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The United States Government does not endorse pro-
d u c t s  or manufacturers. Trade or manufacturers ’
names appear herein solely because they are con-
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PREFACE

Major airports throughout the world ai- e equipped ~ith special-
• ized li ght ing sys tems that prov ide visual gu idance to p i lo ts for  S

• all aircraf t operations. Li ghts provide p ilots with basic dec i-

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

- be e f f e c ti ve they mus t be v i s ib le  well  in adv ance of the dec ision
• he ight. Visibility of a li ght depends on br ightness , d i stance ,

- 
and the atmosp here preva iling at the particular time. Another

important factor is contrast; i.e., the d i f fe rence be twee n a li ght

and its surroundings. Contrast can be affected by variations in

bri gh tne ss a n d/ o r  co lo r  of the li ght . Lasers are ideally suited
as v isual gu idanc e l ights because they offer very hi gh brightness
and are monochr oma t ic. 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

- linal. approach guidance to a runway or helicopter pad so that

land ings can be made reliably under litinimum visibility conditions .

We wish to thank Robert Bostrom and Robert James , of the
• Bureau of Rad iolo gical Heal th, for their suggestions and comments

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

Willia m Wood for their suggestions and comments on the final

draf t of the report.

Accession For

NTIS GRA~I 
S

DX TAB
Unarn~oW’iOC~• istificatiofl_.....~~ —

By_
D i st r&h u t iO n/

• 
•

~ . 
_____ 

_____

kvall aud./~~
SPeC

iii

L



-• -~~ ~- — —-~~~~~ - --. -~-- - - - —  — - - • --- ------- --—- ----~~~~~~~- •---~ • -.——- ~~~~~~•- ~~~~~~~~~~~~~~~ -• , -‘

F I J 11’~ lilt iii h1ffl Ii ~

I II

I Iii ~112 ,I I1 111! tiLl L !1

~~~~~~ ~~~~~~~ .1

it U Ii •, $1 LI U II U iS U II SI S £ ~, ri ~ 1i , 
—,

S I.

I S I . 1  ~~~ II 1I~~~ I .! - i i i - -_ ’.’t .“ -

S 

I 
fbI 11111 ~Ii 

S

I 

~ 
:!:~: 

~
I U

I
hit 11111 iil’ IIJ,1itn I

I

- I

iv S

_ 
S

— 
- - • S 

- 
S 

• ~~~~~~~~~~~~~



r 
- 

~~~~~~~~~~

—- -

~~

-——

~~~~~~~~~~~~ 

--

~~

—

~~~~~~~~~~~ 

- S -

~~~ 

— -

1A ~’IL I ~ h t O N 1 L N T S

S 

‘~~ C t t  i t t

• 
. 

1 . ~~IR~ Lflh. !1 I.t\  • 1

l u h i ’ t~KY ~I I \-‘~(f ~ L -~~M~. •t~
. t i ~~U t i  \ I P ~ 

- I hi ’ ~ t t I’ i’ I 1~~’.I g i  t I

.~ I 1vii ~~nt ~ ~ R.iai  t~~i’ ~‘ I t he 1 v i ’ I
.~ - l~~i~ I.. ~ r~’u i i . I  i~ i~~’~ t

~. . I k I \ I L N \ \ ’ u ~~I -
~ \ \ l f l~~ W I i ; u u l  itt

1 . i \ l i~\ U~~i~\ ~ft \~ ibRi M I \ I ~~ \ \h  I\  \i iI -\ f l~~\ I S

S. I~\ I’I( t I !  \ l~ \\  1 ! h h h W t ’ ( hl  I I 1~ is

- I \~~l i~ hi \~h ~~\ l  1 1 ~ l

ci - 1 1 cdi’ I .il ~.t .ind t i  d .‘1
S 

•
- 

~ t -~i ~ t t J  ~‘ 1 ‘ _‘ ,
~

I’ • t~pt ’ 1,1 1 1 o t t  .i 1 ~‘ .i I c I V t , t U  S. (‘ ~~~ t i ~~~ ‘
, _‘ 5

I h . -\~ i I i t1 Ifi .~I ~\~ . I t ~~1 ~~t I i IIl~ - \ t It tN~-~ 

- I I (‘ill ~~~~~~ i~~ t ~‘ ~

~~ • .t itt \n,i i~ ~
. i ’  i _ i

S . Ct~NCi t I ~’ t - -I .~

- RI t~~”MMi \1t \  t • I t ’’~~ 4 ;

S \ i I i S \ I 1I  \ •-\ I \ I  / 1I tRl SIh~i P ‘k~PI i. 

F ~~ I \ it t t ~~Il’ \I~ 1 ~~N I~F I \ ~ FR~ AS P C~~NVI S ii t~NAi
I I t;fII’ - t ’ t t f - ~t F S  

R I F i  Ri’N~~I S 

I~1 lit - I t~t.RAPIh 

- _~ ~~~~~~~~~~~~~~~~~ ~~~ S1~ _~_S~~~~~ S •S~~~~ -



— —. ———---- .~~~~~~~~~~~~ &_ — ~ ~~~ 

_•_ 5S~_ 
_5•5~•_ ~~~~~~~~~~~~~~~~~~~ ‘~I

LIST OF ILLUSTRATIONS S

Figure Page 5

1 Scattering Coordinate System 9

2 Variation of Visual Angle as a Function
of Background Luminance 12

3 Variation of the Threshold Product B W
as a Function of Background Luminanc~ 

e
B0 and Beam Angular Length L 13

4 Scattering Coordinates , Laser Beam-Aided
Landing System Concept 14

5 Vapor Density Versus Dew Point of Water 19

6 Laser-Aided Landing System Concept 26

7 Intrabeam Viewing 29

8 Narrow Light Beams Arranged in a Close-
Spaced Array Down the Centerline of the 

S

Runway 31

9 Narrow Light Beam Pairs Intersecting
at the Glidepath 32

10 Laserbeam Approach Lighting System 5 34

11 Glissada System Performance 35

12 Glissada System Performance , Expanded Scale 36

13 Second System Concept 37

14 Second System Performance , Daytime 39

15 Second System Performance, Nighttime 40

• 16 Comparison System Performance ,
Expanded Scale (Nighttime) 41

A-i Contrast Threshold Versus Source Perimeter 46

A- 2 Point Source Threshold Luminance Times the
Angular Source Area Versus the Background 48

vi

_ 
_ _  --_ _I

S S ~ 5 5i- -~5• S - 
•

— L —— ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ —5 
I~~.__ ~

_?~~~,_i_ 
~~~~~~~~~~~~~~~~~~~~~~



t •r - . - .. -,.~~-— ---‘—--~~‘— —C-- - - — _ - - - - -• - ~~~~~~~ ‘ - -55•~_ ~~~ ~~~~~~ r---- w ---~ —~

LIST OF TABLES

t~ihi e Page

S 1 PAY ASP N l ( ; t I r  Fx 1 I scij os C O F F F I C I E N F S  S
S 

FOR VARIOUS VA I l i r s  OF RUNWAY V I S U A L
RAN ~ FS I L , S . S 1  4

I POT ! N T I .\ l .  RVR I MPROVL ‘II NT 5

3 VOl .1’~t F SC•\TT F R I  Nt ; F I I NC I I O N S  10

4 ~‘IYA ShRJ ~t) \‘\l UF~; OF TUE RELA T I V F
St ’:\ I T F R  I N~ F U N C T I  ON 15

5 p su g~;y PI NS ITY TO C [ .FA R rot; ( 0 . 1  g/m~~) 18

ci CI.~\SS I •\ cFSs I R I P  [~tl IS S I O N LI  M ITS FOR
LAS FR RMI I AT I ON ~
CLASS I I A C C F S S t R 1  1 F M I S S I O N  L I M I T S  FOR
LAS ER R A D I A T I O N  13

S C l A S S  I I I  AC CE S S I R I F  EMI SSI  ON l I M I T S  FOR
LASER RA E ) t \1iON 24

9 V A L U E S  OF i~A V P 1 , F N C 1 I t  t ) E P F N I ) E N T  CORRECTION
FACT ORS K 1 AND K., 24

10 SELECTED NIIMERIC.-\L SOLUTIONS FOR K 1 AND k-, 15

B - i  LI GH T SO I JR CF CH A R A C T E R I S T I C S  53

V i i / v i i i

L: _ _  

S

• 
_ _ _- 5 5



-- ~~~~~~~~ —~

1. INTRODUCTION

f tc  ~~~~~~ c ut  i s — t i . i i i c e  0 f ~I US p a t  e nt  I I for t h e  Ru~ - I in

- ~;i i s - ~~da l . i~- e r - h ~~st -d a i r c r a l  t L i n t l j i t e  s v s t e n t  h i s  ~t i r n u l a t e d  a
n e w  1 ook .it the f e a s  ib  i i  i t  v of  u s  i ug  Ia s e t - s t o  i m p r o v e  t h e  a p p r o a c h
1 t i z h t  in g  at . 11 r p o r t s  - P r es en t  l i g h t  i n C  c a n  he i n a d e q u a t e  u n d e r
conti it ions of .i ra,.~ized cc ii i  ng  n e a r  t h e  ut  ii i m u m  dec i s  i o n  he i g u t
I n  p a r t  i cu l  a r , t he t t a n s  i t  i o n  t roni an  i u~- t r u m e n t  1 and i ug sv s t e r n  t o

V i  ~~LI~I I acqti I i t  i on  ~1 t h e  g r o u n d  COLI  Id l~e m a d e  mo r e r e t  l a h I  e b’
S im p r o v e d  l i g h t i n g .

I h e  i l u e st  i o u  ot l a s e r - b a s e d  a i r c r a  I t  l a n d  t u g  sy s t e m s  w a s  , 

S

st t id led  f i v e  yea r ag o  f o r  t h e  F \ • \  ~ v V i  e~ cc , Oh 1 a n t s  , and • •

set (I . I h e  it work formed t he s t a r t  i ng ~~~ u t  f o r  t h i s  r e p or t  -

t h e  t uui l a m e n t a  1 q u e st  t o n  t h a t  t hey  a d d r e s s e d  i~Js how f a r  a l a s er
S beam c o u l d  p e n e t r a t c  a l~~~- v i s i b i  I i t v  a t n i o s p h e r e  w i t h o u t  e x p o s i n g  -

•

a r~ 
l o t  to  .tn cv ’- lta:.u rd . The R u s s  I an  i I t s  sada sv s t  em ra i — e s  t w o

- add i t i o n a  1 quest i o n s  - l h e  f i r s t  u s 1io~ ~c1 1 .i p i lot can  sc,.~ a

n a r r o w  l i g h t  be am vi a s c a t t e r e d  r a t h e r  t h a n  direct t i g h t . The
second  is w h e t  he r  a h i glt - - poi~ Ci -  in ft- a red La  set beam can  be used  

S

S to  b u r n  .i h o l e  t h r ~u u g h  a t o g  so t h a t  a v is ible l i g h t  beam ~- a iu

p r o p a g a t e  w I t h  I i tt 1’ loss in inten s i t  v . Fo .unswc r these que s —

t ions  a s t u d v  and .in e xj’c r iment a 1 m e a s u r e m e n t s  p to g  im we i’e p e r —
formed.

The p r o g r a m  be g . i i~ ii t t h .in an . i  l v  s i  ~ of  l a s e r  beam p r o p a i z a t  ion.
Beam p r o p a g a t  ion i~a 5 exain i ned ,is a v i sua 1 p h e n om e n o n  and  was

S 
t h e r e t o r e  d i r e c t  I v  r e l a t e d  to  a t m o s p h e r i c  a t t e n u a t  ion  and t h e
d y n a m i c  v i s u a l  r e s p o n s e  of t h e  ev e .  I n  o r d e r  to det ermine the

Jet ectab iii  t v of Ii g u t s~ at tel-ed t i - o u t  a ui .i rrow Ii g u t beam , a
theoretical model was tieve l oped • Il i is new model i n c l u d e d  the

e f f e c t s  of t h e  ge ome t  rv and I t i m i n a n c e  i~ f t h e  s o u r c e , l u m i n a n c e  of
the b a c k g r o u n d . .ind some o t~ t he op t  i ca I c h a r a c t e r  i st ic s of  the

5 

- 
human ev e .

S ~ • Meas u remen ts of s i m u l a ed . u t r n o s ; ~h er  i C sc.i t t er i n g  i .erc  per-
formed in  the I .ihor a  tory to  t es t t h e  v .i lid it V o t~ the theoret ica I S

-S I
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m o d e l .  Onc e sati sfied that the mode l was valid , calcul ation s

were  made of s e v e r a l  s st e n i  c o n f i g u r a t i o n s  t o  d e t e r m i n e  f e a s i b i l i t y .

Calculations w e r e  made to  d e t e r m i n e  i f  i t  was  f~ a si bl ~ to

u se  a l a s e r  to  clear a path throug h fo g a lon g the flight pa t h such
t h a t  a visible laser beam c o u l d  p r o p a g a t e  a long  t h e  c l e a r e d  p a t h  

S

and prov ide  a gu Id in g  beam f o r  a i r c ra f t  on a p p r o a c h .

The eye  h a z a r d  posed to  a p i l o t  by a v i s i b l e  l a se r  beam
g u i d a n c e s y s t e m  w as  a n a l y z e d  by c o n s i d e r i n g  each sy s t e m  c o n f i gura-
t ion and t h e  t y p e  of v i e w i n g . Use was made of the recent federal

-.t a n d ar d  for  l a se r  p r o d u c t s .

2

_ 
~•~~i±~ :iiii~i~~



- 
~~~~~~~~~~~~—-S -—-5.’--- ~ -S •~~~- 5 5  55-5- 

-

2. THEORY OF LASER BEAMS AS VISUAL AIDS

5 Under  c o n d i t i o n s  of m i n i m u m  v i s i b i l i t y , t h e  p r e s e n t  a p p r o a c h

- 
lighting system is used in the fo l lowing was . S\ pilot’ s first

v i s u a l  c o n t a c t  w i t h  the ground is the a p p r o a c h  li ghts which must 
S

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

t he  a p p r o a c h  l i g h t s  down u n t i l  he can  see the runway edge lights

at some time before he flares for landing .

There  a r e  t h r e e  d i f f i c u l t i e s  a s s o c i a t e d  with the present system :

F i r s t , t h e  a p p r o a c h  l i g h t s  do not  provide guidance to t h e  p i l o t
w i t h  r ega rd  to h i s  a l t i t u d e  ( i . e . ,  w i t h  r e s p e c t  to  t h e  g l i d e s l o p c )
and , t h u s , he m u s t  c o n t i n u e  to  monitor his instruments. Second ,

u n d e r  c o n d i t i o n s  of a r agged  c e i l i n g  t he  p i l o t  m a y  no t  a c q u i r e  t he
a p p r o a c h  l i g h t s  as soon as d e s i r e d  and  m a y  l o s e  t h e m  a f t e r  t h e y  a r e
a c q u i r e d .  T h i r d , the  l a r g e  n u m b e r  of a p p r o a c h  l i g h t s  may  p r e s e n t
p rob lem s w i t h  t he  p i l o t ’ s a b i l i t y  to see an y  particular light

• because of t h e  b a c k g r o u n d  g low produced by t h e  s c a t t e r e d  light.

The f o l l o w i n g  s e c t i o n s  w i l l  s u m m a r i z e  and expand on the re-

s u l t s  o b t a i n e d  by t h e  V i e z e e  r e p o r t .  A l s o , a t h e o r y  for  v i e w i n g
S a n a r r o w  l i g h t  beam v i a  s c a t t e r e d  l i g h t  is deve loped , and the

amount of laser  power r e q u i r e d  to burn  a h o l e  t h rough  a fog  is
c a l c u l a t e d .

2 . 1  P r AM  PROPAGATION

A p a r t  f rom the  coherence e f f e c t s  w h i c h  produce  l a se r  speckle ,
the  p r o p a g a t i o n  of laser  and conven t i ona l l i g h t  beams is a f f e c t e d
s i m i l a r l y  by a tmosp h e r i c  attenuation and scattering. A u n i f o r m
e x t i n c t i o n  c o e f f i c i e n t  o governs  the  beam a t t e n u a t i o n  over a
d i s t a n c e ~ by t h e  e q u a t i o n

S 

- _
~ z

- E (2 )  = E0 ( Z )  e , ( 1 1

• where E (Z.) is the illuminanc e in the beam without attenuation .
- For a d i v e r g i n g  source of l u m i n o u s  i n t e n s i t y  I , E 0 (Z )  is g i v e n  by

• 3
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i I~~~. .-\s discti ~ sc,.l by t h e  ~~i ez e e  r e p o r t , t h e  t-~~t u n ct ion coeff icient

can he related to  t h e  R u n w a y  V i s u a l  Range t R V R )  , w h i c h  i s t h e  d i s -
t a nce  t h e  r u n w a y  li g ht s ca ti he se e n .  The  v a l u e  of e g i v i n g a

sp ,.-c i f i ed RVR d e p e n d  -
~ ti~to:~ the bac round  i l l  urn i n a n c e  ; c - g

sky tig ht and t h e  br ightness of the runway 1 ig ht s - l a b l e  1 s h o w s

values 01 ‘ f o r  v a r i o u s  v a l u e s  of RV R f o r  r u n w a y  li g hts set for

max imum b r i g h t n e s s  ot 10 ,0th) cd (L. S . 5 )  [ 3 ]  - t h e s e  numbers will Ite

used in s u b s e q ue n t calculations.

I ~B I F  1 . PAY \ \ [)  N1 ( i l l T  LXI  1 N I l I O N  COI l F I C I E N !  S
l O R  \~\ R I  O[J~ \ A I . [ J I S  OF R U N h ~\Y \ 1StJAI.
k .\ x t ; ! s I i ~. S . 5 I

RVR (FU l A i ~~~~~~ o N IGHT~~~~

151) 2 . 0 6  x 10 1 3 4 ~~ x 10 1

301) 4 . 18 x l0~~ l .~ ( x l0~~
~00 . 9 ’  ~ 10 5. S° x 10 -

1 ,200 1 . 4 4  x 10 3.09 x 10

2 ,40(1 5.30 x l0~~ 1.38 x l0~~
5 , 000 1.~lo io~~ s.~~ x io~~

10 , 000 ~L 5  x l0~~ 2 . 3 8  x l0~~
2 S , t) 0 () 3. 81 x l0~~ ~ . l 0  x

- 50 , 00( 1 1 . 9 0  x l0~~ 2.(4 x 10~~

2 - 2 1)1 N . \ M IC RANt ;! OF T i l E  F Y F

One can  d e f i n e  a d y n a m i c  r a n g e  for  t h e  ev e as t h e  r a t i o  of
t h e  maximum e v e - s a f e  i n c i d e n t  i n t e n s i t y  to  t h e  m i n i m u m  d e t e c t a b l e
i n t e n s i t y . For  a 10-second exposure the maximum eye-safe irra-

d i a n c e  is 10 W / m (see S e c t i o n  6 ) .  The i l l u i m i n a n c e  t h r e s h o l d  of
the  eye f o r  a point source is usually taken as x 10 ’ lm/m a t
n i g ht  and a f a c t o r  of  500 t i m e s  l a r g e r  for  d a y t i m e .  T h i s  t h r e s h o l d
can  be u - e l a t e d  to  a r a d i o m e t r i c  t h r e s h o l d  ir rad iance by means of
t h e  e y e ’ s s p e c t r a l  l u m i n o u s  e f f i c i e n c y  w h i c h  has  t he  peak  v a l u e

S 6 ’3  l m / W  at a w a v e l e n g t h  \ of 555 n m .  The eye ’ s i r r a d i an c e
t h r e s h o l d  becomes 1 .14  x l0~~ W/ m f o r  \ = 555 nun at nig ht.

4
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The dynam ic range of the eye then  becomes 101 dB at  n i g h t  and
74 dB during the day. Existing lighting systems make use of a
s ignificant fraction of this dynamic range. For example , the

i l l u m i n a n c e  of t he  runway  l i g h t s  at L.S.S is 1 lm/un 2 at 100 m
d i s t a n c e .  T h i s  va lue  is 61 dB above the n i g h t  d e t e ct i o n  t h r e s h-
old  and 34 dB above  t h e  day t h r e s h o l d .  S

Suppose we i nc rease  the  i l l u m i n a n c e  at 100 In to the e y e - s a f e
l i m i t .  110w much w i l l  the  RVR i n c r e a s e  i f  i t  is i n i t i a l l y  100 m?
Sinc e t h e  dominan t  range  dependence of e q u a t i o n  (1) is in the
exponent , t he  new RVR is s i m p l y  the  o r i g i n a l  RVR t imes  the r a t i o
of t h e  dB d y n a m i c  r ange , w h i c h  e q u a l s  the  new dB a t t e n u a t i o n , to
t h e  or ig ina l  dB a t t e n u a t i o n :  log A 1/ log  A 2 

= o11/ oZ 7 .  We see
from Table 2 t h a t  the  inc rease  in range  is r e l a t i v e l y  smal l  as 

- S

found  by the  V i e z e e  da ta  for the use of laser sources. Con trary S

to the V i e z e e  s t a t e m e n t , the  p o t e n t i a l  improvement  is a c t u a l l y
s l i g h t l y  be t t e r  du r ing  the day .

TABLE 2 .  POTENTIAL RVR IMPROVE MENT

DYNAMIC 100 m RANGE 
S

RANGE ATTEN UATION INCREASE

N i g h t  101 dB 61 dB x 1.66

Day 74 dB 34 dB x 2. 1. 8

2 . 3  BACKGROUND GLOW

Under  some c o n d i t i o n s , the li ght scattered from the light beam

can r a i se  the  background luminance  and the reby  increase the detec-
t ion  threshold  for  a po in t  source . This  e f fec t  may be observed
in v iewing  the approach l i g h t s , w h i c h  appear as a glow in the sky
before  they can be perceived d i r ec t l y .

Let us ca lcu la te  the magni tude  of t h i s  e f f e c t ;  n a m e l y ,  how
much a l i g h t  of f l u x  F can be a t t enua ted  before  the mul t ip ly -
scat tered  l ig ht becomes a glow or a background luminance  B0 ,
w h i c h  l i m i t s  the d i rec t  view of the light.

5
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We assume t h a t  the  m u l t i p l y - s c a t t e r e d  l i g h t  spreads out
i s o t r o p i c a l l y  to g ive  an i l lu m i n a n c e  at Range R of

E =F / 4  it 112 (2)

( a s suming  o R > > l  so t h a t  most of the l i g h t  is  sc a t t e r e d ) .  F u r t h e r ,
le t  us assume t h a t  L a m b e r t ’ s law desc r ibes  the  l u m i n a n c e  B at  the  

S

su r f ace  of a sphere of r ad ius  11:

B = 11 cos cl/ i t  , (3 )

w h e r e  a is t h e  ang le  w i t h  respect  to t he  normal  to the  sphere .  The
background  l u m i n a n c e  B0 l o o k i n g  toward the  source becomes

B0 = F/ 4 r 2 R 2 
. ( 4 )

For N similar source s thi s equa t ion mus t be multiplied by N. I t

would  be very compl i ca t ed  and t ed ious  to  der ive  a more accura te
model than  t h i s  crude approach .  The i l l u m i n a n c e  produced by the
d i r e c t  beam f rom the  source at Range R is

F F -oR / 2e / 1 1  Ml , (5)

where Ml is t h e  so l id  a n g l e  of t he beam emi t t ed  by the source .
S 

( I n  the  near  f i e l d  R 2 AQ should  be replaced by the  actua l area of
- the b e a m . )  S

Using  d a y t i m e  c o n d i t i o n s  when the poin t  source t h r e sho ld
i l l u m i n a n c e  E

~ 
is roughly  p ropor t iona l  to  the  background luminance

B0, we ob ta in fro m referenc e 4:

log !i~ 
- log B0 = -7.3 - (6)

We t a k e  the  l o g a r i t h m s  of equa t ions  4 and 5:

- log E t = -oR t / 2 .3 0  -2  log R
~ 

- log Ml (7W )

and

log B0 
= -2  log R t 

- log 4n 2 + log N . (8)

6
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t~e h a v e  tIe I i  ned R t as  t h e  r a n g e  win ’ u - c t h e  d i  i- cc t beam i l l  urn I n ance
F is equal to detec t ion t hr e s  hole ! - These  equat loui s can be

comb i ned to g i v e  t h e  a t  t enua t i o n  ex p o n e n t  dB a t  t Ii is r a n g e

o R t / ~~~. 231) • 73 + 10 Log (-I tu /~~~) - tO l o g  N - ( 9 5)

l h  I s equat ion desc u - i  h e —  how - much at  t enua t ion  i s  ne e de d  to  h a v e  t he

d e t e c t  ion l i m i t  set  by t h e  scatt ered I i1 ~ht  . H e r e  is the 1ihv s ical

cx p 1 ana  t i on  for t h e s e  t e r m s  : The’ 73  r e p r e~~en t  s t lie ~ont rast and

a n g u l a r  reso lut ion of t h e  eve  f o r  p o i n t  coul-ces . The log
(4  ti / A C )  represents t h e  d i r e c t iv  I tv 01- t h e  in  it i a 1 b e a m .  The log
N r e p u - e s e u t s  t h e  interferenc e’ of mu I t  i p I e  sou i r c e~~. Let  u s now
colt s ider  t w o  c a s e s :

t

11 .1 he! i nun - neon ( l ie  — N e )  laser b ea m w i t h  U .  S m r a d
d i v c r g e n c e  - For  • \s~ = 1 .9 x 10 sr , we h a v e  an a t  I enu a t ion expo—

nent oR/() - 230 * 1 56 dB - I~ ie kgFoLIli d glow d e te c t  ion l i m i t a t i o n  can

n ever  aris e in this case sin ce the al l owabl e - attenuat t on  i ’~ much
great er than t h e  d y n a m i c  r a n g e  o f  the eve. 

S

2 )  l a n d i n g  1 ig hts w ith 20° x 30 ° beams , N 4 0 .  there we

have  o R / U .  230 7 2 dR of : i l l  owe~t at  t enuat ion. l hus  i t  m a y  he
p o s s i b l e ’  f o r  t h e  sk g l o w  of t h e  l a n d i n g  lights t o  obscure  t h e i r
own v is i h i l  i t ~ w ithin the ~Ivnam ic r a n g e  of t h e  ev e .  [N o t e :
Ill ght , when  equat  ion ( 6)  no longer app lies , t h e  a I I  owed :i t t enua —

t ion  w i l l  decrease  bccause E
~ s a t u r a t e ’ s a t  low v a l u e s  of

( e . t z . , b e l o w  B0 1. 0  c d / m / s rL ]

S S
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3. LUMINANCE OF A NARROW LIGHT BEAM 
S

A scattering medium is character ized 1w the volu me sc a t te r ing
function t~~

’ ( S ~~ ) (units. l umens scattered into unit solid angle’ per
unit  volume per lumen per un it area) I S ] .  The integral of ~‘ (~ )
gives the scattering coefficient h :

b = ~‘ (~~~
) sin ~ d~ ( 10 )

In  the  absence  of a b so r p t  ion , t h e  l i g h t  beam a t t e n u a t e s  w i t h
d i s t a n c e  ~ as  e~~~ -

-rh e c o o r d i n a t e  sy s t e m  f o r  c a l c u l a t  i ng  the  s c a t t e r i n g  i s
shown in  F i g u r e  1. The ’ beam s h i n e s  down t he  a x i s .  The ob se rv a
t ion  a x i s  ( i n  the ’ g d i r e c t  i on )  is m c i  kneel  a t  a u  an g l e  ~ w i t h
respec t to  the -’ beam axis. The l u m i n a n c e ’  B of t h e ’ beam in t h e-’ oh-
scrvat ion e li rec t i o n  i s  ob t  a m e d  by integrating the scattered 1 ight
fl ux from a small cross-sectiona l area JS into a sm a l l  s o l i d  angle

dcl :

dF = dcldSf f ’ ( 4 ~) F ( g l  d g ,  ( 1 1 )

b 

where 1 (g )  i s  the i l l u m i n an c e  of t h e  beam as a fun ct Ion of t h e  g
- c o o r d i n a t e  in  t h e  d i r e c t i o n  of o b s e r v a t i o n . A s s u m e  a c v l i n d r i c z u l l v  -

sy mme t r ic bea m i l l u m i n a n c e  F ( r ’), where  r ’ = x ’ + y ’ . The d i s -
t a n c e  of t h e  o b s e r v a t i o n  spot f r o m  t he  m i d d l e  of t h e  be am i s  g i v e n
1w ‘ - rhe x ’ c o o r d i n a t e  i s  r e l a t e d  to  t h e  g c o o r d i n a t e  by

x ’ g sin 
~~. The integral in equation (3) then becomes

‘ ‘  ) I —

B — u’ (P J I ((x ’ + Y ’ )  j dx ’ , ( 1 2 )

where  we have a l s o  used the r e l a t  i o n s h i p  B • dF/eI SJ~~ Now make
the  s imp l i ly i n g  a s s u m p t  ion  of u n i f o r m  i I lu m in an c e  I i n s  i d e ’  r a d i u s
r and zero i n t e n s i t y  ou t s i d e .  The i l l u m i n a n c e  1~ i s  r e l a t e d  t o  t h e
total beam flux F by F

8
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The lu m i n a n c e becomes
S 

, l / 2
B — 

F .~’~~ j  2 (r -~~’ )  ( 13 )

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

B • 
2F6’(4j 1-1 )itr ‘ i n  ~ 

-

In  many cases the ang u l a r  wid th of the beam w i l l  be too smal l  f o r

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

S

across the beam y ’ to  o b t a i n  the  e f f e c t i v e  l i n e  i n t e n s i t y :  S

B — 
F - ( 1 5)

In  order  to  e v a l u a t e  t he  effective line intensit y we need to

have a model  fo r  ~ ‘ ( ~~) f o r  t h e  a t m o s p h e r e .  We n o t e  t h a t  fo r  a
g i v e n  t y p e  of s c z i t t e r e r s , t~’ ( ~~) is p r o p o r t i o n a l  to  h .  Thus our
mode l w i l l  g ive  the  r a t i o  ~ ‘( ~~)/ b= ~ (4~) ,  w h i c h  would  be l / 4 iu  ft -.r
un i f o r m  s c a t t e r i n g  w i t h  respect  to  t h e  s c a t t e r i n g  a n g l e .  We use  •

d a t a  f rom M i d d l e t o n  ( 6 ]  shown in Tab l e  3.

TABL E 3. VOLUME SCATTERING FUNCTIONS

______ ______________  
h 

______

100 7 x l0~~ m ’ 32 x l0~~ m~~ 2.2

450 1.5 x 32 x 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. Meas urements by Lamar  [7 1  have shown
that the eye is sensitive to the contrast at the edge of a line.
I f  the angular line wie!th W is greater t~ an a limiting angle ~O , - 

SS 

the eye responds only to two bands of width , ~O/2 on each edge of
S 

the line . If the line width is less than ~o , then the eye responds 
S

10
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to  t h e  l i n e  l u m i n a n c e ’ mu 1 t i p  11 e~i l~ t he’ a m i g o  1 at  11 tue w jUt ii. Ft g -

nrc 2 sh ow s the rat t a t  ion of -~~~~ w i t h  background luminance.

1 i gu re 3 shows  t h e  v i i  t a t  t o n  in  t he t h i- c —.h o hi pu -odu c t of l u m i n a n c e ,
B t and  c’ t~ few t iv e  u., idt Ii . 

~~ ft , a~ .i f u nc  t ion  of b a c k g r o u n d  h int in  —

. m e  , B , and  t h e  an g u  1 a t -  l e n g t h  I o t~ t h e I t r u e .
( N o t e  B — I  O~ cd /n C f o r  da v t m i t ’ and 10 - 

C d / fl lot - n i g h t  -

FEc d e p e n d e n c e  upon I en g t  It I . is re’ lat i t . ’  Iv  s m a l l  .i s l ong  as I. t ~
S ~ i e . I t er t h a n  the ’ lin t it i tug ~ a inc -\~ -

W e c a n  now w r i t e  e x p i e s s  i on s  to r t h e  t- e’spOnse’ p r o d u c t , W~~f f  B ,
l ot  t h e  t w o  ea s e ’5 .  l o t  a he ’au  a t  1-ange- R t h i s  p r o d u c t  becomes

I 
(1~~)

lou - 2 t- ’- R . ’ tt - } o u ~ t h e ’ c a s t - o t~ 2 r - C~.\9 , m~ e’ make the appi-ox irna t ion  that

the luminance at t h ~’ edge ’ of the bea m i s g I veut hr ass i g n  ing a urn i — - 
S

form I urn t f l d f l c e  • I S  2 r .  t h e  response pro~tuc t t h e n  becomes
S I

W e f f B  - - ( 17 )

The c o o r d i n a t e ’ srst em is shown in  F ig u r e  4 - We now proper I ~ I it — 

S

S 
e l ude beam attenua t ion 1w means  of the ext m e t  ion coeffic l ent o I
and t he in it ~ I b eam t lux F . Fquat  ions ( 1 6 )  and ( 1 7 )  become ,
r e s p e c t i v e l y

S 
W e f f B ~

‘
;~~ ) F e ~~~~~~’~ ( 2 r ~~R \ 0 J  ( 18)

S W e~f f B ~~~~~~~ j :~~°l~~R ) [2i - ~R \ 0 j .  ( 1 9 )

Let  us  now cons i~ler  w h e r e ’  t h e  beam i s  mos t  ens i 1~ de t ec t ed  for
a f i x e d  o b s e r v e r .  As t he  s c a t t e r i n g  an g l e  ~ d e c re a s e s  ( i . e .  , as

S R i n c r e a s e s )  , ‘ ( - ~ 
I i n c r e a se s nu t i i  i t  approache s t h e  v a I  tie ~

‘ (0)
lot- small scattering angles. Since E+R is constant for  s m a l l

. s c a t t e r  1mg angles . the .ittenuat ion terms ~lo not affect the beam

de t e c t  ion f or  s m a l l  v a l u e s  of  a iR .  We ar e  t h e n  l e f t  w i t h  a s i g n a l  S

t h a t  i ncr e a s e s  w i t h  r an g e  R nu t  I I  Ii • 2 r / \ 0  and t h e n  b ecomes in-
d e p e n d e n t  ot ~ r a n g e .  ( b u s  • t h e ’  heanu is most en s  i lv  d e t e c t e d  near
i t s  o r i g  i n .

11
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14, LABORATORY MEASUREMENTS AND EVALUATION

I wo  o p t i c a l  lv  t r a n s p a r e n t  r e c e p t a c l e s  were used to perform

s i m u l a t e d  atmosphe t-ic scattering measurements: a small cylindrical

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

a q u a r i u m  ( w a t e r  t a n k )  13” w x l 6 - l / 2 ” h  x 48- l/2”l - The w a t e r  t a n k
( 1 2 ”  x -17’ i n s i d e  d i m e n s i o n )  c o n t a i n i n g  a suspension of scattering

p a r t i c l e c  w as  used to  t e s t  t h e  c a l c u l a t i o n s  of S e c t i o n  3 and
t h e r e b y  l end  c r e d e n c e  to  the validity of the p r e d i c t i o n s  f o r  f u l l
s c a l e  s y s t e m s .  Two l i e -N e  g a s  l a s e r s  of SO and 1 mW beam power
were  used  to  g e n e r a t e  the li ght beams. A f t e r  t h e  s c a t t e r i n g  he -
ha t - i o r  of s eve ra l  o t h e r  m a t e r i a l s  w a s  obse rved , i t  was  found t h a t
diluted homogen i—ed m ilk gave a reasonable simulation of scattering 

S

S in t h e  a t m o s p h e r e .  T a h I t ’  4 shows t h e  rough  r e s u l t s  of s c a t t e r i n g  
- -

m e a s u r e m e n t s  on t h e  2 - c e n t i m e t e r  c e l l  c o n t a i n i n g  d i l u t e d  m i l k
(transmission = 8 1 % ;  o = 1 0 .2  m 1 ) .  5 5

TABLE 4. MEASURED VALUES OF THE RE-
- - 

S LATIVE SCATTERING FUNCTION

p ~ ‘~~~)/ b

10 ° 2 . 5
2 0 0  1.1
3 50  0.20

These resul t s are  seen to be s im i l a r  to those shown in Table  3 .

The wa ter tank tes ts were per formed  wi th 55 m l of m i lk  added
to 140 1 of water , w h i c h  gave an e x t i n c t i o n  c o e f f i c i e n t  of 16 .3  n ’ ,
measu red  ac ross  t he  n a r r o w  s i d e  of the  t a n k .

S 
Art  EG~ G r a d i o m e t e r  was  used to make  t h e  q u a n t i t a t i v e  measure-

men t s . A p p r o p r i a t e  a p e r t u r e s  were  used to e l i m i n a t e  s c a t t e r e d
l i g h t  f r o m  t he  d e t e c t o r .  The l i g h t  t r a n s m i s s i o n  t h r o u g h  the l e n g t h
of the tank was calculated to be 1.94 x l0~~~. The 1 mW laser beam

source still could just he seen in the dark at this point , hut it

• was d i f f i c u l t  to l oca t e  one ’s eye in exactly the right spot because ’

ne ither the 1 mW beam nor that from the 50 mW beam could be seen. S

15
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When finall y located , the laser beam looked like a i-ed star. lEe S

1 mW lie-Ne lasc - r o u t p u t  c o r r e s p o n d s  to  0.15 ln t . I f  one a s su n t e s
that the eye ’ s collecting area is a 7 mm diameter circ le

(3.85 x 10~~ tTt ) , then the effective illumi na nce is (0.15) x
(1.94 x 10 ~)/3.85 x 10~~ = 7 .6  x 10~~ 1mm

2 . This is jus t a H

factor of 10 above the dark threshold illumin an cc .

Next , the distance into the tank over which t h e  hean t  c o u l d
he seen by s c a t t e r e d  l i g h t  wa~. d e t e t -m i n e d  i n  t h e  d a r k .  -\ mirror 55

wa~ used to reflect the beam out of the top of the tank. The 
‘

-
-

m i r r o r  w a s  moved u n t i l  the beam could iust he seen and the prop a-

~at ion distance was measured to be 99 cnt . The beam diameter w a s

1 mm and the estim ated offset of the c c  to eliminate the direct

beam was  5 m m.  S i n c e  t h e  a n g u l a r  width of the beam (1 mm d) is

l e ss  t h a n  t h e  resolution of the eye (Fi gure 2 ) ,  we m u s t  use
e q u a t i o n  (18 )  to calculate the response of the eye’. The r e s u l t  is

W e f f B = 8 . 9  x l0~~ u -ad . c d/ m . We take the a n g u l a r  l e n g t h  of t h e  S

beam corresponding to the far half of the beam (i.e., L = 5 r n r a d ) .
The t h r e s h o l d  on W 4S.~- I~ from Figure 3 for B =10 is

-6  e 0
5.3 x 10 tad . c d /r n  . Ice see that the measured threshold is a 

- 
S

fac tor of i higher t h a n  the’ calculated threshold. This is

reasonably good agreement considering the measurement errors in-

volved . Moreover , the error is in t he  direction one would expect

because  of two s y s t e m a t i c  e f f e c t s .  Fi r s t , t h e  calculated v a l u e
was for a 5/8 detection probability while the measured value was

for assured detection . Second , the background  adap ti on of th e eye
was probably higher than that for B0=lO

2 because the room l ights
were turned off and on during the experiment. Thus we can conclude

that the measurements are in reasonable agreement with the theory .

We a lso  made some measuremen ts of the back ground lum inance
produced by the scattered light in the tank . The flux into one
end of the tank was 5.5 x lO~~ units. The scattered lig h t was
measured at the other end of the tank 1 m away from an es ti ma ted

S area of 1.14 x lO~~ m2 and solid angle of 0.35 Sr. The result was

5.9  x l0~~~ u n it s .  The measured rat io of luminance B to flux F is

16
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0. 02’ . F r o m  e q u a t i o n  1 4 ) ,  one c a l c u l a t e s  a r a t i o  of 0.02 5 wh i ch

I .
agrees almost too w ell. One should note that the measured lumin- S

an c e  from the side of the tank near the end was a factor of four

- 
le ss than that on the end . This resul t is in rough agreement with

t h e  use of L a m h e r t :; law for  t he  d i s t r i b u t i o n  of r a d i a t i o n .

I 
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~~~ • PATH CLEARANCE THROUGH FOG

Consi de r the power I - e ei u i  red from CO~ laser to clear a j~at lt

throug h a fog so t h a t  a ‘~ i s i h Ic l i g h t  beam can he p r o p a g a  1 ed up to

a p i l o t  . l h e ~ Ii rs t ej U c S  t ion to  he answered is how much en e r g y  i s

re qu i red to  evaporate the fog in a vol utn e of a i r . l E e  m i n  im u n t
e n e r g y  i s  t h e  h e a t  o f  vapor  i :at ion of the water du- op lets whi ch is

abo u t 2 5 00 J I g .  In ad d i t  io n , i t  may he n e c e s s a r y  t o  t - a i s e  t h e  a i r
t c mp er a t  u t - . to the equ i I i  li t- i urn l e v e l  fo r  no c o n d e n s a t  ion. lEe

t e m p e r a t u r e  t - i s e  f o r  a g i v e n  l i q u i d  w a t e r  den si t y can  be d e t e r-  S

m i n e d  f r o m  F i g u r e  5 , w h i c h  p l o t s  t h e  w a t e r  v a p o r  d e n s i t y  v e r s u s
t h e  dew- p o i n t . The spec i I Ic heat of  a i i  i s  a b o u t  ~) 50  J/ un~~. The
l i q u i d  w a t e r  d e n s i t y  of  a dense  fog i s  t y p i c a l l y  (1 . 1 g/ n 3 and  c o u l d  S

he as l a r g e  as 0 . 2  or 0 . 3  g/ r n~~. Based on t h e  v a l u e  0 . 1  g/ n r ~ , t h e

r e l e v e n t  pa u arnc t eu -s are- shown in T a b l e  5 .

1•\ BL E 5. I I N F R G Y  l ) F N S I T \  0 CI~F \R I O C  ~0 . l  gin 3 ) S

h E A T OF l Q I I I L I B R I I I M  H E A l  10 RAI ~~1
T FMPE R _ ATUR E V A POR I .AT ION 1 1 :MPERAI I J R I  R i  ~i 1 I M P  1 R.\ I I I R I

250 5J/in 3 0.-!5 °C 430 ~1 5 2~

20°C 250 J/m 3 0 . 1 1 ° C  100

For estimating purposes assume an energy densit y ~~ 500 ~/n
5 .

We now need to  model  t h e  e f f e c t s  of beam p r o p a g a t  ion . l~c i t e
h e l p e d  s i g n i f i c a n t l y  by t h e  much s t r o ng e r  a b s o r p t i o n  of 1 i . 5 i u t d  w a t er

compared  w i t h  w a t e r  v a p o r .  The beam w i l l  t e n d  to  c l e a r  a r e g i o n
- out to a p o i n t  w h e r e  m o s t  of t h e  e n e r gy  is  a b s o r b e d .  C o n s i d e r  a

r eg ion  2 km l ong  and 0 . 3  x 0 . 3  m in  c r o ss  s e c t i o n .  The v o l c t m e  c i
suc h reg ion is  180 m~ and would  r e q u i r e  90 , 000 3 t o  c l e a r .  i h e

t i m e  r e q u i r e d  fo r  t h e  d e l i v e r s -  of t h i s  much  e n e r g y  is  roughl y the

dimension of the bean divided by the crosswind . For a 3 nt/s

(_ 6  k t s )  c r o s s w i n d , t h e  t i m e  is 0.1 sec . The requiu -ed laser power

is thus about  1 MW c w .  The availabili ty of l a s e r s  of t h i s  magni-

tude for non-militar y activities is uncertain. In any case , they

18
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I S
-~ would  pose a severe  h a z a r d  to  the  p i l o t  i f  not  the  a i r c r a f t .  T h i s

c a l c u l a t i o n  has assumed o p t i m i s t i c a l l y  t h a t  a l l  the  CO 2 l a s e r
r power is absorbed  and t ha t  h e a t i n g  e f f e c t s  w i l l  not des t roy  the

r beam c o l l i m a t i o n .  A s i g n i f i c a n t  f r a c t i o n  of the l i g h t  w i l l  be -

s c a t t e r e d  (1/2  by t he  o p t i c a l  theorem of s c a t te r i n g  for  l a rge  S

p a r t i c l e s ) ,  and t he  h e a t i n g  w i l l  l i k e l y  defocus  the  beam.  See [8 1

S 
for  a more comple te  d i s c u s s i o n  of t hi s  p rob lem . 

-

S i -

- 20
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~~~ , LASER BEAM SAFETY

One of t h e  m a j o r  goal s of this p r o p  r a m  h a s  been  t o  el et e r m i  me
- i I lasers c a n  he safe lv used to pt-ov ide v sua I g u i d a n c e  t ci p i l o t s

f or  all a it - c ra I~t opera  t ions . lEe concern for p i lot sa f e t v  i s t h a t
mait ’- oh the l a n d  t tug ~vc t e rn c o n c e p t  s co l t s  i dere ’d 1-equ i i e  the pilot

to  look it  v i s i b l e  la serbea m— . \ v i s i b l e  It ser beam can , i n  t h e o r y ,

he focused  on t h e  h u m a n  r et  ill;l t o  an t mage  s ze t h a t  a p p i - o a ch e s

the dimensions of the laser wa~- e l e ’n g t h  --o t h a t  e’VcI1 at low power

exposure ’s an e ve  h a z a r d  e x t  s t  . I oi~ t h i s  l e a s o n  a ‘cettar io has

been d e v e l o p e d  t o  e s t a b  I I sh t h e -  in og n i tuttl e of p i lot ex p o ’~u r e ’  to
I a s er  rod l a  t ion f o r  et ch s’s tern concept cons i det-ed . Flu e  en t cr1 a

for eva that i tug eve- s a f e  op e r a t  ion  w o r e ’  t iken di i-cc t 1~ from t lie

La  set -  p r o d u c t s  per fot-mance st in d a  rd of  t h e  1)epa i t  m e n t  of i l ea  I t  h
IcI LI C It ion , and We I fate l-OOel and l)i-u’~ ~drnu n I s t  r a t  i on  ( Fede ia 1
St a n d a r d  9 1 ) -

1 1 l 0 1 RA1. SIAN DARD

t i n d e r  a u t h o r  i t v  of t h e  Pu li  i i  c~ Ilea I t  h Serv  i c e \c t :Is a m en d e d
S by the i-ad m t  t on  con t  r o l  fo t -  t h e  l l e a  I t h  and Sa fe’t v A c t  of  I ~68

Chapter 1 of Title 21 of  t h e  Code of  F e d e r a l  R e g u l a t  i on s  w a s

a m e n d e d  by odd i u p  a ne w pa i t  , 1040 • to S u h e h u p t  er 1 , p r o — c  rib I lug

a r a d i a t  ion s a f e ty  p e r f o r m a n c e  st a n e l a u- d f o r  l~i s cr  p r o d u c t s .  TheS p u t p o s e  o h  th i S st ~in d~i u ~el i s ‘‘ to  p r o t e c t  t h e  p u b l i c  he ’a 1 t h and
safety from the danger of laser radiation - . . b’ reducing the

po~~ ib l i t  y of injury by 111 in tnt i z i ug u n n e c e s s a r y  acce’cs ibi e
rod a t  ion -

t h e  standard became elfec t i v e  2 A u g u s t  19 ~6 , a n d i t  c-~ t ab —

i i  shed the cl a s:ificat ion of a 11 laser pi-oduct c a c c o r d  i m p  t o  the

emission level , du ration , and w a v e l e n g t h ( s )  o h  ac c es sible laser

r a d i a t i o n  e m i t t e d  elui ri ng the operat i on  of  the laser. \ccesc ib le

emis s ion li m i t - , were speci t ied for each of fo u r c l a s s e s - , from

S 
- 

Cla ss I laser p r o d u c t s , w h i c h  c a n n o t , u n d e r  n o rma l ope i -ot  i n g
comet i t ions , em it a ha :a r dou s  1 eve I of  r od f a t  i o n ;  to  C l a s s  I V
losers , whi ch c- i n  he ext remelv ha zardous to eve or skin , no t onl y

21
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f rom d i rec t hea ni  expos u re hut  a lso  f r o m  t h e  s c a t t e r e d  beam.
S 

i a b l cs  ~ t h r o u g h  10 w et - c t a k e n  fron t  t h e  Federa l  S t a n d a r d  and
show t h e  a c c e s s i b l e  e m i s s i o n  l i m i t s  f o r  each  c l a s s  w i t h  t h e
c o r r e c t i o n  ( a c t o r s  k 1 and k 2 .

2 I1A ARI ) AN -\ L~~Sl S

The haz ard Fiosed to a pilot by a visible laser guidance

svstCm will he a n a l y z e d  by considering the sy stem concept de-
pi cted in Figure t ’:  An aircraft is making an instrument landing

IlLS ) ap p r o a c h  t o  an a i r p o r t  runway . At some point before reaching

the dec is ion Eel gh t  t h e  
~ 

i lot views a pa i i’ of  t i a r a  l i e  1 1 i gh t h e a i n s
e m a n a t i n g  f r o m  t he  ground . V i s i b i l i t y  p e r m i t t i n g , he p o s i t i o n s
h i s  a i r c r a f t  be tween  t h e  two beams , descends  t - i s u a l l v  , and l a n d s .
U s i n g  t h i s  s c e na r i o , t he  p o t e n t i a l  h a z a r d  c o n d i t  ions  a re  t h e
c h a n c e  d i r e c t  v i e w i n g  of one of t h e  l a s e rh e a m  sou rces  f r o m  w i t h i n
the beam ( i n t r a h e a r n  v i e w i n g )  and t h e  st ead ~’ s i d c  v i e w i n g  ( e x t r a —  -~~~~

beam v i e w i n g )  of the  two beams  d u r i n g  the  descent . The po t en t  i a l
“ S

raei lot ion h a z a r d a t  the s o u r c e  ( i . e .  , t h e  g r o u n d - h o s e d  t ra u i s -
i n i t t e r )  i s  e f f e c t i v e l y  removed , by e i t h e r  elevating the laser

sou t-ce to a heig h t above eye level , or increasing the diameter

of the transmitt ed beam.

In  t he fo l  L o w i n g  c a l c u l a t ions the level  of r ad i a t ion th at
can  he sa f e l ~’ v iewed is made  equa l to the accessible emission

- 
lim it of a Clas s I laser proetuct* whose em i ss i on wavelen gt h i s

— 4 0 0  hut I 400 mm , an d whose cmi ss ion d u r a  t ions a re  f r o m
2 . 0  x l0~~ t o  1.0  x i~~l sec and from 1.0 x to 1.0 x sec.
From Table t~, t h e se  l i m i t s  a r e  7 . 0  x io -

~ k 1k ,t 3/4 and
- 3 . 9  x i 0 -~ k 1k 2  and f r om Tab le  9 , k 1 and k , are both equal to 1.0.

Thu s , the m a x i m u m  levels of loser energy allowed are I ( t )
3/4  mx

‘ .o x 10 3 , i n  t sec (for t > 2.0 x l0~~ to 1.0 x 10 1 sec),
and 1 nix ~~~ x 10 ‘

~ 3. The obse rve r  is assumed to have

~By r c s t r t c t i n g  t h e  l e v e l  of r a d i a t i o n  to the  a c c e s s i b l e  e m i s s i o n
S l i m i t  of a C l a s s  I laser , a minimum r i s k  of eye i n j u r y  to a p i l o t  I

is assured.

22 
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TABL E 6. CLASS I A C CE SS I B L E E M I S S I O N

L i M I T S  FOR LASER R A D I A T I O N

S 5 W&v,Iinqth to’ .,-o., .~,‘ot o.’ Ci.,, I — Acc.~~b*,
. fThfl.Oll Iim,ts

i,.cond,i 
S

- 
>2~O < 3 0 1  I0~ 24 1 lO -~~*1*2 J’
but

- ~4o0 - 3 o x l c r ’ e o k t o

‘ 1O 1 l 0 9to? O Xl0 ~~~... ?Ox ) 0 ’*~A 2 J

> 7O~~l0 ~ t o l O X t 0 ~~ _ _ .  701 tO ~a~~I . r 3 4  j

> I,O X IO 1 io l O X I G 4_
~~~~

_ 3 9 K 1 0 34 1*2 J

> 400 > I O X  l0~ - 3 9 1 1 0  ~~~~~

but Ot~ ’

~ I400 > 1 0 11 0 9 t o l O X l O 1
~. _  lt~~1*7,

13 Jc m 2 ,e 1
S 

> l O X  io~ so i o x  ucr’_ — —  ~~~~ ~~ 
- I

u o x  ~~~ 201 io-~* ,i j cm~~~ ,~~i

>1400 > 1 5 01 I0’~ so t o x  to - L  79X Io-b~l*2 ~ 
S

~ 13000 > I ox 10 to l o x  l0~...__ 4 4  X to ~

> I O X I O T 7 9 X l 0 ’ 4 A 1* 2~ J

- Cli ,  I ~c.i,itI. ~~~~~~~~~ loo n I’ IIS o~.Il o,4I ,’ - .., ~~ 0’ ~~SSII. 0 $., ~%O 0. b~I u S .  ISS.’ ~~~Ii 10 400 ,50 W~~I

IS., ..cSI d ti,. ci., I ~~~.—_ibI. ~~.w o,, too,,, I,. 11 ~~~~~~~~~ ~.p 01 çS.~” 114’ 1400 nS. ~~~ lIIi 1IS 0 S.

S. 13000 ‘so ~~V. .h
~ w’d *251 1 0 IS. soI05a~~~~ I’sS.~” 0S. 0’I

S • 10h1,,..,0fl , to ’ 11 Cio’i I 0~ Ii 1o0. ,~~S.~~S., 10. 11, .. ~~~~~~~~ Id li4l ol’1,,~ ~~~l.

TABLE 7 . CLASS I i ACCESSI BLE EMISSION
LIMITS FOR LASER RADIATION

-‘, t S — - I I  Ar , . , ,S t, ir

I S~~5~ SS  ‘mel. sn i -  I” i~

) 400
but iii I 1 0 1  I(~ ~~~~~~

S 

j710
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TABLE 8. CLASS I l l  A C C E S S I B L E  E M I S S I O N
LIMITS FOR LA SER RADIATION

WivsI,n Wi Em .s w £~~~.o ClaM III - ~~~uibIu
fr-tcnws.c,I (wcond.1 00tI0.O.t Isoits

> 250 � 2 S X t O - t . .,.. .. ... _ ... ... .. 3$* 10 4& l&2 ~but
£~ 00 >? sx t o— i ._ 15X 10’ 3* 1& 2e ,j
> 400 > I O X 1 0” 9 to 2 S X I O ’ ! ~~~, 1O& ,k~~h/3 J CIII 2

~ 1400 
to . ma,iaMam wak,. o~
10

> 2.5 X 10 —t B O X  10”~t J

> l 4~0 > I . O X I O 9 t o l O x l O t_ ... _ 10 J00r2

~~130OO > 1.O X S.O X Ir 1e J

TAB L E 9. VALUES OF WAVELENGTH DE PENDENT
CORRECTION FACTORS k 1 AND k 2

In,.,So’oo,,i I *2

300,o302 4 1 50 1_s
> 3034IS3I~

>3t0 ,e 400 330 0 ¶0

ISO to 300 
— 

¶ 0  to

> 700 ,.S00 ~~ 
‘ ~~~~~~~~~ ~~ 

,
IJ’ ‘~ ho - *~~. I 0 11.... ~~~~~~~ hoe*a.iç~~

> aM ts 1051

~~ 
.1 ~ I~~tS. S. I00<,~~tS~ S. .>iø

>1050.1400 
— 

MI II: *~~ * II ho *~~. “a’ MIII. *25155

>1100 w 1130 t O  1.5

*~~• 100 0
>tS~~t.l*45 to

1>1 1-p
I I

> 1*45 ,. 13000 1.0 LI

Ni’s: TIS ,,Ii*IIt o VI ..pI,,t SIlO WI Ill 0.15144*1*1*,. ~soplW5ISWtoN lO b, w~o~ it I144I , M *1 5S.INI’ I i~J, Sl ith SI
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TABLE 10. SELECTED NUMERICAL SOLUTIONS FOR ANt) k2

S -

S 

•~~ 10S J •.35$ ,.1aM •.
~~~~ I •~_ io.x.

¶ 305 33 1
350 s_Is

S 
301 $37
305 13 *

‘ 300 201
310 33.1 1.0

5 5 5 311 62.5
312 53 2
313 132.0

— - 314 7000
315 3300
400 330.0 - :. -

40? 1.0 2- -
500 1.0
$00 1.0
- I_I 

__________ ________ ________ — ——— -

,10 3.55 I I I I  33  11.0 
“II

720 105 1 3 I l  63  21 .0
730 15 14 I I 3.? 53  3 10

- 740 3.20 I 3.1 0.? 13 0  4 1 0
250 ¶ 2 5  1 I S  *0 l~~0 500
760 1.3! I 3.5 *0 16.0 600
770 1.37 I 3.? 70 31 0 700
750 1. 43 1 2 4  *0 240 $00
750 IS O I 3 7  00 270 *00
500 5.56 I 30  100 300 100 0
ISO 1.16 1 30  100 300 1Q0 0
500 244 I 30 100 300 100 0
ISO 1 30 100 300 100 0

3000 3.52 I 30  300 300 1Q0 0
1050 47$ I 3.0 100 300 100 0
1060 100 I 3 0 100 300 100 0
$100 $00 0 30  100 30.0 1000
1400 IX I 3.0 tO O 30.0 1000

1500 1.0
*540 10501
1105 1.0 I SO

13000 1.0 5

~~~~~ I l 0 h~~ * t05000o’oI~~ II ~ S.*l , t O  S.-0 , 10

Moss. YP., IS.I SW (II .11w ‘sip.44ds sI uIw W~ 0i nI .ot..~ s~n .n 01 ‘scooth

1~
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dark-adapted vision so that the pupil of t he  eye is f u l l y  d i l a t e d
( li t 01 P U p 11 d i a me t c i- )

The  t o t  a I t ime t h a t  t h e  p i l o t  I~~ eves a re  i r r a d i a t e d  fo r  each
t v p e  ot  v ew i n g  ( i . c . , m t  r ab eam or ext i-abeam) must he determined.

I n t  r a h e a m  v i e w  i ug , in  t h e  above  s c e n a r i o  , i s  not intended to be S 
-

f o r  ex t  ended p e r i o d s  , hu t  i-at he r  t h e  t - e sul  t of  c h a n c e  v i e w i n g
as dur i ng a i rc i-a f t  p o s i t  ion I ng fo r  an a p p r o a c h .  For  he ar  d ia ine —

ters of 30 to 90 cm , and aircraft speeds of 60 to 1 0  kts , exposures S

of 0.004 to 0.03 sec are expected .

For the extraheain vi ewing case the pilot is continuously ex-

posed to that port ion of l a s e r h e a m  r ad l a t  ion s c a t t e r e d  t o w a r d s  h in t
d u r i n g  h i ~ l a n d i n g  ap p r o a c h .  I f  i t  i s  assumed t h a t  the  p i l o t  has
v i  su a l  lv a c q u i t - e d  t h e  P~~’~’ I 1 ci  l a s e r h e a m s  a t  t h e  m i d d l e  m a r k e r
and i s  a p p r o a c h i n g  t h e  t o u c h d o w n  p o i n t  a t  a speed of 80 k t s
(F 7  f t / s e c ) ,  h i s  ex p o s u r e  t i m e  i s  a p p r o x i u i a t e l v  25 - ;ec ( d i s t a n c e
from middle marker to t ouchdown , - 4500 f t ) .

- Now t ha t  the  exposu re  t i m e  has  been d i - t e r in i n e d  to r  each
viewing condition the irradiance limit tDL) may be c a l c u l a t ed.
However , for added safety the ex~ osur e t ime (-i ) is arbitrarily

i nc r eased  to i n t r a h e a m  = 1 .0 se c , e x t  r a b ean i  = 2 50 s i-c .  Then the -‘

re t  m a !  i r r a d i a n c e  1 i n t i t  i s  g i v e n  h y

H 1 
= , ( 2 0 )

w h e r e  A 1- is  t h e  a rea  of a da t -k  a d a p t e d  eye ( 7 . 0  nun p u p i l  d i a m e t e r ) .

- .0 x l O ~~ Ic -se c
L 1 .0  s~~c cO.385) cm 2

( i n t r a h e a m )  = 0 . 0 0 2  ~~~
--- or 20 —

~~~~-- ( 2 1)
cm 2

and H I =

S 

= 3.9 x 10~~ W sec 2I. 2T~~sec (0.385) cm

(ex t rah eam) = 4 x 10~~ m~/ c rn  or 0.4 Wi~i 2 . i 2 2 )

-~~~~~~ - - - 
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6.3 OP1~RAT IO NA L SAFE TY CONSIDERATIONS

The amount of radiation incident on the eye of an intrabeam
observer/pilot will vary according to the relation

~ Pte °~HR 
II 

~~4R A 2 ( 2 3 )
+ D

~
) 

S

Where 
~T 

is the la ser power out of the transmitter optics of
d iameter D.1, a is the mean ex t inc t ion c o e f f i c i en t , R is the dis-
tance from the laser source to observer , and A is the emi s s i on
waveleng th. Figure 7 shows H

R for  the parame ters 
~T ’ D1, and R.

The broken l i n e  separa tes the safe  reg ion (below) f rom the
hazardous one (above).

For the extrabeant observer , the amount of radiation viewed
has bee n shown to he be l ow t he day de tec t ion threshold  of the
observer (see SectIon 7.2 , Figure 11). The day detection threshold
is 5.72 x 10~~ W / M , which i s well below the retinal irradiance 2
limit (see Section 2.2). Therefore , the extraheam eye hazard

S can be safely ignored .

I

I
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7. FEASIBILITY OF SYSTEM CONFIGURATIONS

The f e a s i b i l i t y  of u s i n g  a laser  l i g h t i n g  syst em to a s s i s t
aircraft landing under low-visibilit y conditions was evaluated

analytically using the newly  developed model fo r  v i e w i n g  l i ne  
- 

S

sources (light beams). The f o l l o w i n g sec ti ons descr ibe the
results. S

7 .1 SYSTEM CONCEPTS S

The US pa ten t  ( # 4 , 063 , 218) on the R u s s i a n  G l i s sada  sys tem
considers  a m u l t i t u d e  of embodiments , a l l  of w h i c h  are d e s i g n e d
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 ca n

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

ma jor disadvantages. F i r s t , the  beam source must be far away

front the pilot so t h a t  attenuation is a problem under conditions

of poor v i s ib i l it y .  Second , the aircraft can f ly  into the beam 
- 

S

so t h a t  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 b ased on v i ew ing l igh t beams by l ig h t

S scattered at )arge scattering angles. The two ma jor virtues of

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

S 
can be much s h o r t e r  t h a n  in t he  G l is s a d a  sys tems  and tha t  the
p i l o t  canno t  v i e w  the beam d i r e c t l y because i t  is be low the  cock-
p i t  cutoff ang le. Figures 8 and 9 show two ways of implementing

t h i s  concept .  The f i r s t cons ists of a l i ne of ver ti c a l l y  poin ti n g
beams m a r k i n g  t he  runway c e n t e r l i n e .  Such an r r a n g e m e n t  may be
more u s e f u l  for  ground g u i d a n c e  t han  fo r  a p p r oa c h  guidance  s i n c e
it gives no indication of aircraft deviations from the  g l i d e -

- slope . The second approach (Figure 9) marks bo th the glidescope

and runway centerline by intersectin g beams of li ght. Both of S

these approaches suffer from the requirement of a large number of

lights. However , the short distance from the light source to the

30~
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point viewed allows the u se  of ~f l e X p e n s i v e  sp o t  li ghts rather

S t h a n  I a s e r — ~ t o  g e n e r a t e  the beams . (See — \p p cn d ix B for a co rn— 
S

par i son of Iasi’ i- s and convent ion al li g ht sources.) B e c a u s e  the

l i g h t  sc a tt e r ing i n  t h e  a t m o s p h e r e  i s  skewed toward the forward

d I rec t ion , it is a d v a n t a g e o u s  to t i 1 t t h i~ be ani s t owa t-d the p i l o t
rather than us ing ¶)0° v iew I ng as shown in I i  g u r e s  8 and  9

In the next s ect  i o u  t lie sr st cut c a p a l )  i i it i e s  ar e  ca l c t i  I a t e d

f o r  one C l i  s sad a  sr st em and one I a rg e  ; i ng  I c  sr st em

7 . 2 SYS’I LM ANA LY SI S

One of t he  m a n y  i o ~~ I t i l e  a p p r o a c h  I i ght ing s ys  t ern c o n cep t s

is  shown  in L i  g u r e  1( 1 . Na r t~ow i i  g u t  beams on c i t  her  s ide of t h e

runwa y mark t h e  g l i d e  s l ope  and r u n w a y  I oca t  ion . lo Iet cm ii ne
the itet ectab l i l t  v n I s u c h  b e a m s  u n d e  u. d i  I~ f e r e n t  v i s  ib i i it v i- ond i —

t ions , we ass um e t h a t  t h e  beams are displaced hr 7(i ni ( 2 5 0  f t
f rom t h e  runway c e n t er  I Inc and t h a t  two a rgon gas 1 a se r s * of
2 watts ( 1000 lm ) output power are located 3~~ in ( 120 ( )  I t )  beyond

- the r u n w ay  t h r e s h o l d  - A l s o , we a s su m e  t h a t  t h e bea m s must be
visi t -ti e from the middle m a r k e r  b e a t  ion 10( 7 in ( 3 5 0 0  I t )  b e f o r e
the r u n w a y  t h r e s h o l d .  l~c t a k e  t h e  beam d i a m e t e r  as 0. 3!) in (1 It)

At t h i s  d i s t a n c e  ( 1 4 3 3  m ) t h e  beam is much  n a r r o w e r  t h a n  t h e
reso lut ion (vi s tia I a n g l e )  of t he eve (1 : i gu r e  2 )  , so we mu st tis e

equa tion ( 1 8 ) .  The a n g u l a r  l e n g t h  of t h e  beam is roug h l y

76/ 1 433 = 53 m r a d .  I h e  r e s u l t  i n g  d e t e c t  ion t h r e s h o l d s  Io i -  b ack-

grounds ( B 0 ) d a y  ( H ~ = I (I ’
~) an d  n i g h t  (B 0 = i  0 ~) a r e  (ft-out F I gut-c 3)

- i x i o~ 
2 and 2 . 4  x 10 ~~~, respect i v e l  r- . I ’h e r e s u l t s  a i- c p l o t  ted

in Li gures II and 12 . The R V R t h r e s h o l d  fo r  seeing the beam is
S c lig ht I v I -t el  ow - 1000 I t  a t  ii i g u t  . The beam c an n o t  be seen thu r i ug

h r  i g h t  CLi v l ight.

I or  c o m p a r i s o n , c o i i s  ider a second system concept shown in

S I i  ~‘ m I r t -  1 3. In this s~-~ tem a p1 lot ~
- j e w s  t w o  c r o s s  i ng n a i t o w  beams

- c o r n i n g  up a t  an  a n g l e  of  .150 f r o m  It i s 1 inc of sight - At the

m i d d l e  mark et- the a ircraft alt itu de i s - about i0 in .  l h e  d i s t a n c e

S *A t-gon gas  l a se rs a re  used i n  t h e s e  c a l c u l a t  ions  because  titer - ~ir e
commcrc j ail y a vailable I ri the h i g he r  CW — pu we r  r a n g e s
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from the light source to the point viewed (z) is 85 ni . Assume
that the pilot must see the intersection of the beam pair from

100 in away and the beam diameters from 0.3 m away . The angular
width is 3 mrad , which is below the night eye resolution hut
above that for the day (A4~ = 0.8 mrad). Thus we use equation (18)
for nig ht and equation (19) for day. Figures 14 , 15 , and 16 a re
p l o t s  of the results for a 2W Ar 4 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 m d .  The corresponding threshold
is about  0.05 x io 6 and 1.6 x l0~~’ for day and night , respectively.
These beams are thus never visible in the daylight hut are quite
visible at night even below the Category lil a minimum of 700 ft
RVR. The results show that the signal actually reaches a max i - ;

5~

mum for a particular RVR and decreases for both smaller and

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

the scattering . The scattering process produces the signal hut
it also attenuates the beam.

A comparison of these two examples shows that it pays to S

bring the light source closer to the observer even if it means 
- 

S

that other parameters such as the scattering function f’ are
decreased .

S 

4
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8. CONCLUSIONS

\ m o d e l  f o r  t h e  v i s u a l  de t ecta h il it y of narrow li ght bea m s
w a s  d e v e l o p e d  and u s ej  to eva lu art ’ the sI s t e u n  i t e r f o r u n a n e t ’ ctt  two
laser l i ght u n g  s ’ste rn con t i g u r a t  i o n s :  The f i r s t  c o n f i g u r a t i o n ,
eons j— t 1mg ot two narrow beam I,iser sources ptu ced at the V A S t

‘t 1 ~LI .I I :~p p u o i e h  51 opt’ lfltt tea t or) I ocat ions , w a s  found  to he use -
fu l  on1~ f o t  RVR (su 1 Runwa v  V isna t Ranges) greater than 4000 i t
(asstuming Un i I o t r n  vi s u b  I It t v up the g li d~~ cop~ ) . The second
con t~ i gu r t i  t i on  • eons u s t  u ng ot ,u pa it . of l a se r  b eams point I tug to

— and u u u t e r s c ~~t ing  wit h t h e  t.1 ug ht path at a 450 a n g l e , w a s  foun d
to he v i s  ib  I e f r o m  a d i  ~~t anee o 1 30(1 f t  away f~~u- R V R ~s ) g r ea t e r
t h ;in 00 t~t -

I i t - t o t  i t o i ~~ i- \ I 1t i m i n t ’ - i t - t i l l i t uni d t h e. t i i  L t J l t \  ot  the it iOdi 1

Re sults of Iahor zitou -v scattering measurements com pared well w i t h  
‘

~~~
-

~ia t a p r e s e n t e d  i-t v ‘Ii d~I let OH

lhe ana I~-~ I ~— j ilt1 i ~- a t e d  that us i ng an in Ira red laser t o  e l e a r

a p a t h  t h r o u g h t o g  poses  set. ious p r o b l e m s ; Ct -til t inuou s  p o w e r s

~~t e . u t i -t - th an I ~~~~ 
~~~~~~ r e q u t r e d .

(is 1mg a ~ 
t . i  te r Ion taken t rom the } : t_ j L s r ~ t I S t a n d a r d  f or  I aser

-~a let v , the p o t e n t  i a I ha :a r~I s o f  each of the sv St em Concept s w er e

eva 1 ua ted. For the e x t  r a t - e uuiu o h s t ’ rvt’ r (u • e . , one wh o v lews t he

-~e .It t e r e d  light ) t h e  potent ial ha:ard i s  i n s i g n i f i c a n t .  h owever ,

t he cv i ’ s a f e t y  of the i i~t r abeanu  o b s e r v e r  mus t  he t •u k en  i n t o  ceit

s i d e r a t  ion  as a sy s t e m  des i gn requ  i remt’nt

4 2
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9. RECOMMENDATIONS

- Although the C l i s s a d a  t y p e  system with two glideslope beams

is not useful under low visibilit y (or in dav i i ght) , it s h o u l d  be
tested as a possible alternat lye t o  c u r r e n t l y  used ~‘-\Sl systems 

S

wh ich are genet-allv useful o n l y  under  good v i s i b i l i t y  c o n d i t i o n s .
The v i s u a l cues t o  the pilot are likely to he more  reliable with
t he  C l i s s a d a  sy s t e m  tha n w i t h  the  V - \ S I  , who se red bea m s can he
lo st leaving onl the white beams .

The us e of c ross 1mg l i g ht  beams to mat - k t he g lide p a t h  a p p e a r s  
S

to offer two advantages over current lighting systems. They give

a po sit ive m d  i c a t  ion of altitude , and t h e y  can he acqui red sooner

than the approach lights under low v i s i b i l i t y  conditions. The

acquisition distance at the decision hei ght for ap proach  lights is

usually 1600 f t  [ 1 1 1 .  Since the approach li ghts are 2-1/2 times
br ig h te r than t h e  runway l i ghts , the~’ can he seen somewhat f a r t h e r
than the runway l igh t s. For un i f o rm t - i s i h i l i t v  an RVR of 1400 f t

• should  a l l o w  t he ap p roach l i g h t s  to  be acqu i red a t 1600 f t .  S ince
the night acquisition RV R for the crossed beams is “00 ft for
300-foot viewing, the cro ssed be am sy st em is rou gh l y  t w i ce as

penetrating as the a p p r o a c h  lights. The major uncertaint y of the
crossed beam sy stem is the suhi ective response of the p ilots

to such lights. The system would work pool-lv during daytime and

w ould probably  not he feasible during tile bri ghtest davt ime cond i

t ions (B0=10
4 cd/ m ) . Anothe r  in t e r e s t i n g  f e a t u r e  of the  cros sed 

- 
S

beam system is t h a t  it ocfers some help for  the SVR (S l an t V i s u a l
Range) problem of telling the pilot when he can expect to acquire

the ground. The beams crossing at the deci sion height could
probabl y be seen by the pilot if the beam cross ing could he seen

S 
by ground observers at  a similar distance.

A visible laser guidance system has been shown to he fea~ ihle

• for  c e r t a i n  s y s t e m  c o n f ig u r a t i o n s  and v i s i b i l i t y  c o n d i t i o n s .
— Based on thes~ , the f o l l o w i n g  ~.pec i fi c tasks are recommended to

further the development ot ’ t h i s  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 info rmation .

3. Simulate on computer the real-time signatures seen
by a p ilot viewing a multi ple-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

T h i s  a p p e n d i x  c o m b i n e s  t i le  i- e s u l t s  of two papers  (Lamar ,

et a l  - [ 7 ]  and B l a c k w e l  1 [10]) to o b t a  in a model for the.’ eye ’s
d e t e c t  ion of l i n e  s o u r c e s .  The Lama r r e p o r t  made m e a s u r e m e n t s
of t h e  eve ’ s r e s p o n s e  t o  r e c t a n g u l a r  l i g h t  s o u r c e s .  I t  found t h a t

S t he  eye respond s to  an a n g u l a r  w i d t h  .~~~t / ?  a r o u n d  t he  p e r i m e t e r  S

of such sources where the value of 1o del-tends upon t he  b a c k g r o u n d
luminance. Unfortunately, Lamar considerc il only two levels of

luminance. In this appendix the concepts of the Lamar s t u d y  a r e  S

used to interpret B l a c k w e l l ’ s data on circular sources in order to

d e r i v e  an eye  model  w h i c h  can  he used  a t  any p r a c t  i c a l  va l ue of
b a c k g r o u n d  l u m i n a n c e (B 0 ) .

B l a c k we l l ’ s data are  plotted in  F i gure  A - l in the  f o r m  used 4
by l.amar. the light flux (contrast threshold A t / I  t imes angular

area) is p lotted against the perimeter of the source for six

values of back ground luminance. For small perimeters the eye
simply responds to the total li ght flux from an effective point

S source. Beyond a certain per imeter the threshold flux increases

because the center of the source disk is ineffective in exciting

the c-ye . The Lamar model has the form

A l / I  = cp k d > A o  , (Al)

where p = ~id is the source perimeter , d i s  t he  d i s k  diame ter , k
is an exponen t , c is a constant ,and Au is the useful area given by

A
~ -f- [~- - (d-A ey ] • (A2)

The data in Figure A-l can he related to equat i on (Al) by
(AI/I)A = (AI/I)A (A /A). The resulting expression becomes

(AL /I) A = c~i
k dk / ( d - ~~e ) .  (A 3 )

For d < A0 we obtain

S (At /I) A = c~ 
~~~~~ 

• (AU
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For d ‘ -  AU we ob t a  i n  tile a p p r o x i m a t e . ’  r e s u l t  -
S

(Al/I ) ~ = 
I •,~k ~I - ( A S )

The i o g —  log  s lope i s  k+ 1 . The d a t a  i n  F i g u r e  A— 1 give a reasonable

fit to tile Va t u e  k 3/ -I , which L aut ta r found for the It i g h e s t  v a l  uc’ of
hackg rotund luminance • The  intercept d~ of t h e  lin e with slope L~ I

( he.1. \S )  with the constant value (Eq . A-i ) can be used t o  determine

tI f r o m  t h e  d a t a  - 1 :qt ia t  1 ng ( A 4 )  and ( A S )  g i v e s

log  ( A 0 / d ~~
) = - ( l o g  2 ) / ( k + l )  .

These i n t e r c e p t s  w e r e  used  to  t ) b t ~i i f l  t he v a l u e s  for  AU p l o t t e d  i i i

Fi gu re  2 as circles. th e l,auuua r values are pl otte d as crosses.

‘fil e s t r a i g h t  l i n e  w i l l  he used to f i t  tile d a t a .  The p o i n t  - sou rce
t h r e s h o l d  l u m i n a n c e  B

~ 
t i uue s the  a n g u l a r  a rea  i s  p l o t t e d  in

F i g u r e  A — 2  for b o t h  the d a t a  f r o m  F i g u r e  A — i  ( c i r c l e s )  an d t h a t
from Lamar  Ic 1-os ses) - ‘ri t e diff erences be tween  t h e  two a u - c ’ p ar t  l v
accounted for hr the fact tha t L ama r uses a 5/8 detect ion p r o h a h  i l  -

• i tv while Ill a c k w c  i i  uses  a I / 2 detect ion i-trohab j i l t ) -  . P r e s u m a b  I v  S

the rest of t he ti i s c r e p an c v  has  to  do wit It d i  f f er en c c s  i n  t h e
exp erun tents. t h r e s h o l d  values o b t a i n e d  f ro m c o i - r e l a t  i ng  t h e  B l a e .-k-
well d a t a  w i t h  t h e  L a m a r  d a t a a r e  used to derive t ile m ode l  for

line detection.

We ;low r ecas t  cq t ia  t i on ( A l )  i n  a tonnu convenient for v iewing S

li ne s o u r ce s  • le t us a s s u m u t e t h a t  t h e  a n g u l a r  l e n g t h  I of  t h e

1 inc source is much greater than the width W. The.’ u se fu l a r e a

(A ) is then I W - where W - =W for W c AU and W - = AU fot-u efi eft - -  i - f t
S W - A 0  . t h e  per i iuieter is 21. .  The t h r e s h o l d  v a l u e  h o l d s  Cc

fl t W~~ 1 
= ( RA )

~ / . ( A f l  S

At I = A t )  One oht aiu ls

1I~ W 11 = ( I I A ) t j  • (A 8)
( A U

17
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lo t ’  L A U On e hjs au I d e p e n d e n c e  a c e . o t - d  t ng to  equat ion (A I ‘I , S

BtWCff (BA )t (t/At l )
~~~/AU .

1h p a t a t n t ( ‘ 1 5  \ t ~ am i d  ( IIA) e.-an he ol~t a i ned , r e sp e c t  i vet v , front
i i g u r e s  2 and A- 2 .  The.’ c u r v e s  t o t  (out’ v a l u e s  of a - t  e.’ sit owi t  i n
Figure 3. The po I mit  wher e. ’  1. = AU i s  p l ot  t e~.i f r o m  equa t  i on  ( --\8 ) and
the slopes — I and k—i • - 1/4 are used t’oi’ l.~- \0 and I ’ .\0 on t h e . ’
lo g- l o g  p l o t .
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APPENDIX B. COMPARISON OF LASERS AND CONVENTIONA L LIGHT SOURCES

A s f a r  as v isual  p e r c ep t i o n  is concerned , lasers and conven-

t iona l li ght sources can be compared d i r e c t ly  by considering on1~-

a sma l l  number of parame ters . The basic parameters of a beam are

i t s diame ter , its angular divergence , and its luminous intensit y .

The as soc ia ted cos t parame ters of s i ze , power consu mp ti on , and
capit al and operating expenses are d~ rectly involved in the rela-

tive merits of lasers and conventiona l light sources. The optimum

l ight source depends upon tile 5)-stem requirements. Lasers have

e x t r e m e l y  h i g h  b r i g h tu i e s s  hut low effic iency . They are best when

s h a r p ,  n a r r o w  beams a t  long range  a re  r e q u i r e d . The h i g h e r  ef-
f i c i e n c y  of c o n v e n t i o n a l  l i g h t  sou rces w i l l  cause  them to be
favored  when broader  beam s are  requi red.

Consider the luminous efficiency of various light sources.

Lasers have v e r y  low e f f i c i e n c y  in t e rms  of o p t i c a l  power out
d i v i d e d  by e l e c t r i c a l  power in. Typical values for CIV visible

l a se rs  ar e  0 .1  percent for lie-Ne lasers and 0 .01  pe rcen t  for  Ar~
lasers. The luminous efficiency in terms of lumens per optical

watt is h i g h (573 lnt/W maximum at 555 nm): 150 lm/W for the red

He-Ne laser and 500 l m / W  for the green Ar~ laser. Combining

these two efficiencies leads to a total luminous efficiency of
0.15 lm/W and 0.05 l m / W  for lie-Ne and Ar~ lasers , respectively.
The le.unuinou s efficiency of high pressure arc  lamp s is in a range of
20 to 30 lm/W and of tungsten-halogen lamps , 20 lm/W.

The spot size of a lig ht beam at a distance is governed by
the diameter of the collimat ing lens or mirror and by the i n t r i n -
sic size of the light source. A single-mode laser has an intrin- —

sic source size of one wavelength. it is completely coherent and S

therefore requires a min imum collimating optic diameter to produce

a g iven  beam d i v e r ge n c e .  (No te , however , t h a t  eye s a f e t y  consid-

erations may requir e larger oPtics .)

A conventional light source may require inordinately large

diameter optics to produce an acceptable beam divergence for a

50 0
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p a r t i c u l ~t r  sys t e i t i . The. beam divergence is g iven  by ~0 = d/F , whcre
d is the w i d th of the light source au d F is the mirro r focal leulgth .
Results of a comparison of five different li ght sources are shown
in (able B-i.

One must hewa i’e of’ b l i n d  c ouiu p ai - i sons between these numbers
The narrow l a s e r  beam d i v e r g c n c t -’s r e s u l t  in no beam sp r e a d i n g  for
t h e s e  l a s e r  beams over  t h e  r a n g e s  of i n t e r e s t  ( — 1 0  km i . The
n u m b e r s  f o r  t h e  s e ar c h l  i g h t  and t h e  s i g n a l  l i g h t  do not  i n c l u d e  t h e
large antount of light o u t s  i d e  the ma in  beam tt , wh ich could inter-

f e r e  w ith operat touis of a sy s t e m  and therefore might require add i -

t ion a 1 beam shap i n g  opt i cs .

Ano thez- w-a~- of comparing laser sources with convent ional ones

is to calculat e.- the divergence angle required to reduce the lumn in-

S 
ous untens it to t h a t  of the L.S. S runway lights (10 , 000 e d ) .
lie-Ne 50 maW lase t- has  t h i s  luminou s intens ity for a s o l i d  a n g l e  of ’

4 . 5  x 10 4 sr ( 0 . 0 2 4  rad i a n  cv i  i n d r i ca l  beam w i d t h ) .  The corres-
ponding  a n g l e s  for  a 2 IV Ar la ser a r e  10 sr  and 0 .36  rail .

Consider the two types of  sy s t e m s  d i s c u s s e d  in Sec t ion  7 . .

The f irst requires narrow beams to be generated at runway threshold

and projected to the middl e uttarker (about 1000 m away) . I f  such
S a beam must remain less than 2 ifl i n  diameter , the d i v e r gence of -

~

0 . 0 0 2  rad is pr ohabls too small to he obtained from a searchlight S

and a laser would be preferred . However , if one wanted to i l 1 u m ~
m ate the portion of the approach pa th where tile pilot is likely 

S

to he (30 m diameter circle) an angular divergence of 0.03 rail

could he 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). I f  the beam dia m eter must he 2 in auld
the range is 100 m , the 0.02 radian divergence can also he ob-

tained from a searchlight. The f i f t h  source in Table A-l would
S be satisfactory since the beam must be narrow in only one

d i rec t ion .
S One last consideration is the p o s s i b l e  advan tage  the  marked  -

colo r of a l a s e r  may l resent as a con t r a s t  to  the white background S

S . l u m i n a n c e  of the sky . One can change a white light to green.

51
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If a uniform spectral source is passed through a green band pass
filter between 495 nm and 5~ S nm wavelength , the loss in luminous
intensity is only 50 percent .
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