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ABSTRACT

In etodytng the k m # m « U c i  ol Ihr lo rn u t iu n ,  r* « c l l« i» .  and d*v 

cav of uns tab le  st range  p a r t i c l e *  i n c h  u  K# , A  and E*
a l iquid hydrogen  bubble c h a m b e r  a r a n g e -e n e rg y  r e la t ion  ta e s eea t ta l  

To ob ta in  such a relat ion ,  one moa t  know the dr  natty of superhea ted  

l iquid pa rahydrogen .  H e r e t o f o r e ,  thin densi ty haa  not barn  d e t e rm in e d  
D irec t  m e a s u r e m e n t  by convent ional  m «an i  of the denai ty  ol Ihr liquid 

h yd rogen  in the bubble c h a m b e r  ta difficult becauee  the l iquid i t  super  
hea ted  for  only 20 to )0 m i l l i s e c o n d * .

To d e t e r m i n e  the d en s i ty .  the m u n  range ol p* m e a o n i  produced 
by t *  m e a o n a  decaying at r e a t  in the 1 0 -inch UCRL liquid hydrogen 

bubble c h a m b e r  wee m e a a u r e d  and found to be 1,10 I e 0 00 I cm 

{s t a n d a r d  devia t ion 4.0%. 444 e •  p •• e evental .  F rom the Bith* RW*» h 

theory  and a p* kinet ic e n e r g y  of 4 12 a 0.02 Mev.  , thia value of range 

gave a dena i ty  of (V S)  a 04) a 10 * g / e m *  fo r  e u p e r h e s t e d  liquid p a r e  

hydrogen.  The t e m p e r a t u r e  and p r e e e u re  of the h y d ro g e n  during (he 

aena l t ive  t im e  w ere  27.6 a 0 .1 °  K and 41 a 4 pale.  A plot of the rang* 

ene rgy  re la t io n  lor  protone,  e.  p, K, t .  and .3E p a r t i c l e s  ba ted  on 
Beths-  Bloch theory ,  and the above velue of dene t ty  te given for km* 

ene rg y  va lue*  ranging f ro m  I to  1000 Mev
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t Ini rodu. I lea

S i n i f  the f i r s t  l u r c n s l u l  o p e r a t i o n  of a bubble  c h a m b e r  bv 

C l i M  r [ l \ in t f i i - i  i t s  u s e  a s  a  a inst r um r  nt fo r  nut  l e a r  re sea  rt K haa  

g r o w n  rapidlv and the i n f o r m a t i o n  yielded has  a i d e d  o u r  « l 4 * f t t * a 4 t A |  

off n u c l e a r  phi  • i > ft At the p r e s e n t  t ime v a n o u i  t v p e t  of t ha tribe r t  a re 

in u s e  o r  u n d e r  d e v e lo p m e n t  T h e s e  d i f f e r  in manv re»pe« I t ,  but 

p r i m a r i l y  they r an  be t l a t t i f i e d  b> the type of s e n s i t i v e  m a t e r i a !  lUHMft, 

i . e . .  h y d r o g e n ,  hydro t  a r b o n a ,  o r  m o r e  r e c e n t l y .  -he l ium  The 

a d v a n t a g e s  and d i s a d v a n t a g e s  of u s ing  hyd rogen  a s  the a« t ivr  n u t t e r i e !  

s r e  fu l l y  d i s c u s s e d  e l s e w h e r e  [ £ | .  At the U m v e r e i f y  of C a l i fo rn ia  

R a d i a t i o n  L a b o r a t o r y  a 1C -mi h hyd rogen  bubble t h a m b e r  is  being  u s e d  

in the s tu d y  of the p r o d u c t i o n  and  dei ay of s h o r t  l i v e d  uns tab le  p a r t u  !e* 

su c h  s o  K*. and I *  . An a c c u r a t e  r a n g e  e n e rg y  r e l a t i o n  is

n e e d e d  in  d e t e r m i n in g  the k i n e m a t i c s  of the p r o c e s s e s  involved It 

the d e n s i t y  ol the l iquid h y d r o g e n  we«*e known,  o n e  c ou ld  use the Beth* 

Bloch  t h e o r y  [ l .  4) to  d e t e r m i n e  the r a n g e - e n e r g y  r e l a t i o n  It is.  

h o w e v e r ,  v e ry  d iff icu l t  to  m e a s u r e  the d e n s i ty  of s u p e r h e a t e d  l iquid 

h y d r o g e n ,  the cond i t ion  In w h ic h  it i s  s e n s i t i v e  t o  io n is in g  p a r t i c l e s ,  

b e c a u s e  it r e m a i n s  m  th i s  c o n d i t io n  only 10 to 10 m se c  One « nuld 

s s t r e p o U t e  in to  the s u p e r h e a t e d  r eg ion ,  u s ing  m e a s u r e m e n t s  m a d e  on 

the n o r m a l  l iquid,  hut  the a c c u r a c y  of this m e t h o d  is  unsa t isfa« torv f o r  

s t u d i e s  of the uns tab le  p a r t i c l e s  m en t io ned  above .

O n e  point  on the r a n g e - e n e r g y  r e l a t i o n  c a n  b e  found if we m e a s u r e  

the r a n g e  of s p a r t i c l e  of k n o w n  ini t ia l  and final  k ine t ic  e na rgy  U s ing  

th ta  e x p e r i m e n t a l  point  we c a n  c a l c u l a t e  the d e n s i t y  of hydrogen  for  u s e  

in the  B e t h * - B lo c h  t h e o r y  t o  d e l e  rm tne  the r a n g e - e n e r g y  r e l a t i o n  o v e r  

a wide  r a n g e  of e n e r g i e s .

T h e  m e th o d  s e l e c t e d  f o r  t h e  e s p e  r im e n ta l  d e t e r m i n a t i o n  of a  point  

on the  r a n g e - e n e r g y  c u r v e  w ee  to  m e a e u r e  the r a n g e  of the p* m e s o n  

in the  w * -• p* -• e * d e c a y  c h a in .  The s e l e c t i o n  w a s  baaed  on such  

f a c t o r s  a s  ths  a c c u r a c y  w i th  which  the p* e n e rg y  te  known, the 

a c c u r a c y  with which the p* r a n g e  » ould be m e a s u r e d ,  and the

I



availabil i ty of « m t t M l  in auCi I (p tUHly - ad  at the p r o p e r  energy 

range

The p redom inan t  mode of d e c * f  of the t*  meauri is  * -♦ p* ♦ v.

Expr n rn en ta t  ev idence for o the r  mode*  of d e m y  for  the •* e x i s t !  [1|» 

but the b ranch ing  rat ios ore t o  | i U | U  ( ^ 1 0 ’ * to ! 0 t h a t  to r  our 

pu rposes  the d e c a y  of the f* can be cons ide red  a turo body decay y ie ld 

ing a p* with 4.12 a 0.02 Mev [b] ini t ial  kincUc en e rg y  if the decay 

takes plat e at r e s t .

The  p* i s  known to dec ay at r e s t  accord ing  to the r e la t ionsh ip

♦ ♦p -• « ♦ v ♦ v.

The e* has a (mi te  energy  s p e c t r u m ,  because  the decay  involve* nMVI 

than two p ro d u c t s .  The im por tan t  fea tu re  of the p* deca y  is that it 

does lake pi.*. .• »t res t ,  i . e  at t e r o  kinetic energy ,  and  t s  rvideo* rd 

by the fo rm a t io n  of the pos i tron Knowing the ini t ial e n e r g y  of the p*. 

ws need only m e a s u r e  its rangr  in the bubble c h a m b e r  to obta in a point 

on the range  e n e r g y  curve ,  and as  explained  above,  the r a n g e -e n e rg y  

rela t ion.  In the actual  ex t rapo la t ion  of the r a n g e - e n e r g y  re la t ion  from 

the point d e t e r m i n e d  to other  **nf rg ies  it ts s im p le r  to use the data  on 

protons  a v a ' t a b le  in the l i t e r a t u r e  Aron (7) has com pu ted  range-energy  

tables for p ro to n s  in hydrogen at s t a n d a rd  condit ions.  T h e s e  tables 

a r e  based  on a theore t ica l ly  d e t e r m i n e d  m ean -exc i t a t ion  potential  of 

17,1 «v (H J for  hydrogen.  By p r o p e r l y  scal ing the data we * an calculate 

the r a n g e - e n e r g y  rela t ion for h y d ro g e n  under  the o p e ra t in g  condit ions 

of the bubble c h a m b e r

Sin« e the k m t t i t  energy  of the p* at the time of its l o r i u i i o n  ts 

known to only * 1 /2  % (6 | ,  a  final  r ange  e r r o r  of s i  /  \% s e e m e d  a 

reasonab le  objec t ive  The f a c to r s  affect ing the f l l l l  r ange  e r r o r  are 

range s t r a g g l in g  and m e a s u r e m e n t  e r r o r s ,  ll m e a s u r e m e n t  e r r o r s  t sn 

be mads  s m a l l  . on*pared to the r an g e  straggl ing ,  the a c c u r a c y  of our 

range d e t e r m in a t io n  will be l im i t e d  by the number  N of p * ranges 

m e a s u r e d ,  i. a ,
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range  e r r o r  * >*tragg \g  • ’t i f i i u f r r i n B l  e r r o r *  N '

. for  a m e a s u r e ■ u n i t  plus  a t t a g g l m g  « • %% w« w«-n to

m e a s u r e  about ranges - du» r  our  r a n g e  e r r o r  to \ f

To m t n i m u f  the  m e tM tu r e m r s t  • r r o r a .  ■ e r t a i n  r e s t r i c t i o n *  *rt the

s e l e c t i o n  of « * ^ * r SVISlI  fo r  t ^ t i t i N m c t l l  bad (0 hr  o b s e r v e d

Sim •  t r»< ks In thr  i h a m b e  r » ons ia t  ot a s e r i e s  ot bubblers s e p a  r a t e d  bv

f in i te  d i s t a n c e s .  one i s n o o t  a s s u m e  that the f i r s t  and las t  bubble  in  an>

s e n e s  m a r k s  the b e g i n n i n g  a n d  e n d  of the p a r t i c l e  I r a ,  » t »
« 4 ♦* -• h * e  a r t  av e v e n t s ,  thr  point* at  i n t e r a c t i o n  b e tw e en  t n r  e

end  the and b s tV S f f l  the e and Um p  d s l t  • tti* l im i t *  a!  thr

I* t r a v e l  These  p o in t s  at m l r  rset  turn, o n e r  d e t e r m i n e d ,  a f t e r  the 

e a s i e s t  method ot m e a s u r i n g  thr length; of t h r  u t r*»k Thr  - r r - > '  i«. 

the  d f t r r m i n s t i o n  ot a point  ol i n t e r s e c t i o n  is  i n v e r s e l y  p r o p o r t i o n a l  

to  the s ine ol the a n g le  ol i n t e r a c t i o n  a n d  bo th  ang le s  nt »otc rai*, t i o n  

« n t r r  into the f inal  r a n g e  a c c u r s t  y.

As m a y b e  s r r n  in F ig .  I, the s t e r e o  angle  of the t a m e r s  u s e d  

wi th  the 1 0 -inch b u b b le  c h i m b r  r is **4°. T h i s  s m a l l  angle  m a k e s  

m e a s u r e m e n t  e r r o r *  s e n s i t i v e  to the e r r o r  in depth  d a t e f r u i n a t i o n  

Spec if i c  a l l y . the e r r o r  in range  is  p r o p o r t i o n a l  to the prurim t of the 

e r r o r  tn the m e a s u r e m e n t  ol change  tn d e p t h  of the p a r t i c l e  t rac k .  and 

t h e  s ine  of the a ng le  of d i p  of the p a r t i c l e  t r a i  k t. e m e a s u r e  merit  

e  r r o r  * ( e r r o r  in ^  t ) a m  %

F i n a l l y , sn e r r o r  in  the m e a s u r e m e n t  of range  m ay  hr  i n t r o d u c e d  

by w* m e s o n s  tha t  d e c a y  in  f light but c a n n o t  be ret  o g t u m i  a s  d o i n g  so  

On the  b a s i s  of a t 4 l i f e t i m e  of f  i  10  ̂ sr< ( 9 | .  the p r o b a b i l i t y

ot d e c a y  in flight in t h r  l a s t  c e n t i m e t e r  of r a n g e  i s  c a lc u la t e d  to  he 

0 0076 .  T h u  e r r o r  i s  obv ious ly  t na ign i lu  ant The g*,  being  m u c h  

l o n g e r  d i v e d  [9 ] that  the s* , h a s  a  c or  rc spnnd in g l  y a m a l le  r « h a n c #  

to  d e c a y  in flight

With the r a n g e - e n e r g y  re la t ion  d r t e r m t n e d .  and the d e n s i t y  of the 

s u p e r h e a t e d  l iquid h y d r o g e n  c a l c u la t e d ,  we c a n  co m m e n t  on the «<i 

v i a a b i l i t y  of e x t r a p o l a t i n g  the known d a t a  on n o r m a l  l iquid h y d r o g e n  
i n to  the s u p e r h e a t e d  r e g io n .

9
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2. Capsri mental  Arrangement

The v* beam  was obtained by bombarding the 79° lead ta rge t  o! the 
Bavatron with protons of \ Bev energy; f f mesons of approximately 
245 Mev/c momentum were emit ted  in the backward d i rec t ion  and 
deflected out through the 76° window by the Bevatron magnet ic field.
A email "C ' magnet placed at the exit  window wae used to make minor 
co rrec t ions  in the direc tions  of the «* beam. After being focused by a 

4 -inch quadrupole magnet, the beam was deflected through 60° and 
collimated into a  4 -by .4 -inch c rose aection for entry into the 10-inch 

bubble cham ber .  The quadrupole-magnet  cut rent wae adjusted  to 
focus the be im at the bubble -cham ber-en trance  window. A schematic 
of the exper imenta l  a r rangement  is  shown in Fig. 2.

To stop the ** mesont in the c en te r  of the chamber ,  the beam
momentum had to be reduced from 245 to 120 Mev/c p r i o r  to entry
of the beam into the vacuum jacket surrounding the ch am b er .  The
value 120 Mev/c takes into coneidera tion the stopping power of the
vacuum jacket,  the chamber  window, and 5 inchea (cham ber  radius)
of liquid hydrogen at a density of about 0. 06 g / c m l  The true  energy
of the beam  wae determined by taking a range curv e with copperq
a t  the ab so rb e r .  The Bevatron beam intensity wae 2 x 10 protons per 
pulse. This w a t  calculated to give an average of three  «* pe r  pulse 
stopping in the chamber .  Some of the pulses yielded many m ore ,  as 
shown in Fig.  3.

Although the chamber  was sur rounded with lead shielding, it was 
r e c e s s a r y  to tu rn  on the bubble ch am b er  magnet to reduce the b a c k 
ground of low -energy  par t ic les ,  mostly  e lec t rons ,  enter ing the chamber 
and obscur ing the decay events. The curva ture  of ch a rged -pa r t i c le  

tracks  caused by the magnetic field of the chamber in t roduces  a 
systematic  e r r o r  in the range m e asu re m e n ts .  The e r r o r  introduced 
wae found to be insignificant (see d iscuss ion  of magnetic curva ture  in 
Section 5E).
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Fig. 3. Photograph of i r+  •* -* e + tracks in the 10-inch bubble
chamber



Locating, positioning, an* focusing the b e a m  was dor»* by u s e  of 

coincidence techn iques  with sc in t i l la t ion  co u n te rs .  Background effec ts  

w ere  reduced by gating  the s c a l e r s  to count only during the B evatron  

pu lse .

3. M easurem en t  of Liquid Hydrogen T e m p e ra tu re  and P r e s s u r e

A. T e m p e ra tu re

T e m p e ra tu re  m e a s u re m e n ts  in  the 10-inch bubble cham ber  a r e  

m ade  with two hydrogen-f i l led  v a p o r - p r e s s u r e  th e rm o m e te r s  whose bulbs 

a r e  located one above the other about 3.6 inches a p a r t  on the in s ide  wall 

of the cham ber (see Fig. 4). The bulbs a r e  connected  to opposite s ides 

of a p r e s s u re -d i f f e r e n c e  gauge loca ted  outside the cham ber .  T h is  gauge 

p rov ides  a m ean s  for m e asu r in g  the ver t ica l  t e m p e ra tu r e  g ra d ie n t  during 

the opera t ion  of the cham ber .  T he  lower of the two bulbs i s  a l s o  co n 

nec ted  to a Bourdon p r e s s u re  gauge.

During ch am b er  operation  th e  t e m p e ra tu re  i s  au tom atica l ly  controlled  

with h e a te r s  su rround ing  the ch a m b e r  wall [10],  The p r e s s u r e  in the 

low er bulb is  u sed  in the con tro l l ing .  The d e s i r e d  cham ber t e m p e ra tu re  

is  p r e s e t  on the c o n t ro l le r ,  and th is  te m p e ra tu re  i s  m ainta ined within the 

a c c u ra c y  of the B ourdon Gauge ( ± 0 .2  psig P ± 0.02 °K at 65.5 psig). The 

v a p o r - p r e s s u r e  d if fe rence  v a r ie s  slightly during  operation. The cham ber  

te m p e ra tu r e  was checked continuously and r e c o rd e d  at leas t  once every  5 

to 10 m inutes  during  the 3 hou rs  the experim ent la s ted .  The read ing  of 

the lower v a p o r - p r e s s u r e  th e rm o m e te r  rem a in ed  essen t ia l ly  constan t ,  

and equal to the va lue  se t  on the Bourdon Gauge. According to the e x p e r i 

m en ta l ly  d e te rm in e d  v a p o r - p r e s s u r e  curve for liquid  hydrogen [ 11 ], the 

65 .5 -p s ig  reading of the lower th e rm o m e te r  is  equivalent tc 27.8 °K, and 

the average  v a p o r - p r e s s u r e  d if fe ren ce  of 3.5 psi  c o r re sp o n d s  to a t e m p e r a 

tu re  g radien t of 0.021 °K /cm .

B. P r e s s u r e

The problem  of determ in ing  the p re s su re  to which the hydrogen  e x 

pands was far  m o r e  difficult than the t e m p e ra tu r e  m e a s u re m e n ts .  Built
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F ig . 4. Sketch  of v a p o r -p re s s u re - te m p e ra tu r e  bulb* in  the 10-inch 
bubble c h a m b e r



into the walla of the ch am b er  i t  a p r e s s u r e - t e n t i n g  device r e f e r r e d  to 

locally aa a L in lo r  p r e s s u re  gauge ( l 2] .  The gauge gives an Indication 

of the ins tan taneous  p r e s s u re  in the ch am b er ,  and is used  p r im a r i ly  m 

adjusting the bubble ch am b er  operating  cyc le .  The gauge bas ica l ly  

opera tes  as follows: a change in p re s s u re  in  the ch am b er  c a u s e s  a 

change in capac i tance  in an e l e c t r i c a l  c i r c u i t ,  which is co n v e r ted  into a 

change in voltage  and d isp layed  on an osc i l lo scope .  In p r in c ip le  the 

method is quite s im ple ,  and the gauge acco m p lish es  the p u rpose  for which 
i t  was des igned .  However, the gauge does have  ce r ta in  l im ita t io n s  that 

could not be e l im ina ted .  The l im ita tions  were: (a) the sen s i t iv i ty  of th< 

gauge was v e ry  low, (b) the  re fe ren ce  voltage of the gauge as  well as 

the sens i t iv i ty  was subject to d r i f t ,  and (c) the response of the gauge 

was nonlinear.

The p r e s s u r e  m e a su re m e n ts  were made in the following way. With 

each  Bevatron  pulse ,  the voltage output s ignal from  the L in lo r  gauge 

was d isplayed on an osc i l lo scope .  The o sc i l lo scope  s c r e e n  was monitored 

continuously, and a s e r ie s  of p ic tu re s  taken e v e ry  5 to 10 m inutes  to 

co rre sp o n d  with te m p e ra tu re  m e a s u re m e n ts .  Land c a m e r a  p ic tu res  

gave b e t te r  r e s u l t s  than a 35-m m  scope c a m e r a .  A typical p ic tu re  of 

the p r e s s u re  cycle  is shown in Fig. 5.

While the bubble c h a m b e r  was warming up to its p re -ex p an s io n  

condition at 27 8°K and 70 psig , the Linlor gauge was c a l ib ra te d  by 

s im ultaneous ly  record ing  the ac tua l  ch am b er  p re s s u re  at 5 -p s ig  i n 

te rv a ls  as ind ica ted  on the Bourdon gauge, and photographing the voltage 

output on the scope  for l a t e r  m easu r ing  on a trave ling  m ic ro sco p e .  

Calibration  da ta  w ere  a lso  taken  while the c h a m b e r  was being cooled down 

at the end of the exper im ent.  Data were a l so  co llected  on o th e r  days ir. 

o r d e r  to obtain som e knowledge of the kind and amount of d r i f t  in the 

L in lo r  gauge. All the data, when analyzed, provided a reasonab ly  good 

ca l ib ra t ion  c u rv e  of chambe r , p r e s s u r e  v e r s u s  pulse height.

The photographs  of the L in lo r-g au g e  output voltage taken during  the 

exper im en t  p rov ided  a m e a s u re  of cham ber  p re -ex p an s io n  and pos t-  

expansion p r e s s u r e .  With each  photograph tha t  was taken the actual
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Fig. 5. Oscilloscope photograph and sketch of cham ber pressure  
variation  during expansion
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p r e - e x p a n s i o n  p r e s s u r e  was  r e a d  f r o m  the B o u r d o n  ga uge ,  and  c o m *  

pa n e o n  of t h i s  p r e e s u r e  with the pulse  he igh t  gave  a  m e a s u r e  of the  

1.m l  o r - g a u g e  d r i f t  fo r  t h a t  p a r t i c u l a r  c h a m b e r  c y c l e .  If the p re  - 

e x p a n s i o n  p r e s s u r e  and  i t s  c o r r e s p o n d i n g  p u l s e  heigh t  did not fal l  on 

the c a l i b r a t i o n  c u r v e . the r e a d i n g s  w e r e  n o r m a l i s e d  by use  of the  p r e 

v i o u s l y  ob ta ined  k n o w l e d g e  of d r i f t .  A f t e r  n o r m a l i s a t i o n  of the r e a d i n g ,  

the  p o a te x p a n a io n  p u l s e  h e ig h t  a s  m e a s u r e d  on the  p i c t u r e  was  a p p l i e d  

to  the c a l i b ra t io n  c u r v e ,  and  the c o r r e s p o n d i n g  p r e s s u r e  ob ta ine d .

The  value of the p o s t e x p a n s i o n  p r e s s u r e  d u r i n g  the  e n t i r e  e x p e r t  - 

m e n t  w a s  48 4 b p s i a .

4 T h e r tn o d y n a m ic s  of the  Expans ion

Aa was m en t ioned  in the  s c . t i o n  on t e m p e r a t u r e  and p r e s s u r e  m e a s u r e  

m e n t a ,  the p r e - e x p a n s i o n  and poa texpana ion  p r e s s u r e s  a r e  known by 

d i r e c t  m e a s u r e m e n t .  The p r e - e x p a n s i o n  t e m p e r a t u r e  is a l s o  known.

I h r  e x p a n s io n  of the l iqu id  t a k e s  place in a bou t  10 m i l l i s e c o n d s ,  and  

t h e r e f o r e  if the re  i t  a  c h a n g e  in t e m p e r a t u r e  d u r i n g  e x p a n s io n  it is 

r e g i s t e r e d  on the v a p o r  p r e s s u r e  m e t e r ,  s i n c e  the t im e  c o n s t a n t  of the 

m e t e r  and a s s o c i a t e d  s y s t e m  is m any  t u n e s  s a  l a r g e .  T h e r e  a r e  two 

p o s s i b i l i t i e s  of i m p o r t a n c e ,  the e x p a n s io n  i s  e i t h e r  i s o t h e r m a l  o r  

a d i a b a t i c .  The q u e s t i o n  ox which  p r o c e s s  is  c o r r e c t  was  not a n s w e r e d  

. • ri rnentai l  v, but  h a s  b e e n  c a l c u l a t e d  t h e n ! '  fit «ll\ by so lu t ion  <*i | |  

b o u n d a r y - v a l u e  p r o b l e m  of h a s t  t r a n s f e r  f r o m  the w a l l s  of the c h a m b e r  

t o  the  l iquid in the c h a m b e r  (11 ) .  The r e s u l t s  show that  the t im e  fo r  the 

t e m p e r a t u r e  d i f f e r e n c e  b e tw e e n  the wall and the t e n t e r  of the c h a m b e r  

to  d r i p  to  l f t  of i t s  i n i t i a l  va lue  is a p p r o x i m a t e l y  l  h o u r s .  The  e f f e c t s  

ol < onvec t ion  w e r e  n e g l e c t e d  in th is  c a l c u l a t i o n  The  c h a r a c t e r i s e  

t i m e  invo lved  in c o n v e c t i o n  p h e n o m e n a  is c e r t a i n l y  l e s s  than 10 n u U i  - 

S e c o n d s ,  o t h e r w i s e  t h e r e  would  he l a r g e  t r a c k  d i s t o r t i o n s  in the » h a r n h e r .  

T h i s  p r o v id e s  r a t h e r  c o n v in c in g  proof  that  tin- e x p a n s i o n  u  a d i a b a t u  .

Knowing the e x p a n s i o n  to  be a d ia b a t i c ,  we c a n  d e t e r m i n e  the p os t  • 

e x p a n s i o n  tem po  r a t u r e  of the l iquid hyd rogen .  T h i s ,  h o w e v e r ,  r e q u i r e s

s a t r a p n l a t i o n  f r o m  the l iq u id  reg ion  into the s u p e r h e a t e d  l iquid r e g io n ,  
u s in g  the  l a t e s t  a p p r o p r i a t e  e x p e r i m e n t a l  d a t a  on l iquid hydrogen .

W
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J o h n s to n .  K e l l e r ,  and F r i e d m a n  [ 1 4 |  found that  on a  P  T d i a g r a m  t h e  

i s o c h o r e a  (U m |  of ClMtUMt v o l u m e )  a r e  within cKpe r t m e n t a  l e r r o r  . 

s t r a i g h t  l i n e s  T h e r e f o r e  e x t r a p o l a t i o n  a e r m s  q u i t e  r e a s o n a b l e

T h e  r a t i o  of the a d ia ba t i c  c h a n g e  of d e n s i ty  wi th  p r c a a u r r  to the 

i s o t h e r m a l  c h a n g e  of d e n s i ty  with p r e s s u r e  ta equa l  to the r at io  .*i

and c i . e

(8p dP)s  c v

O p  » P ) T c p

EM r a p o l a t m g  the  d a t a  of Euc k e n  [ l S | and Guts i  he j I b | a s  ftuittrti* f t  ta d  

NBS R e p o r t  No 1912 | 1 7 |  in to  the  s u p e r h e a t e d  r e g i o n  gi'«*s 1 .* . »l 

m o l - ° K  a n d  9 .4  c a l / m o l  - °K f o r  the  va lues  ol and  re spe» n cel \

T b i t  g ive*  a r a t i o  of 0 .J4 U tIQ g lb *  p re  -exp* n s ton  v s l i i t t  of l - h

and P  » 70 ps ig  and the d a ta  of Jo h n s to n  et «1 ( 14 ]. cm* f inds the print 

e x p a n s io n  t e m p e r a t u r e  of the l iq u id  i v d r o g r n  to be l  1 S * 0 l K I .i 

t e m p e r a t u r e  d r o p  of 0 . J  S 0 I ' K* •

A a was  s e e n  ea r l t e r ,  the p r e s s u r e  it. Ut«- < Itftitib i r  f t  kfMMftfl t "  • -». 

s t d e r a b l y  l e s s  a c c u r a c y  than the t e m p e r a t u r e  To  i r r  what  the r tU t i v i  

i m p o r t a n c e  of t h e s e  two q u a n t i t i e s  i* If! d e t e r mi n i n g  the dens i t y  of the  

h . d r o g e n  one c a n  f ind the r a t i o

fBp 8 T l p

I V  §P).‘

Johnson  e t  a l , , (14 I have r e p r e s e n t !  d t h e i r  da ta  with the e m p i r i c a l  

e q u a t i o n .

P  A ( p i  11 1 • 4 17 p i  .

w he re  P  is in a t m o s p h e r e s ,  p in  m o l / c m V  T in °K .  and  A is * 

funct ion of p only.  Us ing  th is  e q u a t i o n  lo d e t e r m i n e  t 8 | f  8 T |^  at

y 4



1 * 11 * 5 K a n d  P  « 48 ps ia ,  one  o b t a i n s

18- . 8T.l *.P .  .  s .7  iiiT  ,  . BJ . 8  1 .
( 8 p / » P ) T °K ° K

Since  o u r  t e m p e r a t u r e  m e a s u r e m e n t s  a r e  a c c u r a t e  to  0.1 ° K  and ou r  

p r e s s u r e  m e a s u r e m e n t s  to 5 p s i .  we f ind the p e r c e n t a g e  e r - o r  in d e n s i ty  

c a u s e d  by t h e  t e m p e r a t u r e  e r r o r  to  b e  tw ice  the p e r c e n t a g e  e r r o r  c a u s e d  

by  the p r e s s u r e  - m e a i u r e m e n t  e r r o r .  T h i s  then s how s  tha t  the t e m p e r a t u r e  

is the t h e r m o d y n a m i c  v a r i a b le  tha t  is  m o r e  i m p o r t a n t  in  d e t e r m i n i n g  the 

•u < u r a c y  of t h e  d e n s i t y .

It w a s  p o i n t e d  out in the ISCtiQR on t e m p e r a t u r e  m e a s u r e m e n t s  that 

t h e r e  e x i s t e d  in the c h a m b e r  a t e m p e r a t u r e  g r a d i e n t .  With an a v e ra g e  

v a p o r  p r e a s u r e  d i f fe renc  e of I .§ psi  (0 .2°K) ,  a s s u m i n g  the  t e m p e r a t u r e  

g r a d i e n t  to  he l i n e a r ,  we obtain  a  d e n s i t y  g rad i e n t  of

<lp/d* - 0 . 0 0 0 0 * 9  g; < n | - < m 

and  a  p e r c e n t a g e  r a n g e  g r a d i e n t  of

( d R / R ) / d a  s 0 . 1 0 % / c m  .

T h i a  g i ve*  a  1.6% c h a n g e  in r a n g e  f r o m  top to b o t t o m  of t he  « h a m b e r .

The effect  of t h i s  on the a v e r a g e  r a n g e  of p 4 m e s o n s  in the  c h a m b e r  is 

to give a  s o m e w h a t  l a r g e r  s t a n d a r d  d e v ia t i o n  than that c a u s e d  by the 

1.3% expec t ed  r a n g e  a t r a g g h n g .

It shou ld  be pointed out tha t  the d a t a  of Johnaton  et  a l .  ( 14 |  a r e  (or  

l iquid n o r m a l  h y d r o g e n  (2*% p a r a - 7 * %  o r th o ) .  In the bubble  c h a m b e r  the 

l iquid  h y d r o g e n  d i f f e r e d  in two r e s p e c t s .  It was p a r a h y d r o g e n  (99.70% 

p a r a  -0.21% o r t h o ) ,  and it c o n ta i n e d  a  t r a c e  of d e u t e r i u m .  T h e  content 

w a s  a s  fo l lows

$L  * 94,039k, HD * 00.91%, D2  ̂ 00 .0b%,

9
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N e g l e c t in g  the c o n te n t ,  the r a t i o  of t h e  r an g e  in p a r a h y d r o g e n  to

the r a n g e  in the ab o v e  m i x t u r e  a t  the f a m e  - ond i t iona  la d e p e n d e n t  on 

the r a t i o  of the s p e c i f i c  v o l u m e  of h y d r o g e n  to  the speci f ic  v o l u m e  of 

h y d r o g e n  d c u t c r i d c  in  the  fol lowing way

1 ♦ (WD/1.H.I  <V /V )
il. /  rhd * --------------- s— yp

,

U s in g  the da ta  f r o m  NBS R epo r t  l ’M2 j i t j *  one  f inds t hi a r a t i o  to  be
m

' Rh d  » l 0009 a  0 OOOb

S in c e  th is  range  e r r o r  i n t r o d u c e d  b .  l | t ) » r i A |  th r  d e u l r r i d r  < - r. nt 

a m o u n t s  to 0.1 a 0 .1%  of the  final range  we c o n s i d e r e d  it i n i i g m l u  ant 

and  d id  not include  it in  a r r i v i n g  at ou r  f inal  r e s u l t s

§ S y s t e m  of M e a s u r e m e n t  of the p* M e s o n  T r a c k  Length

A. G e n e r a l

As i l l u s t r a t e d  in F i g . 1. ) S - m m a t e n « >  pai r p u t u r f *  w r r r  i * k n .  

f r o m  above the bubb le  c h a m b e r  A l t e r  it w a s  d e v e lo p e d ,  the f i l m  was  

s c a n n e d  quickly fo r  e v e n t s  of i n t e r e s t ,  in t h i s  c a s e .  t *  *• p* -• e * 

d e c a y  cha in s  T h i s  i n i t i a l  scann ing  e n a b le d  ua to  e l i m i n a t e  t h o s e  e \ e n i *  

w h ic h  by th e i r  a p p e a r a m  e m two d i m e n s i o n s  obviowaty invo lved  d t (  

in f l ight  of the * *  , o r  w h o  h by th e i r  o r i e n t a t i o n  m the c h a m b e r  c o u ld  

not  be m e a s u r e d  to  the  d e g r e e  of a c c u r a c y  d e s i r e d  Those  e v e n t s  whu t 

w e r e  not e l i m i n a t e d  Itt t h i s  ini t ia l  a« anning w e r e  m e a s u r e d  on a  p r e .  ts inn 

p r o j e c t i o n  m i c r o s c o p e  d e v e lo p e d  at U C R L  a n d  shown in F igs  to and  ? 

The  m i c r o s c o p e  p r o j e c t s  the l l - m n i  p i c t u r e *  < outsi t t ing the e v e n t*  «mt«. 

a v iew ing  s c r e e n .  The  c o o r d i n a t e s  of any  po in t  in the p i c t u r e s  t s n  be 

m e a s u r e d  and punched  a u t o m a t i c a l l y  on IBM  c a r d s .  Th i s  a l l o w e d  via 

to  a t o r e  the  c o o r d i n a t e s  of s u c c e s s i v e  p o in t s  a lo ng  the t r a c k s  of 

•  *, p* , a n d  e* p a r t i c l e s  on the c a r d s  w h ic h  when p r o g r a m m e d  Into 

*" IBM c o m p u t e r  fltfMtWl»d ms tn nrnn«* t hr* r sn g e  nt »h*» |i The 

e n t i r e  p r o c e s s  is d i s c u s s e d  in the fo l lowing  s e c t i o n s
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B . P r e c i s i o n  P r o j e c t i o n  M ic ros  cop r

T h e  p r e c i s i o n  p r o j e c t i o n  m i c r o s c o p e  »hown in F i g a .  b end 7 p r o j e c t *  

the f i lm  p i c t u r e *  onto a  t a r g e  » c r e e n  The m i c r o s c o p e  table  on w h u  h 

the f i l m  i t  p laced  ia p r o v i d e d  with independen t  * and y motion* 

a c c u r a t e l y  d e t e r m i n a b l e  to  the  n e a r e s t  m i c r o n .  The  pos i t ion  of the 

m i c r o s c o p e  table  i t  t r a n s f e r r e d  to  IBM c a r d * .  u* in g  a Wang d i g i t i s e  r [18] 

and a s t a n d a r d  IBM c a r d - p u n c h  c onso le .  A f ix e d  c r o s s  h a i r  is a l s o  

p r o j e c t e d  onto the s c r e e n  a n d  u s e d  in m e a s u r i n g  p o i n t s  along the v a r i o u s  

p a r t i c l e  t r a c k s .  The t r a c k  l e n g th  u s e d  for  the *  a n d  e was a pp ro* ,  

i n a t e ly  one  and a half  t i m e *  the length of the p t r a c k  Seven to \1 po in t*  

a long  e a c h  t r a c k  w e r e  r e c o r d e d  on the ca rd *  in a  d e f in i t e  sequen t  r  to 

s i m p l i f y  the c o m p u t e r  p r o g r a m .  The o r d e r  In which  t r a c k s  w e r r  

m e a s u r e d  is  shown in Fig .  ft.'

C .  So lu t ion  of Op t i c a l  P r o b l e m

T h e  s p a c e  c o o r d i n a t e s  of a point in the c h a m b e  r a r .  oM *: • ! r 

the f i lm  c o o r d i n a t e s  by  m u l t i p l y i n g  the f i lm t  a n d  y coo rd ina te*  

with .tn a p p r o p r i a t e  m a g n i f i c a t i o n  cons tan t  a* fo l low* f*ec Appendix 1 

for  d e t a i l s  of the s p a c e  c o n s t r u c t i o n )

x * kX* y kY* i  kq

F o r  a  p e r f e c t  opt ical  s y s t e m ,  the mfcgttifh I tio f t  c o n s t a n t  k should  be 

c o n s t a n t  th roughout  any  i  p l a n e ,  and be d e p e n d e n t  on the h o r i s o n t a l  

ena  s e p a r a t i o n  (6) and the fii r d m a te a  of the point

k -• 6 /1 X1 X!S  .

The  d i f f e r e n c e *  be tw een  the x. y, and a c o o r d i n a t e *  of two point* in 

the c h a m b e r  would then be

k j  X j 1 • V , \  [ .

A y  • * 1  v /  .
A * - (k J - kg) q

l ft
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M « * U W

F ig . 8. Schem atic of s te re o  p icture  of bubble cham ber showing 
the o rd e r  of m easu rem en t of p -* e events
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t w  preceding  r««n«rk« and tfcMf to ^ | f t a l i »  I m Um i «UUm  to Ifce 

UW rf* tU m W r  op tical p ro b lem  feat* boo* g re a tly  u n if tU it4 , S « n «  • !  

tbe to a p ! U « t i« | l i l t c t i  t x o i t t i r * 4  and the m ethod* need la  c o r re c t  a t  

them  i lo tM  be nHKU«af4, T t l r i t r m t i w  I  m 4  4, we l « l  

ta  «m*m v h  aa the film  the  d tetaeco# betw eea 4 m im age* of ref •  ranee
n a r k t  p e rm an e ntly mac rtbed ta  Qw t« y  and bottom g taaa . t ) w a  

a*  t a n f i M  th ta o  Ilian 4 t i t« « c t«  ta  Ilia I ta ia a  ty a ta  t t i t e a c a i  betw eoa 
t i t  tid ec ta la . Tlw reau ita  a l 4 m i# n a M a ra m a a ta  r t^ a ire d  a* ta  a u a y t  % 

a  d iffe ren t m agnification la v  the  a «M y d irec tio n *  ta any- ana a  plane 
*«4 a d ifferen t m « |» i( tta t» a«  ta  aacli s te re o  v i t a ,  o f a total a t Iona m 

m » |n tiic a ti« «  <en itea t*  la r  aay a m  point |T 4 a  a a a l  (o r there  d iffe ren t 

m agai h  cation  constant* c aa  b# t iy ia k a H  aa the re s u lt  al uneven a k n i l  - 

»g* oI l i t  (Um < a h « |  developm ent, d iffe ren ces  la  the ad justm en ts of 
the to o  l*nee*, and a  p ro o a t l.lff  t i l t  of t la  ch am b er (ram  the h o rn o n ta l  

to  p rev en t the accum ulation  a! bubblei a t tbo top g la s s .  Wt added a ll 
tbe observed  system atic  varia tion*  ta the op tica! sy stem . aa4 c o r  roe tod 

lo r  thorn by using d iffe ren t m if ia ttc iU o A t fo r  oocb « i««  and each  
co o rd in a te  d irec tion  w ithin the v iew .p

0 . Com puter F rag  ra m

The problem  of ca lcu la tin g  the rang* oI the  a* p ro g ram ed  lo r  

tho IBM type bVO co m p u te r. E ssen tia lly  the com puter do te rm taed  a 
lo o t! -sq u a re s  parabo la  to  fit t i c k  tra ck  ta  both  v iew s, and d e te rm in ed  
the pointa ot m teraecU oa betw een the p a rab o lae  ro p rtaen ttn g  the v* 

and p 4 trocka  and the y* and ** track* tn each m e

It la  true tkat Ike tra c k  of a  p a rtic le  stopp ing  in a m agnetic fie ld  »• 
not a  parab o la . But. weighing the aaee ot p ro g ram in g  the p rob lem  lo r  

a p a ra b o la  (a* com pared  w ith a h ig h e r .o rd e r  cu rv e) against the re q u ire d  

acc u ra cy  of m eaeu rem en t. wa selec ted  the p a rab o la . Once the lo u r point* 

of ta t# reac tio n  In the film  w ere  d e term ined , i t  w as a  sim ple m a tte r  to 

have the com puter d e te rm in e  the d istance  betw een the two m tereo c tio n e  
in ap ace , aa outlined in the eec tion on the o p tica l p rob lem , aa w ell a t  any 
o th e r  inform ation  d e e ire d  about nnglea of Into re a c tio n . average depth

20
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Expanding Iktt t i n  and co l te rm * »  Eqa. (5) sad  ( i )  and p e rfo rm in g  Hm 

indicated m ultip lica tion . we obtain an  infinite M n « l  This s e r ie s  is 
rw iv* r |*M  to the r « | i M  of in te res t  thot t | ,  for partic les  of u u ia il  
kinetic energy te a s  than S M*v, Integrating. the i t r i n  u r m  by te rm  and 
N m v m « | i t f U f u t M  t t r m i ,  «« coo d e te rm in e  x ix4  jr a c c u ra te ly  to 
(our decim al p la te* ,  We coo Own cx lcoU tc  L « * Mm#
ao U f (or ’l i t  , that to , to t percen tage  difference  between the length 
at th* e x m d  psth *o4 tK# « tn t | l i l* U M  approxim ation

H o  find tbto f o r c » » U | t  difference to bo 0.01% (or th# y \  or.4 have 
ignored it in a r r iv in g  ot our (tool re su lts

Tht m too range  (SU •« me* lu re d  i t  not tht truo rouge ( L |  of th t 
partic le  given by th* Beth*-Bloch ( t , \ )  th eo ry  Because of m uttipU  
sca tte ring . th* m e a s u re d  rang* to s h o r t e r  then th* actual poth length 
To obtain on approx im ation  oi  the dill* rone* between thooo to o  
consider th* p a r t ic le  path to bo broken up in to  sm all s eg m en ts  dL, and 
th* projection of thee* on the h  im  d ire c t io n  to be dR Then * •  have

dR « dL coo §x .

where 9% to the ang le  of s c a t te r  Sine* we ore  considering  sm a l l  - 
angle aen ttering  only , this give*

dR .  dL (1 - _  ) .
2

Using tha approx im ation  by SegrV (Id] to r  the mean square  angle  of 
s c a t te r ,  we have

dR • dL - m t / m M In ^  .

where En is the in itia l energy and E is  the final energy  of the »
— l 8 )meson. With the approxim ate  ran g e -en e rg y  relation R - n E , w* 

have Intagrated the above equation to obtain .■■"-?■■■ The c o r re c t io n
thus obtained Is 0.1%. The value of rang# g iv e t i n  the rs su t ta  haa been 
co rrec ted  by this amour*
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fc lU s u l ta  and  C m c  lusions

D uring th* «sp*n't*#** » b « it 1493 i t* r» «  pai t  p u t« * r* i * t w  *fei**n#d 

Ih*§«  * i#id*d ap p ro * . saatei . 1009 * *  * * * * * *  4** * «w**|* l« th*

c h s r rb * r  D u rin g  p r t ! i <m « « rjr t c M n i i i |  »* ! •  M i t t*  «ar

m i N H W if it  M lf  tho4* •V tftll i*  « t u l i  Dm  «A |I* I erf i n t e r e s t  lion of tit* 

p a r tic le  t ro c h e  * « r# b*tw*#r> l€- end 140** |«  add itso * , a l t  » « m i  i s

*b»ch th* it * tMMh sp p e e re d  to d tp  r ro ro  th aa  44* w* r* die* a rd e d  be 

cause  of til* la rg e  e r r o r  in h e re n t t* d «  «tv*asur*m*oi *1 eio*plt( dipping i  

i r i c k l  i »  * « r t  le ft with T f |  ev e n t*  » h u i  « « r«  m e a s u re d  m  H f  j 

p re c is io n  f r o j t t U M  m t c r M t a ^  p r* n « m t>  4 « i t  n k f 4  Th* u»*t-jh,!r r 

p ro g ra m  w e t  desig n ed  to  give not only tit* rsng* 4  th# -* but »i*o t«» 

dip end dk« * i i |U »  of \ n te r  sec tio n  #( Dm  t r » r l*  Of t l «  ? ' l  even ts 

m e a su re d . l i  ' hod b i** dtp sng .e  g r e a t e r  than I0*v and  w e r t dis>. ef*e<i 

M  k t i i g  r u b j i d  to  too la rg e  »« e r r o r  A K u t t f r i n  «l Dm  r tm t i t i i ig  

444 ev en ts  is  ahow * is  f ig  4 Sap* r» *v posed os th* R ietw grsrt is  • 

n o rm al d is tr ib u tio n  cu rve  sh o v in g  th* tv e re g *  value of th* rang* equal 

to  th* a r i th m e t ic  m #s«  of th* 444 e v e n ts  sod th* s ta n d a rd  dev ia tion  eque- 

to  that o b ta in *4 fro m  thorn

f t h i s *  th* a r i th m e t ic  m e an  o s  th* m o l  p f jh s b i*  va lue . o*  obtained 

i  rang* of I 102 •  0 001 cm  with * s tan d a rd  deviation of 0 944 cm (4 4 V  

for th* o*  i s  liquid  p n re h .d ro g e n  Th* co rrec t* * *  fo r  ft*q»>t*pt* s c a t te r in g  

g ives |  10 4 s 0 .9 0 )  cm . T h is  value  c o r re s p o n d s  to a s pUn« 1 \ t n  

from  th* to p  of th* ch am b er  w hich  is 14 cm  deep U *t*a the range 

tobies of A r e a ,  (7 ) ,  which o r*  b a s e d  oo the hethe  B loch  thowfv:, w# ** 

ts tned  the rang*>*n*rgv  c u r ve s  sh o w s  i* Fvg 13

U sing th*  co m p ila tio n  b t j  row* [%} for root m as*  end  th*  in itia l

«s*rgv  oi  th* p* * rnesoo i t  ■ 4 12 •  0 Oi Mev sad  H  • .0 4  •*  t  0 t |
l» I *

and th* range  to b ie s  of A ro n (T ) .  w* obta ined 0 3411 s 9 0994 g  e o  to r  

the dens ity  of su p e rh e a te d  liqu id  p n r e h .d r o g e n  at I f  t  s 0 l°K  end 

44 o I paio. Th* d e n s i te  un d er  th* som e conditions (o r  l iqu id  norm al 

hydrogen  is  c a lc u la te d  as  0 0441 g t m  ' t rem  Johnston’s d a ta  (14) and 

0 04ST | / f m ^  f ro m  K am m erl tn g h  O nnes data  (20 | It shou ld  b* t m p h s t a e d
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F ig . 9. Range h istogram  of 4 .12-Mev meson* in liqu id  hydrogen
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that the l a t t e r  two values a r e  fo r  norm al  hydrogen  and that o u r  value is 

for p t rah y d ro g en .  Since the value of Johnston et al. [14] d i f f e r s  by only 

about 1%, we co n s id e r  tha t  t h e i r  data ex t rap o la ted  into the su p e rh ea ted  

region a r e  adequate for  bubble ch a m b e r  th e rm o d y n am ics  and engineering  

purposes .

Since th e r e  should be a v e r t ic a l  g rad ien t  in the cham ber ,  we were 

in te re s ted  in  examining the c o r re la t io n ,  if any  ex is ted  between the 

range of the p and its  depth in the ch a m b e r .  Using only those events 

(228) in which the p* t r a c k  i s  very  Hat, 0 °  t o  15° dip, we obtained a 

value of -0.14 for the correlation coefficient  and d e te rm ined  the slope 

of the r e g r e s s io n  line of range  on depth to be -0.002 c m / c m .  This  value 

co m p ares  favo rab ly  with tha t  ca lcu la ted  by u se  of the t e m p e ra tu r e  gradient 

observed  and the data of Jofinston et al. . [14] which gave -0.001 c m /c m .

The value obtained from c o r re la t io n  theory  h as  a very la rg e  uncerta in ty ,  

but does show that there  is a var ia t ion  of the range  with v e r t i c a l  position 

in the c h a m b e r .  It a lso  points  out that fo r  p a r t i c l e s  that e x p e r ien ce  little 

s t ragg ling ,  the ver t ica l  posit ion  of the t r a c k  should be taken into account 

when the en e rg y  is being ca lc u la te d  from re s id u a l  range m e a s u re m e n ts .

We have ca lcu la ted  the th eo re t ic a l  s t rag g l in g  by in teg ra t in g  

n u m er ica l ly  the ex p ress io n  given by Bohr [ 2 1 ] .

< (R  - Rq)2>  ave. « 4 * e 4NZ P (d E /d x ) ’ 3 * 3.2%.

Jo

for the 4 .12-M ev p f m e so n  in liquid hydrogen The value obtained is 

that am ount  of s t raggling  ca u sed  by co l l i s io n s  with e lec t ro n s  only. T o 

ward the end of the p t r a c k  nuclear  c o l l i s io n s  would becom e im portan t  

and give r i t e  to a  l a r g e r  va lue .  We have e s t im a te d  our m e a s u re m e n t  

e r r o r  to be 2.5%, which with the 5% s ta n d a rd  deviation obtained e x p e r i 

m enta l ly  g iv es  a s t ragg l ing  of 4.3%. We be l ieve  that this value r e p re s e n t s  9 

a good e s t im a te  of the ac tua l  s traggling of the 4 .12-M ev p* m eso n s  in 

liquid parahydrogen .
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APPENDIX I

Solution to the O ptica l  Problem

C o n s U n t i .  F ig u re  11 i t  a d ia g ra m  of the bubble c h a m b e r  c a m e ra  o p t ic s .  
No a t t e m p t  was m ade  to draw  it to s c a le .  F o r  c o m p a r i s o n  p u rp o ses  

H * 100 cm , 6 * 9  c m ,  q * 10 cm. C is  the ce n te r  of the top g lass  of 
the c h a m b e r ,  D i s  the d is tance  between the im ages  of the ch am b er  

c e n te r  as seen  in the s t e r e o  p a i r  A F  and A1 F 1 a r e  the optical wees. 

F r o m  g eo m e tr ica l  co n s id e ra t io n s ,  we have

A C /H  * d /q  and CA’/ H 1 * d ' / q ' ;  (A. 1)

as su m in g  H * H \  and q * q \  we define the m agnif ica t ion  in the plane of 

the top g lass  a s  k « H /q  . (A .2)

Substi tu t ing Eq. (A.2) in (A .1),we obtain

AC * (d /q)H  and C A f * (dVq)H;
then

AC ♦ CA’ * b * (H/q) (d 4 d 1)

6 « k (D • 6)

6 * D/( 1 ♦ l /k )  .
We can d e te rm in e  D and k d i r e c t ly  from  the film and then ca lcu la te  6. 
With these cons tan ts  d e te rm in ed  we can  proceed to a d e te rm in a t io n  of 

the coord ina tes  of any point in the c h a m b e r  from the s t e r e o  pa ir  of 

p ic tu re s .

Range M easu rem en ts  in the C ham ber .  In the following re fe r  to Fig. I I .  
Po in t  A is  the a s s u m e d  orig in  of co o rd in a te s  in the bubble c h a m b e r ,  

a, y, and a r e p r e s e n t  bubble c h a m b e r  coord ina tes  of point P, and 
X ^ ,  f t * ,  3 t |  ♦ Y j ^  a r e  the co r re sp o n d in g  film co o rd in a te s  ( s u b s c r ip t s  

deno te  point n u m b er ,  s u p e r s c r ip t s  denote view num ber) .  The o r ig in  of 
the film coord ina tes  i s  the p ro jec ted  optical  axis in each  view; posi t ive  

X d i rec t io n  is  to the right in the f igu re .  We have the film co o rd in a te s

27



\ \  /

Fig. 11. Line drawing of 10-inch bubble chamber optical syatem



availab le  (rom  d irec t  m e a iu re m a a t ;  wo m utt dote rnrune *. y, and t 

Using F ig . 11. than, wo havo

• .

i/IH » i> • - XjVq 

and

I t  .  » )/ |H  ♦ s) •  Xj'Vq.

solving these  (or H ♦ a. we obtain

H ♦ a • - ■ Iq /X ,1! .  I t  - * |< q /»  X ^ S .

« .  ( [H  ♦ « ] / q )  X ,1 • k jX ,1. k ,  .  t / l X , 1 • X

«h«rc  k j ia the magnification in th« a piano containing the 

S im ila r i ty  it can bo sho**n that wo havo

w V I
* * k l T l •

Substituting Cq (A 41 into (A M. we got

» - k ,  q • H

Finally, (o r  tho range oi tho p  , wo havo

whore
t .  * r * 4> 1/4

A* • k, X, 1 • k , Xj '  . 

A Y  .  k ,  Y , ‘ • k z  Y j 1 .

£ a  • q(hj . k^) .

(A M

f t  (A 4)

point P

tM00*4(Ma*
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