
6 l 2 . 8 4 3 .6 1 4

T h e  L u m in o u s  E ffic ien cy  o f  M o n o c h ro m a tic  R ay s  

E n te r in g  th e  E y e  P u p i l  a t  D iffe re n t P o in ts  

a n d  a  N ew  C o lo u r E ffect

B y  W. S. St i l e s  

F r o m  T h e  N a t io n a l  P h y s ic a l  L a b o r a to r y

ic a te d  b y  S i r  J o h n  Parsons, F .R .S .— R e c e iv e d  16 F e b r u a r y  1937)

In t r o d u c t i o n

. I t  h a s  b e e n  f o u n d  b y  t h e  w r i te r ,  in  c o l la b o ra t io n  w ith  B . H . C ra w fo rd  

(19 33 ), t h a t  l ig h t  r a y s  e n te r in g  th e  e y e  p u p i l  n e a r  i t s  p e r ip h e r y  a re  less 

e f f ic ie n t in  p r o d u c in g  t h e  im p re s s io n  o f  b r ig h tn e s s  t h a n  r a y s  e n te r in g  

c e n tr a l ly ,  t h e  p a t c h  o f  r e t in a  s t im u la te d  ( th e  fo v e a )  b e in g  th e  s a m e  in  b o th  

c a se s . R e a s o n s  w e re  p u t  f o r w a rd  in  th e  p a p e r  c i te d  fo r  th in k in g  th e  e ffec t 

t o  b e  r e t in a l  in  o r ig in , i .e . d u e  to  a  v a r ia t io n  o f  v is u a l  s e n s i t iv i ty  w ith  

a n g le  o f  in c id e n c e  o f  t h e  l ig h t  o n  th e  r e t in a ,  r a t h e r  t h a n  th e  r e s u l t  o f  a  g r e a te r  

a b s o r p t io n  o f  t h e  p e r ip h e r a l  r a y s  in  t r a n s i t  th r o u g h  th e  o p t ic  m e d ia  o f  th e  

e y e . M o s t o f  t h e  o b s e r v a t io n s  w e re  m a d e  w i th  w h ite  l ig h t  a n d , a l th o u g h  

th e  a b s e n c e  o f  a n y  p ro n o u n c e d  c o lo ra t io n  o f  th e  fie ld  i l lu m in a te d  b y  th e  

p e r ip h e r a l  r a y  in d ic a te d  t h a t  t h e  r e d u c t io n  o f  a p p a r e n t  b r ig h tn e s s  c o u ld  

n o t  b e  v e r y  d if f e re n t  fo r  d if fe re n t c o lo u rs , i t  w a s  c o n s id e re d  d e s ira b le  to  t e s t  

th i s  p o in t  d i r e c t ly  b y  o b s e r v a t io n s  w i th  m o n o c h ro m a tic  l ig h t  th r o u g h o u t  

th e  s p e c tr u m . I n  P a r t  I  o f  th i s  p a p e r  a n  in v e s t ig a t io n  o n  th e s e  lin es  is  

d e s c r ib e d  f ro m  w h ic h  i t  a p p e a r s  t h a t  fo r  t h e  w r i t e r ’s e y e  th e  r a t io  o f  th e  

lu m in o u s  e ffic ien cies  o f  r a y s  e n te r in g  c e n t r a l ly  a n d  p e r ip h e ra l ly  v a r ie s  

s y s te m a t ic a l ly  to  a  l im i te d  e x t e n t  in  p a s s in g  th r o u g h  th e  s p e c tru m . I t  

w a s  a lso  f o u n d  t h a t  w i th in  a  c o n s id e ra b le  r a n g e  o f  in te n s i ty  th e  v a lu e  o f  

t h e  r a t io  fo r  a  g iv e n  w a v e - le n g th  is  in d e p e n d e n t  o f  in te n s i ty .

S in c e  th e  p u b l ic a t io n  o f  th e  o r ig in a l  p a p e r ,  D z io b e k  (1934) a n d  W r ig h t  

a n d  N e lso n  (1936) h a v e  b o th  m a d e  m e a s u re m e n ts  c o n firm in g  th e  e x is te n c e  

o f  a  m a r k e d  v a r ia t io n  o f  lu m in o u s  e ff ic ie n cy  w ith  p o in t  o f  e n t r y .  T h e  l a t t e r  

w o rk e rs  e m p lo y e d  w h ite  l ig h t  a n d  c o lo u re d  l ig h ts  o b ta in e d  w ith  th e  a id  o f  

f il te rs . G o o d e v e  (1936) h a s  a lso  m e a s u re d  th e  e ffect, in  th e  e x tre m e  re d .

I n  m a k in g  m e a s u re m e n ts  w i th  m o n o c h ro m a tic  l ig h t  i t  w as  o b s e rv e d  t h a t  

a s  t h e  p o in t  o f  e n t r y  o f  th e  l ig h t  r a y  m o v e d  a c ro ss  th e  p u p il , th e  c o rre -
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s p o n d in g  h a l f  o f  th e  p h o to m e tr ic  m a tc h in g  fie ld  e x h ib i te d  in  so m e  p a r t s  

o f  th e  s p e c tru m  a  c h a n g e  o f  c o lo u r  in  a d d i t io n  to  th e  c h a n g e  o f  b r ig h tn e s s . 

T h is  c o lo u r  c h a n g e , w h ic h  a s  f a r  a s  is  k n o w n  h a s  n o t  p re v io u s ly  b e e n  r e ­

c o rd e d , is o f  p a r t ic u la r  in te r e s t  a s  i t  p ro v id e s  e v id e n c e  o f  a  d if fe ren c e  in  

p ro p e r t ie s  o f  th e  th r e e  ty p e s  o r  g ro u p s  o f  ty p e s  o f  r e c e p to r  p o s tu la te d  in  

th e  t r ic h r o m a t ic  th e o r y  o th e r  t h a n  d iffe ren c es  in  th e i r  s p e c tr a l  e x c i ta t io n  

c u rv e s . P a r t  I I  o f  th e  p a p e r  g iv e s  a n  a c c o u n t  o f  m e a s u re m e n ts  o f  th e  c o lo u r  

e ffec t to g e th e r  w ith  c e r ta in  d e d u c t io n s  f ro m  th e  r e s u l ts  so f a r  o b ta in e d .
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Pa r t  I — Th e  E f f e c t  o f  Wa v e -l e n g t h  o n  t h e  Lu m i n o u s  

E f f i c i e n c i e s  o f  Ra y s  e n t e r i n g  t h e  Ey e  Pu pi l  a t  

D i f f e r e n t  P o in t s

Apparatus and Method

A  d ia g ra m  o f  th e  a p p a r a tu s  u s e d  is s h o w n  in  fig . 1. T h e  s o u rc e  S  is  a  

r ib b o n  f i la m e n t g a s-fille d  tu n g s te n  la m p  (6 V , 100 W ) p la c e d  so t h a t  t h e  

le n g th  o f  th e  r ib b o n  is h o r iz o n ta l  a n d  in c l in e d  a t  a n  a n g le  o f  45° to  th e  

a x e s  o f  th e  tw o  o p tic a l  t r a in s .  L e n s  L 1 ( / =  17 c m .) fo rm s  a n  im a g e  o f  S  

o n  th e  e n tr a n c e  s l i t  o f  th e  H ilg e r  c o n s ta n t  d e v ia t io n  s p e c tr o m e te r  I  w h ic h  

h a s  c o ll im a to r  a n d  te le sc o p e  le n se s  o f  28*5 cm . fo c a l le n g th .  I n  f r o n t  o f  th e  

e x i t  s l i t  o f  s p e c tro m e te r  I ‘(h e re  u s e d  a s  a  m o n o c h ro m a to r )  tw o  g e la t in e  

n e u t r a l  w e d g es  W1 a n d  W2 a re  a r r a n g e d  to  m o v e  in  v e r t ic a l  g u id e

h a v in g  a  c o n tin u o u s  v a r ia t io n  o f  d e n s i ty  a n d  W2 a  s te p w is e  v a r ia t io n .  

T h e  l ig h t  f ro m  th e  e x i t  s l i t  o f  s p e c tr o m e te r  I  is  r e n d e re d  p a ra l le l  b y  le n s  L 2 

( / =  24 c m .) ; th e  b e a m  is d e l im ite d  b y  a  s q u a r e  a p e r tu r e  in  th e  d ia p h ra g m  

T 1 a n d , a f te r  p a s s in g  th r o u g h  th e  g la ss  c u b e  G , is  b r o u g h t  to  a  fo c u s  oq 

a p p ro x im a te ly  in  th e  p la n e  o f  th e  s u b je c t ’s e y e  p u p il  ( a t  0 )  b y  th e  le n s  L z 

( / =  24 cm .). T h e  c u b e  C, o f  5 cm . s id e , c o n s is ts  o f  tw o  r ig h t - a n g le d  p r is m s  

e n c lo s in g  b e tw e e n  th e i r  o p p o s e d  h y p o te n u s e  fa c e s  a  t h in  h a lf -p la t in iz e d  

g la ss  p la te ,  th e  p r is m s  a n d  p la te  b e in g  c e m e n te d  to g e th e r  w i th  C a n a d a  

b a ls a m  a n d  f irm ly  c la m p e d  in  a  b ra s s  f ra m e .

I n  th e  se c o n d  o p t ic a l  t r a i n  th e  le n se s  L 6 ( 17 cm .) a n d  L s ( / =  25 cm .)

p ro d u c e  a n  im a g e  o f  S  o n  th e  e n tr a n c e  s l i t  o f  th e  T u t to n  m o n o c h ro m a to r  

s p e c tro m e te r  I I  w h ic h  h a s  c o ll im a to r  a n d  te le sc o p e  le n se s  o f  fo c a l le n g th  

18*5 cm . A  w ed g e  Wz h a v in g  a  c o n tin u o u s  v a r ia t io n  o f  d e n s i ty  m o v e s  in  

v e r t ic a l  g u id e s  in  f r o n t  o f  th e  e x i t  s l i t  o f  s p e c tro m e te r  I .  L e n s  L i  ( / =  24 cm .) 

a n d  d ia p h ra g m  T 2 d e lim it  a  sm a ll p a ra l le l  b e a m  o f  s q u a re  s e c tio n  a s  in  

th e  f ir s t  o p tic a l  t r a in .  T h is  b e a m  is p a r t ia l ly  re f le c te d  a t  th e  h a lf -p la tin iz e d
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9 2 W . S . S t i l e s

p la te  in  th e  c u b e  C  a n d  is b r o u g h t  to  a  fo c u s  w2 in  th e  p la n e  o f  th e  s u b je c t ’s 

e y e  p u p i l  b y  th e  le n s  L z .

T h e  d ia p h ra g m s  T x a n d  T2 c a n  b e  a d ju s t e d  v e r t ic a l ly  a n d  la te r a l ly  so 

t h a t  t h e  e y e  a t  0  sees b y  M a x w e llia n  v ie w  tw o  ju x ta p o s e d  s q u a re  fie ld s in  

c o n ta c t  a lo n g  a  h o r iz o n ta l  e d g e  a n d  fo rm in g  to g e th e r  a  b ip a r t i t e  p h o to m e tr ic  

m a tc h in g  fie ld  o f  t o t a l  a n g u la r  d im e n s io n s  T 8 x 0 - 9 °  (a p p ro x .) .  T h e  d ia ­

p h r a g m s * ^  a n d  T 2 a r e  n o rm a l ly  p la c e d  a t  s u c h  a  d is ta n c e  f ro m  th e  c u b e  G  

t h a t  th e y  lie  a t  th e  fo c u s  o f  le n s  L s (a llo w in g  fo r  t h e  p re s e n c e  o f  t h e  g la ss  

c u b e )  a n d  a re  s e e n  b y  t h e  s u b je c t  a t  in f in i ty .  O w in g  to  th e  c h ro m a tic

S>.

f
M

L ,

T .

-s y=*

J L

0

S pe c t .IL.

l a0

* 3

S p s c t I.
0

I \*V2

& .L .

J f f i ,  G ' £  

7•  %  J

0

Fig . 1— D ia g r a m  o f  a p p a r a tu s  ( n o t  t o  s c a le ) .

a b e r r a t io n s  o f  t h e  e y e  a n d  re s id u a l  c h ro m a t ic  a b e r r a t io n s  o f  th e  o p tic a l  

s y s te m , i t  w a s  f o u n d  c o n v e n ie n t  t o  a d ju s t  th e  d is ta n c e s  o f  th e  d ia p h ra g m s  

T x a n d  T 2 fo r  e a c h  w a v e - le n g th  s tu d ie d  to  g iv e  a  fie ld  o f  o p t im u m  s h a rp n e s s  

a s  s e e n  b y  th e  s u b je c t  w i th  h is  e y e  a s  f a r  a s  p o ss ib le  in  th e  u n a c c o m m o d a te d  

c o n d it io n . I t  m a y  b e  n o te d  h e re  t h a t  a ll t h e  le n se s  u s e d  in  th e  a p p a r a tu s  

a re  a c h r o m a t ic  d o u b le ts .

T h e  c u b e  C  is  a r r a n g e d  to  r o t a t e  a b o u t  a  v e r t ic a l  a x is  th r o u g h  i ts  c e n tre , 

t h e  a m o u n t  o f  r o ta t io n  b e in g  c o n tro l le d  b y  m e a n s  o f  a  m ic ro m e te r  screw .
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A s th e  c u b e  ro ta te s ,  th e  im a g e  o)2 m o v e s  o n  a  h o r iz o n ta l  lin

j e c t ’s p u p il  w h ile  th e  im a g e  o)1 r e m a in s  p r a c t ic a l ly  s ta t io n a r y .  W h e n  su c h  

a  r o ta t io n  is m a d e , th e  s u b je c t  sees th e  tw o  s q u a re  fie ld s s e p a r a te  la te r a l ly .  

T h is  is d u e  in  th e  m a in  to  a n  a c tu a l  c h a n g e  in  th e  p o s i t io n  o f  th e  v i r tu a l  

im a g e  o f  T2 fo rm e d  b y  re f le x io n  in  th e  h a lf -p la t in iz e d  p la te  o f  th e  c u b e . 

T h e re  is in  a d d i t io n  a n  a p p a r e n t  s h if t  in  th e  p o s i t io n  o f  T 2 d u e  to  th e  s p h e r ic a l  

a b e r r a t io n  o f  th e  s u b je c t ’s e y e . T h e  tw o  fie ld s c a n  b e  b r o u g h t  b a c k  in to  

p o s it io n  b y  a  d is p la c e m e n t  o f  th e  d ia p h ra g m  T 2. F o r  d e te r m in in g  th e  

r e la t iv e  p o s itio n s  o f  aq a n d  oj2 in  th e  p la n e  o f  th e  s u b je c t ’s p u p il ,  a n  a u x i l ia ry  

o p tic a l  s y s te m  c o m p ris in g  th e  lens* L 1 ( / =  24 cm .), a  g r

o f  L - a n d  a n  e y e -p iec e  E  fo r  v ie w in g  th e  g ra t ic u le ,  is  u s e d . Im a g e s  co[ 

a n d  o)2 o f  th e  e x i t  s lits  o f  s p e c tro m e te r s  I  a n d  I I  r e s p e c t iv e ly  a re  fo rm e d  in  

th e  p la n e  o f  th e  g ra t ic u le , co[ b y  re f le x io n  in  th e  c u b e  a n d  o>2 b y  t r a n s ­

m is s io n  th r o u g h  th e  c u b e . W h e n  aq  a n d  (o2 a re  c o in c id e n t,  so a re  <±>[ a n d  

(o'0. W h e n  C  is r o ta te d ,  a>2 m o v e s  a w a y  f ro m  aq  a n d  a t  t h e  s a m e  t im e  co[ 

m o v e s  a w a y  fro m  o)2 b y  a  p r o p o r t io n a l  a m o u n t .  B y  s e t t in g  u p  a  t r a v e

m ic ro sc o p e  to  v ie w  aq  a n d  a>2 in  th e  p la n e  n o rm a l ly  o c c u p ie d  b y  th e  s u b je c t ’s 

ey e  p u p il, th e  d is p la c e m e n t  o f  aq  a n d  a>2 o n  th e  g ra t ic u le  c o r re s p o n d in g  

to  a  g iv e n  d is p la c e m e n t o f  aq  a n d  a>2 in  th e  e y e  p la n e  c a n  b e  d e te r m in e d .

I n  u s in g  th e  a p p a r a tu s  i t  is c le a r ly  e s s e n t ia l  fo r  t h e  o b s e rv in g  e y e  to  

re m a in  in  a  f ix e d  p o s it io n . T h e  h e a d  is k e p t  in  a  f ix e d  p o s i t io n  b y  m a k in g  

th e  s u b je c t  b i te  o n  a  s e a lin g  w a x  im p re s s io n  o f  h is  t e e t h  c a r r ie d  o n  a  b ra s s  

p la te  f ix e d  to  a  h e a v y  m e ta l  f r a m e  w h ic h  is i t s e l f  c la m p e d  f irm ly  to  th e  

ta b le  c a r ry in g  th e  a p p a r a tu s .  W h e n  th e  h e a d  is in  a  f ix e d  p o s i t io n  a n d  th e  

g aze  is  d ir e c te d  to  th e  c e n tr e  o f  th e  m a tc h in g  fie ld , i t  m a y  b e  a s s u m e d  t h a t  

th e  s u b je c t ’s ey e  is  a lso  in  a  f ix e d  p o s it io n . T h e  m e ta l  f r a m e  in c o rp o ra te s  

a d ju s tm e n ts  w h ic h  e n a b le  th e  se a lin g  w a x  “ b i t ” to  b e  d is p la c e d  in  th r e e  

d ire c tio n s  a t  r ig h t  a n g le s  so t h a t  th e  c e n tr e  o f  th e  s u b je c t ’s p u p il  c a n  b e  

b r o u g h t  in to  c o in c id e n c e  w ith  th e  f ix e d  im a g e  aq .

P r in c ip le  o f  the M e a s u r e m e n ts

W ith  th e  im a g e s  aq  a n d  co2 c o in c id e n t a n d  e n te r in g  th e  s u b je c t ’s p u p il  

a t  i t s  c e n tre , a n d  w ith  b o th  s p e c tro m e te r s  s e le c tin g  l ig h t  o f  th e  sa m e  w a v e ­

le n g th  A, th e  s u b je c t  a d ju s t s  th e  w ed g e  W3 u n t i l  th e  tw o  h a lv e s  o f  th e  

p h o to m e tr ic  fie ld  fo rm e d  b y  th e  d ia p h ra g m s  T x a n d  T2 a p p e a r  e q u a lly  

b r ig h t .

T h e  s e t t in g  is r e p e a te d  s e v e ra l  t im e s . T h e  e x p e r im e n te r  th e n  tu r n s  th e  

m ic ro m e te r  screw  to  r o ta te  C by  a  c e r ta in  a m o u n t  a n d  n o te s

m e n t  o f  th e  im a g e  oj[ o n  th e  g ra tic u le . T h e  s u b je c t  r e a d ju s ts  th e  d ia p h ra g m  

T 2 to  re s to re  th e  ju x ta p o s i t io n  o f  th e  tw o  fie lds a n d  m a k e s  a  n e w  ser ies  o f

L u m in o u s  E f f ic ie n c y  o f  M o n o c h r o m a tic  R a y s  9 3
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9 4 W . S . S t i l e s

s e t t in g s  o f  t h e  w e d g e  W3 t o  g iv e  e q u a l i ty  o f  b r ig h tn e s s  b e tw e e n  th e  tw o  

fie ld s . I f  A is  th e  d e n s i ty ,  fo r  w a v e - le n g th  A, c o r re s p o n d in g  to  th e  in i t

m e a n  s e t t in g  o f  th e  w e d g e  a n d  i f  A d is  t h e  d e n s i ty  fo r

a>2 is d is p la c e d  d m m . f ro m  th e  p u p i l  c e n tr e ,  th e n  th e  lu m in o u s  effic iency  tj 

fo r  t h e  d is p la c e d  p o s i t io n  o f  e n t r y  o f  th e  l ig h t  is  g iv e n  b y

log io  V =  A d ~ A .

C o n tin u in g  th e  m e a s u r e m e n ts  in  th e  a b o v e  m a n n e r  th e  w h o le  d ia m e te r  

o f  t h e  p u p i l  c a n  b e  t r a v e r s e d  a n d  a  c u rv e  d r a w n  r e la t in g  lo g 10?/ to  d.

( I n  th e  p re v io u s  p a p e r  rj a n d  n o t  lo g  10t wa s  p lo

p ro c e d u re  h a s  so m e  a d v a n ta g e s .)

Spectrometer Adjustments, etc.

T h e  fo c u s in g  r in g s  o n  t h e  s p e c tr o m e te r s  w e re  c a l ib r a te d  to  e n a b le  th e  

im a g e  o f  t h e  e n t r a n c e  s l i t  to  b e  b r o u g h t  in to  fo c u s  in  th e  p la n e  o f  t h e  e x i t  

s l i t  a t  e a c h  w a v e - le n g th .  A  w a v e - le n g th  c a l ib r a t io n  c u rv e  w a s  u s e d  fo r  

s p e c t r o m e te r  I  b u t  w a s  u n n e c e s s a ry  fo r  s p e c t r o m e te r  I I .  T h e  te le sc o p e  a n d  

c o l l im a to r  o f  s p e c t r o m e te r  I  w e re  e a c h  e q u ip p e d  w i th  a  m ic ro sc o p e  i n t e r ­

c h a n g e a b le  o b je c t iv e  h o ld e r  (B e c k ) m o d if ie d  to  t a k e  f ix e d  s li ts  in  p la c e  o f  

o b je c t iv e s .  T h e  d e v ic e  e n a b le d  s l i ts  to  b e  r e m o v e d  a n d  th e n  re p la c e d  in  

e x a c t ly  th e  s a m e  p o s i t io n .  F o r  th e  e x i t  s l i t  a  f ix e d  s l i t  o f  w id th  0*48 m m . 

a n d  h e ig h t  0 5 0  m m . w a s  u s e d  th r o u g h o u t  t h e  m e a s u re m e n ts .  F o r  th e  

e n t r a n c e  s l i t ,  f ix e d  s l i ts  o f  h e ig h t  2 m m . a n d  w id th s  0-23, 0*45, 1-06 a n d  

2*01 m m . r e s p e c t iv e ly  w e re  u s e d  a s  r e q u ir e d .  S p e c tro m e te r  I I  w as  f i t te d  

w i th  s y m m e tr ic a l ly  o p e n in g  m ic r o m e te r  s l i ts  s u p p lie d  w ith  th e  in s t r u m e n t  

(H ilg e r) . T h e  s l i t  h e ig h t  c o u ld  b e  c o n tro l le d  b y  th e  V -s h a p e d  s lid e s  p ro v id e d  

b u t  w i th  th e  s m a ll  h e ig h t  o f  e x i t  s l i t  h e re  r e q u i r e d  th e  i r r e g u la r i t ie s  a t  th e  

a p e x  o f  t h e  V g a v e  t ro u b le .  T h e  s l i ts  w e re  th e re fo re  d e l im ite d  v e r t ic a l ly  b y  

a d ju s t a b le  b e v e lle d  b ra s s  s t r ip s  s c re w e d  to  th e  V s lid e s . F o r  th e  e n tr a n c e  

a n d  e x i t  s l i ts , h e ig h ts  o f  0 -32  a n d  1 m m . re s p e c t iv e ly  w e re  u s e d  fo r  m o s t o f  

t h e  m e a s u re m e n ts .

T h e  d iffe re n c e  o f  w a v e - le n g th  AX b e tw e e n  th e  e x tr e m e  l im its  o f  th e  

s p e c t r u m  b a n d  p a s s e d  b y  th e  s p e c t r o m e te r  m a y  b e  u s e d  to  s p e c ify  th e  

n o m in a l  p u r i t y  o f  t h e  l ig h t  i f  th e  s l i t  w id th s  a re  e q u a l. W h e n  th is  is  n o t  th e  

ca se  i t  is  n e c e s s a ry  to  s t a t e  in  a d d i t io n  th e  r a t io  p  o f  th e  e x i t  a n d  e n tr a n c e  

s l i t  w id th s .  T h e  a c tu a l  p u r i t y  o b ta in e d  w ill d e p e n d  o n  th e  a m o u n t  o f  l ig h t  

s c a t t e r e d  o r  i r r e g u la r ly  re f le c te d  in  th e  s p e c tro m e te r .  T h e  p a ra s i t ic  l ig h t 

a r is in g  in  th i s  w a y  w a s  r e d u c e d  to  a  p o in t  a t  w h ic h  i t  c o u ld  h a v e  l i t t l e ,  i f  

a n y , e ffe c t o n  th e  m e a s u re m e n ts  b y  in s e r t in g  s u i ta b ly  c h o se n  c o lo u re d  

g la ss  f i l te rs  in  th e  o p t ic a l  s y s te m  b e tw e e n  th e  so u rc e  a n d  th e  e n tr a n c e
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s lits  o f  th e  s p e c tro m e te r s .  T h e  e ffe c tiv e n e ss  o f  th e  g la sse s  u s e d  w a s  c h e c k e d  

q u a l i ta t iv e ly  b y  le t t in g  th e  im a g e s  oq a n d  fa ll  o n  th e  e n t r a n c e  s l i t  o f  

a  d ire c t  v is io n  s p e c tro m e te r  a n d  o b s e rv in g  th e  s p e c tr u m  p ro d u c e d .

Calibration of the Wedges

T h e  w ed g es  Wx, W2 a n d  W3 w e re  c a l ib r a te d  in  th e  a p p a r a tu s  b y  th e  u s u a l

p h o to m e tr ic  m e th o d s , e m p lo y in g  a  s e r ie s  o f  r o t a t in g  s e c to rs  o f  k n o w n  

tra n s m is s io n s . T h e  p h o to m e tr ic  m a tc h e s  fo r  th e s e  m e a s u re m e n ts  w ere  m a d e  

o f  c o u rse  w i th  th e  im a g e s  ojx a n d  (o2 c o in c id e n t a n d  e n te r in g

W ith  a  s e c to r  o f  d e n s i ty  A ( d e n s i ty  =  lo g 10( l / t r a n s m is s io n ) )  i

tw e e n  L5 a n d  th e  e n t r a n c e  s l i t  o f  s p e c tr o m e te r  I I  a n d  w ith  w e d g e  II3 

ra is e d  o u t  o f  th e  b e a m  e m e rg in g  f ro m  th e  e x i t  s l i t ,  w e d g e  w a s  a d ju s t e d  

to  g iv e  a  p h o to m e tr ic  m a tc h  b e tw e e n  a n d  T2. L e a v in g  th is  s e t t in g  o f  

Wxu n c h a n g e d , th e  s e c to r  d is k  w as  re m o v e d  a n d  w e d g e  II3 lo w e re d  in to  th e  

b e a m  a n d  a d ju s t e d  to  r e s to re  th e  p h o to m e tr ic  m a tc h .  T h e  re a d in g  r o n  

th e  v e r t ic a l  sca le  o f  th e  in d e x  m a r k  c a r r ie d  b y  is th e n  k n o w n  to  c o r re ­

s p o n d  to  a  w e d g e  d e n s i ty  A. T h e  c a l ib r a t io n  c u rv e  r e la t in g  A a n d  w a s  

d e te rm in e d  fo r  W3 fo r  l ig h t  o f  w a v e - le n g th  A0 =  540  nyi. T h e  r a n g e  o f  d e n s i t

e q u a lle d  a p p r o x im a te ly  2*5 a n d  th e  c a l ib r a t io n  c u rv e  w a s  n e a r ly ,  b u t  n o t  

q u ite ,  re c t i l in e a r .  F u r th e r  m e a s u re m e n ts  s h o w e d  t h a t  fo r  a n y  o th e r  w a v e ­

le n g th  A, th e  w e d g e  d e n s i ty  A w a s  r e la te d  to  th e  d e n s i ty  A0 fo r  A0, b y  th e  

e q u a t io n

A =  a +

w h e re  a a n d  6 a re  c o n s ta n ts  d e p e n d in g  o n  w a v e - le n g th  b u t  a p p r o x im a te ly  

in d e p e n d e n t  o f  d e n s i ty . F ig . 2 sh o w s th e  v a r ia t io n  o f  a a n d  b w i th  w a v e ­

le n g th . T h e  tw o  c u rv e s  o f  fig. 2 to g e th e r  w i th  th e  c a l ib ra t io n  c u rv e  fo r 

A =  540 m /t p ro v id e  a  c o m p le te  c a l ib ra t io n  o f  th e  w e d g e  W3 fo r  l ig h t  o f  a n y  

w a v e - le n g th . W e d g e s  Wx a n d  W2 w e re  c a l ib r a te d  s im ila r ly  a l th o u

c a lib ra t io n s  w ere  n o t  r e q u i r e d  fo r  th e  m a in  m e a s u re m e n ts .

es of Images oq and co2 Centring of the Eye, etc.

T h e  o p tic a l  s y s te m  is s u c h  t h a t  th e  im a g e s  &q a n d  oj2 a re  o f  th e  sa m e  size  

a s  th e  c o rre sp o n d in g  e x i t  s lits . T h e ir  v e r t ic a l  d im e n s io n s  w e re  th e re fo re  

0-50 m m . (oq) a n d  0-32 m m . (&>2) a p p r o x im a te ly  a n d  th e  w id th  o f  oq, 

0-48 m m . T h e  w id th  o f  oj2 d e p e n d e d  o n  th e  w a v e - le n g th  u s e d  b u t  n e v e r  

e x c e e d e d  0-50 m m . T h e  a c c u r a te  c e n tr in g  o f  th e  e y e  w as  a c c o m p lis h e d  b y  

s e t t in g  oj2an d  oq to  b e  c o in c id e n t a n d  t r a v e r s in g  th e  s u b je c t ’s h e a d  in  a  

v e r t ic a l  o r h o r iz o n ta l  d ire c t io n  w ith  th e  a id  o f  th e  m o v e m e n ts  o n  th e  b i t -  

h o ld e r  u n t i l  th e  im a g e s  aq  a n d  co2 c ro sse d  th e  e d g e  o f  th e  d i la te d  p u p il.

L u m in o u s  E f f ic ie n c y  o f  M o n o c h r o m a t ic  R a y s  9 5
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9 6 W . S . S t i l e s

T h is  w a s  a p p a r e n t  b y  th e  s u d d e n  e x t in c t io n  o f  th e  l ig h t  in  th e  fie ld s T x 

a n d  T2 a s  see n  b y  th e  s u b je c t .  T h e  m id p o in t  o f  th e  tw o  s e t t in g s  fo r  e x t in c t io n  

g a v e  th e  s e t t in g  fo r  c e n t r a l  e n t r y .  A  m y d r ia t ic  ( e u p h th a lm in e )  w as  u s e d  to  

o b ta in  a  s te a d y  a n d  fu lly  d i la te d  p u p il .  T h e  s u b je c t  s a t  in  a  s m a ll e n c lo su re

Curve I.

W a v e - l e n g t h  A i n  m/i

Fig . 2— W a v e - le n g th  c o r r e c t io n s  t o  d e n s i ty  c a l ib r a t io n  c u r v e  o f  w e d g e  W3.

fo rm e d  o f  b la c k  c u r ta in s  a n d  th e  id le  e y e  w a s  c o v e re d  w ith  a n  e y e  sh a d e . 

A n  a p e r tu r e  in  th e  f r o n t  c u r ta in  d isc lo se d  th e  le n s  L z . T h u s  th e  fie ld  w as  

d a r k  s a v e  fo r  th e  tw o  fie ld s  to  b e  m a tc h e d .

P o s s ib le  E r r o r s  d u e  to  the A d ju s tm e n t  o f  T 2

W h e n  th e  im a g e  oj2 is  t r a v e r s e d  a c ro ss  th e  ey e  h o r iz o n ta l ly  i t  is n e c e s sa ry  

to  m o v e  th e  d ia p h r a g m  T 2 s l ig h t ly  to  k e e p  th e  m a tc h in g  fie ld s ju x ta p o s e d . 

T h is  m e a n s  t h a t  a  s l ig h t ly  d if fe re n t p o r t io n  o f  th e  p a ra l le l  b e a m  is su in g  

f ro m  th e  le n s  L 4 is  s e le c te d  b y  th e  d ia p h ra g m  a n d  a  s l ig h tly  d iffe re n t p a r t  

o f  t h e  h a lf -p la t in iz e d  p la te  is  e m p lo y e d  in  th e  re fle x io n . E s t im a te s  o f  th e
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9 7

p o ssib le  e r ro rs  a r is in g  in  th is  w a y  f ro m  n o n - u n if o rm ity  in  th e  b e a m  a n d  

in  th e  h a lf -p la t in iz e d  p la te  sh o w e d  th e m  to  b e  sm a ll a n d  p ro b a b ly  n o t  

g r e a te r  t h a n  a b o u t  5 %  in  th e  w o rs t  case .

Absolute Intensities

A lth o u g h  th e  m e a s u re m e n ts  w e re  p r im a r i ly  c o n c e rn e d  w ith  th e  c h a n g e  

in  a p p a r e n t  b r ig h tn e s s  w ith  c h a n g e  in  th e  p o in t  o f  e n t r y  o f  th e  r a y  in  th e  

e y e  p u p il, i t  w as  d e s ira b le  to  k n o w , a t  le a s t  a p p r o x im a te ly ,  th e  a b s o lu te  

in te n s i ty  o f  th e  m a tc h in g  fie ld . S u p p o s e  6° K . is  th e  c o lo u r  t e m p e r a tu r e  o f  

th e  so u rc e  S  w h e n  r u n  a t  a  g iv e n  v o lta g e . W e  c a n  d e te r m in e  fro m  ta b le s  

su c h  a s  th o s e  o f  S k o g la n d  (1929) th e  r a d ia t io n a l  e n e rg y  in  th e  w a v e - le n g th  

in te r v a l  A to  A +  e?A e m i t te d  p e r  sec . in  a ll d ire c t io n s  b y  1 sq . cm . o f  a  b la c k  

b o d y  a t  te m p e r a tu r e  6 . P u t t i n g  th i s  e q u a l  to  J (6 , A) dX, t h e  c o r re s p o n d in g  

q u a n t i ty  fo r  a  tu n g s te n  e m i t t in g  s u r fa c e  w ill b e  , A) w h e re  e(6)

is a n  e m p ir ic a l  c o n s ta n t  te r m e d  th e  c o lo u r  e m is s iv i ty  o f  tu n g s te n  a t  t h e  

t e m p e r a tu r e  ( 6 )( F o r s y th e  a n d  W o r th in g  1926).

I t  c a n  n o w  b e  sh o w n  w i th o u t  d if f ic u lty  t h a t  th e  t o t a l  e n e rg y  f lu x  in  ey es  

p e r  sec . in c id e n t  o n  th e  e y e  a t  O  f ro m  t h a t  p a r t  o f  t h e  p h o to m e tr ic  fie ld  

i l lu m in a te d  b y  s p e c tro m e te r  I  is e q u a l  to

~ ~ . J  (6,A ) herjO- 2$ a£at a0 , 

w h e re

oq =  w id th  in  cm . o f  e n tr a n c e  s l i t  o f  s p e c tr o m e te r  I .

cr2 =  w id th  in  cm . o f  e x i t  s l i t  o f  s p e c tr o m e te r  I .

h =  h e ig h t  in  cm . o f  e n t r a n c e  o r  e x i t  s l i t  o f  s p e c tr o m e te r  I  w h ic h e v e r  

is th e  le sse r. I n  o u r  case  th e  e x i t  s l i t  h a s  th e  le sse r  h e ig h t .

=  d is p e rs io n  o f  s p e c tro m e te r  I  e x p re s s e d  a s  th e  w id th  in  m ic ro n s  

o f  th e  b a n d  o f  s p e c tru m  p a ss e d  p e r  cm . w id th  o f  e x i t  s lit ,  w h e n  th e  

e n tr a n c e  s l i t  is a  m a th e m a t ic a l  lin e . 

t \  =  o v e ra ll  t r a n s m is s io n  fo r  w a v e - le n g th  A o f  a ll th e  o p t ic a l  p a r t s  

b e tw e e n  l ig h t  s o u rc e  a n d  e y e  in c lu d in g  th e  t r a n s m is s io n  o f  a n y  s t r a y  

l ig h t  g la ss  w h ic h  m a y  b e  u se d .

r A =  tra n s m is s io n  fo r  w a v e - le n g th  A o f  th e  w ed g es  W x a n d  W 2 a t  a n y  

p a r t ic u la r  s e t t in g s .

0  =  so lid  an g le  in  s te r a d ia n s  s u b te n d e d  a t  th e  ey e  b y  t h a t  p a r t  o f  th e  

p h o to m e tr ic  fie ld  i l lu m in a te d  b y  s p e c tro m e te r  I .

I t  is m o re  a p p ro p r ia te  to  e x p re s s  th e  in te n s i ty  a s  th e  e n e rg y  flu x  in c id e n t  

o n  th e  ey e  p e r  u n i t  so lid  an g le  o f  th e  field , a n d  i t  is a lso  c o n v e n ie n t to  e x p re ss  

so lid  an g le  in  s q u a re  d e g re es  r a th e r  t h a n  in  s te r a d ia n s . T h u s  w e sh a ll  p u t

L u m in o u s  E f f ic ie n c y  o f  M o n o c h r o m a tic  R a y s

V ol. C X X I I I — B . H
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9 8 W . S . S t i l e s

Ux e q u a l  to  th e  e n e rg y  f lu x  in c id e n t  o n  th e  e y e  e x p re s s e d  in  e rg s  p e r  sec . 

p e r  s q u a r e  d e g re e  o f  th e  fie ld . Ux is  g iv e n  s im p ly  b y

w i th  th e  o m is s io n  o f  t h e  f a c to r  &  a n d  th e  in t r o d u c t io n  o f  a  c o n s ta n t  f a c to r  

(1 /5 7 -3 )2 w h ic h  ta k e s  a c c o u n t  o f  t h e  u s e  o f  s q u a r e  d e g re e s  in  p la c e  o f  s te r a -  

d ia n s . A  c lo se ly  s im ila r  e x p re s s io n  to  (1) is  o b ta in e d  fo r  th e  in te n s i ty  in  

e n e rg y  u n i t s  Ux o f  t h e  p a r t  o f  t h e  fie ld  i l lu m in a te d  b y  s p e c tro m e te r  I I .

A n  a c c u r a te  d e te r m in a t io n  o f  th e  a b s o lu te  f ie ld  in te n s i ty  w a s  n o t  r e q u ir e d  

a n d  th e  v a lu e s  o f  Ux q u o te d  in  w h a t  fo llo w s m u s t  b e  r e g a rd e d  o n ly  a s  v e ry  

a p p r o x im a te .

I n  a d d i t io n  to  Ux, t h e  p h o to m e tr ic  b r ig h tn e s s  o f  th e  fie ld ,

t h e  fo llo w in g  c o n v e n t io n a l  m a n n e r ,  w ill a lso  b e  g iv e n . B  is  e q u a l  to  th e  

b r ig h tn e s s  in  c a n d le s  p e r  s q u a r e  w h ic h , i f  v ie w e d  th r o u g h  a n  a r t if ic ia l  p u p il  

o f  10 sq . m m . a r e a  b y  a n  e y e  p o sse ss in g  th e  s t a n d a r d  r e la t iv e  lu m in o s i ty  

c u rv e , w o u ld  m a tc h  in  b r ig h tn e s s  th e  m o n o c h ro m a tic  f ie ld  a s  s e e n  in  th e  

a p p a r a tu s .  A c tu a l ly  th e  e x is te n c e  o f  th e  p u p i l  e ffe c t ca lls  fo r  c e r ta in  r e ­

f in e m e n ts  in  th i s  d e f in it io n , b u t  fo r  t h e  p r e s e n t  p u rp o s e  th e s e  m a y  b e  

n e g le c te d . I t  is  th e n  e a s y  to  sh o w  t h a t  B  e q u a ls

U  V __ _____  ________
A A15000  x  1-08 x  1 0 -5 x  10

L i'y J jU  X  1 U  U ^

w h e re  1^ is  r e la t iv e  lu m in o s i ty  f a c to r  fo r  w a v e - le n g th  A.

B y  a r r a n g in g  to  i l lu m in a te  o n e -h a lf  o f  t h e  p h o to m e tr ic  fie ld  o f  th e  

a p p a r a tu s  w i th  a  d iffu se ly  e m i t t in g  w h ite  s u r fa c e  a n d  b y  m a tc h in g  th is  

s u r fa c e  s e e n  th r o u g h  a n  a r t i f ic ia l  p u p i l  w i th  th e  o th e r  h a l f  o f  th e  p h o to ­

m e tr ic  f ie ld  i l lu m in a te d  b y  y e llo w  l ig h t  o f  w a v e - le n g th  580 m // f ro m  s p e c tro ­

m e te r  I ,  a  c o m p a r is o n  w a s  m a d e  b e tw e e n  th e  b r ig h tn e s s  o f  th e  y e llo w  h a l f  

fie ld  o b ta in e d  b y  c a lc u la t io n  f ro m  th e  e x p re s s io n s  (1) a n d  (2) a n d  th e  

b r ig h tn e s s  o f  t h e  w h i te  h a l f  f ie ld  o b ta in e d  b y  d ir e c t  m e a s u re m e n t  w ith  a n  

i l lu m in o m e te r  s e t  u p  in  th e  e y e  p o s i t io n  ( th e  a r t if ic ia l  p u p il  w a s  re m o v e d  

fo r  th i s  p u rp o s e ) .  T h e  v a lu e s  o b ta in e d  d if fe re d  b y  26 % ,  w h ic h  is n o t  a  la rg e  

d is c r e p a n c y  b e a r in g  in  m in d  th e  a p p r o x im a t io n s  m a d e .

R e s u lts

F ig . 3 sh o w s  th e  v a r ia t io n  o f  lo g  10tj with  d  fo

th r o u g h  th e  c e n tr e  o f  th e  p u p i l  u s in g  l ig h t  o f  w a v e - le n g th  500 m  / / . E a c h  

p lo t te d  p o in t  is  t h e  m e a n  o f  fo u r  s e t t in g s .  T h e  c irc les  r e p re s e n t  o b s e rv a tio n s  

o b ta in e d  in  a  t r a v e r s e  in  th e  d i re c t io n  n a s a l  to  te m p o ra l ,  th e  c ro sse s o b s e r ­

v a t io n s  o b ta in e d  in  a  s e c o n d  t r a v e r s e  in  th e  re v e rs e  d ire c t io n  (a d d it io n a l 

p o in ts  a t  d  =  0 a re  s h o w n  a s  s q u a re s ) . S im ila r  s e ts  o f  d a t a  w ere  o b ta in e

fo r  o th e r  w a v e - le n g th s  ra n g in g  fro m  A =  440  to  A =  720 m //, th e  d e ta i ls
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o f  th e se  ru n s  b e in g  g iv e n  in  T a b le  I .  I n  e a c h  c ase  a  c o n tin u o u s  c u rv e  w a s  

d ra w n  th r o u g h  th e  p lo t te d  p o in ts  a s  sh o w n  in  fig. 3. I h e  d a t a  fo r  A =  500 m // 

a re  a m o n g  th e  b e s t  in  sh o w in g  a g re e m e n t  b e tw e e n  th e  o b s e rv a t io n s  fo r  th e

L u m in o u s  E f f ic ie n c y  o f  M o n o c h r o m a tic  R a y s  9 9

X = 5 0 0  m f JL

Na s a l

Fig . 3

tw o  tra v e rs e s . A ll th e  re s u l ts  a re  fo r  th e  a u th o r ’s le f t  e y e  d i la te d  w ith  

e u p h th a lm in e .

A s a n t ic ip a te d ,  th e  g e n e ra l fo rm  o f  th e  c u rv e  o f  lo g 107/ a g a in s t  d  is  n o t  v e ry  

d iffe re n t fo r d iffe re n t w a v e - le n g th s . H o w e v e r, a n  a n a ly s is  o f  th e  d a t a  o n
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th e  fo llo w in g  lin e s  re v e a ls  a  s m a ll s y s te m a t ic  v a r ia t io n  th r o u g h  th e  s p e c ­

t r u m .

T h e  m e a n  v a lu e  o f  lo g  107)fo r  a ll  w a v e - le n g th s  a t  e a c h  d v a lu e  w

d e te rm in e d , a n d  th e  m e a n  c u rv e  so o b ta in e d  is s h o w n  a s  th e  c o n tin u o u s

L u m in o u s  E f f ic ie n c y  o f  M o n o c h r o m a tic  R a y s  101

Fig . 4 — M ea n  c u r v e  fo r  a ll  w a v e - le n g th s .

c u rv e  o n  fig. 4. (M ean  d a t a  o f  T a b le  I .)  T h e  c u rv e  is  n e a r ly , b u t  n o t  q u ite ,  

s y m m e tr ic a l  a b o u t  a n  o rd in a te  d is p la c e d  0-6 m m . to  th e  te m p o ra l  s id e . 

T h u s  th e  lu m in o u s  effic iency  is a  m a x im u m  fo r  r a y s  e n te r in g  s l ig h t ly  to  th e  

te m p o r a l  s id e  o f  th e  p u p il  c e n tre .
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1 0 2 W . S . S t i l e s

T h e  b ro k e n  c u rv e  s h o w n  in  fig. 4 is  r e p re s e n te d  b y  th e  fo rm u la :

log n tf  -  logio’/m =  d m)2, ....... (3)

w i th  p  =  0*0612, d m =  +  0*56 m m ., w h e re  7]m is  t h e  v a lu e  o f  a t  d m. T h e  

b ro k e n  c u rv e  a n d  th e  o b s e rv e d  m e a n  c u rv e  a re  in  to le ra b ly  g o o d  a g re e m e n t  

fo r  v a lu e s  o f  (d  — d m) n o t  g r e a te r  t h a n  a b o u t  3 m m . W h e n  (d  — d m) ex ce e d s  

3 m m . (o n ly  o b ta in a b le  o n  th e  n a s a l  s id e ) t h e  o b s e rv e d  e ffe c t is  le ss  t h a n  t h a t  

in d ic a te d  b y  th e  fo rm u la .

I t  w a s  f o u n d  t h a t  a  fo r m u la  o f  t h e  ty p e  (3) c o u ld  b e  u s e d  to  r e p r e s e n t  th e  

c u rv e s  o f  lo g 107/ a g a in s t  d  f o r  t h e  in d iv id u a l  w a v e - le n g th s  w i th  a b o u t  th e  

s a m e  m e a s u re  o f  a g r e e m e n t  a s  fo r  t h e  m e a n  c u rv e . T h e  v a lu e s  o f  th e  c o n ­

s t a n t s  p  a n d  d m fo r  t h e  d if fe re n t w a v e - le n g th s  a re  s h o w n  in  th e  lo w e s t ro w s  

o f  T a b le  I .  T h e y  w e re  o b ta in e d  b y  f i t t in g  to  th e  d a t a  o v e r  th e  r a n g e  2 f  

to  d  — +  3 |  m m . C o n s id e r in g  f i r s t  th e  v a lu e s  o f  d m, w h ic h  r e p re s e n ts  th e  

d is p la c e m e n t  o f  t h e  m a x im u m  o f  th e  f i t t e d  c u rv e  f ro m  th e  p u p i l  c e n tre , 

i t  is  f o u n d  t h a t ,  e x c lu d in g  t h e  v a lu e s  fo r  A =  520  a n d  A =  540 m  d m 

d iffe rs  f ro m  th e  m e a n  v a lu e  b y  n o t  m o re  t h a n  0*1 m m . S u c h  a  ra n g e  o f  

v a r i a t io n  is  o f  t h e  o r d e r  t o  b e  e x p e c te d  f ro m  e r ro r s  in  d e te r m in in g  th e  p u p il  

c e n tr e  a n d  in  f i t t in g  t h e  e m p ir ic a l  fo rm u la . F o r  th e  tw o  w a v e - le n g th s  

m e n t io n e d , d m d iffe rs  f ro m  th e  m e a n  o f  t h e  v a lu e s  fo r  t h e  re m a in in g  w a v e ­

le n g th s  b y  0*27 a n d  0*31 m m . r e s p e c t iv e ly .  T h is  d is c re p a n c y  is to o  la rg e  to  

b e  r e a d i ly  a c c o u n te d  fo r  b y  e r ro r s  in  d e te r m in in g  th e  c e n tr e  o f  th e  d i la te d  

p u p i l  o r  in  t h e  c u rv e  f i t t in g .  H o w e v e r , w e  c a n n o t  b e  s u re  t h a t  th e  p u p il ,  

w h e n  t r e a t e d  w i th  t h e  m y d r ia t ic ,  a lw a y s  d i la te s  in  s u c h  a  w a y  t h a t  i t s  

c e n tr e  o c c u p ie s  e x a c t ly  t h e  s a m e  p o s i t io n  w i th  r e s p e c t  t o  t h e  r e s t  o f  th e  ey e . 

I n  l a t e r  m e a s u re m e n ts ,  t h e  p o s i t io n  o f  t h e  m a x im u m  in  th e  lo g  c u rv e  

w a s  d e te r m in e d  fo r  t h e  th r e e  w a v e - le n g th s , A =  480 , 530 a n d  600  o n  

t h e  s a m e  d a y  w i th o u t  a l te r in g  th e  a d ju s tm e n t  o f  th e  “  b i t  ”  o r  o th e r  p a r t s  o f  

t h e  a p p a r a tu s .  T h e  v a lu e s  f o u n d  d iffe re d  f ro m  th e i r  m e a n  b y  0*06, 0*04 a n d  

0*01 m m . re s p e c t iv e ly ,  d e v ia t io n s  ly in g  w ith in  th e  e x p e r im e n ta l  e r ro r .  I t  is 

h ig h ly  p ro b a b le  th e re fo re  t h a t  t h e  lo g 10̂  c u rv e  sh o w s n o  b o d ily  s h if t  to  o n e  

s id e  o r  t h e  o th e r  a s  t h e  w a v e - le n g th  o f  th e  l ig h t  is  c h a n g e d .

T u r n in g  to  p ,  w h ic h  m a y  b e  r e g a r d e d  a s  s p e c ify in g  th e  m a g n i tu d e  o f  th e  

e f fe c t b e in g  s tu d ie d ,  t h e  v a lu e s  fo r  t h e  d if fe re n t w a v e - le n g th s  a re  p lo t te d  in  

fig . 5. I t  a p p e a r s  t h a t  t h e  e ffe c t is  g r e a te s t  in  th e  b lu e  e n d  o f  th e  s p e c tru m , 

s m a l le s t  in  th e  g re e n  a n d  in te r m e d ia te  in  th e  re d .

S in c e  th e  c u rv e s  o n  w h ic h  fig . 5 is  b a s e d  w e re  d e te r m in e d  o v e r  a  p e r io d  

o f  s e v e ra l  w e ek s , i t  w a s  d e s ir a b le  to  m a k e  f u r th e r  m e a s u re m e n ts  in  w h ic h  

th e  c o m p le te  r a n g e  o f  w a v e - le n g th s  w a s  c o v e re d  in  a  s in g le  r u n .  I n  th e  

p re v io u s  r u n s  th e  t r a v e r s in g  im a g e  o)2 w a s  m o v e d  a c ro ss  o n  a  h o r iz o n ta l
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lin e  th ro u g h  th e  p u p il  c e n tr e  a n d  th e  g r e a te s t  lu m in o u s  e ffic ien cy  fo r  a n y  

p o in t  o n  th is  lin e  w as  fo u n d  to  o c c u r  a t  a b o u t  0*5 o r  0*6 m m . to  th e  t e m ­

p o ra l  s id e  o f  th e  p u p il  c e n tr e .  I t  d o es  n o t  fo llo w , a n d  fo r  th e  a u th o r ’s le f t  

e y e  i t  is n o t  th e  case , t h a t  th e  lu m in o u s  e ff ic ie n cy  a t  0-5 m m . is g r e a te r  

th a n  fo r  a n y  o th e r  p o in t  o f  th e  p u p il .  B y  d e te r m in in g  th e  lu m in o u s  e ff ic ien cy  

a t  d if fe re n t p o in ts  o n  a  v e r tic a l  lin e  0*5 m m . to  th e  te m p o r a l  s id e  o

c e n tre , i t  w as  fo u n d  t h a t  th e  m a x im u m  e ff ic ien cy  o c c u r re d  a t  a  p o in t  0-5 m m .

L u m in o u s  E f f ic ie n c y  o f  M o n o c h r o m a tic  R a y s  1 0 3

a b o v e  th e  h o r iz o n ta l  th r o u g h  th e  p u p il  c e n tre . T h is  p o in t ,  w h ic h ’w ill b e  

re fe r re d  to  a s  P M , c o rre sp o n d s  a p p r o x im a te ly  to  th e  m a x im u m  lu m in o u s  

effic iency  o b ta in a b le  fo r  a n y  p o in t  o f  e n t r y .  I n  th e  m e a s u re m e n ts  n o w  to  

b e  re c o rd e d , th e  lu m in o u s  effic ien cy , w h e n  th e  t r a v e r s in g  b e a m  (oj2) e n te r e d  

a t  P M , w as  c o m p a re d  w ith  t h a t  o b ta in e d  w h e n  i t  e n te r e d  a t  a  p o in t  Q , 

2*75 m m . to  th e  n a s a l  s id e  o f  P M . T h e  fix e d  c o m p a r iso n  b e a m  w a s  a r r a n g e d  

to  e n te r  a t  P M fo r  b o th  o b s e rv a tio n s . M e a s u re m e n ts  fo r  a ll  th e  w a v e - le n g th s  

s tu d ie d  w ere  m a d e  w i th o u t  i n te r r u p t io n  in  o n e  ru n ,  th e  a d ju s tm e n t  o f  th e  

w h o le  a p p a r a tu s  b e in g  k e p t  u n c h a n g e d  s a v e  fo r  v a ry in g  th e  w a v e - le n g th .
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1 0 4 W . S . S t i l e s

A ss u m in g  t h a t  a  fo rm u la  o f  th e  ty p e  (3) w ill a p p ly  fo r  a  h o r iz o n ta l  t r a v e r s e  

th r o u g h  th e  p o in t  PM, i t  fo llo w s t h a t

(lo gioV )p M ~  (l°g io V )Q =  ~ P ( 0 ~ r m)2 2 - 7 5 - r  J 2} = p { 7 -5 6  +  5-5

w h e re  r m is  th e  d is p la c e m e n t  f ro m  th e  p o in t  P M o f  th e  p o s i t io n  in  th e  t r a v e r s e  

a t  w h ic h  th e  lu m in o u s  e ff ic ie n cy  is a  m a x im u m . B y  o u r  ch o ic e  o f  P M , r m 

s h o u ld  b e  z e ro  b u t  o w in g  to  e r ro r s  in  d e te r m in in g  P M th i s  m a y  n o t  b e  s t r ic t ly  

t r u e  a n d  r m m a y  d iffe r  f ro m  z e ro  b y  a n  a m o u n t  p ro b a b ly  n o t  e x c e e d in g  

±0*1 m m . F o r  d e te r m in in g  th e  r e la t iv e  c h a n g e  w i th  w a v e - le n g th  o f  th e  

v a lu e  o f  p ,  t h i s  u n c e r t a in ty  is  u n im p o r t a n t  a n d  w e  m a y  p u t

P  =  { ( lo g 10v ) p M - ( l o g 107j)Q} l l - 5 6 .

T h e  m e a n  v a lu e s  o f  p  o b ta in e d  in  th is  w a y  in  th r e e  in d e p e n d e n t  ru n s  a re  

s h o w n  in  fig. 6. T h e  g e n e ra l  c h a r a c te r  o f  th e  v a r ia t io n  o f  w i th  w a v e - le n g th  

is  s im ila r  to  t h a t  o b ta in e d  in  th e  c o m p le te  t r a v e r s e s  (fig. 5). O w in g  to  th e  

m e th o d  o f  t a k in g  re a d in g s , t h e  r e la t iv e  v a lu e s  o f  p  g iv e n  in  fig . 6 a re  m o re  

re l ia b le  t h a n  th o s e  o f  fig . 5, b u t  i f  r m is  n o t  in  f a c t  z e ro  th e  a b s o lu te  v a lu e s  o f  

fig . 6 m a y  b e  in  e r r o r  b y  a  c o n s ta n t  f a c to r ,  p r o b a b ly  ly in g  w ith in  th e  ra n g e  

1-08 a n d  0-92.

I t  m a y  b e  s u g g e s te d  t h a t  p  d e r iv e d  b y  th e  tw o  m e th o d s  n e e d  n o t  b e  th e  

s a m e  c o n s ta n t .  I t  is  e a s y  to  sh o w , h o w e v e r , t h a t  i f  th e  lu m in o u s  e ffic ien cy  

fa lls  off in  th e  s a m e  m a n n e r  w h a te v e r  th e  d ire c t io n  in  w h ic h  w e m o v e  a w a y  

f ro m  P M , a n d  i f  a  fo r m u la  o f  t h e  ty p e  (3) h o ld s  g o o d , th e n  th e  c u rv e  o f  

v a r i a t io n  o f  lo g 107/ o n  a  lin e  o f  a n y  d ire c t io n , a n d  d ra w n  th r o u g h  a n y  p o in t  

in  th e  p u p il ,  w ill y ie ld  th e  s a m e  v a lu e  o f  p .  B o th  th e  c o n d it io n s  m e n tio n e d  

a re  k n o w n  to  b e  a p p r o x im a te ly  t r u e .

I t  w ill b e  n o te d  f ro m  T a b le s  I  a n d  I I  t h a t  th e  p h o to m e tr ic  b r ig h tn e s s  B  

o f  t h e  t e s t  f ie ld  v a r ie d  w id e ly  fo r  th e  d if fe re n t w a v e - le n g th s . T h e  v a r ia t io n  

o f  in t e n s i ty  e x p re s s e d  in  e n e rg y  u n i t s  (U x) is  le ss, b u t  is  s t i l l  c o n s id e ra b le . 

I t  is  c le a r  t h a t  i f  t h e  m a g n i tu d e  o f  th e  e ffe c t v a r ie s  w ith  in te n s i ty  th e  

v a r ia t io n  o f  p  w i th  w a v e - le n g th  s h o w n  in  figs. 5 a n d  6 m ig h t  b e  a t t r i b u te d  

w h o lly  o r  in  p a r t  to  v a r ia t io n s  in  th e  fie ld  b r ig h tn e s s .  A  se r ie s  o f  fo u r  ru n s  

w a s  th e n  m a d e  o n  th e  s a m e  lin e s  a s  th o s e  r e p o r te d  in  T a b le  I I ,  b u t  k e e p in g  

th e  p h o to m e tr ic  in te n s i ty  o f  th e  m a tc h in g  fie ld  a p p r o x im a te ly  c o n s ta n t .  

T h e  m e a n  d a t a  fo r  th e s e  r u n s  a re  g iv e n  in  T a b le  I I I ,  a n d , in  fig. 7, is p lo t te d  

a g a in s t  A. T h e  a g re e m e n t  b e tw e e n  th e  v a lu e s  o f  figs. 6 a n d  7 is a s  g o o d  a s  

c a n  b e  e x p e c te d  w ith  th is  k in d  o f  m e a s u re m e n t ,  a n d  w e m a y  c o n c lu d e  t h a t  

t h e  v a r ia t io n  o f  p  w i th  w a v e - le n g th  is n o t  to  b e  e x p la in e d  a s  th e  r e s u l t  o f  

v a r ia t io n s  o f  th e  fie ld  b r ig h tn e s s .
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L u m in o u s  E f f ic ie n c y  o f  M o n o c h r o m a tic  R a y s 1 0 5

Ta b l e  I I —Va l u e s  o f  p  de d u c e d  f r o m  t h e  R e l a t i v e  Lu m

E f f i c i e n c i e s  f o r  a  Ra y  e n t e r i n g  a t  a n d  a  Ra y  

E N T E R IN G  2 ’7 5  MM. TO TH E N A S A L  S lD E  OF

C o n d i t io n s  f o r  o n e  o f  t h e  t h r e e  r u n s *
p  ( M e a n C --------------------A ----------- -

A

A d a t a  f o r A AX

m  [i t h r e e  r u n s ) m  p m / i P lo g io ^ A logio-B

4 1 0 0 - 0 6 2 4 f 4 2 0 12-9 0 -2 5 4 -4 5-3

42 7 0 -0 7 5 6 4 4 0 15-2 0-5 4-7 2-4

4 4 7 0 -0 73 1 4 6 0 10-9 1-0 4-4 2-4

4 6 7 0 -0 7 5 3 4 8 0 8-4 0-5 4 -8 1-2

4 8 7 0 -0 6 9 5 5 0 0 7-4 0-5 4-7 1-5

50 7 0 -0 6 8 2 5 2 0 8-6 0-5 4-8 0-0

52 7 0 -0 6 4 6 5 4 0 9-8 0-5 3-2 0-5

547 0 -0 5 8 0 5 6 0 11-0 0-5 3-3 0-6

567 0 -0 5 6 6 5 8 0 12-5 0 -5 3-4 0-6

5 87 0 -0 5 8 5 6 0 0 13-4 0-5 3-5 0-6

607 0 -0 5 7 7 6 2 0 15-0 0 -5 3-4 0-3

627 0 -0 5 8 6 6 4 0 17-0 0-5 3-5 0-1

647 0 -0 6 2 5 6 6 0 18-8 0-5 3-6 1-6

667 0 -0 6 8 8 6 8 0 19-8 0-5 3-7 1-2

68 7 0 -0 6 8 4 7 0 0 2 2 -0 0-5 2-0 2-9

7 07 0 -0 6 3 5 7 2 0 2 3 -4 0-5 2-0 2-3

72 7 0-0 6 3 1 7 4 0 2 3 -3 0-5 2-1 3-8

74 7 0 -0 66 1

* T h e  c o n d i t io n s  f o r  t h e  o t h e r  tw o  r u n s  w e r e  n o t  v e r y  d i f f e r e n t  a n d  n e e d  n o t  b e  

g iv e n .

t  O n e  o b s e r v a t i o n  o n ly .

Ta b l e  I I I —Va l u e s  o f  p  d e d u c e d  f r o m  t h e  R e l a t i v e  Lu m i n o u s  

E f f i c i e n c i e s  f o r  a  R a y  e n t e r i n g  a t  Pm  a n d  a  Ra y  e n t e r i n g  

2 - 7 5  mm . t o  t h e  N a s a l  Si d e  o f  Pm . Br i g h t n e s s  B  o f  Te s t  

F i e l d  a ppr o x i m a t e l y  c o n s t a n t  a n d  e q u a l  t o  O l  c ./f t .2

A

AX

(P= 1) p  ( m e a n  d a t a

m / i m / i f o r  f o u r  r u n s )

4 4 0 22 -5 0 -0 7 9 9

4 8 0 33 -4 0 -0 7 2 1

5 1 0 4 0 0 -0 6 5 9

5 5 0 4 0 0 -0 6 3 6

5 8 0 4 0 0 -0 5 8 8

6 1 0 4 0 0 -0 5 9 3

6 4 0 4 0 0 -0 6 2 9

68 0 4 0 0 -0 6 7 0

72 0 4 0 0 -0 6 2 5
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1 0 6 W . S . S t i l e s

S o m e  a d d i t io n a l  r u n s  w e re  m a d e , k e e p in g  th e  w a v e - le n g th  c o n s ta n t  a n d  

v a r y in g  th e  fie ld  in te n s i ty .  F o r  a ll w a v e - le n g th s , th e  e ffec t a s  sp ec if ie d  b y  

V w a s  f o u n d  to  b e  a p p r o x im a te ly  in d e p e n d e n t  o f  in te n s i ty  o v e r  a  c o n s id e r­

a b le  ra n g e . F o r  w a v e - le n g th s  in  th e  m id d le  o f  th e  s p e c tru m  th e re  w as  a n  

in d ic a t io n  o f  a  m a r k e d  in c re a s e  in  th e  e ffe c t a t  v e ry  h ig h  b r ig h tn e s s e s  o f  th e  

o r d e r  o f  B  =200 c ./s q . f t .  T h is  in t e n s i ty  c o u ld  n o t  b e  re a c h e d  in  th e  b lu e , 

b lu e -g re e n  a n d  re d . T h e re  w a s  a lso  so m e  te n d e n c y  fo r  th e  e ffe c t to  in c re a se  

a t  v e r y  lo w  in te n s i t ie s  ( B  =  0-01 c ./sq . f t . )  in  t h e  o ra n g e  a

a  s in g le  r u n  w a s  m a d e  w i th  e a c h  w a v e - le n g th ,  t h e  a b o v e  o b s e rv a t io n s  a re  o f  

a  t e n t a t i v e  c h a r a c te r .

Pa r t  I I — Th e  Ch a n g e  i n  Co l o u r  o f  a  Mo n o c h r o ma t ic  Lig h t  a s  

t h e  P o i n t  o f  E n t r y  o f  t h e  R a y  i n  t h e  P u pi l  i s  v a r i e d

Experimental

A t te n t io n  w a s  d r a w n  in  th e  I n t r o d u c t i o n  to  th e  c h a n g e  o f  c o lo u r  w h ic h  

o c c u rs  w h e n  t h e  t r a v e r s in g  beam * is  m o v e d  a c ro ss  th e  p u p il .  F o r  in v e s t i ­

g a t in g  th i s  c o lo u r  c h a n g e , a r r a n g e m e n ts  w e re  m a d e  to  e n a b le  th e  w a v e ­

le n g th  d r u m  o f  s p e c t r o m e te r  I I  to  b e  o p e r a te d  b y  th e  s u b je c t  w h o  w a s  th e n  

g iv e n  t h e  t a s k  o f  v a r y in g  b o th  th e  w a v e - le n g th  a n d  in te n s i ty  o f  th e  b e a m  

f ro m  s p e c t r o m e te r  I I  u n t i l  t h e  tw o  h a lv e s  o f  t h e  p h o to m e tr ic  fie ld  m a tc h e d  

in  b r ig h tn e s s  a n d  c o lo u r . O w in g  to  th e  u s e  o f  M a x w e llia n  v ie w  w ith  b e a m s  

o f  v e r y  s m a l l  c ro s s -s e c tio n  a t  t h e  e y e  p u p il ,  a  p e r f e c t ly  u n ifo rm  s tru c tu re le s s  

f ie ld  is  n o t  o b ta in e d  e v e n  w h e n  b o th  th e  im a g e s  aq  a n d  w2 a re  lo c a te d  a t  

t h e  c e n tr e  o f  t h e  e y e  p u p il .  A s  th e  t r a v e r s in g  im a g e  a>2 m o v e s  a w a y  fro m  th e  

c e n tr e  th e  im p e r fe c t io n s  o f  t h e  c o r re s p o n d in g  h a l f  fie ld  t e n d  to  in c re a se , 

a n d  a t  t h e  e x t r e m e  p o s i t io n  o f  0)2 t h e  h a l f  fie ld  a c q u

T h e  d if f ic u ltie s  o f  m a k in g  a  c o lo u r  a n d  b r ig h tn e s s  m a tc h  u n d e r  th e s e  c o n ­

d i t io n s  a re  c o n s id e ra b le . A n  a d d i t io n a l  d if f ic u lty  is  e x p e r ie n c e d  in  th e  b lu e  

a n d  r e d  e n d s  o f  t h e  s p e c t r u m  o w in g  to  th e  r a p id  c h a n g e  o f  p h o to m e tr ic  

in t e n s i ty  w h ic h  o c c u rs  a s  t h e  w a v e - le n g th  d ru m  o f  th e  s p e c tro m e te r  is 

t u r n e d .  T h is  is  a  s e r io u s  d r a w b a c k  to  th e  m e th o d  o f  c o lo u r  m a tc h in g  u s e d  

h e re , a  m e th o d  w h ic h  w a s  a d o p te d  o n ly  b e c a u s e  i t  in v o lv e d  v e ry  l i t t l e  

m o d if ic a t io n  o f  t h e  a p p a r a tu s .  F in a l ly ,  in  th e  g re e n  a n d  b lu e -g re e n  th e  

c h a n g e  o f  c o lo u r  a s  t h e  t r a v e r s in g  b e a m  is m o v e d  a c ro ss  th e  p u p il  is n o t  a  

s im p le  c h a n g e  o f  h u e  w h ic h  c a n  b e  e l im in a te d  b y  a  c h a n g e  o f  w a v e - le n g th , 

b u t  is  a  c h a n g e  o f  b o th  h u e  a n d  s a tu r a t io n .  W h e re  th is  o c c u rre d , th e  s u b je c t  

a d ju s t e d  w a v e - le n g th  a n d  in te n s i ty  to  g iv e  th e  b e s t  h u e  a n d  b r ig h tn e s s  

m a tc h .
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L u m in o u s  E ff ic ie n c y  o f  M o n o c h r o m a tic  R a y s 1 0 7

Results

I f  Aa is th e  m e a n  s e t t in g  o f  t h e  w a v e - le n g th  o f  th e  t r a v e r s in g  b e a m  to  g iv e  

a  c o lo u r  a n d  b r ig h tn e s s  m a tc h  w i th  th e  f ix e d  b e a m , w h e n  th e  p o in t  o f  

e n t r y  is a t  th e  c e n tr e  o f  th e  p u p il , a n d  Ag is  th e  c o rre s p o n d in g  q u a n t i ty  w h e n  

e n t r y  is a t  a n y  p o in t  P  o f  th e  p u p i l  o p e n in g , t h e n  w e  s h a ll  e x p re s s  o u r  

re s u l ts  b y  g iv in g  th e  v a lu e  o f  (A g-A g). T h e  re s u l ts  o f  a  se r ie s  o f  r e a d in g s  

c o rre sp o n d in g  to  tw o  h o r iz o n ta l  t r a v e r s e s  th r o u g h  th e  p u p i l  c e n tr e  o n e  in  

th e  d ire c t io n  n a s a l  to  te m p o r a l  (c irc le s) , th e  o th e r  in  th e  re v e rs e  d ire c t io n

Na s a l . Te mpo r a l  .

F i g . 8— H u e  c h a n g e  w i t h  p o s i t io n  o f  p o i n t  o f  e n t r y .  Ag =  5 7 8 -8 m |ii .

(crosses), a re  sh o w n  in  fig. 8. E a c h  p lo t te d  p o in t  is  t h e  m e a n  o f  fo u r  s e t t in g s  

in  w h ic h  th e  d if fe ren ce  b e tw e e n  th e  m a x im u m  a n d  m in im u m  s e t t in g s  o f  

A'a e q u a lle d  o n  th e  a v e ra g e  0-85 m y . T h e  w a v e - le n g th  X1 o f  th e  f ix e d  c o m ­

p a r is o n  b e a m  e n te r in g  th r o u g h  th e  c e n tr e  o f  th e  p u p i l  w a s  578-O m y. W ith  

th e  t r a v e r s in g  b e a m  a lso  e n te r in g  c e n tr a l ly  th e  m e a n  s e t t in g  e q u a lle d  

578-8 m y . T h e  d iffe ren ce  is  h a r d ly  m o re  t h a n  th e  e x p e r im e n ta l  e r ro r .  I n  

o th e r  cases s o m e w h a t la rg e r  d if fe ren c es  w e re  o b ta in e d , a t t r i b u ta b le  to  

d ifferen ces  in  th e  b a n d  w id th  AX, s l i t  r a t io  p  a n d  s t r a y  l ig h t

th e  tw o  o p tic a l  t r a in s .  S u c h  d if fe ren c es  n e e d  n o t  o c c u p y  u s  h e re  a n d  w e 

c a n  co nfine  o u r  a t t e n t io n  to  th e  v a lu e s  o f  A2.

 D
o
w

n
lo

ad
ed

 f
ro

m
 h

tt
p
s:

//
ro

y
al

so
ci

et
y
p
u
b
li

sh
in

g
.o

rg
/ 

o
n
 0

9
 A

u
g
u
st

 2
0
2
2
 



1 0 8 W . S . S t i l e s

I t  w il l b e  n o te d  t h a t  t h e  c u rv e  o f  fig. 8 is  a p p r o x im a te ly  s y m m e tr ic a l  

a b o u t  a n  o r d in a te  th r o u g h  a  p o in t  P M a t  a b o

s id e  o f  t h e  p u p i l  c e n tr e .  I t  w ill b e  re c a lle d  t h a t  th e  c u rv e  o f  t h e  in te n s i ty  

e f fe c t w a s  f o u n d  to  b e  s y m m e tr ic a l  a b o u t  a n  o r d in a te  s im ila r ly  s i tu a te d .  

T h e  d ir e c t io n  o f  t h e  c o lo u r  c h a n g e  is s u c h  t h a t  a s  t h e  p o in t  o f  e n t r y  m o v e s  

a w a y  f ro m  P M  t h e  c o lo u r  o f  t h e  t r a v e r s in g  b e a m  a p p e a r s  to  b e c o m e  r e ­

la t iv e ly  r e d d e r ,  so  t h a t  i t s  w a v e - le n g th  h a s  to  b e  r e d u c e d  to  m a in ta in  c o lo u r 

m a tc h  w ith  th e  c o m p a r is o n  fie ld . A t  th i s  p a r t  o f  t h e  s p e c tr u m  a  re a s o n a b ly  

g o o d  c o lo u r  m a tc h  is o b ta in a b le  w h e re v e r  th e  t r a v e r s in g  b e a m  e n te r s  th e  

p u p il .  T h u s  th e  c o lo u r  c h a n g e  is in  th e  m a in  a  h u e  c h a n g e . T h e  c h a n g e  a t  

i t s  g r e a te s t  e q u a ls  a b o u t  9 m /t . A s th e  s m a l le s t  p e r c e p t ib le  h u e  d iffe ren ce  

a t  A =  579  m/^ is  o f  th e  o r d e r  o f  1-5 m /q  i t  is  c le a r  t h a t  t h e  e ffe c t a t  th i s  w a v e ­

le n g th  is  n o t  d if f ic u lt  t o  o b s e rv e .

T h e  r e s u l t s  fo r  a  s e r ie s  o f  h o r iz o n ta l  t r a v e r s e s  a t  w a v e - le n g th  ra n g in g  

f ro m  656  to  457 m ju  a r e  g iv e n  in  T a b le  I V  a n d  fig . 9. I n  th e  t a b le  a  c o m m e n t 

is  g iv e n  fo r  e a c h  w a v e - le n g th  o n  th e  c h a r a c te r  o f  th e  c o lo u r  m a tc h  o b ta in ­

a b le  a s  t h e  t r a v e r s in g  s p o t  m o v e s  a w a y  f ro m  th e  p u p i l  c e n tr e .  A t  A£ =  500 m/x 

th e  g r e a t e r  s a tu r a t i o n  o f  t h e  t r a v e r s in g  b e a m  w h e n  i t  e n te r s  n e a r  th e  ed g e  

o f  t h e  p u p i l  is  w e ll m a r k e d  a n d  a  s im ila r  e f fe c t is  in  e v id e n c e  fo r  Ag =  478  m/x. 

W i th  t h e  m a tc h e s  d e s c r ib e d  a s  f a i r ly  s a t i s f a c to r y  i t  w a s  d iff ic u lt to  s t a t e  

p re c is e ly  in  w h a t  m a n n e r  th e  m a tc h  fe ll s h o r t  o f  p e r fe c t io n .

I n  fig . 9 t h e  o r ig in  o f  t h e  o r d in a te  a x is  fo r  e a c h  c u rv e  is  to  b e  ta k e n  a s  th e  

p o in t  w h e re  th e  c u rv e  in te r s e c ts  t h e  o r d in a te  th r o u g h  0. A n  e x a m in a ­

t io n  o f  t h e  f ig u re  re v e a ls  t h a t  m o s t  o f  t h e  c u rv e s  a re  v e r y  a p p r o x im a te ly  

s y m m e tr ic a l  a b o u t  a n  o r d in a te  th r o u g h  a  p o in t  d is p la c e d  to  th e  te m p o ra l  

s id e  o f  t h e  p u p i l  c e n tr e  b y  a b o u t  \  m m . F o r  th e  c u rv e s  fo r  =  636 a n d  

656  m /q  h o w e v e r , a  p ro n o u n c e d  a s y m m e tr y  is  p re s e n t .  I t  w ill b e  n o te d  t h a t  

a l th o u g h  t h e  c u rv e s  fo r  A£ =  657 to  A£ =  562 m/x a n d  fo r  A£ =  478 a n d  

457 m  f.ish o w  a  f a i r ly  s te a d y  in c re a s e  in  (A£ — Ag), s t a r t i n g  f ro m  th e  v a lu e  o f  d  

a t  w h ic h  (Xf2 — Ag) is  a  m in im u m  a n d  m o v in g  a w a y  e i th e r  to  th e  te m p o r a l  

n a s a l  s id e , t h e  c u rv e s  fo r  A£ =  542, 522 a n d  500 m/x a re  o f  a  m o re  c o m p le x  

c h a r a c te r .  T h e  m a n n e r  in  w h ic h  t h e  m a g n i tu d e  o f  th e  h u e  c h a n g e  v a r ie s  

w i th  w a v e - le n g th  is  b e s t  s e e n  w i th  th e  a id  o f  fig. 10 in  w h ic h  th e  v a lu e s  o f  

(Ag —A'2) a re  p lo t t e d  a g a in s t  X2 fo r  d  =  —3-5 m m . (n

(n a s a l) , d  =  +  3-5 m m . ( te m p o ra l) .  O w in g  to  th e  d is p la c e m e n t  o f  th e  c e n tre s

o f  s y m m e tr y  o f  th e  c u rv e s  o f  fig. 9 to  th e  te m p o r a l  s id e , th e  v a lu e s  fo r  

d  =  — 3-5 m m . c o r re s p o n d  to  m a x im a l  e ffe c t. T h e  v a lu e s  fo r  d  =  — 2-5 m m . 

a n d  +  3-5 m m . w o u ld  b e  th e  s a m e  i f  a ll  th e  c u rv e s  w e re  s y m m e tr ic a l  a b o u t  

t h e  o r d in a te  d  =  + 0 - 5  m m . E x a m in in g  th e  g ra p h s  o f  fig. 10 i t  is  c le a r  t h a t  

fo r  th e s e  d  v a lu e s  th e  h u e  c h a n g e  h a s  a  m a x im u m  in  th e  n e ig h b o u rh o o d  o f
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1 1 0 W . S . S t i l e s

A' =  590  rn.fi,a  m in im u m  a t  X'2 =  520  m  

i.e . t h e  t r a v e r s in g  b e a m  b e co m e s  r e la t iv e ly  b lu e r ,  a n d , p ro b a b ly , a  f u r th e r  

m a x im u m  in  th e  n e ig h b o u rh o o d  o f  =  470 m /i. L i t t l e  w e ig h t c a n  b e  

a t t a c h e d  to  th e  h ig h  v a lu e s  o f  th e  p o in ts  fo r  A2 =  657 m /i ,  a s  th e  d iffic u ltie s

P 656

\  6 36

-2  - /  /  2 

N a s a l . (ji t / m m . Te m p o r a l  d  in  m m .

Fig . 9

o f  m e a s u r e m e n t  a re  h e re  p a r t i c u la r ly  s e v e re , la rg e ly  d u e  to  th e  fa llin g  off 

o f  h u e  s e n s i t iv i ty  in  th e  r e d  e n d  o f  th e  s p e c tru m .

A s a  c o n se q u e n c e  o f  th e  c o m p le x i ty  o f  s h a p e  o f  so m e  o f  th e  c u rv e s  o f  

fig. 9, th e  g r a p h  c o n n e c tin g  (A2 — X2)with A2 a t  a  p a r t i c u

g e n e ra l  o b ta in a b le  b y  a  p r o p o r t io n a l  c h a n g e  in  th e  o rd in a te s  o f  th e  co rre -
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s p o n d in g  g ra p h  fo r  a n y  o th e r  d  v a lu e . T h is  is c le a r ly  s h o w n  b

o f  fig. 10 w ith  fig. 11 in  w h ic h  (A 2-A 2) is  p lo t t e d  a g a in s t  A2 fo r  -  1 m m . 

(n asa l)  a n d  + 2  m m . ( te m p o ra l) . T h e  d iffe ren c e  in  s h a p e  o f  th e  g ra p h s  o f  

figs. 10 a n d  11 in  th e  re g io n  A£ =  500 to  5 5 0 m // is  w e ll m a rk e d .

L u m in o u s  E ff ic ie n c y  o f  M o n o c h r o m a tic  R a y s  111

X', iNjny

Fig . 10—® d — — 3-5 m m . n a s a l ; a  d =  — 2-5  m m . n a s a l ; x  d =  +  3-5 m m . te m p o r a l.

A ll th e  a b o v e  re s u l ts  re fe r  to  o n e  e y e . Q u a l i ta t iv e  o b s e rv a t io n s  o n  o th e r  

ey es  co n firm  th e  e x is te n c e  o f  a  c o lo u r  c h a n g e  a s  th e  p o in t  o f  e n t r y  is v a r ie d  

a n d  fo r on e  o f  th e s e  e y es  (B . H . C. r ig h t)  th e  g ra p h  o f  fig. 12 r e p re s e n ts  a  

sing le  se ries  o f  d e te r m in a t io n s  o f  A2 =  Ag fo r  a  p o in t  a t  =  — 2*5 m m . 

C o m p a re d  w ith  th e  g ra p h s  o f  fig. 10, w e n o te  th e  v e ry  la rg e  n e g a t iv e  v a lu e  

a t  A-2 =  520 m // a n d  th e  la rg e r  p o s it iv e  v a lu e s  in  th e  b lu e  a n d  b lu e -g re e n  

th a n  in  th e  ye llo w . T h e re  is, h o w e v e r, a  g e n e r ic  s im ila r i ty .  I t  is h o p e d  to  

c o n tin u e  th e  in v e s t ig a t io n  o f  th e  c o lo u r  c h a n g e  e ffec t u s in g  a  t r ic h r o m a t ic  

c o lo rim e te r , a n d  th e  b e h a v io u r  o f  a  n u m b e r  o f  e y es  w ill th e n  b e  e x a m in e d .
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1 1 2 W . S . S t i l e s

Fig . 11—® d — — 1 m m . n a s a l;  x  d= +2 m m . te m p o r a l.

Fig . 12— x  d— —2-5 m m .
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L u m in o u s  E f f ic ie n c y  o f  M o n o c h r o m a tic  R a y s 1 1 3

C o lo u r C h a n g es  a r is in g  a s  A r t i f a c ts  o f  the M e th o d

I t  h a s  b e e n  ta k e n  fo r  g r a n te d  u p  to  n o w  t h a t  th e  o b s e rv e d  c o lo u r  c h a n g e  

is d u e  to  th e  f a c t  t h a t  th e  c o lo u r  o f  a  p h y s ic a lly  h o m o g e n e o u s  r a d ia t io n  

in c id e n t  o n  a  g iv e n  a re a  o f  th e  r e t in a  d e p e n d s  o n  i t s  p o in t  o f  e n t r y  in  th e  

ey e. A c tu a l ly  s p e c tru m  b a n d s  o f  a  t o t a l  w id th  e q u a l  to  a b o u t  10 m // w ere  

u sed  in  th e  m e a s u re m e n ts  a n d  th e re  a re  th r e e  w a y s  in  w h ic h  a  c o lo u r  c h a n g e  

m ig h t c o n c e iv a b ly  be  p ro d u c e d  o th e r  th a n  b y  a n  e ffe c t o f  th e  k in d  ju s t  

d e sc rib e d . T h e  th re e  p o ss ib il it ie s  a re  th e  fo llo w in g :

(1) I f  th e  d if fe re n t w a v e - le n g th s  in  th e  t r a v e r s in g  b e a m  a re  r e d u c e d  in

a p p a r e n t  in te n s i ty  to  d if fe re n t e x te n t s  w h e n  th e  im a g e  m o v e s  f ro m  th e  

c e n tre  to  th e  ed g e  o f  th e  p u p il , t h e  r e s u l ta n t  c o lo u r  o f  th e  fie ld  w ill c h a n g e . 

T h is  c h a n g e  w ill b e  d u e  to  th e  v a r ia t io n  w ith  w a v e - le n g th  o f  th e  p u p il  

in te n s i ty  e ffec t w h ic h  is see n  fro m  fig. 6 to  b e  g r e a te s t  in  th e  n e ig h b o u rh o o d  

o f  A =  6 4 0 m  y an d  A =  5 1 5 m  pi.C a lcu la tio n  sh o w s  t h a t  

le n g th s  u n d e r  th e  c o n d it io n s  o f  th e  e x p e r im e n ts ,  th e  re s u l t in g  h u e  c h a n g e  is 

a t  m o s t o f  th e  o rd e r  o f  O T m /q  w h ic h  is n e g lig ib le .

(2) S e le c t iv ity  o f  th e  w e d g e  W3 m a y  p ro d u c e  a  c o lo u r  c h a n g e  in  p re c ise ly  

th e  sa m e  w a y  a s  s e le c t iv i ty  in  th e  p u p il  in te n s i ty  e ffec t. C a lc u la tio n  sh o w s, 

h o w e v e r, t h a t  th e  r e s u l ta n t  h u e  c h a n g e s  w ill b e  e v e n  s m a lle r  th a n  in  th e  

l a t t e r  case .

(3) T h e  im a g e  o)2 is in  f a c t  a  s m a ll s e c tio n  o f  th e  s p e c tr u m  p ro d u c e d

s p e c tro m e te r  I I ,  a n d  th e  w a v e - le n g th  in  th e  im a g e  v a r ie s  (in  o u r  case  i t  

in c re ase s), in  p a ss in g  fro m  th e  le f t - h a n d  to  th e  r ig h t - h a n d  e d g e , b y  th e  

a m o u n t  zlA/2. W h e n  co2 is d is p la c e d  to  th e  te m p o r a l  s id e  o f  th e  le f t  e y e , th e  

le f t -h a n d  edg e  w ill c le a r ly  b e  s u b je c t  to  g r e a te r  p u p il  in te n s i ty  e ffe c t t h a n  

th e  r ig h t -h a n d  ed ge , b e c a u se  i t  e n te r s  th e  p u p i l  a t  a  m o re  p e r ip h e ra l  p o in t .  

T h u s , th e re  w ill o c c u r  a  c h a n g e  in  th e  c o lo r im e tr ic  h u e  o f  th e  fie ld , e a c h  p a r t  

o f  w h ich  is i l lu m in a te d  b y  th e  w h o le  o f  th e  im a g e  o)2. I n  a  t r a v e r s e  o f  th e  

p u p il  th is  c h an g e  w ill b e  o f  o p p o s ite  s ig n  o n  e i th e r  s id e  o f  th e  p o in t  a t  w h ic h  

th e  p u p il in te n s i ty  e ffe c t is m a x im a l.  T h e  m a g n i tu d e  o f  th is  e ffe c t c a n  a lso  

b e  c a lc u la te d  a n d  i t  is fo u n d  t h a t  u n d e r  th e  c o n d it io n s  u se d , th e  r e s u l ta n t  

h u e  c h a n g e  is o f  th e  o rd e r  o f  0-2m/< a t  m o s t.

T h u s , n o n e  o f  th e  a b o v e  c o lo u r  c h a n g e s  a r is in g  a s  a r t i f a c t s  o f  th e  m e th o d  

is n e a r ly  la rg e  e n o u g h  to  e x p la in  th e  o b s e rv e d  e ffec ts. T h e  c h a n g e s  a re  in  

f a c t  to o  sm a ll to  w a r r a n t  th e  a p p lic a t io n  o f  a n y  c o rre c t io n s  to  th e  d a ta .

B y  s u b s t i tu t in g  fo r th e  c o n tin u o u s  l ig h t  so u rc e  S  a  so d iu m  o r  m e rc u ry  

v a p o u r  la m p  a n d  is o la tin g  in d iv id u a l  lin e s  in  th e  s p e c tru m , th e  c h a n g e  o f  

co lo u r w ith  p o in t  o f  e n t r y  w a s  o b ta in e d  w ith  l ig h t  o f  a  v e ry  h ig h  d e g re e  o f

Vol. c x x m —B. I
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1 1 4 W . S . S t i l e s

p h y s ic a l  h o m o g e n e i ty . T h e  e ffe c t is  e a s ie s t  to  o b s e rv e  w ith  th e  s o d iu m  D  

lin e s  a n d  w i th  th e  m e rc u ry  lin e  a t  4 9 1 -6 m /u

D i s c u s s i o n  o f  R e s u l t s

I t  is h ig h ly  p ro b a b le  t h a t  t h e  c h a n g e  in  lu m in o u s  effic iency  o f  a  m o n o ­

c h ro m a t ic  r a y  w ith  c h a n g e  o f  th e  p o in t  o f  e n t r y  in  th e  p u p il  ( in te n s i ty  effect) 

a n d  th e  c h a n g e  in  c o lo u r  o f  th e  r a y  (c o lo u r  e ffe c t) a re  c lo se ly  r e la te d  in  th e i r  

m o d e  o f  o r ig in . T h a t  s u c h  is t h e  c a se  is  s t ro n g ly  s u g g e s te d  b y  th e  f a c t  t h a t  

m o s t  o f  t h e  c u rv e s  o f  (Ag — A£) a g a in s t  sh o w  a  d is p la c e m e n t  o f  th e i r  a x e s  

o f  s y m m e tr y  in  th e  s a m e  d ir e c t io n  a n d  o f  a b o u t  th e  s a m e  a m o u n t  a s  sh o w n  

b y  th e  c u rv e s  o f  th e  in t e n s i ty  e ffe c t. T h e  e x p la n a t io n  o f  th e  c o lo u r  e ffe c t is 

c e r ta in ly  to  b e  s o u g h t  in  th e  r e t in a l  m e c h a n is m , fo r  i t  is  c le a r  t h a t  a n  

in c re a s e d  a b s o r p t io n  in  t h e  o p t ic  m e d ia  o f  th e  e y e  c a n  o n ly  re d u c e  th e  

in t e n s i ty  o f  a  m o n o c h ro m a t ic  r a y ,  a n d  w h e n  th is  is  c o m p e n s a te d  fo r  b y  

in c re a s in g  th e  in te n s i ty  o f  t h e  in c id e n t  l ig h t  t h e  c o lo u r  im p re s s io n  m u s t  b e  

th e  s a m e . I t  fo llo w s  t h a t  in  a l l  p r o b a b i l i ty  th e  in te n s i ty  e ffe c t is a lso  r e t in a l .  

T h is  c o n c lu s io n  is  c lin c h e d  b y  m e a s u re m e n ts  d u e  to  C ra w fo rd  o f  th e  in ­

t e n s i ty  e f fe c t in  d e te r m in a t io n s  o f  fo v e a l a n d  e x tr a - fo v e a l  th re s h o ld  v a lu e s .*

T h e  h y p o th e s is  h a s  b e e n  a d v a n c e d  (S tile s  a n d  C ra w fo rd  1933, p . 446) 

t h a t  th e  in te n s i ty  e f fe c t is  d u e  to  th e  e n s h e a th in g  o f  th e  co n es  b y  p ig m e n t  

c o n ta in e d  in  p ro c e sse s  o f  t h e  p ig m e n t  e p i th e l iu m  in t r u d e d  b e tw e e n  th e  

co n es . W r ig h t  a n d  N e lso n  (1936) s u g g e s t  o n  th e  o th e r  h a n d  t h a t  a  

d if fe re n c e  in  th e  r e f r a c t iv e  in d e x  o f  th e  co n e  a n d  o f  i ts  s u r ro u n d in g  

m e d iu m  m a y  p ro v id e  t h e  e x p la n a t io n  o f  th e  in te n s i ty  e ffec t. I n  th e  

fo llo w in g  d is c u s s io n  w h e re  a  p ic tu r e  o f  th e  m e c h a n is m  is r e q u ir e d  th e  

p ig m e n t  s h e a th  h y p o th e s is  is e m p lo y e d . T h e  e x p e r im e n ta l  e v id e n c e  is 

h o w e v e r  in s u ff ic ie n t to  d e c id e  b e tw e e n  th e  tw o  v ie w s  m e n tio n e d  a n d  

f u r th e r  w o rk  m a y  re v e a l  o th e r  p o s s ib il it ie s .

B o th  th e  v a r ia t io n  o f  t h e  in te n s i ty  e f fe c t w i th  w a v e - le n g th  a n d  th e  

c o lo u r  e ffe c t c a n  b e  r e p r e s e n te d  fo rm a lly  in  te r m s  o f  th e  t r ic h ro m a t ic  th e o ry  

in  th e  fo llo w in g  m a n n e r .  S u p p o s e  l ig h t  o f  w a v e - le n g th  A, in c id e n t  th ro u g h  

t h e  c e n tr e  o f  th e  p u p il ,  h a s  th e  t r i c h r o m a t ic  c o -o rd in a te s  bx in  a

p a r t i c u la r  s y s te m  o f  p r im a r ie s  ( u n i t a r y  s t im u li)  B  fo r  w h ic h  th e

lu m in o s i ty  c o e ffic ie n ts  e q u a l  L r, L g a n d  L b re s p e c tiv e ly . W e  m a y  su p p o se  

t h a t  w h e n  th e  p o in t  o f  e n t r y  o f  th e  in c id e n t  l ig h t  is  c h a n g e d , k e e p in g  i ts  

in te n s i ty  c o n s ta n t ,  t h e  re s p o n se  o f  th e  e y e  c h a n g e s  in  a  m a n n e r  c o rre ­

s p o n d in g  to  th e  r e d u c t io n  o f  s t im u la t io n  b y  th e  R , G , B  p r im a r ie s  to  

f r a c t io n s  x x, y x, z x r e s p e c t iv e ly  o f  th e i r  p re v io u s  v a lu e s . T h e  in te n s i ty  e ffect 

* T h e s e  e x p e r im e n ts  w ill  b e  d e sc r ib e d  in  a n o th e r  p a p er .
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L u m in o u s  E f f ic ie n c y  o f  M o n o c h r o m a tic  R a y s  1 1 5

sp ecified  b y  ?j, th e  r a t io  o f  th e  b r ig h tn e s s  w h e n  th e  l ig h t  e n te r s  in  th e  d is ­

p la ce d  p o s itio n  to  th e  b r ig h tn e s s  fo r  c e n tr a l  e n t r y ,  w ill e q u a l

„ _  x xr xL r +  Vx9xLg +  * A

V ~ rxLr+gxL,+bxLi * ...... '  ’

T h e  co lo u r c h a n g e  w ill c o r re sp o n d  to  a  s h if t  in  th e  c o lo u r  t r ia n g le , f ro m  th e  

p o in t  r x, gx, bx to  th e  p o in t  r'x, g'x, bx, w h e re

r'x =
E  ’

a n d  E  =  x xr x +  y xg x +  z xbx.

F o r  th e  o b s e rv e d  in te n s i ty  e ffec t a n d  c o lo u r  e ffe c t w h ic h  o c c u r  fo r  a  p a r t i ­

c u la r  w a v e - le n g th  a n d  fo r  a  p a r t i c u la r  p o in t  o f  e n t r y  in  th e  p u p il ,  th e  

c o rre sp o n d in g  v a lu e s  o f  x x, y x, z x c a n  a lw a y s  b e  d e te rm in e d . T h a t  th is  c a n  

b e  d o n e  in v o lv e s  n o  h y p o th e s is  a b o u t  th e  v is u a l  m e c h a n is m  o f  th e  r e t in a  

o th e r  th a n  t h a t  im p lie d  b y  th e  p o s s ib i l i ty  o f  th r e e  c o lo u r  m a tc h in g . F o r  

e v e ry  d if fe re n t s e t  o f  p r im a r ie s  w h ic h  m a y  b e  c h o se n , x x, y x a n d  z x w ill 

h a v e  d if fe re n t v a lu e s .

A c c o rd in g  to  th e  t r i c h r o m a t ic  th e o r y ,  th e r e  a re  th r e e  ty p e s  o f  c o n e  c o n ­

c e rn e d  in  c o lo u r  v is io n . A s a  f ir s t  s te p  to w a rd s  th e  e x p la n a t io n  o f  th e  c o lo u r  

e ffec t a n d  th e  v a r ia t io n  o f  in te n s i ty  e f fe c t w i th  w a v e - le n g th , th e  s im p le s t  

a s s u m p tio n  is t h a t  th e  c o n es  o f  th e  th r e e  ty p e s  w o u ld  g iv e  d if fe re n t in te n s i ty  

e ffects i f  i t  w e re  p o ss ib le  to  s t im u la te  o n e  ty p e  in d e p e n d e n t ly  o f  th e  o th e rs .  

I n  te rm s  o f  th e  p ig m e n t  s h e a th  h y p o th e s is  th is  m ig h t  m e a n  t h a t  th e  co n es  

o f  o ne  ty p e  w ere  lo n g e r  a n d  th in n e r  o r  m o re  d e e p ly  e m b e d d e d  in  th e  p ig ­

m e n t  s h e a th in g  th a n  co nes o f  a n o th e r  ty p e .  I t  w o u ld  th e n  fo llo w  t h a t  i f  

th e  p r im a r ie s  R , G, B  h a d  b e e n  so c h o se n  t h a t  e a c h  s t im u la te d  o n e  a n d  o n e  

o n ly  o f  th e  cone  ty p e s , th e  co effic ien ts  x x, y x, z x w o u ld  c o r re s p o n d  re s p e c t iv e ly  

to  th e  re d u c tio n  in  re sp o n se  o f  th e  th r e e  ty p e s  o f  co n e. T h e  p o s s ib i l i ty  t h a t  

th is  re d u c t io n  m ig h t  b e  in d e p e n d e n t  o f  w a v e - le n g th  fo r  a ll  th r e e  ty p e s  w as  

f ir s t  in v e s t ig a te d , i.e . x x, y x, z x w e re  p u t  e q u a l  to  c o n s ta n ts  x , y  a n d  z  

re s p e c tiv e ly .

A d o p tin g  th e  co ne  re sp o n se  c u rv e s  d e r iv e d  b y  W rig h t*  (1934) fro m  h is  

co lo u r a d a p ta t io n  e x p e r im e n ts ,  th e  r a t io s  y / x  a n d  z /x  w e re  c h o se n  to  g iv e  

c o rre c t ly  th e  o b se rv e d  h u e  c h a n g e s  a t  A =  486 a n d  A =  590 sh o w n  in  

fig. 10 fo r  d  =  —3-5 n a sa l. T h e  v a lu e s  n e c e s sa ry  w ere  y / x  =  0*773 a n d  

z /x  =  0*380. U s in g  th e s e  v a lu e s , th e  h u e  c h a n g e s  fo r  o th e r  w a v e - le n g th s  in

* T h e  f u n d a m e n t a l  r e s p o n s e  c u r v e s  a r e  d e p i c t e d  in  fig s . 8 a n d  9 f r o m  w h ic h  t h e  

v a lu e s  h e r e  u s e d  h a v e  b e e n  o b ta in e d .
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1 1 6 W . S . S t i l e s

th e  s p e c tr u m  w e re  d e r iv e d . T h e  c u rv e  o f  h u e  c h a n g e  o b ta in e d  in  th is  w a y  

a n d  th e  c u rv e  o f  o b s e rv e d  h u e  c h a n g e  fo r  — 3-5 n a s a l  a re  sh o w n  in  

fig. 13. T h e  c u rv e s  sh o w  c o m p le te  la c k  o f  a g re e m e n t .  M o re o v e r, th e  c a l­

c u la t io n s  in d ic a te  t h a t  fo r  w a v e - le n g th s  b e lo w  550 m/^ th e  r a y  e n te r in g  

a t  t h e  d is p la c e d  p o s i t io n  s h o u ld  b e  a  l i t t l e  le ss  s a tu r a t e d  th a n  th e  s p e c tru m  

c o lo u r  w h ic h  i t  m a tc h e s  in  h u e . T h e  o p p o s ite  w a s  fo u n d  to  b e  th e  case

F i g . 13— .........c u r v e  c o m p u t e d  f r o m  W r i g h t ’s  f u n d a m e n t a l  r e s p o n s e  c u r v e s ,  x, y

a n d  z a s s u m e d  c o n s t a n t ;  ®  o b s e r v e d  h u e  c h a n g e  f o r  d =  - 3 - 5  m m . ( n a s a l ) .

e x p e r im e n ta l ly .  F in a l ly ,  th e  r e la t iv e  c h a n g e  in  7] w a s  d e te rm in e d  fro m  

e q u a t io n  (4). F ig . 14 g iv e s  c u rv e  o f  log  10/ / a g a i n s t  A fo r  d  =  —3*5 m m . 

(n a sa l)  o b ta in e d  fro m  th e  e x p e r im e n ta l  v a lu e s  o f  sh o w n  in  fig. 6, to g e th e r  

w ith  th e  th e o re t ic a l  c u rv e  fro m  e q u a t io n  (4) f i t te d  a t  A =  530 m//. b y  p u t t in g  

x  =  0 -095. T h e  tw o  c u rv e s  sh o w  l i t t l e  a g re e m e n t.

S im ila r  c a lc u la t io n s  w e re  t r i e d  u s in g  H e c h t ’s re sp o n se  c u rv e s  fo r  th e  

c o n e  p r im a r ie s .  T h e se  a lso  fa ile d  to  y ie ld  th e  e x p e r im e n ta l  c u rv e s  o f  th e
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co lo u r a n d  in te n s i ty  e ffects. I t  w o u ld  b e  p o ss ib le  to  ch o o se  a  s e t  o f  p r im a r ie s  

to  giv e  th e  a g re e m e n t s o u g h t,  b u t  su c h  a  d e r iv a t io n  is n o t  w a r r a n te d

( а ) b e ca u se  o f  th e  s c a n ty  d a t a  o n  th e  c o lo u r  e ffe c t a v a i la b le  a t  p re s e n t ,

(б ) b e ca u se  i t  a p p e a rs  fro m  a  p re l im in a ry  e x p lo r a t io n  t h a t  th e  p r im a r ie s  so 

o b ta in e d  w o u ld  d iffe r r a d ic a l ly  fro m  th o s e  a c c e p ta b le  o n  o th e r  g ro u n d s .

A b a n d o n in g  th e  v ie w  t h a t  x , y  a n d  z  a re  c o n s ta n ts ,  w e m ig

a ll to  be  p r o p o r t io n a l  to  a  s in g le  fu n c t io n  o f  w a v e - le n g th . T h is  w o u ld  e n a b le  

th e  v a r ia t io n  o f  lo g 10?/ w ith  A to  b e  a d ju s t e d  to  a g re e  w ith  th e  e x p e r im e n ta l

L u m in o u s  E f f ic ie n c y  o f  M o n o c h r o m a tic  R a y s  1 1 7

r n  m  jj. .

Fig . 14— ....... c u r v e  c o m p u te d  fr o m  W r ig h t ’s  fu n d a m e n ta l r e sp o n se  c u r v e s ,

x, y a n d  z a s su m e d  c o n s t a n t ;  ®  v a lu e s  b a s e d  o n  e x p e r im e n t .

c u rv e , b u t  th e  d iff ic u lty  o f  th e  h u e  c h a n g e  w o u ld  re m a in . I t  a p p e a r s  m o s t 

p ro b a b le  th e re fo re  t h a t  th e  re la t iv e  re d u c t io n s  in  re s p o n se  o f  th e  d if fe re n t 

ty p e s  o f  cone fo r l ig h t  in c id e n t  o b liq u e ly  m u s t  v a r y  in  p a s s in g  th r o u g h  th e  

s p e c tru m , i.e . y jx  a n d  z /x  m u s t  b e  fu n c t io n s  o f  w a v e - le n g th . A  p h y s ic a l  

p ic tu re  o f  ho w  th is  m ig h t  co m e a b o u t  is o b ta in e d  in  th e  fo llo w in g  w a y . 

S u p p o se  e ac h  cone  to  b e  filled  w ith  a  p h o to c h e m ic a l s u b s ta n c e  w h ic h  

a t te n u a te s  th e  l ig h t in  i ts  p a ssa g e  th r o u g h  th e  co n e. A s a  c o n se q u e n c e  th e  

p h o to c h e m ic a l a c tio n  w ill a lso  d e c re a se  in  a m o u n t  in  p a s s in g  f ro m  th e  in n e r  

to  th e  o u te r  e x tr e m ity  o f  th e  co ne . S in ce  th e  p ig m e n t  s h e a th  g iv e s  rise  to
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t h e  in te n s i ty  e ffe c t b y  s h ie ld in g  th e  o u te r  e x t r e m i ty  o f  th e  co ne  f ro m  

o b liq u e ly  in c id e n t  l ig h t  i t  fo llo w s t h a t  th e  in te n s i ty  e ffe c t w ill b e  less, th e  

le ss  t h e  c o n t r ib u t io n  o f  th e  o u te r  e x t r e m i ty  o f  th e  co n e  to  th e  p h o to c h e m ic a l 

a c t io n .  T h u s  a t  t h e  w a v e - le n g th  a t  w h ic h  th e  a b s o r p t io n  o f  th e  p h o to ­

c h e m ic a l s u b s ta n c e  is g r e a te s t  th e  in te n s i ty  e ffe c t w ill b e  s m a lle s t  a n d  th e re  

w ill b e  a  v a r ia t io n  o f  in t e n s i ty  e ffe c t w i th  w a v e - le n g th  c o rre sp o n d in g  to  th e  

a b s o r p t io n  c u rv e  o f  t h e  p h o to c h e m ic a l  s u b s ta n c e .  A d m it t in g  t h a t  th e  

d if f e re n t ty p e s  o f  c o n e  m u s t  c o n ta in  p h o to c h e m ic a l  s u b s ta n c e s  o f  d iffe re n t 

s p e c t r a l  a b s o r p t io n  c u rv e s  i t  is  c le a r  t h a t  t h e  r a t io  o f  t h e  in te n s i ty  e ffects  

fo r  t h e  d if f e re n t  ty p e s  o f  c o n e  w ill v a r y  w i th  w a v e - le n g th s . T h is  m e a n s  

s im p ly  t h a t  y/x an d  z/x  w ill v a r y  w i th  w a v e - le n g th .

T h is  p ic tu r e  is  o f  c o u rs e  o n ly  o n e  o f  s e v e ra l  t h a t  m ig h t  b e  d e v e lo p e d . 

T h e  m e a s u re m e n ts  o f  th e  c o lo u r  e f fe c t w h ic h  i t  is  h o p e d  to  c a r ry  o u t  w ith  a  

t r i c h r o m a t ic  c o lo r im e te r  m a y  b e  e x p e c te d  to  th r o w  f u r th e r  l ig h t  o n  th e  

m a t t e r .

T h e  w r i te r  h a s  m u c h  p le a s u re  in  a c k n o w le d g in g  th e  a s s is ta n c e  re n d e re d  

b y  M r. G . W . G o rd o n -S m ith  in  c a r ry in g  o u t  th e  m e a s u re m e n ts  d e sc rib e d .

T h e  w o rk  w a s  c a r r ie d  o u t  u n d e r  th e  a u s p ic e s  o f  th e  I l lu m in a t io n  R e s e a rc h  

C o m m itte e  o f  t h e  D e p a r tm e n t  o f  S c ie n tif ic  a n d  I n d u s t r i a l  R e s e a rc h .
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