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PREFACE 

Major airports throughout the world are equipped with special­

ized lighting systems that provide visual gUidance to pilots for 

all aircraft operations. Lights provide pilots with basic deci­

sion-making cues during final approach to an airport runway. To 

be effective they must be visible well in advance of the decision 

height. Visibility of a light depends on brightness, distance, 

and the atmosphere prevailing at the particular time. Another 

important factor is contrast; i.e., the difference between a light 

and its surroundings. Contrast can be affected by variations in 

brightness and/or color of the light. Lasers are ideally suited 

as visual guidance lights because they offer very high brightness 

and are monochromatic. However, these same characteristics can be 

hazardous and must be evaluated for safety. The goal of this 

report is to determine if lasers can be safely used to improve 

final approach guidance to a runway or helicopter pad so that 

landings can be made reliably under minimum visibility conditions. 

We wish to thank Robert Bostrom and Robert James, of the 

Bureau of Radiological Health, for their suggestions and comments 

on laser safety. We would also like to thank James Hallock and 

William Wood for their suggestions and comments on the final 

draft of the report. 
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1. INTRODUCTION 

The recent issuance of a US patent [11 for the Russian 

Glissada laser-based aircraft landing system has stimulated a 

new look at the feasibility of using lasers to improve the approach 

lighting at airports. Present lighting can be inadequate under 

conditions of a ragged ceiling near the minimum decision height. 

In particular, the transition from an instrument landing system to 

vi"ual acquisition of the ground could be made more reliable by 

improved lighting. 

The question of laser-based aircraft landing systems was 

studied five years ago for the FAA by Viezee, Oblanas, and 

Glaser [2]. Their work formed the starting point for this report. 

The funlamental question that they addressed was how far a laser 

beam could penetrate a low-visibility atmosphere without exposing 

a pilot to an eye hazard. The Russian Glissada system raises two 

additional questions. The first is how well a pilot can see a 

narrow light beam via scattered rather than direct light. The 

second is whether a high-power infrared laser beam can be used 

to burn a hole through a fog so that a visible light beam can 

propagate with little loss in intensity. To answer these ques­

tions a study and an experimental measurements program were per­

formed. 

The program began with an analysis of laser beam propagation. 

Beam propagation was examined as a visual phenomenon and was 

therefore directly related to atmospheric attenuation and the 

dynamic visual response of the eye. In order to determine the 

detectability of light scattered from a narrOw light beam, a 

theoretical model was developed. This new model included the 

effects of the geometry and luminance of the source, luminance of 

the background, and some of the optical characteristics of the 

human eye. 

Measurements of simulated atmospheric scattering "ere per­

formed in the laboratory to test the validity of the theoretical 

1 



model. Once satisfied that the model was valid, calculations 

were made of several system configurations to determine feasibility. 

Calculations were made to determine if it was feasible to 

use a laser to clear a path through fog along the flight path such 

that a visible laser beam could propagate along the cleared path 

and provide a gUiding beam for aircraft on approach. 

The eye hazard posed to a pilot by a visible laser beam 

guidance system was analyzed by considering each system configura­

tion and the type of viewing. Use was made of the recent federal 

standard for laser products. 
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2. THEORY OF LASER BEAMS AS VISUAL AIDS 

Under conditions of minimum visibility, the present approach 

lighting system is used in the following way. A pilot's first 
visual contact with the ground is the approach lights which must 

be visible when he reaches his decision height. The pilot follows 

the approach lights down until he can see the runway edge lights 
at some time before he flares for landing. 

There are three difficulties associated with the present system: 

First, the approach lights do not provide guidance to the pilot 

with regard to his altitude (i.e., with respect to the glideslope) 

and, thus, he must continue to monitor his instruments. Second, 

under conditions of a ragged ceiling the pilot may not acquire the 

approach lights as soon as desired and may lose them after they are 

acquired. Third, the large number of approach lights may present 
problems with the pilot's ability to see any particular light 

because of the background glow produced by the scattered light. 

The following sections will summarize and expand on the re­

sults obtained by the Viezee report. Also, a theory for viewing 

a narrow light beam via scattered light is developed, and the 

amount of laser power required to burn a hole through a fog is 

calculated. 

2.1 BEAM PROPAGATION 

Apart from the coherence effects which produce laser speckle, 

the propagation of laser and conventional light beams is affected 

similarly by atmospheric attenuation and scattering. A uniform 

extinction coefficient 0 governs the beam attenuation over a 

distance Z by the equation 

(1) 

where E (Z) is the illuminance in the beam without attenuation. 
o . 

For a diverging source of luminous intensity I, Eo(Z) is given by 

3
 



We assume that the multiply-scattered light spreads out 

isotropically to give an illuminance at Range R of 

E=F/4 rr R2 (2) 

(assuming a R»l so that most of the light is scattered). Further, 

let uS assume that Lamb~rt's law describes the luminance B at the 

surface of a sphere of radius R: 

B = E cos a/rr • (3) 

where a. is the angle Mith respect to the normal to the sphere. The 

background luminance B looking toward the source becomes o 

B = F/4rr 2R2 (4 )
o 

For N similar sources this equation must be multiplied by N. It 

would be very complicated and tedious to derive a more accurate 

model than this crude approach. The illuminance produced by the 
direct beam from the source at Range R is 

(5) 

where 6Q is the solid angle of the beam emitted by the source. 

(In the near field R26Q should be replaced by the actual area of 

the beam.) 

Using daytime conditions when the point source threshold 

illuminance Et is roughly proportional to the background luminance 

B ' we obtain from reference 4: o 

log E - log B = -7.3 (6)t o 

We take the logarithms of equations 4 and 5: 

log Et = -aR /2.30 -2 log R - log 6Q (7)t t 

and 

·2 log R - log 4rr 2 
+ log N . (8 )

t 
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We have defined R as the range where the direct beam illuminance
t 

E is equal to detection threshold E . These equations can bet 
combined to give the attenuation exponent dB at this range: 

a R /0.230 = 73 + 10 Log (41T 2/Ml) -10 Log N. (9)t 

This equation describes how much attenuation is needed to have the 

detection limit set by the scattered light. Here is the physical 

explanation for these terms: The 73 represents the contrast and 

angular resolution of the eye for point sources. The log 

(41T 2/nn) represents the directivity of the initial beam. The log 

N represents the interference of mUltiple sources. Let us now 

consider two cases: 

1) A helium-neon (He-Ne) laser beam with 0.5 mrad
 
-7
divergence. For nn = 1.9 x 10 sr, we have an attenuation expo­

nent aR/0.230 = 156 dB. Background glow detection limitation can 

never arise in this Case since the allowable attenuation is much 

greater than the dynamic range of the eye. 

·2) Landing lights with 20° x 30° beams, ~ = 40. Here we 

have aR/0.230 = 72 dB of allowed attenuation. Thus it may be 

possible for the sky glow of the landing lights to obscure their 

own visibility within the dynamic range of the eye. [Note: At 

night, when equation (6) no longer applies, the allowed attenua­

tion will decrease because"E saturates at low values of Bt o 
(e.g., below B = 1.0 cd/mL/sr).]o 

7 



3. LUMINANCE OF A NARROW LIGHT BEAM 

A scattering medium is characterized by the volume scattering 

function S' (¢) (units: lumens scattered into unit solid angle per 

unit volume per lumen per unit area) [5]. The integral of B' (4)) 

gives the scattering coefficient b: 

IT 

b ; 2IT/ B' (4)) sin 4> d4> (l0) 

o 

In the absence of absorption, the light beam attenuates with 
bZdistance Z as e- . 

The coordinate system for calculating the scattering is 

shown in Figure 1. The beam shines down the Z axis ..The observa­

tion axis (in the g direction) is inclined at an angle 4> with 

respect to the beam axis. The luminance B of the beam in the ob­

servation direction is obtained by integrating the scattered light 

flux from a small cross-sectional area dS into a small solid angle 

ds<: 

dF ; ds<dS Jf B'(4)) E(g) dg, (11 ) 

where E(g) is the illuminance of the beam as a function of the g 

coordinate in the direction of observation. Assume a ~ylindrically 

symmetric beam illuminance E(r'), where r,2 x,2 + y,2. The dis­

tance of the observation spot from the middle of the beam is given 

by y'. The x' coordinate is related to the g coordinate by 

x' ; g sin 4>. The integral in equation (3) then becomes 

2 1/2]B; B'.c4» JE [(x,2 + y' ) dx' (12 )
Sin 4> 

where we have also used the relationship B ; dFjdSds<. Now make 

the simplifying assumption of uniform illuminance E inside radius 

r and zero intensity outside. The illuminance E is related to the 

total beam flux F by F ; ITr 2E. 

8 
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The luminance becomes 

B (13 ) 

The peak luminance at the center of the beam is (y'=O): 

B = 2F6' (<1» (14 )11r sin <I> 

In many cases the angular width of the beam will be too small for 

the eye to resolve. In this case one can integrate the brightness 

across the beam y' to obtain the effective line intensity: 

B = F6'(<I» (15 )
sin <I> 

In order to evaluate the effective line intensity we need to 

have a model for S' (<1» for the atmosphere. We note that for a 

given type of scatterers, 6'(<1» is proportional to b. Thus our 

model will give the ratio 6'(<I»/b= 6(<1», which would be 1/411 for 

uniform scattering with respect to the scattering angle. We use 

data from Middleton [6] shown in Table 3. 

TABLE 3. VOLUME SCATTERING FUNCTIONS 

<I> 6'(<1» b 6(<1» 

10° 

45° 

7 x 10- 4 -1 m 

I.5 x 10- 4 

32 

32 

10- 5x 

x 10- 5 

-1 m 2.2 

0.47 

A model of the eye is required in order to determine the de­

tectability of the light scattered from a narrow light beam. The 

model we adopt is developed in Appendix A and the final results are 

shown in Figures 2 and 3. Measurements by Lamar [7] have shown 

that the eye is sensitive to the contrast at the edge of a line. 

If the angular line wi(~th W is greater tl,an a limiting angle 68, 

the eye responds only to two bands of width, 68/2 on each edge of 

the line. If the line width is less than 68, then the eye responds 

10
 



to the line luminance multiplied by the angular line width. Fig­


ure 2 shows the variation of ~8 with background luminance.
 

Figure 3 shows the variation in the threshold product of luminance,
 

Bt , and effective width, Weff, as a function of background lumin­


ance, Bo ' and the angular length L of the line.
 
4 2 . -2 2(Note: Bo=lO cd 1m for dayt1me and 10 cdlm for night.) 

The dependence upon length L is relatively small as long as L is 

greater than the limiting value ~8. 

We can now write expressions for the response product, Weff B, 

for the two cases. For a beam at range R this product becomes 

FB' (<1>1 (16)W f f B = -----.-'-"-Le R S1n <I> 

for 2r<R~8. For the case of 2r>R~8, we make the approximation that 

the luminance at the edge of the beam is given by assigning a uni­

form luminance, B/2r. The -response product then becomes 

W ff B = F B' (.<1» M • (17)e 2r s 1n <I> 

The coordinate system is shown in Figure 4. We now properly in­

clude beam attenuation by means of the extinction coefficient 0 

and the initial beam flux F ' Equations (16) and (17) become,o 
respectively 

B'(p) F -o(Z+R) 
a oe [2r<RM] (18 ) 

and
 
Rn8S' (<1» F eO(Z+R) [2r>R~81.
 (19)2ra 0 

Let us now consider where the beam is most easily detected for 

a fixed observer. As the scattering angle <I> decreases (i.e., as 

R increases), S'(<I» increases until it approaches the value ~(O) 

for small scattering angles. Since Z+R is constant for small 

scattering angles, the attenuation terms do not affect the beam 

detection for small values of aiR. We are then left with a signal 

that increases with range R until R = 2r/~8 and then becomes in­

dependent of range. Thus, the beam is most easily detected near 

its origin. 

11 
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4, LABORATORY MEASUREMENTS AND EVALUATION 

Two optically transparent receptacles were used to perform 

simulated atmospheric scattering measurements: a small cylindrical 

quartz cell (2 cm diameter x 2 cm length), and a large glass 

aquarium (water tank) 13"w x 16-l/2"h x 48-1/2"1. The water tank 

(12" x 47" inside dimension) containing a suspension of scattering 

particles was used tu test the calculations of Section 3 and 

thereby lend credence to the validity of the predictions for full 
scale systems. Two He-Ne gas lasers of 50 and 1 mW beam power 
were used to generate the light beams. After the scattering be­
havior of several other materials was observed, it was found that 

diluted homogenized milk gave a reasonable simulation of scattering 

in the atmosphere. Table 4 shows the rough results of scattering 

measurements on the 2-centimeter cell containing diluted milk 
-1(transmission = 81%; a = 10.2 m ). 

TABLE 4.	 MEASURED VALUES .OF THE RE­
LATIVE SCATTERING FUNCTION 

<l> B'(<l»/b 

100 2.5 

20° 1.1 
35° 0.20 

These results are seen to be similar to those shown in Table 3. 

The water tank tests were performed with 55 ml of milk added 
-1to 140 1 of water, which gave an extinction coefficient of 16.3 m , 

measured across the narrow side of the tank. 

An EG&G radiometer was used to make the quantitative measure­

ments. Appropriate apertures were used to eliminate scattered 
light from the detector. The light transmission through the length 

of the tank was calculated to be 1.94 x 10- 9 . The 1 mW laser beam 

source still could just be seen in the dark at this point, but it 

was difficult to locate one's eye in exactly the right spot because 

neither the 1 mW beam nor that from ,the 50 mW beam could be seen. 
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When finally located, the laser beam looked like a red star. The 

1 mW He-Ne laser output corresponds to 0.15 1m. If one assumes 

that the eye's collecting area is a 7 mm diameter circle 

(3.85	 x 10- 5 m2), then the effective illuminance is (0.15) x
 
-9 -5 -6 2


(1.94 x 10 )/3.85 x 10 = 7.6 x 10 Im/m. This is just a 

factor of 10 above the dark threshold illuminance. 

Next, the distance into the tank over which the beam could 

be seen by scattered light was determined in the dark. A mirror 

was used to reflect the beam out of the top of the tank. The 

mirror was moved until the beam could just be seen and the propa­

gation distance was measured to be 99 ern. The beam diameter was 

1 mm and the estimated offset of the eye to eliminate the direct 

beam was 5 mm. Since the angular width of the beam (1 mrad) is 

less than the resolution of the eye (Figure 2), we must use 

equation (18) to calculate the response of the eye. The result is 

WeffB=8.9 x 10- 5 rad . cd/m Z. We take the angular length of the 

beam corresponding to the far half of the beam (i.e., L = 5 mrad). 

The threshold on W ffB from Figure 3 for B =10- 2 is 
-6	 e 2 0 

5.3 x 10 rad. cd/m. We see that the measured threshold is a 

factor of 17 higher than the calculated threshold. This is 

reasonably good agreement considering the measurement errors in­

volved. Moreover, the error is in the direction one would expect 
because of two systematic effects. First, the calculated value 

was for a 5/8 detection probability while the measured value was 

for assured detection. Second, the background adapt ion of the eye 
was probably higher than that for B =10-2 because the room lightso 
were turned off and on during the experiment. Thus we can conclude 

that the measurements are in reasonable agreement with the theory. 

We also made some measurements of the background luminance 

produced by the scattered light in the tank. The flux into one 
-5end of the tank was 5.5 x 10 units. The scattered light was 

measured at the other end of the tank 1 m away from an estimated 

area of 1.14 x 10- 3 m2 and solid angle of 0.35 sr. The result was 

5.9 x 10- 10 units. The measured ratio of luminance B to flux F is 

16
 



0.027. From equation (4), one calculates a ratio of 0.025 which 
agrees almost too well. One should note that the measured lumin­

ance from the side of the tank near the end was a factor of four 

leSs than that on the end. This result is in rough agreement with 
the use of Lambert's law for the distribution of radiation. 
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5. PATH CLEARANCE THROUGH FOG 

Consider the power required from a CO laser to clear a path
2 

through a fog so that a visible light beam can be propagated up to 

a pilot. The first question to be answered is how much energy is 

required to evaporate the fog in a volume of air. The minimum 

energy is the heat of vaporization of the water droplets which is 

about 2500 Jig. In addition, it may be necessary to raise the air 

temperature to the equilibrium level for no condensation. The 

temperature rise for a given liquid water density can be deter­

mined from Figure 5, which plots the water vapor density versus 

the dew point. The specific heat of air is about 950 J/m 3 • The 

liquid water density of a dense fog is typically 0.1 g/m 3 and could 
- 3be as large as 0.2 or 0.3 g/m~. Based on the value 0.1 glm , the 

relevent parameters are shown in Table S. 

TABLE S. ENERGY DENSITY TO CLEAR FOG (0.1 g/m 3 ) 

TEHPERATURE 
HEAT OF 

VAPORIZATION 
EQUILIBRIUM 

TEMPERATURE RISE 
HEAT TO RAISE 

TEMPERATURE 

O°C 250 J/m 3 0.4S o C 430 J/m3 

20°C 250 J/m 3 0.11 °C 100 J/m 3 

For estimating purposes assume an energy density of 500 J/m 3 • 

We now need to model the effects of beam propagation. We are 

helped significantly by the much stronger absorption of liquid water 

compared with water vapor. The beam will tend to clear a region 
out to a point where most of the energy is absorbed. Consider a 

region 2 km long and 0.3 x 0.3 m2 in cross section. The volume of 

such region is.180 m3 and would require 90,000 J to clear. The 

time required for the delivery of this much energy is roughly the 

dimension of the beam divided by the crosswind. For a 3 mls 

(_6 kts) crosswind, the time is 0.1 sec. The required laser power 

is thus about 1 MW cwo The availability of lasers of this magni­

tude for' non-military activities is uncertain. In any case, they 
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would pose a severe hazard to the pilot if not the aircraft. This 

calculation has assumed optimistically that all the COZ laser 

power is absorbed and that heating effects will not destroy the 

beam collimation. A significant fraction of the light will be 

scattered (l/Z by the optical theorem of scattering for large 

particles), and the heating will likely defocus the beam. See [8] 

for a more complete discussion of this problem. 
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6. LASER BEAM SAFETY 

One of the major goals of this program has been to determine 

if lasers can be safely used to provide visual guidance to pilots 

for all aircraft operations. The concern for pilot safety is that 

many of the landing system concepts considered require the pilot 

to look at visible laserbeams. A visible laserbeam can, in theory, 
be focused on the human retina to an image size that approaches 

the dimensions of the laser wavelength so that even at low power 

exposures an eye hazard exists. For this reason a scenario has 

been developed to establish the magnitude of pilot exposure to 

laser radiation for each system concept considered. The criteria 

for evaluating eye-safe operation were taken directly from the 

laser products performance standard of, the Department of Health, 

Education, and Welfare -- Food and Drug Administration (Federal 

Standard [9]). 

6.1 FEDERAL STANDARD 

Under authority of the Public Health Service Act as amended 

by the radiation control for the Health and Safety Act of 1968, 

Chapter I of Title 21 of the Code of Federal RegUlations was 

amended by adding a new part, 1040, to Subchapter J, prescribing 

a radiation safety performance standard for laser products. The 

purpose of this standard is "to protect the public health and 

safety from the danger of laser radiation . by reducing the 

possibility of injury by minimizing unnecessary accessible 

radiation. " 

The standard became effective 2 August 1976, and it estab­

lished the classification of all laser products according to the 
emission level, duration, and wavelength(s) of accessible laser 

radiation emitted during the operation of the laser. Accessible 

emission limits were specified for each of four classes: from 

Class I laser products, which cannot, under normal operating 
conditions, 'emit a hazardous level of radiation; to Class IV 

lasers, which can be extremely hazardous to eye or skin, not only 
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from direct beam exposure but also from the scattered beam.
 

Tables 6 through 10 were taken from the Federal Standard and
 

show the accessible emission limits for each class with the
 

correction factors kl and k2 .
 

6.2 HAZARD ANALYSIS 

The hazard posed to a pilot by a visible laser guidance 

system will be analyzed by considering the system concept de­

picted in Figure 6: An aircraft is making an instrument landing 

(ILS) approach to an airport runway. At Some point before reaching 

the decision height the pilot views a pair of parallel lightbeams 

emanating from the ground. Visibility permitting, he positions 

his aircraft between the two beams, descends visually, and lands. 

Using this scenario, the potential hazard conditions are the 

chance direct viewing of one of the laserbeam sources from within 

the beam (intrabeam viewing) and the steady side viewing (extra­

beam viewing) of the two beams during the descent. The potential 

radiation hazard at the source (i.e., the ground-based trans­

mitter) is effectively removed, by either elevating the laser 

source to a height above eye level, or increasing the diameter 

of the transmitted beam. 

In the following calculations the level of radiation that 

can be safely viewed is made equal to the accessible emission 

limit of a Class I laser product* whose emission wavelength is 

>400 but ~1400 nm, and whose emission durations are from 

2.0 x 10- 5 to 1.0 x 10 1 sec and from 1.0 x 10 1 to 1.0 x 10 4 sec. 
From Table 6, these limits are 7.0 x 10- 4 klkZt3/4 and 

3.9 x 10- 3 k l k2 and from Table 9, k l and k2 are both equal to 1.0. 

Thus, the maximum levels of laser energy allowed are 1 (t) = 
7.0 x 10-4J , in t 3/ 4 sec (for t > Z.O x 10. 5 to 1.0 x ~~l sec), 

and I = 3.9 x 10- 3 J. The observer is assumed to havemx 

*By restricting the level of radiation to the accessible emission
 

limit of a Class I laser, a minimum risk of eye injury to a pilot
 

is assured.
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TABLE 6. CLASS I ACCESSIBLE EMISSION 
LIMITS FOR LASER RADIATION 

Wavelength Em;~s,o" dl.lrClI'o" Class I ­ Accessible 

Cnanometenl hKond,) 
emission limit. 

>250
"", 
:5;400 

~3.0)( 104 __________ 

>3.0X 104 ___ ...: ______ 

2.4 X 10-5 '"''"2 

8.0 X 10-1Ok,k2f 

J' 

J 

> 1.0 X '0-9 to 2.0X 10-~ __ 2.0 X 10-7,t''"2 J 

>2.0X 1'0-5 10 1.0X 10' ____ 7.0 X 1~-4klk2r3l4 J 

? 1.0X 10' to 1.0 X 104____ 3.9 X 10-3,1; ,01:2 J 

>400 >'.ox'04_________ 3.9 X 1O-7k,k2( J 

bul OR" 

'$. 1400 > 1.0X 10-9 10 LOX 10' ___ 10.'*2,1(3 J cm-2 sr-1 

> LOX 10' to LOX 104____ 2Qlo: 1'"2 J c:m-2 Ir-' 

> 1.0 X 104_______ 2.0 X 10-3.. ,,1;2' Jcm-2 1l"-1 

>1400 > I,D X 10'-9 10 1.0 X 10-7__ 7.9 X lD-5~tk2 J 
bu" 
:s 13000 > 1.0 X 10-7 to I.OX 10'___ '!..4 X 10-3*1~2r1l4 J 

> 1.0 X 10' _________ 7.9 X la--.l1klk2t J 

• Clns IlI:lCeuible lII'Tligign limib I .... ttw _.l.nqth riln~ CI'f Gi"'3I.eI'" than 250 ,." but InI 'ItI.. 0# Qj-' 10400 rwn .".., 
1NI1 11IICI'tC! In. ClasllleeMllblc lII'Tlisoion limin tew ttl......-twngd!,.. of ...1.... Ihiln 1400 rwn bwt Iftl tl\a" r:I*!u,l 

., lx:tC1nmlllli\tl.k, ..d'2011.0klr~.'''-''''Pli..,ln''''''s. 

TABLE 7. CLASS II ACCESSIBLE EMISSION 
LIMITS FOR LASER RADIATION 

W,velength Em'u,on duro!!on Clau II - AcceSSible 
Inanorne1ers) (second~' em'5~,on l,m,Ts 

>400 
bu' >25x 10- 1 1.0 X 10-3.. 1*2c J 

So710 
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TABLE 8. CLASS III ACCESSIBLE EMISSION 
LIMITS FOR LASER RADIATION 

WIYIl!!ength Eminian cbotian CI.. m- ACetlSl"" 

INnOmeWlrs) loecondol emissiOl"l limits 

>250 .... 
:;;400 

S2.5X 10-t~ _______ 

-
>2.5 X 10-1 _______ 

3.8 X 1O-4k 

' 

*2 J 

1.5 X 10-3*,*2' J 

10*"2'"3 Jcm-2>400 .... > 1.0X 10-9 to 2.5 X 10-!._ 

:;; '400 to. maKiAlum Vllue of 

10 J em-2 

>2.5X10- 1 ___ ---­ 5.0 X II,', J 

10 J cm-Z 

I.OX U,I, J 

::- 1400 
Ilu1 
:!;.13000 

> 1.0 X 10-g to 1.0 X 10'___ 

> !,oX 101________ 

TABLE 9. VALUES OF WAVELENGTH DEPENDENT 
CORRECTION FACTORS k1 AND kZ 

WOO..I....th 
InlllllOr,n"l1 " " 

:15010302.4 ••• 1.• 

>302 4!O 31S ,.~] ••• 

> liS III 400 

>400111 ,au 
> 700 IDsoe 

> 8:lO Ul lCBG 

> 1010 to 1400 

l30.0 .. 
F], ." 

.M1 615 

U 

if: '5.i'~:' 
tto-;""2- 1.0 

., 
.~101 

",,":1-2",1.0 

t .• 

••• .. i'~:' <r~1g4 
til-MIl) 

1hIn: "2"'----wiiir 

.. "<'~Iat 

-"2·,~ 

., .:> ,0" 

1hIn:t2· l ;::­

.. t> lat 
IlIn: "'2" IDO 

> 1401)10 1535 1.• 1.• 

> IUS 10 1545 

t~1(r'7 
*1. '00,0 

•> 1lT"l' 
k,-I.O 

••• 

> 1~5 10 13000 ••• t.• 

No'-: Ttw ,.i.bIt, i~ til, npmlionln IIlI '"l9'lillldn of Iht ,wr>pllnlln""'lIlrl,1Il uni" rA 1I(0ndl,_ 'dlt __ttnIltI PJ. "'e.lt 
f\IIlOmtt-,.. 



••• 

•• ••• ••• 
••• 

••• 

••• 

••• 

TABLE 10. SELECTED NUMERICAL SOLUTIONS FOR k1 AND k2 

Wl-tt1tflglh 

llllnomttus1 'I '. 
,,,UIM ,~,o.OCOf.!:: 100 t·300 t·"" .,.05. 

300 ','I,•• 02 .,.,303 
30C .,2.09...05 ." 
• 06,., ..., 
.,. 13.2 
309 

33.' 
""" 20.' 

1.0
 
.11
 fi2.5 

... B3.2312 
132.0.13 
209.0..... ..• IS

,4.. .30.• .,.... I,'.,..,....""" .,. 
".. tt.D'.1'.05 • • 2,1 21.0720 •, • .,. no1.14 .,. '.1 ."• 41.0...n. 
1,10 4.1... '2.• 60.",li 15.0n. •, ... .~, IiD.On. 'LD

3,1 ... 7•• 700 .,. 2LO710 1.:17 •.... 
.,•••. 24.0 80.0'2.'• ....,1.50.. 2.1 27.•• ,... ... 10.0 30.100 • ..,. 100.0 ... ..2."

.,OS 

'" 
tG.OISO • 1000.0.. .,. 30.'•, too.a10.0 30.' 

too.ato.O.000 • ... 100.0 .,.,
',B2 
4.78.... .,. 

••• 
10.0 

30,.
30,• .050 • 

.... .,.. .,. 10.0 30,• too.a•Oli' •I 100,010.0 ..30.... 100.0 .... 10.0 "" • 
".UIO.O·'54. t.O.,.,li.. 

"000 ., .,•ThtIK'lOtil- 11lO.0 ......... 'S; III ...d'l· 1.0 _ I> 10
 

"w: The....w.11t iliM lI'IoI9'iDldt of the .....pli"1l ;1'11_,,1 ,n unitl or loKondl.
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dark-adapted vision so that the pupil of the eye is tully dilated 

(7 mm pupil diameter). 

The total time that the pilot's eyes are irradiated for each 

type of viewing (i.e., intrabeam or extrabeam) must be determined. 
Intrabeam viewing, in the above scenario, is not intended to be 

for extended periods, but rather the result of chance viewing 

as during aircraft positioning for an approach. For bear diame­
ters of 30 to 90 cm, and aircraft speeds of 60 to 160 kts, exposures 

of 0.004 to 0.03 sec are expected. 

For the extrabeam viewing case the pilot is continuously ex­

posed to that portion of laserbeam radiation scattered towards him 

during his landing approach. ,If it is assumed that the pilot has 
visually acquired the parallel laserbeams at the middle marker 

and is approaching the touchdown point at a speed of 80 kts 
(177 ft/sec), his exposure time is approximately 25 sec (distance 

from middle marker to touchdown, - 4500 ft).· 

Now that the exposure time has been determined for each 

viewing condition the irradiance limit (HL) may be calculated. 

However, for added safety the exposure time (r) is arbitrarily 

increased to intrabeam = 1.0 sec, extrabeam = 250 sec. Then the 

retinal irradiance limit is given by 

I (t) 
H = mx (20)L r. A

E 

where A is the area of a dark adapted eye (7.0 mm pupil diameter).E
 
-4
7.0 x 10 W-sec 

= 1.0 sec (0.385) cm 2 

(intrabeam) HL = 0.002 W or 20 W [2lJ 
cm l MY 

I
and HL r 

mx 
AE 

HL 
3.9 -3 x 10 W sec 2250 sec (0.385) cm 

(extrabeam) HL 4 x 10- 5 W/cm2 or 0.4 W/M 2 (22) 
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6.3 OPERATIONAL SAFETY CONSIDERATIONS 

The amount of radiation incident on the eye of an intrabeam 

observer/pilot will vary according to the relation 

(23) 

Where P is the laser power out of the transmitter optics ofT 
diameter DT, 0 is the mean extinction coefficient, R is the dis­

tance from the laser source to observer, and A is the emission 

wavelength. Figure 7 shows HR for the parameters PT , DT , and R. 

The broken line separates the safe region (below) from the 

hazardous one (above). 

For the extrabeam observer, the amount of radiation viewed 

has been shown to be below the day detection threshold of the 

observer (see Section 7.2, Figure 11). The day detection threshold 

is 5.72 x 10- 7 W/M 2 , which is well below the retinal irradiance 

limit (see Section 2.2). Therefore, the extrabeam eye hazard 

can be safely ignored. 
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7, FEASIBILITY OF SYSTEM CONFIGURATIONS 

The feasibility of using a laser lighting system to assist 

aircraft landing under low-visibility conditions was evaluated 

analytically using the newly developed model for viewing line 

sources (light beams), The following sections describe the 

results. 

7.1 SYSTEM CONCEPTS 

The US patent (#4,063,218) on the Russian Glissada system 

considers a multitude of embodiments, all of which are designed 

to have the pilot view the light beam(s) by light scattered at a 

small angle. Such systems have the virtue that small scattering 

angles give the strongest signals, and a small number of beams can 

cover a large region of space. They suffer, however, from two 

major disadvantages. First, the beam source must be far away 

from the pilot so that attenuation is a problem under conditions 

of poor visibility. Second, the aircraft can fly into the beam 

so that the pilot's eyes become exposed to the direct beam 

intensity. 

During the course of the work reported here, we studied 

a second type of system based on viewing light beams by light 

scattered at large scattering angles. The two major virtues of 

such systems are that the distance from the source to the pilot 

can be much shorter than in the Glissada systems and that the 

pilot cannot view the beam directly because it is below the cock­
pit cutoff angle. Figures 8 and 9 show two ways of implementing 

this concept. The first consists of a line of vertically pointing 
beams marking the runway centerline. Such an arrangement may be 

more useful for ground guidance than for approach guidance since 

it gives no indication of aircraft deviations from the glide­

slope. The second approach (Figure 9) marks both the glidescope 

and runway centerline by intersecting beams of light. Both of 
these approaches suffer from the requirement of a large number of 

lights. However, the short distance from the light source to the 
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FIGURE 8.	 NARROW LIGHT BEAMS ARRANGED IN A CLOSE-SPACED 
ARRAY DOWN THE CENTERLINE OF THE RUNWAY 

31 



j 

j 

j 

j 

j 
j 

j 
j 

j 
j 

j 
j 

j 

j 

j 

j 
j 

j 
j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 
j 

j 
j 

j 
j 

j 

j 

j 

j 
j 

j 
j 

j 
32 j 

j 

j 

j 

j 
j 



point viewed allows the use of inexpensive spot lights rather 

than lasers to generate the beams. (See Appendix B for a com­

parison of lasers and conventional light sources.) Because the 

light scattering in the atmosphere is skewed toward the forward 

direction, it is advantageous to tilt the beams toward the pilot 

rather than using 90° viewing as shown in Figures 8 and 9. 

In the next section the system capabilities are calculated 

for one Glissada system and one large angle system. 

7.Z SYSTEM ANALYSIS 

One of the many possible approach lighting system concepts 

is shown in Figure 10. Narrow light beams on either side of the 

runway mark the glide slope and runway location. To determine 

the detectability of such beams under different visibility condi­

tions, we assume that the beams are displaced by 76 m (Z50 ft) 

from the runway centerline and that two argon gas lasers* of 

Z watts (1000 1m) output power are located 366 m (IZOO ft) beyond 

the runway threshold. Also, we assume that the beams must be 
visible from the middle marker location 1067 m (3500 ft) before 

the runway threshold. We take the beam diameter as 0.30 m (1 ft). 

At this distance (1433 m) the beam is much narrower than the 

resolution (visual angle) of the eye (Figure Z), so we must use 

equation (18). The angular length of the beam is roughly 

76/1433 = 53 mrad. The resulting detection thresholds for back­
grounds (B ) day (B =10 4) and night (B =lO-l) are (from Figure 3)

_Zo 0 -6 0 
7.6 x 10 and Z.4 x 10 ,respectively. The results are plotted 

in Figures 11 and 12. The RVR threshold for seeing the beam is 
slightly below 4000 ft at night. The beam cannot be seen during 

bright daylight. 

For comparison, consider a second system concept shown in 

Figure 13. In this system a pilot views two crossing narrow beams 

coming up at an angle of 45° from his line of sight. At the 

middle marker the aircraft altitude is about 60 m. The distance 

*Argon gas lasers are used in these calculations because they are 

commercially available in the higher CW-power ranges. 
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FIGURE 11. GLISSADA SYSTEM PERFORMANCE 
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from the light source to the point viewed (z) is 85 m. Assume 

that the pilot must see the intersection of the beam pair from 

100 m away and the beam diameters from 0.3 m away. The angular 

width is 3 mrad, which is below the night eye resolution but 

above that for the day (6¢ ~ 0.8 mrad). Thus we use equation (18) 

for night and equation (19) for day. Figures 14, 15, and 16 are 
plots of the results for a 2W Ar+ ion laser beam for two viewing 

distances, 100 m and 200 m. The relevant angular length of the 

beam in this case is perhaps 0.2 rad. The corresponding threshold 

is about 0.05 x 10. 6 and 1.6 x 10- 6 for day and night, respectively. 

These beams are thus never visible in the daylight but are quite 

visible at night even below the Category IlIa minimum of 700 ft 
RVR. The results show that the signal actually reaches a maxi­

mum for a particular RVR and decreases for both smaller and 

larger values. This effect is caused by the two-fold effect of 

the scattering. The scattering process produces the signal but 

it also attenuates the beam. 

A comparison of these two examples shows that it pays to 

bring the light SOurce closer to the observer even if it means 

that other parameters such as the scattering function B' are 

decreased. 
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FIGURE 14. SECOND SYSTEM PERFORMANCE, DAYTIME 
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8. CONCLUSIONS 

A model for the visual detectability of narrow light beams 

was developed and used to evaluate the system performance of two 

laser lighting system configurations: The first configuration, 
consisting of two narrow beam laser sources placed at the VASI 

(Visual Approach Slope Indicator) locations, was found to be use­
ful only for RVR(s) (Runway Visual Ranges) greater than 4000 ft 

(assuming uniform visibility up the glidescope). The second 

configuration, consisting of a pair of laser beams pointing to 

and intersecting with the flight path at a 45° angle, was found 

to be visible from a distance of 300 ft away for RVR(s) greater 
than 700 ft. 

Laboratory experiments confirmed the validity of the model. 

Results of laboratory scattering measurements compared well with 

data presented by Middleton [6]. 

The analysis indicated that using an infrared laser to clear 

a path through fog poses serious problems; continuous powers 

greater than I MW are required. 

Using a criterion taken from the Federal Standard for laser 

safety, the potential hazards of each of the system concepts were 
evaluated. For the extrabeam observer (i.e., one who views the 

scattered light) the potential hazard is insignificant. However, 

the eye safety of the intrabeam observer must be taken into con­
sideration as a system design requirement. 
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9. RECOMMENDATIONS 

Although the Glissada type system with two glideslope beams 

is not useful under low visibility (or in daylight), it should be 
tested as a possible alternative to currently used VASI systems 

which are generally useful only under good visibility conditions. 

The visual cues to the pilot are likely to be more reliable with 

the Glissada system than with the VASI, whose red beams can be 

lost leaving only the white beams. 

The use of crossing light beams to mark the glide path appears 

to offer two advantages over current lighting systems. They give 

a positive indication of altitude, and they can be acquired sooner 

than the approach lights under low visibility conditions. The 

acquisition distance at the decision height for approach lights is 

usually 1600 ft [11]. Since the approach lights are 2-1/2 times 

brighter than the runway lights, they can be seen somewhat farther 

than the runway lights. For uniform visibility an RVR of 1400 ft 

should allow the approach lights to be acquired at 1600 ft. Since 

the night acquisition RVR for the crossed beams is 700 ft for 

300-foot viewing, the crossed beam system is roughly twice as 

penetrating as the approach lights. The major uncertainty of the 

crossed beam system is the subjective response of the pilots 

to such lights. The system would work poorly during daytime and 

would probably not be feasible during the brightest daytime condi­

tions (B =104 cd/m2). Another interesting feature of the crossed o 
beam system is that it offers some help for the SVR (Slant Visual 

Range) problem of telling the pilot when he can expect to acquire 

the ground. The beams crossing at the decision height could 

probably be seen by the pilot if the beam crossing could be seen 

by ground observers at a similar distance. 

A visible laser guidance system has been shown to be feasible 

for certain system configurations and visibility conditions. 
Based on these, the following specific tasks are recommended to 

further the development of this technique. 
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1.	 Install a two-beam Glissada type system at a small 

airport and directly compare it with a VASI. 

2.	 Install a two-beam system crossing at the decision 

height to provide location, altitude, and, possibly 

slant range information. 

3.	 Simulate on computer the real-time signatures seen 

by a pilot viewing a multiple-crossed beam system. 

(Software changes could then be used to find out the 
effects of beam spacing, angle, width, etc.) 
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APPENDIX A. EYE/THRESHOLD MODEL 

This appendix combines the results of two papers (Lamar, 

et al. [7] and Blackwell [10]) to obtain a model for the eye's 

detection of line sources. The Lamar report made measurements 

of the eye's response to rectangular light sources. It found that 

the eye responds to an angular width ~e/2 around the perimeter 

of such sources where the value of ~e depends upon the background 

luminance. Unfortunately, Lamar considered only two levels of 

luminance. In this appendix the concepts of the Lamar study are 

used to interpret Blackwell's data on circular sources in order to 

derive an eye model which can be used at any practical value of 

background luminance (B ).. 0 

Blackwell's data are plotted in Figure A-I in the form used 

by Lamar. The light flux (contrast threshold ~I/I times angular 

area) is plotted against the perimeter of the source for six 

values of background luminance. For small perimeters the eye 

simply responds to the total light flux from an effective point 

source. Beyond a certain perimeter the threshold flux increases 

because the center of the source disk is ineffective in exciting 

the eye. The Lamar model has the form 

AlII A = cpk d>M (AI)
u 

where p = ~d is the source perimeter, d is the disk diameter, k 

is an exponent, c is a constant,and Au is the useful area given by 

Au = ; [d2 - (d-~e)2J (A2) 

The data in Figure A-I can be related to equation (AI) by 

(~I/I)A = (~I/I)Au(A/Au)' The resulting expression becomes 

(~I/I) A = C~k dk+2/~e(2d-~e). (A3) 

For d < ~e we obtain 

(M) 
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For d » ~e we obtain the approximate result 

k(~I/I) A = t C1T (AS) 

The log-log slope is k+l. The data in Figure A-I give a reasonable 

fit to the value k = 3/4, which Lamar found for the highest value of 

background luminance. The intercept d. of the line with slope k+l 
~ 

(Eq. AS) with the constant value (Eq. A4) can be used to determine 

Le from the data. Equating (A4) and (AS) gives 

log (~e/di) = - (log 2)/ (k+l) (A6~ 

These intercepts were used to obtain the values for ~e plotted in 

Figure 2 as circles. The Lamar values are plotted as crosses. 

The straight line will be used to fit the data. The point-source 

threshold luminance B times the angular area is plotted int 
Figure A-2 for both the data from Figure A-I (circles) and that 

from Lamar (crosses). The differences between the two are partly 

accounted for by the fact that Lamar uses a 5/8 detection probabil ­

ity while Blackwell uses a 1/2 detection probability. Presumably 

the rest of the discrepancy has to do with differences in the 

experiments. Threshold values obtained from correlating the Black­

well data with the Lamar data are used to derive the model for 

line detection. 

We now recast equation (AI) in a form convenient -for viewing 

line sources. Let us assume that the angular length L of the 

line source is much greater than the width W. The useful area 

(Au) is then L . Weff where Weff=W for W ~ ~e and Weff=~e for
 
W >~e. The perimeter is 2L. The threshold value holds for L<~e:
 

Bt Weff = (BA)t / L . (A7) 

At L=~e one obtains 

(BA) t! (A8) 
~O 
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For L>~e one has an L dependence according to equation (AI), 

(A9) 

The parameters ~e and (BA)t can be obtained, respectively, from 
Figures Z and A-Z. The curves for four values of B are shown in o 
Figure 3. The point where L=~e is plotted from equation (A8) and 

the slopes -1 and k-l = -1/4 are used for L<~e and L>~e on the 

log-log plot. 
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APPENDIX B. COMPARISON OF LASERS AND CONVENTIONAL LIGHT SOURCES 

As far as visual perception is concerned, lasers and conven­

tional light sources can be compared directly by considering only 

a small number of parameters. The basic parameters of a beam are 

its diameter, its angular divergence, and. its luminous intensity. 

The associated cost parameters of size, power consumption, and 

capital and operating expenses are directly involved in the rela­

tive merits of lasers and conventional light sources. The optimum 

light source depends upon the system requirements. Lasers have 

extremely high brightness but low efficiency. They are best when 

sharp, narrow beams at long range are required. The higher ef­

ficiency of conventional light sources will cause them to be 

favored when broader beams are required. 

Consider the luminous efficiency of various light sources. 

Lasers have very low efficiency in terms of optical power out 

divided by electrical power in. Typical values for CW visible 
. + 

lasers are 0.1 percent for He-Ne lasers and 0.01 percent for Ar 

lasers. The luminous efficiency in terms of lumens per optical 

watt is high (673 Im/W maximum at 555 nm): 150 Im/W for the red 

He-Ne laser and 500 Im/W for the green Ar+ laser. Combining 

these two efficiencies leads to a total luminous efficiency of 

0.·15 1m/Wand 0.05 Im/W for He-Ne and Ar+ lasers, respectively. 

The luminous efficiency of high pressure arc lamps is in a range of 
20 to 30 1m/Wand of tungsten-halogen lamps, 20 Im/W. 

The spot size of a light beam at a distance is governed by 

the diameter of the collimating lens or mirror and by the intrin­

sic size of the light source. A single-mode laser has an intrin­

sic source size of one wavelength. It is completely coherent and 

therefore requires a minimum collimating optic diameter to produce 

a given beam divergence. (Note, however, that eye safety consid­

erations may require larger optics.) 

A conventional light source may require inordinately large 

diameter optics to produce an acceptable beam divergence for a 
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particular system. The beam divergence is given by 88 = d/F, where 

d is the width of the light source and F is the mirror focal length. 
Results of a comparison of five different light sources are shown 

in Table B-1. 

One must beware of blind comparisons between these numbers. 

The narrow laser beam divergences result in no beam spreading for 

these laser beams over the ranges of interest «10 km). The 

numbers for the searchlight and the signal light do not include the 
large amount of light outside the main beam, which could inter­

fere with operations of a system and therefore might require addi­

tional beam shaping optics. 

Another way of comparing laser sources with conventional ones 

is to calculate the divergence angle required to reduce the lumin­

ous intensity to that of the L.S.5 runway lights (10,000 cd). A 

He-Ne SO mW laser has this luminous intensity for a solid angle of 
4.5	 x 10-4sr (0.024 radian cylindrical beam width). The corres­

+ -1ponding angles for a 2 WAr laser are 10 sr and 0.36 rad. 

Consider the two types of systems discussed in Section 7.2. 

The first requires narrow beams to be generated at runway threshold 
and projected to the middle marker (about 1000 m away). If such 

a beam must remain less than 2 m in diameter, the divergence of 
0.002 rad is probably too small to be obtained from a searchlight 

and a laser would be preferred. However, if one wanted to illum­

inate the portion of the approach path where the pilot is likely 

to be (30 m diameter circle) an angular divergence of 0.03 rad 

could be easily obtained with a search light. As a third case, 
consider a beam intersecting the glide slope of the middle marker 

(about 60 m altitude). If the beam diameter must be 2 m and 
the range is 100 m, the 0.02 radian divergence can also be ob­

tained from a searchlight. The fifth source in Table A-I would 

be satisfactory since the beam must be narrow in only one 

direction. 

One last consideration is the possible advantage the marked 

color of a laser may present as a contrast to the white background 
luminance of the sky. One can change a white light to green. 
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If a uniform spectral source is passed through a green band pass 

filter between 495 nm and 565 nm wavelength, the 1055 in luminous 

intensity is only 50 percent. 

52
 



TABLE B-1. LIGHT SOURCE CHARACTERISTICS
 

""VI 

SOURCE 

BEAM 
DIVERGENCE 

(RADIANS) 

PEAK 
CANDLE 
POWER 

(CANDLES) 

LUMIj~OUS 

FLUX WITH It 
DIVERGENCE 

ANGLE 
(LUMENS) 

ELECTRICAL 
POWER 

(WATTS) 
EST. COST 
(DOLLARS) 

50 mW He-Ne Laser 
(30 cm Optics) 

+2W. Ar Laser 
(30 cm Optics) 

Arc. Searchlight 
(75 cm Optics) 

Arc, Signal Light 
(75 cm Optics) 

IDOW, Tungsten-
Halogen
(Rectangular 
30 cm Optics) 

-65.1 x 10 

4.2 x 10- 6 

2.3 x 10- 2 

3.5 x 10- 2 

-21.9 x 10_ 2x6.4 x 10 

2.2 x lOll 

7.2 x IOU 

2.5 x 107 

1.5 x 10 6 

61. 2 x 10 

4.5 

1000 

:4000 

-

1500 

50 

104 

4.5 x 103 

103 

100 

8,300 

9,995 

12.000 

2,000 

500 
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