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possible t o  design a cyl indr ica l  condensing syst88i 

whose geometry allows l i g h t  t o  be collected along the length of 

narrow tubular sources and t o  pass through a r e s t r i c t e d  por t  area. 
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Before d i scuss ing  t h e  problems a s s o c i a t e d  with t h e  i l l u m i n a t i o n  

of t h e  chamber, a s h o r t  d e s c r i p t i o n  of t h e  e n t i r e  system i s  i n d i c a t e d .  

The phenomena ' t o  be photographed, a r e  'viewed through t h e  chamber 

window whose f r e e  ape r tu re  dimensions a r e  193 cm wide by 63.5.  cm h igh .  

The th ickness  of t h e  window i s  16 .5  cm and t h e  o v e r a l l  depth of t h e  

chamber, inc lud ing  rvindow i s  91.5 cm. .The chamber t a p e r s  back, a s ,  

shown, so t h a t  a t  t h e  r e a r  t h e  dimensions a r e  233 x 84 cm. The 

arrangement i s  shown i n  F ig .  1. . . 

P a r t i c l e s  from th'e Brookhaven 33 Bev Al te rna t ing  Gradient 

Synchrotron ( A . G . S . ) ~ , ~ '  a r e  introduced i n t o  t h e  chamber from t h e  

s i d e  a s  shown.' A momentary reduct ion  i n  p ressu re  above . the hydrogen 

i s  c rea ted  producing bubbles, along t h e  p a r t i c l e  t r a j e c t o r i e s  . After  

a s h o r t  i n t e r v a l  dur ing  which t h e  bubbles grow t o  a s i z e  approximately 

equal  t o  t h e  d i f f r a c t i o n  l i m i t  of t h e  l e n s e s  recording  

t h e  event,  t h e  chamber i s  f l a s h  i l l u m i n a t e d a n d  t h e  p i c t u r e s  recorded 

.on f i l m .  



h e  type of i l l u m i n a t i o n  specif ie 'd  i s  of  t h e  r e t r o d i r e c t i v e  

dark f i e l d  type .  The i l l u m i n a t i o n  d.iverges from a  p o r t  of l i m i t e d  

a r e a  some '182 cm from t h e  chamber window and proceeds through i t  t o  

t h e  r e a r  o f ' t h e  chamber. If a s p h e r i c a l  mi r ro r  l i n e d  t h e  r e a r  of  

t h e  chamber of r a d i u s  equal  t o  the apparent  d i s t a n c e  between i t  and. 

t h e  p o r t ,  t h e  r a y s  would be s e n t  back upon themselves and r e e n t e r  t h e  
. . 

p o r t  . . from which they emerged. Four cameras simultaneously photograph 

t h e  chamber a t  each f l a s h .  These a r e  s i t u a t e d  i n  a  square a r r a y  63.5 crn 

on a  s i d e  symmetrically disposed about t h e  p o r t  and f a c i n g  t h e  chamber. 

If t h e  r a y s  on . t h e i r  . r e t u r n  pa ths  a r e  undeviated they  cannot e n t e r  t h e  

cameras.   ow ever, i f  perchance they  s t r i k e  something such a s  a bubble 

they can be d i v e r t e d  i n t o  t h e  cameras, and be recorded.  Thus . the t r a c k s  

show u p ' a s  b r i g h t  s t r e a k s  on a  black background. It i s  o b v i o u s . t h a t  

t h e  amount of l i g h t  used i n . r e c o r d i n g . t h e  t r a c k s  i s  extremely small a s  

compared'with t h a t  emerging from t h e  p o r t  a n d . g r e a t . q u a n t i t i e s  of  l i g h t  

must emerge from t h e  p o r t  i n  o r d e r  t o  o b t a i n  s u f f i c i e n t  f i l m  expo.sure. 

The word p i c t u r e  drawn above i s  somewhat s i m p l i f i e d .  I t . i s  

c l e a r  t h a t  s c a t t e r i n g  from t h e  bubbles :could t a k e  p l a c e  on t h e f o r w a r d  

p a t h  of  t h e  rays ,  s t r i k e  t h e  s p h e r i c a l  mi r ro r  and be r e f l e c t e d  back 

i n t o  t h e  cameras. Thesewould show up as' d u p l i c a t e  t r a c k s  i n  t h e  

image of t h e  chamber i n  t h e  s p h e r i c a l  mir ror ,  l ead ing  t o  confusion i n  

t h e  i n t e r p r e t a t i o n  of t h e  event .  It i s  t h u s  necessary t o  suppress  t h e  

photographic' recording  of s c a t t e r i n g  on t h e  forward pa th  of t h e  r a y s .  

Therefore t h e  mir ror  i s  replaced  i n  some o t h e r  form of  r e t r o d i r e c t i v e  

device,  one which r e t a i n s  t h e  proper ty  of r e t u r n i n g  l i g h t  i n  t h e  same 

d i r e c t i o n  from which i t  came, but does not  have image forming p r o p e r t i e s .  



s e v e r a l '  such have been 'proposed and t h a t  chosen i s  known by t h e  tern-: 
4 Itcoat hanger assemblyt1 . Nothing more w i l l  be s a i d  he re  concerning 

t h e  n a t u r e  of t h i s  device,  except t h a t  i t  i s  q u i t e  e f f e c t i v e  i n  

suppressing t h e  unwanted t rack  images. 

A l l  of t h e  f a c t o r s  a s soc ia ted  with t h e  geometr ical  arrangement 

above, toge the r  with d a t a  a v a i l a b l e  from Xenon f l a s h  tube charac ter -  

i s t i c s  and experience der ived  from t h e  20 inch. chamber a t  Brookhaven 

and t h e  72 inch  'chamber a t  Berkeley were analyzed516 i n  d e t a i l ,  

inc luding  es t ima tes  f o r  o p t i c a l  t ransmiss ion  and f i l m  s e n s i t i v i t y .  

The f i n a l  e s t ima te  f o r  t h e  requirements  f o r  d e s i r e d  l e v e l s  of i l l u m i -  

n a t i o n  was given by F. h d e r s o n 6  and h i s  c a l c u l a t i o n s  s e t  t h e  d e s i r e d  

i l l u m i n a t i o n  p o r t  a r e a  a t  145 square cent imeters  of e f f e c t i v e  Xenon 

source image. 'Furthermore, upon l a y i n g  out  t h e  geometr ical  arrangement 

with c a r e  i t  was de te rmined . tha t  t h e  beam spread requ i red  ,from t h e  p o r t  

t o  t h e  chamber amounted t o  a, numerical a p e r t u r e  of .167 i n  t h e  v e r t i c a l  

d i r e c t i o n  and t o  .42 i n  t h e  h o r i z o n t a l  (19' 15 '  x 50'). 

Thus, t o  r e c a p i t u l a t e  t h e  requirements,  it was necessary t o  
2 provide a t  t h e  p o r t  an i l luh l ina t ing  a r e a  of 145 cm and b r igh tness  

e s s e n t i a l l y  equal  t o  t h e  source and t o  provide t h e  beam with angular  

spreads of  N . A .  = .167 v e r t i c a l l y  and N.A. = .42 h o r i z o n t a l l y .  A l l  

t h i s ?  opera t ing  from a source whose diameter '  i s  a mere 4mm! 

: Let u s  assume f o r  t h e  moment t h a t  we s e t  as t h e  upper l i m i t  of 

p r a c t i c a b i l i t y  t h e  .provision of a condenser sys tem which i s  a b l e  t o  

c o l l e c t .  a numerical a p e r t u r e  of .'75 from t h e  source,  corresponding 

t o  a semi-angle of about 48.6'. To i n c r e a s e  t h e  numerical a p e r t u r e  

above t h i s  f i g u r e  can obviously be done only a t  g r e a t  e f f o r t  and f o r  



relatively small gain. If it works at 4.5~ magnification, it will 

deliver a numerical aperture of .167, just sufficient to cover the 

small dimension of the chamber, but far from sufficient to cover 

the large. dimension. For the'latter purpose three such systems would 
. . 

be needed, each covering approximately one third of the chamber 

horizontally. 

It is indeed just this threefold system that is in use at 
6 ~ e r k e l e ~  to illuminate the 72 inch chamber. According to F. Anderson , 

2 the effective illuminating port area i n  the Berkeley system is.18.5 cm . 
. It is a reasonable assumption that-the threefold Berkeley 

arrangement squeezes the utmost that can be expected out.of conventional 

.optical condensing systems and that to obtain the many-fold larger. 

desired port.area and corresponding illumination increase for the 

Brookhaven chamber which at :the same time has sufficient .beam spread 

requires an entirely new approach. 

Conventional condensing systems use axially symmetric optical 

components to form a magnified image of the source somewhere else 

in the optical train which is coherent. This, however, is not a. 

necessary requirement. Suppose for the moment that we have succeeded 

in our task of providing 145 cm2 of port area acting as an effective 

Xenon source to illuminate the chamber. Each and every point of this 

area must send' rays of illumination to all points i n  the chamber. 



The requirement f o r  t h e  condenser system i s  t h a t  each and every sne  

of t h e s e  r a y s  must have t h e  o r i g i n a l  luminpus. source a s  o r i g i n ,  and 

i f  t h i s  cond i t i an  i s  f u l f i l l e d ,  it does not  ma t t e r  i n . t h e  l e a s t  

whether o r  not  a coherent image of t h e  sou-rce i s  produced. 

The arguments given above i n d i c a t e  impliciti?y t h a t  when only a 

l i m i t e d  l eng th  of' t u b e  can be used, t h e  luminous f l u x  i s  i n s u f f i c i e n t .  

B u t  Xenon f l a s h  tubes,  while l i m i t e d  i n  diameter t o  4mm a r e  not  so 

l i m i t e d  a s  t o  length ,  and i f  t h e  condensing system were designed so 

a s  t o  t ake  f u l l  advantase of t h e  length ,  much more luminous f l u x  

could be made a v a i l a b l e .  

The procedure adopted i s  given schemat ica l ly  i n  F ig .  2 .  I n  

( a )  we see  a  c r o s s  s e c t i o n  through t h e  v e r t i c a l .  The source S 

d e l i v e r s  a  beam of high numerical a p e r t u r e  t o  t h e  c y l i n d r i c a l  l e n s  L .  

The image of S i s  formed a t  t h e  p o r t  P a n d . i s  shown magnified i n t o  S t ,  

from which t h e  beam spreads. out  v e r t i c a l l y  t o  i l lumina te  t h e  chamber 

C .  The magnif ica t ion  chosen i s  such as  t o  d e l i v e r  t h e  f i n a l l y .  . ' 

r equ i red  v e r t i c a l  beam spread.  However, i n  ( b )  l e n s  L has  no power, 

and an image of S is  no t  formed a t  P.  1n- t h i s  schematic r e p r e s e n t a t i o n ,  

t h e  source l eng th  requ i red  t o  i l l u m i n a t e  t h e  f u l l  chamber width i s  GK, 

and r a y s  de l ive red  t o  po in t  B of t h e  chamber may a r i s e  anywhere between 

H and K .  .A s i m i l a r  l eng th  of tube w i l l  se rve  t o  i l lumina te  any o t h e r  

.po in t  of t h e  chamber. 

Let u s  examine. f o r  &he moment t h e  e f f e c t  of adding s p h e r i c a l  

power t o  t h e  system a t  the  p o r t  P.  Refer r ing  f i rs t  t o  t h e  v e r t i c a l  

( a ) ,  it i s  t o  be noted t h a t  no e f f e c t  w i l l  occur i n  t h e  v e r t i c a l '  

meridian.  However, i n  t h e  h o r i z o n t a l  ( b ) ,  t h e  e f f e c t  of s p h e r i c a l  



power a t . - P  w i l l  be t o  a l t e r  t h e  i n t e r v a l  KH a b o u t t h e  p o i n t  M .  If 

t h e  power be g radua l ly  inc reased ' f rom zero, t h e  p o i n t s  K and H w i l l  - 
approach M, becoming coinc ident  when t h e  p o i n t s  M and B a r e  conjugate .  - 

For t h i s ,  cond i t ion  t h e  r equ i red  l eng th  of source will be a  minimum. 

For s t i l l  g r e a t e r  power, p o i n t .  H w i l l  move t o  t h e  o u t s i d e  of M, and 

t h e  r equ i red  l eng th  w i l l  aga in  i n c r e a s e .  

It i s -  t o  be noted t h a t  t h e  system i n  no i n s t a n c e  forms a  

coherent  image o f . t h e  source.  Even i n  t h e  case where M and B a r e  

conjugate,  any po in t  corresponding t o  B r e c e i v e s  r a y s  from a l l  p o i n t s  

of t h e  source a t  M t r a n s v e r s e  t o  t h e  source length ,  so t h a t  i r r e g u -  

l a r i t i e s  i n  t h e  source i n  t h i s  d i r e c t i o n  a r e  smoothed o u t .  However, 

i f  t h e  source should have i r r e ~ l a r ~ t i e s  a long i t s  length ,  t h e  con- 

jugate  po ' s i t ion  w i l l  show bars  .of i l l u m i n a t i o n  . v a r i a t i o n '  i n  t h e  

chamber. I n  t h e  p resen t  a p p l i c a t i o n ,  a s  w i l l  be seen l a t e r ,  s p h e r i c a l  

power has  been added t o  t h e  'system a t  P  s u b s t a n t i a l l y  g r e a t e r  than 

t h a t  r equ i red  f o r  t h e  conjugate cond i t ion , ' and  i s  used f o r  o t h e r  

purposes.  For t h i s  reason, l o c a l  i r r e g u l a r i t i e s  i n  t h e  source do 

no t  show up i n  t h e  chamber. 

The f a c t  t h a t  we have chosen t o  u s e  a c y l i n d r i c a l  system a f f o r d s  

f avorab le  geometr ical  circumstances f o r  source i n c r e a s e  through 

d u p l i c a t i o n ,  In, s p h e r i c a l  condensing systems, t h e r e  of ten .  i s  provided 

behind t h e  source a s p h e r i c a l  mi r ro r  which e i t h e r  images t h e  source 

back upon i t s e l f  o r  a longside i t s e l f  so t h a t  t h e ' e f f e c t i v e  a rea  i s .  

' i nc reased .  Theore t i ca l ly  t h i s  i n c r e a s e  can be a s  high a s  2x, but  

i n  prac t . ice  i s  u s u a l l y  considerably below t h i s .  There i s  no prospect  

of i n c r e a s i n g  source a r e a  through t h e  provis ion  of a d d i t i o n a l  sources 

because of t h e  mechanical i n t e r f e r e n c e  of such sources with each o t h e r  

o r  with t h c  opherloal  mir ror  and condcnolng sy3tem. 



' The c y l i n d r i c a l  system a f f o r d s  freedom from t h i s  l i m i t a t i o n .  

The rnodifiedFX-1 f l a s h  tube" t o  be used has  an i n t e r n a l  diameter  

8 of 4mm a n d t h e  b r igh tness  i s  f a i r l y  uniform a c r o s s  t h i s  c r o s s  s e c t i o n  . 
. . 

The i + ~ a l l s '  a r e  1 -m i n  t h i c 1 m e s s .  . Two such '  tubes  are . -used i n  con junct ion  . . 

with a  c y l i n d r i c a l  r e f l e c t o r  i n  an arrangement i l l u s t r a t e d  i n  F ig .3 .  

The two Xenon f l a s h  tubes  a r e  shown a t  A and B with t h e i r  o u t e r  

wa l l s  separa ted  by 4mm. A c y l i n d r i c a l  r e f l e c t o r  a t  M i s  so s i t u a t e d  

t h a t  tube A has  i t s  c e n t e r  2 . 5 ~  below t h e  mi r ro r  a x i s  and t u b e B  

7.5mm above t h e  axis. Under these  circumstances t h e  e f f e c t i v e  i n n e r  

4mm of tube A i s  imaged by M a t  A f  which i s  mutually' tangent  t o  both 

t u b e s  a s  shown, and t h e  e f f e c t i v e  i n n e r  4mm of tube B i s  imaged a t  Bf  
. . 

tangent,  t o  tube A.  ' The r e s u l t  i s  a source  a r e a  which i s  p h y s i c a i l y  

19mm high, of which 16mm i s  e f f e c t i v e .  The r a d i u s  of M i s  r e l a t i v e l y  

unimportant, except  t h a t  it be l a r g e  compared t o  19mm t o  minimize 

a b e r r a t i o n s .  T h e  ' c e n t r a l  a x i s  of M should of course.  be i n  t h e  p lane  o f :  

t h e  tubes .  The dimension of M i n  t h e  p lane  of t h e  f i g u r e  should be 

' somewhat l a r g e r ,  than  ' t h a t  needed t o  cover t h e  source numerical a p e r t u r e  

r equ i red  ( .75) and it should be r o u g h l y  as long as t h e  tubes .  A ' *  

photograph o f  . the a c t u a l  appara tus  i s  shown i n  F ig .  4 ,  Means a r e  

provided f o r  quick i n s e r t i o n  of a new source system inc luding  tubes  

and mi r ro r  i n  case  of tube f a i l u r e .  F i g  5 i s  a n  exposure of a  ' f l a s h  . 

taken d i r e c t l y  from t h e  source system ( a t t e n u a t i o n  needed requ i red  

t h e  u s e  o'f two Sets of crossed p o l a r i z i n g  p l a t e s ) .  In t h i s  p i c t u r e  

t h e  f o u r  component sources (two r e a l  and twoimaged as explained)  a r e  

r e a d i l y  apparent: 



We turn now to a consideration of the design of the cylindrical 

condenser system itself. As stated before, we will collect a wedge 

of rays whose numerical' aperture is .75 and transfer this into 

another .at the port of N.A. = .167, with therefore a magnification 
. . 

of 4.5~. It is implicit, in our discussion that since we have 

expressed our 'beam spreads in terms of numerical aperture that we 

intend, in addition t o  correction 'for spherical aberration, to effect 

'a high degree of agreement with the sine conditian in our design. 

It is well known that for infinite magnification,' fulfillment of the 

sine condition. is needed to insure even illumination in the exit bundle. 

9 In a recent paper , Wallin ascribes to some unpublished notes of 

R.K. Luneberg the criterion for uniform illumination of an axially 

symmetrik .system, the equation 

sin u = m tan ut . . 

where u is the entrance angie (at the source), ul the exit angle 

(at the port) and m is the magnification. Since this presupposes a 

.planar source (which.ours is not), a plane surface to be illuminated. 

(which ours is not,. since the retrodirectors are curved) and a 

spherical sy~tem (which ours is decidedly no,t), this expression will 

not strictly hold. It is to be noted that in any case.the Luneberg 

criterion .is equal to the sine condition for large m. The development 

of an exact criterion for even illumination of our system poses a 

difficult problem in analysis, particularly in view of' the curved 

image line resulting from a point object, to be discussed later. 

The development of such a theory would be interesting and perhaps 

should be done,  b u t  i t  i s  quite certain that whatever criterion 



r e s u l t s ,  ..it cannot be much d i f f e r e n t  frorn t h a t  given by s a t i s f a c t i o n  

o f  t h e  s i n e  cond i t ion .  Thus t h e  o p t i c a l  'design problems a s s o c i a t e d  

wi th  our.  system take  o n  some of t h e  same c h a r a c t e r i s t i c s  as those  of  

designing. a microscope o b j e c t i v e  . 
Fig .  6 and Table 1 g i v e . t h e  r e s u l t a n t  des ign .  The f i r s t  t h r e e .  

l e n s e s  neares t '  t h e  source a r e  ap lana t i c ,  t h a t  is ,  t h e  e n t e r i n g  

s u r f a c e s  a r e  normal t o  t h e  a x i a l  bundle while  t h e  e x i t  su r face  i s  

a p l a n a t i c .  The l e n s  n e a r e s t  t h e  source i s  made of fused q u a r t z  

because of t h e  h e a t .  Thus each of these  l e n s e s  reduces  t h e  numerical 

a p e r t u r e  by a f a c t o r  equal  t o  i t s  'index of r e f r a c t i o n ,  u n t i l  it i s  

small enough' to  be turned i n t o  a convergent bundle .wi th  t h e  required 

.167 N . A .  The r a d i u s  of - t h e  innermost su r face  i s  39mm, while  t h e  

next  su r face  a c t u a l l y  extends more than  180'. While  no a t t e m p t  . , 

i s  made t o  c o r r e c t  f o r  chromatic , abe r ra t ion , .  t h e  s c a l e  i s  small enough 

so t h a t  it i s  unimportant f o r  our  purposes,  ' 

A t  t h i s  p o i n t  it seems appropr ia t e  t o  cons ider  a s e r i o u s . .  

a b e r r a t i o n  of t h i s  system which has  no coun te rpa r t  i n  s p h e r i c a l  o r  

a x i a l l y  symmetric systems. I n  a v e r t i c a l  meridian a p o i n t  o b j e c t  a t  

t h e  source i s  imaged a t  t h e  po r t .  Ordinary Gaussian c a l c u l a t i o n s  

a r e  s u f f i c i e n t  t b  determine t h e  p o s i t i o n  and t h e  magnif ica t ion  of  a 

small 'bb j e c t  a t  t h e  Source, '  However, i n  a c t u a l i t y ,  a p o i n t  source 

- i s  not  imaged as a p o i n t  but as a l i n e .  If t h i s . l i n e  were s t r a i g h t  

and normal t o  t h e  a x i s  a t  t h e  p o r t  with cons tant  N.A.,'no d i f f i c u t l y  
. . 

'would r e s u l t .  Eht t h i s  i s  very far  from t h e  case .  This  l i n e  i s  'very. 
. . s t rong ly  curved concavely t o  the. l e n s e s  a s  i l l u s t r a t e d  i n  Fig.7, and 

t h i s ' c u r v a t u r e  i s  accompanied by 



a severe " reduct ion  i n  magnif icat ion and corresponding i n c r e a s e  

numerical a p e r t u r e  a t  i t s  o u t e r  p o r t i o n s  which would l e a d  t o  an 

i n t o l e r a b l e  r educ t ion  i n  i l l u m i n a t i o n  a t  t h e  h o r i z o n t a l  ends of t h e  

chamber i f  l e f t  .u.ncorrected . 
. . .  

However, i t  w i l l  be shown t h a t  
. . 

provision o f  s p h e r i c a l  power a t  t h e  p o r t  se rves  t o  c o r r e c t  t h i s  d e f e c t  
. . 

so that  t h e  . f i n a l  o v e r a l l  i l l u m i n a t i o n  a t  t h e  chamber i s  remarkably 

uniform. The w r i t e r  has  not  explicitly met up rfirfth t h i s  aber ra , t ion  i n  

h i s  experience,  nor  does he r e c a l l  from t h e  l i t e r a t u r e .  

hoped t h a t  some reader  w i l l  be a b l e  t o  p o i n t  out  such a re fe rence ,  o r ,  

f a i l i n g  t h i s ,  suggest  appropr ia t e  name f o r  i t .  

I n  o r d e r  'to a s s e s s  the.magnitude of t h i s  e f f e c t ,  consider  a 

, r a y  o r i g i n a t i n g  a t  t h e  source and l y i n g  i n  t h e  p lane  conta in ing  the  

c y l i n d r i c a l  a x e s ' o f  a l l  of t h e  l e n s e s .  This  ray ,  assumed i n c i d e n t  a t  

an angle  d i f f e r e n t  from zero,  can be ' t raced '  through t h e  . c y l i n d e r s  a s  

i f  they  were a  s e r i e s - o f .  p a r a l l e l  p l a t e s .  Consider t h e  Coddington 

equat ions,  namely -- 

Nt cos2 I l / t l ,  = N cos2 I/t + (NI cos If .- N c 0 s . 1 ~ ~  

anh 

N l / s f  = N / s  + ( ~ f  cosI1 - N cos 1)/rS 

In t h e s e  equat ions  rt = a and rs i s  t h e  s t a t e d  r a d i u s  of  'curvature of 

t h e  su r face  i n  Table 1. We a r e  no t  concerned with t h e .  f i rs t  of these  

'equat ions i n  our  :system but only with t h e  second, s i n c e  we a r e  

i n t e r e s t e d  only  i n  t h e  magnif icat ion of  a .small element of t h e  source 

normal t o  t h e  p iane  conta in ing  a l l  of t h e  c y l i n d r i c a l  awes. In t h i s  

c a l c u l a t i o n  s i s  t h e  obl ique d i s t a n c e  of t h e  f i r s t  su r face  f r o h  t h e  
1 

source along t h e  r a y .  m e  magnif icat ion a t  each su r face  i s  given by 



y t / y  = N s l / N l  s .  The p o s i t i o n  o f  t h e  p o i n t  along t h e  curved image 

l i n e  i s  determined by t h e  f i n a l  s t ,  and t h e  inagniffcation by t h e  

' p r o d u c t  of t h e  magnif ica t ions  a t  each s u r f a c e .  ~ x ~ e r i m e n t ' a l  v e r i f i -  

c a t i o n  of t h e s e  c a l c u l a t i o n s  was af forded by s e t t i n g  up a high 

i n t e n s i t y  po in t  source i n  t h e p r o p e r  pos t ion .  The. curved image l i n e  

was r e a d i l y  d iscerned on a  screen  placed not  q u i t e  p a r a l l e l  t o  t h e  

c y l i n d r i c a l  axes and t h e  l o c a t i o n s  of  each poin t  on t h e  curved l i n e  

corresponded with t h e  c a l c u l a t i o n s  a s  c l o s e l y  a s  could be measured. 

A screen  placed normal t o  t h e  e x i t  beam well  beyond t h e  l i n e  

demonstrated a  s t rong  pincushion e f f e c t  as i l l u s t r a t e d  i n  F ig .  8 .  The 

smal l e s t  v e r t i c a l  s e c t i o n  a t  t h e  c e n t e r  corresponds t o  t h e  v e r t i c a l  

N . A .  = .167 a s  des l red ,  but t h e  much l a r g e r  s e c t i o n s  a t  t h e  ends 

r e f l e c t  t h e  e f f e c t  of ' the  g r e a t e r  N . A .  a s s o c i a t e d  with the  o u t e r  p a r t s  

of t h e  curved l i n e ,  . r e s u l t i n g  i n  corresponding reduced i l l u m i n a t i o n .  

Ibis l a t t e r  would have amounted t o  a f a c t o r  of approximately 2  a t  t h e  

ends of t h e  chamber if l e f t  uncorrec ted .  

The na tu re  of t h e  e f f e c t '  and t h e  means f o r  i t s  . c o r r e c t i o n 3 a r e  

shown i n  F ig .  9. which i s  schematic i n  na ture ,  showing t h e  Xenon Source, 

t h e  c y l i n d r i c a l  system.and t h e  p o r t .  The chief  r a y  t o  t h e  c e n t e r  of 

t h e  chamber o r i g i n a t e s a t  S1 and passes  through Sll a t  t h e  p o r t .  The 

chief  r a y  t o  t h e  end of t h e  chamber o r i g i n a t e s '  a t  S2. Other r a y s  

from S2 normal t o  the  p lane  c r o s s  t h e  p iane  of t h e  paper a t  S21 beczuse 

of t h e  curved l i n e  a b e r r a t i o n  descr ibed above. A small  element of 

t h e  source a t  S1 normal t o  t h e  paper i s  imaged a t  designed magnifica- 

t i o n  a t  S1l while a  small element a t  S2 i s  imaged a t  a  much lovrer nagni-,  

. f i c a t i o n  a t  S2t . Norv f f  spher i ca l  power i s  added a t  t h e  p o r t ,  no 

e f f e c t  i s  produced on t h e  p o s i t i o n  of S l l ,  and SIF, i t s  image i n  t h e  



lens', i s  shown coinc ident  with i t .  However, t h e  o f f  a x i s  image S21 

occurs  before t h e  p o r t ,  and t h e  e f f e c t  of  t h e  s p h e r i c a l  power a t  

t h e  p o r t  i s  t o  d i s p l a c e  i t  s t i l l  f u r t h e r  away t o  SgF. However, a t  

t h e  same time i t  w i l l  be magnified, reducing t h e  numerical a p e r t u r e  

and r e s t o r i n g  t h e  i l lumina t ion  a t  t h e  chamber ends,. The r e s u l t s  a r e  

shown i n  two. graphs, F ig  .10 and F ig .  11. F i g .  10 shows t h e  p o s i t i o n s  

of t h e  images above r e f e r r e d  to ,  t h e  upper curve r e f e r r i n g  t o  t h e  

image p o s i t i o n  Sgl a f t e r  the c y l i n d r i c a l  system, and t h e  lower t o  

t h a t  a f t e r  pass ing  through t h e  s p h e r i c a l  power introduced a t  t h e  p o r t ,  

t he  l a t t e r  designated by' the  term ". 'aspheric l ens"  f o r  reasons  t o  be 

apparent l a t e r .  F ig .  11 g ives  t h e  same d a t a  f o r  t h e  magnif ica t ion .  

The' r e s u l t s  show ari a c t u a l  inc rease  i n  source magnif ica t ion .  with 

f i e l d  angle,  but since'  t h e  source image i s  phys ica l ly  f u r t h e r  away 

from t h e  chamber a s  given i n  t h e  preceding graph, t h e  i l l u m i n a t i o n  i s  

no g r e a t e r .  I fu t  n e i t h e r  i s  i t  l e s s ,  except f o r  a  normal cos3 9 f a l l  

o f f .  

. . There i s  one rrlinor d i f f i c u l t y  with t h i s  arrangement, and a 

means f o r  amel iora t ing  i t .  The v e r t i c a l  p o r t  dimension i s  only 

moderately l a r g e r  than . the images SIF o r  32F. 9 i m e  there i s  a , 

s u b s t a n t i a l  displacement between t h e  p o r t  a n d  S2F, v i g n e t t i n g  of SgF 

by t h e , p o r t  w i l l  r e s u l t  i n  reduced i l l u m i n a t i o n  i n  t h e  corners  of 

t h e  chamber. If we were t o  reduce t h e  d i s t a n c e  between S2F and t h e  

p w t ,  t h i s  v i g n e t t i n g  w i i l  be lowered. This  can be done a t  t h e  expense 

of sepa ra t ing  SIF.from t h e  p o r t  by moving t h e  Xenon. source c l o s e r .  t o  

t h e  c y l i n d r i c a l  system. This s i t u a t i o n  i s  i l l u s t r a t e d  i n  F i g .  1 2 .  

This  procedure clos ill in t roduce  more magnif icat ion of t h e  source f a r  

both S1l and S21, which a r e  both sho!>m l a r g e r  than before .  However, 



spher ica l ,  l e n s  L !/,rill tend t o  opera te  upon S1l t o  p u l l  it  back and 

reduce t h e  magnif icat ion,  while t h e  magnifying e f f e c t  on S2f i s  

smal ler  than before because i t  i s  c l o s e r  t o  L .  The e f f e c t  of L . i n  

t h i s  regard  i s  t o  a c t  a s  an o p t i c a l  balance wheel o r  governor of t h e  

system. O f  course i f  t h i s  procedure i s  c a r r i e d  too f a r ,  while i t  

would be p o s s i b l e  t o  e l imina te  v i g n e t t i n g  a t  t h e  chamber endsi one 

could in t roduce  it a t  t h e  c e n t e r .  P r a c t i c a l l y  i t  i s  advisable  t o  

make t h e  ' p o s i t i o n  of t h e  source ad jus tab le  so as t o  br ing  i t  

empi r i ca l ly  t o  t h e  most favorable  d i s t a n c e .  

We t u r n  now t o  a  d i s c u s s i o n .  of a  major d i s a b i l i t y  of a l l  dark- 

f i e l d  r e t r o d d r e c t i v e  systems and means f o r  i t s  e l imina t ion .  Refer r ing  

now t o  F i g .  13 we see  a  schematic of t h e  system a s  we have b u i l t  i t  

up so f a r ,  A.tremendous amount of l i g h t  l eaves  t h e  p o r t  toward t h e  

chamber and i s  re turned  by t h e  r e t r o d i r e c t o r s .  However; a  por t ion  of 

t h i s  l i g h t  i s  r e f l e c t e d  from each of t h e  two s u r f a c e s  of  the window 

and t h e s e  r e f l e c t i o n s  may be seen d i r e c t l y  by t h e  cameras. The 

camera a p e r t u r e s  approximate a  p o i n t  ( t h e y  a r e  only about 6mm i n  

diameter)  . The. n e t  r e s u l t  of t h i s  is' t h a t  each photograph i s  com- 

p l e t e l y  fogged over an .a rea  whose l i n e a r  dimensions i n  re la t ior1  t o  

t h e  chamber p i c t u r e  a r e  approximately h a l f  those  of t h e  p o r t .  While 

. t h i s  a r e a  i s  small r e l a t e d  t o  t h e  e n t i r e  p i c t u r e ,  i t  i s  l a r g e  enough 

h e  q115te ob jec t ionab le  . One s o l u t i o n  of t h i s  problem s e t  

t h e  large window a t  an angle  so t h a t  t h e  r e f l e c t e d  r a y s  a r e  thrown 

ou t  of t h e  f i e l d  of view of t h e  cameras. This has  obvious geometrical  

disadvantages.  It had been decided a t  Brookhaven t o  keep t h e  window 

perpendicular  t o  t h e  axis, although t h e  angled window arrangement i s  

employed a t  Berkeley. 



Consider t h e  system i n  reverse .  Ray's from t h e  camera a p e r t u r e s  

s t r i k e  t h e  window and a r e  r e f l e c t e d  from e i t h e r  su r face  back through 

t h e  port:  A s  we have seen, s p h e r i c a l  power e x i s t s  a t  . t h i s  p o s i t i o n .  

Consequently t h e r e  must e x i s t  a p lane  conjugate t o  t h e  camera a p e r t u r e s  

on t h e  i l l u m i n a t i o n  s i d e  of t h e . p o r t ,  as shown i n  Fig: 13 .  I d e a l l y  

t h e  f o u r  camera a p e r t u r e s  would image f o u r  t i n y  d o t s  i n  t h i s  

conjugate p lane .  If now we s e t  up a p l a t e  of g l a s s  a t  t h i s  p o s i t i o n  

and opaque t h e  a r e a  corresponding t o  t h e  dots ,  no l i g h t  w i l l  proceed 

from t h e  i l l u m i n a t i o n  system and be r e f l e c t e d  by t h e  window i n t o  t h e  

cameras. 

The system descr ibed above i s  complicated somewhat, so t h a t  

t h e  d o t s  a r e  more than i n f i n i t e s i m a l l y  s m a l l .  F i r s t l y ,  two systems 

a r e  involved, corresponding t o  each of t h e  two window sur faces  so 

t h a t  t h e  opaque a r e a s  must be l a r g e  enough t o  cover d o t s  i n  two 

s l i g h t l y  separa ted  conjugat'e p lanes .  Second1.y t h e  images a r e  far  

from Gaussian and sub jec t ,  because of t h e i r  o f f  a x i s  p o s i t i o n ,  t o  

a b e r r a t i o n ,  p a r t i c u l a r l y  astigmatism. S i n c e , t h e  p o r t  l e n s  t u r n s  out  

t o  have a  high r e l a t i v e  ape r tu re ,  abe r ra t ion  spread i s  l a r g e .  

Spher ica l  a b e r r a t i o n  f o r  t h i s  r e f l e c t e d  system i s  taken c a r e  of by 

making t h e  .por t  l e n s  s t rong ly  aspher ic ,  but astigmatism cannot be 

c o n t r o l l e d  because of t h e  this system i s  a t  t h e  l e n s  and 

t h e  astigmatism is  determined, a s  i s  we l l  known, by t h e  power of  t h e  

l e n s  a lone .  The most favorable  p o s i t i o n  f o r  t h e  spot  p l a t e  i s  t o  

p lace  i t  i n  t h e  s a g i t t a l  focus,  and t h e  s p o t s  themselves a r e  roughly 

l i n e s  p o i n t i n g  genera l ly  towards t h e  a x i s .  

It was decided t o  make t h e  p o r t  l e n s  from a  s i n g l e  a spher ic  

su r face  i n  f r o n t ,  t o  make i t s  r e a r  su r face  plano, t o  join,  by cementing, 

t h e  r e a r  f a c e  of t h i s  l e n s  t o  a l a r g e  g l a s s  block, on t h e  r e a r  f a c e  of 



which t h e  spo t s  a r e  l o c a t e d .  I n  t h i s  way t h e  number of a i r  g l a s s  

su r faces  i s  reduced and t h e  c o n t r a s t  i n  t h e  images of  t h e  spo t s  

mainta ined .h igh .  Another advantage of t h i s  arrangement a r i s e s  

from t h e  f a c t  t h a t  t h e  s i d e s  of: t h e  block can be o p t i c a l l y  pol i shed ,  

and use  made of t h e  i n t e r n a l  r e f l e c t i o n  a t  t h e s e  s i d e s  f o r  t h e  high 

angular  r a y s  ( s e e  F ig .  14)  ' thus  reducing s u b s t a n t i a l l y  t h e  requi red  

l e n g t h ' o f  t h e  cyllndrj .ca1 l e n s e s  and t h e  Xenon t u b e s .  

Returning now t o  t h e  s p o t s  themselves ,  c e r t a i n  o t h e r  p r o p e r t i e s  

a r e  r equ i red .  Since t h e  system i s  such t h a t  a  l a r g e  amount of l i g h t  

f l u x  i s  r e d i r e c t e d  back i n t o  t h e  p o r t ,  t h e r e  i s  a  danger t h a t  t h i s  

l i g h t  can i l lumina te  t h e  spot a r e a  from behind and again  be r e f l e c t e d  

forward whence i t  w i . 1 1  reemerge from the  p o r t  and be r e f l e c t e d  back 

by t h e  window p r e c i s e l y  i n t o  t h e  camera a p e r t u r e s  which a r e  conjugate  

t o  t h e  spo t s .  To e l imina te  t h i s ,  t h e  spo t s  a r e  made of wafers of 
of  

h ighly  absorbing dark g l a s s  of i n d e x b e f r a c t i o n  equal  t o  t h a t  of t h e  

block, and cemented t h e r e t o  by cement of t h e  same 'index so as t o  

e l imina te  t h e  p o s s i b i l i t y  of Fresnel  r e f l e c t i o n  a t  t h e  j o i n t .  The 

o u t s i d e  of t h e  wafer i s  coated wi th  an-opague l a y e r  0.f p ro tec ted  aluminum, 

prevent ing  d i r e c t  l i g h t  ,from pass ing  through t h e  wafer.  The dimensions 

of t h e  wafer . ,a re  determined f i n a l l y  by a  mockup of t h e  camera-window- 

port-block system and observing t h e  image of t h e  camera ape r tu re ,  

i l l umina ted  from behind, a s  seen by a microscope a t  t h e  end of . the 

Every v e s t i g e  of l i g h t  should be e l iminated  by t h e  wafer .  

Whether o r  not  t h e  spot  system w i l l  be completely SucceSSful i s  no t  

known a t  t h e  time of t h i s  wr i t ing ,  but a  system mockup i s  encouraging. 



The system has no t  y e t  been i n s t a l l e d ,  but c a r e f u l  mock-ups 

have been made. F ig .  15 i s  a photograph 'of t h e  p o r t  a r e a  ( f r o n t  of 

t h e  a spher ic  l e n s )  when t h e  source was ac tua ted ,  showing. t h e  image of 

t h e  source a s  produced by t h e  o p t i c a l  system. Two p a i r s  of crossed 

po la ro ids  again a t t e n u a t e d  t h e  l i g h t .  It may be compared with F ig .  5 .  

The 'corresponding f o u r  components a r e  e a s i l y  d i s c e r n i b l e  and the  

v e r t i c a l  magnif ica t ion  q u i t e  apparent .  

The system was turned towards a  screen  upon which was t r aced  

t h e  chamber o u t l i n e s .  F ig .  16 shows a  f l a s h  of  the  screen .  F lash  

photometric measurements were taken a t  var ious  p o s i t i o n s  on t h e  

screen  and t h e  r e l a t i v e  i n t e n s i t i e s  a t  d i f f e r e n t  p o i n t s  a r e  shown i n  

F ig .  17 .  The uni formi ty  i s  q u i t e  good f o r  a  system of t h i s  angular  

Size and seems t o  r e f l e c t  l i t t l e  more than t h e  n a t u r a l  co.s3 f a l l - .  

o f f *  

The apparent  a r e a  of ' the source presented  t o  t h e  chamber a t  

t h e  p o r t  i s  approximately 8 cm v e r t i c a l l y  x 18 cm h o r i z o n t a l l y .  

Preliminary es t ima tes  of the  a c t u a l  f i n t e n s i t y a t  t h e  'chamber d i s t a n c e  

i n d i c a t e  i t  t o  'he a s  expected  from t h t s  a rea ,  a l lowing f o r  reasonable  

t r a n c m i ~ s i o n  and o t h e r  l o s s e s .  

F ig .  18' shows a photograph of t h e  c y l i n d r i c a l  l e n s  system and 

Fig .  19 t h a t  of  t h e  a spher ic  l e n s  and glass' block.  
,- Table 2 i s  a s e t  of va lues  g iv ing  p e r t i n e n t  dimensions and o p t i c a l  

d a t a .  

F ig .  20 i s  an o v e r a l l  ske tch  of t h e  e n t i r e  system. 

It i s  obvious t h a t  a  p r o j e c t  of t h i s  magnitude and importance 

requi red  t h e  c o n t s i b u t i ~ n s  of seve ra l  i n d i v i d u a l s  and c o n t r a c t o r s .  

*The photometer was turned toward t h e  p o ~ t  i n  making t h e  measurement, 
e l imina t ing  one cosine of the  usual  cos 0 .  This  was thought more 
r e a l i s t i c  f o r  the  measurement of s p h e r i c a l  bubbles. 



For t h e  sake o r  space many of t h e  d e t a i l e d  p o i n t s  have e i t h e r '  no t  

been d iscussed  o r  only l i g h t l y  touched upon i n  t h i s  a r t i c l e .  

D r  R .  Ronald Rau (BNL) i s  respons ib le  f o r  the  overa l l '  performance 

and thus  guided t h e  p r o j e c t ,  making a l l  of t h e  hard dec i s ions  r e q u i r e d .  

D r  S.S. Yamamoto (BNL) made important measurements on t h e  l a t e r a l  and 

t r ansverse  source b r i l l i a n c e ,  and on tube l i f e t i m e .  lblr. I r v i n g  Winters 

(BNL) solved many important problems r e l a t i n g  t o  t h e  mechanical 

assembly. D r  Robert B. Palmer (BNL) worked c l o s e l y  with t h e  viriteY 

throughout t h e  p r o j e c t  i n  cons idera t ion  of b a s i c  f a c t o r s  of design and 

execut ion .  I n  p a r t i c u l a r ,  D r  Palmer i s  respons ib le  f o r  t h e  concept of 

t h e  g l a s s  block with i t s  a t t ached  a s p h e r i c ,  while  t h e  w r i t e r !  s chief  

c o n t r i b u t i o n  i s  t h e  'concept and design of t h e  c y l i n d r i c a l  system. 

A s  t o  con t rac to r s ,  Edgerton, Germeshausen & G r i e r , .  Inc .  suppl ied  

t h e  tubes  of t h e i r  FX-1 type but modified i n t o  a l eng th  over t h r e e  

t imes t h e  normal 6 inches .  ~ c h o t t  and   en., Mainz suppl ied t h e  raw 

g l a s s  f o r  t h e  l a r g e  g l a s s  block t o  a t i g h t  bubble s p e c i f i c a t i o n ,  

' r equ i red  f o r  important reasons not  d iscussed .  J.U. Feclcer Divis ion d f  

American Optical .  Co., P i t t sburgh,  suppl ied  t h e  c y l i n d r i c a l  l enses ,  which, 

beczuse of t h e i r  size and gcnera l  requj,renlents a r e  unique. i n  t h e  o p t i c a l  

a r t .  The l a r g e  g l a s s  block and t h e  a spher ic  l e n s  were fashioned t o  

t i g h t  s p e c i f i c a t i o n s  by P l~o t ron ics  Corp . , ~ l u s h ' i n g ,  N .Y.  

The i l lumina t ion  arrangement a s  descr ibed i n  t h i s  a r t i c l e  w i l l  

no. doubt be i n s t a l l e d  and used t o  i l l u m i n a t e  . t h e  . 80 inch chamber f o r  

t h e  i n v e s t i g a t i o n  of nuclear  phenomena between t h e  time of  w r i t i n g  

(January 1963) and t h a t  of pub l i ca t ion  ( ~ c t o b e r  1963).  It i s  hoped 

t h a t  a f u r t h e r  account of i t s  performance w i l l  be inade a v a i l a b l e  l a t e r .  
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Figure Captions 

Fig. 1 . Cross Sectional Vievr of Chamber. 
. . 

Fig. 2. Schematic Representation of Theory of Cylindrical System. 

Fig. 3. Cylindrical Source Assembly Schematic. 
. . 

Fig. 4: Photograph of Source AS-sembly . 
Fig. 5. Exposure of Actuated Source ,Assembly. 

Fig. 6. Cylindrical Lens System Cross Section ( Source and Image 

  ever zed) . 
Fig. 7. Image of Point by Cylindrical System. 

Fig. 8. Illumination Pattern of a point Source by Cylindrical Lenses 

Only. 

Fig'. 9 .  Correction Effect of Lens Power at Port. 

Fig. 10. Position of Image Measured Along Ray. 

Fig.11. Magnification of Image. 

Fig ;l2. Effect of Displacing Source Forward. : 

Fig .l3. Schematic of Optical System Illustrating Spot System. . . 

Fig.14. Arrangement of Aspheric, Glass Block and. Spots. 

Fig.15. Photograph of Port from Chamber upon Actuation of Flash. 

Fig.16. Illumination of Screen Placed at Chamber Position. 

Fig.17. Relative Intensities at Various Points of Chamber. 

Fig. 18. Photograph of cylindrical Lens System. 

Fig .Pg . Photograph of Aspheric Lens and Glass Block. 

Fig.20. Overall Sketch of Entire System. 
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Table 1 - Optical Data Cylindrical Lens System. 

Table 2 - List of Important Optical and Mechanical Data. 



TABLE .1 

E.F.L. 70 .OO Lens. Purpose Condensing 

Image Distance 39,.00 . . Lens Type Cylindrical 

N.A. 750 Object Distance (-379.5) 

Stop Height 140 . Object .Size 85.6. , ' 

Magnification. .2193 Instrument 80. inch bubble' chamber 
I . . -  

Image Size 19 Dimensions in rnm 

Radius of Curvature Separation Height N* - 
734.7 

Material 

'Length of Cylinders 406.4 

QUARTZ 



TABLE 2 

Opt ica l  Distance - From F i e l d  Lens t o  Ins ide  of Window' 190.5 cm 

Window Free Aperture, Ins ide  . , . 193 cm x 63.5 cm 

Angles from F i e l d  Lens 

Numerical 'Aperture 

Numerical Aperture a t  Source 
. . 

Magnif icat ion Condenser System 

. Source Height 

Image of Source Height 

Image of  Source ~ e n g t h  

E f f e c t i v e  Image of Source Area 

F i e l d  Lens Free Aper.ture 

F i e l d  Lens t o  Re t rod i rec to r  

18 cm ( a r b i t r a r y )  

19 .7  cm x 10 .8  cm 
(corners  rounded) 

257 cm ( a i r )  

Camera Lens t o  F i e l d  Lens 
( r e f l e c t e d b y  su r face  1/2 way between 2 window s u r f a c e s ) '  380 cm 

F i e l d  Lens t o  Spot P1.at.e 37.5 ( a i r )  

S a g i t t a l  F i e l d  Curvature Displacement 
( a t  he ight  3.32 cm) 

Clearance Last  Condenser t o  Spot P l a t e  .62 cm 

~ ~ u a t i o n  of Aspheric Surface (approximate) 
-2 2 -5 .4 x =  2 . 8 0 4 ' x 1 0  y + 1 . 0 4 3 ~ 1 0  y (cm) 

S a g i t t a e a t  Corner of Aspheric (y  = 11.2 cm). 3.10 cm 

Length of Glass Rlock ( B K ~ )  56.8 cm 

Magnification of Camera, Apertures a t  Spot P l a t e  .0982 x 

63.5 cm Square 6.23 cm Square on Spot P l a t e  

S ize  Re t rod i rec to r  
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