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.1. In t roduct ion  

i n t e n s i t y  a r e  used f o r  c a l i b r a t i n g  the  
a sepa ra t e  c a l i b r a t i o n  is made before each 

value of t h e  i l lumina t ion  
of 75% t o  100% of t h e  

procedure minimizes 

is usual ly  

I 3.2, Standard Lamps i 1 I 
The standard la@s used are "working standards" whose luminous fe- 

t e n s i t y  i n  a given d i  e c t i o n  has been determined a t  a given voltage. 

tween t h e  standard ladp and t h e  photosensor, which r e s u l t s  i n  a standard 

I Srapdard lamps are av f i l a b l e  ranging i n  i n t e n s i t y  from about 8 t o  900 
* ,candles.  When a coloded l i g h t  is being t e s t e d ,  a f i l t e r  is placed be- 

lamp-f i l te r  combinati 
ist ics a s  those of/ t h  l i g h t  t o  be t e s t ed ,  This procedure minimizes 
e r r o r s  r e s u l t i n g  s p e c t r a l  co r rec t ion  of t h e  photosensor . 
In t h i s  of known co lo r  temperature as well as 

having approximately the  same s p e c t r a l  character-  

of known luminous ! in t ens i ty  is needed. 
I 
i 3.3. Attenuators I 

Sec tor  d i s k s  are almost always used f o r  l i g h t  a t t e w a t i o n ,  although 
A s e c t o r  d iak  is usua l ly  placed be- n e u t r a l  f i l t e r s  are a l e o  ava i lab le .  

tween the  standard lamp and the  photosensot t o  c a l i b r a t e  t he  photomcter 
f o r  t h e  proper range of  i l lumina t ion ,  However, when the  i n t e n s i t y  of t h e  
l i g h t  being photometrically measured is unusually high, t h e  s e c t o r  d i s k  
may be used t o  a t t e n u a t e  t h e  i l l umina t ion  from the  test l i g h t .  
range of s e c t o r  d i s k s  a v a i l a b l e  is from 1% t o  80% transmittance.  

The 

'\ 

photoce l l  i n  o rde r  t o  reduce e r r o r  from s t r a y  l i g h t .  The d i s k  is ro t a t ed  
at  a few hundred revolu t ions  per minute, which is f a s t  enough t o  minimize 
error from apparent f l i c k e r .  
a s e c t o r  d i sk  of low t ransmi t tance ,  t he re  is an e r r o r  which r e s u l t s  from 
only one p a r t  of t h e  photoce l l  being i l lumina ted  a t  a t ima ;  t h i s  e r r o r  
l s  success fu l ly  e l imina ted  by p lac ing  a condenser of about 4 mfd. ac ross  
the  output  of  t h e  photocell .  
c a r e f u l  t o  ob ta in  a capac i to r  which does not  i t s e l f  generate an emf.) 

When a s e c t o r  d i s k  is used, i t  is placed wi th in  a few inches of the  

When a high i l l umina t ion  is a t tenuated  by 

( I n  u t i l i z i n g  t h i s  technique, one must be 
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3.4. Cal ib ra t ion  Procedure 

The c a l i b r a t i o n  involves  i l lumina t ing  the  photosensor wi th  l i g h t  
from a standard lamp placed a t  a given d is tance  from the  photosensor, 
and then ad jus t ing  t h e  s e n s i t i v i t y  of t h e  photometric system t o  some de- - 

% 

s i r e d  value. ', 
\ 

I f  

and is t h e  d i s t ance  from the  test u n i t  t o  t he  photosensor. 

L I B  t h e  photosenaor cu r re  t, 
I is t he  i n t e n s i t y  of t h e  31 1 ght  i l lumina t ing  t h e  photosensor, 

then,-since t h e  photosensor produces 3 cur ren t  
nance on i t s  face, 

where 2 is t h e  s c n o i t i v i t p  of t h e  photosensor. 

It is usua l ly  convei lan t  t o  c a l i b r a t e  the 
reading, so t h a t  

L - kI/D2 
I = N6 

propor t iona l  io t h e  i l luud-  

(1) 

photometer t o  be d i r e c t  

(2) 
t h e  measuring e i r c u i t ,  wkra Is the reading of t ha  potentiometer of 

and where 5 is an i n t e g r a l  power of 10 o r  the  product of an i n t ege r .  
u sua l ly  2 o r  5, and an i n t e g r a l  power of 10. 

The photometer is then c a l i b r a t e d  by using a s tandard l m p  of known 

I 

6 

hor i zon ta l  luminous in t ens i ty .  I f  

is the  luminous t n t c n s i t y  of t he  s tandard lamp, 
is  the d i s t ance  of the  s tandard lamp from the  photosensor, 
is t he  potentiometer reading and & i s  the photosensor 

cu r ren t  when the  photosensor Is I l luminated by l i g h t  from t h e  s tandard 
lamp placed a t  the  d i s t ance  & from the  photosensor, then 

d - 
fa  - k Is/Da' (3) 

urd s i n c a  the  potent iometer  reading is propor t iona l  t o  the  photasensor 
cu r ren t  , i p s  - 1/a 

Ca l ib ra t ion  Is accocplished by t h e  following procedure: I 
are chosen so t h a t  I /Ds w i l l  be approximately equal t o  f / c w h e r e  - I is some t y p i c a l  vafue of the  i n t e n a i t y  of the  l i g h t  t o  be tes ted .  
s u i t a b l e  value of 
etcr 
depending on tha  photometer c i r c u i t  uacd. 

and & 
A 

Cal ib ra t ion  t o  make t h e  photour is thCn se lec ted .  
d i r e c t  reading is completed by one of the  th ree  following procedures,  

a. External  Shunt C i r c u i t  

A diagram of t h i s  c i r c u i t  l a  .bowa.fn f igu re  9. I n  t h i s  c i r c u i t  

61  1-23 



where 5 Is t he  S e n s i t i v i t y  of t he  photometer c i r c u i t  and 
r i s t p c e  of the  shunt. 

is the  re- PI 
Cal ib ra t ion ,  t h e r e f o r e ,  r e q u i r e s  t h a t ,  with the  photoce l l  i l l u n i n a t e d  

by l l g l i t  from t h e  standard lamp, the  e x t e r n a l  shunt r e s i s t a n c e  Is s e t  so 
t ha r  the potentiometer i n d i c a t e s  the  value 6 Riven In  equation ( 5 ) .  The 
o t h e r  parameters of t he  c a l i b r a t i o n  a r e  u s u z l y  chosen so t h a t  t h e  shunt 
res l s ta i ice  w i l l  be of t he  o rde r  of a few ohms. This o r d e r  of r e s i s t ance  
l r  used a s  i t  i s  l a rge  enough t o  be set accu ra t e ly ,  and small enouRh so 
t h a t  t h e  vol tage  developed ac ross  the photoce l l  w i l l  no t  cause the  phato- 
c e l l  t o  respond nonlinearly.  The p r a c t i c e  is t o  maintain the  s e n s i t i v i t y  
of the  recorder  a t  a fixed value of 5 m i l l i v o l t s  f o r  fu l l - s ca l e  de f l ec t ion .  
The s e n s i t i v i t y  of t he  preampl i f ie r  is t he re fo re  s e t  so t h a t  t h i s  recorder 
s e n s i t i v i t y  and des i r ed  range of r e s i s t a n c e  may be used. 

b. Phototube wi th  Electrometer Amplifier C i r c u i t  

The procedure f o r  c a l i b r a t i o n  is the  same as  t h a t  f o r  procedure a. 
(See f i g u r e  12,) The load r e s i s t o r  on t h e  phototube and the  con t ro l s  of 
the  ampl i f i e r  are ad jus ted  f o r  t he  optimum performance range of t h e  dtlr 

p l i f i e r .  
amperes. 
1 ohm and ir less than 5 ohms. 

Also, t h e  output  of t h e  ampl i f i e r  should not  exceed 5 eilli- 
Hence, o t h e r  parameters are ad jus ted  so t h a t  \ is g r e a t e r  than 

C .  Zero-Resistance C i r c u i t  

A diagram of t h i s  c i r c u i t  is shown i n  f i p p r e  13. In t h i s  c i r c u i t ,  
i f  t h e  photometer is balanced so t h a t  no c u r r e n t  flows through t h e  gal- 
vanoate te r , then 

i = iaa/rx (7)* 

II, i is t h e  photoce l l  cu r ren t ,  
I is the  cu r ren t  through the  r l i d e w i r e  between 0 and A(f1gure 13). - a is the  r e s i s t a n c e  of t he  r l i dewi re  between 0 and A ( f igu re  131, 
&is t h e  terirtance of  t h e  r e s i s t o r ,  r 
a 

X. 
and 

Assuming t h e  s l i dewi re  18 graduated from 0 t o  100, t h e  reading of 
t h e  i n d i c a t o r  of t h e  s l i dewi re  is 

(8) 0 
6 - ala  

*Thlr equation is an approximation which depends on & being much g r e a t e r  
than A. 
of I is from 1 t o  20 microamperes. 
r e r u l t i n g  from the  use of t h i s  approximation w i l l  be 0.3% 

I n  p r a c t i c e ,  & i s  kept a t  about 10 millismpcrer, and t he  range 
I f  1. is  20 microamperes, t he  error 

For laruer 
valuer  oE A, a cor rec t ion  In t h s  c a l i b r a t i o n  can b s  made. 6 
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I 

where is the  t o t a l  r e s i s t a n c e  of t h e  s l i dewi re  ( t h e  
0 and B i n  f i g u r e  13). 

I I 

! rxkI I 

Then, combining (11, (71, and (81, \ 

&- 2 i ( 9 )  ' iaauD 

I n  the  c a l i b r a t i o n  of t h e  zero- res i s tance  c i r c u i t ,  La is usua l ly  k e p t  
cons tan t  and r is var ied .  

7t 

c -- 

i 

\ 

'. 

When t h e  photoce l l  i s  i l lumina ted  by l i g h t  from t h e  standard lamp, ! 
r is ad jus t ed  t o  ob ta in  a zero reading of t h e  galvanometer when t h e  1 
a i d e w i r e  i s  set a t  t h e  value 6 
t ance ,  2. 

of equation ( 5 )  f o r  a given test d is -  
With t h e  photometerThus c a l i b r a t e d ,  the  i n t e n s i t y  of t h e  test 

l i g h t  is given by equation (2).  \ 

i d. Spec ia l  Procedures 

While photometric d a t a  are usua l ly  presented for a test l i g h t  op- 
e r a t i n g  under the  design condi t ion ,  photometry of t h e  test l i g h t  under 
ope ra t ing  condi t ions  o t h e r  than t h e  d e s i f p  condition is o f t e n  des i rab le .  
Equation ( 5 )  can be genera l ized ,  tak ing  i n t o  account t h i s  condi t ion  a s  
w e l l  as t he  t ransmi t tance  of any f i l t e r s  or s e c t o r  d i s k s  used i n  C a l i -  

1 
i 
s 

bra t ing ,  so t h a t  

t 
is the  t ransmi t tance  of the  co lo r  f i l ter  a t  t h e  co lo r  temperature 

where of t h e  f tandard lamp, is t he  t ransmi t tance  of the  s e c t o r  d i sk ,  and 
is t h e  r a t i o  of t he  output of t h e  l i g h t  under t)st when i t  is operated 
u n d e r . t h e  design condi t ions  t o  t h e  output  of fie l i g h t  when it  is operated 

r a t ed  lumen output  of t he  test laznp t o  the  output  of t h e  lamp a t  the  test  
voltage.  
a t  t h e  ope ra t ing  vol tage  t o  t h e  i n t e n s i t y  i n  t h i s  d i r e c t i o n  a t  t h e  tes t  
v o l t  age. 

under t e s t  conditions.  This r a t i o  may be, 2 o r  example, t he  r a t i o  of t h e  

It a l s o  may be t h e  r a t i o  of t h e  i n t e n s i t y  i n  a given d i r e c t i o n  

I n  the  case of l i g h t s  which a r e  f lashed  i n  se rv ice  but  on which 
photometric measurements a r e  made with the  l i g h t  burning s t e a d i l y  a t  a 
s e l e c t e d  vol tage ,  t h e  f a c t o r  2 is the  r a t i o  of t he  e f f e c t i v e  i n t e n s i t y  
of the f l a s h  i n  a given d i r e c t i o n  t o  the  s teady  i n t e n s i t y  a t  t h e  se l ec t ed  
yo l t age  i n  t h i s  d i r e c t i o n  of view. 

I 4 0  TESTING PROCEDURE 

The photometer is c a l i b r a t e d  a s  described under "Calibration Proce- 
dure" (Section 3.4) t o  an illuminance range determined by t h e  i n t e n s i t y  
of t h e  l i g h t  bainq t e s t e d ,  t he  test d is tence , ,and  t h e  information der i red .  

6 14-26 
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i j '  
bhe tes t  u n i t  is hrounted on the  goniometer and is al igned.  The angular  ! Bettinus of  the  g p i o m e t e r  a r e  adjusted so t ha t  the  o r i g i n  of the  gonion- 

i eter  s e t t i n g s  w i l l  cortespond t o  the  des i red  axis,  This axis usual ly  
is choserl with reqpect t o  e i t h e r  t he  sea t ing  plane of the un i t  o r  some ! 

- *  , c h a r a c t e r i s t i c  of t h e  beam such as  i t s  peak. 
I 

The b a f f l i n g  kor s t r a y  l i g h t  is put i n t o  place.  'The eye is placed 
t i n  t h e  pos i t i on  normally occupied by the  photosensor,  Exadna t ion  can 

then be made t o  i n l u r e  t h a t  t he  b a f f l i n g  is properly placed so t h a t  no 
obstrrictions exis t  between the  l i g h t  and the  photosensor and so t k z t  
r c C l e c t l o n s  from t h e  walls, f l o o r ,  and c e i l i n g  o f  the  range a r e  in t e r -  
cepted before  they reach the  photosensor, When t h e  279mete r  range is 
used, t h e ' b a f f l i n g  tub? is per iod ica l ly  checked t o  in su re  t h a t  i t  is not  
being obs t ruc ted  bJ b i rds ,  

I f  a sea led- rdf lec tor  lamp i s  being photometr ical ly  megsured, t he  
lamp is usua l ly  operated a t  e i t h e r  r a t e d  vol tage  or r a t e d  cur ren t ,  
lamps, such as those used i n  combination wi th  an o p t i c a l  system, are 
usua l ly  operated a t ' o r  cor rec ted  t o  r a t ed  lumen output.  
test and s tandard lamps is usua l ly  obtained from s torage  b a t t e r i e s ,  which 
are p e r i o d i c a l l y  recharged. Voltage and cu r ren t  are measured on a poten- 
t iometer ,  and photometric measurements are no t  made u n t i l  t h e  lamp has  
reached o t a b i l i t y .  

Other 

Power f o r  the  

If t h e  goniometer is to  be motor dr iven,  t he  gear  r a t l o r  are chosen 
80 that the  t r ave r se  w i l l  be  slow enough t o  in su re  the  accura te  recording 
of t h e  c h a r a c t e r i s t i c s  of t h e  l i g h t .  
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Review of Elementary Theory 

Of the Photometry of Projection Apparatus 
4 

\ By C. A. Douplas 

Equafinnv hosrd upon simple geometric relatiom are developed lor the illwninance" 
imnhced by a projector such as a searchliglit, hmcon, or /loodlight at u distnnce jrom 
the projector. When the heam is rotationally symmelrical but nor collimated and the 
inioge, virtual or real, subtends u smaller angle a; the point 01 observation than does 

the objective 01 the projector, illwninance varies inversely A) the square o f  the dis- 
lance to the image. If the angk subtended by the image U larger than that subtended 
Ity the dject ive ,  the illuminunce varies inversely us the square of the distance to the 

ohjective. The distance at which the two angles are eJua1 is defined as the critical 
distnnrc.. Equations rclating rritirnl distnnrr IO the radiui 01 thr source, the radiuc 
o/ the ohjrctiiic, and Ihr rrrciptfic.ntion of the system arc. dewloped. Approximations 
/ o r  UJC when the bcnrtr o/ the projpctor i s  arymrnctric are developed. Very good 
aprrenipnt was found Iwtrcrm the cornpuled variation 01 illuminance with distance 
and the nienaurrd variation 01 illuminance with distanrc lor n projecfor forming a 
virtual image 150 leet behind the objective. 

, 
: 

# 2 
! 

/ 
# 

1. 1ntrodu:tion 

HE luminous intensity, I, of a projector is ob- T tained by measuring the illuminance, &, on a sur- 
face at a distance, d, from the projector and comput- 
ing I from the relation 

I = E b  (1) 
The we of this relation without qualification im- 

plies that the value of I is independent oi the distance 
at which the illuminance, E, is measured. 

If mwurements could be made at incrsasing dis- 
tnnca, in a perfectly transmitting atmosphere (or in 
any atmosphere if corrections are made for atmom- 
pheric losses), of the illuminancc produced by a pro- 
jector emitting a collimated beam, the value of the 

A nowr preunIod at tho Nrtload 1.ehalcal Coalmace of (h0 
l l l t lmonrtln~ Ca8Inwrlng Carlety. Ammn 11 (0 20. 1000. YIm 
nrapltr .  Ylnn AWTRO., Natlood Bnrna d I(.adord& WMb- 
isgtun. D C. 

product E d 2  increares and approach& a b i t i n g  
vnlue. The relation 

I = lim E 6 (2) 
d+* ' 

may be considered as the definition of I. 
In practice it is usually found for these projectors 

that beyond a certain distance, the critical distanw. 
there is no measurable change in the intensity come 
puted by means of Equation (I).. .  

The concept of the intensity of a projector produc. 
ing a collimated beam is valid, and useful, only when 
this critical distance is exceeded, for then and only 
then can illuminance at one distance bq computed 
from measurcmenb of illuminance at another dirt?ncs. 

. 
\r. 
. 
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In the photometry of projectors, the photometric 
dirtrnce i 9  made greater than this critical distance 
whenever i t  is feasible to do s-. Hence, determination 
of the critical distance io important. The relation be. 
twren critical distance for a collimaied-beam projw- 
tor and the dimensiocs of the projector and thesource 
has been extcnrively treated.' 5 For a parabolic rc- 
flector k i t h  a spherical source at the focue, the criticd 
distance along the axis of the reflector is 

and for a disk source 

where 
d,  is the critical clirtance, 
R is the distance from the axis to the edge of 

the reflcrtor, 
r is the radius of the source, and 
P is the focal length of the reflector. 
Similar qua*ionr may be written for a spherical 

The relation given in the IES Lighting Handbook, 

d ,  = [ R F / r ]  [ I  + ( R / Z F ) ' ]  (3d) 

de = [ R F / r ]  [1  -I- (R/2F)']/I 1 - ( R / 2 F ) ' ]  ( 3 1 1 )  

iem.4 

Third Edition,b may be written a 

rhere d, and R are as before, and d, is the distance 
from the focal point to the edge of the reflector. 

For each of thae  condi:ions, d,  is given appoxi- 
mately by 

d, = Rd,/r ' (3c) 

d, = RF/t .  (4) 
The error in computine de from this relrtion is in. 

siGihcant in most practical applicatioim, particuiarly 
when t is small in comparison to R, and F is two or 
more times R. Although many projectors are intend- 
ed for use M collimated.bam projectors. '41 the 

t a- 
ton where this is not the cme. For example, in h e  
lens cells of the Fresnel-lens optical landing system, 
the source is between the focus and the lens so that 
the ICM forms a virtual image of the mum 150 feet 

I 

/ 
/ 

murce at the fmm, there are many types 

behind the Ims. Spread I& used in conjunction , 
with collimated h a m s  form either real images in 
front of the spread lens or virtual hagen behind the 
spread lens. The lens cclls af the Fresnel-lens 6 p t h l  
landing systpirrcl& a 50-degree horizontal sprerd 
lea#. _. -' 

'rae purpose of this paper i$ to present l analyst 
of the fadon affecting critical distancsr .ad%-? 
relation betwem illominace and d i m  of n o w  
collidted k m  projectom. nroughout thin paper 
rigor and detailed accuracy of analysis hare been 
subordinated in order to obtain simple, easily inter- 
preted relations frre from the complicating and often 
confuhg e f f d  of correction terms. The relations 
developed are therefore approximations only. They 
are, however, suffirirntly accurate to be wed in a 
qualitative analyain of the prformnnce of a projedor 
r v - t m .  Thr prformsnrr of thr u.un1 t v p  of pro. 
jwtm av-trmn is ripnihcantly Iflectrd hy nurh factors 

f . 

-\ 

,I* t-rror> in tlw shape of thc optics and by the varis- 
tions in illuminance across the surfare of the rnurce. 
Such factors vary from unit to unit and cannot be 
readily treated in a theoretical analysis. Quantitstive 
nnalvses of projector systems can, and should, be 
m d v  I)y direct mensurcment on a photometric rang.. 

2. Case 1. Projectors Having the Source 
Between the Focus and tha Objective 

\ 

3.1 Illuminance Prnduced by a Poritiws Leru 

Consider the optical 3yste.n shown in Fig, 1. The 
system is rymmetric about the line XX' and conviste 
of a positive lens of focal I-ngth F and raclm R. 
(Throughout this analysis P is amuied to be large 
in' romparison to R.) 

A source S of radius r and of uniform luminance 
1, is prnced at a distance u, less than P, from the lens. 

SYMBOLS 

t4 1.riminance of source S 
d Ilistanre lwtwmn the projector and the point 

of observotion or mrcsurenient 
ri, Critiral iistonce 

, E  Illuminance at the p i n t  of observation or 
measurement 

E' Focal lcnpth of the optic of the projector 
I Intensity of the projector 
I. lntennity of the source S 
It Intensity of the image S' of the source 
m Magnification of optical sptmi 
R Radius of the obiative (lens or reflector) 

when the p b j d v e  is the field stop of the 
projector 
Radius of the sourre S 
Radius of image S' of source S 

r 

4 

type; reflectance of the optic, if re&i?ctq:ypa 
llhtanee -den the iource and the o b j a  I 

i m a p  and the objm- 

a npread lens 
9 
f 
S 
2 

Dirnenaion of asymmetric nource in x.y plana 
Dimension of amymmrtric optic in s y  phM 
Dimenoion of rwnmrtric source in wz plane 
Dirnrnminn of rrymmrtric optic in x.2 plano 
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Firure 1. Optical system wirh the 
souice between the 14cw and a 
positive objectivq (lens). (Noi to 
scale.) 

The syrtrm will form a virtual image S' of the wurce 
at a distance u from the lens. h u m e  the observer's 
eye, or the photometer, is at the point P, n distance 
d from the luu. With a l d e s r  optical system the 
luminance of the virtual in146 L', would be equal to 
the luminance of the wurn, L. With a real optical 
9)'- the luminaacs 

L' = L7 (5) 
r l i a e  T is defined as the tr.nrmi&\of the optical 

"ip," (6) 
system. The intensity of the source is gj 

I, = d L ,  
d the intensity of the image 

or I, = I& 'If4 
Rhea the virtual image, S', i* viewed through the 

lens from the p i n t  P md d i s  lesa than a critical die 
turn, d, to be determined later, the eatire virtual 
image will be seen. The illuminance at P will then be 

E = IJ(0 + d)Z. (a L d,) ( 9 )  

lUuminance = Constant/Distance', 
1, can be conridered to be, by delition, the intenaity 
of the projector applicable to thia condition of view 

' with distance to be mpmurcd from the position of the 
virtual inuge, not from the la. 

From Fig. 1 it ir evident that from the point P a 
zone on the luu of radius y will be flashed, that is, 
appear to be the wurw of light, and that the illumi- 
nance at P 

I f  the radiua of the virtual image, r', h lesa than the 
radium of the luu, the flaahed zone will never fill the 
lera however large d is made. For thi condition, 
Equatiom ( 9 )  and (10) are valid for all distances. 
However, if r' is pester than R and the distance, d, 
in equal to or greater than a critical distance, d, the 
mtire 1- will be filled and the illuminance at a point 
on the axis will then be given 

I ' =  T(#)ZLT '*, . (7) 

S i n e  Equation ( 9 )  is of the form 

' 

de0 ~ v e n  by 
E = +Lr/dl. ( d  4 do) (10) 

E = TR'LT/~' ( d h d d , )  (11) 
or E = I/@ ( d a d , )  (12) 
where I = TPLT. (13) 
I is a constant and hence is by del i t ion the intmrit). 

of the projector, applicable to all distnnca equal to or 
greater than the critical distance. 
Note thot when d is q u a l  to d,, Equationa ( 8 )  and 

(11) are both valid. Hence at this distance 
I = l&/(v + de)'. 

This leada to the somewhat rurprtig conclwion tb.1 
at o m  it L sometima possible for a projec- 
tor to have two inkmritia depsnd;ng upon whether 
the murce ir considered to be louted at the objective 
or at the rirtp.l image pition. 

Note that in practice it in d d o m  furible to deter. 

Equatiom ( 6 ) ,  (7), (8) or (13). Instead, the illu- 
minance is mearured at a known distance from the 
projector and Equation ( 9 )  or Equation (12) b used 
as applicable. 

mine I, or I to the &ire43 dcgreo of accur8cy b.I 

2.2 De&rmina:lon oj fhd Critical Dtfunca 

Note from Equation (11) tb.1 for dirt.ncs gaa.ter 
than the critical distance the axial illu- tuia 
inversely M the quare  of the diltpncs ta tbe la .ad 
ia independent of the position of the MKUW with re 
spect to the foam. However, the critical distance, de 
is not independent of the position of the wurw with 
respect to the focw. It may be determined OS follows. 

7 = R. (a= 4) 
Therefore, sinca 

Y/d = #/(e + 4, 
and r'/r = e/* = m. 

R = rpd, /u(~  + 4) 
or R = nnd,/(v + 4). 
H- de = Ru/(r - u R / v ) ,  (148) 
and - do = R ~ / ( / ( n n  - R). ( 1w 
Note that M u approacha F, u bacomea inhnite, and 
Equation (141) becoma the familiar relation ossd 
for collimated-beam projectors, 

lim d, = W / r .  (4) 
u + F  

:f there is a critical d i t ana ,  at sir distance 

From Equatiotu (I&) and (14b), note &at a, be 
comes infinite when 
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&we 2. Optical ryatcm wirh the 
jocw between the source and a 
positive obicctivc ( l e u ) .  

r = Ru/u R/m, (15) 
for then the radius, r', of the virtual source t j u t  
a q d  to the radiw of the kas, R, and the laar wiU 
appear flashed only when viewed from an Mnib dir- 
tame. If r t  le^ thu R/m, the d u d  obtainad for 
d, io negative indicrrtin8 that f t ICSB than R and 
k t  the virtual sourca will not completely 611 the leno 
at MY riming dirt.nce. Hence, under thb condition 
Equation (9 )  t valid for all dirtrncu 

3. Cam 2. Projacton Having the Focus 
htworn tho Sourca 8nd tho Lons 

3.1 ILtvnrlnCnca Produced by a Poaitiwa L.nr 
If the dhuw from the soucco to the lau, g ir 

p a t e r  than the focal lmgtb of the lens, f, tbe syotem 
will form a r e d  image of the source a distance o from 
cbs lens, mi shown in Fig. 2 

Conmidm fint the c u e  in which the radiua of the 
image, r', is leu than he radiur of the lens. It u evi- 
dmt from Fig. 2, on whicb tbe limitiq rays from the 
edga of the l c ~  am shown, that the eatire knr wi l l  
a p  to be flrahed OUIY betran Cba pohb Pa Urd 
Pr. n# illuminance at a point on the uh is, u for 
lba flubed lam of ole 1, 

Ihc inverse quare law holds with distmca measured 
from the lenn to the point of otmervation, or meodure- 

E=rPLz/dl. ( d e i 4 d 4 d a )  (11) 

LENS 

mmt, and u betom 
I = TRLT. (de1 4 d 4 44 (13) 

When the lenr t okarved from P4 (see Rg. 3) 
where d t equal to or greater than da, the eatire 
image will be visible and the illumizunco at P4 ir 
Bivm bY 

& = IJ(d  - 0)'. (d  d a )  (16) 
I f  the ICM is viewed from a point P, on the axis be- 
tween the point PI d the lam, the entire lens will 
not be flashed, for rays from the ootar part of the 
lena to the image croaa the uir at or beyond the point 
PI. Instud, a zona of radius y will appear flmhcd, mi 

is evident from the limiting rays shown in Fig. 4. The 
illuminance at Pa win k 

E = +Lr/b .  (d 4 d,l) (1;) 
Since y = #d/(w - d), (18) 

& = T ( f ) % T / ( U  - d)' (d4d. l )  (19) 
or E = IJ(d - 0)'. ( d d d d )  (20) 
Notethat ( u - d )  d(d-u).~ebOLbrha&tance 
between the point of o k a r r t i o n  and the image 
formed by the lsar 

1.2 Ds(srmlnol&n of ;he Crwcal Dirtmum 
Far Lmra Forming R d  1nCrg.r 

If r' ir lesa than R, the critical dimmxs, d,, and 
d,, may be found by noting that for obaarvationr 
from P, (Fig. 4), 

Figure 3. Florhed xolw 0) an o p  
tied aptem jorming a red h e  
n+th the image betwcn the  pin^ 
a) obrcruori4n and the o b j d w .  

I 



LENS 

&ure 4. Florhed tone 01 an o p  
licd system forminu a r e d  image 
with the poin8 of obseruari4n ba- 
tween the objective and tL 
inroar. 

x, Y 

7 = d / ( ~  - d )  = d / ~  (1 - d /o )  (21) 
uul rubrtituting R for y, ud dd for d o k J a t y  

d ,  Ru/ (R  + W )  (224 
or d.l= Rw/(Ru + m). (a) 
Similarly, for o k a * . t i o ~  from f4 (Fig. 3) 

dQ = Ro/(R - mr) (33.) 
9t d e  = Rw/(Rs- w ) .  (2%) 

when r' t qd to or greatcr than R, dd bccowr in- 
finite, and ths l a m  is fl.rbed for all d- u=kr 
than de,. For thin condition, Equation (11) ia ap 
p h b l e  lor all dirt- greater than de,. 

S i m  r' = mr, 

nrhen t h e r o u r c e i r p l d  at tbefocor, 
8 = p, 

m and o become inhnite, rad +tion (22) reduca 
to Equation (4). ' f lut i4  

M d  dQ becoma iafinik 
a, =: W/f, (41 

3.3 M- oj B a m  A n g k  

wben rhe optical #y&Q form@ ul image4 tttorl 
or 4, of tbe loarce inatead of prod- a colli- 
d bum, and tbe point of obrmatian or amsure- 
ment t at a di.turcs such h t  tbu objscdw~ of tbu 
ryrhm is nat cmnpldy &rbed, ulgla of o h -  
tiOn 88 W d  88 the U l m  8?8 dsbrminsd, Will6 
tk dirtrncc between tbe image ad tbu point of ob 
m r t i o n  u a bme, noi the d a n c e  k w a n  tbe ob- 

8.4 A q m m d d c  Banu 

Throughout the pmwdiag dtcuwlon it hu h e 
m d  that tbu optical #yrtsm ia rotrdody qm- 

disk or rphericrrl root~d and an optkd systm cam- 
metric rboot tbe optical ub of tbe qrtslll. npr, a 

LENS 
\ 

POINT OF 
OBSERVATlON '. 
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poml of spherical elements have beQl msumd. In 
ruch rystanr the bum pattern is tho same in every 
pl.w containing the ut of the optical systan. 

However, l i g h  having unequal vertical and hori- 
a o d  npmda M often required. Tbs# tm- 
qual bum rpmds  may be obtained by airy wimm 
in which the width (the dimension in t& z direction! 
and the height (the dimension in the y direction) am 
not qual and/or by adding cylindrical duncntr, with 
the uu of the cylinders puU to tbe 7 or t ut. 
When cylindrical elcmente are mal, the image of tbe 
souroc formed by a narrow d o n  in the y direction 
through the center of the lens wi l l  not bs the umo 
dirtrmx from che luuu the image formed by a oar- 
row d o n  in the z direction. Th.1 is, the projection 
of the image of the source on tbe y pl.D. will not 
be in the rune position u the projection of the inup  
on tJte x-z plum. Under thew conditionr tbe u p -  

V~IKS.  "he appliubla quatiom of Section 2.2 M 
applied to debnnim if tba viawing, or tat. dimtanw 
exceeds the critical distance miry the dimsplioar of 
the projection on the x-y rad the w planes, in ttyn, 
to determine d., and d ,  +dy. 

jcction rystem forma a d3rtorl iuuge, 

or 

W h  

tiona of the type & V a l  Mor wil l  give approximate 

Tbor,frOmEqutioa8(14a) rad ( 1 4 b ) , i f t b e p  

(25.1 dn = prJ(9 - 49/0,), 

dm = Pw, (@r - 9)  

Y t cbe dimenrion of the lem in cbe y * 
9 is tba dimension of the souma in tht ptas, 
.od therabreripty rafsn to quultitisr m c u t l l d d  

in tbez7phm 
Similar equations CUI be written for d,  w h  Z, 'i, 
and the sukcript t replace Y,?, and dta rtlkctipt 7. 

If the obrervation di.c.nee i s  l a o  thrn &e critical 
distance in both & e x 7  ud &e x-z pl.ar, tb.1 ir, 

4 

Equation (8 )  m a y  be written u 

and Equation ( 9 )  may be writttn 1) 

Equation (27) may be considered .I &e definition of 
intensity under chae coaditiom. 

(Zsa) 

dAd, 

d h d ,  

I ,  = Iflmlm.+, (26) 

(m IC = E (01 + d) (w. + 4. 
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Similarly, if 
d L d ,  

and d a d ,  

Similar ~ p t i o ~  can, of course, be written intQ. 
then IC = E (0. + 4 (4. (28) 

h g i n g  the y's Md the 2'8. 

simil.r expreMiona CIO, of Com be devdopal 
for ryatems whicb form rcaI h a p  in either or both 
plana by uaing the terms ( w  - d )  or (d - v )  in 
plam of Iv + t i ) ,  a* npplicrbla 

36 Experinnntd Confirrnedon 

"be principla developed in W o n  3.4 ware a p  
plied to a cell of the F r a d - k n s  optid lurdiry 
system. The d bu a l u m  with vertical cylindrical 
elements forming a d image of the aourca ahad of 
the unit to produce a wide horizontal rprud, with 
the following dmensioas (approxinub) : 

2 

i =0.38iaCh 
(I, 

u# =24iacba 

= 0.16 inch (22 t tbe width of o m  cylin- 
drical dawmt) 

= O S  inch (computed from daigr Lmun 
~ P ~ ~ 4 O k - )  

From thew dirwnrions it in appumt that tbs 6rst 
critical di8tt.m in tbs x-t (horisod) plum, da,  b 

which there is an appredab spread.) 
very small (ma is a d y  h c u e  in t&plrw ta 

From *tion (a) , 
d,, = 0.48 krch 

The second critiul dbtmm io the h o h d  plu# i s  
also very d. From Eqtutioo ( B b ) ,  

dd=O.Slincb 
In the x 7  (vertierl) plane, tbe optid ryamn fmmr 

a virtual inuge of the w01vcd 150 feat behind the Imr 
Pertinent dimcnrionr q a  u follows: 

Y = 0.4 foot approximately 

w, =150fad 
4 = 2 % d  
m, a 7 5  
r', xm&=0.2foot 

9 = 0.003 faOt 8pPtOdnutdy 

s~nes r: t lar th.n r, tbe lear a - be - 
plaely flashed in he 7 d i d o n .  

"be relation bshram ill- produced by tbs 

(29) 
#ydC!l#l 8nd &e bk b 

I = E (u, + 1) (1 -*a) 

I = I (150 + d) (1 - 0.00) 
or 

wheradbinfe  
Or, r k  w. b my d coolpusd to trpiCrt 

valua of d, 
friC(150+d) (4 (30) 

Maruranantr were Mde at duea diatmmm of tb. 
illuminance prodoad by a F d - b n r  opdul lud. 
in6 system cell rad tbs lomino0 intensity w u  eaa- 



p w d  by Equation (27). Rcsults are given in Table 
I. 'The conristcncy of the values of f is surprisingly 
M 

3.6 PrreuCrrl ConrUerorlons 

3.65 Simplified Eqwtwns  

Although the equationr which have ban devcloped 
describe die prfornrrruace ui a prujaror, r b q  arc in 
formr which often arc too complex to be OKd to bat 
advantage by the photometriet, who, given the tuL of 
determining the intensiq distribution of a projector, 
d s r h  only sufficient infomution to parnit him to 
choae a photometric d ~ t a -  greater &an the criti- 
cal dirsma. Often he ia ~~TUII v u y  little information 
cona rn iq  the design parmetera of rhe projector. 
Tbc rslatiow given below contain only parmetera 
which are euily m c u d  

Coarider first a projector which forma a rirtwl 
image of the ~ ~ u r c a  From Equation (14r) it b evi- 
dent rbrt 

d, Rr/r (31 ) 
Hema, if tbe pbotometric or obraration dttMcr, b 
kam than Rr/r ,  that is, if 

d < Rr/r (a) 
the entire Im b w &rbsd md i l lumhnw van- 
inmrely u tbe quam of the dtt .acs to the i m y a  

Tbr objsdrs of a projector f o d q  I d hago 
oftheroores will appear flvbsd at all dist.aca 
to or greater than tbe image distance if (and only if)  
tbe radium of tbe image is qual to or greater than rhs 
raditu of the objective. Hence, 

r' = n / u  R 
a 

u a Rs/r. (SI 
morny be decermincd -ay (Ibe dirtama 

from direct obrsrration of the position of be he) 
equal to or greater than Ru/r, i l ld-  ruia in- 
v d y  utbe quare of the - from tbe objsc- 
tire for dl dirtrnca greater th.n tbe kays dtt.aos 
0. 

(see Fig. 2) that, if the condition of rdrdon (33) b 
met, tbe ob/sCtive ma be flubed for diemcu h ths 
range v/2 to v iaeldrs .Ira. 

He-, When a rUl b formsd O! 8 did.m 

It b apprnat from rimple 6eom&c rdrtiom 

3.63 Application I7 Spread tCmu 

Yrojccton often contain lens drmeatr to i n c r ~ #  
the bum spread of the light from the projector. 
"hew lenr elementa form imaga, real or T i r t U d ,  
which are too mall to flub the dement. H-, d b  
tance rhould be measured from the position of the 
image. (Note thsse elemmtr usudly are u]nnmCbic 
and the image distances in the 7 and z plana are dif. 
fermt. For simplicity, only one plum b truted hera) 
The geometric relations of there spread dementr am 
illustrated in Fig. 6. 
The angle d,  in dcgreu, is commonly d e d  tbe 

bum spread of the lam. Tbe dation banes~ imaga 
diatom and k a m  spread ir 

= ( 6 / 2 )  ~ b a  ea (34) 
when b b the width of the rprerder alamenta. 'flu 
following approximation b rof6cisatl.J accauote for 
moat porpo#. - 6o6/e (fs) 
w h a r e i a f n -  
Note that rhea I rprad  lens is mad, e d  rprsrdco 

a b e n t  rctr an a reprrrte projector, and that l a d y  
tbae elements will not k armpletdy &rbsd at pme 
tialobrar.tioa dirt.bek U& tbae eooditiool, 
dirt.- A d d  p i 7  k msllftnad trom tbe &- 
rgaprodoosdb7tbaOrpraderelielda witbthe 
mama1 projectom, v fraormrll in c c a p u k m  to dthrt 
somi6nifiua W r w  maIra w h  tbe term ( 0  + d )  b 
mphadb(I. F o r ~ d d S r 1 6 v e - c k g m  
rpnrd lam ritb cyubdriul elumatn om incb rida 
FmmEqrutian ( f s ) , e I r f o a n d t o b s 1 2 t r b a  A. 
*sir :J I ntbsr - cp.mpls, I win d y  be 

t)repho(oa#hic-uetbea: 

eampriroa to dw icnys dtc.ncsv. 

t o t h e h m p l d  ofthe light. 

k th.a thk Ibe CThdI  dtbnlhild~ 

1. ~ ~ ~ d , a h d d b e l u ~ i n  

2 ~ ~ ~ o f t b e l i g b t o n h f r o m t h e  
point of mas- &odd be anan in eomprfroa 

RAYS FROM 
PRIMARY OPTICS 

I 

i 

SPREAoEd ELEMENTS 
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Instead, he sirs of the mdket lepuable k n t  of 
the filament ahould be wd.* Tbe smallatt separable 
element will usually be the filmeat wire ibdf but at 
t ima  it will be the hdix. "be dimsariom of kth the 
filnmsnt wire md the b& must k comidered, as 

eeparate turns of the filuncnt wire may be d ie  
ami& from the central put of reflector while 
only the helix may be discernible from the outer part 
of tbe d s t o r . a  

3d.4 Rpplieorion to Objectivu 
Oj Small f-Numbcr 

Tbs development of the equations of this rqmrt io 
I d  on cbs maumption t h ~  the radius of the ob. 
jstira is m a l l  compued to ita f d  kngtb. In prac. 
lice, the mdiua of theobjectimt often m h r p  u or 
larger tb.n the f d  length. Frequently, when ap 
plied to projection n p t u ~  of &a latter type, thew 
quatiom yield m u l b  eafhdently occurate for engi- 
neering purpoea if tl urd u are msywd to tbe most 
t l i h n t  part of the objective irtatead of along the a& 
of the projecdoa qatem.c*@ 

~ l u r i o n  

A review of the h t q  tbwry of the phot- 
etry of projecton hu ban Ill.da Urn wm nuds of 

simple geometric relations to develop equations re- 
lating distance with the illuminance produced by pro- 
jecton. Particular attention has ban given tn prujec. 
tors producing noncoltimated &am and to the etiect 
of spreader elements in the optical oystem. Equations 
have b a n  developed r-lating critical distance to ths 
tadiua of the aourcc, the radius of the objective and 
the magnification of the system. Equations applica- 
Me to asymmetric beams hnve been stated. The agree- 
mart batween v d u a  computed from has relationa 
and direct mcmmnmenb is very good. 

The photo met^ of the Fmnel-lens opti:al landin@ 
ryrtem w u  performed by my colleague A. C Wall. 

R ~ l l C O S  

I 
\ 
I 
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Photometer for Measurement of Effective 
Intensity of Condenser- Discharge Lights 

By CHARLES A. DOUGLAS 

1. Introduction 
In the past, nieas~:rements of the effective inten- 

sity of condenser-discherp !ig>ts h v t :  gellei  a& 
been made by two methods: (1) coupling the output 
of a phototube to a cathode-ray oicilloscope, photo- 
graphing the trnce of the instantmeous intensity 
against time, integrating the area under the curve 
and computing the effective intensity; and (2) 
charging a capacitor by the photoelectric current 
generated by one or more flashes and measuring the 
voltage developed with a vacuum-tube voltmeter. 
Both of these methods are time consuming when 
intensity distribution measurements of a projector 
with a flashing source arc being made. In  addition, 
when the source is a condenser-discharge lamp, 
there has often been uncertainty about the accuracy 
of the correction of the spectral response o f  the 
photometric system to the CJE standard observer 
luminosity function ; the sensitivity may be so low 
that short photometric distances are required ; al- 
though the lrverage photoelectric current is low, 
peak currents are high, and, u n l e ~  suitable precau- 
tions are taken, the phototube may be saturated 
during part of the flash, destroying the linearity of 
the syrtem. A method that will allow measurements 
of the effective intensity diatribirtion of condenner- 
discharge units producinp repetitive flashes to be 
made and recorded automatically is very desirable. 
The development of such a method, designed to 
avoid diflculties of the types described above and 
mrking UK of commercially available equipment, 
wherever possible, is described below, 

2. Effeetlve Intmrlt]r Photometer 
The cflcctive-intensity photometric system is 

shown rhematically in Fig. 1. The test and stand- 
ard dirtances, the intensity of the standard lamp, 
and the transmittance of the wctor disc are chmen 
so that the average illiimination on the photocell 
during calibration is of the name order as the illu- 

mination from the projectors under test. The sec- 
tor disc was used to obtain flashes during calibra- 
tion wbbh had roughly the same intensity-time 
relation as the flashes from the lights under test. 
( A \  will be shown below, this latter condition is not 
iircessary.) With this system it is possible to obtaiu 
in approximately three minutes an intensity distri- 
bution clime of a projector using a condenser-dis 
charge lamp which produces repetitive fleshes. 

Light from either the test unit or the standard 
lamp falls on a diffusing glaes so that the diatribu- 
tion of illumination on the photosensitive surface of 
the phototube is independent of the distance of the 
light source. A small aperture in front of this glass 
is used to control the illumination on the phototube. 
The light then passes through the luminosity dlter 
to the phototube. This dlter is so designed. that the 
spectral response of the phototube-fllter-diffusing 
glass combination ia essentially that of the lumi- 
nosity function of the CIE standard observer.’ 
A type PJ-14B phototube is used because it is 

stable, it bas a b w  dark current, rnd its relatively 
flat spectral response simplifies the design of the 
luminosity filter. The correction for the spectral 
sensitivity of the phototube by the luminosity dlter 
is suftlciently accurate for the photometry of any 
non-chromatio (“white”) light wing an incandes- 
cent lamp or a conventional flashtube. The lumi- 
nous sensitivity of the phototube-fllter combination 
h sufllciently high BO that the photometric distance 
may be made M lalge as necessary. 

The output current of the photptube b sinootbcd 
by the resistance-capacitance network 80 that the 
phototube will not be saturated and the d-c elec- 
trometer-amplifter will not be overloaded during 
the flmhes and so that output current will be qum. 

ciently stable to produce a smooth curve on the rc- 
cording potentiometer. The output of the aystem 
t ,  of course, proportional to the average photo. 
electric current and hence to the average illumina- 
tion at the phototube. 

The Qeneral Radio Type 1330A d-c ampliflcr and 
electrometer in operated with ita “Qroirnd” switch 

hms(saity IHn ww dalm4 b Yw. t W i n d  .I * a  Xatlnsl 
borrar of Sundardh 
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in the “I“ position. With this arrangement, use of 
a ringlc capacitor a c m  the input of the instrument 
u anoatisfactory bacause the feedback in the imtru- 
ment produces low-frequency oscillations (of the 
order of 0.1 to 0.5 cpa) in the output. A network 
of the type shown eliminates these oscillations. 
With the “Ground” switch in the “E” position, a 
single capacitor a c r m  the input may be used The 
time constant of the circuit is then a function of the 
capacitance artom the input and the input reniat- 
ance selected by means of the “Input Resistance” 
Ditch of the electrometer-amplifier. The arranpe- 
mcnt rhosn is considered preferable unlesa very 
long time constants are required, for the time con- 
rtant is nlativelp independent of the input resist- 
ance wlected and may be readily adjusted by 
changing the oaliiea of R1 and Rs. Ordinary carbon 
m i s t o n  are mtisfactory, but capacitors with very 
hiah leafapr-mistance are rquired to obtain sta- 
bi1ir.v of r~librrtion. 

The elcctrometer-amplifler h desimed to operate 
an external flve-milliampere full-wale meter or re- 
corder. Slowever. the recording potmtiometer avail- 
able had a floe-millivolt full-male range. b a d  re- 
rirtor R,, is uw7 to obtain a lruitable input Nigna1 
for the rrrording potentiometer from the output 
current of the clcctmmetrr-amplifler. It alno pro- 
vides a ronvrnicnt meann of makini rmall adjunt- 

ments of the over-all aensitivity of :he photometric 
spatem. The minimum value uned for RL ia one ohm 
in order that a full-scale reading of the potentiome- 
ter may be obtained before the electrometer is over- 
loaded. 

3. Thwty of Operrcloa 
The method of obtaining the edectioe intensity of 

a condenser-diacharge light flashed at a known rate 
from measurements of the average intensity is de- 
veloped below. 
3.1 Definitionr of Tennr and Sumbolr. 

dcflned M follows: 
The terms and aymbols used in thin paper are 

I the instantancous jntendty of the test light - during a cycle 
Z the averrga intensity of the test light daring 

a complete flash cycle 
I, the rffrctive intensity of the test light 
I. the intensity of the standard lamp 
T the transmittance of the nectar diw 
D the distaore between the test light m d  the 

diffusing glw of the photometer 
d the dirtanre between the ntandard lamp and 

the didusing RIMS of the photometer 
r the time in necondr nquired for 8 complete 

flash cyrte 

I 
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R the recorder reading for the test source 
R, the recorder reading during calibration with 

the standard lamp and rotating sector di.w. 

3.2 Basic Relotions. 
The effective intensity is defined aq 

/ “Zdt 

0.2 + 12 - t ,  

I ,  z* = t (1) 

/ “Zdt 

0.2 + 12 - t ,  

I ,  z* = t (1) 

where t l  is the time in seconds of the beginning of 
the flash and t2  is the time of the end of the flash. 
An equation of this form w(w ant  suggested by 
Blondel and Rey but has rarely been used.l 

The times il and 12 are chosen so that Z, is equal 
to I at these times.’ However, if the effective inten- 
sity b mfRciently small in comparison to the in- 
rtantaneous intensity over most of the flash then 

L r I d t  may be replaced by I d t  without intro- 

ducing signiflcant errors. In  addition, the dash of 
a condenser-discharge light is ao short (generally 
l e  than 0.001 second) that 12 - It is negligibly 
rmall in comparison to 0.2. 

lo’ 

Therefore equation (1) may be rewritten M, ,. 

1,=5 F d l .  (2) 

[ ‘ I d t  - J O  
But I=- .  (8) 

Therefore z, = 5 TI. (4) 
T 

Xote thrt t, the period of the flab cycle, must be 
known, and mas t  be rtable, to the name degrea of 
accuracy M ia dtrired for the efYecthe intensity. 

The time constant of the input circuit in suf% 
ciently long ao that the recorder indication is nearly 
rtcady and proportional to the average current of 
the phototube. During A flash the photoelectric cur- 
n n t  charge# capacitor 0, and the.v~ltage a r m  the 
phototube ia not decreased appmiably. Hence the 
phototube doer not mturate and the photalertric 
current in at all times proportional to the illumina- 
tion on the phototube. 

Therefore, the recorder reading ia Riven by 
ki 
D d ’  

R = -  (5) 

where k is a constant of proportionality which is a 
function of the expowd area of the dinusing plam. 
the input rcsistanec of the d-c &mplitler, the range 
on which the amplifier is set, the load resistance 
ncrm the output of the smplifler, and the scnritiv- 
ity of the recorder. 

Combining equcltions ( 4 )  and ( 5 ) .  

I ,  5rD1 

R k  
( 6 )  - --- 

For ease in interpretation of the recorder charta, 
the ratio I , lR  is made the product of either an 
inttyer, or the reciprocal of an integer, and an 
nppropriate power of ten by adjusting the parame- 
ters of the circuit to obtain the proper value of k. 
The recorder chart can then be gradiiated in a con- 
venient number of effective randles per chart divi- 
sion. 

3.3 C’dibratian. 
The calibration of the photometric system to ob- 

tain the proper value of k in accomplished by meam 
b! a standard lamp. 

k1, T 

a 
R I,T 

1, @ 

(7) - Since R, 7. - 

(8) 

A value of Z.lR b chosen and the parameters of 
the photometric system are adjusted to obtain the 
dtlrired R,. The aperture of the photometer is kept 
rumciently small M) that the phototube will not bq 
atwated dnring a flash. The electrometer-amplifier 
ia generally operated on the 100 or 300-millivolt 
mnge wing an input mistance of 10‘ or 10 ohms. 
The maximum output of the instrument b kept 
near, but below, the design maximum. Final ad- 
justment of the calibration is obtained by adjusting 
the value of the Resiitor, RL, nerosa tbe nmplider 
output until the rcltws drop a c m  thh resistor 
drives the morder to the desired reading, R,. 
3.4 PerformaMd 2’8818. 

The photometric v t e m  WM calibrated by meam 
of a standard k m p  one meter from the photometer 
rad  tho  2-aperture Rector d i m  having tnnsmit- 
tanees of 0.0098 And 0.6252. These mtor d i m  were 
n u d  M designed and alm with one aperture 
blocked, reralting in trannmittanrca of 0.0049 and 
UB126, The d b  were driven a t  spcedn of 80 rpm 
and greater. Under these conditionr the vrriatiou 
of the illumination on the photometer during the 
time of exposure approximater that obtained with 
condenrcr-dinchrrge lnmps. KO measurable change 
of mponne with variation in speed of rotation of 
the *tor dines from 30 to loo(1 rpm WM found. 
The rrcoder readings were p~oportional to the 
four transmittances of the m t o r  d k n  within the 
arruracy with which the recorder chart could be 
read. 

Mrmurements have been made automatically of 

R, = 5 s P  - -. then 

627-207 



Amre 2. Typical horizontal and venlcal 
t ~ l k ~ l o n ~  made automatically with l e  effct(ive-inim*iiy 
photometer of  a proleetor with a flash mtc of IWO per 

m n d .  

the intensity distributions of a number of projec- 
tom which use condenser-discharge lamps. The 
light under test was moiinted on a goniomcter to 
permit rotation about a flxed horizontal axis per- 
pendicular to the photometric axis and about a 
rccondary axis perpendicular to the first end 
initially vertical. Thew angles ere referred to an 
“ v e r t i d ”  and “horizontal” respectively. Traverses 
were taken y driving the goniometer and the re- 
corder-char 1p drives with synchronous motom, thus 
recording the intensity of the light a fuirrqon of 
the angle from the axis of the light. The sped of 
the goniometer drive waa 7.5 degrees per minute. 
This speed wan rufflciently slow so that the photo- 
metric system could follow the changes in intensity 
even with the long time comtant introduced by the 
rmoothing netwc-k in the input circuit to the d-c 
amplifler. 

Examples ol thew measurements are shown in 
Figs. 2 slid 3. An shown in Fig. 2, when the flash 
rate is two per reeond, the time constant of the 
photometric system is sufflcient to smooth the 
curves no that the effect of thc individual flashtr i8 
not shown. However, M shown by Fig. a, when the 
flash rate is one per sccond, the effect of the indi- 
vidual flasher ia visible. This elYect could have 
easily been rcduced by lengthening the time con- 
rtant of the nptem by increming the value of RI 
and €ir. However, the time constant would then 

\ 
here been so long that the scan rate of the pniome- 
ter W O I J I ~  have had to be considerably slower‘then 
the 7.5 degrees per minute rete used when these 
figures were recorded. 

4. Diacuraion 
The photometer system described htre is, of 

course. not limited to the photometry of conci,mer- 
diocharge lights only, but is applicable to any light 
having a flash duratior. of less than about oiie niilli- 
second (between the times whrn the intensity is 
about 5 per cent of peek intensity). The effective 
intensity distributions of lights with flesh cluretionn 
somewhat losger than one millisecond ( u p  to about 
0.01 necond) can often be recorded automativally 
with this oyntern if a suitable correction factor is 
included in the calibration. This factor is the ratio 
of the effective interinity computed by equation (1) 
to that computed by equation (2). 

The components uned in the system described 
here can, of course, be replaced with components 
having nimilar charactcristicn. Thore lirted Fig. 
1 werc uwd because they were reedily available. 

R c f m n c n  
1. I14 fA#AfCu Ranlbwk.  k e d  Edition (1BSa) llrcllon 1. 
t .  Blondel. A. an4 Rq, J.:  J a r r n d  h f A # r ( q r r ,  1 ‘ I lb  Iktln), 
wa iisii). 
a. DOUEI~B. r. A,: “caputat iom of tho tffWtiTD la(uriu. .L 
)?.dtlni I .khti,“ I L L V M I ~ A T ~ N O  CN~111188lw1.  Vol. LII. No. 11 
1D.rmnb.r 1B6?) 
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Effective Inten;i)y of Flashing Lights 

. 
u 

F t . A P i i I S n  liglits arc i n  widrsprmc? 11sc Rs 

signah, markrn riid warninp berarjse of their 
distinrtivcwcw i i t i t l  tlicir siipvriority nvrr stmly 
burning lights in attracting attenticin. Complete 
evaluation.of flashing lights or lighting systrms 
employing flashing lights iiriially rrciiiires thr 
neighing of many factors suc-ii as configuratioii, 
background. information to tie presvnted, ete., and 
may involve romplcx, elusive, ps~3‘c4iologicnl ele- 

.‘\ 

mid cvclluuliuii o f  lhd i i ig  light-. 
The evaluation of tlir vfT td i \e  iiitriisity of ’R 

fla*hing light is rrlatively vasy untlrr some condi- 
tions and very diffirnlt iinder others. If the flash- 
ing light is vicwrd under contlitiona such that the 
illuminenee at tlir i h w v r r ’ x  eye is  at or very nrar 
his viuual thrmliold ,thrn the prohleni i w  relatively 
simple. For thrrdidtl viewing, Rloridrl and Rey 
defined thc effrrtiw iiitrwitg of A flashing light aq 
the intensity of A atrady light whit*lr is seen at 
thresnold under the name eonditionn. The erprri- 
mental te~4iiiiqiii~~ for awwtniiiiri~ I he thrrsliold 
for n hteady light niny be iisrd to drterniinr the 
equivalent threshold for a flr4iing l i d i t .  If, how- 
mer, the flanhing light is viewed undrr conditions 
in which the illuminance at the eye is above thresh- 
old, and mpwially i f  it is far  above thrmhold, it in 
difKcult if not impmible to exclude from any j i r r lp  
ment nq to effrrtivc intenxity psyvholopiral ele- 
menta which are not present at low levels. Ob- 
wwem flnd it difficult to distingiiiwh between the 
judgments “equally intense” and “equally irritat- 
ing,” In spite of this dificnlty, the concept of 
effective intensity ha* h e n  extended to r k e .  
thrmhold viewing. and has hren found nwfiil at 

.- - . - . - - - - 
A p a w  pnWst4 rt ihr Ilrtlnnnl Trrlislr?l Cnnbrrnrr of thr 
I l laaln~Un# C n r l n d n c  Rnrirty. R W r m h w  0.13. 1867. Atlmttla. 
01. Aosnol: Yho(onrtry 8114 f:hrrnirtr7 6. I lion. Saliiinnl llurrru 
of Rlaadndm, Wmhlnrlnn P. F ThIe rwr  n m  pr*p.,rrd n. I pnrt 
d rh. rovk 11 thr drtrlniwnrnl ad qtrrmft 11gIt t i tu~ rondartrd 81 Ihr 
Na~emal  l h r n u  of I1an68rdm unilrr m)mnmarmhlp of tha Bureau ~1 
*maracln. ArcwW by tbe Papm Commllirr of I.L.8. oa 
’hamrutk. d lho Illunlnmtln# Cm#iiurrln# Lkrbty .  
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lrast at rvliitively Itrw ir\.cII, thnt i.c, I I ~  to allout 
twenty times thtesholtl. The expriinriitwl t w h -  
niqtie for above-threshold rnrawrenwiit5 of rffwtiur 
intensity involvcs the comparison o f  41 flwliirlg ntid 
a steady-burning light, one of wliivli i.; varied in 
intensity until thi! obwrvrr rrporis apparently 
C ~ I I R I  iIitfBit4tV. Such j i i l l v m w t s  nrr diReuIt to 
mekv, reqiiiritig AS thry (lo tlir rqtii~ting of pro- 
f’otiiitlly rli-~iniiliir aplirnrnnvrs. The r c d t s  of 
above-threshold measurements indicate thtlt the 

level of illumiiianre a t  the eye, and is t h w  fiincla- 
mentally different from the intrnsity of a steady- 
burning source, wliivh is a flxrtl prliprrty of A light 
nourcc, ecurrntially independent of the viewing van- 

usefill only at the lower levels of ilhmirinnre at  the 
c.ye where thr fundamental ahilitp 111 YPC is of great 
importwire, RO tlint thc ilifli1.iilt.v q ~ t ’  making inten- 
sity jtir?gineiit% t i t  higher l evr ls  iniiy riot  have prac.. 
ticia1 implirat ions. In i tu.~.~ve:it  ail? measure of 
rnivtive iiitensitj of flashinx lights- related 
t i ,  tlir viewing c*cinditiotin. and the iirr of  the &In. 
wpt shoiil~l 1.e avoided a: high lewlo of illtimi- 
imiirr. 

i 

effective intensity of a flashing light vsri?s with the ! 
f 

, 
dition. The concept cf “effective iritensity” may be i 

3 

I 

1 

y 
; 

Claesiral Work of Blondrl and Rvy 

Thr exprrimcntnl work rcportrtl liy r{lontlt*l aiid 
Hey in 191Ii conai*ted of A wrieq of cli*trrminationi 
of threshoh? illrirnirianre n i t l i  t1 iv  111tw*i \er* virwing 
A centrally Rxntrd point nwrw or iitmiidew-iit- 
lrimp light \rliic.h W A ~  flawlied w i t h  o dit i t irr  a! w n .  
trolled dtirations from 0 001 to 3 qcvniids. The 
wave form of the flash WAI approxiniiitrly square ; 
that is, thc light appeared nt fi i l l  iiitrtidy a t  thc 
omet nf thc flnsh, remained at fidl iiitwsity fnr the 
duration of tllc flanh find then fe l l  ntiriiptly to irro 
at the end of the flrvlh. For each flnsli duration, 
the intensity of the light i v m  varird to eqtablish 
the threshold. The rwults of the experimentn are 
shown In Fig. 1. 

The ortlinatc of a p i n t  iu thr rntio of tlir energy 
nf a threshold tcvt flanh to the twerpy of a three- 
qerond thrnhold flrnh, exprmed nq Et/REa, where 
E iq  !lip jiiqtnntntiroiiq i l l ~ ~ r n i ~ i a ~ ~ ~ ~ c .  nt the rye iliir. 

inp the trvt flnvh and E ,  ia the inutrntrrteoan illn- 
niitiniire nt thr eye during the three-wrond flash. 
A three-second flesh wu c h w n  for comparhn 
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FLASH DURATION. ?, SECONDS 

Figure 1. Ratio nf trrl darh mcrfii  nq&d for #hr&- 
old excitation to rnrriy nf P chnshold flrrh of 3 mtunds 
drralion a# function of k r l  f l ~ &  dumaion. (Blondel 

and Rcy). 

, _ _ , _  . - 0- - 
bra," with abaemcm in tlillcrcnt ~ h t m  of dark 
niltiptntioii,7 with ol~ucwntions rii;tJt* i t 1  pcripht!rnI 
arcm of the retirin,@.v.10 nrid with tlirtwrrt cwlorx.@ 
Hcsrarrh work on t!it% r tw! ion  h t w m  r.ffwtiyc iu- 
trn<ify niiJ [lie. n x v . e ~ t n i r  -WIT+ fki41r;- osircmcly 
short dtir;itic~ri%; $hc_!evrl of illiitiiitifttiw fit  the o b  
srrwr‘s cyc, nntl lliish rrptitio,ti rate will be ‘div- 
crisscd in detail Intcrr,.-In atlditionto tbe inveatiga- 
tiom-mhkh-hwe b e & - n w ~ + .  .less dircsctly_can- -1 

ncctcd with cffwtivc iiitrwity, th&! have  brcii n 
niimhcr of atvdicg o’f niorc: complex risiial problcmv 
roiinectcd Kith Ravhinr lirht s h n l s  in which o f f w -  

tive intcn-itg plnyrtl nn importnnt part.ll.l? Sui!h 
studics heve yiclclcd r w i l t s  ronaonnnt with thr 
I3londel-Rcg eqiration. . . . , 

.. - - .a - L ... 

3 - --.- 
Andpis  of the Blondcl-Rey Equation 1 

i The Blnndcl-Rt!pcquntion has been found to 
have such widespread applicability tlist i t  might 

with the test flash as representing a duration suaR-  
cicntly long t l i s t  the cffrctive intensity would be 
closely cqrial to tlic iritensity of the same lamp 
burning steadily. The nbscissas are the durations 
of the flashes. Blondrl acd Rey found that a 
straight line could be fitted w r y  well to the erperi- 
mental pointr plotted on the graph, and that the- 
quation of this line could be expressed in the 
form : 

E .  f 

. E .21+ I 
-=- -- -- . 

where. E .  is the thrushold illuminaircc for a steady 
cource and E is the illuminanec during the time t 
of r flashing light a t  threshold. If it is kept in 
mind that the cqantion applies to threshold illumi- 
nnwxunder. a ~ ~ e ~ L x ~ i n g  condij.ion+.then 
intwsity may bc used interchangrnhly with illumi- 
nance : .--- 

R, I .  I 

E I .21+1 
81ld one may refer to the effective intensity an a 
property of thc fiavhing light. 

The BlonJcLRey cguatian han been inratigated 
extensively since 1911 by Blondel and Rey them- 
s e l r ~ , 1  and by many others.J.’*a (The r e f e r m r .  
cited above and in what follows are not intended to 
be complete but are selcetcd a1 illustrstivc, or an of 
npccirl importance. Work done prior to 1911 was 
rummdsed by BIoncleI snd Rcy,l rnd many arldi- 
tional teferrncec r i l l  L6.found in the other refrr- 
cnrm Firen in thic pnpcr.) The vnlidity of the 
rqua tion has brnn pIicrally acll cntnbliqherl, not 
only iindcr fltc vpcpinl conditions studicd by Dlon- 
rlrl nnd Rry. hnt rlso with soiirrcs of difcrent 

- -  ----- 

E J 
- its specialized aspects. I ts  simplest general exprc+ 

sion (for fln-he8 of sqiinrc Wnre form) is .-. 
I ,  t 

(1) z o + t  
where I, is the effrctive intensity, 1 i s  the iastan- 
taneous intensity during the flash, t I s  the duratioii 
of the flash in seconds, an11 a is a eonsinnt. Tlir 
value of a found by Blondrl aiid Rev, 0.21, iiau bwrr 
eonfirmcd by siibwqtient work, althoir:.h thc i i i -  

lrrrent imprecision of experimcntnl work in t1)i.c 
fidd mnker it dcnirntlc to rorintl tlrc constant to  
0.2. As will be shown latrr, the constnnt a nppenlr 
to decrcnso as the lcvel of illriminance a t  the eye 
increnscn, with the value of 0.2 repwwntirig it9 
mnximum value at threshold illuminancr. 

Far piirpow of analysh, mcthods af flashing 
l ighb mny b4 clividcd into two cutrgories. In the 
firnt, the light is burned steadily, rnd flaqhing is 
obtaincd by ocrriltinc thc light with n shiittrr nr 
nimilar dcvice no ns to concrnl tlir light from the 
obncrver except during the flash intcrvnl. In thin 
mc thd ,  thc light from the .wiircc is not visible dur- 
h g  the dw!: intrrmls nnd the lriininoua energy 
cmittcd during the clnrk intervnl, as well as the cor- 
responding ciectricni or other form of ciiergy which 

- - p d u t t s  it, mny bc considctcd “ w n s t d ”  I n  the 
accond caLepory, the light mwce is enrrgired only 
during thc “on” interval, no wlicn flnshcn are pro- 
duced with nn clrctricnl nwitcli, nr by diwhnrping 
thc clcrtrirnl cnerpy Rtarcd in r coiitlenwr Lrto IAII 

electronic flnsh lnmp. Flnshca protliirctl by thcsp- 
mcthoclc tlo lint irivolve “\vnstcd” riirrgy althoagb 
tlic cnicienry of irtilixntion of eiierry mny vary 
with the type of light sourcc nrid tlic mrthoct o? 
protlwing the fliixli. Flnslirlr prdiic*etl by wi l ln t -  

-=- 
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t i u  or rotating uteady biirnilig light are considered 
to belong in this wont1 category, since the light 
e n e r n  is fully utilizrd \\!ken, as is usually the caw, 
all the direction8 swept by the beam are of impor- 
tance 

Fig. 2 gives curves of the Blondel-Rey equation 
for flaahing lights of the 5mt category, where a 
iteadv burning light of intensity Z is exposed for a 
time t ,  yielding an &ctivc? iztecsit; r.. TZr cbcs. 
tive intensity for extremely short flash durations 
approaches sera, increases rapidly M duration in- 
cream, and flnally approaches the steady intensity 
I uymptotically as duratiom kame relatively 
long. According to the mathematic8 of the equa- 
tion, it would take an infliiitely long duration to  
rh ieve  flill equality of I ,  and I ,  but for practical 
purpoler the two are equal when the duration is of 
the order of two or more neconds, depending nome- 
what on illuminance level. The relation between 
illuminance level, as represented by a correspond- 
ing value of 5, and effective intensity, is shown in 
the 5gure. For  example, for a duration of 0.2 
Kconda, Z, is about 50 per cent of I a t  threshold 
when o = 0.2, but about 90 per cent of I when the 
illuminance k such that a = 0.02. Thm, if a given 
flu& of light appeam q u a l  in intensity to a given 
~ k d y  burning light when both appear to be at 
threshold, then the flashing light will appear more 
intenra than the rteady light when the conditions 
of o b r v a t i o n  are mch that they both appear to be 
well above threshold. This effect may explain a 
number of apparently anomalous 5eld obaervationn 

\ 

wherein comparisons between flmhing and rtc-rdy 
lights or between fleshing lights of very different 
flash durations do not give the lrme resulta when 
the comparisons are made close to the lights and 
itluminancea are high M they do a t  considerable 
distances where the i l l u m i h c m  are very low. 

For flashing l ighb of *e recond category, where 
there h no “want.8” energy, a mom meaningful 
presentation of the Blondel-Rey quat ion 31 rhcwn 
in Fig. 3. In these curves the cdective intensity !or 
flashes of eq la1 luminous enerery h plotted againat 
h h  duration. 

To obtain the curves of Fig. 3, the numerator of 
the nght  ride of the Blondel-Rey equation, nritten 
in the form: 

I t  

5 + t  
I , = -  (2) 

is kept constant by varying Z and t invemelp with 
renpect to each other M) that 

k 
Z,=- (8) 

and plotting I ,  against 1. I, becomm zero if t k 
inc& d c i e n t l y .  An-3 is deorerrsed, I, in- 
creanea, and ba l ly ,  when t becomes very mall 
compared to a, I .  levela OR to a value given by: 

1, = -. 

z, = 5 ( I t ) .  
A1 in the caae of shutter fhhing in the first 

category, the relative effectiveness of an above- 
threshold flash in greater than it ia a t  thnrhold. 
For example ahen a = O M ,  

I,= 20 ( Z t ) .  

o + t ’  

I t  

Q 
At threahold, when o = 0.2, 

I 

i 
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form of Fig. 4 &om clearly the two parta of the 

For a clew undenbslding of the dgnidcance of 
the curvem of Fig. 4, and particularly to ckdfy the 
relatiomhip of the curvea for different valuer of a, 
it may be helpful to d a r i b e  an experimental pro- 
cedurr for obtaining them. With obsemem rta- 
tioned at aome arbitrary distance from the light 
murce, the inknaity of the flash at very long dura- 
tion is adjusted until the flashes appear to be a t  

I I I I I threahold. The curve for o =t 0.2 is then obtained 

4 -  curve. 
I 

3 -  
I 
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i 
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biguitg in tlic d w t i i i i i  t i l  l i w  l i t t i i t s  iii tlic iiitc- 
Era1 furtii of thc ~~~~~~~~~~~~Rrp rqiint ioii hr rmolvril 
by wlwtion of t l i v  h i t s  so ns to iiicixiiitizc I,. 
When the l i rni ts  of irttcprcitioii are xn c.liowri. i t  
titriis  on^. thnt t h v  it i*tuittuiiwiis ~ a l i i c  of i:iterisitJ 
R t  thew titiir l i t i i i ts  is tt iv w t 4 y  liplit threshold 
iiitciisity, rxac*tly nu propcnrcl hy Dlondel and Rt-y 
in 1!111. I h ~ i ~ I n s  i’iirtlirr S ~ I ~ V R  t lmt  it1 pcnprnl, for 
any vrlrie of a ,  the manirnriiii value t i 1  I, is nbtairirtl 
whcn the l imits  of intryration are thosc \altim of t 
at which the instantanmiis value of Z is eqrinl to I,. 

Oddly, although most practical flashing light 
murcea do not produce abrupt flashes, nlondel and 
Rey’r proposal of the integral form of their q u a -  
tiun has been generally ignored since 1911. Stilm, 
Bennett, and Green4 took note of the prnpml in 
1937, but commented that there had been little or 
no experimmtal verification of it. Blondel and 
Rep* themselves, in 1916, made wme memuremcnw 
of effective intensity on rotating bcacons with 
abrupt q u a r e  form flanhm, and with non-abrupt 
flashcr of both long and short duration. The condi- 
tions of their experimental work were such M to 
give imprebe  reaultn, brit within the error of their 
meunrrmenta, they contlrmrd the original q tu t ion  
and tbe int-1 form of it. As Douglm has shorn. 
the uncertainty in the cqmpntation of 1, m u l t i n r  
from the uncertainty in the choice af the lir,iita of 
integntiorf is not very large, eapccially for flasha 
of relatively short duration, no that experimental 
veritkatiou of the validity of the method of maxi- 
mixation of Z, in very diiRcult to obtain. The un- 
certainty of Blondel and Rey’r memunmentn was 
Y) great that the choice of limits of integration had 
no rignidcant effect on their reaulta 

Nnland, Laufer, and Schaub,’ in 1938, reported 
the mul to  9f a wrim of n easurementr of edective 
intensity of rotating beaconr. with both square and 
non-quare flmh characteristicr They used the 
m u l b  of their memurements to compute the value 
of Q in the Blondel-Rey quation, but dtted both 
the q u a r e  and non-square flash- to quation (2). 
Far the non-quare flashes they took I aa the peak 
of the randlepower-time distribution and I an the 
interval hctwecn those points on tbc didrikition 
wherc. the i i i s t m i i i i i w t i n  intrnsity ua- 10 prr cvni 
of the yrnk iutPii*ity. They thuR rttribiitrd mu(-h 
more encrpy til thp flahh tlirn w w  nvtually there. 
The valii~?a of u thvy cihtn,iit*i I  :#I- .rttinrr..l~,ril 
flaaher ronformcil fnirly well with tliiw, ihqttinrtj 
by othem. biit 1 1 1 ~  valum of u for the nm-quar r  
flaahcs were r i i i i~l imit ly  higher. If ,  howpver. their 
reaulta are cornpiitrcl from the iiitrural form ol.the 
equation, thrn the valum of o are in approximate 
agreement with thoee obtained by others. 

In  1951, Longto reported an invcstigatiun of the 
relation between the wave form of the flaah and the 
effective intensity. He uaed m e n  wave forms 
ranging from a q u a r e  wave ttr R triangular wave. 
Fig. 5 ahow8 four of the ueven wave f o m .  Tlie 
other three w e n  intermediate in &ape. Tbe wave 
form were so designed u to contain the u m e  light 
energy per f l d .  The viewing condition WM 15 
degreea peripheral and the light murce rubtended 
a visual angle of 2 minutea. Long did not usc the 
integral form of the Blondel-Rey equation nor did 
be concern himself with the choice of the limits of 
integration. He computed the total energy undrr 
the curve for each wave ahape. Long felt that he 
WM well within the range of reciprocity sincr hi* 
flmh duratious were quite ahort, and thcnfvre 
looked only for the rebtion between the total 
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c n m y  i i i  thr flash nntl tlrc cffwtivc iiitviisitp. 1Iiq 
w.trrlt* nrv diuuri io Vir. C (Inmg idwti6cct tlic 
t1itT‘wvii: n;!w h p ~ w  by tltc time it  took for thc 
Ii i i i i i t i t i iw- to r iw tn  ii intixiinrim.) I t  will bc noted 
that tiic coriutniwg of tlic cncrg. reqiiirrcl for 
tlirc4itlltl ~xt*itat i t i i i  with tlic clilIcrriit WPVC sliapcs 
wit- niflwr rciitnrk;ibie, in vicw of the cxpcriiiicritril 
e r ron  ii~uolly fuuiid in work of th iu  kind. 

l t  i* of intrrrvt to consider Loiig’a work from the 
p i n t  of view of Douglas’ propowd mcthod for 
ronipiitiiig 1,. Fur the catc of thc square frmn 
flauh or thc nearly qiiarc trapezoitlnl fla.thm, there 
iq r negligibly small difference between I ,  com- 
p i i t d  from tho totnl cncrgy and I, innximixcd by 
b i i ~ l r a ’  mcthod. IIonm.cr, an the wave form be- 
comes marc marly tr irngtlrr ,  a Irger diffcrcnce 
mry bc cspectrcl. The computed diffcrence for the 
trionpilar a a r c  turns out to be about 10 per r rnt ;  
?lint ia, althorigh the y i i r r e  form flaw11 and thc 
tririnziilar form flaqli hnve eqnal total cncrgy, I, 
for the trinnpiilrr flmh is IO per crnt I- than I, 
for the yi iare  fladr when both are computed from 
ths integral form of the Blondel-Rey qnat ion by 
Dniigld method of mnximizntion. Slowever, this 
tliflennce amonnts to oiilp nk i i t  0.05 log ani t  on 
the ordinate walc of Fir. 6 and it in evidrnt there- 
fore that Longb multn are not great17 rffcctcct by 
the chnnpe in the method of computing 1,. 

Extremely Short R B I J ~  
h a  shown abvc ,  the rrlrtion between intensity 

anit duration in rcriprocrl, according to the Blon- 
ilrl.&y equation, for flashes with durations appre- 
rirbly ahorter thrn the “critical duration.” It has 
brm wug.,nmtcd, cspecia& since the introduction of 
rlwtronic flaxh l a m p  with flash durntionr of thc 
order of fractions of a milli-econd, that the re- 
e i p m i t y  rclation-hip does not hold for extremcly 
w110rt flayhen, rnd that riich flaqhea hare higher 
effcctivc intmaity than that which would be pre- 
clivtrd from thc Blondel-Rq qiiation. On the 
othcr hand, noma early rcnearch worken obtained 
r w l b  thr t  nupgestnl a frilnre of rccipmity in 
the othrr dirrction for nhort flaahn, that 4 the 
rffective inttndty war 1- than I, computed from 
the Blonrlcl~Rry rquation. Reeves? for cxample, in 
1918, foiiwl that it took about half again more 
ei i~rgy in a flnvh at a dwation of two milliwondn 
t h u n  in II flmh of 10 rnilliuccondn dirrntioii to obtain 
t h r d i d c l  illi~rri~rturit r.  I’ii.ron.’.* in 1920, found a 
*irnilrr rceiprwity failurr, althoii+ hin renulk 
wcrr Im canvithvit. Stiles, 1:mnrtt. and Orccn: 
in 1937, cxprmwtl doiiht a% tn thc wdidily of thc 
i n b r f w c  of  n*i*ipriwify drri~vii by 1’i;rdn and 
I{c*~*vtr from (Iwir t l r i t r i .  It r i rqwi i tn  likcly, In vicw 

of thc nbncnue of niiy rwiprwi*y f;iiliiri! in the 
rcxiiltv ohit ic t l  i t i  o1lic.r \vor!i, tiitnt uf it  cnrripd 
out with cuiraidcrubly 1iIlJ:’l ’  tmc, that tho cxpcri- 
iricrital crmr in tl:c m r k  or 1’ii.rori aut1 Itrrvcs wm 
~itlAcic~rtly grwt t h t  iiii itifcwiicc! uf rwiprttrity 
twiild h?w Iwrir driiwti n.t vditlly nu oiic of friilirrr 
of reciprocity. Tltcir piperm f i i r i ~ i . 4 ~ 1  o d y  spur.* 
iiiformntiui~ ILY to cxpc*rimcntril tccliiiiqucw, bu t  i t  i u  
likely for cxnmplc Ilint t)irrc niay haw becir nub- 
stnntirl crrors i i i  tlirir mraxirrcinriit.~ of tlic dura- 
t h m  ui ciirryica ui xliort iiriuiica. Ijaiimgnrtlt,D i n  
1049, rncasurcd cffcctivc! iritcnsity in the dirratiun 
range from foiir niicroseeoiidn to one milliwrond 
and found reciprocity throughout this range. 1Ik 
rcniilts are shown in Fig. 7. 

The weight of the evidence for miprocity in 
sutficicntly great an to offcr no mpport for the 
cxisteiicc of a failure of miprocity in either dirrc- 
tian with nny light miinm now in use. 

Above Threshold lllumflunccr 
Blonde1 and Rey obMrrCd during the COON of 

their work on threshold meanurcmenh that a rhort 
durntion flash that appeaml qiul ia intensity to a 
long duration dnqh a t  thrcshold, appeared noticc- 
ably more intense than the long dash when the 
illuminance at the eye WM well .bore threshold. 
They did not, however, pursue the question r n h d  
by this o h p a t i o n .  Toulmiu-Smith and Oreti,” 
in 1933, reported the restilts of a wries of cxpcri- 
menb with dark-adapted otcrcncrr in which eye 
illuminanccn were rrried from 0.2 milc-candle 
(slightly above thmhuld)  to 4.0 mile-eandlee. In  
coniiection with signal lightn uwd in nrvigatioil, 
the coricept of “ulj(Cfu1” threshold had bccn devcl- 
oped, as a mtannre of the lower limit of illumiiimc*e 
nt which, nnder prncticd conditions, reliable mug- 
nitiun of the cxktenee of light signals might be 
expected. It is generally agrecd thnt this is in the 
nrighborhood of 0.5 milacandle, although under 
the variable conditions m often foend in practice, 
wido depnrtum from thia value may be found. 
(Toelmin-Smith md Green nud the rntlrer over. 
prech value of 0.428 milccmdlc m the “awfnl” 
threshold.) Their range of illuminancea waa there. 
fore from about *h ta r h m t  10 t b n n  the %efitl” 
thmliold, and brnekcted fairly well the ranis of 
illiiminnncn in which dgnal.  riglrtiuga nsiidly 
occur. The flarh duration8 were from 0.05 to 0.5 
w u r i 0 ~ .  Wg. 8 &own thc data obtnirid 4: an 
illumi~iiitve of O..i milc-cniicllc and fndicntcr tlic 
spread of tlic hdivicliirl ohr ra t io i in  Pig. 9 rhown 
the faniily of ciirvtw obtniiictl at the five illittni. 
iinnvc lvvrlx tmtal. The l ~ l ~ ~ ~ ~ ~ l ~ - l . l ~ t ~ ~  n p n t  ioti fclr 
tlircrlicdtl illrimirinric~c i* plnfm1 i n  r h  firere rrid 
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rho- very clcnc correspondence to the cxperimcn- 
tal curve at 0.2 mile-candlc. Toulmin-Smith and 
Green triad to dctcrmiiie an equrtion of claac fit to 
their data for tho “uwful” thrrnliold at 0.425 mile- 
candle (obtained by interpolation from their ex- 
perimcnul results) u &own in Fig, 10, in which 
are plotted the Blontlcl-Rcy quation, interpolated 
test dru for 0.425 milecandle, and the dtted curve 
for tho quation 

2. t 
-= 1.1 - (5) 

I .15+t’ 
Hampton“ in 1934 objected to the Toulmin- 

Smith and Orecn equation ~ C A U S C  of the coeflc-icnt 
1.1, urerting that an d q u r t e  dt to rll of their 
data a u l d  be obtaincfl by an quation in the Blon- 
del-Rey form with the constant, Q, treated u a 
function of the illuminance level. On thio urump- 
tion, ho plotted Toulmin-Smith and Clnen’r data u 

rbowa h Fb. 11, .ad from thb obtained the qur- 
don, 

I, t 
-= (6) 

2 (.0255/R) A‘ + t 
where E, the illuminance at the observer, u gircii 
in mile-candla In this quation, Q baa the follow- 
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Hunpbn tbm replotted tbe 0rigiO.l C P ~ ~ C I ,  ruing 
h h  quation, and obtained the mmeu of Fig. 12, 
B ~ C  significantly diderent from tbore of Toulmin- 
Bmith and Qmn (Pi#. 9). 
In Fig. 18, Hampton compared b t  quat ion 

(quation 6). Todmin-Smitb rrrd Qnsn’r formula 
(eqmtioa a), and tbe uperjmmtal data for 0.425 
milsundle. None of the dierenca h iignihnt,  
in d e w  of the aperimentd errors inherent io thir 
type of memuynent. 

A p r t  from the work of Toulmia-Smitb and 
Qmn, tben appears to havo ken no systematic 
effort to uesrt.ln the relationrbip between effective 
intensity and illuminanca above tbrabold. &mr 
qualitative o&rvationr and occuionrl mugb 
meuunmentr’~*l* have &own tbat effective intm- 
uty b relatively greater above threshold than at 
chmhold, but bave not c o n h e d  with MY pro- 
chion the vdncr of 6 calculated by Hmpton from 
the data of Toull~tbemith and Qrdcn. On the 

other hand, in the courw of some work in 
which tbe value of o waa incidental, noted tbat be 
did not condrm the Toulmin-Smith and Oreen 
value of a a t  an illuminance of 2.0 mik-candlen rl- 
thrmgb be did confirm it at  0.5 mile-eandle. He did 
not give any detail8 nor did he mention the extent 
of the diragmment. In  the abenee of any debni- 
tiw work calling for a modification, it apprarn that 
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The forrgciiiip tliawssioii of light flii4ic.u liar coii- 
ridcrcd R light f l i t d l  nr nn inoliitrd cvcnt in  tiiiic, 
and tlic cfkrtivr iiitciirity of x11c4i iwlntrcl f l a s h  in 
wcll dzwrikd  by tlic ~lontlvl.l:ry Inw. I f  flnxlim 
occur i l l  niore or 1cw rapid R ~ I ~ W W I ~ I ~ I ,  iittrractioit 
effccta niry occur niid it is of  ititrrcst to know what 
t h m  cffircts arc. JInny flnsliiiii rigiirlv irvccl in  
practice do iiwolrc rrprtitivc flnvliiiig r&igtIdS, fpr 
example, a m r n f t  “ant i-roll i*iuii” lights, t ratllc ob- 
rtructioii mnrken, 1ighthou.w beacons, rtc., ao that 
the qucstioii is of mine iniportancc. For flashes 
above the eriticd flicker frrqucncy, tlirt is, at a 
repetition ratc grcrt enough m that the obnerver is 
unaware of the discontinuom character of the sig- 
nal, Talbot’s law holds, and the apparrnt intensity 
k equal to thc averrge intensity. Under ruch con. 
ditions, it  k immaterial how the luminous energy b 
distributed in time: two light murcca with dirtri- 
butiona whonc time averages of intcnnity nre equal 
r i l l  appear cqually intcnsc. Schnilir invcntigated 
t h u  problem for flmlics of I/IO rnd ‘/,e m o n d  
dnration, and with wpetition ratca from one pct 
rccond up to frquenciea well above the limit of 
noticeable flicker. In .him experimental procedure 
he kept the dash duration constant (a t  eithcr 
or second) and varied the duration of thc dark 
interval between flasher Thur the energy per flaqh 
m a  constant but the time average of the intensity 
I n e n d  as the dark interval dccrersed. Srhuil’s 
m U h ,  for an inrtantancous illuminance duriiig 
the dasher of 0.5 mile-candle, are shown in Fig. 14. 
Three regions, indicated in the flgure for curve 2, 
the experimental rccrultr for a flaah of wcond 
duration, may be distitiguiahed. I n  the b n t ,  A, a t  
the left, the light appean rteady, and Talbot’s law 
(curve 4 for the Ktond flarh) holds. Thh 
region begina at the point where the dark intenat 
b &to and the total period of the llmh and its 
dunt ion a n  q u a l ,  the light therefore being phyri- 
ally coiltinuour The region en& at about .075 
rcconcl when the repetition n t c  ia about 13 dashm 
per wcond and the lightdark ratio i. about 1:3. 
The effective intensity k then about onethird of 
the in~tantaneous intensity during the flanh in ac. 
cordanre with Talbot’r law. Aa the dark interva1,ir 
increased further and the repetition rab corre- 
rpondingly decreased (B), flicker ia obwrved until 
the period k about 0.2 ucond long, corresponding 
to L rapetition rate of flve duha per rccond. Be- 

I 

FLASH DURATION, 1, SECONOS 

Filum IS. Conpariron of  Toulmin-Smiah md C r r d  
.qudon. Harpion eqnatlon, and dam, a8 i l l r m i m a ~  

.I 0.42S r i k m d l c .  ( i laap~oa)  

t 
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yond thb point (C) the flaalrcs are obscrval IIY 

more or lea8 diwtinctly aeparute, and the cflcvtire 
iutcnsity lcvcls off to a vrlue equal to that d l ~ x i  
for by the Blondcl-Rcy quation, with tlic vcilnc? 
for Q computcd by IIampton from the data of Toul. 
mill-Smith and Green. The data show a rrmooth 
traniition from the region at the left where Tal. 
bot’r law holds to the region a t  the right xhcro thr 
effective intensity of the flauhcr is equal to tlirt ol 
isolated fluhea in accordance wi tIi thc Bloiitlel-Rry 
law. Schuil observed, howevcr, as noted previously, 
that while the general relationship betwoen cffct- 
tive iiitensity and repetition rate which he abtriiicd 
at 2.0 mile-caiitllea waa rimilar to thrt  .olitoined at  
0.5 mile-candle, the eflective iutenrities for the 
limiting frequencies a t  the right diflcred froin 
those of Toulmin-Smith and Green. 

Althocgh Schuil’r work shows n smooth tmnr& 
tion from the rrgion of Tolbot’s law to thr region 
of the Blondcl-Rey law, mme other work r i i r ~ e o t s  
that 8t certain middle frqucncicr in thc flirkcrii~g 
range, the effective intenrity is  actually grcrtcr i r  o 
rtcady burniiig light ir occulted than if it in vicwctl 
constrntly. l’3artleyio found for cxrmple tlint a[ a 
repetition rate of about 8 or 9 flwhca per moiitl. a 
flashing field of view w u  matched in npprrrrit 
brightncsr with a similar rteady 5clcl wlirn the 
luminnnce of the flanhitig fleld waa only h u t  60 
per cent of the luminance of the rtcady field. This 
rerult w u  obtained with a steady 5eld luminrtire 
of about 300 footlambertn and a light-dark rntio 
for the fluhing geld of 1 : 1. Bartley did not give 
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any &t. u to the rise of the fields viewed, but it k 
pfaumed that the fields had mme extent rince he 
d d t  with them in t e r m  of luminance rather than 
intensity. Bar t lq  e v e  data only for the taal t r  
orkinsd with the aOOfaotlunbart ateadp field, but 
aotcd that he a b C . i - m n t i . l l y  similar nmlta 
dtb r b d y  field lamlnlnca from about 14 to 
.boot 1200 footlamkrt.. It will be noted that 
M e f a  minimum luminanca w u  very far above 
thrabold: 600 tima threshold wen for a light- 
.d.pkd otmerver. &hail, on the other hand, 
mrked close to t b d o l d .  The author hzu carried 
out rough mcuorementr whicb c0nfi.m the rmooth 
truvition fooad by &huil in the low illumizunco 
region. It a p p m  likely that a t  illuminance lweb  
wbera tha concept of effective h b M i t y  k w f u l  
repetitive d u h a  that appear aeparate urd diatinct 
from ercb other may be treated in mrdance with 
t b ~  Blondt1-m I.w. 

corrdrlar 

.nd R q  quat ion 
Since it w u  first p r o p o d  in 1911, the Blondcl 

[ S d t  ' 

a+(:*-:l) 
i I o =  I 

definiag the, effective intenaity of a fluhicg light 
lo t e k  of the duntion of the fiuh r ad  the i0rt.n- 
t8nnru intenaity during the 6.rh baa become we1.l 
mtablthed. A coaridenble body of mearch hu 
ved&d the general validity of the quat ion over I 
large range of obaerving conditio= There are 
mmertbeleu many arem where the prech applicr- 
tion of the quat ion ir in mme doubt and where 
mdderably  more work L called for in order to 
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mbl irh  vdid relationshipa or to con6rm relation- 
abipa a t  p m e n t  only poorly supported. 
For point murca  of nonrhmmatic light, fov~allp 

viewed at thmbold with the dark-adapted eye, 
Blondcl urd Refs value of about 0.2 for the con- 
s-t, 0, CWM fairly well established, although 
wrmewhrt higher and lower vrluea hate been re- 
porkd, rangin( from about 0.15 to 0.25. The in- 
herent I.ck of prechion of measurements in this 
field mggeab that the value of 0.2 be tued in all 
computationa u representative of the valudrr most 
often found. Obaervationr of gashing lights not 
filling witbin the narrow condnea act forth above, 
for example, lights that are chromatic, or with mme 
extent, or viewed peripherally, l t tm to he oiibject 
to more or lem the lame relationship as long M 
dYective intenaity b-defined in terms of the mme 
mrce.burud steadily and viewed under the same 
canditiona. 
The general effect of raining the illuminanw at 

the aye above thrslhold or of providinn a light 
background against which the lighta are viewed L 

lower the value of 8 in the Rlondel-Rep qurtion. 
For the cam of above-threshold viewing of fluthing 
Nhtr againat a dark b r c k p u n d ,  salues at o re- 
lated to illuminance at the eye have been - tab 
lhhed, but mnaiclembly m n n  work could hc clone 
in this are8 to put thew ralucr on a firmer foundr- 
tion. Bccaure of the critical dependence of the 
threshold illuminanrc on the eonditiotin nf n h r v o -  
tion, it may be prpdtable in mcarrh  work to rrlrtt 
the nsultr  to the rtcdy light threshold for the 
u m e  conditiona of obrcrvatioon. 

Finally it seems clear that the ronrcpt of rff'cc- 
t h e  intenaity should be limited in applicatinn to 



- . _  
low I m L  d illuminance, with the illurninanre hers 
eonaidered (u multiple of the marginal amount 
of i h m h n c e  neccsMry to distinguish a flashing 
Ught from ita backrpund. 

i 

i 

i 

63 9-64 0 



Computation of the Effective Intensity 
Of Flashing Lights 

By CHARLIS A. DOUGUS 
v 

of the peak intensity during the Bash and the flsllh 
duration for the quantity 11. However, in ~ U I Y  

cases significant errorn would be introduced. Some 
1 

modificition of equation (2) is therefore required. 
Some of the rpeciflcations for flashing lightr have 

evaluated their rignrln in t e r m  32 the candle 
Keondr in the fluh, integrating over a period of 
not more than 0.5 ncond, that ia 

caadlarecoadr= I d l  l 
where f h the hkMity urd f s  ti 
d o a  not exceed 0.5 rccond. This method of srdua- 
tion provider A meuure of eomparimn betr- 
lighk of roughly the name intenrity variation with 
time but ia not mited to the compariwn of lightr of 
dflcrent fluh churcteriatiu nor to the aomputa- 
tfon ot r ind  rangen. 

, When have wed the relrtion 
I-: 

I ,  = -, 
64 t 

where 1, in the maximum inntrnturcoar intensity 
d u r i q  the flaah urd f in the fluh duration. Often 
the +due of a ia adjarted for the chrncterintia of 
the dub 80 tbat the computed rdoe of I ,  b in re8- 
rouble agreement with the obsrred d u e .  
When the rpeciflcrtioE for .ireraft anticollision 

lightr was being drafted, it w u  mgsated that a 
modided form of qua t ion  (2) k used for the com- 
putation of &&e intermitt, IO that p: 

1. = (a) 
.2 + fs- I1 

An equation of thia form w u  oripidly rry- 
wed by Blonde1 and Reif brrt has rueb bean 
Und. 
Tho qcarUon of choico of b i b  wu imdbb 

nL6d. R.&m than PIW an u b i t r y  mt of limit4 
mch Y ahooaiug for I, and f~ the tima when I w u  
10 per cent of the p u k  of tho duh, 8 choice of 
limitr which would make I, a maximum wm aog. 
gwd. Thin immediately pow% the problem of dc- 
veloping a method, other than trial and orrot, of 
o~trining the maximum oalue of I, The develop 
m a t  of mch a method t the purpore of thin ppet. 
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The method of obtaining the mnxim;ini value of 
1. rill bc develop4 by rnctttii of orie theorem and 
two corollaries. Thc prcwtfrr follow,, ' 

Theorem. 1. u e mazimrm when ihs limilr 11 and 
ar8 the Limes when the instantaneous intsnn'ly u 

T h h  theorem may be rcadily provcd by applica- 
tion of the calculus of variationr.. ThC proof given 
below u included because of the ayplicntion of thr 
method and equations used to later mutiow of the 
P.m. 

Conrider iiivtratrneous intensity, I, in a b h  IU 

any continuow, non-negative, ringla-valued fanc- 
*h of time ruch that Z is lean than I, in the inter- 

kr tbe interrah LI to t', 8nd fa to ts,  where tal < tl < 
fi<fa<tr<t'a, urd Z. ir de6nrd in quation (4) : 

eqtml to IC 

*.lr Pi to ti md Is to t.3, urd Z U gwtsr th.n 1. 

p d l  
Z, = (4) 

Fig. 1 ahom I u a function of L for a Dimple one- 
pak duh meeting thew reqoirsmcnta. 

cur 1. 
C o d e r  the cue where the integration t per- 

formed over the time interralt'1 to t * ~  which lier 
within the interval tl to tl. 
TbQ the intmriv Z' at the timsr f1 maad fS ir 

lmkr I* 

fA( 

8-k:l-tl 

r>z. 

p d l  

- r+f*-t'1 
r. = 

Then /;* Id: = f l d t  + [Zdt + [ Id:, 

/ 

Casa I I . .  
harider now the culd where tlic inbgrrtiua in 

performed over the time internal tml to 1;, which 
include the inhrral 11 to tr. 
Then the inknrity r at the timer 1-1 urd t-s h 

lea th.n z, 
Iat 

r<z. 
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Therefore 
r>z, 
r > r.. (10) 

Corollary 2. I f  the indontancow intensity is in- 
tegrated ouer a period of tim t"1 to t"2 longer than 
f 1  to tr ,  and I" ir the insfantancow intensity at the 
limes tal  and tR1, a value I". i a  obtained for the 
rfccliue intensity that i s  always greater than I". 

Fmin eqiiation (7) .PI* have 

I d t  + 1, (a + tr  - t l )  + /,"'int. 
But . _  _. . . ... . 

J:;zd: > I" 111 - t",) ,  

and 

A h  
I.(a+ 11- t , )  > I-.(o+ tr  - t l ) .  

Substituting thew into equation (7) and simplilp- 
ing, we have 

* 

I", > I". (11) 

Computations of Edectlve Intensity 
Quides for the computation of the eflective in- 

k m i t y  from an intenrity-time distribution curve 
may be obtained from the theorem and .corollaries. 

a. Computation of 18 
1. Make an estimate I' of the value of the effec- 

tive intensity and solve equation (3) using the 
value of t corresponding to thir intensity, obtain- 

2. Repeat step 1 above, usingas limits the values 
of L corresponding to the I., obtained i n  step 1, 
obtaining I,z. Repeat as often an n e c d r y  to ob- 
tain the dewired accuracy. 

Note that if the estimated effective intensity is 
too high (I' in Fig. I ) ,  the effective intensity, 1 8 1 ,  

computed in step 1 will be below I, (I" of Fig. 1) 
urd t h w  18 lies between Z' and I.,. If the initial 
eetimate b lower than I ,  (I" of Fig. l), I, will be 
great8r than both I' and I,, and a "rtrrddle" ir not 
obtained but I, is approached continuously from 
tbe l o r  ride. 

b. Dutcrmination of Cmformancr of rl Flaahircg 
Light to Bpcci&ation Rcqwircmuntr 

using the time limits correrpond- 
in# to the specifled-'effective intensity I.. If I,, ir 
greater than I,, the unit obviourly complier, for 
the conditions are f h w  'of Fig. '2a (corollary 2). 

2. If I,, i cl(aal to I,, the unit just complies, for 
t b e n p  & I , ,  (theorem). 

ing I,,. 

I. Compute 

I I 

3. If Z., is lm thaa I ,  the unit frilr ?or then the 
conditions are those of Fig. 2b (corollary 1). 
Note that the degree by which the unit exceeds or 

fails to meet the specification requirements is mol 
given by the bingle computation described here. 
"he method outlined in section a must be ared for 
this putpae.  

E .  Vwmal Range Conputations 
If the visual range of the light, under specifled 

conditione of trammittance and threshold, L de- 
sired, compute the effective intensity by using the 
method outlined in Kction a and compute tbe 
visual range by wing Allard's hw. 

If the problem is only the determination of 
whether the light can be wren a t  a given dir tano 
under rpecifled condition8 of transmfttance urd 
threshold, UIO Allard'r Law to compute the Bred 
iatensity required to make the eourca virible at this 
distance. Then, by tuing the method outlined in 
Kction b, determine if the effective intensity of 
the unit czceedr thio intensity. 

Application to Complex Iatenrlty-Tlme C w l n  
Not a11 unitr have single-peak intenrity-time d L  

tribution CUWCI similar to tkc curve shown iu Fig. 
1. Consider an intensity-time distribution cnmc 
of the type whore rim in shown in Fig. 3 where 1, 
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k the average inknrity in the time interval 1, to t,. 
(The time interval I, - t,  io ruteciently abort 10 
that the momentary drcreaae in in t ewty  b not 
vhible.) If I ,  k less t h m  Za or ir greater than In 
tbca the mtrictiona on the rhape of the curre 
rtrtcd in theorem 1 are met and there L no problem 
in tbe determination of I,. 

Consider the cam where I, liea between I, and I,. 
It may be eaaily rhown b;. meana of quat ionr  (5) 
and (6) that u the ahape of other parts of the 
intensity-time diatribution curve changes, the lower 
limits of time to be ared to obtain the maximum 
vdue of quat ion (4) will lie between t. and t b  or 
betwem L, and 1, and will never lie between I, and 
t, If 1, ia q u a l  to rh tben either t b  or f, CUI be 
wd M the lower limit. 

'. 

ApputUh to C m p r  of Short FI.rhea 
In general a a i d  from A fluhing light conaiata 

of regnluly @ single &rbar of light urd the 

interva!.between tllvrhes is M) great that each Dash 
has little influence on the efCective intensity of the 
adjoining flasher. 

Consider drst a flash with the intensity-time d i e  
tribution rhown in Fig. 4. This dash is rimilu to 
that of the 'bplit-beam" beacon used at  military 
airflelds. ' If the threshold intenrity required to 
make L steady light visible k much lcss than I, 
( I , , ) ,  the flash will be seen u a continuour 0 u h  
with two peaks. However, i f  the threshold intensity 
is about equal to I ,  ( I ra ) ,  two separate flaaha will 
be seen. The muimum distlrtrce a t  which the light 
CUI be wen will be determined by the eUective in- 
tanrity of a ringle flash c.oniputcd over the time 
interval t l  to I*. 

There are lights that produce a number of very 
short flashes in rapid succemion ao that thia gtoup 
of flash- is wen fi  a single flash. An example of 
light of this type ir a unit using a number of eon- 
denaerdiacharge Iampr to p d u c e  a single flash. 

There appear to be no pub lbed  dab  reporting 
studies of the effects of p u p s  of flaaher where the 
interval between dashes k rhort. Behavior of the 
eye under aomewhat mmilar conditionr ruggat8 
that if in a group of fluhea the periods during 
which the inrtaataneoua intensity of the light 
below the effective intensity of the flash are of the 
order of 0.01 recond or 1- the eye will percaivs 
thb group u a ringle flmb. The dective bknaity 
of the group &odd then be computed by quation 
(12), choaing M times I, and I¶ the flrrrt md the 
l u t  times the iwtanhneour inknrity L 1.. 

o+ta-t, 

Note that 1, is the effective intensity of the p u p  
and not that of a ringle flash. 

If the periods during which the effective inten- 
rity ia lcgl than I ,  are of the order of 0.1 cccond or 
more, it ia  believed that the individual flubcr will 
be aeen. Therefore, the effective intensity rbould 
then be computed on the b v u  of a singla d a h .  

wbcn the dark period u betwan 0.01 a d  0.1 
wcand, the effective intenaity will lie between that 
of a #ingle flash mnd that of the group. The be- 
havior during the transition h not known. 

Namuicd E u m p l a  
Although the preciat determination of the maxi- 

mum value of I, may appear laborious, it ia rela- 
tively m y .  Since a change in the t ima chown IU 

the limi*a in quat ion (4) changea the denominator 
and the numerator in the aame direction, it b not 
n e c c u r y  to determine the correct limib, 11 nnd ta, 
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with great precision in order to obtain a utirfro- 
torily,preaire determination of 1, Thk L illus- 
trated in Fig. 6 which & o m  two repmentatire 
inbnrity-time diatributionr, one for a flaahing liiht 
with a h h  duration of about onequuter  recon4 
md one with a f b h  duration of about OM-tWeII-  
tieth mend. The valuer of I ,  are computed for 
wven neb of time limib. The valuer obtained am 
indicated a t  the .kcina of the time limita The 
middle value of each group b the maximum 1, ma- 
puted according to the method outlined &ova. Note 
that thia value ia qual  to the in8tUrt.neoar intun- 
rity a t  the corresponding time limits. Typically, 
the maximum effective intenaity OCCM lower on 
the curve for the rhort duration flmh than for the 
long one and the variation of computed values of 
edective iaknsity with changsr in time limib k 
d e r .  

Experience indicates that if the timer c h w n  for 
the initial integration are the tima when the in- 
stmt.rreour intenaity is a b u t  20 per cent of thq 
pcrlt intexuity, only one additional rtep ia required 
to obtain a value for the dbctive intenaity which 
ia within one or two per cent of the m&um 
+due. Thia k within the limits of roooracy with 
which the integral k evaluated by m w r  of a 
planimeter. Often a aingle computation is d c i e n t  
if, inatead of wing Y limib for the initial integra- 
tion the timea when 1, ia 20 per cent of the peak 
intenrity, the t imu  uaed are the timer when the 
inrtantaneoua intexuity ia q u a i  to the product of 
the peak intenrity and the number of recon& b 
tween the t imu  when the imtantaneoua intexuity ir 
roughly five per cent of the peak intensity. 

Thc maximum value of I, for the curver of Fig. 6 
were computed by uring u limita for the Bnt inte- 
gration the timer conuponding to aa i n t d t y  
equal to about 20 per cent of the peak intenrig urd 
u limitr for each mcceeding integration the timea 
oorrerpondinq to the inrtant.rreoor intermit7 ob 
tained from the preceding rtep. (The mrvm haw 

inkgrala may be computed with the d d m d  mom- 
m y .  The wcurroy ia not limited by the accuracy 
of planimetrio meuurements.) Suocadve vdner 
for I ,  of 1.88, 1.76, and 1.76 kiloorsdla were ob- 
trined for the longer tlub and of 8.41, 8.42, and 
3.42 kilocu~dla for the aborter W. 

the ahape of probability ollrvm 10 the +dum of 

, 

DLeprrloll 

Aa noted above, concern h u  frequent4 bsen 
expressed h u t  the choice of the limitr for the 
integral of the Blondel-Roy relation for m p u t i n g  
the v h a l  range of a tluhing light. It mema illo6i- 
erl b extend the b i b  of the into@ beyond the 

h w  1 

/ 
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tinim wlirn thc instaonlnnroiis inteonity is bclow 
Ihc tbrmltuld intcnxity for ~tcady hurning light, 
DO that intensities which are below threshold, evell 
for a rtrady burning light, are included, or to ex- 
clude intensitiee which are above tkrerhold for 
ready  burning light,. Using this reasoning, Blon- 
del and Rcy4 suggested that the limit. of the ink-  
gral of quation ( 4 )  be the timet when the instan- 
trtimiin intensity is equal to the threahold inten- 
~ity. A: .hown above, thew ate  AI^ the limita 
rh i rh  make the computed visual range of the light 
a maximum. Therefore, (lie iise of thew limit. in 
evrloatiitg the performance of A lighting unit ap 
pun to be a logical choice. 

The UI of the maximum value of I ,  u the de- 
tive intensity of a fluhing light b prob.bly not 
valid except rhett the ligbt is at or n e u  threshold. 
When the light is well above threshold, not only 
r i l l  the value of a in eqiiation (4) he decnued,  
thun tending to increme the value of I,, but a t 0  
the limits of thr integral rhould probably be ex- 
trtided to include the entire portion of the fluh 
which t above threshold, thereby tending to dc- 
eream the value of I, In niany cuer thk Wter 
d e e t  r i l l  be predominant. Thin ir conahtent mtb 
the decreus in efitective Intuuity of btrcaDl 
r i t b  incnarc in illuminance rt the eye found by 
Neeland, hater, and &haub.r 

Thia analysis rhould be conridered only am 
mathematical treatment of qucrtion (4). The 
uralyaia neither ptova nor dieprover the validity 
of thir qaa t iou  in determining tbe effective inten- 
sity of duhing lights nor the validity of the prh- 
eiple of ohoaring the limitr of integration DO that 
the effective intensity in a muimom. 

Raprintul from 

\ 



Photometer for Luminescent ‘ M a t e m  
RAT P. Tran 

N a t W  Burcnr qf yOn&r&, Worhk~fom, D. C. 
(Received March 12,1945) 

In waltuting the udulncw d lumincuxnt I M l C r U h  it is naerury to take into account the 
Ich;lviar d the human eye at low vnlua d luminancc. A photomcta that pmvida for the 
determination d br luminances, with due regard fa the chnnctcrirtic behavior d the eye at 
wch valua. is dauii. It is intmrdng to note that both the luminaccnt materiala and loma 

although the we d modan lamp to produce higher Md higher illuminations baa mrdr it 
gcnaally unncarsry to d e r  thew phenomena. However, the we d tk airplane fa 
bombing with the counter manure d blacking Out (UP man8 d periVr defense and the nsal 
for markm in the inlcriar d bhdtedsut hip have rhom many d the luminaemt nutdab 
to be ~ t i d  inatead d merely novel, urd h, kd todcvdopmcnt d m c ~ f a ~  
thr luminanm which they yield. 

d the phmanau d Viria, f a  tk M U I ~  d.rk-a&ptd e y ~  have krn f a   an, 

\ - 
L INTRODUCTION 

O N E  of the lumincaccnt materials have becn S known for hundreds of Jcam but wcm con- 
sidcrccl mom or lcm as noveltics until recently, 
whcn their practical uacfulncss bccamc apparent. 
I.urnincaccncc not ou t la t inp  the exciQtion (flu+ 
rraccncc) was, in all pmbability, not OM 
iiiitil aftcr thc invention of irradiating clourgcr 
mitl tlcvica espccidly d&igncd for the p u r w  of 
cktccting such Iumineaccnce, Lumincsccnq ouch 
;u that of glowworms and rotting wood and that  
which outlasts thc excitation iphosphorcscena) 
must have bccn noticetl by man in his carly ex- 
iitcncc. Aristotlc’r pupil, Thcophrastur, says t h r  t 
a G?rhuncIc cxpr#urcl to eunlight glows Iikc 0 liVC 

coal;’ wlrilc Arirtotlc, himaclf (about 350 B.C.) 
mentions thc luniincaccncc of jytting w d .  

I 1’. J’rinydwhn and M Vwcl Lwrniw~cba o/ LI fdr 
n J  S d i d s  and its I’roclical A # d d h s  (lntcrrknce%- 
Ji&n, Inc., Ncw York, 1948. 

- 

Benwnuto Cellini tellr of ming a white upphire 
which illuminated a perfectly dark rwm.’ As 
early 80 1652 Peter Poteriua made little toy 
animals from phaphomcent  material.’ An ol- 
chemist, Vicenza Gumriolo, in Bologna, Italy, 
about 1600 found a r tont  which mcemed heavier 
than of i ts  size should k; upon h t i n g  it, in 

that it the hope offinding pdd, he d m  
would glow in thc dark, ‘ ‘met imes  far M long as 
an hour’: and alw, found how to make it glow at 
will.’ 

The luminance’ of the luminescent light from 
phosphorescent materials ranges downward from 
that  of a white rurface viewed in Cull moonlight. 
i n  nicnsuring such luminamurcn it is nccesmry to 

‘S. H. Bdl, +i,Monthly 47, 497 1938). 
‘G. T., Schnidliy, Prokdrn .*1 Dwrrol(*r C h t h  I 

fohn Wiky and Sons, Inc, Now Yo&), Vd. Ill, p bsi. 
bnrcleltlICOI. 

Committee an Cdorimc s’pycho9hyrkr d 
color,” J. Opt. Sar. Am. W, 245 (1%). 

- 



. , . .  

conrider the behavior of the weakly illuminated 
eye, .In 11123 J. Purkinje' showed that after a red 
surface and a blue surface haw bccn illuminated 
10 as to havc thc same brightness, a rcrluction of 
the illuriination of both surfaces in thc same 
proportion will cause thc red surface to appear 
darker than the blue aftcr a certain limit of 
reduction has been passed. The dependence of thc 
oboe& valuw a h  ti.ma the size of the field of 
view for the nearly dark-adapted eye was de- 
termined by P. Reeved in 1917. The trend to 
higher and higher illumination for lightinpi pur- 
pacr had made it unnecmmry for the photomc- 
t h t  to remember thcse effects in the measure- 
menu customarily made in the laboratory. 
However, as the use of luminescent materials was 
&own to be practical it bewme necess;lry to takc 
account of both ot thcse phenomena in con- 
structing a photometer for the mcasurcmcnt of 

X. PHOTOPIC, YLSOPIC, AND SCOTOPIC VISION 
The human eye has the ability to adapt for 

light conditions over a wide range. The approxi- 
mate upper limit is represented by the condition 
of viewing fresh mow in full sunlight, which is 
unccmfortable and, if long continued, results in 
temporary blindness, "snow blindness," or if 

- . their luminance. 

FIG. 1. 

vimcd for prolongd pcriods, may mult in 
permanent injury to the eye. Thc lower limit is 
mrirlenbly bclow thc condition of viewing a 

Purkinje, Mag. Ld. OaJmmte Ifcilkunde 20, 199 

@P. Rmrr, J. Opt. Sa. Am. 1, 148 (1917); P, C. 
( ti46,. 

Sinttiq.  Trans. I .  h. S. 11, No. 9 9.39 11916). 

white surface on a clear, moonlets night. Thc 
change in size of the pupil of the eye is easily 
obscrvcrl; and, as everyone knows, the pupil is 
small if strongly illuminatcd, and aa thc illumi- 
nation wcakcns, thc pupil bccorncs larger. There 
are othcr lcrrs obvious changes, such as thc change 
in thc luminosity curvc, which cxplains thc 
Purkinje cffcct and thc lobs of thc ability to 
detcct detail (acuity) and of the ability to dc:cct 
chromaticity differcncr-5, all P;sdciated with the 
transition from cone to rod vision. 

Whcn we view a surface of high brightness 
with photopic vision, that is, when the eye may 
bc said to bc light-atlaptcd, we find that the eye 
has P ncarly constant luminosity sufye, inde 
pcndcnt of the l u h a t i a  r.?n& under considera- 
tion. AI1 definitions of units of luminance (photo. 
mctrk brightness) imply that comprisons 
'xtwccn tliflcrcntlyaloml surfam bc ma& at 
valucs of luminana rufficicntly high to insurc 
that thc 01m.rwr's cyc is in a statc of light 
adaptstioci. This is to insurc that luminance 
values obcy the aclclitive law, by which a lumi- 
nancc of y units suprimposcd upon one of x units 
will provide a luminance of (x+y)  units. If this 
law is not obeyed, the ordinary inverse squaw 
law, the mtio of arcas of opcnings in diaphragms, 
and the ratio of the arrm of the open and opaque 
sectors of a rotating disk (Talbot's law) miry not 
be applicd to thc lum'nancc vnlucs undcr con- 
sklcmtion. I f  cliflcrcntlycolonul ruurfaccs arc 
vicw~ul, obrvlicncc to thc nlmvc-mcntionccl laws 
occurs only if tlrc lomitimity c~irvc of tlrc cyc is 
constant and inclciwtclcnt of tltc nclnprivv rtatu 
of thc cyc Throughout tlic mnKc of luiiiinsnw 
undcr consicleration. Fortunatcly thc ryc in ob- 
serving luminances grcatcr than IO00 m i m e  
lombcrts docs posecm n ncarly canstant litmi- 
n d t y  curvc, and for thiscondition (whcn thc cyc 
is mid to be light-adnptcd) wc havc photopic 
vision and the values of luniinancc (photomctric 
brighincar) for clifTcrcntlycolord surfam not 
only obcy thc additivc law but also corrcllatc well 
with brightness, wl~jirtivr*ly cvalontcul. Wc niay 
spcak of such vdtivs ns photopic lutiiinnticc. 

Unfortunatdy tlic luminosity curvc of the cyc 
doca riot rcmaiir constant wlicn tlic luni innnw of 
an cxtcncltd sitrfncc is nulucc?tl Iw*low fO0 
microlnnibcrts ; in fact, the c y  Inu.onic*s pro- 
grcssivcly mwc rnaitivc to nhort wnvr ( I h t r )  
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ancl.Icw sensitive to long wave (d) light aa the 
luniinancc to which i t  is adapted is rcduccd from 
IO00 to about 0.5 microlambert, the rate of 
change being mort pronounced bctwccn 200 and 
1 microlambert. This shift of the l u n i i n d t y  
curve toward8 a h m c r  wavc-lcngtlrs cxpLains the 
Purkinje effect. For adaptation to luminances 
bclow 0.5 microhmbcrt, the eyc again m c h m  il 
rtcady state, with a Concrtant l u n i i n d t y  cum 
chrwtcrist ic of icotopic vision and the cye may 
In. rcjwdcd as dark-adaptd.  We may s p k  of 
thwc luminances as scotopic l u m i n a k a  In 
Fig. 1 thc nclgtcd luminosity c u m  d the light- 
N I ; ~ ~ I L T I *  cyc and ';ln avcn~c,arvc for thc dnrk- 
m l ~ p t c t l ~  cyc arc shown. As thc luminance d thc  
Cd rurfacc ir diminirhal wc pam through 
thc =ion of m m p i c  vision and thc luminority 
c u m  mows progrewivcly from that  of the light- 
d a p t c d  cye towanls that  of thc dark-daptccl. 

' A  tcrund of thc ilota on which the sundad IC1 
luminrnity factam arc haCd ncwl d the prrrnt status d 
t k  factom in given in a %per by Kawn S. Gihn, 
J. Op!. !he. Am. to, SI (1946 

rrl An*crio?n hpinirm on IBS/ARI' 18. 
Itri l irJI ~ i ; r i d n ~  S lmi~mi i rn  ftlr rlitmwwiit ancl 1% 
y L r c m . r r i  I'trint" ml for the Amcrican St;tml;tnlr 
Aruria~icn Iiy I,. XT- umlcr date d une IS., 1942, 
RiVW an uvwagc d thc luminonity dam lor L W  lumilunoa 
~kterminal by H&t and William a d  by Waver. 

" '~ I~ I I I IK I~  

There are reveraf ways to a&gn numcricnl 
valucs to R -le of luminance below the  photopic 
region to include mesopic and actxopic luminance. 

A..Arbitrary application of the photopic lumi- 
d t y  function to all luminances by making 
v i 4  comparison of fluorcsccnt ami phospho- 
rcaccnt matcrials only with a rtandard af similar 
spectral composition, the standard to bc ,evaluated 
by way of the photopic luminosity function. 

B. Adoption of an arbitrary photoelectric 
proc~durc for evaluating the radiant cncrgy from 
fluorrsccnt and phosphomccnt matcriplr. 

C. Dcdnition of the unit and mlc  of m c q k  
a d  amtopic luminancc in tc?tmr d thc hypo- 
thetical cqudcncrgy murcc, 
D. Definition of the unit and clc;llc of trmopic 

and rcotopic luminance in terms of an in- 
candescent lamp operating at 2360.K d o r  
tcmpcraturc. 

a d  photopic luminoclity function ( A )  do. b c h  
matcrkl chnrnctcrizccl by mcllwt c n c q y  of a 
n m  rix%lr;il comjdtion;x, n q u i n a  thc uctting 
u p  ant1 cvnltinthn of J ncw stnn<lnnl. For various 
ramplcs of thc hamc matcrinl, the mcthacl ~ i m  
u r f u l  comparieonr; but becauac of the Purkinje 

Thmc have bccn nttcmptr to niakc thc star+ .-*' 
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thctical equnl-cnc-rqy ww :e woufd k i n g  a unique / logical simplicity to the general concept of 
4 luminance, but the predominant opinion' is that 

an incandcsccnt-lamp rourcc at 2360°K is mo? 
convenient in practicc and, on that account, 
pceferablc for tcntativc standardization and use 
at  the present time. By choice the comparison 
lource is assigned mesopi?..and scotopic lumi- 
nances by the same methods (inyerse-square law, 

i 

1 

rflcct, photopic lurni ncC of onc mntcrial com- 
l pared to another d not neawrarily correlate 

with the observable 3 rightness in the mesopic 
and rotopic regions of the materials.. 

A better corrclation is obtainable by arbitrary 
adoption of a photoelectric procedure in whicr. 
the loum.filter photo41 combination is a p  
proximately equivalent 'to the luminosity func- 
tion romewhere within the mesopic range (8). It 
is obvious, however, that no onc luminosity 
function can bc gcncrdly vniid. 

Procdures Cand Dare similar and give v;llucs 
of meeopic antl rotopic luminance that c m l a t c  
well with brightncsl. Thc usc (C) of thc hypo- 

scctordisk relation,, apefture nxtions) uscd for 

IU DEWRIPTIOR O? TXB PHOI!!MBfBR 

photopic luminance. *4. 

/ 

(a) Photometric Detail8 
The photomctcr is shown in Fig. 2. The views 

dcpart from conventional drawing practice by 
c- - rhorving the openings in the baffles and dia- 

phragms as in a Kction taken through the ais of 
thc beam. Othemiw Fig. 2'shows conventional 
plan and clcvation views. 

'Thc lamp illuminatcs thc flashal opal diffusing 
~lilss Icrwn, SI, which in turn il1uminatc.s a 
ditiilsr acrcwd, SI, the outer wrfacc of which 
view& in the front-surfacc mirror, M, f m s  thc 
comparison field of the photomctcr. The other or 
test ficld is the surface of the umple viewed 
directly. The luminance of the surface of SI 
facing thc mirror depends upon thc light rcaching 
the surfacc towanl SI, which is clow*ly pro- 
portional to thc product of tlic area of thc 
olmning in thc cliilpliragm D antl tlic luininaticc* of 
the surfacc of SI cxjmcul to &, sincc tlw clistniicc 
txtwccn S,'ancI SI is constant. ~ i c  ~uniinancc of 
the surfacc of SI away from thc lanip is pro- 
portional to tho illuminancc of thc surfacc towanl 

- 

tlic lanip which, of coiim, dqxnclr ulmi LIIC 
distance between SI and the lamp, 

Let the luminance of ,bI as vicwecl from the 
sight tubc be Bw, the reflectance of the mirror Ix. 
r and thc luminance of the surface of SI f-ciny thc 
mirror d B,. We then have that 

Bn rBt. 
The luminance BI is proportional to thc illumi- 
nancc &,.on thc surface of St away from thc 
mirror, or 

BI I M s ,  
thc canstant of proportionality, &I, being chatac- 
tm'sticof the transmislivc propcrtiesof SI. Hcnce 

BM = r&&. 

E,, however, is q u a l  to thc product of the area, 
A,  of the opening in the diaphragm D and the 
lyminance, 81, of the surface of SI facing SI, 
divided by the quare of the distance dg, betwecn 
SI and SI, 

EI =ABi/di', \ 

'hnd we d i n p l y  have the exprcrvion .. 
' Bw-rkvQ Bl/dl', I .. 

for the luminanb of the. mirror. The luminance "., 
B I  is proportional to the illuminance El on the 
surface of FI toward thc lamp, or \ 

' "- BI-kIEI, 
where &I is characteristic of the tnnsmissivc 
pqartic% of SI, which gives UI 

Bu = Y S 1 A * & l / d ~ .  " 

Fitblly El-I/cP when! is thc luwitious ia- 
tensity of thc lamp, 1, in tkc dimtion of SI ;ind 
d is thc distan& of L from SI, eo that 

B w - &A & I Z/d I;@. 

In this we 1cf that I, ks, kt ,  I ,  and dt are fixrd 
characteristics of any pnrticulnr photomctcr ant1 
can bc groitpcd undcr a singlc characteristic, P, 
nnd hcncc wc can writc thnt 

B; = PA/& 
'rhc pliotontctric scalc is gratltiatccl from 20 to 

0.5, and D set of cliaplira~iiis liaving holes with 
areas differing by factors of n h i t  10 has kii 
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' matlv.* Tlicsv w r c  iii;ulr with ordinary drills aiid 
tlic-ii dibratctl. The photoiiictric S C ~ C  and the 
ratios .of tlrc arcas of thc olwnings in thc tlia- 
phriipiis overlap, a d  vnlucs ncar the clitls of thc 
ralc  can lx iiicnsurcd I))? iiicans of cithcr of two 
diaphr;rgms. 'I'hc iisc ot thew nicchniiicid niciitis 
io control thc luininancc of tlic coinpiirison firltl 
g iws  a long raiigc with no chaiigc in spcctral 
composition. \\ihcn thc photonictcr is uscd with- 
out any of the mnovnb!c diaplirqps thc maxi- 
nirrni rcadiiig is inore tliari 150,000 timcs thc 
niinitiiuiii rcading with thc siiiallcst-apcrturc 
diaphragm. Thc opcning in the metal plate 
holding Si is a limiting diaphragm whcn nonc of 
the rcmovablc diaphragms are used. 

The ficld ia a phin cllipticaI firld (diamctri- 
ails divided circlc viewed at 4 5 O ) ,  thc major axis 
king 1) inchcs long. The major gxis coincidcs 
with the dividing line of the field, which usually 
is vierved so that the two halves arc seen side by 
ai&. Siiicc the end of the sight tube is 4 inchcs 
from the mirror, the angles subtended at the cye 
by the frcld arc 15 and 20 dcgrecs for the minor 
and major axes rcspcctively. The mirror when 
placed as shown in Fig. 2 mrva as a h f l e  to 
prcvcnt any light from the acreen Sr falling on the 
tclt rurface. 

(b) MecbrniutDetrits 
The mechanical details may, of course, be 

varied to suit thc maker's materials and choice. 
Thc photomctcr used at thc Burcau employs thc 
Inx, track, lamp housing, and scale of a Sharp- 
llillar' photometer. Thc photomctric cube and 
vycpiccc werc removal, and thc diaphragni- 
c l i f f  rising-scrccn arrangcmcn t dcscribcd in the 
previous %!tion iiistallal. Siticc this typc of 
pliotoinctcr is no Iongcr commercially avoilablc a 
ticscription of thc mcclianical dctails will scrvc as 
a puiclc for'an yonc wishing to construct onc. 

Thc box (Fig. 2) is about 4 X4 X 22 inchcs. Tbc 
imp,  L, is hovcd by mcans of an cndlcss cord 
which p r d p v c r  a drum, Dr, which is turncd by 

' llqric dril:\ d 0.5, 1.6, 5, and 16 mm will Rive area# 
0.25. 2.56, 25, and 256 provided ncw 

3ccuratcly vopoct~ona' grw d d drills arc available. For romc purposer 
thew area ratipI may be ruki in t ly  clore to the desired 
fmrm of 10. 

' c .  H. Sh&p and P. S. Miltar, El=. World S1, 181 
(1908); El=. Rev. 52, 111 (108); and Electricin 60, 562 
(Ipoi-08). 

- 

1 

thr li:iiitlwliccl, 11. TIic sight tubc may bc turrirtl 
in  its colliir to vicw thc tcst siirfncc at  various 
anKIcs. I I I  order to nvoitl errors cnuscd by light 
rcflcctcd from tlic intcrior of thc box a scrics of 
IxrMcs, B, madc of f i lm  is p1;iccd Ixtwccn the 
Iaiiil) imtl the wrccn SI, aiitl the interior is 
piiiiitccl with n flat (mat) black pilint. 'I'hcsc 
I~dfks arc carricvl on two light rods antl arc 
attaclic(1 to cach othcr antl the lamp housing by 
~3t t Ia .  '&iwn tiic lamp niovcs toward Si, the 
liousitig pushcs tlic bafflcs succcssivcly in front of 
i t ;  and whcn it moves away from 3 1 ,  thc cords 
pull thc bafllcs one aftcr anothcr into thcir 
Origilial position. Thc tamp housing carrics an 
indcx, I, thc shaclow of which falls upon the 
tmnducent sc;rlc in thc sidc of thc box, and thus 
therc is no prall.uc. The t a l c  is covcrnl by red 
plastic LO prescrvc the dark adaptation of the 
photomctric obscrvcr. This arrangement also 
makes it unncccssary to provitk 3 light for 
rcading the scalc, which is s grcat convcnicncc, 
and avoids the usual scale markcd on a spncc- 

thc box. Sincc 
no stray light 

I 

taken. 

housing runs on a track ma& of angle brass 
fastcnd to tlrc ridcr of thc box. Thc siinglc wlrccl 
has s spring forcing it against thc track XI that 
riclcwise motion is prcvciitccl. 

N. SUMMARY 

A photomtcr, such as tlcrcribcd in this paper 
niakcs possible thc dctcrniinstion of sotopic and 
mesopic furninancc such M that of fluorcacent 
and phosphorcsccnt materials. The u e  of a 
comparison ficld of color tcmpcrature 2360'IC 
and thc nicchani~al control of thc luminancc of 
thc comparison ficld is in accord with current 
American opinioh on thc datum and mcthod of 
evaluating lurninancea in the -pic md scotopic 

I 
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~eg*ons. Luminance m evaluated takes the 
Purkinje effect into account and correlates per- 
fectly with brightness, subjectively cvaluatd. 

The photomctcr has bccn used for nearly 3 
years in mutine measurements of the luminancc- 
time (brightness decay)' curve of phosphorcsccnt 
materials as well as to clctcrniinc both thc 
luminancc and chromaticity of the fluorescent 
light from ppcrs imprrgnatcci or coatccl with 
fluorescent chemicals. In  nicasuring thc lumi- 
nance of phosphorescent materials. different 
observers agree within about 5 percent in the 
region near 10 effective microlambcrts, while the 
spread betwecn observers incrciwes to about 25 
percent when the luminancc is in the rcgion of 
0.005 effective microlambert. Thc measurement 
of fluorescent materials has not been extensive. 

However, some measure of the effect of color is 
given by test; of blue fluorescencc at  about 100 
effective microlamberts where four ohcrvcrs 
macle observations within a little 1c99 than 25 
pcrccnt antl tests of ycllow fluorcsccncc whcrc 
(with the simc observers) thc rcsiilts did not 
q,reacl by as much as 10 lxrrcnt at ahout 200 
effective microlombcrts. 'I'hc ux* for clctemminin~ 
chromaticity (whcrc the spectral 'composition of 
the comparison sourcc must remain constant 
while the luminance is varied) has becn so 
satisfactory at  low luminances that a photometer 
has becn designed with a much wider range of 
luminance than thc preacnt photometer m. 
This incrcascd.range will be adequate for meas- 
uring the chromaticity of non-luminescent ma- 
terials in the photopic range of luminance. 

Reprintetd fromr 
Journal ot Opt-1 Soofsty of h r i o a  
June, l*5 .. V o l e  35, MO. 6 
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On the Standard Source for Low Level Photometry 
J. T t n i m  

brwn IrfnurtaJ I r r  Poidr d Mrrum, Shnr .  Sdat4-0in. Fnncr 
July 2.9. 1949 

W H E  definitions and agrccmcnts of pho:omctry are now well- 
acttlal and :Ircy receioirl thc wnction of thc Comiti. Intcr- 

n t iona l  and thc Conkcncc  Gi .nh1c tlcr Poitls ct J1csu:cs.' 
Although tlrcac drfinitions, tlic sing!c oficial onw today, have h c n  
uloptcrl witlimt any iimitition of t3c scow of tlicit wlidity, they 
rye litcly to Ix moclificd in t1.c firld of IOW luni ixum levcls, in 
oder to b k c  into account thc Purkinje cfkct, antl m v  intm 
nrtionnl airccmcnts, less simplc that thc y c s r n t  onrs, arc liktly to 
Is ncloptetl in the futurc. An almost unanirnoc9 agecmcnt has 
nlrcd;. k n  nchicrctl at the ckvcntli %&on of iiic C,i.E. (Paris 
194s); it scltla tlrc clroicc of tkc primary s!mc!;ir[i sourcc for dl 
fu!vrc photometric 3yrtcrn and tl:c macnI:urlc of thc unit of what 
r i l l  I%, in tlicsc ~ystcnrr, ~lrc ;:v;ib;y of 1un:innncc (or plrotomrtric 
hrightncss). T!x tcxt of thc rcsolutlon s(!o~ital unnninrorrdy by 11: 
thc nation:, (cxcrpt Ais!rx!k' which attcnkti tlrc C.I.E.. and in 
particular by ilic L'. S. .I., rcncls as foilo\vs: 

"Light and Virion. Kcah: ion 2. It  is tcc.uonimmclcd ths:, \vhcn 
for qm'ial p u r l r m  tlic Iui:iinorir r t ~ w c  ut radiant cncrgii? of 
vrtiuun s p c c t d  compr~itio:rs arc cvulcatnl by nrcthollr ! 1\31 (io 
not r n t  un tlrc s::intIartt :uniincwi:y !unction attuytn! by :Ire C.I.E. 
in 1925, the writ  of ilic qii:rn;ity corrcqnnrtlii!: to hnii::znce 
(pholumctric Itrightttvs) st!uuiL: r h a y s  bc c!iuwn so t h t  
quantity !i:ir f!ic nunicrid v : h c  W ( c g . ~  qystcni) rot n bLcl  Iwv!>* 
at the kwprraturc uf frcczing p!ztin:1ni," 

L 

~ 
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dark current and an essentially flat rpectral rwponw 
in tbe vioible &&on, which m&ea the design of a cor. 
d o n  ator wl.tivdy uey. 
op(icrl filterr ware designed at the National Bureau 

of S d r b  for rdscrsd tuba of thii type to prod& 

where T ( A )  io the opacttd tramnittam of the h l k ,  
S(A) b the relative spectral raponm of the photo. 
tu& at wavelength A, md K , t  the normalizing factor. 

"be rpsctrd trrnrmittana of a desired filter wm 
determined by d v h g  +tion (2) for &v(A) kr 
tern of Y(A)  and S(A). Having determined the 
desired function K,r(A), a filter conrioting of a 
suitable combination of four g l u s e ~  in ncda w u  
charen and the spectral transmittance of *ampler 
of a c h  $an wm determined. From these 1 1  1 the 
&aid th&kneu of uch component wu computed. 
The componenb were than ground and polhhed to 
the Wred thicLnarsr and tbr rpsctral trrnamittanca 
were mcuwed. In thorn inrturca in which the m a w  
ared opectrd tranamiff.nca did not a p  outSciently 
wdl  with the d a i r d  rpectr.1 tranrmittance, the con. 

ware reground to a t h i h  which gave tbr 
h i r e d  rpectrJ HB~OZW. 

Fig. 1 skowo the apectrd response of the denired 
and &e deaigd phot61ubc-tilta, indicnting a r u ~ ) a -  
ably good approximation. 
Tbs Cillod-Boutrptype phototube io an end- 

VOCUUIII phototube with a GBi cathode rarfrca ? 
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phototobs uturrtsl at Ion h a  two toh, hu a rpec- 

M e ~ n o  in 1957 .ad were o u b o a p d y  made by a 
F r d  manufachuw on the bin of orZsn received. 

t i d  Bureau of Sturdarda for prection photomerric 
meaoaremciltr. J. S. &dm of NB3 bignod a liltar 
to correct a opsctrrlly matched group of the tuber no 

Fib of the p b o t h  WCIW porchrssd by b Na- 

u to lute a rpsctrd raponre which io momtially the 
CIE spectral lwninour dficieney function. The filter 
deoign in oimilar to that dacribad by Nimcrofl and 
W i h S  for a oector diviaion biter: the filter in corn- 
pooed of rix wetorn of varying mgulrr axtent, ea& 
repent being made of meral layen of plass. 

The type 929 md the type A29 am rmum photo- 
tuba Laving M 5 4  cathode aarfacs h t  perkr ia 
rapon# at &ut 400 MI. 'RIO Wnctsn No. 106 61- 
in bignod to correct a typiccrl phototuba with M S-4 
rurfaca spectrally to match the CIE luminoua effi- 
c i a q  function.  be 5.4 c a t h b  io foand in m y  of 
th6 commercially available phbtomctera, ororfly with 
the Wrrttsn No. 106 tilter. 

tommidve d m  TIM cdt n#d incorporate a two- 
layer spat4  conecting filter. Atrboryb thu mu- 
frchrrer indimta more than a ten par crnt deviation 
from linearity betrrssa 20 to 200 footcandler with 

I 

Ihe 856 butler- lay~ p h o t d  hm 8 r e l d ~ m  p b ~  

2oo.oha1 external rattracs, B u b r d  ahow maxi- 
mum of 1.4 per cent error betwesn 0.6 and 180 foot. 
urndla relative to tha reading at 0.6 footcandle with 
a use!ro rairtrm" drclllt for cello of thio type. 
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X 
Fkwe 3. The 22 fiterr ured plotted on the CIE chromo- 
ticicy diagram. Shotcn u the ret of correction facrorr k 
tor one color-eorrected S J  phoiotube. 

. .  
To bow that uncomctd pbotwanniton arc weful 

only fot measuring illumination having exactly the 
uma rpectral dirtribation u that of the li&t with 
whicb tbey dibrated, meuurementn were made 
with the following uncorrected photoecnsitora: four 
phototuba with 54  acn~idve ~urfacer; thrcs photo. 
tuba with S-1 mitire sutfacu (puk response at 

800 nm);  two type PJ.14B t u b ;  a Gillod.Boutry 
phototube; and a mlcnium barrier-layer call. 

Procedure 

The photonensiton were cdibrated by exposing 
than to illumination from b p  operating rt 
2854°K; 22 two. by two-inch q u a m  of cold 
ored glass, whose spectral transmittance was known 
fror mere1 seta of independerrt spectrophotometric 
measurements, were placed in turn in the light beam 
mil radirrsr d Qo phocoscnriton were taken. The 
color deaignrtioas (nee Table I) are thosa ruggested 
by Kelly." 

For a c h  of the 22 colon a correction factor k WM 

calculated, such tbat 

k = r./sa (3) 
where T, is the trammittance of the filter -A deter. 
mined by a of spectrophotometric measurements 
m d  r,, ia the transmittance OB indicated by two pho. 
tommitor reading. 

Since E, = ?,E,, and (W 
~r = Em/&, (4b) 

where E, is the mcrsured illuminance on the photo. 
tube without the filter, E, is the "correct" illuminrncs 
with the Slter, and E,,, is the mearcired illuminance 
with tha hltar, 

E, I' kE, 
or, k timer the measured illuminanc,. gives the "cor. 
rsa" illuminonca which t incident on the phototube. 
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Results 

The k v d u a  for one photosensitor with a co:m 
corrected S-4 surface are given in Fig. 3; k vduea 
for all four colorcorrected S-4 surfaces arc given in 
Table I. Corrcctioo factom between 0.81 and 1.20 
are applicable to all colon except the rub.  Factors 
for phototube No. 3 are within t0 .E  of 1.00 for 
11 colon, while the d e r  &rea phototubea am 
within k O . 0 5  for only three or four d o n .  
Tbe PJ-148 phototube No. 1 is within *O.OC of 

1.00 for dl colon except the two beput rula md 
within k O . 0 5  for dl but the two ndr and the pur. 
plish blue, M ahown in Table 11, PJ-14B phototube 
No. 2 rhows bctter correction for the reds than No. 1; 
correction in the bluea and greens is l a r  adequate, 
however. (The average correction factor for both 
phototubes ir 0.97). 'Ihe 
k O . 0 5  for all but two of e 17 dltar for which 
murunmentr were mads 

The k vr lua  for the noticolorcorrected photo. 
m i t o m  are ginn in Table 111. 

PBoutr). ia within 

Olrcurrlon 

The dah for the barrier-layer type of photocells show 
that, when they are calibrated with light at a color 
temperature of 285Q°K, many of the colon shown in 
the tabla can be measured with small erron. Also, 
more tellingly in the reds, if the photocell is calibrated 
with a filter close on the chromaticity diagram to the 
color being measured, the error ir redrrced. For ex. 
ample, a photocell calikrrted with light parsing 

through filter No. 19 could be d for measuring 
light through U t a  No. 20 within one per cent (on 
the basis of the data of barrier-layer a l l  No. 3). 

Since many of the correction factum of Table I for 
adjacent dltera are within a few per cent of ucb 
other, pbotorsnriton with S 4  rurfacu and Wrattsll 
No. 106 film can rL0 be calibrated with light am 
t rdg dore to the light &ig murured for increasing 
accuracy. 

Each clct of c o d o n  factors of Tabla I through 
I11 applia only to I rpscific pbotorenritor and not to 
the type in general. Tb factors do, however, r u m  
the magnitude of the anon thst might be expected 
when manawing the intsluity of light of tlm color 
indicated. 

Although the PJ-14B pbototube ir no longer a v d -  
able commercially, *ere ir a comparable replacement, 
the type 21454, which is, howevar, too expensive for 
general photometric uae. The Ciod-Boutry photo 
tube ia included M an example of a phototube for 
precision memareancab, which h u  been mde, and 
could, in the future, be made available to a group of 
interatad purchusn at a ruronable price. 
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Announcement of New Volumes in the 

NBS Special Publication 300 Series 

Precision Measurement and Calibration 

Superintendent of Documents, 
Government Printing Office, 
Washington, D. C. 20402 
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Reproduced by NTIS 
National Technical Information Service 
U. S. Department of Commerce 
Springfield, VA 22 7 6 7 

This report was printed specifically for your 
order from our collection of more than 2 million 
technical reports. 

For economy and efficiency, NTlS does not maintain stock of i ts  vast 
collection of technical reports. Rather, most documents are printed fo 
each order. Your copy is the best possible reproduction available from 
our master archive. If you have any questions concerning this documei 
or any order you placed with NTIS, please call our Customer Services 
Department at (703)487-4660. 

Always think of NTlS when you want: 
Access t o  the technical, scientific, and engineering results generated 

by the ongoing multibillion dollar R&D program of the US. Government. 
R&D results from Japan, West Germany, Great Britain, and some 29 

other countries, most of it reported in English. 

NTlS also operates two centers that can provide you with valuable 
information: 

The Federal Computer Products Center - offers software and 
datafiles produced by Federal agencies. 

The Center for the Utilization of Federal Technology - gives you 
access t o  the best of Federal technologies and laboratory resources. 

For more information about NTIS, send for our FREE NTlS Products 
and Services Catalog which describes how you can access this U.S. anc 
foreign Government technology. Call (703)487-4650 or send this 
sheet t o  NTIS, U.S. Department of Commerce, Springfield, VA 22 1 61. 
Ask for catalog, PR-827. 
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