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We &satme ao l i g h t  losaer, ud use a s  fa t  as possible the same notation 

as Ref. 1. Let I be t h e  l i g h t  in tens i ty  in  the chuabtt. Thm the  i n t e n s i t y '  

' r n  0 
registered a t  t h e  f i l m  w i l l  be given q 
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R = camera t o  bqbble distance 

d = diameter e a r n  pupil  
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convenient t o  re-express the quqn t i t i e s  involved. The diameter of the 

1 
"object" i n  the chamber t o  which S corresponds is  S *IS where M =I magni- 

f i c a t i o n  ( f i l m  t o  chamber). We might loosely c a l l  t h i s  the  d i f f r a c t i o n  

diameter i n  the chamber although S and therefore S' takes account' of other  

e f f e c t s  leading t o  the ac tua l  image s ize.  L e t  

Then 

~ i s o '  l e t  

bubble diameter hl 

"diffract ion" diameter i n  chamber 

where f is the foca l  length of l ens  

N ' is  the f number of lens. 

2 1 Then d /R2 0 

~2 (M + 112 

This gives 

The'orfly uncertain quant i ty  i n  t h i s  expresbion is G. Since a bubble does 

not behave l ike  a uniformly luminhs  sphere but may have l o c a l  "hot-spots" 

due t o  the sca t t e r ing  process, it  is hard t o  s e t  an upper l i m i t  t o  6; however, 

f o r  t h i s  very reason, values of 4 4 <  1 seem unl ikely and one s l igh t  chose 

<= -5 a s  a sa fe  lower limit. Also t o  compare one buoble chamber w i t h  

another i t  seems rcosonoble a s  i n  Ref. 4. t n  assume the  sane value of 6 ,  i .e, 

t ha t  one l e t s  the bubbles grow u n t i l  the bubble s i z e  begins t o  contr ibute  

undesirably t o  the bubble image. This should o c c u r ~ t  the sdpe value of 6 
f o r  each chamber. 



3. ILL~tINATION ESTIMATE FOR 80" CHAMBER 

(a )  I n t e n s i t y .  r equ i red  a t  f i l m :  

From t h e  s p e c t r a l  s e n s i t i v i t y  curve f o r  l inograph o r t h o  published by 

Eastman Kodak Co., we f i n d  t h e  value of 0.2 e r g s  pe r  cm2 a s  t h e  average 

exposure required t o  produce a d e n s i t y  o f  1.0 above grew fog. Films 

exposed wi th  t h e  20" chamber show a background d e n s i t y  of about .08 and 

while it has no t  been poss ib le  t o  measure t h e  d e n s i t y  o f  t h e  nega t ive  i n  

t h e  bubble images, s e v e r a l  observers  agree  i n  a v i s u a l  comparison w i t h  

graded d e n s i t y  s c a l e s  t h a t  a d e n s i t y  of 1.0 is a reasonable e s t i m a t e  f o r  

good images on t h e  20" chamber f i l m o  

(b) I n t e n s i t y  required i n  chamber: 

Se t t ing ,M 14, N 28, G ( 8 )  = 7, we g e t  

wi th  &= 1, I = 0.2 e r g s  cm2 we g e t  I 
I = 103 e r g s  1. cm2 

(c)  Correspondence between Luminous f l u x  and Enetgy f l u x  

I t  is  usua l  t o  d i s c u s s  chamber i l lumina t ion  i n  terms of luminous 

f l u x  i n  lumens. The correspondence between luminous f l u x  and energy f l u x  

is given by 

where 1P, is the so c a l l e d  mechanical equ iva len t  of l i g h t  1/K = 
m 

,00161 watt/lumen, i.e., Rm = 621 lumens per watt .  V,, i s  the " v i s i b i l i t y  

factor" f o r  the standard eye. and E,, is t h e  energy flu. 

(4 )  Tabulated f o r  example i n  t h e  Handbook of Chemistry and Physics, 
Page 2779. 



Taking account of t h e  s p e c t r a l  d i s t r i b u t i o n  of a t y p i c a l ' l o n g  gap high 
5 

vol tage  Xenon flash-cube and t h e  response of Linograph Ortho, we f i n d  f o r  

t h e  r a t i o  

L - a Luminous F l w  
I Energy f l u x  i n  range u s e f u l  t o  Linograph Ortho (3800A-5800P 

t .  305 lumens per  watt. 

This given f o r  t h e  luminous f l u  required i n . t h e  80" chamber w i t h  no l o s s e s  

from ( 3 )  above 

L = 2.92 lumen sec  per sq. foot .  

d. Non-Uniformity c o r r e c t i o n :  

There is  one o ther  cons idera t ion  we should t a k e  i n t o  account i n  

a r r i v i n g  a t  a t h e o r e t i c a l  f i g u r e  f o r  t h e  i l lumina t ion .  We have c a l c u l a t e d  

f o r  a d e n s i t y  of 1.0 on t h e  f i l m  which appears t o  g i v e  good bubble images. 

F!owever, we may a n t i c i p a t e  i n t e n s i t y  v a r i a t i o n s  of t h e  o rder  of a f a c t o r  of 

3 due t o  being out  of focus ,  d i f f e r e n t  scattering angle and inverse  square  

law e f f e c t s .  Since t h e  y of t h e  f i l m  is about 2 where 

y = A(Density1 
A(Log Exposure) 

we have f o r  a f a c t o r  o f  3 i n  exposure 

A d e n s i t y  = 2 l o g  3 

i 096 

This  would bring us,down t o  t h e  l e v e l  o f .  the  background s o  we should s e t  

the  peak d e n s i t y  a l i t t l e  higher  than l.0,say t o  be conservat ive  about 1.5. 

( 5 ) ~ .  E. Flash Tube Data Manual, Page 7 

* The lower l i m i t  of 3800fi0 is es t imated f o r  t h e  g l a s s  c u t  df. 



This implies a  minimuit1 dens i ty  of 0.5 and a f a c t o r  of 2  i n  exposure. 

This gives f o r  the i l luminat ing i n t e n s i t y  w i t h  no losses  

L = 5.8 lumen sec per sq. foo t  a t  f = 1 ( 5 )  

We may a l s o  wr i te  down here our upper liniit a t  6 = .5. 

L = 23.4 lumen sec per sq. foot (5)a 

'These f i gu re s  are  f o r  comparison with other  chambers. 

4. DESIGN FIGURES FOR THE 80" CHAMBER 
(a)  Reflect ing and Absorption Losses 

Contr ibut ing t o  l i g h t  l o s se s  from the flash-tube 40 4 k e t f i l n  we have: 

Condenser op t i c s  and f l a r e  lens  6 sur faces  ,,,6" g la s s  or equiv. 

Light path i n t o  chamber 8 " 12" 11 

Light path t o  camera 8 " 12" 19 

"Coat hanger" 2 " 5" l* 

If the  g l a s s  or  p l a s t i c  sur faces  are  uncoated a s  they a r e  i n  the 12" chamber, 

the  transmission allowing f o r  4% l o s s  f o r  each surface,  is  given by 

With coated opt ics .we  might expect a  l o s s  of 1 % t o  0.5% a t  each 

r e f l e c t i o n  giving a t  1% loss  

( 0 . 9 9 ) ~ ~  = 0.78 

Thus we can obtain a gain of a f a c t o r  of two through the use of an t i -  

r e f l ec t i on  coatings. 



Spectrophotometric measurements of transmission through two 1" pieces of 

20" chamber coated glass indicated a loss of 7%. Since the chamber results 

indicate that the anti-reflection coatings work this presumably means a 

large absorption of light either in the glass or in the coatings. The 

glass in question is soda-lime glass. An absorption of.556 to 6% per inch 

does not seem unreasonable, and while further work remains to be done to * 
check this point we assume that we can neglect absorption in the coatings. 

Then with the use of a low absorption glass throughout (eg BorpsJlLcate 

crown - 1.3% per inch) the transmission factor allowing for absorption 

should be 

e -.013.~ 35 , o.63 

Final,ly, allowing for a.10% loss at the coat'hanger reflector strip the 

overall transmission factor is 

h. Filters: 

The 20" chamber uses a filter peaked at about 4S00A and transmitting 

at half-height about 1000AO. Spectrophotometric transmission curves give 

an energy transmission of about 25% in the range useful to Linograph Ortho. 

The use of a filter is indicated :;. (a) to increase the effectiveness of 

the coatings, and (b) to achieve some simplification of the optics of the 

condenser and flare lens. with the above filter the effect on (b) is 

probably not very great. Another filter under consideration, Kodak Wratten 

478 is peaked at 4300A with a width at half-height of 500A0. This filter 

gives a reduction of a factor of 8 in transmitted intensity. Uecause of 

(b) above it would be attractive to incorporate this degree of filtering; 

however, we will allow only for a filter factor of 4 as in the 20". 



( c )  Flash .Tube Brightness :  

.The d e s i g n  f i g u r e s  f o r  t h e  Berkeley chamber Corresponded t o  f l a s h  

tube b r i g h t n e s s  of about 200 lumen sec  cm s t e r a d i a n ,  a l though a t  an 1 2' 
unacceptable f l a s h  durhbi8ass .  There is  some u n c e r t a i n t y  a s  t o  the  b r i g h t -  

ness  under oper 'at ing cond i t ions ,  because of u n c e r t a i n t y  as  t o  how much 

energy is d i s s i p a t e d  o u t s i d e  t h e  f l a sh - tube  under t e s t  and opera t ing  con- 

d i t i o n s .  From informat ion suppl ied  by Norgren and t h e i r  publ ished t e s t  
L*M= 

r e s u l t s ,  we conclude t h a t  t h e  f i g u r e  l ies somewhere between 75 and 100 
A 

250p sec  dura t ion .  We have measured under out t e s t  cond i t ions  a  b r i g h t n e s s  

of 85 lumen s e c  cm2 s t e r a d i a n  f o r  t h i s  tube a t  t h e  Berkeley c a p a c i t o r  I 
and vo l t age  values. The Siemeq's tubes  under t e s t  he re  a r e  quoted by t h e  

2 
manufacturer a t  250 t o  300 lumen s e c  per cm s t e r a d i a n s  and indeed i n  pre- 

l iminary  t e s t i n g  have given 250 wi th  about 200p s e c  f l a s h  dev ia t ion .  

Without l i f e - t e s t i n g ,  however, i t  may be dangerous t o  use t h i s  f i g u r e  s o  

we w i l l  assume 100 lumens cm2 s te rad ian .  I 
Calcu la t ion  of Hole S i z e  Required i n  80" Chamber 

We want t h e  equ iva len t  of  23 lumen s e c (  sq. f o o t  o r  830 e r g s  I cm 2 

(our chosen upper l i m i t  a t  0.5). Allowing 44% t ransmiss ion  and a  

2 
f i l t e r  f a c t o r  of 4 g ives  209 lumen s e c l f t  . 

on( ,ou*e te  & w b a  &).-+led' 
Assuming a  source  b r i g h t n e s s  of 100 lumen s e e  1 cm2 a t e r a d i a n s  give 

a  source  a r q o f  - 
A 



This  would be supp l i ed  very c l o s e l y ,  f o r  example, by a hole 7" x 3 1/2" wi th  

semi-c i rcular  ends. 

Sa fe ty  F a c t o r s  

If one be l i eves  t h e  abso lu te  c a l c u l a t i o n  t h e r e  would appear t o  be a  

s a f e t y  f a c t o r  of about 4 i n  t h e  choice  of 6 = 0.5. One might hope a l s o  

f o r  a n  a d d i t i o n a l  f a c t o r  of 1.5 t o  2  i n  t h e  f l a s h  tube br ightness .  I f  a l l  

e l s e  f a i l s  t h e r e  i s  t h e  f i l t e r :  Simply removing t h e  f i l t e r  w i l l  g i v e  a 

f a c t o r  of  4 whi le  removing the  f i l t e r  and s u b s t i t u t i n g  Shell-Burst  f o r  

Linograph Ortho would appear t o  g i v e  a  f a c t o r  of 6. The ques t ion  of f i l t e r s  

and coa t ings  w i l l  have t o  be discussed elsewhere but from a  pre l iminary  

examination i t  would appear t h a t  the  most ob jec t ionab le  r e f l e c t i o n  e f f e c t  

would occur from a  double  r e f l e c t i o n  between t h e  coat  hanger s u r f a c e  and 

t h e  main window. It  w i l l  r e q u i r e  b e t t e r  than 1% r e f l e c t i v i t y  per  s u r f a c e  

t o  k i l l  t h i s  r e f l e c t i o n  down) s o  t h a t  the  f i l t e r  w i l l  probably be  

d e s i r a b l e  f o r  t h i s  reason. WP simply p o i n t  ou t  t h a t  a  f a c t o r  of 4 is 

a v a i l a b l e  wi th  r e f l e c t i o n s :  

5. CWPARISON NITH THE 20" and 72" CHAMBERS 

Th i s  comparison d i f f e r s  from t h a t  i n  Ref. 1 i n  t h e  i n c l u s i o n  o f  

new da ta ,  g l a s s  l o s s e s ,  and f i l m  s e n s i t i v i t y ,  and i n  t h e  use  of equa t ion  

(2) which, g i v e s  r e s u l t s  s i g n i f i c a n t l y  d i f f e r e n t  from the express ion  used 

i n  (1). Equation ( 2 )  c o n t a i n s  only t h e  magnif ica t ion and f-number a c t u a l l y  

uqed and does  n o t . c o n t a i q  an i m p l i c i t  dependence of  l e n s  opening on chamber 

. . 
depth. To put  i t  another way, i t  seems t h a t  the .72"  and p a r t i c u l a r l y  t h e  

20" a r e  opera ted a t  smal ler  l e n s  a p e r t u r e s  than one would p r e d i c t  a s  

optimum. 



Data: - 
Total Est. Transmission 

Chamber Mag. F.  umber Rel. Film Speed S. . in absence of filters 

* The film speed factor is estimated frbm (1)No filter in 72", ( 2 )  Use 

of Pan film which is sensitive from 3800A - 7000A vs 3800A - 5800A for 
Linograph Ortho, Other differences are negligibie. 

The transmission data for the 80" haw already been discussed. 

20" Losses 

Reflectiop st 1% at 2 0  surfaces = = .82 

Absorption 'at 1.3% per .inch in 6" dSC glass (condensers) = .925 . . 

Absorption at 5% per inch in 10.5" soda lime glass r .56 

Total 42% 

72" Data from Norgren 

Reflection 14 glass or plastic to air (.96)14 = .56 

** 4 " (1 11 " hydrogen = (.97514 = 090 

**  2 aluminized reflectors = (.9012 = .81 

Absorption 17 3/4" BSC or plastic at 1.3% = .79 

be 2 1/4" Soda Lime at 5% = .89 



Comparison Formula 

A s  i n  Ref. 1 we regard Q and G(8) a s  cons tan t  f o r  the  t h r e e  

chambers. Then we have.: 

where S i s  a measure of r e l a t i v e  f i l m  speed. 

Th is  g ives  f o r  180 - t 1.08 
I20 

a n d f o r  IaO. - a 1.64s = 1.64 x 1.5 P 2.46 

Comparison wi th  20" Chamber 

The fundamental p iece  of information is a measurement of i n t e n s i t y  

i n  a mock-up o f  t h e  f lash- tube,  condensing l enses ,  and d i f f u s i n g  screen. 

2 The measurement gave 36 lumen sec  ( f t  . Making t h e  appropr ia te  c o r r e c t i o n s  

f o r  l o s s e s  and t h e  e f f e c t  of t h e  f i l t e r  n o t  p resen t  i n  t h e  measurements 

g ives  f o r  t h e  i n t e n s i t y  i n  t h e  :iosslrsa 24' chamber 

L = 4 lumen sec  ( f o o t  2 
20 

This p r e d i c t s  f o r  t h e  80" chamber ( x 1.08) 

L80 = 4.3 lumen s e c  ( f o o t  2 



Comparison with 72" Chamber 

The information is l e s s  d i r e c t ,  The f l a s h  tube br ightness  has 
2 

been discussed above. We estimated 100 lumen sec  1 cm steradian. 

Thege r tu re  s i z e  based on f l a s h  tube area 4mm x W" and a magnification 

2 of (5.51~ is  18.5 cm . On the other  hind, the physical' s i z e  of the 
. . 

2 aperture is 1 1/6" x ' 3  1/2" a 27 cm . According t o  Norgren, allowance 

was made i n  the aperture f o r  aberrat ions i n  the  condensers. We wi l1 ,use  

2 the f igure  of 18.5 cm . The source t o  chamber d is tance  is about 81". There- 

fore ,  the i l luminat ion i n  the 72" chamber we est imate 

144 . 2  
18.5 x 100 x 7 = 41 lumen sec  ( f o o t  

8 1 

Correcting f o r  the  estimated 29% transmission, the i l luminat ion f o r  a 

2 
l o s s l e s s  72" chamber is  11.9 lumen see  I foot  . This p red ic t s  f o r  :the 

80" chamber 

. . 

1.64 i s  the  o p t i c a l  f a c t o r  arid 1.5 takes care  of t h e  smaller f i lm.speed 

of l inagraph ortho. We get  

Lg0 = 29 lumen sec  1 f o o t  
2 

SUMFlARY AND D I S C U S S I ~  . ' . . 

2 We have ca lcu la ted  an aperture s i z e  of 145 cm based on a conservative 

flash-tube brightness,  a r e a l i s t i c  est imate of the losses  i n  the 80" chamber 

and the requirement t h a t  we have an i n t e ? s i t y  i n  the 80" chamber of 23.4 

2 lumen sec per f t  . 
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The estimates of t h i s  i n t e n s i t y  a r e  a s  foPlows: 

(1) Absolute Est imates  

Lao = 5.8 Lumen s e c  ( f o o t 2  e x  1 

= 23.4 '* *+ 1D f =  as 

(2)  20" Comparison 

=a0 
= 4.3 Lunm s e c  / f o o t 2  

(3172" Comparison 

= 29 lumen s e c  ( f o o t  2 
=a0 

If a l l  t h e  f a c t o r s  have been proper ly  taken i n t o  account, one would 

tend t o  weigh the  20" d a t a  more than t h e  72" s i n c e  t h e  measurements a r e  

r e l a t i v e l y  s t r a i g h t f o r w a r d  and i t  is hard t o  s e e  how t h e  e s t i m a t e  can  

be wrong by more than about 25%. On t h e  o ther  hand, however, the  o p t i c a l  

systems of t h e  72" and 80" a r e  more n e a r l y  t h e  same. Almost c e r t a i n l y  

p a r t  of the  discrepancy between t h e  72" and 20" e s t i m a t e s  can be t raced  

t o  a preference f o r  denser  bubble images i n  t h e  Berkeley chamber. I n  

a d d i t i o n  t h e  Berkeley f lash- tube ou'tput has,  i f  anything,  been overestimated.  

Taking everything i n t o  account, we f e e l  t h a t  t h e  des ign f i g u r e  based on 

I 2 t h e  value  23.4 lumen s e c  f o o t  which involves  something l e s s  than  d i r e c t  

s c a l i n g  from t h e  72" chamber, is adequate. 




