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ABSTRACT 

In the exposure to a 7 0 0 - ~ e v / c  negative par t ic le  beam, 35 antiproton 

s t a r s  have been found. Of these antiprotons, 2 1 annihilate in flight and th ree  
0 

give large-angle sca t te rs  ( 0  > 15 , T > 50 Mev), while 14 annihilate a t  r e s t .  
P- 

F r o m  the interactions in flight we obtain the total c r o s s  section for antiproton 

interaction 

2 -13 A1/3 where  o = a Ro and Ro = 1 . 2  x 10 . 0 
cm.  This c r o s s  section was  m e a s -  

u r e d  a t  an average antiproton energy of = 140 Mev. 
P- 

We also find that the antiproton-nucleon annihilation proceeds p r i m a -  

r i ly  through pion production with occasional emission of K part ic les .  On the 

average 5 . 3  & 0 . 4  pions a r e  produced in the p r i m a r y  p rocess ;  of these 1 pion 

is absorbed and 0 .  3 inelastically scat tered.  F r o m  the smal l  fraction of pions 

absorbed we conclude that the annihilation occur s  a t  the surface of the nucleus 

at a distance l a rge r  than the conventional radius .  

A total energy balance of par t ic les  emitted in the annihilation gives a 

r a t io  of charged to neutral  pions consistent with charge independence. Con- 

verse ly ,  assuming charge independence, we conclude that the energy going 

into electromagnetic radiation o r  neutrinos i s  small .  



Comparisons with the Fe rmi  statistical model and the Lepore-Neuman 

statistical model have been made. Good agreement with the experimental r e -  

sul ts  on the annihilation process can be obtained through appropriate choice of 

the interaction volume parameters.  
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I.  INTRODUCTION 

A program for the search for  and study of antiprotons in emulsions 

w a s  initiated1' concurrently with the counter experiment  a t  the Berkeley Bev- 

a t ron  that demonstrated the existence of antiprotons. The f i r s t  a im of the 

emulsion program was to provide the proof for the annihilation process .  This  

w a s  recently accomplished4 when the f i r s t  s t a r  observed in the exposure d i s -  
2 

cussed he re  gave a visible energy r e l ease  grea ter  than M c . Once the proof 
P 

- -  - -  

* 
This work was done under the auspices of the U.  S. Atomic Energy Commission.  

)NOW a t  the University of Uppsala, Uppsala, Sweden. 

5 ~ o w  a t  the University of Bris tol ,  Bris tol ,  England. 
** 

Supported in pa r t  by a grant f rom the National Academy of Sciences. 
1 
Chamberlain, Chupp, Goldhaber, Segr;, Wiegand, Amaldi, Baroni, Castagnoli ,  

Franzinetti ,  and Manfredini, Phys.  Rev. - 101, 909 ( 19 56), and Nuovo 

Cimento - 3 ,  447 ( 1956). 

'stork, Birge,  Haddock, Kerth, Pe terson ,  Sandweiss, and Whitehead, unpub- 

lished. This exposure employed a separated beam using a berylliuw, 

absorber .  Star 4-8 in our compilation came f rom this  exposure. 

3 ~ h a m b e r l a i n ,  s e g r & ,  Wiegand, and Ypsilantis, Phys.  Rev. - 100, 947  (1955). 

4 ~ h a m b e r l a i n ,  Chupp, Ekspong, Goldhaber, Goldhaber, Lofgren, Segre', 

Wiegand, Amaldi, Baroni, Castagnoli, Franzinet t i ,  and Manfredini, 

Phys. Rev. - 102, 921 (1956), 
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w a s  provided, the emphasis in this work was shifted to a study of the annihilation 

p r o c e s s  and the antiproton interactions in nuclear emulsion. 

In the exposure to the 7 0 0 - ~ e v f c  negative-particle beam that i s  now 

being studied, 35 antiproton s t a r s  have been found. The s tat is t ical  analysis  of 

t h e s e  s t a r s  i s  discussed in this  paper.  

We will show that the antiproton -nucleon annihilation proceeds p r i -  

m a r i l y  through pion production, with o ~ c a s i o n a l  emission of K par t ic les ;  on 

the average,  5 .  3 & 0 . 4  pions a r e  produced. Energy is then t r ans fe r red  to the 

nucleus a s  a secondary react ion involving the absorption of one pion and the 

inelast ic  scattering of 0 .  3 pion, on the average.  The small  fraction of absorbed 

pions leads us  to believe that the annihilation i s  predominantly a surface phe- 

nomenon. Indeed, ~nnih i la t ion  frequently occur s a t  a distance from the center  

of the nucleus that i s  greate'p +than the conventionad nuclear rad ius .  This an-  

nihilation, occurring in the region of reduced nuclear density, i s  undoubtedly 

d i rec t ly  related to the l a rge  annihilation crosg section observed for antiprotons. 
6 

T h i s  la rge  c r o s s  section i s  confirmed by the resu l t s  of our experiment.  

$We have alsa  evaluated the fraction of energy going into nucleons, 

charged  pions, and K mesons .  When the remaining energy is assumed to go 
a 0 

into neutral  pions, the ra t io  of 1~ : 1~ i s  consistent with charge independence. 

Conversely,  if charge'independence holds in the antiproton-nucleon annihilation, 

we can conclude that the energy going into electromagnetic radiation or  neutr inos 

m u s t  be small .  

A careful examination of the elast ic  scat ter ing of the antiprotons sug- 

g e s t s  a possible destructive interference between nuclear and Coulomb sca t t e r -  

ing. 

Finally, theoretical calculations based on the F e ~ m i  Statistical Model 

have been made. For  the iFerrhi theory we have computed the energy spectrum 

and,  m o r e  significant, the expected multiplicities of pions and K mesons for  

different  choices of the only available parameter ;  the interaction volume C2. 
h 

We find that the experimental ,data fit the calculation for S2 = 12 [$r (-) 3] 
I 5  mTrc 

corresponding to an interactibri radius of about 2 .  3 -. Calculations have 
m Tr 

a l s o  been performed using the Lepore-Neurnan model with s imi lar  r e su l t s .  

' ~ a h n ,  Ravenhall, and Hofstadter,  Phys.  Rev. - 101, 1131 (1956). M. A .  

Melkanoff, S .  A .  Moszkawski, J. Nodvik, and D. S .  Saxon, Phys.  

Rev. - 101, 507 (1956). 
6 

Chambeylain, Keller, Segrd,  Steiner,  Wiegand, and Ypsilantis, Phys.  Rev. 
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11. EXPERIMENTAL PROCEDURE 

A ,  The Exposure a t  the Bevatron 

Three  stacks of nuclear emulsions wer,e exposed in the 7 0 0 - ~ e v / c  

negative-particle beam a t  the Bevatron (Stacks 67, 68, and B). This momen- 

tum was chosen in order  to obtain good visual discrimination between antipro- 

tons  and pions a t  the leading edge of our  s tacks.  At this momentum protons 

a r e  a t  twice minimum ionization, while pions a r e  essentially at minimum ion- 

ization. The stack s ize ( 7 in. in beam direction by 4 by 3 in ,  ) was chosen to 

stop the antiprotons well inside the s tack.  Fur the r  details of the experimental 

setup a r e  contained in a previous communication. The exposure was remarkably  
t 

successful  in eliminating confusing background part ic les  ( p  ) This was 

achieved by use of a clearing magnet and by both good collimation and momentum 

definition. Under these conditions we were  able to find 35 antiprotons in these 
5 

s tacks  despite a background of negative pions in the rat io  of T - / ~ -  1 5 x 10 . 

B. Scanning Procedure  

The good collimation and momentum definition permi t ted  us  to select  

antiproton t racks  on the basis  of grain density and angles of entrance relative 

t o  pions, a t  the leading edge of the stack. In addition to the  above criteri 'a,.  
' 

th-e 'identification of antiprotons was based on the terminal  behavior and the 

range  of the particle (the la t ter  applies only to antiprotons coming to r e s t ) .  

The emulsions were  scanned under 22x to 53x objectives with lox 

eyepieces.  The method of scanning was to t r a v e r s e  each sheet  of emulsion 

perpendicular to the beam direction a t  about 4mm from the leading edge. When 

a track a t  about twice minimum ionization and satisfying the angular entrance 

c r i t e r i a  was detected, i t  was followed until i t  ei ther interacted in flight o r  

c a m e  to the end of the range. 
0 The direction of the antiprotons was well collimated about 0 with a 

s tandard deviation of 0.9' 0.2'. The entrance-directions a r e  defined a s  the 

projected and dip angles measured relat ive to the mean pion direction a t  the 

point of entrance. The small  cone of angular acceptance enhanced the speed 

of scanning, a s  very few background t r acks  satisfied the selection c r i t e r i a  

( s e e  Table IV, Section 111-B- 1).  



The plates were scanned in Berkeley and in Rome. Thirty-two s t a r s  

were  found in Berkeley, and three s t a r s  in Rome. The f i r s t  number of the 

code identifying each star r e f e r s  to the workers  by whom the s tar  was found 

and analyzed. The workers  a r e  designated thus. 

At Berkeley, 

1. W . W . Chupp and S. Goldhaber ; 

2 .  W.  H. Barkas,  H. H. Heckman, and F. M. Smith; 

3 .  A .  G. Ekspong and G. Goldhaber; 

4. 8 .  W. Birge, D. H. Perkins,  J. Sandweiss, D. H. Stork, and 

L. Van Rossum. 

At Rome, 

5 .  E. Amaldi, C. Baroni, C. Castanoli, C. Franzinetti, and A. 

Manfr edini . 

' I ~ h r e e  additional s t a r s  were found in other exposures. Two of these s t a r s  

were found at Berkeley (Event 4-8--see Ref. 2; and event 4- 10--see 

Table VIII a). One of these s t a r s  was found at Rome (event BR 1 - - 
see Ref. 1). 



POSITION ALONG 

3 0  
STACK LINE (cm) 

Fig.  1 
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111. MEASUREMENTS ON THE PRIMARY ANTIPROTON TRACKS 

A. Antiproton Mass Es t ima tes  

The procedure we have used for finding antiproton t r acks  in the emul-  

s ion s tacks constitutes a m a s s  measurement .  Because a l l  the par t ic les  en te r -  

ing the  emulsion stack a t  the same point have substantially the same momentum, 

the r a t e  of energy loss-as  determined f rom grain density of track-is a m e a s u r e  

of the  par t ic le  velocity and hence of i t s  mass .  Unfartunately, the measurement  

of g ra in  density i s  ra ther  subjective, and for a good m a s s  determination i t  

would have been necessa ry  to ndrmalize and stabilize the grain counting by 

e a c h  observer .  Since this  was not done, the initial gra in  counts did not provide 

the b e s t  es t imates  of the antiproton m a s s .  

The methods that were  used a r e  summarized  in this  section, and- 

a s  wil l  be seen-the r e su l t s  indicate that the par t ic les  being studies f o r m  a 

group whose m a s s  is that of the proton. Some of the methods a r e  applicable 

only to the part ic les  that come to r e s t  in the emulsion; these  a r e  the mos t  r e -  

l iable .  

1 .  Range vs  Momentum 

The range of a par t ic le  for a given momentum is determined by  the 

pa r t i c l e  m a s s .  In this  experiment,  the antiproton momenta a r e  direct ly  r e -  

l a t ed  to the points of entry of the par t ic les  into the emulsion stack, and can 

be  determined from the geometry and the strength of the analyzing fields as 

obtained from wire orbi t  measurements .  F igure  1 shows the observed r anges  

plotted against the points of entry.  The calculated ranges  for par t ic les  of 

m a s s  0.95, 1.00, and 1. O5'proton m a s s e s  are shown a s  curves  on the same  

plot.  

The experimental range straggling of k 4% i s  too high to a r i s e  f rom 

Bohr straggling alone. However, the geometry of the exposure i s  such that 

a momentum spread of approximately * 1. 3% is reasonable,  The la t te r  causes  

m o s t  of the observed range straggling. The apparent m a s s  of each antiproton 

fo r  which the rang'e has  been determined i s  l is ted in Table I, giving a mean 

of 1.010 * 0.006 proton masses ;  the e r r o r  quoted i s  the statist ical  s tandard 

e r r o r .  A conservative upper l imit  to the possible systematic  e r r o r  in the 

momentum determination i s  27'0 resulting in a 370 uncertainty in the m a s s .  

Other  possible sources of systematic e r r o r  come f rom uncertainties in the 
I .  



emulsion density and in the range-momentum relationship employed. This  

type of measurement  i s  the best  of those per formed up to now to show the 

uniqueness of the m a s s  of the antiproton. 

Table I. Antiproton m a s s  measurements  by residual  range and momentum. 

par t ic le  number Mass 

(proton m a s s e s )  

0.995 

0.998 

1.025 

1.003 

1.017 

0.965 

1 , 0 1 2  

1 ,023  

2. Track Opacity vs  Residual Range 

The massmf ,a part ic le  can be determined also from i t s  r a t e  of energy  

lo.ss and residual range. One of the objective measures  of the r a t e  of energy 

l o s s  i s  the t rack opacity, o r  average fraction of the length of a t r a c k  element  

occupied by silver grains .  Calibration was achieved by making measuremen t s  

of opacities of proton and deuteron t r acks  a s  a function of residuql range  in 

t h e  same emulsion a s  the antiprotons. Because the ra te  of energy l o s s  is a 

function of the range divided by the m a s s ,  the deuteron ranges have been divided 

b y  two and plotted with the protons and antiprotons in Fig. 2. The antiproton 

rnakses measured in this  way a r e  l is ted in Table 11. Their average is 

1.009 0.027 proton m a s s e s .  

8 
Barkas,  Heckman, and Smith, Bull. Amer .  Phys.  Soc. No. 4, Se r i e s  I1 - 1 

( 19 56); also Walter H. Barkas,  Pre l iminary  Calculations: Range - 
Energy Curve for  Protons in G. 5 Emulsion of Density 3.815 g/cm 

2 

(High-Velocity Portion),  UCRL- 3384, April 19 56. 
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Table I T .  Antiproton m a s s e s  

measured  hy t r ack  opacity and residual  range 

Pa r t i c l e  
2-1 2 -4 

number 

Mass  0.934*0. 095 1.07"70. 048 1,021*0.048 0,97+0. 10 0.93~kO. 11 

(proton 

m a s s e s )  

3.  Grain Density vs Mcltlple Scatterlrzg 

F o r  antiprotons that do not come co r e s t  in the pmulsion, the b e s t  

m a s s  estimate that we could make without invoking the momentum m e a s u r e -  

men t s  i s  one derived f rom the observed grain density and multiple sca t te r ing .  

This  method has been applied to a number of antiprotonsl most  of which an-  

nihilate in flight. The r e su l t s  a r e  shown in Table III. The average m a s s  ob- 

ta ined i s  0.999 * 0,043, 

Table IT%. Masses  of antiprosons m units of the proton 
d e t e ~ m i n e d  by grain density and multiple scat ter ing 

Pa r t i c l e  number 2-3 4-2 4-3 4-4 4-5 

Mas  s 1.04*0.1 1.POeO.M 14S.00&0.~8 0.95*0.08 0.98*0.11 

(proton masses) 

By combining the r e s a l t s  f rom Secttons 2 and 3 above, which do not 

depend on the part ic le  momentum measxrernents,  we obtain. 1.004 * 0.025 

f o r  the antiproton m a s s  in units of the proton. Although we know of no l a r g e  

Systematic e r r o r s  in these measurements ,  pas t  experience indicates that 

systematic  e r r o r s  of a s  much a s  3% mzy be present ,  

B, The Antiproton Interaction Gro s s  Section 

I .  The Cross-Section Determination 

The method of s c a n n i ~ g  along the t r ack  of antiprotons permit ted u s  to 

observe  antiprotons f rom the point where "tey were  selected (T = 230,Mev) 
P- 



up to  the point where they ipteracted. In Stacks 67, 68, and 33 we have followed 

35 p - t racks .  Of these antiprotons,  2 1 annihilated in flight and th ree  gave 
0 

la rge-angle  sca t t e r s  ( 8  > 15 , T > 50 Mev, see Table IV for  detai ls) ,  while 
P - 

14 survived to the ends of their  ranges ,  annihilating a t  r e s t .  The path length 

of p -  t rack  followed was 300 * 30 c m .  The uncertainty a r i s e s  f rom those 

t r a c k s  that left  the stack, some of which might have been positive protons.  

In addition to the 35 identified antiprotons, two par t ic les  satisfying the selec-  

tion c r i t e r i a  came to r e s t  with no visible s t a r s  and were  assumed to be posit ive 

pro tons .  W e  have assumed that the same fraction of those par t ic les  leaving 

the s tack  were  also positive protons ( s e e  Table V for de ta i l s ) .  The correspond- 

ing m e a n  f r e e  paths in emulsions a r e  X = 14.3  * 3 . 4  c m  and 
ann ih 

Xtot 
= 12. 5 * 2 . 8  cm,  where the e r r o r s  a r e  the s tat is t ical  s tandard e r r o r s  

combined with the 10% uncertainty in the path length followed. These values 

of the  mean f r e e  path a r e  $or the average kinetic energy 

--- - - 

This  integration was c a r r i e d  out numerically over the observed path-length 

distribution a s  shown in Fig.  3A,  and gives = 140 Mev. F igure  3B gives 
P- 

the distribution of annihilation and scattering events over the s a m e  energy 

in terva l .  

It i s  interesting to compare  the regulting nuclear  radius  and nuclear  

c r o s s  section for antiproton interactions with the corresponding values obtained 

in th i s  laboratory for  Cu and Be with a counter technique a t  T r 500 Mev. 
6 

P - 
Our present  value for  the total c r o s s  section is cr - f o  = 2 . 9 ;  0 .  7 ,  where 

2 P . , 
u O  = a Ro and Ro = 1.2  x 10 -13 cm,  while at  the higher  energy we have 

up- /uO = 2 ( s e e  Table VI for  detai ls) .  

All the interactions observed were either annihilation o r  scattering 

events  except for  one which was an interaction in flight, with an energy r e l e a s e  

Evi s < T (Event 5-1, given in detail  in Appendix I). This  event can be in-  
P-  

t e rp re t ed  a s  one of the following: 

( a )  a charge-exchange scattering, p- + "pH -. ii + 'In"; 

(b)  an annihilation in flight with no charged pion emission (compare  

with Event 4-3, Appendix I); 

( c )  the interaction of a background positive proton. 
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Only one event of this type has been observed out of a total of 24 inter-  

actions in flight, hence we conclude that charge -exchange scattering of anti- 

protons occurs in only a small fraction of the interactions in nuclear emulsion. 

Table IV. Observed nuclear scatters of antiprotons 

Event 
=P - Scattering angle AT 

P-  
No. (MeV) (degrees) ( MeV) - 

1-3 82 53 - 0 (Elastic) 

3-2a 16 3 47 -3 1 (Inelastic) 

1-4 b 224 16 - 14 (Inelastic) 

a Event 3-2 i s  given in detail in Appendix I. 

b ~ n  Event 1-4 the track leaves the stack before coming to r e s t ;  i t s  identity a s  

a p- scatter i s  thus not definitely established. 

Table V .  Details for t racks followed and antiproton interactions in 

Stacks 67, 68, and B 

No. followed Path length No. annihilated No. scattered 

(cm) in flight in flight 

Identified p' 

t r acks  followed 

Possible p-  

t racks  followed 

( t racks  leaving 

stack) 7 47 

Possible p' 

t r acks  followed 

(ending a s  pn  
r 

23 - part icles)  2 - 

. . 
Estimated p' 300*30 

path-length 



Table VI. Comparison of antiproton interaction c r o s s  sections and 

effective rad i i  for T = 500 ~ e v ~  and T - = 140 Mev (our  data)  
P- P 

T Elements Cutoff angle r - b 
P- r ~ +  up- /oo  

6 Mev) (degrees)  1 0  m )  (lo-F3 cm)  

500" Be 18 1. 14*0. 04 1 .  63*0. 14 1.85*0. 30 

500" Cu 12.7 1.24*0. 06 1. 77*0. 12 2. 18kO. 30 

140 Emuloion 15 - 2.05iC0.23 2.91&0. 7 

140 Emu1 sion anmihilation - 1.92A0.23 2. 56rtO. 6 

only 

a Reference 6 .  
b -13 u 0  = IT ( rO  A 1/3)2 and r o =  1.2 x 10 , R - = r A I /3  

P P- 

2 .  Elastic Scattering 

In previous sections we have considered only strong interact ions.  

We have also followed a total path length of 158. 3 cm of antiproton t r a c k  in 

the  energy interval 50 to 200 Mev, paying special  attention to small-angle  

scattering in o rde r  to see  i f  we could detect any depar ture  f rom Rutherford 

scattering. F o r  comparison, a s imi l a r  procedure was applied to posit ive 

proton t racks .  

This section deals therefore with elast ic  and ( o r )  near ly  e las t ic  sca t t e r s  

( i .  e .  , no visible change in grain density and no visible excitation of the s t ruck  

nucleus). We observed sca t t e r s  with essent ial ly  1000/o efficiency for  ant ipro-  

tons of energy 50 Mev o r  g rea te r ,  when the horizontally projected angle of 
0 scattering was 2 o r  g rea te r .  In the following, we consider only s c a t t e r s  

that  satisfy the above cr i te r ia .  The space angle of scat ter ing,  0 ,  h a s  been 

measured for a l l  such sca t t e r s  and is shown in Fig.  4A, along with the d i s -  

tribution expected for  pure Rutherford scattering. The scanning eificiency 

and correction fac tors  have been checked by measurements  on t r a c k s  of 50 

positive protons in the energy interval  50 to 100 Mev (Fig .  4B),  where  it i s  
0 9 known that Rutherford scattering predominates  below 6 

9 ~ .  Strauch, Sixth Annual Rochester Conference, 19 56; to  be  published. 
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The expected number of Coulomb sca t t e r s  was  calculated by ( a )  a s s u m -  

iqg the Rutherford (point nucleus) c r o s s  section, (b )  averaging over the emul-  

sion contents, and ( c )  multiplying by,the efficiency f o r  observing the given 

in terva l  of space angle. This  efficiency is the probability that a given space 
0 

angle will be associated with a horizontally projected angle of 2 o r  g rea te r .  
0 

F o r  negative protons tbe grouping of scat ter ings below 15 indicates  
0 . diffraction scattering. The expected r i s e  in the 2'-to-6 interval due to 

Rutherford scattering appears  to be missing, which suggests a possible de-  

s t ruct ive interference between nuclear qnd Cqulomb scattering. The prob-  

abili ty of obtaining th ree  o r  fewer events when 10. 7 a r e  expected is 0.006; 

however,  the possibility of a statist ical  fluctuation is npt excluded. , , , 

A destructive interference between Coulomb and nuclear scattering does not 

necessar i ly  imply that the r ea l  p a r t  of the antiproton-nucleus potential is r e -  

pulsive.  Prel iminary calculations indicate that such a destructive in te r ference  

could be  a consequence of the strong absorption of antiprotons by nuclei. 

3 .  The Antiproton Cross  Section a t  Low Velocities 

In considering the annihilation of antiprotons with nucleons, i t  is of 

in t e re s t  to know how the c r o s s  section for such interactions va r i e s  with energy.  

If the annihilation c r o s s  section should increase  rapidly with decreasing ant i -  

proton velocity, lo then it would be possible for the antiproton to undergo an- 

nihilation, ra ther  than being bpought to r e s t  by ionization loss .  It is impor-  

tant  therefore to establish upper l imits  to the residual  range of antiprotons 

tha t  a r e  believed to undergo ann ih i l a t i~n  *'at rest" .  Within the l imi t s  of sen-  

sit ivity of our method ( T  , 5 0.  8 Mev) we found that a l l  antiprotons were  e f -  
P - 

fectively brought to r e s t .  

a. Determination of residual  range 

In our experiment,  14 examples have been observed in which- -judging 

f r o m  the gap density of the t rack  close to the s ta r - - the  antiproton had  a r e -  

sidual range of l e s s  than 500 microns.  

, Scattering measurements  were made on these t r acks  by the constant 

gagitta method (Gottsteinf s scheme1 l )  over a distance of 150 microns  f r o m  
- 

the  s t a r .  The mean sagitta o r  second difference, d, was calculated for  each  

l 0 8 a n s - p e t e r  Duerr and E. Tel le r ,  Phys.  Rev. - 10 1,  494 (L) (1956). Hans-  

Pe te r  Duerr ,  Phys .  Rev. - 103, 469 (1956). 

' f a y ,  Gottstein, and Hain, Supplemento, I1 Nuovo Cimento - 11, 234 ( 19 54). 



event,  and the distribution in for all events i s  shown in Fig. 5 (A) .  F i g u r e  

5 $B) shows a s imilar  distribution obtained f rom 20 posit ive protons coming 

to r e s t ,  F ig .  5 (C)  that for  20 protons with a res idual  range of 100 mic rons  

( sca t te r ing  measurements  made  from 100 to 250 m i c r o n s  residual  range) .  

The scattering scheme used was such a s  to  give an expected - 
d = 0. 5 1 * 0. 17 micron for  protons over the range 0 to 150 microns ,  and 

a = 0 . 2 5  * 0 .08  micron over the range interval 100 to 250 microns .  The e r r o r s  

r e f e r  to standard deviations ar is ing f r o m  the finite n u v b e r  of ce l l s  ( ten)  on 

each  t rack.  The mean value of ;T fo r  a l l  antiprotons is 0.  50 f 0 .04  micron ,  

whereas  that for positive protons i s  0, 52 * 0 . 0 3  micron .  F o r  positive p r o -  
- 

t ons  with a residual range of 100 microns,  d = 0 .23  * 0.02  micron. F r o m  
-. 

t hese  f igures ,  and the expected variation of a with res idual  range,  we can 

calculate  that the average residual  range of the slow antiprotons a t  annihilation 

is  l e s s  than 10 microns ( T  5 0 . 8  Mev). 
P-  

b. Variation of c r o s s  section with velocity 

Of the 35 antiprotons observed, 14 survived to  the ends of their  r anges  

At present  the s tat is t ics  a r e  too poor to determine the variation of the anni- 

hilation c r o s s  section with velocity even over the l a s t  cent imeter  of range ,  

where  the variation of velocity with range is most  rapid.  The very  sketchy 

information available can be considered a s  follows. 

We represent  the c r o s s  section f o r  annihilation by a power law 

a = c P - ~ .  Assuming f o r  simplicity that a l l  antiprotons have the same  init ial  

range  of 12 cm,  we can then calculate by integration the expected number of 

antiprotons which, having survived 11 c m  ( o r  10 crn), should interact  in the 

l a s t  centimeter (o r  l a s t  2 c m )  for any value of m. The r e su l t s  a r e  shown 

i n  Table VII. 

The resu l t s  indicate that m i s  unlikely to exceed unity. These 

f igu res  do not depend a t  a l l  cri t ically on the a s sumed  initial range.  

Table VII. Number of antiproton interact ions for  0 = c p-m 

Expected number of Number of p -  

interact ions in m = O  I /2 1 2 interact ions 

res idual  range observed 
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IV. THE ANTIPROTON ANNIHILATION PROCESS 

A .  The Visible Energy Release in the Annihilation Stars  

In th is  section we d iscuss  the manner  in which the energy re leased  

in the annihilation process  i s  distributed. Experimentally we observe pion, 

nucleon, and occasionally K-meson emission.  The observed number of charged 

pions emitted var ies  f rom a maximum of five down to zero .  In addition to 

pions,  heavy part ic les  a r e  emitted, i, e ,  , protons, alpha par t ic les ,  and deu- 

t e rons ,  whose number (NH) and energy ( E  ) vary over  a wide range. The H 
number of charged pions emitted i s  cor re la ted  with the energy in heavy prongs.  

On the average a s t a r  with many pions shows l e s s  energy in heavy prongs 

(Section IV C), and vice ve r sa .  It appears  that the p r i m a r y  p rocess  of the 

annihilation proceeds predominantly through pion emission while nuclear  ex- 

citation a r i s e s  from pion reabsorption and inelastic scat ter ing.  Table VXII-a 

l i s t s  the visible energy releaee, '-Evis,  in a l t  the,obaer ved ant ipro tm s t a r s .  

Evis /W i s  shown in Fig.  6 f o r  the 36 individual annihilation s t a r s .  

It i s  intereeting to note that 2 1  out of 36 s t a r s  have a value of EVis/w >0. 5 .  

Table  VIII-b l i s t s  the total visible energy for s t a r s  with evidence for K-meson 

emiss ion ,  Each of these s t a r s  i s  descr ibed in detail below (Appendices II and 

HI), A few detailed examples of annihilation s t a r s  are given in Appendix I. 

B. The Pion Spectrum 

An attempt was made to obtain the energy of a l l  the observed "shower 

pa r t i c l e s ,  I' i. e .  par t ic les  with l e s s  than 1 . 4  t imes minimum ionization. In 36 

antiproton s t a r s  under discussion h e r e ,  9 3  such t r acks  were  observed and 

the i r  energy measured.  Whenever a definite m a s s  identification was possible 

these  par t ic les  were found to be pions. We have therefore  t rea ted  al l  shower 

pa r t i c l e s  a s  pions in this paper .  Table VIILA, columns 8 to 12, l i s t s  the pion 

ene rg ie s .  The energy values were  obtained from multiple- scattering m e a s -  

u remen t s .  The accuracy to which these energies  a r e  known va r i e s  considerably 

depending on dip angle and on the presence  of local dis tor t ions such a s  occur 

at the edge of pell icles.  The statist ical  e r r o r  of the energy measurements  is 

given. Some pions come to r e s t .  FOP these the energy i s  accurately known 

f r o m  the range,  and the pion charge i s  then indicated a s  rrf or  n-. For t r acks  

f o r  which conclusive measurements  were  not possible,  only energy es t imates  

(-) o r  lower l imi ts  (8 a r e  given. To obtain a reliable and unbiased pion spec-  
0 t r u m  we have f i r s t  used only pion t r acks  with dip angle < 20 ( shaded region 



PIONS PROTONS K MESONS 

F i g .  6 



Table VIII 

A. Data on antiproton annihilation s t a r s  

B. Data on antiproton annihilation s t a r s  with observed K par t ic les  

Column 1 gives the s t a r  reference number .  The f i r  s t  number r e f e r s  

to the workers  by whom the s ta r  was found and snalyzed, s ee  Section I1 B. 

Column 2 l i s t s  the number of charged pions N,*. The s t a r s  a r e  

grouped in decreasing order  of charged pions. 

Column 3 l i s t s  the number of heavy prongs NH. In each group the 

s t a r s  a r e  l is ted in the order  of increasing number of heavy prongs.  

Columns 4, 5, and 6, respectively,  l i s t  the total energy p e r  s t a r  
3 

emit ted in charged pions 22 E,* = Z ( ~ , . + t  M.,,. 3 .) and in heavy prongs 

X EH = Z (TH t EB), and the total visible energy,  EviS = Z E + + Z E H + Z E K * .  

Column 7 gives the kinetic energy of the antiproton T a t  the in t e r -  
P-  

action. We observed antiproton annihilations in an energy interval f r o m  200 

Mev down to 0 Mev ( s t a r s  a t  r e s t ) .  The kinetic energy of the antiproton is 

sma l l  compared with the Q of the annihilation p r o c e s s  

2 = 1876-8 = 1868 Mev , 12 
- E ~  

where  E i s  the binding energy of the nucleon that i s  being annihilated. B 
Columns 8 to 12 l i s t  the observed pion kinetic energy T+. 

Columns 13 to 15 give the quantities: total  energy in charged pions,  

total  energy in heavy prongs and the total vis ible  energy expressed  a s  a f r a c -  

t ion of W ,  the total available energy. Here  W = Q t Tp-. Such a normalization 

p e r m i t s  us  to consider s t a r s  a t  r e s t  and in flight on an  equal footing. 

- - 

1 2 ~ o r  annihilations a t  r e s t  when the P- must  be annihilated f rom a bound 

atomic orbi t ,  Q i s  further reduced by this  binding energy. 



Table VIII A -- 
( 1 )  

S t a r  No. 

3-13 

3-8 

3- l a  

4-9 

3 -9 

3-6 

4-ab 

3- 14 

1-3 

4- 11 

2-2 

1-5 

4-5 

5-2 

1-2 

3-5 

4-2 

3-12 

3-11' 

3-2 

4- 1 

3-10 

5-3 

2-1 

BR i d  

4-4 

1-1 

2-4 

2 - 5  

4 - l o e  

5- 1 

4-3 

3-4 

( 3 )  

NH 

0 

1 

3 

1 

1 t l r e c  

2. 

2 

4 

5 

8 

I t 1 r e <  

1 

2 

4 

4 

5 

5 

5 

0 

t 2 r e c  

4 

4 

6 

7 

7 

11 

13 

1 

6 

16 

5 

5 

+ l r e c  

n meson kinetic e n e r g i e s  (Mev)  

Table VIII B 

a ~ r o m  Ref. 4. 

b ~ e e  Ref. 2. 

'consistent wlth P* - H a n n ~ h ~ l a t i o n .  

d ~ r o m  Rei. 1. 

e ~ r o m  900 ~ e v / c  exposure,Stack 69. 

C EVIs/w 

0 . 9 0 5  

3-7 6 680 467 147 1298 152 1 x 0  52i13 135f22 0.337 0.231 0 . 0 7 3  0 . 6 4 1  

2-3 / : I 3 I 678 1 639 / 300 1 1617 I 90 1 l46r37  1 1 5341200 I -1 0. 346 1 0.327 I 0.  153 1 0 .826  I 

Z E ~ / W  

0 .062 

Z E K h  

0. 614 

Star No. 

3-3 

n meson 
k m .  energ les  

(Mev)  
2 E,/W 

0.229 

Z EH 

127 

I 

90150 

N~ 

I1 

100a50 

EvlS 

1857 

N n  Tp-  

183 2 2 

NH 

7 t l r ~ c  

K meson 
km. energies 

(Mev) 
x EK 

I 

2 Ea 

1260 

I1 

19540 470 



in F i g .  7 ) .  These pion energ ies  a r e  given in bold face l e t t e r s  in Table VIII A .  

The average piori kinetic energy obtained f rom the sample of t r acks  with dip 

angles  < 20' is 170 Mev. We a lso  evaluated the average kinetic energy f o r  

all pions i r respect ive of the dip angle. These include: 

( a )  t r acks  m'easured by the surface angle o r  gr id coordinate methods 

( s e e  Appendix IV) ,  

(b)  t r acks  f o r  which the energy was only est imated,  

( c )  t r acks  for which the lower l imi t  of the energy was  taken a s  the 

t r u e  energy. 

The  average energy of a l l  t racks  i s  18.2 Mev, 

The agreement between the two energy values i s  good and gives us  

confidence that even the measurements  of t r acks  under l e s s  favorable con- 

dit ions a r e  satisfactory. In this paper we use the value %* = 182 * 15 Mev 

and Ek* = 322 i 15 Mev a s  the average kinetic energy and the average total 

energy ,  respectively,  for  charged pions f rom antiproton annihilation s t a r s .  

W e  have evaluated the width of the distribution by computing the root-mean-.  

squa re  deviation of the distribution, and the e r r o r  on the mean was obtained 

f r o m  this .  It must  be noted that the observed pion spectrum contains some 

pions which scat tered inelastically in t ravers ing  the nucleus. Thus the average 

observed pion energy (E+) must  be lower than the average p r i m a r y  pion en- 

e r g y  (F,+) f rom the antiproton-nucleon annihilation. We have evaluated the 

ave rage  p r i m a r y  pion energy and have obtained = 346 & 20 Mev. (See 
Tr 

Section IV C-  3 ,  below). 

C.  The Nuclear Excitation 

1. .The energy givdn to lfiucleons 

The energy t ransfer  to the nucleus can be understood a s  a secondary 

phenomenon due to pion absorption and inelastic scat ter ing.  Experimentally 

we observe the energy of charged part ic les  (mainly protons and alpha par t ic les ) ,  

and  must  infer from this the total energy t r ans fe r ,  including the energy given 

to  neutrons.  The total energy t ransfer red  to nucleons i s  needed for the en- 

e r g y  balance in the annihilation p rocess  and a lso  f o r  the determination of the 

number  of pions absorbed and inelastically scat tered.  

To obtain the total  energy t ransfer  to nucleons we analyzed the ob- 

ae rved  proton apectrum (F ig .  8)  in t e r m s  of a "knock-on" p rocess  that gives 

r i s e  to fas t  nucleons ( T  > 35 Mev), and an evaporation p r o c e s s  ( fo r  T < 35 Mev) 
P P 

due  to the nuclear exc i tk ion  of the residual  nucleus.  
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-30- UCRL-3520 

We have estimated the energy t ransfer  to nucleons corresponding to 

the knock-on spectrum U by measuring the energy of protons g rea te r  than 
KO 

35 Mev, and assuming that the knock-on neutrons have the same energy spec-  

t rum a s  the protons.  The ratio of neutrons to protons for the knock-on p r o c e s s  

h a s  been taken to be n/p = ( A  - z ) / A ) ~ ~ ~ ~ ~ ~ ~ ~  ( = 1 .2 .  

The p a r t  of the excitation U EZ corresponding to the evaporation spec - 
- .  

t r u m  has  been estimated a s  follows. 13 The average evaporation energy in 

protons per  s t a r  was obtained f rom the measured ranges  for TH < 35 Mev. 

To obtain the average evaporation energy in neutrons,  a rat io  of neutrons to  

protons n/p = 4 was assumed and an average neutron energy equal to 3 Mev 

was  used. 14 

Table IX l i s t s  the average energy per  s t a r  in "knock-on" par t ic les  

UKO, in evaporatibn par t ic les  U 
EV' and the average total energy p e r  s t a r  

given to nucleons U ,  where U = U KO + 'EV = 400 * 30 Mev. The e r r o r  h a s  

been estimated f rom extreme variations on the above assumptions.  

Table IX. The average energy given to nucleons in antiproton annihilation 

s ta rs .  The nuclear excitation U i s  composed of the energy in evaporation 

par t ic les  UEV and the energy in "knock-on" par t ic les  U 
KO' 

Annihilation KO 
(Mev) . 

a t  r e s t  150 115 265h20 

in flight 290 215 505*40 

combined 2 30 170 P00*30 

1 3 ~ e n o n ,  Muirhead, and Rochat, Phil. Mag. - 41, 583 ( 19 50); K. J. Le  Couteur,  

Proc .  Phys .  Soc. (London) - 63A, 259 (1950). It must  be noted that 

the ipcomplete identification of the heavy prongs leads to an over -  

est imate of UEV by about 15%. This correct ion was obtained by com-  

paring the proton and alpha spectra  f rom sigma s t a r s .  The values 

quoted in the text were  corrected for this effect. 

14E. E. Gross ,  The Absolute Yield of LOW-Energy Neutrons f rom 190-Mev 

Proton Bombardment of Gold, Silver, Nickel, Aluminum, and Carbon 

( thesis) ,  UCRL-3330, Feb.  1956. 



2 .  Correlation of charged pion multiplicity and energy t ransfer  to nucleons 

In Table X we have grouped the annihilation s t a r s  according to the 

number of charged pions observed, NT*. There i s  a correlation between t h e  

number of pions observed and the corresponding average energy in heavy p rongs  

Z EH l isted for each group (Col. 2 and Col. 5). A similar  correlation can  be 
- - - 

observed between NTi and the average number of heavy prongs emitted, NH. 

On the average a high pion multiplicity i s  associated with l i t t le energy r e l e a s e  - 
in heavy prongs and a small  RHO In Fig.  9 we have plotted a histogram of the  

observed energy r e l ease  in heavy prongs,  and have indicated the energy c o r -  

responding to absorption of one pion, two pions, and three  pions. These d a t a  

indicate that the mechanism of nuclear excitation goes principally through pion 

absorption and i s  thus not - a p r imary  phenomenon of the annihilation p r o c e s s .  

Th i s  mechanism i s  further considered in Section IV G in relation to the con- 

sequences uf I-spin conservation. 

3 .  Pion interactions 

We have shown above that the nuclear excitation can be explained on 

the  basis  of nonelastic pion interactions with the nucleus (principally pion a b -  

sorption).  In this  section we est imate the average number v of nonelastic pion 

interactions per  s t a r .  To do this ,  the average energy t ransfer  to the nucleus ,  

U ,  i s  equated to the sum of the energy re leased  by pion absorption, av g k ,  
and inelastic scattering, bv (T - T o )  Here  v is the number of pions i n t e r a c t -  

ing with the nucleus, a and b a r e  the fractions of these pions absorbed and  

sca t te red  respectively; hence a t b = 1. Fur the r ,  i s  the average init ial  

kinetic energy of the pion and To i s  the average final kinetic energy of the in- 

elastically scat tered pions. We thus have 

Values for b and To a r e  very insensitive to the initial pion energy and can  b e  

est imated from other experimental studies of pion interactions in nuclear  emul -  

s ions.  l 5  We used the values b = 0. 25, To = 40 Mev, and solved by success ive  

1 5 ~ e r n a r d i n i ,  Booth, and Lederman, Phys.  Rev. - 83,  1277 (1951); 0. Goldhaber 

and S. Goldhaber , Phys. Rev. - 9 1, 467 ( 19 53); S. Goldhaber, Sixth 

Annual Rochester  Conference, 1956 ( to  be published); F e r r e t t i ,  Ge s-  

sarol i ,  and Stantic, P r o g r e s s  Report No. 1,  Physics  Dept. Universi ty  

of Bologna, 19 56; private communication of G. Puppi; A .  H. M o r r i s h ,  

Phys.  Rev. 90, 674 (1953); F rank ,  Gamel,  and Watson, Phys.  Rev.  
101, 892 (1956). - 
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Table  X. Average values  of c h a r a c t e i i s t i c s  of ant iproton annihilation s t a r s  

- 
T 

P -  
No.  s t a r s  

At r e s t  5 1 . 5  126 1 97  ' 112 0 2 

In flight 5 1 1555 14 17 1 202 1 

Combined 5 1 . 3  1358 3 8 131 67 3 

At r e s t  

In flight 
- 

Combined 4 3. 3 1275 119 179 65 7 

At r e s t  3 1 .' 7 11 18 58 233 0 3 

In flight 3 4 . 2  1067 9 4  2 16 156 5 

Combined 3 3 . 3  1084 8 1 222 98 8 

A t  r e s t  2 5 788 16 3 254 0 4 

In flight 2 6 . 4  49 3 19 2 106 118 7 

At r e s t  

In flight 

Combined b 1 6. 5 452 357 266 72 4 

At  r e s t  0 5 0 90 - 0 1 

In flight 0 5. 5 0 233 - 117 2 

Combined 0 5. 3 0 184 - 7 8 3 

- - - - - 

a ~ n c l u d e s  2 s t a r s  with K m e s o n s .  
b ~ n c l u d e s  1 s t a r  with K meson .  
Cover  -a l l  ave rages  



approximation for  E' and v. We obtained, for the average p r i m a r y  pion energy,  
IT 

= 346 * 20 Mev, and for the average number of nonelastic pion interactions 

p e r  s t a r ,  v = 1. 3, giving av = 1. 0 pion absorbed.  (See Table XI for details.  ) 

Table XI. The average number of pions p e r  s t a r ,  absorbed and 

inelastically scat tered.  

At r e s t  In flight Combined 

Number absorbed, 0 . 7  

a v  

Number inelastically 0 . 2  

scat tered,  bv 
-- 

Number of nonelastic 0 . 9  

interactions,  v 

D. K- Me son Production in Annihilation S ta r s  

In al l  high-energy interactions in which the energy i s  above the 

"K + Hyperon" production threshold, K mesons  have been observed. It was 

therefore  expected that K mesons should be produced in nucleon-antinucleon 

annihilations. Assuming. that the conservation of "strangeness" l 6  holds for  

the antiproton annihilation process ,  one would expect either K-K production 

o r  K-hyperon production. Only the f o r m e r  i s  possible for annihilation with a 

single nucleon, since K-hyperon production requi res  the presence  of an ad-  

ditional nucleon. 

In order  to find and identify K mesons ,  a l l  black and grey t racks  were  

carefully examined. The ends of stopping t racks  were scrutinized to detect 
t 

decay products (for K ) o r  interactions (for K-) .  F o r  t r acks  not a r r e s t e d  in  

the  stack, m a s s  measurements  were  c a r r i e d  out whenever possible.  

In three  of the antiproton s t a r s  we have found evidence for  charged 

K-meson emission. In event 3-3  we found evidence for  a K-K meson pa i r ,  

M Gell-Mann, Proceedings of the 19 55 P i sa  Conference, Nuovo Cimento 

( to  be published). 



while in events 3-7 and 2 - 3  the re  i s  evidence for a single charged K meson in 

each .  The detailed measurements  on these par t ic les  a r e  presented  in Appen- 

d ices  PI and 111. 

None of the K par t ic les  observed ended within the stack. F o r  the 

identification we had to r e ly  on ionization and multiple-scattering m e a s u r e -  

ments .  Because of possible undetected systematic  e r r o r s ,  especially in t r acks  

with l a rge  dip angles, the r e su l t s  must  be taken with caution. However, in 

one case  ( s t a r  3-3, prong 8 )  the measurements  could be per formed under 

favorable conditions. We thus believe that the evidence for a K meson h e r e  

is conclusive. 

E. Angular Distributions of Pions 

The angular correlation between charged pions has  been measured  

to  obtain fur ther  information on the annihilation process .  

F i r s t ,  for s t a r s  in flight, the forward-backward rat io  of pions ( in  

the  laboratory system) has  been measured,  and yieldk F/B = 1 . 4  * 0.4. This 

i s  to be compaced with a value of F/B = 1 . 8 ,  which has  been computed on the 

assumption that all the pions a r e  created in the p r imary  annihilation p r o c e s s  

with an isotopic distribution in the center -of - m a s s  system, neglett ing pion 

absorption. The experime'ntal distribution of pion emission a s  a function of 

space  angle 0 ( lab) ,  i s  shown in Fig.  10, together with the theoretical curve  

f o r  isotropic center-of-mass system distribution averaged over antiproton 

energy ,  F e r m i  momentum of target  nucleon, and energy of c rea ted  pions.  

Smal l  e r r o r s  in these p a r a m e t e r s  have l i t t le  effect on the expected 8 distr ibu-  

tion. 

Secondly, the angular correlation between pa i r s  of pions has  been 

measured .  The experimental histogram i s  plotted in Fig.  11. Also shown 

is the curve expected if  the pions a r e  uncorrelated (direction a t  random).  The 

good agreement  between the two makes it unlikely that there  i s  a s t rong pion- 

pion interaction that might r e su l t  in close pa i r  s .  

F. Proper t ies  of Annihilation S ta r s  

We have summarized the proper t ies  of the annihilation s t a r s  in Table 

X. The s t a r s  have been grouped according to the number of charged pions 

observed.  In columns 3 to 7 we have l is ted:  
- 
NH , the average number of heavy prongs pe r  s t a r ;  

Z , the average total  energy in charged pions p e r  s t a r ;  



Fig .  10 
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Table XII. Energy balance in average antiproton annihilation s t a r  

At r e s t  In flight Combined 

(MeV) ( Mev) (MeV) 

2 .  The Average Pion Multiplicity 

In this section we est imate the average pion multiplicity % in the an-  

nihilation process .  This es t imate  can be c a r r i e d  out by two independent meth-  

ods.  Method ( a )  employs the average number of charged pions emitted, and 

a s s u m e s  that the number of neutral  pions i s  equal to one-half the number of 

charged pions produced. Method (b)  uses  the average diargedpion energy and - 
a s s u m e s  that the average neut ra l  pion energy is the same a s  the average 

charged pion energy. The assumptions mentioned a r e  consequences of charge 

independence. The resu l t s  of these two methods a g r e e  very closely, and 

when combined give nr = 5. 3 * 0 .4 .  

Method ( a ) .  The distribution of the observed charged-pion multiplicity Nr* 

is plotted in F i g .  12. The average value of the observed pion multiplicity for 

a l l  s t a r s  i s  nr& = 2 .  6 t 0. 3. This value, when correc ted  by the efficiency 

factor  E = 1. 1 & 0. 07, can be used to obtain an es t imate  of the lower l imit  to 

the average pion multiplicity mr. Assuming charge independence, we get 

T o  get the value of % f rom this  lower l imit  we must  add the average number 

of pions absorbed. This number was shown to be 1 .0  in Section IV C-3 ,  giving 

a value for the average pion multiplicity of FT = 5. 3 =t 0. 6 .  Another es t imate  r 
of can be  obtained f rom the group of 12 s t a r s  ( F i g .  9 )  with very low visible 

energy  in heavy prongs ( Z  E < 50 Mev). If we assume that these s t a r s  c o r -  
H 

respond to - no pion absorption, the average multiplicity of charged pions, 
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which i s  3. 3 a 0. 5 for these s t a r s ,  can be used direct ly  to obtain KT, viz .  

- 
NT = (3/2)(1. 1 + 0 .07) (3 .3  a 0 .5 )  = 5 . 4 a  0 . 8  a 

Method (b ) .  An upper l imit  for  the charged-pion multiplicity is obtained by 

u s e  of the observed average pion energy ET* = 322 * 15 Mev. If we as sume  

that  the neutral  pions have the same  energy spectrum a s  the charged pions, 

then f rom energy considerations we get 

-- - 
l im NT = w F T i  = 1948/(322 * 15) = 6. 1 * 0. 3 . 

To get the value of the pion multiplicity from this  upper l h i t  we must  use the 

p r i m a r y  average pion energy E' = 346 20 Mev (Sec. IV B) instead of the IT* 
observed one. In addition we must  take into account the energy going into 

- 
p a i r  production, Z Em- = 150 120 Mev, and subtract this  amount f rom the 

total  available energy W. We thus obtain 

G . Comparison with Statistical Theories  

In this  section we compare  the observed pion multiplicity with that 

predicted by two statist ical  models,  the F e r m i  model l 7  and the Lepore-Neu- 

m a n  model. l 8  F o r  the F e r m i  s tat is t ical  model we a lso  compute the probability 

f o r  K-rrksm production. In addition we compare the observed pion energy 

spec t rum with that deritred f rom phase - space considerations.  Finally, we 

examine the consequences of I-spin conservation a s  it applies to the charged- 

pion multiplicity distribution and to the correlation between nuclear  excitation 

and charged-pion multiplicity. 

-- - - -  -- 

E F e r m i ,  P r o g r .  Theoret.  Phys .  (Japan) - 5, 570 (1950). Application to the 

annihilation p rocess .  R .  Gatto, Nuovo Cimento - 3, 468 (1956). G. 

Sudarshan, Phys.  Rev. 103, 777 (1956). We found that in this  paper - 
the factor ( ,945-) N - l  occurr ing in formula (4)  i s  in  e r r o r  and should - 

r ead  (5.2- )N- 'tnd consequently the calculations presented  were  
sb 4 A 3  

actually made for  an interaction volume of ( . 19)?r(-) . S. Belenky, 
TC 

V. Maximenko, A.  Nikishov, and I. Rosental, Pape r  presented  a t  

Moscow Conference on High Energy Physics ,  May 1956. 
18 

J. V. Lepore and M. Neuman, Phys.  Rev. 98, 1484 ( 1955). - 



1.  The F e r m i  Statistical Model 

Disregarding conservation of angular momentum and K meson  p r o -  

duction, one can write the probability of annihilation into N pi'ons a s  

-L 

where p i s  the momentum of the ith par t ic le  in units of m c;  W and c a r e  the i ,IT 
C 

total  energy and energy of the ith par t ic le  in units of mnc ; and i s  the in te r -  
3 action volume in units of (4/3)a (tr/mITc) . S is a factor taking the indistin- N 

guishability of pions into account, and TN i s  an I-spin weight fac tor .  

Lepore and stuart19 have d,eveloped a general method for  the evalu- 

ation of the integral occurring in P However, for  the relat ivis t ic  c a s e  of N' 
high multiplicity, the computation is excessively tedious. . E'ialho20 h a s  eval-  

uated the Lepore-Stuart  method in the relativistic case  by means of a saddle- 

point approximation. Although the saddle -point approximation i s  s t r ic t ly  valid 

only for high multiplicities, Fialho has  studied and determined the cor rec t ions  

necessa ry  for small  multiplicities. We have applied the saddle-point approx- 

imation to  annihilation of antiprotons into pions, and the r e su l t s  a r e  shown in 

Table XIII. 

Thus we find that for an interaction volume of about 10 to 15 no ,  which 

corresponds to an interaction radius of about 2 .  3 tl/mnc, the F e r m i  s tat is t ical  

theory ag rees  with the observed pion multiplicities, i f  K-meson production is 

neglected. 

We have also evaluated the relat ive probabilities according to tbe 

F e r m i  model including K-meson production. F o r  this we have assumed con- 

servation of strangeness i .  e.  KX meson pair  production, isotopic spin I = 1/2 

and spin S = 0. The resu l t s  a r e  shown in Table XIV. Here  again we find 

reasonable agreement with experiment for  interaction volumes of about 15 no. 

2 .  The Pion Energy Distribution 

The pure  phase-space energy distribution has  been 

means  of the expression 

1 9 ~ .  V .  Lepore and R. Stuart ,  Phys.  Rev. 94,  1724 (1954). - 
' O ~ a b r i e l  E. A .  Fialho, Thesis,  Columbia University, Nev 

computed by 

s Report  2 2 ,  Feb. 



- -- - - - - -  - -- - --- 

Table XIII. Distribution of pion multiplicit ies,  according to F e r m i  model,  

for different interaction volumes (production of K mesons  neglected) 

N.rr Probability for  annihilation into N T  pions , 
3 '  1  a'= 10 - = 1 .  

2  6 . 4  0. 1 0 . 0  

3  63. 7  5. 6  2 . 3  

4  24 .6  21 .7  1 3 . 4  

5 5 . 0  44. 0  4 0 . 6  

6 0 . 3  23. 7  3 3 . 1  

7  0 . 0  5. 1 10. 6  

Average No. 

of pions RT 

Table XIV. Distribution of pion and K-me son multiplicities according to 

F e r m i  model,  for different interaction volumes 

Probabili ty for annihilation into 

NT pions and N K mesons  K 
r%) 

Average No. 
of pions KT 

- -- - 

Probabili ty of producing a 41. 1% 17. 670 
K meson  pa i r  



N- 1 N - l -  

where  WN i s  the total annihilation energy shared  by N pions and WN I i s  the 

total  energy shared  by N-1 pions in their  r e s t - m a s s  sys tem.  The integral  h a s  

been evaluated by the saddle-point approximation method mentioned above. 

The  above formula would give the exact phase-space distribution if the annihi- 

lation proceeded only into pions. Because K mesons a r e  produced in only a 

s m a l l  fraction of the s t a r s , t h i s  i s  a good approximation to the actual phase-  

space  distributions. 

The normalized pion energy spectrum for multiplicit ies 4, 5, 6, and 

7 i s  plotted in Fig.  13. It has  been pointed out that approximately 530 of the 

experimentally observed pions a r e  expected to have lost  energy by inelast ic  

scat ter ing.  Therefore,  the plotted curves  should be slightly depressed  a t  

high energies and r a i sed  a t  low energies  to make a d i rec t  comparison with 

t h e  experimental spectrum. It i s  c lear ,  however, that a good fit may  be ob- 

ta ined with contributions from a small  region of multiplicit ies nea r  five and 

s i x  pions. 

3 .  The Lepore-Neuman Statistical Model 

This model replaces the fixed-volume cutoff of the F e r m i  model by  a 
2 2 2 2 

gaussian spatial t e r m  that i s  energy-dependent: exp ( -  x i  e i  r i/h c ), where  

t h e  ri a r e  scaling f ac to r s  characterizing each type of par t ic le  in the final 

s t a t e .  In addition the Lepore -Neuman model provides for  the conservation 
+ 

of the center of energy by means of a t e r m  6(Ci x i  c i )  It i s  shown in Appendix 

V that the probability of annihilation into N pions may  be represented  by 

T h e  integral may be evaluated a s  mentioned above. Here  again K-meson p r o -  

duction was neglected. The resu l t s  ai-e shown in Table XV fo r  severa l  values 

of the effective volume pa ramete r ,  r'TT-3/2. Thus we find that for  an effective 

volume parameter  T 
'TT 

-3/2 = 10 the Lepore-Neuman stat is t ical  model a g r e e s  

with the observed pion multiplicities if K-meson production i s  neglected. It 

has been shown by ~ o l l a n d ~ l  that effective volume pa ramete r s  of this  o rde r  

of magnitude can be used to fit pion production in nucleon-nucleon collisions.  

ID. Holland (Radiation Laboratory, University of California),  pr ivate  com-  

munic ation. 
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Table XV. Distribution of pion multiplicities, according to Lepore-Neuman 

model, fo r  various choices of the effective volume pa ramete r  T - 312 
Tr 

(K-meson production neglected) 

Probabili ty for annihilation into NT pions 

($1 

Average No. of 

pions 7?'= 

4. Consequences of I-Spin Conservation 
t o  

The probability of a given proportion of n , IT , and a -  in an annihila- 

tion giving Nn pions i s  determined, through I-spin conservation, by the initial- 

state total I spin and projection ( I ,  M ). The annihilation of an antiproton and 
I 

proton may occur in either the state (0,  0) o r  the s tate  { 1, 0) .  The annihilation 

of an antiproton and neutron occurs  only in the state (1,  -1).  Since we a r e  con- 

cerned here.  with annihilations that occur in emulsion (n/p = 1.2) ,  we have 

weighted the initial s ta tes  according to 

(1.0/2.2)[(0,  0)/2 + ( 6 ,  0 ) / 4  + (1.2/2.2)(1,  -1).  The r e s u l t s  given in Table 

XVI a r e  the probabilities of creation of a given number of charged pions in an 

annihilation of given multiplicity. We have neglected K-meson production in 

these considerations. 

We have shown in Section IV C-3 that about 20% of al l  pions created 

in the annihilation p r o c e s s  a r e  subsequently absorbed by the nucleus. Using 

this value for the probability of absorption, we have calculated the probability 

that if a given number of charged pions, Nr*, a r e  c rea ted  in the annihilation, 

a number (0,  1 * . - NT*) emerge .  This resu l t  has  been combined with Table 



Table XVI, Probability that a given number of charged pions Nr* a r e  c rea ted  

in an annihilation of given multiplicity, NTo 

- - - -- - - - - 

~ ~ / m ~ ~  1 .53  1.49 1. 50 1. 50 1. 50 1. 50 

XVI to determine the probability that NTf charged pions e m e r g e  af te r  an an- 

nihilation of multiplicity NT. We have tabulated in Table XVII the number of 

c a s e s  in a total of 33 annihilations (the number we have observed,  excluding 

those  with probable K mesons)  in which NTk charged pions emerge  for  a given 

multiplicity NT. 

It i s  seen that good agreement may be found by combining a nar row 

group of multiplicities nea r  N = 5. 

A correlation i s  expected between the number of charged pions emerg-  

ing  and the nuclear excitation. Although there  i s  a broad distribution in num- 

b e r  of charged pions a t  annihilation, the probability that charged pion absorption 

h a s  occured i s  greater  for  s t a r s  with a small  number of emerging charged 

pions than for  those with a l a rge  number.  We have used the foregoing r e su l t s  

a n d  the probability of absorption and inelastic pion scat ter ing determined in 

Section IV C to compute the average visible excitation energy a s  a function of 

t h e  number of charged pions emerging, NT*, for  given multiplicit ies NTa The 

r e s u l t s  a r e  shown in Table XVIII. The experimental values have l a rge  uncer - 
t a in t ies  because of the smal l  number of cases  and because of the broad spread  

of excitation energies for  each N,*. However, the predicted inc rease  in ex- 

citation for s t a r s  with smal l  numbers  of charged pions emerging i s  evident. 



- 
- 

Table XVII. Numbers  of c a s e s  in a total of 33 in which 

Nwf charged pions emerge  for  a given multiplicity NT 

Number Number of Calculated number of c a s e s  for multiplicity NT 

of charged cases  found 

pions, experimen- 

a 
It must  be noted that because of the 90% efficiency fo r  finding minimum 

secondaries,  the experimental distribution i s  modified f r o m  the t rue  

distribution. 

Table XVIII. Average nuclear excitation, Z EH, in charged prongs 

Experimentally Calculated values for multiplicity Na 
found values 

4 

N ~ *  E~ Number 2 3 4 5 6 7 
( Mev) of s t a r s  



H. Discussion on the Annihilation Radius 

A comparison between the average pion multiplicity (% = 5.  3) and 

the number of pions absorbed and inelastically sca t te red  ( v  = 1. 3) p e r m i t s  u s  

to est imate the solid angle subtended by the nucleus a t  the region of annihila- 

t ion, Although such an argument i s  qualitative in nature,  i t  gives a m e a s u r e  

of the average distance f rom the center of the nucleus a t  which the annihilation 

occur s .  Fur the rmore  we note, by a separate  analysis  of s t a r s  at  r e s t  and in 

flight, a difference in the rat io  of vmT indicating a difference in the average  

r ad ius  ( f rom the cent'er of the nucleus) a t  which the respect ive annihilations 

take  place.  

Qualitatively, we may discuss  these phenomena a s  follows. In the 

s t a r s  at  r e s t  we find a rat io  of ( v m r ) r e s t  = 0. 17, while for  s t a r s  in flight this  

r a t io  is (v /mJf l igh t  = 0 ,  33. This difference can be understood by the following 

argument .  F o r  s t a r s  a t  r e s t  the antiproton i s  captured into Bohr orb i t s  around 

the  nucleus and cascades down until i t  finds itself in an orbi t  from which i t  can  

annihilate with a nucleon. These orbi ts  a r e  expected to have r a the r  high angular 

momentum a t  f i r s t ,  and thus for  a l a rge  antiproton-nucleon annihilation c r o s s  

sect ion the overlap between the antiproton wave function and the nucleus causes  

the  annihilation to take place a t  the surface of the nucleus in the region of r e -  
5 .  

duced nuclear  density. These considerations can explain the smal l  pion ab-  

sorpt ion mentioned above. On the other hand, fo r  interactions in flight, the 

antiproton can occasionally penetrate to smal le r  r ad i i  in t raversing a mean 

f r e e  path in nuclear  mat te r .  The experiment indicates that for annihilations 

in flight about two pions interact  with the nucleus, on the average,  a s  compared 

with one pion for  antiprotons Ifat r e s t .  This r e su l t  pe rmi t s  us  to es t imate  a 

m e a n  penetration depth of antiprotons a t  high velocity into nuclear  ma t t e r  of 

the  order  of 3 x nucleons /cm2, which corresponds to a mean l i fe  of 

2 x sec  for  antiprotons in nuclear ma t t e r .  This picture  is supported by 

the  fact that the s ix  s t a r s  with the highest energy in heavy prongs ( Z  EH > 350 Mev) 

a l l  occur in flight. These s t a r s  can be considered a s  examples of head-on 

collisions in which the antiproton penetrated f a r  enough into the nucleus so  that  

s eve ra l  of the pions produced in the annihilation p rocess  were  absorbed by the 

nucleus.  
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APPENDIX 

I. Examples of Antiproton Annihilation Star  s 

Here we present eight projection drawings of annihilation s t a r s  (F igs .  

A. 1 - A. 8). These include one example for each value of the charged-pion 

multiplicity, one example of the inelastic scattering of an antiproton, and one 

af a possible charge-exchange scat ter .  For  each case  a table describing the 

resul ts  of the measurements on the individual prongs i s  given (Tables A.  I 

through A.  VIII). For  each prong the identity, the projected angle, the dip 

angle, and the energy E a r e  listed. For  pions the energy i s  given by 

= T t M c2,  while for protons and a part iclks i t  i s  EH = TH t EB, where 
IT l T  

E i s  the binding energy ( 8  Mev for protons and 4 Mev for  a part icles) .  B 



Table A .  I. Charac ter i s t ics  of the t racks  in Event 3-13: 

annihilation a t  r e s t ,  giving five charged pions 

Track Type Projected Dip E 

angle angle 

(degrees)  



EVENT 

F i g .  A .  1 



- 

Table A .  XI. Charac ter i s t ics  of the t r acks  in Event 4-8: 

annihilation a t  r e s t ,  giving four charged pions 

T r a c k  Type Projected Dip E 

angle angle 

(degrees )  (degrees)  (Mev) 



EVENT 4-8 

F i g .  A . 2  



Table A .  111. Character is t ics  of t r acks  f r o m  Event 1-2: 

annihilation a t  r e s t ,  giving th ree  charged pions 

T r a c k  Type Projected Dip E 

angle angle 

(degrees)  (degrees )  (Mev) 



EVENT 1-2 

Fig .  A . 3  



Table A-IV. Charac ter i s t ics  of t r acks  f rom Event 3-2: 

S t a r  A, inelastic sca t te r ,  no charged pions; 

Star  B, annihilation a t  r e  s t ,  giving two charged pions 

T r a c k  .Type projected'  Dip E 

angle angle. 

(degrees )  (degrees )  (MeV) 

S t a r  A 

S t a r  B 

Recoil 

IT 

3 Recoil 30 1 t13 



EVENT 3-2 

F i g .  A . 4  



Table A .  V .  Cha rac t e r i s t i c s  of the  t r a c k s  in Event 1 - 1: 

annihilation in flight ( T  = 185 Mev), giving two cha rged  pions 
P -  

T r a c k  TYPe P ro j ec t ed  Dip E 

angle angle 

. ( d e g r e e s )  (deg rees )  (MeV) 



EVENT 1 - 1  

MU- 12132 

F i g .  A . 5  



Table A . V I .  Characteristics of tracks in Event 4-10: 
- ,  

annihilation in flight ( T  = 206 M&& -- :,:k !, giving one charged pion 
P' 

T r a c k  Type Projected Dip E 

angle a ~ g l d  

(degrees)  (degrees)  (Mev) 



F i g .  A . 6  



Table  A.  VII. Cha rac t e r i s t i c s  of t r a c k s  f r o m  Event  4- 3: 

annihilation a t  r e s t ,  giving no charged  pions  

T r a c k  Type P ro j ec t ed  Dip E 

angle angle 

(deg ree s )  ( d e g r e e s )  (MeV) 

1 a 215 t 38 16 

353 - 1 . 5  10 2 P 

3 P 6 - 58 1 0 . 5  

135 - 56 11 4 P 



-..-*' _.--- -..-- 
ad I... *- 2 

EVENT 4-3 

MU- 12 134 

F i g .  A .  7 



Table A .  VIII. Characteristics of t racks from Event 5- 1: 

annihilation in flight (T  = 150 Mev), giving no charged pions; 
P-  

possible charge exchange 

Track Type Projected 

angle 

(degrees) 

Dip 

angle 

(degrees)  



EVENT 5-1 

F i g .  A .  8 



Appendix 11. Evidence for K- Me son Production 

A .  G8sta Ekspong and Gerson Goldhaber 

1. Event 3-3: Evidence for  the Production of a KK Meson P a i r  in the Annihi- 

lat'i'orr P r o c e  s s 

Event 3- 3 was caused by an antiproton in flight, T , = 183 Mev. The 
P 

s t a r  consists of 7 black t r acks ,  probably due to protons; one recoi l  t rack;  two 

t r a c k s  of minimum ionization, probably due to n. mesons;  and two grey t r acks ,  

one of which i s  definitely due to a K meson and the other probably also due to 

a K meson. This s ta r  i s  the only one in which we have evidence for a charged 

m- meson pa i r .  The f i r s t  K meson, t rack  No. 8, disappears  in flight in the 

middle of one emulsion af ter  a t r ave r sed  path of 24 .  7 mm. We have not been 

ab le  to find any connecting t rack,  a s  we should had the K meson decayed in 

fl ight.  It i s  most  probable that the K meson underwent a charge-exchange 

sca t te r ing  o r  an absorption without leaving any visible prongs.  The other 

t r a c k ,  tentatively assigned to a K meson, t r ack  No. 11, left  the stack a f t e r  a 

t r a v e r s e d  path of 40 m m .  

The most  ser ious  systematic e r r o r  in m a s s  measurements  by the 

mult iple  scattering-ionization method i s  caused by emulsion distortion. Such 

dis tor t ion lowers  the apparent m a s s  of par t ic les .  F o r  t r ack  No. 8 in s t a r  3 -  3 

r a t h e r  favorable conditions prevailed. The dip angle was between 11' and 17' 

in the  various plates in which measurements  were  performed.  The kinetic en-  

ergy of the part ic le  was r a the r  low, so that smal l  ce l l s  (251.1. to 1 5 0 ~ )  could be 

u s e d  for the scattering measurements .  Under these two favorable c i rcumstances  

dis tor t ion does not ser iously affect the measurements  of the multiple s c a t t e r -  

ing. The final resu l t s  of g/go and p p  determinations a r e  shown in Fig.  A.  9 .  

T h e  following correct ions have been made: dip cor rec t ions ,  noise elimination 

between del l  t and cells 2t and 3t, variation of sensitivity between p la tes  and 

with depth below the surface in each plate.  The appropriate  scattering constant 

KO was taken f rom Pickup anf Voyvodic. 22  The gap coefficient g* = g/g o h a s  

b e e n  normalized to minimum ionization by use  of the 7 0 0 - ~ e v / c  n. mesons  

r ead i ly  available in the stack. The l ines  marked  K and P in Fig.  A .  9 were  

de termined by accurate  calibrations on K mesons ( f rom a K-meson s tack)  and 

pro tons  ( f rom both the K-meson and the antiproton s tacks) .  Multiple-scattering 

measuremen t s  were performed over the ent i re  length of the t rack .  The m a s s  

"L. Voyvodic and E. Pickup, Phys. Rev. - 85, 91  (1952). 



Fig .  A . 9  



of the par t ic le ,  according to these measurements ,  is M = 10 16 * 120 me,  

where  an 8% uncertainty in the scattering constant has  been included in the 

s tandard  e r r o r s .  A m a s s  determination independent of the mult iple-scat ter-  

ing measurements  can be obtained in this case  by studying the variation of 

g/go with range (F ig .  A ,  10). It i s  evident f rom Fig. A. 10 that the measure -  

men t s  a r e  consistent with the K m a s s  and not the proton or  n m a s s .  Using 

the f i r s t  and l a s t  points, we obtain a m a s s  of 800 
+ 300 me Our conclusion 

f r o m  the evidence presented h e r e  i s  that we have observed the emission of a 

K meson f rom an antiproton annihilation reaction. 

The other  grey t r ack  in the same s t a r ,  t rack  No. 11, for which the 
0 

identification is l e s s  cer tain,  was emitted with a la rge  dip angle (74 ). The 

surface-angle method ( s e e  Appendix 9Vj was applied to determine pp, and the 

gap-coefficient method was used for g/go. The resu l t s  a r e  shown in Fig.  A.  10 

and a lso  in Fig.  A .  11 where g/go has  been converted into B/BO (blob density).  

The curves in Fig.  A. 11 marked  P and n have been obtained by calibration 

measurements  on flat t r acks  of protons and ar mesons in the same stack. If 

we as sume  that no appreciable undetected systematic e r r o r s  enter these 

measurements ,  we see  that the r e su l t s  indicate a K-particle m a s s ,  

Table A. IX gives the r e su l t s  of the measurements  on s t a r  3-3, and 

F ig .  A .  12 gives a projection drawing of it.  

If the recoi l  t rack (4) i s  excluded, the momentum unbalance in this 

s t a r  i s  920 ~ e v f c ,  which i s  directed approximately opposite to t rack  No. 4. 

Assuming the momentum of the recoi l  par t ic le  ( t r ack  No. 4) to be about A 

200 ~ e v / ' c ,  we find that the missing momentum i s  about 700 ~ e v / c  and the 

miss ing  energy about 220 Mev. These quantities can be balanced by the 

emiss ion  of one o r  more  neutrons.  Thus momentum and energy can be con- 

' s e r v e d  in this analysis,  which takes t rack  No. 11 to be due to  a K meson. 

2. Event 3-7: Evidence for  the Emission of One Charged K Meson f rom an 

Annihilation Star 

In this  event t rack  No. 3 i s  probably a K meson that left the s tack 

a f t e r  t ravers ing  17 plates.  Accurate blob counts on t rack  No. 3 were  made in 

seven plates ,  giving the initial B/BO = 1. 51 * 0. 04, and before leaving the 

s tack  the final B/BO = 1. 59 * 0.04.  As an  average over the whole t r ack  we 
0 take B/BO = 1. 55 * 0.03. The average dip angle was 18 . Measurement of 

the  multiple scattering was made over the ent i re  t rack  with cel ls  of 100, 200, 

and 300p. Unfortunately, distortion entered into the measurements ,  s o  that 



the second differences yielded too low a pp value (pp  = 160 * 18 Mev fc)  a s  

compared with that f rom third differences (pp = 238 30 Mev/c). As a check, 

a pp value f rom fourth differences was also computed, viz. , pp = 196 * 35 ~ e v  fc .  

Utilizing the surface angle method (Appendix IV), we obtained a value of 

pp = 350 * 130 ~ e v / c .  The r e su l t s  a r e  displayed in Fig.  A .  11. The m a s s  

f rom the third difference measurements  i s  M = 720 * 135 me,  and f rom su r face  

angles M = 1060 f::: me and i s  thus consistent with the K mass .  The e r r o r  

s ta ted i s  the s tandard e r r o r .  A full description of Event 3-7 is  given 

A .  X, ,and_a projection drawing in Fig. A .  13. 

in Table 
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1.2 V TRACK 3, EVENT 3 - 7  I I 0 TRACK 3 ,  EVENT 3-7,(SURFACE ANGLE METHOD) I 
TRACK II, EYENT 3 -3 

I I I I 
100 2 0 0  5 0  0 

F i g .  A .  1 1  , 



Table  A .  IX. Cha rac t e r i s t i c s  of t r a c k s  f r o m  Event  3-3: 

annihilation in  flight (T = 183 Mev), giving two charged  K m e s o n s  and  
P-  

two cha'rged-pions T ' = 183 Mev 
P 

T r a c k  TYP@ Pro j ec t ed  Dip E 

angle angle 

(deg ree s )  ( d e g r e e s )  (MeV) 

4 r eco i l  345 0 



EVENT 3-3 

Fig .  A .  12 



Table A. X. Character is t ics  of the t r acks  f r o m  Event 3 - 7 :  

annihilation in flight ( T - = 152 Mev), giving one charged K meson 
P 
and 2 charged pions 

T r a c k  Type Projected Dip E 

angle 

(degrees)  

angle 

(degrees )  (Mev) 



EVENT 3-7 

Fig. A. 13 



Appendix 111. Annihilation Accompanied by K-Part ic le  Production 

ahd with Accountable Energy and Momentum 

Har ry  H. Heckman 

Event 2 - 3 

In this  nuclear interaction of a 90 f 10 Mev antiproton, one of the 

five charged prongs emitted f rom the annihilation is probably a K meson.  

The event is of fur ther  in te res t  in that it i s  the only annihilation s t a r  observed 

i n  this  study to contain an energetic highly charged fragment.  The conserva-  

t ion of energy and momentum can be satisfied with the emiss ion  of a single 

neut ra l  par t ic le  of nea r  nucleonic m a s s  if  one a s s u m e s  that the annihilation 

t akes  place in one of the light nuclei in the emulsion and that the total energy 
2 r e l e a s e  in the annihilation p rocess  i s  2M c 

P 
The event is reproduced in F ig .  A .  14. Of the th ree  prcngs requir ing 

m a s s  determination by ionization and multiple scattering, only t rack  No. 1 

had a dip angle small  enough (6.2') to allow a measure  of pp by  conventional 
0 

methods. T racks  2 and 3 were  nearly colinear,  and had dip angles of 45.8 
0 

and - 41. 3 respectively. F o r  these par t ic les ,  the method of surface angles 

was  employed to measure  the multiple scattering ( s e e  Appendix IV). The 

ionizations of prongs Nos.: 1 to 3 relat ive to minimum was obtained by com- 

Iparing them with the 7 0 0 - ~ e v / c  incident beam pions. A s  a check on the grain 

counts of the steeply diving t racks,  the ionization plateau was  measured  (by 
f + 

u s e  of "background" p - e decays) a s  a function of dip angle. Prong 4 is a 

singly charged part ic le  (p  or d) ,  and prong No. 5 i s  a nuclear f ragment  with 

an est imated Z of about 5. Since no part ic le  was observed to  be emit ted a t  

the end of its range, we concluded that the fragment was a nucleus s table  against  

p decay.. Table A.  XI gives the resu l t s  of the analysis  of the event. Columns 

(b) and ( c )  a r e  the projected and dip angles measured  relat ive to the direction 

of the incident antiproton, and Column (d )  gives the total path length observed 

f o r  each part ic le .  Only Prongs 4 and 5 come to r e s t  in the emulsion s tack.  

The identifications of par t ic les  Nos. 1 and 3 were  deduced f r o m  F ig .  A. 15. 

The expected loci of pions, K mesons,  protons,  and charged hyperons were  

c a l c d a t e d  by use of the tables of Barkas  and Young. 2 3  Included in the figure 

a r e  severa l  nonrelated part ic les  used for  calibration purposes.  The m a s s  of 

2 3 ~ .  H. Barkas  and D. M. Young, Emulsion Tables.  I. Heavy-Part ic le  

Functions, UCRL-2579 (Rev),  Sept. 1954. 



EVENT 2-3 

MU- 12 140 

Fig .  A. 14 



AVERAGE OF ALL 
ENTERING P-\ 

Fig .  A. 15 



- 

Table A.  XI. Tabulation of data f rom the analysis of Event 2 - 3 

804*43(q 729*4 1(p) 1 172a104 z (p)  

a 
The res t r ic ted  grain density relative to minimum, L / L ~ ,  defined in Reference 1. 

b ~ h e  p-  had:- 2 .  5 * 0. 5 cm residual range a t  the point of interaction, corresponding to a kinetic energy of 

90 * 10 Mev. 
- 



prong No. 1 appears  to be slightly l a r g e r  than a proton, and it may be  ten ta-  

tively identified a s  a 2 part ic le .  The fact that no decay was observed in  a 
- 10 - 10 

p rope r  t ime of 3 x 10 second ( r  = 1. 4 + l o 6  x 10 
Z:- -0.5 

secIZ4 slightly weakens 

this  argument. The e r r o r  of the measurement ,  however, does not allow the 

par t ic le  to be statist ically resolved f rom the proton locus.  T rack  2 g ives  

strong evidence of a K part ic le  and Track  3 i s  identified a s  that of a pion. 

The features  of this event a r e  those charac ter i s t ic  of an in te rac t ion  

with a light nucleus (C ,  N, or  o).' The evidences for  this a r e  the low kinet ic  

energies  of the stopping part ic les  Nos. 4 and 5.  In each case ,  the e n e r g i e s  

a r e  considerably lower than the Coulomb-barrier heights for the heavier  

elements contained in  emulsion. On the bas is  of these arguments ,  the an-  

nihilation can be interpreted equally well by 

( A )  P-  t 0816 + p  t k t n t d t B~~~ t j$) 
\ - I 

where prong No. 1 i s  assumed to be a proton and the unobserved neut ra l  

par t ic le  a hyperon; o r  by 
t t  11 (13) p- t 0 8 1 6  -. Z- + IS + n + d +  B~ + ( n ) ,  

where prong No.  1 i s  assumed to be a Z', and the neutron i s  added to conserve  

nucleons, energy, and momentum. 

In Reaction ( A ) ,  the total energy unbalance A E  of the visible charged  

part ic les  i s  1265 * 197 Mev. The unbalance in momentum i s  388 rt 76 ~ e v  fc .  

The r e s t  m a s s  of a neutral  par t ic le  that sat isf ies  these values of energy  and 

momentum is M = 1024 & 182 Mev. This  evaluation of the m a s s  f r o m  the 

measured quantities is in close agreement  with the assumed neut ra l  hyperon, 
0 0 0 

5: o r  A ,  emitted in the reaction (the m a s s e s  of the 2' and A a r e  1196 * 3 
0 and 11 16 * 1 Mev, respectively).  The 2 m a s s  is taken to be the s a m e  as 

the m a s s  of the Z-. 

If one takes the m a s s  measurement  of par t ic le  No. 1 a t  f aceva lue  ( s o  

that we interpret  it a s  a Z part ic le) ,  Reaction ( B )  can descr ibe the annihilation. 

The total energy and momentum required to conserve these quantities a r e  

1009 * 197 Mev and 458 * 57 ~ e v / c .  The m a s s  of the neutral  pa r t i c l e  is ca l -  

culated to be 899 * 192 Mev, and, within the e r r o r ,  i s  the m a s s  of the a s s u m e d  

neutron (9 39. 5 Mev). A reaction of the type 

2 4 ~ .  Steinberger, Proceedings of Sixth Annual Rochester  Conference, 19 56, 

(to be published). 



does not lead to a sat isfactory interpretation. The total energy unbalance i s  
0 

329 It 200 Mev ( m a s s  of K E 493 Mev), and Ap = 399 * 7 ~ e v / c ,  f rom which 

the mass  of the neutral  par t ic le  i s  deduced to be -- zero.  

The analysis of the event does not enable one to distinguish between 

the modes through which the annihilation could have taken place,  namely,  the 
- 

creation of a IT - IT pai r  o r  a K - K pa i r .  In t i t he r  case ,  however, one m e m b e r  

of the pair  necessar i ly  interacts  with the remaining nucleus to produce the 

observed products. F o r  instanc,e,t! the positive pion could interact  to produce 
+ 

the K particle and neutral  hyperon inReaction (A), o r  alternatively,  the in t e r -  
t 

action of the K- with a proton could give r i s e  to the 2- and ~r in Reaction (B). 

The mechanism through which the recoiling B ~ "  fragment  attained i t s  excep- 

tionally high momentum of 695 * 8 ~ e v / c  might be explained by such a s e c -  

ondary interaction of a p r i m a r y  annihilation product.  



Appendix IV.  Measurements  of Multiple Scattering on Steep Tracks  

Much information would be lost  in the analysis  of antiproton s t a r s  if 

no  measurements  were  made on the frequently occurr ing s teep t racks .  A s  is 

well  known, the usual methods of evaluating the multiple scat ter ing become 

quite unreliable for  s teep t r acks  because of the influence of the emulsion 

dis tor t ion and also because of the l imited t rack  length in each plate.  

We have t r ied  two modifications of cur rent  techniques, i. e .  , the 

sagi t ta  and tangent methods.  'Ne will call  these modifications the grid-co- 

ordinate  and the surface-angle methods,  respectively.  Both methods a r e  

applicable to steep t r acks  in well -aligned emu1 sion s tacks.  

A .  The Grid-Coordinate Method 

Before mounting, a mil l imeter  gr id i s  contact-printed on the glass-  

to-emulsion interface of each emulsion sheet in such a way that correspond- 

ing grid coordinates on a l l  the plates a r e  accurately positioned atop one an- 

o ther .  2 5  The x and y coordinates of the g lass  exit o r  entrance point of the 

t r a c k  a r e  measured  with respec t  to those gr ids .  

The second differences of the x readings and y readings give two 

independent measures  of the scattering. The reproducibili ty of the setting 

on a grid line i s  about 2 microns .  The intrinsic e r r o r s  in the technique 

a r i s e  from misalignment e r r o r s  in the stack and f rom the variation of the 

or iginal  thickness of the pellicles.  The total e r r o r  due to these sources  i s  

about 9 microns  in y and 6 microns  in x. The bas ic  cell  t is the t rack  length 

i n  each plate.  By computing the scattering resu l t  in cell  lengths of nt 

(n  = 1, 2, 3, . . . ), one gets  es t imates  of both the noise level  and the t rue  

scat ter ing.  The formulas  used to evaluate the mean scat ter ing angle pe r  

100-micron cell ,  a r e :  

- - 180 1 < I A ~ Y I >  sin p - -  
a loo  ( t / 1 0 0 ) l / ~  J1 - cosCO cosLp 

and 

5 ~ o l d h a b e r ,  Goldsack, and Lannutti, Method for  Alignment of Stripped 

Nuclear Emulsions,  UCRL-2928, Mar.  19 55. 



where t i s  the cell length in microns ,  P i s  the t rue  dip angle, and 8 the azi-  

muthal angle with respec t  to the grid l ines .  

B. The Surfade -Angle Method 

The practicability of this  technique depends upon the assumption that 

the direction of a t r ack  a t  the surface i s  retained in the processed  emulsion. 

The projected entrance angles a r e  measured  with respec t  to well-aligned 

grid l ines ,  tabs,  2 6  o r  some other re ference  l ines.  As the t r ack  sca t te rs ,  

the variation of the projected surface angles i s  a measure  of the multiple 

scattering. If A8 i s  the mean deflection in the p r o ~ e c t e d  angle pe r  pellicle, ( )  - 
then the mean scattering angle pe r  100-micron cell, a l o ~  i s  given by 

where p i s  the dip angle and T i s  the original emulsion thickness in microns.  

The evaluation of the "noise level" was  performed by studving the dependence 

of A8 on cell lengths ( t r ack  length in each pellicle) in multiples of 1, 2, C > 0 

3, . . . . The es t imates  of the noise var ied between 0 .2  5' and 0. 5 in var ious 

stacks for individual A8 measurements .  

Although the measurements  a r e  ra ther  difficult and l imited in s ta -  

t is t ics ,  we feel that the methods do give satisfactory r e su l t s .  The reliabili ty 

of the new techniques has yet to be fully explored, but a s  a check, we have 

measured the pp of the secondaries f rom K mesons and slow pions having dip 
0 

angles from 8 to 53'. The pp of the secondaries f rom Kn2 and K a r e  165 @ 
and 2 14 ~ e v  fc ,  respectively,  and the pp of the slow pions a r e  known from 

their ranges.  The resu l t s  a r e  given in Table A.  XII. 

A further check i s  obtained by comparing the rr-meson energy dis-  

tribution in the antiproton s t a r s  (Section IV B) for steep t r acks  with that for  

flat t racks .  The two spec t ra  show a r a the r  good over-all  agreement .  

26  
Birge, Kerth, Richman, Stork, and Whetstone, Technique s for  Handling 

and Processing Emulsion Stacks,  UCRL-2690, Sept. 19 54. 



Table A.  XII. pp of dipping t racks ,  measured by the surface-angle method 

Part icle  Dip angle PI32 
(degrees)  measured 

( ~ e v / c )  

P P 9 

known 

( 

Klr2 Secnndary 
8 

KT2 secondary 53 .3  

secOndar 
3 3  

pion 45 .7  



Appendix V .  The Lepore-Neuman Statistical Model 

Ne s t a r t  with the following expression for the probability of annihila- 

tion into N pions according to the Lepore-Neuman model. 
18 

P~ 
= const. SN TN d 3 p i d 3 x i 6 ( ~  - z E ~ ) ~ ( z < )  x 

i= 1 i i 

2 2 
7 X. E . )  

After the spatial integration i s  ca r r i ed  out, we obtain 

We def'r'ne and energy by means of the expression 

F o r  large multiplicities approaches the pion r e s t  m a s s  energy. We wish to 

compare ;with the average pion energy, w / N ~ ,  at  low multiplicit ies.  Holland 
2 1 

h a s  evaluated the integral in the numerator  of the above expression for  mult i -  

plicit ies NT = 2 ,  3 ,  4. The evaluation of the denominator has  been descr ibed  

in  Section IV G. 1. The resu l t s  a r e  shown in Table A .  XIII, where ; and W/N= 

a r e  given in pion r e s t  energy units. 

The near  equality of and the average pion energy, w/N=, m a y  a t  
- 3 

f i r s t  seem surprising since the t e rm ( c i )  favors  low energies .  However,  

because of the t e rm that provides for the conservation of energy, high ene rg ie s  

must  be equally favored. Thus the above equality i s  reasonable although p e r -  

haps  accidental. It should be noted that the procedure descr ibed above i s  ap-  

plicable only in cases  where al l  par t ic les  in the final state have the s a m e  m a s s ,  

a s  in the annihilation p rocess  involving pions only. 

The expression for P in Section IV G. 3 has  been obtained by means  
N 

of the substitution 7 = W/N= . 



Table A. XIII. Comparison between a s  defined above and calculated f rom 
a W the r e su l t s  of Holland and the average pion energy -. All energ ies  a r e  

2 *r 
expressed  in units of MITc - 

- 
E W/% 

2 6. 8 6. 8 

3 4 . 5  4. 5 

4 3 . 5  3 . 4  

13.  4 1 . 0  1 . 0  
- 

a See Ref. 2 1. 



FIGURE CA 

Fig .  1. Antiproton ranges (experimental points) a s  a function of the point of 

entry in the stack. Calculated range-momentum curves  (solid l ines)  for  

par t ic les  of 0 .95  M 1 M and 1. 05 N respect ively.  
P ' P ' P ' 

Fig. 2. Percent  opacity ve r sus  residual range for  protons,  deuterons,  and 

antiprotons. Deuteron ranges  have been divided by 2 .  

F ig .  3.  A.  Observed antiproton path length ve r sus  kinetic energy. B. The 

number of observed annihilations in flight; number of sca t te rs  in each en-  

ergy interval. 

F ig .  4. Elastic Scattering. Distribution of space angles of scattering observed  

in ( A )  158. 3 cm of antiproton t rack  in energy interval 50 to 200 Mev, (B)  97 c m  

of positive proton t rack  in energy interval 50 to 100 Mev. 

F ig .  5. Distribution in 3 f rom constant- sagitta multiple -scattering m e a s u r e -  

ments .  (A) antiprotons f rom 0 to 150p, ( B )  positive protons f rom 0 to  

150p, ( C )  positive protons f rom 100 to 250p. 

F ig .  6 .  Visible energy r e l ease  in antiproton annihilation s t a r s ,  expressed  

a s  a fraction of the available energy. The s t a r  re ference  number i s  given 

for each entry.  

Fig.  7 .  Charged-pion energy spectrum from annihilation s t a r s .  ( T r a c k s  

with dip angle l e s s  than 20' a r e  represented in shaded portion. ) 

Fig.  8. A .  Energy spectrum of heavy part ic les  f rom annihilation s t a r s .  All 

unidentified t racks  were  considered to be protons.  (Spectra f rom s t a r s  a t  

r e s t  a r e  represented in shaded portion. ) B. Proton energy spectrum below 

35 Mev empirically cor rec ted  by eliminating contribution of a pa r t i c l e s .  

Dotted curve has  been calculated from evaporation theory for  UEV= 170 

Mev. 

Fig.  9 .  The distribution of the visible energy in heavy prongs pe r  s t a r .  The  

a r rows  indicate the expected visible energy r e l ease  in heavy prongs due to 

the absorption of 1, 2 ,  o r  3 pions. (For  average pion total energy of'322 

Mev. ) The upper scale  includes the energy given to neutrons.  

Fig.  10. Experimental distribution of pions f rom s t a r s  in flight vs  space  

angle 8 ( lab) .  Theoretical curve computed for  isotropic distribution in the 

c .  m .  system, averaged over antiproton energy, F e r m i  momentum of t a r -  

get nucleon, and energy of created pions. 

Fig.  11. Number of pion p a i r s  a s  a function of the angle between p a i r s .  

Theoretical curve shows distribution expected i f  the pions a r e  emit ted 

independently . 



Fig.  12. Distribution of the observed charged-pion multiplicity ( f rom annihi- 

lation s t a r s ) .  S tars  a t  r e s t  a r e  represented by shaded portion. 

Fig .  13. Pion energy spectrum. Histogram shows experimentally found 

charged-pion spectrum. Solid curves a r e  computed f r o m  the F e r m i  s t a -  

t is t ical  model for pion multiplicities of 4, 5, 6, and 7. 

F i g .  A .  1. Projection drawing of annihilation s t a r  for  Event 3- 13, giving 

five charged pions. 

F i g .  A .  2. Projection drawing of annihilation s t a r  for  Event 4-8, giving four 

charged pions. 

F i g .  A .  3. Projection drawing of annihilation s ta r  for  Event 1-2, giving three  

charged pions. 

F ig .  A .  4. Projection drawing of annihilation s t a r  for  Event 3-2, giving two 

charged pions, inelastic scattering of p - .  

F i g .  A .  5. Projection drawing of annihilation s tar  for Event 1 - 1, giving two 

charged pions. 

F ig .  A .  6 ,  Projection drawing of annihilation s t a r  fo r  Event 4-  10, giving one 

charged pion. 

r i g .  A .  7 .  Projection drawing of annihilation s t a r  for  Event 4-  3, giving no 

charged pions. 

F i g .  A. 8. Projection drawing of annihilation s t a r  for  Event  5- 1, giving no 

charged pions, possible charge exchange. 

F ig .  A. 9 .  Ionization vs multiple-scattering measurements  on Tracks  8 and 

11, Star  3-3. g* is the gap coefficient a s  normalized to minimum ioniza- 

tion (700 ~ e v / c  .rr mesons) .  

F i g .  A.  10. Ionization vs  variation in range for  Track  8, Star  3-3. The 

curves a r e  those expected for  protons,  K mesons,  and IT mesons normalized 

to the value of g* at  the point of disappearance in flight of t rack  8. 

(g* = 4. 37). The m a s s  determination was c a r r i e d  out fo r  the f i r s t  and 

l a s t  points. The width of the rectangle a t  R' = 18 m m  indicates the un- 

certainty in range due to the e r r o r  in g* for the point a t  R' = 0. 

F i g .  A. 11. Blob density v s  pf3 measurements  on Track  3 in Star 3-7 and 

Track  11 in Star 3-3. 

F i g .  A .  12. Projection drawing of annihilation s ta r  for  Event 3-3, giving two 

K mesons,  two pions. 

F i g .  A .  13. Projection drawing of annihilation s t a r  for  Event 3-7, giving one 

K meson,  one pion. 



Fig .  A .  14. Projection drawing of annihilation s t a r  for  Event 2 - 3 ,  showing 1 

K meson, 1 pion. 

F ig .  A .  15. Ionization versus  multiple scattering measurements  on calibration 

pions and protons and Tracks  1, 2, and 3 in Event 2- 3 .  




