement the above mentioned controls. 

Class 3A 
in addition to the precautions required for class 2 lasers: 

(a) only qualified and trained employees approved by the Laser 
Safety Officer shall be permitted to operate the laser. 

(b) direct viewing of the beam with optical instruments (eg 
theodolite) shall not be permitted. 

Class 3B and class 4 
in addition to the precautions listed above: 

(a) the laser must be operated only in a area to which access can be 
controlled and which is adequately labelled. If the laser is 
operated outdoors, caution must be used to avoid directing the 
laser toward passing traffic for example or, if the laser is 
directed into the atmosphere, passing aircraft (in this case the 
Australian Standard requires that the Air Transport Group of the 
Department of Transport be advised during the planning stage). 

(b) all specular surfaces must be removed from the path of the beam. 
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In addition to the measures listed above, common sense precautions must 

also be taken, such as locating the beam well above or below normal eye level 
whenever possible , limiting access to the beam to the minimum required, etc. 
Discretional precautionary measures play a particular role in the case of 
class 4 lasers which, although always hazardous, may require vastly different 
degrees of protection. For example termination of the beam may be 
accomplished with a light cardboard screen in the case of a single pulse, 
small N laser but may require firebricks in the case of some industrial 
CO lasers. The skin protection required may or may not be afforded by 
normal clothing. Even laser goggles may not be very useful for some lasers. 

Laser Protective Eyewear 
The last point needs to be amplified somewhat. Four elements must be taken 

into consideration when laser protective eyewear is selected: 

(1) ACCEPTANCE. This is the overriding criterion: protective eyewear 
is only effective if used regularly. If the operator is going to 
wear them on the forehead all the time and pull them down only 
before firing a laser pulse, he is relying on his memory more 
than on the goggles for his safety. Therefore it is advisable to 
use spectacles rather than goggles, which are uncomfortable, 
tend to fog up with perspiration and provide poor side vision. 
Goggles should only be used by visitors who already wear 
corrective spectacles. Employees who work routinely in laser 
environments should be allowed to choose the frame style among 
the variety of lightweight safety spectacles commercially 
available. Individuals requiring corrective glasses should be 
provided with prescription lenses manufactured out of an 
appropriate filter material. Many of the common high power 
lasers operate in the UV or in the infrared regions of the 
spectrum. Radiation in both of these spectral regions can be 
blocked by suitable clear glasses or plastics and in this case 
it should be possible to induce the employee to wear safety 
spectacles during the whole working day, if these are 
comfortable and visually acceptable 

(2) VISIBILITY. Filters designed to be used with lasers operating in 
the visible will inevitably block more than just the laser 
wavelength. As a result the possibility of accidents occuring 
increases as the coloured glasses reduce visibility (the case of 
green filters designed to block He-Ne and/or ruby laser 
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radiation is particularly serious since red warning lights and 
signs disappear!). Visibility is further reduced by the use of 
opaque side shielding. Fortunately, as already mentioned, many 
of the high power lasers in use in industry or in research do 
not operate in the visible and it is possible to obtain 
excellent protection using clear plastics and glasses. 

(3) ATTENUATION. A convenient, although not rigorous definition of 
Optical Density (OD) is: 

OD = Log ( I V I ^ 

where I. is the density of light incident on the filter and 
I is the intensity of this light transmitted through the 
filter. If, for example, the goggles are used to protect the 
operator from accidental intrabeam viewing of a 1 ns, 1 MW ruby 
laser (wavelength = 6943 nm) the required 00 will be calculated 

6 thus: the MPE obtained from the Standard (table A3) is 5*10 
2 H/m , the maximum laser power density is equal to the maximum 

laser power (1 HW) divided by the minimum beam cross section 
2 10 2 (let's say 1 cm ) i.e. 10 W/m . The ratio between this 
3 and the HPE is 2*10 . So the required OD is: 

00 = Log (2*103) = 3.3 

A filter with an optical density of 4 will therefore provide 
adequate protection, while a higher optical density will 
actually increase the hazards as the visibility will be lower. 
It is important to remember that the radiating energy absorbed 
by the filter may cause it to bleach or to shatter. The damage 

2 thresholds of absorbing glasses are 5 to 10 J/cm for 30 ps 
pulses. 

(4) COST. Some low cost plastic lenses offer excellent protection, 
but tend to get scratched very easily. They are quite adequate 
for visitors, but may not be the most cost effective choice if 
they are meant for use by permanent employees. UV protective 
lenses are now available from optometrists and are a cost saving 
alternative to imported UV laser spectacles. 
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It must be always born in mind that protective eyewear 1s no 
substitute for the other prescribed precautions. 

Design of Laser Laboratories 
The risk of accidents can be reduced by careful design of the optical 

layout of the laser laboratory itself. Possiole sources of diffused or 
specular reflection should be identified and, if they cannot be eliminated, 
they should be screened as far as possible. Partial enclosure of the beam 
where it poses a greater risk is to be recommended. 

The door of a laser laboratory should be interlocked to prevent the entry 
of non-authorized personnel when lasers are operating. An interlock bypass may 
be added to allow free entry of authorized personnel. The bypass may be key 
or code operated. 

Physical locking of laser laboratories is to be discouraged, considering 
the fire and other hazards presented in the area. 

One or more "panic switches" to cut off the power to all instruments in 
the laboratory may be valuable in case of electrical accidents etc. 

Room lighting should be as bright as practicable in order to constrict the 
pupil and also to offer adequate visibility where laser spectacles are worn. 
For the same purpose the walls should be painted in a light color. 

Figure 1 contrasts a badly-designed with a well-designed laser laboratory. 
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LECTURE 4 

ULTRAVIOLET RADIATION SOURCES HAZARD EVALUATIONS AND PROTECTION 

C R Roy 

Australian Radiation Laboratory 

INTRODUCTION 
The use of ultraviolet radiation (UVR) sources in the scientific, medical, 

domestic and industrial fields, is becoming increasingly widespread, for 
example, in sterilization, photopolymerization, photoactivation processes, 
psoriasis phototherapy and artificial suntanning. UV radiation is also 
present, as a by-product, in such operations as welding, metal smelting, glass 
processing and in all processes involving the presence of incandescent 
materials. These various sources may present a very broad spectrum throughout 
the UV region. In practice, however, only the radiation in the range between 
200 and 400 nm has a direct interaction with living organisms, since at 
wavelengths shorter than 200 nm the UV radiation is strongly absorbed by 
oxygen in air (this does, however, produce ozone, the noxious effects of which 
cannot be disregarded). In this spectral interval, the penetration depth into 
the human tissues is in the range of 0.1-1 mm; the organs subject to the 
direct interaction with radiation are the skin and the eyes, on which, as is 
well known UVR causes short and long-term damage (erythema and carcinoma in 
regard to the skin, photokeratitis and cataract in regard to the eyes). 

The increased spread of UVR sources thus poses the problem of protection 
(both at the professional and user level) and calls for a set of rules fixing 
the maximum exposure values for the organs that are subjected to the radiation 
hazard. 

The "American Conference of Governmental Industrial Hygienists" (ACG1H) 
promulgated, in 1971 (ACGIH, 1981), some criteria for the evaluation of the 
hazard connected with the use of UVR sources, attributing to the various 
spectral zones a relative effectiveness varying on the basis of the action 
spectrum for the production of the most frequent types of damage. The maximum 
advised exposures correspond within a good approximation, to the threshold 
values for the production of photokeratitis and cutaneous erythema. 
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Ihe ACGIH figures are used widely and have been adopted by the US National 

Institute of Occupational Safety and Health (NI0SH72), the UK National 
Radiological Protection Board (NRPB, 1977) and are identical to the figures 
used in the guidelines prepared by the International Radiation Protection 
Association (IRPA 1985). Following the publication of the IRPA document, it 
is likely that the National Health and Medical Research Council (NHMRC) will 
propose its adoption as the Australian ultraviolet exposure standard. 
Previously the NHMRC recommended the draft IRPA guidelines as an interim 
standard. 

Compliance with the guidelines may cause problems for a number of reasons: 

(a) a strong dependence of the effects (both the short and the long term) 
on the wavelength; 

(b) variability in the spectral emission of the various sources; 
(c) variability in the skin sensitivity to radiation; 
(d) difficulty in estimating the risk/benefit ratio; 
(e) difficulty of correct dosimetry. 

The latter point is shown by the fact that, whilst in the most refined 
laboratory measurements the radiometric quantities are affected by errors of a 
few percent, in practical routine measurements such small values are not even 
approached - the errors being at times as high as 100°/ o. 

A number of commonplace UVR sources including various fluorescent lamps, 
sunlamps discharge lamps, black lights, welding arcs and solar radiation will 
be investigated. The spectral irradiance in the 200-400 nm will be weighted 
by the ACGIH spectral sensitivities adopted by ACGIH and IRPA and the total 
effective irradiance determined. 

Where sources are deemed to be potential hazards, protection against 
overexposure may be achieved by a combination of: 

(a) administrative control measures, 
(b) engineering control.measures, 
(c) personal protection. 

Emphasis should be placed on administrative and engineering control 
measures to minimise the need for personal protection. This will be discussed 
in detail. 
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GUIDELINES FOR OCCUPATIONAL EXPOSURE TO ULTRAVIOLET RADIATION 

The development of an exposure limit (EL) to UVR for workers and the 
general population must consider the risks of acute and chronic injury to the 
skin and/or the eye. 

Ultraviolet Effects on the Skin 
Exposure to UV-B (280 to 315 nm) and UV-C (200 to 280 nm) radiation 

results in erythema or reddening of the skin (sunburn). A similar effect can 
also be obtained with UV-A (315 to 400 nm) but the dose required is much 
greater. The action spectrum of ultraviolet erythema was initially 
investigated in the 1920's and 1930's (Coblentz and Stair, 1934). The key 
findings are generally summarized by a standard action spectrum. The 
importance of noting the length of time after exposure for the various degrees 
of erythema to develop and the value of defining the action spectrum at a 
well-defined degree of redness and not at the just-perceptible erythema was 
emphasised. 

Recent dermatological investigations have found the action spectrum for 
this just-perceptible erythema to be quite different from the original curve. 
Erythema thresholds vary significantly with skin pigmentation (over at least 
one order of magnitude). 

In applying an action spectrum to the development of hazard criteria for 
industrial exposure, one must make a judgement of what exposure limits will 
result in unwanted acute and chronic effects. Erythema production for a given 
spectral source is dependent only on the total dose; reciprocity exists 
between exposure rate and exposure duration over a wide range of exposures 
(<0.0l sec to several hours). 

Chronic exposure to ultraviolet radiation accelerates skin aging and it is 
now generally felt that such exposure increases the risk of developing certain 
types of skin cancer. Since UV-B radiation penetrates more deeply into the 
skin than UV-C radiation, UV-B has been thought to be the most effective in 
affecting living tissue, as is attested by its capability of producing the 
more severe grades of erythema. Several epidemiological studies of skin 
cancer incidence reveal a very strong correlation with terrestrial solar UV B 
levels. 
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A quantitative threshold for carcinogenesis by ultraviolet radiation 

appears to be very difficult to define, if indeed one exists. Epidemiologic 
studies correlating solar ultraviolet exposure with skin cancer may shed some 
light on whether quantitative thresholds exist for human skin cancer. 

Ultraviolet Radiation and the Eye 
The retin? responds to near-ultraviolet radiation as to light; however, 

the lens of the eye is a strong absorber of wavelengths shorter than 400 nm 
and the resultant spectral sensitivity for vision markedly decreases between 
420 nm and 380 nm. 

UV-B and UV-C radiation are absorbed in the cornea and conjunctiva, and in 
sufficient doses will cause keratoconjunctivitis, a painful effect often known 
as welder's flash. The action spectrum and threshold dosage of ultraviolet 
keratoconjunctivitis have been investigated by several groups (Pitts et. al., 
1977, 1981). General agreement may be found in trie results of the different 
investigators if differences in experimental techniques, instrumentation, and 
subjects are considered. The peak of the photokeratitis action spectrum was 

2 at 265-275 nm and a threshold at that wavelength of approximately 40J/m for 
both human and primate eyes. These studies did not reveal an action spectrum 
for conjunctivitis different from keratitis. Unfortunately, this action 
spectrum, when weighted against the ultraviolet spectrum of indirect daylight 
to which the eye is daily exposed, would indicate that almost everyone would 
develop keratoconjunctivitis in a few hours while standing outdoors. 

This would indicate that the investigators had experimental difficulties 
in accurately determining the obviously extreme slope of the action spectrum 
in the 300-315 nm range. Individuals do develop keratoconjunctivitis from 
daylight ultraviolet radiation but only after prolonged exposure to 
ultraviolet reflected from snow (an aspect of snow blindness). Accidental 
exposures to ultraviolet radiation from germicidal lamps (which emit 
principally at 253.7 nm) indicate a human threshold for photokerititis of 

2 approximately lOOJ/m , in reasonable agreement with the data of Pitts. 

Envelope Action Spectrum 
In the UV-B and UV-C regions, an action spectrum curve can be drawn which 

envelopes the threshold data for exposure doses in the range of reciprocity 
for acute effects obtained from studies of minimal erythema and 
keratoconjunctivitis. This EL curve does not differ significantly from the 
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collective threshold data considering measurement errors and variations in 
individual response. The curve is also well below the acute UV-B 
cataractogenic thresholds. Repeated exposure of the eye to potentially 
hazardous levels of UVR is not believed to increase the protective capability 
of the cornea as does skin tanning and thickening of the stratum corneum. 
Thus, this EL is more readily applicable to the eye and must be considered a 
limiting value for that organ. Any dose accumulation of UV-B and UV-C 
exposures causing photokeratitis is limited to about 48 hours since the outer 
corneal epithelial layers are replaced in about 48 hours. The envelope curve 
and some of the experimental data used for the derivation is given in 
Figure 1. The safety factor for UV-A EL's is large. 
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Figure 1: Ultraviolet exposure limit curve. Threshold data of 
(a) Coblentz and Stair (1934), (b) Freeman et al 
(1966) and Everett et al (1965), (c) Berger et al 
(1968), (d) Pitts and Tredici (1971) and (e) ACGIH 
(1981) and IRPA (1985). 
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The Nationa1 Health and Medical Research Council (NHMRC) of Australia has 
adopted the draft 1RPA guidelines as an interim ultraviolet occupational 
exposure standard. Following the publication of the IRPA document it is 
expected that NHHRC will recommend its adoption as the Australian Exposure 
Standard. The exposure limits are given in Appendix 1. 

The spectral sensitivity curve used by ACGIH and IRPA is shown in 
Figure 2. The flat response in the UV-A is quite conservative and a modified 
version which employs relative UV-A sensitivities (Van der Leun, 1965) has 
also been used here for comparison. 
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Figure 2: Spectral effectiveness curves used by IRPA and ACGIH. 

Because of the wide variations in threshold values and exposure history 
(conditioning) among individuals, these figures should only be used as a guide 
for evaluating skin hazards. The envelope guideline has some margin of safety 
to protect all but the most sensitive individuals. An exact value for this 
margin cannot be given, but for lightly pigmented persons the factor varies 
from about 3 to 20 depending on spectral composition of the radiation. Since 
there may be more than one erythemal mechanism and, therefore, more than one 
erythemal action spectrum, the effect of radiation of two widely differing 
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wavelengths in the 200 nm to 315 nm range may not be simply additive. The EL 
should be used with caution in evaluating sources such as the sun having a 
rapidly increasing spectral irradiance in the 290-310 nm range. Large errors 
can arise because of the difficulty in making accurate spectral measurements 
of such sources in this region. 

The EL may not provide adequate protection for photosensitive individuals 
or for normal individuals exposed concomitantly to chemical, pharmaceutical, 
or phyto-photosensitizers, and special precautions must be taken for such 
cases. 

The EL should reduce the risk of occurrence of chronic skin effects by 
preventing acute effects and limiting life-long UVR exposure. An action 
spectrum for UVR skin carcinogenesis is not known for man, although the 
erythemic action spectrum has been used for global estimates of UV exposure. 
It should be remembered that occupational exposure to UV-B adds to an 
individual's nonoccupational exposure to solar UV-B. 

In the UV-A region there is only limited data available on which an EL may 
be established. However, few industrial sources emit sufficient intensity m 
this spectral region to cause adverse biologic effects. Skin damage is 
principally thermal in nature requiring very high irradiances except in 
photosensitive individuals. Photokeratitis and lenticular opacities have been 
produced in experimental animals with acute exposure at high radiant 
exposures. There are no indications that the low levels of UV-A found in most 
indoor work environments present a hazard although it has been hypothesized as 
one causative agent for cataract in the past. Thus, the EL for UV-A should be 
below most conceivable thermal or photochemical injury mechanisms. 

Ultraviolet Radiation Sources and Hazard Evaluations 
A number of different sources of UVR will be investigated including 

various lamps, welding arcs and solar radiation. Table 1 (p 76) is a Summary 
of results, measured and calculated, for all sources. 

A. Lamps 
The general characteristics of lamps and pertinent technical 

characteristics will be briefly reviewed. There are several methods for 
cataloging lamps from the standpoint of potential hazards it is convenient to 
use the following categories: 

a. incandescent filament lamps 
b. low pressure discharge lamps 
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c. fluorescent lamps 
d. high intensity discharge lamps 
e. short arc lamps 
f. carbon arcs 

(a) Incandescent lamps 
Solid-body incandescent materials such as iron and tungsten used in 

filament lamps seldom exceed black-body temperatures of 3000K. From Figure 3 
it can be seen that their spectral distributions peak in the red end of the 
spectrum with a relatively small fraction of visible (blue) and UV radiation. 
Such light sources present no problems from a safety standpoint and will not 
be considered in detail. 
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Figure 3: Blackbody emission as a function of temperature. 

(b) The low pressure discbarge (mercury) lamp 
The mercury lamp in the various forms is one of the most important and 

widely utilised light and UVR sources. It is also potentially nazardous. The 
lamp consists of a UV transmitting tube with an electrode at each end. The 
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filling is not mercury alone, but a mixture of a single drop of mercury and an 
inert gas, usually argon, at a pressure of a few torr. The pressure of 
mercury is just its vapour pressure (7mT) at the operating temperature, which 
is approximately 40°C. The inert gas is therefore at a much higher pressure 
than the mercury, but contributes almost nothing to the spectral output. 
However it plays a vital part in both the establishment and the maintenance of 
the discharge. When a lamp is first switched on, electrons are accelerated in 
the electric field. Because the vapour pressure of mercury is so low, most of 
the collisions which take place are between electrons and argon atoms. The 
lowest argon excited state is metastable, i.e. non-radiative but on collision 
can cause ionisation of a mercury atom. 

Mercury emission occurs at a number of specific wavelengths including the 
UV wavelengths of 189, 254, 297, 303, 313 and 365 nm. However almost 90°/ o 

of energy is emitted at 254 nm. The 254 nm radiation is a highly reactive 
wavelength to the eyes and skin and extreme care must be taken in its use. 

Germicidal or UV-C lamps are effective in destroying bacteria and moulds 
and are used extensively in hospitals, cold-storage facilities, and food 
handling and processing rooms. A typical spectrum is shown in Figure 4. The 
spectral irradiance, weighted as indicated in the Appendix, is also shown. 

2 The weighted spectral irradiance is 34 mW/cm and a total exposure time of 
only approximately 15 minutes (see Appendix, Table 2) is permitted. These 
lamps are normally in either enclosed cabinets or mounted in a room in such a 
manner as to reduce the irradiances to an acceptable level. 

Portable domestic sunlamps have similar emission spectra as shown in 
Figure 5. Although these units are used predominantly in non-occupational 
situations they are potentially hazardous with an effective irradiance of 2 63 mW/cm at 1.6m. An Australian standard dealing with safe use of sunlamps 
1s presently 1n preoaration. 

(c) Fluorescent lamps 
Host low pressure mercury lamps are used for lighting, with a fluorescent 

powder coating on the inside wall which converts the 185 and 254 nm radiation 
from the arc into visible radiation suitable for illumination. Fluorescent 
tubes are also used for purposes other than illumination with fluorescent 
coatings chosen to emit bands of radiation centering on wavelengths between 
about 300 and 450 nm. The most common emits a broad band of UV-A, with peak 
emission at 360-370 nm. There are two versions of this lamp. One has a tube 
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made from normal soda glass and the other a tube made from "Wood's* glass. 
Wood's glass contains oxides of nickel and cobalt, and is opaque to visible 
radiation but transmits UV-A. Lamps having such phosphors or filters are 
called "blacklight" units. 

There is always an energy loss when a fluorescent wavelength converter is 
used because even if the quantum yield is unity, each energetic 254 nm photon 
is converted into a less energetic photon of a longer wavelength. 

In the study of solaria (artificial suntanning establishments) two 
different types of UV fluorescent tubes were encountered (Gies et. al., 
1985). UV-B tubes (Figure 6) found in 'stand-up' tanning booths and UV-A 
tubes (Figure 7) which are used in sunbeds. An Australian Standard (SAA, 
1983) now covers the artificial suntanning industry and only UV-A lamps would 
meet the emission requirements. The main use of these lamps are in the 
medical (phototherapy) and recreational areas and would rarely be encountered 
in occjpational situations. 

Blacklights are often used with fluorescent powders in many nondestructive 
testing applications as well as for special effects in entertainment. Figure 
8 shows a typical emission spectrum. The measured UV-A irradiance at a 

2 distance of 0.8 m was 10.5 W/m slightly greater than that permitted by the 
IRPA standard. This unit contains a mercury lamp with a "Wood's" filter 
physically held in front. Problems would arise if leakage around the filter 
occurs or if the filter was cracked. 

(d) High intensity discharge (HID) lamps 
The most common HID lamps are mercury, high-pressure sodium and 

metal-halide lamps. Gas pressures are typically 2-4 atmospheres. These lamps 
often present potential hazards and require evaluation. Most employ two 
envelopes - the inner envelope or arc tube is generally of quartz while the 
outer envelope is typically of hard borosilicate glass. The outer envelope is 
to minimise ambient temperature and draft changes but it also plays an 
important role in filtering out UV-B and UV-C radiation. The lamps are 
sometimes operated with fluorescent phosphors in the outer envelope. In high 
pressure mercury discharge lamps the emission 1s no longer exclusively the 
atomic spectral lines of the low pressure lamp but is a continuum with the 
five principal visible emission lines (405, 436, 546, 557 and 559 nm) having 
much of the output energy. 
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Spectral irradiance of two different UV A fluorescent 
lamps. 
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The high pressure sodium lamps are being used increasingly for outdoor and 
more recently indoor lighting. The lamp is constructed with two envelopes the 
inner of polycrystalline allumina which has a low transmittance for UV-B and 
UV-C. These lamps are not considered hazardous. 

The metal halides lamps are very much like mercury lamps with a phosphor 
coating. These lamps contain mercury as well as mixtures of various metal 
halides (sodium, thalium, indium etc). 

(e) Short-arc lamps 
Short, compact-arc (0.3 to 10 mm gap) lamps are the brightest continuous 

lamp sources available, and are typically used for searchlights and solar 
simulators. The short-arc lamps are generally direct current (dc) and 
specialized starting circuits and high-current, low-voltage power supplies are 
required. Xenon, mercury-xenon, and mercury are the most common. All of the 
short-arc lamp types employ quartz envelopes and therefore emit sufficient 
UV-B and UV-C radiation to present serious eye and skin hazards for direct 
exposure. The quartz envelopes are exceedingly hot and would cause burns of 
the skin if touched momentarily. In addition, the high-pressure lamps present 
an explosion hazard if not handled carefully. 
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(f) Carbon arcs 

Carbon-arc sources were once widely used, but they have generally been 
replaced in projectors, spotlights and searchlights by short-arc lamps. The 
arc is open, as in a welding arc and produces an emission rich in UV-B and 
UV-C as well as visible. 

B. Welding arcs 
The largest number of personnel exposed to intense sources of optical 

radiation would be welders and their assistants. 

There are two broad categories of welding equipment - gas (acetylene) 
welding and electric-arc welding. The ultraviolet emission from a gas welding 
torch is quite small and is not considered a hazard. 

There are a variety of different arc welding and cutting processes and all 
vary in their UV emission. Examples of welding processes include carbon arc 
welding (CAW), shielded metal arc welding (SHAW) gas tungsten arc welding 
(GTAW), gas metal arc welding (GMAW) and plasma arc welding (PAW). The most 
common shielding gases are argon, helium and carbon dioxide. The irradiance 
depends on the type of process and the arc current. The structure in the 
spectrum is due to the metals involved and to the shielding gases. It has 
been found that the average spectral irradiance does not vary greatly from the 

2 UV to the near infrared and is typically of the order of 10 mW/m /nm at a 
distance of 1 m. 

* 

The emission spectra from three different arc welding processes are shown 
in Figure 9 and additional information is given in Table 1. Extremely high 
effective irradiances are calculated and it is obvious why full protection 

2 (approximately 100-1000 mW/m ) is required for the operators and nearby 
workers. 

C. Video Display Terminals (VDTs) 
In recent years concern has been expressed that radiation emissions from 

VDls could be a health hazard for operators. The results of a comprehensive 
measurement programme have been published by ARL (Joyner et. al. 1984). 

The UV emission is simply the tail of the visible peak. Typical results 
are given in Figure 10 for different colours generated on a Wang colour VDT. 
Ihe measured 'rradiances are between three and six orders of magnitude below 
the UV-A recommended limit. Hence UVR emissions from VDTs are of no concern. 
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D. Solar Radiation 

If it is assumed that the sun radiates as a blackbody it can be calculated 
that the effective temperature of its surface is approximately 6000K. From 
Figure 1 it can be seen that as the temperature of the blackbody increases the 
peak wavelength shifts to shorter wavelengths (Wiens Displacement Law) and 
appreciable UVR is emitted. 

The extra terrestrial solar radiation (solar constant) is approximately 
2 2 

1351 W/m of which a 900 W/m reaches the earlier surface. About 45 
W/m 2 is UV-A and 2 W/m UV-B. 

A typical noontime summer solar spectrum is given in Figure 11. Also 
shown is the weighted spectral distribution. Less than 4 ° / 0 of the solar 
UVR is UV-B however on weighting this figure rises to 37°/ c (IRPA, AC6IH 
weighting) or 72°/ 0 (modified IRPA weighting). 

The solar exposure permitted to an unprotected outdoor worker would be 
limited to only a few minutes if the exposure took place at noon. Permitted 
times increase rapidly prior to 1000 hours or after 1400 hours. In any case 
workers or non-workers should be completely protected outdoors. 
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Figure 11 Weighted and unweighted solar spectral irradiances. 



72 
PROTECTION AGAINST OVEREXPOSURE TO UVR 

Although many sources of ultraviolet radiation also emit copious 
quantities of visible light, some do not. For example, germicidal lamps which 
generate large amounts of ultraviolet radiation give off only a faint visible 
glow. It is unsafe, therefore, to judge hazard potential solely by brightness. 

Where sources are powerful enough to be a hazard, protection against 
overexposure may be achieved by a combination of: 

(a) administrative control measures, 
(b) engineering control measures, 
(c) personal protection. 

Emphasis should be placed on administrative and engineering control 
measures to minimise the need for personal protection. 

Administrative Control Measures 

Limitation of access 
Access to an area where equipment emits ultraviolet radiation should be 

limited to those persons directly concerned with its use. 

Hazard awareness 
All persons concerned with the use of equipment which emits ultraviolet 

radiation should be made aware of this and should be informed of the hazards. 

Hazard warning signs and lights 
Hazard warning signs should be used to indicate the presence of a 

potential ultraviolet radiation hazard. Warning lights may be used to show 
that the equipment is energised. 

Distance as a safety factor 
The user should keep as far away from the source of ultraviolet radiation 

as is practicable. As a rule of thumb, at large distances (greater than twice 
the greatest dimension of the source) the intensity of the radiation falls off 
as the square of the distance from the source. At shorter distances, the 
intensity falls off approximately linearly with distance. 
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Limitation of exposure time 

The exposure time should be kept to the minimum, and the maximum exposure 
limits given in the Appendix should not be exceeded. 

Maintenance work on equipment emitting ultraviolet radiation 
Maintenance work often requires an engineer to be very close to the 

source. The power supply must be disconnected before any work is carried out; 
to ensure this the equipment should be interlocked. 

Engineering Control Measures 

Containment 
Indiscriminate emission of ultraviolet radiation into the workplace must 

not be allowec This can be prevented either by carrying out the process 
within a sealed housing or by providing a screened area. 

Sealed housings 
Wherever possible, the radiation should be contained within a sealed 

housing. If observation ports are required they should be made of suitably 
absorbent materials such as certain grades of acrylics, PVC and window glass. 

Screened areas 
Where the exposure process takes place external to the source housing, a 

screened area should be provided where it may be carried out. Such an area 
would be subject to the administrative control measures outlined above. 
Persons entering the area should be adequately protected from the ultraviolet 
radiation, as described below. 

Use of interlocks 
Interlocks should be fitted to the source housing to prevent excessive and 

unnecessary exposure. Interlocks are necessary where the removal of a cover 
from the housing could result in a hign exposure. 

Elimination of reflected ultraviolet radiation 
Many surfaces, especially those of shiny metal or glossy light-coloured 

paints, are good reflectors of ultraviolet radiation. To reduce the intensity 
of reflected radiation, surfaces should be painted in a dark, matt colour. 
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Protection of the skin 
The most effective way to protect the skin from ultraviolet radiation is 

to cover it. The areas of skin usually at risk are the backs of the hands, 
the forearms and the face and neck. The hands can be protected by wearing 
gloves. The arms should be covered by long sleeves of material with low UV-B 
transmission. In general, materials which are visibly opaque are suitable. 
The face can be protected by a face shield and this will also provide eye 
protection. 

Further information can be found in Australian Standard 1558-1973 (amended 
1978) Protective clothing for welders. 

Protection of the eyes 
Goggles, spectacles or face shields which absorb ultraviolet should be 

worn where there is a potential eye hazard. In welding operations, there is 
also the possibility of retinal damage from the intense visible radiation 
emitted. Welders should be protected by a welding helmet or mask fitted with 
the appropriate absorption filters. Information about such protection is 
contained in the Australian Standards 1338 (SAA, 1981) and 1336 (SAA, 1982). 

Some high pressure lamps are potential explosive hazards and the eyes 
should be protected against flying fragments of glass. Particular care should 
be taken to protect the eyes and hands when such lamps are being removed or 
replaced. 

Hazards from ozone 
The photochemical interaction of short wavelength ultraviolet radiation 

and oxygen in the air forms the colourless toxic gas, ozone. Ozone is a 
powerful oxidising agent and cells on the body surfaces may be damaged when 
they are exposed to 1t. A concentration higher than 0.1 parts per million, 
the threshold limit value, may cause smarting of the eyes and a feeling of 
discomfort in the nose and throat. However, this concentration should be 
detectable by smell, the gas having a characteristic, penetrating odour. 
Exposure above this concentration can damage the cells lining the airways of 
the lung and produce a form of bronchitis. Exposure to concentrations in 
excess of 1 part per million can cause acute and serious interference with the 
normal function of the lung and may lead to convulsions and loss of 
consciousness. 
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The hazards from ozone may be avoided by ensuring adequate ventilation in 

the area around a source. Very intense short wavelength sources may require 
an extraction system *o remove ozone. 

CONCLUSIONS 
The acute effects of overexposure to ultraviolet radiation are generally 

painful and should act as a deterrent against further exposure. The effects 
of repeated exposures may be much more serious but may not become apparent for 
several years. 

It is therefore important to protect against unnecessary exposure. 
Protection may be achieved by a combination of administrative and engineering 
controls, and personal protection. In many cases it will be easy to decide on 
the control procedures to adopt. 



76 
TABLE 1. WEIGHTED AND UNWEIGHTED IRRADIANCE 
AND SPECTRAL DISTRIBUTION OF SOME UVR SOURCES 

Source Distance Irrad. Weighted Distribution of unweighted tmax 
W/m? Irrad. (weighted) UVR sec. 

mW/m2 °/oUV-C °/oUV-B °/«UV-A 

uv-c 
germicidal 
lamp 

180 mm 0.27 34 11.2(46.2) 50.5(52.9) 38.3( 0.9) 880 

UV-B 
fluorescent 
lamp 

460 mm 1.49 175 0.4( 3.5) 51.3(95.3) 48.2( 1.2) 170 

Sontegra 
UV-A 
fluor.lamp 

~50 mm 8.2 30 - ( - ) 0.8(18.6) 99.2(81.4) 1000 

Relarium 
UV-A 
fluor.lamp 

~50 mm 22.0 68 - ( - ) 0.7( 3.1) 99.3(96.9) 440 

Brevil le 
Sunlamp 1.6 m 1.7 63 0.2( 6.0) 32.0(88.6) 67.7( 5.5) 480 

B-100 
blacklight 0.8 m 10.5 32 <0.1( 0.9) <0.1( 1.6) 99.9(97.5) -

GTAW 
welding 
arc 

1.0 m 6.81 1070 18.2(59.7) 22.0(39.2) 59.8( 1.1) 285 

GMAW 
welding 
arc 

1.0 m 3.44 465 23.5(78.7) 11.0(19.9) 65.5( 1.5) 65 

PAC 
welding 
arc 

1.0 m 0.86 96 15.6(61.9) 14.5(36.2) 69.9( 1.9) 320 

Solar 
radiation - 70.8 326 - ( - ) 3.7(37.0) 96.2(63.0) 95 
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APPENDIX: Summary of the IRPA exposure standard. 

OCCUPATIONAL STANDARD FOR 
EXPOSURE TO ULTRAVIOLET RADIATION 

These exposure limit (EL) values refer to ultraviolet radiation (UVR) in 
the spectral region between 180 and 400 nm and represent conditions under 
which it is believed that nearly all workers may be repeatedly exposed without 
adverse effect. These EL values for exposure of the eye or the skin may be 
used to evaluate potentially hazardous exposure from UVR. The limits do not 
apply to ultraviolet lasers. These values should be used as guides in the 
control of exposure to both pulsed and continuous sources where the exposure 
duration is not less than 0.1 ysec. These EL's are below levels which would 
be used for UV exposures of patients required as a part of medical treatment 
or for elective cosmetic purposes. 

These values should be used as guides in the control of exposure to UVR 
sources and as such are intended as upper limits for nontherapeutic and 
noncosmetic exposure. 

Exposure Limits: 
The EL for occupational exposure to UVR incident upon skin or eye where 

irradiance values are known and exposure time is controlled are as follows: 

1. For the near ultraviolet UV-A spectral region (315 to 400 nm) the total 
irradiance incident upon the unprotected skin or eye should not exceed 

2 2 3 
lOW/m (1 mW/cm ) for periods greater than 10 seconds 

3 
(approximately 16 minutes) and for exposure times less than 10 seconds 2 2 should not exceed lOkJ/m (l.OJ/cm ). 

2 For the actinic UV spectral region (UV-C and UV-B from 180 to 315 nm), the 
radiant exposure incident upon the unprotected skin or eye within an 
8-hour period should not exceed the values given in Table 1. Values are 
given to 318 nm to aid in spectroradiometric measurements. 

3. To determine the effective irradiance of a broadband source weighted 
against the peak of the spectral effectiveness curve (270 nm), the 
following weighting formula should be used: 
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Eeff = * E X S X A X 

where: 
2 ... 2. E f f = effective irradiance in W/m (J/s.m ) normalized to a 

monochromatic source at 270 nm 2 E = spectral irradiance in W/m /nm 
S = relative spectral effectiveness (unitless) 
AX = bandwidth in nanometers of the calculated or measurement 

intervals 

Permissible exposure time in seconds for exposure to actinic UVR incident 2 upon the unprotected skin or eye may be computed by dividing 30J/m by 2 
Eeff i n W / m ' T h e m a x i m u m exposure duration mav also be determined 
using Table 2 which provides representative exposure durations 

2 corresponding to effective irradiances in W/m . 
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TABLE 1 

VALUES FOR UVR EL AT REPRESENTATIVE WAVELENGTHS 

Relative 
Spectral 

Wavelength EL EL Effectiveness 
2 2 

(nm) (J/m ) (mJ/cm ) S 
180+ 1000 100 0.03 
190+ 1000 100 0.03 
200 1000 100 0.03 
205 590 59 0.051 
210 400 40 0.075 
215 320 32 0.095 
220 250 25 0.12 
225 200 20 0.15 
230 160 16 0.19 
235 130 13 0.24 
240 100 10 0.30 
245 83 8. 3 0.36 
250 70 7. 0 0.43 
254 60 6 0 0.50 
255 58 5 8 0.52 
260 46 4. 6 0.65 
265 37 3. 7 0.81 
270 30 3 0 1.0 
2/5 31 3 1 0.96 
280 34 3 4 0.88 
285 39 3 9 0.77 
290 47 4 7 0.64 
295 56 5 6 0.54 
297 65 6 5 0.46 
300 100 10 0.30 
303 250 25 0.19 
305 500 50 0.06 
308 1200 120 0.026 
310 2000 200 0.015 
313 5000 500 0.006 
315 10000 1000 0.003 

316a 15000 1500 0.002 
317a 20000 2000 0.0015 
318a 30000 3000 0.001 

* Principal emission line of low-pressure quartz-mercury lamps. 
+ Tentative values given for use only when sources emit substantial 

amounts of UVR in this band. 
a Values provided for guidance in spectroradiometer measurements. 
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TABLE 2 

LIMITING UVR EXPOSURE DURATIONS BASED ON EL 

Duration of Exposure Effective Irradiance 
Per Day E ., (W/m 2) l (nW/cm 2) 

8 h^s 0.001 0.1 
4 hrs 0.002 0.2 
2 hrs 0.004 0.4 
1 hr 0.008 0.8 
30 min 0.017 1.7 
15 min 0.033 3.3 
10 min 0.05 5 
5 min 0.1 10 
1 min 0.5 50 
30 sec 1.0 100 
10 sec 3.0 300 
1 sec 30 3 ,000 
0.5 sec 60 6 ,000 
0.1 sec 300 30 ,000 
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LECTURE 5 

ULTRAVIOLET RADIATION MEASUREMENT TECHNIQUES 

F J Wilkinson 

CSIRO Division of Applied Physics, Sydney, Australia 2070 

RADIOMETRY AND SPECTRORADIOMETRY 

Radiometry is the measurement of optical radiation for the purpose of 
characterising either a radiation source, a detecting system or the optical 
properties of materials. Ultraviolet (UV) radiometry involves measurements, 
with relatively broad wavelength bands - typically 50 to 200 nm, within the 
wavelength range 200 to 400 nm in air. The types of measurement include 

-2 -2 irradiance - the flux density (typical units: W.m , mW.cm ) of 
radiation incident at a point in a particular plane; 

-? -1 radiance - the flux density per unit solid angle (W.m .sr ) of 
radiation emitted at a point in a surface in a particular direction; 

radiant response - the broad-band spectral sensitivity of a detector (eg. 
- 1 2 1 2 A.W .m , V.W .m ) or a radiometer, in which case the response is 

display units per unit irradiance; 

transmittance and reflectance ratios of transmitted or reflectfcd 
radiation, to broad band radiation incident on a material (dimensionless 
units) for a particular optical geometry. 

SpectrPXadjojnetry is the measurement of the spectral concentration of source 
radiance or irradiance i.e. radiance or irradiance per unit wavelength 
interval. Spectral responsivity and spectral transmittanre and reflectance 
are not measures of spectral concentration but of the quantities, defined 
above, applying to a particular wavelength or narrow band of wavelengths. In 
spectroradiometry or spectrophotometry the wavelength band is selected by a 
dispersing system (a .nonochromator) or narrow band filters, with a spectral 
band width between some fraction of a nanometre (nm) and about 10 nm, 
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depending on the instrument and the resolution required. Ideally, the 
measurement should be made at wavelength intervals equal to the spectral 
bandwidth in order to include and weight equally all spectral components. If 
the property being measured varies smoothly and gradually with respect to 
wavelength, sampling at broader intervals is satisfactory and values at 
intermediate wavelengths can be interpolated if required. 

-2 -1 Typical units for spectral irradiance are ml1.cm .nm , but in the 
-3 International System (SI) the preferred units are W.m (ie. the components 

with like dimensions are combined). Spectral radiance units are, for example, 
-2 -1 -1 -3 -1 

mW.cm .nm .sr or W.m. .sr . Spectral response units are the 
same as the broad-band response units. 

Spectral Distributions 
Some representative curves of relative spectral energy distribution, 

biological response and detector responsivity are shown in Figs. 1-5. If a 
radiometer car. be made to match the shape of the biological spectral response 
then r.oaningful measurements can be made with it, relating a weighted measure 
of the irradiance to the biological effect, regardless of the source spectral 
energy distribution. Such is tne case of photometers - filtered detectors 
with spectral responsivities closely matching the photopic response (V(\)) of 
the human eye (Fig. 3 ) . In the U.S. the American Conference of Governmental 
Industrial Hygienists (ACGIH) has recommended a spectral effectiveness 
distribution of "UV radiation as a hazard for occupational exposure" (Fig. 4 ) , 
and attempts are being made to design a radiometer with a matching relative 
response function (Fig. 5, curve 1 ) . 

Generally, both knowledge of biological response functions in the UV 
region and the precision with which they can be matched by practical 
r. ,iometer c, even if the response function is known, are quite poor. At best 
the "action spectrum" is isolated to a band which is typically 50 100 nm 
wide. It has become custohuiry to divide the UV spectral region into cr ivenient 
bands which are used to set limits or report irradiances. 

Wavelength limits recommended by the International Comrniv, ion on 
Illumination (CIt) for the commonly used UVA, UVB and UVC bands nre-

UVA ^near ultraviolet ) 400 315 nm 
UVB ("erythema 1" UV) 315 ?80 nm 
UVC ("germicidal" UV) 280 200 nm. 
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f igure ?: 

Relative spectral irradiances of some solarium lamps 
and sunlamps. Curve 1: UV8 fluorescent lamp; curve 2: 
UVA fluorescent lamp; curve 3: single envelope 
Hg-discharge sunlamp; curve 4: double-envelope 
Hg-discharge sunlamp. 
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Spectral irradiances measured I m from some 
representative welding arcs. Curve I: Ar-shielded MIG 
on aluminium; curve ?: Ar plasma arc on copper; curve 
3: Ar-shielded H G on 316 steel. 
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Figure 5: Relative spectral responsivities of some UV radiometer 
sensors. Curve 1: "International Light" (IL) SEE240 
sensor + ACTS270 filter; curve 2: IL SEE240 sensor + 
SCS280 filter; curve 3: IL SEE115 sensor + UVA filter; 
curve 4 "Ultraviolet Products" UVX-25 sensor. 

Band Radiometry 
The irradiance from a source within a particular band bounded by 

wavelength limits x. and x 2 is equal to the integral of the spectral 
irradiances over this wavelength range. 

"XI,X2 = / E x d x -
J XI K 

(1) 

As no practical radiometer can be made with response matching precisely a 
particular wavelength distribution, a compromise must be made between adequate 
band coverage and the detection of some oi:;.-of-band radiation. However, it 
will be shown further on that, with the provision of adequate spectral data 
for both source and detector, reasonably accurate field measurements of 
irradiance for various spectral bands are possible. 
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The Measurement Equations 

If a given radiometer gives an output represented by S spectral 
-1 2 responsivity units per unit irradiance at wavelength Xn (W .m ), then for 

monochromatic radiation at that wavelength, the reading R and irradiance E 
will be related by 

R = E.S . (2) 
xn 

If the monochromatic radiation has some other wavelength, x 1 and the 
relative spectral responsivity of the radiometer (normalized to unity at xn) 
is represented by S(X') at that wavelength, then the reading will be given by 

R = E. S . S(X'). (3) 
Xn 

For more complex radiation consisting of a number of monochromatic 
components with irradiances E... E_, — E with wavelengths x , x 
— X , the reading obtained will result from the sum of the individual 

y 
responses at each wavelength 

y 
I 
x=l 

R = I l%. S x n . S(XX). (4) 

If the irradiances form a continuum between wavelengths x and x , 
within which the spectra I irradiances (ie irradiance per unit bandwidth) are 
represented by E , then the emission band may be divided into small 
intervals, AX and the radiometer reading is given by the sum 

X2 
I 
XI 

E x.S X n.S(X).AX. (5) 

Equation (5) is the most practical form of the measurement equation when 
computations are made using measured spectral irradiapces and spectral 
responsivities. The more rigorous form of (5) is 

R " Sxn / E x S ( x ) d X - <6> 
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Ihe summation in (5) or integration in (6) must be made over the 

wavelength range or ranges within which both E and S(X) are non-zero. 

The radiometer calibration usually required is a relationship between 
display readings and the source irradiance for a particular rectangular 
wavelength band. From (1) and (6), a responsivity, S for the band bounded by 
wavelength limits X., and X_ will be given by 

S = 

X2 

R / / E, 
XI 

dx 

X2 

S x n / E x S ( x ) d x ' / Ex d x " 
XI 

(7) 

If, as has been done with the spectral response distribution, the spectral 
irradiance distribution is broken into components of a constant of spectral 
irradiance, E at the particular wavelength, xn and a relative spectral 
irradiance, E(X) normalized to unity at the wavelength xn, the form of (7) 
becomes 

X2 
S = E x n S x n /E(X)S(X)dX / E J E(X)dX 

XI 

Sxn / E ( x > s ( x ) d x ' f E(x)dx. 
XI 

(8) 

Ihe ratio of the two integrals 1n (8) represents a correction multiplying 
factor to be applied to the radiometer spectral responsivity at the wavelength 
xn to give the response to <i broad wavelength range Xi -> X2 of radiation 
from a particular type of Tource. As indicated earlier, in practice the 
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calculation represented by (8) is in the form of the ratio of two summations 

X2 
S = S TE(X).S(X).AX / X E(X).AX. (9) 

xn 
xl 

A System Calibration 
To illustrate such a calibration of a radiometer system using (9) above, 

attached are copies of a BASIC computer program (Fig. 6) and results of 
running the program cor an "International Light" model IL 700A radiometer with 
two different radiometer heads, calibrated to measure the irradiances from an 
"Oliphant" type FL40SE fluorescent lamp for several wavelength bands 
(Figs. 7-9). 

The relative spectral responsivities of each sensor and the spectral 
responsivlty at a particular wavelength near the peak of each response curve 
have been determined by tests carried out at the CSIRO Division cf Applied 
Physics. Such values may also be provided by the instrument supplier. The 

-1 2 responsivity values are in the units A.W .cm . The radiometer can be 
used as an accurate photocurrent meter, or as an irradiance meter by dialling 
in the responsivity factor, S calculated in the above units. The responsivity 
then becomes the divisor of the measured photocurrent so that the irradiance -2 is displayed directly in the units H.cm . 

Fig. 7 shows the calculation of S, for a filtered silicon photodiode 
detector which responds primarily to the UVA region (Fig. 5, curve 3), for 
measurements of total UV Irradiance (200 - 400 nm). Fig. 8 shows calculation 
for a similar measurement using a filtered "solar blind" vacuum photodiode 
with a response maximum in the UVB region (Fig. 5, Curve 2). The different 
spectral responses result in different values (respectively, 0.32 and 0.49) 
for the ratios XE(X).S(X).AX/ XE(X).AX. Fig. 9 shows calculation of S for 
the second detector when only the "actinic" UVB + UVC component of the 
irradiance is to be measured. Note that the wavelength range for the 
summation XE(X).S(X).AX varies, according to the range over '*hich th<? 
product E(X).S(X) is non-zero. For an exact summation of the wavelength range 
fc-j •* *2» £E(*).AX includes only one-half of the E(X).AX values for the 
first and last intervals of the range. 
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• LIST 
0010 REM PROGRAM FOR CALCULATION OF IL RADIOMETER SENSITIVITY FACTOR 
0020 PAGE =90 
0030 DIM A$'I0).B$<tO).C$C80).D$(80).F$(80) 
0040 PRINT "Source (lairp) rel. spectral irradiances and radiometer head rel. spectral" 
0050 PRINT "responsivities must be available at 5 m intervals and cover a wavelength" 
0060 PRINT "range over which their product is effectively non-zero" 
0070 PRINT 
0080 INPUT "Input source/lamp type ",C$ 
0090 INPUT "Ir.put source rel. spect. irracl. data file nane ",A$ 
0100 INPUT "Input wavelength range for file data **.L5,L6 
0110 PRINT "Input radiometer sensor identification (including filter, diffuser etc)" 
0120 INPUT D$ 
0130 INPUT "Input rod. head rel. spect. responsivity data file name ",B$ 
0140 INPUT "Input wavelength range for file data ".L7.L8 
015^ INPUT "Input head responsivity ( A (W)-l (cn)2 ) at norm, wavelength",R 
0160 PRINT "Input appropriate wavelength range L1-L2 for integration of the" 
0170 INPUT "relative spectral irradiates and responsivities ",Ll.L2 
0180 PRINT "Input the desired wavelength range L3-L4 for the source" 
0190 INPUT "integrated irradiance '\L3,L4 
0200 PRINT 
0210 PRINT 
0220 LET F$=" -£££ -£££.££££££ -££.££££££" 
0230 OPEN FILE (I.3).AS 
0240 OPEN FILE (2.3>.B$ 
0250 LET A=0 
0260 LET B=0 
0270 PRINT "Radiometer : ":DS 
0280 PRINT "Calculation of sensitivity factor for source :" o;<»o PRINT c$ 
0300 FRINT "for irradiance integrated over the wavelength range ";L3;" to ":L4:" nm" 
0310 PRINT 
0320 PRINT "Wavelength Source Relative Radiometer Relative" 
0330 PRINT " fni*? Spectral Irradiance Spectral Responsivity" 
0340 PRINT " <L> E(L) RfLV 
0350 PRINT 
0360 FOP X=LS TC LI-5 STEP 5 
0370 READ FILE (1>.Y 

j 0380 NEXT X 
0 3 % FOR X=L7 TO LI-5 STEP 5 j 
0400 READ FILE (2>,Z j 
0410 NEXT X i 
0420 FOP X=L1 TO L2 STEP S i 
1430 READ FILE HJ.Y i 
0440 READ FILE (2),Z ! 
0450 LET A=A*Y»Z»5 i 
0460 PPINT USING F$.X,Y.Z 
0470 NEXT X 

' 0480 CLOSE 
! 0490 OPEN FILE (1.3),AS 

0500 FOR X=L5 TO L3 STEP 5 j 
j 0510 READ FILE (1>,Y i 
| 0520 NEXT X 

0530 LET B=B*Y»2.5 j 
i 0540 FOR X=L3*5 TO L4-5 STEP 5 

0550 READ FILE (I>,Y 
0560 LET B=8»Y»5 
0570 NEXT X 
0580 READ FILE < 1 >,Y 
05"0 LET 8=B*Y»2.5 

' 0600 PPINT 
0610 PPINT "Sim f E(L'»P'D»dL V Sum < E(L>»dL > = ";A/B 
G6/0 PPINT "Sensitivity factor = ";R;" • ";A/B;" = ";R»A/B 

i 063i; PPINT "for direct readout in irradiance units W 'cm)-2" 
0640 CLOSE 

i 

L .. I 
Hgure 6: A BASIC program for computing sensitivity factors for 

a radiometer for selected sources and measurement 
bands 
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RUN 
Source (lamp) rei. spectral irradiances and radiometer head rel. spectral 
responsivities oust be available at 5 nm intervals and cover a wavelength 
range over which their product is effectively non-rero 

Input source/lamp type Oliphant FL40SE 
Input source rel. spect. irrad. data file name TL49 
Input wavelength range for file data 245.400 
Input radiometer sensor identification (including filter, diffuser etc) 
? SEEll5-1189/UVA-3148/W-20% 
Input rad. head rel. spect. responsivity data file name TEST7G 
Input wavelength range for file data 295.430 
Input head responsivity < A (W)-l (cm)2 ) at norm. uaveleng^hl.361E-03 
Input appropriate wavelength range L1-L2 for integration of the 
relative spectral irradiances and responsivities 295,400 
Input the desired wavelength range L3-L4 for the source 
integrated irradiance 245,400 

Radiometer : ScEl 15-11 9/UVA-3148/W-20% 
Calculation of sensitivity factor for source : 
Oliphant FL40SE 
for irradiance integrated over the wavelength range 245 tr: 100 nm 

Wavelength Source Relative Radiometer Relative 
(nm) Spectral Irradiance Spectral Responsivity 
(L) E(L) R(L) 

2"S 2.640720 o.oo'.o;: 
300 3.747710 0.002! ?'. 
305 4.623930 0.012475 
310 s.:loioo 0.057279 
315 5.366580 0.157832 
320 4.543730 0.295080 
325 3.872380 'J. 4 40405 
330 3.132010 0. c76750 
335 2.481810 0.699726 
340 1.848460 0.810644 
345 !.37^390 0.910158 
350 1.001730 1.000000 
355 0.720634 1.064450 
360 0.519809 1.098590 
:-tc. 1.014410 l.OSOtf/i 
370 0.270258 0.984449 
375 0.192850 0.770798 
380 0.142557 0.457444 
385 0.10992! 0.172128 
390 0.093286 0.033957 
395 0.076681 T.003139 
400 0.074062 0.000219 

Sum ( E(L T-n.)*dL )/ Sum ( E(L)»dL ) = .318843 
Sensitivity factor .001361 • .318843 = 4.33945E- r! 
for direct readout in irriiiance units W (cm>-2 

END AT 0640 

Figure 7: Computation of a sensitivity factor for an 
"International Light" radiometer with a UVA sensor to 
measure total UV irradiances from an "Oliphant" f-MOSF. 
fluorescent lamp. 



93 

• RUN 
Source Uanp) rel. spectral irradiances and radioaeter head rel. spectral 
r<.3pnnsivities Must be available at 5 vm intervals and cover a wavelength 
range over which their product is effectively non-2ero 

Input source/lamp type Oliphant FL40SE 
Input source rel. spect. irrod. data file name TL49 
Input wavelength range for file data 245,400 
Input redioneter sensor identification (including filter, diffuser etc) 
? SEE240-151S/^CS280-3526/H-2288 

Input rad. head rel. spect. responsivity data file name TEST7E 
Input wavelength rang? for file data 240,415 
Input head responsivicy ( A <N)-1 (c»)2 ) at norm. w.»"elengthS.532E-04 
Input appropriate wavelength range L1-L2 for integration of the 
relative spectral irradiances and responsivities 245,400 
Input the desired wavelength range L3-L4 for the source 
integrated irradiance 245,400 

Radiometer : SEE240-1515/SCS280-3526/W-2288 
Calculation of sensitivity factor for source : 
Oliphant FL40SE 
for irradiance integrated over the wavelength range 245 to 400 nm 

Wavelength Source Relative Radiometer Relative 
(rwt) Spectral Irradiance Spectral Responsivitv 
a> E(L) R(D 

245 0.000014 0.020103 
250 0.000032 0.059054 
255 0.000135 0.140493 
260 0.000007 0.269204 
265 0.000614 0.437646 
270 0.006758 0.632961 
275 0.055008 0.836907 
280 0.232511 !.000000 
285 0.690350 l.i37080 
290 i.519710 1.177010 
295 2.640720 1.1C5240 
300 3.747710 0.989854 
305 4.623930 0.83093C 
310 5.110100 0.638125 
315 5.366580 0.468136 
320 4.543730 0.325110 
325 3.872380 0.211783 
330 3.132010 0.129758 
335 2.481810 0.078432 
340 1.848460 0.047596 
345 1.372390 0.029623 
350 1.001730 0.019493 
355 0.720634 0.01372U 
360 0.519809 0.010S2S 
365 1.014410 0.008374 
370 0.270258 0.006824 
375 0.192850 0.005582 
380 0.142557 0.004562 
385 0.109921 0.003720 
390 0.093288 0.003012 
395 0.076681 U.002372 
400 0,074062 0.001953 

I 

L 
Figure 8: 

Sum ( E(L)»R(L)»dL )/ Sun ( E(L)»dL ) = .488187 
Sensitivity factor - 5.532E-04 • .488187 = 2.70065E-04 
for direct readout in irradiance units W (ciit>-2 

END AT 0640 

Computation of a sensitivity factor for an 
"International Light" radiometer with a UVB sensor to 
measure total UV irradiances from an "Oliphant" H.40SE 
fluorescent lamp. 
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» RUN 
Source (lamp) rel. spectral irradiances and radiometer head rel. spectral 
responsivities must be available at 5 nm intervals and cover a uavelength 
range over uhich their product is effectively non-zero 
Input source/lamp type Oliphant FL40SE. 
Input source rel. spect. irrad. data file name TL49 
Input uavelength range for file data 245.400 
Input radiometer sensor identification (includinc filter, diffuser etc) 
? SEE240-1515/SCS280-3S26/W-2288 
Input rad. head rel. spect. responsivity data file name TEST7E 
Input uavelength range for file data 240,415 
Input head responsivity ( A <W)-1 (cm)2 ) at norm. uavelengthS.532E-04 
Input appropriate uavelength range L1-L2 for integration of the 
relative spectral irradiances and responsivities 245,400 
Input the desired uavelength range L3-L4 for the source 
integrated irradiance 245.315 

Radiometer : SEE240-1515/SCS280-3S26/W-2288 
Calculation of sensitivity factor for source : 
Oliphant FL40SE 
for irradiance integrated over the uavelength range 245 to 315 nm 

Wavelength Source Relative Radiometer Relative 
(nm) Spectral Irradiance Spectral Responsivity 
(L) E(L) R(L) 

245 0.000014 0.020103 
250 0.000032 0.059054 
255 0.000135 0.140493 
2̂ 0 Q.000007 0.269204 
265 0.000614 0.437646 
270 0.006758 0.632961 
275 0.055008 0.836907 
280 0.232511 1.000000 
285 0.690350 1.137080 
290 1.519710 1.177010 
295 2.640720 1.105240 
300 3.747710 0.989854 
3G5 4.623930 0.830930 
310 S.I10100 0.638125 
315 5.366S80 0.468136 
320 4.543730 0.325110 
325 3.872380 0.211783 
330 3.132010 0.129758 
335 2.481810 0.078432 
340 1.848460 0.047596 
345 1.372390 0.029623 
350 1.001730 0.019493 
355 0.720634 0.013720 
360 0.519809 0.010525 
365 1.014410 0.008374 
370 0.270258 0.006324 
375 0.1<»2550 0.005582 
380 O.I4.',55"' 0.004562 
385 0.10O921 0.003720 
W 0.093288 C.003012 
3«5 C.076681 0.002372 
400 0.074062 0.001953 

Sum ' E''Li»P(L'»dL 1/ Sum ( E'l. >»dL ' ' 1.04057 
Sensitivity factor = 5.532E-04 • 1.04057 = r;,.75645E-04 
for direct readout in irradia:v«> units W (cm>-2 

EMD AT 0S40 

Figure 9: Computation of a sensitivity factor for an 
"International light" radiometer with a UVB sensor to 
measure irradiances for wavelengths <315 nm from an 
"Oliphant" FL40SL fluorescent lamp. 
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Weighted or Effective Irradiances 

In photometry, radiant energy is weighted by a "luminous efficiency" 
function V(\), which has a maximum value of 1 at 555 nm (Fig. 3). A special 
unit, the lumen (1m) is used as a measure of luminous flux, the photometric 
equivalent of radiant flux, the watt. The lumen was derived from a particular 
experimental procedure and recent research, followed by International 
agreement, has produced the value relating the two units of 683 lm/W for 
radiation at the wavelength of 555 nm. 

The approach to photometry has a historical parallel in the use of special 
units for UV radiation producing erythema of human skin. The earliest units 
were subject to considerable variation in definition and uncertainty. In the 
1930's the Erythemal Unit (EU), also known as the E-viton, was defined as 10 
yW of monochromatic radiant flux with a wavelength of 296.7 nm, or the amount 
of radiant flux of any other wavelength which produces the same erythemal 2 effect as 10 pW of 296.7 nm radiation. Erythemal flux densities of 1 EU/cm 
were given another unit name, the Finsen. There remained considerable 
uncertainty about the shape of the weighting curve representing the erythemal 
action spectrum. 

In the interests of standardisation and reduced confusion the 
proliferation of special biological units for radiant flux is now 
discouraged. As a consequence, terms such as "weighted" irradiance or 
"effective" irradiance, in weighted SI units have been introduced, 
particularly in the area of protection standards. As has been shown in the 
application of radiometers to accurate measurements, it 1s firstly necessary 
to determine the relative spectral energy distribution of the source. 
Spectral Irradiances at positions of interest may then be obtained either by 
direct measurement using a spectroradiometer or by calculation from a 
measurement of broad-band Irradiance using a radiometer. The effective 
irradiance is then obtained by integrating the spectral irradiance values with 
a given weighting function,F(x) -

Eeff = Ax F ( x ) d x (W.nf2(we1ghted)). (10) 
-2 If effective doses are required (e.g. in the units J.cm (weighted)), 

the exposure period t (s) is included in the integration. 
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A radiometer which has a relative spectral response characteristic S(x) 

which matches the weighted function with sufficient accuracy may be calibrated 
for direct measurement of effective irradiance. The weighting function F(\) 
is usually normalised to unity at a particular wavelength, \n. As by design, 

S(X) = F(X), (11) 

from (6), (10) and (11) 

R = S ft S(X) d\ xn J. x 
= S /E F(X) dx 
= S . E „ . (12) 

Xn eff 

From (12) it can be seen that radiometer responsivity to weighted irradiances 
is numerically equal to its spectral responsivity at the wavelength at which 
the weighted function is nomalized to unity. 

Which Approach - Radiometry or Spectroradiometrv 
The preceding discussion has been intended to show that both broad-band 

and narrow spectral band measurements have a vital role in accurate UV 
radiometry. Spectroradiometers are too expensive and cumbersome for field 
testing, such as in a "actory, solarium, workshop or a phototherapy unit. It 
may be quite impossible to make spectral measurements at some positions in and 
around certain UV sources. 

If it can be established that the relative spectral energy distribution of 
the radiation is spatially invariant, then a laboratory "type test" of the 
same, using what access is available may be combined with field measurements 
using a portable radiometer. The spectroradiometer has a continuing use, 
retestlng sources for changes with various ageing processes such as 
deterioration of optical components, and unexpected changes from unstated 
modifications to later models by the manufacturer. It is also needed for 
periodic recalibration of the spectral response of radiometers in field use. 

Optical Filters 
A range of filter materials 1s available for control of the spectral 

quality of radiation from a UV source, either for applying the radiation to a 
process or for the protection of operators and onlookers. As the objective is 
normally to impose a short-wavelength limit, there is a good selection of 
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Figure 10: Published spectral transmittance curves for a range of 
"Schott" filter glass types, each for a thickness of 
about 1 mm. Many equivalent glasses are available 
from other companies. 
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Figure 11: Representative spectral transmittances of a range of 
materials useful to UV control and measurements. 
Curve 1: 3 mm "Perspex"; curve 2: 1 ram MSchott M glass 
UGH; curve 3: 0.1 mm cellulose acetate film; curve 4: 
2 mm "Pyrex" type 7/4 glass; curve 5: 0.1 mm "Mylar" 
film; curve 6: 3 ram "Plexiglas" type G; curve 7: 1 mm 
"Schott" glass UG1. 
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plastic and glass types which have relatively sharp spectral transmittance 
cut-off characteristics (Figs. 10,11). However, suitability depends on the 
area to be filtered, the amount of UV radiation to be absorbed (the exposure 
period) and thus the stability of the material. Some glass types and many 
plastics are quickly degraded by the high photon energies associated with UV 
radiation. Radiation-induced changes may shift the wavelength cut-off region, 
increase scattering and opacity, and/or produce surface blooming, 
crystallization, embrittlement and fracturing. 

The choice of filters to control the spectral response of a radiometer is 
more difficult than a choice of cut-off filters because a particular response 
band is usually required. To define a response band requires both 
long-wavelength and short-wavelength cut-off, as most sources have 
accompanying visible and infrared components. Unfortunately, there is no 
family of materials with a range of long-wavelength cut-off curves which might 
complement those shown in Fig. 10. For UVB and UVC detection this problem is 
largely overcome by selecting a "solar blind" detector which has negligible 
response to UVA and visible radiation. Another important limitation in the 
choice of filters for radiometers is caused by materials that fluoresce with 
incident UV radiation, at wavelengths at which the detector may have a high 
response. 

For radiometer use, multilayer interference films, often combined with a 
spectrally-selective glass or plastic may be a solution. Such filters have 
their own associated problems in that the surface films may not have good 
long-term stability or may be damaged unless adequately protected. Their 
transmittance characteristics may have a greater temperature dependance than 
other materials, as may also some plastics and glasses. The spectral 
transmittance of an interference filter will have at least some spatial 
non-uniformity and, more importantly, will be strongly dependant on the angle 
of Incidence so that radiation reaching the detector with different incident 
angles 1s given a different spectral weighting. The irradiance measured by 
the detector 1s made largely Independant of the angle of incidence by using a 
good diffuser 1n front of the filter. A radiometer calibration is completely 
Invalidated by the removal or changing of its diffuser. 

As filter designs have many possibilities it is necessary to examine 
carefully the band-pass characteristics, looking especially at the levels of 
out-of-band transmission and at the possible presence of "second order" 
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transmission bands at much longer wave-lengths within the region of detector 
response. In order to maintain the radiometer calibration, exposure to UV 
radiation and corrosive chemicals should be minimised, surfaces of filters 
should be kept clean without scratching and, where possible, the spectral 
transmittance of each filter for a particular beam geometry should be retested 
at regular time intervals. Of course, periodic testing of the whole 
radiometer spectral response is also a test of the filter performance, but the 
origin of any significant changes, in either the filter or detector, should be 
established. 

Stray Radiation 
Stray radiation (often termed "stray light") is radiation, other than that 

sought, which contributes to a measurement in a manner not accounted for in a 
calibration process or measurement procedure. In the case of broad-band 
radiometry it could result from detection of ambient light or internally 
scattered radiation that is present because of defective control of the 
optical system. It could also be an appropriate term to describe the response 
of a UV radiometer to high irradiance levels outside the desired wavelength 
band. 

In spectroradiometry, otray radiation generally refers to the detection of 
"out-of-band" radiation transmitted by a filter or monochromator. Secondary 
filter pass-bands may occur but, as with the radiometer response, may only 
lead to error if unaccounted for. The origin of stray radiation in 
monochromators is scattering at each optical surface and is related to the 
number of surfaces, their condition and the number of monochromator stages. 

To a first approximation, the stray radiation which accompanies the narrow 
band-pass radiation from a single-stage monochromator is proportional to the 
total amount of radiation entering the monochromator, irrespective of its 
spectral energy distribution. Thus, the broader the distribution, the higher 
the fractional stray radiation level. However, the measurement error 
resulting depends also on the spectral response characteristics of the 
detector. If its response is confined to a narrow band by filtering, for 
example, it will not "see" the broad spectral band of stray radiation present. 

li »re are a number of rules and checks which should be followed to 
minimise stray-radiation measurement errors. 
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1. Obtain and use a series of sharp-cut filters (i.e. transmitting longer 
wavelengths, as in Fig. 10) to check for any response to radiation outside the 
measurement band; 

2. give careful consideration to the positions of shutters used to determine 
"background readings" so that most stray radiation present becomes part of 
such readings; 

3. when comparing two radiation sources with a spectroradiometer choose a 
detector with a spectral response range confined, as much as possible, to the 
desired measurement wavelength range; 

4. when comparing two detectors, likewise use a source with a confined 
spectral power distribution. For example, a deuterium lamp will be a far 
superior UV source than a tungsten-halogen lamp, both in terms of UV radiant 
emission and lack of long-wavelength emission; 

5. where possible, add another monochromatjr stage or at least, filters if 
suitable types can be found. 

It is difficult to generalise about the errors which may result from stray 
radiation. With sources such as daylight, for example, radiometer 
measurements of UV content could easily be in error by 10°/ o due to some 
unsuspected long-wave detection. The sensitivity and "dark-current" levels of 
some photocells are temperature-dependant, so the heating effect of sunlight 
and similar sources may cause errors unless background levels are constantly 
checked and exposure periods are minimised. The greatest difficulties will be 
encountered when measurements call for detection of very low levels of 
transmission or emission in the presence of high levels in neighbouring bands. 

For example, Australian Standard AS2635-1983 "The Installation, 
maintainance and Operation of Solaria for Cosmetic Purposes" sets limits for 
the band 1rrad1ances of solarium lamps, expressed as a percentage of the total 
UV irradiance, of 

l°/ 0 for the wavelength range 315 - 300 nm, 
0.1°/ 0 for the wavelength range 300 - 280 nm, and 
0.01°/ 0 for wavelengths less than 280 nm. 
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Australian Standard AS1338, Part 1 - 1981 "Filters for Protection Against 
Radiation Generated in Melding and Allied Operations" sets maximum UVB 
transmittances for welding filters, of 0.0003°/. where in the case of 
filters with low shade numbers, the transmittance in the neighbouring UVA 
region may rise to as high as 5 0 V o . In both of these cases, stray 
radiation levels would need to be extremely low even to obtain a measurement 
uncertainty of 10°/ o. 

To illustrate typical measurement error from monochromator stray 
radiation, results are shown (Fig. 12) of tests of the spectral transmittances 
of two sharp-cut glass filters at and below the cut-off region. The 
monochromator was the first stage of a McPherson 0.5 m double 
grating-monochromator, fitted with an order-sorting low resolution 
prism-monochromator with a spectral bandwidth of about 300 nm. The source was 
a tungsten-halogen lamp with a distribution temperature of about 3000 K. Two 
different detectors were used - an EMI 9558 QB photomultiplier with S20 type 
response and an EG and G UV444B UV-enhanced silicon photodiode. Spectral 
response and irradiance curves for the detectors and source are shown in 
Fig. 13. 

Figure 12: 

200 225 250 SIS 300 325 350 315 100 
WPt l^ELENGTH Cnm3 

Apparent spectral transmittances of two UV sharp-cut 
glass f i l te rs , showing errors due to stray radiation 
in a single grating-monochromator. Curves 1 and 2: 
"Corning" type 7/40 (3 mm) measured using a 
UV-enhanced S1 photodiode and an S-20 type 
photomultiplier, respectively; curves 3 and 4: 
"Corning" type 3391 (4 mm) with the same detectors, 
respectively. 
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W**-El_ENGTH Cftm ] 

Figure 13: Spectral characteristics of the source and two 
detectors used for the filter transmittance tests 
(Fig. 12). Curves 1 and 2: relative spectral 
responsivities of "EMI" type 95580B photomultiplier 
and of "EG and G" type UV444B Si photodiode, 
respectively; curve 3: relative spectral irradiances 
of tungsten-halogen lamp at about 3000 K. 

The spectral transmittances of the filters, Corning glass types 7740 (3 mm 
thick) and 3391 (4 mm thick) appear to reach a minimum and then to rise again 
as the monochromator is scanned to shorter wavelengths. This behaviour is 
known not to occur for these glasses. The stray radiation level was found to 
be almost constant throughout the measurement region, but as a fraction of the 
monochromatic reference flux (no filter) signal level it increases towards 
shorter wavelengths, until, near 200 nm, the two are almost equal. 

With its lower red response, the photomultiplier clearly has an advantage 
1n use over the silicon photodiode, extending the dynamic measurement range 
generally by a factor of seven compared with the latter. If a UV source such 
as a deuterium lamp and a solar-blind detector were used, particularly for 
wavelengths less than about 320 nm, the measurement range to lower values of 
transmission would be extended by at least 2 - 3 further orders of magnitude. 
Alternatively, a double-monochromator may be used, both for high 
stray-radiation rejection and greater measurement flexibility. If the 
band-pass functions of both monochromators are the same, 
monochromator the rejection level for out-of band 

then for the double 
radiation will be 
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approximately the square of that for one monochromator alone, so that stray 
radiation levels generally become insignificant. 

Conclusion 
From the foregoing discussion of UV measurements it is possible to isolate 

those factors which must be considered in the estimation of possible error or 
uncertainty as an essential part of any proper measurement procedure. Given 
the breadth of the subject and all the possible choices of equipment quality, 
test environment and test type, no attempt will be made to predict likely 
uncertainties for each case that has been discussed. However, some useful 
limiting estimates can be made. 

Uncertainties associated with the use of radiometers include those 
associated with calibration - both of relative spectral response and response 
at a particular wavelength, with subsequent drift in response, with 
calculation of the responsivity for a particular source (an operation that is 
subject to any uncertainties in the spectral data for that source) and with 
any uncertainty in the contributions by stray radiation. Of course, all of 
the usual practices of keeping optical surfaces clean, observing correct 
distances and planes of measurements, correcting for background or darkcurrent 
readings and checking switch range factors must be observed. As most UV 
radiometer calibrations will have associated uncertainties in the range of at 
least 2 - 5°/ c, it is doubtful whether UV iTadiance testing can in practice 
be carried out with total uncertainties much below 1 0 V o . 

Reference radiometers probably should be fully recalibrated within about 
18-24 months of their initial calibration, as a check on their stability. 
Thereafter the recall period could be increased, if stability appears to be 
satisfactory. However, there are a number of self-help initiatives available 
for checking the stability of all radiometers in order to minimise measurement 
errors. 

(1) Where possible, intercompare readings from different, calibrated 
Instruments; 

(2) set up a UV source consisting of an array of mercury-discharge UV 
fluorescent lamps with high emission within the radiometer response 
band. The lamps should be permanently housed 1n a stable environment 
and run from a stable electrical supply. Readings of irradlance are 
taken regularly at a given measurement position. Lamp burning 
periods should be quite small compared with their rated life; 
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(3) as an extension of (2), obtain a set of UV cut-off glass filters and 

regularly measure the transmittance of each with the radiometer and 
the lamp array. Significant changes in transmittance values will 
indicate changes of either the radiometer, the lamps or the filters. 
It is most likely that the radiometer spectral response will be found 
to have changed. 

The assessment of total uncertainty in a UV measurement by a 
spectroradiometer is even more difficult than for a measurement by a 
radiometer. In a recent report published by the US National Bureau of 
Standards on Solar Terrestrial Spectral Irradiance measurements, using the 
best available standards and equipment, estimated uncertainties varied from a 
minimum of 5°/. in the UVA region to 8°/. in the UVB, cut-off region. The 
major individual contributions to those totals were by uncertainties in 
wavelength calibration, standard lamp calibration, diffuser selectivity, 
polarization of sources, stray radiation and random measurement noise. Other 
contributors may be spectral bandwidth corrections and detector non-1.nearity. 
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LECTURE 6 

THE AUSTRALIAN STANDARD FOR RAOIOFREOUEHCY RADIATION 

K H Joyner 

Australian Radiation Laboratory 

INTRODUCTION 
With the recent publication of the Australian Standard AS2772 "Maximum 

Exposure Levels - Radiofrequency Radiation - 300 kHz to 300 GHz" a degree of 
confusion exists within the radiofrequency community as to the implications of 
AS2772 and how it is to be implemented. 

The implications of the specified limits are discussed in detail and the 
principles of protection to be implemented are also presented. 

It should be noted that the standard does not apply to devices operating 
at frequencies below 1 GHz with available output powers below 7 W. Nor does 
the standard apply where patients are exposed to electromagnetic radiation for 
medical reasons. It does, however, apply to the operators of medical 
equipment and others in the vicinity of that equipment. 

Persons or organizations intending to apply the limits contained in AS2772 
should obtain the information first hand from AS2772 rather than rely entirely 
upon the information and interpretation presented here. 

NOMENCLATURE AND EQUATIONS 
In the far field of a source, the power flux density (S), the electric (E) 

field strength, the magnetic (H) field strength, and the characteristic 
impedance of free space (Z) are interrelated by the following simple 
expressions: 

S = E.H 
E 2 = Z.S = 377.S 
H 2 = S/7 = S/377 

where E 1s in volts/metre (V/m) 
H is 1n amperes/metre (A/m) 
Z is equal to 377 ohms 

2 S is in watts/metre squared (W/m ) 
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2 2 2 

Now 1 U/n = 0.1 mW/cm . Therefore, for S in units of mVI/cm , the 2 2 expressions for E and H become: 
E 2 = 3770.S and H =• S/37.7 

where E and H are in V/m and A/m respectively. 

MAXIMUM EXPOSURE LEVELS 
AS2772 specifies maximum exposure levels for both radiation workers and 

members of the general public. 

A radiation worker is a person who is required to work in electromagnetic 
(EN) fields, the levels of which exceed those specified for non-occupational 
exposure. 

Occupational Exposure 
Where exposure of radiation workers to a single frequency EM field mav 

occur, the following requirements shall apply: 

(a) Condition A. In an area in which the possibility of severe radiofrequency 
(RF) shocks and burns exists, the mean squares of the E- and H-field 
strengths, when averaged over any 60 second period, shall not exceed the 
appropriate limits given in Table 1 and plotted in Figure 1, except for the 
limited period exposure provision, see part (d). 

TABLE 1 
MAXIMUM EXPOSURE LEVELS - OCCUPATIONAL-CONDITION A 

Frequency 

Mean square 
electric field 

(E 2) 

(V/m) 2 

Mean square 
magnetic field 2 

(n 
(A/m) ? 

Mean powc 
flux density 

< s ) f 

Mean square 
electric field 

(E 2) 

(V/m) 2 

Mean square 
magnetic field 2 

(n 
(A/m) ? 

2 W/m 2 mW/cm 

300 kHz < 9.5 MHz 
> 9.5 MHz < 30 MHz 
> 30 MHz < 300 GHz 

3.77 x 10 4 

3.39 x 10 6/f 2* 
3.77 x 10 3 

0.265 
23.9/f?* 
2.65 x 10' 2 

100 
9000/f?* 

10 

10 
900/f 2* 

1 

2 2 NOTE: Values o' E , H and S are averaged over any 60 second period. 
*f * frequency 1n megahertz. 
+S * equivalent plane wave power flux density. 
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Power Penalty 

( • W / C B 2 ) 

IOC 

O . I 

Minor RF shock only 

F shock possible 

1 i i » 

3 x l 0 3 3 x 1 0 * 3 x l 0 9 

Frequency (MHz) 
0.3 

Figure 1 

3 9.5 30 300 

Exposure limits - Occupational. 

(b) Condition B. In an area in which the possibility of severe RF shocks and 
bums has been eliminated, the mean squares of the E- and H-field strengths, 
when averaged over any 60 second period, shall not exceed the appropriate 
limits given in Table 2 and plotted in Figure 1, except for the limited period 
exposure provision, see part (d). 

TABLE 2 
MAXIMUM EXPOSURE LEVELS - OCCUPATIONAL-CONDITION B 

Frequency 

Mean square 
electic field 

(E2) 

(V/m)2 

Mean square 
magnetic field 

(A/m)2 

Mean power 
flux density 

Mean square 
electic field 

(E2) 

(V/m)2 

Mean square 
magnetic field 

(A/m)2 W/m 2 
mW/cm 

300 kHz < 3 MHz 
> 3 MHz < 30 MHz 
> 30 MHz < 300 GHz 

3.77 x 105 

3.39 x 106/f2* 
3.77 x 103 

2.65 
23.9/f?* 
2.65 x ,o-2 

1000 
9000/f2* 
10 

100 
900/f2* 
1 

1—I 
NOTE: Values of E , H and S are averaged over any 60 second period. 
*f * frequency 1n megahertz. 
+S = equivalent plane wave power flux density. 
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Powtr daot i ty 

O.OI 

0 . 3 

Figure 2: 

3 9 . 5 3 0 3 0 0 3 x 1 O3 3 x 1 0 4 3 x 1 O5 

Frequency (MHz) 

Exposure limits - Non-occ»ipational. 

(c) Multiple Frequency Exposure 
Where exposure of radiation workers to EM fields of one or more 

frequencies may occur, the following requirements shall apply: 

(i) The fraction at each component frequency of the mean square of the 
E-field strength, relative to the limit specified in Table 1 or Table 
2, as appropriate, shall be determined and '.he sum of such fractions 
shall not exceed unity, except for the limited period exposure 
provision, see part (d). 

(ii) The fraction at each component frequency of the mean square of the 
H-field strength, relative to the limit specified in Table 1 or Table 
2, as appropriate, shall be determined and the sum of such fractions 
shall not exceed unity except for the limited period exposure 
provision, see part (d). 

(d) Limited Period Exposure Provision 
For periods of exposure shorter than 30 minutes, the limits specified in 

Table 1 and Table 2 may be increased by a factor of 30/t, up to a maximum of 
5, where t is the exposure time in minutes. Notwithstanding the above 
requirement, in an area where severe Rf shocks and burns exist, the limited 
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2 period exposure level shall not exceed 10 mW/cm or in an area where severe 

RF shocks and bums have been eliminated, the limited period exposure level 2 shall not exceed 100 mW/cm . 

(e) Total Time Integrated Exposure 
During any working day, the total time integrated exposure shall not 

exceed the values given in Table 1 or Table 2, as appropriate, multiplied by 8 
hours. 

(f) Peak Levels 
For frequencies in the range 300 kHz to 300 GHz, the following levels 

shall not be exceeded for any period, however short: 

(i) Power flux density 10 kW/m2 (^000 mW/cm 2) 
(ii) rms E-field strength 1.94 x 10 V/m 
(iii) rms H-field strength 5.15 A/m 

Non-occupational Exposure 
Where members of the general public, i.e. non-radiation workers, are 

exposed to EN fields, the mean squares of the E- or H-field strengths shall 
not exceed one-fifth of the limits specified in (a) and (c) (see Fig. 2). 

IMPLICATIONS 
RF shocks and burns may occur if contact is made with conductors that have 

become charged due to the presence of EN fields. If the level of the EH field 
2 is below 10 mW/cm then RF shocks will either not occur or will be minor. 

2 However, above the level of 10 mW/cm , severe RF shocks and burns are 2 possible. This level of 10 mW/cm is reached at 9.5 MHz (see Table 1 and 
Fig. 1). The implication of this requirement is that severe RF shocks and 
burns must be eliminated either by appropriate earthing or by prevention of 

2 contact before the exposure level 1s allowed to exceed 10 mW/cm . 

The concept nf the mean or average exposure level is very important as the 
fields to which people are exposed may have complicated temporal 
characteristics. In fact, exposure from a continuous wave source (see Fig. 
3a) is extremely rare, if it occurs at all! The incident fields are either 
amplitude modulated (see Fig. 3b), frequency modulated (see Fig. 3c) or 
pulsed/Intermittent (see Fig. 3d). Ihe implication of specifying limits for 
the mean or average exposure levels 1s to accommodate these temporal 
variations. 
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j U u U U U U U U U V J 
( a ) continuous « i v ( 

( b ) t m p l i t u d * n o d u l a t t d « i v i 

(c> f r t q u t n c y modulated W I V I 

( d ) p u l » « d / l n t t r m l t t t n t wave 

Figure 3: Wave types. 

For simplicity, the following discussion will be kept to frequencies above 
2 30 HHz where the average exposure level is limited to 1 mW/cm . The 

implication of averaging over one minute is that an exposure of 2 mW/cm is 
allowed for thirty seconds provided that the exposure for the next thirty 
seconds is zero (see Fig. 4a). Similarly, a level of 10 mW/cm2 is allowed 
for 6 seconds provided that the exposure for ti.e next 54 seconds is zero (see 
Fig. 4b). It is convenient at this point to introduce the concept of duty 
cycle. The duty cycle of a pulsed/intermittent source is defined as the ratio 
of the time the source is on to the time the source is both on and off. For 
instance, in the previous two examples the duty cycles are 30/(30+30) or 0.5 
and 6/(6+54) or 0.1. Therefore, the maximum exposure level multiplied by the 
duty cycle yields the average exposure level. 
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Figure 4: 

54 6 54 6 5 4 
Tine (saconda) 

( b ) duty cycla of 0 . I 

Diagrammatic representation of the duty cycle concept. 

Generally radar systems have duty cycles of around 0.1 percent. 
2 Therefore, if the radar beam is stationary, the 1000 mW/cm peak level and 

2 the 1 mW/cm average level occur at approximately the same distance from the 
radar. However, as most radar antennas rotate, the average exposure level 

2 would then be well below the 1 mW/cm level because exposure only takes 
place when the beam traverses occupied positions. The effect of the specified 

2 limit of 1000 mW/cm for the peak pulse is therefore to limit the distance 
of closest approach to the main beam of radar systems. 

When a person is exposed to a number of different sources then the 
fraction of the limit at each component frequency has to be determined and the 
sum of these fractions shall not exceed unity, (see Fig. 5) except where the 
limited period exposure clause may apply. The implication 1s that where a 
number of different sources are present, such as a multi-function broadcast 
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tower, the exposure level from each component frequency must be measured. In 
these circumstances broadband measurements may be totally inappropriate 
unless, of course, this measurement indicates the total exposure level is 
below the limit specified for the highest frequency likely to be present. 

Power denalty 
( m W / c m 2 ) 

Minor RF shock only 

0 . 3 I 3x10" 3 x 1 0 3 x 1 0 

Frequency (MHz) 

Figure 5: Multiple frequency exposure. In the case shown, the 
2 exposure level of 50 mW/cm at 1 MHz is one-half of 

the limit for minor RF shock only and the exposure 
2 level of 0.5 mW/cm at 300 MHz is also one-half of 

the respective limit. As the sum of the fractions 
does not exceed unity then such an exposure situation 
would be allowable. 

The limited period exposure provision allows the continuous exposure 
limits to be exceeded by a factor of 30/t, where t is the exposure time in 
minutes, up to a maximum factor of 5. The limited period exposure factor is 
shown graphically 1n Figure 6 whilst the implications of the limited period 
exposure provision are shown graphically in Figure 7. The dashed lines in 
Figure 7 represent the maximum short term (6 minute) exposure levels allowed 
under this provision and the solid lines represent the continuous exposure 

2 limits. Note that there is no relaxation in the limit of 10 mW/cm for 
2 Condition A or 1n the limit of 100 mW/cm for Condition B. After every such 
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exposure, a recovery period of not less than 40 minutes shall be spent in an 
area in which the field strength is substantially less than the maximum 
occupational levels. A field strength of one half the continuous exposure 
level is suggested. 

The limited period exposure provision does not allow a relaxation of the 
2 limit of 1000 mW/cm for the peak pulse. 

5 

4 

3. 

2 

I 
0 6 10 20 30 

Tim* (win.) 

Figure 6: Graphical representation of the limited period 
exposure factor. 

The total time integrated exposure shall not exceed the maximum 
occupational limit multiplied by 8 hours. The implication of this provision 
is that for exposure times 1n excess of 8 hours, the maximum occupational 
limit has to be reduced proportionately. However, the converse does not hold. 

Llnlt td ptrlod 

•xpeturt factor 
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Frequency (MHz) 

Graphical representation ef the limited period 
exposure provision. The dashed lines represent the 
maximum short term (6 minute) exposure levels allowed 
under this provision and the solid lines represent the 
continuous exposure limits. 

The non-occupational limits (see Fig. 2) apply for 24 hours, that is with 
no restrictions on exposure times. There are no provisions for higher limits 
at low frequencies nor are there any provisions for short term exposures to 
higher levels. Notwithstanding these requirements, all exposures should be 
kept as low as reasonably achievable. 

IMPLEMENTATION 
Implementation of AS2772 requires verification of compliance through 

measurement and by the adoption of a set of protection principles. In the 
near field of a source, the relationships between S, E and H given previously 
do not apply. It is therefore necessary to measure both the electric and 
magnetic fields to determine compliance. The actual measurement of the RF 
fields 1n the near and far fields is the subject of the following lecture in 
this volume and only the principles of protection will be dealt with here. 
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The following principles of protection apply where levels in excess of 

those specified for non-occupational exposure exist:-

(a) A written policy document should be prepared expressing commitment by 
all parties to a protection program. The policy document should be 
brought to the attention of all employees, who shall be required to 
familiarise themselves with all relevant procedures. 

(b) Hazards should be controlled or eliminated at their source by correct 
design and layout of plant, appropriate siting with respect to 
environment, correct working methods and thorough training of 
personnel in safety procedures. 

(c) Surveys should be performed around existing RF sources to identify 
the boundaries of the field at occupational levels. Within these 
boundaries the following requirements shall apply: 

(i) Exposure levels shall be maintained at the lowest level 
reasonably achievable. 

(ii) Exposure levels in all areas open to radiation workers shall not 
exceed the levels specified in Table 1 and Table 2 for 
occupational exposure. 

(Hi) Effective protective clothing and/or individual protective 
equipment should be available to reduce exposure levels where 
necessary. 

NOTE: AS2772 has a specific clause on protective clothing and 
interested persons should refer to that clause. 

(1v) Signs and/or notices complying with AS1319 shall be posted to 
identify areas which are off-limits to the general public, areas 
which are off-limits to radiation workers, or tasks where the 
wearing of protective equipment is mandatory. 

(d) Detailed arrangements should be made for the provision of protective 
clothing and/or equipment and the conditions under which radiation 
workers are required to wear such clothing or use protective 
equipment shall be specified. 
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(e) The operation of the adopted principles or procedures shall be 

examined at regular intervals and varied as necessary for 
clarification or to cope with changes in circumstances. 

(f) The effectiveness of any program for control of exposure to 
non-ionizing radiation shall not be judged on the result of medical 
examinations. 

AS2772 also calls for precautions to be taken, particularly at frequencies 
below 3 HHz, to prevent the occurrence of potentially severe RF burns or shock 
(see IEC 215 for relevant requirements). 

In addition, AS2772 has a section on medical monitoring and interested 
persons should refer to that section. 



117 
REFERENCES 

Australian Standard (1985). AS2772 - Maximum Exposure Levels 
Radio-frequency Radiation - 300 kHz to 300 GHz. Standards Association of 
Australia, North Sydney. 

Australian Standard (1983). AS1319 - Safety Signs for the Occupational 
Environment, Standards Association of Australia, North Sydney. 

International Electrotechnical Commission (1978). IEC 215 - Safety 
Requirements for Radio Transmitting Equipment. 



118 
LECTURE 7 

MICROWAVE AND RADIOFREQUENCY MEASUREMENTS 

K H Joyner 

Australian Radiation Laboratory 

INTRODUCTION 
Until very recently, all measurements of potentially hazardous 

radiofrequency (RF) fields have been performed by a relatively small number of 
people well acquainted with appropriate measurement procedures and 
instrumentation. The number of requests for surveys of potentially hazardous 
RF fields has increased dramatically to the point now where many more persons 
are required to conduct measurements. 

The increase in the number of requests for surveys has come about because 
of the following reasons: 

(1) There has been a marked increase in awareness of and concern about 
the potentially hazardous effects of RF fields. 

(2) The number of sources capable of producing potentially hazardous RF 
fields has increased dramatically. Such sources include microwave 
ovens, medical diathermy units, AM/FM broadcast transmitters, VHF/UHF 
TV transmitters, portable communication transceivers, military and 
civilian radars and communication systems, end industrial RF devices. 

(3) The recent publication of the Australian Standard AS2772 , "Maximum 
Exposure Levels - Radiofrequency Radiation - 300 kHz to 300 GHz" has 
meant that manufacturers, suppliers, owners and users of RF 
equipment, operating within the specified frequency range, need to 
establish compliance with AS2772. 

There are several steps necessary for the accurate assessment of 
potentially hazardous radiofrequency (RF) exposure situations. First, the 
source and exposure situation must be characterized so that the most 
appropriate measurement technique and instrumentation can be selected. 
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Second, the correct use of this instrumentation requires a knowledge of the 
quantity to be measured and the limitations of the instrument to be used. 
Third, a knowledge of the relevant exposure standards is essential. This 
latter topic is the subject of the previous lecture in this volume. 

This paper details preliminary considerations, types of exposure 
situations, calculations of expected field strengths, commercially available 
instrumentation, emission levels from specific products and installations, 
measurement procedures and calibration facilities. 

PRELIMINARY CONSIDERATIONS 
Prior to the commencement of a survey of potentially hazardous RF fields 

it is important to obtain as much information as possible about the known 
characteristics of 

(a) the RF source, 
and (b) the exposure situation. 

This information is required for the estimation of expected field strengths 
and the selection of the most appropriate survey instrumentation. 

Information about the RF source may include: 

(1) Frequencies present, including harmonics. 
(2) Power transmitted. 
(3) Modulation characteristics. 
(4) Duty cycle, pulse width and pulse repetition frequency. 
(5) Antenna characteristics such as type, gain, beamwidth and scan rate. 

Information about the exposure situation may include: 

(1) Distance of exposure situation from source. 
(2) Existence of any scattering objects. 

EXPOSURE SITUATIONS 
Exposure to potentially hazardous RF fields may take place in (i) the far 

(radiation) field, or (ii) the near (reactive) field, or (111) the leakage 
(unintended) fields of the source. 
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It is the source frequency and the distance of the exposure situation from 

the source that determine whether the exposure takes place in the near or the 
far field. In order to demonstrate this relationship for low gain sources, 
consider two familiar products, the microwave oven which operates at a 
frequency of 2450 MHz (wavelength of 120 mm) and the CB radio which operates 
at a frequency of 27 MHz (wavelength of 11 m). Figure 1 (based on similar 
figure in Ruggera 1979) shows the variation of the wave impedance with 
distance from the source for two of the field components, namely H , the 
magnetic field component, and E , the electric field component. (These 
components do not completely describe the field near the source but they are 
sufficient for this general discussion). From Figure 1 it is seen that the 
far field, defined by the ratio E a/H being constant and equal to 377 
ohms (the impedance of free space), begins at a separation distance of 
approximately 2(\/2«), that is, at approximately one-third of the 
wavelength emitted by the source. Therefore, if measurements are made at 
distances greater than 40 mm from a microwave oven and 3.7 m from a CB radio, 
the far field relationships apply. These relationships are 

S = = 377 H 
377 (1) 

where S is the power flux density expressed in watts per square metre 
2 (W/m ), E is the electric field expressed in volts per metre (V/m), and H is 

the magnetic field expressed in amperes per metre (A/m). 
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Figure 1: Wave impedance versus distance from source. 
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In practice the leakage from a microwave oven is measured at a distance of 

50 im or wore from the oven. Therefore, as far field relationships apply, the 
maximum allowable leakage can be specified in terms of power flux density. 
Although microwave oven survey instruments, in fact, measure the square of the 

2 E-field they can be calibrated in unit' of U/m as far field relationships 
apply. 

In contrast, in the case of the CB radio, users are generally within 3.7 m 
of the antenna and are therefore in the near field. The exposure in this case 
can only be fully quantified by measuring the magnitude of both the E- and H-
fields. 

The variations of wave impedance shown in Figure 1 are due to the 
impedance of the source. Figure 2 (reprinted from Ruggera 1979) shows the 
impedance extremes for two different types of low gain sources. The monopoly 
has a high impedance or high E /H ratio and the loop has a low 
impedance or low E /H ratio. In the far field region the ratios 
approach the constant value of 377a (depicted in Fig. 2 by equal line 
widths), regardless of the source impedance. 

Low Current •— High knpedance High Current •— Low knpedance 

MONOPOLE 

i i \ r LOOP E, 

C & ? J l f * m i 

( ~ ) Far Field 
r V ^ T l Far Field 

V 

(a) High Impedance, Electric -
Field Source and Wave 

(b) Low Impedance, Magnetic-
Field Source and Wave 

Figure 2: Source Impedance and radiated fields. 

Note: For any antenna with maximum lineal dimensions of D metres operating 
at a frequency with a wavelength of X metres, the distance from the antenna 

2 for far-field conditions is the greater of 20 /x or 0.5 X metres. Generally 
it is sufficient to measure only the E-field component if the transmitted 
frequency exceeds 300 MHz. 
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EXPECTED FIELD STRENGTHS 

If the exposure takes place in the far field of a well characterized 
antenna, then the power flux density, S, is calculated by the formula 

6 ^ 
(2) 

where G is the far field gain, P is the power transmitted and d is the 
distance from the antenna. 

A quantity frequently used is the effective radiated power (ERP) which is 
equal to the product of the gain and power transmitted. Equation (2) 
therefore becomes 

S - » (») 
4*d2 

For high gain, reflector type antennas 
4* A G = e (3) 
x 2 

where A is the effective aperture of the antenna. Substituting equation 
(3) in equation (2) yields 

A P T S = ±1 (4) 
x 2d 2 

If G is not known, a useful approximation to S can be obtained by 
substituting the physical aperture area, A, for A in equation (4). This 
will give a value for S somewhat larger than actual r.ince A is generally 
larger than A . 

Equations (2) and (4) can be used to estimate S at distances greater than 2 0.5 D /X. At closer distances for commonly encountered high gain, reflector 
type antennas the maximum expected power density S_ can be estimated from 

m 
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The near field behaviour of high gain, reflector type antennas is 

discussed in detail elsewhere (ANSI 1973, Bickmore and Hansen 1959). 

In most radar installations the antenna rotates and therefore an occupied 
situation is exposed only when the radar beam sweeps by. The average exposure 
is the product of the measured or estimated level from a stationary antenna 
and the rotational reduction factor (RRF). 

In the far field 

3dB (half power) beamwidth 
R R P = scan angle (6) 

In the near field (see Fig. 3) 

antenna dimension in the scan plane 
scan circumference at the exposure distance (7) 

Antenna 

Rotational Reduction Factor (near field) 

D / R 0 

Figure 3: Calculation of the rotational reduction factor 1n the 
near field of an antenna. 



124 
INSTRUMENTATION 

Instrumentation can be divided into three basic parts, namely the probe, 
the leads, and the monitor. 

To make meaningful measurements the following characteristics are 
essential in instrumentation: 

(1) The probe must respond to a particular parameter only and not have 
spurious responses (for example, respond to the electric field and not the the 
magnetic field). 

(2) The probe must not produce significant scattering. 

(3) The leads from the probe to the monitor must not disturb the field at the 
probe significantly nor couple energy from the field. 

(4) The frequency response of the probe must cover the range of frequencies 
present. 

(5) If used in the near field, the dimensions of the probe sensor should be 
less than a quarter of the wavelength of the highest frequency present (see 
next section). 

(6) The instrument should indicate a true root mean square value of the 
measured field parameter. 

(7) The response time of the Instrument should be known. It is desirable to 
have a response time of the order of 1 second so that intermittent fields are 
easily detectable. 

(8) The probe should be responsive to all polarization components of the 
field. This may be accomplished either by inherent isotropic design or by 
physical rotation of the probe. 

(9) Good overload protection, battery operation, portability and rugged 
construction are other desirable characteristics. 

A list of commercially available instruments is given in Table 1. 
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Table 1. Instruments for Measuring low-frequency and RF radiation. 
(Based on HHS 1984 and supplemented by data provided by local 
agents). 

Instruments Currently Used in Microwave Oven 
Compliance Testing Programs 

Narda Model 8100* 
Narda Model 8100B* 
Narda Model 8201 
Narda Model 8250 

Holaday Model 1501 
Holaday Model 1510 
Holaday Model 1600* 
Holaday Model 1700 
Holaday Model 1800 

Simpson Model 380 M 

* Suitable for testing 915 MHz ovens! 

Commercial Broadband Instruments 

Manufacturer/ Frequency Probe Quantity Full Scale 
Instrument Response Type Reported Deflection 

*Aerita1ia Meter TE307 E or H 
(Fibre Optic Link) 

Probes 
(1) 13RV1001-1 4-500 MHz E 10 V/m 
(2) 14RV1001-1 1.5-500 MHz E 100 V/m 
(3) 15RV1001-1 1-500 MHz E 1000 V/m 
(4) 16RV1001-1 2-100 MHz H 10 A/m 
(5) 17RV1001-1 2-100 MHz H 1 A/m 
(6) 19RV1001-1 5 kHz-2.5 MHz E 10/100/1000 V/m 
(7) 19RV1001-2 5 kHz-2.5 MHz E 1/10/100 V/m 
(8) 19RV1001-3 20 Hz-10 kHz E 10/100/1000 V/m 
(9) 19RV1001-4 20 Hz-10 kHz E 10 2 /10 3 /10 4 V/m 
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* EIT Meter 679 
(Fibre Optic Link 1079) 

Probes 
(10) 979 (s.a.)+ 
+ single axis 

0.1-12 GHz 

E 2 or S 

5 mW/cm 

* Electromechanics Co. 
Meter 6640 

Probes 
(11) 3201 (s.a.) 
(12) 3202 
(13) 3204 
(14) 3302 

E or H 

0.1 Hz-50 kHz H 
0.1 HZ-50 kHz H 
0.1 Hz-50 kHz H 
0.2 Hz-50 kHz H 

80 tift/m-0.8 A/m 
0.8-80 A/m 
2 - 2500 A/m 
20 vV/m-0.2 V/m 

* General Microwave 
(15) Raham 1 (s.a.) 
(16) Raham 2 (s.a.) 
(17) Raham 3 
(18) Raham 4 
(19) Raham 4A 
(20) Rahar. 12 (s.a.) 

(Raham 1 and 2) 

0.3-18 GHz E S 2/20/200 mW/cm 
0.01-3 GHz E S 2/20/200 mW/cm2 

0.3-18 GHz E s .02/.2/2/20 mW/cm 
0.01-26 GHz E s .02/.2/2/20 mW/cm 
0.2 MHz-26 GHz E s 2/20/200 nW/cm2 

0.01-18 GHz E s 2/20/20G mW/cm2 

* Holaday Industries 
(21) HI 3001 

(a) HSE-01 optional 
E-probe or 

(b) STH-01 optional 
H-probe 

(22) W 3002 

(a) LFH-02 optional 
H-probe 

0.5 MHz-6 GHz E 

0.5 MHz-6 GHz E 

5 MHZ-300 MHZ H 

0.5 MHz-6 GHz E 
5 MHZ-300 MHz H 
0.5 MHz-10 MHz H 

io2/io3/io4/io5/ 
10 6 /10 7 V 2,.n 2 

1/10/ v 2/m 2 

0.1/1 A2/m2 

10 4 /10 5 /10 6 /10 7 v 2 /m 2 

.1/1/10/100 A2/m2 

1/10/10 2/10 3 A2/m2 
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(23) HI 3003 
(24) HI 3004 
(25) HI 3005+ 

0.5 MHz-6 GHz E 
0.5 HHz-3 GHz E 
0.3 MHz-10 MHz H 
5 MHz-300 MHz H 

+(Polarization selectable) 
(29) HI 3006 0.3 MHz-10 MHz H 

5 MHz-300 MHz H 

S 
E 

2/10/20/100 mW/cm 
1/3/10/30 V/m 
1/10/10 2/10 3 A2/m2 

.1/1/10/100/ A2/m2 

1/10/10 2/10 3 A2/m2 

.1/1/10/100 A 2/m 2 

* Instruments for Industry 
(27) RHM-1 10 kHz-220 MHz E E 
(28) RKM-2 10 kHz-220 MHz E E 
(29) EFS-1 (s.a.) 10 kHz-220 MHz E E 
(30) EFS-2 (s.a.) 10 kHz-220 MHz E E 
(pulse capability) 
(31) EFS-3 (s.a.) 10 kHz-220 MHz E E 
(monopulse capability) 

* Narda Microwave 
Meters 8611/8616 S 
Meter 8619 E2 

Probes 
(32) 8621B 0.3-26 GHz E 
(33) 8623B 0.3-26 GHz E 
(34) 8631 10-300 MHz H 
(35) 8633 10-300 MHz H 
(36) 8635 10-300 MHz H 
(37) 8644 10-3000 MHz E 
(38) 8652 0.3-10 MHz H 
(39) 8662 0.3-300 MHz E 

Note: It is advisable to check with the n lanufa 

or H 2 

3/10/30/100/300 V/m 
3/10/30/100/300 V/m 
3/10/30/100/300 V/m 
3/10/30/100/300 V/m 

3/10/30/100/300 V/m 

.2/2/20 mW/cm 
1/10/100 mW/cm2 

.2/2/20 mW/cm2 

1/10/100 mW/cm2 

10 3/10 4/10 5 mW/cm2 

20/200/2000 mW/cm2 

.2/2/20/200 mW/cm2 

.2/2/20/200 mW/cm2 

ascertain if there are situations where the Instrument is not recommended for 
use. For instance, instruments that sample the field are unsuitable for use 
when measuring pulsed sources such as radars. 



128 
Figures 4, 5 and 6 show examples of the Narda, Holaday and RAHAM 

instruments. 

Figure 4: Narda 8616 monitor and 8623B probe. 

Figure 5: Holaday HI 3002 monitor and E- field probe. 
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Figure 6: RAHAM model 1 instrument. 

EMISSIONS LEVELS FROM SPECIFIC PRODUCTS AND INSTALLATIONS. 

RF Dielectric Heaters 
These devices generally operate within the frequency range of 11 to 50 MHz 

and have available RF powers between 0.5 and 70 kW. 

The electric and magnetic field strengths in the vicinity of the operators 
of some unshielded devices may exceed AS2772 limits by factors in excess of 10 
(Joyner and Bangay 1983, 1985). 

Induction Heaters 
These devices operate within one of three frequency ranges; 50 to 450 Hz, 

1 to 10 kHz and 200 kHz to 2 MHz and can have output powers between 6 kW and 
1 MM. 

Preliminary survey results of devices operating above 200 kHz indicate 
that operators may be exposed to magnetic field strengths in excess of five 
times AS2772 limits. 
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Shortwave Diathermy Units 

These devices operate at 27.12 MHz with available RF powers of around 
200 W. 

Overseas studies (Stuchly et al 1982, Mild 1980) indicate that within one 
metre of the leads and electrodes, levels generally exceed AS2772 limits. 

Microwave Diathermy Units 
These devices operate at 2450 MHz with available RF powers around 200 M. 

It has been reported (Allen and Harlen 1982) that stray or reflected 
radiation is below AS2772 limits at distances in excess of one metre from the 
treatment site. 

Radar and Microwave Installations 
Apart from the main beam of radar and microwave systems, exposures to 

levels in excess of AS2772 limits do not occur unless the waveguide system is 
leaking or is opened. 

Broadcast Installations 
Apart from the main beam of such installations, exposures to levels in 

excess of AS2772 limits may occur on or near energized towers. 

Microwave Ovens 
2 Leakage levels rarely exceed 0.2 mW/cm at a distance of 5 cm. 

Visual Display Terminals (VDTs) 
Over 95°/, of the total RF output from VDTs is contained within the 

frequency range from 14 kHz to 250 kHz (Joyner et al 1984). The maximum RF 
emission levels at 300 mm from the screens are low to very low when compared 
to international standards (e.g., IRPA 1984). 

MEASUREMENT PROCEDURE 
If the information on the RF source and exposure situation is well 

defined, then the surveyor, after making estimates of the expected field 
strengths and selecting the appropriate instrument, may proceed with the 
survey using a high-power probe and low range settings to avoid inadvertent 
probe burnout and possible over-exposure of the surveyor. 
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For accurate measurements in the near field an electrically small (largest 

dimension less than 0.25X) probe sensor is required since large gradients in 
the field components exist (see Fig. 1) and spatial resolution is critical 
(large probes will yield spatially averaged values). In addition small probe 
sensors produce minimal perturbation of the field. Unless the polarization of 
the field is known then the use of an isotropic probe is very strongly 
recommended. A single axis probe requires measurements with the probe 
oriented along three orthogonal directions to ensure that all components of 
the field have been accounted for. If this latter approach is used, one must 
be sure that the field being measured does not vary with time. 

When surveying leakage sources such as waveguide flanges, equipment 
cabinet doors and viewing or shielding screens, a "sniffing" procedure in the 
immediate vicinity of the equipment is required. A low-power probe and low 
range settings should first be used to determine, from a distance, leakage 
sources, then higher range settings used as a closer approach is made. 
Normally, leakage power varies as the inverse square of the distance. 

Both occupied and accessible positions should be surveyed with the 
operator and surveyor as far as is practicable from the area. All objects 
normally present which may reflect energy must be in position. 

Detailed discussion vf measurement techniques may be found elsewhere 
(ANSI 1981). 

The surveyor should take precautions against RF burns and shock, 
particularly around high power systems. 

INSTRUMENT CALIBRATION 
The instrument must be appropriately calibrated and the calibration 

checked at least every two years or whenever it may have suffered overload or 
damage. 

The Australian Radiation Laboratory presently has calibration facilities 
for hazard type instrumentation from several Hertz to 250 MHz and 320 MHz to 
8.2 GHz. The National Measurement Laboratory can perform calibrations from 
2.4 GHz to 18 GHz. 
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LECTURE 8 

LASER MEASUREMENTS FOR HAZARD ASSESSMENT AND 
PRODUCT CLASSIFICATION 

H A Cornelius 

Australian Radiation Laboratory 

INTRODUCTION 
This lecture deals principally with the measurement methods required for 

laser hazard evaluation (i.e. laser product hazard classification and maximum 
permissible exposures). Various aspects of int*»rpietation and application of 
Australian Standard 2211 - 1981 "Laser Safety" are also discussed. 

APPLICATION OF AS 2211 

Hazard Classification Requirements and Maximum Permissible Exposure 
It is usually sufficient to know only the hazard classification of a laser 

product (as defined in AS 2211) in order to properly assess the magnitude of 
the hazard and the precautions that may be required in the use of the 
product. The laser product hazard classification scheme of AS 2211 is based 
on the levels of laser emission to which human access is possible. Laser 
product classification is the responsibility of the manufacturer and the user 
would usually not need to make measurements for safety assessment purposes. 
However, if the product has not been classified or when the accessible beam 
characteristics are changed , either through modification of optics or 
interlocks etc, then it is often necessary to make measurements to establish 
the correct classification (see clauses 3.2.1, 4.6 of AS 2211). In some cases 
it is also necessary to compare the measured levels of laser radiation with 
the Maximum Permissible Exposure (MPE) given in AS 2211 (e.g. selection of 
protective eyewear). Regardless of whether or not a laser has been classified 
it is the user's responsibility to ensure that people are not exposed to 
levels in excess of the MPE. When Class 3B or Class 4 lasers are used in 
applications where scattered or attenuated laser light is viewed (e.g. 
holographic displays or laser light shows) then measurements may be necessary 
to ensure that exposure levels do not exceed the MPE. It 1s often 
satisfactory to calculate exposure levels without making direct measurements; 
however, it must be stressed that the accuracy of such estimates depends on 
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the accuracy to which the initial parameters are known and the uncertainties 
must be taken into account in any hazard analysis calculations. 

Definition of Responsibilities 
Prior to a discussion of the technical aspects of measurement, it is 

worthwhile considering the AS 2211 definition of a 'laser product1, and to 
whom the responsibilities of the manufacturer (i.e. section 4 of AS 2211) 
belong. AS 2211 defines a 'laser product' as 'any product or assembly of 
components which constitutes, incorporates or is intended to incorporate a 
laser or laser system, and which is not sold to another manufacturer for use 
as a component (or replacement for such component) of an electronic product 

'. Furthermore, AS 2211 defines a 'laser system' as 'a functional 
assembly of electrical, mechanical and optical components which includes a 
laser.1. These definitions are very broad in scope and they may lead to 
confusion in the application of the standard because the term 'manufacturer' 
is not defined in AS 2211. There is also no definition for a laser 'user'. 
The difficulties that arise in the interpretaion of AS 2211 are chiefly due to 
the inherent problems of providing precise definitions in a standard which is 
intended to provide general safety guidelines. However, it is never in doubt 
that AS 2211 requires a laser product to comply with the specified design, 
labelling, classification and user information requirements etc. given in 
section 4 and that the laser product must be used in accordance with the 
conditions of section 3. Precise definitions of responsibilities are best 
left to Statutory Authorities who may wish to exercise regulatory powers in 
relation to the safe use of laser products. 

Manufacturer Requirements of S 2211 
The accessible emission . "»H (AEL) for each class of laser product is 

given in section 4 of AS 2211 and the manufacturer must classify the laser 
product accordingly. In addition to product classification, specific product 
design, labelling and user information requirements must be met by the 
manufacturer and it is in these areas where many manufacturers have often 
failed to adequately comply with the Standard. The reader should consult 
clauses 4.3, 4.4, 4.5 and 4.7 of AS 2211 for details. Some of the points 
often overlooked are summarised below. 
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6eneral Information to be Provided 
All laser products must be provided with the following information in 
English (see clause 4.5 for full list) : 

(i) instructions for assembly and safe use, including precautions to 
avoid exposure to harmful radiation, 

(ii) maintenance instructions necessary to keep the product in 
compliance with the accessible emission limits of its class, 

(iii) reproductions of all warning plates and labels and an indication 
of the location of each of these, 

(iv) a list of controls, adjustments and procedures for operation and 
maintenance with the warning: 'Caution - use of controls or 
adjustments or performance of procedures other than those 
specified may result in hazardous radiation exposure1, 

(v) information on the requirement for personal protective 
equipment, and 

(vi) a warning that any modification to the laser product will result 
in the necessity for it to be reclassified. 

Class 3B and Class 4 Design 
Class 3B and Class 4 lasers products must incorporate: 

(i) a shutter or similar device so that when the laser is connected 
to the power supply but the laser beam is not required the user 
can reduce the level of accessible radiation to below Class 1 
(see clause 4.3.1.2 but note that 'Table 4.3' should read 'Table 
4.2'), 

(ii) a key operated master switch (see clause 4.3.4), and 

(iii) a radiation emission indicator (see clause 4.3.5 for details). 

Class 3B and Class 4 Medical Products 
Class 36 and Class 4 medical laser products (see clause 1.3.33 for 
definition) must Incorporate a means for measuring the laser 
radiation delivered to the patient with a maximum error not exceeding 
20 percent and user instructions for calibrating the measurement 
system must be provided (see clause 4.7.1). 
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Illustration of AS 2211 Application 

Consider the following example : 

Suppose that Scrambled Data Corporation (SDC) is granted a government 
licence to install a data communications network. SOC decides to install 
a number of laser diode transmitters in underground fibre light guide 
communications lines. Communication lines are to be rented out to 
subscribers for computer communications applications. SOC will purchase 
the laser diodes from Zappo Electronics (the maker), who have determined 
the maximum c.w. output at 840 nm to be in the Class 3B range (when 
connected to an appropriate power supply). In order to prolong the 
lifetime of the laser diodes SDC will provide their own power supplies 
designed to drive the laser diodes in a pulsed mode at approximately half 
of the maximum output. Approximately 70 percent of the available laser 
power from a diode will be coupled into each fibre light guide. SDC will 
employ a laser diode and optical receiver pair at each end of a light 
guide link and will use logic interlocks to ensure that any break in a 
fibre link will cause the laser diodes driving that link to switch off 
(e.g. if a drainage contractor should accidently dig up and sever a number 
of fibre links in a multiple link cable there will be no possibility of 
anyone being exposed to laser radiation from the exposed fibre ends). 

In the application of AS 2211 to the above example, it is not clear from 
the definitions if the entire fibre light guide communications network should 
be regarded as a 'laser product' with SDC as the 'manufacturer', or whether 
each laser diode is a 'laser product' and Zappo Electronics the 
'manufacturer'. It is also uncertain whether the 'user' is SDC or the 
subscribers who rent the data lines. In such instances it is difficult to 
determine who should adopt the role of 'user' or of 'manufacturer1. However, 
when several organisations are involved and the definition of roles is in 
doubt it is usually best to confine responsibilities to a minimum number of 
organisations. If we apply this rationale to the current example, then it 
would be appropriate to make SDC responsible as both 'manufacturer' and 'user' 
of a 'laser product' (a laser communications system). Ideally SDC will 
conform to Class 1 standard with appropriate design of shields, interlocks, 
etc, together with the provision of adequate labelling and safety instructions 
for service personnel. SDC should also appoint a Laser Safety Officer to 
ensure that the provisions of AS 2211 are implemented. 
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If Zappo Electronics manufacture laser diodes exclusively for use by SDC 

then Zappo Electronics need not follow the 'manufacturer1 requirements of 
AS 2211 (since SDC will do so). However, if Zappo Electronics sell their 
laser diodes to a variety of users, then Zappo1s products should meet as many 
of the 'manufacturer' requirements of AS 2211 as possible. Note that Zappo 
Electronics are unable to comply with many of the design requirements of 
AS 2211 (e.g. housing, shutters/attenuators, key control, emission indicator, 
etc. see clauses 4.3.1, 4.3.4, 4.3.5, 4.5 of AS 2211) owing to the nature of 
the product. Furthennore, it could be said that each time that Zappo test a 
laser diode they manufacture and use a 'laser product1 consisting of the laser 
diode under test together with the associated power supply etc. Zappo should 
certainly comply with the 'user' requirements of AS 2211 in respect of any 
laser diode quality control tests that involve the emission of laser 
radiation. 

Regardless of whether the 'manufacturer' requirements of AS 2211 have been 
met, the most important safety aspects of AS 2211 that relate to safety are 
contained in the 'user' section of the standard. The precautions outlined in 
this section are directed against any unnecessary exposure to laser 
radiation. On no account should any person be exposed to laser radiation in 
excess of the MPE. 

MEASUREMENT CONSIDERAllONS 

Quantities Required for Hazard Assessment 
In order to reach an understanding of why different quantities are often 

specified in various parts of AS 2211 it is worthwhile considering the 
Important properties of a light beam that are of biological significance. The 
biological effects of radiation exposure are governed by the wavelength 
dependent mechanism by which energy is absorbed in tissue together with the 
spatial and temporal distribution of the absorbed energy and the 
characteristics of the absorbing tissue (see Figure 1 for a summary of 
biological effects). It 1s, however, extremely difficult to determine such 
absorbed energy data. For most hazard assessment purposes 1t is sufficient to 
determine the general characteristics of the radiation incident on the tissue 
of interest and to make comparisons with known Injury thresholds for similar 
exposure situations. Furthermore, a knowledge of either Irradiance or radiant 
exposure at the target tissue together with data on beam width and the 
temporal nature of the radiation (i.e. pulsed or c.w., pulse length, 
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Solid lines indicate affects that usually occur. 

Daahad Unas indicate intenaity/dosa dependant effects. 
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Figure 1: Biological effects jf light. 

repetition rate and total emission period) and its wavelength is usually 
sufficient for hazard assessment purposes. The spectral characteristics of a 
laser source are often known to a high precision and wavelength measurements 
are usually not required. When the retina of the eye is chiefly at risk (i.e. 
within the wavelength range from 400 nm to 1400 nm) it is usually 
inappropriate to specify irradiance or radiant exposure at the cornea (unless 
we specify beam geometry) because the lens of the eye will focus the light so 
thai these quantities will be very different at the retina. In such 
situations we need to know the radiance or the integrated radiance at the 
cornea. These quantities will be proportional to the irradiance or radiant 
exposure present at the retina under worst case viewing conditions (e.g. an 
individual with good sight and whose eyes are focused on the source). 

There is clearly a need to express both MPE and AEL in a manner which will 
reflect the magnitude of the the hazard. If the MPE's and AEL's were all 
expressed in terms of the same quantities then it would be inevitable that the 
values derived for these limits would end up being far too restrictive in 
many situations that a more thorough analysis would reveal to be safe. 
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AS 2211 can be criticised for being more complicated than necessary in both 
the way in which various limits are expressed and in the particular 
measurement conditions required. Despite some obvious shortcomings in 
AS 2211, it should be noted that other national and international standards 
are no less complicated. The requirements of AS 2211 are very similar to the 
majority of other national standards (though not to U.S. standards which 
differ from those of all other nations). 

Fundamental Detector Properties 
The following dicta concerning light detection are worthy of note: 

1. An optical detector responds to light. 
2. An optical detector has finite dimensions. 
3. The response of an optical detector can vary over its sensitive 

surface. 
4. The response of an optical detector depends on the angle of incident 

light. 
5. The response of an optical detector depends on the wavelength of the 

incident light. 
6. A detector will not exactly reproduce the temporal characteristics of 

a fluctuating input signal. 
7. Detector response may only be linear over a limited range of radiant 

power or radiant energy. 

X DETECTOR 

Dlttr i intlM • ' l»»»t« 

•••'• 

/ 

• S«n«ltiva 
• tltmint 

wim.» ^ \ B rtn»»<« 
Ant A j* 1 »<r A>» 

fc SIGNAL 

OtUctor rupon4l to 

P r ridiiflt ftmtt 

•r 

E Z ratftlftt l:..r|y 

lntlir«1>< • • • t t f t l n i l t n c l z 

A.S.AX 

E 
A.S.AX 

Figure 2: 



141 
Detector response depends on many parameters and it is often difficult to 

know what quantity the detector is really measuring. For example, it follows 
from the above that the restrictions on wavelength range, viewing angle and 
sensitive surface will constrain the fundamental measurement units to those of 
spectral radiance or integrated spectral radiance (see Figure 2). However, 
under particular measurement conditions it may be possible to ignore a 
detector's dependence on a number of parameters and to obtain a calibration 
factor based on simpler quantities (see Figure 3). For example, if all of the 
light to be measured was presented to the detector in a baam which lay fully 
within the acceptance angle of the detector, and at one wavelength within the 
spectral range of the detector, then the detector could be calibrated to read 
in terms of radiant power or radiant energy. 

DETECTOR 

Monochromatic input btam 
SIGNAL 

Dotccte-r mtaaurto 

radiant oowor 

or radiant tn t roy 

Figure 3: 

The choice of the detector and the associated input optics employed must 
be carefully considered for each particular measurement situation. 

Consider the measurement arrangement shown in Figure 4. If the dett:tor 
measures radiant power, then the optical arrangement shown will measure 
radiance at the collecting aperture. The radiance is calculated by dividing 
the measured radiant power by the area of the collecting aperture and the 
solid angle of view subtended by the aperture in the image plane. If the 
image plane aperture is removed and the size of the source image is less than 
the sensitive detector area then irradiance at the collecting aperture is 
equal to the measured radiant power divided by the area of the collecting 
aperture. Similar relationships exist for radiant energy, radiant exposure 
and integrated radiance. For a definition of units see lecture 1. 
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Figure 4: Measurement configuration. 

PRODUCT CLASSIFICATION AND HPE DETERMINATIONS 

Classification Measurement Conditions 
AS 2211 lists the measurement conditions under which lasers are to be 

classified (clause 4.2 of AS 2211) and MPE's assessed (Appendix A of 
AS 2211). The reader should be aware that both specific measuring apertures 
and detector viewing angles are frequently specified for measurements and that 
such stipulations will effectively turn any prior specifications for radiant 
power or radiant energy limits given in the tables of AS 2211 into radiance or 
integrated radiance measurements. Specification of collecting apertures only 
will result in *n effective conversion to irradiance or radiant exposure. 

For classification purposes, limiting detector acceptance angles are only 
required for measurements within the wavelength range from 400 nm to 1400 nm, 
where the retina is primarily at risk. The detector acceptance angles 
specified are; 

(i) 0.5 m1llisterad1an for measurements where the corresponding AEL's are 
not tabulated 1n units of radiance or integrated radiance (equivalent 
to 25.2 mllliradlan subtended by the diameter of a circular 
collecting aperture), and 



(ii) 10 microsteradian for measurements where the corresponding AEL's are 
tabulated in units of radiance or integrated radiance (equivalent to 
3.57 milliradian subtended by the diameter of a circular collecting 
aperture). 

It should be noted that, in practice, when measurements are made it will 
not be necessary to restrict the viewing angle of a detector if the beam to be 
measured has a divergence less than the required acceptance angle. In such a 
case, all calculations of radiance or integrated radiance should employ the 
specified acceptance angle even if the detector has not been limited to this 
viewing angle. 

The measurement aperture diameters specified for classification 
measurements are ; 

(i) 7 mm for scanned laser radiation or where the corresponding AEL's are 
tabulated in units of irradiance, radiance or integrated radiance, and 

(ii) 80 mm for all other measurements. 

The rationale for using these particular collecting apertures is based on 
the fact that the pupil of the eye rarely exceeds 7 mm diameter under poor 
lighting conditions and that where optical devices such as binoculars etc 
could increase irradiance it is not very likely that the objective lens will 
exceed 80 mm in diameter. It should be noted that for scanned laser radiation 
there appears to be no good reason why a 7 mm aperture should be used in 
preference to an 80 mm aperture for measurements of radiant power or energy. 
Furthermore the switch to a 7 mm aperture from an 80 mm aperture for radiant 
power or energy measurements appears to compromise safety in cicumstances 
where optical viewing aids etc could be used (see Figure 5). The reader is 
therefore cautioned to be wary of this inconsistency in classification 
criteria when the hazards of laser products that utilize scanned beams are to 
be evaluated. 

= f = : 
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Figure 5: 
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AS 2211 requires that when a laser product is being classified, allowance 

must be made for possible increases in emission and degradation of radiation 
safety with age. Tests must account for all errors and statistical 
uncertainties in the measurement process. When the classification is marginal 
and doubt exists on the accuracy of the measurements, the higher 
classification shall be applied. Furthermore, classification of a laser must 
be undertaken so that the the highest accessible radiation levels are emitted 
by the product and detected by the measuring instrument (see AS 2211 clause 
4.2.2 for details). 

Time Basis for Classification 
The AEL's vary with the temporal emission characteristics of the laser 

product. When the design and use of a laser product is such that there is no 
need to look into a laser beam then the laser product classification is based 
on the maximum emission within a period of 30,000 seconds (approximately 8 
hours). If the intended design or promoted use of the laser product involves 
a need to look into a laser beam in the wavelength range 400 nm to 1400 nm 
(e.g. holographic display), then the laser product is to be classified on the 
basis of the maximum emission over a period of 1000 seconds. 

MPE Determinations 
The measurement aperture diameters specified for MPE determinations are 

specified according to the wavelength involved and the type of exposure (i.e. 
eye or skin) as shown in Table 1. 

TABLE 1 
DIAMETER OF LIMITING APERTURES FOR MEASURMENT AVERAGING 

Spectral region Wavelength 
nm 

Diameter of limiting aperture, mm 
Wavelength 

nm MPE eye MPE skin 
Ultraviolet 200 to 400 1 1 

Visible and near Infrared 400 to 1400 7 1 

Far infrared 1400 to 10 5 

10 5 to 10 6 

1 
11 

1 
11 

NOTE: For the purposes of classification, the radiant power or radiant energy 
emitted by the laser 1s that which is detectable within a circular aperture 
stop having a diameter of 80 mm (except for scanned laser radiation). 
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Different HPE levels are specified in the wavelength range from 400 nm to 

1400 nm according to whether the exposure is to be regarded as intrabeam 
viewing (i.e. a well collimated laser beam that will produce a small image 
when focused on the retina) or extended source viewing (i.e. a diverging beam 
that will form a large image on the retina). The intra-beam limits apply 
whenever the apparent visual angle (angular subtense) is less than the 
limiting angular subtense (AO), where A0 is shown in Table 2. 

TABLE 2 

EXPOSURE TIME/PULSE DURATION LIMITING ANGULAR SUBTENSE, AO 
seconds mi Hi radian 

8.0 
6.1 
5.4 
4.1 
3.7 
2.8 
2.5 
1.9 
1.7 
1.9 
2.2 
3.1 
3.6 
5.0 
5.8 
9.3 
13.0 
15.0 
21.0 
24.0 

Note that AO varies as a function of the exposure duration and that this is so 
because thermal injury thresholds for the retina are dependent on both the 
time of exposure and the size of the image formed. It is therefore important 
to realise that the angular subtense is not necessarily equal to the 
divergence angle of a laser beam, which may have both spatially coherent and 

1 x 10 
5 x 10 
1 x 10" 
5 x 10" 
1 x 10 
5 x 10 
1 x 10 
5 x 10" 
1 x 10 
5 x 10 
1 x 10" 
5 x 10" 
1 x 10 
5 x 10 
1 x 10" 
1 x 10 
5 x 10" 
1 
5 

>10 

-9 

-7 
-7 
-6 

-5 
-5 

-3 
-3 
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incoherent components. If the divergence of a beam is due to the extended 
dimension of the source, the beam divergence cannot be eliminated by using 
optical systems to collimate the beam (see Figure 6 of Lecture 2). We will 
call this incoherent divergence, to distinguish it from the divergence of a 
spherical wave such as that produced by expanding a parallel beam with a 
diverging lens (see Figure 4 of Lecture 2). The angular subtense is the angle 
subtended by the image (i.e. beam waist) formed by an optical system (e.g. 
eye, camera). The angular subtense is therefore a measure of the worst case 
viewing condition where the eye is focused to give a minimum image diameter. 

ANGULAR SUBTENSE $ 
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Figure 6: 

The angular subtense can be obtained by measuring the size of the image 
formed by a lens or mirror of known focal length as shown in Figure 6. The 
diameter of a circular image can be determined by gradually reducing the 
diameter of an iris diaphragm, centred on the beam axis at the image plane, 
until the iris diaphragm reduces the signal received by a detector to 
approximately 65% of the maximum value. Note that 65% is only consistent 
with a Gaussian beam profile and the AS 2211 definition of beam diameter (see 
clause 1.3.6 of AS 2211). Where complex image struct.,es exist, as for 
example when fibre light guide bundles are to be evaluated, photography can be 
used to analyse the apparent visual angles of the image structures produced. 
In cases where more than one source can be resolved at angular separations 
greater than the limiting angular subtense (Table 2) then each source should 
be evaluated on the basis of its separate image. 
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In some circumstances it may be possible to calculate the angular subtense 

from a knowledge of other parameters. For example, where exposure to the 
direct laser beam is to be evaluated the apparent visual angle will be equal 
to the incoherent beam divergence which is usually stated by the 
manufacturer. Even when beam expanding optics and a spatial filter is used, 
the final beam divergence can be calculated if the original beam divergence 
and the focal lengths of the lenses used and the diameter the spatial filter 
aperture are known (see Figure 7). 

SPATIAL FILTER 

APERTURE DIAMETER = (J 
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- * • ' . OR § = Ml 
f, 

Figure 7: Beam expanding telescope and spatial filter. 

Classification and MPE Determinations for Pulsed or Scanned Laser Beams 
I be AEL and MPE applicable to a repetitively pulsed or scanned laser beam 

may be significantly lower than the corresponding cw levels. Where 
repetitively pulsed or scanned laser products are involved, the AEL and MPE 
should be determined using the criteria outlined in Appendix A, clause A4 of 
AS 2211. Where pulse repetition rates may vary, the limits should be 
determined with the maximum pulse repetition rate that corresponds to the 
highest single pulse output. If a scanning laser beam is involved, then the 
limits should be based on the lowest possible scan rate and a pulse duration 
equal to that measured through a stationary 7 mm aperture should be used to 
determine the AEL and the MPE. 

Because the time basis for classification is never less than 1000 seconds 
it is important to realise that practically all pulsed lasers must be regarded 
as repetitively pulsed lasers for classification purposes (i.e. many pulses 
can be generated within the classification time). 
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Anomalies may arise in the classification of scanned cw or pulsed visible 

lasers where complex ambiguities exist in AS 2211. For example, from the 
definitions of a Class 3B laser product and the unclear definition of pulsed 
laser, it is possible to conclude that a scanned 1 milliwatt beam belongs to 
Class 3B when the same beam in a stationary mode would be Class 2. In 
reality, the hazard will always decrease according to the increased area 
scanned by the beam (i.e the eye will receive less time averaged power when 
the beam is scanned than when it is stationary). Any such anomalies can be 
resolved by applying the criterion that the hazard classification given to a 
pulsed or scanned laser should not be greater than that which would aoply if 
the peak pulse power were accessible continuously (note that no such 
ambiguities exist in the British Standard 4803 of 1983 which is identical to 
AS 2211 in the visible AEL's). 

AEL and MPE Criteria for Laser Products with Multiple Wavelengths 
When more than one wavelength exists in a single laser beam then limits 

should be assessed on the basis of the criteria given in the relevant sections 
of AS 2211 (see clauses 4.1.2.3 and Al). Where the biological effects are 
known to be additive for the separate wavelengths involved, then the 
applicable limit is exceeded if the sum of the ratios of the measured level to 
the limit (at each wavelength) exceeds 1. If the biological effects are not 
additive then each wavelength may be assessed separately. 

LASER BEAM TYPES AND MEASUREMENT METHODS 

The hazard evaluation of lasers operating close to and within the visible 
region (i.e. 400 to 1400 nanometres) involves the greatest complexity in terms 
of measurement criteria. Because many lasers produce radiation in this range, 
and for the sake of brevity, the measurement criteria given under this heading 
are specifically directed towards measurements of visible light. The reader 
is left to make the appropriate simplifications where other wavelengths are 
involved. Spatial coherence properties of the beam are not relevant for 
wavelengths outside the 400 to 1400 nanometre band and measurements of 
irradiance or integrated exposure, pulse duration and repetition rate are 
usually sufficient for hazard assessment purposes. 

The measurement techniques required for a particular visible source will 
depend upon the quantities to be measured, together with the particular 
geometry and temporal characteristics of the beam. However, on the basis of 
similar measurement requirements, 1t is convenient to define several distinct 
laser beam types and to consider them under separate headings as follows: 
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A. CM Collimated Spatially Coherent Stationary Beams 

This is the simplest type of beam to measure. Such a beam would 
correspond to the circular 1E.M-. beam typically produced by a cw gas laser 
(e.g. helium-neon, argon-ion) or a laser diode with its emitting region in the 
focal plane of a condensing lens. This type of beam configuration exists when 
the laser beam is stationary (i.e. the beam is not scanned) and when the beam 
divergence is less than either; (i) the detector acceptance angle specified 
for classification measurements, or (ii) the limiting angular subtense 
applicable to intrabeam viewing MPE determinations. 

For this type of beam, we need only measure the radiant power that falls 
within the appropriate collecting aperture. Provided that the laser beam 
diameter falls within the detector's light sensitive region, it will not be 
necessary to use the collecting aperture specified, even though the light 
sensitive diameter of the detector may be smaller than the collecting 
aperture. Otherwise, a suitable concave mirror can be used to focus the beam 
onto the detector as shown in Figure 4. For this particular beam type it 
would not be necessary to use an aperture in the focal plane of the mirror in 
order to restrict the field of view. 

B. CW Converging/Diverging Spatially Coherent Stationary Beams 

This category includes simple circular laser beams that are spatially 
coherent (the angular subtense is less than the limiting angular subtense), 
but which are converging or diverging at an angle greater than the detector 
acceptance angle specified for the appropriate measurement. Such a beam would 
be typically produced by passing the beam described in catagory A through a 
lens. 

The optical collecting arrangement and detector viewing angle used for 
measurement are critical factors in the hazard evaluation of such laser beams 
and the measurement geometry employed should be chosen with care. In 
particular, it may not be appropriate to limit the effective acceptance angle 
of the detector if it is likely that the eye may accomodate to produce a small 
image on the retina, or where lenses or optical aids could be used to 
recollimate the beam. In other words, it may frequently be the case that the 
major spatial parameter that determines the worst case exposure to the retina 
is the incoherent part of the beam divergence (not the total divergence). 
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AS 2211 and other national and international standards fail to take account of 
this fact in the measurement conditions specified (i.e a fixed detector 
acceptance angle is specified). 

It is often a useful exercise to draw optical ray tracing diagrams when 
evaluating the hazards and the measurement optics required. In this context, 
the following data on the human eye may be useful: 

1. The eye may be treated as a thin lens with the retina at a distance 
of 17 RES from the plane of the lens, 

2. The effective focal length of the eye varies from about 17 mm (normal 
relaxed eye focused to infinity) to about 14.5 mm with accomodation 
(i.e. from 59 dioptres to 69 dioptres; where the focussing power of a 
lens in dioptres is equal to the inverse of the focal length in 
metres), 

3. On average, short or long sighted people vill be approximately +3 or 
-3 dioptres, respectively, from normal without correction (but 
corrections of as much as +10 or -10 dioptres from normal may be 
required for some individuals). 

4. Aphakic (i.e. lensless) individuals will have a focussing power of 
approximately 42 dioptres without correction. Such individuals will 
have high ocular transmission to parts of the ultraviolet spectrum 
and should wear appropriate eye protection. 

Because the eye is analagous to a camera, photography with a camera 
employing a lens of approximately 17 mm focal length may prove to be a useful 
method for evaluating laser beams in this category. 

C. CW Diffuse Regular Stationary Sources 

Regularly shaped diffuse images will be produced when a laser beam (of 
category A or B above) is shone onto a diffuser material (e.g. matt finish 
paintwork, opal glass, coarse fabric, etc). These sources can be evaluated by 
the using the measurement configuration shown in Figure 4. 
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D. CW Complex/Extended Stationary Sources 

This category refers to sources that would form either an irregular image 
or a multiple source image at the focal plane of a lens or mirror. An array 
of laser diodes or the end of a cable consisting of many laser driven fibre 
light guides are examples of sources that that would produce beams belonging 
to this category. 

Photographic methods may be required to evaluate the angular separation of 
sources in order to determine whether sources should be evaluated individually 
or collectively and to identify the most intense regions of the image for 
subsequent measurement. For classification purposes, sources should be 
regarded as separate if the image centres are separated by more than 25.2 
milliradian. For MPE determinations, sources should be regarded as separate 
if image separation exceeds the limiting angular subtense (see Table 2). Each 
separate source should then be measured according to which of the above 
categories (A, B or C) it belongs. 

E. Pulsed Stationary Sources 

On the basis of their spatial characteristics, pulsed sources may be 
divided into four catagories that parallel those for cw beams. The 
measurement methods required are similar to those of corresponding cw beam 
type except that it will also be necessary to determine the pulse duration and 
the pulse repetition rate. The laser emission should be evaluated on the 
basis of the maximum pulse repetition rate and should take account of the 
maximum pulse energy that may occur due to random fluctuations in output. 

When measurements are made to determine pulse duration, the detection 
system used must be capable of resolving pulse durations not exceeding 10% 
of the measured pulse duration, for all pulse durations greater than 
10 nanoseconds. This specification is made to ensure that no serious errors 
are likely to occur in the hazard evaluation through insufficient resolution 
of pulse duration. The limits of separate pulses are taken to be the times at 
which the radiant power received by the detector falls below one half of the 
peak value (see Figure 8 and refer to AS 2211 clause 1.3.37). 
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PULSES ARE DELINEATED BY HALF PEAK POWER POINTS 

•P2 
PI 

TIME 
Figure 8: 

F. Scanned Beams 

Scanned laser beams are usually generated by directing a laser beam at a 
moving optical device such as a vibrating mirror or a rotating prism. 

When viewed from a fixed point in space, a scanned laser beam will appear 
as a train of pulses and scanned beams can therefore be evaluated in a similar 
manner to pulsed sources. Measurements are made to determine pulse duration 
and repetition rate and energy levels received through a stationary collecting 
aperture. 

The spatial characteristics of the beam will determine the methods of 
measurement. Although the initial fixed beam may belong to category A, the 
method of scanning will frequently produce a beam with time averaged 
divergence 1n the plane of scanning. The hazard evaluation of such beams 
should therefore include the considerations detailed for category B (i.e. 
possibility of eye accommodation or of optical elements or viewing aids 
modifying the scan pattern geometry). 

The diffuse reflection of a scanned beam should be considered as should 
the possibility of the eye locking on to and tracking a scanned laser beam. 
AS 2211 does not deal with this aspect, however, U.S. regulations state that 
the direction of the detector's solid angle of acceptance should change as 
required, up to a maximum angular speed of 5 radians per second, to maximize 



the detectable radiation. Of course, it is unlikely that a detector which 
alters the direction of its acceptance angle would ever be used. This 
measurement requirement is therefore a notional one, and a calculation based 
on the dynamic geometry of the beam would be needed. 

6. Hultiple Wavelength Sources 

This category describes laser sources where a number of different 
wavelengths are known to exist within the same beam (e.g. argon-ion laser). 

If the beam is well collimated a prism could be used to split the beam 
into separate beams of each component wavelength and each beam can then be 
measured separately as for category A. Otherwise, alternative means of 
assessing the beam will have to be devised to suit the particular situation 
(e.g. narrow-bandpass optical filters or a monochromator may be used in 
conjunction with photographic analysis). However,the useful acceptance angle 
of any wavelength selective components used may limit the accuracy of the 
results. 

SUMMARY 

The specific measurement techniques required for laser hazard assessment 
purposes depend upon the nature of the radiation to be measured. The 
considerations involved in determining these measurement techniques may be 
quite complex. Regardless of other factors, when hazard assessment 
measurements are made, the choice of the input optics configuration used with 
a detector will critically affect the relevance of the results. The meaning 
or intention of some parts of AS 2211 may not be clear to the reader and it is 
to be hoped that this discussion has helped to eliminate any apparent 
ambiguities or omissions in the standard. 
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LECTURE 9 

LASER MEASUREMENT INSTRUMENTATION 

W A Cornelius 

Australian Radiation Laboratory 

INTRODUCTION 

The precedinq lecture dealt with the methods of measurement used for laser 
hazard assessment and with the design of the input optics geometry required 
for a detector. A detector was merely alluded to as some kind of transducer 
that would respond to light through some unstated process. 

This lecture deals specifically with the selection and use o; appropriate 
measuring instrumentation. Basic physical detection processes, detector types 
and amplifier characteristics are described. The need for auxiliary input 
optics, such as filters, diffusers and attenuators, is also discussed. 

RESPONSE OF MEASURING INSTRUMENTATION 

A x 
BACKGROUND RADIATION 

AMPLIFIER 

GAIN 0 

READOUT DETECTOR AMPLIFIER 

GAIN 0 

READOUT DETECTOR AMPLIFIER 

GAIN 0 

READOUT AMPLIFIER 

GAIN 0 

READOUT 

Detector and amplifier each inject electrical noise 

and cause some degree of signal distortion. 

Figure 1: Radiation measuring instrument. 
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Most types of detectors are of no practical use unless they are coupled to 

some kind of display equipment. An amplifier of some sort is usually required 
as well. Figure 1 represents a measuring instrument consisting of a detector, 
an amplifier and a readout device. The amplifier and readout could be 
incorporated in one instument or may be quite separate. Examples of measuring 
instruments are; a silicon photodiode coupled to a current to voltage 
amplifier and an analog meter, a thermopile used with a high input resistance 
digital voltmeter, or a high speed vacuum photodiode coupled to the impedance 
matched input amplifier of an oscilloscope. Regardless of the actual 
configuration used. Figure 1 is an adequate representation of the way in which 
an optical signal is received and processed. The nature of the signal 
perceived at the readout is governed by the optical input, the detector 
sensitivity, the amplifier gain, the resolution of the readout and the amounts 
of distortion and noise injected at each stage of the measurement process. 

Amplifier Characteristics 
The amplifier is clearly a critical part of the measurement process, yet 

1i is frequently not given the attention that it deserves. Assuming that a 
detector suited to the measurement task has been selected, it is important 
that the amplifier used is suited to that detector and that it does not 
degrade the detector signal to an extent where the required measurement task 
can no longer be performed. 

Two important parameters that can be used to judge amplifier performance 
are gain and bandwidth. Gain indicates the amount of amplification provided by 
the amplifier and is usually expressed as the ratio of the output signal 
relative to the input. Where both input and' output are in the same units (e.g. 
volts) the gain is expressed as a dimensionless ratio, however, where the 
amplifier is used to convert signals (for example, amperes to volts) then the 
gain will have dimensions (e.g. V/A). The bandwidth of i,.i amplifier is a 
measure of the range of input frequencies to which the amplifier will reliably 
respond. The bandwidth determines the response time of the amplifier; the 
greater the bandwidth the faster the response. Another useful concept 
associated with an amplifier is the gain-bandwidth product. This is the gain 
multiplied by the bandwidth. For many amplifier types the gain-bandwidth 
product will not vary much if the gain is changed. This means that an increase 
in gain will result in a corresponding reduction in bandwidth. 
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There are many different types of amplifier, and it is not possible to 

deal with all of them in this lecture. Some amplifiers are designed to 
transmit a faithful representation of the signal presented to the input, 
whilst others are intended to perform particular operations on the input 
signal (e.g. integration or differentiation with respect to time). For the 
purposes of this discussion, a few amplifier types commonly encountered in 
light measuring instruments are described briefly below. 

A. High Input Resistance Voltage Amplifier 

Where the detector is a low resistance source that produces a small 
voltage signal, it is usually desirable to use a high input resistance voltage 
amplifier in order to maintain a linear response to radiation. If a high gain 
is required, then the bandwidth of the amplifier may be the limiting factor 
which determines the response time of the instrument. 

B. Current to Voltage Amplifier 

Where the detector is a high resistance source that produces a current 
signal, a current to voltage amplifier is used. A typical high gain current 
to voltage amplifier may have a gain as hi.jii as 10 V/A and a bandwidth of 
several kilohertz. 

C. Impedance Matching Amplifier 

Where the detector has an intermediate value of source impedance and where 
optimum signal to noise ratio or speed of response is required it is common 
practice to employ an amplifier with matching input impedance characteristics 
(e.g. a 50 ohm high speed photodiode with a 50 ohm input oscilloscope 
amplifier). 

D. Integrating Amplifier 

An integrating amplifier is frequently used to convert a radiant power 
signal into a time integrated version that represents the total energy 
received within the integration time. A capacitor is usually used across the 
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amplifier's feedback loop. Leakage currents in the capacitor will usually 
limit the time over which the integration can be accurately carried out (100 
seconds is a typical maximum integration time for leakage of about l°/ 0. 
However, the circuit may be designed to limit the effective integration time 
to much smaller times). Sometimes a relay may be used to switch the 
integrating capacitor into the circuit and thereby define the beginning of the 
integration period. 

Instrument Sensitivity 
The sensitivity of a measuring instrument is determined by the type of 

detector and the amplifier gain used. Provided that the light source entirely 
illuminates the sensitive surface area of the detector, then the sensitivity 
to irradiance will usually increase linearly with detector area. Conversely, 
the sensitivity to a given level of radiant power input to the detector will 
usually not be affected by the area of the detector. 

Response Time / Bandwidth 
The response time of a measuring instrument is determined by the intrinsic 

response time of the detector and the characteristics of the amplifier used. 
The detector's response time will generally increase as the area of the 
detector is increased. This increase in response time is often due to a 
corresponding increase in either the electrical or thermal capacitance of the 
detector, but will also arise from electrodynamic effects in vacuum tubes. 
Where a high speed detector is employed, it is frequently the gain-bandwidth 
characteristics of the amplifier which determine the instrument's response 
characteristics. 

Signal Distortion 
Signal distortion becomes important when pulsed lasers are to be measured. 

Distortion will occur when the rise or fall time of the measuring instrument 
is not sufficiently fast to accurately represent the signal to be measured. 
For example. Figure 2 shows the type of signal distortion that can occur when 
the response time of the instrument is too slow to accurately reproduce the 
input waveform. Such a response would be no use for measuring the pulse 
duration or the peak value of the radiant power, but it could be used to 
determine the radiant energy in the pulse. 
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Signal Distortion 

Noise 

Sources of noise include the unwanted signals arising from background 
radiation in the measurement environment, noise in the detector itself and 
noise injected by the amplifier stage. Background radiation can sometimes be 
reduced by restricting the viewing angle of the detector with baffles or by 
using wavelength selective filters in front of the detector. Noise arising in 
the detector can sometimes be reduced by cooling the detector and its housing. 
Ihis is particularly true where thermal detectors or infrared detectors are 
used, because blackbody radiation may be a significant source of noise in such 
detectors at room temperature. Photomultipliers may be particularly sensitive 
to stray electric or magnetic fields and they usually require special metal 
housings to reduce such effects. Acoustic noise, shock and vibration may be a 
problem with many detector types. In particular, thin film bolometers, 
pyroelectric detectors, Golay cells and photomultipliers are all susceptible 
to such acoustic interference. Amplifier noise is usually not a problem unless 
very low level signals are to be detected. There are various physical 
concepts used to evaluate the performance of a measuring instrument. A term 
frequently used to describe noise is the noise equivalent power, or NEP. The 
NF.P is the rms radiant power which gives an rms reading equivalent to the rms 
noise reading, lhe NF.P represents the minimum power that can be measured by 
the instrument when the signal to noise ratio is not less than 1. lhe NfcP is 
therfore an effective measure of the minimum power that can be measured by a 
particular instrument, lhe units of NLP are Watts, and the measurement 
brjndwidih (or measurement time) and detector viewing angle should be stated. 
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However, the NEP is sometimes given in units of Watt per root Hertz, in such a 
case it may be assumed that the noise spectrum follows a 'white noise* 
distribution and that the NEP in Watts may be obtained by divding by the 
square root of the measurement time in seconds. This reflects the fact that 
the longer the time over which measurement readings are averaged, then the 
more accurate the result will be. A number of signal processing techniques can 
be used to improve signal to noise ratios and these are described in a 
following section. 

Dynamic Range 
The dynamic range of a radiation measuring instrument may be described as 

the range of radiation input levels to which the instrument will respond so 
that the uncertainty in the measurement will not exceed a specified value. 
This will depend on the individual dynamic ranges of the detector and the 
amplifier and can be no larger than the smaller of these. Many amplifiers 
employ switchable gain stages as a means of achieving broad dynamic range and 
better measurement resolution. 

Signal Processing Techniques 
Lock-in detection, boxcar averaging and photon correlation counting are 

techniques often used to filter unwanted background and detector noise levels 
from the radiation signal. These techniques are similar in that they all 
require a well defined electrical trigger pulse to indicate the timing of the 
radiation to be measured. A simple analogy to these techniques may be 
described by the act of subtracting a background radiation measurement, made 
when the laser is turned off, from a measurement made when the laser is turned 
on. If this process is repeated enough times and an average is calculated, 
then the background and detector noise represented in the result will be much 
less than the noise present in a single measurement alone. Lock-in detection 
is usually performed on regular repetitive signals, such as would be produced 
by directing a c.w. laser beam through a constant velocity fan blade (a 
chopper). The chopper provides the necessary trigger reference signal. 

Boxcar averaging and photon correlation counting are usually used to 
detect pulsed radiation sources. In the case of pulsed lasers an electrical 
trigger pulse is often available from the laser control circuitry. Photon 
correlation counting 1s usually used for very low levels of radiation and is 
therefore not likely to be required for laser hazard evaluations. 
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FUNDAMENTAL DETECTION PROCESSES 

In contrast to the detectors used for radiofrequency and microwave 
measurements, many of which respond to the electric or magnetic field of the 
radiation, all the detector types described in this lecture are 'square law1 

detectors because they respond directly to the square of the field (the beam 
power). An optical detector usually operates through one of three major 
physical detection processes. These processes may be described as either 
thermal, quantum or photochemical in nature. 

THERMAL DETECTORS 

Thermal detectors measure the heating effect that occurs when radiation is 
absorbed by a material. It is usual to have a specially chosen absorber 
material in contact with a thermal transducer, though in some cases the 
absorber may serve both functions. In general, thermal detectors offer wide 
spectral coverage and once calibrated they are not likely to change 
appreciably with age. In fact, there are a number of stable optical absorber 
materials that have high absorption and good thermal properties, and which 
offer uniformity of response from ultraviolet to far infrared wavelengths. 
With many types of thermal detectors it is possible to incorporate an 
electrical heating element so that the device may be calibated electrically 
when required. Thermal detectors usually have a much slower response time than 
quantum detectors. Thermal detectors are generally not suited to the 
measurement of low levels of radiation unless special steps are taken to 
minimise sources of thermal noise and to filter out unwanted background 
wavelengths. Signal to noise enhancement methods such as lock-in amplifier 
techniques may also improve detection limits. Thermal detectors are usually 
better suited to the measurement of infrared radiation than the majority of 
quantum detectors. 

The usual operating characteristics of some common types of thermal 
detector are described below. 

Thermopile 
A thermopile employs the thermoelectric effect in thermocouples or 

semiconductor materials to detect the heating effect of radiation in an 
absorber material. The response time of a thermopile is usually slower than 
most other types of detector. Unless the thermopile is well isolated from 
ambient temperature fluctuations it is unlikely to be suited for measurements 
of radiant power below about ten milliwatt. 
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Figure 3: Disc calorimeter in isoperibol enclosure. 

Figure 3 shows a diagram of a thermopile in the form of a disc calorimeter 
detector intended for measurements of laser beams above several milliwatts of 
radiant power. A special absorbing coating on the surface of the calorimeter 
disc results in an essentially uniform spectral response for wavelengths 
between ultraviolet and far infrared. A heater is included to enable 
electrical calibration. The calorimeter is enclosed within an insulating 
isoperibol enclosure to reduce the effect of rapid ambient temperature changes 
and air currents. The response time of this particular calorimeter is about a 
second and it is therefore best suited for c.w. laser measurements, however, 
it can be used to measure pulse energy if required. 

Golay Cell 

Pneumatic 
chamber 

Figure 4: Golay Cell. 
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lhe Golay cell shown in Figure 4 employs a thin absorbing film mounted in 

a sealed gas cell. Radiation enters through a window and heats the absorbing 
membrane, which in turn transfers its heat to the gas. Ihe increase in 
temperature causes the gas pressure to rise which in turn causes a small 
deflection of a flexible mirror at the rear of the cell. The mirror deflection 
is monitored by a special opto-electronic amplifier system that converts 
mirror deflection into an electrical signal. 

The Golay cell is designed to measure c.w. radiation. The Golay cell 
responds to pulses and the c.w. beam must be chopped ( modulated ) with a 
mechanical chopper before the beam enters the detector. The chief virtue of 
the Golay cell is its high sensitivity to radiation. When used with lock-in 
amplifier detection, a typical Golay cell will be able to measure radiant 
power between approximately 1 nanowatt and 1 microwatt with a system response 
time of several seconds. The spectral response is dependent on the window 
material used. Calibration of the Golay cell is more difficult than the 
thermopile. Ihe Golay cell is sensitive to noise and vibration and is best 
kept in a controlled laboratory environment. 

Bp_l ometer 
A bolometer uses a material with a high thermal coefficient of electrical 

resistance so that temperature changes due to radiation are monitored by the 
change in resistance of the bolometer material. In order to monitor resistance 
changes in the bolometer it is necessary to pass a small electrical current 
though the device and to use a high input resistance on the associated 
amplifier. Stray capacitance that can occur with long signal leads may 
therefore limit the response time of a bolometer instrument. Bolometers are 
usually much more sensitive than thermopile detectors and are most commonly 
used for measurements of low levels of infrared radiation. Response times of 
thin film bolometers are often more rapid than those of other types of thermal 
detector. 

Pyroelectric Oett tor 
A pyroelectric detector is a kind of capacitor filled with a special 

pyroelectric material. An electrical charge is generated between the capacitor 
electrodes whenever a change occurs in the temperature of the pyroelectric 
material. Because the pyroelectric detector requres a temperature change to 
generate a signal, pyroelectric detectors cannot be used to measure c.w. 
lasers unless a chopper is used to modulate the input to the detector. Ihe 
signal from a pyroelectric detector instantaneously follows the temperature of 
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the pyroelectric Material so that the response time is governed only by the 
thermal properties of the detector. If the radiation absorber mass and the 
Mass of the pyroelectric Material is kept low then the response can be very 
rapid indeed ( a few nanoseconds ). However, unless the laser is quite 
powerful, the current to voltage amplifier required with the pyroelectric 
detector will limit the system response time to perhaps 200 microseconds. 
Pyroelectric detector instruments are usually much more sensitive than 
thermopile instruments but not as sensitive as bolometers or Golay cells. 
Pyroelectric detectors can be constructed in a form that enables them to be 
used in high accuracy electrically calibrated measuring instruments for 
measuring chopped c.w .radiation. Pyroelectric detectors are sensitive to 
noise and vibration and are therefore best suited to a quiet laboratory 
environment. 

QUANTUM DETECTORS 

Quantum detectors may be described as those devices that detect radiation 
through the movement of electrons produced by the direct interaction of 
photons with matter ( i.e. by photoelectric, photoconductive, photovoltaic 
effects, etc ). Detectors in this category have a spectral response that is 
limited to a much smaller wavelength range than thermal detectors. 
Furthermore, the response of a quantum detector is strongly dependent on the 
wavelength of the radiation to be measured and a different calibration factor 
is usually required for each wavelength of interest. Quantum detectors usually 
respond to wavelengths around the visible region of the spectrum (including 
ultraviolet and near infrared). 
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Figure 5: Response of Quantum Detectors. 
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Figure S shows the spectral response curves of some representative quantum 
detector types. Quantum detectors are often difficult to calibrate. Specially 
selected optical filters ( radiometric filters ) are sometimes used to provide 
a uniform spectral response over the useful spectral range of a detector. This 
method allows a single calibration factor to be used ( unless high accuracy is 
required ). A disadvantage of radiometric filters is that they decrease the 
measurement sensitivity at some wavelengths. The response characteristics of 
quantum detectors tend to change with age and consequently calibration checks 
are usually required more frequently than for thermal detectors. Instruments 
using quantum detectors usually have a much higher sensitivity at the 
wavelength of peak response than instruments using thermal detectors. Ihe 
response time of quantum detectors is usually quite rapid in comparison to 
thermal detectors. The sensitivity of a quantum detector may vary 
significantly according to the part of the sensing surface illuminated. In 
order to eliminate problems associated with this variation in sensitivity, 
quantum detectors are often used with a diffusing element so that the 
sensitive surface of the detector is evenly illuminated. The dynamic range of 
instruments using quantum detectors is often better than that of instruments 
using thermal detectors. The NtP of quantum detectors is usually markedly 
better than that of thermal detectors at the same operating temperature. 

The usual operating characteristics of some common types of quantum detector 
are described as follows. 

Vacuum Photodjode 
Vacuum photodiodes consist of a vacuum tube with a photocathode electrode 

situated to receive light through a window facet in the tube. The photocathode 
is coated with * maierial that emits electrons when photons strike the surface 
(photoemissive material). Another electrode ( the anode ) is situated to 
collect electrons that move through the vacuum region of the tube. The current 
that flows between the electrodes is therefore proportional to the radiant 
power received by the detector, lhis current can then be measured with a 
suitable amplifier. Vacuum photodiodes have fast response times and the 
response time coin be further improved by applying a voltage between the 
electrodes so that the resultant electric field speeds the flow of electrons 
to the anode. Vacuum pholodiodes are frequently chosen where measurements of 
laser pulse durations of a nanosecond or less are required. For such 
appliral ions it is common practice to include a capacitor in the measurement 
circuit so thai d.c. background and leakage currents are not fed into the 
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amplifier used ( i.e. the detector is a.c. coupled ). Figure 6 shows a typical 
voltage biasing and a.c. coupling circuit used with a high speed vacuum 
photodiode. 
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Figure 6: Biasing circuit for vacuum photodiode. 

Photomultiplier 
The photomultiplier is similar to the vacuum photodiode in its method of 

operation. However, the photomultiplier uses a chain of additional electrodes 
(dynodes), each with a voltage bias applied between adjacent dynodes so that 
the original flow of photon stimulated electrons is amplified with secondary 
electrons (re eased by the impact of electrons) at successive dynodes. 
Photomultipliers are very sensitive to light and can easily be damaged by 
ambient light levels if the operating voltage bias is present on the dynode 
chain. Due to electron velocity dispersion effects photomultipliers do not 
respond as rapidly as vacuum photodiodes (although they are fast by comparison 
with most other detector types). Furthermore, photomultipliers are sensitive 
to ambient temperature changes and mechanical shocks and they usually need to 
be shielded from stray electromagnetic fields . Photomultipliers also have a 
degraded dynamic range when compared to vacuum photodiodes. For these reasons, 
photomultlpiers are usually not appropriate for laser hazard assessment 
measurements. Photomultipliers are often housed 1n cooled temperature 
regulated enclosures to in order to achieve very low NEP levels. 
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Semiconductor Photodiode 

Photodiodes manufactured from semiconductor materials such as silicon or 
germanium are usually cheap to produce and have the further advantages of 
being compact and reasonably robust in comparison to vacuum tube devices. 
Photons of incident radiation change the mobility of electrons near the 
surface of the detector. The particular detection circuitry used with a 
semiconductor photodiode depends on the design of the photodiode and the 
required detection characteristics. Two basic operating modes can be used. 
These are; (i) the photoconductive mode, where a reverse voltage bias is 
applied to the photodiode and (ii) the photovoltaic mode, where no voltage 
bias is applied. In both cases a small electrical current is generated upon 
exposure to light and this current increases in proportion to the radiant 
power received. The application of a reverse bias voltage usually increases 
the speed of response through a decrease in the intrinsic capacitance of the 
photodiode. Silicon photodiodes can be calibrated to a high degree of accuracy 
and may be used as measurement standards. However, semiconductor photodiodes 
may need to be recalibrated at more frequent intervals than thermal detectors 
because of ageing effects associated with the presence of impurities in the 
semiconductor material and changes in the surface reflectance of a detector. 
Exposure to high levels of irradiance can change the response characteristics 
of a photodiode and they should not be directly exposed to laser beam powers 
above a few hundred microwatt. The response time of semiconductor photodiodes 
is usually of the order of microseconds and, in general the larger the 
detector is then the longer the response time will be. 

Silicon photodiodes are suitable for measurements in and near the visible 
region of the spectrum, whilst germanium photodiodes are better suited to 
infrared measurements between 800 and 1800 nanometres. Silicon photodiodes 
have a high source resistance and are usually used with current to voltage 
amplifiers. Germanium photodiodes, on the other hand, have a low source 
resistance and should be used with special impedance matching amplifiers. 

Avalanche Photodiode 
The avalanche photodiode is the semiconductor analog of the 

photomultiplier. The device is biased with a voltage so that the photon 
energised charge carriers (electrons or holes) flowing through the detector 
stimulate the release of more charge carriers and an overall current gain is 
achieved. The gain of a typical avalanche photodiode may be as much as 600. 
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When compares with semiconductor photodiodes the avalanche photodiode may 
sometimes provide better instrument response time, even though the response 
time of the avalanche photodiode is greater than that of a comparable 
semiconductor photodiode. This is because the current to voltage amplifier 
used is often limited in its frequency response by the gain-bandwidth product 
of the amplifier, so that a lower gain allows better frequency response. As 
with photomultipliers, avalanche photodiodes cannot be relied upon for 
accurate radiometric measurements. 

PHOTOCHEMICAL DETECTORS 

Detectors in this category rely upon radiation induced chemical reactions. 
Photochemical detectors are generally not appropriate for radiometric 
measurements although they may be useful for medsuring integrated levels of 
ambient or scattered radiation over prolonged exposure times (e.g. ultraviolet 
radiation). Only two types of photochemical detector deserve mention here. One 
s the eye and the other is film (photography). 

The Eye 
The eye is worth mentioning as a detector because it can be used to locate 

visible laser beams by their diffuse reflections. If a laser beam is to be 
accurately measured it is essential that the beam collecting optics and 
detector be accurately positioned in the centre of the beam. Although fine 
adjustments can usually be made by .efering to the instrument reading, the 
initial coarse positioning is most conveniently done when the beam can be 
located by its the diffuse reflection from a matt surface (provided the beam 
is not so powerful that diffuse reflections will be a hazard). If the laser 
radiation lies at a wavelength that is not visible, then the beam will have to 
be located by other means. 

If a diffuse reflection appears very bright to the eye, then there is 
little doubt that the direct laser beam will be harmful and should therefore 
be avoided. It should be noted, however, that the converse does not hold true, 
because a beam may be harmful and yet its reflection ( diffuse or otherwise ) 
may not be visible. The visual rtsponse of the eye 1n daylight viewing 
conditions (photopic response curve) i- shown in Figure 7. 
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Figure 7: Photopic response of the eye. 

Photography 
Photography was briefly mentioned in the previous lecture as a means of 

determining the angular divergence characteristics of laser sources (see beam 
categories B and D of the previous lecture). The success of any photographic 
method employed will be determined mainly by the type of film used and the 
correct exposure of the film. However, where a shutter is used for c.w. laser 
photography, it is also important to use a shutter that will have a constant 
edge velocity as it passes through the laser beam. Otherwise, the irradiance 
distribution recorded by the film will not be a faithful representation of the 
beam profile. For this reason, it is preferable to use a focal plane shutter. 
For pulsed or scanned laser beams, the shutter should be fully open for the 
period of one pulse or scan. Table 1 shows the characteristics of a number of 
commercially available film types. The film used should be have a spectral 
response chosen to match that of the laser wavelength. It is also preferable 
to select a film with a very low film speed ( i.e. low ASA or OIN number ), so 
that the possibility of over-exposure of the film v..ll be minimised. 
Otherwise, iieutral density filters may be used to reduce the beam intensity. 
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However, filters may distort the image or produce multiple images from 
reflections at the surface of the filter and these possibilities should be 
considered. An alternative method of photography aimed at reducing exposure of 
the film involves photographing the diffuse reflection obtained by placing an 
appropriate diffuser (e.g. matt painted surface) in the beam. Care must be 
taken to ensure that excessive parallax errors are not introduced with this 
method. 

TABLE 1 

Film Type Rated Speed Spectral Range 
(Daylight ASA) (Nanometre) 

Resolution 
(lines per mm) 

AGFA, 10E75 

Kodak, 649 F 

0.8 approx. 

0.1 approx 

400 - 800 

350 - 700 approx. 

2800 

> 2000 

Kodak, Panatomic-X 32 

Kodak, Tri-X Pan 400 

Kodak, 5069, 20 approx. 
High Contrast Copy 

300 - 640 

300 - 640 

200 - 650 

not known 

150 

200 approx. 

11ford, Pan F 50 350 - 650 not known, 
fine grain 

Ilford, FP4 125 360 - 660 not known 

When photographing laser beams, 1t is difficult to determine the correct 
exposure. It 1s best to take a whole series of photographs using different 
exposures. When the film 1s developed, 1t 1s usually quite easy to pick those 
negatives that were under or over-exposed through visual inspection. 
Interference effects caused by scattering and reflections within the emulsion 
layers of the film are often observed when the film is over-exposed. These 
effects usually appear as a series of concentric rings around the true image. 
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As the degree of over-exposure is increased the size of the overall image 
increases. Provided that a laser image can be seen on the film, under-exposure 
is preferable to over-exposure because a smaller beam divergence will be 
deduced and this will lead to a conservative hazard assessment. 

Where laser beams are photographed through a camera lens, for example, 
where angular separation of sources is to bj measured, a calibrated angular 
scale may be obtained by photographing u ruler marked with millimetre 
graduations at a distance of 1 metre away from the lens. The ruler graduations 
on the negative then represent milliradian divisions with which other 
negatives ma^ be compared. The solid angle represented by an image on the film 
is easily determined by finding the area of the image in square radians 
(steradians). 

The useful spectral range of most film types is limited to the visible and 
ultraviolet regions of the spectrum. However, films with a useful sensitivity 
to wavelengths as long as 1200 nanometres in the near infrared can be 
obtained. The limited spectral range of film is generally not a problem 
because no wavelengths beyond the near infrared region will be imaged on the 
retina of the eye (i.e. photography is only required to assess the spatial 
imaging characteristics of a laser beam on the retina ). If no suitable film 
type can be obtained then it is possible to scan a c.w. beam with a pinhole in 
front of a detector to determine the intensity distribution. A useful 
alternat'-ve, for both pulsed and c.w. beams, is to use a phosphor target that 
will be stimulated by the laser wavelength to emit at a wavelength that can 
then be photographed. Another technique that may be useful with high power 
lasers, is to examine the damage profile that occurs at the surface of a 
target material ( e.g. polaroid film, carbon paper,plastics, etc ) . 

ATTENUATORS AND DIFFUSERS 

Attenuators are often required either to protect the detector from 
radiation damage or to ensure that the instrument is operating within its 
useful dynamic range. The best signal to noise ratio is usually obtained when 
an instrument is operating close to the centre of its dynamic range, and by 
taking into account the levels of radiation that the instrument will be 
required to measure, the value of attenuation required can be selected 
accordingly. 
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Where quantum detectors or other types of detector that may suffer from a 

non-uniform surface response are used, a diffuser should be used for 
radiometric measurements. Diffusers usually provide significant attenuation, 
and a suitable diffuser can therefore be used as a beam attenuator where 
attenuation is also required. 

Different types of attenuator and diffuser used with laser measuring 
instruments are described below. 

Opal Diffuser 

SECTIONAL VIEW 

Figure 8: Opal diffuser. 

Opal glass diffusers are often used in the arrangement shown in Figure 8. 
Opal glass or fused silica with etched surfaces are usually prefered for laser 
diffusers. However, plastic materials are sometimes used. Moulded plastic 
shapes can be used to modify the directional response of the diffuser input 
(e.g. convex cosine response diffuser for ultraviolet measurements). The inner 
side of opal glass 1s often ground or etched to provide additional diffusing 
properties. Sometimes several diffuser plates may be stacked together. The 
useful measurement acceptance angle of a detector 1s primarily determined by 
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the diffuser material. Baffles are often placed between the diffusing element 
and the detector, these help minimize the effects of oblique background and 
scattered light into the detector. 

Integrating Sphere 
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Figure 9: Integrating sphere. 

An integrating sphere ( shown in Figure 9 ) consists of a hollow sphere 
coated with a matt reflective surface, lhe integrating sphere acts as both a 
diffuser and an attenuator. Light enters through a hole and undergoes multiple 
diffuse reflections before reaching the detector. An integrating sphere 
usually has a high acceptance angle but this can be reduced with baffles. 
Sometimes an opal diffuser may be placed before the integrating sphere to 
provide additional attenuation. 
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Beam Splitter 

Beam splitters provide a means of achieving simple attenuation without a 
diffusing effect. Beam splitters use partial reflection at an interface as a 
means of splitting off a fraction of the total beam power. There are several 
types of beam splitter. Glass plates may be used but if the sides of a glass 
sheet are parallel interference effects may be a significant problem. It is 
therefore usual to incorporate a small wedge angle between the glass surfaces 
to reduce the possibility of interference problems ( wedge angles should also 
be used on detector windows etc ) . Most beam splitters selectively reflect 
more of one polarization component than another. Both the sampling ratio and 
the polarization factor depend on the angle of the beam splitter plate with 
respect to the laser beam. Thin film dielectric and metallic coatings can also 
be used to reduce second surface reflections and also to alter sampling ratios 
and change polarization characteristics. Various types of beam splitters 
incorporating prism polarisers can be used to sample the beam and analyse 
polarisation components ( the calibration factor of the detector may depend on 
polarisation ). Thin pellicle beamsplitters consisting of thin films much 
thinner than the wavelength of light do not produce interference effects that 
glass plates do, however pellicles are very fragile and easily broken, they 
are also difficult to clean and they may be affected by vibration and cause 
the laser beam reflection to move. Beamsplitters with appropriate low loss 
dielectric coatings may be used with high power lasers, where other types of 
attenuator may be damaged. 

Neutral Density Filters 
Neutral density filters usually consist of a suitable transparent substrate 
coated with a thin metalic attenuating layer. The term 'neutral' is used to 
Imply that these filters have an optical density that is fairly constant over 
a wide range of wavelengths. Owing to the methods used to deposit the metallic 
coating, the optical density provided by a neutral density filter may vary 
significantly over the surface of the filter. If not taken into account, this 
effect could lead to large errors in the measurement of small diameter laser 
beams. 

Other Types of Attenuator 
Absorption filters consisting of either a suitable glass doped with a 

suitable absorbing material or a cell filled with an absorbing liquid can also 
be used to attenuate a laser beam. Care must be taken to ensure th.H the 
absorbing material does not bleach and become less absorbing after prolonged 
exposure to the laser beam. 
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Where the wavelength or power of the laser beam precludes the use of other 

attenuators it may be possible to use a mechanical method of beam attenuation. 
For example, a highly polished rotating disc with a small hole near the 
circumference can be used to provide intermittent pulses from a high power 
c.w. laser. This type of attenuation is suitable for use with thermopiles, 
where the response time of the detector is much longer than the period between 
pulses. Other means of attenuation include, wire grids, multiple vane shutter 
mechanisms, convex mirrors and gratings etc. 

GENERAL MEASUREMENT PROCEDURES 

Optical Mounts 
The laser to be measured, the detector and associated optics and baffles 

etc should be rigidly mounted to prevent accidental mis-alignment. There are 
many optical mounting systems commercially available. An optical table with a 
ferromagnetic surface and tapped mounting holes is most versatile and 
convenient but also expensive. 

Warm-up Times 
It is good practice to allow the measuring instrument time for the 

detector and amplifier circuitry to stabilize before measurements are made. 
The time required will depend on the nature of the instrument itself, but as a 
general rule thermal detectors require more time than other types. A laser 
warm-up time is often required before the laser emission reaches its peak 
value. Some lasers, such as c.w. helium-neon lasers, have been observed to 
have a time varying oscillation in radiant power output and the emission 
should be monitored for a sufficient period of time to ensure that the maximum 
level is measured. 

Measurement Uncertainty 
The total estimated measurement uncertainty should be stated in any 

reports issued. Estimates of uncertainty should include all known sources of 
error, both random and systematic (including errors in the measurement of 
maximum laser emission due to lase r warm-up and power fluctuations etc). 
Uncertainties should be specified as estimated maximum values or, where known, 
as probable error values. 
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Baffles 

Whenever there is any possibility that background radiation levels may 
significantly affect the measurement then the detector viewing angle should be 
restricted as much as possible with strategically placed baffles. Thermal 
detectors and other infrared sensitive detectors are sensitive to background 
radiation from warm objects (e.g warm wall due to underlying hot water pipes 
or external solar heating). Thermal detectors should be shielded as much as 
possible from air currents and any other influences that may alter 
temperature. 

Filters 
Filters are sometimes useful for eliminating unwanted background 

radiation. In particular, if measurements are made close to a laser, 
incoherent radiation from the laser cavity may also be detected. The problem 
is usually worse where broad bandwidth infrared detectors are used. In such 
cases a significant amount of the unwanted radiation can usually be filtered 
with appropriate absorption filters (e.g. glass, sapphire, quartz, etc). 
Narrow band-pass interference filters can be used to block nearly all of the 
incoherent radiation. However, the spectral transmission characteristics of 
narrow band-pass interference filters can be significantly affected by 
temperature, humidity and the incidence angle of the radiation. 

The transmission of filters (at the wavelength of interest) must be taken 
into account for the calculation of the measured radiometric quantity. 
Uncertainties associated with filter transmission should be included in the 
overall uncertainty of the measurement. 

Locating Invisible Beams 
The detector should be positioned so that the maximum level of accessible 

radiation 1s detected. Where an Invisible wavelength is involved, it is not 
possible to locate the beam by its diffuse reflection. In such cases it may be 
possible to find the beam using appropriate phosphor probes. Infrared night 
vision aids may be used to locate diffuse infrared reflections ( or heat 
generated by sufficiently high powers at other wavelengths ). Some pulsed 
ultraviolet laser beams can be located by the fluorescence from a cardboard or 
paper target. Very high power beams can be located by the observable heating 
created on a target ( e.g. hot red glow from firebrick beam stop ) or by the 
damage done to target materials. 
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When the beam has been located the position of the detector can be finely 

adjusted to receive the full beam power. Screw thread adjustable x-y optical 
mounts provide a suitable means of achieving this fine adjustment without the 
possibility of accidentally displacing the detector. 

Spatial Measurements 
In addition to photographic techniques discussed above, the spatial 

characteristics of a c.w. laser beam can be determined by scanning across the 
beam with a pinhole or fibre light guide coup'ied to a detector. Other methods 
that can be used to measure c.w. laser beam diameter involve moving a knife 
edge or slit across the beam (Sliney and Wolbarsht, 1980). 

Laser beam divergence may be determined by measuring the diameter of the 
image formed by a lens. An alternative method is to measure the beam width at 
several points along the beam path and to solve the equation 

w(r) = w(0) + d.r, 

where w(r) is the beam diameter at distance r from the laser source, w(0) is 
the diameter of the beam at the source and d is the divergence in radians. 

Temporal Measurements 
For pulse durations above 10 nanoseconds a detector capable of resolving 

at least one tenth of the expected pulse duration should be used. Adequate 
measurements of pulse duration and repetition rate can usually be made most 
conveniently by displaying the signal on an oscilloscope. Where higher 
accuracy is required, electronic counter-timers may be used, but care is 
needed to ensure that the trigger voltage thresholds are adjusted properly and 
that electronic noise does not trigger the timing gate at the wrong time. 

CALIBRATION 

It is convenient to distinguish between two different types of instrument 
based upon the method employed for the initial calibration. There are 
Instruments whose calibration does not depend upon the generation of a known 
radiometric quantity, but upon other fundamental quantities such as specific 
heat, electrical power, time, frequency etc. Let us call these instruments 
'primary standards'. In the second category, there are instruments that must 
be calibrated by means of a known radiometric field which has been measured bv 
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a process that is traceable to a primary standard instrument (either directly 
or indirectly through a chain of instrument calibrations). This process is 
refered to as 'transfer calibration'. The majority of instruments used for 
routine laser measurements fall into the last category, (i.e. they rely on 
transfer calibration). 

An instrument transfer calibration is only relevant to the particular 
conditions that applied at the time of calibration. If conditions of 
measurement differ significantly from those of the calibration situation (eg. 
significantly different angular distribution of input beam, wavelength, 
radiant power, pulse duration, etc), then a significant error could creep into 
the measurement. Transfer calibration should therefore be done in a manner 
that will reflect the intended use of the instrument. 

The exact methods used for transfer calibration purposes will depend on 
the type of instrument to be calibrated. The light source used to perform the 
transfer calibration would ideally be a laser with stable output 
characteristics. The filtered light from various types of standard lamps is 
frequently used for c.w. radiometric transfer purposes but, due to the 
different beam characteristics involved, this type of calibration will be 
inherently less accurate when ?oplied to laser measurement instrumentation. 
Calibration of instruments used to measure pulsed laser sources is often 
difficult, but may sometimes be accomplished by means of a high repetition 
rate pulsed laser source and transfer from an instrument that measures mean 
radiant power (e.g. thermopile). 

It should be noted that calibrations usually apply only to the plane of 
the front collecting aperture of the beam input optics and that distances from 
the radiation source are measured with respect to this plane. 

In Australia, primary national radiometric standards are held by 
C.S.I.R.O. Division of Applied Physics at Lidcombe NSW. 

SELECTION OF APPROPRIATE INSTRUMENTATION 

When selecting a suitable instrument for a measurement the following 
questions should be considered. 

1. Is the spectral range of the instrument suitable for the 
particular wavelength of interest? 
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2. In view of the nature of the radiation and the quantity to be 

measured, will the response time of the instrument be 
adequate? 

3. What kind of readout device is required (eg. analog, digital, 
storage oscilloscope, etc)? ... Does the readout selected 
present the result of the measurement in an appropriate 
format? 

4. Does the detector response vary greatly with the angle of 
incident radiation or position of the beam into the 
detector? ... Taking into account the known spatial 
charactristics of the beam, what uncertainty will this add to 
the result? ... Would a diffuser improve the situation? 

5. What is the NEP? ... Is the instrument sensitive enough to 
detect the level of radiation anticipated? 

6. Will the detector be damaged by the laser radiation? ... Is 
beam attenuation required? 

7. What is the maximum uncertainty that can be tolerated in the 
result? ... Will the instrument be able to provide the 
required resolution and accuracy? 

8. Is the instrument calibrated in the same units as required by 
the measurement? ... If not, can an appropriate conversion be 
made without invalidating the results? 

9. When and how was the instrument last calibrated and what 
evidence is there to believe that the calibr. tion is currently 
valic"? ... Does the calibration apply to any be--;n collecting 
optics, attenuators, diffusers, etc that are required for the 
measurement? 

When all considerations are taken into account, it may be the case that a 
single instrument will not be able to meet our requirements (either because of 
technological limits or because laboratory facilities arc limited). In such 
cases, alternative methods (perhaps involving several measurements with 
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different instruments or a combimtion of measurement and theoretical 
calculation based on expected parameters) should be investigated. 

CARE OF EQUIPMENT 

Mhen not in use, instruments should be stored in a location where they 
will not be exposed to environmental conditions that may cause deterioration 
(i.e. temperature, humidity, dust, vibration, light and other electromagnetic 
fields). An aluminium carrying case with foam padded compartments for each 
separate instrument component is usually ideal for both transport and storage 
needs. 

Optical components should always be handled with care and kept clean and 
free of dust and fingerprints etc. Dust can usually be removed with a gentle 
stream of compressed dry air. If necessary, where the optical surfaces are 
sufficiently robust, it is sometimes possible to use a soft haired brush or a 
soft cloth (or tissue) and a small amount of solvent (such as distilled water, 
pure methanol etc) for cleaning. 

Sensitive quantum detectors such as photomultipliers should be kept in a 
dark environment and not biased with an operating voltage for at least 24 
hours after being exposed to normal laboratory light levels. 

SUMMARY 

For tne measurement of any particular radiation quantity, there are a 
multitude of possible arrangements of different detector types, beam handling 
optics, amplifiers and readout devices etc. The choice of instrument and the 
details of the input optics arrangement used need to be assessed separately 
for each particular measurement situation. The information given above is 
intended to provide a general outline of the factors involved in radiometric 
measurements and the possible instruments and methods that can be applied. 
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