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Radiation Laboratory and Department of Phys ics  
University of California, Berkeley, California 
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We have continued work on antiproton interactions in photographic 

emulsions. Most of the data come f rom an exposure a t  the Bevatron to an 

enriched antiproton beam of 7'00 ~ e v / c  momentum. In this paper we p resen t  

the analysis of 221 antiproton s t a r s ,  95 of which occur red  in flight. We find 
-13*1/3 2 

anan t ip ro tonc ross  s e c t i o n o f ( 1 . 9 *  0.2) a where d~ = 1 ~ ( 1 . 2 . X 1 0  
-I o 9  o 1 . - 
L. c m  , for all the elements in emulsion, excluding hydrogen. The p r i m a r y  ant i -  

proton annihilation gives r i s e  to 5.36 & 0.3 pions on the average. Of these 

pions, 1.3 and 1.9 interact with the nucleus for the s t a r s  a t  r e s t  and in flight 

respectively. For  s t a r s  a t  r e s t  the energy available in  the annihilation in  

complex nuclei i s  divided up among the products as  follows: charged pions, 

48 * 6 % neutral  par t ic les  (other than neutrons and K O  mesons)  28 * 7% ; 

K mesons 3 & 1.5%; and cascade nucleons and nuclear excitation 21 * 2% 

For  the s t a r s  in  flight the corresponding percentages a re :  45 A 7% 

22 * 7 % ,  3 * 1.5 70 and 30 It 2% To fit  the average pion multiplicity, the 

interaction radius of the F e r m i  s tat is t ical  model must  be  taken a s  2.5%/m c. 
Tr 

Other proposals to explain the l a rge  multiplicity a r e  discussed.  We deduce 

f rom the fraction of pions interacting in the same  nucleus that the annihilation 

takes place at the outer fringes of the nucleus. 
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I. INTRODUCTION 
1 

In the "Antiproton Collaboration Experiment" (ACE) the antiproton- 

nucleon annihilation process  was discussed on the bas is  of an analysis of 36 

antiproton s t a r s .  We have c a r ~ i e d  out fur ther  exposures of nuclear  emulsions 

i n  the antiproton beam a t  the Bevatron, in par t icular  with an enriched beam, 

which have yielded 185 additional antiproton s t a r s .  In this paper  we d iscuss  

the analysis of these 221 antiproton s t a r s .  3 

By use of the separated beam the rat io  of antiprotons to  background of 
5 

minimum-ionizing part ic les ,  which was initially 1/65 )( 10 ), becomes 
4 

1/(5 X 10 ); the background part ic les  a r e  now mainly p mesons  and electrons.  

The antiprotons enter the emulsion stack with a momentum of 700  * 20 

~ e v / c .  At this momentum they have a grain density g/g 2 and a r e  easi ly  
0 

distinguishable f rom the background of minimum part ic les .  They can either 

interact  in flight o r ,  af ter  t ravers ing  a range of 13 * 2 cm of emulsion, i n t e r -  

ac t  at  r e s t .  Details on the exposure geometry and beam separat ion and com- 

position a r e  given in Appendix I, and those on track-following and prong- 

measuring techniques and c r i t e r i a  in Appendix 11. Of the 221 antiproton s t a r s  

discussed here  9 5  occurred in flight, thus yielding information on the antiproton 

c r o s s  section; the 126 remaining s t a r s  occurred af ter  the ant iprotonsl 'came to 

r e s t .  I' W e  considered an interaction to occur at r e s t  when no evidence for  any 

residual momentum could be obtained f rom measurements  on the antiproton 

t rack  at the annihilation s t a r ,  In this work the lowest measurable  kinetic energy  

was T- " 10 Mev. The analysis i s  ca r r i ed  out separately for  the s t a r s  a t  
P 

r e s t  and in flight, a s  well a s  for the two cases  combined. 

d. q. 

Work done under the auspices of the U. S. Atomic Energy Commission; 

'supported in par t  by the Miller Institute of Basic Research ,  University of 

California, Berkeley, California. 

'NOW at Ecole Polytechnique, P a r i s ,  France .  



The general fea tures  of the antiproton annihilation p rocess  a r e  s imi lar  

to those discussed in  ACE. With the improved s ta t i s t ics ,  however, we have 

found a reduction of the KE abundance. 

On the basis of this work we understand the annihilation p rocess  for  

our combined (i. e. , s t a r s  a t  r e s t  and s t a r s  in flight) sample  i n  complex 

nuclei to proceed a s  follows: The antiproton annihilates with a nucleon and 

<N > = 5.36 k 0.3 pions a r e  emitted on the average with an average total 
lr 

energy of Qrr> = 350 * 18 Mev p e r  pion. In 3.5 + 1.5% of the interactions 

a KT- pa i r  i s  emitted. An average number v = 1.6 k 0.1 of the annihilation 

p o n s  interact  with that nucleus in which the annihilation occurs ,  giving r i s e  

to nuclear excitation and nucleon emission. Some of the interacting pions 

a r e  absorbed and some lose  energy owing to inelastic scat ter ing.  The average 

number of protons emitted pe r  annihilation i s  eH> = 4.1 & 0,3, and the c o r -  

responding total average energy re lease  in protons and neutrons i s  

U = 490 & 40 Mev. Of the v interacting pions ( I - a )  v = 0.4 a r e  inelastically 

scattered. This degrades the p r imary  pion energy to <Ed = 339 18 Mev, 

which i s  the observed average pion energy. On reasonable assumptions for  the 

efficiency of charged-pion detection, c = 0.90 * .05, we calculate the number 

of neutral  pions in good agreement  with charge independence. There  i s  thus 
0 

ve ry  l i t t le leeway in the present  data for an additional singlet  lr with in- 
+ 0 - 

tensit ies comparable to the no  f r o m  the n n n t r iplet  unless  we ascr ibe  to  
0 

this  hypothetical par t ic le  an interaction very different f r o m  the normal  rr . 
We observe a difference in  the number of pion interactions for  s t a r s  at  r e s t  

and in flight, which we in terpre t  a s  a deeper penetration into the nucleus by 

antiprotons in flight. 

The pion multiplicity <N > does not ag ree  with the F e r m i  s tat is t ical  
IT 

model directly if we as sume  the normal  interaction volume R of radius 0 
r o  = h / m  c. As in ACE, agreement can, however, be  obtained with the 

'IT 

F e r m i  statist ical  model  in which the pion interaction radius i s  taken to be 

2.5 k / m  c.  We call this  the normalized F e r m i  s tat is t ical  model. Thus 
IT 

except for  the KE abundance the normalize'd F e r m i  model-gi-vee. good agree-  

ment  with al l  the detailed features  of the experimental data. However, the 

present  statist ical  accuracy  and the e r r o r s  a r i s ing  f r o m  the difficulties in 

dealing with complex nuclei  do not permi t  u s  to ru le  out other multiplicity 

distributiclns giving the s a m e  value for 



Many authors have criticized--and for  good reasons--thi s d i rec t  

application of Fe rmi ' s  model, and have proposed several  modifications which 
4-10 

would yield a high multiplicity even with normal values fo r  the volume. 

Among the factors to be taken into account a r e  the nonadiabatic na ture  of the 

annihilation with respect  to the period of the pionic clouds, the interaction 

of the escaping pions, a n  d. conservation theorems neglected in Fe rmi '  s 

model and others.  In spite of these attempted refinements we st i l l  do not have 

a complete theory of the annihilation process .  



II. THE ANNIHILATION CROSS SECTION 

By following the antiprotons along the t r ack  we obtain the mean f r ee  

path for  annihilation with the nuclei in  the photographic emulsion ( see  Appendix 

I1 for details) .  In the work reported he re ,  combined with 4 3  m e t e r s  of t rack 

studied in  ACE, a total of 17.6 m of identified antiproton t rack  length was 

followed. In this t rack length 9 5  annihilation events in flight have been 

observed (including 20 events f rom ACE). We have made a special  effort in 

this work to determine the energy of the interacting antiproton even when it 

was low. Both integral gap-length measurements  and constant- sagitta 

measurements  were  made on all  antiprotons that appeared to be coming 

to r e s t  ( see  Appendix 11). By these means we were  able to detect interaction 

in flight down to a residual range of 0.5 m m ,  which corresponds to 

T- 10 Mev. For  kinetic energies  above 40 Mev (residual  range 2 6 m m )  
P 

interactions in flight can be detected reliably by inspection. Six such events 

were observed in  the energy region 10 < T- < 40 Mev. Table 1 gives the detai ls  
P 

of the path-length distribution and the number of annihilation events observed. 

In principle,  data such a s  those shown in Table H should allow us  to  determine 

the annihilation mean f r ee  path a s  a function of antiproton kinetic energy. 

Unfortunately i t  i s  not possible,  with the present ly available s ta t is t ics ,  to 

d iscern  reliably any energy dependence of the c r o s s  section. The at t ract ive 
11 

Coulomb field will, in a c lasi ical  picture,  deflect the incoming antiprotons 

so  a s  to inc rease  the c r o s s  section by a factor 1 + v ~ / T -  . Here  Vc i s  the 
P 

Coulomb potential evaluated a t  a nuclear radius corresponding to the anti- 

proton c r o s s  section at energies  TF >> Vc. In emulsion, for the heavy 

elements we have V = 9 Mev and for the Bight elements V = 2.5 Mev. In 
C C 

addition, owing to nuclear effects, a l/v law might be expected a t  energies  where 

only s waves a r e  important. i. e. , for  A) R, where R i s  the interaction 

radius,  The corresponding energy i s  T- < 1 Mev even for  the Pfght elements 
P 

C, 0, and N in the emulsion. In this work we would thus not have distinguished 

interactions a t  1 Mev f rom those occurring a l te r  the antiprotons a r e  bound in  

atomic orbits.  

The over-all  mean f r e e  path in nuclear emulsions,  we now find, i s  

4- = 18.6 * 2 cm, which corresponds to an average energy of /T- 
P \ P 

In t e r m s  of an average c r o s s  section (excluding the hydrogen content in emulsions)  



this can be expressed a s  u- = (1.9 * 0.2) uO, where u i s  given by 
-13 2 2/3 P2 0 

= n (1.2 x 10 ) A crn . Actually we do not expect the law to 
0 

hold s t r ic t ly  for  antiproton interactions. The e r r o r s  quoted a r e  the s ta t i s t ica l  

standard deviations only, and do not include the smal l  systematic  e r r o r s  due 

to contamination by positive protons ( see  Appendix II), 

A description of the elastic and inelastic scat ter ing p rocesses  f r o m  

complex nuclei as  well a s  the elast ic  scat ter ing from hydrogen, f o r  the 

present  antiproton sample,  has  been published. 12, 13 



Table 1 

The distribution of antiproton path length, number of annihilation events,  and 
mean f r e e  path in emulsion with antiproton energya 

Path length 
(cm) 

Number of 
annihilati on 

events 

Mean 
f r e e  path 
(cn2) 

a 
In this compilation we have not included path length on P even@(a's this  would 

introduce a small  contamination of positive protons) althoughPthe three  i n t e r -  
actions with N$= 0 and ZEH ( T- a r e  included ( s e e  Appendix 11). Correc t ions  

P 
for  these effects (which have not been applied) would decrease  the c r o s s  sect ion 
b y 2 *  1%. 



IiI. THE PRODUCTS FROM THE ANNIHILATION STARS 

A. Pions 

1. The Charged-Pion Multiplicity 

The observed charged-pion multiplicity distribution i s  given in Fig. 1. 

The average vaIues are:  (N,+) = 2.50 + 0.26 a t  r e s t ;  ( N ~ + )  = 2.30 + 0.28 
14 

in flight; and (N,&) = 2.41 + 0.19 all  combined. In these  figures no . . 

corrections have been made  for the presence of possib1.e additional Fn events,  
I' 

estimated a t  Z t 3  % of the s t a s  at  r e s t .  Neither have we correc ted  for the 
-2 

possible presence of positive protons and antiproton charge-exchange events ,  

which we estimate a s  2 + 17% in the sample of the s t a r s  in flight ( see  Appendix 

I1 for details on these est imates) .  

2. The Pion Spectrum 

To obtain the pion spec t rum we have c a r r i e d  out multiple-scattering 

and grain-count measurements  on al l  prongs that do not end in the emulsion, 

with dip angle P < 20'. This se rves  to identify the prongs a s  light mesons  

(considered as pions) and also to give their  energy ( f rom pp). For  pions in 

the same dip-angle interval  that come to r e s t ,  the range-energy relation was 

used for determining their  energy. We noted, however, that some residual  

distortion effects were present  even after application of the third-difference 

method in the pp determination. The distortion effects tend to reduce the 

value of the average energy of the pion spectrum. In order  to minimize 

these effects in the pion spectr&, we limit  ourselves to  only those pions with 

dip angle \< 15'. The resulting spec t r a  at  r e s t ,  in  flight, and all  combined 

a r e  given in Fig. 2. To obtain the bes t  value of the average  pion energy (T,) , 
two correction t e r m s ,  wl and w have to be added to the r aw values 2, ( T r ) r a w  
obtained experimentally. The fir s t  correct ion t e r m ,  w l ,  i s  a correct ion f o r  

residual distortion effects even af te r  limiting ourselves to only those with dip + 

0 
angle P _( 15 . This was estimated by comparing /T \ for  various pion 

\ n/ r a w  
dip-angle intervals,  and gives w1 = 10 & 5 Mev, The second correct ion t e r m ,  

w2, i s  due to the energy dependence of the charged-pion detection efficiency. 

As described in Appendix 111, we find w2 = 7 * 2 Mev. 

The over-al l  correct ion i s  thus an inc rease  of 17 Mev or  roughly 10% 

which we apply to each value of (T Table I1 gives the average pion 
TT raw 

energies,  raw and cor rec ted ,  for cnargeci-pion muitipiicity N * = 1-2, 3,  and 
lT 



4-6, for s t a r s  at  r e s t ,  in flight, and combined. We note a dependence on 

N &, indicating that the s t a r s  with low N & a r e  due, in  pa r t ,  to low values 
Tr KT 

of Nn and thus have higher average energies.  The corresponding values 

computed f r o m  the F e r m i  s tat is t ical  theory a r e  also given (see Section IV C ) .  

t -  
3. The rr /n Ratio 

All pions of grain density g/gO 3 1.3 (T  90 Mev) were  followed 
ar 

systematically in this experiment ( see  Appendix 11). Of those pions followed, 

76 came to r e s t ,  giving ei ther  the IT- p-e decay charac ter i s t ic  of positive 

pions (22 c a s e s )  o r  the a s t a r  and p endings charac ter i s t ic  of negative 

pions (53 cases) .  In one c a s e  the sign of the pion charge  could not be de- 

termined.  The study of these ending prongs provides the bes t  d i rec t  evidence 

for  our  identification of the emitted part ic les  a s  T mesons  ( see  Appendix 

IV for  details) .  

< t 
In the energy interval 20 Mev < T \ PO0 Mev we obtained a sr /X 

KT 

- 20/44 = 0.45 & 0.12. The corresponding energy rat io  of (nt/'n-L.i.iment- 

spec t r a  of the pions whose charges were identified a r e  given in Fig. 3. To 
t -  

in te rpre t  our  observed ar /-rr ratio,  we must  r emember  that we have this 

information only fo r  the low-energy p a r t  of the ent i re  pion spectrum, and that 

the probability of pion escape f rom the emulsion s tack inc reases  with in- 

c reas ing  energy. Thus, since we cannot determine the sign of the charge 

of a pion leaving the stack, even within the energy interval  considered he re ,  

the fraction of pions whose s ign can be  identified dec reases  rapidly with 

increasing energy. In the energy region where identification of sign i s  

possible we observe a mixtur e of pions f rom the p r i m a r y  annihilation p rocess  

and pions that have undergone inelastic scat ter ing in the parent nucleus. 

Considering the annihilation of an antiproton with a bound nucleon, we observe  
t -  

that in a p + "p" annihilation we have R /TT = 1, while in a p t "n" 
+ - 

annihilation n /IT i s  0.56. These values follow direct ly  f rom charge con- 

servation. In annihilation with a neutron, the number of negative pions m u s t  

exceed by  one the number of positive pions. If we take the average p r i m a r y  

number of charged pions a s  2 / 3  IN - 3.5 we obtain the above resul t ,  i. e. 
\ IT. ) v  

*'/IT- = 1.25/2.25 = 0.56. Thus in  the emulsion nuclei, taking into account 

the {n/p) ratio,  we expect nt/n- = 0.76 for those pions due to the 





annihilation process  directly. Below 20 Mev this rat io  will be reduced by 

the Coulomb effect. F o r  the pions sca t te red  inelastically we can note 

f r o m  experimental data (see Appendix VI  for  details): 

( a )  that negative pions a r e  sca t te red  f r o m  emulsion nuclei  with higher 

probability than positive pions; 

(B.1 that the negative pion spectrum peaks at  a lower energy than the 

positive one. The inelastically scat tered pions in this energy in terva l  thus 
t -  0 

tend to have a low n /n rat io ,  which we est imate as  - 0.22. In addition we 

est imate,  taking into account the energy dependence of the probabili ty of pion 

escape f rom the emulsion stack, that ~ 2 7 %  of the pions in  the energy  interval  

discussed he re  a r e  due to  inelastic pion scat ' ie~ing.  The over-al l  expected 
t 

ra t io  i s  thus estimated a s  (n / n m )  = 0.58. This i s  within one s tandard 
c alc 

deviation of the observed rat io  in the same  energy interval.  

4. Angular Distributions 

a .  Pion- emis  sion angles 

If we examine the angular distribution s f  the pions relat ive t o  the anti- 

proton direction we obtain an isotropic distribution for the s t a r s  a t  r e s t  a s  

expected (Fig,  4a). For  the s t a r s  in flight (Fig.  4b) we do not observe  any 

anisotropy other that what i s  expected owing to the center-of-mass motion, 

The forward-backward rat io  in flight i s  F/B = P - 2 2  * 0.17, compared  with 

F/B = 1.33 expected f rom the center-of-mass motion of the antiproton- 

nucleon system. 

b. Pion-pion angle distribution 

F r o m  the dip- and projected-angle measurements  pe r io rmed  on al l  

charged mesons we have computed the angle 4 between each charged pion pa l r .  We 
TTTr  

must  remember  he re  that the neutral pions a r e  not o b s e ~ v e d  in this  work, 

that 2 0.8 charged pion i s  absorbed p e r  s t a r  on the average, and that some 

a r e  sca t te red  inside the nucleus before emission,  

In Fig. 5 we give the distribution of a l l  the charged plon-pion angles 

,plotted against cos r+ We have examined this distribution for s t a r s  a t  
7 r T T  ?TIT' 

r e s t  and in flight separately and also a s  a function of N . W e  have not ob- 
Tr 

served  any pronouned difference f o r  these various cases  and a r e  thus presenting 

the combined distribution. Table 111 gives the rat io  y of the number of plon- 
0 pion angles l a rge r  than 90° to those smal le r  than 90 



As can be seen f r o m  Fig. 5 and Table 111, pair angles) 90' a r e  

preferred.  This may be  attributed simply to  conservation of momentum and 

energy, as  can be seen  by the followmg oversimplified geometr ical  argument .  

Assume all momenta equal In magnitude. Then for each value of N we can  
iT 

compute the average pion-pair angle (+rrn) for the symmetr ical  si tuation 

which automatically conserves momentum. Thus for Nr = 2 we obviously 

get ($ ) = 180°, and N = 3 , 4 ,  and 6 we get the angles for  the equi lateral  Im Tr 
triangle tetrahedron and cube--i. e. , ( ). = 120°, 1 0 9 . 5 ~ ~  and 108O 

'KIT 

to 

le te  

respectively. Thus we see  that energy-momentum conservation l eads  

values for (+nn)>900 or  rat ios  y > 1. 

Pion-pion forces  could influence this distribution, but no comp 

calculation of this problem has  been done. 

B. K Mesons 

The percentage of s t a r s  emitting K mesons  i s  smal le r  than e a r l i e r  

es t imates  of - 1 0 ~ i n d i c a t e d " ~  (the es t imate  now i s  3*5 + 1.5%). F r o m  work 

with stacks No, 7 2  and No. 78 we feel that the identity of K mesons  could 

not be uniquely established for  dip angles > 30', We have thus es t imated  

lower and upper l imits  to the number of s t a r s  with K mesons.  Tabke IV 

gives some of the relevant data on the K mesons  together with the reliabili ty 

of the identification ( see  a l so  A,ppendix V).  F o r  the lower l imit  we take the  
0 

actual number of s t a r s  with definitely identified K mesons of dip < 3  0 , 
namely three.  Since this corresponds to only half the total available solid 

angle, the expected number of s t a r s  is six. In the upper l imit  we have included 

all  s t a r s  with prongs that might possibly be  K mesons,  namely nine. To 

deduce the total number of s t a r s  with ME p a i r s ,  allowance must  now be made  

for  KE production in which no charged K meson i s  emitted f r o m  the nucleus.  
0- 0 Here we get zi contribution f rom K K pa i r s ,  which i s  estimated a t  ~ 1 6 %  of 

all the s t a r s  with KK pa i r s ,  
0- 

l 5  and f rom K K pa i r s  in which the ~ ~ r n e s o n  

i s  absorbed by the nucleus, estimated at  ~ 8 7 0  of a l l  s t a r s  with KE p a i r s .  We 

thus obtain the estimate that 3.5k 1.570 of a l l  antiproton s t a r s  emit  KE meson  

pa i rs .  Evidence for a pa i r  of charg,ed K mesons  was obtained in one c a s e  
1 only (event No. 3-3).  If we consider the possibil i ty of antiproton annihilation 

in the presence of a second nucleon, we may a lso  expect the react ion 



Table III 

0 Ratio of the number of pion-pion angles grea ter  then 90 to those smal l e r  
Yo 

than 9 0  , and the average pion-pion angle (4 ) , as  a function of cliarged pion 
T17T multiplicity. 

N k At r e s t  In flzght Combined 
TT 

NO. of y <-i in)  NO. of (+an) NO. of Y 
pa i r s  pa i r s  pa i rs  



Table IV 

Data on K mesons (including ambiguous cases)  f rom antiproton s ta r s  

Event 
no. 

Prong Dip Available 
no. angle path 

(degrees) (cm) 

T~ 
Terminal  Comments 

(MeV) 
behavior 

disappears definite K (a) 

in flight 

decays a t  definite K see  
r e s t  Appendix V 

leaves stack definite K 

leaves stack uncertain identi- 
fication 

leaves stack uncert i identi- 

. , 

?a7 Eication 

leaves stack uncert in - 
steep ( a? 

comes to uncertain 
res t ;  nothing steep 
at end 

s tar  in uncertain 
flight steep 

s tar  in uncertain 
flight steep 

leaves stack uncertain 
s teep(a) 

a F rom Ref. 1 



which would g i ~ , e  r i s e  to fast-hyperon production. In ACE, evidence for  one 

possible fas t  Z: was presented, and we have found one other possible case  

of a 8' ( T z =  250 Mev). 

F r o m  the above est imate of the abundance of KR meson pa i r s  we can 

evaluate the average energy p e r  s t a r  in KE mesons.  If we take (E~)= 650 

Mev, this gives ( Z E ~ ~ )  = 50+ 2 5  Mev. I should be  noted that this sma l l  

amount of KK pai r  production i s  inconsistent with the F e r m i  s tat is t ical  

theory, which--even for the l a rge  volume needed to give ag reemen t  with the 

pion multiplicity- -gives N 12% of KE meson production. However, some 

of the modifications of F e r m i ' s  theory mentioned e a r l i e r  give this lower ra t io  

if special  modifications for the K meson interactions a r e  introduced. More-  

over the K interactions with pions and nucleons could mater ia l ly  al ter  the 

s ta t is t ical  equilibrium postulated in F e r m i ' s  model. In Section IV C we have 

taken the Ferrni  statist ical  theory with r = 2.5d/mnc (without considering 

K-mes on production). 
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C. Nucleons 

I. The Charged Prongs 

We have made energy measurements  on all  the protons emit ted f r o m  

the 2.21 antiproton s t a r s  analyzed here .  F o r  prongs of range ,( 1 c m  no 

attempt was made to distinguish protons f rom deuterons o r  alpha par t ic les ,  

and energies have been assigned on the assumption that the prongs a r e  protons.  

W e  observe a clear-cut correlat ion between the number of charged pions 

emitted, N , i ,  and the number of heavy prongs emitted, NH, i n  the sense 

that a lower number of pion prongs corresponds to a higher number of nuclear  

prongs. The Patter a r e  to be  interpreted as  being due to the interact ion of 

pions. 

For  purposes of fur ther  analysis,  we have classified the prongs a s  

evaporation protons for T 4 30 Mev and a s  knock-on protons for  T 7/ 30 
P - P 

Mev. Thus we have 
N~ - N~~ ' N ~ ~ '  

In Tabhe 96 we give the averages for  the number of heavy prongs 

emitted pe r  s t a r  (PIH) the energy p e r  prong  and energy p e r  s t a r  

(ZEH) . as  a function of the charged-pion multiplicity. The ent r ies  in 

Table V show very  clear ly that the energy p e r  heavy prong can b e  considered 

constant, ( E ~ ) =  43.4 Mev for  a l l  c a s e s ,  and that the only cor re la t ion  occurr ing 

i s  between the charged-pion multiplicity and the number of heavy prongs 

emitted. This suggests that the mechanism for nucleon emission i s  due to 

pion interactions.  

F igure  6 gives the 

C EH' 

Figure 7 gives the 

Figure 8 gives the 

distribution of the energy p e r  s t a r  in heavy prongs,  

heavy-prong distribution. 

energy spec t rum of the heavy prongs,  for  a l l  s t a r s  

combined. We  observe a break  in  the spectrum a t  about 7 Mev; this i s  due 

to the influence of the Coulomb b a r r i e r  on the emission of charged par t ic les .  

This break would be m o r e  pronounced if alpha part ic les  and deuterons in- 

cluded in the f i r s t  two points were  subtracted. 

The experimental spec t rum can be fitted empirically by the expression 

where N i s  number of heavy prongs per s t a r ,  and TH i s  the kinetic H 





energy in Mev. Here  we have K = 2 and o = 1.26 for I 0  < T H C  100 Mev; and 

K = 222 and a = 2.28 for  T 7 1 0 0  Mev. The experimental data fo r  s t a r s  at  
H 

r e s t  and in flight separately show the same  energy dependence, and the 

intensities a r e  in the ratio of the corresponding (N& values.  

Also shown in Fig. 8 a r e  three  points which were computed by  using 
a 6 

the resul ts  of Metropolis et  al. for the cascade protons due to n* and c- 

interaction with R U ' ~ ' ~  Although a number of assumptions and approximat ions 

a r e  made besides the assumptions in the calculations by Metropolis e t  al. , 
the agreement i s  quite satisfactory. It should be noted that s imi l a r  d is -  

crepancies between experiment and the Monte Carlo calculations have been 
- 

observed for ra absorption in emulsion. 
1 4  

2. E n e r ~ v  Given to Neutrons 

The problem now i s  to find, f r o m  the energy used for  emiss ion  of 

heavy prong (considering them as protons) ,  what the corresponding energy 

i s  for emission of all  nucleons. F o r  the evaporation prongs,  this i s  fa i r ly  

well established. We can use  the average number of evaporation prongs 

( N ~ ~ )  and the relation that the total energy r e l ease  pe r  charged evaporation 

prong i s  50 Mev. l7  This estimate is in  excellent agreement with a d i rec t  - ,. 
lb 

calculation s imi lar  to the one ca r r i ed  out in ACE. For  the knock-on prongs 

the energy used in neutron emission i s  not so  easily established. In ACE i t  

was assumed that the energy used for emission of knock-on neutrons i s  s imply 

determined by the (n/p) ratio in emulsion, viz (ln/p) = 1.2, glving the 

value UKtO= 2.2 (Zygd . However, i f  we consider the recent  calculations 

by Metropolis et ,  al. on nuclear cascades initiated by pions, i t  appears  

that neutrons a r e  preferentially emitted to the extent of a/p, " 1.6 when 
4- - 

averaged over our pion energy spectrumand when a rr /IT ra t io  ~f 0.76 i s  

assumed (see Section IIIA). This would give UKO = 2.6 I3 EKO). The 

total energy given off in nucleons can be expressed  a s  
( 

UH = h J C E ~ ) ,  where 

h i s  the factor  we a r e  trying to determine. On the two assumptions above 

we would get h = 2.4 o r  2.7 respectively. 

Aside f rom the approach utilizing (ZE 1, we can also consider  H 
another one, utilizing (NH) As the energy r e l ease  by nucleon emiss ion  

comes f r o m  pion i n t e ~ a c t i o n s  in the residual  parent  nucleus, what we a r e  

really interested in i s  this number of interacting pions v . 



In Appendix BrI we have compiled the available evidence on prong number 

f r o m  pion interactions in emulsions. Averaging over our pion spec t rum we get  

n, = 2.5 k 0.2 a s  the number of heavy prongs produced pe r  pion interaction. kl 
A s  shown in Section IHI C this evidence is  a l so  in good agreement  with h = 2.7 . 
In what follows we  have adapted the value h = 2.7 * 02, 

3 .  Correlation Between CEH and Nn* 

In Fig. 9a we give a correlat ion plot between .ZEH and N. - l~ * . 
This  fur ther  i l lustrates  the correlat ion betwepn pion absorption and energy  

emiss ion  in heavy prongs. In Fig. 9b we  give the average values N. & ) 
f o r  various intervals  of CE H ' As can be seen,   decreases systematical ly  

f r o m  a maximum value a t  0 $ CE 6 40 Mev. This maximum value can be used H 
t o  compute (N,) by neglecting absorption (see Eq. ( 6 ' ) ,  Section IV..A)~ 

D. Electrons 

1, Dalitz P a i r s  

F r o m  the total number of charged mesons  observed,  and assuming charge  

independence, we expect that a total of "290 x0 mesons have been emitted by  t ' x  

221  antiproton s t a r s  considered here.  We thus expect 290/80 = 3.6 Dalitz p a i r s .  

We have observed one case.  The electron energ ies  a r e  20 * 5 Mev and 120 & 25 
0 

Mev, respectively,  and the space angle between them i s  49 . 
2. Atomic Electrons and P Decay of the Residual Nucleus 

We have observed a number of low-energy electrons associated with 

the  annihilation s t a r s .  It should be noted, however, that because of the high 

electron component in the incident beam (Stack 7 8 )  the probability for  chance 

cor re la t ion  i s  not negligible. In Table VI we give the energy distribution of the 

observed electrons.  

Electrons a r e  to be expected in annihdation s t a r s  f rom the following 

effects: 

(a )  Atomic electrons f rom Auger effect in the cascading of the anti-  

proton to lower orbits,conversion electrons f r o m  nuclear gamma rays .  

(b) Nuclear electrons due to formation of radioactive fragments .  



Table VI  

a 
The  energy distribution of electrons f rom antiproton annihilation s t a r s .  

Number of e lectrons 

Elec t ron  energy Star  Star  
a t  r e s t  in flight 

15-30 kev 

30-  100 kev 

400-500 kev 

500- 1000 kev 

1 - 5  Mev 

5-10  Mev 

a This  table does not include the two electrons of the Dalitz pair .  



IT. ANA.LYSIS A.ND DISCUSSION 

A,, Evaluation of "Best Fit" Values 

In the preceding sections we have presented the experimental data on 

the 221  antiproton s ta rs .  The main purpose of this  section i s  to give a consiseent 

p ic ture  of the antiproton annihilation by separating the p r i m a r y  event, such a s  

can  be seen  in a hydrogen annihilation, f rom the secondary phenomena due to 

the  pion interactions with the nucleus. We use  the experimental data  to evaluate 

th?  "best fit" average values for the derived quantities (El n ,) ( N )  v ,  
and 

-1 rP * 
E (,r /ir - ) ,  whose definitions a r e  given in Table VII. We c a r r y  out this 

evaluation by giving s ix equations, which re la te  the above five derived quantit ies 

to  other quantities measured in this experiment and also to  data compiled f r o m  

pion experiments (see Appendix VI) .  These equations a r e  based on a simple 

balance of energy and number of par t ic les .  For  convenience we define al l  t e r m s  

and give their  numerical values,  e r r o r s ,  and sources  in Table VII. The s ix  

e quatlons a re :  

0 
In these  equations we have assumed that the average n energy i s  equal to the  

* 
average n energy. We have not, however, assumed a specific value for  the  

ItO' * 
ra t io  rr / I T  . 

Equation (1) i s  based on an experimental determination of the heavy- 

prong number f rom pion interactions in nuclear ernu.lsions ( s e e  Appendix VI).  



Equation ( 2 )  i s  obtained empir ical ly  and i s  based on evaporation and cascade 

calculations a s  discussed in  Section I11 C.  Equations ( 3 ) ,  (4),  and ( 6 )  have 

already been discussed in ACE. Equation ( 3 )  has been modified to  take into 

account the fact that the average energy of the interacting pions i s  higher by 

wO Mev than the average p r i m a r y  pion energy. The correct ion t e r m  w 
0 

canes inkcaus,e the pion mean f r e e  path in nuclear mat te r  i s  energy-dependent, 

and thus absorption and scattering take place preferentially a t  the higher 

energies .  An estimate for w i s  based on the pion interactions calculated 
0 

for the observed pion spec t rum,  Equation (5) s ta tes  how the average pion energy 

emitted f rom s t a r s  in complex nuclei i s  related to the p r i m a r y  energy. The 

t e r m  E' ' - w represents  the average energy of the p r i m a r y  spec t rum after  
IT 

v pions have interacted. It should be noted that the equation giving the over-  

a l l  energy balance a s  expressed in t e r m s  of the experimental quantities i s  implicit  

in the above s ix  equations. 

We now take Eqs .  (1 ) - (5 )  for the four derived quantities , E ' ~ ~ ) ,  
/ \ 
L ~ X ) '  

v ,  and U.  This represents  anoverde termined sys tem of equations. W e  

solve this system by successive approximations to obtain the "best  fit" values 

for these four derived quantities in t e r m s  of the four experimental quantities 
' \ / ' and the five quantities coming f r o m  , ,, W,/ , and \x EK-u' 

the evaluation' of pion-interaction expe3riments , nH, h, a ,  Eo, and w These  
0' 

best-fit values for the s t a r s  a t  r e s t ,  in  flight, and both combined a r e  given in 

Table VII. Using these best-fi t  values f o r , N  / and v , we can now 
Tr - 1 *& * 

solve for E (TT /IT ) f r o m  Eq. (6) .  

It should be noted that unless we make explicit assumptions on the 
* * 

values of (IT / T  ) this does not allow us to solve for E direct ly .  On the 

other hand, however, we can  use  the estimated value for the efficiency 
*d: * 

E = 0.9 * 0.05, which then gives us  IT /IT = 1.56 * 0.16 for all  s t a r s  combined. 
*Ol * 

This value for rr /n i s  in good agreement with the value 3 /2  expected 

f rom charge independence. If charge independence i s  accepted, the above 

resul t  s e t s  a l imit  on the presence of any other neuti-a1 part ic le  in  tKe 

annihilation proces s . 
In addition, we can give a relation which holds for the s t a r s  with low 

energy re lease  in heavy prongs,  ZEH 4 40 Mev. F o r  these s t a r s  (43  a t  r e s t  

and 17  in flight), to a good approximation, no pion absorption took place.  We 

thus obtain the lower l imit  



Using Eq. (6 ' ) ,  we obtain the value (N) > 5.2 i 0.7 for a l l  s t a r s  combined, 
*O * cin the assumption of charge independence, i. e .  , i~ /n = 3/2,  and with the 

est imated value for r . This determination of ( N ~ )  does not involve the details 

of the p rocesses  occurring in the complex nuclei. 

All the above considerations have neglected pion production by  in ter -  

acting pions. Making an overest imate of this effect, where we as sume  that 

5% of the v interacting pions give r i s e  to secondary pion production, l9 we 

obtain a 1.5% reduction in ,N We thus feel justified in neglecting this effect. ' TT) 

It can b e  noted f rom Table VPI that the average pion multiplicity i s  

essentially the same  for the s t a r s  a t  r e s t  and in flight, although the secondary 

interactions of the pions differ appreciably. The number of interacting @ions 

and the c o r r  e'spanding energy given to cascade nucleons and nuclear excitation 

i s  l a rge r  by a factor of ~ 1 , 5  for  the interactions in  flight. Table VIII gives 

the energy balance for the antiproton annihilation in complex nuclei. The energy 

given to the various types of par t ic les  is expressed in  percentage of the total 

available energy, (w) . 



Table VII  

Definition of the quantities used in Eqs.  (1)-(7) together with t he i r  numerica l  values,  e r r o r s ,  and sources .  

Symbol Definition At r e s t  

A. InputData f rom This Experiment - 
Average total energy 1868 
available pe r  s t a r  in 
annihilation (Mev) 

Average total  pion energy 324 i  21 
(MeV) 

Average energy pe r  s t a r  l44.5* 15 
used for  heavy-prong (proton) 
emiss ion (Mev) 

Average total  energy used st)* 25 
p e r  s t a r  for Kx p d r  pzo- 
dxaiion (Mev) 

Average number of heavy 3.33k.34 
prongs per  s t a r  

Observed average  charged- 2.50i.26 
pion multiplici ty 

Observed average  pion 3.07* ,45 
multiplicity for s t a r s  with 
Z E H L  40 Mev 

In flight 

2009 

361*30 

220.- 26 

50*25 

5.09*.60- 

2.30* -28 

3.35*1.0 

Source 

Dirac theory  and 
measurement  of p 

kinetic energy 

Direct  measu remen t s  
with es t imated (4 57'4 
correc t ions  

Direct measa remen t s ,  
considering heavy prongs  
a s  protons 

Direc t  measu remen t s  
and es t imates  

Direct  measu remen t s  

Direct measu remen t s  

Direct  measu remen t s  



Table VII (cont 'u)  
-. -. . . . - 

SY* Definition Res t  flight combine; Source 

B. Input Data f rom Pion Experiments  and Calculations 

a Fract ion of 
interacting pions 
absorbed 

Est imated f r o m  pion- 
interactionr. experiments  
averaged over  observed 
pion spectrum 

0 
Average final total energy <-215*15 -__ > Estimated f r o m  pion- 
of inelastically scat tered pions interaction; experiments  

(Mev ) averaged over observed 
pion spectrum 

n Average number of heavy prongs 2.5h0.2 - > Estimated f r o m  pion- 
H p e r  nonelastic pion interaction '- interaction.: experiment3 

averaged over observed 
pion spectrum 

Ratio of total energy given <-2.7a.2 - > Estimated f r o m  evaporation 
to nucleons to the total theory and experiments  and 
energy given to protons f r o m  calculations on pion - 

initiated cascades 

Energy cor rec t ion  t e r m  5* 2 8 + 3 6* 2 Auxiliary quantity based 
due to pion interact ions on observed pion spec t rum 

(MeV ) and pion m.  f.  p. in nuclear  
mat te r .  

W o  Energy correct ion t e r m  15*6 13*5 141 5 Auxiliary quantity based 
due to pion interactions related on observed pion spec t rum 
to w by wo=w(<NT> - V )/v and pion m. f. p. in  nuclear  
(Mev) mat te r .  



Table VII fcont'd) 

Symbol Definition At r e s t  

C .  Derived Quantities 

(E.: > Average p r imary  337 i21  
total pion energy 
(MeV) 

U Average energy p e r  3931 36 
s t a r  used for proton and 
neutron emission 
(MeV) 

<N> Average pion multiplicity 5.39&34 

v Average number of 1.321.14 
interacting pions 

1 ( ~ * 0 / ~ 5 y  6 -' i s  the efficiency 1.76k.23 
correct ion factor. 

* O  * 
(rr /rr ) i s  the average rat io  
of all  pions to the number 
of charged pions 

In flight Combined Source 

367*25 350* 18 Best-fit  
evaluation of 
Eqs .  (1)-(6)  

612*45 491*37 Best-fit  
evaluation of 
Eqs. (1)-(6)  

5.33140 5.36128 Best-fit  
evaluation of 
Eqs. (1)-(6)  

1.93k.14 1.61k.12 Best-fit  
evaluation of 
Eqs. (1 ) - (6 )  

1.69*.27 1.72*.18 Best-f i t  
evaluation of 
Eqs .  (1)-(6) 



Table VIII 

The energy balance. The distribution of  the energy among the various 
par t ic les  emitted in the antiproton annihilation in complex nuclei ( for  
charged-pion detection efficiency E =0 .9 ) .  All energies  a r e  expressed  a s  
percentage of the total available energy (w). 

Energy given to At r e s t  In flight Combined 

Charged pions 48 i 6 45 * 7 46 & 5 

Neutral  par t ic les  28 * 7 
other t an  neutrons 8 and K mesons 

K mesons 

Cascade nucleons 
(p and n )  and 
nuclear excitation 



B. Penetration of the Antiprotons into the Nucleus 

We have made an est imate of the antiproton penetration depth D 

into nuclear mat te r .  Considering fur ther  the over simplified corpuscular  

inodel discussed in ACE, we obtain an est imate of the annihilation position 

Tor interactions in flight (( T-) = 140 Mev) a s  follows: the posit ion a t  
P 

which the annihilation occurs  i s  a smal l  region in the nucleus where ,  on the 

average,  N 5 pions a r e  released.  We cal l  that average distance f r o m  the 

center of the nucleus the annihilation radius R . If R were  much smal le r  than a a 
the nuclear radius ,  the pions would have to t r ave r se  a sizable amount of 

nuclear mat te r  and many would interact  before leaving the nucleus.  If Ra 

i s  la rge ,  compared to the nuclear  radius ,  only a small  number of pions 

would interact .  In o rde r  to obtain some numerical resul ts  f r o m  this  model, 

we have considered a nuclear density distribution given by 

where R = r and we have taken 
- P3 a = 0.5 X 10 cm. 20 Using the mean 

given by Frank,  Gammel, and Watson, 

interacting pions1 - ( f> This fraction 

= 1.07 X 10- l3  c m  and I 

f r e e  path for pions in nuclear  mat te r  

21 we have calculated the fract ion of 

averaged over the pion-energy 
-l-, 
L L  

spectrum and the elements in the nuclear emulsion was calcnlated for  values 

of Ra f rom 0.8 R to 1.4R and i s  given in Fig.  10a. We now take our "best fit" 

values for the fraction of interacting pions f rom antiproton s t a r s  in  flight 
\ 

V /  < N K i  = 0.36 i 0.04 (marked F in  Fig.  10a) and obtain R ~ / R = ~ . o z  + 0.02. 

To reach the position Ra, the antiproton must  penetrate the outer  (low-density) 

regions of the nucleus. Figure lob gives this penetration, suitably averaged, 
2 in nucleons pe r  c m  , for the above density distribution. 



We thus obtain an average penetration D = (9.3 & 1.0) X 10 
24 

2 
nucleons/cm . Finally we can est imate the mean f r ee  path of antiproton 

annihilation in nuclear ma t t e r .  For  the - H interaction a t  T- * 140 Mev, 
P 

the annihilation c r o s s  section i s  roughly equal to the elast ic-scat ter ing c r o s s  

section, 23 while the elastic scat ter ing ;s strongly forward peaked, 12 ,24  The 

elast ic  scattering will thus be strongly suppressed inside nuclear ma t t e r  by the 

Faul i  principle. The mean f r e e  path of antiproton annihilation will consequently 

b e  only slightly l a rge r  than the penetration depth (we est imate it to be  ,d5$1 

l a r g e r ) .  This mfp gives us  an average annihilation c r o s s  section with the 

bound nucleons b , of about 102 * 12 mb. Here  the e r r o r s  quoted a r e  the 3ta- 

t is t ical  e r r o r s  only and do not reflect the reliabili ty of the model.  

In the case  of the antiproton s t a r s  at  r e s t ,  the est imate of the 

annihilation radius R can be obtained a s  above. On the bas is  of a 
v /  ( N ~ )  = 0.24 + 0.03 we compute R /R = 1.10 * 0.02. However the 

a 
interpretation of the penetration into the nucleus i s  quite different. Here  

the annihilation takes place f r o m  the Bohr orbits of the antiproton around the 

nucleus in which the antiproton i s  captured, Ra i s  thus dependent on the 

overlap integrals between the antiproton atomic orbits and the nuclear-density 

distribution. 

As the antiproton nucleon annihilation c r o s s  section and the fraction 

of absorbed pions become be t te r  known, i t  may  be possible to u s e  this  

information to explore the outermost region of the nucleus. 



C .  Comparisons with the F e r m i  Statist ical  Model 

As was shown in ACE, a direct  computation of the antiproton- 

annihilation process  on the bas i s  of the F e r m i  s tat is t ical  leads  to  a 

low pion multiplicity and a high KK abundance. However, by changing the only 

parameter  available, the radius of the elementary reaction volume, f r o m  

rO  = d / m  c tb r = 2.5r a good fit to the observed pion multiplicity can  be 
TT 0 

obtained. Whereas there i s  a physical justification for  the value of r o ,  we 

cannot find a good one for the present  value of r .  Thls change of p a r a m e t e r  

i s  therefore to be considered only a s  a device to adapt the model to the experi-  

mental resu l t s .  However, even with this change, when compared with our 

present  resul ts  on the KR meson pair  abundance, the value sti l l  comes  out 

too high (about lflois predicted, while 3.5 k 1.57'ois observed) .  It m u s t  b e  

remembered here  that there  i s  the implicit hypothesis in the s tat is t ical  model  

that K mesons come to equilibrium with the pions, which a s sumes  a s imi l a r  

interaction strength . 
A number of different proposals have been made in an attempt to avoid 

the la rge  reaction volume required to fit the experimental data in the F e r m i  

statist ical  theory and to give physical reasons for the experimental r e su l t s .  
4 

Koba and Takeda have considered the annihilation p rocess  to be a two- s tep 

process .  The f i r s t  step i s  that the cores  of the nucleon and antinucleon 
2 

annihilate in a short  t ime, E: i h / 2 ~  c with the emission of 4 2 . 2  pions on 
P 

the average. In the second s tep,  the pion clouds a r e  emitted giving r i s e  to 

2/ 2.6 pions. Thus this model gives / ' = 4.8, i f  the production of KR 
\NTr/ 

p a i r s  i s  neglected. 

Another approach i s  to consider the possibility of pion-pion interact ions 

in the final state,  as  suggested by  s son'^ in connection with the 0.9 Bev 

resonance in   IT-^ scattering. The effect of such pion-pion interaction i s  to  

r a i s e  the average pion multiplicity a s  obtained f rom the F e r m i  s tat is t ical  
- 

model. This approach was discussed recently by ~ b e r l e ~  and independently 

by Got& Both authors made calculations based-on the formulation of the 

statist ical  model as  given by Belen'kii. Eberle  uses  the saddle-point 

approximations of ~ i a l h o ~ ~  and obtains (N> = 4.4, but needs the fur ther  

assumption of a smaller  interaction volume (radius of - A / M ~ c )  for  KE 



production. Gota t reated single pions a s  ex t reme relativistic and K m e s o n s ,  

and the pion p a i r s  in the isobar  s ta te ,  as  nonrelativistic.  In order  to obtain 

agreement  with the experimental values of (N,), he finds that he r equ i re s  

either ( a )  a l a rge  interaction volume, 0 = 100 (the feature that he was t ry ing  0 
to avoid by making the additional a s  sumption of a pion-pion interaction ) o r  

(b)  ra ther  high- spin resonant s ta tes .  Consequently, one can conclude that  

these calculations change (N,) theor. in the des i red  direction. But that i n  gddition 

further stipulations, a s  yet not fully established, a r e  required to give a g r e e -  
8 

ment with the experimental resul ts .  Fu r the rmore ,  Kre tzschmar ,  Sr ivas tava  

and Sudarshan, and Yajima and Kobayakawal0 have published additional 

modifications of th? s tat is t ical  model. 

We will take an approach here ,  s imi lar  to  the one taken in A C E ,  of 

empirically choosing a reaction radius so a s  to fit the experimental average-.  

p i o'n rnulkiplicity,, We thus obtain the se t  of probabili t ies for the var ious  

pion multipIidities (neglecting KE production) given in Table IX. We can  

now examine in  m o r e  detail  the experimental data  in t e r m s  of this empir ica l ly  

normalized F e r m i  statist ical  model. As i s  to be  expected, we obtain good 

agreement for 

( a )  the pion spec t rum,  

(b) the charged-pion multiplicity, and 

(c)  the average pion energies a s  a function of NTF* . 
In each of these cases  we can s t a r t  f r o m  the predictions of the normalized 

F e r m i  s tat is t ical  model (i. e .  , the percentage Pi of s t a r s  with N = i mesons ,  
TT 

and with the corresponding momentum distribution).  To compare the s ta t i s t ica l  

model with the experimental pion spectrum, we must  take into account the effects  

of absorption, inelastic scattering, and the energy dependence of the pion- 

detection efficiency. Curves A and B in Fig. 11 give the computed spec t rum 

before and af ter  the above effects were  considered. For  the multiplicity and 

the average energy we must  consider the t ransformation f rom the sys t em dealing 

with a l l  pions, to the sys tem dealing with the charged pions only. Here  again,  

the effects of absorption and efficiency must  be  considered. Figure 12 gives 

the computed and experimental values for the charged-pion multiplicity. The 

average pion energies a r e  given in Table I1 together with the experimental  values.  

In conclusion then, i t  can be sa id  that the multiplicity distribution a s  

obtained f r o m  the normalized F e r m i  theory can be  considered a s  a good working 

model for the t rue  distribution. 



Table IX 

Distribution of pion multiplicity Pi. according to the F e r m i  statist ical  model nor-  
malized_- fa r  an interaction radius of r = 2.5 &/m c.  Also given a r e  computed 
normalized p r imary  pion energ ies ,  TF 

At r e s t  In flight 
>g a 

E 
rr 

Mev 

0. -P .b 

a~ is obtained f rom E - = @)/N, This neglects the effect of LKR 
i'r IT 

production which i s  a lso neglected in the P.' values. If KE production i s  
1 

.I. *&. 

included we would also have P[ values # 0 for N = 0, 1, and 2. The En 
IT 

values would have to be modified accordingly. 



D, Fur ther  Remarks 

1. Comparison with p-H annihilation 

We can compare our resu l t s  with the recent  work on antiproton 

annihilation in the 15-inch hydrogen bubble chamber.  28 In the case  of hydrogen, 

the situation i s  much s impler  in that no absorption effects by the residual 

nucleus a r e  present .  To date,  about 85 p - H annihilation events have been 

observed by the hydrogen bubble-chamber group. Our resu l t s  a r e  within the 

statist ical  e r r o r  of the resu l t s  obtained for 5-H annihilations, where i t  was 

found that (N )equals 4.7 t 0.5 and (E' ) equals 374 * 25 Mev. 
IT IT 

2 .  Annihilation events with no charged prongs 

By examining the entrance c r i t e r i a  and range distribution of the anti- 

proton t r acks ,  we have estimated the presence of those annihilation events 
- 

having no charged products,  i. e . ,  P events a t  zt3 % of the s t a r s  a t  r e s t  
P -2 

( see  Appendix II), Such events a r e  to be expected for  antiproton annihilations 

in which only neutral  pions a r e  emitted with either no pion absorption o r ,  if 

pion absorption occurs  (in which case  the absorbed pion(s)  could a l so  b e  
0- 0 

charged),  no charged prongs a r e  emitted. 29 The creat ion of a K K pa i r  

having possibly one or  two additional neutral  pions could also glve r i s e  t o p  eyents . 
P 

F r o m  isotopic-spin considerations,  taking into account pion absorption, 

we est imate that d lyoof the s t a r s  a t  r e s t  should show no charged prongs.  

This est imate i s consistent with the est imate of experimental  abundance. 
30 In addition, T . D. Lee  mentioned the possible existence of an addi tional 

interesting effect that could give r i s e  to events ,  L e e  postulated that if 
P 

t ime reve r sa l  does not exist ,  then nucleons must  be "left-handed" and 

"right-handed, "ad that our wrld consists predominantly of one kind, In 

antiproton production one would thus obtain '"eft-handed" and "right-handed" 
- 
p-p pa i r s ,  The antiprotons of the "opposite handedness" to our world would 

thus be noninteracting and would appear a s  5 events. F r o m  the present  
P 

data we can l imit  such an effect to a ra ther  smal l  percentage and can cer tainly 

rule out equal production of the two kinds of antiprotons. 
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APPENDIX I. THE ENRICHED ANTIPROTON BEAM 

Of the two stacks discussed in this paper ,  the f i r s t  (Stack 72)  was 

exposed to an unseparated antiproton beam in a geometry identical to that 

descr ibed pr  evlously. l t 3 '  Stack 72 yielded 16 antiproton s t a r s .  The second 

s tack (Stack 78) was exposed in the enrlched antiproton beam (December 1956) 

descr ibed below. This stack consisted of 200 Plford G.5 emulsions (15 by 23 c m  

by 600 F). It was exposed a t  the Bevatron for  a total integrated proton flux 

of 4 X l 0 l 3  protons on a carbon target.  The antiproton emission angle in the 
0 laboratory sys tem was about 0 . Stack 78 yielded 169 antiproton s t a r s .  

In Fig. 13 we show the exposure geometry,  The ent i re  t ra jec tory  was 

inside a s e r i e s  of helium-filled bags in  order  to  reduce multiple scattering. 

The principle of the beam s-eparation i s  a s  follows: A beam of 8 1 9 - ~ e v / c  

negative part ic les  i s  selected f rom the ta rge t  in  the Bevatron by  u s e  of an 

8-in. quadrupole magnet Q l  and the analyzing magnet M1 (the magnet D 

takes c a r e  of some finer s teer ing effects). This  beam, having a momentum 

spread  of *4%3 i s  brought to a horizontally dispersed distribution of sharp  

images a t  F P. The 4-in. quadrupole magnet L ac ts  a s  a field lens .  At 
2 F P we have placed a wedge-shaped LiH absorber  (19.8 g/cm , median thickness),  

which a l t e r s  the momenta of antiprotons and pions by different amounts so  

that they can be  separated. The resulting momenta a r e  700  ~ e v / c  for  protons,  

and 777 ~ e v / c  for pions. The wedge shape of the LiH absorbe r  (maximum 

difference in thickness i s  4 g/cm2) p r e s e r v e s  the momentum spread  in the 

antiproton beam a t  k 4710. The quadrupole magnet Q 2 has the function of r e -  

focusing the beams of different momenta a t  F 2 ,  whereas the analyzing magnet 

M 2 separa tes  the focal spots by about 6 in. The magnet sys t em i s  so  designed 

that  although there  i s  a horizontal momentum spread  of k 4 % a t  F 1 ,  the beam 

i s  refocused to a final image a t  F 2 by allowing the dispersion introduced by 

M2 to cancel that introduced by M1. The general  a r rangement  of magnets 
3 2  

and quadrupoles i s  the s a m e  a s  that used in a counter experiment  except 

for  the introduction of the wedge absorber  and a final magnet,  Mc, which was 

added just ahead of the second focus. Magnet Mc had the effect of deflecting 

positive par t ic les ,  which a r e  produced by edge scattering of the pion beam a s  

i t  t r ave r ses  the l a s t  quadrupole away f r o m  the stack. 



The beam separation, computed for the position of the stack shown in 

Fig. 13 i s  given in Fig. 14 a s  a function of the LiH absorber .  The amount of 
2 

absorber  used (19.8 g/cm ) produces a beam separation in the above geometry 

of about 6 in, The antiproton attenuation i s  due to multiple scat ter ing,  which 

makes par t  of the beam m i s s  the quadrupole Q 2, and to the nuclear interact ions 

in the LiH absorber .  Figure 15 gives the computed attenuation factor a s  a 

function of the beam separation. To find the antiproton reduction factor ,  

F, we write 

where (i i s  the aper ture  angle of the quadrupole, Q 2, 1(1 the mean 

multiple-scattering angle, X i s  the mean f r e e  path for antiprotons in LiH 

(this mean f r e e  path corresponds to the total antiproton c r o s s  section down 
2 

to an angle of lo),  and x i s  the thickness of LiH in g/cm . F o r  the total  

antiproton c r o s s  section, we have used the values 3 and 4 t imes  a where 0' 

The problem involved in obtaining a separated antiproton beam i s  to reduce 

to as  low a level a s  possible the number of background light par t ic les  (i. e . ,  

par t ic les  at  a minimum o r  plateau value on the ionization curve)  which occur  

a t  the same geometrical position a s  that a t  which the antiprotons a r e  focused. 

In Fig. l b w e  show a horizontal profile of the main meson beam together 

with a "tail" in the region where the separated antiprotons a r e  to be focused. 

Figure 167s shows the corresponding distribution with the LiH absorber  in  

position. This corresponds to the actual condition during the exposure.  The 

position at  which the stack was placed i s  a lso indicated on this figure. The 

correspondence of the gr id coordinates, a s  printed on the stack, and the 

coordinates of this figure a r e  such that the y coordinate of 125 m m  

corresponds to a beam separation of 15 cm. This i s  the center  of the focused 

antiproton beam. The s tack was deliberately placed 50 m m  off center  to  

avoid an excessive number of background par t ic les  at one edge. 

Figure 17 gives the horizontal beam distribution a s  observed in 

Stack 78. Both the light-particle flux and the antiproton flux a r e  given. 

F igure  18 gives the vertical-beam distributicn. 



4 The composition of the light par t ic le  beam (IT-, p , and e) ,  which 

appears  a s  background to the antiproton b e a m  i n  Stack 78, was obtained a s  

follows: The density of ~Zrneson  s t a r s  was obtained by a r e a  scanning in  this  

stack. By comparing this density with the l ight-particle flux, we found that 

-t4%of this flux consisted of pions. By counting the number of light pa r t i c l e s  

ac ross  one plate in the beam direction, we obtained the charac ter i s t ic  i n c r e a s e  

in intensity due to electron multiplication, F igure  19 shows the resul t ing 

d~s ts ibut ion  plotted in  units of the radiation length in the emulsion. F r o m  the 

position and height of the maximum in the shower curve, we find that about 

half the remaining light par t ic les  must  be  electrons;  the r e s t ,  then, a r e  
- 

p mesons .  The separation was thus very  effective in removing the pions,  

but s t i l l  leaves a l a rge  number of electrons and p* mesons as  contaminants 

of the antiproton beam. Figure 20 gives the range distribution of the stopping 

antiprotons a s  a function of entrance position in  the stadk. - 
The rat io  of antiprotons to light par t ic les  ( n , y-, and e - )  a t  the 

4 
leading edge of the stack i s  1 / ( 5  X 10 ). This  number,  when compared  with 

the exposures at  700 ~ e v / c ,  shows an improvement factor in this  r a t io  of about 

10. 



APPENDIX II. DETAILS ON THE EXPERIMENTAL TECHNIQUES 

A. Track  follow in^. Entrance Cr i te r ia  and Posi t ive Pro ton  Contamination 

As in ACE the antiproton t racks were  picked up 5 m m  f rom the leading 

edge and followed along the t rack until they ei ther  interacted in flight o r  came  

to r e s t .  Interactions in flight were  only accepted af ter  a t rack  had t r a v e r s e d  

at  leat  2 c m  in the stacks.  This allowed some path length to eliminate 

possible spurious events. The path length followed was only accepted for 

mean-free-path determinations beyond this 2 c m  cut-off. Prospect ive anti- 

proton t racks  were picked up on the basis  of grain count and angular c r i t e r i a .  

Figure 21 gives the correlat ion between entrance angles (relative to the local  

minimum particle direct ion)  and the deviation f r o m  the average range 

I - R ]  for all  par t ic les  of protonic-s conling b r e skAs  can be seen  f r o m  

the figure (which was made for Stack 7 8 )  all  identified antiproton t racks  l ie  
- 

inside a rectangle with 0 < 3' and ; R-R! (2.4 cm.  On the other hand, 
r e l  

par t ic les  not giving any visible energy r e l ease  on coming to r e s t  (i, ) a r e  
P 

distributed over a much l a r g e r  region. 

The p par t ic les  lying outside the rectangle marked  in the f igure  
P 

must  therefore be positive protons.  If we as sume  a uniform distribution 
t 

for  the positlve protons (p ) we would expect to find 4 * 0.7 pt inside the 

rectangle.  Actually we have observed 7 p  events inside this rectangle,  
P 

two of which occur at  the surface of the emulsion, where minimum secondaries  

mlght have been missed ,  33 We thus est imate that a events (antiproton- 
P 

ann~hilat ion events at  r e s t  with no charged prongs)  account for  Zt3 'bof a l l  - 2 
s t a r s  a t  res t .  28 In addition we get an effect on the interact ions in flight: 

With 5 to 7 posltive proton t racks  present  inside the rectangle of Fig.  21, 

and with 10 t racks outside the rectangle but with Ore l  < j O ,  represent ing 

in all  a path length of -115 cm,  we expect about 3 p' interactions in  flight. 

These act  as  a contamination for the N = 0 annihilation s t a r s  in flight. 
lT 

In this work three s t a r s  in flight have been observed with N = 0 and 
t TT 

B EH ( T- . These could be P s t a r s  5 charge-exchange events,  o r  
P 34 

actual p annlhilatlon s t a r s .  The three events a r e  described in 

Table X. Also we must  consider that f rom the known p charge-exchange 

c r o s s  section of-4 mb  per  nucleus, 35 we would expect 0.5 event a s  a 

resu l t  of this process .  In all ,  we can thus es t imate  that 2 * 1 of the 95 
s t a r s  in flight considered h e r e  a r e  not due to antiproton annihilations. - 
The two above effects thus a r e  in opposite direct ions when all  s t a r s  combined 
a r e  considered, and the estimated values just cancel. 



Table X 

Details on three s t a r s  in flight whose identity a s  antiproton annihilation s t a r s  
could not be  established. There  a r e  two other possible interpretations for a l l  
o r  some of those s ta rs :  (1) antiproton charge-exchange reactions o r  (2 )  
(positive) proton interactions.  a 

- -- 

Event Number 

a In a l l  the analysis these three  s t a r s  have, however, been t reated a s  

annihilation s t a r s .  

b ~ r o m  ACE Ref. (1). 



The kinetic energy of an antiproton a t  interaction was measured  by 

one of the following methods, depending on the energy: 

(a )  F o r  antiprotons with residual  range Rres id  
> 5 c m  the average 

- 
range R f r o m  Fig. 2Oa was used to obtain the kinetic energy. 

(b) F o r  antiprotons with 0.6L Rresid 4 5 c m  the energy was determined 

by opacity measurements .  

< 6mm a combination of constant (c)  F o r  antiprotons with 0.5mmS Rresid, 

sagitta and integral gap-length measurements  was c a r r i e d  out. In o rde r  to 

establish whether or  not the annihilation occurred in flight, a l l  antiprotons 

appearing to come to r e s t  (T- 6 4 0  Mev) were  measured .  
P 

B. Measurements  on the Prongs  

We used various measuring techniques for  the prongs f r o m  the 

annihilation s t a r s  depending on the ionization and the dip angle. Projected-  

and dip-angle measurements  have been made for a l l  prongs.  F o r  g/go 4 .31 

grain count measurements  were  made on al l  t racks  whereas pp measurements  

uslng 3rd-difference methods (when needed) have been made  for  t racks  with 

dip angle & 20'. Except for  one energetic electron pa i r ,  a l l  these prongs with 
0 dip a n g l e s  20 were light mesons,  considered as  pions ( see  a l so  Appendix IV). 

We have considered all  the s teeper  prongs a s  pions also.  All the prongs 

were followed for a sufficient length to eliminate low-energy electrons ( < l o  Mev). 

For  g/g, >1 .3  all  prongs were followed, and identification and energy measure -  

ments were  made by standard emulsion techniques. The end points of all  prongs 

ending in the emulsion stack were  examined carefully for  possible decay 

secondaries.  No attempt was made to distinguish alphas,  deuterons and 

tri tons f rom protons for ranges R' sl cm. For  RH>l c m  and dip angle H 
4 40°, opacity measurements  wen= made.  These measurements  identified 
\ 

one deuteron, and one particle was ei ther  a deuteron or  a C part ic le .  



APPENDIX 111. THE CHARGED-PEON DETECTION EFFICIENCY 

The efficiency of pion detection depends on the ionization of the pion, 

the position of the s ta r  relative to the surfaces of the individual emulsions,  

and possibly on the pion dip angle. We have investigated the dependence of 

efficiency on position, and we have concluded that i t  i s  necessa ry  to  exclude 

f rom considerations involving N i all s t a r s  whose distance f r o m  e i ther  
rr 

surface i s  l e s s  than 2 0 ~  in the processed  emulsion. On this b a s i s  22 s t a r s  

(14 a t  r e  s t  and 8 in flight) have been eliminated f rom some of the analysis.  

They have, however, been included in a l l  other evaluations without assigning 

a specific pion multiplicity to them. 

Several  observers  have carefully examined al l  the antiproton s t a r s  

independently and have recorded a l l  the prongs. Out of a total  of 450 pions 

(Stacks 72 and 78), 59 pions have been missed  by one or  m o r e  of the observers .  

All pions missed  were of grain density g/g < 1.2. 
0 

The recent work on the apparent asymmetry  of IT-p decay a s  observed 

in emulsions has  revealed a peculiar bias  inherent in dip-angle measuremen t s  

a s  made in photographic emulsions. The effect of this bias  i s  to Suppress ,  

the number of la rge  dip angles. 

We have computed the rat io  N(  I P ~ < ~ O ~ ) / N (  I ~ I > 3 0 ~ )  = 1.13 * 0.03 

f rom the experiments in connection with the apparent IT-p asymmetry .  
36 

If we compute the same rat io  for a11 charged pions f r o m  the annihilation s t a r s  

we obtain h,22 * 0.13. However if we consider only the pions m i s s e d  by one 

or m o r e  of the observers ,  we obtain for the above rat io  0.75 * 0.25. Here  

each pion was weighted by the number of observers  W ~ Q  had m i s s e d  it. 

Therefore our  conclusion i s  that the deviation f rom , u n i  t'y we observe  in 

the above rat io  for a l l  charged pions i s  due mainly to the same  effect which 

led to the apparent n- p asymmetry.  In addition this effect i s  probably 

enhanced somewhat by the preferent ial  missing of steep pions. 

F r o m  the above analysis we a r e  unable to evaluate the detection 

efficiency and we have to re ly  on est imates  based on experience with decay 

productb-:of p *d and K mesons.  We estimate the efficiency a s  

E = 0.90 k 0.05. This estimate is in good agreement with the calculated 

value, if we assume charge independence, (gee Section BV A). 



As mentioned above, the efficiency of pion detection depends on g ra in  

density, and only pions with near  minimum ionization escape detection. This  

has an influence on the pion spectrum and consequently on the average pion 

energy. \rVe have cor rec ted  the pion spec t rum by assuming no pion l o s s e s  

for T < 100 Mev (g/go 3 1.24) and ascr ibing a l l  pion los ses  to pions. 
Tr 

with T 2 100 Mev. This correct ion inc reases  the measured  average pion 
TI 

energy by a t e r m  w We obtain w = 7'&2 Mev assuming E = 0.90 rt 0.05 2' 2 
for all  pions. 



APPENDIX IV, IDENTIFICATION O F  T H E  rr MESONS 

The identification of the light mesons emitted f r o m  antiproton s t a r s  i s  

most  easily accomplished for those mesons which come to r e s t  in the s tack.  

Measurements of multiple scattering and ionization on fas t  mesons  a r e  c e r -  

tainly sufficient to distinguish between light mesons and K mesons ,  but a r e  

not good enough to establish the light mesons  as  rr or  y mesons.  

In what follows, we give an analysis of the 76 light mesons followed 

to r e s t  (53 negative, 22  positive and 1 of undetermined charge; s ee  Section 

I11 A). We will now compare the te rminal  behavior of these par t ic les  with 

that of pions. In Fig.  22  the prong distribution of the 53 negative mesons  i s  

given. This i s  compared with an experimental distribution based on 4000 c 

s t a r s .  37 As can be  seen  from Fig. 2 2  the agreement i s  ve ry  good, leaving - 
very  l i t t le  room for  possible p mesons which would occur a s  p mesons  

most  likely. The average pt-meson range, f rom the 22  positive par t ic les  

( R tp'et decay), i s  600.7 microns  with a distribution in good agreement  
38 

with the known p-imeson distribution due to range straggling. There  i s  no 
t 

case  of a d i rec t  pt-et decay, thus ruling out the presence  of a p par t i c l e  

among the 76  mesons considered he re .  In one case  the charge could not b e  

established. The t rack gives r i s e  to either a shor t  p' (415 microns) ,  and 
-t 

this gives a very  1 ow-energy decay electron (which would mean s rr ); o r  

i t  i s  a n--scat ter ing event, in which the n- ends in-a  ~b with a low-energy 
P 

electron emission. 

We have analyzed ionization-range measurements  on 52  of these 

mesons selected on the basis  of dip angle $ 5 0 ~  and no inelastic sca t te r ing  

of the t racks .  The measurements  consisted of counting 500 grains  p e r  t r a c k  

at the antiproton s t a r  and 500  grains  for calibration of minimum ionization. 

F r o m  these measurements  we obtain an average m a s s  value of E48*4 Mev. 

The m a s s  determination for the p mesons taken a s  a group gives 1381t8 Mev, 

again leaving li t t le room for y- contribution. 



APPENDIX V. THE OBSERVATION O F  A K' MESONra 

Among the antiproton s t a r s  observed in this experiment we have found 

one s t a r ,  number 3-25 (Stack 72), which emits  a K meson that comes  to r e s t  

in the stack and decays.  The decay secondary leaves the s tack af te r  t r ave r s ing  

147 plates. Figure 23 gives a microphotograph of the event. Track  1 i s  

emitted at  a dip angle of 3Q0; the part ic le  comes to r e s t  in the stack af ter  

t raversing 34 plates and has a range of 3.9 c m  (T = 87 Mev). On coming K 
to r e s t  ' t rack  1 gives off a secondary t rack  1'. Within the framework of the 

known particles our  problem he re  i s  to distinguish between a K meson and a 

hyperon. Consequently we have only c a r r i e d  out relatively crude m a s s  

measurements .  A d i r ec t  grain count on m o r e  than 2000 grains  gave 

g/go = 2.37 t O.llwhereas, a measurement  of the gap ~ o e f f i c i e n t ~ ~  gave 
.b *= 

g = 2.38 t 0.23. In both cases  go corresponds to 700 Mev pions which 

a r e  essentially at minimum ionization. The corresponding m a s s e s  a r e  

760k70 me and 745h 220 m e  respect&Jy~ i- the e r r o r s  quoted a r e  the 

s tat is t ical  e r r o r s  and do not contain systematic e r r o r s .  

The secondary f r o m  part ic le  1, t rack  I s ,  i s  emitted at  a dip angle of 

45O. Track 1' leaves the s tack after t ravers ing  a distance of 11.6 c m  

through 147 plates. F r o m  ionization measurements  on t r ack  1' shown i n  

Fig,  24, we can rule  out a IT meson f rom a K ' meson,  The multiple- IT2 1 
scattering measurements  on t rack  1' by the surface-angle method, a r e  

shown in Fig. 25. H e r e  we have a lso  shown the expected variation of p,p 

ve r sus  distance f rom the decay point for ap f r o m  a K , a IT f r o m  
~2 

a KTZ and an electron (emitted with maximum possible energy) f r o m  a 

Ke3 where the mos t  probable energy los s  (radiation and ionization) i s  

plotted. It can be seen  f r o m  Figs.  24 and 25 that the K decay i s  the 
P$ 

only one compatible with the measurements .  It should be  noted that a m a s s  

determination of t rack  1 based on the measurements  of the secondary t r ack  1' 

places  that mass  a t  the conventional value (&966 m ) and s o  indicates that  e 
the low values obtained in  the direct-mass measurements  a r e  most  probably 

due to systematic e r r o r s .  

The only additional prong (No. 2) emitted by the antiproton s t a r  

comes  to r e s t  after 4.3 m m  and i s  probably a proton of 33 Mev. There  

a r e  also several Auger electrons emitted f r o m  this antiproton s t a r .  



APPENDIX VS. GOMPILATION O F  DATA ON PION 
INTERACTIONS IN PHOTOGRAPHIC EMULSIONS 

One of the difficulties we encountered in She analysis  of antiproton 

s t a r s  i s  the lack of information on pion interactions.  By using data  of pion 

interactions in photographic emulsions we get the proper  mixture of light 

and heavy elements (at  lea& to a good approximation) to compare direct ly  

with the case  considered by  us .  FOP the analysis in Section HV we needed 

a number of quantities related to pion intei-actlons. These  a r e  compiled and 

given in Table XI. In some cases  the numbers  needed were  given direct ly  

by the authors; in other c a s e s  we deduced them f r o m  the available information. 

Finally we averaged the available quantities, with suitable interpolations 

and extrapolations, over the antiproton-annihilation spec t rum assuming a 
+ - p r i m a r y  n /n ratio of 0.76. The resulting average values for  n To, and H9 

(1-a) a r e  given in the l a s t  POW of Table XI. 



Table XI 

- 

Compilation of Data on Pion Interactions in Photographic Emulsions 

Column 3 gives the average number of heavy prongs 
n~ 

emitted in pion 
s t a r s ;  this includes both absorption and inelastic sca t  ering. Column 4 
gives the average kinetic energy T of the inelastically sca t te red  pions 
(this energy does not coincide with h e  peak energy, which i s  somewhat 
lower in general) .  Column 5 gives the percentage ( l - a )  of non-elastically 
interacting pions that give r i s e  to inelastic scattering. 

T 
Tr 

Mev 

Sign 

Mev 

l - a  
70 

Averaged 

a)  Here 'Y 1% of pion production i s  included 
b )  Marshak, Ref. 37. 
c )  Bernardini,  Booth, Lederman,  Tinlot, Phys .  Rev. 82, 105 (1951). 
d) Md. Shafi and D. J.  Prowse ,  International c o n f e r e n c e o n  Mesons and 
Recently Discovered Pa r t i c l e s ,  PadrrgS-genice, September 1957, X-2. 
e) F e r r a r i ,  Fe r re t t i ,  Gessarol i ,  Manaresi ,  Pedre t t i ,  Puppi, Quareni,  
~ a n z i ,  stan-ghellini, and Stantic, Nuovo Cimento Suppl. 4 , 9  14 (1956). 
f l  G. Goldhaber and S. Goldhaber. Phvs.  Rev. 91,4:67 (1953) and : , -  - - - 
additional unpublished data. 
g) Nikolt skii ,  International Conference on Mesons and Recently Discovered 
Pa r t i c l e s ,  Padua-Venice, September 1957, Nikoltskii, X-60. 



Table XI (cont'd) 

h) NikolQkii, Kudrin and Mi-Zade ,  Soviet Phys .  JETP. 5, 93 (1957). 
i) Homa, Goldhaber and Lederman,  Phys.  Rev. - 93,  554 p954)  and 
additional unpublished data. 
j) A.H. Morrish,  Phys.  Rev. 90, 674 (1953). 
k )  M. Blau and M. Caulton, ~ h 5  Rev. - 96, 150 (1954). 
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Fig. 1. The observed charged-pion multiplicity distribution 
from antiproton s ta r s .  In the upper diagram the data come 
from the s t a r s  at r e s t ,  in the lower diagram f rom the s t a r s  in 
flight. A similar  separation i s  made in many of the other 
figures in this paper. 
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Fig. 2. The observed charged-pion spectrum f r o m  antiproton 
s t a r s  . Energy measurements  included h e r e  come f r o m  pions 
with dip angle k 15O. This represents  ?- 1/4 of the total 
solid angle. 



Fig. 3 .  The energy distribution of pions with identified sign 
f rom antiproton s t a r s .  The shaded his tograms represent  
pions f rom antiproton s t a r s  at r e s t .  
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Fig. 4.  The pion-emission angles relat ive to the antiproton 
direction in the laboratory system. The figure shows the 
number of pions plotted against the cosine of the emission 
angle. For  the s t a r s  at  r e s t ,  the l ine corresponding to 
isotropic emission i s  shown. For  the s t a r s  in flight the 
l ine corresponding to isotropic emission in the c .m.  sys tem 
suitably averaged over antiproton and pion energies i s  shown. 



Fig. 5. The d i s t r i b u t i ~ n  of the angles between al l  pion-pion p a i r s  
f r o m  the antiproton-annihilation s t a r s .  The line corresponding 
to an isotropic distribution and thus no pion-pion correlation 
whatsoever, i s  a lso given. 
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Fig. 6. The distribution of the energy emitted in heavy prongs 
(protons) pe r  antiproton- annihilation s t a r .  
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Fig. 7 .  The heavy-prong distribution f rom antiproton-annihilation 
stars. 



Fig. 8. The heavy-prong (proton) spectrum from antiproton- 
annihilation s tars .  The curve is  an empirical fit to the data 
given i ~ ~ t h e  text. The triangle a r e  from cascade calculations 
on Ru by Metropolis et al. 18 
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Fig. 9.  (a) Correlation between energy given to heavy prongs 
i~~ and the observed charged-pion multiplicity Nnf for  

antiproton- annihilation s t a r s  . 
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Fig. 10. (a)  The percentage of interacting pions as  a function of 
the average annihilation radius.  The ar rows marked R and 
F represent  the percentage of interacting pions computed for  
s t a r s  at r e s t  and in flight respectively. 

(b) The average antiproton penetration depth into the 
nucleus as  a function of the annihilation radius. Both curves  
a r e  expressed in units of R, the half-density radius. 



MU- 15,898 

Fig. 11. The pion-energy spectrum. Curve A gives the pion- 
energy distribution as  predicted by the normalized F e r m i  
statistical model for <NJ = 5.36, and curve B gives this 
distribution corrected for the effects of pion absorption, 
inelastic scattering, and detection efficiency. 



Fig.  12. The experimental charged-pion multiplicity distribution 
compared with the distribution of charged pions obtained f rom 
the normalized Ferrni  model for  (N = 5.36, cor rec ted  for 
327010s~ through the effects of pion &sorption and detection 
efficiency. 
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Fig. 13 .  The expasure geometry. 
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FOR FINAL MOMENTUM 700 Mev/c  

Li H Absorber, g ~ r n - ~  

Fig.  14. The separation between the antiproton and pion beams  a s  
a function of lithium-hydride absorber  thickness.  This curve 
applies to the geometry shown in Fig.  13 and i s  for  a final 
antiproton momentuy  of 700 ~ e v / c .  The actual absorber  
used was 19.8 g/cm 
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Fig. 15. The antiproton-reduction factor F a s  a function of 
antiproton-and pion-beam separat ion computed for  the 
geometry shown in Fig. 13. The total  antiproton c r o s s  
section on lithium hydride down to a cutoff angle of lo has 
been estimated 3 and 4 t imes  uO, where 
u = -rr (1.2 x 10 

0 
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Fig. 16. The light-particle flux (nSp, and e )  in  a r b i t r a r y  uni ts .  
The curve in Fig. 16 corresponds to the measurement  without 
the lithium-hydride absorber  in  place. The curve in F i g .  16 
corresponds to the measurement  at  the t ime  of the exposure,  

2 with 19.8 g/cm (24.9 cm)  of lithium-hydride absorber  in  the 
beam. The flux measurements ,  ca r r i ed  out with t e s t  plates ,  
have been normalized to 100 at the peak. The position of 
Stack 78 during the exposure and the grid coordinates on the 
emulsions a r e  also shown at  the top of Fig. 16. 

5 I00 - a..'... 1 I I I I - - 

50 

- - ;' '* \ - 

- - 
- la @\ 

With L i H  absorber 
- 

- /@ 
- 

0 
\a 

L a  
- - 'a< 

- - 

5- 10 
I I I I I I I 

0 10 20 
Beam Separation, crn 

M U - 1 3 8 i 3  



Y Coordinate, mm 
MTJ-1 ::07 

Fig. 17. The horizontal beam distribution in Stack 78. Curve' I 
gives the light-particle flux a s  measured  in Pla te  89, a plate 
close to the peak of the vert ical  distribution. Curve I1 gives 
the antiproton flux a s  measured for  P la tes  50 to 130. A y 
coordinate of 125mm corresponds to a beam separation of 15cm 
a s  shown in Fig. 16. 
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F i g .  18. The vertical-beam distribution in Stack 78. Curve I 
gives the light-particle flux as  measured at y coordinate 
100 in each plate of the stack. Curve I1 gives the antiproton 
flux a s  measured between Y coordinates 80 and 130. 
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Fig. 19. The transition curve for  the light-particle flux. The  
light-particle flux was measured along the beam direction (the 
.X coordinate along Plate  78-100). The curve i s  plotted 
against distance along the plate a s  measured in radiation lengths 
in  emulsion. The peak at about 2 units of radiation length 
clearly indicates the presence of a l a rge  fraction of electrons 
in the beam ( t.- 50 yo). 
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Fig. 20. (a)  The range of stopping antiprotons i s  plotted a s  a 
function of the entrace y coordinate. The curve gives the 
mean antiproton range, % a s  a function of the y coordinate. 
The momentum dispersion i s  due to the clearing magnet M~ (see  Fig. 13). - 

(b) The spread in range around R a s  given by the 
curve in A. The half width at half maximum is about 13 mrn. 
AR/R i s  thus + 0.1 1, which corresponds to a momentum 
spread of PIP equal to * 0.029. 



Fig. 21. Aplot  of the deviation in range f rom the mean range 
OR = R-R , for ending t racks  of protonic mas s  versus 
the relative entrance angle 6rel(sgace angle). The 
rectangle determined by 6 1 k 3  and OR&-24mmcontains 
all the identified antiproton fracks.  
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Fig. 22. The solid his togram gives the prong distribution of 53c 
s t a r s  originating f rom antiproton-annihilation s t a r s .  The 
dashed his togram the experimental prong distribution 
for 4000 rr- stars3' normalized to 53. 



Fig.  23. Photomicrograph of event 3-25 ,  an antiproton- 
annihilation s t a r  emitting a K+ pZ meson. Observer ,  
Mrs.  L. Shaw; photomicrograph by Mr. K. Natani. 
Track 2 ,  which i s  ve ry  steep, was sketched in. 



Dist.ance from the decay point (cm) 
MU-15903 

Fig. 24. Grain-count measurements  on the secondary t rack  1'. 
The curves a r e  the computed variation of grain count versus  
distance f r o m  the decay point for a .rr meson f r o m  a K n 2  and 
a p  meson f r o m  a K p  2' 
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Fig .  25. Measurements of pp on the secondary t r ack  1'. 
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